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Abstract

In the Sable Subbasi pressure distribution irsediments is important from
economic, environmental, and diing safety perspectives; but it has not been consistently
explained in the literature. Fluid pressures have been observed in Jurassic and Early
Cretaceous reservoirs in over 200 wells and generally increase with depth in unexpected
increments from hydrasitic pressure to immense excess pressure (approaching
lithostatic gradienty I &&&a0GSY (1y26y | & aaidSLIISR SEOSaa

The pressure systems of the Scotian Margin were extensstetiied from 1989
to 2003 by several researchers without reaching asemsus on mechanisms and timing
of excess pressure generation and dissipaiiptudford and Best 1989; Wielens 2003;
Williamson and Smyth 1992lydrocarbon generation during the Cretaceous was cited as
a pressureaurce, supported by basimodellingresults. Recent thermal modelling (South
Venture Q59 well) suggests ongoing hydrocarbon generation (Wong et al. 2016).

In the Sable region, excess pressured sections are lithified with thin- intra
formational seals, anfligh netto-gross ratios of porous sandstone to tight sandstones,
shales, and low permeability limestones. It is difficult to rationalize current excess
pressure without late hydrocarbon generation (or another late pressure source) within
the region givermicro-nanoDarcy flow across thin imperfect seals that should allow for
pressure equilibratin over hundreds of thousands to several millia@ars.

In this study, the pressure distribution in the Sable Subbasin was investigated with
a subregional 3D stati reservoir model of the reservoirs associated for five gas fields:

South Venture, Venture, Arcadia, Citnalta, and Uniacke. The model was built by
interpreting 1520 krA of 3D seismic data, that was integrated and calibrated with data
from 27 wells. The mad was populated with excess pressulata and lithologies
interpreted from wireline logs and well tests, and inspected to test the hypothesis that
excess pressure distribution is controlled by reservoir connectivity, which is ultimately
controlled by perneability.

Pressure and fluids were interpreted to be currently entering the system by
ongoing generation of hydrocarbons. At each of the fields, a similar arrangement of
reservoir connectivity and pressure distribution were observed, although the aghs of
rock units involved change from field to field due to progradational advance of the shelf
FYR LINRPINBE&AADBS F2NXIFGA2Yy 2F GaSELIyarzy ol
accommodation space depocentres formed in the hanging walls of dovi@sinlistric
faults, which formed as a results of depositional loading and salt movement at depth.
These listric faults also set up laewlief, hanging wall, faulbbend folds- the principal
hydrocarbon traps of thedzo 6 F aAy ® Ly (GKS @RS Ditséare a SOG A
stratigraphically and structurally isolated, the fluids and pressures are interpreted to be
FOGAGStEe RAGAALIGAY3I o0& VYSOKIYAOIf tSI1o
equilibration within pressure cells occurs where the displacement of norestal faulting
exceeds the thickness of minor intfla2 NY' I G A2yt aSlfa Fftft2g6Ay3
2dzEG Il LI2AaSR LISNXYSIo0ftS dzyaidaod Ly GKS &aaklhff:
system, the reservoirs are contiguous and hydrostatically piresks
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Glossary

Abnormal Pressure- Qubsurface condition in which the pore pressure of a geologic
formation exceeds or is less than the expected (or hydrostatic) pressure

American Petroleum Institute- A classification system developed by the American
Petroleum Istitute to describe the gravityiscosity of gadree crude oils
expressed as °APl. Gravities can vary from low (>31.1°API), medium 31.1
22.3°API), heavy (2210.0°API) to extrhieavy (<10°APBrude oils and extend
to tars and solid forms.

Capillary PressurePressure differential between 2 immiscible fluid phases occupying the
same pores caused by interfacial tension between the 2 phases that must be
overcome to initiate flow

Commercial Discary - Adiscovery of petroleum that has been demonstrated to contain
petroleum reserves that justify the investment of capital and effort to bring the
discovery to production

Excess PressureSubsurface pressure that is abnormally high, exceeding hydiiosta
pressure at a given depth

Drill Stem TestST - Amethod for isolating and testing the pressure, permeability, and
productive capacity of a geological formation during the driling of a well,
provides important measurements of pressure behaviour arfdrmation on
fluid type with sample collection

Fracture Pressure Pressure required for the formation of fractures in a rock at a given
depth

Hydrostatic Pressure Normal (predicted) pressure for a given depth, or the pressure
exerted by acolumnofwaSNJ FNRY (KS F2NXI A2y Qa

Formation Leak Off Test (FLOTA method for determining the strength of the rock
through the injection of fluids into the rock at a given depth (also known as a
Pressure Integrity TestPIT)

Lithostatic Presste - Pressure of the weight of overburden on a formation at a given
depth

Pressure Gradiert Change in pressure per unit of depth

RepeatFormation Tester RF) - A wireline method for testing pressure of a geological
formation during drilling quickly; prades important measurements of pressure
behaviorand information on fluid type with sample collection

Reservoir Pressure (Pore Pressur&essure of fluids within the pores of a reservoir

Significant Discovery A discovery indicated by the first welhahe geological feature
that demonstrates by flow testing the existence of hydrocarbons in that feature
and, having regard to geological and engineering factors, suggests the existence
of an accumulation of hydrocarbons that has potential for sustainediyction
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Chapter 1: Introduction

Offshore Nova Scoti@xtends from the low water line to the edge of the
continental margin, andoversapproximately 4@,000kn? (Smith et al. 2014)A total of
207 wellsof all typeshave been drilled since 1967, and based on these there have been
23 discoveries that are associated with 35 Significant Discovery Licences (SDLs) and 8 of
which are acknowledged as Commercial Discoveries (CEm)th et al. 2014)it is worth
noting thatsevenof the eight CDs are located within 50 km of Sable Islarahfirming
that Sable Subbasin is critical to the offshpreven commeral petroleum systems.

Reservoir pressure distribution the Sable Subbasin is important from economic,
environmental, and drilling safety perspectives. This study investigates the subsurface

pressure distribution and reservoir connectivity in the Sableb@sin.

1.1: Statement of Motivation

Unpredicted pressure changes (i.e. sudden onsetexfesspressure) have
occurred in wells drilling in the Scotian Basin, wlaolpotentially dangerousituations
if not properlyidentified, understood and managedExcesspressure in the Sable Sub
basin has been mapped at a low resolution, but the causesxXoess pressurkeave not
been resolvedWielens 2003)Earlier work demonstratedxcesgressure in the basin is
inconsistentandonly looselyassociated with specific depths or formatiainudford and
Best 1989; Wielens 2003; Williamson and 3niy@92) Studies obxcesgpressure in the
region initially focused on describing the pressunechanismsof the Scotian Basin
including location, magnitude, and depthlowever,faults in the Sable Subbin were
assumed to be either dynamic (allowing gasfl to migrate through) or static (not
allowing gas/fluid to migrate); this supposition that all faults behave the same way is
unreasonable and improbabl@ichards et al. 2008)t is probable that more than one
excesspressure formation mechanism is operating in the Sable Subbasex@ess
pressure is observed in multiple formations. This study has accessvervintagedigital
seismic and well log data, and the use of new software, which allows for a novel approach

for studying pressure in the region.



Increased understanding of thgeologicalcontext and contributing factors to
excesgressure in pressure cells compartments can reduce drilling and environmental

risks and financial costduring exploration and development of offshore resources.

1.2: Study Area

The Scotian Basin is located east offshore Nova S@uich,comprises several
smaller subbasins includindpe¢ Sable Subbasin (Figure 3.The study focuses on the
northeast Sable Subbasin, in particular theiacketo South Venture hydrocarbon fields
This study crosses the expansion trend associated with the rifting and opening of the
North Atlantic Ocean; tiis the stratigraphynd deposition have beeaffected by tectonic

movement(faults).

1.3: Objectives

The objecties of this studwareto:
(1) Identify potential pressure sources within the Sable Subbasin
(2) Determine how pressure could migrate and dissipate
(3) Clarify tre role of faults and fault juxtaposition of permeable units with respect to

(1) and (2).

These objectives amaet by:

(1) Defininga seismic stratigraphic framework within the study area for the Late
Jurassic to Cenozoic strata on the Scotian Shelf and Slalfeated to available
wells.

(2) Delineatingfaults present within the stratigraphic framework.

(3) Constructing and interpretinga 3D geocellular model of the study area with

lithologies, fluid types, and pressures.
1.4: Hypothesis

The distribution and dissipatn of pressure in the Sable Subbasin is controlled by
reservoir connectivity, which igltimately dependent on permeability and a result of

interplay between the regional structure, stratigraphy, diagenesis, andrsegjrity.



1.5: Thesis Organization

Thisthesis is organized chapters and supporting appendices in order to present
the work and results.

Chapter 2discusses theaelevant background theory on subsurface pressure,
measurements, aneéxcess pressuréChapter 3presents material on the Scotian Basin
including regional structure, stratigraphy, petroleum systems, and prevExess
pressure studiesChapter 4 descrilsthe datasets used for the study amdw the data
were collected.Chapter 5 reviews the pressumggocellulaand interpretationworkflows
developed as a part of this thesis. Chapterngrésentsthe results and interpretations.
Finally, Chapter 7 explains the conclusions and implications from this, gtatiydingfinal

recommendations.



Chapter 2: Pressure

2.1: Hydrostatic Pressure

Hydrostatic pressures a function of fluid density and the height of the fluid
column. It can be expressed by the equation:
t ' f3F K

Equation2.1: Hydrostatic pressure (P) equation, where A & G KS K@ RNR &G (A
the fluid density; g is the gravity acceleration; and h is the height of the fluid column

Pressure islso frequently expressed in terms of a pressure gradient, which is a

function of the fluid density and depth. It can be expressed by the equation:

-
t =M
S,THy

Equation2.2: Pressure gradnt equatiom I ¥y IRy R aré the different pressures
measured &depths D and O respectively.

The reference point for subsurface pressure is atmospheric pressure (at sea level),
which is 101.28 kPa. Below the surface, fluid pore pressure increbagate dependent
on the fluid density in the interconnecting pores. As the pressure gradient is dependent
on the salinity of the formation water, in the absence of known water composition an
average water gradient df0.15kPa/m is often used. If pressimeasurements are made

offshore, the reference datum is sea level.

2.2: Lithostatic Pressure

Lithostatic pressure is the combined weigper unit areaof the overlying
sediments and fluids at a specified depth. It is also commonly referred to as overburden,
overburden pressure, overburden stress, (vertical stressjEquation 2.3)

{d"4F 5

Equation2.3: Lithostatic pressure equation, whe$eis the lithostatic pressuréy, is the
average bulk denty; and D is the vertical depth from datum



The bulk density is a function of the rock matrix, fluid densities, and porosity. It can be
expressed by the equation:
"SIy Mt B, 0
Equation2.4: Bulk density equatioly KSNB &~ G KS RSyaAderiette GKS N
RSyaAaue 2F U0UKS LI2Z2NE FfdzART |YyR Aa U0UKS LI
Thesignificance of lithostatic pressure to pressure evaluation isftvid
(a) When the fluid pore pressure reaches lithostatiegsure, all the weight of
the overburden is being supported by the fluid, therefore there is
effectively no matrix support. If the rock is unconsolidated, gtahgrain
cohesion will be eliminatedhe rock will then behave as a ndfewtonian
liquid. If the rock is consolidated, théncreasingfluid pore pressure
typically induces hydraulitacturingbefore lithostatic pressure is reached
(depending on the tensile strength of the rock).
(b) Most methods for estimating pore pressure in shales use the dititw

pressure as an inputherefore the more precisely it can be calculated, the

more confidence there is in the pressure prediction.
2.3: Fracture Pressure

Any rock has a finite strength that is dependent on its lithology/composition, stress
condition, and &isting weaknesses (i.e. fautisfractureg. The amount of pore pressure
the rock can tolerate before failure is the fracture pressure. Above this, the minimum
stressexceeds theéensile strength of the rock. Typically, the fracture gradient is less than
the lithostatic gradient. Determining the fracture gradient requires data on the stress
conditions existing in the formation. The stresses are a function of the tectonic and
sedimentation histories of the region during the formation of the bashree piinciple

stresses that act on the rock orthogonal to each other at dépigure 2.1)



Shear Stress

0, 0,

(3]
EffectivezNormaI Stress
Figure2.1: The state of stress is d¢fS R 18 &, and 3 which are the maximur
intermediate, and minimum compressive principal stress components respectively
the Mohr circle touches the Failure Envelope, faults are activated.

2.4: Pressure Measurement

2.4.1: Formation Pressure

Reservoir pressures are measured directly by wireline pressure measurement
tools. Indirect pressure data can be deduced frdm tmud weight required to prevent
FtdzAR AYyTifdzE Ayidi2z (KS 02NBK2fS [yR Wi A014aQ
pressures available in impermeable shales (unless there are isolated porous intervals).
Formation pressurecan only be measured dictly when thee is sufficient
permeability for fluids to reach equilibrium with a downhole pressure gauge in a
reasonable time frameAccordingly, direct pressure measurements can be completed in
reservoirs, but can only be estimated in low permeabilitiyologies (i.e. shalegight
sandstones, silts, or limestoneA common method for direct pressure measurement is
the Wireline Formation Test (WFT) that includes the Repeat Formation Tester (RFT) and
the Modular Formation Dynamics Tester (MDT). Anotimeathod for direct pressure
measurement is the Drill Stem Test DETi A& AYLRZ2NIIFYyG G2 y20S i
there was a change from using strain gaugeguartz gauges in pressure measurement

tools.



Commonly encountered problems during testinge ga) tight sections, (b) seal
failure, and (c) supercharging. When operators are drilling, they can be reluctant to leave
a given tool in place for long periods of time for build tests because the tool may
become stuck. Therefore, when testing in loermeability zones when longer than 15
minutes is required for buildip, the tests are often abandoned and noted in the log. In
the case of seal failure, if the probe(s) cannot be isolated from the mud and the pressure
reading remains close to or at the myessure, then the operator will record a seal
failure.

Finally, supercharging occurs in low permeability zones as a result of the (higher
LINS&dadz2NBROU 02NBK2fS FfdzZAR AYy@FERAYy3 GKS 6f 2,
formation in the testingzone, which is then measured and sampled by the tool. The
pressure measurements will appear uncharacteristically high, and when plotted with

other measurements against depth, will be evident as anomalies.

2.4.1.1: Repeat Formation Tester (RFT)

The RFT tool is anpenhole wireline logging instrument used to measure
formation pressure and collect samples of formation fluids. The tool has an unlimited
number of pressure measurements but can only coleetéwsamples of formation fluid
per run. Simply, hydraulic rarheld the toolagainstthe borehole wall and a piston pushes
a small probe against the formation. Packers above and below seal the probes from the
well bore fluids, and allow formation fluids to flow into the pretest chambers. A pressure
gauge records thenflow into the pretest chambers and the pressure buijol The rate
the pressure increases is primarily a function of the formation permeability. A high
permeability zone can buitdp pressure in as little as a minute, while a low permeability
zone may tak up to 15 minutes. Following this, a formation pressure test is completed,
providing a measurement of théhydrostati& pressure hydrostatic in this case refers to
the drillers definition, which is actually reflective of the mud weight and is used for
cdibration. If the system is stable, the ptest and posttest pressures should not differ
by more thana fewkPa. The buildip (or shut in) formation pressures logged against time

may require correction to get the true formation pressure. A Horner Plat ba
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constructed to allow extrapolation to timmfinity, allowing the formation pressure to be

determined.

2.4.1.2: Modular Formation Dynamics Tester (MDT)

The MDT tool is also an openhole wireline logging instrument, and has multiple
probes that allows for measament of vertical and horizontal rock permeability. This tool
is also able to collect more samples than the RFT tool as it has more sample chambers.

The MDT tool test is run the same as the RFT tool.
2.4.1.3: Drill Stem Test (DST)

If hydrocarbons have been encaened and there is sufficient net payver a
reservoir intervala production testcan be runwhereby formation fluids are allowed to
flow to surfaceover an extended period of time (hours to dayShe DST is completed in
the open or casedborehole, wherehe interval of interest is isolated with packers (similar
to RFT and MDT) and the casing is perforated. In a normal DST, an initial flow period is
O2YLX SGSR 6KSNB F2NXIGA2Y FfdzZARA INB fft2¢
mud infiltratesin the reservoir Pressure is monitored before, during, and after. The
pressure is then allowed to bu#igb and the final Initial Shut In Pressure (ISIP) is recorded
¢ this is the best assessment of the true formation pressure. If the pressure is slow to
build, then sometimes an extrapolated pressure is calculated instead. This indicates that
true formation pressure has not been reached (similar to the RFT).

After the initial shut in period, the well is opened to flow for an extended time
(typically 8 houry allowing fluids to flow to surface and samples to be collected. The
downhole pressure and wellhead pressure are observed during the flow, with the
expectationof stable fluid flow conditions. The well is then shut in again, and pressure is
allowed to buld-up. The Final Shut In Pressure (FSIP) is the recorded; it may be lower than
the ISIP because a volume of the reservoir in the near the wellbore has been produced.

DST data isften less accurate for pressure measurements due to the position of
the gawge-it is not located at exactly the same depth as the sample collection, therefore
corrections are required to the pressures measur@®ET data is still preferable for
permeability calculationgdue to the extended flow period)nd to establish flow ratdn

8



addition, any skin effect and reservoir damage (as a result of drilling) can be assessed,
which is more difficult with RFT data. Alsmgre accuratdormation temperature can be

measured during a DST.

2.4.1.4: Well Kick

A well kick occurs when the formationrgssure exceeds the borehole mud
pressure (when static or flowing) and is observed as borehole fluid gathe surface in
the mud tank The density of the drilling mud is known, therefore downhole pressure is
known, and a minimum formation pressure da@ estimated if the depth of the invading
formation fluids is known. Underbalanced drillifimgud weight below formation pressure)
can also cause a well kick; therefore, it is important to resolve wihwell kick has

occurred.
2.4.1: Fracture Pressure Measurement

2.4.1.1: FormationLeak Off Test

FormationLeak Off Tests (LOT) are conducted immediately after the hole is cased
to (a) check the integrity of the cemeat the casing shogb) between the wellbore and
casing above the shoand €) to evaluate the borehole strggth for future mud weight.
After casing and cementing, the well isestered and the casing shdeement)is drilled
through followed by several meters of rockormally in aRHLOT, theeffective mud
pressure is increased in the borehaol@ pumpinguntil fractures are introducedA_OTs
are generally used as indicators of the fracture strength of the fresh formation and
represent the upper limit for mud pressure in the open hole section. In reality, the upper
limit is not approached as there may be weakarts of the formation where the limit is
actually lower; faulted or fractured sections of formations would likely open at a lower
pressure than théL.OT trend would indicate.

TheALOT is performedybdrilling a shor section (a rat holeapproximately3 m
belowthe cement casing shoe and shutting in the well. The mud continues to pump into
the borehole, increasing the effective mud weight umtibd volume is lost, which is
recorded as a pressure response. If the cement is intact, then the mud losesslaaf

the formation rock failure in the open hole section. Often, the leak off point is not reached
9



but a definite maximum pressure is reached (without mud losses) that is considered high
enough to safely proceed with drilling. This is then known asrm&tion Integrity Test
(FIT) since leak off was not reached.

As part of a drilling plan,raestimate of the fracture gradient is required so the
well will have an appropriately designed casing progralanned mud weights ithhe well
must also be closeu slightly above the formation pressures expected (overbalanced),
and casing points must be planned to prevent borehole fracture (based on the fracture
pressure gradient prediction). When drilling in normally pressured sections, the casing
design is predminantly based on the length of the open hole that can be drilled without
difficulty. The casing points are generally placed in-§rened lithologies, especially
above zones dhterest. When drilling in exceggessured sections, casing is controllgd b
the proximity of the pore pressure gradient and the fracture gradietite closer the
gradients are, the more casirgirings arerequired. Casing is required when the mud
needed to control the formation pressugproacheghe fracture pressure in thepen

hole section.

2.5:  Principles of Subsurface Pressure Analysis

2.5.1: Pressure versus Depth Plots

Pressure data (x axis) is plotted against depth (y axis) to determine formation
pressure with respect to hydrostatic, fracture, and lithostatic pressures, taisdpot
provides the opportunity to assess fluid densftyjd contacts, andluid type. Datgpoints
that plot on or near the hydrostatic pressure gradient aiaterpreted asa y 2 NXY | £ £ &
LINE & awtedScBntiguous with a water column to the hydrostatiatum (typically sea
level in an open marine offshore environmé@ntPressures that plot higher thaa
hydrostatic pressurdine are abnormdl @ KA 3K | YR | NBLINBayaIdxNSSRNS
Pressure points thagplot lower than a hydrostatic pressure lirewe abnornally low and

I NE Gdzy RSNLINE & &adzZNSRE @
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Equation2.5: Formation pressure equation, where theK S | Y2 dzy G 2 F LINB & & dz
difference between the formation pressure (P) and the hydrostatgspre (B at a given
depth

Note, pressuredepth lines on pressurdepth plots are colloquially referred to as
GIANI RASyGaeés oKAOK A& | ylepthyirehevel diadiént thaS & O N |
reflects fluid density and an offset from a datumdisuch as sea level hydrostatic, that
reflects under or over pressure. The hydrostatic pressure line is not necessarily a straight
line, and does not necessarily have a consistent gradient in the strict sense. The density
of water varies with both salintt and temperature. Similarly, gas and oil lines (or
GANI RASyi(daédo FNB y20 ySOSaalrNAfe& aidNFAIKA
and temperature.

2.5.2: Fluid Pressure Gradients

25.2.1: Water
Water gradients are calculateztjuations of state, typically ugirPressure Volume
Temperature (PVT) software, Heere are quite a few variables that affect the gradient
For example, fresh water with a density of 1.00 gfemill have a gradient of 80 kPa/m.
If it is a saturated brine with a density of 1.20 gfdbwill have a gradient of 1T5kPa/m.
The water gradient can be simmgtimatedusing the difference in pressure at two

different depths in the same interconnected formation, using the equation:
t,Tt MI.I it [
5., 15

Equation2.6: Water pressure gradient equatiomhere P2 and P2 are the pressure
measurements at depth D2 and D1 respectively

tyl

The gradient will be the same, regardless of absolute pressure, however the mud weight
required to balance the formation pressure does depend on the absolute pressure and
depth.
2.5.2.2: Oil (2060° API) and Gas

Crude oils are generally classified by their density / viscosity and described by their
gravity CAPI)Conventional oil has a density lessithaater (with exception of very heavy

11



oils of < 10° API) which have densities equal to or greater than water), therefore their
gradients will not be a steep as water. For example, an oil that is 20° API will have a
gradient of 9.14 kPa/m, while an oil thiat60° API will have a gradient of 7.62 kPa/m. Gas
has the lowest density of the fluids; therefore, it correspondingly has the lowest gradient.
In the case of dry gas, gradients range fron52.2.20 kPa/m. Hydrocarbon gradients are
calculated using theame formula as the water gradiento(B the oil gradient; gis the

gas gradient). The more data points collected in any permeable section, the more accurate
the gradient, a minimum of 2 points are required to determine a gradient. It is also
important to remember that in deviated wells, the true vertical deghbsea(TVI53

must be used for calculating gradients (as opposed to the measured depth (MD)).

2.6: Excessessureand Permeability

Simply putexcesgpressure results from the inability of pore flgido escape at a
rate that allows equilibration with a column of static water connected to #teospheric
surface.There are three main groups of processes that geneeteesspressure: (1)
stressrelated, (20 fluid volume increase, and (3) load transf#&ssuming a source of
excesspressure is present, then permeability and connectivity become the primary
control on the occurrence and distribution excesgpressure.

Permedility isa function of therock propertieggrain size, shape, and tortuosity)
and the fluidproperties(density and viscosity) ' YR A a A Y0 SRERGaRonAyYy 51 I
2.7). It is measured in Darcies (D) or milliDarcies (mD),?dn 18I unitsThe magnitudef
excess pressurandthe rate at which ibuilds up or dissipates at @ interplay between

the process generating the pressusied the permeability of the encasing rocks

kt
y P LF KEF
> f
Equation2.7: Darcy's Law equaticior a single fluid phasevhere Q is the volume rate of
Ft26T | Aa 0KS LISNXYSIFIoAtAGET !' A& GKS | NBI

length L;L is the length scale; and p is the fluid viscodtgre complex forms of the
equation exist that describe fluid flow for multiple phases.

Where multiple phases are present in fine grained low permeability rocks,
permeability to the noAwvetting phase ca become zergq it is immobile. For example, gas

12



trapped by a watemet shale is trapped until the buoyancy force of the gas column
exceeds the minimum capillary entry pressure of the connected pore space through the
shale seal. Consequently, in additiom being controlled by the permeabilitgxcess
pressure dissipation can also be controlled by the capillary effects where hydrocarbons
are encountered.

A <al was defined bys a rock that prevents the natural buoyancy upward
migration of hydrocarbonsard he recognized the importance of capillary (or membrane)
leakage and seal§Vatts 1987)As described above, below a certain threshold pressure,
seals can be barriers to hydrocarbon flquhe hydrocarbons are unable to flow because
the displacement/entry pressure (controlled by capillary properties) of the seal rock
cannot be reached. 11990, Huntidjusted the definition to refer to any rock that prevents
all pore fluid migration (water, oil, and gas) over geologic firhent 1990)Deming(1994)
disputed the ability of rocks to maintain zero effective permeability over geologic time,
and he reasoned it is more appropriate to view pressure accumulation &sgdtion as
continuous processes that change the pressures of abnormally pressured rocks over time
(Figure 22).

13
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Figure 2.2: Maximum times over which a shale of a given thickness (y axis
permeability (x axis) can confine excess press(Desning 1994) Grey shaded are
indicates approximate minimum permeability required to sustain al m thick se
over 1 my. Yellow outline indicates average Sable Subbasin shale permeabilit) to
102> m?, while orange outline indicates shale thickness from 10 to 1000 m. Red
indicates overlap of thickness and permeability, suggesting the maximum time sk
these conditions could impede flow is*§@ars.

Excespressure dissipation can also be achieved through fracturing. In tectonically
active regions, reactivation of faults is another patial release for presure. It should be
noted that ifthe pore pressures increase to the fracture pressure of the rock dexogss
pressuregeneration, then the rock will hydraulically fracture and pressure may be rapidly
released until the fractures s=al.

Excespressure is a disequilibrium state and will change with time (depending on
the development of the system), unless a state of zereati¥e permeability is reached
(Deming 1994) Excesspressure magnitude and distribution will change during the
generation phase and the dissipation phase. Today we are onlyaldek at the present
stress state of thexcesgpressure systempore pressure may have been higher or lower
in the past.

Fluid properties of hydrocarbons have particular importanceexeesspressure
because of their buoyancy (based on density conjrasid the capillary pressure effect

controlling relative permeability and entry pressure (therefore the effective sealing
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capacity of the rocks). Buoyancy and fluid density are inversely related. Gas is the most
buoyant fluid, and becomes denser (decregsiits buoyancy) at higher pressures.
Pressure increases and decreases over timeadtatt the hydrocarbon composition in

the basin, especially if pressure falls above or below the bubble tatdepth and

temperature conditions at which the first buldbbf gas comes out of solution in ail)
2.6.1: Mechanism=f Excess fessure Generation
2.6.1.1; StressRelated Mechanisms

2.6.1.1.1: Disequilibrium Compaction (Vertical Loading Stress)
The vertical stress (or overburden stress) in a sedimentary basin is caused by the
weight of the overlying rocks at a given depth, and can by expressed by the equation:
{ol'%2 "§F3

Equation2.8: Overburden stress equationhere SA & GSNIAOIf aAGNLaaT %
is the density of the overlying rocks; and g is the gravity acceleration.

of v MUB g 0
Equation2.9: The,densit\y log can be usgd tgvdAeterminelthe average bulk density using the
NB Ol VYI (NRMESZ REIyEMWRERIYBRNBEAGR 0. 0O
The overburden stress is also supported by thedflathe pore pressure (P), and the
oFftlFryOS Aa &LINBIR 0SGsSSy 3IAINIAY O2yial OGasz
between vertical effective stress and th&® Nb dzZNRSYy aidNBaada A& RSTA
eqguation:

C g
Equation2.10: Terzaghi's equations K S N\8Bs the Qertical effective stress; 8 the
overburden stress; and P is the fluid pore pressure.

In a normally pressured system, the vertical effective stress at a given deptipily Hi@
difference between the overburden stress and hydrostatic pressure.

Increases in mean effective stress due to sediment loading during burial and
simultaneous changes in horizontal stress can cause compaction, reducing pore volume
and forcing out fomation fluid(s)(Goulty 1998) The porosity loss rate will vary with

lithology, and each lithology has a lemlimit where no additional compaction is possible,
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therefore any more porosity loss will be due to chemical compaction. Sandstones have a
comparatively low compaction rate, from approximately-482% porosity at depositign

to as low as 5% due to graimearrangemenipackingand minor dissolution at contacts.

This contrasts sharply with clays, which have a faster compaction rate, and go from 65
80% porosity at deposition to as little aslB8%, also due to grain rearrangement. This is
due to the differig shapesnd size®f sand grains (generally more equidimensional) and
clay grains (generally more platgydatsube and Williamson 1994)

In slow burial conditions, the equilibrium between the overburden stress and pore
fluid volume reduction due to compaction can be more easily sasthiHowever, in rapid
burial conditions, there is a quicker discharge release of fluids due to the rapidly increasing
overburden stress. In areas where the fluids are unable to be released fast enough, the
pore fluid pressure increases, a situation idéad as disequilibrium compaction.
Conditions which favour disequilibrium compaction are rapid burial anepemneability
lithologies, therefore it is commonly found in thick clay and shale sequedassg
continuous rapid burial The excess pressurdorms in adjoining higipermeability
reservoir rocks due to isolatiaor encapsulatiorwithin the low permeability unit.

The magnitude oéxcess pressuifermed as a result of disequilibrium compaction
is controlled by the (a) vertical stress and coupled Zwrtal stress, (b) rock
compressibility, (c) fluid and pressure dissipation through seals, and (d) pressure
redistribution through connected high permeability units. Dewatering is controlled by the
permeability of finegrained rocks, and during initial bal both the porosity and
permeability are reduced due to compaction anelwhtering.
2.6.1.2: Fluid Volume Increase Mechanisms
2.6.1.2.1: Mineral Transformation- Water Release
2.6.1.2.1.1: GypsumAnhydrite Dehydration

The transformation of gypsum to anyhydrite is temperature controlet results
in the loss othemicallybound water. This reaction is suspected to be an imporéxeess
pressuregeneration mechanism in evapte dominant area during shallow buri@owett

et al. 1993) The transformation ccurs between 4@&0°C at normal pressure and has the
16



potential to generate significargxcesgpressure. However, margxcespressurel basins

do not contain sufficient evapae sections and thexcesgressure is located deeper.

2.6.1.2.1.2: Smectite Dehydration

Smetite is a multilayer clay with water bound between the layers; as the particles
dehydrate and water is removed, the mineral lattice gradually collapses. Although the clay
particles collapse, the bound water being released actually causes an overall volume
increase of up to 4%Y0Osborne and Swarbrick 1997he dehydration of smectite is not

thought to be a primary mechanism fexcesgressure, but a secondary one.

2.6.1.2.1.3: Smectitelllite Transformation

In mudrich basins, a methodical chandem smectite to illite is frequently
observed, and is generally linked to the transition to hegicesgressure(Bruce 1984)
thereaction is controlled by time and temperature, sedmbeframework, and
permeability The transition from smeie to illite occurs over 7450°C and seems
unrelated to the age of the sediments or the burial depth. The precise chemistry of the
reaction is unknown; therefore, the overall volume change is not kn@shorne and
Swarbricl(1997)compléeed a set of reactions that indicated a volume change range from
a 4% increase to an 8% decrease (assuming the mudrock comprises 100% smectite).

Overall this would suggest the contribution to the magnitudexdéesgpressure is small.

2.6.1.2.2: Hydrocarbon Generatin

The generation of hydrocarbons from kerogen maturation is kinetically controlled,
that depends on both time and temperature. The two main reactionfiydrocarbon
generation are (1) kerogen maturation to generate hydrocarbons, and (2mthle
cracking obil to gas. Kerogen maturation generally occurs-dtkin depth and at 7220
°C, while the cracking of oil to gas occurs-&t3km depth and 9450 °QBarker 1990;
Tissot et al. 1987)

High pressures are required for primary migratioh hydrocarbonsfrom low
permeabilitysource rocks to reservoirgVhen the kerogen matures to liquid, part of the
overburden stress is transferred to the liquid phase and if the liquid is trapped then pore

pressure will increase. The magnitudeexfcesspressure is related to the relationship
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between effective stress and porosity. The richer the source rock, the greater the increase

in pressure (assuming the same quantity of kerogen is transformed).

2.6.1.2.3: Gas Generation and Gib-Gas Cracking

Gasprone (Type llikeroger) source rock maturation re#s in a greater increase
in fluid volume, with calculated volume expansions of180% relative to the initial
kerogen volume (Ungerer et al 1983). At sufficiently high temperatures-1220°C) oil
converts to lighter hydrocarbons and ultimately to metiea a process known as thermal
cracking. At temperatures beyond 180 °C, there is almost complete cracking to gaseous
hydrocarbongMackenzie and Quigley 198&t standard pressures and temperatures 1
volume of standard crude oil cracks to 534.3 volumes of gas (amak graphite residue)
(Barker 199Q) If this occurs in a perfectly sealed (isolated) system, then there is an
immediate and rapid increase in pressurint et al(1994)observeda strong coincidence
between peak gas generation and tepcess pressutia the Gulf of MexicoCayley(1987)
noted that the highestexcesspressues in the North Sea are located where the

Kimmeridge Clay is the most deeply buried.

2.6.2: Effect ofExcess fessure on the Petroleum System

The effect ofexcesspressure on the petroleum system has not received equal
attention to the study of generation mechams. Opinions on the influence ekcess
pressure vary widely, for example researchers have claimed thagéxbesgressure in
some North Sea reservoirs explain the high pordsigrris and Fowler 198 Ayhile other
researchers have claimed there is no eff@jorkum 1996) This section focusses on the
potential effects ofexcesspressure on the petroleum system with respect to reservoir

guality, maturation, and migratian

2.6.2.1: Reservoir Quality

Numerous studies have concluded the#tcesspressure has been an important
factor in porosity preservation in reservoir rocks, regardless of the age of the system
(Atwater et al. 1986; Harris and Fowler 198Rgservoir porosity is tied to the capacity for
granular rocks to mechanically compact, ailedmineral precipitation and dissdiwn

processes. Asxcesgpressure reduces the effective stress (or at the least maintains it with
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continued burial), it will result in higher than expected porosatya given depth The
timing of excesspressure compared to diagenetic porosity alteratisnimportant - if
excesgressure precedes a diagenetic process that reduces porosity, then a higher level

of porosity should be preserved thareikcesgpressure was not present.

2.6.2.2: Source Rock Maturation

Evidence from field studies paired with basin mdidegl suggests thaexcess
pressure affects source rock maturation timing by slowing down maturation reactions at
high pressuregLuo et al. 1994) A higher geothermal gradient is often observed in the
excesspressured sediments, but that is likely conregttto the reduced thermal
conductivity of the higher porosity sediments and is not a results of an increased heat flow
(Luo et al. 1994)The higher temperatures would be expected to provide érghtrinite

reflectance (VR) results.

2.6.2.3: Migration

Excesgpressure as a result of volume increase during hydrocarbon generation or
thermal cracking provides a pressure drive mechanism for the petroleum system.
Sufficiently high internal pressures (in soumoeks) can cause downward or upward
migration into carrier beds. The connection between the source rock pressure history and
the carrier beds should be assessed; if the beds contain greater pressure than the source
rocks, migration will be hindered untthe pressure differential is adequate between the

bodies.

2.7:  Underpressure

Underpressure is defined as occurring when theaeppressure is less than
hydrostatic pressureNatural underpressured systems are not as commoneasess
pressural, though they are wik documented in the foothills of the Western Canadian
Sedimentary BasinJnderpressured systems can form in isolated compartments as a
results of overburden being removeldroughuplift and erosion. The pores are then able
to expand due to the reductiomiconfining stress and the elastic nature of rocks, leading

to underpressure. Reservoirs can also become underpresdsuadproduction, where
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the influence of earlier drilled wells is observed on later drilled wells as either a reduction

in excesgpressue or the formation of underpressure

2.8: Pressure Compartmentnd Reservoir Connectivity

Interactions between stratigraphy and structure with the buoyant fluids they
contain leads to the formation of compartment§he compartments are connected
through leak ad/or spill points.There are two types of spill recognized: spill through the
GSaol LIS 2F GKS Y2NB odzzeéelyd FftdzAR G | 0NB
GKS af2aa 27T 0K SxcesSpleasidth FealdehsRIJIRINReDIHE | o &
(Vrolijk et al. 2005)A saddle that occurs between two compartments is notagibr -
flow is not prevented; rather thesaddle is a connection between the compartments,
similarly with cross fault leak.

In hydrocarbommigration and trappingstudies it is generally assumed that traps
have sufficient seal strength to prevent leakage. Basethimand the initial generation
of oil, gas generation may force oil to spill from traps in a predictable manner. A trap
should become charged with water, oil/water, gas/oil, then finally gas. Examination of
updip traps should reveal this fluid transitiom a logical sequence. Once all the
compartments in the system are filled with gas, then any additional hydrocarbons (oil or
gas) should continue updip until the rock ultimately crops out releasing them. Gussow
(1954)proposed that at the extreme of this theory, entirgssems or basins may have

become gas dominated, even though oil preceded the gas.
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If the seals leak before the trap is filled (closure strength of the ssarpassed),
then the compartment will preferentially leak gas because it has smaller molecsiles,
more buoyant, and is located above the ¢Bales 1997)The oil will continue to
accumulate and any gas that enters the system will leak at the saméhmigasenters.

If the oil continues to put pressure on the seal and exceeds the seal strength, then the oil
too will start to leak from the compartment. Based on the closure versus seal strength
principle, three classes of trap can be defined based on the interactiondegtwlosure
strength, gas column height, and oil column heidkigure 23) (Sales 1997)As
compartments fill, the fluid contacts are volumetrically controlled and will ceaasgmore
hydrocarbons are added to the systef8ales 1997)Once a compartment is full, tige
become spill point and/or pressure controlleluid contacts that are pressurertrolled

will stay in their position as fluids continue to flow through the trap.

N
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Figure2.3: Diagram demonstrating each of the three class types, and where eac
may be spilled or leakg&ales 1997)

Important assumptions are made by Sales (1997) that are accepted by industry and
usedin this thesis:

(1) Hydrocarbons migrate as separate phases, based on their densitiepatrdlled
by their buoyanciegTissot et al. 1987)

(2) Seal failure can result from
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a. Capillary breakthrougtBerg 1975)
b. Hydraulic fracturingWatts 1987)

In faulted compartments, thepill point can be a result of juxtaposed permeable
units across the fault. If hydrocarbons are migrating through juxtaposed permeaitée un
this spill point is typically higher than the structural spill point; these compartments are
not normally filled to their structural spill point but are filled-spill (Figure 24). These
relationships are best visualized with fault plane profiles atructural maps, which
provide a three dimensional view of migration and trappi#dlan 1989) Fault plane
profiles (FPPs) demonstratbe relationship between the closure style, the crdaalt
geometry, and stratigraphic geometry. The créesglt spill points define th limits of the

compartments and potential migration paths.

Filled to Sand

/ Juxtaposition Spill Point
Filled to Smear-
Gouge Failure Spill Point
Not Filled to a Spill Point

\/ Filled to Seal Capacity
Filled to Structural Spill Point

Figure2.4: Potential spill points in a faulted trgfales 1997)

A breakthrough paper on Reservoir Connectivity Analysis (BZAYolijk et al.
(2005) outlined asystematicapproach toanalyzing complex connectivity in fields; it
integrated structural, stratigraphic, fluid pressure & composition d@faolijk et al. 2005)

The method combines conventional (well understood and accepted) concepts to study
connectivity, including:
(a) fault juxtapositon relationships

(b) spill points related to saddles
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(c) fluid breakover
(d) seal leak through eiter mechanical, capillary leak, or baseseal leak (stratigraphic

compartments.

This systematic analysis is based on sequential trap fill where hydrocarbon
volumes are gre@r than the trap volume, and can be divided into three phases:
(1) interpret and describe reservoir compartments
(2) define the connection(s) between the compartments

(3) construct an RCA mode& connectivity diagram

The RCA approach is normally completed at thie-scale, however it can also be
applied regionally across multiple fields. For this study, the RCA approach has been
applied at the regional scale to the Uniacke, Citnalta, Arcadia, Venture, and South Venture
fields of the Sable Subbasin (detail on metblmgy is available in Chapt®y.

The rok of faults is important in any discussion of connectivity and migration
within the RCA method, especially in the Sable Subbasin where thereoissalerable
amount of growth faulting related to basin formatiognificant research has been
published on the role of faults in fluid connectivity, with many differing opinions as to
when, where, and how fault act as either seals or conduits. A very reasonable view taken
by Downey(1990, 1994)s that fault planes can sometimes behave as conduits near the
surface (due to tensional opening of fractures) and in dieep subsurface (due to fluid
pressures exceeding fracture closure pressiFggure ). At intermediate depths, fault
planes and associated fracturage @ LJA OF £ £ @ aOf 2aA4SR¢ RdzS G2
and relatively low pressure of the fluid $gm. There are exceptions, where the fault is
not a plane but rather a zone of permeable material such as sandstone injectite or fault
gouge Upward migration of fluids associated with faults at intermediate depths is
achieved through crosult movement between juxtaposed permeable strata
(juxtaposition windows). In areas with significant changes in fault throw, this enables

dzLJ6 I NR aa ik AN AGSLIIAYIE 2F FfdzARa®
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(\At shallower depths,
faults behave as open

fractures

\ Migration along

/juxta posed permeable
zones

Overpressures allow

migration along fault
~~~~~~ /plane

--------
-

Figure2.5: Hydrocarbons can migratealg the fault plane at shallow depth where tl
behave as open fractures, or juxtaposed permeable zones, or deeeéss pressurat
depth(Downey 199%

An important consideration is that the presence of clay smear, cataclasis, or
diagenesis canreate a capillary seal at the juxtaposition windows. Overall, there is
consensus that fault gouge can act as a baffle to fluid flow in commercial hydrocarbon
production (or even very active petroleum systems), but because gouge is normally
discontinuous ang the fault surface there is considerable discussion on the effectiveness
of this as a seal mechanism over geologic tifffee Shale Gouge Ratio (SGR) is used to
estimate the shale content of the fault zoné&llan 1989) In general, fault zones in
regions with greater sha content (lower neto-gross ratio) will have higher SGR values,
thus can support higher capillary threshold pressures.

Considering juxtapositional relationships in more detail: if permeable lithologies
are located on either side of the fault, then hydesbons can migrate across; if there are
Ydzf GALIX S LISNXYSIFofS dzyaAta 2y SAGKSNI AaARS: O
a0SL¥ dz2LlJ GKS 2dzEGlI LI2aSR LISNXYSEFo6tS T2ySaon L
fault and an impermeable unit oiine other side, then the ability of the hydrocarbons to
migrate across the fault is significantly reduced.

24



Chapter 3: Scotian Margin
3.1: Regional Structural Setting

The Scotian Margin is a narrow northeast trending continental basin228%m
wide, which extends appximately 1000 km from Georges Bank to #wthern Grand
Banks The total area of the basin is approximately 402,008 (kigure 3.1JHansen et al.
2004; Wade and MacLean 1990he basement comprises structurally complex Cambro
Ordovician metasediments and Devonian granit@gerlain with MesozoieCenzoic
sediments. The geologic history of the basin reflects continental extensiorrifiing
followed by the opening of the North Atlantic Ocean and development of the passive
Scotian Margin. Rifting during the Late Triassic to Early Jurassic caused extensional
faulting, forming a series of basement ridges and subbasins. The subbasiasnargin
include the Mohawk, Emerald, Naskapi, Mohican, Sable, Abenaki, and Orpizesiss
(Smith et al. 2014 or overviews of the petroleum systems of the Scotian Margin, please
see Wach et a[2014)and Swa et al.(2015)
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3.2 Regional Stratigraphy

The stratigraphy of the margin can be broadlyidied into five groups: Triassic pre
breakup rift deposits, Early to Middle Jurassic gastakup clastics and carbonates, Late
Jurassic to Early Cretaceous deltaic wedge seabisneMiddle to Late Cretaceous
transgressive and Cenozoegressivanarine ®diments(Figure 3.2)

Crustal attenuation and dsement faulting during théMiddle Triassic to Early
Jurassic rifting formed grabens and half grabens that were filled with the synrift
continental clastics of the Eurydice Format{@mithet al. 2014) These were followed by
the deposition of the Argo Formation evajies andunnamed clastics. Following the
Breakup Unconformity was the deposition of the shallow marine dolomites of the Iroquois
Formation These formationemphasizehe shit from non-marine to marine depositional
environments as a result of the opening of the North Atlantic O¢SEP 1997)

Widening of the Aantic during the Jurassic creased mopen marine conditions
along the Scotian Basin margin. Tleid to a significant marine transgression and allowed
for the development of a carbonate bank on the shelf edge, the Abenaki Formation
(Scatarie, Misaine,ral Baccaro membergKidston et al. 2005)0ff the shelf edge, there
was a rapid increase in the slope resulting in a change from shallow water marine shelf to
deepwater depositional mvironmentsover very short distancesNhile the carbonate
bank grew on the shelf edge, seawanfthis was deposition adeepwater marine shales
of the lower Verrill Canyon Formati¢g@OEP 1997)andwardvas the coeval deposition
of Mic Mac Formatiorthe shallow shelf calcareous sandbates, and carbonate muds
Locally within the Sable Subbasin area, structural downwarping providegh
accommodation for clastic sediments prevémg the developmentof the Abenaki
carbonate bankn that area; instead a small Mic Mac Formation delas established
(Smith et al. 2014)

During the Late Jurassic to Early Cretaceous, cketiment depositiorincreased
through a major continental drainage system that created the Sable Delta complex. The
delta prograded into the basin witbandrich delta deltafront and delta plain sediments

of the Missisauga Formation and the prodelta gisabf the Verrill Canyon Formation
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(Wade and MacLean 1990)Jhe sandstones of the Missisaugiad Mic Mac érmation
delta complersform the reservoirs of t Sable Subbasin. A marine transgression over
the delta sequence covered the unit with the thick marine shale of the Naskapi Member
of the Logan Canyon Formati¢®wade and MacLean 1990)

The rest of the Early Cretaceous is associated with passive margin development
and the deposition of thelelta to shallow marine progradational lobes of the Logan
Canyon Formation interfingered with the bashsgjuivalent maine shales of the
Shortland shalglSOEP 1997)The Logan Canyon comprises four members, which in
descending order, are the Marmora, Salfleee, and Naskapi. These members represent
alternating regressive (Marmora and Cree) and transgressive (Sable and Naskapi)
successions

During the Late Cretaceous, the region was undergoing the final stages of passive
margin development, and a marine tregression deposited the Petrel limestone.
Following this was the deep water deposition of shales of the Dawson Canyon
Formation, then chalky limestosef the Wyandot Formation. Finally, this was all capped

by deposition of the Paleogene and Neogene Bemmgau Formation clasti¢SOEP 1997)
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3.3:  Hydrocarbon Sources & Trapping

The shales of the Verrill Canyon Formation are the distal maqonevalents of the
Mic Mac and Missisauga formations, and are regarded as the most likely hydrocarbon (gas
and condensate) source for the Sable Subbasin petroleum system. The shales are type Il
source rocks, meaning they are generally sourced from plaatenal and were likely
deposited in a terrestrial depositional environmdgMcCarthy et al. 2011)he shales are

described as gagrone, lipidpoor, and as having low total organic content (TOC).
During and after dposition of the Mic Mac and Missisauga formations, growth

faulting due to sediment loading waactive, resulting in the formation of rollover

anticlines angotential traps for migrating hydrocarborfgigure 3.3
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Figure3.3: Development of growth faults leading to formation of anticlinal trap struct
(SOEP 1997)

30



3.4: Previous Work- Excess fessure

The gas arumulations in theSable 8bbasnh occur in hydropressured and excess
pressured reservoirs. Excgaessured reservoirs are defined as those with a subsurface
pore-fluid pressure greater than thoseith hydrostatic pressure (see Chapter 2 for more
detail on subsurface pressure). The shalldvissisauga Formatiomeservoirs of the
Venture and South Venture fields are hydropressured, while the deep reseniding
same formatiorare excespressured Excespressure in the subbasin is suspected to be
a resultof compaction disequilibrium and gas generatidiowever, multiple theories
have been proposed and are summarized in Table 3.1.

One of the first studies focused @xcesgpressure in the Sable Subbasin studied
the Venture gas fiel@Mudford and Best 1989 he authors observed that pore pressure
increases correlated with low permeability shale beds (permeability less th&tnid).
Through a 1D (one dimensional) model of siqgtase pore pressure development, the
concluded that disequilibrium compaction was the primary causexaessressure in
the gas field.

In 1991, more 1D modelling was completed on the Scotian Shelf and results were
then compared to results from the North Sea and Gulf Coast (considerednagaly
analogous)Mudford et al. 1991) Permeability measureents on the shales returned
results of approximately 1% m? for effective pressures between J@O0 ¢ 60,000 kPa.
The comparison of models from the tlraegions showed poor agreememtjth the
Scotian Shelf modelled pressuiresver thanthose of the othe two areas. In the North
Sea and Gulf Coast, rapid Neogene sedimentation and shaley Cenozoic sediments
combine to cause compactidmasedexcesgpressure formation. In contrast to the 1989
study, he difference between the and theScotian Shelfvas interpeted to suggest
mechanisms such as lateral fluid migration, mineral diagenesis, and ice loading

Following the 1D modelling in the previous two studies, 2D (two dimensional)
modelling was completed on the Venture field by Forbes, Ungerer, and Mu@fo8®)

In their study, a baskscale model was used tattempt the reconstruction of excess

pressure formation around the Venture field. The study determined that gas generation
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and lateral compression were nancontributors toexcesgpressure, while disequilibrium
compaction was again put forth as the primary mechanism.

Another study in 199fbcusedon how gas migration dynamics may have impacted
the timing of gas anaxcesspressure generatiorfWilliamson and Smyth 1992)The
researchers compared the Glenelg and Venture fields, which comprise hydropressured
and excesgressured reservoirs respectively. They completggzhdse 1D pore pressure
modelsthat showed thetwo phases of pressuring can be explained by disequilibrium
compaction with minor hydrocarbon generatiomportantly this study also noted that
major vertical growth faults may have acted as migration conduits for gas demper,
mature excesspressured reservoirs intghallower,hydropressured reservoirs. Vertical
growth faults were not observed at the Venture field; therefore, the gas was restricted to
the localizedexcesgpressured accumulations.

Yassir and Bell1994) completed a geomechanical study of the Mesozoic and
Tertiary (Cenozoic) sediments of the Scotian Shelf and identified two weak layers at depth:
(1) anexcesspressuredinterval at 4000 m depth, and2) the Argo salt. The study

determined that presentay lateral stress in sediments above #wesgpressured zone

FNBE aFftA3IySR gAGK O2yG2dzZNE 2F SljdzZ f LINBEa & dz

S R 3 $hey concluded that the rocks of theadBian Shelf are trying to slide down over
the weakexcesspressured unit but are unable tdo so because dhe shape of the
basement structure, thereby increasing the overburden load.

Williamson (1995)reexamined theexcess pressuseof the Sable Subbasin in order
to better understand the relationship between the burial, thermal, and maturation
history, and how these affected the pressure history. Simple 1D maturity and pore
pressure reconstructions wercompleted and calibrated (where possible) to published
maturity, temperatures, and pressures. The reconstructions assumed that compaction
disequilibrium and gas generation were the primaxcesspressure mechanisms. The
study concluded that the basin e rocks underwent rapid (rifelated) subsidence
leading to early maturity and gas generation. The rapid subsidence and ongoing

sedimentation resulted in compaction disequilibrium and early onsexeesgpressure.
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The study also noted that the modelgere particularly sensitive to the assumed seal
permeability profiles, and that using present seal permeabilities does not necessarily
accurately reflect the permeability evolution of the subbasin.
In 2003, the variable behavior ekcesgpressure on thécotian Shelf wastudied
to determine if there were correlation between excesspressure occurrences and
magnitude, top (depth) of onset, burial depth, maturity, and formatigvdelens 2003)
Several important conclusions aboexcesgpressure on the Scotian Shelf were reached:
1 Excesgressures are not present in all wells
Are generally at similar magnitudes and depthviglls from the same field

Do not appear related to particular formation(s)

1
1
1 Do not appear in the same formation in adjacent wells
1 Do not appear related to burial depth

1 Do not appear related to formation temperature

1

Do not consistently have indications ofirgline logs

The study suggested several potengatesgpressure mechanisms on the Scotian Shelf,
including fluid volume increase, mineral transformation, and hydrocarbon generation;
they also discounted compaction disequilibrium as a mechanism. Oné&eofmost
important conclusions reached was the acknowledgement of the lack of knowledge
surrounding the role ofdults, recognizing that further research was required

Most recently, 1D thermaiodellingwas completed on the South Venture50
well to exanine thermal maturity of known and suspected source rofk&ng et al.
2016) The researchers concluded that a late stage increase in basinal headiftowy
the Paleogene provided the best between simulated resultand measured dat#or
temperature and vitrinite reflectance. This thermal input caused a second phase of
hydrocarbon generation in the South Venture field, which could serve as a potential

pressure source for the Sable Subbgsiigure 34).
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Table 3.1: Summary efxcesgpressure theories for the Sable SubbdBiorbes et al. 1992; Jansa and Urrea 1990; Mudford and Best
1989; Mudford et al. 1991; Mukhopadhyay 1993; Wielens 2003; Williarh885; Williamson and Smyth 1992; Wong et al. 2016; Yassir
and Bell 1994)

Disequilibrium (Late) Migration | Lateral Mineral Growth Huid
Compaction | Hydrocarbon| at Depth Fluid | Diagenesis Loading| Fault | Volume
Generation Migration Conduits| Increase

1989 | Mudford & Best X
1990 | Urrea& Jansa X X
1991 | Mudford,
Gradstein, Katsube X X X
& Best

1992 | Forbes, Ungerger,
& Mudford

1992 | Williamson &
Smyth

1993 | Mukhopadhyay
1994 | Yassir &Bell

1995 | Williamson X
2003 | Wielens

2016 | Wong, Skinner,
Richards, Silva, (0]
Morrison, & Wach

XXX X| X
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3.5:  Reservoir Stratigraphy

In the Sable Subbasin, reservoirs are stratigraphically located withirlabe
JurassidVlic Mac andEarly CretaceaMissisauga formations. They comprise deltaic to
shallow marine sand deposits of the Sable Delta complex. The delta complex was
deposited over approximately 50 million years, and over pl@god the delta advanced
and retreatedmultiple times in a generally nortBouth direction. The delta complex
consists of stacked successions of coarseomgard cycles, and is thickest in the
Thebaud and Venture field areéSOEP 1997)

Gas has become trapped where thasea working system of reservequality
lithology,source rocksseal lithology (shales and limestones), and structures. The seaward
margin of the delta complehaslow (1585 to 30:70 but superior saneto-shale ratio for
trapping gas due to the interfingering of the deltaic sands with-gietia and marine
shales. Moving upward stratigraphically through the delta complex, the -saustiale
ratio increases. As aesult of syndepositional growth faulting, thdithologic
biostratigraphic, and sequence stratigrapbarrelation of reservoir intervals between the
gas fields of the Sable Subbasin is complicated. This complexity also means a standard
nomenclature forthe sands between the fields does not exist, and each field has its own
classification systertSOEP 1997)

3.6: Reservoir Sedimentology

The resevoir flow units primarily comprise progradational sasldale cycles that
range from 1650 m thick in anngupward cycles formed as a result of the delta
progradation and lobe avulsion. The reservoir sands are generally located at the top of
the cyclesand belong to one of three depositional facies: shelf and strand plain, delta
plain, and valleyill (SOEP 1997)The facies are distinglied based on lithology,
sedimentary structures, and relationships with adjacent units. The shelf and strand plain
and the delta plain facies are both interpreted as being deposited in a reRedyy
deltaic system; it was tidal and wave dominated with Idtavial influences. The valley fill

facies are interpreted as being deposited in valley systems that incised into the underlying
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delta sediments; vallefill facies sediments were deposited in tideminated estuarine
conditions(SOEP 1997)

3.7:  Field Descriptions
This section gives a brief summary of the two develofedmercial Discoveries

(Venture and South Venturdields) and three undevebped Significant Discoveries

(Arcadia, Citnalta, and Uniackelds) that form the focus of this thes{Eigure 3%).

276000 280000 281000 288000 300000 304000

280000 284000 9; 961 300000 304000

Figure3.5: Location of the gas fields within the model area (purple outline). Nott
the developed fields (Venture and South Venture) are indicated in red, wh
undeveloped fields (Uniacke, Citnalta, Arcadia, and West Ventoee)ndicated il
orange.

3.7.1: Venture Field
The Venture structure is a rollover anticline located on the hanging watl @st
west trendinglistric growth fault. The anticline structure is approximately 12 km long and

3 km wide, with two crests and associated sad@©®EP 1997)he discovery well fahis
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field was Venture 23, drilledin 1979on the Venture structure crestith gas discovered
in multiple sandstone horizons, both hydropressured ardesgressured. Following the
discovery well, four more wells were drilled to delineate the discoy¥gnture B13, B
43, B52, and H22). The delineation wells were drilled deeper than the discovery well,
and successfully confirmed the presence of deepacéspressured) gas. The reservoir
horizons of the field are continuous and can be correlatedulioall of the wells.

The Venture Field reservoir sands are Late Jurassic to Early Cretaceous, and are
stratigraphically within the Mic Mac and lower Missisauga formati@spectively The
upper reservoir horizons are hydropressured, while the deepsemgir horizons are
excesspressured. The reservoir sandstones are stacked alternating sandstones, shales,
and limestones. The limestes encountered in all wellre laterally extensive(flooding
surfaces) and are the most useful seismic markers to ridite the fields ad individual
sand pools
3.7.2: South Venture Field

The discovery well for this field was South Ventur8991982) which was drilled
on a low relief rollover anticline on the hanging wall of a bounding-e&st trending
growth fault. Gas arumulations were encountered in stacked sandstone horizons that
were hydropressured aneixcesgpressured. The South Venture structure is approximately
8 km long and 3 km widend is bounded to the north by the Venture FiERDEP 1997)

The South Venture reservoir sands are also Late Jurassic to Early Cretaceous, and
are assigned to the Mic Mac and lower Missisauga formations. The sands®er®oirs
are interbedded with shales, siltstones, and limestones.
3.7.3: Arcadia Field

The Arcadia Field was discovereglthe Arcadia <16 wellin 1983 that testeda
large rollover anticline structure on the hanging wall of a growth fault. There were six gas
bearing excesspressured reservoir sands identified, and all are within the Mic Mac
Formation(Smith et al. 2014; SOEP 199Me sands are equivalent to the Venture field
to the south, although correlations can be challenging across bloeder faults. The
reservoir sands comprise stacked deltaic and shoreface sand sequences that interfinger
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with prodelta and marine shalesnd intermittent limestones(Smith et al. 2014 The
shales and limestones serve as top seals.
3.7.4: Citnalta Field

The Citnalta Field was discovernedl974with the Citnalta 459 wellthat drilled a
large,salt-cored rollover anticline on the hanging wall of a nebbunding fault(Smith et
al. 2014; SOEP 1997Frive gabearing accumulations were encountered, and are
stratigraphically located within the Early Cretaceous to Late Jurassic lower Missisauga and
Late Jurassic upper Mic lé&ormationsrespectivelySmith et al. 2014 Unlike the Arcadia
Field, the gas reservoirs of the Citnalta Field are hstaitacallypressured. The reservoirs
sands comprise deltaic and shoreface sands capped with prodelta and maaies #iat
act as seals.
3.7.5: Uniacke Field

The Uniacke Field was discovered in 1983 with the Unia€k2 \@ell, which was
drilled on a rollover anticline on the hanging wall of a growth fébifhith et al. 2014)The
reservoir horizons aretratigraphically within the Late Jurassic Mic Mac Formation. The
reservoirs of the Uniacke Field are highkcesspressured and comprise sequences of
interfingred deltaic, strandplain, and shoreface sands with prodelta and marine shales
(SOEP 1997)
3.7.6: West Venture Field

The West Venture Field was discovered in 1984 with the deviated West Venture
G62 well. The well was drilled on a rollovertiahne immediately west of the Venture
Field and shares the same notbounding fault{Smith et al. 2014)The reservoir sands of
the West Venture Field are lateral equivalents of the Venture field stmtise east in
the lower Missiauga Formatiorand are allexcesspressured. The reserveseal pairs

comprise deltaic and strandplain cycleghin prodeltaand marine shales.
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Chapter 4: Datasets & Background

4.1: Datasets

4.1.1: Well Data

A total of ZZ wells were used for this study, with an empha8ist on the
exploration wellghen the production wellgfAppendix A The well logs were provided by
Divestco as digital .LAS files with multiple logging spigedtogether. Deviation and
checkshosurveys were acquired from Natural Resources Canada dAS#N Database,
and incorporated with the .LAS files. The lithology data e@satedfrom CanStratand
also added to the projectThe \ (Volume of Shale) log used for a calculatased
lithology log was provided by committee member Mr. Bill Richamisd was not
calculated as a part of this project.
4.1.2: Pressure Data

Many of the wells had pressure measurements collected during drilling or before
production to determine if gas accumulations were commelgialable The pressure
data is available in the &l history reports for each wedirchivedby the CNSOPBut has
been digitized and made available on the BASIN Database where it was downloaded from
for this project A detailed table is available &ppendix B.
4.1.3: Seismic Data

The ExxonMobilMegaMerge 3D asmic volume was used to determine the
reservoir connectivity, andxcess pressurdissipation and distribution in the study area.
The MegaMerge 3D seismic volume is a combination of multiptging vintage and
operator 3D surveys processed and mergedfdom one large survey. The volume was
donated to Dalhousie University by ExxonMobil poicessing, therefore the raw data

was not available for analysis or to determine the effect of processing.
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4.2: Seismic Interpretation Background

4.2.1: Reflection Seismology

Reflection seismology is a geophysical exploration technique, and uses the
principles of seismology to estimate subsurface properties from reflected seismic waves.
Seismic waves are mechanical disturbances that travel through the subsurface at a
velocity controlled by the acoustic impedance (1) of the medium. Acoustic impedance is
defined by thevelocity and density of a ro¢Burger et al. 200§)Equation 4.1)

(I
Equation4.l: | O2dzAGA 0 AYLISRIYOS o6LUO A& I LINRRdzOU
(Burger et al. 2006)

When the seismic wave encounters an interface between materials that have
different acoustic impedances, part of the wave energy will refract through and part will
reflect off the inteface¢ producing a seismic reflectiofriure 4.2 The strength of the
impedance contrast is related to the difference in the materials at the interface, and the

larger the contrast the stronger the seismic reflection (reflection coefficient).

Incident
Wave Interface
Interface Acoustic Impedance
A Profiles

Layer 1 =v,p,

or

Layer3=v,0,

Figure4.2: Diagram demonstrating the variances in acoustic impedance as seismic
encounter a stratigraphic boundaghristians 2015)
The refection coefficienis determined by the impedance contra&iquation 4.2
w r'—, PALSTAY
AT
Equation4d2: wS Tt SOGA2y O02STFAOmI Wik édre the aBdjgdit (G A 2 v
impedance for layers 1 and 2 respecti@yrger et al. 2006)
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4.2.2: Seismic Resolution

Resdution is the ability to distinguish between objects, and in seismic is
considered in both the vertical and lateral directions. If a unit is not sufficiently thick or
laterally extensive then it will be difficult (or impossible) to visualizeuh# as aclear
reflection. ismic depth is measured in milliseconds tway travel time (TWT), which is
the length of time the sound wave takes to travel from the soufaesurface)to the
interface and return toa receiver. As the depth increases, the frequeméythe sound
decreaseslue to attenuationand the velocity and wavelength increase. This means that
the resolution will decrease with increased depth. Seismic resolution is a function of the
dominant wavelength, which is in turn a result of the relatiopshbetween velocity and

frequency Equation 4.3

< [-
F

Equation4.3Y 52YAY Il yd ¢l @St Sy3aJGdK o<0 Aa | NBad
frequency (fBurger et al. 2006)

42.2.1: Vertical Resolution

Vertical resolution refers to how far apart two interfaces must be in order to
distinguish separate redctions from them, or how thick a unit must be to allow individual
reflections from the top and botton(Sheriff 1992) In order for two closely spaced
reflective interfaces to be discriminated, the minimum thickness is etuat of the

dominant wavelength (tuning thicknesgduation 4.4.
A p < < . p
+ SNI A O f awSézfdzuxzy r

EquationddY +SNIAOIf wSazfdziAz2y Aa | NBBydt G 27F
(Sheriff 1992)

Seismic velocity in sedimentary rocks generally ranges froa 208 to 5000 m/s,
and increases with depth due to compaction. Standard seismic frequencies used in data
acquisition range from & 100 Hz, and higher frequencies with shorter wavelengths
provide better resolution (vertical and lateral). In industry, desgjuisition isa priority

therefore frequencies generally range from @60 Hz, with dominant wavelengths from
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40 ¢ 250 m. Based on Equation 5.4, this would give a vertical seismic resolutiongof 10
62.5m

4.2.2.2: Horizontal Resolution

The horizontal resolubin is described by the Fresnel zone, which is a frequency
and range dependent area of a reflector from which most of the energy of a reflection is
returned and arrival times vary by less than half a period from the dicsustic signal
arrival (Figure 4.3 (Equation 45) (Mondol 2010) In 3D seismic, the Fredneone is

circular, and any features thaixtend beyond the zone will be visible.
Source

v

Figure4.3: Fresnel zone in 3D seismic, with diametér A> RSLIGK (G2 Ay SN
g @St SyaidK o <0 del e SetaintinesIhe anhimumkd@nenSiohBeatyies
that can be resolve@Mondol 2010)

nop

C NXa yl/er@fE‘

Equationd.5: The size ofthe Fresin 1T 2y S A& RS G SNWxepth Rtinked §KS
(T), and frequency (fMondol 2010)

The size of the Fresheone can be reducetirough migration of the seismic data
to focus the energy spreagireflections that were misaligned due to dip are rearranged
and reflection patterns from points and edges are remd. This will reduce the Fredne

zone to approximately ¥4 of the dominant vedength Equation 4.5.
7
C NB¥a ys zﬁ‘;f?s r

Equationd.6: The size of the Fredrzone aftemigration (Mondol 2010)
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4.2.3: Seismic Stratigraphy

{ SAAYAO AUGNFGAINYLIKE Aa (GKS aGailddzRe 27
Ay GdSNLINEBGSR T iEtohumaed dl. 397X) RefleRtionierminations (onlap,
downlap, toplap, ancerosionaltruncation) define seismisequence boundariesHigure
4.4) (Mitchum et al. 1977)A seismic equence is a relatively conformable succession
bounded by unconformities or sequence boundari€atuneanu et al. 2009%equence
stratigraphy is the study a succession of strata deposited during a full cycle of change in
accommodation space or sediment supyatuneanu etal. 2009) Seismic facies are
recognized based on their reflection configuration (geometry), strengtia, continuity
(Figure 4.5 The identification and interpretation of seismic reflectiprend their
relationship to interpreted lithologies and facigdentified in wells,is critical for

recognizing depositional environments.

Figured.4: Reflection termination patterns (A) onlap, (B) downlap, (C) toplap, ¢Bipaal
truncation(Mitchum et al. 1977)
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Figure4.5: Reflection configurations (A) divergent, (B) concordant, (Gpardilel, (D)
progradational, (E) chaotic, (F) hummocky, (G) hyperbolic, (H) climbing waves, (I)
accretionary channel, (J) eahdill channel(Mitchum et al. 1977)

4.2.4: 3D Seismic Surveys

3D seismic surveys began in the midpt N Qa & |y RBR&IsiOSYSy i
surveys. In a 3D marine survey, data are acquired by survey vessels that traverse the
designated area of the ocean following a series of parallel lines. The shooting direction is
the inlinetrack, and the perpendicular direction is theosslinadirection; when combined
these form a grid, allowing the data to form a 3D volufi®ndol 2010) The vessels trail
airgun arrays and hydrophone streams. The airgun array comprises airguns that fire
simultaneously every -0 seconds; the hydrophone steams comprise a group of
hydrophones connected in series to eliminate surface noise and provide on@cé#isce.

In modern 3D seismic surveys, more than 100,000 traces may be recorded for a

single seismic channel. Traces are gathered into comoetirgather bins (x and y values
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are shot point distances, z value is sample) with an assigned trace (Yalioraz 2008)
Bins allow data to be viewed in any orientation the user desires as vertical transects:
inline, crossline, or composite line (a line of any direction determined by theqset
constrained to the inline or crossline). 3D sws@areanexpansion on 2Burveys as they
allow the user to view data on theane, which is the horizontal plar{eloser to and
further away from the user location)
4.2.5: Methods for Viewing 3D Seismic Data

3D seismic surveys comprise a volume (or cubeylaif, therefore various
YSGK2Ra |fft26 (GKS AYGSNIINBGSNI G2 aaf A0St
information. The most common methods are vertical seismic sections and horizontal time
slices. Vertical seismic sections can be viewed in any dire¢idine, crossline, or
composite), and provide a cross sectitype view. These sections are used to determine
morphology and seismic facies of the volume. Features that are too subtle to identify in
vertical sections are often better identified in hasi#tal time slices, which are parallel to

TWT (or depth if the volume has been converted).

4.2.6: Seismic Attributes

Seismic attributes are derived from seismic measurements and include: time,
amplitude, attenuation, and frequency. The attributes can be extraciedg a horizon
or within a defined polygon (2D area). Reflection amplitude is a measure of the strength
and polarity of a reflection, and depends on the acoustic impedance contrasts between
adjacent lithological units. Amplitude is a raniqueattribute; therefore, it is important
to remember that different geologic conditions can generate similar amplitudes. In-multi
channel seismic data, amplitude is most strongly influenced by contrasts in porosity, bed
thickness, and fluid contenfMitchum et al. 1977) Reflection magnitude is similar to
amplitude but does not hee the associated phase informatiethis means that it is the

absolute value of amplitude.
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4.3: Well Log Interpretation Background

4.3.1: Gamma Ray

Gamma ray logging tools measure the (natural) radioactivity of rocks in the
borehole, and intensity is given in AmenicPetroleum Institute units (ARBsquith and
Krygowski 2004)Normally shales will hav@gher gamma emissions than sandstones or
limestones due to their higher proportioaf clay minerals thahave an attraction for
elements with radioactive isotopes. For this reason, the gamma ray log can be (and is
often) used to distinguish shale from nshale, and can be used to calculate the volume
of shale (W).

In this study, gamma ray logs were used for correlation and interpretation
purposes. Generally, the shape of the gamma ray curve can be used to identifgigeain
trends, with funnelshaped curves indicating coarsening upwards while {sélhped
curves indicating finingpwards. In turn, these trends can be used to infer depositional
environmentg(Shanmugan et al. 1995} are should be taken with this approach as a high
fraction of feldspars omicas in sands can increase the gamma emissions (due to their

potassium content) than a more siliceous sand.

4.3.2: Density

Density logging tools measure the bulk density of tbenbinedmatrix and pore
filling fluids of the borehole rocks. The todiembard theformation at the wellbore wall
with gamma rays from eadioactivesource (typically cesiurh37) and then measures the
attenuation of the gamma rays as they are received at the detsctdsquith and
Krygowski 2004)The amount of attenuatiofreduced number of gamma rays returned
to the detectors relative to the amount originating at the sourisllirectly related to the
electron density of the formatiortife combination of matrix and porélling fluids), which
is in turna close approximation for the actual formation density. The greater the electron
density of the formation, the greater thettenuation of the gamma rays; therefore,
denser formations will have greater attenuation and less dense formation will have
smaller attenuation(Asquith and Krygowski 20040 normal pressured regimethe

density of shale increases with depth (compaciiemgely associated with pore water IQss
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so the density log will measure progressivelyhieigshale densities with deptiHowever,

in excess pressutkregimes, increased pore flur@tention can reduce the density of
shales (from what they would be in a normal pressured regime) causing the tool to
measure lowedensityvaluesg this is called aeversal. In this studygontinuousdensity

profiles were one of two main inputs used ¢generate synthetic seismograms.

4.3.3: Resistivity

Resistivity logging tools measure the electrical resistivity of formations in the
borehole, and measurements are expressadohm/m?/m. Electrical resistivity is the
inverse of conductivity and measures the ability of a rock to impede electrical current
flow. The total resistivity of a rock (matrix and pore fluid) is determig@ahinantlyby the
resistivity of the pore fluidsind the formation factoAsquith and Krygowski 2004)his
is because contributions to @@mbined total resistivity reading are largely those of the
lessresistive (more conductive) pore fluidswhen all available components are added
together on a parallel basis.

The formation factor is a value representing tb@ncentrationof the pores ad
their connectivity. Rocks that are porous but with I@ermeabilitywill have a higher
formation factor because the electrical currefiow will be impeded contributing to
higher total rock resistivityThe salinity of the fluid in the pore space has targest
impact on the total resistivityg highly saline waters will have a lower resistivity as
electrical currents are easily transmitted. Hydrocarbons are natural insulators (low in ion
content) and will have higher resistivity as electrical curremésrat readily transmitted.
In this study, resistivity logs were used for correlatiang to identify fluid contacts
4.3.4: Sonic

Sonic (also calleaicoustic) logging tools measure the acoustic interval transit time
(in microseconds per foot or microseconds peter) orslownes®f rock in the borehole.
The sonic log measure the length of time required for a sound pulse to travel from a source
at one end of a sonde, through the borehole and formation, and reach the receiver at the
other end of the sond€Asquith and Krygowski 2004)terval transit time is the inverse
of the velocity, therefore theyreater the interval transit time, the slower the formation
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velocity. Interval transit time is the sum time a sound wave spends in the matrix and fluid
of a rock, hence it is related to the porosity of the rock. As porosity is increased, the
velocity decrases and interval transit time increases; this is because the sound wave is
spending a greater amount of time in fluids, whithnsmit acoustic signals at (usually)
slower velocities than through the rock matrix. In this study, continuous sonic logs were
used for correlations and as the more important of the two possible contributing log

curves in the generation of synthetic seismograms

4.3.5: Lithology

Continuous ithology logs(versus depthlused in this study we generated by
Canadian Stratigraphic Servid@900) Ltd(¢CanStrat) by analyzing cuttings from wells
using petrographic methodsCuttings are particles of rock that are produced in the
borehole as the drill cuts downward; the cuttings are circulated up and out of the borehole
with the circulating dll mud, where they are passed through the shale shaker and
samples areisually aggregatedpproximately every 5m of drilled section.

In the processused by CanStrat cuttings were washed and driednd then
examined at a high level of detail (as compateda wellsite description). Data on the
following attributeswere collected: major rock type and percentage, grain size, rounding
and sorting of clastic grains, accessory rock types and percentages, porosity type and
percentage, oil staining, fluorescenaerineral occurrence, and fossil type and percentage.
This data has been digitized into .LAS fdes later time byCanStrat and these were
subsequenthimported into Petrel for wells in this study. The major rock type attribute
was used for correlationand interpretation.

4.3.6: Checkshot Surveys

Checkshot surveys are a type of borehbsed seismic data that are designed to
measure the seismic travel time from the surface to a known depkfis provides a time
depth pair. This data allows depths along therehole to be converted to TWT and
displayed against timbased data (i.e. seismic). Ws#ismic ties were established for this

study using the checkshot data.
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4.3.7: Synthetic Seismograms

Synthetic seismograms are used to correlate seismic data with borehtde The
velocity data of the sonic log and the dendifgta of the densityog are used to generate
asynthetic seismic trace that closely approximates a trace from a seismic line that passes
close toor through the location othe well in which the logsvere acquired. The Petrel
software computes an acoustic impedance curve from the sonic log velocities and density
logdata; the acoustic impedance curve is then used to compute reflection coefficients at
interfaces between contrasting velocities. The refien coefficient is covolved with a

selected wavelet to produce the synthetic seismogram.
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Chapter 5: Methods

Theoverallworkflow for this study can be divided intbree linkedworkflows
(1) pressure workflow
(2) geocellular model workflow

(3) interpretation workflow.

Theobjective of these workflows are to populate a geocellular model (2) with lithologies
and excesseservoirpressures (1) so the controls on excess pressure distribution can be
interpreted (3). The initial hypothesis tisat excess pressure inopous and pemeable
reservoirs regardless of its generation mechanisjnis controlled by the connectivity (or
lack of connectivity) of those reservoi’s 3D geocellular model that captures structural
and stratigraphic architecture, lithology and pressure data d@ninterpreted to
determinewhere excess pressuraay beentering the system, how it moves through the
4840SYZ YR 6KSNB Al SEAGA (KS aeaiSvyo L¥F
data, eachreservoirwould show pressure increases as a functiérdepth rendered as
gradational changes ithe colour of the model (and colours that are not unique to each
reservoi). Theadvantage of populating the model with a single number and single colour
(if there is no measurement error and density is const@éthere should be no variation

in each aquifer excess pressure; in practice averaging of measured values is required.

5.1: Pressure Workflow

The pressure data were downloaded for each well from Natural Resources
Iyl REFEQAa 2yt AyS . ! {Lbm&haster&xca Spreddgheet forf 18183 S R
drill stem test (DST), repeat formation test (RFT), leak off test (LOT), and well kick (WK)
data (Figure 5.1YAppendix B). Mud weight measurements were not included; although
they do provide a rough upper limit on psage, they are not a direct measurement of
formation pressure. The pressure data were reviewed and poor quality data points were
removed from the dataset before further analysis; poor quality data points included
values that were related to unstable flospercharging or dry tes{go numerical criteria
applied)
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comprising all wells. Pressure dawere inspected on this cross section and by pressure
depth plots and excess presstilepth plots in Excel to identify flow units and their
bounding well tops and bases. The well tops and bases were subsequently correlated on
all wells and are consistemtith flow units in the BASIN database and the Sable Offshore
Energy Corporation Development Plan Application (1997). Flow units are reservoir zones,
sometimes comprising multiple sandstones that contain fluids on the same water o
hydrocarbon pressurgradent (ie. common excess aquifer pressure) and can also be
RSAONAOSR |a WLINBaadz2NE Ofeltbiis hidil fo yinitsivere 2 NJ W L.
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Pressure Analysis
Well Log Analysis Results from Model
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Figure5.1: Pressure workflow summarizing processes used to integratesure dat
from wells with geocellular model. Legend for workflow in box. More detail on mo
process available in Sectibr2: and Figure5.2.

At this pointin the workflow,the aquifer excess presre (XSP) data in Excel and
GKS tSGUNBtun WgStt LRAY(G RI dgrdphicanfivdls okilbwdS v 2 (i
units. This wasubsequenthachieved by generating a zone log from the well tops folder,

which was then used to automatically assighoavfunit or stratigraphic attributed in the
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well point data set. The excess pressure data was then exported to Excel, averaged, and
imported to the geocellular model.

Excess pressw@epth plots were inspected in Excel to determine the average
pressure foreach flow unit in each segment (segments identified in geocellular model
workflow below). Although production well data was available from ten wells (the
Venture O32 wells (7 total) and South Venture6P wells (3 total)), they were not
included when detrminingpressureaverages unless they were the only data available
for a particular flow unit. This is becauseaither pressure depletion due tproduction
or lack of reliable well surveys in wells. The excess pressure averages were exported to
t S (i Nddreate an excess pressure index for geometnuatelling Average excess
pressure data was used as geometrical modelling requires a single input (excess pressure

value) per flow unit per segment.

5.2: GeocellulaModel and Interpretation Workflow

Theintegrated geocellular modeand interpretationworkflow isin Figure5.2:

Well Tops
Deviation & Checkshot Surveys & —
Synthetic Seismograms

Flow Units

r——————

Scale Up
Lithology Log

Juxtaposed Lithology
Leak Points

Fault Plane Profiles

Pressure Analysis
Well Log Analysis Results from Model
Seismic Analysis

Figure5.2: Geocellular modelling and interpretation workflow summarizing integrati
well log, seismic, and pressure data to examine fault juxtapositions in the study ar
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5.2.1: Well Topand Well Ties

Initial well tops were downloaded as lithostratigraphic picks from Megural
wSaz2dz2NOSa /Iyl RI Q&a, aAd/areAbysBan worK Hy ihe 8plerétdrsd I a S
and/or the Geological Survey of Canada. Well tops from the BASIN database included main
formations and members, and production sands (where available). The well tops were
AYLR2NI SR Ayd2 0K Spdat& @ndBdrreted tdNERII8 &105s the siudyS v
area.

Deviation and checkshot data were also downloaded from the BASIN database for
each well. Deviation files provided correct well paths, which was important for the well
tie process and horizon interpretation on the seisahata. The wells in the study area are
predominantly vertical as thegre exploration wells; exceptions are the production wells
these are devated to reach intended targetsnaximize production capabilitiesand
minimize total development cost by drilnfrom central preestablished locations to
reduce subsequent individual well tie costs Checkshot data from the BASIN database
was initially used to complete the tirde-depth conversion of the wells, however the
data proved unreliable for several welo the original checkshot data in the well reports
was reviewed and digitized instead.

Synthetic seismogramsere generated from the sonic log and density log. An
acoustic impedance log was generated and used to compute the reflection coefficient,
whichwas convolved with a Ricker wavelet (30 Hz) to generate the synthetic seismogram
(for examplewell section for South Venture-&0 available inFigure5.3).

The checkshot data wenesed to display the (deptbased) wells on the (he-
based) seismic sections. The well tops and synthetic seismograms were displayed on the
inline and crossline sectisn The synthetic seismogram was compared to the underlying
seismic data to assess the goodness ofifithe well tops plotted in the cmect location
(seismic reflector interpreted as the matching horizon) then the well was left as is. If the
well tops plotted incorrectly (seismic reflector not interpreted as the matching horizon)

then the checkshot data @re reviewed and adjustetb crede a better fit.
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Figure5.3: Synthetic seismogm workflow for South Venture-89 with measured dep
(track 1), tweway travel time (track 2), lithology based on CanStrat petrographic ar
(track 3), gamma ray log (track 4), sonic / acoustic log (track 5), density log (tr
acoustic impedancérack 7), reflection coefficient (track 8), and synthetic seismo
with bitmap and wiggle trace (track 8).

5.2.2: Flow Units
Production sand tops were provided from the BASIN Database for several of the
wells. These were then reviewed and adjusted where necessary to improve their fit with

the well log data.
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Theflow units werethen correlated to wdls that did not contain the units. To
better constrain the flow unitsthe tops of the underlyinghale units that separate the
sands werecorrelated This allowed the pressure data for the different flow units to be

identified in the higher permeable usiduring geometrical modelling

5.2.3: Horizon Interpetation

Horizon interpretation was completed on vertical seismic sections using a
combination of manual picking, autotracking (automatically tracks a horizon along a
seismic profile in 2D), and autopickingi@matically tracks a horizon along a given area
in 3D). The horizons werigentified via checkshot corrected synthetic seismograms
Horizon interpretation was completed after fault interpretation tnable precise,
accurate horizon terminations at faulignes.Twenty seismic markers were correlated
from the Middle Jurassic to Upper Cretaceous succession in the studyyangagest to
oldest)

Table5.1: Seismic markers correlated in study area with estimgealogical age based
on the Scotian Basin lithostratigraphic chart and stratigraphic relationships.

Wyandot Formation WYA Late Cretaceous
Petrel Member PET Late Cretaceous
Naskapi Member NSK Early Cretacaas
O Marker OMK Early Cretaceous
South Venture Sand 0 SV0 Early Cretaceous
South Venture Sand 6 SV6 Early Cretaceous
Venture Sand 2 Canyon Base SST2b Late Jurassic
Venture Sand 2 SST2 Late Jurassic

3 Limestone 3LST Late Jurassic

6 Limestone 6 LST Late Jurassic

9 Limestone 9LST Late Jurassic

Y Limestone Y LST Late Jurassic

Z Limestone ZLST Late Jurassic
Citnalta Top Carbonate Envelope CIT TCE LateJurassic
Citnalta Bottom Carbonate Envelope | CIT BCE LateJurassic
Penobscot Top Carbonate Enysdo PEN TCE LateJurassic
Penobscot Bottom Carbonate Enveloj PEN BCE LateJurassic
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The limestone horizonare laterally continuous, and are interpreted as marine
flooding surfaces. Theyere correlated first across the study area, based on the wérk o
Wade and MacLean (1990) (Figure 5.4). These were then used to establish reservoir
correlations between the fields. The limestones were interpreted as having downslope
tongues coming off the main reef, which have edges thatrsezhave influenced where

listric faulting occurred potentially due to lithological heterogeneity.
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Figure5.4: Diagram illustrating the stratigraphic discontinuity of the Abenaki Form
due 1 listric faulting near Sable Islafid/ade and MacLean 1990)

TOP<OOW

The autotracking procesgquired activating the desired seismic horizon in the
input window and choosing the 2D autotracking mode in the seismic interpretation
process tool. In theeismic intepretation window, a seed point veagenerated by clicking
on the given seismic reflection where the horizmas interpreted The software tracs
the horizon for as far as possible within that seismic interpretation window. Seed
confidencewas @ntrolled by the interpreter, and is independent for each horizon; for
this study confidence was kept between @.6.8 (60¢ 80 %). Autotracked horizons were
used to generate horizon interpretation grids (every tenth inline and crossline), and were
extensvely reviewed, compared, and corrected to ensure accuracy.

Autopicking was used to fill in the autotracked interpretation grid, which serve

as the seed points for the autotracking. The autotracking process involves activating the
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desired seismic horizom the input window and choosing the 3D autotracking mode in
the seismic interpretation process tool. Seed confidence is controlled by the interpreter,
and is independent for each horizon; for this study confidence was kept betwe&r0(B6
(60 ¢ 80 %).Autotracked horizons were used to generate horizon surfaces, and were
extensively reviewed, compared, and corrected to ensure accuracy.
5.2.4: Fault Interpretation

The faults were interpreted on the seismic data by identification of vertical offset

sub-horizontd seismic reflectiong inline and crossline sectioSigure 55).

IL 7910 7910 7910 7910 7910 7910 7910 7910 7910 7910
XL 1380 1406 1432 1460 1512 1540 1566 1592 1620
1

Figure5.5: Seismic section demonstrating thertical offset of suihorizontal seism
reflections that were used to identify and map faults within the study area Vertica
in ms TWT, with 5X vertical exaggeration.

Within the study area, 83 faults were interpreted, of which 72 were within the
model boundary polygon and were used to generate the fault model. Of the 11 faults
eliminated from the modk 9 were outside the boundary and 2 were within but were
antithetic faults (see next section for further explanation).

5.2.5: Fault Model
Thefault modelboundary was definedb includethe Uniacke, Citnalta, Arcadia,

Venture, and South Venture fieldBigure 56). The fault modebnd pillar grid tools were
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used to convert the fault interpretations into the pillars that defittee 3D 1JK grithe
model is based orAn IJK 3D grid was generated (as opposed to a XYZ, which is based on
the Cartesian systemgnd thenthe fault interpretations were converted into the grid
using the fault model tool. Once the fault model was created, the faults were extended to
a top limitdefined by the O Marker horizoand bottom limit of -4500 ms by cutting or
extending the pillarsAfter this, the faults were individually reviewed in a 3D window to
make corrections where:

(a) faults crossed will cause problems with later gridding processes

(b) faults were distorted pillars have been deformed during transformation into

the fault model
(c) antithetic faults- because of software limitationsyill cause problems with the

later gridding process.

Faults in (a) and (b) above had the pillar structures corrected, reviewed in a 2D
interpretation window to ensure a good fit to the seismic data, aethputinto the fault
model (Figure 5.7)faults in category (c) were removed@irends were added to the end of
selected faults within the fault model to isolate segmerftifferent fields) These
segments allow for the creation of Fault Plane Profiles (RBR®mpare fault juxtaposed

permeable units.

60



X-axis
250000 255000 260000 265000 270000 275000 280000 285000 290000 295000 300000 305000

250000 255000 260000 265000 270000 275000 280000 285000 290000 295000 300000 305000
X-axis

Figure5.6: Faults (white) modied within the study area (grey outline) and model :
(purple outline). Also shown are trend lines (green dashed lines) used to isolate s:
for later fault plane profiling.
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Figure5.7: 3D fault interpretation model within the study area (grey outline) and v
area (purple outline) with labelled wells and corresponding well trajectories.
generally trend southwestortheast to westeast. XY grid for scale is based on UTM
21 and is in meters. Z axis is tifhased and units are ms TWT. 5X vertical exaggel
has been applied. View is from south to north.

5.2.6: Pillar Gridding

Once the fault model was constructed and reviewed, pillar gridding was
completed. Pillar gridding is the process of using the faults in the fault model as the basis
for generating the 3D grid for the remaining modellifiche gridding process first created
a 2D skeleton gri¢ho zvalues)etween the midpoints of key pillars; the top and bottom
grids were then generated from the top and bottom poiraé the key pillars. The
geocellular grid is further distorted from a Cartesgaid when horizons and zones are put
in. This creates cells whose grid boundaries are defined by faults and horizons so that fluid
flow calculations are accurate and efficientith a Cartesian syste, the cells would have

beenprohibitivelysmall and computationally intensive.
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Problems in the fault model that were not visible at the fault model stage were
identified and corrected, then the pillar gridding was repeated; this process was
completed iteatively until a pillar grid of good quality and high cell orthogonality was
generated.

5.2.7: HorizonsModelling

Thed YI 1 S K protish way éopleted following pillar griddimginputting
the seismic interpretations for each horizon. Each horizon type ¢corable, erosional,
or base) was assigned before the horizons were creéfadle 5.2 The horizons were
modelled across all the segments.

Table5.2: Input summary for horizon modelling

OMK O Marker Conformable
SVO South Venture 0 Sand Conformable
SV6 South Venture 6 Sand Conformable
SST2 Canyon Top| Sandstone 2 Canyon Top Erosional
SST2 Canyon Bas( Sandstone 2 Canyon Base Erosional
3LST 3 Limestone Conformable
6 LST 6 Limestone Conformable
9LST 9 Limestone Conformable
9LSTb 9 Limestone Base Erosional

Y LST YLimestone Conformable
Y LST Base YLimestoneBase Erosional
ZLST Z Limestone Conformable
Z LSBase Z Limestondase Erosional
CIT TCE Citnalta Top Carbona Envelope Conformable
CIT BCE Citnalta Bottom Carbonate Envelope | Erosional
PEN TCE Penobscot Top Carbonate Envelope | Conformable
PEN BCE Penobscot Bottom Carbonate Enveloj Erosional
-4250 Surface at4250 ms Base

The distance to fault was set to @3n, which determines the distance that the
horizon interpretations are ignored and the horizon is extrapolated to the fault ptane

this provides for a cleaner model nearer the faults.
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5.2.8: Zone Modelling

Zones were inherently generated between the horizonkJizi
K2NAT 2y &a¢ LINROS&aarT

subdivision- subzones- at the flow unit level were achieved usitigK S

tops are extrapolated between the stratigraphic intervalee zones were built from the
base horizon with proportionally equal volume corrections and the thickness calculation

set to True Vertical Thickness (TVTable 5.3below summarizes the stratigraphic

intervals and corresponding zones modelled.

Table5.3: Zore Index for each stratigraphic interval, including average lithology (based on

iKSaS AYAGALT

CanStratlata, and depositional enviroment andseismic interpretation)

f2ySa
aylr 18

process with thawvell tops as input and several choices tgagithm as to how the wells

O Marker- South Venture Sand 0 | OMK Limestone
0OMK- SV@E UNI 1 SST Sandstone
UNI 1 SH Shale
UNI 2 SST Sandstone
UNI 2 SH Shale
UNI 3 SST Sandstone
UNI 3 SH Shale
South Venture Sand-Bouth SVO Sandstone
Venture Sand 6 SH SVO0 Shale
a{ x{ntcé SH 2 SV0 Shale
Svi Sandstone
SH SV1 Shale
Sv2 Sandstone
SH SV2 Shale
SH SV2 Hot Shale
Sv3 Sandstone
SH SV3 Shale
SV4A Sandstone
SH SV4A Shale
SVv4B Sandstone
SH SVv4B Shale
Sv4C Sandstone
SH Sv4C Shale
SH 2 Sv4C Shale
Sv4D Sandstone
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South Venture Sand-Bouth SH Sv4D Shale
Venture Sand 6 SV4E Sandstone
a{ x{ntcé¢ SH SV4E Shaé
(continued) SV5 Sandstone
SH SV5 Shale
South Venture Sand-65and 2 SV6 Sandstone
Canyon Top SH SV6 Shale
af{ x{c{¢H /I ye2z2y (SsT1 Sandstone
CIT ZONE 1 Sandstone
SHSST1 Shale
B43 ST SST Sandstone
SH B43 ST SST Shale
STSST?2 Sandstone
SHST SST 2 Shale
B13 ST SST Sandstone
SH B13 ST SST Shale
Sand 2 Canyon Tegpand 2 Canyon Base Shale
0SST2 Canyon TeST2 Canyon Base
Sand 2 Canyon Bas8 Limestone | SST2 Sandstone
0SST2 Canyon Basg LST CIT ZONE 2 Sandstone
SH SST2 Shde
SSTA Sandstone
SH SST A Shale
SSTB Sandstone
SHSSTB Shale
SSTC Sandstone
SHSSTC Shale
Sv7 Sandstone
SH Sv7 Shale
3 Limestone 6 Limestone 3 LST Limestone
0B LSF6 LSE SST 3 Sandstone
SH SST 3 Shale
SST 4A Sandstone
SST 4B Sandstone
SH SST 4B Shale
SST 4C Sandstone
SH SST 4C Shale
SST 4D Sandstone
SH SST 4D Shale
SST5 Sandstone
SH SST5 Shale
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6 Limestone 9 Limestone 6 LST Limestone

ac p{ ¢ { ¢ ¢ SST 6 Sandstone
SH SST 6 Shale
SST7 Sandstone
SHSST7 Shale
SST 8 Sandstone
SH SST 8 Shale

9 Limestone 9 Limestone Base Limestone

0 LST9 LST Base

9 Limestone Y Limestone SST9 Sandstone

ap [{¢ .[H&aE SH SST 9 Shale
SST 10 Sand#one
SH SST 10 Shale
SST 11 Sandstone
SH SST 11 Shale
SST 12 Sandstone
SH SST 12 Shale
SST 13 Sandstone
SH SST 13 Shale

Y Limestone Y Limestone Base Limestone

aY LSTY LST Base

Y Limestone Bas€&Z Limestone CIT ZQE 3 Sandstone

aY LST Base LST CIT ZONE 3 SH Shale
CIT ZONE 4 Sandstone
CIT ZONE 4 SH Shale

Z Limestone Z Limestone Base Limestone

OZ LSTZLST Base

Z Limestone BaseCitnalta Top CIT ZONE 5 Sandstone

Carbonate Envelope ARC ZONE 1 Sardstone

OZ LST BaseCIT TGE ARC ZONE 2 Sandstone
ARC ZONE 3 Sandstone
ARC ZONE 4 Sandstone
CIT ZONE 5 SH Shale
ARC ZONE 5 Sandstone
ARC ZONE 6 Sandstone
CIT ZONE 6 Sandstone
CIT ZONE 6 SH Shale
CIT ZONE 7 Sandstone
CIT ZONE 7 SH Shale
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Citnalta Top Carbonate Envelope| CIT LST TCE Limestone
Citnalta Base Carbonate Envelop{ CIT LST SH Shale
a/ Le¢e-/¢l9 ./ 9¢ CITLST 2 Limestone
CIT LST 2 SH Shale
Citnalta Base Carbonate Envelop({ CIT Zone 8 Sandstone & Shale
Penobscot Top Carbotea CIT Zone 8 SH Shale
Envelope CIT Zone 9 Sandstone
a/ L¢-t 9/b9 ¢/ 9¢ CIT Zone 9 SH Shale
CIT Zone 10 Sandstone
Citnalta Base Carbonate Envelop| CITZone 10 SLT Siltstone
Penobscot Top Carbonate CIT Zone 11 Sandstone
Envelope
a/ L¢-t 9/b9 ¢/ 9¢
(continued)
Penobscot Top Carbonate Enveleg&enobscot Base Limestone
Carbonate Envelope
OPEN TCEPEN BGE
Penobscot Base Carbonate Envelefeirface at4250 ms| Shale
OPEN BCE4250 Basé

5.3: Geometrical (Properas)

Geometrical modelling was used to generate properties (fault, zones, and pressure
indices) using predefined system variables.
5.3.1: Zonesindex

A zone index was generated using the geometrical modelling tool, which allowed
for the creation of a discrete praty were the cells were assigned to a value according
to their zone This allowed the model to be displayed or filtered based on the zone(s) of
interest.
5.3.2: Pressurdndex

A pressure index was generated using the geometrical modelling tool, which
allowed fa the formationof a discrete property Wwere the cells were assigned a pressure
value (the average pressure for the flow unit in that zone) according to the zone and
segment(Appendix C)This allowed the model tbe displayed or filtered based on the
zong(s) and segment(s) of interest, which was especially important in creating tlee FPP
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5.4: Facies Model

Facies modellingo assess variations in permeability across the madglires
upscaling of the lithology logrirst, he petrofaciedog was calculated with the software,
and is basedonth€anStrat A 1 K2f 23& 233X (KS RSyaArde 213

statement Equation 5.1 was used to determine thgetrofaciesbased on these logs:

LITH = If (Lithology CS =27, 7, If (Lithology CS = 26 s9<0.58 Ad DEN
>2.55, 5, If (%4 <0.5 And DEN > 2.5, 4, I§{¥0.6 And DEN >1, 3, IfsgV
>0.5, 2, If (V> 0.65, 1, 0)))))))

Equation5.1: Petrofacies log (LITH) calculation, where Lithology QGRBeisanStre
lithology log; ¥his the shale volume log; and DEN is the density log. See Table
correlation between equation, CanStrat lithology code, and facies calculated.

Table5.4: Correlation between Equation 5.CanStratcode and lithology, and calculated
petrofacies.

Limestone
Lithology CS =27, 7 27 Limestone | (useCanStratdo not
calculate)
Marlstone
Lithology_CS = 26, 9 26 Marlstone | (useCanStratdo not
calculate)
Ven<0.55 And DEN >2.55,5|  n/a n/a T'grg Sa”dF &HS"IA:
Vsn<0.5 And DEN > 2.5, 4 n/a n/a {IYR 3 9% {
Vsh<0.6 And DEN >1, 3 n/a n/a { YR %),
Vsh>0.5, 2 n/a n/a Shale
Vsh>0.65,1, 0 n/a n/a Shale

This equation allowed for sipetrofaciesto be assigned (1) limestones, (2)
marlsi 2y Saz 600 GAIKG alyR | yR &N0G0 0.0 fnd YRO X
and (6) shale. These lithologies approximate different permeability redieesuse there

is (in a general sense) a direct relationship between increasing porosityesnekability
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Although a more accurate determination of permeability is possible (through various
methods), it was beyond the scope of this project to do so.

Layers were then addeth each stratigraphic intervadf the mode| creating
enough layers so thaach would be approximately 2 ms thidkhe calculated lithology
f23 gra GKSy dz2JaOlf SR Ay SIOK AYyuSNBIt ol &
method, where the program will select the value that is most represented in the log for a
particularcell (in terms of MD length) and assign it to the cell.

Finally, the facies modelling tool wasedto integrate the upscaled lithology logs
(discrete data) into the geocellular modes$ing astochasticmethod calledd & S1lj dzSy G A | £
AY RA O (i 2 NFaierch diiatigraphie igtérval, the facies to be included in the zone
were selected and the sequential indicator simulation method was selected. This method
created a stochastic distribution of thepetrofacies property using the pralefined
histogram, whilehonouring directional settings and extensional trends. The tool also runs
a parallel deterministic algorithm that populates the model through indicator kriging,
where values are optimally interpolated based on regression against observed values of

surrourding data points and weighted according to spatial covariance.

5.5: Data Organization and Presentatiofor Interpretation

5.5.1: Databases and Spreadsheets
The data analyzed argknerated during this thesis were organized and displayed
to facilitate their interpretaton. Data organization includes the creation of several
databases thatcaptured original data from the sourcesand results as they were
generated from the various analysis steps discussed above. Maintaining databases for the
analysis results was especialtyportant as it allowed for comparisons between earlier
and later iterations, enabling the effect of qualitative choices to be evalu@athbases
(and associated spreadsheets) created include
1 Well Database
o .LAS files
o Core logging program

0 Bit size andtasing program
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0 Checkshot surveys
o Deviation surveys
o Lthology logs
1 Well Tops Database
o BASIN database formation well tops (based on multiple interpreters)
o BASIN database production well tafiimsed on multiple operators)
o Formationwell tops (adjsted/correded for this study)
o Flow unit well tops (a result of this thesis)
o t SINRPY2Ru ¢Sttt G2L1 oF NBadA i 2F GKA
al. 2016)
0 Excess pressure well tops (data sourced from pressure analysis Excel
spreadsheet)
1 Pressure Database:
o Individual pressure data for each well (as downloaded from the BASIN
online database)
o All Excel spreadsheets generated during pressure data analysis

M Seismic Horizon Database:

o

Interpretation faults
0 Interpretation of carbonates
0 Interpretation of VentureField
0 Interpretation of model area
o Interpretation of entire study area
1 Geocellular Model Database:
o 3D grid model (with zones, flow units, and pressure datégrsions 1 to 5
o 3D grid (with zones, flow units, and pressure dat&)nal (Version 6)
o Fault Model(with faults, trends, boundary Final (Version 5)
o 3D grid (with zones and facies datgyersions 1 to 3

o 3D grid (with zones and facies datgyinal (Version 4)
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5.5.2: Excess Pressui@epth Plots

Pressuredepth plots are a powerful and effective method for visuatiza range
of pressure data for interpretation of fractures pressures and gradient(s), fluid type(s),
fluid pressures, hydrocarbewater contacts,and reservoir connectivity. For this thesis,
excess pressurdepth plots were generated to enable comparisafithe excess pressure
to depth for observable correlations and trends, with the data classified by flow ltnit.
was important to identify the data points based on flow unit to assess reservoir
connectivity, as location of changes in pressure gradient$ mwagnitude of excess
pressure relate to changes in rock properties (primarily permeability), which are linked to
stratigraphy and lithologyThese plots were produced after the pressure data had
undergone extensive review and were created for each fraddvidually and all the fields
combined. Overlapping pressures from two or more wells, or pressure plotting on a

common fluid gradientan beindicators of reservoir connectivity.

5.5.3: Fault Plane Profiles

Fault plane profilegFPPs) are cross sections of dtfalanethat show both the
hanging wall and footwall cutoff@Allan 1989) FPPs are an important tool for prospect
assessment and for understanding seal behavior in fields. A FPP shows what is juxtaposed
across the fault, demonstrating areas of sssahd and sandhale juxaposition and
defining potential faukkdependent leak points. Juxtaposed lithology leak points (JLLPS)
identify where hydrocarbons may cross leak from the footwall into the hanging wall. The
leak is assumed to occur along the entire length of the ssard juxtaposition. There
were two types of FPPs generated, the first were based on flow units to highlight
permeable units, and the second were filtered on only flowtsumiith recorded pressure
data.

The excess pressure data was populated into the resenafithe appropriate
segments of the model to generate a 3D visualization of the reservoir pressure and fluid
systems across the area. The FPPs were regenerated for both faults based on the excess
pressure data to provide insight on the effectiveness @& jlixtaposition connectias

from a pressure perspectivd he lack of data in mamgservoirs(no data, poor quality
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data, or not collected within a particular block) is an acknowledged, unresolvable
limitation of the analysis. It is reasonable to assumat taxcess pressure and fluids are
migrating through these units based on juxtapasit connections in other faults or top
seal transmissibility.
5.5.4: Seismic Cross Sections

Composite (nbinline or crossline) seismic cross sections were generated through
the model area, across the expansion trend, to assess the reservoir connectivity and
identify potential pressure migration pathways. The cross sections were generated with
three different properties: (1) flow units, (2) excess pressure results, and (3) fasidisre
These cross sections were thexaminedfor lateral and vertical reservoir fluid and
pressure migration opportunitieshat could rationalize the current excess pressure

distribution in the Sable Subbasin model area.

72



Chapter 6: Results and Discussion

At depth, hydrocarbonreservoirsand associated aquifersf the Sable Subbasin
are observed to be atxtremelyhigh excess pressuresterpreted hereas a combined
result of ongoindhydrocarbongeneration(Wong et al. 2016and isolation of reservoir
compartments(observed in the sulegional geocellulamodel presented here One
means of pessuregeneration is vidhe reservoir fluidvolume increase associated with
conversion of kerogen to hydrocarbs (Barker 1990; Tissoét al. 1987) Ongoing
hydrocarbongenerationoccurs in the mature to overmature shales tlesiclosepressure
compartments at depth within each fault block / expansion trend. Other mechanisms for
pressure generation ardescribed(Forbes et al. 1992; Jansa and Urrea 1990; Mudford
and Best 1989; Mudford et al. 1991; Wielens 2003; Williamson 1995; Williamson and
Smyth 1992; Yassir and Bell 199t none aresuggested to occuecenty in the Scotian
Basinand so ae inconsistent with the linbed capacity of thin topseals ithe Sable
Subbasin to retain pressure over more thians of thousands ofears &ccording to seal
leak ratesfrom Deming (1994pand permeabilities fromMudford and Best (1989%nd
Mudford et al. (1991) Pressure release through seals (W by mechanical leak,
Darcytype flow of water, or flow of gas once capillary entry pressure of seals is exceeded)
is interpreted based on the Deming (1994) paper to be geologically rapid requiring a
recent source of pressure to maintain the pressurbseayved here.

Migration out of the deepest, highest pressure compartments at leak off pressures
occurs via mechanical leak through seals (based on observed LOP data in excess pressure
depth plots) or byslow Darcytype flow of water through sealsPressue compartments
at depth are also isolated in each fault block / expansion trend by a combination of
faulting, deposition in a distal setting, and diagenesis. Referring tese¢ismic transect
(Figure6.1) from the geocellular modé and well datajn each fault block / expansion
trend, netto-gross ratios increase upwards, reflecting progradation of the shetf the
offset of each major listric fault (that separate expansion trends / major fault blocks) and
internal blocks (withifault blocks) diminishes. Based on the model and subsequent fault

plane profiles,
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cross fault juxtaposition of permeable pressure cells becomes increasingly common
upward until the unfaulted higimet-to-gross sands of the Missisauga interval whieré
connectivity between sands is interpreteddocur by occasional cross fault juxtapositions
and erosional incision of sands into each other. This pattern of connectivity pathways
observed in each fault block / expansion trend allows for the dispefsatcess pressure
within the modeled area and this forms a template for how pressure dissipation may occur
throughout the basin.

In the deep reservoir compartments, especially those located distally wetch
expansion trend, excess pressure is retdinatil it exceeds the (mechanical) seal capacity
of the enclosing shale®\ssuming pressure influx exceeds pressure outflux via gvey
flow, oncethe pressure has reachadechanical seal capacjtgither new fractures are
generated orexisting fractues may be opened (or a combination of both) within the top
seals otocally for very limited distances &ults. As the fluids escap#ids migrate out
and pressure is releasadtil the fractures close; if pressure generation is ongoing, this
process my repeat. Thidnterpretation is supported by observations in thexcess
pressuredepth plots from the study area, where pressures in the d@egeservoir
compartments ot near to leakoff pressures

Excess pressuris released from théeepest reservas followingmechanicakeal
failure as either water or gas escape. Alternatively, pressure can be released when water
escapes via Dardype flow below leak off pressures, and pressure can also be released
when gas accumulates to the point where buoyasggeeds the capillary entry pressure
and gas can flow through the topseal by multiphase D#ypg flow. Fluids,
predominantly water and gasnigrate upwards through fault juxtaposition connections
of permeable stratawith gas subsequently fillingtructural highswithin each pressure
cell. Eventually, gas and displaced water reteh shallower, hydrostatically pressured
reservoirswhere they cannot increase reservoir fluid pressure because of dpan
unlimited volume system (reservoir units subcrop t@af@or approximately 75 km to

northeast)
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A key observation in the wells and propagated through the model is trgel
pressure differences are observed across the juxtaposition connedigingen pressure
OStfta oO6Ay GKS AydSNIR {6 KRRNERSSY (RKOE  @teSrals v
RSONBI a8a¢ Ay SEOS&aa LINB&a&adz2NB dzLls | NRa | NB
This threefold segregation of pressure distribution (and mechanisms) is seen in each fault
block and partially reflects Dovéné (@390)observations regarding the behavior of faults
in fluid and pressure connectivity. The impedance of fluid movement and pressure release
at intermediate depths in the Sable Subbasin requires ongoing presgslux(from either
deeper strata or shales enclosing the saratg) some inhibition that is interpreted to be
either the result of low transmissibility fault juxtapositions windowsvieen permeable
pressure cells or reduction of permeability distally within each expansion trend (rapid
distal degradationis observed in each fault block via well control and/or seismic
amplitudes)c or both. Development of faulinaterialsuch as gougegemented sands, or
fine-grained material as a result of cataclasis may impede Egp®/flow to water across
juxtaposition windows or may form a capillary seal to hydrocarbons. The result may be
slow ongoing leak of water or episodic or ongoing leak ordwarbons across capillary
seals.

The excess pressudepth plot from the Venture fieldthis also has the most
pressure @dta points of the fields included this study)best exemplifies the excess
pressure systems of the Sable Subbasin, where large yreesteps can be observed
between the majorreservoirs(Figure6.2). Individualreservoirs having distinct pressure
characteristicare plottedin clearly separate groupings whiteultiple reservoirs having
similar reservoir presse valuesplot along commonexcess pressure/depthrends
inferring connectivity. Majorreservoirsinclude (from deep/highest excess pressure to
shallow/hydrostatic pressure): Sand § $and 10, Sand@Sand 6, Sand&Sand 4, Sand
3, Sand C, Sand Bnp8&, and Sand 2.

The South Venture excess pressuttepth plot also shows large pressure steps
between the major reservoirs, however there are significantly fewer data points collected

in the deeper excess pressured system than in the Venture Hiagplir€ 6.3). The
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hydropressured system3750 to-4250 m TVDSS) has multiple data points plotting along

a common gradient, inferring connectivity is presehiis may infer a shared water leg,

but the gas legs off of this may not be agommunication with each othe\Vithin the
deeper excess pressured system, there are only six data points, however, four of the six
plot along a common pressure/depth trend, again inferring connectivitys could imply

a more worthwhile exploration targedue to implied larger reservoir size.

The remaining fields (south to north), Arcadia, Citnalta, and Uniacke, do not have
as many data points as the Venture and South Venture fields, therefore their individual
excesspressuredepth plots wereless informéive about their individual (fault block /
expansion trend) pressure systeidgppendix D)Data from theall five fields wee plotted
as a single excess pressudepth plot (Figure 6.4), which enabled reasonable
extrapolation of tends between the five fields. The data from the Arcadia, Citnalta, and
Uniacke fields plots well within the data from the Venture and South Venture fields, with
a few anomalies (from the Uniacke field) plotting beyond the fracture gradhethie deep
Gt $ 2FFé LINBRek dzblB possiblé réaSoris for this)there is a problem
with the data or the tests used to gather the measureme(®sthey are perfectly valid
and correct measurements that are possible due to uniquely strong seal lithslabie
to retain significantly higher pressures than would be normally expected at that dégth
perhaps the fracture gradient is not a hard linear relationship, rather it is more of a diffuse
zone that is more influenced by geology than previously camed.

Three pressure systems are observed in the excess predspté plot for all the
FTAStRaY om0 akKlIff26SNI KERNRAaAGIGAO LINBaadaNBI
pressured. Multiple data points sourced from different fields plot alongymon excess
pressuredepth trends, inferring that there is not only connectivity within individual fault
blocks but between the fatiblocks of the expansion tren@onsequently, it is reasonable
that observations and interpretations regarding fluid aptessure migration through
cross fault jutaposition windows in the datach Venture and South Venture blocks (11
and 4 wells respectively) can be applied to the gab@r Arcadia, Citnalta, and Uniacke

blocks (1 well in each).
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In order to investigate the juxtapositional relationships between pressaiés,
fault plane profiles were analyzed to examine connectivity between permeable strata.
Fault plane profiles (FPPs) for two faults have been selectemhétursionin this thesis
(although could be generated for any fault within the model area): Ventui8 Brestal
fault, and Venture F22 splay fault. The Venture B faultoccurs within the Venture field
where the fault provides opportunities fdituids and associategressire to migrate
vertically from deeper to shallower pressure systems while staying within the Tiakl.
Venture H22 splay faulalso occurs within the Venturfeeld; however,this fault is one of
a series that link pressure cells / flow unitsioé¢ Ventue field expansion trend.

The FPP for the VentureIB crestal faulteservoirgflow units) demonstrates the
juxtaposition of the permeable units within the field. The fault does not have a large delta
throw at the top, but the throw does increase with gkl with greater throw observed by
the juxtaposition of the deeper unitgigure6.5). The FPP for the Venture22 splay fault
reservoirsdemonstrates similar juxtaposition of the permeable units as seen in the
Venture B13, however the overall throw of the fault is larger than théenture B13
crestal faultwith more juxtaposition connections between different units across the fault
(Figure6.6). The Venture F22 fault is a splay off the larger South We&e bounding fault
that separates the South Venture field from the Venture field, therefore it is reasonable
that the fault has a higher delta throw. The juxtaposition connections for bothSaauk
simplifiedand comparedn Figure6.7.

The FPPs for both the VenturelB crestal fault and Venture-BR splay fault
demonstrate numerous juxtaposition connections between (stratigraphically) deeper and
shallower reservoirs. When the same FPPs are instead viewed with the pressure data
(associated with the reservoirs), it is immediately apparent that there are juxtaposition
connections between excess pressured reservoirs and hydrostatic pressured reservoirs
(Figure 6.8 and Figure 6.9 respectively). This again supports the conclusion that these
juxtaposition windows provide opportunities for the deeper excess pressured systems to
SlidAft AN GS flFraGSNIfte yR OSNIAOLfte&e oeé
fault(s).
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