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Abstract

The fluvialdeltaic successions of theretaceous Logan Canyon Formation in the
Sable Subbasin, offshore Nova Scotia, have been one of the main sources of
hydrocarbon production for decades. The distal and laterally equivalent strata of the
Logan Canyon Formation (Aptiailbian) are transgresive shale sequences within the
sandrich successions, appearing to correspond to global oceanic anoxic events (OAES).
The Aptian Naskapi Member of the Logan Canyon Formation is one of these shale
sequences, and the focus of this study. The distal Cretet@orassic shale section
offshore Nova Scotia is considered source rock, although it is uncertain whether there
are sufficient concentrations of strata with elevated total organic carbon (TOC) values to
form the continuous fluid phase necessary for effeethydrocarbon generation and
migration. When comparing existing levels of TOC from the Scotian Basin with those
from OAEs elsewhere, tieéretaceous Naskapi Member exhibits lower levels of organic
matter.
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List ofAbbreviations Used

Gorgc Organic carbon

DST¢ Drill Stem Test

OAEc Oceanic Anoxic Event
PFAg Play Fairway Analysis
TOC Total Organic Carbon
VR¢ Vitrinite Reflectance
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Glossary

Abyssal; The deepest region of the ocean, greater than 2000 m depth where fine
grained sediments fall out of suspension at a slow rate and the depositional
environment has very low energy, is cold, and lacks sunlight.

Accommodation space The volume of space aNable for sediments to be deposited,
which is a function of eustasy, subsidence and sedimentation rate.

Active margin¢ The boundary of two colliding continental and oceanic lithospheric
plates, which include subduction zones, colliding continentakpleor spreading
centers created during continental rifting.

Aggradationg Occurs during periods where sediment supply and accommodation space
are in balance. Sediment layers are deposited on top of each other and build up
vertically.

Allochthonousg Deposits are found in a place different from where they were formed.
Movement could be by gravity flow, landslides fault movements.

Anoxicg The absence of free oxygen in the environment.

Autochthonous¢ Deposits remain in the place that they wdmemed and have not
been transported.

Bitumen¢ Bitumen refers to the portion of naturally occurring inflammable organic
matter extractable from rock using organic solvents and is solid, odiferous and brown or
black in colour. Kerogen, as it is subjelcte increased burial and heating, will yield
bitumen, then liquid hydrocarbons followed by gas. Asphalt and mineral wax are types
of bitumen.

Carbon fluxg The rate of exchange of carbon between the atmosphere and carbon
NEaAaSNIDP2ANRI 2N WaAyl1aQs gKAOK 200dzNJ 2y fly
surface, biota and the deep ocean.

Chronostratigraphic horizong Those horizons which were degited at the same time.
Also known as coeval horizons.

Coeval horizong Those horizons which were deposited at the same time. Also known
as chronostratigraphic horizons.

Coriolis effectg Coriolis effect deflects surface waters to the rightlofv in the
Northern Hemisphere, and to the left of flow in the Southern Hemisphere due to the
SINIKQa NRUGIFIGAZ2Y GAGK AyidSyarade AyONBlFaAiAy3
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Critical moment¢ The beginning of a viable petroleum system, where source rock is
buried at the maximum depth where it has the greatest likelihood of being entrapped
and preserved.

Deterministicg A kriging algorithm which will always give the same result with the same
input data and where grid cells between two datapoints will berdyasmoothly
contoured.

Effective Source RoakRock which contains organic matter and is producing in
sufficient economic quantities.

Epibathylc Deep marineregion.

Eustasyg Refers to the variation in global sea levels resulting from changegin th
volume of ocean basins due to tectonic plate movements, and from climatic changes
affecting the amount of water stored in glaciers and icecaps.

Euxinicg Refers tosulfidicanoxic water conditions, which are depleted of oxygen and
rich in sulfide (hydsgen sulfide). Euxinic water bodies are stratified with an oxic, highly
productive, thin upper layer and an anoxic, sulfidic, bottom layer. A medayn

example would be the Black Sea.

Facieg; Defined as coeval sediments which are spatially segregapdsited in a
certain depositional environment or by a specific mechanism.

Guyot¢ An underwater volcanic seamount or table mount at least 200 m below the
water surface.

Hadley Celk; Atmospheric circulation in the low latitudes, from the equator to 30
degrees north or south.

Isochrong A line of equal distance in twway travel time between two seismic
surfaces.

Isopachg A line of the equal true thickness of an interval perpendicular to the bedding
plane.

Isochorec A line of equal vertical thickness of an interval.

Kerogeng Part of naturally occurring, solid, organic matter, which cannot be extracted
by organic solvents. It is found in source rock and made from terrestrial woody plant
material or marine algae and has a higher molecular weight than bitumen. As kerogen is
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subect to heating and burial, hydrocarbons are produced in the order of: bitumen,
heavy oil, liquid hydrocarbons, and gas.
- Type | kerogen is algal/amorphous kerogen (oil prone);
- Type Il is mixed terrestrial and marine sourced (waxy oil prone); and
- Type llis woody terrestrial material (gas prone); and
- Type IV is a neproductive hydrocarbon, made of residual kerogen, dead
carbon orinertinite.

Litholog¢ A graphical representation of the lithology of logged intervals in a well, where
cuttings samples artaken every 5 meters (10 feet in old wells) and described for rock
type, grain size, texture, colour and other parameters observed.

Lithostratigraphic horizon pickg Based on the rock properties of a formation,
regardless of the age. Lithostratigtac picks are not necessarily coeval.

Neritic ¢ A marine zone found between low tide and the continental shelf edge down to
a depth of approximately 200 m. Neritic marine organisms live in this zone with
exposure to moderate sunlight.

Oceanic Anoxic\Eents6 h ! g Dhiese are brief periods of time (approximately €10
years) where marine oxygen is very low (anoxic) resulting in org@hitaminar black
shales with carbon excursions and little evidence of biologic activity.

Oligotrophic ¢ Unproductive, very low primary productivity, due to a low level of
nutrients, but a high level of oxygen.

Paleorheologyg History of flow

Passive margirg A margin such as offshore east coasNofth America, or the Gulf
Coast There may bdault blocks of sedimentthat have slumped and show rotation
After a significant period of time has passed and the continents move away from the
spreading center, the margin becomes passive.

pCQ ¢ Oceanography term referring to the partial pressuwsf carbon dioxide in the
ocean surface waters.

Petroleum system Components and processes required to generate and store
hydrocarbons, which include mature source rock, a migration path, a reservoir rock, a
trap, and an effective seal. The timing argeration, migration and accumulation details
are required, and is usually displayed in a events chart with the x axis showing time and
the y axis showing the components and processes.

Petroleum system modelingModelling of a sedimentary basin showing the
components necessary to form petroleum, including source rock, reservoir rock, trap,
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seal and the timing of tleir formation A 3D model of geological, geophysical and
engineering data is formed and reveapdtroleum is present and how much is trapped.
These models can aid in exploration, predict pore pressure and are used to plan well
and field development, find sweet spaasidshale gasleposits It is viewed on a large
scale, unlike reservoir simulationhweh is on a smaller scale.

Potential Source Rock Rock which contains sufficient organic matter, which if
subjected to heat and pressure, could generate and expel hydrocarbons.

Prodeltag The part of the delta that is below the depth of wave actiohjck extends
beyond the delta front and slops down into the basin.

Pyrolysisq¢ Geochemical analysis whereby a rock sample is heated in an inert gas under
controlled conditions to the point of generating hydrocarbons in order to assess its
source rock pantial, its TOC values, thermal maturity, and the quality of hydrocarbons
it could generate. During pyrolysis, large HC molecules are broken down into smaller
ones.

Regressiorg Sea level drops and the shorelim®vesbasinward.

Relic Source RoakRock which was generating and expelling hydrocarbons but stopped
prior to using up its supply of organic matter, due to thermal cooling.

Source Rock Definedas a rock (shale or limestone usually) with sufficient organic
matter (1% or more organic mattand .5% TOC or more) to generate and expel
hydrocarbons through biogenic or thermal processes. Source rocks of a marine origin
are oitprone, and terrestrial source rocks are gasne as a rule. In reservoirs of shale
gas, the source rock is also the reg®r rock.

Spent Source RoakRock which has become overmature or does not have sufficient
organic matter left so is unable to generate or expel hydrocarbons.

Spline¢ A mathematic term for connecting data points with a smooth line. The variable
lambda in the algorithm controls the direction and curvature of the line which does not
necessarily pass through all data points but is affected by their location.

Stochastiag Stochastic algorithms use a random element added to the input data, with
that eat time the algorithm is applied, a different result will be seen. This is more
realistic, as it factors in variability, rather than applying a smooth even contour between
data points.

Total Organic Carbon (TOCRefers to the concentration of organic ttex in a source
rock expressed as weight percent of organic carl@obs of TOC by weight percent is
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the minimum required to be classed as an effective source rock. 2% is considered
minimum for a shale gas reservoir.

Transgressiorr Where sea levalises and the shoreline migrates landward.
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Chapter 1:Introduction
1.1 Overview

The Sabl&ubbasinsthe main depocentem the Scotian Basin, offshore Nova
Scotia, Canad/irtually all knowroil and gagproduction, discoveries, and showsthin
this Subbasimmave been made in the fluvideltaic sequences of the Dawson Canyon
(Upper Cretaceous), Logan Canyon (Lower Gzets), the Missisauga (Lower
Cretaceous and Upper Jurassic) and the Micllgaper Jurassiéprmations Source
rocks for these hydrocarbon accumulations are interpreted, via aromatic biomarker
fingerprinting, to be Upper Jurassic Verrill Canffonmationshales (Mukhopadhyay,
2012). However, largely because of contamination from drilling fluids, F¢20&6)
commentd that determining the source rocks of known hydrocarbon accumulations
the SableSubbasins difficult, and there is still not an unequinalcource rock
correlation. This leads to speculation on the possible existence of Cretaceous erganic
rich intervals and potential source rocks, for example as seen in the Play Fairway
AnalysigBeicipFranlab, 201)lwhere the Naskapvlemberis considered a minor source
rock.

hOSFYAO y2EAO S@Syida oh! 9Qao 6SNB SLMAA
where large amounts of organic carbamere createdpuried, and preserved on the sea
floor beneath oxygefpoor bottom waters which lacked signifidasea water circulation
(Turgeon and Creasd008).0Organigrich shales have been noted as abundant in early
andmid-Cretaceousleposits from the deep North AtlantiS¢mmerhayes, 1987
TrabucheAlexandre et al., 20)0The AptiarNaskapi Membeis correative with the
Early Aptian laminated organic mudstones (LOMS) in the Tethys region Weabktarn
Europe, including the Selli Level (Chasteal., 2016).

In the Scotian Basinhé Early Cretaceousas typified by the fluviatleltaic
deposits of the Missauga and Logan Canyfmmmationswith the Late Cretaceous
typified by largely transgressive shales of the Dawson CaRgonation,and the chalky
WyandotFormation (Wade and MacLean, 199@ediments of th&able Delta ere

deposited during a time of ragh subsidence with high sediment suppignsgressing



from east of the Abenaki Bank from the Upper Jurassic Oxfordian through to the Upper
CretaceougWade and MacLean, 1990)

The Logan Canyon Formation contains fa@mbers in ascending order,
NaskapiCree, Sableand Marmora Two of these aremajor transgressivehale tongues;
the Naskapas the basal unit, and the Sable near the top (Wade and Mac¢lLeag
Deptuck and Kendal012). TheNaskapseparates the sandch strata of the
Missisaugdormation and thd.ogan Canyon Formation Cree Man (Wade and
MacLean1990). Primarily composed of varicoloured shalegingfrom yellowish-
brown to greengrey and redish-brown, it is interbedded with sand and silt layers and
thickens seawat, while rorthwards, the Naskapi becomes sandier (Wade and MagLean
1990). Examination of microfossitglicatestidal flat to marginal marineéepositional
environment thus indicating a transgressive phagihin the sands of the Sable Delta
(Wade and Makean 1990).

PePiper and Pipef2004) proposedthe cause of elevated sdaveland Naskapi
Memberdepositionwas due to dextrastrike-slipmovement along the Cobequl
Chedabucto fault extendingest to east across mainland Nova Scotia and athess
southwest Grand Banks of Newfoundland. This dextral motion caused extension in the
LaurentianSubbasirresultingin a marked, rapid subsidence on tBeotian Margirand
a reduction in sediment supply during the Apti@m uplift in theearly Paleozoic
Meguma Terranesouth of the faultduring deposition of the AptiaNaskapi Member
disrupted drainage systems anécreased the amount of sediment deposited in the
Scotian Basiwith sedimentsdiverted to theFundy Basimand beyond As a result, the
sedimentaton rate of the Naskapi is loweompared tothe rest of the Logan Canyon
Formation Piper et al.2011, Chavezt al, 2016). TheNaskapi Membetransgression
could thereforehavebeen a result of tectonic allocyclic action rather than autocyclic
sedimentary processes.

Climate models for the mi€retaceous point to a thermohaline circulation that
was stronger globally thapresenttoday (TrabucheAlexandre et al., 2010stuarine

circulation of intermediate depth ocean waters flowing eastward into the North Atlantic



Basin through the central American seaway brought productive waters to the euphotic
zone, which encouragearganicrich sediment deposition in the North Atlantic. An
estuarine circulation combined with upwelling of subsurface waters can create a
nutrient trap oforganicrich deposits, and the resulting high production and high
depositionrate can create anoxic conditions in bottom watgnoducingan Oceanic
Anoxic Evet (OAE). However, in times of high sea level, current reversals can occur
affectingorganicrich deposition in basins (Trabuckidexandreet al,, 2010). A sedevel
highstand can affect accumulation of marine organatter in bottom sedimentsand
resultin the entrapment of clastic material near coastal areas and dilute the richness of
organic matter (Trabuchélexandreet al, 2010). Thus, the high defgerived
sediment load which was focused in the Sa®l#gbasirduring the Cretaceous would
have servd to dilute the amount of organic matter deposited with entrapped clastics
during the Naskapi sea level highstand. As well, variations in the direction, strandth
productivity of ocean currents to the area would have affected the abundance of
organicdly rich deposits.

Identifyingthe extent of potential source rocks and organich intervals, if any,
for the Cretaceous would potentially aid future petroleum exploration in the Scotian
Basin, and is addressed here by mapping the seismic and litbal@fjaracteristics,
total organic carbon content, and vitrinite reflectance values of the most significant
Cretaceous shale, the transgressive Aptian Naskapi Member of the Logan Canyon

Formation.

1.2 Importance of Study
The Source Rock and Geochemistrthe Central Atlantic Margins consortium,
led by Professor Gram. Wach and Dr. Ricarda Silvaof the Basin and Reservoir Lab at
Dalhousie University as th@incipalinvestigators, was formed to determine known,
probable and possible source rockshiasinsoffshore Nova Scotia, Newfoundland,
Labradorand Ireland (Silvat al, 2015). This has been achieved byekaluating

existing data, integrating these data witime equivalent analog source data from the



eastern Atlantic Margin, and augmenting the existing databases comprising source rock
and oceanic anoxic event data.

Recentresearch undertaken bihe Offshore Energy Research Association of Nova Scotia
(OERA) ahthe Nova Scotia Department of Energy and MiidSDEMgoncluded that

strata inthe SableSubbasi® a / NB G I O S a=not axtidot Suifigientitday

organic carbon to constitute source ro@knlike the underlying Jurassic section which is
interpreted to have sourced the existing and depleted resou(Be)cipFranlab, 2016
Determining and understanding the reasons for this enables a better understanding of
the subbasinand aids in effectivelge-riskingpetroleum explorationThe current study

aims primarily to develop hypotheses to explain this unexpected finding.

1.3 Area ofSudy
The area of study for this thesis is the Sahlbasiron the ScotiarShelf
offshore Nova Scotidl' he following figures 1.4.1.3 outline the major geographical
components of the study area. Wells included in the study are in the Sable Subbasin and

adjacentsubbasins and structural elements.
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Figure 1.1: Area ofstudy, Scotian Basin, offshore Nova Scotia.other greypolygon indicates the main area of studeviolet outline shows the extent of
the seismic data used in this study (referred to asgkeonMobiMegaMergecube), inside of which is Sable Island (yellow crescent). The coastline of Nova
Scotiais in the northwest corneg(een, bp left). The location oftie Late Jurassi@benakicarbonateBankis indicated by the shaded blue sndike shape

trending southwest to northeast ending near Sable Island.
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Figure 1.2: Location of study area key wells on the Scotian Shelf that are listed in Appen&ige&sRigure 1.3 for enlarged detaigend same as Figurel.l.
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Figure 1.3: The key wells on thExxonMobiMegaMergeseismic area used in the studygend same as Figurel.l.



1.4 PrimaryResearchObjectives andViethods

Theprimary objectivess to investigate théNaskapi Membeto find:

a) the stratigraphy, sedimentology, and diagenesssinterpreted from wireline,

litholog, andseismicsurvey datan the study area

b) the extent of organierich intervalsand/or potential source rocks,

c)the oceanic and atmospheric conditions in the Cretacqguaiso Atlantiovhich

may have affected the deposition and accumulatiomfanicrich deposits in the

Scotian Basimand

d) compareand/or contrastwith Cretaceou®rganicrich intervals and anoxic eves

found inother circumAtlantic Ocearbasins

The following methods were used to fulfill the primary research objectives:

1)

2)

3)
4)

5)

Literature review of recent research in Cretaceous ocean current modeling
and sedimentation rates for the Scotian Basin.

Retrieval and analysis afailablewireline data from wireline logs and
lithostratigraphic data from analysis of drill cuttings amdes.

Creation ofisochore mapshowingthe shale distribution.

Mappingof potential source intervals as determined by the Delta Log R
(Passeymethod.

Mapsand models of the existing lithological attributesidsntified from

cuttings and core descriins.

6) Aseries of cross sections combining lithol@gg wireline log data.
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8)

Models from seismic interpretatiaof the Naskapi Membehorizon (top
and base.

Compairson of total organic carbon levels in the Scotian Bssatato
known total organic carhwolevels preserved in other basins in the paleo

Atlantic Ocean.



1.5 ThesiQuestions

a) What are the geometrical, lithological, petrophysical, organic, seismic, thermal,
and pressure characteristics of the transgresdtaskapi Membeas seen on
the Scotian Shelf, offshore Nova Scotia? After examining these characteristics,
could theNaskapi Membebe interpreted as a viable source rock?

b) Recent research by the Offshore Energy Research Association of Nova Scotia
(OERA) and the Nova SedDepartment of Energy and Min@4SDEM) as
presented in theilPlay Fairway Analysis (208ncludeghat the Naskapi
Memberdoes not constitute a viable source rodkerefore why does the
Naskapi Shale Member of the Logan Canyon Formatbdexhibitsufficient
levels ofpreservedorganic matte, or share characteristics from oceanic anoxic

events seen elsewhere in Cretaceaisata from other circurrAtlantic basin®

1.6 Hypothesis
The Scotian Basin did not accumulatepreservesignificant amounts of organic
rich shale necessary to create effective regional source rock during the Cretaceous

(Aptian) global oceanic anoxic events, as is seen elsewtheeeto:

a) A high deltaderived seliment load focused in the SabBubbasirduring the
Cretaceoushat resulted in high dilution of organic matter by entrapped clastic
material.

b) The direction and strength of the ocean current regime during that time was not

conducive for sufficient preseation of organic matter.

1.7 Thesig~ormat
Chapter 1 introduces the study area and outline of the main thesis questions,
hypotheses, methodsnd objectivesChapter 2 covers the regional geological setting
and specifics regarding thi@éretaceous Perionh this area, including sea level, volcanism,
sedimentation and formation descriptions from the study area. Chaptexamines

characteristics of past and prest ocean currents relevant to this studyghapter 4
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outlines source rocks, including the definition of the carbon cycle, total organic carbon,
and kerogen, as well as a section on coeval orgaeticintervals found elsewhere in the
paleo Atlantic OcearThis is concluded with a discussion of oceanic anoxic events, their
causes, and attributeChapter 5 describes ethods and techniques used in this study,

such as cross sections, cuttings examinations, wireline logging techniques, shale volume
determination, sedimentation rates, sequence stratigraphy and modeling. Chapter 6
outlines the results, with supporting data, maps and cross sections presented in the
figures, tablesand appendices. Chapterprovidesthe summary and discussion, and

finally Chapter &the conclusios and recommendations for further work.
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Chapter 2: GeologicalSetting
2.1 Introduction
TheScotian Marginoffshore Nova Scotia, gers an area capproximately
300,000 krion the eastern flank of the Appalachian Orog8tarting in the Middle
Triassicrifting and sedimentation othe Scotian Margimwas initiated in response tthe
breakup ofPangeaas North America separated from Africa and createdEkeatorial
Atlantic Gateway(Wagner, 2002)exhibiting features of the opening phase of a Wilson

cycle.

A Simple Wilson Cycle

Opening Phase

A. Stable Craton

— >

X —>

_ C. Full Ocean Basin -
—@ R+ gD

D. Passive Margin

Figure 2.1: Asimple Wilson cycle opening phaagseen in the prote&CentratAtlantic (Hargreaves,
modified afterSEPMstrata)

Initially, during theMiddle to Late Triassic rift phase, red beds and evaporites
dominated(Wade and MacLean, 1990Jhese were followeth the succeeding pos
rift/ drift phaseby clastic progradational sequences interspersed with carbonate
deposition(Wade and MacLean, 1990hcreasing amounts of sediments were shed
from the distal rift flanks and advanced towards the rift margin and formation of the
Sable DeltaAs themargin matured thedepositional environment changed from a
deltaic shallow marine clastic shéif an estwarine shallow marine clastic shedind
finally to an open marine outer shelf which occurred when the passive margin stage was

reached.
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The siccession demonstrate#n time as well as over space, influenceglobal
events, which link climate with geochnécal environments, as well as the progression of

the tectonic conditions as the area transitioned framift to passive margin.

2.2 Regional Geology and Tectonics

: ?\&0‘& e -.-_-;.--.._- -

0 0 =

“Mohican Grabe

Figure 2.2: Basins on the Scotidviargin. This map shovethe geographical areajepositional subbasins
(SB)and major structural elements of the Scotian Basin. Roman numerals define distinctive salt tectonic
regions.The location of the seismic study aisaenteredin the Sabl&SubbasifOETR2011).

After the Late Triassic rift phase deposition of red beds and evaparites
continental breakupin the Early Jurassic the region became tectonically stable with the
formation ofplatforms andocaldepocentregFigure 2.2). All werkounded by oceanic
fractures zones perpendicular to the midean ridgehat extended landward (Welsink
et al, 1990). By theMiddle Jurassi¢ca.180 Mg post-rift thermal subsidencevas well

underway(Bowman, 2010)Along the rift/shelf margirthe AbenakiFormation

12



carbonatebank began to form above a structural hinge line between thelave

Patform and Sabl&ubbasinTre longlived Abenaki carbonate complex is subdivided

into the Scaterie, Misainend Baccaronembers each representing a distinct
paleoenvironment and degsitional faciesThe structural hinge line marks tlendward

limit of maximum tectonic extension where an increased basement depth is seen due to
thermal subsidence (sag) aswly created oceanic basememioved away from the
spreading centre.

By the enl of the Jurassic, three major deltas, the Sab&urentianand to a
lesser extent, the Shelburnesere well establishedeposiing siliciclastic materiahto
depocenters seaward of the basin hinge line. The Abenaki carbonate complex was
coeval with buteventually terminated and overlain ltlge Mic Mac Formatio ffuvial
deltaic sedimentsThrouglout the Early Cretaceoudeltaic facies reached their maxima
as represented by the extensive and thick deposits of the Missisauga For@ation
siliciclastics andvere transitioningnto the upperEarly Cretaceousogan Canyon
Formation. Thed.ate Cretaceousaw increasinglobal sa levels (Hagt al, 1987)and
the resultant depositiorof marls, chalks and marine shales of the Dawson Canyon and
Wyandotformationson the shelf and slopef offshore Nova Scotia (Mclver972 Jansa

and Wade 1975 Mosheret al, 2010).
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2.3 Stratigraphyof the Scotian Shelf
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Figure 23: Generalized chronostratigraphic chaftthe Scotian Basin (OETR, 20Lithostratigraphic

units in e Cretaceous frot45 to 66Ma (Gradsteiret al., 2005), interpretationsre afterWestonet al.
(2012. The red boss the interval investigated for this study.
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2.4 Cretaceous Period

TheCretaceous Periodas a time of extremglobalwarming with a greenhouse
climate The earth wasostly icefree, with an absence of permanent polar ice caps
(Wagner, 2002)Greenhouse conditions with @@vels three to twelve times higher
than levels in prendustrial atmospheric conditions were thought to exist (Berri&94;
Hayet al, 1999 Wagner 2002).Tropical plants grew ingtar regions, with dinosaurs,
turtles, and crocodiles in existence north of the Arctic Circle. It was estimated that the
North Pole was twenty degred3 warmer than today (Schlanger and Jenkit76).

Antarctica was located over the South Pblethis timeandwasthought to have
ephemeralice sheetsluringthe Late Cretaceou@Viatthews and Pooregl 980, Miller et
al., 2003 Hay, 2008 Cloetingh and Ha@®015) However,it is thought thatthe equator
to pole temperature gradients were reduced and measured much less than in present
day(Wagner, 20023lue to the absence of permanent ice caps throughout the bulk of

the Cretaceous

Tethys Oceany J
1 L B «

-

Pacific Ocean

Figure 24: Late Cretaceouschematic of the geography, topograptand bathymetry of the world after
the breakup of PangeaDark blue representdeep water pale blue shallow water, and gregbrownsthe
land masses. The configuration shows Africa and South Anteneaifted with anarrow ocean
separating them. Thproto-Caribbean Seawasg open with only a shallow water barrigpermitting flow of
nutrient-rich watersfrom the Pacific. The northeproto-Atlantic Ocean is located between the equator

and 30+ degrees north latitud#husin a tropical environmen® ¢ KS NBR aE¢ AYyRAOI (GS4&

location of the study area about 94 Ma (Scotese003).
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Figure 25: General climatic paleotemperature during the TriasBicassicand Cretaceouperiods(after
Scotese 20031ttp://www.scotese.com/climate.htr TheMiddle Jurassic int&arly Cretaceousas
relativelycool, only warming during th&ptian.

After a cool interval in th&arly Cretaceoushere was warming lasting until the
late Albian, followed by cooling in the Cenomanian and warming in the Turonian.
Cooling again occurred from the Santonian to thenBanian with warming in the late
Campaniar{Frakes, 1999During the Aptian, the Cretaceous marine
paleotemperatures were estimated to be between°ZEat the equator to

approximately 15C at 30 latitude north globallyFrakes, 1999)

2.4.1 CretaceousSealevel
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Figure 26: Chronostratigraphic chart of th€retaceous Peridtdom 145¢ 66 Ma OETR2011). On the
right arethe corresponding sea level estimatéddMiller et al (2005; dark blueand Haq(2008 grey) and
their corresponding water depths
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Sea level in the Cretaceous was higher than at present day, with a low during the
Early Cretaceousnd the peak in the latenid-Cretaceous (Cloetingh and Ha§15).
The Cenomaniaituronian was considered to have the highest Cretaceous sea level

measuring 17@ 250 nmetresabove presentday levels.

2.4.1.1 TheHfect of Volcanism onSea Level

The Cretaceous was a time of high rates@#anicvolcanism (Coffin and
Eldholm 1994 Ito and Cliff 1998). Enhanced volcanic activity (Scotesal., 1988
Larson1991 a, b) contributed to the Cretaceous greenhouse conditions (Hettadr,
2002 Jenkynset al., 2004) which in turn contributed to a lortgrm sea levetise (Miller
et al, 2005 Muelleret al, 2008).

Theelevated level ofolcanism was associat@dth an unstable upper mantle,
which resulted in the rifting and the breakup Bangeg Skogseiet al., 200Q Zeigler
and Cloetingh2004). Rifting in the North Atlantiavas initiatedin the Middle Triassi¢
through the Jurassi@nd continuedduring theCretaceousn southern Pangebetween
Africa and South America. High amounts of oceanic crust were produced at spreading
ridges, resulting in high rates of water expulsion from the mantle (Cloetingh and Haq
2015). At subduction zones, large amounts atev were captured and absorbed. On a
global scale, during the latearly and latemid-Cretaceousa net gain in water levels is
interpreted as indicatindhigher rates of water expelled from the mantle at spreading
centers compared to amounts being entraggpat subduction zone€(oetingh and Haq,
2015.

Due to the volcanic activity at the mmtean ridge, the production of ocean crust
and its associated water expulsion, is thought to have added2BZbmetres to sea
level in the Cretaceous (Conrad, 2013gctions of the Cretaceous sea floor are still in
existence making it possible to reconstruct, image and model the Cretaceous mantle

(Mueller et al., 2008; Liu et al., 2008; Cloetingh and Haq, 2015).
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2.4.1.2 Water Sequestrationon Land

Water sequestrabn onto land occurs where seawater is transferred to
continental areas where it is then recorded in the sedimentary record, such as during an
ice age where water is stored as labdsed ice. Water sequestration onto land allows
thishistory to be storedri the sedimentary record, where it is captured as a global
signal for large events. Glacial episodes recorded fothe Late Ordoviciag Early
Silurian, Late Devonian, Carboniferqiississippia ¢ Pennsylvanian)Permian, Late
Paleogene; Neogene, andce cover over both poles in the late Neogene (Deynoux et
al., 1994) However, in the Late Cretaceouyst is suspected that there were ephemeral
Antarctic (over the south polar paldocation) glacial episodes (Matthews and Pqore
1980 Stoll and Schra@00Q Cloetingh and Haq, 2015

Water is also sequestered during ocean/deep mantle exchanges. It is subducted
along with hydrated minerals into the deep mantle over millions of yegaoshfad, 2018
and released by degassing from the mantle into the deegan@long spreading ridges.
This system is thought to be in balance over time scalésnahillion years or more. In
times of high oceanic crust production such as occurred inLtte Cretaceoyghere
would be a net gain of water released into the oceamfhe system would be in balance
again later, when increased subduction would occur and create a net loss for oceanic

water volume (Hag2014 Cloetingh and Haq, 2015

2.4.1.3 Deglaciation and Isostatic Rebound

During times ofleglaciation, as ice receded, the isostatic rebound of the
continents occurred on a scale of tens to hundreds of years. This can be distinguished
from postdeglacial response, such as mass redistribution and vertical displacement on
continental margins, wich occurred on the time scale of thousands to hundreds of
thousands of years. This results in regional anomalies rather than global anomalies seen
along a marginGloetingh and Haq, 2015

Modeling of glacial isostatic adjustments (GIAs) shihat rebound and the

subsequent viscous mantle flow under these deglaciated areas occur within thousands
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and hundreds of thousands of years (Mitrovica and Pellig®1; Lambeck et al1998).
These GIAs depend upon how far they are from the ice sheet and are thiougdach
equilibrium after 100,000 years pogtacially Cloetingh and Haq, 2015

The variability in the rate of oceanic crust formation at thel-oceanridges
affected the volume of the ridges and therefore the eustatic sea level changes on longer
time scales ofen million years or more (Pitman Il and Golovcheriki83 Dewey and
Pitman 1997). The ridge volumieom the Cretaceous to toddyas been modeled
(Kominz 1984 Rowley 2002) and it has been found that there has been a slowing of 60
¢ 80 % m the spreading rate since theate Cretaceousesultingin a lower ridge volume
(Mueller et al, 2008; Becker et a.2009 Cloetingh and Haqg, 2015

2.5 Cretaceoug-ormations

In the Scotian Basirthe major Cretaceougeologicaformationscompriseof the
Early Cretaceouslissisaugdormation followed by the Logan Canyeormation coeval
basin sediments of th¥errill Canyon Formatio During theLate CretaceouSantonian
to Maastrichtian)on the open marine outer shelf, challand marl®f the Wyandot
Formation werdaid down

The provenance dhe Missisauga and the Logan Canyomation sediments
was Devonian to Permian age sedimentary rocks from New Engtahthe Maritime
Provincesand older metamorphic rocks from Newfoundland andraalor (PePiper and
Piper, 2004 PePiper and MacKay006).The Shelburne, Sable, Abenaki, Laurentian
and South Whalsubbasinsall located outboard of the bashinge lineon the Scotian
Shelf have accumulated approximately kRometresof Mesozoic and Cenozoic
sedimentswith a maximum of 18 kilometres estimated for the Sable Subh@gade
and MacLean, 199@Figure 2.2)
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2.5.1 Aptian Stage
The age ranges for the Aptian vagnsiderably depending on the time scale
used for defining the intervgdWach, 1991)Harland et abuggestshe AptianSage
extends froml24.5Ma to 112.0 Mawith a duration of 2.5Ma. Table 2.1 illustrates the
differing opinionsof proposed time scale3here have been differing opinions on the

age range of the Aptian Stage propdse

Table2.1: Aptian stageage rangeestimationsfrom various studie$961 to 2018.

APTIAN STAGE AGE RANGES
Author Year Age Range
Kulp 1961 125120 Ma
Kent andGradstein 1985 119113 Ma
Graham et al 1990 124.5112 Ma
Gradstein et al 1995 121-112.2Ma
Odin 1996 114108 Ma
GTS 2004 125112 Ma
CNSOPBETR PFA 2011 125112 Ma
GSA 2018 125113 Ma

Potassium/Argon (K/Ar) and Rubidium/Strontium (Rb/Sr) ratio dating methods
are less reliable tha*°Ar/3°Ar and Uranium Lead (U/Pb) ratios (Villeneuy2004
Mattinson, 2013). Radiometric dating is considered to have an accuracy 016
using presehday methodghat equates to an accuracy of-#/00,000 years over 100

Ma (Miall 2016).

2.5.2 NaskapiMember
The Aptian Naskapi Memberttse focusof this study,incorporatingdata from
logged intervaldéo createmaps, crossections and seismic interpretationwith the
resultspresentedin Chapter 6.

Age: Aptian

Age RangeMa): 125¢ 114 (145.5 99.6)

Type SectiofWell) Cree E35

Interval (mTVD) 2377¢ 2551 NR@n, 2009 or 2582¢ 2408(Wade and
MacLean, 1990)
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The Naskapi Member of the Logan Canyon Formation consists of varicoloured,
fissile, carbonaceous, and dolomitic transgressive shales, ranging in colour from
yellowishbrown to greengrey and reddistbrown with interbedded silts and sands,
along with some basalt flows and volcaniclastic beds in the northeast Scotian Shelf
region(Wade and MacLean, 1990he member was depositathder tidal flat to
marginal marine conditions ardistally thickened to marine shal¢é/ade and MacLean
1990 NR@n 2009).

It istraditionally considered a transgressive shale member overlying the massive
fluvialdeltaic sandstones of the Missisauga Formation and underlying the interbedded
fluviakestuarinesandstones and shales of the2 NJ | Grke2Viérib@(Wadeand
MacLean, 1990) The Naskapi becomes sandiethe more inboardAbenakiSubbasin
andabovethe Canso Ridge (Wade and MacLe&90 NR@n, 2009.

PePiper and Pipef2004) proposed that theise insealevel,whichis reflected in
the Naskapi strata depositional faciegs due to dextral strikslip movement along
the Cobequid; Chedabuctdault Zone (CCF2&ktendingfrom mainland Nova Scotia
the southwest Grand Banks of Newfoundland. This dextral motion caudedsgon in
the boundingLaurentianSubbasirand linked events seen in the regions adjacent to this
fault system. An unconformity in the midretaceougAptian) is observed on seismic
profiles onshore Nova Scofilathe Chaswood Formatiovolcanicgextrusive)in the
Orpheus Grabemay be related ta marked, rapid subsidence on tBeotian Margin
during the midLate Cretaceousn the Albian to Cenomaniaanotherunconformityis
presentin the southwest Grand Banks of Newfoundlaktbtion along this fadlmay
explain these unconformities, volcanism in the Orpheus Graben, and the rapid

subsidence seen along ttgcotian MargirfPePiper and Piper, 2004
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Figure2.7: This photo illustrates variability lithology of the Naskapi Membgobserved in conventional
core fromSable &7 (left), and Grand Pre-@ (centre and rightjvells.Grey shales are intdredded with
red shales, red silts, and show scouring and bioturbation, as well asb@dssThe colour is
predominantly light grey. Sandstone sections are porous but lack oil stain in the Grand Pre core. The
Naskapi here does not show any evidence of ORtesarrow indicates theoreupsectian direction

2.5.3 OtherCretaceousand CenaoicFormations
The followingsectionbriefly describsthe lithologesand major characteristics
of themain Cenozoic an@retaceougormationsin the Scotian BasiThe age ranges
are taken from the chronostratigraphic chart (Gradsteiral, 2005 CNSOPR011),
and where the Lexicon of Canadian Geological NaMati(al Resources Canada
NRCan Weblex online, 200&ges differ, they are listed in parentheses. &gpctions
and reference sections, if known, are includeith the interval measured in metres

True Vertical Depth (ATVD)

2.53.1 Banquereau Formation

Age:Late Cretaceouampanianjo Tertiary(Pliocene)

Age RangeMa): 100.5¢ 2.6 (99.6¢ 1.809

Type SectiofWell): Sable &7

Interval(m-TVD) 165¢ 1355

The¥ 2 NJY | litholagy i© éomprised of mudstongand lesser quantities of
sandstones and siltstones. In the Scotian Basin, the Banqueogdormably overlies
the Upper Cretaceous Wyandot Formation, and unconformably overlieBdweson

Canyon where the Wyandot is absent. The thickness ranges from zero to greater than
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1500metresin the SableSubbasinJansa and Wade (1975) and Wade andlMaa
(1990) note a few major unconformities in the Banquereau Formation on the outer
slope and upper shelf deposits, which are most likely due to changes levata
(NR@n, 2009).

2.5.3.2 Wyandot Formation

Age: ConiacianCampanian

Age RangeMa): 87 ¢ 74 (99.6¢ 65.5

Type SectiofWell): Mic Mac H386

Interval(m-TVD):18 ¢ 806

Reference SectiofWell) Dauntless EB5

Interval (mTVD):1433¢ 1830

The Wyandotoversmuch of the Scotian Basidahsa and Wade, 19)/5t is
dominated bylight grey b white chalkcomposed of coccoliths, which are interlayered
with calcareous mudstones and marlstones. Deposition wds@p wateron the then
paleosheliin the outer neritic to upper bathyal zoséMclver, 1972) and thickens
eastward from 50netreson the LaHave Platform to 40énetresin the Dauntless £35

well (Wade and McLea990; Mclver 1972NR@n, 2009.

2.53.3 PetrelMember

Age: Late Cenomaniafmuronian

Age RangeMa): 94¢ 90 (99.6¢ 65.5)

Type SectiofWell: Gannet Cb4

Interval (mTVD):1585¢ 1665

ThePetrelMember of the Dawson Canyon Formation is a transgressive light grey
micro- to cryptocrystallineseriesof limestones and marlstones with glauconite and
sandstone stringers (Jansa and Wati#/5). It reflects a change ateancirculation
patternsto warmer water. On the Scotian Shelf, the thickness ranges frometfesin

the west to 85metresin the eastand appears as a stromggionalseismic marker
(Deptuck 2003 NR@n,2009.
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2.5.3.4 Dawson Canyoffrormation

Age: Mid-Cenomaniarg Mid Coniacian

Age RangeMa): 96¢ 87.5 (99.6; 65.5)

Type SectiofWell) Missisauga 134

Interval (mTVD)1017¢ 1288

The Dawson Canyon Formation consists of -grexen fine-grained, argillaceous
siltstones and silty shales, witdtcasionasandstone beds. It is interpreted tmve been
deposited in an open marine shelf environment during a transgregs¥iod (Jansa and
Wade 1975) when thesediment load ofnajor rivers flowing into the Scotian Baswas
dominated by silts and claydansa and Wad&975). The lower Dawson Canyon was
deposited in an inner neritic setting, grading to an outer neritic sgttimoving up
section (Ascolil976 NR@n, 2009)

2.53.5 Logan Canyon Formation

Age: Early Aptiag Early or Late Cenomanian (Wade and McLean 1990)

Age RangeMa): 124¢ 104

Type SectiofWell). Cree B35

Interval (mTVD)1472.5¢ 2582

The Logan Canydformationis composed of alternating thick shale and
sandstone intervals were deposited near shdik(@n,2009) Thesestratagrade to
distalshales informallyermed(i K S W{ K 2 NJahsa ghR W4d& LYTFhe o
formation broadly coers the Scotian Basimwith thicker shales of 200@etresin the
Abenaki and Sabkubbasinyarying to 170netreson the LaHave PlatformNRCan,
2009.

The four members of the Logan Canyon are the Marmora, Sable, Cree, and
Naskapi IRCan, 2009

2.53.6 Marmora Member

Age: Early Cenomanian
Age RangeMa): 97¢ 99
Type Section (Well): N/A
Interval (mTVD): N/A
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The Marmora Member is comprised thin, finingupwardsandstonentervals
interpreted tohave been deposited ia marginal marine to an outer shalétting(Wade

and MacLean1990 NRCan, 2009

2.5.3.7 SableMember

Age: Late Albiag Early Cenomanian

Age RangeMa): 103¢ 99

Type SectiofWelly Cree B35

Interval (mTVD)1674¢ 1748

The Sable Membas represented b¥issileyellowish-brownto greengrey
marine shales with some thin sandstone and siltstone beds. It was depositieen

water during a rapid transgressiqiMclver, 1972 Jansa and Wade, 197//8§RCan, 2009

2.53.8 Jortland Shale

Age: Albian

Age RangedMa): 113¢ 102 (100.5; 145

Type Section (Well): N/A

Interval (mTVD): N/A

The Shortland Shale informally refers to teevaloffshore basinal counterpart
of the Logan Canyon Formation (see 2.5.2/8ade and MacLeg 1990)and is also
referred to as the distabasinalfacies of the Logan Canyon Formatidar(sa and Wade,

1975 NRCan, 2009

2.53.9 CreeMember

Age: Late Aptiag Late Albian
Age RangeVa): 115¢ 99.6

Type SectiofWell) Cree E35
Interval (mTVD):1805¢ 2408

TheCre@ea SYO SNJ Aa (GUKS GKAO1Saild 2F GKS TFT2NXYI

channel, estuarine, and shallow marisandstonesnterbedded with medium to dark
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grey shales and siltstones.gtthickestin the Abenaki and Sabseibbasirs (NRCan,
2009. It is interpreted to have been deposited under transgressive tidal flat to marginal
marine conditions (Wade and MacLed®90 NRCan, 2009

2.5.3.10 MissisaugaFormation¢ Upper Member

Age: Barremiam Early Aptian

AgeRangeMa): 128¢ 122

Type SectiofWell). Missisauga 34 (up-dip facies)

Interval (mTVD)0 ¢ 3000

Reference SectiofWell) Southwest Banquereau34

Interval (mTVD):3918¢ 4980

The Upper Missisauga consistdtitk, massive, stacked chanmsandsones
with minor thin argillaceoushale and siltstone beds, witlare thin limestonesThe
sandstones areoarsegrainedand highly porousvith basal conglomerate§.he unit is
interpreted torepresenta regressivehighly activeprogradational deltai¢acies(NRCan,
2009 with the updip facies deposited in an alluvial plain settifigpe feeder system for
the entire formation was darge river system draining the northeastern region of the

Canadian Shield during the Cretaceous (Wade and M¢lLeé8G NRCan, 2009

2.53.11 O-Marker

Age: Barremian

Age RangeMa): 126¢ 128

Type Section (Well): N/A

Interval (mTVD): N/A

The GMarkeris the informal name of an oolitlaneston€limey sandstone
interval presentin the Upper Missisauga Formatioit isup to 122metresthick and
broadly distributed across most of the Sable Basin and thus is a very useful regional
seismic marke(Jansa and Wade, 19)/5t was deposited during a minor transgression
amidsta major regressive phaghlRCan, 200%nd divides théMissisaugdJpper and
Middle membeis (Wade and MacLean, 1990)
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2.5.3.12 MissisaugaFormationg Middle Member

Age: ValanginianBarremian

Age RangeMa): 140- 128

Type SectiofWell) Missisauga 134
Interval (mTVD)2740¢ 3537

Type Section (WellCreeE35 (Downdip facies)

Interval (mTVD)2551¢ 3719

The Middle Missisauga is describedaaseries of stackedhick, clean, fine to
coarse grainedandstoneswhich arepoorly to moderately sortedavith variable
porosities(NRCan2009 deposited in a lower delta plaito an inner neritic setting

(Wade and MacLean, 199RRCan, 2009

2.5.3.13 MissisaugaFormationg Lower Member

Age:LateJurassic EarlyCretaceousKimmeridgian;Berriasian
Age RangeMa): 155¢ 140

TypeSection(Well). Venture H22

Interval (mTVD)4149¢ 5100

The Lower Missisaugantainsfine- to coarse- and pebblygrained, coarsening
upwards sandston@tervals with minor thin limestone and somiaterspersedgrey
marine clayintervals deposited under delta front to prodelta conditions from a large

river system (Wade and &Lean 1990 NRCan, 2009The Lower Member is found only
in the Sable Subbasin (Wade and MacLean, 1990).

2.5.3.14 Verrill CanyorFormation

Age:Middle Juassicg EarlyCretaceougBajociang Barremiar)

Age RangeMa): 171¢ 125 (175.6; 99.6)

Type SectiorfWell) Oneida G5

Interval (mTVD)2858¢ 2498

The Verrill CanyoRormation is the coeval, distal basiegjuivalent of the
Abenaki, Missisauga, and Logan Carfgomations Its lithology is dominated by
medium grey to brown, calcareous, fissile, silty shales thithsiliceous sandstones,

along with mica, pyrite, and some glauconiténeral constituentsThesestrataare
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interpreted to be prodelta, distal shelf and slope depos#gresentingneritic to
epibathyal environmentgGiven 1977). It ranges in thickness from 3@@tresin the
southwest, to 900netresin the northeast of the Scotian Baghmough isconsiderably

thicker alongside the deewater Scotian Slopglansa and Wade, 19;//8RCan, 2009

2.5.3.15 Abenaki Formation

Age:Middle Jurassig EarlyCretaceougCalloviarBerriasiarng Valanginian)
Age RangeMa): 166.1¢ 132.9 (175.&; 99.6)

Type SectiofWellx Oneida @5

Interval (mTVD)2858¢ 3821

The Abenaki Formatiois a carbonate platformal succession formed along the
{ 02 { A I yhinge lindnfangi@ & isl0to 40 kilometreswide paralleling the shelf edge
along the LaHave Platim on the Scotian Shelfhere are four members in the Abenaki
representing different depositional settings. The basal Scatarie Member is made of
bioclastic limestones and occasional dolostones deposited on an open, high energy, and
well-oxygenated shelfThe Scatariés conformablyoverlain by neritic, partly glauconitic
Misaine Membeihighstandshales deposited in a marginal marine environment. The
Baccaro Membeis the thickest member composed of massive oolitic and bioclastic
(reefal)carbonates deposed in a humid tropical, wetlry climate, in ashallow marine
to inner to outer neritic settingThe Artimon Member is a thin, deeper water
transgressive sequence of algal limestone and calcareous ghéele and MacLean,
1990;NRCan, 2009

The chronosatigraphic column for the Scotian Basin (Gradstsial., 2005)
shows the Abenaki as being Jurassic, howeveraNRZD09)onsiders the Abenaki to
extend into the earliesCretaceougArtimon Member) therefore, it has been included

here for completeness.

2.6 Summary
TheCretaceous Periokflects a time of a glob@reenhouse climatewith low

sea levels in th&arly Cretaceouseaking in the latenid-CretaceousThe equatotto-
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pole temperature gradients were lowéhnan is seen in the present day, indicating closer
temperature values between the equator and at the pol@sd it is believed that
permanentpolar icecaps were not iexistence

High rates of sea floarolcanismand oceanic crust formatiodue to the
breaking apart oPangeacontributed to the greenhouse climate and a high sea level.
The increase in sea leveliring the lateEarly and latemid-Cretaceouss partly due to
higheramountsof waterbeingexpelled from the mantle at spreading centers compared
to water being entrapped at subduction zones

Bythe Early Cretaceoyshe Scotian Margitwas a subsiding passive mardine
to thermal subsidencevhereby the seafloor cooled and became denser away from the
spreading centréthermal sag)Thiscontributed to alteration othe ocean circulation
patternswhichin turn changedhe pattern of sedimentary and geochemical facies
deposition Increasing sea levéhrough the midUpper Cretaceousesulted in
deposition of marls, chalks and marine shales of the Dawson Canyon and Wyandot
formationson the shelf and slope offshore Nova Scofianajorshift occurredn the
Late Cretaceoushenthe deepwater circulationdirection changed from an eastest
equator-parallelcirculation to a northsouth pok-ward circulationresulting inheat
transferfrom the low to highatitudes.

The Missisauga and Logan Canfanmationswere deposited in the Cretaceous
with sedimens sourced fronDevonian to Permian agecksfrom regions of present
dayNew England and the Maritime Provincé&fie Naskapi Member of the Logan
Canyon Formatiowas depositedinder tidal flat to marginal marine conditions
thickening seaward, and a transgressive shaighich overliegshe massive deltaic
sandstones of the Missisauga FormatiBePiper and Pipef2004) proposed that the
increased water levaluring the midLate Cretaceousas due to dextrastrike-slip
movement along the CobequigilChedabuctdault causingextension in the Laurentian
Subbasinwhich in turncausd rapid subsidence on th8cotianBasn during the time
the Naskapi Membewas depositedThe scenario of dextratrike-slip movement

allowsfor motion along tle fault and helps to explain théptianunconformitiesseen in
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the (slightly younger) onshor€haswood Formation and the volcanics of the Orpheus
Graben and the rapid subsidence seen along 8eotian Margirwhich resulted in the

deposition of theNaskapi Member
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Chapter 3 OceanCirculation

This chapter will begin with outliningresentdayprocesses, for application to
paleoclimate conditions. These concepts have much releiaotean circulation and
productivity which took place in the past.

Oceans are critical in understandigbpbalpaleoclimate systemas they
moderate seasonal tempatures and transport heat between the equator and the
poles. Winds alter ocean surface circulation and the location of dive(geapwelling,
and convergentor downwelling zonesas well aghe density ofwater masgsandthe
interchange of heat and msture between water and giall whichaffectintermediate
and deepwater flow (Poulsen et al. 1999).

Thefollowing chapter outlinesmecessarynformationand conceptsegarding
ocean water movement, how it affects the transfer of nutrients in tloean, and the
resulting productivityof biota, the deposition of which contributes tmrganicrich
sediments Organierich sediments, and zones of anoxXi@hich can be part od
worldwide occurrence of Cretaceous Oceanic Anoxic eve®AEsgarediscussd in
Chapter 4This basic overview of oceanographic concepts helipsdatethe
understanding of offshore deposition of source rocks and the accumulation and

preservation potential of sediments rich in orgamatter.

3.1 OceanWater Movement
Several factors are involved in creating ocean currents including the Coriolis
Hfect, Ekman transport and the ocean basin configuration. This summary has been
largelysourcedfrom the NASANational Aeronautics and Space Aggbsite, which
offers asourd basic outline of ocean water movement for those without prior

oceanographic knowledg®ASA2017).

3.1.1 CoriolisEffect
Wind passing over the ocean surface moves the water by frictional drag at a rate

of about 2% of the wind spee@he Corioligffect deflects surface waters to the right of
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flow in the Northern Hemisphere, and to the left of flow in the Southern Hemisphere
RdzS G2 (KS ®&ith migrisiiacrebsihg withi disgayte fromme equator. The
thin surface layer also shifts theater beneath it, like moving a deck of cards, with the
effect that each successive layapves resulting in a change idirection of water
movement with depth NASA, 2017

Air currents flowing between 3horth and30° south latitudes known as the
Tradewindscreate average wind directions which in present day are from northeast to
southwest between the equator and 38orth, and southeast to northwest between
the equator and 30south latitudes (Figure B). In the absence of continents, ocean
currents would flow from east to west near the equator, and west to east in the area
between the equator and 3horth and 30 south. However, continents interrupt these
zones creating circular rotations called gyres. In the northern hemisphere these circulate
clockwise and in theouthern hemisphere counterclockwise. On continental shelves
theselargescale currents vary due to localized and/or regional influences. They can be

weather or tidally dominated and vary in their intensity (Trabu#tiexandre 2015).
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3.1.2 EkmanTransport

Surface water moves at an angle of 45 degrees from the direction of wind
motion to the right or left{depending on the hemispheyand each layefwith
increasing depth in the water colummjoves further to the right or left, but at a slower
speed than the layer above. The direction of water movement therefore changes with
depth, with net water transport being 90 degrees to the rigittleft at a depth of
between 100 150 nretres. At this depth, water is moving very slowly at about 4% of
the surface water speed (whidk approximately2% of the wind speed) and is the basal
fAYAG 2F GKS SAYRQA ANASA 207ThB Bet Bayispat STy Y2 @
water due to wind interacting with surface water is known as Ekman transpétEA,

2017).

Figure3.2: The Ekman spiraThis process imodeled in three dimensions by using vectors to demonstrate
the speed and direction @fater movement due to wind at surface. The vector directions move to the right
or left with depth and the vector lengths (indicating speed) become shorter with dep®¥, 2017

Shallow water depth will interfere with this ideal situation as éimgle of surface water movement will be
less than 45 degreeAlso, surface water can accumulate in areas due to bathymetry, resulting in a higher
water surface level. This will create a water pressure gradient which results in water movement called
geostiophic flow NASA, 2017
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3.1.3 Meridional Overturning Circulation

High salinity
water cools
& sinks in the

North Atlantic peep water returns /V

to surface in
Indian & Pacific
Oceans through

the process

/ of upwelling
| —— |

Warm shallow
current

Cold & dee
high salinity
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Figure3.3: Chart showing th@resentday meridional overturning circulatiorofiginal chart fromNASA,
2017). The light blue ribbon shows the warm shallow curi@ulf Stream) which flows from the
Caribbean northeast to the Uistii K A & a@rda dzihir@siwhere the high salinity water becomes
denser, cools and sinks returnisguthas shown by theurpleribbon,eventuallycircling,and cooling the
Antardic region

The global oceanic conveyor hait the meridional overturning circulation
combines the ocean surface water flow with the deep mass thermohaline circulation to
transport heat and saltWater differs in density due to temperature and salinity. Cold
salty water is denser and sinks, as it does in the predagtNorth Atlantic, ad this
process initiates what is called thermohaline circulation, which is critical to the
meridional overturning circulatio(NASA, 201)7

In the present day, warm surface watdrem the Caribbean and Florideiv
into the Gulf Stream antleadnortheastward becoming more saline as warm tropical
air evaporates surface water. As the Gulf Stream flows into the Northern Atldrgic
waters arecooled by cold Arctic winds from Canada and Greenlaheye evaporation
and the formation of sea iceontribute tothe cold saline North Atlantic Deep Water
(NADW) current. This curretften sinks and flows south along the continental slope of
North and South America to Antarctica, where it joins other curreirtulating
eastward ashe Antarctic Circumpolar Curre(dee Figure 3); from there it flows north
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into the Pacific and Indian Ocean basins. The cold bottom waters slowly rise and mix
with overlying warmer waters at a rate of a few meters per year. Warmer surface

waters then flow westward across the Pacific and Indian oceans around Africa and back
into the Southern and Northern Atlantmceans where the cycle repeats itsNIASA,

2017).

The meridional overturning circulatiazan be altered byemperature or salinity
OKFy3aSa +ta Al GF1Sa LX I OS AMASA YdyeForm> 27T
example, if higher salinity surface water decreasesalinity due to an influx of fresh
water from melting polar icethe les®r volume ofsaline waters will sink into the deep
and discourag¢he formationand flowof deep ocean water masses. This happkne
duringwhat is known ashe Little Ice Age between 14@hd 1850CE(NASA, 2017as
well asduring theearlierYounger Dryas period, 12,901,600 years agoAt that
time, blockagedoldingGlacialLake Agassiover the Great Lakes regiot)llapsed
releasinghuge volumes ofresh water into the North Atlantic via the St. Lawrer®eer.

This resulted in decreaseé volumeof saltwater sinking into the deewater mass
which haltedthe thermohaline circulatiomnd resultedin a temporary return of the ice
age for approximately 1000 yeaitsASA, 2017

3.1.4 Ocean Circulation and Temperature Gradients

Bythe Early Cretaceoyshe Scotian Margiwas a subsiding passive margin,
largely due to thermal subsider, wherebynewly created oceanic crusboled and
became denser away from the spreading centre. @heyed the ocean circulation
pattern resulting in changes in the sedimentary and geochemical facies deposition in
conjugate (anchdjacen) ocean basins (e.g. Wagn@002 Hay, 1995 Hay, 1996
Wagner and Plets¢i1999 Pletsch et a.2001).Through the midJpper Cretaceous,
increasing global sea levels (Haq et87) saw the deposition of marls, chalks and
marine shales of the Dawsom@/on and Wyanddiormationson the shelf and slopef
offshore Nova Scotia (Maclva972 Jansa and Wade, 19//dosher et al,2010). This
was largely due to a shift in deepater ocean circulation in theate Cretaceous

(Wagner, 2002)where the directon changed from an eastest equatorparallel
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circulation to a northsouth polarward circulation. This circulation change occurred as
the Atlantic Ocean extended southward due to the rifting between Africa and South
America, resulting in heat transfer frothe low to high latitudes (Ha995 Wagnet
2002).

In present daythe temperature gradient between the equator and poles is
about 6@ C however in the Cretaceous it was approximately @Q(Hay an@®eContq
1999). The smaller temperature gradient was most likely due to slower winds and ocean
currentsand a warmer temperature at thpoles;however, salinity differencesould
also have contributedncreased water vapor in the air woutéve changedhe
atmospheric pressure differences, and the resulting increased evaporation and
precipitation wouldhave creatednuch greater salinity contrasts in the oceahk®y and
DeConto, 1999 Movement of atmosphere and ocean water serves to transport energy
from warmer lav latitudes to cooler high latitudes to overcome the radiation imbalance
(Hay and DeConto, 199%ariations in oceanic heat transport are most likely due to
deep ocean circulation changes (Ps®n et al. 1999). Seaways moving water between
high and lowdtitudes serve to reduce the equator to pole temperature gradient,
perhaps as much as 96, causing changes in climate, which in tean producdow

latitude warm saline bottom watensesulting intropical cooling (Poulseet al., 1999).

3.1.5 60 and Salinity

Bvaporation and continentaiunoff can affect thésotope 680 value of surface
water (Frakes, 1999 change in salinity of 3 pfparts per thousandYound innear
shore shallow water, is required to alter the temperature of sea water by 4 degrees or
the oxygen isotop&*80 value by 1 pemillilitre (expressed ds = LJeNtodsand)
(Frakes, 1999) owertemperature gradientsas proposed fothe Cretaceous, can
possilly be explained by ocean heat transpas previouslgxplaired, andthe
increased partial pressure of €&hd othergreenhousegaseduring the warmer
climate in the Cretaceoufooler temperatureduring theLate Cretaceousould reflect

ocean heat transport to higher latitudes atftk loss of Cefrom the atmosphere
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Atmospheric drawdowns of G@vould occurduring oceanic anoxic events where burial

rates ofoxygen isotopa®0O valuesvere very high,such asluring the Aptia, Albian

and Cenomanian, when shelf carbonate accumulatieareasedand atmospheric CO

was absorbed into seawatéFrakes, 1999)

3.2 OceanLayers

There are three main horizontal zones in the ocean, which are based on water

density andseparated by gravitational forc€Bigure 34). They are the mixed layer,

pycnocline, and deep layer.
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Figure 3.4: Ocean layerprofile ¢ Greenland to Antarctica longitudinal transdefter the American
Meteorological Society2005). The upper mixed surface has variable thickness depending on the

temperature and wing.

The upper mixed surface has variable thickness depending on the temperature

and winds. The mixed surface layer occurs in the top one hundred metvesterf

above the pycnocline, and is uniformly dense, but its thickness can change due to winds

and temperature. Strong surface currents can penetrate deeper to several hundred

metres (American Meteorological Society DataStreme Ocean, NASA 2017)
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Below themixed layer, the pycnocline extendsin about 500 1000 metres,
andis a porous layer through which kinetic energy moves from the surface layer into the
deepwater layer. In the pycnocline, the water density changes rapidly with depth. Cold,
salty wateris denser than fresh, warm water and sinks. The pycnocline is stable and
serves to act as a barrier to vertical ocean motion which supresses mixing. Storms
temporarily disrupt the stability. If the temperature declines with depth and causes an
additional hcrease in density with depth, the pycnocline is also a thermocline. But if an
increase in salinity is the dominant cause of the increase in density with depth, it is

called a halocline.

3.2.1 Depth of Sediment Disturbance

Nearshore, oceanurrent velocities are generallyZ) cm/sfrom between 70
and 140metresin depth during fair weatherTrabucheAlexandre 2015 Hickey 1997)
with the depth increasinguting cyclonesThe water movementleterminesthe depth
to which sediments can be disbed, andthis can beas much as 20thetreswith 300
500 cm/s water velocities (Komdr972 TrabucheAlexandre2015).Eddies in the deep
ocean can also occur and increase the current speeds up to 300 times (Hollister et al.
1984; TrabucheAlexandre 2015)Current velocities required to erode sediment in the
ocean range from-A5 cm/s for calcareous ooze, teZD cm/s forsettled sediment or
even 30100 cm/s for some clays (Southatal, 1971 Lonsdale and Southard974;
TrabucheAlexandre 2015).

3.3 Upwelling andDownwelling Currents
Altemating wind patterns affect surface water circulation due to changes in
Ekmantransport and the resulting changes to the location of Ekman divergence
(upwelling and convergencédownwelling zones (Poulsen et all999).The occurrence
of upwelling and downwelling ocean currents affebbth the temperatureof the sea

surface waterandthe amount of organic mattegproductivity. Changing surface
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temperatures and precipitation patterns also affect intermediate and deep ocean

circulation (Poulsen et all999).

3.3.1 Upwelling

Upwelling zones show highrquuctivity resulting irorganicrich sediments
because they permit nutrieatich water from a 10200 metre depth to be brought to
surface.Upwelling waters which originate in the deep layer below thenpgline will be
colder than the surface watetbhat are replaced.Cool deep waters are rich in nutrients
such as nitrogen and phosphate compounds, which are required for phytoplankton
growth. Whenthe nutrients reactsunlight in the photideuphotic)zoneg rapid growth in
the phytoplankton population occurs.

Nutrients are transferred from thehotic uphotig zoneasorganisms die and
descend through the waterolumn causingnhutrient values to increase with depth.
However, due to the thermocline and erturning circulation patterns, nutrients are
brought to the surface again in upwelling zones and the cycle refg€etbuche
Alexandre et al., 2010Productive fishing zones are found in areas of coastal upwelling,
where cold nutrient rich waters are bught to the surface.

In regions where wind direction, the Coridti$ect, and Ekman transport move
surface waters away from the coastline, deep water wells up from below. Upwelling is
most common along the eastern sides of ocean basins (western coasts) when winds
blow from the poles, causing Ekman transport of surface watexyadnom the shore. In
the present day, upwelling occurs on the west coassmfth America (Peru and Chile)
and southwestern Africa where transport is away from the shoreline. Upwelling occurs
at the equator as the winds change directions in that regiorl e Corioligfect is
weak to nonexistent. Surface water goes north or south depending on the hemisphere
(or position relative to the seasonkiter Tropical Convergence Zon&Qy), leaving
water to upwell at the equator.

There is also some upwelly along the eastern coasts (western basin), but this is

minimal due to western boundary currents. Note that relatively little upwelling occurs
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along the western coasts of Europe and North America due to continental

configurations(NASA, 2017

3.3.2 Downwelling
In regions where wind direction, the Coridii$ect and Ekman transport move
surface waters towards the coastline, downwelling occurs. Water piles up near the
coastline and is forced downwards. In zones of coastal downwellinguttiace layer of
warm, nutrientdeficientwater becomes denseand sinksreducing biological

productivity.

3.4 Tectonics

During the breakup dPangearifting in the Triassic and Jurassic created the
continental margins of what is now northwest Afij eastern North America, southern
North America and northern South America (Jan2895). The Yucatan rifted from
South America at approximately 140 Ma (Byrka38).

North America rifted away from South America during the Jurassic, however
South America remained attached to what is now Africa (Jagt5).While the North
Atlantic opening was well underway by 140 Ma, the South Atlantic opened later, just
prior to 120 Ma.South America began to separate from Africa by rifting to the west
(James 2005).TheSouth Atlantic opening was long and narrow, vitie narrowest
seawaplikely havinghigher than average salinitin the Cretaceous the flowf two
large rivers, the Amazon and the Zaings to the Pacific and the Indian Oceans
respectivdy. The presenitday configuration has both flowing into the Soath Atlantic,
whichdid not take effect until the Miocene (Hay et,dl999).

The synrift phaseof continental breakugan last hundreds of millions of years,
and is followed by a postft phase, during which tectonic subsidence does not
necessarily follow a steady decrease with time (Unternehr e2@lQ Cloetingh and
Ziegler 2007 Dupre et al.2007 Bertotti and ®uza 2012).
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3.4.1 Central American Seaway

During the midCretaceous the Central American Seaway through the Panama
Strait area was thought to be open connecting the Pacific Ocean to the Atlantic Ocean
(Hay et al.1999 TrabucheAlexandre et aJ.2010)as seen in Figure 3.5, where the
centre figure shows the open seawaljowing water flow from west to easiThe
Caribbean Plate migration and creation of the associated island arc did not occur until
the Late CretaceoufAlexandre et a)2010 Utsunomiya et al., 2007 Duringthe Early
Cretaceousa deep passage from the central Atlantic through to the Pacific was not
open, as it was blocked by northern Central America blocks and the Caribbean Plate
(Hay et al.1999). The earliest opening betweewith and Central America was about
100 Ma.

During the midCretaceousasPangearoke apatrt, it ishought that Pacific
intermediate-depth water began to flow into th€entral North) Atlantic(Trabuche
Alexandre et al., 2010Yhe Caribbean Plate movedsdaard between the gap, and it is
thought that a collision with the Bahama Platform and South Florida i #be
Cretaceoudalted its eastward movement (Hay and Wadl@96 Hay et al.1999). In the
Late Cretaceoysieep passages appeared which connedtelwestern Tethys with the
Central Atlantic, and the South Atlantic connected with the Indian Ocean through a

southerly route (Hay et gl1999).

3.42 Cretaceousceandrculation Models

During the postift phas of theproto-Atlantic mid ocean ridgeocean
circulationwasaffected by sea levels, intraplate deformation (warping), vertical motion
of sea water, and lithosphemnantle interaction Lithospheremantle interaction
dependson thermal age, deformatigrand flow ¢heology) of the lithosphere, making it
difficult to model (Cloetinglet al., 1985 Cloetinghet al., 2013).The ¢osure of major
gateways connecting open sea areas afectedocean circulation patterns in the
same way thathe continental configuratioraffects presentday currentgCloetingh and

Haq, 201%.
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Inherited continental topography affected sea level changes, glacial isostatic
adjustment, dynamic topographigifferences in surface elevation in the oceamantle
lithosphere interaction, oceanicrust production rate variations, plate reagization
andplate deformation, which in turevasoverwritten byensuingclimate effects,
glaciationsanddeglaciationsallaffecting the sea level Cloetingh and Haq, 2015
Continental flooding data and volume estimates for ocean ridges were first used to
determine a eustatic curve for the Cretaceous (Pitman Il and Golovch&a8&8
Ronoy 1994) and the overall curve is still valid even with recent advances in modeling

(Cleetingh and Haq, 20)%Figure 2.6)
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Surface ocean movement
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much reducedAn estuarine circulation pattern brings nutrients from the volcanic and submarine igneous

events in the Pacific favoring the depositioroafanicrich sedimentgModified from Trabuchd\lexandre
et al, 2010.
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Paleogeographyral winds established the estuarine circulation patténrthe
mid-Cretaceougthe pattern of circulation that is established where saline ocean waters
meet incoming fresh waters via rivers and/or estuari@g)ich also encouraged
upwelling on the south edgof the North Atlantichat was observedh the model
(Hgure 3.6) Winds blowing parellel to the coastline would lead to Ekman upwelling
(TrabucheAlexandre et al., 2010)

Authors such as Summerhay@981), and Thierstein and Bergd978 have
suggested an estuarine circulation of ocean wdtkat which occurs near river mouths
where fresh water meets saline marine conditionspld be the process by which the
organic matter is deposited in the North Atlantic in the ridetaceous (Alexalne et
al,, 2010) Meyer and Kum$2008 and Ridgwellet al.(2007) have put forward a
biogeochemical cycling model for the oceans during the Cretaceous, which show a
phosphate trapping mechanism for the North Atlantic and also the western Tethys
oceans (fexandreet al, 2010). Alexandret al. (2010 reports that Meyer and Kump
(2008 indicated that stagnant oceans do not leadeioxinia(anoxia, or oxygen
depletion) andpoint to an estuarine circulation pattenvhich resulted irblack shale
deposits Alexandreet al. (2010 show that there is a connection between Padifige
igneous provinces (LIPs) and their supply of nutrigstt waters and theflow of
intermediate water from the Pacific into the Atlantic, and the resulting OAExbuche

Alexandreet al., 2010)

3.4.3 Upwelling and DownwellingZonesin Circulation Models
Ekmanintroduced upwelling is found with horizontal ocean circulation. Surface
and intermediate waters flow in opposite directio(as seen in the top and middle maps
of Figure 3.presulting in nutrients also shifting horizontally, and the total amount of
nutrients showngan increase in the deéction of the subsurface flow (Brongersma
Saunders1971; Redfieldet al, 1963 Alexandreet al,, 2015).This direction is eastward
in the mid Atlantidduringthe mid CretaceouélrabucheAlexandre et al., 2010)

44



Results from the model indicatbat a global thermohaline ocean circulation in
the Cretaceousvasstronger thanthat whichoccurs today. The model shows two large
vertical circulation cells in the Pacific Ocdkigures 3.5 and 3.6)hepresentday
meridional circulation in the North Atlaitt(Figure 3.2)s connected to the South
Atlantic and connects two polar areas, lluringthe Cretaceous the model shows that
the circulation pattern was a narrow latitudinal ocean connecting the former Tethys
region with the Atlantic, and both regionseve tropical (Trabuch&lexandreet al,

2010).

This paledrans-equatorial seaway had a strong zonal circulation which was
overturning and was dominant in the southern region of the North Atlantic (Alexandre
et al, 2010) from approximately 1 30 degresnorth of the equator. Details of the
model show that surface water moved westward from the Atlantic Ocean to the Pacific
Ocean, while at intermediate depths, around 10@6étres water moved eastward from
the Pacific to the Atlantic in an estuarine cilaion pattern. The basins in the North
Atlantic, which receive@acific water at intermediate levels, would be productive when
the nutrients reached the euphotic zone, or the upperrB6tresof the ocean
(Alexandre et al., 2000Upwelling zones are seamthe model in the Pacific near the
equator, the south margin of the North Atlantic, and the Eastern Tethys. The upwelling
zones correspond with mi€retaceous black shale deposits (Alexaretral, 2010).

Paleogeographgffectedthe thermohaline circulation, where the North Atlantic
in the midCretaceous ran parallel to the direction of flow of the trade winds, and where
a gateway downwind (the Central American Seaviag)surface watethat was
circulated east to west, and sulr$ace waterwhichflowed west to east into the Pacific.
Waterladen with nutrientsfrom the Pacific upwelled (Alexandet al., 2010). However,
water saturation of @is 20% lower at 15 degrees C than 4€QHuberet al, 2002
Pedersen and Calvert, 1@QAlexandreet al,, 2010) so it is thought that oxygen

depletion was occurring.
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Figure3.6: This figure of the Cretaceous continental configurations is a modaidiyicheAlexandre

which clearly shows the areas where the average vertical velocity points to areas of upwelling (positive
velocity), with the strongest shown in orange/red colours at the equator (a divergence zone) and in the
South paleeAtlantic (approximately-25 degrees N), which is most likely in the area where La Luna
Formation was deposited. Known black shale deposits are indicated withchizlek A pale orange area

is seen in the paleScotian Basin which would indicate a moderate amount of upwebunghot as
significant as than seen elsewhdModified from Trabuchq Alexandre et al., 2030

Winds and tides drive the overturning of the circulation in the oceans today and
likely also in the Cretaceous (Ledwetlhl, 2000). Alexandret al. (2010, from
analyzing models, propodehat the thermohaline circulation was similar or higher than
present day (OtteBliesneret al,, 2002), and this agrees with the absence of anoxic
sediments in the deep Pacific in the Cretaceous (Heetah, 1973 Trabwho-

Alexandreet al,, 2010).
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3.5 Summary

The deposition of organic matter is influenced by ocean currents, wind currents
and the availability of nutrients. Volcanic activity in the Pacific Ocean, and in the proto
Atlantic Ocean due to riftingontributed nutrients to the ocean watefhe ocean
circulation of the proteAtlantic was oriented eastest, eventually changing to a north
south circulation after the opening of the southern preAdlantic. The opening of the
Caribbean Seaway allowedtrient-rich waters to migrate from the Pacific &nwest to
ead direction.

An dundance of nutrients fosters production of organic matter in the ocean
water. In zones of upwelling, production of organic matter is abundant. Zones of
upwellingare enhancel by winds, and modelling shows rich upwelling areas in the ICTZ
zone at the equator, as well as the area that is prestayt offshore northern South
America.The basins in the North Atlantic, which received the Pacific watkrin
nutrientsat intermedate levels, would be productive when the nutrients reached the
euphotic zone, or the upper 80 metres of the ocean (Alexandre £@10). Upwelling
zones are seen in the model in the Pacific near the equator, and in the south margin of
the North Atlantc, as well asn the Eastern Tethys. The upwelling zones correspond
with mid-Cretaceous black shale deposits (Alexandre e2@l0).

In the areas of highest productivity, oceanic anoxic events were possible. Organic
matter deposits on ocean floors walinitially exhibit bioturbation, however with very
high productivity, oxygen levels would deplet#ota would die, and subsequent
deposits wouldoe anoxic Without bioturbation, laminated black shale deposits would

prevail and mark these oceanic anoxients.
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Chapter4: Organic Rich Deposits in theroto-North Atlantic Ocean
4.1 Introduction

When exploring for oil and gas deposits, determirtimg presence of anrganic
rich sourceockis of great importancet must be determinedvhetherthe rock in
guestionhas the potential to produce hydrocarbons,ibthe hydrocarbons have
already been generated and migrated elsewhere (Law, 1$8)cce rocks are organic
rich shales and limenudstones (Passest al., 1990), which, when subjésd to
sufficient heat and pressumill generate petroleum. Understanding the organic
geochemical nature of source rocks and their depositional history helps to define their
potential for petroleum generation (Huarej al.,, 1996).

This chapter will cover the fundamentals of organic matter and various factors
that influence its occurrence, and its rolesaurce rock formationFollowing that, the
occurrence of oceanic anoxic events and their characteristics will be reviewed, with a
summary of the most significant zonesCretaceous ag@ the proto-Atlantic Ocean

which have proven to be effective source rocks.

4.2 Source Rock Characteristics
The four main types of source rocks can be defined as follows:

1 Potential source rock that which has enough organic matter, which if subjected
to heat and pressure, could generate and expel hydrocarbons.

i Effective source rockthat which contains organic matter and is producing
hydrocarbons at present.

1 Relic effeave source rock that which was generatg and expelling
hydrocarbons bustopped prior to using up its supply of organic matter due to
thermal cooling.

1 Spent source rock that which has become mature or does not have sufficient
organic matter left sotiis unable to generate or expel hydrocarbons.

Source rocks can be characterized by the quantity afrganic materiglas

determined by a measure of its total organic carbon (TOC), and the quiaitg o

48



source rock bydentifyingthe type of kerogen imolved. TOC and kerogen depend on
the depositional settingwhile the thermal maturity of the source rock is a result of

its tectonic and structural history (Law, 1999).

4.2.1 Source Rock and Oil and Gas Deposits
The deposits of oil and gas found worlide are relatively young; 7086 oil and
gas deposits were generated from the Conacian onward and 50% from the Oligocene
onward (Klemme and Ulmishgk991). In their summary table of worldwide source rock
areas, Klemme and Ulmishek (1991) mention the Ugpeassic source rocks of the
Kimmeridgian clays and marine siliceous shales found for North Sea and Greenland Sea
deposits.The Upper NeocomiagAptian lacustrine and marine shales, and the Turonian
marine shales are named as Middle Cretaceous sourdesifoc South Atlantic rift
basins.
The middle Cretaceous stratigraphic intervals worldwide host source rocks which
K2f R Hdx 2F GKS $2NI RQA NB&SNIOSA Fatdrs 2Af |y
which control the distribution, geochemistry and effe@ness of the source rocks are
age, paleolatitude, structural setting and biota (Klemme and Ulmist@kl). Although
GKS / NBilFOS2dza LINPOGARSR Hd: 2F GKS g2NI RQa
2T 0KS ¢2NI RQa GNI LIISR LI®DUNRE Sdzy oYE SYYS |
Source rocks with Type Ill kerogen are more abundant than Type | or II, with
Type Il mostly found in the Tethyan seaway. Along the easterly part of the north
American marine shelf, the structural type for source rock is classified assalyatir
linear sag over a single rift. Worldwide, 71% of the effective Cretaceous source rocks are
structurally defined as linear sags (Klemme and Ulmish@¥1). According to the study
by Klemme and Ulmishek (1991), of the 29% of the worldwide source rocksehat
created in the Mid Cretaceous, 61% of them produce oil and 10% produce gas
generated from kerogen types | and Il, and 4% of them produce oil and 25% produce gas

generated from kerogen Type Il and coal.
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Diversity and abundance of the source rocks wrtte was on the increase
through the Phanerozoic. Most likely, as life evolved, increased organic matter supply
contributed to this (Klemme and Ulmishel©91).

4.3 Petroleum System Events and Processes
The four main eventsomponents ofa petroleum system are
a) organierich potential source rock
b) reservoir rock
c) seal rock
d) overburden, which serves to bury and heat the organic matter.
Subsequent processes that are necessary are the formation of effective traps
and thegeneration, migrationand accumulation of hydrocarbons. Preservation of these
events is required as well. The critical moment is defined as the point approximately
half-way through the sequence of events when peak hydrocarbon generation occurs (Al
Hajeri 2009).
Figure4.1 shows the componenisnd processesf the petroleum system events
found offshore Nova Scotia as published in the Play Fairway An@NSI$&R2017).
Potential source rockin the Scotian Basare noted sporadically from the Jurassic
through to the midCretaceous, witlthe Aptian source rock being theungestorganic

rich deposit of interest. Preservation of this source rock is uncer@&rR2011).
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Figure4.1: Petroleum systems evewhart for the Scotian Basioffshore NovéScotia BeicipFranlah

2011). Thesequence ofleposition of source rock, reservoir rock, and overlying wagich serves to seal

the reservoir rock, and overburden, which aids in heating the underlying source rock to generate
hydrocarbongs shown The processes that follow are trap formation and the subsequent hydrocarbon
generation, migrationand accumulatia into those trapsfollowed by preservation. The critical moment is
defined as approximatelyalfwaythrough the entire process (after-Aajeriet al., 2009). Aptian source
rock is seen to have generated, migrated and accumulated however it was netya@siccording to this
chart of petroleum systems events. In fact, the h@siserved source rocks appear to be from the Early

JurassicQERA2011).

4.4 Organic Matter
Organic matter is material of a biological origin that can desapresent day,
production of organic matter in the oceans of the world is about 50 billion tons a year,
but most of this (99%?+) is broken down due to oxidation, microbial activitye water
column or bottom sedimentgr chemical changes in the water columneTasultis

that only .01- .001% of the organic matter originally produced is available to be

preserved in sediments.
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4.4.1 Organic Facies

The study of facies rich in organic matter is used to predict the likelihood of
hydrocarbon source rocks forming in certain depositional environments, and to predict
lateralvariations in quality (Powell987 Tysonand Funne|l1990).Palynofacies refers
to the specific assemblage of insoluble particulate orgptaot matter (spores and
pollen)that is left from a rock sample, after the matrix has been dissolved by HCI and HF
acids(Tyson 1995 Powellet al,, 1990). Thiprovides information on the agef the
rock, depositionaénvironment and association with particulartype of hydrocarbon
that would be expelled from the resulting source rock (Tyaod Funne|l1990).

There are also structural controls on organith faciesKlemme and Ulmishek
define gructural formssuch agplatforms, circular sags, linear sags, rifts, foredeeps, half
sags and deltagl991).Theyconclude that in the mig€Cretaceous, the main effective
source rock deposit mechanism occurred in linear and circular egsr sags are
elongated low areas overlying single rifts with low angle sloping limbge ércular

sags are larger and overlie branching rift systems or basaltic areas.

4.4.2 The Carbon Cycleverview
The carbon cycldefinesthe two-way flow of carboron the planet The cycle
200dzNB Yyl Gdz2NyI tf& FyR A4 RNAGSY o6& o0A2f23A0
which occur on land through biota and soil, and in the oceans between surface waters,
biota and the deep oceanagbon is released to the atmosphere through forest fires,

volcanic eruptions, ruminant livestock, and the burning of fossil fuels.
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Figure4.2: Schematic outlining present day carbon flux (a@ernel] 2016).Thevioletnumbers indicate

the carbon flux per year in gigatons and the black numbers indicate the amount of carbdiyhitéal

States Department of Energy (USDOE) 201*Note on use of tor§Sl)vs. tonng(metric) TheBritishton is
referred to as dongton weighing2240 pounds, ad the Americanton is referred to as ahortton which
weighs 2000 pounds or 907.18 Hdremetrictonne weighs 1000 kilograms, or 2204.62 pounds. The data
from this table is from the USDQBEDOE2017) and is therefore using the American ton measurement

A carbon cycle can be viewed as slénom 10s to 100s of thousands of years or
more, or fast for example daily or yearlyA slow carbon cycle operates on a ldagn
cycle of chemical weathering where atmospherie @@bsorbedsuch as during
erosion, fluvial transport of organic matter to the oceans, subduction of carbonate
rocks, and release of G@ases through volcanic activity. Contrastingly, a fast carbon
cycle involves the photosynthesis of plants and the respiratiomwhals Water, CQ,
and sunlight help plants produce oxygen and carbohydrate molecules as food for
animals, whan turn consume plants and animals and inhale oxygawhose

exhalations produce GQ@Sorkhahi2016).

4.4.3 Kerogen
Kerogen, or fossil ganic matter, is tha@aturally occurringsolid organic matter

in source rocks, which is insoluble in common organic solvents and alkaline solutions
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(Tissot and Welte, 1984) and can yield hydrocarbons upon heating. The amount and
type of kerogen determines the source rock is gasr oil-prone (aw, 1999.
Typical organic constituents of kerogen are algae and woody plant material.
Four types of kerogen are classified:
1 Type I: Alginite and amorphous kerogealgal bodies and other algal
derived debris ad/or marine plankton- highly likely to generate oll
1 Type II: Amorphous kerogen and Liptinite (a coal tefarmerly Exinite)
mixture of terrestrial spores, pollen, leaf and plant material, and marine

planktonic materiat can generate waxy oll.

1 Typelll: Vitrinite- woody terrestrial source materialtypically generates
gas

1 Type IV: Inertiite ¢ woody debrisg no hydrocarbon potential.

Types of Kerogen
and their Hydrocarbon Potential
Kerogen Kerogen Origin HC
Environment Type Form Potential
Alginite Algal bodies
Aquatic Structureless debris
of algal origin
Amorphous
Kerogen
Structureless planktonic|
material primarily of
marine origin Qil
L Skins of spores and
Exinite pollen, cuticle of leaves
and herbaceous plants
Gas
H Fib d d o
Terrestrial e o Toomenteand | some oil
I I I Vitrinite structureless
colloidal humic matter Main|y gas
Oxidized,
L. recycled
AV} Inertinite | woody None
debris

Figure4.3: Types of Kerogen and their potential for generatiygrocarbonsdfter Schlumbergetimited,
2015).
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The Logan Canyon Formatisediments presenin wellsin the ScotiarBasin
contain organic matter with kerogen that is of largely terrestiyge lllorigin Bujacket
al., 1980 Wade and MacLeari990). Deposits from the lower member of the
Missisaugdormation may be correlatable with thech, oilproneJurassic

Kimmeridgian source rocks found in the Grand BW&ade and MacLean, 1990)

4.44 Total Organic Carbon

A measurement of the amount of total organic carbon (TOC) in a sample is used
to determine if it can be classified as a source rock (Law, 1999). TOC quantifies the
concentration of organic matter in a source rock expressed as weighhBdh is the
percentage of TOC compared to the total weight of the sample (Schlumberger, 2015).

The average TOC value for all shales is 0.8% wt%, while TOC for source rock
shales is 2.2 wt%. By comparison, the average for calcareous shale source Id&ks is
wt%, and for carbonate source rocks is 0.7 wt%. The average for all source rocks across

the board is 1.8 wt% (Law, 1999).

4.4.4.1 Rock Eval Pyrolysis and Kerogen
To determind: & K I f Stotal briyahilf cSriioa (TOGhe rocksare analyzed
usingi KS aw201 90If teNRfearasd YSUK2R® 5dz2NARyYy 3
without oxygen present, from 30 to 550 C in the presence dfelium (Peters19386).
The resultingamounts of oil and/or gaare used to rate the potential of a rock to
genaate petroleum and its thermal maturity (Peters986). Furtherdetail will be

described in Chapter éMethod<t.

4.4.4.1.1 van Krevelen and Pseudo van Krevelen
Plots
The van Krevelediagram was originally used to classify coals (van Krevelen and
Schuyer, 1957)Figure 4.4 shows the plot of Atomic Oxygen/Carbon (O/C) ratios on the
X-axis versus Atomic Hydrogen/Carbon (H/C) ratios on thgi& (Tissoet al., 1974
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Tissotet al,, 1980). Values of atomic ratios of H/C are typically in the range of 0 to 2, and

range of the atomic ratio of O/C would be in the range of 0 to 1 @ial, 2003).

1.8 -
1.6 -
1.4 -
12 -

1.0 -

Atomic H : C Ratio x 10

0.2 ﬁ
0.04 | ] ] ]

0.0 0.2 0.4 0.6 0.8

Atomic O : C Ratio
VAN KREVELEN PLOT

Figure4.4: Van Kreveleiagram. Coal determination using the van Krevelen diagram (van Krevelen and
Schuyer, 1957). The van Krevelen diagram shows the plot of Atomic O/C ratios axiheetsus Atomic

H/C ratios on the -dxis (Tissoet al., 1974 Tissotet al., 1980) andwas originally used to classify coals.
Values of atomic ratios of H/C are typically in the range of 0 to 2, and range of the atomic ratio of O/C
would be in the range of 0 to 1 (after Kehal,, 2003).

For kerogen determinations, a pseud¥an Krevele diagram (Figurd.5) is used
to display Rock Eval Pyrolysis data from a Pyrogram. A flame ionization detector (FID) is
used to create a Pyrogram to display the results of the test, giving values of TOC, HI
(Hydrogen Index), Ol (Oxygen Index), S1, S2al88s and fax(maximum temperature
reached). These measurements indicate the source rock potential of the samples. A
value of total organic carbon above 0.5.%t(weight percent) is the minimum for an
effective source rock, 0.5 to 1% is fair qualiyg% is good, and over 2% is very good
(Peters 1986).

These plots showerogensyped as |, 11, lll and IV, or very-pibne, oitprone,
gasprone and inert respectively. Inert kerogen contains almost no hydrogen
(SchlumbergeLimited,2015) andherefore plots very low on the-gixis. Akerogenis

subjected to heat and pressure, bitumen, heavy oil, liquid hydrocarbons, and natural gas
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(methane and light hydrocarbons) are produced in that order (Tissot and VI6IB<;

Schlumbergetimited,2015).
PSEUDO VAN KREVELEN PLOT
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Figure4.5: Pseudo Van Krevelen diagram showing data plotted from a Pyrogram (from Rock Eval
Pyrolysis)whichplots the Oxygen Ind€©l)in mg CQ@g Corg, 0N the Xaxis versus the Hydrogen IndéH)

in mg HC/g TOC on theaXis. Values for the-ais range from 0 to 200 and on theaXisfrom 0 to 1000
From these plots, the type of Kerogen is classified, and indications are made whether the sample is oil
gas prone.

Type E oil prone, lacustrine with abundant H

Type IE oil/gas prone, marine, moderate H.

Type llE gas prone, terrestrial, minimal H.

Type I\~ vitrinite, terrestrial, no H.

(Law; 1999)

Kerogen type Ill and coal are less effective for petroleum generdatiam t

kerogentypes | and Il on a per area basis (Klemme and UImjd8&K)) from studies
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based on geochemistry. Type | ankdiogensare oilprone,andtype Ill and coal are

gasprone (Klemme and Ulmishgk991).

445 Climate

The optimal setting fosource rock deposition is a warm climate with high
humidity at low to middle latitudes along with tropical rainforests feeding onto a
continental shelf which is home to a reef system (Gryri@83 Klemme and Ulmishek,
19917).

Klemme and Ulmish€kB991study found that two thirds of source rocks in the
world were deposited between the paleoequator and 45 degrees paleolatitude.
Deposition of black shales is generally associated with high amounts efjldae algae
(cyanobacteria) and green algae, withleg bioproductivity than is seen in winter in
the higher latitudes.

The lower occurrence of seasonal water overturn in the stagnant ocean regions
favours the deposition and preservation of organic matter from latitudd$ @egrees
in subtropical and tropical waters. Tropical rainforests have very high productivity on
land, but organic matter is usually not preserved as the occurrence of decomposition in
that climate isalsovery high. In higher latitudes, peat bogs ammare commonsite for
presenation oforganic matter Klemme and Ulmishek, 1991

The climate in the Mesozoic was warmer thamesent therefore it was possible
for black shales, rich in kerogéypes | and Il to be deposited at higher than usual
paleolatiudes from the Late Jurassic onwards. During the Mesozoic, areas with Type Il
kerogen and coal were located at high paleolatitud€leinme and Ulmishek, 1991The
effectiveness of the source rocks deposited from O to 45 degrees paleolatitude, with
kerogen types | and I, is much greater than the areal extent of the source rocks.
Kerogenypes | and Il found at paleolatitudes greater than 45 degrees, and kerogen
types Ill and for coal, at both low and high paleolatitudes, have source rock with a much

lower effectiveness compared to the areal exteKidmme and Ulmishek, 1991This
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effectiveness is due to the higjuality reservoirs that are provided by carbonate reefs
and siliciclastic reservoirs seen at low paleolatituddsrfime and Ulmishek, 1991

Klemme and Ulmishek conclude that black shale facies were often found
together withtype Il kerogen and reefal reservoir rocks with evaporites as seals, and
this often resulted idargeaccumulations of oil and gas. Such effective petroleum
systems are fountess withtype Il kerogen and coal with siliciclastic reservoir rocks and
associated seal&{emme and Ulmishek, 1991

The effectiveness of source rocks wiyipe Illkerogen and coal does not vary
much due to structural limitations. However, ftype | kerogen, the associated black
shale facies were almost exclusively deposited under anoxic or dysoxic conditions since
the late Paleozoic. This would often happen on platforms and in circular or linear sags,
occasionally in rifts and foredeeps, but rarglyhalf sags and deltaKiemme and

Ulmishek, 1991

4.45.1 Milankovitch Gycles

Milankovitchastronomical orbitaforcingcycles have affected climate on earth
throughout time Milutin Milankovitch (187% 1958) was a Serbiaastrophysicist who
noticed orbital variations in the eccentrici®& ¥ (1 K S S, litsXiaKtid and &iblb A G
precessior{wobble),which resulted in a cyclical variation of solar radiation reaching the
earthQa & dA¢JA te€dl§ the climatic pattes were affected which he thought
regulated the pattern of ice advances and retre@t&SA, 201y

Milankovitch created a mathematical model which calculated differences in
fFGAGddZRS YR GKSANI O2NNBaLRyRAYy3I RAFFSNBYyO
600,000 years prior to the year 1800. To tie this into the history of ice ages, he chose to
model the changes at 65 degreearth latitude where ice sheets were currently in
existence. Cooler summers could reduce summer snowmelt, resulting in ice sheet

growth changeghat could be measured.
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In 1976, a study published in the jourr&diencexamined deegsea sediment
cores and found that Milankovitch's theory corresponds to periods of climate change
(Hays et a].1976).

4.46 OrganicRich Shale

Organicrich shales have been noted as abundant in earlyraiiCretaceous
deposits from the deep North Atlantic (SummerhayE337, TrabucheAlexandre et a.
2010), particularly in the Valanginidarremian (Blak@ahama Formation), the Aptian
Cenomanian (Hatters Formation) and to a lesser extent, the Turorgemtonian
(Plantagenet Formation) (Summerhay&987). The supply rate of organic matter in the
eastern and western North Atlantic was similar, though increasing in the east during the
Cenomaniarandlater Cretaceous times, with terrestrial organic matter dominating in
the western North Atlantic (Summieayes 1987).

Early in the Valanginian, through to the Conaclzare wereincreased levels of
organic matter in the Atlantic (Summerhay&987). This period was favoraldeeto a
higher level of accumulation of organic matter on both sides of theliNAttantic.
Productivity rates were higher and burial rates favored preservation. During the
Cenomanian, it is thought that a change in deep ocean circulation resulted in upwelling
of nutrients from deep water in the North Atlantic, so that sediments fitbwen
Cenomaniarluronian boundary show a large productivity event at this time
(Summerhayesl 987).

4.46.1 BlackShale
Black shale is defined as shale with an organic matter content greateOtG&h
(TrabucheAlexandre 2015). Black, dark green and Bagrey sediments containing
greater than 1% total organic carbon (TOC) are evident in deep sea North Atlantic drill
cores (Summerhaye$987). These black shales can be good source rock for petroleum
systems where they have undergone burial to sufficiezptt to be heated to the point

of maturity (Summerhaye4987).
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Lithologically, these black shale deposits range in colour from black, dark green
or dark grey layers with higher amounts of organic matter, to lighter green or grey marly
layers with lesseamounts of organic matter. The lighter green interbedded shales are
lower in organic matter and show bioturbation, indicating deposition under oxygenated
conditions favorable to benthic macrofauna. The black shale and dark grey marl deposits
are finely lanmated, which points to deposition under anoxic conditions, where benthic
macrofauna have died off due to anoxia (Demaison and Moore,;1R80dmerhayes
1987).

4.47 SedimentationRate

By the Albian (posAptian) the North Atlantic Ocean had a preservedord of
black shale deposition. Thytoballyobservedevels of elevated organic matter during
the CenomaniasTuronian are seen in North Atlantic deposits (Summerhal/@37).

The proteAtlanticwas by therapproximately 3000 kilometreside extendingeast

west with connectivity to the Tethys on the eastern side, and on the west, the Pacific
(Barron et al.1995 Hofman et al.1999). Themid-oceanridge further divided the

ocean intosubbasingat an estimated depth of 2200 metres in the south and beirgm
shallower to the north (Hofman et all999) with a maximum ocean depth of 5000
metres (Tucholke and Vadt979 Hofman et al.1999).

On a global scale, the diCretaceous sediments from the Aptian to Turonian
were deposited during a marirteansgression which reached its peak during the
Turonian Klemme and Ulmishek, 199High levels of sedimentation plus high levels of
productivity combined to create ideal conditions for excellent source rock (Bohacs et al.

2005). A simple formula is:

Organic matter enrichment Productiong (Destruction + Dilution)
Equation 4.1:Organic matter enrichment (Bohacs et al. 2005).
Enrichment is a function of preservation by burial with optimal sedimentation

rates (Bohacs et aR005). Therefore, the higest organic matter production rates do
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not necessarily result in the highest enrichment. Very high production rates result in
dilution of organic matter by a high amount of biogenic material and often exhibit a high
amount of siliceous material, which s in cherts and porcellanites (Bohacs et al.
2005). Good preservation conditions along with moderate primary production can result
in significant concentrations of organic matter (Bohacs e2805).

The distribution of organic matter may be moréuamction of sedimentation rate
than abundance (Muller and Sey4979 Summerhayesl981). Similarities are seen on
both east and west sides of the Atlantic. High sedimentation rates occur itatihe
CenomanianEarly to mid-Albian,Early Aptian, and thédauterivian toLate Valanginian.
Lower sedimentation rates are seen in ttege Cenomaniariate Albianmidto Late
Aptian,Late Hauterivian to Barremian and BerriasiarBsoly Valanginian. This points to
the sedimentation rate being related to tectortoatigraphic events and sea level
changes that would produce coordinated results on both sides of the Atlantic.
Therefore, it is suggested that high sedimentation rates correlate to the fall in sea level
during thelate Aptian and Early Cenomanian, which #ollowed by low sedimentation
rates as sea levels rise (Summerhay@87).

The average sedimentation rate for the AlbiageNaskapMemberwas 1015
m/Ma, which was significantly slower accumulation as compared t6Qith/Ma for the
Upper Missisaugadfmation (Wade and MacLeah99Q Ogg et al.2012 Chavez et a|.
2018).

Summerhayes (1987) obsedsthat the areas with highest sedimentation rates
also had the highest amount of organic matter, and bottom waters were suboxic to
anoxic intermittently, vinich also helped to preserve organic matter.

The Sodor black shales is proportional to the sedimentation rate
(Summerhayesl 987 Arthur et al, 1984). An explanation for this is that during
deposition, the water at the sea floor was anoxic or suboxic, preserving greater amounts
of organic matter fummerhayes, 1987Sodncreases with an increase in
sedimentation rate due to higher preservatioforganic matter as it is buried faster,

without sufficient time for much biodegradation from benthic megafauna (Muller and
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Seuss1979 Summerhayes, 1987Sodgpeaks in thekarly Albian andate Cenomanian
correspond to sea level transgressions and fpsiexcursions of thé3C stable isotope

curve Summerhayes, 1987

4.47.1 Preservation ofOrganic Matter

Preservation of organic matter can be furthaefined. Benthic megafauna
requires oxygen supplies to live. Therefore, in areas whereaxgtienated bottom
waters have low sedimentation rates, these organisms have time and opportunity to
consume andiodegrade the organic matter. The result is a low TOC, as well as
evidence of bioturbation in the shale sediments.

Conversely, in zones that as@oxic and with a high sedimentation rate, biotic
megafauna is not present in great numbers, as they require oxygen to live, so the
organic matter is rich, dark, and of a higher TOC value. In these areas the shale

deposition is laminar with little evidercof bioturbation Summerhayes, 1987

4.47.2 Terrigenoussediments

The terrigenous sediments and musitsurces from river systems witirganic
contentthat would contribute to the accumulation af/pe Ill kerogen, tend to remain
close to shore and not advance seaward. Suspended sediments in the deeper ocean
tend to bereworkedsediment due to older sediments beidgturbedby organisms
and/or ocean current movements rather than coming from moreergaiverborne
sediments (Trabuchdélexandre 2015).

On the west side of the Atlantic, the high amount of terrigenous organic material
was due to humid climates with high leself runoff producing a large supply of
terrigenous land plant debris availadio be depositedfummerhayes, 1987The
terrigenous organic material would be deposited near shore and distributed to the distal
shales by turbidity currents (Robertson and Bliefnidd83 Summerhayes, 19870n
the eastern side of the Atlantic, a drielimate produced less terrigenous organic

matter, and more amorphous, or marine, organic matter. The rate of accumulation of
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amorphous material is similar in the east and west, with the west having more abundant

terrigenous organic material supplymmehayes, 198Y.

4.47.3 Productivity

A well developed and very poorly oxygenated minimum zone existed in the
North Atlantic during periods the CretaceousJummerhayes, 1987However, the
high amount of TOC was not only a function of anoxia during deposition, but also a
function of productivity. High productivity could also result in high TOC and low
biodegradation as a result of existing populations of benthic megafauniahwvas due
to a large supply of organic matter accumulating on the ocean floor. Accompanied by a
high sedimentation rate, rapid burial would cause preservation of the material
(Summerhayes, 1987

Summerhaye$1987)also comments on the anoxic condit®being prolonged
without any vertical circulation of ocean waters. The North Atlantic did not have any
cold oxygenated waters available to sinkdiegradethe anoxic conditionsand here
was little contribution from Pacific waters. Any vertical mixingigdoe due to water
with a higher salinity sinking, and as mentioned previously, such water would be
produced in shallow marginal waters. A simple model would have a higher amount of
evaporation in turn creating a sink of saline waters and increased oayigerin deeper
water (Summerhayes, 1987However, if the Cretaceousawa time of high sea level,
with fewer shallow evaporating basins, the result would be a lesser amount of saline

water supplying oxygenated water to the deep anoxic water bodies.

4.5 Oceanic Anoxic Events
The midCretaceous, fronthe Barremian to Turonian, includes the time period
of study (Aptian) which is one of tlsxintervals in the Phanerozoic (three of which are
in the Cretaceoughat have oceanic anoxic events of ndierabucheAlexandreet al,
2010 Klemme and UWnishek, 1991).
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4.5.1 Introduction
Oceanic anoxic events (OAEs)were episodes of widespreadenzarirxia where
large amounts of organic carbon became buried and presemtidn sea floor
sedimentsbeneath oxygefpoor bottom waterdackingsignificant circulation (Turgeon
and Creasqr2008). This section will define oceanic anoxic events, and their

characteristics.
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Figure4.6: Schematic showing the major processes at work during an oceanic anoxic event (OAE).
Volcanism emits greenhouse gasses & SQwhich increase warming of the atmosphere and the

ocean resulting ideepwater warming. This promotethe release of methane from gas hydrates adding

to ocean and atmospheric temperaturéds) ncrease in precipitation on land increases erosion and supply
of nutrients into the ocean, promoting growth of plankton in the oceans, the deposition afrganic

rich sediments, initially heavily bioturbated but becoming laminated as anoxia becomes prevalent due to
microbes depleting the oxygen (Jenky2&10).Alternating layers of laminated sediments showing
deposition and erosion can all be erased by the effects of bioturbation (Hollister and Mt@&84;e
TrabucheAlexandre2015).

Oceanic anoxic events are favorable to the deposition of source rocks.
Conditians during oceanic anoxic events include
1 high volcanic activityaddingCQ into the atmosphere

1 warm climates which encourage ocean productivity, such as the
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1 euxinic or suidic waters due to volcanic activity, whishppliesnutrients
which encourage planktonic productivity, resulting in a high level of
organic matter settling to the ocean floor (Sorkhd16).

The midCretaceous, from the Barremiaa the Turonian, was &me of warm
climate, with direct evidence in the form of the biogeography of terrestrial plants
(Parrish and Spicet988 Fassell and Bralowgt999) and marine organisms
(Mutterlose, 1992 Fassell and Bralowgt999). Indirect evidence is seen in inesed
midplate volcanic activity and ridge crests (Schlanger g1 @81) and atmospheric pGO
levels several times our preseday levels (Arthur and Deah986 Fassell and
Bralower, 1999).Thiscombined with high eustatic sea levels (Haq etE87 Fassell
and Bralower1999) led to global warmth without climatic extremes and reduced

thermal gradients.

4.5.2 Oceanic Anoxic Event Characteristics
45.2.1 AnoxicQonditions

In modern times, anoxic conditions are rare in seas and oc@as®1i, 199b
However,10¢ 15% of the marine depositional area was covered by anoxic source rock
facies during the majodDAESnN the late Paleozoic and Mesozoiy$on, 199b

When organic matter breaks down, it combines with oxygen and produces
carbon doxide and oxygen molecules, the opposite of photosynthesis. Oxygen helps
produce organic matter but also destroys it. An anoxic environment (wheie<D.2
mL/L) occurs in lakes with thermal stratification of warm over cold water. It also occurs
in nea-shore basins which are cut off from the open ocean, where differences in salinity
occur. For example, lighresher water lies above heawsaline water. Also, in low
latitude oceans, below the photic zone (the zone where light penetrates, frong 200
1500metresdepth), colder, deeper water wells up and this means that this area tends
to be anoxidTyson, 1995)
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Figure4.7: Oceanstratification during an oceanic anoxic event. The oxygémmum layer is extensive

and deep, extending down to the top of high plateaus on ocean shelves and plateaus. Several types of
organicrich deposits accumulaten a) oceanic shelves, b) oceanie geas, and c¢) barred basin
accumulations such as are seen in the Atlantic basins, where abundant terrestrial plant matter
accumulated due to river runoff and turbidity currerafiér Schlanger and Jenkyri976).

4.5.2.2 Biolimiting Nutrients

Characteristics of oceanic anoxic events include disanganicrich intervals
with carbon isotope excursionand significant amounts of biolimiting nutrients such as
nitrogen, phosphorusand silicathat are necessary for life in the oceatisthey
increase, marine productivity increases. If they decrease, marine productivity decreases,
or becomes limiteqTrabucheAlexandre et al., 2010)

Productivity is a function of nutrient supply in the euphotic zone, and the
availability of light and zmplankton. Nutrient supply made available through upwelling
and mixing of waterg¢TrabucheAlexandre et al., 20103 responsible for approximately
three quartersof the current productivity in the preserttay oceans (Piper and Calvert,
2009). The nutriets are then subject to downwelling in the water column as particles

sink TrabucheAlexandreet al, 2010).

45.2.3 Positive&3Excursions
Oceanic Anoxic Events are characterized by dark or black shales rich in organic
matter and exhibiting positivé'2excursions, along with a disappearance or dissolution
of microfossils.
Carbon isotope excursions are associated with OAEs in the Mesodoic an
hyperthermals in the Cenozoic, atiteir recordis recordedn lacustrine and marine

shales. An example of a hyperthermal is the Paleodemeene Thermal Maximum
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(TrabucheAlexandre, 2015). Estimations on the durations of these events are
inconclusive (&emaret al, 2006 McArthuret al, 2008 Suanret al., 2008 Dickens
2011; Zeebeet al,, 2014 TrabucheAlexandrg 2015).

In theseorganicrich sequences, carbon excursions are seen wiglratigraphic
intervals of less than 1 Mduration (Galeet al, 1993 Schlanger and Jenkyns, 1976
Scholle and Arthyri98Q TrabucheAlexandreet al, 2010) Their character can be
described as having locally higher marine organic matter ¢ TOCral
geochemical anomalies (Brumsa&R8(Q Leckieet al, 2002 Scholle and Arthyrl 980,
TrabucheAlexandreet al, 2010). They are alsmnfined tointerbasinal and
interoceanicsettingsrather thana globalextent (TrabucheAlexandre et al., 2000
becaug locally the organic matter may not be deposited or preserved. However, the
isotopic signal is global and worldwiderédbucheAlexandre et al., 2090

In the South Atlantic and protdndian oceansorganicrich sediments from the
mid-Cretaceous are from i-water depths(500-2500 m) with oxygen mininta
conditions TrabucheAlexandre et al., 2010/an Andekt al, 1977 Thurowet al, 1992)
and coevally deposited in deeper parts of the basins (Thiede and Van Andel, 1977
Thurow et al., 1992TrabucheAlexandre et al., 20)0Black shales will showlawer
positivereading of613G,gthat indicates a kerogen quality with a higher amount of
marine-derived organic matter (Hofman et a1.999).

By thelate Albian, theNorth Atlantic was separatenhto two subbasirs nearthe
mid-Atlantic Ridge. On the southeastern side, anoxic conditions prevailed, however the
north-western side was characterized big-derobic midwater and suboxic to oxic

deepwater conditions (Hofman et gl1999).

68



SEA LEVEL

1.3 Eustatic s &
Ma AGE 8 ccarb Sequence %ﬁ]ﬂdaries
I1 ? iri f’f Fall Rise
CZ:‘; from Erbacher et al., 1996
I I 1
o2 E amc
a4 | carb “—= | QAE 2EM'Bonarelll"
=
s {
96
O QAE?
E - J
984 O q
100 OAE 1d—"Elrei5trr:+ffer‘T"
0
102 - E —DAE 1 cl"TonIEbuc:‘Cf’—‘J
=
104 4 o
m e
4|z
106 = E
E
108 -
*Leenhardt"
wol [t ]
© | ORAE1 "Paquier
112 - \ "M.te Nerone"
\ *Jacoh"
113"
114 = @ shorl-lanm cycles
116 - é & OAE? leng-tern cyclas
(W
118 1 <X
12 B ; OAE [Gogual’
07 |g "Selli
—=— ‘
122 4 W
C
: |
124 - g —Irc:m Bralower ?1 al., IIQ'EIE— frarm Harg at al., 1988
26 25 24 23
13
0°C,,

Figure4.8: Carbon Isotopé5'®Gorg) and sea levekurvesfrom the Barremian through the Aptian, Albian,
Cenomanianand Turonian of th€retaceous Perioceanic anoxic event®AEsgare associated with
positived' excursionand labelled from 12 (Leckie et a2002).

There was a worldwideate Aptiang Early Albian positivé80 valueexcursion
(equivalent to OAE 1) marine carbonateseen in planktonic foraminifera as well as
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continental concretions in Australia, recording changes in the global carbon budget
(Ferguson and Gregory, 1999 he meteoric waters from southeast Australia follow
those of the global climate signals from thptian to Albian, showing an increase in
temperature by 10 degreeSthrough the Aptiarandpeaking in theLate Albian
(Fergusorand Gregory1999).

Tropical temperatures are interpreted to have been cooler than expected under
greenhouse conditions, coolifigom the Middle to Late Cretaceoyss interpreted from
oxygen isotope studies of planktonic foraminifera (Crowlé91). The reduced
temperature gradient from equator to pole (Poulsen et #8099) was due to increased
oceanic heat transport towards thaoles during this time (Barron et a1.981; Barron

and Washington1985 Schneider et al1985 Poulsen et a].1999).

45.2.4 Paleogeography

Oceanic anoxic events (OABsfurwhen a certain paleogeography is combined
with changes in either oceanrculation and/or available nutrient supp{yirabuche
Alexandre et al., 2010t is debated whetheorganicrich sediments are mostly due to
enhanced productivity or to anoxia (Demaison and Moore, 19@@lersen and Calvert
199(Q TrabucheAlexandre et al., 20)0Someenhanced leveproductivity is needed to
create theorganicrich sediments in the firsplace;however,the ultimate level of total
organic carbon (TOC) is dependent on the rate of sedimentafimb(cheAlexandre et
al., 20D; Tyson 2001).

45.2.5 Pyriteand Other Minerals
Pyrite formation in sediments depends on the oxygen level in the atmosphere
and the sulfate concentration found in seawater. The factors involved are the amount of
organic matter and its supply rateheé amount of sulfate dissolvednd the amount of
detrital iron minerals available. In normal marine sediments, where sufficient dissolved
sulfate and iron minerals are available, the supply of organic matter is the main control

on the formation of pyriteHowever, in freshwater sediments where there is insufficient
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sulfate, pyrite formation is low (Berngt983) As asidenote in this way, one can
determine if a shale is a marine shale oramganicrich freshwater shale.

In marine shales, here the marine conditions are euxir(iwhere a combination
of anoxic and sulfidic conditions ejiggnough HS is produced to make theam
control the amount of reactive iron minerals available (Beri®83).

Other minerals, which can be associated vatiganicrich black shales are
glauconite, pyrite, chamosite and phosphate (carbonate fluorapatkefkyns, 1980
CaMn-FeMg carbonges in Cenomanian and lower Toarcian in the Alpine
Mediterraneanareaare important, because today we find those minerals in the salinity
stratified stagnant centre of the Baltic Sea in black phosphaticoaganicrich muds
(Jenkyns, 1980 Some dolomitend siderite occurrences could contain manganese.
Barite, adjacent tmrganicrich deposits, can also be of significance and is seen in
Cretaceous deposits of Israel and Western Australia.

Some geochemical indicators of paleoproductivity aregghesence of Barium, Cadmium
and Phosphorus (Schmit987. Dymond et al.1992 Villamil et al, 1999).

Anoxic water conditions can leave indicators in the sediment record and have
done so irDeep Sea Drilling Proje@$DIPcores of Albian agdor exampé Site 369A
Core 41 (Hofman et all999). Anoxia favours the reduction of Mrides to Mi3*which
results in a reduced flux of Moxides into the sediments (Calvert and Pederd€196
Hofman et al.1999). Depletion of manganese and siderophile elememnicémentis
indicative ofanoxic bottom waters (Hofman et al999). Another indicator is the size of
framboidal pyrites, which will range from 2385 um when formed in an anoxic water
mass Hofman et al., 1990 Sulur/carbonate ratios can indicate anoxic bottom water
conditions as welhssulfur contentwhichis independent of organic carbon content. The
availability of reactive iron controls the fixation ffifur instead of labile organic matter
(Raiswell and Bermgl985 Leventhal 1983 Dean and Arthurl989 Hofman et al.,

1999. Anoxia in the photic zone can also be indicated where black shale and-brown

green marlstone deposits have aryl isoprenoids derived from photosynthetic green
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sulfur-bacteria Chlorobiacee), which need concurrent light and anoxia to exist
(Hofman et al.1997. Hofman et al., 1999

Cycles of organidch black shale layers alternating with carbonaith layers
show where the organiach layersexhibitlow CaCeXless than 2@veight%),low Si/Al
ratio (less than 3.6), low Ti/Al ratio (less than .05), low Mg/Al ratio (less than .4), and
higher TOC (greater thanvieeight %), Hydrogen IndeXd(greater than 350), and low
Mn/Al ratios (less than 30 x 10e.g., DSDBite 369A Core 4Hpfman et al., 199%.

45.2.6 Marine Transgressions

Marine organierich sediments often occupgetherwith transgressive sea levels
(Arthur and Sageman, 200Barrish and Curtj4982) In the Paleozoic, the Lower
Ordovician, Mid Siluriarmnd Upper Devonian deposits of the pelagic black shale facies
correlate with high sea levels from interglacial periodsnkyns, 1980In the Mesozoic,
the Early Toarcian saw deposition over northétarope of bituminous black shales and
is regarded as a product of the Jurassic QeElyns, 1980

A rising sea level facilitates movement of terrigenous organic matter oceanward,
and the increase in shelf area from this transgression stimulates theuptiath of
marine plankton, and as the marine biota consumes and processes this increased
amount of organic matter, oxygen is used up in the marine muds. A condition of anoxia
then prevails Jenkyns, 1980 Characteristic facies during this time includeugtanitic

sandstones and phosphatic challdertkyns, 1980
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noticeable is the increase in glaucon(iteckie et al2002).

4.5.2.7 Thermohalinedrculation

Changes in thermbaline circulaibn indicatethat more nutrientsare available
in the upper ocean due to upwelling and runoff, whicadéo more ocean productivity
(Arthur and Schlanget979). The warm, wet climate during the Cretaceous, with
abundant C@introduced into the atmosphere from volcanic activity, a high sea level
due to the lack of polar ice, and abundant plant lifegether facilitateda high degree of
weathering. This adwed abundant nutrientsparticularly nitrates and phosphates, to
enter the oceans. Phytoplankton became very abundant in the upper ocean, which
resulted in a thick layer of black orgamich shale deposited in the deep ocedrhis
became an abundant soce of nutrients for the microbes living in the seafloouds,
and their intenseactivity resulted in reduced oxygem the seafloor (Leckiet al,,
2002). This resulted in the deepening of the oxygen minimum zone down to abyssal

depth (Arthur and Schlanget979). Increased preservation also occurred as the
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increase in surface water temperatures and runoff lead to decreased bottom water
formation and elevated carbon burial.

The organic matter deposited in these anoxic events is either carbon of marine
planktonic origin, orplants of terrestrial origin, which was formed as the transgressive

shallow seas covered the forested coastal plains.

4.5.2.7.1 Neodymium Isotopes
Neodymium isotopes can hdentified and quantified, indicatinthe source and
path of water masses. In thmid-Cretaceous at the Demerara Rise, a change is seen
where low background values of neodymium isotopes change to values seen in the
Pacific (MacLeodt al., 2008), andhe AtlanticDSDP i 1050 shows valuechange
from a Pacific signature in OAE2 change to an Atlantic/Tethyan value limthe
CretaceougMacLeockt al, 2008). This points to a source and circulation change for

intermediate water during thenid-Cretaceous (Trabuchalexandreet al,, 2010)

4.5.2.8 Igneous and Volcanic Rocks
45.2.8.1 Basalts

Hydrothermal alteration obasaltson Pacifioceanic plateaswould release Fe
and trace metals (such as @l Ni, andZn)that affect productivity by trace metal
limitation of nitrogen fixation. Ty also show micronutrients where they are used by
phytoplankton in the euphotic zonéhie top 80 netres). This transport would have
been made easier by a lower seawater pH (Liu and Mjlg962) which was due to both
atmospheric and seawater increases ino@@ich wasdue to submarine volcanism.

In the North Atlantic, there is a decrease in the amourntrate metalsmoving
eastward,and it is at its lowest close to Europe (Oethal., 1993). There is also a trend
from west to east for the onset of organic matter deposition in relation to the carbon

isotope excursion.
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4.5.2.8.2 Submarine Volcanoes

Mantle-lithosphere interaction affects sea floor topography and sea level
variations in time frames greater than 5 million yeatsoetingh and Haq, 2015Both
mantle upwelling and downwelling, and the occurrence of continental crust-ogarg
a subductim zone, can affect lontgrm sealevel variationsCloetingh and Haqg, 2015

Evidence of a pulse of activity by submarine volcanoes in the Pacific was noted in
the mid-Cretaceous (Larsea991g Schlangeet al, 1981) and was called a supegilume
episode. This episode may be correlated with the extremely long normal magnetic
polarity noted in sediments (Larsph991b), and perhaps caused very high sea levels in

combination with increasing G@vels which created high paleotemperatures.

45.2.8.3 Large Igneous Provinces

Eventsknown adarge igneous provincgslPspccur when large volumes of
magma erupt over a large area in a relatively short time interval 6fd.QC® years.
They are a result of thermal activity in the mantle allowing for tlams$fer of magma in
regions with a thinattenuated and/or riftedcrust (Jonegt al, 2016), however they are
not necessarily correlated with regional plate tectonics (Coffin and EIJH&84).
Submarine LIPs manifest as basinal flood basalts, seamaeenic plateaus, and
subnergedocean ridges (Neat al, 1997. Greeneet al,, 2008, Jonest al, 2016) which
can affect basin volume and sea level. Plume emplacement enables the creation of
WadzLISNBE oSt faQ 6KSNBE &Sl f g@bsidende@c@tmgnl 4 S &
and Haq, 201p

The emplacement of large igneous provinde$§ occurred in theearly
Cretaceousproducing the Shatsky Rise (1B3¥1 Ma), the Ontongava and Manihiki
Plateaus, (1230 Ma) in the Pacific (Ito and Clif998), aad the Deccan Traps area of
the Indian Ocean in theate CretaceouCourtillotet al, 1986). This affected the
@2t dzYS 27T (K SClogtiagiang Rai), 2@LeER vawgdibatiymetry at the

ocean ridges due to the high spreading rate, along with exsghent of these large
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igneous provincest least partly explains the high sea levels. However, high delivery of
sediment into the ocean can increase subsidence in the baSmzré&d, 2018

There is evidence fpand association gbceanic anoxic events with marine
basalt LIP emplacement (Sinton and Duncan, 188w, 1998 Jone<t al, 2016). Large
igneous province emplacements could contribute to oceanic anoxic events, in that they
increase the amount of nutrients availalitggether with anincreasing level of GO
causingan increase in primary productivity in the oceaile resulicouldbe anoxia
(Braloweret al., 1997. Erbg 1994 Kerr, 1998 Tardunoet al,, 1991, TrabucheAlexandre
et al., 2010, however this is not prove (abucheAlexandre et al., 20)0The main
problem with the hypothesis is that most of the large igneous provinces are in the
Pacific, protelndian Ocean and South Atlantic, but most of trganicrich sediments
are in the North Atlanti©ceanand the Telhysoceanremnants(TrabucheAlexandre et
al., 2010.
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Figure4.10: This chart shows the Mesozoic with red arrows indicating the main extinction events, grey
blueshadings indicating the emplacement of large igneous provinces (LIPs) on oceanic platedasg and
red shadings for continental flood basalts. Magnetic polarity is also shown with the Cretaceous Normal
Superchron (CNS) highlighted as a long stable timemnal polarity There were a significant number of
submarine LIPs during the Cretaceous, more than any time in the earths recorded historgt(dbnes
2016)

45.2.9 Strength of Lithosphere
Generally, continental cratorreflect a strong lithosphere; mountain belts and
oceanic spreading centers point aaweak lithosphereCloetingh and Haq, 2015The
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strength of thelithosphere determineds loading capacity with respect to ice and/or
sedment loading. Weaker areas are more susceptible to upwelling of the mantle; intra
plate deformation and vertical motion on old fault lines or zones of weakr@s&{ingh

and Haq, 201p Stresses weaken plates and make them prone to plume emplacements,
which would cause an initial upljftvhichif on the ocean floora swelling would occur,
followed by subsidence as the plume weakené€tbétingh and Haq, 20)5There is a

link between a strong lithosphere and higher continental topography and a weaker
lithosphere and lower topography, leading to areas that are prone to ocean flooding
(Buroy, 201G Francoist al,, 2013).

The Cretaceous lithosphere in general was weaker and therefore prone to
oceanic flooding because there was high oceanic crustal produatiovell as
continental breakup occurring as the pre&dlantic widened. In addition, ocean water
volumes were higher due to the high mantle expulsion rates of water by degassing from
the volcanic activity associated witleafloorspreading Cloetingh andHaq, 201%. The
paleorheology, or flow history, during the Cretaceous varies, but the lithosphere
became more rigid, and therefore stronger, near the end of the Cretaceous.

Cloetingh and Hag (2015) point out that volcanic rift margins are prone to plume
emplacement, and these emplacements can lead to vertical motion through inherited
vertical structures. In th&arly Cretaceoyshe lithosphere was thermally rejuvenated,
followed by a period wheit aged and cooled. Cloetingh and Haq propose that over the
long term, this increased plate rigidity, which allowed the plates to tolerate loading, and
flexural widening in the postft phase resulted inplate reorgnizationaffecting
lithospheric stress fieldeindintraplate deformationcausedvertical motionover large
areas Atthe same time as thaorthern Atlanticwasrifting, the African plate was also

showing differential motions in the rift basin€lpetingh and Haq, 2015
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4.6 Cretaceous Oceanic Anoxic Events
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Figure4.11: Stratigraphy of theéScotian Basin during théretaceou$eriod 65.5145.5 Ma,from Figure
2.3. Arrows show the notabl€retaceous Oceanic Anoxic Events, deposits of which have been found
worldwide from the Late Barremian to Albian, the Cenomanian to Tampand the Coniacian to
Santonian.

During the Barremiai\lbian and Cenomaniafhuronian, and to a lesser degree
the ConiaciarBantoniarstagesof the Cretaceousyrganicrich sediments were
deposited on a global scale (Schlanger and Jen&@7§ Jenkyns, 1980The
widespread extent of these deposits indicates a global Oceanic Anoxic Event (OAE)
resulting from two major factors; hate Cretaceousansgressiorhat increasedhe
volume and number of shallow seas which resulted in increased organic caiiuba,
Of AYIF(GS 6KAOK NBRAzZOSR (KS I|Y2dzyd 2F O2f R 2

oceans (Schlanger and Jenkyns, 1976).
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Table 4.1:Oceanic anoxievents of the Cretaceous (Cronin, 2(R8leoclimatesColumbia University
PressSchlanger and Jenkyri®76 Jenkyns, 198®rthur et al, 1987 Bralower et al.1994 Leckie et a.
2002 Takashima et a]2006 OAE2Meyers and SagermaB@007. ETH Swiss Federal Institute of
Technology Zurich).

CRETACEOUS OCEANIC ANOXIC EVENTS

OAE Stage Age MName

OAE3 Coniacian - Santonian 86

OAEZ | Cenomanian - Turonian Boundary 93 Bonarelli

OAE 1d Late Albian 99 Breistoffer

OAE 1c Late Albian 102 Toolebuc
OAELb Late Aptian - Early Albian 109-113| Leenhardt- Urbino

Paguier Monte MNerong
Jacob - 113

OAE 1a Early Aptian 120 Goguel, Selli
Weissert Valanginian - Hauterivian 132 Weissert

Oxygenrich bottom waters were restricted frorareas of sedimenteposition
by the new ocean ridges armhthymetricsills during the initial rifting phase of the
Atlantic (Kkaneps 1976). Changes in saltater circulation meant that more nutrients
became available due to upwelling and runoff leading to more ocean productivity, which
in turn resulted in deepening of the oxygen minimum zone down to abyssal depth.
Concurrently increased preservation occurred as the increase in surface water
temperatures and runoff led to decreased bottom water formation and elevated carbon
burial.

Cretaceou®rganicrich deposits exhibit cyclicity. They show evidence of
alternating organieich and organiepoor levels, particularly dfate Barremian through
Aptian and Albian age on land in the Apennines and Southern and Maritime Alps, and in
the Atlantic Ocean sediments of Aptian to Turonian algakyns, 1980 This cyclicity
could be a result dimes of anoxia due to salinity stratificatiodehkyns, 1980 which
has been viewed as a cause of anoxia, where dense;saigie brines from evaporitic
lagoons or restricted ocean basins are injected into an area where subsegygzmtic
rich anoxic eposits of mud and shale are fountefikyns, 1980 Aptian brines from the

new shallow South Atlantic shelf were thought to move into the Central Atlantic and

79



contribute to anoxic deposits on the abyssal plaienkyns, 1980 In this wayseafloor
spreading events contribute to OAE formatideitkyns, 1980 Although the spilling of
saline waters can result in cyclic deposits in anaerobic basins, this is not a cause of OAEs
(Jenkyns, 1980

Thin bituminous depositessthan a few meters are gemally of a discontinuous
nature Jenkyns, 1980 It is thought that organic deposits are favoured mostly in basin
hollows. The rate of accumulation of organic carbon is related to the bulk sedimentary
rate, so that ash falls, or turbidity currents mayuét in a discontinuous deposit of
organic materialJenkyns, 1980 Bituminous deposits tend to be higher in deposits of
chert- or carbonatereplaced radiolarianthat could be due to high productivity of
radiolariansor a preference for preserving s#ious over carbonate microfossils
(Jenkyns, 1980

Oxygen deficiency happens when demand exceeds supply which is determined
by hydrographic and/or oceanographic processes. Ligninwoody organic matter
does not consume a high level of oxygen howeveroteposing organic matter has the
highest demand for oxygen (Cruz and Gabtig¥V4 Tyson, 199p

Oceanic thermohaline circulation provides oxygen to the deep ocean. Demand
for oxygen by marine organic matter and biota increases as oxygen becomes less
abundant. There is a higher chance for oxygen depletion on the ocean shelf rather than
in the deep ocean due to the higher productivity found there. Daggper anoxia can
occur if the supply of well oxygenated bottom water is reduced, as the level of primary
productivity in deep water is naturally quite low. Surface water can be dense due to
evaporation or cooling or through having travelled a long way beneath highly productive

water (Tyson, 199b

4.7 Proto-Atlantic Aptian OrganicRch Deposits
Theformationsof organierich deposits in the Aptian protétlantic consist
broadly of a seriesf limestones to clastEcyclesThe sequence in time as well as over

space show influences of both wonldde events, linking climate with geochemical
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environmerts and the progression of the tectonic conditions as the area transitioned
from rift margin to passive margiffrabucheAlexandre et al., 2010).

Enhanced productivity due to the nutrients available from volcanic activity
contributed to deposition of signdant amounts of organic carba@s didincreased
preservation in many ocean basins worldwide including the North Atlantic, Western
Tethys, South Atlantic, and protadian Oceanand areseen aslark,organicrich,
carbonatefree Wlack shale§Braloweret al., 1994 Schlangeet al, 1987 Trabuche
Alexandreet al., 2010).

In the present day, oceans are wekygenated Tyson, 199bhowever Klemme
and Ulmishek (1991) consider-16% of oceans in thieate Paleozoic and Mesozoic to
have exhibited anoxiconditions due tothe presence ofarge tracts of upper shelf and
slope areasTyson(1995 estimates after accounting for shallow shelf facies to be less
likely to be preserved than basinal facies,tttfeere was a 24-fold increase of anoxic
deposits as compared to what is seen today.

Anoxic black shale facies were deposited during the Late Devonian to Mid
Cretaceougfrom 377.488.5 M3, with a peak from the Late Cenomanian to Early
Turonian aroun®0.4 Ma Tyson, 199b It is thought that athat time sea level was 255
meters higher than today at a maximum atiéit anorganicrich facieswasdeposited
over half of the shelf area (Hax al., 1987 Arthur et al, 1987 Tyson, 199h Schlanger
and Jekyns(1976) and Arthuret al.(1987) propose that the shelf area then was twice
as large as todaynd if the 50% coverage by anoxic watsrsorrect thisvould result in
an extreme maximum of thirtywo times the area of deposition and twenfive times
the shelf area compared to conditions todayéon, 199% Other significant areas of
anoxic oceanic deposits are the La L&oanation in Venezuela and Columbia, and the
GarauKaxhdumiormation in Iraq and Iran, both dating from the Mid Cretaceous
(Tyson 1995.

The composition and maturity of organic matter within the Cretaceous black shale
sequencs have been studied in sever@lSDRites in the Atlantic Ocean, and

worldwide, which were cored between 1968 and 1983. Black, dark goeatark grey
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sediments with greater than 1% TOC were reported as widespread in Cretaceous
sediments. These are also considered to beeptal source rocks providing that they

were buried sufficiently to become matur8§mmerhayes, 1987

60°N

30°N

0°

60°S

Figure4.12: Gonfiguration of the continental areas during the Cretaceous (Cenomaiii@an) time at
approximately 100 Ma +/10 Ma The black regions have organic carbah marine sediments of Aptian

¢ Albian or Cenomanian age. The circles are wells from the-Beeprilling Project (DSDP) which contain
Early tomid-Cretaceousediments. The circles filled in blaegresentdark, organicrich marine
sediments, whereas the open cirches’e nongmodified from Arthur and Schlangd979 Fischer and
Arthur, 1977).Figure after Smith et al., 1973.

hT¥ AYUSNBad Aa 0KI G cadwitEnMesizkiSrees 2 NI RQa
reservoirs, which are stratigraphically linked to basinal black shale source rocks (Arthur
and Schlanged979).

Geochemical studies have showhere is a distinct difference between the
southernand northernNorth Atlantic In the southabundant marine organics are
preservedwith up to 45% TO@verage=10%) whereas in the north, it isnostly
terrestrially sourcedrganic matter deposited by turbidites interbedded with dark
pelagic mudstoneontainingmarine organic matte A (i K ¢ h / (&érage&=5-6 % c:7
(Summerhayesl981; Tissotet al., 1980, Forsteret al,, 2007 Kuyperset al., 2004,
TrabucheAlexandre et b, 2010.
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4.7.1 Metals in Organic Matter

Asdiscussegreviously evidence suggests that during the Aptian to Santonian,

organic matter accumulation in marine sediments was signifigéotially(Arthur et al,

1987; Davis et al.1999). Concentrations of metalgthin source rocks and henae oils

can make oil refiningifficult. Importantly,metal ratios found in oils can be used to
correlate oil to source rockelationshipgDavis et a).1999).Furthermore, pecific
depositional environments can be indicated by the presence of certain trace metals and
ratios Qavis etal., 1999.

High concentrations of Ni, V, and Zn in black shales can point to regional
oceanographic conditions causing these trace mental enrichm@®asig et al., 1999
Organierich marine muds often contain a suite of trace metals which includeMoy,

Ni, V and Zn (Desborough and Poole, 1#88msack1980 Dean et al.1984 Davis et
al., 1999.

Organic matter enrichment and trace metals interact via biogeochemical
pathways such as bioaccumulatiomhere organisms incorporate nutrients or esseaiti
metals; adsorption of metals on organic particles as they settle; complexation of metals
by organic ligands; and metal sulfide precipitatiomiganicrich sediments which are
experiencing bacterial sulfate reductioDdvis et al., 1999 Chemical wedering and
erosion of continental rock, oceanic crust leaching at hydrothermal sites, and

devitrification of volcanic ash allow metal ions to enter ocean wddav(s et al., 1999

4.7.2 Oxygen Isotope Data
Paleotemperatures can be estimated from oxggsotope measurements, and it
is thought that Cretaceous global ice coverage was mirsonch thatthe 618 O, value
would be-1%. The oxygen isotope level in seawater is affected by the balances of
evaporation and precipitation, which affects the salinity, and by the transport of vapor.
The paleesalinity is the most uncertaifactor. A large part of the Cretacas ocean was
located in the subtropics, and therefore the salinity gradients would be higher between

the low and high latitudes. Small differences in pasadinity can indicate large
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temperature differenceswith ai: of 8'8Q. difference equates to Udegees C
difference. Based 080, ¢ salinity relationships for subtropical ocean basins, the
relationships between temperature, salinity anéO:for mid Cretaceous evaporitic
ocean basins have been calculated assuming that Hadley cells which control the
evaporationg precipitation balance were in the same position as in modern oceans

today (Fassell and Bralowdr999).

4.7.3 Note onFossilAssemblagesand Thermal Gradients in
Black Shale

Sediment samples contairg a high diversity of fossil assemblages are thought
to represent a stable, oligotrophic oceanic environment and not one of high fertility or
with high nutrient levelsKisher and Hay., 1999

Sediments with a high level of organic carbon cam$sociated with areas of
high fertility, although the preservation of high amounts of organic carbon is not solely
dependent on high productivity{sher and Hay., 199%High fertility is usually
attributed to upwelling Fisher and Hay., 1999

Low thernal gradients promote slow deepater circulation and the deposition
of organicrich sediments in anoxjoxygenpoor deepwater (e.g. Arthur and Schlanger
1979). DSDP project site 3@ studied by Douglas and Savin (19@6ints to the
Aptian and Albia having the highest sea surface temperatures (SSTs) in the labty120
(Barron 1983 Huber et al, 1995) with temperatures estimated between2&nd 32 C
in the tropical ocean @30°N).

Stable isotope data for the Albian shows Gsfor high latitudd€approximately
60°S) in the Albiasediments aDSDP Site 511 (Huber et 4B95 Fassell and Bralower
1999).

TheAptian through the Albiaperiod hadsea temperatures of 282 degrees C
as determinedrom analyses oDSDP sites 3G®res(Douglas ad Savin1975) and are
believed tohave been the warmest sea temperatures in the past 130 (Barron 1983
Huber et al. 1995 Fass# and Bralower1999).
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Low thermal gradients resulted in slow degater circulation which encouraged
the deposition of organigich deposits in anoxic deep ocean settings (Fassell and
Bralower, 1999).

Where diagenetic alteration has occurred, th&0 andd*3C values are likely to be
more negative (Fassell and Bralow&999).

Aptian samples from DSDP sitls/ and 418 contain secondary calcite in the
foram specimens examined (Fassell and Bralo®@99).

In terms of coccolithophores found in surface sediments, low diversity, high
dominance floras in an inner shelf setting, and moderate to high diversityamer
dominance floras in a middle and outer shelf setting occur today in the South China Sea
It is concluded that the low diversity of the inner shelf is due to the high salinity levels of
approximately 30 ppt. Some modern speciesatcolithophoredave high salinity
tolerances (Fassell and Bralow&999) but most thrive well at normal salinity levels.

Rhythmic bedding cyclese interpreted to reflect Milankovitch cycle3hey are
coupled cycles expressing changing redox conditions and marine orgatter
productivity, carbonate and biogenic silica productivity cycles, as well as carbonate
compensation cycles'hesecan be diluted near shore by clastic dilution and changes in
sediment supplyHofman et al., 1999

AlbianAptian strata in he DSDRitesnoted aboveare thought torepresentan
undisturbed sediment deposition record with little disturbance by events such as
turbidity currents which occur nearer to shorddfman et al., 1990

More arid periods favour carbonate cycle production andenoumid periods
indicate increased ocean fertility from upwelling or from nutrients supplied from
continental runoff, high organic matter production and an extension of the oxygen

minimum zones and the deposition ofganicrich shales. flofman et al., 199).

4.7.4 TethyanOrganicRich Deposits
From the Aptian through the Maastrichtian, the European and Adriatic tectonic

plates areinterpretedto have moved north by-Z degrees latitude (Voigt et alL999)
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as the northern reef line moves southward relatively from the Aptian Helvetic shelf to
southern Spain by thMaastrichtian At the end of the early Aptian, a thick shallow
water carbonate platform was well established with cesabmatoporoid and rudist
bioconstructions along the north edge of the Tethyan Sea (Voigt,&t289). This
continued until theEarly Aptian, after which there was a facies change from carbonate
platform to phosphaterich, terrigenous, nutrientiense deposits due to a high rate of
continental weathering to greenhouse conditiod({Imj 1989 Folimiet al, 1994 Voigt
et al, 1999) Reduced sedimentation from the late Early Aptian to the Cenomanian was
followed by pelagic sediments from the Turonian onward (Voigt e1889). Aagoonal
circulation pattern combined with a warm climate at lower latitudes (tropic and
subtropic) promotes carbonate platform development and is characterized by warm
temperatures and low nutrient supply (Voigt et,dl999). If precipitation and runoff
exceed evaporation, frestvater influxdominates,and an estuarine circulation occurs in
shallow water areas close to shore. The salinity decreases and the surface water density
becomes lightesuchthat the circulation pattern changes to estuarine. At ratdudes,
an increased humidity favours continental weathering and therefore increases
terrigenous sedimentation and corresponding nutrient supply to the ocean. The influx
eutrophic nutrient levels in the water and reduces carbonate production and drowns
carbonate platforms as the facies changes to a siliciclastic one. Increased sediment
supply reduces the amount of sunlight reaching the reef platforms due to increased
turbidity, and this has a detrimental effect on the health of the reefal organismst(\Voig
1999).

Nutrients entering the southern North Atlantic ocean were trappethit
region and then transported eastward towards the Tethys. Upwelling occurred before
reaching there, so the Tethys region has fewer orgaioit deposits than are found in
the NW Europe epicontinental sea.

Cenomanian (posAlbian) sediments have orgad&an pelagic marls and chalks,

which are associated with increased carbonate production (coccolithophores) which
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point to oligotrophic, or low nutrient/ high oxygen surface tenws (TrabucheAlexandre

et al., 2010)

4.75 CarbonateGycles

During themid-Cretaceousorbital variations were thought to often drive deep
sea anoxia (Herbert et all999 Schwarzacher and Fishd882). Carbonatenarl cycles
reflectfluctuating paleoenvironments of carbonate variations and varying dilution by
terrigenous material (Herbert et all999). The flux of carbonate and terrigenous supply
was driven by the amplitude of precessiofaxial wobbleforcing (Herbert et a).1999.
Carbonate variation is thought to represent climate change due te#rth@
precessional cycles which have a mean repeat cycle of 22 thousand years (ky) and a
median repeat cycle of 24 ky. Studies done inlth&ge Cretaceousf the South Atlantic
showsedimentation rates varied in proportion to the amplitude of carbonate variation,
resulting in periods of higher climatic variartbat were also periods of higher average
deposition rate (Herbert et §11999).

A study ofLate CretaceouSouth Atlanticdrill holes done by Herbert et 11999
indicates carbonate content variations at R@cycles. Furthermore, they suggest that
precessionatycles of 100, 400 and 2400¢an be correlated between drill holes. They
based their study on the energy of the amplitude signal rather than the average
percentage of carbonate material present. The variation pattern can be linked between
drill hole sites by the precessional driv8urface temperature and ocean salinity levels
can affect the production of calcareous plankton and also create humid conditions in
continental source areas (Herbert et,dl999).

Seawater is corrosive and acts as a control on deep sea sediment remewval du
the chemical properties of seawater, which vary due to depttalpucheAlexandre
2015). Distinct changes in the flow rate of bottom waters and chemistry are associated
with gaps in the marine sediment recortir@ébucheAlexandre 2015). Productivity ©
surface waters controls therganicrich content in sediment supply and areas

underneath zones of low productivity will not have deposition, especially where the
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ocean floor is deeper than the calcite compensation dg@@DjTrabucheAlexandre
2015).The calcite compensation depth is that below which the supply rate of calcite is

less than the rate that it is dissolved, so that calcite is not preserved.

4.8 Proto-Atlantic Regions of Interest
Several regions of the protatlantic are notablen havingorganicrich deposits
of Cretaceous age. Some have proven oil and gas resditve$llowing is mention of
some of the more important regions, such as Trinidad, Morocco, Georges Bank offshore
Massachusetts, the Demerara Rise, offshore Angola and edtgons in the South

Atlantic Ocean witlblack shale deposits.

4.8.1 Trinidad

The Gauthier and Naparima Hilbrmationsare proven source rocks deposited in
the Upper Cretaceous between 99.6 and approximately 64 Ma (Rodrit®@3 Persad
et al, 1993). They are composed of bigeey siliceous mudstones (argillites) which are
organicrich, interbedded with shale and shaly Estone (Kuglerl959)and they are
from the deepwater open marine outer shelf and slope environments. The kerogen is
type Il with vitrinite reflectance values comprising6-2% (Summeat al,, 2003).
Thomagq2014) classifies the Gautier Formation asanild gas prone with TOC ranging
from 0.5-7% and the Naparima Hill Formation as oil prone with TOC Gx2+&%.

Gibsonet al.(2004) attribute this source rock deposit to high nutrient levels and
excessive fluvial runoff which enhanced the preservationrganic matter due to deep
marine slopes overloading and slumping forming turbidite deposits, and to rising sea
levels creating muddy sediments which work to rapidly trap plankton. During the Lower
Cretaceous, the Cuche Formation was deposited from 148.6Ma and is classified as

a potential source rock (Rodrigud®993 Persacet al, 1993).
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Figure4.13: Generalized Trinidadian Stratigraphy. From abou683Ma the Naparimadill Formation
accumulated and is oil prone with TOC fra/2-8% and is considered to be a source rock, along with the
underlying Gautier Formation and possibly the Cuche Formation as well (Field Guide, Trinidad Field School
2016, Dalhousie University).

4.8.2 Morocco

Ancient Morocco and Nova Scotia were adjacent to each giher to the initial
stages of continental breakup and three main stages can be identified inabedts
pre-rift, syn-rift and postrift (Piqueet al, 1998). Gondwana, Laurentia and the Baltic
cratons collided during theate Paleozoic after which pestogeniccollapse led to
rifting followinga Permian agextensional regira. Thiscreatedhorsts and grabens with
boundingnormal faults trending from NBW to ENEVSW, both newly created and
reactivatedpre-existingfaults. Straddlingthe TriassieJurassic bounds (199-197 M3,
syntrift phase, voluminougplateau basaltsvere extruded within and bounding the
central rift axisThis circurAtlantic region extends from Nova Scotia, northeastern
USA, northeast Brazil, and northwest Africa and is know@/dP (Centtatlantic
MagmaticProvince) and was a precursor to final rifting and formation of tsaeanic
crust in the new Atlantic (Manspeizet al,, 1978). Thigvent was likely a significant
factor in causing the Er@riassidxtinction (ETEgvent (Dal Corset al, 2014). The

CAMP basalts coverddr in some cases (Morocco) interfingered withé salt deposits
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which were laid down in the shallow wattrat flowed eastinto the new Atlantic from
the Tethys Ocean.

The postrift stage began aactiverifting ceasel in theEarlyJurassiavith full
development ofa passive margin by thiearly CretaceoudfRedfernet al, 2017).During
the Middle and Late Jurassic extensive carbonate reef complexes were developed along
the basinhinge linemargins d Nova Scotia and Morocd@dari et al., 2012).\Bthe Early
Cretaceoushese reefs died out and were covered d&yvancingnixedsiliciclastic
deposits. Specific to Morocco, in thate Cretaceouthe African plate rotated
counterclockwiseand collided withithe Eurasian plate and initiated the Alpine
deformation.

Early Cretaceousediments of the Essaoutggadir Basin (EAB) crop out along
the Atlantic Coast ia belt 100km wide by 15Gkm long. West of the EAB is the Atlas
Gulf. In the Jurassic, carbongilatforms formed offshore of Northwest Africa (Jansa
and Wiedemannl1982 Tari et al., 202). During theEarly Cretaceousto the Cenozoic
tectonicdriveninversion and uplift occurred due to the Atlasiod Alpine orogenies
(Beauchampet al,, 1999) and salt tectonics (Tari agabour, 2013). This inversion and
uplift resulted in thedeposition ofCretaceous sedimenta the same setting as offshore
Nova Scotigabove sea level on the Moroccan side butvioelow sea level and covered

by Cenozoic sediments offshore Nova Scotia
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4.8.2.1 Morocan CretaceousStratigraphy
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Figure4.14: Offshore Morocan Cretaceoustratigraphy This succession reveals Albian basinashale
depositca ! G f | §thabwdatildFbé ageequivalent to theNaskapi Membeoffshore Nova Scotia
(Redfern et al, 201 North Africa Research Group (NARZBLL7).

Early Cretaceoustratigraphy comprises shallow westward dipping shelf deposits
laid down over the Jurassic ®arly CretaceouBerriasian carbonate ramps. West of the
EAB in the Atlas Gulf, the deposits are mud dominated with some discrete, coarse
clastics. Carbonate production decreases during the Cretaceous. The shale thickens
westwardand thins eastward, pinching out as it onlaps on the coastal deposite{Rey
al, 1988). It also thins due to salt diapir structures.

LateEarly toLate Cretaceousediments contain black shale deposhat were
deposited in deeper basins at low latitudes and have source rock potential. Multiple
oceanic anoxic events occurred during this time (Jenky®80 Arthur et al,, 1988). The
OAEZ2 which occurred during thate Cenomanian to th&arly Turonian has ke the
most documented of the OAEs (Schlanger and Jenk@7€). The OAE® characterized
by black shale and a positive carbonate isot&pgexcursionwhich is regional and
globalin extent andcorresponds to a rapid sea level transgression.

There arewo mainformationsin the MoroccanAptian the Bouzergoun and the
Tamzergouftormations The Bouzergoun composedof thick shelf muds with minor
sandstone layers at the base interlayered with thickening and coarseimvwards
shallow marine and deltaiond fluvial deposits. There are green to red mudstones with

interbedded sandstones, sandy limestones with marine fauna. The top of the formation
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contains oyster bedandis diachronou$eingearly Lower to early Upper Aptian in age
(from the base of thdedayesites forbesione to the lowerColombiceras tablerone
(Reyet al., 1988).

The Tamzergout Formation consistdossiliferous blueggrey marls and grey
limestone shelf deposits with a regional unconformidsfining itstop (Reyet al,, 1988).

The Albian Oued Tidzofmation consists of marlstone along with some green
marls withdistinctivesmall pyritic ammonitesiterlayered with marly limestones and
sandy dolomitegRey et al.1988) Theblue Aptian marls change tgreenAlbian marls

rich in bioclastic debris.

4.8.2.2 Morocaan Sequence Stratigraphy

The lowest Bouzergoun Formatiaras depositedn the Late Baremian during a
late highstand (HSTIRéy et al, 1988as a deltaic deposit progradisgccessiomowards
the shelfedge Moving upwards the deposits indicate a forced regression with distinct
sequence boundaries marked by sharp based shoreface sand deposits seen distally
showing the marine erosive regressive surface. Incised valleys are filled with fluvial to
marginal mame deposits.

In the Aptian, a transgression dominates with a maximum flooding surface (MFS)
seen in theP. dechauxzone and a sequence boundary in the hiatus from early to late
Aptian. The Tamzergout Formation points to continued floodRey et al, 198).

By Albian times, accommodation space continued to increase with continued sea
level rise, and marls of the Oued Tidzi Formation were laid over the Tamzergout
Formation and landward the shallow marine limestone of the Kechoula Formation

became establishefRey at al, 1988)
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4.8.3 Georges Bak

The Georges Bank Basin is an extensfdhe Scotian Basin, and underlies the
offshore Georges Bank. It was ated due to a postift sag in the continental platform
(Wade and MacLean, 1990).

¢CKS oFairayQa . I NNB vlhanigrichirdervaliStifeHdttendsh | y | 3 S
Formation (Poagl982 Janseet al, 1979) and is equivalent to the Logan Canyon and
Missisaugdormations(Figure 4.1Y(TrabucheAlexandre et al., 2010)

The lithology is shales and marls of various colours, laminated black carbon rich,
organic mudstone alternating with red marls and mudstones with little organic matter.
(TrabucheAlexandre et al., 2010)

Sequences which show alternating black shales aedmgor red marls in
Kuyperset al. 2004, are thought to be orbitally forced productivity variations shown

alternating rhythmically.

Georges Bank Basin
Continental Shelf and Slope My Age
Shelf Edge Slope - upper se

65 | Maestrichtian -
Plantagenet Campanian

_ 92 | Cenomanian

—

— Hatteras

— = Early Aptian
Missisauga - 115| Barremian

=

i

Figure4.15: Correlation of lithostratigraphic units in the Georges BBakin offshore eastern SA
(Massachusetts argaThe age boundaries are different than what is used imtbee recent satigraphic
chartof the CNSOPRO011)(BeicipFranlab, 201)1and the OERA (201&g(cip-Franlab, 2016)The
Hatteras Formation as defined ranges in age from-22%nd the (uppemissisauga from 11800 Ma.
This is equivaleribthe[ 2 3y / | y & 2 Waskagi Nafribaas\ rdtgdda the©ERARFA 2016
(BeicipFranlab, 2016tratigraphic chart, which occurs from approximately 423 Ma and the upper
Missisauga occurs from 12822 Ma.From Poag(1982)and Jansa et gl(1979).

4.8.4 La Luna Formatiog Venezuela
The La LunBormation is a thermally mature calcareous formation containing
source rock that was deposited in an anoxic marine environment under reducing

conditions (Escobaat al, 2012).1ts lithology is primarily organidch black limestones
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and shales and is codgired the main source rock for the MarceliRarmation (Cogella
Group)reservoir rocks (Escobat al, 2011). Figurel.18 shows the generalized

stratigraphic column for the Alturitas oilfield.

Mito Juan Siltstones
7)) Colon Gray shales
5 Late Y :
@) Organic matter-rich
La Luna @® | Black limestones and
) shales
(&
_'('_5‘ Cogel lo m Biomicritic limestones,
@ shales and sandstones
Group
= Early
U . Coarse-grained arkosic
Rio NegI’O and fine-grained
sandstones

Figure4.16: Generalized satigraphic column of the Alturitas oilfield Venezueldafter Escobaet al.,

2012). The black circle indicates La Luna source rock, and the black square indicates the Cogello Group
reservoir rockvhich is stratigraphically loweiThe prolific La Lun@srce rock isdentified ad_ate

Cretaceousn age.

Studies have shown that hydrocarbons were generatxgelled, andnigrated
during a single pulse, and have not been significantly biodegraded. Major tizatits
surround the Alturitas field allowed the vertical migration of hydrocarbons from the
deeperLa Lundormation to accumulate in theffset and structurally highevlarcelina
Formation (Escobaet al, 2012).

Lower AlbiarConiaciarorganicrich shaleswhich are the main source rocks of
northern South America, are associated with periods of significant upwelling (Villamil et
al., 1999). From Late Jurassic to Cretacg a significant facies change occurred in the
southern proteAtlanticin Venezuela and Colombia. Tdeposition of the original
passive margin offshore Venezuela and Trinidaaised in conjunctiowith the
Cretaceougylobal sea level ris@his is accopanied by anncrease in upwelling and
productivity which was possibly due to the northward movement of the South American
Plate (Villamil et al1999).The Aptian (Hauteriviathower Albian) depositsomprise
marinesilicclastics and carbonate platforng¥illamil et al. 1999). TheJpper Albian
was,however, the time that theorganicrich shales alternagd with limestones and
comprises the major source rock found in northern South America, namely the Villeta

Group in south and central Columbia, the La Luna Formation in northern Columbia and
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western Venezueland the Querecual Formation in Eastern Venezuela (Villamil et al.
1999). The Late AptiagEarly Albian saw primarily shallow water carbonate facies
succeeded by predominantly shales by the Middléate Albian (Villamil et 311999).
The TOC valuestne Columbiavenezuela region strataere highest in the
Upper Alllan and again in the Lower Turonian strata (Villamil etl899). The
conclusions that Villamil et al. reached in their 1999 work was that the increased
upwellingoccurredwhen the northern margin of South America was south of the
equator, Ekman transpdrfrom westward blowing winds pushed surface water south to
the continent promoting downwelling and the associated low productivity. As the
northern edge of South America moved nogthd cros®d the equator, Ekman
transport then began to move surface wasesiway from the continent resulting in
upwelling (Villamil et al1999). The result was a facies change fipim ascending order
¢ a clastiedominated systemg¢hangingo carbonate platformsfollowed byorganicrich
shales interbedded with limestonespdfinally in the Santonia€ampanian, chert and

phosphategiepositiors (Villamil et al, 1999).

4.8.5 Eastern Equatorial Atlantic
Upper Cretaceous black shale deposits in offshore West Africa were created by
the tectonosedimentary evolution of th®eep Ivoirian Basin located north of the Cote
R Q L @=hdndtBansform fault margin. Included in these deposits are sediments from
the last two of the three Cretaceous OAHE® Turonian OAE 2 and the Coniaeian
Santonian OAE 3 (Wagremd Pletsch2001). The OAES3 is considered to have good
source rock potential with 17% TOC and kerotyge I/11 (Wagnerand Pletsch2001).

4.8.6 Eastern Pacific Costa Rica
The Loma Chumico Formation of the late Cenomadampanian deposited in
the Tempisque Basirf €osta Rica contains cherts, siliceous shales, volcanic
ash/tuffs/glass and volcanoclastic sandstone and contains both orgarhia515%

average up to 33% TOC) and orgdean (<1%) facies. Deposition occurrecmid-
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shelf to outer slopesettingnea an active subaerial island arc (Erlathal., 1996).
Upwelling and volcanism controlled the nutrient supply productivity in the region. Silica
Aye2aSOuSR @2t OFyAOlrtfte OFdzZaSR LlzZ aSa 2F NIR
and are thought to havexpanded the OMZ (oxygen minimum zone) and therefore
helped to preserve organic matter.

During the Cenomania@ampanian timgoceanwide anoxia was unlikely.
Deposition oforganicrich rocksoccurredduring the latest Santoniaaarliest
Campanian in Costa Rica and the central Caribbean (Erladh1996). Earlier, the
JurassiéViid-Late Cretaceousphiolite complex basalts formed in an island arc setting

(Erlichet al,, 1996).

4.8.7 DemeraraRise

A study by Hofman and Wagné€2011) analyzed data from the Ocean Drilling
Program (ODP) site 1261 on the Demerara Riseb®teholeis inthe western tropical
region of the Atlantic Ocean offshore South America and the section studied blask
shaleof Coniacian to Santoniaage A comparison was mad# a similar unifrom the
eastern tropical region offshore Africa at ODP site 959. Both thesenstesinthe
Intertropical Convergence Zone (ITCZ) in the tropical Cretaceous Atlantic Ocean.

Studies on thee twoblack shale deposits sh@a similarepetitive
sedimentation patternslepositedunder the tropical upward portion of Hadley cells
caused by shifts ithe ITCZ, pointing torbitally controlledgeochemical cycles. Tropical
South America had anoxic bottom waters at the Demerara, Risrnating between
anoxic nonrsulfidic and euxinic conditions. The organic carbon burial is due to a variable
upwelling ystem whose intensity was affected by the strength of the Northeast Trade
Winds. Variable upwelling with a high level of runoff from the South AmeGoatinent
caused the anoxic bottom waters to vary between anoxic-solfidic and euxinic
conditions. Orthe African side, however, the continental climate was more humid with
the sea varying between oxic and euxinic conditions. Hofman and W&DET)

concludel that black shale sedimentation was largely controlled by atmospheric
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circulation from trade wind and monsoonal precipitatigand occurred due to

restricted ocean circulation between the regions. High volumes of fluvial runoff created
high primary production making the western Cretaceous Atlantic anoxic over long time
periods, which in turultimately created hydrocarbosproducing black shale deposits.
Black shale deposits across the tropical Cretaceous Atlanticttveseonnected by

atmospheric processes operating over large distances (Hofman and Wagaé).

4.8.8 Offshore Angola

DSDP wells were examined by Hartefigl. (2012 to evaluate the source rock
potential of Aptian, Albianand Turoniaraged samplesThey included DSDP sites 364
offshore Angolaborehole530A north of the Walvis Ridge offshore Namibia, and
borehole361 dfshore South Africa. Aptian and Albian aged interfrals borehole 365
wereidentified asthe best examples of highuality kerogen with sapropelic shales
with type 1l kerogen antype 1S kerogen which could generate low wax oils and low
gas/oil ratio(GOR) sulfurich oils. Type Ikerogen in silty sandstones tigas
condensate potential. In these wells, the Aptiaged black shale source rock kerogen is

thoughtto have the most potential in the region (Hartwagal,, 2012).

4.8.9 OtherSouth Atantic Cretaceouglack Shale Deposits

Three other regions with notable black shale deposits are worth mentioning
briefly from elsewhere in the protétlantic.

Deposits are found offshore Brazil in tBauth Atlantic (Mello et a).1988
Davison1999), with oils frontheseAptian source rocks being rich in sulfur (Mello et al.,
1988) In the Lower Congo and Angbéssins offshore of southern Africa (Coward et al.,
1999 Beglinger et a)2012) the variability in kerogen stability is significanionver
Cretaceou®rganicrich shales (Burwoodl999).

Also, in the Orange and Bredasddgsins offshore southern Africa (Jungslager
1999 van de Spuy, 2003)the main source rock is Lower Cretaceous lacustrine and

Lower to Upper Cretaceous marine blashales.
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4.9 Summary

Source rocks withype 11l kerogen are more abundant theype | or Il. Type Il is
mostly found in the Tethyan seaway. Along the @dmtth American marine shelf, the
Y I NBstryc@ral type is classified as a hadfg or linear sagver a single rift.

Worldwide, 71% of the effective Cretaceous source rocks are structurally defined as
occurring inlinear sags

l f 6K2dAK GKS / NBil 0S2dza LINPDARSR wHd@: 27
2yt e LINPOARSA Hm: 27T mibiversitg andldbineiice ofthe LILIS R LI
source rocks worldwide was on the increase through the Phanerozoic. Most likely, as life
evolved, increased organic matter supply contributed to this.

A common hypothesis is that due to paleogeography and changes océdsm
circulation, the nutrient supply in the protblorth Atlantic was alteredOrganierich
sediments occurred where there was an upwelling of nutrients which lead to high
productivity oforganisms thaproliferatedbeing fed bythese nutrients, and therefore
created rich deposits of organic matter.

A hypothesis is that the mi@retaceous in th&lorth Atlantic region was a
nutrient trap as a result of ocean circulation patterns bringing waters from the Pacific
Ocean. Submarine igneous events in the Pacific Ocean produced nuicieiseawater
which was circulated to the North Atlantic where itbsequently welled up and
enhanced marine productivity.

Nutrient trap creation results in high productivity, and high deposition of
organicrich sediments. High total organic carbon (TOC) and the deposition of high metal
element levels lead to anoxic cotidns in the bottom sediments and caused
enrichments of redox sensitive elements such as cadmium ¢Ggper (Cu)nickel (Ni)
zinc (Zn)molybdenum (Mo)uranium (U)and vanadiun(V).

There is discussion about whether an increase in organic maternad¢s from
increased production or increased preservation through anoxia. Increased production is
due to more nutrients from upwelling and runoff from the adjacent landmasEks.

increases productivity, which in turn deepens the oxygen minimum zoneytssab
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depths. Increased preservation of organic matter happens where an increase in surface
water temperature and increased runoff from adjacent landmass cause decreased
bottom water formation and an elevated carbon burial

There is a distinction betweerdrk shales found in the southern North Atlantic
where abundant marine organics are preserved (up to 45% TOC with average 10%), and
the northern North Atlantic which contains mostirrestriallysourcedorganic matter
deposited by turbidites interbeddeditih dark pelagic mudstone (TOCs of 26% with an
average of 5% %). Of note in the southern North Atlantizganicrich black shale
deposits of largely AptiaAlbian and Cenomanian age resulted in source rocks which
chargedsignificant hydrocarbon reservsitExamples aréghe Loma Chumico Formation
of the late CenomaniaCampanian in the Tempisque Basin of Costa Rica; the La Luna
Formation in Venezuela composed of primarily orgaith black limestones; the Deep
Ivoirian Basimoffshore west Africavith 17%TOC; the Naparima Hill Formation in
Trinidad which is oprone with TO€from 0.2to 8%; and the Hatteras Formatiom the
Georges BanBasin where theTOGof sedimentganges fromapproximately 2o 10%.

Themid-Cretaceousime has been termed a nutrient traperiod with organic
rich sequences containing discreteighlyorganicrich layers and significant carbon
isotope 613C,q) excursions. This elievedto be due to nutrients supplied by
hydrothermal alteration of submane basalts from the Pacific Ocean and prbtdian
Ocean, which are biolimiting.

Data from he Deep SaDrilling Program (DSDP) demonstrated that there is not
a continuous record of deposition in the deep ocean, and tvarthe 125 Ma since the
AtlanticOceanformed, only half is recorded in the sedimentary column indicating that
erosion occurred.

Black shale and OAEs are not truly global as they are missing from the deep
Pacific, and the global ocean meridional overturning circulation fostered the neg\adl
N, P, Si, Cd, Cu, Zn, and Ni from the surfdgthout this they would have downwelled

to deeper waters and circulated throughout other oceans, then upwelled where they
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were brought to the surface. The result would be enhanced productivity, higitier
and deposition obrganicrich sediments

To be classified as an oceanic anoxic event, the black shales must be seen not
onlyin the shelf deposibut pelagic deposits as welh marine settings, biological
growth, or primaryproductivity, increases due to elevated temperatures and an
increase in atmospheric GOCQiis fixed as organic matter as well as inorganic carbon
in calcite Oceanic anoxic events can be triggered by a volcanic pulse. The response of
the oceanic anoxievent lags the C{pulse by approximately 23,000 years.

It is thought that widespread anoxia is the main control duringrtiie-
Cretaceousas thevolumeof organicrich sedimentsaccumulatedn Cretaceous
sediments is lower than is seen today in modeceans where high productivity occurs.
The widespread accumulation of organic carbmh sediments as well as metath
sediments was probably enhanced by reduced dilution of marine sediment by
terrigenous clasticsTheMid Cretaceous maximum sea leveghistand would have
reduced the exposed land/sea floor ratio. Assuming the terrigenous sediment supply
remained constantits supply to a given unit of sea floor would be greatly reduced and
result in the reduced dilution of marine sediment.

Deposition oforganic carborrich sedimens occurred during the Aptian Selli
Event the Aptian/Albian Boundary Everand the Cenomanian Bonarelli Event. Two
other major events werén the Santonian, where the largest foraminiferal turnover
occurred, and the major extation event at the end of the Cretaceous. All five events

indicate that increased upwelling caused and upper water column disruption.
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Chapter5: Data and Methods
The followingdata and methodsvere used irthis study and are outlined in this

chapter.

5.1 DataExamined
The digital data sahcorporatedin this thesiss comprised of

a. Public domain wireline log data provided digitally by Divestmdaalhousie
University available through the Basin and Reservoir Lab (BARL)

b. Digital lithology data provided by Canadian Stratigraphic Services (2000) Ltd.
( + y a §tdbatheusie University made available through the BARL.

c. Geochemical, matation, and temperature analysesummarized from multiple
company and Geological Survey of Canada (GSC) rgmaitlyavailable
digitally inthe online NR@n (Natural Resources Canada) BASIN Database.

d. Drilling data, formation tops, pressures, test results, tiatggraphy similarly
available in the NRID BASIN data base.

e. Well reports and wireline log PDFs publicly available from the CaNada
Scotia Offshore Petroleum Bo&kd 2 \Détd MaBagement Centre (CNSOPB
DMC)

f. 3D seismic dataube(ExxonMobilSableMegaMergg made availabland used
with permission to Dalhousie by Sable Offshore Energy (with restrictions on

publication).

5.2 Workflow for Gompiling andInterpreting Data
Almost all the well dataoted above is available digitally, either as contios
logs (e.g. wireline logs such ganma, resistivityanddensity), discrete logs (e.g.
I Iy & doyd-wihete properties such as lithology have integer vajweg)oint data
sets (e.g. geochemical analyses such as TOC dMitR)hesedata it is possible to use
3D modeling techniques and extract 2D maps, once a geocellular framework has been

established and populated.
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This was accomplished by usindS (i N&ftivare, a copyof which was donated
to Dalhousie University Basin and ResérLab (BARL) courtesy of Schlumbergéis
program makest possible to create shelf wide mapsinélividualproperties and
attributes which can be examined for characteristics potentially diagnostic of source
rocks. The workflow is summarized in Febrl.

Firstly, the Top and Base Naskif@mberhorizons were correlated a&X wells,
and then a geocellular depth model was constructed with XX layatr2m vertical
intervals.

Total Organic Carbon (TOC), vitrinite reflectance (VR) data, and tempeedatia from

the BASINlatabase were extracted. | y & (LAS 2{Diile data, and thdegaMerge
seismic cube were loaded inRetrel. From this information, a cross section was built
from all wellsthat had completewireline logdata through theNaskapi Mmber(gamma
ray ¢ GR resistivity¢ R,andneutron ¢ N), as well as completé | y & (will-détar

Wells with only partial coverage weexcluded From the cross section, the tops of the
Naskapi and Missisaugee( the baseof the Naskapi) horizons werelscted. TOC/R,
and temperature data were extracted where availafdethe defined Naskapi interval.
UsingPetrel, spreadsheets of these data were loaded and mapped.

/ |y a (d&ta spreadsheets were also inped and mapped. Geophysical logs
(gamma ay, density and neutron logs) were mapped irs (i NisihgtheMegaMerge
seismic data, well ties were made with all welishin the polygon, and Naskapi and

Missisaugdnorizons were picked and mapped irdBnensions
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Figure 5.1: Flow chart outlining workflow with available data.

5.3 Cuttings Examination

Wells are drilled by a bit at the end of a metal drill string, wiéctotated and
cuts downward through the rock using mud as a lubrig¢hat under pressures ejected
through nozzles at the hiand togetherhydraulically fractuesthe formationlithologies
Mud is circulated down the middle of the pipe and returns up the annulus, or the area
between the outside of the pipe and the borehole, carrying particles cut out of the hole.
These patrticles are referred to as cuttings. A cuttings sample is tekartfie mud as it
passes through the shale shalarspecific intervals, usually®) metres. The lag time
between drilling and emerging at the surface is estimated via mud volume / pump
volume estimates or directly via carbide lag tegtducket of muds captured, and a
representative handful of cuttings is removdziggedand labeled. To label cuttings for
depth, estimations are made for the depth down the hole, and a lag time is calculated
from when the cuttings are drilled until the time those cugsreturn to surface with
the drilling mud.

At the well site, the cuttings are examinedconjunction with electrical logs

form tools behind the drill bit and rate of penetration (ROP) cutedaterpret which
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formation they are from. By comparing similardata fromoffsetwells, and knowledge
of subsurfacdormations it can be determined whearrival at the target zonwill

occur. After drilling, attings arewashedto rinse off drilling mud and heated to yr
Samples are then described, and features are documeimeggeater detail for future

study.

531/ | y a tLKdoldgy Logs

This/ | y & (datdset is8 owned by The American Stratigraphic Company and
Canadian Stratigraphic Services (2000) Ltd. Fourmd2847 and 1949 respectively, they
service oil and gas companies by cleaning, bagging and storing log cuttings from wells
drilled. The dataset was created byhpuse trained geologists and comprises detailed
descriptions of washed and dried cuttings maulblic after submission to regional
regulatory authorities. 1D of the/ I y & (oydthatpenetrated theNaskapi Member
were usedn this study(seeAppendixA).
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depth and shows questionable oil stain at 9250 ft. Poyapiades in Column 4 indicate increasing porosity
as bars move to the left. Column 5 shows the subsurface lithology in 10 foot intervals colour coded for
different rock types. Wireline logs are included for comparison (left of the lithology columrGartimaa

Ray log and right of the column is the Sonic log). Column 6 indicates grain size with increasing bars to the
right. Column 7 shows rounding where a indicatesaufular and r indicates sutounded. Sorting is

shown in Column 8 where M indicates maxisorted and W indicates well sorted. Framework numbers in
Column 9 show the higher the number the higher the ratio of framework to filler (e.g. a clean sandstone
with good porosity would be a 10, and a shale would be a 0). Word abbreviations descsbentiies

and their contents, and the-@tter-number combinations on the far right of Column 10 indicate
diagenesis such as type and percentage of cementation between grains {esoul indicate 10%

calcite cement and-$ would indicate 10% silicaroent) ( | y & (d&t&sét, 1974 Dalhousie

University).

The/ | y & (ciNtings data are compiled in a stripg format showing depth
with cuttings described at 10 feet (prior to 1977)®metre (post1977) intervals. The
following attributes are notedmajor rock type and percent, grain size, rounding and
sorting of clastic grains, accessory rock types and percentages, visual porosity type and
percentage, oil staining, fluorescence, mineral occurrence, and fossil type and
percentage. Also, framework i®ted, which is the ratio of grains, such as clasts, fossils,
pebbles or nodules, to matrix. On a scale of 1 to 10, a high framework number would
correspond to a clean sand, and a low one would indicate pure mudstone or claystone.

Cuttings were examineddm collections stored in government repositories,
madepubliclyavailable after alefinedperiod of confidentiality/ I y & (gétlogists
examining the cuttings were specially trained to bring consistency and a high level of
detail to the cuttings descrijins. The dataset is consistent and reliable for use in
regional studies.

Beginning in 1968, the lithologs were digitally coded into asdét files, where
the attributes were converted to an alphaumeric code. In 2007 these files were
converted to LAS 2.0 files. For the purposes of this study, LAS files were imported into
t S (i N@hadian Stratigraphic Services (2000) Ltd. donated the iphddgs and LAS
files from 284 well locations from tHeast Coast of Canada offshore area to Dalhousie
University Department of Earth Sciences in 2012. 90 of the 105 wells in the study area
were logged by I y & (ahdlavaiable as LAS 2.0 files.

/ Iy & ditNdlogioal descriptions can have a high level of detail with up to 241

separate characteristics being described. For the purposes of this study, focus has been
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on the following characteristicsock type, colar, visual porosity, oil staining, grain size

and cementation type and amount.

5.3.1.1 RockType
There may be several distinct lithologies apparent in one cuttings sample. The
most abundant type is regarded as the main lithology and the percentagbecan
estimated. The second most abundant lithology will be logged as minor or accessory

lithology.

Figure 5.3Example of percentage valugs0%, 75% and 90%f) major lithological constituent of cuttings
sample. If a sample containS0% omore clasts oé particular lithology, that lithologis considered to be
the main lithologyin the/ I y & (dat&béase(courtesy of HRH Geological Services, Aberdeen, Scotland)

Rock types aralsoassigned a colouthat providesa visual cue when viewing

cross sections. Sdagure5.4.
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Code Name Parent Background @ Lines Pattern

1 igenous basic 1 m
2 igneous acidic 2 m
3 metamorphic 3 m
4 volcanic4 Tl
5 5 T|
6 6 7| @ -
7 7 T| e ¥
8 siderite 8 T| - hd
9 glacial 9 T| e b
0 |10 7| - >
ga] 11 T|
12 a1z |
13 bre i3 -
14 14 Tl
15 15 7|
16 16 Tl - v
7 55_17 T| S b4
18 slt_18 Tl - -
19 cly_19 T|
20 sh_20 -7|
21 21 T|
22 bentonite_22 T|
23 23 T|
24 coal24 | B
25 25 |7|
26 marl_26 |
27 sty - |
28 Ist.27 -Tl
29 28 |T|
30 dol_30 |7|
u UNDEF [~ T~] v

Figure 5.4/ | y & cdlduriceding of rock type€anstrat uses industry standards for easy recognition
of rock types when viewing logs and cross sectithsse colours have been used for this study (Chart
fromt S NBKE7m

5.3.1.2 Rock Colour
Colour is an important indicator of rock type, and can painptovenance of
grains, environment of deposition, and conditions affecting the rock-gdegosition.
The main lithologies are assigned their default colour for display purposes, however
shales and clays, which are typically grey, are also coloured tatedheir true
appearance. Colours noted ¢énl y a Uolyd-far shales and clays are green, red, purple,
brown, and varicoloured. Up to twhuesare coded pedepthinterval (e.g. blue green)

andsaturation(light, dark, medium)
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The depositional enviranent of a rock, and subsequent diagenesis can affect
the colour of a sample. The oxidatigmeduction balance of the sediments is important.
Reduced sediments appear green or greesgsty, due to carbon with an organic origin,
and Fé*sulfides. Small localized reducing environments which form around a decaying
organism, can appear as splotches of green or greegrieh colour. On the other hand,
oxidized sediments can contain oxidized*fe®mpounds such as limonite and hematite,
and appear red, brownor yellow (Miall, 2016).

Clastics generally reflect the colour of their detrital components, for example
quartz rich sediments will appear white or pale grey, sediments with feldspathic grains
will appear pink, and lithic rocks with angdlaceous, shaly matrix will appear dark grey

(Miall, 2016).

5.3.1.3 VisualPorosity
Visual porosity percentage and type is noted from the main lithology grains, such
as intergranular porosity in clastics, interystalline porosity in carbonates, evidence
of leaching or vugs. If loose calcite or quartz crystals are seen at the bottom of the
sample tray, this points to crystal growth inside a vuggy, porous rock. Presence of
kaolinite, a clay mineral, indicates earthy porosity. Fractured grainsatedporosity

from faulting or other tectonic events.

5.3.1.4 Oil Sain
Oil stain igyualitativelynoted as good, questionahler dead. Dead oil stain can
indicate that oil passed through the rock. In additiénl Yy & (imethailology involes
placing a small sample of cuttings on a spot plate, adding several drops of xylene to
separate any hydrocarbons contained therein, amspection under a fluoroscope.
{GNBl YAYy3d KeRNROIFINb2ya Ay (G(KS EéftSyS Aa NB

fluorescencas noted.
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5.3.1.5 GrainSze

Grain size of clastic materials are measured using the Wentworth scale to
describe sizes such aRy, silt, sandand pebble.

Grain size along with other criteria rounding of grains is noted, indicating
angular, sukangular, sukrounded and well rounded. The degree of rounding indicates
the amount of movemenand grainto-grain impactinghat the grain has been subject
to.

Sortingof grainsis classifiedangingfrom poor to well sorted. This can indicate
the environment of deposition at the time of burial. For example, a{aigérgy

shoreface sand would tend to be well rounded and well sorted.
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FHgure 5.5:.U.S. Wentworth scale of grain size estimation (Geological SurveyRilpdreport 2004195).
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VERY ANGULAR SUB- SUB- ROUNDED WELL
ANGULAR ANGULAR ROUNDED ROUNDED

Figure 5.6Grain pundness and angularity comparisafter Powers1953. Roundness indicates that the
grain has travelled aignificant distance, enough to round and smooth its surfaces. Angular grains point
to the grain remaining closer to its source.
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Figure 5.7Grain ®rting comparator(courtesy of HRH Limited, Aberdeen, OKg sorting of a sediment

refers to the variance in grain size found in that sediment. A poorly sorted sample with a large variance of
grain size indiates low energy environment during and post deposition. A well sorted sample indicates a
higher energy environment where significant water or wind action moved the grains around and
winnowed out the finer materialThis results ithe coarser material sted by sizeand isdependnt on

the strength of the water or air movement and its ability to move grains of a certain mass. The stronger
the current of air or water, the heavier the grain that can be transported.

5.3.1.6 Cementation
Diagenesis, which refers to any changes that have occurred to the sediments or

sedimentary rocks after deposition, is noted and includes alteration by waters or
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formation fluids that pass through the rock. Some examplesas waters containing

magnesium pss through a limestone, dolomitization occurs, or as siletafluids flow

through sediments, chert nodules can form. This process can also be referred to as

metasomatism, or actions by fluids from igneous or metamorphic sourcestitrion

fluids can deosit siderite, pyrite, or ironstone nodules. Water flow can convert

(rehydrate)anhydrite deposit$o gypsum; or conversely, gypsum can convert to

anhydrite if dehydrated/ | y & (cidsifiesttheseementation typegfactors) along

with a number indicatig the percentage (usually 1 or 2 meaning 10 or 20%).
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Figure 5.8/ I v a 0

dghuinkzer EC39 (Sable Islardd showing an example ahnotation, colour

coding and shorthand includirdiagenesis annotation for cementsl refers to 10% calcite cement for
the interval at 7980 ft. 8 refers to 10% silica cement for the interval at 7870 ft.

532/ I y a iQdding n
Thecollectionof/ I y & ditNdlogy®ogs were codely the firminto an ASCII

format beginning in 1968nabling computer data analysis, a novelty for that eraureig

5.9shows an example of this.
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2641 43-53-86 ©59-51-41IMMOBIL SOUTH SABLE B-44 KB 416M52@75

E

E 2642 88-83-27 B88-07-88 GAS WELL 300B444400059450 8850 52075
E 2648 YB 8850

E 2648 TOP 8850

E 2648 K 14395

E 2648 Ky 14395

E 2648 KDC 15420

E 2648 KPL 166820

E 2648 KLO 1711@

E 2648 KN 28510

E 2648 KMI 30515

E 2648 ] 42455

E 2648 mMc 42455

E 2648 vc 498608

E 2648 BOT 52875

E 2647 8858 89@8C7MEl1 B JYILY1IY1 GL*M%F
E 2647 8900 8965C5M@3 B JYILY3IY1XF2 GL%M

E 2647 8965 897515202 B JY1LY1AR3%B1 GL

E 2647 8975 9@55C5M@3 B JY3LY1IY1 GL%F%M
E 2647 9855 907015202 B JY1LY1AR3%B1 GL

E 2647 9878 9@98C5Me4 B JY3LY1IY1XF1 GL%M

E 2647 9098 918015202 B JY1LY1AR3%B1 GL

E 2647 9108 9135C5M@3 B JY3LY1IY1 GL%F%M
E 2647 9135 914515485BG SL1LY1CY1CS1IY1 216G

E 2647 9145 92808C6MB2 B JY2LY1IY1 GL%F%M
E 2647 9208 9255C5M@3 B JY3LY1IYl GL%F%M
E 2647 9255 929515202 B JY2LY1AR1SS1 GL F
E 2647 9295 9358C6M@3 B JY2LY1IY1%F1 GL%M

E 2647 9358 9377C5Me2 B JY2LY1IY1IS1 GL*M%F
E 2647 9377 939557M@l B JYILY1IYl GL

Figure 5.9/ | y & (iagXoded in ASCII format. For the well South SaBig Bcation information is
coded in the first two rows, followed by 13 rows of formation top nafabbreviated)and depths.
Thereafter, each interval with differing lithology is coded with depthrinédion, lithology colour,
accessory rock types, grain size, mineral content, por@sitypercentagetc. This data format was
developed in 1968 faudimentarymapping and subsequently converted t&S 2.0drmat in 2005 to be
usedwith modern mappingoftware.

All attributes described on/a | y a Uoydvaiewepresented by either a letter or
a number. In 2007, the ASCII data was converted to a LAS 2.0 format, from which the
user can export summary reports of the lithology. The reports summarize yimafon
name, the meters of a formation which exhibit an attribute such as rock type, colour,

visual porosity, oil staining, grain size or cementation type and amount.

E 2647 9135 9145]5405BG SL1LY1CY1CS1IY1 2WGG
East Coast well 264, lith code, 913.5 - 914.5 ft depth, 50% sand, 10% siliceous, 10% limey, 10% clay, 10% claystone stringers,
10% silty, subrounded, well sorted, glauconite grains present.

E 2647 91459200C6MO02 BJY2LY1IY1 GL%F%M
East Coast well 264, lith code, 914.5 — 920 ft., clay 60%, sandy 209, limey 109%, silty 109, glauconite, fossiliferous, micaceous

Figure 5.10An example in detail of a line of lithology interval coding from Fi§@elLetters and
numbers refer specifically to an attribute type and each number refers to a percentage or amount.
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fVersion Information

VERS. 2.8 :CWLS LOG ASCII STANDARD - VERSION 2.00

WRAP. NO :One line per depth step
S
~WELL INFORMATION BLOCK

#MMEM.UNIT DATA DESCRIPTION
ol lll o
STRT.M 289.60 :START DEPTH

STOP.M 4595.58 :STOP DEPTH

STEP.M e.1e :STEP LENGTH

NULL. -999.25 tNULL VALUE

COMP. Operator :Company

WELL. SHELL TRIUMPH P-5@ :Well Mame

Loc. 300/P-50 43-48 @59-45/00 (E-33) :Location

PROV. ECOAST - :Province

DATE. January 20, 2009 :Run Date

UWI. 380P58434865945@ :Unique Well ID

SRVC. Canadian Stratigraphic :Service Company

LATI. 43.664444 :Latitude

LONG. 59.8508555 :Longitude

GDAT. NAD83 :Geodetic Datum
S
~CURVE INFORMATION

#MMEM.UNIT CODE :CURVE DESCRIPTION

DEPT.M :001 Depth

RT_ID.I 1802 Rock type ID (integer 1 to 22)

RT_IDPERC.P 1883 Rock type % (integer @ to 180)

RTC_CLAST_CG.P 1884 Rock type clastic - coarse gr % (integer 8 to 100)
RTC_CLAST_FG.P 1885 Rock type clastic - fine gr % (integer @ to 10@)
RTC_EVAP.P 1806 Rock type evaporite - % (integer © to 108)
RTC_CARB.P 1887 Rock type carbonates - % (integer © to 188)
RTC_IGVOL.P 1888 Rock type (ign-met-vol) - % (integer @ to 18@)
PORGRADE. P 1809 Porosity grade - % (integer @ to 48)

PORTYPE_PRI.P 1818 Porosity type ID - primary (integer @ to 9)
GRAINS_MM.MM 1811 Grain size (mm)

FRAMEW_PER.P 1812 Framework - % (integer -1 to 188)

DIAC_CEM.P 1813 Diagenesis cements composite - % (integer 8 to 100)
DIAC_FRAC.P 1814 Diagenesis fracture composite - % (integer @ to 188)
DIAC_POR.P :815 Diagenesis porosity composite - % (integer @ to 188)
ROUND. I 1816 Rounding (integer 8 to 4)

SORT.I 1817 Sorting (integer 8 to 3)

OILSTN.I 1818 0il staining (integer @ to 4)

OILDEAD.T 1819 Dead oil (integer 8 or 2)

Figure 5.11LAS 2.0 header for Triump#bB. The curve information shows what each curve contains.
When creating a template fdr S (i Nd8 dther)onecan select which curves to display. The curves above
refer to attribute coded intd I y & @M @ 5 / L L sFactioBsiganeratdd $or tAINsRIGY use curve
002: Rock Type ID (Integeg 22), and maps generated use other curves depending on the amount of data
available.

LAS 2.0 files were imported intoS { N&dfa kithology column showing the
/ |y a Umdih lihedogy type is seen in the cross sections. Other lithological attribute
curves from the LAS 2.0 files are mapped in 2D and\Bpendix 5.8 lists the lithology
counts from theNaskapi Membemntervals that were used for the maps produced in this

study.

5.3.3 Sources of Error with | Y & (LNg-Déta
There are several ways thatl y a ditNdlogywdata can be subject to error. The
estimated depth of the cuttings sample is a function of the lag time, or the time that the
sample takes to rise in the mud column and be collected. At the wellsite, this is
estimated by throwing a recognizablgelor substance down thieole andnoting the
time it takes to come back to surface. The assumes that the drilling rate is constant,

however depending on the rock type that is being drilled, this rate can vary
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considerably. The geologist logging the samp@esded by comparing their logged
lithotypes with available wireline logsd rate of penetration curves
TheCanstrau geologists who logged the samples were very well trained, but as
with any task, human error is possibbiescription of attributes cabe at times
subjective. The coding of the logs into ASCII data, and the conversion of ASCII to LAS 2.0

files are also subject to transcription error.

5.3.4 Lithology Logs fronNatural Resources Canada BASIN

Database

The/ | y & (otishotieNova Scotidatabase was generated well over twenty
years ago, with very few logged wells being added in the past fifteen years.
Approximatelytwenty-five well log studiegrom newer wellsare available to view and
download from the CNSOHBMCand NR@&n BASINlatabasefor the area of interest
An attempt to code these wells using thel vy & (todingimethod was carried out.
Ultimately, those data were not added to tiiel Yy & (d&td u$ed in map generation
for this project Theconsistency of data generation wd not be assumed to be of the
same quality as that of the | y & (d&td sétiThe well logs from the CNSORtBs and
NRG@n databasewere of varying quality with logged samples showing differing levels of

detail, and thus were not comparable to ti@ansNJ équivalent.
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5.4 Wireline Log Data

PR g

Figure 5.12t ogsamplefrom the Missisaugé FS4weTI through a section showing thdaskapi Member
The unit i9ounded by black dashdides andcombines wireline logs (from left to righgamma ray,
sonic, density and deep resistivity) with litholdlgat clearly highlight the yellow sand and grey shale
intervals.

After a well is drilledloggingis done by introducing various pieces of equipment,
known as tools, down the wellbotéat record data while drawing the tool back up the
K2t S® ¢KSaS RIGF INB akKz2gy 2y | 3INholeK>X NBT
measureddepth is displayed othe y-axis and the wireline log units of measurement
displayed on the-axis.

For the purposes of this paper, four types of wireline logs were used to create
cross sections and maps of the subsurface in the study area. Also, these four log types,
whenusedi 2 3SGKSNE ff26pR2g3 we FIST w8ANDL KBS0 C

source rocks/hydrocarbons are present in the subsurface (Schlumbleirgéged 2015).

5.4.1 Gamma Ray Logs
Gamma ray logs are used to correlate rémknations calculate shale volume
and identify lithologiesThetool measures thaaturally occurringadioactivity of the
rock that was drilled through. The gamma ray measuremgAP{,Gamma Units of API)

increases with increasing shattay amounts (Schlumbergetimited 2015).
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Figure 5.8: Sample of a Gamma Ray lothe GR curveiis the lefthand columnwith the largedashed
line the gamma ray trace with the scale ranging from 0 to 48@I Shale isndicatedfrom 1019010220
m, and from 1027€.0292 m where the gamma ray readingjgproximately 70AP| Sandstone is seen
from 1022210268 m approximately with a gamma ray reading of5@0API(Krygowski2003).

I

Shales are radioactive becauselioactivepotassium is a common component in
the clays therein. Also, the cation exchange capacity of clay causes them to absorb
radioactive uranium and thorium. Thus, shatese the highest gamma ray readings,
which are neasured in APl (American Petroleumstitute) units of radioactivity. The
standard for this measurement is based on an artificially radioactive concrete block at
the University of Houston, TX, which is defined to have a radioactivity of 200 API units,
which is approximately twice the radioactivity of a typical shale.

Sandstones and carbonates, whigénerallyhave a low clay or shale content,
will therefore have low gamma ray readings. It is possible for eglamvmaradioactivity
sandstone to have aigh radioactivity measurement if it contains clasts composed-high
radioactivity potassium feldspars, glauconite, or muaerals Asquith and Krygowski,
2004)
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5.4.2 Resistivity Logs

The first wireline log ever run was a resistivity log in 1919 lyatb
Schlumberger (Rider and Kenne#é®11). The resistivity log measures the electrical
resistivity ofthe formation fluids and the rock matrix that contains them. The higher the
resistivity, the less the rock conducts electricity.

Most rockmaterials are effective insulators (n@onductors) meaning the
resistivity is high. However, porous spaces in the rock can contain water which conducts
electricity, so a rock formation that is porous with salt water will have a lower resistivity.
If it contains hydrocarbons, or fresh wateesistivitywill be higher than for salt but
lower than the rock itself.

Formation waters are usually salingith salinity increamgwith depth. Sea
water is on average 35,000 ppm NaCl and formation waters canfran 2,000ppm to
300,000 ppnRider and Kenned011). The electric current is conducted by ions such
as Naor Cl.

Hydrocarbondiave measurable resistivity and conductivity, however they are
covalent compounds, not ionic compounds like salt, sbnetl carry electrical current as
easily,and therefore have higher resistivity than saline water. An immature source rock,
which is defined as a rock where the total organic carbon has not been converted to
hydrocarbons by increased burial depth, will bdewer resistivity thara source rock, or
rock containing mature hydrocarbon8gquith and Krygowski, 20p4

In porous rocks, this difference in resistivity is used to estimate hydrocarbon
volumes when the water saturation is calculated from the redtgtiogs (Rider and
Kennedy2011). A rock with high resistivity values can therefore indicate a porous
hydrocarbonbearing rock or a tightnon-porous)formation with lowto zerolevels of
porosity. Resistivity logs give the raw data to calculate wséiration. The following
F2N¥dzt & RSTAYS NBaAadlyOS FyR NBarxadAaAgaGe
Resistivity, A = area of cross section of rockdnand L = the length imetresof the

rock downhole (core).
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r in ohms = Resistance x Resistivity/A
Equation 5.1Resistance

w2 NJ “-m A Resiiiyy=r x A/L
Equation 5.2Resistivity

w 2 NJ “-m A Resifivityy= 1000/conductivity in mS/m
Rv= Resistivity ofthe formation waters
R, = Resistivity of the rock filled with formation water

R, = FxRywhere F is the Formation Factehich varies from rock to rock.
Equation 5.3Resistivity R

CKS FT2NXIFGA2Y FILOG2NI 6Cov0 oAttt Sldzrt wm 7F
unimpeded. F increases as conductivity becomes more difficult if pores are not
interconnected. F decreases, but never less than 1, as pores are more interconnected,
and permeability increases.

An additional factor that should be considered is that the resistivity or

conductivity of formation water is directly dependent on the temperature of the

formation that the tool is passing through

5.4.3 Sonic Logs
The sonic log measures interval transit time (Déliat) &r the time required for
of a compressional sound wave transmitted from the logging tool down the borehole, to
move laterally through the formation and return to the receiypasitionedin the tool
distant from the generating sourdet depends on lithagy and porosity. The sonic
RSNAOJSR LR2NRaAGes — azx OFy 06S RSNAGSR KNz
a0 yYRIFENR 3IAGBSYy Ot dz§a T2 N)) df taéSrocktypé. NRA E Ay G SN

ktlog - Rtma

&

ktﬂ - Rtma

Equation5.4{ 2y A0 RSNAGSR LIB2NRaAiAle ~— &
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interval transit time measured in the formation for the mixture of rock and pidheg

T f dzA R &% the infeRval fransit time of the formation fluid held in porous spaces in

the formation. The formation fluid is normally salt water. The transit times are

measured in psec/ft or usec/fAsquith and Krygowski, 20D4An exampleof the saic

log is shown irfrigure 5.12.

5.4.4 DensityLogs

The continuous density log measures the bulk density of the rock, which includes
both the rock matrix and fluids enclosed in pore spaces. The bulk density varies
depending on the rock typ@mount of porosity, and the fluids contained in the pore
spaces, which could be water, @l gas. The density log both emits and detects gamma
rays, thus measuring the density, or the count of the rays which varies with the density
of material between tle emitter and the detecto(Asquith and Krygowski, 2004

The gamma rays emitted are 662 KeV (kilo electron Volts) ¥#&Dds (Cesium).
They are emitted out a small hole beamed into the formation and attenuated by
Compton scatteringThe seOl f f SR ya /ISFEWISDZ ¢ Aa Ly AYyStl adai
photon from bombardment by an electron resulting in a decrease in energy and
therefore an increase in wavelength of the photon. The number of electrons per unit
volume in the rock (electrons/cfis closely relatetb the rocks common density of
g/cmd. Of 50 billion rays emitted, only several hundred will be detected.

The density log, like the sonic, can be used to derive porosity. It is reliable, as the
precision of the vertical resolution is excellent with an eppmate accuracy at0.01
g/cn?? or +0.5 porosity unitsRider and Kennedy, 20 The tools are calibrated
monthly to an aluminum block which measures 2.70 bjoon to amagnesiunblock of

1.738 g/cni. Typical density values for minerals and fluidslatedin Table5.1below.
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Table 5.1Density values of minerals, flujdggd hydrocarbongRider and Kennedy, 2G1%chlumberger
1989 Minette, 1996).

DENSITY VALUES

CHEMICAL Py Pe p
MINERAL OR FLUID JFORMULA DENSITY gfcm3| ELECTRON DENSITY | DENSITY read on log
Quartz 510, 2.654 2.65 2.648
Calcite CaCOq 2.71 2.708 2.71
Dolomite CaCo,MgCOo, 2.85 2.863 2.85
Halite MNacl 2.165 2.074 2.032
Gypsum CaS0,2H,0 2.32 2.372 2.351
Anhydrite Cas0, 2.96 2.957 2.977
Sylvite KCl 1.984 1.916 1.863
Coal - bituminous 1.2-1.5 1.272-1.590 1.173 - 1.514
Coal - anthracite 1.4-1.8 1.442 - 1.852 1.355- 1.796
Fresh Water H,O 1 1.11 1
Salt Water H,O with 200,000 ppm NacCl 1.146 1.273 1.135
oil n{CH,) 0.85 0.97 0.85
Methane CH, 0.000677 0.00084
Gas CyqHy 2 0.000773 0.00096

5Syairie o6 2N wK20 A aentfretersi dZNSRwhang O ¥ NI Y &
0dzf | R Syrahk dombinatin of formation mineralogy plus pefiting fluids,
YR Y {NR Ema R 8eyisitylofittie Tockpdifion only. Porosity is a function of
rock bulk density and the contributing components of rock and thiéirdgiand
formation fluids occupying the pore space that is present. If a formation has
hydrocarbons in its interstices, or pore spadde density log and the sonic log will
show lower values. Hydrocarbons are less dense than salt water and formaiabn flu
(Asquithand Krygowski2004). A good analogy for this is to visualize oil floating on
water.

% solid space (b/ "ma) X 100
Equation 5.5% Solid Space
~ =100- (% solid space)

Equation 5.6Porosity’
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In adense formationfewer electrorsreach the detector, and in a less dense
formation, more electrons reach the detector. High density has a low count, and low
density has a high count, which increases logarithmicatpther type of scattering,
called photoelectric absorpin is used to generate the Pe log, which is handy to
delineate carbonates from clastics. The continuous density log can be combined with a
sonic log to create an acoustic impedance log, which is used to model a seismic
response. When combined with a neair log, it can be used to assess potential source
rock organic matterThedDelta log Rmethodis describedn Section5.4.7 and Figure

5.14.

5.4.5 Neutron Logs

Neutron logs measureeutron count rates, as neutrons are shot into a
formation. Neutron porosity units are measured and indicate the formation hydrogen
richness. If hydrogen is present in the formation, usually as water, the neutron log will
thus give a measure of the amount of porosity that is present (Rider and Kennedy,
2011). Thizontrasts with density logs that measure a formations bulk density. By using
two logs to calculate porosity, the results will be more accurate, for exangleon
anddensity, neutron andsonic, or density and sonic can be used. With three logs,

neutron, density and sonic can be used together.
5.46 Neutron¢ Density Logs

The figure bellovehows combinations of logs used together to determine

lithology, oil, gas and/or water content.
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Table 52: This shows the lithology types and thigipical response in three main wireline ldgsygowski
2003).

Responses

Lithology Paorosity | Neutron-Density response Pe response

Shale - Neutron greater than Density by some variable amount | Variable, but
depending on the shale composition and depth. about 3.

Limestone 0.05 | Neutron and Density values overlay. About 5.

Limestone 0.15 MNeutron and Density values overlay. About 5.

Dolomite 0.10 MNeutron values greater than Density by 12 to 14 About 3.
porosity units (0.12 to 0.14).

Shale - As described in the Shale section above. As above.

Sandstone 0.26 | Neutron values less than Density (“crossover”) by 6 to 8 | 2 or slightly
porosity units. less.

Sandstone 0.05 | Neutron values less than Density (“crossover”) by 6 to 8 | 2 or slightly
porosity units. less.

Anhydrite - Neutron porosity greater than Density by 14 porosity About 5.
units or more. Neutron porosity near zero.

Shale - As described in the Shale section above. As above.

Salt - Neutron porosity slightly negative. Density porosity >40 | About 4.7.
porosity units (bulk density near 2.0). Check the caliper
for bad hole and bad density data.

Shale - As described in the Shale section above. As above.

Coal - Responses variable depending on coal composition. Less than 1.
High Neutron and Density porosities (low bulk density).

Shale - As described in the Shale section above. As above.

Limy 0.10 | Vanable response with lithologic mix, but Neutron 3to5.

Dolomite generally greater than Density.

Sandy 0.10 | Vanable response with lithologic mix, but Neutron 21t03.

LImestone generally less than Density.

Dolomitic 0.10 | Highly variable, with Neutron greater or less than 2to5.

Sand Density, depending on the lithologic mix.

Shale - As described in the Shale section above. As above.

547 a5 St U Mdthadof Anadysis

The resistivity log can provide information on the degree of maturation of
organic matter. If the source rock is immature there isdgnosticsignature, but if the
organic matter is mature, the resistivity will increase significaiRigér and Kennedy,
2011).

¢ KS n [ 2 3PasseylI8gRcandé used do determinerganic richnessf
an interval. The method requires knowledge of two tgges, the sonic (or acoustic) log
which measures porosity, and the resistivity log which measures electrical resistance.

¢2 dzaS GKS p [23 w YSGK2RX | akKkl€sS
chooses a value on both the resistivity and the séogs, which best represents the
average value for the shales over an interval in a well. This can be done by

superimposing the sonic and resistivity log readings over each other as they pass
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through a nororganicshale. The 5086140 feet interval in th&outh Venture €9 well
will serve as an illustrative example (Figure. 5.lf4he rock is in the oil window,
meaning that it has been subjected to sufficient burial depth, tiemed temperature to
produce hydrocarbons from the total organic carbon ata#, the log resistivity will
show an increase in hydrocarbon concentrations above background values. At the same
time, the sonic log will show a decrease in transit time (meaning an increase in porosity)
with increasing concentrations of hydrocarbons whempared to the baseline
established in a nearby nemydrocarbonbearing shale. The result is the sonic decreases
(AC line moves to the left) and the resistivity increasesllnduction Log Deepline
moves to the right). The croswer area in red ighlights the hydrocarbon response.

The hydrocarbon response signature is seen for both the hydrocatibbn
source beds and in reservoir rock currently containing hydrocarbon concentrations. By
combining the crossover method with existing lithology lagd referring to the gamma
ray response, the source roc&san be separateffom the reservoir unitsln Figure 5.14,
the gamma ray moves left in clean sandstobesveen 5000 and 503Metresthus
indicatingthere is a hydrocarboibearing sand reservoir. 8kesthat show the

hydrocarbon response, as from 484030 m, can be interpreted as source rock.
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Figure 5.8: An exampldghe Delta Log R method for determining the organic richness of a sandstone and
shale successioBouth Venture @9. TheDelta Log Rnethod highlights the areas contang
hydrocarbongred), with the shale portion(e.g. 51565200m) indicatng source rocksand the sand
componentge.g. 50065030m) indicate reservoirdNote that the $nic islabelleddAG and Resistivity
aL[5¢d
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5.5 Mapping int S NBt u
t S { Nd@hiare, courtesy of Schlumbergeras used to map the datasets for
this study.Data from the/ | y & (LA 2{D1files were used to create contour maps of
the lithology and associated attributes asdegl by/ | y & { Teinpenature and TOC
dataarefrom the NR@nBASINdatabaseand data obtained from wireline loggere
mapped int S (i N@Enerally as quality assuranoseps and used algorithms based on

kriging. Following is a brief summarytbé methodology and process

5.5.1 Deterministic and Stochastic Algorithms
Sequential Gaussian simulation is on example of a stochastic algorithm based on

kriging and was uskin the formationseveral of the mappresentedin the next
chapter.Kriging, or Gaussian process regress@mwhere interpolation of data uses
covariances in the model, not splines, to smooth out differences between data points
(Figures5.15 and 5.18. It is said to give the best linear unbiased prediction of
intermediate valuesA kriging algorithm uses input data points with a location tag to
solve a semvariance equation with different lag distances. It then plots these points on
a semivariogram an fits various smooths curves to this plot. The software
automatically applies quality criteria such as best fit. Tivanious descriptive values are
derived from the fitted curve, which can be input into further models. Systematically
comparing variousits or various subsets of points can characterize and help with
uncertainty (personal conversation with M. HBkyer, 2019)

Quality assurance maps are createdtb$ ( NErig rither deterministic or
stochastic algorithmgne characteristic of determistic kriging algorithms is that they
will always give the same result with the same input data. On the positive side, it is
simple to see why one cell was given a certain value, but on the negative side, if there is
very little data, the algorithm willrmooth out the values and the uncertainty in areas far
from data points is difficult.

Stochastic algorithm®n the other handuse a random elememhich isadded to

the input data, with the result that each time the algorithm is applied a different result
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will be seen. This is more realistic, as it factors in variability, rather than applying a

smooth even contour between data points.

Figure 515: Differences between a deterministic algorithm and a stochastic algorithm, where random
variability has been factored inh& lefthand grid shows an example of a deterministic algorithm, where

the grid cells between the two known datapoints (the yellow and the blue) are evenly and smoothly
contoured. The grid on the right is an example lith same two datapoints, but now exhibiting a

stochastic algorithmhere,random variability has been factored in. The grid cells in between show

B NRFOAfAGE YR dzyOSNIFAyGes yR | fGK2dzaKealtyi Aa
than the lefthand grid (images courtesy bfS (i N5 Help Guru)
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Figure 516: lllustrations showing the difference between a spline which smooths out the line between
data points in a regular polynomial, and kriging (Gaussian process) athitshin a random seed to give
possible outcomes that are seen in the greyed areaage courtesy of S (i NA&%S Help Guru

Another Stochastic algorithm, truncated Gaussian simulation, is not chosen in this
instance, as it should be used when one is mapping a sequence of facies with a natural

transition, such as progradatioral fluvial facies, or carbonate facies. Facies apaii in
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order ofoccurrence anavill always be placed next to each other. In the lithology maps
in Chapter 6gdeposition systems are mixed and carbonate facies can occur in the fluvial

setting, so the Sequential Gaussian simulation was chosen.

5.5.2 Fages Modeling and Petrophysical Modeling

Both facies moda&hg and petrophysical modeling algorithms can be either
Stochastic or Deterministic. Howevéacies model input data will be discrete such as
/ |y a typé lithedata and use sequential indicatomsilation. Petrophysical
modeling data will be continuougs inwireline log datdand use the Sequential
Gaussian simulation method. Quality assurance maps for discrete properties will be
expressed as eithehickness (in meters of rock formation) or papion (percentage of
interval or netto-grosssuch aset sand/totalreservoir thickness) maps of each facies
or other discrete value, at each data point. Quality assurance maps for continuous
properties will be either thickness of the rock interval wétltertain property at a data

point, or the average value or a property at each data point.

5.6 Temperature vs. DepthPlots
Temperature increases with depth down the borehole. The geothermal gradient

is expressed in the formula:

G = TPformation C T°surface

Depth
Equation 5.7Geothermal gradient G

where G is the geothermal gradien®slmationis the temperature in degreg3aIsiusof
the formation, and TsuracelS thetemperature in degrees C at surface, which can be
either on land or on the selottom (Rider and Kennedy, 2011
I FILOG2NI I FFSOGAY3I (GKS 3IS2GKSNXYIFf 3IANIFRA
heat, which is referred to as its thermal conductivityckRowith high thermal

conductivity, such as salt, transmit heat quickly, and have a low thermal gradient, and
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rocks with a low thermal gradient, such as shale and coal, transmit heat slowly and will
have a high thermal gradienR{der and Kennedy, 2011

Other factors that affect the geothermal gradient are circulating fluids, heat
flow, and heat produced by the formation itself. Circulating fluids can lower the
geothermal gradient even if there is a high shale content, such as new sediments on the
Gulf @ast. Heat flow values for a given area vary depending on the type of rock present.
For example, in basement igneous rocks the heat flow values are normally higher than
in sedimentary rocks due to a higher amount of radioactivity present.

Generallyeastern Canada has a thermal gradient of Z2per km, which is low
compared to the North Sea with 34°&/km or Western Canada with 3L.&/km
(Nagihara and Smitl2008 Rider and Kennedy, 2011

Temperatures measured in the borehole reflect the mathperature which is
cooler than the formation temperature. Three or four months after drilling, the
borehole temperature will reach equilibrium with the formation temperature (Beebit
al., 1980 Rider and Kennedy, 20L1Corrections are often applied taultiple bottom
hole temperature (BHT) readings, where the BHT is plotted ¥s+ n t.

1 ntisthe time measured in hours since circulation stopped or is the available
time to reach an equilibrium temperature

9 tisthe circulation time at TD beforegdging commenced, or the time that the
formation was exposed to the cooler mud.

Temperature anomalies can be caused by sudden influx of formation fluid or
hydrocarbons into the drilling mud. Formation fluid could cause a jump in temperature
as it is warmethan the drilling mud. Conversely, a gas kick could chyser (cooler)
measurements as #éxpands and then cools as it enters tharehole Lost circulation
into fractures can also show cooler temperaturBsder and Kennedy, 2011

TheBHTisusefl2 NJ  daSaaAy3a | &2 dzNORBderd®dO] Q&
Kennedy, 201)1 The time that a source rock is at a certain temperature range can

indicate its source rock potential. A hydrocarbon generation curve is created by
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extending temperature gradientsom the present day back in time and combined with

burial depth curves

5.7 ShaleAnalysis
Shaé analysis is of interest in this study it assists in definirgpurce rock
potential. Of particular interest is a shale volume analysis, as well as the amount of total

organic carbon, which can be determined by a process cRitextk Eval Pyrolysis.

5.7.1 ShaleVolume Analysis
A contour map of the shale volume is useful. The shale volume is calculated as
the percentage of shale content in the cuttings or the ratio of the total amount of shale

to the total amount of sample.

5.7.2 Total Organic Carbon
Total organic carbonr©C) refers to values determined frd®ock Eval Pyrolysis
tests performed orrock sampls. TOC data used in this study were obtained from the
online repository opubliclyavailable data from Natural Resources Canada (BASIN
database). Summary excel spreadsheets were provided by Paul LakeG#dlugyical
Survey of CanaddNRCan)

5.7.2.1 Rock Eval Pyrolysis

Tests for total organic carbon, using Rock Eval Pyrolysigsadeto rate the
potential of a rock to generatpetroleum and to put a value on its thermal maturity
(Peters 1986). Compiling measurements of S2 and total orgaarbon andplotting
these to calculate the regression equatiail indetermining the trueaverage hydrogen
index andmeasure the adsorption of hydrocarbon by the matrix of the rock, which also
indicatesthe kerogen type (Langford and Blavalleron 1990) In this way the organic
components of the samples acempared,and the potential of hgirocarbon generation

can be stated (Langford and Blavialleron 1990). The resultant reports, called
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pyrograms, should be run everyl® metresof asection (Petersl986), and used along
with visual data noted from examining cores and cuttings.

To conduet the analysis, whole rock samples of up to 100 mg in weight are
ground up and pyrolyzed at 30Q for 3 to4 minutes, after which the temperature is
increased at a rate of 2% per minute to 550C in a helium atmosphere. Cooling
follows, resulting in a total time of 20 minutes to analyze each sample (P&886).

This can be done at the wellsite. Treating with acid to dissolve and remove carbonate
from the rock sample and heating up to 10@will allowthe result tomeasure only
organic carbon and avoid a skew in the data from carbon from carbonate rocks (Peters
1986; Peters and Simoneil982)and how carbonate carbon and organic carbon are
different and how that is determined. Another praoh encountered is that mature
samples, which have a vitrinite reflectance J®f > 1%, will result in poor TOC results
because a T of 600 is not high enough to completely burn the san{pleters 1986).

An overcooked rock with a high graphite contenliwhow high TOC but no pyrolysis

data (Peters1996).
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Figure 517: Pyrogram showing the change of organic compounds from the rock sample with increasing
time and heat. Measurements found during pyrolysis are S1, S2, S3 andlhm&kdrogen Index and
Oxygen Index are calculated (Equatidrand5.9). After Peters 1986; AAPG/wiki.

A flame ionization detector (FID) will show results of three essential organic
compoundghat are generated during the analygisSigire 6.21) S1 is seen on the first
peak, which shows the mg of hydrocarbons which can be thermally distilled per 1 gram
of rock. The seconf{imost important)peak shows the S2 value, indicagithe mg of
hydrocarbons resulting from pyrolytic degradation of the kerogen present per 1 gram of
rock (Langford and Blafalleron 1990) In this analysis, hydrocarbons are deemed any
compound containing carbon. The S3 peak value shows the mg.ee€@ting from 1
gram of rock as the T moves to 3@ and is determined by thermal conductivity
detection or TCD (Peter$986).

TmaxiS measured as theemperatureat which the greatest amant of

hydrocarbons, as seesn the S2 curve, are produced. The HI (Hydrogen index) is
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defined as the mg of hydrocarbons, or pyrolizable organic compounds from the S2 curve
compared to the TOC or total organic carbon found in the samples. HI = (S2/T@C) x 10
or the mg of hydrocarbon/g organic carbon = mg HG/g The OI, or oxygen index, is

the amount of C@from the S3 curve compared to the TOC (or mg/QGrg). The
production index, or PI, is the ratio of S1 81¢S2) (Peter$936). Tables 53 and 54

indicate how TOC, S1, and HI can be used to describe a source rock.

HI = Hydrogen Index = (S2/TOC) x 100
Equation5.8: Hydrogen Index

Ol=0xygen Index = (S3/TOC) x 100

Equation5.9: Oxygen Index
Pl=Production Index = S1/S1+S2
Equation5.10: Production Index

Table 53: Surce rock generative potentiakingTOC, Sknd HI to describthe quality ofa sourcerock
(Peters1986).

SOURCE ROCK Generative Potential

Quantity TOC 51 52
weight % | mgHC/grock | mg HC/g rock
Poor 0-.5 0-.5 0-2.5
Fair S5-1 S-1 2.5-5
Good 1-2 1-2 5-10
Very Good 2+ 2+ 10+

(after Peters, 1986)
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Table 54: Table of Hydrogen Index (HI) values and S2/S3 ratios generated from a pyrogram and the
resulting hydrocarbon typ@fter Peters1986).

HYDROCARBONS generated from the PYROGRAM

TYPE HI 52/53%
mg HC/g C,e
Gas 0-150 0-3
Gas and Qil 150 - 300 3-5
ail 300 + 5+

(after Peters, 1986)
*assumes R= 0.6%

Determining S2 can be come complicated if the matrix retains some of the
generated hydrocarbons so that the HI will not show the true ratio of pyrolizable
hydrocarbongo organic carbon, and so a correction must be applied (Langford and
BlancValleron 1990).

Table5.5: Thermal Maturationdeterminationusingresults from the Pyrograitihat can be used to
delineate the top and bottom of the oil window in a formati@fter Peters, 1986)

THERMAL MATURATION

MATURATION Fl Tonae Rg

181/(51+52)} (°c) (%)
TOP oil window ~0.1 ~435 - 445% ~0.6
BOTTOM il window ~“0.4 ~a70 ~1.4

(after Peters, 1986)

* T.ae depends on type of organic matter

Coals show high S2/S3igof >5 and low HI (Hydrogen Index) values of less
than 300 mg HC/g TOC. Rock Eval data will be inaccurate if migrated oil and drilling mud
additives are presenteters, 186). In thermally immature rocks, bimodal S2 peaks and
Pl values > 0.2 are an indication of contaminated samplete(s, 186).

Addtional analyses of results include the mapping of regional thermal maturity

and the richness of source rocks are useful, as are cross sections showing the correlation
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of reservoirs or source rocks between wells. It heédlentify regions in a basin wheré i

is likely that petroleum accumulations with be fourRiefers, 186).

5.8 Cross Sectionfsom Formation Top®icks
5.8.1 Cross Sections froWireline Log Formation Topicks

2 ANBEtAYS 234 6SNBE O2NNBf I G SBNaskfpi t S NBf
MemberNine cioss sections were constructed throughout the study area with the
Naskapi horizon tops picked lithostratigraphically giving adimeensional view of the
subsurface.

Appendix A lists the Canstratvells used in this study. Of 103 wells in the study
area, 99 were included in the cross sections which trend from approximately north to
south and include all wells with reliable wireline and lithology log data through the
Naskapi Member. Appendix H shomsps detailing the location of each section and
lists the wells included.

Cross sections were constructed throughout the study area in order to interpret
and correlated the top and base of the Naskapi horiagireline logs were correlated in
Petrek where the Naskapi horizon tops were picked lithostratigraphically. They serve to
visualize the subsurface in a tvdimensional view. The picks from the BASIN database
were used as a starting point and refined to identify which parts of the wireline logs,
Caistratn logs and the BASIN database analytical data fell within the Naskapi Member.
tKSaS NBFAYSR LIAO1& ¥SNB dzaSR (2 Y2RSt>X Yl

deposition.
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Figure 518 Shematic map of the cross sections and locations uséuki study. The white lines show the
cross sections, and the blue line shows the location of the Abenaki BandinRbetlines the location of
the MegaMerge3D cube The yellow crescent shape is Sable Island.

Figure 519: Plan view oMegaMerge Cube with a pink outline, and the layout of the seismic lines used in
creating 2D and 3D maps of the NasKsleimberand Missisauga Formation tops. Sable Island is indicated
by the yellow crescent shape in the middle of the figure.

5.9 Seismidnterpretation
Seismic reflection exploration, or the study of the subsurface using sound wave
reflections, is used in petroleum exploration (Denham, 1984). Seismic processing serves

to manipulate the raw data to make it easier to interpret and seisnigrpretation is
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