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Abstract 

Massive reserves of natural gas hydrates exist in permafrost and marine sediments. 

Dissociation of natural gas hydrates could result in enhanced emissions of methane to the 

atmosphere, aggravating global warming. It may also become a serious geohazard to the 

geomechanical stability of gas hydrate deposits. The environmental and infrastructural 

impacts due to climate-driven and human-induced dissociation of natural gas hydrates 

cannot be well predicted unless we have an accurate estimation of hydrates deposited in 

both marine and permafrost sediments. However, conventional seismic techniques cannot 

give reliable estimations of gas hydrates in permafrost sediments as they are unable to 

distinguish ice from hydrates due to their almost identical acoustic properties. 

The main objective of this thesis is to address the above challenge via shedding light on 

the influence of the hydrates presence on the evolution of gas hydrate-bearing permafrost 

sediments, and developing a coupled geophysical-geothermal scheme, for the first time, 

for estimation of hydrates saturation in these sediments. To achieve this, magnetic 

resonance imaging (MRI) was employed to investigate the kinetics of formation and 

spatial characteristics of methane hydrate in synthetic and natural sediment samples. The 

analysis of the images acquired during three consecutive thermally-induced hydrate 

formation/dissociation cycles indicated that in addition to the kinetics of formation, pore-

scale distribution of hydrates is affected by the thermal history of the system and the host 

sediment type, characteristics, and particle size distribution. The results also showed that 

different hydrate pore-scale habits may co-exist in the system, which is essential to be 

considered in the models developed for the estimation of the physical properties of gas 

hydrate-bearing sediments. Having the above fundamental insights, the geophysical and 

geothermal responses of hydrate-free and hydrate-bearing sediments were characterised 

by measuring their elastic wave velocities and effective thermal conductivity (ETC) at 

different hydrate saturations (up to 55%) and effective overburden pressures (up to 6.89 

MPa) at both unfrozen and frozen conditions. The results confirmed that the evolution of 

the elastic wave velocities as well as ETC depends on the saturation and pore-scale habit 

of hydrates; and ETC could interestingly assist with distinguishing ice from hydrates. The 

ETC measurements also revealed that the presence of hydrates in porous media is 

associated with three key pore-scale phenomena contributing to the efficiency of the heat 

transfer: the saturation and pore-scale habit of hydrates, hydrate/ice-forced heave, and 

unfrozen water saturation at frozen conditions. Moreover, a new physical model was 

developed for the prediction of ETC of hydrate-free sediments using the Free-energy 
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Lattice Boltzmann Model (LBM) and a space renormalisation technique, and modified 

according to the insights from the ETC measurements to account for the effect of the 

above-mentioned key pore-scale phenomena. Ultimately, the coupled geophysical-

geothermal scheme was developed by using the modified ETC model as the geothermal 

part and Ecker’s rock-physics models as the geophysical part, and its performance was 

validated using the measured geophysical and geothermal properties. It was demonstrated 

that the proposed coupled scheme is able to quantify the saturation of the co-existing 

phases in a wide range of hydrate saturations and at different effective overburden 

pressures, particularly at frozen conditions where the co-existence of hydrates, ice, and 

unfrozen water is essential to be captured. This scheme makes it possible to distinguish 

ice from gas hydrates in frozen sediments hence it could be employed for not only 

quantification of gas hydrates in permafrost but also further development of large-scale 

permafrost monitoring systems for monitoring the dynamic response of gas hydrate-

bearing permafrost sediments to climate warming in cold regions.   
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Chapter 1   Introduction 

 

 

Introduction 

Gas hydrates are ice-like solid compounds that can be formed under certain conditions of 

pressure and temperature (PT) within a gas/water mixture, where water molecules 

hydrogen bond together, forming a crystalline lattice and are known as hydrates or 

clathrates 1. Gas hydrates are at the centre of research within sustainable chemistry 

because of their innovative applications in a wide range of scientific and industrial 

contexts, such as permanently storing CO2 present in flue gases by forming gas hydrates 

under oceans 2. The early era of gas hydrate-related research was primarily dominated by 

flow assurance, minimising hydrocarbon/gas pipeline blockage by hydrate formation 3. 

Recently, the upsurge of research in the field was stimulated by expanding the application 

of hydrates to energy recovery 4, CO2 capture and storage 5, gas separation 6, water 

desalination 7, and refrigeration 8. 

Huge reserves of natural gas hydrates exist in submarine sediments at water depths greater 

than 300-500 metres and in terrestrial sediments with permanently frozen ground such as 

the Arctic, Antarctic, and permafrost regions 9. In cold regions, gas hydrates can form at 

the PT conditions characterising the lowermost parts of terrestrial continuous permafrost 

and the uppermost part of the sedimentary section beneath the base of ice-bearing 

permafrost. Within permafrost region, depending on the geotherm, gas hydrates could be 

stable at sub-zero temperatures (hence co-existing with ice, unfrozen water, and free gas) 

and to depths as shallow as 100-200 metres (Figure 1.1-(a)). The gas hydrate stability 

zone may extend at depth for hundreds of metres below the base of permafrost at 

temperatures above the ice point 10. The sediments on continental margins host almost 

99% of the world’s gas hydrates, typically at water depths of 500 m and greater (Figure 

1.1-(b)). In these sediments, the favourable thermodynamic conditions of low temperature 

and high pressure as well as availability of methane (produced from microbial activities 

and/or migrating upward from deep conventional gas reservoirs) are conducive toward 

hydrate formation beneath the sea floor. As a result, a typical submarine gas hydrate zone 

thins out upslope and thickens downslope and may even reach hundreds of metres of 

thickness as water depths increase 10.  
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Figure 1.1 Gas hydrates stability constraints for (a) permafrost and (b) submarine 

sediments. The Bottom Simulating Reflector (BSR) marks the boundary between free 

gas and overlying hydrate-bearing sediments. Note that the purple regions correspond to 

gas hydrates with dissolved gas. An expansion of the seafloor part of (b) is provided in 

(c), demonstrating the relationship among the gas hydrate stability zone (GHSZ) and the 

zone where gas hydrates can actually occur based on the methane hydrates phase 

boundary and its solubility in water. The green regions have dissolved gas only but are 

within the theoretical GHSZ. The white region has dissolved gas but lies beneath the 

base of the GHSZ. SRZ refers to the nominal sulfate reduction zone, where methane is 

consumed via anaerobic oxidation of methane. (reprinted from Ruppel and Kessler 11) 

The potential for methane escaping from hydrate-bearing sediments and reaching the 

atmosphere has received significant attention due to the high greenhouse warming 

potential (GWP) of methane 11. Researchers have long considered whether gas hydrates 

could have a synergistic relationship with climate change processes 12,13. The most 

frequently investigated scenario posits that a warming climate could trigger the 

dissociation of gas hydrate deposits, and that the liberated methane might then reach the 

atmosphere and exacerbate greenhouse warming, which in turn could drive further 

hydrate dissociation 11. There are several characteristics of gas hydrates that motivate 

interest in possible synergies between gas hydrate dynamics and climate change. Firstly, 

15% of global methane is estimated to be trapped in methane hydrate deposits 14, and 

methane is a greenhouse gas that is 25 times more potent (over a century) and 84 times 

more potent (over two decades) than CO2 on a unit mass basis 15. Secondly, most gas 

hydrates exist at shallow depths (up to a few hundreds of metres) beneath the seafloor, 

even shallower depths in deglaciated terrains, and deeper depths, but still closer to the 



  3 

 

surface than conventional reservoirs, in permafrost areas. The proximity of these deposits 

to the surface/seafloor means that migration pathways are relatively short compared to 

those for gas migration from conventional reservoirs. Thirdly, gas hydrates are stable only 

in a specific PT range, hence climate change and sea level perturbations can perturb 

hydrate stability. For plausible changes in sea level and temperature over the next few 

centuries, the effect of rising temperatures on the gas hydrate reservoir will likely outstrip 

the stabilising effect of sea level rise nearly everywhere in the oceans 11.  

Apart from the gas hydrate-climate interactions, anthropogenic activities affecting gas 

hydrate-bearing sediments may also induce seafloor instability (see Figure 1.2). Methane 

recovery from gas hydrate-bearing marine and permafrost sediments as well as 

exploitation of conventional hydrocarbons (oil and gas) underlying hydrate-bearing strata 

may cause hydrates dissociation (and ice thawing in cold regions), converting a solid 

phase (with key contribution to the geomechanical and geothermal stability of the 

formation) into a mixed fluid phase with much higher volume with immediate 

implications for fluid pressure, effective stress, geomechanical strength, and volumetric 

deformation 9. During drilling operation, hydrate-bearing layers may become 

thermodynamically unstable due to drilling tool frictions, wellbore pressure fluctuations, 

and drilling mud salinity changes, resulting in quick dissociation of gas hydrates, 

enlargement of the borehole, and even causing collapse 16. Apart from that, the local pore 

pressure increase due to the gas release may suddenly drop the effective overburden 

pressure in the vicinity of the wellbore and cause casing deformation 17. During 

production, extraction of deep and warm hydrocarbon fluids through a conductor that 

crosses hydrate-bearing layers could drive hydrate dissociation and ice thawing near the 

borehole, weaken seafloor sediments, and possibly threaten seafloor infrastructure 18,19. 

Seafloor stability is a consideration in deepwater marine production testing that is 

conducted to analyse the efficiency of methane extraction during controlled gas hydrate 

dissociation 20. Depending on the depth and lithology of the target hydrate reservoir and 

its hydrate saturation, the rate of dissociation and gas extraction, and the pre-existing 

shear stress in the sediments, seafloor collapse could be a potential hazard.  
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Figure 1.2 Schematic view of gas hydrate-bearing marine and permafrost sediments 

together with their response to the global warming, seasonal changes and anthropogenic 

activities. 

The evolution of gas hydrate-bearing sediments is governed by a complex system of 

interdependent macroscale physical properties led by pore-scale interactions of hydrate 

with its host sediment and the other co-existing phases, i.e. pore water and free gas 9. This 

becomes further complicated at frozen conditions, where hydrates, ice, free gas, and 

unfrozen water co-exist in pore space. Accurate quantification of gas hydrates deposited 

in both marine and permafrost sediments is essential to have a reliable evaluation of 

possible strategies for exploitation of gas hydrate-bearing sediments and assessment of 

potential environmental impacts due to dissociation of gas hydrate deposits. Given gas 

hydrate-bearing sediments are complex multicomponent-multiphase systems, 

conventional seismic techniques are unable to give reliable estimations of gas hydrates. 

In particular, they fail to differentiate ice from gas hydrate in permafrost regions due to 

their almost identical acoustic properties 9. 

The aim of this research is to understand how the presence of hydrates in porous media, 

its pore-scale distribution and interaction with the host sediment as well as the other co-

existing phases may influence the geophysical and geothermal characteristics of gas 

hydrate-bearing porous media. Our particular interest is to capture the effect of the 

hydrates and ice co-existence on geophysical and geothermal responses of gas hydrate-
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bearing permafrost sediments to the environmental temperature change. The insights 

eventually serve to develop a coupled geophysical-geothermal scheme for quantification 

of hydrates in gas hydrate-bearing sediments for the first time at frozen conditions. 

This thesis comprises 7 main chapters that cover the following topics: 

In Chapter 2, a literature review is presented. The review includes the current state of the 

art understanding in hydrate structure, thermodynamics of hydrates, and a comprehensive 

discussion regarding the recent advances in determination of physical properties of pure 

hydrates and hydrate-bearing porous media. While critically reviewing the research 

conducted so far for measurement of the thermal, electromagnetic, and mechanical 

properties of pure hydrates and hydrate-bearing sediments, particular attention is paid to 

the similarities and differences in the physical characteristics of gas hydrates and ice, 

attempting to find potentially viable approaches to distinguish them from each other in 

frozen porous media. Among different physical properties reported in the literature, 

effective thermal conductivity (ETC) is a distinctive property, which could be utilised to 

distinguish methane hydrates from ice in gas hydrate-bearing permafrost sediments. 

In Chapter 3, we present the results of a magnetic resonance imaging (MRI) study, 

conducted to explore the kinetics and spatial characteristics of the thermally induced 

methane hydrate formation in both synthetic and natural sediment samples. Low-

resolution images (128 px × 128 px) were taken from the sediment samples during the 

hydrate formation and dissociation stages of three consecutive thermal cycles and the 

induction time, hydrate formation rate and duration, spatial distribution of water, and 

saturation of all co-existing phases were determined in order to understand the effect of 

the first cycle of the formation/dissociation on the subsequent cycles. The results 

demonstrate that the induction and hydrate formation times of the second and third 

thermal cycles decrease due to the memory effect, enhanced dissolution of methane in the 

aqueous phase and the redistribution of water associated with the first cycle of the hydrate 

formation and dissociation. Moreover, the hydrate formation proceeds with a fairly 

smooth and fast trend in the subsequent cycles primarily due to the multiple nucleation 

events, in contrast with the traditionally believed “fits and starts” manner which was 

observed for the first cycle. The thermal cycles for the natural sediment sample were 

compared with those for the synthetic sediment sample in terms of the induction time, 

hydrate formation behaviour and duration, and spatial distribution to understand how the 
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sediment particle type and size distribution could influence the cyclic hydrate 

formation/dissociation. High-resolution images (512 px × 512 px) were also taken from 

the samples and used to infer the spatial distribution of methane hydrates, gas and water 

in pore space after completion of the hydrate formation stage of each thermal cycle, by 

applying an innovative image analysis approach. The analysis of the magnetic resonance 

images showed that the kinetics of formation and pore-scale distribution of methane 

hydrates in partially saturated porous media are controlled by the thermodynamic 

conditions and PT driving forces, thermal history of the system, pore-scale distribution 

of pore water before the hydrate formation, and more importantly, the host sediment type 

and characteristics. Via comparing the characteristics of the formation kinetics and pore-

scale distribution of methane hydrates in the synthetic sediment sample with those in the 

natural sediment sample, it was confirmed that the distribution of pore fluids as well as 

their re-distribution due to the thermally-induced formation/dissociation cycles highly 

depend on the nature of the host sediment. 

Chapter 3 provides a fundamental understanding regarding the pore-scale phenomena 

associated with methane hydrates formation in porous media, and its outcomes helped 

with appropriately designing, conducting, and analysing the experimental studies in the 

next chapters. Apart from the insights obtained regarding the effect of the host sediment 

on the kinetics of hydrate formation and dissociation, analysis of the spatial 

characteristics of residual water in the low-resolution images after completion of the 

hydrate formation stages revealed that the pore-scale distribution of the co-existing 

phases (hydrates, gas, and water) could become more homogeneous due to the 

formation/dissociation cycles. However, the degree of homogeneity depends on the 

sediment type, characteristics, and particle size distribution. In particular, it was observed 

that the effect of the cyclic hydrate formation/dissociation on the fluid distribution is 

relatively weaker in the natural silica sand sediments (with a wide particle size 

distribution) compared with the synthetic glass beads (having a narrow particle size 

distribution). These findings suggest that accurate and realistic characterisation of the 

physical properties of gas hydrate-bearing sediments in the laboratory could be achieved 

if natural sediments are used as the porous media because the physical properties of gas 

hydrate-bearing sediments are controlled not only by the volume content but also the 

pore-scale distribution of each constituent. Furthermore, analysis of the high-resolution 

images showed that different hydrate pore-scale habits may co-exist in partially saturated 

hydrate-bearing porous media hence the models developed for the estimation of the 
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physical properties of gas hydrate-bearing sediments are required to incorporate this co-

existence; otherwise, their predictions may become erroneous.  

In Chapter 4, we present the results of our study on the pore-scale mechanisms controlling 

heat transfer in gas hydrate-free porous media at both unfrozen and frozen conditions. 

Experimental measurement of ETC of partially saturated sediment samples was carried 

out to explore the effect of different parameters including pore and overburden pressures, 

temperature, and water/ice saturation on the pore-scale mechanisms governing heat 

transfer in multiphase porous media. The experimental measurements show that the heat 

transfer is a complex phenomenon affected by several important pore-scale mechanisms 

such as particle-particle conduction and particle-fluid-particle conduction, which are 

governed by water content and distribution, packing structure, wettability characteristics 

of grains, coordination number and physical contact among sediment particle. A 

numerical model was also developed for prediction of ETC using the Free-energy Lattice 

Boltzmann Model (LBM) and a space renormalisation method. The model predictions 

were in good agreement with the experimental data, showing that the model is able to 

reliably estimate ETC as it appropriately incorporates the pore-scale mechanisms 

influencing ETC. The predictions were also compared with those of six predictive models 

available in the literature and root-mean-square errors (RMSE) were calculated to assess 

its accuracy against the existing models. The numerical model developed in this chapter 

appropriately accounts for the effect of the effective overburden and pore pressures as 

well as the system temperature and water saturation and distribution in pore space on the 

efficiency of the heat transfer. This is why it may have an excellent performance when 

employed to predict ETC of gas hydrate-free sediments at both unfrozen and frozen 

conditions. Nevertheless, the heat transfer in gas hydrate-bearing sediments could be 

influenced by a number of pore-scale phenomena associated with the hydrates presence 

in porous media, which are essential to be considered in order to have a reliable prediction 

for ETC of such complex multiphase-multicomponent systems. These key phenomena 

are identified in Chapter 5 and incorporated into the model in Chapter 6, making it ready 

to be used in the coupled geophysical-geothermal scheme. 

In Chapter 5, we explore the evolution of gas hydrate-bearing permafrost sediments 

against the environmental temperature change. The elastic wave velocities and effective 

thermal conductivity (ETC) of simulated gas hydrate-bearing sediment samples were 

measured at a typical range of temperature in permafrost and wide range of hydrate 
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saturation. The experimental results reveal the influence of several complex and 

interdependent pore-scale factors on the elastic wave velocities and ETC. It was observed 

that the geophysical and geothermal properties of the system are essentially governed by 

the thermal state, saturation and more significantly, pore-scale distribution of the co-

existing phases. In particular, unfrozen water content substantially controls the heat 

transfer at sub-zero temperatures close to the freezing point. The insights from this 

experimental study assisted with identifying three important pore-scale phenomena 

associated with hydrate formation in porous media which may critically influence both 

geophysical and geothermal responses of gas hydrate-bearing permafrost sediments: (i) 

hydrates saturation and distribution in pore space, (ii) unfrozen water content and 

distribution at frozen conditions, and (iii) hydrate-forced heave at high hydrate saturations 

and ice-forced heave at frozen conditions. A conceptual pore-scale model was also 

proposed to describe the pore-scale distribution of each phase in a typical gas hydrate-

bearing permafrost sediment, where the aforementioned pore-scale phenomena are 

incorporated, making it possible to modify the ETC model developed in Chapter 4 to 

capture the effect of hydrates presence in porous media; the modifications are detailed in 

Chapter 6. 

In Chapter 6, we develop our innovative coupled scheme for prediction of gas hydrates 

saturation in gas hydrate-bearing permafrost sediments at different temperatures utilising 

their geophysical and geothermal responses. The scheme generally includes two parts: a 

geophysical part which interprets the measured P- and S-wave velocities using a rock-

physics model, and a geothermal part which interprets the measured effective thermal 

conductivity (ETC) using an ETC model. The ETC model principally works based on the 

pore-scale numerical model developed in Chapter 4 for prediction of ETC of gas hydrate-

free sediments and is able to sufficiently incorporate the effect of the hydrates pore-scale 

habit and the hydrate-forced heave as well as the effect of the unfrozen water saturation 

at frozen conditions. The performance of the ETC model was tested first via analysing 

the sensitivity of its predictions to the hydrate presence and pore-scale habit, unfrozen 

water saturation, and the hydrate-forced heave. Next, the results of our experimental study 

on the geophysical and geothermal responses of simulated gas hydrate-bearing permafrost 

sediment samples (presented in Chapter 5) were used to test and validate the performance 

of the coupled scheme.  
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Chapter 7, is the final chapter, where we present the main conclusions of this study and 

suggest areas for future work.  
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Chapter 2  Literature Review 

 

 

Literature Review* 

2.1 Introduction 

The unique properties of gas hydrates under various conditions of temperature and 

pressure have numerous practical applications in science and technology, and they also 

influence the earth’s natural cycles. One example of these natural cycles is the escape of 

methane from natural reservoirs during certain climate warming events in Earth’s history 

and the resulting changes in ocean chemistry that may have been related to these methane 

emission events 11. The ability to control the properties of the clathrates using different 

methods and additives is of great importance to many industrial processes, particularly 

with regards to reducing the costs and controlling the kinetics of formation/dissociation 

to maximise the applicability of gas hydrate-based technologies. Even the multibillion-

dollar international oil and gas industry is affected by the properties of gas hydrates, 

which can form during hydrocarbon production and can plug production facilities and 

transport pipelines, imposing billions of dollars of financial loses every year. Finally, a 

fundamental understanding of the properties of gas hydrates is vital to developing 

hydrate-based technologies.  

The properties for many types of gas hydrates are known within the gas hydrate 

community, as demonstrated by the many published review papers covering several 

aspects of this diverse field. This chapter is focused almost exclusively on studies 

concerned with physical properties of pure hydrates and hydrate-bearing porous media in 

the last two decades. 

2.2 Hydrate Structures  

The past few decades have witnessed an impressive body of experimental work devoted 

to gas hydrate structures and chemistry. For instance, thanks to in-situ techniques such as 

 
* The content of this chapter is included in the second section of a comprehensive review article 

entitled “Gas Hydrates in Sustainable Chemistry” published in Chemical Society Reviews in 

2020. 
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X-ray diffraction (XRD) 21, Raman spectroscopy 22, nuclear magnetic resonance (NMR) 

23, and neutron diffraction 24 at very low temperatures and high pressures, we are now 

able to look in real-time into different structures of clathrates, identify cages occupancies, 

and their evolution over time, providing a deeper insight into the kinetic behaviour of 

these crystalline structures.  

The determination and understanding of gas hydrate properties are imperative for 

controlling their behaviour. For this purpose, in-situ techniques such as in-situ Raman 

spectroscopy and in-situ XRD supplemented with calorimetry and/or NMR are helpful 

tools to determine hydrate formation and dissociation behaviour as well as roles of 

multiple molecules on structure and cage occupancy, especially for gas hydrates formed 

from gas mixtures, and as such, determining the thermodynamic properties of the 

resulting hydrate phase. Despite the fact that structures modelled from a range of 

spectroscopy techniques have gained ground in the field, definitive structural solutions 25 

by single-crystal XRD (SXRD) are needed mainly because atomic coordination and 

geometric parameters usually remain uncovered by other spectroscopy methods and 

complexity emerging from disorder framework is vague. However, the complexity of 

SXRD measurements requiring restricted size gas hydrate single crystals mean that 

SXRD data for gas hydrates remain limited.  

Based on guest/host interactions, hydrates are classified into two main groups: (i) 

Clathrate hydrates: Crystals with encaged hydrophobic guest molecules in which the 

interaction between hydrogen-bonded network of water molecules and guest molecules 

is only by non-directional Van der Waals (VdW) forces; and (ii) Semi-clathrate hydrates: 

Crystals in which active part of the guest particle molecule physically attaches to the 

water framework and help stabilise hydrophobic guest molecules inside the hydrate lattice 

1. Gas hydrates are a common class of clathrate hydrates that have hitherto been identified 

in natural environments 26. This class of well-known hydrates is classified into three main 

types (see Figure 2.1): structure I (sI), which usually forms by smaller guest molecules 

such as CH4 (0.4–0.55 nm) and is the most abundant structure on the Earth 27 (hence our 

structure of interest in this research), structure II (sII), which generally occurs with larger 

guest molecules such as C3H8 (0.6–0.7 nm) in mostly man-made environments 28, and 

structure H (sH), which usually requires both small and large guest molecules for 

formation 26,29. However, there are exceptions; for example, N2 and H2 can form sII 

hydrates, and some intermediate size guest molecules could form both sI and sII 
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depending on the PT conditions. All three classes consist of a hydrogen-bonded water 

framework based primarily around a nearly spherical structure unit of pentagonal 

dodecahedra (small cage) with 12 planar pentagonal faces (512). The difference between 

the structures arises from the way these small cages link; cubic sI unit cells comprise 46 

water molecules forming two small cages and six, ellipsoidal-shaped, tetracaidecahedral 

(large sI cages) with 12 pentagonal and two hexagonal faces (51262) that formed by 

sharing vertices between 512 blocks without direct face sharing; cubic sII unit cell 

comprises 136 water molecules located in 16 small cages and 8 hexakaidecahedral (large 

sII cages) with 12 pentagonal and four hexagonal faces (51264) that formed through 

sharing faces between small cavities 30; sH unit cell with hexagonal symmetry comprises 

34 water molecules arranged in 3 small cavities, two irregular dodecahedron 435663 

(medium sH cavities), and one icosahedron 51268 cage (large sH cavities) that is 

isostructural the hexagonal clathrasil dodecasil-lH 31. The occupancy of each structure 

depends on the number of cages and each cage could accommodate one or more (such as 

N2 or H2 hydrates) guest molecules. The large cages in all structures are reported to 

commonly have around 100% occupancy 32, but that is not a requirement for the 

stabilisation of the crystals 33. However, the occupancy of smaller cages strongly depends 

on the type of guest molecules and could be very low or zero in some cases. For example, 

in sI hydrates, the smaller guest molecules can fill either small or large cavities, whereas, 

larger guest molecules can only occupy large cages. The PT of formation conditions 

strongly affect the occupancy, and as such a stable clathrate could have a range of 

nonstoichiometric compositions. It has also been reported that under suitable conditions 

transitions between structures are possible. For example, sI hydrate could transition to sII 

or sH, upon compression or addition of appropriate guest molecules 34. 

All three main hydrate structures are approximately 85% (mol) water and 15% gas when 

all the cages are occupied 35, suggesting that the physical properties of the three hydrate 

structures should be quite similar to each other. This conclusion, however, is not 

necessarily true; and the physical properties of hydrates depend on the guest molecule 

and the crystal structure 36–38. For instance, the density, thermal properties, and elastic 

properties of CH4 hydrates (sI) and Tetrahydrofuran (THF) hydrates (sII) were provided 

in Table 2.1 and Table 2.2. While THF hydrates is used as an analogue for gas hydrates 

in studies of physical properties, it can be seen that its intrinsic thermal and elastic 

properties are different from those of CH4 hydrate. Given this fact, CH4 was used 

throughout this research as the hydrate former to simulate naturally occurring sI hydrates. 
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Figure 2.1. Three natural gas hydrate structures. (a) Structure I, (b) structure II, and (c) 

structure H, and (d) five different host water cages. The solid lines represent the unit-

cell of each hydrate. 

Table 2.1 The density and thermal properties of CH4 hydrates and THF hydrates 

Property CH4 hydrates (sI) THF hydrates (sII) 

Density (kg/m3) 929 (at 263 K) 39 971 (at 273 K) 40 

Thermal Conductivity (W/m.K) 0.57 (at 263 K) 41 0.50 (at 261 K) 42 

Thermal Diffusivity (m2/s) 3.33×10-7 (at 265 K) 43 2.55×10-7 (at 261 K) 42 

 

Table 2.2 The elastic properties of CH4 hydrates and THF hydrates 

Property CH4 hydrates (sI) THF hydrates (sII) 

Bulk Modulus (GPa) 7.1 (at 277 K) 44 8.5 (at 273 K) 45 

Shear Modulus (GPa) 3.2 ± 0.1 (at 277 K) 44 3.5 (at 273 K) 45 

Poisson’s ratio (-) 0.315 (at 253 K) 46 0.355 (at 256 K) 26 

Young’s Modulus (GPa) 8.4 (at 268 K) 8.2 (at 268 K) 47 

 

2.3 Thermodynamics  

As discussed in section 2.2, gas hydrates are composed of the water molecules, forming 

the cavities, and the guest molecules, which are encased into the cavities and stabilise 
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them. Depending on the PT conditions (see Figure 2.2), these components co-exist in 

different phases at equilibrium state. Therefore, development of an efficient 

thermodynamic route is of significant importance for determining hydrate formation 

conditions and hydrate compositions of different systems and has a key role in 

contributing to the varied gas hydrate related applications. For instance, predicting the 

optimum amount of thermodynamic inhibitor that needs to be added to the gas production 

stream to stop pipeline blockage by hydrate formation would have been extremely costly 

without using thermodynamic models. Accordingly, scientific efforts in this area have led 

to significant advances in thermodynamic modelling.   

 

Figure 2.2. Hydrate phase boundaries of CO2, N2, CH4, flue gas (14.6% CO2 and 85.4% 

N2) and mixtures of flue gas with CH4 (dotted lines) as a function of temperature. 

Increasing the pressure of the system above the predicated phase boundaries could 

initiate the hydrate formation. Adding gases with higher hydrate stability pressure zones 

to gases with lower hydrate stability pressure zones, shifts the system phase boundaries 

to the left. (reprinted from Hassanpouryouzband et al. 48) 
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2.3.1 Phase Equilibria  

To achieve an equilibrium state, pressure and temperature have to be the same throughout 

the complete system (i.e. liquid, gas, hydrate phases). In addition, the chemical potential 

of each component has to be the same in all co-existing phases. After initial correlations 

based on empirical results, a first approach describing and predicting the phase behaviour 

of gas hydrates was presented by Van der Waals and Platteeuw 49 in 1959, treating gas 

hydrates as dilute solid solutions with the water molecules as solvents and the guest 

molecules as solutes. This was based on Van der Waals’ previous work on clathrate 

structures 50. They modelled hydrate formation as similar to localised adsorption in three-

dimensions with the assumption that all processes are ideal (Langmuir model for gas 

adsorption). Although their proposed formulation was for a single encapsulated 

component in a hydrate lattice by applying ordinary partition functions, it is 

straightforward to extend this formulation to more complex systems. Their model is based 

on some prerequisites and assumptions, including the single occupancy of cavities, no 

guest-guest interactions, no arrangement of cavities in the water lattice and no lattice 

distortions due to guest molecules. In reality, these conditions are often not fulfilled and 

may cause errors in the predicted results 51. With regard to the assessment of the 

interactions between the host and guest molecules and their potential energy, the authors 

used the theory of Lennard-Jones and Devonshire 52. Since this approach did not consider 

some effects of the size and shape of the guest molecule, e.g. the distortion of the cavity 

as a result of the encasement of large, linear molecules such as ethane or CO2, McKoy 

and Sinanoglu 53 suggested the Kihara potential as a potentially better alternative. In 1972, 

Parish et al. 54 extended the Van der Waals and Platteeuw model to complex gas systems 

using Kihara Cell parameters. They tuned their parameters using empirical results in the 

presence of ice and hydrate and validated their iterative scheme based model by 

comparing the simulation results with the experimental results of other researchers such 

as HafeMann and Miller 55 for both sI and sII of cyclopropane. Following this, additional 

attempts have been made to further modify 56 Van der Waals and Platteeuw and measure 

57 Kihara cell parameters for different compositions. 

In 1988, Englezos and Bishnoi 58 proposed the use of Gibbs minimisation of closed 

system methods to calculate the hydrate fraction and composition in the same way 

Michelsen 59 had done for multiphase flash for liquids and vapour systems. They used the 

Van der Waals and Platteeuw model to calculate the chemical potential of water in 
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hydrate in a similar way to the previously mentioned model. This model was then 

extended 60,61 to multi-hydrate former systems and computationally strengthened. Ballard 

and Sloan 62 proposed another adaptation of general hydrate flash based on Gibbs 

minimisation considering non-ideality about effect of gas adsorption on lattice size. The 

Gibbs-minimisation method has been further improved by such modifications as 

increasing the speed and robustness of calculations, implementing different equations of 

states and activity coefficient models for involving passes to address further limitations 

of the method.  

In addition to the Gibbs minimisation model based on modified Van der Waals and 

Platteeuw, Chen and Guo followed a different approach to predict hydrate dissociation 

conditions that consists of a new two-step model: (i) quasi-chemical reaction for 

formation of basic hydrate, and (ii) adsorption of guest molecules. They considered local 

stability as well as kinetic mechanisms, which is absent in Van der Waals and Platteeuw 

theory 63. In addition to their achievement in extended testing, they obtained more 

accurate results than Van der Waals and Platteeuw model in some cases for temperature 

between 259 and 304 K. However, this model lacks the required accuracy over a wide 

range of pressure, temperature and compositions due to several factors: firstly, the authors 

assumed that all large cavities were completely occupied, which is not in agreement with 

empirical data; and secondly, they tuned the model parameters with the Antoine equation 

based fugacity functions that proved inaccurate for vapour pressures outside of tuned 

conditions 64. To address these problems, Klauda and Sandler 65 applied Quantum 

mechanical calculations to reduce the number of fitted parameters and remove the 

assumption of a constant crystal lattice for various guests inside a structure. They also 

used the quasi-polynomial, QL1 66 instead of the Antoine equation for calculation of 

Langmuir constants, which is accurate beyond the tuned temperature range. 

Subsequently, they applied their method to single and multi-hydrate former gas mixtures. 

Similar to Gibbs minimisation method, there were further modifications on the Chen and 

Guo method to increase the accuracy and remove the limitations 67–69.  
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2.4 Physical Properties 

2.4.1 Thermal Properties 

A detailed understanding of the underlying mechanisms governing the thermal behaviour 

of clathrate hydrates, together with accessibility to accurate and reliable thermal property 

data, makes it possible to enhance simulation scenarios designed to achieve long-term 

resource recovery and determine the impact of hydrates on climate change 36. The 

response of clathrate hydrates to a changing thermal environment is governed by the 

thermal conductivity, thermal diffusivity, specific heat, and enthalpy of 

formation/dissociation 9. 

2.4.1.1 Pure Clathrate Hydrates 

Distinguished from other molecular crystals, clathrate hydrates generally exhibit an 

anomalous thermal behaviour in natural systems with a glass-like temperature 

dependence (positive slope) resembling amorphous solids 70. Hydrates have been 

observed to show a glass-like temperature dependence in thermal conductivity above the 

Debye temperature, similar to some clathrate-like compounds, and a crystal-like 

behaviour below 71,72. This intriguing behaviour is attributed to the interactions between 

localised low-frequency vibrations of the guest molecules with the acoustic phonons of 

the host lattice 73,74. Pressure dependence of the thermal conductivity has also been 

studied by researchers, suggesting a weak direct proportionality 75. Despite similarities 

on the molecular level and the other physical properties, thermal conductivity of clathrate 

hydrates has been found to be markedly lower than ice Ih 37. Such behaviour arises from 

larger anharmonicities in the intermolecular interactions when compared with ice 76. 

Thermal conductivity measurements recently conducted on some semi-clathrate hydrates, 

however, revealed a weak negative temperature dependence, demonstrating the crystal 

heat transmission characteristics in semi-clathrate hydrates 77,78. 

Transient hot-wire 79 and transient plane source 80 techniques are the most widely used 

methods for measurement of the thermal conductivity of clathrate hydrates. Some other 

techniques, such as the steady-state potentiometric method 81 and guarded hot‐plate 

method 82, are also sometimes used to measure the thermal conductivity of hydrates. The 

main challenge associated with the laboratory measurement of the thermal conductivity 

of gas hydrates is that the gas hydrate samples are usually porous and have free water/ice 
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and gas which could impact the quality of the experimental data as the measured thermal 

conductivity includes the thermal contact resistance (TCR) due to the unavoidable 

imperfect contact. Recently, an experimental system was introduced using the modified 

freestanding 3ω method which is able to reconstruct the intrinsic thermal properties 

(thermal conductivity and diffusivity) of clathrate hydrates 83.  

While thermal conductivity is a measure of the ability of a material to conduct heat 

thermal diffusivity is the thermal inertia of the material 39. A new experimental 

configuration based on the approximation solution of the Navier-Stokes heat equation 

was first developed by Turner et al. in order to measure the thermal diffusivity of clathrate 

hydrates 43. Waite et al. used the infinite line source formulation of Carslaw and Jaeger 

for simultaneous determination of thermal conductivity and thermal diffusivity using the 

transient hot-wire method 39,79. The transient plane source technique has been also used 

to measure the thermal diffusivity of methane hydrate 84. 

The heat stored in or extracted from a material due to a temperature change can be 

quantified by the heat capacity 9. The heat capacity data of clathrate hydrates can provide 

some information about the motion of encaged guest molecules or reordering of the guest 

and host 85. Enthalpy data is also necessary as a key thermal property for a realistic 

evaluation of the recovery schemes proposed for exploitation of natural gas hydrate-

bearing sediments 86. Several experimental studies have been conducted to measure the 

heat capacity and enthalpies of formation/dissociation of clathrate hydrates, the majority 

of which use the heat-flow calorimeter and differential-scanning calorimeter. 

Experimental measurement of gas hydrate heat capacity is always associated with two 

major challenges: (i) due to strong dependence of the vapour pressure of gas hydrates on 

the temperature, increasing the system temperature results in dissociation of the hydrates 

and consequently renders the apparent heat capacity much higher than the actual value; 

(ii) the presence of free hydrate former species (especially free water) could greatly 

influence the measured heat capacity of the hydrate 87. Enthalpies of 

formation/dissociation are also determined indirectly by using the PT diagram of the 

system and the Clapeyron equation or its Clausius-Clapeyron approximation 88,89. 

However, this method has limited application when used for semi-clathrate hydrates 90,91. 
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2.4.1.2 Gas Hydrate-Bearing Sediments 

Thermal properties of hydrate‐bearing sediments provide necessary inputs for evaluating 

gas production from natural gas hydrate reservoirs, seafloor stability of oceanic 

sediments, global climate change, and submarine slide formation. Reliable thermal 

properties are necessary when assessing the response of gas hydrate-bearing sediments to 

exploitation operations and environmental changes. Several experimental studies have 

been conducted to measure the thermal properties of gas hydrate-bearing sediments, with 

a particular interest in determination of their effective thermal conductivity (ETC). 

Accurate measurement/prediction of ETC, however, is not straightforward due to the co-

existence of gas hydrate, free water/ice, free gas and solid sediment grains, and, more 

importantly, their spatial distribution throughout the system 92. Experimental studies have 

revealed a complex interplay among porosity, effective stress, particle size, and fluid‐

versus‐hydrate filled pore spaces 80. For gas hydrate-bearing sediments, ETC strongly 

depends upon involving particle-level heat transport processes including (1) conduction 

along the mineral, (2) particle-to-particle conduction across contacts, (3) particle-

fluid/hydrate-particle conduction near contacts, and (4) conduction/convection along the 

pore fluid within the pore space, influenced by presence of free gas and water/ice, and 

hydrate growth pattern 9. 

Laboratory measurements of ETC of hydrate-bearing sediments are usually conducted 

using transient hot-wire and transient plane source techniques. The transient hot-wire 

technique, however, is not easily adapted for in-situ measurements, where sample 

penetration is difficult. This makes the transient plane source technique more conducive 

towards adaptation for field use 36. Recently, a thermistor-based method combined with 

micro-CT observations was employed to further investigate the effect of saturation and 

spatial distribution of co-existing phases on ETC of gas hydrate-bearing sediments 93. 

Development of accurate predictive models for ETC of composite materials such as gas 

hydrate-bearing sediments comprises an important portion of the literature about heat 

transfer in porous media. However, a unified model or prediction procedure with 

universal applicability has not been found yet. Based on their principles, the existing 

predictive models can be categorised into Mixing Models, Empirical Models, 

Mathematical Models, Volume Fraction Models, Packing Structure Models, and 

Pressure-dependent Models 94. 
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There are few published data on the effective thermal diffusivity of gas hydrate-

sand/sediment mixtures 37,39. Gas hydrate-bearing sediments can change temperature 

more rapidly than hydrate-free sediments as the thermal diffusivity of methane hydrate is 

more than twice that of water 9. Hydrate should therefore be accounted for in transient 

heat flow applications such as safety assessments for drilling into or through hydrate-

bearing sediments.  

Unlike the effective thermal diffusivity and conductivity, the heat capacity of gas hydrate-

bearing sediments depends only on the mass fractions of sediment, hydrate, and pore 

fluids rather than on their pore-scale distribution and interfacial effects 9. Therefore, 

hydrate formation can significantly lower the specific heat of sediments. 

2.4.2 Electromagnetic Properties 

The electromagnetic characteristics of a material including the steady state charge 

migration under an electric field, polarisation and magnetisation can be quantitatively 

expressed by the Electrical conductivity (σ), magnetic permittivity (κ*) and magnetic 

permeability (μ*) 9. Electrical measurements have been widely used as a primary method 

to detect the spatial distribution of hydrate in natural sediments 95,96. When transformed 

from an aqueous phase system to pure hydrate, electrical conductivity decreases, meaning 

that this property can be used to detect hydrate formation/dissociation 97,98. The ionic 

concentration in solution has a primary effect on resistivity and a second-order effect on 

magnetic permittivity, hence permittivity can be used as a more reliable parameter to 

estimate water saturation and extract volumetric hydrate saturation in a multiphase 

hydrate-bearing system as well. For instance, the electrical resistivity logs acquired from 

natural gas hydrate-bearing sediments confirm the presence of less conductive hydrate-

bearing zones relative to the water saturated regions 99,100. The magnetic permeability, 

however, is usually considered to be unity for pure hydrates and hydrate-bearing 

sediments as these materials are generally non-ferromagnetic 9. In addition to the 

electromagnetic properties, dielectric measurements have also been employed to quantify 

gas hydrate saturation in both laboratory and field studies 101. 

2.4.2.1 Pure Clathrate Hydrates 

Knowledge of the electrical conductivity of pure hydrates is essential for the quantitative 

investigation of hydrate distributions in porous media. Generally, clathrate hydrates 
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exhibit a lower electrical conductivity compared with water and even ice. So far, there 

are a few studies reporting the electrical properties of pure clathrate hydrates 102. 

Measurement of the electromagnetic properties of clathrate hydrates in the laboratory can 

be carried out via the Impedance Spectroscopy method, whereby the electrical behaviour, 

conduction mechanisms and other internal charges can be revealed via changing current 

frequencies 103. Similar to the other physical properties of clathrate hydrates such as 

mechanical strength and thermal conductivity, the quality of the electromagnetic 

properties obtained experimentally is markedly affected by the specimen preparation 

technique, particularly for gas hydrate samples where the gas solubility in the water is 

limited and the hydrate formation usually starts from the gas-water interface 104. Hydrate 

formation in brines results in increasing electrical conductivity for the bulk solution 

because hydrate formation excludes salts 105. Conducting several heating/cooling cycles 

has been recently shown to be an appropriate method to obtain reliable electrical 

conductivity data for unmixed, polycrystalline methane hydrate samples 102.  

2.4.2.2 Gas Hydrate-Bearing Sediments 

Sediment components can be characterised in terms of their volume fraction and spatial 

distribution by evaluating the bulk electrical and electromagnetic properties. The 

electrical conductivity of gas hydrate-bearing sediments is primarily controlled by the 

movement of hydrated ions in the pore water and in electrical double layers around 

mineral surfaces, particularly for the sediments with high specific surface area 9. 

Electromagnetic remote sensing techniques such as controlled-source electromagnetic 

(CSEM) surveying methods, complement seismic studies for determination of the gas 

hydrates saturation and distribution in natural settings as they are sensitive enough to 

distinguish less conductive hydrates from pore fluids in sediments 106. Archie-type 

equations with empirical adjustment parameters can then be used to establish the 

connection between electrical properties and hydrate content in order to approximate the 

gas hydrate saturation 107. However, such estimates are subject to error primarily due to 

the semi-empirical nature of Archie’s equations and the lack of reliable laboratory and 

field calibration studies 108. In fact, when predicting the effective electrical conductivity 

of a given hydrate-bearing specimen, it is essential to account for the pore-scale 

distribution of the co-existing compounds including the mineral grains, water/ice, 

hydrates and free gas 109,110.  
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Several field and laboratory studies have been conducted to measure the electrical 

conductivity of hydrate-bearing sediments. Given that various factors such as the ionic 

concentration of the aqueous solution, gas exchange and fluid-filling porosity of the pores 

affect the electromagnetic properties of gas hydrate-bearing sediments, the electrical 

conductivity of porous polycrystalline methane hydrates in mixtures with brine and sand 

was recently studied via in-situ impedance measurements to gain insights regarding the 

petrophysical relations between methane hydrates, brine salinity and the host sediment 

111. Several possible conduction mechanisms were also determined to correlate resistivity 

data with methane hydrate saturations, information that can be used to improve the 

reliability of existing and new electrical models. The models available in the literature 

have been mainly developed according to the rock-physics models 112. As such models 

cannot sufficiently account for the spatial arrangement of hydrates, effort focuses on 

addressing this shortcoming using the finite-element method in order to simulate the 

electrical characteristics of hydrate-bearing specimens reconstructed by different methods 

such as the diffusion limited aggregation (DLA) model 113. In addition, electrical 

resistivity tomography (ERT) has been shown as promising in characterising electrical 

properties of hydrate-bearing sediments 114,115. 

The magnetic permittivity is expressed as a complex number to account for its magnitude 

as well as its phase relative to the excitation. In hydrate studies, however, the real 

component of the permittivity is mainly investigated given the typical small contribution 

due to polarisation losses (represented by the imaginary component) in the operating 

frequencies ranging between Hz and kHz 9. As discussed earlier, the magnetic 

permittivity is influenced by geometric and spatial effects. Some models proposed for 

estimation of the effective magnetic permittivity of hydrate-bearing sediments include the 

volumetric linear and quadratic methods. 

2.4.3 Mechanical Properties 

Understanding of the mechanical behaviour of clathrate hydrates and the internal 

mechanisms of their deformation as well as their interaction with the host sediment is 

essential in gas production from natural gas hydrate-bearing sediments, environmental 

and climate impact studies, hydrogen storage and hydrate technology applications. 

Similar to the thermal properties, it has been revealed that the mechanical properties of 

clathrate hydrates are different from those of ice Ih 116. 
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2.4.3.1 Pure Clathrate Hydrates 

Experimental determination of the mechanical properties of clathrate hydrates is usually 

conducted using an apparatus consisting of a hydrate former unit and a mechanical 

measurement unit. Upon completion of the hydrate formation process at a desired 

condition, the mechanical properties of the specimen can be measured via direct or 

indirect methods. The quality of the experimental results is undoubtedly affected by the 

measurement technique, system temperature, pressure and hydrate sample compaction 

116. It is difficult to make pure non-porous gas hydrate samples using existing techniques, 

and the presence of residual water/ice and free gas in the system due to incomplete hydrate 

formation processes can adversely influence the measurements 117. Experimental studies 

of laboratory-formed methane hydrate specimens containing ice confirm the strong 

dependence of their mechanical characteristics on the ice content 118. Efforts have been 

made to reduce the uncertainties associated with hydrate formation technique by growing 

aggregates of gas hydrate under static conditions via combining cold and pressurised gas 

with granulated ice and/or within custom-built pressure vessels where the specimen can 

be compacted to porosities lower than 2.0% 119; however, the mechanical behaviour is 

still influenced by the presence of micropores 120.  

2.4.3.1.1 Indirect Determination of The Mechanical Properties  

Indirect methods such as acoustic measurements were initially used to infer the 

mechanical properties of pure clathrate hydrates. For these studies, elastic wave 

(compressional and shear wave) velocities were measured using different techniques such 

as the ultrasonic pulse transmission method 116,121 and Brillouin spectroscopy method 122; 

the results were then used to calculate the parameters related to elasticity mechanics such 

as elastic moduli (bulk, shear and Young’s moduli) and Poisson’s ratio 123. XRD, neutron 

diffraction and Raman spectroscopy techniques are also utilised to calculate the 

isothermal bulk modulus by measuring the unit cell volume as a function of pressure 

124,125. 

Experimental studies suggest that the elastic properties of pure clathrate hydrates depend 

upon the hydrate composition and structure, the guest molecule, and cage occupancy 123. 

Increasing the system temperature results in a reduced bulk modulus and Poisson’s ratio 

for clathrate hydrates and consequently, a lower compressional wave velocity, similar to 

observations for ice Ih. However, the Young’s and shear moduli were observed to vary 
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depending on the guest molecule and even show anomalous behaviour 116. For different 

pressures, bulk modulus and Poisson’s ratio of clathrate hydrates increase with an 

increase in the pressure while the Young’s, and shear moduli variations strongly depend 

on the guest molecule 117,123. 

2.4.3.1.2 Direct Determination of The Mechanical Properties 

Influenced by the aforementioned sources of uncertainty, the strength of pure clathrate 

hydrates was initially believed to be similar to ice Ih 123,126. However, laboratory constant-

strain-rate experiments conducted on poly-crystalline methane hydrate specimens 

suggested a different stress-strain behaviour with an extraordinary strength (20 to 40-fold 

higher) compared with ice, which could be attributed to dislocation movement and 

molecular diffusion 123. Unlike ice Ih which typically displays an ultimate yield strength 

followed by relaxation to steady-state behaviour, methane hydrate exhibits an extensive 

strain hardening followed by strain softening during compression 127–129. In fact, the 

methane hydrate stress-strain curve can be divided into two stages: (i) the rapid structural 

damage stage and (ii) the complete structural damage stage 130. Interestingly, methane 

hydrates undergo partial decomposition during deformation due to a solid state 

disproportionation or exsolution process, even well within the hydrate phase boundary 

131,132. 

The mechanical strength of pure clathrate hydrates was experimentally shown to be 

influenced by the system temperature, confining pressure, strain rate and density 123. More 

specifically, the compressive and shear strength of methane hydrates increase with 

increasing confining pressure, strain rate and density 133. The deviatoric stress increases 

with an increase in the strain rate at confining pressures less than 10 MPa, while at higher 

values there is no obvious change in the deviatoric stress 134. Methane hydrate strength 

was also observed to be very sensitive to temperature, with lower temperatures leading to 

higher the strength 133. When well within the hydrate phase boundary, the compressive 

strength of hydrates is higher than that of ice Ih; however, the strengths become closer in 

value when hydrate is less supercooled (relative to the hydrate phase boundary) 135,136. 

The essential mechanisms causing the difference in the mechanical properties of clathrate 

hydrates and ice is underpinned by the special hydrate lattice structure and the host, guest 

and host-guest interactions 123. In the small strain regions (<1.5%), the stress-strain 

behaviour is generally not influenced by the confining pressure and temperature; 
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however, within the whole strain region, the mechanical behaviour is markedly 

influenced by the strain rate 137.  

2.4.3.2 Gas Hydrate-Bearing Sediments  

The presence of gas hydrates within a formation controls the mechanical stability of gas 

hydrate-bearing sediments 138. Hence, mechanical instability and degradation associated 

with gas hydrate dissociation in gas hydrate-bearing sediments due to natural processes 

and human intervention (gas production, CO2 sequestration, drilling operations, …) may 

play a role in submarine slope failures, seabed subsidence, and failure of the foundations 

of seafloor installations 1. It is thus imperative that the geophysical and geomechanical 

properties of gas hydrate-bearing sediments are well investigated to understand their 

occurrence and stress-strain and permeability characteristics. Laboratory testing of 

retrieved undisturbed field samples and simulated gas hydrate-bearing sediments can be 

employed to study the effect of the various parameters such as pressure, temperature and 

hydrate saturation on the geomechanical behaviour of gas hydrate-bearing sediments. 

According to the experimental studies, the mechanical properties of gas hydrate-bearing 

sediments such as the elastic moduli decisively depend on the gas hydrate saturation and 

pore-scale distribution 9. Depending on the sediment grain size, stress field, and the 

amount of water and natural gas available, gas hydrates formation may enhance the 

strength of the host sediment and reduce its permeability via displacing grains or 

interconnecting and cementing them. On the other hand, gas hydrates dissociation is 

associated with the release of the pore water and natural gas and migration of fine particles 

through porous sediments. 

The effects of hydrates on the mechanical properties of the host sediment properties 

strongly depend on where hydrates nucleate and grow in pore space. The pore-scale habit 

of hydrates is determined primarily by the state of effective stress and host sediment grain 

size 139. It should be noted that there are two different terms in the hydrates literature used 

interchangeably sometimes to describe the spatial characteristics of hydrates in porous 

media: (i) morphology (Figure 2.3), which refers to the shapes and arrangement of 

hydrates formed in the host sediment from a macro- or core-scale perspective, and (ii) 

pore-scale habit (Figure 2.4), which is focused on nucleation, growth, and spatial 

distribution of hydrates from a micro- or pore-scale perspective, a detailed discussion in 

this regard can be found elsewhere 140. For coarse-grained natural gas hydrate-bearing 
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sediments, when excess water is present in the system, the main pore-scale habit is 

preferred to be pore-filling 141 or pore-floating, whereby hydrates nucleate on the 

sediment grain boundaries and grow freely into the pore spaces without bridging two or 

more particles together. Moreover, since gas hydrate is suspended in pore fluid, it 

primarily alters the pore fluid bulk stiffness, fluid conduction properties and bulk density 

of the sediment 9. At saturations generally more than 25-40%, pore-filling hydrates turn 

into load-bearing or frame-supporting or pore-bridging, where hydrates bridge 

neighbouring grains and become a part of the skeleton and accordingly, contribute to the 

mechanical stability of the sediment. For these two pore-scale habits, there is always a 

water film remaining on the grain surface 142,143. When excess gas is present in the system, 

grain-coating habit is preferred by hydrates, whereby they form a coating around grains. 

When there is enough free gas in the system, the grain coatings can coalesce to cement 

intergranular contacts and even use up remaining water 140. The aforementioned pore-

scale habits are schematically illustrated in Figure 2.4. Pore-scale habit for fine-grained 

gas hydrate-bearing sediments is different from coarse-grained sediments, mainly due to 

smaller pore-size and higher specific surface. These fine-grained sedimentary 

environments can affect the formation as well as dissociation of gas hydrates through the 

influence of negatively charged clay surfaces 144, the release of adsorbed cations into 

water 145, and the capillarity originating from small pores 146. Interestingly, the capillarity 

in small pores acts as a hindrance for hydrate nucleation via shifting the hydrate phase 

boundary to lower temperatures or higher pressures. The underlying reason for this 

behaviour is that water molecules in confined small pores have lower activity than 

unconfined molecules hence requiring more thermodynamic driving forces to form and 

stabilise hydrate cages. This interesting phenomenon called melting point depression (or 

dissociation temperature depression), which is often referred to as the Gibbs−Thomson 

effect 147. After nucleation, hydrate growth can displace sediment grains, leading to 

particle-displacive segregated morphology, e.g. lenses, nodules, chunks and veins 

138,139,148. 
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Figure 2.3. Core-scale hydrates morphology in hydrate samples from different terrestrial 

and marine sediments: (a)-(l) particle-displacive hydrates in fine-grained sediments 

shown as veins, lenses, and nodules, and (m)-(p) coarse-grained hydrate-bearing 

sediments where hydrate crystals are distributed in pores therefore not readily visible. 

(reprinted from Ren et al. 140) 

 

Figure 2.4. Different gas hydrates pore-scale growth patterns in coarse-grained porous 

media 

It must be noted that laboratory-formed gas hydrate-bearing sediment samples are more 

often used to study properties of natural gas hydrate-bearing sediments; however, they 

are not necessarily representative of naturally occurring gas hydrate-bearing sediment 

samples, particularly in pore-scale habits and physical properties. In recent years, the 

advancement of pressure core acquisition and analysis technology has enabled scholars 
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to image and interrogate pressure cores to study hydrate habits of nearly intact naturally 

occurring gas hydrate-bearing sediments preserved at their in situ pore pressures 149. Post-

recovery analytical capabilities for pressure core samples have also allowed for reliable 

and systematic measurement of physical properties 150. In-situ observation techniques 

such as X-ray micro-CT imaging, magnetic resonance imaging (MRI), and cryogenic 

scanning electron microscopy (CSEM) has emerged as promising and viable methods for 

non-destructive visualisation as well as evaluation of gas hydrate-bearing sediment 

samples. In particular, micro-focus X-ray CT imaging provides access to the volumetric 

information of the internal microstructure of gas hydrate-bearing sediments in laboratory, 

enabling direct 3D visualisation of hydrates pore-scale habits in porous media 151–155, and 

Synchrotron X-ray CT, with its coherence and high flux, makes it possible to push the 

temporal resolution into the second and sub-second regime and beyond, and therefore 

observe the microstructural evolution of gas hydrate-bearing sediments during formation 

and dissociation processes 142,156–159. Although there have been several in-situ imaging 

studies conducted on simulated gas hydrate-bearing sediment samples so far, there is still 

lack of direct visual evidence reported for pore-scale habits in naturally occurring gas 

hydrate-bearing sediments under in-situ condition, mainly due to practical challenges 

associated with obtaining small intact preserved samples while maintaining PT conditions 

and technical challenges concerning with segmentation of natural gas hydrates from the 

other co-existing phases (free gas and water and/or ice) 153. 

2.4.3.2.1 Fluid Flow and Permeability Characteristics  

Permeability is a measure of the ability of a porous medium to allow fluids to pass through 

it, and the relationship between fluid flow and permeability controls both fluid-flow 

pathways and the accumulation, distribution and saturation of gas hydrates 9. This is 

particularly important for gas transport, production or migration into the oceanic 

environment 160. Apart from the mineralogy, shape and packing arrangement of the grains 

and the size (specific surface area) and interconnectivity (tortuosity) of the pores, the 

presence of gas hydrates adds additional complexities because the spatial distribution of 

hydrates can alter the pore size, shape and interconnectivity and accordingly the 

permeability of sediments 9. To date, numerous macro- and micro-scale experimental 

studies have been conducted to investigate fluid flow through hydrate-bearing porous 

sediments and explore the link between the permeability evolution and hydrodynamics of 

gas hydrate systems 161. Several numerical simulation studies have been also conducted 

to elucidate the geological processes associated with hydrate formation and dissociation 
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in porous media under a wide range of conditions 162,163. Studies also have been carried 

out to predict the behaviour of gas hydrate-bearing sediments during gas production 164, 

a process for which the absolute and relative permeability values and relationships are 

crucial given their influence on gas and water production rates. In-situ observations of 

pore structures using X‐ray micro-CT and magnetic resonance imaging (MRI) can 

significantly improve our pore-scale understanding of the permeability characteristics of 

gas hydrate-bearing sediments as a function of hydrate saturation 165,166. 

To date, several studies have been undertaken to characterise fluid flow in sediments 

containing hydrates given their vital role in exploration and exploitation of natural gas 

hydrate as well as assessment of the impacts due to the hydrate dissociation on submarine 

instabilities, marine ecosystem and climate change. However, there exist several 

challenges mainly due to the difference between the simulated gas hydrate-bearing 

sediment samples, core samples and natural ones, leading to the discrepancies between 

the measured/estimated permeability and the real values 140. The main challenges in lab-

scale studies include difficulties associated with the gas hydrate-bearing sediment sample 

size and methods followed to form hydrates within the host sediment and maintain the 

equilibrium conditions during the test process (to avoid hydrate formation or dissociation) 

140. On the other hand, the flow test method (Steady State/Unsteady State) adds more 

uncertainties since these methods are usually time-consuming and inherently rely on 

assumptions far from the real conditions governing gas hydrate-bearing sediment 

occurrences 167. This makes it essential to address the lab challenges in accordance with 

the flow test methods. Of particular importance is the pore-scale habit of hydrates in 

artificial samples, which is predominantly controlled by the hydrate formation method. 

The pore-scale habit in conjunction with the pore-structure, anisotropy and heterogeneity 

influence the permeability characteristics of gas hydrate-bearing sediments 168, which 

makes it challenging to synthesise artificial samples imitating natural ones.  

2.4.3.2.2 Geophysical Properties 

Geophysical studies are essential in assessing natural gas hydrate-bearing sediments and 

are extensively used for detection, mapping and characterisation of gas hydrates 

occurrence and tracking their formation/dissociation process within sediments given that 

hydrate has much higher elastic moduli than the pore fluids, which may alter the stiffness 

of the pore fluid and host sediment 9. Hydrate formation has an impact on the skeletal 
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stiffness of host sediment, enlarging contacts between grains, which in turn, results in the 

reinforcement of the bulk and shear moduli. Accordingly, gas hydrate-bearing sediments 

show elevated elastic wave velocities depending on the saturation and pore-scale habit of 

the hydrates within the sediment framework 169. However, the strong dependence of the 

elastic moduli of hydrate-bearing sediments on the pore-scale habit of the hydrates may 

cause ambiguity when inferring the hydrate saturations from measured velocities 170,171. 

A tremendous number of field-scale geophysical studies have been undertaken in North 

America, Asia, Europe, Africa, and Oceania in order to understand the natural 

occurrences of gas hydrates and quantify the extent and distribution of gas hydrates within 

the sediments for exploration purposes. Seismic techniques are the most commonly used 

methods for detecting gas hydrate occurrences, particularly in the marine environment, 

where they are employed to identify Bottom-Simulating Reflections (BSR) 172. BSRs can 

be observed at depths of up to several hundred metres below the seafloor in continental 

margin sedimentary sections and are a seismic reflection likely to be caused by the elastic 

velocity contrast between the overlying gas hydrate-bearing sediments and the underlying 

gas saturated sediments 173. The BSR is the main identifier for the presence of gas 

hydrates, corresponding to the deepest level at which natural gas hydrates are stable. 

BSRs can be either continuous, discontinuous, or plumbing 174,175. However, sediments 

can contain gas hydrates without having a BSR, particularly if hydrate is not present near 

the phase boundary due to the nature of the sediments there or insufficient methane for 

hydrate to form directly above the free gas phase 176. Elastic wave velocities combined 

with amplitude variation with offset (AVO) and amplitude variation with angle (AVA) 

data from BSRs have been used to estimate associated gas hydrate and free-gas 

concentrations as well as infer the distribution of  natural gas hydrate-bearing sediments 

177. Vertical seismic profiling surveys (VSP) are also used along with downhole log data 

to evaluate the effect of gas hydrates on the elastic velocity of hydrate-bearing sediments 

178. 
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Figure 2.5. A seismic image acquired by the U.S. Geological Survey on the U.S. 

Atlantic margin about 300 kilometres offshore Delaware in 2014 shows the upper layers 

of sediment in the sea floor and a strong bottom simulating reflector (BSR) crossing 

sediment layering. Sediments shallower than the BSR may host gas hydrate, while 

sediments deeper than the BSR may have gas bubbles in the pore space. (Image 

provided by D. Hutchinson and reproduced from USGS Fact Sheet 3080 10). 

Laboratory analyses of natural or artificial gas hydrate-bearing specimens have been 

conducted to study the impact of hydrates on the elastic wave velocities of different types 

of sediments. Laboratory studies confirm the significant impact of hydrates where 

increasing gas hydrates within the host sediments result in elevation of the elastic wave 

velocities 96,179. However, the method of synthesising gas hydrates in sediment 

substantially affects the pore-scale habit of hydrates 9. Given the recent interest in 

permanent hydrate-based storage of CO2 in geological formations, seismic survey 

methods could be used to remotely monitor the CH4–CO2 replacement process and 

evaluate the stability of the host sediment 180. 

Several models have also been developed to establish a relationship between the elastic 

moduli and the gas hydrate saturation in order to quantify the amount of gas hydrates 

accumulated in the sediments and predict physical properties of gas hydrate-bearing 

sediments 181. These models consider the elastic properties of sediments, pore fluid(s) and 

gas hydrates 182 and generally can be categorised into Time-average equations, Weighted-

average equations, Cementation theory-based models, and Effective Medium Theory 

(EMT) models. A number of theoretical and numerical approaches have also been 

developed to detect and quantify gas hydrates in submarine and permafrost regions to 

give more insights into elastic wave attenuation mechanisms 183. 
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2.4.3.2.3 Geomechanical Characteristics 

The strength of a hydrate-bearing sediment subjected to a principal effective stresses 

(axial (σ1’) and confining stress (σ3’)) at a specific PT condition is expressed by the 

cohesive resistance (c) and frictional resistance and described by the friction angle (φ). 

These properties can be obtained by applying the Coulomb failure criterion which relates 

the shear stress at failure (τf) to the normal effective stress acting on the failure plane (σn’) 

in the Mohr‐Coulomb failure diagram 9. The strength parameters together with the other 

geomechanical properties such as Young's modulus (E), Poisson's ratio (υ) and dilatancy 

angle (ψ) are measured using the triaxial compression tests 184. Recently, numerous 

triaxial experiments have been carried out to determine the geomechanical properties of 

natural and synthetic gas hydrate-bearing sediment samples at high pressure and low 

temperature conditions. Shear strength of specimens at specific pore pressures and 

temperatures with a given hydrate saturation could be tested under undrained (CU) or 

drained (CD) modes after consolidation, a detailed discussion of this can be found 

elsewhere 9. Given the fact that the geomechanical properties of sediment predominantly 

depends upon the grain type, shape, packing, fines content and degree of consolidation, 

the presence of hydrates within sediment generally results in bridging/binding of 

sediment grains and consequently a higher stiffness, pre-failure dilation, and strength 

whereas the friction angle has been interestingly observed to remain constant with 

increasing the hydrate saturation (see Figure 2.6) 184.  

 

Figure 2.6. Schematic of deviator stress, volumetric strain, and axial strain relations 

typically observed for (a) hydrate-free sediments, and (b) hydrate-bearing sediments. 

(reprinted from Wu et al. 17) 
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The pore-scale habit of hydrates can markedly affect the strength evolution of the host 

sediment, particularly at lower saturations (<30.0%) 185. According to recent experimental 

studies, there is a critical saturation at which the local growth of hydrates and/or their 

extension across adjacent grains result in creating hydrate networks or frame structures 

throughout the specimens and accordingly substantial enhancement of the cohesive 

resistance, normalised stiffness and volumetric dilation as well as switchover of the 

stress-strain response from strain-hardening to strain-softening 186,187. This critical 

saturation ranging from 15.0 to 50.0% is essentially affected by the spatial distribution of 

hydrates in the sediment matrix and requires to be taken into consideration to avoid the 

formation of geomechanical instabilities associated with the hydrate dissociation when 

predicting the response of gas hydrate-bearing sediments to different external stimuli such 

as mechanical loading and PT variations during exploitation. At higher saturations 

(>80.0%), however, the sediment grains will be cemented by hydrates exhibiting a 

monolithic system with minimal host sediment characteristics 184. The presence of 

occluded pores within the sediment makes the measurement of the pore pressure difficult, 

hence interpretations at these saturations are usually based on the total stress, not the 

effective stress. Further details of this have been provided elsewhere 184. 

Confining stress (σ3) and system temperature also affect the geomechanical behaviour of 

hydrate-bearing sediments. At a given hydrate saturation, higher confining stresses result 

in higher interlocking and crushing of grains and accordingly overall increase in shear 

strength and stiffness, reduction in Poisson’s ratio and dilatancy angle and switchover of 

the stress-strain response from strain-hardening to strain-softening 188,189. Temperature 

reduction results in higher stability of hydrates within the host sediment and a higher 

shear strength. Several experimental studies have been conducted recently to explore the 

stress-strain response of hydrate-bearing sediments as a function of hydrate dissociation. 

This process is associated with significant changes in the matrix of gas hydrate-bearing 

sediments such as an increase in pore pressure under undrained condition or fluid flow 

under drained condition, secondary hydrate/ice formation and loosening of grains 190–192. 

Creep tests have recently been conducted on hydrate-bearing specimens which are 

particularly relevant given the importance of predicting the long-term stability of gas 

hydrate-bearing sediments in Arctic and permafrost regions 193. More recently, the 

geomechanical characteristics of gas hydrate-bearing frozen sediments have been 

experimentally studied to investigate the influence of gas hydrates and ice coexistence on 

the geomechanical strength of the sediment 194–196. In a recent experimental study, triaxial 
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compression testing was applied to compare the distinctive effect of gas hydrates and ice 

on the geomechanical characteristics of natural sediments 196. It was observed that gas 

hydrate formation in porous media results in a measurable reduction in the internal 

friction while freezing does not, and in contract to ice, gas hydrates may play a dominant 

role in the reinforcement of the permafrost sediments. Moreover, it was found that the 

common hydrate pore-scale habits (see Figure 2.4) are unable to sufficiently interpret the 

large strengthening in the shear strength and ductile deformation of gas hydrate-bearing 

permafrost sediments at the low hydrate saturations. Therefore, it was hypothesised that 

the formation of a hydrate micro-frame structures may play a substantial role in the 

observed reinforcement of sediments at frozen conditions. A physical model was also 

developed to interpret the observed strengthening in the shear strength and ductile 

deformation. However, this micro-frame structure has not been confirmed visually yet. 

The geomechanical behaviour of gas hydrate-bearing sediments has also been simulated 

mainly via applying the Mohr-Coulomb, Cam‐clay, Duncan-Chang and critical-state 

models. These geomechanical models available in the literature have been employed to 

capture the effect of hydrate saturation and spatial distribution on the sediment strength, 

stiffness and dilation characteristics 197–199. The geomechanical models are also 

increasingly included in numerical reservoir simulators to investigate the coupled 

geomechanical response of hydrate reservoirs to different external stimuli 191,200,201. 

Additionally, the Discrete Element Method (DEM) has been extensively utilised for the 

simulation of the mechanical behaviour of hydrate-bearing sediments under triaxial 

compression 202. More recently, some micromechanical models have been proposed for 

hydrate-bearing sediments whereby the hydrates are represented as solid particles 

positioned between sand particles and contributing to the skeleton response even for small 

strains 203,204.  

2.5 Conclusions 

In this chapter, we reviewed a substantial body of the theoretical, experimental, and 

industrial research conducted over the last two decades to understand the phase equilibria 

of gas hydrates and determine their physical properties, including those related to pure 

clathrate hydrates and those existing in nature within sediments. The following 

conclusions can be drawn from this chapter: 
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1) The magnitudes and interdependences of the physical properties of gas hydrate-

bearing sediments are essential for (i) optimising exploitation scenarios from 

natural gas hydrate reservoirs, (ii) predicting macroscale responses of gas hydrate-

bearing sediments to climate change, (iii) mitigating geohazards associated with 

dissociation of gas hydrates, and (iv) evaluating the contribution of gas hydrates 

to the global carbon cycle. 

2) Given all main structures of gas hydrates (sI, sII, and sH) are more than 80% 

water, their physical properties might be expected to be very similar to those of 

ice. This conclusion, however, is not true for all properties. Pure gas hydrates and 

ice exhibit almost identical acoustic properties and similar electromagnetic 

characteristics whereas their thermal and mechanical properties are different. As 

a consequence, the acoustic and electromagnetic properties of sediments 

containing gas hydrates in pore space are similar to those of sediments containing 

ice while their thermal and geomechanical properties are different. 

3) The physical properties of sediments containing gas hydrates depend on the 

saturation and pore-scale distribution of the co-existing phases (gas hydrate, 

water/ice, free gas, and sediment grains). Hydrates may exist in pore space with 

different pore-scale habits and contribute to the physical properties of the bulk 

sediment. The pore-scale habit of hydrates is influenced by several parameters 

such as the nature of the host sediment, effective stress, thermodynamic 

conditions, and the supply of the required compounds. 

4) The complex multicomponent-multiphase nature of gas hydrate-bearing 

sediments makes it difficult to reliably predict their physical properties. 

Nevertheless, several models, methods, and correlations have been developed to 

relate a given measured property to the saturation of hydrates. It is obvious that 

the accuracy of these models depends on their ability to capture not only the co-

existence of all involved phases but also their interaction with each other and host 

sediment. 

5) Despite their extensive applications, conventional geophysical models are unable 

to distinguish natural gas hydrates from ice, due to their similar acoustic and 
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electromagnetic properties. The measured geophysical data, however, may be 

interpreted in conjunction with the other distinctive properties such as the thermal 

and mechanical properties to give a reliable estimation of hydrate saturation in 

frozen porous media. 

2.6 Relevance to the Current Study 

The literature survey showed that the evolution of gas hydrate-bearing sediments is 

governed by a complex system of interdependent macroscale physical properties 

markedly influenced by the interactions between hydrates and the other co-existing 

phases. Understanding these interdependencies can help with having a reliable and robust 

prediction of the potential responses of gas hydrate-bearing sediments to climate change 

and/or anthropogenic activities. However, they cannot be figured out unless we have a 

profound understanding of the pore-scale phenomena associated with hydrates formation 

in porous media. 

The host sediment type and characteristics (mineralogy, shape, particle size distribution, 

roughness, …) are considered as the most relevant properties controlling the behaviour 

of gas hydrate-bearing sediments. Therefore, an important step towards achieving the 

above goal could be studying the effect of the host sediment on the growth habits of 

hydrates. In particular, it is necessary to investigate the differences originating from using 

synthetic sediments (such as glass beads) as the proxy on the hydrate formation 

characteristics in the laboratory. The in-situ observation techniques can also assist with 

providing direct visual evidence for the evolution of pore-scale habit and distribution of 

gas hydrates in sediment samples during formation and dissociation processes. These 

comparative studies are essential to be conducted because due to the technical hurdles 

and huge core recovery costs, the majority of the studies carried out so far have been on 

simulated sediment samples, where gases other than methane were used as the hydrate 

former and/or synthetic sediments as the host sediment, making them not necessarily 

representative of naturally occurring samples. Our fundamental study in Chapter 3 

employs MRI to comparatively investigate the kinetics and spatial characteristics of the 

thermally induced methane hydrate formation in glass beads and natural silica sand. The 

outcomes of this fundamental study can assist with obtaining a more realistic 

understanding regarding the effect of the sediment-dependent factors on the hydrates 
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formation in porous media and appropriately designing the lab-scale studies aiming at the 

characterisation of the physical properties of gas hydrate-bearing sediments.  

While there has been a great deal of study concerned with hydrate formation in porous 

media at unfrozen conditions, little work has been carried out at frozen conditions. This 

is mainly because of the complexities associated with the co-existence of gas hydrates 

and ice as well as their similar physical properties (except for the thermal properties and 

mechanical strength), which make them almost indistinguishable. Even available in-situ 

observation techniques are unable to visually capture their co-existence in porous media. 

Therefore, prediction of the potential responses of gas hydrate-bearing permafrost 

sediments to the thermal stimuli would be highly uncertain because the accurate 

estimation of hydrates saturation in frozen porous media using conventional methods 

such as seismic techniques is impossible.  

Our particular interest in this research is to address the above challenge by development 

of a viable scheme using a distinctive physical property. As the intrinsic thermal 

properties of ice and pure hydrates are different, ETC of hydrate-bearing frozen sediments 

could be used as our desired distinctive property. Hence, coupled analysis of the 

geophysical and geothermal responses of gas hydrate-bearing permafrost sediments could 

help with distinguishing hydrates from ice and ultimately, quantifying their saturations at 

frozen conditions. However, care must be taken when analysing the geothermal response 

as the heat transfer in porous media is a complex phenomenon, affected by various pore-

scale mechanisms such as particle-particle conduction and particle-fluid-particle 

conduction. The other issue is that the available ETC models are unable to establish a 

reliable correlation between the measured value of ETC and saturation of the co-existing 

phases as they do not capture all pore-scale phenomena contributing to the heat transfer 

in partially saturated porous media. Our mechanistic experimental study in Chapter 4 

sheds light on the effect of different parameters including pore and overburden pressures, 

temperature, and water/ice saturation on the pore-scale mechanisms governing the heat 

transfer in hydrate-free porous media. Furthermore, we develop a pore-scale physical 

model for prediction of ETC, which adequately accounts for the effect of the above 

contributing parameters hence could be appropriately applied for analysis of the 

geothermal response of gas hydrate-free sediments. To be applicable for the hydrate-

bearing permafrost cases, the pore-scale phenomena associated with the hydrates 

presence in frozen porous media are required to be incorporated as well. However, little 
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work has been conducted with a focus on determination of ETC of gas hydrate-bearing 

sediments at frozen conditions. Our experimental studies in Chapter 5 and Chapter 6 have 

been conducted to systematically study the geophysical and geothermal responses of 

these complex multiphase-multicomponent systems and investigate the dependence of 

these properties on different parameters such as the system temperature, hydrate 

saturation, and effective overburden pressure. Analysis of the geophysical and geothermal 

responses provides a profound understanding regarding the hydrates and ice co-existence 

in porous media and help with identifying the key contributing pore-scale phenomena and 

are incorporated into the ETC model to make it ready to be employed in the coupled 

scheme, which is developed in Chapter 6. 
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Chapter 3  The Kinetics of Formation and Pore-Scale Distribution of 

Methane Hydrates in Porous Media 

 

The Kinetics of Formation and Pore-Scale Distribution 

of Methane Hydrates in Porous Media† 

3.1 Introduction 

Gas hydrates are nonstoichiometric inclusion compounds in which molecules of a guest 

species such as CH4, CO2, and H2 occupy and stabilise cages formed by water molecules 

at favourable thermodynamic conditions of high pressure and low temperature 1,44. 

Massive reserves of natural gas hydrates exist in permafrost and marine sediments. 

Methane emission to the atmosphere associated with the dissociation of natural gas 

hydrates may aggravate global warming because methane is considerably more potent 

than CO2 as a greenhouse gas 205. Apart from that, gas hydrates could be a serious 

geohazard due to the adverse influence of global warming on the geomechanical stability 

of gas hydrate deposits in both marine and permafrost environments, given the fact that 

the geomechanical, geophysical and hydrologic properties of gas hydrate-bearing 

sediments are essentially controlled by the presence of hydrates 4,206. 

Gas hydrates are sensitive to changes in temperature 207. Such sensitivity substantially 

affects the response of gas hydrate-bearing sediments in different hydrate-based 

applications. For instance, methane release from natural gas hydrate-bearing sediments is 

believed to be still a slow and chronic process 11. However, it could be exacerbated by the 

human-caused global warming and local environmental temperature rise. In particular, 

thawing of permafrost and retreat of the ice sheets at Arctic and Antarctic regions may 

lead to the enhanced emission of trapped methane into the atmosphere, amplifying global 

warming 208, and endangering ecosystems and infrastructures in the polar regions. In the 

same line, cyclic temperature changes in the surface can alter the subsurface temperature 

 
† The content of this chapter is closely aligned with a research article entitled “Effect of Thermal 

Formation/Dissociation Cycles on the Kinetics of Formation and Pore-Scale Distribution of 

Methane Hydrates in Porous Media: A Magnetic Resonance Imaging Study” published in 

Sustainable Energy & Fuels in 2021. As the first author, my contribution to this article is 

summarised according to CRediT (Contributor Roles Taxonomy) as: Conceptualisation, 

Methodology, Validation, Formal analysis, Investigation, Data curation, Writing - Original Draft, 

Writing - Review & Editing, and Visualisation. 



  40 

 

up to 1 km 209; as such, the thickness, top and bottom of hydrate deposits located in the 

regions up to 1 km depth will be affected by these natural cycles. The top boundary of the 

hydrate occurrence zone is usually shallower than 200 m in gas hydrate-bearing 

subglacial and permafrost settings, expanding upward and downward simultaneously in 

response to temperature cycles in the surrounding environment 210. In contrast with deep 

submarine gas hydrate reservoirs where liberated methane is usually oxidised aerobically 

once it reaches ocean waters 211, for permafrost and subglacial hydrates there is a higher 

risk for the released methane reaching into the atmosphere as it will encounter fewer 

barrier in its pathways to the surface 212. Indeed, some of the liberated natural gas from 

these reservoirs may have already reached the atmosphere 213. Returning to the effect of 

the cyclic temperature changes on shallow hydrate reserves, these could also alter hydrate 

composition, saturation, and distribution which in turn could cause geomechanical 

instabilities 9. A similar issue could occur during drilling gas hydrate reservoirs, 

production of natural gas from gas hydrate reserves 210 or storing CO2 in these reservoirs 

214. Furthermore, recovery of deep warm fluid either in the context of geothermal energy 

or conventional fossil fuels could trigger dissociation of hydrate where the warm fluid 

well crosses hydrate stability zone 18. Taking the above reasons into account, it is of 

importance to characterise the response of the gas hydrate-bearing sediments to the cyclic 

temperature change, which can then be informed to the advancement in understanding of 

how global warming and climate change would affect the geomechanical strength and 

stability of gas hydrate-bearing marine and permafrost sediments and in developing large-

scale long-term monitoring and predicting programs for the shallow gas hydrate reserves 

in the future.  

Accurate prediction of the response of gas hydrate-bearing sediments to the thermal 

stimuli is almost impossible unless the occurrence, quantity and pore-scale distribution 

of hydrates are well known 1. It is also essential to understand the kinetics of hydrate 

formation in porous media and recognise the pore-scale phenomena associated with the 

hydrate nucleation, growth, dissociation and reformation processes as well as the 

interactions of hydrates with the other coexisting phases (free gas and water/ice) and host 

sediment 215. The main challenges are to understand how (i) the saturation and pore-scale 

distribution of hydrates are influenced by the variations in chemistry, lithology, local 

tectonic activity and the nature of the gas supply, (ii) the presence of hydrates evolves the 

physical properties of a gas hydrate-bearing porous medium, and (iii) these physical 

properties alter with the redistribution of hydrates due to the dissociation at one site and 
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reforming at another location. The latter could also be further complicated to evaluate 

when being associated with the memory effect. 

To date, numerous studies have been conducted on simulated hydrate-bearing sediment 

samples in laboratory, attempting to address the aforementioned challenges. However, 

there is still one big question: “Do the synthesised hydrate-bearing sediment samples 

necessarily represent the naturally occurring gas hydrate deposits?”. In fact, the majority 

of experimental studies are concerned with the synthetic hydrate-bearing sediment 

samples, primarily due to the economic and technical challenges associated with the 

recovery of intact core samples preserved at in-situ PT conditions using pressure core-

sampling methods 149. In laboratory, however, it has been revealed that the procedure 

followed for the hydrate formation markedly influences its pore-scale distribution in 

porous media 9. In addition, suitability of use of other hydrate formers such as THF 

(miscible with water) or CO2 (considerably more soluble in water than hydrocarbons) as 

proxies for methane and/or synthetic sediments such as glass beads as a proxy for natural 

sediments has been always an issue of contention 1,216. It is clear that the presence of 

different minerals, particularly clay, influences not only the physical properties of the host 

sediment, but also the formation, dissociation, and pore-scale distribution of hydrates in 

pore space 217. These challenges all necessitate the investigation of the effect of different 

hydrate formation procedures, hydrate analogues and synthetic porous media on the 

physical properties of simulated gas hydrate-bearing sediment samples measured in 

laboratory. 

The evolution mechanism of the gas hydrate formation/dissociation in porous media is 

associated with complex multiphase transition processes and fluid 

movement/redistribution 218–220. The conventional methods for investigating the kinetics 

of the hydrate formation/dissociation processes in the laboratory usually deal with 

monitoring the measurable bulk properties such as the rate of changes in pressure, 

temperature and gas composition and reporting the apparent rate constants which may not 

fully represent the intrinsic kinetics 215. Recently, the visualisation techniques such as X-

ray micro-CT and magnetic resonance imaging (MRI) have been extensively employed 

to study the kinetics of hydrate formation/dissociation in conjunction with the pore-scale 

associated phenomena, owing to their capability of both space and time resolution of the 

hydrate processes 215. X-ray micro-CT imaging has shown to be a promising technique 

for understanding the pore structure, fluid saturation and fluid movement in porous media 
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152,156,221–223. However, it is quite difficult to distinguish methane hydrates from water/ice, 

particularly in fine-grained sediments, hence a contrast agent or the other hydrate formers 

(Xe, Kr, …) are often used as a proxy for methane to form hydrates 224,225.  

Similar to the X-ray micro-CT imaging, MRI was previously used to study the behaviour 

of THF hydrates 5,226,227, which then extended to other hydrate formers such as CO2 
228 

and CH4 
229. Several works have been performed so far using MRI to investigate 

formation and dissociation of methane hydrates in different size sand particles 215, 

followed by attempts to characterise CO2/CH4 exchange for integrated methane recovery 

and CO2 storage purposes 230. Recently, different dissociation approaches were applied to 

methane hydrates and the behaviour of the hydrates were monitored to develop optimum 

methodologies for gas extraction from gas hydrate reservoirs 231–233. Fast depressurisation 

was also applied and ice formation was observed due to the endothermic nature of hydrate 

dissociation 231,234. The influence of water flow erosion on hydrate dissociation was 

investigated by monitoring gas and water migration processes 235,236. More recently, CH4 

formation behaviour was monitored by MRI to investigate water, gas and hydrate 

saturation and spatial distribution within mesoporous media 220,225,237,238. Despite the 

substantial effect of the multiple thermal cycles on the properties of gas hydrate-bearing 

sediments, to the best of our knowledge, there is lack of in-situ observation studies in this 

regard. 

In this chapter, we explore the kinetics of the thermally stimulated methane hydrate 

formation and dissociation using high-field MRI in both synthetic and natural sediment 

samples to understand how the cyclic changes in temperature influence the process of the 

hydrate formation in porous media. The effect of the thermal cycles on the induction time 

and hydrate formation rates together with the evolution of the pore-scale distribution was 

investigated by taking low-resolution (128 px × 128 px) images during the hydrate 

formation and dissociation stages from both sediment samples. The spatial distribution of 

methane hydrates, gas and water in pore space was also closely observed by taking high-

resolution (512 px × 512 px) images prior and after the completion of the hydrate 

formation stage of each cycle. 
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3.2 Experimental Section 

3.2.1 Materials 

Research-grade methane with certified purity of 99.99 vol.% was supplied by Dalian 

Special Gases Company. Deionised water (resistivity: 18.2 MΩ.cm at 25 °C) was 

produced using an Integral Water Purification System (Aquapro2S, Aquapro 

International Company, USA). A well-characterised silica sand from Fife, Scotland was 

used as the natural sediment. The natural silica sand has a density (ρs) of 2.64 g/cm3, 

particle sizes ranging from 1.2 to 600 μm, and a mean diameter of 256.5 μm. A detailed 

characterisation of Fife silica sand can be found elsewhere 239. Quartz glass beads 

(ASONE Co. Ltd., Japan) with a density of 2.50 g/cm3, mean diameter of 200 μm (BZ-

02) and particle size of 177-250 μm were also used as the synthetic sediments. The 

particle size distribution curves of both synthetic and natural sediments are also provided 

in Appendix A. According to our X-ray diffraction (XRD) analysis, Fife sand consists of 

four minerals: quartz (around 97%), microcline (around 3%), calcite (trace), and kaolinite 

(trace). Such a mineral composition is quite close to that of glass beads (i.e. pure quartz). 

The mean diameter of Fife sand is close to that of the quartz glass beads. These similarities 

will enable us to compare the role of the particle size distribution on the kinetics and 

spatial characteristics of the thermally induced methane hydrates formation in natural 

sediments with those in synthetic sediments, in a mineralogy-independent manner. This 

is essential because the other minerals, particularly clay, if present in natural sediments 

at higher contents, would impose their own influence on the hydrate formation and 

dissociation processes as well as the pore-scale distribution of the co-existing phases 

(hydrates, free gas, and water) in pore space. In fact, their presence could be associated 

with further complicated pore-scale phenomena which would not be expected to occur 

when using only quartz glass beads as the porous media. 

3.2.2 Experimental Apparatus 

Figure 3.1 presents the experimental apparatus, consisting of a 9.4 T MRI system (400 

MHz, Varian, USA), a high-pressure MRI cell made of a nonmagnetic material 

(polyamide) with an inner diameter of 15 mm and a length of 200 mm, two thermostatic 

baths (F25-ME, Julabo, Germany, accuracy: ±0.01 °C), three high-pressure pumps (ISCO 

260D, Teledyne Technologies, Lincoln, USA), a vacuum pump and a data acquisition 

system. The MRI cell was surrounded by a jacket connected to one of the thermostatic 



  44 

 

baths filled with Fluorinert FC-40 (3M, St. Paul, MN, USA) as a coolant to control the 

experimental temperature while minimising the interference of radiofrequency field 

artifacts on the imaging system. The data acquisition system includes a digital pressure 

transducer (Nagano, Japan, accuracy: ±0.1 MPa) and a thermal probe (Yamari Industries, 

Japan, accuracy: ±0.1 K). 

 

Figure 3.1 Schematic diagram of the experimental apparatus. 

3.2.3 Experimental Procedure 

The experiments for both synthetic and natural sediment samples were conducted with a 

similar procedure schematically illustrated in Figure 3.2, simulating the process occurring 

in nature for a typical hydrate-bearing sediment exposed to thermally induced 

formation/dissociation cycles at a constant pore pressure. The high-pressure MRI cell was 

firstly washed with deionised water, cleaned and filled with dry sediments. When loading 

the cell, it was tapped regularly and gently on a hard surface to visually ensure the 

homogeneity of the sediment sample. The cell was then placed inside the MRI magnet, 

connected to the rest of the experimental apparatus and vacuumed to ensure removal of 

the residual air. Thereafter, the temperature of the thermostatic baths was set to 2.0 °C 
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and deionised water was injected using a ISCO pump to fully saturate the sediment 

sample at a rate of 0.5 ml/min until the pore pressure of the cell becomes stable at 7 MPa 

for at least 1 hour (a→b in Figure 3.2). A low-resolution and a high-resolution image 

were taken from the sample at this stage. Next, the pressure was reduced to 3 MPa and 

the fully saturated sediment sample was discharged by injection of a high-pressure 

methane stream into the cell in several seconds using another ISCO pump, in which 

around 70-75% of water in the pore space was replaced by methane and accordingly, the 

initial water content was adjusted (b→c in Figure 3.2) to the saturation of 25-30%. It can 

be seen in Figure 3.2 that the injection pressure is outside the methane hydrate phase 

boundary hence no hydrate formation would be expected at this stage. The system 

temperature was then set to 11.0 °C (c→d in Figure 3.2) and methane was injected into 

the cell at a rate of 5.0 ml/min until the pore pressure reached the desired value of 7 MPa 

(d→e in Figure 3.2). The low- and high-resolution images were taken from the sample at 

this stage as well to obtain the initial water saturation and examine the homogeneity of 

the water distribution in the field of view (FOV) prior to the hydrate formation stage. 

Finally, the temperature reduced to 2.0 °C to start hydrate formation (e→b in Figure 3.2) 

while keeping the cell connected to the ISCO pump in order to compensate for the gas 

consumption and maintain the pore pressure at 7 MPa during the hydrate formation stage. 

The low-resolution images were continuously acquired from the sediment sample until 

the MRI signals became stable and the methane injection rate into the cell became almost 

zero, indicating the completion of the hydrate formation process. After taking a high-

resolution image from the sample upon completion of the hydrate formation, the system 

underwent a temperature increase to 11.0 °C to dissociate hydrates and complete the first 

thermal cycle of the hydrate formation/dissociation (b→e in Figure 3.2). During the 

hydrate dissociation stage, the cell was kept connected to the ISCO pump with a 

maximum withdrawal rate of 10.0 ml/min to maintain the pore pressure at 7 MPa while 

minimising the viscous pressure-driven redistribution and/or expulsion of water. The low-

resolution images were continuously acquired during the hydrate dissociation stage as 

well. The first cycle was then followed by two consecutive cycles with an identical 

temperature adjustment and image acquisition procedure. 
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Figure 3.2 Schematic diagram of the experimental procedure. 

3.2.4 Image Acquisition and Processing 

Non-destructive MRI scanning with a spin-echo multi-slice (SEMS) pulse sequence was 

selected to monitor the micro-images of 1H densities in liquid water during the 

experiment. It should be noted that 1H in liquid water could only be detected at the 

operating conditions due to its much shorter transverse relaxation time compared with 

that of 1H in CH4 or hydrates 240. The intensity or brightness of each pixel in a micro-

image is proportional to the number of 1H in the liquid phase, which is correlated with 

the amount of liquid water. As a consequence, the hydrate formation, which is associated 

with the disappearance of 1H from the liquid water, must be equivalent to the darkening 

of the micro-images. Such a correlation enables us to obtain the water, hydrates, and gas 

saturations via analysing the micro-images and calculating their mean intensity (MI) over 

a predefined region of interest (ROI) 215.  

As mentioned, the low-resolution images with a data matrix size of 128 px × 128 px were 

acquired during the hydrate formation and dissociation stages, providing the required data 

for the investigation of the kinetics of hydrate formation. The high-resolution images with 

data matrix sizes of 512 px × 512 px were taken from the sample prior and after 
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completion of each hydrate formation stage in order to capture the spatial distribution of 

methane hydrates, gas and water in the pore space. The parameters of the SEMS sequence 

are provided in Table 3.1: 

Table 3.1 Parameters of the SEMS sequence 

No. Parameter 

Value 

Low-resolution 

(128 px × 128 px) 

High-resolution 

(512 px × 512 px) 

1 Repetition Time 1000 ms 1000 ms 

2 Echo Time 4.39 ms 8.39 ms 

3 Averages 1 1 

4 FOV  30 mm × 30 mm  30 mm × 30 mm 

5 Monitored Area  15 mm × 30 mm  15 mm × 30 mm 

6 Thickness 2.0 mm 2.0 mm 

7 Pixel Resolution 0.234 × 0.234 mm2/px2 0.059 × 0.059 mm2/px2 

8 Acquisition Time 128 s 512 s 

 

The procedure followed to find the saturation of each phase is detailed elsewhere 5,238,240. 

This procedure has shown to be a reliable approach for obtaining the saturation of each 

phase and has been used in the other MRI studies as well 215,241. Briefly, it involves 

obtaining the mean intensity (MI) values of the MRI signals at the fully and partially 

saturated states prior to the hydrate formation (Ifull and I0, respectively) and the 

instantaneous MI values during the hydrate formation and dissociation stages (Ii). The 

initial and instantaneous water saturations (Sw0 and Sw, respectively) could be calculated 

using Equations (3.1) and (3.2): 

𝑆𝑤0 =
𝐼0
𝐼𝑓𝑢𝑙𝑙

 (3.1) 

𝑆𝑤 =
𝐼𝑖𝑆𝑤0
𝐼0

 (3.2) 

The hydrate and gas saturations (Sh and Sg, respectively) could be obtained using 

Equations (3.3) and (3.4): 
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𝑆ℎ = 𝑆𝑤0
𝑀ℎ𝜌𝑤(𝐼0 − 𝐼𝑖)

𝜌ℎ𝑀𝑤𝛾𝐼0
 (3.3) 

𝑆𝑔 = 1 − 𝑆𝑤 − 𝑆ℎ (3.4) 

where Mh, Mw, ρh, and ρw are the molecular weights and densities of methane hydrate and 

water, respectively and γ is the hydration number. Mh is calculated by Equation (3.5): 

𝑀ℎ = 𝑀𝑔 + 𝛾𝑀𝑤 (3.5) 

in which Mg is the molecular weight of methane. Table 3.2 presents the values of the 

parameters used in Equations (3.3)-(3.5): 

Table 3.2 Parameters used for the calculation of hydrates and gas saturations 

No. Parameter Value Unit 

1 Mg 16.04 g/mol 

2 Mw 18.02 g/mol 

3 γ* 5.78 - 

4 ρh* 0.91 g/cc 

5 ρw 1.00 g/cc 

*at 2.0 °C 

It should be noted that the values of ρh and γ were determined using our in-house PVT 

modelling software 242. 

The water conversion rate in each hydrate formation stage could be also calculated by 

forward differentiation: 

(
𝑑𝑆𝑤
𝑑𝑡

)
𝑡
≅
𝑆𝑤|𝑡+Δ𝑡 − 𝑆𝑤|𝑡

Δ𝑡
 (3.6) 

where ∆t stands for the acquisition time of the low-resolution images (128 sec). 

3.3 Results and Discussion 

3.3.1 Kinetics 

In this section, we explore how the thermally induced formation/dissociation cycles 

influence the kinetics of the methane hydrate formation in both synthetic and natural 
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sediment samples. Table 3.3 provides detailed information of the thermal cycles obtained 

from the MI variations of the low-resolution magnetic resonance images against time for 

both sediment samples undergoing three consecutive thermal cycles. It should be noted 

that the image analysis was carried out on a ROI with a data matrix size of 50 px × 100 

px cropped out of the 128 px × 128 px images, away from the cell walls in order to 

minimise the effect of the walls and artifacts on the MI values 240.  

In Table 3.3, the initial water saturation refers to its value just before adjusting the system 

temperature to 2.0 °C. By definition, the induction time is the time elapsed until the 

appearance of a certain detectable volume of hydrate nuclei 243, which is equivalent to the 

darkening of the images and accordingly, decrease in the MI values. Therefore, the 

induction time is the duration between adjusting the system temperature to 2.0 °C until 

the first noticeable decrease in the MI values, corresponding to the hydrate nucleation. 

The hydrate formation time is the duration between adjusting the system temperature to 

2.0 °C until the completion of the hydrate formation, which was confirmed when there is 

not any noticeable change in the MI values and the gas injection into the cell becomes 

negligible. Given the acquisition of the images from both synthetic and natural sediment 

samples started immediately after adjusting the system temperature to 2.0 °C and all 

acquired images have a timestamp with them, the induction and hydrate formation times 

could be simply calculated by monitoring the variations in the MI values against time. 

According to Table 3.3, the initial water saturations of the second and third thermal cycles 

at the ROI are slightly lower than that of the first cycle for both sediment samples. Such 

decreases could be caused by: 

i. Downward movement of water due to the gravity during each experiment (see 

Section 3.3.2.1 for a further discussion) 

ii. Dissolution of water in the gas phase and its expulsion during the hydrate 

dissociation stage: As mentioned in Section 3.2.3, pure methane was injected into 

the cell to increase the pore pressure of the system to 7 MPa. The pore pressure 

was also maintained at 7 MPa during the hydrate formation and dissociation 

stages. Therefore, it is expected that depending on the PT conditions, a small 

amount of the initially injected water migrates from the aqueous phase to the gas 

phase in order to reach the thermodynamic equilibrium during the formation and 

dissociation stages of each cycle. Water may stay in the gas phase as the moisture 
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content and/or get removed from the system during the dissociation stage, leading 

to further migration of water molecules to the gas phase and accordingly, further 

decrease in the MI values. In Table 3.3, it can be seen that the initial water 

saturation decrease from the second cycle to the third cycle is much lower than 

that from the first cycle to the second cycle for both synthetic and natural sediment 

samples. This implies that a small amount of water migrated from the aqueous 

phase to the gas phase during the formation and dissociation stages of the first 

cycle and kept the gas phase relatively saturated with water in the next thermal 

cycles. Hence, we believe this factor could be the main reason for the slight 

decrease of the initial water saturations of the second and third thermal cycles than 

that of the first cycle for both synthetic and natural sediment samples. 

iii. Viscous pressure-driven expulsion of liquid water during the hydrate dissociation 

stage: As mentioned in Section 3.2.3, the maximum gas withdrawal rate was set 

to 10.0 ml/min during the hydrate dissociation stage of each cycle to minimise the 

viscous pressure-driven redistribution and/or expulsion of liquid water. Despite 

this consideration, it would be still possible for gas to displace water during the 

dissociation stage, particularly at the larger pores where the capillary pressure is 

lower. Therefore, liquid water could become redistributed in the system or even 

removed from the cell during the dissociation stage. 

iv. Capillarity induced redistribution of water associated with the hydrate 

formation/dissociation (which will be discussed in details). 

Table 3.3 Detailed information of the thermal cycles 

Sediment 

Type 

Initial Water 

Saturation (-) 

Induction Time 

(min) 

Hydrate Formation 

Time (min) 

C#1 C#2 C#3 C#1 C#2 C#3 C#1 C#2 C#3 

Synthetic  0.292 0.256 0.238 23.5 12.8 10.7 980.5 681.5 731.5 

Natural  0.246 0.213 0.209 81.4 76.1 69.7 1118.5 753.5 625.5 
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The MI variations were also plotted against time for both synthetic and natural sediment 

samples in Figure 3.3. As observed, each thermal cycle consists of a hydrate formation 

stage (including the induction time), at which the MI values decrease due to the successive 

nucleation and growth of the methane hydrate crystals, and a dissociation stage, at which 

the MI values increase as the hydrate crystals dissociate due to the temperature rise in the 

system. The dissociation stage is assumed complete when there is not any noticeable 

change in the MI values. As can also be seen, there are two abrupt changes in the MI 

values for each thermal cycle: one immediately after adjusting the system temperature to 

2.0 °C and the other immediately after adjusting the temperature to 11.0 °C. Such abrupt 

changes – which are more obvious for the natural sediment sample – happened due to the 

sensitivity of the intensity values to the temperature. Thus, they could appropriately 

confirm that the temperature at the ROI has been changed to the desired values in a few 

minutes after the temperature adjustment. However, care was taken to exclude these 

changes when analysing the variations in the water and hydrate saturations. 

According to Table 3.3 and Figure 3.3, the induction and hydrate formation times together 

with the behaviour of the MI variations in the hydrate formation stage at the first thermal 

cycle are different from those at the second and third cycles for both sediment samples. 

Such differences clearly confirm the influence of the first cycle of the hydrate 

formation/dissociation on the subsequent cycles and the sediment type and characteristics 

appear to play an important role as well. To further investigate this, it is essential to know 

which key factors control the hydrate formation in porous media and understand how they 

contribute to promoting the hydrate nucleation and growth. It is believed that the process 

of the hydrate formation in a porous medium occurs in “fits and starts” manner because 

the hydrate nucleation is a stochastic phenomenon and its degree of randomness depends 

on several factors such as the thermodynamic conditions, PT driving forces, sediment 

type and characteristics, the solubility of the hydrate former in water, and salinity, thermal 

history and interestingly, pore-scale distribution of pore water in the system 44. In our 

experiments, since both sediment particles were almost pure quartz with the average grain 

sizes of larger than 10 μm, and deionised water was used to form hydrates, the equilibrium 

thermodynamic conditions for the methane hydrate formation would be expected not to 

be shifted due to the pore size inhibition or salinity 244. Therefore, there would be around 

8 °C temperature difference between the target temperature (2.0 °C) and equilibrium 

temperature at 7.0 MPa (9.7 °C, according to our in-house PVT modelling software) for 

methane hydrates, providing a high enough driving force to trigger the nucleation. This 
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is why the induction times of all thermal cycles are not too long for both sediment 

samples; however, it is clear that the first thermal cycle has reduced the induction times 

of the subsequent cycles, particularly for the synthetic sediment sample. Here, we 

investigate the effect of the other key contributing factors on the kinetics of methane 

hydrate formation in each sediment sample. 

 

 

Figure 3.3 Mean Intensity variations vs. Time for (a) synthetic and (b) natural sediment 

samples. 

3.3.1.1 Synthetic Sediment Sample 

In Table 3.3, the induction times of the second and third thermal cycles are 45.5 and 

54.5% less than that of the first cycle, respectively, for the synthetic sediment sample. 
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Such a remarkable decrease of the induction times, which reveals the effect of the first 

thermal cycle on the subsequent cycles, could be due to several reasons. The first 

underlying reason could be the memory effect, an interesting phenomenon whereby water 

molecules keep the memory of their previous clathrate structure after dissociation at low 

temperatures hence the hydrate nucleation from the same water body would be easier than 

when it was formed for the first time 245. As reported by the other scholars, the memory 

effect could significantly shorten the induction time of the gas hydrate nucleation, 

depending on the dissociation state and the duration in which the system has been out of 

its stability zone 246–248. Referring to Figure 3.2, the dissociation state of the system is 

relatively close to its stability zone at 7 MPa. Moreover, the system was out of its stability 

zone for no longer than 1 hour. Therefore, the memory effect could be persistent, resulting 

in a considerable decrease in the induction time. There are, however, other potentially 

contributing factors as well including the amount of the dissolved methane in water after 

the dissociation stage and the water interaction with and distribution on the grain surfaces. 

First, we speculate that the amount of dissolved methane in pore water after the first 

dissociation stage is higher than that before the first cycle started. Apart from the 

possibility of the dissolution of encaged methane molecules in water upon dissociation, 

local temperature increase associated with the exothermic hydrate formation and the 

system temperature rise during the dissociation could promote the dissolution of methane 

in water as methane solubility increases with temperature in the presence of hydrates 249. 

Second, the pore-scale redistribution of water due to the hydrate formation/dissociation 

throughout the sediment may provide more potential nucleation sites for the next cycles, 

a detailed discussion in this regard can be found elsewhere 244. Furthermore, hydrate shell, 

which is the ordering of the water molecules in response to the charge on the surface of 

the hydrophilic sand particles could increase the probability of the hydrate nucleation in 

porous media, particularly where the local water content on the grain surface is less, hence 

more ordered 250. 

As can also be seen in Table 3.3, the hydrate formation times of the second and third 

cycles are both around 25% lower than that of the first cycle. Figure 3.3-(a) also shows 

that the MI values decrease in several sudden and gradual manners during the hydrate 

formation stage of the first cycle whereas the variations in the subsequent cycles are fairly 

smoother. The hydrate formation in porous media is not a uniform process and nucleation 

of the hydrate crystals occurs at different locations and times, greatly depending on the 

availability of the gas-water interface. In particular, it is believed that the probability of 
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the hydrate nucleation and growth rate is higher at locations with small particle size 

(higher specific surface area) and low water content 215. Therefore, the redistribution of 

water throughout the system due to the first hydrate formation/dissociation cycle provides 

further gas-water interfaces which substantially enhances the nucleation probability and 

results in a lower induction time (as discussed earlier). Apart from that, instead of a highly 

stochastic and slow decrease in the MI values due to the limited number of nucleation 

(sudden decreases) and growth of already formed nuclei (gradual decreases) in the first 

cycle, there would be remaining nuclei (methane-water clusters) throughout the medium 

in the subsequent cycles, which facilitate the hydrate formation process by eliminating 

the critical size barrier, leading to a fairly smoother and faster decrease in the MI values.  

It is interestingly observed in Figure 3.3-(a) that sudden decreases in the MI values are 

sometimes followed by an increase, reflecting the self-limiting behaviour of the hydrate 

nucleation and/or capillarity induced water redistribution in porous media. As a result of 

the local heat release and temperature rise due to the hydrate nucleation, the regions in 

the vicinity of the nucleation sites could be temporarily taken out of the stability zone, 

making the PT conditions unfavourable for the hydrate formation, or even causing the 

dissociation of the neighbouring hydrate crystals 215. Hydrate formation is also associated 

with a capillarity induced water redistribution. In fact, water-wetting hydrate crystals 

could reduce the effective pore size of the medium, change surface energy, and 

consequently enhance the local capillary suction, causing water to be drawn toward the 

hydrate formation front 251. These factors might temporarily result in the presence of a 

higher amount of water in the ROI hence more MI values. It can be seen in Figure 3.3-(a) 

that such behaviour occurs for the second and third cycles differently than for the first 

one. While the variations of the MI values during the hydrate formation stage of the first 

cycle is relatively stepped with no obvious increase, it looks fairly curved in the 

subsequent cycles with a number of increases. This behaviour is due to the multiple and 

fast hydrate nucleation events throughout the ROI in the second and third cycles, 

compared to the first cycle where the nucleation events do not occur at different locations 

simultaneously and growth of the hydrate nuclei results in the gradual decrease of the MI 

values. In addition, hydrate forms initially in dendritic crystals with high surface areas 

(less energy-efficient) during early rapid hydrate nucleation and growth in the second and 

third cycles, hence it would be able to hold and draw a higher amount of water towards 

itself until it recrystallises into compact energy-efficient configurations 252,253.  
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Figure 3.4 illustrates the hydrate and water saturations (Equations (3.2) and (3.3)) 

together with the water conversion rate (Equation (3.6)) for the synthetic sediment sample 

versus time. As observed, there is still some residual water after completion of each 

thermal cycle, which is unavailable for the hydrate formation owing to its low chemical 

potential and/or being occluded from the gas phase by the already formed hydrate crusts 

144. The residual water saturations for the synthetic sediment sample at the end of the 

hydrate formation stage are 0.067, 0.046, and 0.044 for the first, second and third cycles, 

respectively, corresponding to 77.1, 82.1, and 81.5% total water conversion to hydrates. 

Increase of the total water conversion to hydrates for the synthetic sediment sample with 

the thermal cycle indicates that the pore-scale phenomena associated with the first cycle 

of the formation/dissociation had a substantial influence not only on the induction and 

hydrate formation times, but also on the total water conversion to hydrates. 

  

Figure 3.4 (a) Hydrate and water saturations, and (b) Water conversion rate vs. Time for 

the synthetic sediment sample. 

3.3.1.2 Natural Sediment Sample 

As shown in Table 3.3, the induction times of the second and third thermal cycles for the 

natural sediment sample are 6.5 and 14.4% less than that of the first cycle, respectively, 

confirming the effect of the first cycle on the subsequent ones. This effect could be due 

to several reasons such as the memory effect, the amount of the dissolved methane in 

water after the dissociation stage and pore water distribution on the grain surfaces, similar 

to what discussed for the synthetic sediment sample. However, when comparing the 

induction times of the thermal cycles for the natural sediment sample with those for the 

synthetic sediment sample, it is observed that (i) the induction times of all three cycles 
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are around 4-7 times longer, and (ii) the effect of the first cycle on the induction times of 

the subsequent cycles is not strong. We believe that such a difference reflects the 

influence of the sediment grain type (mineralogical composition and pore structures) and 

size distribution on the induction time. According to Section 3.2.1, the natural sediment 

sample had a higher mean diameter and considerably wider particle size distribution than 

the synthetic sediment sample. Such wide particle size distribution could reduce the 

probability of the hydrate nucleation (corresponding to a longer induction time). On one 

hand, the presence of sediment grains with large size and accordingly lower specific 

surface area potentially provides fewer nucleation sites hence lower nucleation 

probability 215; on the other hand, the presence of small particles results in an extremely 

higher capillary pressure, hence higher amount of interstitial water with no direct contact 

with the gas phase. Apart from that, water molecules become less ordered with increasing 

distance away from the grain surface when the local saturation increases 250. Therefore, it 

would be expected that the induction times of the thermal cycles for the natural sediment 

sample last longer than those of the synthetic sediment sample. The mild effect of the first 

cycle on the induction times of the second and third cycles could be attributed to the 

duration in which the sediment sample was out of the stability zone after the dissociation. 

Our results indicate that the natural sediment sample has been out of its stability zone for 

around 6 and 4.5 hours prior to the second and third cycles, respectively, much higher 

than those for the synthetic sediment sample. This long duration could not only suppress 

the memory effect but also cause the methane gas dissolved in the first cycle to escape 

from the aqueous phase. 

Although the first thermal cycle did not have a strong influence on the induction times of 

the second and third cycles, it had a remarkable effect on the hydrate formation time. 

According to Table 3.3, the hydrate formation times of the second and third cycles are 

32.6 and 44.1% lower than that of the first cycle. Such remarkable decrease in the hydrate 

formation time could be attributed to the effect of the pore water redistribution on the 

grain surfaces in the first cycle because the memory effect and the dissolved methane gas 

are unlikely to promote the hydrate nucleation here, as discussed earlier. In fact, in 

contrast with the relatively well-rounded synthetic sediment sample with high sphericity, 

the redistribution of water in the natural sediment sample with different sphericity and 

roundness could increase the gas-water interface and promote the likelihood of multiple 

nucleation events. This effect could be confirmed by comparing the smoother and faster 
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behaviour of the MI values in the second and third cycles with that of the first cycle in 

Figure 3.3-(b). 

The hydrate and water saturations in conjunction with the water conversion rate for the 

natural sediment sample are plotted versus time in Figure 3.5. Similar to what observed 

for the synthetic sediment sample, there is still some remaining water unavailable for the 

hydrate formation during each thermal cycle. The residual water saturations for the 

natural sediment sample at the end of the hydrate formation stage are 0.073, 0.071, and 

0.094 for the first, second and third cycles, respectively, corresponding to 70.3, 66.6, and 

55.1% total water conversion to hydrates, showing a decreasing trend with the thermal 

cycle, in contrast with that of the synthetic sediment sample. Therefore, it could be 

speculated that the influence of the thermal cycles on the residual water saturation after 

completion of an individual hydrate formation highly depends on the sediment 

characteristics, particularly type and particle size distribution since they control the 

capillarity in porous media and accordingly, determine the water and gas distributions 

and the availability of the gas-water interface. For the natural sediment sample with a 

much wider particle size distribution and more capillarity at the small pores in comparison 

with the synthetic sediment sample, it is possible to have a higher amount of water, 

obscured by the already formed hydrates with no direct contact with the gas phase. 

Decrease of the total water conversion to hydrates for the natural sediment sample with 

the thermal cycle could be also attributed to the amount of dissolved methane remaining 

in the aqueous phase after the dissociation in each cycle. For instance, while the 

redistribution of pore water during the hydrate formation and dissociation stages of the 

first cycle increases the gas-water interface and hydrate formation rate, the probability of 

hydrate nucleation in the aqueous phase could substantially decrease because there would 

be less dissolved methane in water, limiting the diffusion of the hydrate crystal into the 

aqueous phase. 
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Figure 3.5 (a) Hydrate and water saturations, and (b) Water conversion rate vs. Time for 

natural sediment sample. 

3.3.2 Spatial Characteristics 

3.3.2.1 Distribution/Redistribution of Water During the Hydrate Formation 

Stage 

The low-resolution images acquired during the hydrate formation and dissociation stages 

could efficiently assist with the detailed investigation of the kinetics of the hydrate 

formation/dissociation in porous media (see Section 3.3.1), and to some extent, they allow 

us to perform analysis on the spatial characteristics of these processes. In this section, the 

micro-images acquired initially (upon the temperature adjustment to 2.0 °C) and at the 

end of the four quarters of the hydrate formation time of all thermal cycles together with 

their mean intensity values in the horizontal direction (MIH) plotted against the pixel 

number in the vertical direction are provided for both synthetic and natural sediment 

samples in Figure 3.6 and Figure 3.7, respectively. It should be clarified that the micro-

images in Figure 3.6 and Figure 3.7 show the instantaneous distribution of the water 

saturation, which is in fact the map of the instantaneous intensity values of the pixels 

normalised against the fully saturated state. As discussed in Section 3.2.4, the intensity of 

an individual pixel in the magnetic resonance images is correlated with its water content. 

Therefore, when normalised against the fully saturated state, it becomes the water 

saturation. It should be also noted that having the distribution of the water saturation and 

the porosity of the sediment sample would make it possible to obtain the distribution of 

the hydrates and gas saturations using Equation (3.3) and Equation (3.4), respectively; 

the procedure is detailed in Section 3.3.2.2 and applied on the high-resolution images 

only. This is because the accuracy of the spatial distributions obtained via processing the 
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micro-images essentially depends on their resolution, hence might be unreliable when 

processing the low-resolution images dealt with in this section. 

The MIH values could appropriately provide detailed spatial information regarding the 

distribution/redistribution of water along the samples during the hydrate formation stage 

of each thermal cycle. It should be noted that the drastic changes in the MIH represent the 

hydrate nucleation events along the sample whereas the gradual changes are due to slow 

hydrate growth, similar to the behaviour of the MI values observed in Figure 3.3. The 

values of the standard deviation (SD) of the MIH values were also provided in Figure 3.6 

and Figure 3.7 as they could serve appropriately as criteria to investigate the homogeneity 

of the water distribution in the vertical direction. 

Figure 3.6-(a) depicts the MIH values versus pixel number in the first thermal cycle for 

the synthetic sediment sample. As observed in a pore-scale, water is heterogeneously 

distributed along the sample initially, suggesting that water was not homogeneously 

distributed in pore space after the initial gas injection. The consumption and/or 

redistribution of water due to the nucleation events during the first and second quarters 

maintain or even increase the heterogeneity along the sample. At the end of the third and 

final quarters, however, the residual water distribution becomes more homogeneous along 

the ROI. 

In Figure 3.6-(b) and (c) illustrating the variations in the subsequent cycles, the initial 

water distribution along the sample is relatively homogenous, influenced by the hydrate 

formation/dissociation in the first cycle. For both subsequent cycles, the heterogeneity at 

the end of the first quarter becomes slightly higher, mainly due to the multiple nucleation 

events throughout the sample, and it can also be seen that the water content and 

distribution are almost the same along the sample at the end of the other quarters. 

Therefore, it could be concluded that the cyclic hydrate formation/dissociation may 

promote homogeneous distribution of water and gas in porous media. It should be also 

noted that, according to Figure 3.6-(a) to (c), the gravity appears not to have a measurable 

influence on the water distribution along the sample because higher MIH values were not 

observed at the bottom of the sample over time. 
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Figure 3.6. The low-resolution micro-magnetic resonance images and their MIH values 

versus the pixel number in the vertical direction initially and at the end of four quarters 

of the hydrate formation time of the (a) first, (b) second, and (c) third thermal cycles for 

the synthetic sediment sample, together with (d) the standard deviation (SD) of the MIH 

values. The micro-images show the instantaneous distribution of water saturation. 

Figure 3.7-(a) illustrates the MIH values versus pixel number in the first thermal cycle for 

the natural sediment sample. Similar to what observed for the synthetic sediment sample, 

the initial water distribution along the natural sediment sample is markedly 

heterogeneous, due to the inhomogeneous displacement of water by methane during the 
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gas injection step. Over time, however, the formation of the hydrate crystals and 

redistribution of water lead to a more homogeneous water distribution along the sample. 

  

  

Figure 3.7 The low-resolution micro-magnetic resonance images and their MIH values 

versus the pixel number in the vertical direction initially and at the end of four quarters 

of the hydrate formation time of the (a) first, (b) second, and (c) third thermal cycles for 

the natural sediment sample, together with (d) the standard deviation (SD) of the MIH 

values. The micro-images show the instantaneous distribution of water saturation. 
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In Figure 3.7-(b) and (c) providing the variations in the second and third cycles, it can be 

seen that water is homogeneously distributed along the sample initially, affected by the 

hydrate formation and dissociation in the first cycle. As discussed in Section 3.3.1.2, the 

induction time of these two cycles was not influenced by the first cycle as noticeably as 

their hydrate formation time. Thus, it can be seen that the heterogeneity of the water 

distribution along the sample increases during the first and second quarters. Compared 

with the distribution of water for the synthetic sediment sample at the end of the third and 

final quarters, the water distribution here is relatively heterogeneous, primarily due to the 

differences in the capillarity imposed by the particle size distribution. Therefore, in 

contrast to what observed for the synthetic sediment sample, the water distribution in the 

natural sediment sample did become evener but the change in the homogeneity was not 

as significant as in the synthetic sediment sample at the end of the third and final quarters. 

This may suggest that the effect of the cyclic hydrate formation/dissociation on the fluid 

distribution in the pore space does exist but becomes weaker in natural sediments. 

3.3.2.2 Distribution/Redistribution of Water, Gas, And Hydrates After 

Completion of the Hydrate Formation Stage 

The high-resolution images taken after completion of the hydrate formation and 

dissociation stages provide further information with an enhanced resolution regarding the 

spatial distribution of the co-existing phases during the hydrate formation/dissociation. 

Similar to what conducted on the low-resolution images, the analysis of the high-

resolution images was carried out on a ROI with a data matrix size of 200 px × 470 px 

cropped out of the 512 px × 512 px images to minimise the effect of the walls and artifacts 

on the MI values. 

The high-resolution images were analysed using MATLAB Image Processing Toolbox, 

attempting to find the 2D spatial distribution of the co-existing phases (hydrates, water, 

and methane) at the ROI upon completion of the hydrate formation stage of each thermal 

cycle for both synthetic and natural sediment samples. To the best of our knowledge, there 

is not any similar work in the literature applying this method on the high-resolution 

magnetic resonance images to obtain the spatial distribution of gas hydrates in porous 

media. It should also be noted that our method is similar to the Differential Imaging 

Technique, which has been used by the other scholars in the X-ray micro-CT imaging 

studies 254,255. 
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The procedure followed for determination of the spatial distribution of the co-existing 

phases in the sediment samples relies on the evolution of the intensity values of each pixel 

during the hydrate formation process as well as the values of the porosity and saturations. 

This procedure holds three assumptions: 

1) The grain particles keep being still during the whole process. The re-arrangement 

of the grain particles during each experiment could be caused by either the 

injection of gas or hydrate-forced heave. As discussed in Section 3.2.3, methane 

was injected into the cell with a rate of 5.0 ml/min in order to minimise the 

possibility of the viscous driven re-arrangement of the grain particles. Moreover, 

according to Table 3.3, the initial water saturation for both sediment samples are 

less than 30%. Therefore, the hydrate saturation at the end of the thermal cycles 

is not higher than 30% (see Figure 3.4-(a) and Figure 3.5-(a)), hence it is not 

expected that the hydrate-forced heave would be able to displace the grain 

particles. 

2) The volume occupied by the hydrate crystals is provided by water. Our 

experimental studies on the partially saturated hydrate-bearing sediment samples 

have shown that the volume occupied by hydrates is provided by pore water even 

though the gas saturation slightly decreases due to the volume expansion 

associated with the conversion of water to hydrate crystals with a lower density. 

3) The values of the porosity and saturations obtained for the sample by using the 

other methods are valid for the ROI. Here, the saturation of each individual phase 

has been obtained by analysing the images acquired from the same region with 

only a different resolution. It should also be noted that the porosity values of the 

sediment samples were assumed to be around 40-43%, according to our previous 

studies 256,257. 

The procedure includes three steps. The first step is to analyse the high-resolution image 

at the fully water-saturated state to obtain the spatial distribution of the grains as well as 

the pore space throughout the image in compliance with the porosity of the sample. Next, 

the image at the partially saturated state is analysed and compared with that at the fully 

saturated state in compliance with the water and gas saturations to obtain the regions 
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where water content is removed during the gas injection step. The analysis at this step 

yields the initial water distribution prior to the hydrate formation. The final step is to 

conduct the analysis on the image taken after the completion of the hydrate formation 

stage with respect to the saturation values to recognise the pixels occupied by the hydrate 

crystals. Here, the first step was conducted once for each sediment sample, and the second 

and third steps were carried out for each individual cycle independently.  

Figure 3.8 and Figure 3.9 illustrate 2D spatial distribution of the co-existing phases at the 

ROI after completion of the hydrate formation stage of the first, second, and third thermal 

cycles for both synthetic and natural sediment samples, respectively. In Table 3.4, we 

compared the hydrates and residual water saturations obtained via analysing the low-

resolution images at the end of the hydrate formation stage of all three cycles with those 

obtained via analysing the high-resolution images for both synthetic and natural sediment 

samples. As observed, the relative difference of the hydrates and water saturations are 

less than 8 and 16% for the synthetic sediment sample, and less than 3 and 12% for the 

natural sediment sample, respectively, confirming the reliability of the proposed method. 

In Figure 3.8 and Figure 3.9, an interesting observation according to the distribution of 

hydrates is the co-existence of different pore-scale habits including pore-filling, load-

bearing and even cementation throughout both samples. This implies that different pore-

scale habits may co-exist in gas hydrate-bearing porous media with a given gas hydrate 

saturation and it might not be logical to assign marginal hydrate saturation values for each 

habit. However, we believe further investigation is necessary to be conducted at different 

initial water saturations by employing MRI or the other available pore-scale visualisation 

techniques. The hydrate and residual water saturations in the horizontal direction (Sh,H, 

Swr,H) were also obtained, their SD values were calculated, and provided in Figure 3.10. 

As can be seen, the spatial distribution of hydrates and residual water in the second and 

third cycles is more homogeneous throughout the sediment for both sediment samples, 

influenced by the first thermal cycle of the hydrate formation/dissociation.  

The proposed method is able to distinguish methane hydrates from pure water in fine-

grained porous media; however, there are some sources of uncertainty associated with the 

method. For instance, this method was applied on 2D magnetic resonance images hence 

would not be able to capture 3D nature of the hydrate formation in porous media. 

Moreover, the thickness of each pixel is 2.0 mm hence its intensity is averaged through a 

relatively large volume. This is possibly why we still observe some regions where residual 
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water neighbours the gas phase at the end of the hydrate formation stage. In fact, it would 

be ideally expected that no gas-water interface is found throughout the sample upon 

completion of the hydrate formation. Apart from that, since the images were taken after 

the completion of the hydrate formation stage, it was not possible to monitor the 

redistribution and/or expulsion of water during the process. Nevertheless, the method 

could be improved by using state-of-the-art fast MRI technologies and modifying the 

image acquisition parameters and/or experimental method (imaging sequences, coil 

design, …) in future studies, attempting to minimise the uncertainties. 

 

Figure 3.8 2D spatial distribution of the co-existing phases at the ROI after completion 

of the hydrate formation stage of the (a) first, (b) second, and (c) third thermal cycles for 

the synthetic sediment sample. 
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Figure 3.9 2D spatial distribution of the co-existing phases at the ROI after completion 

of the hydrate formation stage of the (a) first, (b) second, and (c) third thermal cycles for 

the natural sediment sample. 

Table 3.4 Comparison of the hydrates and residual water saturations obtained via 

analysing the low-resolution images (L) at the end of the hydrate formation stage of all 

three cycles with those obtained via analysing the high-resolution images (H) for both 

synthetic and natural sediment samples 

Sediment Type Cycle 

Residual Water Saturation (-) Hydrates Saturation (-) 

L H 
Relative 

Difference (%) 
L H 

Relative 

Difference (%) 

Synthetic 

C#1 0.067 0.073 8.213 0.286 0.276 3.440 

C#2 0.046 0.054 16.522 0.266 0.245 8.011 

C#3 0.044 0.048 8.780 0.245 0.239 2.482 

Natural 

C#1 0.073 0.082 12.701 0.218 0.220 0.772 

C#2 0.071 0.070 0.744 0.180 0.182 1.314 

C#3 0.094 0.097 3.131 0.146 0.150 3.063 
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Figure 3.10 SD of the hydrate and residual water saturations in the horizontal direction 

(Sh,H, Swr,H) after completion of the hydrate formation stage of the thermal cycles for the 

(a) synthetic and (b) natural sediment samples. 

3.4 Conclusions 

In this chapter, the kinetics and spatial characteristics of the thermally induced methane 

hydrates formation in both synthetic and natural sediment samples were studied by using 

magnetic resonance imaging. Low-resolution images were taken from each sediment 

sample during the hydrate formation and dissociation stages of three consecutive thermal 

cycles in order to investigate how the first cycle of the formation/dissociation could 

influence the induction time, hydrate formation rate, and saturations of each phase in the 

subsequent cycles. High-resolution images taken from the samples were also used to infer 

the spatial distribution of methane hydrates, gas and water in pore space upon completion 

of each thermal cycle. 

The experimental results demonstrate that the kinetics of the hydrate formation in porous 

media is substantially influenced by the thermally induced cyclic formation/dissociation 

processes. It was indicated that the induction and hydrate formation times of the second 

and third thermal cycles decrease due to the memory effect, enhanced dissolution of 

methane in the aqueous phase and the redistribution of water associated with the first 

cycle of the hydrate formation and dissociation. Moreover, the hydrate formation 

proceeds in traditionally believed “fits and starts” manner in the first cycle, characterised 

by the stepped trend due to the limited nucleation followed by growth, in contrast with 

the fairly smooth and curved trend in the subsequent cycles, due to the multiple and fast 

hydrate nucleation events. The induction times of the thermal cycles for the natural 
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sediment sample were compared with those for the synthetic sediment sample to 

understand the effect of the sediment grain type and size distribution. The results 

indicated that the induction times of all three cycles for the natural sediment sample are 

much longer and the effect of the first cycle on the induction times of the subsequent 

cycles is not strong. The low-resolution images were also used to analyse the spatial 

characteristics of the hydrate formation stage of all thermal cycles for both sediment 

samples. Lastly, an innovative method was proposed for the first time in which the high-

resolution images were used to obtain the 2D spatial distribution of the co-existing phases 

(methane hydrates, gas, and water) after completion of the hydrate formation stage of 

each thermal cycle for both synthetic and natural sediment samples. 

  



  69 

 

Chapter 4  Heat Transfer in Unfrozen and Frozen Porous Media 

 

 

Heat Transfer in Unfrozen and Frozen Porous Media‡ 

4.1 Introduction 

Effective thermal conductivity (ETC) is a key physical property of heat transport in 

porous media. ETC studies of dry and fluid-saturated porous media are of utmost 

importance in a variety of geotechnical, geophysical and geo-environmental applications, 

such as underground transmission lines, geothermal energy resources, solar thermal 

storage facilities, radioactive waste disposal, geological CO2 sequestration, and methane 

recovery from gas hydrate-bearing sediments 258–260. In environmental science context, 

accurate quantification of ETC for soil and shallow unfrozen/frozen marine sediments 

could deliver essential information regarding the seafloor stability assessment, 

sedimentation, submarine slide formation, and global climate change. In particular, ETC 

plays a key role in geothermal energy engineering (e.g. ground source heat pumps, 

borehole thermal energy storage, geothermal heated bridge/pavement) as it affects the 

kinetic behaviour of working fluid temperature which is essential for efficient design of 

the processes in this chain. A faster charging and discharging rate could be achieved by 

selecting a geological medium with higher ETC, while geological media with lower ETC 

values could be chosen for longer maintenance of the working fluid temperature. 

Therefore, reliable ETC values for soil are of particular importance for geothermal 

applications 261. ETC is even more crucial in study of the impact of environmental 

changes on stability of the natural gas hydrate-bearing sediments and evaluating the 

exploitation associated risks 9. For instance, dissociation of stable hydrate-bearing layers 

could be derived by withdrawal of deep, warm fluids via a conductor which travels across 

these layers, weakening seafloor sediment stability 18,19. Here, higher ETC could increase 

the risk. In contrast, ETC is required to be high enough for choosing materials used in 

nuclear waste disposal as it results in more efficient cooling and uniform temperature 

 
‡ The content of this chapter is closely aligned with a research article entitled “Heat Transfer in 

Unfrozen and Frozen Porous Media: Experimental Measurement and Pore‐scale Modeling” 

published in Water Resources Research in 2020. As the first author, my contribution to this article 

is summarised according to CRediT (Contributor Roles Taxonomy) as: Conceptualisation, 

Methodology, Validation, Formal analysis, Investigation, Data curation, Writing - Original Draft, 

Writing - Review & Editing, and Visualisation. 
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distribution and reduces thermally-induced stress which, in turn, improves fatigue 

properties 262. Returning to geological importance of ETC for soils, integrity of cap-rocks 

for stored CO2 could possibly be weakened by thermal stress caused by injected fluid that 

is also highly dependent on ETC of cap-rock 263.  

Thermal properties of porous media depend upon not only the intrinsic thermal properties 

and volume fraction of each constituent, but also pressure, temperature, porosity, and 

packing structure 38. Focused on sediments, the other influencing factors include 

mineralogy, packing structure and gradation, and interparticle physical contact among 

grains 261,264–266. At temperatures below the freezing point, transformation of water to ice 

(with lower density and higher intrinsic thermal conductivity) together with the presence 

of unfrozen water may even add more complexities in the system.  

Experimental studies have been conducted so far to determine ETC of fully and partially 

water saturated soil samples at unfrozen conditions. The results indicate that ETC of a 

given soil is largely influenced by quartz and water contents since quartz has the highest 

thermal conductivity among all the soil minerals and thermal conductivity of air is 

markedly lower than that of water 267–274. There are also a number of works investigating 

the effect of the soil mineral components, particle size, shape and gradation on its ETC 

275–277. Complexities associated with the presence of clay or other binders were also 

explored in the laboratory 278–281. Clay appears to significantly improve the heat 

conduction by cementing the solid grains and reducing the thermal contact resistance 

(TCR). It was also found that ETC slightly depends on the temperature 275,282–284. 

Similarly, studies were also conducted to determine the soil thermal properties at frozen 

conditions, mainly aiming at understanding the effect of climate change, seasonal 

freezing-thawing processes and human activities on thermal response in permafrost 

regions 285–292. Despite considerable work conducted so far, it is still imperative to conduct 

experimental studies, particularly at pore scale, to shed light on the mechanisms 

controlling the heat transfer in unsaturated porous media and more importantly, 

understand their interdependencies. 

Numerous predictive models have been proposed to estimate ETC of porous materials; 

however, a unified model or prediction procedure with universal applicability is yet to be 

developed 264. Depending on their principles and assumptions, available predictive 

models could be categorised into (i) Mixing Models which determine ETC by combining 
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the intrinsic thermal conductivity values of the co-existing constituents, typically as a 

function of volume fraction 258; (ii) Empirical Models which build a relationship between 

ETC and volumetric water content, porosity, and type of the sediment grains by 

normalising ETC over the difference between fully saturated and dry state ETC values; 

(iii) Mathematical Models which are adopted from predictive models used to determine 

other physical properties of composite materials, such as electrical conductivity and 

hydraulic conductivity; (iv) Volume Fraction Models which estimate ETC with respect 

to level of their solid volume fraction (low, medium and high volume fraction materials); 

(v) Packing Structure Models which are developed based on the different packing 

structures of spheres such as simple cubic (SC), body centred cubic (BCC), and face 

centred cubic (FCC); and (vi) Pressure-dependent Models which treat the sediment as a 

standard unit cell containing two contacting particles and take the effect of the 

compressive pressure into account in order to capture the effect of TCR between grains 

as the contact area and TCR was shown to markedly control the heat transfer through a 

porous medium 293,294. These predictive models were critically reviewed elsewhere 

258,261,264.  

Available predictive models are either based on empirical fits to experimental data or 

conceptualising the multi-phase porous system as a certain combination of series/parallel 

solid, air and/or water blocks in a representative elementary volume (REV). These models 

cannot realistically account for pore-scale mechanisms (fluid-fluid and rock-fluid 

interactions, pore-scale habit of each co-existing phase, changes in the thermal state) 

controlling the heat transfer. Therefore, they need adjusting parameters that their values 

are usually a priori unknown, making the models dependent on the experimental data, and 

may accordingly restrict their applications 266. In fact, a more comprehensive insight into 

these pore-scale mechanisms is required for further development of predictive models. 

Efforts have been made to account for these mechanisms by developing predictive models 

having physically meaningful parameters. One popular approach is to implement the 

pore-scale mechanisms into the unit cell. There are a number of models developed for 

predicting ETC of dry particulate beds in which a contact equation is employed to account 

for TCR 94,294–298. Some other unit cell-based models take into consideration the effect of 

the water content hence applicable for unsaturated soils 299–303. Use of such models is 

computationally affordable; however, their accuracy and application strongly depend on 

how they incorporate the pore-scale associated phenomena. More sophisticated 

approaches such as the discrete element method (DEM) and boundary element method 
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(BEM) have been also adopted recently to study the heat transfer in soil and establish 

more detailed predictive models 304–307. 

In this chapter, we report experimental measurements of ETC of simulated partially 

saturated sediments. Four sets of experiment were conducted to investigate the effect of 

pore pressure, overburden pressure, temperature, and degree of water/ice saturation on 

the pore-scale associated phenomena controlling heat conduction in a multiphase porous 

system. We also developed a numerical model for prediction of ETC, where the Free-

energy Lattice Boltzmann Model (LBM) is firstly utilised to set the co-existing phases of 

water and gas (N2) at equilibrium in a cubic domain, composed of a 3D standard unit cell 

surrounded by an annular region filled with the gas. ETC of the cubic domain is then 

calculated via applying a space renormalisation method on the system at equilibrium 

conditions. ETC of the standard unit cell is simply calculated by deducting the thermal 

conductivity of the annular region from ETC of the cubic domain based on the weighted 

averaging method. The model is able to account for several pore-scale mechanisms 

including the particle conduction, contact conduction, particle-fluid and particle-fluid-

particle conduction, pore fluid conduction, having more accurate predictions than the 

other existing models available in the literature.  

4.2 Background 

Heat transfer in granular materials is controlled by several particle-level mechanisms: (1) 

conduction within the mineral, (2) particle-particle conduction through the contact area, 

(3) particle-fluid-particle conduction which is of particular relevance in partially saturated 

sediments, (4) radiation at interparticle contacts, (5) particle-fluid conduction, (6) 

conduction in pore fluid, (7) convection in pore fluid, (8) radiation from the particle 

surface into the surrounding medium 293. Figure 4.1 schematically illustrates these 

mechanisms for a cylindrical standard unit cell. Heat transfer could be considered 

conductive at naturally occurring porous sediments, particularly in fine sands and clays 

at low temperatures given negligible relative contribution of free convective and radiative 

mechanisms 9. 
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Figure 4.1 Particle-level heat transfer mechanisms for a standard unit cell: (1) particle 

conduction, (2) contact conduction, (3) particle-fluid-particle conduction, (4) particle-

particle radiation, (5) particle-fluid conduction, (6) pore fluid conduction, (7) pore fluid 

convection, (8) radiation into the surrounding medium 

There are two types of thermal conductivity measurements including steady state methods 

and unsteady state methods. Here, we employed the Transient Hot Wire (THW) method 

which is an unsteady state procedure extensively used to measure the thermal 

conductivity of intact and reconstituted porous substances in a wide range of 

temperatures. In this method, thermal conductivity is obtained by a variation of the line 

source test method using a needle probe which is required to have a large length to 

diameter ratio to comply with the line-source solution assumption, i.e. an infinitely long, 

infinitely thin heating source 308. The needle probe consists of a heating wire, representing 

a perfect line source and a temperature sensor for measuring the temperature. The probe 

is inserted into the specimen, certain current and voltage are applied to the probe, and the 

temperature rise with time is recorded over a period of time. Thermal conductivity is 

obtained via analysing the temperature time series data during the heating cycle 308.  

In contrast with Steady State methods, the THW method could be conducted with 

substantially less required time for measurements 309,310. Moreover, the sample size is not 

critical as long as the diameter of the medium surrounding the needle is 10 times the 
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diameter of the thermal needle probe 308. At a constant amount of heat flux, the 

temperature response of an ideal (zero mass) heater over a period of time could be 

expressed by Equation (4.1): 

Δ𝑇 = −
𝑄

4𝜋𝜆
𝐸𝑖 (

−𝑟2

4𝜅𝑡
)               0 < 𝑡 < 𝑡1 (4.1) 

where t, ΔT, Q, r, κ, λ, Ei, and t1 stand for the measuring time, temperature change, applied 

heat per unit length of heater, distance from the heated needle, thermal diffusivity, thermal 

conductivity, exponential integral, and heating time, respectively 308. The exponential 

integral in Equation (4.1) could be approximated by the most significant terms of its series 

expansion, resulting in Equation (4.2):   

Δ𝑇 ≅
𝑄

4𝜋𝜆
ln(𝑡)               0 < 𝑡 < 𝑡1 (4.2) 

λ could be calculated from the slope of the best-fit line relating ΔT and ln(t). When 

analysing the data, care must be taken to exclude the early and late portions of the test, 

representing transient conditions where the measurements were strongly influenced by 

terms ignored in Equation (4.2) and boundary conditions where the measurements were 

affected by the external boundary of the system, respectively. 

4.3 Experimental Section 

4.3.1 Experimental Setup 

ETC measurements were conducted using a 316 stainless steel cylindrical cell setup 

which is schematically illustrated in Figure 4.2. The setup consists of a high-pressure 

stainless steel cell with an inner diameter of 75 mm and inner length of 200 mm, satisfying 

the minimum length and diameter required according to ASTM standard (see ASTM 

D5334-14 standard 308). The setup can be placed horizontally or vertically on a pivot. An 

integral cooling jacket fitted around the cell and connected to a cryostat (Grant LTC) to 

maintain the desired isothermal conditions during measurements. A calibrated platinum-

resistance thermometer (Pt100, supplied by TC Ltd.) with an accuracy of better than ±0.1 

K was also coated in the cell to measure its temperature. A movable piston driven by 

hydraulic pressure was placed at one end of the cell, used for compacting sediments at a 

desired overburden pressure. The overburden pressure was achieved by fluid injection 

behind the piston using a Quizix pump with dual cylinders (SP-5200, Vindum 
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Engineering Inc., USA) and measured using a calibrated Druck pressure transducer with 

an accuracy of ± 0.05 MPa. A linear variable differential transformer (LVDT) is mounted 

on the piston rod to determine its position, which enables us to compute the instantaneous 

sample volume hence the porosity of the system. There were two ports at the fixed endcap, 

one for the gas introduction and the other connected to another calibrated Druck pressure 

transducer for measuring the pore pressure. It should be noted that we inserted a fine mesh 

screen in the discharge point of each port to avoid intrusion of the sand particles and baffle 

the gas stream during injection to retain the initial homogeneous water distribution. The 

pressure and temperature data together with the piston movement were continuously 

monitored at regular time intervals, collected using a data acquisition module, and 

recorded on a PC with a LabVIEW software (National Instruments). 

 

Figure 4.2 Schematic diagram of the high-pressure apparatus. 

The thermal conductivity measurements were made using a calibrated purpose-built 

needle probe (TP08, Hukseflux, Netherlands) which can accurately measure the thermal 

conductivity at elevated pressures in compliance with the ASTM D5334-14 standard. In 

TP08, the reference junction of the thermocouple is located in the base. Hence, before 

loading the cell with the test specimen, the probe is mounted on the fixed endcap and its 

base fully covered with an insulation material to minimise the influence of heat exchange 
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with the laboratory environment on the thermal conductivity measurements. The thermal 

conductivity data were all recorded in a measurement and control unit (MCU) connected 

to the PC. 

4.3.2 Materials 

Research-grade N2 (purity 99.995 vol.%) was supplied by BOC Ltd. Deionised water 

generated by an integral water purification system (ELGA DV 25) was used throughout 

the experiments. The simulated sediment used in this study was a well-characterised silica 

sand from Fife, Scotland (grain density: 2.64 g/cm3, mean size: 257 µm, specific area: 

0.059 m2/cm3), a detailed analysis of which could be found elsewhere 48,239. 

4.3.3 Procedure 

4.3.3.1 Sample Preparation and Configuration 

Each test specimen was made by mixing the silica sand and deionised water at a 

predetermined mass ratio with respect to the desired water saturation. The mixture was 

loaded within the cell that was washed, dried, positioned vertically, and equipped with 

the thermal conductivity probe instrumentation. While loading, the specimen was 

regularly tamped using a purpose-built pestle to attain uniform compaction and ensure 

full contact with the probe. After the specimen reached the desired height, the other 

endcap was installed, and the cell was rotated back to the horizontal position. The bath 

temperature was also set to the target temperature and the cell was vacuumed. A hydraulic 

pressure was then applied behind the piston using the Quizix pump to further compact the 

sediment at the desired overburden pressure. The system was left for 24 hours at this 

condition to reach thermal equilibrium. N2 was then injected into the cell until the pore 

pressure reaches the desired value while maintaining the effective overburden pressure. 

The system was left at this condition until the pressure and temperature of the system 

become stable and no piston movement is observed. Finally, the specimen underwent the 

ETC measurement. 

4.3.3.2 Thermal Conductivity Measurements 

Four sets of experiment were carried out in order to explore the effect of the system 

temperature (T), pore pressure (PPore), effective overburden pressure (POB, eff.), and water 

content (θw) on ETC of sediments. The experimental sets are summarised in Table 3.4. 
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As observed, for each individual parameter, a base value was considered: T = 0.5 °C, PPore 

= 3.45 MPa, θw = 12.6 wt.% (Sw ≈ 55%) and POB, eff. = 3.45 MPa. Each experimental set 

was carried out by changing two parameters while keeping the other two at their base 

values. This enabled us to investigate the effect of each individual parameter on ETC as 

well as capture their interdependencies.  

Table 4.1 Summary of the physical parameters considered for each experimental set 

Set T (°C) PPore (MPa) Sw (-) POB, eff. (MPa) 

1 Base value 2.76, 8.27, 13.79 Base value 
1.38, 4.14, 6.89, 

9.65 

2 
-10, -5, 0.5, 5, 

10 
Base value Base value 

1.38, 4.14, 6.89, 

9.65 

3 
-10, -5, 0.5, 5, 

10 

1.38, 4.14, 6.89, 9.65, 

12.41, 15.17, 17.93 
Base value Base value 

4 Base value 
1.38, 4.14, 6.89, 9.65, 

12.41, 15.17 

0.00, 0.09, 

0.31, 0.65, 1.00 
Base value 

 

Most of ETC measurements were repeated for the elimination of the experimental data 

contingencies. Moreover, at frozen conditions, the total heat to the specimen was reduced 

to impose a smaller temperature gradient in order to minimise the possibility of fluid 

convection and phase change around the needle probe. After completion of ETC 

measurements, three sediment samples were taken from different sections in the cell and 

their water saturation was measured to check the homogeneity of the system. ETC was 

then obtained by analysing the experimental data according to Equation (4.2). 

4.4 Numerical Modelling 

A numerical model was developed to predict ETC of partially saturated sediments under 

applied overburden pressure. The model uses a 3D standard unit cell containing two 

mono-sized touching hemispheres in contact with the co-existing fluids i.e. water/ice and 

gas (N2) at equilibrium conditions. The whole computational procedure could be divided 

into three steps: 

1) Pre-processing 

To begin with, a 3D standard unit cell with 2r by 2r square cross section area (r stands for 

the hemisphere radius) and h in height, containing two perfectly round hemispheres with 

a flat Hertzian contact interface is constructed (Figure 4.1). Here, the SC packing 
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configuration was identified to be appropriate based on the porosity range of our 

specimens 311. The contact radius, rc, is calculated by the Hertz contact equation 312: 

𝑟𝑐 = √
3𝐹𝑟(1 − 𝑣2)

4𝐸

3

 (4.3) 

where F, υ, and E are the contact force, Poisson’s ratio and Young’s modulus. This makes 

it possible to account for the heat flow through the sphere-contact-sphere and accordingly, 

incorporate TCR as a function of the effective overburden pressure which could be 

considered as a distinguishing feature of our numerical model. 

According to Figure 4.1, the half-spheres are in contact with static fluids filling the rest 

of unit cell. We employed the Free-energy LBM to set the two phases of water and gas 

(N2). LBM is a computational fluid dynamics (CFD) solver based on mesoscopic kinetic 

equations which could be utilised to study fluid flow problems 313. LBM has proven to be 

a powerful tool for solving problems at different length and time scales owing to its 

advantages in numerical simulation of single- and multi-phase fluid flows in pore-scale 

314–317, particularly in complex geometries such as porous media 318–320. The Free-energy 

LBM as an option for simulating multiphase and multicomponent fluid flow is able to 

appropriately account for fluid-fluid interfacial tensions (IFT) and solid surface contact 

angles. The Free-energy LBM algorithm is implemented in OpenLB 

(http://www.openlb.net), an Open Source numerical framework for lattice Boltzmann 

simulations 321. It should also be noted that the densities of the co-existing phases are 

assumed to be constant and equal in the current model, which is a reasonable 

approximation for when the Reynolds number is small 322. Therefore, the model could be 

applied in our problem of interest because the Reynolds number at the equilibrium 

conditions – where all the co-existing phases are stationary – is zero. Another important 

and interesting consideration is that the saturation and pore-scale distribution of gas, as 

the compressible phase in the pore space, would not be expected to vary when the pore 

pressure of the system changes. This is because the saturation and pore-scale distribution 

of water, as the only incompressible and co-existing phase, does not depend on the pore 

pressure. Therefore, the pore pressure effect on ETC could be simply incorporated into 

the model via correlating the intrinsic thermal conductivity of the constituents with the 

pore pressure (as discussed in the Processing step). 



  79 

 

Here, we briefly describe the Free-energy LBM for a binary system in which the fluid-

fluid surface tension and fluid-solid surface interactions (contact angle) could be derived 

and independently controlled. Further details of the algorithm implemented in OpenLB 

could be referred in the literature 322–324. 

A Free-energy functional which models a system with two fluid components with 

concentration fractions of C1 and C2 (C1+C2=1) could be expressed by 322: 

𝐹 = ∫ [
𝜅1 + 𝜅2
2

𝐶1
2(1 − 𝐶1)

2 +
𝛼2(𝜅1 + 𝜅2)

2
(∇𝐶1)

2] 𝑑𝑉
Ω

−∫ (ℎ1𝐶1 + ℎ2𝐶2)𝑑𝑆
𝜕Ω

 

(4.4) 

where Ω is the system volume and α and κ are two tuning parameters for the interfacial 

width and surface tension. The interfacial width is expressed by α (typically chosen to be 

1.0) and the surface tension (γ12) by 324: 

𝛾12 =
𝛼(𝜅1 + 𝜅2)

6
 (4.5) 

The hi parameters in Equation (4.4) make it possible to quantify the fluid-solid surface 

energies hence the contact angle of fluid 1 on a solid surface in the presence of fluid 2 

(θ12) which could be given by 324: 

𝜃12 = cos−1 (
𝛾𝑠1 − 𝛾𝑠2
𝛾12

) (4.6) 

γsi is the surface tension between the fluid phase i and solid surface which essentially 

includes contributions from the both phases, i and j, and could be expressed by 324: 

𝛾𝑠𝑖 = (
𝛼𝜅𝑖
12

−
ℎ𝑖
2
−
4ℎ𝑖 + 𝜅𝑖𝛼

12
√1 +

4ℎ𝑖
𝛼𝜅𝑖

)

+ (
𝛼𝜅𝑗

12
−
ℎ𝑗

2
+
4ℎ𝑗 − 𝜅𝑗𝛼

12
√1 −

4ℎ𝑗

𝛼𝜅𝑗
) 

(4.7) 

Therefore, the contact angle could be given by the following expression as a function of 

κ1, κ2, h1, and h2 
322: 
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𝜃12 = cos−1 (
(𝛼𝜅2 + 4ℎ2)

3/2 − (𝛼𝜅2 − 4ℎ2)
3/2

2(𝜅1 + 𝜅2)√𝛼𝑘2

−
(𝛼𝜅1 + 4ℎ1)

3/2 − (𝛼𝜅1 − 4ℎ1)
3/2

2(𝜅1 + 𝜅2)√𝛼𝑘1
) 

(4.8) 

Variable transformation from C1 and C2 to two equivalent order parameters of ρ=C1+C2 

and ϕ=C1−C2 could be applied to satisfy the hard constraint of C1+C2=1. The continuum 

equations of motion of the system are the continuity, Navier-Stokes, and Cahn-Hilliard 

equations 323: 

{

𝜕𝑡𝜌 + 𝛁. (𝜌𝒗) = 0

𝜕𝑡(𝜌𝒗) + 𝛁. (𝜌𝒗⊗ 𝒗) = −𝛁.𝑷 + 𝛁. [𝜂(∇𝒗 + ∇𝒗𝑇)]

𝜕𝑡𝜙 + 𝛁. (𝜙𝒗) = 𝑀𝜙∇
2𝜇𝜙

 (4.9) 

where v, P and η are the fluid velocity, fluid dynamic viscosity (which generally depends 

on the local order parameter ϕ), and pressure tensor. The thermodynamic properties of 

the system described in the Free-energy model (Equation (4.4)) enter the equations of 

motion via the chemical potential (μϕ) and the pressure tensor. The lattice Boltzmann 

algorithm described by 322 can be implemented to solve the equations of motion. For a 

binary system, two distribution functions, fi(x,t) and gi(x,t), corresponding to the density 

of the fluid ρ and the order parameter ϕ are required. The physical variables could be 

related to the distribution functions by: 

{
  
 

  
 𝜌(𝒙, 𝑡) =∑𝑓𝑖(𝒙, 𝑡)

𝑖

𝜌(𝒙, 𝑡)𝒗𝛽(𝒙, 𝑡) =∑𝑓𝑖(𝒙, 𝑡)𝑒𝑖𝛽
𝑖

𝜙(𝒙, 𝑡) =∑𝑔𝑖(𝒙, 𝑡)

𝑖

 (4.10) 

The quantities eiβ correspond to the standard lattice velocities in the LB method. The 

lattice structure we utilised here is D3Q19 with 19 velocities in three dimensions. A 

standard BGK (Bhatnagar–Gross–Krook) collision operator could be used for the 

collision step: 

{
 

 𝑓𝑖
∗(𝒙, 𝑡) = 𝑓𝑖(𝒙, 𝑡) −

Δ𝑡

𝜏
[𝑓𝑖(𝒙, 𝑡) − 𝑓𝑖

𝑒𝑞(𝒙, 𝑡)]

𝑔𝑖
∗(𝒙, 𝑡) = 𝑔𝑖(𝒙, 𝑡) −

Δ𝑡

𝜏𝜙
[𝑔𝑖(𝒙, 𝑡) − 𝑔𝑖

𝑒𝑞(𝒙, 𝑡)]
 (4.11) 
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For the steaming step, we have: 

{
𝑓(𝒙 + 𝑒𝑖Δ𝑡, 𝑡 + Δ𝑡) = 𝑓𝑖

∗(𝒙, 𝑡)

𝑔(𝒙 + 𝑒𝑖Δ𝑡, 𝑡 + Δ𝑡) = 𝑔𝑖
∗(𝒙, 𝑡)

 (4.12) 

Δt stands for the lattice time step and fi
eq(x,t) and gi

eq(x,t) are the local distribution 

functions. The relaxation times τ and τϕ are related to the transport coefficient in the 

hydrodynamic equations, η and Mϕ: 

{
𝜂 = 𝜌𝑐𝑠

2 (𝜏 −
Δ𝑡

2
)

𝑀𝜙 = 𝛤𝜙 (𝜏𝜙 −
Δ𝑡

2
)

 (4.13) 

in which Γϕ is a tunable parameter that appears in the equilibrium distribution. The 

simulation parameters are tabulated in Table 4.2: 

Table 4.2 The Free-energy LB Simulation parameters 

No. Parameter Value (in LB units) 

1 α 1.0 

2 κ1 0.005 

3 κ2 0.005 

4 Γϕ 10 

5 h1 -0.001086  

6 h2 0.001086 

 

The LB simulation starts with setting up the geometry of the unit cell, followed by 

creating and initialising mesh with an optimum resolution in terms of the stabilisation of 

the results and computational cost. This consists of classifying them with material 

numbers according to their type (1: fluid nodes, 2: solid boundary nodes, and 0: inner 

solid nodes). Fluid nodes are divided into two lattices and their initial spatial distribution 

is specified based on the desired saturation. The lattice dynamics are then set for all nodes 

based on their material number and the collision model along with the boundary 

behaviour are characterised. The next step is the main LB loop where the collision and 

streaming are conducted, followed by the lattice coupling and boundary condition 

treatment in order to account for the fluid-fluid and solid-fluid interactions, respectively. 

The spatial distribution of the phases at equilibrium conditions are finally extracted to be 

used for the next step. If necessary, the volume treatment due to the expansion of the 

liquid phase at sub-zero temperatures is also performed. 
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2) Processing 

As previously mentioned, we apply a 3D space renormalisation technique to predict ETC 

of partially saturated sediments. A similar technique has been applied to calculate ETC 

of THF hydrate bearing sands based on 2D pictures taken by a digital electron microscope 

and shown to have strong stability and fault tolerance 80. In this method, a given volume 

is partitioned into several blocks, each with its own initial property. Based on certain 

rules, the adjoining 8 blocks are considered as a renormalisation group to form a new 

block. The process is repeated until the final block is obtained. We consider the following 

assumptions to obtain ETC: (i) heat flows in one direction (See Figure 4.3), (ii) thermal 

conductivity of blocks containing two phases is averaged based on their volume fractions, 

(iii) conductive heat resistance is analogous to electrical resistance, (iv) heat transfer via 

convection and radiation mechanisms is ignored given their negligible contribution 

compared with the conduction mechanism (See 38). 

 

Figure 4.3 Equivalent heat resistance distribution of eight adjoining blocks  

According to Huang and Fan 80, a four-block renormalisation group (2D) could be treated 

as a combination of eight heat conductors (or resistors) on the basis of the analogy 

between conductive heat transfer and electrical conduction. Similarly, as can be seen in 

Figure 4.3, the analogy between conductive heat transfer and electrical conduction 

enables us to treat each eight-block renormalisation group as a combination of twenty 

heat conductors. The resistances of these heat conductors are: 
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(4.14) 

where k stands for thermal conductivity and subscripts refer to the adjoining blocks, as 

shown in Figure 4.3. The equivalent heat resistance and accordingly the equivalent 

thermal conductivity could be obtained for each renormalisation group by applying 

Kirchhoff’s Current Law (KCL) for each individual node (see Appendix B). Therefore, 

this is considered as the core rule of the renormalisation process. In addition, it could be 

concluded that “n” stages of the renormalisation is required to be conducted on a cubic 

domain with 8n (2n×2n×2n) blocks, which necessitates the LB simulation to be performed 

on a cubic domain with the size of (2n)3. In fact, the parameter “n” is a non-negative 

integer which determines the number of stages required for the renormalisation process 

and essentially controls the resolution. 

The LB simulation results at the pre-processing step consist of the status of each voxel 

(Grain, Water, or N2) at equilibrium conditions. Therefore, the simulation domain is 

already partitioned and labelled. In this step, we assign the thermal conductivity of each 

individual voxel according to its label and implement the renormalisation program in 

order to obtain the equivalent heat resistance. The thermal conductivity of the voxels 

located in the fluid-fluid interface is calculated by taking an arithmetic saturation-based 

average of thermal conductivities of water and N2.  

It should be noted that we used the thermal conductivity data available in our in-house 

software for water/ice and nitrogen 214,242. The intrinsic thermal conductivity of sand 
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particles was also obtained by running the numerical model for a case with parameters 

(T, PPore, POB, eff. and θw) set as base values and comparing the predicted ETC with the 

experimental result, similar to the approach applied by Huang and Fan 80. By employing 

this method, the thermal conductivity of sand was obtained as 6.86 W/m.K. The 

expansion of water due to transformation from liquid to solid (ice) at temperatures below 

the freezing point is accommodated as follows: 

𝑉𝑖𝑐𝑒 = 𝑉𝑤𝑎𝑡𝑒𝑟
𝜌𝑤𝑎𝑡𝑒𝑟
𝜌𝑖𝑐𝑒

 (4.15) 

When performing the renormalisation process, the change in dimensions of the 

renormalised block is taken into consideration as ETC is an intensive property while 

resistance is extensive 80.  

3) Post-processing 

Given that the LB simulation is required to be performed on a cubic domain and the 

renormalisation process on (2n)3 blocks 80, we calculated ETC of the cubic domain 

comprised of the 3D standard unit cell and an annular region (see Figure 4.4), and used 

weighted averaging method to obtain ETC of the unit cell, as illustrated in Equation 

(4.16). Note that the annular region essentially contains gas. 

   

Figure 4.4 (a) Cubic domain comprised of the (b) 3D standard unit cell and (c) annular 

region 

�̅�𝐶𝑒𝑙𝑙 =
�̅�𝐶𝑢𝑏𝑒𝑉𝐶𝑢𝑏𝑒 − 𝑘𝑁2𝑉𝐴𝑛𝑛.

𝑉𝐶𝑒𝑙𝑙
 (4.16) 

where V is the volume. 
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4.5 Results and Discussion 

In this section, we present the experimental results along with the numerical model 

predictions. Moreover, we plotted our model predictions together with a number of 

existing models in the literature against the experimental results. This helps us to 

understand the accuracy of the newly developed model in comparison with the other 

models.  

4.5.1 Experimental Results 

4.5.1.1 Dependence on Overburden and Pore Pressures 

Figure 4.5 shows the measured ETC of partially saturated sediment samples (12.6 wt.%) 

against the effective overburden pressure at three different pore pressures and a constant 

temperature (0.5 °C). General trends at different pore pressures have been also added to 

assist with when discussing the thermal conduction characteristics. As expected, 

increasing the effective overburden pressure results in a higher ETC. This could be 

attributed to two main factors. The first is the higher particle-particle conduction through 

the contact area (lower TCR). Increasing the effective overburden pressure results in a 

higher contact area, as can be simply confirmed by Hertz contact equation (the inset in 

Figure 4.5). Given the intrinsic thermal conductivity of sand particles is considerably 

higher than that of the other constituents, a lower TCR and greater contribution from the 

particle-particle conduction to ETC is expected when the effective overburden pressure 

increases. This contribution essentially depends on the contact area, hence more 

influential at lower effective overburden pressure values. Increasing the effective 

overburden pressure may also increase the coordination number which results in a higher 

number of particles in contact with the particle under consideration. The other factor to 

be considered is the higher particle-fluid-particle conduction. Increasing the effective 

overburden pressure results in re-distribution of pore fluids enclosing the contact area. 

Assuming the particles to undergo elastic deformation, when the effective overburden 

pressure increases, the pore space around the contact areas becomes smaller with a higher 

capillary pressure. As a consequence, if there is any gas in these regions, it will be 

displaced by water as the wetting phase. Since these areas contribute critically to the heat 

transfer, increasing the effective overburden pressure may also facilitate the heat 

conduction through these critical pathways.  
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Figure 4.5 ETC vs. the effective overburden pressure (POB, eff.) at three different pore 

pressures (PPore); T = 0.5 °C, θw = 12.6 wt.%. General trends (dashed lines) are added at 

different pore pressures to assist with understanding the thermal conduction 

characteristics. Contact radius ratio is also plotted according to Hertz contact equation 

against the effective overburden pressure as an inset.  

As can also be seen in Figure 4.5, ETC is directly proportional to the pore pressure of the 

system. Several pore-scale associated heat transfer mechanisms could cause this 

behaviour. The first mechanism could be higher heat conduction and convection in the 

gas phase. Increasing the pore pressure results in a higher intrinsic thermal conductivity 

for the gas phase. At 0.5 °C, the intrinsic value for the thermal conductivity of N2 at 13.79 

MPa is around 24% higher than 2.76 MPa. Apart from that, higher pore pressure can 

improve the convective heat transfer mechanism in the gas phase. The other mechanism 

is higher heat transfer at the fluid-fluid interface. In a multiphase system, increasing the 

pore pressure enhances the mass transfer at the fluid-fluid interface. This mass transfer is 

always associated with an energy transfer. Therefore, it is expected to have more 

contribution in the heat transfer from the gas-water interface at elevated pore pressures. 

The other interesting mechanism could be the re-distribution of the water toward the 

smaller pores. Since gas is the non-wetting phase in the system, it prefers to occupy the 

largest pores whereby influencing the pore water network. When pore pressure increases, 

gas pushes water from the large pores to the small ones where the capillary pressure is 
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higher. These small pores remarkably contribute to the heat transfer, hence the presence 

of water with higher thermal conductivity in these pores is conducive toward higher ETC. 

4.5.1.2 Dependence on Temperature and Overburden Pressure 

Figure 4.6 illustrates the measured ETC of partially saturated sediment samples (12.6 

wt.%) against the effective overburden pressure at different temperatures and constant 

pore pressure (3.45 MPa). As observed, the increase in the effective overburden pressure 

at both unfrozen and frozen conditions resulted in a higher ETC. Potential influential 

mechanisms are already discussed in Section 4.5.1.1.  

ETC values measured at frozen conditions are markedly higher in comparison with 

unfrozen conditions since on one hand, the intrinsic thermal conductivity of ice is almost 

4 times more than that of water. On the other hand, the transformation of water to ice is 

associated with volume expansion in the water phase. Our measurements show that the 

transformation of water to ice resulted in the gas volumetric saturation (Sg) to decrease 

around 7% relative to its initial value. Hence, the results are presented in Figure 4.6 

separately, according to the thermal state of the system, to allow for a clearer 

investigation.  

Increasing the system temperature at unfrozen conditions results in a higher ETC (Figure 

4.6-(a)). This could be due to higher heat conduction and convection in the pore fluids. 

The intrinsic thermal conductivity of each constituent is directly proportional to the 

system temperature at the temperature range we dealt with. Therefore, a higher 

temperature may increase the contribution of heat conduction from each component in 

ETC. At 3.45 MPa, the intrinsic value for the thermal conductivity of N2 at 10 °C is not 

significantly different from 0.5 °C. However, despite the pore pressure, temperature 

change can influence the intrinsic thermal conductivity of water and sand particles. 

Increasing the system temperature could also improve the convective heat transfer 

mechanism in the pore fluids (i.e. gas and water), resulting in a higher ETC. The other 

factor which could play a role is the higher heat transfer at the fluid-fluid interface. 

Similar to what discussed earlier for the effect of the pore pressure, increasing the system 

temperature results in a higher mass and energy transfer in the gas-water interface and 

higher ETC, accordingly.  
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As shown in Figure 4.6-(b), further reducing the system temperature at frozen conditions 

resulted in a higher ETC, a behaviour against what observed at unfrozen conditions. This 

behaviour could be attributed to the presence of unfrozen water at the critical pathways. 

It has been shown that the unfrozen water content at -5 °C is higher than -10 °C 325. This 

unfrozen water with a significantly lower thermal conductivity than ice still contributes 

critically to the heat transfer because ice formation starts at larger pores first and pore 

fluid migrates toward the nucleating ice due to cryosuction 326. Therefore, at -5 °C, ETC 

is more influenced by the unfrozen water content. It should also be noted that the 

transformation of unfrozen water to ice could result in further volume expansion and 

contribution in ETC. Moreover, heat conduction in ice is higher at lower temperatures. It 

has been shown that the intrinsic thermal conductivity of ice is negatively correlated with 

temperature 327. Therefore, it could be expected that the ice contribution in the heat 

transfer would be higher at -10 °C relative to -5 °C, resulting in a higher ETC. 

 

 

 

 

Figure 4.6 ETC vs. the effective overburden pressure (POB, eff.) at (a) unfrozen 

conditions, (b) frozen conditions; PPore = 3.45 MPa, θw = 12.6 wt.%. 

As observed in Figure 4.6, enhancement of ETC as a result of increasing the effective 

overburden pressure is typically smaller at frozen conditions compared with unfrozen 

conditions. The average enhancement rates of ETC at unfrozen and frozen conditions are 

~0.0316 and 0.0146 W/(m.K.MPa), respectively. This behaviour could be due to the fact 

that at frozen conditions, ice crystals could act as coarse grains pushing apart the sediment 

grains hence enlarging the sediment pores, a phenomenon known as ice-forced heave, 

and eventually influence ETC negatively. A similar phenomenon caused by gas hydrates 

has been already observed to be markedly influential in permeability characteristics of 

hydrate-bearing sediments 4. Moreover, it can be seen that ETC enhancement is higher 
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for an individual effective overburden pressure at unfrozen conditions. This behaviour 

can clearly highlight the contribution of the heat conduction and convection in the pore 

fluids along with the heat transfer at the fluid-fluid interface in ETC at unfrozen 

conditions. 

4.5.1.3 Dependence on Temperature and Pore Pressure 

Figure 4.7 shows the measured ETC of partially saturated sediment samples (12.6 wt.%) 

against the pore pressure at different temperatures and a constant effective overburden 

pressure (3.45 MPa). As expected, ETC increases as the pore pressure increases for both 

unfrozen and frozen sediments. We already discussed potential influential mechanisms in 

Section 4.5.1.1. Dependence on the system temperature is also observed to be similar to 

what discussed in Section 4.5.1.2. Here, the contribution of the heat conduction and 

convection in the pore fluids in conjunction with the heat transfer at the fluid-fluid 

interface to ETC is observed once again to be more influential at unfrozen conditions. We 

should note that care was taken not to be within the hydrate phase boundary of N2 when 

performing the ETC measurements. Hence, it is observed that the ETC measurement was 

only conducted outside N2 hydrate stability zones at both unfrozen and frozen conditions. 

  

Figure 4.7 ETC vs. the pore pressure (PPore) at (a) unfrozen conditions, (b) frozen 

conditions; POB, eff. = 3.45 MPa, θw = 12.6 wt.%. 

4.5.1.4 Dependence on Water Content 

Figure 4.8 illustrates ETC of partially saturated sediment samples against the pore 

pressure and volumetric water saturation (Sw) at a constant temperature (0.5 °C) and 

effective overburden pressure (3.45 MPa). According to Figure 4.8-(a), ETC could be 

positively correlated with the pore pressure, which can be interpreted in the similar 
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mechanisms previously discussed in Section 4.5.1.1. We should also note that, for fully 

saturated sediments, we carried out the ETC measurements for more elevated pore 

pressures up to 20.68 MPa since water is incompressible and injection of a small amount 

of water could result in a drastic increase in the pore pressure.   

  

Figure 4.8 ETC vs. the (a) pore pressure (PPore) at different volumetric water saturations, 

(b) volumetric water saturation (Sw) at different pore pressures; T = 0.5 °C, POB, eff. = 

3.45 MPa. 

Figure 4.8-(b) enables us for further investigation regarding the effect of the water content 

on ETC. At a typical pore pressure, it can be seen that ETC increases considerably once 

the sediment experiences a small increase in the water content, gaining almost 45% of the 

heat transfer capability at fully saturated conditions during wetting from dry state to 

around 10% volumetric water saturation. This rapid increase in ETC is because the 

sediment experiences the pendular regime at which water forms a thin film around 

sediment particles and builds water bridges at the contacts which results in a significant 

improvement in the connectivity of heat transfer pathways throughout the system 264. In 

fact, our sediment samples had very limited hydration stage at the early stage of wetting, 

as there was no fines content (clay and silt) in the system 264. This behaviour is in 

accordance with the correlation proposed for the critical water content (θc) as a function 

of the clay content by Sadeghi et al. 266. According to Figure 4.8-(b), the pendular regime 

for our sediment samples is ranging from Sw = 0 to 15%. At higher saturations (up to 

70%), prevalence of the funicular regime is observed where ETC still increases gradually 

mainly due to the build-up of the pore water network. The effect of the pore pressure on 

ETC can also be observed to be more obvious at this stage given the establishment of the 

pore water network is influenced by the pore pressure of the system, as discussed in 

Section 4.5.2.1. At saturations higher than 70%, the sediment experiences the capillary 
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regime at which the effect of the water content on ETC becomes relatively inconspicuous 

as increasing the water content does not alter the preferred heat flow pathways or their 

connectivity anymore. 

4.5.2 Numerical Model Predictions 

Figure 4.9 visualises the cubic domain comprised of the standard unit cell and annular 

region. The optimum resolution of the numerical model, i.e. the optimum renormalisation 

rank in terms of the stabilisation of the results and computational cost, was found to be 27 

via running the model and processing the simulation results at five different resolutions 

(25, 26, 27, 28, and 29). This means that the model is required to undergo 7 stages of the 

renormalisation process to obtain corresponding ETC. Further details regarding the 

procedure followed to choose the optimum resolution could be found in Appendix C. 

As mentioned earlier, the unit cell contains two mono-sized touching hemispheres. The 

contact region set for the effective overburden pressure of 3.45 MPa is also shown in 

Figure 4.9-(a). It should be noted that the number of nodes in the contact region was 

determined according to the contact radius ratio (rc/r) with respect to the desired effective 

overburden pressure. Moreover, it can be seen that the solid boundary nodes (which lie at 

the solid-fluid interface) are visualised in red, a different colour from the inner solid nodes 

(which are isolated hence inactive), as the boundary nodes should be treated differently 

in terms of the boundary conditions in the pre-processing step (the LB simulation) to 

eliminate unnecessary computations at inactive nodes 328. The no-slip boundary 

conditions were imposed for the outer walls of the domain (x, y and z directions) by using 

the standard bounce-back method. Bounce-back boundaries with a controllable contact 

angle were also considered for the solid boundary nodes. Figure 4.9-(b) and (c) also 

visualise the cubic domain from two different views, perpendicular to x and y axes, 

respectively. The porosity of the standard unit cell can be approximately obtained as 33% 

which is quite close to the porosity of our sediment samples ranging in 38-40%. 
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Figure 4.9 Discretised cubic domain: (a) 3D view, (b) view perpendicular to x-axis, and 

(c) view perpendicular to y-axis. The solid boundary nodes (red) which are in contact 

with fluid are treated differently from the inner solid nodes (blue) to eliminate 

unnecessary computations. 

The model was run to predict ETC with respect to the system temperature, pore pressure, 

effective overburden pressure, and water content at which we measured ETC. The 

predicted values are presented in Figure 4.10 in comparison with the experimental data.  
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Figure 4.10 Measured and predicted ETC values vs. (a) the effective overburden 

pressure at different pore pressures, T = 0.5 °C and θw = 12.6 wt.% (Set #1), (b) the 

effective overburden pressure at different temperatures, PPore = 3.45 MPa and θw = 12.6 

wt.% (Set #2), (c) the pore pressure at different temperatures, POB, eff. = 3.45 MPa and θw 

= 12.6 wt.% (Set #3), (d) the pore pressure at different volumetric water saturations, T = 

0.5 °C and POB, eff. = 3.45 MPa (Set #4). 

As can be seen, the model adequately accounts for the effect of temperature, pore 

pressure, overburden pressure, and water content when predicting ETC. Snapshots taken 

from the distribution of water at different saturations in equilibrium with gas are also 

presented in Figure 4.11 to help further explore how the model is able to capture pore-

scale mechanisms in predicting ETC. As observed, the model is able to consider the heat 

conduction through the particle-particle contact area specified according to the Hertz 

contact equation. Next, the particle-fluid-particle conduction is well taken into 

consideration, particularly at low water saturations (Figure 4.11-(a)) where water as the 

wetting phase forms a thin film on the particles and builds capillary bridges enclosing the 

contacts, contributing significantly to the improvement of ETC. As discussed in Section 

4.5.1.1, the intrinsic thermal conductivity of the gas phase (N2) is a function of the 

pressure, enabling the model to account for the effect of the pore pressure on ETC. 
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Moreover, the fluid-fluid interfacial phenomena are accommodated at the pre-processing 

step where the volume fraction of water at the interface is determined via applying the 

Free-energy LBM.  

  

  

 

Figure 4.11 Water distribution at the equilibrium conditions in the cubic domain at 

volumetric saturations of (a) 8%, (b), 37%, (c) 57%, and (d) 89%. The rest of the cell 

(white space) is occupied by the gas phase. 

Average relative deviations (ARD) were also calculated using Equation (4.17) and 

provided in Table 4.3, evidencing an excellent agreement between the model predictions 

and experimental data. 

𝐴𝑅𝐷 (%) =
100

𝑛
∑|

𝐸𝑇𝐶𝑀𝑜𝑑𝑒𝑙,𝑖 − 𝐸𝑇𝐶𝐸𝑥𝑝,𝑖

𝐸𝑇𝐶𝐸𝑥𝑝,𝑖
|

𝑛
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Table 4.3 Average relative deviations of the model predictions from experimental data 

Experimental Set Set #1 Set #2 Set #3 Set #4 

ARD (%) 0.86 2.28 5.94 6.08 

 

At frozen conditions (Figure 4.10-(b) and (c)), it is observed that the model predictions 

are all higher than the experimental data. This could be due to the procedure we followed 

to accommodate the transformation of water to ice in the processing step. In fact, the 

model neglects the unfrozen water content, which may critically contribute to ETC, and 

calculates the amount of the volume expansion according to Equation (4.15). Ice-forced 

heave is the other possible factor required to be further investigated experimentally. 

We also compared the predictions with those of six existing models: Quadratic Parallel 

264, Hashin–Shtrikman Lower Bound (HSL) 264, Hashin–Shtrikman Upper Bound (HSU) 

264, Haigh (2012) 329, He et al. (2017) 330, and Sadeghi et al. (2018) 266. When using these 

models to predict ETC, the instantaneous porosity and water saturation corresponding to 

each experimental data point were considered. Moreover, the volume expansion due to 

the transformation of water to ice was included when predicting ETC at frozen conditions. 

Figure 4.12 exhibits the comparison of the different modelling predictions of ETC with 

the experimental data. As expected, all predictions are within the Hashin–Shtrikman 

bounds. It can also be seen that the other models except HSU and Quadratic Parallel 

underestimate ETC, some even fail to make predictions with a relative error of less than 

30%. Table 4.4 provides root-mean-square error (RMSE) for each predictive model, 

calculated using Equation (4.18). As observed, RMSE values for our pore-scale numerical 

model are less than 0.1 W/m.K, significantly lower than those for the other predictive 

models, confirming its accuracy and reliability. 

𝑅𝑀𝑆𝐸 = √
∑ (𝐸𝑇𝐶𝑀𝑜𝑑𝑒𝑙,𝑖 − 𝐸𝑇𝐶𝐸𝑥𝑝,𝑖)

2𝑛
𝑖=1

𝑛
 (4.18) 

The observed deviation of the predictions made with the other ETC models from the 

experimentally determined values could be due to the fact that these models are either 

mixing models relying on simple mixing laws such as Series, Parallel and Quadratic 

Parallel models, or empirical models strongly depending on the experimental data such 

as the model developed by He et al. 330, or mathematical models which were 

implicitly/explicitly developed such as Hashin–Shtrikman’s model, Haigh model 329, and 
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GD model 265 and its explicit form developed by Sadeghi et al. 266. Therefore, they would 

not be able to capture all complex pore-scale phenomena contributing to the heat transfer 

in partially saturated porous media. For instance, the analysis of the experimental results 

in Section 4.5.1.1 and Section 4.5.1.2 confirmed that the efficiency of the heat transfer in 

porous sediment samples is markedly controlled by the effective overburden pressure. 

The contribution of this parameter is reasonably not considered in the models developed 

for prediction of ETC of soil samples, given the fact that its magnitude and variations 

hence its effect is not considerable when investigating the thermal properties of soil with 

a few metre thickness. However, this contribution becomes significant to be accounted 

for when characterising the thermal properties of complex subsurface porous systems 

such as gas hydrate-bearing permafrost sediments; otherwise, the predictions would be 

erroneous. In fact, this could be the main reason for underestimating ETC by the other 

models, as can be seen in Figure 4.12-(a) and (b). It is also observed in Table 4.4 that the 

RMSE values obtained for our model for Set #1 and Set #2 are remarkably lower than 

those obtained for the other predictive models, confirming the importance of considering 

the effect of the effective overburden pressure on ETC. As discussed in Section 4.5.1.4, 

the saturation and pore-scale distribution of water are the other key contributing factors 

to ETC which are essential to be considered, particularly at low saturations. However, 

this complex contribution is usually included in the other models simply via correlating 

ETC only with the saturation of water while neglecting the effect of its spatial distribution 

on ETC. The contribution of the water content might not be crucial at high saturations 

(capillary regime) as the effect of water saturation on ETC is not strong; however, it 

becomes quite important at low saturations (pendular and funicular regimes) where a 

small amount of water may substantially enhance the heat transfer. Therefore, it can be 

seen in Figure 4.12-(d) that the other models underestimate ETC at low water saturations 

since they are unable to sufficiently capture the contribution of water to the heat transfer. 

Transformation of water to ice is the other pore-scale phenomenon that needs to be 

accounted for when predicting ETC of frozen porous media. Moreover, the effect of the 

unfrozen water content on the heat transfer is quite important to be considered at the sub-

zero temperatures close to the freezing point; otherwise the predictions would be 

inaccurate. This is why we observe in Figure 4.12-(c) that our model overestimates ETC 

at frozen conditions as it neglects the unfrozen water content. 
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Figure 4.12 Comparison of the predicted ETC values using different models with the 

experimental data 

Table 4.4 Summary of RMSE Analysis 

No. Model 
Experimental Sets 

Set #1 Set #2 Set #3 Set #4 

1 Farahani et al. (This work) 0.011 0.026 0.071 0.071 

2 Quadratic Parallel 0.371 0.258 0.288 2.395 

3 HSL 0.849 0.879 0.873 0.769 

4 HSU 0.582 0.415 0.487 3.267 

5 Haigh (2012) 0.397 0.343 0.364 0.544 

6 He et al. (2017) 0.057 0.068 0.071 0.258 

7 Sadeghi et al. (2018) 0.087 0.096 0.101 0.236 
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4.6 Conclusions 

In this chapter, we conducted a mechanistic study on the heat transfer in partially saturated 

sediments at unfrozen and frozen conditions. Four sets of experiment were carried out 

and the effects of a variety of parameters on heat transfer mechanisms were investigated, 

including pore pressure, overburden pressure, temperature, and degree of water/ice 

saturation. A pore-scale numerical model was also developed based on the deployment 

of the Free-energy LBM and a space renormalisation method for the prediction of ETC. 

The model prediction is in good agreement with the experimental data with an average 

RMSE of less than 0.1 W/m.K. The experimental and modelling results reveal that the 

heat transfer in porous media is complex phenomena and controlled by several key 

factors.  

• Heat transfer in porous media is largely affected by water content, packing 

structure, and wettability characteristics of grains as they influence the capillary 

pressure and preferential occupancy and hence the water distribution in pores. 

• Coordination number and physical contact among sediment particles substantially 

affect the heat transfer. In fact, ETC is remarkably influenced by the particle-

particle conduction through the contact regions. The particle-fluid-particle 

conduction through the pathways enclosing the contact regions is the next 

important heat transfer mechanism which contributes to ETC, particularly at low 

water saturations.  

• Heat conduction and convection in the pore fluids could be taken into account to 

further improve the model performance, especially at elevated pore pressures and 

temperatures.  

• ETC at frozen conditions was affected by the unfrozen water content still 

enclosing the contact regions. Ice-forced heave may also play a role in heat 

transfer at frozen condition. However, this phenomenon is to be further 

investigated.  
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Chapter 5  Geophysical and Geothermal Responses of Gas Hydrate-

Bearing Permafrost Sediments to The Environmental Temperature Change 

 

Geophysical and Geothermal Responses of Gas 

Hydrate-Bearing Permafrost Sediments to the 

Environmental Temperature Change§ 

5.1 Introduction 

Gas hydrates are ice-like crystalline nonstoichiometric compounds comprised of suitably 

sized gas molecules, predominantly methane, enclosed within a solid lattice of water 

molecules 1. They form where there is a sufficient supply of water and gas at favourable 

thermodynamic conditions of high pressure and low temperature 331. Huge volumes of 

natural gas hydrates are deposited along the continental shelf and slope regions, and in 

permafrost areas, inland seas and freshwater lakes 332. Given their remarkable gas storage 

capacity and abundant occurrence in nature, gas hydrate-bearing sediments are potentially 

regarded as low carbon energy resources in the near future 4,333. Tremendous research 

effort has been conducted so far to tackle technical and economic hurdles in order to 

develop commercially viable and environmentally friendly exploitation techniques 

232,334,335. Furthermore, injection of CO2 or CO2-contained mixtures into gas hydrate-

bearing sediments is a promising and efficient technique for simultaneous methane 

recovery and direct capture and storage of CO2 
2,48,336–338. From a different perspective, 

however, gas hydrate-bearing sediments play an important role in the global carbon cycle 

influencing the Earth's climate 160, as methane is 20-30 times more potent as a greenhouse 

gas than CO2 
339. Ocean and atmospheric warming may disturb the thermal stability of 

hydrates, resulting in hydrate dissociation and methane release into the marine 

environment and overlying sediments 11. Methane and methane-derived carbon may 

eventually reach the atmosphere and exacerbate the greenhouse effect. This, in turn, could 

impend further temperature rise which drives releasing the enormous reserves of methane, 

 
§ The content of this chapter is closely aligned with a research article entitled “Insights into the 

Climate-Driven Evolution of Gas Hydrate-Bearing Permafrost Sediments: Implications for 

Prediction of Environmental Impacts and Security of Energy in Cold Regions” published in RSC 

Advances in 2021. As the first author, my contribution to this article is summarised according to 

CRediT (Contributor Roles Taxonomy) as: Conceptualisation, Methodology, Validation, Formal 

analysis, Investigation, Data curation, Writing - Original Draft, Writing - Review & Editing, and 

Visualisation. 
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leading to a circular reaction which would accelerate global warming 340. Nevertheless, 

methane release from hydrate-bearing sediments is believed to be slow and chronic rather 

than catastrophic at present, because of several mitigating factors such as the depth and 

thickness of the hydrate stability zone, strong sediment and water column sinks and 

inability of methane bubbles seeped into the seafloor to reach the atmosphere 11,341. Global 

warming together with seasonal changes and anthropogenic activities, however, could be 

still unfavourable given gas hydrate stability is extremely sensitive to temperature 196. 

Gas hydrate dissociation may substantially alter physical properties of the host sediment, 

particularly its geothermal and mechanical characteristics, resulting in serious geohazards 

such as sediment deformation and slides and submarine slope failure in continental 

margins. It may also cause wellbore instability during drilling and casing 

deformation/collapse during production through gas hydrate-bearing zones 123. In regions 

underlain by ice-rich permafrost, ice thawing and hydrate dissociation could induce 

settlement of the ground surface and severely damage human infrastructure 342.   

Ice and gas hydrates both have similar elastic moduli 9. The presence of hydrates enhances 

the skeletal stiffness of the host sediment and consequently, results in higher elastic wave 

velocities 170. This feature has led a tremendous number of field-scale studies, mainly 

aiming at mapping and quantifying gas hydrates in oceanic and terrestrial sediments using 

seismic techniques. Given the conventional exploration techniques primarily rely on the 

evolution of geophysical response of gas hydrate-bearing sediments, considerable work 

has been conducted in the laboratory to investigate the pore-scale processes 

accompanying hydrate formation in porous media in order to understand how hydrates 

alter the skeletal properties of the host sediment and influence the magnitude of the 

compressional (P) and shear (S) wave velocities 343. Various empirical and physics-based 

methods have been also developed to establish a relationship between the elastic wave 

velocities and hydrate saturation, and thereby predict the physical properties of gas 

hydrate-bearing sediments 181. However, there is still lack of fundamental knowledge 

regarding the pore-scale phenomena influencing the physical properties of permafrost, 

particularly gas hydrate-bearing permafrost sediments compared to merely frozen or 

hydrate-bearing unfrozen sediments 196. The biggest challenge is that the seismic 

techniques fail to distinguish gas hydrates from ice due to their similar acoustic properties. 

In addition, it is not possible to mark permafrost-associated gas hydrates since bottom 

simulating reflectors (BSRs) are not likely to occur in permafrost settings 11,344. 
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Thermal evolution of permafrost is governed by coupled thermal-hydrological processes 

on the surface and in the subsurface 345. Thus, the performance of permafrost modelling 

approaches in different applications such as permafrost proneness modelling and freezing 

soil evolution modelling essentially depends on the thermal and hydraulic conductivities 

fitted to the model. These physical properties depend not only on the saturations of the 

co-existing phases, but also their pore-scale distribution and interfacial effects 1. In 

Chapter 4, we have shown that the heat transfer in unsaturated porous medium is a 

complex phenomenon affected by several important pore‐scale mechanisms. In 

particular, we discussed how the effective thermal conductivity (ETC) is influenced by 

the co-existence of ice, unfrozen water, and gas at frozen conditions 256. It should be noted 

that the presence of different minerals (silt, clay, …) and their interaction with pore water 

influence not only the physical properties of the host sediment, but also the pore-scale 

distribution of the co-existing phases in pore space 264, particularly at frozen conditions, 

where the unfrozen water content occupying small pores critically contributes to the heat 

transfer 256. The presence of hydrates adds further complexities, which is required to be 

well understood and accounted for in both lab- and field-scale studies; otherwise, the 

prediction of the thermal response of gas hydrate-bearing permafrost sediments would be 

erroneous. Interestingly, ETC is the physical property which could be sufficiently used to 

describe the unique features of gas hydrate-bearing permafrost sediments and 

particularly, distinguishing gas hydrates and ice from each other at frozen conditions. The 

reason is that (i) ETC depends on the intrinsic thermal conductivity and volume fraction 

of each individual constituent as well as the pressure, temperature, porosity, and grain 

packing structure 277 and (ii) the intrinsic thermal conductivity of gas hydrates is almost 

four times lower than that of ice 70. Although ETC of gas hydrate-bearing sediments has 

been extensively investigated at unfrozen conditions, little work has been carried out at 

frozen conditions to the best of our knowledge 288,346–348. There is also another challenge 

when investigating the thermal response of natural gas hydrate-bearing sediments: how 

to distinguish methane hydrates from water despite their quite similar intrinsic thermal 

conductivity values 9.  

In this chapter, we report experimental measurements of the elastic wave velocities and 

ETC of methane hydrate-bearing permafrost sediment samples at a typical range of 

temperature in permafrost and different hydrate saturations (up to 60%). The primary aim 

is to develop a profound understanding of the pore-scale phenomena influencing the 

climate-driven evolution of gas hydrate-bearing permafrost sediments. Our particular 
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interest is on the co-existence of hydrates, ice, unfrozen water, and free gas at different 

sub-zero temperatures to explain how they contribute to the evolution of the acoustic and 

thermal properties of the host sediment. A conceptual pore-scale model will be also 

developed to describe gas hydrate-bearing permafrost sediments at both unfrozen and 

frozen conditions based on their measured elastic waves and ETC. 

5.2 Experimental Section 

5.2.1 Materials 

Research-grade methane and N2 with certified purities of 99.995 vol.% were supplied by 

BOC Limited. Deionised water was produced using an Integral Water Purification System 

(ELGA DV 25). A well-characterised silica sand from Fife, Scotland was used as the 

porous media. The silica sand has a density (ρs) of 2.64 g/cm3, particle sizes ranging from 

1.2 to 600 μm, and a mean diameter of 256.5 μm 239.  

5.2.2 Experimental Apparatus 

Two high-pressure cylindrical cell setups were employed to conduct the experiments. The 

schematic diagram of the setup used for the measurement of the elastic wave velocities is 

depicted in Figure 5.1. The configuration is the same for the other apparatus except the 

cell is equipped with a needle probe for measurement of ETC (see Section 4.3.1). Each 

setup consists of a high-pressure 316 stainless steel cell (maximum working pressure of 

~42 MPa, inner diameter of 75 mm and inner length of 150 mm), movable piston, 

pressure/temperature maintaining unit and data measurement and acquisition unit. The 

movable piston was installed at one end of the cell and driven by the hydraulic pressure 

exerted behind by a Quizix pump (SP-5200, Vindum Engineering Inc., USA) with dual 

cylinders to keep specimen compacted at a desired effective overburden pressure. A linear 

variable differential transformer (LVDT) was also mounted on the piston rod to determine 

its position, enabling us to calculate the instantaneous volume hence the porosity of the 

specimen. The cell is surrounded by an integral cooling jacket connected to a cryostat to 

maintain the system temperature at a desired value. A platinum-resistance thermometer 

with a precision of ±0.1 °C (Pt100, TC Ltd.) was also coated in the cell to measure the 

system temperature. Two calibrated Druck pressure transducers with an accuracy of ± 

0.05 MPa were used to measure the pore and overburden pressures, respectively. As 

shown in Figure 5.1, the cell has two ports, one at the side for the gas injection and the 
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other one at the fixed endcap connected to the pressure transducer to measure the pore 

pressure. The pore pressure, temperature, overburden pressure, and piston displacement 

were continuously monitored at regular time intervals and recorded using a data 

acquisition module (LabVIEW software, National Instruments).  

 

Figure 5.1 Schematic diagram of the high-pressure setup used for measurement of the 

elastic wave velocities. The configuration for the setup used for measurement of ETC is 

the same except a needle probe is mounted on the fixed endcap of the cell instead of the 

ultrasonic transducers. 

5.2.3 Experimental Procedure 

Each test specimen was made by mixing the silica sand and deionised water at a 

predetermined mass ratio of 14.46 wt.%, rendering an initial water saturation of nearly 

60%. The cell was then filled with the partially saturated specimen and vacuumed after 

adjusting the piston level to control the volume. When loading the cell, the specimen was 

regularly tamped to achieve a uniform compaction. Thereafter, a hydraulic pressure of 

3.45 MPa was applied behind the piston initially with the hand pump and maintained 

using the Quizix pump to further compact the specimen. The effective overburden 

pressure of 3.45 MPa is a typical value for sediments in permafrost with a porosity of 

0.38-0.40 (see 181). The system was then left at 20 °C for at least 12 hours to reach the 
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thermodynamic equilibrium. Methane was then injected until the pore pressure reached 

the desired value while keeping the effective overburden pressure constant (N2 was 

injected for the hydrate-free case). The system was left again for at least 12 hours at this 

condition until the pressure and temperature of the system became stable and no piston 

movement was observed. Eventually, the temperature was set to 3.0 °C (T1) to form 

hydrates. After the system reached the equilibrium thermodynamic conditions, the 

specimen underwent the elastic wave velocities or ETC measurement. Then the system 

temperature decreased to 0.5 (T2), -0.5 (T3), -3.0 (T4), and -9.0 °C (T5) in steps and the 

measurements were carried out at both unfrozen and frozen conditions. It should be noted 

that there was no elastic wave velocity measurement below -3.0 °C due to the working 

temperature limit of the ultrasonic transducers. When unloading the cell, three samples 

were taken from different portions and their water saturation was measured to examine 

the homogeneity of the system throughout the measurements. 

The P- and S-wave velocities were measured using a pair of combined ultrasonic 

transducers (Panametrics, central frequency: 1 MHz) embedded into the fixed endcap and 

piston, respectively. A pulser-receiver (Panametrics, 5077PR) was employed to send the 

signals from the transmitting transducer to the receiving one. The waveforms were 

visualised and recorded using a DSO oscilloscope that was connected to a PC for analysis. 

The elastic wave velocities were measured using the ultrasonic transmission method 

which requires accurate measurements of the travel time (t) of the elastic waves together 

with the propagation distance through the specimen (L) 343. Having the inherent travel 

time (t0) of both P- and S-waves, the velocity (v) could be calculated according to 

Equation (5.1):  

𝑣𝑖 =
𝐿

𝑡𝑖 − 𝑡0𝑖
 (5.1) 

Where i stands for P and S.  

Transient hot wire method was employed for the ETC measurements. In this method, the 

needle probe, as a long and thin heating source, is inserted into the specimen, heated with 

a constant power (via applying certain current and voltage to the probe), and the 

temperature rise inside the source is recorded versus time. Thermal conductivity is 

obtained via analysing the temperature time series data during the heating cycle using 

Equation (5.2): 
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∆𝑇 ≅
𝑄

4𝜋𝜆
ln(𝑡)        0 < 𝑡 < 𝑡1 (5.2) 

in which λ, Q, ΔT, t, and t1 are the thermal conductivity, applied heat per unit length of 

the needle probe, temperature change, measuring time, and heating time. A detailed 

discussion regarding the test method can be found in Chapter 4. The ETC measurements 

were carried out using a calibrated purpose-built needle probe (TP08, Hukseflux, The 

Netherlands) which can accurately measure the thermal conductivity at elevated pressures 

in compliance with the ASTM D5334-14 standard 308. The thermal conductivity data were 

recorded in a measurement and control unit connected to a PC. It should be noted that the 

measurements were repeated to eliminate the experimental data contingencies. The total 

heat to the specimen was also adjusted by setting the heating duration to impose a small 

temperature gradient hence avoid any phase change around the needle probe. 

The experimental errors of the elastic wave velocities and ETC measurements were 

reported together with the experimental data. The procedure followed for estimation of 

the experimental measurement errors was detailed in Appendix D. 

5.2.4 Saturation Calculations 

The instantaneous porosity (ϕ) of the specimen was determined according to Equation 

(5.3): 

𝜙 = 1 −
𝑚𝑠

𝑉𝑏𝜌𝑠
 (5.3) 

Where ms and ρs are the mass and density of the dry silica sand particles, respectively and 

Vb is the bulk volume calculated according to the diameter (D) and instantaneous length 

of the specimen (L). The volumes of hydrate (Vh), water (Vw), and gas (Vg) were also 

calculated as follows: 

𝑉ℎ =
𝑊ℎ𝑛ℎ
𝜌ℎ

 (5.4) 

𝑉𝑤 =
𝑊𝑤
𝜌𝑤

(𝑛𝑤,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑛ℎ𝛾) (5.5) 

𝑉𝑔 = 𝑉�̅�(𝑛𝑔,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑛ℎ) (5.6) 

Wh, Ww, ρh, and ρw stand for the molecular weights and densities of methane hydrate and water 

and Vg is the gas specific volume. Wh is calculated by Equation (5.7): 



  106 

 

𝑊ℎ = 𝑊𝑔 + 𝛾𝑊𝑤 (5.7) 

where γ is the hydration number and Wg is the molecular weight of methane. ng,initial and 

nw,initial are the numbers of moles of the methane injected and initial water content. It 

should be noted that water was assumed completely frozen at sub-zero temperatures 

hence ρw was substituted by the ice density (ρi) in Equation (5.5) to account for the volume 

expansion due to the transformation of pore water to ice. Table 5.1 presents the values of 

the parameters used in Equations (5.4)-(5.7): 

Table 5.1 Parameters used for the saturation calculations 

No. Parameter Value Unit 

1 Wg 16.04 g.mol-1 

2 Ww 18.02 g.mol-1 

3 ρw 1.00 g.cc-1 

4 ρi 0.92 g.cc-1 

 

Values of ρh, γ, and Vg were also determined for each individual data point using our in-house 

PVT modelling software 242. Having the instantaneous pore volume, Equation (5.8) could be 

solved to obtain the number of moles of methane hydrate (nh): 

𝑉𝑝 = 𝑉ℎ + 𝑉𝑤 + 𝑉𝑔 (5.8) 

The instantaneous volume of each phase was then calculated using Equations (5.4)-(5.6). 

The volumetric saturation of hydrate (Sh), water (Sw), and gas (Sg) were found using 

Equation (5.9): 

𝑆𝑖 =
𝑉𝑖
𝑉𝑝
     𝑖: ℎ, 𝑤, 𝑔 (5.9) 

5.3 Results and Discussion  

5.3.1 Analysis of the Evolution of the Elastic Wave Velocities 

Figure 5.2 illustrates the measured elastic wave velocities of the hydrate-free and hydrate-

bearing permafrost sediment samples versus the system temperature at different hydrate 

saturations. At unfrozen conditions, the presence of hydrates results in higher P- and S-

wave velocities whereas the pore fluids (free gas and water) cannot exhibit such a 

significant influence. This is expected because the bulk modulus of the pore fluids is 

markedly lower than that of methane hydrates and their shear modulus is zero (S-wave 
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cannot propagate through fluids) 9. Moreover, the presence of hydrates stiffens the host 

sediments, leading to higher elastic wave velocities. It can also be seen that the system 

temperature generally has no strong effect on the elastic wave velocities. When the system 

temperature goes below the freezing point, transformation of a portion of pore water to 

ice leads to a drastic increase in the elastic wave velocities, which in contrast to the 

unfrozen conditions, is influenced by the system temperature. The underlying reason is 

that the amount of the unfrozen water content is essentially controlled by the system 

temperature 325. Therefore, further freezing results in more transformation to ice hence 

higher elastic wave velocities.  

The presence of hydrates at frozen conditions, even at low saturations, results in shifting 

the P- and S-wave velocities toward elevated values, away from those of the hydrate-free 

case (see Gray arrows in Figure 5.2). Such behaviour might make no sense at first glance 

since an identical initial water content was considered for all experiments and water at 

frozen conditions must have been either trapped in the hydrate crystals, transformed to 

ice, or remained unfrozen, depending on the temperature and hydrate saturation. 

Therefore, the elastic wave velocities of the hydrate-free and hydrate-bearing sediment 

samples would have been expected to be relatively close at frozen conditions, which is in 

contrast with what observed in Figure 5.2. This interesting behaviour could be attributed 

to the effect of development of hydrate micro-frame structures throughout the specimen. 

We observed similar behaviour in our recent study, where the distinctive effect of gas 

hydrates and ice on the geomechanical properties of hydrate-bearing and hydrate-free 

permafrost sediments was investigated 196. The hydrate micro-frame structures may 

develop in partially saturated sediments, where pore water forms a film around the 

sediment grains, depending on their mineralogy and wettability characteristics, and builds 

up a water network 264. In such a porous medium, ice is expected to form in the large 

pores due to the cryosuction 349 and cement the sediment grains mainly at the vicinity of 

their contact regions 196. However, hydrate is expected to nucleate at the gas-water 

interface throughout the system 350, making the methane gas bubbles formerly surrounded 

by pore water to gas‐filled or solid methane hydrate bars. Local growth and extension of 

these hydrate bars may create the hydrate micro-frame structure, reinforcing the stiffness 

of the host sediment, leading to higher elastic moduli and consequently, shifting the 

elastic wave velocities toward the elevated values.  



  108 

 

Figure 5.3 shows the absolute variations in the measured elastic wave velocities of the 

hydrate-free and hydrate-bearing permafrost sediment. It is observed that the increase in 

the elastic wave velocities from 0.5 to -0.5 °C is higher in the hydrate-free sediment 

sample than in the hydrate-bearing ones. The underlying reason is the fact that there is a 

higher amount of water available to get frozen at the hydrate-free case, particularly at the 

large pores where the ice nucleation occurs first in due to the cryosuction 349. In addition, 

gas hydrate tends to start nucleating at these large pores where more nucleation sites with 

gas-water interface are available 181,196 hence there would be relatively less water 

available in the large pores to contribute toward increasing the elastic wave velocities of 

hydrate-bearing sediments when the system temperature goes below the freezing point. 

Even though this effect might not be clear enough when investigating the variations in P-

wave velocity solely as unfrozen water still contributes to the P-wave velocity values, the 

variations in S-wave velocity could assist with as S-wave can only be influenced by the 

sedimentary matrix of sand particles, ice and methane hydrates. 

  

Figure 5.2 (a) P-wave and (b) S-wave velocities against the system temperature. 

  

Figure 5.3 Variations in (a) P-wave and (b) S-wave velocities with the system 

temperature. 
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5.3.2 Analysis of the Evolution of the Effective Thermal Conductivity 

Figure 5.4 presents the measured ETC values of the hydrate-free and hydrate-bearing 

permafrost sediment samples versus the system temperature at different hydrate 

saturations. At unfrozen conditions, it can be seen that the measured values at 0.5 °C are 

slightly lower than those at 3.0 °C for all hydrate saturations, mainly due to the fact that 

the intrinsic thermal conductivity of all constituents is positively correlated with 

temperature 351,352, hence the lower the system temperature, the lower the intrinsic thermal 

conductivity. In addition, the convective heat transfer mechanism in the pore fluids could 

diminish at lower temperatures. When the system temperature goes below the freezing 

point, transformation of a portion of pore water to ice results in an increase in ETC. Even 

though the intrinsic thermal conductivity of ice is almost four times greater than that of 

water, it is observed that the increase in the ETC values is not dramatic at -0.5 °C. This 

behaviour could be attributed to the cryosuction, which results in the critical pathways 

essentially controlling the intergranular heat transfer in the system to be still occupied by 

unfrozen water 38,349. In fact, there are ice crystals in the system, however, they still have 

no well-developed network hence the heat transfer is curtailed due to the high thermal 

contact resistance (TCR). Further freezing to -3.0 °C, however, leads to transformation 

of a higher amount of unfrozen water to ice, and consequently, lower TCR and more 

efficient heat conduction. We also observed a slight decrease in the ETC values at -9.0 

°C, which could be attributed to the ice-forced heave 347. It should be noted that the 

transformation of pore water to ice for the hydrate-free case was associated with a volume 

expansion, resulting in a less than 1.0 MPa increase in the pore pressure. However, the 

dependence of ETC on the pore pressure is not strong 256, hence we would not expect a 

measurable effect originating from the pore pressure on ETC of the gas hydrate-free 

sediment sample when a portion of pore water gets frozen. For the gas hydrate-bearing 

cases, the pore pressure of the system is essentially controlled by the methane hydrate 

phase boundary, hence we would not expect any pore pressure increase when the system 

temperature goes below the freezing point. 

We performed further ETC measurements for the hydrate-free sediment sample at 

temperatures between -0.5 and -3.0 °C to explore how ETC changes as a result of the 

water transformation to ice. As observed in Figure 5.4-(a), ETC of the specimen does not 

increase monotonously and experiences two stages of the elevation. Such a behaviour 

could be understood based on unification of the thermal conductivity behaviour and soil 
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water retention mechanisms 264. According to Section 4.5.1.4, the volumetric water 

saturation of 58% means that the water distribution in our sediment samples could be 

described by the funicular retention regime (see Figure 5.4-(b)) 256. In this regime, water 

films form around the sediment grains and build up a water network. Water in this 

network does not influence ETC as critically as water in the small pores (referred to as 

the pendular regime). Therefore, it would not be expected that ice crystals formed from 

pore water in the funicular regime have a huge contribution to the ETC elevation.  

 

 

Figure 5.4 (a) Measured ETC values against the system temperature, (b) Typical pore-

scale distribution of water in an unsaturated sediment without clay content. The 

retention regime of capillary is expected at higher water saturations 264. 

5.3.3 Effect of the Saturation and Pore-Scale Habit of Hydrates 

The experimental results clearly demonstrate that the evolution of the geophysical 

response of gas hydrate-bearing permafrost sediment samples at both unfrozen and frozen 

conditions essentially depends on the saturation and pore-scale habit of hydrates. At 

unfrozen conditions, it can be seen in Figure 5.2 that the presence of hydrates at 

saturations less than 0.31 does not significantly affect the elastic wave velocities because 

the dominant pore-scale habit of hydrates is expected to be pore-filling 9. However, as the 

hydrate saturation increases, dominance of the pore-scale habit changes toward load-

bearing, hence the hydrate contribution to the skeletal stiffness becomes significant, 

leading to a higher elevation in the elastic wave velocities. Another interesting 

observation is that P-wave velocity is somewhat more sensitive to the thermodynamic 

conditions than S-wave velocity at higher hydrate saturations (see Table 5.2 and Gray 

arrows in Figure 5.3). Such a behaviour could be attributed to the sensitivity of the elastic 

bulk moduli of the pore fluids to the thermodynamic conditions at different hydrate 
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saturations. First, it is a given that S-wave propagates only through the solid contents (i.e. 

sand particles and hydrates) with the elastic moduli almost not sensitive to temperature, 

while the propagation of P-wave is influenced by the pore fluids in addition to the solid 

matrix 9. Moreover, changes in the saturation of different phases in the sediment samples 

show that the volume occupied by hydrates is provided primarily by pore water. 

Therefore, at higher hydrate saturations, pore water would be replaced by hydrates and 

the contribution of the pore fluids to the P-wave velocity value become dominated by free 

gas, the constituent with the most sensitive elastic bulk modulus to the thermodynamic 

conditions 353. However, we believe further investigation with more accurate ultrasonic 

transducers is necessary to understand this behaviour, particularly at low hydrate 

saturations with dominance of water in the pore fluid contribution to the P-wave velocity.  

Table 5.2 Absolute variations in the measured elastic wave velocities from 3.0 to 0.5 °C 

Absolute variation (km/s) 
Sh(-) 

0.00 0.09 0.20 0.31 0.44 0.59 

Variation in P-wave  0.003 0.008 0.021 0.012 0.010 0.068 

Variation in S-wave  0.002 0.001 0.006 0.005 0.017 0.050 

 

At frozen conditions, the elastic wave velocities exhibit no consistent trend as a function 

of the hydrate saturation which evidently indicates why the conventional seismic 

techniques cannot quantify gas hydrates in permafrost. It should also be noted that the 

elastic wave velocities are slightly higher for the sediments with more hydrate saturations 

at -0.5 °C, which could be attributed to the effect of the unfrozen water content. As 

discussed earlier, there would be less water available to get frozen for sediment samples 

with higher hydrate saturations.  

As previously discussed, ETC could assist with distinguishing ice from gas hydrates; 

however, the heat transfer in porous media is a complex phenomenon governed by several 

pore-scale mechanisms and the interaction of different co-existing phases adds further 

complexities 265. It is observed that ETC decreases as the hydrate saturation increases at 

both unfrozen and frozen conditions. At unfrozen conditions, such behaviour could be 

attributed to three main factors: (i) the intrinsic thermal conductivity of methane hydrates 

is slightly lower than that of water 93,354, (ii) the heat transfer in the hydrate-gas interface 

is less efficient than in water-gas interface due to the fact that the mass transfer in a fluid-

fluid interface may facilitate the energy transfer 256, (iii) the sand particles could be 
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rearranged by hydrates at higher saturations where the dominant pore-scale habit is load-

bearing and the hydrate crystals could push apart the sediment grains, a phenomenon 

known as hydrate-forced heave, which could result in enlarging the sediment pores and 

increasing TCR 4. At frozen conditions, it is observed that ETC decreases when the 

hydrate saturation increases because less water is available to turn into ice at higher 

hydrate saturations. This behaviour can also be seen when investigating the evolution of 

the ETC values from -0.5 to -3.0 °C, the higher the hydrate saturation, the lower the 

increase in ETC of the sediment sample, particularly at the hydrate saturation of 51% 

where the pore-scale habit is load-bearing and the contribution of the hydrate micro-frame 

structure to the heat transfer becomes significant.  

Figure 5.5 illustrates the measured values of elastic wave velocities and ETC against the 

methane hydrate saturation at unfrozen and frozen conditions. The velocity ratio vP/vS is 

plotted versus the methane hydrate saturation in Figure 5.6 to investigate how the acoustic 

properties of the sediment samples varied with the hydrate saturation. The velocity ratios 

are all less than 2, indicating either the presence of gas in an unconsolidated sand – which 

is valid for the results at unfrozen conditions – or a well-consolidated sediment – which 

is also valid for the results at frozen conditions (see 355 for further discussion).  

  

Figure 5.5. The measured values of the elastic wave velocities and ETC versus the 

methane hydrate saturation at (a) unfrozen and (b) frozen conditions 

At unfrozen conditions, it can be seen in Figure 5.5-(a) that the elastic wave velocities are 

sensitive to the methane hydrate saturation, which makes it possible to determine the 

hydrate saturation using the geophysical models available in the literature. In Figure 5.5-

(b), it is observed that despite the elastic wave velocities, ETC is sensitive to the hydrate 
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saturation at frozen conditions, hence it can distinctly capture the co-existence of ice and 

hydrates. As previously discussed, ETC can also account for the effect of the unfrozen 

water content and reflect the dominant pore-scale habit of hydrates. This is why ETC 

could considerably assist with when attempting to obtain the hydrate saturation and 

understand the pore-scale distribution of all co-existing phases at frozen conditions. 

However, care must be taken when analysing the thermal properties as they are essentially 

influenced by several pore-scale mechanisms controlling the heat transfer through porous 

media 38. Figure 5.6 shows that the velocity ratio generally tends to decrease gradually as 

a function of the hydrate saturation at both -0.5 and -3.0 °C while still be influenced by 

the amount of unfrozen water. Therefore, although the changes in the velocity ratio is 

fairly small, it could be used as an additional geophysical parameter to assist with 

determination of the unfrozen water content.  

 

Figure 5.6 Dependence of vP/vS on the volumetric methane hydrate saturation at 

unfrozen and frozen conditions. 

5.4 A Conceptual Model for Gas Hydrate-Bearing Permafrost 

Sediments 

Our experimental results confirm that the physical properties of gas hydrate-bearing 

permafrost sediments are greatly influenced by the co-existence of hydrates, ice, water 

and free gas. Therefore, it is essential to account for the complexities associated with the 

interaction of the co-existing phases with each other and the host sediment in order to be 

able to accurately predict their response to the environmental temperature change. 
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However, to the best of our knowledge, available models in the literature are unable to 

achieve this since they cannot successfully take into consideration the effect of the 

unfrozen water content and distinguish gas hydrates from ice at frozen conditions. In this 

section, we propose a conceptual pore-scale model for gas hydrate-bearing permafrost 

sediments based on their geophysical and geothermal responses to the changing 

temperature. To be in accordance with our findings, we assume a sandy porous medium 

with the same initial water content, described by the funicular retention regime, for both 

hydrate-free and hydrate-bearing cases at different thermal states. These assumptions are 

necessary because presence of the other grain types with different mineralogy, size, and 

wettability characteristics (e.g. silt and clay) as well as the pore-scale distribution of water 

(which depends on its initial saturation and interaction with the host sediment) control the 

kinetics of formation, saturation, and spatial distribution of hydrate crystals in pore space 

335, hence may even add further complexities to the system. Future experimental studies 

with a focus on the effect of the water content and the sediment mineralogy will be 

required to be conducted to complete this work, and their outcomes could be incorporated 

into the model.  

Figure 5.7 schematically depicts the pore-scale distribution of the co-existing phases in a 

typical gas hydrate-bearing permafrost porous medium with different hydrate saturations 

at both unfrozen and frozen conditions. As observed, the sediment grains are in contact 

with each other and essentially coated with a layer of water due to their hydrophilic 

characteristics. The contact area between the neighbouring grains depends on several 

factors such as the grain size, shape, elastic moduli and the effective overburden pressure 

261. Moreover, the thickness of the water layer is controlled by the initial water saturation 

(prior to the hydrate and ice formation), pore size, capillary pressure, thermal state and 

the existence of the other phases such as hydrates 356.  

At unfrozen conditions, the hydrate nucleation and growth tend to occur at the large pores, 

far from the grain contacts, where the gas-water interface, as the most possible site for 

hydrate nucleation, is available 350. The presence of gas hydrates (a solid constituent with 

an elastic bulk modulus almost four times greater and an intrinsic thermal conductivity 

slightly lower than those of water) in pores results in elevation of the elastic wave 

velocities and slight decrease in ETC. The magnitude of the evolution of the elastic wave 

velocities and ETC values greatly depends on the hydrate saturation and pore-scale habit. 

At lower hydrate saturations where pore-filling is the dominant pore-scale habit, the 
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hydrate crystals are suspended in pore water hence their influence would be only on the 

stiffness and thermal conductivity of the pore-fluid. At higher hydrate saturations where 

the dominant pore-scale habit alters to load-bearing, hydrates can grow and extend across 

grains, create micro-frame structure throughout the host sediment and reinforce it. 

However, the hydrate-forced heave could also take place at higher hydrate saturations, in 

which hydrate crystals push apart the sediment grains, reduce the contact area between 

the neighbouring grains, and adversely influence the heat transfer. 

At frozen conditions, water in the large pores (capillary and funicular regimes) starts to 

turn into ice, a constituent with the elastic moduli similar to those of gas hydrates and 

intrinsic thermal conductivity almost four times greater than that of water. The hydrate 

saturation controls the amount of water available for freezing in this regime. At 

temperatures close to the freezing point, the presence of ice substantially enhances the 

elastic moduli of the host sediment, leading to a drastic increase in the elastic wave 

velocities. Nevertheless, the small pores which critically contribute to the heat transfer 

are still occupied with unfrozen water, resulting in no sharp increase in ETC of the 

sediment (see Section 5.3.2). Further freezing leads to transformation of water in the small 

pores (pendular regime) to ice hence higher contribution to the heat transfer. However, as 

discussed previously, this could result in the ice-forced heave which adversely influences 

the thermal conduction by reducing the contact area between the neighbouring grains and 

increasing TCR.  
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Figure 5.7 Schematic of the hypothetical pore-scale distribution of water and/or ice 

together with hydrates in permafrost sediments  

5.5 Conclusions 

In this chapter, we explored the geophysical and geothermal responses of simulated gas 

hydrate-bearing permafrost sediment samples to the temperature change via measuring 

their elastic wave velocities and ETC at different hydrate saturations. We demonstrated 

that these responses are greatly dependent on the saturation and pore-scale habit of gas 

hydrates. At sub-zero temperatures, it was indicated that the amount and pore-scale 

distribution of the unfrozen water content substantially control the evolution of the elastic 

wave velocities and efficiency of the heat transfer, particularly at the temperatures close 

to the freezing point. In addition, it was shown that ETC can be used as a distinctive 

physical property with accounting for the unfrozen water content and distinguishing 

hydrates from ice at frozen conditions. A conceptual pore-scale model was also proposed 

for gas hydrate-bearing permafrost sediments based on their geophysical and geothermal 

responses to the changing temperature.  
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Chapter 6  Development of a Coupled Geophysical-Geothermal Scheme 

for Quantification of Hydrates in Gas Hydrate-Bearing Permafrost 

Sediments 

Development of a Coupled Geophysical-Geothermal 

Scheme for Quantification of Hydrates in Gas 

Hydrate-Bearing Permafrost Sediments** 

6.1 Introduction  

Permafrost is ground that remains at or below 0 °C for at least two consecutive years 357. 

It forms a layer with a thickness of centimetres to kilometres, which is sandwiched 

between a seasonally-thawed active layer on top, and unfrozen ground at bottom 358. 

Permafrost underlies almost 25% of the entire northern hemisphere; it is widespread in 

the Arctic regions of Siberia, Canada, Greenland, and Alaska, and also found on the 

Tibetan plateau, and on the floor of the Arctic Ocean 357,359. Permafrost is a key 

component of the cryosphere, playing an important role in global climate, environmental 

systems, and human activities in the Arctic regions 360. The Arctic is presently warming 

twice as fast as the rest of the planet, resulting in a pronounced permafrost degradation 

361, which in turn, raises concerns about the integrity of ecosystems, the sustainability of 

water resources, and altered hydrological risks under climate change scenarios 362. These 

concerns have attracted an increasing attention from the scientific community and general 

public. A combination of field studies, remote sensing analyses and accurate modelling 

approaches is necessary to understand the potential impacts associated with the 

permafrost degradation on the ecosystems and infrastructures at the Arctic regions (local 

and regional scale) as well as the potential enhancement of climatic change through 

emission of greenhouse gases (global scale) 363. Several studies have been carried out so 

far to model the dynamics of permafrost sediments exposed to a warming climate, 

attempting to characterise their hydrologic alterations and thermal responses due to the 

climate-driven thawing 364–366. Accurate modelling of the future evolution of permafrost 

 
** The content of this chapter is closely aligned with a research article entitled “Development of 

a Coupled Geophysical-Geothermal Scheme for Quantification of Hydrates in Gas Hydrate-

Bearing Permafrost Sediments” published in Physical Chemistry Chemical Physics in 2021. As 

the first author, my contribution to this article is summarised according to CRediT (Contributor 

Roles Taxonomy) as: Conceptualisation, Methodology, Validation, Formal analysis, 

Investigation, Data curation, Writing - Original Draft, Writing - Review & Editing, and 

Visualisation. 
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in response to the thermal stimuli and assessment of the hazard potential due to its 

degradation require a profound understanding of the internal structure of the host 

sediment and its interaction with the co-existing phases in pore space which typically 

include ice, unfrozen water, and free gas 196. At regions where natural gas is supplied 

from the subsurface and the thermodynamic conditions are favourable, gas hydrates may 

form and co-exist with the other phases, hence adding further complexities to the 

interactions 1,367.  

The physical properties of permafrost are essentially controlled by the relative 

contribution of each phase (grains, ice, unfrozen water, hydrates, and gas) to the bulk 

sediment, hence depending on the saturation, and pore-scale spatial distribution of the 

various co-existing phases in pore space 368. Moreover, it is essential to account for the 

complexities associated with the interaction of the co-existing phases with each other and 

the host sediment to be able to predict their geophysical, geothermal, geomechanical, and 

hydrologic properties 369. Therefore, of the utmost importance is to accurately quantify 

the saturation of the co-existing phases in permafrost sediments. 

Analysis of the geophysical response of permafrost using the available rock-physics 

models is a common method to infer the saturation of the co-existing phases 368,370. The 

main reason is that the presence of ice in the pore space with elastic moduli higher than 

those of the other co-existing pore fluids (free gas and unfrozen water) enhances the 

skeletal stiffness of the host sediments and results in elevated elastic wave velocities. 

Thanks to this feature, the seismic techniques have been widely used in permafrost 

research to understand the physical characteristics of ice-bearing sediments at both lab- 

and field-scale 371–376. Some models have been also developed to explain the evolution of 

the elastic wave velocities at frozen conditions as well as during the freeze-thaw transition 

377,378. However, there is still lack of fundamental understanding of the pore-scale 

phenomena which influence the physical properties of permafrost, particularly gas 

hydrate-bearing permafrost sediments 196. The biggest challenge is that the conventional 

seismic techniques are unable to distinguish gas hydrates from ice because they both 

exhibit almost identical acoustic properties. Thus, despite of its significance, the co-

existence of gas hydrates and ice has not been incorporated into the available models yet. 

It should be noted that the intrinsic thermal and mechanical properties of ice and natural 

gas hydrates, and even their pore-scale distribution in pore space are markedly different 

1,196. Given the physical properties of a gas hydrate-bearing permafrost porous sediment 

depend on the relative contribution of all co-existing phases (ice, hydrates, unfrozen 
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water, and gas) to the bulk sediment, prediction of its evolution in response to climate 

change is not possible unless the co-existence and interactions of these phases is well 

understood and appropriately incorporated into the predictive models. 

In Chapter 5, we shed light on the co-existence of gas hydrates and ice in porous media 

with a particular interest on its effect on the geophysical and geothermal properties of gas 

hydrate-bearing permafrost sediments. The results of a recent triaxial compression test 

study revealed that gas hydrates and ice distinctively influence the shearing characteristics 

and deformation behaviour of sediments 196. While frozen hydrate‐free sediments 

experienced a brittle‐like failure, hydrate‐bearing sediments exhibited a large dilatation 

without any rapid failure. This is because hydrate formation in sediments resulted in a 

reduction in the internal friction, while freezing did not. In addition, it was shown that 

gas hydrates play the dominant role in reinforcement of frozen sediments. Our study on 

the geophysical and geothermal responses of gas hydrate-bearing permafrost sediments 

at different hydrate saturations confirmed that the development of hydrate micro-frame 

structures throughout the frozen sediment reinforces its stiffness, leading to higher elastic 

moduli, and consequently, shifting the elastic wave velocities toward the elevated values 

379. The results also showed that the amount and pore-scale distribution of unfrozen water 

control evolution of the elastic wave velocities and efficiency of the heat transfer at frozen 

conditions, particularly at temperatures close to the freezing point. Furthermore, we 

demonstrated that the effective thermal conductivity (ETC) can be utilised as a distinctive 

physical property to account for the unfrozen water content and more interestingly, 

distinguish gas hydrates from ice at frozen conditions. Eventually, a conceptual pore-

scale model was proposed for gas hydrate-bearing permafrost sediments according to 

their geophysical and geothermal responses at different temperatures. 

In this chapter, for the first time, a coupled scheme is developed to quantify hydrates in 

gas hydrate-bearing permafrost sediments using their geophysical (P- and S-wave 

velocities) and geothermal (ETC) responses. The scheme employs a rock-physics model 

coupled with a new ETC model to interpret the geophysical and geothermal responses, 

respectively, and is able to work in a wide range of hydrate saturations, and at different 

PT conditions and overburden pressures. Prior to our detailed discussion regarding the 

performance of the new ETC model and coupled scheme, we provide insights into the 

effect of the overburden pressure on the geophysical and geothermal responses of gas 

hydrate-bearing permafrost sediment samples to temperature change by measuring and 
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reporting their elastic wave velocities and ETC at different effective overburden 

pressures.  

6.2 Experimental Section 

A detailed description of the materials (pure methane, deionised water, and natural silica 

sand), illustration of the experimental apparatuses, and demonstration of the experimental 

procedure, together with the saturation calculation process can be found in the previous 

chapters hence not discussed here for the sake of brevity. Here, the elastic wave velocities 

and ETC were measured for methane hydrate-bearing permafrost sediment samples with 

a constant initial water content of 14.46 wt.% (initial water saturation of ~65% at a 

porosity range of 37-39%) and ultimate methane hydrates, water, and gas saturations of 

~31%, ~40%, and ~29%, respectively. It should be noted that the saturation of gas phase 

in permafrost sediments is typically less than 30% 357. However, it is difficult to make 

samples with a homogeneous initial water distribution at lower gas saturations in 

laboratory because there would be much more free water available to move readily prior 

to hydrate formation. In particular, at lower gas saturations, the initial water distribution 

could be greatly disturbed during vacuuming and/or gas injection stages, or even when 

the sample is left to reach the thermodynamic equilibrium (due to the gravity). For our 

natural silica sand sediments, the initial water content of 14.46 wt.% has shown to render 

the optimum initial saturations, where the water distribution keeps being homogeneous 

during these stages 48,239,380. 

The measurement of the P- and S-wave velocities was conducted using the ultrasonic 

transmission method. The method requires accurate measurements of the travel time (t) 

of the elastic waves together with the propagation distance through the specimen (L). 

Having the inherent travel time (t0) of a given elastic wave, the velocity (v) is calculated 

using Equation (6.1): 

𝑣𝑖 =
𝐿

𝑡𝑖 − 𝑡𝑖0
 (6.1) 

in which i stands for P and S. 

Transient hot wire method was used to measure ETC. In this method, a needle probe, as 

a long and thin heating source, is inserted into the sediment sample and heated with a 

constant power. Having the temperature time series data of the sample during the heating 

cycle, thermal conductivity could be obtained using Equation (6.2): 
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Δ𝑇 ≅
𝑄

4𝜋𝜆
ln(𝑡)      0 < 𝑡 < 𝑡1 (6.2) 

where λ, Q, ΔT, t, and t1 are the thermal conductivity, applied heat per unit length of the 

needle probe, temperature change, measuring time, and heating time. The measurements 

of the elastic wave velocities and ETC were carried out at temperatures of 3.0, 0.5, -0.5, 

and -3.0 °C and two different effective overburden pressures (POB,eff.) of 6.89 and 10.34 

MPa, enabling us to compare the results with those already reported in Chapter 5 at POB,eff. 

of 3.45 MPa with similar saturations 379. 

6.3 Modelling Section 

6.3.1 The Elastic Wave Velocity Model 

The rock-physics models proposed by Ecker 381 were employed to interpret the 

geophysical response of the gas hydrate-bearing permafrost sediment samples. Ecker’s 

model works based on the rock-physics model of Dvorkin et al., which uses the effective 

medium theory (EMT) to relate the stiffness of the sediment dry frame to porosity, 

mineralogy, and effective overburden pressure, and uses Gassmann’s equation to model 

the effect of water saturation 382. In Ecker’s models, the elastic moduli of the hydrate-free 

sediment are firstly expressed as a function of the porosity, mineral and fluid moduli, and 

effective pressure; then, modified with respect to the presence of gas hydrates. Depending 

on its saturation, hydrate could be placed in pore-fluid (pore-filling habit, EMT-A), in 

sediment frame (load-bearing habit, EMT-B), or as a grain contact cement (cementing 

habit, EMT-C). To date, several studies have used this model to estimate the amount of 

gas hydrate from seismic data, owing to its reliability compared to the other available 

models and also its consistency with in-situ wireline log data 181,383–387. Further details 

regarding the model can be found in Appendix E. 

6.3.2 The Effective Thermal Conductivity (ETC) Model 

An innovative physical model was developed in this chapter to interpret the geothermal 

response of gas hydrate-bearing permafrost sediments. This new model principally works 

based on the pore-scale model we developed in Chapter 4 for prediction of ETC of gas 

hydrate-free sediments at both unfrozen and frozen conditions. We briefly review the 

basic model here and demonstrate how it is modified to incorporate the presence of 

hydrates in conjunction with the pore-scale associated phenomena. 
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The basic model uses a 3D standard unit cell containing two monosized touching 

hemispheres (representing sediment grains) with simple cubic (SC) packing configuration 

and a flat Hertzian contact interface in contact with the static co-existing fluids at 

equilibrium conditions in order to predict ETC at a specific temperature and pore 

pressure. To do so, four main steps are followed. First, the 3D standard unit cell is 

constructed, as introduced above, and the contact radius (rc) is calculated according to the 

Hertz contact equation as a function of POB,eff.: 

𝑟𝑐 = 𝑟√
3𝜋(1 − 𝑣2)

4𝐸
𝑃𝑂𝐵,𝑒𝑓𝑓.

3

 (6.3) 

in which r, υ, and E are the hemisphere radius, Poisson's ratio, and Young's modulus. This 

step is followed by placing the unit cell in a cubic domain, voxelising the geometry with 

an optimum resolution (in terms of the stabilisation of results and computational cost), 

and conducting a multicomponent lattice Boltzmann (LB) simulation to establish the 

spatial distribution of the co-existing phases (water and gas) in the pore space, ensuring 

the fluid-fluid and solid-fluid interactions are accounted for. In this work, the Free-energy 

LBM implemented in OpenLB 388 was used to conduct the LB simulations, a detailed 

information regarding the implementation can be found elsewhere 322. Water, as the 

wetting phase, forms a film on the grain surfaces and builds a bridge at the grain contact 

region, in contact with the gas phase when the system reaches its equilibrium. The status 

value of each voxel, i.e. its volumetric water content, at the equilibrium conditions is then 

extracted and used for the next step, where the thermal conductivity of each voxel is 

assigned according to its status and a 3D space renormalisation technique is utilised to 

find ETC of the cubic domain. The final step is to obtain ETC of the unit cell from that 

of the cubic domain by applying a weighted averaging method. 

Prior to calculating ETC of the cubic domain, the spatial distribution of the co-existing 

phases is modified in order to incorporate the presence of hydrates and the pore-scale 

associated phenomena. The key property for implementation of desired modifications is 

the status value of the voxels located in the pore space at the equilibrium conditions. The 

status value of each voxel in the pore space is in fact its local water saturation; hence it 

must be a fraction between 0.0 (pure gas) and 1.0 (pure water). These values would be 

expected to be 1.0 in the vicinity of the grain surfaces owing to their water-wet 

characteristics, decrease gradually while approaching the gas-water interface, and 

eventually become 0.0 in the gas phase. The saturation gradient depends on the total water 

saturation (which controls the water film thickness formed around the grain surfaces), the 
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interfacial width, and surface tension. Tuning the status values of the voxels makes it 

possible to alter the initial gas and water distributions as well as the gas-water interface 

and accordingly, implement the above modifications. Here, for simplicity, we introduce 

an auxiliary parameter called “voxel content (VC)” indicating the constituent an 

individual voxel is occupied by, which could be 0 (grain), 1 (water), 2 (ice), 3 (hydrates), 

or 4 (gas). When the pore space is only filled with water and gas, the gas-water interface 

and consequently the saturations could be modified by conducting a segmentation on the 

status values with an appropriate threshold and then assigning VC for each voxel. 

However, when more than two phases co-exist in the pore space, which is the case here, 

the segmentation procedure becomes more complicated because it involves considering 

more threshold values. It is also essential for the segmentation process to be physically 

meaningful. 

The co-existence of hydrates, water, ice, and gas in the pore space was incorporated into 

the ETC model by following a procedure detailed below and illustrated in Figure 6.1, 

assuming the saturation of each co-existing phase is known.  

i. Gas saturation adjustment: 

Our experimental studies indicate that hydrate formation in a partially saturated 

sediment sample is associated with water saturation decrease, implying that the 

volume occupied by hydrate crystals is mainly provided by water 379. As the 

hydrate density is lower than water, hydrate formation results in a slight decrease 

in gas saturation as well. Therefore, the initial saturations of gas and water and 

their spatial distributions are not as the same as theirs when hydrates exist in the 

pore space. In order to adjust the initial gas and water distributions exported from 

the LB simulation results (Figure 6.1-(a)) and get new distributions (Figure 6.1-

(b)), a segmentation is carried out on the status values. The threshold value should 

be carefully selected to ensure the new gas saturation is as the same as its known 

value. Upon completion of the gas saturation adjustment, VC of the voxels filled 

with gas is set to 4. Depending on the thermal state, VC of the other voxels is set 

to 1 (water) or 2 (ice) temporarily. 

ii. Hydrate incorporation: 

It is a given that the hydrate nucleation is a stochastic process in the molecular 

level; however, the hydrate formation in the pore level is most likely to occur in 

the gas-water interface 1. Therefore, the most likely site for the hydrate formation 

in the 3D standard unit cell, where the sediment grains are in contact with each 
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other, would be in the vicinity of the contact region, i.e. at the centre of the cell, 

where more water is expected to accumulate owing to the capillarity. Besides, 

hydrates could exist in the pore space with different pore-scale habits (see Section 

6.3.1). To fulfil these concerns, the spatial distribution of hydrates was placed in 

the pore space of the standard unit cell with a Gaussian pattern in z-direction 

(Figure 6.1-(c)), where the position of the voxels with the water/ice content (VC: 

1 or 2) located in a given xy-plane (having a specific z-coordinate) is compared 

with a threshold value (H(z)) determined by Equation (6.4): 

𝐻(𝑧) =
𝑁

2
− 𝐴𝑒

−1
2𝜎2

(𝑧−
𝑁
2
)
2

 (6.4) 

and their VC is set to 3 (hydrates) if they are farther than the threshold. In Equation 

(6.4), N is the number of the voxels in x, y, and z-direction, determined by the 

optimum number of stages required for the renormalisation process. A and σ are 

two tuning parameters, controlling the hydrates distribution pattern. 

iii. Unfrozen water saturation adjustment (only at frozen conditions): 

At sub-zero temperatures, ice forms in larger pores with lower capillary pressure 

first 38,326. Therefore, water in smaller pores keeps being unfrozen, critically 

contributing to the heat transfer 256. The amount of unfrozen water essentially 

depends on the freezing temperature and further freezing results in transformation 

of a higher amount of unfrozen water to ice 325, hence lower TCR. In order to 

incorporate the presence of unfrozen water on the grain surfaces (Figure 6.1-(d)), 

another segmentation is carried out on the status values of the voxels with the ice 

content (VC: 2). Therefore, at frozen conditions, the pore space would be expected 

to include all four co-existing phases (unfrozen water, ice, hydrates, and gas). 

iv. Hydrate/ice-forced heave incorporation: 

The literature on ice/hydrates in fine-grained sediments has shown that the 

hydrate/ice-forced heave could impact the hydrologic and thermal properties of 

the permafrost sediments 4,389,390. Our experimental study on the geothermal 

characteristics of gas hydrate-bearing permafrost sediments (see Chapter 5) 

revealed the significant influence of the hydrate-forced heave on the efficiency of 

the heat conduction 379. In particular, at high hydrate saturations, hydrate crystals 

could act as coarse grains, pushing apart the sediment grains, enlarging the 

sediment pores, and adversely affect the heat transfer. The hydrate/ice-forced 

heave was incorporated in the model via placing a hollow “heave disk” containing 

gas with adjustable thickness (h) and width (w) at the regions used to be occupied 
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by hydrates (Figure 6.1-(e)). It should be noted that the presence of the heave disk 

increases the gas saturation (depending on its thickness and width), which 

necessitates revisiting the segmentation conducted to adjust the gas saturation. 

The saturations are calculated after VC of all the voxels is assigned, followed by assigning 

a thermal conductivity value for each individual voxel according to its VC, and eventually 

implementing the 3D renormalisation technique to obtain ETC. 

   

  

 

Figure 6.1 Pore-scale spatial distribution of the co-existing phases in the pore space of 

the standard unit cell: (a) initial water and gas distributions exported from the LB 

simulation, (b) water and gas distributions after the gas saturation adjustment, (c) water, 

gas, and hydrates distributions after incorporating hydrates in the pore space, (d) 

unfrozen water, gas, hydrates, and ice distributions after incorporating the unfrozen 

water content in the pore space at frozen conditions, and (e) hydrate/ice-forced heave 

incorporation. 



  126 

 

6.3.3 Coupled Geophysical-Geothermal Scheme 

The coupled scheme developed for prediction of hydrate saturation in gas hydrate-bearing 

permafrost sediments comprises two essential geophysical and geothermal parts, which 

are responsible to interpret the geophysical response using an elastic wave velocity model 

and geothermal response using an ETC model, respectively. The scheme is general and 

works based on two fundamental facts. First, the geophysical response of the sediments 

could be used for determination of the pore water content at both unfrozen and frozen 

conditions due to its different acoustic properties compared to the other co-existing phases 

(ice, gas, and hydrates). Second, the geothermal response of the sediments assists with 

distinguishing gas hydrates from ice at frozen conditions, thanks to their different intrinsic 

thermal conductivity 9. Therefore, all elastic wave velocity and ETC models available in 

the literature could be employed in the coupled scheme if they satisfy the abovementioned 

criteria. Here, we employed the elastic wave velocity and ETC models detailed in 

Sections 6.3.1 and 6.3.2, respectively, because they are capable of quantifying the 

saturations and sufficiently assist with determination of the dominant hydrates pore-scale 

habit. 

The procedure followed by the coupled scheme is detailed below and illustrated in Figure 

6.2. It includes two main steps in which the experimentally measured elastic wave 

velocities and ETC of a gas hydrate-bearing permafrost sediment at a given thermal state 

(unfrozen/frozen) are interpreted in order to quantify the saturation of co-existing phases 

and determine the dominant hydrates pore-scale habit: 

i. To begin with, the water, hydrates, and gas saturations (Sw, Sh, and Sg, 

respectively) at unfrozen conditions or the unfrozen water, ice+hydrates, and gas 

saturations (Suw, Si + Sh, and Sg, respectively) at frozen conditions are estimated 

from the elastic wave velocities by employing an appropriate rock-physics model 

and imposing a hard constraint expressed in Equation (6.5): 

∑𝑆𝑖
𝑖

= 1 (6.5) 

and minimising an objective function provided in Equation (6.6): 

𝐹1 = √(
𝑣𝑃,𝑒𝑥𝑝. − 𝑣𝑃,𝑚𝑜𝑑.

𝑣𝑃,𝑒𝑥𝑝.
)

2

+ (
𝑣𝑆,𝑒𝑥𝑝. − 𝑣𝑆,𝑚𝑜𝑑.

𝑣𝑆,𝑒𝑥𝑝.
)

2

 (6.6) 

where vP,exp. and vS,exp. are the experimentally measured P- and S-wave velocities, 

and vP,mod. and vS,mod. are the estimated velocities by the rock-physics model 
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(EMT-A, B, or C). The first arrival of S-wave is usually difficult to accurately 

determine, particularly for low hydrate saturation at unfrozen conditions. If the 

measured S-wave velocity is not accurate enough, Equation (6.7) could be used 

instead to avoid uncertain minimisations (which might lead to unrealistic 

recognition of the hydrates pore-scale habit): 

𝐹1 = √(
𝑣𝑃,𝑒𝑥𝑝. − 𝑣𝑃,𝑚𝑜𝑑.

𝑣𝑃,𝑒𝑥𝑝.
)

2

 (6.7) 

A suitable initial guess for the saturations could be their values when there is no 

hydrate in the system (hydrate-free case). In lab-scale studies, these saturations 

are the values prior to hydrate formation, and in field-scale studies, the saturations 

recorded at hydrate-free zone could be used. 

 

ii. At frozen conditions, the estimated saturations from the previous step are 

imported to the ETC model and spatial distribution of the co-existing phases 

(unfrozen water, gas, hydrates, and ice) is established in the pore space. This is 

followed by predicting ETC and comparing the estimated value with the 

experimentally measured ETC. The main goal here is to minimise another 

objective function expressed in Equation (6.8): 

𝐹2 = √(
𝐸𝑇𝐶𝑒𝑥𝑝. − 𝐸𝑇𝐶𝑚𝑜𝑑.

𝐸𝑇𝐶𝑒𝑥𝑝.
)

2

 (6.8) 

The above objective function should be minimised by tuning the spatial 

distribution of the voxels with hydrates content (adjusting A and σ in Equation 

(6.4)) as well as incorporating the hydrate/ice-forced heave in the pore space, 

consistent with the saturations obtained in the previous step. As discussed in 

Section 6.3.2, adding the heave disk to the model requires revisiting the 

segmentation in order to adjust the saturations as the heave disk is filled with the 

gas phase. In fact, depending on its width and thickness, the heave disk may alter 

the saturations obtained in the first step. Therefore, the adjusted saturations are 

required to be tested to make sure that the predicted elastic wave velocities are 

still accurate enough. To check this, the geophysical part is called to predict the 

elastic wave velocities using the adjusted saturations. The predicted elastic wave 

velocities are then compared with the experimentally determined values to make 

sure that the objective function F1 could be minimised; otherwise, the controlling 

parameters (A and σ in Equation (6.4) and/or the thickness (h) and width (w) of 



  128 

 

the heave) should be modified until the accuracy of the elastic wave velocities 

becomes acceptable. It should be also clarified that the second step is not essential 

to be taken at unfrozen conditions (because all the saturations are already obtained 

in the first step). Nevertheless, the ETC model can be still used, if the measured 

ETC of the system is available, to provide further insights regarding the pore-scale 

associated phenomena such as the hydrates dominant pore-scale habit and 

hydrate-forced heave at higher hydrate saturations. 

 

Figure 6.2 Coupled geophysical-geothermal scheme algorithm.  
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6.4 Results and Discussion 

6.4.1 Experimental Results 

Figure 6.3 illustrates the measured values of the elastic wave velocities and ETC of 

methane hydrate-bearing permafrost sediment samples (with constant hydrates, water, 

and gas saturations of ~31%, ~40%, and ~29%, respectively) against POB,eff. at both 

unfrozen and frozen conditions. The measured values at POB,eff. of 3.45 MPa are those 

already reported in Chapter 5 379. As observed, increasing POB,eff. results in higher P- and 

S-wave velocities, and also ETC. These behaviours are expected and could be simply 

attributed to the dependence of the sediment stiffness and TCR on POB,eff.. According to 

the Hertz-Mindlin contact theory, a higher grain contact area is expected when POB,eff. 

increases 391. In addition, it is more likely that the number of sediment grains in contact 

with a given grain increases at higher POB,eff. values, resulting in further stiffening of the 

sediment and enhancing the heat transfer via grain-grain and grain-fluid-grain 

mechanisms.  

  

Figure 6.3 The measured values of the elastic wave velocities and ETC of gas hydrate-

bearing permafrost sediment samples versus the effective overburden pressure at (a) 

unfrozen and (b) frozen conditions.  

The average enhancement rates of the elastic wave velocities and ETC are provided in 

Table 6.1. As can be seen, both the P- and S-wave velocities become less sensitive to 

POB,eff. when the system temperature goes below the freezing point. The underlying reason 

for this behaviour is that transformation of pore water to ice further stiffens the host 

sediment, making it less compressible. Therefore, further freezing, corresponding to 

transformation of more unfrozen water to ice, results in the elastic wave velocities to be 

less compressible and accordingly, less sensitive to POB,eff.. The enhancement rate of ETC, 
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however, is different; it increases remarkably when the system temperature goes below 

the freezing point, and further freezing makes it less sensitive to POB,eff.. Since ice 

formation starts at larger pores 326, the pore-scale habit of ice crystals is pore-filling at 

temperatures just below the freezing point and it is less likely for these crystals to be in 

contact with the sediment grains. Increasing POB,eff. can make it possible for the ice 

crystals to become in contact with the sediment grains and enhance the heat conduction. 

Further freezing, however, changes the pore-scale habit of ice from pore-filling to load-

bearing and/or cementing, where ice crystals bridge/cement neighbouring grains and have 

a substantial contribution to the heat transfer with a less sensitivity to the magnitude of 

POB,eff.. 

Table 6.1 Average enhancement rates of the elastic wave velocities and ETC of gas 

hydrate-bearing permafrost sediment samples 

No. Average Enhancement Rate 
Temperature 

3.0 °C 0.5 °C -0.5 °C -3.0 °C 

1 P-wave Velocity, km/(s.MPa) 0.042 0.044 0.027 0.017 

2 S-wave Velocity, km/(s.MPa) 0.033 0.031 0.030 0.025 

3 ETC, W/(m.K.MPa) 0.033 0.029 0.050 0.037 

 

In Chapter 5, we showed that ETC of gas hydrate-free sediments does not increase 

monotonously as a result of freezing and transformation of unfrozen water to ice 256. It 

was demonstrated that ETC may experience a number of stages of elevation depending 

on the pore-scale distribution of water, which was understood based on unification of the 

thermal conductivity behaviour and soil water retention mechanisms 264. Here, we 

explored how the elastic wave velocities and ETC of gas hydrate-bearing sediments 

change due to transformation water to ice. We conducted further elastic wave velocities 

and ETC measurements for the hydrate-bearing sediment sample at temperatures between 

−0.5 and −4.0 °C and a constant POB,eff. of 6.89 MPa. The results are provided in Figure 

6.4 . As observed, there are two stages of elevation experienced by the P-wave velocity 

and ETC, very similar to what observed for the hydrate-free case. The underlying reason 

is that the water saturation after hydrate formation is ~40% and its distribution could be 

described by the funicular retention regime, where water films form around the grains 

and may build up a water network. When transformed to ice, this network may markedly 

contribute to stiffening of the sediment skeleton as it joins the hydrate micro-frame 
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structure; however, it does not affect ETC as critically as water in small pores (referred 

to as the pendular regime). Therefore, when water in small pores starts to get frozen 

(around −2.0 °C), a relatively sharp elevation occurs in ETC while a mild increase in the 

P-wave velocity and almost monotonous increase in the S-wave velocity are observed. 

 

Figure 6.4 Measured elastic wave velocities and ETC of the hydrate-bearing sediment 

sample at temperatures between −0.5 and −4.0 °C and a constant POB,eff. of 6.89 MPa. 

Insets show the pore-scale distribution of unfrozen water at frozen conditions 

schematically. 

6.4.2 Performance of the ETC Model 

The modifications detailed in Section 6.3.2 to incorporate the presence of hydrates into 

the basic ETC model must be physically meaningful, making it necessary to analyse the 

sensitivity of the new ETC model to the implemented modifications. Here, we analyse 

the sensitivity of the ETC model to the saturation and pore-scale distribution of hydrates 

and the hydrate/ice-forced heave at unfrozen/frozen conditions together with its 

sensitivity to the unfrozen water saturation at frozen conditions. Identical initial saturation 

(Swi) and spatial distribution were considered for water in the pore space, prior to applying 

the modifications on the model for all the sensitivity analysis cases. To find the spatial 

distributions of water and gas, the geometry of the unit cell was set up, followed by 

creating, classifying, and initialising mesh (Porosity: 0.33, Swi: 0.59, POB,eff.: 3.45 MPa, 
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N: 128), and finally, running the LB simulation (see Figure 6.5). After implementing the 

desired modifications on the model, the thermal conductivity value of each voxel was 

assigned according to its VC and ETC of the cubic domain was obtained via applying the 

3D space renormalisation technique. Constant thermal conductivity values of 6.35 and 

0.51 W/m.K were considered for the voxels with VC of 0 (grain) and 3 (hydrates), 

respectively. The temperature dependent thermal conductivity data available in our in-

house software were also used for the voxels with VC of 1 (water), 2 (ice), and 4 (gas). 

Eventually, ETC of the unit cell was calculated from that of the cubic domain by applying 

the weighted averaging method 256. 

  

Figure 6.5 (a) 3D view of the discretised cubic domain, (b) Water distribution at the 

equilibrium conditions in the cubic domain at initial volumetric saturation of 59%.  

6.4.2.1 Sensitivity to The Saturation and Pore-Scale Habit of Hydrates 

As mentioned earlier, A and σ in Equation (6.4) are the tuning parameters for controlling 

the saturation and distribution pattern of hydrates in pore space; hence, they could be 

adjusted to incorporate hydrates into the model with a specific pore-scale habit. In order 

to understand the sensitivity of the ETC model to the saturation and pore-scale habit of 

hydrates, ETC was predicted at different hydrate saturations and distribution patterns by 

changing A and σ. The obtained values were divided by ETC at the hydrate-free case and 

plotted in Figure 6.6 -(a) and (b) against the hydrate saturation at both unfrozen and frozen 

conditions, respectively. As can be seen, as the hydrates saturation increases in the 

system, ETC decreases at both unfrozen and frozen conditions. This is because the content 

of a number of voxels  previously filled with water/ice (in the gas-water/ice interface) is 

replaced by hydrates, a constituent with a lower intrinsic thermal conductivity and higher 

thermal resistance. This decreasing behaviour highly depends on the thermal state as well 

as the distribution pattern of hydrates. As can be seen, the impact is more at the frozen 
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conditions, where the voxels previously filled by ice is replaced by hydrates with a 

significantly lower intrinsic thermal conductivity.  

 

 

  

 

Figure 6.6 Sensitivity of the ETC model to the saturation and pore-scale habit of 

hydrates: ETC ratio versus the hydrate saturation at (a) unfrozen conditions (T: 3 °C, 

PPore: 3.45 MPa, Sg: 0.40, ETCHydrate-free: 2.319 W/m.K), (b) frozen conditions (T: -3 °C, 

PPore: 2.28 MPa, Sg: 0.33, Suw: 0.10, ETCHydrate-free: 3.571 W/m.K), together with typical 

pore-scale distribution of the co-existing phases in the cubic domain at frozen 

conditions with (c) A=N/8 and σ=20, and (d) A=N/4 and σ=20. 

The hydrate distribution at lower A values should be described by the pore-filling habit 

(see Figure 6.6-(c)), where the voxels containing hydrates are mainly distributed in the 

gas-water interface and the content of a limited number of the voxels changes to hydrates 

as a result of increasing σ. In contrast, at higher A values, the hydrates distribution could 

be described by the load-bearing or even cementing habit (see Figure 6.6-(d)), where 
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increasing σ allows for the content of a higher number of the voxels to change to hydrates. 

These voxels may even become in contact with the grains and have a greater contribution 

to the heat conduction. Therefore, decrease of the ETC ratio is more drastic for the cases 

with a higher A value. 

 

6.4.2.2 Sensitivity to the Unfrozen Water Saturation at Frozen Conditions 

To understand the sensitivity of the ETC model to the unfrozen water saturation, ETC 

was predicted at different unfrozen water and hydrate saturations and the results were 

provided in Figure 6.7 . We also plotted the corresponding elastic wave velocities using 

the rock-physics model (EMT-C), assuming hydrates and ice envelop the grains, which 

is reasonable given the considered unfrozen water saturations are all less than 10%. 

  

Figure 6.7 Sensitivity of the ETC model to the unfrozen water saturation at different 

hydrates distribution patterns: (a) ETC versus the hydrate saturation (T: -3 °C, PPore: 

2.28 MPa, Sg: 0.33), (b) Predicted P- and S-wave velocities determined by the rock-

physics model (EMT-C), showing no sensitivity to the hydrate saturation. 

According to Figure 6.7-(a), the value of ETC at both hydrate-free and hydrate-bearing 

cases depends upon the saturation and pore-scale distribution of unfrozen water. The 

wettability characteristics of the grain surface necessitate water to be distributed on the 

grain surface, particularly in the vicinity of the grain contact regions, where the capillary 

pressure is higher. Similar to our discussion in Section 6.4.2.1, the saturation and pore-

scale habit of hydrates are both significant factors here: the replacement of ice with 

hydrates results in a lower ETC and the pore-filling habit (lower A values) does not 

influence ETC as substantially as the load-bearing and cementing habits (higher A 

values). In Figure 6.7-(b), it can be seen that both P- and S-wave velocities are sensitive 
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to the unfrozen water content; however, they are unable to capture the presence of 

hydrates given almost identical elastic moduli are assumed for hydrates and ice. 

6.4.2.3 Sensitivity to the Hydrate/Ice-Forced Heave 

We investigated the sensitivity of the ETC model to the hydrate/ice-forced heave by 

placing a heave disk in the model, adjusting its thickness and width, and eventually 

predicting ETC at unfrozen and frozen conditions. The obtained values were then 

normalised by the predicted ETC without the heave and plotted in Figure 6.8 versus the 

penetration depth. As observed in Figure 6.8, the impact of the heave on the efficiency of 

the heat transfer at both unfrozen and frozen conditions mainly depends on its penetration 

length and its influence on the thermal resistance at the regions in the vicinity of the grain 

contact area. It can be seen that the heave with different thickness values does not affect 

ETC at the lower penetration depths, in contrast with the higher depths where ETC is 

substantially influenced. This is because further penetration of the heave is associated 

with alteration of the voxel contents from hydrates and/or ice to gas, the constituent with 

the lowest intrinsic thermal conductivity, at the regions close to the grain contact area.  

  

Figure 6.8 Sensitivity of the ETC model to the hydrate/ice-forced heave: ETC ratio 

versus the heave penetration depth at (a) unfrozen conditions (T: 3 °C, PPore: 3.45 MPa, 

Sg: 0.40, Sw: 0.00, Sh: 0.60, ETCNo heave: 1.903 W/m.K), (b) frozen conditions (T: -3 °C, 

PPore: 2.28 MPa, Sg: 0.40, Suw: 0.08, Sh+Si: 0.52, ETCNo heave: 3.546 W/m.K). LL stands 

for the lattice length. 

6.4.3 Performance of the Coupled Scheme 

We utilised the experimental results discussed in Section 6.4.1 together with the 

experimental data provided in Chapter 5 to validate the applicability of the coupled 

scheme. This study was conducted for characterisation of the geophysical and geothermal 
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responses of gas hydrate-bearing permafrost sediments, reporting the elastic wave 

velocities and ETC of simulated gas hydrate-bearing sediment samples, measured at a 

wide range of hydrate saturation and a constant POB,eff. of 3.45 MPa 379.  

The experimentally measured elastic wave velocities and ETC were imported to the 

coupled scheme to predict the saturation of the co-existing phases, as demonstrated in 

Section 6.3.3. The predicted saturations were then compared with those obtained 

experimentally, enabling us to test the performance of the coupled scheme. The values of 

the elastic moduli provided by Waite et al. 9 and the intrinsic thermal conductivity values 

declared in Section 6.4.2 were used in the geophysical and geothermal parts, respectively. 

POB,eff. consistent with its experimental value (3.45, 6.89, or 10.34 MPa) was also 

considered when constructing the standard unit cell of the ETC model. It should be noted 

that we endeavoured to have a similar saturation for a given constituent when conducting 

the geophysical and geothermal experiments. However, the experimentally determined 

saturations were somewhat different, hence their average values were compared with the 

saturations predicted by the coupled scheme. In addition, at frozen conditions, the 

unfrozen water saturation was added to the ice saturation to be compared with the 

experimental values because the unfrozen water content was not measured in the 

experiments. We chose to employ EMT-B to interpret the elastic wave velocities at 

unfrozen conditions because our experimental results show the evolution of the S-wave 

velocity even at low hydrate saturations, which cannot be accounted for by EMT-A. We 

also assumed that ice and hydrates coat the grains at frozen conditions hence used EMT-

C to interpret the elastic wave velocities.  

Experimental and predicted saturations of the co-existing phases together with the PT 

conditions are tabulated in Table 6.2 . The relative deviation of each saturation was also 

calculated using Equation (6.9): 

𝑅𝑒𝑙. 𝐷𝑒𝑣𝑖𝑎𝑖𝑡𝑜𝑛 (%) = |
𝑆𝑗,𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 − 𝑆𝑗,𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

𝑆𝑗,𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
| × 100 (6.9) 

Comparing the predicted saturations with the experimentally determined values in Table 

6.2  evidently shows the reliability and applicability of the proposed coupled scheme for 

prediction of the hydrate saturation in permafrost sediments. It can be seen that the 

relative deviations of the predicted saturations from their experimental values are 

generally less than 15% for all constituents at the lower hydrate saturations. The relative 

deviations of higher than 15% are observed at the higher hydrate saturations or elevated 

POB,eff.. The accuracy of the saturation predictions highly depends on the accuracy of the 
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input parameters (the elastic wave velocities and ETC) and the reliability of the elastic 

wave velocity and ETC models employed in the coupled scheme. Hence, the high relative 

deviations could be due to the fact that the experimentally determined saturations from 

the geophysical and geothermal experiments were averaged and then compared with the 

predicted saturations. In other words, the averaged saturations would be expected to be 

correlated with the measured elastic wave velocities and ETC with a lesser accuracy. 

However, some other factors may also contribute to these deviations, which is discussed 

below. 

At the constant POB,eff. of 3.45 MPa, it is observed that the relative deviations for all 

constituents are lower at frozen conditions compared with those obtained at unfrozen 

conditions. This behaviour is expected as the travel time (hence the velocity) of the elastic 

waves are clearer to pick at frozen conditions, where the transformation of pore water to 

ice markedly stiffens the host sediment. Similarly, when the hydrate saturation increases 

at both unfrozen and frozen conditions, it is expected that the travel time of the elastic 

waves is identified more precisely, and the predicted saturations become more accurate. 

However, such a behaviour is not observed for the relative deviations of the water 

saturation. The main reason for this is the fact that when the experimentally determined 

saturation for a given constituent is low, a small absolute deviation may lead to a high 

relative deviation (see Equation (6.9)). This behaviour could be also related to the 

modification we proposed to incorporate the hydrate/ice-forced heave into the ETC 

model. In Section 5.3.2, we discussed that the presence of the hydrate/ice-forced heave 

can significantly impact the thermal properties of the permafrost sediments. However, 

there is still a lack of fundamental understanding of this phenomenon, and it is still unclear 

(i) where the heave is mostly possible to occur, (ii) how it extends, and (iii) which 

constituent it is most likely to be filled with. We fitted a hollow heave disk filled with gas 

to the ETC model and showed that this configuration can capture the effect of the heave 

on ETC in Section 6.4.2.3. However, as discussed in Section 6.3.2, adding the heave disk 

necessitates revisiting the segmentation conducted to adjust the saturation of the gas 

phase, which may cause deviation of the predicted gas and water saturations from the 

experimental values. For example, the performance of the coupled scheme is excellent at 

the hydrates saturation of ~40% at both unfrozen and frozen conditions, meaning that the 

effect of the heave disk on ETC has been captured successfully. However, the relative 

deviations for the water saturation are more than 15% high at the hydrates saturation of 

~50%, probably due to further extension of the heave toward the grain contact area (which 

is not accounted for in the current ETC model). Another reason for the high relative 
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deviations could be the fact that the co-existence of different hydrate pore-scale habits at 

high hydrate saturations may add further complexities to both geophysical and 

geothermal responses of the gas hydrate-bearing permafrost sediments. These 

complexities are not possible to be accounted for in the Ecker’s rock-physics models as 

each model has been developed specifically for a certain pore-scale habit (see Appendix 

E). Therefore, it would be expected that they become less accurate when there are 

different hydrate pore-scale habit in the system. It should be noted that A and σ in 

Equation (6.4), which are responsible for controlling the saturation and distribution 

pattern of hydrates in pore space, can be used to incorporate the relative contribution of 

different pore-scale habits in the ETC model. 

At the constant hydrates saturation of ~30%, it is observed that the relative deviations for 

the water and gas saturation increases when POB,eff increases. Interestingly, it can be seen 

that the gas saturation is overestimated while the water saturation is underestimated at 

both unfrozen and frozen conditions. The main underlying reason for this behaviour could 

be the fact that the presence of the hydrate/ice forced-heave results in a lower ETC, which 

is accounted for by adding a heave disk to the ETC model. As discussed in Section 6.3.2, 

the heave disk is essentially filled with the gas phase, resulting in an increase for the 

predicted gas saturation and decrease for the water saturations. Another potential reason 

for the deviation of the predicted saturations from their experimental values is that the 

grain-grain heat transfer through the contact area is incorporated into the ETC model via 

employing the Hertz contact equation. Even though the effect of the overburden pressure 

is included in this equation, it cannot account for the cases at which the number of 

sediment grains in contact with a given grain increases due to higher POB,eff. values. 
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Table 6.2 Experimental and predicted saturations of the co-existing phases together with 

the PT conditions used for testing the performance of the coupled geophysical-

geothermal scheme 

No. 

PT Conditions 
Saturations 

Experimental Predicted Relative Deviation (%) 

POB, eff 

(MPa) 

PPore  

(MPa) 

T  

(°C) 

Sh 

(-) 

Sw 

(-) 

Sg 

(-) 

Sh 

(-) 

Sw 

(-) 

Si 

(-) 

Sg 

(-) 

Sh 

(%) 

Sw 

(%) 

Si 

(%) 

Sg 

(%)  

1 3.45 3.57 3.1 0.00 0.58 0.42 0.00 0.54 - 0.46 - 6.9 - 9.5  

2 3.45 3.10 0.4 0.00 0.58 0.42 0.00 0.54 - 0.46 - 6.9 - 9.5  

3 3.45 2.98 -0.6 0.00 0.63 0.37 0.00 0.43 0.19 0.38 - 1.7 2.8  

4 3.45 2.33 -3.1 0.00 0.63 0.37 0.00 0.20 0.42 0.38 - 1.7 2.8  

5 3.45 3.40 2.8 0.20 0.44 0.37 0.22 0.42 - 0.36 10.0 3.4 - 2.7  

6 3.45 2.70 0.5 0.20 0.44 0.37 0.22 0.42 - 0.36 10.0 3.4 - 2.7  

7 3.45 2.44 -0.5 0.20 0.46 0.35 0.21 0.32 0.11 0.36 5.0 5.5 2.9  

8 3.45 2.28 -2.9 0.20 0.47 0.33 0.21 0.11 0.34 0.34 5.0 4.3 3.0  

9 3.45 3.46 2.9 0.30 0.36 0.35 0.33 0.32 - 0.35 10.0 9.9 - 1.4  

10 3.45 2.71 0.5 0.30 0.36 0.35 0.33 0.32 - 0.35 10.0 9.9 - 1.4  

11 3.45 2.45 -0.6 0.30 0.39 0.31 0.32 0.26 0.08 0.34 6.7 12.8 9.7  

12 3.45 2.26 -3.0 0.30 0.39 0.31 0.32 0.07 0.27 0.34 6.7 12.8 9.7  

13 3.45 3.55 3.0 0.42 0.27 0.33 0.40 0.27 - 0.33 3.6 1.9 - 1.5  

14 3.45 2.75 0.6 0.42 0.27 0.33 0.40 0.27 - 0.33 3.6 1.9 - 1.5  

15 3.45 2.49 -0.5 0.42 0.29 0.30 0.40 0.24 0.05 0.31 3.6 0.0 5.1  

16 3.45 2.31 -2.9 0.42 0.29 0.30 0.41 0.05 0.24 0.30 1.2 0.0 1.7  

17 3.45 3.47 2.9 0.55 0.17 0.29 0.56 0.20 - 0.24 1.8 21.2 - 17.2  

18 3.45 2.75 0.6 0.55 0.17 0.29 0.56 0.20 - 0.24 1.8 21.2 - 17.2  

19 3.45 2.50 -0.5 0.55 0.18 0.28 0.55 0.18 0.03 0.24 0.0 16.7 12.7  

20 3.45 2.25 -3.0 0.55 0.18 0.28 0.55 0.05 0.17 0.23 0.0 22.2 16.4  

21 6.89 3.40 3.1 0.32 0.37 0.32 0.34 0.31 - 0.35 7.9 15.1 - 9.4  

22 6.89 2.70 0.5 0.32 0.37 0.32 0.34 0.31 - 0.35 6.3 15.1 - 9.4  

23 6.89 2.45 -0.5 0.33 0.40 0.28 0.35 0.26 0.07 0.32 7.7 17.5 16.4  

24 6.89 2.30 -3.0 0.33 0.40 0.28 0.35 0.07 0.26 0.32 7.7 17.5 16.4  

25 10.34 3.45 3.0 0.31 0.39 0.30 0.34 0.31 - 0.35 9.7 20.5 - 16.7  

26 10.34 2.75 0.5 0.31 0.39 0.30 0.34 0.31 - 0.35 9.7 20.5 - 16.7  

27 10.34 2.45 -0.5 0.33 0.42 0.26 0.36 0.24 0.08 0.32 10.8 22.9 23.1  

28 10.34 2.30 -3.1 0.33 0.42 0.26 0.36 0.07 0.25 0.32 10.8 22.9 23.1  
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6.5 Conclusion 

In this chapter, a coupled geophysical-geothermal scheme was developed for 

quantification of hydrates in gas hydrate-bearing permafrost sediments. It was discussed 

that the scheme is general and works based on two main assumptions: the saturation of 

water at both unfrozen and frozen conditions could be determined by analysing the 

measured elastic wave velocities, and the saturation of gas hydrates and ice could be 

obtained distinctively at frozen conditions via analysing the measured effective thermal 

conductivity (ETC). Therefore, it comprised two main parts: a rock-physics model, 

interpreting the geophysical response (the elastic wave velocities), and an ETC model, 

which interprets the geothermal response (ETC). We employed the rock-physics models 

developed by Ecker to interpret P- and S-wave velocities of gas hydrate-bearing 

permafrost sediments at both unfrozen and frozen conditions, owing to their ability to 

relate the saturation of the co-existing phases to the measured elastic wave velocities as 

well as their capability of considering the effect of hydrates pore-scale habit. The ETC 

model developed in Chapter 4 was also modified in order to incorporate the key pore-

scale phenomena associated with hydrates presence in porous media (hydrates and water 

pore-scale distribution at unfrozen and frozen conditions and hydrate/ice-forced heave) 

and make it suitable to be used in the geothermal part of the scheme. The sensitivity of 

the modified ETC model was also analysed to the hydrates presence and pore-scale habit, 

unfrozen water saturation (at frozen conditions), and the hydrate/ice-forced heave to make 

sure that the modifications are all incorporated into the model in a physically meaningful 

manner. 

Due to its importance, the effect of POB,eff. on the geophysical and geothermal responses 

of gas hydrate-bearing permafrost sediments was also experimentally investigated by 

measuring the elastic wave velocities and ETC of methane hydrate-bearing permafrost 

sediment samples at both unfrozen and frozen conditions and different POB,eff.. The results 

showed that increasing POB,eff. leads to higher elastic wave velocities and ETC, owing to 

the dependence of the sediment stiffness and the thermal contact resistance (TCR) on the 

effective overburden pressure. The effect of the unfrozen water content and its pore-scale 

distribution on the evolution of both geophysical and geothermal responses was also 

investigated by conducting further elastic wave velocities and ETC measurements at sub-

zero temperatures close to the freezing point. The results show that the effect of the 

transformation of water in small pores to ice (pendular regime) on the evolution of the 

elastic wave velocities is not as strong as its influence on ETC. 
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The performance of the coupled scheme was eventually tested by using the available 

results of our experimental studies conducted for the characterisation of the geophysical 

and geothermal responses of gas hydrate-bearing permafrost sediments. It was indicated 

that the coupled scheme is able to predict the saturation of the co-existing phases in gas 

hydrate-bearing permafrost sediment samples with a good accuracy (relative deviation of 

less than 20% for all the constituents) in a wide range of hydrate saturations and at 

different effective overburden pressures. The scheme was also shown to be able to predict 

the unfrozen water content as well as distinguish hydrates from ice at frozen conditions. 

Comparing the predicted saturations with those obtained experimentally showed that the 

scheme can work quite accurately (with a relative deviation of less than 15%) at low 

hydrate saturations or effective overburden pressures; however, its accuracy is adversely 

influenced when the hydrate saturation and effective overburden pressure increase. A 

detailed discussion regarding the potential factors responsible for high relative deviations 

was ultimately provided.  
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Chapter 7  Implications, Conclusions, and Future Work 

 

 

Implications, Conclusions, and Future Work 

7.1 Implications 

Cold environments, characterised by the presence of permafrost and extensive snow and 

ice cover, are important ecosystems, creating various development opportunities for 

economic growth such as mineral extraction and energy exploitation. However, these 

areas are too sensitive to climate change and prone to human activities. A profound 

understanding of thermal evolution of these partly or fully frozen regions is necessary for 

accurate evaluation and prediction of impacts of climate change and/or potential 

development scenarios on their macroscale geophysical, geothermal, and hydrological 

responses.  

Permafrost is considered as a low permeability physical barrier to upward migration of 

gases from the subsurface 392. The strong amplification of global warming as a result of 

the pronounced greenhouse effect accelerates the thawing rate of permafrost at Arctic 

regions, potentially leading to enhanced methane emission from current permafrost areas 

over the land and Arctic ocean 393. On the other side of the coin, submarine groundwater 

discharge may largely influence the extent of submarine permafrost and gas hydrate 

stability 394. This interplay may endanger ecosystems and infrastructures at the local and 

regional scale by limiting resource development and fragmenting ecosystems. Presently, 

the Arctic regions are warming at twice the global average rate 361, resulting in 

pronounced snow cover and sea ice decline, permafrost degradation, and lake and wetland 

expansion, all closely connected to the hydrological cycle and the freshwater budget 366.  

The opportunities and challenges associated with the development of cold environments 

in conjunction with their noticeably rapid response to ongoing climate change raise 

concerns about the integrity of ecosystems, the sustainability of water resources, and 

altered hydrological risks under climate change scenarios, hence spur increasing attention 

from the scientific community and general public 362. In this regard, Earth System models 

(ESMs) are used to help with understanding changes in interacting subsystems, 
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elucidating the influence of human activities, and exploring possible future changes 395. 

The climate change and climate cycles impacts on gas hydrate-bearing sediments could 

be significant causes of uncertainty in projections from ESMs on future effect of climate 

change, due to the lack of understanding in the processes behind hypothesised serious 

effects of these sediments on the environment (and thus ecosystems) and their potential 

to release more greenhouse gases to the atmosphere. In particular, the available models 

do not account for the presence of hydrates beneath permafrost regions and their potential 

relation to the permafrost thaw. Also unaccounted for is the threshold temperature at 

which methane released from hydrates dissociation saturates the capacity of available 

trapping paths and reaches into the atmosphere. This is partly because there has of yet 

been no or limited in-situ experimental research on climate change effects in gas hydrate-

bearing permafrost regions. The other principal problems confounding projections of the 

permafrost thaw are a lack of governing key physics and process understanding. Here, we 

addressed some of these uncertainties, by combining multi-physics experiments with a 

series of experiments under realistic conditions. The results of this research could be fed 

into ESMs for better understanding of the effect of climate change on the cold regions. 

Since the main focus of this study has been on the co-existence of ice and hydrates, it can 

help large scale simulators to quantify the sensitivity to various saturation of ice and 

hydrates of a modelled permafrost response under imposed retreat. The use of the accurate 

data we provided in this work can enhance the accuracy of large-scale simulators, and 

therefore allow for simulations to have more realistic estimates on the effect of global 

temperature changes and temperature cycles. 

Analysis of the geophysical and geothermal responses of gas hydrate-bearing permafrost 

sediments has also highlighted that the co-existence of hydrates, ice, and unfrozen water 

in pore space together with the pore-scale temperature-dependent associated phenomena 

are required to be considered when investigating the potential impacts associated with 

climate change on permafrost hydrology or the development of cold regions for the 

energy exploitation. For instance, the simulation packages developed to predict the effect 

of the environmental temperature change on the hydrological processes in cold 

environments couple the groundwater flow equation to a heat transfer equation with 

dynamic freeze-thaw processes, and reliability of the predictions significantly depends on 

the accuracy of the thermal and hydraulic conductivities considered in the coupled model 

396. Evidenced by our current and previous studies, the presence of hydrates in pore space 

even at low saturations may markedly alter physical properties of the host sediment, 
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particularly at frozen conditions. Therefore, accurate prediction of the evolution of the 

hydrological processes in permafrost in response to climate change is impossible unless 

the co-existence of hydrates and ice is incorporated.  

Given the expectation of continued global warming over the coming centuries 397, 

prediction of the influencing parameters on permafrost thaw and investigation of their 

social impacts are high priorities for impactful hydrological research. Despite the fact that 

only 15% of global methane is estimated to be located in hydrate reservoirs, an 

accountable amount of natural gas hydrates is trapped at shallow depth up to a few 

hundreds of metres, and they are influenced by the environmental temperature changes 

210. Different geological settings will be affected in a different manner from the naturally 

occurring ocean and atmosphere temperature cycles on seasonal, decadal, or longer time 

scales which could cause dissociation and reformation of hydrates. For instance, for 

deglacial and permafrost hydrates, where ice and hydrate co-exist, warming-induced 

dissociation can simultaneously happen at both the base and top of the hydrate zone, 

which are relatively narrow zones in the formation, whereas for most of the marine 

associated hydrates, the dissociation will occur only at the base of the hydrate zone 398. 

This is why geophysical and geomechanical methods applied to characterise the global 

warming-induced permafrost degradation are required to capture the co-existence of ice 

and hydrates; otherwise, their response predictions would be erroneous. Monitoring these 

regions with seismic and thermal conductivity tools combined with the results of our 

study could make it possible to record the dynamics of gas hydrates and ice-bearing 

sediments in real environments. Viewing from the energy exploitation angle, 

quantification of recoverable natural gas accumulated in permafrost settings using the 

conventional geophysical techniques without considering the co-existence of ice and 

hydrates would be quite inaccurate unless these methods become coupled with the 

distinctive approaches. 

The coupled geophysical-geothermal scheme proposed in this study can be applied in the 

field trials for accurate characterisation of the dynamic response of gas hydrate-bearing 

sediments in cold regions if the required geophysical and geothermal data, i.e. the elastic 

wave velocities and ETC, are available. As discussed in Chapter 2, several field-scale 

geophysical surveys have been conducted worldwide to map the occurrence of natural 

gas hydrates in both terrestrial and marine sediments using conventional seismic methods. 

However, to the best of our knowledge, there has not been any interest in the acquisition 
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of the geothermal data. This is mainly because it is not common to measure the 

geothermal properties in the field trials, and the other petrophysical properties are usually 

measured to characterise the sediments. For our case of interest, this measurement could 

be technically challenging since the intact hydrate-bearing core sample is required to be 

recovered from the subsurface to undergo the ETC measurement while being preserved 

at its in-situ conditions. The above challenges, however, could be addressed if the 

pressure core sampling techniques are employed in the field-scale studies to take natural 

gas hydrate-bearing core samples from the permafrost sediments. Once recovered, the 

core sample may undergo the elastic wave velocities and ETC measurements and the 

responses could be fed into the coupled scheme for determination of the saturation of the 

co-existing phases. 

7.2 Conclusions 

This study provided insights into the influence of the presence of hydrates on the 

geophysical and geothermal characteristics of gas hydrate-bearing porous media at both 

unfrozen and frozen conditions. Our main objective was to understand how gas hydrate-

bearing sediments, particularly those occurring in Arctic and Antarctic permafrost 

settings, respond to the environmental temperature changes caused by climate change or 

even anthropogenic activities. Development of a coupled geophysical-geothermal 

scheme, for the first time, for quantification of hydrates in gas hydrate-bearing permafrost 

sediments was the fruit of this research. 

In Chapter 2, a comprehensive literature review was provided regarding the current 

understanding of phenomena involved in gas hydrate formation and the physical 

properties of hydrate-bearing sediments. Evolution of gas hydrate-bearing sediments is 

governed by a system of interdependent macroscale physical properties. Accurate 

quantification of these physical properties together with a detailed understanding of their 

interdependences are critically important for evaluation of gas production strategies from 

hydrate reservoirs and investigation of the enhanced methane release to the atmosphere 

and slope instability due to dissociation of gas hydrates. 

In Chapter 3, we explored the kinetics of the thermally stimulated methane hydrate 

formation and dissociation using high-field MRI in glass beads and natural silica sands 

(representing synthetic and natural sediment samples, respectively) to understand how 

the cyclic temperature changes may influence the hydrate formation process in porous 
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media. The effect of the thermal cycles on the induction time and hydrate formation rates 

together with the evolution of the pore-scale distribution was investigated by taking low-

resolution images during the hydrate formation and dissociation stages from both 

sediment samples. The spatial distribution of methane hydrates, gas and water in pore 

space was also observed by taking high-resolution images prior and after the completion 

of the hydrate formation stage of each cycle. This chapter provided a profound 

understanding regarding the pore-scale phenomena associated with hydrates formation in 

porous media, and its outcomes helped with appropriately designing, conducting, and 

analysing the experimental studies in the following chapters. 

In Chapter 4, a mechanistic study was carried out to shed light on pore-scale phenomena 

controlling heat transfer in partially saturated porous media at both unfrozen and frozen 

conditions. We explored the effect of different parameters including pore and overburden 

pressures, temperature, and water/ice saturation on the pore-scale mechanisms governing 

heat transfer in multiphase porous media via conducting experimental measurement of 

effective thermal conductivity (ETC) of partially saturated sediments. A pore-scale 

numerical model was also developed for prediction of ETC using the Free-energy Lattice 

Boltzmann Model (LBM) and a space renormalisation scheme. The model predictions 

were in good agreement with the experimental data. Comparison with six predictive 

models available in the literature confirmed the reliability of our pore-scale model in 

terms of average relative deviations (ARD) and root-mean square errors (RMSE). 

In Chapter 5, we investigated the geophysical and geothermal responses of gas hydrate-

bearing permafrost sediments to the environmental temperature change, seeking an 

answer for a big question: how is it possible to distinguish hydrates from ice in permafrost 

in spite of their similar acoustic properties? We showed how the co-existence of hydrates, 

ice, unfrozen water, and free gas at different sub-zero temperatures influence the acoustic 

and thermal properties of the host sediment. A conceptual model was also proposed to 

describe the pore-scale distribution of each individual phase in a typical hydrate-bearing 

permafrost sediment. Underpinned by our findings in Chapter 5, we discussed in section 

7.1 that the concerns about the integrity of ecosystems, the sustainability of water 

resources, and altered hydrological risks in cold regions triggered by the development 

opportunities or ongoing climate change cannot be understood and accurately predicted 

unless the co-existence of hydrates, ice, and unfrozen water in pore space and the pore-

scale associated phenomena are considered.  
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In Chapter 6, we presented our innovative coupled scheme for quantification of hydrates 

in gas hydrate-bearing permafrost sediments at different temperatures using their elastic 

wave velocities and ETC. The insights from our experimental studies were used for  

modification of the ETC model developed in Chapter 4 in order to capture the presence 

of hydrates as well as incorporate the pore-scale associated phenomena. The performance 

of the coupled scheme was eventually tested and validated using the results of our 

experimental studies.  

This research could be considered as an important stepping stone towards understanding 

the potential responses of gas hydrate-bearing sediments in cold regions to the 

environmental temperature change. Nevertheless, there are still a number of concerns 

about the generality and comprehensiveness of our findings from a wider perspective, all 

required to be noted here and investigated in future studies. As discussed in Chapter 3, 

the nature, type, and characteristics of the host sediment can substantially influence the 

kinetics of hydrate formation and dissociation processes as well as the pore-scale 

distribution of the co-existing phases. While using natural silica sand in the following 

experimental studies helped with avoiding unrealistic effects from the host sediment on 

the geophysical and geothermal responses of hydrate-free and hydrate-bearing sediment 

samples, the presence of the other minerals such as clay and silt was not taken into 

consideration hence these responses may be still away from what expected in nature. This 

matter is of particular importance as natural sediments hosting gas hydrates often contain 

other minerals, each has its own influence on transport phenomena in porous media. In 

fact, the presence of the other minerals could be associated with further complicated pore-

scale phenomena which would not be expected to occur when using clean silica sand as 

the porous media. The other issue is that the performance of the model developed here 

for prediction of ETC of gas hydrate-bearing sediments has been successfully tested only 

at the porosity ranges close to that of the cylindrical standard unit cell with the SC packing 

structure. Therefore, despite their abundance in nature, fine-grained hydrate-bearing 

sediments with lower porosity values may not be necessarily represented by the model. 

Moreover, the presence of the other minerals, particularly clay, with their own specific 

characteristics and effect on the pore-scale distribution of the co-existing phases can cause 

heterogeneity, adding more sources of uncertainty to the performance of the ETC model. 

These concerns all suggest that further experimental studies should be conducted in the 

laboratory to obtain insights into the effect of the above contributing factors on both 

geophysical and geothermal responses of gas hydrate-bearing permafrost sediment 
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samples and the insights are required to be incorporated into the ETC model and the 

coupled scheme. 

7.3 Future Works 

This research provided fundamental insights into the pore-scale phenomena associated 

with gas hydrates formation in porous media, and its outcomes gave better insights into 

the evolution of gas hydrate-bearing permafrost sediments. However, further 

experimental and modelling studies are necessary to be conducted to address the 

challenges discussed before and improve the performance of the coupled geophysical-

geothermal scheme. 

Our comparative study in Chapter 3 assisted with shedding light on the thermally induced 

gas hydrate nucleation and growth phenomena in glass beads and natural silica sediments, 

providing insights into the effect of the host sediment on the formation kinetics and pore-

scale distribution of hydrates in porous media. One potentially interesting study aligned 

with our work is to investigate the effect of the other driving forces triggering the 

nucleation events since the thermally induced hydrate formation process studied here 

would not be necessarily associated with the mass transfer from/to the system, despite the 

pressure-induced process. The effects of the other key factors such as the salinity, initial 

saturation, and history of pore water together with the sediment mineralogy, clay content 

and degree of consolidation are also necessary to be investigated. These experimental 

studies could effectively help with gaining more insights into the process of the hydrate 

formation in porous media and improve the accuracy of the models aiming at the 

prediction of the physical properties and response of gas hydrate-bearing sediments to 

different stimuli. Moreover, the memory effect should be further studied in a molecular-

scale to understand what the potential mechanisms are and how they act to reduce the 

induction and hydrate formation times. In recent years, there has been a considerable 

progress in molecular modelling methods such as MD simulation. Therefore, they can be 

utilised to obtain insights into the effect of this interesting phenomena on the hydrate 

formation and dissociation processes. In particular, they could be used to investigate 

whether the hypothesised hydrate-like structures exist in the aqueous phase after the 

hydrate crystal decomposes. If so, how long do these loose clusters of water molecules 

remain stable? In porous media, this is more interesting to investigate because the rock 

surface may become pre-conditioned due to the hydrate formation and act like nucleation 

sites after the dissociation, by carrying hydrate memory. 
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It should be noted that such comparative studies are essential to be conducted because the 

majority of the studies carried out so far have been on simulated sediment samples, where 

gases other than methane are used as the hydrate former and/or synthetic sediments are 

used as the host sediment, making them not necessarily representative of naturally 

occurring samples. The findings from these studies can also help with identifying 

different sources of uncertainties which should be avoided when measuring the physical 

properties of gas hydrate-bearing sediments in laboratory. In fact, to bridge the gap of 

measured properties such as permeability between laboratory samples and natural 

sediments, it is of utmost priority to upgrade the existing methods and apparatuses or even 

develop new measurement methods. Insights provided by these laboratory-scale studies 

are also required to be considered in numerical simulations to be able to make reliable 

predictions because challenges encountered in theoretical analysis and numerical 

simulations are mainly due to several simplifications such as assuming homogeneous and 

isotropic reservoir/porous media where hydrates are uniformly distributed with a 

predetermined pore-scale habit. 

The performance of the pore-scale model developed in Chapter 4 could be further 

improved for different packing structures such as BCC and FCC which requires 

employing different contact equations appropriate with the packing structure and contact 

angles, and by coupled DEM-CFD methods. Such coupled methods could also assist with 

when investigating the effect of particle shape and size distribution, making the model 

applicable for the low-porosity cases, where there are fine-grained sediment particles in 

the system. More accurate predictions could be achieved at frozen conditions by 

accounting for the co-existence of ice and unfrozen water together with their pore-scale 

distribution and interfacial effects. This is of particular importance at sub-zero 

temperatures in the vicinity of the freezing point where the amount of unfrozen water is 

not negligible, and the ice crystals are floating in unfrozen water (pore-filling habit). 

In Chapter 5, the elastic wave velocities and ETC of simulated gas hydrate-bearing 

sediment samples were measured while using clean natural silica sand as the host 

sediment. Given natural sediments hosting gas hydrates contain the other minerals, their 

presence is required to be considered in the future experimental studies. It is essential to 

understand (i) what pore-scale phenomena associated with the presence of the other fine-

grained sediment particles influence the hydrate formation and pore-scale distribution, 

and (ii) how the geophysical and geothermal responses of these sediments alter when 

these constituents are present in the system. The conceptual model is also required to be 
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modified accordingly to capture these key phenomena, and the modifications are required 

to be incorporated into the ETC model developed in Chapter 6. The hypothesised hydrate 

micro-frame structure at frozen conditions is the other interesting phenomenon which is  

required to be investigated because its presence has not been confirmed visually yet. In-

situ observation techniques such as X-ray micro-CT imaging can help with shedding light 

on this interesting behaviour. However, it should be noted that the processing of the 

acquired images would be quite challenging as ice and methane hydrates have almost 

identical CT numbers hence look indistinguishable even in the high-resolution images. 

In Chapter 6, the performance of the coupled geophysical-geothermal scheme was 

validated for the natural silica sand sediment samples hosting methane hydrates at frozen 

conditions by comparing the predicted saturations using the elastic wave velocities and 

ETC data against the measured values. While the current coupled scheme incorporates 

the effect of three key pore-scale phenomena associated with hydrates presence in natural 

silica sands, it needs further improvement to be applicable for more representative natural 

sediments because the accuracy of the saturation predictions highly depends on the 

reliability of the employed elastic wave velocity and ETC models. The most significant 

improvements include the pores-scale phenomena associated with the presence of the 

fine-grained sediment particles and their effect on the hydrates distribution and the 

geophysical/geothermal responses, which must be identified according to the insights 

obtained from the elastic wave velocities and ETC measurements. It should also be noted 

that further experimental studies are required to be conducted with a focus on the heave 

characteristics in order to understand how the hydrate and/or ice-forced heave may affect 

the contact area between the neighbouring sediment grains and accordingly, the 

contribution of the grain-grain conduction to the heat transfer in gas hydrate-bearing 

permafrost porous media. In-situ observation techniques such as X-ray micro-CT imaging 

combined with the digital image correlation (DIC) techniques may assist with shedding 

light on this interesting and complex phenomenon. 
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Data Availability Statement 

Chapter 3: The micro-magnetic resonance images are available at Mendeley Data, 

http://dx.doi.org/10.17632/79x5gh2hpm.1.  

Chapter 4: The experimental data and model predictions are available at Mendeley Data, 

https://doi.org/10.17632/zrd74wtvpx.1. 

Chapter 5: Detailed experimental conditions and measured elastic wave velocities and 

ETC values at different methane hydrate saturations are available at Mendeley Data, 

http://dx.doi.org/10.17632/xj4bhkw9sz.1. 

Chapter 6: Detailed experimental conditions and measured elastic wave velocities and 

ETC values at different effective overburden pressures are available at Mendeley Data, 

http://dx.doi.org/10.17632/2zf6dsxkfw.1. 
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Appendix A The Particle Size Distribution (PSD) Curves of Synthetic and Natural Sediment Samples 

 

The Particle Size Distribution (PSD) Curves of 

Synthetic and Natural Sediments 

 

Figure A.1 Particle Size Distribution for the Quartz Glass Beads. 

 

Figure A.2 Particle Size Distribution for Fife Natural Silica Sand. 
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Appendix B The Procedure Followed for Determination of the Equivalent Heat Resistance and Conductivity 

 

The Procedure Followed for Determination of the 

Equivalent Heat Resistance and Conductivity 

According to Figure 4.3, the analogy between conductive heat transfer and electrical 

conduction enables us to treat each eight-block renormalisation group as a combination 

of twenty heat conductors. The resistances of these heat conductors are provided in 

Equation (4.14). The equivalent heat resistance could be simply obtained for each 

renormalisation group by applying Kirchhoff’s Current Law (KCL) to find the voltage 

for each individual node. To do so, a system of linear equations (Ax=b) with unknown 

voltage values must be solved where A, x, and b are the coefficient, variable and constant 

matrices (Figure B.1).  
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Figure B.1 (a) coefficient matrix A, (b) variable matrix x, and (c) constant matrix b to 

be used for finding the equivalent heat resistance (and conductivity) for each individual 

eight-block renormalisation group.   



  154 

 

Once Vi and Vo are found with respect to current I, Equation (B.1) could be used to find 

the equivalent heat conductivity: 

𝑅𝑒𝑞 =
𝑉𝑖 − 𝑉𝑜
𝐼

→ 𝑘𝑒𝑞 =
1

2𝑅𝑒𝑞
 (B.1) 
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Appendix C The Procedure Followed to Obtain the Optimum Resolution for the Numerical Simulations 

 

The Procedure Followed to Obtain the Optimum 

Resolution for the Numerical Simulations 

The LB simulation was performed on a cubic domain with size of (2n)3, in which “n” is a 

non-negative integer which determines the number of stages required for the 

renormalisation process and essentially controls the resolution of the model. To find the 

optimum resolution, we investigated the sensitivity of the model in predicting ETC for a 

case with the base values for PPore, POB, eff., T and two saturations (Sw = 0.00 and 1.00) at 

different “n” values. The results are shown in Figure C.1, where the relative error for each 

saturation is defined by Equation (C.1): 

𝑒(%) =
|𝐸𝑇𝐶(2𝑛) − 𝐸𝑇𝐶(29)|

𝐸𝑇𝐶(29)
× 100 (C.1) 

 

 

Figure C.1 The predicted ETC values and relative errors for a case with the base values 

for PPore, POB, eff., T and two saturations (Sw = 0.00 and 1.00) together with the 

convergence time for a case with the base values for PPore, POB, eff., T and Sw, at different 

“n” values. 
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In addition, we obtained the convergence time for a typical case with the base values for 

PPore, POB, eff., T and Sw and plotted the results against “n” in Figure C.1. As observed, at 

n = 7, the relative errors for both saturations of Sw = 0.00 and 1.00 are less than 3.2% 

compared with n = 5 and 6. Moreover, the convergence time is reasonably less than n = 

8 and 9. Hence, all the LB simulations were conducted with n = 7. 
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Appendix D The Procedure Followed to Obtain the Experimental Errors of the Elastic Wave Velocities and ETC Measurements 

 

The Procedure Followed to Obtain the Experimental 

Errors of the Elastic Wave Velocities and ETC 

Measurements 

The experimental errors of the elastic wave velocities and ETC measurements could be 

determined by the following equation: 

𝐸 = √𝐸𝑆𝑦𝑠.
2 + 𝐸𝑅𝑎𝑛𝑑.

2  (D.1) 

where E is the relative experimental measurement error, and ESys. and ERand. stand for the 

systematic and random errors.  

The elastic wave velocities were measured indirectly by measuring the travel time (t) of 

the elastic waves and the propagation distance (L). Therefore, the measurement error 

could be obtained via the following equation: 

𝐸𝑖 = √(
Δ𝐿

𝐿
)
2

+ (
Δ𝑡𝑖
𝑡𝑖
)
2

, 𝑖: 𝑃/𝑆 (D.2) 

where ΔL and Δt are the absolute experimental measurement errors of the length and 

travel time. Thus, the experimental measurement errors of the elastic wave velocities 

measurements are calculated using the following equation: 

𝐸𝑖 = √(
Δ𝐿𝑆𝑦𝑠.

𝐿
)
2

+ (
Δ𝑡𝑖,𝑆𝑦𝑠.

𝑡𝑖
)
2

+ (
Δ𝐿𝑅𝑎𝑛𝑑.
𝐿

)
2

+ (
Δ𝑡𝑖,𝑅𝑎𝑛𝑑.

𝑡𝑖
)
2

, 𝑖: 𝑃/𝑆 (D.3) 

The propagation distance was measured using a LVDT (ABSOLUTE Digimatic IP42 

Bore Gauge Digital Indicator (ID-C) - 543 Series, Mitutoyo UK Ltd) with a nominal 

systematic error (ΔLSys.) of 0.003 mm. The random error of the length measurement 

(ΔLRand.) could be neglected because the reading did not change during the measurement. 

The travel time was measured using digital oscilloscope (DSO-2102M, Link Instruments 

Ltd). The random measurement error of the travel time (Δti,Rand.) is mainly caused by the 

uncertainty of identification of the first arrival of the acoustic signal. According to our 

experimental examination, the random error is estimated about 1 µs for P-wave (the first 
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arrival can be easily picked up) and up to 5% for S-wave (the first arrival of S-wave is 

often difficult to determine, particularly for low hydrate saturation at unfrozen 

conditions). The measurement accuracy of the DSO is ±0.01% of the time base i.e. 10 ns, 

which can be neglected compared to the random error. Having the instantaneous 

propagation distance and travel time, the experimental measurement error for both P- and 

S-wave velocities were calculated and reported together with the measured experimental 

value. 

ETC was directly measured using a thermal conductivity measurement system 

(TPSYS02, Hukseflux, The Netherlands). The expected accuracy (ESys.) and repeatability 

(ERand) given by the manufacturer are 3%+0.02 W/m.K and 2%, respectively. 

  



  159 

 

Appendix E Detailed formulation of Ecker’s rock-physics models 

 

Detailed formulation of Ecker’s rock-physics models 

Gas hydrate-free sediments 

The bulk and shear moduli of the dry frame of a given gas hydrate-free sediment (Kdry 

and Gdry, respectively) are obtained using Equation (E.1): 

𝜙 < 𝜙𝑐: 

𝐾𝑑𝑟𝑦 = [
𝜙/𝜙𝑐

𝐾𝐻𝑀 +
4
3𝐺𝐻𝑀

+
1 − 𝜙/𝜙𝑐

𝐾 +
4
3𝐺𝐻𝑀

]

−1

−
4

3
𝐺𝐻𝑀 

𝐺𝑑𝑟𝑦 = [
𝜙/𝜙𝑐
𝐺𝐻𝑀 + 𝑍

+
1 − 𝜙/𝜙𝑐
𝐺 + 𝑍

]
−1

− 𝑍 

 
(E.1) 

𝜙 ≥ 𝜙𝑐: 

𝐾𝑑𝑟𝑦 = [
(1 − 𝜙)/(1 − 𝜙𝑐)

𝐾𝐻𝑀 +
4
3𝐺𝐻𝑀

+
(𝜙 − 𝜙𝑐)/(1 − 𝜙𝑐)

4
3𝐺𝐻𝑀
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−
4

3
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𝐺𝑑𝑟𝑦 = [
(1 − 𝜙)/(1 − 𝜙𝑐)

𝐺𝐻𝑀 + 𝑍
+
(𝜙 − 𝜙𝑐)/(1 − 𝜙𝑐)

𝑍
]

−1

− 𝑍 

 

where: 

𝑍 =
𝐺𝐻𝑀
6
[
9𝐾𝐻𝑀 + 8𝐺𝐻𝑀
𝐾𝐻𝑀 + 2𝐺𝐻𝑀

] (E.2) 

and: 

𝐾𝐻𝑀 = [
𝐺2𝑛2(1 − 𝜙𝑐)

2

18𝜋2(1 − 𝜈)2
𝑃]

1
3

 

𝐺𝐻𝑀 =
5 − 4𝜈

5(2 − 𝜈)
[
3𝐺2𝑛2(1 − 𝜙𝑐)

2

2𝜋2(1 − 𝜈)2
𝑃]

1
3

 

(E.3) 

In these equations, ϕ is the porosity, ϕc is the critical porosity (~40%), n is the average 

number of contacts per grains in a bulk unit (~8.5), P is the effective pressure, and υ is 

the Poisson’s ratio of the sediment grains. K and G are the bulk and shear moduli of the 
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sediment grains, respectively, calculated from the moduli of the constituents (Ki and Gi) 

and their volumetric fraction (fi) using Hill’s average: 

𝐾 =
1

2
[∑𝑓𝑖𝐾𝑖
𝑖

+ (∑
𝑓𝑖
𝐾𝑖

𝑖

)

−1

] 

𝐺 =
1

2
[∑𝑓𝑖𝐺𝑖
𝑖

+ (∑
𝑓𝑖
𝐺𝑖

𝑖

)

−1

] 

(E.4) 

Gassmann’s equation could be used to obtain the saturated bulk and shear moduli (Ksat 

and Gsat, respectively): 

𝐾𝑠𝑎𝑡 = 𝐾
𝜙𝐾𝑑𝑟𝑦 − (1 + 𝜙)𝐾𝑓𝐾𝑑𝑟𝑦/𝐾 + 𝐾𝑓
(1 − 𝜙)𝐾𝑓 + 𝜙𝐾 − 𝐾𝑓𝐾𝑑𝑟𝑦/𝐾

 

𝐺𝑠𝑎𝑡 = 𝐺𝑑𝑟𝑦 

(E.5) 

Kf is the bulk modulus of the pore fluid (pore water and gas): 

𝐾𝑓 = [
𝑆𝑤
𝐾𝑤

+
1 − 𝑆𝑤
𝐾𝑔

]

−1

 (E.6) 

where Sw is the water saturation, and Kw and Kg are the bulk modulus of water and gas, 

respectively. 

Gas hydrate-bearing sediments 

➢ Model A: Pore-filling habit 

In this case, Kf is modified only to incorporate the presence of hydrates (with the bulk 

modulus of Kh and Gh, and saturation of Sh): 

𝐾𝑓 = [
𝑆𝑤
𝐾𝑤

+
𝑆ℎ
𝐾ℎ
+
1 − 𝑆𝑤 − 𝑆ℎ

𝐾𝑔
]

−1

 (E.7) 

➢ Model B: Load-bearing habit 

In this case, gas hydrates reduce the porosity and alter the saturated bulk and shear moduli. 

The reduced porosity (ϕr) could be calculated using Equation (E.8): 

𝜙𝑟 = 𝜙(1 − 𝑆ℎ) (E.8) 
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The elastic moduli of the sediment can be calculated using Hill’s average: 

𝐾 =
1

2
[𝑓ℎ𝐾ℎ + (1 − 𝑓ℎ)𝐾𝑠 + (

𝑓ℎ
𝐾ℎ
+
1 − 𝑓ℎ
𝐾𝑠

)
−1

] 

𝐺 =
1

2
[𝑓ℎ𝐺ℎ + (1 − 𝑓ℎ)𝐺𝑠 + (

𝑓ℎ
𝐺ℎ
+
1 − 𝑓ℎ
𝐺𝑠

)
−1

] 

(E.9) 

where: 

𝑓ℎ =
𝜙𝑆ℎ

1 − 𝜙(1 − 𝑆ℎ)
 (E.10) 

Ks and Gs are the elastic moduli of the original sediment grains.  

➢ Model C: Cementing habit 

In this case, the porosity decreases and the saturated bulk and shear moduli are altered. 

Equation (E.8) could be used to obtain the reduced porosity; however, changes in the 

elastic moduli should be incorporated based on the cementation theory of Dvorkin and 

Nur 399. 

𝐾𝑑𝑟𝑦 =
𝑛(1 − 𝜙𝑐)

6
(𝐾ℎ + 𝐺ℎ)𝑆𝑛 

𝐺𝑑𝑟𝑦 =
5

3
𝑘𝑑𝑟𝑦 +

3𝑛(1 − 𝜙𝑐)

20
𝐺ℎ𝑆𝜏 

(E.11) 

where: 

𝑆𝑛 = 𝐴𝑛(Λ𝑛)𝛼
2 + 𝐵𝑛(Λ𝑛)𝛼 + 𝐶𝑛(Λ𝑛) 

(E.12) 

𝐴𝑛(Λ𝑛) = −0.024153Λ𝑛
−1.3646 

𝐵𝑛(Λ𝑛) = 0.20405Λ𝑛
−0.89008 

𝐶𝑛(Λ𝑛) = 0.00024649Λ𝑛
−1.9864 

Λ𝑛 =
2𝐺ℎ
𝜋𝐺

(1 − 𝜈)(1 − 𝜈ℎ)

1 − 2𝜈ℎ
 

and: 

𝑆𝜏 = 𝐴𝜏(Λ𝜏 , 𝜈)𝛼
2 + 𝐵𝜏(Λ𝜏, 𝜈)𝛼 + 𝐶𝜏(Λ𝜏, 𝜈) 

(E.13) 
𝐴𝜏(Λ𝜏, 𝜈) = −10

−2(2.26𝜈2 + 2.07𝜈 + 2.3)Λ𝜏
0.079𝜈2+0.1754𝜈−1.342 
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𝐵𝜏(Λ𝜏, 𝜈) = (0.0573𝜈2 + 0.0937𝜈

+ 0.202)Λ𝜏
0.0274𝜈2+0.0529𝜈−0.8765 

𝐶𝜏(Λ𝜏, 𝜈) = 10−4(9.654𝜈2 + 4.945𝜈

+ 3.1)Λ𝜏
0.01867𝜈2+0.4011𝜈−1.8186 

Λ𝜏 =
𝐺ℎ
𝜋𝐺

 

Gh and υh are the shear modulus and Poisson’s ratio of pure hydrates, and α is the ratio of 

the radii of cemented particles and sediment grains: 

𝛼 = √
2𝑆ℎ𝜙

3(1 − 𝜙)
 (E.14) 

Finally, the P- and S-wave velocities could be calculated using Equation (E.15): 

𝑣𝑃 =
√𝐾𝑠𝑎𝑡 +

4
3𝐺𝑠𝑎𝑡

𝜌𝑏
 

𝑣𝑆 = √
𝐺𝑠𝑎𝑡
𝜌𝑏

 

(E.15) 

where ρb stands for the bulk density of the sediment, expressed by: 

𝜌𝑏 = (1 − 𝜙)𝜌𝑠 + 𝜙 (𝜌𝑤𝑆𝑤 + 𝜌ℎ𝑆ℎ + 𝜌𝑔(1 − 𝑆𝑤 − 𝑆ℎ)) (E.16) 

in which ρs, ρw, ρh, and ρg are the grain, pore water, hydrates, and gas densities, 

respectively. 
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