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ABSTRACT

The Penobscot Area is located within 8wotian Basin, northwest of Sable Island, offshore
Nova Scotia and comprises geological formations with representative properties for petroleum
system in the basin. The Penobscot dataset includes a 3D seismic survey coverirgt®d km
well logs and corrgponding cored intervals totaling nearly 52 m. The cored intervals provide a
detailed analysis of the Abenaki and Lower Missisauga formations, both known reservoirs within
the Scotian Basin. PenobsceBD and Penobscot-81 are 2 of 180 exploratory wellsat have
been drilled in the Scotian Basin since 1980. Both wells had hydrocarbon shows, however were
not considered to be economic.

This study has been designed to determine whether seismic inversion, in conjunction with
3D seismic and well datasets, yigtes a valuable analytical tool of the rock properties of strata in
the Scotian Basin. The analysis of the 3D seismic is completed using geologic software (e.g. Petrel)
to interpret the seismic facies, structure, stratigraphy, and seismic attributesafdlgsfocus of
this study is on seismic inversion that solves for acoustic and elastic properties from the 3D seismic
data. Inverting the seismic data from a reflector to a layer property provides a clearer understanding
of the subsurface geology and thetential hydrocarbon reservoirs within the survey. Seismic
inversion is used to correlate the well logs across the seismic survey to define the reservoirs of
interest. The cored intervals from both wells are studied, examining the characteristicyefdiff
lithofacies and their corresponding depositional environments. The lithofacies from the core are
tied to the well logs to develop petrophysical facies, and then tied to the seismic data to define the
seismic facies. The inversion result confirmscbaelation of the lithofacies to the petrophysical
facies and enables the geological properties to be known within the entire survey area.

Keywords:Penobscot survey areseismic inversion, acoustic impedanempedanceseismic
facies, lithofacies



TABLE OF CONTENTS

Y o153 1 = o! ST T PP PPPPPPPPPPPPP L.
TabIE Of CONTENTS......oeiiiiiiiiie e e e e s ssmn e e e s e e e e areeeeened i
TaADIE OFFIGUIES. ...ttt e e e e e s b e e e e s anre e e e eaed V.
Table Of TADIES.... ... e e e e e e e e e Vil..
ACKNOWIEAGIMENTS. ...t e e e e e e r e e e e e e e mmmneesemmmns s s e viii
CHAPTERONE T INTRODUGCTION.....ctttttttiiiiiiitiiiiiiimmmea e e ae e et e e e e et e e et eeee s s e s s e 1
I © ] 1= 1) =T PP PR PUPPPPPPP 1
1.2 SCOPE OF STUAY ...t eee e reeee ettt e e e e e e e e e e e e e e e m e e sbbb e e e e e e eeeeeananan 1
I T (1 0 Y7 A Y U 3
1.4 Exploration History in the SCOtan BaSIN:..........cc.uuuiiiiiiiieeeieeee e 4
1.5 PractiCal IMPIICAIONS:.......coiiiiiiiiei ettt e e e s s e e e e e 6
1.6 PIEVIOUS WOTK . ...ttt ettt ettt et e et e s e e e e s e e e e 6
CHAPTER TWOGEOLOGICAL BACKGROUND.......uiiiiiiiiiiiiiiis ettt eennne e eeaaaa s 8
b N = =T [ To] g F= U €T=To] (oo |/ 8
2.2.1 Pre and syrifting of the Scotian Basin:.............ccoo e 9
2.2.2 Post rifting of the SCOtIAN BaSIN...........oiiiiiiiiiiiieeeieie e 10
CHAPTERTHREEMETHODS........oee et eeee e e e et e e e e e e e b mmme e e s 13
G TR I = = PP TTTP PP PPPPPPPPN 13
3.2 SEISIMIC ACOUIBON: ...eeieiiiittie et e e et e sme e e e e e ettt ettt e e e e e s ammme e e e e st e et e e e e e e e s ammne e e e e e nnnnnneeeeees 13
.3 Ptrel SOWAIE:......cciieiiii ettt ek e e mena et e e et e e s s 17
3.4 JASON SOMWAIE:.....eiiiiiei ittt eeeet e e e e et eeeet et e et e e e e e e s e ab bbb e e e emes et e e e e e e e e e e nnnnene e e e s 17
3.5INVErTrace PIUS WOIKFIOW:.......coiiiiiiiiiiiiii et ee e 19
ISR 0] (=Y B TSt o] o RSO PUUURPUPPPRN 22
3.7 WIreline 10g @n@lySiS:......cooueiiiiiiiiie ettt rmmme ettt e e e e e e s rmmne e 25
CHAPTER FOUR' LITHOFACIES DESCRIPTION AND DEPOSTIONAL SETTING.................. 28
4.1 Core Descriptions Of PENODSCEBL:.........uuuiiiiiiiiiiiiiitirreiieie et e e eeeaibb e e e e e e anees 28
4.1.1 Lithofacies A: Packstone with Clay SEaMIS:............uuiiiiiiiiieeee e 28



4.1.2 Depositional environment of core 1 from Penobse8B.L.............ccoevvviivivieeeiiiiiiiee e, 29

4.1.3 Lithofacies B: WacCKeStOMRECKSIONE:. ..o 29
4.1.4 Lithofacies C: Calcareous shale to Marl:.............oooviiiiiiorceeiie e 30
4.1.5 Depositional environment of core 2 from PenobseBBl.............ccoovvvviiiiiieeeiiiiiieee e, 31
4.2 Core Description of PENODSCO/B: ............ouiiiiiiiie e 33
4.2.1 Lithofacie 1: Medium grained beige sandstane:..............ccevvvveeeviiiiiiiiciiie e 37
4.2.2 Lithofacies 2: Fossiliferous calcareous cemented sandstone:............c.occvveeeeveeniinnnnn. 37
4.2.3 Lithofacies 3: Calcareous cemented sandstone with black organic material............... 39
4.2.4 Lihofacies 4: Grey fissile Shale:.........oovviviiiiiiii e 40
4.2.5 Lithofacies 5: Silty SANASTONE..........coiiiiiiiiiieeer e eee e e aeas 41
4.2.6 Lithofacies 6: Lenticular red Shale:...........ccuiiiiiiiiieeee e 42
4.2.7 Depositional Environment of PenobSCatB...........ccooooiiiiiiiiiiiieeeeeeeveeeeeeeeeveevvvvveeen e 42
CHAPTER FIVET SEISMIC AND WELL DATA ...ttt e e e e e e 44
5.1 Geology observed within the Penobscot datasel............uuvviiiiicce e 44
5.2 Methods Of INterPretationL. ... .cccoeee i ee et rre s e e s e e e e e e e e e e e e e eeeeeeseenreesenrennne 45
5.3 SEISMIC SratiGrapily:......eeeeeeieeeii i eee e ree e e e e e s nenr e e e e e e e e aan 45
5.3.1 SEISIMIC fACIES: ... eeeeeeiiiiii ettt e et e et e e et e s emmme et e e e nrn e 45
5.3.2 Seismic Horizons and RefleCtOrs:..........oooiiiiiiimeeriiiieeeee e 4O
Abenaki Formation: MieBaccaro Member (Late JUrasSIC)........uuvvrviieeeiiiiiimmmniiiiinineeeeeeeeeaan 49
Missisauga Formation (Late Jurassidarly Cretaceous):.........ccccceeeeeeeeiiiicccceevvvvvveevvenvnnennnn 49
Logan Canyon Formation (EarkyLate CretaCOUS):.......uuuiiiiieiiiiiiiiiieeeiiiiiee e e e e eiieeeeaees 50
Wyandot FOrmation (Late CretaCBOUS). ... uuuuuuuriieiiiieimmeeeeeeeeeeeeeeeeeeeeeesseaeees e s e e aeeeeeaeeaeaeaaeens 52
Banquereau Formation (Late CretaCelUBIESENL):......cceeeeeieeeiieeeie e e e vcmeeeeeeeeeeeeeeeereenreeereeee s 53
5.4 JaS0N SOMWAMRESUITS:.. ...t e e e e e mnee e 54
5.4 1 TYING the WEIIS:...coooiieie e e e e e 54
5.4.2 ESUMALING WAVEIELS: ......eiiiiiiiiiiiiiitieeei ettt eeei bt e e e e e e s st b s anenssbeeeeeaaee s 55
5.4.3 SOl MOGEL: ..ottt e s e e e as 57
5.4.4 LOWFrequency MOEL ... et enee e 58
5.4.3 INVEISION RESUILS:....cceiiiiiiiiitiee ettt e e e e e saeer e e e e e e e e e e s aanes 59



CHAPTER SIX DICUSSION. ... ittt ee ettt emmmee e e e e e e e eatbb s e e amee s s e e e e e eennend 62
6.1 Lithological and stratigraphiC iNterpretationS............c..vviiiiiiii e 62
6.2 PetrophysSiCal FaCIES:........ccoo i e e e e e e e s s e e e e e e a e e e e aeeas 65
6.3 INVEISION CRArBCTEIISTICS: . ... eeiiiiiiiiiiet ettt e e e e e e e eeemr e e e e e e e e 70

6.3, LINErOTUCTION: ....ciiiiiiiie ettt rcee ettt e e s ssrenne e e s s nnnneeeesnnnenes s s d O
6.3.2 Lithologies determined from INVErSIQN:........ccooieiiiiiiiiiicreeeeeeeeeeeeeeeeeeeeeeeeeeees s L

CHAPTER SEVEN: CONCLUSIONS.... .ottt st e e e e e e e e eeena s 79
A R o] o Tod U o] o ST P P PPPPPPPPPPPN 79
7.2 Reconmendations fOr fULUIE WOTK:...........ooiiiiiiiiiiieee e e e e e 81

REFERENCESEéEE. . . . . . . . . s d s s e 82.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,



TABLE OF FIGURES

Figure 2.2: Paleographic reconstructionoftSec ot i an Basin during theélLé&a.t.e9 Tri as:
Figure 2.3: Paleographic reconstruction of the Scotian Basin during the Late Jéraésgice é é ¢ é é éé . 11

Figure 2.4: Generalized stratigraphic column of the ScotianBagné ¢ é ¢ é 6 ¢ é 6 ééééééé. ... 12

Figure 3.1: Process of acquiringa seismictrdce é € ¢ 6 6 6 6 6 éé ééééééeééééééeée. 14

Figure 3.2: Common midpoint gathermethéct é é é é é 6 6 ééé e e éééécééééééeéé. 15

Figure 3.3: Towed streamer for 3D seismic acquisiioa ¢ é é é é 6 é éé e e éééééeééééeée. . 16

Figure 3.4: Brief schematiexplanation of the process to obtain inverted acoustic impeélahegeé é ¢ é . . . . . 19
Figure3.5:l nver Trace Pl us workfl owééeéééééeéeééeéeééeréeéeéée
Figure 3.6: Lithological log for well Penobscot-B0é ¢ ¢ é é é é € ééééééééééeéeééeéeé. ... .23

Figure 3.7: Lithologicallog for well PenobscotB1é ¢ é é € € é €6 é éé e éeéééééeéeeéeeéeéé .24

Figure 4.1:Lithofacies A: Packstorieé é ¢ é 6 ¢ é é ¢ éééééeééééééééeéeéeééeéee. . 29

Figure 4.2: Lithofacies BWackestonp ac kst oneéé éééééééééééeéééeéééeéeeéeéeéeée. . 30
Figure 4.3: Lithofacies C: Calcareous shaletordad é ¢ ¢ é e é éé éeéeééééeéééeée. .. 30

Figure 4.4 A: Stratigraphic column of PenobscotBée é é e é ¢ é é e éeééééeééééeéeé 34

Figure 4.4 B: Stratigraphic column of PenobscotBé ¢ é é e é é e é e éééééeéeééeéeé 35

Figure 4.4 C: Stratigraphic column of PenobscoBl é é ¢ é é é é e é e ééééeééeéeééé. . 36

Figure 4 5: Lithofacies 1: Medium grained beige sandstorieé é é ¢ 6 6 é 6 6 ééééééééeéé. . 37

Figure 4 .6: Lithofacies 2: Fossiliferous calcareous cemented sandstéene é ¢ 6 ¢ é é ¢ éééééé. . . 38

,,,,,,,,,,,,,,,,,,,,,,

Figure 4.8: Lithofacies 4: Greyfissileshadeé ¢ e 6 6 é é e e ééééécéééecéééecéé 40
Figure 4.9: Lithofacies 5: Silty sandstogeé é ¢ é é 6 é é e é e éécééecééeécéeéeéé. . . 41
Figure 4.10:Lithofacies 6: Lenticularredshdleec é ¢ € é 6 é é e éé e ééeéeééééeééeéeé. ... .42

Figure 5.1: Xline1255 demonstrating the stratigraphic facies within the Penobscot Avéaé ¢ ¢ é € é é . 4 4
Figure 5.2: Characteristics for seismic facies A,B,CaniilDé é é é é ¢ é € ééééééééééée. . 46
Figure 5.3:Inline 1254 demonstrating the seismltaracteristics for the interpreted formaténs é ¢ é ¢ é . 4 7
Figure 5.4: Xline 1255 demonstrating seismic characteristic for each interpreted fornéatioasé é ¢ ¢ é . . 4 8

Figure 5.5: Top of the MidBaccaroMember é ¢ € é 6 é ¢ éééééeééééééeécéécéeéée. 49

Figure 5.6:Topofthe"O" Markeré é ¢ é é 6 é é é é éééééééééééééééééééeéé. .50
Figure 5.7: Top of Logan Canyon Formatiéné é é é é é e éééééééeééééécééeéééeéeée. .51
Figure 5.8: Top of Dawson Canyon Formatiéré é ¢ é ¢ ¢ é ¢ ééé éecéééééeééeéééeéeée. . .52

Figure 5.9: Top of the Wyandot Formatiéné ¢ ¢ ¢ € ¢ é 6 éé e éééeéécééécéééeéeééeéé.H3
Figure 5.10: Top of the Banquereau Formatéore ¢ € é € é é 6 é e ééééééeéééeéeceéé. . 514

,,,,,,,,,,,,,,,,,,,,,,,,

\%



Figure 5.13: Constructed Solid Model with a 20 times exaggerationonthei® é é 6 6 ¢ 6 ééeééé. . . 57

Figure 5.15: 3D view of entire Penobscot survey area with acoustic impedaice é é 6 6 é ééééé. . . 59

Figure 6.3 Zoom in of gamma ray log for PenobsceBQindicating intervals ofthetwbé é ¢ é ¢ é éé . . . 6 6

Figure 6.4 A: Gammaand sonic log for Penobscot& in the location of core 1 forthewelé é ¢ ¢ 6 éé . . 6 7

Figure 6.7: Time slice of the top of the "O" Marker, the cotepresents inverted-Phpedancevalest ¢ é é . . . 75
Figure 6.8: Time slice of the top of the Logan Canyon Formatiané é ¢ é ¢ é é é 6 6 ééééééé. 76
Figure 6.9: Time slice of the top of the Wyandot Formation, color represents invetiegpdtlance valuésé . . . 7 7

Figure 6.10: Time slice of the top of the Banquereau Formaiégné ¢ ¢ é ¢ é ¢ ¢ éé éééeéééé. . . 78

VI



TABLE OF TABLES

Tablell:Lati tude and | ongitude coordinates of the corner p
Table 31: Penobscott3 0 cored intervals. é. éééééécécéééééécéeéeeceécééééé:
Table 32: PenobscotBt 1 cored intervalsééééééééécééeeceééééeéeeeeceééé

Table4.1:Det ai |l ed | og description specifical Egéé€&éé.BRthofac
Table 4.2:Detailed description of lithofacies B and C denoted by the corresponding B and C on thestable . 3 3

Wl



ACKNOWLEDGEMENTS

| would like to acknowledge and thank my supervisor Dr. Grant Vitaccthe opportunity to
work on such an intriguing and stimulating project as well asuggestions, encouragement and
sense of humomwhichhelped me through the researching and writing process of this honors thesis.
| would also like to thank Dr. GrarWach for allowing me to partake in so many amazing
opportunities throughoulhe st two yearsThank youo James Johns@md Lamuail Bashirom
Jasora CGG Company who eve bothgracious and patient enough to teach me the ins and outs
of the Jason Stware. | would also like to tharlBr. Martin Gibling for all d his advice and help
throughout the entire procesko all my colleaguest the Basin and Reservoir Lab, especially
Ricardo Silva, Carlos Wong and Dawn Tobey who all were very willing to kesid knowledge
and their timevhen neededhank youFurthermore | would like to thank all of my friends and
colleagues in the Earth Sciences Department at Dalhousie University who allowed me to have an
absolutely wonderful four years and such wonderfehraries.

VI



CHAPTER ONE T INTRODUCTION

1.1Objectives

The purposeof this thesis is talefinethe seismic facies, structure, sequence stratigraphy and
seismic attributesf the Mesozoicand Cenozoicof the Penobscot area, offshore Nova Scodia
interpret the depositional settinbhis analysisis basedn parton a3D seismic survelocated on
the Scotian Shelf, within the Scotian Bagfigure1.1).The Penobscot area covers 8 ZKocated
southwest ofmainlandNova Scotia(Figure 1.1).The focus of thenterpretation ison seismic
inversion the first nonproprietary analysis completed on the Scotian mangith acoustic
impedance, which solves for the acousticl elastiproperties of seismic datdnverting seismic
reflections to agustic impedance provides a greater understanding of the subsurface geology in
terms ofstrata and lithologySeismic inversionalso is valuable fodetermining hydrocarbon
potential, and could assistuture exploration projects within the Scotian Bashcoustic
impedance also produces more accurate and detailed structural and stratigraphic interpretations
than can be obtained fromismic interpretationin this study data derived frorseismic inversion
will answer the question of whether acoustic impedance, in conjunction with seismic and well data

can determinand confirm lithologies within the Scotian Basin.

1.2 Scope of Study:

To understand the benefits of acoustic impedance, components of the Pedalesset are
analysed and compared to the final inversion result. These components include well log data from
two wells in the area, Penobscot30, which can be identified in figure 1.1. There are cored

intervals from each well, two cores from Penob4c80 totaling 17m of core from the
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Figure 3.1: Location of Penobscot study area offshore Nova Scotia. Detail identifies the Penobscot are
the pink polygon and location of both wells within datase{modified from Tobey, 2012, unpublished).



Abenaki Formation and four cores from PenobscdtlBotaling 42 m of core from the Lower
Missisauga Formatiornlhere are accompgimg wireline logs for each well which are analysed
using geologic softwarencluding Petre] Techlogand Jason.After the analysis of all the
component®f the Penobscot dataset, seismic inverssamsed to correlate the well logs across
the seismic survey to define the reservoirs of interasd interpreting the depositional
environmentThe cored intervals from both wells were studieihterpretthe characteristics of
different lithofacies andhfer their corresponding depositional environments. The lithofacies from
the core were tied to the well logs to develop petrophysicasiaarid then tiedio the seismic data

to define the seismic facies. This stuslthe first detailed study on the benefits of seismic inversion

within the Scotian Basin.

1.3 Study Area:
The 3D marine seismic survey of the Penobscot@male1.1) was acquired by Nova Scotia

Resources Ltd. in 1992.

Table 1.1: Latitude and longitude coordinates of the corner points of the seismic survey located offshore Nova
Scotia (CNOSPB, 2007).

Decimal Latitude Decimal Longitude
44.08333 -59.87500
44.08333 -60.25000
44.25000 -60.25000
44.25000 -59.87500

The study area is located on the Scotian Shelf offshore Nova Scotia, Canada, close to Sable
Island (Figure1.1). The survey is 7.2 km long and 12.08\kide making the total area 86.62 km
The inlinerange is from 1000 to 1600, the crossline range is 1000 to 1481 and the Z range in
milliseconds 0 to 6000 (CNSOPB, 2008). There are a total of 241 seismic lines of very good

resolution in the northeast to southwest direction that cover the entire sueeefFayre 1.2).



This amount of good quality seismic lines allows for claritynterpretingthe structurafeatures

of the subsurface geology (CraaedClack 1992, p.7)

1.4 Exploration History in the Scotian Basin

Seismic coverage available over Parcel 1
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Figure 1.4 Locations of all seismic lines available for the Penobscot Area (CNSOPB, 2013).

Exploration in the Scotian Badregan in.959and nowtotals 207 wells drilled CNSOPB,
2010. Given the large size of the Scotian Basin, it is virtually unexplored, for most of the wells
drilled are located withinthe Sable Subasin (CNSOPB, 2030 To date, 23 hydrocarbon
discoveries have been made offshore Nova Scotia, only eight of them dmmgercial
discoveries and numerous others having oil and gass{i@WSOPB, 201) In total 400,954 km
of 2D seismic and 29,512Krof 3D seismichave beemcquired (CNSOPB, 20)0Traps that have
been testeavithin the Sable Subasin are roiver antitines, with five fields currently under
productionwithin thesdrap configuration§CNSOPB, 201)) The Lower Cretaceous, Missisauga

Formation has been host to some of the major producing fiettsetancluding Alma and North



Triumph, which compriseheltmargin delta complexe€(mmingsand Arnott, 2005). Both of
these fields are part of the Sable Offshore Energy Pr($€2ER, and have excellent sastdne
reservoirs with high iplace gaseserves (CNSOPB, 201LWith advanced knowledge of seismic
dataandinterpretation of thdithology of the area, distribution and the evolution of simetrgin

deltas in the Sable Delta complex can be better understood, and future pnospdtsound.

Companies have exploréor oil and gas reserves in thedBan Basinsince 1959Mobil
Oil Canada was the first to drill a well on Sable Island in 186Wonstratingvidence of a thick
CenozoieMesozoic successiomcluding the Late JurassiGable Deltawvith oil and gas shows
(CNSOPB, 2000)A total of 71 wels were drilled between 1967 and 1978, accompanied by over
140,000 km of 2D seismiECNSOPB, 201 Shell Canada then became interested in the oil and
gas potentiabf the Scotian margin in 1969, as wellRetreCanada, Huskfdow Valley, Encana

and BP Oil (CNSOPB, 20)0

Thefirst major gasdiscoverywas the Venture field just to the east of Sable Island in the
Cretaceous and Jurassindstone reservoirsf the Sable DeltdCNSOPB, 201 More gas
discoveriescontinued throughout the &9s at South Venture, West Venture, Olympia, West
Olympia, Arcadia and South Sable (Mobil), Glenelg, Alma, North Triumph, Uniacke, Eagle
(Shell), Banquereau (Petf@anada) and Chebucto (HusBpw Valley) (CNSOPB, 201p
Exploration and developmentriéing continued until 2005 by numerous companies, some
discovering gas reserves in ttielomitized limestones of the Late Jurassic Abenaki reef margin,
although the fluvo-deltaic sands of the Missisauga Formation continued to have the most gas
shows (CNSOPB,®10).In 1998, Encana began drilling on shallow Scotian Shelf and deepwater

Scotian Slope. These was named the Cohd&ssaike Project, which targeted gas in a dolomitized



limestone of the Late Jurassic Abenaki reef margin. From 1999 to 2005 more welldriled in

close proximity to define the areal extent of the Deep Panuke gas field (CNSOPB, 2008).

1.5 Practical Implications:

The presentstudy has been designed tdetermine whether seismic inversioim,
conjunctionwith seismic and well datawill provide a valuablanalysis of strata in the Scotian
Basin © aid in future exploration studies within the bdsyneasily distinguishing lithology with

inverted acoustic impedance.

1.6 Previous Work:

Since 1960 approximatelyl80 exploratorywells have been drilled in the Scotian Basin
(Mukhopadhyayet al., 2003) for the ppose of locating hydrocarbons. The hydrocarbons that
were found in the Scotian Basin are mainly gas amdle@asatesMukhopadhyayet al., 2003).
Since 1995, more licenses haveen issued for deepater exploration on the Scotian Shelf and
slopeas a result of the spika gas exploration in Néin America Mukhopadhyayet al., 2003).

Hydrocarbon exploration is cyclic and this has been the case offshore Nova Scotia.

CanadaNova Sotia Offshore Petroleum BoarCNSOPB) conducted one notable
publicatonf or Nova Scotia Resources (Ventures) Lt d
Seismic Survey on Penobscot E. L. 2353 Offshor e
locatedin the southwest corner of the data set ((Fegl.2), neither of whichhave prodwced
hydrocarbons. The easternmost well, PenobseB0,Ldrilled in 1976 by ShePetroCanada
(CNSOPB, 2008)had a minor showing of hydrocarboi$ie westernmost well, PenobsccdB,
drilled a year later in 1977 by ShePetroCanadadid not show evidence of hydrocarbons

(CNSOPB, 2008)Although the Penobscot Area is not producing, the lithologies present in the



area ar@roducing in other pargsf the Scotian Basirthis study is the first detailed analysis using
seismic inversion within the Scotian Basin and by examining the Penobscot dataset, there will be

appliedknowledge of this method aris applicatiornto future studies.

The Canad@lova Scotia Offshore Petroleum Boaftths collaborad with numerous
companiesincluding, ShellPetroCanada, ExxonMobiHusky and Chevrorto examinethe
geologyof the Sable SuBasin and the &tian Shelincludingtheopen source Penobscot 3D and

2D seismic datas¢CNSOPB, 2008).



CHAPTER TWO -GEOLOGICAL BACKGROUND

2.1 Regional Geology:

The study area is located on the Scotian Shelf, in the Sd&disin in the Sable sub
basin, ad some of the Abenaki sdi@sin.The Scotian Basin was a result of North American
plate becoming separated from the African plate during the lugak Pangaea. The basin is
approximately 300,000 khin area (Hansen et al, 2004), made up of foursagins and three
plateaughat form ahigh to low topography from the southwest to the northeast: Shelswsne
basin, La Have Platform, Sable and Abersakrbasins, Banquereau Platform, Orpheus Graben

ard Laurentiarsub-basin Mukhopadhyayet al, 2003).The layout of sulbasins and platforms

within the Scotian Basin can be observetigare 2.1.

W =P i

(=
Figure .l' Locations of subbasins and platforms that comprise the Scotian Basin. Red box indicat
where the Penobscot area is located (Natural Resources Canada, 2010).



2.2 1 Pre and synrifting of the Scotian Basin:

The separation of the North America from therigdn continent began in the Middle
Triassic when the Nova Scotia region was located close to the equator. The initial rifting phase
createdmany interconnected rift basimath fluvial red bed sedimestinfilling the basins, along
with volcanic rocksassociated with the riftingThroughout the Middle Triassic to the Late
Triassic, plate tectonicghiftedNorth America and Africa northwards, positioning the Nova Scotia
region in a suiequatorial area that resultedan aridclimate. Rifting continuedhrougtout the
late Triassic whe topographic barrierwas breachedandmarine water fikd the basinswith
deposition ofthe Eurydice Formationomprisingsiliclasticand carbonate sediments (CNSOPB,
2007). The sulequatorial climatgoromoted evaporatioof marine wates and createl the Argo
Formation of salt and anhydrite layers upttao km thick (CNSOPB, 2007). Paleographic

reconstruction of the Scotian Basin during the Late TriassicMl@s represented biygure 22.

During the Late Triassic, the Fundy Basin located to the northwest of the Scotian

TRIASSIC - ABOUT 210 MILLION YEARS AGO
(Fundy Gp., Argo & Eurydic ms.)
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Figure 2.2 Paleographic reconstruction of the Scotian Basin during the Late
Triassic during the deposition of the Argo Formation and the Eurydice Formation
(Atlantic Geoscience Society, The Last Billion Years, 2001)



Basin, was in a rifting phase. The rift created two grabens along the Scotian Basin, Mohican and
Naskapi (Figure 2), allowing sediment from mainland Nova Scotia to accumulate (\Wadke,

199%). In the Early Jurassic/ Late Triassic, tectonism continued, culminating in the formation of
the BreakUp Unconformity, where North America and Africa separated completely, forming

the prote Atlantic Ocean (CNSOPB, 2007).

2.2.2 Post riftingof the Scotian Basin

After theBreakUp Unconformity, the basin was covered with a shallow sea allowing thin
carbonates and clastics to form the Iroquois Formation. This was folloyvddpositionof the
Mohican Formationwith thick beds of coarse, clés fluvial sediments (Wadand MacLean,
1990). The Abeski Formation(Figure 24), made up of thick carbonate beds located in the
souttwestern part of the basiwasdepositedn the Jurassicearly Cretaceous as a result of basin
subsidence due &preading of the sea fladiorming acarbonate platformalong the basin hinge
zone and continued into deeper water, where clastics and muds were defdstédenaki
Formation ismade up of three memberthe oldest being the Scatarie Member, the Mesain

Member and the Baccaro Memi{@\NSOPB, 2008).

The MicMac Formatior(Figure 24), which consists of flug-deltaic sandsinterbedded
with tongues of therodelta shales of the Verrill Canyon Formatieas deposited in the late
Jurassicand marks the inial phase of uplift and delta progradation (CNSOPB, 2008). A
paleographic reconstruction of the Scotian Basin during the Late Jurassic tim&)als®
represented bYigure 23. The deposition of fluvialeltaic sediments continued into the early
Cretaceas forming the Missisauga Formation (Jansa et1890). This formatioms one of the
main reservoirs in the area. Aftdepositionof the Missisaugd&ormation(Figure 24), deliaic
sedimentation came to a halt and Logan Canyon sand beds intexfinggbrthick shale packages
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depositedduringmarine transgression (WadadMacLean, 1990)resulting in source rocks and
seal Mukhopadhyayet al, 2003). Maringransgression continued landwadhiisa et al., 1990)
depositing thickeshale packagef®rming the Dawson CanyoRormation, which has not been

identified as a source rock, howeverms an appropriate seal.

LATE JURASSIC - ABOUT 150 MILLION YEARS AGO |

= E(')GVULLAA:S (MicMac; Abenaki, Verrill Canyon Fms.)
Il DELTA <
SHALLOW WATER
S8 LIMESTONE BANKS
DEEPER WATER
== RIVERS

&l
LAURENTIAN
DELTA

REEF TREND
SHELBURNE

DELTA Hiustration by John Wade

Figure 2.3: Paleographic reconstruction of the Scotian Basin during the Late Jurassic during the deposition
of the MicMac, Abenaki and Verrill Canyon Formations. (Atlantic Geoscience Society, The Last Billion
Years, 2001)

The chalks of the Wyandot Formation wenesult ofeustaticsea level rise in the
Scotian Basin as well as subsidenoeating additional accommodation spaldee Wyandot has
a high amount of bioturbation (Ings et al, 2005), which creates a good reservoir for hydrocarbons
in areas to the south&taof Sable Island (Ings et al, 2005). During @enozoig sea level fell,
resulting in the creation of major unconformities. The Banquereau Fornfaigure 24), which
overlies the Wyandot Formatipdepositedby asuite ofprogradational delta, andcoarsens
upwards from shale to samddconglomerates (Hansen et al., 2004). The thickness of the
Banquereau changes from verycthalong the basin margin to more than 4 km thick beneath the

11



continental slop&ith accommodation space forméde to salt whdrawal in thebasin(Natural

Resources Canada, 2010)
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Figure 2.4: Generalized stratigraphic column of the Scotian Basin (modified by Natural Resources of Canada
Wade and MacLean, 1990.
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CHAPTER THREE-METHODS
3.1 Data:

The data used in this researale an opersourced 3D seismic survey known as the
Penobscot dataset contributed by Nwowva Scotia Department of Energy and Canada Nova Scotia
Offshore Petroleum Boardwithin the survey area of 87 Knthe signal is strong until
approximately 3.0 seconds; 5 km depth. The survey includes 3D and 2D seismic data, however
only 3D seismic data was used for the purpose of this study. The datagatlaildes stacking

velocities, horizon data and well log data

3.2 Seismic acquisition:

To collect seismic da, an impulse sourcthis for marine data is typically an air gun that
releases highly compressed air, segdacoustic energy into the Earth (Mondol, 2010). The
acoustic energy propagates in different directions and gets reflected or refracted whehds r
boundaries between two geological layefrsariable densityMondol, 2010). Seismic receivers,
such asydrophones ardesigned to detect seismic energy in the form of pressure changes in the
water during marine acquisitioareplaced on the staceof the wateland measure the reflected
or refracted acoustic energy (Mondol, 2010). The hydrophones are combined toréanmess
that trail behind the seismic acquisition ves3gbically, the length of the steamer is abotf 4
km longwith approxmately 96 hydrophones along a 75 m long receiving secfioa receivers
convert the acoustic energy into an electrical signal that typically constssmic frequencies
in the range of 200 Hz (Mondol, 2010). A seismic tracerecorded that is derived from a
convolution (*) of the source signal and the reflectivity sequence of the Earth, plus noise. This is

represented by the equation 3.1:

Equation3.1Y wz'Y 0 & Qi Q
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In this equation, S represents the recorded seisneig Ras the reflectivityandW is the
wavelet (Mondol, 2010). The wavelet is a mathematical function that is used to divide a specific
function into different frequenciesallowing the operator tstudy each component with a
resolution that matches itgae (Mondol, 2010). Seismic data represents changasoustic
impedance (Al), which is the product d¢ n s i t y velogity (V)awitdin the subsurface

demonstrated in Equation 3.2
Equaton3.2 Al = 3} o0 V, in kg/ m”"3 0 m/s

whereas gemic reflectiongreflection coefficients, RGre caused by contrasts in the(A¢oustic

impedancepetween layersdemonstrated in Equation 3.3.

Equation 3.3'Y0O —— (Jasori aCGG Company, 2013).

Figure 31 demonstrates the coolational model, which ifilow the seismic is arrived at from the

reflection coefficients and the wavelet.

Al(t) RC(t) W(t) S(t)

Figure 3.1: Process of acquiring a seismic trace. The reflectivity coefficientge derived from the contrasts in
acoustic impedance, convoluted by an initial wavelédasona CGG Company2013.
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Accurate wavelet estimation is crucial to obtaatisfactory inversion results. The shape of the
wavelet will strongly alter the seismic inversion reswdtsd subsequent assessments of the

reservoir quality (Mondol, 2010).

A seismic trace is a time measurement that corresponds to one-sEm@icer @ir and an
offset represents the distance between the source and the receiver for a given trace (Mondol, 2010).
The traces from one source are simultaneously recorded at several receivers, the sources and the
receivers then are moved along the surveydimeé other recordings are made. The travel time it
takes for the seismic waves to travel from the source to a reflector (geological boundary) and then
back to the receiver is known as the iway travel time(Mondol, 2010). All of the traces that
correspondo the same source firing are defined as a gather, for the Penobscot survey the traces
were sorted by collecting the traces that have the same midpoint, which is a process called common
midpoint gatherThese common midpointeen arestacked vertically rd the number to which
they are stacked is known as a fold (Mondol, 20Th)s method reduces the sigitainoise ratio

to make the seismic trace easy to see. Fig@reePresents the common midpoint gather method.

Source 1 Source 2 Source 3 Midpoint Receiver 1Receiver 2 Receiver 3

Figure 3.2: Common midpoint gather method (modified from Burger et al., 2008.
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In marine acquisition, a 3D seismic survey vessel that tows up to 20 streamers at the same
time has multiple arrays of air guasdwill be more capable of producing more accurate images
of reflected waves becse it uses multiple points of observation (Mondol, 20llstratedby
figure 3.3. After seismic processing, the data can be represented as a 3D volume image of the

subsurface.

Figure 3.3: Towed streamer for 3D seismic acquisitioflON Geophysical,2010.

Once seismic data is acquired, seismic facies and structure of the subsurface were analyzed,

such as horizons and fayltsing different geological software.
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3.3 Petrel Software:

Petrel softwaréas several modules, including a moduolenterpretseisme data, allowing
interpretation of seismi@cies, structure, seismic sequence stratigraphy, and seismic attributes, all
used to help with the interpretation of a petroleum system. Inlines, crosslinediaes! for the
3D seismic dataset were prded and imported into Petrel and then interpreted. For the purpose
of this thesis, Petrel was used primarily to perform structural and stratigraphic interpretations, as
well as to create a tira®-depthrelation with the provided well log data and seisuahata. To
create horizon surfaces, the same reflection was mapped throughout the whole 3D package,
the softwareanalysis washen extrapolated between the 2D horizons to create a 3D surfase.
process was also done for creating fault surfaces. The two well logs were correlated with well top
markersto be able to correlate seismic horizons throughout the surveyaadgzetrophysical

facies were then interpreted.

3.4 Jason Software:

JasonSoftwareis a CGG Company The reservoir characterizatiopoftwareincreases
knowledgeof reservoirs through quantitative integration of seismic, well and horizon data into
predictive reservoir model3he software includes different solutions fmtroghysics and rock
physics, interpretation and analysis, model building, seismic inveasidgeostatistical inversion
(Jason a CGG Company, 2013)his thesis focuses on seismic inversigpecifically acoustic
impedance inversion (InverTrace Plus), whi@nsforms a single stack of seismic reflection data

to Pimpedance layer data.

The inversion type that was used during this study was the constrained sparse spike

inversion (CSSI), which is a method that integrates full stack seismic data, geological
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interpretation, and well log data to generate acoustic impedance that has a higher resotution tha

the input seismic data (Jas@CGG Company, 2013).

The benefit of using acoustic impedance is that inverted impedance gives a clearer image
of the actual substace geology and is areally extensive and compares directly to wells, as well
as assisting in interpreting horizons, faaltgl stratigraphic units. The seismic inversion process
also attenuates wavelet effects, reduceslsides and tuning effects, and gives the possibility of
extending beyond the seismic band. It forces well ties to be made and understood, and promotes

guanttative predictions of reservoir properties (Jas@aCGG Company, 2013).

Inverted acoustic impedance can be used as a lithology indicator to map lithology/flow
units accurately, serving as a porosity indicator as well as a hydrocarbon indicatoraltiocha
used as a tool for quantitative analysis. Seismic inversion is basically the reverse of seismic
acquisition. Seismic acquisition (as discussed in 3.2) is the convolutionk=rtheby the wavelet,
which gives seismic amplitudes. Seismic invarggthe deconvolution of the seismic amplitudes
by the wavelet, which gives acoustic impedance. Acoustic impedance shows a clearer image of
actual earth proprietiegspelling) than seismic because it is related to geological layers, not

interfaces (Jason A CGG Company, 2013). This processapresenteéigure3.4.
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SEISMIC ACQUISITION
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Figure 3.4: Brief schematicexplanation of the process to obtain inverted acoustic impedan¢modified from
Jason a CGG Company, 2013.

3.5 InverTrace Plus Workflow:

Seismic data

J’e:
e AN
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Wavelet estimation

v

Inversion
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i

31 -
> {4
S AR S Well/Seigmic Tie Low Frequency

Well data Modeling

Horizons

Figure 3.5: InverTrace Plus workflow.

Several steps need to be performed in order to obtain the best possible inversion result,
using seismic, well and horizon datehis order of steps is demonstratedfigure 3.5.From

imported seismic and horizon data, a grid is created and coordinates and survey definitions are
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stored within the gridThe seismic property, 2D or 3D, is imported as trace data and all well
information is imported ito one file, including the logs, tops, tracks and the ttordepth

relationship (as a time logyasori aCGG Company, 2013).

The next step is to test the data, known &esaaibility study. By looking at the well data,
the frequency range required foetbbjective and whether acoustic impedance inversion is the
right choice can be determined. To do this, a epbstof logs is created to see if arRpedance
cutoff will identify reservoir zones in the log plots. It is then important to eptsilteredlogs
to see if a Ampedance cutoff will still identify reservoir zones on the log plots at seismic

resolution(Jasori aCGG Company, 2013).

Once the zones of interest are determined, atitraepth relationship can be created using

seismic and weltlata. The method used to create a timdepth relationship for the Penobscot

dataset is known as Sonic (Backus Averaged). Sonic (Backus Averaged) uses analytical equations

to estimate elastic properties of well logs that are used in seismic datasaftélysar, 2013) The

sonic is backus averaged, signifying that a random time and depth from the seismic has been

chosen to create an initial tie and then integrated away from the datum point by entering a new,

known time andlepth(Jasori aCGG Company, 21B).

After the wells are tied to the seismic, a wavelet for each well can be estimated to create a

synthetic log at every trace of the seisriitavelet estimation is done at the well location, where

impedance, thus the reflection coefficients, and thenseirecord are all known. The inversion is

then the process of estimating reflection coefficients at each trace, far from the wells, using the

seismic and the estimated wavelBhe wells are usefbr wavelet estimatiofbecause both the
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geophysical and pephysical datas knownat alocation thathas already beerorrelatedJason

T aCGG Company, 2013).

The next step is to create mosl¢hatcontain geological informatiothat is used in the
inversion.The first modeheeds to bereated from the: Model Builder, which builds its models
with the use ofhe seismidata. Essentially it makes synthetic logs at every trace location using
the input well logs. The model is also made up of stacked layers that form a cube defined by the
seismic laterally and a chosen time/depth gate vertically, typically enclosing the zones of interest.
The layers are formed by the input horizons. Layers can be associated across faults so that the
wells will interpolate through the layer. The resultlofée Mo d e | B¥lidiMddel 6 s a
parametric model containing all the information needed to create an actual volume from the Model
Generator. It is a basic model for the geological struc{Uesori A CGG Company, 2013Y.he
next model to be creatas the low frequency model created from the Model Generator, which
uses the Solid Model to create values for every sample in a volume over the selected vertical gate.
It can generate a volume from any logs or other 1D function. It creates the low frequedel,
which fills in the frequency fAgapd between th
gap between the wells and the seismic depends on whether the dataset is offshore data or onshore
data. Offshore data have a gap of 6Hz while onshatieelthve a gap of 10Hz, this is because there
is more noiseyeneratedirom onshoredatadueto more interferences from subsurface features,
such as overburdem simple terms, the low frequency model accounts for the frequency data that

was lost duringaismic acquisitiorfJasori aCGG Company, 2013).

After all the steps are performed, the inversion can be run. With good inversion results, the

speed and quality of interpretation can be improved, as well as potentially double interpretable

21



resolution, corpared to seismic. The method also reduces drilling risks and gives accurate

positioning and realistic reserve estimgtissori A CGG Company, 2013).

3.6 Core Description:
The Canada Nova Scotia Petroleum Board in Dartmouth, Nova $coti@edaccess to
six cored intervals from two separate wells. Well Penobse2@ tomprise two cored intervals
making up approximately 17 m of corEable 3.1 represents the depth intervals from which the
cores were takerBoth consist of carbonates from the Abenaki Formation, the firstisdrem
the Baccaro Member and the second from the Scatarie Member. The core locations are shown in
figure 3.6. Both coreare described inChapter 4.Dunhams Classificatio(1962), revsed by
Embry and Klovan (1971), and then again by Wright (1992) weretas#idtinguish the name of

the carbonatéthofacies of Penobscot-BO.

The second well, Penobscot4B, is represented by four cored intervals making up
approximately 42 m total. IAfour cores represent the Middle Missisauga Formation from the

Early Cretaceous. Table2Z¥epresents the depth intervals from which the cores were taken,

Table 32: Penobscot [-30 cored intervals:

Core Number: Depth Interval:
Core #1 3,424.8mi 3,432.6m
Core #2 4,050.3mi 4,059.6m
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Figure 3.6: Lithological log for well Penobscot 30. Red box represents zoomed in area, whereas the red
solid rectangle represents where the core was tak from (modifed from Wade and MacLean, 1993.
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Figure 3.7: Lithological log for well Penobscot B41. Red box represents zoomed in area, whereas the red
solid rectangle represents where the core was taken frofmodified from Wade and MacLean, 1993
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Table 32: PenobscotB-41 cored intervals:

Core Number: Depth Interval:

Core #1 2,500.0 m2,517.4 m
Core #2 2,643.3m 2,657.6 m
Core #3 2,661.6 m 2,669.8 m
Core #4 2,699.7m 2,702.7 m

In core four, there are intervatsssing and broken. Description of the core i€lvapter 4. Figure

3.7 also represents where amongst the well all four cores were taken from.

3.7 Wireline log analysis:

The information presented in section 3.7 is from Bjorlykke, 20%6ll logs record e
physical properties of the rocks that are penetrated by a well. Shell Canada Resourcesthemited
operator drilled the two wells for the Penobscot area as wildcat wells. A borehole is logged by
lowering a probe with different instrumentown the boreholéo measure different properties
The wireline logs that were given include depth, calgemsity and calipesonic, delta rho, sonic,
gamma raydensity and gamma ragonic, deep induction standard processed and medium
induction standargrocessedboth of which are resistivity logsneutron porosity for a limestone
matrix and neutron porosity for a sandstone matrix, bulk density and spontaneous potential. The
logs that were studiegteresonic, gamma raglensity and sonic, resistivity, mon porosity for

limestone and sandstone matrix, density and spontaneous potential.
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A sonic log measures how fast sound travels through rocks and provide valuable
information about the porosity and whether a liquid or a gas is présgoes this bysending out
acoustic pulses that travel through the surrounding rock and the velocity of the sound of the rock

gets recorded

Gamma ray logs measure the natural radioactivity within the rock surrounding the well.
The elements of interest that produce gammadiation in typical sedimentary rocks include
potassium, thorium and uraniu@enerally, shale contains most of these elemamisherefore
the gamma ray reading of shale is typically larger than that of sandstone. Gamma @nlogs
provide anindicaton of potential source rock intervals by examining deeay chain of the three
elements: potassium, thorium and uranium, and the log response in which they form. Since these
elements are found in shales, the higher log responses on a gamma ray logotenticlly

represent source rock intervals.

Resistivity logs measure the resistance betwiegnand four dectrodes, which are in
contact with the rocks surrounding the wbleasured resistivity is a function of water saturation,
the percentage of thporosity that is filled with watelif oil or gas is present in the rock, resistivity
will be higher than if just water is present. Although, to be suleifluidis hydrocarbons the use

of other well logssuch as gamma raig, necessary.

Neutron poosity is measured by the release of neutrons from a probe that gets lowered
down the borehole at high velocitibsorption of neutron radiation is a function of hydrogen
concentrationandthe water present in the rock due to the collisions with atomileinaicsorbs
neutron raysThe collision frequency of the neutrons is recorded by measuring the secordary X

ray radiation that is created when neutron radiation gets absdibetion logs can demonstrate
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the water content of a rock, therefore determinhegroclds porosity. It is useful to determine the
porosity of shales and distinguish whether it is oil or gas that is present since gas has fewer
hydrogen atomd\eutron porosity for limestone gisa more reliable reading since there are not

many hydrogen atoms present in carbonate rocks

Density logs measure the density of the rocks and their pore fluid by measuring the
electrodensity of a rockA strong radioactive source emits highergy gammaays down the
borehole, and with every collision with an electron the gamma rays loses energy and some
eventually get absorbed when their energy gets too low (Watson, 2013). The gamma rays that get
returned back to the detectors are measured and thetifaméaalensity is determined. Formations
with a high gamma ray count have lower densities then those with a low gamma ray count (Watson,

2013).

Spontaneous potential logs measure the currents that are generated naturally in the rocks
by the difference irnthe compositions of the pore fluidk is a continuous recording of the
difference in potential between a moving electrode in the borehole and a fixed potential surface
electrode (Watson, 2013). It determines the boundaries between different bedsasshekihg
to correlate between wells (Watson, 2013). It also helps to determine the water resistivity of a

formation and gives an indication of where shale is located (Watson, 2013).
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CHAPTER FOUR'T LITHOFACIES DESCRIPTION AND DEPOSTIONAL
SETTING

4.1 Core Descriptions of Penobscot-30:

Core 1 from Penobscot-BO consists of 8.4 m of core from the Baccaro Member, the
uppermost member of the Abenaki ForraatiThe core consists of a packstone with clay seams
facies. The lithofacies is describeddatail in section 4.1.1. Table 4.1.describes core 1 in detalil
and what exactly can be seen throughout the entire lithofacies as well as the associated mineral
assemblages and structures found within the core.

Core 2 from Penobscot-B0O consists of 9.3 nof core from the Scatarie Member, the
middle member of the Abenaki Formation. The core consists of two lithofacies, lithofacies B,
which is a grainstone and lithofacies C describedhadeto marl, with the contact boundary
between the two at approximbtel054.4m depth. Table 4.2 depicts the summary of core 2 and
the defining mineral assemblage as well as distinct structures. The two lithofacies found in core 2

are described in detail in section 4.1.3 andl.4.

4.1.1 Lithofacies A: Packstone with clageams:

This lithofacies (Figure 4.1) is characterized by medium gaskstone, defined bypeing grain
supported with the interstices containing mud as defined by Dunham (I%962)ithofacies can be seen
within an approximate 8.5 m interval fro8423.21 m depth to 3431.74m. It is fossil rich, comsisbf
branching tubular coral and bivalve fragments and otheclastic material ina mixed finegrained
groundmasswith occasional spa(Dunham, 1962). It hapelletal material and dark gréyfack aids
throughout the lithofacies.r@anicrich materialis observed withirtlay seams throughout the upper part
of this lithofaciesinterval There are large calcHéled vugs present throughout the lithofacies as well as

crystalline calcitenodules Theargillaceous seams present throughout do not react with HCL, suggesting a
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lower amount of carbonate materi@he porosity of this lithofacies is hard to see, suggesting that there is

little porosity throughout this lime grainstone. There is also no itiditaf hydrocarbons.

Figure 4.1: Lithofacies A Packstone lower part of core 1 from Penobscot B41, darker interval near the end
of core represents the argillaceous rich interval.

4.1.2 Depositional environment of core 1 from PenobscotR0.

Stratain Core 1 from the Baccaro Member of the Abenaki Formation were deposited during the
Late Jurassic on a carbonate shelf (Kidston et al., 2005)pidsence of lime musluggestdow energy
depositional conditiond.ithofacies A was deposited on the relatjivshallow part of the carbonate shelf,
most likelyin the restricted interior platform area, where restricted circulafenrgsdepositon of lime

mud, andvherebioclastic materiais often foundFligel 2010.

4.1.3 Lithofacies B:WackestonePackstone:

This lithofacies (Figure 4.2) is characterized adask grey, wackestorgackstone based on
Dunhamés c¢ | as dueftabeirgtmatrix rsupgortet, 6iuh) less than 10% grains, although
containingapproximately 20% of bioclastmaterialIntraclastsare observed throughout the lithofacies in

a fine-grainedmatrix. Clay is present throughout the lithofacies and an abundance of Mugsn3n
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diameter, some calcifilled. Fractures and veins are abundant with no preferred atient Stylolites are
alsoobservedhroughout the lithofacies, in no preferred orientation. Bioclastic material is rare to common

within the lithofacies. The entinsackestongackstoneeacts to HCL.

Core _L"%Q Core# _ 3  Box# =&

Bottom of Inferval: 13,294.¢ @4

7 8

6
4 e AT 3R 19 2003

Figure 4.2: Lithofacies B: Wackestonepackstonewith intraclasts in a microcrystalline matrix.
4.1.4 Lithofacies C: Calcareous shale to marl:
Lithofacies C (Figure 4.3) changes quite drastically from lithofacid$B lithofacies is dark grey
in color ands characterized by containing a matrix mageofcarbonate material with calcite noduless
than or equal to 0.64 cim diameter Stylolites are also common throughout the lithofacies, in no preferred
orientation.There are ccasional pyrite massdsund throughout, evident from rusty aredse entire

lithofacies reacts to HCL.

Core _\,~30 Core# 74 Box # \3,/4

Bottom of Interval: 13, R5.56+

7% 8 9 10
‘T 719 20 1: 22 23 24 25 2
pifig]

el el bt

3

Figure 4.3: Lithofacies C: Calcareous shale to marl.
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4.1.5 Depositional environment of core 2 from PenobscotR0:

The basal Scatarie Member of the Abenaki Formation, deposited durimjcderassicis al® a
part of the carbonate shelf (Kidston et al., 2005). The intraclasts and variable grain size throughout
lithofacies B, as well as being fossiliferous suggest that this lithofacies was deposited on the slope of the
carbonate shelf. This depositional environmenhtiveuld have altered to the deep shelf (Flugel, 2010),
depositing the shale to marl lithofacie C, demonstrating a more(balow storm wave bapédepositional

environment than that of B.
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Table 4.1: Detailed log description specifically for lithofacieg\: Packstone

Well: Fenobscot L-30, Core 1

Sheet: 1 0f 1

 Denih doph

Ldipecal gsseblage: |

3423.8Bm-3423.5m

Calcite, clay-argillite
[20-25%), lime mud.

04 RTINS { = 8 SaZDED,
Fossils, (ubular caral), | Medium gray, BC s
BLC < lcm o8 hite.

3423.9m- 3424.5m

Calcite, clay-argillite
[20%), 30 om sectaon of
sparite filled woids/
Crachks.

BL=0.6-1.3cm

3424.5m- 325.3m

Calcite, clay argillite
(15%). lime mud.

Crystalline calcite,
sparite filled wugs.
Bl=< lom

34.25.3m- 32&.0m

Calcite, clay-argillite
[10-15%), lime mud.

BC [<1locm)] crystalline
calcite concretion
jZcrm) Minor sparite

F42E.0m- 3425 Fm

Calcite, clay-argillite
(5%}

very fine grained mud

Large calcive filled wug
{Zcm) BC [mibnar
armounts). Minor

Wery fine grained mud

sparite,.
F428.7m- 3927 .4m Calcite BLC =< 0.3crm, Minor wvery fine grained mud
sparite, .
2427 4m- 3928 Im Calcite, clay argillite rAinor amounts of BC Wery fine grained mud
[ 1], =« 0.3cm
3428 2m- 3428 Sm Calcite. Calcite filled weins. Gray, Very fine grained

BAinor sparnte, (grey-
lack with ooids).

mud

3428.9m- 3923.6m

Calcite, clay argillive
[=23]

mtimor sparite, . pelletal
material last 14cm.
Less BC.

Tan gray, Very fine
grained mud

3425, 6m- 34302 m

Calcite.

rAinor sparite,
=<1 .3crn, minimal BC.

Wery fine grained mud

3430, 2m- 3431.0m

Calcite, clay-argillite
[ ==53%), sparite.

3431.0m- 3431.7m

Calcite, clay argilliva

mtinirmal BC <0, 15cm,
small calcite viens.

Wery fine grained mud

rlimor sparite, calcite

[=<8%)

filled vugs.

BC=Rioclastic material

wvery fine grained mud
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Table 4.2: Detailed description of lithofacies B and C denoted by the corresponding B and C on the table.

Well: Penobscot L-30, Core 2 Sheet: 1 of 1
Cepth (m: Mineral Assemblage: Structures: Motes:
B 4049.3m-4050.0m Calcite (lime mud) Abundance of calcite Medium,/dark gray,
filled yugs. minimal BC.
4050.0m- 4050.7m Calcite (lime mud, Calcite filled wugs. Microcrystalline,
sparite) Stylolites, minimal BC.
4050.7m- 4052.5m Calcite (lime mud, Same as above. Same as above,
sparite)
B 4052.9m- 4053.6m Calcite (lime mud, Less amounts of calcite | Microcrystalline. Small
—_= sparite) filled vuges. Stylolites. | amounts of BC.
4053.6m- 4054.4m Calcite (lime mud, Minimal amounts of Fiming downwards. Dark
sparite) stylolites, Calcite filled gray. Microcrystalline,
vugs and veins very
common. Fine grained
siltstone clasts
(rounded) in last 13cm
T of core.
4054.4m — 4055.1m Calcite, organic material | Very fine grained and Dark gray to black.
calcareous 0.6 cm Shale to siltstone.
round clasts (small
amount).
C — 4055.1m- 4057.3m Calcite, very calcareous | Fine grained clasts Shale, dark gray,
# ¢ ¥
stylolites. =<lcm of siltstone. microcrystalline.
Rounded.
4057.3m- 4058.6m Calcite, calcareous Dark gray to black.
— stylolites, silt, pyrite. Mircocrystalline, fissile.

BC= Bioclastic material

4.2 Core Description of Penobscot #1:

The four cores from PenobscotdB are from the lower Missisauga Formation depositaihg
the Early Cretaceous. In total, PenobsceatiBrecovered 42.9m of core, of which six distinct lithofacies
were interpreted, some repeating throughout the cored intervals. The stratigraphic log containing all four
cored intervals can be observed igufe 4.4A to C, which showshe location of these lithofacies as well
as their relative grain size, lithology and laminae geomatg if any bioturbation exist$his stratigraphic

log will be mentioned throughout this section to put into prospective where the lithofacies are located and
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if they reoccurThe lithofacies for Penobscot&L will be termed Lithofacies one througix with their

appropiate name.

Well: Penobscot B-41 Page 10f3
2] peptH | GRAIN SIZE % |sioturs!
&z _LJE[e]el L elelelz] 2 INDEx | LITHO
Sl SfEElelelelaleleh el 2 [ e
 18m—]
i 3 Legend:
i = 4 ; ;
; [ 47m @ Wavy parallel laminations
sl -
oL =] @ Stylolite
—16m—
= = I %' Planar parallel laminations
- =5 2
15m

Figure 4.4 A: Stratigraphic column of Penobscot B41, page 1 of 3Lithofacies 2 represented by the color blue
and lithofacies 4 represented by the color grey.
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Well: Penobscot B-41 Page 2 of 3

S [ DEPTH [ LITHOLOGY GRAIN SIZE w & [BIOTURB
3 212[Z[SI8]2 0|5 |5 ] |« [5]5]51E §§ R rTcTsos
S Ol=(B13122[2 221222 5)8] S& |12 3 4
2
A
5
R T e — —~
o ]
Of- -
Ot~ 0m— R 6
9] et
—8m—] e
—7m—_ = 1
—6m—_ R
L ] 5
- 4m—]
L 3m—]
L 3
i [
-
— Om—;
—13m—]|
—12m— =
N - 4
ol -
CB) u 11m—— Legend:
= n @ Wavy parallel laminations
Py — ‘E Stylolite
I~ 9 — @ Planar parallel laminations
- 9m -

Figure 4.4 B: Stratigraphic column of Penobscot BA1, page 2 of 3. Lithofacies 1 represented by yellow,
lithofacies 2 represented by blue and lithofacies 4 represented by grey, Lithofacies 5 represented by green and
lithofacies 6 represented by red.
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Well: Penobscot B-41 Page 3 of 3

=] DEPTH I LITHOLOGY GRAIN SIZE w & |BIOTURS, itio
g 212121212122 (3 5] ]« |$15]5|= §§ INOEX | cacies
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B ] v
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- .
— 1m—] 4
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1] =1
- i = 1
- om—
— 3m— » \—
- ] =
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Figure 4.4 C: Stratigraphic column of Penobscot B41, page 3 of 3. Lithofacies 1 represented by yellow,
lithofacies 2 represented by blue and lithofacies 4 represented by grey.



4.2.1 Lithofacie 1: Medium grained beige sandstone:

Lithofacie 1 (Figure 4.5 A, Brad C) comprises wavy parallel and planar parallel silt
laminations within a medium grained consolidated sandstone. There are thin conglomerate
intervals with coarse grained quartz and feldspar clastsosutaled and well sorted. Lithofacies
1 can be obseed twice throughout the core intervals @nBbscot B41, demonstrated ingure
4.4 A to C. It occurs from 2702.1m depth to 2668.5m depth and again at 2511.9m to 2508.2m

depth. When lithofacie 1 occurs at the shallower depth, the bottom is mixed wilhyeds well

as contains red clay clasts up to 3cm in diametthofaciesl is repesented by yellow ifigure

Figure 4 5: Lithofacies 1: Medium grained beige sandstone. A: Broken up section demonstrating lithology. B: Planar
parallel silt laminations present throughout lithofacies. C: Conglomeratic interval with quartz and feldspar clasts.

4.2.2 Lithofacies 2: Fossiliferous calcareous cemented sandstone:

Lithofacies 2 (Figure 4.6 A and B) occurs throughout three intervals of the Penob&taoie,
the deepest depth at 2668.5m to 2664.3m, the second interval 2653.9m to 2653.0m depth, and the last
occurrence at 2503.3m to 2501.5m depth. The lithofacesniposed of fine grained sand, fining

upwards throughout the lithofacies, with abundant shell fragments. There is also an abundance of crinoid
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fossils with occasional ooids throughout. Argillaceous material occurs throughout the lithofacies in layer
intervals up to 0.5cm thick, with increasing amounts towards the top of the lithofacies. There is a strong
reaction for HCL throughout the entire lithofacies, indicatagbonate material. Examination wih

optical microscope concluded that the calcareousnmahtvas acting asement binding the quartz grains
together. There is minor bioturbation throughout and contains the early onset of stylolites. There are also
pyrite grains randomly dispersed throughout the lithofacies. In the second and third oesunfahis
lithofacies, there are more shell fragmentd the sandstone is redder in color indicating ioaidation

taking placelithofacies 2 is represented by the color blue in figurefdtd C.

2/
{
}
?
i
i
¥

Figure 4 6: Lithofacies 2: Fossiliferous calcareous cementediadstone. A: First occurance of lithofacies

demonstrating grey color, shell fragmentsabundance of crinoid fossilsB: Representative of the second and thir
occurance, demonstrating red color and crinoid fossils.
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4.2.3 Lithofacies 3: Calcareous cemented sandstone with black organic material:
Lithofacies 3 (Figure 4.7) occurs in three different intervals throughout the Penobscot B
41 core, the deepest occurrence at 2664.3m to 2661.5m depth. Lithofacies 3 occurred again at
2653.0mto 8648.7m depth. The final occurrence was at 2516.7m to 2512.8m depth. Lithofacies 3
is very similar to lithofacies 1, however ibrtains an abundance of organich intervals and
fragments throughout the entire lithofacies. This lithofacies is chamstteas being beige in color,
with quartz clasts cemented with calcite.It has polymictric conglomerate intervals up to 10cm thick
containing rounded to suwiopunded, well sorted clasts smaller than or equal to 1cm. The lithofacies
is medium grained and ctans red clay clasts up to 1cm. There are stylolites present throughout
the calcareous cemented sandstone composed of argillaceous material. In the second occurrence
of this lithofacies, more bioturbation, with an index of 2 is present and there ame glgsts

randomly dispersed throughoutthofacies 3 is represented by the color orange in figuré& 4ot

Figure 4.7: Lithofacies 3: Calcareous cemented sandstone. Figure is representative of the overall lithofacies
containing thick conglomeritic intervals.
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4.2.4 Lithofacies 4: Grey fissile shale:

Lithofacies 4 (Figure 4.8 A and B) occurred throughout thaékerent intervals, the
deepest occurrence at 2656.3m to 2653.0m depth. The second appearance is at 2648.7m to
2643.2m depth, the third at 2501.5m to 2500.0m depth. Lithofacies 4 comprises very fine grained,
dark grey fissile shale with shell fragment&&ods the top of the lithofacies. There are also crinoid
fossils towards the bottom of the lithofacies in the first occurrence, demonstrating mixing with
lithofacies 3. The lithofacies does not react to HCL, indicating no calcareous material present.
Thereis minor bioturbation throughout and contains random sand lenses. There are also pyrite

clags dispersed throughout lithafas. There are also occasional wavy parallel silt laminations.

Lithofacies 4 is represented by the color grey in figudeAto C.

Figure 4. 8: Lithofacies 4: Grey fissile shale. A and B representative of how lithofacies 4 appears at all occurrence
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4.2.5 Lithofacies 5: Silty sandstone:

Lithofacies 5 (Figure 4.9) appears twice throughout the PenobstbtBres. The deepest
occurrence at 2512.8m to 2511.9m depth and the second occurrence at 2505.5m to 2503.3m depth.
Lithofacies 5 is characterized as a heavily bioturbated fine grainedtsae, grey in color and
contains abundant crinoid and shell fossils. The silt component of the lithofacies is very fine
grained and black in color. There are red clay layer intervals throughout the lithofacies up to 5cm

thick. Stylolites are present thughout the lithofacies as wellithofacies 5 is presented by the

color green in figure 4.4 Ato C.

Figure 4.9: Lithofacies 5: Silty sandstone. Figure demonstrates high amounts of bioturbation and presence of
stylolites and shell fragments.
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4.2.6 Lithofacies 6: Lenticular red shale:

Lithofacies 6 (Figure 40) occurs once throughout all four core of PenobsediBThis
depth interval is 2508.2m to 2505.5m. It comprises lenticular laminations of lithofacies 1 in very
fine grained red shale. There arerfqyrite clasts up to 5 cm in diameter. There are also clay
intevals throughout the lithofacies. The sand component of this lithofacies also occurs as wavy
parallel laminations as well as wavy nparallel. There are pyritized intervals, which can be seen

as the rust color in Figurel. Lithofacies 6 is represented by the color red in figure 4.4 A to C.

Figure 4.10: Lithofacies 6: Lenticular red shale. White material is lithofacies 1 being mixed with lithofacies 6
and occurring as lenses throughout théithofacies. Rust color indicates pyrite clasts.

4.2.7 Depositional Environment of Penobscot Bl1:
All lithofacies described in the cores from Penobscet1Brepresent the Middle Missisauga

Formation depositeduring Early Cretaceous (Kidston et al., 20@8sed on the above descriptions, the
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depositional environment changed frequently from nearshore to offshore, and four digtiest of
transgressiornndicating sea level would rise, and then fall over short periods of time can be distinguished.
The first cycle represented by lithofacies 1 comprising medium grained sandstone to lithofacies 4 a very
fine grained shale. The second cycle is represented by lithofacies 2, a fossiliferous calcareous cemented
sandstone to lithofacies 4, demonstrating anottagsgressive system. The third cycle is represented by
lithofacies 3, a calcareous cemented sandstone to lithofacies 6, a lenticularaled Télis cycle
demonstrates an oxidiziggsystem, since the shale of lithofacies 6 is red in color. The final t/cle
represented by lithofacies 5 to lithofacies 4, with liwies 2 in between, containirdgjoturbation and
abundant shell fossilsThis change in sea level possibly represents a prograding-fieitaic succession
composed of siliclastic material. Alf the shell fragments, bioclastic material and ooids represenii@vsha

marine environment.
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CHAPTER FIVE T SEISMIC AND WELL DATA

5.1 Geology observed within the Penobscot dataset:

The geological formations that can be identified withinRkeaobscot survey area can be identified
in Figure 5.1. These include: the Abenaki FormatindLower Missisauga Formation separated from the
Upper Missisauga Formation by the limeston&l@rker, Logan Canyon, Dawson CanydVyandot and

the Banquereaformatiors.

Figure 5.1: Xline1255 demonstrating the wratigraphic facies within the Penobscot Area that can be identified
in the 3D seismic data.

The Abenaki Formation is Jurassic in age, the Missisauga, Logan Canyon, Dawson Canyon, and
Wyandot formations are all of Cretaceous age. The Banquereau Formatiopni®st Cretaceous to

Cenozoic inage(Figure 2.4)YIngs et al, 2005).
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5.2 Methods of interpretation:

The primary methods of geological investigation for this study were the interpretateisimic
reflections with the use of the 241 seismic lines collected to create a 3D seismic dataset. The methods of
interpretation includéetrel software that was used to interpret seismic facies, structure and stratigraphy.
Jason software was used tarfpem an attribute analysis on the seismic, which was correlated to the

interpreted results dfetrel.

Petrel, Jason and Techlog were also used to analyze the well logs and create petrophysical facies,

that were compared to the lithologies previouslgripteted.

5.3 Seismic stratigraphy:

Seismic stratigraphy is an interpretation technique that uses knowledge of seismic reflections and
general stratigraphic concepts to infer the depositional sequence (Vail etd).,38smic reflections are
generatedt changes in acoustic impedance (previously described in chapter 3), impedance being defined
by the changes in the bulk rock properties of the velocity and density of the subsurface. Seismic reflection
data consist of different attributes including timepditude, phase, frequency and coherency, which when

used in combination form the basis of seismic interpretation (Stoker et al., 1997).

5.3.1 Seismic facies:

The stratigraphy interpreted for the Penobscot dataset has been described for each forgedtion ba
on the internal seismic characteristics and the strong seismic reflectors separating specific boundaries. The
analysis of seismic facies is the process that involves the interpretation of geometry, amplitude, frequency,
velocity and continuity (Sangreand Widmier, 1979). The reflection geometries are divided into distinct
packages of reflections, described as parallel (concordantpasalblel (discordant), divergent, clinoform
(sigmoidal, oblique, or shingled), reflection free, wavy, chaotic, humgnockontorted (Mitchum et al.,
1977). Within the Penobscot 3D survey, four different seismic facies were identified. These can be observed

in figure 5.2 labeled A, B, C, and D.
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Facies A: Parallel FaciesB: Paralle) FaciesC: Chaotic FaciesD: Sub

concordant, high high amplitude discontinuous, parallel, continuous

amplitude reflectors. amplitude high amplitude

reflectors. incoherent reflectors.
reflectors.

..[Figure 5.2: Characteristics for seismic facies A, B, C and D.

5.3.2Seismic Horizons and Reflectors:

Six key seismic reflection horizons were chosen throughout the Penobscot area based on their
continuity across the area. The six horizons identified have been used to separate 7 units identified within
the study area and weenamed baseoh knowledge of the stratigraphy in the area, as well as the known
location of the formation tops within Penobsce8@ and Penobscot-Bl. Figures 5.3 and 5.4 are two
seismic lines (Inline 1254 and Xline 1255 respectively) from the Penti®Bcsurvey identifyinghe tops

of all 6 horizons.
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'Banquereau

lLogan Canyon

Mid-Baccaro

Figure 5.3: Inline 1254 demonstrating the seismic characteristics for the interpreted formations based off of
the chosen formation tops (colorful horizontal lines)Penobscot =30 is the black vertical line furthest to the
right, whereas Penobscot Bl1 is the black vertical line furthest to the left.
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Figure 5.4: Xline 1255 demonstrating seismic characteristic for each interpreted formations based off of the
chosenformation tops (colored horizontal lines) and location of one of the major normal listric faults.

48



Abenaki Formation: Mid-Baccaro Member (Late Jurassic):

Thetop of theMid-Baccaro member of the Abenaki Formation is identified as a strong continuous
reflector across the whole area, at approximately 2.55 seconds. The strong reflector at the top of the member
can be correlated from the Penobsc&@®O well (Figure5.3). The reflectors below the top of MBhccaro
are primarily facies A and B, although they also chaotic reflectors, facies C, further down the unit,
potentially due to decrease of frequency within the seismic section. On the inlines the reflector is relatively
straight over the entirarea;however in the xline, the member topoifset as a result aine of the two
major normal listric faults in the area (kig 5.4). The top of the MiBaccaro Member can be seen in
figure 5.5The color represents elevation time, demonstrating that there is a low area is tmoribitiest
corng gradually getting higher moving to the south. The large dark maroon angular areas in the middle of
the figure are the two large normal listric faults that are creating a minor offset that can be seen when closely

examining the color change on either sadi¢he faults.

Elevation time [m=]

Figure 5.5: Top of the Mid-Baccaro Member, faults represented bywo dark maroon areas Color axis
represents elevation in time. Red arrow represents north.

Missisauga Formation (Late Jurassic z Early Cretaceous):
The Lower Missisaug&ormation, overlying the MidBaccarg is the deepest formation that both

Penobscot 130 and Penobscot-B1 penetrate, alloivg accurate correlation across the section. The
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formation is characterized by facies B and D that become discontinuous in aegtesnThe main reflector
interpreted across the entire section represents
sandy | imestone beds (Wade and MaclLean, 1990) in
Marker is an excellentergi on al seismic marker horizon. Bel ow T
Missisauga Formation that is characterized by more continuous parallel reflectors. The Missisauga
Formation is crossut by both of the main normal listric faults in the xling(Fe5.3 and Figre5.4). The

top of The #A0O0 Mar keThe sarmenchabaeteristies eam bei obseryed ig figuree5.6%as 6 .
what was observed in figure 5.5. There is a low is the matthwest area, gradually increasing in elevation

movingto the south and being offset by the two large faults in the middle of the figure.

Elevation time [ms]

-1925.00

-1950.00

SRR 0 A
Figure 5.6: Top of the "O" Marker. Color axis represents elevation in time. Red arrow represents north.

Logan Canyon Formation (Earlyi Late Cretaceous):

The seismicesponse for the Logan Canyon Formation, made up of interbedded coarse clastics and
shales, is characterized by facies B and D that become weaker seawaitbfrgjstde of Figres 5.3 and

5.4) The strong reflector that marks the top of the Logan Canyiaiacterized by the contrast in velocity
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of the shales of the Dawson Canyon Formation above, to the sands of the Logan Canyon Formation. The
Logan Canyon Formation is offset by both normal listric faults through the section that can be identified in
thexlines. Top of the Logan Canyon can be sedigire 5.7and it can be observed that there is beginning

to be more of a contrast in elevation is specific areas compared to figure 5.5 and 5.6. Fhertiosbst

corner is not quite as shallow, it is still gradually increasing in elevation, however the d¢fgdtsettwo

faults create appear to be largemonstrated by the elevation being approximately 2050ms on the northern

side of the faults, jumping to 2200ms on the southern side of the faults.

Elevation time [m=s]

-2075 .00

-2100.00

.oo

-2150.00

-Z175.00

/

Figure 5.7: Top of Logan Canyon Formation. Color axis repreents elevation in time. Red arrow represents
north.

Dawson Canyon Formation (Late Cretaceous):

The top of the Dawson Canyon Formation is a strong clean reflection that can be correlated across
the entire area. It is characterized by facies B made dpey marine shales and limestone (Fég.3).
Dawson Canyon Formation is offset as result of both normal listric f&ifisre 5.4) through the section.
Top of the Dawson Canyon Formation can be seéigime 5.8.The elevation change is still quite ditia
for the eastern most normal fault, although the western most faults offset is decreasing. There also appears

to be a low elevation area beginning to emerge in the western corner, represented by the color red.

51



Elevation time [m=s]

-1925.00

-1950.00

Figure 5.8: Top of Dawson CanyorfFormation. Color axis represents elevation in time. Red arrow represents
north.

Wyandot Formation (Late Cretaceous):

The Wyandot Formation, also deposited during the Late Cretaceous conformably on top of the
Dawson Canyon Formatipoomprisesamarine marls and chalky mudstones that create strong, clean and
continuous reflectors across the entire area. The reflectors are made up of facies Rigmdrbplitudes
weaker in certain areas. The Wyandot Formation is offset by both normal listrictfeaughout the area.

The top of the Wyandot can be seerfigure 5.9.The elevation of the area has changed quite when
comparing the MieBaccaro to the top of the Wyandot Formation. There is still the low elevation area in
the northnorthwest corneralthough there is also more topographic lows throughout the western area,
represented by the red color. The western most fault is not causing as large of an offset, and the offset of

the eastern most fault is also decreasing.
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Elevation time [ms]

-1925.00

-1850.00

-Z050.00

-2075.00

Color axis represents eleviion in time. Red arrow represents north

Banquereau Formation (Late CretaceotisPresent):

The seismic reflectors of the Banquereau Formation are characterized by very strong, continuous
reflections, made up mostly of facies A and B throughoutrthéstones, sandstones and thin chalk layers.
Slumping occurs as sediment was deposited basinglafdhand side of Figres 5.3 and 5.4)creating
chaotic seismic reflectors. The two normal listric faults in the area create an offset of the Banquereau
Fommation, which can be seenfigure 5.4. Top of the Banquereau can be sedigime 5.9.Slumping
within the area making the correlation across all of the seismic lines difficult causes the artifact in figure
5.9, in the eastern area. The top of the Baneau Formation does not havenydopographic changes,

although the tops of both normal listric faults are still seen, not creating any offset.
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Elevation time [ms]
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Figure 5.10: Top of the Banquereau Formation. Color axis represents elevation in time. Red arrontseprndke
5.4 Jason Software Results:

The method of running an inversion, described in det&hiapter 3, was carried out atie results
obtained with Jason were slightly differerdrttthe results obtained with Petidébr Jason, the four horizons
(chosen reflectors) given with the seismic dataset were used instead of indentifying the six reflectors
previously interpreted and mentioned above with Petrel. This was done because the purpose of using Jason
was to use seismiinversion, and not make reflection and structural interpretations, fow#satlready

done with the use of Petrel.

5.4.1 Tying the Wells:

Tying the wells to the seismic is an important step in the inversion process. If the wells do not have
a timeto-depth relationship, the inversion results will have no significance because the area of interest will
be known amongst the wells; however the location within the seismic data will not be known. The inversion
process requires carefully tied wells to deri proper wavelet that determines the quality of the final
inversion result. To tie Penobsco3D and B41 to the seismic, a synthetic seismic log, which is derived

from the initial given wavelet and the-ilpedance log (sonic/density), was created tterpret
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petrophysical logs at every trace of the seismic. By matching key reflectors from the original seismic, to
those of the synthetic log, with different stretching and squeezing techniques (as des@itzguten 3), a

tie between the seismic and gelvas created. The correlation between the geophysical and petrophysiscal
data was satisfactory with Penobsce2@ having a correlation of approximately 50% and Penobsddt B

having a correlation of approximately 60%.

5.4.2 Estimating wavelets:

After the timeto-depth relationship between the wells and seismic was made, new wavelets were
estimated fronthewells. Without using data from the wells for wavelet estimation, the wavelet would be
based on statistical techniques (JaadBGG Company)The inferred shape to the seismic wavelet can
strongly influence the reservoir quality assessment; therefore it is important a proper shaped wavelet is
created. The wavelets created for Penobse®® bnd B41 were very similar in shape, as they should be
to create an accurate multell wavelet. The wavelets created for both wells can be sdeguines 5.11A
and 5.11B. The muklivell wavelet, explained in greater detailGhapter 3, is the final wavelet that is used
during the inversion process. It isegkto create a better tie between the two wells and can be observed in

figure 5.12.
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Figure 5.11 A: Estimated wavelet for Penobscot130.
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Figure 5.11 B: Estimated wavelet for Penobscot-81.

In figures 5.11A and 5.11B, it can be observed that botlavelets are very similar in shape, both
are centered on 0 seconds, and both of them taper off the O oratie Yhe shape of both wavelets is
known as a 45° phasthevertical scale of the wavelet for PenobscetdB differs from that of Penobscot
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Figure 5.12: Multi-well wavelet.

In figure 5.12the graph is shown with three wavelets. These wavelets represent the wavelet for
both wells, and the multivell wavelet. t can be seen that the wavelets from both wells fit nicely thaer

top of one another, this is ideal to run a successful inversion.

56



5.4.3 Solid Model:
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Figure 5.13: ConstructedSolid Model with a 20 times exaggeration on the *xis. The Solid Model represents
the geological information that isinputtedinto the Low Frequency Modé, and then used in the final
inversion. The colored layers represent formation thicknesses in time.

As mentioned inChapter 3, theSolid Model creates a basic geological model with the given
horizons that will be used in the final seismic inversion. It encloses the area of interest that the inversion
will focus on. For the purpose of this study, all of the horizons were input inBolilkdeM odel. Figure 5.13
shows the 3D view of the creat8&dlid model. The different colored layesdthin figure 5.13epresent the
formations that were given with the seismic data
represent values that wergirt into theSolid model to enclose a larger space. Without these two layers,
the Solid Model would not enclose below the M&hccaro, a formation to which Penobsce#Q reaches,
therefore there would be no data beyond the-Bidcaro Member in the finalversion and no geological
properties would be known. The two normal listric fauttshe area would typically appear in tBelid
Model; however they were not needed for the purpose of this invesisioa the focus of the inversion is

on determining thology and not structural elements.
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5.4.4 Low Frequency Model:

After theSolid Model is created, the next step, described in chapter 3, is to cteateFrequency
Model that fills in the frequency i gdahedgeopghysiaal i s
data. The Low Frequency Model created can be seféguire 5.14. The Low Frequency Model should be
very similar to the final inverted acoustic impedance results since low frequencies are the most critical to
determining rock propertigdasori aCGG Company, 2013). Thew FrequencyModel, as seen ifigure
5.14 is defined by a cube of interpolated impedance logs across the entire area of interest, in this case, the
entire survey. In the Penobscot survey, the horizons are generfifly-lgihg beds without much structure.

The two normal listric faults would typically be shown in ttmwv FrequencyModel, however since they
were not used in th8olid Model,the model which contains all geological interpretatidingy would not

appeain theLow FrequencyModel
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Figure 5.14: Low frequency model created using thmputted data from the Solid Model of the Penobscot 3D
seismic surveyThe Low Frequency Model represents the ideal version of the geological properties
throughout the area; it should be very similar to the final inversion results.
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5.4.3 Inversion Results:

The acoustic impedance inversion resolution has been determitieel fogquency content of the
input data, as you can seefigure 5.15, which in the entire Penobscot 3D survey iaregpresented by
acoustic impedance and it closely resemlifigare 5.14but is more detailed The resolution also is
determined by the shape of the wavelet. Figure 5.15 demonstrates how continuous and parallel the
lithologies are across the section. The acoustic impedance results that were obtained show the same units
that were chosen with the uskPetrel andheyrepresent real geological properties as opposed to seismic
reflections. The colors of the acoustic impedance results represent specific lithological properties that will

be further discussed in chapter 6.
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Figure 5.15: 3D viewof entire Penobscot survey area with acoustic impedanc@eological properties can be
observed, such as; the approximate thicknesses of the formations, the extent to which they extend and where
the are located. The color represents the acoustic impedanealues, determined by the velocity and density of
each formation.
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5.5 Wireline logs:

Penobscot 30 and Penobscot-B1 were examined with the use of Petrel and the Jason Software.
The two logs of interest for this study were the gamma ray log, and tiévigslog. From these two logs
nineformation tops were chosen on Penobse80landeightformation tops on Penobscot, including
the location of the cotkintervalin Penobscot Bl1. These two logs were mainly studied for the purpose
of identifying lithological units and correlating them with the cored intervals. Figure 5.17 illustrates the
gamma ray log (green, yellow and brown logs) dhertop of the caliper log, the shallow resigly log
overthetop of the deep resistivity log (middle column) and the delta rho logthe¢op of the neutron
porosity sandstone for Penobsco#dB and limestone for Penobsco3D (blue, gray and black logs),

although the first two columns were thiely ones studied in detail for the purposes of this study.

The seven units that were identified by selecting horizons are identified in the well fogsrén
5.16, the units being; the sea fledMvyandot Formation, Wyandot Formati@awson Canyon Formation,
Dawson Canyon Formatidrogan Canyon Formation, Logan Canyra s e A O0 Mar ker |, and
MarkerMid-Baccaro. The Upper and Lower Missisauga topewhosen by knowledge of stratigraphy of
the area and the abrupt change of lithology observed on both the gamiags. Well logs will be

discussed in more detail Chapter 6.

60



¥ 130 [SSTVD] Fance signment Tog & B41[SSTVD)]

CAE =] 8 NPHILS Ceane i 0 e DRHO
D00 in 50.00 1621 | catitommnat0s o000 mSm 0EIN 0,00 in 50.00|1-15231 | emooehmamzsencose | 00000 giem3 20000
GRS | ID DRHO GRS ) RHOB

]

KT PRIPY

Wyandot Formationd

Dawsan Canyan Formationf»

Logan Canyon Formation

A—HWyandot Formation

-\~ HDawson Canyon Formation

Logan Canyon Formation

H

Upper Missisauga Formation

Base-0-Marker (-

3
= = —-Upper Missisauga Formation
3
- 1)Base-0-Marker
3 Top Core
Base C
Lower Missisauga Formation = e
Abenaki Formation 3~
Mid Baccaro Formation H — £ g
— Lower Missisauga Formation
o
- Fam g

L Baccaro

%’”ﬁ —

Figure 5.16: Penobscot Bt1 and Penobscot E30 wireline logs withformation tops. The formation tops were
chosen on Penobscot430 primarily, and then correlated to Penobscot B41 with the use of the gamma ray

log, identified as the yellow, green and brown log. This is demonstrating that all well logs were examined and
correlated, however primarily only the gamma ray log and sonic log were used throughout the study.
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CHAPTER SIX- DICUSSION
6.1 Lithological and stratigraphic interpretations:

The BaccardMember horizon of the Abenaki represents the Top Tithonian boundary of
the Upper Jurassic. Beneath this horizon the Penobs86t Wwell shows beds of grey lime
packstone, whichvereidentified in the core taken from the Baccaro member and explained in
Chaper 4. The strong reflector is due to the velocity contrast between the overlying sandstones
and siltstones of the Missisauga Formation and the carbonates that make up the Baccaro Member.
BasedonWade and MacLean (1993), the Bacdstemberis interpreted a carbonate interbedded
with marlstone and sandstqon&though only the carbonate interval was colédomes into
contact with the shales and marlstones of the Misane Me(approximately 350 m deeper
(Figure 6.1). The transgressive shales, sandstaras marlstones of the Misane continue for
another 250n approximately untithe wellencountesthe Scatarie Member of the Abenaki, made
up of primarily oolitic limestone, with lesser quantities of sandstones and shales, which can be
confirmed fromthe cae description of core 2 of PenobsceB inChapter 4, as well as interpreted

by Wade and McLean (1993)emonstrated by a lithological logfigure 6.1.

The Missisauga Formation marks the beginning of the Cretaceous with primarily
sandstone, gradingto a shalerich unit seawardasinterpreted by Wade and MacLesri993.
The Missisauga horizon is a strong reflediositi s i nt er preted to be ass
Marker, made up of limestone, near the top of the Missisauga Formation, beforeditietrarto
the sandstones of the Logan Canyon Formation.i§hlso be confirmed with the core description
in Chapter 4 of core 1 from PenobscodB (Figure 4.4 B and CJhe Missisauga Formation is

also composed thin siltstone and marlstone beds, as segure6.2 (Wade and MacLean, 1993).
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Figure 6.1: Lithological log from Penobscot 1-30 identifying the locations the two cored intervals were taken,
along with their corresponding lithologies (based on data from Wade and MacLean, 1993).

Logan Canyon horizon marks the top of the Cenomanianfafe Cretaceous, identifying the top
of the Logan Canyon Formation. The Logan Canyon Formation is interpreted to be composed of sandstones
deposited on the shelfis well ashaledeposited further off the shekfloser to the top of the formation
(Wadeand MacLean, 1993). The seismic facies which make up the Logan Canyon Formation correspond
to these lithologies, as seenfigure 5.4. They are parallel to sphrallel,interpreted aflat lying beds of

shales and sandstones.
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