ABENAKI CARBONATE PLATFORM
IN RELATION TO
THE JURASSIC-CRETACEOUS SABLE ISLAND DELTA,
OFFSHORE NOVA SCOTIA, CANADA

by

Leslie Samuel Eliuk

Submitted in partial fulfillment of the requirements
for the Degree of Doctor of Philosophy

at

Dalhousie University

Halifax, Nova Scotia
July 2016

© Copyright by Leslie Samuel Eliuk, 2016



Dedicated to

My beloved wife and long suffering first editor,
Velvet Elaine Eliuk

And in memory of my parents,

Nettie and Victor Eliuk



TABLE OF CONTENTS

LIST OF TABLES . ...ctetiiiiiiiiiiiiiiiiiiiiiititieeetietteetatsesasessasesasasessassesasamnms X
LIST OF FIGURES.....cuiitiiiiiiiiiiiiiiiiiiiiitiiitiiiitiisettisttetasistasesssacsssnssssasnes xi
ABSTRACT ...u ittt titetetttettattettsttstessesseatsssessessmmesassasens xxi
LIST OF ABBREVIATIONS USED....ccciuiiiiiiiiiiiiiiiiiiiiiiiiiiiiietiiiesieeseseisssessasasens xxii
ACKNOWLEDGEMENTS...ciuiitiiiiiiiiiiiiiiiiiiiiiiiiiieiiiiiiecatistatittscesssnssssasnn XXV
Chapter 1: INTRODUCTION.....uiitiuiiiiiiiiiniiiiiiiiieiiietiiiiatectaterssssssssasessssssssssmsmnms 1

1.1 Abenaki-Sable — An Unusual Pair

—A Thick Carbonate Platform by a Large Delta......... ..o, 1

1.2 Problems and Hypothesis ...... ..ot e, 5
1.3 Overview — Strategy and Outline of Chapters and Appendices.............ccevviriiiniininn.. 8
Chapter 2: GEOLOGICAL SETTING AND PREVIOUS WORK........cccccciviiiviinninnnnnn 15
2.1 Geological Setting and Short Survey of Abenaki-Sable Geological History................... 15

2.2 Setting of Late Jurassic Continental Margin (Carbonate Gigaplatform) and
Drainage of Eastern North America with Comparison to

Gulf of MexXiCo Strati@raphy........oiiiiiti e e e ereeens 18

2.3 Previous Work (Also see Appendix Al)......cciiriiiiiiiiiiii i e 23
Chapter 3: DATABASE and METHODOLOGY .....cccccitiuiuiuiiniiiniiiieraiececacnrienesencon 35
TR O -1 o 1 35
3.2 MethOdOIOZY . ...ttt e 36

3.3 Brief Overview of Drill Cuttings Examination Methods and Uncertainty
-the Data Source Providing the Main Contribution of the Thesis

A, Introduction t0 CULLINES .....oviiriititi i e et ee e e aaeaaes 38
B. Details of Methodology........c.viniiiiii e 40
C. Sources of Problems, Error and Uncertainty...........ocoovviiiiiiiiiiiieiinineieaeninanns 42
3.4 Abenaki Carbonate Facies Association Template...............ovviiiiiiiiiiiiiiiiiieieanns 43



Chapter 4: RESULTS ...uuiiiiiiiiiiiiiiiiiiiiiitiiiiiitieetiestitssinsssessestossssssssssssnsssnsssssons

4.0

4.01

4.02

4.03

4.04

4.05

4.06

4.07

4.08

4.09

4.10

4.11

4.12

From Near-Margin and Mixed-Lithology Well-Control and
Western Shelf Wells — Seismic Setting, Mid-Mesozoic Lithologies
and Depositional Facies in Cuttings and Core

— the Initial Interpretative Framework

It OAUCTION .t
West Venture C-62 and Nearby Venture Wells — Deltaic Limestones
— Minor ‘Condensed’ Limestones of the #9 Limestone

in the Late Jurassic Sable Delta. ........ooviiiiiiiiiii e

Review of Seismic Through Penobscot L-30 & B-41
and South Desbarres O-76........oouiiniii i

South Desbarres O-76 — Distal Ramp Well
- Smallest Coral Reeflet and Bryoderm Transgressive Markers...............c.ccoeieenanen.

Abenaki J-56 — Mixed Deltaic-carbonate Shelf Beds
on the Side of Abenaki Subbasin Salt DOME ........cc.uuunen e

Penobscot L-30 — Proximal Ramp Well with Seismic Ties
to Abenaki J-56 and Other Nearby Wells .........ccooviiiiiiiiiiiiiiiiiiiic e

Marquis L-35 & L-35A — Ramp-platform with Sandstone-oolite Couplets
and Kegeshook G-67 Platform Interior Connection...............oevvvviiiiiieienennennnn.

Cohasset L-97 — Northeast-most Argillaceous Sponge Facies Platform Well

on ‘Protected Promontory’” Margin and SIope...........ccooviiiiiiiiiiiiiiiii i 74

Dominion J-14 & J-14A — Southwest-most Thick Shale at the Margin
Allowing Sponge Facies Progradation ...............cooiiiiiiiiiiiiiiiiiiii

MarCoh D-41 and Margaree F-70— Carbonate-encased ‘Pinnacle’ Reef Wells
at North End Deep Panuke Compared to Reef-bearing Demascota G-32
and Contrasted with Non-pinnacle Musquodoboit E-23................ccoiiiiiiiiiiinn.n.

South Deep Panuke Field Wells Comparison
(Panuke F-09, H-08, PP-3C, PI-1A, PI-1B, M-79, M-79A, B-90)........ccoeviiiiiinnennn

Queensland M-88 — Proximal/Distal Slope Facies of Deep Panuke

Platform Margin with Dip Comparison to Platform Wells

(Panuke F-09 Oolitic Margin Interior to M-79 Oolite/Reefal Margin

to Demascota G-32 Reefs and SIOpe).......ooviiiiiiiiiiiii e

Lithofacies Distribution Maps in Panuke Trend by
Approximate Encana SeqUENCES. .........ooeiuiniieiiit et



4.13 Western Shelf Setting of Abenaki and Associated Carbonates

Southwest of the Panuke Trend — Non-delta-influenced Control..........................

4.14 Abenaki Type-Section Oneida O-25 — a Semi-isolated Non-margin Well and Other
Western Shelf Interior Wells

— Moheida P-15 with Red Coated Ironstones and/or Sponge-rich Beds .................

4.15 Western Shelf Margin Wells Continue into the Cretaceous Neocomian
for Comparison — Acadia K-62 and the Start of Bivalves in Reefs and Oncoid Beds
— Albatross B-13 and the Full Shoaling Sequence with
Red and White Slope Microbolites Up to Coral Reefs and White Oolites
— Bonnet P-23 with the Return of Shaly Carbonates and Sponges

in a Near-Margin Shelf Interior Setting................coooiiiiii

Chapter 5: DISCUSSION and INTERPRETATION ....ccceiiiiiiiiiiiiiiiniciinenecacencens

5.1  Introductory Overview and

Possible Controls on Delta-Platform Mixed System...............cooeviiiiiiiiiiianean...

5.2 Comparative Carbonate Sedimentology of Contrasting Carbonates (Core Stories)
-West Venture C-62: Sable Intra-deltaic Ramp, Shoaling, Thin Limestone

-Margaree F-70: Abenaki Margin Platform, Pinnacle, Deepening, Thick Carbonate....

5.2.1 First Example - West Venture C-62 Core #9 Limestone in

Venture Shelf-margin Delta............ooooiiiii

5.2.2 Second Example — Margaree F-70 Core Abenaki Platform

in Deep Panuke Field......... ..o

5.3 Problem #1 Nature of Juxtaposition and Abenaki Platform - Sable Delta Transition

with Mixed Carbonates-Siliciclastics in Ramps Lateral to Delta.............

5.3.1 Carbonates Proximal to the Sable Delta — A Partial Solution to Problem #1:............

5.3.1a Thin Limestone in the Venture Shelf-margin Delta Compared to

the Thick Platform Limestones — #9 Limestone West Venture C-62...............

5.3.1b Facies and Accessory Fossils — Ramp versus Platform Rimmed and/or
Sheltered Morphologies in Abenaki J-56 to Penobscot L-30
(Distally Steepened Ramp or Salt-cored Shoal and Atoll Capped by Ramps)

Versus Kegeshook G-67 to Marquis L-35, (Platform Wells Capped by Ramps)...

5.3.2 How Prodeltaic Shales Onlap or Interact with the Platform Slope
Comparing Margin Transects and Shelf Margin Wells

(Second Part of Solving Problem #1).........coooiiiiiiiiiiii e,

5.3.3 Age of Top Abenaki Carbonate along the Margin and the Margin Wells
in a Regional Abenaki Section — Penobscot L-30 Area to

Panuke Trend Margin-slope (Third Part of Solving Problem # 1....................

210



5.3.4 Delta Models Relevant to Problem #1 —
Delta-lobe Switching and Dailly’s Delta Loading.................cc.ooviiiiiiiiinennn. 216

5.3.5 Arguments for an Isolating Gap between Delta and Platform............................ 219

5.4 Problem #2 - Lateral Changes within Abenaki Carbonates Relative to Delta Proximity...220

5.4.1 Abenaki Slope Shales and Adjacent Slope Limestones — a Systematic Gradient......221
5.4.2 Lateral Changes in the Uppermost Abenaki and Overlying Beds Relative to
Deltaic Sediment Input, Sponge Reef Mounds, Condensed or Red Coated

Iron Carbonates and Platform Growth into the Cretaceous........................c..e. 226

5.5 Hydrocarbons Exploration and Development Observations and Implications................ 229
Chapter 6: CONCLUSIONS ...uiiuiiiiiiiiiiiiiiiiiiiiiiieenisestessatessssesssssssasosmassssssasssos 263
6.1 INIrOAUCLION ....eoe e e 263
6.2 Conclusions Relative to the Two Problems..................ooiiiiiiiiii e 205
6.3 Suggested Future Work...... ..o 272
REFERENCES. ... cuitiiiiiiiiiiiiiiiiiiiiiiiiiitiiicieesatesostsssasesssssssasesssssssssnsosssssnsases 276
APPENDIX Al: Previous Work and Stratigraphy Critique...........ccccovviiiiiiiiiinnnnne. 301
A1.0 Review Work Introduction: Abenaki-Sable Transition.................c.coovieviiiiinan... 301

A1.01 Eliuk (1978) — Penobscot L-30 Biomarker Correlation and
Diachronous Prograding Relationship..............cocooiiiiiiiiiiiiiiee 303

A1.02 Eliuk et al. (1986) and Elsewhere - Penobscot L-30 Early Seismic......................... 304

A1.03 Welsink, Dwyer and Knight (1989) Tectono-stratigraphic Setting for Sable
Delta to Carbonate Margin Controlled by Transfer Fault Zones........................... 304

A1.04 Wade and Maclean (1990) — Near-delta Limestones Seen as Diachronous
Members within Deltaic Growth-faulted Siliciclastics.................cooeiiiiiiiinn... 304

A1.05 Cummings and Arnott (2005) Shelf Margin Delta Model for Venture
Gas Fields and #9 LimeStone. .. ........ouiiiiniiiit e 306

A1.06 Kidston et al. (2005 CNSOPB) Regional Review of Abenaki Margin
Using Encana SeqUENCES. ... ..oouiitiitiitiit i et aeaaaans 307

vi



A1.07

Al1.08

Al1.09

Al.10

Al.11

Al.12

Al.13

Al.14

Al.15

Al.16

Encana (2006) and Weissenberger et al. (2006) — A Sequence Stratigraphic
Framework for the Abenaki at Deep Panuke and Porosity-Amplitude
Anomalies (Harvey and MacDonald 1990, 2013, Harvey 1993) and
Deep Panuke Reservoir Diagenesis (Wierzbicki et al 2006).................cooeeeiene.. 308

Eliuk and Others — Abenaki Studies 2000 -2014 Various Talks and Core Papers
Including Eliuk and Wach (2008, 2010, 2014); Wierzbicki et al. (2002, 2005).........310

OETR 2011 PFA Chapter 9 Late Jurassic Carbonate

(Beicip-Franlab; Stefan Doublet and Others) and

Revised/New Biostratigraphy (PFA Chapter 3 and Annex 3 Published in

Weston et al. 2012). ... e 311
CNSOPB Bids 2012 NS12-1 Supporting Geological/Geophysical Studies............... 315

Qayyum, Catuneanu and Bouanga (2015)
Penobscot Area Seismic Sequence Stratigraphy..........cooviiiiiiiiiiiiiiiiiiiian. 316

Abenaki Stratigraphy Introduction: Lithostratigraphy, Biostratigraphy,
Seismic Stratigraphy, and Sequence Analyses...........ccovuvviiiiiiiiiiiiiiiiinene, 321

Stratigraphic Nomenclature: Lithostratigraphy,
Scatarie Member and Suggestion on Usage of Terms...............coovvviiiiiiinninninnn, 322

Biostratigraphic Dating and Correlation Issues — Inconsistencies
Reworking, a check on Diachronous Surfaces and Sequence Schemes.................. 326

Gaps, Unconformities and Condensed Sections —
Seafloor Diagenesis as an Indicator..........o.ooeiviiiiiiiiiiiii e 328

A Profusion of Previously Proposed Cycles and Sequences................cooevvvvinnnnnn 331

APPENDIX A2: ANALOGUES and MODELS, MODERN (AND NEOGENE)

A2.1

A22

A23

A2.4

MIXED CARBONATES-SILICICLASTICS (BIG DELTAS)......c...... 362
First Principles and the ‘Classic’ Mixed Carbonate-Siliciclastic Model................... 362

Differences between Major Sediment Types and
Carbonate Platform Morphologies...........ooviviiiiiiiiiiiiii e, 367

Modern Reef and Oolite Distribution
(and some Large Low-Latitude Deltas)..............ccoiiiiiiiiiiiiiiiiiiieeeea 370

Analogues of Large Deltas by Carbonate Platforms
Tabulated and Iustrated............cooviiiii e, 371

Vii



A2.5

A2.6

A2.7

A2.8

Other ‘Analogue’ Considerations — Baltimore Canyon Trough,
Haynesville Shale Reservoir Paleogeology,
Giant Rivers and ‘Bad’ Analogues,
and Insight from a Modern Fractal Analogue. ..., 375

Two Simple Models for Testing — Delta-Lobe Switching and
Delta-Loading Effects, How Recent Salt Deformation Modelling
Helps to Imagine Timing and Style that

Potentially Influence the Abenaki-Sable.................ocooiiiiii 379
The Carbonate Side of the Equation of Reefs and Oolites Versus Deltas............... 382
What Has Been Learned and What Can Be Applied?........c.cccovveivvciveviieciinienienieennenn 389

APPENDIX A3: DETAILED WELL LITHOLOGIC LOGS ENCLOSURES.........

- Eliuk lithologs post-1978, listed alphabetically, most are in Excel format

Enclosures List: A3.1 Acadia K-62, A3.2 Albatross B-13, A3.3 Bonnet P-23,

A3.4 Cohasset L-97, A3.5 Como P-21,

A3.6 Demascota G-32 (thin sections), A3.7 Dominion J-14,
A3.8 Dominion J-14A, A3.9 Kegeshook G-67,

A3.10 MarCoh D-41, A3.11a Margaree F-70 cuttings
A3.11b Margaree F-70 core, A3.12 Marquis [.-35,

A3.13 Marquis L-35A, A3.14 Musquodoboit E-23,

A3.15 Panuke B-90, A3.16 Panuke F-09,

A3. 17a Panuke H-08 cuttings, A3.17b Panuke H-08 core
A3.18 Panuke M-79, A3.19 Panuke M-79A,

A3.20 Panuke PI-IA (J-99), A3.21 Panuke PI-IB (J-99),
A3.22 Panuke PP-3c (J-99),

A3.23a Penobscot L-30 (upper topset),

A3.23b. Penobscot L-30 (lower foreset),

A3.24 Queensland M-88: A3.25 Indicator Fossil Occurrences

OTHER SOURCES OF ABENAKI FORMATION LITHOLOGIC LOGS

Based on prior Eliuk work: (for reference only, no enclosures for these with thesis)

Eliuk, L.S. 1978. Abenaki Formation, Nova Scotia shelf, Canada
- depositional and diagenetic model for a Mesozoic carbonate
platform. Bulletin of Canadian Petroleum Geology, v. 26, p. 424-514.
1. KEY to symbols of Shell Canada MELISA plotting, 2. Mohawk B-93,
3. Mohican I-100, 4. Oneida O-25, 5. Demascota G-32, 6. Cohasset D-42,
7. Abenaki J-56, 8. Sauk A-57, 9. Heron H-73 (South Whale Subbasin),

10. Dauntless D-35

Offshore Energy Research Associates (OERA 2011). Play Fairway
Analysis, Chapter 9 — Late Jurassic Carbonate Play Fairway Analysis

- Addendum to Play Fairway Analysis by Beicip-FranLab

(S. Doublet and co-workers), 104 p. http://www.oera,ca/Offshore-energy-
research/geoscience/play-fairway-analysis/PFA-atlas

viii


http://www.oera,ca/Offshore-energy-

Listed alphabetically *=based on Eliuk’s log data except Glooscap
(others only PFA sequence logs likely based in part on Eliuk 1978
lithologs; their enclosures are part of their report):

Acadia K62-Encl 9-02, *Albatross B13 g - Encl 9-01,
*Bonnet P23 g - Encl_9-03, *Cohasset L97 g - Encl 9-04,
Como P21-Encl 9-05, Demascota G32 - Encl_9-06,
*Dominion J14 g - Encl_9-07,

Glooscap C-63 BF - Encl_9-08 (Beicip-Franlab logging),
*Kegeshook G67 g - Encl 9-09, Marcoh D41-Encl 9-10,
*Margaree F70 g - Encl 9-11,

*Marquis L35 g - Encl_9-12, Moheida P-15 - Encl 9-13,
Mohican 1100 - Encl_9-14, Oneida O25-Encl 9-15,
Panuke B90-Encl 9-16, *Panuke F09 g - Encl 9-17,
Panuke HO8-Encl 9-18, *Panuke M79 g - Encl 9-21,
*Panuke M79A g - Encl_9-22, Panuke PI1A-Encl 9-19,
Panuke PP3C-Encl 9-20, Penobscot L30 - Encl_9-23,
*Queensland M88 g - Encl 9-24

APPENDIX A4: COPYRIGHT PERMISSION LETTERS ...cccciiiiiiiiiiiiiniinicnnnnn 418



Table 3.1

Table 3.2

Table 3.3

Table 4.1

Table 5.1

Table 5.2

Table A1.1:

Table A2.1

Table A2.2

Table A2.3

Table A2.4

LIST OF TABLES
Abenaki Well List........o.oiuiiiii e 48 & 49
Abenaki Formation Reefal (Margin-Slope) Core.........coovieiiiiiiiiiiiiiiin.... 47

Abenaki Carbonate Depositional Facies Associations Template —
(2 pages, left and right sides)...........coiiiiiii e, 57 & 58

Well List for Comparative Carbonate Sedimentology
Sable Delta-Panuke Trend
Abenaki Platform — Sable Delta Transition........oo..ueniiieeeeeenen 112

Features of Two Sets of Dip Transects from Shelf Carbonates to
Basin in Sable Delta Area.........coovuiiiiiiii i 251

Features of Abenaki Margin-slope ‘Mud’ Mound and Shale Interbed
WL SECHIONS. . o ettt e e 260

Ages of Abenaki Sequences Used by Encana Comparing Boreal and

TRty an STAZES . ...t ettt 343
Terrigenous Clastic and Biochemical Sediment Differences.......................... 394
ANAlogue COMPATISONS . ... .ueutit ettt ettt et et et et e et et e et e e aeaeaaeaaans 398
Late Jurassic Comparisons (Modified after Markello et al. 2008).................... 416

Large & Continental-Scale River Systems Summary

(Data from Milliman and Farnsworth 2011)..............cooiiiiiiii, 417



LIST OF FIGURES

Figure 1.1  Study Area and Well Location Maps..........oovivriiiiiiiiiiiiiiiiienienieeneenenaens 10
Figure 1.2  Abenaki Formation Paleogeography Southwest of Sable Island Delta and

Deep Panuke Well LoCations. .......ouvvuiiiiiiiiiieie ettt eeeeeieeeanenans 11
Figure 1.3  Stratigraphic Column of Nova Scotia Offshore and Abenaki type Sections............ 12
Figure 1.4 Reef Abundance, Reef Builders, Oolite Abundance and Mineralogy

Phanerozoic ComPariSON. ... ...ouuveteetitt ettt et et et et et et et et eeeeeneanannen 13
Figure 1.5 Two Delta-Platform ‘Problems’...........c.ccoeiiiiiiiiiiii e 14
Figure 2.1 North Atlantic Late Jurassic Paleogeographic Setting...............c..covvviiiiininnnnn. 30

Figure 2.2 Comparison of Two North American Continental-Scale Deltas of
Different Ages and Different Relationships to Major Carbonate Platforms.
A) Comparison of Stratigraphic Charts B) Paleogeographic Sketch................... 31

Figure 2.3  Successive Study Visualizations of the Late Jurassic Scotian Shelf
with Two Main Areas of Carbonates Separated by the Sable Island Delta..............32

Figure 2.4A Depositional Map [A) Tithonian] between Regional PFA Seismic Markers
(J150, Bac-1to-4=AtoD)and Model ...........ccooeiiiiiiiiiiiiiiiiiii e, 33

Figure 2.4B Depositional Maps (Continued) and Model
B) Tithonian-Kimmeridgian, C) Oxfordian- Kimmeridgian and D) Oxfordian ......... 34

Figure 3.1A Well and Core Control in Upper Abenaki on Depositional Maps.............cccevveveenen. 46
Figure 3.1B Lithologic Profile of Abenaki Wells with Main Conventional Cores............cccocu.en... 47
Figure 3.2 Example Lithologic Log - Margaree F-70..............c.coiiiiiiiii. 51 & 52
Figure 3.3 Example Beicip-Franlab Lithologic-Facies Log - Margaree F-70....................... 53
Figure 3.4 Example Schematic Litholog of Margaree F-70 Well and Core......................... 54
Figure 3.5A Examples of Key Facies Fossils in Cuttings in Dominion J-14 and

Sidetrack J-14A . . o 55
Figure 3.5B Enlarged Views of some Indicator Facies Fossils................c.coiiiiiiii. 56
Figure 4.1 Location Map Panuke Trend to Venture Area ............ccccoevuiiiiiiiiiiiiiiineninin. 111

Figure 4.2 #9 Limestone Cross-section and Cuttings Lithologies in
Venture Area Late Jurassic Sable Delta................ocoiiiiiiiiiiiiiiii, 113

Xi



Figure 4.3 West Venture C-62 #9 Limestone Schematic Core Log Summary.....

Figure 44  Seismic Base Map in Penobscot-Desbarres Area

Northwest of Sable Island...................o
Figure 4.5  Summary Seismic Lines in Greater Penobscot Area....................
Figure 4.6  Seismic Line through Penobscot B-41.................coooiiiiit.
Figure 4.7  Interpreted Seismic Through Penobscot L-30............................

Figure 4.8 South Desbarres O-76 Seismic about 8km South of the Penobscot
Structures and Possible Reef Margin of the Abenaki Platform or Atoll

Figure 49  Long Seismic Strike Line Through L-30 that ties the 4 Dip Line

and Extends Beyond to Kegeshook G-67................coociiiiiint,

Figure 4.10 ‘Channel’ or Re-entrant Axis Dip Seismic Line.........................

Figure 4.11 Penobscot Area flattened 3D seismic lines
A) Unlocated 3D Dip Line of Foresets.

B) Penobscot L-30 Dip Line........ccoeviiiiiiiiiiiiiiiiiiieienn
Figure 4.12  Penobscot Area Flattened Dip Line (Qayyum et al, 2015a)...........
Figure 4.13  Composite Illustration of 3D Seismic Area and Play Ideas............
Figure 4.14A Penobscot L-30 Comparative Schematic Log from Fig. 4.17C........
Figure 4.14B South Desbarres O-76 Schematic Litholog...............................

Figure 4.15  South Desbarres O-76 Core 1 and 2..............covviiiiiiiiniin.

Figure 4.16  A) Abenaki J-56 Schematic Log

B) J-56 Seismic Over Abenaki Salt Dome..................cccveeennn.

Figure 4.17 Penobscot L-30rea  A) Dip Seismic Line

B) Trace of Seismic Line ~ C) L-30 Schematic Lithology...........

Figure 4.18  Penobscot L-30 Core 1 Schematic Log and Analogue

for Shallow Inner to Mid Ramp Carbonate...............................

Figure 4.19  Penobscot L-30 Core 2 Schematic Log and

Analogue for Deep-Water Ramp and Slope...................ooeeeae.

Figure 4.20 Marquis L-35 and L-35A
A) Schematic Well Logs with Depositional Settings
B) Dip Seismic Section Showing Shelf Margin Position as well as

Prograded Capping Oolite-Sandstone Beds............................

Figure 4.21 A) Kegeshook G-67 Shelf Interior Partial Abenaki Well

B) Dip Seismic from Kegeshook G-67 to Marquis L-35...............

Xii



Figure 4.22  Marquis L-35 and L-35A Side-tracked (Whip-stocked)

Schematic Litholog CompariSOn...........oeveeriiiaiiiaiiiiiieniaiannnns

Figure 4.23  Dip 2D Seismic Line across Abenaki Margin between

Marquis L-35 and Cohasset L-97........ccoooiiiiiiiiiiiiiiiicceeee

Figure 4.24  Cohasset L-97
A) Dip Seismic from 3D Volume Basin to Right (SE),

B) L-97 Schematic Litholog. ...,

Figure 4.25  Shelf Margin Wells Prior to Deep Panuke Discovery

In a Shelf to Slope Facies Continuum..............ccevviiiiiiiiiiiieniennnn.n.

Figure 4.26  Structure Maps over Cohasset [.-97 and Dominion J-14/14A
A) Scatarie Structure

B) O Limestone Marker Structure..........cocoveeiiiiiieiiieiiieiiiiieeaaannens

Figure 4.27 — Cohasset L-97 Core 1 Coral Reef..................ooii,

Figure 4.28 Cohasset L-97 Core 1 Features
A) Large Phaceloid Coral in situ
B) Shelter Cavity Details
C) Enlarged View of Cavity-Dwelling Sphinctozoan? Sponge
D) Lithistid Sponge
E) Microsolenid Coral and Microbial Encrusters

on Thrombolitic Surface with Shelter Cavity...................cooiini,

Figure 4.29 Cohasset L-97 Core 1: Enigmatic Creature Quiz.................ccceeennn...

Figure 4.30 Dip Seismic Margin Wells in Northern Panuke Trend
with Capping Sponge-rich Beds
A) Cohasset L-97 Seismic 2D Dip Line into Basin

B) Dominion J-14 Seismic Dip Line into Basin........................coo..

Figure 4.31 Dominion J-14 and J14A Wells
A) Schematic Lithologs,

B) Interpretive Facies Diagram..............oooiiiiiiiiiiiiiiiiiiiiiieee,

Figure 4.32  Comparison of Shelf Edge Seismic - ‘Pinnacles’

A) Margaree F-70 B) Demascota G-32.........c.ccoiiiiiiiiiiiiiiniiannn,

Figure 4.33  Shelf Margin Seismic Lines at South End of Panuke Trend

A) Musquodoboit E-23 B) Demascota G-32...........ccoooiiiiiiinininnnn..

Figure 4.34  Various Versions of Seismic Near Demascota G-32
A) On Margin Top B) On Top of Upper Slope

C) On UPPer SIOPC. .. ueintiiieitt e e es

Figure 4.35 Comparison of Interpreted “Pinnacle” Reef Wells
— Demascota G-32, Margaree F-70 and MarCoh D-41

Versus Typical Platform Well — Musquodoboit E-23.........................

Figure 4.36  Margaree F-70 Cuttings Schematic Litholog with Core #1 Litholog

xiii

......... 135



Figure 4.37

Figure 4.38

Figure 4.39

Figure 4.40

Figure 4.41

Figure 4.42

Figure 4.43
Figure 4.44

Figure 4.45

Figure 4.46

Figure 4.47

Figure 4.48

Figure 4.49
Figure 4.50
Figure 4.51
Figure 4.52
Figure 4.53

Figure 4.54

Figure 4.55

Figure 4.56

Figure 4.57

Demascota G-32  A) Lithofacies Schematic Log ) G-32 Core Examples of

Three Main Types Late Jurassic Reefs and Mounds................cocoeviiinin. 145
A) Dip Line Across Margin Near Demascota G-32

B) Enlarged and Modified with Well Added....................coiiiiiii. 146
Coral-Stromatoporoid Debris Reefs in Demascota G-32 Cores 2 and 3............ 147

Coral-Stromatoporoid Debris Reefs in Demascota G-32 Close-ups
A) Soft Sediment Lithoclasts (Neptunian Dyke? Cave-fill? Slope?)
B) Colonial Hexacorals in sifu and Bioeroded by Clams.............................. 148

Siliceous Sponge Reef Mound Framebuilder Tracing Demascota Core 1.......... 149
Siliceous Sponge Reef Mound in Demascota G-32 Core 1.

A) Coloured Framebuilder Tracing
B) Lithistid Sponge Bound/Rudstone

in Crinoid-Tubiphytes Packstone MatriX...........couveviiiiiiiiiinniiiiinenennnn 150
Sponge Mound Features — Corals in Demascota G-32 Core 1....................... 151
Sponge Mound Features — Debris Bed Demascota G-32 Core 1.................... 151
Sponge Mound Features
—Very Early Diagenesis Demascota G-32 Core 1...........cooiviiiiiiiiiinnn. 152
Sponge Fluorescence in Demascota G-32 Core 1........ooeviiviiiiiiiiiiininnnn... 152

Thrombolitic Stromatactis Mud Mound

(and Slope Debris Bed) in Demascota G-32 Core 5.........cceevvviviiiniininnnnnnn 153
Thrombolitic Stromatactis Mud Mound and Slope Debris Bed Fabric

Coloured in Demascota G-32 COre 5.......ccouiiiitiiiiii i 154
G-32 Core 5 Schematic Core Log and Pictured Details..............c.c.ooiiiint. 155
G-32 Core 5 Details Relative to Grainstone-rudstone Debris Beds.................. 156
Abenaki AB V Lithofacies Pie Map.........c.coooviiiiiiiiiiiiiiiic e, 157
South Deep Panuke Platform Inner Margin to Slope Section........................ 158
South Deep Panuke Reservoir Lithofacies Stratigraphy.............................. 159
South Deep Panuke Platform Margin to Slope Seismic and

M-79 to M-88 Well Control...........couiuiiiiiiiiii i 160
Queensland M-88 Slope Well and Microbolite Mound Facies........................ 161

Comparison of South Deep Panuke Shelf Margin (Panuke M-79)
and Slope (Queensland M-88) WellS..........coviiiiiiiiiiiiiiiiiiiiiiececeaeas 162

Eight Lithofacies Pie-chart Maps of Deep Panuke Trend
by Approximate Encana Sequences, (4 Pages)......covevrerririnrenrennennennnn 163-166

Xiv



Figure 4.58

Figure 4.59

Figure 4.60

Figure 4.61

Figure 4.62

Figure 4.63

Figure 4.64

Figure 4.65

Figure 4.66

Figure 4.67

Figure 4.68

Figure 4.69

Figure 4.70

Figure 4.71

Figure 4.72

Figure 4.73

Figure 4.74

Figure 4.75

Western Shelf Platform Margin Wells and Abenaki Type-section

Oneida O-25 Locations and Well Schematics ..............coovviiiiiiiiinann. 167
Regional Dip Seismic Sections Comparing the

A) Western Shelf and B) Panuke Trend Basin-fill Styles.............................. 168
Western Shelf Stratigraphy Schematic................ccooviiiiiiiiiii e, 169
Red-coated Ironstone and Sponge-bearing Beds of the Mohican

Subbasin on the Western Shelf Abenaki Carbonate Platform Interior............... 170
Oneida O-25 A) Regional Seismic Dip Section through O-25

B) Schematic Lithologic Log........ccocvvviiiiiiiiiiiiiiiiien, 171

Moheida P-15 A) Strike Seismic Line P-15 to C-63,

B) P-15 Core #1, C) Sponge from Upper Core

D) Coated Red Ironstone ‘Fe-001ds’.........covviiiiiiiiiiiiiiiiiiiii e 172
Red Coated-ironstones in Core Thin Section and Cuttings.

A-E) Moheida P-15 Core #1; F) Oneida O-25 Cuttings..............cevvivvennnnn 173
Red Coated-ironstones (and some Red Calcium Carbonate Ooids)

Cuttings and Thin Sections: Shelburne G-29, Acadia K-62,

Albatross B-13, Bonnet P-23. ... oo 174
Dip Seismic Across Abenaki Western Shelf Jurassic Shelf-margin Wells.

A) K-62 is Slightly Back of the Shelf Edge.

B) B-13 Closest to Abenaki Shelf Edge, Raised Rim

C) P-23 Farthest Back of the Margin................coooiiiiiiiiiiii e, 175
Dip Section Western Shelf Wells Near Late Jurassic Shelf Margin

Showing Lithofacies and Abenaki Lithostratigraphy.................cooooin. 176
Southwest to Northeast Colour Comparison of Abenaki Lithofacies

A) Ooid Grainstones and B) Microbolites (Thrombolites)............................. 177
Acadia K-62  A) Well Schematic Log with PFA Sequences

B) Core 4 Schematic Oncolitic and Mollusk-rich Facies

C) Core 5 Metazoan-rich Microbolite (Thrombolitic) Facies.......................... 178
Acadia K-62 Cores 1, 2 and 3 Dolomite of Suspect Oolitic Limestone..............179
Oncolitic Lithofacies in Core 4 Acadia K-62...............cooiiiiiiiiiiiiiiiinnn.n, 180
Acadia K-62 Core 4 Bioeroded Hexacoral Reefal Layer or

Biostrome in Oncolite Lithofacies.............oooviiiiiiiiiiii 181
Acadia K-62 Core 5
— Microbolite Mud Mound Depositional Facies Association............................182
Acadia K-62 Core 5 — Some Features in Microbolite Mound Facies................ 183
Albatross B-13 Well Schematic Log with PFA Sequences........................... 184

XV



Figure 4.76  Albatross B-13 core #1 Oolite Features A-E

F) Panuke M-79 Oolite with QUArtZ.............ooviiiiiiiiiiiiii e, 185
Figure 4.77  Albatross B-13 Core #1 Fractured Oolite Features ................cccoooiiiiiiin, 186
Figure 4.78  Albatross B-13 Core #1 Oolite-fracture Petrographic Features................. 187-188
Figure 4.79  Albatross B-13 Lower Abenaki Limestone Cuttings Colours........................ 189

Figure 4.80  Albatross B-13 Lower Abenaki Limestone Cuttings,
Sidewall Cores and Thin Sections (Petrographic Features)........................... 190

Figure 4.81 Bonnet P-23 Well Schematic Log with PFA Sequences;
New Dating (Weston €t.al.).......c.vvuiiiiriii i aenaeans 191

Figure 4.82  Bonnet P-23 Fossils in Cuttings of ‘Artimon’ Facies and
Subfacies 4C (‘Shallow’ Sponge Reefal)...........coooiiiiiiiiiiiiiiiiiiie, 192

Figure 5.1 Reefs and Carbonates in Siliciclastics. A) Fractal- like Abenaki Mini
Examples in Core; B) Possible outcrop analogue, Portugal.......................... 233

Figure 5.2 Possible Controls Allowing Thick Platform by Large Delta

Listed on Schematic Depositional Block Diagrams....................cooeviiiini 234
Figure 5.3 Late Jurassic Reef Types (Modified from Leinfelder)................................. 235
Figure 5.4  Venture Area #9 Limestone Depositional Maps and Strike Section

Based on Cuttings and COre..........covviiiiiiiriiiiiiieiiieieiee e e venennes 236-237
Figure 5.5-1 West Venture C-62 #9 Limestone Schematic Core Log Summary.................. 238
Figure 5.5-2 Venture C-62 #9 Limestone Core Facies — #2 Massive Marl-Mudstone........... 239
Figure 5.5-3 Venture C-62 #9 Limestone Core Facies — #3 Debris Bed........................... 239
Figure 5.5-4 Venture C-62 #9 Limestone Core Facies —# 4 Microbialite (Microbolite)......... 240

Figure 5.5-5 Venture C-62 #9 Limestone Core Facies —
#5 Microbialite (Microbolite) and Geopetals/Cavities.............ccocevveiieeinennnn. 240

Figure 5.5-6  Venture C-62 #9 Limestone Core Facies —
#6 Microbialite (Microbolite) Transition to Skeletal Reef Mound.................. 241

Figure 5.5-7 Venture C-62 #9 Limestone Core Facies —

#7 Reef Mound Framebuilders.............c.oooiiiiiiiiiiiiiii i, 241
Detailed Figure Captions For Figures 5.5-2 TO 5.5-7..cuiiiiiiiiiiiiiiieeee, 242-243
Figure 5.6 West Venture C-62 #9 Limestone Core Depo-lithofacies

Compared to Depositional Model of Cummings and Arnott (2005)............... 243
Figure 5.7-1 Margaree F-70 Schematic Core #1 Litholog.............cooooiiiiiiiiiiiin. 244

XVi



Figure 5.7-2

Figure 5.7-3

Figure 5.7-4

Figure 5.7-5

Figure 5.7-6

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12
Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 6.1

Figure 6.2

Margaree Core #1 Basal Coral Reefal Slabs..................co 245

Margaree Core #1 Photographs A) Articulated Echinoderm Calyx...

Indicating Low Energy Period on Stabilized Slope; B) Upper Foreslope

Skeletal Packstone-rudstone; C) Microsolenid Coral Clast near Base of
Crinoid-rich Lime Rudstone-grainstone Debris Bed........................o.. 246

Margaree Core #1 Photomicrographs Facies: Slope Debris Flow................... 247

Margaree Core #1 Photomicrographs from a Deeper Water
Sponge Reefal Facies......o.ooviiiiiiii i 248

Margaree Core #1 Photographs A) Solitary Corals or
Thamnasteria Fragment; B) Sponge; C) Broken Platy
Microsolenid Coral; D) Suspect Microbial Crust at High Angle.................. 249

Alternative Reef Platform to Delta Relationships in Panuke Trend
to Venture Area —A) Delta With No Platform
B) Platform Envelopment Scenario.............coovviiiiiiiiiiiiiiiiiiiiieeieee 250

West to East Section of Northeast End of the Panuke Trend......................... 252

Comparative Anatomy Abenaki Margin of Panuke Trend Southwest
of Sable Delta A. Marquis L-35 and side-tracked L-35A ;

B. Dominion J-14 & Side-tracked J-14A; C. Deep Panuke Dip Transect........... 253
Regional Correlation Section from Southeast End of Deep Panuke

Trend to the Penobscot Area and Sable Paleodelta on the Northeast................ 254
Delta Lobe Switching Model with Carbonates Added.................cccooviiviiinin, 255
Delta-loading Pendulum Model of Dailly (1975, 1976).........ccocviiiiiiiinnn... 256

Criteria Supporting Isolation in the Form of a Physical Gap,
to Explain Co-existence of the Large Delta and Thick Platform..................... 257

Examples of Main Features Supporting Isolation in the Form of a
Physical Gap.......oooiuiii i 258

A) Abenaki or Equivalent Microbolite Slope Mounds Examples Relative to
Distance to Sable Delta. B) Late Jurassic and Mid Paleozoic Mound
Comparison and Formation Model Based on Outcrop Studies........................ 259

Upper Jurassic Reef Analogues..........oovviiiiiiiiii e 261

Baltimore Canyon Late Jurassic Carbonate Margin Wells and Seismic as
An Example of Hydrocarbon Application and Feedback Loop for Analogues.....262

Summary Model for Abenaki Platform to Sable Delta
Relationships over TImMe.........o.viiiiiii i, 274

Sketch Paleogeographic Maps Showing Key Facies during
Expansion of Sable Delta on Southwest Scotian Shelf.........................o.. 275

XVii



Figure A1.1  Shelf-edge Map and Late Jurassic Morphologies..............ccoevviiiiiiiininnnnn. 334

Figure A1.2 Regional Strike SeCtion.........co.vuiiuiniiiiiii e, 335
Figure A1.3  Dip Seismic with Prograding Ramp over Penobscot L-30........................... 336
Figure A1.4 Four Extensional Tracts Based on Transfer Fault Zones............................... 337
Figure A1.5 Seismic Morphological End Members of Jurassic Carbonate Bank................. 337
Figure A1.6 Generalized Faults and Gas Accumulations in Sable Subbasin....................... 338
Figure A1.7 Regional ‘O’ Limestone Marker Isopach Map ...............coooiiiiiiiiininn, 338
Figure A1.8 Schematic Illustration of Abenaki Break-up near Sable Delta ....................... 339

Figure A1.9 Cummings and Arnott’s (2005 Fig.5) Venture Field Interpreted
Stratigraphic Strike SeCtion...........ooeiiuiieii i 339

Figure A1.10 Sequence Stratigraphic Depositional Shelf-margin Delta Model
Lower Member of Missisauga Formation for Venture, West Venture

and South Venture Fields ... 340
Figure A1.11 “Near Basement Morphology” of Panuke Trend to Penobscot....................... 341
Figure A1.12 Dip Seismic from G-67 to L-35. ... ..ottt 341
Figure A1.13 Panuke Trend Carbonate Margin 3D Seismic Image ‘Ab6’

=TOP ADCNAKI). ..ottt e 342
Figure Al1.14 Paleogeography of the Upper Abenaki Formation....................c..cooiii 344
Figure A1.15 Encana Trap Map (2006, Fig. 2.55).....ccriiiiiiiiii e 345
Figure A1.16 Upper Abenaki Stratigraphy at Deep Panuke Gas Field on

Structural Datum from EnCana (2000)..........c.coviiiiiiiiiiiiiie i eieaeanns 345
Figure A1.17 Abenaki Stratigraphic Sequence Comparison for Deep Panuke Wells

by Encana (2006) versus OETR PFA (2011)......cccoviiiiiiiiiiiiiiiii e, 346
Figure A1.18 Biostratigraphic Control in PFA Report............c.cooooiiiiiiiiii 347
Figure A1.19 Shelf Edge and Slope Thicks Tracings Compiled from PFA Chap. 9............... 347
Figure A1.20 Jurassic Biostratigraphy for Wells Adjacent to Penobscot L-30.

(New or Revised Dating for the OETR 2011 PFA Project)..............coovivintnn 348
Figure A1.21 Abenaki Formation Age Assignments and Sequence Correlations.................. 349

Figure A1.22 Correlations Northeast End of Panuke Trend
PFA Chapter 9 (OETR 2011).....ouiiiiiiiiii e, 350

Figure A1.23 PFA Dip Seismic Stratigraphic Cross-section near Kegeshook G-67
and Marquis L-35 With Interpretation..............oovviiiiiiiiiiiiii i 351

XViii



Figure A1.24 Depositional Maps Between Regional PFA Seismic
Markers and ModelS. ........ouiiiiiii e 352

Figure A1.25 Exploration Active Licenses & Structures in 2012.

(from CNSOPB Bid NSI12-1)..uiiiniiiiiii e 353
Figure A1.26 Tectonic Framework Centred on the Penobscot Area (L-30)

from CNSOPB Bid 12-1)..c.iniieitieiie e 354
Figure A1.27 Shelf Break Trends from CNSOPB NS12-1.......coiiiiiiiiiiiiiiii, 355
Figure A1.28 Base Map and Selected Seismic Qayyum et al. (2015a)..............ccociveiiinil, 356

Figure A1.29 Interpreted Regional Dip Lines Qayyum et al. (2015a)
A) Penobscot L-30; B) Dip line Near G-32;

C) Dip line between L-97 and L-35; D) Sable Delta Dip Line...................... 357
Figure A1.30 Penobscot L-30 Seismic Dip Line and Wheeler Diagram............................. 358
Figure A1.31 Composite Illustration of 3D Seismic Area and Play Ideas........................... 359
Figure A1.32 Stratigraphic Columns of Nova Scotia Offshore Compared to

GUIE OF MEXICO. . ettt 360
FigureA1.33 Western Shelf Stratigraphy Schematic.................coi, 361
Figure A2.1 Classic or Typical Model for Mixed Carbonates-Siliciclastics....................... 393
Figure A2.2 Carbonate Platform Types and Morphologies.............ooevveviiiiiiiiniiniinnennn, 395
Figure A2.3(A) Modern Reef and Oolite Worldwide Distribution; Some Major Deltas.......... 396
Figure A2.3(B-E) Modern Reef and Oolite Worldwide Distribution, Enlargements............... 397
Figure A2.4 Mahakam Delta SE Borneo, Indonesia Analogue,

Maps from Wilson (2005)......cueiriiriiiiiiie e 399
Figure A2.5 Fly River Delta-Gulf of Papua Recent-Neogene Analogue........................... 400
Figure A2.6 Arabian-Persian Gulf — Tigris-Euphrates Delta Recent Analogue................... 401
Figure A2.7 Sediment Thickness and Post-Carbonate Margin Deltas

Baltimore Canyon Trough............cooviiiiiii e, 402
Figure A2.8 Baltimore Canyon Trough Jurassic Carbonate Margin Wells........................ 403

Figure A2.9 Contrast of Similar-aged Late Jurassic Atlantic Margin and
Gulf of Mexico Potential Source-rock Basins (Eoff, 2013, Fig.4).
A) Baltimore Canyon Trough B) Haynesville Basin, Gulf of Mexico............... 404

Figure A2.10 Lower Haynesville Map Detailing Gross Depositional Environments
of East Texas-Louisiana Haynesville Basin (Cicero and Steinhoff 2013).......... 405

XiX



Figure A2.11

Figure A2.12

Figure A2.13

Figure A2.14
Figure A2.15

Figure A2.16

Figure A2.17

Figure A2.18

Figure A2.19

Figure A2.20

A) Paleogene Carbonate Shelf beneath Mouth of Amazon River

B) Change in Amazon Drainage in Neogene............o.evvevereniennnnn.n.

Marginal (Red Algal Dominated Non-coral) Reef Tract Along
Brazil Continental Shelf Edge off Mouth of Amazon A) Map.
(B-D) 3 Schematic Water Columns: Turbidity Effects and

General Bottom Marginal Reefs in 3 Sectors

Fractal Analogue Comparisons over Space-time of a Siliciclastic-

Carbonate Large-scale ASSOCIAtiON..........oovvvviiiiiiiiriiiiineneenennns
Delta Lobe Switching Model with Carbonates Added.......................

Delta-loading Pendulum Model of Dailly (1975, 1976)......................

Nova Scotia Offshore Tectonostratigraphic Subdivisions and

Salt DIStIIDULION. ...ttt e e e et

Reef Abundance, Reef Builders, Ooid Abundance and

Mineralogy Phanerozoic CompariSon............ocveevieviiiiiieiiianeeneans..

Carbonate Factories Compared and Their Controls...........................

Carbonate Accumulation Rate and Modeled Calcite aragonitic
Saturation State of Riding and Liang (2005b) Versus

Oolite Occurrences of Wilkinson et al. (1985)............cccoiiiiiiiiiiia,

CATT Late Jurassic to Earliest Cretaceous Paleo-oceanography

Temperature and CUITENTS ........eineieiiei e e

XX

415



ABSTRACT

The offshore Nova Scotia Late Jurassic to earliest Cretaceous continental scale shelf-
margin Sable Delta succession is juxtaposed with the extensive kilometre-thick Abenaki
carbonate platform. This thesis addresses how that unusual association could have occurred and
lasted 15 Ma and the effects it had on the margin carbonates. Several carbonate morphologies
and two separate systems will be discussed — ramps near the delta and a platform to the
southwest. Highs produced by allochthonous salt beneath the Sable Delta localized oolite shoals
and possibly atolls. Carbonate production on abandoned, flooded lobes and on prograding
ramps generated carbonate oolite-quartz sandstone proximally and slope thrombolites distally.

Sediment loading, bypass onto the deeper slope and faulting on the delta front, and
flexuring and faulting on the near-delta platform margin, may have helped generate a proposed
bathymetric separation between the delta and the near-delta platform margin. This long-
continued bathymetric separation maintained a carbonate platform relatively clean of siliciclastic
influx. However, prodelta sedimentation did affect two of the three major Late Jurassic
reef/mound types — siliceous sponge and thrombolitic-microbial slope mud mounds — but not
coral reefs nor the oolitic shoals of the shallow platform. Lateral changes in the coral-
stromatoporoid shallow reefs and oolite shoals are identifiable only relative to their quartz
content.

Carbonate transitions influenced by deltaic sedimentation are revealed in two cores and
give major insights — within the Sable Delta by a thin ramp limestone series and on the carbonate
platform margin by deepening reeflets on a pinnacle slope. The deeper foreslope mounds reveal
a gradient with increasing shale interbeds and distinct colour changes distal to the delta. The
uppermost Abenaki and sections above show the diachronous development of sponge-rich beds
and reef mounds at the toe of the expanding Sable prodelta succession. Condensed and
palimpsest shelf sediment packages are identified further southwest by coated-ironstone
redbeds in a marine setting, and more distantly by continued shallow carbonate sedimentation
on the margin and nearshore ridges into the Early Cretaceous.

Descriptions and interpretations from cuttings and sparse core from all available margin
wells are presented using an updated Abenaki carbonate facies association template supported
by seismic and biostratigraphic data. Major facies such as oolite, oncolite and all three mid-
Mesozoic reef/mound types are illustrated using cored intervals.

The currently producing Deep Panuke reefal and Venture shelf deltaic gas fields are both
shelf margin accumulations of contemporaneous age. This thesis highlights the effects produced
by the Sable Delta on the regional petroleum systems relative to the margin carbonate, and in
particular to the reservoir/seal pairs and gas-prone source.
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LIST OF ABBREVIATIONS AND SYMBOLS USED

A = Alma gas field [the area includes gas fields Venture (V) and Glenelg (G) below]
A.&E. (paleo-marker) = Ammobaculites sp.-Epistomina sp. paleontological marker
AVO = amplitude versus offset analysis

BCT = Baltimore Canyon Trough area

BS = boundstone or bindstone

C = coarse

CAMP = Central Atlantic Magmatic Province

CATT = Carbonate Analogs Through Time Hypothesis (Markello et al. 2008)
CNSOPB = Canada-Nova Scotia Offshore Petroleum Board

DNR = Department of Natural Resources

DP = Deep Panuke (area)

DSDP = Deep Sea Drilling Project

DU = Drowning Unconformity

FA = Facies Association template (referring to Table 7.1, Figure 7.8)

F-C = fine to coarse

FSST = Falling Stage Systems Tract

FMI = Fullbore Formation Imager, Slumberger term for borehole electrical imaging, now with
“HD” added for high definition)

FZ = (Wilson (1975) standard carbonate) facies

G = Glenelg gas field

GOM = Gulf of Mexico

GOMH = Gulf of Mexico Haynesville shale area

GSC = Geological Survey of Canada

HA = horizontal axis/width

HST = High Stand Systems Tract

HTD = Hydrothermal Dolomite

JABK = Jurassic Abenaki Formation

LC = lost circulation

LST = Low Stand Systems Tract

MFS = maximum flooding surfaces

NBCU = Near Base Cretaceous Unconformity

NSRL = Nova Scotia Resources Limited

OERA = Offshore Energy Research Association (of Nova Scotia, recently supersedes OETR )
OETR= Offshore Energy Technical Research Association (of Nova Scotia)
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PCP = PanCanadian Petroleum

PDC = polycrystalline diamond compact bits
PFA (study) = Play Fairway Analysis

PEX = Petro-Canada Exploration

RR =rig release

RSL/rsl = relative sea-level

SB = sequence boundary

SMF = Standard Microfacies types (as in Flugel)
SP = Spontaneous potential

SU= Subaerial Unconformity

SWC = sidewall core

TS = thin section

TD = Total Depth

TST = Transgressive Systems Tract

V = Venture gas field

WS = Western Shelf (area)

UWI = Unique Well Identifier

XC = extremely coarse

Abbreviated Dunham classification terms, modified by Kloven and Embry:
BS = Boundstone, bindstone
FS = Floatstone
GS = Grainstone
MS = (Lime) Mudstone
PS = Packstone
RS = Rudstone
WS = Wackestone

(Symbols Chart on Following Page)
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CHAPTER 1. INTRODUCTION

List of Topics

1.1 Abenaki-Sable: an Unusual Pair - a Thick Carbonate Platform by a Large Delta
1.2 Problems and Hypothesis

1.3 Overview — Strategy and Outline

“Rivers, not temperature, organisms or chemistry,

appear to control the distribution of carbonates.” Chave 1967

“Although no one can draw a line between dawn and dusk;

day is on the whole tolerably distinguishable from night.” W. Blake 1757-1827

1.1 Abenaki—Sable: An Unusual Pair — a Thick Carbonate Platform by a Large Delta

Deltas and reefs are both modern and ancient producers of sediment. Seen at the land-
water interface, they are important features that ‘create land.” Both infill up to sea level but they
belong to very different realms of geography and sedimentology. Deltas originate from river-
supplied eroded terrigenous sediment; reefs like most carbonates are the nearly in sifu result of
organic growth and aqueous precipitation. As Chave (1967) put it “rivers, not temperatures,
organisms or chemistry appear to control the distribution of carbonates”. There are now some
exceptions to this mutual exclusivity with various types of carbonate reefs or mounds occurring in
a variety of deltaic settings (see Section' 2.1 and Appendix A2.4). Although isolated reefs may
occur, there are no extensive carbonate platforms in the present near a continental scale delta (see

Appendix A2.3).

The exception and the subject of this thesis is the Late Jurassic through mid-Cretaceous
thick Abenaki carbonate platform immediately southwest of the large Sable Island paleo-delta
(‘Sable Delta’). What allowed these two separate depositional systems to exist closely together
and for so long? What were the effects if any on the platform margin carbonates themselves at

varying distances from the delta?

' The word “Section” has been required instead of “Subchapter” and when used in this manner it will carry
a capital letter. When the word “section” is used more generically or geologically it will be lower case.
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The location of the study area and well control is shown on Figure 1.1. The Abenaki
platform-Sable Delta regional paleogeography is illustrated on Figure 1.2. The Scotian Basin
stratigraphic column and Abenaki type well stratigraphy are on Figure 1.3. Those type well
columns reveal the Abenaki Formation comprises two of the most characteristic components —
oolites and reefs/mounds. Of known Phanerozoic reef occurrences, the Late Jurassic is the fourth
largest after Late Devonian, mid-Silurian and Miocene/Holocene (Kiessling 2002, Figure 1.4).

Kiessling (2006) suggests the Late Jurassic exceeds the Modern in reef numbers and volumes.

The Late Jurassic has possibly the greatest variety of Phanerozoic reef/mound types
(Leinfelder et al. 2002). In occurrences of oolites it is third of the four largest broad peaks — Late
Cambrian, mid Carboniferous, Late Jurassic and Holocene — with aragonitic ooids for the first and
last but mainly calcitic ooids for the middle two (Wilkinson et al. 1985, Eliuk 1987; Figure 1.4).
High carbonate saturations coincide with high amounts of submarine cements and the last
significant development of marine microbolite mud mounds® and hypercalcified sponges —
coralline (stromatoporoids and chaetetids) and lithistid demosponges as seen on Figure 1.3.
Clearly the Late Jurassic was one of the Phanerozoic’s most favoured times of biotic and abiotic

carbonate productivity.

The Abenaki Formation strongly reflects the Late Jurassic abundance of reefs and oolites.
This may be the critical carbonate expression of the platform-delta-juxtaposition equation. There
are no modern examples of major deltas with nearby large carbonate platforms. This is a fact that
possibly reflects on the modern oceans’ lower shallow-water carbonate productivity relative to
times in the past. Probably this productivity change is linked to the onset of major deep-water
carbonate sedimentation with the rise of chalk-producing nanoplankton like coccolithophorids in
the later Mesozoic (DeVargas et al. 2007, Pomar and Hallock 2008, see Appendix A2.7). Perhaps
not coincidentally, a drastic reduction in both reefs and oolites occurred at the same time, possibly

due to reduced dissolved carbonate availability (Figure 1.4, A2.17).

? The term microbolite and microbolite mound has been chosen to take the place of carbonate ‘mud’ mound
or microbial/thrombolitic/automicritic mud mound used by the author in the past. Note that Leinfelder et al
(2002 and previously) applied the term ‘microbolite’ or ‘microbolite-dominated’ to the third major Late
Jurassic reef-mound type end-member. Here microbolite is used in a general descriptive sense for lime
mudstones to bindstones often finely pelletal with thrombolitic and occasionally even stromatolitic textures
with variously sized cavity systems with more or less geopetal infill and isopachous cements. Oncolites
could even be encompassed by the term. Their origin is interpreted as mainly microbial or microbially
mediated but automicrite is also possible with early seafloor diagenetic processes with or without microbial
involvement. Stromatactis mud mounds do occur in the Abenaki as seen in Demascota G-32 Core 5 and are
included in this general term. Origin of the cavities is controversial but early cementation or lithification
maintained them. In many figures from earlier presentations microbial and mud mound may still be used.



While typical of Late Jurassic carbonates, in many other respects the upper Abenaki is an
unusual carbonate as shown by the following features:

1) The Upper Abenaki is on the north end of longest reef chain and platform trend
(gigaplatform) with shelf margin reefs in the Phanerozoic geologic record (Poag 1991, Kiessling
2001).

2) All three typical Late Jurassic reef/mound types are present, and indeed even in one
well — Demascota G-32 with siliceous sponge reef mounds, coral-coralline sponge shallow-water
reefs and slope thrombolitic-microbial mud mounds (Eliuk 1978, 1998; Eliuk & Levesque 1988;
Jansa et al. 1982, 1988; Dromart et al. 1994: Pratt 1982, 1995; Pratt et al 1988; Ellis et al. 1985,
1990; for Jurassic reef/mound types see Leinfelder 1994 and Leinfelder et al. 2002).

3) The Abenaki is the youngest reef-bearing carbonate complex in Canada that is already
well known for its Devonian reefs and hydrocarbon-bearing Paleozoic carbonates (Eliuk 1988,
James and Geldsetzer 1988).

4) The Sable-Laurentian delta complex® was the largest delta on the North American
Atlantic and Gulf of Mexico margin until the mid-Cretaceous when it terminated. It completely
pre-dates the appearance of the Mississippi Delta in the Cenozoic, it arguably being a possible
example of mega “stream capture” (Eliuk and Wach 2014a & b, see Cox and Van Arsdale 2002,
Van Arsdale and Cox 2007 on origin of Mississippi Embayment).

5) Both ramp and platform margin morphologies are present including prograding ramps
associated with the Sable Delta (Eliuk 1978, Wade and MacLean 1990, Kidston et al. 2005, OETR
2011).

6) Producing gas fields exist both in Late Jurassic-earliest Cretaceous siliciclastic shelf-
margin deltas (e.g. Venture Field) and in carbonate shelf-margin reefs (Deep Panuke Field)
(Cummings & Arnott 2005, Encana 2006, Weissenberger et al 2006).

7) Global Late Jurassic carbonate reservoirs contain huge hydrocarbon volumes (e.g.
Saudi Arabia) but only a rare few are present in reefs at shelf margins since most fields are within
shelf interior settings (Greenlee & Lehman 1993, Kiessling 2002).

8) Deep Panuke is the only commercial gas field in carbonates on the North American
Atlantic offshore (Weissenberger et al. 2006, Encana 2006).

9) Exceptionally, a thick carbonate platform existed adjacent to a very large delta over an
extended period of time - circa 15 Ma, This last anomaly provides the focus of this thesis - the

origin and an understanding of how this unusual juxtaposition existed for so long and what was

? The ‘Laurentian Delta’ was the term for the northern Middle-Late Jurassic Sable precursor.
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the delta’s effect on the associated margin reefs and slope reef/mud mounds that rim the Late

Jurassic shelf edge of the western Atlantic off North America.

From the economic perspective, the Abenaki is significant in hosting the Deep Panuke gas
field located between the contemporaneous Sable Delta prograding ramp shelf to the northeast and
the aggrading carbonate platform to the southwest. Published studies (Weissenberger et al., 20006;
Wierzbicki et al., 2005, 2006; Encana 2006) give details on the hydrothermally-dolomitized reef
margin gas field discovered below the depleted Panuke oil field in 1998 and starting production in
2013. Expanding on those earlier studies, Deep Panuke was placed in a larger petroleum systems
context between the Sable Delta and the carbonate platform (various Eliuk, and Eliuk & Wach
post-2006 abstracts and informal web publications and the PFA study, OETR 2011). The Sable
Delta also has a number of producing shelf margin gas fields (Cummings and Arnott 2005).

The association of the Abenaki carbonate platform and Sable Delta closely sharing a
common continental shelf on a passive margin was aided by the generally rising relative sea level.
This resulted in repeated episodic flooding of the ever enlarging Sable Delta supplying the
continental slope with prodeltaic sediments. Further this delta progradation resulted in salt
movement, complex growth faulting, differentially expanded sections, and paleohighs localizing
carbonate production as oolite shoals. Other similar mixed systems might exist in the rock record
but likely require an ocean margin setting to allow major sediment influx and subsidence. One
possible similar system is associated with the tectonics of the opening of the Bay of Biscay in the
Aptian-Albian. Although apparently even thicker than the Abenaki-Sable system, it was not as
extensive (Garcia-Mondejar 1990). Farther discussion of today’s major river systems and
carbonate platforms and why none of these qualify as a suitable analogue of the Abenaki-Sable

system is presented in Appendix A2.4 and A2.5.

Gretener (1963) and later Ager (1973, 1993) both argued that with the vast spans of time
available in the geological record the rare event is inevitable and in most cases expressed as a
catastrophe. Perhaps even as a non-catastrophic event, two supposedly inimical sedimentary
systems — a major siliciclastic delta juxtaposed with a large oolitic-reefal carbonate platform —
must happen somewhere, sometime at least once and likely more than once. Ager (1973) quoted
the dean of British Jurassic studies William J. Arkell: “All the occurrences of Jurassic formations

. amount to little more than relics of marginal lappings of the sea around the edges of the

>

continents, the sole exception being the Tethys.’



That rare event is the Jurassic Abenaki Formation carbonate platform and the Sable Delta
preserved on the North American continental shelf at the western edge of the greater Tethys
seaway at the northern end of the Phanerozoic’s longest reef tract and gigaplatform (Poag 1991,

Kiessling 2001, see Figure 2.1).

1.2 Problems and Hypothesis

Carbonate and siliciclastic sediments are traditionally considered mutually exclusive due
to the negative effects that river waters and terrigenous sedimentation have on carbonate-secreting
photoautotrophic and filter-feeding organisms (e.g. salinity, pH, light penetration, fine material in
suspension, high accumulation rates of sand in littoral and deltaic settings, and high nutrient
levels; see Chave 1967; Schlager 1981, 2005; Hallock and Schlager 1986; Mutti and Hallock
2003; Vecsei 2003; Fabricius 2005; McLaughlin et al. 2003, Moura et al. 2016). However,
individual colonial corals and small reefs are known to be associated with deltas (Niger deep-
water - Allen and Wells 1962; Mahakam — Wilson and Lokier 2002, Wilson 2005, Saller et al.
2010; Shatt Al Arab — Pohl et al. 2014, Mouth of Amazon shelf edge — Moura et al. 2016; for
generalization on coral occurrences in siliciclastic settings see MacDonald et al. 2005, Sanders

and Baron-Szabo 2005; also see Appendix 2).

More recently an extensive linear reef system with high amounts of rhodoliths and large
sponges has been described from the outer shelf at the mouth of the Amazon (Moura et al. 2016).
Though not a shallow-water carbonate platform this may offer a modern analogue for some of the
topmost Abenaki facies. The Flower Garden Banks’ coral reefs in the Gulf of Mexico are over 200
km from the Mississippi Delta but are on salt dome paleohighs on a terrigenous shelf (Rezak et

al.1985).

Thicker alterations of carbonates and siliciclastics do co-occur in the geological record but
rarely by deltas (Fly River Delta — northern Great Barrier Reef in Gulf of Papua modern and
Neogene — Tcherepanov 2008; Tcherepanov et al. 2008, 2010; Slingerland et al. 2008; Davies et
al. 1989). The most common explanation is reciprocal sedimentation either controlled in time by
oscillations of climate, sea-level or tectonic settings; or controlled in space by shifting
depocentres, lobe abandonment, and/or longshore/oceanic currents (Wilson 1967, Mount 1984,
Leinfelder 1997, Goldhammer 2003). Paralic terrigenous sediments adjacent to offshore carbonate
are the usual (‘classic’) mixed siliciclastic-carbonate system. They are not uncommon and include

the largest modern reef tract, Australia’s Great Barrier Reef (Francis et al. 2007). Ancient



examples even include the Late Jurassic Abenaki platform system itself in regard to its nearshore-
offshore sediment pattern (Eliuk 1978, see Figure 1.5 and Appendix A2.1 on ‘classic mixed

systems’).

However size and scale matters. There are no modern examples of coeval carbonate and
siliciclastic sediment accumulation on the scale of a large delta beside a kilometre-plus thick
carbonate platform hundreds of kilometres long. The Late Jurassic of Nova Scotia provides an
ancient long-lived example of such a system with the differences between these two systems

shown in Figure 1.5 along with a depiction of the thesis problems.

PROBLEM #1 — Morphology, nature and origin of a large delta-thick carbonate platform
juxtaposition and lateral ramp carbonates

The Abenaki carbonate platform persisted very near the large Sable Delta for millions of
years without being overwhelmed and buried. Evidence of the nearby siliciclastics within most of
the platform consisted of only quartz nuclei in ooids and occasional thin sandstone beds. The
eventual diachronous replacement of the Abenaki platform by the Sable Delta is evidenced by
prograding ramp profiles observed on seismic. But this resulted not in the abrupt end of carbonate
sedimentation as might be expected but in a completely different style with variably thick
typically oolitic limestones interbedded with and dominated by siliciclastics. This transition is the

focus of the first part of the thesis.

HYPOTHESIS PART 1 - 1t is hypothesized that for much of their Late Jurassic existence the
delta and carbonate platform initially were isolated from one another by mechanisms intrinsic to
the delta itself, e.g. bathymetry, bypass channelling, lithospheric loading and salt tectonics. A
narrow bathymetric separation is proposed to explain the long-lived juxtaposition of shelf-edge
oolite-and-coral-rich then lithistid-sponge-rich reef and mounds in the north end of the Deep
Panuke Trend platform. This is next to shelf-edge deltas at the Venture Field near Sable Island
with lateral intervening mixed carbonate-siliciclastic ramps or distally steepened ramps. Indeed
the main siliciclastic depocentre near Sable Island is interpreted to be subject to the buttressing
effect of the Abenaki platform to the southwest and the possible interbedded armouring effect of
mixed carbonates and siliciclastic ramps lateral to the Sable Delta. The lateral ramp carbonates are
interpreted to form on abandoned delta lobes and in distal shelf-edge locations when terrigenous
influx was low. Thus they differed from the carbonate platform since they were able to prograde,
were diachronous, were able to become re-established and were controlled by the deltaic

sedimentation both for their substrate and for their eventual demise.



PROBLEM #2 — Possible lateral effects on platform margin carbonates due to
the proximity of deltaic sedimentation

Given the juxtaposition of the delta and carbonate platform, the expectation of an obvious
gradient of effects of terrigenous sedimentation on the platform carbonates seemed reasonable.
But lateral effects are far more subtle than expected within the shallow-water platform margin.
Changes in the carbonates can be seen vertically and laterally at the top of the Abenaki shown
mainly by change to argillaceous sponge reef mounds and along the distal slope shown by
microbolite mud mound colour and biotic changes. Seismic shows systematic changes in
morphological dip profiles both vertically and laterally in the Abenaki itself, and from near the
delta southwest to the main carbonate platform. The Abenaki’s Scatarie and lowermost Baccaro
members evolved from ramps to rimmed platform profiles of the middle and upper Baccaro
Member (see Figure 1.3, Chapter 2 and Appendix Al). Very near the Sable Delta, prodeltaic infill
resulted in a reversion to ramp and distally steepened ramp profiles in mixed siliciclastics and
carbonate successions that go from oolite to microbolite mud mounds downslope. Condensed
intervals of marine redbeds and lithistid sponge-rich beds occurred on the shallow shelf above the
carbonate platform at the southwestern limit of prodeltaic sedimentation. Along the far Western
Shelf margin, shallow water carbonate growth was able to continue into the Early Cretaceous
Neocomian and Aptian. Are all these changes linked to the delta and if so how? Could they be
different responses mediated by more or less deltaic influence on the carbonates in recovery from
stratigraphic gaps of parasequences, inter- and intra-formational unconformities of both subaerial

and submarine origin?

HYPOTHESIS PART 2- 1t is hypothesized that the facies changes at the top Abenaki and along
the distal slope are not coincidental but result from the influence of the Sable Island siliciclastic
depo-center through increased nutrients and turbidity; reduced salinity, oxygen and illumination;
potential fouling, hard substrate loss and burial (modified from Leinfelder 1997 and Mount 1984).
The oolitic and coral reefal margins are proposed to have been too shallow initially to be affected
by the prodeltaic fines deposited much deeper on the platform lower foreslope. When the isolating
bathymetric low is filled, terrigenous sediment and nutrients influx should occur which would be
hostile to coral reefs and favour formation of sponge reef mounds distally at the top of the
platform. Near the limit of the effects of the delta, sedimentation may be very low, contributing to
marine redbeds deposition. Well beyond it to the southwest, shallow-water carbonates would

likely continue growing.



1.3 Overview — Strategy and Outline

il

“A chain is only as strong as its weakest link” OR “A cord of three strands is not easily broken”.

The main contribution and source of data for this thesis is the examination and/or review
of Abenaki carbonate cuttings (over 23 km of section) and core data (only about 167 m) in over 25
Abenaki Formation wells. Schematic lithologs from these data with interpretations are presented
well by well along the Late Jurassic margin supplemented by information from published or
publicly available seismic profiles and biostratigraphic studies. Aspects of thesis arguments are
often introduced in the specific well results chapter then integrated in the discussion-interpretation

chapter.

Both cuttings and particularly cores show a great variety of reef and reef mound types.
This includes the three major Late Jurassic types - coral reef, siliceous sponge reef mounds and
microbolite (microbial/thrombolitic/automicrite) mounds with huge ranges in thickness in their
expression. This can be seen despite the limited number of wells drilled along the reef margin and
the even smaller number of wells with reefal cores and of limited thicknesses. These reef/mound
cores, as well as a few non-reefal ones, are illustrated in whole or in part to provide comparative

information on the deltaic influence or lack thereof.

Chapter 2 — Geological Setting and Previous Work (also see Appendix Al, “Previous Work
and Stratigraphy Critique”) gives a brief review of the Abenaki geologic history, stratigraphy and
paleogeography of the Scotian Basin and more broadly in the western Atlantic continental shelf
margin relative to the two major continent-draining deltas. This delta/platform combination is
compared to the pattern in the Gulf of Mexico with the younger continental-scale Mississippi
Delta that post-dates both the Sable Delta and major Gulf and Nova Scotian carbonates.
References to those previous studies relevant to understanding the Abenaki and its relation to the
Sable Delta are given. The discovery of the Deep Panuke shelf margin reef gas field in 1998
increased the number of wells drilled, new seismic data acquired and subsequent Abenaki studies

completed but the latter did not focus on the delta-platform transition.

Chapter 3 — Database and Methodology describes procedures and rationale for cuttings work as
the prime source of this thesis data using the Abenaki carbonate facies association template. Wells

included in the study are mainly in the Panuke Trend and carbonates close to and within the Sable



Delta with comparison to Western Shelf margin wells. Appendix A3 has detailed lithologs of most
of the Abenaki-bearing wells.

Chapter 4 - Results are presented on a well by well basis with one seismically-based Section of
interpretation for the Abenaki-Sable transition. Simplified schematics have been composed from
my detailed lithologs of the well data. Seismic from publicly available sources is shown as a
necessary complement for most wells. Although consisting mainly of wells of the Panuke Trend
and including details of their cores, wells of the Western Shelf are also included for comparison of

wells far from the Sable Delta.

Chapter 5 - Discussion-Interpretation examines the why and how the Abenaki platform and
Sable Delta co-existed in close proximity for over 15 Ma, answering problem 1, and the possible
deltaic effects on the platform carbonates answering problem 2. Two long cores are used to
compare carbonates of the deltaic ramp versus platform carbonate as affected by the Sable Delta.

Reservoir development and exploration implications are also discussed.

The final Chapter 6 - Conclusions synthesizes the findings as a whole summarized in an

explanatory historical model and suggests future research.
Appendix Al contains a detailed illustrated discussion and critique of previous work plus
stratigraphic issues. (All appendix chapters and figures begin with the capital letter “A” to

differentiate them from chapter 1 to 3 text and figures.)

Appendix A2 presents a search for possible analogues/models from the modern and Neogene for

large delta/platform associations.

Appendix A3 holds detailed Abenaki carbonate well lithologs as enclosures.
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Figure 1.4 Reef abundance, reef builders, oolite abundance and mineralogy Phanerozoic comparison

A. Variations over time of the qualitative true reef-reef mound abundance and oolite (Eliuk 1987 Fig.1 discussion
of Wilkinson et al. 1985 with Vail 1977 sea levels). B. Comparison of reef sites, reef builders, oolite and sea
level using quantitative data on reefs and eustatic sea levels (left and centre columns modified after Kiessling
20002, right column after Wilkinson et al. 1985, sea level - Haq 1988, mineralogy - Sandberg 1983,
ice/greenhouse - Fischer). Reef abundance peaks have been corrected for erosion by Kiessling (2002). The
middle plots percentage-selected reef builders but with microbes-algae placed just left of corals-coralline sponges
column to allow comparison. Note that the microbial reefs decrease with time and vary directly with the oolites in
abundance and mineralogy even in the Jurassic (also see Riding and Liang 2005a&b). Reefs versus oolites vary
inversely in the Paleozoic but directly in the Mesozoic-Recent even if the corals are aragonitic and the ooids
calcitic. In A versus B high oolite abundances no longer closely correspond to transition times between highest
and lowest sea levels for the Paleozoic but only after that era. In both A and B, the Late Jurassic has very high
abundance (and varieties) of reefs and oolites in calcitic seas of a world-wide greenhouse climate and rising
relative seal level. In the Cretaceous to modern seas pelagic calcitic nanoplankton become major carbonate
producers. See Appendix A2.7 for further discussion and references.
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CHAPTER 2. GEOLOGICAL SETTING AND PREVIOUS WORK

2.1 Setting and Short Survey of Abenaki-Sable Geologic History
2.2 Setting of Late Jurassic Continental Margin (Carbonate Gigaplatform) and Drainage of

Eastern North America with Comparison to Gulf of Mexico Stratigraphy
2.3 Previous Work (Also see Appendix Al)

2.1 Geological Setting and Short Survey of Abenaki-Sable Geological History

This Section gives a short introduction to the stratigraphy, geologic history and setting of
the Abenaki Formation with details of the complexities of the Abenaki platform/Sable Delta
reserved for discussion in the following chapters as a main topic of this thesis. This is summarized
from more detailed geological histories in Given (1977), Eliuk (1978), Wade and MacLean
(1990), Poag (1991) Eliuk and Prather (2005), Kidston et al. 2005, Michard et al (2008), Pardo
(2009), OETR (2011), and Weston et al. (2012).

The Late Jurassic paleogeography for the central North Atlantic and western Tethys
Seaway is shown on Figure 2.1 and for the Scotian Basin study on Figure 1.2 with stratigraphic
columns on Figure 1.3. The early Atlantic was a warm elongate small sea with the Nova Scotia
side becoming much more humid as evidenced by coals and deltas. This is in contrast to its arid
climate in the Triassic reflecting an interior location prior to the break-up of Pangea and the
continuing mainly arid to semi-arid climate in Morocco where a mirror-image carbonate margin

existed and even crops out near Agadir (Martin-Garin et al. 2007, Michard et al. 2008).

The Scotian Basin with several subbasins evolves from a rift system with major
continental redbed fluvial-lacustrine deposition capped by CAMP (Central Atlantic Magmatic
Province) basaltic flows and evaporitic conditions during its synrift phase. Following continental
breakup and the formation of oceanic crust, a narrow basin was formed with a comparatively
humid open ocean passive margin setting with an early carbonate-rich period then a terrigenous
clastic-rich phase. This was followed by a flooded shelf margin with associated Late Cretaceous
chalk to a long-continued low level of marine sedimentation on the continental shelf punctuated

by an Eocene astrobleme on the western shelf (Figure 1.3 and 2.2).

The Abenaki responds to the opening and mid-oceanic ridge formation of a small mid-
Mesozoic sea with peculiar seawater chemistry and warm temperatures at the western end of the
Tethys Seaway that becomes the central North Atlantic Ocean (see Figures 1.2, 1.3 and 1.4). The
upper Abenaki Baccaro Member carbonate responded, generally unsuccessfully, to tectonics

associated with renewed rifting of the North Atlantic off Newfoundland and the input of a
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continental-scale delta that eventually centered on the Sable Island area in the Sable Subbasin
(Wade and MacLean 1990). Arguably the rapid regression in the lower Abenaki above the
Misaine shale is global or at least circum-Atlantic in extent (Azeredo et al. 2002) and reflects

Middle-Late Jurassic glaciation (Dromart et al. 2003).

The Abenaki occurs at the Jurassic continental shelf edge throughout the Scotian Basin
when not replaced by deltaic terrigenous clastics and occurs as an age-equivalent shelf-edge
carbonate in the Baltimore Canyon Trough. This is shown in Figure 2.1 which also shows
Morocco and Iberia with their age-equivalent strata uplifted and exposed due to Alpine orogenic
inversion. Carbonates may have completely rimmed the early North Atlantic but can reliably be
identified for the length of the eastern North American continent and into the Gulf of Mexico as

the Late Jurassic gigaplatform (Poag 1991, Figure 2.1 inset map).

The Abenaki Formation is mainly Middle and Later Jurassic in age but includes some
Berriasian age carbonates. Dating of the Abenaki mainly follows the most current biostratigraphy
of Weston et al. (2012) and OETR (2011) though some problems remain. On the Western Shelf
the Abenaki platform continues into the Barremian-Aptian as the informal Roseway unit
(Appendix Al has a more detailed discussion). The Abenaki is mainly limestone and records the
initial mid-oceanic ridge formation of the middle North Atlantic in its early cyclicity and major
transgression (Eliuk 1978, Figures 1.3, 1.5, 2.1 and 2.2). The Abenaki ended around the level of
an unconformity attributed to the Avalonian tectonics associated with the initial rifting of the
north Atlantic (Wade and MacLean 1990; OETR 2011 and Weston 2012). This event is termed
the NBCU (= Near Base Cretaceous Unconformity), and there is a time equivalent hiatus in the
northern Gulf of Mexico and possibly in Baltimore Canyon Trough (Figure 2.2, Fig. 9 of Ringer
and Patten in Eliuk and Prather 2005). Locally on the Western Scotian Shelf shallow-water
carbonate deposition continued or was re-initiated in the Early Cretaceous, for instance as the
Hauterivian-Barremian “O (oolitic) Marker” Limestone (Given 1977, Wade and MacLean 1990,
Weston et al. 2012). It is also recognized in deep water to the east with rudistid bivalve-bearing
Early Cretaceous limestone present on the J-Anomaly Ridge off the southwest Grand Banks

(Gradstein et al. 1977, Figure 2.1),

The Abenaki consists of four members — the widespread Scatarie (Bajocian-Bathonian)
composed mainly limestones that are often oolitic and cyclic; Misaine (Callovian) mainly
calcareous shale; Baccaro (Oxfordian-Tithonian/Berriasian) that developed as a thick platform at

the Late Jurassic continental shelf edge and is mainly limestone with scattered reservoir quality
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hydrothermal dolomites, and the capping Artimon (diachronously Berriasian-Hauterivian =
Neocomian, perhaps even Aptian-Albian of earliest Cretaceous age in Bonnet P-23) comprising
argillaceous sponge-rich limestones and shale. The two well columns in Figure 1.3 show the
Oneida O-25 type section of the Abenaki Formation and the original Scatarie, Misaine and
Baccaro members (Mclver 1972) and the later Demascota G-32 well that included the fourth
Artimon Member (Eliuk 1978). The formation is underlain by the Mohican Formation
siliciclastics and overlain by the Verrill Canyon Formation shale (Given 1977). The
contemporaneous Late Jurassic mixed sandstone-shale-limestone MicMac and deltaic siliciclastic
Lower Missisauga formations are shown on Figure 1.5 in the Sable Delta area wells and

schematically in Figure 2.2A.

The basal Scatarie Member was deposited as a relatively thin but widespread platformal
succession composed mainly of oolitic limestone. It was subsequently completely drowned and
buried by transgressive Misaine Member shales, however carbonate deposition recovered but was
never as widespread though it created much thicker successions. The subsequent carbonate
sedimentation of the Baccaro (or Baccaro-MicMac) had two different styles — a thick continuous
platform southwest of the Sable Island area and a mixed carbonate-siliciclastic system of ramps
and distally steepened ramps to the northeast (Figure 2.3). The northeast area was dominated by
terrigenous sediment with variably thick interbedded limestones and showed major seaward
progradation. The southwest had an aggradational stationary margin that grew up to 1.5 km in

thickness and continued growing in the Early Cretaceous on the far southwest.

The Artimon only occurs southwest of the Sable Delta discontinuously and is
diachronously distributed. Arguably it should be placed in overlying formations (Wade and
MacLean 1990 versus Eliuk 1978, 1985). The term ‘Roseway Unit’ was initially applied to the
Early Cretaceous limestones on the Western Shelf on the nearshore ridge in Mohawk B:-93.This
was later extended to include Cretaceous limestones indistinguishably overlying the Baccaro
limestone (shown in Figure 1.5; Wade and MacLean 1990, MacLean and Wade 1993, Jansa 1991,
1993 on usage). The Roseway could even be included in the Abenaki as a fifth member (see
Figure 4.60 and Appendix Al.13 for nomenclatural suggestion of designating the Roseway a
member in a number of formations). Note that Weston et al.’s (2012) Albian-age carbonate
included in the uppermost Roseway of Bonnet P-23 is actually a red coated iron carbonate
succession recording starved, extremely slow submarine sedimentation underlain by argillaceous

skeletal limestone rich in lithistid and stromatoporoid sponges suggestive of Artimon facies.
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Contemporancously the Sable and earlier Laurentian paleo-deltas were prograding
southwestward and seaward in the Laurentian Channel to the Sable Island areas mainly after the
Callovian Misaine shale was deposited. The base Misaine/top Scatarie is recognized as a key
regional seismic reflector though it is never reached by wells in the Sable Subbasin or in shallow
successions northeast of Sable Island. Although this latter area is not dealt with in this thesis,
wells show that during the Jurassic deltaic sedimentation alternated with shallow-water oolitic to
mudstone carbonates. These carbonate sediments can be as thick as 200m continuously and
greater then +1000m with 40% siliciclastics as in Dauntless D-35 (Eliuk 1978, see Figure 2.1).
Seismic mapping (Wade and MacLean 1990, Fig. 5.25 and 5.28) shows the termination of the
Scatarie reflector on the northeast shelf 30 km or more northwest of the eventual end Late Jurassic
shelf flexure. Thus a mixed carbonate-siliciclastic system prograded 30km or more on a 200km
front during the Late Jurassic from the Laurentian Channel to the Sable Island area where the
Sable Delta was located. Similar mixed sedimentation occurred on the southwest flank of the
Sable Delta and is included in this thesis. Appendix Al on previous work gives more background
on the development of the understanding of the Abenaki. This relationship is shown schematically

in different depictions of the Late Jurassic Scotian Basin over the years on Figure 2.3.

2.2 Setting of Late Jurassic Continental Margin (Carbonate Gigaplatform) and Drainage of
Eastern North America with Comparison to Gulf of Mexico Stratigraphy

Bob Ginsburg, the long-time proponent and originator of comparative carbonate
sedimentology, wrote an article (Ginsburg 2005) on “disobedient sediments” and their feedback
relationships. His examples included grainy sediments like oolite shoals and crinoids that
subsequently determined tidal currents or inhibited growth of other organisms and the 1600 km
long fluid mud flats northwest of and fed by the Amazon River that so dampen the waves that they

face the open Atlantic Ocean.

Analogously, the presence of the large Sable Delta beside the thick Abenaki carbonate
platform might be considered an example of “disobedient depositional systems” in comparative
basin studies since typically they do not occur together but have somehow interacted over a long
time period. Like Ginsburg’s (2005) ‘disobedient’ oolites, encrinites, and river-sourced muds, the
Abenaki-Sable too had interesting feedback relationships. Figure 2.2A illustrates simplified
stratigraphic columns of the Scotian Basin versus the northern Gulf of Mexico and Figure 2.2B
shows a schematic map of the eastern seaboard of North America in the Late Jurassic. Together

they are used to contrast the two major deltaic areas at either end of the world’s longest
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Phanerozoic reef-tract carbonate platform. A comparison is drawn to the much larger Cenozoic-
Recent Mississippi Delta and the Late Jurassic-Early Cretaceous carbonate ramps and platforms in
the Gulf of Mexico — the archetypical continental drainage system and well-studied Mesozoic
platforms with well control in the tens to hundreds of thousands. The Gulf carbonates are well
behaved or “obedient” in being either on the outer shelf relative to the inboard shelf siliciclastics,
or reciprocal, but not present at the same place and time. In the Late Jurassic and also the Early
Cretaceous for the Gulf of Mexico (= GOM) both it and the Scotian areas are mixed carbonate-
siliciclastic systems. However the expectation of an analogue for the Abenaki from the GOM was
dashed because the continental scale Mississippi River and Delta only started after the mid-

Cretaceous and at the end of significant shallow-water carbonate deposition in the northern GOM.

Both the Baltimore Canyon Trough (BCT, see Appendix A2.5 for details) and the GOM
have Late Jurassic-Early Cretaceous inboard parallic-to-deltaic siliciclastics and outboard
carbonate platforms or ramps. This is the same style for part of the Abenaki located on the Nova
Scotia Western Shelf. Both the GOM and BCT carbonate platforms originated over earlier
prograded siliciclastic shelves, arguably for BCT and definitely in GOM as shown by well control,
(see Meyers 1989 and Galloway 2011 respectively). The two US examples thus differ from the
Western Shelf Abenaki margin which is nearly stationary and developed above basement highs.
However in addition and uniquely the Abenaki has a major contemporaneous delta that cuts
through the carbonate platforms near Sable Island. Only laterally and close to the Sable Delta do
Abenaki-like carbonates of various thicknesses cap Late Jurassic to earliest Cretaceous deltaic
sediments during a final period of prograding mixed-system ramps. This complicated relationship
is possibly implied on OETR’S (2011) Nova Scotia stratigraphic column (Figure 2.2A) by the
term “LOWER” seaward of the Abenaki. This includes not just the lower Missisauga, but also the
MicMac Formation that by definition can have sandstones, shales and limestones in highly

variable thicknesses and proportions.

In the opening Section, many Abenaki features were said to be unusual and were listed,
but the presence of thick clean carbonates along a continental shelf edge laterally and closely
adjacent to a contemporaneous very large delta has to be the most unusual, possibly unique
relationship in the modern and geological record. Nevertheless there are two well-known mixed-
system scenarios which certainly apply to GOM: 1) contemporaneous mixed carbonate-
siliciclastics due to near shore siliciclastics fed by smaller-scale deltaic and inter-deltaic
deposition with offshore-to-shelf edge carbonate shelves and 2) large-scale reciprocal

sedimentation of non-contemporaneous carbonates and siliciclastics. The first of these is quite
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appropriate for the nearshore-to-offshore facies of the Abenaki-Mohawk formations on the Nova
Scotian Western Shelf portion (Eliuk 1978). However neither of those two mixed-systems is

adequate in explaining the close Abenaki-Sable association.

So the Abenaki is the carbonate part of two mixed carbonate-siliciclastic systems — one
fairly common as described and one highly unusual namely the Sable Delta-Abenaki platform
juxtaposition (see central panel in Figure 1.4). Studies of margin position and drainage supply for
the western Atlantic to Gulf of Mexico for the Late Jurassic and Recent are important for
understanding the land-ocean linkages of these systems’ unusual association. (Blum and Roberts
2012, Galloway 2009, Galloway et al. 2011, Jansa in Gradstein et al. 1990, Miall and Blakey
2009, Milliman and Farnsworth 2011, Poag 1991, Poag and Sevon 1989, Poag et al. 1990, Poppe
and Poag 1993, Romans and Graham 2013, Syvitski and Milliman 2007). From some of these
workers a summary continental-shelf edge map shows the carbonate margin of Poag’s (1991)
Jurassic gigaplatform with river input versus the present day shelf edge (Figure 2.2B).
Stratigraphic charts (Figure 2.2A) modified from Nova Scotia offshore of Weston et al. (2012),
OETR (2011) and Gulf of Mexico of Galloway (2008) allows a comparison of depositional styles

and timing.

The reason the Sable-Laurentian paleo-delta is considered continental scale is because it is
one of only two areas along the continental shelf that, like the later Mississippi in the northern
GOM, progrades over the Late Jurassic (and Early Cretaceous) carbonate margin such that the
present-day continental shelf edge (200 m isobath) is basinward as shown on Figure 2.2B.
Elsewhere between the Sable-Laurentian and the later Mississippi deltas, the Late Jurassic
carbonate continental margin is beyond the modern 200m shelf edge indicative of relatively
modest land sediment input since that time. Indeed, in the Heezen Submarine Canyon on Georges
Bank continental slope Early Cretaceous (Berriasian) Roseway-Abenaki carbonates actually crop
out and were interpreted to be reefal (Ryan et al. 1978, Ryan and Miller 1981). The post-Jurassic
sediments are typically siliciclastics except in the Blake Plateau and Florida-Bahamas. There
terrigenous sediment is lacking and results in either a drowned relict carbonate shelf in 800 m
water depth or continued carbonate sedimentation in a much reduced area including large isolated
carbonate banks. In contrast, in the two deltaic areas the shelf edge prograded well into the
oceanic basins. In the case of the Abenaki-Sable however, progradation is on the order of 100 km
versus 300 to 400 km for the northern GOM. In the latter, not only the shelf edge but even the
shoreline moved beyond the former Mesozoic carbonate shelf edges during a similar time span of

about 50 Ma, indicative of a far greater sediment supply.



21

Since the Late Cretaceous three continental-scale river drainage systems existed in
eastern/central North America — the early Tertiary Hudson Bay-Labrador “Bell River” emptying
into the Saglek Basin (McMillian 1973), and the current St. Lawrence and Mississippi rivers (all
three in Fig. 1 of Sears 2013 after Duk-Rodkin and Hughes 1994). The first and last of these
terminated in major deltas, emptied in former epeiric seaways (Zeigler and Rowley 1998) and
were involved in complex river capture histories (Sears 2013, Cox and Van Arsdale 2007).
Perhaps it is a coincidence that the mid-Cretaceous timing of major deltaic sedimentation
cessation on the Scotian Shelf is the same as the initiation for the Mississippi Delta as

dramatically obvious on the simplified small stratigraphic columns (Figure 2.2A).

Equating common timing to common origin is tempting — namely continental river
capture after the collapse of the Appalachian-to-Ouachita mountain barrier so drainage changed to
the south instead of flowing somewhere to the interior and conjecturally to the northeast. The
collapse that allowed the Mississippi River to begin reaching the Gulf of Mexico is the final part
of the explanation for the Mississippi Embayment (Cox and Van Arsdale 2002, Van Arsdale and
Cox 2007). Their explanation of the Mississippi Embayment origin calls for uplift above the
Bermuda Hot spot during the Cretaceous superplume event beneath the formerly continuous
mountain belt such that it is differentially eroded. It then subsides with continued continental plate
movement westward to leave a low after the mid Cretaceous, and, a locus for the embayment and

river. However, large scale river capture is rare (Bishop 1995).

The different size scale of the two deltaic infills is not very comparable but much more
significantly, detailed provenance studies show that most of the Scotian Basin sediment comes
from nearby land in the Maritimes and Labrador-Newfoundland (Pe-Piper et al. 2005, Pe-Piper et
al. 2013, Zhang et al. 2013). Their pattern of river drainage shown on Figure 2.2B, is still a large
area that with a humid subtropical climate may be sufficient to create a delta the size of the Sable-
Laurentian. The present day water discharge of the St. Lawrence River is Canada’s largest but its
sediment load is negligible with no associated delta despite being claimed by many as the world’s
largest estuary (Milliman and Farnsworth 2011, see Appendix Table A2.4 for a table of large
coastal rivers). But the fact that it cuts through the Appalachian mountain ranges can be taken as
evidence for an ancient drainage system that pre-dates some of the mountain building. So it is

speculatively included as existing in the Late Jurassic.

This interpretation would be similar to that of Poag (1991, Poag and Sevon 1989, Poag et

al. 1990) where the present-day eastern USA river systems were considered to be already feeding
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the Baltimore Canyon deltas and deep-sea fans starting in the Mesozoic. Certainly large-scale
river capture is a very unlikely hypothesis, but the drainage basin for the Scotian Basin is
approaching at least sub-continental size. For whatever reason, significant deltaic sedimentation
essentially ceases off Nova Scotia in the mid Cretaceous. Some of that could be attributed to the
worldwide high sea levels of the Late Cretaceous with both the GOM and Scotian Basin having
significant chalk deposits and much reduced sandstone influx (compare Figure 2.2A). But deltaic
sedimentation in the latter does not restart in the Cenozoic as it does in the GOM. However, as
shown by the modern St. Lawrence River, a large drainage basin and a lot of water does not

necessarily mean a lot of sediment (Appendix Table A2.4).

This late origin that post-dates most shallow-water Gulf of Mexico (GOM) carbonates
shows the Mississippi Delta cannot be an analogue for the Sable-Abenaki. Even the older GOM is
not appropriate at least not for the stationary carbonate platform bisected by a prograding delta
transition. But it has some instructive similarities to the GOM, with alternating carbonates and
siliciclastics on and flanking the prograding Sable Delta itself (see Appendix A2.5 for details on a
GOM Jurassic example if not analogue). The early history of the northern GOM Mesozoic is an
instructive lesson in contrasts showing what could be considered the more usual relationship of
mixed carbonate-siliciclastic systems. As elegantly summarized in a series of maps by Galloway
(2008), the depositional evolution of the Gulf of Mexico is seen as an alternating stack of either
wholly siliciclastic sedimentation versus mainly carbonate phases that have a nearshore
siliciclastic component (rarely locally evaporitic when the platform is sufficiently large and arid)
and an offshore platform that has an only slightly mobile set of reefal margins during the Early
Cretaceous (see simplified stratigraphic column Figure 2.2A). As with the world-wide high-sea
levels of the Late Cretaceous so evident on both columns, they both share a post-Jurassic
unconformity involving the basal Cretaceous Berriasian-Valanginian. This is also about the time
Cuban carbonate platforms became much reduced (Pardo 2009) and the Baltimore Canyon
platform drowned (Meyer 1989, Prather 1991, Patten in Eliuk and Prather 2005). Poag (1991)
stated much of the Late Jurassic gigaplatform ended just after the Late Jurassic. He cited Eliuk
(1978) for timing of Abenaki termination which was then interpreted to be circum-Atlantic and
linked to subsequent deep sponge reef growth. Appendix A2 further surveys world river systems
and platforms for possible analogues and models that may help to understand the Abenaki-Sable

relationship.
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2.3 Previous Work (Also see Appendix Al and footnote)

This is an abbreviated review of previous publications including non-formally peer-
reviewed articles available on the internet relevant to the Abenaki-Sable carbonate platform-delta
transition. Appendix Al — Previous Work and Stratigraphy Critique' - has extended

discussion including annotated comments on selected published illustrations.

Sources both published and industry data on geometries were particularly helpful
contributions that used and showed seismic relevant for imaging and mapping the Abenaki and the
transitional area near the Sable Delta. Some of these key sources were Shell-associated work
(Eliuk 1978; Eliuk, Levesque and Cearley 1985: Ellis, Crevello and Eliuk 1985), Encana-
associated work (Wierzbicki, Harland and Eliuk 2002, Wierzbicki et al. including Eliuk 2005,
Weissenberger et al. 2006), Geological Survey of Canada work (Wade and MacLean 1990,
MacLean and Wade 1993), Canada-Nova Scotia Offshore Petroleum Board-associated work
(CNSOPB; Kidston et al. 2005, CNSOPB bids 2012 NS12-1) and Offshore Energy Technology
Research Association-Play Fairway Analysis-associated work (Play Fairway Analysis OETR
2011, Weston et al. 2012) and most recently Qayyum et al. (2015) interpreting the small

Penobscot 3D survey.

The presence of a large delta beneath Sable Island was known very soon after the first
offshore well was drilled by Mobil Canada in 1967. Regional drilling by Shell Canada soon
established that thick carbonate banks existed not far from that delta both to the southwest and

interbedded with siliciclastics to the northeast. The thinner prograding carbonate ramps seen

* Author’s Abenaki involvement: Leslie Eliuk has been involved with the Abenaki for nearly a
half century working for Shell Canada (1969 — 1999) and then consulting to Encana (formerly Pan
Canadian), El Paso Canada, Ammonite Nova Scotia and Beicip-Franlab for the Play Fairway
Analysis (OETR 2011) among others as GeoTours Consulting Inc. The first Abenaki carbonate
margin well with all three Late Jurassic reef/mound types cored was located, wellsite sat and made
public by him. That interest starting in 1973 continued and was reinvigorated by the discovery of
the Encana Deep Panuke carbonate margin reefal gas field in 1998. John Wade of the Geological
Survey of Canada encouraged his first publication on the Abenaki Formation (Eliuk 1978, 90
pages). Subsequent Abenaki relevant publications (*= peer reviewed) and core presentations
include the following: Eliuk (1981, 1985%*, 1987, 1988%*, 1989*, 1998*, 2000, 2004*, 2008, 2009,
2010a, 2010b), Eliuk et al. (1986), Eliuk and Levesque (1988%*), Eliuk and Pemberton (2002),
Eliuk and Prather (2005), Eliuk and Wach (2008, 2009, 2010a, 2010b, 2014a, 2014b), Ellis et al.
(1985%), and Wierzbicki et al. (2002, 2005). All the drill cuttings and core logging and
interpretation of new Encana wells was provided by Eliuk to Rick Wierzbicki and Nancy Harland
of Encana and used in Weissenberger et al. (2006) and Wierzbicki et al. (2006). Similarly
discussion, interpretation and 12 new well logs and all the 1978 wells were provided to Stefan
Doublet and Beicip-Franlab for use in Chapter 9 Play Fairway Analysis (OETR 2011).
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seismically were first cored by Penobscot L-30. The nature and relationship of that well is a key to
understanding the transition between delta and carbonate bank. Penobscot L-30, drilled by Petro-
Canada and Shell in 1976, is located just north of Sable Island and in an intermediate position
between the Jurassic-Cretaceous Sable Delta and the thick Abenaki carbonate platform as also
shown by its mixed siliciclastic-carbonate lithologies. The first published interpretation of
Penobscot L-30 limestone and its correlation based on biostratigraphic paleo-markers was in Eliuk
(1978, p. 496 of Appendix). Seismic and further interpretation of Penobscot L-30 was first shown
in Eliuk et al. (1986) and published in Ellis, Crevello and Eliuk (1985) and subsequently in Jansa
et al. (1988), Jansa (1991, 1993) and MacLean and Wade (1993).

Although the closely adjacent location of these very different sediment accumulations was
known almost at once, the rarity and very unusual nature of their juxtaposition seemed not to be
appreciated or at least not mentioned as strange for decades. In the original definition of the
Mesozoic offshore Nova Scotian stratigraphic units, Mclver (1972) anticipated the mixed nature
of the Jurassic sediments by grouping the dominantly limestone Abenaki Formation with the
siliciclastics and lesser associated carbonates of the MicMac and shales of the Verrill Canyon
formations all together in the Western Bank Group. Jansa and Wade (1975) mapped the Western
Bank Group showing the delta and carbonate banks. Soon the Mohawk Formation of mixed
carbonate-siliciclastics on the western shelf was found to be Late Jurassic-Cretaceous in age. So
the Mohawk was also placed in the Western Bank Group and the Mohican Formation replaced it
for older underlying Middle Jurassic sediments by Given (1977). Given also showed the

diachronous nature of the top Abenaki in maps.

Just how much carbonate is needed to support the use of Abenaki as opposed to MicMac
terminology is debatable (see Appendix A1.04 on Wade and MacLean 1990). Both Wade and
MacLean (1990) and Ellis (1984, Ellis et al. 1990) interpreted a much lower angle slope
morphology in what became known as the Panuke Trend of Kidston et al. (2005) of the Abenaki
platform than that shown by Eliuk (1978). More recent seismic and well control associated with
the Deep Panuke gas field play (Kidston et al 2005, Weissenberger et al. 2006) showed the
Abenaki carbonate platform slope was quite steep not only on the Western Shelf but also
relatively close to the Sable Delta. However the interbedded carbonates and siliciclastics lateral to
the Sable Delta do show gradual slopes of ramps and distally steepened ramps (Eliuk 1978, Eliuk
et al. 1986, Welsink et al 1989, Jansa 1991, 1993, Kidston et al. 2005).
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Depictions of the Late Jurassic Scotian Basin on Figure 2.3 (Eliuk 1978, Wade and
MacLean 1990, OETR 2011) show that this two-fold style of shelf-slope morphology was
recognized early and depicted similarly as a southwest stationary aggrading platform margin
separated by the main Sable deltaic depocentre from northeast prograding ramps of mixed
siliciclastics and lesser amounts of carbonates (Jansa and Lake 1991, Wade 1991). These previous
authors differed in seeing the extreme northeast shelf Banquereau Bank near Dauntless D-35 and
the Laurentian Channel as an isolated carbonate bank continuing into the Early Cretaceous (Jansa
and Lake 1991, Jansa 1993) as opposed to a mixed system dominated by siliciclastics (Wade and
MacLean 1990, Wade 1991). Subsequent dating using palynology, micropaleontology and
nannofossils (Weston et al. 2012) indicates the carbonates end in the Late Jurassic and it is only in
Dauntless D-35 that the limestone is as high as 60% of the interval (Eliuk 1978). There is a
seismic argument that a deep block underlies that area acting as a paleohigh and in fact is a
remnant of Africa analogous to the much older Meguma Group remnant (John Harper CSPG talk
2007 and pers. comm. 2007, 2016). The presence of sandstones in Dauntless D-35 at several

levels indicates that even if a paleohigh it was not isolated from siliciclastic influx.

Welsink et al. (1989) interpreted a long-continued extensional regime established with the
initial rifting that formed the Atlantic Basin to explain the shape and fault distribution as well as
its hydrocarbons of the Scotian Shelf subbasins. Their linkage to some of the tectonic events on
the Grand Banks and Iberia was repeated in part in the PFA Chapter 9 (OETR 2011) for margin
depositional style changes and unconformities in the Late Jurassic and NBCU (Near Base
Cretaceous Unconformity). Their depiction of the Hauterivian-Barremian O Marker Limestone
(Welsink et al. 1989, fig. 18) that subdivides the Missisauga Formation may be an analogue for
some of the MicMac-Abenaki ramp carbonates of the underlying older Sable Delta flanks. Wade
and MacLean’s (1990 Fig. 5.33, also see Fig. 2.3B) interpretation was based on newer seismic
with isotime mapping of major intervals and many more wells in the Sable Delta area, and showed
the importance of growth faulting contemporaneous with deltaic deposition and thinner, usually
oolitic, limestone interbeds. They showed various named limestone members of the MicMac
Formation down-dropping across faults. Subsequent biostratigraphy using palynology,
micropaleontology and nannofossils (Weston et al. 2012) has shown some of these correlations

are not supported by age dating.

Wade and MacLean (1990) like Ellis (1984) interpreted a ramp-like transition of the
carbonate platform into the basin but subsequent 3D seismic and well control shows that cannot be

the case at Deep Panuke where the slope is relatively steep. Wade and MacLean’s interstratified
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carbonate-siliciclastic ramp model is possible basinward of the last thick continuous carbonate in
Abenaki J-56 into the immediate Penobscot area to somewhere north of the Marquis L-35 margin
test that drilled continuous slope, reefal and oolitic carbonate (Figure 1.2). Cummings and Arnott
(2005) interpreted shelf margin deltaic settings with incised valley channels for several of the
Early Cretaceous Sable gas fields. The Venture field area of Late Jurassic-earliest Cretaceous age
is a contemporary of the Abenaki carbonate platform and was seen as such. Gould et al. (2012)
mainly concurred but interpreted considerably fewer incised valleys and more lateral continuity of
the deltaic facies. At the base of a long set of cores the #9 Limestone marking the top MicMac
was erroneously thought to be a transgressive condensed lime mudstone (acid etching revealed a
complex of carbonate facies — see Section 5.2 example #1). Carbonates can be sensitive indicators
of depositional paleo-environment and likely paleo-depths. The #9 is much more varied with
microbolite bindstone mound and sponge-coral reef mounding. It may give the missing
paleoecological evidence in Venture for Cummings and Arnott’s (2005) interpreted forced
regression of the initial sequence at least. At any rate it is the extreme thin end member for

carbonates in deltaic settings and will be discussed further in Sections 4.01 and 5.2.

Pancanadian’s 1998 discovery of the Deep Panuke reef margin gas field resulted in much
more seismic and a near doubling of well control plus follow-up publications. Kidston et al.
(2005) used this modern seismic to review most of these new and older wells in the Abenaki
southwest of Sable Island in a regional study of the carbonate margin and interior including some
seismic from possible analogue basins. They subdivided the Abenaki bank margin into three
segments, and from southwest to northeast were designated the Shelburne (with no well control),
Acadia (with a few older wells drilled on the modern continental slope) and Panuke (with many
new wells). Their emphasis was on the Abenaki carbonate reservoir potential, not the relationship
of the Abenaki-Sable Delta and its ramps. They even included seismic from a couple new wells
that were omitted in operator publications due to confidentiality. Many of their detailed seismic

profiles have been used in this thesis to illustrate the setting of key wells in the Results chapter.

Encana (previously Pancanadian) geoscientists placed a lot of data on the Abenaki and
their new wells into the public domain relatively soon after and even during Deep Panuke field
development — Weissenberger et al. (2000), Wierzbicki et al. (2002), Wierzbicki et al (2005,
2006), Encana (2006, development report to CNSOPB), and Weissenberger et al. (2006). All these
publications concentrated on the petroleum geology of the Deep Panuke gas field and its
discovery, facies, sequence stratigraphy, reservoir development and diagenesis. Late diagenesis

particularly burial dolomitization and hydrothermal leaching were the main reservoir creating
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process and even resulted in partial lateral stratigraphic trapping with shallow-water carbonates
acting as both tight seal and porous reservoir (Wierzbicki et al 2006). Except for their conceptual
schematic block diagram (Weissenberger et al. 2006, Fig. 12) and their regional paleogeography
map (their Fig. 7, see Figure A1.14), the relationship of the Deep Panuke area Abenaki carbonate
bank to the Sable Delta was not considered. The schematic block diagram showed small margin
pinnacles and minor siliciclastic-filled inter-reef channels (Weissenberger et al. 2006 Fig. 14).
Curiously the only two cores used as sequence examples in Weissenberger et al. (2006, Fig. 17)
were dominantly siliciclastics northeast of the Abenaki carbonate platform. Encana’s sequence
subdivisions, often based on the presence of thin sandstones, were based and age dated in the
deepest field well (Appendix II by B.G.T. van Helden in Weissenberger et al. 2006). Their
sequences are applied in this thesis to the wells in the Panuke Trend to generate a set of lithofacies
maps that show lateral and vertical changes over time. The vertical changes in the uppermost
Abenaki facies to argillaceous sponge-rich carbonates also provided additional top-seals and

perhaps a waste-zone below the Verrill Canyon Formation shales.

The large, well-illustrated and detailed Play Fairway Analysis (PFA, OETR 2011) dealt
with the Abenaki carbonates mainly in their Addendum Chapter 9 ‘Late Jurassic Carbonate Play,’
dealing only with the area southwest of Sable Island. It concentrated on the upper Abenaki
carbonate platform southwest of the Sable Delta. Figure 2.4 illustrates some of the results with
facies mapping of their four major seismically defined Abenaki intervals. Details derived from
seismic interval mapping on the prodeltaic sediment infill in front of the Abenaki carbonate
platform nearest the delta with potential for loading flexure is an aid in understanding the delta-
platform interaction. Penobscot L-30 was the furthest northeast well specifically discussed and
illustrated on a correlation section in PFA (OETR 2011). Areas over the whole shelf were dealt

with in the other chapters though not in as much detail as for the Abenaki.

PFA Chapter 5 and its associated annexes on structure are useful for the greater coverage
at the top (J150 — top carbonate) and near the base (J163 — Scatarie). Penobscot L-30 was the one
example of carbonate ramp shelf oolitic and quartz sandstone and prodeltaic slope shale
interbedded with microbial carbonate slope deposits in proximity to the Sable Delta and its
siliciclastic shelf. But no seismic nor interpretation of L-30 or the apparent shelf edge to the west

were given.

Paleontological or biostratigraphic studies were done for the PFA as a whole in PFA

Chapter 3 and then supplemented by four additional wells in PFA Chapter 9. Perhaps not
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surprising for such a large and multi-authored study there are some inconsistencies and even
omissions of particular wells and dating from one part of the study to the other. A major
contribution was the revision and new biostratigraphy that was further modified by the involved
authors in Weston et al. (2012). A complicating factor was the common reworking of older fossils
into younger sediments with resulting confusion and need for caution. Similar problems of
reworking were noted for the Jurassic carbonates off the United States East Coast by Poag (1991).
However the details of the diachronous termination of the top Abenaki platform (Figures A1.20
and 5.11), do aid in understanding the influence of the Sable Delta. And the fact that some of the
carbonates interbedded with the deltaic siliciclastics are both older and younger than the top
carbonate platform is important for realizing that that the two areas are likely independent systems
as regards carbonate growth and sediment input. Some of these diachronous changes with loss of
carbonate at the top are also recorded by seismic correlation from southwest to northeast in the
PFA study and independently by Ammonite Nova Scotia (pers. comm. Bob Merrill and Kevin Hill
2011). Appendix Al provides more discussion, details and annotated illustrations that are not
germane to this thesis topic but might be helpful for Abenaki researchers making use of the study
and comparing it to Encana’s sequences and Qayyum et al (2015) third sequence proposal.
Appendix Figures A1.17, A1.20 and A1.21 with my annotations are particularly useful to show

some of the problems.

Qayyum et al. (2015a) is one test case study of a relatively new automated procedure of
sequence and seismic stratigraphic analysis applied to the Penobscot 3D survey and some regional
2D lines at the Abenaki-early Sable Delta stratigraphic level (see Appendix Al.11, Section 4.02
and 4.05, Figures 4.12-4.14, 4.24 and 4.39). The location, amount of seismic data and the
apparent ability of the technique to give interpretable patterns within what are usually massive
carbonates makes their study a very useful addition to understanding the transitional area. Based
on their analysis of the seismic using Wheeler diagrams, a sequence stratigraphic scheme was
proposed for the Abenaki. No detailed discussion of their seismic sequence stratigraphy for the
whole Abenaki is given here since biostratigraphic dating in key carbonate wells invalidates the
key basic assumption of the synchronous age of top carbonates as discussed below. The other
required assumption that no tectonics can occur during use of the technique is likely invalid given
the geometries occurring above, below and within the Late Jurassic sediments in the Penobscot
area. This does not necessarily invalidate the use of their seismically-based sequencing for gaining
insights of more limited areas near Penobscot. However major revision of its relationship to the
main Abenaki would be needed and should include biostratigraphically-dated well control since

only one well that does not have revised biostratigraphic analysis was used in the study.
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Nevertheless their processing techniques, if valid, give important carbonate sedimentological
insights, and some of their lines are used in the Results chapter. Particularly significant
contributions, that complement my facies interpretations from well lithologs, are the evidence for
probable deep-water mounding on the slope of the lower Abenaki and apparent separation of

shelf-edge margin reefs from shelf interior sediment at various times and places.
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Chapter 3: DATABASE and METHODOLOGY

List of topics

3.1 Database
3.2 Methodology
3.3 Brief Overview of Drill Cuttings Examination Methods and Uncertainty
-the Data Source Providing the Main Contribution of the Thesis
A. Introduction to Cuttings
B. Details of Methodology.
C. Sources of Problems, Error and Uncertainty
3.4 Abenaki Carbonate Facies Association Template

“What we observe is not nature itself, but nature exposed to our method of questioning.”
— Heisenberg

3.1 Database

Looking at the rocks as brought up from offshore wells is primary to this thesis and to
subsurface geological studies. The structures those wells drilled were located using seismic. For
this study, well seismic mainly derived from the literature was used to support the carbonate rock
studies and allow development of more specific depositional models. Because two major problems
are addressed in the thesis, the focus is split in two. Firstly, the wells and area on the southwest
flank of the Sable Delta complex are studied for the nature of the platform-delta transition.
Secondly, the Late Jurassic carbonate-margin wells and their morphologies are studied for

reef/mound and other facies comparisons in a search for possible deltaic influences.

The well locations and conventional core control are shown on Figure 3.1A and lithologic
profiles of some of the longer wells with cores in Figure 3.1B. Most of the wells included in this
study and all wells with thick Abenaki Formation carbonate are listed in Table 3.1 with details of
data sources, status of wells and related play/structural information and additional explanatory
comments in the caption. Wells at the margin in the Baltimore Canyon Trough (see Table 3.2 and
Figure A2.7) are also included mainly as core studies (Eliuk and Prather 2005). In summary over
23,350 m of cuttings and 167m of conventional core were logged or examined from the Nova
Scotia offshore. To show the relative contribution from cuttings, less than 1% of the rock data is
from conventional cores. But of course cores are the best data source after outcrops and allow one

to understand contextually and look more accurately at the cuttings.
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Seismic profiles were available from industry, government and research groups i.e. Shell
Canada, Encana (Pancanadian), El Paso Canada and Ammonite Nova Scotia, the Geological
Survey of Canada, Canada-Nova Scotia Offshore Petroleum Board (CNSOPB), OERA (Play
Fairway Analysis) and the recent paper of Qayyum et al. (2015). The seismic shown in this study
is mainly from CNOSPB’s Kidston et al. (2005). As indicated on Table 3.1 all wells had publicly
available seismic as referenced. The online-available data from CNSOPB Data Management

Centre was the source of data used for the seismic in Section 4.02.

Biostratigraphy is a key component of stratigraphic studies and a check on sequence
stratigraphic schemes that often are mainly based on seismic. A great aid was the updated
biostratigraphy resulting from the Play Fairway Analysis study (OETR 2011, Weston et al. 2012)
that is as the main age-dating source supplemented by Van Helden’s dating of Encana sequences
in Panuke M-79 (Appendix II in Weissenberger et al. 2006). The importance of understanding
cuttings with the aid of a carbonate depositional facies template is part of my interpretative
feedback loop. An up-dated template completes the final Section contribution as both a

methodology and a result.

3.2 Methodology

The main technique applied in this thesis is the logging of carbonate well cuttings using a
good quality, low-power binocular microscope — a 1972 Leitz-Wetzlar of 10 to 400 power
magnification with changes in oculars. It also has a polarizing stage for thin section examination.
The starting point for cuttings re-examination of previously logged wells was the available well
history reports, well site logs and Canadian Stratigraphic Services lithologic logs. Usually the
main lithologies did not change but more detail was added on biota. Occasionally even other
collections of cuttings from the same wells were checked to determine if there were significant

differences in carbonate interpretation.

Well cuttings were plotted in a specially designed Excel log format with an example
shown in Figure 3.2. An example of my cuttings information used in PFA Chapter 9 but
displayed in the Beicip-Franlab format is shown in Figure 3.3. The well data in the figures of this
study are mainly given in simplified logs with only some of the more easily seen major lithofacies
highlighted as indicated on the accompanying index keys. Subdivision of the wells is only
approximate to the sequence stratigraphic scheme proposed by Encana workers. The PFA scheme

differs in many details from Encana’s (see Appendix A1.09 and Figure A1.2) but their four-fold
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mapping (see Figure A1.23) was based on regional seismic picks that can be equated roughly to
Encana sequences (see Appendix A1.07 and A1.09 for discussion). A comparable, simplified
schematic small-scale well log is shown in Figure 3.4 on the left. On the figure’s right is a
schematic core log and its interpretation (see Section 4.08). Analyses of some well textures using
infrared cathodoluminescence were undertaken as indicated in Table 3.1 with the aid of Dr. Peir
Pufahl of Acadia University. Ultraviolet examination of fresh drill cuttings done routinely on well
sites to find oil shows was also useful for highlighting mineral fluorescence in core that in some

cases was associated with phosphate enrichment and apatite in sponges (Eliuk 1978).

Although based on Eliuk’s sample examination and observations, the presentation used in
the PFA Chapter 9 is quite different (See Beicip-Franlab in Figure 3.3 versus Eliuk in Figure
3.2). There is a continued difference in generalized presentation of wells between this study (see
Figure 3.4) and Beicip-Franlab’s (see Figure A1.22). Neither is ‘right’ or ‘wrong’ but represents
two styles of pigeon-holing. The Beicip-Franlab style attempts to place each portion of a well in
the appropriate facies of their depositional model(s) whereas Eliuk’s tries to place each sample
into a slot of the carbonate facies template (Wilson 1975, Schlager 2005, more specifically Eliuk
1978 and Wierzbicki et al 2002) with a range of possibilities usually given.

When placing generalized facies on simplified schematic logs, certain less arguable facies
are noted to leave more equivocal intervals more loosely defined. For instance, even definitive
facies like oolite or coral reef may not be as they seem but rather allochthonous having been
carried down slope into deeper water. So, as a preference an appropriate analysis is attempted
short of what could be considered over-interpretation. Cuttings logs themselves are interpretive
which in a well-known basin is highly appropriate and linking it to appropriate depositional
models is also a best practice. But if trying to see areal changes of lithofacies that may indicate
provenance or proximity of allochthonous material including carbonate debris, a more general

usage may be more useful to avoid accumulating too many layers of arguable interpretation.

Figure 3.5 illustrates the potential of cuttings to identify important fossil groups that
characterize major depositional facies. They are from the Dominion J-14 vertical well that was
then side-tracked (J-14A). Bothe boreholes were turbo-drilled with PDC (poly-crystalline
diamond compact) bits that result in bad bit bruising and mostly unusable, small size cuttings.
Since no core or sidewall core was taken, the few identifiable cuttings made possible carbonate

characterization a challenge.
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A carbonate facies template organizes the data relevant to identifying the main
depositional facies association as shown in Table 3.3 and discussed in Section 3.4. Identification
of the contributing biota is key in order to assign carbonate depositional facies and variations. The
biota is what creates carbonates for the most part and particularly by reef-building metazoans such
as corals and sponges. Even microbial, or more generally thrombolitic and stromatolitic, early-
lithified textures can be identified but the term is often used in a generic sense similar to
microbolite terminology and classification (Leinfelder 1994, Schmid et al. 2001, Leinfelder et al.
2002, Azeredo et al. 2010). Obviously identification is much more likely in core, although with
the ease of diagenetic alteration in carbonates even that can be difficult or impossible particularly
with dolomitization or thorough recrystallization. Stromatactis textures along with thrombolitic
and stromatolitic fabric are seen in several cores that could be taken as evidence for Paleozoic-

style mud mound presence in the Late Jurassic (see Figure 5.16).

Nevertheless, this characterization of fossils is the main contribution provided in this
thesis by looking closely at the cuttings and core. To date only two macro-paleontological studies
to identify mainly coralline and lithistid sponges to species level in a few cores have been
undertaken by G. and H. Termier (in Jansa et al. 1982) and also by Ellis (1984). Although much
more fragmentary, cuttings can be likened to thin sections. The main means of identifying the
fossil content of limestone penetrated by the drill is referencing microfacies illustrations, starting
with Flugel’s (2004) excellent text. Even in core on polished or wetted flat surfaces useful
identification is possible. My photo-paleontology is also aided by consulting relevant literature
mainly of an overview nature (Adams and MacKenzie 1998, Finks et al. 2004, Flugel 2004,
Johnson 1961, Majewske 1969, Murray 1985, Scholle 1978, Scholle and Ulmer-Scholle 2003 )
and some more specifically on Late Jurassic fossils (Dupraz and Strasser 1999, 2002, Flugel and
Steiger 1981, Insalaco 1996,, Lathuliere et al. 2005, Leinfelder et al. 1994, 2005, Martin-Garin et
al. 2007, Turnsek1997, Turnsek et al. 1981).

3.3 Brief Overview of Drill Cuttings Examination Methods and Uncertainty
-the Data Source Providing the Main Contribution of the Thesis

A. Introduction to Cuttings.

Cuttings logging or sample examination is not a quantitative method but certain aspects of
its results can be analyzed or presented quantitatively (see Figure 3.2). Carbonate cuttings
observations, along with supporting observations from sidewall cores and, the few but much more
useful, whole conventional cores are the primary source for past and present understanding of the

offshore Abenaki Formation and its complex carbonate margin and slope. Wells are drilled with
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various types of bits and drilling fluids resulting in different types and qualities of cuttings
generated. Once this was the only subsurface data but with more sophisticated logging suites and
even ‘logging while drilling,” the potential to analyze well bores without resorting to cuttings is
possible and can with enough types of logs give very precise petrophysical interpretation of the
lithology and porosity. However with carbonates (and even with sandstones as to grain size with
implications for permeability) once a mineralogy or composite mineralogy and porosity is
assigned not much more can be inferred other than it being a limestone, dolomite or combination
with argillaceous material. This is unlike siliciclastics that have various gamma ray or resistivity
log responses that can be interpreted as depositional facies, though not always correctly of course.
Because carbonates are formed nearly iz situ and predominantly by fossil organisms, much can be
learned by looking at them, barring problems generated by drilling and diagenetic overprints. And
while sometimes losing some earlier depositional data, cuttings can also give important

information on diagenesis.

Rationale for cuttings analysis - There is a temptation to forego the time-consuming detailed
logging of well cuttings in the presence of modern geophysical logs and in the absence, or even
more likely, in the presence of some amount of core . This is particularly so if a well-site mud-log
with general lithology noted “shows” and porosity and/or the area is considered to be well known
geologically due to previous drilling. Coffey and Read (2002) showed that thin sections of
cuttings could generate high-resolution sequence stratigraphy in shallow variably consolidated
carbonate-prone basins that lack cores and high-quality wire-line logs. This is an echo from four
decades earlier of Conselman (1960) who called for a “revival of the lost art of sample
examination” which was being displaced even then by petrophysical logs. Maher (1959), who in
outlining the composite interpretive method of logging well cuttings (see later), observed that the
accuracy of the stratigraphic analysis of basins is affected greatly by the type and quality of well
logs used, including not just geophysical logs but also cuttings as primary. The Shell Sample
Examination Manual (circa 1967) modified and published by the American Association of
Petroleum Geologists (Swanson 1981) showed that at one time detailed cuttings analysis was a

basic work of petroleum geologists in at least some of the large oil companies.

Even with the best of modern petrophysical logs, only mineralogy and porosity can be
ascertained for clean (non-radioactive) carbonate. Permeability in subsurface reservoirs cannot be
measured by petrophysical logs but can be estimated from cuttings examination (Archie, 1952,
Lucia 1995). Depositional, paleontological and diagenetic features that vary immensely can be

seen in tiny rock fragments even without thin sectioning. Borehole electrical imaging (FMI or
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“Fullbore Formation Microscanning Imager” = Schlumberger phrase, now with “HD” added for
the high definition tool) can do better by showing resistivity patterns of bedding and vug

distribution but again, it is costly and ideally needs sidewall core calibration.

B. Details of Methodology.

Obviously subsurface sedimentary geology is based on inferences from remote analyses,
mainly reflection seismic, and from variably sparse control points at wells. Geophysical well
logging of rock properties gives information that allows close comparison of the two data sets.
Cuttings and cores recover the only actual rock material. Commonly the wells are continuously
cored in mining and near-surface studies (Bouma 2003). But in hydrocarbon exploration the

depth, thickness and cost preclude continuous coring, and in most cases any coring at all.

Cuttings generation — Cuttings are produced by the bit at the bottom-hole rock face and
circulated up in the mud system to be recovered by screens called ‘shale shakers’. Either water-
based mud or less commonly oil-based mud can be used. With oil-based mud, the potential
problem with seeing hydrocarbon shows and possibly doing geochemical analyses is obvious, but
its benefits may receive higher value in faster drilling, therefore lower costs, and prevention of
reservoir damage and evaporite solution. Some wells are drilled under-balanced by air or foam to
further prevent reservoir damage but the cuttings are then usually too fine to use. Drilling mud is
used to give the hole stability (‘mud cake’) and to cool and clean the bit. In turbine drilling (turbo-
drilling) mud pressure through pumping also turns the bit for horizontal or planned deviated hole.
The bit type and cutting action may have important effects (Grave 1986). This will be discussed
again later under “uncertainty” for PDC bits that can give unusable cuttings. A small amount of
representative cuttings is aggregated into a sample bag (also into vials of cleaned chips done
onsite or usually later) from regulatory-set intervals (10 feet or 5 metres etc.) after a calculated lag

time to return mud and cuttings to the shale shaker from the bit.

Cuttings analysis — Sample examination of cuttings is done through a low power binocular
microscope on cleaned material observed dry for porosity and wet for most other details. The
lithologic log generated can take many formats one being a percentage system by logging
percentages of all rock types except obvious cavings from up-hole (usually done while drilling
where the section is not well known). Another would more usefully be an interpretive system by
logging rock types as discrete beds and interbeds where there is a variety of such but again
excluding obvious cavings. This is done with the assistance of geophysical logs and especially

where the local stratigraphy is reasonably well known (see Maher 1959 for an excellent summary
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of the interpretive composite cuttings logging process; in this thesis a less graphic Excel
spreadsheet is used). Figure 3.2 shows a litholog and header with the various features logged with
examples of the drill cuttings Figure 3.5A and 3.5B (Enlargement) and product (schematic log
Figure 3.4). Samples are laid out in trays of 5 compartments (see Figure 4.79A) that allow
continuous comparison of the lithologies with depth. The depth increments are usually determined
by regulation sampling intervals. They can be modified where closer spacing might be needed as
in a reservoir zone and allowed by slow drilling rates or further apart where more section must be
covered for reasons of uniformity of lithology, time or cost. For this study the author typically
then photographed the trays in sequence for overviewing color/texture differences in a broad

sense.

Cuttings analysis continued and application — Rather than a complete and systematic outline of
the logging procedure, an overview is given of some carbonate logging aspects specific to particle

and fossil identification at the Abenaki carbonate margin.

Carbonate rocks are often examined in thin sections as microfacies. More generally Fluigel
in his 976 page tome (2004, p.1) defines microfacies as “the total of all sedimentological and
paleontological data which can be described and classified from thin sections, peels, polished
slabs or rock samples.” Cuttings can be made into thin sections too (e.g. Figure 4.80). However,
well lithified cuttings that are thin enough can be observed in both reflected and transmitted light,
so thin sections might not even be needed to simulate microfacies analysis based on cuttings
examination. Therefore if the fabric or fossil is small enough, or even a piece of it has unique
characteristics, many of the procedures and possibilities of carbonate petrography and microfacies
analysis is available to those studying cuttings (see Figure 3.5). Similarly modern techniques like
microprobe isotope work and even bulk fluid inclusion analysis have been applied to cuttings

(Smith 1997).

But before one stops taking cores and stops going to the outcrop, many things such as the
critical relationships between the larger particles and fossils, or even the identity of really large
fossils, their bedding attitude and contacts, and their vertical sequence on a scale smaller than the
sample interval are not available and must be inferred or interpreted. This distinction is well
shown in Figure 3.4 where the longest core in the Abenaki Formation was obtained from the
north end of the Deep Panuke gas field in Margaree F-70. The logging form format of recording
the reef framebuilding fossil groups in order of inferred depths (or perhaps turbidity’s) was

applied to the core. An unusual deepening-upward sequence was seen rather than the usual
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carbonate shoaling-upward parasequence. On the cuttings log shown schematically, the same
“deepening” change from shallow (coral and coralline sponges/ stromatoporoids/ chaetetids)
upward to deeper (lithistid sponges and minor microbialites) reefal facies can be seen. In addition
Microsolena, a fairly unique colonial coral on a microscale because of its “tire-track” fine septal
pattern (see Figure 4.43), can be used in both cuttings and core to refine relative water depth since
it ranges fairly deeply according to European studies (Insalaco 1996, Dupraz and Strasser 2002).
In fact in the subsurface, sequence stratigraphy, even though it is based on the nature of major
surface contacts, is largely uncontrolled by precise rock data due to lack of core and must be

inferred from geophysical logs, cuttings analysis and biostratigraphy.

C. Sources of Problems, Error and Uncertainty

Cuttings are far from ideal but they are usually all there is of actual rock from subsurface.
The cuttings are a very small subset of the interval drilled that is itself a tiny portion of the rock
formation. Of course the same can be said of sidewall cores or even whole cores and scattered
outcrop when compared volumetrically with the whole rock body of any formation. When
investigated in conjunction with geophysical logs, the very small cuttings sample can be more
correctly placed relative to measurable changes in the borehole (porosity, argillaceous breaks,
sandstone stringers but unfortunately not usually changes within the limestone or dolomite itself)

and tied to areally extensive seismic.

Cuttings acquisition problems:

1. Cavings: Geophysical calibration also helps identify possible caved lithologies from up-hole
collapse particularly in shaly intervals along with previous observations if the lithology is
different enough.

2. Lag or travel time of cuttings in the mud stream from bit to shale shaker must be calculated
correctly and again comparison to geophysical logs may help correct errors.

3. Proper and timely sampling by the wellsite personnel is essential so there is no ‘dog housing’.
This is a drillers term for staying in the operations shack and not taking samples at the
proper intervals but rather taking many together as a cluster then mislabelling samples as if
they had been taken sequentially.

4. The problem of oil-based mud for compromising oil shows and geochemistry but also making

samples difficult to clean and therefore to examine.

5. A major problem in the Deep Panuke field has been the use of PDC (polycrystalline diamond
compact) bits and turbo-drilling in carbonate sections (Graves 1986). These techniques give

faster bit penetration but at the cost of lost lithologic information since the limestone cuttings
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come up as chalkified, lighter-colored, sheared platelets or booklets. A whole sample tray
may consequently have only 5 to 20 identifiable chips (see example in upper middle

photograph in Figure 3.5).

Cuttings analysis problems — As previewed at the beginning of this section on errors, there is
always a question of how representative a sample is of an interval. The use of estimated
percentage framebuilders and oolites for an Abenaki sequence slice (Figure 3.2) not only shows
facies differentiation but also hints at the problem of sampling control. Note that hexacorals
because of often-large corallite size and diagenetic biasing (aragonite is easily leached) are under-
represented in cuttings but were present in sidewall cores taken over the interval. The bias is even
more dramatically shown when reef framebuilders in cuttings (estimated at 10 to 20%) are
compared to whole core (estimated at 30-70%) as in Demascota G-32 (Eliuk 1978). Therefore,
importantly, a cut-off of only 10% in cuttings justifies designation of reefal beds. Of course even
more extreme diagenetic biasing occurs when an interval is dolomitized (see Figure 4.70). In this
particular core where even though not fabric-preserving, the dolomite retains enough original
features to allow defensible interpretation of original deposition). Many of these errors are
systematic as a result of the method of sampling based on drilling in as fast and economical

manner as possible’.

Data appropriate analysis —There can be a danger of too many levels of interpretation. Cuttings
logs themselves are interpretive though this is not a significant problem where the basin
stratigraphy is well known from previous wells and depositional models are well understood and
reasonably applied. But it may be problematic in a frontier basin or lightly drilled part of a known
basin and if trying to see areal changes of lithofacies that may indicate provenance or proximity of
allochthonous material including carbonate debris. A more general classification may be more

useful to avoid too many layers of interpretation.

3.4 Abenaki Carbonate Facies Association Template

The carbonate depositional facies association template for the Abenaki for this thesis
originated with Eliuk (1978) and followed a Shell Canada format which Wilson (1975, a Shell Oil
research geologist) had put into the public domain. This most recent template update closely

follows Wierzbicki, Harland and Eliuk (2002, modified from Eliuk and Levesque 1988 and Eliuk

> Sample quality may not be the highest priority in industry, unfortunately for the petroleum geologist
tasked with identifying carbonate facies. A quick (and not very helpful) word search for “drill cuttings” in
GEOREF produced 400 entries and probably half of those had to do with environmental effects of cuttings
disposal, which really is mostly a drilling fluid or mud problem. Cuttings apparently are seen as a problem
rather than a benefit to much of the oil industry!
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1978, 1981) and is offered as a renewed resource for subsurface interpretation and classification of
cuttings, sidewall and whole core data from the Abenaki or carbonates of similar age and settings
e.g. the conjugate Jurassic carbonate margin of offshore Northwest Africa. The template differs
from the 2002-version by reorganizing and renaming some of the sponge-rich deeper shelf margin
facies (3B and 3C), by showing more biota with reefal framebuilders high-lighted in quasi-depth
order, and by increasing the number of well and core examples. A few insets noting easily
recognized thin marker beds of particular significance are another addition. The standard facies
belt presentation of Wilson (1975, also see Flugel 2004 for application of standard microfacies
and Schlager 2005 for examples of more recent use with variations) is applied in a carbonate

facies template format that organizes the data in Table 3.3.

Table 3.3 does not exactly follow Wilson’s numbering system since even in 1978 the
Abenaki was seen as a mixed carbonate-siliciclastic system without even considering the Sable
Delta and ramp area. Therefore additional differently numbered facies had been added. Given the
evidence in the Abenaki and offsetting siliciclastics for a generally humid climate, Wilson’s
(1975) bias toward evaporitic facies was omitted and a nearshore siliciclastic depositional facies
added. After 1978, new wells resulted in new subfacies and new interpretations requiring more
labelling and numbering differences. Thus in showing a shore-to-basin profile the numbers are out
of alphanumeric order. The carbonate template has been modified so that major reef framebuilder
biota distinguishable even in cuttings are listed. The same fossil categories are used on Eliuk’s
detailed lithologs in the Appendix A3. The TUBIPHYTES category is for the small characteristic
problematic microfossil popularly called Tubiphytes which is herein used. No application is made
of suggested taxonomic name changes that include Shamovella (Riding 1993, Schmid et al. 2001)
and Crescentiella morronensis for Tubiphytes morronensis (Senobari-Daryan et al. 2008) the

latter of which is the very common Jurassic-Cretaceous taxon.

Note that interpretation is involved, particularly for cuttings, and that the categories are
descriptive as well as genetic and quite broad so they can be applied even to cuttings. Re-
sedimentation and even multiple origins for a similar allochem are possible and are seen in cores
such that depositional settings of the same lithofacies may be radically different. An example is
‘pelletal mudstone to grainstone’ which may be on the slope or in the platform interior depending
on the concentrations of associated features. Tubiphytes-serpulid concentrations, high amounts of
spar calcite likely due to submarine cements and micritic peloidal cements together indicate slope
deposition (Facies #3C). On the other hand low amounts of such features plus more bivalves and
perhaps ooids place it in the shelf interior (Facies #5C). Flugel (2004, his Fig. 14.29) tried to deal

with the same peloid problem for his standard microfacies applied to Wilson’s (1975) facies belts.
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Another example is the presence of ooids that can be an in situ oolitic shoal or an allochthon
carried down the slope or transported back into the shelf interior by storms. For instance, in the
Abenaki only oolites are present in all of a 5.5 m core (Albatross B-13 core 1) near the southwest
shelf margin; only a 3.5 m thick oolite bar (Penobscot L-30 core 1) is on a carbonate ramp near
the Sable Delta: and only a 1.5 m oolite bar is capped by a hardground with in situ colonial coral
(Mohican I-100 core 4) in the far shelf interior of the Mohican Subbasin. Given cuttings sampling
intervals of 5 m or 10 feet prior to 1977, some of those might not even be recognised. Obviously
other characterizing criteria may be critical such as seismic geometries. Because of these
relatively coarse sampling intervals, interbedded thinner lithologies are difficult to distinguish and
tend to get described as a range of textures. If different depositional facies are involved then the

confusion increases.

For that reason, fairly broad lithofacies categories on schematic logs from cuttings
have been used in this thesis to show vertical and lateral changes. Specifically, oolite or peloid is
used for cuttings with grain-supported allochems and identified by green (image borders, lithology
vertical bars etc.). Where 10 % or more of the cuttings are corals, lithistid or coralline
(stromatoporoid and chaetetid) sponges, then ‘reefal’ facies are highlighted by red. This
percentage may seem like a low cut-off to define reef or reef mound, as deep or shallow
bafflestone or framestone core, reef flat, reef debris, proximal forereef are all depositional
possibilities. But where sampled by core or sidewall cores as described previously the actual
amounts of fossils were demonstrably greater. This is particularly true of corals that due to large
corallite sizes and poor preservation are typically under-represented. Microbolite (thrombolite,
stromatolite and the like termed microbialite on most figures) is based on micro-textures, fine

peloids and associated encrusters like Tubiphytes in cuttings.

The carbonate facies template has many more potential environments categorized but they
were not all applied in the thesis schematics. This is similar to past practice when the known
depositional facies alternatives (Eliuk 1978) were much fewer than are now known. Based on
Eliuk’s well lithologs, including suggested depositional environments sometimes with multiple
alternatives for each cuttings sample, Encana (Wierzbicki et al. 2002, 2005, Weissenberger et al.
2006) on post-1999 wells and Beicip-Franlab (PFA Chapter 9 of OETR 2011) used this facies
association technique for most wells but were presented as one or more shore-to-basin

depositional models such as shown on Figure 2.4.
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Table 3.1 Abenaki Well List.

Includes wells relevant for Abenaki-Sable relationship and for Late Jurassic reefs off Nova Scotia. (Table on 2 pages)

Year | Operator Name ID FTD | Status | Litholog Seismic | Comments EnCana Sequence. |
(m) |mofeas | Eliuk  PFA (of Kidston et al 2005) D=1 P=%s || ||| A
A=appendix lig=31

1970 | Shell Mohawk B-93 | 2126 | D&A 1978 M Nearshore ridge, Roseway Unit ‘type section’ % g
1970 | Shell Oneida 0-25 [4110 | D&A 19785 aC M,K | Platform-on basement stucre [ type section E : 2
1971 | Shell Abenaki J-56 | 4569 | D&A 1978 5 a M Platform-salt diaper flank =
1971 | Shell Sauk A-57 | 4575 | D&A 1978 a M Not included (NE platform) %
1971 | Mobil-Tetco Dauntless D-35 | 4741 | D&A 1978 aE M Not included (NE platform) * 1
1972 | Shell Mohican 1-100 | 4393 | D&A 1978 aC MK Platform-over salt swell — 5
1973 | Mobil Cohasset D-42 | 4427 | D&Aoil | 1978d, 8 a M,K | Bankedge/back reef-some ¢, K oil | I PA
1974 | Shell Demascota G-32 | 4672 | D&A 1978 d, 8 aC | SMEPQ | Bank edge- 186m ¢, testW | ] i +36 | 5
1976 | PetroCanada Penobscot L-30 | 4267 | D&A 1981/85dS aCd | §M.Q | (*)Bankedgeback reef-no ¢ P7A 4% 2
1977 | PetroCanada Moheida P-15 4298 | D&A 1978 p-core aC S.M, Platform-basement structure 1 2
1978 | Chevron Acadia K-62 | 5283 | D&A 1981,d,8 aC M,K | Bank edge-good ¢ (PA) 61 5
1978 | Mobil Cohasset 1-97 |4872 | D&A d, S aCdE M.K (*)Bank edge-some ¢ I PA 54 1
1984 | Husky Glooscap C-63 | 4542 | D&A cuttings aCE M.K Platform,-salt swell PFA lith log, p
1984 | PetroCanada Bonnet P-23 | 4336 | D&A d, S aCdE M.K Back reef- major lost circ” (PA)
1984 | PetroCanada Dover A-43 | 4525 | D&A a M Platform-fault block
1984 | Shell S. Desbarres 0-76 | 6039 | D&A d, S a M N/A (distal ramp)
1985 | Mobil West Venture | C-62 | 5522 | gas Core only M Shelf lime beds under delta | Cummings 2004 4 2+
1985 | PetroCanada Albatross B-13 | 4046 | D&A d S aCdE | MK | (*)Bank edge-some ¢ (PA) a7 1
1985 | PetroCanada Shelbume G-29 | 4006 | D&A a M,P Lost core at TD - oolite
1986 | Shell Panuke B-90 |[3445 | D&Aoil | d. 8 @ MK (*)Bank edge- no ¢, K oil dise I PA
1987 | Shell Kegeshook G-67 | 3540 | D&A d, s aCd M.K Platform-basement structure I PA
1987 | PetroCanada Como P-21 | 3540 | D&A d, s C M Platform-basement structure I PA 1
1998 | PanCanadian Panuke PP-3C | J-99 | 4163 | Gas-97 | d,8 @ K Bank edge- Ab5 gas disc’ I P
1999 | PanCanadian Panuke PI-1A | J-99 4030 Gas -6.9 d s Cd K Bank edge_thin gas .'.Whip 1 PA 14 1
1999 | PanCanadian Panuke PI-1B | J-99 | 4046 | Gas-49 | d. S K Bank edge-24.2m pay I PA 6
2000 | PanCanadian Panuke H-08 | 3682 | Gas-112 | 4,8 C K Bank edge-108m pay I PA 11 1
2000 | PanCanadian Panuke M-79 | 4598 D&A-14 d, S Cd E,K’P Bank edge-no gas .'.Whip I PA 97 1
2000 | PanCanadian Panuke M-79A | 3935 | Gas-21 | 4,8 Cd K Bank edge-11.4m pay I PA
2000 | PanCanadian Panuke F-09 | 3815 | D&A-27 | d,8 Cd K (*)Back reef-low ¢, oolite I PA 34
2001 | PanCanadian Musquodobott | E-23 | 3818 | D&A dSs K Bank edge- some ¢, wet I PA 5
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Year | Operator Name 1D FTD | Status Litholog Seismic Comments (Kidston et al) Sequence ID TS [Core

2002 | PanCanadian Queensland M-88 | 4401 | D&A d S Cd K Fore reef- no ¢, by-pass sst I PA 19

2002 | ElPaso (CdnSup) | Marquis L-35/A | 4501 | D&A d s Cd K.P Bank edge - no ¢, whipped I PA

2003 | EnCana Margaree F-70 | 3677 | Gas-76 d S Cd K Bank edge — 70m pay I PA 56 1
2003 | EnCana Marcoh D-41 | 3625 | Gas-122 | d,8 G K Bank edge — 100m pay I PA 50

2006 | EnCana Dominion J-14/A D&A d s Cd X Bank edge —no ¢, whipped | I PA

Table 3.1 Abenaki well list. Includes wells relevant for Abenaki-Sable relationship and for Late Jurassic reefs off Nova Scotia

NOTES: 1) Year column — date of drilling completion (3 activity phases - initial in 1970’s, middle in mid-1980’s and Deep Panuke phase around 2000’s).

2) Operator column - PanCanadian became Encana. 3) Well name column - names given by operators (most used names of Nova Scotia towns, Shell mainly used
eastern North American first nation names except ‘Demascota’ which was a Portuguese ship wrecked on Sable Island 1815-01-01 after that well was D&A no more wells
were named after ship wrecks). Deep Panuke Gas Field = all gas wells and M-79, F-09: the Panuke discovery and immediate follow-up were deepened from the Panuke
oil field platform where PI = platform injector and PP = platform producer; L-35/A & J-14/A includes both original and whipped (=A=deviated from same well bore)
holes. Wells northeast of Sable delta and on nearshore ridges not included in list except Dauntless D-35, Sauk A-57, Mohawk B-93 logged in Eliuk 1978. 4) ID column
— well identification by chart/map geography; bolded ID’s indicate well logged and used in thesis by Eliuk (mainly prior to 2006). 5) FTD — Full Total Depth drilled in
meters. (= m). 6) Status column - D&A=dry & abandoned, Gas 97=97m gas-bearing reservoir=pay; oil = Cretaceous oil discovery wells of Panuke and Cohasset fields
in margin-drape sandstone reservoirs. 7) Litholog column — Eliuk 1978, 1981°= year published by Eliuk on left with d=detailed log (some confidential; p=partial study
e.g. core), S=schematic log, cuttings = partial cuttings check e.g. C-63 Roseway & top Abenaki; PFA (Play Fairway Analysis, OETR 2011) on right with ‘a’=Annex 3
Well Data generalized with GSC multi-ages, “C’= Carbonate play Chapter 9 (Stefan Doublet lead geologist) in PFA Enclosures (from GeoTours-Eliuk if detailed log=d),
‘E’= ENCLOSURES key wells with biostratigraphy (see Weston et al. 2012 for authors and details). 8) Seismic column — data sources — “S’= Shell, ‘M’=MacLean
and Wade 1993, ‘E’=Encana, ‘K =Kidston et al. 2005, P=PFA (OETR 2011), ‘x’ = J-14 well history report, Q = Qayyum et al. 2015. 9) Comments column: Kidston et
al. 2005 is source of most seismic used in study, (*)=my lithofacies not in agreement with geometry-based interpretation of Kidston et al 2006, *¢’ = porosity,
‘K’=Cretaceous, “W’=wet, ‘circ’=circulation.” disc’=discovery 10) EnCana Sequence column - ‘T’ = follows the format and close to or same as EnCana tops (2006,
Weissenberger et al. 2006) and have been shown on schematic logs but considered quite tentative and even wrong where dating is contradictory. Is not compatible with
PFA Chapter 9 (OETRE2011) sequences. See appendix which shows maps in Panuke Trend by EnCana sequences with percentage pie diagrams of major lithofacies;
P=%"s = percentage major lithofacies estimated from well logs for pie diagrams by approximate EnCana sequences, A= DETAILED LITHOLOG IN EXCEL
FORMAT: 11) Thin section #'s column — number of thin sections totalling over 450 (does not include Eliuk 1978’s Demascota G-32 cores and cuttings thin sections,
+100 lost from Shell archives); mainly from logging SWC’s and cores in Encana wells; elsewhere in cores mainly, except Acadia K-62 (43) Albatross B-13 cuttings
courtesy of PetroCanada (Eric Bogosloski, pers. comm. Dr. Gordon Tebbutt, deceased). some large thin sections from cores in G-32, L-30 and K-62 courtesy of  Dr. L
.Jansa of Geological Survey of Canada, “*’ = infrared cathodoluminescence thin section study courtesy of Prof Peir Pufahl and the equipment at Acadia University

12) Core #’s column - number of cores in Abenaki or age equivalent; in West Venture C-62 basal two cores carbonate-bearing in long succession of cores; in Panuke
M-79 in Scatarie Member; in Margaree F-70, the longest core in Abenaki at ~25m.

Total of 23350 m of cuttings logged and 167 m core (0.7 % cored versus drilled carbonates and associated lithologies).
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Table 3.2 ABENAKI FORMATION REEFAL (margin-slope) CORE

(Baccaro, Artimon and Roseway members; MicMac Formation limestones)

WELL CORE# | CORE INTERVAL FACIES COMMENTS
(‘reefal’) (original units) NUMBERS
West Venture C-62 12,13 <5255-5276.5 m 3C/4Bin 8 thin shoaling facies - thrombolitic to coral-sponge reef mound
South Desbarres O-76 1.2 3799-3827 m 8 (reeflet 5SB) Smallest coral reeflet in bottom of marine deltaic channel (~15¢m)
Penobscot 1.-30 1 11231-11269 feet SD(SA/B/C) minor thin layers corals-chaetetids amongst oolite
2 13285-13316 feet 1/3C slope stromatactis-thrombolitic/microbial ‘mud’ mound-depauparate
Cohasset 1.-97 1 3407-3426 m 5B(73B) very large in situ cerals (complicated diagenetic overprint)
Margaree F-70 1 3434-3458.6 m 5B. 3B, 4B (3C?) | deepening trend - coral reef rubble to slope sands with reeflets of
pinnacle -W side | microsolenids corals up to lithistid sponge with ?microbialite
Panuke PI-1A (J-99) 1 4029.3-4030.3 m vuggy dolomite | dolomitized questionable coral reef
Panuke H-08 1 3446-3449 m 5B (3B) recrystallized (micro-porous) crinoid- and chaetetid-rich
Demascota G-32 1 11228-11251 feet 4A sponge reef mound in Artimon Member type section
2 11836-11862 feet 5B coral-stromatoporoid reef with marine filled ?cave (HTD altered)
3 12704-12720.5 feet 5B coral-stromatoporoid reef
5 14400-14424 feet 3C(50) thrombolitic-stromatactis slope mound
Moheida P-15 1 2562-2564 m 4A Marly sponge reef mound debris over coated red ironstone
Acadia K-62 (1,2,3) 2811.4-2822 m 5D? Dolomitized oolite?, possible dedolomite cements
4 3380.8-3399.2 m SE(5A,B.D) reef flat — back reef (oolitic, oncolitic and mollusk-rich)
5 3736.8-3753 m 3C-5C thrombolitic/microbial mud mound (shallower than G-32 C3)
Albatross B-13 (1 2511.5-2517 m 5D White oolite; vertical open fractures = ?neptunian dykes, geopetals?
cutting-sidewall core red-white 3C cyclic red-pink-white slope thrombolitc-microbial slope carbonates
Shelburne G-29 (1lost) | 3991-4005.5 m lost 5D reddened Sample — lost bottom of hole and core; light oolites, some reddened
BALTIMORE CANYON TROUGH (USA)
OCS-A0317 (Hyena) 4 11563-11586 fect 3C slope ‘microbialite’ -near base well in top of seismic clinoforms
0OCS-A336 (Rhino) 3 14882-14912 feet 3B shoaling? proximal forereef (corals & crinoids) argillaceous
4 15970-15999 feet 5B in situ and debris coral-coralline sponge reef

Note: about 180 m of core listed above. No core is listed for the Scatarie Member or for any shelf interior wells unless reefal. Of the most recent wells,
Panuke M-79 did have a core in the Scatarie Member (4532.7-3535.7m) consisting of mixed quartz sandstone and oolitic limestone probably in a shoal,
not porous. FACIES NUMBIERS: 1=bathyal shale, 2=neritic shale, 3=forereef-channel, 3A= foreslope channel, 3C= distal foreslope (microbial mud
mound), 3B= proximal foreslope (forereef), 4= sponge recfal, 4A="deep' siliceous sponge reef & intermound, 4B="shallow' siliceous sponge reef, 4C=
'shallow' siliceous sponge-coral reef, 5= open marine carbonate bank SA =skeletal rich, SB=coralgal-stromatoporoid reefal, SC=mud/pelleted,;

SD=oolitic,

SE-= oncolitic, SF= sandstone, 6= 'moat’ (open inner shelf), 7= mixed carbonate siliciclastic platform interior (nearshore ridge),

8= coastal deltaic (lagoonal-continental), 9= mixed carbonate-deltaic, 10= deltaic/interdeltaic SEE Chapter 4 on the Abenaki carbonate facies template
for details and illustrations of these cores as well as Chapters 5 and Appendices.
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FACIES NUMBERS: 1=bathyal shale, 2=neritic shale, 3=forereef-channel, 3A= foreslope channel, 3C= distal foreslope (microbial mud mound), 3B= proximal foreslope (forereef), 4= sponge reefal,

|{4A= 'deep’ siliceous sponge reef & intermound, 4B='shallow' siliceous sponge reef, 4C= 'shallow' siliceous sponge-coral reef, $= open marine carbonate bank 5A =skeletal rich,
5B=coralgal-'stromatoporoid reefal, §C=mud/pelieted; 5D=oolitic, SE= oncolitic, 5F= sandstone, 6= 'moat’ (open inner shelf), 7= mixed carbonate siliciclastic platform interior {(nearshore ridge),

8= coastal deltaic (lagoonal-continental), 9= mixed carbonate-deltaic, 10= deltaic/interdeltaic SEE Wierzbicki, Harland & Eliuk 2002 for illustrations and details

Figure 3.2 Example lithologic log - Margaree F-70. Based on purpose-designed EXCEL spreadsheet and used for all recent wells and
many older ones drilled after 1978. Most earlier carbonate-bearing Abenaki wells are available in Eliuk (1978). Except for Glooscap C-63
the recent wells in PFA Chapter 9 and appendices (OETR 2011) are available as Beicip-Franlab simplified format logs and were based on
lithologs such as above supplied by GeoTours Consulting Inc. logged by L. Eliuk. For F-70 the core was also plotted in this format. Some
wells skip every second cuttings sample and have descriptions of sidewall cores (SWC) inserted. All cuttings and cores were macro-
photographed (e.g. Dominion J-14 Fig. 3.5)
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Figure 3.3 Example Beicip-Franlab lithologic-facies log - Margaree F-70 (PFA Chapter 9 Enclosure, OETR 2011).
Converted from the text-tabulate format shown in Figure 3.2.
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Figure 3.4 Example schematic litholog of Margaree F-70 well and core. Style of log used to show key features of wells
throughout report based on detailed logs as shown in Fig. 5.2. The sequence tops are similar to those tentatively used in Encana
studies. All Encana Abenaki wells were originally logged by GeoTours to aid Encana’s development and exploration in the Deep
Panuke play. Some additional infill cuttings logging was done for both Shell Canada and Encana. Marquis L-35 and L-35A were
originally logged for El Paso Canada. Most pre-1978 wells were not contracted with Eliuk (1978) wells not redone in Excel format.
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TABLE 3.3 Abenaki Carbonate Depositional Facies Associations Template - left side

RADIOLARIA

OPEN MARINE | OPEN MARINE FORESLOPE OPEN MARINE CARBONATE OFFSHORE BANK
IST)
FACIES ZONE NAME BATHYAL NERITIC EORESLOPE DISTAL PROXIMAL 'DEDEEF:SEEiﬁ;ELF MARGIN REEFS & MOUNDS
‘BASIN/SLOPE’ | ‘DEEP SHELF’ | CHANNEL | FORESLOPE | FORESLOPE MICROSOLENID  |'SHALLOW’ SPONGE
MUD SPONGE MOUND | CORAL & SPONGE | (CORALLINE-
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SYMBOLS | == — | ——_— AP W22~ | A Ay @ QO @l O,
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SHALE SHALE, MARL | LIMESTONE HMEATIRE LIMESTONE LIMESTONE LIMESTONE ARGILLACEOUS
SHALE
LITH OLOGY MARL MINOR LIMESTONE & SHALE SILTSTONE & SHALE & SHALE & CLAY/SST/SLTST/DOLM
(CHERT?) & SILTSONE WITH SILT/SANDSTONE ~ SILTSTONE (HEXACTINELLID & (MICROSOLENIDS- | (LITHISTID-CORALLINE
LITHISTID SPONGES) LITHISTIDS-MICROBS) SPONGES)
COLOUR DARK, RARE BLACK | DARK, RARE BLACK | DARK (uGHTerTosw) | DARK (uskterTo sw) ] T g:gg—,ﬁ‘?ggg}* MEDIUM (DK) BROWN | LT-MED BROWN GREY
GRAIN TYPE AND MUDSTONE MUDSTONE MUD to GRAINSTONE,  |PELOIDS & MUDSTONE| WACKE/PACKSTONE WACKESTONE SKELETAL WACKESTONE STROMATOPOROIDS-
QCC’ GRAINSTONE SPONGE FLOAT;, SPONGE-MICROSOLENID- LITHISTIDS-MINOR CORAY
DEPOSITIONAL TEXTURE SHALE TURBIDITE, DEBRIS FLOWS |SKF| ETAL WACKESTONE | FLOATSTONES BOUNDSTONE/ MICROB FLOAT/BOUNDSTONE| FLOAT-BOUNDSTONE
BEDDING MASSIVE, GRADED LAMINATED R GHeeTI: LAMINATED, BURROWED | RepDEDTOPOORLY | MASSIVE, MASSIVE THIN BEDS | MASSIVE?
LAMINATED BURROWED R INCLINED LAMINATED, INCLINED | BURROWED & (INCLINED ON FORESLOPE)
TS HARDGROUNDS HARDGROUNDS SOME BORING
SEDIMENTARY STRUCTURES MARINE CEMENTS, BIOEROSION GRADED BEDS BORED
TERRIGINOUS CLASTICS DOMINANTLY FINE CARBONATE COMMON COMMON RARE TO UNCOMMON SHALE COMMON THIN SHALY INTERBEDS SHALE, SILTSTONE
ADMIXED OR INTERBEDDED SILICICLASTICS NEARLY ABSENT | (ADJACENT TO SABLE DELTA) | (ADJACENT TO SABLE DELTA) DISTAL PRODELTA SHEL CLAY SANDSTONE
MINOR SILICEOUS PLATFORM & ABUNDANT-MODERATELY | ABUNDANT-FAIRLY
BIOTA GENERAL DESCRIPTION SPONGES SPICULES, SPONGES PLATFORM & SLOPE DERIVED IN-PLACE & DIVERSE BUT NEARLY DIVERSE UNCOMMON ‘C‘SEEL[L’#EE{E}’E.EFD
DISTRIBUTION PELAGIC BIVALVES & BIVALVES, FORAMS | | ~or nepivED | MICROBIAL & SPONGE | MARGIN-DERIVED | LACKING ALGAE & RARE | RED ALGAE & CORALS | SPONGES BUT MUCH
dominant common accessory rare| ropams, AMMONITES LOW AMOUNTS MOUNDS -COMPLEX CORALS AHERMATYPIC MAINLY MICROSOLENID | FEWER CORALS

POROSITY DEVELOPMENT

RESULT OF SEAFLOOR DIAGENESIS - HALMYROLYSIS - DURING
VERY SLOW TO NON-DEPOSITION eg. MOHEIDA P-15 C1

P TAPHONOMY OR MICROSOLENID MICROBIAL ENCRUSTERS
ALGAE - HIGHER
% Automicrite - ‘MICROBIALITE’ (suspect textures) THROMBOLITES THROMBOLITES
& | HEXACTINELLID SPONGES | ----=-=m-=eennm —_—
= [UTHisTiD SPONGES
& [CALCI-& CORALLINE SPONGES (CHAETETID & STROM
% MICROSOLENID CORALS
& [HEXACORALS
BRYOZOANS
{CRINOIDS) ECHINOIDS
BIVALVES/GASTROPODS
SERPULIDS-TUBULES
TUBIPHYTES
OTHERS SEE ABOVE (NOTE - FORAMS|OCCUR IN ALL FACIES) BRACHIOPODS, BELEMNITES | BRACHIOPODS | |
BIGERCBION-macre: | | | eeesseseesesenened e dee e —_——{
OCCASIONALLY COMPLEX EARLY SUBMARINE CEMENTATION | (HALMYROLITIC) SUBMARINE ENCRUSTATION | DOLOMITIZATION
DIAGENETIC VERY PYRITIC SUBMARINE CEMENTS | SyTLoLIToATON. | SLALCOMTEGYE. | &LITHICATION (Ceven) | & LIMESTONE MICRO
FEATURES CONDENSED RED COATED IRONSTONE ('Fe oolite’) ZONES Eéﬁ%ﬁé?ﬁ@%‘%@?&“ & g’é‘gg{émfﬂ“ PHOSPHATIZATION .
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MARGAREE F-70 dolomite

WEST VENTURE C-62 C13
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TABLE 3.3 (continued) Abenaki Carbonate Depositional Facies Associations Template - right side

OPEN MARINE CARBONATE OFFSHORE BANK - PLATFORM - RAMP

MIXED CARBONATES COASTAL
SHELF MARGIN MARGIN TO INTERIOR OF OFFSHORE BANK OPEN INNER SILICICLASTICS DELTAIC
REEFS (NOTE facies schematically arranged so alphanumerics out of order and differ from Willson 1975) SHELF PLATFORM INTERIOR TACBERIAL
CORALGAL REEF| SKELETAL RICH ONCOLITIC 0O0LITIC MUD/PELLETAL| SANDSTONE | (DEEPLAGOON) ‘NEARSHORE CONTINENTAL
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anGE:hYATIEEEDR&%EJDf CLASTS BIOERODED BURROWED THROMBOLITES & PRESERVED IN LOWS HARDGROUNDS STORM DEPOSITS
MINOR CORAL BS STROMATACTIS LOW-STANDTRANSGRESSIVE) DESSICATION FEATURES
TRACE CLAYS IN MINORTO ABSENT MINORTO ABSENT méﬁﬁmﬂfg.mw RJA‘IEI":JSERL%CCF{}EA%ECS)X_P [ABSENT TO SouthWest|FINER CLASTIC BEDS REDDENED SHALES & | CONTINENRAL 55 & SH
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AT R ABUNDANT DIVERSE | ABUNDANT DIVERSE | SPARSE IN MOBILE BARS | SOMEWHAT SPARSE | pooRLy FossiLiFerous | FAIRLY SPARSEBUT | FAIRLY SPARSEBUT  |SPARSE TO ABUNDANT
PR DERe coraLs | BUT FRAMEBUILDERS | LARGE NEREIDS & SOME DASYCLAD ALGAL | (MINOR RESTRICTION) | sivaLves & ostracops | OPEN MARINE OF DIVERSE ENOUGH THAT |BUT LOW DIVERSITY
VARIED) WITH MINOR (LESS 10%) MEGALODONTS NUCLEN AND LITHOCLASTS DEEPER NERITIC MAJOR RESTRICTION IS |INDICATES
ENCRUSTERS & BORERS ORIGIN NOT INDICATED SEMI-RESTRICTED
| RED & GREEN GREEN-DASYCLAD =t == == e s e s ssmmemsenennechesrenenseeanannnnny COALS
[*THROMBOLITES ONSLOPE ONCOIDS ONCOIDS
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BLOCKY BURIAL SPAR, RARE| oy 51.0PE - SUBMARINE CEMENTED BY CALCITE | MaINLY BURIAL OXIDATION. EROSION | & CHALKY ON SALT
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Chapter 4. RESULTS
From Near-Margin and Mixed-Lithology Well-Control and Western Shelf Wells
— Seismic Setting, Mid-Mesozoic Lithologies and Depositional Facies
in Cuttings and Core — the Initial Interpretative Framework

List of Topics:

4.0 Introduction
4.01 West Venture C-62 and Nearby Venture Wells — Deltaic Limestones
— Minor ‘Condensed’ Limestones of the #9 Limestone in the Late Jurassic Sable Delta
4.02 Review of Seismic Through Penobscot L-30 & B-41 and South Desbarres O-76
4.03 South Desbarres O-76 — Distal Ramp Well
- Smallest Coral Reeflet and Bryoderm Transgressive Markers
4.04 Abenaki J-56 — Mixed Deltaic-carbonate Shelf Beds
on the Side of Abenaki Subbasin Salt Dome
4.05 Penobscot L-30 — Proximal Ramp Well with Seismic Ties
to Abenaki J-56 and Nearby Wells
4.06 Marquis L-35 & L-35A — Ramp-platform with Sandstone-oolite Couplets and
Kegeshook G-67 Platform Interior Connection
4.07 Cohasset L-97 — Northeast-most Argillaceous Sponge Facies Platform Well
on ‘Protected Promontory’ Margin and Slope
4.08 Dominion J-14 & J-14A — Southwest-most Thick Shale at the Margin
Allowing Sponge Facies Progradation
4.09 MarCoh D-41 and Margaree F-70— Carbonate-encased ‘Pinnacle’ Reef Wells
at North End Deep Panuke Compared to Reef-bearing Demascota G-32
and Contrasted with Non-pinnacle Musquodoboit E-23
4.10 South Deep Panuke Field Wells Comparison
(Panuke F-09, H-08, PP-3C, PI-1A, PI-1B, M-79, M-79A, B-90)
4.11 Queensland M-88 — Proximal/Distal Slope Facies of Deep Panuke Platform Margin with
Dip Comparison to Platform Wells (Panuke F-09 Oolitic Margin Interior
to M-79 Oolite/Reefal Margin to Demascota G-32 Reefs and Slope)
4.12 Lithofacies Distribution Maps in Panuke Trend by Approximate Encana Sequences
4.13 Western Shelf Setting of Abenaki and Associated Carbonates
Southwest of the Panuke Trend — Non-delta-influenced Control

4.14 Abenaki Type-Section Oneida O-25 — a Semi-isolated Non-margin Well and Other
Western Shelf Interior Wells
— Moheida P-15 with Red Coated Ironstones and/or Sponge-rich Beds

4.15 Western Shelf Margin Wells Continue into the Cretaceous Neocomian for Comparison

— Acadia K-62 and the Start of Bivalves in Reefs and Oncoid Beds,
— Albatross B-13 and the Full Shoaling Sequence with

Red and White Slope Microbolites Up to Coral Reefs and White Oolites, and
— Bonnet P-23 with the Return of Shaly Carbonates and Sponge

in a Near-Margin Shelf Interior Setting.

“It is possible to interpret without observing, but not to observe without interpreting”

Mason Cooley



60

4.0 Introduction

The basic data given in this chapter are from the rocks in the wells — cuttings, sidewall
cores and whole cores. It is an illustrated tour from the Sable Delta to the last well on the Western
Shelf by wells or groups of similar wells whose main relevance is indicated by the Section titles.
Although already interpretive in nature, the data represent the results of the study concentrating on
limestone-bearing wells in the transition from Abenaki platform northeast to the Sable Island
paleodelta. Carbonate-bearing wells shown on Figure 4.1 are listed in Table 4.1 from the Sable
Delta and Panuke Trend areas with some of their characteristic sedimentological-stratigraphic
features grouped for comparison. In addition, several wells distal to this transition are included to
contrast and compare facies development and history on the Western shelf: the type section
Oneida O-25 of the shelf interior and even further west at or near the platform edge — Acadia K-
62, Albatross B-13 and Bonnet P-23. Figures 1.1 and 4.58 give larger map areas and Table 3.1 a
longer well list including these Western Shelf wells. Most of these 23 wells with four side-
tracks/whipstocks will be presented in a northeast to southwest well by well manner with some

minor additional data from off-setting wells.

Published seismic sections and seismically-based maps (mainly Kidston et al. 2005 but
also Wade and MacLean 1990 and PFA Chapter 9 of OETR 2011) as well as biostratigraphy
resulting from the PFA study (OETR 2011, Weston et al. 2012) are very important supplements
that [ used as a framework for a better understanding of the lithologic data results. The seismic in
the Penobscot area is key to understanding the relationship of the deltaic siliciclastics to the clean
thick carbonate platform. So prior to considering the wells in the area, the seismic merits an
additional review in its own Section concluding with some seismic lines by Qayyum et al.

(2015a).

For the Panuke Trend and Field, Encana’s depositional sequence are used for 8 lithofacies
pie-chart maps and for a dip and strike well section (the latter is from Weissenberger et al. 2006)
to show lithologic-depositional facies. Some features of relevant core are shown and are critical to
better understanding the cuttings and for comparing changes in coral reef and microbolite
(thrombolitic) mound facies. The sponge-rich facies is an interesting reef mound phenomenon on
its own and is also an indicator of the distal effects of the delta in slightly deeper waters. So the
comparison with this facies as well as the sometimes associated red coated ironstone sediments

and certain specialized biota are dealt with in some detail.
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The three southwestern-most near-shelf margin wells are included at the end of this
chapter as a contrasting comparison with delta-affected carbonates both at the end of carbonate
sedimentation in uppermost Abenaki and along the slope where lateral changes occur. Changes,
most notably colour, seen in the slope microbolite mound cores relative to proximity of the Sable
Delta are obvious and significant. Changes are not so obvious in the coral-stromatoporoid or
coralgal reefal facies association of the platform perhaps due to the lack of detail available when
only cuttings and few cores are available. In contrast when core is available, within even deltaic
sediments, small colonial coral complexes down to a few decimeters in height are recognizable as
well as carbonate complex successions involving microbolite mounds up to lithistid-microsolenid

coral reef mounds over a short interval of about 10 metres.

The first part of this study is limited to the general area of transition from the Abenaki
carbonate platform of the Deep Panuke Trend (term from Kidston et al. 2005) northeastward to
Sable Delta siliciclastics. So the rather different, more thoroughly mixed nature of the prograding
carbonates and siliciclastics to the northeast illustrated in Figure 2.3 is not considered except in
two representative wells just off the carbonate platform nearest the Sable Delta. Three wells
northeast of the Venture area with several carbonate intervals of over 100 metres are not included
in this study (Arcadia J-16, Citnalta I-59 and Uniacke G-72) even though shown on Figure 4.1.
Within this limited area, groups of common features regarding topmost carbonate lithofacies or
presence of pinnacle reefs or occurrence as ramp-only facies can be distinguished in a matrix of
comparative sedimentology-stratigraphy shown as Table 4.1. Such groupings and their general
locations not only give appreciation for the amount of well control and its distribution but may be

a good start on understanding their process controls and patterns.

Details from core control are shown in the same section as the core-bearing wells. In
Chapter 5 reef/mound cores will be compared to assess their relevance to delta proximity. The
purer carbonates and near-shore mixed carbonates-siliciclastics to the southwest on the Western

Shelf are included as a contrast to the carbonates closer to the Sable Delta.

NOTE that Encana used Roman numerals and Arabic numbers for their Abenaki sequences
interchangeably so that AB 1V is the same as AB4 or Ab4 (or even A4 of Kidston et al. 2005).
And AB6 L is the same as AB VI lo or lower and so on. Over time and herein neither the
literature nor I have been consistent. Usually in this text I use Arabic numbers for reading clarity
and on my figures Roman numerals as the figures are often collages of other people’s works plus
my own, or a different re-interpretation of other works.
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4 .01 West Venture C-62 and Nearby Venture Wells — Deltaic Limestones
— Minor Thin Limestones of the #9 Limestone in the Late Jurassic Sable Delta

The #9 Limestone Marker at top MicMac Formation in Mobil West Venture C-62
represents the thin end-member of a spectrum of Abenaki-equivalent limestones. This core and
nearby offsetting well cuttings (Figure 4.2) show that limestone can occur within the Sable Delta
itself, albeit thin and certainly nothing like a carbonate platform or even the generally thicker
limestones occurring on the ramps flanking the delta. The details from the limestone give major

insight to the associated terrigenous sediments.

The C-62 core has several vertical facies changes that can be interpreted to result from
shoaling and/or reduced turbidity, only to be abruptly terminated then followed by prodeltaic shale
deposition. Figure 4.3 shows schematically the facies changes (numbered) in the #9 Limestone at
the base of a long series of C-62 cores. The main lower facies are very argillaceous limestone to
calcareous shale or marl that can be subdivided into a (1) highly bioturbated lower interval lacking
in body fossils with a great number and variety of ichnofossils including Zoophycos indicating an
oxic deep shelf/upper slope environment. That is overlain by (2) a depauparate massive marl to
argillaceous micro-packstone. Then (3) an encrusted debris bed forms a substrate for (4) a pure
microbolite (thrombolitic) mound with a limited variety of micro-encrusters (Tubiphytes,
serpulids, nubeculinellids). This grades upward with increasing in situ skeletal content to (5) a
microbial-microsolenid coral-lithistid sponge-red algal (?solenoporid) reef mound suffering some
bioerosion (mainly clam borings). That is abruptly overlain across a pyritized hard ground(?) by
(6) dark laminated prodeltaic shales or clay mudstones with some ironstone cemented layers and
thin beds of siltstone to fine sandstone that become burrowed and more common upward. These

subfacies are illustrated and described in more detail in Section 5.2 (Figure 5.5 series).

What had previously been interpreted in the West Venture C-62 core as condensed lime
mudstone without framebuilders (Cummings and Arnott 2005; Gould et al. 2012 also examined
this core but did not include this limestone), in fact had a succession of mound and reef facies that
changes over just 9m vertically before being buried by prodeltaic shale. Figure 4.2B tabulates the
#9 Limestone lithologies seen in cuttings and core from five wells of a few samples over a

thickness of 7 to 40 metres (location on Figure 4.1).

Oolite and possible reefal beds of lithistid sponges-stromatoporoids (coralline sponge)-
corals are the two main lithologies with marls and skeletal-fragmental—pelletal wackestones as

well. Although oolite can be transported from its place of deposition, it is fairly obvious that the
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West Venture C-62 core along with N-91 cuttings were deposited in less agitated (deeper) water
than the wells to the east which seem to be part of a thin oolite shoal complex. The widespread but
differing nature of Abenaki or equivalent limestones and their utility even when very thin for
giving depositional information will be enlarged upon in a more comprehensive treatment of the
#9 Limestone and its reef mound succession in Section 5.2.1 where they are divided into upper
and lower units (Figure 5.4). There this limestone will be put in context of the Late Jurassic
Sable Delta in the Venture gas field and provide support from a very different perspective for

Cummings and Arnott (2005) shelf margin delta and forced regression interpretations.

4.02 Review of Seismic through Penobscot L.-30 & B-41 and South Desbarres O-76

Relevant seismic lines are shown on Figure 4.4, a screen capture of the DecisionPoint
GIS map from CNSOPB Data Management Centre’s website. The 2D seismic control with the
lines through Penobscot B-41, Penobscot L-30 and South Desbarres O-76 are highlighted in black.
A 1990’s vintage 3D seismic study is shown in a dashed rectangle where some lines from
Qayyum et al. (2015a) are taken from and shown with alternative interpretation. Figure 4.5 is a
summary display of all the lines reviewed. Note that the east-west regional tie line is considerably
longer to the southwest than the base map (Figure 4.4) and ties Kidston et al. (2005, Figure 4.21 )
dip seismic through Kegeshook G-67 and Marquis L-35. These same lines will be shown in more
detail in subsequent figures but even at the reduced scale several features are obvious. Prograding

ramp morphologies are more common to the northeast.

A channel, interpreted to be feeding a depositional thick, separates the main Abenaki
platform from the Penobscot area. This lower slope Jurassic depositional thick was independently
seen by different workers as depicted in Figure A1.19 based on data from the PFA Chapter 9
(OETR 2011) study and also shown as an isotime thick on seismic mapping by Ammonite
workers (Pers. Comm. Robert Merrill). The following are some personal observations on the
1980°s vintage seismic lines obtained on the DecisionPoint program of the CNSOPB Data

Management Centre.

Penobscot B-41 (Figure 4.6) dip seismic line is interpreted as an area of prograding and
climbing clinoforms over eight miles to the south of a possible thick platform margin. The B-41
well barely tested the Abenaki with less than 30m penetration with some samples of oolitic
limestone. While uplifted by the probable salt-cored structure, the B-41 would likely not have

very thick Abenaki carbonates with much of the lower half to two-thirds probably a mixture of
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slope limestones and shales. The possibility of interbedded sandstone with porosity cannot be
ruled out. On the regional strike line (Figure 4.9) the area just to the southwest of Penobscot L-30
is a thick sag which may be the basinal part of a wide channel that separates the Penobscot area
from the main Abenaki platform to the southwest. Thus the clinoforms over 8 miles may be flank
deposits to a feature that is a major re-entrant, if not a break in the carbonate platform. The area of
the channel aligns with one of the major transfer fault zones in Welsink et al.’s (1989) extensional
tectono-stratigraphic interpretation of the Scotian Shelf. (see Figure Al.4). An alternative
interpretation of contemporaneous Abenaki-time salt tectonics may have generated small fault
blocks prior to burial by only slightly deformed uppermost Abenaki sediments that provide the
regional top Abenaki reflector. Such contemporaneous un-roofing tectonics might also explain the
presence of slightly older palynomorphs in many of the progradational limestone wells (see
comments on dating for South Desbarres O-76 and Uniacke G-72 in 1.09 and appendices of PFA
OETR 2011).

The Penobscot L-30 (Figure 4.7) dip seismic line has been used by many workers but all
with relatively similar interpretations (Ellis et al. 1985, Eliuk et al. 1986, Jansa 1991, 1993,
MacLean and Wade 1993). Penobscot L-30 tested topset prograded shallow-water carbonate shelf
on foreset shale and slope limestone clinoforms. The slope beds probably derive from the rimmed
carbonate margin rather than the later ramp settings that develop basinward and southward. The
margin may be for a separate atoll instead of the main regional Abenaki platform, possibly
developed on an early paleohigh at the downdip edge of the Abenaki subbasin due to salt swelling
in front of the early Sable Island deltaic sediment pile. South Desbarres O-76 (Figure 4.8) is the
furthest northeast of the 3 dip lines crossing the eastern end of the Penobscot structure at its updip
north end and going through O-76 near its south end. Eight kilometers or so of prograding and
climbing clinoforms separate them. Thus O-76 tested a more distal ramp topset-foreset pair with

its two thick limestones.

Blue lines indicate top limestones in South Desbarres O-76 well trace with two thick units
and a topmost thinner limestone at top MicMac/“Jurassic”. Similar to Penobscot L-30, the two
thick limestones are topset horizontal-bedded and foreset clinoform-bedded. In the same manner
the topset beds have shelf oolite over and underlain by coral-stromatoporoid reefal beds and the
clinoforms have slope lithologies (see Figure 4.14A and B). On the north end of the seismic line,
the Penobscot structure is quite pronounced and the margin of a possible thick reef interval is
developed on the structure’s south flank. The structure is approximately a kilometre wide; the

presumed thick carbonate is similarly narrow and possibly a small atoll. Below the top Abenaki
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reflector over the high there are well developed strong reflectors indicating a mixture of
lithologies (porosities??) within the supposed Abenaki interval. As already mentioned shallow-
water carbonate and reefs may have developed preferentially on an early high generated by salt

movement and swelling in front of the advancing Late Jurassic Sable Island deltaic depocenter.

Regional strike tie line (Figure 4.9) is over 40km long with the west half on the
carbonate platform and the east half in the basin or slope. Between these two major depositional
settings is an anomalous thick interval below top Abenaki and long-continued sag seen even on
the modern seafloor. This can be interpreted as the debouchment of shaly sediments from a
channel that cuts across the carbonate platform separating it on the southwest from the Penobscot
structure. Updip of the interpreted carbonate margin is another edge analogous to that shown on
other seismic lines by the Canada Nova Scotia Offshore Petroleum Board (CNSOPB Bid 12-01,
Mark Deptuck) and PFA Chapter 9 (OETR 2011, Stefan Doublet) where the LaHave platform
basement edge is no longer situated below and controlling the Abenaki carbonate margin. Instead
it occurs beneath the platform interior, and perhaps older delta-derived sediments provide the
paleohighs that localized carbonate deposition. As previously mentioned, this is about the area and
trend where Welsink et al. (1989) had one of their major transfer fault zones in their extensional

tectono-stratigraphic interpretation of the Scotian Shelf.

‘Channel’/re-entrant/sag (Figure 4.1) dip seismic line cuts the regional tie line (Figure
4.9) just off centre of the Abenaki level sag-thick. If the selection of the platform margins (blue
ticks on Figure 4.4 map) is correct then the re-entrant is most landward near Penobscot B-41 and
the axis would trend north-northeast rather than due north as the seismic line was shot. The

geometry into the basin shows a major basinal thick very close to the carbonate margin.

Seismic in the Penobscot 3D survey from Qayyum et al. (2015a) is reviewed in
Appendix Al.11 on Previous Work using selected lines from parts of their figures. There it is
suggested that the assumption of no structural movement that is important in the application of
Wheeler diagram sequence stratigraphic interpretations is likely not true for the Penobscot area
(see Figures A1.28 C&D and A1.30A). Qayyum et al. (2015a) saw the Penobscot area as an
isolated atoll but localised by a pre-Abenaki structure. Alternatively 3 of their lines in Figures
4.11 A&B and 4.12 can be re-interpreted as a progression of increasing contemporaneous
structural influence that converts dominantly shale-based foresets into a local carbonate atoll.
Basically, it is here interpreted that salt tectonics associated with loading from the advancing Late

Jurassic delta in ‘mid-Abenaki’ time generated a paleohigh (or paleohighs) that resulted in a local
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carbonate mini-platform or atoll forming, rather than the more usual prograding foresets of
prodeltaic shales with capping oolitic carbonates and thin slope carbonates of microbialites. That
paleohigh not only allowed carbonate growth but deflected shale sedimentation around it on both
sides. Qayyum et al. (2015a) showed that influx on the north as shown on Figure. 4.13 of the
Penobscot area 3D survey play ideas. Some of the complex mounded morphologies north of
Penobscot L-30 were viewed as either carbonate mounding or deltaic channelling with more work
needed (see Figure. A1.28D), whereas it is personally speculated that in the third dimension

prodeltaic lobes might better explain the mounding.

Summary - This short survey of a small suite of lines supports the separation of the main
Abenaki platform from the Penobscot area by a long continued channel. The pattern so far
indicates that if a carbonate platform exists in the Penobscot and east area then it is a salient into
the basin southeast of the main bank or even an isolated atoll. Qayyum et al. (2015a) also saw the
Penobscot area as an isolated atoll. Re-interpreting some of their seismic lines indicates the
progressive development of an isolated carbonate buildup was due to deep, probably salt-
generated movement starting in ‘mid-Abenaki time’ after the regional basal ramp phase. A
channel interpretation seems most easily accepted for the dip line furthest east through South
Desbarres O-76 (Figure. 4.8). The presence of a thick pod off-bank southwest of Penobscot in
isopach mapping of the Abenaki including basin-fill by Ammonite (Pers. Comm. Robert Merrill
2011) and Chapter 9 PFA (OETR 2011) may be fed by this channel from the Abenaki subbasin as
it was filled by the advancing Sable Island Delta and the Missisauga ridge over-ridden or by-
passed to the south; it may have even caused salt withdrawal below. Contemporaneous Late
Jurassic salt tectonics may explain some of the complication such as at Penobscot B-41 and
especially explain the presence of reworked Late Jurassic palynomorphs in only slightly younger
Jurassic deposits eroded from salt domes such as at Abenaki L-57 uplifted near-contemporaneous
sediments. Now there are two wells, Penobscot L-30 proximal and South Desbarres O-76 distal,
where depositional facies from core and/or cuttings relates well to seismic geometries. With the
thin but highly informative carbonates within the Late Jurassic Sable Delta itself at the Shelf
margin at Venture (C-63 core), these wells and seismic will allow a much better picture to be

drawn of the relationship of delta to prograding ramp to carbonate platform.

4.03 South Desbarres O-76 — Distal Ramp Well
- Smallest Coral Reeflet, Bryoderm Transgressive Markers

Shell South Desbarres 0-76 unsuccessfully tested a roll-over anticline between two

normal-growth faults. As reviewed in the preceding Section, seismic geometries in O-76 (see
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Figures 4.5 and 4.8) are similar to those in Penobscot L-30 with topset and foreset reflector
limestones but over 8 km and several prograded clinoform sets basinward of a possible Abenaki
platform edge, or more likely an atoll margin. Thus these wells represent proximal (L-30) and
distal (O-76) ramp examples. A schematic lithofacies log of O-76 Figure 4.14B is shown (with
Penobscot L-30 plotted beside it for comparison, Figure 4.14A). Unfortunately the seismic
correlations are not obvious between the two wells and there is no new/revised dating in L-30 as
discussed in the review of new age dating for the PFA study (OETR 2011, see Appendix A1.09
and Figure A1.20). The actual dating of the top limestones may be particularly difficult since top
limestone in Marquis L-35 at the Abenaki platform margin somewhat south of this area is older
than top limestone in South Desbarres O-76, suggesting that there might be renewal of carbonate
sedimentation in distal ramp settings after it had terminated on the Abenaki platform margin. In
both O-76 and L-30, the facies show a shoaling upward trend into the oolitic beds from reefal beds
with corals and stromatoporoids which are better developed in O-76 and underlain by a bed of
lithistid sponges and microsolenid corals indicating even greater depths distally. In South
Desbarres O-76, bryoderm beds with one just above the last oolite but within the thick topset
limestone may represent transgressive sequence breaks. In O-76 a higher thin limestone marking
top MicMac (sometimes taken as top Jurassic) was rich in sponge reefal beds with cuttings greater
than 10% lithistid sponges and possibly sponge mounds thus likely associated with deeper or more

turbid waters.

The lower thick limestone in a foreset clinoform position consisted mainly of mudstones
and thrombolitic beds of a deeper-water distal slope facies. This clinoform-associated facies was
cored in Penobscot L-30 and is similar to distal slope beds along the platform margin but
seemingly with a more depauparate restricted biota. O-76 and L-30 foresets are unlikely to be
correlative limestone given the difference in numbers of clinoforms and much greater distance

from the main Abenaki edge in South Desbarres O-76.

In South Desbarres O-76 cores 1 and 2 above the highest limestone beds, channel
sandstones with basal thin conglomerates had an extremely thin but in situ bioeroded coral reeflet
(Figure 4.15) with various other fossil-rich layers including lithistid sponges and crinoids-
bryozoans (bryoderm beds) mainly in shales that are partly reddened. Although stratigraphically in
the Missisauga Formation, the cored interval was dated as Late Tithonian (Weston et al. 2012) and
their NBCU placed above it at 3770 m so it is age equivalent to Abenaki. This reeflet represents

the thinnest shallow-water coral reef development yet found and shows that for brief periods
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conditions were favorable for shallow-water bioherm development, even in deltaic to inter-deltaic

siliciclastic settings.

A third core near the base of the deep South Desbarres O-76 well was considered to be in
a section no older than Late Jurassic (Weston et al 2012) which is a revision from their PFA
Chapter 3 (OETR 2011) dating of Middle Jurassic (see Figure A1.20) for the lower 800m
possibly across a normal fault(?). Weston et al. (2012, their Fig. 14) showed evidence for
sedimentary redeposition by gravity-flow processes in a prodelta setting and called the thin

sandstone-shales turbidites.

Alternatively and perhaps surprisingly, Gould et al. (2011, GSC open file report 6945)
interpreted the thin-bedded heterolithic sandstones and irregularly laminated shales-sandstones as
shallow tidal flat. However given the setting, deeper water facies would be expected under a
prograding delta. To accept the shallow alternative, either there was an early salt-cored paleohigh
that collapsed or the basin at least locally was less deep than expected or the tidal flat beds were
transported downslope and are allochthonous (latter a suggested possibility by pers. comm. D.
Piper). The numerous seismically-defined ridges shown by Deptuck (2011; see Figure A1.26)
may explain this hypothetical shoal or the source of the allochthonous tidalites — perhaps on the

Migrant Ridge.

The distal South Desbarres (O-76) topset limestones comprise more reef constituents than
the proximal unit in Penobscot L-30 that are oolitic with thin interbeds of corals-stromatoporoids-
chaetetids. A similar interbedded oolitic limestone and sandstone succession caps the shelf margin
Marquis L-35 (and slightly basinward side-track L-35A) and that section has even more oolite and
only one stromatoporoid-rich interbed. This pattern is expected on a ramp going basinward into

deeper water.

Placement of sequence breaks or shallowest deposition with possible capping
unconformities in the absence of core is also problematic. Typically oolite is a very good indicator
of very shallow marine water in carbonate regimes and the associated overlying siliciclastics tend
to be coarse, suggesting shallow upper shoreface or paralic sedimentation perhaps in lagoon-like
lows landward of outer ooid shoals. Delta lobe shifts may also explain the alternating main
lithologies. The presence of a bryoderm bed just above the highest South Desbarres O-76 oolite
would support the placement of a break or even unconformity with deeper transgressive somewhat

reefal carbonates above the oolite going up into varied siliciclastics that clean up into the topmost
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thin sponge reefal limestone mixed with bryoderm beds (up to 20% bryozoans and 15% crinoid).
The overlying siliciclastic cores 1 and 2 were discussed above, but the common presence of open

marine fossils indicates that the sandstones and shales are marine.

4.04 Abenaki J-56 — Mixed Deltaic-Carbonate Shelf Beds On the Side of
Abenaki Subbasin Salt Dome

Shell Abenaki J-56, the formation namesake, was drilled in 1971 shortly after Oneida
0-25 which is the formation’s first well and type section. J-56 tested the south flank of a large
northeast to southwest elongate salt dome or ridge. On most regional maps of the Abenaki
platform, J-56 is shown at the northeast end of the western platform (e.g. Figures A1.6, A1.14
shown incorrectly as ‘L.-57”). Compared to most other complete Abenaki sections on the platform,
the thickness of the upper Abenaki Baccaro Member is comparatively thin at 792m, because the
younger Late Jurassic sediments are in deltaic-clastic facies of the 170m thick MicMac Formation
(Figure 4.16A), and because there is thinning of the units near the salt dome (Figure 4.16B). This
thinning indicates that prior to diapiric intrusion the Abenaki was deposited on a salt-cored high.
Abenaki carbonate intervals in Penobscot wells L-30 and B-41 may be part of a continuation of

that, or a similar paleo-high.

The nearly continuous presence of oolite indicates a long-lasting shallow-water setting.
However oolitic grain-packstones occur mainly in the lower 500m and are rare in the upper 300m
(53% versus 3% from Eliuk 1978; also see Fig. 4.17B % pies). Potential reefal framebuilders,
corals and stromatoporoids, are ubiquitous throughout J-56 Baccaro except for the lower 100m,
but they are in very low amounts with only 2 intervals having even 5% hexacorals visible in
cuttings. Their presence along with the oolites indicates an open setting such as a shoal or ramp
where facies migration or sediment transport is more easily accomplished, initiated by minor

relative sea level (or seafloor) changes.

Quartz grains form thin sandstone interbeds mixed with the ooids as particles and nuclei
indicating proximity to terrigenous clastics but did not overwhelm the carbonate sedimentation
because the presence of a shoal would force bypass of most siliciclastics into deeper off-shoal
lows. The amount of oolite is much less, both in bed thickness and total amount in the top 150m of
limestone, which indicates deeper bathymetry allowing ingress of sandstone and termination of

carbonate sedimentation.
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No cyclicity or sequences could be discerned in Abenaki J-56 (Eliuk 1978, see Figure
A1.2; unlike the Baccaro cyclic shelf interior wells on the western shelf, such as Mohican 1-100,
Oneida I-100 and more recently Glooscap C-63). Abenaki J-56 does not have the same style of
topmost Abenaki as either regional capping lithologies of sponge-shaly or oolite-sandstone
capping beds, likely due to a paleohigh generated by underlying salt. Another striking difference
between the two areas is the near absence of reefal framebuilders and of sandstone (shale and
siltstone are more usual) versus their presence in Abenaki J-56. Further comparisons for J-56 are

made at the end of Section 4.06.

4.05 Penobscot L-30 — Proximal Ramp Well with Seismic Ties
to Abenaki J-56 and Nearby Wells

Shell-PetroCanada’s (PEX) Penobscot L-30 at the Jurassic Abenaki level drilled a
prograded ramp and slope and tested a probable salt-cored structure. Figure 4.17 is a collage of
vintage seismic, simplified interpretation and schematic well log for L-30 (Eliuk 1978, 1981,
Eliuk et al. 1986, Eliuk and Wach 2008 and 2010 AAPG Discovery website). The deeper section
of Penobscot L-30 penetrated Upper Jurassic interbedded limestones and sandstones that are
relatively flat-lying topset in attitude. These overlie inclined major basinally inclined or foreset
reflectors consisting of limestones and thick shale. The topset limestones (Penobscot Member of
Wade and MacLean 1990) connect northwest to the nearby interpreted Abenaki platform or atoll

and prograde over the basin-filling shales and limestones.

Penobscot L-30 has both seismic and core control (see Figures 4.18 and 4.19 for details)
that independently provide criteria for slope sedimentation with foreset geometry having microbial
(thrombolitic) limestones and for shelf-shallow ramp with topset geometry having mainly oolites,
thin coral-chaetetid boundstone biostromes and skeletal-rich muddy limestones that are in part
oncolitic. Minor dolomite in burrow walls was seen in L-30 core 1. These lithologies can also be
seen more widely in cuttings. The Figure 4.17C schematic litholog has been updated to reflect

this re-examination and a short updated summary follows.

Of the topset three shallow ramp limestones, the uppermost 40m limestone had inter-
mixing of 38% oolitic pack/grainstones and 31% stromatoporoid-chaetetid-coral beds; the middle
91m limestone had 70% oolite and only 7% stromatoporoid-chaetetid-coral beds indicative of the
shallowest most restricted deposition; and the lower combined 101m limestones had a shoaling-up
pattern with some lower shale-sandstone (10m) in fragmental-low skeletal lime wackestones that

upward had 25% stromatoporoid-coral-chaetetid beds with more lithistid sponges and 10% oolite.
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The intervening sandstones were poorly fossiliferous and very fine to medium-coarse quartzose
(upper sandstone coarser than lower). Unlike the limestones they had porosity. This high
variability of shallow carbonate ramp depositional facies reflects the control that highly photic
settings subject to high wave-energy variations has on the biota producing the sediments and
where minor transgression-regression can shift ramp environments significantly. Even the
lithologies of mixed-siliciclastics and carbonates can alternate rapidly in such a setting (see
Weissenberger et al.’s 2006 figure of two cores in wells northeast of Venture as a siliciclastic-rich
example). This characteristic variability is in marked contrast to the uniformity of sediment on the
distal slope which is either dark calcareous shale to marl or mainly in sifu thrombolitic-peloid lime
mudstone to bindstone. That is similar to Queensland M-88 slope limestone but in Penobscot L.-30
even less variable with microbolites associated with encrusters like Tubiphytes, tubular
foraminifera and serpulid worm tubes but only extremely few skeletal framebuilders. Compared to
those of L-30, microbolites seen elsewhere in the Abenaki have more associated framebuilders
and often show better developed submarine cement-lined cavity systems and lighter colors. L-30
dating has not been restudied so Figure A1.20 shows Ascoli (1990) age dates and likely is too old
especially for the bottom of the well.

Of major significance, Penobscot L-30 is slightly (a kilometre or less) in front of the
interpreted carbonate atoll (or less likely platform) edge similar to the Abenaki platform margin
tested in Marquis L-35/L35A about 20 km to the southwest. The nearby Penobscot B-41 only
penetrated 23m of tight Abenaki limestone with some oolite leaving a question about what lies
deeper. The area has several large faults. Such faulting and fractures may provide a pathway for
dolomitizing and leaching fluids which at Deep Panuke resulted in deep burial diagenesis and
reservoir development including stratigraphic trapping of tight limestones lateral to porous
carbonates. Such diagenesis post-dates the depositional events in the Abenaki so that clean
carbonates and proximity to appropriate fluids are the key to porosity rather than a particular age
or Abenaki depositional sequence. Shallow stromatoporoid-coral reefal facies are associated with
the Deep Panuke reservoirs. Oolite is often tight there. Such reefing is typical of the whole
Abenaki carbonate platform margin and uppermost slope over 300km. This important association
has significance for trapping and porosity. While the Abenaki limestones when deeply buried
typically lack porosity, associated sandstones often retain some amount of porosity increasing the
likelihood of reservoir. Still the likelihood of stratigraphic trapping is much reduced in areas with
significant sandstone beds due to lack of lateral seals, such that structural or fault closure may be

required for traps to be effective.
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4.06 Marquis L-35 & L-35A — Ramp-platform with Sandstone-oolite Couplets
and Kegeshook G-67 Platform Interior Connection

El Paso Marquis L-35 and the basin-ward sidetrack, L-35A shown with dip seismic on
Figure 4.20, are the north-easternmost Abenaki shelf margin tests of the Panuke Trend.
Hydrocarbons or significant reservoir were not found in those wells nor in Kegeshook G-67.
Figure 4.21B shows a longer dip seismic line linking Marquis L-35 with the shelf interior well
Kegeshook G-67 partial penetration (Figure 4.21A schematic litholog) that has a highly oolitic
section lacking reefal beds and capped by two sandstone-oolite couplets as compared to the minor
thin sandstone beds at likely sequence breaks in the underlying upper Abenaki. As could be
anticipated from the seismically well-defined placement (Figure 4.21B), El Paso Marquis L-35
showed a full shoaling sequence from thrombolitic-peloidal slope beds through massive shallow-
water reef up into well-bedded oolitic limestone intercalated with sandstone at the top that
progrades basinward of L-35. The basal 100m were coral-stromatoporoid reefal beds with very
minor amounts of oolite (see Figure 4.22). The L-35A side-track had similar oolite-sandstone
capping beds but probable foreslope beds were laterally equivalent to the basal oolite and upper
reefal beds of Marquis L-35. However the L-35A well also bottomed in 100m of reefal beds that
appear to deepen up from reefal coral to stromatoporoid to lithistid sponge to thrombolitic slope

beds.

The presence of shallow reefal beds basinward of L-35 slope beds indicates variable
bathymetry at the margin with carbonate encased pinnacles. The Figure 4.20 schematic well
depiction displays accompanying seismic irregularities probably generated by local buildups and
incipient limited progradation, likely aided by near-margin basin-filing prodeltaic shales. The
alternating oolite and terrigenous clastics at top Abenaki are much more extensive prograding in

nearly flat-lying beds above the deltaic basin-fill as seen in the wells further to the northeast.

A seismic line crosses the Abenaki margin about half-way between Marquis L-35 and
Cohasset L-97 (Figure 4.23 after Qayyum et al. 2015a). Qayyum et al.’s (2015a) special
processing-interpretation technique gives an interesting rendering worth considering as an aid in
understanding both wells. Even with a lower Cretaceous datum, the slightly deeper Drowning
Unconformity reflector (their DU at top Abenaki carbonate) is already rolling over into the basin
which Eliuk interprets as due to early deltaic loading. The seismic not only shows a thick package
of deltaic shales going onto the continental slope but some later presumably submarine
channelling was feeding further slope sedimentation probably post-Abenaki deposition. Clearly in

this area top-most carbonates may only be a subsidiary sediment factory relative to terrigenous
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clastics seen as quartz sands and other siliciclastics with oolitic limestones in the upper few
hundred metres of Marquis L-35. Relative to understanding the deeper Abenaki in L-35 and
L-35A, the line shows various shelf-slope mounds with separation from shelf interior flat-lying
back-reef beds. If their mound correlations are accepted, then the mounds back-stepped with
considerable relief above the seafloor even on the shelf interior flank (100’s of metres). On the
shelf interior side there is a pattern of slope-onlap-surfaces. So the presence of slope facies both
basinward and landward sides of the mounds would not be surprising. That both the vertical and
side-tracked Marquis wells drilled slope facies of microbolite yet bottomed in more coral-
stromatoporoidal reefal beds is in agreement with multiple mounds shown. They apparently had a
catch-up pattern of shoaling in the topmost beds since both wells go through a reefal interval
before becoming oolitic with the onset of the extensive basin-capping oolite shoals termed the

Sequence 1 ramp margin by Qayyum et al. (2015a).

The age and alternative sequence correlations for Marquis L-35 are reviewed on Figure
A1.21 based on the PFA Chapter 9 study (OETR 2011) with comparison to Encana’s dating in
Panuke M-79 (Weissenberger et al. 2006). From that at least 200m of section and most of the
uppermost two sequences (AB7 and AB6 of Encana -note Roman and Arabic numbers are used
interchangeably- and Sequence 8 and part of 7 of PFA) have gone from carbonate in M-79 to
siliciclastics in L-35. This was seen seismically both in the PFA study and independently by
Ammonite Nova Scotia workers (pers. comm. Robert Merrill). The age in Marquis L-35 is given
as early Tithonian for the oolite-sandstone interbeds and correlated to PFA Sequence 6 or
Encana’s AB5 and AB4 but there is a slight age discrepancy since AB4 is likely partly
Kimmeridgian (Table A1.1) in M-79.

As discussed and shown in the Appendix Al (Figures Al.11, A1.12 and A1.23) the
Marquis wells are likely underlain by salt rather than a basement ridge of the LaHave platform
which is seen to have a hingeline updip of Marquis L-35 between L-35 and Kegeshook G-67.
This resulted in down-to-the-basin normal faulting so the Abenaki section is expanded. The L-35
Abenaki is over 1.2km thick since the Misaine shale was not reached, although present on seismic
(Figure 4.20B). Likely about 200m or so remained to be drilled above Misaine shale. This 1400m
or so represents the thickest development of upper Abenaki Late Jurassic (and Berriasian sub-
NBCU for the Western shelf) carbonate tested on the Scotian Shelf. Age-equivalent carbonates are
thicker in the Baltimore Canyon Trough off the USA east coast. There 1440m of Berriasian-Late

Jurassic limestone was drilled without reaching the Oxfordian age lower third of the Late Jurassic.
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For offshore Nova Scotia, L-35 had the fastest rate of Abenaki carbonate net
accumulation given that the latest Jurassic late Tithonian is already in a siliciclastic facies. Yet its
rate is easily exceeded by deltaic terrigenous clastic sedimentation of the Sable Delta, represented
for instance by South Desbarres O-76 with over 2km of late Jurassic sediment that bottomed still
within the Late Jurassic (according to Weston et al. 2012) that is younger than the Misaine shale

of Middle Jurassic Callovian age.

Somewhere between Marquis L-35 and Cohasset L-97 to the south there is a fundamental
change in the main type of Abenaki capping lithologies from shallow-water mixed limestones
and quartz-rich sandstones to argillaceous sponge-rich limestones with variably-present calcareous
shales as shown on Figure. 4.1 map. Also between these two wells, carbonates are first seen to
prograde beyond the platform margin on seismic. In the platform interior a similar oolite-
sandstone lithology is developed from Kegeshook G-67 south to Como p-21 with admittedly
dubious correlations. To the southwest near-margin interior Panuke wells such as B-90 and F-09
have thick clean oolitic limestone that is overlain by sandstone interbedded with argillaceous
limestone having varying amounts of lithistid sponge beds. These relationships are shown in map
view by lithofacies pie diagrams using Encana sequences for the Panuke Trend from Kegeshook

G-67 and L-35 southward to the Deep Panuke field area on Figure 4.57.

To the northeast (see Section 4.04), Abenaki J-56 drilled on the side of a salt dome is 40
km from Marquis L-35. Abenaki J-56 does not have the same style of vertical development as
either regional capping lithologies. Figure 4.17B shows pie diagrams comparing lithologies above
and below a J-56 paleomarker (Eliuk 1978 his Fig. 14; see Figure A1.2) which was correlated to
top Penobscot L-30 slope shale. The highly diachronous relationship of top carbonate in these
wells, where a paleomarker indicates 170m of siliciclastics in the more landward Abenaki J-56,
equates to oolitic limestones and sandstones in Penobscot L-30 which show the effect of closer

proximity to the terrigenous Sable Delta depocenter.

4.07 Cohasset L-97 — Northeast-most Argillaceous Sponge Facies Platform Well
‘Protected Promontory’ on Margin and Slope
Mobil-TETCO-PetroCanada Cohasset L-97 drilled a faulted structural feature in a near
margin test that penetrated the complete Abenaki Formation but left untested nearby amplitude
anomalies (Figure 4.24). Minor oil and gas shows and traces of porosity were present with some
dolomite lenses (Kidston et al 2005). The upper Abenaki (Baccaro) is very thick at over 1.2 km
and thus represents the thickest fully penetrated unequivocally Late Jurassic section even

compared to the margin wells on the far southwest margin. (Bonnet P-23 is thicker at 1450m but
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includes Early Jurassic carbonate and both the NBCU top and Misaine base are problematic

picks.) But Cohasset L-97 is still thinner than the partially drilled section in Marquis L-35.

Cohasset L-97 was placed alternatively as “bank edge” test (termed by Kidston et al 2005
Table 1, p.18) or sometimes as “back reef, slightly away from the margin” test (Kidston et al 2005
Table 8, p.101). This problematic placement becomes even more interesting after Eliuk’s cuttings
analysis indicated that the well may be dominantly in a low energy slope and deeper reef setting,
not back bank nor all reefal at the margin, based on the presence of peloids and microbolite
textures in mud-wackestones (Figure 4.24B). Tubiphytes and tubular foraminifera occur in low
amounts continuously though all but the top 150 m and calcispheres, a pelagic deeper-water
indicator in the Late Jurassic (Fliigel 2004), occur in much lower amounts scattered through the
Baccaro. The usual development of oolite at the base of the Baccaro just above the Misaine shale
is only represented by a red-stained 5m interval of fragmental-skeletal-peloidal wacke-packstone
with about 5% dark ooids. The in situ and phaceloid nature of some of the largest corals in the
single Cohasset [.-97 core (see figures 4.27 and 4.28) within 200m of the top plus the high
amount of thrombolitic and encrusting content supports a deeper quieter coral reef setting. But
core interpretation is difficult due to complicated diagenesis (pers. observation, and Pratt and

Jansa, 1989 fig.6; see Figure 4.27 whole core photograph with framebuilder tracings).

The Baccaro has a large-scale shoaling-up pattern typical of many bank margin wells but
the lower ‘deeper’ beds are dominated by thrombolitic-peloidal mudstones to wackestones with
shoaling indicated by lesser amounts of variably thick stromatoporoidal floatstones to packstones
(boundstone in core). These reefal and skeletal-rich intervals helped to define tops of sequence
and subsequence (or perhaps parasequence) boundaries following Encana terminology. Dating in
the PFA report (see Appendix Al Figure A1.20) lacked precision due to poor microbiota content.
Furthermore a close look at the PFA sequence boundary tops or SB’s versus Encana’s sequences
corresponds in six of nine picks but the major unconformity shown at SB6 shows no lithological
or petrophysical log character changes. Conversely the major lithological change at AB6 U is not

seen as important in the PFA sequences.

Weston et al. (2012) placed their NBCU in shales at 3015m just above the Abenaki that
poor biostratigraphic recovery suggested was Late Jurassic intra-Tithonian to Kimmeridgian. The
capping limestones are argillaceous above AB6 U (or within it if AB7 is considered earliest
Cretaceous from Panuke M-79, Weissenberger et al. 2006). Crinoids and bryozoans are common

but more stromatoporoids and less lithistid sponges indicate perhaps shallower depths than top
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Abenaki to the south. Still heterotrophs with only a few microsolenid corals dominate, signifying

poorly photic, turbid waters.

From CNSOPB open file Encana 3D seismic, the structure maps at top Scatarie Member
(Figure 4.26A) and O Limestone Marker (Figure 4.26B) show the underlying and overlying
major reflectors (no map available for top Abenaki). They allow some insight into the nature of
the Abenaki margin. Cohasset L-97 that is seen to be on the south side of a promontory into the
basin is perhaps somewhat sheltered from basin-filling shales from the north. Dominion J-14
seems to have its relief decrease between the reflectors. Major basin fill occurs on the northeast
mainly in latest Abenaki time. Figure 4.30 shows dip seismic of Cohasset L-97 and Dominion L-
14. The older seismic is fairly massive at the margin. But reprocessed seismic (Figure 4.23 from
Qayyum et al. 2015a Fig. 7a) does display much more character to interpret. The line is half-way
between Cohasset L-97 and Marquis L-35. The uppermost part of the Abenaki is much closer to
deltaic influx and thus is not very relevant to the Cohasset L-97 area. But in the lower part of the
formation, the interpreted margin mounding with high relief and their isolation from the shelf
interior sediments for much of the time are most relevant features. From those it is very reasonable
to interpret the more distal or basinward features as deeper-water slope mounds which is the
interpretation given to much of Cohasset L-97 from cuttings. Even where coral reefal beds were
seen in core they were undisturbed phaceloid and massive corals suggesting they were not
suffering from storms and shallow wave energy. In cuttings peloidal, micritic and thrombolitic

limestone textures are interpreted to indicate slope deposition.

Of the early platform margin tests drilled prior to the Abenaki Deep Panuke discovery
Cohasset L-97 was the third following Cohasset D-42 and Demascota G-32 (Figure 4.25).
Cohasset L-97 is the furthest north that capping argillaceous sponge-rich beds have been
documented (although stromatoporoids are even more plentiful). As shown using pre-1998 margin
wells in Figure 4.25, Cohasset L-97 is interpreted as mostly in a slope setting and most basinward
in a facies progression from Cohasset D-42 in the near shelf interior to Demascota G-32 with
slope microbolite mounds up to coral-stromatoporoid reefs up to sponge reef mounds at the
margin to Cohasset L-97 with more slope microbolite mounds than coral-stromatoporoid reefal
beds capped by argillaceous sponge-bearing limestone. Reservoir development was absent in
Cohasset 1L.-97 where micritic limestones dominate. Of the three only Demascota G-32 has a
significant amount of dolomite and porosity. Cohasset D-42 had no effective reservoir with reefal

and dolomite intervals thin and uncommon though oolitic beds are present, unlike the other two
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wells with almost no oolite. Cohasset D-42 is within the Deep Panuke gas field about one

kilometre from MarCoh D-41, a gas well that was drilled 30 years later.

In Cohasset L-97 the cored coralgal lithofacies (5B; see whole core photo Figure 4.27)
is almost wholly colonial corals including a minor amount of microsolenid corals. The core was
taken 200m below top Abenaki (see litholog Figure 4.24B). Except near the core and in Encana’s
ABS5 sequence, the Abenaki limestones were very lime mud prone with evidence for slope
deposition. Above the hermatypic-coral-rich intervals, the top 1.5m of core may sample a slope
environment indicated by debris beds that are sporadically micrite encrusted and submarine
cemented. Features associated with and interbedded with conglomeratic clasts show thrombolitic
(and/or automicritic) and lithistid (perhaps tiny sphinctozoan as well) sponge involvement with
geopetal lime mud/wackestone in shelter cavities or on inter-debris surfaces as shown in Figure

4.28B-E.

A whole core photo mosaic (Figure 4.27) shows no identifiable coralline sponges but
varied hermatypic corals with many poorly-preserved suspect framebuilders. The suspect
framebuilders were massive forms with only obscured organized internal textures that did not look
like grains or smaller skeletons. Single colonial corals can be quite large and both massive and
phaceloid such as shown in Figure 4.28A. Macro-bioerosion was not nearly as profuse compared
to most other Abenaki occurrences of corals and coralline sponges whether in sifu or just
fragments. That lack of bioerosion likely due to burial while alive, presence of microsolenids,
more common in situ corals and association with overlying deeper facies all support deposition in

a quieter and deeper water depth than for the Demascota G-32 reef cores.

Understanding the original depositional setting of this core has been a problem over the
decades. Interpretation is qualified by the difficulty of identifying even major groups and
sedimentological relationships due to a diagenetic overprint that obscures textures in the limestone
generally and at several levels shows as angular breccias with granular crystalline matrix, pyritic
irregular surfaces and some fractures with white calcite cement. If not for that, it is tempting to see
the differences in the cored reefs as not just depth related but showing delta proximity effects.
Cohasset L-97 is 40 km miles closer than G-32 to the Sable Delta. Of course the reduced amount
of bioerosion does not fit the nutrient excess model, but there is an undetermined but clearly-seen
organism that superficially looks like fucoid algae. If that speculation is correct that certainly
would fit with expectations of fleshy algae. Then the change to overlying microbolite and

conglomeratic sediments may record some kind of coral reef demise. The unknown fossil is
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macroscopically well illustrated as Figure 4.29 in the hope that some reader might know what it is
and increase our understanding of the Abenaki. At higher power it unfortunately appears

recrystallized.

4.08 Dominion J-14 & J-14A — Southwest-most Thick Shale at the Margin
Allowing Sponge Facies Progradation

Encana-Marauder Dominion J-14 and its’ side-track or ‘whipstock” Dominion J-14A
tested what was hoped to be a long northward extension of the Deep Panuke gas field. Located on
a good structural and amplitude anomaly, J-14 is about 10 km northeast of both the last gas well at
MarCoh D-41 and Cohasset D-42 about 1 km north of D-41 (Figure 4.30B seismic; see Figures
4.26A & B maps and Figure 4.51 seismic structure schematic of Deep Panuke area at ABS level).
Unfortunately the amplitude anomaly resulted from shale at the ABS level rather than porosity in
Dominion J-14. The shale was variously interpreted as an isolated pod (pers. comm. Rick
Wierzbicki & Norm Corbett of Encana) or a tongue coming from the north (pers. comm. Stefan

Doublet of Beicip-Franlab).

Dominion J-14A side-tracked almost horizontally for over a kilometre due south from
below casing in the top of the Abenaki of Dominion J-14 and succeeded in finding shallow reefal
limestone without shale but unfortunately also without porosity. Therefore the northeast limit of
the Deep Panuke field is not precisely known but an area of significant discovery was proposed by
Encana with a boundary halfway between MarCoh D-41 and Dominion J-14A. The wells were
drilled with polycrystalline diamond compact bits (PDC) that result in chalky bit-bruised samples
of poor quality for the most part, and no side-wall or whole cores were taken. Nevertheless facies
interpretations were possible as in Figure 4.31 showing interpretive composite schematic
lithologs and an interpretive facies diagram. Figure 4.31A (see Figure 3.5 for larger view of
cuttings) also shows some examples of the cuttings with diagnostic fossils and textures that
identify the three main reef/mound types in the Abenaki: 1) shallow coral-stromatoporoid-
chaetetid reef, 2) deeper argillaceous lithistid sponge reef mound, and 3) microbolite

(thrombolitic) mound typical of distal forereef.

Both Dominion J-14 and J-14A show the uppermost Abenaki to be in an argillaceous
sponge reefal facies with more stromatoporoids in J-14A and additional but still small amounts of
microsolenid corals in Dominion J-14. The common presence of chert shows local remobilization
but not complete removal of the silica in the siliceous lithistid sponges that are now calcitic.

Downward just above the shale in J-14 there are increasing amounts of stromatoporoids and
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chaetetids possibly indicative of shallower or clearer waters. As indicated on Figure 4.31A logs
there are several intervals rich in crinoids and bryozoans interpreted as bryoderm communities
associated with transgressions. Except for a thin shallow reefal interval near total depth indicating
the top of the next lower sequence, the limestone below the Dominion J-14 shale is indicative of
distal forereef slope not unlike Queensland M-88. In contrast, the Dominion J-14A near-horizontal
beds were mainly shallow reefal with grainy textures indicating reef, uppermost forereef and reef
flat. Although only based on cuttings, it may be significant that the sponge reefal intervals are
relatively thin and discontinuous but the shallower-water stromatoporoidal reefal interval is nearly

continuous over a very long distance albeit in a sub-horizontal section.

4.09 MarCoh D-41 and Margaree F-70— Carbonate-encased Pinnacle Reef Wells
at North End Deep Panuke Compared to Reef-bearing Demascota G-32 and
Contrasted with Non-pinnacle Musquodoboit E-23

Margaree F-70 and MarCoh D-41 were not included in the refereed Encana publications
(Weissenberger et al. 2006, Wierzbicki et al. 2006) but F-70 was discussed in some detail as the
subject of a core conference article (Wierzbicki et al 2005) and the CNSOPB Encana report
(Encana 2006). Both F-70 and D-41 were part of the Encana (2006) CNSOPB field development
report including Eliuk’s figures and photographs on F-70. Figure 4.32 compares seismic over
Margaree F-70 and Demascota G-32 and is contrasted with Musquodoboit E-23 on Figure 4.33
(also see caption comments) to show variable local relief (pinnacles reefs or small relief buildups)
near the margin. Figure 4.34 compares various vintages of seismic over Demascota G-32 that all
differ, including from the previous line shown for Demascota G-32 (Figure 4.32B). This probably
results in part from location errors since marked lateral variability was observed on seismic even
in 1974 (Eliuk 1978, see Figs. 10 to 12) that is confirmed with 3D seismic (pers. comm. Rick
Wierzbicki 2005, Encana). Note the more complex internal seismic character beneath the break in
slope on all of the more modern vintage lines. This contrasts with the character just back of the
edge as seen in the south Deep Panuke dip line through Queensland M-88 with Panuke M-79
projected on Figure 4.54. So the somewhat layer cake sequence stratigraphic interpretation for the
more southerly Deep Panuke Field by Weissenberger et al. (2006, their Fig.15 shown herein as
Figure 4.53 and see Section 4.12) cannot be applied to the north end of the field. Thus correlation
and lateral facies relationships are likely more complicated as is reservoir variability, especially
nearer the platform flexure. As shown by Figure 4.35, Margaree F-70, MarCoh D-41 and
Demascota G-32 are anomalous for Abenaki wells in completely or nearly completely lacking

oolite which is a very common facies in almost all the Abenaki wells.
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Musquodoboit E-23 very near Demascota G-32 is included for a comparison with these

anomalous wells. Seismically E-23 is unequivocally on the platform lacking pinnacles at least as
deep as it was drilled (Figure 4.33). This test of the downdip extent of the Deep Panuke reef
margin gas-bearing reservoir failed since porosity was below the gas/water contact and wet. Little
dolomite but both oolitic and coral-stromatoporoid reefal limestones occur at the equivalent
stratigraphic level of the reservoir. Similar to the rest of the Panuke Trend margin wells,
Musquodoboit E-23 upward became more carbonate mud prone, slightly argillaceous and lithistid
sponge-rich. In contrast these three oolite-lacking wells are likely small pinnacles and did not
have sufficient area to allow in situ ooid formation. Because they have relief off the surrounding
sea floor, deposition of allochthonous ooids due to downslope debris flows or tempestites from
storms is unlikely. This argument from absence is supported by various present features indicating
the local positive relief including dipmeter readings in Margaree 70 and MarCoh D-41 and
seismic geometry. Both F-70 and D-41 show inclined bedding but landward to the northwest
indicating irregular bathymetry along the margin with both wells drilled on the landward side of
small carbonate pinnacles or ridges (pers. comm. Rick Wierzbicki 2005, Encana). As an
interesting comparison, the one well drilled in the Baltimore Canyon Trough off Delaware on the
Abenaki-equivalent margin where there was a seismically-defined “catch-up” pinnacle/ridge also
showed west dips on the dipmeter (Eliuk and Prather 2005). In fact, it was purposely drilled on the
landward side in the hope of less submarine cements (pers. comm. Mike Bourque of Shell Oil
1985). Seismic from Encana 3D surveys also shows local small scale relief at the platform margin

(Figure 4.32 and Kidston et al. 2005, PFA Chapter 9 OETR 2011).

MarCoh D-41 (see Figure 4.35 and associated notes) was drilled in 2003 about a
kilometre south of the oldest Abenaki near-margin well, Cohasset D-42, that was abandon