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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
SCHOOL OFCIVIL ENGINEERING AND THE ENVIRONMENT
Doctor of Philosophy
METHANE GAS HYDRATE MORPHOLOGY AND IT S EFFECT ON THESTIFFNESS AND
DAMPING OF SOME SEDIMENTS
By Emily V. L. Kingston

Gas hydrates are ice—like compounds found in deep sea sediared permafrosts. Concise detection
and quantification of natural methane gas hydrate depagilisallow for a more robust assessment
of gas hydrate as a potential energy resource or naturabgaath Current seismic methods, used to
identify and quantify gas hydrates, have proved to be watdiin providing accurate information on
the extent of natural gas hydrate deposits, due to the lack@dérstanding on how gas hydrate affects
the host sediment. Direct measurement of some hydratenigesediment properties has been made
possible in recent years through advances in pressuregc@hniques, but methods for dynamically
testing these samples iat-situ pressures are still unavailable. Laboratory tests on syiatiydrate
bearing sediments have shown that factors such as formatbmigue, sediment type and use of hy-
drate former affects the form and structure of hydrate ingbee space and how it interacts with the
sediment. The aim of this research was therefore to credteame hydrate in sediments under a variety
of conditions, so that the influence of hydrate morphologyldde investigated.

A number of experiments were conducted using two distingh&dion techniques. The first tech-
nigue formed methane hydrate from the free gas phase in afoilyswater saturated conditions. Five
sand specimens, with a range of hydrate contents from 10%%owere formed and tested in the gas
hydrate resonant column (GHRC). Results from these tests emmpared with previous results from
tests where methane hydrate had been formed from free gastially saturated conditions. It was
found that formation method had a significant influence orptioperties of the hydrate bearing sand,
and therefore the morphology of the hydrate in the pore spBlte second set of experiments formed
methane hydrate from free gas within partially saturatelihsents, but where the sediments were made
up of coarse granular materials with a variety of particke sind shape. As it had been established that
hydrate acts as a cement when formed under partially satucamnditions, the experiments aimed to
observe the effect of particle size and shape on hydrateibgmagechanisms. The results showed that
the influence of disseminated hydrate on the physical ptiggesf the specimens was affected by both
mean patrticle size and by particle shape, with the surfaee af the sediment grains influencing the
volume and distribution of hydrate throughout a material tirerefore it's bonding capabilities.

In addition to the experiments on synthetic hydrate speegntve core sections containing natu-
rally occurring gas hydrate in fine grained sediments wereaaailable to the University of Southamp-
ton from the Indian National Gas Hydrate Program (NGHP) (deélition. High resolution CT imaging
of the core sections observed large volumes of methane teydsaa network of veins throughout the
specimens. Due to sample disturbance caused during thessepisation and subsequent freezing of
the samples prior to delivery, dynamic testing in the gasrémgdresonant column apparatus was not
feasible. Therefore, the hydrate was dissociated and a auafilgeotechnical tests were undertaken on
the remaining host sediment. Results from these tests steghthat hydrate dissociation could affect
host sediment properties, due to a change in water contdimity and structure.
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Chapter 1

INTRODUCTION

Naturally occurring gas hydrates are ice—like, crystallsolids that form when water and gas
molecules are brought together in a low temperature and figbsure environment. Under
these conditions, water molecules can form a lattice or tagesurrounds small gas molecules,
such as methane or a number of other hydrocarbon gases. Térermaecules encase the gas,
or guest molecule, in a structure similar to that of ice. Hesveunlike ice, the presence of a
guest molecule means that under high pressure, hydrat®caraf temperatures above®

The most common naturally occurring gas hydrate is methdethane hydrate is stable at
temperatures above the freezing point of water when pressxceed 2.5MPa (Figure 1.1).
There are a number of natural environments where the rigdspres and temperatures for
methane hydrate formation exist. Submarine sediments sterdepth of over 400m have the
potential to harbour methane hydrate (Sloan, 1998), asagedlediments over 200m deep in
the Arctic permafrost.

1.1 Background

Gas hydrates in natural sediments have been studied siycevéne first discovered in the Rus-
sian permafrost in 1965 (Makogon 1965 cited in Makogon €28l07)). By means of drilling,
coring and seismic surveying operations, methane gas teydes now been identified in most
continental shelf and permafrost environments worldwkigyre 1.2). The estimated volume
of methane gas trapped within natural hydrate depositisght to exceed0'*m? (Dawe &
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Thomas, 2007; Milkov, 2004; Katz & Lee, 1990). The identifica of such large accumu-
lations of methane gas has important implications with meéda the global environment, in
terms of climate change and submarine slope stability. #aldilly, there is the considerable
effect that this quantity of gas could have on the economgrims of global energy resources.

Environmental Impacts

Methane, as a greenhouse gas, is 20 times more effectivéaating atmospheric heat than
carbon dioxide. At present, methane causes 4 - 9% of the lgpesa effect in the Earth’s
atmosphere. If the quantity of methane in the atmosphere t@gise sharply, this contribution
would escalate. Some evidence has been documented thatctemas hydrate dissociation
to global climate change events in the past. Dickens et 8PF)Ldescribe the connection
between the Late Paleocene thermal maximum (55.6Ma) anhimiwwus release of methane
from gas hydrate contained in marine continental sedimdiftsre is also evidence of hydrate
dissociation in relation to the Early Toarcian ocean anexient (183Ma) and a severe period
of global warming in the Mesozoic (Hesselbo et al., 2000r&alet al., 2001). As methane
hydrate is only stable at low temperature and high pressin@nges in sea temperature and
level could cause mass dissociation of near surface deposit

In addition to the impact that methane hydrate could haveavedjclimate change, submarine
hydrates have also been connected to slope instability atinemtal margins (Ashi, 1999;
Paull et al., 2000). It is thought that the dissociation of fgdrate in submarine sediments
could have been the cause of a number of major underwateslides! including the Storegga
Slide off the coast of Norway (Mienert & Buenz, 2001). Slidedaslump scars along the US
Atlantic margin have also been well documented which showssiple relationship between
gas hydrate decomposition and sediment failures (Booth, &t994).

Natural gas hydrates have been acknowledged as a hazardait #md gas industry for many
years (Katz & Lee, 1990). Hydrate growth causes blockagésgin pressure pipelines, and
there is a lucrative business in the prevention of its grolthdeveloping efficient hydrate
inhibitors. There is also the danger of hydrate formatiothimithe well tubing and drill string
of a producing well. Blockage in these situations can crgatekicks and other dangerous
situations (Katz & Lee, 1990). As deep sea exploration amdiytion from deep oil and
gas reservoirs becomes more common, another gas hydrated Hzers been recognised by
the oil industry. When drilling through a hydrate bearingisgent, the heat from circulating
drilling fluids can change the stability conditions of thersunding sediment. Gas hydrate
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decomposition could cause free gas to be released, or tlesecudnt 'slush’ from melting
hydrate could trigger tubing collapse, sea floor instabditd slope failures (Dawe & Thomas,
2007).

Economical Impacts

Economically, gas hydrates may provide a new energy reesdaramany countries in the fu-
ture. There are a number of nations keen to produce from giateg, including Japan, Korea
and India, as they have little other hydrocarbon resourtke.Messoyakha gas field in north-
ern Russia, has been producing from methane gas hydraterfosta40 years (Makogon et al.,
2007). The dissociation of methane hydrate in the area lmsded the free gas that is ex-
tracted using conventional technigues. This field could/@ithat production is possible from
hydrate bearing sediments, however, there is some gealogiidence suggesting that hy-
drate dissociation is not the cause of the gas accumulatiglessoyakha (Collett & Ginsburg,
1998). Even so, methods of extracting the gas fiossitu methane hydrates are still being
investigated, with the prospect of future large scale petidn (Majarowicz & Osadetz, 2001;
Collett, 2004; Pooladi-Darvish, 2004; Dawe & Thomas, 20@&akogon et al., 2008). There
is no doubt over the scale of energy resource that the wallehatcumulations of gas hydrate
represent, even though a large volume of the methane trapitleith hydrates is potentially
non—-recoverable. Recent estimates suggest that at cratent successful exploitation of gas
hydrates could provide a further 200 years of world wide gneonsumption (Makogon et al.,
2007).

1.2 Defining the Gas Hydrate Problem

To properly assess the hazards and economic possibilitigasohydrates, accurate detection
and quantification of methane hydrates is necessary (Makegal., 2007). Current geo-
physical methods still rely on the identification of a subdate horizon named the “bottom
simulating reflector” or BSR to detect hydrate presencen ¢weugh this has been proven to
be unreliable (Chand & Minshull, 2003; Singh et al., 1993z et al., 1996). It is therefore
necessary for the seismic signatures of hydrate bearirigpmneats to be better understood. In
order to do this, hydrates can be tested in the laboratosallld natural hydrate samples are
tested and although advances in pressure coring have dlfimvetact methane hydrate sam-
ples to be recovered, the methods for dynamically testimydtg bearing sedimentsiat-situ
conditions are still unavailable. Therefore, there is aatdgmand for synthetic hydrates to be
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made and tested in the laboratory.

Results from laboratory tests to find the seismic velocitiesynthetic hydrate bearing sedi-
ments have yielded a wide range of values. Some researchersdported high compressional
wave velocities, over 3000ms, for certain concentrations of hydrate in the pore spacdt@/Va
et al., 2004), whereas others predict values over 1000rwsver at the same concentrations
(Spangenberg & Kulenkampff, 2005). Results suggest thdtatg does not have the same
affect on seismic velocity for different host sedimentsagdpears that the form and structure of
hydrate is dependant on a variety of factors such as satnrsttite, sediment type, and whether
hydrate forms from a free gas state or from gas dissolvedeiptite water. Investigation into
hydrate morphology in sediments is therefore key to evdigtuaderstanding natural hydrate
seismic signatures.

The goal of this research is to investigate how hydrate nmalqgy affects the physical proper-
ties of host sediments by utilising previously developediggent that measures the stiffness
and damping of sediment specimens containing methanetkeydaest, 2004). Results would
provide information on the morphology of hydrate in the pspace, and allow hypotheses to
be drawn on the form and structure of methane hydrate inaatadiments. In order to study
the affect of hydrate dissociation on host sediment pra@sgrnatural hydrate samples have
also been investigated and have provided information orcdingplex morphology of natural
hydrate in fine grained sediments.

The aims of this research can therefore be summarised as/fol|

e To synthesise methane gas hydrate in fully water saturaisalip media, from the free
gas state, using the same equipment and materials that tileseduby Priest (2004), so
that results from the two sets of experiments can be directigpared. Once methane
hydrate has been formed, the aim is to determine the stiffaed damping values of the
hydrate bearing sediments so that conclusions on the miagphof hydrate in different
formation conditions can be made.

e To form methane hydrate in sediments with a variety of plersze and shape in order to
investigate the effect of sediment type on the way hydraeraicts with a host sediment.

e To investigate the morphology of natural methane hydrateutih imaging of samples
from the field, and subsequent geotechnical testing of thesen natural samples in the
laboratory.
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1.3 Outline of Thesis

The thesis consists of the following chapters:

Chapter 2 presents a review of the current literature on methane kgslracluding recent de-
velopments in sampling, detecting and synthesis in ther¢éabry. Different techniques
used to form hydrates in the laboratory are discussed, iglghiig the discrepancies in
results obtained with these different techniques.

Chapter 3 introduces the set of laboratory tests undertaken to ilgasthydrate morphology.
The chapter begins with a description of the equipment useteéting hydrate bearing
sediments, followed by a brief discussion on the reductibdata from the resonant
column tests. The chapter then describes two testing proges, detailing the method-
ology for specimen preparation, hydrate formation andrresbcolumn testing for each
set of tests. Typical results from the tests are then given.

Chapter 4 gives the results from the series of tests on hydrates lgeaeidiments in the reso-
nant column. A discussion of the results from both sets d§tissmade, with particular
attention given to the comparison of the results in thisaegdeto those from previous
gas hydrate resonant column work.

Chapter 5 describes the investigation of a number of natural hydrateptes taken from the
Indian Ocean during NGHP-1. Results and analysis of threedsional imaging of the
frozen samples gives information on the morphology of hygdran natural sediments.
There is also a description of the sequence of geotechmistd made on the host sed-
iment, undertaken by the author and various collaboratochiding research staff at
the National Oceanography Centre, Southampton, and S@eetechnical Consultants
(SGC). Results from these tests provide information orirthsitu properties of hydrate
bearing sediments.

Chapter 6 presents the conclusions from each chapter, bringinghegetsummary of all the
findings from each body of work. There are also recommenaiafior future work using
the resonant column apparatus to investigate gas hydratmfesediments.



Chapter 2

A REVIEW OF GAS HYDRATES IN
SEDIMENTS

Gas hydrates have become important to the research conymmonibnly because of the poten-
tial energy resource they represent, but also due to thecingae hydrate dissociation could
have on the global climate. It is estimated that the quastitf hydrate in sediments globally
could exceed the volume of known gas resources by 3000% (BaWemas, 2007; Milkov,
2004; Makogon et al., 2007). These values however, are lmssdismic surveys, and recent
drilling suggests that these assessments may be incoffeete is subsequently a need for
greater knowledge of the effects of gas hydrate on host sadiproperties, to assist in the
correct interpretation of the amounts of hydrate in sub-sseiiments.

This chapter will begin by introducing the chemistry of gasltates, before describing the
morphology of hydrate in sediments and the problem this pts¢he interpretation of sub—
surface seismic signatures. It will then continue by dietgithe impact hydrate has on the
mechanical properties of a host sediment, with a final dsoason why continuing research
in this area is necessary.

2.1 An Introduction to Methane Gas Hydrate

Clathrates have interested scientists for almost two ciestuT he original discovery of chlorine
hydrate by Sir Humphrey Davy in 1811 (Davy, 1811) was the ifstance where the inclusion
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Structure I Il H

Crystal System cubic cubic hexagonal
Cavity small large small large small  medium large
Description 512 5l2g2 512 5l2gt pl2 435663 51268
No cavities/unit cell 2 6 16 8 3 2 1
Average cavity radiugt 395 433 391 4.73 3.91 4.06 571
Ideal Unit Cell Formula 6z 2y46H20 8z 16y 136 H,O 1z 3y 22 34H20

Table 2.1: Geometry of hydrate crystal cages. Adapted from Sloan (1998

of molecules of one kind was seen within cavities in the eysttice of another (Max, 2000).

The term “hydrate” is given to clathrate compounds in whioh ¢rystal lattice is made up of
water molecules with inclusions of gas molecules. A numlbdrydrate structures have been
catalogued since the original discoveries.

Although gas hydrates had been identified in the laboratothhe 1800's, it was not until the
1965 that Makogon first discovered and studied natural hgdnethe geological environment
(Makogon 1965 cited Makogon et al. (2007)). It has been fahatihydrates form in a range
of sedimentary environments worldwide (Kvenvolden et #93), and that their occurrence
is constrained by certain features such as temperaturerasgype conditions, gas supply and
tectonic setting. The first part of this chapter gives a surgrafithe chemistry of all clathrate
hydrates, before focusing on natural methane hydrate.

2.1.1 Chemistry and Crystalline Structures

Clathrate hydrate has similarities to that of ice, as hyntains 85% water on a molec-
ular basis (Sloan, 1998). The difference lies in the criisalstructure, with ice showing a
non—planar array of hexagonal rings, compared to that ofdtgdvhich forms 3D water cages
in which guest molecules reside. For natural gases, hyaviitéorm one of three crystal-
lographic lattice types: Structure | (cubic), Structurg¢duibic) and Structure H (hexagonal).
Until recently it was thought that all hydrate formers fitarthese structures, however new
research has reported that other lattice types exist (Ud&Ripmeester, 1999).

Figure 2.1 shows the pentagonal dodecahedsét) (vhich is the building block of all hydrate
structures. From Table 2.1 it can be seen that this cage semtras the small cavity for all

hydrate structures, accompanied by a number of differesteages for each lattice type.

Which of these lattices form depends solely on the the sizhefjuest molecule (Kirchner
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Figure 2.1: Pentagonal Dodecahedron cage shape in clathrates, sheaiagand guest molecules.

et al., 2004; Koh, 2002; Sloan, 1998). Structure H hydratetha ability to encase the larger
gas molecules (between Aand QAin diameter), whereas structures | and Il can only contain
those with a radius of less than 8loan, 1998).

Structure | (sl) hydrates will form with gases that have timallest molecule diameters. They
therefore contain biogenic gases such as methaneA}.8arbon dioxide (5.18), ethane
(5.55\) and hydrogen sulphide (4.@3 which makes them the most common naturally occur-
ring hydrates. Structure Il (sll) hydrates form from gasethwnolecules larger than ethane,
but smaller than n—butane (ﬂ)l This means that Structure Il hydrates are more common in
the hydrocarbon production and processing industry. &tredd (sH) hydrate incorporates the
larger hydrocarbon molecules present in crude oil, and baserjuently become more impor-
tant in the hydrocarbon industry.

2.1.2 Properties of Solid Hydrate

Table 2.2 details the fundamental properties for solid em@thand solid propane hydrate. The
measurements have been derived from a number of sourceg,aisiumber of measurement
techniques. Kiefte et al. (1985) used Brillouin spectrggcon a small volume of relatively
pure propane hydrate samples, whereas Waite et al. (20@@) usse wave transmission
through dense polycrystalline methane hydrate to obtanli® Also given are the proper-
ties of pure methane hydrate derived from first principlesMisanda & Matsuoka (2008).
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Water Methane Propane Methane

Property Icé Hydrat¢ hydrat¢ hydraté
Density gem—3) 0.916 0.91 0.88 0.89
Shear Modulug? (GPa) 3.5 3.3 2.4 4.3
Bulk ModulusK (GPa) 8.8 7.7 5.6 -
Young'’s ModulusE (GPa) 9.3 8.5 8.3 11.07
Vyp/Vs 1.96 1.93 1.95 1.80
Poisson’s Ratio 0.325 0.317 0.32 0.2776

Table 2.2: The elastic properties of solid methane (sl) and propatehigtirate with comparison to that
of water ice.“Experimental results on hydrate after Waite et al. (200@yifson (1983); Kiefte et al.
(1985)."Calculated properties from Miranda & Matsuoka (2008)

Their results predict the density of hydrate to be slighthwér than experimentally measured
values, as well as suggesting that the shear and Young'slnodanethane hydrate are higher
than that of water ice.

Durham et al. (2003) conducted triaxial tests on dense pgdialline methane hydrate, which
showed that over their range of test temperatures and stités, methane hydrate was on
average 20-30 times stronger than ice. This high strendtlidvaite compared to water ice has
significant implications for the mechanical behaviour ofifate bearing sediments. Durham et
al’'s (2003) results also suggest that the theoretical dtoir of hydrate strength from Miranda
& Matsuoka (2008) could be closer to the truth than the expental values found by Kiefte
et al. (1985) and Waite et al. (2000).

2.1.3 Methane Sources and Conditions for Hydrate Depositio

Natural hydrate presence is limited on the earth’s surfaegathe specific stability conditions
shown in Figure 1.1. As well as having the correct tempeeatunrd pressure conditions, the
sediment must also have sufficient influx of gas and water derofor hydrate to form. En-
vironment, gas origin and gas supply are therefore the fat¢hat dictate the presence of the
world’s hydrate resource.

The appropriate thermobaric conditions coupled with thalakility of water, initially control
the occurrence of natural hydrate in a sediment. This mdiesi¢éep sea an ideal location
for hydrate growth as pressure increases and temperatareades with depth. In deep sea
sediments however, hydrate is only stable in the top 0.7kravenage due to the geothermal
gradient (Figure 2.2), with the area of stability being tedthe hydrate stability zone (HSZ).
This zone can vary in depth across the oceans due to a numizetarfs:
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e The change in ocean depth worldwide means that thickne$sedfi$Z can differ, with
increasing thickness correlating with increasing watetlde

e The chemistry of the guest molecule has a large effect ont#imlis/ region. In areas
such as the Gulf of Mexico where the gas is not pure methareydbke of the HSZ has
been observed to occur at temperatl®&sS higher than a pure methane deposit (Dillon
& Max, 2000).

e Change in fluid flux rate can cause the top of the stability Zzonlée closer to the sea
floor (Hyndman & Davis, 1992).

The stability region for permafrost hydrate differs slightom oceanic hydrate in that it ex-
tends deeper into the sediment (Figure 2.3). In the Maclkebeita-Beaufort Sea Region of
the Arctic the HSZ has been suggested to be 1.2km deep (C&lleallimore, 2000), over
300m deeper than the depth limit of the HSZ in the open ocean.

In conjunction with the appropriate thermobaric condiipgas source and supply are key to
hydrate development. In oceanic and permafrost envirotsnemethane is generated by the
breakdown of organic matter that is contained within theérsedt, eitherin-situ or deeper in
the sediment column. Two types of methane can be identifiedtolla six stage reduction
process: Biogenic and thermogenic. Biogenic methane igedkthrough the first four stages
of bacterial decay, ultimately ending with the breakdowi€@k by bacteria after the sulphate
in the organic matter has been reduced. Thermogenic methgmeduced in two further
stages of organic matter decay, due to the thermal breakdbiweavier hydrocarbons at high
temperatures. Methane produced in this fashion is oftenddn conjunction with ethane,
propane or butane (Wellsbury & Parkes, 2000).

Oceanic hydrates predominantly contain methane of biggengin (Kvenvolden, 1995), as
do hydrates found in arctic permafrost. However, depositgaining ethane and propane ac-
companying methane have been found in the Gulf of Mexico@Bsat al., 1984) that suggests
thermogenesis may also produce the gases found in someésdkéethane produced biogeni-
cally could form hydrate in—place but generally migratesti® HSZ from deeper sediments.
However, thermogenic gases must be transported to the H®tZisaproduced at tempera-
tures too high for gas hydrate to form. There are currently tvodels for methane migration
into the HSZ. Firstly, free gas could migrate through fissuaed permeable sediments to the
HSZ where the correct conditions and water availabilitpualfor hydrate formation (Minshull
et al., 1994; Soloviev & Ginsburg, 1997). Alternatively, talacontaining dissolved methane
becomes super—saturated when the temperature decredsesessinto the hydrate stability
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Figure 2.2: Stability region of methane hydrate in the oceans as defigedroperature and pressure
(as indicated by water depth below sea surface). Redrawmidon & Max (2000).
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zone (Hyndman & Davis, 1992). This would mean hydrate chysitag out without a gas
phase.

Due to the conditions described above, the location of Hgdrathe earth is restricted to deep
ocean and permafrost environments with particular tectand sedimentary features. Pas-
sive continental shelves and active accretionary prisngimsuharbour the deep—sea hydrate
resources, as they combine a gas supply from appropriateesmcks with a compatible ther-
mobaric environment. The extent of permafrost hydrate ésnéegly controlled by an avail-
ability of gas, as all permafrost environments have the @mjate thermobaric conditions for
hydrate stability.

2.2 Gas Hydrate Morphology

Gas hydrate is a solid material, which as it grows in a sedimakes on a form and structure.
Hydrate can be considered on two scales: Macro—morpholelgyes to the structure of large
scale hydrate formation in a sediment, with micro—morpbgloeferring to the grain scale
interaction of hydrate and host sediment particles. Eviddrom visual observation of natural
and laboratory grown hydrate is that hydrate takes a vapiiatyorphologies that are dependent
on host sediment type, gas supply to the HSZ, and tectortingetAs hydrate is a material
with significant mechanical properties (section 2.1.2)uaderstanding of the morphology is
crucial when considering it's effect on host sediment progg, and the application of this
knowledge to detection and quantification of hydrate in tite-surface. This section discusses
the variety of hydrate morphologies that occur in naturel #ie environments in which they
have been observed.

2.2.1 Macro—Morphology

Four distinct morphologies are widely recognised for me¢ghaydrate growth in sediments
(Figure 2.4). Disseminatedhydrate describes a deposit that is homogeneously distdbu
throughout the soil macro—structure (Clennell et al., 1@ifisburg, 1998; Booth et al., 1998).
Larger accumulations of hydrate can be described as eittkrlar or layered deposits. If the
supply of gas and water is sufficient, each of these hydratpmotogies then has the potential
of developing intanassivehydrate deposits (Malone, 1985).

Malone’s morphologies are well established within the aese community. However, recent
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Figure 2.4: The four types of natural hydrate deposit in sediment. Froatole (1985)

advances in natural hydrate sampling and imaging (Sect@®)2has led to another classifi-
cation system which describes hydrate in terms of two mdggical types: Pore—filling and
grain—displacing (Collett et al., 2008; Holland et al., 20Riedel et al., 2006)Pore—filling
morphology describes hydrate that forms in the pore spaeesefdiment, replacing the pore
fluid without significantly displacing the sediment graintra(Collett et al., 2008).Grain—
displacing hydrate does not occupy the pore space, but forms betwess gimdiscrete nod-
ules, layers and lenses of pure hydrate (Holland et al., 2008terms of Malone’s (1985)
classification, “pore—filling” and “grain—displacing” npanologies can occur for each of the
macro—morphologies in Figure 2.4, but these two terms ditmthe interaction of the hydrate
and the sediment grains to also be considered when disgusgitnate morphology.

2.2.2 Micro—Morphology

The interaction of hydrate with sediment grains, or “migrm¢phology” has been developed
over time through the efforts of Dvorkin et al. (1993; 19989%2b; 2000) and Clennell et al.
(1999) through modeling, and more recently by modern samgpiind imaging techniques
(Riedel et al., 2006; Collett et al., 2008; Holland et al.020 Dvorkin et al. (2000) deduced
by using rock physics modelling (Section 2.4.3), that h{el@uld form in a sediment in four
ways based on cementing or pore—filling morphologies. g5 (a) and (b) show the two
configurations of hydrate if it were to form in the pore spa€émgure 2.5(a) shows the hydrate
as a particle in suspension. Figure 2.5(b) shows a hydratphmlmgy where hydrate forms in
the pore space, but close to grain contacts, so as to becamnef tlae sediment load bearing
frame. The other possibility for hydrate growth is that itsa@gs a cementing agent. Figures 2.5
(c) and (d) show the two configurations that hydrate cement tadee. Figure 2.5(c) locates
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Figure 2.5: Diagrams showing the possible location of hydrate in a séajd-ydrate grows in the pore
space between the grains. (b) Hydrate grows between gragwibing part of the sediment supporting
frame. (c) Hydrate nucleates and grows at grain boundasiesifig a cement at the grain contacts. (d)
Hydrate grows to envelop the grains.

hydrate solely at grain contacts, whereas Figure 2.5(desemts hydrate that envelops the
sediment grains and bonds where the surface coating cemmmeisanto contact.

The pore—filling morphology described by Collett et al. (2p@nd Holland et al. (2008) ap-
pears to fit into the modelled morphologies of Figure 2.5 ePfiling hydrate can either form
inside the pore space (Figures 2.5(a) and (b)), or by ceneetiie grains together (Figures 2.5
(c) and (d)). Grain—displacing hydrate however, interagth the sediment by pushing grains
aside, and so cannot be modelled by the configurations iné&2)5.

2.2.3 Visual Observation of Hydrate Morphology

There have been a number of attempts to observe hydratetgiopbrous media directly, both
on the macro and micro scale. Brewer et al. (1997) createxhtsid situ at a depth of 910m in
the ocean, by bubbling gas through a variety of sedimentgastobserved that in fine grained
sediments the hydrate formed in veins, whereas in coardmert it showed a more dispersed
nature. These observations have been validated by hydnajgiag, but the direct observation
of actual hydrate growth gave the first view of formation nmatbms.

Since the work of Brewer, visual observation of hydrate dglolxas moved to non—destructive
3D imaging techniques. High resolution X—ray computer tgraphy (CT) scanning is be-
coming a major contributer to the understanding of hydratesediments. Work by Mikami
et al. (2000) shows the use of CT scanning in investigatirdrdte dissociation in sediments.
More recently, computer tomography has been used to mdmyidrate growth inside artifi-
cial sediment samples at the Lawrence Berkeley Nationabtzdbry (Kneafsey et al., 2007).
The goal was to observe the formation and dissociation ofaigd in sands, so as to evaluate
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the importance of hydrate dissociation kinetics in porowsiia. The most recent advances in
visual observations come from the developments of CT sognithin the pressurized core
barrels of the HYACINTH system described in Section 2.3.Lcc@ssful implementation of
the system during the NGHP-1 expedition has provided newgésaf hydrate morphology in
fine grained sediments (Collett et al., 2008).

The use of CT scanning in observing the micro—-morphologyyudiidites is likely to develop
as the technology improves and allows for higher resolutiaaging. At this stage, however,
other methods have been used to observe gas hydrate miaqghaetagy. In order to inves-
tigate hydrate at the grain level, Tohidi et al. (2001) depell glass micro models, which
allowed direct observation of the formation of gas hydrdta microscopic scale. The initial
experiments were based on the observation of hydrate famm&bm the different phases:
THF as a soluble hydrate former, carbon dioxide as a disdalas, and methane in the free
gas phase. From these experiments hydrate was directlyveldstorming from each phase,
which was used to validate models based on chemical anatyfier grain—scale observation
of hydrates have been made using scanning electron migred&EM) (Kuhs et al., 2000).
Although the hydrate observed was pure, and unconnectédavpiorous medium, the imaging
technique may be used in the future for observing hydratldrpbre spaces of sediments.

2.2.4 Controlling Factors on Hydrate Morphology

The major controls on hydrate morphology in a sediment #relbgy along with the availabil-
ity of components and subsequently geological setting. ntimeerous Ocean Drilling expedi-
tions that have observed natural gas hydrate (Lee et ak; Fatbouin et al., 1982; Kvenvolden
& McDonald, 1985; Paull et al., 1996; Larsen et al., 199@fHLret al., 2006; Riedel et al., 2006;
Collett et al., 2008) document the importance of lithologpecifically grain size, on how hy-
drate grows in a sediment. Coarse sediments, as seen at tikemta Delta (Winters et al.,
1999) usually contain disseminated hydrate. Veined andlaotiydrates, like those drilled on
the Cascadia Margin (Suess et al., 2001) and off the east cbawlia (Collett et al., 2008)
are generally found in fine grained sediment, with small gizes. The experimental work of
Brewer et al. (1997) highlights the lithological contro§ the sediments of a small pore size
preferentially formed hydrate into veined and layereddtmes, whereas the sand experiment
with large grain sizes, produced a disseminated morphology

The availability of gas and water also controls the morpgwlof a hydrate deposit. Partial
saturation of sediment in the HSZ can cause hydrate to fordisicrete regions where wa-



2: AREVIEW OF GAS HYDRATES IN SEDIMENTS 17

ter is available. The layered morphology of the hydrateseniegl by Soloviev & Ginsburg
(1997) was caused in this manner by a chimney of gas pemgtréte HSZ and the reduced
availability of water at the hydrate front. The control pddsy the availability of gas is di-
rectly related to gas source and supply. Methane produeggkbicallyin—situ could generate

a disseminated hydrate deposit regardless of sedimen{$}pan, 1998), however only small
hydrate concentrations could be grown in this manner. Hgdiaposits where methane has
been transported into the HSZ (either from biogenic or tlugremic sources) may show a num-
ber of morphologies depending on the mechanisms that dah&@as transport (Trehu et al.,
2006).

Two end—-member regimes have been identified with regardgdrgasport. Focused, high—
flux (FHF) hydrate systems involved large volumes of meth@reentrated through focused
conduits, either as gas or dissolved in pore fluids. Disteithulow—flux (DLF) systems, involve
methane produced near to where the hydrate is formed andevilug flow is gradual and
consistent throughout the HSZ (Trehu et al., 2006). Wherthamne is delivered through a FHF
system, large, focused accumulations of hydrate are ydoalhd showing layered and nodular
morphology (Riedel et al., 2006; Holland et al., 2008). Ehesrphologies most likely form
due to the increased pore pressure induced in an FHF systacksand fractures will form in

a sediment when fluid or gas is forced into pores until porequnee exceeds the tensile strength
of the sediment (Hatcher, 1995). If the pore fluid (or fre€) gamains under pressure, fractures
can propagate through the sediment column. These fraatareshen be filled with hydrate
if this occurs in the HSZ. DLF systems are more likely to yialitlely distributed hydrate
deposits of a disseminated nature (Trehu et al., 2006), altieet lower and more dispersed
pore pressures associated with the regime.

Which of the FHF and DLF transportation systems occur, dép@m the geological setting.
Continental margins, where tectonic activity is low anddlflow is pervasive throughout the
sediment column, tend to harbour hydrates formed from DLstesgs (Trehu et al., 2006).
Alternatively, accretionary prism hydrate formations amere likely to have FHF transport
systems (and associated morphologies) as the tectonazliye regions often contain rapidly
upward migrating pore fluids through focused conduits swlfiaalts (Chand & Minshull,
2003). Evidence from the field lends weight to the transpiortssystems of Trehu et al. (2006).
The passive continental margins of the Blake Ridge and theceast of India have both been
found to contain some disseminated hydrate in fine grainag—-dch sediments (Guerin et al.,
1999; Collett et al., 2008), where previous, lithology whsedels may not have predicted this
morphology. In addition to this, areas of the NGHP-1 cruiséhé Indian Ocean (Collett et al.,
2008), where tectonic folding had produced faulted basésetiments (FHF system), were
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found to have high concentrations of hydrate in a veined mlggy (Holland et al., 2008).

2.3 Detecting and Quantifying the Hydrate Resource

The first discovery of natural gas hydrate in sediments wagdenmathe Soviet Union in the
1960's (Makogon et al., 2007). The identification of hydrasea resource and potential geo-
hazard prompted widespread investigation into the wodéwiydrate presence. The bulk of
the knowledge on oceanic and permafrost hydrate deposit€dae from the drilling and
sampling of deep sea sediments, or by seismic surveyingitpos.

2.3.1 Dirilling and Sampling

The pressure and temperature conditions of hydrate sjaimifike the drilling and sampling of
methane gas hydrate a difficult task. Gas hydrate will decm@papidly when removed from
it's high pressure/low temperature environment and tloeeefnuch of the gas that is present in
the sediment, either as free gas or as hydrate, is lost diteingportation to the surface. Thus,
any attempt to quantify hydrate content from samples reeavesing standard drilling rigs
may not be accurate.

Testing of Hydrate Samples from the Field

Due to the difficulty in transferring hydrate from the natugavironment into laboratory test

equipment, there has been little work on directly testinyre samples for their mechanical

properties. The only group of note to report success inngstatural hydrate is the USGS
community at Woods Hole, Massachusetts. Their GHASTLI (Bgdrate and Sediment Test
Laboratory Instrument) system allows for natural sampdesswell as synthetic, to be tested
in controlled laboratory conditions (Winters et al., 20@004). The natural samples tested
in GHASTLI are frozen in liquid nitrogen for storage prior testing. The samples are then
prepared for the equipment in a cold room-e30°C so that dissociation is minimised during
preparation. Once inside GHASLTI, the sample is then stéjeto a confining pressure and
the temperature increased to melt the pore water, but rigimydrate. The only published data
from these natural sample tests (Winters et al., 2000, 2€l0a\s results from cores retrieved
from the Mallik 2L—38 test well drilled in the Canadian Arctiuring 1998.

Even though results were obtained from these tests, thereeatain aspects to the coring,
transportation and storage of the tested cores that makeesults unreliable. Firstly, al-
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though pressure corers were used in both the Mallik welltionaand on ODP 164, neither
cores tested in GHASTLI were taken using a pressure coreerefdre, dissociation of hy-
drate would have occurred during the journey to the surfand,in addition, the reduction in
pressure could cause any dissolved methane gas in the ptaetavaome out of solution and
distort the core structure. Furthermore, each core wasdinrpressurised methane gas and at
approximately—10°C during transportation and final storage before testinthahigh likely to
maintain hydrate already present in the sediment, storag@itions such as these could induce
secondary hydrate formation — as noted by Winters et al.4200he solution, they suggest,
can only be addressed by the uséefsitumeasurements being taken inside a pressurised core
barrel. It is this problem that the Ocean Drilling Programéntried to solve.

Pressure Coring

To address the pressure issues associated with recovetimgigas hydrate, the Ocean Drilling
Program developed the Pressure Core Sampler (PCS).lindidigned to sample and under-
stand the distribution and concentration of hydrocarbaegathe apparatus allows for recov-
ery of a 1m long section of core mi—situpressures. The standard PCS is capable of retaining
pressures up to 690bar (Pettigrew, 1992). Even though tbgressed the sampling of hydrate
at depth, there are still issues with the PCS system. The BESrbt have temperature control
and so the core is exposed to a change in temperature as dightrto the surface. There is
concern that during transport through cooler bottom watxsess hydrate that was not present
in—situmay form (Dickens et al., 2000).

Even with the ability to collect hydrate bearing sedimerttinasitu pressure, there are still
problems of reliably testing them once at the surface. Ithem®me standard to store hydrate
samples in liquid nitrogen so as to slow dissociation, amdefise of storage. This however
means rapid depressurisation of the samples before fgpe@diich allows for the exsolution
and movement oin—situ gases which may damage the core. With these issues in mimd, th
HYACINTH system was developed by a number of collaborataitk funding from the Euro-
pean Union (Francis, 2001). The HYACINTH pressure coreovers a 1m long core under
in—situ pressure that can then be tested within a pressurised emamt once at the surface
(Trehu et al., 2004). The system comprises of two specdhtiseers, the Fugro pressure corer
(FPC) and the HYACE rotary corer (HRC) which have the abiiitydeal with the potentially
varied lithologies of hydrate deposits. Once recovereglctires can then be transferred to a
pressurised test chamber which contains a multi sensorlegger equipped to measure the
geotechnical properties of the hydrate core by using P—welaeity, gamma ray attenuation
and X—ray imaging. Recent use of this pressurised coratestistem has been successful in
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obtaining valuable information on hydrate bearing sedisméfrehu et al., 2006; Riedel et al.,
2006; Collett et al., 2008), and the ability to sample and hgdrate bearing sediments under
pressure is a significant step that has allowed further stateding of natural hydrate structure
and properties.

2.3.2 Seismic Surveying

The detection of methane hydrate using seismic surveyaditionally relied on the detection
of a bottom simulating reflector, or BSR. The BSR is an acousfiection that cuts across ge-
ological boundaries, mimicking the seafloor within the ssslit column (Shipley et al., 1979;
Kvenvolden & McDonald, 1985; Miller et al., 1991; Hyndman &§éhce, 1992; Singh et al.,
1993). The BSR was linked to hydrate presence due to its mawe close to the sub—surface
depth predicted for the base of the gas hydrate stabilitg zbhe BSR’s reversed polarity also
suggested it was caused by high velocity sediment (contimydrate) overlying low velocity
sediments potentially containing free gas (Hyndman & Speh®92; Singh et al., 1993).

It has recently become evident however, that the BSR is mogether reliable for predicting
hydrate presence. ODP leg 164 (Paull et al., 1996) drilledutjh various BSRs on Blake
Ridge, and failed to find hydrate at locations where a BSR vmagemwed on the seismic sur-
vey. It has also been shown that hydrate can be present is atitteout a BSR (Ashi et al.,
2002; Pecher & Holbrook, 2000; Ecker et al., 2000). It is nbaught that the BSR may only
indicate the top of the occurrence of free gas, and not nadlsthe base of the gas hydrate
stability zone (Chand & Minshull, 2003; Singh et al., 1998¢Rer et al., 1996). Even so, most
surveying of hydrate in the field still relies on the bottormslating reflector to locate hydrate
bearing zones within ocean sediments.

Once the presence of hydrate has been identified, other dethwh as vertical seismic pro-
filing and wireline logging can also be employed to help asalgnd quantify hydrate in the
subsurface. Vertical seismic profiling refers to measuremtaken from inside the wellbore,
and can be used to gain higher resolution data than surf&miss. The technique uses geo-
phones placed inside a wellbore and a source on the seaesndacthe well itself. As well as
being used in conjunction with surface seismic data, itrefée opportunity to measuie-situ
velocities of hydrate bearing sediment at seismic fregasn@¢iolbrook et al., 1996).

Measurements made from inside drill holes are another wegtafcting and analysing hydrate
bearing sediments. In the case of hydrate explorationcsamil porosity logs are the most
useful (Goldberg et al., 2000). Sonic velocities are affédby the presence of free gas and
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Source Location Vplms=?
Singh et al. (1993) Offshore Vancouver Island 1600-1800
Holbrook et al. (1998) Blake Ridge 1800

Ecker et al. (2000) Blake Ridge 1900
Tinivella & Accaino (2000) South Shetland Margin 2000-2300
Goldberg et al. (2000) Hydrate Bearing Sediments 1700-3500
Guerin & Goldberg (2002) Mallik 2L-38 Research Well 20006865
Collett (1993} North Slope of Alaska 2000-2800

Table 2.3: P—wave velocities from seismic surveys and well loggitigelocity found though vertical
seismic profiling’Expected response from logging measurements

hydrate, becoming lower and higher respectively if preserthe sediment (Helgerud et al.,
2000). They can therefore be used to aid in seismic intexfioet and even quantify hydrate
and gas concentrations. Attenuation characteristics dfatg bearing sediments can also be
observed through sonic logging (Guerin & Goldberg, 2002yoBity logs are useful in hydrate
detection as the physical properties of a sediment playrdfisignt role in the distribution and
morphology of hydrate in the sediment column. Neutron gorodensity and resistivity logs
are often used in combination to get the best estimate of imsetls porosity. Recent gas
hydrate drilling expeditions have found that gas hydrataring sediments exhibit relatively
high electrical resistivities when compared with wateussted sediments (Collett et al., 2008).
It is possible that resistivity logs could be used in the fatto quantify hydrate in a sediment.
A more detailed discussion of logging methods can be foun@adtdberg et al. (2000) and
Goldberg (1997).

P-Wave Velocity Data from Seismic Surveys

Table 2.3 gives a summary of P—wave velocities obtained frethlogging and seismic sur-
veys from several authors. The values seen in the tablelame fieom the region above the BSR
in each case. The range of values shown by some of the authidigative of the varying
hydrate content in the survey sites (Pecher & Holbrook, 2000

The range of The P—wave velocities obtained in Table 2.3, akas the unreliability of the
BSR, mean that the research community still does not havaspgf the seismic signatures
expected from a hydrate deposit. Although hydrate can bdilyei@entified from downhole
logging (Riedel et al., 2006; Collett et al., 2008), detegtand quantifying hydrate from the
sea surface is still an imprecise art. With the direction ydrate research moving towards
exploitation, there is a clear need to fully understand thlecity profiles of hydrate bearing
sediments.
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2.4 The Effect of Hydrate on Sediments

Section 2.3.2 has highlighted the need to understand amdifid¢he seismic signatures of
hydrate bearing sediments. This can only be done by gainthgraugh knowledge of how

hydrate affects a host sediment’s mechanical propertiesdek$tanding can come from the
investigation of natural and synthesised hydrate beagdin®ents in the laboratory, or by the
modelling of hydrate/sediment systems. This section vighhght the effects hydrate has on
sediment properties, before discussing the current msthsed to investigate them.

2.4.1 Possible Effects of Hydrate Formation

Gas hydrate is a crystalline solid, and its growth in thersedit column will have an effect on
the host sediment that must be known if quantification of twréte resource is to be made.
Section 2.2 detailed the different morphologies of nathyalrate in the pore space, and each
morphology described, from macro— to micro—scale, willdhavdifferent effect on the host
sediment properties.

Micro—Morphology Effects

Section 2.2.2 described the variety of forms that hydratetaie at the grain level. These
morphologies will alter the properties of the host sedinmndiffering degrees. The different
possible hydrate morphologies and their influence is dssdign the following section.

Hydrate Acting as a Cement

Cementation is the creation of chemical bonds between ssdiparticles. It can give soils

a substantial increase in their unconfined compressive hear strength that is mostly at-
tributed to cohesive strength at low strains (Coop & Atkmst093). If hydrate were to act as
a cement in host sediments one would expect to see an indreagength at low concentra-

tions, however, the full degree of cementation is unprediet as different cement types give
rise to different bonding mechanisms, as detailed by Isetadll. (2002). They investigated

the differences between calcite, gypsum and Portland ceasecementing agents, and found
that the different bonding mechanisms gave rise to diffegngineering properties. Calcite
precipitated out in granular form as well as showing a cgabehaviour, whereas the gyp-
sum cementing agent was observed to produce long crystéisavkigh aspect ratio that filled

the intergranular space with overlapping crystals. Theenals bonded with calcite showed
a much higher shear strength than either the gypsum or Rdrdeament at comparable ce-
ment concentrations, with the gypsum cement giving the s$bwkear strength overall. As the
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method of hydrate formation may influence the morphologyyafrate in the pore space (sec-
tion 2.2), it is possible that a number of bonding mechanismsd arise from crystallisation
of hydrate in sediments.

Hydrate as a Pore Filling Component

If hydrate was to form solely in the pore space, the changadonfined compressive and shear
strength of the host sediment may not be as great as that afented sediment. The inclusion
of hydrate would primarily affect change by altering thekomodulus of the sediment (Lee
et al., 1996). In this situation there are two possible m®tta how the hydrate will contribute
to the sediment: either as a component of the sediment framley forming solely in the
pore space (Helgerud et al., 1999; Dvorkin et al., 2000). ytirate were to form purely in
suspension, the shear properties of the sediment woulddseated, but the bulk values would
change due to hydrate replacing pore fluid (Lee et al., 19%gétud et al., 1999; Dvorkin
et al., 2000). If the hydrate became a component of the sedifreeme, the strength of the
sediment would be altered in that the solid phase would nawgisb of the original mineral
grains plus gas hydrate grains. If the strength of pure hgdras less than that of the original
sediment grains, one might expect to see a decrease intstrafritpe overall sediment, due to
a weaker sediment frame of combined mineral and hydrategrdihis is unlikely to be the
case however, due to hydrate formation changing sedimensipyp and having an overriding
affect on bulk modulus (Dvorkin et al., 2000).

The inclusion of hydrate into a sediment as either a cemeiat pore filling component as
described above, will reduce the sediment’s porosity bindjlithe void space with a solid
material. The “grain—displacing” morphology describedHniland et al. (2008) may not have
the same affect, as the hydrate does not replace void sp#iteawolid material, but pushes
grains aside.

Macro—Morphology Effects

The veined, nodular and massive morphologies describeccatidd 2.2.1, as well as the
“grain— displacing” morphologies of Collett et al. (2008)daHolland et al. (2008) may not
be expected to have the same effect on the seismic signaifitesst sediments as the hy-
drate/grain interactions described above. There is litgature available on the effect of
veins and nodules of crystalline material on the seismicatigres of soft sediments, however,
analogies can potentially be made between fracturing asdriigy studies conducted in sedi-
mentary rocks. Experimental and modelling studies havershibat the inclusion of fractures
to sedimentary rocks decreases the seismic velocity ofdbkt(Leucci & Giorgi, 2006; Boadu,
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1997; Boadu & Long, 1996). Factors such as fracture dersitgth, aperture, frequency and
type of infilling material all contribute to the affect of Bring on a rock (Boadu & Long,
1996), with the general trend that as the frequency and tyewidiractures increases, the shear
and compressional wave velocities of the rock decreasedB(97) notes however, that at
high fracture density, measured seismic velocities areimiated by fracture properties, and not
those of the host rock. With regard to hydrate bearing sedisné may therefore be possible
that the presence of hydrate veins could reduce the seigtucity of a host sediment, unless
the density of hydrate veins is very high. It must be noted dwas that fracture modelling
in rocks assumes the infill of the fractures has a weaker nmégddgproperties than the host
rock (Leucci & Giorgi, 2006). This is likely to be the oppasitor hydrate veins and nodules
in sediments, and so the effect of hydrate on host mateiighée signatures may be converse
to those suggested by the fracturing literature.

Effects on Attenuation

In addition to the changes hydrate formation will cause ® ghffness of sediments, there
are also the changes it will cause to the attenuation of tisgewaves that pass through a
hydrate bearing zone. Predicting how gas hydrate will afittenuation, can also be achieved
by considering the morphology of hydrate in the pore space.

It is generally thought that attenuation in marine sedimesttould decrease with decreasing
porosity (Hamilton, 1972). If hydrate is considered as aefdiling component, it could be
suggested that as hydrate content in the pore space indrehseporosity should decrease,
and so would the attenuation. This hypothesis has beemltegt&ei & Carcione (2003), who
modelled gas hydrate bearing sediments containing a mixififree gas, water and hydrate.
The work hypothesised that the inclusion of a materialestithan water (hydrate) and then
grain cementation with increasing hydrate content, wouddkéra porous material more cohe-
sive, and therefore reduce attenuation. The results frein thodels apparently validated this
theory. Further support for this hypothesis came from Pe&hdolbrook (2000), who stated
that the inclusion of hydrate within a sediment should deseethe attenuation, if the hydrate
acted as a cement.

However, there have been studies into the effects of siliegethesis on attenuation that dis-
agree with the theories of Hamilton (1972) and Pecher & Hmlkr(2000). Goldberg et al.
(1985) describe data from marine sediments that were diréled cored from the Baltimore
Canyon trough. The sediments were observed to have an éirngedegree of porcellanite
cementation with depth, that decreased the porosity asasediffecting the size and aspect
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ratio of the sediment pores. The compressional velocithefediments increased with depth
(and decreasing porosity), however the attenuation wassalsn to increase. This increase in
attenuation as the porosity decreased lead to Goldberg €1285) investigating the surface
area of the pores, and how diagenetic effects decrease tbsitgoyet increase the pore sur-
face area. It was concluded that the mechanism responsibkgténuation in the sediments
was stress relaxation, a mechanism analogous to the sguirtfechanism of Mavko & Nur
(1979). ‘Squirt flow’ is a process where the passing of a seismve through porous media
induces pore pressure gradients across individual poregrams. This causes the movement
of water and resultant viscous dissipation of energy (Ma&kdur, 1979; Mavko et al., 1998).
As hydrates most often form in water saturated sedimerissptachanism could contribute to
attenuation in hydrate bearing zones.

2.4.2 The Study of Hydrates from Laboratory Tests

The previous section indicated the variety of effects diffeé hydrate morphologies can have
on a host sediment. In order to determine and quantify thisetg laboratory experiments

can make and test gas hydrates in controlled environmenk®reTare several methods of
synthesising and testing hydrate in the laboratory, whihfinst be described in detail before

being critically examined.

Apparatus

A range of methods can be used to measure the properties citbyahd with and without
associated sediments. Non—contact, nondestructive nethre favoured, with Brillouin Spec-
troscopy and pulse transmission techniques dominatindiglle Whiffen et al. (1982) and
Kiefte et al. (1985) utilised Brillouin spectroscopy to @ehine acoustic velocities in a number
of pure clathrate hydrates. Brillouin spectroscopy ineslthe scattering of light from hyper-
sonic (acoustic) waves which are thermally induced insideaterial (Comins, 2001). Stoll &
Bryan (1979), Bathe et al. (1984), Berge et al. (1999), Waital. (2000) and Winters et al.
(2004) measured the properties of hydrate bearing sedinfgnpulse (wave) propagation, a
technique that can be used over a range of frequencies. THeeaged waves can be detected
either by two separate receivers or by detecting the raflecif the wave with a single re-
ceiver. Yun et al. (2005) used S-wave bender elements toureetiee shear wave velocities in
THF hydrate bearing sands. Bender elements measure sheawealacity by the detection of
induced voltage in piezo—ceramic elements (Atkinson, 2000

Recent advances in gas hydrate research have come from thefiRriest (2004), who inves-
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tigated the properties of hydrate bearing sediments bymgakydrate in a specially developed
resonant column device. The resonant column is a non-désggeotechnical testing appara-
tus that allows for sediments to be tested at frequenciesart to those in seismic surveying.
Shear wave and longitudinal wave velocities were obtaineexgiting a column of sediment

in torsion and flexure to determine its resonant frequenoyv@Md & Kim, 1981; Cascante et al.,

1998).

Formation Techniques

The first attempts to synthesise gas hydrate in sediments eegrducted by Evrenos in 1971
(Kaplan, 1974). Gas and water were alternately flowed thraugediment core at pressure
until it was plugged with hydrate. Although this method wasib and the experiments were
conducted with little intention other than to see if hydredeild form an impermeable plug, the
simulation of a free gas phase flowing through a saturateithged in order to form hydrate
was novel. After the success of Evrenos’ experiments, BEél&74), and Stoll et al. (1971,
1974; 1979) used the percolating free gas technique to meedlse seismic velocities and
thermal conductivity of a sediment/hydrate mix. More reagplications of this method have
been by Brewer et al. (1997), who formed methane hydratedimsst samples 910m deep
in the Monterey Bay submarine canyon, by bubbling free gesutih a range of sediment
samples (previously mentioned in Section 2.2.3). The nmaxtnt use of the gas percolation
method was by Winters et al. (2004), who made methane hyiraand in their GHASTLI
(Gas Hydrate and Sediment Test Laboratory Instrumentgsyst 30mm by 70mm cylindrical
sand specimens were saturated with water before having faniconpressure applied. The
sediments were then slowly injected with methane gas umtibdetermined amount of water
was pushed out. The temperature was then dropped to allokyévate growth. Berge et al.
(1999) also adopted a percolation procedure, but useddghigl IR11 as the guest molecule, or
hydrate former. Berge et al. (1999) made hydrates in 1 libfarme sand specimens by taking
evacuated dry sand and flooding it with fresh water. R11 wess ithjected into the specimen to
replace some of the water, with the content of R11 in the spetidetermined by the volume
of water displaced. The continued used of the gas percolatiethod is due to the belief that
it mimics the migration of free gas into water saturated desgpsediments, as well as it being
a relatively easy method of hydrate synthesis.

Once it had been established that the growth of hydrate imseds was achievable in the
laboratory, other formation methods were developed. Tisédirthese methods involves the
formation of hydrate in partially saturated sediments aasldeen utilised by Stern et al. (2000),
Waite et al. (2004) and Priest (2004). A known amount of watehe form of ice is mixed with
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a sediment (sand in each case) and a back pressure applieethgma gas. Hydrate content
is controlled by making water the limiting factor during lgite formation. Stern et al. (2000)
achieved homogeneously saturated specimens by pre—nsiaimywith seed ice, and forming
the specimens below Q. Priest (2004) also mixed sand with seed ice to ensure heneagisly
distributed moisture, but allowed the ice to melt beforecgpen formation. Once formed,
Priest refroze each specimen so the moisture could not taigtaing testing. Hydrate growth
was then induced by increasing the pressure followed by arase in the temperature of
the specimen to just above freezing. Waite et al. (2004) lgimyxed free water with sand
at room temperature, before increasing the pressure ampidgpthe temperature to induce
hydrate growth. In each case, a 140mm by 70mm cylindricatispgn was formed. This
method of hydrate synthesis is characterised by the canifgas phase present during hydrate
formation, and so can be referred to as an “excess gas” method

An alternative method of hydrate formation mimics the naltwonditions where gas could
come out of solution to form hydrate in water saturated sedisy Buffett & Zatsepina (2000)
showed that they could make hydrate without a free gas phasasibg carbon dioxide as the
guest molecule, as it can be formed out of solution. A fulltevaaturated sand was exposed
to carbon dioxide at room temperature and at a pressure ob2M&low for saturation of the
water with the gas. The specimen was then allowed to mix tir@udiffusive process over a
period of 4 weeks, before the base of the container was céoledt above the freezing point
of water (-1.5C in this case). Hydrate formation was observed by a changesiativity and
temperature. Tohidi et al. (2001) also made hydrate frommotiied carbon dioxide, although
they used a micromodel of etched glass to observe the proegher than sediment speci-
mens. Distilled water containing dissolved carbon dioxides flowed into the micromodel at
6.2MPa. The temperature of the system was then reducetitd®induce hydrate growth.
Spangenberg & Kulenkampff (2005) succeeded in forming arethgas hydrate out of solu-
tion by flowing water containing dissolved methane into alfseent” made from glass beads.
The low solubility of methane in water meant that the experita took 55 days to complete,
but Spangenberg and Kulenkampff managed to achieve hyshtieations of 95% of the pore
space over this time.

Tohidi et al. (2001) utilised another technique that alldarsa continuous water phase to be
present during hydrate formation. A known quantity of gaowed into a glass micromodel,

and then water is slowly injected. The gas is allowed to renmaithe pore spaces creating
small gas bubbles. They observed that hydrate initiallyvgaie the gas—water interface, but
that redistribution occurred the longer the hydrate reetiim the models. This method of
hydrate synthesis allows for homogeneous hydrate disimitoun water saturated conditions,
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but from a free gas phase, and can therefore be described‘ascass water” method.

The final technique that has been developed involves forimyggate from a soluble hydrate
former, tetrahydrofuran (THF). THF is a liquid at room temgiare, and forms hydrate at
low temperatures at atmospheric pressure. Cameron et98I0)-and Yun et al. (2005) have
formed THF hydrates in sediments by mixing finite quantiséTHF with saturated sands.
Yun et al. (2005) made their specimens by creating a THF-nligtgd, that was mixed with
a fine grained sand before specimen formation. Due to theenafuTHF, they were able to
synthesise specimens that contained 100% hydrate in tleegpaice. Cameron et al. (1990)
made hydrates by first forming a cylindrical specimen of dita®a sand, that was then flooded
with a THF/water solution. They then froze the specimen teefemoving it from the former
and testing it in equipment located in a cold room. This tégpimwas only possible due to the
use of a hydrate former that is miscible with water (THF).

Critical Examination of Laboratory Testing

The stability conditions for gas hydrate make testing inléteratory challenging. A consid-

eration to all wishing to form hydrate in the laboratory ismi@ke sure results are applicable
to real world conditions. Therefore, one needs to be surenthhologies of hydrate grown

in the laboratory are the same as those seen in nature. Bleseamake choices with regard
to apparatus, hydrate former and formation technique ieraim ease synthesis of hydrate in
the laboratory, which may have an affect on the way hydrate$o or how the results are

interpreted.

Morphology Induced by Formation Methodology

Two main factors could have a significant affect on the wayratgdforms in a sediment when
considering formation methodology: saturation state &echiydrate former phase (either free
gas or dissolved gas).

Whether the host sediment is fully or partially water saemigorior to hydrate formation has
been found to have a major control on hydrate micro—morgyolo the pore space. Results
from Waite et al. (2004) and Priest (2004), the two bodiegséarch that use partially saturated
conditions, are given in Table 2.4. Both sets of results shigh seismic velocities for hydrate
bearing sands at both 20% and 40% hydrate contents, thabkaweattributed to a cementing
morphology. Hydrate in “excess gas” or partially saturatedditions forms where the water
resides. As this tends to be at grain contacts, hydrate adsanding agent. There is some
concern as to whether this formation method is analgousttoaldydrate formation in the real
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world. Most natural hydrates are found in deep sea settilggevsediments are water saturated
(Sloan, 1998; Kvenvolden et al., 1993). The methods whertiafia saturated specimens are
used (Priest, 2004; Waite et al., 2004) are therefore Ugliteeprovide results applicable to
marine hydrate deposits. Permafrost environments howavera potential analogy to this
formation method, where hydrate is formed in sedimentsaioimy ice.

The laboratory tests that formed hydrate in water saturaiaditions (Berge et al., 1999; Span-
genberg & Kulenkampff, 2005; Yun et al., 2005) are more {ikelproduce the morphologies of
hydrate seen in deep sea sediments. Analysis of the resartsefach test (Table 2.4), has lead
to the conclusion that hydrate initially takes on a poreniglimorphology in these conditions.
Yun et al. (2005) concluded from their tests using THF as aldelhydrate former, that hydrate
nucleated on the surface of sand grains and grew out intoditeegpace. They acknowledged
a critical volume £40% pore space) whereby the shear wave velocity of the setlibegan

to increase from a base level of around 300Mmslue to the hydrate beginning to interact with
the sediment grains. This change in properties at a criigdiate content has also been doc-
umented by Berge et al. (1999) and Spangenberg & Kulenkaf®p@5), at around the same
hydrate content as Yun et al. (2005). The consistency otthesults would suggest the same
morphologies are being produced in each test, at least foritire ‘critical hydrate content’.
After this point however, the results appear to diverge.gBeat al. (1999) state that hydrate
cements the grains together once the critical volume iseslad; as at hydrate volumes of 52%
of the pore space they found a P-wave velocity of 38I0msSpangenberg & Kulenkampff
(2005) show a sharp increase in P—wave velocity at around Ha¥ate, but followed by a
gradual increase in velocity with increasing hydrate contélthough they observed an end—
state of their tests, where glass beads were suspended itria ofidnydrate, Spangenberg &
Kulenkampff (2005) were unable to make any conclusions &®wothe hydrate was forming
in the pore space at lower hydrate contents.

Although the tests of Berge et al. (1999); Spangenberg & ikdenpff (2005) and Yun et al.
(2005) appear comparable, it is still hard to draw relialdaatusions due to the differences
in hydrate former phase, guest species and host materids e influence of hydrate for-
mer phase on the morphology of hydrate has been investgstédHadi et al. (2001). They
compare hydrate formed from a soluble hydrate former (TliSsolved gas (carbon dioxide)
and free gas (methane). It was shown that hydrate would fortheagas water interface in
the case of the free methane gas and water system, with bydidahg a granular form as it
crystallised out. Hydrate formed from the dissolved carbmxide was ‘skeletal’, with the
hydrate taking on an almost dendritic morphology acrossathele specimen (Tohidi et al.,
2001). The carbon dioxide hydrate made from the solubleg@kaswed a similar granular
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form to the methane hydrate. It is apparent from these ohtens that there is a difference
in crystal morphology with regard to the hydrate former, &sitthe tests conducted by Tohidi
et al. (2001) could not investigate the physical propeniethe specimens, it is not clear what
affect these morphologies may have on the mechanical grep@f hydrate. The tests of Yun
et al. (2005) and Spangenberg & Kulenkampff (2005) can bepeped with regard to hydrate
former phase however, with Spangenberg & Kulenkampff (20889 dissolved methane gas,
and Yun et al. (2005) forming hydrate from THF. The resuligegiin Table 2.4 suggest that
the hydrate formed from the dissolved gas Spangenberg &ikalapff (2005) gives slightly
higher seismic velocity values than the soluble hydratméosr(Yun et al., 2005). The results of
Berge et al. (1999) also come from a soluble hydrate forméd{Rand when compared with
Spangenberg and Kulenkampff’s results also appear to ber Ibwapproximately 300ms.
This hypothesis must be made with care however, as eachimgrerused different host ma-
terials.

Even though slight differences are observed between thitses Berge et al. (1999); Span-
genberg & Kulenkampff (2005) and Yun et al. (2005), they mat/le important when consid-
ering the subject of morphology. As stated in the above dson on water saturated tests, the
results do seem to agree on the change of state of the hogiatgtand therefore the likely
morphology of hydrate in the pore space regardless of thél scade differences in seismic
velocity values. The subject of hydrate former phase may trenmportant if it were to cause
larger changes in host sediment properties that lead wsrarto draw the wrong conclusions
on morphology in the pore space.

Hydrate Former

It is still not clear what influence guest molecule, refertedere as hydrate former, has on
the morphology of hydrate and therefore how it affects a kesgiiment. Of the little work
that has been done comparing different hydrate formersh&ret al. (2005) have found that
guest species significantly influences the physical pragseand behaviour of hydrates. It was
concluded that methane gas hydrate behaviour in sedimeuls not be compared to that of
ice, or other hydrate formers such as THF (Durham et al., RO0¥ormation in Table 2.2
agrees with the determinations of Durham et al. in that itxghslight differences between
solid methane and propane hydrate properties. With thisiid tine results presented by Yun
et al. (2005) (Table 2.4) should be observed with certairsiclemations. It is possible that the
use of THF as a hydrate former promotes lower seismic védsdhan should be expected for
a methane gas hydrate bearing sand. Although Spangenbenglégakampff (2005) do not
present shear wave velocity values, their P-wave veloe#ylts do suggest that the seismic
velocities for methane hydrate grown out of solution argtaly higher than the equivalent
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Source Material Vplms™  Vilms™!
Shaw (1986) Water Ice 3890 1900
Waite et al. (2000) Water Ice 3900+40 1970+20
Whiffen et al. (1982) Pure Methane Hydrate 3369 -

Waite et al. (2000) Pure Methane Hydrate 3650+50  1890+30
Bathe et al. (1984) Pure THF Structure Il Hydrate 3513 1663

Stoll & Bryan (1979) Propane—Methane hydrate and Sand800—-2260 —
Winters et al. (2004) ~100%(?) Methane hydrate and san@950 —

20% R11 Hydrate and sand 1700 -
B tal. (1999
erge etal. ( ) 40% R11 hydrate and sand 2500° 1500
. 20% Methane Hydrate and sand 3080 2126
Waite et al. (2004
aite etal. ( ) 40% Methane hydrate and sand 3360 2300
. 20% Methane Hydrate and sand 2476 1423
Priest (2004
riest ( ) 40% Methane Hydrate and sand 2908 1636
Spangenberg & 20% Methane hydrate and glass bead2000° -
Kulenkampff (2005) 40% Methane hydrate and glass beadd300° —
40% THF hydrate and sand - 300
Yun et al. (2005
unetal. ( ) 90% THF hydrate and sand - 1500

Table 2.4: P—wave (V,) and shear wave () velocities gained by various workers of hydrate synthe-
sized in the laboratory:Calculated saturateld, values’Values calculated by Waite et al. (2004) using
standard rock physics relatiofr8pproximate values.

values found by Yun et al. (2005). This may be a slight redihgtnowever, as Spangenberg &
Kulenkampff (2005) formed hydrate in glass beads and notrabsand. Bui (2009) has shown
that specimens formed from glass ballotini have a much higgismic velocity than specimens
formed of sand of a similar grain size. By using glass beagan§enberg & Kulenkampff
(2005) may have produced results that are not comparabf®se of Yun et al. (2005).

In addition to the work of Yun et al. (2005), Buffett & Zatsapi(2000), Tohidi et al. (2001) and
Berge et al. (1999) have each deviated from using metharteeaguest molecule in hydrate
formation, with Buffett & Zatsepina (2000) and Tohidi et §001) using CQ, and Berge
et al. (1999) using R11 to form hydrate. Although Buffett &Zepina (2000) and Tohidi et al.
(2001) do not present physical property measurements, gohanisms of hydrate formation
they observe may not be comparable to those of methane bydpatails from Ismail et al.
(2002) show that different cement types have different rolggies in the pore space and so
it seems unwise to assume that all hydrate formers will takesame form in a host sediments
without testing this hypothesis.

Choice of Apparatus
The implications of apparatus choice are not as direct asetBpecifically affecting hydrate
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growth, but can still lead to a mis—understanding of hydnadephology. It has been shown that
the velocity of water—saturated sediments is dependeriteofrequency of measurement (Best
etal., 2001; Stoll, 2002; Lee & Collett, 2008). Lee & Coll2008) have modelled the effect of
frequency change on partially saturated sediments andlftha P—wave velocity can increase
by 500ms ' between seismic frequencies§00Hz) and those above 1kHz. Experimental
work by Best et al. (2001) and Stoll (2002) also show an irsea P—wave velocities for
unbonded sediments when testing over a range of frequeinoieseismic to ultrasonic. Some
of the non—destructive methods for testing gas hydratdrmgeaediments may therefore distort
the results from many synthetic hydrate bearing sedimemisnaake them seem stiffer, or
weaker than they actually are. This effect could be evidemerwone compares the results
from Waite et al. (2004) and Priest (2004). The same formagehnique was used in both
tests, along with comparable materials, however, Waitd.g2804) obtained much higher
values than Priest (2004) for the same hydrate contentdg(Ralh). Priest used a resonant
column device to measure shear wave velocity, in which teguency of excitation did not
exceed 600Hz. The P—wave transducers of Waite et al. (2088 LUMHz sources, which
could increase the measured P—wave velocity of a sedimeB0®ys ! according to Lee &
Collett (2008). The use of high frequency sources couldefloee lead to mis—interpretation of
hydrate morphology and how it is affecting the sediment,clwhiill in turn lead to detecting
and quantification errors during seismic surveying.

It seems clear that in order to draw solid conclusions on tbephology of hydrate in the
pore space, a direct comparison must be made between latyosghthesised hydrates formed
in consistent conditions. All the tests described aboves ltifferences in formation method,
guest molecule, and hydrate former phase that cast doulfteoakility to compare between
them reliably.

2.4.3 Modelling Gas Hydrate in Sediments

In addition to laboratory methods, modelling of the hydraediment system has proved a
valuable tool in determining the effect hydrate has on tloperties of sediments. Rock physics
modelling is based on the knowledge of the relationship betwwave speeds and the elastic
moduli of a rock’s components. The variety of modelling teicues available each manage the
arrangement and interaction of these components difigreaitd so each have their benefits
and drawbacks in the application to hydrate research. Lak €996) was the first to model

gas hydrate in a sediment and utilised the weighted equat&hod which averages a sediment
as a solid phase plus a suspension phase. The differerfitietied medium (DEM) model also
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Figure 2.6: The two forms of hydrate as cement (a) Hydrate forms a ceméheayrain contacts. (b)
Hydrate grows to envelop the grains. From Dvorkin et al. (300

uses a two phase system, and creates composites by incafigneding inclusions of one
phase to another “matrix” phase (Zimmerman, 1991; Mavkd.efi898). The DEM method
has been notably used by Jakobsen et al. (2000) to predisethmic properties of clay rich
hydrate bearing sediments.

Further modelling methods utilise a three phase systemasmfiased on modelling the sed-
iment as a random packing of spherical grains (Mavko et 8B8L The three phase system
considers hydrate as a component of the sediment either @s@nting agent, a pore filling
material, or a frame building material (Ecker et al., 2006)a continuation of the hypotheses
described in Section 2.4.1, the three phase modelling rdstae now briefly described.

Cementing Models

The work of Dvorkin et al. (1999a) describes the applicatba model that explores the way
hydrate would affect a sediment if forming as a cement athgcantacts. The models are
based around the CCT (contact cement theory) of Dvorkin.€tL8B4) which calculates the

shear and bulk moduli of a dense, random packing of sphegieahs with a small amount

of elastic cement at contacts. The model depends on thenakigbrosity of the sediment

(without gas hydrate), the hydrate content of the pore spéeeelastic moduli of both the

hydrate and original mineral phase, and the average nunflgeaio contacts per grain (called

the coordination number) of the grain pack. The model cam talke into account the cement
distribution, allowing for the difference in cementing mbology for a cement that coats the
grains, or one that solely forms at grain contacts (Figué®. ZThe equations that are used in
this model are shown in Appendix A.

Pore Filling Models

The modelling of gas hydrate as a pore filling material is natr@ight forward than modelling
it as a cement. As mentioned previously in Section 2.4.1rdtgdforming in the pore space
would only alter the bulk modulus of the sediment, withouteting the interaction of the
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Figure 2.7: Two configurations of hydrate forming in the pore space (aflfdte forms in suspension
(b) Hydrate grows to become part of the sediment load beé#ramge.

sediment grains. Standard models for the bulk moduli ofragtd materials can therefore be
modified to include the hydrate as an additional componequakons by Gassmann (1951)
derive the bulk modulus of a saturated sediment by usingutenboduli of the sediment frame
and the sediment’s constituent parts, i.e. the minerahgraind the pore fluid. If hydrate were
to form in suspension in a saturated pore space (Figurei2c&a) then be assumed to alter only
the bulk moduli of the fluid. This altered value can then belusstead of the bulk modulus
of water for the pore fluid in Gassmann’s (1951) equation. @dpeations for this modelling
method can be found in Appendix A.

Frame Building Models

Hydrate can affect a sediment by growing in a way that thengraf hydrate become part of

the load bearing structure of the sediment (Figure 2.7bdhisf was the case, the stiffness of
the sediment would be altered by the fact that instead of grain—grain contacts, there would
also be grain—hydrate contacts. The adjustments to tlieestif of a material can be calculated
by determining the difference in properties of a hydratérgtampared with a grain of the host
sediment. The sediment can be considered as having a mixestaitgy and the Equation

from Gassmann (1951) can once again be used to determinenioalidlus.

Figures 2.8 and 2.9 compare the results generated fromréee phase models described above
for a range of hydrate contents from 0 to 45% of the pore spag@redicted, hydrate acting as
a cement produces high compressional and shear wave iedatitow hydrate concentrations.
The two cement configurations show that there is a smallee@se in seismic velocity when
the hydrate is evenly distributed over the grains, but tedhe hydrate concentrations become
larger, this difference diminishes. The P— and shear wasidtseof the other two models also
illustrate the behaviour discussed in Section 2.4.1.

The modelling of gas hydrate in sediments has mostly beendier do quantify hydrate con-
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Figure 2.8: A comparison of P—wave velocities generated by differentghological models over a
range of hydrate saturations
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Figure 2.9: A comparison of shear wave velocities generated by difter@rphological models over a

range of hydrate saturations



2: AREVIEW OF GAS HYDRATES IN SEDIMENTS 36

centrations (Lee et al., 1996; Yuan et al., 1999; Ecker eRAD0; Jakobsen et al., 2000). The
first attempt to infer the morphology of hydrate in a sedimeas by Ecker et al. (1998). They
compared the seismic data from a BSR on the Blake Ridge wéthebults from a three phase
model where hydrate was modelled using the above conditiereither a cementing or pore
filling component. They deduced that the morphology of thdrate at their location was of
a pore filling type. Further analysis has then been made omthvghology of hydrates by
comparing laboratory and natural data with model resulée & Collett (2001) conclude that
hydrate must also be pore filling in the permafrost regionhef MacKenzie Delta, as their
weighted equation models better predict this morphologytlie well log and seismic data
observed. Seismic data from the Mackenzie Delta has also &ealysed by Winters et al.
(2004), who came to the conclusion that hydrates were aefingart of the sediment frame.
This verdict has been mirrored by Chand et al. (2004) who tedi@ number of different
seismic traces from clay rich sediments on the Blake Ridgeimmthe MacKenzie Delta, and
concluded that “hydrate forms a connected phase affedtmgack framework”. Although the
general consensus from the modelling literature is thatdtgd do not form as a cement in
nature, there are some reports that suggest some cemertatill occur. Yuan et al. (1999)
measured a seismic response in the Cascadia Margin thalt @olyl be reproduced in a model
that located hydrate as a cement at grain contacts. Gueah @999) have also reported a
cementing nature in hydrate bearing sediments of the BladtgeRhowever, their results are in
direct conflict with those of Helgerud (2001) who, when udimg same modelling techniques,
on the same site came to the conclusion that the hydrate ame fiouilding, not cementing.

2.4.4 Attenuation Measurements for Hydrate Bearing Sedimets

The only experimental work to have measured attenuatiorydrate bearing sediments is that
of Priest et al. (2006). Results from tests on hydrate grawpaitially saturated (“excess gas”)
sands showed that shear wave attenuation was at a high aBétirid 5% hydrate content,
where the quality factor Q, representing the ratio of staredrgy to dissipated energy in a
system was found to be approximately 50, before increasiag¢letively constant value from
10% to 40% hydrate content (Q=125) indicating a lower at¢ion. The low attenuation
with high hydrate content was attributed to the cementingpmalogy of the hydrate in the
specimens, coupled with the lack of free water. The attémuaieak observed between 3%
and 5% hydrate content was due to patchy and weak cemengatioss the specimen (Saxena
etal., 1988; Priest et al., 2006). The results were in agee¢mith the hypotheses of Pecher &
Holbrook (2000) that stated hydrate inclusion in a sedirsbotld see a decrease in attenuation
if cementing occurred.
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Field measurement of attenuation in sediments contain@sghgdrate is a relatively new en-
deavour. Guerin & Goldberg (2002) were the first to documeriaionship between atten-
uation and hydrate content in the field, by measuring thenadtiion of sonic waves in the
Mallik 2L-38 well in the Mackenzie Delta, Canada. They olsera P-wave velocity increase
in the sediment with increasing hydrate content, howeverttenuation of the sediment also
increased as the proportion of hydrate in the pore spacenteetarger. This pattern is not
in agreement with that expected if hydrate were to act as a filing component and re-
duce porosity (Hamilton, 1972). However, the data confomith that of Goldberg et al.
(1985), who observed the same behaviour in sediments witlingadegrees of silica diage-
nesis. Survey data from the Nankai Trough also shows the salat@onship between sonic
attenuation and hydrate content (Matsushima, 2005). Itokasrved that both compressional
and shear wave attenuation increased with increasing teydoatent. Matsushima suggested
that attenuation change may become a more helpful tool #iamg& velocity in detecting and
characterising hydrate bearing sediments.

2.5 Summary

From a review of the literature into gas hydrate researctart be seen that the information
needed to accurately detect and quantify methane hydrateradations in the sub—surface is
not complete. The following lists the conclusions that cardkawn from the literature and the
direction future research must take.

e Gas hydrate is a solid material that takes on a variety of haqgies in the pore space
of a host sediment, controlled by tectonic setting, gas lsugmd host sediment type.

e Gas hydrate effects the mechanical properties of a sediméifferent ways depending
on it's morphology.

e Current methods of quantifying hydrate in natural sedimeare seismic surveying,
drilling and sampling, of which seismic surveying is useitiatly to detect hydrate pres-
ence in the sub—surface.

e Seismic surveying still relies heavily on the location of 8Bto identify hydrate pres-
ence in marine and permafrost environments, even thoughhtts been shown to be
unreliable as a detection method (Ashi et al., 2002; Paall. e1996).

e Awide range of shear and compressional wave velocities begg obtained for hydrate
bearing sediments by seismic surveying and logging teclesiqTable 2.3). This dis-
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crepancy means that researchers still do not know what iteloofiles to expect from
a hydrate deposit.

e Laboratory testing can be undertaken in order to get a bettéerstanding of hydrate
bearing sediments and their seismic signatures.

e Laboratory testing of natural methane hydrate samples éas mited due to the diffi-
culty of maintaining stability conditions during recoveand transference to apparatus.
Recent advances in pressure coring have allowed for inyatrate samples to be recov-
ered, but a method for transferring them to equipment fodépth geotechnical testing
does not currently exist.

e Synthetic hydrate growth in the laboratory utilises a numdfenethods, although anal-
ysis suggests application of any results to natural hyditefeosits must be used with
care:

— Many laboratory methods for testing sediment hosted gasatsgl use high fre-
guency measurement techniques that do not lend themselszgisfactory com-
parison with results from seismic surveying. The only cotrfew frequency method
of testing hydrate bearing sediments is the resonant colietimique of Priest
(2004).

— Some previous laboratory tests on gas hydrate have usetty\arhydrate form-
ers other than methane, to more easily form gas hydrate.edsfllnence of hydrate
former on hydrate mechanical properties is not fully unaerd, results from these
tests are ambiguous.

— Measurement techniques for laboratory synthesised tg/deguire homogeneous
specimens for correct interpretation, however a numberefipus experiments
have shown no control of hydrate distribution (Berge etE99; Winters et al.,
2004).

— The saturation state of hydrate formation must be analotmumatural environ-
ments if results are to be applicable to seismic surveying.

e Analysis of synthetic hydrate formation and laboratonytitgshas suggested that for-
mation methodology in the laboratory has an affect on hgdnadrphology in the pore
space.

e Due to the complexity of forming hydrate in the laboratoittld work had been con-
ducted on forming hydrate in sediments other than homogensands.
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e Attenuation results from the field suggest that attenuatioanges in hydrate bearing
sediments could provide a more reliable method for the tleteand quantification of
sub—surface hydrate deposits (Guerin & Goldberg, 2002siktima, 2005), but more
detailed investigation is necessary to support this hygsith



Chapter 3

TESTS ONSYNTHETIC HYDRATE
BEARING SEDIMENTS:
EXPERIMENTAL METHODS

3.1 Introduction

The literature reviewed in Chapter 2 highlights the diffiimd in attempting to synthesise and
measure the properties of gas hydrate in the laboratory. pBamises, either in choice of
hydrate former or in formation technique, are necessaryadstroases in order to form hydrate
under controlled conditions. It is also evident that litterk has been done to investigate the
growth of hydrates in sediments with a variety of particiesind shape. This chapter describes
a series of tests that investigated the influence of formatiethod and sediment type on the
way hydrate impacts a sediment. The methods and equipmedtimshe testing also aimed
to resolve some of the issues described in the literatuiewewith regard to homogeneity and
application to natural environments.

The chapter begins with an introduction to the Gas HydrasoRant Column, a device specif-
ically designed at the University of Southampton to syrnifeeand test gas hydrate. The res-
onant column test methodology is discussed, including #te ceduction techniques used to
obtain the physical properties of the sediment.

The first series of tests will then be described, where a ndelogy was developed to make



3: EXPERIMENTAL METHODS 41

homogeneous methane gas hydrate in sands that were alitpsiafurated. The second se-
guence of tests formed methane hydrate in sediments withietyaf particle shapes and
sizes. A description of these tests will then be followed tyne typical observations seen in
specimen preparation, hydrate formation and resonantrootesting.

3.2 The Gas Hydrate Resonant Column Apparatus

The apparatus used in this research was the Gas Hydrate &¢soolumn (GHRC). It was
developed by Priest (2004) and GDS Instruments Ltd, as partcollaborative grant funded
by the ‘HYDRATECH’ project. The original aim was to design apparatus that allowed
formation and subsequent testing of methane gas hydratempsadiments at frequencies and
strain rates comparable to those frequently used in semmmieys. A number of features were
added to a standard Stokoe resonant column to make it @uftatbfjas hydrate testing (Priest,
2004).These included a pressure cell rated to 25MPa, andvanorement chamber capable of
temperatures between ‘2D and 50C, that allow for specimens inside the resonant column
to be taken into the methane hydrate stability field. Inle¢ésenalso included that allowed for
back pressure to be applied by using either gas or wateryreess

This section summarises the theory behind the resonanhoadievice and the associated equa-
tions used in data reduction, as well as giving a brief dpion of the control mechanisms of
the gas hydrate resonant column.

3.2.1 Resonant Column Test Procedure

The resonant column device is a laboratory apparatus thasumes the dynamic properties
of sediments at small strains (10to 1075). As the resonant test is nondestructive, the same
specimen can be tested over a range of confining pressures iest sequence. The principle
of the resonant column test is to excite a cylindrical coluwheediment at its first torsional or
first flexural mode and so determine shear modulus and vieviceng’s modulus respectively.
By monitoring the motion of one end of the column, the natweslonant frequency of the
specimen is measured. This can then be used to evaluateghevsave velocity; through
the column of sediment (Bennell & Smith, 1991) from torsioagcitation, or longitudinal
wave velocityV;, from flexural excitation (Cascante et al., 1998). Attermratneasurements
Q1 andQl‘f1 for torsion and flexure respectively) can also be made ukmggsonant column
device.
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Figure 3.1: Motion of the magnets in torsional and flexural excitatiorori Cascante et al. (1998).

There are a number of different designs of the resonant coldevice. The GHRC is based
on a Stokoe resonant column that utilises fixed—free boyrmtarditions. In the fixed-free test
a cylindrical specimen is fixed at its base and excited viaia dnechanism attached to the
free end. The GHRC also makes use of modifications to the 8tmdsonant column adopted
by Cascante et al. (1998) for flexural excitation. In a stathdasonant column, four pairs of
coils are connected in series to induce torsional excratkeor flexural movement, two coils
are used to produce a horizontal force on the specimen @Rd). This allows for the same
coil and magnet arrangement to be used for both excitatiatesno

Stiffness Measurements

The reduction of data from the resonant column test to catiewave velocity depends upon
the boundary conditions. The system is modelled as havilmggéesdegree of freedom, which
allows for ease in data reduction.

Stiffness Measurements from Torsional Vibration

By measuring the natural frequency in the resonant colutmyvelocity of the propagating
wave and the degree of damping of the system can be foundr &hea velocity can then be
used along with the density of the specimen to determinehtbarasnodulus.

The natural frequency of torsional vibration allows foraheave velocity ;) to be calculated
from the relationship (Richart et al., 1970):

I wpl
A = Btan 3 where (= v (3.1)
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Figure 3.2: The frequency response curve for a specimen of Leighton &8dzzand, showing the
resonant frequency when a peak amplitude is observed

Wherew,, is the natural circular frequency vibration of the specimies the length of speci-
men; I, is the mass polar moment of inertia of drive unit; ahi the mass polar moment of
inertia of specimen. Onck; has been found, shear modulidsan be determined from:

G=V2p (3.2)

Wherep is the density of the specimen. Equation 3.1 is the basictegutor the fixed-free
resonant column.

The natural frequencyy,, is the only parameter in Equation 3.1 that is measured guin
resonant column test. From standard equations of forceddrac vibration (Thomson, 1993),
it has been shown that the peak amplitude from an appliedérexy of excitation approaches
the natural frequency of the system when damping approa#es It can be assumed, with
regard to resonant column testing of soils, that at low rstraiamping will be less than 10%
(Vucetic & Dobry, 1991). With this assumption, the natur@duencyw,, can be determined
by conducting a frequency sweep, with the measured amgplitdidibration of the specimen
reaching a peak at the natural frequency (Figure 3.2).



3: EXPERIMENTAL METHODS 44

Stiffness Measurements from Flexural Vibration

In flexural excitation, the resonant column system is careid to be a flexing cantilever beam
with a lumped mass attached at the free end. In a single de§femedom system, the natural
frequency of a cantilever beaury is represented by (Hulse & Cain, 2000):

3EI,
mL3

w} = (3.3)
wherel, is the second area moment of inertia of the beams the lumped mass; antl is
the length of the beam. Equation 3.3 represents a systeneulebeam has no mass, and a
lumped mass is attached to the beam at a single point. FigBii#utrates the idealised state
of the resonant column as a cantilever beam. From this figiucan be seen that allowances
must be made for the mass of the specimen (representing dne) laad the distribution of the
mass of the top cap, drive mechanism and other additionadesadRayleigh has shown this
can be done by using the “energy method”, which accounts &msrdistribution by calculating
the equivalent acting mass, effective massf each mass component at a point on the end of
the cantilever beam (Thomson, 1993). Utilising this methi@dscante (1996) has shown that
the natural frequency of a specimen in flexure in a resondatroocan be found from:

FE1,
wf? = o (3.4)

Bomr + oy mih(hos, ;)| L3

where

3(hui + hoi) 3 (hf; + haihoi + h3;)
2L 4 L?

whereN additional masses have their massgsvenly distributed betweekD; andhl1; (Fig-

ure 3.3); andny is the mass of specimen.

h(hoi, h1i) =1+

(3.5)

Equations 3.4 and 3.5 allow the derivation of Young's modutem flexural excitationt ;.
by measuring the flexural resonant frequency and using thmegeic properties of the spec-
imen and drive mechanism. In order to find the longitudinaveveelocity V;; from Ey.,, a
similar relationship betweeW,; andG as seen in Equation 3.2 can be used:

Vij = (3.6)

By assuming that the specimen being tested is made up of ke-spigse isotropic medium,
the P-wave velocity/, of the specimen can be found through the relationship (Cése al.,
1998):

1—-v
Vo= Vlf\/(1 +v)(1—1v) S
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Figure 3.3: A representation of the resonant column as a cantilever pa&ere the specimen is ide-
alised as a beam with a lumped mass which consists of the fmpddae mechanism and additional
mass.

Wherev is the Poisson’s ratio of the specimen, and is found by:

1 V2
v=--5 1 (3.8)
2Vl§

Strain Measurements

Torsional Strain
The calculation of strain in the resonant column is basedherstrain of a solid cylindrical bar
subject to pure torsion, which is (Hulse & Cain, 2000):

RO
= 3.9
8 7 (3.9)

Where R is the radius of the specimefi;is the angle of rotation; and is the length of the
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specimen. In order to consider the average strain acrossdhe section of a solid specimen,
the American Standards (ASTM) recommend takirigR in place of R so that Equation 3.9
becomes:

7o =22 310)
In the GHRC,R and L are the geometric properties of the specimen, with the afglatation
calculated from the displacement derived from an acceletenreading. The accelerometer
used in the GHRC produces a voltagehat is multiplied by a constarff to give the acceler-

ation experienced by the specimen during resonance
=27V (3.11)

For the GHRC accelerometef, is the valuey/2¢2/5 (whereg is the gravitational acceleration
at the earth’s surface). From simple harmonic motions w?z wherew = 27 f. x can be
considered a8l, which allows for the angle of rotation to be found from:
zv
0= —— 3.12

e fy (3.12)
where f is the frequency of excitation, andis the distance of the accelerometer from the
central axis of the specimen=(0.03625m in the GHRC). Substituting Equation 3.12 into
Equation 3.10, the torsional strain in the GHRC is:

V2grV
T = 15x f2L0 (3.13)

or 1.56Vd
- v 14
Ve 7L (3.14)

Whered is the diameter of the specimen.

Flexural Strain Measurements

The strain in a cantilever beam can be calculated from thed&fh of the beam away from
its neutral axis. The deflection of a beam is modelled as aleirarc, with the arc represented
by the neutral axis with a lengtRé, wheref and R are the angle and radius of curvature
respectively (Figure 3.4(a)). Basic strain in bending ¢eerefore be described as:

D
= — 3.15
e== (3.15)

Where D is the distance to a point on the beam perpendiculiuetoeutral axis. Considering
this relationship in terms of deflection can be done by visirg) the deflection of the beam
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to have a slopeéy/dx (Figure 3.4(b)). The rate of change of that slope is givenumgature
K = —d?y/dx?. K is related to Figure 3.4(a), in th& = 1/R, therefore the strain in a
cylindrical beam can be obtained from:

dgy

e=—2r
dx?

(3.16)

Wherer is a distance from the neutral plane in thdirection. Cascante (1996) has shown that
Equation 3.16 can be described in terms of the displacenfaheaantilever beany and the
elevationz by:

e =6a(L —x)r (3.17)

where

_ yr
T I22L +3(z - 1)) (3.18)

In the GHRC, the total deflection; is comprised of the deflection of the specimgadded
to the deflection of all the additional masses on the top okpeximendy (Figure 3.5). The
accelerometer mounted on the top of the specimen recordstti@isplacemengr, and from
Equation 3.12 is equal to:

0.141V
yr = T (3.19)
The average strain in a cylindrical beam of radiRiand lengthl, is obtained by summing all
the strains in the beam along it's length and cross sectidadt?2004). Therefore, Equation
3.17 becomes:

4
Eavg = —RLa (3.20)
s
and so the average strain in flexure of a specimen in the GHR®e&#und from:

I 0.18VR
I f2L2L + 3(x — L))

(3.21)

wherez is elevation from the base of the specimen.

Attenuation Measurements

In geophysical surveying, energy dissipation is represkby the quality factof), which is
defined as the ratio of stored energy to dissipated energgysteam. In geotechnical testing,
attenuation is normally termed damping, and given in terfriiesdamping ratiaD. Q andD
are related to each other through:

1
—— 3.22
5 2D (3.22)
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Figure 3.4: (a)A representation of the bending of a segment of a beamneghrd to the radius of
curvatureR and the angle of curvatufeof the neutral plane. (b) The slope of a deflected beam in terms
of dx anddy
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Figure 3.5: Deflection of a cantilever beamwith the additional deflection of an idealised lump mass
dy situated at the end of the beam
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Two different methods can be used for determining the dagngithe specimen in the GHRC.
The first uses the ‘half power method’, obtained from the elgenerated from the frequency
sweep at constant amplitude (Figure 3.6). If a hypothetigatem were subject to zero damp-
ing, all the energy of the system would be directed into theglsi frequency when resonance
occurred, creating an infinite peak of no width. In a dampesiesy, some of this energy is
transferred to other frequencies near resonance, widénéngbserved peak. The ’half power
method’ is a measure of the width of the peak, and therefaredtgree of damping. Two
points, f; and f, are identified on either side of the resonant frequency. hes referred to
as half power points, as they represent the frequency wiadfréhle power of the of the system
has been absorbed by damping. In a system undergoing harmetion, the power absorbed
by damping is proportional to the square of the maximum anmidiX, ... . Therefore the half
power points will be found at the amplitudé,,,.. /v/2 (Meirovitch, 2001) (Figure 3.6). Once
f1 and f5 have been found, dampirg is given by:

D:f2—f1

2
S, (3.23)

D is a measure of the sharpness of resonance, and assumesqgtenfty response curve is
symmetrical about the resonant frequency. In the resormdiminn system this is normally true
at low strains. However, as strain increases, the curvebestess symmetrical and introduces
errors in the measurement bX.

The second method for determining damping in the GHRC isvilemtion decay (FVD). FVD
considers the relationship between successive peak aogditvhen the specimen is allowed to
decay freely from resonance in an underdamped system (Tdmrh893; Richart et al., 1970).
To determine the damping of a system, the free vibrationlaigpnent amplitude history is
measured and recorded after a specimen has been excitehadimee. Figure 3.7 shows the
vibration decay history obtained from a specimen of LeigHBuzzard sand under 250kPa of
effective stress. Damping is calculated by finding the litlgaric decrement, which is the
natural logarithmic value of the ratio of two adjacent peakues of displacement (amplitudes
x1 andzs):

§=InZ (3.24)

x2

When considering the relationship between any two consecpeaksey andz,,, ¢ is written

as:
Lo

on =1In— (3.25)

Tn

A rearrangement of Equation 3.25 shows thaan be found by plotting the natural logarithm
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Figure 3.6: The frequency response curve for a specimen of Leighton&dzand, showing the values
for f1 andf, found from the half power method

of each peak amplitude against cycle number (Figure 3.8jadtbe shown thdtis related to
damping ratioD by (Thomson, 1993):

27D

and soD is established through a rearrangement of Equation 3.26:

52
D=\ljmis (3.27)

The value forD obtained by the half power and free vibration decay methtstsiacludes an
element of damping from the apparatus. Equipment dampiagésonant column comes from
the natural damping of the drive mechanism as well as the ognpduced by the movement
of the magnets inside the coils, termed back—EMF. Equiprdantping has the potential to
mask the damping of the specimen, but the GHRC has the dloilitgve an ‘open circuit’ dur-
ing FVD, which means the measured value for damping from F¥&schot include equipment

damping from back—EMF. The free vibration decay method ésetfore more readily used in
the GHRC to determine damping.
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Although the relationships here have been with referendertional damping, the principles
described are the same for any vibrating system that is rieatdat having a single degree of
freedom. The equations for FVD are therefore used whenrdetgrg the damping in flexural
excitation also.

Assumptions in GHRC Data Reduction

The derivations of shear and longitudinal wave velocityrfrGHRC tests make a humber of
assumptions. Primarily, the material is assumed to bedgimtiand elastic. Natural sediments
are rarely isotropic, and will have a certain degree of arogy that is either due to the ap-
plication of anisotropic stress, or is an inherent chargtie of the sediment from the natural
alignment of particles during deposition (Powrie, 1997 pwdver, measures can be taken in
the laboratory when testing specimens in the resonant eolameduce anisotropy. The GHRC
has the ability to apply isotropic load, so that stress iedugnisotropy is low. Additionally, if
specimens consist of rotund materials (predominantly Sahis will reduce anisotropy caused
by grain alignment (care must be taken when testing speaioa mixture of materials). By
taking these measures, it allows for the use of the resommduntng to derive propertie§ and
Eyez, as the device can not measure the additional elastic caadtzat would be needed to
account for anisotropy in a specimen.

To interpret data from flexural excitation in the resonardticon, more assumptions must be
made. The cantilever beam approximation for the specimendame mechanism assumes
that (a) the system has a consistent cross section alongtinety of it's length and (b) the
specimens length is at least twice it's width. The data rédn@lso requires that the specimen
is loaded in its plane of symmetry, and that the deformatibesperiences are small. The
dimensions of the specimen in the GHRC, as well as the wayrféxaxcitation is applied,
allow for these assumptions to be made in the GHRC tests.

3.2.2 Calibration of the GHRC

Torsion

Equation 3.1 used to reduce data from the GHRC requires the ;g the mass polar moment
of inertia of the drive system, to be known. The complex shaffibe drive mechanism means
that the experimental determination kfis preferred over a geometrical calculation. In order
to determinel, experimentally, a bar of known stiffness can be used instédkle specimen

in the resonant column. The system is then idealised asianatsnass spring system, where
the bar can be taken as a spring of stiffnésgith a mass at the end represented by the drive
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Bar number Frequency Vi (ms~!) % Error

Bar 1 199.8 3072.7 -0.79

Experimental, Bar 2 306.5 3056.5 -1.33
Bar 3 384.2 3064.1 -1.07

Bar 4 457.5 3116.5 0.63

Bar 1 199.8 3096.1 -0.03

Correctedl Bar 2 306.5 3086.2 -0.35
° Bar 3 384.2 3104.7 0.25

Bar 4 457.5 3088.4 -0.28

Table 3.1: Experimental and corrected values for shear wave veldgifgr each aluminium calibration
bar given with error for the true value of shear wave veloftyaluminium (3097ms?)

mechanism. The natural frequengy can then be obtained from:

Wnp =

k
— 3.28
. (3.28)

To derive I, in the GHRC, an aluminium calibration bar is placed in theonasit column
and it's natural frequency determined via a resonant coltgan This test is repeated in turn
by adding additional masses to the top of the calibration doadf obtaining the new resonant
frequencies for each mass. The valuefpmn Equation 3.28 can then be written to include the
mass polar moment of inertia of the added magsgs so that the equation contaifis+ I, .

A rearrangement of the resultant equation gives:

k
Iom = — + I, (3.29)

n
Equation 3.29 takes the form of a standard linear equatitmttel on a graph of /w? against
1., the value forl, is given at they axis intercept. A total of four bars were used in the
GHRC, to represent the range of frequencies that may be epetien testing hydrate bearing
sediments. Figure 3.9 shows the results obtained from thieedalibration bars used in the
GHRC. As mentioned previously, is a geometrical property of the drive mechanism, and so
should be a constant value. However, it can be seen in FigBréa&t as the natural frequency
of the bar increases from bar 1 to bar 4, the valuelfoalso increases. This characteristic
of the resonant column has been addressed (Clayton et @8bP0y correcting the value of
1, due to frequency (Figure 3.10). Table 3.1 shows the detedtiom of VV; from the results

of the calibration tests compared with the actual valuéofor aluminium @097ms—1). It

can be seen that the error in the valué/pfrom the experimental results is reduced when the
corrected value fof, is taken from Figure 3.10.
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Flexure

The determination of vertical Young’s Modulus in the GHR@uies the rearrangement of
Equation 3.4. The Equation allows for the effective massamfhecomponent on the top of
the specimen to be represented in terms of it's relativehteigd mass. Equation 3.5 can be
rewritten to allow for masses of complex geometry by usirgydéntre of gravityy.; and the
area moment of inertid,; of each component instead 66; and 21,. Thus, Equation 3.5
becomes:

3Yei 9 (I,
I )=1 ct Yy 2‘ )
h(Yei, Iyi) + 7 + 1 (_mi +ya> (3.30)

To establish the equivalent height of the drive mechanistiues ofn;, y.; andI,; are required.
m; can be measured for the drive mechanism, @ndan be taken as the geometric cenfig.
is then found through a similar calibration procedure asdgsion.

The natural frequency of each bar is obtained with and witouadditional mass. By using
Equation 3.5, the values for the height of the top bar, topasapadded masses can be found.
Equation 3.4 is then utilised to form two simultaneous eiguatfor the bar with and without
the added mass, containing the measured resonant frequaluges from each resonant test,
and those properties that are directly measurable. Sothiege equations to find the height of
the drive mechanism, and then substituting into EquatiB0 gives the value fof,.

As with the calibration fod,, the experimental values fdy, from each bar are not consistent,
but unlike I, do not fall onto a single line. Thus, in order to obtain a vdlel,, Priest (2004)
suggests using a regression analysis that uses the knoweniahatoperties of the calibration
bars and the measured frequencies to calcdlatés even this analysis shows some frequency
dependency to the values &f, the empirical solution shown in Figure 3.11 is used here to
determinel,,.

Determination of Equipment Damping

As mentioned previously, the damping values found from free'vibration decay’ and ‘half

power methods (Section 3.2.1) contain an element of egeigrdamping. The half power
method incorporates damping from the drive mechanism amdettardant affect from back—
EMF. Damping found from the free vibration decay method doeesinclude the affect of

back—-EMF and so it is the method used in the GHRC. Howeverrderao obtain the true

damping in a specimen from FVD, a value for equipment dampingt be obtained and then
deducted from measured damping values.

Equipment damping in the GHRC is calculated from the dampétig obtained from the alu-
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Figure 3.11: Values ofI, found from regression analysis, plotted against resomagtiency for each
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Figure 3.12: Damping values measured during tests of aluminium caldmatars, in both torsion and
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minium calibration bars. The material damping for aluminiis considered negligible (stan-
dard tables giv&) = 350000 for aluminium), and so the damping observed in the calibrati
tests is that of the equipment, in both torsional and flexexaltation. Figure 3.12 gives the
results for the damping ratios measured for the differetibiedion bars in both torsion and
flexure. It can be seen that equipment damping increasesfregliency (Priest, 2004). To
account for this frequency dependancy a regression cufitees to the data (shown in Figure
3.12). The equation of this line can then be used to correctrtbasured system damping, so
that specimen damping can be calculated.

3.2.3 GHRC Operations and Controls

E E Accelerometer

counterweight

Accelerometer

Perspex coil
housing

Figure 3.13: Plan view schematic of the GHRC drive mechanism

The resonant column device excites a specimen through emategnetic drive mechanism.
A voltage is applied to a set of four coils surrounding fourgmets (Figure 3.13), which causes
the drive plate to vibrate at a defined frequency. The volagmly to the coils is provided
through a control pad outside the GHRC. The coils are setrtamseries for torsional exci-
tation. In the case of flexure, only two of the coils are usegrtavide a horizontal motion.
The control pad facilitates the switching of the coil vokiagso that flexure can be applied.
The control pad is also designed to allow an open circuit terdeated during FVD, which
removes the back—EMF effect (see Section 3.2.2). The GHRGsteperated through specific
software designed by Priest (2004) and written by GDS insénts. The program allows the
user to define the voltage and range of frequencies of exritaDuring a test, the software
records data from the accelerometer mounted on the top afrive plate, and provides a plot
of peak output with corresponding frequency of excitatioorm which resonant frequency can
be determined (see Section 3.2.1).
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Figure 3.14: (a) Schematic showing the general layout of the resonanmuolcontrol systems and
apparatus, including pressure and temperature contrtdregs Re-drawn from Clayton et al. (2005).
(b) Close up cross section of the gas hydrate resonant column
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Environmental conditions in the GHRC are provided via a ffilidd cooling jacket surround-
ing the cell, and an air conditioning unit on the wall of th&iemnment chamber (Figure 3.14).
The temperature of both systems can be controlled manualiaa computer software pro-
gram provided by GDS instruments. The GDS computer softalseprovides control of the
gas and water pressure systems in the GHRC. The gas pregstems used in the GHRC
consist of proportional air valves (PAVs) connected to 2atio loaders. The cell pressure is
provided by nitrogen gas, with methane gas being used tagedack pressure. A motorised
valve and a flow control regulator allows for the controlleshting of cell pressure and back
pressure. Water back pressure is supplied by a digital ymes®ntroller (DPC). Figure 3.14
shows the general layout of the GHRC, as well as a cross sagit@ specimen attached to the
drive system.

3.3 Tests to Examine the Impact of Hydrate Formation Technige

The Gas Hydrate Resonant Column is capable of forming hgsinatder a variety of environ-

mental conditions. Priest (2004) has previously formedétgs in the GHRC in un—saturated,
or gas rich sands. The method Priest (2004) used can beectteras “excess gas”, as the hy-
drate was formed from a limited amount of water in a sand tfzet flooded with methane gas.
The set of experiments detailed in this section describedévelopment of a new technique
that allows for hydrate to be grown in water rich sands, reféto here as “excess water” tests.
The method would allow for hydrates to be grown from the gassphin almost water saturated
conditions. By using the same grade of sand and similar hydm@ntents as used in Priest’s
“excess gas” tests, comparisons between different foomatichniques were made possible.

3.3.1 Material Properties

The material used in this series of tests was grade E LeigBtmzard sand from the Lower
Greensand formation. Table 3.2 gives a summary of the piepeincluding the minimum

and maximum dry densities and void ratios for this particutaterial. In this thesis, grade E
Leighton Buzzard sand will be referred to as “LBE".

3.3.2 Hydrate Formation Technique

There are three methods of hydrate formation in excess watwlitions in the laboratory:
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\ | Leighton Buzzard sand |

Supplier David Ball Group plc
Description | natural, clean, uncrushed,
silica sand, free from silt
clay or organic matter
Geological | Lower Greensand group
Formation
Roundness | Rounded-subrounded
Particle size | Grade E 90 — 150:m)
Specific 2.65

Gravity
Maximum 1624kg/n?
dry density
Minimum 1331kg/n?
dry density
Maximum 0.993
void ratio
Minimum 0.633
void ratio

Table 3.2: The properties of the sand used in the “excess water” tegts{P2004)

1. A saturated specimen is injected with methane gas untiealptermined amount of
water is forced out as a measure of hydrate content (Wintexis, 2004).

2. A dry specimen is filled with gas to a defined pressure. Waté¢hen injected into
the specimen to drive the pore pressure up into the hydrakdlist zone. As hydrate
forms and consumes the gas, water is further injected totaiaipore pressure and the
specimen will eventually contain only hydrate and wateihim pore space (Tohidi et al.,
2001).

3. Hydrate is formed out of the dissolved gas phase (Spaeggigb Kulenkampff, 2005;
Tohidi et al., 2001).

Although methane hydrate has previously been synthesisied) the first method (Winters
et al., 2004), there are drawbacks to this method, as disdussSection 2.4.2. As such,
this method was not preferred for making hydrate in the GHRI@king hydrate from the
dissolved gas phase also has limitations. Methane gaswamlability in water, although this
solubility increases with increasing pressure and detrgasmperature (Chapoy et al., 2004).
The GHRC is rated to a cell pressure of 25MPa. Therefore atpitessure, approximately
0.064 moles of methane would dissolve into the pore watesafarated specimen. This would
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Test Details | Position| Water Content (%)
Top Dry
A. Water injected through 17.6
base only. Low pressure. 18.6
Frozen 18.5
Bottom 19.6
Top 8.9
B. Water injected through 9.9
base and top cap. High 12.8
Pressure. Not Frozen 134
Bottom 11.8

Table 3.3: Water content analysis of three different tests where wadsrinjected into sands containing
methane

equate to a maximum of 4% hydrate content in the pore spaangspberg & Kulenkampff
(2005) obtain high hydrate contents (up to almost 100% optire space filled with hydrate),
by continuously flowing methane saturated water througheaisgen comprised of glass beads.
Hydrate distribution using this method is not well contedl] and so was not considered ideal
for use in the GHRC.

The second method was therefore instigated to form hydrmagxdéess water conditions. In
order to investigate whether a sufficiently high hydrateteohcould be achievable, whilst
obtaining a reasonably homogeneous distribution of watdrgas, a number of tests were
conducted where dry, gas saturated sands were flooded wiéhr wader pressure. The first
test comprised of a dry sand that contained methane gasMP@,5vith a 0.75MPa confining
pressure. Water was injected into the specimen throughabe, lvaising the back pressure to
2MPa, so as to compress the gas into 25% of the pore spacepr€sture was raised during
back pressure increase so as to maintain 250kPa confinisgypeeon the specimen. The
specimen was then frozen, depressurised, and divided iatpuél sections for water content
analysis. This first test resulted in the top of the specimgngbdry, but the remaining sand
having a relatively homogenous water distribution (TeshAable 3.3). It was apparent that
some gas remained in the pore space at the base of the speeweanthough a proportion
was pushed to the top. A second test was then conducted, @/isared specimen was injected
with methane up to a back pressure of 3.4MPa, with a cell pressf 3.66MPa. Water was
then injected up to 15MPa, but with the water being injectedugh the top and the base of
the specimen. Again cell pressure was increased to maiatafOkPa effective stress on the
specimen at all times. This specimen was not frozen prioefrebksurisation, due to the high
gas pressures, but drained through the base. When remogeskationed for water content
analysis, no dry portions of sand were evident (Test B in d&bB). A 3% difference in
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Position EW-10 EW-20 EW-30 EW-40

Top 12.2 11.1 10.5 8.4
Water 15.6 13.7 12.7 11.1
Content 15.8 14.1 13.8 11.6
0,
% 15.9 14.6 14.1 12.3
Bottom 15.6 14.4 13.1 11.6

Table 3.4: Water content analysis for excess water (EW) tests EW-10, —20 and —40 after de-
pressurisation and dissociation. Specimens were notrrpder to depressurisation, and were drained
through the base.

water content was measured from the top and bottom of thénspac This difference may be
due to the specimen being drained through the base, suchdtiional water was removed.
As the error was small, it was considered that the water ooulistribution was sufficiently
homogenous.

Water content analysis for a number of excess water testshwdaintained hydrate were un-
dertaken after each test was completed and depressuritbdhe results given in Table 3.4.

Each specimen was removed from the GHRC after testing wagletenand sectioned into

five equal pieces. Consistent water distributions, thatpamenfavourably with the results from

preliminary tests in Table 3.3, were observed in each testisgen. The higher water contents
near the base are considered to be an artifact of draininggldepressurisation.

3.3.3 Calculating Hydrate Content

The water injection method of making methane hydrate reguie back pressure in the spec-
imen to be applied and maintained by water from a GDS DigitakBure Controller (DPC).
Hydrate content in the specimen can be controlled by thetgyari gas in the pore space be-
fore water injection. Methane quantity can be establishedugh pressure in the pore space.
The volume the gas can occupy is constant (void volume ofgheimen), and so the number
of moles of CH needed for hydrate growth is controlled by the pressure ®fgds. By as-
suming 100% cage occupancy, and the molar ratio of 5.75:ént@aimethane, the number of
moles of gas needed for 1 mole of hydrate is 1. The number ofsrafl hydrate: needed for

a given hydrate contertl. (%) is:
Vchphy
- 31
1000, (3:31)
whereV, is the total volume of voids in the specimem,, is the density of methane hydrate

(approximately 910g/l); and/, is the molar mass of methane hydrate (119.63g/mol).
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Hydrate Moles of Moles of Starting Starting
Content  CH before CH after pressure before pressure after
compensation compensation compensation (kPa) compemngkia)
2 0.0340 0.0953 366 1012
5 0.0851 0.1464 905 1535
10 0.1702 0.2315 1775 2381
15 0.2552 0.3165 2611 3194
20 0.3403 0.4016 3415 3976
30 0.5105 0.5718 4935 5455
40 0.6807 0.7419 6350 6833

Table 3.5: Hydrate contents and associated starting pressures fbiamein a specimen of fixed void
volume, where hydrate would be formed at 15MPa atd.2

As methane is a non-ideal gas, the gas pore pressure thabmagiplied to the specimen to
obtain the required moles in the pore space can be deterrfrimedthe Peng—Robinson gas
equation (Peng & Robinson, 1976):

RT v
P = — 3.32
<Vm—b> (VT%+2me—b2> ( )

WhereT is temperature°K); V,, is defined byl /n wheren is the number of moles; R is
the universal gas constartt (82058/atm /K /mol); P is the applied pressure (atm); and a, b
anda are Peng—Robinson coefficients relating to methane and428&, 0.0265, and 0.8201
respectively whefl’ = 293K.

Although the solubility of methane in water is low, at 15MRa& C (which are the average
target temperature and pressure values for the GHRC hytirstte respectively), there is a
degree of dissolution of methane gas in water. The numberabésrof methane gas which
can go into solution can be calculated using the solubilitfeniraction of 4.024 x 103 for
methane at 15MPa and© (Chapoy et al., 2004). Knowing the quantity of water witttie
specimen and the system, a maximum value for methane dissolcan be calculated and
added to the original value calculated for each given hgdcaincentration using Equation
3.31. Table 3.5 shows a range of hydrate contents with qoureling starting pore pressures,
before and after allowing for dissolution of methane gas.

Five hydrate contents were chosen for this testing sequé®8é, 15%, 20%, 30% and 40%.
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3.3.4 Specimen Preparation

For each specimen tested, a sequence of steps were followspecimen preparation, appa-
ratus setup and hydrate formation, of which are detailedvinel

1.

10.

A thin film of silcone lubricant was applied to the base mtaleand a butyl membrane
placed on the pedestal and fitted with one O-ring.

. A split sample mould to make a specimen of 140mm height @&mdn? diameter was

placed around the membrane with the top of the membranelsetiover the top edge
to give a smooth tube in which the specimen to be formed.

. All ports leading to the base pedestal were filled with itedavater from the GDS DPC,

except for the CHlinlet port and the vacuum port, so to reduce the quantityesf &ir in
the system.

. The top of the base pedestal and attached membrane wersutiace dried with paper

towel on the inside.

. The sample mould was filled with pre-weighed dry sand in185equal layers, each

layer tamped with a flat rubber bung (approximately 2cm diemeThe sample former
was tapped 5 times after each sand layer to ensure a densmepeC€are was taken to
catch any spilled sand.

. The top cap was placed on the top of the sand and levellekinAilm of silicon grease

was applied to the top cap and the membrane pulled up ovepgheap. One O-ring
was placed around the membrane and the top cap to ensuretayhiegeal.

. A vacuum of50kPa was applied to the specimen through the vacuum port ibake

pedestal to allow for removal of the sample mould. Once awawof 50kPa was applied,
the vacuum tap was closed off. The specimen was then leftfaniButes to check if
there were any leaks between the membrane and the top cagepedestal or in the
membrane.

. Any leftover sand was weighed to determine the mass of wéhih the specimen

. An additional O—ring was applied to the top cap and basegiatlas an extra precaution

due to the high pressures of the test.

The dimensions of the specimen were taken at equal &samith vernier calipers. The
height of the specimen was measured to include the top capasaipedestal.



3: EXPERIMENTAL METHODS 65

Once it had been insured that the specimen was secure aniirtbiesibns recorded, the reso-
nant column drive mechanism could then be attached alorgthdtrequired instruments.

3.3.5 Apparatus Setup

1.

The drive mechanism was slowly lifted over the specimehlawered on to the speci-
men so that the drive plate rested flat on the top cap. The dr@ehanism was loosened
from the support plate to allow for alignment of the fixing &®in the top cap to match
up to the corresponding holes in the drive plate. Six M5 cetsunk screws were used
to secure the top cap to the drive plate. The drive mechaniamtlen further aligned
so that the magnets on the drive arms were located in theecehthe coils. The drive
plate was secured with four M6 screws onto the support ring.

. The base of the support frame was secured to the base dflthgth eight M5 screws.

. To attach the top cap vent tubing, a continuous vacuum ywpked to the specimen

so that the stopper at the top of the top cap could be remowdhanspecimen would
not collapse. The vent tubing was then swiftly fed througé tbp restraining plate
and attached to the top cap. The vacuum was once again loffkeitto —50kPa back
pressure applied.

. The accelerometer cable was fed through the top resigaplate and attached to the

accelerometer fixed to the drive plate. Two thermistors vedse fed into the cavity
between the support frame and the specimen, with care takeodte one on either side
of the specimen. The top restraining plate was then secyretyht M4 screws.

. An LVDT was connected to the top plate and adjusted so tedigied movement would

lie in range. The LVDT cable was then attached to the leadutitrtdhe cell base, and
zeroed so it would record displacement from that point onias then secured with two
M3.5 screws.

. Each of the four coils were attached to their correspantiéiad through the base of the

pressure cell. All connections were double checked.

. The cell top was lowered slowly by use of a motorised Iftimhechanism. Once in place,

it was secured with two C—clamps and four M16 bolts.

Once the apparatus had been set up and the cell top loweredl, @massure of 250kPa was
gradually applied to the specimen, whilst the vacuum wasasgld. The specimen was left
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for 30 minutes and then a resonant column test was condudted.procedure that follows
was used for each hydrate specimen made, with the targetipesschanging for each hydrate
content.

3.3.6 Hydrate Formation

Figure 3.15 shows the idealised thermobaric regime appligee specimen. Also drawn is
phase boundary for methane gas hydrate.

1. The methane port was opened and the back pressure raisied imjection of methane
gas to a pre—determined pressure. During ramping of the peedsure, the cell pres-
sure was also increased, so as to maintain an effectives if@&S0kPat-50kPa on the
specimen. The pressure ramp rate averaged 500kPa per minute

2. Once the required back pressure of methane was reacleethethane tap was closed
off. A resonant column test was conducted.

3. Distilled water was then injected into the specimen thlothe top cap and base pedestal
in equal proportions by use of the GDS DPC. The base pedédgavprk had been
arranged so that the water could be injected through the gamieas the methane, to
ensure all gas was pushed into the specimen. During the qudrseincrease in back
pressure, the cell pressure was also raised so as to maantaeifective stress of 250kPa
+50kPa on the specimen.

4. Water was injected until a back pressure of 15MPa was eghchith a corresponding
cell pressure of 15.25MPa. A resonant column test was daorié

5. The specimen was then left at room temperature to allowidarogeneous water distri-
bution and for methane gas to dissolve in the water.

6. The temperature of the system was then lowered from rooypédeature to 2C to allow
for hydrate formation. The back pressure was maintainechby@DS DPC, with the
guantity of water going into the specimen monitored. Thémelssure was maintained
by the PAV.

Once the temperature and pressures for hydrate formatigdsabove had been reached, these
conditions were maintained for approximately 72 hours kosafor hydrate conversion. Reg-
ular resonant column tests were conducted to monitor thegehim properties over the forma-
tion time (Section 3.6.1). Water input from the GDS DPC was ahonitored closely (example
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plots given in Section 3.6.1). Once the resonant frequendydamping had reached a stable
value, and there was no longer a water volume input into tleeisgens, the specimens were
considered to have converted all methane into hydrate dhtkéting of the specimen could
begin (Section 3.5).

3.4 Tests to Examine the Impact of Sediment Type

It is apparent from the literature that previous studies the impact of hydrate on sediments
within the laboratory have focused on materials with a unifgarticle size and shape. The
behaviour of granular soils is known to be influenced by oftarsstics of the soil such as
particle size distribution and particle shape (Bolton, &;98@itchell, 1976), and so the impact
of gas hydrate on sediment properties could also be altgrélaelse basic characteristics. The
following section describes a series of tests where hyddtEmed in “excess gas” conditions
in a number of different sediments, so as to investigatentfigence of sediment type on hydrate
formation.

3.4.1 Material Properties

The granular materials used in the different sediment teste chosen so as to give a variety
of particle size and shape. The materials used were LeigBtmzard sand grade B (LBB),
Leighton Buzzard sand grade E (LBE) and 100 mesh muscovita (M). The properties of
each material are given in Table 3.6. LBE is the same matesid in the tests of Section 3.3.
Leighton Buzzard sand is a natural, uncrushed silica saatdgliree from silt, clay or organic
matter (Figures 3.16(a) and 3.16(b)). LBB has a large grai@ with the average particle
measuring 1mm in diameter. The LBE sand grains have an avaiageter of 0.1mm, but
show a similar particle shape as LBB sand grains althoughalemore angular. The 0.1mm
muscovite mica provides a variety in particle shape as iatsaihd plate—like (Figure 3.16(c)).

To investigate the effect of particle size on hydrate foiomttwo specimens were prepared
of only LBB sand and only LBE sand. LBB sand was then used asiia material in two

further specimens, which would allow for hydrate to be fodniie sediments with a variety

of particle size and shape. The quantity of fines added to LB&lad to be high enough to
maximise the variety in particle size, without allowing tiivges to dominate the behaviour of
the specimen. Investigations into the impact of fines onmbimaterials (Clayton et al., 2004;
Thevanayagam, 1998; Georgiannou, 2006) have shown thahiif&added to a rotund sand
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‘ ‘ Leighton Buzzard sand Mica ‘
Supplier David Ball Group plc Dean and Tranter Ltd.
Description natural, clean, uncrushed, silica sand, | Dry ground muscovite

free from silt, clay or organic matter mica powder
Geological Lower Greensand group Muscovite Mica
Formation
Roundness Rounded- Angular—subangular| Flat, platy
subrounded
Particle sizé | Grade B (1.184 Grade E (90-50m) | 52-10%m
0.6mm)
Specific 2.65 2.65 2.90
Gravity®
Maximumdry | 1752kg/n¥ 1624kg/nt 912kg/n¥
density
Minimum dry | 1496kg/n¥ 1331kg/nt 728kg/m¥
density

Table 3.6: The properties of the materials used in the different sedirtests. “Tests conducted by
Theron (2004) and Priest (2004) according to BS1377:2 (1990

can change the sand’s behaviour from dilative to contractiherefore, a proportion of 10%
by weight fines (LBE or Mica) were added to the LBB sand to mgdexsnens LBB/LBE and
LBB/M. These mixtures were blended together prior to theitamd of the water that would
control hydrate content in the specimens (Section 3.4.2).

3.4.2 Formation Technique and the Calculation of Hydrate Catent

The formation method utilised in the different sedimentgés the “excess gas” methodology
that was followed by Priest et al. (2005) and Waite et al. @0Where sediment of a known
water content is used to form a specimen, which is then flooddd methane gas (Section
2.4.2). This approach to hydrate formation allows for hyelintent to be controlled by water
volume.

So that sediment type effects on hydrate formation coulddseiwed, each sediment type in
Section 3.4.1 was intended to have the same target hydmatentdquantity of hydrate in the
pore space). A hydrate content of 10% of the pore space wasgpHor the different sediment
specimens. Previous experiments by Priest et al. (2005B&hdand, using varying quantities
of hydrate, had suggested that at hydrate contents grdater3%o, full bonding occurred.
Therefore, to ensure bonding, the target hydrate contel?%f of the pore volume was chosen
for the different sediment specimens. It was assumed th&rrwalume in the pore space could
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Mass Mass Mass % fine Total \ol. Dry void  \oid ratio
Specimen LBB LBE M material ~ \ol. voids  density ratio main sand
(9) (9) (9 inLBB (cn?) (cm®)  (kgm3) fraction
LBB-0 940.9 - - 0 551 196 1706.2 0553 0.553
LBE-0 - 800.7 - n/a 517 203 1548.1  0.640 0.640
LBB/LBE-O 883.7 101.2 - 10.3 546 175 1804.3  0.469 0.637
LBB/M-0 870.7 - 98.3 10.1 541 174 1792.4  0.492 0.645

Table 3.7: Dry densities, void ratios and void volumes of dry specimpreduced for the control
different sediment tests (0% hydrate)
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(a) Leighton Buzzard sand grade B (LBB) (b) Leighton Buzzard sand grade E (LBE)

(c) 100 mesh muscovite mica

Figure 3.16: Scanning electron micrographs of the materials used iniffexeht sediment tests. From
Clayton et al. (2008a)(Mica), Clayton et al. (2006) (LBBYadabalar (2007) (LBE)
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Dry Void \Void Ratio Relative Density  Water  Hydrate

Specimen Density  ratio main sand main sand fracton Content Content
(kgm~3) fraction (%) (%) (%)
LBB-10 1662.5 0.549 0.549 87 2.29 14.0
LBE-10 1505.5 0.768 0.768 62 2.49 12.4
LBB/LBE-10 1708.1 0.508 0.671 39 1.93 12.8
LBB/M-10 1676.0 0.560 0.718 20 2.33 171

Table 3.8: Basic properties of the specimens used in the differentseat hydrate tests

be taken as equivalent hydrate volume. Therefore, the nejgjuantity of water needed for
each sediment type was calculated from the volumes of voiglssored in the control tests
shown in Table 3.7. Resultant water contents of the specmere between 2 and 2.5%
dependant on soil mixture (Table 3.8). Hydrate conféntvas then calculated from the initial

water content by: 00 M
(o g

o OMwly 3.33
5,75V, Mayphy (3.33)

o 0.1269
H, = me (3.34)

whereV/, is the total volume of voids in the specimen;, is the mass of water in the specimen;
M, is the molar mass of methane hydrate (119.63g/ml), is the molar mass of water (ap-
proximately 18.02g/mol); and,, is the density of methane hydrate (approximatél@g/i).

It was found once hydrate content had been calculated inffleeetht sediment specimens, that
a larger hydrate content was produced than anticipated.rarge of hydrate content values
of 12.4% in specimen LBE-10 up to 17.1% in specimen LBB/LBEate due to the original
calculation of water contents. Initial calculations ovstimated the amount of water required
for 10% water volume in the pore space for each individuatispen, and did not take into ac-
count change void ratio with the addition of fines. The achyalrate contents in each different
sediment specimen are given in Table 3.8.

3.4.3 Specimen Preparation

The specimens were prepared by taking the required mass tefiaidhat would make up

a 70mm by 140mm specimen, and mixing it with the calculatedsrad water. The moist

material was then left in a sealed container for 12 hours atnréeemperature to allow the
moisture to distribute itself homogeneously within the eniail. The materials were taken from
where they were stored in the laboratory, with no initial mdeying before being used in the
tests. The residual water content of the air dry materialeevieund to be 0.2%, 0.1% and
0.02% for Mica, Leighton Buzzard grade E and Leighton Buzzaade B respectively. These
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water contents were disregarded when calculating hydoatient.

For each sediment type tested, the sequence of steps famgpegreparation were as follows:

1. A thin film of silcone lubricant was applied to the base mtaleand a butyl membrane
placed on the pedestal and fitted with one O-ring.

2. A split sample mould to make a specimen of 140mm height &mdn7 diameter was
placed around the membrane with the top of the membranelsdetiover the top edge
to give a smooth tube in which the specimen to be formed.

3. The sample mould was then filled with the sediment/wateture in 15-18 equal layers,
each layer tamped with a flat rubber bung. Care was takendhb eal spilled sediment.

4. The top cap was placed on the top of the sand and levelledinAilm of silicon grease
was applied to the top cap and the membrane pulled up oveogheap. One O-ring
was placed around the membrane and the top cap to ensureteyhageal.

5. A vacuum of50kPa was applied to the specimen through the vacuum port ibdke
pedestal to allow for removal of the sample mould. Once awawof 50kPa was applied,
the vacuum tap was closed off. The specimen was then leftfaniButes to check if
there were any leaks between the membrane and the top cagepedestal or in the
membrane.

6. Any leftover sand was weighed before and after drying,etieginine the proportion of
sediment and water not in the specimen.

7. An additional O-ring was applied to the top cap and basegiabas an extra precaution
due to the high pressures of the test.

8. The dimensions of the specimen were taken at equal itsemitn vernier calipers. The
height of the specimen was measured to include the top capas®lpedestal.

Once it had be ensured that the specimen did not have anydedkthe dimensions had been
recorded, the resonant column drive mechanism could théittdoe

3.4.4 Apparatus Setup

The set up of the resonant column apparatus for these tdstggdhe steps from Section 3.3.5,
omitting step 3 as the top cap vent was not used here. Aftaarapys set up, a cell pressure
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of 250kPa was applied to the specimen, whilst releasing dilcawm. The specimen was then
left for 30 minutes at ambient temperature before a resar@atnn test was conducted. The
following hydrate formation procedure was then adoptedefarh sediment type.

3.4.5 Hydrate Formation

Figure 3.17 shows the idealised temperature and pressyirea@pplied to the specimen. The
hydrate stability field is also drawn on the figure.

1. The methane port was opened and the back pressure raigbd mjection of gas to
10MPa. During ramping of the back pressure, the cell presaas also increased, so
as to maintain an effective stress of 250kPa0kPa on the specimen. The pressure
ramp rate averaged 500kPa per minute. Once a the chosenngrdbge methane tap was
closed off and a resonant column test conducted. The cedbpre was set to maintain
10.25MPa of confining pressure.

2. The temperature of the system was then reduced @t@ induce hydrate formation.
A flow of methane was continued into the specimen so that aohstck pressure was
maintained as gas was consumed in hydrate formation. Tharessure PAV maintained
the original target pressure throughout the temperatuwge. dr

Once the temperature 92) and pressures (10MPa) for hydrate formation had beemedac
these conditions were maintained for approximately 48 sitmallow for full hydrate conver-
sion (plots of temperature and pressure are given in Se8ta). Regular resonant column
tests were conducted during this period to monitor the chamgesonant frequency over the
formation time (Section 3.6.2). Once the resonant frequéac stabilised, all the water was
considered to have been converted into hydrate and fuilhtesf the specimen could begin.

3.5 GHRC Testing Procedure

The testing programme used for both sets of specimens aslsabin Sections 3.3 and 3.4
allowed the dynamic response of the hydrate bearing spesitoebe observed during loading
and unloading. A load—unload cycle was applied to the spagdnvith resonant column mea-
surements made at 250, 500, 750, 1000, 1500 and 2000kRspisaffective stress. Each load
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step was held for 30 minutes to allow for initial consolidatiof the specimen before a reso-
nant column test was undertaken. Torsional and flexuraheegdrequencies were measured
at each load—-unload step, along with attenuation measutsiria order to allow for repetitive
testing, and to ensure that the seismic velocities obtdnoad these tests would be comparable
to geophysical survey data, the applied strain in both@aoediand flexural excitation were kept
below 9 x10~6 strain.

3.6 Typical Observations during Preparation and Hydrate
Formation

3.6.1 Tests Investigating Hydrate Formation Technique

Specimen preparation for the excess water tests was rdagauesistent for each specimen,
with very few problems arising when the system was securdraedrom leaks. The highest

hydrate content test (EW-40), required a modification ofsppecimen preparation as the high
pressures required for the initial gas injection led to Sigant migration of methane through

the butyl membrane into the nitrogen cell pressure. To redhe quantity of methane lost

through the membrane, two butyl membranes were placed étberspecimen. In addition, as
soon as the specimen had been taken up to the target gaspréisstemperature was dropped
immediately so that hydrate formation could start as qyied possible and all the methane
gas would be converted into hydrate before it had a chancecape. This technique did not
allow time for the water and methane to evenly distributewdx@r, water content analysis
after dissociation and depressurisation, suggest the Wes still an acceptable distribution of
moisture within the specimen (Table 3.4 in Section 3.3.2).

Each of the excess water specimens were monitored whilssytstem temperature was re-
duced into the hydrate stability zone. Figure 3.18 showsrikasurements taken during the
temperature drop and subsequent hydrate formation foirespadEW-20. It can be seen that
the axial displacement recorded an expansion as the tetuperaas dropped, and that this
was independent of changes in effective stress. This betnawas observed in each of the
excess water tests. The volume of water injected duringetmpérature drop and subsequent
hydrate formation was also monitored, and is shown in Figut&(d). As gas was consumed
during hydrate formation, the pressure inside the specideencased, and so more water was
injected to maintain constant pore pressure. The watem®input seen in Figure 3.18(d) after
the temperature had stabilised &€4 therefore marks hydrate formation within the specimen.
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Figure 3.18: A range of measurements taken during the drop in temperahdeubsequent hydrate
formation for an excess water test after pressurisatiobMMPa. The results shown here are for speci-
men EW-20. (a) Temperature taken from outside the specith¢Axial displacement of the specimen.
(c) Confining pressure minus back pressure, shown hereexgief stress on the specimen. (d) Volume
of water injected into the specimen. (e) Damping ratio messuia FVD for the specimen inside the
GHRC. (f) Resonant frequency of the specimen recorded gtina formation stage.
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This period could be identified in all the excess water tests.

Also plotted in Figure 3.18 are the measured changes in aesdrequency and damping ratio
observed throughout the temperature drop and hydrate frimstages. By considering Fig-
ures 3.18(d) and (e) with regard to the temperature dropyithe seen that there is no change
in either damping or resonant frequency during the earlyptature decrease. Once a tem-
perature of 8C was reached, the damping ratio began to increase. Thisaserin damping
ratio (seen at the approximate time of 23hrs) coincides thithincrease in water volume input,
and so is considered to be caused by hydrate formation. Athitbshold for hydrate stability
at 15MPa is 17C, there appears to be a lag for the start of hydrate formatiahthe entry of
the specimen into the stability zone. This behaviour wasattaristic of all the excess water
specimens, and will be discussed further in Chapter 4.

3.6.2 Tests Investigating Different Sediment Types

The preparation of the different sediment tests was camgisicross all specimens. Figure
3.19 gives the measurements taken during the temperatopeadd hydrate formation of the
specimen LBB/LBE-10. The temperature drop for this spenimas conducted in two stages.
The specimen was first taken to°L5 just outside the stability field at 10MPa pressure, and
held for 12hrs. The temperature was then dropped into theatg/dtability field by setting

a target of 2C. The axial displacement and effective stress traces (€$g8.19(b) and (c))
follow each other in the latter stages of the temperature dral hydrate formation, however
the axial displacement shows an expansion as the tempeiatiowvered to 15C that appears
independent of effective stress. An axial displacemenhglavith temperature drop can also
be observed in the other different sediment tests.

The onset of hydrate formation can be observed in the diffesediment tests as an increase
in resonant frequency and damping (Figures 3.19(d) and Té¥¢ resonant frequency of the
LBB/LBE-10 specimen began to increase once the sample wagpabximately 10C, just
inside the hydrate stability field at 10MPa. This increass wacompanied by an increase
in damping ratio for the specimen. Once full hydrate coriear®ccurred, the damping ratio
reduced to a value closer to the original seen at the stagstihg.
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Figure 3.19: A range of measurements taken during the period of temperdtop and hydrate for-
mation for a different sediment test. The readings showe laee for specimen LBB/LBE-10. (a)
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Confining pressure minus back pressure, shown here asiedfetiess on the specimen. (d) Damping
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3.7 Typical Observations During Resonant Column Testing

Figures 3.20 and 3.21 show the typical response curves sken gonducting resonant fre-
guency sweeps in torsion and flexure respectively. The eggdrequency can be identified as
the frequency where the highest voltage output from thelaemmeter occurs. Once it was es-
tablished, a free vibration decay curve was conducted s¢dahbalamping of the system could
be determined (Figures 3.22 and 3.23). Strain was calcufaden the peak voltage output at
resonance, using Equation 3.14.

Shear wave velocity; was calculated from the resonant frequency using Equatibn@nce

V, is obtained, shear modulds was determined using Equation 3.2. From the resonant fre-
quency in flexure, Young’s modulus in flexufgy,., was determined using Equations 3.5 and
3.6 using the geometrical properties of the system. Rgband E .., other properties of the
specimens could be obtained, namely Poisson’s rafiangitudinal wave velocity; ;, P-wave
velocity V, and bulk modulusy.

Damping ratioD was determined by finding the logarithmic decremé&as described in Sec-
tion 3.2.1 from the free vibration decay responses meas@aded had been found, it could
be used to determinB and associated attenuatig)T ! by using Equations 3.26 and 3.22.
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Figure 3.22: Typical free vibration decay trace for torsion of a dry desgecimen of LBE sand con-
taining no hydrate
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Figure 3.23: Typical free vibration decay trace for flexure of a dry densecémen of LBE sand con-
taining no hydrate



Chapter 4

TESTS ONSYNTHETIC HYDRATE
BEARING SEDIMENTS: DISCUSSION

A literature review has been conducted to develop an uratetstg of how methane gas hy-
drate may affect sediment. After undertaking the reviewgeitame apparent that the current
knowledge of hydrate formation in different environmentsl #ediment types, and what this
might mean to hydrate morphology, was lacking. In order tegtigate the different environ-
ment implications further, a set of experiments were cotatlasing the GHRC that allowed
for hydrate to be formed in water saturated conditions. kiitaah, a set of experiments were
conducted to understand the impact of different sedimega on hydrate growth. This chapter
discusses the results from these tests, first addressimgplaet of formation technique on how
hydrate affects a sediment, and a subsequent discussioydaatdr morphology in the labora-
tory. The chapter then finishes with a discussion of the tefulm tests conducted in different
sediment types.

4.1 Discussion of Hydrate Formation Technique Tests

Gas hydrates in sediments have been formed in the labotayather researchers such as Stoll
& Bryan (1979), Pearson et al. (1986), Berge et al. (1999ntevs et al. (2004), Waite et al.
(2004) and Yun (2005). A wide range of results have come flueséd tests (Table 2.4), which
could be due to the choice of apparatus used, the hydrateefpion the method of hydrate
formation (Section 2.4.2). The excess water tests destiibéhis section were designed so
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that direct comparison could be made between hydrates tbbyalifferent methods in the
same apparatus.

This section presents and discusses the results from exgms that induce hydrate growth
in water saturated or “excess water” conditions. The wordliiectly compared with that of
Priest (2004), who formed hydrates in partially saturatetercess gas” conditions (Section
2.4.2). Comparison will allow conclusions to be drawn ablaydrate formation in the pore
space under different formation conditions. As the tecimideveloped to make the hydrate
under excess water conditions was new, observations makle preparation of specimens and
during hydrate formation are discussed first. The testt®sne then discussed with regard to
the changes observed in seismic velocity and attenuatiosedaby the methane hydrate.

4.1.1 Observations During Preparation and Hydrate Syntheis

The technique used to make water saturated hydrate bearidg sook the specimens into the
stability zone by increasing the pressure of the systemdorat 15MPa before dropping the
temperature to just above freezing (Section 3.3.6). By mndng the gas and water intake into
the specimen, axial displacement and mechanical propkanges, hydrate growth inside the
specimens could be identified.

Gas and Water Intake

Hydrate volume in the specimens was related to the gaséajéato the specimen and the even-
tual final pressure. The intake of both the methane and wattethe specimen was monitored,
and hydrate growth could be observed by the changes seen.

Gas Volumes

Gas input into the specimen was measured by gas pressurea¢tospecimen a different hy-
drate content was required, therefore a different quanfitpethane gas in the pore space and
a different specific starting pressure was needed (SectihB,3rable 3.5). To make hydrate
in “excess water” conditions, water was injected systeradyi through the top and bottom
caps up to a pressure of 15MPa for specimens EW-10, EW-15 WAd(E and up to 20MPa
for specimens EW-30 and EW-40 after gas injection. In ordeshteck that the expected gas
content remained in the specimen during water injectioa,vilume change of the gas with
pressure change could be observed by the GDS digital peessuatroller by measuring water
input. If temperature remains constant, the change in metlgas volume as pressure in-
creases can be calculated. The measured volume changehafmaeias inside each specimen
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Figure 4.1: Volume of water injected into each specimen, plotted agaeschange in pressure of the
system. The calculated values for methane gas volume chwétigpressure increase are also plotted.

during pressure increase is plotted in Figure 4.1. Alsa@tbin Figure 4.1 are the theoretical
curves for the change in volume of methane gas as pressueréased for a range of starting
pressures (see Table 3.5 for reference to each specimartisgtpressure). The curves were
calculated using the Peng—Robinson equation (Equatidl) Béng & Robinson (1976)). The
volume changes observed in the specimens follow the pestimirves sufficiently closely to

be sure that all the gas remained in the specimens as thewsadenjected.

Water Intake

Once a pressure of 15MPa was reached for specimens EW-1052ad EW-20, and 20MPa
for specimens EW-30 and EW-40, the water pressure was nradtéghroughout the subse-
guent temperature drop by the digital pressure contrdd&(). Once inside the methane hy-
drate stability zone, hydrate formation was induced caysaimeduction in methane gas pore
pressure. Therefore, the DPC maintained the appropriatefyassure by injecting water into
the pore space. The water volume injection histories focispens EW-10, EW-20 EW-30 and
EW-40 are shown in Figure 4.2 plotted against temperatuhey Bhow the initial water vol-
ume injected to bring the specimens up to the appropriatespre, followed by the injection
history during temperature drop and subsequent hydrateation. Figure 4.3 gives a closer
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Hydrate Expected Measured discrepancy % total
Content input () input (M) (mi) water volume
10 217.27 219.07 +1.80 0.83
15 216.70 21751 +0.81 0.37
20 210.48 216.50 +6.02 2.86
30 206.33 209.39 +3.06 1.48
40 203.14 203.47 +0.33 0.16

Table 4.1: Expected and actual water volumes injected into each sgecim

view of the hydrate formation phase. This phase can be filhths the increase in volume
injected after the highlighted temperature drop.

The injected water volume can also be used to quantify theatdontent in the specimens. If
full conversion of methane gas to hydrate is assumed, thedrpected water volume injected
into the specimen can be calculated by adding the perceotagained in the hydrate to the
remaining pore space volume that would be filled with watabld 4.1 gives the water volume
values measured by the DPC, compared with water volume lagdcufrom the expected hy-
drate content of each specimen. The discrepancies betledwa values are between 0.1%
and 3% of the total water volume injected into the speciméns likely that a combination of
factors contribute to these errors in measured water inpdisgussed below.

The digital pressure controller (DPC) that was used to trijee specimens with water held a
fixed volume of water (200ml). As this volume was not enouglfutly saturate a specimen

(each specimen had approximately 223ml void volume), tleefion of water was undertaken

in two stages, with a refilling of the DPC at some point durimginjection process. This meant
that the volume of water exposed to the methane gas undesupeesas not consistent across
each test, and it is therefore likely that more methane weatsolution than predicted by the

expected input values in Table 4.1. This increased dissolaf methane would suggest that
hydrate volume in the specimen may be lower than predictedgeter this discrepancy has
been taken into account when stating hydrate contents thealesults shown in this thesis.

The predictions for hydrate content in all the excess waststassumes full conversion of
methane gas into solid hydrate. As discussed later in thifose the indicators for full hydrate

conversion in each test were the cessation of changes incghysoperties (see ‘Evolution

of stiffness and damping’ section below). It is possiblet fgecimen EW-20 did not have
full hydrate conversion, even though indications suggksteerwise. This would mean less
hydrate volume was present in the pore space than expedthdnare water needed to fully

saturate the specimen.
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It is also possible that pipework in the GHRC was not fully evegaturated before testing. The
pipes connecting the DPC and the GHRC have an approximateneobf 18ml. Although
care was taken at the start of every test to fill all pipeworthwiater, pockets of air could still
remain. The extra volume injected into the excess watelirsees may therefore be indicative
of incomplete saturation of the pipework prior to testing.

Axial Displacement Changes

During specimen preparation and hydrate formation, thexgbs in height of the specimen
were monitored by use of an LVDT mounted on the top suppotemad resting on the top

cap of the specimen. From observations by Priest (2004hgltine “excess gas” tests, it was
thought that the height change observed was due to hydratetgin the pore space. It was
hypothesised that as hydrate grew at the contacts betweehgsains, it jacked the grains

apart and so increased the height of the specimen. Due todt®ods of hydrate formation

in those tests (formation of ice followed by hydrate formatby an increase in temperature),
the change in height of the specimen (axial displacementyezhby hydrate formation was
not directly observed. The route into the stability field dige the excess water tests (Figure
3.15) meant that the axial displacement changes causeddogthyformation could be closely

monitored.

It was noted that in all the excess water tests, a degree aheign could be seen during the
temperature drop into the hydrate stability field. The cleaingaxial displacement seen in each
specimen is plotted against the change in temperature urd-i§4. The plot includes a water
saturated sand specimen containing 0% hydrate (EW-0).nlbeaseen from this figure that
there is a similar degree of axial expansion in all the spensnincluding that with 0% hydrate
content. Of the hydrate tests, the largest expansion isfegmrthe EW-30 specimen, with the
next largest expansion in the EW-10 specimen. For eachthesgffective confining pressure
fluctuated around 250kPa, with some anomolous readingsbposise result of a higher or
lower effective confining pressure than desired. For Psi¢2004) ‘jacking apart of grains’
hypothesis to be true in these tests, it would be expectadtimae distinction could be made
between sands containing and lacking hydrate.

An investigation was made into the axial displacement chaitigat could be caused by the ap-
paratus during a drop in temperature. All materials expamtcantract to some degree during
change in temperature. It was thought that the drop in teatyer experienced during hydrate
formation could cause the apparatus to contract in such aasdg register as an expansion
of the specimen. To investigate this possible mechanisengfiparatus was divided into it's
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Figure 4.4: Comparison of axial displacement against system temperdturing the temperature drop
into the hydrate stability zone. A negative change in axigpldcement corresponds to an increase in
height of the specimen.

Axial displacement (mm) change during
Specimen| Start Endtemp. drop End hydrate forimhydrate formation (mm)
DFM-10 | 0.051 -0.169 -0.209 -0.04
DFM-15 | 0.103 -0.104 -0.129 -0.025
DFM-20 | 0.005 -0.227 -0.236 -0.009
DFM-30 | 0.280 0.024 -0.060 -0.084
DFM-40 | 0.023 -0.209 -0.249 -0.04

Table 4.2: Axial displacement values recorded for all DFM hydratesesdtkey stages in each test
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separate parts, with each piece measured and the comrakteto temperature calculated
from standard temperature coefficients. The changes inHdogeach component were then
considered with regard to whether they would show as anaserer decrease in axial expan-
sion. It was found that when combined, the contraction dédéiht parts of the apparatus over

a temperature drop of 28 was over 0.25mm. The change in height that would be recorded
by the LVDT due to apparatus contraction is displayed in Figi4. The close correlation
with the apparatus expansion and the results recorded frerextcess water tests suggests that
expansion of the specimens seen during the temperaturddao@sult of the axial change in
apparatus components due to thermal contraction.

After the temperature drop, each specimen was held at thecmtition for a time, to allow for
full hydrate formation. During this maturation period, #adal displacement of the specimens
was monitored, with the observations recorded in Table Z2e temperature and effective
confining pressure of each test was kept constant duringetedpof hydrate formation, with
each recording in Table 4.2 taken at 250kPa effective canfipiessure. The data suggests that
the hydrate does not have a significant effect on the hostnsedidimensions in the majority
of the tests. Specimen EW-30 shows over double the expankibe other excess water tests,
however this is still below 0.1mm. If hydrate were to be saefotce sediment grains apart,
this might be noticed as an increase in expansion with hgdrattent. The lack of increasing
expansion with hydrate content in the excess water testgestg)that hydrate does not form
in such a way as to force grains apart, or that the pressureedXay hydrate formation is not
enough to overcome the effective confining pressure andcedhesspecimen to expand.

Evolution of Stiffness and Damping

Hydrate formation was originally assumed to cause a chamgeechanical properties of the
sands being tested in the GHRC (from the previous work bysP{&904)). The stiffness of the
sands was therefore expected to rise during hydrate fasmadind could be used as a measure
of the total conversion of methane gas into methane hydiayeconsidering Equations 3.1
and 3.2, an increase in resonant frequency correspondsiter@ase in shear wave velocity,
and subsequently the stiffness of a specimen. Basic measuteof the resonant frequency
could therefore be used as an indication of changes in es$iffn After the first test of EW-
10 specimens, it became apparent that the hydrate did netthavsame affect on the LBE
sand as in previous experiments (Priest, 2004). Figurehb®vs the values for the resonant
frequencies of each specimen as the temperature was drapgedydrate formed in the pore
space. For the specimens EW-10, EW-15 and EW-20, no incieassonant frequency was
observed during hydrate formation. It was not until the EQValid EW-40 specimens were
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formed that the resonant frequency began to change as bydrated in the pore space.

Although the stiffness of the specimens was unaffected lyetg formation at low hydrate
contents, the damping measurements showed significangeltanming formation. Figure 4.6
shows the dampindX) values for each specimen as the temperature was droppduydrate
formed in the pore space. Even at low hydrate contents, timpithg showed an increase, that
could be attributed to hydrate formation in the pore spacace(t became apparent that a
change in damping in the specimen signified hydrate formatfee full conversion of methane
gas to hydrate could be taken as the point where the dampinggise ceased.

4.1.2 The Effect of Hydrate Formation Technique on Stiffnes

As one of the aims of this research was to provide informaticaid in the detection and quan-
tification of hydrate in seismic surveys, the effect of hydran the stiffness of sand specimens
will be represented by looking at the seismic velocity clemig the sediment specimens. Fig-
ure 4.7 shows the shear wave velocity for “excess watersfgstimens containing 0% hydrate
up to 40% hydrate in the pore space plotted against effectinéning pressure. The pattern for
longitudinal wave velocity from flexure against effectivenfining pressure is given in Figure
4.8. The first thing to note from these plots is that no changgeismic velocity is seen until
30% of the pore space is filled with methane hydrate. If thisl@ur is compared with Priest’s
“excess gas” test data, it can be seen that the two format&ihads give different results when
compared with similar hydrate contents. Figure 4.9 plotashvave velocity against hydrate
content for both the excess water and excess gas test methdeisest's excess gas tests, the
shear wave velocity increases sharply with hydrate contef% content, and then continues
to increase at a lesser rate up to 40% hydrate content. Howewbe excess water tests, no
change is observed until 30% of the pore space is filled witlirditg, when there is a slight
increase in seismic velocity of the specimen. Figure 4.9levsuggest that the morphology
of hydrate in the pore space is therefore different depgndimthe method of formation used.
In order to develop a hypothesis to explain these differgnite relationship between seismic
velocity and effective confining pressure is analysed.

Influence of Effective Confining Pressure on Specimen Propges

It has been reported (Cascante, 1996; Saxena et al., 198@nHaDrnevich, 1972) that the
seismic velocity of a sediment is a function of isotropiceefive stress. By looking at Figure
4.7, it can be seen that there is a significant increase irhtber svave velocity with increasing
applied effective confining pressure, for all excess wadstst The same relationship can be
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observed in longitudinal wave velocity from flexure data igufe 4.8. Conversely, in Priest's
excess gas tests shown in Figure 4.10, the change in shearwemcity with effective con-
fining pressure reduces as the hydrate content increasés.refdtionship between effective
confining pressure’ and shear wave velocity; can be considered by fitting a power law
relationship to the data (Figure 4.11) such as:

V, = Ac” (4.1)

Where A andb are constants. The same relationship can also be appliedgaddinal wave
velocity from flexure V; in place of V,. Cascante (1996) has shown that this relationship
gives information on the degree of bonding in a sediment.ddanreduces the compliance of
sediments to effective stress, with thealue moving toward zero as bonding increases. Figure
4.12 shows thé values for both excess water and excess gas tests plottetstaggdrate
content. The plot shows that for both tests, thealue at 0% hydrate content is between 0.2
and 0.25, a value expected for a clean un-bonded sand (Gassaal., 1998). In Priest’s
excess gas tests, thevalue then drops to a value of around 0.025 for hydrate ctsedtove
3%, whereas the excess water tests continue to show @ kgjbe around 0.2.

The values for the power exponent, seen in Figure 4.12, shatwthen hydrate is formed in
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excess gas conditions, small quantities of hydrate haverkethanfluence on the compliance
of the sands to effective stress. This would suggest thabhg@cts as a bonding material after
3% of the pore space is filled under these formation conditidie opposite appears to be the
case for hydrate formed under excess water conditions. bex@onent for the excess water
tests remains between 0.2 and 0.25 for all hydrate contenhg,dipping to 0.18 for the 30%
hydrate test. It is obvious that the same degree of bondieig isePriest’s tests is not prevalent
in the tests conducted in this research.

Seismic Velocity and Void Ratio

The affect of void ratice on the small strain shear modulGs,,.,. of unbonded granular ma-
terials has been investigated and modelled by numerougaweutal researchers (Hardin &
Richart, 1963; Shibuya et al., 1997; Bui, 2009). Overalfjisents can be expected to gain
in stiffness (show an increase #,,,,) due to a reduction in void ratio (Hardin & Richart,
1963), although other aspects of the sediment such as dgzailasd shape must also be taken
into account (Shibuya et al., 1997). Figure 4.13 plots thid vatio of each excess water test
againstG,, ., (derived from Equation 3.2) before and after hydrate foromatTable 4.3 gives
the exact values for the void ratios that are plotted in Feguid3. Also plotted in Figure 4.13
is the universal void ratio function developed by Bui (2Q08hich plots the relationship be-
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Specimen Actual H e before e after Relative
(%) hydrate formation hydrate formation density (%)

EW-0 0 0.726 - 73.8

EW-10 8.0 0.662 0.579 91.7
EW-15 12.8 0.667 0.546 90.3
EW-20 18.5 0.668 0.506 90.0
EW-30 33.3 0.660 0.406 92.2
EW-40 38.8 0.657 0.365 92.9

Table 4.3: Exact hydrate content values for each excess water specanevell as the values for the
void ratio in each specimen before and after hydrate foonati

tween void ratio and normalised,,,,.., allowing for particle characteristics by the inclusion
of the paramete€'p, called the particle characteristic coefficient. Gengralie value ofCp

can be seen to increase with increasing grain size, anda$ecvegth increasing angularity. Bui
(2009) has found experimentally that LBE sand ha&Sgeof approximately 50-60, and LBB
sand ha€’p of 80—85. Figure 4.13 shows that the increasé&'jg,, of specimens EW-30 and
EW-40 fits into the modelled values 6f,,,.. for the corresponding reduction in void ratio of
the specimens, for @p of approximately 50. Specimens EW-10, EW-15 and EW-20 show n
increase in normalised’,,,... (EW-20 even shows a slight decrease) even though the decreas
in void ratio by hydrate formation should correspond to améase irGG,, ., by Bui’'s universal

void ratio function (Bui, 2009).

In contrast to the excess water results, Figure 4.14 shosvsetults from Priest (2004) for
sands including hydrate, from 1% hydrate content to 40%. r€kalts from Priest’s tests lie
well outside the universal void ratio function limits. Thisviation from Bui’s (2009) universal
void ratio function further enhances the view that the exagss formation method of Priest
causes bonding in the sediment.

Application of Resonant Column Results to Seismic Surveyim

Seismic surveying is generally concerned with the intagti@en of compressional wave veloc-
ities (V) in marine sediments. In order to make the results from anagstocolumn test useful
to the geophysical community, it is important to be able toegatel), from resonant column
results. However, care must be taken during the interpoetaif results from saturated sedi-
ments, due to the method of obtaining this sort of wave vglotiongitudinal wave velocity

is derived from the resonant column through bending (Sedi@.1). Bending produces an
unequal strain field across a cylindrical specimen, theeefm one side, the specimen is in
compression, and on the other extension. In porous matesiath as those used in the excess
water tests, water is free to move across the specimen tblegte the excess pore pressure
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caused during bending, however this means that the veMaaig’'s modulus found through
flexural excitation is representative of the dry sedimery.of\s the movement of a com-
pressional wave through a specimen creates an even stidiinfieross section, excess pore
pressure can not dissipate, and the stiffness of the watkethenframe are measured. In order
to derive the saturated compressional wave velocity of guéngents in the resonant column
test, the stiffness of the water must be factored into theifexesults.

Compressional wave velocitl, can be found using the shear modutis,; and bulk modulus
K, of the saturated sediment:

KSLL éGsa
V, = \/Lpst) 4.2)

wherep is density of the specimeid: ., can be derived from the measurgédvia Equation 3.2,

as water is not a factor in shear deformatidi,,; in a saturated sediment however, depends
on the bulk modulus of the sediment frame and that of the fhihé pore space. Gassmann
(1951) has shown that the bulk modulus of a saturated seditaarbe found by using the bulk
moduli of the constituent parts:

(- gy

¢ 1-¢ Ky

Kf Km KrQn

Ksat = Kd +

(4.3)

Where K is the bulk modulus of the fluidi<,, is the average bulk modulus of the sediment
grains; K, is the bulk modulus of the dry frame; arids the porosity of the rock. This equation
allows the saturated bulk modulus of the sediment to be fdtord the experimental results
(that produceky), and the pore water component &f,,; that can be calculated from the
known bulk moduli of water §; = 2250MPa) and a calculated value féf,, that accounts
for hydrate content giving the sediment a mixed mineralogy,, is calculated using Hill's
averaging formula (1952):

L[ N o -1
K
Ky, = B z;%‘KrF ( 1E> (4.4)
1= 1=

Wherey; is the volumetric fraction of thé-th constituent,K; is bulk modulus for each con-
stituent, andV is the number of mineral constituents. The bulk modulus ofnarge hydrate
was taken as 7.9GPa (Waite et al., 2000) with the bulk modofitbe quartz sand grains as
36.6GPa (Mavko et al., 1998).
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Figure 4.15 shows the computed, Yor all excess water tests. It shows the resultsifpto
have a better spread than the resultsifpandV;;, with the change in hydrate content giving
an increase in P-wave velocity in all the excess water t@$iis. is in contrast to the measured
results, which only show hydrate affecting specimens EV&3) EW-40 (Figure 4.16).

The consistent increase ¥y with hydrate content is likely to be due to the wyis calculated
using Gassmann’s (1951) equation. Equation 4.3 finds thkenbotiulus of the fluid component
through porosity and the bulk moduli of the other sedimemtstituents. As the inclusion of
hydrate to a sediment decreases the porosity, this willecansincrease it;,; even though
no increase is observed in the measufégdfrom V;;. Care must therefore be taken when
finding V}, by using Gassman’s equation in this case. The results inr€igd5 may very well
represent the modelled changelinwith hydrate content and’, rather than the true values.

4.1.3 The Effect of Hydrate Formation Technique on Attenuaion

The measurement of attenuation in gas hydrate bearing satirhas been limited, with only
a couple of researchers providing information on atteoudti naturally occurring gas hydrate
bearing sediments (Guerin & Goldberg, 2002; Matsushim@5&ection 2.4.4). Attenua-
tion measurements were therefore taken throughout thedgesh as to obtain the first set of
information on synthetic water saturated hydrate bearauinsents.

Figure 4.17 shows the pattern of attenuation in torsigrt @nd flexure %} plotted against
hydrate content for the excess water tests. Attenuatiamesalvere obtained through the free
vibration decay method as described in Section 3.2.1, fréwiclwthe equipment damping was
then deducted to give the intrinsic attenuation of the spens. Values from both torsional
(Q; 1) and flexural (Qfl) excitation are plotted in Figure 4.17 and both show an eeen
attenuation with increasing hydrate content, althogght shows a more consistent increase
than qfl. The anomalously low flexural attenuation value for speair&®V-20 containing
18% hydrate content may be another indicator of incomplgtirdie formation in the speci-
men, as suggested previously in Section 4.1.1. Figure 4VB8 ¢he shear wave attenuation
plots against hydrate content for different values of effecconfining pressure. The general
trend for increasing confining pressure is a decrease inugt®n seen in each specimen, how-
ever, this decrease is low enough to suggest that attenuationstant throughout the effective
stress load—unload cycle.

When comparing these results with those from Priest’s (R@Rdess gas tests, there is a no-
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ticeable difference. Figure 4.19 compares the shear wassuation (Q') and longitudinal
wave attenuation (91) from both the excess water and excess gas tests for allteyctvatents
tested. It can be seen that in Priest’s tests, attenuatianasigh between 3 and 5% hydrate
content. It then drops to a relatively constant value from 40% hydrate content. In the tests
conducted in excess water conditions however, attenuatimreases with increasing hydrate
content.

As it has been established by Priest et al. (2005) that hydsadcting as a cement in excess
gas conditions, the behaviour between 1% and 5% hydratembimnt Figure 4.19 could be
unexpected. Increasing degrees of cementation shouldateattenuation by restricting grain
movement and decreasing viscous energy dissipation (P&cHelbrook, 2000). However,
Saxena et al. (1988) have recorded a similar attenuatiaerpaio Priest's excess gas tests
when testing sands with various degrees of cementation lyaRd cement. They record a
point between 5% and 8% cement saturatation where the dgngpit a peak, before it drops
off as the sand becomes fully bonded. They hypothesise tibagrergy dispersion through
a weakly cemented sand will be higher than through a sandemier clean grains are in
contact. From 1% to 8% cement saturation, the sand is carsideeakly bonded’ and so
the damping increases. After 8% cement saturation, theisdntly bonded and the damping
decreases. In the excess gas tests of Figure 4.19, the spacimay be ‘weakly bonded’ up
to 5% hydrate content, after which attenuation decreasastmstant value as the specimens
are fully bonded by hydrate. In addition to this hypotheBigest et al. (2006) concluded that
attenuation in hydrate bearing sands formed in gas satlieateironments is caused by the
‘squirt flow’ mechanism.

The energy dispersal in sediments at low strain is primalilg to viscous dissipation and not
frictional losses (Winkler et al., 1979). In sediments tbahtain water, the dispersion of a
wave is controlled by the degree of saturation and the frequdn partially saturated porous
materials the interaction of the water and gas phases pteips@ortant role in energy dispersal,
whereas in water saturated media, local fluid flow of waterarep and cracks is the primary
contributor to damping (Jones, 1986; Murphy et al., 1986ndton et al., 1979; Cascante,
1996).

‘Squirt’ or ‘local flow’, is the mechanism by which the pasgiof a seismic wave through
porous media, induces pore pressure gradients acrosidinaiypores and grains. This causes
the movement of water and the resultant viscous dissipati@nergy (Mavko & Nur, 1979;
Mavko et al., 1998). Priest et al. (2006) suggest that adsbrater on the surface of the
LBE sand grains will move as seismic waves deform the graim®@tacts. The decrease in
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attenuation as hydrate content increases is due to thermpedffiect of the methane hydrate,
combined with reduced availability of water for squirt flow & is all consumed during the
hydrate formation.

The increased attenuation with hydrate content seen indtese water tests could also be an
unexpected behaviour. As hydrate is pore filling, and resltive porosity of a sand, it has been
shown that this should cause a decrease in attenuation [fdanfi972). However, Goldberg
et al. (1985) observed an increase in attenuation in sedénoemtaining varying degrees of
silica diagenesis. As the silica decreased the porosithefhbst sands, they expected the
attenuation to decrease also. The adverse results wer@reegblby considering the changing
aspect ratio and surface area of the pores with relationcal ituid flow mechanisms. The
decreasing porosity led to an increase in pore surface traagave a greater availability of
pore surface area that increased viscous fluid losses dodabflow movement. This process
could be the same in the excess water tests of this reseasdtydhate grows in the pore space,
a larger surface area for squirt flow also develops.

Another damping mechanism to consider in water saturatedaby bearing sands is the flow
of liquid inside the hydrate grains themselves. Methanadtedis a porous material (Genov
et al., 2004), and the method for generating hydrate in thessxwater tests promotes a porous
hydrate morphology. Tohidi et al. (2001) have shown thatratgdforms around gas bubbles
in water rich environments, with further hydrate growthuléag from gas inside the bubble
diffusing out through the porous hydrate structure. Whegisnsic wave passes through one of
the excess water test specimens, the hydrate grains mapfextra squirt flow through their
porous structure. The attenuation increases with inangdsydrate content, as more hydrate
generates internal squirt flow and increases energy dtisipa

Comparison of attenuation results with previous studies

As mentioned earlier in this section, measurements of@dtém in hydrate bearing sediments
are limited. However, the nature that has been recordedhasralso been observed by Guerin
& Goldberg (2002) and Matsushima (2005). Both reports dlesdrincreasing attenuation
with hydrate content during logging of natural hydrate begisediments. On the back of
these observations, Matsushima (2005) went on to suggesittenuation may become a more
valuable tool for detecting and quantifying hydrate beagediments then seismic velocity, as
attenuation appears to be more sensitive to hydrate covaeations.

It has become apparent from this research that hydrate hasyaliferent effect on homo-
geneous sands when grown in different conditions. If thaelte®f the velocity studies seen
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in Section 4.1.2 are considered alongside the attenuatiuits seen here, the suggestions of
Matsushima (2005) could be relevant. In oceanic environsydrydrates are mostly grown in
water saturated conditions. If the models of hydrate foronmain these conditions as a non—
bonding material are to be taken, the hydrate will not effaet seismic velocity of the host
sediment until significant quantities are present in the ppace. Even once 40% of the pore
space is filled, there may only be an increase in seismic iglot 100 - 150ms*, as seen
in the results of Figure 4.7, with lower hydrate contentslr@ihg detected at all. Attenuation
results however, show an increase with increasing hyd@itent even at lower hydrate vol-
umes. The sensitivity of attenuation changes to increashgdrate content when the hydrate
does not appear to be affecting the stiffness of the sedimagtallow the detection of hydrate
in situations where it would not have been detected by stargkiEismic velocity surveys.

4.2 Hydrate Morphology in Synthetic Hydrate Bearing Sediments

The aim of the testing sequence described above was to emdbkect comparison of hydrate
formation techniques by forming homogeneous methane tg/dinathe same materials and
apparatus as Priest (2004), but in water saturated conslitibhe comparison between Priest's
“excess gas”, and this research’s “excess water” methggplalows for investigation into
the morphology of methane hydrate in the pore space undereatit formation conditions.
The results displayed above have shown that hydrate affecisnent differently depending
on whether it was formed in gas rich (excess gas) conditionsyater rich (excess water)
conditions.

The hydrate bearing specimens formed by Priest (2004) shHoehaviour that is attributed to
the bonding of the sediment. Analysis of effective stregseddency { exponent), void ratio
change and attenuation pattern have all pointed towardsetimentation of the sediment with
hydrate. Further comparison with cemented sand reseasciel(d et al., 1988) led Priest et al.
(2005) to establish this nature for hydrates formed undeesx gas conditions. The results
from the excess water tests in this research show a veryadatiff@ature to excess gas results.
Analysis of theb exponent suggests that there is no bonding in the excess tadeated
sands, even in specimens with high hydrate content (EW-8(EA-40). Plots of void ratio
against normalised shear modulus, follow a pattern preditly Bui's universal void ratio
function (2009) suggesting the reduction in void ratio adrgrlar materials corresponds to an
increase in shear modulus. Attenuation measurements fre@xcess water tests also suggest
a different nature to the excess gas, with wave attenuatiowisag an almost linear increase
with increasing hydrate content.
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Figure 4.20: Shear wave velocity results from the dry side hydrate telSRriest (2004) and the wet
side results of this research, compared with hydrate mdoglyonodels (Chapter 2, section 2.4.3).
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4.2.1 Hydrate Morphology Models

It seems clear that hydrate formed in the excess water tests bt cement the sediment. In
order to help understand the grain scale interaction ofdtgdand sediment, results can be
plotted alongside the models from Section 2.4.3.

Figure 4.20 gives the shear wave velocity results from tleex gas tests of Priest (2004) and
the excess water tests of this research along with the mddslsibed in Section 2.4.3. The
cementing models in Figure 4.20 are those of Dvorkin et 8002, which describe the change
in shear wave velocity when two different configurations éent are considered for hydrate
on grain surfaces (see Appendix A). The frame building anc fitling models in Figure
4.20 use equations that derive the shear modulus of the dineat frame from the modified
Hashin—Shtrikman bounds (Dvorkin & Nur, 1996), and thertizko account hydrate presence
via the change in porosity (Appendix A).

Figure 4.20 shows that the increase in shear wave veloadity sethe excess water tests is
similar to that predicted by the frame building model, whieyerate is modelled as changing
the porosity of the sediment along with altering the sheaduhes of the sediment frame.

The cementing models of Dvorkin et al. (2000), predict higsteear wave velocities than are
observed in the excess gas tests. Qualitatively, the iserfram the experimental results sug-
gest cementing behaviour, however at no point do the spesimeach the predicted stiffnesses
of the Dvorkin et al. (2000) models. It would appear that rmathhydrate does not conform to
the cementing mechanisms that the Dvorkin et al. (2000) msade based on. Further under-
standing of the cementing behaviour of hydrate is therefi@eded to fit models to the excess
gas test data.

The differences in excess water and excess gas morphologielse explained if the hydrate
methodology is considered.

In “excess gas” tests, or conditions where the environmegbs saturated, the hydrate will
grow where the water resides, at the gas/water interfaceuaitially saturated sands, water
tends to collect at grain contacts and coat individual samaihg. When hydrate is grown
in these conditions, it is therefore forced to grow on grainfaces and at contacts (Figure
4.21(a)). In “excess water”, or water rich conditions, therphology of hydrate changes, due
to the difference in gas/water interface. In this environtieefore hydrate formation, there are
gas bubbles suspended in water filled pores. As the specsiiaken into the hydrate stability
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Figure 4.21: Locations of hydrate in the pore space under different foionaonditions

field hydrate will form around gas bubbles at the gas/waterface (Tohidi et al., 2001; Sloan,
1998). Although there are two possible configurations fairate morphology in this situation
(frame building and pore filling), it seems, from compariseith modelling results, that hy-
drate forms in such a way as to cause a reduction in void ratiocantribute to the sediment
frame. This points towards hydrate formation near graintaxs (Figure 4.21(b)), rather than
isolated gas hydrate forming in the pore space. The lackedrsivave velocity increase from
0% to 20% hydrate content however, does not fit with a pureljné building model. Yun et al.
(2005) suggest a modified growth pattern for hydrate, whé@dombination of the pore filling
and frame building end members and can explain this dexiftion the purely frame building
model above. They consider that hydrate grows on the sudbgeains, but grows outwards
into the pore having little affect on sediment propertieg do no bridging of the sediment
grains by hydrate. Once sufficient hydrate content is redhcloeas to provide grain/hydrate
interaction, the properties of the sediment sharply irsggdun et al., 2005). It is possible that
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aspects of this model are prevalent in the excess wateiofdsiis research. Up to 20% hydrate,
the excess water specimens do not show a change in seismaityels the hydrate is growing
into the pore space. Once 30% hydrate content is reachedvhnvtiee hydrate interacts with
the sediment grains and affects the shear wave velocity.r@héts in Figure 4.13 giving the
change in void ratio of the excess water specimens with n@etbshear modulus, agree with
this hypothesis. The reduction in void ratio by the preseri¢tg/drate in each specimen, should
have corresponded to an increase in normalised shear nsodithuincreasing hydrate content.
Specimens EW-10, EW-15 and EW-20 deviated from this pestliccrease curve, in that as
the void ratio decreased, there was no corresponding isetiaanormalised-,, ... This would
suggest that the hydrate did not interact with the sedimemé in these specimens. Once
30% and 40% hydrate contents were reached in specimens E&#d3BW-40, the values for
normalisedG,,.. plotted on the predicted curve for the observed change it ratio in the
specimen, indicating the hydrate was now a frame buildingpgmmnant of the sand.

The nature of formation in the excess water tests may acdoutite increase in shear wave
velocity seen in these tests being at a lower hydrate cotttantthat seen by Yun et al. (2005).
Yun et al. formed hydrate out of solution, whereas a gas pisggeesent in the excess water
tests. The ability of the gas bubbles to move around in the ppace, may mean that they
are more likely to be situated near grain contacts beforegatgdormation, than if hydrate
were simply forming out of solution and could nucleate angwehon the grain. Care must be
taken when making such comparisions however, due to Yun @Q05) utilising THF to make
hydrate rather than methane.

4.2.2 Comparison of Results with Previous work on Morpholoyg

In addition to the work of Yun et al. (2005), other work on thenghology of hydrate and

the effects it has on host sediment properties appears tobavate with the results seen in
the excess water and excess gas GHRC hydrate tests. Of dsate®n forming synthetic

hydrates, only Waite et al. (2004) shows hydrate formingas gch conditions. They showed
that hydrate acted as a cement in a similar fashion to thesexgas tests of Priest (2004),
however their tests resulted in much higher values for cesgional and shear wave velocities
at comparable hydrate contents than the results of Priegd§2Table 4.4). This could be

due to the high frequency (1IMHz) P—wave transducers useddite\&t al. (2004) to measure
compressional wave velocity, or that they allowed theirrhyel specimens to mature for over
220 hours, compared to Priest’s 48 hours (discussed fuirthgection 2.4.1). Regardless of
this difference, the large seismic velocities of Waite & ¢004) results add to the evidence
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Source Material Vplms™  Vilms™?
10% hydrate and sand 1701 310
E ter test 15% hydrate and sand 1726 313
Xcess waterests, 20% hydrate and sand 1745 287
this research
30% hydrate and sand 1881 392
40% hydrate and sand 1916 424

Stoll & Bryan (1979) Propane—Methane hydrate and Sand1800—2260 -
Winters et al. (2004) ~100%(?) Methane hydrate and sand 3950 —

20% R11 Hydrate and sand 1700 -
B tal. (1999
erge etal. ( ) 40% R11 hydrate and sand 2500° 1500°
. 20% Methane Hydrate and sand 3080 2126
Waite et al. (2004
aite etal. ( ) 40% Methane hydrate and sand 3360 2300
. 20% Methane Hydrate and sand 2476 1423
Priest (2004
riest ( ) 40% Methane Hydrate and sand 2908 1636
Spangenberg & 20% Methane hydrate and glass beads 2000° -
Kulenkampff (2005) 40% Methane hydrate and glass beads 2800 -
40% THF hydrate and sand - 300
Yun et al. (2005
unetal. ( ) 90% THF hydrate and sand - 1500

Table 4.4: Tabulated P-wavel{,) and shear wavel{) velocities from excess water testing
of this research, compared against results from varioukaverof hydrate synthesized in the
laboratoryCalculated saturateld, values®Values calculated by Waite et al. (2004) using standard rock
physics relationSApproximate values

of hydrate cementing in gas rich conditions.

The other tests on synthetic hydrate bearing sedimenthivat measured acoustic properties
have been conducted in water saturated conditions (Bergk, €t999; Winters et al., 2004;
Spangenberg & Kulenkampff, 2005; Yun et al., 2005). The ltefoom Yun et al. (2005)
compare the most favourably with the excess water testsisassded above, as well as the
20% hydrate and sand velocities given by Spangenberg & Kalapff (2005). As both of
these tests form hydrate out of solution, and in fully watdusated conditions, it appears that
the method of hydrate formation used in the excess wates tks in fact simulate hydrate
forming out of fully saturated sediment. Results such aseéhipom Winters et al. (2004)
are mis—leading with regard to comparison with the excegsntest results. The high values
seen from these tests may be due to the formation method pegeslation giving an excess in
hydrate former in the pore space which is essentially likmifog hydrate in partially saturated,
“excess gas” conditions.

With regard to measurements from the field, the hypotheaishiydrate is pore filling in water
saturated sediments also corresponds to many real wortsh@ti®ns. Sakai (2000), Jakobsen
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et al. (2000), Lee & Collett (2001), Helgerud (2001) and Waidt al. (2004) have analysed
seismic data from a variety of locations against morphologylels for hydrate bearing sedi-
ments. In each case, it was concluded that hydrate did natsagtcement, but formed in the
pore space.

4.3 Discussion of Different Sediment Tests

A series of tests were conducted on a variety of hydrate hgaddiments in order to determine
the affect of grain size and shape on hydrate growth. Hydsaie formed in four different
sediment types, using the “excess gas” methodology of (Ri2é€4). Hydrate content and
pressure—temperature routes were consistent for allrepasi so that the affect of particle
characteristics could be analysed. This section desdtilea®sults from these tests, beginning
with observations during hydrate formation, followed biss@c velocity and wave attenuation
analysis.

4.3.1 Observations during Preparation and Hydrate Syntheis

Hydrate was formed in the different sediment specimens hga“éxcess gas” technique of
Priest (2004), although the route taken into the stabiligezduring this research was differ-
ent to that used by Priest. Hydrate was formed in the diftesediment tests by increasing
the pressure to 10MPa in normal laboratory conditions, reeflbopping the temperature into
the hydrate stability field. Priest (2004) reduced the tawmupee to below freezing, before
increasing the pressure therefore forming hydrate fromdbhehase of water. Despite these
differences, certain observations from Priest’s expemisiean also be expected in the differ-
ent sediment tests. The hydrate content in each differelimsait specimen should be large
enough to cause bonding of the sediment, and so an increasisimic velocity should be
observed as hydrate forms. It is also possible that a chanaeal displacement will occur in
the specimens due to the hydrate “jacking” the sedimenhgrapart as it forms.

Evolution of Stiffness and Damping

As the temperature was dropped in each different sedimenhtdetake the specimens into
the hydrate stability zone, efforts were made to monitordim@nge in specimen properties in
an attempt to directly observe hydrate formation. Figu224yives the change in resonant
frequency as the temperature was dropped for each diffeeglitnent specimen. It can be seen
that an increase in resonant frequency was observed ineatlifferent sediment tests, which
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corresponded to hydrate formation. However, it was onhhwjpecimen LBB/LBE-10 that
a gradual increase in resonant frequency could be obsenedodconsistent measurements
being taken over the temperature drop. Measurements fremethaining different sediment
tests could not be made due to the inability to identify restpeaks during hydrate formation.
This was because of the high level of damping from the spatirtieat flattened any observable
peak in resonant frequency. Increased damping during teyfivsemation can be attributed to
incomplete cementation. Saxena et al. (1988) show that &lyveamented sand has a higher
rate of energy dissipation than a clean uncemented speafrtbe same material. It has been
established that hydrate forms as a cement in “excess garafion conditions (Priest et al.
(2005) Section 4.2), and so the slow crystallisation of hyelbefore full conversion represents
patchy cementation of the specimen. This peak in dampinipglinydrate formation can be
observed in LBB/LBE-10 specimen in Figure 4.23.

Axial Displacement Changes

The change in height of the specimen was monitored througheupressure increase, tem-
perature drop and hydrate formation. From the excess weggng sequence (Section 4.1.1) it
had been found that the apparatus contracted as the tenmgeodthe system was decreased,
showing as an expansion of the specimen by the LVDT. The eham@xial displacement
that was recorded from each different sediment specimengitemperature drop is given in
Figure 4.24. Although all the specimens show an expansidngithe temperature drop, only
specimens LBB-10 and LBB/LBE-10 display a change close tatughcalculated for the appa-
ratus expansion. Specimens LBE-10 and LBB/M-10 both shoaxéad displacement change
of around -0.06mm, which is much lower than expected.

The excess gas method of hydrate formation forces hydrageot® on grain surfaces and at
contacts. Priest (2004) hypothesised that hydrate foomatbuld cause an expansion in sedi-
ments due to hydrate ‘jacking’ grains apart. Table 4.5 gthesvalues for axial displacement
of each different sediment specimen at the beginning and&the hydrate formation process.

Measured axial displacement (mm) change during
Specimen Start Beg. hydrate form. End hydrate formhydrate formation (mm)
LBB-10 0.046 -0.112 -0.036 +0.076
LBE-10 0.115 0.05 0.081 +0.031
LBB/LBE-10 | 0.008 -0.202 -0.238 -0.036
LBB/M-10 0.400 0.363 0.337 -0.026

Table 4.5: Axial displacement values recorded for all different seelinhydrate tests at key stages in
each test
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Figure 4.24: Change in axial displacement for the different sedimens @gainst change in temperature
during the temperature drop into the hydrate stability zoAeegative change in axial displacement
corresponds to an increase in height of the specimen.

From analysis of the stiffness and damping measurement® atih@ beginning of hydrate for-
mation was taken to be at 10 for each specimen. The observations that were made show
that specimens LBB-10 and LBE-10 actually compress duridydte formation, with only
specimens LBB/M-10 and LBB/LBE-10 showing a very slight arpion.

4.3.2 The Effect of Different Sediment Type on Stiffness

Prior to conducting hydrate tests, four dry—dense spearéeach sediment type were formed
so that baseline properties could be recorded. Figure h@Bssthe results of these preliminary
tests. It was found that the increase in grain size from LBEB® corresponded with an
increase inV/; between the two specimens. This behaviour has been obserttesl literature
(Buckingham, 2005; Iwasaki & Tatsuoka, 1977). Once 10% bighteof LBE or Mica was
added to the LBB specimety; was seen to decrease from that of the pure LBB specimen.
This decrease has also been documented in the literatuget(eti al., 1999; Lee et al., 2007;
Clayton et al., 2004; Georgiannou, 2006) and can be coresiddue to a number of factors.
Lee et al. (2007) and Hight et al. (1999) suggest that micagcan sit in between sand grains
as well as in the pores, changing the distribution of intdigla forces and thus reducing the
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stiffness of a material. Georgiannou (2006) suggests tisid not the case for the inclusion
of small diameter rotund particles to a larger diameterrmdtsand , however results in Figure
4.25 indicate that there is some impact of the LBE on the LB#irsent. The stiffness of
the different sediment baseline specimens can therefeceba considered with regard to the
void ratio of the main sand fraction. Figure 4.26 plots ndisea shear modulu§,,,., against
void ratio for the different sediment baseline specimemsd(vatio values are given in Table
3.7). Also plotted are the void ratios of the main sand fractirom specimens LBB/LBE
and LBB/M. Figure 4.26 shows that the reductiondp,,, seen in the LBB/LBE specimen is
predicted by Bui’'s (2009) universal void ratio function whglotted against the void ratio for
the main sand fraction. The reductionliy from specimen LBB to specimens LBB/LBE and
LBB/M seen in Figure 4.25, may therefore be due to the ineréasoid ratio of the main load
bearing sand fraction, even though the overall void ratithefsediment is decreased by the
inclusion of fines. The additional reduction in stiffnessrsé specimen LBB/M may be due
to the mica/sand grain interaction described by Lee et @D{p

It has been established in the previous section that hygdfateed by the excess gas method
cement the host sediment. Taking this into consideratiertam hypotheses can be drawn as
to what results to expect from the different sediment tdéthe formation of hydrate in each
of the sediments was to have an equal cementing affect, agiet epect the results to follow
the same pattern as the baseline results in Figure 4.25.insgre¢.BE-10 could be expected
to show the lowest shear wave velocity, with specimen LBB@ing the highest. However,
as Priest (2004) has shown, hydrate bearing sands madeth&rtgchnique are sensitive to
hydrate content. The larger hydrate content of the LBB/Msfil8cimen may therefore result
in the highest shear wave velocity of all the specimens. Baseline and hydrate test results
have been plotted in Figure 4.27(a) for the torsional resboalumn tests and Figure 4.27(b)
for the flexural tests so that any connections between thétsezan be directly observed.

The first observation that can be made from Figure 4.27 istligalhydrate content in the pore
space was sufficient to bond each type of specimen mixtureh@sn by the large increase
in shear and longitudinal wave velocity. To validate thisedvation, the relationship between
wave velocity and effective stress given by Cascante (1@96juation 4.1 was calculated, and
the values for thé exponent were found to fall to around the values obtainedhfetbonded
sands of Priest (2004) (Table 4.6).

Although it is clear hydrate bonds the sediment mixturess dlso apparent that it does not
do so to an equal degree. The predicted distribution of uascfor the different sediment
hydrate specimens suggested the LBE-10 specimen wouldthavemallest shear and lon-
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gitudinal wave velocity after hydrate formation, as thedbag tests in Figure 4.25 give this
behaviour. It is clear from both Figure 4.27(a) and Figutg/f), that specimen LBB/M-10
shows the smallest wave velocities when containing hydeaten though it contains the largest
hydrate content, and had a larger wave velocity than the Lig€imen in the baseline tests.
Additionally, the LBB/LBE-10 specimen shows a shear wavedcity and longitudinal wave
velocity from flexure that is comparable to the LBB-10 spemiwhen the baseline results for
the LBB/LBE sediment show it should be lower than the LBB. Tiactors may be considered
with regard to the interaction of the hydrate and the graas tan help explain these obser-
vations: Firstly, the impact from the change in surface aaea secondly, the interaction of
coarse and fine grained particles at grain contacts.

Surface Area Effects

It has been established that in excess gas conditions, tegdi@m on particle surfaces and
contacts where the water resides (Section 4.2). The voluneater added to a specimen
will be adsorbed on to the mineral surface and then additimager will form at the particle
contacts due to capillary action between the grains. Themvelof water adsorbed onto grain
surfaces in the specimens is directly related to the sudaea of the grains available, and to
the grain surface roughness. The materials used in thadliffsediment tests each have a
different surface area per grain. In order to estimate ttz sorface area in each specimen, the
grains were approximated as smooth scalene ellipsoidyt(@lat al., 2008a). Although this
method does not account for the additional adsorbed watetdithe surface roughness of the
LBE sand grains, it allows for a good approximation of thdaes areas within the sediments
to be made. The surface areas for LBB, LBE and Mica grainshemefore approximated as
being 2.20 x 10°m?, 1.52 x 108m? and 1.29 x 108m? respectively. By also knowing the
volume of each scalene ellipsoid grain, the total surfaea &r the volume of material in each
of the specimens could be calculated, and is given in Talzle 4.

The specimens with greater surface area, LBE-10 and LBBllvafipear to show slower wave
velocities when hydrate is formed in the sediment. When @ing the values from Table 4.7

A Constant b exponent

Specimen V Vi V, Vif
LBB-10 1161 1548| 0.0305 0.0377
LBE-10 1253 1733 0.0093 0.0149
LBB/LBE-10 1261 1504| 0.0180 0.0398
LBB/M-10 1008 1274/ 0.0266 0.034

Table 4.6: Values for the A constant aridexponent for the different sediment hydrate specimens.
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Surface area per Surface area of

Specimen  rhof material (M) grains in specimen ()
LBB-10 8 x10° 2.75
LBE-10 112 403 33.83
LBB/LBE-10 18 X103 6.85
LBB/M-10 124 x10° 42.07

Table 4.7: Estimated surface areas for each specimen, calculateglthgiformulae by Thomsen (2004)
for the surface area of scalene ellipsoids

with the results in Figure 4.27, it seems that the specimaifstiae smallest surface area, LBB-
10 and LBB/LBE-10, correspond to the specimens that showatgest shear and longitudinal
wave velocities when hydrate is formed.

Priest et al. (2005) showed that the seismic velocity for LlEad, increased with increasing
guantities of hydrate in the pore space, due to the increagedntity of a bonding material
at particle contacts. The change in grain surface area sd@n different sediment specimens
from LBB-10 to LBB/M-10 means more water is required to cotrer grain surfaces, and so
less water will reside at grain contacts. Less water at graiiacts means less cement bonding
the particles, and so a slower shear and longitudinal waleeie

This hypothesis can be investigated by considering thawelof water bound to grain surfaces.
Olhoeft (1976) suggests that 7-8 monolayers of water, e@chm thick, are bound to silica
surfaces in partially saturated rocks. If this value is tals an average for the grains in our
specimens, the volume of water bound on grain surfaces camlbelated. Considering the
initial volume of water added to each specimen, the pergervathat water bound to surfaces,
for each specimen, is 0.9% for LBB-10; 2.6% for LBB/LBE-10,3% for LBE-10; and 13.4%
for LBB/M-10. These values show that the specimens withthallest surface areas have more
water available for bonding at particle contacts than tleeispens with a high surface area.

The differences in seismic velocities for each specimendvew is not so great as would
be suggested by the calculated differences in surface &@agitudinal wave velocity from
flexure results (Figure 4.27(b)) show specimen LBB/M-10 agry the slowest velocity, but
the remaining specimens have longitudinal wave velocitessimilar value. The surface area
hypothesis predicts a larger distinction between the t®@silherefore, there must be another
factor controlling how hydrate affects the sediment miggtur

Sediment Grain and Hydrate Interaction
With material mixes such as those tested here, it is alsssacgeto consider the direct effect of
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the range of grain sizes and shapes in each specimen. Resgannixes of granular and platy
materials shows that the stiffness of a rotund sand changksdive inclusion of fines (Hight
etal., 1999; Lee et al., 2007; Clayton et al., 2004; Georgan 2006) as discussed previously
in this section. The low shear and longitudinal wave veiesifor specimen LBB/M-10 may
be due to a combination of the interaction of the LBB and migdigles and the large surface
area of grains inside the specimen. The inclusion of 10% kightenica to an LBB sediment
increases the void ratio of the main sand fraction, so tlealidhd bearing frame of the sediment
is in a loose state (see Table 3.8). The large surface ard@ohica grains, and the spread
of hydrate cement over each grain surface, means that tip®nbien of cement at the LBB
contacts is reduced. Coupled with the initial loose state®f BB load bearing frame, bonding
is not as effective in specimen LBB/M-10 than in the othefedédnt sediment specimens, and
results in specimen LBB/M-10 showing the lowest shear anditadinal wave velocity results.

The addition of small diameter rotund particles to a cleamdsef a larger grain size, has
less effect on seismic velocity than the introduction of anibut still alters bulk properties.
Although the majority of the LBE grains may sit in the pore@pand do not interact with the
LBB grains (Georgiannou, 2006), the addition of LBE to LBBzd@ppear to increase the void
ratio of the main sand fraction, creating a medium—densgbearing frame (Table 3.8). Figure
4.27 shows that the addition of gas hydrate to the LBB/LBECBpen, gives the same shear
and longitudinal velocities as the hydrate bearing LBB spea. As the baseline LBB/LBE
specimen had a lower velocity than the LBB dry dense speciihappears to give the largest
increase in seismic velocity of all the materials testedis Ticreased bonding affect may be
due to the interaction of the hydrate cement with the LBErgraCement and concrete research
shows that pore filling inclusions to cement mixes incredhescohesive characteristics of
concrete (Murdock et al., 1991; Neville, 1995). This can be tb an increased number of
nucleation and bonding points, or the inclusion of a solidemal in the compliant hydrate
cement.

4.3.3 The Effect of Different Sediment Type on Attenuation

Attenuation in the different sediment specimens was folmdugh the free vibration decay
method described in Section 3.2.1. Figures 4.28 gives tharshiave and longitudinal wave
from flexure attenuationf;* andQl‘f1 respectively) found for all the different sediment tests
against effective confining pressure. As in the excess wasts, the attenuation values de-
crease slightly with effective confining pressure, but allehe attenuation can be considered
to be constant throughout the load cycle. Figure 4.29 plasattenuation values for the dif-
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ferent sediment tests in more detail, with reference to eacliment type. The plot shows
that the inclusion of 10% hydrate in the sediment mixturessdwot have a significant impact
on the attenuation values from the control tests (dry depseimens), which agrees with the
attenuation results from Priest (2004) where the same fimm&echnique was used. Priest
obtained shear wave and longitudinal wave from flexure a&ton values of around 0.015 for
LBE sand containing 10% hydrate content, a value which wasfaund for the LBE-10 spec-
imen in this research. In all specimens, the attenuatiorases from the dry dense state to the
hydrate filled state, although to different degrees in eadmsent type. No discernable pattern
can be distinguished from this increase of attenuation wiyeinate is included, however the
low value, similar to that of Priest's (2004), agrees with #ssumption that hydrate is bonding
each different sediment specimen.



4: DISCUSSION OF EXPERIMENTAL RESULTS 122

0.025 - ‘ ‘ ‘
—®—LBB-10V, —e—LBB/M-10 V,
—&—BB/LBE-10V,  —@—LBE-10V,
--®m--LBB-10 V, --@--LBE-10 V,
0.02 --&--LBBILBE-10 V,  --#--LBB/mica-10 V,
—O0—LBBO V, —O—LBE0 V,
—A—LBB/LBE-0 V, —0—LBB/M-0 V,
T o015
c
2
=
©
3
fe
o}
=
X oot

0 500 1000 1500 2000

Effective confining pressure ¢’ (kPa)

Figure 4.28: Shear and longitundinal wave attenuation'@Ilotted against effective confining pressure
o’ for all different sediment tests through the load cycle
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Figure 4.29: Shear and longitundinal wave attenuation'Qf all different sediment tests compared
against dry dense specimens containing no hydrate.



Chapter 5

TESTS ONNATURAL HYDRATE
SAMPLES

5.1 Introduction

Five core sections from the Indian National Gas Hydrate RmgNGHP) 01 expedition were
supplied to the University of Southampton with the objectiefermining some dynamic geo-
physical properties of the hydrate bearing sediment. Thépter describes the processing of
these cores through various stages of investigation imio gnoperties, beginning with visual
documentation of the morphology of the hydrate in the contiaes, followed by attempts to
test the samples in the GHRC, and finally the geotechnicdysisaof the host sediment.

5.1.1 Sample Origin

The samples provided for testing were recovered from thehla—Godavari Basin, on the
eastern margin of the Indian peninsula (Figure 5.1). Theegasnargin of India is a passive
continental margin, with a high rate of sediment depositioe to the Ganges—Brahmaputra
river system draining into the Bay of Bengal and creatingBkeagal Fan. This large sediment
accumulation has a maximum thickness of 22km on the Bangjtadkeelf, and is responsible
for 8—=10km of sediment located in the Krishna—Godavarirbagiodern deposits into the basin
are dominated by input from the Godavari River, and so thersaus that were drilled in the
basin during NGHP-1 were mainly clays with well defined saadzons (Collett et al., 2008).
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Figure 5.1: Location of the NGHP-1-10 and -21 drill sites (Collett et aD08).

Of the five core sections supplied to Southampton, four cawm fa single core drilled at
site NGHP-1-10B, with a further section taken from a cordatfiat site NGHP-1-21C. Both
sites were in a water depth of 1049m with site NGHP-1-21Cetfépproximately 20m SE
from hole NGHP-1-10B. The section cored from site NGHP-B-1¢as taken using a Fugro
pressure corer (FPC), which is capable of recovering a 1ra wath a diameter of 57mm

(Francis, 2001). Core NGHP-1-10B-08Y comprised of 86cmeafiment taken from 50.1m
below sea floor (mbsf), which was sub—sectioned into 20cmtienfor testing. The section of
core from site 21C was retrieved with a HYACINTH rotary co(Erancis, 2001), which can
take a core of sediment approximately 1m in length and 51mdiameter. Core NGHP-1-
21C-02E consisted of 110cm of sediment from 56.5mbsf, otiwlkhe section from 23—46cm
was taken for testing at Southampton. Both cores were takem fiorizons identified as gas
hydrate rich from LWD (logging whilst drilling) data. In thease of NGHP-1-10B, no BSR had
been observed in the seismic data, however LWD showed eslydrigh electrical resistivities

that were attributed to hydrate accumulation (Collett £t24108).

The sediments recovered at sites NGHP-1-10B and NGHP-1sB&® a similar lithology due
to their close proximity. The sections supplied to Southtmmpvere described as coming from
sediments composed primarily of clays and silty clays wahying amounts of microscopic
authigenic carbonate. Through analysis of the cyclicitthefstratigraphy, and the lack of cer-
tain nannoplankton species, the age of the sediment isdemesi Quaternary to recent (Collett
et al., 2008).
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5.1.2 Sample Management

Once cores NGHP-1-10B-08Y and NGHP-1-21C-02E had beeneesd to the surface, each
core was subjected to non—destructive analysis via theig@alisor Core Logger — Pressure
(MSCL-P) (Schultheiss et al., 2008) prior to being sent tatSampton. Gamma density and
P—wave velocity were obtained for each core, as well as soanayXmages. The cores were
then transferred under pressure to Singapore, where funtbasurements in the MSCL-P were
taken along with an X—ray computed tomography scan of eaehleagth, conducted using a
16-slice Phillips Mx8000 (voxel resolution of approximgtg.5mm). Once scanned, the cores
were rapidly depressurised and sectioned before beingpedam aluminium foil, placed in
a canvas bag and submerged into liquid nitrogen. The cores gosed to atmospheric
pressure for no longer than 90 seconds prior to being froZelidit et al., 2008).

5.1.3 Programme for Testing NGHP-1 Samples

Following the delivery of the core sections to Southamptprogramme was developed so
as to optimize the collection of data from the natural hyslirsamples. Seven stages were
scheduled for the total investigation:

1. Visual observation of the geometry, persistance andhatien of the hydrate inside the
samples, through X-ray computed tomography. Hydrate obated disturbance of the
samples was assessed at this stage.

2. Documentation of the state of the frozen samples by stdnglaotographic methods,
following the removal of the plastic core liners.

3. Resonant column testing of the best preserved specintea (BHRC following analysis
of CT scans and photographic observations.

4. Selection of small sub—samples of frozen core (prefgrabhtaining no hydrate) for
moisture content, organic content and salinity testing.

5. The unfreezing of the core sections and the collectioh®bkubsequent gases.
6. Imaging of sub—samples via scanning electron microscopy

7. Geotechnical analysis of the host sediment propert@sding particle size distribution,
moisture content, plasticity and triaxial shear streng#ting.

By comparison with the early data obtained from the coredsivhtin—situ pressures, it was
hoped that this sequence of testing would provide valuaiiternation on the effect of hydrate
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on natural fine grained sediments. The CT scanning of the semtions before and after de-
pressurisation and freezing also gave the opportunitydatuate the methods of natural hydrate
sample handling and storage.

5.2 X-Ray Computed Tomography Scans of Natural Hydrate
Samples

X—ray computed tomography (CT) is a non—destructive radipigic method that allows for
analysis of planar and volumetric structures in three dimrs (ASTM-E1441-00). The prin-
ciple of the technique is to take a number of two dimensionala) images through an object
at different rotation angles. CT software can then compike 2D images to produce a 3D
volume showing the internal structure of the object. Themaalvantage in CT scanning is the
guantitative densitometric (density and geometry) meaments that can be obtained for slices
of an object. In the case of gas hydrate bearing sedimentsc@ining allows internal hydrate
morphology to be observed, and hydrate volume quantifiethoart destruction of the sample.

5.2.1 Methodology for X—ray and Photographic Imaging of Frazen Cores

The process of a CT scan requires the sample to be removedidnichnitrogen and exposed
to room temperatures for an extended time. To investigaddmperature increase experi-
enced by a frozen sample when left at room temperature, aewuoflbepresentative clay core
specimens were manufactured. The first of these specimensubanerged in liquid nitrogen
for 24 hours before being removed and placed on the worktagabm temperature @0°C
without any insulation. Temperature change on the outsitige @f the specimen was then
measured and showed an increase frotd5°C to —25°C over a 50 minute period. A second
frozen specimen was then removed from liquid nitrogen aadga in a cylindrical polystyrene
container, measuring 250mm in height, with walls 30mm thitke temperature was measured
once again on the outside edge of the specimen. The recadgekbtature change showed an
increase from-155°C to —107°C in 50 minutes, with the temperature of the specimen reach-
ing —62°C in 130 minutes. The degree of specimen warming inside thesiyoene container
was considered low enough to limit gas hydrate dissociatier a period of 2 hours. The
containers would therefore be used as a vessel to hold thefMN\fBH sections whilst CT scans
were conducted, with the time for a full scan of the specinigniged to a time period of two
hours (see below).
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Apparatus

The X—ray CT equipment at the University of Southampton iXatek Benchtop CT 160Xi.

It uses a 160kV, 60 Watt microfocus X—ray source and a CMO®#éael detector (1248x1248
pixels) with a maximum scan area of 100mm by 100mm. The X—fglagatus also has a
movable stage that allows for different size objects to lzesed, with an ultimate resolution
of 5um for small objects of 5mm maximum width. Due to the width of ttores, resolution

achieved for the NGHP-1 core sections gave a pixel size phB0As the maximum height
of the scannable area is 100mm, the NGHP-1 core sectiongreddhe top and bottom of
samples to be scanned separately.

Resolution and scan quality in the X—tek equipment also migpen the imaging conditions.
For one scan, the number of rotation steps must be set, withxénmam of 1800 steps in the
full 360°C rotation giving the best resolution. For each rotatiop stiee exposure time for the
X—ray shot (up to 2ms), as well as the number of shots takemaatstep (up to 4 shots) will

also increase the quality of the scan. If all settings weeeratiximum, a single CT scan could
therefore take up to four hours to complete.

In order to limit the scan time of each NGHP-1 sample but alsaimise resolution and scan
quality, the number of rotation steps was set to 901, and oné/shot at each step (with an
exposure time of 2ms) was taken. These settings reduceddheime to approximately one
hour, so that total time for the samples to be out of liquidagjen did not exceed two hours.

Post—Scan Photographic Documentation

Once each core section had been scanned in the X—Tek maitt@neastic core liners could be
removed so as to photograph the cores in their frozen stdter #canning, the samples were
once again immersed in liquid nitrogen for a minimum of 24hf$hey were then removed
and the plastic liners were sliced down each side, using ectrigl disc cutter, taking care
to avoid disturbing the core section inside. At this poirdcte sample was photographed at
laboratory temperatures before being placed back intadigitrogen. The total time samples
spent out of liquid nitrogen was kept under 5 minutes so asitinmise hydrate dissociation.
From previous investigations, the sample temperature dvool have risen to above100°C

in these 5 minutes.
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5.2.2 Imaging Results

Each of the core sections were scanned in two sectionsnbasdction NGHP-1-10B-08Y

26-66cm, where only 100mm of core had been retained in thatipliner, and so did not

necessitate two scans to image the entire length. Figurgiie2 a comparison of the X—rays
taken during the NGHP-1 cruise and those taken in Southampfm X—ray image shows

density difference across an object, with areas of low demgving the least absorption and
the lightest colour. The X—Tek scans show large regions dfiewh each core, which refer to

large voided areas. The on board X-ray scans show none & toéded areas as they were
taken on the cores whilst still #it—situ pressures.

Although X-ray images were obtained for all 9 core sub—sesti three dimensional recon-
struction of the cores could not take place for the sectio@1R-1-10B-08Y 26-46cm and
66-86¢cm: top.

Reconstructed CT Scan Images

Figure 5.3 shows two images of the core NGHP-1-10B-08Y gretb—66cm, that were recon-
structed from CT scans. Figure 5.3(a) gives an external gfahe core, and does not highlight
the hydrate and void features present in the section. Evirowtithis emphasis however, the
difference in density (grayscale value) of hydrate andreedt clearly shows the hydrate veins
in this view, with a thick hydrate vein evident down the righénd—side of the core section.

In order to better visualise hydrate distribution, and tovalfor quantification of the volume
of hydrate in the core sections, the hydrate was “segmertetidf the reconstruction. The
process of segmentation allows the user to highlight a bégdayscale values that represent
features in a reconstructed volume of a particular denghg higher the density, the lighter the
grayscale values become. Although actual density valgesrasbtainable from these particular
scans, hydrate shows up as darker features inside therlggdanent due to it's lower density,
and so can be segmented. Figure 5.3(b) shows an image oftlieeceae shown in (a) (although
at a slightly different orientation) with the voids remoyead the hydrate highlighted in white.
The sediment has also been darkened to emphasise the hydrate

During segmentation of the hydrate in the 3D reconstruciiowas found that a thin layer of
several pixels thick was highlighted around the edges ofities. There are two possibilities
for these regions, which were observed in all core sectian®snding voids. Firstly, it may
be evidence of post—depressurisation hydrate format@noitcurred during specimen storage
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Figure 5.2: A comparison of single shot X-ray images of cores NGHP-1-D88 and NGHP-1-
21C-02E taken by the expedition scientific party inside at@eMultisensor Core Logger — Pressure
(MSCL-P), and the author using a X-Tek Benchtop CT 160Xi se&n
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Hydrate
vein

(@) Image of initial CT reconstruction, with no (b) Image of the core section with the hydrate
colouring to highlight internal features. \oids highlighted in white. The blue colour depicts the
can be identified as the darkest regions, as they  areas bordering the voids, and may be ice rather
shown the lowest density, with the sediment the than hydrate. The image has been cut away on
palest as it has the highest density. A vein of hy- two sides so that the hydrate structure can be ob-
drate can be seen down the RHS of the section. served clearly.

Figure 5.3: 3D CT images of core section NGHP-1-10B-08Y 46-66cm: bottom

in liquid nitrogen. Rapid hydrate formation could have ated on the wet surface of the sed-
iment when methane was driven out of solution from the presdrop. The second possibility
is that the region represents the formation of frost ontostiméace of the core during the CT
scanning process. Ice and hydrate have a similar density that segmentation of a certain
band of grayscale values may highlight ice as well as hydide formation of frost was ob-
served on the core sections when they were digitally phafdwrd after the CT scanning, and
so it is assumed that this is the cause of the “halo” regioosrat the voids. It was also found
that these regions could be distinguished from the resteohtidrate by segmenting a darker
grayscale value (shown in blue in Figure 5.3(b)).

Further 3D reconstructions of some of the cores sectiondedound in Appendix B.

Images of Frozen Core Sections

Figure 5.4 shows one of the digital photographs that werentak the frozen core sections
after CT scanning. The particular core section shown infibisre is the portion from 66—
86cm from the top of core NGHP-1-10B-08Y. The image shows tha section has been
considerably disrupted. Voids varying in size from appnexiely 0.2cm to 2cm depth are
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Figure 5.4: Photograph of core NGHP-1-10B-08Y, section 66-86cm aftéémdgpremoved from the core
liner. The horizontal line running along the length of theecavas made by the disc blade when cutting
away the plastic liner.

evident throughout the section, with the two largest voidgldcing the core so that it is no
longer a complete section. In addition, each of the cord@eckhow extensive voids over
each of the section surfaces. Digital images of all the ceatians can be found in Appendix
B.

5.2.3 Observations From Digital and CT imaging

The preliminary X-ray scans and visual observations madé®boat immediately after pres-
surised core recovery during cruise NGHP-1 provided amgivisnto the morphology of the

gas hydrate in the sediments of sites 10 and 21 even befolyssnaf detailed CT scans. The
gas hydrate was identified in cores NGHP-1-10B-08Y and NGHR-C-02E to be in the form

of nodules, discrete horizontal veins, and thin, wispy sutizal to vertical hydrate structures
(Collett et al., 2008; Holland et al., 2008). It was also digsd to be “grain displacing”, a term
used to define hydrate that does not form in the pore spaceseadiment, but forces grains
apart forming veins, layers and lenses of pure gas hydraitati et al., 2008).

Initial study of the three dimensional CT reconstructioppears to confirm the statements
made by the NGHP-1 scientific party. Each core shows hydratee form of discrete sub-
vertical veins, varying in thickness between 7mm and leas th5mm. The high resolution of
CT scanning obtained by the X-Tek equipment means that tbmegy and volume of these
hydrate veins can be analysed, and any potential preferemnvegn orientation detected.

The horizontal veins described by the NGHP-1 crew cannoébe B the CT scanned samples,
but may have been lost during the transfer of the samplesjtidlinitrogen. The disturbance
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seen in the core samples will be discussed at the end of tttisise

Hydrate Geometry

The computed tomography data from each core section waspaiatéd using the Volume
Graphics software VGStudio MAX. Orientation and dimensiodata was collected on indi-
vidual hydrate veins by analysing two dimensional slicethef3D volume. Figure 5.5 shows
the process by which orientation data was determined.

As the core sections were delivered from the NGHP-1 cruiskont any reference to original
orientation in the ground nor to how they relate to each oftienensional analysis can only
be made on each core section individually. Although thissdwa allow for conclusions to be
drawn across the whole core, any patterns in vein oriemtaia dip may still be highlighted.
Measurements on each core section were therefore takemesiblect tok,y,zcoordinates dis-
played by the Volume Graphics software, with thaxis direction indicating “North” (Figure
5.5(a)). Once a point of reference was established, sltesgh the core at 45ntervals were
taken from O through to 360. Axial slices at regular intervals were then taken throughbe
section. At each axial slice, orientation of the major veirss recorded as a strike between 0
to 18C°. To obtain the corresponding dip of the veins, the predontistrike direction at each
axial slice was determined and the frontal slice that woiNe ¢he best true dip was chosen
(Figures 5.5(b) and 5.5(c)). These two sets of readingsheamlie displayed on a histogram to
show the predominant dips and strikes of the veins.

NGHP-1-21C-02E 23-46cm This core section was scanned in two sections. After initial
scanning it was found that the bottom section was 69% voidespa/ein orientation mea-
surements were therefore not conducted on this part of tt@ee All geometry information
described here was therefore taken from the top portion. vEles observed in this core sec-
tion had a thickness of 1.5mm or less. No thick veins weregmteshowever, there was an
abundance of the fine veins throughout the measured coierseSome of the detected veins
had a thickness of less than 0.5mm. Visual observation o8theolume show a predominant
orientation of the veins running in a N-S and NW-SE directittistogram data (Figure 5.6)
confirms these observations, with the most abundant strikatations between°0and 20.
Histogram dip data shows that the majority of the veins is #igiction are at a dip betweerf65
and 90.
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(a) Diagram illustrating the orientation (b) An axialx,yslice (number 996) through core section
of the core sections and the determination NGHP-1-10B-08Y 46-66cm:top. The north arrow indi-
of dip and strike direction relative to each cates O orientation.

core.

(c) A frontal x,y,zslice corresponding to the axial slice above,
taken at line A-B.

Figure 5.5: Process of obtaining the hydrate vein orientation data.
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Figure 5.6: Accumulated data of strike direction and apparent dip foslales of core section NGHP-
1-21C-02E 23-46cm:top

NGHP-1-10B-08Y 6-26cm Both the top and bottom of this core section were scanned suc-
cessfully and found to have few voided portions. Visual obetion of the top of the section
showed that there were very few veins running through the,amith only one large vein per-
sistent along the length of the core. The dominant dip ofikia was found to be 80 with

an approximate dip direction of 13and average thickness of 2.5mm. As no axial slices were
recovered for this section, further orientation analyséswot possible. Subsequently, orien-
tation data was taken mainly from the bottom portion of theecgection. The bottom part
also showed veins with a thickness of 2.5mm or more, with aréqular vein fattening to a
maximum of 4mm near the base of the section. These large skovged a high dip, between
70 and 90. In addition, a number of smaller fibrous veins branchedroffifthe main veins in
places. Figure 5.7 gives the orientation and apparent dialfthe veins in the bottom section

of this core. Once again, the dips cluster between 55 ahgvéith the orientations showing a
tendency toward 130 to 15@&nd 15 to 45.

The small portion of core NGHP-1-10B-08Y 26-46¢cm that ramadiwas successfully scanned,
and although contained a voided portion, had still mairt@ienough hydrate volume for anal-
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Figure 5.7: Accumulated data of strike direction and apparent dip foslades of core section NGHP-
1-10B-08Y 6-26cm:bottom

ysis. This dataset was lost however before any orientatiforrnation could be taken, and so
is not included in this stage of analysis.

NGHP-1-10B-08Y 46-66cm This core section was successfully scanned and both top and
bottom portions analysed. It was found that one major ve@twben 4 and 6mm thickness)
dominated the top core section and also appeared in thenbqttot, passing through one
corner before being cut off by the core liner. The vein did hate finite edges, but split
into fibrous sub-millimetre veins that persisted for 10-20mnce broken away from the main
vein structure. Some of these microveins also joined batl the main vein. These fibrous
microveins can be observed in both the axial and frontaésliddditional to the major vein,
another large vein (average 2.5mm thickness) could be se#eicentre of the section, but
lensed towards the top of the core with a maximum length ofSpart from the two major
vein structures described, there were few individual senains present in the top portion of
the section. Figure 5.8 shows the plot of the major vein agatip and strike orientation for
the top portion of section 46-66cm. It appears that the ritgjof the dips recorded are a little
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Figure 5.8: Accumulated data of strike direction and apparent dip foslales of core section NGHP-
1-10B-08Y 46-66cm:top

less than seen in the previous core sections, mostly tetditvgeen 50 and 80 The largest of
the veins had a strike orientation of 115 to 14@ith the majority of the other veins showing
a similar trend.

The bottom portion of core section NGHP-1-10B-08Y 46-66cvertapped the top portion
where the major void running through this section could lEnseAs mentioned above, the
largest vein from the top portion was observed in the top@orand showed the same orien-
tation and dip as recorded for it above. There was also antattge lenticular vein prominent
in this portion, with a maximum thickness of 4.5mm near theebaf the portion. As the vein
lenses into the centre of the section, the end splits intofthious veins approximately 1mm
thick, that continue through the sediment until they aredaied by the major void. Again,
aside from the two thick veins, smaller veins were prevaitethis part of the core. Histogram
data in Figure 5.9 shows a similar dip pattern to the top portwith dips clustering between
45 and 78. Unfortunately, due to the different original orientatiohthe top and bottom sec-
tions when scanned, the two datasets cannot be directlyinedhthowever, a dominant strike
orientation of 10 to 50can be identified for the bottom portion.
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Figure 5.9: Accumulated data of strike direction and apparent dip foslales of core section NGHP-
1-10B-08Y 46-66cm:bottom

Stereonet Analysis

Once the general strike orientation and apparent dip had te@®rded for each core section,
it was found that a number of individual veins could be reésegh in both frontal and axial

slices for a few of the core sections. From these veins, tijpewd strike information could

be taken and the poles to these planes plotted on an equalearer—hemisphere projection
to identify any potential patterns to the hydrate vein gtoit the NGHP-1 core samples.
A total of 4 readings could be taken from the 6-26cm sectiohickv was not enough to be
significant. However, 15, 16 and 33 dip and strike readingddcbe taken from sections
NGHP-1-10B-08Y 46-66cm:bottom, NGHP-1-10B-08Y 46-66wp:and NGHP-1-21C-02E

23-46¢cm respectively. Figure 5.10 shows the resultantocwrnlots, when the poles to the
planes of each vein were plotted using an equal-area (Sthnatl As with the histogram

data, the orientations in each equal-area projection dreonoparable with each other.

Although the datasets are small, the readings taken frofm ea® section show preferential
hydrate vein orientation. In each of the plots in Figure Salébncentration of points can be
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(a) NGHP-1-10B-08Y 46-66cm: top (b) NGHP-1-10B-08Y 46-66cm: bottom

(c) NGHP-1-21C-02E 23-46cm

Figure 5.10: Equal-area lower—hemisphere projection contour ploteigeed from the poles to the
planes of individual veins identified in axial and frontatek from each core section. The datasets are
small in each plot: 16 points in plot (a), 15 in plot (b) and B3lot (c). The actual data points are also
plotted as black dots.

identified. In Figure 5.10(a) the mean vector of the plotteths indicates a preferred dip and
dip direction of 66/04C°, although a few points suggest another vein set with a dipb6f 8
and dip direction of 305 Similarly, two vein orientations are suggested in FigureOf).
The mean vector of the larger cluster of poles indicates i s&l with a dip of 62 with a dip
direction of 294, with another vein set dipping 83vith a dip direction of 054. The vein data
from Figure 5.10(c) suggests two vein sets close to one anatlith the mean vectors of the
two sets giving a dip and dip direction of 8321° for one set and 77287 for the other.

The preferential vein orientations seen in Figure 5.10 @auiggest that there is some con-
trolling influence on their formation in the sediment colun®ystematic vein growth can form
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in sediments due to sedimentary featurefmesitu pressure regimes. Grain size or water con-
tent variation in a body of sediment can lead to preferemyalrate growth along particular
horizons, and increased overburden or hydraulic presaueédimentary sequence can cause
deformation or fracturing along which hydrate can form.

In sediments where there are interbedded coarse and fimednaiaterials, hydrates are more
likely to grow in the layers of higher permeability and poizesdue to thermodynamic and ki-
netic effects (Handa & Stupin, 1992; Ginsburg & SolovievQ19Clennell et al., 1999). As the
lithostratigraphic analysis describes the sediment ih bbthe NGHP-1 cores as homogeneous
(Collett et al. (2008) and data analysis in Section 5.3)pégdnot appear that sedimentary dis-
continuities control hydrate vein orientation here. Watantent distribution in a sediment may
also cause hydrate to form in distinct regions, as watetabifity has been shown to control
hydrate morphology in the Okhotsk Sea and the Gulf of Mex@mldviev & Ginsburg, 1997).
However, there is no evidence to suggest that water segragatcontrolling the distribution
of veins in the NGHP-1 cores.

The vein growth in the NGHP-1 cores is therefore more likelyrave been controlled by the
stress regime in the Krishna-Godavari basin. The locatfaites NGHP-1-10 and NGHP-1-
21 is significant in this respect, as they are situated aoheta tightly folded ridge structure.
Fractures in the strata underlying the gas hydrate stalzitine provide conduits for gas and
fluid migration, creating potentially elevated pressureedath the gas hydrate bearing sed-
iments. This type of site is classified as “focused, high=fiibtehu et al., 2006), and the
hydrate morphology observed from the CT imaging can oftefobed where this flux regime
exists (Holland et al., 2008; Trehu et al., 2006). A high ppressure system could induce
hydraulic fracturing in the clay into which hydrate wouldrio Further evidence for this frac-
turing mechanism is by the presence of “sets” of veins, whalid indicate episodic fracturing
events (Holland et al., 2008). Collett et al. (2008) comradrdn the presence of vein sets in
some of the NGHP-1 sediments, but were unable to make cavieltesnarks about the stress
regime in conjunction with hydrate vein formation.

Hydrate Volume Analysis

The Volume Graphics software used to analyse the CT imadahedNGHP-1 cores allowed

the determination of hydrate volume by segmentation. Astimead in Section 5.2.2, seg-
mentation highlights areas of a particular grayscale (aedefore density) value, which can
then be isolated from the total reconstructed volume. Byrseding out the void space and
the hydrate veins, the volume of hydrate in each core coulduatified as a percentage of
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Figure 5.11: Volume analysis for the NGHP-1 core sections.
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the frozen sediment mass. From this, and by determinatidheo¥oid ratio of the host sedi-
ment (Section 5.3), an estimate of hydrate content as anteges of the pore space was found.
Figure 5.11(a) shows the hydrate content from each cor@seeis well as the percentage of
the core that was comprised of large voided space. In ordgett@ more detailed view of
hydrate volume, certain cores were split into 100 sliceipost (100 slices equates to approxi-
mately 10mm). Figure 5.11(b) shows the detailed volumeyaisafor core sections NGHP-1-
10B-08Y 6-26cm, NGHP-1-10B-08Y 46-66cm, and NGHP-1-2RE®3-46cm: top. The
slight disparity between the whole core volume values (Figull(a)) and the more detailed
breakdown (Figure 5.11(b)), is due to the segmentation odetised, which approximates the
volumes according to individual core section analysis.

Section 6-26cm shows a variation from over 33% to 10% hydralieme over the length of the
section (approximately 200mm). Similarly, section 46466icas a large variation in volume
through the core, with highs of almost 75% seen in the cerareqd the section. It must be
noted that this portion of the core section is dominated hg gpace, and the high volume of
hydrate recorded may also include an element of ice, asstisdun Section 5.2.2. Section 23-
46cm from core NGHP-1-21C-02E has a much more consisterrateygolume distribution,
with a variation of around 15% through the core.

The main observation from Figure 5.11 is that the volume afrate present in these cores
is very high. The analysis suggests that in the sections fsithvoided areas (and so less
opportunity for the inclusion of ice to the volume estimat@ydrate contents reach 50% of
the pore space. These findings are slightly higher than trexmded during the NGHP-1

cruise (Collett et al., 2008). On board data shows gas hgdrantents to be between 17
and 25% of the pore space for samples taken at site 10. Gasrdomiions recorded from

a sample depressurised at site 21 also suggest a similaatbyclintent, at around 30% of
the pore volume (Collett et al., 2008). However, estimafieBydrate content from analysis

of resistivity and sediment porosity show high hydrate eatg in the region of 85% for the

sediments between 27-90mbsf (Collett et al., 2008).

The results show that large volumes of hydrate can existisnvéiin—filling, “grain displacing”
(Riedel et al., 2006; Holland et al., 2008) morphology. Thegiion that arises is whether these
large accumulations can be detected and quantified aclyulateurrent seismic surveying
and remote geophysical techniques. Many of the current adstssume hydrate occupies
the pore space of the sediment in a homogeneous distriblgtimates from the 3D imaging
state hydrate contents up to 73% of the pore space, but thimteydoes not occupy the pore
space. Hydrate in the NGHP-1 cores comes as discrete purg heiterogeneously distributed
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throughout the sediment. Although resistivity measuremean successfully detect hydrate
accumulations of this nature, accurate quantification tsanguarantee (Riedel et al., 2006;
Collett et al., 2008).

Sample Disturbance

As described previously, each of the core samples deliter8duthampton University showed

sample disturbance in the form of large void spaces. As theoand X-rays of the cores show

no sign of disturbance (Figure 5.12), it appears that tlyelaoids developed during the transfer
of the samples from the pressurised core barrel into liqitidgen. The issues arising from

this are whether the disturbance was caused by dissochatarate during the depressurisation
and rapid freezing procedure or some other effect.

Itis clear from the images of the reconstructed CT voluntest, d significant volume of hydrate
was present in the Southampton NGHP-1 cores suggestingytiedte survived depressurisa-
tion and storage in liquid nitrogen. Detailed study of thesages shows that not only were
large hydrate veins still evident, but also that fibrous mieins also remained (Box A, Figure
5.12). The large remaining volume of hydrate seen in thescdogs not suggest dissociation
was prevalent as a disturbance mechanism. The void patsringplies a process other than
hydrate decomposition, with the majority of voids orieathperpendicular and cross cutting
the predominant hydrate trend. If gas was evolving from atgldissociation, voids could be
expected to develop along the vein orientation. As theream@bservable gas expansion zones
alongside hydrate veins, it is unlikely that much hydratsdciation occurred in the samples
during depressurisation and subsequent storage in lidguayen.

The more likely cause of sample disturbance is thereforexpansion of methane gas coming
out of solution in the pore water. The cores were recovereoh fa pressure of 110bar. The
solubility of methane in sea water at this pressure and obettom temperatures is approxi-
mately 68 times higher than at surface pressure and terope atanda, 1990). The pore water
of the cored sediment would be expected to contain an amduméthane in solution, most of

which would come out once the core was removed from the pres&ssel. The depressuri-
sation process would also cause any compressed free gassadhment to expand rapidly to
approximately 100 times its pressurised volume.

Analysis of the volume of voids with regard to the volume ofltate seen in each core suggests
hydrate volume dictates how much a sample will be disturtftd depressurisation. Figure
5.13 shows the volume of voids plotted against the volumeydfdte for each core section
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(a) Vertical slice through the centre of core (b) Vertical slice through the core taken
volume, reconstructed from CT scanning before depressurisation using a Phillips
using the X-Tek CT 160Xi. The top and Mx8000 CT scanner. Scan conducted by
bottom scans of the core have been stiched NGHP-1 Scientific party.

together.

Figure 5.12: A comparison of CT images taken of core NGHP-1-10B-08Y sectib—66cm before and
after depressurisation and storage in liquid nitrogen.
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Figure 5.13: Volume of hydrate plotted against volume of voids for eactasueable NGHP-1 core
section

where volume data could be taken (Figure 5.11). The plotiesfhat the volume of voids in
a core (magnitude of disturbance) increases with hydrateeot

The repercussions of extensive sample disturbance aréeoaisle when attempting to me-
chanically test natural hydrate samples in the laboratéhe development of any voids prior
to testing will result in sample collapse once inside an egipa with total stress applied. In the
case of the NGHP-1 samples, one of the programme aims (8éctid3) was to conduct res-
onant column testing on the best preserved core sectionsioS&NGHP-1-10B-08Y 6-26cm
was chosen to be tested. The trimmed sample was placed ippaeatus in a frozen state, at
which point a confining pressure was applied by the use dfgétn gas. The resonant column
apparatus has a very low tolerance for sample settlemeatodine configuration the magnets
on the drive plate and the surrounding coils (Section 3.218)e isotropic stress had been ap-
plied to the core section, the voids collapsed reducing #ighth of the section by over 5mm.
This made testing of this core section impossible. As thearaimg core sections contained

much larger voids than section 6-26¢cm, no further resonaloinmn testing was attempted on
the NGHP-1 samples.

If successful laboratory testing of natural hydrate samjddo be achieved, storage and trans-
portation methods must be developed that will consider #dpabsurisation effects on sample
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integrity. Alternatively, steps must be taken to reducedkeansion inside cores as they are
depressurised and frozen in liquid nitrogen.

5.3 Host Sediment Properties

The dissociation of hydrates in a sediment can change vigghamnical properties. Not only
will the loss of a stiff and potentially supportive materialthe pore space have an effect on
the strength of a material, but the changes in water contahisalinity provided by dissoci-
ation will also have an impact. The understanding of the eygrotical properties of the host
sediment is therefore of vital importance when gauging ffects of hydrate dissociation on
the integrity of well bores drilled through hydrate bearizmnes, as well as submarine slope
stability. Although index and strength tests are routirepducted on cored sediments at sea,
little work has been done in the laboratory to evaluate hygdnast sediment properties.

This section describes the series of geotechnical tesied¢aut on the NGHP-1 core samples,
and hypothesises on the effect of hydrate dissociation erséldiment. Initially, index tests

were conducted on small sub—samples from the frozen corethelnitial sub—sample tests,

organic content and water content analysis was undertak#relauthor. Particle size distribu-

tion and salinity tests were conducted by research staffealNational Oceanography Centre,
Southampton. After testing, the sub—samples were then ioealwith the rest of the core

sediment after hydrate dissociation in order to providengleisample for plasticity, specific

gravity and strength testing. This index and strengthnigstias undertaken by SGC (Surrey
Geotechnical Consultants, Limited).

5.3.1 Sub-sample Testing

Sub—samples of around 10-20g were taken from each frozen Gare was taken to sample
portions of the core that contained as little hydrate asiplesso that thén—situ properties of
the host sediment could be ascertained without contarom&idm dissociating hydrate. It was
assumed that water content and pore water salinity wouldfbetad by hydrate dissociation
if mixed samples were taken. This would be due to fresh wagargbadded to the sediment
as it was released during dissociation. Once brought to remnperature, basic tests were
conducted on the subsamples, namely particle size distibanalysis, water content deter-
mination, pore water salinity and organic content. Tabledives the results from these tests,
with reference to sub—samples taken from different parte@tore sections. The correspond-
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ing core section parts can be seen in Appendix B.

Organic Content and Particle Size Distribution

Total organic carbon, as well as inorganic carbon were dated for 9 subsamples. The
tests were carried out using a UIC Coulometrics Carbon dmxtoulometer, following the
procedure set out in BS EN 1SO-21068-2:2008. The resultsabiell.1 show that the total
organic content in the sediment is low, less than 3%, whichesponds to the findings from
the NGHP-1 scientific team (Collett et al., 2008).

Particle size distribution was determined for 34 differsainples of the core using the laser
diffraction technique (ISO 13320-1 1999). A Malvern Masieer was used to conduct the
tests in conjunction with an autosampler to speed samplepsing. Results from these tests
(Figure 5.14) suggests that the sediment is uniform, wighr@pmately 20% of the particles
clay-sized, 75% silt-sized and the remainder sand-sizéereTis little variation between the
subsamples, or the sediment analysed from the two sepayags. cThis consistent particle
size, combined with the low organic content means the sedican be considered devoid of
fabric (Rowe, 1972). Standard soil mechanics tests coeletbre be carried out and analysed
without the need to account for heterogenetity in the sasaple

Water Content

The water content of the sub-samples was determined in daoce with BS1377: Part 2
1990. Each sub-sample was weighed before and after beimgdoieal, with water content then
expressed as a percentage of the dry weight of the sedimablie(5.1). The water contents
obtained for the subsamples range between 64 and 82%, attetgmrresponds to the water
contents recorded during the NGHP-1 cruise (Collett et24108). The overall arithmetic
mean of the water contents from all the samples is 73.3%. Tdtevalues (+80%) recorded
from section 66-86cm may be due to the inclusion of extra mfeded by hydrate dissociation.
Although care was taken to avoid hydrate accumulations wh#ecting the subsamples, some
hydrate may have been included and thus influenced the neshsater contents.

Salinity

The salinity of the pore water was found from the chloride ¢oncentration, using a Dionex
ICS2500 ion chromatograph. Pore water was extracted freraamples by use of a centrifuge.
Nine salinity values were then obtained that correspondetie parts shown in Appendix B.
The validity of the readings were ensured through calibradf the equipment with single an-
ion and seawater standard solutions. The average salonigllfthe samples was found to be
36.7g/l, a value slightly higher than that of seawater (34@dhe chloride ion concentrations
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Water Total Organic | Inorganic
Content | carbon carbon Salinity Chloride
Core Section Part (%) content (%) content (%) | (g/litre) (Mmol/kg)
6—26cm Part A* 64 2.6 0.8 41 634
Part B 72 25 0.7 35 550
26-46cm | Part A(i) 68
Part A 76 2.7 0.9 44 689
Part B 69 2.7 0.8 40 -
46-66cm PartA(Q 77 30 08 a8 588
Part A(ii) | 75
TOGBH(;;\l(- PartB() | 71 2.6 0.8 38 585
) Part B(i)) | 77 ' :
Part C 72 - - - -
66-86cm | Part A(i) 78
Part A(ii) 82 2.8 0.7 27 419
Part Aiii) | 81
Part B 81 - - - -
Part C 69 - - - -
NGHP-1- 23-46cm | Part A* 56 2.1 0.5 31 488
21C-02E Part B 69 2.8 0.5 33 513

Table 5.1: Details of section sub—samples of the frozen cores delivsren NGHP-1. Core section
parts are illustrated on the frozen core photographs in AgpeB. *Denotes sample reserved for reso-
nant column testing.
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Figure 5.14: Particle size distribution for 34 sub—samples of the NGHfediment
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of the cores measured during the NGHP-1 cruise give a slighwer value than those mea-
sured here. A range of concentrations between 398 and 63dgniére recorded on the boat,
whereas laboratory tests give a variety of values betwe&nahitl 689mM/kg. It is possible
that the formation of hydrate in a sediment drives up the pater salinity as fresh water is
incorporated into the hydrate structure. The high valuesatihity found in the sub—samples
could therefore represent the actual pore water salinitgje@$ediment when hydrate is present,
whereas the pore water salinity observed by the NGHP-1 tffotecrew may have been lower
due to hydrate dissociation.

5.3.2 Index and Strength Testing

Once the core sections had been sub-sampled, the remaimitegiath was unfrozen so that
index and strength tests could be undertaken. Tests on tisamples had shown that the
sediment across the cores was uniform, so all the core ssatiere combined to give approx-
imately 1.5kg of material for testing. Specific gravity, uaitled shear strength, liquid and
plastic limit tests were conducted on this combined mdteAa the sediment contained hy-
drate before being unfrozen, the combined material wouhtiado additional water to iti-situ
content due to hydrate dissociation.

Specific Gravity

The density of the sediment grains relative to water (spegitivity or grain density) is deter-

mined by using the density bottle method for fine grainedraedis, as described in BS1377:2
(1990). The value for the combined NGHP-1 material was fdorae 2.74 in laboratory tests,

which fit withiin the range of values found during the cruigaufd using the method given by
ASTM-D5550-06). On board measurements recorded graintéensanging between 2.44 to

2.86g/cm3, but with an average of 2.71.

Liquid and Plastic Limit

The plasticity of the combined NGHP-1 sediment was detezthimsing the cone method for
the liquid limit, and rolling method for the plastic limit @L377:2 (1990)). The initial water

content of the combined material was found to be 75.5% andwerlwater contents were

acheived through air drying, whilst higher water conten¢ésenobtained by adding more water
to the material. Water with a salinity of 35g/l was used to@ase the material's water content,
so as to match the high pore water salinity observed from disanples. Additionally, a

further liquid limit test was conducted on the material aftéad been air dried, ground down
and washed with distilled water to remove it's salinity. Toesults of both tests are shown in
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Figure 5.15: The liquid limit of the NGHP-1 combined material (BS1377t290) represented by cone
penetration plotted against water content.

Figure 5.15, presented as cone penetration against wattmto

The liquid limit is defined as the water content where petietneof a 80g, 60 cone is equal

to 20mm. Figure 5.15 shows this to be at 81% for the material-aitu salinty, but that this
value increases once the material has been washed and wittetistilled water to 96%. The
plastic limit was found to be 33% for both the orignal and vesbmaterial. The liquid and
plastic limits of a material can be considered as indicatdrshear strength at two different
water contents (Powrie, 1997). The liquid limit for the mratks tested here represents a shear
strength of 1.7kPa, whereas the plastic limit is approxatyat00 times this value, at 170kPa.
At a given water content, it is clear from Figure 5.15 thategamater salinity has an effect
on the shear strength of a clay, with the liquid limit incliegsby 15% as the pore water was
freshened in the combined material.

One of the basic phenomena of clay colloid chemistry is tifecebf salt on dispersed clay
particles in water. A few tenths of a percent of salt is enougtause dispersed clay particles
to start sticking together. This occurrence, called “fldattan”, is due to the natural electrical
charge on the surface of clay particles, and the interfereficalt ions on the repulsive forces
of this charge. In a fresh water solution, the negative ahargeach clay particle causes them
to attract oppositely charged water molecules that becamadto the surface of the particle



5: TESTS ONNATURAL HYDRATE SAMPLES 150

Solution
_ i 4
o+ .
+ n R
+ 4 +
o0 I
particle — + + + ii
- T +
+ + i+
+
++ -

An excess of cations over anions Equal numbers of
becoming greater near the particle anions and cations
surface

Figure 5.16: A schematic representation of the diffuse double layer asriteed by Van Olphen (1977)

in what is called the “diffuse double layer” or DDL (FigurelB). The thickness of the DDL
in fresh water (less than t@cm (Weaver, 1989)) means attractive Van der Waals forces are
unable to overcome the natural repulsion of each clay pamith the other, and the material
remains dispersed. The addition of salt brings ions intethetion that counteract the negative
charge on the particle surfaces, and so the DDL is reducéilckness. Once particle repulsion
is reduced and the DDL is thinner, the Van der Waals forcelsaratoms of every clay particle
cause them to be attracted to one another and they floccMateQqIphen, 1977). Flocculation
causes clay sediments to have a higher strength than sddimbare the clay particles are
dispersed (Van Olphen, 1977). It could be expected thezethiat by washing the NGHP-
1 material, one would decrease the strength of the mategithhexclay would no longer be
flocculated. The liquid limit results shown in Figure 5.15gast that this is not the case for
the NGHP-1 material, so there must be a different interadietween clay particles and the
DDL than that suggested above.

Van Olphen (1977) suggests that clay particles may haveiablarcharge across their shape,
with the flat surfaces (faces) holding a different chargehtoedges. This means that the clay
particles have the potential to flocculate even when the DPthick (i.e. in fresh water).
Van Olphen (1977) suggests there are three ways the partiale interact with each other:
face-to-face (FF), edge-to-face (EF), and edge-to-ed@g (Eigure 5.17). The EF and EE
associations create flocs that have a voluminous “card hatiseture, and can form due to
the differing electrostatic charges on the edges and fddée garticles (Van Olphen, 1977).
FF associations are generally caused by Van der Waalstattréorces and are referred to as
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Figure 5.17: Clay particle arrangements, from Van Olphen (1977)

aggregated rather than flocculated particles. In freshnMakeassociations do not happen, but
dispersed flocculation can occur (Figure 5.17(d)). Themsedt could show a high strength but
still remain in a dispersed state. The addition of salt pries&F associations and the floccu-
lation of aggregated particles can occur (Figure 5.17¢)jch also increases the strength of
the sediment.

Van Olphen (1977) states that the associations in Figurg &h occur over a range of pore
water salinity values, but that there will be a point where dombination of repulsive elec-
trostatic and attractive Van der Waals forces will resultiminimum amount of flocculation

(and therefore a minimum shear strength of the clay sedim&htough detailed studies, Van
Olphen (1977) has shown that this point occurs at differalihisy values, depending on the
clay mineral. With regard to the NGHP-1 sediments, it app#aat dispersed flocculation may
occur when the sediment is mixed with fresh water, givinghigher strength in comparison
to thein—situ salinity conditions.
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Figure 5.18: The undrained shear strength against water content for @t¢MN1 combined material

Strength Testing

Once the liquid and plastic limits had been determined feNIEHP-1 material, an undrained
triaxial compression test was conducted to obtain a meadwsteength under more controlled
conditions. The test was carried out on a 38mm diameter amir/Bigh specimen, formed
from the combined NGHP-1 material. The specimen was testeatding to BS1377:7 1990.
Values for undrained shear strength were obtained for tiggnat water content, as well as
those achieved after consolidation at 100kPa and 200kPabi@ed with the results from the
plasticity tests the change in undrained shear strengthwater content could be plotted for
the NGHP-1 sediment (Figure 5.18).

The triaxial test on the sediment at it's original water emmt(69.3% was recorded for the
combined material) yielded an undrained shear strength2iP@&. After the sediment had
been consolidated to 100kPa and 200kPa, the undrainedstheragth increased to 26kPa and
98kPa respectively. The other points on Figure 5.18 are tioleained shear strengths found
from the liquid limit and plastic limit tests described piaysly.

Chandler (2000) has investigated the relationship betwadrained shear strength and vertical
effective stress for reconstituted natural clay samplés-aitu conditions. By using data from
the literature, it was found that the undrained strengtio raried very little at any given ver-
tical effective stress, for a range of normally consolidatatural clays, regardless of plasticity
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Figure 5.19: Strength results and corresponding vertical effectivessis from down hole NGHP-1-
10B. From Collett et al. (2008)

index. A mean value of 0.34 was obtained that describes thegehin undrained shear strength
of any reconstituted natural clay with the effective stratss—situ conditions. If considering
this relationship for the NGHP-1 sediment, the undrainegaststrength of a reconstituted
sample should have been in the region of 95kPa, if taking ¢ntical effective stresm—situ

to be approximately 280kPa. By comparison, the values feaisbtrength recorded during
the NGHP-1 cruise, suggested the shear strength for theturiad material at 50mbsf to be
between 35-40kPa (Figure 5.19) (Collett et al., 2008).

It is possible that the low strength of the NGHP-1 core sedirseattributable to the high water
contents retained in the material. The presence of highrwatgents, and the strength results
given above suggest that the sediment was under—consdligatsitu The shear strength
analysis conducted on the sediments from hole NGHP-1-106 (disturbance did not allow
strength tests to be conducted at hole NGHP-1-21C) by the RGIdcientific crew (Collett
et al., 2008), suggest that clays near the surface were Hgrooasolidated, and had not been
subjected to any geological processes that may have cawsedconsolidation. However,
further down the sediment column the measured strengthedatiment remained consistent
(around 35-40kPa) to a depth of 80mbsf, reinforcing the tygmis that the sediment was
under—consolidated (Figure 5.19).
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Under—consolidation can occur in deep sea sediments dugetrpressure (Gibson, 1958;
Dugan & Flemings, 2000; Dugan & Germaine, 2008). Overpmesisuthe condition in a sedi-

ment when the pore pressure is higher than hydrostaticymeesis can occur in regions where
there is rapid sedimentation, such as continental sheif@mments with sediment influx from

large river systems (Dugan & Flemings, 2000). The sedintiemtaate on the Bengal Fan
is estimated as 1.2mm/yr (Worm et al., 1998), a high valualgoe to elevated pore pres-
sure development. Additionally, Dugan & Flemings (2000)gest that fluid influx can also

cause overpressure in a formation. The site of holes NGHBBLand -21C are situated on
the crest of a tightly folded ridge structure, with many ftees providing conduits for gas and
fluid flow. The sedimentation rate and underlying geologgatalctures are appropriate for an
area exhibiting overpressure, which in turn may have altbfee the under—compaction of the
NGHP-1 sediments and the sediment to retain a high wateexbnt

An alternative consideration is the influence of salinitycieating an under—consolidated ma-
terial. As mentioned previously in the liquid and plastiili section above, pore water salinity
has an effect on the fabric of a clay sediment. The interaatioclay particles determines
the internal arrangement of sediment grains, which in tdfeces the ultimate void ratio of
the clay sediment. Van Passen & Gareau (2004) observedasistiength results to those for
the NGHP-1 samples in clays from the Caspian Sea. The gealogbnditions where the
cores were taken was not conducive to under—consolidatiorepses, and so it was suggested
that the under—compacted state of the clays was due totgalaniation. They found that the
Caspian Sea clay had an edge—to—face patrticle interaetlioh had created a flocculated fab-
ric and high void ratio. The EF particle arrangement is alstatoucture that resists the volume
change caused by increasing overburden pressure (VamP&ag3areau, 2004). Considering
this, the high salinity of the pore water in the NGHP-1 sammpteay have given the clay a
structurein—situthat was destroyed when the sediment was remoulded forairigsting.

There is also another component of the sediment that may dawebuted to it's structure
at depth. The sediments from the NGHP-1 cruise containedga lguantity of gas hydrate
(Section 5.2.3) in the form of cross—cutting veins. If thelfate formed in the sediment before
significant overhead sedimentation and application of muelen pressure, the hydrate may
have formed a framework that would support the sediment bodt & to maintain a high void
ratio. It is therefore possible that the presence of hydrathe NGHP-1 cores is responsible
for the apparent under—consolidation of the sediment.



5: TESTS ONNATURAL HYDRATE SAMPLES 155

Hydrate Drop in Original Increase
Core Void | Content| Salinity | salinity water in water
Section Length | Part Ratio (%) (g/litre) | (gllitre) | content (%)| content (%)
6-26cm | top 1.76 23.3 41 7.3 64.3 13.9
bottom | 1.97 33.8 35 9 71.9 24.7
26-46cm | all - - - - - -
’I'(?Bk_'gé\l(' 46-66cm | top 2.04 | 46.3 38 13.1 745 39.4
bottom | 2.04 31.4 38 9.1 74.5 23.4
66-86cm | top - - - - - -
bottom | 2.19 52.0 27 10.5 80.1 51.1
NGHP-1- | 23-46cm | top 1.55 42.0 31 9.5 56.7 25.2
21C-02E bottom | 1.89 44.6 33 10.9 69.0 34.2

Table 5.2: Tabulated volume, salinity and water content measurenfentdGHP-1 core sections. In-
cludes estimated values for decrease in salinity and iser@avater content due to hydrate dissociation

5.3.3 The Impact of Hydrate Dissociation on a Host Sediment

Having conducted a number of geotechnical tests on the ralafiem the NGHP-1 core sec-
tions, the influence of gas hydrate dissociation on hoshsenli properties can be discussed.
Index tests such as water content, porosity, bulk densignglensity and strength tests were
conducted during the NGHP-1 cruise, however more completinge on the hydrate bearing
sediments was not possible due to poor sample recovery.ebtedonducted at Southampton
University are therefore the first of their kind to shed ligit the effects of changing salin-
ity, water content and structure of a sediment when hydretsodiates in a specific natural
sediment.

The Effect of Salinity

Hydrate dissociation in a sediment will reduce the salinityhe pore water by the release of
fresh water. The degree of freshening depends on the indlality of the pore water, and the
hydrate content of the pore space. By taking the measurmitissl of the sub—samples in Table
5.1 as than—situvalues for pore water salinity in the presence of hydrate ettpected fresh-
ening from dissociation can be calculated in each core. @tyeIvolumes of hydrate, which
are not pore filling, mean that large fresh water influx woutdwr during dissociation. Table
5.2 gives the reduction in salinity and the correspondindr&ite content for each core section.
The data shows that hydrate dissociation would cause a drggdinity ranging from 7.3g/I for
section NGHP-1-1-B-08Y 6-26cm top, to 13.1g/l for sectioBNP-1-10B-08Y 46.66cm top.

Previous experimental results on the strength of clay ri@dsawith regard to salinity, highlight
the complexity of the subject. Skempton & Northey (1952)aslied a reduction in the lig-
uid limit of artificially sedimented clays when the salinib§ the sediment was reduced from
35g/l to 5g/l. Converse to this, Van Passen & Gareau (2004)asaexponential increase in
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liquid limit as they decreased the salinity of remouldedsdamples towards zero. Bjerrum
& Rosengvist (1956) have shown a reduction in liquid limittlas salinity was reduced in ar-
tificially sedimented clays similar to Skempton & Northey@%R), but once the salinity was
reduced to zero, recorded the highest strength of all sedstiested. The results from tests on
the NGHP-1 sediment also showed an increase in liquid liminfthe sediment witin—situ
salinity compared with the value using fresh water. Van @ip(iL977) has shown that differ-
ent clay particles actually have different initial douldésrer structures, and so their reaction to
electrolytes differ dramatically. As a result, Van Olpheatss that it is difficult to predict the
behaviour of any particular clay with changing salt content

The Effect of Water Content

Table 5.2 gives the estimated increase in water content frignate dissociation, if the values
given in Table 5.1 are taken as the true water contergituin the presence of hydrate. The
water released from hydrate dissociation was simply addetié original value in order to
determine the change in water content. The table showshédtigh volume of hydrate in the
cores would cause a significant increase in the water cooféné host sediment. The smallest
increase is seen in the NGHP-1-10B-08Y core section 6-2@om:at 13.9%, with the large
hydrate contents recorded in section 66-86cm of the sameegiving a 51.5% increase. The
curve in Figure 5.18 shows that such changes in water cotteitd cause significant decreases
in strength of the host sediment.

The Effect of Hydrate Morphology

It is suggested that the main impact from hydrate dissariati the NGHP-1 sediment would
be the loss of a structural component that may be supportinchrof the overburden pres-
sure. Visual observation and CT imaging technigques haveated significant crosscutting
vein structures, which may have allowed the sediment tarretdigh water content and low
undrained shear strength. Hydrate dissociation woulde=esimoval of this rigid supporting
framework, meaning the application of the full overburdessgure on the remaining sediment.
It is likely that this would cause significant instability averlying strata as the previously hy-
drate bearing sediment undergoes significant settlement.

5.4 Summary of Natural Sediment Testing

Observations and measurements have been made on a numbeg séctions made available
to Southampton University from the NGHP-1 cruise. Intetgion of 3D CT imaging revealed
high volume, sub—vertical vein structures with prefer@rdgrientations. The nature of the veins



5: TESTS ONNATURAL HYDRATE SAMPLES 157

coupled with the tectonic history of the area, suggestshydtate was formed from hydraulic

fracturing by the influx of fluid and gas from below (Hollandagt, 2008). The high volumes

of hydrate observed in these veins challenges the abilityemiote geophysical and seismic
methods to quantify hydrate accumulations.

3D imaging and external visual observation of the coresligllighted severe sample distur-
bance due to handling methods. Current methods of tramsgahd storing natural hydrate
samples need to be improved if successful laboratory te&ito be undertaken in the future.

Investigation into the geotechnical properties of the lsestiment revealed it to have a very
low remoulded undrained shear strength, in conjunctiom &ihigh water content and high
plasticity. The results indicate a sediment that is undersolidated, however, the high salinity
of the pore water may have induced a structure within the tay was destroyed during
remoulding, so giving an unexpected low undrained sheangth. It is also suggested that
hydrate may have formed a framework that supported theyrgrsediment, and allowed the
host clay to retain a high water content.

The effects that the dissociation of a body of hydrate sud¢hiagould have on the mechanical
properties of its host sediment appear to be significantsdgiation would cause an increase
in water content, decrease in salinity and also result irrehgoval of a potentially key struc-
tural component of the sediment. The complexity of clayaidlichemistry means definitive
conclusions with regard to the effect of salinity on the NGHBediment are not possible, but
it can be estimated that the reduction in salinity with hyelrdissociation may cause a large
increase in sediment strength. However, the water contemtges seen with dissociation may
very well mask any salinity effects. The large volumes ofriayel in the NGHP-1 cores means
the water content of the host sediment could increase by 6% This would cause signifi-
cant changes to the strength of the material, which woul@ laamajor impact on the stability
of the sediments in the region. Finally, the supportive reatif vein—like gas hydrate can only
be evaluated when reliable methods of testing natural ydamples ah—situconditions can
be developed.



Chapter 6

CONCLUSIONS AND SUGGESTIONS
FOR FURTHER WORK

Accurate assessment of the value and distribution of glghalhydrate requires the under-
standing of how hydrate affects host sediment propertissnfobservations of natural hydrate
deposits, it has been established that gas hydrate can malienamber of morphologies in

sediments, which in turn will dictate the impact of hydrateits host material. To determine
which hydrate morphology will be found in each sedimentaryi,mnment, controlled labora-

tory experiments must be carried out that will generate tlefiis comparable with seismic
surveying results. Alternatively, numerical modellingtires can be used to predict the im-
pact of hydrate presence on sediment properties, but thetfeds require a full understanding
of the interaction of hydrate with sediment particles.

This thesis presents a review of laboratory investigatiotesthe gas hydrate phenomena, and
identifies the points where information on the formation adth@ane hydrate in sediments is
lacking (Chapter 2). In response to the gap in the knowledgielighted in Chapter 2, a set
of experiments were designed to form methane hydrate in, sardkr water rich conditions
(Chapter 3). Further investigations were made into hydiateation by constructing four
specimens of different sediment types and growing hydresidé them (Chapter 3). The results
from both sets of laboratory experiments were analysed rgghrd to the affect of hydrate on
seismic velocity and attenuation (Chapter 4). Finally, anbar of natural hydrate samples
gave the opportunity to observe the morphology of hydratinim grained materials in detalil,
as well as undertake detailed geotechnical tests to igatstihe affect of hydrate dissociation
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on sediment properties (Chapter 5). This chapter sumnsatiseconclusions that can be drawn
from each set of investigations, before making some suiggasbn how the GHRC can be used
to continue with work on gas hydrates.

6.1 Conclusions

Firstly, a number of conclusions can be drawn from the litegreview which highlight the
deficiencies in gas hydrate knowledge to date. It is appdhattdue to the range of seismic
velocities gained during deep sea drilling and seismiceting, researchers are still uncertain
of the velocity profiles expected from gas hydrate bearintnsents. The laboratory testing of
natural samples that could augment results from remoténgetechniques have been limited,
as the methods to transfer intact hydrate samples into emuipfor in—depth geotechnical
testing do not currently exist. Laboratory testing of gadrhges is therefore focused on syn-
thetic hydrate bearing sediments. The challenges invatvadificially growing gas hydrate in
the laboratory have caused some researchers to move away$iog methane as the hydrate
former. Additionally, hydrates are often formed in matlsrisuch as glass beads and silica gel
instead of natural sediment types. Evidence from the tileeasuggests that the results from
tests such as these may be distorted, and not applicabléu@hlydrate deposits. By look-
ing at published results from different hydrate tests, fiegys that formation methodology for
synthetic hydrates influences the morphology of hydratdénptore space. To date, no work
has been done where hydrate has been formed in comparatdeaisahnd under consistent
conditions so that hydrate morphology can be analysed wiglard to formation methodol-
ogy. Additionally, little work had been conducted on forgihydrate in sediments other than
homogeneous sands.

By considering the above conclusions from the literaturegxgerimental methodology was
developed to form hydrate in fully water saturated sandsobthe free gas phase, and a new
technique for synthesising methane gas hydrate in the Gasakty Resonant Column was
established. This method allowed for the direct comparisbresults with those from the
work of Priest (2004), where hydrate was formed in partisdyurated sands, and a number
of conclusions about the morphology of hydrate in the poacspould be drawn from this
comparison.

Primarily, it was found that hydrates formed in fully satiedh or “excess water” conditions
have no effect on host sediment shear and longitudinal wealgeities until 30% of the pore
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space has been filled with hydrate. Further analysis of tieetefe stress dependency of sedi-
ments containing hydrates grown in excess water condisbowed that there was little change
in dependency from 0% to 40% hydrate content. Hydrates giowrese conditions therefore,
do not bond the host sediment at hydrate contents of 40% dod.b&his observation is in
contrast to the results of Priest (2004) who showed hydratiagaas a bonding agent when
formed in partially saturated or “excess gas” conditionemparison of results from this re-
search and a number of numerical models suggests that fomzainditions greatly influence
the morphology of methane hydrate in the pore space. It caomauded that a consideration
of the conditions of hydrate formation must be made whemygiting to interpret the seismic
signatures of natural hydrate deposits.

Additional findings from the investigations into hydraterf@tion technigue relate to the at-
tenuation results from the set of excess water tests. It aasdf that sediments containing
hydrates formed in excess water conditions show an alnmsaidirelationship between hy-
drate content and attenuation increase. It is suggestethth@ncrease was due to the increase
in pore surface area that occurs due to hydrate presencéhamdsultant increase in “squirt
flow”. It is also possible that the porous hydrate grainsvalleater movement through hydrate
grains themselves, and thus also contribute to viscouslfisigks. It would appear therefore,
that attenuation change is more sensitive than seismicitlko hydrate content fluctuations
in excess water environments. It is possible that measursnire attenuation could become a
more useful tool in quantifying hydrate content in deep skgmosits in the future.

Along with successfully developing a method of forming h@eoeous methane hydrate in
sands in excess water conditions, the secondary aim ofgbé&arch was to form methane hy-
drate in sediments with a variety of particle size and shbpeput of excess gas conditions.
This was achieved by forming hydrate in sediments compyisina mixture of different sand
grades and 0.1mm mica particles. Initially, the resultsnftbese tests showed that the addi-
tion of 10% methane hydrate to specimens of a variety of sedlirtypes caused bonding in
each case, although the degree of bonding, and therefarease in shear and longitudinal
wave velocity in each specimen varied depending on seditgpat Analysis of the shear and
longitudinal wave velocities from each specimen showed te addition of 10% by weight
fine grained LBE sand to coarse grained LBB sand increasetiahding affect of methane
hydrate, when compared with bonding in a pure LBB sand spatiniihe addition of 10% by
weight 0.1mm Mica to an LBB specimen, decreased the bondiegtaf hydrate. It could
be concluded therefore, that the surface area of the gnaflueices the change in shear and
longitudinal wave velocity seen in each specimen that iseduly hydrate inclusion, and that
the largest surface areas of grains inside a specimen atrttel the lowest increase in seismic
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velocity.

The final aim of this research was to observe and analyse thghwlogy of natural gas hydrate
deposits. Five samples from the Indian National Gas Hyd?abgram were made available to
the University of Southampton, containing methane hydwéthkin frozen fine grained sedi-
ment. CT scanning and a series of geotechnical tests wedhictat on the samples, from
which a number of conclusions could be drawn. Firstly, thagimg of the samples revealed
that there was significant disturbance in each sample duestexpansion of dissolved gas in
the pore water as the sample was removed from the pressweara transferred to liquid
nitrogen. Further high resolution three—dimensional img@f hydrate samples revealed high
volumes of gas hydrate formed in vein structures in a finengehclay. Analysis of the geom-
etry of the hydrate veins showed a preference for the veigsaw in two distinct orientations.
Volume analysis revealed high hydrate contents in each lsammgasured (from 8% up to 60%
in places). It was concluded from these observations tige keolumes of hydrate could exist
in veins in a fine grained host sediment.

Once the five core samples had been scanned and photogréphedame obvious that the
degree of disturbance of the samples would make direchitestithe GHRC impossible. The
methane hydrate was therefore dissociated and the hostetdanalysed to discover the po-
tential impact of large scale hydrate dissociation.

A number of geotechnical tests were conducted on the hosriakincluding water content,
particle size distribution, organic content, salinity andex and strength tests. The sediment
was comprised predominantly of silt—sized particles witlova organic content and so was
presumed to exhibit no fabric (Rowe, 1972). The water candérthe sediment cohabiting
with the hydrate was found to be high, at 73%, with a high #glimeasured at 36.7g/l. The
sediment was found to have a high plasticity, with a liquiditiof 81% and plastic limit of
33% atin—situsalinity. Once the sediment had been washed to removetgatim liquid limit
increased by 15%. This increase in strength was thought dmé¢o the flocculating nature of
the particular clay particles in the NGHP-1 samples, algfiofirm conclusions on this subject
can not be made without further investigation into the clagaralogy of the sediment.

When the host sediment was tested in a triaxial apparatussitrevealed to have a very low
remoulded undrained shear strength (about 6kPa), whictoldte assumption that the sedi-
ment was under—consolidatéa-situ The geological location of the sediment was such that
sedimentation rates and upward migrating pore fluids coaNe lcontributed to overpressure in
the formation, and allowed the sediment to retain a high maietent. It was concluded how-
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ever, that a number of factors could have given the sedimstrtiaturein—situthat may have
caused this under—consolidation. Initially, the highrssfi of the pore water may have caused
flocculation of the clay particles that gave the sedimentuctire that was destroyed during
remoulding. Additionally, the presence of a “honeycombhgéirate veins may also have given
the sediment support which allowed it to retain a high watetent and low strength at almost
300kPa overburden pressure.

When considering the volumes of hydrate seen in the NGHRvbkes, it was found that dis-
sociation of such a hydrate presence could increase the w@téent of the sediment by up
to 50%. This would cause significant changes in the strenfytheomaterial. The decrease
in salinity caused by this hydrate dissociation may causes#édliment to increase in strength,
however this affect may be masked by the impact of water cbimerease. It was concluded
therefore, that hydrate dissociation would not only alker $trength of the host sediment by
causing an influx of fresh water, but also result in the rerhof/a potentially important struc-
tural component of the sediment.

6.2 Recommendations for Further Work

Following on from the research presented in this thesisethee a number of suggestions that
can be made for future work involving the Gas Hydrate Resb@atumn. Further investiga-
tions into synthetic, laboratory grown hydrates could tddeefollowing directions:

e It is clear that methane hydrate affects sediments diffarelepending on particle size
and shape in “excess gas” conditions. The formation of hgdradifferent sediment
types, using “excess water” conditions would investigatiis were true for hydrates
which do not cement the sediment, but form part of the loadibgframe. The sediment
mixes utilised in the different sediment type tests desctiin Section 3.4 could be used,
with the results directly comparable to the results givethis thesis.

e The concerns highlighted in the literature regarding tifiecabf hydrate former could be
investigated in the GHRC by using an alternative gas to foydrdte. The substitution
of carbon dioxide for methane gas could be made with iddrtsss carried out as those
presented in this research, allowing for direct comparisbhow methane and carbon
dioxide hydrate affect sediment properties.

e Developments in methods of making hydrate from dissolvesi(§pangenberg & Ku-
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lenkampff, 2005) could allow for methane or carbon dioxigerate to be made out of
solution. Slight modifications to the GHRC may be necessaryhis to be carried out.
These tests would also give a direct comparison with thelteesuthis thesis, which
would increase information on the morphology of hydrateagrainder different condi-
tions.

With regard to apparatus development, it would be advantagyéo be able to measure com-
pressional wave velocity of saturated specimens directier than the indirect method cur-
rently used from flexure. Conversion of the GHRC to take suelasarements could be done
via the addition of a Drnevich “Long—Tor” drive head.

The testing of natural methane hydrate samples in the GHRCaHang way to go before
becoming a serious application of the apparatus. At presbate are not the facilities to
transfer hydrate samplesiat-situ conditions into the resonant column. If depressurisation o
samples could be done without the degree of sample distoebdmcumented in Chapter 5, it
may be possible to transfer them into the GHRC for resondotraotesting. However, a better
coarse of action may be to use the GHRC in conjunction witeqanésed core loggers such as
Geotek’s multi-sensor core logger: pressure (Schultletiak, 2008).

The high resolution CT scanning equipment available at thisdysity of Southampton could
provide further insight into hydrate morphology, in natmad synthetic samples. Forming hy-
drate in a number of sediments in the GHRC and freezing befepesssurisation would allow
for the hydrate to be observed through CT scanning. If sasrlenm in size were scanned,
features larger thani®n could be distinguished by the scanner. With regard to intagiat-
ural samples, any further observation at high resolutimgmsses the knowledge of hydrate
morphology in the field, and so can surely be a worthwhile avnoler.
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APPENDIX A

Cementing Models

The contact cement theory (CCT) predicts the effective lamiét shear modulus of a dry ce-
mented sphere pack to be (Dvorkin et al., 2000):

n(l — ¢.)

Kceor = 5

(Ko + 5G)S,

3 3n(l —
Geer = -Kcer + 3l = ge)

5 20 Gy

Where K. andG, are the bulk and shear moduli of the cement respectivglys the critical
porosity of the uncemented grain pack; amds the average number of contacts per grain.
Parameters,, and S, relate to the normal stiffness of a cemented two grain coatimin. It
depends on the amount of contact cement and the properties gifains and cement as defined
by the following relationships (Mavko et al., 1998; Dvorldghal., 2000):

S, = Apa® + Bra + C,

A, = —0.024153A,, 13646

B,, = 0.20405A,, 089008

C,, = 0.00024649A,, 1954

S, = A; (A, v)a? + By (Ar,v)a + Cr(Ar,v)

Ar(Ar,v) = —1072(2.260% + 2.07w + 2.3)AQ0790° +0. 175401342
Br(Ar,v) = (0.05730% + 0.0937v + 0.202) A% 0274* +0.0529—0.8765

Cr(Ar,v) = —1074(9.6541% + 4.9451 + 3.1)A001867/*+0.4011r—1.8186
_ 2G. (I—-v)(1-v.)

A, =
"G 1-—2u,
G.
A=
e

WhereG andv are the shear modulus and Poisson'’s ratio of the grain rahtespectively; and
G, andv, are the shear modulus and Poisson’s ratio of the cemengatsgy. The parameter
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« defines the amount of contact cement, by relating the dritioeosity ¢. and the reduced
porosity of the grain pack with hydrate preserct the number of grain contacts(Dvorkin
et al., 2000). The cement configurations depicted in figueaBe accounted for by two forms
of a:

(a):azz[%r.%
(b):a= [%} 0.5

The above CCT theory is only valid for small concentratiohseanent, namely those that give
a residual porosity greater than approximately 25%. Dvosdial. (1999b), however, have
extended CCT to higher cement concentrations by combiningth other effective medium
modelling techniques.

Pore filling model

Gassmann (1951) found the bulk modulus of a saturated satlgaising the bulk moduli of

the constituent parts:

(-2
¢ 4 16  Kg

K; T Km K2

K:Kd—l-

WhereK; is the bulk modulus of the fluidk’,, is the average bulk modulus of the soil grains;
K is the bulk modulus of the dry frame; agds the porosity of the rock.

The altered fluid bulk moduli can be found from the Reuss (1 #%tress average of the water
and gas hydrate bulk modulk{; and K, respectively):

Sp 1—5,1""
K = |—
m [Kh * Ky }
Where K, is the resultant bulk modulus for the hydrate/water mix &pds the volumetric
concentration of hydrate in the pore space.

As G is not affected by water content, shear modulus is foundHerdry sediment frame,
via the Hertz—Mindlin contact theory, and modified Hashints#8man bounds (Dvorkin et al.,
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2000).

The effective bulkK g5, and sheal= g, moduli of a dry sediment frame at critical porosity
are:

21— ¢0)?G? 5
Brar = [ 1872(1 — v)2 P]

5 —4v [3n%(1 — ¢.)?G? 5
Crnm = 52— v) [ 2m2(1 — v)2 P]

WhereG andv are the shear modulus and Poisson’s ratio of the solid pleapectively;P is
the effective pressure; andis the average number of contacts per grain.

For a sediment at less than critical porosity, a modified fadeshin—Shtrikman bound is used
(Dvorkin & Nur, 1996):

4
3

P/ Pe 1—¢/¢c
Kpv +3Gun K+ 35Guu
[ é/be  1—0/6]
Gdry_[GHM—f—Z G+Z:| —Z

7 _ GuMm (9KHM + 8GHM>
6 Kun +2GHM

Kdry = [

Frame Building Model

To calculate the altered solid phase bulk modulis,f) and shear modulug(,;), Hill's
average formula can be used (Hill, 1952). :
-1
ﬂ) }

-1

WE
=

=

1=

1 [~
Kmh:§ Z;WiKi-l-(
1=

[y

(2

NE
Qs

=

1=

[y

I_N

Where; is the volumetric fraction of the-th constituent,K; anf G; are the bulk and shear
moduli for each constituent respectively, aNds the number of mineral constituents.
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APPENDIX B

3D CT images of NGHP-1 core sections

Figure B-1: Image of core section NGHP-1-21C-02E 23-46cm: top with theér&te highlighted in
white and the voids stripped away. The rims of the voids aghlighted in blue.
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(a) Initial CT reconstruction of the top of the sec- (b) Image of the core section with the hydrate
tion highlighted in white and the voids stripped away.
The rims of the voids are highlighted in blue.

(c) Initial CT reconstruction of the bottom of the (d) Initial CT reconstruction of the bottom of the
section section

Figure B-2: 6-26 3D CT images
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Images of frozen cores

(a) 6-26cm

(b) 26-46cm

Figure B-3: Photographs of cores NGHP-1-10B-08Y, sections 6—26cm &rd6&tm in their frozen
state
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(a) 46-66cm

(b) NGHP-1-21C-02E core, section 23-46cm

Figure B-4: Photographs of cores NGHP-1-10B-08Y section 46—66cm andRGE-21C-02E, section
23-46¢m in their frozen state
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(a) 6-26cm

PART C = Leftover trimmings
(c) 46-66cm

Res
PARTB PARTC

(d) 66-86cm

Figure B-5: Photographs of frozen core sections from core NGHP-1-18BWith parts indicated.
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Figure B-6: Photograph of frozen core section NGHP-1-21C-02E 23-46@mparts indicated.
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