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Flow Unit Characterizationf the EarlyCretaceous Missisauga
Formation UsingCores From The Venture B3 Well

By Lori Manoukian

Abstract

Reservoir characterization through the idemtiftion of flow units is an important step in
resolving challenges faced in the production of oil and gas. This study investigated the vertical variations
in reservoir qualityand heterogeneityof the Lower Missisauga Formatigrenetrated by the Venture B
13 Well of the Sable Subbasin, offshore Nova Scotia.

Core logging, thin section afysis permeabilityand porositydatawere usedo: 1) identify
lithofacies and microlithofacies withithe Venture B13 Well 2) identify and analyse factors thigtad to
reservoir heterogeneity, an8) recognize vertical permeability variatioftow units could be defined
on the basis of measurements of permeability and porosity corresponding to grain size, bioturbation,
lithology, cementation, and clay content. A segoiantitative system was designed to allow the factors
to be rated relative to each otheApplication alloved for detection of potential flow units and their
individual strengths.

TheLower Missisauga Formatia@t Venture B13 corresponds tdour depositioral
environmentsLithofacies 1 consists of oolitic limestoirgerpreted to be of ashallowmarinesub+tidal
zone. Microlithofacies subgroups lithofacies 1 include ib-oosparite and obiosparite. Facies 2
contains shales @n interpretedshallow marinesetting Lithofacies 3comprisesnterbeddedsandstone
andshaleof a tideinfluencednearshore shallownarine settingLithofacies 4 consists crossratified
calcareous and micaceous sandstoned#positional environmenis interpreted as dow-energy
shoreface Associated microlithofacies range from medigmained sandstone to fine grained siltith a
slight variation in mineralogyA steadyincrease in porosity and permeability values from lithofacies 1 to
4 is observedi-acies 4 micaceous sandstarigave the highest potential for reservoir rocks.

Fifty-six potential flow unit@nd 48 major flow unitswere identified witha wide range of
preferential flow valuesChanges in permeability and porosity are attributed to a change in depositional
environment, diagenetic processes and activity of pateganismsEnhanced flow unit definitionould
allow for strategic drilling in order to improve long term hydrocarbon production rates.

Keywords Lower Missisauga Formation, Sable Subbasin, Offshara Slmotia, permeability, diagenesis,
lithofacies, microlithofacies.



Chapter 1

1.1Introduction
The study area of this projectlscated inthe Scotian Basin, specificatlye Sable Subasin

located offshore of Nova Scotia (Figl). The ScotiaBasinwas a sediment depositional center during
the Mesozoi@and Cenozoi@ndis a 125 to 2251k wide continental margifWade & MacLean, 1990
In terms of scale e Scotian Basin covers an area of approximately 300 0GQkgset al., 2005). Gas
productionby ExxonMobil's Sable Offshore Energy Project (SOEP) in the Sable Subbasin comes from five
fields: Thebaud, Venture, Nortfiriumph, South Venturegnd Alma. Theskeldscontain a significant
amount ofnaturalgas and crude oil (Mukhopadhyayal., 2003).To date a total of 205 wells have
been drilled in the Scotian Basin: 1&4ploration 27 delineation, 51 production, and 5 exploration /
developmentor other types (CNSOPB, 2013)

Although approximately 75% of the original gaglace reserves discoven offshore Nova
Scotia are within the Missisauga Format{@anada Nova Scotia Offshore Petroleum Boarti3R0nly
afew researchers have studiéid sedimenblogy in great detaileg. Cummings & Arngt20035. This
thesiswill discuss and examine tlentributing factossto fluid flow characterisation anflow strength
within the Lower Missisauga FormatidBvaluation dteria to conduct this analysisicludegrain size,
permeability, bioturbation and cementatiorf-ollowing ageological overview of th8cotian Shelf and
Sable Subbasifthapter 1) critical examiation ofthe hydrocarbon reservoir characteristjcs
methodology for flow unit analysisthoroughly explainedChapter 2) Core lithofacies and thin section
microlithofaciesare identified (Chapter 3), trace fossils and individual abundance are analysed (Chapter
4) and this informatioris used in identiicationand classi€ation offlow units within the Missisauga

Formation(Chapter 5)



1.2Problem Statement
Since 2009, gas production from tfiee SOEP fields has been in continuous de¢amada

Nova Scotia Offshore Petroleum Board130This thesispecificallyanalysa and critically assessthe
LowerMissisauga Formation at well VenturelB to highlight and resohsfundamental limitatons in
the conventionapermeability modeling workflonCore and thin sections from VenturelB are
analysed to thoroughly define and characterise flow units providing details about reservoir
characteristics and the depositional environmefiisstudyfurther servesto develop best practices for

future projects in the areas of high resolution reservoir modeling of the greater Scotian Basin.

1.3 Regional Geology
The Scotian Basin demonstratistinctivegeology that is a product of tectonic cyclicity.

Extensional faulting in this region was the result of the rifting that separated Africa from North America
during the breakup of Pangg€8able Offshore Energy, 199%his rifting was initiated approximately 225
million years ago when the region of Nowata bordered present day Morocco. Prior to the breakup of
supercontinent Pangea, Nova Scotia was located at ~15°N in aasdmsubtropical to humid climate

(Kidstonet al., 2005).
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Within the Scotian Basin, ridge and platform tectonic elements define the subsidiary subbasins

and grabens; e.g. La Have and Banquereau platforms, Orpheus Graben, and the Sable, Shelburne,

Abenaki and Laurentian subbasins (CNSOPB, 2013)nterestingly, he boundaries of thessukbasins are

thought to be rooted in oceanitacture zones (Welsingt al.,1990).

¢ N
.
5 A
\
o .
.
‘Halifax
e B .
y L4
.
.
.
+
.
. o
. . . . ¢
N
- . 0}‘.
Y S )
P » *
*of! i .
e " - v 3 £
e e
* Lo
Legend e . .
.
+  Wells .
.
@ Venture B-13 .
Land .
.
MegamergeParameters . »
0 20° 40 80 Km
° o 1 1 11 J

Legend
* Wells & A
@ \enture B-13 *
Land

MegamergeParameters

20 Kilometers

Figurel.2. Location map
for the central Scotian
Shelf, offshore Nova
Scotia.

Figurel.3.Map of Sable
Island area showing the
location of the ExxonMobi
3D seismic Megamerge,
Venture B13 and
surrounding wells.



1.4 Stratigraphy
Stratigraphic units of the Scotian Basin wérst definedby Mclver (1972). Minor changes were

made to the regional stratigraphy in 1975 at@95 byJansa and Wade (1975), Wade and MacLean
(1990) and Wadet al., (1995) CambreOrdovician metamorphosed sediments, as well as Devonian
granites form tke basement of the Scotian Shelf aM@sozoieCenozoic sedimentompose the cover
(Sable Offshore Energy, 199&he Argo and Eurydice formationere deposited during Late Triassic to
Early Jurassic and comprise maieNgporitesand siliciclastistrata. Following continental breakupift
grabenghat formed during the synrift of the Upper Triassic were subsequditiihgl with continental
clasics of the Mohican Formation and dolomitestbé Iroquois FormatioffWade and MacLean, 1990)
The Middle to Late Jurassic Abena&irmation was deposited when marine conditions were

predominant in the southwest margin amompriseseefal and platformatarbonates and shales.

During the postreakup stagethe Late Jurassic to Early CretaceblisMac, Missisauga and
Logan Canyon formations were depesitas a progradational sequen@&ade and MacLean, 1990)he
Mic Mac Formation is representative ofdtirst phase of the delta progradation. Distributary channels
and delta front sands interfinger with the ¥#l Canyon Shales (Kidstenal., 2005).The "O" Marker is
a regional seismic marker of variable thickness (up to 122 metres) composed ofsacdestiallow water
oolitic limestones and calcareous sandsto(@blISOPB, 28). It is found within the Missisauga
Formation and is relatively continuous throughout the basin, pinching out towardsditbwest The
Late Cretaceous Dawson Canyon Formagioedes and limestones areenain by the Wyandot
Formation whiclconsiss of limestone with chalk intervals. The marine shelf mudstones, shelf sands and

conglomerates forming the Banquereau Formation laterezed the Wyandot &rmation.
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1.5Mobil Texaco PEX Venture B3
Mobil Texaco PEX VenturelBwas operatel by Mobil Oil Limited ant located north

northwest2 ¥ { I 6f S LatlryR G O22NRAY | Drifirg beaganin Augusl mm dc Q¢
1980 andthe well was plugged and abandonegdFebruary 1981. The total drill@rdepth reached was

5368 m ad total logge® depth reached 5227nfour conventional cores were cintthe Missisauga

Formation (details in Table1) and stored in Calgary and at tBanada Nova Scotia Offshore Petroleum

Boards Geoscience Research Centre in Dartmouth, Nova Scotia.

Depth Recovered
Core #1 [ 4692.74710.0m 17.3m
Core #2 4710.44716.2m 5.8m
Core #3 [ 4716.24734.4m 18.0m
Core#t4 [ 4949.04967.3m 18.3m

Tablel.1 Cores of Venture B3 Well

. Depth
Formation P
Subsea (m)
Figure 1.5Formation depths in the Venture
B-13 well. Core locations are indicated by the
blue circles (Sable Offshore Energy, 1996).
Banquereau
1373
Wyandot 1482
Dawson Canyon
Upper LoganCanyon 1638
SableShale Member 1886
2033 —
Lower Logan Canyon
Haskap Shale Member 2807 =

2903

Missisauga

Corel
Core2 'Core 3
Cored

Q830 —
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Figure 1.6. Spontaneouspotential and resistivity measurementsaretiedto cores 1through 4. Spontaneous
potential curve measuresthe natural electricpotential of arock volume. It deviatestowardsthe left fromthe shale
baselinetoindicate clean sand. The resistivity of the porefluidismeasured by theselogs. Cores#l1, 2, and 3
demonstrate awetfining upward sand package with possible barriersto flow in shallower sections Core #4
demonstrateswet aggradational sandswithinterbedded shales.




1.6 Missisauga Formation

As previously mentioned, the Sable Subbasin is a Mesozoic to Cenozoic depositional center that

is part of a passivmargin basin offshor&lova ScotiaWade,1991). The VentureFieldis found in a

rollover anticline that was formed by syndepositional listric giovaultswithin this basin\Wade,1991).

Named after the North AmericaNativetribe Mississauga, the Kimmeridgian to Barremian Missisauga

Formation is bounded biyounded below and above by the Mic Mac and Logan Canyon formations
respectivelyand interfnhgers with the VerdlCanyonWade, 1991)
The Missisauga Formati@omprisesupper, middle and lower members (Wade, 1990he

Lower Missisauga Formation is analysed in detail in this thEsislower membecontains the resemir

sands of the Ventur€ield andanges from the shale beds to limestone beds of the MicMac Formation.
¢tKS YARRES YSY0o SN NI y IMasker 1o B t6p ofi B¢rSasianialanginish $halésK S

and the upper menber ranges from the top of thefmationto the base of ts & h ¢  ¥he NdinS NJb

gas reservoirs are fourttetween4406m to 5101m (Karimet al., 2011). The deeper reservoirs are

ly26y (2 068 20SNILINBIZAddNBR® ¢KS ahé al NBafeham &

limestonesand calcareous shales@dife, 1991). It is gemally found at a depth of 300 fnom the top of
the Missisauga Fmation and is about 46 thick. In the Sable Subbasin, over 2270 meters of the
Missisauga Formation have been driliacabout 200 wellsThe Missisauga Formation igoresented by
asuccessionf argillaceous sandstones that are separated by shadesiltstone beddeposited in a
deltaic depositional sequend®Villiamset al., 1985)at the terminus ofa river system drained the

northeastern part of the Canadian Shi¢WWade, 1991).

1.7 Petroleum Systentlements

1.7.1Reservoir
The main gas reservoirs of the Sable Dettaplex are within the Mic Maand Missisauga

Formations This research focuses on thewerMississauga Formatioithesandsof the Mic Mac and

ahe

NI LIN.



Missisaiga formationsvere deposited in a delta that prograded towards the soBhlfle Offshore
Energy, 1996 With change in sediment suppénd directionand relative sea level, the Sable Delta
complexvaried in morphologyandadvance and retreaed numeroudimes. Theaeservoirs show

coarseningupwardsuccessiongSable Offshore Energy, 1996

1.7.2Seals and Traps
The seals preserin the petroleum systenare Late Jurassic shales of the Mic Mac Formation,

CretaceoudNaskapi Member/Logan Canyariinations and the TertiaryBanquereau Formation. Syn
depositional listric growth faults are present throughout the Sable Subbasin creatioger anticlinal
traps. Thesesyndepositionagrowth faults were created after deposition of the Mic Mac and
Missisauga fanationsincreasing sediment loading
1.7.3Source Rocks and Migration

The source rocks of this regiane identified aghe Verrill Canyon ShaleSgble Offshore
Energy, 1996 As observed on the stratigrapldbart (Fig.1.4), these shales occur in a neodistal
marine settingo the proximal and coevdllissisauga and Mic Mac formatior8aple Offshore Energy,
1996). The Verrill Canyon Shales have low total organic content (TOC) (salaemge ~1.0%are gas
and condensatgrone and arelype Il sourceocks Mukhopahyay& Brown 2003). These source rocks
contain terrestriallyderived organic matter deposited in a slightly anaiewironment Mukhopahyay&
Brown 2003) Deepreservoirs othe Thebaud, Venture and South Venture are overpressugadble
Offshore Energy, 1996Previous researctuggestdhat there have been three stages of hydrocarbon
generation and migration at 15030 Ma, 11690 Ma, and 7660 Ma Sable Offshore Energy, 1996).
1.8Diagenesis

Diagenesis is defined as the chemical, physichiological postiepositional change that
sediments undergo at low temperatures and pressures as a result of burial and comBaiips,

2006). Porosity values decrease as a result of diagenesis and some minerals may be dissolved. In effect,
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silica oergrowths on detrital quartz grains are present throughout the Venture Field, except where
chlorite rims are present (Karirgt al., 2009).
Sandstones and siltstones of the lower Missisauga Formation have been subjected to variable
degrees of diagenesis thipores filled withillite, chlorite and carbonates reducing theiriginal porosity
and permeabilityThe processf compaction, cementation and dissolutiofithe original rock fabric
degraded thehorizontal and vertical variations in reservoir quatifithe Lower Missisauga Formation.
The products of pysical and chemical changes related to diagiswere analysed for nine
wellsandstudies have determinethe influence of cements andameworkminerals on reservoirocks
(Karimet al., 2009) They sggested, by linkingthd RA A G NA o dziA2y 2F RAFISYySGiAO0 )
FIrOASE YyR &Sljdz2SyO0S &GN GAINF LIKEE NBaSHNODKSNBR Oy
RAIFI3SYySiGAO YAYS Nand concludédhatdepoSitditablithdddcisy Bedeyal changes,
chemistry of basinal sediments and fluid flux during buwrate influencing factors of diagenedisr
offshore Nva ScotigKarimet a.l, 2009).This researcland analysis was conducted with the use of
optical petrography, baeckcattered electron images and the electron microprobe.
Higherporosityintervals were determined to be directiglated to the formation of chlorite
rims, specificlly in the Missisauga Formatidiecause they prevent silica overgrowtfdansa & Noguera,
1990). Lowerporosity in reservoirs is related to cementation by quartz, kaolinite or carbonates. In the
Sable Subdsin, siderite is abundant in carbonates and is common in prodelta féig#eto the high
amount of ironreleased whenihenite is broken down (Kin et al., 2009). Interestingly, in certain
locations siderite has contributed to the increase in porosity because it has been disaslagdsult of
diagenesisHowever, the presence of Feech carbonategprevents the formation of quartz overgrowths

during early diagenesiand may beaelated  transgressive systems tragtsarimet al., 2009).
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1.9Flow Units

Figure 1.7Image from
Mayaro Beach, Trinidad
demonstrating concept o
second order, outcrop
scale flow units. A clear
change in lithology is
observed (Modified from
Wach et al., 2007).

A flow unit is aockvolume with identifiable fluid flow chaaeristics that can be modeled
(Schlumberger, 2(@). In other words, flow units are volumes of rock that are internally consistent yet
predictably different from properties of other rock volumes. A difference in grain size, permeability,
porosity,mineraloy andbioturbationis observedbetween flow units of a reservoir. Forample, the
imagealongMayaro Beachni Trinidadof delta front and prodelta sediments of the Plioceviayaro
Formationillustrate (ig.1.7) outcrop-scale flow units that show a cleahange in grain e,

permeability and lithologyWachet al., 2007) Flow units are primarily analysed on a scale of a few
decimeters to meters (core) and are supplemented with an understanding on a much finer millimetre

scale, based on thin sections aysit.


http://www.glossary.oilfield.slb.com/Display.cfm?Term=rock

Petrophysical
Data (1storder)

Core (2 order)

Vertic‘ll Scale
3
E

E

v

pm mm m
Horizontal scale

Figurel.8. Graphical representation of flow unit scale resolution. Second order and third
order flow units will be analysed in this research. Petrophysical data is not analysed in t

thesis.

12
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Chapter 2

2.1Lithofacies
A facies is described by Reading (1978) as a body of rock with specified characteristics such as

colour, bedding, composition, sedimentary structures and fossil assemblage. A geologist must define
lithofacies objediely based on physical lithological evidence and features that may be measured
(Reading, 1978). No concrete rules exist for the selectidithofacies since variation occurs for all sets
of rocks and boundaries; however, edithofacies must be definedbjectively on observable and
measurable features. For this thedithofacies were defined within Venture B3 through core
description andnterpretations of depositional environments weneade
2.2 Core Description Analysis

Approximately 57.3 m of ¢e weredescribedat the Canada Nova Scotia Petroleum Board
Geoscience Data Centire Dartmouth, Nova Scoti&dimentary structures, ichnofacies, lithofacies and
potential flow unitswere identified Detailedphotographs of core were taken ar@brel Dravwas used
to create a graphic interpretation of the core description.

Numerousstepsarerequired to carry out a thorough description thie coresin order to
identify lithofacies and define a depositional environment. Once physical and biogenic sedimentary
structures,surfaces, grain sizandlithologywere described, lithofaciesere assigned to specific
intervals of stratgReading, 1978 Weltllog data, seismic data and trace fossils may be usefioe
and assigma depositional avironment to the lihofacies Retrogradational, progradational or
aggradationaparasequences may be identifi¢al aid in the prediction of the distribution of
depositional environments
2.3Methodology

Flow units are defined as volumes of rock that are internally consigetrredictably different

from surrounding rocks (Shepherd, 2009). Reservoir properties that influence flow units include grain
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size porosity,permeability, andithology. In thissection, the importance actachcomponentwill be
discussed with regarde their influence on identificatioand qualityof flow units.

This approach to understanding flow units was developed for this research as data were
collected and evaluated. It became apparent that flow units could be defined on the basis of
measurement®f permeability and porositgorresponding tayrain sizebioturbation, lithology,
cementation,andclay content

These data were available for specific log intervals that vassignedo sedimentological
lithofacies identified in the cores. However,arder to understand more fully the relative contributions
of numerous factors to potential fluid flow, a seqguiantitative system was designed to allow the factors
to be rated relative to each other. The numerical system set out below foLdleerMissisaiga
Formation igelative,based oranalysif the available dat&r each factor.

Specifically, this methodology is separated into two parts. The first part identifies potential flow
units and their associated depths, and the second critically evaltiagefow potential of each unit.
Values were assigned to intervals typicall¥) &2m thickness. Working upward through tleere data
allowsintervalswith strong potential changes in flow character to be identified and understood. The
methodalso allowghe thickness of flow units to be assessed.
2.3.1Ranking Potential Differences in Flow Units

Thefollowing section explains hograin size, permeabilityporosity,clay contentcementation
and bioturbationdatawere key in understandingow to differentiate flow units.These datavere
assigned valuelative to theirimpact onchange of flow unitSumming thesscores, a relative ranking
of flow units was created. T$numberindicated the relative probability dfaving different flow units in
a specificsection of the welbased on the top and lower boundany does not rank the ability of fluid to

flow in each flow unit.



2.3.1.1Permeability
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Permeability is the key factaffectingmovement of fluids through a volume of rodfor this

thesis, ermeablity wasmeasuredwith TinyRermll andvaluesof core plug permeability datiom

previous Venture B3 core analyses (Venturel® Well History Report, CNSOPB Data Management

Centre)

A histogram was created demonstrating the frequency of core plug pdritityavalues of the

Lower Missisauga Formation within Venturd B(Fig2.10 ® wl y 3S &

FaaA3dy SR

LIS NJY S I 6 TableR.liviete chbsén from this histograrfif.2.1). Units were assigned values

02

relative to the change of permeatbbjl they display. The assigned permeability values for the overlying

and underlying rock volumes were added to give a value for a specific volume of rock. A unit showing

>50mD difference in permeability with overlaying and underlying units received aafaue

12

10

Frequency
[ep)

Permeability Values Venture &3

1

Oto
0.099

0.01to 0.21t0 0.51t0o 11.1t0 1011to 50 51to 101to 151to 201to 221to
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220
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Figure2.1. Histogram of permeability values of well Venture B3.
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PERMEABILITY
Assigned value| Amount of variation in permeability
0 No variation in permeability
1 Difference of 0.01 to 0.51 mD between potential flow un
2 Difference of o 10 mD between potential flow units
3 Difference of 1150 mD between potential flow units
4 Difference of >50 mD between potential flow units

Table2.1. Permeability and assigned values for flow unit differentiation.

2.3.1.2Porosity
Porosity is thevoid space in a volume of rock and is measured higidiy the volume of void

spaceV,, by the total volume of materiaM): & ' #V,

Porosity can be described as primary, secondary, intergranular, intragranular. Intergranular
porosity means there is porig between grains whereas intragranular porogigfinesporosity inside
sedimentary grains (Ramm & Bikke,1993. Primary porosity is the original pore space created during
deposition. Secondary porosity is pore space formed as a refsgissolutionor fracturing (Ramm &
Bjorlykke, 1993. However, porosity observed in this research was primary intergranular and secondary
intergranular and intragranular. Variation of porosity in a vertical section is representative of different
flow units. A histogramvas created demonstrating the frequency of porosity values of the Lower
Missisauga Formation within VenturelB (Fig.2.2). These values were then used in assignadges for
the ranges in Table.2. Volumes of rock that show great amounts of variatinqporosity were assigned
higher values than rocks that show little variation in porositye assigned porosity values for the

overlying and underlying rock volumes were added to give a maximum value of 8 for a specific unit.
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Porosity Values Venture &3
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20
g 15
S
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0.01-0.05 0.0510.1 0.11-0.2 0.212-:0.3
Porosity Fraction

Figure2.2. Histogram of paosity values in Venture B3 well.

POROSITY
Assigned value| Amount of variation in porosity
0 No variation in porosity
1 Difference of 1 to 5 %etween potential flow units
2 Difference 05b.1 to 10%between potential flow units
3 Difference ofL1 to 20%between potential flow units
4 Difference oR21 to 30%and above between potential flow units

Table2.2. Porosity and assigned values for flow unit differentiation

2.3.1.3Grain Size
Grain size and permeability amermallycorrelated (Boggs, 2&). An increased grain size is

equivalent to an increase in permeability when cementation is not involved (Boggs, 2006). Moreover, a
change in grain size and permeability in the reservoir is indicative of change in flow unit. A greater grain

size or permehility value will yield better flow unit€rain sizeslistributionwas analysed throughout
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the Lower Missisauga Formation of Venturd Bwell and wereompared against rock type

classificationgTable2.3).

Millimeters (mm) Micrometers (um) Phi () Wentworth size class Rock type
2.00 . -1.0
Very coarse sand
1.00 - 0.0
0.50 Coarse sand Sandstone
. - - - - —_—— e 1} == — — — - - o
200 Mediumsand .};C“
0.25 T 250 2.0
Fine sand
0.125—--—--—--—125-——-——-—3.0 N
Very fine sand
0.0625 63 4.0
Coarsesilt
0031 4 = = -3] = = =50 =|= === = =
Medium silt i
0.0156= — — -15p— — — 60 —|— — — — — — % Siltstone
Finesilt
0.0078 7.8 7.0
Very finesilt
0.0039———39 — 80
=
0.00006 0.06 14.0 Clay 2 Claystone

Table2.3. UdennWentworth grain size charshowing ranges in grain size and associatedk types(Modified from Boggs,
2006)

Values from O to 4 were assigned to volumes of metktive tothe amount of grain sizehange with
bordering units A higher value is indicative of evident changerairgsize from one unit to another
(Table2.4). A value of 0 is indicative of similar grain size from unit to anofftez.assigned grain size
values for the overlying and underlying rock volume&se both added to give a vakifor a specific

volume of ro&. Therefore, a flow unit could be assigned a minimum value of 0 and a maximum of 8
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Grain size
Assignedvalue | Amount of variation in sizeclass
0 Same grain sizgop and bottom lithology)
1 Change in one sizgass
2 Change in two sizelasses
3 Change in three sizdasses
4 Change in fouor moresizeclasses

Table2.4. Grain size and assigned valufes flow unit differentiation.

2.3.1.4Lithofacies
Since he LowerMissisauga Formatiois not homogeneous, changes in lithologies must be

annaated. The assigned change in lithofacies values for the overlying and underlying rocks were added
to give a maximum value of 8 for a specific unithofacies of Venture-B3 will be further discussed in

Chapter 3.

Lithofacies
Assigned value| Change inithofacies

0 Recurring lithofaciebetween potential flow units
2 Different lithofacies below, same lithofacies on topvice versa
4 Clear change in lithofaciemtween potential flow units

Table2.5.Change in lithofacies and assigned values fomflonit differentiation

2.3.1.5Bioturbation
The bioturbation indexBl)(Fig.2.3) was usedo characterie the influence obioturbationon

potential flow unis. Degree of ariation of bioturbationbetween potential flow unitsvasassigned
values with higer numbers indicatingnincreasingchange in bioturbationThe assigned bioturbation

values for the overlying and underlying rock volumese added to give anaximumvalueof 8for a
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specific volume of rockAn inceased intensity of bioturbatiomixessand and mudaminaee, thus

bringing finer matrix into coarser beds and reducing porosity.

Bioturbation
Assigned value| Bioturbation
0 No variation in bioturbation
1 Difference of 1 Bbetween potential flow units
2 Difference of 2 Bbetween potentialflow units
3 Difference of 3 Bbetween potential flow units
4 Difference of 4 Bbetween potential flow units

Table2.6. Variation in bioturbation and assigned values for flow unit differentiation.

Grade Classification Visual Representation

/ I

0 Bioturbation Absent -

1 Sparse bioturbation, bedding distinct,
few discrete traces U

L X
Uncommon bioturbation, bedding distinct, U—Ba ‘“ U\J:

2 low trace density 1&" ®e

Moderate bioturbation, bedding boundaries *@\——U ( s —
3 sharp, traces discrete, overlap rare i— oo 9
—8 U_SU o P

3 B.sc
— Y U— e e
Common bioturbation, bedding boundaries |— - Ty — -
4 indistinct, high trace density with common o2 _ ( m

overlap Ue_p 6—;;&@%5;}#g

Figure2.3. Visual representation and classificatn bioturbation with increased grade and intensitfModified from Pearson
& Gingras, 2006
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2.3.1.6Cementation
Cementation, a diagenetic processyolves the chemical precipitation of ions forming new

crystalline material between gims(Boggs, 2006}thereby lowering porosityanB SI NI} RAy 3 Ff 26 dz
reservoir propertiesVariability of cementation leads to varying zones of permeabdigmentation

ranges were picked on the basis of average cementation values in thin sections (Chdjiera3signed

cementation values for the overlying and underlying rock volumere added to give anaximumvalue

for a specific volume of rock.

Cementation
Assigned value| Variation in cement percentage
0 No variation in percentage of cement betwepatential flow unts
1 1-10%variation of cement betweepotential flow units
2 11-20% variation of cement betwegrotential flow units
3 21-30% variation of cement betweegyotential flow units
4 X0 M2 @FNRLFGA2Y pad@tiadléwiusisi 0SS

Table2.7. Variation in cementation and assigned values for flow unit differentiation

Estimating Percentages
Throughout thin section analysis, mineral, porosity and cementation percentages were teskiwith

the use of the following chafFig. 2.4).
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Figure2.4. Chart for determining approximate modal percentages in rockBerry et al., 1955

2.3.2Rankingvalues
Once valuesvere assigned for changeén lithology, grain size, permeability, cemation,

porosityand bioturbation, theywere summedto give a value indicative of the relative ranking of a flow

unit (Table2.8). Values close td8 are indicativedefinite change ifflow units, whereas those closer to 0

indicate that there is no changd flow unitswith givendepth change

Depth

Lithology

Grain Sizeg

Porosity

Permeability

Cementation

Bioturbation

Rel. Ranking of flow
unit out of 48

Top |Bottom

Table2.8. Tabulation of flow unit ranking parameters useaf the differentiation of flow units.
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2.3.2Flow Unit Strength: Influence on Preferential Flow
The following section explains hdhe interrelationships betweengrain size, permeability,

porosity, clay content, cementation and bioturbation daita keysto understanding the strength of
flow units.Flow unit strengthis mainly controlled by permeability which is most accurately measured by
core plugsFor a totd of 57.3m of core, 2 core plug permeability measurements were tak&his
subjectis further dscussed ifChapter 5.

Generally,arge grain size, high porositgw bioturbation low clay contenand low
cementation contribute to high permeability valsiand anincreasedlow potential. Forthis research, it
was assumed that all these criteria exdly contributed in equal parts to permeability variation.
Therefore all criteria were assigned a maximum value @fidreservoir rockbave permeability
measurementgrom 100to 10,000mD, other sandstones haygermeability measurements from 1 to 10

mDand limestone$.01to 0.1mD (Bjorlykke,1993).

Pervious Semi-Pervious Impervious

Unconsolidated | Well sorted 1y, oo v and | Very fine sand, silt, loess

sand and gravel | gravel
IUnconsolidateq Peat Layered clay Unweathered clay
clay and organic

. . . Limestone i
Consolidated Highly fractured rocks Oil reservoir Sandstone Granite
rocks rocks
100,000,000- 0.001-

K(millidarcies) | 100,000 10,000-100 10-1 0.1-0.01 0.0001

Figure2.5. Permeability values assigned to specific types of rofkodified from Geomore, 2012

Areas of higher and lower permeability are identified throughout Ventuf&Bore indicative
of excellent to poor qualityflow units.Barriers to flow include interbedded shalasd stylolitic horizons.
Clay content, cementation, grain size and bioturbatiere analysed to understanthe degree of
differencebetweenadjacentrock volumesPermeability valaswere compared to values of other

parametersin order todeterminewhy differencesn flow potential exist.
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2.3.2.1Clay Content
Authigenicand detritalclays in the Missisauga Formation haestributed to the reduction oprimary

porosity (Karimet al,, 2009) Clay minerals identified in thin section incluttdorite, muscovite, biotite
Research byansa andNoguera (1990) states that kaolinite is also present; however, this was not
observed in thin sectionA rock with 100% clay content will be a yg@oor flow unit and a rock with no
clay will likely be a good flow unit. Since a maximum value of 4 and a minimum value of O can be
assigned to clay content, ranges were subdivided into five grfLgisle2.9). A higher amount of clay

corresponds ta lower assigned value.

Clay content
Assigned value| Amount of clay
0 100%80%
1 80%60%
2 60%40%
3 40%20%
4 20%0%

Table2.9. Assigned value for amount of clay for flow unit characterization.

2.3.2.2Cementation
Increased cementation decreasgorosity and permeabilityLow percentages of cementation are

assigned higher value&.rock with 100% cementation will be a very poor flow unit and a rock with no
cementation will be a good flow unit. Since a maximum value of 4 and a minimum value of O can be

assigned to cementation, ranges were subdivided into five groups (Ratig.
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Cementation
Assigned value| Amount of cementation
0 100%80%
1 80%60%
2 60%40%
3 40%20%
4 20%0%

Table2.10.Assigned values for amount of cement for flow unit charagtzation.

2.3.2.3Grain Size
An increase in grain size leads to incregsedneability.Finer particles are assigned lomealues than

coarser particles.

Grain Size
Assigned value| Grain size
0 Clay
1 Fine silt coarse silt
2 Fine sand
3 Medium sand
4 Coarse sand

Table2.11.Assigned values for grain size for flow unit characterization.

2.3.2.4Bioturbation
In marine sedimentary rocks, threémensional burrow connectivityan increas¢he amount of

fluid-flow pathways through rock (LaCrakal., 2012). However, analysis of VenturelBcoreshas
demonstrated that bioturbation has decreased permeability as a result of sediment mhdrsyich, a

higher bioturbation index has a lower assigned value.



Bioturbation

Assigned value

Bioturbation index (B)

0 4
1 3
2 2
3 1
4 0

Table2.12.Assigned values for bioturbation index for flow unit characterization.

2.3.2.5Porosity

26

Increased porosity in a volume of roe&companied by high permeability, leads to an increased

amount of peferential flow throwghthe unit. Reservoir rock porosity values range from®% Ramm

& Bjorlykke 1993. Valuesbetween 85% are considered insignificant18% poor, 1a15% fair 15-20%

goodand porosity values above 20% are considered excelléyrie, 2001)

Porosity
Assigned value| Percentage of Porosity Rank
0 0-5% Insignificant
1 5-10% Poor
2 10-15% Fair
3 15-20% Good
4 >20% Excellent

Table2.13.Assigned values for porosity for flow unit characterization.

2.3.2.6Ranking Flow Unit Strength
Once valuesvere assgned for grain size, clay content, bioturbation and cementation, these

valueswere summed taepresent the strength of a flow unit. These numbetere then conpared to

permeability values (Tab214).
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Ability to
Flow units Permeability girzaeln Porosity gﬁ}t/ent Bioturbation | Cementation I/Ivci)tvt:in
unit

Top Bottom

Table2.14. Tabulation of flow unit ranking parameters used for the differentiation of flow units. Flow unit strength criteria

are assigned values, suned, and given a value out of 20 that represents their strength as a flow unit. These numbers

then compared to average permeability value bthofacies.C2 NJ G KA & NBIlI a2y X aloAftAaGe G2 Ft26 6
values were highlighted in red.le objectiveof this research is taetermine whetherthe permeability values correlate with

quantified flow unit strengths.
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Chapter 3

3.1 Mobil Texaco Pex Venture-B3 Lithofacies:
This study integrates comescriptiong57.3 m), thin section analgs{21 thin sections) and

paleontologicatlata (details inChapter 4)Venture B13well corewasdescribed in ~3cm detaifour
specific lithofacies were identifiecharacteristicof variousdepositional settingsand sedimentary
textures and trace fossilsere noted Thin gction analysis allowed better understandingf
mineralogical composition dithofaciesand diagenesiPhotos of characteristic featur@sthin sections
were taken under [ain-polarized and crospolarizedlight. Table3.1providesdetails on each available
thin section studiedThin sections have a width of approximately 3 mm, are unstained but are
impregnated with orange epoxy to highlight porosithe following section will qualitatively analyse

identified lithofacies and ass@ted microlithofaciesn cores from theé/enture B13 well.

Sample | Core | Depth (m)
1 1 4692.2
2 1 4693

3 1 4693.64
4 1 4695.62
5 1 4698

6 1 4699.66
7 1 4703.01
8 1 4704.85
9 1 4707.40
10 1 4707.80
11 1 4708.14
12 1 4708.20
13 2 4711.40
14 2 4711.95
15 3 4716.25
16 3 4718.70
17 3 4718.75
18 3 4727.60
19 3 4730.20
20 3 4730.67
21 3 4749.76

Table3.1.Thin section sample list.
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3.1.1Thin SectiorClassification
The lithofacies identified from core analysis overlook certain characteristic microscopic features.

As such, thin sgions descriptions identifying ieroscopic features supplemesd core descriptions and
gave rise to microlithofacies assemblagiscussed y G KS F2ff26Ay 3 a@a@ish2y ® C?2
2006)for limestones was used in naming carbonate lithofadiéhere two or more of the constituents
GKEFEG F2NY GKS olara FT2NI c2f1Qa OfF&aaraFAOLGA2Yy 6SN

intraclasts(70%)and 00idg30%) are present with sparite, the lithology will be called an iotgparite.

N mmeity
Intrasparite
N\ AL
/ @)
@) R,
()
OQosparite Oomicrite
|§? =
Biomicrite
@
e
(‘\O O/D Q’*\C
Pelsparite Pelmicrite

Figue 3.1 Folk's classification chartModified from Boggs, 2006

3.2Lithofacies 1: Oolitic Limestone
Thislithofacies is composed of black, grey and dark brown oolitic limest®oended ooids of

calcium carbonate are the dominant feature of faciedl@dei of ooids are upper twer coarsegrain
sizequartz or shell fragments. Intergranular cal¢cgenall amount®f detrital chlorite, and traces of
intergranular prosity are present As such, there is a strong to medium reaction with hydrochloric acid.

Crinoids, shell fragments ahaminaee are found throughout this facies.
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Figure3.2. Core photo oflithofacies 1 oolitic limestonet a depth of 4700.4m
to approximately 4700.2m.

Figure3.3. Crinoid (Q) shell fragments found in oolitic limestone layélithofacies 1)in Venture B-13 at a depth of 4700.38m
The core in this photo has been spred with water to make the shell fragments more evident. Echinoaie(Ec) spines are
evident as well.

3.2.1Thin sction analysiof faciesl

3.2.1.1Bic-oosparite
Thin sectiongrom Core Ifrom sample pointgl692.2m, 4693 m, 4695.62 m, 4698 m.

This is a sedientary rock that contains ooids (20%), shell fragments2(Z%), mud (34%),
intragranularmicritic(minor) and sparrgalcite (1535%), quartz (1:20%), chloritg0-2%), framboidal
pyrite (2%), andnuscovite (62%). Composition and ooid sigeslightlyvariable throughout four thin
sections.Calcite cement totals about 1380% representing the original volume of porosity before
cementation

Rounded to subrounded ooids are the dominant features of this microlithofacies. Concentric

layering is evident in mgt ooidsthat are typically 2mm in diameter and are cemented with sparry
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calcite. AboutLl%of the ooids display radial features yet have maintained relict concentric layering. This
is likely isopachous cementation which is representative of a seaflagedetic environmen{Boggs,
2006) Nuclei of ooids are composed of quartz or bioclastic fragments. Different shell fragments include
pelmatzoans, crinoids, foraminiferdivalves and bryozoans.
Degree of packing varies throughout the tisiection as somareas are graisuppated,
whereas others are matrigupported. Sparitcementshows two phases of formation. The firgzed
phase formed first around ooids, minerals and bioclaatal a lateccoarser phase formed within
particle voidsA minimal amourn of micrite matrixis also present. liergranular voidshat werefilled

with mudat an earlier stagavere not affected by the carbonate infiRatchy replacement of some

fossils by botryoidal or blocky calcite is evident.

™ Figure3.4.Sample 1 (Core 1, 4692.2 m)
under plainpolarized light. Foraminifera (I
is identified as a nucleus of ooidreating
intragranular poiosity. Quartz grains show
evidence forcompaction as they indent
into ooids. Micritic muds present betweer
grains. Detrital chlorite grain&C) on the
bottom right of the photo show ductile
deformation as a result of compaction.

Ooids were dissobd as a result of diagenesis but quartz grains were Bwidence for
sediment compaction is observed where quartz grains indent into the o8tgthlites, which are

carbonatedissolution features, are evident throughout the sampenimal graindistortion of platy
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minerals €hlorite, muscovitejvasalso observed. Dark micritic rims or envelopes around fossils
fragments and some detrital quartz are resultdioé micrite and sideritgpackingaround the grains
Lastly framboidalpyrite, an early diageni#c mineral commonlyccuringin anaerobic marine
sediments was abundant in thin sectiorfBoggs, 200§ It is a product of microbial reduction within

shallow buried sediments.

Figure3.5. Photo of thin ®ction under plainpolarized light (A andcrosspolarized light (B) of Sample 4 (Core 1,
4695.62n). Carbonate ooids with quartz nucle¢®)and shelly fragmentsre characteristic ofithofacies 1.A set
of stylolites,indicative of dissolution after lithfication, are identified between two blue dashed lines. Black
arrows point at partially dissolved ooids.
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Figure 3.6. Thin section under plapolarized of Sample 2 (Core 1, 4693 m) shows evident crinoid and bival
shell fragmens and intergranular sparry cement. Quartz grains and shell fragments are enclosed in a thin
of Ferich muds.

Figure3.7. Sample 4 (Core 1,
4695.62 m under plain
polarized light. Bryozoan,
bivalve and other
unidentifiable shell fragments
are observed. Miroscopic
stylolites, dissolved ooids and
guartz grains indenting into
ooids serve as evidence of mid
diagenetic stage of sample.
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3.2.1.200biosparite
Thin sectiongrom Core 1 fom sample pointg704.85m and 4711.40m

Thin sections representative of oobiosparite lithofacies have similar textures, features and
paragenesis as bioosparitemicralithofacies; however, the ooid tbioclast ratio is higherThese two
thin section are emposed of muscovite and biotite (5%), pyrite (5%), quartd(@), ooids(2@0%),
sparry intragranwdr calcite(25%xandbioclasts(5%]).he quartz grains forming the nucleus of ooids in

these thin sections are slightly larger than the-bmsparitenuclei

Figure 3.8. Thin section from a depth of 4704.85 m under plpodarized light. A bivalve she
is surrounded by <1mm quartgrains that ae enclosed by Feich muds as a result of
compaction. Sparry cement has infilled the original pore space. Lastly, the original fabric
the bivalve has been replaced by sparry carbonate.
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Time | Paragenesis

1 Deposition of sediments and organism shellsd ooid formation as a result sfiitablewater
chemistry and environmental factors

Primary minor carbonate cemeion

Formation of pyrite in reducing environment

Physial compaction, where grain packing occurs and porosity is reduced

Chemical compaction, partial dissolution of ooids and shell fragments and creation of styl
Secondaryprecipitation of carbonate cement between pore spaces

7 Mineral replacemenbf some shell fragments and quartz nucleidmgryoidalor blocky calcite.
Table3.2. Diagenetic history of bieoosparite and oobiosparite microlithofacies. After deposition of sediments and shells,
minor early cements (carbonate and pyrite) were forme@hemical compaction followed physical compaction. Secondary
precipitation of carbonate cements and mineral replacements are representative of later stagekagfenesis

OO WIN

3.2.2Lithofacies 1 InterpretationShallowmarine, sub-tidal zone
The depositiona¢énvironment of thidithofacies is a shallow marine, agitated gmbablytide

dominated setting. Shelfagments or small quartz grains form a nucléursgrowth of ooids When
currents start to wash the nucleus back and forth, precipitated calcite aslaies on thenucleusin a
concentric fashion. Thehallow tidalzone is always submerged by water except during low Bieggs,
2006). As such, various organisms such as crinoids and other metazoans are able tio this/g/pe of
setting.
3.3Lithofacies 2:Shale

This faciegomprisedissile andmicaceous black to dark grey shaoturbationcaused mainly
by Planolitesand Thalassinales and burrows ardilled with fine upper and fia lower grey calcareous
sands.Bioturbation index varies from 0 totBroughout this faciesMuddy linings of these trace fossils
are approximately 1 to &amthick. The siltstone does nalways react with hydrochloric acid. Bedding
surfaces were not clearly identifiable. These mbdve parallel layerwith surfaces variablgt angles of
0°-5°, indicative ofdepositional dipsSedimentary structures were not observed within this facidss

facies occurs in thinner intervals than the other lithofacies.

Figure 3.9. Core photo from
Venture B13well showing
lithofacies2 shalebetween
4706.88m to 4706.67m.
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3.3.1Thin section anbysis of facies 2

3.3.1.1Burrowed Shale

Thin sectiorfrom Core 1 from samplé708.14m
This microlithofacies is comprised solely d€rscopiaclaygrains (<0.062mmgnd demonstrates

minimal bioturbation The grains are not visible in thin section araadditional information can be
obtained The proposed idgendic history (Table3.3) suggestshat reworked sediments were deposited
in a low energy environment followed by some physical compaction, burrowing and lithification of the

mud-rich material. I1t$ important to note that physical cgoactionincreases wittdepth.

Time | Paragenesis

1 Deposition of reworked sediments @nlow energy environment
2 Minimal physical compaction

3 Burrowing

4 Physical compaion

5 Lithificationof mud-rich material

Table 3.3. Diagenetic history of burrowed clay microlithofacies. After deposition of muds and minimal compaction,
organisms were able to burrow through the microlithofacies. Physical compaction is continuous throughout paragenesis.
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Figure3.10.Thin section of facies

{ 2 offshore muds illustrating
microscopic burrows in the
sediments (Sampl&l, Corel,
4708.14m).

R e

3.3.2Lithofacies 2 Inérpretation: Shallow Marine Open Shelf
Lithofacies 2 is interpreted as muds that have been depositedsimomerged low energysetting. Based

on presence ofegularparallellaminadions, thesemudsseem to havéeengraduallydeposited out of
suspensionin ashallowmarineopen shelfsetting orpotentially as part of the prodelta bottomset

Bioturbation is variablén intensity perhaps indicatinghange in sedimentation rater variation in
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environmental stressesuch as salinity, oxygen acidity. Lowbioturbation intensities are indicative of
rapid sedimentation rates, whereas high bioturbation intensities indicate slow sedimentation rates.
From the apparent absence of erosional surfaces and bedfotissfdcies was deposited below fair
weatherand ¢orm wave baseTrace fossils in lithofacies 2 are not indicative of a specific environment.
Planolitesburrows can be found in virtually all environments, from freshwater to deep marine, and

Ophiomorphaurrows are found in numerous marine shoreface emwinents (Pembertomt al,1992).
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3.4 Lithofacies 3: Heterolithic and Cyclic Samaise and Shales
Thisheterolithiclithofacies icomposedorimarily of massive and parall@iminag¢ed sandsone

and shaleNo vertical grain size trends are observieohvever, shalelaminaeshowupward thickness
change from ~5 mm ttdmmover 15 cmSands are moderately to wedbrtedwith the presence of
somewavey bedsCalcareousindargilaceous red mudstone is common agarnet grainsre also
observedin thinlaminae Detrital garnets generallye on top ofcrossstratified catareoussandsof
facies4. Scoursurfaces separate lithofacies 3 andwhere detrital garnets are presenthese
heterolithic sands and shaletowlow-angles of reposewith low intensity (83) bioturbation indexFig.
2.3). Organisms formin@lanolites Skolithog andOphiomorphaare present. Micresyndepositional
slumpingand microfaults have generatedterestingpinch-off structures named loop beddiraye

observable in Figure 3.1Calvoet al., 1998.

Figure3.11.Interlayered heterolithic sands
and shaledfrom Core 14732 m 473130m)
Venture B13 well of facies 3howing possible
spring and neap cycles. Paired mud drapes o
the top of this core sample. Thickening and
thinning of beds andaminaee are
representative of these spring and neap
bundles.Microfaults have generated pinch

off structures termed loop bedding.
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3.4.1Thin section interpretation of facies 3

3.41.1Interbedded siltstone anctlay
Thin sectiongrom Core 1 from sample poidf708.14m andCore 2, sample poirt716.25m

This rock is composed séparatequartz rich and mica rich band8edding angbarallel
accumulation of clayare both observed in tree samplesThe aiartz rich band comprisequartz(60%),
intergranular micritic calcite cement (3Q%hlorite and muscovite (8%), apyrite (2%).

The vown bands comprisgrimarily of microscopic platy minerg&%) quartz graing15%)
pyrite (5%)and possibly organic mattés%) Physical compaction is evident in these thin sections;
however, chemical compactionnigarly norexistent. As such, these samples have undergolog/

degreeof diagenesis.

Figure3.12.Thin section of
facies 3 interbedded siltstone
and intramicrite Sample 11
(Core 14708.14 n).

Time | Paragenesis Table 3.4. Paragenesi interbedded

1 Successive g®sition of coarser and siltstone and claymicrolithofacies. After
finersediments deposition of sedimentsminor early cements

(carbonate and pyrite) were formedPhysical

2 Formation of authigenic pyrite in a compaction and cementation are the final
reducing environment stages of diagenesis observed.

3 Physical compaction of grains,
alignment of platy minerals

4 Cementation by precipitation of

carbonates in coarser bands
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3.4.2 Lithofacies 3 Interpetation: TideInfluencedNearshore Shallow Marine Shdlfeposits
Thenature anddiversity of trace fossilis indicative of marineonditionsand the cyclic

appearance of sands and shales provides evidence of a tidally influenced setting. The hetaralithic
cyclic nature of the sediments in this faci@gth some systematic variation iaminaethicknessjs
suggestivef spring and neap tidal bundlgalthough bundles are not well definddoop bedding, as
observed o Figure 24is representative ofompaction followed bymicrodeformation near the
boundary between the ductilerittle deformation fields (Calvet al,, 1998) Appearance of garnets in
thin (~24mm) laminaee suggesteventscapable concentratéthesedensa mineralsduring the
deposition oflithofacies 3Provenance oheavy minerals in the Scotian Basin is likely from the

dominantly metamorphidMeguma Terrane of the Appalachians (Tsikoeteal., 2011)

Figure3.13.Thin section of facies 3 interbedded
siltstone and intramicriteof Sample 15 (Core 3,
4716.25n).
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3.5Lithofacies 4: CrosStratified Calcareou$/licaceous Sand®ne
Thislithofaciesis composed of relativel&an, micaceous sasavith calcareous cemeniThin darkgrey

to black siltstone interbeds are present throughout thisofacieswith common detrital and authigenic
chlorite. Thesesands are moderatelp well sorted and rarelghow coarsening upwarddminaeand
beds Argillaceoused mudstonesrerarelypresent. Slightly finer grained sands oiedrganic
laminaee (~2mm)(Fig.3.16). Low anglescillatoryflow crosslaminadion, truncated surfaces and
ripple-drift crossstratification are present throughouthe facies.Ophiomorphanodosaand Rosselia

socialishurrowsare observedin the cleansandyintervals

Figure3.14. Oscillatoryflow cross
laminagtion observed in sands of facies 4
between 4719.734719.66m from Cor&. The
base of the sandstone shows evidence of
scouring and is bounded by facies 2 shale
beds. Low angle truncations are present
within the sandstone.

Figure3.15.Calcareous micromicaceous sand
of facies 4 showing symmetrical inclined
layers and climbing ripples/ ripplarift cross
stratification. Since theangle of climb is
greater than the stoss side angléhese are
called supercriticatlimbing tipples(Boggs,
2006)
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Figure3.16.Calcareous fingrain sand with
shalelaminaee having a less than 5o dip witl
possible organic debris withinThis section is
found between4728.5m and4728.1m.

Figure3.17.Medium to coarse grained
argillaceous sang, laminated with minor
tabular crossbedding andminor bioturbation.
Some cryptoturbation isdentified along the
shale laminae that is rich in organic material f
opportunistic feeding organisms.
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Intervals of ikthofacies 4 bedsets may reach met€s8m)in thickness. Some shdeminaes
with low angledips (~0-5°) were observed. Bioturbationdexis variable (€8 intensity rangé
throughout thislithofacies. Where bioturbation occur8sterosomaSkolithosOphiomorphaRosselia
and Cylindrichnusire present.Asterosomahowsgroups ofconcentrichanding around the central shaft
(Pembertonet al, 1992 whereasOphbmorphaburrows are lined with dark shaleBlanolitesburrows

areevident in the siltstone interbeds.

3.5.1Thin section interpretation of facies 4

3.5.1.1Fine to mediumgrained calceeous sandstoneavith ooids and shellfragments
Thin sectiongrom core 1 from sample poin®#699.66 m, 4703.01m

These thin sections compriggiartz grains (50 0%)shell fragments (bivalve fragments,
crinoids andechinoidspines)5-10%), ooids @5%),Jime mud clasts (5%), mu@@ %), intraganular
micritic calcite cemen{10-18%), pyritg0-2%), chlorite (%) muscovite and biotit€0-2%)

The average grain size in both thin sectiomsges fron0.15to 0.25 mm. Although larger grains
0 X n @ HagreYfadna in 4703.01m, both samples are graipported and contain lime mud. The
average ooid size is 0.2mm. Quartz grains are rouidiéd3.01) to subrounde(699.66m) and
samples are generally well sorted. Platy minerals such as chlorite, muscovite atelliaog been
deformedas a result of compactiorBurrows with mud liningare observed irSample 7 (Core 1,
4703.01n).

Although both thin sections are part of the same microlithofacies, it is evidentShatple 6
(Core 1, 4699.66) has undergone an incased amount of diagenesis. Whasreplacement of quartz
by calcite is observed Bample 6 (Core 1, 4699r6%by nibbled grain contactshis diagenetic feature is
absent inSample7 (Core 14703.01n). As silica is released, it becomes available fogeti@sisDark
micritic rims around quartz grains and &ils as a result of iron rich carbonates packing around grains

during compaction and buriahre present in both thin sections.
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Figure3.18.Thin sectionof Sample 6 (Core 1, 4699.86 under cros-polarized light. Quartz grains and micritic calcite infilling
the intergranularpore space. Calcite replacement of quartz graiagvident by observation of curved/nibbled quartz grains.
These are evidence of late stage diagenesis.

Figure3.19.Thin sectionof Sample 6 (Core 1, 4699.86 under plainpolarized light. Bivalve shell with fibrous unaltered
texture is surrounded by embedded quartz grains. Calcite cement lies within pore spaaed darker material is sderite.
Quartz fragmentsndent bivalve shell as a result of compaction.



46

Time | Paragenesis

Deposition of sediments and shell fragments

Bioturbation creating mottled bedding

Formation of micritic rims around quartzeating embedded grains
Formation of authigenic pyriten a reducing environment

Physical compaction and increased grain packing

Precipitation of calcium carbonate in intragranular spaces

Minimal replacement of quartz by calcium carbonate (only in 4699.66

N[OOI WIN|F-

Table3.5. Paragenesis of fingrained @lcareous sandstone with ooid fragments. After deposition of sediments, and minor
physical compaction, organisms create burrows and minor early cements (carbonate and pyrite) are formed. Physical
compaction, cementation and replacement of quartz by calci@arbonate are the final stages of diagenesis observed.

3.5.1.2Very fine to medium-grainedcalcareoussandstone

Thin sections from Core 3 from sampfe&l8.70m and 4718.75m
This rock is composed qfiartz(85%)intergranular micritic calcite (10%@,few small ooids

(5%),pyrite (3%)andmicrocline(2%).

Quartz grains demonstrate stbunded, convex/concave grain boundaries. Their size is \ariab
throughout the thin sections, from very finto fine-grainedsand(0.091mm0.227mm). Some of the
guartz gains in these thin sections are microcrystalline. Some coherent patches of the samples show
carbonate cementationintergranularsecondaryporosity of about25%is evident Finally, arly clay

mineral(chlorite)growth over quartz grainis observed.

Time | Paragenesis

Deposition of sediments

Early clay mineral growth

Formation of authigenic pyrite in a reducing environment

Physical compaction of grains

Chemical compaction of grains where silicate grains are partially disso
Cementatiorby precipitation of carbonates

Minor dissolution by pore fluids

N OO WIN|F

Table3.6. Paragenesis of very findo medium-grained calcareous sandstone. After deposition of sediments, and minor
physical compaction, minor early cements (carbonate and pyrite) fmemed. Physical compaction, cementation and
dissolution by pore fluids are the final stages of diagenesis observed.



Figure3.20.Sample 4 (Corel, 4695.62myder plainpolarized and crospolarizedlight showing quartz grains and high
amount of seconday or ineffective porosity highlighted by orange resin.
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3.5.1.3Fine to coarsegrained calcareous silt
Thin sectiongrom Core 1 from sample#693.64 m, 4707.80m, 4708.20fmm Core 2 from sample

4711.95mfrom Core 3 from sample$727.60m, 4730.20 mi730.67m, 4749.76

Quartz (4070%)predominateswith detrital chlorite (10%), framboidal pyrite {I%), muscovite
(4-7%), biotite (86%), plagioclase {8%),andmicritic cement mixed in with mud (1026%). No
bioclasts or ooidare observed in these tin sectionsSample 19 (Core 3, 4730r@pand Sample 20
(Core 34730.67m have a bioturbation index of @ig. 2.3.whereas the resof the thin sections are
unbioturbated. Pyrite seems to be lining these burrow wallsain size is variable from findt$0.0078
mm) to coarse silf0.053mm). Muscovite and biotite grains are aligned forming microstapinaes,
particularly inSample 14 (Core 2711.95n). Grainsn all thin sectionsre subrounded to angular and
moderately sortedOpaque material in tim sectiongFig.3.24) is likely siderite, an ironich calcite
cement, or organic debris mixed with pyrite.

The plagdclase present is the calciurith end member, anorthite, which is identified ag
average extinction angle of 48° of polysynthetidwinning. These minerals have not been gibed as
fluids were likely not able to penetrate thegeains Replacement of quartz by calcite is present,
ONB I G Ay 3 A NNEB I dzaldndithedgséih Boandadyr @l thid Seytidns €xdefin Sample 10
(Core 14707.80n), flexible deformation of platy minerals such as chlorite, biotite and muscovite was
observed throughout thin section&ig. 322). Chloritized bands of sediments are presersample 10
(Core 14707.80m as a result of mineral replament. Specifically in this thin section, detrital chlorite
grainsare notpresent. hstead chlorite is presenasfine rims around detrital quartz grainginally,
secondary porosity is observed$ample 12 (Core 4708.20n) as a result of dissolutioby pore fluids

(Fig. 3.28)
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Figure3.21.Thin section of Sampl8 (Corel, 4693.64m) of fineto coarsegrain calcareous siltstone under plain polarized
light. The opaque material is likely pyrite. Note that the micaceous minerals display no preferealighment.

Figure3.23.Flexible
grain deformation
identical to what is
observed in Figure
35 as shown by
Boggs (2006)

Figure3.22.Sample 3(Core 1, 4693.6% under plain polarized light demonstrating early signs @drly diagenesis with
chlorite deformation. Framboidal pyrite also found throughout.
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Figure3.24.Thin section of finegrain sandstone from Sampl&2 (Core 14708.2m) under
plain polarized light. Quartz grains and organic fragments are cemented with siderite.

Although secondary porositys observed in this thin section, none is seen in this particule

area.

Figure3.25.Thin section of finegrain sandstone from Sample 9 (Core 1, 4707.4m) under

plain polarized light. The presence of authigenic chlorite bands and rims around quartz
veinsare the result of early diagenesis. Porosity is observed to be greater in these

chlorite-rich bands.
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Figure3.26.Thin section okandstone from Samplé4 (Core2, 4711.95m) under plain polarized light.
Note the stylolites are present, carbonates habeen dissolved, pyrite is concentrated in these zone:
and quartz grains remain intact. This thin section shows moderate to poor sorting.
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Figure3.27.Thin section of sandstone from Sampl® (Core3, 4730.2m) under
plain polarized light that reveals theontrast between grairsupported and matrix
and cementsupported sediments. Framboidal pyrite is found throughout this thin

section.
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Figure3.28.Thin section of micaceous sands of littazfies 4 from 8mple 12 (Corel, 4708.2m) under crossed
polarizedlight. The sample is quartz rich, well sorted with subrounded grains. Secondary porosity is also
observed.

Time | Pargyenesis

Deposition of sediments

Early clay mineral growth

Formation of authigenic pyrite in a reducing environment
Physical compaction of grains, alignment of platy minerals
Cementation by precipitation of carbonates

Slight dissolution ymovement ofpore fluids

OO WIN|F

Table3.7.Paragenesis of fineto coarsegrained calcareous silt. After deposition of sediments, and minor physical
compaction, minor early chlorite minerals were able to form followed be the formation of cements (carborzate pyrite).
Physical compaction, cementation and dissolution by pore fluids are the final stages of diageniestsved. Physical
compactionoccursas a result of diagenesis.
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3.5.2Lithofacies 4 InterpretationShorefaceDeposits
This facies is representatiod adynamic part o shorefaceThe pesence obscillatoryflow

crossstratificationis evidenceof a bidirectionalpaleocurrent during sediment depositioBmilar to
facies 3the presenceof diverse burrows such &@phiomorphanodosaand Rosselia stalis as well as
diverse shell organisms suggest fully marine conditions during depoditamizontalaminaee, planar
crossbeds,current andclimbingripples further sugest that thesere of the lover flow regime with
possible lowto medium water vejcity. Rippledrift evidence could also be representative of storms or

tides affecting shoreface deposits.
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Chapter 4

4.1 TraceFossilsVenture B13 Well
The racefossilsobserved inventure B13 coreswere key components in understanding

biofacies ad depositional environments. Tlg&ruzianaand Skolithoschnofacies werédentifiedin the

B-13 cores, and evidence presented below will show thiaturbation affectssediments

Semi-consolidated
o A1 Substrate

b7 Peat or Xylic = -
Rocky Coast Substrate Substrate Sublittoral Zone Bathyal Zone

Trypanites | Teredolites G!ossﬂungileﬂPsﬂonichnuﬂ Skolithos Cruziana Zoophycosl Nereites

Figure4.1. Trace fossils and their rgective ichnofacies and enviranents (Pemberton and MacEachern, 1995)

4.1.1Cruziana Ichnofacies
TheCruzianachnofacies includeshalassinoide<ylindrichnusRosseliagocialis and Planolites

Although other ichnogenera also compose thrizianachnofacies, hesespecific tace fossilgire
observed throughouthe Venture B13 core Theyare typically representative of mid to distal
continentalshelf depositiorbelow normal wave bas&Vavebase ighe maximum water depth at which

a passing wave may influence sedimefteggs2006 and can be categorised as fair weather deposits
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(Wach, 2013)Planolitedrace fossils are made during iastrataldepositfeeding (Davigt al,, 2012).
Thesetracesusually have unlined walls and burrow fills that differ in texture from adjacent rock
(Pemberbn et al,, 1992) Planolitescan be found in various environments from deep marine to
freshwater (Pembertort al., 1992. Asterosomarace fossils were algaresent.In Venture BL3, a
textbook example oRosselisocialiss present(Fig. 43). Concentig rings ofttlayand siltstone surround
the central shaft of thdRosseliavhere a ball of silt surrounds a central black siiefbwell, 2012). These
fossils are representative of shallow marine sandstones (Howell, ZDA2)organisms forming
Planolites, Thlassinoides, Arenicolitegd Skolithoscan blerate salinity-stressedenvironments(Davis

et al, 2012).The organism forminglanolitescan tolerateoxygenstressed environments (Dawds al.,

2012).
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Figure4.2.Sands and shales from facies 3.
Blue arrowsindicate Planolitesmortanus
burrows andare concentrated in shale layers
that are likely aganic rich and deposited in
quiet water sedimentation Cross beds and
ripple formsare present. An alternatiorof
strong weakcurrentsare observed,
confirmingthat this is an active depositional
environment. Minor flaser bedding is
observed within shaldaminaee.

The diagenetic halo is a slighttjifferent
colour than the surrounding sandstone

Figure4.3. Enlargement of &Rosseliasocialis
dwelling burrow of theCruzianainchnofacies.
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4.1.2 Skolithos Ichnofacies
TheSkolithogchnofaciestypicallycomprisesOphiomorphaArenicolitesand Skolithos This

ichnofacies typically representsr@goderate to high-energy marine environment with generally low
turbidity and welloxygenated water column (Dalrympé¢ al., 2010).Ophimorphaburrows represent a
near shore environmentnimals found in tidal settings are able to concentrate fgrained sediments
as a result of selective ingestion (Daatisl., 2012). TheOphiomorphaurrows with thick mud linings
are representative of aultidal settingand represent thelwelling burrows of suspensieieeding
shrimp(Pembertonet al., 1992. Traces similar t®phiomorphabut lackingwall liningare attributed to
Thalassinoide@Bromley 1990. Arenicolitess thedwelling burrow of an anneligenerally associated
with low energy shoreface or sandy tidal fl@embertonet al., 192). Skolithosurrows represent
suspensiorfeeding organisms or passive carnivotteat are generally associated with marine or

brackish environments (Pembertat al., 1992).

Figure4.4.Coarse grained argillaceouarsdstone of facies 4 with 3 cl®phiomorphanodosaburrow. Note pelloidal wall
linings that support the burrowed structureThese burrows are representative of a tidal setting.
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Table4.1. Trace fossils observed in th€enture B13 coresandtheir respective ethologes (Modified from Pemberton et al.,
1992)

Trace Fossil | Ethology

Ophiomorpha | Dwelling burrow of suspensieieeding shrimp

Cylindrichnus | Suspension feeding dwelling burrow

Planolies Feeding burrow of deposfeeder

Arenicolites | Suspensionor filter-feeder

Asterosoma | Selective depositeeding

Skolithos Dwelling burrow of suspensieieeding organism

Rosselia Dwelling burrow or feeding burrowf a deposit feedel

Table4.2. Trace fossils and their associated lithofacies compared to average permeability core plug measurements.
Permeability measurements will be further discussed in Chapter 5.

Lithofacies | Trace fossils Range of values (mD) | Average permeability from
core plugs

1 None 0.0060.024 0.01275 mD

2 Planolites Asterosoma 0.100.16 1.90667 mD

ArenicolitesThalassinoides

(abundant)

3 Planolites Skolithos and 3.38 3.38 mD
Ophiomorphgabundant)

4 Ophiomorphaand Rosselia 0.024 348 76.136 mD

socialis(rare)
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Skolitosand Ophianorphaare considerediwellingtraces (Bromley, 1996). It has also been
observed that sediments found surrounding trace fossils demonstrate disturbance as a result of biogenic
activity (Bromley, 1996). This is especially applicable to largee fiossils such &phiomorpha
Skolithosand RosseliaDiagenetichaloescan bepresentaroundOphiomorphaand Rosselidourrows
representing localizedones of oxidatiomsually related to the presence of organic materigiese
featuresshow the differece in diagenesis between the wall of the burrow and the infilling sediments
(Bromley, 1996).

As observedh Table4.2, both lithofacies 2 and 3 have high bioturbation valaesl low
permeability values. Lithofacies 1 does not have any trace fossilBalsubwa permeabilityaverage
because of its natureasdescribed in Chapter 3. Lithofacies 4 has @phiomorphaurrows and
generallyhigh permeability measurementsow permeability measurements likely occur where
burrowing is presentHence, a highdbioturbation index is related to lower permeability values.

4.2 Summary of Trace fossils

Analysis of trace fossigovedessentiain understanding permeability variations throughout
the Venture B13 cores Diagenetic haloes, present mainly aroudghiomaphaburrows, involve
cementation in a zone around a burrow, furtherpactingpermeability. Numerous of the discrete
traces have muddy linirsghat affect local permeabilityn clean sandstones, thredgimensional burrow
connectivity increases permeabjliand the amount of fluidlow pathways through rock. However,
where bothmud and sands are present, high bioturbation leads to sediment mikiag significantly

degrades permeability.
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Chapter 5

5.1 Permeabilityin Venture B13 Cores

5.1.1TinyPermll
The tool used to measure permeability for VenturdBcoreswas the TinyPermll from New

England Research, INQ013)(Fig.5.1; Table5.1). In order to attain permeability measurementhet
rubber nozzle is pressed against the core as the syringe kpoitiésl towards the operator and air is
pulled from the sample. The microcontrolihich is connected to the syringe uniteasures the syringe
volume (he created vacuum pul3deand computes an algorithm for the specific permeability
measurement (New Engld Research, 2013Fhepermeabilityvaluesare then displayed on a liquid

crystal screemn the microcontroller

Table5.1. Physical size of TinyPermll parts (New England Research, 2013)

TineyPerm Il Part Dimensions

Syringe unit 38cm x 12.5cm x 5cm
Microcontroller unit 16.5cm x 11.5cm x 5cm
Interface cable Variable, up to 3 meter®ng

Figure5.1. TinyPermll from New England
Research IncThe tool cansists a gringe unit,
interface cable and microcontrollewhich
weighs 1.2kgdNew En¢pnd Research, 2013)
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The number displayed on thergen is not given in millidargebutmust be converted by using
calibration charts and tables provided by New England Rekdac.

Horizontal grmeability was measured whenever a change in lithofacies was observed. Values
retrieved fromTinyPermlshow a high variation in permeability throughout measured core sections.
5.1.2Core Plug Permeability

Forty two permeability mesurements, based on core plugs sampled at regular intebyatbe
well operator, were sourced from analyses®@gre Laboratorie€anada Limite@Hle reference #7004-
81-13). Horizontal core plugs are samples cut perpendicular to the core axis that are about 2.5 to 3.8 cm
in diameterandabout 5 cm long (Schlumberge&t013.

In a laboratory setting, permeability data is collect®dusing steadgtate apparatus. A
constantdrop in pressurés usedto precisely measure flow rate (Doyle, 200Bjuations using  NO & Q &
Lawarethen usedto find the permeability of sample. Theseaasurementsaretaken through the full
diameter of the cordor horizontal permeability (§(Doyle, 2006).
5.1.3TinyPermll and Core PliRermeability

Measurementresultsfrom core pluganalysesndthe TinyPernil tool are considerably different
(on average 2 to 3 orders of magnitude) (Tallgsand5.3). Values generated kijie TinyPermll
measuring tool are suspegiossibly due procedural error. Given the sensitivity of the tool, escape of air
may have occurm, resulting in erroneous valuesen though it hasbeen calibrated. In view of these
considerations, TinyPermll values were not evaluated as part of this tBésie core plug
measurements are industry standard attained using calibrated laboratory equipment in a controlled
environment, hese values will be used as an accurate representation of permeabiits.from core
plugs were plotted as depth (m) vs. permeability (mD) curCesds 14, Figs5.2-5.5respectively.

Average permeability measurements from both core plug data and®&myll measurements

were assigned tthe different lithofacies Lower permeabilityvaluescorresponaedto shaley sections of



the core (ithofacies 2) and higher permeabiliyaluescorresponedto sandy sections of the core
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(lithofacies 4). Wheréncreasedamounts ofpore filling calcitecementwere present, permeability was

low.

Table5.2. Average permeability measurements of lithofacies from core plugs and range of values. The number of values is

Lithofacies| Core plug average | Range of values| Number of
permeability (mD) values from core
measurement (mD) plugs

1 0.01275 0.0060.024 4

2 1.90667 0.100.16 3

3 3.38 3.38 1

4 76.136 0.024 348 28

also included in the table as it is indicative of the tainty of the values.

Table5.3. Average permeabilitymeasurements of lithofacies from TinyPermll and range of values. The number of values is

Lithofacies| TinyPermll averge

Range of values

Number of values

permeability (mD) from TinyPermll
measurement (mD)

1 14.21 3.19-26.18 4

2 24.25 1.1624.25 5

3 35.82 8.52-166.78 8

4 197.64 18.7-898.6 36

also included in the table as it is indicative of the certainty of the values. Range of values for each lithofacies is ektrem

variable.
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Figure 5.2.Core 1 depth (m) vscore plugpermeability (mD).
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Core 2 Depth(m) vs. Permeability (mLC
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Figure5.3.Core 2 depthm) vs.core plug permeability (mD)
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Figure5.4.Core 3 deptim) vs.core plugpermeability (mD).
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Core 4 Depth(m) vs. Permeability (mLC
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Figure5.5. Core 4 depthm) vs.core plugpermeability (mD).
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5.2 Porosityin Venture B13
Porosity in Venture B3 Coreswas measuredy Core Laboratorie€anada Limite¢Hle

reference #7004-81-13) from core plugs and 42 data poinisre madeavailable.

In a laboratory settingsamples are cleaned and dried to remalréling fluid. Porosityis
YSI &adzZNBR 0@ | LILAVETERHT.. If thétémPedadure [remaing thé same within a
closed system, then absolute pressure and volume of confined gas are inversely propoimyial (
20086). In this situation, T remains constant and can be removed from the equativh=B\V.. Since a
known volume 6helium (\) is injected at a known pressure,(Pa resulting pressure may be found and
V, canbe solved (Doyle, 2006). Thigvalue is epresentative othe grain volume. @ce the bulk volume
ismeasured these two values are subtracted from one anatk® define pore volumes (Doyle, 2006).

Porosity and deptlare plotted in order to observe potential trendé.general increase in
porosity is observedith depth fortwo cores,Core 1 and Corethat extend over a 6.0 and I
interval respectivelyAlthough porosity loss isxpectedwith increasinglepths as a result of
compaction, increased burial depthayallow for silicate minerals to dissolve and for organic material
to decomposethereby increasingmpty pore space (Boggs, 2006).

Each lithofaies was assigned average porosity values basammnplug measurementSince
lithofades 4 has the highest number of measured points, it hasmbstreliableaverage porosity value.
For similar reasons, lithofacies 3 has the least relialérage porsity measurementHistogramplots

of porosity values of Venture-B3 coresare presentedin Chapter 2.



69

Lithofacies Average porosity measurement from Porosity range | Amount of
core plugs (core plugs) values (#)

1 0.04825 0.0390.067 4

2 0.1092 0.0620.067 3

3 0.1720 0.1720 1

4 0.1912 0.0390.261 28

Table5.4. Average porosity measurements from core plugs for each lithofacies and the number of values that have been
averaged Note that the majority of the porosity measurements represent lithofaciesld.contrast, there is only 1 data value

for lithofacies 3.

Thesdithofacies show different porosity values as some sections of the core have undergone

increased dissolutioduringdiagenesisPorosity values increase from lithofacies 1 t&#ceithofacies

4 crossstratified micaceous sandwave the highest porosityalues these also havéhe best reservoir

guality. Thin section analysisupports these high porosity values sifdgh amounts of dissolution and

low amounts of cementation (108%)features were notedThe low porosity values tithofacies lare

interpreted to be a result gbore spacedeingfilled with up to 35%alcite cementind dissolution

features areobserved from thin sections.

Cores 1 & 2 Depth(m) vs. Porosity
Fraction
Porosity Fraction
0 0.05 0.1 0.15 0.2 0.25 0.3
4700 ! ! ! ! ! g
4702 -
4704
4706
£ 4708 \
8 4710 \
4712
4714 ‘/l
4716 e— —o
4718

Figure 5.6. Porosity fractior
of cores 1&2 plotted agains
depth of well (m) showing &
general increase in porosity
with depth.



Core 3 Depth (m) vs. Porosity
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Porosity Fraction
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Figure 5.7. Core 3 porosity fraction plotted against depth (m). A cluster of porosity values in the
26% porosity range observed.

Core 4 Depth (m) vs. Porosity
Fraction
Porosity Fraction
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Figure 5.8. Qe 4 porosity fraction plotted against depth (m) generally with higher porosity
values at increased depths.



5.3 Porosity \s. Permeability

Porosityfractions are plotted against core plug permeability values and a graph with a relatively
high R value(0.8248)wascreated.Proximity of Rto a value ofl indicates a linear trend.ithofacies are
assigned different coloursn this graphFournatural goupd clusters of samples are representiedthis
diagram: a A group with about 4% porosity and values of about 0.00®24 mD associated with
lithofacies 1 b) A group with porosity of approximately 6% and permeability 00016 mD associated
with lithofacies 2 ¢) A group with porosity 0£1-18% and permeability 0.15.4 mD associated with

shallower depths of lithofacies d) A group with porosity of 17-:86% and permeability 9.6848mD

associated withincreased deptlof lithofacies 4.

Porosity Fraction vs. Permeability (mC
0.3
R2=0.8248
® o
0.25 ° o W
¢ 2 g
4
0.2 &
5 L 4 ” L 4
g * o
§ 0.15
-
o
o * <,
0.05 6}
¢« +3 N
0 T T T T T 1
0.001 0.01 0.1 1 10 100 1000
Permeability (mD)
- Lithofacies 1 Figure 5.9. Porosity fraction versus permeability (mD)
. . through Venture B13. Lithofacies 1 through 4 are assigned
Lithofacies 2 specific colours so as to identify clusters.

Lithofacies 3

Lithofacies 4
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Chaper 6

6.1 Results

6.1.1Flow units
A flow unit is a measure of permeability and porosiithin a volume of rockin comparison to

strata above or belowWSchlumberger, 2013Yhe identification of lithofacies and analysis of permeability
from conventionalcores demonstrate that flow units are present at various sc#esperties affecting

flow units include grain size, permeability, bioturbation indementation clay content, and

mineralogical chang&.he qualitative assessment of these properties ageduto differentiate and
characterize the flow units within the cored reservoirs (Chapter 2). They are quantified and the results
presented in the following two sets of tables.

The firstsebftablest &G Sy G A £ 5 A T F S(RBIgLASH), ahayjsehé 2 6 | YA Gaé
probability of change in flow ursfrom one depth to anotheNumbersh y G KS aNBf I G§ A BS NIy
dzyAGlae O2fdzyy NBLINBaSyild Kz2g fA1Sfe G(KSSdngAl Aa RA
individual criteriaare assigned aumber out of 8 and these are all added to give a number indicative of
probability of change,alues in this column are out of a potential 48 pairfihe higher the value, the
greater the likelihood oEhange irflow units. Where low values followone arftSNJ ¢ oXnImX0 X (K
potentially represent a single flow unitheseare groupedand a blue box is put around thetth.is
important to note that this section does not quantify the ability to flow within a unit. Low numbers do
not indicate a poor flow uniand high numberslo not indicate good flow units.

The second deftablesa Ct 2 ¢ | yAUG {GNBYy3IGKY LHaFd6dE.§0S 2y t N
comparesaverage core plug permeability values of lithofacies to the sum of assigned values for grain
size clay content, porosity, bioturbation and cementation. A higher sum of values indicates better flow

units, whereas a lower sum of values indicgteor flow units.Thesetables identify flow unit strength.
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These valuesvere comparedto the assigned permeality to determineif methodologywas valid and

accurate.

Tables Ranking Potential Differences in Flow Units

Core 1 Rel. Ranking of
17.1m Grain flow unit out of

Depth (m) Lithology |Size |Permeability |[Porosity|CementationBioturbation|48
Top Bottom

0 1 0 0 1 2 4
4709.1 |4709

0 3 1 0 2 1 7
4709 |4708.8

2 4 4 2 5 2 19
4708.8 |4708.45

4 3 8 4 8 0 27
4708.45|4708.23

2 1 4 2 5 0 14
4708.23|4707.18

2 1 4 2 5 2 16
4707.18 |4706.88

4 3 8 4 8 2 29
4706.88 |4706.23

4 3 8 2 5 3 25
4706.23 |4705.63

4 3 8 4 8 3 30
4705.63 |4704.96

2 4 4 2 5 2 19
4704.96 |4704.91

2 6 4 2 5 0 19
4704.9114701.39

4 6 5 3 8 0 26
4701.3914700.44

4 3 1 4 8 1 21
4700.44 14695.94

4 4 2 4 8 1 23
4695.94 14694.21

4 1 1 2 4 0 12
4694.2134693.61

Table 6.1Ranking potential differences in flow units in core 1.
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Core 2 Rel. Ranking of
5.8 m Grain flow unit out of

Depth (m) Lithology |[Size |Permeability [Porosity|CementatiorBioturbation |48
Top Bottom

4 1 4 1 2 0 12
4716.2 |4716.05

2 2 4 1 2 0 11
4716.0 |4714.79

0 2 0 0 1 1 4
4714.794714.45

2 2 4 4 2 2 16
4714.454713.13

4 2 8 8 4 1 27
4713.134712.69

2 1 4 4 2 1 14
4712.694712.36

4 1 4 4 1 1 15
4712.364712.27

4 3 8 8 2 3 28
4712.274712.01

4 4 8 8 2 1 27
4712.014711.81

4 4 6 8 2 0 24
4711.814711.5

4 2 2 8 1 0 17
4711.5 |4711.16

Table 6.2. Bnking potential differences in flow unitén core 2.
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Core 3 Rel. Ranking of
18.3 Grain flow unit out of
Depth (m) Lithology [Size |Permeability [PorosityCementatiorBioturbation|48
Top Bottom
4732.5 4732.2] 4 2 2 3 4 1 16
4732.2] 473197 4 4 4 6 8 1 27
4731.94 473167 4 4 4 6 8 0 26
4731.64 4731.1y 4 5 4 6 8 2 29
4731.194 4731.04 4 4 4 6 8 3 29
4731.04 4729.67 4 2 4 6 8 3 27
4729.67 4729.34 4 4 4 6 8 3 29
4729.34 4728.17 4 4 6 6 8 3 31
4728.11 472487 2 1 4 2 8 3 20
4724.844721.41¢§ O 1 0 0 1 2 4
4721.41§4720.33§ 2 5 0 0 0 2 9
4720.33¢4719.724 4 3 4 2 4 0 17
4719.72§4719.65§ 2 5 8 4 8 0 27
4719.65{4718.444 O 3 4 2 4 0 13
47184484717.07¢ 2 2 0 0 0 0 4
4717.07¢4716.35y 2 3 4 2 4 0 15
4716.35¢4716.2 4 2 4 2 4 0 16

Table6.3. Ranking potential differences in flow unitén core 3.
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Core 4 Rel. Ranking of

16.1 Grain flow unit out of
Depth (m) Lithology |Size |Permeability |PorosityCementationBioturbation |48
Top Bottom

4965.1 |4964.35 4 1 4 2 4 2 15

4964.35 |4964.19 4 3 4 5 8 1 20
4964.19 4963.13 4 6 5 4 5 1 21
4963.134962.85 4 6 7 4 2 1 20
4962.85 |4962.17¢ 2 6 4 2 2 1 15
4962.17¢4961.63¢ 0 3 0 1 0 1 4
4961.63¢4960.56 0 0 0 1 0 1 1
4960.56 |4960.16 0 0 0 1 0 0 0
4960.16 |4959.76 0 0 0 1 0 0 0
4959.76 14958.93 4 0 4 1 1 0 9
4958.934955.2 4 1 7 2 2 1 15
4955.2 14955 0 2 7 2 2 1 12
4955  |4951.62! 0 3 6 2 3 0 12
4951.62 |4950.59¢ 2 2 6 2 3 1 14
4950.5944949.0 2 1 4 2 2 1 10

Table6.4. Ranking potential differences in flow unitén core 4.



6.1.2Flow Unit Strength: Influence on Preferential Flow
The strength of flow units is calculated in the following sectisaxplained in section2.3.2 of this
thesis. Values assigned for ermeabilityCand Wbility to flow within unitCare highlighted in red asthey
are compared to one anotherto see if the methodology applied was accurate. High values for
permeability should have high flow unit strengths.
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Core 1 .. |Grain I . . A_bili_ty 10 .ﬂOW
17.1m Permeability| . Clay ContenPorosity|BioturbationCementationwithin unit out
Size
Depth (m) of 20
Top Bottom
76.13 1 4 3 2 4 14
4709.1 4709
76.13 2 4 3 4 4 18
4709 |4708.8
76.13 3 4 3 3 4 18
4708.8 |4708.45
1.9 0 0 1 1 0 2
4708.45 (4708.23
76.13 1 4 3 1 4 13
4708.23 |4707.18
76.13 1 4 3 3 4 15
4707.18 |4706.88
0.1-1.9 0 0 1 1 0 2
4706.88 [4706.23
76.13 0 4 3 4 4 15
4706.23 |4705.63
1.9 2 0 1 1 0 4
4705.63 [4704.96
76.13 2 4 3 4 4 17
4704.96 [4704.91]
76.13 2 4 3 2 4 15
4704.91 470139
1.9 0 0 1 2 0 3
4701.39 [4700.44
0.0127 1 4 0 2 3 10
4700.44 |4695.94
1.9 0 4 1 1 0 6
4695.94 (4694.21]
0.01275 2 0 0 0 3 5
4694.2134693.61]

Table6.5. Flow Unit strength through Core 1
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Core 2 loeran _ Apili_ty to _flow
5.8 m Permeability - Clay ContenPorosity BioturbationCementationwithin unit out of
Size
Depth (m) 20
Top Bottom
3.38 1 3 3 4 3 14
4716.2 |4716.05
0.05676.13 1 4 3 4 4 16
4716.054714.79
76.13 1 4 3 3 4 15
4714.794714.45
0.576.13 1 4 3 1 4 13
4714.454713.13
0.01275 2 4 3 2 3 14
4713.134712.69
76.13 1 4 3 1 4 13
4712.694712.36
76.13 1 4 3 4 4 16
4712.36/4712.27
0.01275 2 4 3 3 3 15
4712.274712.01
76.13 2 4 3 4 4 17
4712.0114711.81
0.01275 2 4 3 4 3 16
4711.8114711.5
76.13 1 4 3 4 4 16
4711.5 |4711.16

Table6.6.Flow Unit strength through Core 2



79

core 3 .. |Grain [Clay - . . A_bili_tyto_flow
18.3m Permeability| .. PorosityBioturbationCementationwithin unit out
Depth (m) Size |Content of 20
Top Bottom
4732.5 4732.2] 3.38 1 3 3 3 3 13
4732.2]1 4731.97 1.9 0 0 1 4 0 5
4731.9 473167 3.38 2 3 3 3 3 14
4731.64 4731.15% 1.9 1 0 1 3 0 5
4731.15 4731.04 3.38 1 3 3 1 3 11
4731.04 4729.61 1.9 0 0 3 4 0 7
4729.64 4729.34 3.38 2 3 1 1 3 10
4729.34 4728.11 1.9 1 0 3 4 0 8
4728.17 472487 76.13 3 4 3 1 4 16
4724.87 4721.41 9.6676.13| 2 4 3 4 4 17
4721.41 472033 76.13 3 4 3 2 4 16
4720.33 4719.77 172 0 4 3 4 4 15
4719.74 4719.65 1.9 3 0 1 4 0 8
4719.64 4718.44 348 3 4 3 4 4 18
4718.44 4717.07 79.7 1 4 3 4 4 16
4717.07 4716.31 107 1 4 3 4 4 16
4716.3y 4716.4 0.0127 0 0 1 4 0 5

Table6.7. Flow Unit strength through Core 3
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Core 4 Grain lcla Ability to flow
16.1 Permeability| ... y PorosityBioturbationCementatiorjwithin unit out
Size |Content

Depth (m) of 20
Top Bottom

4964.35 76 1 4 4 4 4 16
4965.1
4964.35(4964.19 1.9 0 0 2 2 0 3
4964.19|4963.13 50 2 3 4 3 3 14
4963.13 4962.85 76 2 4 4 4 4 17
4962.85|4962.17¢  3.38 1 3 4 3 3 13
4962.17¢4961.63¢ 3.38 1 3 4 4 3 14
4961.63¢4960.56 3.3 1 3 4 3 3 13
4960.56 (4960.16 3.38 2 3 4 4 3 15
4960.16 (4959.76 3.38 1 3 4 4 3 14
4959.76 (4958.93 50 2 3 4 4 3 15
4958.93|4955.2 | 52.7120 2 4 4 3 4 16
4955.2 4955 3.3 1 3 4 4 3 14
4955 4951.624 50-67.7 2 3 4 3 3 14
4951.62 |4950.594 50 1 3 4 3 3 13
4950.5944949.0 74.1 0 4 4 4 4 15

Table6.8. Flow Unit strength through Core 4

Coredescriptionsassist in providing visual representation of the variation of flow units
strength (FUS)ith depth.They also giveaformation onbed thickness,edimentary structures,
bioturbation index, trace fossils and ichnofacies. Flow unit streswgdre assigned values out of 20
(Tables 32, 33, 34, 33ach number, from 1 to 20 was then given a specific colour and represented on

the core description sheet.
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17

Figure6.1.Colors assigned to flow unit strength values. : 1=highest / best,
20=lowest / worst
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WELL: Venture

DEPTH

B-13 Core 1 (17.1 meters) DEPTH: 4692.0 meters
LITHOLOGY AND GRAIN SIZE

0 4709.1 meters

GEOL: Lori

4707.2

4707.50

4707.79]

47080

J708.50

4708.75)
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EEE T ee0 [siorur
ros | smerres KL= T[S [TE s, | e [BION|  trace Fossis ICHNOFACIES NOTES FACiES
VCL M F VS C Njulefulefulefulefulu|T]v 11203]4
169975
47000 Oolitic limestone 1
Lots of crinoids and bivalves
Stacking pattern oolitic and non oolitic
4700.25] + HCI (Cu-Cl). Non-oolitic: shales, darker non-calcareous.
}700.50 Il [
Predominantly shale, lots of burrows filled with sand FI
[}700.75 Planolites 2
. Cruziana
Thalassinoides
kro10
k70125
701.50
k70175
47020
Ophiomorpha Skolithos
70225 Planolites Calcareous sandstone
Lag deposit
Very thin laminae of shale once in a while
k70250
4
k70275
703.0
703.25
703.50
1703.75
700
4704.25]
4704.50)
p704.75
un Red calcareous sandstone 1
k7os0 1
Skolithos
Ophiomorpha -
0525 Cleaning upward highly bioturbated heterolithic to homogeneous.
Micaceous
2
705,50
70575
Calcareous shale
Bidirectional parallel bundles 4
7060 Shell detritus
706,25 T L
Skolithos
4706.50| Ophiomorpha No HCL reaction
Planolites Cruziana 2
706.75
= H Sharp H— —
Heavy mineral deposition (garnet) 2 cm at the bottom
w1070 Clean in center then parallel bedding again. 4
Heterolithic sand and shale.
Bottom: shale dominated (20cm) 4
Ophiomorpha Skolithos Parallel laminations in sand
= Some wavy beds
Calcareous
Ji708.25 I
Ophiomorpha Skolithos  Cruziana 2
Planolites
1 Sharp
Ophiomorpha Skolithos Light gray calcareous sandstone
interlayered with shales 4
Ll Massive calcareous red mudstone
I i Minimal shale flaser bedding. 4
Ophiomorpha
P P Skolithos Interbedded shale and sands 4

Figure6.2.Core 1 description sheet



Figure6.2.Core 1 description sheet

84












































































































