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ABSTRACT

This thesis endeavors to define the reservoir characteristics, stratigraphy, facies
architecture and their relatiships of the Lower Cretaceous Cardium Formation in the
northeast Pembina Oil Field efestcentral Alberta. Bioturbated lower shoreface to
offshore sandstones are subdivided into $@parate depositional units. The lower
depositional unit is characterized by four stacked shoreface-offshore parasequences
(A B D), and the upper unit consistdwb sandspit parasequences (E D F). The units are
separated by an erosion surface that eroded the uppermost deposits of the underlying
shoreface b offshore parasequence. Characterization of the low permeability Cardium
reservoir facies indicates that the horizontal and verticat-sled burrows improve
sandstone bed connectivity and enhance permeability flow pathways. Subsurface
reservoir mapping coupled with facies characteristics and production data esthalish
more thorough understanding of the reservoir characteristics and fairway widths of
unconventional low permeability offshore deposits.



ACKNOWLEDGEMENTS

| would like to first and foremost express sincere gratitude to my supervisor Per
Pedersen for his help, invaluable assistance and guidance throughout the course of this
project. Funding for this project and professional supportkivally provided by Penn
West Exploration and the Tight Oil Consortium. | wish to express deepest gratitude to
colleagues including Adam Fraser, Tom Plumridge, Pat Monahan, Diego Barrenechea,
Christopher Fic, and peers in the CABS research group for many insightful discussions. |
would like to thank Holly Nicholas from AGAT labs as well as Perm Inc. for their help
during sample analyses. Thanks to the Energy Resource Conservation Board for
providing access to the Core Research Centre facility to analyze cores and GeoScout for
supplying the database for subsurface work.

Finally, I would like to thank my family, specifically my mother Helen and father

Christopher for all their love and support throughout my studies.



TABLE OF CONTENTS

F N =1 I 27X oo,
A CKNOWLEDGEMENT S L1ttt ittttetttesttsetaeeetaesstesststaseeaaeran e st eseteeaaeessesrsnaessrersaaes iL.......
BN =T 0 o = O] N 1 =N T V........
(IS O = 17 =] I =5 ¥/ ISR
LIST OFFIGURES. ..ottt e st s s s s s s e sanessnnessnn s snneesne s M
CHAPTER ONE: INTRODUCTION. ...ttt e e e et e e s et s e s e e e ees 1
SHALIGIAPNY .. et aa e e e e 5
Late Cretaceous Hydrocarbon Generation and Migratian......................... 6
Cardium DeVEIOPMENT E..........ooveiveieeeeecee e, 6

CHAPTER TWO: SEDIMENTOLOGY AND RESERVOIR ARCHITECTURE OF
THE LOWER SHOREFACE TO OFFSHORE FACIES OF THE CARDIUM
FORMATION IN EAST PEMBINA, ALBERTA

a1 oo [¥ox 1 o] o PSRRI 9
SHTUAY ATBA ... . e e e e ettt a e 10
Y=o | =1 o] 1 PP URUPPPPPPPPRUPRRRI 10
DAADASE E......ooovveeviieecie ettt ettt ettt 14

Cardium TYPE LOGEE. .....vi oottt eae e 14

Sedimentary LItNOfACIESEE ............c.coveoueieie et 14
[ o) r= Tox =S TR 17
LItNOTACIES 2. .. 17
LItNOTACIES ... e e e e e e e e e s 22
LItNOTACIES ... ettt e e e e e e e e e e e e e eeeeenannas 22
LItNOTACIES 5.t e e e e e e e e e e e e eerneaaaaa 24

FaCIES ASSOCIALIONS. ... .coiiiiiiiiiiiiiiiia ettt e e e e e e e e e e e eeseeebnaa s 26
FaCIES ASSOCAITION L....uuiiiiiiiiiee ettt e e e e e 27
FaCIES ASSOCIALION 2.....uiiiiiiiii ittt e e e e e 29
FaCIieS ASSOCIALION B.....ueiiiiiii it e e e 30

Sedimentology and Stratigraphly..........ccoeeeiiiiiiiii 31
Depositional Model and E/T Surfaces.............uuveiiiiiiiieieiiiiiieeeeeiicnn 32
Cardium Lithofacies DiStriDULIONS............coooiiiiiiiiiiiiic e 37

SUDSUITACE MaPPING. ..ottt e e e e e e e e e eeeeeeenenens 39
Parasequence I1SOPaCh Maps.........coovviiiiiiiiiiiiii e 39
Lithofacies DiStribution MapsS........uuueuiiiiiee et eeeeeeens 41

Raven River Member Depositional Interpretatian.............cccoeeeeeeeeiiiiiiiiiiinnnns 44
East Pembina Field BOUNALY............oiiiiiiiiieeeiiii e 47

[ o U 1] o] o TR 51
Depositional and Stratigraphic Model............ooooiiiiiiiiiiiiiis 51

(0f0] g o3 (1] [o] o U TTUTT TP 54



CHAPTER THREE: RESERVOIRCHARACTERIZATION AND VARIABILITY
OFTHETIGHT OIL PLAY OF THE CARDIUM FORMATION INEAST

PEMBINA, ALBERTA
g goTo [¥ ox 1 o] o PO PR TRSPPPP 56
Background INfOrmMation...........oooiiiiiiiiiiiiiiiee et e e e e e e e eeeeeees 57
Regional Depositional Setting............cii e 57
Y= Ui [0 | =1 o] 1 TP UUURPPPPPPPRPRPRRT 57
1Y/ I=] { gToT (o] (oo | 20U 59
DAADASE E......oooveeeeeiecee ettt ettt ettt e te e 5
Experimental Methodology.........coooiiiiiiiiiii 58
Raven River Member Depositional Model.............cccoooiiiiiiiiiiiiiiiiiiiiceee e 65
Raven River Member Core Study and Facies AnalysiS..........ccccceeviiiieneenennn. 65
Grain MINEIAlOgY.......coeiiiiiiiieeite ettt e e e e e e e e e e e eeeeeennanne 67
XRD RESUITS ...ttt e e e e e e e e e eeeeeaaeees 69
CEC RESUILS ...ttt ettt e e e e e e e e e e e e eeeeenanees 68
LItNOTACIES 28.....uueeiiiiiie ettt e e e e e e e e eeeeeaaeee 70
LIthOfACIES 2D0....eeeeee e 75
LItNOTACIES 2C... . uttiiiiiiii ittt e e e e e e e e e eeeeeannne 80
LItNOTACIES ... e e e e e e e e e e s 84
LItNOTACIES 4. . e e e 89
Mercury Injection Capillary PreSSULE............uuuuuieiiiiiiieee e 92
Capillary PresSSure CUINVES........uuu ittt a e e e e e e e e e e eeeeeeeeannees 95
06-05-50-7W5 Core CroSS-PlQt...........uuuuiiiiiiiiieieeeeeiieeeeeiiii e 95
RESEIVOIN PrOPEITIES. . vttt 96
The Effects of Biturbation on Reservoir Quality.............ccooooveeiiiiiiiiiiiinnnn. 99
ST T=T A o T g\ F=T o] o1 o PP 101
NEE THICKNESS. ... e e e e e e e e e e eeeeeeeananas 102
Gross Pore Volume (Phi-h) ... 102
ProducCtion ANAIYSIS........ueeiiiiee e 107
[ o U 1] o] o TP 108
Variability in Reservoir Properties............uuuueiiiiiiinnieeeeeeeeeeeeeeiiie s 108
(0] o o3 111 o] o NSRRI 112
CHAPTER FOUR: CONCLUSIONS..... oo 114
SUMMBIY . .ottt e et et e e e ettt et e e e e e e eb e e e e e eeeb e e e e eenan e eeeeennnnnnns 114
FULUIE WOTK.....e e e e e bbb as 115

R O O OINCES. ..o e e 117



LIST OF TABLES

TADIE 2.1 B FACIES. ..o e 18......

Table 3.1 B XRD ANAIYSIS. ....coiiiiiiiiiiieeeeee e 69.....



LI1ST oF FIGURES

Figure 1.1 b Paleogeography and Study.ar@a..........cccoeeeeeeeiiiiiiiiiiiiiiiiiiiiee e 2.
Figure 1.2 B StrUCtUIre MAR........oiiiiiiiiiiiiiiia e e ettt s e e e e e e e e eeeeeeeeenennes C T
Figure 1.3 B Shoreline profile.........oooiiii e A
Figure 1.4 B StratigrpahiC Chart...........cooiiiiiiiii e G......
Figure 1.5 B Map of Second White Specks maturity.............eueieiiiiiiiiieeiiiiieiiieiinns I...
FIQUIE 2.1 B STUAY @I a......uuuueeiiiiiiii ettt e e 11.....
Figure 2.2 D Allostratigraphic terminology..........ccoeeeiiiiiiiiiiiinieeeee e 13..
Figure 2.3 B Subsurface stratigraphic subdiviSions..............ccccvviiiiiiiiiiciinnnnn. 13.
Figure 2.4 B Regional well-log Cross-Section...............uuuveeiiiiiiiiieeeeeeiieeeeeiiienns 15..
FIQUre 2.5 B TYPE 10 ..ccoeiiiiiiiiieee e 16......
Figure 2.6 D Lithofacies 1 core photoS...........uuuuuiiiiiiiiieeeee e 19...
Figure 2.7 B Lithofacies 2a COre photoS.......ccoovveveiiiiiiiieeiiiiiee e 20...
Figure 2.8 B Lithofacies 2b core photos........ccooovvviiiiiiiiiiii e 21..
Figure 2.9 P Lithofacies 2¢ core photosS.........cooooveeeiiiiiieiiiiiiice e 23...
Figure 2.10 B Lithofacies 3 COre photoS......ccooovviviiiiiiiiieeiiiiii e 24...
Figure 2.11 D Lithofacies 4 COre pPhotOS......ccoouviiieiiiiiiiieeiiiiiiee e 25...
Figure 2.12 P Lithofacies 5 COre photoS.......cooovviviiiiiiiiieeiiiiii e 26...
Figure 2.13 b Facies associations schematic prafile..............coooeeiiiiiiiiiiiiiinni, 29.
Figure 2.14 B Coarse-grained SandsoNnte VENEEL.............uuuuuuiiiiiieeeeeeeeeeeeeeenenennns 33.

Figure 2.15a D (A - C) Schematic development of shoreface and sandspit

PATASEOUEICES. .....uveeeveeetieeeteeeteeeeteeeaeeeeteeeseeeeteesseeesseesseeesseeesteeeseeaseeeeseeans

Figure 2.15b D (D - F) Schematic development of shorafatsandspit

[ F U= TS0 [T o [o = PRSP
Figure 2.16 B COre CroSS-SECHON. ......uuuuuiiiiiee e ee et e e e e eeeeeeeees
Figure 2.17 B 1SOPaCh MaPS.....uuuiiiii e
Figure 2.18 b Lithofacies distribution maps...........ccooeeiiiiiiiiiiiiiiiicc e,
Figure 2.19 B Image of Breaksea SPiL............ccoiiiiiiiiiiiiiiieeeeiiiis e
Figure 2.20 B North Pembina Field boundary cross-section..............cccceeeeeene.
Figure 2.21 B EaBtembina Field boundary cross-sectian.............cccoeeevveveeennnns
Figure 222 B Isopach map of Dismal Rat Member...............coooviiiiiiiiiiiicieennn.

35......

36......
38....
40.....
43..
47...

...48
... 49



FIQUre 3.1 B STUAY AFCaL....ccoeeeiiiiiieiiie et e e e e 58.....

Figure 3.2 B Well-log CroSS-SECHQAN.........uuuuuuiiiiiaie ettt eeeeee ) 60....
Figure 3.3 B Core log of well 06-05-50-7WA.........coouiiiiiiiiiiiiiiee e 66..
Figure 3.4 B Core photos of lithofacCi@s...........oooviiiiiiiiiiii s 68...
Figure 3.5 b Ternary classificaiton of samples...........ccccoooiiiiiiiiiiiiiciiii e, 68..
Figure 3.6 B 360%4 core photo Of Li2a..........coooiiiiiiiiiiii e, 71...
Figure 3.7 B X-ray CT scan images for Lf2a sample............ccccoeeiiiieiiiiiiiiiiinininnnn, 12.
Figure 3.8 B Thin section plate for LI2a.............ceiiiiiiniiiiiie e 13...
Figure 3.9 B MICP graph for Lf2a...........cooooiiiiiiiiiiiii e LA
Figure 3.10 B 360%4 core photo of LI2D.........oueeeeiii 76...
Figure 3.11 B X-ray CT scan images for Lf2b sample..........ccccceeevveeniniiiniinnnnnnnnn 4.1
Figure 3.12 B Thin section plate for Lf2h............coooiiiiiiiiiiiiiv L8
Figure 3.13 B MICP graph for Lf2D.........ooueieii e 79...
Figure 3.14 B 360%4 core photo Of LI2C.........uuuuiiiiiiiiii e aaQ...
Figure 3.15 b X-ray CT scan images for Lf2c sample.............ccccoeviiiiiiiiiiiiinnnnnn. 81
Figure 3.16 B Thin section plate for LI2C..........ooooiiiiiiiiiiiiii e 83...
Figure 3.17 B MICP graph for LI2C........cuuuuiiiiiii e 34....
Figure 3.18 B 360%4 core photo Of LS. 85...
Figure 3.19 b X-ray CT scan images for Lf3 sample...........cccccvvviiiiiiiiiniennneee, 86.
Figure 3.20 B Thin section plate for L. 81...
Figure 3.21 B MICP graph for LE3.......coooii 88....
Figure 3.22 B 360%4 core photo Of .LE4.........oooiiiiii 89...
Figure 3.23 b X-ray CT scan images for Lf4 sample...........cccccuvviiiiiiiieneeennneeene, 90.
Figure 3.24 B Thin section plate for Lid............oeiiiiiiiiii e 92...
Figure 3.25 D MICP graph for LE4.........coooriii e 93
Figure 3.26 B Cross-plot of pore throat versus mercury saturation for the 5 lithofities
Figure 3.27 B Group cross-plot of pore throat versus mercury saturation........... 94
Figure 3.28 b Graph of wetting phase saturation versus capillary pressure for 5
HENOTACIES ... e e e e e e e e eeeaeeees 96.......
Figure 3.29 B Core cross-plot for well 06-05-50-7W5...........eeciiiiiiiininiiiiiiieeeeiiens 9.

Figure 3.30 B Core cross-plot for 3 representative wells............cccoooeiiiiiiiiiiiiinnnnns a7.



Figure 3.31 b Graphs of porosity and permeability distributions of the lithofacie00

Figure 3.32 B Core photos of sand-filled bUurrows..............cccceeeiiiiiiiiiis 101
Figure 3.33 B ISOPaCh MapS......uuuiiii e 103..
Figure 3.34 B Phi-N Maps.......o e 104...
Figure 3.35 B Phi-h maps with overlying cumulative oil production bubbles......106

Figure 3.36 B Map of the cumulative oil production per section.............ccccceenn.. 111



CHAPTER 1: INTRODUCTION

This thesis is written in paper format; the Cardium Formation sedimentology
and reservoir architecture are discussed in chapter 2 (paper 1), and the reservoir
characterization is discussed in chapter 3 (paper 2). The rock analysis conducted for this
thesis was completed in collaboration with other labs; thin section microphotographs,
grain mineralogy, x-ray diffraction (XRD), cation exchange capacity analysis (CEC) and
mercury injection capillary pressure analysis were provided by Holly Nicholas at AGAT
labs. The x-ray computer tomography (XRCT) scans were provided by Perm Inc.

7KH &DUGLXP )RUPDWLRQ RI WKH $OEHUWD SODLQV K
since its discovery in the 1953 (Krause et al., 1994). The supergiant Pembina Oil Field in
ZHVW FHQWUDO $OEHUWD LV RQH RI WKH ODUJHVW FRQY|
of the most economically important sandstone and conglomerate units in the Colorado
Group (Fig. 1.1) (Neilsen, 1957; Owen, 1975; Nielsen and Porter, 1984). Initial oil
production began shortly after the discovery of the Pembina Oil Field in 1953 (Nielsen,
1957) and since 1960 has underwent several improved oil recovery schemes such as
ZHOO GRZQ VSDFLQJ ZDWHU ARRGLQJ DQG KRUL]JRQWDO
Pembina Oil Field has a well count of 5220 vertical oil wells, 1746 water injectors and
823 horizontal wells. The Cardium Formation in the Pembina Oil Field hosts more than
1,483 MMBDbls of recoverable oil of an estimated 9,363 MMBbls OOIP of 38.1 degree
API oil and 1,829 Bcf of recoverable gas of an estimated 5,070 Bcf OGIP (MMBbls —
million barrels of oil; OOIP — original oil in place; APl — American Petroleum Institute;
Bcf — billion cubic feet; OGIP — original gas in place) (GeoScout).

The Late Cretaceous (Turonian/Coniacian) Cardium Formation was deposited
as a muddy, sandy and conglomeratic clastic wedge (Krause et al., 1994) in the Western
Interior Seaway with the main sediment source the actively uplifting cordillera to the
west (Plint and Walker, 1987). The Cardium sandstones represent eastward prograding

FOLQRIRUPV WKDW IRUPHG GXULQJ QXPHURX\KMNHD OHYH(


































































































































































































































































































































































































