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Abstract 

A sequence stratigraphic framework was established to map the distribution of the type 

offshore to lower shoreface Cardium reservoirs of the developing halo play fairway west 

of the Pembina Pool. Cross-sections and maps reveal a series of fifth order sequences 

imbricated westward towards and within the Pembina Pool, which form part of a third 

order highstand to falling stage systems tract. Reservoir facies within the halo-play 

include; moderately bioturbated muddy sandstones, interbedded sandstones and 

mudstones, and hummocky cross stratified sandstones. Routine core analysis was 

complemented by full diameter core CT scanning, MICP pore throat characterization, 

thin sections to characterize these unconventional type light oil reservoirs. Cross-plots 

and maps show that the best reservoir fairway occurs just west of the historic western 

boundary of the Pembina Pool.  
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Chapter One: Introduction 

1.1 Study Focus and Objectives  

Halo oil plays are defined as portions of conventional light oil accumulations that did not 

meet traditional pay criteria cut offs for vertical well development (Clarkson and Pedersen, 

2011). Multistage fractured horizontal well technology transferred from the Bakken Formation in 

the Williston Basin (Rutherford, 2012) have since 2008 targeted low porosity and permeability 

reservoirs associated mainly with transitional and offshore depositional environments of the 

Cardium Formation. Horizontal drilling will be important for the Pembina Pool as the 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 from 40,000 bbl per day to 100,000 bbl per 

day (Mageau et al., 2012). 

The net sand map created in this study shows the sandstones are thickening and thinning 

pattern towards and within the Pembina Pool. This could suggest offshore bars, (Nielson, 1957; 

Krause and Nelson, 1984); however alternatively this pattern could be a result of relative sea 

level changes. Also the net sand map shows the strike of the sandstone thicks is oblique to the 

Pembina Pool boundary. Furthermore, studies done on alongshore variability of shoreline 

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 alongshore variability 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 characterization of conventional and non- reservoir facies is crucial for 

understanding reservoir heterogeneity and compartmentalization. Using new techniques 

combined with traditional techniques, reservoir properties of each facies can be established, and 

be applied regionally to identify the most prospective reservoir fairways. Chapter 2 and 3 are 

written as papers that will be published.  
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Chapter 2 will focus on the sedimentology, sequence stratigraphy and integrating facies 

distributions in the study area to understand reasons for the thickening and thinning net 

sandstone patterns, 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 of the sandstones 

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 used to assist 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 are; 1) to develop a sequence stratigraphic framework 

using core and petrophysical techniques to explain the thickening and thinning pattern in net 

sandstone maps to understand the complex reservoir distribution in the study area, 2) to 

understand the reason why the fairways are oblique to the Pembina Pool boundary, 3) to 

determine the western limit of the halo play west of the Pembina Pool, 4) to characterize the 

reservoir of the sandstones the west of the Pembina Pool Boundary and 5) understand the extent 

of the halo play and the best places to drill within the halo area. 

1.2 Regional Geology and Reservoir Architecture   

The Late Turonian to Coniacian, Upper Cretaceous Cardium Formation is an eastward 

prograding succession of offshore muds and silts to upper shoreface to non-marine sandstone 

(Stott, 1963, 1967, Bergman and Walker, 1987, 1988; Hart and Plint, 2003 Krause, 1983, 1986; 

Walker, 1983; Krause 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 between 25-100 m (Stott, 1963). Cardium deposits are 

sourced from Canadian Cordillerian orogenic uplift, forming an eastward prograding wedge into 
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the Western Interior Seaway along the ramp of the Grand Prairie Sub-basin and Bow Basin 

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

2008).  

The Cardium Formation was lithostratigraphically subdivided 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 on 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, Raven 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 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 Member is located between E/T 4 and E/T 5 surfaces and contains the 

reservoir sandstones within the Pembina Pool and in the study area 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 subaqueous open-marine environment, a fully 

sub-aerial environment or at the shoreface during marine transgression of a formerly sub-aerial 

surface (Plint et al., 1986; Leggitt et al. 1992, Arnott, 1993, MacEachern et al., 1999b). The 

conglomerates found overlying of the erosional 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 West-Central 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 Pembina Pool 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 average 18-20% 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 Porter 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 the Pembina Pool 

(Nielsen and Porter, 1984) forming an up-dip stratigraphic trap (Nielsen, 1957). The sandstones 

extend westward from the west Pembina Pool boundary. The 40o API oil in the Cardium 

Formation is sourced from the thermally mature organic rich beds of the underlying 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 Cardium Formation, the location of the pool in relation to the cross 

section, the members (Krause and Nelson, 1984) and allomembers and E/T 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 section is found in Fig. 1.2.  
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1.3 Study Area 

The study area (Fig. 1.2) contains 164 horizontal wells which are mainly located close to the 

West Pembina Pool boundary. Multi-stage horizontal wells targeting the Cardium Formation has 

been drilled in the study area since 2008. First year cumulative production of these wells ranged 

from 11,000 bbl to 74,000 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 Cardium Formation in the area of particularly 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 effects on reservoir 

properties in relation to depth.     

 

 

Fig. 1.2: Map showing the study area along the western margin of the Pembina Pool, cross 

sections, core studied and horizontal and vertical wells targeting the Cardium Formation .  
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Chapter Two: Facies 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 conglomerates of the Upper Cretaceous 

Cardium Formation contains one of the largest oil accumulations in Canada with the largest 

reserves in the Pembina oil Pool in central Alberta. Multistage fractured horizontal well 

technology has, since 2008, targeted low porosity and permeability reservoirs associated mainly 

with transitional and offshore depositional environments of the Cardium Formation. Net sand 

maps constructed west of the Pembina Pool show a thickening and thinning pattern which are 

oriented oblique to the Pembina Pool boundary. The focus of this study is threefold; 1) develop a 

sequence stratigraphic framework using core and petrophysical techniques 2) to understand the 

reason for why in areas the sandstone reservoir fairways are oriented oblique to the legacy 

Pembina Pool and 3) the westward extent of the halo play west of the historic Pembina Pool. The 

study area is located west of the Pembina Pool in Townships 47-49, Ranges 11-14 and 191 wells 

and 32 cores were used to develop the sequence stratigraphic model.  

Results show that the main Cardium sandstone in the area is comprised of a series of 

imbricated fifth order sequence towards and within the Pembina Pool. These fifth order 

sequences are bounded by fifth order transgressive surfaces as these can be correlated regionally. 

Basinward shift in facies were observed within several of the Fifth order sequences indicating 

relative falls in sea level. Maps show that the sequences trend NE-SW to N-S, are relative thin 

with a thickness range between 1-6 m and show varying widths of the different facies. Cross-

sections and maps show that the fifth order sequence form part of a third order falling stage 

systems tract that extends into the Pembina Pool. Deposits in this third order framework were 

beveled off by a subsequent third 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 framework also 

shows that the position of the west Pembina Pool boundary could be moved further west. 
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2.2 Introduction  

The Upper Cretaceous Cardium Formation contains one of the largest oil accumulations 

in Canada and is comprised of shelf to shoreface sandstones often capped by chert and quartz 

rich conglomerates. There are fourteen Cardium oil fields and twelve Cardium gas fields within 

the Western Canada Sedimentary Basin. The Pembina Pool is the largest Cardium oil and gas 

pool with estimated original oil in place of 9.4 billion barrels of oil. Today, the pool has 

produced 1.3 billion barrels of oil.  Since the 1950ôs, the primary target in the Cardium 

Formation has been the shoreface sandstones and conglomerate reservoirs. Conventional 

production is assisted by secondary recovery often using water flooding techniques (Dashtgard et 

al., 2008). 

 Halo oil plays are from the portions of conventional light oil pools that do not meet 

traditional pay criteria cut offs (Clarkson and Pedersen, 2011). Multistage fractured horizontal 

well technology transferred from the Bakken Formation in the Williston Basin (Rutherford, 

2012); have since 2008 targeted low porosity and permeability reservoirs associated mainly with 

transitional and offshore depositional environments of the Cardium Formation.  

Net sand map created for this study show the sandstones are oriented oblique to the West 

Pembina Pool boundary and the map also shows a thickening and thinning pattern in towards and 

within the Pembina Pool. This could suggest offshore bars, a previous interpretation for these 

sandstones (Nielson, 1957; Krause and Nelson, 1984); however alternatively this pattern could 

be a result of relative sea level changes. High-resolution 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 al., 1992; Davies and Elliott, 1996; Anderson et al., 1996; 

MacEachern et al., 1998). High resolution sequence stratigraphy is 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 from Ainsworth (2005) where sequence stratigraphy was 

used to understand the reservoir connectivity of the Sunrise and Troubadour gas-condensate 

fields in 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 thinning pattern in the net 
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sand maps and to understand the complex reservoir distribution in the study area 2) to understand 

the reason why the trends are oriented oblique to the Pembina Pool boundary and 3) what is the 

western limit of the halo play outside of the West Pembina Pool boundary.  

    

2.3 Geological Setting and Stratigraphy  

The Cardium Formation is Late Turonian to Coniacian, Upper Cretaceous in age (Stott, 

1963, 1967; Hall et al., 1995) (Fig. 2.1), dated from ammonites such as Prionocylcus woollgari 

and Scaphites warren  (Baunberger and Hall, 2001). The Cardium Formation thickness ranges 

between 25-100 m (Stott, 1963), overlies the Blackstone Formation, underlies the Wapiabi 

Formation (Fig. 2.1) and all these formations are part of the Alberta Group (Krause et al., 1993). 

Cardium deposits was sourced from orogenic uplift in the Cordilleran mountains to the west, 

were carried and deposited into the Western Interior Seaway along the shelf of the Grand Prairie 

Sub-basin (Krause et al., 1993; Pattison and Walker, 1992; Varban and Plint, 2008). The 

Cardium Formation is comprised of bioturbated mudstones and siltstones, fine-grained 

hummocky cross stratified and laminated sandstones and these deposits are often capped by 

pebble conglomerates. Observations in core and outcrop identify five separate sedimentary facies 

regionally (Walker, 1983; Plint et al., 1986, 1988; Krause et al., 1987). These facies are 

bioturbated mudstones, massive and laminated mudstones, interbedded sandstones and 

mudstones, hummocky cross stratified sandstones and conglomerates.  

The Cardium Formation has been extensively studied including; sedimentology 

(Michaelis and Dixon, 1969; Swagor et al., 1976; Wright and Walker, 1981; Krause, 1982; 

Walker, 1983a, b, c;  Nielsen and Porter, 1984; Krause and 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 McIntyre, 1988; Heise, 1987; Vossler and 

Pemberton, 1989; Hall et al., 1991; Baunberger and Hall, 2001) and regional stratigraphy and 

allostratigraphy (e.g. Duke, 1985; Plint et al., 1988; Michaelis, 1957; Swagor 1975; Krause and 

Nelson, 1984; and Plint et al., 1986, 1988). The Cardium Formation is interpreted as offshore 

muds and silts to upper shoreface to non-marine sandstones because of the overall coarsening 

upward sequences and presence of thick hummocky cross stratification in the sandstone, 
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indicating deposition in storm dominated open marine environments (Krause, 1983, 1986; 

Walker, 1983; Krause and Nelson, 1984; Plint et al., 1986; Pemberton and Frey, 1984; Vossler 

and Pemberton, 1989; Pattison and Walker, 1992, Hart and Plint, 2003). Evidence of roots has 

been documented in the Museau Member (Plint et al., 1986) indicating brackish to non-marine 

deposits. The offshore to shoreface deposits are often truncated by transgressive ravinement 

surfaces which are in places dominated by pebble conglomerate lags. Conglomerates capping the 

Cardium Formation are sourced by rivers and reworked alongshore subsequently during the 

erosive transgression (Bergman and Walker, 1987, 1988; Arnott, 1992, 2003; Hart and Plint, 

2003) and were deposited during the formation of the transgressive ravinement surfaces.  

The Cardium Formation was lithostratigraphically subdivided 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 on 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, Raven River, Carrot Creek, Ricinus, Dismal Rat and Karr members. Pembina Pool and 

the area to the west of the Pembina Pool contain the Burnstick, Raven River, Dismal Rat and 

Karr members (Plint et al., 1986) (Fig. 2.1). Burnstick Member 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 Member is located between E/T 4 and E/T 5 surfaces and contains the reservoir 

sandstone found within the Pembina Pool and in the study area to the west. At a regional scale, 

these members cover an area of 2500 km
2
 and average 60 m in 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 Cardium Formation, the location of the pool in relation to the cross 

section, the members (Krause and Nelson, 1984) and allomembers and E/T 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 section is found in Fig. 2.2.  
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 The E/T 5 surface that marks the top of the Raven River Member is part of the several 

E/T surfaces described by Plint et al. (1986).  Conglomerates found on top of E/T 5 range in 

thickness from 20 cm to  20 m, particularly thick in the Carrot Creek area north of Pembina 

(Leggitt et al., 1992). The erosion of E5 surface has been interpreted to be formed in a fully 

subaqueous open-marine environment, a fully sub-aerial environment or at the shoreface during 

marine transgression of a formerly sub-aerial surface (Leggit et al. 1990). The conglomerates 

found on top of the erosional were sourced from rivers (Hart and Plint, 2003) which wasd 

reworked during subsequent transgression. In the study area, the conglomerate is thin with a 

maximum thickness of 20 cm. 

The Cardium Pembina oil Pool has been extensively studied, focusing on the 

sedimentology (Krause and Nelson, 1984), stratigraphy (Plint et al., 1986; Butrenchuk et al., 

1995) and reservoir properties (Nielsen, 1957; Mills, 1960; Nielsen and Porter, 1984; Krause et 

al., 1987; Dashtgard et al., 2008). Preliminary studies from Nielsen (1957) described the 

sedimentology and structural components of the Pembina oil Pool which was further 

complimented by studies from Krause and Nelson, (1984) and Dashtgard et al., (2008).  Studies 

done by Butrenchuk et al. (1995) show seven fourth order parasequences deposited in a south 

east trend. These parasequences extend to each side of the Pembina Pool. Butrenchuk et al. 

(1995) also mentions that these parasequence are comprised of a series of higher order 

incomplete sanding upwards cycles.    

The allostratigraphic and sequence stratigraphic methods are somewhat similar as they 

divide rocks chronostratigraphically using unconformities and flooding surfaces. (Bhattacharya 

and Walker, 1991). The main difference between allostratigraphy and sequence stratigraphy is 

sequence stratigraphy relates rock bodies in a context of sediment flux and accommodation 

(Bhattacharya and Posamentier, 1996). Depositional sequences in sequence stratigraphy are 

bounded by sequence boundaries whereas allomembers are correlated using transgressive 

surfaces (Bhattacharya and Posamentier, 1996, Plint et al., 2001). Allostratigraphy is 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 stratigraphic surfaces that can 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 Townships 47-49 and Ranges 10-14 W5. This study area 

encompasses the western most part of the Pembina Pool. The focus of the study is on the halo 

area to the west of the legacy pool boundary that has recently seen a large number of horizontal 

wells being drilled into the Cardium Formation (Fig. 2.2). This area contains a total of 3183 

wells penetrating the Cardium Formation. 164 of those wells are horizontal and producing from 

the Cardium Formation.  

 

Fig. 2.2: Map of the study area in west-central Alberta showing the western boundary of 

the Pembina Pool (brown), cross-sections present 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 inside and outside of the West Pembina Pool boundary were 

observed. Facies were defined and were correlated to corresponding well log signatures. A 

sequence stratigraphic framework was established using a series of closely spaced cross-sections 

that were constructed perpendicular the West Pembina Pool boundary (Fig. 2.2) and 

transgressive surfaces and sequence boundaries were correlated. Using the sequence stratigraphic 

framework, a series of maps were constructed including accommodation isopach maps, sequence 

isopach maps, and facies distribution maps for each sequence.  

 

2.6 Facies 

32 cores were analysed across the area and facies were determined using sand/shale 

ratios, sedimentary structures, petrographic analysis and ichnology using procedures similar to 

Krause and Nelson (1983). Bioturbation index is based on observations based on Taylor and 

Goldring (1993) where 0 is no bioturbation and the sedimentary structure are intact and 6 is 

completely bioturbated and bedforms are completely destroyed. 

 

2.6.1.1 Facies 1- Laminated and Massive Mudstone  

This facies is comprised of approximately 95% mudstone and 5% sandstone. Grain size 

increases upward from shale to lower siltstone. The mudstone contains rare 1 mm-1 cm thick 

very fine sandstone lamina beds, starved rippled beds, and thick current rippled beds. Laminated 

beds and starved rippled beds are generally continuous across the width of the core. Facies 1 

bioturbation index is 0-1 and has a low trace fossil diversity with Planolites sp. and Chondrites 

sp. being the only trace fossils present (Fig. 2.3). 

 

2.6.1.2 Facies 2a- Intensely bioturbated sandy mudstone  

This facies is comprised of approximately 70% mudstone and 30 % siltstone to upper 

very fine grained sandstone.  Sedimentary structures include rarely preserved 2-3 cm thick 

rippled and laminated very fine grained sandstone beds. The sandstone beds are discontinuous 

and the basal contacts of the beds are either scoured, sharp or bioturbated. Facies 2a has a high 
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bioturbation index of 5-6 and the trace fossils observed include Thalassinoides sp., Planolites 

sp., Helminthopsis sp., Chondrites sp., Skolithos sp., Diplocraterion sp. and Cylindrichnus sp. 

(Fig. 2.3).  

 

2.6.1.3 Facies 2b-Moderately bioturbated muddy fine grained sandstone 

  Facies 2b is comprised of approximate 40% mudstone and 60% silt to upper very fine 

grained sandstone. 3-10 cm thick, rippled and hummocky cross-stratified very fine grained 

sandstone beds are present throughout the facies. The sandstone bed contacts at the base and top 

are sharp or scoured with some reworking from bioturbation. The bioturbation index is 3-4 and 

the common trace fossils observed are Thalassinoides sp., Planolites sp., Helminthopsis sp., 

Chondrites sp., Skolithos sp., Palaeophycus sp. and Cylindrichnus sp. (Fig. 2.3). 

  

2.6.1.4 Facies 3- Slightly bioturbated interbedded fine grained sandstone and mudstone 

Facies 3 contains approximately 90% siltstone to upper very fined grained sandstone and 

10% mudstone. The sandstone beds are generally continuous across the width of the core and 

contain wave ripples that are 2-3 cm thick with a wavelength of 3-5 cm. The bioturbation 

intensity varies within this facies between intervals with low degree to no bioturbation to areas 

with moderate intensity of bioturbation throughout the facies. The trace fossils observed include 

Planolites sp., Chondrites sp., and Thalassinoides sp. (Fig. 2.3). 

 

2.6.1.5 Facies 4- Hummocky cross stratified fine grained sandstone  

Facies 4 contains less than 5% mudstone and 95% coarse silt to upper very fined grained 

sandstone. Facies 4 contains 5-30cm thick hummocky cross-stratified and 2-3 cm thick 4-5 cm 

wavelength, continuous wave rippled sandstone beds. Planar laminae are observed in core; 

however outcrop show that the planar bedding might be part of large hummocks. Facies 4 

contains rare 0.5 cm thick mudstone lamina with trace fossils Chondrites sp. and Planolites sp. 

present. Graded beds of planar fine grained sandstone to siltstone, 2-3 cm, were observed. 

Mudstone clasts are found throughout the facies, generally at the base of the sandstone beds and 

are brown and black in colour, 1-2 cm in diameter, and the thickness of mudstone clast beds are 

around 1-5 cm (Fig. 2.3). 
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2.6.1.6 Facies 5- Mudstone and sandstone supported conglomerate 

Facies 5 consists of 3 to 5 cm thick mudstone and sandstone matrix supported 

conglomerate of 0.5 to 1 cm in diameter chert, quartz, and metamorphic rock clasts. No 

sedimentary structures were observed within the conglomerates. The bioturbation index of this 

facie is 0-1 and rare amount of Planolites sp. are present (Fig. 2.3). 
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Fig. 2.3: Core photos of facies from 100/04-32-047-10W5 in the Cardium Formation in 

West Pembina. Facies observed in core; Facies 1- laminated, and massive mudstone photo 

depth: 1799.7-1799.8 m. Facies 2a- Intensely bioturbated sandy mudstone depth: 1815.5- 

1815.6 m, Facies 2b- intensely bioturbated muddy fine grained sandstone depth: 1814.5- 

1814.6 m, Facies 3- low to moderately bioturbated interbedded fine grained sandstone and 

mudstone, depth 1809.4- 1809.5 m, Facies 4- fine grained sandstone, depth: 1809.4 ï 1809.5 

m and Facies 5- mud and sand supported conglomerate, depth: 1801.1-1801.15 m. Th= 

Thalassinoides sp., Pl= Planolites sp., He= Helminthopsis sp., Ch= Chondrites sp., Sk= 

Skolithos sp. and Cyl= Cylindrichnus sp., Pa= Paleophycus sp., Ph= Phycocyphan sp.   
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Table 2.1: Facies descriptions. 

  Facies 1 Facies 2a Facies 2b Facies 3 Facies 4 Facies 5 

Name Laminated, 
Massive 

and 
Starved 
Rippled 

Mudstone 

Intensely Bioturbated 
Sandy Mudstone 

Moderately Bioturbated 
Muddy Very Fine Grained 

Sandstone 

Rarely 
Bioturbated 
Interbedded 

Very Fine 
Grained 

Sandstone and 
Mudstone 

Hummocky 
Cross Stratified 

Very Fine 
Grained 

Sandstone 

Mudstone and 
Sandstone 
Supported 

Conglomerate 

Dominate 
Lithology 

Mudstone Siltstone Sandstone Sandstone and 
Mudstone 

Sandstone Conglomerate 

Bioturbation 
Index 

0 to 1 5 to 6 3 to 4 0 to 1 0 to 1 0 to 1 

Grain Size Mud 
<3.91 um 

Mud, silt to very fined 
grained 

 < 3.91 um, 3.91-62.5 um, 
62.5-125 um  

Mud, silt to very fine 
grained  

< 3.91 um, 3.91-62.5 um, 
62.5-125 um 

Mud, silt to 
very fine 
grained 
< 3.91 um, 
3.91-62.5 um, 
62.5-125 um 

Silt to very fine 
grained 

 3.91-62.5 um, 
62.5-125 um 

cobble clasts  
and mud to 
fine grained 

matrix 
64- 256 mm 

Sand/Shale 
Ratio 

5 percent 
sand and 

95 percent 
mud  

30 percent sandstone and 
70 percent mudstone 

60 percent sandstone and 
40 percent mudstone 

90 percent 
sandstone and 

10 percent 
mudstone 

95 percent 
sandstone and 

5 percent 
mudstone 

15 percent 
sandstone and 

85 percent 
mudstone 

Sedimentary 
Structures 

Laminated 
and 

starved 
ripples 

thin laminations and 
starved ripples 

climbing ripples, 2-20cm 
thick hummocky cross 

stratified beds, sandstone 
laminations 

3D ripples, 
current ripples 

Hummocky 
cross stratified 

beds 

n/a 

thickness 10 m 0.1-4m 0.3-4 m 0.3-0.5 m  0.2-1.5 m 0.1-0.2 m 

Trace Fossils Planolites 
sp 

Chondrites 
sp 

Thalassinoides sp., 
Planolites sp., 

Helminthopsis sp., 
Chondrites sp., Skolithos 

sp., Diplocraterion sp. and 
Cylindrichnus sp. 

Thalassinoides sp., 
Planolites sp., 

Helminthopsis sp., 
Chondrites sp., Skolithos 

sp., Diplocraterion sp. and 
Cylindrichnus sp. 

Planolites sp., 
Chondrites sp., 

and 
Thalassinoides 

sp. 

Chondrites sp. 
and Planolites 

sp. 

Planolites sp 

Contacts sharp sharp to bioturbated 
contacts 

sharp, gradational and 
bioturbated 

sharp gradational n/a 

Mineralogy quartz, 
pyrite, 

plagioclase, 
siderite 
and K-

feldspar, 
volcanic 

rock 
fragments 

quartz pyrite plagioclase, 
siderite K-feldspar volcanic 

rock fragments 

quartz plagioclase and K-
feldspar volcanic rock 

fragments 

Quartz,  
plagioclase 

volcanic rock 
fragments  

quartz, pyrite 
plagioclase, 

siderite and K-
feldspar, 

volcanic rock 
fragments 

quartz, pyrite 
plagioclase, 

siderite and K-
feldspar, 

volcanic rock 
fragments 

 

2.7 Facies Associations  

FA 1- Moderately to intensely bioturbated sandy mudstone, interbedded sandstone and 

mudstone, and hummocky cross-stratified upper very fine grained sandstone (Facies 1 to 4) ï 

Shelf to Lower Shoreface 

 Facies association 1 is 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 upwards. The increase in sand content and sandstone beds represents 



 

19 

 

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

hummocky cross-stratification indicating deposition storms by Harms et al. (1982) and Duke 

(1985). The bioturbation index generally decreases upwards through the different facies. This 

indicates an increase in stress upwards such as wave action and sediment flux. The bottom of the 

section also shows little to no bioturbation, likely due to the lack of oxygen at deeper water 

depths. When combining these processes, this facies association (FA 1) is interpreted as shelf to 

lower shoreface succession. The bottom 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 shelf (Walker and Plint, 1992; MacEachern et al., 1999a). The 

middle of the facies association (facies 2a and 2b) indicates deposition between storm wave base 

and fair-weather wavebase representing distal and proximal offshore and transitional 

environments (Walker and Plint, 1992; Nio et al., 1981; MacEachern et al., 1999a).  Facies 3 is 

formed just below the fair weather-wave base during rapid sedimentation indicated by the little 

bioturbation. The continuous mudstone beds were likely deposited from rapid mud flocculation 

from hypopycnal flows contain lower levels of salinity as they enter into salt water (Bhattacharya 

and MacEachern, 2009). Lastly, the upper part of the facies association (Facies 4) has little to no 

mud and is dominant by hummocky cross stratified sandstone beds indicating deposition above 

fair-weather wave base (Walker and Plint, 1992).  

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 occurrence of Planolites 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 (Hart and Plint, 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 a result of conglomerate being transported up and deposited 

from a major transgression (Bergman and Walker, 1987, 1988; Arnott, 1992; Hart and Plint, 

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

 The net sand map represents the sandstone with a gamma ray of less than 90 API. The 

purpose of the map is to show the distribution of thick and thin sandstone deposits.   

The net sand map (Fig. 2.4) shows a pattern of thickening and thinning of the sandstones 

within the study area. These can be formed from offshore bars (Nielson, 1957; Krause and 

Nelson, 1984) or from a fluxuations in relative sea level. The net sand thicks are oblique to the 

western boundary of the Pembina Pool (Fig. 2.4). Some of the thicks are within and outside of 

the western pool boundary.   

 

Fig. 2.4: Net sand map (<90 API cut off) showing a thickening and thinning pattern of the 

sandstones oriented north-south, slightly oblique to the legacy pool boundary. 

 

2.9 Sequence Stratigraphic Framework 

2.9.1.1 Nomenclature 

The main difference between allostratigraphy and sequence stratigraphy is sequence 

stratigraphy relates rock bodies in a context of sediment flux and accommodation space while 

allostratigraphy just correlates similar discontinuities and surfaces in core and well logs 
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(Bhattacharya and Posamentier, 1996). For this study a sequence is defined as two trangressive 

surfaces with a sequence boundary in the middle. Reason for this sequence definition is 

explained in the next section. A parasequence is a coarsening upwards package with a flooding 

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

  

2.9.1.2 Sequence Stratigraphic Framework Methodology  

The Pembina River/ Raven River member is a coarsening and shallowing upward 

sequence. Within this overall coarsening upward sequence, there are higher frequency 

coarsening upward parasequences present. Detailed observation of several of the parasequences 

basinward shift in facies in core and abrupt changes in well logs, showing these higher frequency 

parasequences contain unconformities rather than a gradual coarsening upwards profile within 

the parasequence. With this abrupt change, these high order parasequences become high order 

sequences. In this study, sequences are defined by two transgressive surfaces with in places a 

sequence boundary within (Fig. 2.5 and 2.6) (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 because the sequence contains highstand and lowstand deposits. Deposits 

above the transgressive surfaces represent highstand deposits and deposits below the trangressive 

surface are lowstand deposits, therefore the abrupt change where a basinward shift in facies is 

observed would be a sequence boundary. The sequence boundary has been commonly places 

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 there. The sequence boundary 

becomes difficult to correlate basinward because the sequence boundary becomes a correlative 

conformity in the muddier sediment (Fig. 2.6) and the resolution of adjacent well logs could be 

too low to observe the sequence boundaries. To resolve this correlation problem, transgressive 

surfaces are used to correlate in-between wells as these surfaces are easily seen on gamma ray 

and resistivity logs (Fig 2.5 and 2.6). This correlation was also similarly performed by Aschoff 

and Steel (2011) on the deposits of the Cretaceous Cordilleran Foreland Basin in USA. 
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Fig. 2.5: Core description of 04-32-047-10W5 showing the facies distributions, the location of the, sequence boundaries and 

transgressive surfaces and sequences present in the core. 
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Fig. 2.6: Cardium Formation sequence bounded by transgressive surfaces (TS) and also 

containing a sequence boundary (SB) in-between. Sequence boundaries transitions into 

correlative conformities (CC) therefore transgressive surfaces are used to correlate well 

logs in this study. Schematic also illustrates what the accommodation, sequence isopach 

and facies distribution maps are representing.    

 

2.9.1.3 The Sequence Stratigraphic Orders 

 Pembina River Member contains different sequence stratigraphic orders; higher and 

lower order sequences. The 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 million years, fourth order sequence have a duration of hundreds of thousands of 

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 the falling stage and lowstand system tract found in the 

West-Central Pembina. The 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 al., 1989).    
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2.10 Results  

2.10.1.1 Cross-Sections  

 Seven cross-sections were created perpendicular to the West Pembina Pool boundary. 

Three of the cross section located at the northern, middle and southern sections of the study area 

are shown in this paper (Fig. 2.7).  

The cross-sections through the Pembina River Member of the Cardium Formation in 

West Pembina show they are part of a third order highstand and falling stage system tract (Fig. 

2.7). At a fifth order sequence stratigraphic level, the succession contains eleven 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. A significant landward shift in facies is observed at the base of 

sequence D. This landward shift in facies had formed a shale break that is easily recognizable in 

well logs forming a marker in large part of the study area.  

The cross-sections show that lower shorefaces sandstones are laterally extensive in each 

sequence; however, the lower shoreface deposits are thinner in sequences A and B while 

sequences F, G and H have thicker lower shoreface sandstones. Overall the sequences show a 

thickening of the lower shoreface sandstone towards and within the Pembina Pool.   
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Fig. 2.7: Cross-sections showing their geometries and facies distributions of sequences A-K. Higher order sequences identified using stacking patterns and 

correlated using trangressive surfaces. Lower shoreface sands (yellow) increases in thickness towards the West Pembina Pool boundary and within the 

pool. Relative sea level curve showing the lower and higher order sea level changes  is also showing minor sea level rise and fall and the sequence these 

periods represent.   
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2.10.1.2 Maps 

Three types of maps were made for each high frequency fifth order sequence to 

collaborate the sequence stratigraphic interpretations; accommodation isopach maps, sequence 

isopach maps and facies distribution maps. The accommodation isopach maps represent an 

estimate of part of the accommodation available at the onset of deposition. The thickness in this 

map is measured between the E/T 5 surface and the basal transgressive surface of the high 

frequency sequence (Fig. 2.6 and 2.8). 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 deposition that cannot be 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 compaction. The sequence isopach maps represent the 

thickness distribution of each of the sequences. The thickness in this map is measured between 

the two transgressive surfaces bounding the higher order sequence (Fig. 2.6 and 2.9). This map 

represents the thickness of the combined highstand and lowstand deposits seen in each seauwnce. 

The facies distribution map represents the distribution of each facies in each of the sequence. 

This map represents the position of the facies in each of the sequences just below the below the 

upper transgressive surface (Fig. 2.6 and 2.10). Some of the uncertainties that are not considered 

in these maps are the influence of syn and post- depositional compaction.    

Accommodation isopach maps (Fig. 2.8) show the accommodation contours generally 

trend N-S. The maps also show that the depositional gradient becomes steeper in the younger 

sequences E to H than in sequences A-D.  

Sequence isopach maps show thickness of each of the sequences (Fig. 2.9). Isopach 

thicknesses in sequence A and C range from 0 to 6.5 m and 0 to 5 m in the younger sequences. 

Sequences A-C and E-H show that shoreline trend was transitioning from NW-SE to N-S, while 

sequence D shows a slight rotation of the shoreline trend to NW-SE. The 2 to 3 m contour 

spacing has the widest with a maximum spacing of 3.2 km while the widest contour spacing, 4 to 

6 m contour interval, has the smallest width with a maximum of 1.6 km. This shows that the 

thickest part of the sequence is narrow in width.  
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Facies distribution maps show the distribution of each facies at the top of each sequence 

(Fig. 2.10) highlighting the alongshore variability in the width of the facies belts. Facies belt 

width of facies 2a ranges between 1.6 to 10 km wide, facies 2b ranges between 800 m to 10 km 

wide, facies 3 ranges between 1.6 to 3.2 km wide and facies 4 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 the fifth 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 shows that shoreface sandstones are thick close to the West Pembina Pool boundary in 

the northern part of the study area but thin in the southern part of the study area. The lower 

shoreface sandstone is within the Pembina Pool boundary by sequence B in the northern part of 

study area while the lower shoreface sandstones are not within the Pembina Pool until sequence 

F.  

 When comparing the sequence isopach maps with the accommodation maps, the width of 

the sequence is controlled by the depositional gradient. Sequences A-D have a shallower 

depositional gradient, therefore having wider contour intervals in the sequence isopach map. 

Sequence E-H 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 not always 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 that understanding the facies distribution is important as the target reservoir 

might not always be in the thickest trend.  Lastly, the maps show that sequences C, E-H also 

have the thickest shoreface sandstones compared to sequences A, B and D. Sequences C and E-H 

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 

Pool where shoreface sandstones from sequence C and younger are targeted.   
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2.10.1.2.1 Accommodation Isopach Maps 

 
Fig. 2.8: Accommodation isopach maps showing the eastward shift direction of the 

accommodation and change in orientation from NW-SE and N-S.   
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2.10.1.2.2  Sequence Isopach Maps  

 
Fig. 2.9: Sequence isopach maps showing the thickness of each of the sequences. Overall 

thickness in each of the sequences ranges from 1-6 m. Sequences show shoreface deposition 

trends were transitioning overall from NW -SE to N-S.  
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2.10.1.2.3 Facies Distribution Maps 

 
Fig. 2.10: Facies distribution maps showing the lateral continuity and facies belt widths of 

each of the sequences at the top of the preserved part of each sequence. Facies 2a and b 

show the most consistent width of the facies belts while facies 3 and 4 show large variabil ity 

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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2.11 Discussion  

Cross-sections show the main reservoir Cardium sandstone deposits in the study area represents 

a third order highstand to falling stage systems tract deposits. These 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 forced regression of the 

shoreline. The third order highstand to falling stage systems tract model is explain the basinward 

shift in facies east and the increase in preservation potential of the transitional and lower 

shoreface sands. In the falling stage systems tract, these sandstones become thicker towards and 

within the Pembina Pool. The shoreface sandstones of the third order highstand deposits and the 

middle and upper shoreface sandstones in the initial forced regressive deposits was eroded 

during the subsequent third order transgression (Fig. 2.13).  The lateral extent of the lower 

shoreface, the presence of fifth order sequence boundaries and the presence of fif th order 

transgressive surfaces reflect fif th order periods of sea level standstill, falls and sea level rise.  

One alternative interpretation to the sediments observed is they instead are transgressive 

shoreface sandstones. Forced regressive shorefaces and transgressive shoreface sandstones both 

have a basal sharp boundaries formed on top of a shelf or distal 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 level and the sequence boundary transitions into a correlative conformity. 

Analysis of the cross-sections and maps show that the West Pembina Pool boundary was 

placed for economic reasons rather than the absence of transitional offshore and lower shoreface 

sandstones. The current target for the horizontal wells outside of the West Pembina Pool is the 

lower shoreface sands (Facies 4) and transitional deposits between offshore and lower shoreface 

sandstones (Facies 3). These transitional and lower shoreface sandstones are present up to 25 km 

west of the legacy western boundary of the Pembina Pool. Reservoir sands west of the Pembina 

Pool are tighter than the sands inside of pool boundary due to higher degree of cementation and 

compaction from deeper burial. This suggests that the facies outside of the boundary are too thin 

and tight for economic vertical drilling targets, but with the use of horizontal wells, these tighter 

facies become economic reservoirs.  
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Extensive work that has been done solely on the Pembina Pool has been published by 

Nielsen (1957), Nielsen and Porter (1984), Krause and Nelson (1984) and Butrenchuk et al. 

(1995). From those studies, Nielsen and Porter (1984) and Butrenchuk et al., (1995) are the only 

papers discussing the character of the legacy western boundary of the Pembina Pool. Nielsen and 

Porter (1984) states that the boundary was placed due to the sandstone outside of the Pembina 

Pool boundary are too tight to get economic production from conventional vertical wells. 

Similarly, Butrenchuk et al. (1995) suggest that there is no reservoir quality sandstone present 

outside of the western boundary of the Pembina Pool. The sequence stratigraphic framework 

suggests that there are clean sandstones outside, favouring more towards Nielsen and Porter 

(1984) reason for the pool boundary placement.   

Even though there are some differences with the Butrenchuk et al., (1995) reason for the 

placement of the west Pembina Pool boundary with the observations in this study, there are 

agreements to how the coarsening upwards  cycles (including parasequences and sequences) 

have been mapped outside and inside the Pembina Pool. Butrenchuk et al. (1995) mapped six 

fourth order parasequences inside the Pembina Pool. With each of these parasequences 

containing what was described as several high order incomplete parasequences. These smaller 

incomplete parasequences are the fifth order sequences mapped in this study. These fifth order 

sequences are bounded by transgressive surfaces at equate to deposits like sequence D where the 

transgressive surface represents a significant sea level rise. There 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 number of fifth sequences 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 the third order parasequences distribution, this estimated number could 

be around 16-18 fifth order sequences.    

  According to Leggitt et al. (1992), Hall et al., (1995), Baunberger and Hall (2001) and 

Nielsen et al. (2003) based on the ammonite zones and bentonites of the Cardium Formation and 

the age equivalent Carille Formation from the top of the Blackstone Formation to the formation 

of the E/T 5 surface represent 1.2 million years.  Cross sections show there are eleven fifth order 
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sequences and using the average distances in-between and using the width of the most extensive 

fourth order parasequences inside the Pembina Pool, there are sixteen possible fifth order 

sequences deposited between the onset of the falling stage systems tract to the approximate 

location of the third order sequence boundary. Assuming a quarter of the total time is represented 

by the falling stage systems tract, each high order sequence represent approximately 10,000-

20,000 years. This range shows that the fifth order sequences took thousands of years to deposit 

rather than millions. Unfortunately, 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 maps show alongshore changes in facies within each of the fifth 

order sequences. When comparing the sequence isopach maps and facies distribution maps, 

thickness fairways in the sequence isopach map may contain different facies. The thickness 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 depositional environments 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 flux might have caused 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 (Fig. 2.11), where the shoreline widths vary along 5 km 

of shoreline.  
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Fig. 2.11: Photo of Nurdjurrs, Denmark (Google Earth, 2012) showing the changes of the 

shoreline belt thickness over a distance of 5 km.      

   

Understanding the distribution of the shoreface sandstone over the study area, the new 

pool boundary could be as shown in Fig. 2.12. 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 sandstones could be potential targets.   
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Fig 2.12: 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 cross-sections show that the erosion 

associated with the third order transgression was relatively ñflatò. This was supported by 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 top of the Cardium Zone, and the E/T 5 surface to the E/T 6 surface. 

Each of these isopach maps showed no significant change in thickness between these horizons. 

The ñflatò third order transgressive surface was a result of stable sea level (Clifton, 2006) and the 

very shallow gradient that the Cardium Formation was deposited on (Fig 2.13). As a result, any 

shoreface sandstones and some of the transitional and proximal offshore sandstones in the third 

order highstand systems tract has been completely eroded and very little of the shoreface 

sandstone in the older fifth order highstand- falling stage sequences is preserved.         
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Fig. 2.13: a) Schematic showing the forced regression and transgression observed in the 

Cardium Formation (Modified from Posamentier 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 the upper part of the parasequence. (c) Schematic of cross section A-

Aô showing the resulting architecture from forced regression and subsequent transgression. 

  

The cross-sections 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 

unconventional 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.  

 

2.12 Conclusion  

Observations from core and facies analysis show that the Raven River Member is a 

general coarsening and shallowing upward sequence followed by a flooding event. Further 
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observations in core and well logs also show evidence of abrupt facies change in core and well 

log demonstrating basinward and landward shift in facies. As fifth order sequence boundaries 

extend basinward the boundaries become difficult to identify as they transition into correlative 

conformities and they correlate regionally. Fifth order transgressive surfaces are instead used as 

bounding surfaces for the fifth order sequences as these surfaces can be correlated in core and 

well logs with higher confidence. Using these fifth order transgressive surfaces, an imbricated 

stacking pattern basinward is observed of the high order sequences. Overall the third order lower 

shoreface sandstone can be interpreted as deposition during a third order sea level fall, resulting 

in a forced regression. These observations are comparable to studies done by Plint (1988), 

Posamentier et al. (1992) and Posamentier and Morris (2000) from the 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 Pembina Pool is due to a 

relatively ñflatò third order transgressive event, eroding shoreface sandstones from the third 

order highstand systems tract and the upper and middle shorefaces from the early part of the third 

order falling stage systems tract deposits. Maps created from the cross-sections show sequence 

thickness are relatively similar; however the facies and facies belt width distributions vary 

substantially between the fifth order sequences.  

 Cross-sections and maps shows that the thickening and thinning nature of the net sand 

map was related to a drop in sea level rather than from the formation of offshore bars. The cross-

sections and maps also show that the transitional and shoreface sandstones that are 

conventionally drilled inside of the Pembina Pool extend beyond the western pool boundary. 

There is also an alongshore variability in facies widths each of the fifth order sequences possibly 

a reason for the pool boundary is likely overprinted by slight difference in burial and diagenesis. 

Understanding the combination of high resolution sequence stratigraphy and alongshore 

variability in the study area the Pembina Pool boundary could be moved westward to include 

unconventional reservoirs.          
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Chapter Three: Reservoir Characterization of the Late Cretaceous Cardium Sandstone, a 

Tight Oil Play: West Pembina Pool Boundary, Alberta, Canada  

3.1 Abstract 

 Offshore to shoreface sandstones and conglomerates of the Upper Cretaceous Cardium 

Formation contain one of the largest oil accumulations in Canada. This study focuses on 

reservoir characterization of the offshore to shoreface deposits of the Cardium Formation along 

the western margin of the Pembina oil Pool in central Alberta. The Pembina oil Pool has been 

estimated to hold 9.4 billion of oil in reserves and has produced 1.3 billion barrels of oil. With 

recent advancements in horizontal well multistage fracturing technology the tighter part of the 

Cardium oil sandstone play are being targeted and different reservoir evaluation techniques are 

required for optimal placement 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 present in the study area, and 

these include: moderately bioturbated muddy sandstones, interbedded sandstones and mudstones, 

and hummocky cross-stratified sandstones. The two sandstone dominated facies are the 

conventional reservoirs in the Pembina Pool; however there is potential 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 permeability cross-plots 

show that the best reservoir properties with the halo area are present close to the West Pembina 

Pool boundary.  

 Porosity and permeability cross-plots indicate that 6 % porosity and 0.075 mD are the 

lowest reservoir properties capable of producing in the study area and 90 API incorporates facies 

2b, 3, 4 and 5. Overall, like the porosity and permeability cross plots, the reservoir maps show 

that the best horizontal drilling locations the West Pembina halo play is proximal to the historic 

Pembina Pool boundary. The maps also show that there is potential 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 can vary 10,000- 60,000 bbls. The 
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variability in production over a short distance could be from varying fifth order stacked 

sandstones.    

3.2 Introduction  

The Upper Cretaceous Cardium Formation contains one of the largest oil accumulations 

in Canada with fourteen Cardium oil fields within the Western Canada Sedimentary Basin. The 

Cardium Formation is comprised of shelf to shoreface sandstones often capped by chert and 

quartz rich conglomerates. The Pembina Pool is the largest Cardium oil and gas pool with 

original oil in place of 9.4 billion barrels of oil. To date, the pool has produced 1.3 billion barrels 

of oil from the shoreface sandstones and conglomeratic reservoirs. Even though Pembina has 

been a prolific oil pool, the Pembina Pool been on secondary recovery and production is on the 

decline. 

Multistage fractured horizontal well technology transferred from the Bakken Formation 

in the Williston Basin (Rutherford, 2012); have since 2008 been used to target low porosity and 

permeability reservoirs deposited in mainly with transitional offshore and offshore environments. 

Horizontal drilling will be important for the Pembina Pool as the technology will extend the pool 

life another 50 years, and will 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 increase from 40,000 bbl per day to 100,000 bbl per day (Mageau et al., 2012). With the 

increase in drilling activity, characterization of these traditionally non- reservoir facies is crucial 

for understanding reservoir heterogeneity and compartmentalization. Reservoir properties of 

each facies can be established using techniques like 360 degree panoramic images, computerized 

tomography (CT) scan images integrated with traditional techniques like reservoir mapping, 

petrographic analysis and core analyses and be applied regionally to identify the most 

prospective reservoir facies. The objectives of this study are to; 1) the characterize reservoirs in 

the West Pembina halo area and 2) understand the extent of the óhaloô play and optimal drilling 

fairways. 
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3.3 Regional Geology and Reservoir Architecture   

The Cardium Formation is Late Turonian to Coniacian, Upper Cretaceous in age (Stott, 

1963, 1967; Hall et al., 1995) (Fig. 3.1). The Cardium Formation thickness ranges between 25-

100 m (Stott, 1963), overlies the Blackstone Formation and underlies the Wapiabi Formation 

(Fig. 3.1) with all these formations making up the Alberta Group (Krause et al., 1993). Cardium 

deposits are sourced from orogenic uplift in the Cordillera and were deposited in the Western 

Interior Seaway occupying the adjacent foreland basin (Pattison and Walker, 1992, Krause et al., 

1993; Varban and Plint, 2008). The Cardium Formation is comprised of several upward 

coarsening sequences of bioturbated mudstones and siltstones, fine-grained hummocky cross 

stratified and laminated sandstones which in places are capped by pebble conglomerates. The 

Cardium Formation is interpreted as offshore mudstones and siltstones to upper shoreface 

sandstones due to the presence of thick hummocky cross stratification in the sandstones, 

indicating storm influence in an open marine environment. (Krause, 1983, 1986; Walker, 1983; 

Krause and Nelson, 1984; Plint et al., 1986; Pemberton and Frey, 1984; Vossler and Pemberton, 

1989; Pattison and Walker, 1992, 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 allostratigraphic framework 

comprised of seven regional erosional and transgressive surfaces (E/T surfaces) and twelve 

regional allomembers.      

The Cardium reservoir sandstones deposits in the Pembina Pool are part of the Raven 

River Member (Plint et al., 1986; Leggitt et 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 pebble lag found 

above the reworked erosional boundary. The Raven River Member covers an area of 2500 km
2
 

and are on average 60 m thick (Krause and Nelson, 1984) (Fig. 3.1). The Raven River Members 

is overlain by the Dismal Rat and Karr members (Plint et al., 1986) and the underlain member 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 Member lies between the E/T 2 and E/T 3 

(Fig. 3.1). The Burnstick Member contains the Brazeau oil Pool reservoir which is also present in 

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

          

 

 

Fig. 3.1: West-East regional cross section through the Brazeau oil Pool and the Pembina 

Pool. Cross section shows the age of the Cardium Formation, the location of the pools in 

relation to the cross section, the members (Krause and Nelson, 1984) and allomembers and 

E/T 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 

westward. Location of cross section is shown in Fig. 3.2.  

       

The Cardium Formation in the Pembina Pool is comprised of a series of 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 cross-stratified sandstone and interbedded sandstones and mudstones. The reservoir 

properties in the sandstones within the Pembina Pool average 18-20% in porosity and 35 mD in 

permeability (Nielsen, 1957). Reservoir properties decrease westwards towards the west 

Pembina Pool boundary as a result from increase in the diagensis and compaction with increased 

burial depth (Nielsen and Porter 1984). The westward increase burial depth is due to the orogenic 

loading in the thrust belt to the west (Nielsen 1957; Nielsen and Porter 1984). The sandstones in 

the Pembina Pool abruptly end at the eastern Pembina boundary (Nielsen and Porter, 1984) 

forming an upper stratigraphic trap (Nielsen, 1957). The 40
o
 API oil in the Cardium Formation is 
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sourced from the thermally 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 Township 47-49 and Ranges 10-14, of the 5
th
 west meridian and 

straddles the western boundary of the Pool Pembina (Fig. 3.2). The study area contains a total of 

3183 wells of which 164 of these wells are horizontal wells targeting the Cardium Formation.  

 
Fig. 3.2: (a) Regional map of Alberta showing the location of Cardium oil Pools. The pool 

outlined is the Pembina Pool. (b) Map of the study area showing the West Pembina pool 

boundary, cross section, and Cardium Formation horizontal and vertical wells.  
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3.5 Facies Descriptions 

Thirty two cores were observed across the study area and facies were determined using 

sand/shale ratios, sedimentary structures, petrographic analysis and ichnology using the facies 

subdivions by Krause and Nelson (1983). Bioturbation index is based on observations based on 

Taylor and Goldring (1993) where 0 is no bioturbation and the sedimentary structure are intact 

and 6 is completely bioturbated and bedforms are completely obliterated. 

 

3.5.1.1 Facies 1- Laminated and massive mudstone  

This facies is comprised of approximately 95% mudstone and 5% sandstone. Grain size 

increases upward from shale to lower fine grained siltstone. The mudstone contains rare 1 mm-1 

cm thick siltstone lamina, starved siltstone ripples, and thick siltstone current ripples. Laminated 

beds and starved rippled beds are generally continuous across the width of the core. Facies 1 

bioturbation index is 0-1 and has a low trace fossil diversity with Planolites sp. and Chondrites 

sp. being the only trace fossils present (Fig. 3.3). 

 

3.5.1.2 Facies 2a- Intensely bioturbated sandy mudstone  

This facies is comprised of approximately 70% mudstone and 30 % siltstone to upper 

very fine grained sandstone.  Sedimentary structures include rarely preserved 2-3 cm thick 

rippled and laminated very fine grained sandstone beds. The sandstone beds are discontinuous 

and the basal contacts of the beds are either scoured, sharp or bioturbated. Facies 2a has a high 

bioturbation index of 5-6 and the trace fossils observed include Thalassinoides sp., Planolites 

sp., Helminthopsis sp., Chondrites sp., Skolithos sp., Diplocraterion sp. and Cylindrichnus sp. 

(Fig. 3.3).  

 

3.5.1.3 Facies 2b-Moderately bioturbated muddy fine grained sandstone 

  Facies 2b is comprised of approximate 40% mudstone and 60% silt to upper very fine 

grained sandstone. 3-10 cm thick, rippled and hummocky cross-stratified very fine grained 

sandstone beds are present throughout the facies. The sandstone bed contacts at the base and top 
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are sharp or scoured with some reworking from bioturbation. The bioturbation index is 3-4 and 

the common trace fossils observed are Thalassinoides sp., Planolites sp., Helminthopsis sp., 

Chondrites sp., Skolithos sp., Palaeophycus sp. and Cylindrichnus sp. (Fig. 3.3).  

 

3.5.1.4 Facies 3- Slightly bioturbated interbedded fine grained sandstone and mudstone 

Facies 3 contains approximately 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 

wave ripples that are 2-3 cm thick with a wavelength of 3-5 cm. The bioturbation intensity varies 

within this facies between intervals with low degree to no bioturbation to areas with moderate 

intensity of bioturbation throughout the facies. The trace fossils observed include Planolites sp., 

Chondrites sp., and Thalassinoides sp. (Fig. 3.3). 

 

3.5.1.5 Facies 4- Hummocky cross stratified fine grained sandstone  

Facies 4 contains less than 5% mudstone and 95% coarse silt to upper very fined grained 

sandstone. Facies 4 contains 5-30 cm thick hummocky cross-stratified and 2-3 cm thick and 4-5 

cm wavelength, continuous wave rippled sandstone beds. Planar laminations are observed in the 

cores; however outcrop show that the planar bedding might be part of large hummocks. Facies 4 

contains rare 0.5 cm thick mudstone lamina with trace fossils Chondrites sp. and Planolites sp. 

present. Graded beds of planar fine grained sandstone to siltstone, 2-3 cm, were observed. 

Mudstone clasts are found throughout the facies, generally at the base of the sandstone beds and 

are brown and black in colour, 1-2 cm in diameter, and the thickness of mudstone clast beds are 

1-5 cm (Fig. 3.3). 

 

3.5.1.6 Facies 5- Mudstone and sandstone supported conglomerate 

Facies 5 consists of 3 to 5 cm mudstone and sandstone matrix supported conglomerate 

comprised of 0.5 to 1 cm in diameter chert, quartz, and metamorphic rock clasts. No sedimentary 

structures were observed within the conglomerates. The bioturbation index of this facie is 0-1 

and rare amount of Planolites sp. are present (Fig. 3.3). 
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Fig. 3.3: Core photos of facies of the Cardium Formation from well 100/04-32-047-10W5 

located in west Pembina. Facies 1- laminated, and massive mudstone, photo depth; 1799.7-

1799.8 m; Facies 2a- Intensely bioturbated sandy mudstone depth: 1815.5- 1815.6 m; Facies 

2b- intensely bioturbated muddy fine grained sandstone depth: 1814.5- 1814.6 m; Facies 3- 

low to moderately bioturbated interbedded fine grained sandstone and mudstone, depth 

1809.4- 1809.5 m; Facies 4- fine grained sandstone, depth: 1809.4 ï 1809.5 m; and Facies 5- 

mud and sand supported conglomerate, depth: 1801.1-1801.15 m. Th= Thalassinoides sp., 

Pl= Planolites sp., He= Helminthopsis sp., Ch= Chondrites sp., Sk= Skolithos sp. and Cyl= 

Cylindrichnus sp., Pa= Paleophycus sp., Ph= Phycocyphan sp.   
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Table 3.1: Facies descriptions. 

  Facies 1 Facies 2a Facies 2b Facies 3 Facies 4 Facies 5 

Name Laminated, 
Massive 

and 
Starved 
Rippled 

Mudstone 

Intensely Bioturbated 
Sandy Mudstone 

Moderately Bioturbated 
Muddy Very Fine Grained 

Sandstone 

Rarely 
Bioturbated 
Interbedded 

Very Fine 
Grained 

Sandstone and 
Mudstone 

Hummocky 
Cross Stratified 

Very Fine 
Grained 

Sandstone 

Mudstone and 
Sandstone 
Supported 

Conglomerate 

Dominate 
Lithology 

Mudstone Siltstone Sandstone Sandstone and 
Mudstone 

Sandstone Conglomerate 

Bioturbation 
Index 

0 to 1 5 to 6 3 to 4 0 to 1 0 to 1 0 to 1 

Grain Size Mud 
< 3.91 um 

Mud, silt to very fined 
grained  

< 3.91 um, 3.91- 62.5 um, 
62.5-125 um 

Mud, silt to very fine 
grained 

< 3.91 um, 3.91- 62.5 um, 
62.5-125 um  

Mud, silt to 
very fine 
grained 

< 3.91 um, 
3.91- 62.5 um, 
62.5-125 um 

Silt to very fine 
grained 

 3.91- 62.5 um, 
62.5-125 um 

cobble clasts  
and mud to 
fine grained 

matrix 
64- 256 mm 

Sand/Shale 
Ratio 

5 percent 
sand and 

95 percent 
mud  

30 percent sandstone and 
70 percent mudstone 

60 percent sandstone and 
40 percent mudstone 

90 percent 
sandstone and 

10 percent 
mudstone 

95 percent 
sandstone and 

5 percent 
mudstone 

15 percent 
sandstone and 

85 percent 
mudstone 

Sedimentary 
Structures 

Laminated 
and 

starved 
ripples 

thin laminations and 
starved ripples 

climbing ripples, 2-20cm 
thick hummocky cross 

stratified beds, sandstone 
laminations 

3D ripples, 
current ripples 

Hummocky 
cross stratified 

beds 

n/a 

thickness 10 m 0.1-4m 0.3-4 m 0.3-0.5 m  0.2-1.5 m 0.1-0.2 m 

Trace Fossils Planolites 
sp 

Chondrites 
sp 

Thalassinoides sp., 
Planolites sp., 

Helminthopsis sp., 
Chondrites sp., Skolithos 

sp., Diplocraterion sp. and 
Cylindrichnus sp. 

Thalassinoides sp., 
Planolites sp., 

Helminthopsis sp., 
Chondrites sp., Skolithos 

sp., Diplocraterion sp. and 
Cylindrichnus sp. 

Planolites sp., 
Chondrites sp., 

and 
Thalassinoides 

sp. 

Chondrites sp. 
and Planolites 

sp. 

Planolites sp 

Contacts sharp sharp to bioturbated 
contacts 

sharp, gradational and 
bioturbated 

sharp gradational n/a 

Mineralogy quartz, 
pyrite, 

plagioclase, 
siderite 
and K-

feldspar, 
volcanic 

rock 
fragments 

quartz pyrite plagioclase, 
siderite K-feldspar volcanic 

rock fragments 

quartz plagioclase and K-
feldspar volcanic rock 

fragments 

Quartz,  
plagioclase 

volcanic rock 
fragments  

quartz, pyrite 
plagioclase, 

siderite and K-
feldspar, 

volcanic rock 
fragments 

quartz, pyrite 
plagioclase, 

siderite and K-
feldspar, 

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 content and sandstone beds represents 

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

hummocky cross- stratification indicating storm events. (Harms et al., 1982; Duke, 1985). Facies 
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2a to 4 represent the below storm weather wave base to above feather weather wave base 

succession (Walker and Plint, 1992; Walker and Plint, 1992; Nio et al., 1981; MacEachern et al., 

1999a). Facies 2a and 2b indicate the section between storm wave base and fair-weather 

wavebase representing distal and proximal offshore and transitional (Walker and Plint, 1992; Nio 

et al., 1981; MacEachern et al., 1999a). Facies 3 contains continuous interbedded sandstones and 

mudstones interpreted as transitional offshore. Facies 4 contains little to no mud and is dominant 

by hummocky cross stratified sandstone beds indicates deposits above fair-weather wave base 

Walker and Plint (1992). Facies 5 is interpreted as a transgressive lag formed from rise in sea 

level.   

 

3.6 Methodology 

Public available routine core analyses from 32 cores were studied to determine the 

reservoir properties in each of the facies. One core from well 100/4-32-047-10W5/00 (Fig. 3.4) 

was observed in detail, examining the detailed external and internal reservoir architecture of each 

facies. Computerized tomography (CT) scans were conducted using medical equipment on each 

of facies examining their internal architecture, and density distributions. 360 degree panoramic 

photography of each of the facies in core were constructed and observed, focusing on the lateral 

continuity of sandstone beds and vertical and horizontal connectivity by burrows between 

sandstone beds.  

Petrographic, XRD, and CEC analysis on each of the facies, conducted by AGAT core 

labs, was performed on selected samples from well 100/4-32-047-10W5/00, located inside of the 

pool, and well 100/06-11-049-12W5/00 located in the middle of the study area. In order 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 ground down to a total thickness of 30 

microns.  The samples were then stained with a combination of Alizarin Red and potassium 

ferricyanide to highlight carbonate mineralogy.  Finally, a second glass slide was glued on to the 

samples to protect the polished surface.  The prepared thin sections were then examined 

petrographically (AGAT Labs, 2012). 
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The XRD identify the crystals phases present, 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 sample less than 3 microns from the bulk portion in an ultrasonic 

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 capacity (CEC) analysis was performed by AGAT Labs to estimate the 

abundance of swelling clays within the analysed samples. Three grams of crushed rock were 

added to ammonium acetate and left overnight. The samples were then filtered, where the 

remaining filtrate was saved to determine exchangeable potassium, sodium, calcium and 

magnesium ions. Samples were then filtered again and washed with isopropyl alcohol where the 

samples were transferred to clean test tubes to determine and remove chlorite content if 

necessary. Once the chlorite content is removed, the samples were filtered once again with 

sodium chloride solution and transferred to a microkjeldahl flask where magnesium oxide 

powder was added and the solution was titrated with boric acid (AGAT labs, 2012).  

MICP capillary pressure (MICP) was analysed by AGAT labs on core plugs. MICP 

involves injection of liquid mercury into a core sample in order to determine the capillary 

pressure. The resulting data can be used to evaluate the pore throat size distribution of the core 

sample, showing a break-down into micro and macro pores (AGAT Labs, 2012).   

 

3.6.1.1 New Techniques 

These techniques have been around since the 1990ôs; however around the mid 2000ôs, 

these techniques have been used for reservoir characterization.  

3.6.1.1.1 360 Panoramic Core Photography 

 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. The data was collected by the University 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 panoramic image of the outer surfaces core 

pieces.  

 

3.6.1.1.2 Computer Tomography (CT) Scan Analysis 

 Computer tomography has been used since the early 90ôs as a way to observe 

sedimentary and biogenic structures in core (e.g. Fu et al., 1994).  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 bioturbation on 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 Calgary. Representative 

facies was chosen from a type core for scanning. The core pieces were placed next to each other 

onto a table that passes through a medical CT scanner. A pilot scan is taken to check that the 

important features can be imaged. The CT scanner then takes detailed images at intervals of 1 

mm. The resolution of the CT scan pixel is 400µm x 400µm and each pixel represents different 

grain densities in each CT scan image. The CT scan identifies the density distribution and 

thereby the porosity distribution of each scan. The standards and grain density from core 

analysed (grain density of quartz) is used so that porosity can be estimated and porosity 

distributions can be imaged. After the images have been processed, the individual images are 

combined and stacked to re-create a 3D image of the internal 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 quartz, the other 

facies contain a significant portion of mud. As the CT value is converted from density to porosity 

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 are relative rather than absolute and 

should primarily be used to image higher and lower areas of calculated porosity in the facies and 

not for reserve estimation.         
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Fig. 3.4: Core description of 04-32-047-10W5 showing the location of the sections of core 

that was CT scanned and sampled for 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.         
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3.7 Results 

 Result of the different analyses of each of the facies will be described below. The 

mudstone dominated facies 1 was omitted from the analysis because it is considered not to have 

reservoir potential. CT scanned images show intervals of high and low densities 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 models (Fig. 3.9b) 

have been separated into two models highlighting relative calculated porosities between 1-9% 

and greater than 10%. Even though there are two different calculated porosities models present, 

the visualization models will be used to estimate bed continuity. For the MICP analyses, micro, 

mezopore and macropore has been defined by AGAT labs as micropore being between 0.001-1 

microns, mezopores being between 1-3 microns and macropores being between 3-100 microns. 

As all of the facies are dominated by micropores the study will be observing what will be defined 

as effective micropore throats. Effective micropore throats (0.03-3 microns) are classified by 

Nelson (2009) established from tight-gas reservoirs. Percentage of pore throats present is 

measured from óPore throat Size Distribution vs Nonwetting Phase Saturationô line off of the 

pore distribution graph. Routine core analysis was based on public available plug samples and 

some full diameter analysed data of 32 cores.   

3.7.1.1 Facies 2a-Intensely bioturbated sandy mudstone  

 Facies 2a had the potential of being a good reservoir facies; however, high degree of 

bioturbation destroyed any reservoir potential. XRD analyses shows that facies 2a contains a 

high amount of quartz (79% bulk fraction, 15% clay fraction, 69% bulk & clay) and one the low 

weight percentage for the clay fraction (16% weight); however thin sections shows that the 

quartz and mud content are vary and are poorly sorted and intermixed throughout except in the 

rare discontinuous sandstone beds and burrows. This intermixing 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 porosity resulting in a dominance of microporosity 

(Figs. 3.6 and 3.7). This reduction in reservoir properties is observed in the CT scan (Fig. 3.9a) 

images where low porosities are dominant throughout each CT image, and thin section and 

MICP where thin sections show heavy cementation and a high proportion of the facies 
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containing micropore throats. The higher porosities observed around the rim of the images is a 

result of óbeam hardeningô (Barrett and Keat, 2004). Furthermore, the intense bioturbation has 

also homogenized of the sandstone beds with the interbedded mudstone, leaving just patchy 

discontinuous sandstone throughout the facies. These patchy sandstone beds are observed in the 

3D visualization model (Fig. 3.9b) and in the panoramic photo. Even though the burrows are 

well sorted and contain larger pore throat sizes, CT scan images, the 3D visualization model and 

the panoramic core photo (Fig. 3.8) shows no evidence of burrows interconnecting with one 

another resulting in the lack of vertical and horizontal permeability.     

As well as having better sorting in the sandstone beds and burrows, the facies also 

contains unstable minerals that have been dissolved to form micropores. Petrographic analysis 

shows the burrows contain minor amounts of unstable minerals like pyrite, K-feldspar and 

volcanic rocks fragments (Fig. 3.6). Thin sections show that under UV light, microporosity is 

present in these burrows and discontinuous sandstone beds partly due to the dissolution of these 

unstable minerals. The mineral dissolution is observed in the partial development of effective 

micropore throats observed in the MICP data analyses (Fig. 3.7). Furthermore, thin sections and 

XRD analyses show that the burrow sandstone fills  are well sorted and coarser grained than the 

surrounding matrix and mainly comprised of sand with little mud present. The result of the well 

sorting in the sandstone beds and the burrows can be observed with some intergranular 

microporosity being developed; however in the MICP dataset shows that 10% of the pore throats 

are at macropores scale (>3 µm) and 10% of the pore throats being effective micropores (<1 

µm), 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 analysis available for this 

facies, the datasets show that this facies is not likely a viable reservoir facies in this area due to 

the small amount effective micropores and macropores and the lack of connectivity of sand filled 

burrows and sandstone beds.             

3.7.1.2 Facies 2b-Moderately bioturbated muddy fine grained sandstone 

 Facies 2b has potential to be a reservoir facies due to the vertical and horizontal 

connectivity between well sorted sand-filled burrows, and continuous fine grained sandstone 

beds. XRD analysis shows that the facies has a slightly higher clay content (24% weight clay 
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fraction) and a slightly lower quartz content (70% bulk fraction, 9% clay fraction, 58% bulk and 

clay) compared to facies 2a; however core descriptions of the cores observed, thin sections (Fig. 

3.6 C), CT scan images (Fig. 3.9a), 3D visualization model (Fig. 3.9b) and the panoramic photos 

show evidence of vertical and horizontal connectivity between sandstone beds by sand filled 

burrows. Thin sections also areas 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 present. Quartz grains in the burrows are coarser grained 

and better sorted than the surround mud matrix. The surrounding matrix is also intermixed like 

facies 2a, and the combination of the cementation and mud-quartz intermixing will lower 

reservoir properties and decreases macropore throats.  Thin sections and panoramic core photo 

shows laterally continuous fine grained sandstone beds and diverse trace fossil assemblage of 

vertical and horizontal with sand filled burrows intersecting the fine grained sandstone beds 

(Figs.3.6c, 3.8b). The CT scan highlights the connectivity of individual sand filled burrows, such 

as the presence horizontal sand filled burrows of Planolites sp. and Thalassinoides sp. and 

interconnecting with vertical sand filled burrows such as Skolithos sp. and Diplocraterian sp. and 

also intersecting sandstone beds.  The 3D visualization model shows that the sandstone beds in 

3D space are connected by the sand-filled burrows indicated by the narrow cylinder shapes (Fig. 

3.8b). For this facies, moderate bioturbation and preservation of diverse vertical and horizontal 

sand-filled burrows has enhanced the reservoir properties of facies 2b rather than deteriorate it.  

 The interconnectivity of sandstone beds and sand-filled burrows in this facies are reflect 

high porosity and permeability values observed in routine core analysis and higher portion of 

macropore throats and effective micropores seen in MICP (Figs. 3.5, 3.7 and 3.10). Thin sections 

show that the burrows contain minor amounts of unstable minerals like pyrite, plagioclase, 

siderite and K-feldspar, volcanic rock fragments. These minerals have been partly dissolved to 

form microporosity which is seen by UV light in thin section.  MICP data shows that effective 

micropore throats make up 30% of the pore throats, 10% higher than in facies 2a and 5-10% 

lower than facies 3 and 4. The MICP data also shows 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% porosity, and 0.07 and 0.11 mD permeability. The combination of 

continuous sandstone beds with good reservoir properties interconnected with well sorted sand-

filled burrows vertically and horizontally gives this facies potential for being a reservoir facies.   

3.7.1.3 Facies 3-Slightly bioturbated interbedded fine grained sandstone and mudstone 

Facies 3 is one of the two main reservoir facies in this area due to the relative high 

reservoir properties in the cores analysed, higher frequency of effective micropore throats and 

higher frequency of macropore throats. However, XRD analysis shows that this facies has the 

highest percent weight of clay minerals of 21%. Thin sections (Fig. 3.6), panoramic photos (Fig. 

3.8), CT scan (Fig. 3.9a) and the 3D visualization model (Fig. 3.9b) show that the clay is 

primarily localized in the mudstone beds with a low clay content in the sandstone beds. Thin 

sections and XRD analyses also shows that the sandstone beds in this facies is dominant in very 

fine grained, well sorted, subangular to rounded quartz (78% bulk fraction, 9% clay fraction, and 

64% bulk & clay). Thin sections from other samples show consistent observations in the 

sandstone and mudstone beds. The well sorted sandstone beds aid in the better reservoir 

properties shown in the routine core analysis (Fig. 3.5 and 3.10). MICP data (Fig. 3.7) shows that 

well sorted nature of the sandstone beds has also resulted in a higher proportion of macropores 

(14% of the pore throats). MICP and thin section also show a high degree of cementation from 

quartz overgrowths and ferron calcite which have reduced the reservoir properties of the 

sandstone beds by reducing the pore throat sizes. Thin sections and MICP also show that there is 

a high proportion of effective micropores (35% of the pore throats) partly result from the 

dissolution of unstable minerals like plagioclase and K-feldspar, volcanic rock grains. The 

combination of well sorted and clean sandstone beds and dissolution of unstable grains has 

resulted in higher porosity and permeability ranges of 3-16% and 0.1-1.5 mD. The porosity and 

permeability distribution show peak at higher porosity and permeability values of 5, 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 (Fig. 3.8) all show that these 

sandstone beds are continuous across the width of the core. The major problem of facies 3 is the 

mudstone beds are also continuous, which could act as vertical 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 cores show sand filled vertical burrows 

penetrating the mudstone beds resulting in some 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 been formed from being extracted from the subsurface as there is no 

cementation found in the fractures. The combination of well sorted, continuous sandstone beds 

and good reservoir properties make this facies one of the main reservoir facies in the study area.     

3.7.1.4 Facies 4-Hummocky cross stratified fine grained sandstone 

Facies 4 is also a significant reservoir facies in the study area due to the high reservoir 

properties, and presence of clean and continuous sandstone beds. Routine core analysis (Fig. 3.5 

and 3.10) shows high porosity and permeability ranges from 3-16% and permeability and 0.1- 

2.6 mD. The distribution shows porosity peaks at 6 % and 13% whereas permeability only shows 

one peak at 0.2 mD. XRD analysis and thin sections (Fig. 3.6 H) show that facies 4 is dominated 

by very fined grained, subangular to rounded quartz grains. XRD also show that facies 4 is made 

up of 5% weight of clay, making the facies the sandiest facies observed. This is also consistent 

with other thin sections from other wells. One 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 lowering its reservoir properties; however minor amounts of plagioclase, chert and 

volcanic rock fragments are dissolved to form higher pore throats in the microporosity range 

observed in UV light in thin section (Fig. 3.6 H). Dissolution is partly the reason for the effective 

micropore throats make up 40% of the pore throats observed in the MICP data (Fig. 3.7). The 

reservoir properties are generally uniform throughout the facies and only vary depending on the 

amount of ferron calcite cement present. This uniform nature in reservoir porosities is observed 

in CT scan (Fig. 3.9 A) and the 3D visualization where the porosities are low throughout 

reflecting the high degree of cementation. The higher porosities observed around the rim of the 

scan is due to óbeam hardeningô. CT scan and panoramic core photo (Fig. 3.8) shows a laterally 

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.       

3.7.1.5 Facies 5-Mudstone and sandstone supported conglomerate 

Results show that the conglomerate (facies 5) has the potential to be a reservoir facies.  

Routine core analysis (Fig. 3.5 and 3.10) shows that facies 5 has the highest porosity and 

permeability values. Porosity ranges from 2-15% and permeability ranges from 5-70 mD. The 

porosity distribution shows peaks at 4 and 10% and a permeability peak at 5 mD. These higher 

porosities and permeability values are found throughout the facies (Fig. 3.9b). One problem for 

facies 5 is the facies is heavily cemented with ferron calcite and quartz overgrowth, making this 

facies also very tight; however minor amounts of plagioclase, chert and volcanic rock fragments 

which are dissolved to form some of the microporosity observed in this section in UV light. This 

dissolution is also noticed in the MICP data (Fig. 3.7) where the effective micropore throats and 

macropores make up 45% of the pore throats. Also thin sections (Fig. 3.6 J) show evidence of 

fractures which could aid some of the macropores in the facies. Factures observed were not a 

result from the core extraction from the subsurface as the fractures were closed. The panoramic 

photo and 3D visualization (Fig. 3.8) shows that the conglomerate is laterally continuous 

conglomerate lag comprised of varying clast sizes and materials like chert, quartz and 

metamorphic rocks. The visualization shows that low densities are coming from the sandstone 

matrix. Another problem with facies is the facies is relatively thin, ranging between 1-5 cm so 

little storage is present in this facies, but the high permeability values can be good fluid flow 

pathways can 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 from 2-13% 

porosity and 0.03-1 mD permeability. Facies 3 ranges from 3-16% porosity and 0.1-1.5 mD permeability. Facies 4 ranges from 3-

16% porosity and 0.06-2.6 mD permeability. Facies 5 ranges from 2-15% porosity and 0.5-70 mD permeability. 
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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 sections 

also show all the facies are heavily cemented by ferron calcite and quartz overgrowths. 

Abbreviations  in the thin  section are; Qtz ï quartz, Cht ï chert, SRF - sedimentary rock 

fragment, VRF - volcanic rock fragment, MRF - metamorphic rock fragment, Ill ï illite, Py 

ï pyrite, K ï kaolinite, SC - silica cement, CCe - ferroan calcite cement, MP ï 

microporosity, SP - secondary porosity, Frac ï fracture, Sut - sutured grain contacts, LC - 

load cast. 
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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. The 

presence of effective micropores (0.03-3 microns) increases from 10% to 45% from facies 

2a-4.    
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