Integrated.ithostratigraphic,Formation andstructural Evaluation
of the MigrantStructure Sable Subbasin, Offshore Nova Scotia.

By

KennethT. MartynsYellowe

Submitted in partial fulfilment of the requirements
For the degree dflaster of Science

at
Dalhousie University

Halifax, Nova Scotia

April 2021

© Copyright by Kenneth Martyr¥ellowe, April 2021

DALHOUSIE UNIVERSITY



Dedication
| dedicate this thesis to myother Emilia Alaputa for you are my firs¢acher.
Also, to my lae father Senator I.S. Martynéellowe for making me see the value of
education at every stage of my lifdy lategrandmotherCharity Alaputa for having faith
in me to succeed in mgducationabndeavors. | pray that you both douoe to rest easy.

Amen.To the good people of Rivers State and the Niger Delta Region of Nigeria.

| thank the Dalhousie University community, the Government of Nova Scotia, and
Government of Canada for accommodating me in my endeavour to study and learn in a
forward-thinking ervironment. You gave a Rivers boy from the South of Nigeria a reason
to be irspired.



Table of Contents

LISt Of TABIES....oee e ) viii
] o) o T 1SR Xii
Y 0L L = V! SR XXi
List of Abbreviations Used.............oooviiiiiiiiiicceici e XXIi
(€1 (0 151 7= 1Y SR XXili
CHAPTERZL: INTRODUCTION. ....uuutiiiiiaiaaeeee e eeeeiiiiiiisss e 1
1.1. ProjeCt OVEIVME .......ooovviiiiieeeeeeetimmmee et e et eemnm e e e e e e e enanans 1
1.2, ProbDIEML... e 2
S T (010 |V = USSR 4.
1.4. ProjecCt ODJECHVES.......ccuveeiie et e e e e eanees 6
1.5, HYPOTNESES....eeei e eeee e 6.
1.6. ThESIS OULINE......ccoiiiiiiie e 1.
1.7. Project WOrKfOW...........ueiiiiiiee e 8
CHAPTER 2 BACKGROUND.........ccvviiiiiiiiiiiisimmmr e eeeeeeeennnnnnne v 9
2.1. Regional Structural Setting.........cccooveiiiiiiiiiceeecee e 9
2.2. Stratigraphy of thBable Subbasin...........ccccevviiiiiiee e, 10
2.3. Petoleum Systems in the Sable Subbasin...............cccoooeeeee . 14
2.4. Exploration History of the Scotian Basin (Modified after CNBOP
2008 e et —————— s 14

CHAPTERS3: STRATIGRAPHIC WELL CORRELATION AND
SEDIMENTARY CORE ANALYSIS OF THE MIGRANT EXPANSION

I =) 1 19
G700 R 111 o o [F o 1) 4 IO UPR 19
3.2. Data and Methods...........cccoooiiiii e e 20
3.2. 1. Well Data........cceivieieeee e 20
3.2.2. Stratigraphic Analysis and Core Description.............ccceevvvvveenn. 20
3.2.3. Well Stratigraphic Correlation.................ueveeiiiccneeeeeeeeeniininnnnnns 23
3.2.4. XRF C0Ore ANalYSES.......ccccviiiiiiiiiieeiieenne e nnnn e 23
3.3 RESUILS. ... e 24



3.3.1. Core Lithofacies DesCription.............uceeieeeiiiieemeeeeeeeiiee e e eeeeanns 24

3.3.2. XRF ANalyses SUILS..........uuiiiiiiieerce e eeee 30
3.3.3. Well Stratigraphy............eoeiiiiiiiiiiieee e 35
3.4. Discussions from Sedimentary Core Obserations................c...... 36
3.4.1. Depositional Relationshig=3 and H2 Sand Intealis..................... 36
3.4.2. Depositional Relationhip-93 Core #1 Interval............c.ccccco...... 39
3.4.3. Depositional Facies at Migrant...............cccevvvvimmmreeeviniinneeeeeennnn . 42
3.4.4. Reservoistratigraphic Framework..........ccooooovvviiiiiiccciiieeeeee, 44
3. 4.5.Well Correlation..........uuuuuueiiiiiiiis ettt seeeeeeeeeennes 52
CHAPTER 4 PETROPHYSICAL WELL LOG AND PRESSURE
ANALYSIS OF THE MIGRANT EXPANSION TREND............ccccuuue... 55
745 I [ 11 0 T [ o [ o 55
4.2. Data and Methods...........coooiiiiiiiiiieeree e 57
4.2.1. Standardized Petrophysical Analysis Workflow........................ 57
4.2.2. Pressure Analyses WOrKfIOW..........ccoooovviiiiiicceeiiiie e, 57
4.3, RESUILS.....coieeeei e 58
4.3.1. Petrophysical Analyses ResuUltS..........cccvvvvviiieiiiiii e, 58
4.3.2. PressurBnalyses ReSUILS............ccceoiiiiiiiiieeme e 62
4.4, DISCUSSION.....cciiieiieeituuutnnunnmmmeeeeeeeeeeeeeassassassssnmmmreseeeeeeesesssesnsnnnnns 65
4.4.1. Porosity and Permeability Relations from Core Data................ 65
4.4.2. Porosity and Permeability Relatidream Log Analyses................ 67
4.4.3. Reservoir Fluid and Water Saturation Relations....................... 69
4.4.3.1. Reservoir Fluid Relations...........cccoovvvviiivieeeiiieee e 69
4.4.4. Net Pay Criteria.......cccooeeeeiiiiiiieeeeeeeciiee e eeeeeeeeeeceeeeeeiiss e B
4.4.5. Pabphysi@al Signature of Fault Contact in the Migran2l Well..82
4.4.6. Pressure vs Elevation (Depth) Characterization....................... 84
CHAPTER 5 3D SEISMIC INTERPRETATION AND FAULT SEAL
ANALYSIS OF THE MIGRANT STRUCTURE............ooeeie e, 87
S80I [ 011 Yo [ Tox 1 o o IR 87



5.2. Dataand MethOUS. ... ..ooniee e 87

5.2.1. SEISMIC DAt@.....ccoiieee e e 87
5.2.2. Database CONStIUCHION.........uuuiiieiiiieiiemme et e e e 39
5.2.3. MELNOUS... ..ot 89
5.2.3.1. Seismic Stratigraphy...........cccoeiieiiiiiiicc s 89
5.2.3.2. Static Model Building Workflow Overview (Peffél................. 90
5.2.3.3. Seismic Horizon and Fault Interpt@n................ccoeeeevvinniannes 90
5.2.3.4. Geocellular TWT Modelling...........ueeiiiiiiiiiiimmrieeiiiieeeeeeeeeees o1
5.23.5. Fault Modelling......ccoooeiiiiiiii e 92
5.2.3.6. Pillar Gridding...........coiiiiiiiiiiiiie e eeeen e 93
5.2.3.7.Horizon Modelling..........coooiiiiiiiiiii e eeeee 94
5.2.3.8. Timeto-Depth CONVEISION.......cooveeiiiiiiiiee e 94
5.2.3.9 Z0NE INUEX.. .. ieieiiiiiiee e eeeee et e e e ennnes 96
5.2.3.10. Layering and Scale Up of Well Logs..........ccoovvviiiiiiicccnnnnnnn. 97
5.2.3.11. Petrophysical Modelling............ccoooviviiiiiccieiiie e Q8
5.2.3.12. Construction of Fault Plane Profiles...........cccccooeiiivieeeen. 100
5.3 RESUIS ....uuii e s 100
5.3.1. Seismic Interpretation: HONzQNS............ccoovvviiiiiccciiiiie e 100
5.3.2. Seismic Interpretation: Seismic Facies.............ccevvvvvimmmerennnnnn. 102
5.3.3. Geocellular TWT Model with Pillar Grids............cccovvviiiviieenn... 107
5.3.4. Faults, Zones and Horizon Model........c.oovviiiiiiiieeeieeeee, 107
5.3.5 Time-Depth MOdEel..........cuuiiiiiiiiii e 109
5.3.6. Petrophysical Modelling............ccoooveiiiiiiccccee e 111
5.4, DISCUSSION. ...iiiiiieie e e e eeet e eeeecss e e e e e e e e e e e enen e s e e e e e e e e aeaes 114
5.4.1.MIgrant StrUCLUIE........oooeiiiiiiiiiieeeeieeer e 114
5.4.2. Fault Seal Analyses of the Migrant Structure.......................... 117
5.4.3. Fault Seal in Analogous Settings..........cccevvuviiviimmmreeeeeiieeeeeeeee, 123
CHAPTER B DISCUSSION.......ccutiiiiiiiiiiieee s e 126
6.1. Trapping Mechanisms of the Migrant Structure.....................vee 126

\Y;



6.1.1. Sediment Interactions in Structural Rollaver...........c.cccvvennoeee. 126

6.1.2. Structural Analogs and Velocity Discussian.............ccccccevveeen. 134
6.1.2.1. Structural ANAIQQ.........cuuiiiiiiiiieiii e 134
6.1.2.2. Potential Uncertainties from TisteeDepth Relationship......... 136
6.1.3.DepositionalRelations..............coovieeiiieiiiereeecr e 139
6.1.3.1. The Mixed Clastic and Carbonate Transition....................... 139
6.1.3.2.Mixed SiliciclasticCarbonate Trangtns............cccvvviieeeeveeenen. 144
6.2.Discussion of Overpressure at the Migrant Structure................. 148
6.3. RESEIVOIr DISCUSSION........cciiiiiiiieeiiiiiinnee e e e et nene e 151
6.3.1. Reservoir Analyses Including Muds=Relationship................... 151
6.3.2.Permeability and Pressure DISCUSSION...........cccevvvvvviccmerrnnnnnnn. 155
6.3.2.1. Permaality .........coovuuiiiiiiiiiiiiicceee e e 155
6.3.2.2. Dynamic Fluid Simulation DiscussiQn.............ccceeevvvvucmmnnnnn.. 156
6.3.3. Fault and Seal DiSCUSSION.............uuuuuvriiiimmmeeeeeieeeeeeeeeeiiiineennnns 158
6.3.3.1. Trapping Scenarios of Rollover Structures in the Sable Subbasin
.......................................................................................................... 158
6.3.3.2. Trapping Conditions in the Migrant Structure...................... 163
6.3.3.3. Hydrocarbon Trapping in Rollover Structures on the Scotian

0 1= 166
6.3.3.4. Risks an@pportunities in Rollover Structures on the Scotian
ST e ———— 170
6.4, UNCEIMAINTIES. .....ciiiiiiie e 176
6.4.1. Seismic UNCErtainties..........ccooveeviieeiiiieiie e e eeee s 176
6.4.2.Uncertainties from Well Data..............ccceevvviviceciciiee e, 177
6.4.3. Uncertainties from Modelling.............cccceiiiiiiiiccceeeeeiiiiiiiennnns 177
CHAPTER 7 CONCLUSIONS AND REEOMMENDATIONS............. 179
7.1, CONCIUSIONS.....ceieiiiriiiiiiiiiissmme e eeeeeeaeaeeee s smmme e e eeeesaesnnnnnnnns 179
7.1.1. Stratigraphy and Sediment DeposSition.............cooeeeeivieeeennnnnnns 179
7.1.2. Pressure Connectivity and Petrophysical Logyss................ 179



7.1.3. Seismic Interpretation and Depth Conversion................ccc...e.. 180

7.1.4. Fault Seal ANalySIS..........oiiiiiiiiee e 181
7.1.5. New Findings and Risk Mitigation in @thBasins...................... 182
7.2. Additional Recommendations..........cceevviiiiiiirieenn e 182
REFERENCES.......cooooititimmme ettt 187
APPENDIX Attt mmme ettt mnne e e e e e e e e e e e e e eaneees 201
A.1l. Sediment Core DesCriptiQN..........cooevvvieiiiiiciiee e 201
A.2. XRF @NAIYSIS....euiiiiiiiiiiiiii e ceeee e 206
A.2.1. Sampling, Elemental Conversions and Resulting Tables......206
APPENDIX B.oieiiiiiitiiiiiiiiiss s st s eeesennnnnnnns 220
B.1. WIrelin€ LOQS......cuvuiiiieiiiieiii et eeeen e 220
B.1.1. GAMMERAY LOQ....cuuiiiiiiiiiiiiiiii e ceene e enene e 220
o O T 1 111 o o SR 221
B.1.3. RESISHVILY LOQ......cceviiiiiiieiiiei v seeee e e e 221
o I S Yo ] (o3 I T TSP 222
= 0 IR TR 1 o] (o o | 223
B.2. Calculations Involving Wireline LOgs...........covvvviiviiiiieeceieeeeee, 224
B.2.1. Lithology and Shale Volume (Vsh) Prediction frivireline Gamma
= YA I 1o P 224
B.2.2. Porosity EStMatiQ..........ccovvuviiiiieeiieeeie et e e e e eeevmmmeeeaees 226
B.2.3. Water and Hydrocarbon Saturation Estimatian...................... 229
B.2.4. Permeability EStimation............cccooeeeiiiiiieemeececeie e e 232
APPENDIX C.oeeeeeeteiiiiee et smmme e 233
C.1. Pressure Relations from Flow Tedigrant N-20............c.ceeene... 233
C.2. Horner Plot Relations from Flow TésiMigrant N-20.................... 236
C.3. Presure Relations from Flow TasAdamant N97....................... 237
APPENDIX Dttt smmme e smmmeeeeeasssnsssnnnnnnns 244
APPENDIX E.ooeeeeieeeiitiie e 247
E.1. Core Reservolstimate Tables........ccccceiiiiiiiiieeee e, 247

Vi



E.2. Well Log Reservoir Estimate Tables...........ccccoeveeeiiieeee v,

E.3. Risking

SIGNATURE PAGE ... . et eeerreeeeee

Vil



List of Tables

Table 1.1: The Migrani-20 well DST test intervals (Tetco, 1978).......ccccceeeeeereeen 4
Table 3.1: Well information otie four wells used in this study..............coooevvvivinnes 20
Table 3.2: Core data incorporated in thiS StUY.u......cvvvviiiiiiiiiiiiieeeees 21
Table 3.3: Physical rock data availabilitythe project area................ccoovvvvvvviemmnnn... 24
Table 3.4:Summary of lithofacies examined from core in the Theba&@@iwell.......... 25
Table 4.1: Net pay estimatéem well log analysis of the Migrant-RO well............... 79

Table 4.2: Net reseoir estimates from well log analysis of the Migran2B well...... 80
Table 4.3: Net clean rock estimates from well log analysis of the Migr&@ Well.... 81

Table 5.1: Summary of the five key seismic facies used for interpreting the seismic
structural andtsatigraphic frameworK................ooviiuiiiiiccce e 103

Table 6. 1: Interpreted horizons in TWT and their equivalent depth and estimated
L 08 g LS EST S R SSSPP 139

Table 6.2: A summary of failed wells in the Scotian Shelf (CNSOPB, 2013)......167

Table 6. 3The three structures analysed in this study.............ccooviiiieeen e 168
Table 6.4: Significant and commercial discoveries of the Scotian Margin...........168
Table 6.5: Unriskedni place hydrocarbon volumes.............ccoooeeeiiiiieeeiiii e, 171
Tale 7.1: Net pay thickness and attribute estimates based on wireline derived

1 (=T RYZ= U0 1= o1 TSRS 184
Table 7.2: Net reservoir and attribute estimates based on wireline derived interval
QPN e ————————————— 184
Table 7.3: Net clean rock thickness and attribute estimates based on wireline derived
interval depths when only the Vsh has been used as the cutoff criteria............. 186
Table A.2.1: Conversion of elements to oxides after Korotev (2009)................. 208

Table A.2.2: Calculated results from geochemical analysis of the sandstones in the
Migrant N-20 CUttingS SAMPIES.......cooiiiiiiiiiieeee e 209

Table A.2.3: Calculated results from geochemical analysis of the sandstones in the
Adamant N97 SideWall COMeS..........ovviiiiiiiiiiiiimmr et s 210



Table A.2.4: Calculated results from geochemical analysis of the sandstones in the

Thebaud {93 full diameter COreS........oooviiii e 211
Table A.2.5: Calculated results from geochemical analysiseo§dhdstones in the
Thebaud E74 (T5) F3 full diameter COreS.........iiiiiiiiiieeiiiiceeeieceeee e 212
Table A.2.6: Calculated results from geochemical analysis of the sandstones in the
Thebaud E74 (T5) H2 full diameter COres...........oovvvvieiiiiiiimmmeeeiieeeeeeiiii e 214
Table A.2.7: Logratio estimates from corresponding oxide ratios from the

MIGrant NF20 WEIL.......oeeeiiiieiiiiee e 215
Table A.2.8: Logratio esimates from corresponding oxide ratios from the

Adamant NO7 Well...... ..o e 216
Table A.2.9: Logratio estimates from corresponding oxide ratios from the H2
interval of the Thebaud-E4-T5 Well...........ourriiiie e 217
Table A.2.10: Logratio estimates from corresponding oxide ratios from the

F3 interval of the Thebaud- TS5 Well. ......ooeviieiiiiiiiie e 218
Table D.1: Checkshot values from the MigrarOIwell..................ccccceeiiiiiennnnen 246

Table E.1.1: A summary table of core data estimates for38eSand in the
Thebaud FIeld...... ..ot aaeees 247

Table E.1.2: A cumulative of interval porosity and permeability estimates for the
[-93 SANA INLEIVAL.......oeiiiiiiice e rrne e 248

Table E.1.3: A summary tablé core data estimates for the H2 Sand in the Thebaud
Table E1.4: A cumulative of interval porosity and permeability estimates for the

H2 SANA INTEIVAL ...eeiiiiiiiiiieeee et e e e 250
Table E.1.5: A summary tabté core data estimates for the F3 Sand in the Thebaud
Table E.1.6: A cumulative of interval porosity and pernilgglestimates for the

F3 SaNd INTEIVAL......oeeee e 254

Table E.2.1: Summation table of intervals that meet contribution criteria when only
Vsh, is applied to the open hole DST 2 interval...........cc.coooviiiiiccciiiiie e, 255

Table E.2.2: Summation table of intervals that meet contribution criteria when the
Vsh and Effective porosity are applied to the open hole DST 2 interval.............. 256



Table E.2.3: Summation table of intervals that meet contribution criteria when the
Vsh, Effective porosity, and Water Saturation parameters (which incorporates
flowable amounts of hydrocarbons) are @ggbkothe open hole DST 2 interval......257

Table E.2.4: Summation table of intervals that meet cutoff criteria when only Vsh is
applied to the casing depth derived DST 5 interval............ccooovviiieeeeeiiieeeeeeenn, 258

Table E.2.5: Summation table of intervals that meet cutoff criteria wheantsh
Effective porosity are applied to the casing depth derived DST 5 interval.......... 259

Table E.2.6: Summation table of intervals tha&etmcutoff criteria when Vsh,
Effective porosity, and Water Saturation parameters (which incorporates flowable
amounts of hydrocarbons) are applied to the casing depth derived DST 5 inter2800

Table E.2.7: Summation table of intervals that meet cutoff criteria when only Vsh, is
applied to the casing depth derived DST 8 interval.............coovvviiieeeneiiiieeeeeieie, 261

Table E.2.8: Summation table of intervals that meet cutoff criteria when Vsh and
Effective porosity are applied to the casing depth derived DST 8 interval.......... 262

Table E.2.9: Summation tabbf intervals that meet cutoff criteria when the Vsh,
Effective porosity, and Water Saturation paesens are applied to the casing depth
AEINVEA DST 8 INLEIVA e e 263

Table E.2.10: Summation tigbof intervals that meet contributi@niteria when only
Vsh is applied to the Bottom Sand open hole Interval.............cccooovvieeee 264

Table E.2.11: Summation table of intervals that ngeatribution criteria iaen Vsh
and Effective porosity are applied to the Bottom Sand open hole Interval..........266

Table E.2.12: Summation table of intervals that meet contribution criteria when Vsh,
Effective porosityand Water Saturation parameters are applied in the Bottom Sand
open hole Interval BEIOW DST 2......ooveiiiiiiiiiiiie e venees e e e e e e e 268

Table E.2.13: Summation table of intervals that meet cutoff criteria when only Vsh
is applied to the wireline derived DST 5 interval...........ccccceeiiiiiiiiecciiiceeeee e 270

Table E.2.14: Summation table of intervals that meet cutoff criteria when Vsh and
Effective porosity are applied to the wireline dericedlIxSnterval......................... 271

Table E.2.15: Summation table of intervals that meet cutoff criteria Whlen
Effective porosity, and Water Saturation parametersigpéied to the wireline
AEriVEL DST B INTEIVAl - e 272

Table E.2.16: Summation table of intervals that meet cutoff criteria when only Vsh
is applied to the open hole DST 2 interval..........c.ccoovviiiiiicceiiie e 273



Table E.2.17: Summation table of intervals meeting cutoff when the Vsh and
Effective porosity are applied in the open hole DST 2 interval................cceeeee. 275

Table E.2.18: Smmation table of intervals that meet contribution criteria when the
Vsh, Effective porosity, and Water Saturation are applied to the DST 2 interval277

Table E.3.1: Relative probability dedor the probability of structural closure
(Y1 Y2824 0 1 < ) OO 278

Table E.3.2: Probability scheme for the probability of effective migration
(O 1@ = 000 ) SRR 279

Table E.3. 3: Probability scheme for the probability of effective trapping/ retention
(O 01 @ = 000 ) SRR 279

Table E.3.4: Probability schemes for the praligiof effective reservoir facies
(@101 @ = 000 ) SRR 280

Table E.3.5: General relative probability scale for the probability (CCOP, 2000281

Xi



List of Figures

Figure 1.1: A location map of the Sable Subbasin, offshore Nova Scotia.............. 1

Figure 1.2: A pie chart showing the diféet play types tested by drilling offshore
I\ ) 7= 0T o o] = USSR 2

Figure 1.3: A seismic section of the Migrant Structure arDNvell penetration
shows evidence of extensionralated crestdiaulting represented by the light blue lirg.

Figure 1.4: A structural map of growth fault networks and associated rollover
structures with well penetrations around Sable Island (Wackaschmiller, 2012)...5

Figure 1.5: A seismic stratigraphic section showing growth faults in the Sable Subbasin
including the Migrant, Adamant, and Thebaud rolloaeticlines (SOEP, 1997).......... 5

Figure 1.6: Complete workflow used in this project.............cccoovvviviieeeiieveeeiiiiis 8

Figure 2.1: A block diagram showing the Geology of the Scotian Shelf from
Williams et al., (1997), later modified by CNSOPB (2009)........ccccoeeeviieeiiiieeeiieenn. 9

Figure 2.2: A stratigraphic chart of the Scotian Basin by Campbell (2018)........... 10

Figure 2.3: A paleogeographic map of the Scotian Basin showing the early lakes and
shallow seas with associated salt deposited during the Late Triassic (CNSOPRB 2012).

Figure 2.4: A Latelurassic paleogeographic illustration of the Scotian Basin
depicting the Abenaki carbonate platform &mel advancing deltaic clastics of the
Mic Mac Formation that inundated the carbonate system (CNSOPB 2012)......... 12

Figure 2.5: Recent and previous stratigraphic columns of the zones of interest
comprising the Migrant expansion trend revised by Campbell (2018).................. 13

Figure 2.6:A chart showing the significant rollover discoveries (brown) with those
that became commercial fields (green) in the ScaisiB offshore Nova Scotia
ST0] =1 K4 TR 15

Figure 2.7: A bagraph of all wells drilled offshore Nova Scotia to date................. 16

Figure 2.8: A bar graph of the associated seismic data (2D or 3D) with which the various
exploration cycles have been based(GINSCOPB, 2019)..........ccooiiiiiiiiiiiiiiiieee e 17

Figure 2.9: A map of the offshore sedimentary basin with the fields, closures, wells, and
pipelines linking varioa hydrocarbon structures from the Sable Subbasin............ 18

Figure 3.1: A plan view of the study area comprising the four project wellghaind
relative spacing from Petrel......... ..o 22

Xli



Figure 3.2: The well correlath workflow used for building a stratigraphic
(03 0SS 2] =T o 1o T U PPPPPRPPPPPPRN 23

Figure 3.3: A figure of the log facies described in the Theb&&ivell...................... 29

Figure 3.4: Histogram of data distributed on a sandclass plot for the respective fields
in the analyzed wells and intervalliterest including the Mic Mac and Missisauga
FOrMALION FESEIVOIIS.....ciiiiieieeieee ettt e e e e e e e e e e e e e e e e anane e e as 31

Figure 3.5: A series of sandstone classification plotsropses from the cores for

the ProJECE WEIIS...... et e e e e e e s e e e as 32
Figure 3.6: A crossection of the key wells uséalthis project..............cccceevvrvvnnnnne. 35
Figure 3.7: A well composite for three of the four project wells..............cc.evvivieeees 36

Figure 3.8: A figure of the F3 Sand intersalthe Thebaud Structure showing the
GammaRay log (second track) with cleaning up signature right of the degth tra.37

Figure 3.9: A figure of the H2 Sand interval in the Thebaud Structureisiohe
GammaRay log (second track) with a blockyd signature right of the depth track.39

Figure 3.10: Sedimentological characteristics of B8 tored section from the
Lower Missisauga Formation showing the facies and their sedimentary charactedsl

Figure 3.11: A figure showing the basinward progradation of deltaic sediments
modified from (Scruton, 1960).........ccoeeiiiiiiiiiiiiiic e A2

Figure 3.12: Aigure of the Thebaud T5 well composite showing the
alphabetienumeric nomenclature used in the deeper overpressure interval below
the Thebaud Shale...........oooiiiiiii e e enere e 45

Figure 3.13: A figure of the Thebau®8 well composite showing the numeric
alphabetic nomenclature used in the shallow, hymlessure interval above the
Thebaud Shale...........oeiiei e e e e e e e eeees 46

Figure 3.14: A figure of the Adamant® well composite showing the Cretaceous
nomenclature used for identifying the sands in the Well................coovveeeciiiinnnne. 48

Figure 3.15: A figire of the Adamant M7 well composite showing the next
Cretaceous sand sequence (C5 to C1A) overlyingpghef the Cretaceous
CLA 10 C1 Sand INtEIVAL.......cooiiiiiiiiiiii e e e e e e e e eeas 49

Figure 3.16: Afigure of the Adamant M7 well composite showinipe next
Cretaceous sand sequence overlying the top of the Cretaceous C6 to C5.interval

Figure 3.17: A figure of the MigramM-20 well slowing the tested zones below the



Figure 3.18: A well composite for three of the four project wells.......................... 52

Figure 3.19: A figire showing the stratigraphic relationship between the Migrant,
Adamant, and the Thebaud Field SandS.............coooiiiiiieemiiii e 54

Figure 4.1: A pressure elevation plot (Modified from Schlumberger, 2020).......... 56

Figure 4.2: A flow chart of the analysis steps for the petrophysical deliverable for this
O] (0] [T OO T O PP PPPPPPPPPPPPP 57

Figure 4.3: Pressure workflow used in thisjpct modified after Skinner (2016)......58

Figure 4.4: A formation evaluation composite plot Migrar2Mwith input curves in
the first five tracks and output curves in the last four trackS..................evvveennnee. 59

Figure 4.5: A formation evaluation composite from the Migrar&@Nwell with input
curves in the first four tracks on the left and output curves in the last four tracks on

LL AL T | L S PP PP PP PPPPPPPPPPPPR 61
Figure 4.6: A pressure elevation plot of the Migrar2Nwell RFT data points

(black) with DST point data in red..........coooiiiiiiiieeee e 62
Figure 47: A pressure elevation plot of three of the four project wells.................. 63

Figure 4.8: A pressure elevation plot of the pressure elevation data for four project

Figure 4.9:A cross plot showing the clusters and regression relationship through the
PrOJECE WEIIS..... oo e e e e e e e e e e s emne e e e s e e e e e aaeaaeas 68

Figure 4.10A well composite for Migrant N20 showing th&sammaRay and
FESISHVILY trACKS.......coiiiiiieee s eress s s e e e e e e e e e e eeesesseenseeeaeeaasd O

Figure 4.11: A Pickett plot of the Migrant well showing the plotted points from the
Upper Mic Mac Formation (39354035M).........ccuuririruiiiiiieesceeeeriiiiees s e e e e eeeeaeeeaeas 73

Figure 4.12: A Pickett plot of the Migrant well showing the plotted points from the
Lower Mic Mac Formation (4100 4350 M).....uuuiiiieiiieeeeeeeiieeeeeee e 74

Figure 413: A chart is usetbr establishing the resistivity of an equivalent NaCl
concentration at a Specific teMPerature...........cooeevviiiiccie e 76

Figure 4.14: A well composite from Migrant2D showing the GamriRay, water
saturation (gas imigd), porosity/BVW, and Permeability tracks.................ccoouvnnn. 78

Figure 4.15:A log composite of the general area thought to be intersected by the fault
iNthe Well 3780 M 3910 M. e 83

N\



Figure 4.16: A mud gas log of the area of the well throught to be intersected by the
fault showing 12,400 fit 12,850 ft (3779 3916 M)....cevvviiiiiiiiiiiiiieee e 84

Figure 5.1 A juxtaposition triangle diagram (right) illustrating the displacement of a
fault in 3D varying along strike (KNiP&9O97)........ccooriiiiiiiiiiieeee e 87

Figure 5.2: A figure of the area covered by the Sable MegaMsgeismic volume
(thick white outline) with Sable Islang@ellow) shapefile in the 3D area.................. 88

Figure 5.3: An illustration of the various seismic reflection termination patterns..89

Figure 5.4: A figure showing the interpret
completing the 3D seismic interpretation for this study.............ccccovvvvvvieeeecceennnn, 90

Figure 5.5:A seismic section of the Migrant area showing the interpreted horizorgsl

Figure 5. 6: A figure showing the corner p
for setting up a strugtal MOdel............oooi e 92

Figure 5.7: A screen capture of the model area defined by a boundary polygon
(blue line) and the imported faults (White IResS............oevvviiiiiiiicee e a3

Figure 5.8: Screen capture of the model area and faults displayed on the 3D window
I o T T S A = T O S 93

Figure 5.9: A figure showing..t.he..hofd4 zon m

Figure 5.10: A figure of the advanced velocity modelling step in the geophysics
Wor Kfl ow dn. Pt el E e 95

Figure 5.11: A figure of th advanced velocity modelling step in Pétfel.................. 95

Figure 5.12: A figure of the depth convert 3D grid dialog box, which was used for
depth converting the time grid (brown) in Petel.............ccocoveoiiiieeeceeee 96

Figure 5.13: A figure of a dialog box that enables zones and segments to be assigned
numerical INAICES IN P ..ot 97

Figure 5.14: A fgure of the scateip well log step highlighted in the property
model l ing workflow in Petrel.E..us.ed..88r sca

Figure 5.15: A figure of the petrophysical modelling diplob o x i n....RP.e.t.99e | E.

Figure 5.16: A figure of the five alphanumeric horizons (MK1 to MK 5) from top to
(o701 0] 1 T €= 1<) 10U PP 101

Figure 5.17A seismic section across the Migrant Structure to illustrate the seismic
facies characterised in Table 5.1.........oooiiiiiiiiii e 105

XV



Figure 5.18: A detailed seismic image from the area of interest of the Migrant

SHTUCTUTE.... e ettt et 106
Figure 5.19: A figure of the model and gridding pattern made in Pétrel............. 107
Figure 5.20: A 3D model of the MigraBtructure at the 820 well showing the

three faultidefined SEgMENTS.........coiiiii i 108
Figure 5.21: A 3D model of the Migrant Structure at theNwell............................ 109

Figure 5.22: A reservoir time map for the top of the uppermost reservei. Mk.....110
Figure 5.23: A resepir depth map for the top of the uppermost reservoir2Mk.....110

Figure 5.24: Depth converted structural maps of each interpredaggop in
the Migrant Structure (MKL to MK-5) concerning the crestal fault...................... 111

Figure 5.25: A figure of the scalag porosity log on the top left (A) and the
intersecting | and J planes of the depth converted Migrant Structure depicting the
distribution of the porosity (B) and permeability (C) derived fromghbrosity log

in the property calculator throudhe StruCture..........cccccooveiiiiiiiccc e 112

Figure 5.26: A figure of the intersecting | and J planes of the depth converted
Migrant Structure depictindie distribution of shale volume (Vsh)..........ccccccceo. 112

Figure 5.27: A figure of the porosity (left) and permeability (right) of the top of each
of the five interpreted zones (Mk 1 to Mk 5) from topotitom (AE)............ccoonne 113

Figure 5.28: A simple structural closure showing various components of the
structure and the relationship between fluids (gas and water) contained within.115

Figure 5.29: A figure showing seismic interpretation comprising key horizons and
the crestal fault (faint black line) with structural maps of (a) Markagda,
(b) Marker 5 Brown & (c) Marker BasSSreen..........ccceeeeeeveiiiiviiiieeee e 116

Figure 5.30: A diagram depicting reservoir relationship at the fault (Move, 2018)17

Figure 5.3.: A figure of he Migrant N20 well showing the intermediate reservoirs
between Mk 3 and Mk 4 indicated figure 5.32andFigure 5.33elow
approximately 3770 M 3904 M. ...ouuiiieiiiice e 119

Figure 5.32 A fault plane profile (FPP) of the crestal fault in the Migrant Structure
[0OKING NOMTNWEST... ..ot e e e e e e e e e s mmmeesanaaas 119

Figure 5.33: A modelled cros®ction of the Migrant Structure populated with sand
and shalgroperties from well log value reveals the magnitude of crésiiing
through the offset of sarghale PairS..........ccooooriiiiiiiiiie e 120

XVi



Figure 5.34: A figure of the Migrant-®0 well showing the bottom tight r@soirs
between 4178 m total depth TD........oooiiiiiiii e 121

Figure 5.35: A diagram of the modes of hydrocarbon migration at various depths
(DOWNERY,L994). ...ttt e e e e e e e e annnn s 122

Figure 5.36: Diagram showing an upward and outward migration scenario through
JUXEAPOSEA 1€AK POINTS......uutiiiiiiiiiiii ittt 123

Figure 6.1:An illustration of the stages of growth fault development in ansectary
basin (Modified after SOEP 1997 )uu..cccoviiiiiiiiiiiiii et 127

Figure 6.2:A seismic section and annotation of the Miocene Queen Bess Field in
Louisiana from Wach et al. (2000)-..........coooiiiiiiiiimrer e 129

Figure 6.3: An unannotated seismic image of the Migrant, Adamant, and Thebaud
STTUCTUIES ettt et e et et e ettt e e e et b e e e e et e s amene e et e eeenaeeeeen 132

Figure 6.4: An annotated seismic image of the Migrant, Adamanfl laetohud
Structures depicting their various structural and depositional relationships....... 133

Figure 6.5: A figure of the McAllan Ranch field showing the stratigraphic variation
across the major tdis (Wach et al., 20028)...........coevvveeriieeiiimmmneie e e 135

Figure 6.6:A schematic cross section of the Funiwa area of the North-Amaiwa
field (from Wach et al., 1997)........oooiiiiiiiiie e 136

Figure 6.7:A schematic showing the sediment thickness variation between a
footwall and hangingwall of @ fault..............coooiiii 137

Figure 6.8: A seismic line showing two well topsresponding to the top and base
expansion trend at the Migrant20 Well.............ccooiiiiiiiiiieee e 138

Figure 6.9:A NorthwestSoutheast dipping interpreted seismic cresstion across
the shelf margin areas of tBable Subbasin thatcludes the Migrant to Thebaud
Expansion trends (Kidston et al., 2007)u........coovvieiiiiiiiiimmee e e 140

Figure 6.10: A figure showing the seismic interpretation from continental
shef margin to slope and distal fore slope area of the Sable Subbasin from
CaAMPDEI (20L8).c.ceiiiiieeeeeee e 141

Figure 6.11: An annotated seismic image of the Migrant, Adamant, and Thebaud
strucures depicting their various depositional relationships to one another.......143

Figure 6.12: An example of expansion trend interpreted at McAllan Ranch Field
(modified from Bain, 2015).......cccoiiiiiiiiiiiiiiieee e 144

Figure 6.13A geographical map showing the Eastern Red Sea Margin............. 145

XVii



Figure 6.14A lithostratigraphic chart of the Scotian and MorrocamjGgate
R0 E= V0 ST PP PP PP P PP PP 147

Figure 6.15: An annotated figure of the McAllan ranch field. Each group of sands is
|l i kely a Aclosedo system: connection to th
closing of fracture$ in the topseal and/or at faults...............cccceeiiiiiieeciiicceeenn, 150

Figure 6.16: A composite showing the key DST intervals (especially DST #2) and
the next hifper sand zone interpreted as be@. ..................oovvviiiiicccriieeeevviiiiinnns 151

Figure 6.17: A figure representing the zones of hydrocarbon saturation from log
analyses compared to the mud log (Tetco, 1978)........cccoeviiiriiiiieenee e, 152

Figure 6.18: A composite from the Migrant20 well showing zones of decreased
water saturation and increased hydrocarbon saturation (likely frearghs
waterfilled sand interval (water overlain BY Qas).........coooveviiiiiiiiiiccce e 153

Figure 6.19: A mud gas log from the Migrari2Q well stowing the intervals 11,600 to
D2 00O (= oo TR K I ) R 154

Figure 6.20A cross plot of the fiebauds-B3, E74 (T5), Adamant Nb7, and
Migrant N-20 showing the clusters and an average regression relationship for the
project wells available that have core data...................ovvvicceiiieieeeee e 155

Figure 6.21 A figure showing the migration of injected methane CH4 in the Migrant
Structure byO 6 C 0 retralg 2019........ovvveiiiiiii e 157

Figure 6.22: A figure of a seismic line showing the inflection of bright amplitudes
representing the crestal fault trace around the Migrant structure....................... 158

Figure 6.23A structural map of the Top Sand 2 in the South Venture Field
(SOEP, L1997ttt ettt ekttt et e bt eemne e nre e 159

Figure 6.24: A schematic cresection of the South Venture Structure showing the
major bounding fault and inferred top of overpressure (SOEP, 1997)................ 160

Figure 6.25: A structural map of the top A sand in the Thebaud Structure
(S0 = K L I TSRS 161

Figure 6.26 A schematic crossection of the Thebaud Structure showing the $ault
and crestal faults (SOEP, 1997)......ccoouiiii i 162

Figure 6.27: A figure showing the options for spilling in a faulted structural trap,
modified after Sales (L1997 ......i i ereer e 164

Figure 6.28: A diagram of the three different classes of traps according to
ST 1T (K L A USSP 165

XVili



Figure 6.29A figure of the stratigraphic distributiasf discoveries in the Scotian
BaSin (OETR, 2011 ....cviuieieeeeeeeeeeeeeeeeeee et e e ememe s s s e e ennes 170

Figure 6.30The Scotian Margin showing the division of the margin into six zones
(OETR, 2001) ..ot eeeee et ree et es e e e 172

Figure 6.31: A map of the offshore sedimentary basin with the fields, closures,

wells, and pipelines linking various hydrocarbon structures from the Sable Subb#3in.

Figure 6.32: A probability matrix showing the confidence (degree of how much is
known) on the Yaxis and the chance of succesgdloe Xaxis (Rose, 2001)............ 175

Figure 6.33A seismic imagdérom the Migrant rollover (A) showing a fault zone

comprising cumMulativgl OffSet...........oooi i 176
Figure 7. 1: A formation evaluation composite from the Migrar&Nwell................ 185
Figure A.1.1: A figure of the Lower Missisauga Formation Sedimentary Cores

Described for this Study from the Thebaw@BIWell...............coooriiiiie e, 204
Figure A.1.2: Photo compii@n of slabbed core from the Thebaud B wel | 0 s
NO. 1 (3065.68081.27 MRT MD).....ccoiiiiiiiiieeiiiiiiieeniie e eee s 205
Figure A.2.1:A QtFL classification of FOIk (1968).............ccccuvvvimiiiimmeniiiiiiineeee 206

Figure A.2.2:A QtFL provenance indicator plot after Ingersoll and Suczek (1979)
and DICKINSON (1985).... ..ottt rrer e ereeb bbb e e e e e e e e e e e e e 207

Table A.2.6: Calculated results from geochemical analysis afahdstones in the
Thebaud E74 (T5) H2 full diameter COres..........ccuuuimiiiiiiiiieeeiiiiiieieieeeeeee e 214

Figure B.2.1: A cross plot of Density against GarfiRegy curves made in
T @ C N 0 g B e 225

Figure B.2.2: A cross plot of sonic and shale volume logs used for determining the
slowness (shale velocity) to be used for porosity correctian...............cccvvveeeenn... 227

Figure B.2.3: A crosplot of sonic and shale volume logs used for determining the
slowness (shale velocity) to be used for gagocorrection..............ccccevvvvvvvvvviennenn.. 228

Figure B.2.4: A temperature, salinity, and Rw conversion calcubaiore version... 230
Figure B.2.5: A Pickett plot of resistivity presented on a logarithmic scale on the

X-axis against porosity on a doutlecade logarithmic sa@bn the yaxis (Wason,

Figure C.1.1: A diagram of a Drill Stem Test application in a borehole
(10} V/=] g 0 22 ) T PP UP PP PP 233

XIX

cor e



Figure C1.2: A DST pressure response from test #2 done in the Migrant Structure
QI o o T R PSR RRRPPP 234

Figure C.1.3: A figure of traditional pressure analysis based on a DST chart of DST
test #5 done ithe Migrant Structur€TetCo, 1978) ........cceiiiiiieieiiiiiieeeeeieee e 235

Figure C.1.4: A DST chart from test #8 done in the Migrant Stru¢Teteo, 1978) 236

Figure C.2.1: A Horner plot of the MigrantRD DSTs based ahe log of time +
change in time/ change in time and pressure at each of those times (Tetco,.19Z8Y.

Figure C3.1: A figure of theRFT tool showing the key components involved in the
positioning and testing with the tool (Quora, 2019)...........cccceeiiiiiiiiccciiiceee e 238

Figure C.3.2: A figure of the MDT tool showing the key components involved in the
postioning and testing with the tool (IODP, 2010).............ciiieeiieeeseeeeviiiee e 239

Figure C.3.3: An MDT chart from the Adamant9¥ well test depth at 4222 m
showing the various acquired measurements during te8fiogth i et n.l.....,2402 00 0

Figure C.3.4An MDT chart from the Adamant{97 well test depth 3634 m
showing the various measured components during tedfimgl{ i | e 9....a.l.241 2000

Figure C.3.5An MDT chart from the Adamant{97 well test depth 4120 m
showing the various measurements duringtesthg o i | e 9....a.l...... 2420 0

Figure C.3.6An MDT chart from the Adamant{97 well test depth 3978 m
showing the various measured components duesigig(Mo b i | e 9....a.l.242 2000

Figure D.1: A schematicf@ borehole checkshot data (Schroeder, 2008)............ 244

Figure D.2: An example of a typical tintepth velocity relationship extracted from
a well s checksh.t..s.ur.v.ey..(.0DFR....2.0.0245

XX



Abstract

On the Scotian Shelf, rollover anticlines host majority of the significant and
commercial hydrocarbondiscoveries.The Upper Jurassicto Lower Cretaceousage
reservoirsanalyzedn this study are containedin a rollover structureexploredby the
MigrantN-20well. Thisstructures locatedup-dip from the Adamantrollover exploredby
the Adamant N-97 well and the Thebaud Structure, which contains economically
developedeservoirsDespiteinitially flowing gasat a considerableateduringdrill stem
testing, pressuredepletionwas encounteredn the structure.This led to a preliminary
conclusionof the presenceof an a volumetrically limited reservoir, similar to deep
diagenetically altered resevoirs in other related structuresthat failed to encounter
commercialvolumesof hydrocarbons.

This researchntegratesvell dataand3D seismicdatato investigate the impact of
sandon-sand juxtaposition across the crestal fault in the Migrant Structure previously
missed m 2D seismic.Additionally, we include well pressureanalysis,petrophysical
analysisandseismicmappingof siliciclasticreservoirsn the Migrantrollover anticline,a
part of the Migrant AdamantThebaudexpansiortrend (a group of elongatedepocentres
with sedimentffill). Overall changesn seismiccharacteandisochronthicknessesn the
Jurassido Lower Cretaceousectionobsewed betweenthe Migrant and Thebaudfault
blockscharacterizethetiming of fault activity. As aresult,betwe@ 500and1000m (750
m basedn chosemveragerelocity) of clasticsedimentiepositdn the Thebaudareahave
no equivalentlikely from non-deposition)on the northsideof theboundaryfault.

To demonstratéhefailure mechanisnassociateavith thecrestallyfaulted Migrant
rollover, 3D geocellularmodelspopulatedwith petrophysicaparametergrom the N-20
well were usedto carry out a trap analysisof the structure As part of the trap analysis,
depthconversionof TWT seismicpicksin the Migrant Structurewasdoneto ensurethat
the structures enclosedn depth.Resultsshowthatthereis increasedlisplacemenalong
thecrestalfault in the shallowandintermediatesectionsvheretheintraformationakhales
arerelativelythin.

Residualgasshows at diff erentlevelsof the structurefrom petrophysicabnalysis
suggeshydrocarbommigrationthroughthe system Also, structuralclosureandreservoir
guality diminishwith depthin the structurewith aterminationof the crestalfault in areas
of low netsandto grossintervalthicknessdeepin the Migrant Structure The presencef
localized gastrappedbelow the crestalfault terminationrepresents different trapping
mechanisnfrom the hangingwalldip-closedshallowto intermediatereservoirsabovethe
crestalfault.
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Glossary
American Petroleum Institute: A classification system developed by the American

Petroleum Institute to describe the gravity/viscosityasfgee crude oils expressed as
°API. Gravities can vary from low (>31.1°API), medium 322A.3°API), heavy (22-3
10.0°API) to extreheavy (<10°AP)J crude oils and extend to tars and solid forms.
Commercial Discovery:A discovery of petroleum that has bedemonstrated to contain
petroleum reserves that justify the investment of capital and effort to bring the discovery
to production.

Development vell: A well drilled for natural gas (or crude oil) within a proven field or
area for the purpose of compldithe desired pattern for production.

Drill Stem Test (DST): A method for isolating and testing the pressure, permeability,
and productive capacityf a geological formation during the drilling of a well; provides
important measurements of pressure behaand information on fluid type with sample
collection.

Dry hole: A well that does not yield sufficient volumes of gas or oil to support
commercal production.

Excess PressureSubsurface pressure that is abnormally high, exceeding hydrostatic
pressure taa given depth.

Exploratory well A well in an area where petroleum has not been previously found, or a
well targeting formations above or belowdwn reservoirs.

Hydrocarbon: Any one of hundreds of organic compounds (gas, liquid, or solid)
containing ony hydrogen and carbon.

Hydrostatic Pressure:Thepressuren anyrock atagivendepthbasedn a hydrostatic
head.

Lithostatic Pressure: Pressure of the weight of overburden on a formation at a given
depth.

Mcf (thousand cubic feet) A unit of volume mosused in thdow-volume sectors of the
natural gas industrisuch as residential distribution).

Mud Gas Log: A catalog of data frorhydrocarbon gas detectors to determine the level

of gas recovered from the drilling mud.
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Net Reservoir Thickness: Refersto the sumof the productiveintervalsof areservoir

andis determinedby the applicationof cutoffs.

Overpressure: Formationpressurenorethanhydropressure.

Pay Zone: The producingpartof aformation.

Play: A conceptual model to describe hydrocarbocuatulation in prospective basins or
regions.

Pressure Gradient Change in pressure per unit of depth

Repeat Formation Tester (RFT) A wireline method for testing pressure of a geological
formation during drilling quickly; provides important measuremehtgessure behavior

and information on fluid type with samplellection

ReservesQuantity of hydrocarbons, coal, or minerals considered to be economically
recoverable using current technology.

Seismic:Pertaining to or characteristic of sound waveh@darth; used in the oil and

gas and coal industry via seismigrveys to determine underground rock structure. S
(sound waves produced by small, controlled explosions are focused into the ground, and
the reflections from various layers in the earth aperdedj the sound waves travel at
different speeds in roclkayers having different densities, thereby allowing determination

of structure based on the makeup of rock types).

Significant Discovery. A discovery indicated by the first well on the geologieature

that demonstrates by flow testing the existence of hydrocarbons in that feature and, having
regard to geological and engineering factors, suggests the existence of an accumulation of
hydroarbons that has potential for sustained production

Tcf (Tri llion cubic feet): A measurement diigh-volume for natural gas.

Unrisked Gas: A volume of gas discusseapt multiplied by the risk factors associated

with being ablgo produce it.

Key Words: SableMegaMerge Nova Scotia, Offshore, Migrant Structuf@etroleum
systems, Rollover anticline; Hydrocarbon; Crestal fault
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CHAPTER 1

INTRODUCTION

1.1 Project Overview
Rollover anticlines are sydepositionabktructuesthat develop in the downthrown

side fpangingwall of deltaic growth faults (listric normal) in sedimentary basins
(Vendeville,1991; Cummings & Arnott, 2005\ dam et al, 2006) Their formation is
attributed to the interaction between graadtyven extension, sysedimentary deposition

and the movement of a mobile substi@tendeville, 1991) These structurasaycontain
stackedsedimentary units with porous rock (reservoir) and an impermeable rock (seal)
capable otontaining hydrocarbon®endeville, 1991Adam et al., 2006)Globally, they
aretargetsin hydrocarbon basins such @& Nile Delta(Sestini, 1989Beach & Trayner,
1991) Amazon DeltaCobbold &Szatmari 1991), Gulf of Mexico(Diegelet al, 1995)

Niger Delta(Doust & Omatsola, 198%ach et al., 1998 1998b, 1998candthe ancient
Sable DeltgCummings & Arnott, 2005)

On the Scotian Shelfost of the wells drilled to date occurthe Sable Subbasin
(OERA, 2011 Figure 11). Among the tested play types, growth facdintrolled rollover
articlines account for most of the significant and commercial hydrocarbon discoveries
made to date of which about% occus mainly in Cretaceous sands (OERA, 2DDther

discoveriesare relatedo salt diapirs, carbonate banks, and drape structbrgsré 12).

L e

0 90 180 361
Eﬂometers

Figure 11: A location map of the Sable Subbasin, offshore Nova Scotia. The sediment
thickness majpn the right (after Wade2000) including labels of the subbasins and the
area of the Sable MegaMerge 3D seismic volume is contained in the area within the red
box.
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Figure 12: A pie chart showing the different play typesdadsy drilling offshore Nea
Scotia. Note that rollover plays appear to be the most successful of the tested play types
(OETR, 2011).

Hydrocarbon drilling results from around the world highlight trap and seal failure

as the reason most exploration wedg fo encounter producibleydrocarbon@Almon &
Dawson, 2004; Dawson & Almon, 200Géhd 2006; Rudolph & Goulding, 2017)An
investigation of wells on the Scotian Sheths found to containo commercial amounts
of hydrocarbonsFurthermorepublisheddataby t he CNSOPB fsemd rot eadcs
the primary cause of failure for most wells targeting rollover structures offshore Nova
Scotia (CNSOPB2013).1n rollover structures, the sealing potential of a fault ddpeon
therelationshipbetween the amount of displacement on the faald the thickness of the
reservoiroverlain byan impermeable litholog{a seal)overlying each reservo{Allan,
1989 Jameset al.,2004; Rchardset al, 2008 2010) The juxtaposition of porous dn
permeable lithologies containing hydrocarbon fllodsone side of a faultith porousand
permeable lithologies on the other side of the fault may leadassfault leakage of
hydrocarbons.

1.2. Problem
The acquisition of higiesolution 3D seismic datetween 199and2006 has had

little effect on the exploration success along the margin. This has encouraged the need to
understand the relative distribution of good quality reservoirs andetemipsealss key

for future explorationPositioned west of Sable Island, the Migrant Structbigure 13)
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is a low relief rollover anticline drilledy Mobil in 1977 to test for hydrocarbotrapped

in Upper Juassic MicMac Formationsandstone reservoirs. Drdtemtest results from the
Migrant N-20 well indicated that it encountered a reservoir that contained free
hydrocarbons (gas) that flowed to the surface (CNSQB&9).

Despite its proxiral positionto the downdip Thebaud gas field (a commercial
discovery), the hydrocarbons discos® in the Migrant Structuneere deemed to be non
commercial by the operat¢®OEP) with dill stem tes{DST) results indicahg limited
hydrocarbornvolumes in thereservoir.Mappingthe closure was aided by the presence of
check shot data (well velocity datajo discernvelocity variatiors resulting from
differences in sedimentary thickness on either side of a(aih, 2015) Such \elocity

variationsmay affect thehe interpretations aflosure extent in trueerticaldepth(TVD).

NW XLine 1040 XLine 1124

IL 4920 4920 4920 4920 4920 4820 4920

XL 992 1046 1100 1152 1206 1260 1312
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Figure 13: A sismic section of the Migrant Structure ane2Bl well penetration shows
evidence of extensionetlated crestal faling represented by the light blue line. The main
listric fault (light green dashed lines) extends below the structure (in the full view). The
crestal fault terminates wittlepth.An average constant velocity of 2900 m/s derived from
checkshot survey wassed for depth conversiai the seismic time interpretatians

The Migrant N20 exploration welligure 13) reached a total depth of 4669 m in
the Mic Mac Formation(Tetco, 1978)Eight drill stem tests (DSTs) were attempted in



three upper MidVlac Formationsands(Table 11). The preliminary well history report
concluded that the causédepletion in pressure was either insufficient structural closure
in the zone or the presence of a geologic boundary such as a fault near the \etlicore
1978) The two other Mic Mac Formation sands that were tested also apjpedre gas
bearing on petrophysichigs but did not flow gas at measurable flow rates possibly due to
~7% and

t est i nterval

low calculated effectie porositieso f possibly i nade
(he€f\BoO P B , 2

deltaic succession is represented by numerous blocky and fining up sands on well logs

thi cknesso in the

(Chapter 4). Hence, wittie fault influence, the concept of statepping of hydroarbons
laterally between reservoirs will be test@s outlined in Section 1.5The high neto-

gross (NTG) of the Missisauga Formation section higher up the Migrant Structure suggests
that hydrocarbon leakage likely occurred around the crest of thetusgufrom
syndepositional faulting of the shallow sedimgi@mith, 1980; Downey, 1994; Richards

et al., 2008, 2010)

Table 11: The Migrant N20 well DST test intervaldetco, 1978)

Test Type Top Bottom Units Notes Formation
Tested

DST #1 4333.09 4361.74 M Misrun Mic Mac Fm.
DST #2 4333.09 4361.74 M Flowed gas Mic Mac Fm.
DST #3 4270.3 4273.35 M Misrun Mic Mac Fm.
DST #4 4270.3 4273.35 M Misrun Mic Mac Fm.
DST #5 4270.3 4273.35 M No revovery | Mic Mac Fm.
DST #6 4205.7 4213 M Misrun Mic Mac Fm.
DST #7 4205.7 4213 M Misrun Mic Mac Fm.
DST #8 4205.7 4213 M No revovery | Mic Mac Fm.

1.3 Study Area

The study area comprises the Migr&damantiThebaud expansion tremd
associated with largscale listriogrowth-faultingonthe Scotian MarginThesedimentary
successiorcan be tied and correlatedttte 3D Sable MegaMerge seismic sunayhe
Migrant, Adamant and Thebauwadells and correlated between tlaglt blocks Figure 14;
Figure 15). The absence of core data in the Migrar@Nwell, andlimited sidewall cores

in the Adamant ND7 well core data fronwells that penetrate similaged fluviedeltaic
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sediments in thelown dip Thebaud rolloverwere studied(Figure 14; Figure 15).
Variations indepositional energy and facies distributimiweerthe Migrant Structure and
the distalThebaud Structure15 kmapart may introduce some w@artaintieswhere core

data have been supplemehte theMigrantarea

— T — Significant Gas &
N M —W N-20 &
t{
T /L = Gas Show ¢
Sable Islgg
i Pretf-giMlGRANT D Significant Oil .
psset L-

Qil & Gas Discovery| *

Oil & Gas Show hd
Oil Show +
Dry Well Al

Figure 14: A structural map of growth fault networks and associated rollover structures
with well penetrations aroun8able Island (Wach and Hirschmill2012). The Migrant
Structure is represented by the purple star. The black dashed lines are pipelines connecting
other producing fields to the commercial gas field in the Thebaud Strudtueeyellow

line fromM and Mbrepreserdgthe crosssection Figure 15) with the Adamant penetration

in the center of the line.

North M M’ South

KEGESHOOK J-67 MIGRANT N-20 THEBAUD 1-94 GLENELG J-48
-+ ol S
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Figure 15: A seismic stratigraphic section showing growth faults in the Sable Subbasin
including the Migrant, Adamaand Thebaud rollover anticlines (SOEP, 1997). The wells
penetrating the structures are indicated on the section tiéh Adamant M7 well
indicatedin red. Notice the curvature of the main listric faults (dense black leef)ey
soleoutin the deeperexctions.



1.4. Project Objectives
(a) Establish aconsistent stratigraphic templatebetween the newer Thebaud T5/ &

and Adamant N7 wells with the older ThebauebB and Migrant N20 wells showing
the succession of key zones from the proximal to distal positidre stratigrapic
work done immewer and older wellarerevised in thistudyto produce a template that
integrates work done in both the older and newer wells

(b) Evaluate the change the pressuredepth relationship between reservoir intervals
This will aid in confirming if there is &tratigraphic control othe overpressurérom
Migrant through the Thebaud structures.

(c) Determineporosity, permeability, and fluid saturation distribution within reservoir
intervals

(d) Use anaverage velocityto generate itne structure, andlepth mapsfrom the 3D
seismic dataywhich offers improved resolution from which the crestal fault previously
missed in 2D data has been identified.

(e) Assess hydrocarbdnapping throughfault-seal analysisat Migrant The presence of
sandtrapsindicatedby the bright amplitudes on the hanging wall of the structure are

an added benefit to using theichimproved3D seismic.

1.5. Hypothegs
At Migrant four four hypotheseswere considered to explain only minor

hydrocarbons in stackedur-way dip-closed reservoird he first twohypothesesvere

explored with the lattetivo hypothesesvestigated furthein this study

Top seal fai Mecbadaaicaldi g hawty: breaching of s
pressure andy mabaaekparmcwhre fail ed. Howe
pl ot of t 2e0 MiedrlanghoNs t hat only the bot

overpressured with mo st of t he reservoir s

hydrostaticall ydrppesmissmuasier vioher shyoccur Wi
influenced by the crestal fault.

FIl uid migration TshHeodeatfiadth i gmtanitn a f 1l ui d
was thought to be a potenti al sour Mscdf f ai
/ day in one reservoir interval with pressu



accumul arthiisn alcho wefd tfhoer rmeus ear ch efforts toc
probabl e hypotheses.

Depth convelnscieont aii snstaiensy ewistilont He om ti me t
section view, Mwgy adit pl obksult e kéaway2edkinp on

cd osure whermamapgpgene .i St2 ucture may not be e

it |l ooks encl oseidn idiewttihmebiet i magshogabed).
Possible crroé§sshauktuheaksare thinner than
the shale may be juxtaposed wint ht haen ootthheerr ss;
t he .f althlits wi | Iboanlsl otw hnyidgrroactaer bet ween sand
t he fault upwar ds and out war ds remsul ti ng

stratigraphically up stmTbhbcsuwel unbeltasted
seismic mappingsand All en diagram

1.6. Thesis Outline
The thesis is made wg# sevenchapters and supporting appendices.

Chapter 1: INTRODUCTION This chapterintroduces the project, including the

background statement tifelocationof the study aredyypothesisproject objectivesard

thesis outline.

Chapter 2:BACKGROUND This chapter presents thmegional geology, petroleum
systems elementandpastexploration of the Scotian Basin.

Chapter 3STRATIGRAPHIC WELL CORRELATION AND SEDIMENTARY CORE
ANALYSIS OF THE MIGRANT EXPANSION TREND This chaptepresentghe well
correlation and pressure data analysis for the four project wells. The resultshom

pressure data analyses are presentéus chapter

Chapter 4:PETROPHYSICAL WELL LOG AND PRESSURE ANALYSIS OF THE
MIGRANT EXPANSIONTREND In thischapterthe results from petrophysical analyses
in the project are presented.

Chapter 53D SEISMIC INTERPRETATION AND FAULT SEAL ANALYSIS OF THE
MIGRANT STRUCTURE This chapterpresers the seismic datasetnd fault-seal
analysis at Migrant




Chapter 6: DISCUSSION This chapter include discussions on the structural and

depositional patterns observed across the expansion trends. #dalsssesluid and
pressure distributiowithin the Migrant Adamant and Thebawgdructurs as well astraa
correlationandthe role of crestal faulting on trap integraind gas migration in rollover
structures.

Chapter7: CONCLUSIONS AND RECOMMENDATIONSThis chapter comprises the
conclusion applicationof this studyandrecommendations.

1.7. Project Wdkflow
Figure 1.6 outlines the workflow used in this study. Schlumberger PetrelTM

software (donated to the Dalhousie Basin and Reservoir Lab; Professor Grant Wach P.I)

was used for most dhe work in this project including log correlations, petrophysical

analysis, geocellular modelling, and time to depth conversion.

I Database construction |—>

! S e —

Well Tie Model Horizon
_l

I

I

I

Well Tops, Deviation and
Checkshot Survey

|

Well log —’Igdescriptionl l
goshiss o VLT = = —’| Geometrical Zone
I_____ oy e e e e Index Model

Scal -
V;:IIELLLPS »| Petrophysical Cell height
£ Modelling
Flow Simulation Fault Seal Analysis
| Well Log Analysis | [ 3D Modelling |

[NSEETIEAREEEIN | Vodelling Results |
_ Model Construction

Figure 16: Complete workflow used in this project. The workflow integrates the well data
(including core, pressure, and well log analysis) and seismic data (uwsesgefsmic
analysis and 3D modelling). The yellow boxes indicate the aspects of the welsddta

Blue relatesto pressure data used in the study. The red boxes indicate the seismic data
before being transferred over to the model building (grey boxed)fimally used in
modelling (brown boxes). The solid lines indicate the parts of the workflow that were
requiredbefore the next steps, whereas the broken lines represent those used iteratively
between steps (not strongly required for the next step).
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CHAPTER?2

BACKGROUND

2.1 Regional Structural Setting
Offshore Nova Scotiathe Scotian Basiextendsfrom the Yarmouth Arch in the

Sauthwest to the Grand Banks in tNertheast, covering an area of ~ 400, 006G Riviade

& MaclLean, 1990;Hansenet al, 2004; Kidstonet al, 2005 Figure 21). The basin
evolution begins with continental extension and rifting as well as the opening of the North
Atlantic Ocean fromhe breakup of Rangea that began theEarly Mesozoic (~ 200 Ma).
Episodes of rifting between the African and North American plates resulted in the
formation of the Atlantic Oceafschlische, 1993; Withjack, Schlische, & Olsen, 1998)

Camn) i
E 2
C 4
E L
® 5
T

B Tiassic-Early Jur _
(non-marne and slope sediments)
(shelf sediment) Triassic-Early Jurassic (salt)
(slope sediment) BN Granite
B Oier Rock

Figure 21: A block diagramshowirg the Geology of the Scotian SHetfim Williams et
al., (1997) andlater modifiedby CNSOPB2009).

According toWelsink et al., (1989)extension began in the Late Triassic and
terminated in the Early Jurassic, producing-SE/ oriented horst and graben systems on
the Scotian Margin. These controlled the formation of the Mesozoic Subbasins and the
deposition of sgiments.The Sable Subbasin is a portion of the Scotian Basin that formed
from extensionatelated tectonisriWilliams et al., 1998Figure 11). The basin represents
a significant sediment trap on the passive Scotian Margin, which comprigestimental
shelf and slopeaccumulating up to 16 km of Mesozdienozoic sedimen{®ade et al.,

9



2000) With a sedimentary sequence commenced by Trias&aporites(i.e. salt)and
MesozoieCenozoic siliciclastic(Weston et al., 2012kit on structural basement

comprising complex CambiOrdovician metesediments and Devonian granites

2.2 Stratigraphy of the Sable Subbasin
Following the formation of the NISW trending grabens drhalf grabens from

rifting in the Mesozoic, the Eariliddle Triassicis characterizedy an aridsemiarid
dominated climate. These conditions led to the deposition of continental red beds and thick

saltlayers Figure 22).

[\ain Tectonid Chrono Sgﬂ_;‘f:;* Main Tectonic
Events stratigraphy MacLean 1990) Events
B Holocine
R c 5
e B P
i} i
o & =
HE
g

Dawson Canyon

s
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Cree Mb

£
H 1=
c Missi
=
[
> -
2 u .
< 2 P 4= uplift
Fiwrm 2 L
2 3 Compression:
g = : prominent
Mohican
= sea-level fall
' ois -
Breakup Breakup
of of Legend
Pangaea }

Pangaea
Limestone
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SR Source rock
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Figure 22: A stratigraphic chart of the Scotian Basig Campbell (2018)The red box in
the middle of the chart shows the target Lower Missisauga an/isiecformations.
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The deposition of these sediments represented by the Eurydice arforngtions
occurred during early riftin/Neston et al., 2012)s shown idrigure 23. Mostof theArgo

Salt accumulated in the earliest pafttin the Early Jurassi¢ings & Shimeld, 2006;
Deptuck et al., 2014; Deptuck & Kendell, 2017)

TRIASSI- ABOUT 210 MILLION YEARS AGO i
(FUidy Gp., Argo & Eurydre Gl

HIGHLAND
LOWLAND
LAKES
SHALLOW SEA
R SALT
DRAINAGE

Figure 23: A paleogeographic map of the Scotian Basin showing the early lakes and
shallow seas with associated salt deposited during the Late Tr{&$B8OPB 2012)

After Late TriassieEarly Jurassitime, widening of the basin and expsion of the
Atlantic seawaybeganin the Middle Jurassievith marine incursionl O6 Coet alo r
2018) This led to the deposition of the Iroquois Formation dolomitegre 24). The
dolomitepasses laterallwestward into postift fluvial clastic sediments of the Mohican
Formation, which is thickesin the northwesind southeastern parts of thargin(Steele
et al.,2011) With increased sea level and regional subsidence, the Abenaki Formation, a
platform carbonate withthree members (Scatarie, Misane, and Baccaro) was deposite
(Kidston et al.2005) Marine conditions with widespread carbonatelsaheveloped on
the western edge of the margin with a mixed clastidonate system developing along the
eastern part of the margin comprising the Scatarie Member in the Middle Jurassic
(Campbell, 2018)
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A rapid change in slopgave way toa deepwater environment seawatithe
carbonate platforprcharacterized byhe deposition of marine shalesciudingthe Lower
Verrill Canyon Formatios (Figure 24). Thelandward equivalentomprisescalcareous
sandsshales, and carbonate muds of the Mac Formationas well as thderrigenous
MissisaugaFormation (Jansa &Wade 1975 SOER 1997). The Late Jurassitarly
Cretaceougeriod saw an increase in the deposition of clastic sediments generated by
largegale continental drainage systems that resulted in the formation of the Sable Delta
complex Figure 24). Thevast clastic influx is thought to have been tectonically influenced
(Jansa et al., 1975)

LATE JURASSIC - ABOUT150 MILLION YEARSAGO

HIGHLAND
= LOWLAND (Mchacr Abenakl Verrill Canyon Fms
Bl DELTA
B SHALLOW WATER [
E5E LIMESTONE BANKS SRS

DEEPER WATER . =
B RIVERS e <2

“%\V  LAURENTIAN
SABLE DELTA

DELTA
ABENAKI

REEF TREND

Ve~ SHELBURNE
DE LTA Wade

lllustration by John

Figure 24: A Late Jurassic paleogeographic illustration of the Scotian Basin depicting the
Abenaki carbonate platform drthe advancing deltaic clastics of the Mic Mac Formation
that inundated the carbonate syst6eNSOPB 2012).

Continued progradation of the Sablelt2avas accompanied by the deposition of
delta front and delta plain clastics of the Missisauga Formatitdmeigente of the delta,
which transitions ta basinal prodeltaic equivalent, the Verrill Canyon sh@&#ade &
MacLean, 1990) Alternating sandstone, and shalgéccessios from progradation and

retrogradation of deltaic successionthe EarlyCretaceouproducel reservoir seal pairs.
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Thesegrade laterally into thehaley basal member of the Logan Canyon Formation,
defined only on the shelf and transitions to the Shortland Shale at the shelf. margin
This study focuses odeltaic complexof the Mic Mac andLower Missisauga
formationsindicated by the red arrow Figure 25 below. The OxfordiarTithonian aged
Mic Mac Formation records the earliest phase of delta progradatio the Sable
Subbasin. The formation comprises cyclic interfingering of distributary channels and delta
front fluvial sands, with prodeltaic and shelf marsheles of the Verrill Canyon Formation
(Weston et al., 201Zampbell, 201&igure 25). The TithoniarAptian aged Missisauga
Formationcomprisedluvial to slope siliciclastics interval that forms a seawididkening
then thinning wedge in the Sable Subbg¥/eston et b, 2012) The formation reaches an
estimated maximum thickness of ~3.5 km below tbeenn shelf edg@Vade & MacLean,
1990) In the central parts of the Sable Subbasin, the formation overliesuttt&tone and
carbonateich Mic Mac Formation and is overlain by mudstones ofNlagkapi Member
of the Logan Canyon FormatioRigure 25). The Missisauga Formation is further divided
into three members, with the lower member d@apping Jurassic chonates of the
Abenaki Formation in the western edge of the Sable Subfdaitlean & Wade, 1993)

BERRIASIAN Missisauga Fm

TITHONIAN S8 i
KIMMERIDGIAN]| (& . = Soiae N Fower
OXFORDIAN | % : 81

CALLOVIAN | § o

BATHONIAN | = < Misaine Mb |2

BAJOCIAN Scatarie Mb

Figure 25: Recent and previous stratigraphic columns of the zones of intenegprising

the Migrant expansion trend revised @gmpbell (2018)The chart focuses mainly dmet

Mic Mac and Lower Missisauga formations. In the revised stratigraphic chart created by
Campbell (2018) represented in C, the siliciclastics appear to be interfingering with
carbonates, which are juxtaposed against siliciclastics of the Missisauga Formation by
faulting. The siliciclascs are thought to be from the Mic Mac Formation.
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2.3. PetroleuntSystemsn the Sable Subbasin
The onset of rifting and the opening of the Atlantic during the Late Tri&ssly

Jurassic was accompanied by the deposition of salts of the Argo Formation in a dominantly
arid tothe semtarid environmentJanseet al., 1975Wade & MacLean, 199endell,
2012; O 6 C o n n)oThe erotvingarift archite@udelindpacted the thickness and
distribution of these salts, which influenced the overlying strata with the development of
postrift structure in Middle Jurassic tBarly Cretaceous age sedimefiBeptuck, 2011;
Deptuck et al., 201Deptuck &Kendell, 2017)As extension occurredariable rates of
sediment loadingnd salt withdrawakided the evolution of seaward dipping growth faults
with assow@ted rollover formatiogCummings & Arnott, 2005Adam et al., 2006; Deptuck

et al., 2014)

Increased sedimentation with correspondingmeaizontal movement along these
listric faults in contact with the underlying decollement surface (lysaashale or salt)
results in the juxtaposition of strata of different ages at the fault plane hartgmgwall
fault block rotates downward®©omkens, 1970; Vendeville, 1991 Por nb s ki &
2003. Localized extension occurs on top of the rollover anticline in response to the
downward bending and results in faulting (synthetic or antithetic) across the crest of the
structure (i.e. crestal faulting). Crestal faults havenbdentified in rollover anticlines
the Sable Subbasin (e.g. Migrant) and are thought togpstential risk to hydrocarbon
trapintegrity in these structurg®ichards et al., 2002010)

2.4. ExplorationHistory of tre Scotian BasifModified after CNSOPB2018)
Since theaward of thefirst license near Sable Island in 1959, a reported total

discoverable resource estimate of 6.5 TCF /381 MMBOE (Million Barrelibf
Equivalent) (P50has beemeportedfrom drilling 210 wells to dateon the Scotian Shelf
(CNSOPB, 2019)Figure 26 shows the gam-place estimate faignificant discoveries in
rollover anticlines with thosthat became commercial fields in the Scotia Basin, oféeshor

Nova Scotia
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Figure 26: A chart showingthe significantrollover discoveriegbrown) with thosethat
became commercial fieldgreen)in the Scotia Basin, offshoreoda Scotig SOEP, 199).
The net present value (NPV) wittry with reserve sizgRose, 1992)

Figure 27 denonstratesamost ofthe wells offshore drilled before 1980ETR,

2011). Since 2005, seven wells comprising one injector well, three gas development wells,

and three exploration wells have been drilled (CNSOPB, 2018). of the exploration

wells drilled aspart of the Shellrne Basin Venture Exploration Drilling&ect operated
by Shell Canada Ltd(Cheshire E97 and Monterey Jack-£&3) show aplugged and
abandonedtatus(CNSOPB, 2018)After the third exploration well (Aspy 021) drilled
by BP Canada, andevoid of commaegial hydrocarbons (CBC, 2018), no expkory

drilling projects offshore Nova Scotia have been done
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Figure 27: A bar graph of all wells drilled offshore Nova Scotia to date. An underlying
curve distinguistes the exploration periods and degree of success in thgasdasin
(CNSOPB, 2019)

Beforethe year 2000, a 1:5 exploration success rate on the Scotian Margin was
achieved using relatively poor quality 2D seismic ddaguyre 28). Following the
successes with analogosalt plays in the Gulf of Mexico, the first exploration cycle in
offshore Nova Scotia resulted in three significant discoveries made from 28 wedtsigirg
salt playsncludingOnondaga B4, Primpse A41, and on the western end of Sable Island
at SablelH-58 (CNSOPB, 2007). During this exploration cydiee first hydrocarbon
discovery in rollover anticlines was made by Mobil (now ExxonMobil) in 1®F2n the
Thebaud R84 well found gas in the Missauga and Mic Mac formations. The following
year, the Mbil team discovered light oil in structures draped subtly over Jurassic age
Abenaki Formation carbonates when the Cohassé? Wvell tested the new plaype
(CNSOPB, 2007). Additional significagas discoveries made in Mic Mac and Missisauga
formationsediments in rollover anticlines at Citnalta and Intrepid marked the end of an 11
year exploration cycle that began in 1967 and included the unsud¢dégghnt N-20 well
drilled in 1977.
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Figure 28: A bar graph of the assodid seismic data (2D or 3D) with which the various
exploration cycles have been based off (CNSOPB, 2E&lier exploration successes
were based on 2D seismic data. The acquisition of 3D seiat@abetween 2000 and 2006
has had little effect on the Ent exploration efforts along the margin.

The second exploration cycle spanned/éés from1979to 1989. The cycle was
initiated bythemajor gas discovery in the Venture field rollover antickiargeted by the
VentureD-23 well operated east of Sabtand by Mobil and Petr€anada. Currently,
this remains the most successful exploration cycle with 15 significant discoveries made
from 54 wells drilled. The third exploration cycle saw sharedagapon focus in both #n
shelf and deewater regions (RSOPB 2007).With improved seismic quality associated
with 3D data, this would contribute to meaningful interpretation of siliciclastic and
carbonate prospects offshore. Howevére tacquisition oflarge 2D and 3D seismic
volumes during té thirdexploraton cycle has had minimal influence on the success rate
to datewith exploration of rollover anticlines notably the Adamatriuctureand Cree
structureresuling to noncommercialgas discoveries.

To date, 23 significantiscovery licenses have been awaddeight of which were
declared as commercial discoveries (two oil fields & six gas fields) by the Canada Nova
ScotiaOffshore Petroleum Board CNSOR8mithet al, 2014 Figure 29). According to

part Il, section 49 of the Canatobva Scotia Offshore Petroleum Resource Accord
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Implementation Act(Juy 21, 1988), fda signi firstwehont di sc
a geologic feature that demonstrates the existence of hydrocarbon in the feature by flow
testing and suggests the existence of an accumulation of hydrocarbons that has potential
forsus ai ned p Futltby the résourc® act defines anocwercial discoe r y as i a
significant discovery that has been demonstrated to contain quantities of petroleum that
justifies the investment of capital and effort to bring into produdie®, 2009; Smith et

al., 2014) This study will help to evaluate the risks @ssted with dilling on the Scotian

Margin.

-—P Wet without HC shows

— Wet with HC shows -—- Undeveloped Structures

-—P Undrilled Structures -—' Developed closures

Figure 29: A map of the offshore sedimentary basin with the fields, closures, arells
pipelines linkingvarious hydroarbon structures from the Sable Subbasin (Modified by
O6Connor e after viliams & X€ed, 3990and NSPD, 1999)The extensive
Abenaki carbonate platforims represented by purple and Sable Island in green.

18



CHAPTER 3

STRATIGRAPHICWELL CORRELATION AND SEDIMENTARY
CORE ANALYSIS OF THE MIGRANT EXPANSION TREND

3.1. Introduction
Well correlation of théour projectwells in this studycomprisesiew contributons

in this study. This was accomplished by synthesitimegwork done by previousorker
and integrating them into our current contributiddsing formation tops downloadé&@m
the Natural Resousre s Canadads o nlthervaiouB sir&igréfic ndraes a b a s e .
used for the different wells in this study were reconciled in this chapeir stratigraphic

well tops were imported into Petf¥Ifor correlation purpose$he newer wells have better
well logs, and tops that are defined within a consistBrdnostartgrpahic schentieat is
seismically consistenMarine shales and carbonates are ideal for making key stratigraphic
correlations due to their easily identifiabkeell log and seismic chacteristics and
widespread distribution as marine floodsgfaces.

The integration o6ammaRaylogs and gamma normalized Vsh logs with Canstrat
lithology logswasused to improve the well correlation. Where available, the sonic and
density logs were udein combination with th€&sammaRay logs in cases where vias
difficult to distinguish between lithologies and their lateral extent during correlation. Also,
with the overpressure marking the effective top for the trapping of hydrocarbons in the
Thebaud Feld, the absence @ammaRaylog in the Migrant N20 wel between depths
of 4025 to 4099 m made it difficult to determine the presence of a significant shale unit.

As a resultthe absence of core data at Migrant and the failure of sidewall cores
from Adamant to capture the transitions between depositionaésegs raised the need to
look for core information from neighboring wells. In this study, rocks from £tref the
Thebaud 193 well seemednost similar in age to the sediments studied at Mgt
core was described for this study with the sedimegtoal and geochemical characteristics
used in matching results from the geochemical analysis of cutlihgsedimentological,
stratigraphic and geochemical results were used to better unddrsthe palee
depositional environment key zones (includthg DST intervals and missing section of
the GammaRaylog). A consistent stratigraphic template of the newer Thebaud-75% E
and Adamant N7 wells with the older Thebaudd3 and Migrant N20 wells showed the
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succession of key zones from the proximaligtal positions as well as confirming if there

is astratigraphic control othe overpressureetween the Migrant and Thebaud structures.

3.2.Data and Methods

3.2.1 Well Data
The well datasetssed in this research comprising wireline logs, litholtmpys,

deviation and velocity surveys, and pressure data are courtesy of the Canada Nova Scotia
Offshore Petroleum Board CNSOPB, Natural Resource Canada online BASIN Database,
Divedco, and CanadiaS8tratigraphy (CanStrat].he four wells summarised ifable 31,

were used in this study. The data from the wells were used for weklation,
petrophysical analysignd integration with 3D seismic data. Of fioer wells, one well

(Thebaud{93) was used for core degation.

Table 31: Well information d the four wells used in this study. This information was
extracted from the BASIN database of Natural Resources Canada.

Well Formations GSC# | UWI Coordinates Spud Date | Operator TD
Name (mRT)
Migrant L. Missisauga D170 300 N20 44000 28/07/1977 | Mobil et al. | 4468.7
N-20 Mb., 60000

Mic Mac Fm.
Adamant | L. Missisauga D369 300 N97 44000 05/11/2000 | ExxonMaobil | 4708
N-97 Mb., 60000

Mic Mac Fm.
Thebaud | L. Missisauga D359 305 E74 44000 25/11/1998 | Sableetal. | 5015
E-74 (T5) | Mb., 60000

Mic Mac Fm.
Thebaud | L. Missisauga D271 300 193 44000 60000 | 27/03/1985 | Mobil et al. | 5166
1-93 Mb.,

Mic Mac Fm.

3.2.2. Sratigraphic Analysi@ndCore Description
Characterizatin of stratigraphy was refined by detailed core analysis and the

depositional facies were linked to well log response to produce depositional facies
interpretationsin the absence of core at Migratite similarities,and differences between

the Thebaud ahMigrant clastic depositiai faciesthrough core analysis dfi¢ Thebaud

[-93 core 1 interval wernéentifiedatthe Canaddlova Scoti a Off shore Pe
Geoscience Research Centre (CN8@RC) in Dartmouth, Nova Scoti@he calibration

of the ®res with the petrophysical logs allows for seismic. tidsking comparisons

against existing core descriptions and interpretations from the deeper overpressured
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sections allows for a closer looktae stratigraphic implications onveell-by-well basis.

The Thebaud 193 core 1 interval was most closely related to dlaestic deposition at
Migrant basedn well stratigraphiccorrelationand 3D seismicfacies Given the deltaic
depositional system digbution across the Migrant expansion trend, there &liko be
variations in facies distribution arkepositional energy between sediments deposited in
the Migrant and the distal Thebaud depocenters ~15 km Adest.of core data available

in the bur wells in this study are presentediable 32 below.

Table 32: Core data incorporated in this study. Of tfaur cores,three of the physical
rock data(Thebaud 193 and Thebaud-4 (T5) as well as Adamant-87 weredescribed
by the operairs. Only the Core #1 was described in ttisdy.

Well Top Bottom Sample Core Formation | Recovered
Location Analyses Cored

1-93 3065.68 3081.3 CNSOPB | Y Missisauga | 15.99 m
(FDC) Fm.
TS5Corel | 4621 4639.5 CNSOPB Y Missisauga | 18.5m
(FDC) Fm.
T5 Core 2 | 4922 4948.5 CNSOPB | Y Missisauga | 26.5m
(FDC) Fm.
N-97 3542 4146 CNSOPB | Y Missisauga | 48 cores
(SWC) Fm.

Mic Mic

Fm.

The Thebaud-B3 well was drilled on the Central western block of the Thebaud
Structure within the Sable MegaMergedure 31), reaching a total depth of 5166TDSS
on the flank of the structure. The core #1 described in this work was taken from a
dominantly mudstoneith occasional sandstones agilistonednterval which dominates
the 3158 mi 4768 m deth range at Migrant based on work @ampbell, 2018)
Approximately 15.8 m of the core was recovered of th@draCretaceous from a depth of
30813097 m in the Thebau8tructure. Core description of key intervals in the T5 well
found in the supplementary filed the end otthe well report suggests an older age limit
for the Missisauga Formation Sandstone from dieeper H2 and F3 Sands compared to

the contiguous sandste section of the93 core (Section 3.).
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Figure 31: A plan view of the study area comprising the four project wells and their
relative spacing from Petrel.

The full diameter core from the Thebauéd3 was useful foinvestigating the
transitionbetweemonreservoir rocks (shales) to reservoir rocks (sandstone) and back to
nonreservoir rocken areas that are stratigraphically similar in age to the Migrarb ol
This cored interval isorrelatable tdhe normallypressured zone of interestthe Migrant
Structure which allows for comparingthe depositional facies as well as their associated
energy levels at the time tfeir deposition. The ThebauelB well comprises five cored
intervals making up approximateb8 m of core all from the Msisauga Formatiomor
thisstudy, ol y Core 1 (t he desa@bed(APPENDIX A.1l.; Sectioe )
33.1).
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3.2.3. Well Stratigraphic Correlation
The construebn of a stratigraphic crossection of the four project ells was

completed by correlating stratigraphic tops with easily distinguishable, seismically
identifiable markers using tietrelM stratigraphic well top correlation workflowFigure

3.2). Given the observed ligstratigraphic discrepancies between newer wells (e.qg.
Thebaud T5 and Adamant®¥) and older wells (e.g. MigraNt20),the operators (SOEP)
adopted the same lithostratigraphic framework for theb&ilad and Adamant structures
For consistencythe formaton top picks were first correlated befdhe hydropressured
sands #2, #4 and #6 were correlated fithim newerThebaud T5well to the Migrant
Structure and R0 well. The Cretaceous C sands in thgamant well was correlated to
the keyhydro-pressure semn in the Thebaud Structur@mprisingSand #2, Sand#4

and Sand#6 before being correlated to thigrant N-20 well

: 35
4~ Create/edit well tops Lallis

w Well carrelation Mo active surface
|@ ﬁ" £3§;3 @ 5 Bl 63 : [] show well tops in time

Restricted by stratigraphy

Figure 32: The well correlation workflow usddr building a stratigraphic crossection.
3.2.4. XRF ©re Analyses

A calibrated Thermo Fisher Scientific handheld XRFr&x fluorescence) analyzer
was usedo analyze wholeock sampleso map the geochemical concentration in the
available cores, sidell cores and cuttings. While these XRF measurementsuasful
for providing quick, onsite chemical roakalysis data from cuttings, and cortegy can
be used to identify the mineral composition of a seodkiis technique may be enhanced if
there aregood samm@ preparation practices (e.g pulverizatjowhich creates better
consistency of the rock sample than whole rock measurerieakgding full diameter
cores, sidewall coresand cuttings)done in this study The instrument detects the
concentrabn of a range of elements after exciting a rock withra¢s (Ryan et al., 2017)
Each sample point was analyzed by the device for a total ofd@&fhdsThree physical

rock data analyzed through thigthod are listed iifable 33.
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Table 33: Physical rock datavailability in the project area anatgd either for their
sedimentay features, grain siz@r geochemically classified aft@ferron, 1988)

Well Sample. No. of XRF Readings
Thebaud 1-93 Core #1 46
Thebaud TS E-74 F3 Core 84
H2 Core 58
Adamant N-97 48 Side wall Cores (Including | 47
a disintegrated sandv sample)
Migrant N-20 35 Vials of Well cuttings 35
3.3. Results

3.3.1. Core LithofacieBescription
Five lithofacies were identified in this study frahecore descrippon of the Thebaud

[-93 well. When ompared to core photogiap from the predominantly siliciclastics
overpressuie F3 and H2sards described by Welner et al2000), physical rock
characteristics indicate a slightly different depositional influeinc¢he egion of the
Thebaud 193 core 1 intervalComparing thigo petrophysical well logs at Migrant will
introduce come uncertaintyue to lateral facies variah whencore data isused for
supplementary purposes in the absence of core at Migh@ntonsidaable spacing
between the wells with no closely spaced fitlie meant that this uncertaintpuld not

have been avoided.
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Table 34: Summary olfithofacies examined from core in the Theba@3 lwell.

Lithofacies | Cored interval (m) | Texture Trace Fossils Sedimentary Interpretation
and color | and Structures
constituents
Medium to 3065.68-3066.28, Coarse None Rip-up of mud, Lower intertidal
Coarse 3066.46-3067.02, grained shales, and coal | to subtidal,
Laminated 3077.73-3080.18, and Sand flat,
Sandstone 3080.7 - 3081.15 whitish Beach/Marginal
(F1) grey
Mudstone/ 3066.43- 3066 46 Fine Siderite Nodules | Erosional scours, | Intertidal flat
Shale (F2) 3070.91- 307228 grained, low angle cross- | Coastal Plain,
Dark to lamina. Lagoon/Back
limey asymmetric reef
arey ripples. rip-up Offshore shelf
clasts
Dark 3068.95 — 3069.4 Coarse None None Fluvial/Tidal
Massive grained channel in the
Sandstone and black intertidal zone
(F3)
Poorly 3067.02 — 3068.95, | Coarse None Planar horizontal | Subtidal to
Sorted 3080.18 -3080.7, graimned lamnination lower intertidal
Lithic 3081.15-308127 | and grey mottling environment
Sandstone with dark
(F4 fragments
Lenticular- 3072.28 — 3077 Fine to Shell patch, Bioturbations, Subtidal
bedded Coarse Burrow marks ripples,
mixed grained, (Teichichmnus, lens/lenticular
Sandstone Grey ?Zoophycos or bedding
and Mud White Rhizocorallium)
stones (F3)

We identified fve lithofacies in this study fromtme core description ahe Thebaud
[-93 well. When compared to core photographs from the predominantly siliciclastics
overpressured F3 and H2 sands described by Welhal., (2000), physical rock
characteristics indicata slightly different depositional flnence in the regio of the
Thebaud 193 core 1 interval.
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Lithofaciesl: Poorly Sorted Lithic Sandstone

Description: Lithofacies1 (Table 34) is mainly a grey coarse medium to lowexoarse
grainedsand with poor sorting. It occupies the bottomhaf tore and is also present in the
top where it is seen interfacing with lithofac&sThe section is mainly whitevith some
calciteand changes to grey when sprayed with water, which percdategyhthe grains
rapidly (Figure 33A). The lithofacies igharacterizethy the presence ripp ofmud,shale
and coal fragments with sulphuric smell {laé bottom) of the section. Wetting further
reveals sedimeaty lithic fragments with some oolitic presence in theéisadound at the
top of the cord APPENDIX A.1)

Interpretation: F1represents deposits typical of a subtidal to lower intertidal environment
(Siddiqui et al., 2017)n addition to the poor sorting, the occurrence of shale and mudstone
(or possibé coal fragments) ripp clasts suggests scouring of chelnpase/ banks that
typically runs along the length of an intertidegime in the estuary (Darlymple et al. 1992).

Lithofacies 2: Croskaminated Sandstone

Description: Lithofacies 2 Table 34) is comprisel of medium to coarseyrained
micaceous sand, showing some burrowing with fossils and mudsqFigere 33). There
is low-anglecross lamina with reactivation surfaggading fom fine to mediungrained
sandsScouringand asymetricipples with lamina dipping at ~ 10 degrees @resenin

addition to mud ripup class. In thesawo intervak of corewithin box 19- box 21 and box
4 and box JAPPENDIX A.1) This sectionof the coreis mainly whiteandchanges to
grey when sprayed i wate which percolates through the grains in a short period.

Interpretation: F2 represents deposition within a lower intertidahtsubtidal domain
(Siddiqui et al 2017) There are lowangle cross laminaand asymetricripples with
reactivation surfaceslentified in this coe whichsuggests a mild degree of energy likely
related to changing tidal currents during retreatinglédels towards a slackater regime
(Reineck & Wunderlich, 1968The reactivation surfadedicateschanges in energgvel
(likely increasing) with mild burrows and fossil presence a further indication of intertidal

influences.
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Lithofacies3: Dark MassiveSandstone

Description: Lithofacies 3 Table 34) is mainly medium to coarggrained massiveands

with some dark minerals that give a dark appearance teatidstoneKigure 33C). The
sectioninterfaces with a reactivation surface that mark #ggarming of the next unit where
some asymetric ripples witlamina dipping at ~ 10 degreds.the main area of its
distribution higher up in the cored section, there are no obvious sedimentary features in
this facies as seen in box(BPPENDIX A.1). Whensprayed with water, it percolates
through the grains in shat period and is dispersed through the cored section. A sparse

section of the facies can be seen at the bottom of the core with some coal fragments.

Interpretation: F3 represents deposits ofidal channel in the intertidal zoigiddiqui et

al., 2017) The dark sand&e documented in congere likely sourced from a supratidal
coastal plain/marsh environment with the dark coloration related to the accumulation of
salt or freshwater peatSiddiqui et al., 2017)Thus, there is a slight changein
provenanceThe interf&Zing reactivation surfaceniour observations a characteristic
structure of thesubtical and lower intertidal zone (Van Wagoner et al., 1990). Here, the

currentsareslightly higher witha slightly higher sediment supply (Webb et al., 2015).

Lithofacies4: Mudstone/Shale

Description: Lithofacies 4 Table 34) is comprisal of featureless gray to dark mudstone
with some mottlingThe facies compriseplanar horizontal laminationg=igure 33D).

Mild siderite nodule (~1m) components can be seen in this facies. It makes Upsker
amounts of the core found in box 7 and box 10. A small section of this facies exists in box
2 (APPENDIX A.1). The facies changes to limey grey when sprayed with water. The water

percolates ttough the grains slowly with some ponding observed on smmeecutouts.

Interpretation: F4 represents intertidal mudflat deposits (uppetheomiddle intertidal
regime). The mudstorsection we see in this coneasdeposited after the flocculation and
settling of lagoon mud/clays suspended in flood water dnadistributary channels and
resulting in laterally extensive laminations distributed across the mudflat. This is aided by
thelow surface gradients of thiglal flat (Webb et al., 2015)Thus, alleving for less rapid
drainage of a fluvial inflow. The nothr presenceve observe in coris related to poorly
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drained, low energythe nonmarine influence of dissolved iron that precipitated into
siderite likely deived from fluvialinput (Cecil, 2003; @cil, 2013).

Lithofacies 5: LenticulaBeddedSandstone rad BioturbatedVudstone

Description: Lithofacies 5 Table 34) is comprisel of grey to dark shaly and whifme to
mediumgrainedsandtonemixture. The sectioms of heavyto mild bioturbation in the
mudstone with some burrowirend occasional fossiis the sand patches with siderite
noduleqFigure 33E). In zones of abundant sands, lenses/lenticular beds are common with
mild current ripples. There is increased bioturbation as it gradesrds abundant mud.
Also, fossils and burrowing (botrertical and round/horizontal) are observed in the section
with 1-6% bioturbation.n total, the faciesnakeup about50% of the core occupying
mainly the middle sections) box 8 and box 9 as well aslynlaox 11- box 18(APPENDIX

A.1). The section is mainly white in color and changes to limey grey when sprayed with
water, which percolates through the grains slowly wime ponding observed some

core cutouts.

Interpretation: F5 represents deposid$a subtidal environmen{Siddiqui et al., 2017)
The sandstone and mudstone mixture with lenticular beddisgrved in this core
descriptionsuggests change indepositionaknergy According towork by Reineck and
Wunderlich (1968), currentpplesmay occuiin a mudrich environment that
experiencedlternatng periods ottidal currentandtidal slack waterDiagnostic of

subtidal conditions, bioturbatidn this core idikely from PlanolitesandTeichichnus
ichno fossilssuggeshg a brackis water environmen®he nodular presence indicate
low erergy, noamarine influence where dissolved iron precipitated into siderite (Cecil,
2003; Cecil, 2013).
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Figure 33: A figure of the log facies described in the Baed F93 well.




3.3.2. XRF Analyses Results
Figure 34 and Figure 35 show the results of geochemical concentration of major

elements compared on a sandclass plet &ferron (1988) The sdewall cores from the
Adamant N97 well appear to be spreadt represented by the red diamoffEigure 35).
The datais presentin all fields on the sandclass plot except As&@Figure 35). The
ferruginous fields (upper section thfe plot including FeShale and F&and) contaied
fewer points than the neflerruginous section gwer section containing Shale, Wacke,
Litharenite, Arkose,Sublitharenite, Subarkose). Most of the points plot within the
Sublitharenite field, which contains the average plot v@igure 35). The FeShale facies
occur in the silica poogniron-rich area of the sandds ploiFigure 35). Data points in
this field are present in all the analyzed intervals except the Thel®8utbp core #1 and
the Thebaud &#4 (T5) H2 @nd cored intervdFigure 34). In the Adamant M7 well one

of the 44 data points plot in this fiefBligure 35). The Thebaud &4 (T5) F3 Sand cored
interval shows thate of the 85 points plot in this fielgFigure 34).
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Figure 34: Histogram of data distributed on a sandclass plot for the respective fields in
the analyzed wells and intervals ofarest including the Mic Mac and Missisauga
formation resevoirs. The vertical axis represents the occurrence with the horizontal axis
representindithological facies.The Adamant M7 well shows increased amounts of
sublitharenite and F&and compositiariThe Thebaud93 Top Core #1 showashigher
concentratim of Wacke, Sublitharenijtand Litharenite compositions. The Thebaud4

T5 F3core shows an increase in Wacke and Shale content with some Litharenite,
Sublithareniteand Fe Sand and Shale. Th& terval shows an increase in the amount
of Subarkose h some Sublitharenite.
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Figure 35: A series of andstone classification plots of samples from the cores for the
project wells. Each plot takes into comparison thecemtration of the logSiO2/AI203 on
the xaxis against theof logFe203/AI203 on thegxis.

Most of the values in the sand class [itotThebaud 493 top core #1 occur in the
Wacke field (Figure 35). In this well three fields without any data points inciuthe
ferruginous FeShale, nofferruginous Arkoseand Quartzarenit@¢Figure 34 & Figure
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3.5). The plot average value for thp$ot is contained in the Litharenite fie(Bigure 35).

The data points for the Thebaud/7& (T5) core from the F3 sand interval shows some
clustering in the shale and Wacke fiel@sgure 35). The data points plot in all fields
except the Arkose, Subarkqsend Quartzarenit@Figure 34 & Figure 35). The average
value plots in the Wacke fiel@Figure 35). In the H2 core interval of the same well, the
data points are spread out in all fields except th&Hae and Shale fieldFigure 34 &
Figure 35). Most ofthe data pointplot in the Subarkose field with the average plotted in
the Sublitharenite fiel@Figure 35).

The Arkose facies occupidise intermediate silica, low irofield on the sandclass
plot and is not as common in ouassification of the various wells and intervéifégure
3.4). This facies is present only in the Thebadd@ddHT5) well where only three data points
plot onthe sandclass pldFigure 34 & Figure 35). The Subarkose facies occurs in all the
analyzed intervals except the Thebaud4e(T5) F3 Sand ced interval (Figure 34 &
Figure 35). This facies occupies high silica, low iron portion of the sandclassetloebn
the Arkose and Quartzarenite fiellsigure 35). Four of the 44 dagaoints in the Adamant
N-97 wellas well as four of the 48 data pointsle Thebaud-83 well plot in this facies
(Figure 34). In the Thebaud €4 (T5) well, 24 of the 58 data pointstire H2 Sand core
plot in this faciegFigure 34). Occupying the silica and iremich area of the plot, the Fe
Sand faciesre present in all the anatgd intervals(Figure 35). In the Adamant PO7
sandclass plot, seven of the 4talpoints plot in this fiel@Figure 34 & Figure 35). The
Thebaud 193 top core sees three of the 48 data paitusin this field (Figure 34). The
sandclass plot for the Thebaue/E (T5) well shows that eight of the 85 data points in the
F3 Sand interval plot in thigeld with nine of the 58 data positor the H2 Sand ierval
plotting in this field(Figure 35).

Litharenites facies are one of the more pronoumdede nine classification fields
occurring in all analged intervalgFigure 35). Occupying the area above the Arkose field
but just under the ferrugious demarcation, this facies is most common in the Thebaud E
74 (T5) F3 Sand cored interval where 16 of the 85 points plot in this facies. This is followed
by the Thebaud-93 top ore #1, which has 11 of the 85 points in this fadiégure 34).

The Adamant NB7 sidewall cores had four of the 44 points in this facies with the Thebaud

E-74 (T5) H2 Sand cored interval having the least numbpoiots in this field with four
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out of its 58 data pointéFigure 34 & Figure 35). The Sblitharenite facies occupies an
area in the high silica, intermediate (just betberdemarcation of the ferruginous and-non
ferruginous fiéds) and just above the Subarkose figajure 35). It is the most dominant
facies present in all the anadd plots. Both the Adamant-87 and Thebaud-93 well
showed the highest concentrations both with 140644 and 48 datpoints respectively
(Figure 34). The Thebaud &4 (T5) H2 Sand core had 12 of its 58 datapoints plot in this
field of the sandclass pl¢Figure 35). The F3 Sand cored interval had seven of its 85
datapoint plot in this facig§igure 34).
Quartzarenite facies occupies the highest silica and iron extrertinee afandclass plot
(Figure 35). This facies occurs only in the Adaman®©N sidewall core and the Thebaud
E-74 (T5) H2 Sand cored interv@tigure 35). In the N97 well, sk of the 44 data points
plot in this faciegFigure 34). The E74 well has three of its 58 data points plot in this
facies(Figure 34). Shale facies occur in the low siljdaw iron end of the sandclass plot
(Figure 35). In the Adamant M7 well, six of the 44 datpoints plot in the shale facies
with the Thebaud £4 (T5) H2 Sand cored interval having tiighest occurrence with 20
of the 58 datapoints plotting in this faci@sgure 35). This allows for the mapping of
geochemical elements in the varidithofacies to discern the variability in elements
related to the lithofacies and degasial environment

The Thebaud-B3 has the least numbei datapoints in this facies with only one
of the 48 datapoints plotting in this figlHigure 34 & Figure 35). Wacke is present iall
the analyed intervalgFigure 35). Occupying an area between the +fiemmuginous Shale
and Arkose/Litharenite fields, the Thebawd4£ (T5) F3 Sandored interval appeared to
show the highs&t proportions of this facies with 29 of the 85 data oplobtting in this
field (Figure 34 & Figure 35). In the Thebaud-93 top core #1, 15 of the 48 points plot in
this field with the Thebaud-E4 (T5) F3 Sand cored intervahd Adamant N7 sidewall
cores showing lower proportions of points in this facies with three of the 85 and two of the
44 data points respectively for both weFsgure 34 & Figure 35). While the results from
analyzinggeochemicatlata(from cuttings or core) integrated intiois studywas aimed at
increasing the confidence of depositional environment interpretati@iching the
elemental variability of the XRF result textural and composition properties associated

with various depositional environmemiay present some limitations.
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3.3.3. Well Stratigraphy
A well correlation panel wasreatedto delineate the Mic Mic to Missisauga

formationreservoirs in the Migrant expsion trend as well as the top of overpressure in
the project wellgFigure 36). Differencesetween the lithostratigraphic framework used
by the GSC and thoperator (SOEP) in the online BASIN Database were ateddor
during a preliminary correlation exercise ofafrof the four project welld={gure 37).

This was done to enable further correlation towards thggavit N20 well.
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Figure 36: A crosssection of the key wells used in this proj&itien the high net to gross
nature of the system, ldgased correlations across the four wells proved challendihg.
absence of a Cangrlithology log for T5 meant #t the Gammdrayderived $ale volume

log was relied on for correlation purposesth the rightward kicks commonly shale zones.

The Wyandott Marker was flattened as the datum before the subsequent markers were
flattened ona aid the correlation of the following markéie currentdisplay is based on

true vertical subsea deptlfTVDss). To demonstrate the sequence stratigraphic
relationship the horizontal distances have not been displayed to scale.
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Figure 37: A well composite for three of the foproject wells. For consistency
combination olammaRayderived shale volume log (first trackhdcombined sonic and
density loggsecond trackjvere used for correlating kegservoirtops fromtheolder and
newer Thebaud wells through Adamant.The Wyandott Marker was flattened as the
datum before the ssbquent markers were flattened on to aid the correlation of the
following marker Given the impact of MD in skewing the apparent thicknelssionships

for a deviated well ite current display isdsedtrue vertical subsea dep{fiVDSS).

Considering the new stratigraphic scheme adopted in wells drilled after the time of the
Thebaud 1493 and Migrant N20 wells, there was need to reconcile & noticeable
differences in the naming convention in botd and new wellsThis involved adjustig

the various naming systems established by various workers through the correlation panel
in this projectio create a consistent framewofkis was integrad into Despitetheage
difference between the two Thelsh wells, the nomenclature used in thermally
pressured section was similar for both wells. The reservoirs in this section of the well were
named using a numeric haming convention going from7,, which changes to an alpha

numericnomenclature deep the structure below the Thebaud Shale.

3.4. Discussios from SdimentaryCore Obserations

3.4.1.DepositionaRelationship- F3 and H2Sandintervals
Sedimentary core analysis in this study inealvthree cored intervals from the

Missisauga Formation itwo wells Thebaud-83 and Thebaud-F4 (T5). Two cored
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intervals from the Thebaud ® (T5) well were mainly studied based on work bsvpyus
workers(e.g. Welner et gl2000). A review of théop core (the F3 sand interval) from the
Thebaud E74 well gves aGammaRay log motif with an overall cleaning upward
signature Eigure 38). Also, syndepositional slumping/ micro faulting observed in the F3
cored interval as well as the presence of bioturbation (burrowd)rgples, suggests a
sporadic change in depositionallugnce as observed from the grain siagation which
ranges from coarse teery fine graied These characteristics azensistent with eltaic
depositionalenvironment(Bhattacharya & Willis, 201). The bioturbation comprises

horizontal burrowshat arel- 5 mm longlikely Planolites
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Figure 38: Afigure of the F3 Sand interval in the Thebaud Structure sigtive Gamma
Ray log(second trackyvith cleaning up sigrntare right of the depth track. The absence of
gas in the sand is indicated by the absence of cross oMautfon and Density lagin the
third track with the eparation between both logs ian indcation of shaliness (high
shalinesy The increased shale volume (grey)and decreased porosity (yellow)
combinationsn the fourth traclksupportvariable sand content in the interval
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The bottom othe H2 coreis characterised by laminated sands thotgimdicate
unidirectional high energy deposits. Thésa change in character indicating more sign of
biological activity.This may indicate a resumption of faweather wave base conditions
allowing for the biological activities observed from the bibation. Also, gidence of
wave agitation supportedybthe deposition of thick finggrained, hummocky cross
stratified sand packages followed by tidal influence on top of this section suggests a return
to tidal conditions known to interface with periodsflofvial dominanceclose toshore
(Siddiqui et al., 207). Upwards inthe H2 cored irdrval the depositssharesimilar
characteristics with middle shoreface depoaitsl suggests a transition from offshore
facies to middle shoreface faci€mcies further up give hint of astuarymouth followed
by charactestics in the top that indicatearrier bar environmennifront of the estuary or
to somedegreeaight upto wherethere iswave actionAlternatively, this couldpossiblybe
a channeWwith a stark change in reservoir characteristieg appear to beell sorted and
muchcleaner.

Based on theimilar grainsize (not observable in log data) amongst the reservoir
at the top F3Figure 38) and bottom test Hhhervals Figure 39), it is likely that the
sediments were derived fromet same sourdecation. This is supported by geochemical
data results in Section 32.However, theiporosity/permeability relationship mcross
plot (Section 44.2) suggests some variation, wh may be linked to their deposition.
Judging by the oveil, GammaRaylog response and physical characteristics of the cored
interval combined with the indicated shale distribution, this suggastransition
interpreted as aetrogradational everitkely from estuarine to shoreface environment
(Angela et al., 2003Besidesregular occurrencef clay and fine parallel laminated sand
throughout the core with 1estdlished shalinessfdop the core is typical agttorm depsits

with associated hummocky cressatification interpreted by Welner et ,al2000).
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Figure 39: A figure of theH2 Sand interval in the Thebaud Structure showiregGamma
Raylog (second trackyvith a blocky log signat@right of the depth track. The presence
of gas in the sand is indicated by the cross ovédaitron and Density l@g(colored in
red) in the third track. arationbetween both logs ian indication of shaliness |ow
shalinesy Thereducedshalevolume(grey)andincreasedoorosity(yellow)combinations
on the fourth traclsupportthe richsand content in the interval.

3.4.2. DepositionalRelationhip 1-93 Core #1 Interval
The top core (Core #Ijom the Thebaud-93 well was the only one described in

this study given its direct relevance to the normally pressured interval studied in the
Migrant StructureThe core descriptiofFigure 310) compared favowably against the
GammaRay log signaturesn the core angkis report The presence of a solid shale
interval in the core section resembles a lagoon or distal offshate fom its dark
featureless character. The parallel lamination of the shales ssiggestight core to TVD

cut out with a lack of deviatiofSection 3.3.1.)Going by observationsthe core was
deposited iralikely marginalmarineenvironmenbased otthe combination of bioturbated
shalyand sandy unit#\lso, observed reactivati@uifaces with rip-up clasts, siderite mud

and downgoing burows perhaps froriieichichnusare like features observed in a typical

channel base environment with some chasagts and clay intermix.
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While worm trace fossils in muds tend to be characterisfia low energy
environment, the frequency of their ocamce in this log is typical of sedimentation
pattern found in a drainage area where avulsion is common (e.g tidal flat). Alternatively,
supportedy log signatureghis may hint at a pulse of ddltasedimentation with a slowly
transgressing sequence abav While work byKidston et al. (2005)eferred to thearget
of the F93 well as back reef, located slightly away from the margin, this supports the
mudstone compositioiowever, the shale intervalpeesents a sequence boundary, which
may be associaewith the top of an interfluve deposit above a middlerefagce or
estuarine succession where thare minimal storm eventgAngela et al., 2003)The
siderite nodulesin the core suggest combination ofluvial influence with some tidal

contributions.
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Figure 310: Sedimentological characteristics of th®3 cored sectiorfrom the Lower
Missisauga Formatioshowirg the facies and thegedimentary character
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3.43. Depaitional Faciesat Migrant
The dataacquired from the rocksstusgd in the previousection(Section 3.4.2)

plots in the sublitharenite field, whicimay suggest that the sands asxturally and
compositionallyimmaturebased on the characteristics aktfield by Folk (1968) Based
on the resultsdm sectior8.32, a progressively decreasing quartz contetiiésandclass
plot from the Thebautb Adamant andhe Migrant structure suggests thaetands in the
Migrant areahad moderatetextural and cmpositional maturity Thus,the sands were
subjected to ashort travel distancevith a mild degree of reworkingCompaetive
observation irFigure 311 supportghe conclusion othe Mic Mac Formation sands (inset)

encountered in theone of interest in thligrant Structue (below 4,100).

Muds and Sands

Sands X .'.- ottt

Sands
Inner Shelfq

muds

Foreset

Bottomset
Prodelta Mud

Bottomset

Figure 311 A figure showing the basinward progradation of deltaic sediments modified
from (Scruton, 1960). The figure showsleaningupward pseudo logon the left of the
diagramthat transitions from an-marine siliciclastic topset deposito offshore marine
shales. This cleaning upsignature ischaracteristic of th&sammaRaylog patternof the
lower sectionBased on theverall cleaning up &nd in the section of the wa&here the
DST test intervaloccur inthe Mic Mac Formatiorsection 3.4 (Figure 3.17)whichhints
suggestsa delta front environment (indicated by the red bdke black vertical bar
represents the hypothetical positiointiee Migrant N20 well in this environment.

Plotting inthe higher end of the litharenite field (Secti3.3.2)the average from
the Thebaud-93 shares a close relationsho the Migrant N20 well. Theircorresponding
fields on the Folk classificatioplot suggests that theomposition and texturef these
sands hints aheirdepositiorwithin a suprattoral to littoral regime comprising a mixture
of sand and clay clast$hesecharacteristis are typical offluvial, beach and sometimes
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marshy envionmentsHence this confirmsthe depositiorof the intenal of interest in the
Migrant N-20 well in a proximathelflocation.In comparison, th good sortingrom core
observatiorthat characterizes the Bandsn the Thebaud T5 well is typical of detoen
below wave baseonditionswith occasimal storm evets.

Similar to the F3 sand, the H2 cdegiesis typical of a wavelominated shoreface
assemblage (likely upper shoreface) with some degree of incised valley fill assemblage.
The mixture of sandnd mud in the@nalyzed F93 core section described inglstudy is
characteristiof estuarine influencéSiddiqui et al., 2017)This may impact the estimation
of net reservoir thickness depending on the presence/absence of conductive minerals or
kaolinites(Kaldi, 2019) However, in the absence of full diameter cores at Migrant, the
cleaning up signature fro@ammaRaylog from wel FTD to 4225 mRTsuggests that the
tested zones were likely deposited in an inner shelf environment known to be dominated
by rivers (Siddiqui et al., 2017)Generally theenvironment of depositiofEOD) from
Migrant to Thebauds a combination of fluw-deltaicto shallow water maria wave, and
tide (estuarineinfluence

Overall, the redis from geochemical analysis of rock samples (cuttings or core)
integrated intothis study may be useful for increasing the confidence of depositional
environment interpretation. However, matchihg elemental variability of the XRF rdsu
to textural ad composition properties associated with various depositional environment
may present some limitatios integrating the XRF resultsiv@n thatrock chemistry is
not a property of texture, thisay introduce some uncertainties whaatting thesandclass
faciesaverage onthe variousternarydiagrams(APPENDIX A.2.1.)after Folk (1960),
Dickinson (1985)and Ingersol Suczek(1979). Also, key elemental readings acquired
from XRF data converted ttheir corresponding oxides byultiplying the data by the
appropriate conversion constant (APPENDIX A.2Wa3s used to mp geochemical
contentin the physical rock data in this study, which may be matched to wellRagspel
et al, 2017) However, the inability of the portable XRF devicepiok up Sodium (Na)
concentrationgrom rocksdue to itsdow detection limit may present further limitatisto

integrating the XRF resulia our interpretation.
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3.4 4. Reservoir atigraphic Framework
In the project wells, theaming conventioof formatian topsused by theegulators

(CNSOPB) varied between agienal naming framework initially adopted for the earlier
wells (e.g. Migrant N20, Thebaud-B3) and a sequence stratigraphic naming convention
used in the newer wells in this study (e.g. Adamar7N Thebaud &4 (T5)). The
regulators (CNSOPB) have comnted that older Jurassic and Cretaceous naming
conventions applied in the Venture field to the Northeast were used for the Thebaud
development wells. As a resultgtnaming convention used in theerpressured resairs

at Thebaud comprising the-lA naming system formulated during the development of the
Thebaud field differed from the numerical naming style that was adopted when the older
Thebaud4193 well was drilledThis study integrates tltgfferentnaming styés at Thebaud

with increasing depth ithe hydrepressure and overpressured regifnes 1- 7 and A to

H respectivelyusedfor field developmentKigure 312 & Figure 313) with the Cretaceous

stratigraphic namig convention (C) used at Adamant.
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In the Adamant N97 well, a different naming styMas adoptd by the previous
workers(Figure 314, Figure 315 & Figure 316). Drilled two years after Thebaud
(TS) well, the stratigrapbi nomenclature adopted in the Adamant wstbwed an
organized systematic naming convention. This style was adopted to imatabet of the
sands as indicated by their Cretaceous (C) nomenclaturengthe regional study done
by the operators (SOEP) ihe early 2000s, the Cretaceous (C) nomenclature comprising
the CXC6 established after the ExxonMobil merger was assignéde tadstic reservoirs
at AdamantThis naming style was a continuatiditloe stratigraphic convention adopted
for the Jurassic wére the (J) nomenclature was adopted. Based on this naming style, the
J210 marker that preceded the C1 (deepest Cretacedshar Adamant) was the last of
the Jurassic markers.

The sequence stiigraphic naming convention used in Adamar®Ncomprisd
sand names G1C6 used for the neoverpressured, Cretaceous aged sands with C1 being
the oldest sand in the sequence. kgéngly, C1 marks the beginning of cleaning up sand
sequence, from whicGammaRay log characteristics are different from themhablocky
log signature of the underlying sequence that started from the J210 marker. Hence, the C1
marker is a significanttsatigraphic marker (sequence boundary) that shows the transition
from adominantly regressive to a lowstand system. This charaxtg be associated with
a switch from a dominantly lower shoreface to an upper shoreface (fluvial, beach/estuary)
type envirmment. Furthermore, intensbf hydrocarbon presence have been idextifn
logs just below the C1 marker and midway betwt#enC1 and overlying C1A marker,
which suggests some degree of trapping likely from the presence of a competent seal as
seen in the Vsh lo¢Figure 314).

In the next sequence comprising the C5 to C1A sands, a caihiméd blocky
and small order cleaning up log signatures, which suggests a transition from a lowstand to
a transgressive/retrogradational systgivian Wagoner, 1991) The stratigraphic
characteristics from logs between the C1 to C1A sequence show a different log signature
from the ovelying sard sequence between the C6 to C5 sequence. The C6 touUghseq
is characterized by numerous blocky Gardray signatures separated by progressively

small scale, cleaning upwards (highstand) systems.
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Figure 314 A figure of the Adamant M7 well composite showing the Cretaceous
nomenclature used for identifying the sands in the well. It shows the lowermost of the
Cretaceous sands overlying the top of the Jurassic section marked by the J210 marker.
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Figure 315: A figure of the Adamant87 well composé& showing the next Cretaceous
sand sequence (C5 to C1A) overlying the top of the Cretaceous C1A to C1 sand interval.
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Figure 316: A figure of theAdamant N97 well conposite showing the next Cretaceous
sand sequence overlyitige top of the Cretaceous C6 to C5 sand interval.

In this study, lhe log characteristics in the Migrant20 well show a cleaning
uptrend from the bottom of the well. Similarthe C6 to C5 sequeea in the Adamant N
97 well the basal section ¢haractezedby numerous blocky signatures separated by thin
shale units Kigure 317). Building upon reservoinomenclaturdrom the Adamant and
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Thebaudwells, the MK naming from seismic interpretation in this study wasisferred

over to the Migrant N20 well. This contribubn forms a basis of comparing th@ccession

of key zones at Migrant and establishing a consistent reservoir stratigraphic template
between te newer and older wells in Section 3.4.
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Figure 317: A figure of the Migrant N20 well showing the tested zones below the well.
The log pattern shows a generathganinguptrendaround the base
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3.4.5. Well Correlation
Coarrelation of the reservoir tops and top of overpressutedsn the Thebaud,

Adamant and Migrant structuresvealthe overall stratigraphic character in each of the
fault blocks (Chapter 3Dut of the sevehydro-pressurd reservoirs, Sanfl and Sand 5
(including 5a and b) belong to the Lowdiddle Missisaug&ormation in the
Thebaudault block.In this studya correlaton ofthe normally pressured reservoirs 2, 4
and 6to Migrant, first throughAdamant where sand 2 and sand 4 are seen to ovexlie th
uppermost Cretaceous sand marker (C65) while sand 6 i®verlain by themarker
(Figure 318).

|§$ & | ssvo - [ Kenny Migrant 1 -| [ [@ %[[E || T0 i~ " 2096525 - (5 |GF|i#| = G Bl - Constant -3 -E-m@- g
WY
DC DY
LC DC
LC
NASK NASK
MISS MISS
O-marker - Py
Sd2 Sd2
Sdd Sd4
C6-C5 Sd (] - 06-C5 54 1C6-C5 Sd
Sd6 C6-CESH '@-:55:/ Sd6
poet C5-C1A Sd
oP OP
MICM C1A-C1/8d
MICM
(46412) 48493 46586.1

Figure 318 A well composite for three of the four project wells. For consistekay,
reservoirs from the newer Thebaud wells were corrdlg#teough Adamant. fie current
display is based omeasured depth (TVDSShe Wyandott Marker was flattened as the
datum before the subsequent markers were flattened on to aid the correlatiom of th
following marker.In the figure, WY = Wyandot FormatioyC= Dawson Canyon
Formation, LC=Logan Canyon Formation, NASK=Naskapi Shale, MISS=Missisauga
Formation, Sd2=Sand 2, Sd4=Sand 4, Sd 6=Sand 6CC%d = Cretaceous Sand 5 to
Sand 1A, C1AC1 Sd=Creteceous Sand 1A to Sand 1, OP=Overpressure, MICM=Mic
Mac Fomation.

52



From Migrant, the well correlationsuggest that the deposition above the top of
overpressure changes gently basinward within the overall stratigraphic sedtiguce (
3.19). Also, the absence of any equivaletdghe toptwo overpressured Thebaud A and B
sands supports thenited stratigraphic contrain the arealn the Thebaud Structure, the
top of overpressure occurs at a depth of 3800 TVD mSS in the TheB8uadll marked
by the Missisauga Formation Shale, whichresponds to the Thebaud Shale around a
similar depth in the Thebaud® (T5) well. Therefore, tile the Thebaud Shale marks
the onset of overpressure in the Thebaud rollover, and partly at Adslir®anivell, it will
be speculatie to assume thain equinalentexists atMigrant that may have been missed

by previous workers.
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Figure 319: A figure showing the stratigraphic relationship between the Migrant, Adamaadith@ Thebaud Field sands. Some of the
names were adoptday Mobil Oil Canadaup to the time of drilling of the development wells, Wigaw the switch to legacy Mobil
sand names-Aused in the Thebaud T5 well. This nomenclature was also used in wélisssOlympia and West Olympia, allwand
with the Venire Field. However, fields like South Venture show a return to sequencgrsiphic names used for the Cretaceous
lowstand sands. Unlike South Venture, reservoirs at Thebaud were identifiediagdorthe legacy framework in which some of the
legacy nanes have been split, basedab@maninguptrend, or their highstand/lowstandliagonship.



CHAPTER4

PETROPHYSICALWELL LOG AND PRESSUREANALYSIS OF THE
MIGRANT EXPANSION TREND

4.1. Introduction
This chapter introduces the workflow, datasets (mainly Wwelisd methods used to

analyze well data in this projeéiilesfor the key project wellavailable though the Data
Management Centre of the Canddiava Scotia Offshore Petroleum Board CNSOPB were
reviewed for suitable routine core analysis datasets.

Prdiminary observations at Migrant fro@ammaRay log show a very high net to
gross sectiorwith very low GammaRay responses, representing either sandstone or
limestonesDetailed petrophysical analgs done on the Migrant 80 well in key reservoir
intervds are comparedith DST resultsliscussedurtherin this chapterWell log analysis
of the zone that yielded 10 millistandard cubic feet day(mmscf/d)indicates a similar
porosty and water aturationto thosean the two overlying tested intervalsat encountered
no flow. As a result, understanding the difference in reservoir characteristics between the
three intervals is key. While the influence of afditionalfactor islikely, investigatng
differences in ratrix porosity and permeability consties aprincipal focus of this chapter.
From the investigatioran additional possiblenfluenceon permeabilitysuch as fracture
permeabilitywill be revealed by the calculated zopmerneability thickness numbefrom
selected cubffs. In doing this the calculated permeabilitgan be checkedgainstresults
from flow tesing.

Besidespressure data from the four wells {89, N-97, 193, E74 (T5)]wereused
in this studyto guidethereservoircorrelationas well as determining the connectivitly
resenoirs across faultsThis was done by plotting the pressure dajainstan elevation
depth inTVDss (True Vertical subsea deptl®) hydrostatictrendline was added tthe
datapoints toprovide inbrmation on the fluids contained in a resenairce diferent
reservoir fluids are characterizedby different gradient values. While the point of
intersection between the different gradients marksdomeactof the fluids contained ia
reservoir(Figure 41), pressurglotsin this study was used to investigatediszontinuities
in reservoirpressureresulting from a combination of the overburden sediment and the

fluids contained in their pore spac@&sis provides insight into similarities and differences
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in stratigaphybetweerthe newer Thebaud T5 B and Adamant M7 wellsandthe older
Thebaud 193 and Migrant N20 wells. The use of these gradienisll be used to
demonstrate the succession of key zojpasticularly the top of overpressuredm the

distalto proximal shelfbased on their associatptessure changes with degts well as

investigating if thereis a stratigraphic control othe overpressurdrom the Migrant to
Thebaud.

Pressure (psi/ft) —

Lithostatic

(33) yadaq paseasou|

Figure 41: A pressure elevation plot (Modifidcbbm Schlumberger, 2020).

Based on the ploabove Figure 41), data that plot on or near the hydrostatic
pressure gradient that increases at a rate of8Qu48ft from sea level are indicative of
connetivity refer red t o as Ahydro pressuredodo rese
reservoirs that plot at a | ower pressure tl
pressuredo. Wh ihl epraelssarmaal layr ehifigover press-t
differential sediment compaction, in some circumstances they are also indicators of a
hydrocarbon charged system. The plot may be used to estimate fluid densities, determine
fluid contacts, and identify fluitypes in a reservaiGraphically, water givethe highes
gradient ~ 10.1 kPa/m (0.44 psil/ft) followed by intermediate gradient of oil ~ 7.46 kPa/m
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(0.33 psi/ft). For gases, the pressure does not decrease per unit change in depth as quickly.
Hence, the gs gradient in a gasharged reservoir is chatadzed bya gradient of ~ 2.26

kPa/m (0.1 psi/ft). While specific values of gradients are noted above, formation water
gradients will vary according to the salt concentration in them, while oil, condeasdte,

gas gradients will vary accordingly to theoncentratbons of lighter and heavier
hydrocarbon components. The intersection of trends such as water and gas gradients from
formation pressure test values indicates the gas/free water cduaietr overburdn
conditions, a lithostatic gradient can berasted bymultiplying the hydrostatic gradient

by 2.22.3, accounting for the overlying weight of the rock and fluid mass.

4.2. Data and Methods

4.2.1. StandardizeBetrophysicalAnalysisWorkflow
In this stidy, the petrophysical analgsvascompleted in a seried stepgFigure

4.2). Quality checks (QC) on digital wireline log curves used in this proRggtaming, re
splicing, and digitizing of wireline logs (inétabsence of key curves) was possible through
the assistnce of Mr. Neil Watson of Atlantic Petrophysics Limitafe usedscreened,
verified,and optimized raw curves the project wells, and calibexd calculated reservoir
parameters with core datsegiming the analysis with shale volum#®sh) calculation
(APPENDIX B.2.1.). We usedndex valus to numericallydistinguishthe sand and shale
bedsby comparingthe GammaRay log value at each depth to thoséclean sand and
shale endpoistselected forthe various zones The workflow was completed with a

permeabity (permeability indexgomputation

Effective Porosity (PhiE)
Total Porosity (PhiT) Fluid Saturation Permeability

Figure 42: A flow chart of the analysis steps for the petrophysical deliverable for this
project.

4.2.2. Pressure Analyses Woukil

For this study,itepressure analysis workflowigure 43) began with downloading
thedefault pressure dataset for each well from the online BASIN database. Theedata
merged into an Excel spreadsheet comagimepeat formation test RFT, MD&and DST

formation presures.
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Construction of Database

Pressure data review

Pressure-Depth plots

Pressure analysis

Figure 43: Pressure workflow used this projectmodified afterSkinner (2016)This was
further integrated \ith the geocellular modelling workflow.

After loadingthe pressure data in Excéhe data points werdtéred by removing
the onesnterpreted to be invalidlhe invalid dita pointswere identifiel based orthe
operatorsreported flow instabilitiesncluding dry test results due to slow build or
superchargingSuchconclusionswverereached by examination of DST pressure buildup
chartsand MDT advisoryreports In a fewcases, this interpretationudd be reached only
after a fAnor mal Bheatirtre dada, andthe aaual pressueeslatasbbiltiup
for suspect points examined in detail. The v&IET reservoir pressures in the Migrant N
20 well, and reservoir MDT pressures in the Adani9& well, and two additional wells
that penetrate the Thaud field wereexported from Excehs.csvfiles and imported as a
well point data setint® e ¢ h |. Thesdtlatapointswere then plotted on theaxis against
depth on the yaxis. The correct presireelevdion reading in kPa/m was obtained by

changing lhe regression format ifi e ¢ h | t@pge&sure as a function of depth

4.3. Results

4.3.1.Petrophysical Analyses Results
Formation tops oribsizeinterval provided througBASIN database anfthal well

reportsrespectively are good way of dividing thevell datainto sectionswhich allows
for more focus into the intervals of interegtdditional information used for selecting
reservoir intervals was provided by tbaliper loglaid in the sme tack as th&Gamma
Raylog (first track Figure 44 below). The flter-cake buildup in yellow is amdication

of a permeable zone and the grey areas may hareas of washout from caving thfe
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lithology and unreliability of porsity log readings. The first analysis step of the
petrophyical workflow involvedcross plottinghe log data used to determine the volume
of shale. In the composit&igure 44), the GammaRay log acquired with theonic log
(GRS) was used to compute the volume of shégh) in the Migrant N20 well (sixth
track from the left). The Vsh computation normalizes@a@maRaylog by comparison

to sand and shale end points derived from a gpissof the GammaRayanddensity logs

The computation is based aminga series bconditional statemestn Petre[™.

@ MIGRANT N-20 (2) [MD]
MD_ | DEPTH Diff_CalS_Ken ILD Ken DT Vshale | Sw | BV Permh_20

14506 | 40392 m 4306 32[-12.60 __237.60|0.2000 ahm.m 2.000.00000.00 20.00/378.00 usim 115.00/0.00 1.00{7.00 0.00[0.40 0.00[0.01__10.000.00
GRS RHOB Colorfill
150.00/0.2000 ohm.m 2,000.0000 | 1,500.0000 g/om3 2.500.0000
dst LL8 NPHI
0.50 1.00/0.20 2,000.00|0.4500 m3/m3 -0.1800
Colorfil LLE_ADJ_DIV_10 DRHO.
0.20 2,000.00 |

[€E]
Saturations

T Miwr

.'.__ - I
¥
(459 % ‘ ‘

Figure 44. A formation evaluation composiggot Migrant N-20 with input curves in the
first five tracks and output curves iretltast four tracks. The density log has been scaled
in dersity values (fourth track from the left) and tlomie log in sonic values (fifth trapk
The analysis curves, left to right are Vsh, water saturation, por@sity permeability.

In the resistivitytrack (third tracks from the left), a separation betweeep and
shallow resistivity logs (highlighted ipale blue) withan increase in resistivityightward
in track)from the shallow to deep resistivityrwe can pointto the presence of oil or gas,
particularly when a conductive watkased drilling fluidhas been used. While the
separation between the deep and shallow resistivity logalsarbe used as an indication
of permeable zones, tle®ntinuousseparatiorof thee curves in the intervddelonv 4000
m and above 4250 m M3 an anomaly likely related tool error in theshallow resistivity

tool and isdiscussed further in Sectigh4.3.1. Where available, baldole flagsmay be

59



used in deciding if porosity logs hagiguality issues and shouldtrbe usedr-or intervals
where the caliper log indicatbsrehole wash ouibad hol®flag is createdblack bars on

the left side 6the neutron/density track). This alerts the viewer to the possibility that the
total porosiy curve createdrom the densty log is often erroneously highGiven the
incomplete dasity log coverage in the wellhe badhole flag was hardly used for this
reason. With the absence of density logs from about 3137atatalepth TD), continuous
porosity calculation was compégt using the available sonic Idghe sonic log can alsab
adversely influenced by the hole washmtervals indicated by the calipegl¢36006 3700

m MD), but to a much lesser extent tHfanthe density log.

With increased overburden compactamwvn e well the sands get tighter (have
lower porosity) dowrthe well and there is likely a substahtcontribution of water from
the surrounding shaléisat is in proportion to the percentage of shale préségre 45).
Hence, bysubtracting the shale porosity (the shale water compprienh the total
porosity an effective porosity is the result. From the basic porosity equation, the DT sonic
value equivant to the conventional porosity scaling of 0.40 to 0.00w¢ determined
through estimating the total sonic porosity using\hgdi e equations. Thisonsideredhe
matrix value (18Qus/min the case of sandstones) and 620 us/mvéderin the porosity
From this, the shale contributisale water componemtas subtracted frorthe total
porosity (PHIT), resultingn an effective porsity (PHIE). Typical of deltaic environments,
the decreasing net sand to gross interval thicknessineitbasingdeph means thathe DT
value of shales will vary from the top to bottom of the well

As a result, varyin@T shale values were used for gtele correction based on bit
run intervals in the Migrant well (including 311 mm = 260 us/m, 216 n#A0-us/m, and
152 mm =225 us/m).From the Wyllieequation (APPENDIX B.2.), applying a shal®T
of 260 us/m, 250 us/m and 225 us/m for hole interve&l@ mm, 216 mm and 152 mm,
results tovaluesof 0.178, 0.132 and 0.07 respectivelhis suggests that theariation in
shale porosity within the intervals compared to differences betweenviiienepend on
their shale volume (which they are multiplieg) given that larger values of shale volume

will result to a reduced matrix porosity.
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Figure 45: A formation evaluation composite from the MigrarRBlwell withinput curves in the first four tracks the lefland ouput

curves in the last four tracks the right The DST test intervals (test 2, 5, and 8) are indicated on the composites by the red bar in the
GammaRay track. The estimate in the labels averdgesval values that satisfied the applied-offs. The hicknesses are DST test
thicknesses. (As indicated in Secti.4. the cuoff criteria used in establishing the values displayed in the labels in the above

composite include Vsh <=0.25, Porosiy0.05, and Sw<=0.70).


























































































































































































































































































































































































































































































































































































































































































