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Abstract

This study uses well data, extensive 3D seismic data and geologic analogs to test and extend
stratigraphic concepts and models in a mixed clastibonate depositional settindnet

Middle Jurassic to Efr Cretaceous of the Sable Shasin, offshore Nova Scotia. The
study incorporates stratigraphic concepts and models developed by government, industry
and academic workers during the hydrocarbon exploration, development andtjorod
phases of the Sable Sbhsin. The study focuses on basinward mapping of-tivider
depositional sequences identified in the Abenaki carbonate bdb&egtPanuke Field

Source rock potential in coeval basinal calcareous mudstones; changes in bamk margi
morphology related to underlying basemehg transition from a dominantly carbonate
system at the shelf ngin to a fluviedeltaic system afhe Sable Deltadjacent to basinal
mudstonesutboard of the carbonate bastediscussed.

These depositionalystems are imaged by 3D seismic data in the area around the Cohasset
L-97 and Migrant N20 well penetrations. Core studies of wells which penetrated the
Abenaki carbonate bank and field studies in the Lusitanian Basin, onshore Portugal,
provide calibratbn and analog to shallow water carbonates in the Cohasset area. Further
ancient and mdern analogues are discussed fidorocco and at the termination of the
Great Barrier Reef in the Gulf of Papua.

Using multiple geological, petrophysical and geophgisiaterpretation methods, the
depositional cycles of limestones and calcareous shales that were deposited in increasingly
deeper water outboard of the Abenaki margin were mapped within a stratigraphic
framework. This framework formed the basis for a 3Dagdular model that was then
populated with lithologies from well data via a seismic inversion. This model was then
interpreted in terms of environments of deposition and source rock potential.

The thirdorder sequence stratigraphic framework employed tvas extrapolated from a
framework established at Deep Panuke gas,fveleere commercial production began in

August 2013. This thirdrder chrones t r at i gr aphi ¢ f ¥7a nseuw d rakc e(sfD.
incorporates multiple lithatratigraphically defined forations: the Mohican, Mohawk,

Mic Mac, Abenaki,Missisauga and Verrill Canyoroifmations. Thick fluvio-deltaic
successions adjacent to basinal mudstones in the Migr20tWell are interpreted to be
structurally controlled, deposited in loc@pocentreshatformed in response to sediment
loading,normalfaulting and mobile salt substrate.

It is proposed from the 3D geocellular model, from examining analogous basins
(Lusitanian Basin in Portugal and the Moroccan Margin), and from a published carbonate
source rock model, that condensed sections of the distal carbonate depositional system
within Abenaki 14 sequences have potential to host orgaolt material. The basinal
shales of these sequences are estimated to have been deposite@B0up twater daths

and have type 2ource rock potential. Bhange in seismic signatures and facies occurs
between Abenaki sequencegl hnd Abenaki sequences/preflecting encroachment of

the Sable Delta, and it is interpreted that the AbenakisBgiences have predhinantly

type 3source potemal, with some potential for g/pe 2 source in intervening calcareous
mudstones.

Xi
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Chapter lintroduction

1.1Project Overview

This studyfocuses on the early pestt Mi ddle to LateJurassic section in tHeable sub

basin atCohasseMigrant. TheMiddle Jurassic to Early Cretaceous Abenaki Formation in
the Scotian Basin, offshore Nova Scdftég 1.1)was deposited early in the pagt phase

of the opening of the north Atlantic. It comprises a carbonate platform and asdociat
basinal sediments. The Abenaki carbonatekblies at the northern end of a continental
scale giggplatform thatextends south to modeday carbonates in the Caribbean (Jansa
1981). The Abenaki carbonate bank has been studied extensively by theupetrole
industry, academia, and the Geological Survey of Canada (e.g. Eliuk 1978; 2016, Wade &
Maclean 1990, Weissenberger et al. 2000, 2006 and Kidston et al.l2d@%)data from

127 exploration wells; extensive 3D and 2D seissniveys(29,512 knd and 400954 km
respectively) and a commercial gas field at Deep Panuke. The platform margin has been
studied extensively for commercial reasons, butdbenectionbetween the platform
margin and associated basinal sediments has received far less attentiotacueftavell

penetrations and less direct commercial interest.

Legend

—<>— Key Wells :
: Megamerge Datasett
- Bathymetry .
[ lokm
| 2km
[ ]4km
j B6km
[ 8 km

10 km

12 km

14 km
16 km
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=
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i e 0 /90 480 360,
o e : ilometers|

Figurel.1l: Map of the Scotian Basandassociated subasins. It alsshowghecombined
thicknesf the Mesozoic and Cenozaedimentsthe Sable Subasin and MegaMerge
dataset arearfiodified by Wong 2015 from Wade 2000); outlines of the Scotian Basin and
Sable Sutbasin are based on Williams et al. 1990 and modified from Morrison 2017.
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The Cohassétligrant areawithin the 3D Sable MgaMerge seismic survean be tiedo
theCohasset 197, Dominion 314 and Migrant N20wellswhich provides the opportunity
to study: i) the stratigraphic architecture of the carbonate platbasim transition in detall
seismically; ii) the possible sourcerone intervals; iii) the stratigraphic and sturel
relationship between the carbonate depositional systenmamidkaic depositional system

that subsequently overwhelms it.

Eliuk (2016) focused on examining core and cuttings of the Abenaki carbonate bank to
establish a depositional setting and tegraphic framework, inboard of the study ama

this thesis. Weissenberger et al. (20803 Encana (200@xamined and schematically
illustratedthe platformbasin transition using Panuke-%®, although did not extend the
transition basinward at a moregional scale. This study tests the stratigraphic concepts
presented byVeissenberger et al. (2000), Encana (2006) and Eliuk (2@1&)basinal
setting, using seismic datealibration of well and cored intervals up dip of the study area,
and provides &efined stratigraphic framework for a mixed depositional sysleimcuses

on depositional architecture and source rock potenf@a inferred depositional
environment that has potential for deposition and preservation of ongemfacies)n the
trangtion between two major depositional systernibe Middle-Late Jurassic Abenaki
carbonate banko-basin system and theate JurassieEarly Cretaceous Sable Island Delta.
These systems are uniquely imaged by 3D seismic data in the area around the Cohasset L
97 and Migrant N20 well penetrationsThreewell penetrations into the Middle Jurassic

in the study area provide calibration of the transition from a carbonate depositional system
to a deltaic depositional system: Cohass&7L(Mobil et al. 1979) penetted over 1400

m of tight shallow water carbonates at seaward margin of the Abenalarik; Dominion

J14 (EncanaMarauder 2005) penetrated approximately 5@®f tight limestones and
basinal mudstones; Migrant-RD (Mobil 1978) penetrated approximatelp00 m of
Jurassic siliciclastics. Stratigraphic relationships between these systems were discussed
regionallyby Wade and MacLean (1990Y Eliuk and Wacl{2008)and Eliuk(2016, but

without the benefit of 3D seismic data.

The source rock giential of tle Abenaki margin has beanferred by Mukhopadhyay
(1990, 1991, 19%and Kidston etl. (2005), althoughhere is very little well control



outboard of the platform margin, but with sufficient seismic imaging and resolutisn, it

possible tanfer potental source rocks from stratigraphic and structural architecture.

1.2 Motivation

Despite considerable commercial production from the Sablé8&sin, source rocks of the
petroleum system are poorly understood (Silva et al. 2015) and have been the subject of
consderable publicly funded research.g.Play Fairway Analysi2011; Central Scotian

Slope Play Fairway Analys®016).The Abenaki margin has been the location of several
hydrocarbon discoveriedong the hinge line margin separating the LaHave Platfrom fr

the western part of the Sable Sodsin (Fg. 1.1). The source rock interval is not certain,

and an analysis of the condensate from PanukéOM (Sassen and Post 2007) revealed
that there is a mature liquid confirmed by the low values of aromaticdnaatid the high

level of diamondoids. The proposed source interval was a shaly and marly limestone.
Hydrocarbons are found all along this margin, understanding the relationships between the
units and related depositional facies might help in better uaahelisg and predicting the

el ements and processes of the areads petro

The study pesentechereis the second of fouecent Sable Subasin projects conducted
atthe Basin and Reseasir Lab at Dalhousie Universityhat are part of theource ock and
geochemistry of the Central Atlantic Margicsnsortium (e.gMorrison 2017 Hargreaves

in prep Wongin prep). A small pilot study by Campbell et al. 2015 established the
potential for sequence stratigraphic analysis, seismic facies analyslg{de)prequency,
geometry and continuity) and 3D acoustic inversion to discriminate carbonate, mixed
carbonate and siliciclastics and siliciclastic systems and depositional environments.
Following on from this, published depositional modelgy(Waite,1997, in Kidston et al.
2005) enable source rock potential to be inferred within the distal mudstones of a carbonate
bank, subject to favorable basin morphology, climatic and oceanic conditions. A third
order sequence stratigraphic framework publishedrima&a(2006)(Weissenberger et al.
2000) at Deep Panuke Fiedstablished seven thiarder depositional sequences of the
Abenaki carbonate bank (Abenaki7l These thirebrder depositional sequences were

extended northward and basinward in this study.



1.3Hypothesis and objectives
The combination of high quality 3D and 2D seismic data, Jurassic well control and geologic

setting, allows the opportunity to address twpdtheses:

1. The 3%order carbonate sequence stratigraphic framework of the Abenaki carbonat
bank established at Deep Panuke (Weissenberger et al. 2000 and Encana 2006) can

be extended southeastward into the 3D Sable MegaMerge area.

2D seismic data and well penetrations on the continental shelf margin that provide up dip

calibration for this satigraphic interval.

2. Low impedance calcareous shales (potential source rocks) can be interpreted down
dip of the Abenaki carbonate bank and prosieddence for outer neritic to bathyal

depositional conditions.

Inferred depositional environments in gharea from published depositional models
indicatethatthese shales may have been deposited at a time of high organic productivity

and subsequent preservatimnbeingcompared to analog studies.
Objectives of this studgre

1. Investigate structural, sttigraphic and depositional relationships betwieriwo
different depositional systems;

2. Interpret the interplay of the growth and cessation ot#inbonates of the Abenaki
Formation as a result die influx of siliciclastics from the Sabl2elta in thenorth;

3. Investigate the source rock potential of Middle Jurassic basinal mudstones (Verrill
Canyon Brmation) that precedethedeltaic influx;

4. Determine why the Abenaki carbonate bank transitions from a steeply dipping ramp
(~30C) to a gently dipping slap (~10) in the 10 km north of the Cohasse®l

well.

1.4 Thesis organization
Chapter1 reviews the motivatim for the study, backgroundhe hypotheses anthe
objectives of the study. The geological background and the evolution of the Scotian Basin

in comparison to the Lusitanid®asin and the Moroccan Margim @&ntroduction to the



study areand our definition ofvhat classifies a source rockogesentedh Chapter 2The
datasetsand the workflow for this study including the seismic interpretatigoftware
which lead to gyeocellulaimmodelare in Chapter .3The geocellular model was populated
with properties (primarily lithologies) to interpretlecwater depths, environments of
deposition, and inferred source rock potenfldlis sectionalso intoduces the methods
andpresents information oseismic interpretation (2D and 3D), seismic stratigraphy, and
the seismic attributes that were usedterpret depositional environments and source rock
potential of the thirebrder depositional sequencedlod Abenaki carbonate barRhapter

3 also describes the well logs and petrophysics that veexk for this studyChapterd is

the results of this study, including analyses of cegesmic interpretatigrgeocellular and
depositionalmodeling. Chapter5 discusses the implications of the resuttsterms of
depositional systems, depositional environments and source rock potEhizgdter6
providesthe conclusions anckecommendations for future workhe appendices contain
background information on seiéc acquisition and processing, wireline logs, geological
background of the Lusitanian Basin and the Moroccan Margin. The appendices &d§o con
full core descriptionand seismic traverses that are discugs&€thapter 5.



Chapter 2: Geologic&dackground

2.1 Introduction

This dapter describes the tectonic history and stratigraphy of the Scotian Basin in
comparison to the Moroccan Margin (conjugate to the Scotian Margin) and the Lusitanian
Basin, onshore Portugal (where field work was conduittethis study).This is done by

a comparison of stratigraphic charts of all margins and using paleogeographic maps
constructed by Sibuet et al. (201(Ejgs. 2.52.8). Both the Moroccan Margin and the
LusitanianBasinhavestratigraphic similarities to ¢hScotian Basin from Middle Triassic

to Late Jurassidue to the opening of the Atlantic at that tinibey are examined here to
understand if the depositional environments that lead to prospective source rock intervals
within the Jurassic in Moroc@nd he Lusitanian Basirare also present within the similar
time interval in the Scotian Basin, which is discussed in Chap@hdpter 2liscusses the
geology of the study area that can be seen on the 2D and 3D sdikmidhapter also
introducesbackgroud information on the formation of interest for this study (Abenaki

Formation) and on what classifies a source rock.

Early Triassic 237 Ma

. - :

BT 0.

L

-

Ancient Landmasse: '
Modern Landmasse: C }
Subduction Zone

(triangles point in direction
of subduction)

Sea Floor Spreading Ridg—

Figure 2.1 Paleoreconstruction map of the Early Triassic (237 Ma). Figure shows the
location of the ancient landmasses (green) andntoelern outline of the landmasses
(white). The Scotian Margiand the Moroccan Bfgin are conjugate margins, whereas
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the Lusitanian Basin in Portugal to the north is conjugate to the Grand Banks of
Newfoundland (although it experienced similar depositi@msironments to that of Nova
Scotia and Morocco from the Early Triassic to Middle Jurgsgiwodified fromScotese
2001).

Figure 2.2.Updated magnetic anomalies map along the Scotian margin, overlain with an
outline of the approximate boundaries of thbenaki carbonate bank (white) and the
outline of the Sable MegaMerge (black) showing how the Abenaki carbonate bank (white)
developed on the basement hinge zone (modified from Verhoef et al. 1996 and Dehler,
2010).Inset map in top right corner of approxate location.

2.2 Stratigraphic charts and maps

Figures 2.3 and 2.4 are simplified lithostratigraphic charts of the Scotian Basin, Central
Atlantic Morocco, and the Lusitanian Basin. The stratigraphic chart of Central Atlantic
Morocco (Tari et al. 20125 compared to the stratigraphic charttlié Scotian Basin
(Wade and MacLean 1990; modified by Tari et al. 2012) in Figure 2.3. In Figure 2.4, the
stratigraphic chart of the Lusitanian Basin (Pereira 2013, modified by Wach et al. 2002) is
compared to thtaof the Scotia Basirnthe potential source rock intervals and main tectonic
events have been added to both Figure 2.3 and Beke figures will be usedalithin this

chapter to compare the stratigraphy and petroleum systems of the margins.
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the original figure in Tari et al. 2012 based on Weston et al. 2012. Central Atlantic Morocco chart modified from Tari aad Mol
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Figure 2.4:Simplified lithostratigraphic charts of the Scotian shelf (modified from Wade
and MacLean 1990) and the Lusitanian Basmadified fromWach et al. 2014, from
Azegdo 2003, Rey 2006).

Figures 2.5- 2.8 are paleogeographic maps of tBarly Jurassic (Sinemurian 190 Ma),
Middle Jurassic (middle Bajocian, 170 Mapgte Jurassic (Tithoniar,50 Ma), and the
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Early Cretaceous (Valanginian, 136 Ma), all created by Sibuet et al. 2011 with formation
names annotated for this study. These maps will be referaiitbéa in chapter to compare
the depositional environments at each margin.
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Figure 2.5: Paleogeographic map of the Early Jurassic (Sinemuiiafoarcian) end
Sinemurian 190 Ma. Modéd from Sibuet et al. 20Mith annotatedormation names.
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Figure 26: Paleogeographic map of the Middle Jurassic at Middle Bajocian, 170 Ma. Map
modifiedfrom Sibuet et al. 2011 witAnnotatedformation names for the Scotian and
Moroccan margins and the Lusitanian Basin.
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Figure 27: Paleogeographic map at Late Jurassic, Tithonian 150 Ma. Map modified from
Sibuet et al. 2011 witannotatedormation name$or the Scotian and Moroccan margins
and the Lusitanian Basin.
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Figure 28: Paleogeographic map of the Early Cretaceous (BerriaBamremian) at
Valanginian, 136 Ma. Map modified from Sibuet et al. 2011 waithotatedformation
names for the Scotian aMdoroccan margins and the Lusitanian Basin.

2.3 Scotian Basin

The Scotian Basin is part of the Mesozoic to Quatsripassive margialong the length

of offshore Nova Scotiextendingl200 km from the Yarmouth Arch/ United States border
in the southwest tahe Avalon Uplift on the Grand Banks of Newfoundland in the
northeast. The total area of the basin is approximately 300,08@kiim half the basin on

the presentlay continental shelf in water depths less than 200 m and the other half on the
continentaklope, in water depths from 200 to 4000 m (Kidston et al. 2005) (Fig. 1.1). The
Scotian Basin has several sbdisins, which are interconnected depocenters resulting from
rifting and subsequent formation of the North AtlanEoom southwest to northeasiey

are the Shelburne Suiasin, Sable Subasin, Abenaki Subasin, Laurentian Subasin,

and South Whale Sdbasin (Wade and MacLean 1990).

Deposition in the Scotian Basin began in the Middle Triadsieing the breakip of

Pangaea when the North Angan plate began to rift from the African plate (e.g. Wade
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and MacLean 1990; Wade et al. 1995). At that time, the Scotian Basin was located near
the centre of Pangea, accumulating continental sedénierst hot and arid environment
(Fig. 2.1).

2.3.1 Geologcal Backgrounaf the Scotian Basin

Pre-rift (Early-mid Triassic)

Tensional forces in the Early Triassic created northeastling troughs on the eastern side

of the Appalachian Mountains before seafloor spreading began in the Early Jurassic
(Albertz etal. 2010). Red beds, dolomite and halite were the dominant dewdahits the
Scotian Basirduring the late preift phase, depositing in rift valleyhat formed before

the breakup of the continental mass (e@ven 1977; Wde and MacLean 1990; CNSOPB
2008.

Synrift (Late TriassicEarly Jurassic)

During this syrrift phase of opening of the North Atlantic, grabens and half grabens
developed progressively from the Middle ltate Triassic. This structuring is shown
schematically on the Moroccan and Saotmargins stratigraphhart(Fig.2.3 butis not
illustrated orthe Lusitanian Basin stratigraphic chart (RRg)). Progressive breaching of
topographic barriers allowed marine waters from the eastern Tethysqealao to flood

the interconnected ayrift basns in each of these areas (&Mpde and MacLean 1990;
Wade et al. 1995; Olsen et al. 2000, 2003; Shimeld 2004).

On the Scotian marginerrestrial, and restricted shallow marine conditions, arid climate,
and varying subsidence resulted in d@pon of mixed clastics, minor carbonates and
minor evaporites in the upper part of the Eurydice Formation, coeval with deposition of
massive salt and anhydrite beds of the Argo Formation (Wade and MacLear(Hi§90)
2.3.

Early-Middle Jurassic postift (Sinemurian Bajocian)
After the brealup of the Scotian and Moroccan margins, a shallow marine sea flooded the
Scotian Basin resulting in the deposition of carbonates, dolomites and clastics of the

Iroquois Formatior{Fig. 2.3 and Fig 2)5 The Iroquoid~ormation transitions laterally and
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upwards into terrestrial and marine siliciclastics of the Mohican Formation statishales

(unnamed in Fig. 2)3

Middlei Late Jurassic postft

Over much of the Scotian Basin, a prograding wedge of Middld.atedJurasst clastics
(Mohawk and Mic Macdrmations), carbonates (Abenaki Formation) and basinal shales
(Verrill Canyon Formation) overlies the Mohican Formation (F&8 and 2.y, forming a

mixed siliciclastiecarbonate system. This arrangement of praxinsiliciclastics
transitioning to a largecale sheledge carbonate system, to basinal shale (on both the
Scotian and Moroccan margins) is the sedimentary response to progressive opening of the
Atlantic Ocean followed by thermal subsidence of each margin

On the Scotian Margin, a basement controlled structural hingeHige2.2)between the
LaHave Fatform and the &ble Sukbasin controls the seaward limit of shallow marine
carbonates of the Abenaki Formatidag. 2.3) (e.g.Eliuk 1978; Wade and Mad.ean
1990; Wade 2000; Kidston et al. 2005).

The development of the Abenaki carbonate bank began with deposition of the Scatarie
Member of the Abenaki Formation, as a broad carbonate ramp comprisingavaper
fossil wackestone to packstones and ima@m oolitic and oncolitic facies (Weissenberger

et al.2000). The Scatee Member has been interpreted to be subsequently transgressed in
the Callovian with deposition of the Misaine Member, which comprises dark grey, slightly
calcareous shale with minor @mbeds of siltstones and very fine sandstone (Wade and
MacLean 1990). From the Middle to end of Jurassic, the Baccaro Member of the Abenaki
Formation developed in carbonate reef and-paafal environments with a predominant
aggrading pattern, organizedto a series of thirdrder depositional sequences. The
developing Baccaro carbonate member was in competition with an influx of clastic
sediments and mixed siliciclasttarbonate settings developed towards the northeast
(Sable Delta complex) (Wade and ¢ll@an 1990).

The landward equivalents to the Abenaki Formation include the Mohawk (feldspathic
sandstones and siltstones with interbedded shale and limestones), and Mic Mac

(sandsones siltsones and shales) formations (Mclver 1972). All formations grade
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basinward into the shales of the Verrill Canyon Formation (distal shales and mudstones).

These formations are defined lithostratigraphically.

Cretaceous postift

The Verrill Canyon Formation extends from Callovian to Barremkg.(2.3. In the
Cretaceus it interfingers with the overlying Missisauga Formatieig.(2.8, formed by a

series of transgressive and regressive episodes. The contact between the Mic Mac and
Missisauga formations is generally conformable (Wade and MacLean 1990). The sands of
the Missisauga Formation were deposited by the patéawrenceRiver into a variety of
transitioning environments, from fluvideltaic to shallow marine (Cummisgt al. 200%.

The Lower Member of the Missisauga Formation consists of sandstone anchéstohes.
Sediments in the lower member were transported via local distributary systems to small
clastic fans or active fault zones. Flwdeltaic sedimentation continued into the Early
Cretaceous, depositing the Middle and Upper members of the MissiBatgation.In

the upper part of the Missisauga Formati on
thin oolitic to skeletal and sandy limestone beds of Hauterivian to BarremiaRigg2.9

(Wade and MacLean 1990).

Deltaic sedimentation continugarbughout the Aptias€enomaniapdepositing the Logan
Canyon Formation, sutlivided into four members, two of which are shale dominated: the
Naskapi and Sable members (Jansa and Wade 1975). Transgression continued with
deposition of the Dawson Canyon Fotioa, dominated by marine shale and culminated

in theLate Cretaceous with the deposition of the Wyandot Formation (Fig. 2.3) chalk.

Cenozoic postift

Cenozoic sediments above the Wyandot Formation in the Scotian Basin comprise the
Banquereau Formatiomeposited as a progradational system of mudstones, marls and
sandstones (Mclver 1972). The Banquereau Formation is overlain by the Quaternary
Laurentian Formation, which comprises glacial drift and stratified proglacial material
(Jansa and Wade 197®)ig. 2.3).

2.4 Comparison of the ScotiamdMoroccan Margis andthe Lusitanian Basin
A detailed description on the geological background of the Moroccan Margin and

Lusitanian Basin can be found in Appendix
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Comparing the stratigraphic charts of the SmotBasin, Moroccan Margin and the
Lusitanian Basin, it is evident that similar depositional processes were taking place on all
three margins from theate Triassic to Early Cretaceous. All three margins developed
grabens and half grabedsiring synrifting from the Middle toLate Triassic that were
flooded with marine waters from the Tethys pateeanTerrestrial, and restricted shallow
marine conditions deposited syift red beds and salt on all three margins in Itage
Triassic (Eurydice and Argo Foation within the Scotian Basin (Fig.2.3); Ikakem and
Bigoudine formations on the Moroccan Margin (Fig. LBxeront 1973; Brown 1980)

and Silves Group and Dagorda Formation within the Lusitanian Basin (FigV@lépn

et al. 1989.

From theEarly to Middle Jurassic on all three margins there was deposition of marginal
marine clastics prograding intmrbonates and transitionifigsinwardinto distal shales
(Mohican and Iroquois formations within the Scotian Basin (Fig. 2.3); Ankoult, Argana
and Ameskrad formations on the Moroccan Margin (Figs. 2.3 and 2.5); Coimbra and
Brenha groups within the Lusitanian Basin (Figs 2.3 and 2.5)).

From the Middle td_ate Jurassic on the Scotian and Moroccan margins, anodserward
transitioning facies progressior olastics to carbonates to distal shalessweposited
(Mohawk, Mic Mic, Abenaki and Verrill Canyon formations within the Scotian Basin
(Figs. 2.3 and 2.6); Imouzzer and Amsitten formate&ms unnamed shale§ Moroccoon
Figure 2.3(e.g.Brown 1980; Jasa and Weidmann 1982; Broughton and Trepaif93;
Davison 2005)Within the Lusitanian Basirthere is considerably fewer siliciclastias
compared to the other two margins, due to infesediment starvation. Carbonates were
deposited until the lat®©xfordian (Montejunto Formation, Fig. 2.4). An abrupt rise in
relativesealevel, accompanied by uplift aharginbasement highs generated an influx of
siliciclastics (Abadia Formation, Fig. 2.4) (Ellis et al. 1990) and continned the
Tithonian(Lourinhd Formation) (Pena dos Reis and Pimental 2018¢. uplift may have
been a result of thermal expansion of the upper crust due to rapid crustal thinning produced
by the preceding stretching episode, it also could havedessultof a rapid eustatisea
leveldrop (Ellis et al. 1990).
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The depositional systems differ between the Scotian and Moroccan maitiiims the
Cretaceous. The Avalon uplift on the Scotian Margin (Fig.i2 8)ate Jurassic rift flank
uplift, associated with the initiation of s&adr spreading between the Grand Banks and
WesternEurope (Iberia) (Wade and MacLean 19985 consequence of the Avalon uplift,
alarge influx of siliciclasticavere deposited Eadyliddle Cretaceousjesignated as the
Missisauga FormatiorDeposition ofcarbonates of the Abenaki Formation ceased in the
Early Cretaceous as they could not keep up saiddevelrise. Oh the Moroccan Mrgin,

the Atlasic orogeny during the latest Cretaceous and Tertiary allowed deposition of

siliciclastic sediments toontinte (Louden et al. 2013) (Fig.8).

2.5Study area

Figure 2.9:Seismic inline 3970 from the[3 Sable MegaMerge datasétellowhorizon

(1) to bluehorizon(7) interval contairthe interpreted seven thiorder ssquences Abenaki

1-7, deposited oveappraximately 20 million years, e.giVeissenberger et al. 2000.
Abenaki 4 (orange) is the most regressive of these sequences and can be mapped distally.
These limestone seismic markers can be mapped confidently basin Wardsorder
sequences are labelled7lt he t op of the Misai ndopMMehenber
Triassic is marked by Tm the top of the Argo salt is marked by A, and the top of the Mohican
is marked by M.
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The study area is identified in Figure 1.1, situated within the Sabkb&ib.Key seismic

lines from this study illustrates the horizons correlated throughout the western area of the
Sable MegaMerge (and beyond via 2D and 3D composite lines). Figure 2.9 illustrates the
synrift and postrift sections described above and the geomeftthe carbonate bank to

basin transition abovéé basement hinge line (LaHaviatform to Sable Subasin). The
colored lines represent interpreted seismic horizons from the base of the Triassic salt to the
top of Abenaki Formation. For this study, ofite study interval (Middle Triassic to Early
Cretaceous) was interpreted using seismic.

Figure 2.9 shows the Middle Triassic hglabens within the Sable Stlasin as rotated

fault blocks (outlined in dark purple) which were then infilled by Argo s$iaiht(purple).

The top of the Mohican Formation is marked by an angular unconformity (green seismic
horizon, Fig. 2.9), interpreted to be attributable to salt movement within the half grabens
within the project study areaand does not represent the bregk unconformity
Regionally, the Mohican Formation overlies the brepkunconformity (Wade and
MacLean 1990). The top of the Mohican Formation was easy to correlate throughout the
seismic where the Scatarie Member of the Abenaki Formation (as seendrdlig.a well
developed, high acoustic impedance limestone at the base of the Abeanki bank. The top of
the Mohican Formation became difficult to correlate basinward, due to less of an acoustic
impedance contrast between basinal mudstones of the Veanlyod Formation and
clastics of the Mohican Formatiohhe Abenaki carbonate bank developed on theifost

fill of the Mohican Formation until the Early Cretaceous (Fig. 2.9, pale yellow horizon to
blue horizon)A series of majosynsedimentary normahdilts can be correlatedthin the

study area bounding an expansion trénd.PePiper and Piper, 201hich developed

as consequence gkdiment loading and movement of salt substrate anddptstthe

Abenaki carbonate bank.

2.5.1 Abenaki Formatio

The focus of this study is on the Abenaki Formation from the Middle Jurassic to Early
Cretaceous. Within the Middle Jurassic, the widening of the Atlantic Ocean allowed
carbonate development to occur along a passive margin with the Scatarie Member of the
Abenaki Formation, being drowned by thmnsgressive event durindpe Callovian
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(Misaine Member) From the Middle to end of Jurassic, the Baccaro Member of the
Abenaki Formation developed as a carbonate reef andgafal environments with a
predominah aggrading pattern, organized into a series of tbrder depositional
sequences. The developing Baccaro carbonate member was in competition with an influx
of clastic sediments and mixed siliciclast@rbonate settings developed towards the
northeast (8ble Delta complex) (Wade and MacLean 1990).

The carbonate platform can be subdivided into two seocoter depositional sequences,
approximately30 and 50 Ma respectively (e\yeissenberger et al. 2000; Encana 2006).

The older sequence comprises the dlEwrydice, Iroquois and Mohican formations,
extending from the Hettangian to the Aalenian. The sequence varies between hundreds and
some places over a thousand metres thick, depending on the local accommodation space.
The younger secondorder sequence owrises a part of the Mohican Formation, the
Abenaki and Mic Mac formations. The Misaine Member of the Abenaki Formation
represents the time of maximum flooding of this sequence. In the Cohasset area, the
sequence is more than 1000 m thick, reflecting raetiof high accommodation
(Weissenberger et al. 2006). There are currently no defined formabtidied sequences

in the older of the secorarder sequence. The younger secordker sequence consists of
seven thiréorder depositional sequences (Figb)3Weissenberger et al. (2000) and
Encana (2006) interpreted the seven toirder depositional sequences on the carbonate
bank. Using the depositional model proposed by Encana (2006), this study istémpret
depositional sequences basinward to understamndiiese carbonate sequences interacted
with the deposition of the Sable Delta and if there is potential for organic matter deposition

in the distal facies of the carbonate bank.

Each thirdorder depositional sequence comprises a facies transition fraximyal and

distal siliciclastics that transition to the shelf margin carbongteg. 3.7 (e.g.
Weissenberger el.e2000; Kidston et al. 2005; Wierzbicki et al. 2Q@iuk 2016). The
platform limestones of the Scatarie Member are defined as Abenakielbase of this
sequence overlieslasticsof the upper part of the Mohican Formation. The overlying
Misaine Member and the lowermost limestones of the Baccaro Member are characterized
as Abenaki 2. This sequencasha poorly developed lowstand and cary di@en seen as
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thin sands and silts at the base of the Misaine Member. Abenaki 3, 4 and 5 make up much
of the Baccaro Member (Weissenberger et al. 2000). The cycles record several shallowing
upwards successions of progradation and aggradation of the Aleati&rm margin

during the Late Jurassic (Harvey and Macdonald 2@43naki 6 and 7 show successions

of progradation and aggradation on the carbonate platform until the early Berriasian

The distinctionof second, third and fourth order cycles for tm@del proposed by
Weissenberger et al. (2000) aadcana (2006) is described iecGion 34.1.

2.6 Source Rocks
Organic matter (OM) originates from photosynthesis by autotrophic organisms. The four

factors that control and influence the production, accatimrl and preservation of

sedimentary OM are: biological, physical, chemical and geological.

Source rocks are the fundamental element in a petroleum system, epdiskKactor in

many basins arountthe world. Source rocks are fugeained sediments ricim organic

matter (generally > Total Organic Carbon (TOY)that when sufficiently heated
(>60°C), will expel hydrocarbons via biogenic or thermogenic proce$sso{ and Welte

1984. Source rocks can develop in various sedimentary environmentssstegpmarine,
deltaic, and lacustrine (e.§uarezRuiz et al. 2012)A source rock can be classified as oil
prone or gagprone depending on the type of kerogen (insoluble sedimentary organic
matter) it containsTissot and Welte 1984t is necessary tdefine the origin, history and
geochemistry of the organrcch material within these source rocks and analyze their
properties to determine the potential products that were or can be thermally generated
(SuéarezRuiz et al. 2012).Source rocks can be ctafied by four major categories:
potental: contains organic matter (OM) in sufficient quantity to generate and expel
hydrocarbons when subjected to adequate thermal maturaifective efficiently
generating and/or expelling hydrocarbonslic: a onceeffective source, that now has
ceased generation and expulsion of hydrocarbons due to thermal cooling before exhaustion
of its organic matter; angpent anover maturesource rock. The organic matter in the rock

is divided into either kerogen (dispersetl of ancient sediments insoluble in the usual
organic solvents (Forsman and Hunt 1958) or bitumen (low molecular weight and soluble

in organic solvents) (e.GuarezRuiz et al. 2012; Tissot and Welte 198%he properties
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of sourcerocks must be characieed bythe amount of organic matter in the rock, quality

and type of organic matter and maturity.

Figure2.10shows approximate water depths for depositional environments in a continental
margn setting. This model is used during tetsdy to approxima water depths in which

the depositional sequences of the Abenaki carbonate bank were deposited in conjunction
with Figure 38 to aid in determining if the potential orgasrich shales were deposited in

sufficient water depths to have formed a successfulfce rock interval.

-Litoral Marine
| Neritic \ Oceanic Depth (m)
Mean sealevel
High tide ¥ : 0
L T— Photic > 100m —— 50
Low tide Inner 200

Wave b
ave base Aphotic > 200m

Neritic
Bathyal | 4000
5000

8000
Inter- Continental Continental | Abyssal
tidal shelf slope plain

Figure 2.10 Zonation depositional environments for a continental margin setting
(modified fromVeeken et al. 2013).

Kerogen classifications
Kerogen can be cla$®d into four separate types, type | ypé IV. Type | has the ghest

hydrogen to carbon (H/C) and oxygen to carbon (O/C) ratiogygallV the least. The
pseudeVan Krevelen digram is commonly used with Rdgkal pyrolysis oxygen index

(Ol= mg HC/g TOC), plotted against hydrogen index (HI= mg HC/g TOC). These ratios
approximate the H/C and O/C elemental ratios. Van Krevelen (1993) noticed a relationship
between kerogen type and the environment in which it was deposited. Typeprnsnal

and is typically linked with lacustrine depositional environments with algatinance.

Type Il is both o and gasprone and is associated with an open marine source with

plankton preserved in sediment. Type Il has a potential for only gas and is linked with a
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terrestrial environment with abundant plant matter and could beitepsa proximal to
shoreline environment. Finallyype IV contains mostly decomposed organic matter that

has already been oxidized or carbonized and has no hydrocarbon pofassiat &nd
Welte 1983.

22



Chapter 3: Methods
3.1 Introdiction

This dhapter outlines the datasets (seismic and welleject workflow andtechniques
and nethods The methods are describedhe orderthey werecompletedbeginning with
geological interpretation methods includitize understanding of depasital models
(carbonate and siliciclastic), and the wdecore and microfacies alyais. Petrophysical
methodsand the use of wireline logs are explaingieetthods otying well logs to seismic
data, seismic interpretationsgismic facies analysignd sesmic stratigraphyand the
construction of a geocellular framework and model, all using 2D and 3D seismaréata
described. The results of the geocellular framewodkraadel are shown in Chapteadd

discussedn Chapter 5.

3.2 Project workflow

The workflow of this study is outlined in Figure 3.1 and began with research of the Scotian
Margin, modern analogs, depositional models and of the techniques and methods that were
used throughout the study. Core analysis from specific wells within the stualytiaaé
reachedhe MiddleLate Jurassic of the Abenaki Formatiomas then performeds well

as microfacies analysis from the cored intervals that had thin sections to determine the
lithofacies present. Field work was then done in Eastern and Centrag&do analyse

and compare ancient analogs to the Scotian Basin during a similar time interval. The
majority of analysis for this study (as outlined in Figure 3.1) was done in Petrel, an
integrated suite of software that enables: well log correlatiazismg inversion and
attribute analysis, 3D geocellular modelling and visualisation, and time to depth

conversion.
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Background Reading —‘

Core/ Microfacies
Analysis

Database Construction \_: Horizon Interpretation

Fault Interpretation
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Genetic Inversion  — Depth Conversion Model

Field Work (ancient
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Research prior to
petrophysical and
geophysical analysis

Seismic Analysis

Figure 3.1 Project workflow outlining the integration of well logs and seismic to perform a depositional system analysis of the Middle
Jurassic to Early Cretaceousterval. Much of the moderdmework, 3D Model, andesults from the model are discussed in Chapters
4 and5. The colors of the boxes within the legend correspgorbe type of work performed withime workflow.



3.3 Dataset

Three seismic datasets were used for this study, one 3D seismic survey and two 2D seismic
datasets. The thirteen key wells and their associated well logs, located across the study area
are listed below.

3D MegaMerge
The 3D seismic used for this studytiee Sable MegaMerge, courtesy of ExxonMobil,

operator of SOEP and made available to Professor Grant Wach, principal investigator,
Dalhousie University. The MegaMerge is a poststack merge of seven 3D seismic surveys
acquired in the Scotian Basin from 19861999 (Fig. ). The MegaMerge provides
excellent imaging of the Mesozoic and Cenozoic section. It has a high-wgmase ratio,

stable zero phasend bandwidth is ~360 Hz. Ricker wavelets witl20-25 Hz peak
frequencywere used fowell ties. The3D volume was provided peptocessing; therefore,

the original data was not available and so the processing methods are ngt&mibtinere

are nodescriptiors availableof the processing stream or gt&ack or pramigration data.

= MegaMerge 3D seismic cube []
Model area
° Wells

Venture, 1996; OBC

Thebaud, 1996: OBC

EL 2356, 1997; Marine streamer
Arcadia, 1998; Marine streamer ® 0
Intrepid, 1999; Marine streamer
Sable Island, 1999; OBC

South Sable, 1998; Marine streamer

e = o

32 km

Figure 3.2:Location of the seveBD seismic surveys included in the Sable MegaMerge
survey (modified from Morrison 2017).
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2D Seismic

One line of the 2D NovaSpan dataset was used in this study (line 1600) to determine how

the thirdorder depositional sequences behave froetif $0 basin adjacent to the 3D study

area. The nine regional 2D NovaSpan lines were acquired and donated by ION (GX

Technology Corporation) to Dalhousie University Basin and Reservoir Lab, Professor

Grant Wach, principle investigator. The NovaSpan datwige a regional 2D seismic

framework that spans the area from Georges Bank through Sable Island to the western edge

of the Laurentian Chamel (Fig. 3.3). In addition, 62D seismic lines (Fig. 3.4) were

downloaded from the Data Management Centre, housethd Canad&lova Scotia

Of f shor e

These 2D data wemecquired from 1977 to 1985 by Pettanada. These 2D seismic data

enable well ties to Jurassic penetrations outside the SabléWggmarea. Horizons were

Petr ol

eum

Boar dés

Geosci e e

Re s ¢

interpreted on these 2D seismic lines and then correlated into the 3D Sable MegaMerge.

0

| 100 km |

e

t

Figure 3.3Location of the regional 2D NovaSpan seismic lines in relation to Nova Scotia
(green landmass to the North) and to the SablgdWerge study area (pink polygon).

Line 1600, the NovaSpan line used for this study, is highlighted by the red line.
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Sable Island

i

Figure 3.4:Location of 2D seismic (grey lines) in relation to the 3D Sable MegaMerge
(purple polygon) and the 2D regional NovaSpan i6€0 (longer black line).

Wells
The 13 key wells used for this study are summarized in Table 3.1 and are discussed further
in Chapter 4and 5 Ten of these wells were used for well log analysis and seismic
interpretation and three additional wells wesedi for core and microfacies analysis. The
locations of the ten kewells are shown in Figure 3.5. These wells penetrate Early to
Middle Jurassi¢éormations. They were used to create timelepth relationships, and sub
regional well log crosssections onwhich cored intervals, TOC analyses (frothe
Government of CanadBASIN Datébase) ad lithologies (via digital Cansat logs) are
displayed. These crosections were key in correlating weétlps withinthe study area
(Figs. 4.2 and 4.10).

Table 3.1:Information on tle 13 key wells used for this study. Information from BASIN
database, Natural Resources Canada, 2018.

Well Name Spud Operator Area Sub-basin Measured
Year depth (MD)
Arcadia J16 1983 | Mobil et al. Scotian Sable Sufbasin 6005
Shelf
Citnalta 59 1974 | Mobil-Tetco Scotian Sable Sufbasin 4575
Texaco Shelf
Cohasset 197 1978 | Mobil-TetcoPEX | Scotian LaHave Platform 4872
Shelf
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Well Name Spud | Operator Area Sub-basin Total Depth
Year (m)
Dominion 314 2005 | EncanaMarauder | Scotian LaHave Platform 3700
Shelf
Kegeshook G67 1985 | Shell PCI et al. Scotian LaHave Platform 3539
Shelf
Migrant N-20 1977 | Mobil-TetcoPEX | Scotian Sable Sukbasin 4468.7
Shelf
Panuke HO8 2000 | PanGnadian Scotian LaHave Platform 3682
Shelf
Panuke M79 2000 | ParCanadian Scotian LaHawe Platform 4598.3
Shelf
Panuke P11 J99 1991 | Lasmo NSRL Scotian LaHave Platform 1585
Shelf
Penobscot {30 1976 | Shell Petro Scotian Abenaki Sub 4267.2
Canada Shelf basin
South Desbarres-O 1984 | Shell Petrocan et | Scotian Sable Sukbasin 6041
76 al. Shelf
UniackeG-72 1983 | Shell Petrocan et | Scotian Sable Sukbasin 5740
al. Shelf
Venture B13 1980 | Mobil-Texace Scotian Sable Sukbasin 5368
PEX Shelf
Penobscot (@ s t
L-30 ” Uniacke
o -~ G-72
Kegeshook e N
G-67 /7 / o
o e o Citnalta (o
/7 S. Desbarres 1-99
/ Ogs Arcadia |O
7’ 116
] 7
Migrant ® ® ...
N-20 ® co ©°
l'/- P Venture
Cohasset / B-43
L-97
-4 )
® y 4 e Island
Dominion :'. *
114 e pt
) e
®
® i @ 0 4 8 16 24 32 km

Figure 3.5Location of D key wellgyellow pointslacross the study area. Pink polygon is
the outline of the 3[5able MegaMerge, black lines are 64, 2D seismic lines across the
Scotian ShelBlue dashed line is the Abenaki bank margin.
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Database construction
The construction of the Petrel database used in this study was a collaborative effort done
by multiple peofe in the Basin and Reservoir Lab at Dalhousie University. The Sable
MegaMerge 3D seismisurveyand the NovaSpan 2D seismic lines were imported into
Petrel by Carlos Wong, additional 2D seismicadabrtheast of the MegaMerge were
imported by Carla Skirer. Many of the well logs and checkshot surveys within the study
area were imported fro Divestco by Carlos Wong. Carat data for the wells were
imported into Petrel by Carlos Wong and C&kanner Other well logs and well tops were
imported by Bill Rchards fom the BASINDatabase (Natural Resources Canada provided
in Excel format by Paul Lake of the Geological Society of Canada). The wells were tied to
the seismic data by multiple workers using synthetic seismograms wib28z Ricker
wavelets. Sesral independent but overlapping fault and horizon frameworks within
different regions of the Sable MegaMerge were created by Taylor Campbell, Natasha

Morrison, CarlaSkinner and Bill Richards and are largely consistent

3.4 Geology

3.4.1 Carbonate geologynodels)
The Abenaki carbonate bank offshore Nova Scotia within the Scotian Basin has been
interpreted here to comprise seven depositional sequences, aging from the Bajocian to the
Berriasian €.g. Weissenbergeet al. 200Q Encana 2006 (Fig. 3.6). Theboundaries
between the depositional sequences are defined by major flooding surfaces mapped
throughout the study area, where foreslope and basinal microbial limestones are overlain
by basinal mudstone$he sequence stratigraphic framework for the Mesazanioonates
proposed by Encana (2006) was based on logs, sample descriptions and very limited core
data. To build the sequence stratigraphic framework, the authors used several key
assumptions and methods. The Jurassic carbonate facies model (Fig.iBed)fdam core
descriptions and literature (e.g. Eliuk 1978; Eliuk and Levesque 1888)used with
shoaling upward cyclepérasequengedentified from logs and any key facies indicators
in samples or core; siliciclastic inflegon the platform that werobserved in samples and
logs were interpreted to represent hiatugescarbonate depositipnsuggesting the
carbonate factory was shut down (Weissenberger et al. 2000).
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The Encana (2006) sequence stratigraphic model was insdbis study for the
nomendature of the thirebrder depositional cycles that were observed and mapiieid
theSable MegaMerge, age control is provided from biostratigraphic antigsigas done
by Van Hel dends d78 wall,prgserdet in Wéissenlbtaer ete6) M

of each cycle within the interval.

In the carbonate model proposed by Weissenberger et al. 208Getondorder
depositional sequences are on the order eB@nillion years duratioffior the Abenaki
carbonate bankrelated tosealevelchange aused by global tectonics (Vail et al. 1991).
Third-order depositional sequences arettom order 010.5 to 3 million years in duration

(Vail et al. 1991)However, the model from Weissenberger et al. (2000) has seven, third
order depositional sequenceseoapproximately 5Ma (averaging 7 million years per
sequence). Weissenberger et al. (2000) used the Vail et al. 1977 model, which claims third
order sequences are on the order of 1 tdlaDand not the refined model of Vail et al.
1991, which states 016 3 Ma. Fourth-order depositional sequences are interpreidue

0.08 0.5 Ma in duration (Vail et al. 1991)All sequences were interpreted from one

boundingflooding surface to the next throughout the 2D and 3D seismic
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Figure 3.6:Schematic sequeecstratigraphic chart of the Iroquois through Abenaki

formations. Blue=carbonates,

purple=evaporites/dolomites, yellow=siliciclastics.

Modified from interpretations from the Deep Panuke Development Plan by Encana in
2006, representing the seven interpretacd-order depositional sequences of the Abenaki
carbonate bank (Encana 2006).
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Figure 3.7 Simplified facies model of the Abenaki Formation, offshore Nova Scotia
(modified from Weissenberger et al. 2000kimilar succession was examined in the field
within the Lusitanian Basin and can be seen in Fighuke
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TheJ.L. Wilson carbonate sequence stratigraphic model presented by Kidston et al. 2005
(Fig. 3.8) is also used for this stu@mnce there are no deep well penetrations in the study
area which ample the basinal equivalents of the Abenaki carbonate bank, this sequence
stratigraphic model is applied to the distal facies of the-id#r depositional sequences,
(Middle Jurassic to Early Cretaceous). From this model, the assunygtnaae that tare

is potential for organicich facies within the distal shales of the Abenaki carbonate bank.

@ reservoir

+— 2"-grder supersequence set —»
(Sloss subsequence)

Interregional unconformity

le | .
77 shef [ | Basinal Supercycle Duration: 5 - 20 Ma
Shelf - Source fegresson Approximate scale
margin facies
- Slc;pe, —_— clinoforms ﬂ trans 1000 m
talus Qression |
miti = max. transgressive interval 50 km

(L Waite, Jun "98)

Figure 3.8 Schematic ad.L. Wilson carbonate sequence stratigraphic model from Kidston
et al. (2005) modified from Waite (1998), also identifying whereeptial organierich
materials can be deposited within a carbonate ramp depositional system.

3.4.2 Siliciclastic geology
A prograding siliciclastic model (Fig. 3.9) was used to understand the depositional
processesf the Sable Delta of the Missisauga Fation and how that affected the growth
of the Abenaki carbonate bank. Figure 3.9 shows a normal progression of a deltaic
environment with coarser siliciclastics being deposited in the foreshore environment close
to ther i v mautd and becoming finer daly. Typically sandstorseearedeposited within
delta front environment, and shales/mudstones are deposited within the prodeltaic

environment. The progradation of deltas leads to coarsemwgrds successions,
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typically exhibiting a transition from prodal offshore muds through silty to sandy mouth

bar deposits (Bhattacharya et al. 2010).

/Topset

muds and sands
Sands %, ’

Sands
and
muds

Delta Front

Foreset

Bottomset i
prodelta mud 1=

Bottomset

Figure 3.9Basinward progradation of a delta, which buildgoarsening upwards facies
succession that transition from marine into roarine top set deposits (mddd from
Scruton 1960).

Throughout the 3D Sable MegaMerge, knowledge on how deltaic deposits prograded into
the basin was useful to differentiate between the transgressive shales deposited within the
distal foreslope of the carbonate depositional systethtiae onlapping shales deposited

within the prodelta of the Sable Delta.

3.4.3Core analysis
Typically, conventional coring is only done within proven hydrocatbearing reservoir
intervals. For this reason, the wells in this area containirggddatavals of the Middle to
Late Jurassic are sparse. Seven wells that contain core of the Abenaki Formation were
examined. There weréZored intervals othe Abenaki Formation frorsevenwells. The
cores are stored at the Canddlava Scotia Offshore Petroleu Board (CNSOPB)
Research Centre in Dartmouth, Nova Scotia. These core intervals were described and
interpreted to obtain an overall understanding of facies chawgbs the Abenaki
Formation. Of these(@lcores only four (Cohasset-R7, PanCanadian Pakai H08,
PanCanadian M9 and Pan@nadian RILA) are discussed within this study due to the
cored intervals of the Abenaki Formation exhibiting similar depositional environments on
the shelf and/or shelf margin. The cores were used to examine the diffenenéls and

lithologies that help determine the type of environment in which they were deposited.
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Samples were taken for each significant facies change to create thin s€atimnscored
intervalsfrom the Jurassic that were previously interpretedlimkin 1978 and 2016 and

by Weissenberger et al. in 2006, were also used for this study. The wells from which the
cores were taken, and the cored intenas shown in Table 2.

Table 32: Well nams of the cored intervals of the Abenaki Formation glevith depth of
the cored intervals and the member it belongs to.

Total Abenaki

Cored .
Well interval (m) recovered | Formation
core (m) Member
Cohasset 197 3406.0- 3424.8 17.7 Baccaro
PanGnadian Panuke-d8 | 3445.0- 3459.0 2.96 Baccaro
Pan@Gnadian Parke M-79 | 4532.7- 4540 .0 5.2 Scatarie
Panuke RILA-J-99 4029.3-4032. 8 1.4 Baccaro

3.4.4Microfacies analysis
Microfacies analysis is described as the total of all sedimentological and paleontological
data which can be described and classified flumsections, peels, polished slabs or rock
samples (Fligel 2010). For this project, the focus of microfacies analysis was using thin
sections and rock samples from cored intervals from the Abenaki Formation to determine
the key lithofacies presentMicrofacies analysis aided in interpreting the depositional
model for downdip facies predictiorkigure 3.10 is the Dunham classification for
subdividing limestones on the basis of matrix content, which was used in naming the
interpreted lithofaciesSections 42.1 and 5.2.1).
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Figure 3.10Dunham classification of the subdivision of limestones based on their matrix
content (modified by Kendall 2005 after Dunham 1962).

3.5Petrophysics

Three key wells within the western portion of the Sable MegaMerge wereubedstudy

for petrophysical analysiominion 314 and Cohasset-27 (penetrated approximately
1000m of Jurassic Abenaki carbonates)d Migrant N-20 (penetrated depth equivalent
siliciclastics). Other wells, to the east within the Mdgage and totte west and north of
the MegaMergewere used to aid in the interpretation of depositional environments
(discussed further in Chapset and §. Wireline logs for these wells were donated to
Dalhousie University Frofessor GranWach, principal investigatd by Canstrat and
Divestco. Canstrat dafeom cuttingsinclude: lithology, color, fossil content, hydrocarbon
occurrences and porosity. The Divestco wireline logs used for this study include gamma
ray, sonic, resistivity and density logs acquired fromHinly operations. Deviation and
checkshot surveys were acquired from the Camlaa Scotia Offshore Petroleum
Boardodés Dat a Mandwareused to specilyevelltsurveys and time to depth
relationships. Well logs were loaded and updated francttliective projectd.g.Skinner

2016, among others) in the Basin and Reservoir Lab at Dalhousie University.

Regional formation tops interpreted by Wade and MacLean at the Geological Survey of
Canada were used to begin horizon correlation. These fomafps were based on their

regional well log correlations and are persistent markers on regional 2D seismic data. The
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associated formations are described by Wade and MacLean (1990¢dathare pblicly
available in the BASIN Btabase.

3.51 Well ties
Well ties were done using checkshot surveys previously loaded to a collective project in
the Basin and Reservoir Lab at Dalhousie University. Wells were also tied using synthetic
seismograms by several different workers. A synthetic seismogram is tgehéna
convolving the reflectivity derived from acoustic and density logs with a Ricker wavelet
derived from the seismic data. For the Cohass®7 lwell, Figure 3.1 from the Deep
Panuke Offshore Gas Development Plan (2006) was used to aid in idendifgnging
the Abenaki 17 carbonate cycles. The image was loaded into Pétiela well section
window and depth corrected to fit the wireline logs. Well tops were then picked from the

image and used in seismic interpretation.

E-23 F-09 H-08 PP-3CPI-1B M-79 M-T9A F-70 D-41 D-42 J-14A J-14 L97

0 Q- Xt XL FE HE XL XE FE 0 0 0 O

Aquiclude Abanaki 6

—
I, .

na
Abenaki 5

Gas kd G (o)
Water T : . 2 B Abenaki 4 b

0 REEEE
Free (Gas
W= e ~
.. U
1 Vertical Abenaki 3

I Connectivity
! Prabability

400+ H
200- (m) I —C'f'?lﬁ?"‘““,g Abenaki 2
-——_../—-_\
: /\/\% Misaine Shale
Scale

I:' Abenaki Formation

|:| Gas
|:| Water

Figure 3.1.: Well cross setion from theEncanaDeep Panuke Offshore Gas Development
Plan (2006). This image was used to aid in tying the Cohas8@tvell (last wellon the
right) in the MiddleLate Jurassic carbonates of the Abenaki Formation.
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Checkshot surveys

A checkshot surweis designed to measure the seismic travel time from the surface to a
known depth. The f#vave velocity of formations in a wellbore can be measured directly
by lowering a string of hydrophones down the borehole and travel times are recorded at
regular intevals. Trigonometrical corrections are then applied to converivedical
sourceto-hydrophone travel times to vertical travel times, which establishes alépth
relationship between well and seismic data. A synthetic seismogram generated from sonic
and density logs can then be overlain on seismic data through any given well and matched

to the seismic data to identify specific seismic reflections.

3.5.2 Wireline logs
A combination of wireline logs and mudlogs (logs created from examimmgl and
cuttings brought to the surface by circulating drilling madg used to determine lithology,
porosity, fluid content, and permeability in each well. A detailed description of each

wireline log can be found iAppendixB.

Lithology

Lithology is estimated frora combination of gamma ray, neutron, density, and sonic logs.
Gamma ray logs typically show low radioactivity in clean sandstones and carbonates, and
high radioactivity (high Uranium, Thorium and Potassium) in shales. Orgahishales

show very high raidactivity readings. Lithologies estimated from well logs can then be
groundtruthed against cuttings and core. Lithology can also be estimated from neutron,
density and sonic logs that measure hydrogen ion density, bulk densityveenceor S

wave velody respectively. Typical lithologies have characteristic ranges of velocity and

density which are partially dependent on porosity and fluid fill.

Porosity

The porosity of a rock can be determined from a neutron log, a density log or a sonic log.
The bulkdensity is a function of matrix density, porosity and fluid density, therefore can
be converted to porosity by using equation 3.1 or by using a log interpretation chart. The
neutron log measures the hydrogen concentration in a formation, and by usiing logg
charts specific to the neutron log, a porosity can be determined. Neutron energy loss is

related to energy loss due to hydrogen being concentrated in the fluid filling the pores and
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porous formation. If a reservoir is gas (or light oil) filled, it nagypear to have lower sonic
or density porosity than the same pores filled with oil or water, due to gas having a

considerably lower density than oil or water (Alberty 1994).

Equation 3.1 ——,

Wher e, 0= »>=onatoxglensity” = formation bulk density (log value® =

density of the fluid saturating the rock immediately surrounding the borehole.

Fluid content

Fluid content can bestimated by resistivity, density and neutron logs. Salt water is more
conductive (low resistivity) than either oil or gas and this formed the basis for the Archie
saturation calculation (Equation 3.2) (Archie 1952). Oil and gas are both relatively high
resistivity and are typically discriminated using neutpamosity of density/porosity

crossover and/or fluid gradients on pressigpth plots.

n R‘-’-’
g = W
Equation 3.2 (@™ x Ry),

Where, $= water saturation of uninvaded zone, n= saturation compongnfoRnation

water resistivity at formation temperaturé,= por osi t vy, m= cegmentat
true resistivity of the formation, corrected for invasion, borehole, thin bed, and other

effects (Archie 1952).

Permeability

Permeability can be estimated qualitatively by exang the separation of the shallow,
medium and deep resistivity logs, or by fitmake build up indicated on a caliper log. The
depth of investigation of resistivity logs is related to souem®iver spacing. Measured
values vary, depending on permedpjlias a function of how far drilling fluid invades
reservoir rocks beyond the borehole wall. The separation of the curves takes place in the

more porous and permeable sandst¢Asguith and Krygowski 2004).
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3.6 Geophysics
Background information on s@msc acquisition, processing and seismic display methods

can be found in thA&ppendixC.

3.6.1 Seismic facies analysis
Seismic facies are recognized based on a combination of reflection configuration
(geometry), strength, continuity, amplitude, frequeneg aterval velocity (Mitchum et
al. 1977). Seismic facies analysis is used to determine the relative age and geometry of
depositional units, and to interpret lithology, depositional environment and processes.
Reflection amplitude contains information ohet velocity and density contrasts at
individual interfaces (Mitchum et al. 197 Frequency is primarily a characteristic of the
seismic pulse, although it is also related to the spacing of reflectors or lateral changes in
interval velocity, both which coespond to geological responses (Sangree and Widmier
1979). Reflection continuity is interpreted to closely correspond to the continuity of strata,
and reflection amplitude indicates contrasts in lithology and/or the reflector spacing
(Mitchum et al. 1977)Reflection geometry can be described as parallel (concordant), sub
parallel, divergent, progradational, reflectifsee, wavy, chaotic, hummocky, or contorted
(Fig. 3.12). The threedimensional character of deposits is important to consider due to the
paossibility of reflection configuration being different of egarallel sections and strike
parallel sections.Seismic facies were used to interpret lithology and depositional
environments from 2D and 3D seismic in this study and this enabled mapping and
understanding of depositional trends, and the architecturthicd-order depositional

sequences.

3.6.2 Seismic stratigraphy
Seismic stratigraphic analysis is used to analyze seismic reflection data within a context of
basin systems that uses reflection getssnand acoustic character of seismic reflection
data. The technique applies concepts developed from established stratigraphic and
depositional models. Recognizing that primary seismic reflections approximate
chronostratigraphic surfaces; the method iwesl the correlation of erosional and
unconformable surfaces and their conformable equivalents throughout the study area (Vall
et al. 1977).
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Seismic stratigraphy involves the recognition of patterns (seismic facies) and requires the
ability to identify important surfaces (bounding discontinuities) (Vail et al. 1977).
Recognition of reflection terminations such as: onlap, downlap, toplap, concordance and
erosional truncation are important for the identification of important surfaces that are
necessary forubdividing the seismically imaged stratigraphic record (FigB)3Mitchum

et al. 1977). Reflection termination patterns and reflection configuration were used to
identify the shelf, shelbreak, slope and basin floor at various intervals in the Sable Sub
basin. Seismic stratigraphy was used to correlate sequence boundaries representing the
tops of the depositional sequences throughout the 2D and 3D seismic. For this study,
seismic stratigraphy was used to interpret depositional environments and dtructura

architectures based on reflector terminati@msl is discussed further in Chapter 5.

Stratified | Unstratified |

—

| Simple | | Progradational ‘ ‘ Complex |
Parallel | Sigmoid Mounded Chaotic
Subparallel | Oblique Hummaocky Reflection Free
Divergent | CU'T'_b'”ﬂt'U” Deformed
Shingled

Figure 3.2: Reflection configurations (A) divergent, (B) concordant, (C)zauallel, (D)
sigmoid, oblique and shingled, (E) chaotic (F) hummocky, (G) hyperlfblja;limbing
waves, (1) accretionary channel, (J) endfill channel (modified from Mitchum et al.
1977).
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Figure 3.B: Relationship of strata to the upper and lower boundaries of a depositional
sequence (Mitchum et al. 1977).

3.6.3 Seismic iterpretation

Schlumberger Petr& E&P Software Platform

The software used in thi™ E& tSoftdare PiasgormSc h | u n
PetrelM was used to perform structural, stratigraphic and seismic attribute interpretations

on reflection data. Pei™ was used throughout this study for seismic interpretation, well

correlation and analysis, and geocellular modeling.

Horizon interpretation

Seismic interpretations were done on the western portion of the Sable MegaMerge (some
interpretations made in ¢heastern portion to correlate to South Desbarr@6)Qthe
NovaSpan 1600 regional 2D seismic line, and multiple 2D seilnas. For this study,
seismic datdiles in SEGY format were loaded into Petf¥l and seismic stratigraphic
analysis was conduatdo establish a robust seismic stratigraphic framew@klls with
formation topswvere tied into the 3D seismic survey using synthetic seismograms and wells
outside the immediate study area were similarly tied to 3D data and 2[Hdatzon and

fault interpretation were done progressively area by ameéavas done using a grid of lines
(every 20 inlines and every 40 crdsses). The focus ofeismidnterpretation irthis study

was to map the seven distinct thocer depositional sequences of the Adida Formation
(e.g.Weissenberger et al. 2000; Encana 2006), distally into the SableaSirbto create

a stratigraphic framework.
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Fault interpretation
The faultsimaged withinthe 3D seismic were identified by vertical offsets between the

laterally coninuous carbonate reflections on inline and cioss sections.

3.6.4 Seismic attributes
Seismic attributes are measurements extracted or derived from seismic data such as: time,
amplitude, frequency, and attenuation; that can be analysed to enhamcwiitho that
may bemore subtlen a traditional seismic reflection image. The seismic attributes that
were used in this study include reflection amplitude, reflection strength (magnitude) and

two-way travel time (both timéhickness and timstructure)e.g. Brown 1999).

Root Mean Square amplitude

Root mean square (RMS) amplitude is the square root of the arithmetic mean of the squares
of a set of values within a given window. RMS amplitude emphasizes the variations in
acoustic impedance over a selediatk interval (e.gCartwright 2007)and mapping this
attribute spatially can provide evidence of lithology and environment of deposition
variations.In this study, RMS amplitude extractions were taken for each carbclaste

cycle to map where the d¢mnate bank ended (high amplitudes) and where the distal
clastics began (low amplitudes). Generally, the higher the acoustic impedance variation of
stacked lithologies, the higher the RMS amplitude values wilRdMS amplitude maps

created to aid in deteining the depositional environments can be found in Appe@idix

3.6.5 Genetic seismic inversion
Within Petrel™, multi-layer neural networks as well agenetic algorithm are combined
to provide a straightforward seismic inversion from reflection aomditto any property
selected from the well data. For the genetic inversion undertaken here, the inputs were
reflection amplitude and the lithology logs, provided by CandResults from the genetic

seismic inversion can be seerSection 4.4.3

The resitant lithologies from the genetic inversion are extracted from the seismic data
(Fig. 4.2) and the lithology logs calculated from-shale logswith editing from the
Canstrat logs (cuttings) to discriminate between limestones and sandstones. Thalextracte
3D attribute volume of log property was calculated using genetic algorithm and neural

networks. The genetic algorithm allowed the neural net to find the global minimum of the
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function and gave an optimal solution. The genetic inversion inverted thacsdata into

the desired lithology log, producing a best fit from the given well data (Veeker2e08).

3.6.6 Geocellular framework (initial model with no properties)
After a model was defined from the seismic and fault correlations, a boundary was set for
the geocellular model and can be seen in Figu28as the red polygon. The geocellular
model was then built progressively by inputting the seismically correlated faults and
creating a fault modelThe results of the geocellular framework can be seeeation
4.4.5

Fault modeling

The fault modeling tool was used to convert the seismic fault interpretations into a fault
model within thedefinedPetrel model. The faults in this fault model were first conditioned
to ensure that the ensuing pillar grid wbnot have unnecessary contortions. Faults were
extended to a top limit 62250 ms and to a bottom limit @f5500ms, based on where most

the faults terminated, by extending all the pillars within the fault. The faults were then
individually examined ina 3D window to make corrections where some of the faults

crossed one another and some of the piltduithe faults were distorted (Fig. 4.23).

Pillar gridding

Pillar gridding was done once a satisfactory fault model was created. Pillar gridding uses

the faults in the fault model as the initial basis fora#@ar t esi an 06i . j . k6 31
the faults define grid cell boundari@sg.4.24).

Horizon modeling

After a satisfactory faulbased plar grid was completed, the li8terpreted seismic
horizonswe e i nput to the model using the fAmake
a horizon type of either conformabl dar er osi
grid is further modified so that grid cell boundaries parallel the horizons and amnes

defined between horizons.

The distance to faults was set to 250 m, which signifies the distance that will be ignored
between the horizons and the faults, in case any of the horizons were interpreted over the

fault plane which would skew the horizon nehdd
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Timeto-depth conversion

The timeto-d e pt h conversion was compl et ed usi n.
Vel ocity Model 6 after the time horizons we
gridded in a83D geocellular framework modélhe shallowesand the deepest interpreted

horizons from the framework model (Abenaki 7 and Mohican Formation) and two horizons

abowe them (Wyandot Formation and\@arker) were input into a velocity model together

with interval velocities based on the Cohassed7Lwell. The lithologies that were

calculated by genetic inversion were input into the-tvay-time model and this was then

converted to depth using the velocity model. An example of the reshié aflepth model

can be seen ine8tion4.4.4

3.6.7 Geocellular modling (with properties)

The results of the geellular model can be seen iacsion 4.46.

Zone index

The interval between each pair of horizons is termed a zone in Petrel, and the geometrical
modeling tool enables a number (index) and color (loosely baseithology) to be
assigned as a property to each zone. This zone index can then be displayea3)Fom

top of seismic data and inspected in 3D as the first step in quality checking the 3D grid.

Cell Height (Cell thickness)

Cell height is anotherapmetrical property that was generated using the geometrical
modeling tool, which like zone index, creates a discrete property for each cell and then
assigns a specific value for each cell (Fg6). Cell height is useful to determine the

thickness of th intervals of interest.

Genetic seismimversionwithin geocellular model

First, layers were added to the modetedesto give a more detailed result. The lithology
attribute resulting from the genetic inversion was input into the geocellular modgl usi
geometrical modeling. The genetic seismic data was resampled into the geocellular model
using the horizons and faults previously modeled. Two separate geocellular models were
created to represent the lithologies associated with a-riod distal carboate
depositional system (Fig.27) and a mixed sandch deltaic depositional system with a

carbonate depositional system (Fg28. This will be explained further in Chapter
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Chapter 4: Results

4.1 Introduction

This dhapter showgxamples of theesults of the methods described in Chaptértigy

are presentedoeginning with geological resujtprogressingto petrophysical and
geophysical resultéwhich includes geophysicalgriven geocellular modeling results)

The interpretation of lithofaciesdm core and microfacies analysis is first describéese
results helped in understanding depositional environments (Table 5.1) on the carbonate
platform (where the cores were takeAdjacent depositional environmentgere then
interpreteddowndip usinghe seismicdata A cross section of the ey wells across the
study area (discussed further in Chapter 5) shows the resulirebifie log interpretation

of the lithology andarchitecture of the thirdrder depositional sequendeghe study area.
Examples of the results from the 2D and 3D seismerpretatiorare shown as a series of
seismictraversesfrom the sheHlto-basin. Eachiraverseshows the interpreted seismic
horizons and faults that were usedattalysethe stratigraphic architecture tfe third

order depositional sequendesscussed ilChapter . Theseismic traversesso show the
interpreted depositional environments (summarized in Table 5.2) based on seismic
characterand facies within the specific intervalsand from an undersandng of the
geological modekore and well log analysisseophysical results includirexamples from

the geocellular moddhat are used tshow perspective views of seismically derived
lithologies that are then interpreted in temhgnvironments of degsitionand source rock

potential are discussed @hapter 5.

4.2 Geology

4.2.1 Core Analysis
Core analysis was completed on 11 cored intervals of the Abenaki Formation at the
CanadeNova Scotia Offshore Petroleum BB8ardos
GRC) in Dartmouth, Nova Scotia. Only four of these cored intervals will be discussed due
to the others having a similar depositional environment on the shelf and/or shelf margin
(Fig. 4.1). The location of the four cored intervals can be seen as blackitlun Figure
4.1 and are: one core from the Cohassé¥lwell, 17.7 m was recovered of the Upper
Jurassic, from a depth of 343824.79 m. One core from the Par@dian Bnuke HO8

well, 2.96 m of LateJurassic was recovered from 34453459 m depthOne core from
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PanGnadian M79 well, 5.2 m of Middle Jurassic was recovered from 45324540.3
m depth. The fourth core is from the PanukelR1J-99 wellandrecovered poly 1.4 m of
core from the Latdlurassic (Kimmeridgian) from a depth of 4029.281082.8 m. The
locations of the four core can be seen in Figure 4.1 and in cross dégtioed.2.

Penobscot 30 and Penobscot-81 cores werelescribed by Eliuk1978 and 2016and
by Campbel(2014). Other cored intervals of predominantly siliciclasficsn theEarly-

Late Jurassic were previously described by Eliuk in 2016.

The CohassetB 7 wel |l was drilled of the western e
Sable MegaMerge of Figure 4.1), approximately 31 km west of Sable Island. The well

itself penetrated the entire Abenaki Formation from 3158468 m. Kidston et al. 2005

referred to the target of this well as back reef, slightly away from the margin. The core was
taken 200 m below the top Abenaki. The core is predominantly a mudstmkestor

with large coral frame builder§here is minor pyritization throughout the core. Most of

the core is difficult to interpret due to cpfitated dolomitic diagenesis.

4.2.2 Cored wells cross section

AN

Figure 4.1:Location of the four wells (87, M79, H-08 and P{1A- J-99) with cored
intervals of the Abenaki Formation (fobtack dots) from the Middieate Jurassic that

were analyzed and described for this study. The pink polygon is the outline of the 3D Sable
MegaMerge, the bluare carbonates on thehglf and on the shelf margin and the geeg
predominately shale rich/ siliciclastics.
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The three cored intervals that were described from the Deep Panuke Field just west of the
3D Sable MegaMerge were deitl by Encana. Deep Panuke was discovered by Encana
(PanCanadian) in 1998 by deepening the well from the depleted overlying Panuke oil
reservoir that was discovered in 1986 by Shell Panu®6 EEliuk 2016).

Panuke HO8 was drilled in 2000. The cored intal was very broken up and heavily
sampled making interpretation difficult. The core comprises an upper section,
approximately 2 nof spongerich limestone, and a lower section of limestone, rich in
crinoids, bryozoans and large bivalves. A brecciatetuted interval separates the two
sections. Both limestone sections are highly porous. This core was also affestigddye
dolomitic diagenesis.

Panuke M79 was alsdalrilled in 2000 by Encana (Paa@adian). It is the deepest well in
the Deep Panuke gdield and drilled on theAbenakibank edge. The core comprises
oolitic-mudstone with abundant lithoclast intervals (predominantly quaiz¢rh, sub

rounded, well sorted) and very firgisarticulated shell fragments.

Panuke RILA J99 wasdrilled in 1999by Encana (Pan&hadian). The cored interval was
quite broken up, making interpretation difficult. It was also heavily affected by diagenesis,
makingthe interpretation of microfossils difficult since they were all overprinted. The core

is comprised of vugy, reefal boundstone of dolomite creating a very porous texture.

Full core descriptions for these wells can be found in AppendibhB .core logs for the

cored intervals can be found in the supplementary files.
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4.2.3 Lithofacies
Seven lithofacies (Lithofacies ) were examined through petrographic and microfacies
analysis from the four cored wells of the Abenaki Formation. Table 5.1 in Chapter 5 is a
summary table of allesren lithofacies with interpreted depositional environment. Seven
thin sections from Cohasset97 were previously prepared and borrowed from the
CNSOPB GRC, and three thin sections from Panuk8 Hour thin sections from Panuke
M-79, and one thin sectidrom Panuke RP1A were prepared at Dalhousie University.

Microfacies analysis was done to confirm fossil assemblages, textures and rock types that
were determined from core analysis, however most cored intervals were affected by
diagenesis making interetation and determination of fossils assemblages sometimes
difficult using the naked eye. In some cases, a polarising microscope aided in the
determination of some fossils, however for other thin sections, the fossils were
indistinguishable. The polarigyj microscope was also used to try to distinguish which
lithoclasts were present, if any at all, in the thin sections, potentially giving some indication
as to the proximity to siliciclastic influence.

The thin sections from the Cohasse2 T well had bee stained with Alizarin Red S, which
produces a pink to red stain on any carbonate that reacts with dilute acid. Therefore, the
more reactive minerals like calcite and aragonite get stained red astierdess reactive
minerals like dolomite remain ungtad. The epoxy of the Cohasse®L thin sections as

also stained blue to facilitate observation of porosity.

Lithofacies 1: Mudston#ackestone

Lithofacies 1 (Table 5.1) (Fig. 4.3 A. B and C) is classified as a mudstackestone
(Dunham 1962), and gresent in Cohasset7. It is medium to dark grey in color with
sparite cement. There are peloids, microbes and sponges, crinoids, bivalves and
stromatolites presemiithin this lithofacies. Calcite is also present, which has infilled vugs
and veins anchas also formed as a cement within some intervals. There are clasts
throughout which are unidentifiable, however they appear to be comprised of the main
sparite matrix. Within the Cohasse®l core, there is approximately B of lithofacies

1, from depths of 3414n 1 3406.04m. There is no visible porosity in core, or thin sections.

Microfacies analysis determined there are fragmented scleracthinian corals, abundant
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bryozoans, and other various benthic foraminifera. This facies has blocky, subhledeal ca

with many crystal face junctions (Fig. 4.3 B and C).

Figure 4.3 A, B and CA: Cohasset 197 Core 1, at approximately 3407m depth. Large
(6cm) scleracthinian corals within a brecciateddrval. There are also bivalvesy@small
stylolites wihin a sparry matrix. B and C: Thin section from Cohassev Ltepresenting
lithofacies 1, TSBF627, 3418 m MD 5x magnification, B: Plane polarized light (PPL) C:
Cross polarized light (XPL). C2: XPL calc=calcite. There is no visible porosity.

Lithofacies 2:Brecciated Wackestofmackstone

Lithofacies 2 (Table 5.1) (Fig. 4.4 A. B and C) is characterized as a brecciated wackestone
packstone (Dunham 1962), medium to light grey in color. It is present throutifeout
Cohasset 197 core, from approximately 34187 3414m (~5m). It has sparry calcite
cement. There are abundant fragmented skeletal particles o¥dsyatrinoids and
foraminifera There are peloids scattered throughout this lithofacies. Sponges and
branching coral are also abundafhe branching gal intervalis approximately 3@m,

then becomes brecciated. Some intervals are-grgoported with grains of matrix which

has been brecciated, with nodule clasts from mixing and decompaction, although it is
predominately wackestone. Stylolites are comni@cause of pressure solution after
burial, lithification and dolomitization. There is no visible porosity. Pyrite is visible within
this lithofacies formedin the muddier intervals of the wackestone. From microfacies
analysis, fragmented scleracthiniearals, bryozoans, and other benthic foraminifera can
been seen. There is also evidence of silicisponges, encrusting foraminifera and annelid

tubes. Seen within Figure 4.4 B and C, sparite filled a moldic cavity in a scleracthinian
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coral. A bivalve visiblen B1 has a geopetal structure, while the rest of the bivalves have

been replaced with blocky calcite.

Figure 4.4 A, B and CA: Cohasset 197 core 1, at approximately 3417.5m depth. Base of
branching coral growth framework with minor stylolites. Bda@: Thin section from
Cohasset 197 representing lithofacies 2, TSBF626, 3414 m MD, 5x magnification, B:
PPL, C: XPL. spar=sparite, biv=bivalve. No visible porosity.

Lithofacies 3: Crystalline mudstone

Lithofacies 3 (Table 5.1) (Fig. 4.5 A. B and C) cames crystalline mudstone (Dunham
1962) present within the Cohasse®T core from approximately 342671 3419m (6 m),

it is also present withithe top of the core at approximately 340 intermixed with
lithofacies 1. It is light grey in color with napparent grains throughout due to complex
dolomite diagenesis. It is also difficult to distinguish fossil assemblages due to the
dolomite. Porosity is <2%, however it is not fabric selective and appears as vugs. Most
vugs however, are infilled with cateil The lithofacies is brecciated with an abundance of
stylolites. From microfacies analysis, this facies exhibits scleracthinian coral fragments, all
which have been replaced with dolomite. There is an abundance of bryozoans, bivalves
and other benthic faminifera that have mostly been replaced by dolomite or calcite. In
Figure 4.5 B and C, a scleracthinian coral has beehtlsligncrusted by microbialitesh&

coral fragment has been replaced by blocky, elongated calcite crystals and minor amounts
of blocky dolomite.
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Figure 4.5 A, B and CA: Cohasset 197 core 1,at approximately 3424m depth.
Indistinguishable fossil assemblages, predominately calcite and dolomite with some calcite
filled vugs. Exhibits a brecciated fabric. B and C: Thin sectiomfrGohasset 197
representing lithofacies 3, TSEC467, 3410 m MD, 5x magnification. Pink is from Alizarin
Red S staining, differentiating between dolomite and calcite (calcite will react and stain
pink, dolomite remains unstained. B: PPL, C: XPL. dol=dolemmitilc=calcite. The red
arrows are pointing to the dolomite and calcite which has replaced a scleracthinian coral.
There is no visible porosity.

Lithofacies 4: Sponge reefal Floatstegeinstone

Lithofacies 4 (Table 5.1) (Fig. 4.6 A. B and C) is cldssifas a sponge reefal floatstone
grainstone (Dunham 1962). It is present within the Panuk8 Ebre from approximately
3452m 1 3446m (6 m), however that measured depth of core in inaccurate due to core
being very broken and sampled. There is onlytless 1m of cored interval of lithofacies

4. This limestone lithofacies is light brown/beige in color and has abundant bivalves,
bryozoans, brachiopods and crinoids,vasdl as stromatoporidsThe intervals that are
closer to a floatstone, have very coagsains (1cmi 5cm), comprised of predominantly
oncoids. There are large coral fragments (~20cm) throughout. There are brecciated
intervals. Calcite is also presemithin this lithofacies, commonly infilling vugy there are

also calcite veinsThe vugs wee most likely a result of the dissolution of the freplaced
limestone, or by the dissolution of more soluble particles. The thin seftton$anuke

H-08 has been cut slightly thicker (~ffn) and do not have a cover on the thin section,
skewing some fathe optical properties. From microfacies analysis (Fig. 4.6 B and C), this
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lithofacies exhibits predominately silicisponges and a large scleracthinian coral. From thin
section alone, this lithofacies would appear to have more of a boundstone texgae (lar
sponge section was sampled), however when compared to the core, the lithofacies has more
grainstone characteristics.

sponge

Figure 4.6 A, B and CA: Panuke HO8 core 1, at approximately 3450.7m depth. Coral,
bivalve, and brachiopod fragments. Argillaceguaterial within a micritic matrix. Thin
sections from Panuke -B8 representing lithofacies 4, TCH33 3446m MD, 2.5x
magnification. B: PPL, C: XPL.

Lithofacies 5: Echinoderm Grainstone

Lithofacies 5 (Table 5.1) (Fig. 4.7 A. B and C) comprises echimodeainstone (Dunham

1962) and is present within the Panuk®&Icore from approximately 346071 3452m.
However like lithofacies 4, there is only less thammlof cored interval of lithofacies 5.
Compared to lithofacies 4, lithofacies 5 has4{imediumgrains (<Imm) of predominantly
echinoégrm fragments, however, there asbundant disarticulated bivalves and
brachiopods. The grains are all in contact. The matrix is composed of micrite. There are
oncoids and ooids presead well agalcite appearing iweins and vugs. The sections had

an abundance of disarticulated brachiopods and bivalves. Echinoderms and crinoids were
also abundant, with minor amounts of bryozoans, and various béotthioinifera The

sampled interval had a micritic matrix and shdwtte evidence of dolomitic diagenesis.
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Figure 4.7 A, B and CA: Panuke HO8 Core 1, at approximately 3457.5m depth. Fine,
broken up bivalves and brachiopods. There is calcite throughout. Thin section from Panuke
H-08 representing lithofacies 5, TOB-1, 3457.5m MD, 2.5x magnification. B: PPL, C:
XPL. lith frag= lithics fragment (lithic clasts), dol=dolomite, brach= brachiopod,
crin=crinoid.

Lithofacies 6: Oolitic Mudstone

Lithofacies 6 (Table 5.1) (Fig. 4.8 A. B andi€a oolitic mudstone (Dunhat®62) present

within the Panuke MF9 cored interval from approximately 45378 4532.7m (5.1 m).

This limestone lithofacies is dark grey to black in areas, with approximately 20%
argillaceous matels. There are abundant ooidspresenting approximely 70% of the

fossil assemblage. There are also crinoids, bivalves and lithoclasts, which are interpreted
to be quartz. The quartz lithoclasts are-sainded and poorly sorted, and appear in small
laminations (<lcm thick). These intervals can contaitidiclasts of approximately &n

in length, areconsidered to be more of a packstone than a mudstone. There are small
carbonaceous laminations, sometimes wavy and lenticular. The thin sections for Panuke
M-79 has been cut slightly thicker (~afh) and do nbhave a cover on thrdividual thin

section, skewing some of the optical properties. From microfacies analysis, this lithofacies
has a micritic matrix, with abundant intraclasts, mixed with assumed very fine detrital
quartz grains, rounded and well sarteith larger (250um) quartz clasts, angutsub
angular and poorly sorted. Minor micritized ooatsurthroughout section. Also contains

brachiopod fragments that have been replaced by calcite.
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