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Abstract

In recent yearsgasshale has attracted renewed atteénh as an unconventional energy
resource, with massivdast growingand largely untapped reseeg. Shale is a firgrained
sedimentary rock containing high cotent of organic matter(kerogen) from which gas can
be extracted. The identification of the pore structure and quantification of the geometry,
sizes,volume, connectivity and distribution of extremely firgrain pores,kerogen and
minerals areall extremely significant for characterisation ajas shale reservoirs These
features determine fluid flow andultimate hydrocarbon recoveryhoweverthey arealso
highly challengingo determine accuratelyX-ray micro and nanecomputed tomography (
CTand NaneCT) combined with 3D focused ion beam scanning electron microscopy (FIB
SEM) are useith this thesisto address this challenge artd provide moreinformation for
understanding the complex microstructures in 3D from multiple soai#sn shale sarples

In this thesisa stateof-the-art multi-scaleimagingwith multi-dimensionalpotential was
applied toimage and quantify thenicrostructures propertiesf gas shaleSamples werérst
imaged with Xay micro and naneil 2 Y 2 3 NJ}CIUKn&l Naiv@T), and then witlFocused
lon Beam Scanning Electron MicroscopBFEMMeasurementsResults ofmage analysis
using SEM (25 0 =CT (3D), ultrahigh resolutionNanCT (3 and FIBSEM (3) under
backscattered electron (BSHE)agesreveal acomplexfine grained structureat specified
phases such as pordssrogen, and minerals withisamples

The results showlow connectivity of pores and high connectivitykefogen which suggests
that porous gaglow through samples used in this study cannot be the main transport through
the pores. This implies that the gas transport through the pores is unlikely to be important,
but cannot be ignored, ai is very important and constitutes the baswr funderstanding
permeability in the rock. However, the high connectivity of kerogen provides the potential
pathways for gas flow throughout the whole sample.

The combination of multiscale 3BrXy CT techniques (micimano) with 3D FESEM provides

a poweaful combination of tools for quantifying microstructural information includpare

volume, size, pore aspect ratio and surface area to volume distribytipasosity,
permeability in shales, and also allowing the visadibn of pores, kerogen and mireds

phases over a range of scales. Other methods, such as physical measurements Gas Research
Institute (GRI), mercury injection (MIP), and nitrogen adsorptiof) @k also presented in

this study.

The combination of these data sets has allovteel examinéion of the microstructure of the

shale in unprecedented depth across a wide range of scales (from about 20 nm to 0.5 mm).
Overall, the shale samples from Bowland shale formation shows a pood$§it§0 + 0.01%,

0.52 £ 0.05%, and 0.94 + 0.09%m three FIBSEM measurement$,67 + 0.009% from the
nano-CT dataand0.06 + 0.008% from one-CT measurementvhich compare witl0.0235 +
0.003% from nitrogen adsonain, and 0.60 £+ 0.07% from MIFheporosity wasalsoobserved



to be 0.43+ 0.00% and0.7% + 0.007% for FEEEM and Nan@Tmethods, respectivelyn
different shalereservoirfrom a Swederformation.

The data vary due to the different scales at wheath technique interrogates the rock and
whether the pores are openly accessible (espécial the case of the nitrogen adsorption).
The measured kerogen fraction is 32.4 £ 1.45% from f@haompared with 34.8 + 1.74%,
38.2+1.91%, 41.4 + 2.07%, and 44.5 = 2.22% for threeE\NBand ong-CT measurement.

The pore size imaged by na@ rangd between 100 and 5000 nm, while the corresponding
ranges were between 3 and 2000 nm for MIP analysis and between 2 and 90 nm for N
adsorption. The distribution of pore aspect ratio and saal@ariant pore surface area to
@2t dzYS NI (0A2 oaleculated parmeatslity shows dhe sh&leSsamiplghis study

to have a high shale gas potential.

Aspect ratios indicate that most of the pores that contribute significantly to pore volume are
20t 0ST gKAOK A& O2y7TAN)YS Reshave giekt& poehtigl S 2 F
interacting with other pores compared to needéhaped prolate pores as wels optimizing

surface area for gas to desorb from the kerogen into the pores. Permediafityglso been
calculated andvalues o2.61 + 0.42 nvere obtainedfrom the naneCT data, 2.65 + 0.45 nD

from MIP, 13.85 + 3.45 nD, 4.16 + 1.04 nD, and 150 + 37.5 nD from thresEMB
measurements and 2.98 £ 0.75 nD from qr€T measurement, which are consistent with
expectations for generic gas shales (iens of nD).

The quantitative results of 2D and 3D imaging datasets across Mmm length scales
provided a view of understanding the heterogeneous rock types, as well as great value to
better understand, predict and model the pore structure, hydrocarbwansport and
production from gas shale reservoirs.
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Chapter 1

Introduction and Research Objectives

1.1 Introduction

Theincreasing demand of unconventional energy resoursgsh asshale gasasbecome
significant in natural gas and crude oil productions recently amdxpected togrow in the
future. According to the Energy Information Administration (EIA) rep&ta., (20192020,
increases in crude oil and natural gas production globally are driven by the increasing
production of shale gas. Currentghalegascomprises around ¥ in total crude oil and 47%
in total naturalgas production anclone proven reserves reached B0'2 m? in USA EIA,
2019. However, m the European UniorHU, shale ga may contribute around-20%to the
gas production by 2038035 Gencer et al., 201¢ Thus, lhe increasingf understandinghe
microstructurepropertiesin shale reservoirs igery significanfor the demand of enhanced
recoveryand gasestimate

Shale gasreservoirs are characterized lligeir low porosity (215%),very low perneability
between @ > 5 {§, andanganicTicmess(>2% TOCR(itt, 2012; Clarkson et al., 2012c;
Macbeth et al., 201l Such reservoirs typically have vesgrong heterogeneityand
anisotropy, which makes themore challengingo produce over the yearé\comprehensive
investigation of shale reservoidependson the understanding of petrophysical propertiefs

the shale, and in particular the scale dependent properties of the matrix, pore space and
organic matter.

In shale meerials however, the matrix has unconnected porosity due to complex pore
structure and highly heterogeneousature. This is mainly because the sizes of pores and
fractures in shales vary over many orders of magnitude; from only a few-memers to
severaltens of microns(Ambrose et al., 2010;Bai et al., 2013;Curtis et al., 2010.
Gonsequently, the microstructurgropertiesand pore systemsannot be describedt a single
scale Therefore, multscale imaging techniques are required to characterize shale
microstructure. Multi-scale threedimensional (3D) imaging very important to image,
identify and quantifyshalephases poreand kerogerdistribution andtheir connectivity.

A combination of X-ray micrecomputed Tomography §CT), Xray nanc-computed
TomographyNancCT) and@Dof Focused lon Beam Scanning Electron Microscopy&EW
provides theabhility in this researchio accurately describe the features of shales destite
challengegpresented by theneterogeneityof shale.

The main pupose of the 3D imaging characterizations is to understand the type of the pores,
their geometry, size, volume, surface area and the connectivity of the pores, as well as the
relationships between pores and minerals.
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1.2ResearctAim andObjectives
1.2.1.Overall Aim

The overarching aim of this research is to understand the relationship between the
microstructure properties and fluid transport of gas shales, including quantifying the
microstructure of shales at a range of scales as well as understandinghéofine
microstructure of shales controls fluid flow at all scales.

1.2.2. Specific Objectives
The main objectives ohts studyare:

(1) To measure microstructural properties of gas shales from the microscale to nanoscale
and to systematically characteritige pore structural distribution, including porosity,
permeability, pore volume, pore size, pore aspect ratios, and surface area to volume
ratio of pores.

(2) To visuabe and quantify the microstructurg@roperties of shalerocks. Thep-CT
method isused on aample for thamacroscale measuremesjtwhile the same sample
issubjected to FIEBEM microscale measurements, but at multiple locations asdfeld
view is smaller than for th@-CT in order to understand the relation between the
microscale and macroseaproperties

(3) Toenvisageand measure thenicrostructureof shalewithin the same positiorusing
the three-dimensionaimaging techniques, includingtrahigh resolution Xay nano
tomography (NaneCT and Focused lon Beam Scanning Electron Microscof (FI
SEMY}o discoverandunderstand the complegtructurein particular shale reservoirs
connectivity of fluid transport pathways and the processes which mediate gas
transport on shale.

(4) To integrate measurements made at all scales with supporting experahent
measurements of rock porosity, permeability mercury porosimetry and nitrogen
adsorption in order to fully characterise the rock at all probes scales.

(5) To investigate the use of microstructure parameters primarily from 3D scanning to
estimate the connectity and permeability of the shale.

In order to achieve these objectiveSD imaging techniquesincluding Xay micro
tomography, Nangomographyand 3DFocused lon Beam Scanning ElecthMicroscopy (FIB
SEM)at multi-scales have beerapplied to imagehe heterogeneousshale rock. The results
have beercombined withlaboratorymeasurement®n porosity and permeabilitiechniques
such asGas Research Institute (GRiercuryinjection (MIP) nitrogen adsorption (B and X-
ray Diffraction (XRD) analysis.

The results of thistudy provide a better insight into theetrophysical propertiesf shaleand
offer valuable datasetand reference to industry and academics for assessing gas storage and
transportactions within gas shale reservoirs.
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1.3Thesidayout

This thesis comprisesghtchapters Table 1.). Chapter 1provides a general overview of the
project by mentioning the rationale, introduction to the research background, aims,
objectives and thesis structure

Chapter 2ntroduces a review of the literate relevant to this workBackground information

is presented related to microstructure properties of gas shale reservoirs including porosity,
permeability,kerogen, gas storage and transport through porasd also a review of muiti
scale imaging technigesbased or2D/3D Xray micro and nano tomography-§T, NaneCT)

as well as 3D electron microscopy (SIBM)

Chapter Jescribes the experimental methods and analytical techniques used in this research
including sample selection, sample preparation aock analysidy X-ray diffraction (RD),

X-ray micreand nanetomography, focused ion beam scanning electron microsdépi
SEM)and also laboratory measurements suab GRI,MIP and N, adsorption In addition,
details of imaging processing agdantification are provided.

Chapter 4providesresults ofBowland gastsale of Northern Englancharacterised in /3D
using Xray micretomography(u-CT) and focusemn beam scanning electron microscopy
(FIBSEM)The micratructurefeaturesof gas shaincludingporosity, pore size, pore volume
distribution, and pore aspect ratio, internal surface area to volume of pore, pore connectivity
have beernnmaged and quantified

Chapter5 introduces imaging and analysis of gas shale samples usinliy8Righ resolution
X-ray naneCT at the sumicron scale to capture the pore akdrogen network Laboratory
measurementssuch asMIP and N adsorption were also used to fully infer and reveal
structures of gas shale at different scales.

Chapter 6provides resultsfor gas shalefrom a formation in Sweden usingiltra high
resolution nano-CT and FHBEM images underaBk Scattered Electron MicroscopyS@B
mode on the submicron sample to resolve microstructurpsopertiesat nanometre scale as
well as 3D visuattion of the pore spaceéerogen and minerals otne same region of shale

Chapter 7presents multiple methods for calculating porosity, permeability and hydraulic
connectivity using data from samples from 4 formations obtained and described in the
previous 3 chapters. These data are discussed and compared with independent measures of
porosity and permeability.

Chapter8 presents the main conclusions and accomplishments of this research and provides
suggestions for future work including studies related dorelative imaging and modelliraf
gas shales
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Chapter 2

Literature Review

2.1 Introduction

The literature related to shale gas encompasses mulagieects, including gas storage and
gas flow as well as the structural analysis of shale gas reseioingver, due to the complex
structure of shales over a wide range of scales, gas flow within pore space and the role of
kerogen are not yet fully undet@od. This study aims to quantify the effect of shale
microstructure on porosity and pore/pofthroat sizes, and hence on permeability across a
very wide range of scales using multiple methodologies, including three types of high
resolution threedimensioral imaging and associated 3D image analysis. As such, we hope the
research will be a valuable contribution to the oil and gas industry as well as to academia.

This chapter provides a review of the literature and current knowledge on the
characterisation bmicrostructure properties including porosity and permeability in shale and
techniques used to describe shale microstructures. This chapter starts by describing an
overview of gas shaleSéction 2.2 Imaging techniquesvith different dimension and sizes
areused in this thesianddescribed, including an overview of the main process parameters
along with upscaling techniqueSéctions 2.2.4).

2.2 Overview of shale gas reservoirs

The term of "shale" refers to fine, grained, sedimentary rocks that rdsuth weathered

clastic processes. The term shale comprises mudstones including mainly clay minerals,
siltstones and kerogen which is an organic matrix element deposited within the rock and from
which shale gas and shale oil can sometimes be extradtad ghd Curtis, 2002; Bustin et al.,
2008).

There are general and sometimes wide, different ways of definitions of shale such as in the
geology, the shale is considered as mudstone that has compacted over many years and
lithified. Shales are often foundith layers of sandstone, limestone, and siltstones which do
not contain clay minerals, while in a petroleum system, the shale acts as the source of the
rock with low permeability (Rezaee et al., 2015). The gas within the shale is generated and
stored in he pore systems of the shalandis not subject to the processes of diffusiongars
movementdue to the low pore connectivitend permeabilitywithin shale rocktherefore

some of the gasannot befully expelled from the source rock, because there igmigration

into a permeable reservoir (Curtis, 2002; Glorioso et al., 2012).

The existence of burnable gas from the earth has been known for over 3000 years and natural
gas seeps have probably been used since prehistoric times. The first recorded pnodctio
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shale gas was in 1821 from the Devonian shales in the United Stéesrédale, 19897
although coal gas had been used in China from about 500 BC and in the UK sincé the 17
century. This production in 1821 was obtained from the Dunkirk shale int&@gua County,

and was used to light the nearby small town of Fredofiar{is, 200®. More recently, shale

gas has been recognized as an as an economic resource of an unconventional reservoir type
with lower porosity and permeability than conventionalsezvoirs Bustin et al., 2008;
Clarkson et al., 2032The production of shale gas has also dramatically increased since 2002
(Curtis, 2002, and has been rising significantly over the past few ydass, 2013

Historically, the accumulations of sha@as have been mostly ignored or unnoticed due to the
cost and technically challenges of gas production from such resen@irgiq, 2002
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researchers and has dramaticallyncieased, particularly in North America
(Chareonsuppanimit et al., 201.2n the year 2008, there were over 40,000 producing gas
shale wells in the USA(stin, 2008. Since then, the shale gas exploration action has been
growing quickly in other areas arod the world Jarvie, 2010; Littke et al., 20LThe success

of shale gas is due to the recent application of fracturing strategies and advanced drilling
methods Hill and Nelson, 2000; Jarvie et al., 2DUMvelve years later, by 2020, there were
more than 85 thousand producing wells in the seven main shale gas formation in the US:
Bakken, Barnett, Eagle Ford, Fayetteville, Haynesville, Marcellus and WooHdiayties,
2015). The production of shale wells has continued to increase and expand rapidly Wsth
with the opening of more than 150,000 wells between 2010 and 2046k¢ and Karklis,
2017).

However, in some countries such as Ind&hdrma, 201 South Africa Qohen, 2010,
Australia Warner, 201}, and UK %chulz et al., 2001; Mair et al., 2Q,lihe shale gas
production has been blocked or stopped due to the environmental risks involved. These risks
have resulted in legal restrictions on hydraulic fracturing proce¥gang, 201%, that have
stopped a development of shale gas around the world.

There are many general, wide definitions and concepsed for shale rock including the

definition provided by Jackson et al. (2005 g K2 KI @S RSTAYSR akKkl €S
laminated rock with about 67% clay size grains which consist effeieed partites less than

p >Y AY RALl YS(SNIPasse) & 2aINRAI0ySHndérgeld &t alJZRISE o

rock might also contain a differentamount of siltA T SR LJ- NIl A Of S &acksalzL) (i 2
et al., 2003, they have also been defined the orgashale as laminated, hardened, and fissile

rock containing more than 2% of the total organic carbon (TSR3les exhibits very low
LR2NRaAGE o6f wmp20 & ¢Sttt a4 SEGNBYStmItf 26 LIS
2012; Clarkson et al., 2Ra; Macbeth et al., 2091 These properties make it a greater
challenge to characterize and measure microstructural parameters such as porosity, pore size

and pore volume distributions, as well as properties that depend strongly on microstructure,

such agpermeability.
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Hydrocarbon production from shale reservoirs is accomplished either by hydraulic fracture
stimulation or horizontal drillingLu et al., 2014; Sondergeld et al., 2p1®&hich will be
expanded upon in a subsequent section.

2.2.1 The shale gasystem

Shale gas reservoirs are considered to be unconventional natural gas reservoir because the

gas is trapped in very small, relatively unconnected pores in the resek@igpsh et al.,

2013, the resource is laterally and vertically more extenghan conventional reservoirs,

and the gas cannot be produced by conventional vertical welils €t al., 200Y. Thus, the

style of recovery is different frorthe conventional reservasas in theconventional reservoirs

the gas can be extracted by the veh Q Y I G dzNJF € LINB&adz2NE SKAES A
there isneedfor two key technologiespamelyhorizontal drilling and hydraulic fracturin

order toextract the gas fronthe reservois.

According toMajun and Dow(1994), shale may act as bothsmurce rock and a cack in
conventional petroleum systems, where a trap delimited high porosity, high permeability
clastic reservoir rock provides the storage of gas. For gas shale resources, the shale is the
a2 dz2NDS NR O] I WNBF a aNgovéntichal ttayiRned€dedL TheNgaOekists it Y R
the resource over a much larger lateral and vertical extent, but at a much lower gas
concentration, measured in volume of gas per volume of rock. This widely distributed nature

of gas in shales results ing use of deviated and horizontal wells, while the low permeability

of the rock requires the use of hydraulic fracturing in order to raise the permeability
sufficiently to produce reasonable volumes of gaig)(re 2.).

A shale gas reservoir might need e refractured many times in order to extend the
productive life of a gas well and also to retain an economic rate of produdfiaiser and
Pursell, 2007; Cramer, 2008

Figure 2.showsa schematic diagram of how the gas can be produced by hydraadicifimg
and horizontal drilling
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Figure 21 Shows how the gas producer it from the well by hydraulic fractutiegn(, 2019.

In recent years, hydraulic fracturing and horizontal drillvaye advanced the production of
hydrocarbon by stimulating the flow of gas and liquids from qumagpermeable geological
reservoirs. These technological strategies have increased the economic potential for oil and
gas in many unconventional locations around the woReZaee et al., 201¥Kargbo et al.,

2010 Table 2.JandFigure 2.2.

The estimates of gas production along the reserves of the shale gas around the word are
provided inTable 2.1A map of the major current gas production worldwide is giveRigure
2.2

Table 21 Estimate shale gas production and reserves internationally.

Region Production (Bcf) Kerogen Reserves (Tc
North America 1,662 80,000
South America 1,225 400
Asia 1,389 1,100
Africa 1,042 500
Europe 639 600
Australia 396 1,700
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Figure 2. Map of the gas production in various countries with unit of Bcf (sauée
Statistical Review of World Energy, 2019

2.2.2 Porosity

The porosity £ ) is the main key factor for resource assessmengradlgas reserve estimation

in particular in the shale gas reservoirs. Total porosity is defined as the proportion of pore
volume () to the total rock volume. It is a fundamental property of the rock and the main
important parameter for estimated the &-in-Place (GIP).

Porosity can be estimated by using of the measured both bulk voldmeafd grain volume
(@) as has been described in the suggested practice for Core Analysis

O O W (2.1)

%o TG (2.2)

Two types of porosity have been defined based on the connectivity of the porésta{ and

(i) effective porosity. The total porosity is aceas for overall void space in the rock, while
the effective porosityepresents the pores that are connected without the isolated potes
becomes more challenging to distinguish between the total and effective porosities in the
shale due unconnected pes, and extremely low permeability within shale. In addition, the
preparation procedure is also extremely challenging, this preparation is very important in
determine porosity within the shale, which may change the structure of the rock, such as
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when the gructure of the rock is changed during crushing which will have impacts on the
porosity of shale

In gas shale reservoirs the measurement of porosity is particularly challenging because the
shale samples are likely orgadnich, have low porosity andltra-low permeability with strong
heterogeneity Pan et al., 2015; Ma et al., 201According to previous studies and researches
such asCurtis et al., 2012; Chalmers et al., 2012; Klaver et al., M048talerz et al., 2013,

Saif et al., 201 Ma et al, 2019 porosities in gas shales range between 0.2 to Bdblé 2.2.

These values were recorded from different gas shale reservoirs and using various techniques,
such as scanning electron microscopy (SEM), focused ion beam scanning electron microscopy
(AB-SEM), Xay computed tomography, gas adsorption, helium pycnometry, and mercury
intrusion porosimetry (MIR)

Table 22 Porosity measurements for different reservoir locations with different techniques
available in the literature.

Shale reservoir | Measurements | Porosity (%) Reference
Barnett SEM 2.3 (Curtis et al., 201p
Eagle Ford Helium and SEM  0.45.1
Horn River Helium and SEM  2.05.9

(Chalmers et al2012

Kimmeridge FIBSEM 0.3 (Curtis et al., 201
Woodford MIP 4.7 (Klaver et al., 2015
Marcellus FIBSEM 0.2 (Curtis et al., 201

New Albany Shal¢ Gas sorption 9.8 (Mastalerz et al., 2013

Green River FIBSEM 0.5 (Saif et al., 2017

Bowland Shale Xray(-CT) 0.30.55 (Ma et al., 201p

Some of these techniques either cannot detect or describe the internal pore /retancture

(due to the limitation of their resolution), which makes it difficult to know what the technique

is actually measuring. For example helium porosimetry, MIP andadssrption can only
provide the effective pore volume (connected porosity), and the connected porosity available
to each technique is different, with helium porosimetry being generally considered to have
the ability to measure the largest range of poregdo the small size of the helium molecule.

By contrast, the imaging techniques can measure both open and closed pores and they are
usually combined with other measurements due to the limited volume/area/size of shale
samples used in 3D imaging.

Accordimgly, theMicroscale Xay computed tomographyCT) technique performs well as a
non-destructive method butan only recognize the pore throats larger than 0.7 um, and only
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shows pores which are connected by pre throats greater than this value. Since the
connectivity encountered in most shales involves pore throats which are less than QU7 pm
CT cannoteither recognise that connectivity or provide data which can predict the sale
permeability Bai et al., 2013; Josh et al., 201@n the other hand the FIBEM method can
resolve pore throats from 50 um in size down to 10 nm, which encompasses the scale at whilc
shale pores are connected. Both techniques prowdéreedimensional visualization of
internal structure of rocks (including porosity and minetiatribution) Sisk al., 2010; Leeftink

et al., 2019. The pore detection ranges of common experimental techniques with respect to
length scale are shown Figure 2.3.
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Figure 23. The porosity and pore sizhstribution (PSDyanges characterized ifferent
techniques wihin shale gadPAC, 1994, Loucks et al., 2012

2.2.3 Pore sizes

Pores are the part of rocks occupied by fluids. The pore system in shale gas reservoirs is more
complex for several reasons, including theiahility and heterogeneity of organic matter
(OM), clay minerals and and heavy miner&&dn al., 2014; Tuo et al., 2016; Zhang et al.,
2016).
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The pores in the shale gas reservoir samples have sizes ranging from a few nanometres to a
few microns, coverig much larger range of sizes than is encountered in carbonate and
sandstone reservoirsShi et al., 2015; Fangwen et al., 2D1lh conventional reservoir
samples, the pores are divided into five types based on the sizes inclujlimgcfopores (>4

mm), (ii) mesoporous (4mrB5um), (i) micropores (65uripum), (v) nanoporeg1lpmlnm),

and ) picopores (<1 nm).pucks et al., 20)2In unconventional reservoir such as gas shales
micro- and nanopores are commonegthoquette and Pray, 1970Qu al., 201y, while the
presence of picopores is becoming clearer with advances in imsgghgiques.

Javadpour(2009)indicated that the pore sizesin conventional reservoir rocks atesually
Y2 NB (i K hhfle inunconYentional reservoisuch ashale rockare mngingbetween (1
>Y {2 .Nelsoy &f al. (2009)Isosuggested similar outcome namely that the pore sizes
within shalein range from 0.1 to 0.005m and in tightgas sadstones range from 2 to 0.03

> Y Based on the previous results and accordingteAC classification, the pore sizes in shale
reservoirs are classified into thragpes which arei macropores (>50 nm)ii mesopores
(2¢50 nm), andi{i) micropores (<2 nm) as shownhigure 2.4IUPAC, 1994, Loucks et al.,
2012).

Open Pore

Macropore
d> 50 nm

Mesopore
2-50 nm

Micropore

Closed Pore d<znm

Figure 24 A diagramatic representation the pore structure in shales, open pores, closed
pores, and pore size distribution in shalesiicks et al., 20)2

Numerous methods have been used to detect the pore sizes in shales inclodiggg
techniques such as FEEM $ok et al., 201,0Ma et al., 201§ SEM(Loucks et al., 2009
penetration of fluids such as helium pycnomet@h@imers et al., 20)2mercury intrusion
porosimetry (MIP) Klaver et al., 2012 and physical adsorptiomethods such as gas
adsorption Clarkson et al., 20)3Each of these methods hatheeir own limitations in term
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of pore size and resolution as can be seefigure 2.2andTable 2.4The details of limitations
on each methods used in this thesis are rgpd later in section 3.§Chapter3)

2.2.4 Pore types

The pore structure in shale rocks has different types and shapes with ranges of sizess(

et al., 2013. No method or technique in isolation can fully investigate the type and range of
pores in thegeological materials. The type of pores that can be detected depends on the
experimental method used to explore the pore structuBaiétin et al., 2008

Pores can have different shapes (e.g., cylindrical, conical, oblate, and pidkats), 1987,

and dso can be considered as either open (O) or closed={@)re 2.4 The open pores (O)
are connected together by a network of transport giving the porosity, while the closed pores
(C) are pockets of porosity that are fully isolated (i.e., gas cannot escamnter closed pores,

as shown irFigure 2.4

The pores in shale are voids/spaces that are divided into the five main typperés within
organicmatter or kerogen, i) pores within solid matrix including pores between
grains/particles of solid merals (interparticle pores)jii) pores inside grains and particles
(intraparticle pores), and\) fracture poresi¥la et al., 2016Jiao et al., 2014; Loucks et al.,
HAMHT {fFaG0 YR hQ. NASYS wnmmT %KIy3a SiG | o

(i) Pores within organic matt€ékerogen)

The pores within the organimatter (kerogen) have been studied by many researchers (e.g.,
Loucks et al., 2009; Curtis et al., 2010a; Curtis et al., 2012; Loucks et al., 2012; Milliken et al.,
2013. They have reported that the pores within orgamatter (kerogen) in shale gas systems

are most likely to be irregular, ellipsoid and spherical shaped, with sizes range from about 10
to 500 nm Curtis et al., 2010a; Loucks et al., 2D09

The pores in the organic matter (kerogen) can also be hostediffarent ways such as)(
mineral associated pores, with large sizag, domplex pores, with large sizes and always
occurring in clusters,i{) discrete spongdike pores, with middle sizes and irregular shapes
and (v) disconnected and isolated poresith small sizes anddifferent distribution (Ma et

al., 2016 Loucks et al., 2012; Milliken et al., 2013

Figure 2.5shows examples of pores withorganic matter(keroger) from different shale
reservoir samples by using SEM images. Arrows have liEfddo assist the identification
of kerogen (black arrows) and pores (white arrovid)rtis et al., 2012
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Figure 25. Backscattered electron (BSE) images from different shale reservoir samples
showing the kerogen content ambrosity. Arrows have been added for the identification of
kerogen (black arrows) and pores (white arrowsitis et al., 2012

(i) Interparticle and intraparticle pores

The interparticle pores are defined as allocated between mineral grainystals, clay
platelets in shaleRigure 2.5, these are generally connectediqo et al., 2014; Loucks et al.,
2012, while the intraparticle pores are pores that occur within separate particles and that
are not connected, such as pyrite framboids, paqhosphate particles or within fossil
bodies Figure 2.§ (Klaver et al., 2012 and 20L%igure 2.&hows examples GSEMimages

of interparticle and intraparticle pores within shaléso(cks et al., 20132iao et al., 2014
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Figure 26. A schematic diagram representation of the interparticle and intraparticle pores
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Figure 27. Examples of interparticle and intraparticle pores within shale from different
shale reservoir samplesdqucks et al., 2013jao et al., 2014

34



(i)  Fracture pores

The fracture pores within shale are typical having different thickness ranging from a few
nanometres to a few micrometresscale{ I 4 0 Yy R h Q. NRA &0igandiatem m = %K
often recognised at macro and microscakégre 2.8 Thefracture pore is very important

within shale because it controls the gas flow mechanism and composes the majority of the

gas storage capacityZiiang et al., 2007 Fractures are alswidely known to affect the

physical properties of rocks, such as compressibility and permeabilitysf, 1965; Kranz,

1983). Figure 28 showsthe pore fracturewithin shalethat haveimagesby SEMZhang et al.,

2018.

Figure 28. Example of the pore fracture within shaléh@ng et al., 2018

2.2.5 Pore connectivity

Pore connectivity, within shale which defines how the pores are connected well with each
other, is another important parameter in shalgas migration, production and also for
describing the pore structure. Therefore, it will impact the flow /or transport through the
shale rock. The majority of pores within shales are connected on the small sizes at the sub
micron to nanescale [pucks et &, 2012; Ma et al., 2016, 20L.The small size of shales makes
the imaging and quantification of pore structures such pore shape, size distribution and
connectivity more challenging.

In previous studies the imaging techniques have been usediso@lizing and quantifying
pore connectivity within shale samples in three dimensions including-destructive
methods, such as-Kay Computed Tomography at various scales (e.g., lower resolution (
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CT), and higher resolution (nat@) Loucks et al., 2I?; Ma et al., 2016, 2017;Wang et al.,
2016) and destructive instruments such as dbabm Focused lon Beam and Scanning
Electron Microscope (HBEM) Jiao et al., 20L4rang et al., 20106

Lin et al.(2016) has reported that low pore connectivity of Band shale reservoir caused
low overall porosity and permeability. They have implemented a rsukliie approach on
different sizes of samples based on the field of view and spatial resolution which represent
the maximum and minimum sizes of images at eatdles The results showed that at the
largest scales, using theCT method the pore connectivity cannot resolve at this scale due
to the resolution limitation, whereasit a smaller scale the nar@T technique still has
difficulty resolving connectivity beteen the pores because of the voxel size limitation.
However, the naneCT is able to resolve connectivity for the kerogen. It was also found that
pore connectivity can be resolved using SIBM at higher resolution (narszale).More
detailson pore connedtvity at different scales are reported and discussed later in the results
sections (chapters,% and 6).

2.2.6 Permeability

The permeability of the rock is one of the most fundamental properties of any reservoir rock,
its importance in providing a measuof the resistance of the fluid to flow and modelling
hydrocarbon production. However, permeability measurement in the shale reservoirs is very
complex because it often involves modelling of flow through pores.

Permeability measurement approaches can be classifiea two groups: (i) steadgtate
(Rushig et al. 2004; Virnovsky et al. 19%md (ii) transientQui et al. 2009; Brace et al. 1968

The steadystate approach provides accurate measurementstomples whose permeability

is above 1 mDHaskett et al. 1988 The permeability of almost all shales falls much below
this value. Additionally, the time required to make a steatigte measurement becomes
progressively longer for lower permeability rocks,the extent that it is impracticable to
perform on shalesA steadystate measurement can easily take a few days for shale rocks.
Since the steadgtate methods are slow to estimate permeability, other;caled transient,
methods have been developed tletermine the permeability of shale rocks. These methods
monitor the decay of a pressure pulse as the gas enters the(Breke et al. 1968; Hsieh et

al. 1981; Dicker and Smits 1988; Jones 198id can be performed on crushed samples or
shale core plgs Cui et al.200R While some authors believe that these methods are also not
suitable for measuring permeability within shale rocks because of several limitations such as
time and sample sizel(ffel and Hopkins, 1993they represent the best experimtai
approaches often provide gas shale permeabilities in the order of a few tens to a few hundred
nanodarcies

The permeability of shale igery lowin the range from 1 nDto D (Table 2.8 = o6dzi A (G Qa
important in the gas production and drilling predure (Britt, 2012; Clarkson et al., 2012b;
Macbeth et al., 2011]Wang and Reed, 2009
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Table 23 Measurements shale permeability from different shale gas reservoir samples

Shale reservoir Measurement Perr(nne[e)a)bility Reference
London Clay Constant flow 2.7-2120 (Dewhurst et al., 1998
North Sea, Gulf of Transient pulse .
. ! . _ 0.24-162 Yang and Aplin, 2007
Mexico and Caspian S¢ decay technique (Yang P v
Huron shale Constant gas flow | 0.2- 6800 (Soeder, 1988
Gas Research
Eagle Ford Shale . 0.01-1 Peng and Loucks, 20116
g Institute (GRI) (Peng . i
. Pore pressure
Whitby shale Ore pressun 3600 (McKernan et al., 2094
oscillation technique

Numerous different factors affect permeability, such as different pore sizes, shapes, features
in shale, particlarrangement and material heterogeneity, internal structure and laminations

of the sand, silt or clay components, and also the properties of shale (e.g., age, diagenesis in
rock). These factors can impact and provide different outcome of shale permeédigube

and Williamson, 1994; Ricard et al., 2D12

However, permeability can be treated simply as a function of the characteristic grain size of
the rockd, its porosityf, and a parameter expressing the connectivity of the pores, lire
(seesection2.2.5). Thepermeability is then provided by an expression approximatin@D

‘Q %o , where thedisthe grain sizeof the rockand B=3m for clastic rocks, wheren is the
cementation exponent, which is a measure of the electrical connectivity of the pore
microstructure Glover et al., 2006; Walker and Glover, 2010; Glover, 2015; Rashid et al.,
2015. Pore microstructures which are progressively more badly connediade
progressively higher values af. Consequently, it is clear that the small grain sizes, low
porosity and limited connectivity (high values®fallcombineto ensure that gas shales have
extremely low permeabilities.

Typically, the permeability gi K| £ Sa NJ y3Sa HebitR &f al.M2011;3Helldret ™
al., 2014, Javadpour et al., 2007and around 85% of the published estimations of
permeability represent values less than 150 nlav@dpour et al., 2007 Although the
permeability of shale isonsidered to be very low, it cannot be ignored. It is still very
important in the drillingprocedureand gas production. The permeability is a directing and
controlling factor in fluid migration within shal8¢st and Katsube, 1995; Ricard et al., 2012
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2.2.7 Gas storage and transport through pores

Gas in shales reservoirs is usually stored in three phases which) afree gas in micror
nanopores between mineralsj)adsorbed gas at the surface of the pores or around organic
matter, and {ii) gas dissolved in reservoir flow and kerogen bod@&st{s, 2002Ross and
Bustin,2009 Etminan et al., 2014

The free gas phase is the bulk phase of shale gas, where the individual gas molecules are
separated, are in constant random movement andtauously colliding with each other. The

free gas phase will expand to completely fill up any pore volulmebfose et al., 2092 The
amount of gas in the free phase is dependent on the temperature, pressure conditions, and
also on the level of gas satui@n within shale Ecker et al., 2000

The adsorbed gas is that gas present on the surface of pores, whether solid mineral or organic
matter. The gas molecules are bound to the pore surface by weak forces of attraction
(Montgomery et al., 2006 When the pores are smaller than 10 nm, gas adsorption
contributes greater importance than free gas storalgia(et al., 201% Thus the ability ofthe
gasadsorbedwithin shale is determined by the internal specific surface area of the rock,
which increases as the pores become sma#lad the amount ohdsorbed gas depends on
surface chemistry and the local environmental conditions (primarily pH, temperature and
pressue) (Ross and Bustin, 2007; 2009

Thedissolvedgas can be found ithe kerogen with low molecular weight as well as being
dissolvedin to a reservoir fluid (such as water and oil formatioff)e contribution of this
dissolved gas reaches around 25% oélgjas found in some shale reservdita et al., 201%
therefore cannot be ignoredetminan et al., 2014 but is the most difficult to produce as it
must diffuse out of the kerogen and progress through very small pores to the hydraulic
fractures before poduction..

The relative amount of the gas provided by each of the three aforementioned types depends
on the kerogercomposition, mineral components, gas properties and reservoir conditions
such as temperature and pressuiecker et al., 2000; Pollastroat, 2003.

Gas transport in extremely loyermeability shale reservoirs is a complex process and difficult
in the presence many of mechanisms, such as diffusion, viscous flow and slip flow
(Klinkenberg et al., 1941; Guo et al., 2Dland gas adsorptiedesorption. The mode of gas
transport within shale depends strongly on pore siz€audsen, 1934; Roy et al., 2003;
Sondergeld et al., 2010; Javadpour et al., 3007

Many researchers have studied the process of gas transport in shale gas reservoirs and some
of them have used the dual mechanism approach to consider the diffuse flows in the matrix
and the stresslependent permeability in the fracture network with ignored the effects of
adsorption and desorptiofOzkan et al., 200
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Moridis et al. (2010hasconsidered Darcy flows the basic mode of mughase flow, and

has accurately described the thermophysical properties of the reservoir {loidperties that

are control surface and subsurface temperature), and-Bamcy flow, as described by a multi
phase extension of the Forschheimer equatitmg equation is an empirical equation, which
relates to the pressure and velocity of the flow through a porous medthat)accounts for
laminar, stresssensitive flow properties of the matrix and of the fraatsr nonisothermal
effects, and isotherm desorption accounting for temperature changes in the presence of
various phenomenaMoridis et al. (2010found that the production data from tighsand
reservoirs can be approximately represented without accounfiingas adsorption. However
they did not consider gas diffusion in the kerogen.

Bustin et al(2008) also studied the effect of the shale structure on gas production. However,
in their study it was assumed that the matrix does not support viscous flodiffusion
mechanisms through the intrinsic ponmeicrostructure(Bustin et al., 2008

On the other hand,Wu et al. (2011)proposed a methodology to simulate shale gas
production, but the gas adsorptiedesorption were ignored in their modéVu et al.,2011).

It is very important and necessary to understand the gas model of known mechanisms and
also different gas storage mechanisms that contribute to the gas transpbgre the main
contribution for gas flow is free gas, then dissolved gas and adsgpdedh order to describe

the gas transport behaviour in shale structutgrfinan et al., 2014 Figure 2.%hows gas
distribution within shale reservoir from macisxale to micrescale.

Pore-scale
/free gas

/dissoved gas

; & —adsorption gas

Figure 29. Shown gas distribution fromnacroscale to micrescale in the shale reservoir
(Guo et al., 2016

2.3 Gas shale imaging techniques

The complex nature of gas shales is walbwn both in terms of its heterogeneous
composition of the matrix and difference in pore sizes within poge spacgMishra and
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Akbar, 201). Gas shale represents a classic example of heterogeneous matrix. The shale rocks
are difficult to characterise petrophysically in terms of kerogen distribution and types of pores
such as pore volume, size distributioeognetry and connectivity. It is not possibleresolve

or characterize these properties at one length scale alone. Consequently;stailti imaging
techniques have become important in studies of shale reserpoogerties(Lee et al., 2007;
Speight, 202b; Torseeter et al., 201R1a et al., 2015 In this current study, different length
scales including microscale, submiciswale, and highesolution nanoscale have been
applied in 3D imaging to describe these properties within gas shale rocks.

The quantiication of microstructure properties of gas shales is very important because it
provides valuable information for understanding the quality of the shale gas reservoir as well
as allowing the quantification of gas storage and fluid transport through taéesHowever,
obtaining accurate measurement of these propertiesnains a major challengdue to
extremely low porosity and permeability of the shales. The conventional laboratory
measurements fothese properties are given ifiable 2.4 Three dimensiona-ray imaging

and 3D image analysis can provide high quality measurements for shales for all of the
parameters in this table except permeability, and permeability may be modelled from the
other measured data.

The measurements must be interpreted in the light of the sample size for each type of
measurement (conventional CTi;CT, naneCT, FIEBEM), as welds therelevant spatial
resolution (voxel size).
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Table 24 Conventional approaches to rock characterisation applied to shales

Property to be obtained

Conventional Method

Limitations in shales

Porosity

1. Mercury Injection Porosimetry
2. Helium porosimetry

3. Saturation porosimetry

1. High pressures required may compact sample or lead
fracturing giving measurements lower or far higher than reali

2. Only the largest of the connected porase accounted for in the
measurement

3. Not effective or accurate due to the gross difficulties in obtain
a fully saturated sample or a dry sample that does not fall ag

4. The sample cannot be used for further petrophysical tests du
the toxic nature of the mercury with which the sample is th
saturated

Pore and pore throat size
distributions

Mercury Injection Porosimetry

1.High pressures required may compact sample or lead to fractu
skewing the distribution.
2. The MIP method does nobheasure isolated pores

Grain size distributions

Mercury Injection Porosimetry and use
the theta transform Glover and Walker
2009

High pressures required may compact sample or lead to fracty
skewing the distribution.

Pore aspect ratio
distributions

2D Photomicrography using optical
electron microscopes

Only measures sample in two dimensipnghere anisotropy can
lead to the two measures serakes (2D analogue) unrepresentati
of the true ellipsoidal pore structure.

Surface area t@olume ratio
distributions

2D Photomicrography using optical
electron microscopes

Only measures sample in two dimensipnghere anisotropy can
lead to the perimeter to area ratio (2D analogue) be
unrepresentative of the true ellipsoidal pore strucéur

Specific surface area

Nitrogen adsorption (Brunauer et al.
1939

Difficulty in nitrogen access/draining to and from very small
isolated pores leads to underestimation of specific surface ¢
(Brunauer et al., 1938; Van Brakel et al., 1981; L2883).

Permeability

1. Steadystate permeametry
2. Pulsedecay permeametry

1. Very slow and difficult to obtain accurate measurements.
2. Can still be slow, but provides better accuracy.
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Irrespective of the degree to which 3Dra§ imaging and image analysis can provide high
guality measurements of a range of parameters in shales, they should, in my view, always be
carried out in tandem with the relevant conventional approachijtdgs ben done in this

thesis. The reason for this is that many of the 3D imaging techniques use very small samples,
but intensively. There is always a question whether these samples are representative of the
wider rock. The conventional techniques all suffemirthe same problem, but their much
larger sample/core sizes ensures that this problem is less pronounced.

The main current limitation of MIP is the assumption that all porous materials are considered
(solid), and that the pore shape or size does not chadigeng the application of high
pressure of liquid mercury. The extremely hHotessures applied such as a pressure up to
60,000 psi may compress or damage the sample, causing pores to close (or open), and thus
producing misleading outcome on the measurarse (Westermarck, 2000 This high
pressure makes it impractical to measure pores smaller than 3 nm.

In the gas adsorption method the main benefit consists in the use of nitrogen, argon, carbon
dioxide, helium and methane which all can obtain very smaiégp in the range between-2
300 nm, which catch up the most of pores in shale rock.

It should be noted that both the MIP and gas adsorption methods are macroscopic averaging
techniques that can only provide data related with open porosity and docootain direct
observation of the individual pores spadéldrkson et al., 2013; Conner et al., 1986; Gregg
and Sing, 1982; Mastalerz et al., 2013; Olson and Grigg, 2008; Scholten, 1967

Previous measurements studies have used nitrogen adsorosorpton to estimate the

pore properties of Bowland shal®lé et al., 2015 New Albany (Eastern USchrodt and
Ocampo, 198y and porous materialsS{ng et al., 2001 However, the most of these
experimental studies have used samples of shale powder and iga&se techniques have
provided details about pore geometry, isolated pores and shape of the pores within shale
rock.

Recently a number of imaging techniques has become a novelty and can be used for the
analysis and visualize shale microstructure acrosdtipie scales Kigure 2.1} including
optical microscopy can be visualize and to measure the mineralogy of the pore features in 2D.
However, with this olestyle optical approach, the resolution is very limited at around 0.23
>Y O RATT NI Odghthlidits resofitiord Which firdveits théifine grain characteristics
within gas shales from being discerned accuratBlyltteys et al., 2016 By contrast (literally)
scanningelectron microscopy (SEM) provides a higher resolution because electrons have a
much smaller wavelength (the de Broglie wavelength of a 2 eV electron is about 0.87 nm).
Hence, electrons can be used to image and resolve microstructure such as pores and kerogen
from the optical regime down to the nanometre scale within shdlenfmens eal., 2011;
Loucks et al., 2009; Milliken et al., 2013; Milner et al., 2010; Pommer and Milliken, 2015; Qing
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et al., 2010. To achieve a good image, the preparation of shale samples is of critical
importance. For example, the mechanical polishing procedused conventionally in the
preparation of petrographic sample is not suitable for shales as this technique tends to
AYGNRRdzOS I NISFIOGa IyR RIEYF3AS GKS &Adz2NFIF OS
curtaining and abrasion marks. All of these can enmkage analysis difficult in terms of the
segmentation procesd.gucks et al., 2009; Rine et al., 2014; Sondergeld et al.,)).204th
advanced SEM applications, even a lower amount of damage can limit the ability of study to
comprehensively resolve or alyse the surface of gas shale samples. To overcome this issue
and make samples flat, argon (Ar) ion beam milling can be applied to obtakoj ity SEM
images of the nanostructures and microstructures in 2D with lower arteféstsi{ois et al.,
2011; loucks et al., 2012, 2009

Despite providing highesolution images ahe nanoscal@end microscale structures of shale,

the SEM approach is limited to two dimensions. This is a severe limitation as all of the aspects
of the shale (pore volume, matrix akérogen) vary in three dimensions and form a complex
network in three dimensions. Some researchers have used mufimplg statistics from 2D
images to create 3D networks of carbonate aahdstone samplesigjizadeh et al., 2011,
Okabe and Blunt, 2004;005; 2007, therefore, this becomes extremely challenging in
heterogeneous porous media such as gas shales. The use of Focussed lon Beam (FIB) milling
of the surface of the sample between serial SEM imaging provides the most practical
approach (FEBEM). ldre each pass of the FIB strips about 20 nm from the surface of the
sample, so 250 images of a 5 mm sparte are of sample would image a cube of rock of side
length 5 mm with a voxel resolution of approximately? 1843 20 nn¥.

inm 10nm 100 nm 1 pm 10 pm 100 pm 1 mm >
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Organic matter Microstructure
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Figure 210. Overview of techniques for imaging and characterisation of shale rock sample
with the corresponding scaleb/l@ et al. 201Y.
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In recent years, the techniques that allow direct thréenensional visualization and
guantification have become very important and helpful for characterization the internal
microstructure properties within gas shale. Over the past few years, thay Xnicre

02 YLlzi SR (i 20TpaAd\Eodudédlondeam Scanning Electron MicroscoiSEMB
have begurto be used for the analysis of different shale reservditsese techniques have
been shown to be powerful and effective tools for representing in 3D imaging and also
resolving petrophysical issues, including microstructure imaging, mineral/pores/organic
matter quantification, 3D connectivity and pore size distributio@sris et al., 2011; Long et

al., 2009; Sakellariou et al., 2003

For gas shale, the thredimensional imaging technique on characteristics microstructure
(pore space) allows to get veipportant data on the @ distribution of pores, kerogen and
minerals. Thus, the quantitative investigations would provide useful information, insights by
describing the pore space geometric, and fractions volume component including pore size,
shape, and2 Yy S O (i A @GTitéclamique kh& provides numerous of advantages in the
shale namely, it is noedestructive, provides physical measurements of individual 3D
structures, obtains highesolutions down up to micron level, provides a good contrast
betweenmultiphase, and also is flexible to several types of measurement processes

Figure 2.1 K2 g & S E I -QTLilhafislg afpfed at different resolutions to characterise
gas shale samples (showing the internal structure of the sample).

0.62 pm voxel size b) =627« um voxel size
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Figure 211 p-CT imaging of gas shale with two different types of resolutions, a) scan at higher
resolutions with voxel size (0.62 um), showing pores, cracks and pyrite, b) an imaging at low
resolutions (6.27 pum) with largest pores comesding to the fractures (cracksp(gier
Simonin et al., 2016
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| 26 SOSNE RdzS G2 GKS 0O2YLX SE -CY leN@ua daNbin® (i dzNB
NBazf @S G(GKS YAONRA&GNUzO G dzMCh tedR@ope/ carimitreveab the x Y @
shale nanostructre as an interconnected permeable entity, even though that nanostructure
exists Bai et al., 2013; Josh et al., 2012

The nanometeiscale resolution (Nan@T)s able to access higher resolutions of saicrons

up to 50 nm. However, it still has difficulty for resolving the majority of pores within shale
rocks because of the voxel size limitati®¥u et al., 201). Consequently, it is still important

for understand the basic flow properties and also resolve the pore size up to 0.05 pum in the
shale samplegChen et al., 201Baraji et al., 2015

The advances of the FEEEM method consists in resolvistguctures at nanoscale and also in
providing highquality 3Dimagining ofdifferent samples at nanscale resolutior{Curtis et

al., 2010Haswell et al., 2008; Sivel et al., 2004; Krueger, 198%ure 2.1presents examples

of FIBSEM cross sections of shale from different shale reservoirs, ®igilee 2.13hows an
example of 3D microstructure of shale sample where kerogen is indicated in green, pores in
red and pyrite in yellow.

Apatite

Quartz

Clays

Figure 2.12Shows the cross section of shale sample that have used KyENBfrom
different shale formations: a) Haynesviirale sample and b) Eagle Ford shale reservoir
sample. White arrows indicate poreSi{rtis et al., 201)1
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(b)

(d)

Figure 212. 3D reconstruction of FEBEM images showing shale structureg 3D image of
solid, b) 3Dof kerogen, cBD image of pore network and d) 3D image of pyriterfiset al.,
2012).

2.4 Upscalingechniques

The upscaling methods have been used in literature to provide a full information and better
understandingstructures of pore within shale frorhe nm tomm-scale Peng et al., 2015;
Zhang et al., 2012aThe typical upscaling techniques are widely used within gas shale such
as Gas Research Institute (GRI) method on crushed or core plugsLshifdedt al., 1998

2.4.1 GRI technique on crushed shale

The GRI measurement method wdisst presentedby Luffel et al. (1993)and this method

was developed taneasure permeability and porosityf gas shaleThe technique involves
placing a shale sample into a chamber of known volume and allowing gas to expand
isothermally into the shale sample through the chamber from a reference chanthee( al.,

2009; Zamirian et al., 20)4The permeability and porosity is theestimated from the
pressure and time data as gas flows into the shaldfél et al., 1998

Luffel et al. (1993have reported the permeability of twentthree samples of Devonian shale

by using the GRI method. They argued that this technique avoids the misinterpretations due
to the presence of micréractures generated by the coring and/or naturgiisesent, because
crushed particles of shale are likely to contain miftextures which would give misleading
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results as the shale is very likely to contain cracks along Hractures and these are
eliminated during the crushin@risher et al., 2017

Snce the publication of the GRI methoHduffel et al., 199Ba number of researchers have
given suggestions and ideas for improving the GRI method among of them. A3refich et
al. (2012) noticed that the permeability measured with this method will elep on the
particle size of same rocks.

Tinni et al (2012) made the assumption that the crushed particles do not contain micro
fractures. However by injection of mercury and then imaging the crushed sampleg-@ith

the images. Those images showed tHa existence very small fractures ranging from about

Mmn G2 wn >Y Ay GKS aK|I Tiiet al.(20525dencl@d¢d thatkitea S G S
assumption made in GRI measurement of permeability is not valid because the crushed
particles contain micrdractures but argued that it is possible to close the mitextures at

high pressure in crushed shale particles to get more representative permeability values. These
researchers also concluded that measurement of the permeability of shale core plugs rather

than crushed samples as the core plugs is more suitable technique when the crushed particle
contain micrefractures.

Luffel et al. (1993)ave also described the lack of overburden stress as the main disadvantage
of the crushed technique and some of steslihave shown that shale permeability may
decrease by several orders of magnitude as confining pressure is increased from ambient to
in-situ valuesZhengwen et al., 2003In other words, conducting measurements at ambient
conditions can result in an owestimation of shale permeability by several orders of
magnitude. Thus it is essential, experimentally, to simulate the overload stress in conditions
that better represent those in the subsurfac€gsse, 1974; Brighenti, 1989; Chenevert and
Sharma, 1993; &haeePour and Bryant, 20)2
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2.5 Summary

This chapter presented an overview of the literature on shale reservoirs and of the scientific
background relevant to thesork undertaken in this thesis to provide an understanding of the
microstructures of shale gas and to explain how to determine relationships between
microstructures and flow of shale gas. The microstructure properties and fluid flow within
shale is not sdiiciently understood to identify a relationship between the pore structure,
porosity and permeability to understanidow the microstructure of the shale affecténd
controls fluid flow at alscales, Wichraised some gaps in understanding how microstructures
in shale affect the different fluid propertieontrolling gas and fluid flows\ higher level of
knowledge is needed, and this can be obtained by increased relevant research, more
investigation, moreanalysisand more @rrelations between the resultShe results of these
microstructure properties have given later in this thesis

Shale reservoirs are typically extremely heterogeneous and with low porosity ranging
between 215%, and permeability varyingetween 1 nD-m >5® DI & Aa &id2NX
reservoirs in three phases; free gas, adsorbed gas, and dissolved gas, and the gas transport is
based on Darcy flow with slippage effects. Thdemensional pCT, naneCT and FHSEM

imaging are shown to be powfett tools for large to small scale imaging of shales, respectively,

and also offer thggeometrical and quantification of recognised phases such as pores, kerogen

and fractures to corresponding length scales. Furthermore, the review of literature relevant

to shale imaging techniques with the comparison of upscaling methods has highlighted the
current studies in characterising the microstructure of gas shale including quantifying and
visualizing pore. This is of interest for the musltiale study to be undeatken in this thesis.

However, currently, the existing mukicale imaging studies in shale reservoirs can hardly
deliver information to cover all the needed aspects from microscale to nanoscale pores for
single samples, and also to study the relationdb@ween pores and kerogen based on 3D
guantification.

For the goal of the mulscale imaging of shales in this thesis, a combination of 3DGF
and NaneCT with 3D of FIBEM is used through a wide range of scales for investigation of
the microstructue in shales and detection of the relationship between the scales. A
comparison with the upscaling method is also undertaken at the end.
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Chapter 3

Experimental techniques and methodology

3.1 Introduction

This chapter focuses on sample selection, preparagchniquesand the multiscale/multt
dimension (2D/3D) techniques used in this study to characterise and quantify the pore
microstructure of gas shales. It includes the experimental and imaging tedsigged at

each length scale, with the corresponding imaging process and support measurements
(upscaling method). Initially, in Section 3.2, the sample selection and preparation for the
experimental measurements are describeglection 3.3 presents the pefphysical and
geochemical techniques used for analysis, with a discussion of the pore characterization (gas
storage and transport) by using 2D/3D imaging techniques. The details of imaging processing
with quantification based on the imaging used in thiedls are described in sections 3.35.

3.2 Shale sample collection and preparation
3.2.1 Sample collection

Shale samples were selected from different shale reservoirs with varied depths and locations
as follow:

() The Bowland formation in Lancashire, (hdrews, 2013 The Bowland formation
underlies the great majority of northern England and has been estimated to have a P50 total
in-place gas resource estimate of 264 Tcf in its upper Bowttodberunit (Andrews, 2013

The samples were analysed in tthigsis collected from well number 1 WBHU, (12 samples

in total, at different depths and locations, séable 3.},

(i) The Alum shale reservoir in Ostergétlanmdinty, located in the southern part of Sweden.
The samples from Ostergétland, Sweden weseed from the shallow north and east dipping
Alum shale reservoir in Ostergétland. This formation is one of the shale gas exploitation
attempts in Europe, with the GIP estimates of probable reserves ranging from 0.92 bcf up to
45.2 bcf(Nielsen and Schebo, 2007. A total of 4 Alum shale samples were analysed in this
thesis, and taken from well E at depth between 11P0 m, (for sample locations, and code,
seeTable 3.1

(i) The Fort Simpson and Horn River formations were brought from Western Canadia
Sedimentary Basin (WCSB). The WCSB contains one of the largest reserves of petroleum and
natural gas around the world, which producing more thax2® cubic feet of gas per day

and has also been estimated to have 143 trillion cubic feettdiral gasRivard et al., 2014

There were 20 samples in total, and taken from depths between 2585.5 m, sedable

3.1

The 20 samples provided sufficient material to test carry out imaging measurements as well
as supporting measurements on core plugs and cedghaterials.
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The Bowland shale formation samples were provided by Cuadrilla Resources. The
Ostergotland were provided by Gripen Qil & Gas Company. The Canadian shale samples were
provided by the British Geological Survey (BGS). These varied sampleseactne this study

to achieve the aims of research described in section 1.2 (Chapter 1).

The summary of all samples (locations, well names, depths, formations and the number of
the samples along with their codes) are provided able 3.1

Table 31General description and material resources of the shale samples in this research.

SEMEE Well Location Depth Formation Gilsinze] A | Sl
name GRI core | code
Ci1 Lancashire, Uk 2497.2 UBHU Yes Yes | CR2.5
Clayrich C1 Lancashire, Uk 2597.9 UBHU Yes Yes | CR2.6
C1 Lancashire, Uk 2710.2 UBHU No Yes | CR2.7
Q1 Lancashire, Ul 2494.6 UBHU Yes Yes | QR 2.5
Quartzrich Q1 Lancashire, Uk 2596.5 UBHU No Yes | QR 2.6
Q1 Lancashire, Uf 2716.1 UBHU Yes Yes | QR 2.7
Intermediate IR1 Lancash?re, Uk 2492.6 UBHU Yes Yes | MD 2.5
rich IR1 Lancash!re, UK 2593.5 UBHU Yes Yes | MD 2.6
IR1 Lancashire, Uf 2706.7 UBHU Yes Yes | MD 2.7
KR1 Lancashire, Uk 2494.8 UBHU No Yes | KR-2.5
Kerogenrich KR1 Lancashire, Uy 2597.1 UBHU No Yes | KR-2.6
KR1 Lancashire, Uf 2597.1 UBHU No Yes | KR-2.7
Gripen7 E Ostergotland, 110 Alum Shale Yes Yes A
Sweden
E9 E Ostergotland, 110.8 Alum Shale Yes Yes B
Sweden
E1 E Ostergotland, | 44, 5 Alum Shale Yes | Yes| C
Sweden
F3 E Ostergotland, 120.3 AlumShale Yes Yes D
Sweden
Al A100B/94]  WCSB o535 | FortsSimpson |y yes | AF1
Formation
A2 A100B/94 WCSB 2535.2 FSMP No Yes AF2
A3 A100B/94 WCSB 2537.4 FSMP No Yes AF3
A4 A100B/94 WCSB 2538.42 FSMP No Yes AF4
A5 A100B/94 WCSB 2540.1 FSMP No Yes AF5
A6 A100B/94 WCSB 2542.2 FSMP No Yes AF6
A7 A100B/94 WCSB 2543.2 FSMP No Yes AF7
A8 A100B/94 WCSB 2543.75 FSMP No Yes AF8
A9 A100B/94 WCSB 2558 FSMP No Yes AF9
Al10 A100B/94 WCSB 2559.1 FSMP No Yes | AF10
All A100B/94 WCSB 2570.5 FSMP No Yes | AFl11
Al2 A100B/94 WCSB 2571.9 FSMP No Yes | AF12
Al3 A100B/94 WCSB 2575.3 FSMP No Yes | AF13
Al4 A100B/94 WCSB 2575.9 FSMP No Yes | AF14
Al5 A100B/94 WCSB 2589.5 | MuskwaMember| No Yes | AM15
Al6 A100B/94 WCSB 2665.25 Otter Park No Yes | AO16
Al7 A100B/94 WCSB 2670.25 OPRK No Yes | AO17
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Al18 A100B/94 WCSB 2691 OPRK No Yes | AO18

Al19 A100B/94 WCSB 2699.1 HRF No Yes | AO19

A20 A100B/94 WCSB 2705.5 HRF No Yes | AO20
Notes.WCSB = WesterfGanada Sedimentary Basin; HRfom River Formation, UBHU = UpjBawland
Hodder Unit

This research focusesh 7 samples (GR5, QR2.5, MD2.5, KD2.5, MD2.7, Grpn7 , F3 and
E9), which were imaged in three dimensions by various high resolution techniques including
(i) Focussed lon Beam Scanning Electron Microscop$ENB, Micron ScaleRRay Computed
Tomograply (- CT) and Nanometer Scale€Rdy Computed Tomography (na@d). The first

two of these techniques were carried out at University of Leeds, while the nCT measurements
were done at The University of Manchester. All analysis for characterizing the mictosatu
properties of the samples was carried out at University of Leeds. This included the derivation
of the porosity, kerogen, pore volume, pore size and grain size distributions, the distributions
of pore aspect ratio, surface area to pore volume rationeral compositions analyses and
permeability. The results of these measurements are all novel and are considered to compose
the dataset upon which the research reported in this thesis is based.

3.2.2 Shale sample preparation

A variety of sample preparatn techniques were used in this study in order to meet the
different requirements of successful experimental measurements and imaging.

Initially, a piece of core plug was used to obtain a small approximately cuboid sample of shale
of around 0.5 mriusing adiamond saw and polisheFigure 3.1) for the 4CT experiments.

This preparation method was developed from standard #®ation preparation techniques

and using its associated equipment. The same approach was used for the mercury injection
test samplesbut resulting in a sample of larger scale (around #)cm

The cuboid samples were subjected to ion beam ablation using a FIB system in order to
produce samples small enough for Na@d and FHBEM imaging measurements (side length
approximately 25 pmiigure 3.2).

The preparation of samples for high resolution imaging is described in detail in the steps set
out below.

0] Initial preparation using a diamond saw

The samples are required to be balanced and suitably small in order to producquatty

images usingu-CT and FHBEM, with sample size of about 500 um. These were prepared in

the School of Earth and Environment laboratory, University of Leeds by firstly fine cutting a
avyrtt aryYLXS 2F aKIFIfS3s F2ff2¢SRces &sshodadioSa a A ¢
Figure 3.11n the first step, a thin layer was sliced from the parent sample using a diamond

saw. That slice was sutivided to produce cubes of sidength of approximately 2 mraigure

3.1(a, b. In the second step-{gure 3.1}, each cbe was mounted on a glass slide (26 mm x

48 mm) using thermglastic wax with a meltingoint of between 8885°C. During the third

step each side of each sample was machined by turn to produce a cube of side length 0.5 mm.

The machining was accomplishedngsa Buehler PetroThin® cutter/grindéiqure 3.1d & e
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After machining one side of the developing cube, the glass slide was again placed on the hot
plate to melt the wax, allowing the sample to be turned in order to polish another face. After
preparaion, the sample was left attached to the slide to ensure it was protected, as shown
in Figure 3.1f The sample was only removed from the slide and cleaned just before it was
required for measurement. The cleaning was carried out using acetone to diskelveax

under an optical microscope.

(c)

Thermo-plastic

wax
.
|
er:k'w
D|amon¢.:1 saw Glass slide
machine \ FTRRAEY,
> (f)

Figure 31. lllustration of the procedure of shale sample preparation. (a) Shale sample of around 4 mm
using a diamond saw for cutting to slice cubes of length 2 mm. (b) A thin layeslieed from the

main sample and also using a diamond saw. (c) Glass slide and tpkxstic wax used to hold the
sample on the slide of the glass. (d) PetroThin® used for cutting, thin section of each side of shale. (e)
The micrometer used to measure ttsize of shale. (f) A typical sample of size of around 500 um
attached to a glass slide with wax for transport.

(i) Preparation using focussed ion beam ablation

The samples are required to be suitably thin in order to produce-bigility images using
NanoCT ad FIBSEMexperiments. The mechanical crushing or laser milling of the samples
does not produce small enough samples with the required geometry needed. Furthermore,
crushing can cause damage to the pore network within samgles €t al., 2020 By contrat,

the focussed ion beam ablation provides fine control, allowing very small samples to be
prepared with minimal damage to the pore space, and is consequently ideal for the
preparation of smooth surfaces on very small samples of shale samples feekjition 3D
imaging Akbarabad et al., 2037

In this study, a thin section of shale rock sample of around 25 um thickness was prepared for
NanoCT and FHBEM measurements. The stepwise preparation process developed herein is
shown inFigure 3.2The sha rock sample was prepared using an ion beam polishing system

from an original core sample of around 3 mm in length and diameter. The core sample was
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initially subdivided to produce cubes of side length approximately 1 mm using a diamond saw

as describedlaove. One of these 1 misized cubes was loaded into the dilam FIBSEM

F LILJ NF Gdzas +FyR I &St SOG%vias ideBtfleld gsifig ienbeam.yTieS NB & (
region of interest was then coated with a thin protective layer of platinum to offetqution

FYR YAGAIFGS aLISOAYSYy OKI mgard 3 3h Sabsedushi) thé £ & wm
rock volume around the platinum layer was removed by FIB milling with a 30 kV Gallium ion
beam energy and a 2.5 nA beam curreRtg(ire 3.2 b, )c In thenext step, the top of the

sample was carefully attached to the tip of a micromanipulator using platinum welgiggré

3.2 0. The resulting isolated cubic shape was cut free from the bulk rock using FIB milling
(Figure 3.2 g The height of the resultingube was typically 2 times greater than the

diameter of the micromanipulator. In the final step, the bottom of the cube was attached to

a needle by platinum welding and the micromanipulator was cut free by FIB miiiggré

3.2f,9. Theoutcome of§ A & LINPOS&a ota | OdzomS 2F | aiARS
the tip of a needle Kigure 3.2 h,)j which was mounted on a sample holder for N&Zib

measurements.

Figure 3. Sample preparation for NarGT and SEM usintBF @) shale surface area of interest (25 x

Hp 2 YGOKIFG dzaSR Ay (GKAa addRe gA0GK | GKAY LINRBGSOI
offer protection and mitigation specimen chargirtgd) the area around the sample milled oudt) (

the sample attached to the tip of a micromanipulatog) (he cylinder cut free from the bulk rock;-(d

h) the bottom of the cylinder welded to the tip of a grig;the region of interest of around 25um
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3.3 Overview of experimental methods

A flowchart of thke experimental techniques used in the stuahg shownFigure 3.3.

[ Shale Rock Samples ]

Petrophysmal and Pore characterisation, gas
Geochemical Analysis storage and flow analysis
\
Porosity and \ (Imaging techniques\
Permeability using 1) SEM
2) EDX
1) MIP ‘ 3) p-CT
2) N, sorption (BET) 4) Nano-CT
\_ /) \5) FIB-SEM )

Figure 33 Classification of experimental methods used in this study.

3.3.1 Petrophysical and geochemical techniques

3.3.1.1 Xray diffraction (XRD)

In this study Xay diffraction measurements were performed in a Bruker D8 XRD with about
5 g of powdered shale sample. The measurement was carried out to confirm the sample
mineralogy. Individual mineral phases within the sample were identified by using
DIFFRAC.EVAsoftware and its database for mineral or phase identificatibh-FRACplus
TOPAS software was used to carry out quantitative XRD of the individual components to
within a possible volume error of +1%. The measurements were carried out in hoelSxf

Earth and Environment at University of Leeds.

3.3.1.2 Total Organic Carbon (TOC)

Total organic carbon (TOC) was measured on around 5 g of powdered shale sample using a
LECO ST44DR carbon analyser. This instrument provides data on both thedatabn and

total inorganic carbon present by analysing samples before and after acid treatment. Here,
diluted hydrochloric acid (10 vol %) was used to dissolve the carboRatedr et al., 1918

the sample kept in acidor a minimum of 2.5 hours. Inorgancarbon was then subtracted

from the total carbon to obtain the amount of total organic carbon. The final result is
presented as a weight percentage.
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3.3.2 Pore characterisation, gas storage and flow analysis

3.3.2.1 Mercury intrusion porosimetry (MIP

The Mercury injection (MIP) analysis was carried out using a Micromeritics Autopore IV 9520
system to produce information on porosity, pore throat and pore size distributions of the
shale rock sample. The measurements were carried out in the multiff@sdaboratory in

the School of Earth and Environment, University of Leeds.

Initially, subsamples of shale rock of around 1 twere oven dried at 10% for 48 hours to
remove fluids (predominantly water) from the pore spaces. After drying the samplaasd

into a MIP penetrometer. The penetrometer (plus sample) was placed insidevgressure
section of the porosimeter. The evacuation of the sample is required to remove entrapped
air from the pores, as this air can produce a resistant back predisatrdlocks the intrusion

of mercury After outgassing the sample, the evacuated sample can be immersed in mercury
by filling the glass penetrometer. The sample will not spontaneously imbibe mercury because
mercury is not the wetting phase. Pressure iguieed to push the mercury into the sample.
The pressure was increased from 1.9 to 60,000 psig in 60 ategp¥ge logarithmic, where a
time interval of 10 seconds was allowed for pressure equilibrium to be reached at each step.
After reaching equilibriumat each pressure increase the volume of mercury intruded is
recorded. This volume is used to estimate the pore size distribution and porosity within shale
rock sample. At low pressures only the largest pores with the largest pore throats are filled
with mercury. As the pressure increases correspondingly smaller pores are filled with
mercury. At any given pressure mercury can access pores of a size larger than pores exhibiting
a capillary pressure to mercury equal to the applied mercury pressure. The gtprassure

(1.9 psig) corresponds to the largest paheoat diameters of the sample (90.n), while the
highest pressure (60,000 psig) corresponds to the smallest pore throat diameter that can be
measured using this technique (3 nm). Hence, the MIP technique is capable, in principle, of
recognising pore throats down 3 nm, which is a slightlitdseesolution than provided by
nanoCT and FHBEM, and considerably better thaCT.

The systematic errors when using the MIP on shales are discussed later in this thesis (see
sectionsb.3.4 and 6.2.3 in Chapter 5, and 6, respectively.)

3.3.2.2 Nitrogersorption experiments and Brunau&mmett;Teller (BET) methods

A Micromeritics Tristar 3000 nitrogenA\sorption surface area analyser was used to provide
information on porosity, pore size distribution and surface area of shale san#&msaples
were aqushed into powder<€ 250 um then heated at 77 K under vacuum overnight (18 hours)
in the School of Chemical and Process Engineering, University of Leeds.

The pore volume and pore sizes were analysed using the BdoetterHalenda (BJH)
method (Barrett et al., 195), while pore surface areas were obtained using Brunauer
EmmettTeller (BET) theorfBarrett et al., 195}
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The principle of nitrogeadsorptionmeasurements is based on the gas pressure forcing the
gas molecules tabsorbor soak ugo the surface of poresSing, 200L When gas is in contact

with pores, a specific number of gas molecules will be attracted or transported to the surface
of the pores Thommes and Cychosz, 20IPhis process is known as physical adsorption. The
amount of the a@sorption dependent of the size of the pores, or other words, when the gas
pressure starts to increase, the gas molecules fill up all small pores, which is defined as the
adsorption process, and the inverse phenomenon occurs with pressure decreasing in the
desorption processHigure 3.4 The BET equation and the BJH theory are used to calculate
the pore size, pore volume and surface area during the process.

Adsorption

Desorption

Figure 34 Schematic of nitrogen sorption and desorption for pore size and volume distribution
measurement (Ma et al., 2016)

The isotherms of adsorptioand desorption of N nitrogen were usedo classifypore types
GakKlLIS¢ o0l aSR 2y Keéa.usSNB@Ea ;a0 D2 Bdekahdnddahs? \A v &
1964).Figure 3.5 K2 ga (GUKS FTAQS (eLlSa 2F LBR2NBa o6& RS
is recognized to pennghaped (oblate) or to have a very small aspect ratio; Type B is
associated with slishaped peoes; Type C hysteresis is produced by weslggped pores with

open ends; Type D loops result from weekfeped pores with narrow necks at one or both

open ends; Type E hysteresis loop has been attributed tebat#e™ pores.
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Lippens, 196/

Based on hysteresis loops and the identificataivove, the pore shape within shale rock
samples in this study are interpreted to be perstyaped (oblateFigure 3.6i.e., attributed
to Type A) or to have a very small aspect ratio (i.e., small thickness relative to length).

Quantity adsorbed (cm3g?)

12

10

mm@-‘g:::’.

0.4 0.6

Relative pressure P/P°

Figure 36.The isotherms of adsorption and desorption of Nitrogersbrption experiment used in

this study
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3.3.3 2D imaging techniques
3.3.3.1 Scanning Electron Microscopy (SEM) and Energy Dispamp@E&ER X) analysis

Scanning Electron Microscopy (SEM) allows for the analysis the surface of the microstructure
of shale samples with high resolution (below the limit of resolution of optical microscope).

Initially, SEM images of broken or mechanically polished Saagles provided only limited
observations about the shale matriRr(skill et al., 2018 However, recent applications such

as ion beam polishing have greatly improved the ability of the SEM technique to produce high
guality images with high magnification

In this study, a different sizes of sampteat have measuredyere cut from shale sections
and polished using ion beam miller. All samples were coated with carbon to prevent them
from charging during ion beam milling. The samples were then analyseg astEl Quanta
650 FEGESEM environmental SEM with an Oxford InstrumentsaX 80 SDD (liquid nitrogen
free) EDX. The data were analysed using INCA® 350 software.

Secondary electron (SE) microscopy was used to give information on the structure of the
surface of shale samples whereas back scattezledtron (BSE) microscopyigure 3.7 was

used to assess the distribution of minerals and pore space. The electron voltage was set at 30
kV, with a spot size of 5 and an aperture of 4.

The Energy Dispersive-rdy (EDX) analysis was also used to provige elemental
compositional on the shale sample. Element mapping was performed on selected areas of
shale samples by EDX mapping, and the results helped to analyse the 2D distribution of the
elements inside the saple, as showin Figure 3.7
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Figure 37 Diagram of the SEM images with EDX mapping for chemical composition analysis, where
(S) the light pink region is silicon, the area shown in yellow is lIFg) the green area isxygen Q),
the carbon (C) is shown in red, the pink is potassikhafd the brown is magnesiunvig).

3.34 3D imaging methods
3.3.4.1 Xay computed tomography

X-ray micro-computed tomography(-CT) is nordestructive method for the characterisation
materials that provides 3Dmaging of the internal structure of an objectkgtcham and
Carlson, 2001; Michael, 2001

The principle ofi-CT relies on the attenuation ofrdys by the sample due to absorption and
scattering whichdepends on density of the materials. The extent of attenuation along a given
path across the sample is described as the proportion of tmayX that interact with the
material, and is exhibited by different grey scale values on a 2DeinMgny of these 2D
images, each representing the pathways efis at different angles through the specimen
can be analysed to produce a 3D voluthandis and Keane, 2010 he resulting 3D images
reconstruction processes are typically displayed as i@sef 2D slices, but can be visualised

as a semiransparent 3D object. Either way, the resulting dataset comprises a large number
of voxels, each of which has ajyy,z, position and ai, dy, dz side lengths as well as a grey
scale value (usually integer values from 0 to 255, i.e., 8 bit) representing the CT number of the
material covered by that particular voxel. The CT number is a function of material density and
atomic mass.
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This process idlustrated inFigure 3.8 Two forms of Xay tomography technique have been
used in this study,-Xay (tCT) and (Nan€T), each of which has a different resolution (i.e.,
values ofdk, d, az, and require different instruments and sample sizes.

\
Visible

\
lights |
L

Sample on
rotate stage

¢ £3== &

Reconstructions 2D projections

Synchrotron source

3D image

Figure3.8. lllustration the procedure of Xay tomography images as well as creating 2D projections
and then reconstructed to the 3D volunfadaptedfrom Ma et al., 201k

The higher resolutions of -bdy micretomography and >ay nanetomography are
implemented in lendased systemsWithers, 2007, which use Fresnel zone plates (FZP,
Figure 3.0 2 NJ 3t aa OFLATTINE O2yRSyaSNa G2
plate of the objectives to get a highly magnified imagegre 3.9. TheXray (KCT) can

provide submicron resolutions, whereas the nafl can provide even better resolutions, up
to 50 nm.

O2YyR
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Figure 3. The schematic diagram ofray nanatomography.

In thisstudy, the Zeiss sRadia410 CT instrumenequipment was usedatimage gas shale

at a micron scale, as shownhingure 3.10The Xray source was operated at a voltage of 80

kV with a power of 7.0 Watts. The field of view (FOV) and pixel size depend on the sample
size and distancebetween the sample and-My source.The apparatus provides a pixel

resolution of approximately 0.9dm.

X-ray Point Source

Detector

Figure 3.10The Zeiss Versa 41@ay micro(l 2 Y 2 3 NJCI)K@vicedused in thigork
to capture 3D scans of gas shale samfifeset)¢ K SCTeonsists three main
components: ark-ray focus source, an x ray detector and a rotation stage to control and
mount the sample used in this research study.
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For the NaneCT measurements, a higher resolution ZEISS Xradia 810ndtttanent was
used (Xray Imaging Facility, University of Nzhester). The Xxay source on this instrument
provides invariable Xay beam of 35 keV energy with a power of 7.0 Watts. The instrument
provides higher resolutions than the@T apparatus with an imaging pixel of about 64 nm.

3.3.4.2 Focused lon Beanasaning electron microscopy (FEEM)

A dual beam of scanning electron microscope {F#HB1) use to remove or mill away the
materials from the sample which allows sample to be cisstioned for slicendview. This
procedure is based on using a FIB to milling or cuts at a chosen site iantipdes The cuts

are then followed by viewing or imaging surface of the sample with SEM. During the milling,
the FIB is set at a 52° angle while SEM beam is kept as normal to the sample surface, see
Figure 3.12The milling and imaging process steps areeatpd and results in the generation

of a series of 2D images of the sample and then these 2D images can be reconstructed into a
3D greyscale volume. Thigchnique is particularly useful in revealing the 3D distribution of
mineral types, pores, kerogenrfianic matter) and porosity for gas shale samples.

In this study, the FEI Helios G4 CX DualBeam system wasys®diuce 3Dimages of gas
shale volumesHKigure 3.11pa The first step necessary in order to get a good quality image in
3Dis the samplecoat over with carbonThis reduces charging of the area of interest by the
constant incoming stream of electrons during SEM operations and ions during ion beam
milling and cuttingln addition, a thin layer of a conducting material (platinum, Pt,) was als
placedon the top of the area of interest. The platinum was delivered to close to the area of
interest in the form of a gas by a needle gas injection systégu(e 3.11h The platinum
coating serves to protect the sample from damage and to reduceaded curtaining
artefacts during imagindghitani et al., 200¢ These curtaining artefacts exhibit themselves
as striping in the images.

A focused beam of gallium ions @@aoperating at an energy of 30 keV and a beam current

of 3 nAwas applied for theutting into the rock and preparing each new milled surface prior

to imaging. Each surface was imaged using the SEM with a 5 kV accelerating voltage and a 0.8
nA beam current under backscattered electron (BSE) mode. The whole process resulted in a
2D sta& of around 1300 slices, with each slice having a section thickness of 20 nm. The 2D
image were collected using a slicing and view module. The 2D images were then
reconstructed into a 3D volume.

TheEDX was also used for mineral/organic identification lo@ $hale surface; the way in
which this has been operated is explaineearliersection 3.3.3.1.
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Pt gas injection

!

Sample stage ‘ '

Figure 311. (a) FIBSEM device to capture 3D images of the gas shale sample used in thishyork; (

the main components of the FHBEM: an electron bearfgcused ion beam (FIB), platinum (Pt) gas

injection needle deposited on the top of the shale surface (protective layer), and a sample stage to
mount and control the sample.

“EIB-SEM Surisce ! .

of the shale

X-ray
source

Slice 200

Slice 100

Slice 1

of shal@sample

Figure 312. (a) adiagram of the FHBSEM procedure where the ion beam is sea&2° angle and an
electron beam is kept as normal for scannirig,gerial of crossectioning of a shale sample using a
duatbeam FIBSEM system. The ion beam (FIB) is used to remove material from the shale surface
creating a crossectional face thatan be imaged by the electron beam (SEM).
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3.5 Comparison oMulti-scale imaging CT, NaneCT and FHSEM techniques

The novelty of imaging techniqudp-CT, NaneCT and FHSEM) have been shown to be
powerful tools in this study for resolving petrophysical issues of gas shale, including the
visualisation of fine microstructureC(rtis et al., 2011; Long et al., 200he quantification

of the sizedistribution and morphology of the shale phases (mineral matrix, pores and
Kerogenand the 3D connectivity of the shale components that ultimately controls the ability
of the pore network to transport gad/fa et al., 2019 However, these techniques have the
own limitations in terms of resolution and sample siegg(ire 3.13 For example, th@-CT

and NaneCT techniques can only determine the pore throats larger than 0.7 um and 0.05
pm, respectivelyNla et al., 209). These techniques show many pores todier isolated

or only connected locallyMa et al., 2016Saif et al., 201)7 This cannot describe that the shale

is permeableBai et al., 2013a; Josh et al., 2D &hile the FIB/SEM can resolve the pore from
50 um and 10 nm and provided good conneitys

Althoughp-CT,nano-CT and FHSEM can yield a stack of 2D images composed of pixels with
different of grayscale intensity with more or less similar scale (rsuade). They are quite
different in terms of procedure and system capabiliti€able 3.2rovides a summary of the
main differences and significant parameters for each technique that have used in this study.
The main key differences between these methods is that3HB! is a destructive technique,

in which slices of the material are physicatiijled away by the FIB to reveal successive cross
sections which are imaged with the SEM (Begure 3.1% while u-CT and nan&T are a non
destructive technique with maximum resolutions ofih and 64nm, respectively.

Table 3 Comparison of the operational parameters of mugitiale (HKCT NaneCT and FIB
SEM) techniques (as implemented in this study).

Aspect p-CT NanoCT FIBSEM
Imaging time (hours) ~814 ~ 40 5-8
Resolution (nm) 1000 64 50
No. ofimagingor slices 980 1601 750

~64nmx,yandz) 36, 45k andy) at 30 K

. . ~0.94um (x, yandz o o
Field of View AHm &y ) at 64 nm spatial magnificationput limited

at 1 um resolution

resolution in slicingdirection @)
General Nondestructive Nondestructive Destructive
Imagingconditions Atmospheric Atmospheric Vacuum
Considerations Low contrast Low contrast Excessive brightness
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Core sample u-CT Sub-p-CT Nano-CT FIB-SEM

&

imaging

Sample —_—
sizes 0.5 mm

Scales 1pm 100 nm 64 nm 50 nm
mm Pore size / Scaling nm

Figure 313. Overview of multiscale imaging techniques@T, NaneCT and FHSEM) used in this
study.

3.6 Imaging processing

Image filtering, processing and analysis was carried out on thi §reyscale level 3D
datasets acquired by thg-CT, naneCT and FHBE occur in a number of specific steps. For
example, reconstruction to build 3D data from a set of 2D slices, filtéardpcrease the

noise, thresholding to classify different voxels by gsegle level, segmentation to separate
different phases such as pordé&rogen(organic mattej, clays and other minerals, and finallu
microstructural analysisStauber and Miiller, 2B); (Korfiatis et al., 2007; Landis and Keane,
2010). This section describes the image processing steps. The purpose of image processing is
to obtain a clean fully segmented dataset that image analysis can subsequently be used to
calculate the physical @nacteristics of the various components it images.

3.6.1. Stack alignment

Stack alignment is the primary stage in the image processing of th&SHWB data.

Misalignment of FEBEM images may occur due to ion beam drift, where the charging of the
surfaceduring milling disturbs the focus of the imaging beam when imaging the new 2D slice
(Schaffer et al., 2097 Realignment can be carried out in Avizo software by aligning the 2D
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slices to match up the similar features for every slice, including the hoakdrft caused by
the electron beam or rotated drift caused by the ion beam.

3.6.2 Filtering

The raw data images obtained from imaging system€T, NaneCT and FHSEM) that can
have noise due to low energy through the surfatbe image can be filterei reduce the
noise or advance the contrasthere are several filtering methods that can be used to reduce
the noise which include median filtering, ndocal means filtering and edg@eserving
smoothing filtering.

The nonlocal means (NLM) filter wassed in most of this study (Figure 3.14) specifically in
the tomography data ((CT, Nane€CT) and FHBEM images to denoise or reduce the noise
level from the imaging. The NLM filter wankith a similar weighted average of all piseh

the images (similaneighbouringpixek give larger weights)n other wordsit evaluateshow

similar they are to the target pixel (Buades et al., 200B)s methodwas usedo eliminate

the noise from the imaging without blurring the contrast between the phases (poresg&er

and minerals) and also without losing their shapes. The NLM parameters used in this study
were bcal neighbourhood of 5 pixels amdsimilarity value of @ for both tomography and
FIBSEM data in 2D (same parameters with 3D) for slice stack to rémage noise (Korfiatis

et al., 2005).

This filter also has a number of advantag@srgmoves the noise from the imaging without
blurring the contrast between the phases (pores, Kerogen and miner@lglithinates the
small contrast variations withirall phases without negatively impacting component
morphology and losing their shapgsi) Allowsto use on 2D / 3D images and also helps to
reduce the effect of imaging artefacts without decreasing resolution and voxels for all phases
(Buades et al., 2@).

Figure 314. (a) Example of a raw image of a gas shale, together Wjtthé nortlocal means filtered
version of the same image.
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3.6.3 Thresholding & Segmentation

Before calculating the microstructure properties of gas shale rock, the phases in the imaging
have to be suitably known or identified. The segmentation in the images is that the process
of separating the original image into different parts or segments@bogto grey scale values

and is the initial step of quantification in nat@r u-CT and FHBEM image analysis. It should

be noted that the terms thresholding and segmentation are often used interchangeably, but
there is a subtle difference between thaevd. Thresholding is the process of classifying the
pixels or voxels according to whether they conform to certain rules (e.g., having a grey scale
value >100), while segmentation is the separation of sets of pixels and voxels according to the
same rules. Omhas to threshold before one can segment!

Many thresholding/segmentation techniques are available in the software package Avizo®,
and the most common are global thresholding, watershed segmentation and manual
segmentation.

Global thresholding is simply riied of segmentation where values of the greyscale within a

range are segmented as a particular phase, which could be chosethbgshold T (line) that

separates object from backgroun#igure 3.15a This method can only be applied for two

phases theradre it is not adequate for shales as they have multiple phases such as pores,
organic matter/Kerogenand other mineralsTo identify multiple phasesegmentation by

using watershed method is better than global threshold{@heppard et al., 2004The

histogram of greyscale values in the watershed method can be divided into several regions
FOO2NRAY3I G2 (GKS WLISIF{1aQ FyR WwWolfftSeaqQ 6CA3d

In this study, the data sefsom the u-CT nano-CT and FHBEM imagewere processed using
watershedthresholdmethod. The watershethreshold methodchasbeenappliedin this study
because shale imagingas multiple phases, therefore thisnethod has identified and
separatal severaphasesijores, Kerogerand other minerals The watershedechnique was
not distinct enough to segment phaseadirectly in this study Therefore,the manual
segmentatiorhas also beeappliedto extract theindividual pores from the kerogen each
single pixel based on the coloorap (Boruah et al., 2015; Lasseoret al., 2009; Gundermann
et al., 2014).
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Figure 3 15Schematic diagrams for segmentation metha@} Globalthresholding, i) watershed
segmentation, §) manual segmentation.

3.7 Quantification based on the imaging

The aim of the image processing waget a fully segmented daset for use in image analysis

in orderto calculate and analyse the petrophysical propertiestudle basean the image

and segmented phasessuch as the volume, sizes, shapes, and connectivity of pores
(Vlassenbroeck et al2007). After segmentation, each object is considered individually for
different purposes of quantification_png et al., 2009 ® / 2y aSljdz2Sy Gt ez KI GAY
by segmentation, the image analysis uses solely that subset of the whole 3D image that is
NEO23IyAASR a4 WLR2NBAQOD

There are many properties that may be calculat€die 3.3; given the time constraints the

analysis has been confined to the following physical properties:
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Table 33 shows the calculations and measuremertsd used in this study to measure the
petrophysical characteristics of pores within shale rock sample.

Measurement Definition
Length Average length of the pores in 3®gxs, Figure 3.16 ¥ > Y
Width Minimum length of the pores in 3@ éxs, Figure3.160 ¥ > Y
Thickness Maximum length of the pores in 3b &xs, Figure 3.16 = > Y
Volume +2fdzvYS 2F AYRAGARdzZ £ LI2N
Surface area { dzZNF I OS 2F AY’RAQGARdzZ f LJ2
Equivalent Equivalent diameter of individual poresawcalculaterd as the equivalent
diameter diameter to represent the pore size— 3 >Y
Aspect ratios The ratio of the maximum length and minimum length of pol#s,
Surfaceareato-volume | Surface area per unit volume of an object or collectionlgécts, Surface area
ratio(, ) @2t dzy8z >Y
Scale invariant surfaceg The conventional surface area to volume ratio multiplied by the intermediate
area to volume ratiof) of the pore, W,

3.7.1 Equivalent diameter

Equivalent diameter is defined as the diameter of a sphere with equivalent volume, which can
berel NN} y3SR (2 KI @S | ALKSNAOFf RAFYSGSNI NBL
first thing have done in this wonksing the equationJennings and Pslow, 1989:

¥
0 — (3.1)

Results given later in this work indicate that the assumption of spherical pores for the great
majority of pores in shales is not representing at all the pore size , and it can better done by
using ellipsoidbut have gven it here as a reference point. Since most pores in shales are
oblate, it is misleading to use a single pore diameter

The equivalent diameter is a particularly unhelpful parameter is gas shales because it assumes
the pore, mineral or kerogen is sphericén shales, this is demonstrably not the case. It is
included only as a simplistic measurement, upon which the research has improved.

3.7.2 Aspect ratios

The aspect ratios of an element are defined as the ratios of orthonormal dimensions of the
element.In this study, the pores are assumed as ellipsoids in shape withesarsa, b andc

as shown inKigure 3.1% whereb is the maximum length of the ellipsoidjs the maximum
width andc is the maximum height. The dip and azimuthal directions of the ellipsoid are
arbitrary, and consequently the ellipsoid may be positioned in any direction with respect to
an externally imposed coordinate system.
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Prolate ellipsoid

Figure 316. Diagram illustration of arrriegular pore (textured) with a fitted ellipsoid with major radii
a, b and c. The subsidiary diagrams show the form of an oblate ellipsoid and prolate ellipsoid.

The aspect ratios of pores, mineral grains and blobs of kerogen can, in principle, baealcula
However, this research has shown that only the measurement for pores is attainable and
makes physical sense. Calculating the aspect ratios of individual minerals (e.g., pyrites and K
feldspar) is possible, but does not conform to the main researcksgddhis research, while

the blobby geometry of kerogen cannot be usefully approximated by an ellipsoidal model.

Pore aspect ratio distributions have been calculated and plotted. In this work two pore aspect
ratios are considered. The firstgszen by

Ao (3.2)

Where b is the maximum dimension of the pore, ards its width, being defined as the
minimum dimension of the pore.

The second aspect ratio is given by

AR (3.3)

Wherea is the radial extent of the pore mutually perpendicuta both b andc.
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The pore aspect ratios are measures of the shape of the pore. If the pore isqgstamped
(oblate),a® b>>c, with g <<1 andg >>1. If the pore is pgshaped (prolate)a® c<<b, with

a <<l andgp®l. The value of both pore aspect ratissmportant because pores which are
long and thin[( L p) or have a significant sideways extent ( p) have a greater
potential for connecting up with other pores, contributing to raising the chances that the
pore structure forms an interconnected netwowhich will support gas flonSaleh and
Castagna, 2004Most grain boundary pores, parting surfaces in shales and fractures, are
better modelled by oblate spheroids with L p.

It should be noted that in the calculation of the pore aspect ratios, ldwl Cartesian
directions are rotated to ensure that they are aligned with the largest and smallest
dimensions of the pore. Consequently, the pore aspect ratios are scalar quantities
describing the mean geometry of pore structures and contain no infoonadibout any
alignments or anisotropy of pore structure within the rock.

The results for both pore aspect ratios described above have given later in this study.

3.7.3 Surfacareato-volume ratio

The concept of surface area to volume ratio is best undedty assuming all the pores

in the rock can be described by an ellipsoid of either oblate or prolate typeksits
important parameter for describing the shape of the pore within shale rese(@aver et

al., 2009. This ratio is very significant pantilarly in shale because large surface areas help
the gas move more easily from the rock matrix and from kerogen into the pores, which is a
pre-requisite to hydraulic fracturing because gas must be able to transfer into the existing
small pore spaces befeistimulation can improve the connectivity of the small pore spaces
for gas to be produced. A high surface area ensures that the diffusion process is more
efficient, not only ensuring a good initial charge of gas in the rnpores of the shale, but

also dlowing those pores to be recharged quickly once initial production has removed the
initially accumulated gas

The ratio of the surface area to volume can be obtained analytically if it is assumed that all
pores can be represented approximately by an elligsshap€Glover et al., 2009 as
described earlier. In this study, the oblate spheroids have sesi sizes according to
a‘b>c, i.e., spheres squashed in thelirection, and approximating to penrshaped cracks

or pores. By comparison, prolate spheroids have s&xis sizes conforming to>c?a, i.e.,
spheres stretched in theé-direction, and approximating to needles. The volume for two
types of spheroid can b#determined using

~
v 5
1]

O - OO® (3.4)

The surface areas of the two types of spheroid differ slightly. They are
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Y ¢ p — OAT B, where Q p —ifd © (3.5)
Y ¢ p —OETQ,where Q p —ifd @ (3.6)

In each case the term in brackets tends to Za&snds toa, the surface areas of the two
types of spheroid are the same and are given by the surface area of a sphere ofradius

Y Y T (3.7)

The surface area to volume ratio for each type is then:

, — p —OATl B,ifd &and (3.8)
, —p —OEIQEE & (3.9)

With the value for a spherafc) being, -.

Figure3.17 shows the surface areas to volume ratio depends on the pore aspect ratio for
both oblate and prolate pore. It is clear that the surface area to pore volume ratio of the
oblate pores is increases strongly as the aspect ratio increases with much greater than
prolate pores. Later in this study, the gas shale samples shown that most of the pores are
oblate

—~Oblate spheroid
Prolate spheroid

—

o

o

o
1

100

-
o

Surface area to volume ratio, ¢

1 10 100 1000 10000
Aspect ratio, alc (-)

Figure 3.17Therelationship ofthe surface area to volume ratio with pore aspect ratio for oblate
and prolate spheroids, approximating to pensiyaped ad needleshaped pores, respectively.
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The surface area per unit volume of an object was measured as swfeaéo-volume

ratio (, ) (Hurlimann et al., 1994 This measurement has a minimum when the object is a
sphere, and becomes larger as the sphageomes more oblate or prolate. Later it is shown

that for gas shales most pores are oblate. By having a larger pore surface to volume ratio,
these gas shale pores have an increased surface area per volume. The increased surface
area improves the possihliyi that gas in the rock matrix may diffuse into the pores and
hence be producible.

However, the absolute value of the surfaaeeato-volume ratio has dimensions of per
length and hence varies with scale. This simple effect makes it impossible to ugzitob
are of different scales. Theof a sphere with 1 nm radius i8 80° while that of a sphere
with 1 nm radius is 31C°, which is also the of an extremely oblate pore with one semi
axis approximately one million times greater than another.

A Scalénvariant Surfaca&areato-volume RatidSISAVR) has been developed to overcome this
problem and have used it to create valid SISAVR distributions that include data for pores at
all scales. The SISAVR have calledyaredit by symbos in this work is

” (b 1) (3 -10)

Which is the conventional surface area to volume ratio multiplied by the intermediate semi
axis of the ellipsoidal porev . The value of varies from 3, which represents a sphere to
infinity as the ellpsoidal pore becomes more oblate or prolate. The results sections are
presented later in this thesis (Chapter 4, 5 and 6).

3.7.4 Imagebased Permeability Simulation

The permeability of the samples has been calculated from the measured characteofstics
eachsample(connectivity within the kerogen and pore network in the image sets). The data
in this work have been tested usin@i(bert Scott, 202Papproaches. The combined data with
Scott, G modelling has enabled to describe the gas transport ishthle(Gilbert Scott, 2020

The approaches have used the Firltéference Geometrical Pore Approximation (FDGPA)
method, which considers)(the gas to behave as a fluid within therigen and porsystems,

(i) the gas to have a single phase incompressibility (i.e., to have a constant dengitig (
gas to be a Newtonian fluid (i.e., to have a constant dynamic viscosity)ivamhar the flow

to be small enough to be laminar.

The results for the calculatieshale permeability along the, y- and z-axis respectively are
presented in Chapter 6.
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3.7.5 Permeability prediction

Permeability is one of the most important parameters for characterizing shale gas
reservoirs becaus@& governs the ease of access to the hydrocarbon within the shale
reservoit However, in shale material this parameter is extremely difficult to obtain directly
due to the highly heterogeneous pomicrostructure and the extremely small size of the
poreswithin shale.

Permeability has been predicted using five different methods includi@d, NaneCT, FIB
SEMRGPZ andNPermeabilityeach of these approaches and the results for the calculated
shale permeability are describedal the discussion in Chisp 7.

3.8 Summary

In this chapter, the analytical methodsidexperimental techniquebaveused as part of the
multi-scale imaging and characterization of the microstructure of gas shale in this research
were discussed. Results from multiple scale (mamd nanescale pore structure) methods
05 {9a I yI tCF ankl XIBIEMIR remoiied in Chapter L£hapter 5 presents
studies by complement work in Chapter 4 using n&iowith along (Y nitrogen adsorption

and (MIP) mercury intrusion porosimeti@hapter 6 discusses results from using n@riowith
Ultra-high Resolution FFBEM on the same position of shale rock sample. Chapter 7 described
the results of the measurements and calculations of shale gas permeability.
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Chapter 4

Micro- and nanagscale pore structure in gas shale
using 4tCT and FHSEM techniques
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4.1 Introduction

The internal pore microstructure of shale rocks has received significant attention from
researchers for decades since it can provide valuable information in understanding the quality
of the shale reservoirs such as pore volume and pore size, pore aspiest sarface areas,
porosity and permeability (e.gPeng et al., 2002 However, these properties remain a major
challenging topic due to the extremely complex, heterogeneous and anisotropic
microstructure of shaled @zar et al., 20)5which arises fnm the extremely small size of the
pores and low porosity between 2% and 15ChdgImers et al., 2012; Klaver et al., 2)Hs

well as their very low permeability, typically belowr¥an? (McKernan et al., 2091

The microstructure properties in the shale are very important as they control gas storage and
fluid transport through the shale. Thus, having a better understanding of how the shale
microstructures and porosity control the permeability is criticahd wodd be hugely
beneficial. Such knowledge would increase our ability to identify sources of shale gas and
produce it more efficiently@ugierSimonin et al., 2006 For example, the wettability of the
shale is largely controlled by the distribution of poreshoth organic and inorganic materials
(Ambrose et al., 2010 so information about the distribution of pores in shales is extremely
important.

This chapter provides an improved insight into the microstructural properties of shale such as
pore volume andpore size, pore aspect ratios, surface area to volume ratios, porosity,
permeability, pore network structure and connectivity, all of which are crucial to
understanding hydrocarbon flow behaviour within gas shale reservoirs.

This chapter also describesrgethodology for a single shale rock sample of side length around
500 um by combining two advanced imaging methods. T pnethod has been used on a
sample for measuring micrecale pores. Nanecale pores have been investigated with the
FIBSEM techniquehas been used to make higher resolution measurements at specific
multiple locations on the same sample that was used for tHeTumeasurements, each of
which has a smaller field of view. Consequently, in this approach, a link can be made between
two different measurement scales, and the internal pore microstructure of Bowland gas shale
reservoir can be characterised over the entire scale range.

The dual method, mulscale approach has a number of advantages:

() the damage which occurs when the main sémjs prepared is common to all
measurements, simplifying the problem of understanding which aspects of the
measurements are native to the specimen and which are caused by preparation for all
measurements, irrespective of scale, resolution and field ofryvie

(i) The high resolution HBEM measurements can be made at specific locations chosen with
the aid of the 3D CT data to be either representative of the whole sample, or to investigate
specific aspects of features occurring in the whole specimen,;
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(i) Sufficient FIBBEM measurements can be made to ensure that their mean behaviour
represents that measured by the@T measurements, but at much higher resolution.

The results in this chapter provide a valuable information to understand the relationship
between the microscale and macroscale properties of the shale sample with the impact of
heterogeneity, pore and kerogen distributions and their connectivity.

4.2 Materials and methods
4.2.1Rock samples and preparation

The gas shale samples usedthis chapter were obtained from the Bowland formation,
collected from a depth of 2.7 km in a gas shale resource in Lancashiteytthér details on
the sample collectiomwith codeand locations are provided sectior23L

In this study two different hig-resolution imaging techniques were used, each of which
probes a different scale, in the attempt to cover a wider range of scales than would be
possible to cover with a single technique alone, and to examine the extent to which each
technique observes miostructural features at different scales with the primary aim of
understanding the petrophysical properties of the Bowland shale, including porosity and the
microstructural distribution of pore volume.

The two techniques which have been used in this gtagde 3D Xay MicracComputed
Tomography scanning{QT), and focused ion beam scanning electron microscops\5ENB,
which uses a focused ion beam to successively strip material from the surface between scans.

Imaging has been possible with both techueg on a single quasubic sample with a
characteristic side length of about 500 um, as implemented in this wdidh resolution
imaging such as that carried out in this work requires very small samples, whose preparation
is time-consuming and requiresighificant care. The higher the resolution required, the
smaller the samples must b&he preparation of such a sample were discussed in Chapter 3
(Section 3.2.p

4.3 Imaging techniques
4.3.1 Xray p-CT

A Zeiss Versa XRAMO0 Xray Microscope was used to image the internal structure of gas
shale samples. The samples were mounted on a rotary stage, exposed by a micrefocus X
ray source and imaged in transmission onto a detector. FreyXtransmitted throug the
sample hit the scintillator crystals to give off visible light, which is then focused by the
optical objective lens and converted into a digital image by the visible light cleaxgsed

device (CCD). A series of images (projections) are takenratrantally spaced angles

7 4 o ox

I NPdzyR ocnc Fa (GKS+/ &F XVBENINXSHNBOIBRSSROPYBES I 5

Again, moredetails on the settings and principles ofa¢ micretomography are provided
section 3.3.4.1Figure 4.khows a pCT image ad part of a sample, superimposed on which
are three selected locations (A, B and C) from which correlativSENB images and data
were subsequently taken. In this figure, the three panels are the S images of the
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surface at these locationgigure 42 shows the corresponding SEM image for the whole
volume of the sample measured byQi, again with three different locations A, B and C
marked.

Pixel size: 0.94 pm

FIB-SEM (A)

FIB-SEM (B)

10 pm

Figure 41. u-CT image of sample M7 km of Bowland shale showing BSE imafi@scrosssection
at each of the three locations A, B and C which were chosen for subsequeEM Berial
sectioning.
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Figure 42. SEM image of the sample of Bowland shale used-om jimaging showing the different
locations A, B and C that were used for{SIBM serial sectioning.

4.3.2 Dual beam HBEM

The dualion beam (FIEBEM) system has also been applied in this study (FEI Helios G4 CX Dual
Beam), which allows for the sample to be crgsstioned and imagedah-situ using 30 keV
electrons from an integrated SEMth a pixel resolution of 18 x 24x 20 ArThe FIB milling
removes the material from the surface of the sample (Begure 4.3, giving the SEM access

to a new surface to image. Reiteration of imaging and miily 3% | LINROSaa (y29
GASpes ftft2a || o5 @2t dzy S The Voxell & for Nis @drk ist | Y LI
approximately 9x 24x20nfE g A G K F (G&@LIAOIf AYI3EASR @2f dzvYS
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Surface
of the shale

Slice 200

Slice 100

Slice 1

Figure 43. Serialcrosssectioning of a shale sample using a doedm FIBSEM system. The ion
beam is used to remove material from the shale surface creating a-seasi®nal face that can be
imaged by the electron beam.

Three separate locations (A, B and C) within th€Tusample were chosen for BBEM
analysis, as shown iRigures 4.1and 4.2. Figure 4.4shows BSE images of three separate
regions A, B and C within samples taken from the same shale site prepared ksextss.
These images show significant differences in their microstructure and the size of their pores.
Since the backscattered electron yield is sensitive to the average atomic number, it provides
means of differentiating the constituents of the micrastture dependent on whether they

are composed of light or heavy elements. Figure 4.4A cracks(black) appear to be
connected, while smaller dark areas (yellow circles) are isolated pores, which appear
unconnected at the scale of the imaging, but maycbanected at a finer scale.
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Cracks

5 pm

Cracks

Figure 44. BSE images of FIB craextions taken from different locations A, B and C {Sgeares 4.1
and4.2), pores and cracks are highlighted by yellow and red circles.

4 4. Results

Themicrostructural properties obtained using@T and FHBEM techniques can be described

by a range of parameters, including porosity, permeability, pore volume, and pore size, pore
aspect ratios, the surface area to volume ratio of pore and their distobuttith scale; these
results are presented in the following subsections.

4.4.13D reconstructions of gas shale volumes

The quantitative data presented in this section were calculated from 3D reconstructions of
both ,CT and FHBEM image data using 3D ineagnalysis software. An example of a
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reconstruction from pCT images is shownfigure 4.5The data set comprised of 1000 2D
images, each comprising of square pixels with a side length of 0.94 um.

* 4

¢ " BEFORE

50 um

Multi-scale 2D Imaging Image processing 3D visualization

(aligning/cropping/filtering) '

50 um 50 um 50 um
3D kerogen network 3D pore network Representative 3D pore Image segmentation
and kerogen network

Figure 45. Schematiadiagram of the procedure for analysing 3D datasets fre@ilLimaging
techniques.

Figure 4.6ashows a raw 2D greyscale image of the sample. Using the greyscale of this raw
data, threshold values can be set to define microstructural features of interest, particularly
the kerogen and pores. Surfaces can then be generated around these regions \wéhin t
thresholds.Figure 4.6 K2 g & HK2SOIWY 2WSI yaQ FAf G0SNBR H5
helps to remove the noise from the SEM an@€i images without damaging the images and
keeping the same resolution of the porekhe filter has been applied itparameters of a
local neighbourhood of 5 pixels and a similarity value of UHe workflow and imaging
processing in this studys shown in earligfigure(4.5) such as aligned, cropped, filtered and
segmentation have followed a number of research@srfiatis et al., 2007Li et al., 2016;
Stauber et al., 2008; Buades et al., 20B&ruah et al., 2015; Saif et al., 2015; Gundermann et
al., 2014; lassonov et al., 200Bigure 4.6a displays the 3D images of the kerogen and pores,
respectively. A qudhtive inspection of the connectivity of the pores and kerogen can then
be performed, which is based on the thresholding/segmentation procedure described in
Chapter 3. For the estimated kerogen network observed in this safjglere 4.6shows the
kerogenin red and appears to be connected across the volume. The pore connectivity
apparent fromFigure 4.6ds less than that of the kerogen, with some interconnected pore
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spaces and some isolated pore spaces within the volume. These results suggest that the
sample has a very small pore volume of only 6%, which may indicate that the pore system in
the Bowland Shale has extremely leannectivity;this has also been reportedy Ma et al.

(2016. Thus the isolated pore space is unlikely to be importantgastransport at the
different scales. However, the high fraction observed for Kezogen (44.5%) becomes
particularly important and provides potential pathways for gas transport throughout the
samplegqHeller et al., 2014; Javadpour et al., 2@t over alonger timescaleAs a result of
unconnected pores, the connectivity of kerogen suggests similar levels of connectivity to the
published results of the Bowland shale reservoirs fidmet al. (201%

Figure 4.7ashows a 2D greyscale image of-BBM shalef Location A, whilé&igure 4.7b
shows the noHocal means filtered D greyscale imag&igure 4.76s a 3D representation

of the kerogen present in the sample. This image shows the connectivity of the kerogen
network across the 19x24x20 smmample volure. Figure 4.7dshows the pore spaces
ranging in length from several nanometers to a few micrometers, that they vary in shape
from spherical to elongated, and that they are connected, at least from a qualitative point
of view. The volume contributions of kagen and pores for the reconstructed raw gas shale
volumefrom the FIBSEM measurement were 34.8% and 10.0% respectively.

Voxel siz’e: 0.94 pm

Figure 46. X-ray micretomography (UCT) for a shale rock sample acquired at a voxel si2®éf
pm. (a) Raw 2D greyscale image) Nonlocal means filtered 2D greyscale ima@gthe kerogen
shown in red, andd) pores shown in blue.
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Pixel size: 20 nm

4

10um

Figure 47. FIBSEM assessment of the raw MLY km shale rock sampla)Raw2D greyscale
image, b) nontlocal means filtered 2D greyscale imagg,3D representation of kerogen shown in
red, and ¢l) 3D representation of pores shown in blue.

4.4.2Pore volume distribution

The 3D reconstructed volumes were used to estimate thatire frequency distribution of

the volumeof individual pores by both pore number and pore volurkRéggure 4.8shows
histograms of porevolume distribution as measured by FBEM for the three different
locations A, B, and C indicatedRigure 4.2 together with the porevolume distribution as
measured by fCT on the wider samplé&igure 4.). The FIBSEMand p-CT data interrogate
completely separate scales, with no overlap. Hence, theSHHE data is shown in parts) (

and €) of Figure 4.8while the #CT data is shown in partb)and ¢). The distribution of pore
volume can be displayed in terms of the percentage number of pores with a given pore
volume, which is shown in parts)(@nd p) of the figure, or in terms of the percentage volume

of poresrepresented by a given pore volume, which is shown in paytand ¢l) of the figure.
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The differences in the curves is solely due to their difference in the scales of operation. In
each case measurements increase as pore volume decreases until the imsafiithe
method is reached, with the minimum volume corresponding to the volume of the cuboidal
voxel represented by that limiting resolution. Consequently, the relatively low resolution
of the itCT technique (0.94m) cannot discriminate individual pasevhere the size of any

of their dimensions is less than 0.8¥, if they are present. By contrast, the FSBM scan

can recognise pores with a minimum extent of Or9a for FIRSEMA and 0.05mm for the

other two FIBSEM samples. If the pores were equahg minimum pore volumes would

be about Imm?®and 0.00001m?3 for the u-CT and FHBEM data, respectively. The fact that
the data finishes at higher values than these ultimate limits is an indication that some very
fine pores are unmeasurable because aifeheir dimensions is lower than the resolution
even when other dimensions are above it.

In principle the FEBBSEM method can recognise pores as large 42@Qal nm?, but the
power law distribution shows that the chances of the volume being measuredebi It

SEM method containing one of these larger pores is very small, and if it did so the volume
would be unrepresentative of the wider sample. Hergégure 4.8ahows negligible pore
volumes larger than 0.02 pheven though the pCT measurements-jgure 48b) confirm

they exist.

The apparent lack of data between 0.01 f1amd 0.9 pmd shown inFigure 4.8does not
indicate that no pores exist with these volumes, but that such pores are not recognised by
either of the two techniques that have been used. Adhiechnique would be needed to
fully investigate the sample. Narszale CT (X6T) measurements (with a voxel sizecd

0.05 0.05 0.05 nm?) allow a fuller understanding of the pore microstructure and such
measurements are presented in Chapter 5.

Parts(c) and (d) oFigure 4.&how the same data but plotting the fraction of the total pore
volume represented by pores of a given volume. Comparing this data with the data for pore
number shows clearly that while pores with small volumes dominate in nuntbey, do

not dominate in volume. Indeed, for both FEEEM and {CT data, the larger less numerous
pores contribute equally signifiodly to the overall pore volume.
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Figure 48. The distribution of pore volume on the basis of numbers of pores representing a given pore
volume, for(a) FIBSEM, andb) u-CT for sample M2.7 km of a gas shale rock from the Bowland
formation. Insets show the same data aoglog scale. The distribution of pore volume on the basis
of the volume of pores representing a given pore volume(¢pFIBSEM, andd) p-CT.Dashed lines
show native resolution limits for each technique

Each of the two techniques provides datzer a specific range of scales and represents that
data as a relative frequency. That is to say, each set of measurements assumes in the
calculation of the relative frequency that there is no pore volume existing at scales lower
than its resolution or higer than its field of view. This is clearly not true. The result is that
the data inFigure 4.8for the three locations measured by FBEEM can be compared
directly, the data for the two techniques (any of the 8BM curves and the-@T curve)
cannot be ompared as both are subject to an unknown scaling. This problem could be
obviated by an overlap in measurement ranges, but there is insufficient overlap to do so in
this case. The implementation of a third technique whose imaged data spanned both of the
techniques would supply a solution, and help scale each of the curves such that they
represented the same relative frequency. Such a technique exists in@@nmaging, it is
recommended that this approach is also used, and this is reported in the nexiechap

4.4.3Pore aspect ratio distributions

The threedimensional shape of any pore can be approximated by the use of pore aspect
ratios. The most common approach is to assume that any pore can be represented by an
ellipsoid,as defined earlier ithapter3 andthat shown inFigure3.16. Pore aspect ratios

are the ratios of the radii in any two of they, andzdirections, which are labelled b and

cin the figure. While a total of six pore aspect ratios can be defined, three are simply inverse
of the other three, and of the basic three, only two are required to fully define the shape
of the ellipsoid. Consequently, two pore aspect ratios have beeasea for use in this
study.

The first is given by 6) o (Figure 49a andb), whereb is themaximum dimension of
the pore, andc is its width, being defined as the minimum dimension of the pore. The
second aspect ratio is given By  ¢j @(Figure 49c andd), wherea is the radial extent

of the pore mutually perpendicular to bothandc. Further details on the definitions of the
pore aspect ratioare provided section 3.6.2.

Figure 49 shows a plot of the distribution of the number and volume of pores as a function
of the pore aspect ratio, asstimated by both FHBSEM and CT techniques. Parts (a) and

(b) show theg aspect ratio distribution in terms of number and volunmespectively. In

both of these graphs a value approaching unity indicates a more equant pore. The pore
number distribution Figure 49a) shows that there are negligible equant pores, but
significant numbers of pores occur in the range @88.1, which isquivalent to saying
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that the pores in the shale have a long axis between 1.25 and 10 times longer than their
smallest axis (width or aperture). It is interesting to note that the range of pore shapes
indicated by all four measurements are similar for RBSEMA and 4CT data despite
these two techniques measuring different populations of pores at very different scales.
There seems to be a propensity of pores with a value of apz@.2 (length equal to five
times the aperture) in the FIBEMA and gCTdata, and a preference for abogi=0.47 for

the other two FIBSEM measurements.
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Figure 49. The poreaspect ratio distribution,d) poreaspect ratio distributed as fnction of the
number of pores obtained frorg, (oblate) values,if) pore-aspect ratio distributed estimated fromp
values as a function of the total volume of pore3,ore-aspect ratio distributed as a function of the
number of pores as calculatedom g (prolate) values,d) pore-aspect ratio distributed estimated
from g as a function of the total volume of pores, as estimated by3HBI and {CT using the sample
MD-2.7 km of gas shale from the Bowland formation.

The number distribution, howevedoes not necessarily represent the relative importance

of pores at each scale in a balanced way. It cannot, for example, be used to infer which
pores provide better gas storage capadigcause it treats pores of all sizes equally when
those which are largr clearly will contribute more to gas storagehus, it has also plotted

the volume of pores against their pore aspect rati6gyure 4.8 shows a plot of the
percentage of the overall pore volume represented by pores with diffegevdilues When
viewed this way significant volumes of pores occur in the range @%8.05, which is
equivalent to saying that the pores in the shale have a long axis between about 1.5 and 20
times longer than their smallest axis (width or aperture). All of thH®@FEM data is in
agreement that the majority of the pore volume is in the form of pores vgth0.25 (4
times longer than wide), while the larger scaleCii data has a maximum at about
a=0.475 , while FIBSEMC has a subsidiary peak at abgust0.37

Consequently, the data presented in this study indicates strongly that the pores in this shale
are at least twice as long as wide and up to 20 times in many cases, with the longer, thinner
pores occurring at the smaller scales, measured bySHHM, and thenore equant pores
occurring at the larger scales and measured &y Tu

Parts (c) and (d) dfigure 49 show the distribution ofp values with respect to percentage
pore number and percentage pore volume, respectively. In these plots a valge of
approaching unity indicates that the breadth of the pore approaches that of its width. Since
it is known the length is larger than these two measures, a value of unity indicates a prolate
pore. The pore number distribution shownkigure 49c suggests that thgreatest number

of pores in the samples, whether measured by-EBM at all of the locations or pyCT is
close to unity, and that consequently the pores in the shale are overwhelmingly prolate, at
least from the point of view of pore number.

Figure 49d shows the same data in terms of percentage pore volume. This figure shows
that most of the pore volume is present in pores which have ¢&3; indicating that pores
which represent significant volume are slightly flattened (penny shaped) but never more
than three times as broad as they are wide, while those truly prolate pores that represent
the peaks irFigure 49c account for less than 5% of the pore volume overall.
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Once again, it is worth noting the similarity in tpebehaviour between the FIBEM d&a
and thep-CT data even though the data is for four different populations of pores at two
very different scales.

Different shales will exhibit different aspect ratios, implying differences in pore connectivity
and consequently in their gas permeabiliti€Shales which have lower values gfand
higher values ofp should offer the greatest permeability. Therefore, the results suggest
that there is no clear difference in the pore aspect ratio distributions measured bSENB

and by HCT, the large numbeaf pores withg << 1 andg >>1 existing at nanoscale and
imaged using FEBEM may represent a pervasive nanoscale pore network that cannot be
recognised by {CT imaging.

Shales are highly heterogeneous materials in wiihehmacroscopimature is contolled
by fractures or cracking. Therefore, fractures in shales are of wide interest and critical
important factors, especially in environmental applications.

Fractures or cracks are one of the main causes of reservoir compartmentalization, and
understandirg their impact on fluid flow is very important for predicting reservoir
performance and planning development strategieShey are also connected to
microstructural properties which are related to the orientation of the pofesher et al.,

2018; Fauchillet al., 2014). In this studyre morphology of subsurface cracks can be seen
clearly in Figure 4.4, and show significant differences in their microstructure such as shapes
and sizes and also appear to be connected. Theretfoese arelikely to contribute to
controlling the permeabilityn combination with other rock properties such as porosityl

grain sizes.

4.4 .4Pore surface area to volume ratio

The pore surface area to volume ratig) (s another potential useful indicator of pore
shape. A sphericalore represents the most efficient use of surface area to contain a given
volume, while higher values of surface area to volume ratio indicate the presence of a larger
surface area per unit volume of pore space, which occurs as the pore shape changes from
that of a perfect sphere, particularly if the pore becomes oblate.

The shape of the pores can be significant in shale gas reservoirs in a number of ways. For
example, pores that are more spherical are much less likely to collapse under externally
applied pessure than crackke or linear pores, which tend to close easily when subjected

to only a small normal stres€(rtis et al., 201)1 Consequently, suborizontal cracKike

pores observed in samples at surface pressures are very unlikely to remainabpen
reservoir depths. However, long, thin pores are more likely to interact with other pores and
cracks, making them much more effective at increasing pore connectivity and leading to
higher permeability Glover et al., 2009 Perhaps most importantly, laggsurface areas
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facilitate the diffusion of gas initially trapped in the matrix of the rock and in the kerogen
into the pore spaces within the shalélpver et al., 2009 This is an essential stage before
hydraulic fracturing can open up access to thesalspore spaces. A high surface area thus
ensures that the diffusion procedure is more efficient, not only ensuring a good initial
charge of gas in the micipores of the shale, but also allowing those pores to be recharged
quickly once initial productiohas removed the initially accumulated gas.

High values of surface area to volume ratio might indicate a flatter pore shape. Unluckily,
the surface area to volume ratio has dimensions of-lpagth which means that smaller
pores also generate high surfageea to volume ratios than larger pores of the same shape.

In order to be able to construct surface area to pore volume distributions as a function of
scale (e.g. of pore size), it is necessary to have a measurement of pore surface area to
volume ratio thais independent of scale. Consequently, a new parameter has to be defined
which incorporates the effect of surface area to volume, but normalises it in such a way
that the parameter is unitless, and hence will be invariant to pore size.

The concept of stace area to volume ratio is best understood by assuming all the pores
in the rock can be described by an ellipsoid of either oblate or prolate typeksasibed
earlier inchapterfigure3.16).

In this study, the long axis of an ellipsoid is definedb,athe smallest axis as and the
intermediate axis ag. Oblate spheroids have sefxis sizes according t@w’a>c, i.e.,
spheres squashed in theedirection, and approximate to penrshaped cracks or pores. By
contrast, prolate spheroids have semMis sizes conforming td>acc, i.e., spheres
stretched in thea-direction, and approximate to needles. The volume of both types of
spheroid can be calcatled using the formula:

~
e 5

O - OO® (4.1)

The surface areas of the two types of spheroid differ and can be expressed fully by using
elliptic integrals which are outside the scope of this stulyrémowitz et al., 1988

However, the value of the surface area to volume ratio for a sphgre -, and that

value becomes larger if the sphere decreases in size. The surface area to volume ratio also
becomes larger as the ellipsoid becomes more oblate.

In order to remove the functional dependence of surface area to volume ratio on the size
of the pores,the conventional surface area to volume ratiohave multipliedby the
intermediate semiaxis of the ellipsoid a to give a new measgir@hich is indepadent of
scale, being unitless. The definition of the new scale invagarface area to volume ratio

is:
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. 0, (4.2)

The value of varies from 3, which represents a sphere, to infinity as the ellipsoidal pore
becomes more oblate or prolate. Values 3 are undefined.

Figure 4.0 showsthe distributions of the percentage number and percentage volume of
pores as a function of the Sleainvariant surface area to volunratio, s, as measured by
both ,+CT and FHBEM techniques. Considering the pore number distributiigure
4.10a), the values obtained from all three FEEM measurements and the-GI
measurement are in agreement. Nolves are less than 3, but there are peaks in all of the
distributions close to 3. This agrees well with the pore voluBection4.4.2) and aspect
ratio data Gection4.4.3), and is expected to describe the preponderance of very small
pores that are accourd for by a single voxel in each of the measuring techniques.

It should be noted that the value affor a cubic voxel is 6, but decreases as it becomes a
cuboid shortened in one direction. This is consistent with the values of the pe&kguire
4.10a. However, this figure also shows measureable numbers of pores with values of
extending to abouts=18, indicating the presence of pores which have a significantly
enhanced surface area for their volume.
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Figure 410. Showing the scalmvariant pore surface area to volume distributian,calculated from
FIBSEM and CT measurements of sample MLY km; &) distribution with respect to the percentage
of the total numbers of poresp] distribution with respect to th@ercentage of the total volume of

the pores.

When the percentage volume contribution of each value of the sitadariant surface area
to volume ratio is consideredrigure 4.0b), it is clear that all three of the FBEM

measurements and the -€T measumment are in agreement that the pores which
contribute significantly to the overall pore volume have sdalariant surface area to
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volume ratios which are large, falling in the range 4€30.
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Consequentlyit can be indicated thathere are pores osignificant pore volume in the
shale sample which have a large surface area for gas desorption.

4.5Permeability

The permeability of a rock can be estimated by using the conventional pore surface area to
volume ratio,, . The mean effective pore radiusrche calculated following the approach
used byJohnson et a[1986), where they defined an effective pore diamete2V,/ S,, where

Vp is the pore volume an&; is pore surface area of pore3ahnson et al., 1986Thus, the
parameters is defined bys =2/, . Thes-value is a measure of the aperture for fluid flow which
controls the permeability in the sample according to the relationsip Q 7Y'Q where™O

%o is the formation factor of the rockGlover et al., 2010 In this equation the value &
describes the size of opening pores between the grains which allow the passage of fluid, while
the formation volume factor contains information about how ini®snnected those
pathways are Glover et al., 2009; 20)5The formation volume factor was not messd
directly in this work, but was estimated using the measured porosity for the sample and an
assumed value of the cementation exponent=3. This value was chosen since the
cementation exponenél for shales is known to vary between about 2.34 and 4R&vil and
Cathles, 1999

Using the method described previously, the calculated permeabilities for the MBample
were found to be 13.85 )4.16 , 150 and 2.98 for FIBSEM
locations A, B, C and from-Gil, respectivelyT@be 4.2. These values are broadly in
agreement with recent upscaled permeability determinations for the Barnett sfirdeg et

al., 2015. It is worth observing that Location C does have a larger permeability and porosity
than locations A and B as well as at a larger scale fr@iT measurements, this is because
Location C contains a large crack as can be seéigine 4.4¢cwhich would gie higher
porosity and permeability values.

The dimensions of the interconnected poresve an important role in the estimation of
permeability, and hence an appropriate theoretical method for the effective pore radius or
pore throat size is required. irder to validate the previous permeability calculations, Avizo®
software has been used on SEM images of samples to measure the equivalent circular
diameter of a crack.

Figure 4.1 shows an SEM image for Location C with a large crack. The crack hathafieng
about 10.4 um, and is approximately 0:2.02>Y GARS® ¢ KS Sljdae O £ Sy i
crack has been calculated with followiaguation (Jennings et al., 1988

Q pFOTP O ™Y (4.3)

Where Q is equivalent diameter (umg is the length of crack (um) armis the width of the
crack (um). For the crack showrFigure 4.12he equivalent diameter from Equation 4.3 was

96



found to be about 1.120.06pum. This value can also be used to represent the characteristic
pore size in the Johnson et al. equation given ab@efinson et al., 1996with m=3, the
permeability is predicted to be 131.543.15nD, which is remarkably consistent with the
valueobtained from the value of calculated earlier for this location (1587.5 n[).

Figure 411. SEM image of location C with the dimensions of cracks. Uncertainti€s@fmm apply.

The summary of the results obtained in this study presentedahle 41 shows the most
significant data including porosity, image size and voxel size for the sampi2. ™Mkm
obtained using both FEBEM and {CT techniques.

Table 41 Summary of the rocks and images studied in this work.

Measured | Measured| Calculated
Porosity | Kerogen |Permeability
(%) (%) (nD)

Method Physical Voxel

Sample | Figures (Location) sizes sizes

MD-2.7 km4.1 & 4.2FIBSEM (A 23x17x30 un? 14x24x20nrh | 0.10:0.01|34.8+1.74/13.85:3.45

MD-2.7 km4.1 & 4.2FIBSEM (B 34x25x40 prh | 27x34x50.n | 0.52:0.05|38.2¢1.91| 4.16+1.04

MD-2.7 km4.1 & 4. 2FIBSEM (0 28x22x40 prh | 21x26x50.nm | 0.94+0.09|41.4:2.07 150:37.5

MD-2.7 km 4.1 pu-CT  {0.5x0.5x0.5 mrt0.93x0.93x0.93uA0.06:0.00644.5:2.272.98+0.745)

The porosities of intermediatéch samples for locations A, B and C (i.e., pore volume/ total
volume of rock) were found to be 0.10%, 0.52%, 0.94%, respectively. Location C had a
significantly higher porosity than the other two; possibly due to the cradksh can be seen

in Figure 4.4
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While it is pleasing that the combination of FBEM, ECT imaging and 3D image analysis
has produced a reasonable value of porosity on the basis of this sample, it is recognized
that the approach needs to be validateding independent porosity measurements such

as naneCT on samples; Chapter 5 reports and analyses such measurements

4.6Discussion

In this chaptera single shale sample was imaged in 3D and quantitatively image analysed
at multiple scales with multiple echniques in order to obtain a more accurate
characterisation othe Bowland shale reservoiralthough a few studies on Bowland Shale
reservoirs have previously considered multiple scales of observatidase{ al., 2015

none of these has been as comprehensive, imaging a single sample volume @&Ihg p
measurements, then making higher resolution48IBM within the original sample volume

but at specific multiple locations, each with a smaller field of view.

The result®f the imaging in our study show that FEEM analysis indicates that most pores

in the scale range measured by that technique have a volume in the rangaridto
0.0036 pnd, while from pCT analysisieasured pore volumes are from 0.9 fira 31.5 unt

(Hgure 4.9. These data represent the measurement of two different populations of pores
existing at different scales and measured with the different techniques. The lack of overlap
in the scale ranges of the FEEM and {CT data means that no reasonablerdmnation of

the data into a single dataset with a wider scale range can be carried out, and hence these
data have been plotted separately. Additional data is required from another source if the
FIBSEM and {CT datasets are to be integrated. The n&ib ® imaging method may fill

this gap, and this has been reportedGhapter 5.

It has been recognised that the data presented in this chapter are also skewed by the
preponderance of small pores at the limits of the resolution of each technique, which are
exhbited as a large number of single voxel pores. Plotting the distributions to show the
percentage contributions to the pore volume shows that the smaller number of pores with
larger pore volumes account for more of the overall pore volume of the rock.

Clealy, the two different techniques are measuring different populations of pores which
occur at different scales; one at the micrometre scale and the other at the nanometre scale.
Consequently, it can be inferred that the use o€l data to characterise hale will fail to

take account of that population of pores which is smaller than the resolution of 16 p
technique. Such a failure might be extremely significant if the nanoscale pores prove to
control the connectivity of the pore network, which is likdo be the case since pores
imagedby u-CT seem very isolate#igure 4.9, which has also been observed in the work

of Ma et al. (2015 Nevertheless, the experimentally determined permeability of shales,
though small, is measureable, falling in the gan16250 nD, showing that some pore
connectivity at some scale must exigigually, sole use of FBEEM measurements will fail
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to detect pores in the microscale range, missing potential significant contributions to the
overall porosity, and hence the alable storage capacity of the shale rock.

The smallest pore visible obtained for the sample from3$HB/ has a volume of 6.532x10

6 um3in Location A, which corresponds to a pore diameter of 25.5 nm if a spherical pore is
assumed, or 18.i@m if a cubicvoxel is assumed. The smallest pore imaged by this technique
is, therefore, not necessarily the smallest pore in the rock because the voxel size for this
technigue is 19x24x20 ninas discussed in Chapter 3. The largest volume in this location
was about 027 un?, equating to a pore diameter of about 411 nm, which may be similarly
constrained by the size of the imaged volume (20x26x£).

The data given iRigure 49 has shown that pores which contribute significantly to the pore
volume of the rock have aspect ratios indicating that they are broader than their smallest
dimension by up to five times, but critically that they may be up to 10 or 20 times their
aperture inlength, for both the larger population of pores imaged bZTi and the smaller
scale pores imaged by FEEM.These high aspect ratio pores are more likely to interlink
and give these shales a larger permeability, which is consistent with the permewadlligs

as shown immable 41.

Data presented irrigure 4.0 shows that pores which contribute significantly to the pore
volume of the rock also have significantly raised values of scadgiant surface area to
volume ratio. Pores with large surface ateavolume ratios allow for a much more efficient
desorption of gas from the matrix and kerogen into the pores and hence contribute to
efficient gas production.

Consequently, it can be stated that the shale studied in this work combines three important
interlinked characteristics, in that the pores which compose the significant proportion of
the pore volume, have shapes that enhance their interconnectivity and hence permeability,
while also enhancing gas desorption from the matrix and kerogen into thegparee.

The shape of pores is also significant in defining the geomechanical properties of the rock.
Shales have an inclination to plastic behaviours and any tendency towards weakness is
likely to result in the closure of fractures and pores. While ieisegally accepted that high
aspect ratio, high surface area to volume persinaped pores and cracks are much more
prone to closure than those with low aspect ratios and low surface areas to volaloes

et al., 2010, 2015; Curtis et al., 2Q1éhany othe factors, such as thi situstress, rock
strength, pore pressure, also affect the geomechanics of a pore and of the fracture
network. It is not therefore possible to definitively associate high aspect ratio, high surface
area to volume pore spaces wittie volume and duration of gas production. Consequently,

on balance, high aspect ratios and large surface areas are beneficial for shale in terms of
gas production.
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It has been indicated in the literature that not only pore volume and size, but alscapare
fracture surfaces are fractaNplte et al., 1989; Bahr, 1997; Ogilvie et al., 2006s0, such
fractal cracks or pores can in principle have a surface area to volume ratio that is infinite.
Therefore, it should be considered that some samples mingive much higher surface
areas due to the roughness of their surfaces, which do not substantially increase the pore
volume but provide much larger pore surface areas. Approaches that take into
consideration the fractal distribution of properties such asqsity and grain size are now
being implemented in new reservoir modelling approaches and used to create fractal
permeability models for shale gas flow (e fkZainaldin et al., 2018; Glover et al., 2018;
Geng et al., 2016; Li et al., 2016

The main linitation of FIB{ 9 a  |-@TRmaging for all measured parameters is that they
have sharply defined scale ranges which do not overlap. Consequently, pores which appear
at either a lower or higher resolution than the resolution or field of view will not ema

into consideration. It is possible to plot the data on a combined scale, as this has been done
in Figure 4.8 but there is no method for scaling the FIB® a  |-@TRlistrbutions such

that they represent the same relative frequency. Such an integnatwould have been
possible if the ranges for each of the measurements overlapped, but unfortunately they do
not. This is a particular problem for generating a pore volume distribution across a wide
range of scales, or in the estimation of permeability, venthe relative heights of peaks in

the relative frequency measurement would allow the dominant pore volume or volumes to
be ascertained. One solution would be to find a 3D imaging method that operates over a
range of scales overlapping with both the HBa | yCR imaging techniques. Such a
methodology exists in nanscale CT imaging. The imaging has been carried out and the
results are reported in following chapter
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4.7 Conclusions

In this chapter, Bowland shale rock samples have been imaged tl#ntwo advanced
imaging technologies (HBEM and CT) in order to investigate the microstructure of gas
shale at a wide range of scales (from 20 nm to 0.5 mm). The results show a complex
microstructure that varies significantly between different reggoin the sample and as a
function of scale.

Samples were primarily composed of different amounts of pores and kerogen. The porosity
varied from 0.06% to 0.94% and the kerogen fraction varied from 34.8% to 44.5%. Overall,
the pore volume observed by SEbr the three locations spanned over a range of10n3

to about 31.5 pr, while the corresponding range for@T analysis was between 1 {ita

1x1C@ um?®. Computergenerated 3D renderings of shale volumes were reconstructed from
serial sectioning and imagi-enabled qualitative analysis of kerogen and pore connectivity
across the volumes. Quantitative analysis of these renderings allowed for estimates of
percentage kerogen and porosity by volume for the shale samples. Estimated distributions of
pore aspectratio and surface area to volume ratio showed that an important feature of a
shale gas rock is its connectedness which regulates permeability. Consequently, the results in
this study have suggested that pores in the scale range accessed by(hdqchnige are
apparently isolated, but the smaller pores imaged usingSHBI form a connected pore
network which engages with the larger pores measured HyTu Hence, the larger pores
control the porosity and storage capacity of the rock, while the smaller pommntrol the
ability of fluid to flow through the rock.

The shape of the pores can be significant in shale gas reservoirs because pore shape regulates
the rate of gas desorption and ultimately controls the recharging of gas in pores and fractures.
The sck-invariant pore surface area to volume rati®)(for pores which contribute
significantly to the overall pore volume has been found to range from 10 to 30. The pore
shape also controls the mechanical properties of the rock and the likelihood that pates
interlink to form a pervasive pore network for fluid flow.
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Chapter 5

Integration of Multi-Scale Imaging of Nanoscale
Pore Microstructure in Gas Shales
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5.1Introduction

Previous work in Chapter 4 provided valuable insigtd the microstructural properties of
gas shale by combining two advanced imaging methods namely-@i€ method for micro
scale investigations and FEEM measurements for representing the whole shale rock
sample. In this chapter, scale range of thelieamwork is extended by using higésolution
X-ray Nanecomputed tomography (Nar@T), to first map the petrophysical properties of
shale samplgincluding porosity, pore volume and pore size distributions, pore aspect ratio,
surface area to volume ratiand pore connectivity.

This chapter considers supporting measurements in the form of low pressgyai(hdgen
adsorption and high pressure (MIP) mercury intrusion porosimetry on the same core plugs
that were used for Nan€T imaging. This allows ttleipporting measurements to be
interpreted in the light of the imaged microstructures at different scales within the shale.

X-ray nanecomputed tomography (Nar€T) has been used to provide direct visualization
and quantitative assessment of geological séesgAndrew et al., 2013; Berg et al., 2013;
Cnudde and Boone, 2013; Dann et al., 20ificluding gas shale rockgld et al., 2016.

The main advantage of Nas@T is that it allows nedestructive access to the internal
structure of objects down to a smiaf scale than is available with@iT. Similato p-CT, the
NanoCT technigue provides qualitative and quantitative data about the structure and
morphology of 3D samples and features (pores, kerogen, minerals, etc.).

Although valuable, the previous work@hapter 4 is limited to some extent due to the scaling
issue (limitation of FB 9 a  -G/TRmaging), which results in an incomplete understanding
of the microstructureof shales at the nanometer scaldue to time constraints for data that
need to be cptured such as fast scanning timgxeparation small sample sizes and
controlled conditions are required All of these challenges can be currently met
experimentally by using laboratotyased NaneCT systems.

This chapter begins by outlining the matefi@ve used in Section 5dong with multiscale
2D/3D imaging described in. Section 5.3 presents the results, including mineralogy of the
samples and the full characterization of its microstructural properties. Sebtmliscusses

the supporting measuments and their interpretation in the light of the imaging
measurements. Calculations of permeability and connectivity have also been carried out, but
as these parameters are derived from the results indirectly, they are presented separately in
Chapter 7The discussion of the results from this chapter is presented in Section 5.4. Finally,
the findings are summarised in the conclusions section.
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5.2Material and methods
5.2.1Sample material and preparation

The gas shale sample used in ttimpter MD-2.7 Km,see Table 3)lwas selected from a
2700 m depth from the Bowland shale formation which is present across a large part of the
central and northern UK (the same sample as used in Chapter 4).

A very small cuboid sample (side length ab2bifum) was prepared from the reservoir rocks
by using FIBBEM system as a migalation and preparation toolThe preparation of such a
sample were discussed in chapter 3 (section 3.2.2)

5.2.2X%-Ray Diffraction

An Xray diffraction (Bruker D8 XRD) measurement was performedidtermine the
mineralogical phasesvithin the shale samplesTéble 5.). Again, thepreparation and
measurementsettingof the samplesvere presented in chapter 3 (section 3.3.1)

5.2.3Nitrogen gas adsorption measurements

The nitrogen (B gas adsorption measurements wealsomade on the same sample using a
Micromeritics Tristar 3000 instrument in the School of Chemical and Process Engineering at
the University of Leds. This procedure provided information on porosity and pore size,
internal surface area, pore volume, as well as pore and surface area to pore volume
distributions. Further details on thaneasurement andamples preparation are provided
chapter 3 (sectior3.3.22).

5.2.4Mercury injection capillary pressure measurements

The Mercury injection (MIP) measurements wexso carried out using a Micromeritics
Autopore IV 9520 system in the School of Earth and Environment, University of
Leed$Rosenband et al., 201p The measurement was carried out on a chip sample of around
2 mm size with a weight of around 10/4gain, further details on the preparation andrying

of samplesare provided chapter 3 (section 323.

5.2.5Multi-scale2D/3D imaging techniques

Three methods were used to visualise and quantify the 3D microstructure of a sample of
Bowland gas shale. The methods ayé-pcused lon Beam Scanning Electron Microscopy (FIB
SEM), i{) nanoscale Xay computed tomography (nar@GT), andiif) micronscale Xray
computed tomography(-CT). Taken together, the three measurement methods allow length
scales from 18 m to 10° m to be imaged and quantified.

Micrometer and nanometer scale data have been presented earlier in théstli&sapter 3.
This chapter bridges the gap between those different scale measurements by using high
resolution NaneCT measurements on the same sampleg(re 5.1 The NaneCT
measurements have aoxel size of approximately 64x64x64 fwhich may becompared
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with 940x940%x940 nifor mCT and 18 x 24x 20 Afior FIBSEM (see Tabl&2in Chapter
3). The relative scale ranges of each method is showigime 5.2

-
L4

.y ,:.'._: 5 ‘;-.’_,,_:;
. e oregion o

S FIBSEM - FIB-SEM

Figure 51. An overview of the Bowland gas shale samyded in this study for Nar@T showing the
region (in the top left side) and also the different locations A, B, and C that were used-%iERIB
serial sectioning.

Multi-scale image acquisition was undertaken using three different imaging technigh@&s (
nano-CT and FHSEM), providing the 2D and 3D microstructure of the shale sample to be
visualised over 6 orders of magnitude in length scale. At the largest scales, imaged using the
u-CT technique, the voxel resolution is approximately puin (930x930x930nm?3).
Consequently, only pores greater thamh (and extending to 100@m) can be visualised. At

this scale the pores are apparently unconnectédg(re 5.28). By phase contrast, the
nanometer scale FIBEM data (Chapter 4) showed both pore volume aoknectivity. By

using the NaneCT method, added in this chapter, which operates at a resolution of
approximately 100 nm, it was hoped that the scale threshold of connectivity of both pores
and kerogen might be judged.

The purpose of chosen Nat@T regionFigure 5.2) is to bridge the gap between the two
different scale measurements (FEEM andi-CT) that have been presented in earlier work
(Chapter 4) in order to completine understandingof the internal structure of shales at a
range of scale within # same sample and also to judge whatever these dataseéither
representative of the whole sample, drthere is a needo investigate specific aspects of
features occurring in the whole specimen. Consequentllgis allows to understand the
relationshps between the microscale and macroscale properties and interpritiesein the
light of the imaged petrophysical properties at different scales within the shale.
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At a smaller scale, around 100 nm, the naD® technique still has difficulty resolving
comectivity between the poresHgure 5.2b) because its voxel size (64x64x643ris
insufficient. However, the nanGT is able to resolve connectivity for the kerogen, as can be
seen inFigure5.3e.

The FIBSEM technique has the smallest resolution (veiee of 19x24x20 nfpis able to
reveal more details of the microstructure such as pores, kerogennattix. The mall
fractures that provide connections between the larger pores can be recognized at this higher
resolution Eigure5.2c), but some of thdarger pores which are thus connected are too large

to be imaged. Indeed, the cost of this technique having such a good resolution is that it can
only image a small volume of rock which makes the technique unable to visualise the
phenomena larger thathese dimensionsThe pervasive connections at the ulsmall scale
measured by FHBEM provide the pathways for flow that give gas shales their small, but non
zero, permeability of several to several thousand nanodarcies.

Techniques

Scales

Microstructure

3D images
10 um
Voxel sizes 0.93 x 0.93 x 0.93 um? 64 x 64 x 64 nm? 19 x 24 x 20 nm?
Scale | Scale Il Scale Il
Fractures Minerals, Kerogen, Nano pc3res, Kerog‘e.n ,
and pore fractures and their connectivity

Figure 52. Multiscale imaging techniques (FEEM, Nane€CT andi-CT) on the same rock sample
volume used in this chapter.
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5.3Results
5.3.1 Minerakomposition analysis and kerogen fraction

The XRD analysis was used to identify théneralagical composition of the shalgample
(Table 5.). The sample contains predominantly quartz, mica and dolomite together with a
smaller amount of pyrite, with proportions of 92.5 vol%, 4.6 vol%, 1.4 vol% and 0.7 vol%,

respectively

Despite kerogemepresenting an important fraction of shales, both volumetrically and with
regard to its significance as a resource, it is not possible to calculate from XRD
measurements. Nevertheless, the results of XRD analysis can provide valuable adjunct
information for understanding the mineralogy composition and phases in shale samples
(Bhargaveet al., 2009%. In thiscurrent chapte, it has beerused 3D image analysis of the
nano-CT data to obtain the volumetric fraction of the kerogen phase fraction a=B23

vol%.

Table 51. Mineralogical results from XRD measurements undertaken in this study.

£ 2 .
N © Q = =
Sample | T Q S E E o cts o L
S 9 3] < o = A= S >
& < = O o = p= 0 a
MD-2.7
9251 0.6+1 | 0.1 | 0.0x1 | 1.4+1 | 0.0+x1 | 4.6¢1 | 0.1+1 | 0. 741
Km (%)

5.3.23D Microstructure of gas shale volumes

The 3D micrestructure of the shale sample has been investigated using Nanhonages of
slices/sections through the sampleigure5.3).

Figure5.3 shows the threedimensional images of the sample acquired using Namawith
significant parameters related to gas transport such as pore, kerogen, and matrix phase
fractions.Figure5.3ashows the raw 3D gregcale image of the sample on its support needl

and from another aspect. This data volume has been thresholded to separate pores, kerogen
and the rock matrix. The remainder of the figure assigns the red colour to kerogen, blue to
pores and green to rock matrikiguress.3b shows all three differentipases. The remaining
parts of the figure show single phases and combinations of two phases, the last of which
shows the pores colotroded according to whether they are connected to each othean

be seen that kerogen composes 32.4 vol% of the sampudeisadistributed anisotropically,

with the kerogen predominantly represented by long thin bodies that are arranged sub
parallel. Qualitatively it appears that there is highnnectivity between these kerogen
bodies across large proportions of the wholex64x64 nmisample voluméFigure5.3€). By
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contrast, pores make up only 087.009vol % of the samplé-{gure5.3f). Qualitatively, the

pores are smaller, more numerous, more equant and apparently less connéogeae5.39g

shows a 3D image of the pore space network where the colours indicate those pores which
are connected. Apart from a couple of local patches, pores exist predominantly as apparently
isolated entities, at least at the scale measured by the r@fotechniqueThe FIBSEM
measurementpresented edier in the thesis (Chapter 4how that the apparent lack of
connection of these pores is misleading. The volume fraction of the sample that was classed
as matrix amounted t&6.93 vol%.

Table5.2 displays a brieftammary of the most important data including pores and kerogen
obtained by different techniques.

Figure 53. Overview of the Xay nanetomography (NaneCT) for a shale rock sampla) 8D image
of shale sample with a thicknestaround 25 pum, k) representative 3D image indicating all phases
in the sample. By setting thresholds on the greyscale of this 3D solid, the following features can be
seen: €) solid minerals (green))X mixed kerogen (red) and pores (blu&), the keogen network
alone (red), andf} pores alone (blue)g) the 3D image of pores where the colours indicate clusters
of connected pores.

Table 52. Summary of the rock sample data obtained by different techniques (Chapter 7
contains a full discussion on calculated permeability).
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