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ABSTRACT

The Colorado Group mudstones within the Westerna@arSedimentary Basin (WCSB),
have been characterised for their shale gas paltensing a range of mineralogical,
geochemical (LECO and Rock-Eval), and petrophysidg#éhology, porosity, pore size
distributions and microfabric) techniques in ordergain an understanding of the shales’
characteristics as suitable source rocks and resgifor shale gas.

Semi-quantitative mineralogy of the shales was ageg using a chemometric technique
developed in this study, combining Attenuated T&aflection Fourier Transform Infra-red
Spectroscopy (ATR-FTIR) and multivariate Partialake Squares (PLS) analysis. The
technique estimates quartz, total clay (illite-stitec kaolinite, chlorite) and total carbonate
(calcite, dolomite) to within 5% absolute of truglwe and demonstrates potential application
for high sample throughput and thus high densitg@ang strategies for ultra-high resolution
or multi-well studies.

The mineralogy of the Colorado Group shales shdwet tlay minerals dominate the
composition of each Formation, followed by quaMinor amounts of calcite, dolomite and
feldspars are also present. Grain size data irelibat the Colorado Group lithology consists
of substantial amount of clay-grade plus fine silaterials dominated by grains <10um
deposited as floccules. Pore size distributionspaeelominantly unimodal with an average
mean pore radius ({ga) vValue of 50nm, although some samples exhibit bimhgore size
distributions reflecting mixture of mudstones ailtlssize materials.

The pore size distributions of the Colorado Groopniations are generally influenced by the
relative percentages of clay and silt, as well gsthe level of compaction. Clay-rich
sediments tend to be unimodal with tight pore sligtributions while sediments with both
clay-sized and silt materials tend to have broaaed occasionally bimodal pore size
distributions. The unimodal porosity nature of tBelorado Group formations, and the
dominance of clay-sized and silt sediments may ptemthe adhesion of gas molecules,
which makes these sediments optimal for gas adearpt

Integration of the various data revealed that tldoddo Group depositional system is
complex with widely changing seaway conditions simgano simple correlations between
mineralogy, grain size and organic facies, or tispatial variation from palaeosource. The
presence of sands and reworked shell fragmentsatela dominantly advective transport of
sediments within the Colorado Group. Mud and clasnents are observed throughout the
Upper Colorado Group, whereas calcareous cemeatprasent only within the Second
White Specks Formation, Medicine Hat Member andstFiwhite Specks Member.
Laminations of calcareous coccoliths within the @&t White Specks Formation typically
display calcite overgrowths. Calcite overgrowthe also observed within mudstones in the
basal part of the Medicine Hat Member. Such difiees in appearance show the occurrence
of temporal and lateral facies changes; the presehfacies changes is an important factor
that can affect shale gas production patterns wighsingle, seemingly laterally-continuous
lithological unit.

High TOC (>2wt. %) and Type Il kerogen appear tdicate that biogenic gas may be a
dominant component of the total gas-in-place in @worado Group. The Middle Carlile
member is likely the best shale gas target withiem Ypper Colorado Group. The Carlile
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Formation and Verger Member also appear to havéititeest sorption capacity, based on a
dominant clay sized fractions. However, mudstonéthinv all formations and members
display moderate to high clay minerals (fluid saasy), have poor fraccability and contain
clay and mud cements. The presence of muddy sitistathin Middle Carlile member and
its high potential for gas adsorption is likely neake the unit a viable target for possible
horizontal drilling for gas shale.
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1 CHAPTER ONE: INTRODUCTION

1.1  Introduction

Until recently (approximately two decades ago) shveds regarded only as a potential source
rock and/or seal/cap rock for conventional hydrboarreservoirs, although, gas has been
produced in low quantities since the early 182@snfrthe Devonian Shale in the United

States (Ross and Bustin, 2008). The depletion mveational petroleum sources, and the
exploitation of gas shales in the United Stateg. (Barnett, Caney, Woodford, Fayetteville,

Antrim, Ohio, New Albany and Lewis shales) have tedhe realisation that shale or indeed,
fine grained rocks can also act as potential uneotienal reservoirs for hydrocarbons (e.g.

Jarvie et al. 2007; Montgomery et al. 2005; Cu23)2; Martini et al. 1996).

Successful shale gas production in each of the krdw. shales indicates that natural gas is
stored in a wide spectrum of mud, siliceous or caate lithologies and textures ranging
from mudstone to siltstone and fine-grained samisto Therefore, a shale gas reservoir is
not comprised of a single lithology but a collentiof any fine-grained rocks capable of
storing significant amounts of gas. Several autfBustin et al. 2008; Ross and Bustin, 2008;
Ross and Bustin, 2007; Montgomery et al. 2005; jFetraal. 2004) describe shale gas as
unconventional, continuous-type (pervasive ovaydarea), self-sourced resources contained
in fine grained, organic-rich, low permeability eegoirs in which thermogenic or biogenic
methane is stored as free gas in the matrix oturagorosity, or as adsorbed/dissolved gas

on the organics and/or clays.

Thermogenic gas is associated with mature orgarattem (1.0-1.1%Ro0) that has been
subjected to relatively high temperature and pmessar generated from the secondary
cracking of oil (Martini et al. 1998). The decompims of organic material in an oxygen-
poor environment, with the aid of anaerobic baateresults in the formation of methane.
Biogenic gas is also generated at low tempera(g&3°C) by microbes including bacteria in
areas of fresh water recharge (Schoell, 1983; Rtk Claypool, 1981). Therefore, biogenic
methane production is influenced by low temperatuaeoxic and sulfate deficient

environments as well as sufficient organic mattet storage sites.
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A firm knowledge of the reservoir characteristice TOC, thermal maturity, lithology,
mineralogy, depth, fracturing, production technicaled infrastructure of the shale gas
systems in the U.S contributed to improved expilomatesults (Ross and Bustin, 2008). In
the western Canada sedimentary basin, finding argarh, gas-prone shale is generally not
difficult but, rather, finding the permeable or timest brittle layers is the main issue (Faraj et
al. 2004). Gas shales have characteristically lemmgabilities (in the milli-nano Darcy range)
and the gas can be stored in more than one wdawactnthere are varying opinions on the
forms of gas storage in the rock: one being inojhen spaces between the rock, as free gas in
the matrix or fracture porosity, therefore, quaytify total porosity is important (Ross and
Bustin, 2008). The second mode is adsorbed/diedaljas on the organic matter (kerogen)
and mineral surfaces (Ross and Bustin, 2008).lloagks, economic shale reservoirs require
natural or induced fractures which must be maie@iopen to accumulate and produce
hydrocarbons. Brittle behaviour is necessary factiire maintenance and this in turn
requires a rock of suitable mechanical properti@gsgralogy, to a large extent, can determine

whether or not shale can maintain the fractureesygBloch, 1995).

The generation of optimal hydraulically-inducedctrtaes is a key factor in the stimulation of
shale gas production (Ross and Bustin, 2007; Mané&gy et al. 2005; Pollastro, 2003).
Silica-rich shales have previously been targetedh& Barnett Shale, Fort Worth Basin,
Texas, as the mechanical properties are conduoivedraulic fracturing (Matthews et al.
2007). The presence of swelling clays (i. e., sitgctan lead to formation damage during
drilling operations, completion, stimulation, andnkover (Zhou and Law, 1998). Such
problems arise when incompatible drilling fluidse(iwater) are used during completion,
which can enter the reservoir from the borehole @ge clays within the reservoir to swell,
reducing both porosity and permeability. The useahpatible drilling fluids is crucial in

clay-rich shale gas reservoirs, as an abundanctagfminerals is typically associated with
poor reservoir quality due to swelling and formatidamage (Zhou and Law, 1998).
Therefore, quantifying the mineralogical abundanisesritical and must be placed at the

heart of shale gas prospecting.
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Much of the current knowledge on shale gas is basegkperience with analogues for many
other systems (Montgomery et al. 2005). For exampievious work on gas shales has only
considered the characteristics of producing shaittsn the United States (Jarvie et al. 2007;

Curtis, 2002; Martini et al. 1996). However, these¢he need for the individual assessment of
each play in order to evaluate its shale gas patetie to differences in geological controls

between basins and heterogeneity of shales andock&dwhich exits at hanometer scale

(Passey et al. 2010; Ross and Bustin, 2008).

1.2  Depositional and Geologic Controls on Shale Gas Rattial

Shales are generally described as variable mixnfrelyy minerals (illite, mixed layer illite-
smectite, kaolinite, and chlorite), quartz, feldspaarbonates (calcite, dolomite, and siderite),
sulfides (mainly pyrite), amorphous material andjamic matter (Aplin and Macquaker,
2012). Most mudstone successions exhibit enormausahility in mineralogies, grain size,
textures, fossil contents, and organic geochenuoaipositions (Passey et al. 2010) due to
varying detrital inputs to the basin, primary protlon within the basin, and chemical
conditions at the sediment water interface as a®lh the bottom water layers (Passey et al.
2010).

The accumulation of organic matter in a deposifi@rvironment is critical for a rock to
function as an effective hydrocarbon source oradespas reservoir. Organic rich rocks have
been described to be a function of non-linear auigons of the rates of organic matter
production, destruction and dilution (Bohacs et &005). Primary producers
photosynthesise using solar energy, nutrients aaténto generate the amount of particulate
and dissolved organic matter in the sedimentariesy¢Bohacs et al. 2005), while secondary
consumers such as radiolarian provide brittle nmatesuch as silica (Passey et al. 2010).
Optimum organic accumulation is shown to occuntgrmediate rates of primary production
as very high rates lead to significant dilutionrmyn-hydrogen rich biogenic material, while
during very low rates organic matter is destroygdconsumer organisms (Bohacs et al.
2005).
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The destruction of organic matter occurs throughestion by metazoans, microbial
respiration, and inorganic oxidation. Further degteon of organic matter occurs by
microbial activities which include methanogens (@laol and Kaplan, 1974) . Dilution of
organic matter by material that is not hydrogeh (either clastic or biogenic or both) is the
predominant control on significant accumulation®afanic matter because it has the widest
range of mass accumulation rates and grain siZatioars (Bohacs et al. 2005). Dilution rates
are also used to infer the environment and conditiof sediment deposition, and therefore
the location of ‘sweet spots’. For example, lowutddn rate are commonly associated with
distal, relatively low energy settings prone towanalation of fine grained rocks rich in clay
sediments and organic matter (Tyson, 1995). Sitgjlaroximal, high energy environments
are associated with coarse clastic materials ansl ligh dilution rates. Although, dilution
can also be affected by high biogenic material Wwhian produce relatively organic lean

rocks in distal (from sediment source), quiet epengvironments (Bohacs et al. 2005).

The presence of multiple fine-grained rock type®iganic-rich shale means that the shale
properties vary in space and time, and on scaleginmg over many orders of magnitude,
from millimeters to several meters. For examples thpper Jurassic, Kimmeridge Clay
Formation, Dorset, England comprises stacked muodssuccessions of bed-sets that are
compositionally different from each other. This qmsitional variability causes them to be
variably resistant to weathering (Aplin and Macgerai012).

Mineralogy and grain size exert a primary contnmoltioe nature of pore systems and on other
physical properties including geomechanical praper{Mondol et al. 2007; Aplin et al.
2006). The mineralogy of fine-grained sedimentaks is controlled by the initial supply of
sedimentary materials (which include diverse andtalsle assemblages of soil-derived
minerals and amorphous matter, biogenic opal andoocate minerals, and organic matter)

and the subsequent diagenetic changes that canudrtnto a mudstone.

Mechanical and chemical compactions are the prinpaogesses affecting muds, reducing
absolute permeability and porosity. Mechanical caatipn is driven by grain rearrangement
and deformation of brittle materials, while chenic@mpaction is caused by pressure
solution (mineral dissolution). Mechanical processdeminate low temperature diagenesis in

siliciclastic systems while chemical processes playuch greater role in biogenic muds.
4
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The rate of compaction (compressibility) is in twmongly influenced by grain size and
mineralogy (Mondol et al., 2007; Aplin et al., 2008iner-grained muds have higher
depositional porosities but are more compresshbbsvever, finer-grained smectite have been
shown to be substantially less compressible thafirkte. For example, Mondol et al. (2007)
showed that at 50MPa effective stress, the porosityexperimentally compacted pure

kaolinite was 10%, while that of pure smectite \8&%o.

Within the first few meters of burial, diagenesisdominated by redox processes in which
organic matter is oxidized primarily by microbesigthuse oxygen, nitrates, Mn, iron oxides
and sulfate as terminal electron acceptors (Cahfetl al. 1993). Carbonate, sulfide and
reduced iron are generated as key by-productsesietieactions and form early diagenetic
minerals such as calcite, siderite and pyrite (@shfind Raiswell, 1991a). The form of these
minerals ranges from micrometer-size crystals luagely infill primary porosity, in which
case the diagenetic minerals form up to 90% ofkk sediment to patchy distribution

constituting <50% of the rock volume (Aplin and Maeker, 2012).

The physical change in mudstones at temperatumsgeab 70°C is dominantly controlled by
clay mineralogy. Potassium, derived from the bdeskn of potassium feldspar between ~
70 and 100°C, leads to illitisation whereby sntector mixed layer illitesmectite (I-S),
converts to illite or more illitic I-S (Smectite k Feldspar = lllite + Quartz + Chlorite +
Water) (Hower et al. 1976).

lllitisation has important implications for the stec and mechanical properties of shales
generating excess silica believed to be retaingtlinvithe mudstone, and precipitates as
microcrystalline quartz within the clay matrix (Relen et al. 2009). At approximately 6 km
burial and 200°C, porosity is shown to reduce &8s llhan 5% and the mineral assemblage is
dominated by quartz, illite and chlorite (Mondole¢t2007).

Biogenic silica converts from opal-A to opal-CT athén to quartz during burial diagenesis
through dissolution — dehydration — reprecipitaticeactions leading to rapid loss of
permeability and porosity due to the formation eents. Cementation is caused when silica
is precipitated as overgrowths or layers on qugmnaims (Rushing and Blasingame, 2008).
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Carbonate

Siltstone seramu shells

Lithic Siltstone

Lamination:

Lithic

Figure 1.1 Core photo from the First White Specks Member, within the Upper Colorado illustrating the
occurrence of cm-scale variability. This figure also shows ripples and Inoceramus shell fragments -the
carbonate siltstone laminations on the right.

Similarly, carbonate cements are jipitated soon after deposition filling pore spa
between framework grains. However, recrystallizatid both biogenic silica and carbon.
can embrittle shales, with important consequenams imduced hydraulic stimulatic
(Pollastro, 2003).Porosity and permeability values display wide uaia in shale ga
reservoirs, having values of a typical conventiaeakrvoir only on occasion. It is mentior
by Shurr and Ridgley, (2002)at values of high porosity and permeability witli shale ga

6
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reservoir may ‘“represent only localized areas witlutherwise tight, continuous-type

reservoirs”, or “sweet spots”.

Millimeter scale variability (e.g. Figure 1.1), camon in mudstones, means that high
resolution studies are required to adequately cheniae them. Although most techniques
used to characterise a conventional source/resamck (e.g. TOC, XRD, core description,
thin sections e.t.c) are applicable to unconvelli@hale gas, most cannot be utilised for
high resolution purposes. For example, it is naicpcal to analyse the mineralogy of
hundreds of samples using XRD as it is both expenand time consuming. Therefore, it

becomes important to develop pragmatic technigoiethé characterisation of gas shales.

1.3 Western Canada Sedimentary Basin (WCSB)

The Western Canada Sedimentary Basin (WCSB) haiga inventory of laterally extensive
shale and silt-dominated Cretaceous formationsexigting biogenic gas production (Shurr
and Ridgley 2002); therefore, it represents a blataetting for potential shale gas system.
Conventional sandstone reservoirs in the Cretacdoalwrado Group and equivalent
formations are well studied (Buckley, 2004; Blodhaé 1999; McNeil and Gilboy, 1999;
White et al. 1999; Schroder-Adams et al. 1996; ieeek al. 1994). However, much less is
known about the shale, and very little is knowngayning the reservoir characteristics of the
Colorado Group shale (Bloch, 1995).

Since previous shale gas studies within the WCSBded on selected shale units (Ross and
Bustin, 2008; Walsh et aR006; Farapt al. 2004; Shurr and Ridgley, 2002) further work is
now needed in order to characterise the shalesssctioe vast basin. Porosity and
permeability values of Cretaceous reservoir rockhm northern Great Plains were reported
by Shurr and Ridgley (2002). The study showed @lithbugh there are fairly large ranges in
permeability and porosity, higher porosities andnpeabilities are only found within
localized areas, otherwise known as ‘sweet spdibese areas are separated by tight,
laterally extensive beds of the same stratigraphit that have considerably lower porosity
and permeability. However, biogenic shale gas yectidn from the Colorado Group has a
long history dating back to 1904 with around 180L0m?* (880 Bcf) produced from the
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south-eastern Alberta and south-western Saskatchexthin the Belle Fourche Formation,
Second White Specks Formation, and the MedicineNtanber of the Niobrara Formation
(Leckie et al. 2008).

Faraj et al (2004) conducted a preliminary study evaluatirg geochemical, geological and
structural characteristics of the shale packagekinvivestern Alberta and eastern British
Columbia. A study by the British Columbia Ministgf Energy, Mines and Petroleum
Resources focused on Devonian shale gas pote&MPR, CBM Solutions, 2005). The
study centred on the Exshaw, Besa River, Fort Simpsnd Muskwa formations and
estimated gas-in-place capacity of more than S50@r billion cubic feet (Tcf) in northeast

BC. The study of Walsh et al. (2006) evaluated ringional shale gas potential of the
Triassic Doig and Montney Formations of northeastigh Columbia.

The study quantified the potential original gaglaece via spatial analysis. Walsh et al.
(2006) provided original gas-in-place estimate8@fto 200 Tcf for the Upper Montney, 50
to 500 Tcf for the Lower Montney, 40 to 200 Tcf the Doig Formation and approximately
70 Tcf for the organic rich Doig Phosphate uniteTtudy noted that original gas-in place
estimates must be taken in context and cannot bepaeed directly with estimates for
conventional plays as critical reservoir charast&s remain poorly understood. Ross and
Bustin (2008) conducted a multidisciplinary evaloatof the Devonian-Mississippian strata
in the northwestern region, investigating the slgae potential of the thermally mature strata
of the Base River, Horn River, Muskwa and Fort SSopformations. They estimated total

organic content of up to 5.7wt% with total gas a@apes between 60 and 600bcf/section.
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1.4  Geologic History

The Western Canada Sedimentary Basin (WCSB) has thescribed as a clastic foreland
petroleum province (Bloch, 1995). The basin is wlcumented, with a well understood
tectonic and depositional history (Leckie et alo0 Deposition within the Western Interior
Seaway was controlled by changes in eustatic ses, Isediment flux (Bhattacharya and
Walker, 1991; Caldwell, 1984) and tectonic influesic(Varban and Plint, 2008). The
Colorado Group shales were deposited during a pkdzalevel rise over an approximately
25 to 30 million year period during the Cretace@ueckie et al. 1994; Bloch et al. 1993). It
incorporates the provinces of British Columbia, élla, Saskatchewan, Manitoba and
Northwest Territories (Figure 1.1), and measuré&x1106 kni (Leckie et al. 2008). The
biostratigraphy of both the western and easterrgmsuof the basin has been studied in great
detail (Bloch et al. 1999; McNeil and Caldwell, 193

Initial sedimentation within the North American Eand Basin coincides with downflexing
of the continent’s western interior during the gad middle Jurassic (Leckie et al. 2008;
Leckie et al. 1994). This foreland basin encomphssastern Alberta, Saskatchewan and
western Manitoba. Oceanic transgression of thddondebasin led to basin flooding and the
birth of the Western Interior Seaway (WIS), markgddeposition of the thick marine shales
of the lower Colorado Group. Bloch et al. (1993)paes that the Lower Colorado Group
(Albian-Turonian) was deposited during the majolsplof eustatic level rise and revised the
nomenclature into four main formations throughouwtcinof the basin. They are the Westgate,

Fish Scales, Belle Fourche and Second Whites Speascending order (Figure 1.2).

Sedimentation continued throughout the remaindethefAlbian age in shoreface, deltaic,
estuarine and shallow marine settings. Overalls time was characterised by general
transgression in the basin, but the seaway fretyjuemtperienced sudden, regressive
lowstands (Leckie et al. 1994). The Fish Scales eZatenotes a major basin-wide
transgression (Leckie et al. 2008), at which time Arctic Ocean and Gulf of Mexico were
connected, leading to speculation that the FishheScdone may represent the combining of

the two oceans within the seaway (Leckie et al8200
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Figure 1.2: Stratigraphy of the Cretaceous Coloraddsroup (after (Bloch et al. 1999). Highlighted colmn indicates
stratigraphy used in this study
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Figure 1.4: Provincial map of the Western Canada sbwing the study areas (modified After Leckie et al2008).

Eustatic sea level rise during the Cenomanian ®8vl), accompanied by increased
sediment flux, deposited stacked depositional sydhoreface and deltaic deposits along the
western coast of the seaway (Bhattacharya and Walle®1). In addition to changes in
eustatic sea level, periodic tectonic influenceso ahffected sediment deposition. Active
sedimentation to the foreland basin occurred duaaohanical loading from compressional
and dextral faulting to the west, followed by supsent erosion of the uplifting Rocky
Mountain fold-thrust belt. This likely happened aoncurrence with eustatic sea level
increase in the Cenomanian (Leckie et al. 1994).
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Maximum global transgression occurred during Latend@nanian to Early Turonian,
correlative to the basin-wide deposition of thedecWhite Specks (Leckie et al. 2008). A
major regression occurred within the seaway dutimg Turonian (93-88 Ma), which is
responsible for the deposition of Cardium Formatgeands. During to this lowstand,
narrowing of the Western Interior Seaway generatederous partial and basin-wide
unconformities. It is during this time that depwmsifl patterns within the seaway become
quite complex. Changing depositional patterns itedyl due to a combination of frequent sea
level fluctuations and pulses in sedimentation. iBlgpchanging depositional conditions
continued until the end of the Santonian age (83, Mawhich time another transgression
initiated the highstand deposition of the First WhBpecks Member. The end of the
Santonian demarcates a return to fully marine dardi within the Western Interior Seaway.
Deposition of the Milk River Formation commencedapproximately 84.5-83.5 Ma (Leckie
et al. 2008), recording both the initial depositminthe Montana Group and the return to a

deltaic and fluvially-influenced regime until thedeof the Cretaceous.

Due to fluctuating eustatic sea level and perisdidimentation, downflexing of the interior
North American content, and deposition of bentoolégs from related volcanic activity, the
Upper Colorado Group formations are largely comgasfdine-grained sediments (mud, silt,
clay) with a varying degree of Tethyan influenceelsen et al. 2003). Sediment input,
sourced from erosion of the uplifting Rocky Mountdold-thrust belt, enters the Western
Interior Seaway through river systems along thetevasmargin of the Foreland Basin. Input
from these rivers promoted the mixing of terrigesouaters and ocean waters along the
western margin while the eastern side of the basperienced marine-dominated conditions
(Nielsen et al. 2003). Sedimentation of the entipper Colorado Group mainly took place in
a distal but shallow marine environment when maximmwater depth in the foreland basin
was between 150-300 metres during the Late Cretigc€oeckie et al. 2008). Current
estimations of water depth are significantly sha#o at 40-100 metres (Varban and Plint,
2008).
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The compositional variability of the Colorado Groampd changing conditions of the Western
Interior Seaway and foreland basin may represanmtifgiant implications with regards to
shale gas prospectivity. Therefore characteridiegshales may aid the understanding of the
shale gas system deposition and formation intenacin a regional, basin-wide scale. Such
characterisation of the shales requires detailedwledge of their properties and the

integration of sedimentology, lithology, geochemyistmineralogy, porosity and permeability.

1.5 Thesis objectives

This thesis investigates the spatial and tempaahtions in mineralogy, grain size and pore
properties of the Colorado Group shales in ordeurtderstand the shale gas potential on a
basin-wide scale. This required the analysis ot @i samples; therefore, the primary aims of
this study include:

1) To test the feasibility of using Attenuated TotakflRctance Fourier Transform
Infrared Spectroscopy to develop a rapid semi-qgtaive mineralogical tool.

2) To evaluate the spatial and temporal variationssiale characteristics using
mineralogy, grain size, porosity and permeabilitpymbined with existing
geochemical and palynology data (Buckley, 2004) examine the implications for
gas shale prospectivity.

3) Evaluate target zones for shale gas production &@mgle core within south-western
Saskatchewan (Fig. 1.3).
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1.6  Thesis structure

This thesis is structured as follows: Chapter tuw@g) a brief description and background to
the analytical techniques utilised. Chapter threeegy a detailed description of the
chemometric technique developed in this study e $emi-quantitative determination of
shale mineralogy using various calibration mod€lsapter three is structured as a standalone

chapter; with its introduction, methodology, reswdhd discussions.

Chapter four describes the bulk mineralogy data @etdophysical (grain size distributions,
thin sections & SEM and pore size as well as pty@sid permeability calculations) data of
the Colorado Group samples. In addition to thiairgsize data is fitted with the Kranck et al.
model (1996a) with the purpose of identifying seeliindeposition and transport patterns and
hydrodynamic conditions of the sea water. Chafiver builds on chapter four, integrating
the mineralogy, grain size, pore size data andnicgacies to discuss (a) main controls on
organic richness, (b) influence of grain size aawbpity on the pore size distributions and (c)
spatial and temporal variations in mineralogy, grsize and TOC and their implications to
shale gas prospects.

Chapter six describes an integrated study of alesimgll to characterise the shale gas
potential of the Upper Colorado Group. The studggrates mineralogy, petrophysics (grain
size & pore size distributions, porosity and perimigg calculations) and geochemical (TOC
and Rock-Eval) data with the purpose of identifymrganic rich intervals and establishing
organic matter type within the formations, the gapacity and producibility of the shales.

Chapter six is also presented as a standalone widités discussions and conclusions.

Chapter seven provides general conclusions of efitte chapters and their findings and and

recommendation is proffered for areas of futureknaord improvements.
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2 CHAPTER TWO: METHODOLOGY

2.1  Analytical Techniques

2.1.1 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infra-red (FTIR) spectroscopy wesed to compute semi-quantitative
mineralogy for the shale samples. Spectroscopythe ‘study of light as a function of

wavelength that has been emitted, reflected oteseak from a solid, liquid, or gas” (Clark,

1999). The capability of photons to be absorbethinerals depending on their wavelength
therefore enables us to derive information aboetdfemistry of minerals from its reflected
or emitted light. The ability to combine spectrgdther with multivariate statistical analysis
(Breen et al. 2008; Breen et al. 2007; Karakassaed. 1997; Crowley and Vergo, 1988;
Hunt and Hall, 1981) to quantify an analyte in xtuie has made FTIR a useful quantitative

analytical tool.

Transmission and diffuse reflectance (DRIFTS) heerhost widely used FTIR techniques. In
transmission, IR beanl.f incident on a sample is partly absorbed and yp&dhsmitted I().
Quantification is possible because the absorbandeactly proportional to the concentration

(c) of the absorbing material according to Beer-hartis equation:

| =10 €% = g 1C mmmmmmmmem e Equation 2:1

Where, k is an absorption coefficient
X is the distance travelled through the medium
¢ (proportionality constant) is the absorptivity.

Chapter three describes in full a methodology dged in this study for the semi-
guantitative determination of shale mineralogy gsmrious calibration models. The models
were developed by combining various IR spectra witlitivariate partial least squares (PLS)
fitting using Pirouette software. The spectra wereorded using a Thermo Nicolet Nexus

870 FTIR spectrometer and data were acquired W MINC 6.1a software.
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2.1.2 Quantitative X-Ray diffraction (QXRD)

Selected shale samples from the Colorado Group Mikel delta were analysed for
guantitative X-ray mineralogy for the IR calibrat® according to Hillier (2003) at the
Macaulay Institute, Aberdeen. The bulk samples wdnied at 108C, wet ground in a
McCrone mill and spray dried to produce random pensdX-ray powder diffraction (XRPD)
patterns were recorded from 2-78°@sing Cobalt K radiation. Quantitative analysis was
done by a normalised full pattern reference intgnsatio (RIR) method. Expanded
uncertainty using a coverage factor of 2, i.e. a#ifidence, is given by £X0.35, where X =
concentration in wt. %., e.g. 30 wt. % £3.3. Foagds present at the trace level (<1%) there
may also be uncertainty as to whether or not treselis truly present in the sample. This is
both phase and sample dependent. It arises beaawissce concentrations identification is
often based on the presence of a single peak angudgement of the analyst in assigning

that peak to a likely mineral.

Additional XRD data for shale rock samples suppbgdConoco Philips were also utilised in
the IR calibrations. The sample sets were indepghdguantified by Conoco Philips and
Core Laboratory (Core Labs). The two datasets anerglly similar but some variations exist
in some samples. These discrepancies are assunmeduits from possible differences in
standard used by each company as well as diffesenceample preparations. In either case,
both data were used to compare the IR mineralogy.

2.1.3 Mercury Injection Capillary Pressure (MICP)

Mercury porosimetry has been used extensively &wagdterise porous materials (Cranganu et
al. 2009; Giesche, 2006; Yang and Aplin, 1998) leetw500um and 3.5nm. It provides
information about pore throat size and pore siatributions, total porosity, as well as bulk
density. It also provides data for the determimatd permeability, capillary entry pressure

and other petrophysical properties.

The technique involves injecting mercury at pressuup to 60,000psi, increasing the
pressure in a stepwise manner inside a porosim&amples are first oven dried and stored

in a desiccator prior to analysis. During the meydatrusion technique, a completely dry,
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weighed sample is placed inside a penetrometertlfagenetrometer is loaded into a low
pressure system of the porosimeter. A range ofgdoegsure is then applied to the mercury
according to a programmed step-wise manner aftechwthe penetrometer containing the
sample and the intruded mercury is removed andheeigThe penetrometer is then loaded
into a high pressure system, where a series of frigbsures are applied to inject the mercury

into the sample. The volume of the sample is thenved according to equation 2:2.

e Equation 2:2

Where V is the volume of the sampl€’L

V, is the volume of the penetrometef)(L

My4s+ug IS the mass of penetrometer loaded with sampldibed with mercury (M),
My, IS the mass of penetrometer plus sample (M), and

Gng is the density of mercury (M7).

Total porosity is derived from the bulk and graendity of the sample, calculated according
to Borst (1982) represented in equation 2:3:

p=1- Z—d ———————————————————————————— Equation 2:3
Where,@ is the total porosity

pq IS the bulk density defined as the ratio of thiltonass to the total volume determined

from the volume of a known mass of the sample (egu&:4).
pP=y T T T T T T T T T s — e — e — Equation 2:4

Where p is the bulk density, (g/cth
M is the total mass, (g)
V is the total volume, (ch
G, is the grain density determined from the volumehw® dry mass of the sample

calculated from the mass of water displaced by sample in a pyknometer; a
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grain density of 2.66g/chis normally assumed for mudtsones (Aplin, pers.

comm.).

The incremental pressure is plotted against mereatyration and the intrusion pressure
values are converted into the corresponding pae $sing the (Washburn, 1921) equation,
thus:

r= _ZYTCOSS ——————————————————————————— Equation 2:5

Where:

r = pore size (nm)

y = interfacial tension between air-mercury-soligitaat angle (0.485N/m)
6 = contact angle (140°)

P = pressure (psi)

The applied pressures force mercury through paath which act to control access to the
pores (Purcell, 1949). In effect, the pores actisadenecks in the system and may results in
potential overestimation of pores with small rggHildenbrand and Urai, 2003). Also, high
pressures may result in the destruction of natpaks or creation of artificial pores,
representing a potentially significant issue fotwaate petrophysical measurements. Another
important limitation of the technique is that it aseres the largest entrance towards a pore
instead of the actual inner size of the pore anesdwt see closed pores (Giesche, 2006).

Furthermore, oven drying of samples may lead tmkhge of clay minerals.

In order to minimise errors, samples were drieditsy freeze drying at -40°C before oven
drying at 105°C and then stored in a desiccatargn analysis. To ensure that only the
applied pressure acts on the mercury, and thatobk jiressure due to entrapped air is present,
the low pressure system was evacuated to less3tham Hg before introducing mercury into
the penetrometer during the analysis of the statgtes in this study.
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2.1.4 Grain Size Distribution (GSD)

Grain size data is important in constraining thudfiflow properties of mudstones (Yang and
Aplin, 1998) and in correlating deposits to seditaen processes (Kranck and Milligan,
1991a). Published permeability data for fine grdinkstic sediments has been shown to vary
over a range of six orders of magnitude, with a&ehorder of magnitude range at a single
porosity that can be attributed to differences niairg size (Dewhurst et al. 1998; Yang and
Aplin, 1998a). For example, Yang and Aplin (1998 gented pore throat size data for three
samples with different lithologies but the sameelsvof burial depth. Their MICP and GSD
data show that the siltier samples contained higbessities and a mean pore radius which is
almost two orders of magnitude greater than thatefiner, clay-rich samples. Therefore, it
has been established that the pore size distriimiaod hence permeability of mudstones are
fundamentally controlled by the extent of compatt{porosity) and grain size distribution
(Dewhurst et al., 1998). As one of the objectivethes study is to investigate the influence
of grain size on the pore size distributions of tinedstones, samples were selected for grain

size analysis.

Grain size distribution can be defined as the ingdatlistribution of grain size expressed as
weight percentage. This study utilised the fredmant disaggregation technique and
ultrasonic treatment of Yang and Aplin (1997) fangle preparation. During sample
preparation, a sample is initially disaggregated arade into a suspension in distilled water
and a deflocculating agent. The particle sizedlar determined using either a pipette or X-
Ray sedimentation method in a Sedigraph Partide 8nalyser. The time, t, for particles of
certain size to settle at a specified depth in shepension is determined from Stoke’s

equation:

D= 0.005531{(Gsi—zm}°-5 —————————————————————— Equation 2:6

Where D is the equivalent particle diameter (mm),

¢ is the dynamic viscosity of water at the test terapure (mPa.s),

H is the sampling depth (mm),

Gs is the grain density of the particles (gfgm

Gf is the density of the water with dispersant etihg the sample suspension  (gfxm
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t is sampling time (min)

The X-Ray sedimentation technique was used instiidy. It uses the transmission of X-rays

to detect concentration changes caused by seditiientAs the concentration of suspended

particles decreases with time, the signals of theyyXreaching the detector are recorded
continuously. The recorded strength with time isféection of particle size distribution.

The freeze-thaw technique of Yang and Aplin (198@} used to prepare the samples for the

analysis briefly described below:

1. About 1g of approximately 1chrock size were sieved and spread in drying tims fo
the analysis

2. The samples were then subjected to a series ofeffbaw cycles which gently
disaggregate them in distilled water

3. The disaggregated samples were then introducedaint@O0Oml solution of 5ml of
dispersant (33g/L sodium hexametaphosphate andsoglium carbonate)

4. Further disaggregation of the samples was done ubjesting the solution to
ultrasonic treatment for about 1 hour

5. A further 5ml of dispersant was added to the sofutaind agitated for 30 minutes
using a magnetic stirrer to ensure no flocculatioour

6. The solution was then placed into the Sedigraphiflisg cell and the sub-63um
grain size distribution determined using a SedigraPOOET following the technique
of Coakley and Syvitski (1991)

7. The remaining solution was then sieved at 63unmetoove any sand fraction which
was then dried , weighed and recorded

8. The grain size cumulative curves were correctedifer>63um component according
to Yang and Aplin, (1997) :

Xcorr = Xseqi (1 —Xg3) ———————"—"—"—"~—"—"—"—"—"—-"—"—"—— —— — Equation 2.7

Xplp = 5'64 + 0-41386Xc0rr + 0-004‘518xcorr . Equat'on 2.8
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Where
Xsedi
values recorded directly from the cumulative curve generated from the Sedigraph
Xe3 = weight % of the material removed from sieving at 63pm
X.orr = values corrected for the > 63um material
Xeqi = values calibrated to the pipette method

2.1.5 Thin section & Scanning Electron Microscopy (SEM) aalysis

Thin sections and SEM analysis were used to analys#l grains, mineralogy, rock pore as
well fossils content and diagenetic features. Thattions were prepared by Wagner
Petrographic, Lindon, Utah, USA. SEM analysis wasdticted at Durham University using
a Hitachi SU-70 High Resolution Analytical ScanniBbpctron Microscope, equipped with

an Oxford Instrument Energy Dispersive X-ray micragsis system (INCA Energy 700).

The rocks were coated with a conductive materei@n) prior to scanning.

2.1.6 Total Carbon and Sulphur Analysis & Organic Carbon

Total Carbon and sulphur were determined using &QECS-244 carbon and sulphur
analyser. Approximately 100mg of the sample wasghail into a crucible and ignited at
high temperature combustion in a stream of oxygengsten accelerator and iron chips were
added to facilitate combustion. During combustimarbon and sulphur are oxidised to carbon
dioxide and sulphur respectively which are thenngjfiad by infrared detection. LECO
carbon (%C = 0.834+-0.005) and sulphur steel (%98.6044+=0.0003) were analysed
between samples as reference materials to deteanaugacy and precision.

Organic carbon was determined in the same mannethbusamples were treated with 4M
hydrochloric acid in a porous crucible to removerganic carbonates. Once the acid has
drained, distilled water was used to wash the asgd®ral times and then dried overnight at
65°C
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2.1.7 Rock-Eval Analysis

Rock-Eval pyrolysis is used to identify the typalanaturity of organic matter and assess its
petroleum potential. The Rock-Eval pyrolysis wasied out according to the methods of
Peters (1986) using an Oil Show Analyser. Briedlyout 100 mg of the sample was weighed
into a crucible and pyrolysed in a stream of heligas. The heating programme involved
three phases. Phase one involves holding the saatpl®0°C for 1 minute, in order to
remove volatile (gaseous) hydrocarbons from the pgamVolatile hydrocarbons are
guantified by flame ionisation detector (FID), atity are defined as peak 1 oy (8ig/g
sediment). In the second phase, temperature wesaged at 25°C/minute to 300°C and held
for 2 minutes. The volatile hydrocarbons produced defined as peak 2 or S1 (mg/g
sediment). The final phase involved increasingtémeperature to 550°C, at 25°C/minute, and
held for 1.5 minutes. The third phase produced dgahbon pyrolysate from the nonvolatile

organic matter, which is quantified and, recordegeak 3 (S2 mg/g sediment).
The temperature at the peak of S2 generationasratorded as Tmax. The production index

(P1) and Hydrogen Index, were computed accordin{Peters, 1986; Espitalie et al. 1985)

from the S1 and S2 peak areas using equation:

Hl= X100 ———— === —— = — = = — — —— — —— — — — — Equation 2:9

__________________________ Equation 2:10

Only samples from the Bigstick Field from the Uppgeolorado were analysed for total
carbon, organic carbon and Rock-Eval in this stwdyile data from Buckley (2004) were

used for the lower Colorado Group samples.
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3 CHAPTER THREE: QUANTITATIVE MINERALOGY OF SHALE ROC KS
USING FOURIER TRANSFORM INFRARED SPECTROSCOPY

3.1 Introduction

Mineralogical composition is a key variable to detme shale gas potential. Successful
exploitation of shale gas resources has been showrequire knowledge of the shale
sequences because of high variability (heteroggnattvarious scales (Passey et al. 2010)
and therefore, the need to obtain high resolutiata.dFor example, grain composition
governs the type and severity of diagenesis, somerais (i.e. the clays) are more reactive
to natural fluids within the pores and may be altieoy adverse chemical reactions. Similarly,
clays can vary widely in their structure or morggy} and generally reduce both
permeability and primary porosity (Rushing and Blgame, 2008). Smectite, illite and
chlorite have been identified to significantly affeock permeability and quality of reservoir
(Zhou and Law, 1998). On the other hand, the samptiapacity of shale depends on the
amount and types of clays and organic matter pt€damadpour et al. 2007). This is because
the adsorption or the adhesion of gas moleculethersurfaces of sediment grains, and/or
organic matter is highest in sediments with a lagaface area (i.e. significant
microporosity). Carbonates and biogenic silicaragge brittle than the clays and therefore
more susceptible to compaction and failure dummyiced fracturing. One of the key aspects
of the Barnett’'s prospectivity is its anomaloustyoeg nature due to silica cementation
(Jarvie et al. 2007) with important implicationg the reservoir's geomechanical behavior.
Therefore, when characterising shale gas, it inaipve to know the mineral contents of the

samples.

While X-ray Diffraction is the best technique formaralogical analysis, it is used mainly as a
method to identify and quantify crystallised mirsré&hale gas has a large amount of non-
diffracting matter due to the presence of kerogemgch is amorphous. Furthermore, XRD
requires 1g or more amounts of sample for anapisis the procedure is time consuming and
expensive makes it a less desirable technique ifgin resolution data studies. Infrared
spectroscopy has been suggested previously (McKaethal. 1996) as a cheaper and faster
way of evaluating mineral contents in rocks. IR lthe advantage of rapidly acquiring
potentially quantitative results of both shale migaand mineral matter in a non-destructive

manner (Snyder et al. 1983).
24



Adamu

3.2 Fourier Transform Infrared Spectroscopy

3.2.1 Background

Infrared (IR) is part of the electromagnetic raidatbetween the high frequency end of the
visible region and the low frequency end of thermicave region. Essentially, it covers the
electromagnetic spectrum with wavelength betweer008 — 10 cnf (0.78- 1000um). The
IR region is further divided into near IR (NIR) @ing 13000-4000 cth(0.78 — 2.5um) ;
mid IR (MIR) covering 4000-400 cth(2.5- 25um); and far IR (FIR) covering 400-10tm
(25-1000um). All these regions have applicationsciremical sciences, but, MIR was
specifically used in this study because mineralsl@ixmost of their fundamental molecular
vibration modes in the MIR (Matteson and HerrorQ3;%Painter et al. 1981).

An FTIR spectrum of a compound represents the mtdecabsorption (emissions) of
electromagnetic radiations, creating a moleculagdr print with peaks which correspond to
the frequencies of vibrations between the bondb®fatoms making up the compound. The
size and position of the peaks in the spectrum dsrect indication of the amount of the
material present since different bonds have differeibration frequencies (because of
differences in bond strength and masses of thesgtand can provide both qualitative and

guantitative information.

IR and, in particular, the more versatile Fourieansform IR spectroscopy have been used
extensively to identify and characterise clays atieer minerals in rocks and soils (McKelvy
et al. 1996). These studies cover applications ingndgrom qualitative interrogation of
structural features to quantative estimation of kbuwdomponents. Several studies
(Karakassides et al. 1997; Crowley and Vergo, 198#fths, 1983; Hunt and Hall, 1981;
Ishii et al. 1967; Farmer and Russell, 1964) hgitlthe success of applying different infra-
red spectroscopy techniques for the characterisatioclay minerals. These techniques
include: transmission (absorption KBr) techniqusf]ectance techniques, including diffuse
and specula, and Attenuated Total Reflectance (AHRch technique is best suited for
different state of the material being analysed. Teory and instrumentation for Fourier

transform infrared spectrometry are discussed ifftks (1983).
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Painter et al. (1981) applied a least square cfiitueg program in conjunction with a

spectral subtraction method to Fourier transforecsp for the quantitative determination of
mineral matter in coal. The spectral fitting wadeatn identify the right components and
guantitative measures of the clays present thahageod agreement with weighed quantities
of artificial mixtures. Furthermore, the fitting wable to distinguish between two different

kaolinite standards.

Cronauer (1982) performed a similar spectra sutitrat¢echnique for the characterisation of
oil shale by FTIR. The study quantified the shaieerals from a library of FTIR standard
minerals spectra by subtracting the spectrum ofntiveeral standard from that of the shale.
The subtraction parameter results in the complit@ration of the bands of the particular
mineral being subtracted which then provides a oreasf the weight fraction of that mineral

in the shale.

Crowley and Vergo (1988) conducted a quantitatieslys of kaolin mixtures using near-
infrared (NIR) reflectance spectra for mixtureoodered kaolinite and ordered dickite. They
simulated the spectral response of disorderedrigmlio discern structural disorder problems
and also demonstrated how NIR spectra of laboratostures of ordered kaolinite and

halloysite could be used to roughly estimate thedportions in unknown natural samples.

A methodology for obtaining quantitative mineralncentrations from transmission FTIR
spectroscopy was presented by Matteson and Het@88). Their method used absorbance
spectra that were reproducible to within £5% regkatstandard deviation to perform whole-
spectrum least-squares spectral processing. Thwitee produced an average absolute
difference between known and derived mineral comegons of +2.6wt %. The error
reduced to +£1.2wt % when they applied non-negaspectrum least-squares spectral

processing.

Janik and Skjemstad (1995) applied partial leastasgs (PLS) analysis to Diffuse
Reflectance Infrared Fourier-transform (DRIFT) gpeecof whole soils to identify and
quantify a number of minerals (smectite, kaolingted gibbsite clay minerals) and also

organic (alkyl, carboxylic and amide species) conguis.
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In a subsequent study, Janik et al. (1995) dematestrhow experimentally derived soil
mineralogical and organic components may be cde@laith the infrared spectra based on
the theory that mid-infrared diffuse reflectanceufe transform (DRIFT) spectra of
powdered soils present the major components, vel&titheir concentrations. They used PLS
to model the properties of some 298 eastern anthawuAustralian soils and their spectra
and then used the model to classify the soil speatrd their associated major oxides
including SiO,, Al,O3, Fe0s, TiO,, MgO and CaO. The PLS predicted values for,SiO
Al20; and FeO; versus XRF resulted with linear regressioh \Rlues of 0. 97 - 0. 92.
Regressions for the other oxides, e.g.,JKdgO and CaO, were generally underestimated at

high concentrations.

Quantitative analysis using high quality Fourieangforms infrared (FTIR) spectra of
cements obtained by diffuse reflectance mid-inftarf€ourier transform spectroscopy
(DRIFTS) method was carried out by Hughes et &9%). They used the FTIR spectra of
156 cements of varied origin and known elementahmasition to construct multivariate
calibration models in order to estimate nine mihecamponents and five minor oxides. The
model allowed the composition of unknown cementseaetermined rapidly from the FTIR

spectrum alone with sufficient accuracy.

Marko et al. (2000) developed a method based ofusdif reflectance infrared Fourier

transform spectroscopy (DRIFTS) together with pérteast squares (PLS) modeling to
rapidly determine the hydroxyl group content incoad silica. They used samples that were
not used in the construction of the models to @éidhe calibration model and to predict the
hydroxyl content in unknown samples previously gsatl by Thermogravimetry (TG). The

model was able, with sufficient accuracy, to prethe hydroxyl content of several calcined
silica samples with different physical properties.

Most of the quantitative estimation of mineralssinales and other rock types have been
conducted using transmission and DRIFT spectrosedple ATR spectroscopy has been
mostly applied for structural investigations. Thedy of Holman et al. (1994) highlights the
fact that ATR-FTIR spectroscopy can provide acaigiantitative results when applied to

analyse complex mixtures. They performed multicongm analyses on the ATR spectra to
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determine Sulfur-Oxygen anion concentrations ineags solution and were able to quantify

the concentrations of seven components with amgesin square error of 0.0002M.

Despite the obvious potential and advantages of thesmission and DRIFT methods, there
are still major problems. In both techniques, sangueparation is required in order to record
a good quality spectrum. In transmission, sampbeg o be diluted in a KBr matrix and
pressed into a pellet disc due to the high absotips associated with clay minerals
(Karakassides et al. 1997). The pressing of KBfepelith clay is often associated with
alteration in spectra through absorption or exckawighe K into the clay structure (Ray and
Ursula, 1998). KBr is hygroscopic and it is diffictio prepare a pellet completely free of
contaminating moisture; it cannot therefore elineniaterference of water bands in the clay
mineral spectra. The DRIFTS method is applicableawder samples, however, the samples
still need to be mixed with KBr matrix to minimiggerference effect created by particle size
and the incident IR wavelengths (towards the loaqfiency region, normally below 1000
cm™®) known as the Restrahlen effects (Ray and Urd988).

This work employed FT-ATR analysis together withmailtivariate statistical analysis to
estimate the major mineral components in shale.rdtle ATR technique involves the
collection of radiation reflected from the interéabetween the sample and a crystal (ZnSe),
in which an evanescent wave penetrates from thstairynto the powder samples. This
evanescent ray permits sampling in the close wiciofi the interface because reflected beam
will be attenuated by absorption in this limitedckmess of the less-dense medium (sample).
The attenuated total reflection (ATR) spectrum pices the features of an absorption
spectrum in a semi-quantitative manner. It is happedl the ATR technique combats the most
challenging aspects of Transmission and DRIFT aeslysuch as sample preparation and
concentration since analyses is conducted on wioale powders without the need to dilute

in a KBr matrix.

Fourier Transform Infra-Red (FTIR) spectroscopy baen applied in the studies of organic
and reservoir geochemistry (Hakuli et al. 1995;daig, 1995; Tanaka et al. 2001, Lis et al.,
2005; Bhargava et al. 2005; Permanyer et al. 208dch et al. 2008). However, it is not the

intent of this work to estimate the organic phaséhe shale gas using IR technique.
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This section of the work is generally aimed at stigating the feasibility of applying
multivariate statistical models based on PartiaddteSquares (PLS) to mid-infrared spectra
obtained via Attenuated Total Reflectance Fouriean§form Spectroscopy in order to
estimate bulk mineralogy of shale rocks. Objectiokethe study are:

a) To compare the ATR spectra of the various shaleerala with FTIR transmission
spectra using KBr pellets and with DRIFT spectraetocidate the strengths and
weaknesses of the method.

b) To provide a semi quantitative mineralogy of thejananinerals in shale using the
ATR technique. This would be achieved by:

i. Developing a PLS multivariate calibration modelngsispectra of artificial
mixtures of standard pure minerals.
ii.  Comparing predicted values with known XRD valuesvalidations.
iii.  Predicting the relative concentrations of the miedieinerals in natural shale

rock samples using the calibrated spectra model.
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3.3  Methodology

3.3.1 Samples and sample preparations

3.3.2 Pure Mineral Mixtures

A suite of clastic and carbonate mineral mixturesesprepared from five mineral standards
based on mineral combinations commonly found inesheservoir rocks. The five minerals
chosen to make up the mineral mixtures are: qudlite;smectite (70:30), kaolinite, calcite
and dolomite and were obtained from the Clay Milse&ociety repository with all standards
having a percentage purity of 99.7%. All the miteraere used as received, without further
treatment. Standard mixture sets were created Bynghknown concentrations (wt. %) of
each pure mineral to make up 100mg. Each minerdhe mixture sets was distributed
within concentration ranges typical of sedimentagk (Table 3.3). Independent shale rock
samples rich in clastic and carbonates mineral® welected and quantified independently
using the XRD technique (Hillier, 2003) for comsa.

3.3.3 Shale Samples

Two sets of shale samples with pre-existing XRDadaere used in optimising the IR
calibrations. These include samples from the Nigdtdand Western Canada.

3.3.4 Nile Delta shales

A total of 26 Nile Delta shales (Table..) previgusiharacterised for quantitative bulk
mineralogy by the Macaulay Institute, Aberdeen werksed. These samples were generally
used to (a) validate mineral mixture calibratiob) ¢onstruct and validate a calibration of
natural shale. The rational for choosing these $esrip because they have XRD data that can
be used to check the accuracy of the IR calibradimhalso provided more accurate estimates
of the mineral assemblage compared to the weighthieo mixtures used for the mineral

mixtures calibrations.
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Table 3.1: XRD data for Shale samples used in optising IR calibrations (A) Nile Delta shales, (B) Bigtick shales
and (C) Wildmere shales — within the Bigstick FieldAll the XRD data in this table were generated byhe Macaulay
institute, Aberdeen.

A XRD =
Labeodes Patiem Mame Quarnz  Plagiodase  K-feldypar Caberte Dolomite  Sujerie Pyrie Anatyse  Kacinie  Chiorite  Srnectie Total
RITON Raven-4-4330-25-8 -] 47 13 19 ] 82 o7 oL 458 as »ny e
R3TETO Raven-4-4348-23-8 138 44 12 03 0 22 1.7 1 05 [ ] 43 100
R3TET Raven-4-4354.35-8 127 43 13 02 ] 58 38 1 48 a7 40 e
BaTeT2 Ravend-4384-41.8 159 LT 14 04 0 as 1.1 oe FiR| ae B 1002
R3TETI Raven-4-4387-35-8 129 a4 11 03 ] ] 13 1 28 602 22 e
BATET4 Raven-4-4370-47-8 02 42 13 23 (] 21 14 oy w2 5] 453 1002
R3TOTS Raven4-4377-47-8 144 49 11 01 ] 03 oe 1.1 258 602 452 100
RATETY Rawen-4-4382-30-8 138 45 1 01 (] 2 oe 1.1 k4 (1] 428 e
R3TRTT Raven-4-4343-30-8 128 4.1 08 01 0 134 1 o7 28 a7 na e
waTeTa Raven-4-4401-50-8 149 ] 12 ] (] 14 0.8 13 208 T X2 100.1
RATET0 Raven-4-4409-42-8 137 43 1 ] ] 03 12 1.1 %5 ] 28 1002
BaTRED Raven-d-4415-38-8 127 4 08 (] 0 28 04 1 204 a7 4248 1002
RaTeE Raven4-4421-50-8 g1 28 08 ] ] 83 0.8 [ L] 18 ar na 100
waTpa2 Raven-4-4427-48-8 121 9 [ ['R] (] ar [T.] 12 302 a3 41 100
RaTRE3 Raven4-4432.54.8 125 42 1 01 0 57 04 12 285 50 408 100.1
BATRA4 Raven-4-4440-40-8 141 52 08 03 ] 53 [T} 1 48 78 kT 100
RaTREs Ravend-4447.53-8 155 54 12 1] 0 0ns o7 1.1 23 ] na 100
waTpas Ravend-4420-52.8 208 &7 2 [ 1] (] 43 or 13 195 T W5 100.1
BaTRET Ravend-44£8.58.8 e 4 15 [F] 0 T or 13 254 59 438 100.1
RaTesa Ravend-4474-45-8 28 44 13 13 0 43 05 11 184 a4 423 100
RaTes Raven4-4430-50-8 244 52 18 2 0 4 [ 1] 12 138 T na 1002
BaTRe0 Raven-4-4488 80-8 1ms 4.1 1 1.1 (] as [T} 1 27 52 44 1002
BaTE Ravend-4440-40-8 158 42 13 178 03 29 25 1] 172 a1 na 100.1
gaTee2 Raven-4-4520-55-8 18.9 ] 08 a3 (] a1 05 o7 48 75 e Be
RaTRE Raven4-4524-80-8 1“8 58 14 02 0 25 7 1 28 41 458 1002
BATOO4 Raven-4-4537-58-8 15 58 (1] 02 0 74 04 [ E] a7 F1) “p 100.1
paTRES Raven4-4830-52-8 858 1] ] 02 ] 13 ] 04 ] EL ] 0 100
wiTeM Raven4-4032-82-8 A 3 22 01 ] 104 oe 1 128 4 %8 100.1
waTeET Ravend-4834- 158 14.5 T4 1.7 0.1 '] 42 a8 1.3 23 a1 419 100.1
5 i 14 | :
RN EEEEEE
3 o & & a2 7 = [l E =
Labeode Samgle é L=
WZ3I287 MT3 1575.4m 581 37 o7 0z 02 12 an 02 00 o0 00 81 208 22 18 00 1000
23268 CR43 156.4m 05 00 00 &7 00 oo oo 00 o0n 28 00 00 2 0o oo [} 1000
1023280 AER2D 13400 172 14 18 477 25 03 30 00 18 00 0O 23 229 0o oo o0 pog
023270 Sample 2 883 80m M1 20 2a o3 oo 03 0% 03 o048 00 00 39 4B0 14 14 a0 1002
0TI Sample 13 688 85m &5 28 35 oo [14¢] oo 1.6 g5 oo oo 00 24 433 4a a5 0a 1000
WI3In Sample 27 650 81m 2680 13 o8 7e (4] oo 23 oo oo 14 [ 1] 45 344 s 14 (1] me1
W73 Sarnple 31 548 25m 49 01 @87 E&E 23 04 20 00 00 OO0 00 G4 08 [ 1] 0d &0 10a
HLZIITY Sample 38 840.52m a8 L1 L5 6038 L7 o3 23 oo o0 oa oo 1] 128 oo o Jc} a0 maz
WIIIT5 Samgple 421 220.01m 124 i1 18 414 oe (] 1 o1 02 s oo ag 52 {1 5] oz k] 1001
23T Sample 45 521 05m 410 14 1@ 12 [+ I 02 R 85 90 &2 [LLR - E wy 62 18 Lt e
W27 Camphe T4 £B0 Im &4 00 OS5 B84 00 0O 17 @O0 00 GO0 @O0 30 ot 00 og oa 1001
WZ3ZTE Sampie 72 584.0m 208 20 LY oy ['R} B2 237 03 08 O« oy 29 74 a8 | ) o048 1001
Wz Sampie 66 573.8m 112 12 04 oa oo oo 3¢ 04 00 Q0 b3 54 3.5 234 04 12 )
23ze0 Sample 93 553.8m 21 13 16 ER ['2] 03 71 04 0o 1B 00 52 ME aT 18 ¥} 000
023281 Sample 8 558 3m 172 08 22 %3 »¥7 02 38 01 0B 01 00 48 W0 29 0% a0 1]
HLZA2ED Samgle 08 553 8m R | T8 a8 o4 o an 63 o080 00 1 R kLY ] 38 22 a0 1000
W2IE Sample 107 240 8m 383 (5] LF-] 45 or oo a1 o0 oo oo & 74 351 41 22 oo 10
TOII2e4 Sample 115 530 35m 439 28 26 o4 a2 oo 21 oo oo oo o1 82 ¥E6 L& 1 oo e
1023285 Sarmple 144 501 4m 422 232 19 14 1B 00 37 00 00 00 02 &5 38 7 28 o0 1000
MZ3288 Sarmple 150 402 8m 421 2T A 20 48 oo X} 0o oo oo [IR] Ta 231 a4 22 o0 =4
W23287 Sample 155 485 8m B . T | ge ] oo 34 00 08 00 0i [ 2346 a5 12 00 1000
WAz Sample 163 477 3m #|E 17 1@ 155 24 oo 45 @0 13 oo 02 &g M1 19 i3 o0 1002
1021280 Sarmgle 187 474 2m 254 10 20 206 2200 00 32 00 15 @D 02 B3 163 LE og oo 1001
EXIEE0 Sample 175 483 3m 280 17 24 242 45 oo 38 oo 6d on 3 B4 247 12 0s 2] 10en

Cuartr
Flageociase
K-leldapar
Caaw
Dolomite
Gideme
Pymie
Arnaime
Gypaum
s a8 e
Haitde
Musoowte
Be-Smecite
Hsolnte
Chioms
M
Total

3
Labcode Sample 2 =
wzaoe PRG 8200 THT 255 23 1B 189 o4 oo 60 0.0 4.1 an D1 3B 5] 43 33 111} 100.e
10z3202 PR 5230 TE92 418 21 32 04 02 00 12 00 OO0 00D D04 T4 MO0 55 3T 40 w00
1023293 PRE E262 Tr42 TE 28] T4 S5TE 21 [«11] iT 11 oo [eF:] o 2B 158 oo oo a0 iR
1023004 PR 8204 To48 08 35 34 03 01 00 28 00 00 00 01 00 &34 55 |8 0D geg

31



Adamu

3.3.5 Western Canada Shales

A range of Western Canada shales were also utificethe calibrations. Twelve samples
were supplied by Conoco Phillips characterised Wy independent XRD companies;
Conoco Phillips and Core Laboratories (Table3.2)dilonal 9 Canadian samples obtained
from the Bigstick Field (Fig. 6.1) comprising 5 gales from Bigstick core and 4 samples
from Wildmere core. These samples were also clexriaetl by the Macaulay Institute for
bulk XRD mineralogy (Table 3.1). These samples ppled a broader range of mineralogical
compositions and were utilised to (a) validate lralions constructed from the Nile Delta
shales (b) validate calibrations constructed witbomposite of natural shale and altered

shales whose natural compositions have been albgrauxing with pure minerals.

3.3.6 Sample preparations

The pure standard minerals and the shale samplespuérerised to less than 10 um using a
micronising mill for 10 minutes. 100mg of each puméneral mixture were prepared by

weighing the individual mineral material to withi®.1 mg of the pre-assigned amounts. The
mixture was then mixed with a pestle and mortar doother 10 minutes to a consistent
homogeneity of less than 2 pum. The powdered misturere then stored in a dessicator for

the FTIR analysis.

About 2mg of the samples were scanned over a wagyteof 400-4000ch collecting 32
scans at a resolution of 8 ¢rusing a Fourier Transform AVATAR 360 FTIR ESP
spectrometer with OMNIC software fitted with an ATHRrformer accessory and equipped
with a DTGS detector. A background scan was peradrior every sample and the sample
chamber was purged with purified compressed aiemoove water vapour and G@rior to

scanning the samples. ATR spectra were also redandé¢he whole rock samples.
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Table 3.2: XRD data for Shale samples supplied by @oco Phillips used in optimising IR calibrations.XRD data
was generated by (a) Conoco Phillips —designated ‘@sase’ and (b) Core Laboratory- designated as ‘tera’

Title illit kao | mont | chl gtz | ortho | plagio | Cal | dol sid pyt | apt | kero total
base--Indian 6 1 0 0 38 0 13 29 9 0 4 0 0 100
Castle--calc silic

shale

terra--Indian 23 0 0 0 24 0 17 30 4 0 2 0 0 100
Castle--calc silic

shale

base--Nordegg-- 0 0 0 0 0 0 4 93 2 0 0 1 0 100
xtline limestone

terra--Nordegg-- 0 0 0 0 2 0 0 98 0 0 0 0 0 100
xtline limestone

base--Fernie--shale 29 9 24 3 24 0 0 0 7 0 4 0 0 100
terra--Fernie--shale 45 13 0 0 26 0 0 0 11 0 5 0 0 100
base--Nordegg-- 0 0 0 0 92 1 1 3 0 0 1 2 0 100
black chert

terra--Nordegg-- 0 0 0 0 94 0 0 0 0 0 2 4 0 100
black chert

base--Nordegg-- 0 0 0 0 66 0 7 17 1 0 0 9 0 100
calc sand

terra--Nordegg-- 0 0 0 0 53 0 5 31 0 0 0 11 0 100
calc sand

base--Montney-- 17 0 0 0 40 8 13 6 8 0 3 0 5 100
argil silt

terra--Montney-- 25 0 0 0 36 10 14 7 7 0 1 0 0 100
argil silt

base--Montney-- 4 0 0 0 16 3 5 21 46 0 1 0 4 100
dolom silt

terra--Montney-- 12 0 0 0 20 4 7 21 35 0 1 0 0 100
dolom silt

base--Montney-- 11 0 0 0 42 8 13 5 9 0 3 0 9 100
plag silt

terra--Montney-- 20 0 0 0 38 10 15 7 8 0 2 0 0 100
plag silt

base--Montney-- 11 0 0 0 29 5 10 19 7 0 5 0 14 100
calc silt

terra--Montney-- 22 0 0 0 29 7 13 19 8 0 2 0 0 100
calc silt

base--Montney-- 6 0 0 0 27 5 10 33 11 0 2 0 6 100
calc silt

terra--Montney-- 18 0 0 0 24 6 9 31 10 0 2 0 0 100
calc silt

base--Duvernay-- 10 0 0 0 20 7 0 61 0 0 2 0 0 100
calc shale

terra--Duvernay-- 11 0 0 0 32 14 0 40 0 1 2 0 0 100
calc shale

base--Duvernay-- 22 0 0 0 51 13 0 7 0 7 0 0 0 100
silic shale

terra--Duvernay-- 27 0 0 0 45 15 0 11 0 1 1 0 0 100
silic shale

base--Duvernay-- 11 0 0 0 34 6 0 47 0 0 2 0 0 100
calc shale

terra--Duvernay-- 16 0 0 0 20 4 0 59 0 0 1 0 0 100
calc shale

base--Duvernay-- 6 0 0 0 24 3 0 63 0 0 4 0 0 100
calc shale

terra--Duvernay-- 7 0 0 0 8 2 0 81 0 1 1 0 0 100
calc shale

base--Duvernay-- 35 0 0 0 28 8 0 0 0 0 29 0 0 100
pyrite nodule

terra--Duvernay-- 19 0 0 0 44 18 0 6 0 3 10 0 0 100
pyrite nodule

llli- % illite, kao- % kaolinite, mont- %emontmordhite, chl- %chlorite, qtz-%quartz, orth-% orthasapalgio- % plagioclase, cal-%calcite,
dol-% dolomite, sid- % siderite, pyt- % pyrite, &% apatite, ker-% kerogen,
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The success of obtaining accurate mineralogy franRFspectroscopy depends on several

factors (Matteson and Herron, 1993):

a) That the FTIR spectra of the different mineral deds are distinguishable from one
another.

b) That the analytical procedures minimises varianeewvéen spectra of the same
sample.

c) That the appropriate spectral processing programsrgplemented.

The analytical procedures followed in this studgwed that absorbance bands are in the
linear region of Beer’'s law (equation 2.1). Thectpan of each of the five pure minerals
chosen were recorded and compared to identify thgndstic bands in each. Appropriate
spectral processing were applied (discussed inose8t6) to account for spectral variability
that may occur due to unavoidable sample varigbilllowever, meticulous sample
preparation was ensured; all samples were pulerazel ground in a consistent manner.
Furthermore, the mineral spectra for the five ssadsl were recorded using the KBr

Transmission and DRIFT techniques to allow for canmgmn with the ATR spectra.

3.3.7 Sample Preparation for Transmission Spectra

1) 0.0015g of sample was then mixed with 0.2985g dagxum bromide (KBr) and
ground again to a homogeneous blend for anothemitiOtes.

2) The mixture was then compressed under 10%*Ki@ pressure for ten minutes into a
small transparent disc 13mm in diameter using tohfress.

3) Samples were stored in an oven to prevent watetlaponation and then transferred
into a desiccator to cool down for at least 24 bdaegfore recording the spectrum.

4) This disc was then placed in the infrared specttenand the spectrum is collected

5) Transmitted spectra were converted to absorbaneetrspat each frequency and

absorbance is plotted against frequency to makspbetrum of the samples.
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3.3.8 Sample preparations for DRIFT Spectra

All samples were ground for 10 minutes in an agaté motar and dispersed at 5wt% in a
FTIR grade KBr. Each sample was then packed ires#mple cup gently tabbed at the base
and smoothed at the surface using a micro spakldaogeneous samples and sample
packing are critical to obtaining reproducible dpgevhich in turn determine the success of
the quantification (Osborne and Fearn, 1986). Thege all samples were milled to at least
<10 microns and an updrift accessory designed tonmge scatter was used in recording the
spectra. All samples were scanned over the MIRore¢d00-4000ci ) at 8cni resolution
and 32 scans using a FTIR (Thermo Nicolet AVATAR FIR) using a Collector DRIFTS

accessory.

3.4  Mineral Standard Spectra

The absorbance FT-ATR spectra of the mineral staisdare shown in Fig. 3.1. Generally,
the mineral standards in this set of mixtures ifaib three major groups: the tectosilicates
(framework silicates, e.g., quartz), phyllosiliat@layer silicates, e.g., clays), and the
carbonates. The mineral groups have FTIR absorbaame features that make them clearly
different from one another (Figs. 3.2 & 3.3 and [€ak.3). However, within each group the
spectra have similar bands at certain frequenEi@sexample, both the calcite and dolomite
are characterised by strong absorption bands dasyimmetric stretching vibrations of the
CO;% which occur between 1540 and 1400kniClark, 1999; Matteson and Herron, 1993).

The diagnostic bands for calcite on a transmissjgettrum occur at 1428, 878 and 714*cm
while the spectrum of dolomite shows similar baslst to higher frequency (Clark, 1999;
Wilson, 1996; Vagenas et al., 2003). The spectrahef ATR show similar pattern with
calcite having diagnostic bands at 1413, 873 & Wi-tavhile dolomite shows bands at
slightly higher frequencies of 1438, 881 & 729 t{hig. 3.2b).

The silicates are characterised by Si-O stretchmd) bending vibrations between 1200 and
400 cm* (Wilson, 1996). However, the phyllosilicates canskparated from the tectosilicates
based on the occurrence of the O-H stretch vibratiat 3750 to 3400 cfhand O-H
deformation band at 916 ¢heharacteristic of the clayPeussa et al. 2000jhe 796 & 778
cm* doublet characteristics of quartz spectrum ararjle@bsent in the clays enabling quartz
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and kaolinite to be distinguished (Fig. 3.2a). Tuartz doublet occur at 800 & 781¢mn a
transmission spectrum and together are regarddteanost diagnostic bands for the quartz

(Clark, 1999; Matteson and Herron, 1993).

The O-H stretching doublet 3700 & 3620 trhands and the OH deformation band at 916
cm® have been identified as characteristic of kainiistinguishing it from other clay
minerals (Clark, 1999; Matteson and Herron, 1998)s is evident in the ATR spectrum at
3695, 3620 cm (Fig. 3.3a) despite the strong similarity betweka kaolinite and illite-

smectite spectra.

The illite-smectite shows a single and broader @Hdbat 3643cih close to that of the inner
OH groups in kaolinite and shows more resolved Gifbmnation bands at 999¢hand
929cm’ than the kaolinite (Figs. 3.3a+b). These bandsumat lower frequency for
individual illite and smectite; in transmissiomnactite shows the broader OH band at
3622cm' and the resolved OH deformation bands at 1029,s8H 840ch (Clark, 1999;
Matteson and Herron, 1993) .

Table 3.3 : FT-ATR spectra of the five standard mineals and their diagnostic bands

Pure Mineral Absorption Diagnostic bands {Om
Quartz 1058, 796, 778, & 615

Calcite 1413 ,873 & 711

Dolomite 1438, 881 & 729

Kaolinite 3695, 3620, 1002 & 912

[llite-smectite 3643, 999 & 929
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Figure 3.1: The FT-ATR spectra of the five standard rimerals used to develop the calibration, showing #ir
characteristic diagnostic bands
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Figure 3.3: The FT-ATR spectra of the clays: (a) OHtsetching bands for kaolinite and illite smectite p) Si-
O stretching and OH deformation bands for kaoliniteand illite smectite. The spectra have been offsebrf
visual enhancement. Kaolinite can be distinguisheffom illite-smectite by the well-resolved 3695, 362 cmi'
doublet and the Si-O band at a higher frequency ofl002. lllite-smectite can be distinguished by a mer
resolved OH deformation band at 929 ci
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Figures 3.4-3.5 show comparisons of ATR spectra wansmission and DRIFT spectra for
the five pure minerals showing similarities andaténces between the techniques. There is
a general agreement between the spectra for aliminerals with respect to the major
characteristic bands in the stretching and defaomaareas. However, there are many
differences with respect to the position of thedsaand quality of the spectra. Below is a

summary of the major differences between the teglas:

1. The ATR spectrum has a better linear baseline ¢ither the transmission or DRIFT.
A linear baseline ensures a uniform base: pea& valiich in turn results in a more
accurate quantitative analysis.

2. The CQ/moisture bands are clearly visible in the transiois spectrum between the
regions of 2402 — 2348¢hbut are generally absent in the ATR spectrum (Big).
The presence of the moisture bands affects bothrehegive positions of the
fundamental bands as well as the overall qualithefspectrum.

3. Fundamental bands present between the 600-4b@tthe transmission spectrum are
absent in the ATR and the DRIFT spectra. This mmaor limitation of the ATR
technique.

4. Although spectra of the clays show some family mgsiance between 600 — 400¢m
there are slight differences in positions of thedsathat distinguish them from quartz
and from one another. For example, the Si-O benbiargls at 528, 468ciin illite-
smectite occur at 539, 470¢nm kaolinite and at 512, 460¢hin quartz (Figs 5a-c).

5. The carbonates did not show any bands beyond tben8bregion for both the ATR
and transmission spectrum. Wilson (1996) show mstrassion spectrum for calcite
and dolomite with well resolved bands at 322, 228¢or calcite and 369, 262¢h
these are outside the mid-infrared region.

6. The DRIFT spectra exhibit more spectral featureanthboth the ATR and
Transmission. However, the DRIFT spectra are sSipmtly affected by the
Restrahlen effects which appear as spikes below@h8 cn region.
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Figure 3.4 Comparison between ATR , Transmission and DRIFT spectrdor (a) quartz, (b) lllite-smectite,
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3.5  Spectra Repeatability

The analytical procedures followed in this studgweed that absorbance bands are in the
linear region of Beer’'s law (equation 2.1). Anatgti errors were calculated by measuring the
standard deviation of the maximum absorbance ptakeg spectra per sample) for each
standard (Table 3.4; Fig. 3.6). Figure 3.7 showesaverlay plots of the pure minerals spectra
(three spectra) for each mineral. Spectra diffealbsorbance values of 0.02 for quartz; 0.05
for illite-smectite; 0.01 for kaolinite; 0.03 foalcite and dolomite. This shows that the ATR

produce highly reproducible spectra and thereforés ifeasible to perform quantitative

analysis.

Table 3.4 Errors in spectral repeatability

Minerals Illite-Smectite | Kaolinite Quartz Calcite Dolomite

Peak heightl | 0.3065 0.7898 0.4603 0.2963 0.2617
Peak height2 | 0.3306 0.7876 0.4654 0.3082 0.2530
Peak height3 | 0.2823 0.7846 0.4448 0.2828 0.2336
average 0.3064 0.7873 0.4568 0.2958 0.2494
std dev 0.0241 0.0026 0.0107 0.0127 0.0144
std err 0.0139 0.0015 0.0062 0.0073 0.0083
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Figure 3.6 Bar charts showing error bars for repeated specta of pure minerals
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Figure 3.7: Overlay plots for three repeated spectr for each (a) quartz, (b) lllite-smectite, (c) Kabnite, (d)

Calcite, (e) Dolomite
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3.6  Spectra Pre-processing

The spectra were baseline linearised using muittpmptions and adjusted to zero absorbance.
Smoothening to reduce noise in the data was dang &swvitzky-Golay algorithm (Savitzky
and Golay, 1964) with second degree polynomial o@rton function at 15 points to ensure
the structural feature of the spectra were notedteFigure 3.8 shows a typical spectrum
before and after pre-processing. Prior to calibratieach spectrum was normalised by
dividing the entire spectrum by the highest peakensity in the spectrum such that the
optimum absorption is between 0 and 1 using thermbeNicolet Grams Al software.
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Figure 3.8: lllite-smectite, quartz, calcite mixtures before (a) and after (b) the applications of batine,
smoothening and normalisation
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3.7 Calibrations

A total of 26 pure mineral mixtures were used toedep and validate the model called-
ATR-PLS-MM model. Seventeen of the twenty-six mgsiwere used to develop the model,
and the remaining nine were used in the validghimtess (Appendix 1). The weight percent
ranges (concentrations) of the pure mineral compisnased in developing the model are
given in Table 3.5. Furthermore, the mineral contdriwelve reservoir shale core samples
from the Nile Delta and the Western Canada SediangnBasin were analysed using
guantitative XRD and the ATR-PLS model. This was@a order to assess the prediction
capability of the model.

Table 3.5 The relative compositions of mineral standards wsd to develop the calibration model

Mineral Typical structural formula Weight %
ranges
lllite/ Smectite (K,H3O)(Al,Mg,Fe)(Si,Al)4010[(OH),,(H0))/
(Na,Cap 3dAl,MQ) (Si4010)(OH),'nH0 0-80

Kaolinite A|4S|40]_0(OH)8 0-30
Quartz SiQ 0-80
Calcite CaCQ 0-60
Dolomite CaMg(CQ): 0-30

The PLS model was developed on the Pirouette sodtwaplatform

(http://www.infometrix.com). The optimum number for factors used in the model

development was determined from the predicted esuon of squares (PRESS). PLS is a
multivariate statistical technique (Geladi and Ktskg 1986; Beebe and Kowalski, 1987)
that can be used to quantify analyte in infraredcsja that are expressed using the Beer-
Lambert law for absorbance or the Kubelka Munk egjent for spectra obtained using
DRIFTS. This technique is particularly appropriateen analysing complex multiple spectra,
which contain broad and overlapping bands. In esséme PLS algorithm examines regions
of the spectra to determine which areas vary asetibn of component concentration (Beebe
and Kowalski, 1987).
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In PLS computation, the complex relationship bemvea very large number oX
independent variables and dependéntariables is compressed into small number of linea
combinations of the originaK variables, and only those components are used en th
calibration (Beebe and Kowalski, 1987). In additidhe dependenY variables are used
explicitly in how each factor (component) is comgmifrom spectra (Bjorsvik and Martens,
2000). The most important advantage of PLS regrasg comparison to more simple
regression methods is that many co-linear, indepatrXl variables can be handled, which is
essential in FTIR analysis because of the largebauraf spectral data points which correlate
with each other (Martens and Naes, 1989).

A PLS regression model is established between ax1¥t containing absorbance ratwave
-numbers fom samples; & matrix containing the concentration-path lengtbdoct of p
components in the samples and & which is ap by mmatrix. Each row oK corresponds to
the spectrum of one of thppanalytes at unit concentration and unit path lengtcth row of
X is the spectrum of one of timesamples, containing the absorbance values at éiffevave

numbers. The matrix formulation of Beer's Law is:

X=Y--—-—"""-""""-————— - —— = = —— — = Equation 3.1
Where:

X Is then by m matrix of absorbance of the samples

Y is then by p matrix containing the concentration-pathlength picicbf  the p

components in the samples

K Is ap by m matrix.

Any sample’s spectrum is assumed to be the sunmeofspectra op components in the
sample. Prior to modelling, the mixtures are didideto calibration and validation sets. The
composition of new samples.g, unknowns) can be determined immediately fromrthei
spectra and. Designating the spectrum of a single new sampbé,a, equation (1) can be

rearranged to give a vector of estimated conceotrafor this sample:
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Ynew = Xnewf = XnewKT (KK)™1 - - - — - — — — — — — — — — — Equation 3.2
Wherep is amatrix containingp column vectors, one for each component.
The individual regression vectors are thus the rook of the pseudo-inverse f,

symbolized byK":

B=KT(KKD)™?! - - - - e e e e e e —— Equation 3.3
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3.8  Results and discussions of the ATR-PLS-MM model

The calibration model was validated by first compgrpredicted results to the actual
concentrations of the individual minerals, for setgsof mixtures not included in the

calibration, as well as for independent shale sampBecause the weight percent of the
mixtures in the validation set and the XRD datatfe@ shale samples known, the calibration
model could be tested for accuracy by statisticatisnparing the ATR-PLS predicted values
for the known mixtures and the shale samples agties known values. This provides an
indication of the likely performance of the calibom model in predicting the mineral

composition of unknown samples in the future.

The composition of samples (mixtures) predictechgighe calibration model, occasionally
gave negative mineral predictions when the conagafrs are low. This is a problem
encountered in all multivariate models, and cahegibe ignored or assigned as containing
none of the specified components (Beebe and Kowal§87). All negative values were

reported as computed by the model in this studyder to gain full insight of any variability.

The ability of the pure mineral mixture model tccsessfully predict the concentration of

each mineral standard in the validation mixture isetepresented in Fig. 3.9. The figure

shows the cross plots of predicted concentrati@ingg measured concentration as well as
correlation coefficients. A one to one solid lire drawn through the origin to represent
predicted concentrations equal to actual conceotrstto demonstrate the accuracy of the
model. Similarly, dashed lines were drawn abovelsidw the actual values to represent the
+10% lines.

The correlation show there is a good agreement deivthe IR-derived and the known
(measured wt %) concentrations with correlationffaments of 0.96, 0.94, and 0.90 for
quartz, kaolinite and calcite respectively. lllgmectite and dolomite exhibit lower
correlation coefficients of 0.88 and 0.78 respetiiv
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The average absolute difference between measuckdradicted concentrations is calculated
for each mineral and presented in Table 3.4. Tlsolate average error between actual and
predicted values were <5wt % for all the mineradsept illite-smectite which have 6.6wt %.
The absolute weight difference between measuregeetdicted values for more than 80% of
all the mixtures is < 10 wt % for all the mineré#sg. 3.9).

The low correlation coefficients for illite-smeeitand dolomite are an indication that the

model is likely to work better in predicting quartalcite and kaolinite compared to illite-
smectite and dolomite.

Table 3.6 Errors for the pure mineral mixtures model on validation mineral mixtures

Quartz Calcite Dolomite Kaolinite Illite-

smectite
Average error (wt %) 4.0 4.8 4.5 2.6 6.6
STD 3.0 6.5 5.4 3.4 8.4
std error 1.0 2.2 1.8 1.1 2.8

Table 3.7 Errors associated with minerals for the pure mineal mixtures model on independent shale
samples

Quartz Calcite Dolomite Kaolinite lllite-smectite Clays Carbonates

Average error 8.1 10.6 7.2 10.2 8.2 10.4 147
(wt %)

STD 9.6 115 8.6 11.7 8.2 134 118
std error 2.8 3.3 2.5 3.4 24 3.9 3.4
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3.8.1 Application of ATR-PLS-MM model to independent shak rock samples

The model was also validated using independenestahples that were different from the
calibration samples. Figure 3.10 shows plots ofemahconcentrations measured by XRD
versus ATR-PLS-MM predicted concentrations for shedmples. The shales were drawn
from two different settings to account for naturgriability in concentrations and
crystallinity. A total of 12 samples were used;esamples were selected from two fields in
the Western Canada Sedimentary Basin and thredesingm the Nile Delta.

The average absolute differences between measkiRid)(and IR predicted (ATR-PLS-MM)
concentrations for each mineral are shown in Té@e The concentrations of the clays
predicted by the ATR-PLS-MM model were generallyéo for kaolinite compared to those
obtained by the XRD in the Nile Delta samples medpcted higher in the Canadian samples
with an average error up to 10wt % and a p — vafu@.53 (Fig. 3.10). Generally, the Nile
Delta shale contains high concentrations of katgibut the high discrepancies may also be
because the shale rocks contain small amountshef atays (chlorite). These clay minerals
exhibit infrared bands in similar spectral regidnsthose of the mixed layer in the OH
stretching region as well as the Si-O bands thukingathe distinction between the clays
difficult. The model however, predicted values fbe illite-smectite which compared well
with the XRD values despite the low correlation floents (0.88) observed in the mineral
mixture validations. Average error for the illitesctite is 8.2 wt % and a t-test indicated a p

value of 0.15 (Table 3.5) revealing that the twameements do not differ statistically.

The correlation between the two measurements foiteavas good (R= 0.90) but have an
average error of 11.5wt %, although a p — value.58 suggests that the measurement do not
differ significantly over the range of samples gsatl. Like the kaolinite, most of the errors
come from the Nile Delta shales. The large varrabetween the IR and XRD calcite values
can be attributed to the presence of other carben@iderite) present in these shales but
uncounted for in the calibration. Siderite and nesie have been reported to exhibit infrared
bands in similar spectral regions to those of dder{Breen et al., 2008), and even though
they were not included in the model, they mightéhaentributed to the results, thus making
the prediction for the carbonates less accurate.
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Figure 3.1Q Bar charts showng comparison of known concentratins of mineral (quartz, kaolinite and
illite-smectite) (XRD) and ATR-PLS model predictedmineral concentrations in independent shale

C — samples from Western Canada Bigstick core;aipdes from the Nile Delta; T - samples from West€anada Wildmere core
(from Table 3.1)
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Figure 3.11 Bar charts showng comparison of known concentratins of mineral (calcite and

dolomite) XRD and ATR-PLS model predicted mineral oncentrations in independent shale

C — samples from Western Canada Bigstick core;afses from the Nile Delta; T - samples from West€anada Wildmere core

(from Table 3.1)

The XRD values for dolomite compared against thevéiRies for these shales are actual
combination of the (dolomite and siderite) becaiderite was not included in the calibration.
The average error between IR and XRD dolomite wlger.2 wt% and t-test show that the

values are significantly comparable with a p-vatie0.38 despite a very low correlation

coefficient of 0.1.

Previous IR quantitative mineralogy using transmis@&nd DRIFT analysis (Matteson and
Herron, 1993) suggests that prediction accuragyi®ased if class of minerals are compared
rather than individually.

unique. Consequently, if the spectra of two or neameponents are similar then correlations

Ideally, the spectraioinmation in each mineral spectrum should be
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between spectra and concentration informationtvaltlifficult to distinguish and quantitative

results will be inaccurate.

In their study, Matterson & Herron (1993) show etation coefficients for the transmission
FTIR spectra of illite, smectite, kaolinite, chkexi biotite and muscovite and suggest that it
might be difficult to differentiate these minerdtem one another but demonstrates that the
four clay types can be quantified on average. antyil Breen et al. (2008)) developed a PLS
model from the DRIFTS spectra of mixtures of sewveimeral standards encountered in
sandstone-type rocks; quartz, dolomite, montmarilly illite, kaolinite, chlorite and albite.
The results of the PLS-DRIFTS model show that tlwen sof the individual clay
concentrations compares better with XRD concemtnatthan the individual clay minerals.

A plot of (a) the combined carbonate (calcite anbbuhite) and (b) clays (kaolinite and illite-
smectite) concentrations are presented (Fig. hé&@yuse the model produced relatively poor
predictions for the kaolinite and the dolomite. Snas anticipated for the carbonates as the
attenuated spectra of calcite and dolomite are samlar which might be because of their
similar intra-atomic bonds in the carbonate radi¢@lQ) %, structure and properties (Harris
et al.,, 1995). However, the combined predictedceatrations of the minerals were better
than the individual mineral. The correlation coafint between the IR carbonates and the
XRD carbonate value (R= 0.89) is slightly less than that of calcite adsut significantly
more than dolomite alone. The average error fortoked carbonates increased to 14.7wt%;
although more than half the samples have absofubese<10wt%, p —value of 0.30 shows
the two measurements are still statistically corapla. The same trend is observed for the
clays (kaolinite + illite-smectite) where the cdateon for individual illite-smectite is better
than when combined with kaolinite. The combinedyslaeturned average error of 10wt%
between the IR predicted and XRD measured condemtsaand a p — value of 0.38 over the

range of samples considered.
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Figure 3.12 Bar charts showng comparison of known concentratins of mineral mixtures (combined
clays and carbonates) XRD and ATR-PLS model predied mineral concentrations in independent
shale

C — samples from Western Canada Bigstick core;afymes from the Nile Delta; T - samples from West@anada Wildmere core
(from Table 3.1)

Despite these limitations for the dolomite and kat#d minerals, the ATR-PLS model
produced good predictions for all the minerals udeld in the mixtures calibration with
average errors of no more than 10 wt %. Previdudies indicate that minerals can be
estimated using the IR technique to within 5wt %t &xample the DRIFT study of Breen et
al. (2008), whose calibration was not able toeddhtiate between montmorillonite and illite,
due to the similarity of the DRIFT spectra of thesmerals, but was able to quantify the

combined (montmorillonite + illite) concentratiottswithin 1 wt. %.
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Similarly, the results obtained when they applié@ PLS-DRIFTS model to several
sandstone-type quarry rocks and a suite of oilfrelskrvoir rocks did not describe all the
mineral components present in the samples as icdle with the ATR pure mixtures
calibration in this study. They report over-preainot of the concentration of albite in the
quarry rocks due to the presence of K-feldsparchiias a similar DRIFTS spectrum and
was not included in their model. However, the mogeddicted the total (albite and K-
feldspar) concentration to within 4 wt. %. Whesylapplied a separate PLS-DRIFTS model
constructed using the DRIFTS spectra of the odfiedservoir rocks for the prediction, the
carbonate components, calcite and dolomite couldifberentiated and quantified to within

5.0 and 3.6 wt. %, respectively.
This shows that more sophisticated models, whiatorporate and describe a higher

percentage of the variance in unknowns, might &rrttnprove the predictions. Such a model

could be constructed from data set of cored shales.
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3.8.2 ATR-PLS-SR model of shale rocks

As a result of the constraints encountered with rthieeral mixture model, a second PLS
model was constructed from the ATR spectra recofdma core shale rocks called ATR-
PLS-SR in order to determine whether a data setacong natural variability in mineral
concentration and crystallinity would affect itsldai to predict the concentration of samples
of a similar nature. Forty-seven shale samples vgelected from the western Canada
sedimentary basin and the Nile delta to accounvémiability from different settings. All the
Nile Delta samples (23) come from the same areagR&ield) whereas 20 samples come
from the Bigstick area and four (4) samples from Wildmere area of the Canada basin. All
the shales have been independently analysed fottitatave mineralogy using XRD by the
Macaulay Institute, Aberdeen.

ATR spectra of thirty four of the shale samplesevesed to create the ATR-PLS shale rocks
calibration model, while the remaining thirteen eveised to validate the model (Appendix 1).
The model was extended to include two more minevhish are common to these shales and
which were not included in the pure mineral mixtaredel. These are chlorite and feldspars,
the feldspar concentrations used in the calibratiema combination of plagioclase and K-
feldspars. These were added because their spe@rairailar, i.e. do not have unique
diagnostic bands distinguishing them, and also Um#hey occur in small concentrations in
these shales. Similarly, the dolomite and sidex@iecentrations were summed together and
considered as ‘dolomite’ prior to the calibratidine shales contain some other minerals such
as pyrite and anatase that occur in minor concagorisabut which were not included in the
calibration. Because it is essential that the totaleral concentrations add up to 100 for the
calibration to be accurate, all the minerals werenalised to account for the minor minerals

not included in the calibration.

The ability of the ATR-shale model to predict migeroncentrations in independent samples
is shown in Figures 3.13 to 3.16. Figure 3.13 skoves plots of the model predicted values
against their known XRD values for all the minertalgether with their respective correlation
coefficients. The solid line passing through thigiarrepresents a one-to-one comparison of
the two methods with dotted lines above and betalicating prediction within £5wt. %.
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The model predictions for quartz and calcite wesgy\good with correlation coefficients >
0.9 and absolute errors within £5wt % for 90% anorenthan 50% of the samples for the
quartz and calcite respectively. The correlatiorfiocents for the kaolinite and illite-
smectite are 0.89 and 0.80 with about 85% of tha tHdling within 5wt % absolute error
for the kaolinite concentrations. There is moretscdor the illite-smectite prediction where
more than 50% of the samples fell outside the +5wat¥olute error margin. The feldspars
and chlorite were predicted within absolute erafrs2wt % and +4wt % despite having low
correlation coefficients of 0.77 and 0.53 respetyiv

Generally, all the mineral concentrations werenested with an average error of < 5wt %
(Table3.6; quartz, 3.1; feldspars, 0.6, kaolin8€l,; chlorite, 1.5) except, for illite-smectite
with 5.8wt% and calcite and dolomite with 9.6wt #dab.9wt % respectively. This highlight
the problem of distinguishing between the clays amatbonates minerals using the
multivariate analysis mostly due to spectral sintikes that arises due to similarities in

chemical compositions of minerals in the same group

The results show that the ability of the model tedict the mineral concentrations was
reasonable despite the low correlation coefficiemtishough, the relative error at low
concentrations is high. This model was able to iptede minerals separately with improved

accuracy compared to the pure mineral mixture model
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Figure 3.13 Plots of measured minerals concentration againghe PLS-predicted concentration for the
validation sets showing correlation coefficients fothe ATR-PLS-Shale Model
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Figure 3.14 Bar charts showng comparison of known concentratins of mineral mixtures (XRD) and
ATR-PLS model predicted mineral concentrations forvalidation set shales

C — samples from Western Canada Bigstick core;aipdes from the Nile Delta; T - samples from West€anada Wildmere core (from
Table 3.1)
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The combined plots of the total clays and carbanate given in Figures 3.15 and 3.16. The
scatter plots show that overall, the estimation tfer total clays which was obtained by
adding by the predictions of chlorite, kaolinitedalite-smectite, significantly improved with

a correlation coefficient of 0.95 and more than 86P4he samples estimated were within
5wt % error and average error of 4.4wt%. In castiréhe combined plot show that the
ability of the ATR-PLS model to predict carbonatesicite + dolomite) concentration is less
accurate with a correlation coefficient of 0.86 aratles generally having absolute errors up
to 10wt % and average error of 10.5wt %.
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Figure 3.15 Plots of measured minerals concentration for theeombined clays and carbonates against
the PLS-predicted concentration for the validationsets showing correlation coefficients for the ATR-
PLS-Shale Model. Carbonate shows a better correlath overall, because calcite R2 = 0.93 and
Dolomite R2 = 0.07
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Figure 3.16 Bar charts showing comparison of known mineral oncentrations (XRD) and ATR-PLS-
Shale model predicted mineral concentrations for viddation set (samples from Western Canada and
Nile Delta) on combined clays and carbonates

C — samples from Western Canada Bigstick core;aNyses from the Nile Delta; T - samples from West€anada Wildmere core

(from Table 3.1)

The bar charts demonstrate that although the mmztzlsionally under or over predicts the
mineral concentration the patterns are similar hosé predicted by XRD and most
importantly within £5wt% of the true XRD values.
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3.8.3 Application of the (ATR-PLS-SR) model of shale rock to Independent shale
samples

The ATR-PLS model of shale rocks was applied tadistethe mineral concentration in
entirely new shale samples different from the amsesd in the calibration set. Twelve shale
samples of varying mineral composition supplieddmnnoco Phillips with two independent
XRD measurements conducted by Conoco Phillips redfieio as base XRD in this report and
XRD measurements conducted by Core Laboratoriesrresf to as terra in this study
(Appendix 1) were compared against the IR prediatedcentrations using the shale rock
model. The shales were derived from five differéarmations including: Indian Castle,
Nordegg, Fernie, Monteny and Duvernay and captaresde range of shale compositions

from siliclastic-shale to calcareous shale and diimee.

The predictions for quartz compare reasonably wéh the two XRD measurements in all
the samples with an absolute error <5wt % (Fig 8.IfAe only exceptions are the Nordegg-
black chert sample where the IR underpredicted(wt% and the Nordegg-calcareous sand
where there is significant underestimation compacethoth XRD values. While this is a
major concern, it is thought that small scale legeneity may have caused the wide error
since analyses were not run on the same sampleotdiq

The results indicate that the ability of the ATRS?ER model to predict kaolinite and the
feldspars in independent sample set was poorerthganalidation sub-sample sets of similar
shales have suggested (Fig. 3.18). Chlorite antrki@oare always identified by IR but not
generally picked up the XRD. This was possibly tuartefacts errors associated with the
software as the range of these two minerals isinvitie error margin of around 5wt%, and
also possibly due to the fact that the spread ofikiée and feldspars concentration of the
shale samples used in the calibration did not cakeroptimum ranges. The maximum
concentration of feldspars in the calibration set10wt% whereas the range in some of these
shales (i.e. Montney shales) measured by XRD is 20@1t%. Apart from the Indian Castle
shale and the Fernie Shale, kaolinite has not detatted by the two XRD measurements for
all the samples as against the IR prediction wprgdlicts kaolinite concentrations of < 9% in
all the samples (Fig 3.18). However, all the kat#inR predicted concentrations are within

8wt %, with a mean value of 6.8, sufficient to shgt the average errors are still within
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10wt %. This implies that model predictions for erial concentrations below 10% is less

accurate compared to minerals that occur in highecentrations (>10%).

100
90
80
70
60
50
40
30
20 -

B Quartz base ®m Quartz terra Quartz IR |

= Feldspar base ® Feldspar terra Feldspar IR

25

20

15

10

Figure 3.17 Bar charts showng comparison of known concentratins of quartz and feldspars(XRD)
and ATR-PLS-Shale model predicted mineral concentréions for independent shales. Base-Conoco
Phillips XRD measurements, Terra- Core Labs XRD mesurements.

The IR predicted concentrations for the mixed ldy8rcompared better with the Core Labs
terra XRD values than with Conoco Phillips base X#ues. The Nordegg-calcareous sand

and Montney-plagioclase shales show the highesatiews (~20 wt %).
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Figure 3.18: Bar charts showng comparison of known concentratios for the clays (XRD) and ATR-
PLS-Shale model predicted mineral concentrations foindependent shales. Base-Conoco Phillips
XRD measurements, Terra- Core Labs XRD measurements
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The difference between the two XRD measurementierindian Castle shale for the illlite-
smectite is ~17wt% and this shows that signifiadfierence can occur even within different
XRD measurements of the same sample. This may lee tdudifferences in sample
preparations or simply because of subtle differene@ mineralogy due to sample
heterogeneity. Furthermore, differences in XRD déaids may potentially results in different
guantification of the same mineral. The illite-snitecpredictions in all the other samples
compares well between both XRD measurements wiblate error of <2wt%. The fact that
neither the IR nor the two XRD analysis detectditetbmectite in the Nordegg limestone

demonstrates the strength of the IR techniquetimatng the mineral concentrations.

The prediction for the calcite and dolomite shogngicant improvement compared with the
mineral mixture model prediction on blind shale péas. The IR values agree with the two
XRD values, however, the predictions in the Indiastle and Montney samples indicate that
the distinction between the carbonates remain bl@m The IR did not detect any calcite in
the Indian Castle shale while the XRD values bbihwscalcite concentration of 23wt % and
in turn the IR estimated 37% dolomite while the XBDialyses all measure just <10% in the
same sample (Fig. 3.19). Similarly, in the Montrantomite shale, the IR predicted the
dolomite as calcite, estimating 43% calcite anddifomite where as the XRD measures 20%
calcite and 35% dolomite (Fig. 3.19). Although thmodel was not able to distinguish
between calcite and dolomite with sufficient accyrahe calcite predictions compare well
with measured values with absolute error within 00w for 70% of the samples with an

average error of 12.3%.
Figure 3.20 shows plots for the combined clays @arbonates indicating that the prediction

ability of the shale model is significantly impral/én estimating combined species than in

predicting individual mineral within a group.
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Figure 3.19 Bar charts showng comparison of known concentratins for the carbonates (XRD) and
ATR-PLS-Shale model predicted mineral concentratios for independent shales. Base-Conoco
Phillips XRD measurements, Terra- Core Labs XRD mesurements.

The IR combined clays compares better with the Co+ihillips base XRD measurements
than with the Core labs terra measurements, utiigel-S which compares better with the
Core labs terra measurements than with the ConbtlypB base. The absolute errors for the
clays and carbonates are within 10wt% with an alleaverage error of 6.4 and 9.0 for the
clays and carbonates respectively. A statisticalraary for the IR measurements against the

XRD measurements is presented in Tables 3.6 & 3.7.
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Figure 3.20 Bar charts showng comparison of known concentratins for total clays and total
carbonates XRD) and ATR-PLS-Shale model predicted meral concentrations for independent
shales. Base-Conoco Phillips XRD measurements, TarrCore Labs XRD measurements.

In summary, the ATR-PLS-SR model has shown thadiptien on a sub set samples of the
same origin as the calibration set is accurateitbinvSwt % for all the minerals except for
the carbonates. The prediction for the total ckyd carbonates has shown that the clays can
be estimated within 5wt% but up to 10wt% for thebcmates.
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Table 3.8: Errors for the ATR-PLS-SR model on validaton set shales

Quartz Feldspars Calcite Dolomite Kaolinite chlorte lllite-smectite Clays Carbonates

Average error (wt %) 3.1 0.6 9.6 5.9 3.1 15 5.8 4.4 10.5
STD 3.9 0.9 13.9 8.1 3.7 1.9 6.9 5.9 12.7
std error 11 0.3 3.9 2.3 1.0 0.5 1.9 16 35

Table 3.9: Errors for the ATR-PLS —SR model on indepedent (blind) shales

Quartz  Feldspars Calcite  Dolomite Kaolinite chlorte lllite-smectite Clays Carbonates
Average 11.2 8.4 12.3 8.5 6.8 2.8 6.2 6.4 9.0
error
(wt %)
STD 16.2 8.2 15.9 15.6 4.5 1.8 8.4 6.6 115
std error 4.7 24 4.6 45 13 0.5 24 1.9 3.3

Application of the ATR-PLS-SR model to independshiles from different formations
resulted in greater errors but predictions aré\stthin 5-10wt% for all the minerals. These
errors can be attributed to the fact that the spaganineral concentrations did not cover the
optimum ranges. The range of kaolinites in thebcation samples is concentrated between
0-10% and 20-30%, samples with concentrations énrtimge of 10-20wt% were generally
absent. The range of quartz at high concentrati6@&t% and over) were not well spread.
Therefore, further development on the calibrat®meécessary to include a larger number of
real samples and pure minerals with concentratisguscovers all the expected variabilty.
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3.8.4 ATR-PLS model of semi-artificial shale rocks (ATR-R.S-SMM)

Since the samples used as a calibration set iRT#PLS-SR did not cover the optimum
ranges for all the minerals, the calibration ddtaszs extended to include broader range of
shales concentrations amended by adding known tgemfhpure minerals. In essence, the
shale mineralogy was altered by mixing with pureenals thereby creating semi-artificial
mixtures containing new concentrations of the naterThe pure standard minerals were
added in known amounts as (wt %) to selected rércks the Western Canada Sedimentary
Basin and from the Nile Delta (Appendix 1) thusreasing the concentration of the added
mineral and reducing the concentrations of the neimg minerals which were then

normalised to give the relative concentrationsliofh@ minerals in each sample.

Sixty-three natural shale samples and mixtureshalesplus pure minerals were used in
creating the third model (ATR-PLS-SMM) from spectrashales plus mineral mixtures in

order to obtain a calibration that captures a walege of mineralogies. This was important
because the calibration will be able to accountviaabilities that may arise between the
same mineral deposited or formed in different emvinental settings. Differences in

crystallinity between the shales and the pure misemay mean the model predictions are
less reliable. Forty-five of the mixtures were undd in the calibration while the remaining

18 were used in the model validation.

Figure 20 shows the modelled results comparindPlt®e predicted values against the known
weight values for the minerals. The correlationsfftdent shown on the graph is for the
validation samples. Generally, strong correlatimese obtained for all the minerals between
the model predicted values and the known valudee figure also shows the range of values
used for each mineral and their distributions.lIrtree minerals have &> 0.8, except for the

chlorite.
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Figure 3.21 Plots of measured minerals concentration for (a)quartz, (b) feldspar, (c) kaolinite, (d)
chlorite, (e) illite-smectite and (f) combined clay against the PLS-predicted concentration for the
validation sets showing correlation coefficients fothe ATR-PLS-SMM Model
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Figure 3.22: Plots of measured minerals concentratn for(a) calcite, (b) dolomite, (c) combined carboates against
the PLS-predicted concentration for the validation sts showing correlation coefficients for the ATR-PLSSMM
Model

The correlation coefficient of the predicted vs.aswed quartz wt% is > 0.96 and using the
ATR-PLS-SMM Model improved the combined clays aratbonates to more than 0.9
indicating that that prediction is more accuratetfee combined groups than individual clay
or carbonate minerals. The plots show that the inedsble to distinguish between the clays
and carbonates although the prediction accuragyeiater when each group is combined. All
the minerals were estimated with an average eritrirwbwit% (Table 3.8). The average
errors of 3.3wt & 3.7wt% were calculated for quaatrl calcite respectively. The feldspars,
dolomite and chlorite were estimated with an averagors of <lwt %; 0.7 for feldspar and
chlorite and 1wt % for dolomite. The highest errermsre calculated for the illite-smectite
with average value of 4.9wt% but kaolinite has wearage error of only 2.4wt%. Combined

clays and carbonates were predicted with averagesesf 3.9 and 3.5wt% respectively. This
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shows that a robust calibration is capable of esimg mineral concentrations of similar

samples with accuracies between 0 - 5 wt percerdlifoninerals.

Table 3.10: Errors for the ATR-PLS-SMM model on validdion set shales

Quartz Feldspars Calcite Dolomite Kaolinite chlorte lllite-smectite Clays Carbonates
Average 3.3 0.7 3.7 1.0 2.4 0.7 4.9 3.9 3.5
error
(wt %)
STD 4.0 0.9 45 15 3.0 0.9 7.2 5.0 4.2
std error 0.9 0.2 11 0.4 0.7 0.2 1.7 1.2 1.0

3.8.5 Application of ATR-PLS-SMM to independent shale sarples
The ATR-PLS-SMM model was used to predict the naheroncentrations in 9 shale

samples supplied by Conoco Phillips; results aesgmted in Figures 3.23 to 3.25.

Figure 3.23 shows the comparisons between thress typDuvemay shales; a siliceous shale,
calcareous shale and pyrite-rich shale. IR predictalues compared very well for the
siliceous and calcareous shales (error within 5vWd®omost minerals, but up to 10wt% in

some) but did poorly in the pyrite nodule.
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Figure 3.23: Bar charts comparing two XRD mineral oncentration for Duvemay siliceous,
calcareous and a pyrite type shales against the Ipredicted concentration for the ATR-PLS-SMM
Model
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Figure 3.24: Bar charts comparing two XRD minerals concentration for Montney calcareous and an
argillaceous type shales against the IR -predictecbncentration for the ATR-PLS-SMM Model

This is not unexpected because pyrite ¢gredich occurs in concentrations up to ~30%, as
measured by the base XRD, and has not been includéue calibration. The pyrite is

interpreted to result in the overestimation of tthiged-layer clays since both contain‘Ee

The mineralogy of two types of Montney shales; aadous siltstones and argillaceous
siltstones are presented in figure 3.24 showingtmeparison of IR predicted concentrations
against XRD measurements. Both shales conataint &36upyrite and 5% kerogen which
were not accounted for in the ATR-PLS-SMM modelhrations. Despite this, the model

predicted well for all the minerals in both shalath errors <10wt%.
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In Figure 3.25 the ability of the IR to estimatee thoncentration of a single dominant
mineralogy is demonstrated. Two Nordegg shalesistimg of a dominantly crystalline
limestone and calcareous sandstone show the IRcmeddvalues compares with the XRD
measurements to within 5-10wt % error margin. TRDXtechniques measured 10% apatite
in the calcareous sandstone and none of the dldysreas the IR predicted ~10% mixed
layer clays in the Nordegg calcareous shale. Becapatite Ca o(PO,)s(OH, F, Cl, Br}) was

not part of the calibration, it is assumed thatriedel assigned the apatite concentration to
the clays because both contain high concentrafidry@roxyl groups and thus both minerals
may contain similar absorption bands in the OHtsliag and bending regions of the

spectrum, although this needs to be investigated.

The mineralogy of two additional shales; the Ind@astle shale and the Fernie shale are
presented in figure 3.26. The plots show the litiataof the model in distinguishing between
minerals of the same group when the model is appplieestimate mineralogy in independent
(blind) samples. In the Fernie shale, IR predi@®&dcalcite 0% dolomite; whereas, the XRD
measurements calculated 0% calcite and 8-12% otith@mite. The IR estimation for the
mixed layer (illite-53%) is closer to the terra XRDlite-46%) values than with the base
(illite-29%). However, the base XRD calculated 23% montmorillonite which when

combined with the illite gives a total of 52%.

The mineral concentrations for the two XRD and IBasurements in the Indian Castle shale
highlights that some of the differences could be thusample variability and differences in
sample preparation. For example, the terra XRD I&dstimated equal concentrations for
the illite (21% each), but the base XRD measurdg 6% illite. In contrast, the base XRD
and IR compares better in the estimation of quaitia 38% and 48% respectively, while the
terra XRD measured only 22%. The XRD measurementgpared better for the plagioclase

and the carbonates than either with the IR values.
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Figure 3.25: Bar charts comparing two XRD mineralsconcentration for Nordegg crystalline and a calcagous

type shales against the IR -predicted concentratiofor the ATR-PLS-SMM Model
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Figure 3.26: Bar charts comparing two XRD mineralsconcentration for Nordegg crystalline and a calcagous
type shales against the IR -predicted concentratiofor the ATR-PLS-SMM Model
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3.9 Application of the FTIR Mineralogy to create a Mineralogy Log

The ATR-PLS-SMM calibration was run on a 22m thiskale gas formation, and a
mineralogy concentration log created (Fig. 3.2Te Tata represent 209 core samples from a
single wellbore taken at 1cm intervals. The intebetween 506-507m was not sampled. The
log shows that the most abundant mineral foundhes itlite-smectite with an average
concentration of 59.7%. The average value for quart4.4%, kaolinite with 9.6%, feldspars
3.2% and chlorite 2.6%. The average concentratidh®6 and 1.6% values were measured
for calcite and dolomite but calcite is presentcancentration between 5 and 22%. Three
distribution patterns can be gleaned from the dakee interval between 498.0 — 504.7m
contain variable amount of quartz and illite-smectT his is followed again by an interval of
variable amount of quartz and illite-smectite beiwe513.3-519.2m and an interval of
carbonate streak at 519. 3-520m.
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Figure 3.27: Mineralogy Log for a Shale Gas Well
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Summary of FT-ATR spectroscopy quantitative minerabgy calibration models

A feasibility study was conducted in order to invgaste the potential of combining
ATR spectroscopy with PLS multivariate statisticgchnique for quantitative

mineralogical analyses of shales.

. The ATR technique produced spectra that are repiblguto within 0.05 absorbance

value.

Comparison of the ATR spectra with DRIFT and Traission indicate that important
diagnostic band below the 650 wave number werenalfeese include bands at 522,
464cm* for quartz; 530, 472cihfor illite-smectite; 543, 472, 462¢hfor kaolinite)
Three different calibration models were developexnf ATR recorded spectra and
tested with independent shale rocks of varying nailogical content determined
using quantitative XRD analyses.

The first model, ATR-PLS-MM, was constructed fromsed of pure mineral mixtures.
The mineral mixtures were designed to reflect fivejor mineral components found
in clastic and carbonates formations, namelyet$itnectite, kaolinite, quartz, calcite
and dolomite.

Application of the ATR-PLS-MM model on a subsetmixtures prepared from the
same pure minerals gave predictions with averag®late errors of 6.6wt% for
illite/smectite, 2.6wt% for kaolinite, 4.0wt% fougrtz, 4.8wt% for calcite and 4.5wt%
for the dolomites.

. Application of the ATR-PLS-MM model on 12 indepentleshales from Western

Canada basin and the Nile Delta gave predictionls aerage absolute errors up to
10wt% for calcite and kaolinite. The average erréws quartz, dolomite and
illite/smectite were 8.1wt%, 7.2wt% and 8.2wt% redprely.

The sum of the clays and carbonates did not saamfly improve the results. The
average error for the clays is 10.4wt% and 14.7¥a@the carbonates.

The large errors were attributed to unavoidabléedéhces in crystalline structures
between the pure minerals and the shale, althollgbamples were ground in the
same manner. Also, the shales contain other miserasmall quantities that were

unaccounted for in the calibration model.
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10.The second model (ATR-PLS-shale) which incorporeaesl describes a higher
percentage of the variance in unknowns, was cartetiufrom a data set containing
naturally varying minerals.

11.The model accounted for two additional mineraldudmg feldspars and chlorite.
The model predicted the concentrations of severerais for a sub-set of the shales
with an average error of < 5wt% for quartz, feldsp&aolinite and chlorite. The
calcite, dolomite and illite-smectite gave averag®rs of 9.69wt%, 5.9wt% 5.8wt%
respectively.

12.The degrees of similarity between the clays anbaraates spectra indicate that it is
difficult to determine individual minerals, thusstdting in the large errors.

13.The agreement between the IR derived and XRD miogyas better when the sum
of the clays are compared, with a combined aveeage of 4.4wt%.

14.The agreement between IR derived and known caresnatpoor, with a combined
average error up to 10wt % and leads to the coimeiubat it is difficult to quantify
the carbonates with sufficient accuracy using ApRcsroscopy.

15. Application of the ATR-PLS-Shale model on 13 indegent shale samples gave
estimations with errors between 5-10wt%. The mtaxh for the combined clays and
carbonates compared better with the measured XRDewathan the individual
minerals.

16.The major constraint of the second model in pradicthe mineral concentrations in
independent (blind) samples is that it did not cave optimum spread of mineral
concentrations. The model was therefore, extenolé@actude concentration ranges of
the shale plus added known weights of pure mindralsonstruct the third model
(ATR-PLS-SMM).

17.The third model was able to quantify the mineralsndependent natural shale rocks
to within 5wt% but occasionally with error up to viit9, especially when the
unknown shale contain other minor minerals notuded as part of shale rock
calibration occurring in large quantities.

18.Generally, in all the models, prediction is morewate when applied on samples

similar in nature and concentration ranges thaaroantirely different set of samples.
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19.The major limitation of the ATR technique is itsability to scan beyond the 650
wave number where Transmission spectra reveale@ e important diagnostic
bands for the silicates.

20.The feasibility study demonstrates that applyingltivariate non-linear regression
analysis on attenuated spectra of shale rocks Igts potential for quantitative
mineralogy.

21.The study also shows that quantitative mineralogiggithe FT-ATR technique is not
as accurate as other IR techniques such as Traiemisand DRIFT in which
guantification is achieved with errors within 1-B@{e.g Breen et al. 2008 & Hughes
et al. 1995). However, the speed of spectral atgnsand data processing together
with small sample size requirement makes the ATHRrEue more desirable than the
other techniques. The ATR can be used as a semtitptave technique for acquiring

and building high resolution data quickly and chgap
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4 CHAPTER FOUR: MINERALOGY, GRAIN SIZE AND PORE SIZE
DISTRIBUTIONS FOR THE COLORADO GROUP

4.1 Introduction

The Cretaceous Colorado Group (Albian to Santoncamyprises of predominantly marine
shales that extends more than 1300km from the Rddkyntains to the Manitoba

Escarpment (Bloch et al. 1993). The Colorado Grampdstones have been studied
extensively (Buckley, 2004; Bloch et al. 1999 &198%&Neil and Gilboy, 1999; White et al.

1999; Schroder-Adams et al. 1996; Leckie et al.4198 terms of their sedimentology,

micropalaeontology, organic facies, geochemisty smurce rock potential. The mineralogy
and petrophysics of the shales must however alsonderstood in order to evaluate their

potential as gas shales.

This chapter presents the results of mineralogiodl petrophysical analyses conducted on a
suite of 409 Cretaceous samples from 40 wells amapcising five stratigraphic formations
from the lower Colorado Group (Fig. 4.1, Table & 1Appendix II). These samples have
been previously characterised for palynofacies gemthemistry (Buckley, 2004) to study a
west-east transect in organic facies. All the sasplvere analysed for quantitative
mineralogy using Fourier Transform Infra-Red (FTKpectroscopy. A total of 79 samples
were selected and examined petrophysically, by Mi€Betermine pore size distributions,
and were disaggregated to determine grain sizekldisbn. The samples selected for grain
size and MICP were drawn from five formations imtthg: the Viking Group, Westgate, Fish
Scales, Belle Fourche, and Second White Specksdtmms, therefore the sampling strategy
covers all the stratigraphic units. The generatgraphy of the lower Colorado Group is
reviewed by Bloch et al. (1993 &1999) and is showfkigure 1.2.

The main aim of this chapter is to describe th& Imiheralogy and grain size distributions of
the Colorado Group mudstone samples. In additiothisy grain size data is fitted with the
Kranck et al. (1996b) model and then used to detersediment depositional processes and
hydrodynamic conditions. Data from MICP is alsodise determine pore size distributions
as well as total porosity and permeability. Theulssare described formation by formation

while drawing general trends within and betweenfthmations.
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Figure 4.1: Map of the Western Canada Sedimentary &sin with location of studied cores (adopted from Bckley and Tyson, 2003)
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Table 4.1: Locations of wells within the WCSB map
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Sample Location Latitude Longitude Well Name Loc&on on map
CSO 06-07-12-28W4  4%8' 46.75" N  11348'58.77"W  Canadian Superior Oxley 1
SCD 03-07-13-27W4  5®M3'52.80"N  11340'35.81"W Sinclair C & E Dahl 2A 2
W 05-09-72-08W6 5513'10.83"N  11910'29.51"W Imperial Wembley 3
MB 11-21-12-23W4  5000'48.72"N  11305'21.82"W  Melaar Barons 4
EFR 06-10-39-09W5 520'18.41"N  11513'02.50"W Esso Ferrier 5
BSR 16-10-12-23W4  4%9'15.51"N  11303'17.94"W  Barons Superior No 1 6
SAF 14-22-39-08W5 522'31.83"N  11%504'15.95"W  Pembina Unit 1 Ferrier 7
BEIO 07-09-12-21W4  4£9%8'55.10" N 11248'37.02" W  Banner et al Ironsp 8
TBR 12-35-45-13W5 5255'32.67"N  11%47'03.28" W  Trilogy et al Brazr 9
GBR 16-30-45-12W5 554'47.01"N  11%543'19.98"W  Gulf et al Brazr 10
REW 16-18-39-05W5 521'38.15"N  11241'53.82"W Resman et al Willgr 11
MSL 16-28-37-05W5 5212'50.23" N 11238'54.53"W  Murphy et al Sylvan Lake 16-28-37-05 12
BVW 04-27-39-06W5 5222'48.84"N  11247'16.17"W  BVI Willgr 10-27-39-06 13
CLF 16-15-39-05W5 5221'41.59"N  11%37'40.01"W CPOG Leaf 14
AC 11-12-06-16W4  4927'37.37"N  11202'14.72"W  Amoco Conrad 15
PH 10-09-28-21W4  5122'54.70"N  11253'49.06"W PCP et al Hussar 10-09-28-21 16
MT 14-18-36-25W4  5205'44.97"N  11334'02.01"W  Marathon Threehick 14-18-36-25 17
PS 07-14-01-05W4 4®1'58.28"N  11034' 07.59"W  Pacific Amoco Sapphire 18
HLC 08-06-40-25W4  5224'31.94"N  11334'45.90"W  Husky et al Lacombe 19
CRB 06-23-14-10w4  5011'04.34"N  119116'08.39"W CPOG Rainbow 20
IK 05-01-77-20W5 5%38'29.04" N  118658'17.27"W  Imperial Kathleen 21
CB 10-34-42-22W4  5238'05.08"N  11257'33.93"W CNRL et al Bashaw 22
PFV 09-03-36-19W4 5203'47.13"N  11237'39.75"W  Paz Fennbv 23
DR 08-33-30-12W4  5136'34.57"N  11137'36.74"W Dome Richdale 08-33-30-12 24
MDA 11-30-41-18W4  5233'29.72"N  11235'01.56"W  Merland Donalda 25
MPD 11-15-41-18W4  5231'51.08"N  11230'52.84"W  Mobil Penzl 1B Donalda 26
AY 06-34-30-08W4 53136'35.15"N  11103'05.93"W  Amoco B1 Youngstown 27
HP 15-07-32-25W3  5144'08.39"N  10931'59.94"W  Hardy Prairiedale 28
AER 06-18-45-01w4  5252'39.01"N  11008' 27.63"W  Anderson et al Ribstone 29
AHR 10-35-45-02W4  5255'32.39"N  11010'47.64"W  Anderson Husky Roros 10-35-45-02 30
NH 07-28-29-20W3 5130'42.96"N  10845'25.19"W  Netherhill No 1 Strat Test 31
CVv 11-16-35-8W3 5200'33.98"N  10705'25.43"W CM & S Vanscoy 11-16-35-8 32
IF 16-04-21-25W2 5045'44.19"N  10%524'10.01"W  Imperial Findlater 33
GS 16-10-44-27W2  527'05.42"N  10%549'46.64" W  Grey Owl Syndicate 34
DT 11-36-10-13W2  4952'06.65" N  10338' 48.32"W Dome Talmage 35
LR1 04-23-46-16W2 Kennecott Leather River |-09-01 36
MG 08-11-33-09W2 57148'58.05"N  10310'03.63"W  Margo 8 11 37
Y 01-24-20-33W1 5043'48.00"N 10%155'55.92"W International Yarbo NO 17S 38
SWB 11-36-22-1W2 5066'30.49"N  10201'15.77"W  SWP Bredenbury* 39
CR 01-04-45-10W2 Kennecott Crooked River SK-16B-93-1 40
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4.2  Bulk mineralogical results of the lower Colorado Goup

Fourier Transform Infrared Spectroscopy was usedcdmpute semi-quantitative bulk
mineralogy on 409 Colorado Group samples by apglyie model constructed from ATR-
PLS-SMM derived spectra to predict quartz, feldspaglcite, dolomite, kaolinite, chlorite
and illite-smectite. All the samples were treatedhe same manner as the samples in the
calibration. Spectra of the rocks were obtaineidgus Fourier Transform AVATAR 360
FTIR ESP spectrometer with OMNIC software fittedhwan ATR Performer accessory and
equipped with a DTGS detector recording 32 scaasresolution of 8cfh

Figure 4.2a shows a plot of IR determined carbendtalcite + dolomite) vs LECO
determined calcium carbonate computed as the [totabanic content * 8] as a general
check on the accuracy of results predicted by thdeh The strong correlation coefficient (r
= 0.87) show that the FTIR mineralogical calibratiosed produced predictions with a
reasonable degree of accuracy with about 80% o$adhgple set within £5wt% of the LECO
values. Figure 4.2b is a scatter plot of clays wartg for the lower Colorado Group samples
with <20% carbonates content showing a strong negatorrelation (f = 0.83). This
relationship indicates that the clays and quartnsttute the dominant mineralogy

distributions for the lower Colorado Group.

The bulk mineralogy of the five major minerals tbe lower Colorado Group is shown in
Table 4.2. Ternary plots exhibiting the bulk minegy of the major species (quartz, clays
and carbonates) for the Colorado Group are showigure 4.3. The percentage of quartz for
the whole dataset ranges from 0.4 — 61.3% (meaB%)8with over 80% of samples
containing between 20-60%. lllite-smectite contesnies from 1.4 — 78.6%, with a mean of
38.5%. Kaolinite ranges from 0 — 24.8% with a me&B.79%. The concentration of calcite
ranges from 2.6 — 73.7% (mean 11.7%); over 70%aofpdes contain less than 10% calcite.
Low dolomite concentration was measured with valaeging from 0-26.9% (mean 2.4%);
with about 80% of the samples containing betwe@#l -
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The mineralogical analysis for the entire datasgjgests that the lower Colorado Group
formations are dominated by the clays and quadwever, each formation is different with
different mineralogical compositions, hence theyrevelescribed separately. Table 4.2
provides a summary of the bulk mineralogy analyBedeach formation, displaying the

variability in all the minerals throughout the sent

4.3  Mineral Distributions by Formation

4.3.1 Viking Formation

FTIR mineralogical analyses have been conductei9¥iking Formation samples. Figure
4.3 is a ternary plot showing the range of mineyaldata obtained for total clays, quartz and
combined carbonates. A restricted mineralogicatibistion is observed dominated by quartz
and clays which comprise a significant proportidntlee total mineralogy, indicative of
significant continental input. Quartz ranges fro2lto 46.8% and a mean of 34.2%. The
lllite-smectite contents of the Viking Formationngees from 25.9-56.8% (mean value of
39.8), while the samples contain between 2-14% (m®8%) values for kaolinite. Both
calcite and dolomite account for only up to 10%ha bulk mineralogy of samples analysed,

with mean values of 4.9 and 0.4% respectively.

4.3.2 Westgate Formation

FTIR mineralogical analyses have been conducted 38 Westgate Formation samples.
Generally the Westgate Formation exhibits a simitat a much broader range of
mineralogical distributions than the Viking Fornwetti Quartz and clays are the dominant
mineralogy with very low carbonate contents. Quaatzges from less than 5% to 50% with
more than 75% of the samples analysed containibhgele® 20 — 50%. The illite-smectite
contents of the Westgate Formation ranges from #25b-with majority of the samples (57%)
containing between 30-45%. Almost all the Westgséenples contain between 0-15%
kaolinite with the exception of a few which contaip to 25%. Both calcite and dolomite
account for only 5% in over 70% of samples analysétiough calcite values of up to 25%

were measured in a very few samples.
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Figure 4.2: Cross plots of (a) LECO determined carbioates versus IR determined carbonates, (b) Clays egiartz for
samples with <20% carbonates for the lower Colorad&roup data set

The range of mineralogy measured indicates thatlestgate Formation is consistent with
heterogeneous mixture of mudstones and silty sisalggested by (Bloch et al., 1999), and

indicative of transition in space between shelbasin (Tyson, 1995).
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4.3.3 Fish Scales Formation

Mineralogical data have been obtained for 44 Fishlé€s Formation samples from 14 cores.
Quartz percentage ranges between 4.6-61.3% (me&9%oR5lllite-smectite concentration
varies between 11.1- 66.8% (mean 38%). Kaolinitaesarange from 0-16.6% (mean 8.4%).
Like the Westgate Formation, the Fish Scales Foamagxhibit very low abundance of
carbonates; calcite (3.1 — 30.6) with a mean o¥%.4nd dolomite concentration between 0-
13.3% (mean 0.78%). However, an increase in catmieentration is observed in some

samples reaching up to 30% in the lower sectich@formation.

4.3.4 Belle Fourche Formation

Ninety nine Belle Fourche Formation samples fromcbres were subjected to the FTIR
mineralogical analyses. The Belle Fourche Formagiximbits a broader range of mineralogy
than the underlying Fish Scales Formation, withekative increase in the proportion of
carbonates. Quartz concentrations vary betwee&®% (mean 25.0%). lllite-smectite
values vary from 8.7-64.1% (mean 44.4%) signifigatiigher than quartz. The range of
kaolinite values measured in the Belle Fourche RBtion (0.9- 19.8%; mean 10.6%) is
similar to the concentrations determined in theeaulythg Fish Scales Formation. Calcite
values ranges from 2.9-52.5% (mean 6.7%), and dt#otoncentration vary from 0-22.2%
(mean 1.44%). The broad range of carbonate coratemts and its positive covariance with
clay is interpreted to represent transition in gpom proximal-shelf to distal basin (Tyson,
1995).
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Table 4.2: Mineralogical Composition of the lower Ctorado Group Shales

FORMATION N Minimum Maximum Mean Std. Deviation
VIKING

%Quartz 19 19.20 46.80 34.19 8.22
%Calcite 19 3.40 9.90 4.88 1.58

%Dolomite 19 0.00 1.40 0.35 0.42

% Kaolinite 19 2.60 13.70 9.90 3.14

%lllite-Smectite 19 25.9 56.80 39.38 7.91
WESTGATE

%Quartz 133 2.40 49.90 31.43 9.25
%Calcite 133 2.60 24.30 4.65 2.02

%Dolomite 133 0.00 4.80 0.39 0.70

%Kaolinite 133 1.30 24.80 10.30 3.80

% lllite-Smectite 133 26.20 66.20 43.23 9.82

BELLE FOURCHE

%Quartz 99 6.60 48.80 24.96 8.16

%Calcite 99 2.90 52.50 6.72 8.25

%Dolomite 99 0.00 22.20 1.44 3.68

%Kaolinite 99 0.90 19.80 10.56 4.47

% lllite-Smectite 99 8.70 64.10 44.44 10.48
FISH SCALES

%Quartz 44 4.6 61.3 35.53 12.95
%Calcite 44 3.1 30.6 541 4.07

%Dolomite 44 0.0 13.3 0.78 2.17

% Kaolinite 44 0.0 16.6 8.41 4.09

% lllite-Smectite 44 111 66.8 37.96 12.86

SECOND WHITE SPECKS

%Quartz 93 0.40 56.10 25.15 14.35
%Calcite 93 3.10 73.70 29.38 21.81
%Dolomite 93 0.00 26.90 7.45 8.75
%Kaolinite 93 0.00 22.00 4.65 4.60
%lllite-Smectite 93 1.40 78.60 25.31 17.45

UPPER COLORADO

%Quartz 21 0.80 45.30 26.40 11.88
%Calcite 21 4.00 67.10 10.47 15.14
%Dolomite 21 0.00 20.60 2.74 5.69
%Kaolinite 21 0.00 20.90 8.90 5.17
%lllite-Smectite 21 12.20 58.60 39.61 11.13
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4.3.5 Second White Specks Formation

Mineralogical analysis was conducted on 93 Secormitéa\Specks samples from 17 cores
(Fig. 4.3e). The mineralogy differs significantlyoin the other Colorado Group shales,
exhibiting the greatest variation of all the forioas as well as the greatest carbonate
contents of all the samples analysed. Abundanicates of up to 93% have been measured.
Calcite values range from 3.1-73.7% (mean 29.3%)omite values of between 0- 26%
(7.5%) were measured and are supported by SEM snagalysis (to be discussed further
later); although about 66% of the samples have nmditéo concentrations of less than 1%.
High quartz concentrations up to 56.1% (mean 251286 been measured in some samples,
indicative of continental contribution. The clayse alominated by the mixed layer illite-
smectites (1.4- 78.6%; mean 25.3%), but only fempas (~6%) have lllite-smectite values

up to 50% and above. Kaolinite varies from 0-22%dm4.7%).

Thin section and SEM examination of the Colorad@upr show that pyrite is abundant
within all the formations, although it was not detened in the IR mineralogy. Pyrite is

present in framboids and small cubes within in@mgiar pore spaces, and within
foraminifera. This pyrite was most likely formedrohg the early stages of burial as organic
matter was oxidized during microbially mediatedfatal reduction; this is a common process
within most present-day shallow shelf environméBisch et al., 1999), (Fig. 4.4).
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Ctrum 3

Electron Image 1

UofC COMP  15.8kV  188pm WD 1mm

Figure 4.4 (A) SEM ofa carbonate rick sample within the Second White Specks Formation, & depth of 275.6 mir
the SWB core showing the presencef calcites (B) SEM image within the Second WhitS€pecks Formation showing
the presence of both calcite and doite. Pyrite is also present as framboids and cuk
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4.4  Grain Size Distribution of the Colorado Group

A total of 79 core samples were selected for th® @8d MICP analyses incorporating the
Viking Formation, through to the Second White Sgec&amples for GSD were drawn from
Alberta to Saskatchewan (Fig. 4.1) wells and regmmethe upper, middle and lower sections
of each of the formations in order to observe temptrends and to account for any
variability. Tables 4.4 and 4.5 show that the imtlinal unit formation show subtle variation
in the grain size distributions. Some of the samplauld not be disaggregated either because
they have been deeply buried and were thereforectmsolidated, as in the case of the
Viking Formation or have been cemented by carbomaterals; this is more pronounced in

the Second White Specks Formation due to theiacadns nature.

Grain size distributions for 45 samples taken frihv@ lower Colorado Group show that all
samples comprise between 50-80% combined clayinadilt (Tables 4.4 & 4.5) that can be
incorporated into flocs, and are considered toitheeeshale or clayshale. All the formations
have ~ 20-40% sortable silt (10-62.5um). The Sedvhite Specks Formation has relatively
higher combined silt and sand content than therdtrenations. Highest clay content values
were found within the Westgate Formation and Betiarche Formation, where up to 80% of

the samples comprised 50% and over of clay-sizedmats.

4.4.1 Kranck model fitting

The grain size distribution of muds in seawateriremments has been used to infer their
modes of transportation, deposition as well asetimergy of the environment (Kranck et al.
1996b). These in turn have significant implicatiomsinderstanding sedimentary features and
in correlating stratigraphic units. The grain smedels classify particle size distributions of
weathered rock in the water column as a mixturesiogle grains and flocs, and each is
defined by a set of hydrodynamic properties. Pledismaller than ~ 1@n act in a cohesive
manner and are deposited as unsorted flocs, whiarggs particles, sometimes referred to as
‘sortable silt” mainly settle as single grains esponses to hydrodynamic processes and its
properties may be used in some way to infer palaeent (Kranck et al. 1996b; Kranck et al.
1996a; Kranck and Milligan, 1991b). The depositioh flocs to the sediment surface,
compared to single grains, is related to the enargy sediment concentration of the water

column such that the rates of floc formation exse#ldc destruction in lower energy
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environments and where suspended sediment contensrare high (Curran et al. 2004; Hill
et al. 2001). Therefore, the grain size distribuid muds is considered as a representation of
“the respective fluxes of flocs and single gratnsthe sediment-water interface, which in
turn depends on the concentration of each compamahithe energy of the environment”
(Aplin and Macquaker, 2012).

In terms of sediment transport, muddy sediments thezefore largely regarded to be
composed of two components: the first one is anomed component which mainly
comprises phyllosilicate grains less than ~ub® incapable of basin-scale ripple migration,
and a second component which is coarser and meamhprises tectosilicates; quartz, mica
and feldspars i.e. “sortable silt”; (McCave and &k, 1995) and which may be organised
into ripples. However, recent studies (Schiebeale2010; Schieber and Southard, 2009;
Schieber et al. 2007) have demonstrated thatflmtt and sortable silt can be transported as
bedload post deposition. These studies demonsthatie since clay-sized and silt-sized
sediments are able to flocculate and form a siffigle’ that is held together by weak Van der
Waals forces, it is therefore, capable of beinggparted in ripple form in a similar fashion
to sand-sized particles (Schieber and Southard9)200his analysis also indicates that
although clay-sized particles are largely deposagdocs, their occurrence in the geological
record cannot be restricted to low energy dejoosit environments (Macquaker et al. 2007).

The grain size cumulative curves were digitisedegating grain size frequency distributions
and fitted with Kranck et al's. (1996) model. Graize frequency distributions were then
plotted as log-log spectra of grain size (um) versweight %. The model assumes that
deposition of fine particles occurs at rates propoal to the exponential of their settling rate
from an unsorted turbulent source suspension (Kraaed Milligan, 1991b), simply

represented by:

C=AQwMmte KW _ = — = Equation 4.1

Where:
C = concentration in a size class

AQ = concentration at a reference setlling velocity
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m =

slope of the source suspension with a value between 1 and — 1(Kranck et al., 1996)
exponentn = controls the nature of the GSD model fit either flocculated or single grain
K = defines the extent to which the coarser grains have settled (s cm — 1)

Putting equation 4.3 into linear form by taking tbg of both sides gives:

InC=InAQ+ (m+ n)lnw—Kw———— — — after Kranck et al., (1996a), Equation 4.2

The parameterslif AQ, (m + n) and K) were estimated using least squaggession
according to equation 4.2. Another paramete) @©fined as the floc-silt intersection (Curran
et al., 2004) was calculated where appropriate. Wbesilt intersection estimates the
maximum particle size that will be incorporatedoirilocs which was used to classify the
grain size distributions. Moore (2005) proposed msidstone grain size distribution types
reflecting largely the relative contributions of flocculated, clay rich component and
unfloculated silt/sand —rich grain size componeiitge study integrates grain size data and
petrographic observations to discriminate betwden dominated, floc silt mixtures and silt
dominated grain size distributions (Table 4.2 & H@).

The frequency distributions generated from digitigthe grain size curve is believed to have
generated artefacts and therefore fitting the datia the Kranck’s model was very difficult

for many of the samples. Kranck’s model is gengmalbre accurate for clastic fine grained
sediments; since the Colorado Group samples cofitgrgrained carbonates the accuracy of
the sorting (fitting) is quite poor. This likely fatted the datasets in this study; however,

there is still use for the current data in samphtas consists of a dominant clastic lithology.

The grain size distributions and type of grain sipectra for the lower Colorado samples are
given in Tables 4.4 & 4.5. The type of grain sizgrtbutions were characterised according to
Moore’s (2005) classification after fitting with Enck’s model. The data show variable grain

size distributions representing the different typemudstone in all the formations.
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Table 4.3: Grain Size distribution and types and thie depositional environments attributes and properies according
to (Moore, 2005)

Type Nature of spectra Characteristic of grain diséribution

Type 1  Floc -dominated Grain size distribution is characterised by a |ltvedulated
concentrations of particles in suspension and lgsK values (average
239.5) and results from slow deposition at théatlisnd of the sediment
transport path

Type 2  High concentration The grain size distribution is similar to Type 1t kuith low K- values
Floc (average 27) parameter. It is characterised bgrafi&iant silt component

in the floc deposited material and assumed to pesited from a flow or
water column with a high suspended sediment coratiom

Type 3 Dominant floc-settled  Grain size distribution composed of a componentodié¢ed as single
component and a mino grains either from a static water column or frordilate flow (Moore,
Silt component 2005). Grain size distribution spectra are charagtd by a floc-non-

cohesive silt intersection (Dvalue ranging from 9-18um; average of
10pm.

Type 4  Approximately equal  Flocs and silt deposited simultaneously and dofowh discrete layers.
proportions of Flocs They exhibit B values ranging between 3-19um (average 9.6um)
settled and Stokes
settled silt material

Type 5 Coarse, silt-rich Characterised by an average floc-non-cohesivergétsection value P
component and a mino of 7.9um, ranging between 2-13um
Floc component

Type 6  Sand-rich mudstones Mudstones with a sand content greater than 10%edugub-divided into
and siltstones. floc dominated sandy mudstones; floc-silt-sand ames; and clay-silt-

sand mixture
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Figure 4.5: Moore’s (2005) mudstone classificatiofd) Type 1 - Floc —dominated, (B) Type 2 — High commntration Floc,
(C) Type 3 - Dominant floc-settled component and a mor Silt component, (D) Type 4 - Approximately eqal
proportions of Flocs settled and Stokes settled simmaterial, (E) Type 5 - Coarse, silt-rich componenand a minor Floc
component and (F) Type 6 — Sand-rich mudstones andtstones (Moore, 2005).
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Table 4.4: Grain Size Distribution from disaggregaton and sedigraph for the Upper Colorado, SWS and Bh Scales
Formations

Formation Sample % clay % Fine silt % Coarse silt % Sand Total Silt
(<2um) (2-10um) (10 - 62.5um) (>63um) (2-63um)
Upper Colorado AHR65 52.7 26.2 20.9 0.2 47.1
Upper Colorado HP5 48.1 24.4 25.7 1.8 50.2
Upper Colorado IF9 46.0 18.1 22.8 13.1 40.9
SWs AC14 ND ND ND ND ND
SWs AC17 46.9 23.1 29.8 0.2 52.9
SWs AER21 47.2 31.9 20.3 0.6 52.3
SWS AHR53 45.1 33.1 21.5 0.3 54.6
SWs AY11l ND ND ND ND ND
SWS CB1 31.0 22.4 45.5 11 67.9
SWs CB8 ND ND ND ND ND
SWS CR44 ND ND ND ND ND
SWs Cs015 ND ND ND ND ND
SWS Cv17 53.1 14.9 31.7 0.4 46.6
SWs DT2 56.2 4.9 38.5 0.4 434
SWS DT6 ND ND ND ND ND
SWs GS6 ND ND ND ND ND
SWs HP1 49.2 29.8 20.8 0.3 50.5

SWs IF6 ND ND ND

SWS 1Y15 ND ND ND ND ND
SWs LR24 58.3 24.1 16.9 0.6 41.1
SWS MB10 ND ND ND ND ND
SWs MB14 331 41.3 25.1 0.5 66.4
SWS PS6 ND ND ND ND ND
SWs SWB25 41.2 26.5 30.3 1.9 56.9
Fish Scale AER9 24.7 36.9 37.8 0.6 74.7
Fish Scale AHR26 ND ND ND ND ND
Fish Scale BVW7 ND ND ND ND ND
Fish Scale CR30 62.2 18.3 19.1 0.4 37.4
Fish Scale 1K12 39.0 35.6 24.3 1.1 59.9
Fish Scale 1Y9 ND ND ND ND ND
Fish Scale MB3 ND ND ND ND ND
Fish Scale MG5 44.0 26.5 289 0.6 55.4
Fish Scale MSL 11 38.1 22.9 27.8 11.2 50.7
Fish Scale MSL13 ND ND ND ND ND
Fish Scale NH4 55.1 23.6 21.1 0.2 44.7

ND* = Not Disaggregated
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Table 4.5: Grain Size Distribution from disaggregaton and sedigraph for Belle Fourche, Westgate and king
Formations

Formation Sample % clay % Fine silt % Coarse silt % Sand Total Silt
(<2um) (2-10um) (10 - 62.5um) (>63um) (2-63um)
Belle Fourche AC10 41.3 17.0 41.4 0.3 58.4
Belle Fourche AC7 43.7 14.1 41.6 0.6 55.7
Belle Fourche AER17 58.2 233 18.2 0.3 41.5
Belle Fourche AHR30 ND ND ND ND ND
Belle Fourche AY6 ND ND ND ND ND
Belle Fourche CR35 60.3 22.8 16.3 0.6 39.1
Belle Fourche CS030 ND ND ND ND ND
Belle Fourche Ccvi12 59.9 15.8 24.2 0.1 40.0
Belle Fourche IF1 57.7 224 19.5 0.4 41.9
Belle Fourche IK16 63.8 19.6 16.4 0.2 36.0
Belle Fourche IW18 334 26.9 39.1 0.7 66.0
Belle Fourche W22 33.2 325 335 0.8 66.0
Belle Fourche LR21 50.9 28.6 19.1 1.4 47.7
Belle Fourche MB6 43.0 21.0 355 0.5 56.6
Belle Fourche MSL16 39.8 38.7 21.2 0.3 59.9
Belle Fourche NH6 ND ND ND ND ND
Belle Fourche PS2 ND ND ND ND ND
Belle Fourche SWB14 73.3 13.9 12.7 0.0 26.7
Westgate AER3 53.0 7.9 26.6 12.5 34.5
Westgate AHR8 67.4 23.0 9.7 0.0 32.7
Westgate AY5 ND ND ND ND ND
Westgate BVW1 ND ND ND ND ND
Westgate CR19 56.1 25.1 18.7 0.2 43.7
Westgate Cv1l ND ND ND ND ND
Westgate cvs 59.8 18.1 21.9 0.1 40.0
Westgate DR1 54.6 231 211 1.2 44.2
Westgate DR7 ND ND ND ND ND
Westgate 1K1 57.8 16.4 24.9 0.9 41.4
Westgate IK9 65.1 18.8 16.0 0.1 34.8
Westgate W4 34.0 13.6 51.3 1.1 65.0
Westgate IW9 334 16.2 49.3 11 65.5
Westgate LR11 ND ND ND ND ND
Westgate LR9 56.9 21.4 21.5 0.1 42.9
Westgate MG1 ND ND ND ND ND
Westgate MSL5 ND ND ND ND ND
Westgate MT5 45.3 29.1 25.0 0.6 54.1
Westgate PH7 ND ND ND ND ND
Westgate SWB9 55.6 29.8 14.5 0.1 443
Viking CR3 54.5 14.4 19.6 11.6 34.0
Viking Y2 ND ND ND ND ND
Viking MT2 ND ND ND ND ND
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The majority of samples analysed in all the forowdi show a flocculated grain size
distribution characteristic of Type 1 and 2 muds®mising Moore’s (2005) classification,
suggesting that the sediments were mainly depositethe distal ends of the sediment
transport paths or in a low energy environment. Gh&n size spectra for Type 2 are
dominated by a floc settled component but also ripm@te a significant silt component
within the floc deposited material. However, thgsimterpreted as indicating that the flocs
incorporate material >10um and the sediment wepesited from a flow or water with high

suspended sediment concentrations (Moore, 2008)razhcting low energy deposition.

Moore (2005) observed that the Type 2 mudstonechasacteristic mudstone clasts in the
photographic image and argued that the presenatapfclasts in the matrix suggests re-
suspension from primary deposition and for thetdashe transported and re-deposited; it
requires flow of high concentrations and as comedéioh of the sediments increases, the
grain size incorporated into the floc componenso ahcreases. Clay clasts are a common
feature seen in the thin sections of the samplalysed in this study (to be discussed later).

Fig 4.6 shows the grain size distribution spectratfie Westgate Formation samples. The
majority of the samples exhibit a flocculated graire distribution with high concentration
flocculated components composed of more than 60Bexee components. For example,
sample IK9 has 65% clay, 19% cohesive silt, andy &% sortable silt component. The
Formation is also characterised by floc-silt migtyrfor example, sample CV8 from the
Conrad Vanscoy core and IW9 from the Imperial Wesybkore exhibit grain size
distributions spectra characteristic of floc—donwshand silt-dominated - floc silt mixtures
respectively. They are composed of a dominant gkettted component and a minor silt
component and a floc-non-cohesive silt intersec{@ value of 6.3um deposited as single
grains which suggests deposition from a static waeddumn or from a dilute flow (Moore,
2005). Thin section analysis show that the Westdgabemation generally comprises
homogeneous mudstones with irregular discrete azgaatter particles and with occasional
carbonate rich layers alternating with the finetipbes (Figs. 4.7).
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Figure 4.6: Grain size spectra for the Westgate Fonation dominated by highly concentrated flocculatd sediments
that represents deposition from flow or water colum with high suspended concentration (Moore, 2005) Samples
from Conrad Vascoy (CV8) and Imperial Wembley (IW9) show floc- silt mixtures distribution representing
deposition in a static water column or from a dilde flow (Moore, 2005).
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Spectrum 1

: 100pm ' Electron Image 1

Figure 4.7: (A) Thin section of the sample within tle Westgate Formation, at a depth of 418.2m m in th€V core
showing fine-grained mudstone. (B) SEM shows regigarrich in calcite, dolomite and pyrite.
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The Fish Scale Formation exhibits more variablengspectra incorporating more samples
with both Floc-silt mixtures and flocculated Typeaiastones, suggesting greater fluctuations
in sea conditions. Sample MSL11 from the MaratAdmweehick core contains a sand
component of 11% (Fig. 4.8) and can be categorsedlype 6 (sand rich mudstopes
according to the Moore (2005) classification, irdiieg a simultaneous floc-silt components
deposition which do not form discrete layers dejgolsas single grains either from a static
water column or dilute flow. The high proportion ebrtable silt materials suggests
deposition in high energy proximal environmentssiag the hydrodynamic condition that

make the sediments to act as single grains anadatoesively (Moore, 2005).

Thin section of a sample from the Fish Scales Foomashow that it is comprised of

calcareous, clay to silty mudstone which show gahduading with coarse grains at the base
(Fig. 4.9). It shows that the formation is mud ataly-dominated, and contains siliciclastic
siltstone and/or sandstone laminae. The mudstooetin abundant clay clasts, lenses of
organic matter and floating quartz grains. Varmsiaccur on a millimetre scale changing
from bright grey to grey and dark layers of orgamatter patches. Abundant pyrite was
observed during the SEM analysis. The SEM imagss show the presence of feldspars,

dolomite and calcite.

The grain size spectra of the Belle Fourche Fownatre similar to the underlying Fish
Scales Formation but the majority of the sampldslaixgrain size distribution spectra of
flocculated components (Type 1 mudstone; Fig. 4.%amples from the C M & S Vanscoy
core (CV12) show a floc dominated floc-silt mixtufBype 3 mudstone) whereas samples
from the Amoco Conrad well (AC7 & AC10) show at$ibminated floc-silt mixture Type 4
after (Moore, 2005) with a higher non-cohesive seailt component (41%, Fig. 4.12).

105



Adamu

100 100
CR30, 169m 1K1, 411.48m
10 - 5 °o°°° 5—0-0° 00 °° 10 . o o °°o°o o o °° 1) )
o o o
T o o o
§ o é. 1 4 °
— 1 - o o
; o 0o 3 000 o
01 - 0.1 -
0.01 T T
0.01 ' ' 0.10 1.00 10.00 100.00
0.10 1.00 10.00 100.00 . e .
Lo . Grain Size [micron]
Grain Size [micron]
100
AER9, 434.95m
0.1 -
0.01 T T
0.10 1.00 10.00 100.00
Grain Size [micron]
100 100
MGS5, 370.33m MSL11, 2233.6m
10 - [ 10 +
S " Toees®e _
— 1 4 § 1 -
= z
0.1 - 0.1 -
0.01 T T 0.01 . )
Grain Size [micron] Grain Size [micron]

Figure 4.6: Grain size spectra of the Fish ScalesoFmation. Spectra are composed of floc-Silt settledomponents
deposited as single grains from a static water catn or from a dilute flow (Moore, 2005) representingproximal high
energy setting. MSL 11 show a grain size spectrum gsisting Floc-settled component and minor silt compnents
deposited from a static water flow and simultaneosly deposited with sand particles >10% classifieds sand rich

mudstones and siltstones (Moore, 2005)

106



Adamu

Silty grains

Carbonates

Carbonates Quartz

TOpm ' Electron Image 1

Figure 4.7: (A) Thin section of the sample within tle Fish Scales Formation, within the AER core at a g¢h of 410m.
The sample is rich in quartz, and silt-size grainsarbonate patches. The red rectangle denotes the aravithin which
view of the SEM image is taken. (B) SEM shows thagsence of calcites, dolomite and pyrite.
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The grain size spectra of the Second White Speck®d&tion show an increased contribut
of urflocculated silt grains wittabout 80% of the samples composed of-silt mixtures.
Five samples from different cores all exhibit graiae distribution characteristic of F-

dominated and/or sifominatedfloc-silt mixtures deposited as single gri from a static
water column or from a dilute flow. The grain sgegectra of the SWS Formation sugg:
that it is the siltiest of the lower Colorado Fotima, but it is worth ndng that it is the most
calcareous formatiomand half of the samples counot bedisaggregad due to the high
carbonate content nature of the formatiThin section andSEM images show that ti
formation is mostly comprised of, orga-rich sediments, clayey mudstone or clay and-

rich siltstone laminae/beds with occasioclay-sized or silsized quartz grains and s«

sized carbonate lamina@ig. 4.10. The silty mudstone contains abundant stringer

organic matter and occasional floating quartz gréifg. 410).

The calcareous laminatiomgthin the Second White ‘ecks Formation compriscoccoliths,
(Fig. 4.15) Internal pore space within the coccoliths are retatlised and filled with calcite
forming overgrowths (Fig. 45B). Other areas between the coccoliths are filleth
mudstone (Fig. 4.15B).

Figure 4.8 Petrograhic image of a sample within the Second Wite Specks Formation, at a depth of 628.4 m fille
burrows within a silty mudstone bed. The elongatedhape of the burrows indicates that the ediments have been
compacted during burial.
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Figure 4.9: Grain size spectra of the Belle FourchEBormation. Grain size spectra of samples from th8elle Fourche
Formation with flocculated components (Type 2 mudstee) grain size spectra
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Figure 4.13: (A) Thin section of a sample within the Second Wiite Specks Formationcomprised of calcareous
laminations, coccoliths at a depth of 6476 m. The red rectangle denotes tharea within which the light microscopy
image is taken. (B)Show coccoliths in the laminatiol are recrystallized andcemented by calcite overgrowth:
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4.5 Pore Size Distribution of the Colorado Group

Porosity and permeability values for the lower Catto Group were determined using
mercury injection techniques. The background anscmjgtion of the MICP technique is
given in chapter two. Small pieces of core of ~F evere prepared for the determination of
porosity and the pore throat radius distributiomngsa Micromeritics® Autopore 1l 9220
Series mercury porosimeter. The rock samples weezé dried for 24hr at 40°C to remove
any free water present in the pore, and therefor@nmsing the clay shrinkage effects
associated with oven drying. The pore throat sis&idutions were measured assuming the
surface tension of mercury to be 0.48 N/m and th&act angle between mercury and the
particle surface to be 141° (Yang and Aplin, 1998tcell, 1949):

r= 746}’7000 —————————————————————————— Equation 4.3

Where r is the pore throat radius (nm) and p igtlessure in kPa.

The distributions were corrected for artefacts Wwhitay arise during sample preparation, the
creation of large cracks (Yang and Aplin, 1998)yespnted as a small second peak at large
pore radii on the pore size frequency distributiollse second mode was rejected and the
true distribution assumed to end at the turninghjppbetween the two peaks (Fig. 4.16). All
calculations were performed using the pore-thraa distribution defined by genuine pore-

throats as a function of cumulative porosity.
Permeability was calculated from pore size distrdns following the Yang and Aplin (1998)

model. The model estimates permeability in termgarbsity, the average alignment of pores,

the pore shape and the pore throat size:

_9.10718 ¢ (cos (a))? j13

Ky 16 J2 A+j1+12 T Equation 4.4
_9.107'8 ¢ (sin (a))? e _
Ky B 16 72 (1+]1+12)2 Equatlon 4.5
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Where K, = absolute permeability of the sediment along the bedding direction
Ky
= absolute permeability of the sediment along the direction perpendicular to the
bedding plane
a = pore alignment

J1 & J2 = pore shape of the sediment at half length and pore throat respectively

The sediment pore shape is a function of lithol@gmgd compaction; J1 decreases with
increasing compaction and loss of porosity, whitendll increase (Yang and Aplin, 1998)
(refer to reference for more explanation). Perngms were calculated using the clay
content determined from the grain size analysismpability was computed assuming clay

contents of 40% for samples that could not be dissgated during grain size analysis.

The MICP porosities and permeabilities for selecsaanmples of the Colorado Group
formations are shown in Tables 4.6 & 4.7. SampbesHe MICP analysis were selected from
different wells and incorporating the top, middleddower sections of each formation with
more samples towards lithological boundaries, wisaraples are available. The rationale for
this is to capture any variability in compactionedw burial depth and hence the porosity

throughout the formations.
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to the point where the Density distribution meets hie baseline; all pores larger than this (i:e, the rgen density
distribution) are assumed to be due to sample damag

The lowermost Viking Formation samples have poiesibetween 7 — 23% (average 14%),
and mean pore radius between 15.9 — 81.0nm (ave38dem). The porosities for the

Westgate Formation are shown in Figure 4.16- 4Pbfosities range between 5.1 — 29.1%
with an average of 16.0%. It appears that the P&Dirdluenced more by the level of

compaction (porosity) rather than the grain siz&tritiutions. For example the pore size
distributions for the Westgate Formation exhibibttkends: samples with porosity between 0
— 15% have tight pore size distribution of gengrallOnm (Fig. 4.17) while samples with

porosities > 15% have broader pore size distribsti®lOnm (Fig. 4.18). The clay fractions
for both samples with tight and broad PSDs ardively similar, ranging between 45- 60%.

However, samples AER3 (Fig. 4.18) shows the brdd@8® and is characterised by bimodal
pore size distributions, suggesting a contributdsilt size materials in the mudstones (e.g
Dewhurst et al. 1998; Yang and Aplin, 1998). Grsire data (Table 4.4) show that sample
AER3 is a sandy mudstone with sand (fractions >@#)scontent greater than 10%, which is
reflected as a second peak in the pore size disitrits.
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Table 4.6: MICP data for the Colorado Group (Viking, Westgate and Fish Scales)

Formation Sample Depth (m) Total Corrected rmean Modelled Modelled
Well Porosity Porosity (nm) Kx (m?) Kz (m?)
Viking CR3 196.7 0.25 0.23 35.1 6.0E-20 1.7E-20
Viking 1Y2 351.13 0.21 0.19 81.0 1.1E-19 4.6E-20
Viking PH1 1254.6 0.15 0.15 16.0 1.4E-20 5.7E-21
Viking MT2 1577.1 0.08 0.08 29.6 1.4E-20 5.0E-21
Viking REW02 2202.9 0.08 0.07 30.9 1.3E-20 4.8E-21
Westgate LR9 150 0.25 0.24 17.6 3.1E-20 8.3E-21
Westgate CR19 180 0.29 0.29 23.3 4.1E-20 2.0E-20
Westgate SW9 314.07 0.22 0.22 30.0 4.8E-20 1.3E-20
Westgate MG1 385.88 0.26 0.25 25.3 4.1E-20 1.9E-20
Westgate cv8 418.2 0.23 0.22 15.3 2.5E-20 5.8E-21
Westgate AER3 450.19 0.22 0.21 35.6 5.4E-20 1.6E-20
Westgate AHR8 452.17 0.24 0.20 15.2 2.3E-20 3.6E-21
Westgate Ccvi 484.8 0.17 0.17 13.3 1.3E-20 5.5E-21
Westgate MDAO1 907.77 0.12 0.11 5.2 3.2E-21 1.2E-21
Westgate MDAOQ2 910.84 0.16 0.15 8.1 6.9E-21 2.8E-21
Westgate DR1 930.3 0.17 0.16 23.4 2.7E-20 7.0E-21
Westgate MPDO1 1000.42 0.11 0.10 6.8 3.8E-21 1.5E-21
Westgate PH7 1236 0.11 0.10 9.0 5.1E-21 1.9e-21
Westgate BSR12 1260 0.09 0.08 59.1 3.2E-20 1.2E-20
Westgate MTS 1572.8 0.08 0.08 25.2 1.2E-20 3.9E-21
Westgate MSL5 2247.5 0.06 0.05 6.3 1.7€-21 6.3E-22
Fish Scales  CR30 169 0.20 0.18 12.8 1.7E-20 3.3E-21
Fish Scales  1Y9 299.47 0.22 0.22 9.8 1.3E-20 5.6E-21
Fish Scales  MG5 370.33 0.15 0.15 30.4 3.0E-20 1.1E-20
Fish Scales  AER9 434.95 0.22 0.21 20.8 2.4E-20 1.5E-20
Fish Scales  AHR26 442.87 0.25 0.23 10.6 1.4E-20 6.3E-21
Fish Scales  NH4 618.1 0.21 0.20 13.3 1.8E-20 4.8E-21
Fish Scales  BVW7 2129.9 0.03 0.03 65.4 1.1E-20 3.8E-21
Fish Scales  MSL11 2233.6 0.07 0.07 72.0 3.0E-20 1.1E-20
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Table 4.7: MICP data for the Colorado Group (Belle Fourche, SWS and Upper Colorado)

Formation Sample Depth (m) Total Corrected rmean Modelled Modelled
Well Porosity Porosity (nm) Kx (m?) Kz (m?)

Belle Fourche LR21 132 0.31 0.31 138.5 2.8E-19 1.4E-19

Belle Fourche CR35 164 0.24 0.22 12.9 2.1E-20 4.7E-21

Belle Fourche SWB14 291.7 0.23 0.22 12.4 2.1E-20 2.6E-21

Belle Fourche Ccv12 406.2 0.20 0.19 20.2 2.8E-20 6.1E-21

Belle Fourche AER17 446.84 0.22 0.20 953.1 1.8E-18 4.3E-19

Belle Fourche IF1 505.36 0.19 0.18 14.8 1.9E-20 4.4E-21

Belle Fourche Y11 508 0.31 0.31 7.6 1.2E-20 6.3E-21

Belle Fourche NH6 692.2 0.21 0.20 24.7 3.1E-20 1.3E-20

Belle Fourche AHR30 1448.5 0.24 0.23 16.0 2.2E-20 9.9E-21

Belle Fourche SCD02 2055.1 0.04 0.04 79.0 1.8E-20 6.2E-21

Second White LR24 129 0.36 0.35 35.2 8.1E-20 2.5E-20

Specks

Second White Y15 261.52 0.20 0.19 89.5 1.2E-19 5.0E-20

Specks

Second White SWB25 268.9 0.35 0.32 25.1 4.6E-20 2.3E-20

Specks

Second White SWB23 340.5 0.35 0.35 88.6 1.8E-19 9.6E-20

Specks

Second White GS6 359.36 0.34 0.33 17.9 3.2E-20 1.7E-20

Specks

Second White CV17 400.35 0.25 0.24 142.2 2.9E-19 8.7E-20

Specks

Second White AHR53 413.12 0.41 0.29 36.8 7.0E-20 3.0E-20

Specks

Second White IF6 489.81 0.27 0.26 19.5 3.2E-20 1.5E-20

Specks

Second White AC14 564 0.07 0.06 316.0 1.4E-19 5.2E-20

Specks

Second White CRB02 574.4 0.15 0.15 9.7 8.5E-21 3.4E-21

Specks

Second White HP1 625.1 0.30 0.26 38.7 7.1E-20 2.5E-20

Specks

Second White DT6 692.2 0.25 0.24 21.5 3.3E-20 1.5E-20

Specks

Second White CB8 1028.2 0.11 0.11 92.0 6.8E-20 2.6E-20

Specks

Second White CB1 1044 0.12 0.11 21.5 1.3E-20 6.2E-21

Specks

Second White HLCO1 1446.52 0.07 0.07 2.7 8.9E-22 3.2E-22

Specks

Second White DT2 2294.5 0.24 0.22 21.2 3.5E-20 9.2E-21

Specks

Upper Colorado IF9 480.67 0.25 0.24 19.0 3.0E-20 1.2E-20

Upper Colorado BEI 01 582.2 0.07 0.06 3.9 1.0E-21 3.8E-22

Upper Colorado BEIO2 590.6 0.08 0.07 18.1 7.2E-21 2.6E-21

Upper Colorado HP5 616.9 0.32 0.19 24.2 3.2E-20 1.1E-20

Upper Colorado PFVO1 620.55 0.19 0.18 31.0 3.6E-20 1.5E-20

Upper Colorado HP14 1204 0.05 0.05 31.7 8.7E-21 3.1E-21

Upper Colorado TRBO1 2284.3 0.07 0.06 45.3 1.7E-20 6.0E-21

Upper Colorado SAF02 2510.87 0.08 0.07 4.7 1.6E-21 5.9E-22
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Fish Scale Formation exhibits similar porosity e Westgate Formation with an average
value of 16.0%, although with a lower range (3.8.626). Measured mean pore radius varies
from 6.3 — 35.6nm, with an average value of 19.9iime pore size distributions pattern
exhibited is also similar to the Westgate Formatioowever, grain size appears to be the
dominant control on pore size distributions. Foareple, the grain size distribution data
(Table 4.5) show that sample CR30 which has taiebgity of 18%, is characterised by tight
pore size distributions (mean pore size of 12.8ang clay fractions of 62.2%. On the other
hand, sample AER9 with total porosity of 21% hasader GSDs with a mean pore size of
20.8nm due to higher contribution of sortable sdbtent (37.8%). Both samples have similar

porosities but different pore size distributiongda differences in grain size compositions.

The Belle Fourche Formation exhibits the broadest highest mean pore radius (7.6 —
953.1nm) with an average value of 127.9nm. Porogdyes range between 4 — 31% and
average value of 21% (Table 4.7). Like the Westgai@ Fish Scales Formations, the Belle
Fourche Formation shows that tight grain size ithgtrons are associated with clay rich
samples, while silty and sandy rich samples resulksoader PSDs. The Crooked River core
CR35 with PSDs <10nm contain 60.3% clay contentn®ther typical example. The
Anderson et al Ribson core which is located at Aleerta/Saskatchewan border show
distinct PSDs in all the Westgate, Fish ScalesEelte Fourche Formations. Samples (AERS,
AER9 & AER17) are characterised by a bimodal PSDse pore space networks of
mudstones tend to be either unimodal signifyinglsiscale porosity, (i.e. either dominantly
microporosity or nanoporosity) or bimodal signifgiboth micro-porosity and nano-porosity
are present (Javadpour et al. 2007). The gram digtribution for sample AER9 indicates
that it contain a significant range of clay-sizedt-sized and sand-sized sediments, while
sample AER3 though rich in clay content (53%) hamiBcant sand fractions (12%).
Javadpour et al. (2007) report that samples cantaia significant range of clay-sized, silt-
sized and sand-sized sediments have charactebstiodal pore size distribution with
significant implications on gas capacities as botbrometer and nanometer-scale pores may

be present within a shale interval.
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Javadpour et al. (2007) indicates that nanoporesly contain a greater surface area than
micropores therefore, the greatest potential fos gdsorption lies within intervals of

dominantly unimodal nanoporosity.

The Second White Specks Formation has porositiegirrg from 7 — 35% (average 22%),

representing the highest range of porosity of ainthe lower Colorado Group Formations.
Mean pore radius of the Second White Specks Foomas also highly variable ranging

between 2.7— 315.0nm (average of 61.2%). The Seddmte Specks show a more variable
pore size distributions comprising a unimodal tigbte size distributions rich in clay content,
bimodal distributions consisting of both clay sizaud silt sized materials and a third pore
size distribution that is broader and rich in cardte content (Fig.4.21-4.22).

The Upper Colorado samples analysed here-in shaserlporosities with an average value
of 12% (7 — 24%); and mean pore radius of (3.2 3@, average 22.2nm) compared to the

lower Colorado Group Formations.

Porosimetry indicates that calculated permealslifag the entire data set range between 9.0
x 107 to 1.9 x 1¢ mD, spanning 4 orders of magnitude and genewétlyin the range of 10

— 100nD. The relationship between porosity and pairiity shows a fairly good correlation
for all the formations (Fig. 4.24). Correlation dairly good with higher permeability values
generally associated with more porous sediments.Fish Scales Formation show the most
restricted range of permeability with values witbime order of magnitude (1.1 x 19 3.0 x
10° mD). The Viking, Westgate and Upper Colorado samiave permeability values
spanning two orders of magnitude (1.3 X°303.0 x 10! mD; 1.8 x 1— 5.5 x 1mD; 1.1

x 10°— 3.0 x 10°mD) respectively. The Belle Fourche and Second &Bjiecks Formations
exhibit broader and higher range of permeabili{i¢gl orders of magnitude) with values
ranging between 1.3 x 6- 1.9 x 1*mD and 9.0 x 18— 2.9 x 16 mD respectively.
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4.6  Summary

The mineralogical composition of the Westgate fdramis dominated by quartz (5-50%)
and clays (25-70%) with very low feldspar and cadie contents. The Fish Scales
Formation mineralogy is similar to the Westgatenkation. Quartz ranges between 4-61%
(mean 35%), while, clays varies between 11- 67%a(m&8%). However, the Fish Scales
contains some carbonate rich samples (3 — 40%)erower section of the formation. The
Belle Fourche Formation exhibits a broader rangenoferalogy than the underlying Fish
Scales Formation, with a relative increase in tfopprtion of carbonates. Carbonates peak at
52% at the upper part of the formation but with @eam of 6.7%. The clays vary from 8.7-
64.1% (mean 44%) significantly higher than quar&48.8% (mean 25%). The mineralogy
of the Second White Specks Formation is quitertisfirom the other Colorado Group shales
exhibiting the greatest variation and the greatzsbonate contents. Calcite occurs in
concentrations ranges from 3.1-74% as a commourteaf the Second White Specks, and is
clearly visible as Inoceramhells, and coccoliths on thin sections. Howevearty (0-56%)
and clays (0-65%) do occur in high concentratiomssome samples, indicating that the

Second White Specks formation is composed of cadear limestone to mudstone.

Grain size analysis shows that the Colorado greaugdaminated by fine grain clay size
sediments but generally consists of heterogenedxisima of mudstones and silty shal@he

Westgate Formation is characterised by a domirlantidlated grain size distribution when
fitted with Kranck model (1996) indicative of deftam in a quiet energy setting, although
some samples exhibit a flocculated-silt distribatindicative of slow deposition at the distal
end of sediment transport path in relatively higiergy environments. Similarly, the Fish
Scales Formation contain both flocculated matedhbracteristic of low energy environment
and flocculated-silt mixture materials assumedeéalbposited from static water columns or

from dilute flows.

The Belle Fourche Formation is characterised liys&k grains supported in a clay/mudstone
matrix deposited as flocculated and silt domindted-silt mixture materials. The Second
White Specks show grain size distribution charastier of different types of mudstones
including flocculated, floc-silt mixture, and sdbminated distribution types representing

different depositional environments (high energjoie energy).
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About half of the samples could not be disaggrefjateause of the high abundance of fossil
(specks) materials and therefore fitting the datthe Kranck model (1996) was problematic
which could have affected the quality of the reslue to poor sorting due to poor data
quality.

The measured MICP porosity for the Colorado Graumes from 3- 35%, with an average
porosity value of 18%. Pore size distributions aredominantly unimodal with an average
mean pore radius (r mean) value of 50.5nm, alth@oghe samples exhibit bimodal pore size
distributions reflecting mixture of mudstones aiitl §ze materials. Porosity data obtained
from the Westgate ranges from 5.0 — 29.9% totabsity (the majority of samples have

porosity values <20%), whereas values from the Bisdles range from 3.0-22.0% (Table 4.5
-4.6). The Second White Specks and Belle Fourcmm&tons appear to be the most porous

with average porosities and mean pore radii of (28%1lnm, 21%; 127.9nm) respectively.
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5 CHAPTER FIVE: SPATIAL AND STRATIGRAPHIC VARIATIONS OF THE
COLORADO GROUP

5.1 Introduction

The main aim of this chapter is to integrate th@aralogy, grain size, pore size data and
organic facies data in order to interpret and disc(a) spatial and temporal variations in
mineralogy, grain size and TOC, (b) the main cdstom organic richness of the Colorado
Group and (c) influence of grain size and porositythe pore size distributions and the
implications for shale gas prospects.

Mineralogy, palynofacies and grain size data wetegrated in order to investigate if there is
any relationship that can be linked to sediment@guransport pathways, as well as energy
of the water column and locations of sedimentatiBalynofacies and geochemical data were
obtained from Buckley’s (2004) study. Palynofaca®lysis is the transmitted white light
analysis of the microscopic particulate organictaraassemblage within sediments, after any
mineral constituents have been chemically brokewndand removed. Palynofacies thus
provides information on the nature of the deposdlenvironment and source rock potential.
Integration of mineralogical data with palynofacsexl their correlations with grain size data
is hypothesised to show some relationships via comisupply, transport processes and
depositional cycles. This in turn can be usefutanrelating and understanding the sequence
stratigraphy of organic-rich sections as well asdpting source rock and shale gas reservoir

potential.

Colorado Group isopach data (Leckie et al. 1994yr&ter-Adams et al. 1996) have shown
the deformation edge of the Western Cordilleraonmwestern Alberta as the main source
of detritus input into the basin (Fig. 5.1). Isopa®f the Westgate Formation are thickest in
north-eastern British Columbia (up to 400 m) thnmpitowards the southeast (Schroder-
Adams et al. 1996). The isopach from the baseeftbh Scales Formation to the base of the
Dunvegan Formation (Fish Scales and lowest Beller¢iee Formations) shows a similar
south-eastwards thinning with maximum thicknesses ¢he Peace River Arch in north-
eastern British Columbia and north-western Albg®ahréder-Adams et al. 1996). The
isopach from Dunvegan (Belle Fourche Formation)Second White Specks Formation

shows a thick area on the Peace River Arch buthimming trend has shifted and is north-
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eastwards. Isopachs of Fish Scales and Belle Feufohmations show a general eastwards
thinning. Isopach maps from above the Second WBptecks Formation (Schrbder-Adams et
al. 1996) show a general southwards shift of th@dentre and basin, with thinning towards
the northeast. However, sediment isopachs for thier&do Group are not parallel to the
palaeo-coastline and therefore, the coastline dapmaised as the point of terrestrial input.
Buckely, (2004) previously calculated the distafroen source based upon isopachs with an
E-W transect from a point in the Peace River aBa 15’ N 120 00° W; Fig. 5.2). Well
locations were plotted along this transects sirameessample as Buckley (2004) sets were

used in this study.

TO BASE OF
[FIGH BCALES FOFMATION

2, »

s> DIRECTION OF THINNING

CONTOURS IN METRES

Figure 5.1: Isopach maps of four time slices withinthe upper Albian Viking Formation to uppermost
Cenomonian base Second White Specks Formation (aft8chréder-Adams et al. 1996)
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Figure 5.2 Map of the Colorado Group with study wells and transect (after Buckley, 2004). The line of section tm
which the wells are projected runs ea-west from the terrigeneous source in norttwest Alberta

Various studies Ruckley, 200, McNeil and Gilboy, 1999White et al. 199; Schréder-
Adams et al. 199@loch et al.199) have produced sequence stratigraphic interpretabd
the WCSB'’s Colorado Gup based on high resolution micropalaeontologigabchemica
and palynofacies data. Similarly, the study of argdacies has also been utilised (Tys
1996) to produce an overview of organic faciesatans within a sequence stratigrap
framework in marine siliclastic systems. Tyson (1996) produceappable suites whic
correspond with sea level fluctuations and sedisgmut based on geochemical data suc
HI, TOC and carbonate content of the onshore KinmfgerClay Formation of the UK. Tt
study shows that highest TOC values are associatéddoendensed sections, especially
maximum flooding surface (MFS), where siliciclagtiput is at minimum

Schréder-Adams et al. (19Pprovidea general overview of the paleoenvironmental cha
in the Cretaceous Colorado Group (f5.3). The upper Allan Westgate Formation w
deposited during a general transgression and ¢hasacterised by up to three coarser
upward cycles (Schrodérdams et al. 19¢) due to changes in séaels and sedimen
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supply. Leckie et al. (2000) noted that the Westdadrmation is absent from the southern
Alberta Foothills as a result of non-depositiorsobsequent erosion.

The base of the early Cenomanian Fish Scales Faommest described as ‘either a wave-
winnowed lag formed during a relative sea-fall authsequent rise, or a current-winnowed
lag in deep water’ (Schroder-Adams et al. 1996ékkie et al. (1992) suggest that the base of
the Fish Scale Zone also represents a major hiat&askatchewan and Manitoba, with
several substages missing below it. Deposition uadgratified water column with anoxic
bottom waters has been interpreted to form a ca®tksection of well laminated shales that

constitute the rest part of the formation (Schrédeams et al. 1996).

The middle to upper Cenomonian Belle Fourche Fdonatomprises lower sandstones and
an upper series of prograding sandy wedges (Leekial. 1992). The lower part is

characterised by marine shales and sandstonesitebos a shelf under low to moderate
energy conditions (Leckie et al. 1992). Schrodeaid et al. (1996) suggest a sea-level fall
during the middle Belle Fourche in north-westerivekta associated with a relative increase
in detrital input due to the progradation of thenegan Delta, followed by a relative sea

level rise.

The Second White Specks (Late Cenomanian — earlynian) Formation is thought to have
been deposited during a maximum transgression @associated with high productivity in
the upper water column and an anoxic bottom wateditions. The Second White Specks
Formation is absent in northwest British Columbvagre there is an established hiatus from
the Upper Cenomanian to the Coniacian (Stott, 1993)
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Figure 5.3: Characteristic features of the lower Clwrado Group Formation related to fluctuations in sa level (after
(Schroder-Adams et al., 1996).

132



Adamu

5.2 Spatial trends in Mineralogy, Grain Size and Palynéacies

Clastic minerals (quartz and clays) and phytoclésisrophyte higher plant material; Tyson,
1995) all of which are derived from the continerdrev cross plotted. Amorphous organic
matter (AOM), described as a "heterogeneous anmrphmatrix derived from planktonic
algae and bacteria” (Tyson, 1995) was crossedtqoagainst carbonate, since both are
produced within the water column and might be ighhtoncentrations where terrigeneous
input is minimal. Additionally, mineralogy and lglogy were correlated with increasing
distance from the shoreface (source of clastic tinpa investigate spatial variations.
Sediment input into the WCSB is generally deriveairf the Cordillera to the west and also
from the stable craton of the Canadian Shield ¢oethst (Leckie et al. 2008; Schroder-Adams
et al. 1996).

5.2.1 Westgate Formation

The relationships between mineralogy and palynefaend between mineralogy and grain
size distributions for the Westgate Formation drews) in Figure 5.4 and 5.5 respectively.
The formation does not show any correlation betw@gmuartz and phytoclast and (b) clays
and phytoclasts. Similarly, the correlations betvearbonate and %AOM and mineralogy vs
grain size are poor. Cross plots of quartz andsclayh increasing distance from the shore
face shows that the input of the clastic mineragscuite variable throughout the basin and
also at any single location. Carbonate is condistéow in the Westgate Formation across
the entire basin, with values generally less th@# Ivithin a wide range of phytoclasts plus
AOM inputs.

The lack of correlations may be due to high sediatean rate in relatively shallow water.
Sedimentation rates during the Westgate variesdmtvit-6cm/100y (Schréder-Adams et al.
1996) forming an easterly tapering wedge which eanfyjom less than 20m in south west
Alberta and thickens from 20m at the Manitoba-Stdl@van border to 120m in north
western Alberta (Bloch et al. 1999). The preserfcenaderately to well oxygenated waters,
based on a high degree of bioturbation, has beggested to indicate deposition in shallow,

wave influenced sea water (Leckie et al. 2008; &bén-Adams et al. 1996).
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Thin section and photomicrograph of sample witlie Westgate in this study also indicate
relatively coarse sediment, with evidence of vaghly burrowed, medium grey mudstones
and silt-size laminae (Fig. 5.6 & 5.7). Similarlgrain size distribution spectra for the
Westgate formation are generally dominated by fitated settled materials indicative of low
energy environment. The silty laminae observed iwithe mudstones however show that

occasional periods of high energy activity occurred

The low carbonate and high clastic mineral contedicate that the bulk of the sediment
input during deposition of the Westgate formatisnof continental origin; however, the
Westgate also contains significant AOM. This hasrbnoted by other authors (Buckley,
2004; Bloch, 1995) who describe the Westgate Faomahs comprising non-calcareous
mudstones and siltstones and generally has thestowé¢ (19 -256mgHC/gOC) and

consistently lower TOC values (~2wt. %) of all toever Colorado Group units. Tmax values
ranges from 402 to 459°C (mean 430°C), and inceeasth depth suggestive of Type I

organic matter consistent with significant terrastiput or degradation of AOM at the

sediment-water interface.
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Figure 5.6: Thin Section a sample observed within the WestgateoFmation, showingevidence olsevere bioturbation

More silt

Silty Laminae

Silty Laminae

Figure 5.7: (A) Thin Section and SEM image of a sample observed Wih the Westgate Formation, at a depth o
1238m in the PH core consisting of medium grey muttnes with lenticular silty laminae.
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5.2.2 Fish Scales Formation

The Fish Scales Formation exhibits a similar refeghip to the Westgate Formation between
mineralogy and palynofacies. The plots betweentguas. phytoclast, clays vs. phytoclasts,
carbonate vs %AOM and mineralogy vs grain size dibshow any trend (Fig. 5.8). Cross
plots of quartz and clays with increasing distafioen the shore-face shows that the input of
the quartz and clays are quite variable throughlo@tbasin and also at any single location
(Fig.5.8). Variation in siliciclastic minerals isghest at the centre of the basin ~400km from
the shoreface. Carbonate content is occasionallyou0% but is generally low (0-15%)

across the entire basin.

Sedimentation rate during the Fish Scales is géndoav (1-2cm/100y; Schroder-Adams et
al. 1996) with a maximum thickness of only 20m.idt present in strata from British
Columbia to Manitoba, although locally absent intpaf central Saskatchewan (Leckie et al.,
1992). Bloch et al. (1999) describes the forma#tiera bioclastic conglomerate with the base
of the Fish Scale regarded as a basinwide markertaoua pronounced gamma response
(Leckie et al. 1992). Different deposition mecharmsshave been suggested for the Fish
Scales (Leckie et al. 1992). One of the mechanmggests that deposition occurred during
a continued sea-level rise and joining of the Tathynd Boreal water masses, thereby
generating vigorous bottom currents responsiblewfismowing the bioclastic debris. This
may have favoured the deposition of silt-sized mi@te and the destruction of flocs
formation. However, grain size spectra suggesth flot and silt sized deposition occurred
and therefore perturbations in energy conditiohsnay also be possible that the bottom
currents transported both the flocs and silt mali®from their primary points of deposition
since flocs are capable of basin-wide ripple migrajust like the silt components (Schieber
and Southard, 2009). The lack of correlation betwenineralogy and palynofacies may also

indicate that perhaps the transport pathway ipagtendicular to the shoreface.

The Fish Scales Formation is characterised by mikgoke Il and Type lll kerogen and
therefore the influence of both terrestrial andinm@sources. It has a higher TOC content of
up to 8wt. % (average of 3.2wt.%), HI (28 — 438md@i#@C) and mean Tmax value of
(419°C ) than the Westgate Formation (Buckley, 2)04lso note that the AOM dominance
which may reflect more production and preservatarrgut-off of phytoclast supply.
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5.2.3 Belle Fourche Formation

The correlations between mineralogy and palyno$adid not show any relationships for the
Belle Fourche and Second White Specks Formatiohs.CRrbonate concentration displays
steady increase in both the Belle Fourche and $ked&White Specks Formations with

increasing distance from shoreface but still higidyiable at any single location, while the

concentrations of quartz and clays show littledovariation across the basin (Fig 5.10 -5.11).

The concentration of carbonate in Belle Fourcherfadion displays no increase up to 400km
distance from the shoreface after which it sliglmigreases and remains steady up to 700km
and then increases sharply beyond 800km. Carboithtdacies have been reported to be
well developed within the east-central portion lué MWestern Interior Seaway (WIS) during
the Cenomanian, which later become well establishetie east, and migrated to the west
where carbonate is consistently lower (Buckley,00he thickness of the Belle Fourche
Formation is quite variable ranging from 150m ie tiorthwest Alberta foothills to just 20m
along the Manitoba escarpment due to high variatisedimentation rates (0.7 — 5cm/100y)
(Schroder-Adams et al. 1996). Leckie et al. (2008) Leckie et al. (1992) describe the Belle
Fourche Formation as comprising lower sandstonesackerised by marine shales and
sandstones deposited on a shelf under low to mtmdexaergy conditions and upper
prograding sandy wedges. The shales are sparsatyritted, non-calcareous to slightly
calcareous mudstones and siltstones. These déscsiatgree with the mineralogy and grain
size data generated in this study; carbonate coigdnighly variable (2 — 74%), while grain
size spectra consists of flocculated settled maltedeposited under low energy conditions as
well as relatively high energy deposited silt comgats. The formation is characterised by
Type Il and Il kerogen, HI (5-489mgHC/gOC), meamax value of 426°C and consists of
TOC values below 2wt. % (Bloch, 1995), although ¢Bay, 2004) measured TOC content
up to 11wt. % largely reflecting both marine andéstrial influences.
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Figure 5.10 Cross plots of mineralogy against palyfacies and its variations throughout the basin witin the Belle
Fourche Formation
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5.2.4 Second White Specks Formation

The shales of the Second White Specks are chassttelby a high total organic carbon

content (5-11wt. %), high hydrogen indices (10020r&gHC/gOC) (Buckley, 2004; White

et al. 1999; Bloch, 1995) and high gamma valuesveh logs. These characteristics have
been attributed to increased productivity in thperpwvater column and anoxic bottom waters
which preserved abundant Type Il organic matteth(@&tder-Adams et al. 1996). Tmax,

ranges between 398 - 437°C (mean 418°C).

There appear to be some correlations between noiggrand grain size in the Second White
Specks Formation (Fig. 1.13). The evidence of iasee productivity and preservation of
AOM is pronounced in the Second White Specks Faonathere high AOM occur across
all ranges of carbonate content and which sugdgleatshe sediments were deposited within a
distal basin with reduced detrital supply. The S$&cVhite Specks Formation exhibits the
highest concentrations in carbonate content anthtesally variable, increasing steadily
towards the eastern margin. The sequence vary ®@mthickness in north western Alberta
to 25m in the east (Bloch et al., 1993) and froom@8 the southwestern Saskatchewan to
13m in the north (Gilboy, 1988) with sedimentati@arying from 1.25-4cm/100y (Schréder-
Adams et al. 1996). The formation represents anbasde marker due to its unusual
calcareous, organic rich claystones and siltst¢BeEsxch 1993). Grain size data in this work
show that the Second White Specks have the highestentage of silt size materials.
Similarly, the grain size spectra of samples shoavenificant increase in silt size deposited

materials indicative of high energy activity.

Thin sections of samples from the Second White &pshow the presence of clay clasts (Fig
5.14) implying that the formation was deposited emitlatively high-energy conditions, as
this would be necessary to erode compacted sednframb the seafloor and transport them.
The association of clay clasts with relatively searsediments and sand-sized organic matter
fragments also indicates that the clay clasts eelathigher energy depositional events, as
suggested by Schieber et al. (2010).
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Figure 5.14(A) Thin section of a samplewithin the Second White Specks Formation, at a deptof 655.6!
containing clay clasts.The red rectangle denotes the view of the area with which the petrographic
microscope image is taken. (B) Clay clasts within addy siltstone and silty mudstone bec
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The relationship between grain size and TOC forlolner Colorado Group formations was
also examined. Sediment grain size has been showexdrt a major control on TOC,
determining if and where organic matter can be diégpd (Tyson, 1995). The Second White
Specks is the only formation exhibiting correlaiobetween grain size and TOC. TOC
increases with increasing clay contents (<2um), gexteases with increase in sortable silt
contents (>10um). A decrease in % sortable si#nisndication of decreased current speed
(Curran et al, 2004) which can result in the depmsiof finer grained sediment which, in
distal environments, can lead to an increase in TO€to reduced siliciclastic dilution. TOC
also increases, partly due to the relative incrégasearine organic matter, and the increased
likelihood of dysosic-anoxic conditions (Tyson, 599 The low TOC values associated with
more coarse grained sediments can be attributeddejgosition in near-shore, oxic
environments where degradation of organic matteznisanced. Results from the Kranck
model (1996) show that the Colorado Group sedimargsdominated by floc distributions
deposited from flow or water column with a highgeisded sediment concentration (chapter
4). However, the grain size distributions of thec@d White Specks Formation show an
increased contribution of unflocculated silt. Tiagronic as the Second White Specks has the
highest TOC and more silt indicate more currenivagt This may then suggest that

productivity is the key control on TOC.

A similar but less apparent trend is exhibited g Belle Fourche Formation where higher
TOC values are generally associated with finertivas. The Fish Scales and Westgate

formations did not show any systematic variatiothvgrain size data.

In general, there are no clear relationships betweeeralogy and palynofacies for the
Westgate, Fish Scales and Belle Fourche Formatidmes.input of the siliclastic minerals in
the Westgate is quite variable throughout the basthalso at any single location. Carbonate
content of the Westgate Formation is consistertly &cross the entire basin, with values
generally less than 10%. Quartz and clays are gait@ble throughout the basin and also at
any single location within the Fish Scales. Vaaatin siliclastic minerals is highest at the
centre of the basin ~400km from the shoreface,emb@rbonate input also increases within

the centre of the basin (up to 30%) but generaligains low (0-15%) across the entire basin.
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The carbonate concentration displays steady inergaboth the Belle Fourche and Second
White Specks Formations with increasing distanoenfshoreface but is still highly variable

at any single location, while the concentrationsgjwértz and clays show little to no variation
across the basin. The Second White Specks Formigtitive only unit that appears to show
some correlation between mineralogy and grain Jie&al silt (2-63um) correlates positively

with %quartz. Similarly, clay content (<2um) incsea steadily with increasing distance from
the shoreface, while silt content decreases ldyeaaloss the basin from the sediment input

source.
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5.3 Stratigraphic Variations

This section attempts to investigate the stratigi@pariations of the lower Colorado Group
shales based on the FTIR derived mineralogy. Theeralogy data are correlated with
palynofacies and geochemical data from Buckley04p) study and compared with the
stratigraphic studies mentioned above using fivBsweathin Alberta and Saskatchewan with
continuous cores covering Westgate to Second Wapexks Formations. The core sections
include two central WCSB wells - 10-35-45-02W4,; T8-45-01W4- located close to the
Alberta-Saskatchewan border and three wells fromShaskatchewan eastern margins - 04-
23-46-16W2, 01-24-20-33W1, 01-04-45-10W2- withie tower Colorado Group formations
(Fig. 5.13)
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Figure 5.15: Map of the Western Canada Sedimentarasin with location of studied wells in rectangles
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The Westgate Formation exhibits little mineralogicariation in all the wells. Appreciable
variability occurs only within the 40 and 36 (Figs.16 & 5.17) cores. The events are
represented by localised decrease in quartz coateb®4m and 178m in the 40 core (Fig.
5.16) corresponding to two minima on the log AOMekelast ratio. This corresponds to a
maximum flooding surface at 194m suggested by Mkcldad Gilboy (1999) based on
biostratigraphy and associated with an increasdliwhich correlates with a reduction in
guartz concentration. Within the 36 core (Fig. $.d7ocalised decrease in quartz content at
142m is characterised with a decrease in marin@anicgmatter (AOM). The quartz
distribution within both wells appear to reflectetltoarsening-up sequence described by
Schroder-Adams et al. (1996). TOC and carbonatgeod remain relatively low and
constant throughout the formation.

The mineralogy of the Fish Scales Formation shostriking decrease in quartz content
upsection in all the wells considered. A sharpeaase in carbonate content occurs at the base
of the Fish Scales within the 30 (Fig. 5.14), aakhtively small increase in the 04-23-46-
16W2 (Fig. 5.16) cores. Carbonates values incrigaseless than 5% to ~ 30% within the 30
core corresponding to interval of increased TOC cWwhisuggests increased
production/preservation state of the organic mattesemblage (Fig. 5.14). Leckie et al.
(1992); Bloch et al. (1993); White et al. (1999advicNeil and Gilboy, (1999) all describe

the base of Fish Scales Formation as a trangressitece.
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The transgressive trend seems to appear at the dfasiee Fish Scales in all of the
stratigraphic cores showing a relative increaseaifbonate content except the 40 core (Fig.
5.16) but it may be due to low sampling density.

The Belle Fourche Formation within all the wellscept the 30 are characterised by an
overall decrease in quartz content and increasarmonate up section. The sequence above
164m in the 40 core is characterised by increasargonate content, AOM and TOC values
consistent with a transgressive episode. The |Ieeetion of the Belle Fourche between (165-
170m) is characterised by relatively low carboreatd TOC values indicative of regressive
event. The regressive event manifest as graduadase in clastic minerals of up to 80%, low
carbonate and TOC contents within the central cof@9® (5.15) and 30 (Fig. 5.14), although,
the mineralogy within the 30 core does not exhalstrong variation compared to the 29 core.
The middle of the 06-18-45-01W4 well is characttidy a peak in carbonate associated
with an increase in TOC at 420m which graduallyucei as carbonate input decreases
upsection. Similar trend is observed in the 36 @iré33m (Fig. 5.17): the sequence above
133m is characterised by increasing carbonate &@ dontents compared to the sequence
below it. These are consistent with transgressigads reported by Buckley, (2004) and
White et al. (1999), describing the upper Belle febe as containing TOC greater than 10%,
HI of approximately 400 and low to moderate organatter preservation. The 38 (Fig. 6.18)
core exhibits less variation compared to both theadd 26 cores although fewer samples
were analysed within the 38 section to make argriobre comparison. The varying profiles
exhibited within the central and eastern marginlddtourche cores may be due to
unconformity caused by depositional hiatus betwi#enupper Fish Scale and lower Belle
Fourche reported by McNeil & Gilboy (2000).

The Second White Specks interval show significése m carbonate content within all the
wells but the increase is relatively more in theaBd 38 cores at the Belle Fourche — Second
White Specks boundary. Although the unavailabitifysamples between 428 — 418m in the
30 cores creates a gap in the trend the upperogeistimarked by an overall increase in
carbonate content from 8% at 415m to 77% at 412companied, by a sharp drop in clay
contents. The increase in carbonate content withén upper interval in the 30 cores is
associated with increase in log AOM:Phy ratio a@CTvalues from 3.03% at 418 to 8.32%
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at 415m indicative of a transgressive trend. Sirtyilahe 06-18-45-01W4 core show marked
increase in carbonate content at the base of tben8a/Nhite Specks increasing from 5.8% at
the boundary with the Belle Fourche to 75% at 4@6ahd then drop sharply between 406-
399m interval from 75 to 28% (Fig.5.14)). The 0:4B10W2 and 04-23-46-16W2 show
more subtle increase in carbonate contiératppears that the carbonates content is assdciate
with good organic matter preservation showing iase2in TOC. Schroder-Adams et al.
(1996) attribute this with a maximum transgresdiloat occurred within the basal Second

White Specks Formation.

General trends indicate that AOM/phytoclast ratioréases within the upper Westgate, then
remains constant, and then increases again int&é&eend White Specks in all the wells.
AOM/Phtyclasts ratio also increases within the uppelle Fourche in the 01-04-45-10W2
and 04-23-46-16W2 wells. AOM/phytoclast ratio admw a positive correlation with TOC
content for values >3%, but do not correlate wh@tTs <3%.

156



Adamu

5.3.1 Controls on Colorado Group Sediment Deposition

Previous studies have shown that the main controlihe deposition of the Colorado Group
include changes in eustatic sea level, sedimenrt #nd tectonic influences (Caldwell, 1984;
Bhattacharya and Walker, 1991; Varban and Plin8820The lower Colorado data in this
study shows that the formations are similar basedgeain size analysis, pore size
distributions, bulk mineralogy and TOC; howevere t8econd White Specks is different
based on its calcareous nature and more abundgariomatter.

The organic matter assemblage of the Colorado Grsugenerally dominated by AOM,;
however, the AOM is predominantly poorly preservétie Westgate and Belle Fourche
formations exhibit greater phytoclast content, sypified by Type Il kerogen compositions
indicative of more proximal environments than thiehFScales and Second White Specks
formations, which are characterised by mixed Tyl kerogen. Since, one of the most
effective ways of enhancing organic matter predemavas to reduce the exposure time of
organic matter to oxygen. Anoxic (low oxygen) watand/or intermittently anoxic bottom
waters are required in order to reduce the raptitiad of oxygen and sulphate through
biological irrigation by macrobenthos (Bohacs et24l05). This means that the Fish Scales
and Second White Specks formations with highereastof organic matter are most likely
associated with oceanic realms where primary prbdtyc is high, water columns are
shallow or moderate and sediments in which thetamahdof oxidants is minimized either by

moderately high sedimentation rates or restrictetbgical stirring (Bohacs et al. 2005).

The lack of bioturbation within the Second WhiteeSs Formation suggests widespread
persistent anoxia, compared to the Westgate arld Beurche Formations. Oxic conditions,
indicated by moderate to intense bioturbation dseoved within the Westgate Formation,
ultimately reducing the preservation of the orgamiatter. Bioturbation is observed in thin
section and photomicrograph of some samples indganoderately to well oxygenated
waters suggesting deposition in relatively shalleater depths (Schroder-Adams et al. 1996).

The calcareous nature of the Second White Spedkselg a reflection of a strong influence

of Tethyan waters, as these nutrient-rich wateralavpromote the proliferation of planktic
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taxa and the deposition of biogenic calcite froraitlremains. Planktic foraminifers were
noted as an indicator of seaway connectivity witd Gulf of Mexico, which promoted the
circulation of warm, nutrient-rich Tethyan watensthe seaway (Schroder-Adams et al. 1996).
Therefore, it is most likely that the absence oespnce of Tethyan-derived waters is
responsible for the change in the abundance ofebiocgcarbonate content within the

Colorado Group.

The grain size data in this study indicate thatGléorado group is dominated by fine grained
clay materials (<2um), suggesting deposition iregjuow energy environment (Curran et al.
2004). However, the presence of clay clasts sigmifieposition under relatively high-energy
conditions, since higher energy is necessary tdeecompacted sediments from the seafloor
and transport them. Previous studies of the Cotofabup have interpreted its depositional
setting within the foreland basin to be represergaif either a distal shallow shelf setting or
a prodeltaic setting (Nielsen et al. 2003). Eitldepositional setting has relatively low
accommodation space, which promotes sediment bypadeer from the paleoshoreface
(varban and Plint, 2008). This suggests that tldéoi@do Group consists of a complex
dynamic depositional system and either depositias dominantly controlled by eustatic or

tectonic parameters changes in the geologic regdre affected similarly.

It is probable that deposition of the Colorado Granccurred at such a distance from the
shoreface that the paleodepositional setting cdy loa identified as a non-distinct, distal
expression. AOM was likely deposited out of susmemsand then reworked by relatively
high-energy events that were also capable of tatisg terrestrial organic matter, as well as

eroding and transporting clay clasts.

The TOC content and kerogen type will affect shgds prospects since organic matter is
targeted by anaerobic bacteria and converted thanetgas during methanogenesis (Rice,
1993) within a biogenic shale gas reservoir. Thaeef rocks with high organic matter

content have a greater capacity for methane gaeragon since there is more organic matter
to be converted to gas. It can be assumed that raith consistently moderate or high

percentages of total organic carbon would be thetrfavorable gas target over rocks with
highly variable total organic carbon content. Basedthis, the Second White Specks and

Fish Scales formations display the highest totghoic content, ranging from 0.1 — 11.4 wt.%
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and 1.2 — 8.0 wt.%., respectively. Both of thesédsuappear to contain abundant type II
kerogen, which is sourced from bacterial, planktoand marine plant remains. This
particular kerogen type is ideal for methanogeneass anaerobic bacteria preferentially
degrade marine organic matter prior to terresyrigtiurce organic matter (Type Il kerogen)
(Rice and Claypool, 1981). On the other hand, thestgate and Belle Fourche formations
display organic carbon contents ranging between-046 wt.% and 0.4 — 11.4 wt.% and
have abundant Type Ill organic matter which is gesne so can be considered potential
source rocks.

The low porosity and permeability of the Coloradoo@ shales can be attributed to the
abundance of clay minerals. Studies (Passey 2040) from previous plays have shown that
production is optimal when clay minerals are ldsnt50%. The low permeabilities mean
that fractures are required for economic productidnich in turn requires brittle behaviour.
Historical gas productions within the Colorado Grotome from the Belle Fourche and
Second White Specks formations (Bloch, 1995). Tdeosd White Specks Formation is the
only interval with considerable amounts of carben&t influence fracture stimulation.
However, most of the production within the BelleuFghe and Second White Specks comes
from siltstone intervals (Bloch, 1995) and it istkmown if the shales contain sufficient
brittleness, although evidence of recrystallisdditsaare seen on thin sections but generally,

the carbonate are seen as biogenic specks maieonalliths).
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5.3.2 Summary

The integration of the various data shows that BEngprrelations between minerals, grain
size and phytoclasts and their spatial variatiommfrthe shore are not apparent. AOM
constitutes the dominant organic matter in all foemations, however, the Westgate
formation contains significant amount of phytoctasihroughout the basin. Mineralogy
(quartz and clay) is variable but not related toatemn within the basin. Carbonate shows a
spatial increase in the Belle Fourche and Seconde/8pecks Formations with increasing

distance from siliciclastic source.

Grain size data indicate that the Colorado Groupsists of substantial amount of clay-grade
plus fine silt materials dominated by flocculatedhig size spectra. Thin sections show
presence of silt laminae and clay clast indicattagrent activities capable of transporting
both flocs and silts. The lack of correlation betwemineralogy and palynofacies may
suggest that the dominant sediment processestaral laansport across a very wide, shallow
sea, with flocs, silts and phytoclasts all behawimgilarly. Schieber et al. (2010) demonstrate
that the ability of clays to flocculate makes thégdrodynamically equivalent to coarser
materials; therefore both the clays and quartz lartransported as bed load and be re-
deposited separately from phytoclasts. Furthermaréck of space to accommodate the
sediments may lead to deposition ‘bypass’ and duengent transport pathways may not be
perpendicular to the shoreline (sediment sourceyl{gh and Plint, 2008). The lack of clear
correlations can also be tied to the supply of nelteto the sea, as well as to hydrodynamic
differences and locations of sedimentation. Thepupf different components to the sea is
relative, so that an increase in supply of one ammept can reduce the concentration of a

second component, even if the supply of the secem@ins constant.

The Colorado Group is characterised by moderatagilo TOC; TOC does not correlate to

grain size or to distance from the shore. Howe&M dominated intervals are associated
with high TOC values.

TOC content is highest in the Second White Speckere&r AOM and carbonate are also
highest. This may suggest that the dominant cominolTOC is productivity (Bohacs et al.

2005) and perhaps preservation, although preservatiay be limited due to the presence of

current activity.
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Stratigraphic variations in selected wells showt tikarbonate rich intervals generally
correspond with transgressive sequences and aveiaesl with increases in marine organic
matter, HI and TOC. On the other hand, increassiliniclastic minerals correlates with

regressive intervals associated with drop in séavel and increases in terrestrial organic
matter. The Second White Specks Formation alsdbégipositive correlation between TOC
and clay contents (<2um).

The pore size distributions of the lower Coloradoup formations are generally affected by
the relative percentages of clay fractions and fsdttions as well as by the level of
compaction consistent with the behaviour of pore slistributions of mudstones reported by
Yang and Aplin, (1998). Clay rich sediments tendb® unimodal with tight pore size
distributions while sediments with both clay-sizedl silt materials tend to have broader and
occasionally bimodal pore size distributions. Payogppears to be the dominant control for
the pore size distributions in the Westgate Foromagpossibly because it is relatively deeper
than the rest of the formations. A combination itfidlogy and porosity is likely to have
influenced the pore size distributions in the Fitales, Belle Fourche and Second White
Specks formations. The unimodal porosity typicathe lower Colorado group formations,
and the dominance of clay-sized and silt-sizedmsedis as indicated by grain size data
promotes the adhesion of gas molecules, which mé#kese sediments optimal for gas

adsorption (Javadpour et al. 2007).

The complex nature of the WCSB and lack of adequametinuous core makes the
interpretation of the shale gas potential difficulid therefore comments are general. Chapter
six considers the shale gas potential of the Ugpsorado Group from a single well with

continuous core samples over a 200m interval.
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6 CHAPTER SIX: SHALE GAS POTENTIAL OF THE UPPER COLOR ADO
GROUP, SOUTHWESTERN SASKATCHEWAN (12-19-013-28W3 WHEL)

6.1 Introduction

The aim of this chapter is to conduct a detailagiytof a single well (12-19-013-28W3)
within the Bigstick Field located in southeastertbeékta and southwestern Saskatchewan
(Fig 6.1). This study area will be used for thelshgas characterisation of the Upper
Colorado Group shales integrating geochemistry,enalogy, grain size, thin sections,
porosity and permeability data. Pore size distidng, porosity and permeability of the
Upper Colorado shales are determined with the p&md identifying the gas capacity and
producibility of the shales. In addition to thisaghemical (TOC and Rock-Eval) data are
also observed with the purpose of identifying ofgarth intervals and establishing organic

matter type within the formations.

6.2 Background to the Upper Colorado Group

Figure 6.2 shows a generalised composite stratiggapection of the Upper Colorado

summarised from multidisciplinary data (Nielsen @t 2003). The Upper Colorado

Formations incorporate the Carlile to Niobrara Fations (Fig. 6.3) according to Nielsen et
al. (2003) nomenclature. The Carlile Formation i30am (east) to 160 m (west) thick non-
calcareous, dark grey shaly interval with only mmirgand partings that is informally

subdivided into lower, middle and upper units. Tdwer unit of the Carlile Formation is 35

to 40 m thick, homogenous grey shale with occasiooa-bioturbated sand partings, no
microfossils and average TOC value of 2.2%. Thendauy between the Carlile Formation
and the underlying Second White Specks Formatia@omdormable and is easily recognised
by a change from a calcareous, highly organic (>8B@&le with common macrofossils to a
non-calcareous shale with an organic content géner22 and rare macrofossils (Nielsen et
al. 2003). The middle unit is an approximately 3éten dark grey, slightly bioturbated, silty
shale. The average TOC value is 1.4%. The uppé¢nsithe sandiest of the three units with
some macrofossils and bioturbation and TOC in #rege of 0.5 and 2.5% (Nielsen et al.
2003).
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The boundary between the Carlile and Niobrara ftiona is unconformable and the
thickness of the Niobrara Formation varies from r80in the northeast to 240 m in the
southwest. It is subdivided into three members: ltheer shaly Verger, the sand-rich
Medicine Hat, and the uppermost calcareous FirsitaMBpecks (Nielsen et al. 2003). In
general, the Niobrara Formation is composed of dagly marine shales, siltstones and very

fine, grey sandstones and a few layers of cheiblpsb

(Rg 16 ;\'41 {Rg. 1W4)
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112 110 =0
Alberta | Sask.
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s50¢ sl
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Montana
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i® well 12-12.013-28W3

‘:'I ?Ib ?.5 1|_‘I'D Mikas
lu] &0 100 Kibomatres

Figure 6.1: Map of the study area, outlined area Idicates location of studied core, 12-19-013-28W3 the Bigstick
modified from Nielsen et al. (2003). The study areaverlies the southern Alberta-Saskatchewan bordemniet outlined
in red, within the Western Interior Seaway during Cenomanian age (early Upper Colorado Group depositig.
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The Verger Member is a 20 m (in the northeast) 26 fin (in the southwest) thick shaly
interval, slightly bioturbated and with only minsand partings. The TOC values range from
1.5 to 1.9%, and both macro- and microfossils aumdant. The age of this lower member of
the Niobrara Formation is Coniacian. The Medicireg Member is relatively uniform with a
thickness between 40 and 65 m. The member cormdistsmerous, fine-grained sandstones
separated by shale and siltstone. The First Whotecl& Member is the youngest in the
Niobrara Formation, and is a dark grey calcarebtaseswith thickness from 75 m in the west
to 20 m in the east (Nielsen et al. 2003).

The Milk River Formation is one of numerous unigpdsited in the Western Interior Seaway
during the Late Cretaceous. Seven distinct marthefacies have been identified (Ridgley,

2000), each having sandstone, siltstone, and muelsto shale lithologies present. The
lithofacies correspond to various depositional emvinents including delta front, shoreface,
and inner and outer shelf. Overall, depositionhef Milk River spanned at least two episodes
of sea-level fall, which prompted basinward shifffacies. These basinward shifts of facies
were followed by marine transgressions (Ridgley{)®0The two sea-level falls are seen in

the rock record as major erosional surfaces (Ryd§e00)
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Figure 6.2: Schematic section of the Carlile and Nbrara formations after Nielsen et al. (2003)
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Figure 6.3: Correlation chart showing selected Creiceous rock units from south-eastern Alberta, soutlwestern
Saskatchewan, and Montana. Asterisks mark gas-proding formations (Ridgley, 2002).

A total of 126 samples over a 200m thick intervarevtaken from the core of well 12-19-
013-28W3 and covering Belle Fourche through to Firet White Specks Member for the
various analyses. However, emphases were focusstttedJpper Colorado Formations and
members (Carlile — First White Specks) intervallyon
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6.3 Bulk mineralogical results of 12-19-013-28W3 well

Bulk mineralogical analysis was conducted on ak th26 samples using the FTIR
spectroscopy model developed in this study. Theeraiogy percentages for the Upper
Colorado Group shales from the Bigstick 12-19-088¥3 well show that clay minerals
dominate the composition of each formation and neamiwllowed by quartz (Table 6.1,
Appendix Ill). Minor amounts of dolomite, calcitend feldspar are also present. The Upper
Colorado samples have the following ranges: quar&51.5%, calcite: 0.9-59.7%, dolomite:
0.1-1.7%, kaolinite: 0.6-27%, illite-smectite: 18-4%, and total clay: 15.4-48.5%. Average
percentages for the minerals present differ asoal quartz: 34.7%, calcite: 11.2%,

dolomite: ~1%, kaolinite: 8%, and illite-smectit8t%.

Quartz content is highest within the Verger mentdfeéhe Niobrara Formation (30.3-49.7%;
mean 40%), but is still comparatively high withiletMedicine Hat Member (24.9-48.7%,
mean 39.2%). The greatest percentage of total ctaysthin the Carlile Formation (62.1%).

It is surprising that the Carlile Formation havéraader range of carbonate content (1.1 —
61.4%) than the First and Second White Specks Raonsa(6.0 — 28.3% and 4.1 — 58.3%
respectively), but overall, the First and Secondité&/ISpecks Formations are the most
calcareous shales within the Upper Colorado Groith an average carbonate contents of
17.7% and 23.9% respectively, while the averagbaraate content of the Carlile Formation
is 8.4%.
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Figure 6.4: Semiguantitative mineralogy of the Verger Member of the Niobrara Formation andCarlile Formation.

Clay minerals dominate the composition of each sanm followed byquartz. Minor amounts of dolomite, calcite, and
feldspar are also present. The Carlile Formation shes sections of increased carbonate content. Vergélember
shows the highest amount of quartz percentac
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Figure 6.5: Semiguantitative mineralogical analysis of the Medicie Hat Member, showing increased amount ¢
quartz compared to the Carlile Members and the Firs White Specks Membe
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Figure 6.6: Semiguantitative mineralogical analysis of the First Wlite Specks Members of the Niobrara Formation
The First White Specks Member is the most calcareousn average within the Upper Colorado with averag:
carbonate content of 17.7% (Calcite + dolomit
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Table 6.1: Mineralogical Composition of 12-19-013-283

Mineral N Mean Bev Minimum Maximum

First White Specks

%Quartz 15 36.1 8.1 22.8 51.5
%Calcite 15 159 6.3 6.0 28.3
%Dolomite 15 1.8 .30 0.8 1.6
%Kaolinite 15 5.9 2.8 0.6 10.9

%lllite-smectite 15 31.9 2.8 26.5 35.9

Medicine Hat

%Quartz 42 392 06 249 48.7

%Calcite 42 78 3.8 0.9 21.4
%Dolomite 42 1.0 0.2 0.5 15
%Kaolinite 42 6.3 2.7 0.6 14.2
%lllite-smectite 42 35.6 12. 28.9 43.1

Verger

%Quartz 8 400 6.2 30.3 49.7
%Calcite 8 116 34 7.9 16.9
%Dolomite 8 12 0.2 0.9 15
%Kaolinite 8 50 30 0.7 8.5
%lllite-smectite 8 343 72 31.0 40.1

Carlile

%Quartz 30 35.4 97 12.3 47.8
%Calcite 30 84 125 1.0 59.7
%Dolomite 30 08 0.3 0.1 1.7
%Kaolinite 30 87 31 2.0 19.0
%lllite-smectite 30 35.7 54 149 43.1

Second White Specks

%Quartz 21 253 115 3.9 46.2
%Calcite 21 22.9 195 4.0 56.6
%Dolomite 21 1.0 04 0.1 1.7
%Kaolinite 21 10.7 6.7 4.4 37.0
%lllite-smectite 21 29.7 82 151 40.2

Belle Fourche

%Quartz 12 28.8 6.3 215 43.0
%Calcite 12 4.1 91. 25 8.7
%Dolomite 12 0.5 0.2 0.2 1.0
%Kaolinite 12 135 31 7.2 17.8
%lllite-smectite 12 37.9 1.2 34.9 38.9

170



Adamu

6.4 Grain size distributions and thin sections of 12-1913-28W3 well

Grain size distributions and thin sections for sE®paken from the Upper Colorado Group
were conducted by Dr. Ron Spencer at the Univeddityalgary, Canada. Grain size analysis
was conducted using the laser diffractometry temimmion a suite of 60 samples; described by
Beuselink et al. (1998) and classified accordinght® Udden-Wenthworth. The grain size
distributions for the Upper Colorado shales are idated by combined silt and clay fractions
accounting for between 50-90% (Table 6.2) and gelyeexhibit upward-coarsening trends
in all formations and members except in the Vergeamber and First White Specks

Formation which show no apparent trend.

6.4.1 Carlile Formation

Grain size distributions appear to be overall ugla@arsening in the Carlile. Grain size in
the Lower and Middle Carlile members, as well ds the Upper Carlile member is upward-
coarsening. An upward-fining (U-F) is however, alved at approximately 575 m depth until
the top of the Carlile Formation (Fig. 6.7). Theanbe between ‘upward-coarsening’ and
‘upward-fining’ is interpreted to represent a trgwessive surface (‘'TS’) within the Upper

Carlile member.

The Upper Carlile member is comprised of very fiymained sand and fine-grained sand.
Thin section of samples from the Lower Carlile memis shown in Figure. 6.8 at a depth of
606.5m) comprising of silty mudstone, rare quantairgs and organic matter (OM). SEM

analyses angular pieces of red phosphate are ptéseaghout Carlile Formation mudstones.
The mudstone show signs of moderate to intenserbiation and trace fossils are typically

filled with mud-rich or clay-rich sediments.

The Middle Carlile Member comprise of clayey sots¢s and muddy siltstones (Fig. 6.7).
The siltstone contains quartz grains, organic mg@®a), and phosphate (Phos) while the
muddy siltstones contain organic matter (OM), phasp (Phos) and pyrite, which are
present throughout the sediments, with signs @nis¢ bioturbation (Fig. 6.9). Trace fossils
within the Middle Carlile member tend to be filledth relatively finer-grained, well sorted

sediments and areas not cemented with mud or ctagtained with blue epoxy (Fig. 6.9A).
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The presence of flattened and distorted burrowgesstg that the sediments have undergone

some level of compaction.

Table 6.2: Grain size distributions for 12-19-13-28%/3 Well (Lower, Midlle, Upper Carlile and Verger Members)
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53 5 5 = R i d g < 3 e > 8
a >
622.08 L. Carlile 52.76 46.86 0.37 0.01 0 0 0
620.16 L. Carlile 85.29 14.33 0.1 0.29 0 0 0
615.37 L. Carlile 88.12 11.77 0.09 0.02 0 0 0
611.81 L. Carlile 90.62 9.38 0 0 0 0 0
608.9 L. Carlile 81.04 18.98 0 0 0 0 0
603.5 L. Carlile 76.76 23.24 0 0 0 0 0
596.5 M. Carlile 71.87 28.13 0 0 0 0 0
595.7 M. Carlile 72.22 27.6 0.14 0.04 0 0 0
593.6 M. Carlile 64.99 34.99 0.03 0.02 0 0 0
591.4 M. Carlile 69.69 30.32 0 0 0 0 0
589.1 M. Carlile 72.43 27.57 0 0 0 0 0
588.7 M. Carlile 54.55 36.08 2.54 2.21 25 2.15 0
585.6 U. Carlile 55.37 39.24 2.29 2.99 0.12 0 0
582.6 U. Carlile 51.27 44.98 2.69 1.05 0 0 0
579.1 U. Carlile 48.49 47.7 3.51 0.31 0 0 0
575 U. Carlile 69.87 28.89 1.33 0.09 0 0 0
573.6 U. Carlile 67.22 26.32 5.38 1.09 0 0 0
573.6 U. Carlile 81.3 17.7 0.65 0.34 0 0 0
572.65 U. Carlile 81.03 17.76 0.9 0.31 0 0 0
569.8 Verger 86.88 13.12 0 0 0 0 0
568.4 Verger 60.1 34.17 5.36 0.37 0 0 0
567.1 Verger 49.85 40.29 8.51 1.35 0 0 0
566.1 Verger 64.95 31.89 2.81 0.36 0 0 0
565.2 Verger 57.29 39.23 3.83 0.59 0 0 0
563.8 Verger 70.77 26.25 2.8 0.18 0 0 0
562.8 Verger 77.51 17.68 0.8 2.89 1.12 0 0
562.3 Verger 71.02 24.34 4.07 0.58 0 0 0
561.5 Verger 67.62 32.34 0 0 0 0 0

172



Table 6.3: Grain size distributions for 12-19-13-28/3 Well (Med. Hat and 1SW Members)
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560.8 Med Hat 86.51 13.49 0 0 0 0 0
560.25 Med Hat 72.91 26.26 0.51 0.31 0 0 0
558.8 Med Hat 76.55 23.27 0.15 0.04 0 0 0
557.85 Med Hat 81.68 18.32 0 0 0 0 0
557.1 Med Hat 87.65 12.44 0 0 0 0 0
555.1 Med Hat 81.47 18.53 0 0 0 0 0
554.3 Med Hat 86.92 12.97 0.07 0.04 0 0 0
553 Med Hat 83.14 16 0 0 0 0 0
550.9 Med Hat 99.86 0.14 0 0 0 0 0
549.6 Med Hat 87.88 12.12 0 0 0 0 0
546.3 Med Hat 88.06 11.94 0 0 0 0 0
545.55 Med Hat 73.51 25.84 0.63 0.06 0 0 0
540 Med Hat 99.32 0.72 0 0 0 0 0
535.9 Med Hat 84.89 15 0.07 0.04 0 0 0
530.2 Med Hat 82.75 17.25 0 0 0 0 0
527.26 Med Hat 77.58 22.43 0 0 0 0 0
513.45 Med Hat 75.84 23.91 0.05 0.21 0 0 0
508 Med Hat 69.21 30.9 0 0 0 0 0
503.6 Med Hat 81.59 18.24 0.15 0.03 0 0 0
498.3 Med Hat 76.07 23.52 0.36 0.05 0 0 0
496.8 Med Hat 76.38 23.16 0.42 0.04 0 0 0
492.9 Med Hat 61.5 38.5 0 0 0 0 0
487.7 Med Hat 66.63 32.74 0.57 0.03 0 0 0
485.3 1wWs 76.87 21.7 1.33 0.1 0 0 0
481.1 1wWs 69.06 30.65 0.27 0.02 0 0 0
477.3 1WS 49.96 41.93 7.06 1.05 0 0 0
475.5 1wWs 51.22 41.77 6.21 0.8 0 0 0
471.6 1WS 66.82 31.16 1.69 0.3 0.03 0 0
467.8 1wWs 61.5 34.23 3.7 0.57 0 0 0
463.2 1WS 55.94 42.16 1.83 0.07 0 0 0
462.5 1WS 54.72 37.57 6.62 1.09 0 0 0
458 1wWSs 69.18 29.81 0.95 0.06 0 0 0
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Samples from the upper Carlile member shcdominant claysich mudstone containing da
brown, angular and ellipsoid clay clasts interv@rganic matter (OM) and phosphi
fragments (Phos) are similarly angular in shapg.(€i10). This change in appearance of
clasts is distinct to only the pper Carlile and may indicate significant changesthe
environmental conditions during deposition. Thislileely a combination of decreas
sediment supply and increased sediment consolidalibese changes likely coincide w

the occurrence of a tragressive surface in the Upper Carlile member wes identified ir
the grain size data.

Carlile Formation

M Clay-Sized Grains MW Silt ®Very Fine Sand ™ Fine Sand ™ Medium Sand ® Coarse Sand Very Coarse Sand
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Grain Size Distribution

Figure 6.7 Grain size distributions of the Carlile Formation. The Lower Carlile member contains ~5-90% clay-
sized grains and ~10-50% silsized grains; the Middle Carlile member contains ~6-75% clay-sized grains and ~25-
25% silt-sized grains. Grain size within the lower and Middé Carlile members appears to be upwar-coarsening.
The Upper Carlile member contains~5C-80% clay-sized grains, ~20-50% silsized grains with an upwarc-coarsening
trend in the lower part of the Upper Carlile member, and an upwarc-fining trend in the upper part of the Upper

Carlile member. The First White Specks Member and Uper Carlile member show the coarse:-grained intervals of
the Upper Colorado Group.
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Figure 6.8: A) Scanned hin section ofa sample within the Lower Carlile Member at a depth of 606.5 m showin
moderately to inten®ly bioturbated silty mudstone. The red rectangle representshe view of the petrographic
microscope image in (B)showing the bioturbated siltstone lamination with trace fossil. Trace fossils are filled with
mud-rich or clay-rich sediments.
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Figure 6.9: A) Scanned thin section of @ample within the Middle Carlile Member showing a muddy siltstone at a depth of 60Bm
with intense bioturbation. The red rectangle denotes the view of the petrogrdyic microscope imag in (B) Mud and clay-filled
burrows within muddy siltstone. Flattened, distorted burrows indicate compaction of the sediments Resin impregnation suggest
significant large and accessible pores in parts dfie sediment (C) Flattened, distorted burrows indicate ompaction of the sediments
Petographic image of a sample within the Middle Cdile member, at a depth of 600.2m containing muddgiltstone, organic mater
(OM), phosphate (Phos) and pyrite. Also present ia foraminifer (foram) filled with framboidal pyrit e.
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Figure 6.10: (A) Scanned thin section of a samplwithin the Upper Carlile member, at a depth of 580m showing a
clay-rich mudstone.The red rectangle denotes the view of the petrograjdmicroscope imige in (B) containing dark
brown, angular clay clasts, organianatter (OM) and phosphate fragments (Phos
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6.4.2 Niobrara Formation

Grain size does not appear to exhibit any visitdad throughout the Verger Member (Fig.6.11).
thin section of sanip within the Verger member appears homogeneousmaitbedforms (Fig. 6.12
The Verger Member is dominated by ¢-rich mudstone with lenticular clay clasts and organatter
(OM) within the mudstone (Fig. 6.12). Quartz graéms also present and apr as individual floating
grains.

Verger Member (Niobrara)
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Grain Size Distribution

Figure 6.11 Grain size distributions the Verger Member. GSD ontains ~5(-85% clay-sized grains, ~1-40% silt-
sized grains, and ~0-10% very fingrained and/or fine-grained sand and appears to fluctuate throughout the uni
with no apparent trends
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Figure 6.12: (A) Scanned lin section of a sample, within the Verger Membe at a depth of 568.m showing a
homogeneous clayich mudstone with no bedforms. B) Show a petrographic view of lenticular clay clast and
abundant organic matter (OM) within the Verger Member.
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Grain size distributions are overall upw-coarsening in the Medicine Hatdvhber (Figs 6.13). Thi

sections show that the Medicine Hat Member comsgriday-rich siltstone, lenticular clay clas

within silty organicrich mudstone and fi-grained sandstone laminae. The -rich siltstone

contains quartz grains, organic matter (OM), phagpti{Phos) and fish bones. Clay clasts in

Medicine Hat Member are esmpanied by elongated stringers of black orgarédten (OM) anc

phosphate (Phos). The clay clasts look very smiileappearance to those observed in the Ve

Member, which implies that the sediments have eded. The muddy siltstones containcite

overgrowths, pyrite, organic matter (OM), quartaigs and calcite grains (Figs 6— 6.16).
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Figure 6.13 Grain size distributions of the Medicine Hat Memkbker. GSD contains ~6-100% clay-sized grains and ~0-
40% silt-sized grains. Grain size within the Medicine Hat Menber appears to be overall upwar-coarsening.
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Figure 6.14: A) Scanned hin section of a sampl within the Medicine Hat Member at a depth of 527.25 1, showing
organic-rich mudstone and finegrained sandstone laminae. The red rectangle denotéise view of the petrographic
microscope image in (B) containing orgnic-rich and silty mudstone laminations overlain by a ihe sandstone
lamination.
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The overgrowth may represent burrow fill that hasrboccluded by calcite cement. Multi

carbonate cements including doloe cements are most abundant, with minor calciteeso¢
within the Medicine Hat Memb (Fig. 6.16).

Figure 6.15 A) Petrographic image of a thin section of a sanip within the MedicineHat Member, at a depth of
519.25 m. Pyritegrganic matter (OM), calcite grains are present throughout the sedimés.
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Figure 6.16: (B) SEM image within the Medicine Hat Member, at adepth of 530.2m showing multiple carbonat
cements -dolomite are most abundant, with minor calcite cerant. Compaction is apparent within this interval, &
several quartz grains display point contact (circld in red).

Grain Size distributions remain relatively statlieoughout the First White Specks Formation (6.
The results suggest that the First \e Specks Member is coarser than the Medicine Hanhibéde.
However, it is possible that the coarse sedimexttifvn is actually comprised of calcareous ceme
clay aggregates, which are being misinterpretezhad by the grain size analyzer. Thin seis (Fig.
6.18) show that the First White Specks Member compridag-rich, organi-rich mudstone and
calcareous and siliciclastic sandstone laminati@tangers of black organic matter (OM) oc
throughout the mudstone. Siltstone laminations lheds se comprised of calcite and occasio
guartz grains. Permeability along some laminatisrindicated by the presence of blue epoxy. S
laminations are cemented with a combination ofitaland mud. Organic matter (OM), phospt
(Phos) and abundant gl&lasts are present throughout org-rich, clayrich beds and laminatiol
(Fig 6.18).
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Figure 6.17 Grain Size distributions of the First White Specls Member contain ~5-75% clay-sized grains, ~20-40%

silt-sized grains, and ~B% very fine-grained and/or finegrained sand. Grain size within the First White Speks
Member appears to fluctuate throughout the intervalwith no apparent trends.
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Figure 6.18: First White Specks A)Scanned hin section of the sample within the First White Spcks Member, at a
depth of 471.6 m showing calcareous and siliciclasisiltstone laminations. The red rectangle denotes théew of the
petrographic microscope image in (B) Siltstone lamiations and beds are comprised of calcite and ocdasal quartz
grains. Organic matter (OM), phosphate (Phos) and abundant clay clastsra present throughout organic-rich, clay-

rich beds and laminations.
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6.5 PSD, porosity and permeability of 12-19-013-28W3

A total of 20 samples within the 12-19-013-28W3 eveneasured for PSD, porosity and
permeability. The results from mercury injectiorabyses for the Upper Colorado Group are
presented in Table 6.2 and Figures 6.16 — 6.21 isigototal porosities and permeability
values. Total porosities within the samples rangenf10.32-19.76%, and display largely

unimodal porosity distribution between (10-20nm).

Measured porosity within the Carlile Members vabesween 10.3- 19.3%, with tight mean
pore throat sizes between 8.27-28.9nm. Grain sa@a dnd thin sections show that the
Members consist of a dominant clay-rich mudstoteyey siltstones and muddy siltstones.
Clay fractions constitute 50 — 90% of the totatfians typical of matrix supported sediments
(Yang and Aplin, 1998b). Similarly, the lower paofsthe Medicine Hat Member and Verger
Member all have unimodal porosity characterisedlhy fraction >50%. Total porosities for

Medicine Hat Member range between 14.5-18.7%, whilean pore throat size range
between 13.9-23.3nm

Bimodal pore size distributions are seen within Eimst White Specks Formation, the upper
part of the Medicine Hat Member, and Second WhipecBs Formation. These intervals
correspond to sections with increased fractionsaoafrser silt and sand grains. The highest
porosity was recorded within the First White Spesksmber (19.8%; 35nm), while the
lowest values were recorded within the Middle daflember (10.3%; 28.9nm).

It is likely that the true porosity is much highian the total porosity measured in the Upper
Colorado Group, as the abundant mud and clay withé@se formations/members would
probably cement up much of the pore space netvRekmeability values computed from the
mercury injection dataset show that the Upper GalorGroup ranges from 3.27-151 nD,

with an average of 14.4 nD.
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Table 6.4: Porosity data for 12-19-013-28W3

Depth (m) Formation/Member  Average Permeability (nD)  Total Porosity (%) Mean Pore Throat Radius (nm)

4716 1% White Specks 151 19.8 35
496.8 Medicine Hat 6 18.0 23
508 Medicine Hat 8 18.0 21
519.25 Medicine Hat 3 18.7 18
530.5 Medicine Hat 5 17.7 16
539.35 Medicine Hat 4 14.5 14
545.85 Medicine Hat 5 17.3 17
552  Medicine Hat 7 16.0 18
562.8 Verger 5 19.8 21
572.65 Upper Carlile 8 16.0 19
582.6  Upper Carlile 5 19.3 18
589.5 Middle Carlile 11 14.6 16
595.7 Middle Carlile 7 10.3 29
603.5 Lower Carlile 7 14.9 13
611.31  Lower Carlile 5 14.6 12
619 Lower Carlile 7 15.0 15
625 Lower Carlile 8 16.9 9
644.8 2" White Specks 10 19.9 20
650.81 2" White Specks 10 16.9 17
667.34 2" White Specks 17 17.5 310
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6.6 Total Organic Carbon (TOC) distribution within the 12-19-013-28W3

A total of 48 samples covering the Belle Fourchth®First White Specks within 12-19-013-
28W3 well were selected for TOC and Rock-Eval asedy Details of procedures followed
are described in chapter two. Appendix Il shows disgribution of TOC within the upper
Colorado group determined from LECO analysis, whdere 6.25 display TOC trends with
relation to depth. Generally, TOC values within tgper Colorado Group range from 0.77-
7.06 wt. %, with an average of 2.67 wt. %. The edphe Belle Fourche Formation exhibits
relatively high TOC values increasing from 2.224td40 wt. %. However, these values may
not be representative of TOC values throughouetitee formation as only a small interval
of the formation was sampled. The Second White &p&ormation contain variable TOC
values throughout the interval, ranging betweery w8 % and 7.06 wt. %. Apart from the
fact that the lowest value is recorded at the tofhne formation, there does not appear to be

any clear trend within the entire formation.

The Lower Carlile member continues with the low T@&ues initiated in the upper part of
the Second White Specks. TOC values remain quiferamthroughout this interval, ranging
between 1.49-1.68 wt. %. The upper part of the lro@arlile member records the lowest
TOC values recorded in the Upper Colorado Groupsgatwith values ranging between 0.77
-1.08 wt.%. Slight upwards-decreasing trend in T(lies occur within the Middle Carlile
member from 4.35-3.78 wt. %. The Upper Carlile mentdoes not appear to show any TOC

trend containing values that vary between 2.22-8/6%.

Verger Member TOC values show an upwards-decredsemgl, but this again may not be
representative of the entire interval because tmty data points were recorded with values
of 2.20 wt.% and 1.49 wt.%. The Medicine Hat Membdmplays no apparent TOC trend;
values throughout vary between 1.09-4.27 wt. %,ast samples have TOC values under
2.20 wt. %. Higher TOC peaks occur throughout trezlidine Hat Member with irregularity.
The highest TOC is recorded at the top of the wallerperhaps corresponding to the
transgressive surface that precludes First WhiecKpdeposition. Relatively uniform TOC
values are present within the First White Specksnldler, with upwards-decreasing values
between 3.47 wt. % and 1.10 wt. %.
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A Figure 6.26: Cross plot of S2 vs. TOC for the Upper Colorado Grop illustrating that there is dominantly type Il
kerogen throughout these units, with a minor type Il component. This is an indicator of a dominantly narine
depositional environment. However, the presence of type Ill kerogen impéis that organic matter with a terrestrial
origin occurs within the Lower Carlile member and the lower part of the Medicine Hat Member.
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6.7 Rock-Eval Analyses of 12-19-013-28W3

Rock-Eval results are displayed in Table 6.5. Cpdses of S2 vs. TOC is shown in (Figure
6.26) indicating kerogen type for the Upper Colard@roup. There is dominantly type Il
kerogen throughout these units, with a minor tyjpeedmponent. This is an indicator of a
dominantly marine depositional environment. Howeuwbe presence of type Il kerogen
implies that organic matter with a terrestrial arigccurs within the Lower Carlile member
and the lower part of the Medicine Hat Member.dp@ars that the Second White Specks
Formation and Lower Carlile member contain terrakyrinfluenced organic matter, as most
samples from these shales contain only type libgen. The Middle Carlile member, Upper
Carlile member, Verger Member, upper part of thedidiee Hat Member and First White
Specks Member appear to contain mostly marine pietérial, such as algae and bacteria. A
mixture of type Il and type Ill kerogen is observedthe Medicine Hat Member; Type Il
kerogen is present in samples from the lower hathe Medicine Hat Member, and type I
kerogen is typically present in samples from theauphalf of the Medicine Hat Member.
Thus, terrestrial influence appears to be overdrelasing upwards through the Medicine Hat

Member as grain size increases upwards.

Table 6.5 and figure 6.27 show Production indexieslwithin the Upper Colorado Group.
Values range from 0.0638 to 0.6131 The majorityheke values fall within a typical zone of
oil generation (Pl = 0.1-0.4; (Peters, 1986; Tissul Welte, 1984), while few PI values even

surpass the zone of oil generation (Pl = >0.4).

Figure 6.27 and 6.28, show cross plots of prodacticdex with depth and maximum

temperature values with production index for thep&lpColorado Group respectively. The
Maximum temperatures (Tmax) for the formations Esdtween 389.0 °C and 432.5 °C; and
therefore generally immature. They fall below dilezone threshold for a mixture of type Il

and type Il kerogen (430°C-435°C; (Espitalie et 4B85), and considerably below the oil
zone thresholds for only type Il kerogen or onlgeyll kerogen (450°C-455°C and 465°C-
470°C, respectively; (Espitalie et al., 1985). Bvésrmation within the Upper Colorado

Group is indicated to be thermally immature withamels to the oil window (Fig 6.28).
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Table 6.5: Rock-Eval results for 12-19-13-28/W3

Depth (m) Formation S1 Avg. S2 Avg. TOC Avg. Tmax Avg. PI HI

463.2 1WsS 1.18 14 1.53 419.5 0.46 91.18

471.6 1WsS 1.04 7.5 2.54 419.5 0.12 295.66

477.9 1WsS 1.46 8.56 2.86 416 0.15 299.13

487.7 Med Hat 1.64 17.77 4.27 411.5 0.08 416.04

496.8 Med Hat 3.78 2.39 1.38 417 0.61 173.45

508 Med Hat 1.71 5.63 2.29 417.5 0.23 245.85

519.25 Med Hat 111 4.38 1.72 420 0.20 255.1

530.5 Med Hat 0.45 1.98 1.62 423 0.19 122.29

539.35 Med Hat 0.98 3.19 1.54 419 0.24 207.82

545.85 Med Hat 0.79 1.17 1.09 421 0.40 107.34

552 Med Hat 1.26 11.33 2.99 416 0.10 378.93

562.8 Verger 1.13 19 1.49 432.5 0.37 127.52

572.65 Upper 1.03 8.33 2.73 420 0.11 305.69

582.6 Upper 1.22 12.37 3.68 415.5 0.09 336.46

589.5 Middle 1.6 14.44 3.78 412 0.10 382.01

595.7 Middle 1.27 113 4.35 402 0.10 259.95

603.5 Lower 0.64 0.85 1.08 417 0.43 79.07

611.31 Lower 1.26 2.61 1.68 421 0.33 155.06

619.37 Lower 0.72 1.68 1.49 425.5 0.30 112.79

625 2WS 0.77 2.5 1.87 423 0.24 133.78

644.8 2WS 1.5 13.85 4.29 412.5 0.10 3231

650.81 2WS 13 16.83 7.06 412.5 0.07 238.55

667.34 2WS 0.89 7.13 3.73 414.5 0.11 191.28

673.8 Belle 0.48 5.35 2.27 430.5 0.08 236.2

Adamu
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As the Upper Colorado Group is locally immaturegppears that Rock-Eval data from well
12-19-013-28W3 displays abnormally high productinodex (PI) values for an immature
source rock. Production index values are mainlyalibl, in the range typically seen within
mature marine shales within the oil window (Tisswtd Welte, 1984) Uncontaminated,
immature source rock has characteristic produdtidex values of less than 0.1; if Pl values
are higher, it is likely that mature hydrocarboasér migrated from another stratigraphic unit,
or that the immature rock has been contaminateaiblgased drilling fluids (Tissot and
Welte, 1984; Bloch et al. 1999). Therefore, itikely that all formations within the Upper
Colorado Group contain migrated hydrocarbons froomature source rock, or that these

mudstones have been contaminated by drilling fluids
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6.8  Shale gas reservoir properties of the Upper Coloran Group

Shallow gas of biogenic (microbial) origin in Upp&retaceous reservoirs has been
previously reported to form an important sourceraduced natural gas in Saskatchewan and
Alberta, Canada and Montana, USA (Ridgley, 200Z;eRand Spencer, 1996; Rice and
Claypool, 1981). Recent studies by Shurr and Ridgk®902) have also demonstrated that
early-generation biogenic gas is dominant withie f@retaceous Colorado Group rocks
throughout eastern Alberta and Saskatchewan. St in such reservoirs are typified by
their fine-grained nature, low porosity and low rpembility (Shurr and Ridgley, 2002).
Maturity (Tmax) generally increases westward acribgs Western Canadian Sedimentary

Basin, which should correspond with increasingrtigenic gas content (Bloch, 1995)

TOC values within the Upper Colorado Group rangenft0.77-7.06 wt. %, with an overall
average of 2.67 wt.% , and therefore, can be censidas having good source rock potential
(Tissot and Welte, 1984). Average TOC values of imens and formations within the Upper
Colorado Group in this study range from 1.37-4.22%w TOC values are consistently
highest within the Middle and Upper Carlile membéngt values here are fairly variable. All
the formations appear to be thermally immature wébpect to the oil window. Maximum
temperatures for the Upper Colorado range betw&8r03’C and 432.5 °C which is below
the Tmax value of 435°C generally considered asotiset of oil generation (Tissot and
Welte, 1984). However, production index values tigitout the Upper Colorado Group are
quite high, ranging from 0.06 to 0.61. The zoneibfgeneration is generally defined by PI
values of between 0.1 — 0.4, while immature samatesdefined by Pl values of <1 (Tissot
and Welte, 1984). As values over 0.1 are not tygaxammature source rocks, it is probable
that the Upper Colorado Group contains migrateddgarbons from a mature source rock or

has been contaminated by oil-based mud.

The Upper Colorado Group contains dominantly tydestogen, with minor amounts of type
[l kerogen. This mixture of kerogen types suggdbtt the Upper Colorado Group was
generally deposited in a marine depositional sgttmth occasional higher terrestrial
influence. Type lll kerogen is present within thewer Carlile member and towards the base
of the Medicine Hat Member. The occasional inputygfe Il kerogen means that higher
plant materials have been incorporated into theedpgpolorado shales and/or there were

periods of oxidizing marine conditions that degihd®arine organic matter.
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This indicates that relatively high amounts ofigggnous (Type lll) organic matter within the
Lower Carlile member and lower part of the MediciHat Member may affect their
capacities for biogenic gas potentials (methanagjehpelt is shown that anaerobic bacteria
will preferentially consume particular organic campds in a certain order during the early
stages of diagenesis. Organic matter sourced fratmmenvironments will be preferentially
biodegraded first, and terrestrial organic mattegenerally biodegraded at a relatively later
time (Tissot and Welte, 1984). Therefore, methanggeducing anaerobic bacteria will
target shales that are rich in kerogen type Il le&hales that are rich in kerogen type lll.
Increased terrestrial input (type lll content) alee within the Lower Carlile member or
lower part of the Medicine Hat Member is likelyreduce the capacity of these sediments to
be methanogenic gas producers. In contrast, shetbsn the Middle or Upper Carlile
Member or upper part of the Medicine Hat Member Mdikely contain the most desirable

organic matter types for biodegradation and metbanesis.

The Rock-Eval pyrolysis data from the well in tBisidy is consistent with data reported by
Shurr and Ridgley, (2002) who show that the Uppaiofado Group source rocks have total
organic carbon (TOC) values up to 4% and hydrogetex (HI) values up to 420 mg
hydrocarbon/g TOC. The low HI values (89 to 152 mgdrocarbons/g TOC) for the
Niobrara/Medicine Hat are consistent with the uedintaining predominantly terrestrial
organic matter (Shurr and Ridgley, 2002). Similafijelsen et al. (2003) reported source
rock geochemistry characteristics for each fornmatiait within the Colorado Group (Table
6.6) with present TOC levels above 1% in all mudsto
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Table 6.6: Source rock geochemistry of the Upper Cotado Group (Nielsen et al., 2003).
Formation Member TOC (%) HI(mg/g) Tmax (°C) Kerogen &yp
SWS FM 5.1 200
Lower 2.1 74 446 "
Carlile FM Middle 14 42.4 454 1l
Upper 1.5 58 440
Verger 1.5-1.9 420 [-111
Niobrara FM  Medicine Haj 1.2-15
1st WS 1.72 283 410-431

Previous studies have also demonstrated that sivélda the Colorado Group typically have
poor reservoir properties, due to the abundancelagf minerals and readily compactable
matrix-supported fabrics (Bloch et al.1999). Abumidelay minerals increase fluid sensitivity
hindering drilling, completion and production. Clapd mud within the Upper Colorado
Group are also effective cements, which can criedéeally extensive impermeable barriers
and reduce permeability within the mudstones. Hawrethere is long production history of
biogenic gas from the sandstone units within theli®ee Hat Member signifying that some
intervals within the Upper Colorado Group possestteb shale gas reservoir properties than
others; which is also likely true of finer-grain@tudstone intervals. It is not only lateral
variations that control the location of gas produttsweet spots’, as mudstones within the
same stratigraphic unit could produce commercialeslgas simultaneously, and this could
give the appearance of lateral ‘sweet spots’ (Sand Ridgley, 2002). Lateral facies changes
could produce similar shale gas production patt€8hsirr, 2002). Therefore, it is not unusual
for a single shale unit to have commercial gas peodn in some localities, but have no gas

production in nearby locations

The Upper Colorado Group within the Bigstick Fidlds experienced relatively shallow
burial depth and low maximum temperatures, which egulted in an immature, unlithified
source rock. Shallow biogenic shale gas reservaipgaties of formations and members
within the Upper Colorado Group are shown in Tahleé Mudstones within all formations
and members display moderate to high fluid sensitihave poor fraccability and contain
clay and mud cements, but the Carlile Formation &edger Member do not contain

calcareous cements. This implies that while thdiledformation and Verger Member may
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be more difficult to fracture than the Medicine Hdember, for instance, comprised of
relatively softer sediments, the Carlile Formatzmd Verger Member also appear to have the
highest sorption capacity. All samples within tharle Formation and Verger Member
display unimodal porosity, which maximizes the graurface area for gas adhesion
(Javadpour et al. 2007).

TOC content and kerogen type will also affect slgale reservoir qualities. Within a biogenic
shale gas reservoir, organic matter is targeteanagrobic bacteria and converted to methane
gas during methanogenesis. Rocks with high orgawatter content have a greater capacity
for methane gas generation, as there is more argaaiter to be converted to gas. Therefore,
rocks with consistently moderate or high percergagfetotal organic carbon would be the
most favorable gas target over rocks with highlyialade total organic carbon content. The
Middle and Upper Carlile members contain the mdeal total organic content ranging from
3.78-4.35 wt. % and 2.22-3.68 wt. %., respectivBlyth of these members appear to contain
only type Il kerogen, which is sourced from baetkrplanktonic and marine plant remains,
and which is ideal for methanogenesis, as anaetmditeria preferentially degrade marine

organic matter prior to terrestrially sourced oiganatter.

Table 6.7: shale gas reservoir properties of formatins and members within the Upper Colorado Group.

Fm./Mbr. Fluid Fracca- | Mud/Clay Calcareous | Sorption TOC Kerogen
Sensitivity | bility Cements Cements Capacity (wt.%)

15 White Mod./High Poor Yes Yes Low -Mod. 1.10- | Dominant
Specks 3.47 type Il
Medicine | Mod./High Poor Yes Yes Mod.-High 1.09- | Type 1/l
Hat 4.27
Verger Mod./High | Poor Yes No High 1.49-| Type I/l

2.20
Upper Mod./High Poor Yes No High 2.22- | Type ll
Carlile 3.68
Middle Mod./High Poor Yes No High 3.78- | Type Il
Carlile 4.35
Lower Mod./High Poor Yes No High 0.77- | Dominant
Carlile 1.68 type llI
2" White | Mod./High Poor Yes Yes Mod. - High|  1.87- | Type lI/lll
Specks 7.06
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The Middle Carlile member is likely the best shgbes target within the Upper Colorado
Group. As the Middle Carlile member has a high ptiad for gas adsorption, it is possible
that horizontal drilling within this interval mayake the muddy siltstone a viable gas target.
Another possible shale gas target within the Ugpaobrado Group, based on the properties
in Table, is within the lower part of the Medicikat Member. This interval appears to be
less calcareous cemented than towards the topeoMgdicine Hat Member, and contains
more clay-sized sediments based. These qualitiplyithat the lower part of the Medicine
Hat Member has a higher sorption capacity tharughper part of the Medicine Hat Member,
and also indicate that the interval may containughocalcareous sediment to increase the
strength of the rock, making it more fraccable. ldwer, the lower part of the Medicine Hat
Member also contains dominantly type Il keroges,opposed to the upper Medicine Hat
Member, which contains dominantly type Il kerogktoderate TOC values towards the base
of the Medicine Hat Member (1.95-2.99 wt.%) ancemals of moderate bioturbation, in
combination with the lower Medicine Hat Member'®&mentioned qualities, may serve to
make this interval a viable shale gas target.
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6.9 Summary
1) The Upper Colorado Group has moderate to excedlamice rock potential within the
study area (12-19-013-28W3) with TOC values randgnogn 0.77-7.06 wt.%, and
general average of 2.67 wt.% which is above thermim TOC guideline of 0.5 wt.%

to determine economic natural gas generation (Test Welte 1984).

2) A bivariate plot of kerogen types shows that theéfpColorado Group contains an
abundance of type Il kerogen, with a lesser presesfctype Il kerogen. These
kerogen types are indicative of a dominantly opeming environment, with minor
terrestrial input. A slightly greater appearanceype Ill kerogen within the Medicine
Hat and Lower Carlile Members likely signifies arsmwhat higher input of terrestrial
organic matter (i.e. woody material, land planf®)e slight difference in kerogen
types indicates that different organic materiaiosatikely comprise the total organic

carbon in the Upper Colorado.

3) It appears that that the Middle Carlile member, &pgarlile member, Verger
Member, upper part of the Medicine Hat Member aidt RVhite Specks Member
would be optimal for methanogenesis because thatatomostly Type Il kerogen
derive from marine plant material, such as alga® lzacteria. Biogenic gas potential
is likely to be less within the Second White Spe€ksmation and Lower Carlile
member as they contain mostly terrestrially infleesh organic matter (type Il

kerogen).

4) The Upper Colorado Group is immature, within thedgtarea (12-19-013-28W3).
Tmax for the formations fall between 389 °C and “€32it therefore appears that
Rock-Eval data displays abnormally high productiodex (Pl > 0.1) values for an
immature source rock. This suggests that the shaldger contain migrated
hydrocarbons or have been contaminated with okt aisilling mud.
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All samples taken for laser grain size analysisnfrevell 12-19-013-28W3 showed
that the Upper Colorado Group is comprised almasitedy of clay-sized and silt-

sized grains.

Total porosity values within the Upper Colorado Gyaange from 7.4-19.7%, with
samples largely displaying tight pore size disttidnu (10-20nm), and unimodal pore
size distribution due to the dominance of clay dizediments. Unimodal porosity
distribution dominated by clay size sediments isaldfor gas adsorption, as it
provides maximum sediment surface area for the sadheof gas molecules
(Javadpour et al. 2007). The Carlile Formation appdo contain only unimodal
porosity, and it is possible that this interval hlas highest sorption capacity within
the Upper Colorado Group. Permeability values oleidiusing mercury injection

techniques range from 3-151 nD, with an averageicf nD.

The Middle Carlile member is likely the best shales target within the Upper
Colorado Group. As the Middle Carlile member hashigh potential for gas
adsorption, it is possible that horizontal drillimgthin this interval may make the

muddy siltstone a viable gas target
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7 CHAPTER SEVEN: CONCLUSIONS & FUTURE WORK

7.1 GENERAL CONCLUSIONS

The Colorado Group mudstone’s shale gas charaaterisave been studied utilising a range
of techniques including mineralogy, grain size rhsitions, thin section analysis, pore size
distributions, permeability and porosity calculagaand organic matter content.

The use of Attenuated Total Reflectance Fouriem3i@m Infrared Spectroscopy (ATR-
FTIR) has been tested as a method to rapidly dyatfte mineralogy of mg quantities of
shales. Multivariate statistical models based onid&d east Squares (PLS) was applied to
the mid-infrared attenuated total reflectance spe(ATR) in order to provide a rapid
chemometric method to generate a semi-quantitativeeralogy. Calibrations were
constructed using (a) pure minerals, (b) naturaleshand (c) natural shales which were
amended with pure minerals, to give a broader c@itipoal spectrum. Quartz, total clay and
total carbonate can generally be estimated to wifb absolute of true value. Predictions of
the abundance of individual clays (kaolinite, chi@rillite-smectite) are less good but are
usable for some applications, where relative aboncelgs sufficient. Calcite and dolomite are
difficult to separate by ATR. Given the differemamn densities of calcite and dolomite, this
is relevant for porosity estimates from densitysloQRIFTS spectra for carbonates contain
more spectra features (peaks) than ATR spectrhaacalcite and dolomite are more likely
to be separated by DRIFTS. Calibration is absojutgtical to achieve accurate results. This
work suggests that semi-artificial shales rathanthure minerals may be the best calibrants,
but the use of models in new strata must be unartavith care. As the range of minerals
increases, quantification is more difficult. 30-&8mples per day can be analysed. Given its
rapidity, ATR-FTIR spectroscopy allows high samplgoughput and thus high density
sampling strategies, for example: ultra-high resotusingle well studies, multi-well studies.
Therefore, this study shows that ATR technique lgasat potentials for quantative

mineralogy.

Analysis of the lower Colorado Group (Albian toToran) show that the depositional system
is complex with widely changing seaway conditioefiected in the geochemistry and thin
sections (fabrics) of the sediments without affegtihe mineralogy significantly. These

changes are likely the result of fluctuations ilatige sea level and in the connectivity of the
205



Adamu

seaway with the Boreal and Tethys seas (Leckid. &@088; Schroder-Adams et al. 1996).
Clay clasts were identified within the Second WIsigecks Formation in thin section. The
presence of clay clasts is significant, as it inthe the advective deposition of fine-grained
sediments in this widely varying paleodepositiogetting. It is likely that the clay clasts are

rip-up clasts that were generated during high-gnstgrm events.

All the formations within the lower Colorado Groulsplay moderate to excellent source
rock potential with TOC values consistently > 2wt.9dowever, the formations are
dominated by clay sized grains, low porosities padneabilities making them poor shale gas
reservoir. The Belle Fourche and Second White specdktained intervals with silt-sized

grains and increased porosities that can act aseisspots’.

Authigenic cements and clay-sized grains as welkifistone laminations are observed
throughout the Upper Colorado Group; whereas catees cements are present only within
the Medicine Hat Member and First White Specks MemiCalcite overgrowths are also
observed within mudstones in the basal part of Medicine Hat Member. This may
influence the reservoir property as shale gas phats significant recrystallised carbonate
are more brittle and responds well to stimulatiffPassey et al. 2010), although they are also
likely to fill in pores and reduce the porosity atilis the storage sites for free gas in the
reservoir. The presence of sands/siltstone lamigamdicative of dominantly advective
transport of sediments within the study area. firigbable that the clay-sized and mud-sized
sediments were transported as sand-sized flocdudd,together by Van der Waals forces
within a bottom boundary current, in a manner agals to sand transport (Schieber and
Southard, 2009).

The Upper Colorado Group within the Bigstick Fidlds experienced relatively shallow
burial depth, which has resulted in an unlithifisdurce rock. Mudstones within all

formations and members display moderate to high afed mud cements, this implies that
the Upper Colorado Group comprised of relativelftesosediments that are not suitable for
fracture stimulation. High clay content is likely tontribute to the adsorption capacities of

the shales due to increased micropores suitablga®adsorption (Ross and Bustin, 2008).
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The Middle Carlile member is likely the best shgbes target within the Upper Colorado
Group in the study area. This unit does not coraaycalcareous cement, is believed to have
a high sorption capacity due high clay fractiongntains only type Il kerogen, and has
consistently high TOC values throughout. The lopet of the Medicine Hat Member is also
a possible shale gas target, as mudstones wittgnriterval have relatively high clay size
sediments and thus high sorption capacity, contaossistently moderate to high TOC
values throughout, and contains minor calcareounsenés. Calcareous cements should not
significantly impede porosity or permeability withihe mudstone, but will likely strengthen

the rock and increase its brittle behaviour.
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7.2 FUTURE WORK

The application of Attenuated Total Reflectance rigulransform Infrared spectroscopy in
this study has shown good potential for rapid seuantitative mineralogy for high data
resolution building and routine studies. HoweveQ( is another important parameter that
must be quantified routinely. Previous studies (lkeat al. 2008) has shown that TOC can be
estimated rapidly using Near Infrared Spectroscdpyture studies should consider the
feasibility of combining Mid-infrared (for minerglsnd Near Infrared (TOC) for estimating
the major minerals and TOC content of shales ugisgqgle calibration. It is also proposed
that the FTIR spectroscopy can be used to buildiaeMlogy Log which can then be
calibrated against major downhole wireline log datanvestigate field characteristics.

The techniques utilised to characterise the CotmKarbup in this study did not consider the
potential gas capacity of the shales. Potentislog@acity is a very important parameter for a
shale gas characterisation (Ross and Bustin, 200@)high TOC content (>1.5 wt. %) of the
Colorado Group might provide micropores for maximon@thane adsorption. Organic matter
is microporous, with a large internal surface de@uring the storage of significant amount
of gas (Ross and Bustin, 2008). Therefore, adsor@nalysis is necessary for the Colorado

Group shales in order to identify the maximum anm@imgas the shales sample can hold.

Geochemical techniques used in this study sugbasthe Upper Colorado Group contains a
mixture of kerogen types and general depositiomaimarine depositional setting with
occasional higher terrestrial influence. Howevelditional geochemical analyses (GC and
GCMS) are required to support thisglCyg sterane values can be used as an indicator of land
plant materials, as terrestrial hydrocarbons atenaénriched in C28 steranes (Grantham and
Wakefield, 1988), and thus, terrestrially influedehales should have a highg(C,g sterane
ratio. Similarly, a ratio of sterane/pentacycliap@nes (St/PT) can also be used as an
indicator for organic input, as terrestrially dexl organic matter contains relatively high
amounts of pentacyclic terpanes (DeGrande et 8B)19
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