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Abstract

Organic rich shales are an important source ofrabgas, where significant amounts of gas
can be stored in the pore system of shales. Treegy@tems of organic rich shales are both
highly variable and poorly understood, and withirstcontext, the overall research aim is
to characterise and investigate the pore systeongainic rich shales and isolated kerogens,
and to examine the relationship between shale gtoneture and gas storage. The research
focussed on two case studies: 1) the Draupne Fanm@dF) of the North Sea, and 2) the
Colorado Group (CG) of the Western Canada SedimeBiasin of Canada. The DF shales
have a range of thermal maturities, from immatorkate oil window, allowing the effect of
maturity on pore structure to be examined. The @fbigshales are both immature and iso-
mature, allowing the pore structure of pre-oil womdkerogen and shale to be investigated.
The geochemistry of the shales and isolated keregeiples was characterised using TOC,
Rock-Eval, Pyrolysis GC-MS, FT-IR’C-NMR, Elemental Analysis. The pore structure of
the isolated kerogens and shales was investigaiad @) Electron microscopy, 2) Mercury
intrusion porosimetry, and 3) low pressure gas ga&m methods, including nitrogen at -
78C and CQ at C. The gas storage capacity of the shales wasndie®d using high
pressure methane at’80and up to 1 MPa.

In the Draupne Formation sample suite, thermal nitgithas a significant influence on the
pore structure, with organic matter content and emsiltogy having a secondary role.
Mercury intrusion porosimetry indicates that thergpaize distribution of the shales is
dominated by pores < than 100 nm in size, andthieproportion of mesopores increases
with maturity, at the expense of micropore contdiie gas sorption pore volumes of both
the isolated kerogens and shales exhibit a streggtive correlation to maturity, with the
TOC normalised pore volumes strongly decreasing witreasing maturity. The negative
correlation with maturity is also repeated with ebinin-Radushkevic (D-R) micropore
volumes and the BET surface areas of the kerogadsshales. The absence of shale
minerals in the kerogen concentrates indicatesttieinegative correlation between pore
structure and maturity is controlled by the orgamigiter, and shale matrix mineralogy is a
secondary influence on pore structure in this sarapite.

In the Colorado Group case study, mineralogy igtimaary influence on the pore structure
of the shales, with organic matter content havirggeondary role. The mercury intrusion
porosimetry of the shale indicates that the poze sdistribution is dominated by sub-100
nm pores, and the pore size distribution is constaith no change across the sample suite.
The gas sorption pore volumes of the isolated Cfaddens are almost identical to the
isolated DF kerogens, suggesting that Type Il dtgabgens have similar gas sorption pore
volumes. For the CG shales, the sorption pore velwuorrelates strongly with illite
content. The correlation is positive, with a caatieln coefficient of R = 0.97. This
indicates pore volume is primarily located in thmale mineral matrix, and organic matter
content is secondary in the CG sample suite. Ttiang positive illite content is also
observed in the D-R micropore volumes of the shatelBcating that illite is microporous.
The N, BET surface area also reflects this strong pasitierrelation to illite, with a R=
0.90.
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Chapter 1: The pore structure of organic rich
shales and kerogens

1.1 Introduction to gas storage in shale pores
1.1.1 Shale gas

Shale gas is the methane-dominated natural gasdhdbe produced from a shale. The
term “gas shale” is applied to a very fine grairsedimentary rock that stores natural
gas in its pore system (Law and Curtis, 2002; Busatial., 2008). The existence of
shale gas has been known for many years; thadcsrded production of shale gas was
in 1821 from the laterally extensive Devonian skaléthe Eastern USA (Vanorsdale,
1987). This 1821 production was sourced from thenkirk shale in Chautauqua
County, and was used to light the nearby small tofMfredonia (Curtis, 2002).

Historically, shale gas accumulations have beenlavieed or ignored due to being
expensive and technically challenging to explowrt{s, 2002). However, over the last
decade interest in shale gas dramatically increassgecially in North America
(Chareonsuppanimdt al., 2012). In the year 2005, there were over 35®@@ucing
gas shale wells in the United States (Bustin, 208Bice then, the shale gas exploration
activity has increased rapidly in other regiongha world (Jarvie, 2011; Littket al.,
2011). The success of shale gas is due to thetrapphcation of advanced drilling and
shale fracturing strategies (Hill and Nelson, 2QDf0yieet al., 2007).

There are general, and sometimes wide, definitddghat constitutes a gas shale, from
“true” shales (fine-grained fissile mudstones casgm mainly of clay minerals), such

as the Antrim shale, through to non-fissile mudefrsiltstones and even tight sands,
such as the Lewis shale (Bustin, 2005; Bustial., 2008). Some definitions of a gas
shale specify that a portion of the natural gastnbesstored in the pore system by
adsorption (Bustin, 2005). Most gas bearing shalenétions are Palaeozoic and
Mesozoic in geological age (Curtis, 2002).

Shale gas is generated in-situ from well presetwatiogen-rich kerogen and bitumen
in organic rich shales. The hydrogen content obgen is a controlling factor in the
amount of gas that can be formed (Hunt, 1996). e gas is stored in the pore
system of the shale, and is not subject to thegsses of diffusion or migration (Bustin,
2005). Shale gas is a variable mixture of hydromarbnd non-hydrocarbon gases.
Shale gas is primarily methane, with lesser amoohtsther gases, such as heavier
hydrocarbons, iy and CQ (Bustin, 2005). The chemical composition of a shghs
mixture will depend on its origin (thermogenic vsdenic) and geochemical type (i.e.
wet gas vs dry gas), Janaeal., (2007). Shale gas can be associated with hydyona
liquid condensates. When shale gas is produced &amell, the reduction in pressure
and temperature may cause; Cand above) hydrocarbons to condense at the
hydrocarbon dew point in to a liquid phase. Thegas“condensates” are often more
valuable than the shale gas itself, especiallh@USA, and are a key exploration target
(World Energy Council, 2012). For example, as o fhist quarter of 2012, typical
Marcellus shale wet gas prices in the USA were 86086 higher than the equivalent
dry shale gas (World Energy Council, 2012).



Shale gas can be derived from both thermogenicbémgenic origins (Curtis, 2002;
Jenkins and Boyer, 2008). Thermogenic shale gassfan organic rich sediments that
have been buried to great depths and subjectettdnse thermal maturation (Bowker,
2007). Thermogenic shale gas can form by the dmeaturation of kerogen to gas,
and/or the secondary cracking of oil to gas (Brand Rothman, 1975; Jarvet al.,
2007). Conversely, biogenic shale gas forms atl®laburial depths where the
temperature conditions are mild (as high tempeestutan sterilise the shale of
microbes). Biogenic gas can be formed from bothntialy mature and immature
organic matter (Rokos#t al., 2009); examples of thermally mature kerogen cpimey
biogenic gas have been observed, where the predsgntemperature regime is mild
enough to be conducive to microbial life (Rokastal., 2009). Biogenic shale gas is a
waste by-product of methanogenic bacterial decompnsof kerogen. Accumulation
of biogenic gas requires the ground water peraadaiirough the shale formation to be
continually replenished with the necessary keyients. Biogenic gas formation is
usually recent; shale gas from the Antrim Shalelbes=n generated in the last 20, 000
years (Martiniet al., 2003).

1.1.2. The shale gas system

Shale gas is termed “unconventional” because tlade stias petroleum system has a
different geological framework to that of the contrenal petroleum system (Hi al.,
2007). A standard conventional petroleum systemsists of: 1) Source rock, 2)
Reservoir rock, 3) Seal, 4) Overburden, 5) TherMaturation, 6) Migration, and 7)
Trap formation (Magoon and Dow, 1994).

However, in the shale gas petroleum system, thie sltés as the source rock, the trap,
and the reservoir simultaneously (Martatial., 1998; Hill et al., 2007; Bernardkt al.,
2010; Glorioso and Rattia, 2012). The shale gagemserated and is stored within the
tight pore systems of the shale. The gas is notleegfrom the source rock, and there
IS no migration into a nearby permeable reservouk r(Curtis, 2002; Bowker, 2007,
Hill et al., 2007). A schematic diagram of the conventionaigbeum system and the
unconventional shale gas system is presented urd-ig1:

GAS/SOURCE ROCK

(SHALE, COALBED METHANE]

Figure 1.1: Shale gas petroleum systems do nohiavaigration or a trap (after www.shalegas.co.uk)



Shale gas is stored within the nanometre-scale giareture of the shale (Chalmers and
Bustin, 2007), and no separate reservoir rockdsiired (the shale is both source and
reservoir). Shale may act as a flow barrier becaisthe low permeability (Amann-
Hildenbrandet al., 2012) and high capillary entry pressure assediatith the tight
porosity (Hill et al., 2007; Aplin and Macquaker, 2011); this means Yz shales are
essentially self-sealing, with negligible gas leggkaver geological time (Curtis, 2002).

The storage of gas in low permeability shales tesul specialised drilling and well
completion techniques being required to producegd® (Jarviegt al., 2007). These
include horizontal drilling and multi-stage hydraulfracturing, also known as
“fracking” (Hill and Nelson, 2000). Artificially iduced fractures are an integral part of
the shale gas extraction process because shater&gmermeability is at least eight
orders of magnitude higher than shale matrix pebiiga(Gutierrezet al., 2000). Less
than 10% of shale-gas wells can be successfullypteted without some form of
reservoir stimulation (Curtis, 2002). A shale gaservoir may need to re-fractured
several times to extend the productive life of a gell and sustain the economic rate of
production (Walser and Pursell, 2008; Cramer, 2008)

The optimal zone in the shale gas petroleum sygteen“fairway”) occurs when both
high gas-in-place (GIP) and high production effiwg exist together (Curtis, 2002;
Jenkins and Boyer, 2008; Bernasgl al., 2010). Whilst gas shale systems vary
considerably, empirical observations have shownt tbartain geochemical and
petrophysical characteristics are usually preserthé best USA shale gas provinces
(Curtis, 2002; Hillet al., 2007; Jarvieet al., 2007; Jenkins and Boyer, 2008; Bernetrd
al., 2010; Hartwiget al., 2010; Hacet al., 2013):

e Organic rich, TOC >2%

* High maturity (Ro > 1.2%)

» High silica or carbonate content (> 40%)

* Low clay content (<30%)

* Wide regional extent (on the km scale)

* Thick shale units (> 50m)

* Low total porosity (< 15%) and very low permealili100 nD)

Mineralogy is a fundamental property in all sucéalsgas shales. High silica/carbonate
content, coupled with low clay mineral content,deao shale brittleness (Bowker,

2007). The success of fracking depends on the &hitleness, and brittleness depends
upon the mineralogy (Jarvet al., 2007; Bernardt al., 2010).



1.1.3. Phase occurrence of gas in the shale porstsyn

Gas is stored in three phases within the poretsiiof shales (Curtis, 2002; Ross and
Bustin, 2008; Bernaret al., 2010):

* Free gas
e Adsorbed gas
e Dissolved gas

The free gas phase is the bulk phase of shalewgesge the individual gas molecules
are separated, are in constant random motion antinaously colliding with each
other. The free gas phase will expand to compldiktlthe space that it is confined in
the inter-granular porosity and fracture networkeTamount of gas in the free gas
phase is dependent on the temperature, pressufeaiaf gas saturation of the shale
sequence.

The adsorbed gas phase consists of gas molecalesréhbound on to surfaces by weak
forces of attraction (Gregg and Sing, 1982). Ormres@veral) condensed layers of gas
molecules can form at the solid-gas interface ef pore’s internal surface (Amann-
Hildenbrandet al., 2012). The adsorbed gas molecules are in equitibwith the free
gas phase. Gas adsorption is reversible, and tfecetbound gas molecules can leave
the surface and re-enter the free gas phase. Bwepidn of gas is influenced by the
temperature and pressure conditions of the shgleesee (Ross and Bustin, 2007).

The dissolved gas phase consists of low moleculaigiw gas molecules being
dissolved in to a reservoir fluid (such as oil dodnation water). Temperature and
pressure influence the amount of dissolution of igaseservoir fluids, with the gas
being evolved out of solution when the temperatune pressure are reduced.

The partition of the gas between these three phafsgas storage is determined by the
shale’s physical properties (e.g. the geochemispgirophysics), the reservoir
conditions (depth, temperature, pressure, moistatef saturation), and the chemical
composition of the gas itself (alkanes, KO, ; Montgomeryet al., 2005; Pollastret
al., 2003).

1.1.4 Gas In Place (GIP) in shale pore systems

Gas In Place (GIP) is the maximum amount of gagedtin the pore system of a gas
bearing shale. There must be a sufficient GIP dtevethin the shale pores to be an
economic shale-gas play (Curtis, 2002; Bowker, 2Q@nkins and Boyer, 2008). The
GIP is estimated during the appraisal stage ofgéhe shale exploration. The GIP is
dependent on both the 1) total amount of hydroaeshgenerated and retained, and 2)
the partition of gas between the three phaseodge.

The GIP of a gas shale is determined by calculahirgamount of gas that is stored in
each of the three phases exhibited in gas shatestheen summing the amounts to
arrive at the total GIP (Ambroseal., 2010).

GIP=G+ G+ Gy

(Equation 1.1)
Where G = free gas, &= adsorbed gas,{& dissolved gas
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The free gas component is determined by firstlyingk 3-D volumetric assessment of
the shale formation; i.e. the Area x Net Thicknesghe shale unit. Once the total
available volume of the shale formation is deteedinthe volume of the free gas
component in the pores is calculated from the pétysical properties of the shale.
These include:

* Total porosity,@(unit-less decimal number between 0 and 1)

» Gas saturation of pore spacg, (Bnit-less decimal number between 0 and 1),
where §= 1-S-S, (S,= water saturation, and, S oil saturation).

* Gas formation volume 1‘actor,g,l?(cm3 / cnt). The ratio of the volume a fixed
amount of gas occupies under reservoir conditionsy the volume the same
amount of gas occupies under surface pressuresamgetature conditions.

+ Bulk density,, (in g cni®). The bulk density of the shale is incorporatedhia
equation to allow the volume of gas in the gasratdd pores to be normalized
to a volume of gas per unit of shale (i.ea,# 1/g cm® = cnT of gas per gram of
shale).

The amount of gas stored in the free gas is cdkuildrom these petrophysical
parameters, using the reservoir engineering equafiémbroseet al., (2010):

G, =32.0368 #0-5. -5,
A png

(Equation 1.2)

The 32.0368 coefficient is used to convert the gaiss from cni g” to scf tor* (as

1 cngt = 32.0368 scf tof). (N.B. It is also noteworthy that 1 mmof g 22.4 cmig* at STP, and
that 1 mmol g = 711.42 scf ton, Zhanget al., 2012; Jiet al., 2012).

The quantity of gas in the adsorbed phase is detednfrom the gas adsorption
isotherm measurement of the shale (Ross and Bug067). Under the correct
conditions, a dominant proportion of the total gashale sequences may be stored in
the adsorbed state (Ross and Bustin, 2007; Chargpasimitet al., 2012). Gas
adsorption isotherms for shales are often integgraising the Langmuir equation
(Langmuir, 1916)Typically, gas shales generate a Type | isothermghvclosely fits
the Langmuir isotherm model (Ross and Bustin, 20@V)typical gas adsorption
isotherm for shale is presented in Figure 1.2:
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Figure 1.2: Methane gas adsorption isotherm (Typerishale (after Zhang al., 2012).

Shalesoften have relatively small gas adsorption uptakes0.1 mmol @), when
compared to the adsorption capacities of otherararlth materials (i.e. activated
carbons; Chareonsuppaningt al., 2012). For example, Wickramaratne and Jaroniec
(2013)measured the low pressure £ausorption uptakes of two activated carbons to
be 4.55 and 8.05 mmdfgUnfortunately, the small adsorption uptakes aflsisamples
can often be close to the limits of experimentaluaacy for the equipment, and caution
must be used when extrapolating the gas adsorpatherm data from the small
experimental sample scale up to the large regices®rvoir scale. Small errors in the
measured adsorption capacity may result in sigmfieerrors in the predicted Gas In
Place when scaled up to reservoir scales (RosBasiih, 2007).

1.2 Characterisation of pores, porosity and gas stage
1.2.1 Definition of a porous system

Pores and porosity are the primary location fouratgas storage in gas bearing shales
(Bustin et al., 2008). Shale pores are voids that are locatedbelyeen grains and
particles (interparticle pores), and 2) inside mggaand particles (intraparticle pores),
Louckset al., (2009). Pores can have different shapes (elipdeigal, conical, and slit-
shaped; Marsh, 1987), and different sizes (millneé& nanometre diameters), and they
can be categorised as either open (O) or closedd@gn pores (O) are connected to
adjacent pores by a network of transport porosity closed pores (C) are pockets of
porosity that are completely isolated (i.e. gamncarenter or escape closed pores).

A universally accepted nomenclature for categagisire shale pore system is yet to be
agreed upon in the shale literature. There arelicin§ terminologies in usage for
shale pores in the same pore size range (Chalmer$Bastin, 2012; Louckst al.,
2012). The International Union of Pure and Appl&temistry (IUPAC) system of pore
classification is outlined by Rouqueret al., (1994) and is promoted by the coal bed
methane and shale gas adsorption community (Clar&ed Bustin, 1996; Pring al.,
2004; Ross and Bustin; 2009; Kaegal., 2010; Chalmers and Bustin, 2012; and
references therein). Conversely, the non-gas atisorgommunity, especially those
researchers utilising electron microscopy, sedimlegical and petrophyiscal
techniques, prefer to use terminology based orirtheometre sized pores = nanopore”
concept (Kausilet al., 2011; Javadpouet al., 2012; Glorioso and Rattia, 2012; Loucks
et al., 2012; and references therein).
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The IUPAC classification scheme (Rouquegbhl., 1994) is based on grouping pores
into categories termed: 1) macropores, 2) mesopanes3) micropores (see Table 1.1).
These categories are based on the differing belawbadsorbed gas in these three
pore ranges. The micropores are subdivided ineetbategories (see Table 1.2). In the
IUPAC classification, the macropores (> 50 nm) lvehas transport porosity that
allows access to the smaller pores in the intefidhe geological sample. Their surface
area is very low, but they can represent a sigatiqoroportion of the overall pore
volume. The mesopores (2 — 50 nm) can also actaasport pores to the smaller
microporosity. More importantly, mesopores are sabjo the capillary condensation
effect, and are responsible for the hysteresisdadgserved in the adsorption-desorption
isotherms of porous materials. The micropores (m)32play a significant role in the
storage of gas in porous materials and are thegpyisites for gas adsorption (Ross and
Bustin, 2009). Micropores have the largest intersaiface area available for gas
adsorption (Amann-Hildenbraretial., 2012).

The “Nanopore” classification scheme (i.e. Loueksl., 2009; Javadpouet al., 2012)

is based on the definition of shale pores thatlese than Jum (1000 nm) as being
termed “nanopores” (Louckat al., 2012). There have been several variations on the
“Nanopore” classification scheme in the recentéditere, and the most recent attempt to
gather all the definitions into one scheme was @sed by Louckst al. (2012). They
extended the pore classification scheme propose@hmnquette and Pray (1970) for
carbonate rocks, and included the “nanopore” andofjre” sub-categories. The
Louckset al., (2012) scheme is reported in Table 1.3.

The “Nanopore” classification scheme and the IUPAlGssification scheme are
compared in Figure 1.3. The main difference is tthat “Nanopore” classification
scheme of Louckst al., (2012) sub-divides the large “macropore” porege of the
IUPAC classification scheme into more manageahtewsuts. The argument of Loucks
et al., (2012) is that because many mudrock pores coryn@mge from a few
nanometres to several micrometres in diametes utseful to have well-defined pore
categories for the sub-micrometre range. They athatwhilst the IUPAC system is
suitable for synthetic materials (such as zeolitds) IUPAC system is not well suited
for the pore structures present in shales and nolddro

The pore classification scheme used in this studlyoe the IUPAC system, as reported
in Rouquerolet al., (1994). Whilst the arguments for the “Nanoposgheme have
significant merit (Kausilet al., 2011; Javadpoust al., 2012; Louckst al., 2012), the
IUPAC system is well established (unlike the “Nao@3 scheme, which is still in
transit). The other important reason why the IUPg&Gtem will be adopted in this
study is that much of the data presented will bgad adsorption in nature, and the
usage of the IUPAC system allows the gas adsorpkida generated in this study to be
directly compared to data available in the publishierature. In Figure 1.3, an IUPAC
based representation of the different pore categgmiesent in shale is reported.

Table 1.1: IUPAC classification of pores (Rouquestal., 1994)

IUPAC Pore Classification Width
Macropores > 50 nm
Mesopores 2—-50 nm
Micropores <2nm




Table 1.2: IUPAC classification of Micropores (Rorgolet al., 1994)

IUPAC Micropore Width
Classification
Super-Micropores 1.4—-2.0nm
Micropores 0.7-1.4nm
Ultra-Micropores <0.7 nm

Table 1.3: Louckst al. (2012) classification of pores based on gni = “nanopores”

Loucks et al. (2012) Width
Pore Classification
Macropores 256 mm - 4 mm
Mesopores 4 mm - 62.54m
Micropores 62.5um - 1um
Nanopores lum-1nm
Picopores <1lnm

Pore Classification Schemes

Loucks et al. 2012 IUPAC
Pore Classification Pore Classification

256 mm

i

Macropore
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Figure 1.3: The IUPAC and the Nanopore classificatschemes are compared. The IUPAC system
“macropore” category is subdivided into smallerugs® in the “Nanopore” scheme (after Loueksl.,
2012)



Open Pore

\ Macropore

d>50nm

Mesopore

g}/ —50nm
Micropore
d<2nm

Closed Pore

Figure 1.4: A schematic representation of the [stmecture in shales. The open pores, closed panek,
transport porosity and pore size distribution carséen.

Porosity @ is defined as the ratio of the volume of the goi¥,, (the pore spaces
between grains), to the total (bulk) volumep, \Of a sample, where yis the
grain/skeletal volume. The porosity can be expiksse

(Equation 1.3)

It has been well established that the total poyosit mudstones decreases with
increasing effective stress, such as mechanicapaotion (Skempton, 1970; Dewhurst
etal., 1998).

1.2.2 Methods used to characterise pores and portysin geological materials

The pore structure and porosity of shales and legr@gncentrates exhibit a wide range
of sizes and shapes (Loua#tsal., 2012). No one technique or method in isolatian c
fully analyse the large range of pore structures@nt in these geological materials. The
characterisation of pore structure and porositythsrefore undertaken using a
combination of experimental techniques that are useonjunction.

The size of pore that can be detected dependseexperimental technique used to
investigate the pore structure (Buseh al., 2008). The pore detection ranges of
common experimental techniques are shown in Figjlye
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Figure 1.5: The pore ranges covered by common pbagacterisation techniques (after Busiral.,
2008)

1.2.3 Pore characterisation using scanning electramicroscopy

Scanning electron microscopy is a widely used erpatal technique for generating
high magnification images of surfaces (Reimer, 1#3gerton, 2005). The SEM scans a
beam of high energy (typically between 1 and 30 kl\éctrons over the surface of a
specimen to produce an image (Egerton, 2005). TEM $an produce levels of
magnification that are far beyond what is possialin an optical microscopy (Reimer,
1998). Light has a maximum magnification limit eband x2000 and a resolution limit
of 200 nm (Smolyaninov, 2008), due to the wavelermdtlight waves (~ 700 nm to 400
nm). In contrast, electron beams under vacuum kameich shorter wavelength than
light (about 100,000 times), and allow the SEM tagmify surfaces up to about 500
000 times, with an image resolution up to 1 nm @wy007).

The SEM records images of samples by raster scgranfocused electron beam across
the sample surface, and interpreting the signals dhe emitted from each scan point
(Egerton, 2005). To obtain SEM images of samplesy heed to be mounted on to a
specimen holder (called a “stub”), and loaded inthe SEM sample chamber. The
sample chamber is a high vacuum environment, toemtegas molecules interfering

with the flight path of the electron beam (Egert2005).

Once the sample is loaded in to the chamber, tHd §&nerates a beam of incident
electrons using an “electron gun” (Egerton, 200%). electron gun can either be a
heated filament of tungsten wire (thermionic enus¥ior a negatively charged tungsten
tip surrounded by a positively charged anodic rifigld emission). The high energy
primary electrons are emitted from the electron iguto the high vacuum of the sample
chamber, and focussed in to an electron beam udegrostatic condenser lenses
(Reimer, 1998; Egerton, 2005).
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The beam is focussed in to a small probe spotr{th4o 5 nm in diameter). The beam
passes through electrostatic deflector platesuégt accurately control the position of
the electron beam spot on the sample surface (Reib®98; Egerton, 2005). This
control allows the beam to be deflected in anyddio®, and the electron beam is raster
scanned across a rectangular area of interest.h&nsatic diagram of a scanning
electron microscope is shown in Figure 1.6:

Electron Gun

CondenserlLens

Electron
Beam

Deflector Plate

Backscatter Detector

Secondary Detector

Figure modified from www.howstuffworks.com

Figure 1.6: A schematic diagram of a scanning edaamnicroscope.

When the high energy primary electrons of the beame in to contact with the sample
surface, the electrons transfer energy to the atinos near to the sample surface. This
energy is lost by absorption in to the sample andabdom back scattering of primary
electrons away from the surface (Jetyal., 1986; Bozzola and Russell, 1999). The
surface atoms that absorb energy are stimulatedoiremitting other forms of
electromagnetic radiation. These can include, loergy secondary electrons, infra-red
heat radiation, visible light radiation (cathodolasscence) and X-ray radiation. The
emitted radiation is detected and these signalsaamglified and interpreted to give
information about topography and composition ofghgface (Jowt al., 1986).

The most common detection mode in SEM is seconelactron imaging (SEI), where
the low energy secondary electron signal radidtiom the surface is detected and used
to construct the image (Reimer, 1998). This modeegjiinformation about any
topography present on the sample surface. Anotigealsthat is commonly detected
during SEM is the back scattered electron (BSEpaigReimer, 1998). The BSE is
generated by the high energy primary electrons dhatrandomly scattered back from
the surface. The intensity of the reflected electobeam is strongly proportional to the
atomic number of the phase under the beam (theehifjie mass, the more intense the
reflected beam). Therefore BSE images can provisiefull information about the
elemental distribution of atoms in the surface (Rai, 1998). Another important signal
that is commonly detected is the X-rays generatethb ionisation of surface atoms.
The X-rays have discrete wavelengths that are cterstic of the atomic element
emitting it, and this allows identification of atamnelements in the sample surface
(Bozzola and Russell, 1999).
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1.2.4 Pore characterisation using FIB-SEM

The nanometre scale pore structure of shale sansplede investigated using high-
resolution images generated by the Focused lon B@aB) scanning electron
microscopy (FIB-SEM) technique. The FIB-SEM tecluagis a modification of the
standard SEM technique that can be used to imptgequality of the mudstone
surface prior to high-resolution SEM imaging (Losekal., 2009).

Standard petrographical preparation of mudstone-déctions involves grinding and
polishing the surface with fine grit and power (ckset al. 2009). Unfortunately this
produces surface irregularities because of difieeenin hardness of the component
grains in the mudstone matrix. A relatively roughface (on the nanometre scale) is
produced by mechanical polishing due to fine gréiparticles being plucked from the
surface. The indentations left behind can be easignterpreted as naturally occurring
pores. An example of the difference in quality loé t'‘polish” is shown in Figure 1.7,
where a sample of Barnett shale was prepared wsamglard petrographical methods
(image A), and a sample of the same shale was @@ paing FIB milling:

Figure 1.7: The difference in the quality of theface “polish” can be seen between A) the mechédlpica
polished using standard petrographical technicared,B) the FIB milling technique (after Loucésal.,
2009).

The FIB uses a high energy focused beam of galiams (G&) to mill material away
from the sample (an Argon ion beam can also be)us$ed liquid metal ionisation
source (LMIS), liquid gallium is heated and therntte® onto a tungsten needle. At the
tip of the needle, the gallium atoms become charged then are field-emitted from the
source. The high energy gallium ions are acceldratel focussed in to a beam by an
electrostatic condenser lens.
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The gallium ion beam scans the sample surface atld material away, at a rate
depending on the beam current. Once milled the nmateaves the surface and enters
the vacuum. The ion beam generates secondary aiecin the same way that an
electron beam does, and can therefore be usedneraje an image, allowing for
precision positioning and scanning of the beam b material away from specific
areas. The ion beam can be used to mill away alrehmaterial, exposing a surface of
material from within the bulk, and therefore expgsany pores which exist in the bulk.
Once a surface has been exposed, it can be imatethe conventional SEM beam in
the FIB-SEM.

The main disadvantages of the FIB-SEM techniqudlaat 1) the images captured are
of a very small area, and that this area may naepeesentative of the whole sample,
and 2) the images only provide a qualitative visgalitative representation, thus
hindering a numerical/statistical analysis of tia¢ad

1.2.5 Pore characterisation using mercury intrusiorporosimetry

Mercury intrusion porosimetry (MIP) is a long edislived pore characterisation method
that was first implemented by Ritter and Drake @)94t is based on the earlier
theoretical work of Washburn (1921), which is itsbhsed on the Young-Laplace
equation from the nineteenth century work of Lapldt806). The MIP technique is
able to measure a wide range of pore sizes, frensitiallest nanometre scale up to the
(relatively) large millimetre scale. This represeatpore size range of over five orders
of magnitude, which is a distinct advantage oveeopore characterisation techniques.
For example, pore characterisation using gas sorgtas a maximum detectable pore
diameter size of ~ 100 nm (Diamond, 1970; Lowelll &hields, 1981; Westermarck,
1998;Groenet al., 2003; Lubdeet al., 2005; Klobest al., 2006; Bustiret al., 2008;
Chalmers and Bustin, 2012; Kuila and Prasad, 200@y pressure gas adsorption
methods are not able to measure the internal pmtene of pores with diameters in the
micrometre or millimetre scale (Westermarck, 1998).

The MIP technique is based on the non-wetting ptagseof liquid mercury. A non-
wetting fluid is defined as having a surface contawgle greater than 9@or the solid
surface of interest. For the vast majority of sailmhterials, liquid mercury is non-
wetting, and will not spontaneously intrude thegsoof that solid unless an external
pressure is applied (Ritter and Drake, 1945; Diaind870).

During mercury intrusion porosimetry, the porousnpke is enclosed in a vacuum
chamber of known volume (a “penetrometer”). The glans subjected to a vacuum, to
remove entrapped air from the pores, as this airpraduce a resistant back pressure
that impedes the intrusion of mercury. Once und&uum, the liquid mercury is then
forced in to the pores of a solid using a progranwhancreasing pressure. Each
pressure step increase allows an additional inaneahgolume of mercury to be forced
into the pore structure of the sample (Sing, 2004).

The step-wise increasing pressure programme geseaamercury intrusion curve, as
shown in Figure 1.8:
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Figure 1.8: The MIP intrusion curve is plotted obase 10 logarithmic scale because MIP can detect a
pore size range that is over several orders of iatg(Denoyekt al., 2004)

Mercury intrusion porosimetry measures the largese throats first (at low pressure),
and as pressure increases, the pore size detemtedbs ever smaller (Westermarck,
2000). The pressure required to intrude mercuny ihé pores is inversely proportional
to the size of the pores.

The minimum pore size that the MIP technique catealeis dependent on the
maximum pressure that can be generated by the ipwtes equipment. Commercially
available MIP porosimeters can often reach pressoireip to 60 000 psi, however the
equipment used during this study had a maximumspresof 39 000 psi (268 MPa). At
this pressure, the smallest pores accessible ame iB size. This means that there is an
overlap between the pore size range accessibletouny intrusion porosimetry and gas
sorption (Westermarck, 2000).

The maximum pore throat size that can be detecyed modern MIP porosimeter is
around 400um (Giesche, 2006). It is only mercury intrusion ggmetry that can be

used to investigate these larger macropores (Ra#tel Drake, 1945; Rootare and
Prenzlow, 1967; Fischer and Guapp, 2004; Giesdb@6)2 as the maximum pore size
detectible by gas sorption is around 100 nm to 8@0(Diamond, 1970; Lowell and

Shields, 1981; Westermarekal., 1998, Groermt al., 2003; Lubdaet al., 2005).

It is important to emphasise that the MIP techniqnly measures the diameter of the
pore “throats” (the constriction at the entrancéh® pore), and not the diameter of the
pore body. Unfortunately, this means that a largee pvith a tight constriction at the
entrance is misinterpreted as having a small potanve. Furthermore, if there are
several pore throat entrances to one pore bodyidlimercury will pass through the
largest pore throat constriction first (as thislwéquire the least pressure to do so;
Conneret al., 1986). In this situation, the pore volume isibttred to the diameter of
the largest pore throat, which may not be represieetof the other pore throats.
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The pore throat diameter (d) cannot be directlyaimlatd from the experimental MIP
data, and needs to be calculated using the Wasldguration (Washburn, 1921; Ritter
and Drake, 1945; Giesche, 2006). The Washburn iequiatdefined as:

—4y Cos 6
d= —
P

(Equation 1.4)

where d = pore throat diameter (g surface tension of mercury (usual taken to be
0.485 N n"), P = mercury intrusion pressure (Pa), @hd contact angle between the
solid surface and the liquid mercury (by conventiagreed to be 141° for geological
materials).

The Washburn equation is based on two assumptigribat the pores are all the same
shape (cylindrical, and thus having a circular sresction), and 2) that the pores are
both unconnected and non-intersecting (Washbur@l;1€onneret al., 1986). The
assumption of cylindrical pores is used to keepnla¢hematics of the equation simple
(Washburn, 1921). Although these two assumptionsi@torepresent reality (because
pores generally have variable 3D geometries, amdisuwally highly interconnected), the
experimental error in the total pore volume hasifeand to be negligible (Rootare and
Prenzlow, 1967), and the experimentally measured piae distribution is very close to
the true distribution of a known calibration samfiétter and Drake, 1945).

1.2.6 Data analysis and interpretation of mercuryntrusion porosimetry results

Mercury intrusion porosimetry is now routinely usedcharacterise the pore structure
and total porosity of geological materials (Diamp&870; Fischer and Guapp, 2004,
Crangantet al., 2009). MIP is able to determine:

1) Bulk density

2) Total and Hg-macropore volume
3) Total porosity

4) Pore surface area

5) Pore size distribution

1) Bulk density: The bulk density 4,) of a sample can be directly determined from the
MIP data. The bulk density is defined as the rafiche total mass of the solid to the
total volume of the sample. It includes all thegospaces and voids in the sample. The
bulk density of shale is usually around 2.2 togtBi>.

The bulk density (g ci) is simply the ratio of the known sample dry mésgk) in
grams, to the known bulk volume ¢Mn cn?, where the bulk volume Y is calculated
from:

Vy = Vpen - VHg
(Equation 1.5)

which becomes
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_ (Mg + Mpen + Myy) — (M5 + M)

Vy = Vpen on
g

(Equation 1.6)

where: \ben = volume of empty penetrometer (%)r,nVHg = volume of liquid mercury
(cm®), Ms = dry mass of sample (g), oM = mass of empty penetrometer (9)ndV
mass of liquid mercury (g), angig = density of mercury (g cr), taken by convention
to be 13.54 g ci

2) Total and Hg-macropore volume:The total pore volume is the sum of the internal
volumes of all the voids in a porous materialsithe maximum pore space present, and
it includes both the open pores (that are accessiblprobe molecules), and closed

pores (which are “blind” pores that are completsblated and inaccessible).

Total pore volume is calculated from (Leon, 1998):

1 1

V. =
total Db pg

(Equation 1.7)

Where: i = Total pore volume (cm™Y, g, = bulk density (g cf) and gy = grain
density (g crif).

The Hg-macropore volume is the pore volume thatmisasurable with mercury
intrusion porosimetry, but is not measurable by @adsorption analysis (Webb & Orr,
1997). The Hg-macropore volume is the volume ofepawith diameters greater than
100 nm. Mercury intrusion porosimetry has a widerepdetection range (3 nm — 400
000 nm = 40Qum) than gas adsorption (~ 0.4 nm to ~ 100 nm), aardtherefore fill
more of the available pore volume than is possiisiag gas adsorption (Westermarck,
2000).

3) Total porosity: Mercury intrusion porosimetry can be used to deiee the total
porosity of porous samples. Total porosity {s defined as the unit-less ratio of the
volume of the voids (the pore spaces between grdmghe total volume of a sample. It
is often represented as a percentage value. Totabkipy cannot be measured directly
from MIP, but is determined from both the bulk ayrdin densities of the sample.

The grain densityd,) is defined as the ratio of mass of the grainthefsample only to
the volume of these grain particles, and doesn@tide the volumes of the pore spaces
between the grains. The grain density of shalesislly around a value of 2.65 gém
The grain density 4;) is usually determined using Archimedes’ princigié fluid
displacement, using a water bottle pycnometer igcien A more accurate method for
determining the grain density (also known as theefetal” density) is to use helium
pycnometry. This gives a more accurate value of dhan density, but requires
expensive and sophisticated gas sorption equipment.

Mercury intrusion porosimetry determines the tgatosity (@ of the shale from the
bulk density f,) and the grain densityy):
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p=1-L22
Pg

(Equation 1.8)
Where bulk densityd,) and the grain densityy) are in g cri.

4) Pore surface areaThe internal surface area of a porous solid camldiermined
using mercury intrusion porosimetry, using the Refation proposed by Rootare and
Prenzlow (Rootare and Prenzlow; 1967, Huismane3; 198 stermarck, 2000; Giesche,
2006):

-1 Vmax
A= f pPdv
ycos@ J,

(Equation 1.9)

where A = surface area @jn P = mercury intrusion pressure (Pa), V = voluaie
mercury intruded at pressure P3Jmy = mercury surface tension (N and8 =
mercury contact angle. Surface area is usuallyeglist units of i g*, so the surface
area needs to be normalised for sample mass. Tsieq is applied by integrating the
area under the mercury intrusion curve, betweendtfened limits of zero mercury
volume, and the maximum mercury volume intrudedhatupper limit of the pressure
range desired. This is reported in Figure 1.9:
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Figure 1.9: The surface area is obtained by integyahe area under the MIP intrusion curve, betwee
the integral limits.
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5) Pore Size Distribution (PSD): Mercury intrusion porosimetry can be used to
determine the pore size distributiom,f. The PSD is calculated from the cumulative
porosity (@um) and the total porosityy:

@, =42 1006
¢

(Equation 1.10)

where the cumulative porosityg(m) is calculated from the total porosity{ the
cumulative mercury intrudeds), in cnt g, up to that pressure step, the mass of the
sample (m), and the bulk volume of the samplg:(V

(0.m)
Vb

beum = ¢ —
(Equation 1.11)
The relative pore size distributiom/) is then plotted against a base 10 logarithmic

scale of the pore diameter, giving a pore sizeildigion graph, as shown in Figure
1.10:
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Figure 1.10: The pore size distribution of a typ&taale rock sample.
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1.2.7 Advantages, disadvantages and limitations afercury intrusion
porosimetry

Mercury intrusion porosimetry has established ftss the standard experimental
technique for characterising a wide variety of psramaterials; everything from
pharmaceutical tablets and sintered ceramic fjlter$uilding cements and petroleum
reservoir core samples. This is because MIP hasdiantage of being significantly
faster than gas sorption techniques (Westermar@R0)2 and generates quantitative
pore data (unlike the qualitative pore images f®@&M micrograph). MIP porosimeters
are also relatively simple equipment to operate tredsubsequent data analysis and
interpretation is straight forward.

A major limitation of mercury intrusion porosimetiy the assumption that all porous

materials are rigid, and that the pore shape & ®znot changed during the high

pressure intrusion of liquid mercury. It is possilhat extremely high applied pressures
(39 000 psi = 2680 bar) may compress or distorisdraple, causing pores to close (or
open), generating inaccurate porosity measurenférgstermarck, 2000).

Another problem with MIP is the use of standardueal of surface tension and contact
angle, and the assumption that all porous matenele similar contact properties. This
may not always be appropriate, as the contact asfgieercury can vary depending on
the surface roughness of the porous sample. In rigbision work, determination of
the true contact angle should be considered (Waatek, 2000).

Mercury intrusion porosimetry can also sometimesrestimate the amount of smaller
pores present in a porous sample (Auvinet and Bdy®89). The measured pore size
distribution of a sample can be falsely skewed towdhe smaller pores, because MIP
measures the pore throat constriction, not theahgiare body (Dees and Polderman
1981; Allen, 1997). This problem occurs because itltausion cycle of mercury
porosimetry involves a sequential increase in a&plplipressure. Each pressure
corresponds to a particular pore throat constnctimmeter. At each pressure step, it is
not possible to know if all the pores in the sampderesponding to that pressure are
being measured. Some pores will not be measureiatcorrect pressure, because they
are located behind narrower pores that requirergelgpressure that has not yet been
achieved. These inaccessible large pores are oetigcid after the mercury has
intruded the smaller pores that are shielding theausing these larger pores to be
inaccurately assigned as smaller pores. This pmudtie effect has been termed
“shadowing” (Conneret al., 1986; Rigbyet al., 2011). Shadowing leads to a false
skewing of the pore size distribution towards sergbores.

1.2.8 Pore characterisation using gas adsorption atysis.

Gas sorption occurs when a gas molecule interathstine surface of a solid substance.
This interaction occurs at the interface betweensblid phase and the gaseous phase,
and causes the gas molecule to adhere to the swtgcto physical or chemical forces.

The term “sorption” is used to describe the mukipsprocess leading to a gas molecule
interacting with a surface (McBain, 1909). Sorptisrused to describe the process of a
gas molecule in the bulk gas phase diffusing towardolid, followed by absorption
into pores of the solid’s bulk phase, followed by interaction with the surface of the
solid, leading to adsorption.
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The following terminology is associated with adsmp science (Gregg and Sing,
1982):

* Absorption: The penetration of a gaseous molecutethe bulk phase of
the solid.

* Adsorption: The interaction of a gaseous molecuitn & surface site
causing binding to the adsorbent surface.

» Desorption: The release of the adsorbate from diserdent surface back
into the bulk gaseous phase.

» Adsorbent: The solid substance onto which the gudis@rbinds.
e Adsorptive: The gas phase molecule.

* Adsorbate: A molecular species that has been aedpgroducing the
adsorbed phase.

Adsorption is an exothermic process, and the releadieat energy during adsorption
of a gas molecule is due to the reduction of tlserdier (entropy) of the adsorbate gas
on the surface relative to the bulk gas phase (@aegl Sing, 1982). Adsorption can be
subdivided into two types: physisorption and chempson (Toth, 2002). The
difference between them is a result of the natfid® force of attraction between the
adsorbate and the surface. There is also a differbetween them in the quantity of
heat energy released during adsorption (Rouqeesbl, 1999).

The formation of a physical attraction betweengbkd surface atoms and the adsorbate
gas results in physisorption. A weak electrostaticaction between the adsorbate and
atoms in the solid surface is the cause of physignr (Gregg and Sing, 1982).
Although the attraction is weak, it acts over atigkly long range from the surface.
The long range nature of physisorption means thattilayers of adsorbate gas
molecules can form on the surface (Rouquetal., 1999). The electrostatic attraction
is due to weak intermolecular forces (most notdlyndon’s dispersion forces). The
weak strength means that a relatively small amodirtteat energy is released during
adsorption as a result of physisorption. Physisonpis reversible, and the chemical
identity of the molecule remains intact (Do, 1998).

The formation of a chemical bond between the sslifdace atoms and the adsorbate
gas results in chemisorption (Gregg and Sing, 198B2¢ chemical bond is strong, but
localised to a very short range from the surfacaugfierolet al., 1999).The short range
nature of chemisorption means that only monolay&rsadsorbate gas form. The
chemical bond requires activation energy to forot,dnce formed, it results in a larger
amount of heat energy being released than withipbiygtion (Rouqueroét al., 1999).
Chemisorption is usually irreversible, as a covalbond is formed between the
adsorbate gas and the surface, usually resultitigeichemical identity of the molecule
being permanently altered (Do, 1998).
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1.2.9 Adsorption Isotherms

The pores, porosity and gas storage potential ofogeal materials has long been
investigated using gas adsorption isotherms (Séxerid59; Ettingeet al., 1966; Gan
et al., 1972; Luet al., 1995; Bae and Bhatia, 2006; Chalmers and Bug@fy; Busch
et al., 2008; Ross and Bustin, 2009; Clarksenal., 2013). An isotherm is a
measurement of the amount of gas adsorbed ontdes{or into a pore), as a function
of pressure (under the experimental conditiongxafdf temperature). An example of an
adsorption isotherm is shown in Figure 1.11:

>

Amount Adsorbed/ mmol g!

>
Pressure/ mbar

Figure 1.11: Schematic representation of an adsorjotherm, showing how the amount of gas sorbed
changes at each pressure step.

The temperature needs to be held constant throtigtheu analysis because both
temperature and pressure are controlling factorslatermining the change in gas
amount sorbed onto the surface.

The isotherm is generated by setting the gas pessua constant set-point and
allowing the amount of adsorbed gas on the surfaaeach equilibrium and become
constant. This can be seen in Figure 1.12:
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Figure 1.12: Schematic diagram of isothermal mhssige due to pressure.

Once equilibrium has been reached the gas preisscnanged to the next set-point, and
the amount of adsorbed gas on the surface will alenge, in accordance with Le
Chatelier’'s principle. If this process is undertakgeveral times, a gas adsorption
isotherm is generated (Figure 1.13):
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Figure 1.13: Multiple isothermal mass changes dygéssure result in an isotherm.
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Adsorption isotherms can be categorised basedeinshape; the IUPAC classification
scheme recognises six distinct types (Sahgl., 1985). The majority of gas adsorption
isotherms for geological materials in the publiskeentific literature can be described
as Type | or Type Il (Ross and Bustin, 2009; Clarkst al., 2013). The remaining
isotherm categories, which are known as Type lilpd IV, V and VI, shall not be
discussed here so as to keep this chapter releeargeological materials. The
characteristics of Type | and Il isotherms are reggbin Figure 1.14:

Typel T Typell

Adsorption / mmol g!

Adsorption / mmol g!

L J

B
-

Pressure / mbar Pressure / mbar

Figure 1.14: The two IUPAC isotherms types obseiuegeological materials (Sing al., 1985).

Type | isotherms are generated by gas sorptioniénoporous materials. It is a concave
curve (relative to the pressure axis), and it is ttuan initial rapid uptake of gas at low
relative pressure (over a small change in pressiisge | isotherms usually reach a
plateau at relatively low relative pressures (atbabout ~0.1 pf), (where relative
pressure is signified by the PB/msymbol). This behaviour indicates that all the
microporosity has been filled with gas and no mygae sorption can occur: the plateau
region will extend all the way up to 8/p 1. Gas adsorption in microporous materials is
enhanced due to the overlap of Polanyi energydiéioim the very closely spaced pore
walls (Toth, 2002).

The plateau of Type | isotherms is useful, becatnge total pore volume of the
microporous sample can be calculated by extrapgjathe plateau back until
intersection of the y-axis (assuming density andamonass of the adsorbate are
known). Another useful result is that adsorptionad&dom Type | isotherms may
produce a linear plot of the Langmuir equation. tliker details of the Langmuir
equation will be discussed in Section 1.3.14 (bgldwt it is worth mentioning at this
point that the gradient of the Langmuir plot is algio 1/, and can be used to calculate
the gas sorption pore volume (Gregg and Sing, 198#)ere R, is the maximum
adsorption sites available on the adsorbent solid).

Type Il isotherm are typical of macroporous and-porous materials. It is a concave
curve (relative to the pressure axis), followedshyall linear region. The shape of this
isotherm is due to the formation of a gas monolafke initial concave region),
followed by multilayer surface coverage at highelative pressure (Gregg and Sing,
1982),. The initial gas uptake in the concave sedbias a shallower gradient than in the
equivalent part of a Type | isotherm (Toth, 200B)ese isotherms are also known as
“BET isotherms” (see Section 1.3.15, below) duericestricted multilayer formation in
the second part of the isotherm. Type Il isothemmns typical of low temperature
nitrogen gas adsorption (-1%5).

23



1.2.10 Capillary condensation and hysteresis lood adsorption isotherms

In mesopores (2 nm to 50 nm), gas adsorption odoyrthe capillary condensation
mechanism (Toth, 2002). In the confined spacesaow capillary-like mesopores, the
close proximity of the pore walls force gas phas#ecules closely together, allowing
the short range cohesive forces of attraction tedease gas molecules in to a liquid
phase (or solid for C§) at temperatures above the boiling point (Gregd &mg,
1982). The maximum temperature of capillary condeos is called the critical
temperature (J), beyond which gas cannot be forced in to a coselgérphase by
confinement.

Capillary condensation does not occur in microparesacropores (Rouquerd al.,
1999). In micropores (< 2 nm) the close proximityre pore walls to each other results
in a restricted volume, and gas adsorption occyra Bolume filling model (Dubinin
and Radushkevich, 1947), rather than a capillandensation mechanism. The volume
filling mechanism occurs in micropores because pgbee walls are close enough in
proximity to facilitate an enhanced adsorption aé gnolecules. In macropores (> 50
nm) gas adsorption only occurs by the formationnainolayers and multilayers,
especially at higher relative pressures.

The capillary condensation mechanism of mesop@ms (o 50nm) can be detected in
porous materials as a hysteresis loop in the exjatal gas isotherm (De Boer, 1958).
Hysteresis is observed when the adsorption brafcinasotherm does not exactly
overlay the desorption branch of the isotherm (owerspecific pressure range).
Hysteresis occurs in the isotherm when the mechmanisadsorption and desorption is
different (Zsigmondy, 1911). Isotherm hysteresisaased by the change in the contact
angle between the meniscus and the pore wall dwangtion. The size of hysteresis
loops is temperature dependent, and it has beamn@akthat the loops decrease in size
with increasing temperature. Capillary condensatamturs because the localised
vapour pressure above the surface meniscus ofahined liquid is reduced by the
narrow diameter of a mesopore. The capillary cosdigon effect only occurs in
mesopores (2 nm to 50 nm); in micropores (< 2 rra)pore diameter is too small for a
liquid meniscus to form, and in macropores (> 50 tine localised vapour pressure
above the meniscus is almost equal to normal athergpconditions (Rouqueret al.,
1999).

Hysteresis loops are categorised into four groesKoer, 1958):

e Type H1
* Type H2
* Type H3
* Type H4

Type H1 hysteresis loops are characteristic of lieapi condensation in open-ended
cylindrical pores. It is a relatively narrow looprining at high pressures, with a steep
gradient on both the adsorption and desorptiondbresx Type H2 hysteresis loops are
characteristic of trapped adsorbate within the psretructure of the sample. It is a
broad loop which can form at both low and high puess. Type H3 hysteresis loops are
characteristic of slit shaped pores. It is a re&dy narrow loop, and the adsorption
branch does not reach plateau, even on approatite tadsorptive’s saturated vapour
pressure. The liquid meniscus in the mesopores doesorm until a high relative
pressure is reached. Type H4 hysteresis loopshanaacteristic of materials containing
significant microporosity, and therefore observathwype 1 isotherms (see above). It
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is a relatively broad loop forming at high pressumeith a shallow gradient on both the
adsorption and desorption branches
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Figure 1.15: Four hysteresis loop types of the Derg1958) classification.

1.2.11 Interpretation and Analysis of Adsorption I®therms

An experimentally measured gas adsorption isothiema geological sample can be
interpreted using various mathematical models. @meadels are used to calculate key
properties of the sample from the adsorption igotise such as 1) the maximum gas
storage capacity, 2) the total pore volume of theogity, 3) the pore size distribution,
4) specific surface areas, and 5) the microporenael (Langmuir, 1918; Brunauet
al., 1938; Dubinin and Radushkevic, 1947).

All isotherm models are based on the behavioulaség interacting with solids:

1) Adsorption occurs when gas molecules collide withlids surfaces. This
adsorption can be due to physisorption or chemignrp

2) A physical equilibrium forms when the rate of gasl@esules adsorbing to a
surface is equal to the rate of gas moleculesngathie surface. The equilibrium
position is affected by temperature (due to Le €lats Principle).

3) The amount of adsorbed gas molecules is a funadfopressure (at constant
temperature).

4) At low pressures, all adsorption isotherms obeyrideraw
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1.2.12 Henry’s Law

Henry's Law is the fundamental starting point firthe mathematical models used for
interpreting gas isotherms (Henry, 1803). Henry&v | describes the empirical

observation that at high temperatures and/ or \@ny pressures, the amount of gas
adsorbed varies linearly with the equilibrium gasssure (Henry, 1803). The equation
for Henry’s law is simply:

n=K,p
(Equation 1.12)

where:

p = gas pressure,

n = amount adsorbed

Ky= Henry’s constant (it depends on the interactibthe adsorbate and adsorbent)

All adsorption equations reduce to the Henry’s famn in the very low pressure region
of the gas isotherms (when gas uptake is low), (}H€r803).

1.2.13 Langmuir Model

The Langmuir equation (Langmuir, 1916; Langmuirl8pPis probably the best known
and most widely used model for interpreting somptioocesses. It has been successfully
used to interpret adsorption isotherms in geoldgmaterials (Clarkson and Bustin,
1996; Bustin and Clarkson, 1998; Crosdateal., 2008; Ross and Bustin, 2009;
Gensterblunet al., 2009).

The Langmuir equation models the adsorption prooasan open surface, and is based
on three assumptions (Langmuir, 1916; Langmuir8)91

1) An open surface has a 2-dimensional grid of geterally equal adsorption sites.

2) One gas molecule per site is the allowed adsorpiimit, and maximum gas
saturation occurs when the first monolayer has &mThere is no multilayer
adsorption.

3) There are no electrostatic interactions or feroeattraction between the adsorbed
molecules, hence adsorption is localised to theratisn site on the open surface.

The standard form of the Langmuir equation is:

N KP

N, (1+KP)
(Equation 1.13)

WhereN is the adsorption sites occupied by the gas mtds@ndN;, is the maximum

adsorption sites available on the adsorbent s#ligs the equilibrium constant of the
physical equilibrium, an® is the pressure of the gas (Langmuir, 1918).
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The standard form of the Langmuir equation (Equrafidl3) can be rearranged in to a
linear form (Gregg and Sing, 1982):

1

P +
KN,

! P
N N,

(Equation 1.14)

Using the linear form of the standard Langmuir déquia(equation 1.14), a plot ¢#/N
againstP gives a straight line with a gradient equal tdN3/(the total uptake capacity)
and an intercept equal to KN
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Figure 1.16: The Langmuir plot can be used to datex the total uptake capacity,() from the inverse
line gradient (Gregg and Sing, 1982),

The Langmuir model is widely used to determine @ees In Place (GIP) in shale gas
and coal bed methane plays. This is because thgnusin model is a simple model that
has a good fit empirically to many geological agsion isotherms. It is often reported
in the shale gas and coal bed methane literatuaemiodified form (e.g. Weniget al.,
2010):

N,,P

P, +P

(Equation 1.15)
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Where N, is interpreted to be the maximum gas adsorpti@sipte (and is sometimes
referred to as the “Langmuir Volume” in studies ngsihigh pressure manometric
equipment)(Gregg and Sing, 1982). The B known as the “Langmuir Pressure”, and
it is the pressure value of the adsorption at thef maximum adsorption. This can be
seen in Figure 1.17:
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Figure 1.17: The modified Langmuir equation foumdthe shale gas and coal bed methane (CBM)
literature (Ross and Bustin, 2007).

The experimentally obtained gas adsorption isotheurwes are fitted to the mgdified
Langmuir equation using a computer software pack@meh as MATLAB' or
Origin™).

The maximum adsorption capacitiN,) is dependent on the characteristics of the
adsorbent and adsorbate, and the type of interaetisting between the gas molecule
and the surface of the sol{fRouqueroletal., 1999). It gives useful information about

the nature of the geological sample, and can be wsealculate the GIP of a geological

reservoir (Ross and Bustin, 2007).

1.2.14 Brunauer-Emmett-Teller (B.E.T) Model

The B.E.T. model extends the Langmuir model of gdsorption from exclusively
monolayer coverage to include the possibility ofititayer formation (Brunaueet al.,
1938). It has been successfully used in interpgetidsorption isotherms in geological
materials. By removing the restrictive assumptiéromly forming monolayers during
adsorption, the B.E.T. model can be used to cdkulae surface areas of porous
materials (Brunauest al., 1938).
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Multilayer

Adsorptive

Figure 1.18: Multilayer adsorption of gas on adsotisurface (schematic after Brunaeieal., 1938).

The B.E.T. model is based on the same 3 assum@stiee Langmuir equation (i.e. the
first monolayer of adsorbed gas molecules occursumiform surface sites that are
energetically equal) with the extra possibility fofming multilayers(Brunaueret al.,
1938). The multilayer adsorption can occur becdhsdirst monolayer is a foundation
site for gas molecules to continue physisorptione Rdsorption in the multilayers is
adsorbate-adsorbate interactions, and is similénddype of physisorption interactions
found during the condensation of a gas to a ligBrdnaueret al., 1938).

The B.E.T. model can be applied to porous matetilsdo not reach a plateau at high
relative pressures (which is due to monolayer a#itur), but continues to rise until the
isotherm has reached the maximum saturation vap@ssure of pfp= 1 (Gregg and
Sing, 1982). The isotherm is able to continuede because monolayer saturation is not
the limiting factor (as is the case of Type | isaths), and the only restriction to
amount of gas that can be adsorbed by multilaysoration is the total pore volume of
the porosity (Gregg and Sing, 1982).

Isotherms that obey the B.E.T. model can be destridy the linear form of the B.E.T.
equationBrunaueret al., 1938):

p _ 1, (=Dp
nP°=p) MpC  Mpc p°

(Equation 1.16)
Where:
p° = saturated vapour pressure
n = gas adsorbed
nm= is monolayer coverage (mmof)y
Cc = constant

An example of a BET plot can be seen in Figure:1.19
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Figure 1.19: The BET plot, as described by the BfUiation (after Brunauet al., 1938).

The linear form of the B.E.T. equation (see abdkquation 1.16) gives a linear

relationship between relative pressures of p/.05 and 0.3, Wheg(p’o’fp) is plotted

againstl% on the pressure axis.

The gradient of the above graph (Figure 1.19) iﬁ;lletpu and the intercept is equal

nmC
to ﬁ The gradient and intercept can be used to ca&thi@ monolayer coveragen
and the constant (c) using:
_ 1
~ gradient + intercept

Nm

(Equation 1.17)

and

gradient

intercept
(Equation 1.18)

Where the gradient and intercept is found fromBIe.T. plot shown in Figure 1.19, by
linear regression.

Once the monolayer coverage, rhas been determined, it is possible to calculae
specific surface area (SSA) of the porous matefiag effective cross sectional area
(Am) of the adsorbate gas molecule must be knownjtaadisually taken as N= 1.62

x 10%°m?, and CQ = 1.9 x 10"*m?* (Rouquerokt al., 1999).
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The specific surface area is calculated using ¢flewing equation (Rouquera al.,
1999):

SSA=A,,.L.n,
(Equation 1.19)
Where
SSA = specific surface areagt)
An, = effective cross sectional area’m
L = Avogadro’s number (md)
nm = monolayer coverage (mof'y

1.2.15 Dubinin-Radushkevich (D-R) Model

The Dubinin model of micropore filling is based the observation that in constricted
micropores (< 2nm), the close proximity of the porals causes the gas molecules to
condense together and fill the pore volume, rétinen adsorb layer by layer on the pore
walls (Dubinin and Radushkevich, 1947; Dubinin, 997
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Figure 1.20: Filling of micropore volume by condatisn of gas molecules

Geological samples may have significant amount afrepores, depending on the
thermal maturity (Ross and Bustin, 2009). During @alsorption experiments, the
micropores are filled first at low pressures argllirger pores are subsequently filled at
higher pressures.

The micropore volume can be calculated using théimh-Radushkevich (D-R)

equation:
T\? 0\?
-a(5) (iono).
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(Equation 1.20)

Where:

W = micropore volume filled at a chosen pressure

W, = total micropore volume (chy™)

P = pressure

P’ = saturated vapour pressure

T = temperature

B = adsorbate affinity coefficient

B = (2.3026R3

The linear form of the D-R equation is (Dubinin d&adushkevich, 1947):

0
log,, W =log,,Wo—D loglo2 <%>

(Equation 1.21)
Where:

(Equation 1.22)

The linear form of the D-R equation can be usechtoulate the total micropore volume
(Wo). When logo(Corf) is plotted against lag® (p%p), a straight line should be
obtained, and the y-axis intercept is equal totttial micropore volume (in mmoly
and needs to be converted to’cgt), (Dubinin and Radushkevich, 1947). The D-R
equation is based on the assumption that thereGaussian distribution of micropore
widths in the microporous material. The assumpisoheld to be true when a straight
line is obtained from the plot of the linear forrhtbe D-R equation (Equation 1.21),
(Dubinin and Radushkevich, 1947).
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Figure 1.21: The D-R plot can be used to deterrfiremicropore volume of a sample. This is calcdate
from the intercept, which is determined using Inesgressiorfafter Dubinin and Radushkevich, 1947).
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1.2.16 Characterisation of pore volume.

The pore volumes of organic rich shales and ke®gean be determined using a
combination of mercury intrusion porosimetry ands gadsorption analysis. Four
measures of pore volume are obtained:

e Total pore volume

* Hg-macropore volume

» Gas sorption pore volume
e Micropore volume

The total pore volume and Hg-macropore volume &tained from mercury intrusion
porosimetry, as outlined above in section 1.2.@&vab The total pore volume is the
maximum internal volume in a porous material. Thgerilacropore pore volume is the
pore volume that is measurable with mercury intmsporosimetry, but is not
measurable by gas adsorption analysis. This equatg®re throats with diameters
greater than 100 nm.

The gas sorption pore volume is determined usirsgagisorption analysis performed at
the gas condensation temperature point. The gageosation point of CPis -78C,
and CQ adsorption isotherms performed at this temperatesalt in the formation of
solid phase C@in the confined pore spaces of the porous substaFitis condensed
phase adsorbate occupies a fixed volume (unlikasa which has a varying volume).
The condensation of a fixed volume phase in thepalows the internal volume of the
pore body to be calculated. The maximum amountsfagisorbed is converted to a gas
sorption pore volume (ctrg™) using the density of the adsorbate condensecepfias
density of solid C@ in confined pores is taken to be 1.032 gcmat -78C, by
convention. The formation of condensed phase gssriadte only occurs in pores up to
~ 100 nm in diameter (Diamond, 1970; Lowell ande8ts, 1981; Westermarck, 1998;
Groen et al., 2003; Lubdaet al., 2005; Klobeset al., 2006; Bustinet al., 2008;
Chalmers and Bustin, 2012; Kuila and Prasad, 2012).

An equivalent method is the adsorption of nitroggs at -19%C to determine the
internal pore volume of sub-100 nm pores using eosdtion. Unfortunately, at the
very low temperature conditions of the experime@®€C), the diffusion of nitrogen
gas into the smallest pore spaces is impeded (Ma889). At this temperature nitrogen
gas cannot enter the micropores (< 2 nm), andfitreréhe smallest pores accessible to
nitrogen are the mesopores (> 2 nm), Ross and rB(28i09). However, Cfat -78C
has a higher kinetic energy and overcome the aetivdiffusional barriers in the pore
system that nitrogen is hindered. Therefore,, G -78C can often give a more
accurate measure of pore volume, especially in maégedominated by micropores (<
2nm).

The micropore volume (< 0.7 nm) is determined usDd@, adsorption analysis
performed at @C. In micropores the close proximity of the porellsvéo each other
results in a restricted volume, and gas adsorpbicecurs by a volume filling model
(Dubinin and Radushkevich, 1947; Dubinin and Stbed®80). The volume filling
mechanism occurs in micropores because the pote ar@ close enough in proximity
to facilitate an enhanced adsorption of gas moéscurhis enhanced adsorption cannot
occur in larger pores because the,@@s molecules have too much kinetic energy to
adsorb when at a temperature 8 Gregg and Sing, 1982; Rouquegbél., 1999).
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Table 1.4: Pore volumes measurable using merctmysion porosimetry and gas adsorption analysis.

Pore Volume Measuremen Pore Range

Total pore volume All accessible and blind pores
Hg-macropore volume Pore volumes > 100 nm diameter
Gas sorption pore volume Pore volumes < 100 nm eli@am
Micropore volume Pore volumes < 0.7 nm diameter

1.2.17: Determination of surface area

The surface area of the pore systems in organit sltales and kerogens can be
determined using mercury intrusion porosimetry gad adsorption analysis (Ross and
Bustin, 2009). A combination of the mercury intarsi N, BET and CQ BET surface
areas allow the 1) total surface area of open panes2) the distribution of surface
areas to be calculated.

The mercury intrusion surface area is calculatedguthe R-P equation (Rootare and
Prenzlow; 1967) in the low pressure region of therauary intrusion curve (up to a
pressure of 2500 psi). This low pressure regioowal the surface area of the
macropores to be determined (down to a limit of 460in diameter). The surface area
is determined from the integration of the area uribe intrusion curve. Furthermore,
although it is possible to apply the R-P equationttie full intrusion curve (thus
determining the surface area of all pores down he 8 nm limit), this is not
recommended in compressible materials such assstiseause the high pressures can
lead to damage of the pore systems and an ovenagin of surface areas (Rootare and
Prenzlow, 1967).

The surface areas of the sub -100 nm pores arendetsl using gas adsorption
analysis. The gas adsorption isotherms are fitteth¢ BET model (Brunauest al.,
1938). The BET surface area measurements are pmdomusing nitrogen gas (at
-196°C) and CQ gas (at -7&) in the relative pressure range of 9#00.05 to 0.3. The
nitrogen adsorption isotherms (-£@§ cannot enter the micropores (< 2 nm), and the
smallest pores accessible are mesopores (> 2 rime) CDQ adsorption isotherms at -
78C contain a greater kinetic energy, and so theasarfirea of the full range of pores
(macro-, meso-, and micropores) can be determirs#iguCQ at -78C isotherms
(Gregg and Sing, 1982; Rouqueebhl., 1999).

Each of the three experimental methods can medkarsurface area for a different
range of pore diameters. The range of each methaxltlined in Figure 1.22. The
mercury intrusion porosimetry (when applied up 5@ psi) will measure the surface
area of pores from the micrometre-scale down taranmum diameter of 100 nm. The
nitrogen gas adsorption (at -P@§ will measure the surface area of pores from the
micrometre-scale down to a minimum diameter of 2 filme CQ gas adsorption (at -
78°C) will measure the surface area of the full paege, from the micrometre-scale
pores down to the smallest pores that thes @& molecule can physically enter (the
kinetic diameter of a COmolecule is ~ 0.3 nm, Bustiet al., 2008). It is also worth
remembering that the internal surface areas obéing pores (which are inaccessible to
these fluids) cannot be measured, and thus these #xperimental methods are only
measuring the surface area of the accessible apersgstem.
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Figure 1.22: The pore ranges for which surface aaa be determined using 1) mercury intrusion
porosimetry, 2) nitrogen adsorption at -@6and 3) C@adsorption at -7&.

The pore system can be divided in to three porgasiTable 1.5), and the proportion
of surface areas in each of these ranges can eerdeéd using Equations 1.23 to 1.26:

Table 1.5: Pore system is divided in to three panges for surface area analysis.

Surface Area Pore Diameter
Macropores > 100 nm
Mesopores 210 100 nm
Micropores <2nm

For the micropores (< 2 nm), the surface area is:

Apicro = ACOZ - ANZ

(Equation 1.23)

Where Auco = Surface area of the micropores (< 2nm§ g
Aco, = BET surface area determined from G®-78C / nfg*
Anz = BET surface area determined froma¥l-196C / nf g™

For the mesopores (2 to 100 nm), the surface area i

ApMeso = Anz — AHg
(Equation 1.24)
Where Awso = Surface area of the mesopores (2 to 100 nnig’*m
Ao = BET surface area determined frogalN-196C / nf g™
Ang = Mercury intrusion surface area?gf, using MIP up to 2500 psi pressure.
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For the macropores (> 100 nm), the surface area is:

AMacro = AHg
(Equation 1.25)
Where Auwco = Surface area of the macropores (> 100 nnfig’m
Ang = Mercury intrusion surface area f g, using MIP up to 2500 psi pressure.

The total surface area is:

Arotal = Amacro  Ameso + Amicro
(Equation 1.26)
Where A = Total surface area of accessible poredgm
Avaco = Surface area of the macropores (> 100 nnfig'm
Apeso Surface area of the mesopores (2 to 100 nm 'm
Awico = Surface area of the micropores (< 2nm§f ¢
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1.3 Geological case studies
1.3.1 Geological setting of the Draupne Formation.

The Draupne Formation is the Norwegian nomenclgiodiset and Dore, 1984; Keym
et al., 2006) used for the northern stratigraphic edaMato the Kimmeridge Clay
Formation (KCF). The DF is found in the northerotees of the North Sea basin, above
the present day latitude of 58! (Vollset and Doré, 1984) and was deposited at th
same time and facies conditions as the KCF.

The Draupne Formation is part of the Viking Growpjch also consists of the Heather
Formation. This can be seen in the stratigraphaticae of the Upper Jurassic in the
northern sector of the North Sea basin, Figure:1.23
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Figure 1.23: Stratigraphic section for the northentor of the North Sea basin (Vollset and Do8&4).

The Draupne Formation was deposited during the latassic to the Early Cretaceous
periods (Oxfordian to Berriasian ages), duringraetiof high global sea levels and
significant marine transgression on to the landswiat is now north-west Europe. This
can be seen in the paleogeographical map of Eundjpe Late Jurassic, Figure 1.24:
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Upper Jurassic ~ 150 Ma

‘\‘.

Figure 1.24: Global and European paleogeographthénUpper Jurassic period. The break-up of the
super continent Pangea occurred at a time of Higlhagjsea-levels, with significant marine transgres

in the region that is now North-West Europe

(figure modified from http://cpgeosystems.com/euapsihtml).
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The Jurassic was a time of active geological gftin the North Sea basin, and the
Draupne Formation was rapidly deposited in the Latassic during a time of major
extensional faulting in the North Sea area (FeeraethRavnas, 1998). The onset of this
major rifting occurred during the middle Oxfordiato early Kimmeridgian
(approximately 157 - 155 million years ago) (Undikrii991; Glennie and Underhill,
1998).

The extensional tectonic activity across the northend central North Sea Basin
created a triple junction of three connected gtems: the Viking Graben, the Central
Graben and the Moray Firth, as shown in Figure.1.25
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Figure 1.25: Jurassic extensional rifting of thertNdSea Basin created the Viking Graben, the Centra
Graben and the Moray Firth rift systems.

The Draupne Formation was deposited in and arohadviking Graben area, in the
northern North Sea sector between the Shetlanddsland Norway (Vollset and Doré,
1984). The Graben rift system created a partiaidran the North Sea trough, isolating
the seaway from the Tethys Ocean in the south€ast.isolation led to long periods of
widespread anoxia, providing very favourable caodg for the generation of organic
rich petroleum source rocks.

The extension of the North Sea Basin rift systemsed during the Early Cretaceous
(Feerseth and Ravnas, 1998), with the remaindehefCretaceous and the Cenozoic
experiencing little tectonic activity. The post @Gmeeous subsidence and burial of the
Draupne Formation has enabled this source rockd¢orbe thermally mature.

The combined events of the Jurassic marine trassigig the extensional rifting of the
Graben system, and the post-Cretaceous subsidentelted thermal maturation of
the basin, has led to the Draupne Formation beapii@ dominant petroleum source
rock of the northern North Sea.
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1.3.2 Geological setting of the Colorado group

The Colorado Group (CG) of the Western Canada Sademny Basin (WCSB) is a
thick sequence of marine deposited, laterally estten Cretaceous shale and siltstone
strata, which contain significant quantities ofd®aic natural gas (Lecket al., 2008).
The WCSB is a foreland sedimentary basin that jacadt to the Canadian Rocky
Mountains; it is one of the largest foreland basimghe world, running parallel to the
eastern flanks of the Cordillera (Macqueen and leed992).

The Colorado Group was deposited during the Creteec¢Cenomanian to Campanian
ages), as global eustatic sea levels rose and ¢stem region of the North American
continent was subjected to a prolonged period efan transgression. This time of
high global sea levels led to a near continuousdilog of the WCSB basin, and the
birth of the Western Interior Seaway (WIS), Figlr26:

Late Albian ' : Early Turonian

Figure 1.26: The Western Interior Seaway (WIS) fedhe deposition of thick marine shales in the
WCSB (after Kauffman, 1984)
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The Western Interior Seaway was a vast, but
shallow (100m to 400m), warm inland sea, which

covered the western section of the North American
continent during the Cretaceous period (Varban and
Plint, 2008; Plinkt al., 2009).
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The WCSB was repeatedly flooded during the
Cretaceous, and this (in conjunction with high
sediment charge from the adjacent mountain chain)
led to the deposition of thick marine shales, known
as the Colorado Group. The high sedimentation
rates led to the deposition of nearly 9 km of
organic-rich mudstone and siltstone sequences in|
the foreland basin (Stott, 1993).

Stratigraphy of the Colorado Group

The nomenclature proposed by Nielsen (2003) and
Nielsenet al. (2008) shall be used to define the
stratigraphy of the Colorado Group in the Bigstick
gas field.

The stratigraphy of the Colorado Group includes
(from oldest to youngest) the Belle Fourche

Milk River
Formation

Formation, the Second White Specks Formation,
the Carlile Formation (subdivided into lower,
middle and upper units) and the Niobrara Formation
(subdivided into the Verger Member, Medicine Hat
Member and the First White Specks Member), as
seen in Figure 1.27.

The biogenic gas produced from the Bigstick field
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is sourced in the Cretaceous aged Colorado Gr~''~

(CG), mainly from the low permeability Bell Figure 1.27: The stratigraphic Column

Fourche Formation, with smaller contributions frc
the Niobrara Formation (Medicine Hat Membe °
and Milk River Formation (Leckiet al., 2008).

of the Colorado Group in the Bigstick
gas field area.

Historically, gas production in the wider regiontbeé WCSB has been from the Belle
Fourche Formation, the Second White Specks Formatimd the Medicine Hat

Member of the Niobrara Formation.
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1.4 Motivation for research into the pore structureof shales
and kerogen

1.4.1 Outstanding issues for gas storage in shales

The nature of gas storage in gas shale pore syssentg fully understood. Identifying
the relationships between porosity, pore structpermeability and gas storage is
fundamental to improving the effectiveness of gppraisal and Gas In Place (GIP)
determination. The low porosity and ultra-low peainidity of shale sequences has a big
impact on the efficiency of gas transport and potida (Amann-Hildenbranet al.,
2012).

There has been an increased publication outpuirafdmental research in recent years
(due to the economic success of shale gas in th&),Usut there are still many
outstanding questions (Amann-Hildenbraed al., 2012). Most of the gas shale
literature is centred on the USA experience ofeslgals production, and a key example
is the Barnett shale, Fort Worth, Texas. Unfortalyatthe Barnett shale is atypical of
most shale gas systems, and cannot be used asmlgerodel (Montgomergt al.,
2005). As the exploration for shale gas shifts t@seEurope and Asia, new model(s)
for the shale gas system will be needed.

There are unanswered questions about the natugasfstorage in these geological
systems. It is usually assumed that a large amoishale gas is stored in the pore
network by adsorption (Bustin, 2005; Ross and Bu&007; Chareonsuppanindtal.,
2012). This is because shales exhibit a considerghs adsorption storage capacity,
even at high temperatures (Amann-Hildenbraatdal., 2012). It is uncertain whether
this is premise is correct, and if so, under whagcgic geological conditions it is
correct.

Another outstanding question is what happens whempore network of the organic and
mineral matrix is saturated with gas. This situatinay occur when the shale rock has
relatively high organic matter content, and hasegated sufficient gas to cause
saturation of the pore network (leal., 1995). Therefore, the organic matter type and
content is of interest. Does low organic matterteohmean that the excess gas that is
not adsorbed to kerogen is stored as free ga®ipdtre space?

1.4.2 Research aim

The overall aim of the research project is to ustderd the nature of the pore system in
organic rich shales and kerogens, and relatetlig@as storage capacity of gas bearing
shales.

Characterisation of shale pore structure and porosity:

 To characterise the porosity and pores structurfesorganic-rich shales.
Characterisation will be done using: 1) Scannihgcteon microscopy, 2)
Mercury intrusion porosimetry, and 3) Gas adsomtithese three methods will
be used in conjunction to give a complete pore attarisation for each
geological sample.

42



* To characterise the origin and maturity of the arganatter fraction of the
sample suite. This will be done using 1) TOC anajy®) Rock-Eval pyrolysis,
3) ATR-IR spectroscopy of kerogen, and 4) Pyrolysis-MS of kerogen 5)
Solid State*C NMR spectroscopy of kerogen.

Gas storage potential of shale and kerogen samples:

* To investigate the relationships between in the giagage potential of shales
and isolated kerogen, with the properties of paypgore structure, organic
richness and thermal maturity.

1.4.3. Research Hypotheses
The research hypotheses that are predicted fastgesge in gas bearing shales:

1. The total porosity will decrease with increasingialudepth (due to mechanical
compaction and chemical diagenesis).

2. The pore size distribution of gas shales will bpatelent on compaction, and
will decrease with burial depth.

3. A large amount of shale gas is stored by adsortiwat is adsorbed molecules
on the organic and mineral matter of shales).

4. The porosity content will be dependent on TOC catptand will increase with
increasing TOC (%) value.

5. The microporosity of gas shales will be dependaenth® shale maturity, and
will increase with increasing shale maturity ( gsoation of the total porosity).

6. The internal surface area of gas shale pore systareases with microporosity
content.

7. Gas storage in shales will be dependent on micogitgy and will increase with
increasing microporosity.

1.5. Outline of thesis chapters
This research thesis contains the following chapter

Chapter 1: The overall aim of this study is to investigates thature of pores and
porosity in organic rich shales and kerogens, ahdpr 1 is used to explain why
research on this problem is required and to outlmecurrent state of knowledge. The
pore structures of shales and kerogens are poartierstood, and yet they are a
principle location for natural gas storage. The glaale hydrocarbon system is firstly
introduced, and is compared to conventional patraleystems. The mechanisms of gas
storage in the pore systems of gas shales areilsk$cwith the partition of gas between
different phases explained. The definition of poa@sl a porous system is discussed,
with the various nomenclature used to define pdresg introduced. After, the
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experimental methods used to investigate pore mygst@re described in detail, with
several approaches being outlined. The geologasé studies used in this research is
then presented. Finally, the research motivatiais, objectives and hypotheses are
outlined.

Chapter 2: The materials and methods used to investigategbearch problem are
described in Chapter 2. Firstly, the geologicalgioriof the shale core samples is
outlined, before an overview of the experimentathuds and techniques utilised is
given. The bulk geochemistry of the shale core $asnwas determined using TOC and
Rock-Eval pyrolysis. The geochemistry of isolateztdgen samples was determined
using Elemental Analysis, Pyrolysis GC MS, Solidtst*C-NMR and ATR-FT-IR
spectroscopy. The pore structures of the shale em isolated kerogens was
investigated using low pressure gas adsorptionyaisalmercury intrusion porosimetry
(MIP), and scanning electron microscopy (SEM).

Chapter 3: The Results and Discussion of the bulk geocheynddtthe shale core and
isolated kerogen concentrates is given in Chaptdi® includes results for the TOC
and Rock-Eval pyrolysis results of the shale cammpes, as well as the geochemical
results of the Elemental Analysis, Pyrolysis GC M®Jid state'*C-NMR and ATR-
FT-IR spectroscopy of isolated kerogen samples.

Chapter 4: The Results and Discussion of the pore structowvestigations of the
Draupne Formation and Colorado Group shale corestlsied in Chapter 4. The SEM
images of shale cores are firstly presented, bdaf@eaesults of the mercury intrusion
porosimetry and low pressure gas adsorption arsalgse given. Finally, the
experimental data and key results are analysednéergreted in the Discussion, and the
findings are related to other studies.

Chapter 5: The Results and Discussion of the pore structwestigations of isolated
kerogen concentrates is presented in Chapter 5.dressure gas adsorption analysis is
used to investigate the pore structure of isol&texbgen, before the key results are
compared to the findings of the shale pore strecpuesented in Chapter 4. Finally, the
experimental data and key results are analysednéergreted in the Discussion, and the
findings are related to other studies.

Chapter 6: The Results and Discussion of the high pressurdianet adsorption of
shales and the kerogen enthalpy of adsorption ilgat®ns are presented in Chapter 6.
High pressure methane adsorption is used to deterrie Langmuir Volume and
Pressure of the DF and CG shales. The value oénltealpy of adsorption for a DF
kerogen is determined using gas adsorption uptaleasured at several temperatures.

Chapter 7: The Conclusions and Future Work are presentedchep@r 7. A summary
of the key results and an interpretation is firgtffered, before discussing the findings
in context of the hypotheses presented in Chapt&hé& Future Work section provides
suggestions in how the research presented in thdy Tould be continued by other
researchers.
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Chapter 2. Materialsand M ethods

2.1 Geological Samples
2.1.1 Draupne Formation Shales and kerogens

The Draupne Formation shales and kerogens usdtsiistudy were obtained from the
shale core samples taken from the Draupne Form@bhin the northern sector of the
North Sea Basin, Figure 2.1. The Draupne Formasibale samples are a suite of
petroleum source rocks that have a range of thamaalrities.

The “hot shales” of the Draupne Formation are oftestakenly grouped together with
the prolific Kimmeridge Clay Formation source roaksthe British sector of the North
Sea basin (Dorét al., 1985; Keymet al., 2006). There are several key petrophysical
properties (Vollset and Doré, 1984) that distinguiee Draupne Formation and the
Kimmeridge Clay Formation, and hence the DraupnenBton nomenclature shall be
used here.

Q
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Figure 2.1: Location of Draupne Formation wellborEke shale cores were obtained from the Northern
sector of the North Sea Basin (Okiongit@l., 2005).

The shale samples were obtained from offshore exiidm boreholes (Figure 2.1) that
were drilled by the British Petroleum and Statoihnpanies during the 1980’s, and core
samples were subsequently donated to the BritisiioGeal Survey.
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Details of the shale core samples are listed inerakl. Some core photographs are
reported in Figure 2.2. The shale core samples wita@ned from latitudes above 58
North. The samples are all from the Draupne Fownatand have present day burial

depths ranging from 2117.8 m to 4780.7 m.

Table 2.1: Draupne Formation shale samples

|| o2t e (2 |
DF1 31/4-9 2117.8 Brage | oo 1
S R A
DF3 30/9-14 29785 | Osebesgr Gg'fggggf’ 1
DF4 | 211/12A-M1| 31247 Magnus | OO0 3
DF5 | 211/12A-M16|  3375.32 Magnus 611..3661.79595?;:33, 3
DF6 | 211/12A-M16|  3400.4 Magnus 611"\,501325323' 3
DF7 16/7B-288 |  4132.95 Miller | SO RS2 4
DF8 3/29-2 4608.4 Rhum 63'7121273525' 5
DF9 3/20A-4 4707.7 Rhum | OP7371980 5
DF10 3/29A-4 4780.7 Rhum | 00137085 5

The Draupne Formation (DF) shales have the preagsemif high TOC, very high
Gamma-ray readings (>100 API), and anomalously keismic sonic velocities
(Vollset and Doré, 1984). The DF core samples yuial organic-rich ‘black’ shales,
usually occurring as laminated fissile clastic shal

The DF suite of shale samples contains a high lefveil prone organic matter content,
with a similar kerogen type and mineralogical cantelhe kerogen type of the DF
shales are typically categorised as Type Il oilngr&ierogen (Knudsest al., 1988). It is
dominated by algal debris of marine planktonic origwith variable amounts of
degraded woody humic matter of terrigenous origihe amorphous algal derived
AOM s typically mixed with small amounts of paxiate vitrinite and inertinite.
Framboidal pyrite is commonly associated with kermggdue to the action of sulfate
reducing bacteria in anoxic bottom water conditioRalynomorphs are only a trace
fraction of the total kerogen. (Okiongkbal., 2005).

46



o I B =

|
[ 1 |2t
7535@6061626364655667685970 7172 73 74 75 76 77 78 79 80

DF4 shale core DFS5 shale core

DF6 shale core

364 65 66 67 68 69 70 71 72 73 73 75 76
: {0 O I

DEF8 shale core DF9 shale core

76 77 78 79 80 81 82
| {

DF10 shale core

Figure 2.2: Draupne Formation shale core photografthe JPEG photograph files of shales DF1 to
DF3 were corrupted).
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2.1.2 Colorado Group shales and kerogens

The Colorado Group shales and kerogens used insthdyy were obtained from the
shale core samples taken from the onshore Biggaskfield of the Western Canada
Sedimentary Basin (WCSB), Figure 2.3. The Color@doup is an organic rich Type Il
marine shale sequence that is thermally immatune. Jolorado Group samples can be
considered a scientific control group, where theepgiructure of immature shales and
kerogens are compared and contrasted to the tHgrméilenced changes observed in

the Draupne Formation samples.

The 10 shale core samples used in this study weeened from the Hatton 12-19-013-
28W3 core, which is a long continuous drilling capproximately 240 metres in
length. This core was obtained from the Bigstick §ald by Nexen Inc in 2007. The
details are listed in Table 2.2. Some core phofware reported in Figure 2.4.
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Figure 2.3: The Bigstick gas field (highlighted time red box) is located in south-eastern Albertd an
south-western Saskatchewan. The 12-19-13-28W3 isefidicated. (Base map redrawn from Mossop
and Shetsen, 1994)

The Bigstick gas field produces biogenic natura fyjam the thermally immature shale
strata. The 10 samples chosen were selected obaikie of medium to high TOC

contents (to facilitate the isolation of kerogefM)e Bigstick gas field was discovered in
1980 (Leckie, 2008), and is located in western @anwhere it distributed between the

provinces of Alberta and Saskatchewan.
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Table 2.2: Burial depths and formations of the @Cado Group shales in this study.

Sample | Depth/m Formation
Cl 505.3 Medicine Hat
C2 506.55 Medicine Hat
C3 541 Medicine Hat
C4 546.3 Medicine Hat
C5 561.5 Verger
C6 642.1 2nd White Specks
C7 647.57 2nd White Specks
C8 651.75 2nd White Speckss
C9 675.02 Belle Fourche
C10 684.61 Belle Fourche
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Figure 2.4: Colorado Group shale core, C1 and C2
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Figure 2.4 (Continued): Colorado Group shale cG&to C6
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Figure 2.4 (Continued): Colorado Group shale cGigto C10
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2.2 Gases

The high pressure compressed gases used for gagi@ais work were supplied by
BOC, UK. Research grade nitrogen, carbon dioxid# raethane (99.9% purity) were
used in all sorption work. The standard tabulateentcal and physical properties of
gases used in this project are listed in Table 2.3:

Table 2.3: Chemical and physical properties of gased in this study.

Gas N, CO, CH,4
CAS | 7707379 124-389 | 74-82-8
Number
Molecular
weight, g 28.0134 44.01 16.043
mol™
Liquid 0.8081 1.032
density, g (at (at 78C (a?.g(l?g)
cm?® -195.8°C)| and 6C)
Boiling -195.8 °C 78.5 °C -161.6 °C
oint,°C (101.3 (Sublimation) (101.3
point, kPa) kPa)
Critical
temperature| -147 °C 31.14 °C -82°C
°C
Critical
pressure, 33.999 73.825 45.96
bar
Saturated
Vapour 1013.95 34860.6 mbar No vapour
at 0C and phase
Pressure at| mbar at - .
temperature]  195.8C 1013.25 mban exists at
of use ' at-78.5C 30°C

Data obtained from the CRC Handbook of Chemistry Bhysics, 74 Edition, ISBN-
0-8493-0474-1
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2.3 Overview of Experimental Techniques
A flow diagram of the experimental techniques uisetthe project can be seen in Figure
2.5:
[ Shale and Kerogen Samples
Chemical and Bulk Pore characterisation and Gas
Geochemlcal Analysis storage analysis
[1) ToC Gas sorption using Poreimages
2) Rock-Eval IGA equipment using FIB-SEM
3) Elemental Anal.
4) XRD
5) 3C-NMR
6) ATR-Infra-Red CO, at 0°Cfor N, at -196°C for
\7) Pyrolysis GC-MS / micropore volume BET surface area
CO, at-78°Cfor CH, at 30°Cfor
gas pore volume gas storage

Figure 2.5: Schematic flow diagram of experimetgahniques used in this study.

Two types of geological samples were used during study: 1) shale core, and 2)
kerogen. The details of the shale cores can bedfaursections 2.1.1 (DF) and 2.1.3
(CG). The isolated kerogen was obtained by demiisarg and depyritising aliquots of
the shales (see Sections 2.11 and 2.12 for details)

The experimental methods used can be placed incategories: 1) chemical and
geochemical analysis, and 2) porosity, pore charaettion and gas storage analysis.

Chemical and Geochemical characterisation of shale and kerogen samples:

The bulk geochemistry and thermal maturity of themlggical samples were
determined using: 1) TOC analysis of shale, 2) Reedl pyrolysis of shale, 3),

Solid State *C-NMR spectroscopy of isolated kerogen, 4) InfraiRe
spectroscopy of isolated kerogen, and 5) pyrol&sMS of isolated kerogen,

6) powder X-Ray diffraction (XRD) for isolated keyen.

Por osity, por e characterisation, gas sor ption and stor age:

The porosity and pore size distribution of the ggalal samples were
characterised using 1) SEM and FIB-SEM images fsunal analysis of pores,
2) Mercury Intrusion Porosimetry (MIP) for total nosity and pore radii
distributions, 3) C@gas adsorption at -7@ for total gas sorption pore volumes,
4) CO, gas adsorption afQ for micropore volume, and 5),Ngas at -198 for
specific surface areas.
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2.4 Shalepreparation

The shale core and archived ditch cuttings wershad to a fine powder, using a
TEMALD laboratory disc mill. The shale powder was sietledugh a 0.5 mm mesh
geological sieve to remove coarser grain sizes.

2.5 Total Organic Carbon deter mination

The Total Organic Carbon (TOC, in weight %) was ed®ined by analysing
approximately 100 mg of the powdered shale roclke Jdmple was accurately weighed
into a porous ceramic crucible, and agueous hydiwachacid (1 mL, 4 M) was added.
The acid was used to remove unwanted calcium catbaftalcite) mineral from the
shale that may contribute to the total carbon aunt# the sample. The acid was
allowed to react for 6 hours, and then the crusibiere placed into a drying oven
overnight (at 68C). The next morning, a small amount of tungsted @on chip
accelerators was added to crucibles.

The TOC was determined using a LECBF-100 induction furnace that was connected
to a LEC CS-244 Carbon Sulfur Determinator, as depictedFigure 2.6. The
LECO® equipment uses a strong electromagnet to indysid heeating in the magnetic
metal chips, which causes the rock powder to combilse sample crucibles were
inserted into the LEC® HF-100 furnace and individually combusted at 15G0for
approximately 1 minute. The carbon dioxide gas ihatleased is detected by an Infra-
Red spectrometer in the LEEOCS-244 Carbon Sulfur Determinator. The signal
magnitude of the IR adsorption is used to calculaeT OC of the rock sample.

Figure 2.6: LECO HF-100 induction furnace (left Haside) and LECO LS-244 Carbon Sulfur
Determinator (right hand side) used for TOC analgdishales
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2.6 Rock-Eval pyrolysis

The Rock-Eval type pyrolysis of powdered shale sostas performed using a Delsi Oil
Show Analyser, as depicted in Figure 2.7. About @) of powdered shale rock was
accurately weighed into stainless steel cruciblésee samples were subjected to the
heating program depicted in Figure 2.8. Initialkg furnace temperature is set to G0
and held constant for 60 seconds. During thiephase, the furnace temperature was
heated to 306C at a rate of 28C/min, and held constant for 2 minutes. During3fe
phase, the furnace temperature is increased aC#bin to 550°C and held for 90
seconds.

During the initial phase of the heating program tiéatile gaseous hydrocarbons are
released to give the SO peak. During the secondsephthe light free liquid
hydrocarbons are vaporised and released to givé&sthpeak (which is measured in
milligrams of hydrocarbons per gram of rock). Dagrithe third phase, the non-volatile
rock kerogen, resin and asphaltenes are pyrolysbkdavier liquid hydrocarbons (which
replicates subsurface maturation of petroleum sorocks), to give the S2 peak (which
is measured in milligrams of hydrocarbons per godimock), (Peters, 1986).

The Tnax Value corresponds to the maximum intensity of 8% peak, and it is a
maturity parameter that represents the point when rmaximum rate of kerogen
cracking occurs. It is know that shales in the f@ihdow” typically have T« values
between 43%C and 476C (Peters, 1986).

The sample analyses took about 20 minutes per saraptl the SO, S1, S2 angal
values were reported for each sample set.

Figure 2.7: Delsi Oil Show Analyser used for RockaEpyrolysis of shales
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Figure 2.8: Schematic of the pyrolysis program terafure steps and the order of hydrocarbon peaks.
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2.7 Electron Microscopy (SEM) of shale por osity

The pore structures of the shale samples were knagang the Scanning Electron
Microscopy (SEM) technique. The electron microscosed was a FEI Nova 200
Nanolab dual beam FIB-SEM, hosted at Leeds UnitessiLEMAS facility, as
depicted in Figure 2.9. Samples were prepared bynttg onto a standard SEM
specimen stub. The shales were then coated with ani layer of platinum. The
platinum surface coating is required because nech#tally conducting surfaces
produce scanning faults and image anomalies.

The microscope was operated at 30 kV, and beamertgrbetween 5 and 0.3 nA were
used. The FIB used a high energy focused beamllafrgaons (Ga) to mill the surface
of the sample. A second layer of platinum (adn® thick) was locally deposited over
the target area prior to milling. This was usedttip the sides of the wedge from caving
in on themselves.

The highest energy 5 nA beam current was usednove the initial trench and reveal
the cross section area, and then lower beam carvesite used to clean the area and
reveal the microstructure of the shale.

Both Secondary (SE) and Back Scattered (BSE) Blectnicrograph images were
recorded of the cross sectioned area.

. ’
Figure 2.9: The FEI Nova 200 Nanolab FIB-SEM atds&niversity
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2.8 Mercury intrusion porosimetry (MI1P)

Mercury Intrusion Porosimetry (MIP) analysis of thleale cores was performed using
an Autopore 1l 9220 Porosimeter (Figure 2.10), nfactured by the Micromeritics
Corporation, Norcross, Georgia, USA. It generatesrées of pressures from 3 psi (0.2
bar) to 39,000 psi (2690 bar), with a pressurelogsm of + 0.1% of the target pressure.
The minimum pore “throat” radius that can be acedssy MIP is 3nm, when the
pressure is at the maximum of 39 000 psi (2690. bHne porosimeter has a low
pressure chamber (up to 14.5 psi/l bar) and a pighsure chamber (up to 39 000
psi/2690 bar).

Figure 2.10: The Autopore 11 9220 Porosimeter ugetie MIP analysis of the shales

The porosimeter determines the volume of mercuay ttas been intruded in to the
sample at each pressure step by measuring theieécapacitance of the column of
mercury in the penetrometer capillary stem. Theepremeters (Figure 2.11) have an
accurately known volume (with a capacity of 5 mijjth an associated experimental
error of £ 1%. The measurement resolution of theeexnental data is + 0.AL, over
the full mercury intrusion range
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Figure 2.11: An MIP penetrometer, consisting ofamnple cup connected to a metal-encased glass
capillary stem.

Firstly, cubes of shale core (approx. 1 g) wereZeedried for 1 day and then oven dried
to constant mass, to remove fluids (such as wéatar) the pore spaces. The completely
dry, weighed samples were loaded into one of th pinetrometers.

The penetrometer (plus sample) was introduced @ Ithw pressure port of the
porosimeter, and was outgassed to a near vacuum.eVacuation of the sample is
required to remove entrapped air from the poreshiasair can produce a resistant back
pressure that impedes the intrusion of mercury.

After outgassing the sample, liquid mercury is fled into the penetrometer. A series
of low pressures steps (from near vacuum up tord BR5 psi) were applied to the

mercury. On completion of the low pressure run, pgemetrometer (including the

sample intruded with mercury) was removed frompbeosimeter and the total weight
was recorded. This total weight is used to caleutlaé bulk densityd) of the sample.

The penetrometer (plus mercury and sample) wassfeaed to the high pressure
chamber of the porosimeter, and a series of highspire steps (between 1 bar to 2690
bar) were applied to the mercury. The incrememtelgase in mercury volume relative
to the pressure allows the pore size distributmieé determined using the Washburn
equation (1921).
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2.9 Determination of grain density.

The grain density (often referred to as the partaénsity or skeletal density) is the
mass of rock divided by the volume of the solidkrogaterial, without the volume of
any internal pores or voids included. It is the signthat a rock would have if it was
compressed until it was completely non-porous, mmdolume was occupied by voids
in the internal structure (Masudhal., 2006).

The total porosity of a shale sample is determungdg both the grain density and the
bulk density. Since the bulk density includes thternal volume occupied by the pores
and voids, the value of the bulk density is alwkyser than the corresponding grain
density for the same sample.

The grain densities of the shale samples were rdeted using a liquid pycnometer
(Barbosa-Canovast al., 2006). The pycnometer method is based on Aratésie
Principle of fluid displacement due to the immensad a solid into a liquid contained in
a fixed volume (Masudet al., 2006).

The pycnometer is a volumetric glass flask withase-fitting ground glass stopper that
has a capillary hole through the centre. This fioée in the stopper releases excess
liquid after closing the top of the pycnometer,tbat the volume of liquid contained
within is known with high accuracy. The Wadon-typenometer used to determine the
grain densities in this study is shown in Figurg22.

O
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UNiTep Kwsg)%i

Figure 2.12: The Wadon-type pycnometer used forsomérgg the grain density of shale samples.
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To begin, finely powdered shale rock was oven doedrnight at 10%C, to remove
moisture from the porous structure.

Firstly, the mass of the empty pycnometer (with st@pper) was measureddmThen,
the dried shale powder was added to the pycnonetdrthe new mass of the combined
shale powder and pycnometer was measurgd (m

Next, a small amount of distilled water was addedhe density bottle, just enough to
cover the shale powder. The mixture was shakenygemtd allowed to stand for 1 hour
to allow the water to enter the porous structurthefshale.

The pycnometer was then filled to the top withitlest water (until a few drops escape
from the capillary hole in the stopper). The congbimrmass of the shale, water and
pycnometer was measuredsn

Finally, the pycnometer was emptied and thorougtdghed, and the pycnometer was
again completely filled with distilled water onljyhe combined mass of the pycnometer
and distilled water only () was determined.

The grain density of the shale was calculated uEiggation 2.1 (after Masuda al.,
2006; Barbosa-Canovasal., 2006).

_ (ms B mO)pw
Pa = T0my, — mo) — Mgy — my)]

Equation 2.1

Where gy = grain density of shale
Mo = mass of empty pycnometer
ms = mass of pycnometer and dry shale powder
msw = mass of pycnometer with shale powder and distiater
m,, = mass of pycnometer with distilled water only
0w = density of distilled water ( = 0.998 gémt 20 and 0.997 gciiat 25C)
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2.10 GasAdsorption Analysis

The sorption of carbon dioxide, nitrogen and meghgases into shale and kerogen
samples were investigated using the Intelligentvi@ratric Analyser (Benham and
Ross, 1989), manufactured by Hiden Isochema Ltdyrivon, UK. The IGA system
generates sorption isotherms using a gravimetnrageh, and can determine the gas
sorption equilibrium point for each chosen pressure

Figure 2.13: Hiden IGA sytem, for gravimetric gasption in shales and kerogen

2.10.1 IGA system hardware

The IGA system is automated and controlled usiegl®ASwir® software for personal
computers. The IGA system’s hardware consists of:

* High performance microbalance: the microbalanaesed to accurately measure
small mass changes. The microbalance has a lomgstability of + 1ug, with
a weighing resolution of + 0,2.

 Temperature regulation system: the cabinet of tB& lis maintained to
isothermal conditions using a sophisticated arfadgmms and heaters.

» Pressure control system: the IGA has a high pratigas admit and exhaust
system. Two separate IGA machines were used. Bmelatd IGA equipment’s
pressure transducer has a pressure range of ao. The high pressure IGA
has three pressure transducers, giving a presange tbetween 0 to 20 bar. The
IGA system can control the pressure set point ta@muracy of 0.02 % of the
desired value. The gas admittance system alsoaisritre rate of gas entrance
into the vacuum chamber (the microbalance is exdhgreensitive to sudden
bursts of gas).
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Figure 2.14: Hiden IGA system hardware, highligbtihe microbalance housed in a vacuum chamber
and the pressure transducer connected to the gewqik.

2.10.2 IGA system operation

The operation of the IGA is done in a series ofeta A schematic of the process is
shown in Figure 2.15:

Load Sample |m— QOuigasthe |
- sample

Figure 2.15: Schematic flow diagram of IGA operatio

Stage 1: The geological sample is loaded into a glass satmpcket, which is attached
to the microbalance by a free hanging tungstemcfiagure 2.16)

Stage 2: The sample is sealed in the tubular steel santenber using a copper gasket
ring and bolted flanges to give a gas tight seal it capable of achieving an ultra high
vacuum (UHV). The sample needs to be evacuatedh toHV before any isotherm
experiments can be conducted: atmospheric air igasged from the sample chamber
down to a pressure of less thari®Iibar. It is imperative to avoid any leaks or cross
contamination of gases across the seal.
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Stage 3: Once the sample chamber is fully outgassed to Uit heated to a high
temperature to remove volatile material from theepoof the geological sample (such
as trace water). This is important because othatiet in the field have shown that
moisture in the pores of geological materials safi#lly reduces the maximum
sorption capacity (Kroosst al., 2002; Crosdalet al., 2008; Wenigeet al., 2010). The
shales were heated to 200 and the kerogens were heated to °CO5These
temperatures were chosen to minimise any thernbedasion to the chemical structure
of the geological samples. The decrease in samples s recorded throughout the
outgassing and heating process until a constarg mashieved (Figure 2.17).

Figure 2.16: The geological sample is held in gnaple bucket and sealed in to the sample chamber.
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@ Temperature profile
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Figure 2.17: Schematic diagram of mass loss dheab treatment of sample
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Stage 4: After the sample heating has finished, the gaptmm experiment can be
conducted. The experiment is done under isothecuoatitions (the temperature is
accurately controlled). This is so that gas pressarthe only experiment variable
affecting the amount of gas adsorbed. The temperabli the sample chamber is
controlled by either Dewar flask or by a Grant @yaiwaterbath, depending on the
desired temperature. The g¢@8otherms at ™ (273K) and the Cllisotherms at 3T
(303K) have the sample temperature controlled t@@uracy of + 0.05 K using the
waterbath, which circulates a 1:1 mixture of wadad ethylene glycol (Anti-Freeze).
The CQ isotherms at -7& (195K) have the sample temperature controlled Bgwar
flask containing solid dry ice and acetone. Theiddétherms at -19€ (77K) have the
sample temperature controlled by a Dewar flaskaiointg liquid nitrogen.

2.10.3 Real Time Processor (RTP) analysis of kinetic sor ption-time data

During the sorption experiment, the uptake of gasweéasured by recording the change
in mass of the sample as a function of time (tlavignetric method). The sample mass
increases with gas adsorption, and decreases wa#tldgsorption. The approach of the
sorption-time curve to the equilibrium point (aattspecific pressure) is monitored by
the IGASWin software’s Real Time Processor (RTP).

The RTP uses least-squares non-linear regressiopxt@polate a value of the
asymptote and predict the adsorption equilibriunmip@n real time using the sorption-
time curve kinetic profile). This is done usingimgle empirical mass relaxation model
for equilibration, based on the following first erdreaction kinetics equation:

M M
e
M, M, —M,
(Equation 2.2)

where
M = mass at time (t)
Me = mass at equilibrium
M; = final mass
Mo = initial mass
t =time
k = rate constantps

Once 99% of the predicted adsorption equilibriunmpwas reached, the gas pressure
was increased to the next pressure step, and gakeuywas again monitored until the

new adsorption equilibrium had been establishedciematic diagram of this process
Is shown in Figure 2.18:
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Figure 2.18: Schematic diagram of isotherm pressiges and mass relaxation

2.11 Kerogen Preparation and Analysis
The kerogen was isolated from the shales in tHeviihg way:

1) Shale rock milled to a powder using a TEMAaboratory mill
2) Demineralised using hydrochloric and hydrofluorceds
3) Depyritised using acidified chromous chloride egti@n.

2.12 Acid digestion of shaleto obtain kerogen

The acid digestion of the shale to isolated kerogaa performed using the procedure
described in Vandenbroucke and Largeau (2007)tl¥ithe powdered shale samples
(approximately 10 g per sample) were suspendedstilled water (50 mL per sample).

Then hydrochloric acid (4 M) was added (100 mL)e HCI is used to dissolve calcium
carbonate (calcite). Hydrofluoric acid was then eld100 mL per sample), and
allowed to digest the shale for two days in a furapboard. The acidified suspension
was then neutralised by repeated dilutions usisglléid water (10 times). Each time

the fresh distilled water was added, the suspeRdeagen took one day to re-settle to
the bottom of the PTFE beakers. The suspensiorntested for neutrality using litmus

paper.

2.13 Chromous Chloride CrCl, pyritereduction

Iron Pyrite (Fed is an inorganic sulfur containing mineral thatc@mulates in
sedimentary rocks during sediment diagenesis (Hudind Klein, 1985). Pyrite is not
digested by strong mineral acids, such as HCI aRdiHs an unwanted contaminant in
the extracted kerogens. It has a particularly highsity of 5.02 g ci} and has the
potential of introducing experimental errors irstdosequent measurements.
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The majority of pyrite in the demineralised kerogiemas removed by extracting the
chromium reducible sulphur (CRS) using the acidizomous chloride reduction
developed by Canfiele al. (1986).

The glassware/equipment used is reported in Figur®. The reaction was conducted
in a 3-neck 100 mL round bottomed flask. The faise arm was used as a nitrogen gas
inlet. The second side arm was sealed with a glaggper. The top neck was connected
to a Graham condenser that carries th8 Kgas to the aqueous silver nitrate AgNO
bubbler trap (1.5 mL of aqueous 1 M Aghl@® approximately 20 mL of distilled
water).

The demineralised kerogens (approximately 1 g perpde) was added to the 3-neck
round bottomed flasks. Then 50% aqueous hydrochimid (8 mL) was added to the
flask. Pre-prepared dark green 4.33 M acidic chisnahloride solution (16 mL), was
then added (it was prepared using 533 g of £ig&r litre in aqueous 10% HCI
solution). The reaction mixture was heated on puiver using a laboratory heating
mantle for one hour. The generategbHjas was transported to the aqueous silver nitrate
AgNO; bubbler trap (via the Graham condenser) whereaitted to form a dark brown
silver sulfide (AgS) precipitate in the bubbler traps. The chromdusre extractions
were repeated a further two times to ensure rengaasnmuch pyrite as possible.

Figure 2.19: The chromous chloride extraction toaee iron pyrite from samples
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2.14 Powder X-ray diffraction (XRD) of shale and kerogen

The mineralogy of the shales and the purity of tlenineralised and depyritised
kerogens were determined using powder X-ray difioac(XRD). Powder XRD is a
robust method for identifying and characterisingstalline minerals (such as quartz,
clays, carbonates and pyrite).

The X-ray diffractograms of the shale and isoldebgen samples were obtained using
a PANalytical X'Pert Pro MPD, which is hosted aigastle University’s powder XRD
facility, as depicted in Figure 2.20. This instrurhevas fitted with an optional
X'Celerator unit to increase data acquisition tiyasl a secondary monochromator to
improve the peak to background measurement rahe. stans were done using a Cu
anode supplied with a voltage of 40 kV and a cura40 mA to generate CueK
radiation § = 1.54180 A). The data were collected over a rarige70d 26-angle with a
nominal step size of 0.01620-angle and nominal time per step of 100 secondsctwh
is approximately equivalent to a counting time o$elcond per step on an older style
diffractometer). Fixed anti-scatter and divergeslits of 1/4 were used together with a
beam mask of 10mm. All scans were carried out mntinuous’ mode using the
X'Celerator RTMS detector.

Powdered shale (~ 500 mg) and isolated keroge®@mg) samples were mixed with a
corundum mineral standard in a 80:20 %wt ratiopeetively. The mixtures were
packed into steel sample holders (with 16 mm diametells) and loaded into the
diffractometer. A spinning stage was used duriagn@e analysis to maximise the
randomisation of crystallites contributing to thdfrection pattern. Data collection
involved the measurement of total X-ray counts @/&rtheta angle range.

Figure 2.20: PANalytical X'Pert Pro MPD X-Ray dé@tometer
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2.15 Elemental analysis of isolated ker ogens

The elemental composition of the isolated kerogeas determined using a Carlo Erba
EA-1108 CHNSO Element Analyser, as depicted in feg2.21. The kerogens were
analysed twice: the first analysis was to deterntiveecarbon, hydrogen, nitrogen and
sulfur (CHNS) elemental composition, and the secandlysis was to determine the
oxygen content, using a modified equipment setup.

The CHNS composition of the kerogens was determifestl The dry powdered
kerogen sample was accurately weighed (2 to 3 mg)a tin crucible. It was placed in
to the combustion oven and rapidly heated to 1@@n°a pure stream of compressed
oxygen gas. The combustion of kerogen generateg B§D, NQ,, and SQ gaseous
combustion products. These combustion gases wereddo a gas chromatograph
using a carrier stream of pure helium gas (unréacikygen gas was removed using a
gas scrubber packed with a copper catalyst). Thecten of the combustion gases
were detected using the GC’s thermal conductivigyedtor (TCD), and the CHNS
elemental composition quantified.

Secondly, the oxygen elemental composition of teeogens was determined. The
analysis was performed as before, except that énegkn sample was pyrolysed at
1070C in a pure stream of compressed helium gas. Thaysys of kerogen generated
carbon monoxide gas, which is detected using th®,Tand the oxygen content
quantified.

Calibration runs were performed with a standardfgaie amide), and blanks were also
run with empty tin crucibles. The analytical eroor the reported data is £ 0.01%

CAARLOD ERBER
INSTRUMENTS

Figure 2.21: Carlo Erba EA-1108 CHNSO Element Asaty
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2.16 Infra-Red spectroscopy of isolated kerogens

The organic functional groups present in the isalaterogens were analysed using
Fourier-Transform Infra-Red (FT-IR) spectroscopyheTorganic functional groups

absorb Infra-Red radiation, and undergo severafatitnal stretching and bending

motions. The wavelength of Infra-Red radiation abed is unique to each organic
functional group (Williams and Fleming, 1995).

The machine used (Figure 2.22) had an Attenuatéal Reflection (ATR) attachment,
which allows the sample to be analysed quickly divdctly (usually taking a few
minutes per sample). The ATR attachment only reguar very small amount of sample
(~ 2 mg). The benefit of the ATR device is thargtmoves the need to process the
sample in to potassium bromide (KBr) discs or adNuapull (Williams and Fleming,
1995). The details of the IR spectrometer usedisterl in Table 2.4:

Table 2.4: Details of the ATR FT-IR spectrometezdito analyse the functional groups
of the kerogens

MACHINE SPECIFICATIONS
Instrument: Thermo Nicolet 6700 FTIR ESP spectr@met
Spectrum range: Mid-IR (4000 to 600 ¢n
Accessory: ATR; Attenuated Total Reflection
Scans: 32
Resolution: 4 cim

Background scans co-added: 32

Detector: DTGS ambient (internal)
Mode of detection: Infra-Red Absorption

Figure 2.22: The ATR-FTIR spectrometer used tordaitee the functional groups in the kerogens.
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2.17 Solid-State Nuclear M agnetic Resonance spectr oscopy of
ker ogens

Solid state®C-NMR analyses of the kerogen samples were obtalmedurham
University using their Varian VNMRS spectrometerg{ife 2.23) operating at 100.56
MHz for **C (399.88 MHz for 1H or a 9.4 T field) and a 6 mmagit-angle spinning
(MAS) probe. The unwanted sidebands were suppressaty “TOSS” spinning
sideband suppression, mostly from the aromaticassgim the spectra. Solid-stafiC-
NMR spins the sample on its magic-angle spinnind@Ylaxis at extremely fast speeds
(several kilohertz), to allow the average isotromhbemical shift values to be
determined.

Solid-state®*C-NMR analysis is required for kerogens becauseg doenot dissolve into
the deuterated organic solvents required by theensommonly used solution phase
NMR. Solid state’®C-NMR can be used for analysing the chemical strecand
bonding of the kerogen carbon framework. It camidig the presence of organic
functional groups, the degree of aromatization, #ralevel of cracking of aliphatic
side chains.

Figure 2.23: Varian VNMRS spectrometer for solidtstNMR at Durham University
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2.18 Pyrolysis GC-M S of isolated kerogens

The pyrolysis GC-MS analysis of the isolated kersgevas performed using a CDS
Pyroprobe 1000 coupled to a Hewlett-Packard 6899 Gaomatograph (Figure 2.24).
Helium gas was used as the carrier gas (constamtiflml/min, initial pressure of 110
kPa, split at 30 ml / min). Separation was perfairoa a fused silica capillary column
(60m x 0.25mm i.d) coated with 0.25 pm 5% phenyihylesilicone (HP-5MS).

A Hewlett-Packard 5973MSD mass spectrometer w&edirio the gas chromatograph,
via a split injector (320°C). The mass spectromefgerated under the conditions of
electron voltage 70eV, emission current 35uA, seuemperature 230°C, quadrupole
temperature 150°C, multiplier voltage 2200V, inded temperature 320°C. The data
acquisition was controlled by the Agilent MSD Cheatisn software, in full scan mode

(50-650 amu).

The isolated kerogens were accurately weighed (32emgl packed into quartz
pyrolysis tubes with glass wool end plugs. A sanmpbe was placed into the pyroprobe
platinum heating coil and rapidly pyrolysed at 68o1framped at 10C/ms) for 10
seconds with the GC split open. The GC was injtiakld at 40°c for 4 min, before
being ramped at 2C/min from 40°C to 90°C. The GC programme was then ramped at
2 °C/min to 150°C, before finally increased at 4°6/min to 320°C where it was held
for 6 min. The pyrolysate compound identificationasy done using the ion
fragmentation patterns identified using the NISEp8ctral library.

Figure 2.24: The py-GC-MS instrument used to armatiie kerogens.
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Chapter 3: Geochemical analysis of organic rich
shales and isolated kerogens

3.1 Introduction
3.1.1 Organic matter content and thermal maturity d source rocks.

Geochemical analysis of shale core is performedetermine the organic richness and
thermal maturity of a source rock. A potential s®urock must contain enough organic
matter to generate hydrocarbons upon thermal ntainraotherwise insufficient
guantities of hydrocarbons may be generated topelled and migrate from the source
rock to a nearby reservoir rock (Tissot and Wel®@84). However, in the case of gas
shales, the shale formation is both the sourcetladeservoir, so the expulsion and
migration of hydrocarbons does not need to be densd (Curtis, 2002; Bowker, 2007;
Hill et al., 2007).

The abundance of organic matter in a shale formasodetermined from a Total
Organic Carbon (TOC) analysis. Shales with organatter contents above 2% have
good hydrocarbon generating potential, and TOCwmvabi% are considered excellent
(Tissot and Welte, 1984). It is important to ndteyvever, that TOC content is not the
only control on the hydrocarbon potential of a seurock, as the organic matter type
(the kerogen quality) and level of thermal matuntyst also be considered before a
conclusion on source potential can be made.

The level of thermal maturation of a source roc&ften determined using either optical
microscopy (i.e. visual kerogen analysis, vitrimédlectance, kerogen fluorescence and
Thermal Alteration Index), or bulk geochemical nogth (i.e. Rock-Eval Pyrolysis,
Elemental Analysis, solvent extractable Biomarkeaksis). Maturation of the source
rock affects the interpretation of TOC contentshgdrocarbon generation causes the
TOC values to decrease (relative to the originaCTdd the immature shale). The Rock-
Eval pyrolysis of shale core can also determinegid@chemical Type of the kerogen,
and thus the likelyhydrocarbon products upon maturation (Langford &itdnc-
Valleron, 1990). This is done using the Tmax of B2 pyrolysis peak, and the
Hydrogen and Oxygen Indices in the form of a psewaioKrevelen diagram.

3.1.2. The geochemical composition and structure &krogen.

Kerogen is the high molecular weight organic geppar that is widely dispersed
throughout the matrix of sedimentary rocks. Itrisaluble in organic solvents (such as
dichloromethane), and is often closely associatéth Wwitumen, the low molecular
weight organic matter that is soluble in organilvents (Durand, 1980). Kerogen is the
primary source of hydrocarbons in petroleum souxmeks, when subjected to the
correct temperature and pressure conditions (TasdiVelte, 1984).

The structure and composition of kerogen is charesed using geochemical techniques
such as Elemental Analysis, py-GC-MS, solid stakRNspectroscopy and Infra-Red
spectroscopy. Optical microscopic examination afogen concentrates is also a key
analytical technique used to identify the maceashposition and the trace presence of
structured organic fragments (i.e. algae, spor@terp.

73



The geochemical composition of kerogen depends upennature of the precursor
organic matter incorporated into the sediments. difemical composition of kerogen is
therefore highly variable, and is dependent onnilm@erous biological inputs that may
be included into the preserved sedimentary orgamatter. Pyrite (FeS is often a
major constituent of kerogen, as pyrite is embeddetb the kerogen, especially in
marine sedimentary rocks deposited under anoxiditons. Pyrite can amount to more
than 40 wt% of isolated kerogen (Vandenbroucke laargeau, 2007). Several organic
macerals are also commonly identified in kerogetod&s, 1935; Killops and Killops,
2005). The alginite maceral (from algaenan) iswaetifrom the cell walls of marine and
freshwater algae, and consists of long chaalkyl groups (Gothet al. 1988), which
may contain significant polyester linkages (Allaetdal. 2002). The cutinite maceral
(from cutan) is derived from the waxy plant cutgclef terrestrial higher plants. The
suberinite maceral (from suberan) is derived froonk ctissuesof terrestrial higher
plants, e.g. bark and root walls. The vitrinite evat is derived from macromolecular
aromatic lignin found the woody xylem tissue in treg terrestrial plants (Teichmdller,
1989), Figure 3.1:

Figure 3.1: Geochemical structure of the vitrinitaceral. It is a highly aromatic interconnectedboar
skeleton, containing thiophene and furan heteroatogs (Heredy and Wender, 1980).

Kerogen is categorised (Tissetal. 1974; Tissot and Welte 1984) in to geochemical
types based on composition. The Type | kerogengreuypically formed from fresh
water algal material (e.g. Botryococcus) that ipa$ition in the shallow fresh water
anoxic muds of lakes and lagoons. Type | kerogensigally comprised mostly of
liptinite macerals, and is generally quite raresébt and Welte, 1984). It contains
significant amounts of lipid materials, especidiiywg-chain aliphatics. The lipids of
Type | kerogen are mainly derived from the algimitaceral, although bacterial lipids
may be an important contributor (Tissb@l., 1978).

The Type Il kerogen group fermedin low oxygen marine settings from a mixture of
phytoplankton and terrestrial higher plant materialpe Il kerogen is more common
than Type | and is the source of hydrocarbons inyr@l and gas fields (Tissot and
Welte 1984). Type Il kerogens usually comprise chebon skeleton of aromatic sheet
units interlinked by ketone, carboxylic acid andeesbonding groups. Significant
amount of aliphatic side chains may be bonded ¢oatomatic carbon skeleton, and
these aliphatic chains are generally of moderatgthe(up to ~ @s). Type Il kerogen is
often associated with significant amounts of pyrite
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The Type Il kerogen group is common, and is fornfienin the vascular tissues of
higher terrestrial plants, with the vitrinite maaledominating the composition (Durand
and Monin, 1980). The aromatic biopolymer lignindais derivatives are a major

component to Type lll kerogens, and are a sigmficantributor to the aromatic nature
of Type lll kerogen. It is dominated by polycychtomatic hydrocarbons and oxygen
functional groups (Tyson, 1995), Unlike Type Il &gen, Type Ill kerogen contains
very few ester bonding linkages, and only minor ants of aliphatic side chain groups,
those of which are dominated by methyl and othertsbhain alkyl groups (not the

longer alkyl chains of Type Il kerogen), (KillopedKillops, 2005).

The Type IV kerogen group is dominated by the inget maceral group, with a minor
amount of vitrinite (Killops and Killops, 2005). €hType IV kerogen group comprises
black opaque debris under optical microscopic eration (Powell and Snowdon,
1980). It is dominated by polycyclic aromatic cartbatoms (Tyson, 1995), with
negligible amounts of hydrogen (Tisset al., 1980), and is considered to have a
graphite-like in structure; the lack of hydrogesuks in Type IV kerogen having no
hydrocarbon generation potential. It is formed freeverely oxidised higher plant
matter that has been oxidised in subaerial enviemisnand/or recycled from older
thermally mature sediments (Tissbtl., 1980; Tyson, 1995).

The elemental analysis of isolated kerogen hadiftehcarbon, hydrogen and oxygen
as the main atomic elements in kerogen, with mamounts sulfur sometimes present
(Tissot and Welte 1984Jype | kerogen has a high H/C ratkil(5) and a low O/C ratio
(<0.1) (Tissot and Welte 1984). Type Il kerogen has reddyi high H/C H/C ratio (~
1.2) and low O/C ratios, being lower that Type rdgen (Tyson, 1995). Type llI
kerogen has a low H/C (<1.0) and a high O/C ratto 0.3), (Powell and Snowdon,
1980). The ratios of H/C and O/C can be plottedtlma van Krevelen diagram to
determine the kerogen type from the elemental amalyfyson, 1995). As Type | and
IV kerogens are rare, most kerogens fall betwegre3l and 11l on the van Krevelen
diagram (Killops and Killops, 2005).

The structure of kerogen is formed from a threeetisional macromolecular carbon
skeleton of aromatic units (known as the carbonlelycthat are linked together by
aliphatic carbon chains (Vandenbroucke and Large®@7). The aliphatic cross-
linkages may contain various functional groupsjuding carboxylic acids, alcohols,
esters, and amides (Killops and Killops, 2005). @hematic carbon units (the nuclei)
take the form of flat aromatic sheets, often wiiphatic n-alkyl side chains bonded to
them, and may also have heteroatoms (i.e. nitrogeygen and sulphur) incorporated
into the aromatic ring structures(Killops and Kgky 2005). Lipids can be trapped
within the three-dimensional kerogen matrix. Analifged structure of Type Il kerogen
is reported in Figure 3.2:
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Figure 3.2: The structure of Type Il kerogen (aBéhar and Vandenbroucke, 1987)

3.1.3 Maturity related changes to kerogen structur@and composition

The structure and composition of immature kerogemery stable over long periods;
even in ancient sediments, the structure of immeakarogen will remain relatively
unchanged (Killops and Killops, 2005). Significacbmpositional changes to the
kerogen geopolymer will only occur from being swbgel to thermal maturation.
During catagenesis, the increased temperature ssg$yye conditions cause the 3-D
structure of immature kerogen to rearrangefdom a more ordered and compact
structure (Vandenbroucke and Largeau, 2007). Tearangement of the kerogen
structure is an attempt to reduce the increasinigeutar strain on the structure of the
geopolymer. The bulky-alkyl side chains sterically hinder the close pagkof the
carbon skeletal nuclei, so they are cleaved fragrptiriphery of the macro-structure and
eliminated as hydrocarbons. The loss of hydrogemsatfrom the skeletal nuclei results
in the aromatisation of the carbon skeleton, tagmining the energetic stability that is
lost by the ejection of the aliphatiealkyl groups (Vandenbroucke and Largeau, 2007).

The increased maturation of kerogen also leadsa@togressive elimination of organic
functional groups (such as aldehydes and estessihey are mainly located on the
ejected aliphatic side chains. The aromatic carbkeletal nuclei units increasingly
become cross-linked together (Larsenal., 2002). Furthermore, the progressive
elimination of bulky peripheral groups results iclmnge in the elemental composition
of the kerogen. The ejected compounds contain gn@tlH and O atoms, so the
relative abundance of these elements in the keroganges with maturation. The loss
of hydrogen results in the H/C ratio of the kerogemlecrease with the generation and
release of hydrocarbons (acyclic and cyclic). THE katios may decrease significantly
in Type | and Type Il kerogens (from around 1.5 ar2 respectively, down to 0.5).
The decrease in the H/C ratio of type lll kerogensisually lower though, reflecting
their smaller starting potential for hydrocarbomegetion (Killops and Killops, 2005).
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The aromaticity of kerogen increases significadthlying thermal maturation, as a result
of both the expulsion of aliphatic hydrocarbons #m&lincreasing aromatization cyclic
rings in the kerogen structure (i.e. aliphatic opexyl- rings becoming aromatic
benzene rings; Killops and Killops, 2005). The myktbroup (CH-) content of the
kerogen also increases during thermal matura@isripng-chain aliphatic components
are removed, leaving behind a lone methyl grouh@tpoint where the aliphatic chain
was cleaved from the carbon skeletal structurddqps and Killops, 2005).

At advanced stages of thermal maturation, the otengomposition of all three
kerogen types become increasingly alike, reachmgrechanging H/C ratio of less than
0.5, with up to 80% of the original carbon contbaing lost to expulsion (Killops and
Killops, 2005). During the extreme conditions of tagenesis, the carbon content of
kerogens is greater than 90%, with negligible an®wi other elements left in the
kerogen structure (Killops and Killops, 2005). Imture source rocks, the original Type
of a mature kerogen may be difficult to determisang bulk geochemical analyses only
(Vandenbroucke and Largeau, 2007). Mature kerodgem dnvas the characteristics of a
geochemical Type Il kerogen (i.e. high aromaticitpw Hydrogen Index, low
elemental H/C ratios). If it is uncertain whethemature kerogen originated from a
Type Il or Type Il kerogen, the mineralogy of tlseurce rock may be used to
reconstruct the origin of a kerogen (Huc, 1990)e Hssociated mineral fraction of a
source rock gives an indication of the environmleataditions of kerogen deposition
(the organo-facies), and thus the likely initiatdgen Type (Huc, 1990).

3.2 Results
3.2.1 Total Organic Carbon (TOC) content of shale

The organic carbon content (in weight %) of the Uprae Formation and Colorado
Group shales were determined using the procedwssrided in chapter two, section
2.5. The DF shale samples have excellent organttemeontents (Table 3.1), with a
range between 2.96 % to 10.75%, and a mean avefag24 % + 2.33 %. The CG
shale samples have good organic matter contentdgTal), with a range between
2.02% and 3.68%, and an average of 2.74 % + 0.57 %.

Table 3.1: Total Organic Carbon (TOC) Content &f Braupne Formation and Colorado Group shales.

Sample | pepi/m| 1% | SAP popih/m| 1%
DF1 2117.8 8.53 Cl 505.3 2.54
DF2 2325 1037 C2 506.55 2.51
DF3 2978.5 2.96 C3 541 2.46
DF4 3124.7 7.68 C4 546.3 2.42
DF5 3375.32 10.75 C5 561.5 3.15
DF6 3400.4 7.74 C6 642.1 3.33
DF7 4132.95 7.01 C7 647.57 3.68
DF8 4608.4 5.69 C8 651.75 3.28
DF9 4707.7 5.60 C9 675.02 2.05
DF10 4780.7 6.10| cC10 684.61 2.02
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3.2.2 Rock-Eval Pyrolysis of shale

Thermal maturity and hydrocarbon content/generatmotential of the Draupne
Formation and Colorado Group shale sample suites determined using Rock-Eval
Pyrolysis (after Espitaliét al., 1977). The Rock-Eval pyrolysis was performed gsin
the procedure described in chapter two, section Ph@ results for the DF and CG
shales are listed in Table 3.2.

For the DF shale samples, the S1 pyrolysis peajedbetween 1.00 mg'do 4.70mg

g*, with an average of 2.46 mg & 1.41 mg &. The S2 pyrolysis peak ranged between
1.40 mg ¢ to 41.16mg g*, with an average of 17.08 mg & 13.94 mg §. The Tmax
temperature ranged between 406to 463°C, with a mean average of 430 + 17°C.
The Hydrogen Index ranged between 24.6 mg and 4€.4* TOC, with an average
of 214.8 + 138.4 mg HC'{TOC.

For the CG shales samples, the S1 pyrolysis peajethbetween 0.27 mg-do 2.39
mg g*, with an average of 1.15 mg'@ 0.74 mg §. The S2 pyrolysis peak ranged
between 3.33 mgyto 12.79mg g*, with an average of 8.10 mg' ¢ 3.33 mg . The
Tmax temperature ranged between 4050 432°C, with an average of 42C + 8°C.
The Hydrogen Index ranged between 164.85 and 38H§8HC g TOC, with an
average of 284.40 + 65.26 mg HE §OC.

The vitrinite reflectance (V& maturity parameter was calculated using the @arvi
equation (Jarviet al., 2001; Jarviest al., 2007; Modica and Lapierre, 2012; Zhaatg
al., 2012). The strong linear relationship betweenTmax maturity parameter and the
vitrinite reflectance (VR maturity parameter is calculated as: \R(0.018 x Tmax) —
7.16. The correlation coefficient is*?R0.79, with n=179 data points (Jangeal.,
2001).

For the DF shale samples, the S2 peak decreadesnereasing burial depth, and the
Tmax values increase with increasing burial deptie correlation between Tmax and
Hydrogen Index with increasing burial depth is m@o in Figure 3.3. There is an
excellent positive correlation between increasingridb depth and Tmax. The
correlation coefficient for the linear regressierR = 0.98. The Hydrogen Index (HI) is
stroggly negatively correlated to increasing budapth, with a correlation coefficient
of R“=0.97.

For the CG shale samples, there is no observabphel tin the S2, Tmax or HI with
burial depth. The Second White Specks shale sanip&sC7 and C8) have the highest
Hydrogen Index values (average 357.44 + 23.1 mgdgCTOC), indicating a high
hydrocarbon generating potential within this strata
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Table 3.2:

Rock-Eval pyrolysis of Draupne Formatim Colorado Group shales.

Burial S1 S2 Tmax H);g;%g)](en C\th(r:iunli"’t‘;ed
Sample | Depth/ | (Average) | - (Average) | (AVerage) | (ayerage) | Refleciance
mg HC g TOC VR./ %
DF1 2117.8 1.9 +0.09 35.8+4.0 416 +15.6 419477 2 0.33
DF2 2325 3.3+0.2 40.3+0.2 418 + 0.7 388.6+2.1 0.36
DF3 29785 21+0.8 7.5+0.09 436 +0.0 253.21 3 0.69
DF4 3124.7 3.9+0.06 23.6 £0.09 431 +1/4 307102+ 0.60
DF5 3375.32 47 +0.5 25.5+0.6 432 +1)1 237328 0.62
DF6 3400.4 2.7+0.3 17.5+0.3 434 +85 225.78: 3 0.65
DF7 4132.95 3.5+0.06 13.1+8.3 452 +164.9 186199.0 0.98
DF8 4608.4 0.4 +0.06 1.4 +0.07 455 + 57 24.62 1 1.03
DF9 4707.7 1.0+0.0 2.9+0.09 460+ 0.0 51.35 1. 1.12
DF10 4780.7 1.0+0.0 3.3+0.1 463 +14 53.7% 1. 1.17
C1 505.3 1.3+0.04 59+05 419+ 2.8 233.9 817 0.38
C2 506.55 0.9 +0.03 6.9+0.1 419+14 275.35 4, 0.38
C3 541 0.6+0.1 7.3+0.3 423 +2.8 297.6+12.1 .450
C4 546.3 1.1+0.1 6.2+0.6 422 +0.0 255.8+26/3 0.44
C5 561.5 1.0 +0.04 9.8+04 417 +2.8 311.1 13 0.35
C6 642.1 1.4 +0.09 12.8+0.2 405+1.4 384.1% 4. 0.13
C7 647.57 24+0.1 12.8+0.3 412 +1.4 346.53 7. 0.26
C8 651.75 2.3+0.16 11.2+04 418 +2/8 341.461 0.36
C9 675.02 0.3+0.3 48+0.2 430+ 1.4 233.2+9.Y 0.58
c10 684.61 0.3+0.1 3.3+0.3 432 +28 164.9 612 0.62
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Figure 3.3: Correlation of the Draupne Formatioalss with burial depth. In part a) there is an dzoe

positive correlation between increasing burial Hegtd Tmax. In part b) there is an excellent negati
correlation between increasing burial depth andrbigen Index.
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Figure 3.4: No correlation of the Colorado Grouplek and burial depth.
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3.2.3 Purity analysis of isolated kerogens

The isolated Draupne Formation and Colorado Grarpdens were tested for mineral
purity using powder X-Ray diffraction. The powdeRR was performed using the
procedure described in chapter two, section 2.hér& are no characteristic peaks in
the low angle region (< 29 of the kerogen diffractograms for quartz, cartiesaor
clay minerals, as demonstrated for kerogen DF4garE 3.5. This indicates a low level
of contamination of these minerals in the isoldtetbgens. The characteristic 9 peaks
of the pyrite “fingerprint” pattern can be observiedthe diffractogram of the DF4
kerogen, indicating that pyrite is present. All tddfractograms for the Draupne
Formation and Colorado Group kerogens are repartegigure 3.6 and Figure 3.7,
respectively.

DF4 kerogen

Pyrite

Pyrite

Intensity / counts
Pyrite

Pyrite
Pyrite

T T T T T T T T T T T r T

5 10 15 20 25 30 35 40 45 50 55 60 65 70

2 Theta/°

Figure 3.5: Powder XRD diffractograms of the DF4dgen. It shows the presence of pyrite (FeBut
no peaks associated with other shale mineralsrasept, indicating the absence of other minerathén
extracted kerogens.
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Figure 3.6: Powder XRD diffractograms for the Draepg-ormation kerogens, showing a low level of
contamination of shale minerals (other than pyrite)
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Figure 3.7: Powder XRD diffractograms for the Caldo Group kerogens, showing a low level of
contamination of shale minerals (other than pyrite)
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3.2.4 Elemental analysis of isolated kerogens

The elemental composition of the Draupne Forma#ind Colorado Group kerogens
was determined by combustion, according to the atkttescribed in section 2.15 of
chapter 2. The elemental analysis data is listeBainle 3.3. The carbon, hydrogen and
oxygen contents of the Draupne Formation kerogeswedse with increased burial
depth, whilst the Colorado Group kerogens exhibitaservable trend in elemental
contents versus depth.

The raw data are given, without any correctionif@rganic pyrite content. The carbon
contents are therefore lower than expected (~75%08), and the sulfur content is
higher than expected (~ 2 to 6%). The high sulfurtent is due to inorganic sulfur in
the iron pyrite (Feg.

Table 3.3: Elemental analysis results for the Dneupormation and Colorado Group
isolated kerogens.

Cl% | HI% | N/% | s/% | O/%
DF1 61.74 5.57 1.36 10.39 6.47
DF2 53.72 4.64 1.10 15.24 4.83
DF3 43.89 3.88 0.83 20.44 3.55
DF4 64.31 5.28 1.21 12.30 5.11
DF5 56.16 4.25 1.15 14.04 4.33
DF6 50.38 3.80 0.92 17.69 3.95
DF7 42.31 2.68 0.69 24.08 2.61
DF8 57.14 4.03 0.80 16.27 3.84
DF9 45.47 3.22 0.96 23.62 3.39
DF10 43.28 2.62 0.16 24.25 2.51
c1 38.33 4.40 1.23 7.93 12.55
c2 35.52 4.21 1.30 7.75 11.74
c3 63.30 7.38 1.88 11.17 4.08
c4 62.73 7.36 1.95 12.17 3.75
c5 55.92 6.22 1.82 11.69 10.94
C6 21.09 2.30 0.51 4.77 10.86
c7 23.05 2.55 0.60 4.60 14.51
cs 21.93 2.58 0.48 4.96 10.14
c9 50.08 5.49 1.26 9.81 13.46
C10 41.30 4.73 1.00 8.37 12.07
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3.2.5 Infra-Red spectroscopy of isolated kerogens

The infra-red spectral analysis of the Draupne Fdion and Colorado Group isolated
kerogens were obtained using the method describsdation 2.16 of chapter 2. Unlike
synthetic materials, kerogen IR spectra containadbrabsorbance peaks due to the
heterogeneous carbon skeleton of its natural géowmuic structure. The broad
absorbance peaks are the averaged combinationrof smailar functional groups, and
therefore the assignment of these broad peaks dividomal functional groups is
difficult. The normalisation of the peak intenssti@llows the aromaticity of the
kerogens to be determined.

A representative FT-IR absorption spectrum for kBeogen DF1 is reported in Figure
3.8. Two broad absorbance peaks at approximatél@-3800 crit and 1600 ci are
observed, which are characteristic of aliphatic ®etds (at ~ 3000 c¢f) and aromatic
C=C bonds (at 1600 ch), respectively. In Figure 3.9, the shallow, middied deep
Draupne Formation kerogen samples are overlainabserbance peak for the aliphatic
C-H stretch at ~ 3000 chdecreases with increasing burial depth for theeethr
kerogens. The normalised absorbance peak for DRarger than for DF5, and the
DF10 kerogen has the lowest absorbance intensitifigure 3.10, the shallow, middle
and deep Colorado Group kerogen samples are avelrle absorbance peak for the
aliphatic C-H stretch at ~ 3000 &nare identical for the three kerogens: there is no
observable difference.

DF1 kerogen

Normalised Absorbance

rrr 1 r+r1 1+ T rT1 "1 T "1 ™1 ° ™1 ¢ 1 " 1T * T * T * 1T
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800

Wavenumber/cm™

Figure 3.8: Representative example of the FT-IRcspeof isolated kerogens. A strong absorbance peak
is observed between 2800 ¢rand 3000 cr.
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Figure 3.9: Normalised and overlain FT-IR spectrséhe shallow, middle and deep Draupne Formation
kerogens. The intensity of the alkyl group resoeadecreases and the intensity of the aromatic group
resonance increases. This is an indicator of tiife ishthe chemistry of the kerogens from a hydnege
rich aliphatic structure to a polymerised aromhtidrogen-poor structure.
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Figure 3.10: Normalised and overlain FT-IR specdfdhe shallow, middle and deep Colorado Group
kerogens. The intensity of the alkyl group resoeapeaks is very similar, as indicated by the idwahti
aliphatic C-H absorbance peak at 2800-3000.cm
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3.2.6 Nuclear Magnetic Resonance spectroscopy obleted kerogens

The solid-state"*C-NMR spectra of the Draupne Formation and Color&toup
kerogens were obtained using the method describeskgtion 2.17 of chapter 2. A
representative example of"¥C-NMR spectrum for kerogen DFS5 is reported in Fégur
3.11. Two broad resonance peaks at approximateB0gipm and 130-145 ppm are
observed, which are characteristic of aliphatichyleine carbons (Chi (at 30 ppm) and
the aromatic kerogen skeletal structure (130-148)ppespectively.

In Figure 3.12, the shallow, middle and deep Drauparmation kerogen samples are
overlain. The DF1 kerogen is the shallowest sangid,has the largest aliphatic 30ppm
resonance peak of the 3 kerogens, with the arorsaial at 130-145 ppm being the
lowest intensity aromatic peak. The DF5 kerogeihesmiddle burial depth sample, and
has a similar*C-NMR spectrum to the DF1 kerogen, with the sanuadrsignals at ~
15 to 30 ppm and ~130 ppm. However, the intendigromatic peak at ~130 ppm has
increased in intensity, relative to the DF1 kerogEme aliphatic signal at 30ppm has
not changed much relative to the DF1 kerogen. TR&(kerogen is the deepest buried
sample. It also has the same aliphatic signalldi to 30 ppm and the aromatic signal at
~130 ppm as the two previous samples. The maierdifice is the intensity of aromatic
peak at ~130 ppm has significantly increased, hedrttensity of aliphatic peak at ~15
to 30 ppm has significantly decreased. The aromaticf the DF10 kerogen is
estimated to be ~ 85 % (or more), as determinedh ftbe integrated intensity
information given by the short direct-polarisatigrulse-acquire) experiment performed
on the sample.

In Figure 3.13, the shallow, middle and deep Caor&roup kerogen samples are
overlain. The C1 kerogen is the shallowest santpke C6 kerogen is the middle burial

depth, and the C10 is the deepest sample. Inkat@ens, the aliphatic peaks at 30ppm
have the same intensity, indicating that they sh@deatical concentrations of aliphatic

alkyl groups. The combined aliphatic peak at 30 pprmuch more intense than the
combined aromatic signal at 130-145 ppm. The argnsagnal at 130-145 ppm varies

between the 3 kerogens, with the C1 being most aiomand C10 being the least

aromatic.

Normalised Intensity

T T T T T T T T T
250 200 150 100 50 0

Chemical Shift / ppm

Figure 3.11°C-NMR spectra of DF5 kerogen. The characteristjghaltic alkyl peak is found at 30 ppm,
and the characteristic aromatic kerogen skeletk pefound at 130 -145 ppm.
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Figure 3.123C - NMR spectra of the 3 Draupne Formation kerogareslaid to highlight changes with
depth. The aromatic C-H peak increases in relamitensity with increased thermal maturity.
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Figure 3.13:°C - NMR spectra of the 3 Colorado Group kerogenarlaid to highlight changes with
depth. The aliphatic C-H peak is larger than tlmreatic peak, and has a constant relative intensity.
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3.2.7 Pyrolysis Gas Chromatography Mass Spectronmgt (py-GC-MS) of
isolated kerogens

The pyrolysis gas chromatography mass spectron{pyryGC-MS) of the Draupne
Formation and Colorado Group kerogens were obtausaty the method described in
section 2.18 of chapter 2. A shallow, middle andeaply buried sample from both
samples suites were chosen.

In Figure 3.14, the total ion chromatograms (TIG)tlee shallow, middle and deep
Draupne Formation kerogen samples are reportedsigare 3.15, the TIC of the
shallow, middle and deep Colorado Group kerogenpsesnis reported. The y-axis
scales are normalised to 1 x’lifitensity units. The pyrolysate compounds released
using pyrolysis GC-MS were dominated with alkaned aakene straight chain
hydrocarbons, with small amounts of low moleculaeight aromatic benzene
derivatives (including toluene, xylene, ethylbereer,3,5-trihydroxybenzene, and
mono-lignols derived from lignin pyrolysis). Therdmant peaks were thealkane and
n-alkene doublets, ranging fromy @ Gs,.

In Figure 3.14 the variation between the total tanromatograms (TIC) of the Draupne
Formation kerogens can be observed. The DF1 and K@Figens have very similar

TIC spectra, being rich in-alkane andr-alkene doublets. The DF10 kerogen is visibly
different, having a significantly reducedalkane andh-alkene doublet abundance. In
Figure 3.15 the TIC of the Colorado Group kerogaresreported. The three Colorado
Group kerogens have very similar chromatogramsicatichg a large abundance of
aliphatic alkyl groups being present in the kerogen
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Figure 3.14: Total lon Chromatogram (TIC) of thealpne Formation isolated kerogens. The DF10
kerogen has reduced alkane and alkene double @bteelative to the DF1 and DF5 kerogens.
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Figure 3.15: Total lon Chromatogram (TIC) of thd@@ado Group isolated kerogens.
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3.3 Discussion

3.3.1 Organic matter type and content

The Draupne Formation and Colorado Group shalesraggamic rich, with the DF shale
having an average TOC of 7.24 %, and the CG slaaples having an average of 2.74
%. Tissot and Welte (1984) have demonstrated tigles with organic matter contents
above 2% have good hydrocarbon generating poterdgiad TOC’'s above 4% are
considered excellent, suggesting that the Draupmen&tion and Colorado Group
shales have the potential to be prolific hydrocarbource rocks. This interpretation is
supported by the work of Justwan and Dahl (2009)p westimated gas reserves of
15,000 BCF in the Viking Graben sector of the Draipormation, and also by Bustin
(2005) who estimated gas reserves > 1000 TCF i€therado Group of WCSB.

The Draupne Formation shales have a spread of T@@emt values, whilst the
Colorado Group shales have a narrow range of valites DF shales exhibit a general
trend of TOC reduction with increasing burial depdls reported in Figure 3.16. The
DF3 shale sample (TOC 2.96%) appears to be aneoudtbm the main group. In
contrast, the Colorado Group shales appear to haveverall trend between TOC
content and increased burial depth. This is expeete there is only ~ 180 m difference
between the shallowest and deepest sample in thes@fiple suite. However, a
localised variation in the TOC contents betweendifferent shale formations exists for
the Colorado Group. The Second White Specks slaaples (C6 to C8) have almost
double the TOC contents of the Medicine Hat andeBeburche shale strata.
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Figure 3.16: Variation of TOC with burial depth tine a) Draupne Formation, and b) Colorado Group
shale suites. The DF shales decrease in TOC wétieasing burial depth, whilst the CG shales have no
observable trend with depth, with the TOC contearying instead according to the formations witfhia t

stratigraphic column of the Colorado Group.
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The Draupne Formation isolated kerogens and slaaemterpreted as being Type I,
using both the van Krevelen diagram (van Krevel®50) and the S2 against TOC plot
(after Langford and Blanc-Valleron, 1990). Using #lemental analysis data from the
isolated kerogens, the van Krevelen diagram (Figut&, part a) demonstrates that the
DF kerogens have the elemental ratios characterdtiType Il kerogen. The S2 vs
TOC plot from the whole shale Rock-Eval pyrolys&alreports that the majority of the
DF samples have geochemical characteristics géroihe Type Il kerogen, as reported
in Figure 3.18, part a. This interpretation of k@upne Formation consisting of Type
Il kerogen is supported by the work of Knudstral., (1988) and Dahl (2004), who
both identified Type Il kerogen present in the Oma@& Formation. Three samples (DF8,
DF9 and DF10) have geochemical characteristicsaasfggone Type Il kerogen. These
three samples have a significant reduction in hgaloon potential (due to oil
generation as a consequence of thermal maturadod) how have gas prone Type Il
recalcitrant kerogen remaining. Moreover, the Cador Group isolated kerogens and
shales are also categorised as geochemical Tkeedgen, as determined using the van
Krevelen diagram and plot of S2 against TOC, asntefd in part b’s of Figures 3.17
and 3.18, respectively. The CG shales have thehgaaical characteristics of oil-prone
Type Il kerogen, and have the potential for oil g@tion, once they have become
thermally mature. This interpretation is supporbgdthe work of Taylor (2011), who
found that the Colorado Group is dominantly Type&elogen, with a minor type lli
component in the Lower Carlile member (a formatbthe CG not investigated in this
study).

92



immature [ |

oil window | |
Gas window [l

a) 20 T

H/C (molar ratio)
5 &
1 I

©
o
T

R, 1.5% 0.5%
00 A1 L 1 L 1
0 0.05 0.1 015 020 025 0.3
O/C (molar ratio)
b) 20 T T T
Immature E]

oil window [ |
Gas window [}

H/C (molar ratio)
5 &

bt
o
T

R, 1.5% 0.5%

1 i i i i

0.0
0 0.05 0.1 015 020 025 0.3
O/C (molar ratio)

Figure 3.17: van Krevelen diagram for the elemeatahposition of the isolated kerogens (background
image modified afteGeewald, 2003). In part a), the Draupne Formatenodens are within the Type |l
group and are in the lower to middle oil window.plart b), the Colorado Group kerogens are in theeTy
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Figure 3.18: Plot of S2 vs TOC (after Langford aBldnc-Valleron, 1990). In part a), the Draupne
Formation shales are mostly Type Il kerogen, with three mature samples exhibiting geochemical
characteristics of Type Ill kerogen. In part bk tholorado Group shales contain Type Il organidenat
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The *C-NMR spectra of the Draupne Formation and Color&oup contain two
broad resonance peaks that are characteristic pd Tymarine algal kerogens (Bharati
et al., 1995). The resonance peak at 30 ppm is consisitnmethylene carbons (GH
being the dominant alkyl carbon type in Type llalgerogens (Bharatt al., 1995).
The signal at 15 ppm (the “shoulder” on the 30 pgpeak) is typical of a methyl (G
group at the end of the hydrocarbon chain. Typmdrine algal kerogens have high
concentrations of aldehyde (CHO) and alcohglGQ¥DH) functional groups (Bharadt

al., 1995). The resonance peak at 130-145 ppm rangensistent with the aromatic
kerogen skeletal structure. Aromatic signals in186-145 ppm range are characteristic
of a high proportion of quaternary carbon environtagi.e. carbons that are not bonded
to any hydrogen atoms, which are characteristiaromatic systems). Algal kerogens
are rich in branched aromatics (Ar-C-C) and protedaaromatics (Ar-CH) (Manet

al., 1991; Patiencet al. 1992). There is also a minor shoulder/hump atO~gpm,
which is characteristic of nitrogen hetero-atomsolwed in aromatic bonding
environments (the presence of nitrogen in kerogerdcbe due to the biological origin
of the kerogen geo-polymer).

The py-GC-MS total ion chromatograms of the Draupiwemation and Colorado
Group kerogen samples have the characteristic sanbmber distribution of Type I
kerogen. The largest abundanealkaneh-alkenes are those with less than 20 carbon
atoms (Gg), which is in agreement with the findings of LeplatdaVandenbroucke,
1993). As the molecular weight of thealkanesft-alkenes increases, the relative
abundance of the peaks decreases, with the helaaeea alkenes (>4 having a low
intensity. This characteristic chromatogram traegtgon for Type Il kerogen is in
agreement with published kerogen characterisaficarger, 1984; Horsfield, 1989).

3.3.2 Thermal maturity of shale and kerogens — Drgane Formation

The Rock-Eval pyrolysis indicates that the Draupoemation shales have a range of
thermal maturities, from immature up to oil genemratmaturity (catagenesis). Both the
S2 and Hydrogen Index values decrease with inergdsurial depth, whilst the Tmax
values increase with increasing burial depth. Hgoellinear correlations between
burial depth, Tmax and HI are reported in Figu® @ith coefficients of R= 0.98 and
R? = 0.98, respectively. These correlations are cheristic of increasing thermal
maturation, with the generation of hydrocarbonse Tmax value is the temperature of
maximum S2 peak generation, and indicates thatDiResamples are within the oil
window maturity range (Tmax range of 485to 470C), but not in the gas window for
Type |l kerogen (> 47C). The Hydrogen Index is a measure of the hydtmar
generating potential of the kerogen, and so a dseeren the HI value is a strong
indicator of the thermal maturation history of thleale. In Figure 3.19, the maturity
range of the Draupne Formation sample suite istiftieoh using the plot of Hydrogen
Index against Tmax (after Espitalié, 1986). ThevellTmax plot demonstrates that the
DF samples are either immature or in the oil windewith no gas window maturity
samples in the suite.
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Figure 3.19: Plot of J. vs. HI, (after Espitalié, 1986) for the DraupnerrRation shale suite. The
maturity of the shales range from immature to aéildew; no samples are in the gas window.

The elemental analysis of the isolated Draupne Bbtiam kerogens show that the
carbon, hydrogen and oxygen contents decreaseinateased burial depth. The van
Krevelen diagram (Figure 3.17) identifies the DRdgens as falling within the oil
window maturity zone, with no gas window maturigr&gens identified. The spread of
the data points is due to a range of thermal ntaanwithin the oil window.

The overlain FT-IR spectra of the shallow, middied adeep Draupne Formation
kerogen samples shows the absorbance peak foliphatic C-H stretch at ~ 3000 ¢
decreasing with increasing burial depth. This iatBe that the concentrations aliphatic
C-H bond concentrations are changing with the nitgtlevel of the kerogens. This is a
strong indicator of the changes that thermal mtiras on the aliphatic alkyl carbon
content of kerogen composition.

Significant changes in the chemical bonding andcstire of the Draupne Formation
kerogens were observed in the solid-st&&NMR spectra due to increasing maturity.
The DF1 kerogen was the lowest maturity sample, bhad the largest aliphatic
resonance signal (30ppm) and the lowest intensignatic peak (130-145 ppm) of the
3 kerogens. The DF10 kerogen was the highest matsasimple and the intensity of
aromatic peak at ~130ppm had significantly incrdasend the intensity of aliphatic
peak at ~15 to 30ppm has significantly decreashd.aromaticity of the DF10 kerogen
is ~ 85 % or more (as estimated from the shortctipelarisationintegral of spectra
intensity). This suggests that the DF10 kerogendmaaromatic structure that is much
more condensed and less alkylated than the lowaurityasamples. These changes in
chemical structure from a predominantly aliphattcucture to a highly aromatic
structure closely agree with the published worksohzalez-Vilaet al., (2001).
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The aromaticity of the kerogen increases, at thpeese of the aliphatic hydrocarbon
side-chains attached to the main carbon skeletdrerriial maturation causes the
chemical structure of kerogen to become compaateldi@ rearrange, with the carbon
side chains polymerising to cyclic aromatic ringsillpps and Killops, 2005).
Rearrangement and polymerisation to aromatic rogirs because they occupy less
space and are more thermally stable than satubhgtécarbon chains. The hydrogen
atoms attached to the carbon skeleton begin toateigo the alkyl side chains, thus
generating hydrocarbon fluids (Patietal., 1992).

The influence of maturity on the Draupne Formatenogens was observed in the py-
GC-MS total ion chromatograms, as reported in KEg8rl4. The DF1 and DF5
kerogens have very similar TIC spectra, being nch-alkane andh-alkene doublets,
whereas the DF10 kerogen has a significantly redlneglkane andh-alkene doublet
abundance (relative to DF1 and DF5). This is charatic of thermal maturation and
the generation of hydrocarbons; the DF10 keroggrhaiic alkyl content has been
converted to petroleum, and thus has become exth(&onzalez-Vileet al., 2001).
The influence of maturity can be more clearly obedrin the Selected lon Monitoring
(SIM) mode of the py-GC-MS chromatograms. TRg, 57 ion fragment in the mass
spectrum is characteristic ofalkane andn-alkene and is used to separate out and
identify the presence of alkane / alkene doubletthe kerogen TIC chromatograms.
The SIM traces in Figure 3.20 also in agreemenh whe interpretation that the DF1
and DF5 kerogens are very similarnralkane and-alkene content, and that the oll
window DF10 kerogen has become exhausted in tphadlc content, due to thermal
maturity and generation of hydrocarbons (Gonzalga-&f al., 2001).
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Figure 3.20: Selected lon Monitoring (SIM) pyrogianf the Draupne Formation isolated kerogens. This
is the™/, 57 ion for the presence nfalkane h-alkene doublets.
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3.3.3 Thermal maturity of shale and kerogens — Cotado Group

The Rock-Eval pyrolysis indicates that the Color&mup shales they are thermally
immature. The S2, Hydrogen Index and Tmax valudsbéxno observable trends with
burial depth, demonstrating that there is no changeaturity within the stratigraphic
column. The Tmax temperature has a range betweefC4t 432°C, with an average
of 420°C. Therefore, the CG shales are thermally immatseandicated by the Tmax
temperatures below the start of the oil window (€35 In Figure 3.21, the maturity
level of the Colorado Group suite is identifiedngsthe plot of Hydrogen Index against
Tmax (after Espitalié, 1986). The HI vs Tmax pletmbnstrates that the CG samples
are immature, with no oil window or gas window mitusamples in the suite.
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Figure 3.21: Plot of Ja vs. HI, (after Espitali€, 1986) for the ColoradmGp shale suite. The shales are
all immature, with no oil window or gas window maty samples.

The elemental analysis of the isolated Coloradau@herogens shows that the carbon,
hydrogen and oxygen contents have no observahbie tneth burial depth. The van
Krevelen diagram (Figure 3.17) identifies the CGokens as falling within the
immature zone, with no oil window or gas window ordy kerogens identified. The
spread of the data points is due to a range ofrthlematurities within the oil window.

The FT-IR spectra of the shallow, middle and deefp@do Group kerogen samples
reports that there is no observable difference éetwthe absorbance peak for the
aliphatic C-H stretch at ~ 3000 énfor the three kerogens. This indicates that the
kerogens have very similar C-H bond concentratiansg, that the maturity level of the
kerogens is very similar (as maturity changes thgrdgen content of kerogen). The
aliphatic C-H stretch at ~ 3000 &nis significantly more intense than the aromatiakpe
at 1600 crit, indicating that the Colorado Groups kerogengtegemally immature.
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The solid-state™®*C-NMR spectra of the Colorado Group kerogens aernihlly
immature, as shown by the significantly larger ladific peak relative to the aromatic
peak. The combined aliphatic peaks for the 3 kersgeave identical normalised
intensities, which indicate that the samples haveoasistent level of maturity
throughout the stratigraphic column.

The immaturity on the Colorado Group kerogens waseoved in the total ion

chromatograms, as reported in Figure 3.15. The @fiGhe three Colorado Group
kerogens are very similar, with the large abundarfcaiphatic alkyl groups indicating

that the CG kerogens have the same level of mat(iré. immature), and have not
begun to generate hydrocarbons. This interpretai®nsupported by the SIM

chromatograms in Figure 3.22, where the large adrel of aliphatic doublets supports
the immaturity assessment of the Colorado Groupdears.

100



C1 Kerogen

20 30 40 50 60 70 80

Retention time / min

C5 Kerogen

20 30 40 50 60 70 80
Retention time / min
Cuo C10 Kerogen
Cis Cyo
RN ! .
20 30 40 50 60 70 80

Retention time / min

Figure 3.22: Selected lon Monitoring (SIM) pyrogsaof the Colorado Group isolated kerogens. This is
the™/, 57 ion for the presence of alkane / alkene dosablet
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3.4

Conclusions

The major findings and implications of Chapter &8:ar

The Draupne Formation and Colorado Group shalesmanic rich, and have
good to excellent source rock potential. This imndestrated by average TOC
values of 7.24 % and 2.74 %, respectively, which greater than the 2%
threshold suggested by Tissot and Welte (1984).

The Draupne Formation and Colorado Group shalesacodype Il marine
kerogens, as identified by the Rock-Eval pyrolyd&ta plotted on the S2 vs
TOC diagram, and the elemental analysis data plotte the van Krevelen
diagram. The'*C-NMR spectra of the isolated kerogens also coradiphatic
and aromatic resonance peaks that are charadeoisiType Il marine algal
kerogens, and the py-GC-MS total ion chromatogrdrase alkane/alkene
distribution patterns characteristic of Type |l &gens.

The Draupne Formation shales have a range of themadurities, from
immature up to oil generation maturity (catagenesi®ie S2 and Hydrogen
Index values decreased with increasing maturitgl,the Tmax values increased
with increasing maturity. In addition, the carbbgdrogen and oxygen contents
of the isolated kerogens decreased with increasiayrity. The FT-IR spectra
and the solid-stat’C-NMR spectra also indicated that significant stiuel and
bonding changes were occurring due to increasethdienaturity.

The Colorado Group shales are both immature anemetore. This was
indicated by very similar data values for the R&skal pyrolysis and elemental
analysis. The FT IR spectra and the solid-st&eNMR spectra also presented
very little difference between samples.
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Chapter 4: Pore structure of organic rich shales

4.1 Introduction

4.1.1 Porestructureof organicrich shales

Understanding the pore structure of gas shalesjtarmbntrol of gas storage is crucial

for the prediction of Gas In Place (Pollastt@l., 2007; Ross and Bustin, 2009; Loucks
et al., 2009; Bernarcet al., 2010; Bustinet al., 2010). Pores in shales can be either
inter-granular or intra-granular (Loucksal., 2011). The inter-granular pores in shales
arise because clastic and biogenic sediment pestitlay not pack together perfectly,

leaving space between the grains. Intra-granulaegpan shales can occur inside

sediment patrticles, being accessible from the sarfahe shale pore system is filled

with a fluid, such as water, oil or gas (Crosdkilal., 2008)

Porous geological materials (such as coals andeshalre dominated by networks of
slit-like pores which are interconnected by narrcapillary-like constrictions (Marsh,
1987). The shape of these pores is often likenedirtk-bottles”, with narrow
constrictions at the pore entrance that lead tada ywore body. The narrow, constricted
nature of the gas shale pore structure means trat grcessibility by gas is affected
(Ross and Bustin, 2007). The geometry of the poreats and pore-bodies means that
gas diffusion to the sites of adsorption is kiraticrestricted (Ross and Bustin, 2007).

Shales have a wide pore size distribution, spannéggly 5 orders of magnitude )0
from visible macropores (>10 mm) through to subemaetre pores (<0.7 nm)
(Clarksonet al., 2012). The pore size distribution of mudstorestrongly dependent
on average grain size and mineralogy (Aplin and da&er, 2011), so that fine grained
clay-rich shales have a smaller average pore aimgerthan coarser grained silty shales.

The pores in gas bearing shale rocks are dominaattpmetre in scale (Loucksal.,
2009; Modica and Lapierre, 2012), and the moda¢ ize is typically 100 nm in size
(Louckset al., 2009; Zhangt al., 2012). The presence and abundance of micropgrosi
(< 2nm) is particularly significant, as this is themary site for gas adsorption in shales
(Baeet al., 2009).

The total porosity of geological material evolvdsoughout burial history. The
interconnected pore system of shales is subjestiltstantial changes during burial and
compactional processes (Amann-Hildenbraetl al., 2012). Newly deposited,
unconsolidated sediment can have an initial porosit~ 80-90%, which is usually
filled with electrolyte-rich pore water. After bgjrdeeply buried and compacted, the
total porosity of lithified shales can be < 10% [lA@nd Macquaker, 2011). This major
reduction in overall total porosity is the result diagenetic processes (Amann-
Hildenbrandet al., 2012).

During early diagenesis of shales, redox processesr in the pore water of the first
few metres of sediment. These redox reactionstieétte formation and precipitation of
diagenetic minerals (Curtigt al., 1986). These diagenetic minerals (such as ealcit
pyrite and clay minerals) precipitate as microalyste cements that in-fills the pore
spaces between deposited clastic particles, thdscireg overall sediment porosity
(Aplin and Macquaker, 2011).
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In the later stages of diagenesis, burial and nmreécabcompaction is a key control on
pore structure and total porosity. The shale matare volume decrease with depth of
burial, due to compaction and cementation (Modiua lzapierre, 2012). Compaction is
a mechanical process driven by an increase inteféestress. This effective stress is the
difference between the overburden (produced bylyingr sediment), and the average
pore pressure of the shale. The mechanical congpactisediment is a strong driver of
porosity reduction (Skempton, 1970). The rate ahpaction is influenced by: 1) the
average sediment grain size (Apéhal., 1995), and 2) the permeability of the shale.
Permeability determines the rate of pore water k@ from the compressed shales
(Aplin and Macquaker, 2011).

The increased effective stress and temperaturengllurial also leads to chemical
diagenesis, where porosity is reduced due to theéymamically unstable minerals
converting to more stable analogues. An exampl¢hisf is the inter-conversion of
biogenic Opal A to quartz (Behl, 1999). Opal-ridimkes exhibitvery high porosities
during early diagenesis (Volpt al., 2003), but the thermodynamic conversion to quartz
leads to significant porosity reduction during lalidiagenesidsaacs, 1981).

Shales can be subject to thermal maturation byogem! processes occurring in
sedimentary basins, and this can have a signifieffiett on the pore structure and
porosity of shales (Louckat al., 2009; Zhanget al., 2012). Thermal maturation occurs
when an organic rich shale formation is subjectedatge geological pressures and
temperatures during catagenesis, usually from akvieiometres of overbearing
sediments. These conditions can lead to significdtdration of the overall pore
structure and porosity of a shale sequence (Loetla., 2009). It is suggested that
these nano-scale pores are formed during the gered hydrocarbons (Curtigt al.,
2011).

The relationship between the shale pore systemtlamdevel of maturity has been
attributed to changes in the porosity and porecsire of kerogen (Chalmers and
Bustin, 2007; Baet al., 2009; Louckset al., 2009). It is well established that thermal
maturation of geological samples causes an incrieatbee abundance of microporosity
in the organic component of sedimentary rocks (&aah., 1972; Clarkson and Bustin,
1996; Bustin and Clarkson 1998; Prieizal., 2004; Prinz and Littke, 2005; Ross and
Bustin, 2009).The increase in the relative abundance of micragparecurs at the
expense of thenacropore and mesopore content (Crosdaé., 1998). Over-maturity
can have a negative impact on porosity though; sheondary cracking of liquid
petroleum to methane-rich gas can form significamtounts of solid pyrobitumen
residue in the shale pores that in-fills and ocetugorosity (Muscio and Horsfield,
1996; Modica and Lapierre, 2012).
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Figure 4.1: The presence of nanometre scale poréeiparticle of kerogen can be seen in this FHBAS
image of a high maturity (V)= 1.6%) Barnett shale sample. There are minimabmeetre scale pores in
the surrounding light grey shale clay matrix (afteuckset al., 2009).

The organic matter richness of a shale has a stimffgence on the presence and
abundance of microporosity (Beamish and Crosd&®85;1Ross and Bustin, 2009). As
the organic matter content increases, the overaropore volume of the shale
increases (shown in Figure 4.2). In addition, orgaich shales may contain a
heterogeneous mixture of different organic matyges that is highly variable on the
bulk and molecular scale (Vandenbroucke and Larg2807). The organic maceral
with the highest micropore volume is vitrinite (Westh et al., 1989; Lamberson and
Bustin; Chalmers and Bustin, 2007).
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Figure 4.2: A strong positive correlation betweeigropore volume and organic matter content suggests
that organic matter is the primary location of mjmores in organic rich shales (modified after Rmsd
Bustin, 2009).
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Mineralogy is a key factor in the origin and natafethe porous structure in shales
(Aplin and Macquaker, 2011). Shales often contaorarthan 90% inorganic mineral
matter, mostly consisting of silicates (quartz) atas, with some carbonate minerals
being present. Also, organic rich shales (> 2% T@®@y contain significant amounts of
iron pyrite (Fe9). This is because pyrite is precipitated and diépd$rom sea water in
relatively permanent bottom-water anoxic-dysoxiggen regimes.

A positive correlation was observed between claytaat and total porosity of some
Muskwa Formation shales (Bustet al., 2008). They observed that clay-rich shales
have a higher porosity and permeability than sitica shales or carbonate-rich shales
(Bustinet al., 2008). This is explained by the presence of npicrosity associated with
the clay mineral matrix, which haspredominance of pores in the 1 and 2 nm ranges
(Ross and Bustin, 2007). As the silica contenthailess increases (and therefore the clay
content decreases), there is a proportional dezlieamneso- and micro-porosity (Bustin
et al., 2008). The positive correlation between claytenhand total porosity can be
seen in Figure 4.3. It has also been shown thaotiigen of the quartz in the shale has
an effect on the total porosity. Shales rich irrititquartz have a higher porosity than
shales rich in biogenic quartz (Bustit al., 2008). This is because there are
insignificant amounts of microporosity in biogesitica (Ross and Bustin, 2009).
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Figure 4.3: There is a positive correlation betweky content and total porosity (after Busénal.,
2008)

In the subsurface, the porosity and pore structafeshales are filled with interstitial
pore fluid. The fluids are typically natural gasdér formation water (Crosdakt al.,
2008). Pore structure influences the relative arh@immoisture adsorbed by shales
(Modica and Lapierre, 2012). It has been shown $hatples dominated by mesopores
retain more water than samples which are micromonouwmaturdDay et al., 2008).This
has been demonstrated by a strong hysteresis between the moisture adsorption
and desorption isotherms in coals (Allardice, 19®%llardice et al., 2003). The
hysteresis curve is due to the capillary condeosaséffect of water in mesopores
(Crosdaleet al., 2008). As the microporosity of coal increasasd(¢éhe mesoporosity
decreases), the hysteresis loop becomes less motiand the shape of the curve
changes (Bustin and Clarkson, 1998).
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4.2 Results

4.2.1 Location and geometry of pores in the Draupne Formation and Colorado
Group shales.

The location and shape of pores in the Draupne &wom and Colorado Group shales
were investigated using scanning electron microgcaping the procedures described
in chapter 2, section 2.7. The SEM imaging of timales was performed using
Secondary Electron (SE), Backscatter Electron (B&#) Focussed lon Beam (FIB-
SEM) techniques. The FIB is used to mill down inthie surface of the shale sample,
and image the 3-D structure of the shale matrtk@ihanometre scale.

The electron micrograph images of the Draupne Foomand Colorado Group shales
(Figures 4.4 to 4.9) indicate that they consist qufartz grains (medium grey),
phyllosilicate clay minerals, streaks of organicttera(black) and framboidal pyrite
(white). A selection of Draupne Formation and Catlr Group shales were
investigated using the FIB-SEM technique. For thraupne Formation, an immature
sample (DF1), a middle maturity shale (DF5), andnature shale (DF10) were
investigated. For the Colorado Group, the shaleg leguivalent maturity, so a shallow
sample from the Medicine Hat formation (C1), a nieddepth sample from the Second
White Specks formation (C6), and a deep shale sarfpim the Belle Fourche
formation (C10) were investigated.

The DF1 shale is the least mature shale samplh, aviturial depth of 2117.8 m. This

shale is essentially non-porous on the micrometaées No inter-granular pores can be
seen in the shale matrix, and no intra-granulaegaan be seen in organic matter
particles. This finding suggests that low matusiyales may not have well defined pore
structures on the micrometre scale.

The DF5 shale is beginning to enter the oil winddmax = 432°C, VR, = 0.62 %), at

a burial depth of 3375.32 m. This shale does ngt hmicrometre scale pores within
organic matter particles, although there is somdegxe of inter-granular pores in the
shale matrix (above some clay mineral packagess ifker-granular pore structure in
the shale matrix could be due to inefficient pagkaf the mineral matrix, or it could
indicate the generation of liquid hydrocarbon, that created a pore space by fluid
expansion.

The DF10 shale is towards the top end of the aildeiwv (Tmax = 463C, VR, = 1.17
%), at a burial depth of 4780.7 m. This shale do&shave visible micrometre scale
pores within organic matter particles, but the HBM image shows a well-developed
network of pore structures in the clay matrix. Bocan be seen around the fine silt
grains and between clay patrticles. It is unlikehede pore structures are due to
inefficient packing of shale minerals (at a budabth of ~ 5km), and it could indicate
the pore spaces have been forced open due to tiezagien and migration of liquid
hydrocarbons.

The C1 shale had a present day burial depth of35®5.This Medicine Hat formation
shale sample had no intra-granular pores withinottganic matter particles, but there
was some inter-granular porosity between a groupoofly packed carbonate mineral
grains, with some well-defined elliptical pore stiures visible.
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The C6 shale had a present day burial depth ofl6dR.This Second White Specks
shale sample had numerous thin streaks of orgarattemdispersed within the
carbonate rich shale matrix. There was some eva@&icnanometer scale porosity
within the shale matrix.

The C10 shale had a present day burial depth of6@84. This Belle Fourche shale
sample had some long thin cracks/pores within tag matrix, and some nanometer
scale circular pores within a localized area ofoig matter.

SEM microscopy of shale DF1

Shale sample DF1 is the shallowest buried shatearDraupne Formation suite (at a
depth of 2117.8m), and is thermally immature.

In Figure 4.4, part a) a low magnification BSE rograph can be seen. It shows a
visibly non-porous block of organic matter in thentre (black), dispersed within a
shale matrix of quartz grains, pyrite framboids&siand clay mineral packages.

In Figure 4.4, part b) a low magnification SE mgmaph can be seen. The left-hand
side of the image consists of a large organic gar{dark grey). There appears to be no
visible porosity at the surface of the organic iglator the adjacent clay matrix.

In Figure 4.4, part ¢) a low magnification BSE migraph can be seen. A rectangular
organic particle is found in the centre of the imaghere appears to be no visible pore
structure within the rectangular particle, or sunding shale matrix.

In Figure 4.4, part d) a low magnification BSE mograph can be seen. There is no
visible porosity or pore structure can be seemhénshale matrix.
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Figure 4.4: Unlabelled SEM micrographs of DF1 shale
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Figure 4.4 (continued): Labelled SEM micrograph®#6fl shale.
SEM microscopy of shale DF5

Shale sample DF5 is at a medium burial depth fer@naupne Formation suite (at a
depth of 3400.4m), and is beginning to enter tHeMmidow maturity. In Figure 4.5,
part a) a high magnification FIB-SEM micrograph daa seen. On the vertical back
wall of the trench, a streak of organic matter barseen to run down the centre. There
are not visible pore structures in this streakrgboic matter.

In Figure 4.5, part b) a very high magnificatiorBFSEM micrograph image of open
porosity can be seen in the clay matrix above tineak of organic matter. These
elongate pores are on the micrometre scale lenghvimt are nanometre scale width
ways. It appears that these adjacent pores maydéreaonnected.

In Figure 4.5, part c) a very high magnificatioBF3EM micrograph image of a small
number of oval shaped pores can be seen at theoétlge streak of organic matter. The
majority of the area is essentially non poroustenrhicrometre scale.

In Figure 4.5, part d) a very high magnificationBB&icrograph image of a particle of
organic matter adjacent to wispy clay mineral pgelsacan be seen.

110



CT —

FeRh_mbe2204

(I T E R B Y

16.0KV 14.7mm x15.0k YAGBSE 3.00um

Figure 4.5: Unlabelled SEM micrographs of DF5 shale
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Figure 4.5 (continued): Labelled SEM micrograph©66 shale.

SEM microscopy of shale DF10

Shale sample DF10 is the deepest buried sampleeiDtaupne Formation suite (at a
depth of 4780.7m), and is at the upper boundatiebil window maturity.

In Figure 4.6, part a) a low magnification BSE rogmraph can be seen. It shows a
blocky particle of organic matter in the centrea(), dispersed within a shale matrix of
quartz grains, pyrite framboids and clay mineralaaes.

In Figure 4.6, part b) a high magnification SE rmgnaph of the organic particle in the
centre of Figure 3.10, part a) can be seen. Th&eeh image consists of a surface
image of the organic particle (dark grey). Therpegrs to be no visible micrometre
scale porosity at the surface of the organic dartoc the adjacent clay matrix.

In Figure 4.6, part c) a very high magnificatiorBFSEM micrograph image can be

seen. On the vertical back wall of the trench,gmificant amount of slit-shaped and
oval shaped pore structures can be seen in the stadtix.
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In Figure 4.6, part d) a very high magnificatioBF3EM micrograph image of porosity
in the shale matrix can be seen. Pores can beaseand fine silt grains and between
clay particles. These pores are nanometre in scale.
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Figure 4.6: Unlabelled SEM micrographs of DF10 shal
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Figure 4.6 (Continued): Labelled SEM micrograph®&fL0 shale.

SEM microscopy of shale C1

In Figure 4.7, part A) a low magnification BSE naigraph can be seen. It shows that
the dominant components in sample C1 are detritaltg grains, with unconnected
blocky particulate organic matter dispersed withi@ clay mineral packages.

In Figure 4.7, part B) it can be seen in the higmagnification BSE image that an
elliptical particle of organic matter is presenttire centre of the image, and that it has
no visible pore structures present in the orgaraten.

In Figure 4.7, part C) a high magnification FIB-SEMcrograph can be seen. On the
vertical back wall of the trench, a region of visibmicrometre-scale porosity can be
seen, that is associated with a group of poorlk@adcarbonate mineral grains. There is
no in-fill of this porosity by diagenetic minerats by amorphous/gelatinous organic
matter.
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In Figure 4.7, part D) a very high magnificationBFSEM micrograph image of
nanometre scale open porosity can be seen in #ne mlineral packages. These
nanometre scale elliptical pores would act as parigorosity for any bulk gas phase
that may be present.

500 nm
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Figure 4.7 (Continued): Labelled SEM micrograph€oforado Group shale C1.

SEM microscopy of shale C6

In Figure 4.8, part A) a low magnification BSE nagraph can be seen that shows areas
of thin streaks of organic matter which are tensafrometres in length, in the presence
of carbonate (medium grey) and framboidal pyritéi{@). The laminar organic matter
does not appear to be inter-connected.

In Figure 4.8, part B) a high magnification FIB-SEMcrograph image can be seen. On
the vertical back wall of the trench, a mixtureasfjanic matter (dark) and carbonate
can be seen on the left-hand side, whilst quagy/@rey) and pyrite (white) can be

seen on the right-hand side. There is no microrsstaée pore structure visible.

In Figure 4.8, part C) a higher magnification of fleft-hand area of Figure 5.8, part b)
can be seen. There is negligible evidence of \asgwrosity in either the organic or
carbonate mineral phases.

In Figure 4.8, part D) a high magnification FIB-SEMage indicates the presence of a
small amount of nanometre scale elongate pordgiclay mineral matrix.
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Figure 4.8: Unlabelled SEM micrographs of Color&toup shale C6
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Figure 4.8 (Continued): Labelled SEM micrograph€oforado Group shale C6

SEM microscopy of shale C10

In Figure 4.9, part A) low magnification BSE micragh can be seen that indicates the
quartz rich nature of this shale. There are ndgkgamounts of organic matter visible
within the clay matrix, and there are long thin ok®pores (which are tens of
micrometres in length) within the clay matrix (tlusuld be an artefact of decompaction
after the reduction of overburden stress).

In Figure 4.9, part B) a high magnification FIB-SHEMcrograph image can be seen. On
the vertical back wall, a micrometre-scale porevoek can be seen in the clay matrix.
There does not appear to be a porous structureistteaks of organic matter (black).

In Figure 4.9, part C) a very high magnificationB&icrograph can be seen that shows
the absence of a visible pore structure in theaktog organic matter (black).

In Figure 4.9, part D) very high magnification sedary electron micrograph of the
Figure in part C. Some nanometre scale circulaepaan be seen at the top of the
upward “fold” in the organic matter (in the centrfiethe image).
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4.2.2 Pore Size Distribution (PSD) of the Draupne Formation and Colorado
Group shales.

The Pore Size Distribution (PSD) of the Draupnentaiion and Colorado Group shales
were investigated using mercury intrusion porosignéMIP), using the procedure
described in chapter 2, section 2.8. The MIP tepmiinvestigates the pore size
distribution of porous materials. The MIP cumulatimtrusion curves for the DF shale
suite are reported in Figure 4.10, part a. The RuPulative intrusion curves for the
Colorado Group shales are reported in Figure 4&f, b. For the Draupne Formation
shales, the maximum amount of mercury intrusiomeanfrom 0.008 cfg™ to 0.071
cm® g%, with an average value of 0.036 + 0.024°gn. For the Colorado Group shales,
the maximum amount of mercury intrusion ranged f@064 cni g* to 0.066 cm g,
with an average of 0.059 + 0.005 tui*. For both sample suites, very little mercury
intrusion occurred at low pressure, and the majaft mercury intrusion occurred at
pressures of ~50 MPa and above. A pressure valB® MPa equates to a pore throat
constriction diameter of ~ 35 nm or less (using Washburn equation). The
experimental value of 50 MPa agrees with the figdiof Akkutluet al., (2011) who
observed that significant mercury intrusion begushales at ~ 10 000 psi (= 70 MPa).

The pore size distributions of the Draupne Fornmatiad Colorado Group shales were
determined using the Washburn equation (1921). Batche DF and CG shales has a
pore size distribution determined from MIP, whishréported in Figure 4.11. Pore size
distributions for the DF and CG shales are predantly unimodal, with the shale
median pore throat range = 10 to 20 nm. The mgjofithe pore spaces in the DF and
CG shales have a diameter of 100 nm or less ipdhe size distribution curves. Most
of the mercury accessible porosity is within thgrange, and it can be seen from
these distributions that the mercury accessibl@$ty is dominated by pores in the
nanometre scale range.

Some of the samples, notably DF4, DF5 and DF6, @@ lsome mercury intrusion
occurring at high pore size ranges (10’s of micrecale), giving a bimodal pore size
distribution. These three samples are from the Magailfield, where the Draupne
Formation is slightly siltier in grain size thanather sectors of the northern North Sea
basin; the bimodal pore size distribution refletiss mixture of clay and silt size
materials.

The pore size distribution curves in Figures 4rdidate that the majority of the pores
in the DF and CG shales have diameters less th@m@0 The cumulative mercury
intrusion curves (Figure 4.10, above) allow thatiee percentage of pores in < 100 nm
range to be quantified. In Table 4.1 the amountefcury intruded in the < 100 nm
pore size range is reported. For the Draupne Faom#éte percentage of pores in the <
100 nm category ranges from 41.3 to 74.3 %, witlaarage of 56.9 £ 11.6 %. The <
100 nm pore range is a large percentage of thegdotas size distribution (PSD), and a
significant proportion of the pores in the DF skad@ave a diameter < 100 nm. For the
Colorado Groupghe percentage of pores in the < 100 nm categonyesafrom 81.1 %
to 97.8 %, with an average of 92.0 £ 4.9 ke < 100 nm is therefore the majority for
each of the pores size distributions (PSD), wite gores in the CG shales being
dominated by nanometre scale pores.
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The < 100 nm pore range was sub-divided in to snalbre range categories, and the
relative proportion of each determined. This isorégd in Table 4.2 and Figure 4.12.
For the Draupne Formation, the 10 nm to 3 nm pategory is the dominant pore size
within the < 100 nm range. The 10 nm to 3 nm siexks ranged from 47.0 to 92.6%,
with an average of 71.5 = 17.3 % of the <100 nmepdreing in thel0 nm to 3 nm
category. The pore category of 25 nm to 10 nmessétcond most common pore size,
with a range of 3.8 to 37.2%, with an average a6159.9 % of the < 100 nm pores
being in the 25 nm to 10 nm category. In totalséhevo pore categories represent an
average of 87.1% of all the pores in the dominadD& nm pore range of the shales,
and a significant average of 49.9% of all the patetected by mercury porosimetry.
This indicates that half of all the pores in thi fwre system in the Draupne Formation
shales are < 25nm in size. The dominance of thesepbre categories is reported in
Figure 4.13.

For the Colorado Group, the pore category of 25mit0 nm is the dominant pore size
within the < 100 nm range. The 25 nm to 10 nm spaes ranges from 21.0 to 67.6 %,
with an average of 56.1 + 13.6 %. The pore categbry0 nm to 3 nm is the second
most common pore size, with a range of 23.1 to 66,3vith a mean average of 36.0
13.2 %. In total, these two pore categories retese average of 92.1% of all the pores
in the dominant < 100 nm pore range of the shaled,a significant average of 84.7 %
of all the pores detected by mercury porosimettyisTneans that 84.7 % of all the
pores in the full pore system in the Colorado Gretples are < 25nm in size. The
dominance of these two pore categories is repamtéeyure 4.14.
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Figure 4.10: Cumulative mercury intrusion curves & Draupne Formation shales and b) Colorado
Group shales. Very little mercury intrusion occatslow pressure, with significant mercury intrusion
only occurring above 50 MPa pressure.
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the mercury intrusion occurs in pores below 10 mmdiameter, with very little mercury intrusion
occurring in pores > 100 nm.

] & —o—C1

Incremental Porosity

1 10 100 1000 10000

Pore Throat Diameter / nm

Figure 4.11, part b): Pore Size Distribution (P$Djves for the Colorado Group shales. Nearly athef
mercury intrusion occurs in pores below 30 nm anater, with very little mercury intrusion occugin
in pores > 100 nm.
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Table 4.1: Percentage of total mercury intrudethésub-100 nm pore range.

Mercury Percentage
Sample TS [ of total PSD
sub-100 nm %
pores / crig’
DF1 0.048 68.3
DF2 0.036 67.6
DF3 0.024 74.3
DF4 0.028 56.6
DF5 0.047 67.3
DF6 0.019 45.8
DF7 0.006 52.3
DF8 0.004 47.9
DF9 0.007 41.3
DF10 0.004 47.7
c1 0.0579 94.0
c2 0.063 95.3
c3 0.053 97.8
c4 0.052 93.7
cs5 0.055 95.0
cé 0.051 93.7
c7 0.046 89.8
cs 0.054 86.5
co 0.057 93.0
C10 0.053 81.1
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Table 4.2: Relative proportion of each pore rangjew 100 nm

Depth / Pore Range | Pore Range| Pore Range| Pore Range
Sample m 100 nm to 50nm to 25nm to 10nm to
50nm / % 25nm / % 10nm / % 3nm /%
DF1 2117.8 1.9 2.9 13.2 82.09
DF2 2325 2.3 3.9 10.3 83.52
DF3 2978.5 15 2.4 7.6 88.54
DF4 3124.7 7.8 19.5 25.7 47.04
DF5 3375.32 5.6 11.7 37.2 45,53
DF6 3400.4 11.1 16.0 21.2 51.69
DF7 4132.95 5.2 7.9 12.4 75.39
DF8 4608.4 4.3 3.9 16.1 75.79
DF9 4707.7 10.3 8.2 8.5 73.03
DF10 4780.7 2.0 15 3.8 92.64
C1 505.3 1.9 10.9 64.9 23.1
C2 506.55 1.8 14.8 59.9 23.6
C3 541 0.9 2.1 65.4 31.6
C4 546.3 1.0 2.7 67.6 28.8
C5 561.5 1.8 3.1 64.2 30.8
C6 642.1 1.3 4.8 60.5 33.5
C7 647.57 1.3 3.2 56.5 39.0
C8 651.75 1.7 6.5 53.3 38.5
C9 675.02 1.8 7.8 48.8 41.7
C10 684.61 3.4 6.3 21.0 69.3
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Figure 4.13: Relative distribution of pore sizeshivi the <100 nm pore range. The 10 nm to 3nm range
is the dominant pore size in the < 100nm rangéhfetDraupne Formation.
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Figure 4.14: The nanometre scale pores of the @dtotroup are dominated by sub-25 nm scale pores.
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4.2.3 Porevolumes of the Draupne Formation and Colorado Group shales.

The pore volumes of the Draupne Formation and @drGroup shales were
determined using the mercury intrusion porosimeing gas adsorption analysis. The
total pore volume and the Hg-macropore volume & BF and CG shales were
determined from the MIP intrusion curves (Figures0), and are listed in Table 4.3.
The total pore volume is the maximum pore spacesqunie and includes both the open
pores (that are accessible to probe molecules),clvs®d pores (that are completely
isolated and inaccessible). The total pore volufite@ Draupne Formation shales had a
range of 0.0210 to 0.0828 &rg!, with an average value of 0.0517 + 0.0219 ¢fh
The total pore volume of the Colorado Group shaked a range of 0.0630 to 0.0980
cm® g, with an average value of 0.0766 + 0.0096 ¢fh. This finding indicates that
the total pore volume of the Colorado Group shadarger than that of the Draupne
Formation shales.

The Hg-macropore volume is the shale pore voluna ih detectable by mercury
intrusion, but is not measurable by gas adsorptiethods. The Hg-macropore volume
is the volume of pores with diameters greater ttadhnm. These larger Hg-macropores
are intruded with mercury at lower pressures taicedthe damage caused to the pore
structures at higher intrusion pressures (Gies2@@6). The Hg-macropore volume of
the Draupne Formation shales had a range of 0.8089262 crig™, with an average
value of 0.0153 + 0.0093 ¢ényj*. The Hg-macropore volume of the Colorado Group
shales had a range of 0.002°cgt to 0.0147 cm g*, with an average of 0.0061 =+
0.0036 cmig™.

Low pressure gas adsorption analysis was usedvéstigate the nanometre scale pore
structure of the Draupne Formation and Coloradau@ishales. Gas adsorption analysis
can access the smallest pores present in sladitesing the pore volume be determined
(Greg and Sing, 1982). The condensation point segas CQis -78C, and CQ
adsorption isotherms performed at this temperataselt in the formation of solid
phase CQin the confined pore spaces of the porous substanc

A representative gas adsorption-desorption isothfemthe DF1 shale, using GGt
-78°C (195K) is reported Figure 4.15. The DF1 shale &dkype | / Type Il hybrid
adsorption curve, with an initially steep uptakeha low pressure region, followed by a
shallower uptake at higher pressure, before fatingeach a horizontal plateau at 1000
mbar pressure. The shape of the adsorption isothedmates that the shale pore
structure is heterogeneous, with the presence mira size distribution. The Type |
aspect of the adsorption isotherm indicates thegmee of micropores (< 2 nm), and the
Type Il nature of the adsorption isotherm indicates presence of macropores (> 50
nm).

The hysteresis loop of the DF1 isotherm is categdrias a H4 desorption curve, using
the de Boer/IUPAC system. This is because theme isharacteristic flat plateau at high
relative pressure (as seen in H1 and H2 curves) tta adsorption — desorption curve
does not rapidly curve upwards at high relativespuee (as seen in H3 curves). The H4
hysteresis loop indicates that the adsorbent (sbhale) contains significant
microporosity, which traps and retains the adserl{fge. CQ) within the micropore
structure when the pressure is decreased.
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The Draupne Formation and Colorado Group shalese waralysed using GO
adsorption isotherms at -8 Each sample was measured twice for reprodugibih
Figure 4.16, part a), all of the adsorption isatherfor the DF shales are reported. In
Figure 4.16, part b), all of the adsorption isotherfor the Colorado Group shales are
reported. The adsorption isotherms for the Draupasmation and Colorado Group
shales are very similar in shape, indicating thabmmon porous structure is shared.
The isotherms do not overlap each other, insteath@ea distribution of adsorption
uptakes.

The sorption pore volumes of the Draupne Formagiod Colorado Group shales are
listed in Table 4.4. The sorption pore volumes de¢ermined from thenaximum
adsorption uptake of CQat -78C by the Draupne Formation and Colorado Group
shales. The sorption pore volumes of the DF shadee a range of 0.0081 to 0.0296
cm® g, with an average of 0.0171 + 0.007°gth The sorption pore volumes of the CG
shales have a range of 0.0141 to 0.0234 gf with an average of 0.0184 + 0.0031
cm’g’. The average sorption pore volumes of both theufwa Formation and
Colorado Group shales are very similar (0.0171 mugiblvs 0.0184 mmol Q),
indicating that these shales have similar porecsiras. The sorption pore volume of
the DF shales decreases as burial depth increesesported in Figure 4.17, part a. The
correlation is very strong, with a correlation dagént of % = 0.90. For the Colorado
Group shales, there is no apparent correlation dewsorption pore volume and
changing burial depth, as reported in Figure 4p&rt b.

The sorption pore volume of the DF shales increase3OC content increases, as
reported in Figure 4.18, part a). The correlatioefficient is R = 0.75. The sorption
pore volume of the CG shales shows an excellerdtivegcorrelation to organic matter
content (TOC). The sorption pore volume decrease$Q@C increases, as reported in
Figure 4.18, part b). The correlation coefficient & = 0.94. To account for the
influence of organic richness on the pore volumsalddles, the sorption pore volumes
are normalised to the TOC content in Figure 4.10.part a), the strong negative
correlation between TOC normalised sorption poreime and vitrinite reflectance is
reported. The correlation coefficient i€ R 0.88. In Figure 4.19 part b), the strong
negative correlation between TOC normalised samppore volume and Hydrogen
Index is reported. The correlation coefficient fs=R0.75.

The sorption pore volume of the Draupne Formatlmales exhibits a strong correlation
to maturity. In Figure 4.20 part a), the strongateg correlation between sorption pore
volume of shale and vitrinite reflectance is repdrtThe correlation coefficient iR
0.90. In Figure 4.20 part b), the strong negativeratation between sorption pore
volume of shale and Hydrogen Index is reported. Etieelation coefficient is R=
0.87. A high level of maturity is represented bijow Hydrogen Index, as the atomic
hydrogen content in the kerogen is reduced whenunai@n generates liquid
hydrocarbons. Thermally mature shales are oftefestddl to significant mechanical
compaction from overbearing strata, which may dbuate to the reduction of the pore
volume. Therefore, to account for the influence aampaction on pore volume
reduction, the sorption pore volumes are normaliseturial depth. In Figure 4.21 part
a), a strong negative correlation between deptimalised sorption pore volume and
vitrinite reflectance is observed for the Draupnankation shales. The correlation
coefficient is B = 0.90. However, the sorption pore volumes of @worado Group
shales have no observable correlation to matuiitye normalised sorption pore
volumes also show no observable correlation to ntgtuThis is agrees with the
assessment of the Colorado Group shales as baingaHly immature.
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The micropore volumes of the Draupne Formation @atbrado Group shales were
determined usin€O, adsorption isotherms af® (= 273K). Under these conditions,
CO, condenses in micropores with diameters less tham® (Gregg and Sing, 1982).
Characterisation of the micropores is performeag€Q adsorption isotherms in the
relative pressure range of P4 0 to 0.03 (0 to 1 bar). The G@dsorption isotherms for
the DF shales are reported in Figure 4.22, pafftag.gas adsorption isotherms for the
CG shales are reported in Figure 4.22, part b)hEamnmple was repeated twice for
precision.All the CG, at @C isotherms are Type /Il is the IUPAC classificatischeme,
and do not plateau at 1000 mbar pressure. Theeisnthall have the same shape, and do
not overlap each, instead having a distributionad§orption uptakesThe shale C®
isotherms at ™ have similar shaped isotherms (Type I/ll) as @@, at -78C
isotherms. This indicates that the £© measuring the same heterogeneous pore size
distribution of micropores and macropores.

The micropore volumes of the Draupne FormationthedColorado Group shales were
determined using the Dubinin-Radushkevic (D-R) ¢éiQuaThe D-R equation has been
applied to the all of the CCat C shale isotherms, and an example of a D-R plot for
shale DF3 is reported in Figure 4.23. The D-R @ain excellent straight line, and the
y-axis intercept value is used to calculate theropiore volume. According to D-R
theory, a straight line indicates that a Gaussiarvec distribution of pore widths is
present (for the micropore range of pores, < 2 nm).

The D-R plots of the Draupne Formation and Color&toup shale isotherms are
reported in Figure 4.24 and Figure 4.25. The D-&shbre all excellent straight lines,
which indicate the shales have the same Gaussstnibdiion of shale micropore
widths. The D-R micropore volumes for the Draupmenfation and Colorado Group
shales are listed in Table 4.5. For the DF shdles,D-R micropore volumes have a
range of 0.00557 to 0.01240 djt, with an average of 0.00901 + 0.0026 tgt. For
the CG shales, the D-R micropore volumes have gerafi 0.0049 to 0.0092 ¢,
with an average of 0.0066 + 0.0014 erg*. The Draupne Formation shales have
similar average micropore volumes to those of tl@o@do Group shales. These
micropore volumes for shales are lower than the&jvalue for microporous activated
carbons, ~ 0.2 chg™ (Bell et al., 2011).

The D-R micropore volume of the DF shales is pesiyi correlated to TOC content, as
reportedin Figure 4.27. The correlation coefficient i§ R 0.81. This suggests that the
primary location for micropores is the organic reatcomponent of the shales.
Conversely, the micropore volumes of the Coloradoup are negatively correlated to
the TOC content, as reported in Figure 4.28. Theetation coefficient is R= 0.80.

The D-R micropore volumes of the Draupne Formatgirales exhibit a strong
correlation to maturity, as reported in Figure 4.2Be correlation coefficient is’R=
0.73. Conversely, for the Colorado Group shales,DRR micropore volumes do not
change with maturity (either VRc or Hydrogen Indeky account for the influence of
burial compaction on pore volume of the Draupnentaiion shales, the D-R micropore
volumes are normalised to burial depth in Figui@4lIn part a), the strong negative
correlation between depth normalised micropore melsi and vitrinite reflectance is
reported. The correlation coefficient i€ R 0.96. For the Colorado Group shales, in
Figure 4.30 part b), no observable correlatiorrésent.
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A summary of the pore volume data is listed in €a#l6 and Table 4.7. These pore
volumes were determined using the experimental odsthoutlined above and the
equations in chapter 1. The Draupne Formation shaee a range of 0.056 to 0.0124
cm® g for the < 0.7 nm pore volumes, with an average.e®90 + 0.0026 cig’. This
accounts for 19.4 % of the total pore volume. Thet® 100 nm pore volumes had a
range of 0.0004 to 0.0198 &rg?, with an average of 0.0080 + 0.0059°cgt. This
accounts for 14.6 % of the total pore volume. ThHEO® nm pore volumes had a range
of 0.0045 to 0.0262 chrg™, with an average of 0.0153 + 0.0092°%uyi. This accounts
for 27.9 % of the total pore volume. For the CotlwraGroup, the < 0.7 nm pore
volumes had a range of 0.0047 to 0.0092 gih with an average of 0.0066 + 0.0014
cm® g, This accounts for 8.4 % of the total pore volurige 0.7 to 100 nm pore
volumes had a range of 0.0094 to 0.0148 g with an average of 0.0118 + 0.0021
cm® g*. This accounts for 15.6 % of the total pore voluffige > 100 nm pore volumes
had a range of 0.0020 to 0.0147°cgt, with an average of 0.0061 + 0.0036°cgT.
This accounts for 7.8 % of the total pore volume.

Table 4.3: The total pore volumes and Hg-macropotames of the Draupne Formation and Colorado
Group shales.

Hg-
Burial Vi Macropore
Pore
Sample| Depth Volume
Volume /

/'m o ot (> 100 nm)

9 /cnt gt
DF1 2117.8| 0.0828 0.0236
DF2 2325 0.0648 0.0184
DF3 2978.5| 0.0505 0.0086
DF4 3124.7| 0.0818 0.0244

DF5 | 3375.32 0.0619 0.0262
DF6 3400.4| 0.0580 0.0258

DF7 | 4132.95 0.0210 0.0057
DF8 4608.4| 0.0304 0.0045
DF9 4707.7| 0.0341 0.0106
DF10 | 4780.7| 0.0315 0.0049

C1 505.3 | 0.0791 0.0052
Cc2 506.55| 0.0774 0.0048
C3 541 0.0630 0.0020
C4 546.3 | 0.0707 0.0041
C5 561.5 | 0.0805 0.0042
C6 642.1 | 0.0680 0.0044
Cc7 647.57| 0.0738 0.0062
C8 651.75| 0.0724 0.0098
C9 675.02| 0.0827 0.0059
C10 684.61| 0.0980 0.0147
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Figure 4.15: The DF shale exhibits a Type I/ll hgbadsorption isotherm curve, with a H4 desorption
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curve, as defined by the IUPAC isotherm system CGlespter 1 for more details).
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Table 4.4: Gas sorption pore volumes of the Draltorenation and Colorado Group shales.

sar] "o | comonroe | Pt [ o g
/ mmol g Volume /crig* m* | Volume /cnig' %

DF1 0.694 + 0.006 0.0296 + 0.0003 0.0000140 0.00347
DF2 0.589 + 0.004 0.0251 + 0.0001 0.0000108 0.00242
DF3 0.446 + 0.002 0.0190 + 0.0001 0.0000064 0.00643
DF4 0.421 £ 0.000 0.0180 + 0.0000 0.0000058 0.00235
DF5 0.488 £ 0.008 0.0208 + 0.0003 0.0000062 0.00194
DF6 0.393 £ 0.006 0.0168 + 0.0002 0.0000049 0.00217
DF7 0.191 £0.042 0.0081 +0.0018 0.0000020 0.00116
DF8 0.185 £ 0.006 0.0079 + 0.0002 0.0000017 0.00139
DF9 0.285 £ 0.003 0.0122 + 0.0001 0.0000026 0.00218

DF10 0.310 + 0.006 0.0132 + 0.0002 0.0000028 0.6021
C1 0.411 + 0.006 0.0175 + 0.00024 0.0000346 0.00689
Cc2 0.450 + 0.002 0.0192 + 0.00007 0.0000379 0.00765
C3 0.488 + 0.012 0.0208 + 0.00052 0.0000384 0.00846
c4 0.440 £ 0.012 0.0188 + 0.00052 0.0000344 0.00777
C5 0.395 + 0.000 0.0168 + 0.00000 0.0000299 0.00533
Cé6 0.378 £0.004 0.0161 + 0.00017 0.0000251 0.00483
Cc7 0.330 £ 0.005 0.0141 + 0.00021 0.0000218 0.00383
Ccs8 0.346 £ 0.001 0.0148 + 0.00005 0.0000227 0.00451
C9 0.548 £ 0.003 0.0234 + 0.00015 0.0000347 0.01141
C10 0.524 £ 0.004 0.0224 + 0.0001¢4 0.0000327 09110

(c.f. density of CQat -78C = 1.032 g cii. Each sample was measured twice for repeatability)
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Figure 4.17: Sorption Pore Volumes against burégdtd. For the Draupne Formation, the sorption pore
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Figure 4.23: Example of a D-R plot for the C& OC isotherm for shale DF3. A linear plot indicates a
Gaussian distribution of micropore widths. The mpmre volume is calculated from the intercept value
of the linear regression.
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Figure 4.24: D-R plots of the Draupne Formation,@&0therms at .
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Figure 4.25: D-R plots of the Colorado Group G€btherms at .

Table 4.5: Maximum adsorption uptakes of £ C and the D-R micropore volumes of the Draupne
Formation and Colorado Group shales.

Maximum :
Sample | Depth/m ;éisol#ptignq V?)Ismhg(/:rcon%og;'?
mmol g
DF1 2117.8 0.106 = 0.0036 0.00982 + 0.00139
DF2 2325 0.113 +£0.0018 0.01100 + 0.00085
DF3 2978.5 0.072 £ 0.0002 0.00680 + 0.00002
DF4 3124.7 0.096 £0.0144 0.01143 + 0.00519
DF5 3375.32 0.114 +0.0088 0.01240 + 0.00042
DF6 3400.4 0.111 £0.0021 0.01195 + 0.00092
DF7 4132.95 0.062 £+ 0.0005 0.00771 + 0.00005
DF8 4608.4 0.064 = 0.0005 0.00563 + 0.00028
DF9 4707.7 0.074 £0.0010 0.00779 + 0.0006
DF10 4780.7 0.068 + 0.0019 0.00557 + 0.00079
Ci 505.3 0.0874 +0.011 0.00717 + 0.0006
C2 506.55 0.0818 + 0.000 0.00590 + 0.0000
C3 541 0.0754 +0.033 0.00599 + 0.0018
C4 546.3 0.0870 + 0.001 0.00676 + 0.0001
C5 561.5 0.0687 + 0.007 0.00670 + 0.0013
Cé6 642.1 0.0816 + 0.002 0.00613 + 0.0002
Cc7 647.57 0.0619 + 0.005 0.00465 + 0.0010
Ccs8 651.75 0.0667 = 0.003 0.00491 + 0.0001
C9 675.02 0.1236 = 0.007 0.00922 + 0.0003
C10 684.61 0.0965 + 0.004 0.00816 + 0.0006

(Each sample was measured twice for repday, n = 2)
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Figure 4.26: D-R micropore volumes against depther& is no apparent correlation between the
micropore volume and burial depth for either th®eupne Formation shales or b) Colorado Group.
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Figure 4.27: Good positive correlation of D-R mjoooe volume with organic matter content (TOC) for
the Draupne Formation shales.
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Figure 4.28: Good negative correlation between apiore volumes and organic matter content (TOC) for
the Colorado Group shales.
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Figure 4.29: Plot of D-R micropore volume againstumity for the Draupne Formation shales. A good
negative correlation between D-R micropore volume trinite reflectance exists.
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Table 4.6: Summary of the pore volumes for eacle pae range of the Draupne Formation and
Colorado Group shales.

Total Pore gg?g 0.7 to 100 nm > 100 nm < 0.7 nm
Sample Vqum_? / volume / Pore VoI_lfme Pore VoI_lfme /| Pore Vol_Jlme
cn g o /et g cnt g /cntg

DF1 0.0828 0.0532 0.0098 0.0198 0.0236
DF2 0.0648 0.0436 0.0110 0.0141 0.0184
DF3 0.0505 0.0276 0.0068 0.0122 0.0086
DF4 0.0818 0.0423 0.0114 0.0065 0.0244
DF5 0.0619 0.0470 0.0124 0.0084 0.0262
DF6 0.0580 0.0425 0.0120 0.0048 0.0258
DF7 0.0210 0.0138 0.0077 0.0004 0.0057
DF8 0.0304 0.0124 0.0056 0.0023 0.0045
DF9 0.0341 0.0227 0.0078 0.0044 0.0106
DF10 0.0315 0.0181 0.0056 0.0076 0.0049
C1 0.0791 0.0227 0.0072 0.0104 0.0052
C2 0.0774 0.0240 0.0059 0.0133 0.0048
C3 0.0630 0.0228 0.0060 0.0148 0.0020
C4 0.0707 0.0229 0.0068 0.0120 0.0041
C5 0.0805 0.0210 0.0067 0.0101 0.0042
C6 0.0680 0.0205 0.0061 0.0100 0.0044
C7 0.0738 0.0203 0.0047 0.0094 0.0062
C8 0.0724 0.0245 0.0049 0.0098 0.0098
C9 0.0827 0.0293 0.0092 0.0141 0.0059
C10 0.0980 0.0371 0.0082 0.0142 0.0147
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Table 4.7: Summary of theercentages of pore volume in each pore size riorgde DF and CG shales
(where the total pore volume of the sample = 100d¥e volume).

Open Pore| > 100 nm Pore 0.7 to 100 nm < 0.7 nm
Sample Volume Volume Pore Volume | Pore Volume
| % | % | % [ %

DF1 64.2 28.5 23.9 11.9
DF2 67.2 28.5 21.8 17.0
DF3 54.7 171 24.2 135
DF4 51.8 29.8 8.0 14.0
DF5 75.9 42.3 13.5 20.0
DF6 73.4 44.5 8.3 20.6
DF7 65.9 27.1 2.1 36.8
DF8 40.7 14.7 7.4 18.5
DF9 66.5 30.9 12.8 22.8
DF10 57.6 15.6 24.2 17.7
Cc1 28.7 6.6 13.1 9.1
c2 31.0 6.2 17.2 7.6
Cc3 36.2 3.2 23.5 9.5
Cc4 32.3 5.8 17.0 9.6
Cc5 26.1 5.2 12.6 8.3
C6 30.2 6.5 14.7 9.0
Cc7 27.5 8.4 12.8 6.3
cs 33.9 135 13.6 6.8
C9 35.4 7.1 17.1 111
C10 37.8 15.0 14.5 8.3
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4.2.4 Porosity of the Draupne For mation and Colorado Group shales.

The porosity of the Draupne Formation and Color&toup shales was determined
using mercury intrusion porosimetry and gas adsmm@nalysis. The total porosity and
bulk density were determined from the MIP intruseamves in Figure 4.10 (above), and
are listed in Table 4.8. The total porosities & F shales had a range of 5.0 to 17.0
%, with an average of 11.4 + 4.0 %. There is anralérend of decreasing total
porosities with increasing burial depth. The t@atosities of the CG shales had a range
of 14.4 to 21.5 %, with an average of 17.0 = 1.97%. the Draupne Formation shales, a
strong correlation exists between burial depth tmtal porosity (Figure 4.31, part a),
whereas tor the Colorado Group, there is no obbéxarrelation between burial depth
and total porosity (Figure 4.31, part b). The datien coefficient of the Draupne
Formation is R= 0.84 (p = 0.00249).

Gas adsorption analysis was used to determineuird @0 nanometre-scale porosities
of the Draupne Formation and Colorado Group shdlke. gas sorption porosities of
the Draupne Formation and Colorado Group shales determined from the sorption
pore volumes (cthg?) and the shale bulk densities (g &mThe gas sorption porosity
of the Draupne Formation shales had a range ofa2@1%, with an average of 3.8 £
3.1 %. The gas sorption porosity of the Coloradouprshales had a range of 3.14 to
5.11%, with an average of 4.09 + 0.67 %. For thedbBles, a strong correlation is
observed between the total porosity and sorptioogity, Figure 4.32. The correlation
coefficient is B = 0.94. The total porosity of the Colorado Groumlss has no
correlation to the sorption porosity, as reporteéigure 4.33.

The sorption porosities of the Draupne Formatioalesh exhibit a strong negative
correlation to maturity. To account for the infleenof burial compaction on pore
volume, the sorption porosities are normaliseduioah depth in Table 4.9 and in Figure
4.34. In Figure 4.34 part a), the strong negatweetation between depth normalised
sorption porosities and vitrinite reflectance ipaged. The correlation coefficient i R
= 0.90. In Figure 4.34 part b), the sorption pdresiof the Colorado Group shales do
not change with maturity (ViR

The microporosities of the Draupne Formation andof@olo Group shales were

determined from the D-R micropore volumes {ajt) and the shale bulk densities (g
cm®). The gas sorption porosity of the Draupne Foromashales had a range of 1.4 to
2.7 %, with an average of 2.0 = 0.5 %. The gastgorporosity of the Colorado Group

shales had a range of 3.14 to 5.11%, with an aeerg.09 + 0.67 %.

The microporosities of the Draupne Formation shales positively correlated to the
organic matter content (TOC), as reported in Figdt@5, part a). The correlation
coefficient is B = 0.75. The microporosity of the Colorado Grouplsk are negatively

correlated to the organic matter content (TOC)ea®rted in Figure 4.35, part b). The
correlation coefficient is &= 0.80.

The distribution of porosities in each pore sizegeis listed in Table 4.10, with the

average porosities reported in Figure 4.36. Forireaipne Formation shales, the open
porosity has a range of 3.2 to 10.9 %, with anayerof 7.1 + 2.9 %. The > 100 nm

porosity category has a range of 1.2 to 5.6 %, astlaverage of 3.2 £ 1.9 %. The 0.7 to
100 nm porosity has a range of 0.1 to 4.1 %, witlaeerage of 1.8 + 1.2 %. The < 0.7
nm porosity has a range of 1.4 to 2.6 %, with aerage of 2.0 + 0.5 %.
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For the Colorado Group shales, the open porosiyaheange of 4.5 to 8.1 %, with an
average of 5.5 + 1.1 %. The > 100 nm porosity aatedpas a range of 0.5 to 3.2 %,
with an average of 1.4 £ 0.8 %. The 0.7 to 100 mmogity has a range of 2.1 to 3.4 %,
with an average of 2.6 £ 0.5 %. The < 0.7 nm paoydsas a range of 1.0 to 2.0 %, with
an average of 1.5 + 0.3 %.

Table 4.8: Densities and porosities of the Draupaemation and Colorado Group shales, as measured
using mercury intrusion porosimetry.

Burial Bulk Grain Total Hg-
Sample| Depth Density Density | Porosity | Macroporosity
/'m /gem® | /gcm?® | % | %
DF1 2117.8 2.049 2.467 17.0 4.8
DF2 2325 2.105 2.438 13.6 3.9
DF3 2978.5 2.331 2.642 11.8 2.0
DF4 3124.7 2.044 2.454 16.7 5.0
DF5 | 3375.32 2.138 2.465 13.2 5.6
DF6 3400.4 2.186 2.503 12.7 5.6
DF7 | 4132.95 2.397 2.523 5.0 1.4
DF8 4608.4 2.557 2.773 7.8 1.1
DF9 4707.7 2.436 2.656 8.3 2.6
DF10 | 4780.7 2.420 2.620 7.6 1.2
C1 505.3 2.219 2.691 17.5 1.2
C2 506.55 2.220 2.680 17.2 1.1
C3 541 2.280 2.663 14.4 0.5
C4 546.3 2.247 2.671 15.9 0.9
C5 561.5 2.214 2.694 17.8 0.9
C6 642.1 2.254 2.661 15.3 1.0
C7 647.57 2.228 2.666 16.4 1.4
C8 651.75 2.248 2.685 16.3 2.2
C9 675.02 2.190 2.675 18.1 1.3
C10 684.61 2.192 2.791 21.5 3.2

150



a b
) Total Porosity / % ) Total Porosity / %
4 6 8 10 12 14 18 18 10 12 14 16 18 20 22 24
Linear Regression Y =MX+C ot r
200004 B e e
Parameter  Value Error O 500 ~
] Gradient =-200.29 +46.19 O
2500 - Intercept = 5832.52 + 554 39
1R2 =
R<=0.84 5504 s
£ £ ~
— 3000 4 | -~
£ 0 =
S oy
o (@8] 0
T 3900 T 600
5 5
m m
4004 S L 2nd Whits Specks
|
1 650— ___________________________
4500 - R e \ ,,,,,,,,,,,,,,,,,,,,,,
e o
5000 700

Figure 4.31: Total porosity against burial depthphrt a), a strong correlation is observed betweth
porosity and burial depth for the Draupne Formasbales, whereas in Part b), there is no observable
correlation for the Colorado Group shales.

Table 4.9: Nanometre-scale porosities of the Draupormation and Colorado Group shales, as measured
using gas adsorption.

Dept_h Depth
Depth / SoGrSt?on Norg:élsed bR Normalised
Sample . : Microporosity D-R
m PO Sorptlpn | % Microporosity
| % Porosity 1
1 /% m
/ % m
DF1 2117.8 6.1 0.0029 2.0 0.0010
DF2 2325 5.3 0.0023 2.3 0.0010
DF3 2978.5 4.4 0.0015 1.6 0.0005
DF4 3124.7 3.7 0.0012 2.3 0.0007
DF5 3375.32 4.4 0.0013 2.7 0.0008
DF6 3400.4 3.7 0.0011 2.6 0.0008
DF7 4132.95 2.0 0.0005 1.8 0.0004
DF8 4608.4 2.0 0.0004 1.4 0.0003
DF9 4707.7 3.0 0.0006 1.9 0.0004
DF10 4780.7 3.2 0.0007 1.3 0.0003
C1 505.3 3.9 0.0077 1.6 0.0031
C2 506.55 4.3 0.0084 1.3 0.0026
C3 541 4.7 0.0088 1.4 0.0025
C4 546.3 4.2 0.0077 15 0.0028
C5 561.5 3.7 0.0066 15 0.0026
C6 642.1 3.6 0.0057 1.4 0.0022
Cc7 647.57 3.1 0.0048 1.0 0.0016
C8 651.75 3.3 0.0051 1.1 0.0017
C9 675.02 5.1 0.0076 2.0 0.0030
C10 684.61 4.9 0.0072 1.8 0.0026

151



{ Linear Regression
184 Y=MX+C
16 _ Parameter Value Error
14 | Gradient = 2.54 + 0.35
Intercept = 1.14 + 1.42
© .
(=)
- 12
> .
% 10{R%=0.94
o) ]
o 8
g
SR
. O
4
2 4
0 T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8

Gas Sorption porosity / %

Figure 4.32: Total porosity and gas sorption pdyosif the Draupne Formation shale. A strong
correlation exists, indicating that gas sorptiomgsay (of the sub — 100 nm pores) is a controlliactor
in the overall total porosity of the shale.
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Figure 4.33: Total porosity and gas sorption pdyosif the Colorado Group shale. No apparent
correlation between total porosity and gas sorppiorosity.
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153



D-R Microporosity / %

D-R Microporosity / %
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part a), a good positive correlation exists betwe@roporosity and TOC content, indicating thataorig

matter is a primary location for microporosity inet Draupne Formation shales. In part b), a strong

negative correlation exists between microporosiiy a0C content for the Colorado Group shales.
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Table 4.10: Shale porosities in each pore sizegang

Figure 4.36: Average porosities of the Draupne Fdion and Colorado Group shales in each pore size

range.

Total Open >100 nm | 0.7to 100 nm| <0.7 nm
Sample | Porosity| Porosity | Porosity Porosity Porosity
| % | % | % | % | %
DF1 17.0 10.9 4.8 4.1 2.0
DF2 13.6 9.1 3.9 3.0 2.3
DF3 11.8 6.5 2.0 2.9 1.6
DF4 16.7 8.6 5.0 1.3 2.3
DF5 13.2 10.0 5.6 1.8 2.6
DF6 12.7 9.3 5.6 11 2.6
DF7 5.0 3.3 1.4 0.1 1.8
DF8 7.8 3.2 1.2 0.6 1.4
DF9 8.3 55 2.6 11 1.9
DF10 7.6 4.4 1.2 1.8 1.3
C1l 17.5 5.0 1.2 2.3 1.6
Cc2 17.2 5.3 1.1 3.0 1.3
C3 14.4 5.2 0.5 3.4 14
C4 15.9 5.1 0.9 2.7 15
C5 17.8 4.7 0.9 2.2 15
C6 15.3 4.6 1.0 2.2 1.4
Cc7 16.4 4.5 14 2.1 1.0
C8 16.3 5.5 2.2 2.2 11
C9 18.1 6.4 1.3 3.1 2.0
C10 21.5 8.1 3.2 3.1 1.8
25
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4.25 Surface area of the Draupne Formation and Colorado Group shales.

The surface areas of the Draupne Formation and r&wo Group shales were
determined using mercury intrusion porosimetry aja$ adsorption analysis. The
surface area measured by mercury intrusion wasrdeted using the R-P equation
(Rootare and Prenzlow, 1967) using the mercurysnn curves presented in Figure
4.10 (above). The low pressure region of the m@ratrusion curve (up to a pressure
of 2500 psi) allows the surface area of the maaegpdo be determined (up to a
diameter of 100 nm). An example of a mercury intmscurve in the low pressure
region for the DF1 shale is reported in Figure 413 surface area is determined from
the area under the curve (using integration).

The BET surface areas of the Draupne Formation @Goldrado Group shales were
determined using gas adsorption analysis. The BEfase area measurements were
performed using both nitrogen gas at -I9q= 77K) and CQ@ at -78C, and were
determined in the relative pressure range of p/[9.05 to 0.3. An example of a full
range nitrogen isotherm for shale DF10 is repomeHBigure 4.38. The DF10 nitrogen
isotherm has the characteristic Type Il isotherrapgh with minimal amounts of gas
adsorption uptake at low relative pressures, withapid upward increase in gas
adsorption uptake at high relative pressures. Tiucates that activated diffusion
barriers are inhibiting the adsorption of M the shale at low pressures, only to rapidly
increase as theJ\bressure approaches the saturated vapour predsNseat 1 atm (i.e.
1013. 25 mbar).

The nitrogen adsorption isotherms for the Draupoemfation and Colorado Group

shales (in the BET pressure range of 50 mbar ton304r) are reported in Figure 4.39.
The adsorption isotherms appear to be nearly limed#ris low pressure region, with a

low value gradient. There is a distribution of agidion uptakes, with the isotherms
appearing to be “stacked” on top of one anotheer@lappears to be no crossing or
overlap of the isotherms. The ¢@otherms at -7& for the Draupne Formation and

Colorado Group shales were previously reportedgnre 4.14 (above).

The N BET surface areas of the Draupne Formation an@dr@db Group shales are
listed in Table 4.11. The N\BET surface areas of the DF shales have a ranfje28fto
16.52 nf g*, with an average of 6.16 + 5.8m". The N BET surface areas of the CG
shales have a range of 8.37 to 26.33%jh with an average of 16.98 + 5.93 gi'. The
nitrogen BET surface areas of the Draupne Formasosignificantly lower than the
Colorado Group shales.

The CQ BET surface areas of the Draupne Formation andr@b Group shales are
listed in Table 4.11. For the DF shales, the, BBT surface areas values have a range
of 9.85 to 34.73 mg?, with an average of 20.70 + 8.24 gi’. For the CG shales, the
CO, BET surface areas values have a range of 17.80.66 nf g*, with an average of
22.56 + 4.19 rhg™. The average CLBET surface areas of the Draupne Formation and
Colorado Group shales are similar in value (20.70gihvs 22.56 rh %), indicating
that these shales have full range pore structuneerp-, meso-, and micropores) with
similar total surface areas.
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The mercury intrusion, NBET and CQ BET surface areas can be combined to
determine the 1) total surface area and 2) theildlision of surface areas. This is done
using the equations outlined in Chapter 1, sectidhl7. The total surface areas are
listed in Table 4.12. The Draupne Formation shal@ge a total surface area with a
range of 9.85 to 34.73 7wy, with an average of 20.70 + 8.24 mi*. The Colorado
Group shales have a total surface area with a rahde.01 to 30.06 g, with an
average of 22.56 + 4.19°g .

The distribution of surface areas for the Draupasrfation and Colorado Group shales
are listed in Table 4.12 and summarised in Figu4@.4The Draupne Formation shales
have a macropore surface area (> 100 nm) with gerah 0.07 to 0.69 g™, with an
average of 0.35 + 0.24°ng*. The Colorado Group shales have a macropore surfac
area (> 100 nm) with a range of 0.05 to 0.47gth with an average of 0.20 + 0.14m
g*. The Draupne Formation shales have a mesoporacsuaiea (100 to 2 nm) with a
range of 0.88 to 16.32 g’, with an average of 5.80 + 5.81°y*. The Colorado
Group shales have a mesopore surface area (10aryg @ith a range of 8.17 to 25.87
m? g+, with an average of 16.77 + 5.97 gi*. The Draupne Formation shales have a
micropore surface area (< 2 nm) with a range o6 6020.76 g™, with an average of
14.55 + 5.50 rhg™. The Colorado Group shales have a micropore sidega (< 2 nm)
with a range of 2.54 to 9.81°g*, with an average of 5.58 + 2.58 gi".

The distribution of surface areas for the Draupaerfation and Colorado Group shales
indicates that the macropores (> 100 nm) have llg/internal surface areas (0.35 m
g' vs 0.20 M gh). The pores with diameters less than 100 nm areravkthe vast
majority of the surface area is located. The Drauparmation shales contain most of
their surface areas within the micropores less tham (14.55 rhg?), whereas the
Colorado Group shales contain most of their surtreas within the mesopores (100
nm to 2 nm), with an average of 16.77 g.

The total surface areas of the Draupne Formatiateshexhibit no correlation to TOC
content. However, the micropore surface areas ()2 the DF shales have a strong
positive correlation to TOC content, as reporteérigure 4.41, part a). The correlation
coefficient is B = 0.87. For the Colorado Group, the total surfas are negatively
correlated to the TOC content, as reported in Egldl, part b). The correlation
coefficient is B = 0.94. This suggests that the primary locatiaririternal surface area
in the Colorado Group shales is not the organidenaiomponent of the shales. The
illite content of the Colorado Group shales haseacellent correlation with the total
surface areas, as reported in Figure 4.42. Thelation is positive, with a correlation
coefficient of R = 0.98. This indicates that the primary locatidrthe internal surface
area in the immature Colorado Group shales is énstimale matrix, in the illite clay
mineral assemblages. The decrease in illite contétit increasing TOC is the
underlying cause for the misleading negative cati@h between total surface area and
TOC in Figure 4.42.

The total surface areas of the Draupne Formatiateshdecrease with increasing burial
depth, Figure 4.43. A strong correlation betweetaltsurface area and burial depth
exists, with a correlation coefficient o R 0.86. This reduction of surface area is
linked to the reduction of pore volume due to iasiag thermal maturity, as reported in
Figure 4.44. The correlation is strong, with a etation coefficient of R = 0.93.
However, the Colorado Group shales have no appecerdglation between the decrease
of total surface areas and burial depth, as regontéigure 4.43. The Colorado Group
shales have no apparent correlation between thkesiotface areas and maturity.
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To account for the influence of burial compactiaom more volume, the total surface
areas are normalised to burial depth in Figure .4ld45part a), the strong negative
correlation between depth normalised total surbaeas and vitrinite reflectance of the
Draupne Formation shales is reported. The corosiatbefficient is R= 0.89. In Figure
4.45 part b), the total surface areas of the Cdmr@roup shales do not change with
maturity (VR,).

The total surface areas of the Draupne Formatiateshncrease with increasing total
porosity, as reported in Figure 4.46. The correfatis strong, with a correlation

coefficient of B = 0.93. Conversely, this suggests that the surfaea of the pore

system is decreasing with decreasing total poroditys could be due mechanical
compaction reducing pore volume. The Colorado Grebples have no apparent
correlation between the total surface areas amd poirosity. The correlation is strong,
with a correlation coefficient of = 0.93.
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Figure 4.39: Nitrogen adsorption isotherms at -I®@wothe relative pressure range of p/po = 0.08.%

In part a), the Draupne Formation shales isotheamasreported. In part b), the Colorado Group shale

isotherms are reported.
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Table 4.11: Surface areas of the Draupne FormatiohColorado Group shales, using mercury intrusion
porosimetry, N at -196C, and CQat -78C.

Hg
sural | 'Tn | WEET | ot
Shale depth Area Area Surface
a (>100 nm)| /m?g* /fﬁrzea}l
/ e g g

DF1 2117.80 0.60 15.56 34.73
DF2 2325.00 0.36 10.40 31.16
DF3 2978.50 0.20 16.52 22.58
DF4 3124.70 0.60 2.06 19.29
DF5 3375.32 0.69 5.87 25.99
DF6 3400.40 0.60 1.48 20.25
DF7 4132.95 0.08 1.23 10.19
DF8 4608.40 0.07 1.52 9.85
DF9 4707.70 0.23 3.77 14.57
DF10 4780.70 0.09 3.13 18.39
C1l 505.30 0.15 18.03 20.93
Cc2 506.55 0.09 19.67 23.22
C3 541.00 0.05 18.26 25.32
C4 546.30 0.13 19.03 22.55
C5 561.50 0.11 10.61 20.42
C6 642.10 0.20 11.75 19.58
Cc7 647.57 0.20 8.37 17.01
C8 651.75 0.43 13.09 17.64
C9 675.02 0.17 24.61 30.06
Cc10 684.61 0.47 26.33 28.87
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Table 4.12: The total surface area, the surface afrehe macropores (> 100 nm), the 100 to 2 nregor
and the micropores (< 2 nm) for the Draupne Fomnadind the Colorado Group shales.

Burial >100nm | 1 2nm| <2nm

Shale del'thill / Lcr)g fl%?fe pSSes O?Jtt)?es pores

m /m? gt I m? gt [ m? gt
DF1 2117.80 34.73 0.60 14.96 19.1y
DF2 2325.00 31.16 0.36 10.04 20.76
DF3 2978.50 22.58 0.20 16.32 6.06
DF4 3124.70 19.29 0.60 1.46 17.238
DF5 3375.32 25.99 0.69 5.18 20.12
DF6 3400.40 20.25 0.60 0.88 18.77
DF7 4132.95 10.19 0.08 1.15 8.96
DF8 4608.40 9.85 0.07 1.45 8.33
DF9 4707.70 14.57 0.23 3.54 10.80
DF10 4780.70 18.39 0.09 3.04 15.26
C1l 505.30 20.93 0.15 17.88 2.90
C2 506.55 23.22 0.09 19.58 3.55
C3 541.00 25.32 0.05 18.21 7.06
C4 546.30 22.55 0.13 18.90 3.52
C5 561.50 20.42 0.11 10.50 9.81
Cé6 642.10 19.58 0.20 11.55 7.83
C7 647.57 17.01 0.20 8.17 8.64
Cc8 651.75 17.64 0.43 12.66 4.55
(01°] 675.02 30.06 0.17 24.44 5.45
Ci10 684.61 28.87 0.47 25.87 2.54
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Figure 4.40: Average surface areas of the Draummen&tion and Colorado Group shales in each pore
size range.
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Figure 4.41: Total surface area against TOC. It parthe micropore surface area exhibits a good
positive correlation with increasing organic mattentent for Draupne Formation shales. In parths),
surface area decreases with increasing organienathtent for the Colorado Group shales.
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Figure 4.42: Total surface area against illite eahtAn excellent positive correlation exists betwéotal
surface area and illite content for the Coloradouprshales.
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Figure 4.43: Total surface area against burial ldept part a) the total surface area of the Draupne
Formation shales decreases with increasing bugpthd In part b) there is no observable correlation
between total surface area and burial depth foClerado Group shales.
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Figure 4.44: Total surface area against maturitgtrAng negative correlation exists between taiebse
area and maturity for the Draupne Formation shales.
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4.3 Discussion

The pore structure and porosity of the Draupne tion and Colorado Group shales
were investigated using a multi technique approaatich included electron
microscopy, mercury intrusion porosimetry and gdsogption analysis, as outlined in
chapter 1. Electron microscopy was used to gathaswal analysis of the pore shape
and location. The MIP was used to determine thal tporosity and pore size
distribution of pore structure over a 5 orders @gmtude size rang€larksonet al.,
2012). The gas adsorption analysis was used tactesise the nanometre scale pore
volumes, porosities and surface areas.

4.3.1 Poreshapeand locationsin shale.

The SEM micrographs identified the presence of spaleand silt shaped pores in the
Draupne Formation and Colorado Group shales. Bhibserved in Figures 4.4 and 4.9
(shales DF10 and C10, above). Silt-shaped poredoared in many porous systems
(Marsh, 1987), and often take the form of “ink bedt, with a narrow slit-shape
constriction at the entrance (the pore “throatgdeg to a larger pore body.

The SEM micrographs indicate the presence of ipseticle (InterP) pores in the matrix
of the Draupne Formation and Colorado Group shales, pilyniaetween clay mineral
packages and quartz grains, which agrees withititgnfs of Louckset al., (2009).
This is observed in Figures 4.5 and 4.6 (shales &bDF10, above). In the Colorado
Group shale, InterP pores were also observed betwhesters of poorly packed
carbonate mineral grains, and were elliptical impsh Figure 4.7 (shale C1). InterP
pores arise in shales because clastic and biog=dinent particles may not pack
together perfectly, leaving space between the grain

The InterP pores of the DF and CG shales weredilpislit shaped or long thin cracks
within the clay matrix (which could be artefactad were tens of micrometres in
length. Very few nanometre-scale InterP pores vedrgerved. This finding does not
agree with the work of Loucket al., (2009) who found that pores in gas bearing shale
rocks are dominated by nanometre-scale pores @idu47, below). A possible
explanation for the difference between this worll #vat of Louckt al., (2009) is that
they focussed on gas window maturity shales, whilst study investigates immature
and oil window maturity shales.

Very few intra-particle (IntraP) pores were foundthe organic matter particles of

either the Draupne Formation or Colorado Groupeshalhe few IntraP pore present
were often circular or oval in shape.
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Figure 4.47: Nanometre scale pores are abundatitiSnSEM micrograph of a gas window maturity
Barnett shale from Louclet al., (2009).

4.3.2 Porevolumesand Pore Size Distributions (PSD) of the shales.

The pore size distributions of the Draupne Fornmaaod Colorado Group shales are
dominated by nanometre-sized pores, typically beld® nm in diameter (Figures
4.11). The pore size distributions are predomiryantiimodal, with a median pore
throat width of 20 nm. This finding is supported iy work of Louckset al., (2009),
who identified that Barnett shale samples were daieid by nanometre-scale pores.

In the Draupne Formation, an average of 49.9% 0bftted pores in the mercury
accessible pore size distribution was less thamr®5in diameter. For the Colorado
Group, this value was even higher, with an averdd®.7 % of all the pores measured
by mercury intrusion being less than 25 nm in di@meThis is a significant result,
demonstrating that shales are effectively “nanopsitonaterials (using the terminology
of Louckset al., 2012). The higher percentage of sub-25 nm pordgbe Colorado
Group (84.7% compared to the Draupne Formation’9%9Yis interpreted as being due
to the Colorado Group’s lower thermal maturity (fir details of this is given in
section 4.3.5, below).

Within the category of pores with diameters lesnth00 nm, the most common pore
size for the Draupne Formation shales was 10 n@& mon, with an average value of
71.5 % of the pores in the 100 nm group. For thev@do Group, the dominant pore
size range was the 25 nm to 10 nm, with an averafye of 56.1 % of the pores in the
100 nm category. This indicates that the DraupnenBton shales have nanometer-
scale pores which are slightly narrower than thafsthe Colorado Group shales. This
difference between the mesopore distributions ierpmeted as being due to the
mineralogy, especially the percentage of clay nalserlt was observed by Ross and
Bustin (2009) in Devonian shales from British Cohienthat clay-rich samples had
unimodal mercury intrusion pore size distributiook less than 10 nm, whereas
equivalent silica-rich Devonian shales were donaddty micrometer-scale pores. They
noted that an increase in silica content resulted shift in the pore size distribution
towards larger pore diameters. Their findings carobserved in Figure 4.48, where in
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part a) the clay rich samples are dominated by mater scale pores, whereas in part b)
the silica rich samples are dominated by micromstate pores. The significant

differences in the pore size distributions of cteyr and silica-rich Devonian shales

highlights the impact that mineralogy can have lom pore size distribution of shales,

even for the Draupne Formation and Colorado Grdwgles, where the shift towards

larger pore diameters is not as pronounced.
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Figure 4.48: Mercury Intrusion Porosimetry poreeditstribution (PSD) curves for Devonian shalesnfro
British Columbia (after Ross and Bustin, 2009).part a) the clay-rich samples are dominated by
nanometre-scale pores, whereas in part b) theasibth samples are dominated by micrometre-scale
pores.
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Although the majority of pores in the Draupne Faiioraand Colorado Group shales
have diameters less than 25 nm, larger nanomettaracrometre pore sizes are still
present, as reported in the mercury intrusion gare distribution curves (Figure 4.10).
The low pressure CQOadsorption isotherms at both °Z8and 6C also indicate that
some meso- and macropores are present, with the Ty@ype Il hybrid adsorption
curves being characteristic of gas adsorption agcam micro-, meso- and macropores
(Sing et al., 1985). The finding that a small abundance oframetre-scale pores are
present in the Draupne Formation and Colorado Gehgbes agree with the results of
Ross and Bustin (2009) in Devonian shales fromidriColumbia. In Figure 4.48, part
a) small volumes of mercury intrusion do occur abaw 16 nm (= 1pm) in the clay-
rich Devonian shales.

4.3.3 Porevolumes and por osities of the shales.

The average total pore volume of the Draupne Foomahales is smaller than the
Colorado Group shales (0.0517 tm* vs 0.0766 crh g, respectively). This is
interpreted as the Draupne Formation shales havimgch deeper burial depth than the
Colorado Group shales, and so being more compattedHg-macropore volumes are
determined at low intrusion pressures, and mea$ergore volume of macropores >
100 nm in diameter. The average Hg-macropore voloimthe Draupne Formation
shales is 2.5 times larger than the Hg-macropohenwe of the Colorado Group shales.
This finding is interpreted as being due to thegdarorganic matter content of the
Draupne Formation shales. In Figure 4.49, the j¢age of Hg-macropore volumes in
the shales increases as the TOC content increasésth the DF and CG shales. The
correlation coefficient is R= 0.86. The relationship between the percentage of
macropores (> 100 nm) and the TOC can be explasdtie macropores are primarily
located in organic matter particles, and/or theanig matter disrupts the efficiency of
the packing of the inorganic minerals thus formerger pores in the shale matrix.
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Figure 4.49 Hg-macropore volume against TOC fohlibe DF and CG shales. The percentage of the
Hg-macropore volume increases as the TOC increambsating that the proportion of larger macromore
(> 100 nm) is related to organic richness.

The sorption pore volume of the sub-100 nm diametees was determined using gas
adsorption analysis. The pore volumes of these-$00 nm pores are very similar in
value for both sample suites, despite their difietetal porosities, thermal maturities
and burial depths. The average sorption pore voloilee DF shales was 0.0171 %m

! whilst the average sorption pore volume of the €fales was 0.0184 égi. The
commonality shared by these two shale suites i®tganic-richness, and therefore the
very similar pore volumes of the sub-100 nm posesiterpreted as being a property of
Type Il marine kerogen. This will be investigatewtier in Chapter 5.

The sorption pore volume of the Draupne Formatiuales (average of 0.0171 i)
accounts for 33.0 % of the average total pore velaverage of 0.0517 éng’"). For

the Colorado Group, the average sorption pore vel@0184 crig™®) accounts for
24.0 % of the average total pore volume (0.0768 gh). These percentages suggest
that about a quarter to a third of the total pootume is in sub-100 nm range. Two
possible interpretations as to why the Draupne Btion has a larger percentage of
sub-100 nm pores are: 1) the DF shales are moanrgch than the CG shales, and
these sub-100 nm pores are located within the leerognd 2) the total pore volume of
the DF shales is lower than the CG shales, bedhadeF shales have been subjected to
increased compaction and cementation due to déepet depths.

The sorption pore volume of the Draupne Formatibales exhibits a good positive
correlation to organic matter content (TOC), aregnl in Figure 4.18 (above). This is
typical of the correlations between pore volume arghnic matter content found in the
literature. However, in contrast the sorption pestume of the Colorado Group shales
exhibits a strong negative correlation to organiatter content (TOC). The amount
adsorbed decreases as TOC increases, as repofaglie 4.18 (above). The negative
correlation of pore volume with TOC is counter-itite, as organic matter is a key site
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for gas adsorption in shales, and positive coli@iatbetween TOC gas adsorption is
often reported in the published literature. Theatieg correlation from organic matter
content is probably a false correlation, due tauaderlying effect that is masking the
influence of organic matter in the Colorado Grobplss. This factor is the mineralogy,
as outlined below. The bulk mineralogy of the Catto Group shales was obtained by a
fellow PhD student who worked on the same CG sasnflhis mineralogical data is
published in the thesis of Adamu (2012) and arened in Table 4.13. The quartz
content ranges from 28.08 to 47.27 %, with an gyemf 35.78 £ 7.92 %. The illite
content ranges from 20.60 to 44.81 %, with an aeeraf 29.74 + 8.44 %The
carbonate content (calcite + dolomite) ranges flo@® to 14.69 %, with an average of
6.75£4.70 %.

The illite content has an excellent correlationhwiite gas sorption pore volume of the
Colorado Group shales, as reported in Figure 4I6@. correlation is positive, with a

correlation coefficient of R = 0.97. This indicates that the primary site of ga
adsorption in the immature Colorado Group shales the pore structures of the shale
matrix, in the illite clay mineral assemblages. Elgran interpretation of this finding is

that the illite content of the Colorado Group shkake the main controlling factor for

pore volume, and organic matter content is secgnddre gas adsorption potential of
the mineral illite was recognised by Ross and Bug009).

When the sorption pore volume of the CG shalesoisnalised for illite content, an
excellent correlation between sorption pore voluend TOC content is observed, as
reported in Figure 4.51. The correlation coeffitisnR = 0.90. Once the abundance of
illite in the Colorado Group shales is accounted floe standard positive relationship
between organic matter content and sorption pohenwe is observed. Furthermore, the
illite content of the CG shales is negatively clated to the organic matter content, as
reported in Figure 4.52. The correlation coeffitienR = 0.92. The decrease in illite
content with increasing TOC content is the undagycause for decrease in sorption
pore volume with increasing TOC content. The stroegative correlation between
TOC and illite explains the unlikely correlationtween sorption pore volume and TOC
in Figure 4.18 (above). The overall conclusion hattthe dominant control on the
sorption pore volume in the Colorado Group shatethe illite content of the shale
matrix, and the immature organic matter has a stangrrole. This also agrees with the
finding that the Colorado Group shales is domindigdsolated closed pores, that are
not associated with organic matter (as outlineigure 4.56)

Table 4.13: Mineralogy of the Colorado Group shales

Sample | Depth/m Quartz / % lllite / % Carbonates / %
C1 505.3 39.4 27.3 5.2
Cc2 506.55 45.0 29.2 1.0
C3 541 47.2 33.1 4.2
C4 546.3 42.0 315 3.0
C5 561.5 37.0 26.0 7.0
C6 642.1 28.6 21.3 12.2
Cc7 647.57 35.0 19.6 12.4
Cs8 651.75 22.5 20.4 14.6
C9 675.02 28.0 44.8 3.6
C10 684.61 32.8 41.8 3.9
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Figure 4.50: Sorption pore volume against illite.%tcontent for the CG shales. The sorption pore
volume exhibits an excellent positive correlatedlii® content.
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Figure 4.51: Normalised sorption pore volume (fiite) against TOC content for the CG shales. Aty
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volume occurs in the organic matter.
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Figure 4.52: lllite against TOC content for the GBales. The illite content is strongly negatively
correlated to TOC content.

The micropore volume of < 0.7 nm diameter pores wagermined using CO
adsorption at ™. The micropore volume is a significant part oé thorption pore
volume available to gas adsorption processes ffoees that have up to 100 nm in
diameter). The micropore volume of the Draupne Ftion shales accounts for 52.3%
of the gas sorption pore volume, and the micropai@me of the Colorado Group
shales accounts for 35.9 % of the gas sorption poltane. This finding indicates that
the tiniest pores contribute significantly to theale’s pore volume; however, these
pores maybe overlooked as they are not accessibheitcury intrusion porosimetry.

The micropore volumes of the Draupne FormationthedColorado Group do not vary
with increasing burial depth. This result is in trast to the total pore volume, the Hg-
macropore volume and the sorption pore volume, wh varying amounts, will
decrease in pore volume with increasing burial ldefthis finding suggests that
micropores are not mechanically compressed durirey dompaction processes that
occur during formation burial.

The micropore volumes of the Draupne Formation eshaxhibit a good positive

correlation to organic matter content (TOC), sutjggsthat organic matter is a key
location of micropores in the Draupne FormationleshaConversely, the micropore
volumes of the Colorado Group are negatively cateel to the TOC content, this
suggests that the primary location for microporeshie Colorado Group shales is not
the organic matter component of the shales, bumtheral assemblages.
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The illite content of the Colorado Group shales hasexcellent correlation with the
micropore volume, as reported in Figure 4.54. Theretation is positive, with a
correlation coefficient of R= 0.88. This result is interpreted as the illitmenals is the
primary location of micropores in the immature Galio Group shales is in the shale
matrix, and organic matter content is a secondargtion.

The normalisation of the Colorado Group shale npore abundance for TOC content
leads to an excellent correlation between microore illite content, as reported in
Figure 4.55. The correlation coefficient of the mafised micropore volumes and illite
is R? = 0.96. This positive correlation supports theiiptetation that the micropores of
the immature Colorado Group shales are primaribated in the inorganic mineral
matrix.
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Figure 4.53: Micropore volume against TOC for th& Ghales. There is a false negative correlation
between micropore volumes and organic matter coGenC).
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Figure 4.55: TOC normalized D-R micropore volumellite content for the CG shales. An excellent
correlation exists between the micropore volume %ritlite after the effect of TOC is accounted for.
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The proportion of pore volume in each of the thpeee size ranges for the DF and CG
shales were listed in Table 4.7 (above). The opere volumes of the Draupne
Formation shales accounted for 61.8 % of the jmba¢ volume, whereas the open pore
volume only accounts for 31.9% of the total por&uwee in the Colorado Group shales.
It is a significant finding that less than one dhaf the pore volume in the CG shales is
accessible to mercury or gas adsorptives, with réraaining pore volume being
completely isolated and inaccessible. This findimgjcates that the pore system of the
Colorado Group shales is much less open and imteexted than that of the Draupne
Formation shales. The lower interconnectivity of tBG pore system is interpreted as
being due to the lower organic matter content casgpéo the DF shales. It is reported
in Figure 4.56 that as the TOC content of the skalaples increase, the accessible pore
volume increases. This suggests that the organitemma a primary location for open
accessible pores, and the inorganic mineral meginost to closed inaccessible pores.
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Figure 4.56: Open pore volume against TOC for tbéhDF and CG shales. The increase in accessible
pore volume with increasing organic matter conbedicates that the primary location for open acitéss
pores is in the organic matter, and the inorganitenal matrix is host to closed inaccessible pofes,

the Draupne Formation and Colorado Group shales.
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The total porosity, the Hg-macroporosity, the gaspson porosity and the D-R
microporosity of the Draupne Formation and Color&foup shales were determined
from the corresponding pore volumes and the buliside of the shale. The Draupne
Formation shales exhibited a noticeable decreagdbeiriotal porosity with increasing
burial depth, from 17% down to 5%. This pore voluméuction can be attributed to the
mechanical compaction and lithification of the ghsiirata, and also to the cementation
of pores due to precipitation of minerals that dissolved in pore fluids. The Colorado
Group shales exhibited no observable trend in toptabsities with increasing burial
depth (average total porosity = 17.0%). The totabpities of the CG shales are lower
than would be expected for shales at burial depths500 m, and this indicates that
these shales have been buried to a deeper bupti dethe geological past, and then
uplifted to their current depth.

The gas sorption porosity of Draupne Formation eshalxhibits a strong correlation
with total porosity (R = 0.94). In contrast, the Hg-macroporosity and R
microporosity exhibit a weaker correlations to kqtarosity (R = 0.6 and R = 0.3,
respectively). For the Colorado Group, the Hg-mporosity, the sorption porosity and
the D-R microporosity has no observable correlatemthe total porosity of the shales.
This indicates that the sub-100 nm porosity isieg@ry controlling factor on the total
porosity of the Draupne Formation shales, with rirecroporosity > 100 nm having a
secondary influence. The interpretation of thigliing is that the organic matter content
of the Draupne Formation is larger than the Color@doup shales, and the sub-100 nm
porosity is located within the organic matter. Tinterpretation agrees with the positive
correlation observed between D-R microporosity df@C content for the Draupne
Formation shales.

434 Surface areas of the shales.

A large proportion of the internal surface areatltd Draupne Formation shales is
located within micropores (< 2nm). The averageB¥T surface area (6.16°ng) is
much smaller than the average £BET surface area value (20.70° rgl). As
micropores are inaccessible to, Mt -196C, the large difference is attributed to
significant micropore surface area. Converselyaverage NBET surface area (16.98
m* %) of the Colorado Group shales is similar to therage CQ BET surface area
value (22.56 rg?). This suggests that a smaller proportion of imaésurface area is
located within the micropores (< 2 nm), and a lafgeportion of the total surface area
is located in mesopores and macropores.

The total surface areas of both the Draupne Foomatnd Colorado Group shales are
very similar (average of 20.35°ng™ and 22.36 g, respectively), indicating that
these shales suites have similar pore structutes tdtal surface area of the shale pore
system is almost exclusively found within the s@®Inm pores, as reported by the
excellent positive correlations in Figures 4.57 4rB. For the Draupne Formation, the
correlation coefficient is R= 0.99. For the Colorado Group, the correlatioafficient

is R = 0.99. The interpretation for this finding is ththe macropores (> 100 nm)
contribute very little to the total surface aredlsd shale pore system. This is supported
by the very low macropore surface area values, whiave an average of only 0.35 m
g™ for the DF shales, and an average of 0.2@frfor the CG shales.
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The primary location for surface area in the Draugformation shales is in the
micropores of organic matter. A large proportiontioé total surface area is located
within the micropores (average = 73.7%), and theropore surface areas of the DF
shales are strongly correlated to organic mattaterd, as reported in Figure 4.59. The
correlation coefficient between the micropore stefarea and TOC content i R
0.87. Furthermore, in Figure 4.59 the percentagaiofopore surface area in both the
Draupne Formation and Colorado Group shales ineseas TOC content increases,
with an excellent positive correlation of R 0.96 (where the relative proportion of
micropore surface area is out of the total surtaea).

Conversely, the primary location for surface arethe Colorado Group shales is in the
mesopores of shale matrix. The Colorado Group shabve a low percentage of
micropore surface area (average = 26.4 %), whickesgwith the similar values of BET
surface area for bothoNat -196C and CQ at -78C. The location of surface area in
mesopores is interpreted as being due to the longanic matter content of the CG
shales, leading to fewer micropores in the CG shatenpared to the organic rich DF
shales. This finding is supported by the excellpasitive correlation (R = 0.96)
between total surface area and illite wt% content.
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Figure 4.58: Total surface area against sorptia® polume for the Colorado Group shales. The total
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435 Porestructureand thermal maturity

Thermal maturity has a significant influence on thare structure of the Draupne
Formation shales. The pore volumes of the sub-I0(aores decreases as the thermal
maturity of the shales increase. Evidence of thee polume reduction of the sub- 100
nm pores can be observed in the sorption pore \@durtne D-R micropore volumes,
the porosities and the surface areas of the Dralfummation shales (see Figures
above). The pore volume reduction of the sub- I(pores can also be observed in the
mercury intrusion Pore Size Distribution curves.eTpore size distribution curves
indicate that a significant decrease in the potame of the sub-100 nm pores occurred
with increasing maturity. This is observed in Figgut.60, where the pore volume
decreases substantially with increasing maturithenDF1, DF5 and DF10 shales. This
finding agrees with Jarviet al. (2012), who identified that oil window maturityalks
are not as macroporous as gas window maturity shéhe reduction of pore volume in
the sub-100 nm pores with maturation is interpreteteing due to changes in levels of
aromaticity of the kerogen; this interpretatiomliscussed further in Chapter 5

The decrease in the pore volumes of the sub-10@aomes of the Draupne Formation
shales is atypical of the commonly observed matwatrelations in the literature (Gan
et al., 1972; Clarkson and Bustin, 1996; Bustin and iK3an 1998; Prinzt al., 2004;
Prinz and Littke, 2005; Ross and Bustin, 2009; lkswet al., 2009;Zhanget al., 2012).
Usually, thermal maturation of shales (and coasjiemonstrated to occur in tandem
with an increase in the pore volume of the keraogemnickset al., 2009), and especially
in the pore volume of the micropores in the organatter component (Clarkson and
Bustin, 1996; Prinz and Littke, 2005; Ross and Bug009). Since the opposite effect
is occurring in the Draupne Formation shales, inisrpreted that the limited maturity
range of the DF sample suite is a factor. The gematal analyses indicate that the
Draupne Formation shales have a maturity range fromature up to oil generation
maturity (catagenesis), with no gas window matuMR.: =1.4 %) shales being present.
However, in nearly all of the studies that haventdied an increase in the abundance of
micropore volume (i.e. Prinz and Littke, 2005; Ra@sxl Bustin, 2009), the sample
suites have included shales of much high thermalintyg generally in the gas maturity
window ( > 1.4%).

It is therefore suggested that the pore volumenahature and early oil window
maturity shales initially decreases, untii a minimus reached at intermediate
maturities, and then the pore volume begins taddiemcrease again at higher maturity
levels (as described in Figure 4.61). This “U” skpnaturity trend has been frequently
observed in coal studies (Moffat and Weale, 195 & al., 1993; Levyet al., 1997;
Bustin and Clarkson, 1998; Hildenbraretl al., 2006; Weniger, 2012), and it is
suggested here that the same U-shaped maturity éresurs in organic rich shales and
kerogens. This interpretation of decreasing poreimes in pre-gas window samples
will be investigated further in Chapter 5 for igel DF kerogen samples.

In contrast to the maturity correlations of the lpae Formation shales, the Colorado
Group shales do not exhibit any trends with indreasnaturity. None of the sorption
pore volumes, the D-R micropore volumes, the ptiessand the surface areas of the
Colorado Group shales exhibit any evidence of syate change with increasing
maturity. Even the depth normalised pore volume dathibits no correlation to the
variations in maturity. An interpretation of theusa behind this apparent lack of
correlation will be discussed further in Chaptéobisolated CG kerogen samples.
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Figure 4.61: Sub-100 nm pore volume against matultiis suggested that the pore volume of immature
and early oil window maturity shales initially deases, until a minimum is reached, and the ponewvel
begins to steadily increase.
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Figure 4.61 (Continued): Locations of DF and CGlehaon the sub-100 nm pore volume against
maturity schematic diagram. At the top left, thggested location of the Colorado Group shales, lwhic
do not exhibit any evidence of systematic changt wicreasing maturity. The region is colour codsd
blue, because the CG shales are immature. At ttierbdeft of the diagram, the suggested regiortlier
Draupne Formation shales is located. The sub-10pare volumes of the DF shales decrease with
increasing maturity. The region changes from yeltoworange to indicate increasing maturity. At the
right of the schematic diagram, the suggested ilmtdbr the Barnett shales is highlighted. The pore
volume of the Barnett shale increases with themmetiurity (Louckset al., 2009). The region is colour-
coded red, as the Barnett shale is in the gas wir{gdl.6%).
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4.4 Summary and Conclusions
The major findings of Chapter 4 are:

» Shales are effectively “nanoporous” materials, hih pore size distributions of
the DF and CG shales being dominated by nanomed-gores, typically
below 100 nm in diameter, with a median pore thvadth of 20 nm.

e The open pore volume of shales is strongly positiveorrelated to the
abundance of organic matter (TOC), indicating thatpore structures are more
interconnected in kerogen than in inorganic shalaerals. The open
(accessible) pore volumes of the DF shales accdan®&l.8 % of the total pore
volume, whereas the open pore volume of the CGeshatly accounts for 31.9
% of the total pore volume. Less than one thirdhef pore volume in the CG
shales is accessible, with the remaining pore velln@ing completely isolated
and inaccessible, and this could be due to therlareunts of OM in the CG
shales.

e The sorption pore volume of the Draupne Formatibales exhibits a good
positive correlation to organic matter content (TiO@hereas the sorption pore
volume of the Colorado Group shales exhibits angtroegative correlation to
organic matter content (TOC). The CG shales ataanted by illite content.

* The micropore volume of the DF shales accountshéidf of the gas sorption
pore volume, whilst the micropore volume of the Gli@ales accounts for one
third of the gas sorption pore volume. The micrepeolumes of the DF shales
exhibit a good positive correlation to organic raattontent (TOC), whereas the
micropore volumes of the CG are negatively coregldd the TOC content.

* A large proportion of the internal surface aredahaef DF shales is located within
micropores (< 2nm). Conversely, a larger proporbbthe total surface area of
the CG shales is located in mesopores and macipbine primary location for
surface area in the DF shales is in the micropofesrganic matter. Three
quarters (75%) of the total surface area is locatiélgin the micropores, and the
micropore surface areas are strongly correlatedrgganic matter content.
Conversely, the primary location for surface aneahie CG shales is in the
mesopores of shale matrix, with only one quarteghefsurface area being found
in the micropores.

* Thermal maturity has a significant influence on fhae structure of the DF
shales (but not in the CG shales). The pore voluohéee DF shales sub-100
nm pores decreases as the thermal maturity oflthles increase. Evidence of
the pore volume reduction of the sub- 100 nm paaes be observed in the
sorption pore volumes, the D-R micropore volumés porosities and the
surface areas of the Draupne Formation shales;@mnelates to maturity.

* A U-shaped maturity trend is suggested for orgaicic shales, where the pore
volume of immature and early oil window maturityagds initially decreases,
until a minimum is reached at intermediate matesitand then the pore volume
begins to steadily increase again. This U-shapetunha trend has been
observed in coal studies, and may have a similahargsm.
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Chapter 5: Porous structure of kerogen

5.1 Introduction

5.1.1 Origin of kerogen

Kerogen is the most abundant form of organic matiethe geosphere, and is the
dominant pool of carbon in the global carbon cytfesre is an estimated fons of
kerogen stored in the Earth (Durand, 1980). Keropas a complex and varied
biological origin; it is formed from the presenati of dead organic material as
sedimentary organic matter (SOM). Typically, lebant 1% of a dead organism’s
biomass is preserved in the sediment column (TesdtWelte, 1978; Summons, 1993),
with the vast majority of the organic tissue beragidly remineralised by animal and
microbial decomposers (Tyson, 1995). A range oftdséc are required to degrade
organic matter, with each type having a particutde. The hydrolytic and fermentative
bacterial groups are especially important, as they the only types capable of
degrading the larger biomacromolecules of freshawig matter into the smaller
monomer sub-units required by other bacteria (Ty%685).

The small amount of organic matter that is depdditeto the sediment column is done
so under the favourable conditions of high primprgductivity, high sedimentation

rates and oxygen deficient bottom waters (anoXibg metabolic pathways of organic
matter remineralisation (oxygen consumption, salfatduction, fermentation and
methanogenesis, Heinrich893), are disrupted under the conditions of higidpction

of organic matter, high sedimentation rates anciano

Kerogen is formed by a dual process of selectiesgmvation of resistant biopolymers
(such as lipids and lignin), and the formation e@Wwngeopolymers in the sediment
column (Vandenbroucke and Largeau, 2007). These geopolyarerfiigh molecular
weight macromolecules that do not exist in livinganisms, but are formed from the
polymerisation and condensation reactions of chalhgicesistant low molecular weight
biomolecules and humic substances (Vandenbrouakéamgeau, 2007).

During the early stages of diagenesis (in the fest meters of the sediment column),
the more reactive biochemical constituents of aggaa (such as the protein and
carbohydrates) are rapidly consumed by microbigtadation (Tyson 1995). The more
resistant organic constituents (i.e. lipids andaihg), will be selectively preserved, and
concentrated within the sedimensven though their initial abundance in living
organisms is low). At the end of diagenesis, sediarg organic matter is composed
mainly of kerogen and bitumen (Killops and Killoj2§05).

Quantitatively, the two most important contributafsorganic matter to kerogen are
algae and terrestrial higher plants (Pettral, 2004). Some researchers have claimed
that the contribution of bacterial organic matterkerogen is minor (Hartgeet al.,
1994), although this is still not widely acceptdthe composition of kerogen is often
dominated with amorphous organic matter (> 80 %th wnly minor amounts of well-
defined structured organic particles (e.g. spopedien) being found in kerogen (and
these are usually well dispersed; Tyson, 1995).
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The dominant biological tissues contributed to geroare algaenan, cutan, suberan and
lignin. These tissues are resistant to oxidatiod amicrobial degradation. The
contribution of algaenan, cutan and suberan resoltmmany kerogens being more
aliphatic in nature than coals. These organic sugsts are highly aliphatic and
insoluble lipid-derived biopolymers that resist rolgial biodegradation. The structure
of cutan and algaenan can be seen in Figure 5.1.

(a) cutan (b) algaenan ,K
(CH,),CH, o\ 5
o—:~< >~~(c:H2),,<:H3 (CH/2 )
o o s
(CH,),CH,4 (|:|) o} 7‘- (0]
o-;-< c >\(CH2)nCH3 S 0 0 —(CH,), >
° o 5—0 — (CHg)y4<\ %o
(CHy), (CHp), (CH.,—O o
o] 0 2ly 2/ (CHy),
CH,(CH n/< >\CH .CH o FO
CHITN, T (CHCH, oy —d O/>_3

Figure 5.1: The structure of a) cutan, after Mclkepet al. 1996, and the structure of b) algaenan, after
Blokkeret al. 1998.

MeO OMe

Figure 5.2: Structure of lignin, after Killops aKdlops, 2005
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5.1.2 Porousstructure of kerogen

The pore structure of kerogen is not well underdtand very little research on the
porous nature of isolated kerogen is availablehenpgublished literature. It is believed
that the pore structure of kerogen is dominatednigropores (Clarksomt al., 2012,
Amann-Hildenbrandet al., 2012), with lesser amounts of meso- and macespor
(Passewt al., 2010). It is also believed that the pore sizaritiution of kerogen is
influenced by geochemical composition and thermetiumity .

The closest analogue to kerogen is coal, and ircdla literature it is well established
that vitrinite is the most microporous maceral.riiite has a higher methane storage
capacity than either inertinite (Unswomrhal., 1989; Lamberson and Bustin, 1993), or
liptinite (Chalmers and Bustin, 2007). High inettincontent results in insignificant
levels of microporosity (Clarkson and Bustin, 199%9ptinite has also been found to
contain very little microporosity (Chalmers and Bus2007). A transmission electron
microscope (TEM) study (Harris and Yust, 1976) aoméd that vitrinite in coal is
mainly micro- and mesoporous, that inertinite isimtyamesoporous, and liptinite is
mainly macroporous.

Terrestrial derived Type Il woody kerogen (equerdl to vitrinite) has the highest gas
storage capacity of the kerogen groupings (N&blal., 1997; Jarvie, 2005; Zhareg
al., 2012). This is shown in Figure 5.3:
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Figure 5.3: Methane adsorption by isolated kerogamsws that wood terrestrial Type Il kerogens
exhibit the highest gas adsorption potential (affesnget al., 2012)

Type Il woody terrestrial kerogen has the highekerent gas storage capacity, but the
majority of shale gas produced in the USA comemfgas bearing shales containing
Type Il marine algal kerogen (Glorioso and Ratfi@12). For example, the Barnett

shale of the Fort Worth basin, and the Marcelludesbf the Appalachian basin are both
of Type Il marine kerogen in origin.

The porosity of organic matter dispersed in shaknges with compaction and thermal
maturation (Louckset al., 2009). Thermal maturation can cause an incre@agbe
abundance of microporosity in the organic comporéisedimentary rocks (Gaet al.,
1972; Clarkson and Bustin, 1996; Bustin and Clank$698; Prinzet al., 2004; Prinz
and Littke, 2005; Ross and Bustin, 2009). In kemgihe increase in the relative
abundance of micropores occurs at the expensesofidbropore and mesopore content
(Crosdaleet al., 1998).
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The porosity and pore size distribution of kerogemreatly altered in highly mature
shales (Louckst al., 2009; Passewt al., 2010). Whilst thermal maturity increases
kerogen microporosity significantly (with large enhal surface areas available for gas
adsorption, Amann-Hildenbrane al., 2012), the actual pore volumes of kerogen
micropores are small, and it is estimated thatl teégogen porosity is never usually
more than 3% of bulk rock volume (Modica and Lapgef012). This thermal maturity
driven porosity change is due to the aromatizatmin the kerogen, with the
rearrangement and loss of alkyl side chains (Kdlamd Killops, 2005). The maceral
composition has a greater impact on microporospacity in higher rank coals than in
lower rank coals (Chalmers and Bustin, 2007)

It has been shown that different types of organatemal exhibits different levels of
porosity, even though the thermal maturity is tama. This is because the tendency to
form pores is dependent on the origin of the orgamatter, even when subjected to the
same level of thermal maturation (Curétsal., 2011). It was observed that adjacent
kerogens exposed to the same thermal environmeéininve distance of several microns
from each other showed significant differences amopity (Curtiset al., 2011). It is
reported in Figure 5.4 that three different keragydrum apart in the same high
maturity Woodford shale sample had different lewélporosity:

Figure 5.4: FIB-SEM images of porosity in kerogehsese three kerogen particles wereuh? apart in
the same Woodford shale sample. The differenceoingity is attributed to variable origin of kerogen
(after Curtiset al., 2011).
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5.2 Reaults

5.2.1 Influenceof pyrite on gas adsor ption isotherms of isolated kerogen.

The nanometre scale pore structure of the Draumwendtion and Colorado Group
kerogens were investigated using low pressure dssrption isotherms. The isolated
kerogen adsorption isotherms needed to be norrdadisée corrected for the presence of
iron pyrite in the kerogen samples. Gas adsorptswmtherms obtained from the
gravimetric IGA system are a relative measuremdnthe absolute amount of gas
adsorbed. The amount of sample used is typicallp0-mg, so the absolute amount of
gas adsorbed is scaled up to a relative “per gtaasis (i.e. mmol§). Iron pyrite is a
dense component of kerogen (~ 5 g ¢ymand therefore even a trace amount of iron
pyrite in the kerogen sample contributes to thaltatass being analysed, and thus
changes the relative “per gram” amount of gas beemprted in the isotherm . This
problem is corrected by determining the weight getof pyrite in each sample, and
then normalising the kerogen isotherm data up ¢oatimount of adsorption that would
be obtained if the kerogen was 100% pure organitema

Firstly, the gas adsorption uptake capacity of ipynite was measured, as this data
could not be found in the literature. This was ddoedetermine if pyrite had an
adsorption potential that would adversely impaet glas adsorption experiments of the
isolated kerogens. Therefore, a series of gas pgorisotherms for aertified mineral
standard of pyrite were performed to investigat dldsorption potential of pure iron
pyrite. The pyrite mineral standard was obtainesimfrthe Clay Minerals Society
repository, with all standards having a percentagety of 99.7% or higher. The gas
adsorption isotherms were obtained under identegberimental conditions and
procedures as the kerogens to ensure the validlitheo comparison to the isolated
kerogen isotherm data.

A 100 mg of finely crushed iron pyrite mineral sland was used to obtain the
experimental data using the IGA system adsorptigmipgnent. The C@ adsorption
isotherms at -7& for a mineral standard of iron pyrite are repoite Figure 5.5. The
iron pyrite has negligible gas adsorption uptakéh whe pyrite adsorption isotherms
tracing along the x-axis, reaching a maximum adsmrpuptake of only 0.002 mmol g
! In the inset box of Figure 5.5, a magnificatidrttee isotherms is reported, showing
that the isotherms have a Type | shaped curve rdiogpto the IUPAC system. It can
also be observed that the two replicates have gepehtability.

The adsorption value of 0.002 mmét épr a mineral standard of iron pyrite indicates
that negligible amounts of gas is being adsorbegdrgs in the 100 nm or less scale,
and that in terms of adsorption isotherms on isdl&erogen, iron pyrite is not a site for
adsorption. It will be shown below that isolatedrdgen has a typical maximum
adsorption value of about ~ 1 to 2 mmdifgr CO, at -78C, and consequently a value
of 0.002 mmol g for pyrite accounts for only 0.1% to 0.2% of thtat adsorption
uptake by kerogens. As these values are withinettpeerimental error range for the
adsorption measurements, it is acceptable to cdadhat the presence of pyrite in the
isolated kerogens will not adversely impact theis@ption isotherms.
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Figure 5.5: Negligible amount of GGs adsorbed by a pyrite mineral standard. Theegmess of iron
pyrite in the isolated kerogens will not adversetpact the kerogen adsorption isotherms.

The amount of pyrite in each kerogen sample wasrohhed using two independent
experimental methods:

* Elemental analysis of isolated kerogen.
* Quantitative powder X-Ray Diffraction (XRD).

Method 1: The elemental analysis of the isolated kerogeas @btained, and the full
dataset has been presented in Table 3.3 (Secttof).3The weight percents of sulfur
obtained from the elemental analysis were usealizutate the amount of pyrite in the
kerogens. The only caveat is the assumption th#telsulfur is from pyrite, and there
IS no organic sulfur contributing to the elemeratadlysis.

The weight percent of elemental sulfur in iron E(FeS) is 53.45% (i.e. 64.14 gnidl
+119.98 gmot = 0.5345). Therefore, the weight percent of irgritp in the kerogens
is determined from the elemental analysis by dnhgdihe weight percent of sulfur by
0.5345. The results are reported in Table 5.1.

Method 2: The quantitative XRD analysis of the isolateddgems was performed. A
mixture of 20 % to 80 % ratio of corundum and kemogrespectively) was prepared for
each kerogen sample (i.e. 40 mg to 160 mg was rmpd® 200 mg in total). The
intensities of the pyrite peaks in the diffractagsawere converted to weight percents of
pyrite, using the peak intensities of the known sna$ the corundum standard
(Al,03). The weight percents of pyrite in each kerogenarare reported in Table 5.2.
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Table 5.1: The pyrite content derived from the wudlemental analysis.

Sample Sulfur/ | Pyrite / Sample Sulfur/ | Pyrite /
wit% wit% wit% wit%

DF1 10.39 19.44 C1 12.55 23.48
DF2 15.24 28.51 C2 11.74 21.96
DF3 20.44 38.24 C3 4.079 7.63
DF4 12.3 23.01 C4 3.745 7.01
DF5 14.04 26.27 C5 10.94 20.47
DF6 17.69 33.1 C6 10.86 20.32
DF7 24.08 45.05 C7 14.51 27.15
DF8 16.27 30.44 C8 10.14 18.97
DF9 23.62 44.19 C9 13.46 25.18
DF10 24.25 45.37 C10 12.07 22.58

Table 5.2: The pyrite (wt %) of each kerogen sammleasured by Q-XRD

Sample P\X,rt'ot/i d Sample P\X,rtlot/(: J
DF1 14.5 C1 27.6
DF2 27.6 c2 13.3
DF3 40.6 C3 0.0
DF4 20.8 C4 0.6
DF5 16.6 C5 19.2
DF6 31.3 C6 15.1
DF7 35.9 Cc7 22.6
DF8 22.6 c8 13.9
DF9 44.7 C9 22.6
DF10 49.0 C10 32.6

Table 5.3: The pyrite contents from elemental asialgnd Q-XRD compared

Elemental Elemental

Analysis Q-XRD Analysis Q-XRD
DF1 19.44 14.5 Ci 23.48 27.6
DF2 28.51 27.6 C2 21.96 13.3
DF3 38.24 40.6 C3 7.63 0
DF4 23.01 20.8 C4 7.01 0.62
DF5 26.27 16.6 C5 20.47 19.2
DF6 33.1 31.3 C6 20.32 15.1
DF7 45.05 35.9 Cc7 27.15 22.6
DF8 30.44 22.6 C8 18.97 13.9
DF9 44.19 447 C9 25.18 22.6
DF10 45.37 49 C10 22.58 32.6

The pyrite contents (wt %) reported from both inelegent methods can be compared:
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The values obtained from the two independent metlobaksely agree. A cross-plot is
reported in Figure 5.6. The correlation coefficieist R= 0.92. The statistical
significance of the agreement between the ressltsested using a paired means
Students t-Test, and is listed in Table 5.4. Thealpe is 0.011, and at the 95%
confidence level, the agreement between the expetah data is statistically
significant, and therefore unlikely to be due todam chance.

The average of the pyrite (%) from both method§sied in Table 5.5. The average
pyrite contents for all the kerogens (except C3 @ddl are listed. The average values
for C3 and C4 have not been reportegtause it is unlikely that the Q-XRD pyrite
contents = 0 % are correct. A small aliquot wastakom the bulk, and it is more

likely that these aliquots did not represent thdk bof the kerogen (due to the

heterogeneous nature of geological samples). Theremental values obtained from

the elemental analysis presented instead.

The average values listed in Table 5.5 are usednmalise all of the kerogen isotherm
data shown in the subsequent sections. The raw lolsfiare normalisation, are reported
in the Appendix. A representative example of thethierm normalisation process is
reported in Figure 5.7, where the €& -78C isotherm for the Draupne Formation
kerogen (DF1) has been normalised by its pyritdesarof 16.97 %. It is observed that
the amount adsorbed at each pressure step hasasedre after the isotherm
normalisation.

The average pyrite values listed in Table 5.5 #e ased to correct the raw carbon
elemental analysis data previously present in @napt section 3.2.4. This correction
allows the TOC of the kerogen to be determined. ddreected organic carbon contents
(the TOC) for the kerogens are listed in Table Bdi.the Draupne Formation kerogens,
the TOC has a range of 71.08 to 82.35 %, with aavamge of 76.23 = 4.43 %. For the
Colorado Group kerogens, the TOC has a range 81.%8.75.60 %, with an average of
74.20 + 0.88 %.

60

Linear Regression Y = MX + C

Parameter Value Error
50

Gradient = 0.76 + 0.074
1intercept = 8.46 + 1.98 O O

40

1R?=0.92
30 O

20 4 O

10 4

Elemental Analysis pyrite determination / %

T T T T T T T T T T T
0 10 20 30 40 50 60

Q-XRD pyrite determination / %

Figure 5.6: Cross-plot of the pyrite (wt %) frometindependent methods. There is close agreement
between the reported values.
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Table 5.4: The paired means Student’s t-Test oftieelation of the elemental and XRD pyrite cotéen

Pair t-Test for| Elemental | Q-XRD
sample meang method method

Mean Average  26.418 23.556
Variance § | 115.293 | 169.599

R? 0.92
t - statistic -2.494
P value 0.011

Table 5.5: The mean averages of the pyrite weightemts for the kerogens.

Mean
Sample Mpeya;irtleA/v\(:,;oa/?e Sample Ayerage
Pyrite / wt%
DF1 16.97 £ 3.49 C1 25.54 +2.91
DF2 28.06 = 0.65 Cc2 17.63+£6.13
DF3 39.42 +1.67 C3 7.63 +£0.00
DF4 21.91 £ 1.56 C4 7.01 £0.00
DF5 21.43+6.84 C5 19.83+£0.90
DF6 32.20 +1.27 C6 17.71 £ 3.69
DF7 40.48 + 6.47 C7 24.87 +3.22
DF8 26.52 £ 5.54 Cs8 16.44 + 3.59
DF9 44.45 + 0.36 C9 23.89 +1.83
DF10 47.18 + 2.57 C10 27.59 + 7.08
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Figure 5.7: The raw and pyrite normalised adsomisotherm for kerogen DF1, using €&t -78C.

Table 5.6: The raw Elemental Analysis carbon daal, the corrected organic carbon (TOC) contents for
the kerogens.

Elemental Elemental
Sample Ca[;)on / TKSE:O ?f/: Sample Cazbon / .Fgg) ?f/?
() %
DF1 61.74 74.36 C1l 38.33 73.88
DF2 53.72 74.68 C2 35.52 72.81
DF3 43.89 72.44 C3 63.3 75.60
DF4 64.31 82.35 C4 62.73 74.49
DF5 56.16 71.48 C5 55.92 73.91
DF6 50.38 74.31 C6 21.09 73.57
DF7 42.31 71.08 C7 23.05 74.85
DF8 57.14 77.76 C8 21.93 73.21
DF9 45.47 81.85 C9 50.08 75.15
DF10 43.28 81.93 C10 41.3 74.55
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5.2.2 Porevolumes of the Draupne Formation and Colorado Group kerogens.

The sub-100 nm pore volumes of the Draupne Formatia Colorado Group isolated
kerogens was investigated using gas adsorptiorysisaAdsorbate gas can access the
smallest pores present in kerogens, thus allowiegnnometre scale pore structure to
be characterised. The isolated kerogens were athlysing CQ adsorption isotherms
at -78C, up to 1 bar pressure. Each sample was measwieel for repeatability. In
Figure 5.8, all of the adsorption isotherms for ikelated kerogen isotherms are
reported. The kerogen isotherms have a Type | €Tybybrid adsorption curve, with
an initially steep uptake in the low pressure ragiollowed by a shallower uptake at
higher pressure, before failing to reach a horiabpkateau at 1000 mbar pressure. The
shape of the adsorption isotherm indicates that kbeogen pore structure is
heterogeneous, with the presence of a pore sizebdison. The Type | aspect of the
adsorption isotherm indicates the presence of mpares (< 2 nm), and the Type Il
nature of the adsorption isotherm indicates thesgmwee of mesopores and macropores
(> 50 nm). The adsorption isotherms for both th@upne Formation and Colorado
Group kerogens are very similar in shape, indigatirat a common porous structure is
shared by the Type Il kerogens.

The sorption pore volumes of the Draupne Formadiath Colorado Group kerogens are
listed in Table 5.7. The sorption pore volumes led DF kerogens have a range of
0.0732 to 0.0949 cing™, with an average of 0.0816 + 0.009°¢fh The DF kerogen
sorption pore volume average is larger than thevatgnt DF shale sorption pore
volume average (0.0816 &gt vs 0.0171 crig™). The sorption pore volumes of the CG
kerogens have a range of 0.0552 to 0.1143ghwith an average of 0.0834 + 0.0213
cm’g’. The CG kerogen sorption pore volume averagergetahan the equivalent CG
shale sorption pore volume average (0.083%g¢mrs 0.0184 crig™). Furthermore, the
average kerogen sorption pore volumes are veryasiifti.0816 crig™” vs 0.0834 crig’

!) for the Draupne Formation and Colorado Groupeshal

The sorption pore volumes of the Draupne Formakerogens decreases as burial
depth increases, as reported in Figure 5.9, pdrha.correlation is very strong, with a
correlation coefficient of R= 0.91. For the Colorado Group isolated kerog#mese is
no observable correlation between kerogen sorpgiame volume and burial depth. as
reported in Figure 5.9, part b.

The sorption pore volumes of the Draupne Formasotated kerogens exhibit a strong
correlation to maturity, with an increase of maturesulting in a decrease of sorption
pore volume. In Figure 5.10 part a), the strongatigg correlation between sorption
pore volume of shale and calculated vitrinite r&fi@ce is reported. The correlation
coefficient is B = 0.93. In Figure 5.10 part b), the strong negatiurrelation between
sorption pore volume of shale and Hydrogen Indexré@ported. The correlation
coefficient is B = 0.91. For the Colorado Group kerogens, the Eorgiore volumes
show no observable correlation to maturity, asdatiid by VR (in Figure 5.11), or
Hydrogen Index (in Figure 5.11). This agrees whle tassessment of the Colorado
Group kerogens as being thermally immature.
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The sorption pore volumes of the Draupne Formatsohated kerogens are strongly
correlated to the sorption pore volumes of the preuFormation shales (before acidic
extraction of kerogen). The kerogen sorption parkiwmes are positively correlated to
the shale sorption pore volumes, as reported imirBi¢p.12, part a. The correlation
coefficient is B = 0.91. However, the sorption pore volumes of @worado Group
isolated kerogens exhibit no observable correlatiothe sorption pore volumes of the
shales, as reported in Figure 5.12, part b).
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Figure 5.8: CQ adsorption isotherms at -8 for the Draupne Formation (a) and Colorado Gr(h)p
isolated kerogens. The adsorption uptakes of thlated kerogen isotherms are significantly lardpemt
the shale.
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Table 5.7: Adsorption uptakes of g@&t -78C, and gas sorption pore volumes of the Draupnen&tion

and Colorado Group isolated kerogens.
Sample Derﬁ)]th / 2;2;?350%% VSorption Port_a1
-78°C / mmol ¢* olume / crit g
DF1 2117.8 2.2260.01 0.0949:+ 0.0005
DF2 2325 2.1450.08 0.0915+ 0.003
DF3 2978.5 2.0190.02 0.0861+ 0.0008
DF4 3124.7 2.0830.02 0.0888+ 0.001
DF5 | 3375.32 1.8690.008 0.0797+0.0003
DF6 3400.4 1.9840.03 0.0846+0.001
DF7 | 4132.95 1.7090.09 0.0729+0.004
DF8 4608.4 1.5620.03 0.0666+ 0.001
DF9 4707.7 1.71#%0.01 0.0732+ 0.0004
DF10 | 4780.7 1.8250.06 0.0778+0.0027
C1 505.3 1.6590.04 0.0707+0.002
C2 506.55 1.57#0.008 0.0673+ 0.0004
C3 541 2.6720.01 0.1143+0.0006
Cc4 546.3 2.5790.01 0.1099+ 0.0005
C5 561.5 2.50&0.03 0.1069+0.001
C6 642.1 1.294 0.001 0.0552+ 0.0006
C7 647.57 1.6990.002 0.0725+ 0.0008
C8 651.75 1.4880.01 0.0634+ 0.0004
C9 675.02 2.21%0.4 0.0945+0.02
Ci10 684.61 1.85%10.08 0.0789+ 0.004

(c.f. density of CQat -78C = 1.032 g cr)
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Figure 5.9: Sorption pore volume against burialtdepn part a) the sorption pore volume decreases
linearly with burial depth for the Draupne Formatikerogens. In part b) the sorption volume variéh w
burial depth for the Colorado Group.
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The micropore volume (< 0.7 nm) Braupne Formation and Colorado Group isolated
kerogens were determined usif@O, adsorption isotherms at°@ (273K). The
adsorption isotherms covered the relative pressurge of p/p= 0 to 0.03 (0 to 1 bar).
The gas adsorption isotherms for the DF and CGdeare are reported in Figure 5.13.
Each sample was repeated twice for precision. $bierms are Type I/ll, and do not
plateau at 1000 mbar pressure. The isotherms éxhilsimilar shape, and do not
overlap each, having a distribution of adsorptiptakies. The kerogen G@otherms at
0°C have similar shaped isotherms as the, @DO-78C kerogen isotherms, indicating
that the same heterogeneous pore size distribatiamicropores and macropores is
being characterised at both temperatures.

The micropore volumes of the Draupne Formation &wuorado Group isolated
kerogens were determined using the Dubinin-RadwstiK®-R) equation, with the y-
axis intercept of the D-R plot being usedcalculate the micropore volume. The D-R
plots of the Draupne Formation kerogen isothernesreported in Figure 5.14, part a,
and the D-R plots of the Colorado Group kerogethewns are reported in Figure 5.14,
part b. The D-R plots consist of excellent straigies, indicating that a Gaussian curve
distribution of pore widths is present.

The D-R micropore volumes, (calculated from thesiio¢pt of the D-R plots), for the
Draupne Formation and Colorado Group kerogensistedlin Table 5.8. For the DF
kerogens, the D-R micropore volumes have a ran@e0a67 to 0.0452 ctg’, with an
average of 0.0335 + 0.0061 ¢ny’. For the CG kerogens, the D-R micropore volumes
have a range of 0.0224 to 0.0400°gih) with an average of 0.0307 + 0.0059 tiji™.
The D-R micropore volumes are very similar for bstlites of kerogens (0.0335 mmol
g™ vs 0.0307 mmol Y.

The D-R micropore volumes of the Draupne Forma#od Colorado Group kerogens
do not appear to vary with burial depth, as regbieFigure 5.15. Furthermore, there is
no observable correlation between D-R microporewas and maturity. This suggests
that the sub-0.7 nm micropores are relatively staddainst the effects of burial
compaction and thermal maturation.
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Figure 5.14: D-R plots for the GOsotherms of the DF and CG kerogens @.0The D-R plots are
excellent straight lines, indicating that a Gaussiarve distribution of pore widths is present.
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Table 5.8: Maximum adsorption uptakes of GO FC and the D-R micropore volumes, for the Draupne

Formation and Colorado Group kerogens.
Sample Depth / Mz)gg:)l;;r;:ioCnQ D-R Microporfa-1
m / mmol g* Volume / cni g
DF1 2117.8 0.312430.00344 0.0320+ 0.00006
DF2 2325 0.45558 0.00584 0.0452+ 0.00101
DF3 2978.5 0.4274380.00727 0.0423+ 0.00005
DF4 3124.7 0.2967080.00427 0.0317+0.00010
DF5 3375.32 0.2585%0.01463 0.0267+0.00198
DF6 3400.4 0.315340.00352 0.0310+ 0.00162
DF7 4132.95 0.402590.00124 0.0379+ 0.00093
DF8 4608.4 0.2959380.01672 0.0277+0.00192
DF9 4707.7 0.275580.00207 0.0299+ 0.00091
DF10 4780.7 0.286540.00517 0.0308+ 0.00003
C1 505.3 0.407480.00496 0.0334+ 0.00022
Cc2 506.55 0.340290.00743 0.0293+ 0.00018
C3 541 0.38528 0.10296 0.0345+ 0.00808
C4 546.3 0.436820.00503 0.0400+ 0.00003
C5 561.5 0.423110.00535 0.0379+0.00130
C6 642.1 0.268960.0223 0.0224+ 0.00011
Cc7 647.57 0.3239¥0.28557 0.0272+0.00053
C8 651.75 0.2855¥0.00832 0.0225+ 0.00039
C9 675.02 0.3385€0.00386 0.0289+ 0.00083
C10 684.61 0.377460.00832 0.0305+ 0.00020
a) D-R micropore volume / cm’® g’1 b) D-R micropore volume / cm’ g'1
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Figure 5.15: D-R micropore volume against burigbttie There is no observable correlation for a) the
Draupne Formation kerogens, or b) the Colorado @rkerogens. The kerogen micropore volumes
remain constant with increasing burial depth.
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5.2.2 Porosity of the Draupne For mation and Colorado Group kerogens.

Gas adsorption analysis was used to determineuird @0 nanometre-scale porosities
of the Draupne Formation and Colorado Group kersgéfhe kerogen sorption
porosities were determined from the bulk densityhef kerogen. The bulk densities of
the kerogens are unknown, so are estimated to 2% dl.cm?® (the average kerogen
density value of immature and oil window shales,pablished in Okiongbet al.,
2005). The sorption porosities of the Draupne Faéionaand Colorado Group isolated
kerogens are reported in Table 5.9. The DF keregeption porosities range from 8.3
to 11.8 %, with an average of 10.2 + 1.1 %, whitet CG kerogen sorption porosities
range from 7.9 to 14.3 %, with an average of 10246t%. For the DF kerogen, a strong
correlation is observed between the sorption ptyosi the kerogen and the total
porosity of the shale, as reported in Figure 5pkt a. The correlation coefficient i€ R
= 0.87. The sorption porosity of the Colorado Gréepogen has no correlation to the
total porosity of the shale, as reported in Figudes, part b.

The sorption porosities of the Draupne Formatiorogens exhibit a strong negative
correlation to maturity, as reported in Figure 5.17 part a), the strong negative
correlation between sorption porosities and catedlavitrinite reflectance is reported.
The correlation coefficient is%R 0.88. In Figure 5.17 part b), the sorption pdiesiof
the Colorado Group shales do not change with nigt(VRc).

The sorption porosities of the Draupne Formatioolated kerogens are strongly
correlated to the sorption porosities of the Draupormation shales (before acidic
extraction of kerogen). The kerogen sorption poiesiare positively correlated to the
shale sorption porosities, as reported in Figut8,5art a. The correlation coefficient is
R? = 0.90. However, the sorption porosities of thdoBao Group isolated kerogens
exhibit no observable correlation to the sorptianogities of the shales, as reported in
Figure 5.18, part b).

The microporosities of the Draupne Formation andofado Group kerogens were
determined from the D-R micropore volumes {@v) and the assumed kerogen bulk
density of 1.25 g cii The microporosities of the Draupne Formation gers had a
range of 3.3 to 5.7 %, with an average of 4.2 + %.8The microporosities of the
Colorado Group shales had a range of 2.8 to 5Wi#%,an average of 3.8 £ 0.7 %.
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Sorption D-R
Sample Deﬁ]th y Porgsity Microporosity
| % I %
DF1 2117.8 11.43 4.0
DF2 2325 11.2 5.7
DF3 2978.5 10.3 5.3
DF4 3124.7 10.7 4.0
DF5 3375.32 9.9 3.3
DF6 3400.4 10.3 3.9
DF7 4132.95 9.1 4.8
DF8 4608.4 9.2 3.5
DF9 4707.7 10.0 3.7
DF10 4780.7 10.5 3.9
C1 505.3 8.5 4.2
C2 506.55 8.1 3.7
C3 541 13.7 4.3
C4 546.3 13.2 5.0
C5 561.5 12.8 4.7
C6 642.1 6.6 2.8
C7 647.57 8.7 3.4
C8 651.75 7.6 2.8
C9 675.02 11.3 3.6
C10 684.61 9.5 3.8

Table 5.9: Nanometre-scale porosities of the Drauppnrmation and Colorado Group kerogens, as
measured using gas adsorption.
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5.2.3 Surface area of the Draupne Formation and Colorado Group kerogens.

The surface areas of the Draupne Formation and r&io Group kerogens were
determined using the adsorption of & -196C and CQ at -78C in the BET pressure
range of 50 mbar to 300 mbar. The nitrogen adsmpisotherms for the Draupne
Formation and Colorado Group kerogens are repontdegure 5.19. The adsorption
isotherms for the isolated kerogens are lineahis low pressure region, with a low
value gradient. There is a distribution of adsamptiuptakes, with the isotherms
appearing to be “stacked” on top of one anotheer@lappears to be no crossing or
overlap of the isotherms. The g®otherms at -7& for the Draupne Formation and
Colorado Group shales were previously reportedgare 5.8.

The N, BET surface areas of the isolated kerogens aexrdated from the BET plots
in Figure 5.20The BET plots have good linearity. The RET surface areas of the DF
and CG kerogens (as measured usin@iN-196C) are reported in Table 5.10. For the
DF kerogens, the values have a range of 12.74.8851f g™, with an average of 26.43
+12.28 mi g*. For the CG kerogens, the values have a rang8.8fL.1o 58.78 g™,
with an average of 28.13 + 12.3% gi*. The average NBET surface area values for
the two samples suites closely agree (26.43 vs328f1g™), indicating that a common
mesopore and macropore structure is shared byyibe IT kerogens.

The CQ BET surface areas of the DF and CG kerogens uSidg at -78C were
determined from the kerogen adsorption isothernperted in Figure 5.8 (the GO
-78°C above). The COBET plots are presented in Figure 5.21: The BEspbf both
the DF and CG kerogens have good linearity. The BET surface areas are reported
in Table 5.10. For the DF kerogens, the;@ET surface area values range from 82.98
to 109.99 m g*, with an average of 101.24 + 12.09 g. For the CG kerogens, the
CO, BET surface area values range from 68.27 to 13m9@*, with an average of
103.54 + 25.08 mg’. The average COBET surface area values for the two samples
suites closely agree (101.2m* vs 103.54 rhg?), indicating that these shales have
full range pore structures (macro-, meso-, and opares) with similar total surface
areas. The average @BET surface area values are significantly larpantthe values
obtained using Nat -196C. This is due to CPat -78C having larger kinetic energy
available to access the full pore size distribytimeluding the micropores (< 2 nm).
However, N adsorption at -19€ is restricted to only the mesopores and macrepore
(> 2 nm), due to activated diffusion. The largeriB&rface area measurements o,L,CO
at -78C suggests that a significant amount of surfaca &docated on the internal
surfaces of micropores.

The N BET and CQ BET surface areas allow the 1) total surface areh 3 the
micropore surface area of the isolated kerogefe tdetermined. This is done using the
equations outlined in Chapter 1, section 1.2.17e Tbtal surface areas and the
micropore surface areas are listed in Table 5.h&. Draupne Formation kerogens have
a total surface area with a range from 82.98 tad®@f g, with an average of 101.24
+ 12.09 nf g*. The Colorado Group kerogens have a total surfaea with a range
from 68.27 to 139.00 g™, with an average of 103.54 + 25.08 gi. The Draupne
Formation kerogens have micropore surface areds rfm) with a range of 55.71 to
97.72 nt g*, with an average of 74.77 + 12.4& gi". The Colorado Group kerogens
have micropore surface areas (< 2 nm) with a rafig®.75 to 105.40 fig™, with an
average of 75.40 + 26.44°m".
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The micropore surface areas are a significant pege of the total surface areas of
both the Draupne Formation and Colorado Group lkeregThe micropore surface area
consists of an average of 74.2 % of the DF kerageface area. The micropore surface
area consists of an average of 71.7 % of the CGgler surface area micropores. This
agrees with the experimental finding that the ,CBET surface area values are
significantly larger than the values obtained usiagt -196C.

The total surface areas of the DF kerogens deckeiélsencreasing burial depth. There

is an excellent correlation between total surfaea @and burial depth, with a correlation
coefficient of B = 0.95. This is reported in Figure 5.22, partT)e total surface area

values of the Colorado Group kerogens vary betvabate stratigraphic formations, as
reported in Figure 5.22, part b). There is no olege correlation between total surface
areas and maturity. This is agrees with the ass=#sof the Colorado Group kerogens
as being thermally immature.

The total surface areas of the DF kerogens decreifiséncreasing thermal maturity. In
Figure 5.23, part A), there is a strong correlatimetween total surface area and
calculated vitrinite reflectance of the DF kerogefise correlation coefficient is“R=
0.92. For the Colorado Group kerogens, there ishs@rvable correlation between total
surface area and maturity, as reported in Figut®, part b).

The total surface areas of the Draupne Formatiamatesd kerogens are strongly
correlated to the total surface areas of the Drauparmation whole shales. The
kerogen total surface areas are positively coedlad the shale total surface areas, as
reported in Figure 5.24, part a. The correlatiogfficient is R = 0.84. However, the
total surface areas of the Colorado Group isolateagens exhibit no observable
correlation to the total surface areas of the shale reported in Figure 5.24, part b).

The micropore surface areas of the DF kerogens#tiyely correlated to the total
porosity of the shale, with a correlation coeffitiof R = 0.87. This is reported in
Figure 5.25, part a). For the CG kerogens, theapmre surface area has no observable
correlation to the total porosity of the shaleregsorted in Figure 5.25, part b).
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Table 5.10: BET surface areas of Draupne Formatimh Colorado Group kerogens usingdt -196C

and CQ at -78C.

Sample Burial N, BET Surf_ace CO, BET Sur_face
depth / m Area / nf g* Area / nf g*
DF1 2117.8 18.68 £ 0.30 116.40 £ 0.52
DF2 2325 51.98 £0.88 118.90 £5.16
DF3 2978.5 34.76 £ 0.45 109.99+1.10
DF4 3124.7 20.00 £ 0.40 108.21 £ 0.27
DF5 3375.32 18.38 £ 0.41 97.15+0.22
DF6 3400.4 22.65 = 0.50 103.30 £ 0.46
DF7 4132.95 38.59 £ 0.55 94.30 £ 5.62
DF8 4608.4 16.25+0.44 82.98+£2.14
DF9 4707.7 12.74 £ 0.53 88.14 £ 0.65
DF10 4780.7 30.27 £ 0.37 92.67 + 2.99
C1 505.3 58.78 £ 0.70 91.52 + 3.36
Cc2 506.55 1790+ 0.24 87.08 £0.86
C3 541 33.60 £ 0.47 139.00 £0.70
C4 546.3 30.60 £ 0.32 13491 +1.66
C5 561.5 28.67 £ 0.36 130.30 £4.54
C6 642.1 28.43+£0.16 68.27 +0.28
c7 647.57 17.95 £+ 0.46 90.03+£1.12
Cc8 651.75 22.32 £0.37 76.50 + 0.58
C9 675.02 27.77 £0.45 11499 +19.4
C10 684.61 15.31 £ 0.20 102.78 £1.22
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Table 5.11: Total surface areas and micropore seid@eas (< 2nm) of the Draupne Formation and
Colorado Group kerogens.

Sample Burial Total Surface Areg Micropore surface
P depth / m / P gt area/m2 g-1
DF1 2117.8 116.40 £ 0.52 97.72 + 0.60
DF2 2325 118.90 +£5.16 66.92 +5.23
DF3 2978.5 109.99 +1.10 75.23+1.19
DF4 3124.7 108.21 +0.27 88.21 +0.48
DF5 3375.32 97.15+0.22 78.77 £ 0.47
DF6 3400.4 103.30 £ 0.46 80.65 + 0.68
DF7 4132.95 94.30 +5.62 55.71 +5.65
DF8 4608.4 82.98 +2.14 66.73 £ 2.18
DF9 4707.7 88.14 + 0.65 75.4+£0.84
DF10 4780.7 92.67 +2.99 62.4+3.01
C1 505.3 91.52 + 3.36 32.74 + 3.43
Cc2 506.55 87.08 + 0.86 69.18 +£0.89
C3 541 139.00 £ 0.70 105.4 +0.84
Cc4 546.3 134.91 +1.66 104.31 £ 1.69
C5 561.5 130.30 £ 4.54 101.63 £4.55
C6 642.1 68.27 +0.28 39.84 +0.32
Cc7 647.57 90.03+1.12 72.08 +£1.21
Cc8 651.75 76.50 +0.58 54.18 + 0.69
C9 675.02 114.99 +19.4 87.22 +19.39
C10 684.61 102.78 £1.22 87.47+1.21
a) Total Surface Area/ m’ g’1 b) Total Surface Area/m’ g’1
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Figure 5.22: Total surface area against burial ldept part a) the total surface area of the Draupne
Formation kerogens decreases with increasing bdegth. In part b) there is no observable cormtati
between total surface area and burial depth foCthlerado Group kerogens.
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5.3 Discussion
5.3.1 Influenceof pyrite on gas adsor ption isotherms of isolated kerogen.

The adsorption uptake of an iron pyrite standard slgown to be negligible in Figure
5.5 (above). To ensure that pyrite does not haviefarence on the pore measurements
of the Draupne Formation and Colorado Group kersgere weight percent of pyrite in
each kerogen is plotted against: 1) sorption potarwe, 2) microporosity, and 3) total
surface area. It can be observed in Figure 5.26,there is no correlation to any of the
pore measurements and iron pyrite content for theupne Formation and Colorado
Group kerogens.
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Figure 5.26: Pyrite content against sorption paskime, microporosity and total surface area for the
Draupne Formation and Colorado Group kerogens. Wii# of pyrite has no influence on the pore
measurements of the kerogens. In part a), theepgoiitent has no correlation to sorption pore veluim
part b), the pyrite content has no correlation t&® Dnicroporosity. In part c), the pyrite contensh#o
correlation to total surface area.
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5.3.2 Porevolumesand porosities of the kerogens.

The average sorption pore volumes of the sub-10@iameter pores are very similar in
value for both sets of kerogens (0.0816'ghvs 0.0834 crig?), despite their different
levels of thermal maturity. This suggests thattipecal sorption pore volume of a Type
Il kerogen is around ~ 0.1 éng™*, and that Type Il kerogen sorption pore volumes ar
lower than other carbonaceous materials. For ex@nthe commercially available
Chemviron and Norit-Supra activated carbons havptiem pore volumes (measured
using CQ at -78C) of 0.391 and 0.282 chy™, respectively (Gavrilov and Zakharov,
2010). Furthermore, the similarity of the averagggon pore volumes of the DF and
CG kerogens (0.0816 ¢oi* vs 0.0834 crig?) mirrors the similarity observed in the
sorption pore volumes of the pre-extraction shé0e8171 cmg™ vs 0.0184 crig?), as
reported in Chapter 4. In the case of the shabessimilar sorption pore volume values
were interpreted as being a propertyTgpe Il marine kerogen, as the DF and CG
shales have different total porosities, thermalumig¢s and burial depths, and the
commonality shared by these two shale suites wasertjanic-richness.

The sorption pore volumes of the Draupne Formaismtated kerogens are strongly

correlated to the sorption pore volumes of the preuFormation whole shales. This is
suggests that organic matter is a primary locatorsub-100 nm pores in the Draupne
Formation shales. However, the sorption pore vokiofethe Colorado Group isolated

kerogens exhibit no observable correlation to thtgon pore volumes of the shales.
The explanation for the difference between the pnauFormation and the Colorado

Group shales is the level of organic matter contéhe DF shales are much more
organic rich than the Colorado Group shales, argishthe suggested reason why the
sorption pore volumes of the Draupne Formationesh#é dependent on the sorption
pore volumes of the kerogens.

There is significant variation in the sorption pe@umes of the Colorado kerogens. It
is suspected that this spread in sorption poremresuis due to the natural variability of
the organic composition of the immature kerogenhas been shown that kerogens
which have a high abundance of woody Type Il mite macerals have an increased
gas adsorption capacity, as reported by Zharay., (2012). Unfortunately, the optical

microscopy examination of the Colorado Group kensgeas not performed to support
this interpretation of the data.

The micropore volume of < 0.7 nm diameter pores watermined using CO
adsorption at ™. The micropore volume is a significant part oé thorption pore
volume available to gas adsorption processes oees that have up to 100 nm in
diameter). The micropore volume of the Draupne Fdion kerogens accounts for
41.1% of the gas sorption pore volume, and the opmre volume of the Colorado
Group kerogens accounts for 36.8 % of the gas isorggore volume. This finding
indicates that the tiniest pores contribute sigaitfilly to the kerogen’s pore volume.
Furthermore, the average percentage of microporé®th the Colorado Group shales
and kerogens are very similar in value (35.9% v$8%%. In the Draupne Formation,
this trend is not repeated, with the average péagenof micropores in both the shale
being larger than in the kerogen (52.3 % vs 41.Tk&se correlations suggest that
micropores (< 0.7nm) are a significant proportiéthe sub-100 nm pore volume.
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The micropore volumes of the Draupne FormationtaedColorado Group kerogens do
not vary with increasing burial depth. This ressltin contrast to the sorption pore
volume, which decreases in pore volume with ingrepdurial depth. This finding
suggests that micropores are not mechanically cesspd during the compaction
processes that occur during formation burial.

The gas sorption porosity and the D-R microporositythe Draupne Formation and
Colorado Group kerogens were determined from tleesponding pore volumes and
the estimated bulk density of the kerogen. The g@mption porosity of Draupne
Formation kerogens exhibits a strong correlatioth wotal porosity (R = 0.87). For the
Colorado Group kerogens, the sorption porosity #red D-R microporosity has no
observable correlation to the total porosity of shales. This indicates that the sub-100
nm porosity of the kerogens is a primary contrgllfactor on the total porosity of the
Draupne Formation shales. The interpretation «f fimding is that the organic matter
content of the Draupne Formation is larger thanGbhlrado Group shales, and the sub-
100 nm porosity is located within the organic matte

The sorption porosities of the isolated Draupnentadion kerogens are significantly
higher than the kerogen porosity values estimatetMbdica and Lapierre (2012) for
kerogen dispersed in some Mowry Shale core sampledica and Lapierre (2012)
used a mass balance approach to calculate the mmaxiporosity of kerogen in the
Mowry Shale, which is based on the relationshignitial TOC, the Transformation
Ratio (from the Rock-Eval S2 parameter) and the rat shale density to kerogen
density. They calculate that kerogen porosity iases exponentially with increasing
thermal maturity, until a maturity of Ro = 0.9%reached, and then the porosity of the
kerogen gradually becomes constant. They calculae the maximum porosity of
kerogen in the Mowry Shale reaches a constant figprosbetween 2.5 and 3.3% for
gas window maturity shales. Using this figure, tesyimate that kerogen porosity does
not increase beyond ~ 3%.

5.3.3 Surfaceareas of the shales.

A large proportion of the internal surface areahsd Draupne Formation kerogens is
located within micropores (< 2nm). The averageBET surface area (26.43°mg") is
much smaller than the average £BET surface area value (101.24 mY). As
micropores are inaccessible to, Mt -196C, the large difference is attributed to
significant micropore surface area. Similarly, theerage N BET surface area (28.13
m* g*) of the Colorado Group shales is much smaller tharaverage CEBET surface
area value (103.54 Tg%). Again, this suggests that a large proportiosuwface area is
located within the micropores (< 2 nm) for the Galin Group kerogens.

The total surface areas of both the Draupne Foomahd Colorado Group kerogens
are very similar (average of 101.24 gi* and 103.54 mg?, respectively), indicating
that these Type Il kerogens have similar pore &ires. The total surface areas of the
Draupne Formation isolated kerogens are strongieltaded to the total surface areas of
the Draupne Formation whole shales. However, tted surface areas of the Colorado
Group isolated kerogens exhibit no observable tairom to the total surface areas of
the shales.
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Furthermore, the primary location for surface ameathe Draupne Formation and

Colorado Group kerogens is in the micropores (sn2.Mhe micropore surface area of
the DF kerogens consists of an average of 74.2 %heftotal surface area. The

micropore surface area of the CG kerogens consisia average of 71.7 % of the total
surface area. The micropore surface areas of thkelDdgens is positively correlated to
the total porosity of the shale, suggesting that kbrogen micropores (< 2nm) are a
significant control on the overall porosity of thleale.

5.34 Porestructureand thermal maturity

Thermal maturity has a significant influence on thare structure of the Draupne
Formation kerogens. The pore volumes of the sub4i®0pores decreases as the
thermal maturity of the kerogens increase. Evideridbe pore volume reduction of the
sub- 100 nm pores can be observed in the sorptoa yolumes, the D-R micropore
volumes, the porosities and the surface areaseoDtiaupne Formation kerogens (see
Figures above). A decrease in sorption pore volwitle increasing thermal maturity
has been previously observed in coal (Bustin andrkS8bn 1998), where the
relationship between gas adsorption and thermalnmats ‘U’ shaped, and the pore
volume initially decreases with maturity beforerg&sing at high maturity (Bustin and
Clarkson, 1998).

The reduction of pore volume in the sub-100 nm gpevigh maturation is interpreted as
being due to changes in levels of aromaticity @f kierogen. It is well established that
thermal maturatiorhas a significant effect on the pore structure fanic matter
(Loucks et al., 2009; Zhanget al., 2012, and references there in). The relationship
between the pore volume of shales and the levahaturity is often attributed to
changes in the pore structure of the kerogen (CGéralrand Bustin, 2007; Baat al.,
2009; Louckset al., 2009). It is also known that thermal maturati@auses the 3-D
structure of immature kerogen to rearrange tmore ordered and compacted highly
aromatic structure. As the aromaticity increades,nhature organic matter occupies less
space than the immature organic matter, and tHevmllime of the kerogen decreases.

Therefore, the interpretation suggested is that a@twnatisation process causes the
decrease in the volume of the Draupne Formation16@b pores with increasing
thermal maturation. Evidence of the significantrades in the structure of the Draupne
Formation kerogens was observed in the geocheraitalyses. The FT-IR spectra,
solid-state™C-NMR spectra and pyrolysis GC-MS determined that aliphatic alkyl
carbon content of kerogens decreased, and the acoo@bon content significantly
increased with maturation (the aromaticity of thelD kerogen is greater than 85 %).
This aromatisation process is suggested as the cddlse trends in pore volume data of
the Draupne Formation kerogens. This interpretatibthe maturity trend agrees with
that of Chalmers and Bustin (2012) and Louekal., (2009), who observed significant
changes in pore structure of shale organic mattérincreasing thermal maturity.

In contrast to the maturity correlations of the pae Formation shales, the Colorado
Group shales do not exhibit any trends with indrepsnaturity. This is supported by
the geochemical analyses of the organic matterctwis primarily aliphatic in nature,
with minimal levels of aromaticity. As with the Qijane Formation samples, the level
of aromaticity (or the lack of) is interpreted asng the controlling factor for the pore
volumes of the Colorado Group kerogens.
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5.3.5 Distribution of pore volumes and surface ar eas between organic matter and
inorganic matrix.

The average total organic carbon (TOC) contenthef Draupne Formation shales is
7.2%, and the average TOC of the Colorado Groufesha 2.7%. Consequently, over
90 wt.% of the whole shale is mineral matter. Athwihe kerogen, this inorganic shale
matrix will contain pores and porosity, so an intpat proportion of the surface area
and pore volumes measured for the whole shaleSHapter 4) will be attributed to this
inorganic shale matrix.

The surface areas and pore volumes of the DF andh@a(&s were determined prior to
acidic extraction of their kerogens (reported imuter 4). Since the surface areas and
pore volumes of the DF and CG kerogens were subsdégudetermined after isolation,
it is possible to calculate the surface areas ame ypolumes of the in-situ shale organic
matter component (prior to kerogen extraction)sTikidone by normalising the isolated
kerogen’s experimental surface area and pore voldat& down by the initial organic
matter content of the whole shales. Furthermoréhasurface area and pore volumes
of the organic matter component must be less tharvalues for the whole shale, the
difference between these values is the surface arégore volumes of the inorganic
mineral matrix of the shale. It is important to @ohowever, that during the scaling
down of the kerogen data to the levels of orgaratten in the whole shale, an implicit
assumption is being made that the pore structutheobrganic matter is not changed
during the acidic kerogen extraction process.

The sorption pore volume of the in-situ organic tevator the Draupne Formation had a
range of 18.5 to 88.2 %, with an average of 49.7T#e sorption pore volume of the
inorganic mineral matrix for the Draupne Formatiad a range of 11.8 to 81.5 %, with
an average of 50.3 %. The sorption pore volumehefin-situ organic matter for the
Colorado Group had a range of 9.6 to 27.1 %, witlagerage of 17.1 %. The sorption
pore volume of the inorganic mineral matrix for tbelorado Group had a range of 72.9
to 90.4 %, with an average of 82.9 %. These findinajcate that the majority of sub-
100 nm pore volume in the Colorado Group shalesl@rated within the inorganic
mineral matrix (82.9 %). This agrees with the firglthat the Colorado Group sorption
pore volumes are strongly correlated to the itbatent.

The micropore volume of the in-situ organic matftarthe Draupne Formation had a
range of 25.4 to 57.1 %, with an average of 35.7T¥e micropore volume of the

inorganic mineral matrix for the Draupne Formati@ad a range of 42.9 to 74.6 %, with
an average of 64.3 %. The micropore volume of thsitu organic matter for the

Colorado Group had a range of 8.6 to 28.8 %, withaserage of 18.0 %. The

micropore volume of the inorganic mineral matrix tbe Colorado Group had a range
of 71.2 to 91.4 %, with an average of 82.0 %. €hesding indicate that the majority

of the micropore volume in the Colorado Group shaee located within the inorganic
mineral matrix (82.0 %). This agrees with the firglthat the Colorado Group sorption
pore volumes are strongly correlated to the idbatent.
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The total surface area of the in-situ organic métie the Draupne Formation had a
range of 19.9 to 91.2 %, with an average of 50.3T¥e total surface area of the
inorganic mineral matrix for the Draupne Formati@ad a range of 8.8 to 80.1 %, with
an average of 49.7 %. The total surface area ofinkgtu organic matter for the
Colorado Group had a range of 9.6 to 27.2 %, withagerage of 17.4 %. The total
surface area of the inorganic mineral matrix fa& @olorado Group had a range of 72.8
to 90.4 %, with an average of 82.6 %.

The organic matter normalised kerogen values a&exiperimental kerogen values that
have been scaled down to fit with the amount ofinig matter in the whole shale. The
weight percent of organic matter (OM wt.%) is foubhy dividing the shale TOC
content (%)by the elemental carbon content thedeardwt.%), which were determined
using Elemental Analysis.

Table 5.12: Sorption Pore Volumes of the in-sitgamic matter and inorganic mineral matrix in whole
shale.

oM
gg:ggg;‘ Normalised | Whole Shale Sorption Pore | Sorption Pore
Sample Pore Ker.ogen Sorption Vqlume of I_n- Volume of
. Sorption Pore| Pore vol_l,llme situ Organic Inorganic Shale
on? g VoI_lljme /_cin’? /et g Matter / % Matter / %
g wt%
DF1 0.0949 0.0109 0.0296 36.8 63.2
DF2 0.0915 0.0127 0.0251 50.6 49.4
DF3 0.0861 0.0035 0.0190 18.5 81.5
DF4 0.0888 0.0083 0.0180 46.1 53.9
DF5 0.0797 0.0120 0.0208 57.6 42.4
DF6 0.0846 0.0088 0.0168 52.6 47.4
DF7 0.0729 0.0072 0.0081 88.2 11.8
DF8 0.0666 0.0049 0.0079 61.8 38.2
DF9 0.0732 0.0050 0.0122 41.2 58.8
DF10 0.0778 0.0058 0.0132 43.9 56.1
C1 0.0707 0.0175 0.0175 13.9 86.1
Cc2 0.0673 0.0192 0.0192 12.1 87.9
C3 0.1143 0.0208 0.0208 17.9 82.1
C4 0.1100 0.0188 0.0188 19.0 81.0
C5 0.1069 0.0168 0.0168 27.1 72.9
C6 0.0552 0.0161 0.0161 15.5 84.5
Cc7 0.0725 0.0141 0.0141 25.3 74.7
Cc8 0.0634 0.0148 0.0148 19.3 80.7
C9 0.0945 0.0234 0.0234 11.0 89.0
C10 0.0789 0.0224 0.0224 9.6 90.4
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Figure 5.27: Average sorption pore volumes fordhd&erogens, b), shales, and c) organic matter (OM)
normalised kerogens.

Table 5.13: Micropore Volumes of the in-situ orgamiatter and inorganic mineral matrix in whole shal

OM
Kerogen Normalised | Whole Shale Micropore Micropore
Sample Micropore K_erogen Micropore Vc_)Iume of In- Vc_)Iume of In-
Volume / Micropore Volume situ Organic situ Organic
e gt Volume / /en? gt Matter / % Matter / %
et gt wt %

DF1 0.0320 0.00367 0.00982 37.4 62.6
DF2 0.0452 0.00628 0.011 57.1 42.9
DF3 0.0423 0.00172 0.006795 25.4 74.6
DF4 0.0317 0.00295 0.01143 25.8 74.2
DF5 0.0267 0.00402 0.0124 32.4 67.6
DF6 0.0310 0.00323 0.01195 27.0 73.0
DF7 0.0379 0.00374 0.007705 48.5 51.5
DF8 0.0277 0.00203 0.00563 36.0 64.0
DF9 0.0299 0.00205 0.007785 26.3 73.7
DF10 0.0308 0.00229 0.00557 41.2 58.8
C1 0.0334 0.00115 0.00717 16.0 84.0
C2 0.0293 0.00101 0.00590 17.1 82.9
C3 0.0345 0.00112 0.00599 18.7 81.3
C4 0.0400 0.00130 0.00676 19.2 80.8
C5 0.0379 0.00161 0.00670 24.1 75.9
C6 0.0224 0.00101 0.00613 16.6 83.4
C7 0.0272 0.00134 0.00465 28.8 71.2
c8 0.0225 0.00101 0.00491 20.6 79.4
C9 0.0289 0.00079 0.00922 8.6 91.4
C10 0.0305 0.00083 0.00816 10.1 89.9
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Figure 5.28: Average micropore volumes for the ajogens, b), shales, and c) organic matter (OM)
normalised kerogens.

Table 5.14: Total surface areas of the in-situ niganatter and inorganic mineral matrix in wholealeh

K_tla_rogen OM. Whole Shale| Total Surface Total Surface

otal Normalised ;

Sample surface | Kerogen Total VO AR qf Ll Areg o

Surface Areal Organic Matter | Inorganic Shale
areas | Surface Area/ = 7 1 /% Matter / %
/e gt m? gt wt %62 g

DF1 116.40 13.36 34.73 38.5 61.5
DF2 118.90 16.52 31.16 53.0 47.0
DF3 109.99 4.49 22.58 19.9 80.1
DF4 108.21 10.09 19.29 52.3 47.7
DF5 97.15 14.60 25.99 56.2 43.8
DF6 103.30 10.76 20.25 53.1 46.9
DF7 94.30 9.29 10.19 91.2 8.8
DF8 82.98 6.07 9.85 61.6 38.4
DF9 88.14 6.03 14.57 41.4 58.6
DF10 92.67 6.90 18.39 37.5 62.5
C1 91.52 3.15 20.93 15.0 85.0
Cc2 87.08 3.00 23.22 12.9 87.1
C3 139.00 452 25.32 17.9 82.1
C4 134.91 4.38 22.55 19.4 80.6
C5 130.30 5.55 20.42 27.2 72.8
C6 68.27 3.09 19.58 15.8 84.2
C7 90.03 4.43 17.01 26.0 74.0
C8 76.50 3.43 17.64 19.4 80.6
C9 114.99 3.14 30.06 10.4 89.6
C10 102.78 2.78 28.87 9.6 90.4
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Figure 5.29: Total surface areas for the a) kersgbh shales, and c) organic matter (OM) normdlise
kerogens.

54 Summary and Conclusions
The major findings and implications of Chapter &:ar

» Pyrite in the kerogen concentrates is not a siteglms adsorption, and has
negligible influence on the gas adsorption uptake&erogen. The presence of
non-adsorbing pyrite can be corrected for by maesmalising the gas
adsorption isotherms.

* The typical sorption pore volume of Type Il kerogeraround ~ 0.1 cm3 g-1,
which is approximately one order of magnitude (¥ ffiore than that of the
sorption pore volumes of shale.

* The average sorption porosity of Type Il keroget(%6. The sorption porosity
of the DF kerogen is strongly correlated to thaltporosity of the shale. This
suggests that the nanometre-scale porosity of thanac matter fraction is an
important influence on the overall total porosifytlee shale.

e The total surface areas of kerogens are significdatger than that of whole
shale samples, suggesting that organic matterkisyasite for gas storage by
adsorption. The DF and CG kerogens have very ginkdtal surface areas
(101.24 m2 g-1 vs 103.54 m2 g-1, respectively),icaitghg that Type |II
kerogens have similar pore structures. In addi#olarge proportion of the total
surface area of kerogens is located within micrepa< 2nm), nearly three
quarters (74 %) for the DF kerogens.
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The sorption pore volumes, the porosities and tlmdase areas of the DF
kerogens strongly decrease with increasing thermaturity. These pore
structural changes are interpreted to being duechanges in levels of
aromaticity of the kerogen with maturity. Howevére micropore volumes of
kerogens are relatively stable against the effedtdourial compaction and
thermal maturation. The CG kerogens do not showmaaturity affects.

Using a mass balance approach, the pore structaesurement of the whole
shale in Chapter 4 can be partitioned between thganic kerogen, and the
inorganic shale mineral matrix. The average somptpmre volume of the

inorganic mineral fraction of the DF shales is 5063 whereas the average
sorption pore volume of the inorganic mineral fractof the CG shales is 82.9
%, indicating that shale mineral porosity is impaoittin the CG shales. This
supports the finding that the CG sorption pore nas are strongly influenced
by illite mineral content.
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Chapter 6: Gas adsor ption in shales and ker ogens.

6.1 Introduction
6.1.1 Methane adsorption capacity of shales.

To understand and predict the behaviour of shateigageological formations it is
necessary to perform methane storage experimerdsr ugeological pressure and
temperature conditions (Chalmers and Bustin, 28®&s and Bustin, 2009; Weniggr
al. 2010; Zhanget al.,, 2012). Under these conditions, gas experienggsfisant
compression, which results in a higher density aocupying a smaller volume than
equivalent gas would exhibit at surface standasbgure and temperature (Kroass
al., 2002).

Geological physical conditions cause the shalaggasartition between three phases (i.e.
free, adsorbed and dissolved), and a chemical iequih between the phases is
established (Zhang al., 2012). The position of the equilibrium is dynamand can be
altered (as explained by Le Chatelier’s Principba)d the relative distribution of gas
molecules between the adsorbed phase and the &eepltase will change as the
pressure and temperature conditions change (Ket@ss 2002).

The presence and abundance of microporosity ineshial a primary control on the
storage of gas by adsorption (Bekal., 2009; Ross and Bustin, 2009). The large
internal surface area of micropores provides tleessary sites for gas adsorption in the
porous structure of gas shales (Zhahgl., 2012). Several important factors influence
the gas adsorption processes of organic rich shahelssubsequently the amount of gas
that is stored (GIP):

. Burial and compaction

. Thermal maturity

. Organic matter type and richness
. Amount and type of mineral matter
. Moisture content

Burial and compaction: There is an empirical relationship between the @autepth
and gas storage capacity of shales and coals (Bastl Clarkson 1998, Bustin and
Bustin, 2008; Hacklewt al., 2007). Generally, as burial depth increases,stasge
capacity increases. This relationship is explaibgda simultaneous increase in the
pressure and the thermal maturity of the shale &ion, when being subjected to deep
burial. An important consideration is that currenésent day burial depth may not be
the same as the maximum paleo-burial depth (a®geal formations can be uplifted
or rapidly buried due to subsidence). For this oead is probable that current burial
depth is not a reliable indicator of gas storageemial. What is known is that that the
reduction of pressure caused by geological uptiftaly causes gas to be desorbed and
be liberated, thus reducing the amount of gas dtaseadsorbed gas (Bustin and Bustin,
2008).
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Thermal maturity: The thermal maturity of shales and coals has bbewrs to be a
significant factor in the amount of gas that canstired. An increase in the methane
storage by adsorption occurs when the thermal nityaincreases, and this relationship
is attributed to the increase in the microporosityhe samples with increased maturity
(Yeeet al., 1993; Levyet al., 1997; Clarkson and Bustin, 1999; Chalmers andiBus
2007). The presence and abundance of micropongsiiyown to be a key factor in the
storage of gas by adsorption (Baieal., 2009; Ross and Bustin, 2009). This is because
micropores have much larger internal surface atfess mesopore and macropores, and
this larger surface area provides significantlyréased amounts of adsorption sites in
the pores. It was observed by Ross and Bustin (20@® physical/chemical alterations
had occurred in a suite of high maturity shaleghwhe creation and expansion of
microporosity, relative to equivalent low maturghales from the same sedimentary
basin. It was also noticed that the same high ntgtshales had a higher methane
sorption capacity than the low maturity shaleshst same weight percent (TOC%)
organic matter content.

Organic matter content and type: It is well established that organic richness of the
shale is a dominant factor in the gas storage dgp@da et al., 1995, Ross and Bustin,
2009; Wenigeet al. 2010; Zhanget al., 2012). This is because a significant proportion
of the gas storage capacity is contained withinkér®gen pore networks (Modica and
Lapierre, 2012). Petroleum source rocks often d¢ontaore than 2% total organic
carbon (Tyson, 1995), with values up to 20% to 3D&ing possible (Aplin and
Macquaker, 2011). It has been shown that as theuaimad organic matter (the TOC)
increases, the gas storage capacity of shalesasesgChalmers and Bustin, 20B0ss
and Bustin 2009). This is reported in Figure 6.hewe an excellent positive correlation
exists between methane adsorbed and TOC. It waslfoy Ross and Bustin (2009)
that the gas adsorption capacity of a suite of mpgach shales increased with both
increasing TOC and micropore volume (Ross and Biz109).

0.20

0.15 |

0.10 1

0.05 -

Methane Adsorption (mmol g*! rock)

0.00 . o— . . :
0 1 2 3 4 5 6
TOC (%)
Figure 6.1: There is a strong positive correlatmtween organic matter content of shales and the
methane adsorption capacity (modified after Zhetrad., 2012)
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Mineralogy: In terms of overall gas storage capacity of shatdsas been found that
the bulk mineral matter content has a detrimentidce to gas adsorption uptake
(Chareonsuppanimét al., 2012). The ash content of coals has a strongtivegmpact
on methane adsorption capacity (Faizal., 1992; Yeeet al., 1993; Crosdalet al.,
1998; Clarkson and Bustin, 1999; Laxminarayana @mukdale, 1999, Chalmers and
Bustin, 2007). This is shown in Figure 6.2.

It has been found that the ash/mineral matter iig weakly adsorbing of gas, and acts
as a bulk diluent to the more strongly gas adsgrlmrganic matter (Crosdakst al.,
1998, Wenigekt al., 2010, Gaspariket al., 2013). It is shown in Figure 6.3 that as the
ash content of Brazilian coals and shales incregbesmethane adsorption capacity
decreases. The gas adsorption uptake of pure dlagrais standards is low relative to
pure organic matter (Ross and Bustin, 200@$ al., 2012; Gaspariket al., 2013). It is
shown in Figure 6.4 that the methane adsorptioakegst of illite, montmorillonite and
kaolinite minerals are less than 3 %gt, whereas isolated kerogen concentrates can
have adsorption uptakes of more than 23 gin(i.e. 1 mmol &; Zhanget al., 2012). It
was also noted by Gaspagkal., (2013) that in high maturity gas window shalesst

of the smectite mineral content will have been ested to illite (or illite/smectite
mixed layer), thus increasing the gas storage @gpeicthis mineral fraction (as illite
has a larger sorption capacity, Ross and Busti@QqR@&s shown in Figure 6.4)

60.0 -
=
= 500 4
- »
- X
= 400 - XX x
= e §
2 300- x %
= X x X yX
=]
o
s 200 - X
=
=
L+
S 100
[}.0 Ll L] L] T T 1
0.0 10.0 20.0 30.0 40.0 50.0 60.0

Mineral Content (%o, dry)

Figure 6.2: Mineral matter in geological materiedés be detrimental to gas adsorption uptake, haaing
negative impact on methane adsorption capacity fieddafter Laxminarayana and Crosdale, 1999).
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Moisture: The moisture content is a key factor when evalgatire overall methane
storage capacity (Crosdageal., 2008). Pore structure is a key control in therrgon

of water in the pores, and this pore moisture datezs the amount of gas that can be
stored by adsorption (Krooss al., 2002; Bae and Bhatia, 200bay et al., 2008;
Modica and Lapierre, 2012). This moisture dependdras been termed the ‘moisture
saturation effect’, and is attributed to a “porediing” mechanism, where the water
molecules compete with gas molecules for adsordii@s in the pore structures (Busch
et al., 2007; Crosdalet al., 2008; Hacklet al., 2007). The pores of clay minerals are
a key adsorption site for moisture (Ross and BugM09), and easily blocked by water
(Jiet al., 2012; Rexeet al., 2013), and as a consequence, organic-rich shaleslly
possess a larger methane adsorption capacity tigamio lean, clay-dominated shales
(Jietal., 2012).
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It has long been established that gas storage ah isoa function of water content
(Joubertet al., 1973; Jouberét al., 1974). The effect of moisture in coal is shown i
Figure 6.5. The moisture saturation effect is aaled by the nature of the adsorption
sites in the pore structure. These adsorption sitdade: 1) free water in macropores
and interstitial spaces, 2) as a meniscus in bbtped pores, and 3) as mono- and
multilayers on pore walls (Allardice and Evans, 87

It is claimed that there is a linear relationshgivileen water saturation and methane
adsorption capacity at constant pressure (Jowbet, 1974; Levyet al., 1997). An
example of a linear relationship between moistung gas sorption is shown in Figure
6.6. This claim is in contention though, as Crosd#lal., (2008) found a non-linear
relationship.

16

14 -

;_«o;_t:t—‘*m:
12 Dry samples R —
-/'},:«“/ |
10
mr'...‘;‘; _‘ ety *""""‘
o :
6 g "/ ‘—-r‘d:._,

4 / et "“:"‘/ = Hengeveide-1 VI CH4 (dry) 40°C
T ~+—Hengeveide-1 Vi CH-lsdry‘}BOC
P +Hm&q¢rvwkm- V1 CH4 (dry) BO'C
2 * « Wet samples Hengeveide-1 VI CH4 (moist) 40°C
: +Hongmo¢<:e 1 VI (moist) CH4 80°C It
o~ Hengeveida-1 Vi CH4 (moist) 80°C

Cumulative adsorption (cm? STP/g coal)
[

o 20 40 60 80 100 120 140 160 180 200
Pressure (bar)
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6.1.2 Isosteric enthalpy of adsorption (AH.q4s) of isolated kerogens

Gas adsorption is an exothermic process, and heagy is released when free gas
enters the adsorbed phase (Gregg and Sing, 1988)amount of heat released during
gas adsorption, known as the enthalpy of adsorgfiéhqg, is a fundamental property

of the chemical equilibrium system. It is a measnfréhe strength of the non-covalent
physisorption bond that forms when a gas moleauleracts with a surface (or another
molecule; Gregg and Sing, 1982; Regeal., 2013).

The enthalpy of adsorptiofdf.q9) has important practical applications in gas shale
reservoirs. The enthalpy of adsorption gives amcatthn of the ease of gas desorption
from a material; and a low enthalpy of adsorptiatue results in favourable desorption
process. The smaller the enthalpy of adsorptiantbre of the adsorbed phase gas can
be recovered from a shale gas reservaoir.

The Virial equation is used to determine the emipadf adsorption at zero surface
coverage, and the van’'t Hoff isochore equationssduto determine the enthalpy of
adsorption as function of amount adsorbed (Reixal., 2013).

Enthalpy of Adsorption (Qs) at Zero Surface Coverage: The isosteric enthalpy of

adsorption at zero surface coverages)(@ a fundamental measurement of the
interaction of the adsorbate and adsorbent. It imeasure of the strength of the
physisorption bond between the gas molecules andutfaces (Gregg and Sing, 1982).

The Virial equation is applied to the low relatigeessure region of the gas adsorption
isotherm (Avgulet al., 1973), ideally no more than about 100 mbar. Thikhe region
where Henry’s law is obeyed and the isotherms lasedo linearity.

The linear form (Colet al., 1974) of the Virial equation is:

n
ln <5) S AO + Aln + Aznz + ..

(Equation 6.1)
Where:
n = gas adsorption (mot“y
p = pressure (Pa)
Ao, A1, Az =Virial coefficients

The ... ellipsis symbol is used to indicate that ¢lgq@ation continues in a power series
to infinity. The ‘Ay’ Virial coefficient represents the strength of tdsorbate-adsorbent
bonding interactions, and is related to the Henbasv constant (K), by theK, =
exp(4,). The ‘A;’ Virial coefficient represents the strength of thasorbate-adsorbate
bonding interactions.

The Ay and A Virial coefficients are determined from the lineagression of the plot
of In (%) against ‘n’. The isosteric (constant mass) epthalf adsorption at zero

surface coverage () can then be determined from theg"AVirial coefficient by
plotting ‘A¢’ against 1/ T for a series of isotherms at différemperatures (Zhaa al.,
2005).
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Enthalpy of Adsorption (AHa4s) as function of amount adsorbed: The enthalpy of
adsorption may vary with the amount of gas thaidisorbed by a material. The strength
of the physisorption bond is different for gas-atiate interactions as opposed to gas-
gas interactions. At high relative pressures, §icamt multilayers of adsorbed gas may
have formed on the adsorbent material, and thexdfare is a higher chance of a free
gas molecule interacting with another gas moleaulan adsorbed multilayer, rather
than with a bare surface of the adsorbent. Thiaghan the interaction type that occurs
during adsorption results in the enthalpy of adsonpbeing dependent on the amount
of gas that is adsorbed.

The differential enthalpy of adsorption for the d@en was calculated as a function of
amount adsorbed (n) using the van’t Hoff isochore:

AH, AS

o = 2r— %

(Equation 6.2)

Where p = Pressure, in Pa, at ‘n’ amount adsorbed
AH, = Enthalpy of adsorption, J miglat ‘n’ amount adsorbed
T = Temperature, in K
AS = Entropy of adsorption in JK
R = Molar gas constant = 8.3145 3 dol*

The van’t Hoff isochore is based on the relatiopdietween the gas pressure and the
temperature, at a constant amount of adsorbed Base( et al., 2013). The
experimental pressure required to achieve a desilsdrption amount increases with
increasing temperature, due to the temperaturatsgyof gas adsorption equilibrium
processes (Zhargj al., 2012).

A plot of In(p) against 1/T at constant amount adsorbed allowdiffexential enthalpy
to be determined, where the gradientAH/R. The entropy of adsorptiomd\§) is
determined from the y-axis intercept of thegp) against 1/T plot, where the y-axis
intercept = AS/R.

6.2 Results

6.2.1 Methane adsorption capacity of the DF and CG shales.

The gas adsorption capacity of shales needs todasumed to allow the calculation of
the Gas In Place (GIP) in the gas shale formafitve. methane adsorption capacity of
the Draupne Formation and Colorado Group shales dedsrmined using methane
adsorption isotherms at 10 bars (1 MPa) antC30his was done using an upgraded
gravimetric IGA analyser, similar to the type udedthe low pressure CQOwvork. The
methane isotherms for both the Draupne Formatiah @alorado Group shales are
shown in Figure 6.7, with the amount adsorbed inofgit on the left-hand side y-axis,
and the amount adsorbed in scftam the right-hand side y-axis.
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All of the methane isotherms are Type I/ll in théPIAC classification scheme, and do
not plateau at 10 bar pressure. The isothermsaé b similar shape, with a distribution
of adsorption uptakes. The shape of the metharbeisus is similar to the Type I/l
isotherms generated by low pressure,GD -78C and CQ at °C isotherms. This
indicates that the methane gas is adsorbing inasimore structures as the low pressure
CO,., because it is the structure of the pore systeh determines the shape of the
isotherm curve (Singt al., 1985).

The maximum adsorption uptakes of the methane ptisorisotherms are listed in
Table 6.1. The adsorption uptakes of the Draupmen&tion shales range from 0.0298
to 0.0717 mmol g, with an average of 0.0501 + 0.0214 mmd) whilst the adsorption
uptakes of the Colorado Group shales range fro282.@o 0.0436 mmol Y with an
average of 0.0319 + 0.049 mmet.g

Strong positive correlations between the methaseration uptake and organic matter
content (TOC) of the Draupne Formation and Color@doup shales are observed in
Figure 6.8. The correlation coefficient of the Dvas Formation is R= 0.84, and the
correlation coefficient of the Colorado Group %54R0.85.

A good correlation between maximum methane adsorptptake and thermal maturity
of the Draupne Formation shales exists, as showirigure 6.9. The correlation
between methane adsorption and maturity is a negabrrelation, where gas storage
capacity decreases with increasing thermal maturitge correlation coefficient
between CH adsorption and calculated vitrinite reflectanceRs = 0.94, and the
correlation coefficient between Ghdsorption and Hydrogen Index i§ R 0.91. For
the Colorado Group shales, there is no observabteslation between maximum
methane adsorption and thermal maturity, as repant&igure 6.10.

To account for the influence of burial compactiom pore volume, the amounts of
methane adsorbed are normalised to burial deptigare 6.11. In part a), the strong
negative correlation between depth normalised methadsorption and calculated
vitrinite reflectance of the Draupne Formation skalis shown. The correlation
coefficient is B = 0.89. In Figure 6.11 part b), the methane ad&nrpf the Colorado
Group shales do not change with maturity (/R

The Langmuir equation was applied to the methaseration isotherms of the DF and
CG shales (in Figure 6.7) to determine the maxinagisorption capacity (N and the
Langmuir pressure (P These Langmuir constants are used to predicatiserption
properties of shale methane isotherms under diffefgessure and temperature
conditions. The maximum adsorption capacity,\ obtained from the reciprocal of
the gradient of a Langmuir plot (p/n vs p). An exdenof a Langmuir plot is given in
Figure 6.12.

The Langmuir parameters calculated from the Langmplois of the DF and CG shales
are listed in Table 6.2. The maximum adsorptionacédp (N,) of the Draupne
Formation shales ranges from 0.0344 to 0.2459 nyhowith an average of 0.1465 +
0.0629 mmol g. The Langmuir Pressure (Pof the Draupne Formation shales ranges
from 13812 to 34602 mbar, with an average of 19832461 mbar. The maximum
adsorption capacity (i of the Colorado Group shales ranges from 0.0973.1808
mmol g*, with an average of 0.0956 + 0.0477 mmdl §he Langmuir Pressure (Fof

the Colorado Group shales ranges from 8862 to 4hil2&, with an average of 18974
+ 10924 mbar.
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Table 6.1: Maximum adsorption uptakes of G 30C for the DF and CG shales

CH4 CH4
Sample Burial Depth / m | Adsorption/ | Adsorption /
mmol g* scf ton®
DF1 2117.8 0.0717 51.002
DF2 2325 0.0850 60.459
DF3 2978.5 0.0298 21.215
DF4 3124.7 0.0607 43.214
DF5 3375.32 0.0665 47.305
DF6 3400.4 0.0523 37.203
DF7 4132.95 0.0446 31.754
DF8 4608.4 0.0134 9.559
DF9 4707.7 0.0389 27.643
DF10 4780.7 0.0378 26.895
C1 505.3 0.0307 21.848
C2 506.55 0.0297 21.162
C3 541 0.0289 20.576
C4 546.3 0.0287 20.423
C5 561.5 0.0312 22.211
C6 642.1 0.0372 26.430
C7 647.57 0.0436 31.024
C8 651.75 0.0324 23.023
C9 675.02 0.0284 20.182
C10 684.61 0.0282 20.031
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Table 6.2: The maximum adsorption capacity)Bnd Langmuir pressure (Pof the DF and CG shales.

Tl Maximqm Langmuir Langmuir rrelation
Sample Deﬁ]th / C':?)z%:g/tl/o:h Co?wsgtjanltjl K Prt‘aassgurt;J /P C(Sec;ficeiear:tc} R
DF1 2117.8 0.1715 0.0000724 13812.155 0.9954
DF2 2325 0.2387 0.0000559 17889.088 0.9867
DF3 2978.5 0.1325 0.0000289 34602.076 0.9925
DF4 3124.7 0.2459 0.000033( 30303.030 0.9823
DF5 3375.32 0.1598 0.0000711 14064.698 0.9933
DF6 3400.4 0.1284 0.0000684 14598.540 0.9816
DF7 4132.95 0.1300 0.0000518 19305.019 0.9948
DF8 4608.4 0.0344 0.0000647 15455.951 0.9717
DF9 4707.7 0.0936 0.0000712 14044.944 0.9992
DF10 4780.7 0.1302 0.0000412 24271.845 0.9914
C1l 505.3 0.0577 0.000112§ 8862.758 0.9897
C2 506.55 0.0658 0.000082¢ 12106.266 0.9978
C3 541 0.0661 0.0000793 12614.574 0.9905
C4 546.3 0.0671 0.0000744 13345.066 0.9986
C5 561.5 0.1606 0.0000244 41023.346 0.9431
Cé6 642.1 0.1493 0.0000335 29871.879 0.9819
C7 647.57 0.1808 0.0000324 31004.602 0.9448
Cc8 651.75 0.0703 0.0000852 11739.886 0.9993
C9 675.02 0.0764 0.000058¢ 17053.958 0.9931
C10 684.61 0.0622 0.000082% 12124.486 0.9887
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Table 6.3: Mean average of the maximum adsorptgracity (N,) for the DF and CG shales.

Burial CH, Maximum. :
Sample | Depth/ | adsorption/ CCH“ Ad_sorptlon % of maximum
m mmol g* ?Fr)nar?]l(t))( (I?ln) adsorption / N,
g

DF1 2117.8 0.0717 0.1772 40.5
DF2 2325 0.085 0.2439 34.9
DF3 2978.5 0.0298 0.1334 22.3
DF4 3124.7 0.0607 0.2418 25.1
DF5 3375.32 0.0665 0.155 42.9
DF6 3400.4 0.0523 0.1329 39.4
DF7 4132.95 0.0446 0.1263 35.31
DF8 4608.4 0.0134 0.0334 40.1
DF9 4707.7 0.0389 0.0988 39.4
DF10 4780.7 0.0378 0.1255 30.1
C1 505.3 0.030711 0.0588 52.2
C2 506.55 0.029746 0.0676 44.0
C3 541 0.028923 0.0634 45.6
C4 546.3 0.028707 0.0698 41.1
C5 561.5 0.03122 0.1631 19.1
C6 642.1 0.037151 0.1515 24.5
C7 647.57 0.043609 0.1845 23.6
C8 651.75 0.032362 0.072 44.9
C9 675.02 0.028369 0.0782 36.3
C10 684.61 0.028156 0.0616 45.7
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6.2.2 Relationship between pore structure and methane adsor ption capacity for
the DF and CG shales.

The relationship between the pore structure andnisthane adsorption capacities of the
DF and CG shales is investigated using the poreactexisation data reported in

Chapter 4. The methane adsorption capacities ass-glotted against the 1) sorption
pore volumes, 2) the D-R micropore volumes, 3) tihtal surface areas, and 4) the
micropore surface areas. In Chapter 4, the sorptwa volumes are listed in Table 4.4,
the D-R micropore volumes are listed in Table 4rtd the total and micropore surface
areas are listed in Table 4.12.

The methane adsorption capacity of the DF shale®a&ses as sorption pore volume
increases, as shown in Figure 6.13, part a. Theelation is good, with a correlation
coefficient of B = 0.79. For the Colorado Group shales, there iapparent correlation
between methane adsorption capacity and sorptioe yolume, as shown in Figure
6.13, part b. The methane adsorption capacity ef D+ shales increases as D-R
micropore volume increases, as shown in Figure,Ga#a a. The correlation is good,
with a correlation coefficient of R= 0.80. For the Colorado Group shales, there is no
apparent correlation between methane adsorptioactgpand D-R micropore volume,
as shown in Figure 6.14, part b.

The methane adsorption capacity of the DF shalee@ses as total surface area
increases, as shown in Figure 6.15, part a. Theelation is good, with a correlation
coefficient of B = 0.79. For the Colorado Group shales, there iapparent correlation
between methane adsorption capacity and total udaea, as shown in Figure 6.15,
part b. The methane adsorption capacity of the lizfes increases as micropore surface
area increases, as shown in Figure 6.16, part a. chnrelation is strong, with a
correlation coefficient of R= 0.86. For the Colorado Group shales, there iapparent
correlation between methane adsorption capacitynaintbpore surface area, as shown
in Figure 6.16, part b.

Furthermore, there is no apparent correlation betmtee total porosity of the DF and
CG shales and the methane adsorption capacityh@snsin Figure 6.17. The total

porosity was determined using mercury intrusionopimetry, and the measurement
data were previously reported in Table 4.8, Chagpter
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Figure 6.13: Methane adsorption against sorptiore pmlume the Draupne Formation and Colorado
Group shales. In part a), a good positive corratabietween the methane adsorption uptake of DFe shal
and sorption pore volume exists. In part b), noeokeble correlation is present for the Coloradoupro
shales.
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and D-R micropore exists. In part b), no observableelation is present for the Colorado Group ehal
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Figure 6.15: Methane adsorption against total seréea of the Draupne Formation and Colorado Group
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surface area exists. In part b), no observablestaiion is present for the Colorado Group shales.
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Figure 6.17: Methane adsorption against total ptyrad the Draupne Formation and Colorado Group
shales. In part a), a good positive correlatiorwben the methane adsorption uptake of DF shale and
micropore surface area exists. In part b), no oladde correlation is present for the Colorado Group
shales.

6.2.3 Thermodynamics of gas adsorption in ker ogens.

Gas adsorption isotherms were measured on the Bea&prmation DF1 kerogen
sample at 5 different temperatures. The gravimei@é® equipment was used to
determine CQ isotherms at the following temperatures:®@05C, @C, -5C and
-10°C. The DF1 kerogen sample was chosen becausthé Isast mature sample in the
Draupne Formation sample suite, and therefore likefy to have adverse maturity
affects influencing the enthalpy of adsorption eslwbtained.

The 5 gas adsorption isotherms obtained for the kfagen are shown in Figure 6.18.
As the temperature of the adsorption measurememteadses in Figure 6.18, the
absolute amount of gas adsorbed decreases. Itawoxthy that there is a large number
(10) of isotherm points below 100 mbar. The amafrgas adsorbed as a function of
pressure is approximately linear at low pressubes, deviations from linearity are
observed as pressure increases above 100 mbar.

Using the adsorption isotherms reported in Figuls 6the enthalpies of adsorption for
the DF1 kerogen was determined using both the Magmation (Avgulet al., 1973;
Coleet al., 1974; Reid and Thomas, 1999) and the van't isoi¢hore equation (Bedt
al., 2011). The Virial equation is used to determntime enthalpy of adsorption at zero
surface coverage, and the van’t Hoff isochore egnas used to determine the enthalpy
of adsorption as function of amount adsorbed (s=ti&@ 6.1.2, above).
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Figure 6.18: Gas adsorption isotherms for,@O5 temperatures on kerogen DF1.

6.2.4 Enthalpy of Adsorption (Qs) at Zero Surface Coverage

The Q: of the DF1 kerogen was determined using the Ve@lation method. The low
pressure region (<100mbar) of the 5 gas adsorpao@geported in Figure 6.19. The

low pressure isotherm points were used to formraMplot, where thén (g) is plotted

against gas adsorption ‘n’. The Virial plot of tb&1 kerogen at 5 temperatures is show
in Figure 6.20. The low pressure isotherm pointghe Virial equation closely, and
excellent straight lines are obtained. These ditdiges allow the determination of the
Ao and A Virial coefficients using linear regression.

The data is reported in Table 6.4. The values Her gradient Virial parameter (A
increased with increasing temperature (i.e. beckes® negative), whilst the values of
the y-axis intercept Virial parameter (A decreased with increasing isotherm
temperature (became more negative). The Henry’'s tamstant () also decreased
with increasing temperature, as it is related ® (i) value. The decrease of;Kvith
increasing temperature is consistent with the @ayption mechanism, as weaker
adsorbate-adsorbent interactions occur at highepéeatures.

The (A) intercept for the isotherm conducted at°COwas -18.16 + 0.007. The
intercept for the isotherm conducted atG5vas -18.42 + 0.009. The intercept for the
isotherm conducted af© was -18.64 + 0.012. The intercept for the isotheonducted
at 5C was -18.92 + 0.008. The intercept for the isatheonducted at £C was -19.13

+ 0.004. These y-axis values are used to calcthatéesosteric enthalpy of adsorption.
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The value of Q for kerogen DF1 was determined by plotting thexisantercept (4)
against the reciprocal of temperature, 1/T (whenaperature is in the units of Kelvins),
and determining the gradient of the straight lidbgo et al., 2005). This is shown in
Figure 6.21.

The gradient of the straight line in Figure 6.2&dual toAH,4dR, where R is the molar
gas constant 8.3145 J'Kmol™. The isosteric enthalpy of adsorption at zero amef
coverage for kerogen DF1 is:

Q: = (3633.51 x 8.3145 JKmol*)/1000

= 30.2 kJ mat
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Figure 6.19: The isotherms are approximately lirsdow pressures, in the region where Henry's iew
obeyed.
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Figure 6.20: The Virial plot of the 5 low pressadsorption isotherms of kerogen DF1.

Table 6.4: The linear regression Virial constantsrf the Virial plot.

Temgrare! ragen /4 | ool | o), [ e
-10 -4434.4 +£1.1 -18.16 £ 0.0Q07 1.290 0.99¢7
-5 -4131.2+1.7 -18.42 £ 0.009 0.926 0.994
0 -3749.6 £2.8 -18.64 £ 0.012 0.801 0.981L
5 -3473.8+2.2 -18.92 £ 0.008 0.606 0.986
10 -3333.0 £1.6 -19.13 £ 0.004 0.487 0.99p
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Figure 6.21: The plot of fAagainst 1/T, giving the gradient of the line a636

6.2.5 Enthalpy of Adsorption (AHags) asfunction of amount adsor bed

The enthalpy of adsorption as function of amourstodloed AH.49 was determined for
the DF1 isolated kerogen using the van't Hoff Ismeh An example of the pressure
variation that occurs with increasing temperatwehown in Figure 6.22, where the
pressure required to reach 0.15 mmot gf adsorption is higher at increased
temperatures.

The enthalpy of adsorption as function of amoursodoed AH,q9 for the DF1 kerogen
was calculated using the 5 isotherms previouslpmnted in Figure 6.18. The isotherm
pressures required to achieve a constant adsortnmunt with increasing temperature
are reported in Table 6.5. The amounts of adsorptlmosen to be constant were 0.1,
0.125, 0.15, 0.175 and 0.2 mmdl.g

The pressure required to achieve a constant masgressively increases with
increasing temperature. At 0.1 mmdf gf constant adsorption, the pressure ranges
from 119.892 to 302.354 mbar with increasing terapge. At 0.125 mmol 4 of
constant adsorption, the pressure ranges from 878®%429.150 mbar with increasing
temperature. At 0.15 mmol‘gpf constant adsorption, the pressure ranges fi$4r328

to 555.945 mbar with increasing temperature. A75.tamol ¢" of constant adsorption,
the pressure ranges from 311.632 to 716.759 mbéariméreasing temperature. At 0.2
mmol g of constant adsorption, the pressure ranges fr8th731 to 862.110 mbar
with increasing temperature.
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A plot of In(p) against 1/T at constant amount adsorbed allowsetithalpy of
adsorption as function of amount adsorbfH {9 to be determined, where the gradient
of the linear regression &H/R. The data listed in Table 6.5 is plotted inU¥ey6.23.
The isochores are excellent straight lines, withspure increasing with increasing
temperature (from right to left on the x-axis). Tlmes of constant adsorption are
stacked on top of each other, from 0.1 mniblgthe bottom to 0.2 mmol’at the top,
with no overlap or crossing.

The gradient of the straight lines in Figure 6.28 aqual taAH.4/R, where R is the
molar gas constant 8.3145 J'Knol*. The enthalpies of adsorption as a function of
amount adsorbed for kerogen DF1 are reported inleT&x. The enthalpies of
adsorption range from 25.90 to 28.34 kJ Thol
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Figure 6.22: The pressure that the 5 isothermssete the constant mass line varies.
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Table 6.5: The isotherm pressures required to wehi@ constant adsorption amount at varying
temperatures.

Constant amount
adsorbed / mmoly 0.100 0.125 0.150 0.175 0.200
Temperature IC Pressurg Pressurg Pressure Pressure Pressure
P [mbar | /mbar | /mbar | /mbar | / mbar
-10 119.892| 178.651 234.318 311.6832 382.761
-5 157.003| 218.85% 286.891 367.2P8 460.075
0 191.022| 274.52]1 364.206 456.983 568.315
5 243.595| 354.928 469.353 583.7/8 735.314
10 302.354| 429.150 555.945 716.769 862.110
11.4 4
11.2 5
11.0
10.8 4
10.6
T i
o 10.4 4
N -
£ 1024
- i
= 10.0 5
a J
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Figure 6.23: The van't Hoff isochores for the 5aision isotherms of DF1 kerogen.

Table 6.6: Enthalpies of adsorption as a functibansount adsorbed\H,q9.

Constant AH ,
mass 1 R

/ mmol g* / k) mol
0.100 28.34 0.999
0.125 27.67 0.998
0.150 27.48 0.998
0.175 26.32 0.996
0.200 25.90 0.997
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6.3 Discussion
6.3.1 Methane adsorption and pore structure of shales.

The maximum adsorption uptakes of the methane ptisorisotherms are listed in
Table 6.1. The Draupne Formation shales had arageenethane adsorption capacity
of 0.0501 mmol g, which is 57% more methane storage than the Caddof@roup
shales (that had 0.0319 mmdh)gThe average methane adsorption values of the DF
and CG shales are very typical of the adsorptidnegreported in the literature for
other gas shales (see Table 6.7).

Table 6.7: The methane adsorption uptakes of theabd CG shales are similar to adsorption values
reported in the literature for other gas shales.

Reference Gas Shale Metr/1ane Ad_siorbed
mmol g

Nuttall et al., 2005 New Albany Shale (Blocher Mbr.) 0.011
Paktinatet al., 2009 Utica Shale 0.025
Zhanget al., 2012 Green River Formation shale 0.034
Zhanget al., 2012 Woodford Shale 0.038
Zhanget al., 2012 Barnett Shale (Blakely #1) 0.046

This Study Draupne Formation (Average) 0.050

This Study Colorado Group (Average) 0.032

The methane adsorption capacities for both DF a@ds@ale suites are much lower
than the adsorption values obtained for the @7 8C isotherms, even though the €O

isotherms were measured at low pressure (maximunl dfar) and the methane

isotherms were at a higher pressure (10 bar). iflkisates that methane has a lower
adsorption energy in shales than £@®is important to note that the large tempematur
difference between the two types of isotherm expenit could also be a factor.

Strong positive correlations between the methaseration uptake and organic matter
content (TOC) of the Draupne Formation and Color@loup shales were observed in
Figure 6.8. These positive correlations are typmfapreviously published work (i.e.
Chalmers and Bustin, 2007; Ross and Bustin 2008ngét al., 2012), and supports the
generally held view that the organic matter compbioé shales is an important location
for the storage of methane.

A good correlation between maximum methane adsorptptake and thermal maturity
of the Draupne Formation shales was observed iar&ig.9. The correlation between
methane adsorption and maturity is a negative latioa, where gas storage capacity
decreases with increasing thermal maturity. Theatneg maturity correlation is strong
evidence that methane adsorption is occurring enstéime pore structures as the low
pressure C@adsorption measurements, previously presentechapter 4. In contrast,
the Colorado Group shales exhibit no observablaelaion between maximum
methane adsorption and thermal maturity, as showfigure 6.10. This supports the
general finding that the Colorado Group shalegtsanally immature.
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The experimentally measured adsorption capacitieth® Draupne Formation and
Colorado Group shales are compared to the calcutasximums from the Langmuir
equation in Table 6.3. The experimentally obtainatlies are, on average, one third
(1/3) of the theoretical maximum value calculateithvthe Langmuir equation. The
average value for Draupne Formation for the adsmrgheasurements as a percentage
of the theoretical maximum is 34.99 % * 6.98 %.d dor the Colorado Group
adsorption measurements as a percentage of theetiicab maximum is 37.72 % +
11.35 %. These percentages indicates that at thditmns of 10 bar and 8G, both the
DF and CG shales are under-saturated with adsogaesqg and that under these
conditions most of the gas in the shale sample dvexist in the pore structure as a free
gas phase.

The methane sorption capacity of the DF shalesasas strongly with both the pore
volumes and the total surface areas. This reldtipnagrees with the findings of Ross
and Bustin (2009), who observed the same trend emoBian—Mississippian shales
from British Columbia, western Canada. This reladiup is interpreted to be due to the
greater adsorption energy of smaller pores withi@ organic fraction of the shales
(Burggraaf, 1999; Ross and Bustin, 2009). It wavipusly shown in Chapter 4 that the
pore volumes and surface areas of the DF shales steyngly correlated to organic
matter content, and that the micropore volumesemed with TOC.

6.3.2 Enthalpy of Adsorption of isolated kerogen concentrates.

The isosteric enthalpy of adsorption at zero serfeaveragdQsy) for the DF1 isolated
kerogen concentrate was 30.2 kJ thdlhis value agrees with the work of Zhagigil.,
(2012) who reported the enthalpy of adsorp(iQg) for isolated kerogens in a range of
10.3 to 28.0 kJ mdl In particular Zhangt al., (2012) reported a value of 21.9 kJ thol
for an immature (VR = 0.58 %) Type Il kerogen from the Woodford gaslshof
Oklahoma. As the Draupne Formation DF1 kerogen usedis study is also Type Il
and immature (VR= 0.33%) in nature, this suggests that the adsergjas used is
significant. It is interpreted that carbon dioxigas has a higher affinity for kerogen
than methane gas; this interpretation is suppdiyetithe work of Mastaleret al., (2004)
who observed that the adsorbed amount of @Calways higher than that of Gkh
bituminous coals from Indiana. It was also repotigdBae and Bhatia (2006) that twice
as much C@was adsorbed (2:1 ratio) than methane in Austrdiawen Basin coals.

The Q; value for the DF1 kerogen (30.2 kJ Mpis larger than reported in the literature
for both unaltered shale samples and for pure rairsmples. For example, Zhaeyg
al., (2012) reported a value of 18 kJ itdbr a high maturity Barnett shale, and Rexer
et al., (2013) reported a value of 19.2 kJ mdbr a high maturity Alum shale sample.
For clay minerals, the Qvalue determined for montmorillonite, I-S mixegda clay,
illite, kaolinite and chlorite is 16.6, 14.6, 10R6 and 9.4 kJ mdl, respectively (J&t

al., 2012).

After comparing the Qvalue for the DF1 kerogen with these other literaiQ; values,
the data suggests that isolated kerogen concemntratee a higher affinity to gas
adsorption than either pure minerals or whole skataples; it is interesting to note that
Zhanget al., (2012) also determined the@r a Cameo coal sample as being 28.0 kJ
mol ™, which is very close to the Qualue for the DF1 kerogen (30.2 kJ fpllt is
therefore suggested that isolated kerogen condestreave adsorption potentials that
are similar to those of coal. Assuming that thikigaf 30 kJ mét for the DF1 kerogen
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is representative for all the kerogens in this Preu Formation sample suite (and
further work would be required to confirm this)eththe physisorption of GOn the
pore structures of kerogen is a highly favourabiecess. This has implications of a
significant gas storage capacity in organic ricalet and mudstones, especially for
Carbon Capture and Storage (CCS).

The enthalpies of adsorption as a function of amh@dsorbed AH,q9 decreases in
value with increasing adsorption uptake. This isvah in Figure 6.24, which also
includes the Q value (30.2 kJ md). The AH,gs for the DF1 kerogen has excellent
linearity, and can be interpreted as the adsorlasdpbase being less favourable as the
amount of gas adsorbed increases. After the irstislace has been covered, all further
increases in gas adsorption cause a strong decredse enthalpy of adsorption. In
other words, the energetic favourability of gasaspBon decreases as the adsorption
sites on the bare surface become filled, and ray#iis of gas molecules form. This fits
with the Le Chatelier’s principle of chemical egoilums, where the system tries to
maintain the position of the equilibrium by makiadditional changes less favourable
when far away from the equilibrium position. Thissult has implications for the
recovery of gas from shale reservoirs: at highergdurations, the desorption of gas is
a more favourable process than at lower gas setnsat
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Figure 6.24: The variation of Enthalpy of Adsorptifor the DF1 kerogen has excellent linearity, and
decreases with increasing amount of gas adsorption.
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6.4 Conclusions
The major findings and implications of Chapter é:ar

« The methane adsorption capacity of shales is mueterl than for CQ@
adsorption capacity, indicating that €@as has a higher affinity for shales than
methane. The methane adsorption capacity is sirauaglelated to TOC, which
suggests that the organic matter component is sikeyor methane storage in
shales.

* A strong negative correlation between methane @atisorcapacity and thermal
maturity exists for the DF shales. This is consistavith the negative
correlations between pore structure and maturigeoled in Chapters 4 and 5.
This suggests that pore structure and methangystara closely dependent.

* The methane sorption capacity of the DF shalegasas strongly with both the
pore volumes and the total surface areas, demangtithat pore structure is a
key factor in the amount of methane that can beedtm shales by adsorption.

* The methane sorption capacity of the shales istloing (1/3) of the theoretical
maximum value calculated with the Langmuir moddiisTindicates that at the
conditions of 10 bar and 30, the shales are under-saturated with adsorbed gas
and most of the Gas In Place will be stored inpiwe structure as free gas.

* The thermodynamics of gas adsorption in kerogeashmhly favourable, with
the isosteric enthalpy of adsorption at zero serfeaverage (¢ for kerogen
DF1 being 30.2 kJ mdl This value is close to reported value for coals.

* The enthalpy of adsorption as function of amourgoaded AH,q) decreases
from 28.34 to 25.90 kJ molwith increasing adsorption uptake. This result
suggests that the production of shale gas williallyt be energetically
favourable, and gradually get increasingly les®tmable as the gas is desorbed
off from the surfaces. At low surface coverage, dfffenity for gas adsorption
will be large, making desorption of the last renvagngas highly unfavourable.
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Chapter 7. Summary, conclusions and future work

7.1 Summary and Conclusions

The overall aim of the research project was to stigate the nature of the pore system
of organic rich shales and kerogens, and to réfatethe gas storage capacity of gas
bearing shales. This was done by characterisingptire volumes, porosities and
surface areas of organic-rich shales and isola¢éedgens, and then correlating them to
the organic geochemical and petrophysical propedfehe samples. The full range of
pore sizes was investigated using a multi-technigperoach, utilising scanning
electron microscopy, mercury intrusion porosimeanyd gas adsorption analysis.

The Draupne Formation and Colorado Group shales feeind to be organic rich, with
average TOC values of 7.24 % and 2.74 %, respégtiVee Draupne Formation shales
have a spread of TOC content values, whilst thei@db Group shales have a narrow
range of values. The Draupne Formation and Color@doup shales and isolated
kerogens are interpreted as being Type |l orgarattan using both the van Krevelen
diagram and the S2 against TOC plot. This conctusias supported by tHéC-NMR
spectra and py-GC-MS total ion chromatograms ofdbkated kerogens.

The Draupne Formation shales have a range of thenatarities, from immature up to
oil generation maturity (catagenesis), whilst theloado Group shales are both
immature and iso-mature. Excellent linear correladibetween burial depth, Tmax and
Hydrogen Index are observed for the Draupne Foonashales. The van Krevelen
diagram identified the Draupne Formation kerogesgadling within the oil window
maturity zone, with no gas window maturity kerogédentified. The overlain FT-IR
spectra identified the concentrations aliphatic ®dthd concentrations decreasing with
increasing thermal. In contrast, the Colorado Gralnales display van Krevelen
diagrams,®*C-NMR spectra and FT-IR spectra consistent withrnifadly immature
shale samples.

The SEM micrographs identified the presence of spaleand silt shaped pores in the
Draupne Formation and Colorado Group shales, aadhtiie size distributions were

dominated by nanometre-sized pores, typically bell®@ nm in diameter. In the

Draupne Formation, an average of 49.9% of all trepin the mercury accessible pore
size distribution was less than 25 nm in diamefer. the Colorado Group, this value
was even higher, with an average of 84.7 % of ladl pores measured by mercury
intrusion being less than 25 nm in diameter. Thistrong evidence suggesting the
Draupne Formation and Colorado Group shales amofmarous” materials.

The organic matter of the Draupne Formation shalas a key location for pore
volume, whereas the pore volume in the Coloradau@ishales was primarily located
in the shale clay matrix. The pore volumes of thacrapores (> 100 nm) of the
Draupne Formation shales was 2.5 times larger thanmacropore volume of the
Colorado Group shales, and this was found to b&ta@lto the organic richness (a
strong positive correlation was observed). The tsmmppore volume was strongly
correlated to increasing organic matter contentwas the micropore volumes of the
Draupne Formation shales.
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The average total pore volumes of the Draupne Fiosmand Colorado Group shales
were ~ 0.05 crhg™. The total pore volume includes all pore spaceh lmpen and
accessible pore volumes, and the completely isbfdtnd” pores that are inaccessible
to probe molecules. Furthermore, the pore systetneo€olorado Group shales is much
less open and interconnected than that of the Dmadgormation shales, where only
31.9% of the total pore volume in the Colorado GQralnales is accessible to probe
molecules. The lower interconnectivity of the Caldo Group pore system is
interpreted as being due to pore volume being priyniacated in the shale matrix and
having a lower organic matter content comparechéo Draupne Formation shales. It
was found that as the TOC content of the shale Emnipcreased, the accessible pore
volume increased.

The average sorption pore volume of the Draupnenkton and Colorado Group
shales sub-100 nm diameter pores were similar lueviar both sample suites, despite
their different total porosities, thermal matumstiand burial depths. This suggests that
marine black shales have a similar pore structutbeananometre-scale. The sorption
pore volume of the Draupne Formation shales aceouiar 33.0 % of the average total
pore volume (including the blind pores). For thddZado Group shales, sorption pore
volume accounted for 24.0 % of the average tota¢ polume. The difference in the
share of sorption pore volume was attributed toitlcecased level of organic richness
in the Draupne Formation, relative to the Color&mup shales. The sorption pore
volume of the Draupne Formation shales exhibitegtrang positive correlation to
organic matter content (TOC), whilst the Coloradooup shales exhibited an
unexpected negative correlation to TOC. It wasalisced that this negative correlation
for the Colorado Group shales was due to the wtf heomineral illite. The illite mass
concentration was found to be controlling the sorppore volume, indicating that the
primary location of nanometre-scale pores in thesGi@es was in the clay matrix.

The micropore volume (< 0.7 nm) accounts for adgrgrcentage of the sorption pore
volume (< 100 nm). The micropore volume of the [pra@&l Formation shales accounted
for 52.3% of the gas sorption pore volume, andntheropore volume of the Colorado
Group shales accounts for 35.9 % of the gas sorgarve volume. It appears that the
smallest of sub-nanometre pores contribute sigmftly to the shale’s pore volume.
Unlike the total pore volume, the macropore voluand the sorption pore volume, the
micropore volumes of the Draupne Formation and @olo Group shales do not
decrease with increasing burial depth. This suggésat they are not subject to
mechanical compaction in the same way that ther gibve volumes of the shales.

The total surface areas of both the Draupne Foomatnd Colorado Group shales are
very similar, indicating that marine black shalesdn a similar internal pore structure.
Furthermore, a large proportion of the internafaue area of the DF shales was located
within micropores (< 2 nm), whereas the majoritysafface area in the CG shales was
located within the mesopores (2 — 50 nm). For tlkedbales, it was found that the
primary location for this micropore surface areaswa the organic matter, as was
indicated by the excellent positive correlationwesn the increasing percentage of
micropore internal surface area and TOC. Convergetythe CG shales an excellent
correlation was found between the surface areatlamdllite concentration, indicating
that the shale matrix is the primary location forface area.

263



Thermal maturity has a significant influence on thare structure of the Draupne
Formation shales. The pore volumes of the sub-IO@ares decreased as the thermal
maturity of the shales increased. This was repbateimonstrated in sorption pore
volumes, the D-R micropore volumes, the porosiaesi the surface areas of the
Draupne Formation shales. This pore volume redootdh increasing maturity was
also observed in the Pore Size Distribution cufethe Draupne Formation sub- 100
nm pores. The decrease in the pore volumes ofuhel80 nm pores of the Draupne
Formation shales is unusual, as the majority of ¢benmonly observed maturity
correlations in the literature demonstrate an @®eein nanometre-scale pore volume
with increasing thermal maturity. It was suggedieat the pore volume of immature
and early oil window maturity shales initially deases, until a minimum is reached,
and then the pore volume begins to steadily inereamin. This “U” shaped maturity
trend has been observed in coal studies, andsiiggested that organic rich shales will
also display this maturity trend, with sub-gas vaewdmaturity shales located on the
downward section of the maturity curve. In contrt@sthe maturity correlations of the
Draupne Formation shales, the Colorado Group stidesot exhibit any trends with
increasing maturity. This agrees with the findihgttthe Colorado Group shales are
both immature and iso-mature.

In Chapter 5 the isolated kerogens of the Drauprenktion and Colorado Group were
analysed using the methods performed on the whwée sThis was done to obtain a
“before and after” comparison of organic rich whelele and its subsequent isolated
kerogen concentrates. In general, the majorityhefdorrelations found in Chapter 4 for
the whole shales also were found to be presenthirisolated kerogens. The same
trends of decreasing pore volumes, porosities arfdce areas with increasing thermal
maturity were observed. This indicates that theepgtructure of the organic matter
within shales has a very significant influence loa pore structure of the whole shale. In
general, the pore volumes, porosities and surfagasaof the isolated kerogens were
significantly larger than for the whole shale; heee when the experimental

measurements for the isolated kerogens were sdale@d-to normalise them for the

amount of organic material in the whole shaleswés found that the kerogens

contributed less than half of values for the whsit@les. This indicates that the pore
structures of the inorganic shale matrix still pdeva major contribution to the overall

pore structure of the whole shales, and poresdamthanics is not the full story.

In Chapter 6 the methane adsorption capacitieseoDraupne Formation and Colorado
Group shale were determined using methane adsorpgmherms. In addition, the
thermodynamics of gas adsorption for isolated kemogoncentrates was investigated.
The methane adsorption capacity of the Draupne &om shales was higher than the
Colorado Group shales, and this was attributechéodifference in organic-richness.
The methane adsorption uptakes of both the DF a@dsRales are similar to other
shales measured in the literature, and this sugdbkat methane adsorption in shales
does not exhibit wide ranges in storage capaditg. dlso noteworthy that organic rich
shales have low gas adsorption capacities rel&iw®als, and this has been attributed
to shales containing smaller amounts of microptydban coals.

The methane adsorption capacities of the Draupna&t®n and Colorado Group shale
were strongly positively correlated to organic reattontent, and this suggests that the
organic matter component of shales is an impottaattion for the storage of methane.
The methane adsorption capacities of the Drauprmendtmn exhibited a negative
correlation to thermal maturity, and the Coloradoowp shales had no observable
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correlations. This negative correlation of methadsorption uptakes and thermal
maturity was attributed to the decreasing pore malsi observed in Chapters 4 and 5.

The Langmuir volumes () was determined from the methane adsorption iswthe
and it was found that at the experimental condition10 bar and 3C, only one third
(1/3) of the maximum capacity was occupied by mathauggesting that the DF and
CG shales would be under-saturated, and the otleethirds (2/3) of the Gas In Place
would exist as a free gas phase in the shale’sajasated porosity.

The isosteric enthalpy of adsorption at zero serfeaveragdQs) for the DF1 isolated
kerogen concentrate was higher than other meagaregens in the literature, and this
was attributed to the use of g@@s the adsorptive gas. This is because carbomnddiox
gas has a higher affinity for kerogen than methgese and up to twice as much £0
can be adsorbed. It was also observed that theeigpenthalpy of adsorption at zero
surface coveragéQs) for the DF1 isolated kerogen was much higher tipane
minerals, and generally higher than for whole shadeiggesting that the organic matter
fraction of shales is the most energetically faable location for gas adsorption in
shales. Furthermore, as the adsorption uptakedsese the favourability of additional
adsorption decreases.

7.2 Futurework

The research objectives of this study have bedrlyigocussed on the pore structures
of organic-rich shales and kerogens, allowing tley kesearch questions to be
investigated within the time available. Howevegrthare other fundamental aspects of
gas storage in shales and kerogens that could ieare investigated, and two possible
areas of research that could have been undertaketiend the scope of this project are:

« The use of manometric adsorption equipment to extdre experimental
conditions of the methane adsorption to that opdeservoir conditions.

« Determining the kinetic rates for gas desorptiomcpsses in shales and
kerogens.
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