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Abstract

A sequence stratigraphic framework was established to map the distribiutientype
offshore to lower shoreface Cardium reservoirs of the develdilogplay fairway west
of the Pembina Pool. Craesgctions and maps reveaeries of fifth order sequences
imbricated westward towards and within #embina Pool, which form part of a third
order highstand to falling staggstems tract. Reservoir fasiithin the haleplay
include; moderatelpioturbated muddy sandstones, interbedded sandstones and
mudstones, andummocky cross stratified sandstones. Routine core analysis was
complementedby full diameter core CT scanning, MICP pore throat charactenza
thin sections to characterize these unconventional type light oil rese@obssplots
and maps show that the best reservoir fairway occurs jusoivibe historic western
boundary of the Pembina Pool.
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Chapter Onelntroduction
1.1 Study Focus and Objectives

Halo oil plays are defined as portion$ conventional light oil accumulations that ddt
meet traditionalpay criteria cut offsfor vertical well developmen(Clarkson and Pedersen,
2011) Multistage fractured horizontal well technology transferred from the Bakken Formation in
the Williston Basin (Rutherford, 2012)avesince 200&argeted low porosity and permeability
reservoirs asxiated mainly with transitional and effore depositional environment$ the
Cardium FormationHorizontal drilling will be important for the Pembina Pool las technology
extend production from the pool for another 50 years, and increase production by 40% in the
next 5 years (Rutherford, 2012). Since the introduction of multistage horizontal drilling
technology,oil production in the area has increased fron0@0 bbl per day to 100,000 bbl per
day (Mageau et al., 2012).

The net sand magreated inthis study showshe sandstones areidkening and thinning
patterntowards and within the Pembinad®. This could suggest offshore bars, (Nielson, 1957;
Krause and\elson,1984); however alternativelthis pattern could be a resuf relative sea
level changesAlso the net sand map shows the strike of the sandstone thicks is oblique to the
Pembina Pool boundary. Furthermore, studies done on alongshore variabibtyoreline
environments have shown that environments can change over short distance (Ainsworth et al.,
2011). This alongshore variability can also be a factor for the overall position of the fairways.
Understanding the depositional history and alongshangability will ultimately show the
distribution of the reservoir sandstone, the nature of the fairways and the extent of the halo play.

Understanding the sediment distribution using high resolution sequence stratigraphy and
with reservoir baracterizdon of conventional andnon reservoir faciesis crucial for
understanding reservoir heterogeneity and compartmentalizatismg new techniques
combined with traditional techniquagservoir properties of each facies can be established, and
be appliedregionally to identify the most prospective resenfairways Chapter 2 and 3 are

written as papers that will be published.



Chapter 2 will focus on the sedimentology, sequence stratigraphy and integrating facies
distributions in the study area to undargl reasons for the thickening and thinninet
sandston@atterrs, the oblique nature of the sandstone thicks to the pool boundary and determine
the lateral extent of the halo play. This will involve using facies relationships from core and well
logs to establish a sequence stratigraphic framework and ultimately map the reservoir
sandstones. This chapter will also focus on the alongshore variability within the sequence
stratigraphic framework. Chapter 3 will focus on the reservoir characterization sdrilstones
in the study area and the potential fairways. This chapter will focus on data from traditional and
new core analysis techniques which are used to generate net sand, net pay, porosity*meter and
permeability*meter maps. These maps will be usedssist in locating the best locations for
horizontal drilling. The chapter will also go into linking the sequence stratigraphy discussed in
chapter 2 with horizontal well production.

Ultimately, the study objectives arg) to develop a sequence stratigraphic framework
using core and petrophysical techniques to explain the thickening eméhthpattern in net
sandstone map# understand the complex reservoir distribution in the study, &pd
understand the reason why tha&infvays are obliquao the Pembina Pool boundary, 3) to
determinethe western limit of the halo playest of the Pembina &vl, 4) to characterizehe
reservoirof the sandstones theegtof the Pembina Pool Boundary andl Gnderstand the extent
of the halgplay and the best places to dwiithin the halo area

1.2 Regional Geology andReservoir Architecture

The Late Turonian to ConiaciarlJpper Cretaceous Cardium Formation is an eastward
prograding succession of offshore muds and silts to upper shoreface-toanor sandstone
(Stott, 1963, 1967, Bergman and Walker, 1987, 1988; Hart and Plint, 2003 Krause, 1983, 1986;
Walker, 1983; Kraus and Nelson, 1984; Plint et al., 1986; Pemberton and Frey, 1984; Vossler
and Pemberton, 1989; Pattison and Walker, 1992, Hall et al., 1995, Hart and Plint, 2003). The
Cardium Formation overlies the Blackstone Formation and underlies the Wapiabi Formation
(Fig. 1) with these formations forming part of the Alberta Group (Krause et al., 1993). The
Cardium Formation thickness ranges betweerl@® m (Stott, 1963). Cardium deposits are

sourced from Canadian Cordillerian orogenic uplift, forming an eastwardgoliog wedge into
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the Western Interior Seaway along the ramp of the Grand Prairido&ut and Bow Basin

within the Foreland Basin (Pattison and Walker, 1992, Krause et al., 1993, Varban and Plint,
2008).

The Cardium Formation was lithostratigraphicalbybdivided into the Ram, Moosehead,
Pembina River members and the Cardium Zone (Krause and Nelson, 1984; Deutsch and Krause,
1990). This lithostratigraphic framework was revised by Plint et al. (1986) who established an
allostratigraphic framework based several regional transgressive and erosional boundaries
(E/T surfaces) that divide the formation into allomembers. The allomembers in Plint et al. (1986)
allostratigraphic framework are the Nosehill, Bickerdike, Waskahigan, Kakwa, Burnstick,
Musreau, Rave River, Carrot Creek, Ricinus, Dismal Rat and Karr members. Pembina Pool and
the area outside of the west Pembina Pool boundary contain the Burnstick, Raven River, Dismal
Rat and Karr members (Plint et al., 1986) (Fig. 1.1). Burnstick Member lies betine=&iT 2

and E/T 3 and the Dismal Rat and Karr between the E/T 5, E/T 6 and E/T 7 surfaces (Plint et al.
1986). The Raven River Member is located between E/T 4 and E/T 5 surfaces and contains the
reservoir sandstones within the Pembina Pool and in tloy sitea to the west. At a regional
scale, these members cover an area of 2500 km2 and have an average of 60 m in thickness
(Krause and Nelson, 1984) (Fig. 1.1).

The E/T 5 surface on top of the Raven River Member is one of the seven E/T surfaces described
by Plint et al. (1986). Conglomerates found overlying the E5 surface range in thickness from 20
cm to 20 m, particularly thick in the Carrot Creek area (Leggitt et al. 1992). The erosion of E5
surface was interpreted to be formed in a fully subaqueousropgane environment, a fully
subaerial environment or at the shoreface during marine transgression of a formealgrisiib
surface (Plint et al., 1986; Leggitt et al. 1992, Arnott, 1993, MacEachern et al., 1999b). The
conglomerates found overlying ofetlerosional were sourced from rivers (Hart and Plint, 2003)
were reworked during the subsequent transgression. In the study area, the conglomerate is thin
with a maximum thickness of 20 cm.

The Pembina Pool located in We¢ntral Alberta is the largest Cardium oil and gas pool with

the original oil in place of 9.4 billion barrels of oil. As of May 2012, the pool has produced 1.3

billion barrels of oil since its discovery in 1953. The Pemlioal is comprised of a series of
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offlapping fifth order parasequences that prograde towards the east with successively younger
parasequences to the east (Butrenchuk et al., 1995). The reservoir properties in the sandstones
within the Pembina Pool avera$)8-20% in porosity and 35 mD in permeability (Nielson, 1957).
These reservoir properties decrease westward towards the western boundary of the Pembina Pool
as a result of an increase in cementation and compaction with increased burial depth (Nielsen
and Paoter 1984). The westward increase burial depth is a result of orogenic loading in the
Cordilleran and Laramide thrust belts to the west (Nielsen 1957; Nielsen and Porter 1984).
Sandstones of the Pembina Pool end abruptly at the eastern boundary of thea Heoob
(Nielsen and Porter, 1984) forming an-dip stratigraphic trap (Nielsen, 1957). The sandstones
extend westward from the west Pembina Pool boundary. The 400 API oil in the Cardium
Formation is sourced from the thermally mature organic rich bedseotinderlying Second

White Specks Formation (Creaney and Allan, 1990; Allan and Creaney, 1991).
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Fig 1.1: West-East regional cross section through the Brazeau oil Pool and the Pembina Pool. Cross section shows the age of the Cardiumdton, the location of the pool in relation to the cross

section, the members (Krause and Nelson, 1984) and allomembers & surfaces (Plint et al. 1986) present in the study area. The sandstones in the Pembina Pool are younger than the Brazeau
conglomerates. The sandstones in Pembina Pool thin and pinch out westward. Location of cross sectioausad in Fig. 1.2.



1.3 Study Area

The study area (Fid..2) contains 164 horizontal wells which amainly located close to the
West Pembina Pool boundary. Mestage horizontal wellgargeting the Cardium Formatidras
been drilled in the study area since 2008. First year cuwellptoduction of these wells ranged
from 11,000 bbl to74,000 bbl of oil. The study area was chosen due to the large number of
horizontal wells found straddling the Pembina Pool boundary. There has also been little study of
the CardiumFormation in thearea ofparticularly in regards to reservoir characterization. Lastly,
the study contains a structural component as the Cardium Formation is deeper buried in the
western part in the study area than the east. The study will also observe the effectsrom reser

properties in relation to depth.

— Pembina Pool Boundary
M Cardium Producing wells

T50

T49

Ta8

< P Cardium Well Logs Observed

Vertical wells drilled through
the Cardium Fm.

Wells not drilled through the Cardium Fm.

m==_Cardium Horizontal Wells since 2008

West Pembina Pool Boundary

Ta7

e Brazeau Pool Boundary

3
RERs OCard'\umcoresobsewed
s

N7 77 OCTS(anand!hmse(nonsamples

N
# Thin secti !
S hin section samples

T46

Fig. 1.2: Map showing the study area along the western margin of the Penma Pool, cross
sections, core studied and horizontal and vertical welkargeting the Cardium Formation .
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Chapter Twofacies Distributions within a Very High Resolution Sequence Stratigraphic
Framework, shoreline deposits of the&Cardium Formation, West Pembina, Alberta,
Canada

2.1 Abstract

Offshore to shoreface sandstones and conglomeddtéise Upper Cretaceous
Cardium Formation contains one of tlagest oil accumulations in Canada with tlaegest
reserve in the Pembina oil Pool in central Alberta.Multistage fractured horizontal well
technologyhas since 2008targeted low porosity and permeability reservoir®eiséed mainly
with transitionaland ofthore depositional environmeri$ the Cardium FormatiorNet sand
maps constructed estof the Pembina Bol show a thickening and thinning pattesmich are
orientedobliqueto the Pembina Pool boundaiiyhe focus of this study is threefold; 1) develop a
sequence stratigraphic framework using core and petrophysical techniques @grstand the
reason for why in areathe sandstone reservofairways areorientedoblique to the legacy
Pembina Pool and 3)e westward extent of th&lo play west of the historic PembiRaol The
study area is locatedest ofthe Pembina Poah Townships47-49, Ranges +14and191 wells
and 32 cores were useddevelopthe sequence stratigraphic model.

Results show thahe main Cardium sandstone in the area is comprised safries of
imbricated fifth order sednce towards and within thBembina Pool. These fifth order
sequences atwunded byifth order trarsgressive surfacess these can be correlated regionally.
Basinward shift in facies wer@bservedwithin several of theFifth order sequences indicating
relative falls in sea leveMaps show that the sequences trendSNE to NS, arerelativethin
with a thickness range betweer6Im and show varying widths of the different facieso€s
sections and maps show ttiae fifth order sequence forpart of athird orderfalling stage
systems tracthat extends into the Pembinad?. Deposits in this third order framework were
beveled offoy asubsequenthird order transgressive/ erosive surfaces of the E/T5 surface

The sequence stratigraphic framework shows that the sandstones are complex where the
sandier facies large changes in facies widths due to alongshore variability. The freraseor
shows that theosition of the west Pembina® boundarycould be moved further west.



2.2 Introduction

The Upper Cretaceou€ardium Fomation contains one of the largest oil accumulations
in Canada and is comprised of shelfshoreface sandstonefien capped bghertand quartz
rich conglomeratesThere ardourteenCardium oil fields andwelve Cardium gas field within
the Western Canada Sedimentary Ba$ime Pembina Bol is the largest Cardium oil anghs
pool with estimatedoriginal oil in place 0f9.4 billion barrelsof oil. Today, the pool has
produced1.3 billion barrelsof oil. Si nce the 19500s, the primar
Formation has been the shoreface sandstones and cong®mesatvoirs. Conventional
produdion isassisted bgecondary recovery often using water flooding technigDashtgard et
al., 2008)

Halo oil plays are from theortions of conventional light oil pools that do not meet
traditional pay criteria cut offs (Clarkson and Pedersen, 20¥1jtistage fractured horizontal
well technology transferred from the Bakken Formation in the Williston Basin (Rutherford,
2012);havesince 2008argeted low porosity and permeability reservoirdeisded mainly with
transitional and offhore depositionanvironment®f the Cardium Formation

Net sand map created for this study shthe sandstones acgientedoblique to the West
Pembina Pool boundary and the map also shows a thickening and thinning patteards and
within the Pembina &bl. This cold suggest offshore bars, a previous interpretation for these
sandstones (Nielson, 1957; Krause and Nel3684); however alternativelhis pattern could
be a resulbf relativesea level changes. Higlksolution sequence stratigraphy has been used to
understand facies distribution, relationships between sediments and deposit geometries that are a
few meters thick (e.g. Posamentier et #092; Davies and Elliott, 1996; Anderson et al., 1996;
MacEachern et al., 1998)igh resolution sequence stratigrgpb used in reservoir analysis to
map the reservoir rock (Cross et al., 1993). An example of using high resolution sequence
stratigraphy on reservoir deposits was framsworth (2005) where sequence stratigraphy was
used to understand the reservoir caivéy of the Sunrise and Troubadour gesndensate
fieldsin northwest Australia.

The objective of this study is threefold; 1) Develop a sequence stratigraphic framework

using core and petrophysical techniques to explain the thickening and thinrierg prathe net
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sand mapsand to understand the complex reservoir distribution in the studp pteainderstand
the reason why th#endsare orientedoblique to the Pembina Pool boundary and 3) what is the

western limit of the halo ply outside of the \&st Pembina @bl boundary.

2.3 Geological Setting and Stratigraphy

The Cardium Formatiors Late Turonian to Coniacian, Upper Cretaceous in age (Stott,
1963, 1967; Hall et al., 1995) (Fig.1), dated from ammonites such Risonocylcus woollgari
and Scaphitesvarren (Baunberger and Hall, 2001yhe Cardium Formation thicknesanges
between 25100 m (Stott, 1963)pverlies the Blackstone Formation, underlibe Wapiabi
Formation(Fig. 2.1) and all these formations are part of the Alberta Group @&atal., 1993).
Cardium depsits wassourced from orogenic uplift the Cordilleran mountains to the west
werecarried and depositedto the Western Interior Seawalong theshelfof the Grand Prairie
Subbasin (Krause teal.,, 1993;Pattison and Wakk, 1992;Varban and Plint, 2008)The
Cardium Formation is comprisedf bioturbated mudstones and siltstondse-grained
hummocky cross stratified and laminated sandstones and these depositierareapped by
pebble coglomerats. Observations in corand outcropdentify five separatsedimentaryacies
regionally (Walker, 1983; Plint et al.1986 1988; Krause et al.,1987). Thesefacies are
bioturbated mudstonesmassive and laminated mudenes interbedded sandstaeand
mudstons, hummocky crosdraitified sandstonesnd conglomerage

The Cardium Formation has beeextensively studied including; sdimentology
(Michaelis and Dixon, 1969; Swagor et al., 1976; Wright and Walker, 1981; Krause, 1982;
Walker, 1983a, b, c; Nielsen and Porter, 1984;,ukeaand Nelson, 1984, 1991, Krause et al.,
1987b; Plint and Walker, 1987; Plint et al., 1987; Plint, 1988; Pattison and Walker, 1992)
palaeontology ( Pemberton and Frey, 1984; Sweet and Mclintyre, 1988; Heise, 1987; Vossler and
Pemberton, 1989; Hall et all991; Baunberger and Hall, 2001) amdgjional stratigraphy and
allostratigraphy (e.g. Duke, 1985; Plint et al., 1988; Michaelis, 1957; Swagor 1975; Krause and
Nelson, 1984; and Plint et al., 1986, 198B)e Cardium Formation is interpreted as offshore
muds and silts to upper shoreface to moarine sandstondsecause of theverall coasening

upward sequences and presencettaék hummocky cross stratification irhdé sandstone,
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indicating deposition in storm dominateapen marineenvironments Krause, 1983, 1986;
Walker, 1983 Krause and Nelson, 198Rjint et al., 1986Pemberton ad Frey,1984 Vossler
and Pemberton, 198®attison and Walke 992 Hart and Plint, 2003 Evidence of roots has
been documented in the Museau Member (Plint et al., li88&ating bracksh to noamarine
deposits. Theoffshore to shoreface depasdre oftentruncatedby transgressive ravinement
surface which are in places dominatbey pebbleconglomeratéags. Conglomerates capping the
Cardium Formation are sourced byets and reworke@longshoresubsequently during the
erosive transgressiofBergmanand Walker, 1987, 1988; Arnott, 1992, 2003art and Plint,
2003 and weralepositeduringtheformation of the transgressive ravinement surfaces

The Cardium Formatiowas lithastratigraphially subdivided intahe Ram, Moosehead,
Pembina Rivemembersand the Cardium Zon@rause and Nelson, 1984; Deutsch and Krause,
1990). This lithostratigraphic frameworkas revised bylint et al. (1986)who established an
allostratgraphic framework based oseveralregional transgressive and erosional boundaries
(E/T surfacesjhat divide the formation intallomembers. Thallomembers in Plint et a(1986)
allostratigraphic frameworkare the Nosehill, Bickerdike, Waskahigadakwa, Burnstick,
Musreau, Raven River, Carrot Creek, Ricinus, Dismal Rat andrikembersPemlina Pool and
the area tdhe westof the Pembina Poalontainthe Burnstick, Raven River, Dismal Rat and
Karr members (Plint et al., 1986) (Fig. 2.Burnstick Mentoer lies between the E/T 2 and E/T 3
and the Dismal Rat and Karr between the E/T 5, E/T 6 and E/T 7 surfaces (Plint et al. 1986). The
Raven River Mmberis located between E/T 4 and E/T 5 surfaees contains the reservoir
sandstone found within the PemAiPool and in the study area to the wAsta regional scale,
these members cover an area of 2508 &nd average 60 rim thickness(Krause and Nelson,
1984) (Fig.2.1).
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Fig 2.1: West-East regional cross section through the Brazeau oil Pool and the Pembina Pool. Cross section shows the age of the Cardiumdton, the location of the pool in relation to the cross
section, the members (Krause and Nelson, 1984) and allomieers and E/T surfaces (Plint et al. 1986) present in the study area. The sandstones in the Pembina Pool are younger thaBrdmeau
conglomerates. The sandstones in Pembina Pool thin and pinch out westward. Location of cross sectioausad in Fig. 2.2.
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The E/T 5 surfacéhat marks thdéop of the Raven River Member is part of geveral
E/T surfaces described by Plint et al. (1986). Conglomerates found @i B 5range in
thickness from 20 cm to 20 m, particulathick in the Carrot Creekraa north of Pembina
(Leggitt et al., 1992)The erosion of E5 surfadeas beennterpreted to be formed ia fully
subaqueous opemarine environment, a fully stderial environment or at the shoreface during
marine transgression of a formerly sakrial surface (Leggit et al. 1990). The conglomerates
found on top of the erosional were sourced from rivers (Hart and Plint, 20@8h wasd
reworked during subsequetransgression. In the study area, the conglomerate is thinawith
maximum thickness of 20 cm

The Cardimm Pembina oil Bol has been extensively studied, focusing on the
sedimentology (Krause and Nelson, 1984), stratigraptint(et al., 1986Butrenchuket al,
1995 and reservoir properties (Nielsen, 1957; Mills, 198{&Isen and Porter, 198Krause et
al., 1987; Dashtgard et al., 2008). Preliminary studies from Nielsen (1957) described the
sedimentology and structural components of the PembinaPodl which was further
complimented by studies from Krause and Nel¢®884) and Dashtgard et al., (200&tudies
done by Butrenchuk et al. (1998how seven fourtlorder parasequences deposited in a south
east trend. These parasequencesnexte each side of the PembinaoP Butrenchuk et al.
(1995) also mentions thahdse parasequence acemprised ofa series ofhigher order
incomplete sandingpwards cycles.

The allostratigraphic and sequence stratigraphic methodsoarewhatsimilar as they
divide rocks chronostratigraphically using unconformities and floodimtases. Bhattacharya
and Walker, 1991 The main difference between allostratigraphy and sequence stratigraphy is
sequence stratigraphy relates rock bodies in a context of esetdiilox and accommodation
(Bhattacharya and Posamentier, 199Bepositionalsequences in sequence stratigraphy are
bounded by sequence boundaries whereas allomembers are correlated using transgressive
surfaces Bhattacharya and Posamentier, 1996, Plint et al.,)2@0ibstratigraphyis effective in
relating the Cardium Formation to the foreland basin and understanding the depositional history.

Even though this method is effective in understanding the Cardium Formation, allostratigraphy
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might overlook complex sequence stratigraphidases thatcan be seen in the study area.
Higher order sequence stratigraphy, however, might highlight these sandstones in the study area.

2.4 Location

The study area is located in Townsh#p/-49 and Ranges iD4 W5. This study area
encompasses the westanost part of the Pembina Poolhé focusof the study ison the halo
area to the west of the legacy pool boundary that has recently seen a large number of horizontal
wells being drilled ito the Cardium Formation (Fid2.2). This area antains a total 08183
wells penetrating the Cardium Formatid®4 of those wellsare horizontahnd producing from

the Cardium Formatian

i T

— Pembina Pool Boundary
! | M Cardium Producing wells

T50

T49

T48

Cardium Well Logs Observed

» Vertical wells drilled through
the Cardium Fm.

Wells not drilled through the Cardium Fm.

!
] === Cardium Horizontal Wells since 2008

T47

5| m—\West Pembina Pool Boundary

# % 5 # === Brazeau Pool Boundary

R
- "
O Cardium cores observed

O CT scan and thin section samples

}

T46
O

[ *
oD

B

%

+

.

Fig. 2.2: Map of the gudy areain westcentral Alberta showing the western boundary of
the Pembina Pool (brown) crosssectionspresent in the paper (Blue) and horizontal and
vertical wells targeting the Cardium Formation.
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2.5 Methodology

32 cores and 191 wells insidechoutside of the West PembinadP boundary were
observed. Facies were definedd were correlated to correspomd) well log signatures. A
sequence stratigraphic framework was established using a series of closely spaesettiovss
that were constructed perpendicular the West Pembina Pool bouliEayy 2.2) and
transgressive surfaces and sequence boundariexcaeelated. Using the sequence stratigraphic
framework, a series of maps were constddhcluding accommodatiaeopach maps, sequence

isopach maps, and facies distribution maps for each sequence.

2.6 Facies

32 coreswere analysedicross the area and facies were determined ssind/shale
ratios, sedimentary structures, petrographic analysis and ichnesogy proceduresimilar to
Krause and Nelson (1983ioturbation index is based on observations basedayfor and
Goldring (1993 where 0 is no bioturbation and the sedimentary structure are intact and 6 is

completely bioturbated and bedforms are completely destroyed.

2.6.1.1Facies 1 Laminated and Massidudstone

This facies is coprised of approximately 95% mudstoard 5% sandene.Grain size
increasesupwardfrom shale to lower siltstond.he mudstone contains ratemm-1 cm thick
very fine sandstonimina beds, starved rippled beds, and thick current rippled badsnated
bedsand starved rippled beds are generatytinuous across the width of the cor&acies 1
bioturbation index is {1 and has low trace fossildiversity with Planolites spand Chondrites
sp.being the only trace fossils presdfig. 2.3).

2.6.1.2Facies 2alntensely bioturbated sandy mudstone

This faciesis comprised of approximately 70% mudstone and/@8iltstone to upper
very fine grained sargtone. Sedimentary structures include ramglgserved B8 cm thick
rippled andlaminatedvery fine grainedsandstone bed3he sandstone beds are discontinuous

and thebasal contast of the beds are either scoursdarpor bioturbatedFacies 2a has a high
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bioturbation index ob-6 and the trace fossils observed incluflkalassinoides sp., Planolites
sp., Helminthopsis sp., Chondrites sp., Skolithos sp., Digleréoa sp. and Cylindrichnus sp
(Fig. 2.3).

2.6.1.3Facies 2bModerately bioturbated muddy fine grained sandstone

Facies 2b is comprised of approximate 40% mudstone ands80% upper very fine
grained sandstone3-10 cm thick rippled and hummocky crostratified very fine grained
sandstone beds apeesenthroughoutthe facies. The sandstone bed contacts at theanastop
aresharp or scoured witsome reworking from bioturbatioThe bioturbatiorindexis 3-4 and
the commontrace fossils observed afkéhalassinoides sp., Planolites sp., Helminthopsis sp.,
Chondrites sp., Skolithos spalBeophycus sp. and Cylindrichnus §pig. 2.3).

2.6.1.4Facies 3Slightly bioturbated interbedded fine grained sandstone and mudstone

Facies Yontainsapproximately 90%iltstoneto upper very fined grained sandstone and
10% mudstone. The sandstone beds are generally continuous across the width of the core and
contain waveripples that are 23 cm thick with a wavelength of -% cm The hoturbation
intensityvarieswithin this faciesbetween intervals witlow degree tano bioturbation tcareas
with moderate intensity of bioturbation throughout the facies. The trace fossils obsetuee

Planolites sp., Chondrites sp., and ThalassinoidegFsg. 2.3).

2.6.1.5Facies 4Hummodky cross stratified fine grained sandstone

Facies 4containgless than 5%nudstone and 95% coarse silt to upper very fined grained
sandtone Facies4 contains 830cm thick hummocky crosstratifiedand 2-3 cmthick 4-5 cm
wavelength,continuouswave ripped sandstonebeds Planarlaminae areobserved in core;
however outcrop show that the planar beddmight be part of large hummocks. Facies 4
contains rare 0.5 cm thick mstdne laminawith trace fossilsChondrites sp. and Planolites sp.
present Gradedbeds of planar fine grained sandstone to siltstoB& cm, were observed.
Mudstone clasts are found throughout the fageserally at the base of the sandstone bads
are brown and black colour, 1-2 cm in diameter, and the thickness of mudstonst tleds are

around 15 cm (Fig.2.3).
15



2.6.1.6Facies 5Mudstoneand sandstongupported conglomerate

Facies 5 consistsof 3 to 5 cm thick mudstone and sandstonenatrix supported
conglomerate of 0.5 to 1 cnm diameterchert quartz, and metamorphic roadasts. No
sedimentary structures were observed within the conglomerates. The bioturbation index of this

facie is 01 and rare amount &flanolites spare present (Fid.3).
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Fig. 2.3: Core photos of facies from 100/082-047-10WS5 in the Cardium Formation in
West Pembina.Facies observed in ca; Facies 1 laminated, and massivemudstonephoto
depth: 1799.71799.8 m. Facies 2dntensely bioturbated sandy mudstonedepth: 1815.5
1815.6 m Facies »- intenselybioturbated muddy fine grained sandstonedepth: 1814.5
1814.6 m Facies 3low to moderately bioturbated interbedded fine grained sandstone and
mudstone,depth 1809.4 1809.5 m,Facies 4 fine grained sandstone, depth: 1809.4 18095
m and Facies 5 mud and sand supprted conglomerate, depth: 1801-11801.15 mTh=
Thalassinoides sp., PI= Planolites sp., Helelminthopsis sp. Ch= Chondrites sp., Sk=
Skolithos sp. and Cyl= Cylindrichnus s@?a= Paleophycus sp., Ph= Phycocyphsm
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Table 2.1: Facies descriptions.

Facies 1 Facies 2a Facies 2b Facies 3 Facies 4 Facies 5
Name Laminated Intensely Bioturbated Moderately Bioturbated Rarely Hummocky Mudstone and
Massive Sandy Mudstone Muddy VeryFine Grained Bioturbated Cross Stratified| Sandstone
and Sandstone Interbedded VeryFine Supported
Starved VeryFine Grained Conglomerate
Rippled Grained Sandstone
Mudstone Sandstone and
Mudstone
Dominate Mudstone Silstone Sandstone Sandstone and Sandstone Conglomerate
Lithology Mudstone
Bioturbation Otol 5t06 3to4 Otol Otol Otol
Index
Grain Size Mud Mud, slt to very fined Mud, silt tovery fine Mud, silt to Silt to venyfine cobble clasts
<3.91 um grained grained veryfine grained and mud to
<3.91 um, 3.962.5 um, <3.91 um, 3.962.5um, | grained 3.91:62.5 um, fine grained
62.5125 um 62.5125 um <3.91 um, 62.5125 um matrix
3.91:62.5 um, 64- 256 mm
62.5125 um
Sand/Shale | 5 percent 30 percent sandstone and| 60 percent sandstone and| 90 percent 95 percent 15 percent
Ratio sandand 70 percentmudstone 40 percent mudstone sandstone and| sandstone and| sandstone and
95 percent 10 percent 5 percent 85 percent
mud mudstone mudstone mudstone
Sedimentary | Laminated thin laminations and climbing ripples, 20cm 3D ripples, Hummocky n/a
Structures and starved ripples thick hummockyross current ripples | cross stratified
starved stratified beds, sandstone beds
ripples laminations
thickness 10m 0.1-4m 0.34m 0.30.5m 0.21.5m 0.1-0.2m
TraceFossils | Planolites Thalassinoides sp., Thalassinoides sp., Planolites sp., | Chondrites sp.| Planolites sp
sp Planolites sp., Planolites sp., Chondrites sp.,| andPlanolites
Chondrites Helminthopsis sp., Helminthopsis sp., and sp.
sp Chondrites sp., Skolithos| Chondrites sp., Skolithos| Thalassinoides
sp.,Diplocraterion spand sp, Diplocraterion spand sp.
Cylindrichnus sp. Cylindrichnus sp
Contacts sharp sharp to bioturbated sharp, gradational and sharp gradational n/a
contacts bioturbated
Mineralogy quartz, quartzpyrite plagioclase, quartzplagioclaseind k Quartz quartz, pyrite quartz, pyrite
pyrite, siderite kfeldsparvolcanic feldsparvolcanic rock plagioclase plagioclase, plagioclase,
plagioclase, rock fragments fragments volcanic rock | siderite and K | siderite and K
siderite fragments feldspar feldspar
and k volcanic rock | volcanic rock
feldspar fragments fragments
volcanic
rock
fragments

2.7 Facies Associations

FA 1- Moderately to intensely bioturbatedandy mudstoneinterbedded sandstone and

mudstoneand hummocky crosstratified uppervery fine grained sandstorf€acies 1 to 4)

Shelf to Lower Shoreface

Facies association 1 is a coarsening upward sequence from mudstone to upper very fine
grained andstone accompanying by an increase in sand/shale ratios reflecting an increase in the

amount of sandstone beds upwards. The increase in sand content and sandstone beds represents
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deeper to shallower water depths @amdncrease in wave energy. These stode beds contain
hummocky crosstratification indicatingdepositionstorms byHarms et al.(1982 and Duke
(1985). The bioturbation index generally decreases upwards through the different facies. This
indicates an increase in stress upwards such asaetiea and sediment fluX.he lottom of the
section also shosvlittle to no bioturbation, likely due to the lack akygen at deeper water
depths. When combining these procestes,facies association (FA) is interpreted as shelf to
lower shoreface siwessionThe ottom of the facies association contain little to no bioturbation
and rare amount of siltstone and sandstone laminae beds and rippled beds indicating deposition
below storm wave base on the shélfalker and Plint, 1992; MacEachern et aB9%a). The
middle of the facies association (facies 2a and 2b) indidaf@ssitionbetween storm wave base

and fairweather wavebase representing distal and proximal offshore and transitional
environmentgWalker and Plint, 1992\io et al., 1981 MacEachern et al., 199PaFacies 3 is
formed just below the fair weatherave base during rapid sedimentation indicatedhieylittle
bioturbation The continuous mudstone beds were likely deposited from rapid mud flocculation
from hypopycnal flows conta lower levels of salinity as they enter into salt water (Bhattacharya
and MacEachern, 2009). Lastly, the upper pathe facies associatidfracies 4haslittle to no

mud and is dominant by hummocky cross stratifi@ddstone beds indicating depositimbove
fair-weather wave bag®Vvalker and Plint1992)

FA 2- Transgressive Lag (Facies 5)

Facies association 2 is comprised of the mud and sand supported chert and quartz pebble
and gravel conglomerate (Facies 5). The rare occurrenBdanblites sp. suggests that these
conglomerates are deposited in a marine setting. The conglomerate suggests that there was high
energy which could move the pebble on top of the offshore and shoreface deposits. The source of
the conglomerate was from rivers (HamtdaPlint, 2003) and was transported alongshore. Bottom
of the conglomerate layer is an erosive surface overlying the offshore to shoreface deposits.
Overall, the conglomerate has been suleof conglomerate being transporiga and deposited
from a majortransgressior{Bergmanand Walker, 1987, 1988; Arnott, 199Hart and Plint,

2003.
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2.8 Net Sand Map (< 90 API cut off)

The net sand map regents the sandstone with a gamma ray of less than 90TABI
purpose of the map is to show the distribution of thick and thin sandstone deposits.

The net sand map (Fig.4) shows a pattern of thickening and thinning of the sandstones
within the study area. These can be formed from offshore (baetson, 1%7; Krause and
Nelson, 1984pr from a fluxuations inmelativesea level. The net sand thicks are oblique to the

western boundary of the Pembina Pool (Rdg). Some of the thicks are within and outside of
the western pool boundary.
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Fig. 2.4: Net sandmap (<90 API cut off) showing a thickening and thinning pattern of the
sandstones oriented nortksouth, slightly oblique to thelegacypool boundary.

2.9 Sequence Stratigraphic Framework

2.9.1.1Nomenclature

The main difference between allostratigraphy and sequestcatigraphy is sequence
stratigraphy relates rock bodies in a context of sediment flux and accommodation whiee

allostratigraphy just correlates similar discontinuities and surfaces in core and well logs
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(Bhattacharya and Posamentier, 199Bor this study a sequence is defined as two trangressive
surfaces with a sequence boundary in the mid&eason for this sequence definition is
explained in the next sectior parasequence is a coarsening upwards package with a flooding

surface at theop (Van Wagnor et al. 1988, 1989).

2.9.1.2Sequence Stratigraphic Framework Methodology

The Pembina River/ RameRiver member isa coarsening and shallowing upward
sequence. Within thisoverall coarsening wpard sequence, there are highkequency
coarseing upward parasequences presermtalided observationf severalof the parasequences
basinward shift in facies in core addrupt changes in well logshowingthese higher frequency
parasequences contaiimconformitiesratherthan a gradual coarseningwardsprofile within
the parasequence. With this abrupt change, these high order parasequences become high order
sequencedn this study, sequences are defined by two transgressivaces within places a
sequencdoundarywithin (Fig. 2.5 and2.6) (Van Wagoner et al. 1988, 1989; Posamentier et al.,
1988) The surface that shows evidence of an abrupt change in well logs and core is called a
sequence boundary becaubke sequence contains highstand and lowstand deposits. Deposits
above the transgressi surfaces represent highstatepositsand deposits below theangressive
surfaceare lowstandleposits, therefore thabrupt change where a basinward shift in facies is
observed woulde a sequence boundamhe sequence boundary has been commonlyeglac
between facies 2b and 4 as there is evidence of a basinward shift in facies (mud clasts, missing
facies, evidence of erosion) has been most frequently observed Thersequence boundary
becomes difficult to correlate basinward because the sequennddrg becomes a correlative
conformity in the muddier sedime(fig. 2.6) and the esolution of adjacent well logs could be
too low to observeéhe sequence boundaries. To resolve this correlation problem, transgressive
surfaces are used to correlatebatween wells as these surfaces are easily seen on gamma ray
and resistivity logs (Fi@.5 and2.6). This correlation was also similarly performieg Aschoff

and Stee(2011) on the deposits tie Cretaceous Cordilleran Foreland Basib$A.
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Fig. 2.6: Cardium Formation sequence bounded bjransgressive surfaces (Tjsand also
containing asequence boundary (SBin-between.Sequence boundaries transitions into
correlative conformities (CC) therefore transgressive surfaces are used to correlate well
logsin this study. Scheamatic also illustrates what theaccommodatia, sequence isopach
and facies distribution maps arerepresenting

2.9.1.3The Sequence Stratigraphic Orders

Pembina River Member contains differesgquence stratigraphic ordetsigher and
lower order sequenseThe hierarchy has been described by Van Wagoner et al., (1989) as a
response to the duration of each sea level cycles. Third order sequence have a duration of around
one to five millionyears fourth order sequence have a duration of hundreds of thoustinds o
years and fifth order sequence have a duration of tens of thousands of years (Van Wagoner et al.,
1989).

This study area contains third and fifth order sequences (Van Wagoner et al., 1989). The
third order sequence is presented by tHiEnfastage andowstand systentract found in the
WestCentral Pembinal he fifth order sequences within the third order falling stage deposits are
only a few metres thick and kilometres wide, and probably represent tens of thousands of years

to form (Van Wagoner et al1989).
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2.10Results
2.10.1.1CrossSections

Seven crossections were created pendicular to the West Pembinad? boundary.
Three of the cross section located at the northern, middle and southern sections of the study area
are shown in this paper (Fig.7).

The crosssectons through the Pembina Riverelhberof the Cardium Brmation in
West Pembina show they are partaothird order highstand and falling stagyestem trac{Fig.
2.7). At a fifth order sequence stratigraphic level, the succession corglamen imbricated
sequences outside of the West Pembina Pool boundary that continue further into the Pembina
Pool. The oldest fifth order sequence in the framework tract is sequence A and the youngest
sequence is sequence K. dignificant landward shiftin facies is observedt the base of
sequence D. This landward shift in facies had formed a shale break that is easily recognizable in
well logsforming a marker in large part of the study area

The crosssections show that lower shorefaces sandstondatarally extensive in each
sequence; however, the lower shoreface deposits are thinrsqirencesA and B while
sequences F, G and lraive thicker lower shorefacandstones. Overall the sequences show a

thickening of the lower shoreface sandstone tdwand within the Pembina Pool.
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2.10.1.2Maps

Three types of maps were madler each high frequency fifth order sequence to
collaboratethe sequence stratigraphic interpretatjcascommodationsopachmaps, sequence
isopach mapsand facies distribution map3he accommodatiomsopach maps represent an
estimate of part of the accommodation available at the onset of deposit®thidknessn this
map is measurebletween theE/T 5 surfaceand thebasaltransgressive surfacef the high
frequency sequence (Fig.6 and2.8). This map represents the space before it was filled up by
deposits. When constructing the map, one has to assume that there is compaction in the
sediments and there was a lot more space before depositionrthat ba measured. Also, one
ha to assume the gradient of the lower shoreface and offshore sediments are fairly shallow and
are steeper than is observed due to compaciibe. sequence isopach maps represent the
thickness distribution of each of the sequencihe thicknessn this map is measurdaetween
the two transgressive surfadesunding the higher order sequence (Ri§.and2.9). This map
represents the thickness of the combined highstand and lowstand deposits seen in each seauwnce.
The facies distbution map represents the distribution of each facies in each of the sequence.
This map representle position of the facies in each of the sequepetshelow the below the
uppertransgressive surface (Fig6 and2.10). Some of the uncertainties tlze not considered
in these maps are the influencesgih and postdepositional compaction.

Accommodationisopach maps (Fig2.8) show the accommodatiasontours generally
trend NS. The maps also show that the depositional gradient becomes steéperybunger
sequences E to H than in sequenceds.A

Sequence isopach maps show thickness of each of the sequencexs9jFigopach
thicknesses in sequence A and C range from 0 to 6.5 m and 0 to 5 nyouttgersequences.
Sequences A and EH show that shoreline trend was transitioning from 1$&/ to NS, while
sequence D shows a slight rotation of the shoreline trend teSEWThe 2 to 3 m contour
spacing has theidest with a maximum spacing 8f2 km while the widestcontour spacing4 to
6 m contour interval has the smallestidth with a maximum of 1.&m. This shows that the

thickest part of the sequence is nariawvidth.
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Facies distribution maps show the distribution of each facies at the top of gaens
(Fig. 2.10) highlighting the alongshore variability in the width of the facies bEHlsies belt
width of facies 2a ranges between 1.6 to 10 km wide, facies 2b ranges between 800 m to 10 km
wide, facies3 ranges betweeh.6 to 3.2 km wide and fage4 ranges between 3.2 to 14.5 km
wide. Facies 2a and 2b show the most consistent widths while facies 3 and 4 show varying
widths Traditionally, shoreface models are fairly straight (e.g. MacEachern et al., 1998; Clifton,
2006); however théfth order resolution sequences in the Cardium Formation shows that these
deposits are more complex. Combining the facies distribution map of each of the fifth order
sequences showilsat shoreface sandstones ek close tahe West Pembina Pool boundary in
the nothern part of the study area butrthin the southern part of the study area. The lower
shoreface sandstone is within tRembina Pool boundary by sequence B in the northern part of
study area while the lower shoreface sandstonesatreithin the Pembindool until sequence
F.

When comparing the sequence isopaetpswith the accommodationaps, the width of
the sequence is controlled by the depositional gradient. SequenBeshiake a shallower
depositional gradient, therefore having wider contour imderin the sequence isopach map.
Sequence HH have a narrower but thicker contour intervals because of the steeper depositional
gradient.

When comparing the sequence isopach and facies distribution maps, the cleanest
sandstones (facies 3 and 4) do natagls follow the thickest isopach of the higher order
sequences. This is observed in all the sequences where the thickest section of the sequence
contains both shoreface and offshore deposits in different parts of the study area. These
observations show thainderstanding the facies distribution is important as the target reservoir
might not always be in the thickesend Lastly, the maps show that sequences €l &so
have the thickest shoreface sandstones compared to sequences A, B and D. Sequengés C a
have shoreface sandstones averaging 2 m thicker than shoreface sandstones in sequences A, B
and D. This highlights why there are more horizontals near the western boundary of the Pembina
Poolwhereshoreface sandstones from sequence C and yourgergeted.
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2.10.1.2.1Accommodatioisopach Maps
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2.10.1.2.2Sequence Isopach Maps
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2.10.1.2.3acies Distribution Maps
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in facies belt width. Facies 3 is discontinuous in some of the sequences due to the presence
of the sequence boundary.
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2.11Discussion

Crosssections show thmain reservoilCardium sandstone deposits in the study area represents
athird order highstandbo falling stage systems tract deposlisese observations are comparable
to studies done by Plint (1988), Posamentier et al. (1992) and Posamentier and Morris (2000)
where these observations indicate an overall sea level fall, resulting in a forassiygof the
shoreline.Thethird order highstand to falling stage systems tract model is exgplalasinward

shift in facieseastand theincrease inpreservation potential of the transitional and lower
shoreface sands. In the falling stage systenas, titkese santisnesbecome thicker towardsnd
within the Pembina Poorl' he shoreface sandstonesthe third order highstand deposits and the
middle and upper shorefagandstones in the initial force@gressive deposits was eroded
during the subsequenthird order transgression (Fig.13). The lateral extent of the lower
shoreface the presence of ft order sequence boundaries and the presenddtioforder
transgressive surfacesflectfifth order periods of sea level standstdlls and sea kel rise.

One alternative interpretation to the sediments observégysinstead argansgressive
shoreface sandstones. Forced regressive shorefaces and transgressive shoreface batiistones
have abasalsharpboundariesformed on top of a shelf origlal offshore sediments and the
bottom of lower shoreface sandstones and could possibly contain a pebble lag (MacEachern et
al., 1998). Cross sections show the basinward shift in facies at each new sequence indicating a
drop in sea levednd the sequend®mundary transitions into a correlative conformity

Analysis of the crossections and aps show that the West Pembir@aoPboundary was
placed for economic reasorather than the absencetadnsitional offshore and lower shoreface
sandstonesThe current target for the horizontal wells outside of the West Pemlmohi® the
lower shoreface sands (Facies 4) and transitional deposits between offshore and lower shoreface
sandstones (Facies 3). These transitional and lower shoreface sandstoreseatreip to 25 km
west of thelegacywestern boundary of the Pembina Pool. Reservoir sands west of the Pembina
Pool are tighter than the sands inside of pool boundary doigher degree ofementation and
compaction from deeper burial. This suggests ttimafacies outside of the boundary are too thin
and tight for economic vertical drilling targets, but with the use of horizontal wells, tgbter t

facies becomeconomiceservoirs.
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Extensive work that has been done solely on the Pembina Pool hapuidished by
Nielsen (1957), Nielsen and Porter (1984), Krause and Nelson (1984) and Butrenchuk et al.
(1995).Fromthose studies, Nielsen and Porter (1984) and Butrenchuk et al., (1995) are the only
paperdgliscussinghe character of the legaasyestern bandary of the PembinaoBl. Nielsen and
Porter (1984 )statesthat the boundary was placed due to the sandstone outside RértitEna
Pool boundary are too tighto get economic production froroonventionalvertical wells.
Similarly, Butrenchik et al.(19%) suggest that there is meservoirquality sandstone present
outside of the western boundary of the Pembina Pool. The sequence stratigraphic framework
suggests that there are clesemdstones outside, favouring more towards NietsshPorter
(1984) reaon for the pool boundary placement.

Even though there are some differences with the Butrenchuk et al., (1995) reason for the
placement of the west Pembifaol boundary with the observations in this study, there are
agreements to how the coarsening uplsa cycles (including parasequences and sequences)
have been mapped outside and inside the Pembina Pool. Butrenchuk et al.n{appsiisix
fourth order parasequences inside the Pembina Pool. With each of these parasequences
containing what was describes severahigh orderincomplete parasequences. These smaller
incomplete parasequences are the fifth order seqaemapped in this study. These fifth order
sequences atsounded by transgressive aagés at equate to depodike sequence D where the
transgressive surface represents a significant sea levelhieee are similar fifth order higher
sea level sequences also shown inside the Pembina Pool comprised of flooding events described
by Butrenchuk et al., (1995). Estimating the numbdiftif seqiences found in the one of these
third order parasequences and assuming that the width of the sequences are similar, the
approximate amount of sequences that were not identified in the Pembina Pool can be
established. According to thieird orderparasequeces distribution, this estimated number could
be around 14.8fifth ordersequences.

According to Leggitt et al. (1992), Hall et al., (1995), Baenger and Hall (2001) and
Nielsen et al. (2003pased orthe ammonite zones and bentonipéshe Cardium Formation and
the age equivalenCarille Formation from the top of the Blackstone Formation to the formation

of the E/T 5 surfaceepresent 1.2 million yearsCross sectios showthere aresleven fifth order
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sequences and using the averdiggances irbetween and using the width of the most extensive
fourth order parasequences inside the PembinaoPR there aresixteen possiblefifth order
sequences deposited between the onset of the falling stage systems tract to the approximate
locationof thethird ordersequence boundary. Assumiaguarter of the total times represented
by the falling stage systems tract, each high order sequence represent approximately 10,000
20,000 yearsThis range shows that the fifth order sequences took thdsisdryears to deposit
rather than millionsUnfortunately, it is difficult to determine the height of sea level drop due to
the shallow shoreline trajectories and the overall transgressive erosion removing the terraces
formed from the drop in sea level.

Facies distributions mapshow alongshore changda facieswithin each of the fifth
order sequencedNhen comparing the sequence isopach maps and facies distribution maps,
thickness fairways in the sequence isopach map may contain different faciekickhess of
each of the facies in each of the fifth order sequences also change along shoreline strike. These
observations suggest that there are longitudinal changes from the north to the south parts of the
study area. Longshore changes in depositionair@mments over a short distance have been
studied by Ainsworth et al., (2011, 2012). Even though this study area shows evidence of a wave
dominated shoreline, different processes such as longshore drift, tide, fluvial and different levels
of sediment fluxmight havecaused the thicknesses of the shoreface sandstones to change over a
short distance. An example of a modern day analog for this change in environment distribution is
the shoreline off of Nurdjurrs, Demark (F311), where the shoreline widthgry along 5 km

of shoreline.
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Narrow shoreface sand
belt

Nordjurrs,
Denmark

Wide shoreface sand
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-

Fig. 2.11: Photo of Nurdjurrs, Denmark (oogle Earth, 2012) showing the changes of the
shoreline beltthickness over a distance of 5 km.

Understanihg the distribution of the shoreface sandstone okerstudy areathe new
pool bourdary could be as shown in Fig.12. This new boundary was placed at this location
because this is the extent of the transitional and lower shoreface sandstone. If the price of oil

increased, then these thinner lower shoreface sandstouleisbe potential targets.
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Fig 2.122 Map showing the location of the historic western boundary of the Pembina Pool
and the potential new location of the western boundary of the Pembina Pool.

Geometries in the lower shoreface facies from the e@s$ons show that therosion
associated with thiird ordertransgression was e | a tflat& Ehls wasstipportedy creating
a series of isopach maps from the E/T 5 surface to the top of the Cardium Zone, top of the
Blackstone Formation to the topthie Cardium Zone, and the E/T 5 surface to the E/T 6 surface.
Each of these isopach maps showedigoificantchange in thickness between these horizons.
Theii f | at 0 tramdgresdivecurfaveas a result oftablesea level (Clifton, 2006) and the
very shallow gradient that the Cardium Formation was deposit€Big@r2.13). As a result, any
shoreface sandstonaad some of the transitional and proximal offshore sandstorteg third
order highstand systems tract has been completelgedand very little of the shoreface

sandstone in the older fifth order highstafadling stage sequences peserved
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@ Sequence Stratigraphic Framework Summary
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Fig. 2.13: a) Schematic showing the forced regression and transgression observed in the
Cardium Formation (Modified from Posamertier et al., 1992). a) 1) Fall in relative sea level
causing a basinward shift in facies and downstepping of the shoreface. b) Overall
transgression eroding theupper part of the parasequence(c) Schematic of cross section-A
A &howing theresulting architecture from forced regression and subsequent transgression

The crosssections and maps presented are important for understanding the extent of the
sedimentary facies and thereby reservoirs. These maps show the potential for exploiting for oil in
unconentional type reservoirs west of the legacy Pembina Pool boundary as there are thick, but
tight, lower shoreface sandstones present that are excellent unconventional type reservoir for

multi-stage hydraulic fracture horizontal wells.

2.12Conclusion

Observations from core and facies analysis show thaRtheen River Members a

general coarseningnd shallowingupward sequence followed by a flooding event. Further
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observations in core and well logs also shexdence of abrupfacieschange incoreand well
log demonstratingoasinwardand landwardshift in facies.As fifth order sequence boundaries
extend basinward the boundaries become diffituidentify asthey transition into correlative
conformitiesand they correlate regionallififth order tansgressive surfaces ansteadusedas
bounding surfaces for the fifth order sequeragthese surfaces can be correlateadore and
well logs with higher confidenceUsing thesdifth order transgessive surfaces, an imbricated
stacking patterasirwardis observef the high order sequencé3verall thethird orderlower
shoreface sandstone can be interpretedkassition during third order sea level fall, resulting
in a forced regression. These observations are comparable to studies donet [{$9B88),
Posamentier et al. (1992) and Posamentier and Morris (2@d0Yhe Viking Formation

Cross section shows that the main reservoir sandstones become thicker towards and
within the Pembina Pool. The reason for the thickening towards the PeRohas due to a
relatively #dAflato third order transgressive
order highstand systems tract and the upper and middle shorefaces from tpareaflyhethird
order falling stage systems tract depositephlcreated from the cressctions show sequence
thickness are relatively similahowever the faciesnd facies belt widthdistributions vary
substantiallybetweerthe fifth order sequences.

Crosssections and maps showsat the thickening and thinrmgnnature of the net sand
map was related to a drop in sea level rather than from the formation of offshore bars. Fhe cross
sections and maps also show that the transitional and shoreface sandstones that are
conventionally drilled inside of the Pembina Peatend beyond the western pool boundary.
There is also an alongshore variabilityfaicies widthseach of the fifth order sequenqgesssibly
a reasn for the pool boundary is likelyverprinted by slight difference iourial and diagenesis.
Understandingthe combination of high resolution sequence stratigraphy and alongshore
variability in the study arethe Pembina Pool boundary could be mowvesstwardto include

unconventional reservoirs.
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Chapter ThreeReservoir Characterization of the Late Cretaceous CardiunBandstone, a
Tight Oil Play: West Pembina Pool Boundary, Alberta, Canada

3.1 Abstract

Offshore to shoreface sandstones and conglomevathee Upper CretaceouSardium
Formationcontain one of the laegt oil accumulations in Canadéis study focusson
reservoir characterization of the offshore to shoreface deposits of the Cardium Formation along
the western margin of tfeembina oiPoolin central AlbertaThe Pembina oil Pool has been
estimated to hold 9.4 billion of oil in reserves and has predldc3 billion barrels adil. With
recent advancements in horizontal well multistage fractugolgnologythe tighter part of the
Cardiumoil sandstone play are being targeted and different reservoir evaluation techniques are
required for optimal placeme of horizontal wells. This study uses traditional and new
techniques like Computerized Tomography (CT) scanning and 360 panoramic photos to
revaluate the reservoir properties.

Results show that there are three potential reservoir facies presenttudtharea, and
these include: moderately bioturbated muddy sandstones, interbedded sandstones and mudstones,
and hummocky crosstratified sandstones. The two sandstone dominated facies are the
conventional reservoirs in the Pembina Pool; however theaestial to exploit the moderately
bioturbated muddy sandstones. Conglomerates, traditionally a reservoir for the Cardium
Formation in areas, are thin and muddy in the study area. Porosity and permeabilpjateoss
show that thdestreservoir properéswith the halo areare preent close to the West Pembina
Pool boundary.

Porosity and permeability crogdots indicate that 6 % porosity and 0.075 mD are the
lowest reservio properties capable of produciimgthe study areand90 API incorporates faes
2b, 3, 4 and SOverall, like the porosity and permeability cross plots réservoir maps show
that the beshorizontaldrilling locatons the West Pembina halo playproximal to the historic
Pembina Bol boundaryThe maps also show that ther@aential to drill location further west
of the Pembina Pool boundary.

Detailed analysis of wells over a 7.5 kilometer depositional strike section shows that
cumulative production over 12 months from one operator cana®9G 60,000 bbls The
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variability in production over a short distance could be from varfyitigorder stacked
sandstones.

3.2 Introduction

The Upper Cretaceous Cardium Formation contains one of the largest oil accumulations
in Canadawith fourteen Cardium oil fields within th&/estern Canada Sedimentary Badihe
Cardium Formations comprised of shelf to shossfe sandstones often cappeddmert and
quartz rich conglomerage The Pembina Bol is the largest Cardium oil and gas pool with
original oil in place of 9.4 billion &rrelsof oil. To date, the pool has produced 1.3 billion barrels
of oil from the shoreface sandstones and conglomeratic reserizoies. though Pembina has
been a prolific oil pool, the Pembina Pdi@en onsecondary recovery arpgtoductionis on the
decine.

Multistage fractured horizontal wetéchnologytransferred from the Bakken Formation
in the Williston Basin (Rutherford, 2012)avesince 200&een used to targ&iw porosity and
permeability reservoirdeposited irmainly with transitionabffshoreand ofshoreenvironments.
Horizontal drilling will be important for the Pembina Pool as the technologyewiéndthe pool
life another 50 years, and will increase production by 40% in the next 5 years (Rutherford,
2012). Since the introductioof multistage horizontal drilling technologgil production in the
area has increase from 40,000 bbl per day to 100,000 bbl per day (Mageau et al., 2012). With the
increase in drilling activity, ftaracterization of these traditionally naeservoir facieis crucial
for understanding reservoir heterogeneity and compartmentaliz&eservoir properties of
each facies can be establishesihgtechniques like860 degree panoramic imagesmputerized
tomography CT) scan images integrated with traditiotathniques likereservoir mapping,
petrographic analysis andore analysesand be applied regionally to identify the most
prospective reservoir facies. The objectives of this studyoar® the characterizeeservois in
the West Pembindalo areaand 2)understand the extent of tidealod play andoptimal drilling

fairways

39



3.3 RegionalGeologyand Reservoir Architecture

The Cardium Formatiors Late Turonian to Coniacian, Upper Cretaceous in age (Stott,
1963, 1967; Hall et al., 1995) (Fig.1). The Cardium Formation thicknesangesbetween 25
100 m (Stott, 1963)pverlies the Blackstone Formati@nd underliesthe Wapiabi Formation
(Fig. 3.1) with all these formatins makingup the Alberta Group (Krause et al., 1998ardium
deposits are soued from orogenic uplift in the @dillera and were deposited in théestern
Interior Seaway occupying the adjaceotéland basinRattison and Walker, 199Rrause et al.,
1993; Varban and Plint, 2008Yhe Cardium Formation is compriseaf several upward
coarsening sequences bibturbated mudstones and siltstonfise-grained hummocky cross
stratified and laminated sandstones which in places are cappeebble coglomerates. The
Cardium Formationis interpreted as offshore mudsesand siltsonesto upper shoreface
sandstonegdue to the presence dhick hummocky cross stratificath in the sandstose
indicating storminfluencein an open marinenvironment. Krause,1983,1986; Walker, 1983;
Krause and Nelson, 198Rjint et al., 1986Pemberton rad Frey, 1984 Vossler and Pemberton,
1989 Pattison and Walkef,992 Hart and Plint, 2003

The Cardium Formation in the study was first segregated by Krause and Nelson (1984)
into two litho-stratigraphic members, the Pembina River and Cardium Zone member. This litho
stratigraphic framework was revised by Plint et al. (1986) and Leggitt et al. (1992). Studies done
by Plint et al. (1986) and Leggitt et al. (1992) established an allostratigréimework
comprised of seven regional erosional and transgressive suffa@essurfaces)and twelve
regional allomembers.

The Cardiumreservoir sandstonedeposits in the Pembina Pool arartpof the Raven
River Member Plint et al., 1986; Leggitt al., 1992) located between E/T 4 and E/T 5 surfaces.
The E/T 5 surface above the Raven River Member is an erosional boundary that was reworked
during a major transgression. The transgressive surface is represented by the pebhledlag f
above the rewtxed erosionaboundary. The Raven River Membeaves an area of 2500 ki
and are on average 60 m thick (Krause and Nelson, 19843(EjgThe Raven RiveiMembers
is overlain bythe Dismal Raand Karr membergPlint et al., 1986) and the underlain maen by

the Burnstick Member (Plint et al., 1986). The Dismal Rat and Karr members lies between the
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E/T 5, E/T 6 and E/T 7 surfaces and the Burnstick Mertibsrbetween the E/T 2 and E/T 3
(Fig. 3.1). The Burnstick Memberontainshe Brazeawil Pool reservoir which is also present in

the study area but will not be focused on in the paper

Lith West West Pembina Pool Boundary
itho

Age

al., (1995)
etal, (1995)

Upper Cretaceous
Stott, (1963, 1967); Hall et
tall

Turonian
Cardium Formation

Focus ofStudyL 5 A peceans

Stott, (1963, 1967); H

|:] Sandstone

Mudstone

Conglomerate

Fig. 3.1: WestEast regional cross section through the Brazeanil Pool and the Pembina

Pool. Cross section shows the age of the Cardium Formation, the location of the ial
relation to the cross section, the members (Krause and Nelson, 1984) and allomembers and
E/T surfaces (Plint et al. 1986) present in the stydarea. The sandstones in the Pembina
Pool are younger than the Brazeau conglomerates. The sandstones in Pembina Pool thin
westward. Location of cross section ishownin Fig. 3.2.

The Cadium Formation in the Pembinao#l is comprised of a seriesf offlapping fifth
order parasequences that prograde towards the east with successively younger parasequences to
the east (Butrenchuk et al., 1995). The reservoir in the Cardium Formation is comprised of
hummocky crosstratified sandstone and interbeddmahdstones and mudston&he reservoir
properties in thesandstones within the PembinadPaverage 1-20% in porosity ad 35 mD in
permeability (Nielse, 1957). Reservoir properties decreaseestwardstowards the west
Pembina Pool boundary as a result friokerease irthe diagensis and compaction with increased
burial depth(Nielsen and Porter 1984Thewestwardncrease burial depfls due to the orogenic
loading in the thrust belt to theest (Nielse 1957; Nielsen and Porter 198dhe sandstones in
the Pembina Pool abruptly end at the eastern Pembina boundary (Nielsen and Porter, 1984)

forming an upper stratigraphic trap (Nielsen, 1957). THeAR oil in the Cardium Formation is
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sourced from thehiermally mature organic rich beds of the underlying Second White Specks

Formation (Creaney and Allan, 1990; Allan and Creaney, 1991).

3.4 Study Location

The study area is located in Township4& and Ranges 104, of the 5" west meridian and
straddleshe westernboundary of the Pod?embina [Fig. 3.2). The studyarea contains a total of
3183 wellsof which 164 of these wells are horizontaklls targeting the Cardium Formation

— Pembina Pool Boundary
1 M Cardium Producing wells

T50

T49

T48

Cardium Well Logs Observed

Vertical wells drilled through
the Cardium Fm.

) Wells not drilled through the Cardium Fm.
w/#| === Cardium Horizontal Wells since 2008
'

“+| === \Vest Pembina Pool Boundary

Ta7

wess Brazeau Pool Boundary

»
»
T e L O Cardium cores observed
l- -y '1 e ol
¥ Tk NE Re O CT scan and thin section samples
o B R
a | | f
7

: i C) sl
Fig. 3.2: (a) Reglonalmap of Alberta showing the location ofCardium oil Pools. The pool
outlined is the Pembina Pool. (bMap of the gudy area showing the West Peminia pool

boundary, cross sectionand Cardium Formation horizontal and vertical wells.
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3.5 FaciesDescriptions

Thirty two coreswere observed across theidy area and facies were determined using
sand/shale ratios, sedimentary structures, petpbge analysis and ichnology usitige facies
subdivions byKrause and Nelson (1983ioturbation index is based on observations based on
Taylor and Goldring (1989 where 0 is no bioturbation and the sedimentary structure are intact

and 6 is completely bioturbated and bedforms are complebétgrated

3.5.1.1Facies 1 Laminated and mssivemudstone

This facies is comrised of approximately 95% mudstoard 5% sandston&rain size
increasesipwardfrom shale to lowefine grainedsiltstone.The mudstone contains ratemm-1
cm thicksiltstonelamina, starvedsiltstone ripplesand thicksiltstone current ripplet.aminated
bedsand starved rippled bedse generallycontinuousacross the width of the cor&acies 1
bioturbation index is @ and has low trace fossildiversity with Planolites spand Chondrites
sp.being the only trace fossils pres€fig. 3.3).

3.5.1.2Facies 2alntensely bioturbated sandyuaistone

This facies is comprised of approximately 70% mudstone ant 3itstone to upper
very fine grained sargtone. Sedimentary structures include ramglgserved B8 cm thick
rippled andlaminatedvery fine grainedsandstone bed§he sandstone bgdire discontinuous
and thebasal contast of the beds are either scoursdarpor bioturbatedFacies 2a has a high
bioturbation index o6-6 and the trace fossils observed incluflkalassinoides sp., Planolites
sp., Helminthopsis sp., Chondritep., Skolithos sp., Diplocraterion sp. and Cylindrichnus sp
(Fig. 3.3).

3.5.1.3Facies 2bModerately bioturbated muddy fine grained sandstone

Facies 2b is comprised of approximate 40% mudstone ands80% upper very fine
grained sandstone3-10 cm thick rippled and hummocky crosdratified very fine grained
sandstone beds apeesenthroughoutthe facies. The sandstone bed contacts at theadnastop
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aresharp or scoured witiome reworking from bioturbatioThe bioturbatiorindexis 3-4 and
the comnon trace fossils observed aféhalassinoides sp., Planolites sp., Helminthopsis sp.,

Chondrites sp., Skolithos spalBeophycus sp. and Cylindrichnus €pig. 3.3).

3.5.1.4Facies 3 Slightly bioturbated interbedded fine grained sandstone and mudstone

Facies ontainsapproximately 90% silt to upper very fined grained sandstone and 10%
mudstone. The sandstone beds are generally continuous across the width of the core and contain
waveripplesthatare 23 cm thickwith a wavelength of-% cm The boturbationintensityvaries
within this faciesbetween intervals withow degree tano bioturbation tcareas with moderate
intensity of bioturbation throughout the facies. The trace fossils observed iftamdites sp.,
Chondrites sp., and Thalassinoides @#pg. 3.3).

3.5.1.5Facies 4 Hummocky cross stratified fine grained sandstone

Facies 4containsess than 5%nudstone and 95% coarse silt to upper very fined grained
sanatone Facies4 contains 5830 cm thick hummocky crossratifiedand2-3 cmthick and4-5
cm wavéength,continuouswvave rippledsandstonédeds Planadaminationsareobserved irthe
cores, however outcrop show that the planar beddnight be part of large hummocks. Facies 4
contains rare 0.5 cm thick msine laminawith trace fossilSChondrites spand Planolites sp.
present Graded bedf planar fine grained sandstone to siltstoBe cm, were observed.
Mudstone clasts are found throughout the faaeserally at the base of the sandstone bads
are brown and black colour, 1-2 cm in diamegr, and the thickness of mudstone clast beds are
1-5 cm (Fig.3.3).

3.5.1.6Facies 5Mudstoneand sandstongupported conglomerate

Facies5 consistof 3 to 5 cmmudstoneand sandstonmatrix supportedonglomerate
comprised 0D.5 to 1 cmn diameterchert quartz, and metamorphic rockasts.No sedimentary
structures were observed within the conglomerates. The bioturbation index of this fadie is 0

and rare amount d&lanolites spare present (Fi.3).
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Shelf Distal Offshore Proximal Offshore

R, ¢ T . Y X
Transitional Lower Shoreface Transgressive Lag
Fig. 3.3: Core photosof faciesof the Cardium Formation from well 100/04-32-047-10W5
located in west PembinaFacies * laminated, and massivemudstoneg photo depth; 1799.7
1799.8 m;Facies 2a Intensely bioturbated sandy mudstonedepth: 1815.5 1815.6 m Facies
2b- intenselybioturbated muddy fine grained sandstonadepth: 1814.5 1814.6 m Facies 3
low to moderately bioturbated interbedded fine grained sandstone and mudstondepth
1809.4 1809.5 m;Facies 4 fine grained sandstone, depth: 1809.41809.5 m and Facies 5
mud and sand supprted conglomerate, depth: 1801.41801.15 m Th= Thalassinoides sp.,
Pl= Planolites sp., Heelminthopsis sp.Ch= Chondrites sp., Sk= Skolithos sp. and Cyl=
Cylindrichnus sp, Pa= Paleophycus sp., Ph= Phycocyphsm
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Table 3.1: Facies descriptions.

Facies 1 Facies 2a Facies 2b Facies 3 Facies 4 Facies 5
Name Laminated Intensely Bioturbated Moderately Bioturbated Rarely Hummocky Mudstone and
Massive Sandy Mudstone Muddy VeryFine Grained Bioturbated Cross Stratified| Sandstone
and Sandstone Interbedded VeryFine Supported
Starved VeryFine Grained Conglomerate
Rippled Grained Sandstone
Mudstone Sandstoneand
Mudstone
Dominate Mudstone Silstone Sandstone Sandstone and Sandstone Conglomerate
Lithology Mudstone
Bioturbation Oto1l 5t06 3to4 Otol Oto1l Oto1l
Index
Grain Size Mud Mud, slt to very fined Mud, silt tovery fine Mud, silt to Silt o veryfine cobble clasts
<3.91um grained grained veryfine grained and mud to
<3.91 um, 3.9162.5 um, <3.91 um, 3.9162.5 um, grained 3.91-62.5 um, fine grained
62.5125 um 62.5125 um < 3.91 um, 62.5125 um matrix
3.91-62.5 um, 64- 256 mm
62.5125 um
Sand/Shale | 5 percent 30 percent sandstone and| 60 percent sandstone and| 90 percent 95 percent 15 percent
Ratio sandand 70 percentmudstone 40 percent mudstone sandstone and| sandstone and| sandstone and
95 percent 10 percent 5 percent 85 percent
mud mudstone mudstone mudstone
Sedimentary | Laminated thin laminations and climbing ripples, 20cm 3D ripples, Hummocky n/a
Structures and starved ripples thickhummockycross current ripples | cross stratified
starved stratified beds, sandstone beds
ripples laminations
thickness 10m 0.1-4m 0.34m 0.30.5m 0.2-1.5m 0.1-:0.2m
Trace Fossils| Planolites Thalassinoides sp., Thalassinoides sp., Planolites sp.,| Chondrites sp.| Planolites sp
sp Planolitessp., Planolites sp., Chondrites sp.,| andPlanolites
Chondrites Helminthopsis sp., Helminthopsis sp., and sp.
sp Chondrites sp., Skolithos| Chondrites sp., Skolithos| Thalassinoides
sp.,Diplocraterion spand sp, Diplocraterion spand sp.
Cylindrichnus sp. Cylindrichnus sp
Contacts sharp sharp to bioturbated sharp, gradational and sharp gradational n/a
contacts bioturbated
Mineralogy quartz, quartzpyrite plagioclase, quartzplagioclasend k Quartz quartz, pyrite quartz, pyrite
pyrite, siderite kfeldsparvolcanic feldsparvolcanic rock plagioclase plagioclase, plagioclase,
plagioclase, rock fragments fragments volcanic rock | siderite and K | siderite and K
siderite fragments feldspar feldspar
and k volcanic rock | volcanic rock
feldspar fragments fragments
volcanic
rock
fragments

Facies 1 to 4 shows a coarsening upward sequence from mudstone to upper very fine grained

sandstone accompanying by an increase in sand/shale ratios reflecting an increase in the amount

of sandstone beds increase upwards. The increase in sand conteamdstdne beds represents

deeper to shallower water depths and increase in wave energy. These sandstone beds contain

hummocky crossstratification indicating storm events. (Harms et al., 1982; Duke, 1B86jes
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2a to 4 represent the below storm weathavevbase to above feather weather wave base
succession (Walker and Plint, 1992; Walker and Plint, 1882gt al., 1981MacEachern et al.,
1999a). Facies 2a and 2b indicate the section between storm wave base awdaftaer
wavebase representing diséad proximal offshore and transitior{@Valker and Plint, 1992yio

et al., 1981 MacEachern et al., 199P&acies Iontains continuous interbedded sandstones and
mudstones interpreted as transitional offshore. Factestindittle to no mud and islominant

by hummocky cross stratified sandstone beds indicates deposits abewedtier wave base
Walker and Plint (1992)Facies Sis interpreted as a transgressive fagned from rise in sea

level.

3.6 Methodology

Public available autine core analyses from 32 cores wetadied to determing¢he
reservoir properties in each of the facies. One core from@6-32-047-10W500 (Fig.3.4)
was observed idetail,examiningthe detailedexternal and internakservoir architecturef each
facies. @mputerized tomograph§CT) scanswere conductedising medical equipnme on each
of facies examiningher internal architecture, andensitydistributiors. 360 degree panoramic
photographyof each of the facieis core were constructed andsaeloved, focusing othe lateral
continuity of sandstone beds and vertieald horizontal connectivity by burrows between
sandstone beds.

PetrographicXRD, and CECanalysis on each of the facieonducted by AGAT core
labs,was performean selected sangs fromwell 1004-32-047-10W500, located inside of the
pool, and welll0006-11-049-12W500 located in the middle of the study aréaorder for pore
spaces to be visible in thin section, the end pieces of the core samples were first impregnated
with Rhodamine B epoxy to highlight porosity under UV light conditions. Next, samples were
polished and mounted onto a glass slide where they were groumdtd@atotal thickness of 30
microns The samples were then stained with a combination of Alizarin dRédpotassium
ferricyanide to highlight carbonate mineralodyinally, a second glass slide was glued on to the
samples to protect the polished surface. The prepared thin sections were then examined
petrographical{AGAT Labs, 2012)
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The XRDidentify the crystalgphasegpresent, bulk fraction (greater than 3 microns size
fraction), clay fraction (less than 3 microns size fraction), bulk and clay, and total clay. The
facies is sampled by separating sanigés than 3nicronsfrom the bulk portion in an trasonic
bath using sodium metaphosphate as a deflocculating agent. The separated material is then
centrifuged. Weight fractions are then measured for both bulk and clay portions of the samples.

Cation exchange capacitZEC) analysis was performday AGAT Labsto estimate the
abundanceof swelling clays within theanalysedsamples. Three grams of crushed rock were
added to ammonium acetate and le#ernight. The samples were then filtered, where the
remaining filtrate was saved to determie&changealel potassium, sodium, calcium and
magnesium ions. Samples were then filteagdin and washed with isopropyl alcohol whigre
sampleswere transferred to clean test tubesdtermine and remove chlorite content if
necessary. Once the chlorite contentamoved, thesamples were filtered once again with
sodium chloride solution and transferred tomécrokjeldahl flask wheremagnesium oxide
powder was added and the solution wiated with boric aciJAGAT labs, 2012)

MICP capillary pressure (MICPyvas analysed by AGAT lab®n core plugsMICP
involves injection of liquid mercury into a core sample in orderd&terminethe capillary
pressure The resulting data cdrme used to evaluatedtpore throat size distributiasf the core

sample showinga breakdown into micro and macro poré&GAT Labs, 2012).

3.6.1.1New Techniques

Thesetechniges have been ar;othmodvesvierrc ea rtohuen dl & heod s
these techniques have been used for reservoir characterization.
3.6.1.1.1360 Panorami€orePhotography

This technique has been used since the early 2000 as a way to understand the bed
relationships and continuity. This technique has been used for large scale structures in outcrop
(e.g. Johnson and Graham, 2004) and in core. Thevdaacollected by the Univetgi of
Calgary Representative facies from a type core were selected. The core was rotated and
individual photographs were taken until the core return to its original position. The images are
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then stitched together using photoshop to form a 360 panoramgeiof theouter surfacesore

pieces

3.6.1.1.2Computer Tomography(dT) Scan Analysis

Computer tomography has been used since
sedimentary and biogenic strumts in core (e.g. Fu et all994). In recent years, CT scan has
been used to observe the porosity range and distributions in cores (e.g Pemberton and Gingras,
2005; La Croix et al., 2012). The study done by Pemberton and Gingras (2005) and La Croix et
al., (2012) has been important because it shows the effect of biadarba sediments and how
bioturbation can enhance or destroy porosity and permeability particularly in bioturbated muddy
sandstone deposits.

The CT scans were conducted by TIPM labs at the University of Calgepyesentative
facies washosen from aype core for scanning. The cqugeces werglaced next to each other
onto a table that passes through a medical CT scanngtotAscan is taken to check thidte
important features can be imaged. The CT scanner then takes detailed images at intérvals of
mm. The resolution of the CT scan pixel is g80x 40Qum andeach pixel represents different
grain densitiesn each CT scan image. The C¢asa identifies the desity distribution and
therebythe porosity distribution of each scan. Th&ndards andyran density from core
analysed (grain density of quartz) is used so that porosity caestiatedand porosity
distributions can be imaged. After the images have been processed, the individual images are
combined and stacked to-cesate a 3D image of theternal porosity structure of the scanned
core piece.

The major error in the CT scan analysis is each CT scan was calibrated using the grain
density of quartz. As facies 4 is the only facies that is dominantly comprised of gouartther
faciescontain a significanportion of mudAs the CT value is converted from densityptwrosity
ranges in CT scan images of the muddier facies could be higher that what is expected. With this
error in mind, the porosity ranges calculated from CT scans atweealather than absolute and
should primarily be used imagehigher and lower areas of calculated porosity in the facies and
not for reserve estimation.
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Fig. 3.4: Core description of 0432-047-10W5 showing the location of the sections of core
that was CT scanned angampledfor thin sections. The core description also shows the
sedimentary structures, ichnology, coarsening upward cycles present, sequence boundary
and transgressive, and the bioturbation index of each of the deposit.

50



3.7 ResUts

Result of the differentanalyse of each of the facies will be described belolhe
mudstone dominatecéies 1 was omitted from the analysis because it is considered not to have
reservoir potential. CT scanned images show intervals of high and lusitide with the black
color indicating high densities, equating to the presence of mudstone and the yellow/orange color
indicates the higher porosities, indicating presence of pores. 3D visualization modeBOgig.
have been separated into two modalghlighting relative calculated porosities betweef%
and greater than 10%. Even though there are two different calculated porosities models present,
the visualization models will be usedéstimatebed continuity For the MICP analyses, micro,
mezopoe and macropore has been defined by AGAT labs as micropore being betweefh 0.001
microns, mezopores being betweef nicrons and macropores being betweet03 microns.

As all of the facies are dominated by micropores the study will be observing whia¢ #fined

as effective micropore throats. Effective micropore thr@@t83-3 microns) areclassified by

Nelson (2009)established fromtight-gas reservos Percentage of pore throats present is
measured from OPore throatrh8seeSBtatatbaondohmhi
pore distribution graphRoutine core analysis was basedpalic availableplug samplesand

some full diameter analysed data32 cores.

3.7.1.1Facies 2dntensely bioturbated sandy mudstone

Facies 2a had the potential of being a good reservoir facies; howeverdduyge of
bioturbation destroyed any reservoir potentiaRIX analyses shows that facies @mntains a
high amount of quartz (79% bulk fraction,%%lay fraction, 69 bulk & clay) and one the low
weight percentage for the clay fraction (16% weight); however thin sections shows that the
guartz and mudontent are vary andre poorly sorted and intermixed throughout except in the
rarediscontinuous sandstone beds and burrows. Ttesnnixing of the clay and sand is a result
of the intense bioturbation observed in core. The quartz and clay intermixing, in combination
with the heavy cementation has lowered the porasgylting in a dominance @hicroporosity
(Figs. 3.6 and 3.7)Thisreductionin reservoir properties is observed in the CT scan G-8R)
images where low porosities are dominant throughout €ilchmage, and thin section and

MICP where thin sections show heavy cementation and a high proportion of the facies
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containingmicropore throats. The higher porosities observed around the rim of the images is a
result of O6beam hardeningdéd (Barrett and Keat,
also homogenizedf the sandstone bedgith the interbedded mudstonkeaving just patchy
discontinuous sandstotieroughout the facies. These patchy sandstone beds are observed in the
3D visualization model (Fig3.9b) and in the panoramic photo. Even though the burrows are
well sorted and contain larger pore throat sizes, Ci Boages, the 3D visualization model and
the panoramic core photo (Fig.8) shows no evidence of burrows interconnecting with one
anotheresulting in the lack of vertical and horizontal permeability

As well as having better sorting in the sandstbeds and burrows, the facies also
contains unstable mineralkat have been dissolved to form micropmrBetrographic analysis
shows the burrowgontain minor amounts of unstable minerals like pyrite;féddspar and
volcanic rocks fragmentéFig. 3.6) Thin sections show that under UV light, microporosity is
present in these burrows and discontinusarsdstondoeds partly due to the dissolution of these
unstable mineralsThe mineral dissolution is observed in the partial development of effective
microporethroats observed in the MICP data analyses &®). Furthermore, thin sections and
XRD analyses show that the burr@andstondills are well sorted andoarser grained than the
surrounding matrix and mainly comprised of sand with little mud pre$aetresult of the well
sorting in the sandstone beds and the burrows can be obssittedsome intergranular
microporosity being developetiowever in the MICP dataset shows that 10% of the pore throats
are at macropores scale (p#&) and 10% of the porédnoats being effective micropores (<1
pm), and the CT scan images and the 3D visualization model shows small clusters of high
porosities that are not connected. Even though there is no routine core anadialsle for this
facies the datasets show thhis faciesis not likelya viable reservoir facies in this area due to
the small amount effective micropores and macropanesthe lack of connectivity sand filled
burrows andsandston®eds.

3.7.1.2Facies 2bModerately bioturbated muddy fineagned sandstone

Facies 2b has potential to be a reservoir facies due to the vertical and horizontal
connectivity between well sorted safited burrows, and continuous fine grainedndstone

beds. XRD analysis shows that the facies habgatly higherclay content (24% weightlay
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fraction) and aslightly lowerquartzcontent(70% bulk fraction, 9% clay fraction, 58% bulk and
clay) compared to facies 2a; however core descriptions of the cores observed, thin @ggtions
3.6 C) CT scan image@=ig. 39a), 3D visualization model (Fig3.9b) and the panoramic photos
show evidence of vertical and horizontal connectivity betwssmdstoneébedsby sand filled
burrows Thin sections alsareas of higher clay content in different part of the thin sections.
Burrow fills are mainly comprised of very fine grained sand and mud; however minor amounts
of volcanic rocks fragments are also pres@uartz grains in the burrows are coarser grained
and better sorted than the surround mud matrix. The surrounding nsadiisoi intermixed like
facies 2a, and the combination of the cementation and-quadz intermixing will lower
reservoir propertiesral decreases macropore throatdinTsectios and pnoramic core photo
shows laterally continuous fine grained sandstoedsband diverse trace fossil assemblage of
vertical and horizontalith sandfilled burrows interseting the fine grained sandstone beds
(Figs.3.6¢,3.8b) The CT scan highlights trennectivity ofindividual sand filled burrows, such
as the presence hmantal sand filled burrows of Planolites sp and Thalassinoides spand
interconnecting with verticaand filledburrows such aSkolithos spandDiplocraterian sp and
also intersectingandstondeds The 3D visualization modedhows that theandstone beds in
3D space are connected by the shited burrows indicated by the narrow cylinder shaffég.
3.8b) For this facies, moderate bioturbation and preservation of diverse vertical and horizontal
sandfilled burrows has enhancdide reservio properties ofacies 2b rather than deteriorate it.

The interconnectivity ofsandstone beds and sdiild burrows in this facies aneflect
high porosity and permeability values observed in routine core analysis and higher portion of
macropore thrats and effective microporegen in MICRFigs. 3.5, 3.7 and3.10). Thinsections
show that the burrows contain minor amounts of unstable mineralsplkite, plagioclase,
siderite and Kfeldspar, volcanic rock fragment§hese mineralbave been partlgissolvel to
form microporosity which is seen YV light in thin section. MICP data shows that effective
micropore throats make up 30% of the pore throats, 10% higher than in facies 24@¥d 5
lower than facies 3 and 4. The MIGRta alsashows that there is a 20% macropores present
(Fig. 3.7) Routine core analysis shows that the sandstones in facies 2b can reach up to 13%

porosity and 0.12 mD. Routine core analysis also shows that porosity and permeability values
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peak at 7% and 11% poitys and 0.07 and 0.11 mD permeability. The combination of
continuoussandstondeds with good reservoir properties interconnected with well sorted sand
filled burrows vertically and horizontally gives this facies potential for being a reservoir facies.
3.7.1.3Facies 3Slightly bioturbated interbedded fine grained sandstone and mudstone

Facies 3 is one of the two main reservoir facies in this areaadtiee relative high
reservoir propertiegn the cores analysed, higher frequency of effective micropore thmodts
higher frequency of macropore throat®wever, XRD analysis shows that this facies has the
highest percent weight of clay minerals of 2IPhin sections (Fig3.6), panoramic photod-ig.
3.8), CT scan (Fig.3.9a) and the 3D visualization model (Fig9b) show that the clay is
primarily localized in the mudstone bedsth a low clay content in the sandstone beHsin
sections and XRD analyses also shows tiratsandstone beds in tHiggies is dominant in very
fine grained, well sorted, subangutarrounded quartz (78% bulk fraction, 9% clay fraction, and
64% bulk & clay). Thin sections from other samples show consistent observations in the
sandstone and mudstone bed$ie well sorted sandstone beds aid in the better reservoir
properties shown irhe routine core analysis (Fig5 and3.10). MICP data (Fig3.7) shows that
well sorted nature of the sandstone beds has also resulted in a higher proportion of macropores
(14% of the pore throats). MIC&nd thin section also shoavhigh degree afemendation from
quartz overgrowths and ferron calcitehich have redced the reservoir properties tie
sandstone bedsy reducing thgore throat sizes. Thin sections and Mi&go show that there is
a high proportion of effective micropore€35% of the porethroats) partly resulfrom the
dissolution of unstable minerals likglagioclase and Heldspar, volcanic roclgrains The
combination of well sorted and clean sandstone beds and dissolution of unstable grains has
resulted in higher porosity and perme#pitanges of 316% and 0.41.5 mD. The porosity and
permeabilitydistribution showpeak at higher porosity and permeability valags, 10 and 14%,
and 0.3 and 0.7 mD.

These reservoir properties are contained in continuous sandstone beds. The CT scan
analysis, the 3D visualization, and the panoramic core photo 8@}.all show that these
sandstone beds are continuagsoss the width of the coréhe major problem of facies 3 is the

mudstone beds are also continuous, which could acteggal baffles and barriers. These
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continuous mudstone beds are also shown in panoramic photo, CT scan and 3D visualization.
Some examples of higher bioturbated sections in other coressamfilledvertical burrows
penetratinghe mudstone bed®sulting insome vertical permeability between sandstone beds.
Furthermore, the 3D visualization also shows fractures through the mudstone muds which could
also be a possible connector between the sandstone beds. The only problem with the fracture is
they could have lmn formed from being extracted from the subsurface as there is no
cementation found in the fracturé&he combination of well sorted, continuous sandstone beds
and good reservoir properties make this facies one of the main reservoir facies in the atudy are
3.7.1.4Facies 4Hummocky cross stratified fine grained sandstone

Facies 4 is also significantreservoir faciesn the studyarea due to the high reservoir
properties, angresence oflean and continuous sandstone beds. Routine core analysi3.§Fig.
ard 3.10) shows high porosity and permeability ranges frof6% and permeability and 0.1
2.6 mD. Thedistribution shows porositgeaks at 6 % ahl13% whereas permeability only shows
one pealat 0.2 mD. XRD analysis and thin sections (B§.H) show thafacies 4is dominated
by very fined grained, subangular to roundeértzgrains XRD also show that facies 4 is made
up of 5% weight of clay, making the facies the sandiest facies obsdivieds also consistent
with other thin sections from other well@ne major problem for facies 4 is the facies is heavily
cemented with ferron calcite and quartz overgrowths, resulting in this facies being dominated by
micropores loweringts reservoir properties; however minor amountlafgioclase, chert and
volcancc rock fragments are dissolved form higher pore throats in the microporosity range
observed in UV light in thin sectigfrig. 3.6 H. Dissolutionis partly the reason for the effective
micropore throats make up 40% of the pore throaterved in the MOP data (Fig3.7). The
reservoir propertiearegenerally uniform throughout the facies and only vary depending on the
amount of ferron calciteementpresent. This uniform nature in reservoir porosiisesbserved
in CT scan (Fig.39 A) and the 3D visualization where the porosities are low throughout
reflecting thehigh degree otementationThe higher porosities observed around the rim of the
scan i s due t oCT échneangmnotamic abre phioto @i§.8) shows a laterall

continuous fine grained hummocky cross stratified sandstone beds. As this facies contains
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laterally continuous sandstone beds accompanied with good reservoir properties, this facies is the
other main reservoir facies in the area.

3.7.1.5Faciess-Mudstoneand sandstone supported conglomerate

Results show thahe conglomeratefdcies 9 has the potential to be a reservoir facies.
Routine core analysis (Figg.5 and 3.10) shows that facies 5 has the highest porosity and
permeability values. Porosity rangem 2-15% and permeability ranges from78 mD. The
porositydistribution showgpeaks at 4 and 10% amldpermeability pealkt 5 mD. These higher
porosities and permeability valuasefound throughout the faées (Fig. 3.9b). One problem for
facies 5 is th facies is heavily cemented with ferron calcite and quartz overgrowth, making this
facies alsovery tight however minor amounts @lagioclase, chert angblcanic rock fragments
which are dissolvetb form some of the microporosity observedtiis secton in UV light. This
dissolution is also noticed in the MICP data (RBd.) where the effective micropore throats and
macropores make up 45% of the pore throalso thin sections (Fig. 3.6 J) show evidence of
fractures which could aid some of theacropores in the facies. Factures observed were not a
result from the core extraction from teabsurface as the fractures were clo3dw: panoramic
photo and 3D visualization (Fig3.8) shows that the conglomerate is laterally continuous
conglomerate kg comprised of varying clast sizes and materials like chert, quartz and
metamorphic rocksThe visualization shows that low densities are coming from the sandstone
matrix. Another problem with facies is the faciesréatively thin, rangingbetween 15 cm so
little storage is present in this facidsut the high permeability valuesn be goodluid flow

pathwayscan aid the production in some of these tighter reservoirs
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Fig 3.5: Porosity-Permeability cross plot of the five facies. Routine core analysis from shows that facies 2b ranges froh326
porosity and 0.031 mD permeability. Facies 3 ranges from 316% porosity and 0.21.5 mD permeability. Facies 4 ranges from 3
16% porosity and 0.062.6 mD permeability. Facies 5 ranges from 215% porosity and 0.570 mD permeability.
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Facies 2a

Facies 4

Facies 5

Fig 3.6: Thin Section photos of each facies showing the minerals present, cementation, clay
minerals and areas of porosity. Thin sections show that these facies are dominated quartz
and clay cement; however volcanic and metamorphic fragments are present. Thin secis
also show all the facies are heavily cemented by ferron calcite and quartz overgrowths.
Abbreviations in the thin section are;Qtz i quartz, Cht i chert, SRF - sedimentary rock
fragment, VRF - volcanic rock fragment, MRF - metamorphic rock fragment, lll 7 illite, Py

T pyrite, K T kaolinite, SC - silica cement, CCe ferroan calcite cement, MPi

microporosity, SP- secondary porosity, Fraci fracture, Sut - sutured grain contacts,LC -
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Fig 3.7: MICP data showing pore throat distribution graphs showing the distribution of
pore throat sizes for each facies. Graphs show that all the facies are dominated by
micropore throat radius with 78-84% of the facies are made up of micropores.he
presence okeffective micropores (0.033 microns) increass from 10% to 45% from facies
2a4.
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