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Permeability, porosity, and depositional environment and their effect on reservoir
quality in the Cretaceous Bluesky Formation Whitecourt, Alberta.

By Scott Doyle

Abstract

Variations in porosity and permeability are common concerns when analyzing
formations for reservoir quality. The Cretaceous Bluesky Formation of Whitecourt
Alberta is a tight gas formation where average permeability is > 0.1 mD. The Bluesky
Formation in Whitecourt was deposited during a regional trangression and shows three
main depositional well log signatures. “Bluesky A” is regionally extensive and
interpreted as a channel mouth to shoreface deposit containing several characteristic
ichnofacies and ranging in thickness from 1-4 m. “Bluesky B” is a channel deposit and
or barrier bar system trending NE-SW, located primarily in the western portion of the
study area near Edson, and ranging in thickness from 7 —18 m. “Bluesky C” is an estuary
deposit and contains several metres of mud draped sand lenses and is moderately to
heavily bioturbated.

Samples taken from 6 cored Bluesky wells have been studied to investigate why
porosity and permeability vary from well to well but also within a single well.
Stratigraphic columns show the Bluesky Formation fits into 3 depositional environments.
Representative gamma log signatures have been identified for each of the depositional
environments and are used to identify the sands in well logs. Porosity and permeability
data collected using the Accumap database, and from thin sectioned samples have been
studied extensively. This has allowed a comparison of the collected data for porosity and
permeability with thin sections and the stratigraphic logs. By sampling and
photographing sections of high and low porosity/permeability the causes for the
variations became more evident. The changes in porosity and permeability are attributed
to the depositional environment, sedimentary features, and the diagenetic processes the
formation has undergone since it was deposited.

Keywords: Bluesky Formation, Whitecourt Alberta, porosity, permeability, diagenesis,
stratigraphic column, thin section.
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1.0 Introduction
1.1 Background

The Early Cretaceous (Albian ~113 My) Bluesky Formation of Western Canada
lies within the Bullhead Group of the Western Canada Sedimentary Basin (WCSB). The
Bluesky Formation extends from Fort St. John in eastern British Columbia to the eastern
edge of the northwestern plains of Alberta. Unconventional gas reservoirs are common
in the WCSB, and the Bluesky is considered unconventional because it is a tight gas
reservoir. Permeability (K) is the ability of fluids to pass through a porous material
(Selley, 1998). Law and Curtis (2002) defined low-permeability (tight) reservoirs as
having average permeabilities less than 0.1 millidarcies. Porosity is expressed as the
ratio of voids to solid rock and is commonly shown as a percentage (Selley, 1998). High
porosity and high permeability are essential to the successful development of a reservoir.
If either of these two properties is unsuitable, a reservoir is not likely to produce
hydrocarbons. Linked to these properties is the clay content of the formation. The
mineralogy and abundance of clay present can cause problems during drilling or when
fracturing the formation. Problems arise due to chemical reactions and clay migration
these can plug the hydrocarbon flow pathways.
1.2 Study Area/ Problem

The area of study is Whitecourt Alberta, located in the northwestern plains,

northwest of Edmonton, in the foothills of the Rocky Mountains (Fig. 1.1).



NURTHW,
& EST TERRITORIES g  Fort Smith

- . _
i Fitzgerald

tdeandar
Rivar -
-
- — =igh -
Rainbow Level g
e Lake e - ) /
A or o - »
] Fort 5
S Vermilicn =
£ 5
E % f i
(=] m
o =
=
z S | >
E Manning | Fort Mchdurray, s 11K W 17 R16 R15
o e L ;
- - o F'Eace Rivar ot .
Fart - ~ : | -~ 62
SJohn - [ | e <~
High - 8 P
Przirig y g o
. - ; 2N 47
g! clavalake T
Grande . =/
Airim . 61
Prairiz Vadleyviow L
J Lac la Biohe
- [ ]
Crand - = .‘:'J,hit-ecaun ol p "
cobuly 5 i ) S1. Faul
- Cachs y ! - Glcrmalie - ° 60
"  Edsan =t Albert £
o Hinlong e
+ . Edmortton —
by Craylon Valleyy ™ - Lloydrmnster
B Wetaskinin . e, 59|
Jasper 4T N ¢ Samrose N
Z» Hacky Maunlam
Hause | Red Ceer N 0
Mount @ ’ l .- e 5
Calumbia & { " =
- >
~ 18
Hanna 2
ol = A - b
e Aijrdria
4 Banft k .C [ ;
O aigary
— - o0 ‘L Y
Kamloops NATL PARK Okpiaks® o Erooks

3]

T Medgicin
lzresheol o
a C T shalm Eart .
Kelowna

Maclead.

Figure 1.1 Study area of the Bluesky Formation near Whitecourt, Alberta. The box to the right is the actual township
and range area involved in this study and shows the grid system used in western Canada. The township and range
system is used so that the location of wells can be easily determined. The grid system has townships running north-
south and ranges running east-west, all of which are based on the position of meridians. A Unique Well Identification
number (UWI) is given to every well drilled and contains all of the data pertinent to its location within the grid system.

Each Township/ Range is subdivided into 36 sections, and each section divided into 4 smaller divisions. The study
area is 4 ranges by 5 townships.




The study area covers townships 62-58 and ranges 15-18, all west of the 5™
meridian (Fig. 1.1) and one well outside of the area has been included to tie the study to
the adjoining sections. This area is a rectangle five townships wide and four ranges high
containing more than 1500 wells with penetration of the Bluesky Formation. This study
incorporates data from as many of the wells in the study area as possible for the most
accurate representation of the Bluesky Formation in Whitecourt.

The main question this study will attempt to answer is if, and why, the Bluesky
Formation shows dramatic changes in porosity and permeability across the study area,
and if so, is it depositionally or diagenetically controlled? The Bluesky Formation in this
study has been separated into two main reservoir intervals and a third non-reservoir
interval. These intervals have been identified using well log signatures. The first will be
referred to as “Bluesky A”, a coarsening upward sequence that has been initially
interpreted as a shoreface deposit. The second is Bluesky B, a thick block-shaped
sequence that has been initially interpreted as a barrier-bar deposit. The third signature, .
Bluesky “C” is a non-reservoir interval and appears blocky but with much higher shale
content than Bluesky “B”. Isopachs of the Bluesky “A” and “B” have been generated
using Geographix mapping software. The isopach maps were generated from previous
work done by the author during summer employment (2005) and include a map (Fig.
2.4a) for each log signature showing the gross sand present in each well. Other maps for
each log signature were generated showing the net sand at a porosity cut-off of 6% for
each well. A porosity cut-off is used to identify the lowest porosity that can

economically produce hydrocarbons. The porosity and permeability for Bluesky B are



relatively uniform throughout the study area, but Bluesky A ranges in porosity from a
high of 12% to a low of 0.

If “A” were deposited during an oscillating transgressive/regressive period in the
Cretaceous and is regionally extensive, why do the porosity and permeability values vary
so much? It could be predicted that “A” would appear to be homogeneous as far as
permeability and porosity are concerned. This does not appear to be the case. There
must have been a difference in diagenesis or depositional setting to cause the change.
Bluesky “B” appears to be more homogeneous with respect to porosity and permeability,
which may suggest that the changes in “A” are more depositionally related and that both
log signatures have undergone the same diagenesis. It seems that the changes in “A” are
a combination of both depositional setting and diagenesis.

Other questions concern the location of high porosity and permeability zones with
respect to potential drilling sites and what affect the presence of clays and cement in the
form of kaolinite, glauconite, siderite (Fe-calcite) and ankerite (Fe-dolomite) have on the
overall reservoir quality. The presence of fractures in the drill cores suggest that some
parts of the Bluesky Formation will likely have much higher permeability than those
areas not fractured. The author will attempt to test the relationship between the direction
of the fractures and the direction of highest permeability values. Is there a relationship
between high permeability and high porosity values, and can high porosity and
permeability zones be mapped? Does the depositional environment have the only role in
controlling the porosity and permeability values, or has burial and diagenesis played the

most important role in modifying the reservoirs we see today? Has “A” been more



affected by diagenesis than “B”? Is one reservoir interval more often fractured than the

other?



2.0 Regional Geology and Stratigraphy

2.1 Regional Geology

The Mannville Group and equivalent strata comprise the oldest Cretaceous rocks
over most of the WCSB and represent a major episode of subsidence and sedimentation
following a long period of uplift (Hayes ez al. 1994). They also represent the second
major Cordilleran-derived clastic wedge of the foreland basin. The Bluesky Formation
lies stratigraphically within the Bullhead Group representing the maximum transgression
and subsequent early regressive stages of the boreal Moosebar/Clearwater Sea in the
southern/central parts of the basin (Hayes ef al. 1994). The Bluesky in Whitecourt is
bounded conformably below by the Gething Formation, a terrestrial fluvial system,
comprised mainly of sandstones, with local shale and coal. The Bluesky is bounded
conformably above by the Wilrich Member of the Spirit River Formation, a dominantly

open marine unit comprised mainly of shale.
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Figure 2.1. Stratigraphic setting of the Bluesky Formation (column 3) and age-equivalent to the Bluesky
Formation for Alberta. It also shows age equivalent units to the Bullhead group for Alberta. The Peace
River Plains column best represents the stratigraphy in the study area. (Hayes et al. 1994).



A type gamma log for the Bluesky in the Peace River Plains is very similar to the
log appearance found in the Whitecourt study area. The log appearance changes in

different areas of Alberta due to different conditions during deposition.
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Figure 2.2. Gamma log on the Left and the sonic log on the right for well 10-1-70-11W6 in the Peace
River Plains, to the NW of the study area. The log shape is very similar to those in the study area and
shows the upper contact with the Wilrich Member and the lower contact with the Gething Formation.

(Hayes et al. 1994).

2.2 Stratigraphic Context

The Bluesky ranges in thickness from nearly pinching out in Eastern Alberta to 46
m in eastern British Columbia. Figure 2.3 shows an isopach map of the complete
Mannville Group, which contains the Bluesky Formation. This map shows the gross
thickness of the Mannville Group in Alberta. The Bluesky Formation comprises

approximately 5 to 25 metres of the gross thickness of the Mannville Group in the study

arca.
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Figure 2.3. Isopach map for the Mannville Group, the age-equivalent to the Bullhead Group. The Bluesky
Formation is stratigraphically located in the Lower Mannville Group / Bullhead Group. The study area is
outlined in red. The map shows only the thickness of the Mannville for the province of Alberta and
includes the study area. (Hayes et al. 1994).

It was not possible prior to this project to find an isopach map isolating just the
Bluesky Formation possibly because it is a thin unconventional gas play. The author has

mapped the Bluesky for the study area, breaking the formation into two log signatures




“A” and “B” for the isopach map, and a third, “C” for the depositional setting and the

drill core analysis.
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Figure 2.4a. This shows the gross sand thickness for the
Bluesky in the Whitecourt study area for the log signature
A. The contour interval is 1 m. (Doyle, 2005)
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Figure 2.4b. This shows the gross sand thickness for the

Bluesky in the Whitecourt study area for the log signature B.

The contour interval is 1 m. (Doyle, 2005.)

The formation ranges from ~5 m to 25 m in the Whitecourt study area as

determined by well log data. The formation is divided into two dominant lithologies for

the purpose of this study: shale and sandstone. The shales are of great importance in

interpreting drill core and determining a depositional environment. However, many of

the cored wells do not have the basal contact with the Gething Formation, making

location of the base of the formation for well log correlation difficult.



The Bluesky sandstones range from brown to brownish grey and are fine to
medium grained, commonly containing glauconite. Chert granules are common and tend
to give some cores a salt-and-pepper appearance. The wells examined for this study have
a wide range of porosity and permeability values. Siderite is present in the sandstones
and may or may not be problematic in terms of preferentially decreasing porosity and
permeability locally. The sandstones show sedimentary features such as trough cross-
bedding and planar parallel bedding but may also appear massive. Dewatering features
such as flame structures are present but rare. Thin mud laminae are common in all the
wells examined. The sandstones are home to an array of fossil traces, the types and
abundances of which appear to be related to the log signature (“A”, “B”, or “C”),
associated with the well.

The shales are of marine origin and contain grains of pyrite believed to have been
formed in situ and these may be associated with the presence of organic debris in the
form of coalified plant fragments.

2.3 Previous Work on Bluesky Depositional Environment

There has been little investigation done on the Bluesky Formation in Whitecourt,
Alberta to investigate the changes in porosity and permeability throughout the area.
However, there have been porosity and permeability studies done on the Bluesky in other
areas of Alberta and Eastern British Columbia. By piecing together several previous
studies, it is possible to combine studies of permeability, porosity and depositional
environments. In South Central Alberta, the Bluesky is one of the main reservoirs

producing in the Hoadley gas field.
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Chiang (1985) described the presence of barrier bars in the Hoadley field with
thicknesses of 14-18 m and composed of medium-to fine-grained sandstone with porosity
ranging from 8-16% and about 10 millidarcies permeability. These data refer to what
Chiang called the “A” sand which is the uppermost sand in the Hoadley field.

Chiang did not discuss anything about the clay content other than mentioning the
presence of glauconite. Also, he didn’t discuss its effect on the performance of the
reservoir as this is typically left to the production engineers to evaluate. From the
production data given, it seems unlikely that clay is causing any problem with respect to
production in the field. The discovery well drilled in 1977 flowed at 26mmcf/d after
fracturing. The depositional model presented by Chiang is partially consistent with the
general findings of the early stages of this study and with the formation of a barrier-bar
system in or near the mouth of an estuary close to the shoreline.

Terzouli and Walker (1997) produced a study of the Bluesky in Edson, Alberta,
just to the southwest of Whitecourt and described barrier-bar systems trending SW-NE.
Their study used trace-fossil data to help determine a depositional model that shows a
barrier bar as well as estuarine valley fill. The valley fills are channelized sand bodies
and show limited trace-fossil assemblages due to the stressed environment. Their study
was focused mainly on the depositional setting of the Bluesky in Edson and mentions
nothing of porosity or permeability. It only briefly mentions the presence of clay in the
form of slackwater mud drapes.

Lukie (2004), in an internal Talisman Energy Inc. study of the Bluesky Formation
in Edson, suggested that during their study of the Bluesky, Terzouli and Walker (1997)

missed some trace fossil data. Lukie (2004) suggested that their interpretation means that

11



the paleo-shoreline may have been trending to either the northeast or the southwest of the
area.

A high concentration of glauconite is common in areas of the Bluesky Formation.
Chafetz and Reid (2000) compare the strata found in the southwestern US considered to
have formed under very shallow water tidal flat conditions to the numerous studies
showing that glauconite generally forms only in mid-shelf to upper slope environments.
The glauconite appears to be autochthonous in the high energy environment. This could
have some effect with regard to the depositional environment of the Bluesky Formation,
and whether the glauconite precipitated in situ or was transported there and deposited as
detrital grains.

2.4 Previous Work on Bluesky Diagenesis

Lukie (2004) described good producing and poorly producing wells in Edson in a
two-part study. The study relates production to diagenetic effects and the depositional
environment. Porosity changes in wells in close proximity to each other show that the
favoured reservoir in the Bluesky comprises a lithofacies of medium grained, trough
crossbedded sandstones, having minor to no burrowing present. The unfavoured facies is
the fine grained, mud laminated, and highly bioturbated sandstones.

Part 1 of the study (Lukie, 2004) suggests that changes in the size of the quartz
grains in the reservoir allow for more growth of quartz crystals during diagenesis,
therefore reducing porosity by increasing quartz cementation. Part 2 of the study
suggests that in the good producing wells, the leaching of chert grains created
intragranular porosity while the dissolution of cement created greater intergranular

porosity, increasing the porosity of the reservoir. Poor producing reservoirs contain only
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secondary grain moldic porosity, and are therefore defined as a poor reservoir based on

petrophysical analysis.
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3.0  Methods
3.1  Background on well logs

This section will give a brief outline of the well logs that were used and what they
indicate. The gamma ray log is mainly used to determine lithology and measures the
amount of natural radiation in the form of gamma rays that the different rock layers emit.
The common radioactive elements are K, U, and Th. These elements, particularly K, are
common in clay minerals which comprise shale and are absent for the most part in
sandstones, unless the sandstone is arkosic and high in potassium feldspar (Cant, 1992).
The log generally responds by moving to the right of centre to indicate shale and to left to
indicate sandstone but there are exceptions to this rule. The Bluesky follows the sand /
shale pattern of sand to the left and shale to the right throughout the study area.

Three main logs are used to determine values for porosity. The density porosity
log tool emits gamma radiation and measures the amount of radiation scattered back in an
amount proportional to the electron density of the rock. In most cases, the electron
density is related to sold material and the amount and density of the pore fluids. Density
porosity is calculated by assuming a density of the solid material (i.e., sandstone 2650
kg/m’) and fluid (i.e., salt water 1146 kg/m®) (Cant, 1992).

The neutron log measures hydrogen concentrations in the rock. The tool emits
neutrons of a known energy level then measures the energy of the neutrons reflected from
the rock. Neutron porosities are calculated by assuming that all the pore space is filled
with fluid. Since the tool is calibrated using a fluid, the presence of gas shows up as an

anomalously low value (Cant, 1992).
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The sonic log uses the seismic velocity of a pulse of energy, usually a sound
wave, to measure the amount of open pore space in a rock. The velocity depends on
lithology, permeability, and the type of pore fluid present. A drop in velocity in sandstone
generally means that there is open space in the rock filled with some type of fluid or gas.
It is the fluid or gas, with lower density than the rock that slows the seismic waves and
gives a measure of porosity. This log is also useful in tying seismic data to well log data
but was not used for that purpose in this study.

The two logs used to determine the relative permeability of the rocks in the
formation were the caliper log and the SP log. The caliper log measures the diameter of
the borehole using two spring-loaded arms on either side of the logging tool. It measures
permeable areas as a decrease in the diameter of the hole due to the invasion of drilling
fluid into the rock and a build up of mud-cake. The SP log measures the electric potential
between an electrode pulled up the well and a reference electrode at the surface (Cant,
1992). Since the formation water in the uninvaded sands has a much higher concentration
of salts than the water normally used to make up the drilling fluid, ions tend to flow
between them to equalize the concentrations. The tool measures this difference and gives
a relative permeability compared to the other rocks in the well (Mussett & Khan, 2000).

The resistivity logs (micro, shallow, and deep) are used to determine the fraction
of pore space occupied by water. This can be used in the Archie’s Law equation to
determine the fraction of pore space occupied by hydrocarbons. Its main purpose, as
identified in previous work in Whitecourt, was to help identify possible hydrocarbons

based on their high resistivity (Mussett & Khan, 2000).
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The best results were obtained when it was possible to use all the logs together for
each well. The integration of all the log data made interpretation of the logs much easier
and more accurate.

3.2 Drill Core and Stratigraphic Columns

While logging drill core at the EUB core facility in Calgary, Alberta, with the aid
of Terry Lukie, many detailed photographs were taken and core description sheets
constructed. The cores used in conjunction with the well logs provide a more detailed
analysis of what the well logs indicate. Through two visits to the core lab, the author was
able to describe cores from wells that show all signatures (“A”, “B”, and “C”) and wells
that show “A” with “C”, and “A” with “B”.

The rough drafts of the core sheets done during the summer work have been
examined and modified so that they could be input into a program called StratDraw. This
program was used to electronically draw the individual layers in the sections. The
columns were exported into Corel Draw and onto a template showing grain size, location,
and many other features of the core. The sections have been labeled with the appropriate
stratigraphic symbols and depth indicators to show what was observed in the actual core
sections. The notes taken while the cores were logged have been added to aid in the
interpretation of the cored section.

3.3 Porosity and Permeability Data (Accumap)

To analyze the large amount of data required to compare the porosity and
permeability of different wells in the study area, an industry software program called
Accumap from THS Energy was used. Core analysis is available for the majority of the

wells in the study area that have been cored through the Bluesky interval. Each suite of
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analyses includes numerous porosity and permeability (K Max, K90, and K Vertical)
measurements from different positions moving down the length of the core. The data
have been put into an Excel spreadsheet for easier manipulation.

After a well has been cored, it is the responsibility of the laboratory running the
tests to provide the EUB of Alberta with the porosity and permeability measurements
taken from the core. These data become available to the general public after the well is
removed from confidential status. The EUB receives all the cores drilled in the province
of Alberta at the core facility in Calgary where the core is stored and can be viewed by
the public for a fee. The testing that is done is determined by the company cutting the
core. Generally the cores have reservoir intervals tested using the full diameter core and
all other intervals tested by taking small round plugs. The full diameter core and the plugs
are used to determine the porosity and permeability of the cored formation at a given
depth.

To obtain the data for porosity, the samples are first cleaned and dried to remove
any materials remaining from the drilling and coring process. Then Boyle’s Law is used
along with helium gas to determine the porosity of the sample. The formula for Boyle’s
Law is used in the form of: P; V;/ T; =P, V,/ T,. Since the data collection process takes
only a few minutes, the value for T does not change so the formula may be expressed in
the more simple form of P; V; = P, V5. A known volume of helium (V) at a known
pressure (P;) is expanded into the core sample in a matrix cup and the resulting pressure
(P,) is read from this (V,) may be solved by using the simplified equation for Boyle’s
Law. This (V) value gives the grain volume. The bulk volume is then calculated by

measuring the length and diameter of the sample. The bulk volume minus the grain
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volume leaves the pore volumes. Finally the pore volume divided by the bulk volume
leaves porosity of the sample. The porosities of all samples are measured under no
confining stresses (D. Agar, personal communication, 2006). Figure 3.1 shows the

apparatus used for calculating the porosity from a core sample.
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Figure 3.1. The type of apparatus used to get the measurements of porosity from the cores used in this
study. (Modified from Cone and Kersey, 1993)

The laboratory techniques that collect permeability data use a steady-state
apparatus and the drop in pressure across the sample is kept constant so that the flow rate
can be measured. The formula used to determine permeability is an integrated form of
Darcy’s Law: K, =2000p,uqal / (p1” — p2>) A. The variables are the following: K, = air
permeability, p, = atmospheric pressure (atm), p; = upstream pressure (atm), p» = outlet
pressure (atm), L = length (cm), u = air viscosity (cP), g, = gas flow rate at atmospheric

pressure (cm® / sec), and A = cross sectional area (cm?). The value for permeability is
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then determined from the slope of the plot of V, (Vo= qa/ A in cm/sec) versus (p;”— p2°) /
L which results in a straight line passing through the origin as long as the conditions for
Darcy’s Law are maintained (Ohen and Kersey, 1993) Figure 3.2 shows the apparatus

used for calculating the permeability from a cored sample.
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Figure 3.2. This figure shows a type of steady state apparatus that is used to measure the flow of a gas
through the sample and from that calculate the permeability of the sample. (Modified from Ohen and
Kersey, 1993).

(a) y Patm (b

The three types of permeability measurements taken are Kmax, Kvertical, and
K90. Kmax is the permeability measurement taken along the bedding plane in both full
diameter cores and in the small plug cores. The same technique for obtaining the data is
used for both. The exception is that only one permeability measurement is taken for the
small plug cores and it is Kmax. The Kvertical measurement is taken longitudinally
through the full diameter core and is not taken at all in the small plug cores. The K90

measurement is taken at 90 degrees to Kmax for full diameter cores and not taken at all
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for the small plug cores. Some sandblasting of the cores is necessary before horizontal
permeability measurements can be taken in order to remove drilling mud from
obstructing the permeability measurements. In very permeable samples, mud can invade
the sample beyond the point of removal. In these samples, the horizontal permeability
may show up as lower than the vertical permeability unless the core is fractured vertically
(D. Agar, personal communication, 2005). Figure 3.3 shows the core and the orientation

of the permeability measurements with respect to the core.

3 Way

Permeability

K90

90° to Kmax

Kmax

Parallel to Bedding
Bedding Planes

Kv Longitudinally through
Sample

Figure 3.3. Orientation of the three types of permeability measurements used when acquiring the data used
in this study. Kmax is along the bedding planes oriented into the diagram, K90 is measured 90 degrees to
Kmax, and Kvert is measured longitudinally. (D. Agar, personal communication, 2006).

3.4 Statistical manipulation of data

The data obtained from Accumap were manipulated using several statistical
methods to make the data easier to use. The first step was to eliminate any values equal

to zero for porosity and permeability (Kmax, K90, and Kvert). These values represent
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sections of the core that were not sampled and show up in the database as zeros. The
reason for many of the Kvert and K90 values being zero is due to the sampling method
used for the core as mentioned in section 3.3. The data were then entered into a
spreadsheet format for ease in graphing the data and further manipulation. The next step
was to calculate the basic statistics for the raw data set using a statistical program called
Minitab 14. The statistics calculated were: mean, standard deviation, the minimum and
maximum values, the upper (Q3) and lower (Q1) quartiles, the inner quartile range (IQR),
and the location of any data values considered as outliers. Any points that are outliers on
the high end are considered to represent fractured core. This method of determining
fractured data has been chosen because it is more appropriate than using the often
inaccurate observations of the geoscientist measuring the core in the field. Some cores
appear as fractured but recorded low permeabilities, whereas some appear as unfractured
but recorded extremely high permeabilities. Using the outlying method seems to
eliminate most of the values that skew the fractured and unfractured data. Fractured data
were considered to be anything above Q3 + 1.5 x IQR. The low outlier cut-off values
were always negative and therefore not applicable. The next step was to isolate fractured
data from the unfractured data. All of the data greater than the outlier cut-off values are
considered fractured and all those equal to or less than the outlier cut-off value were
considered unfractured. The same statistical values mentioned above were calculated for
the fractured and unfractured data sets.

From the data sets, multiple plots were generated to evaluate factors that might
have contributed to fracturing, high or low permeability, and high or low porosity.

Histograms were generated to see how the data are distributed for the different data sets.
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For the scatter plots created in Microsoft Excel, the correlation coefficient (r) was
calculated. A table of correlation coefficients is presented in chapter 5.0. To plot the
histograms, the Minitab 14 program was used. To create the histograms, the log format
of the permeability data had to be used. For this, Minitab was used to take the natural log
to the base of 10 of the permeability (Kmax, K90, Kvert) values, converting them into
values that could be plotted on a linear scale. The log values were then changed back to

values in millidarcies for presentation purposes.

3.5 Thin Section Analysis

Using the thin section data as well as the core spreadsheet data, a comparison was
made to see how cementation, grain size, and other factors affect the reservoir quality of
the sand. The results from this were then used to identify high and low
porosity/permeability log signatures in the study area. The thin section analyses were
used not only to verify the porosity and permeability data with the core analyses but also
to give grain size, degree and type of cementation, and mineralogy of both the grains and
matrix. The data collected from the thin sections are crucial in integrating the various
datasets and showing where the porosity and permeability is best or worst and why.

From all wells in the study area, those containing the most data for the most
important categories (Table 3.1) were logged and the applicable data retrieved from the

Accumap database.
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Thin Stratigraphic Porosity / Production

Unique Well Permeability
Indicator Sections Columns Data Data
00/01-29-061-17W5/0 2 Yes no yes
00/03-31-060-18W5/0 1 Yes yes yes
00/06-25-061-18W5/0 2 Yes yes yes
00/07-31-058-19W5/0 3 Yes yes no
00/09-08-058-18W5/0 1 Yes yes yes
00/12-24-058-18W5/0 2 Yes yes yes

Table 3.1. Data that are available for each of the key wells as well as the work the author has prepared for
this study. These wells are the best compilation possible with the existing restraints of core availability and
data availability for the cored wells.

The preparation of the thin sections from samples taken at the Energy and
Utilities Board of Alberta core facility was performed by Core Lab Petroleum Services.
The preparation of the thin sections included the application of different types of stains to

bring out the mineralogy based on reaction with the stains (Table 3.2).

Mineral Colour of Stained
Name of Stain Applied Associated mineral
Alizarin Red S Calcite pink / red
Potassium Ferro-
cyanide Fe- dolomite blue / turquoise
Fe- calcite mauve / purple
Sodium cobaltnitrite K-feldspar yellow

Table 3.2. Different types of stains used on the thin sections in this study and the effect of the stain on
minerals that are often difficult to identify using only petrographic methods. The Potassium Ferro-cyanide
will only stain Fe-calcite mauve/purple if the section has also been treated with Alizarin Red S.

The microscope used to view the thin sections was a Leitz Labourlux 12 POL
binocular petrographic microscope. The first step was to visually inspect the slides to
identify the mineralogical content and percentages, followed by the textures and shape of
the minerals, as well as any alteration or possible diagenetic effects such as dissolution or
cementation. From the visual inspection, a rough estimate of the content of each slide

and a simple look at the diagenetic history of each section was attained. These visual

23



inspections were used to investigate the provenance of the Bluesky as well as classify the

type of sandstone present in the thin sections using the QFL classification scheme.
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4.0  Well Logs and Stratigraphic Sections
4.1 Type Well Logs for the Bluesky Formation

The Bluesky in Whitecourt does not represent a homogeneous depositional
environment and therefore contains several different characteristic well log signatures.
These signatures are determined mainly by the response of the gamma ray log. The
characteristic shape of the log responses have been broken into three main depositional
facies or well log signatures; (petrophysical facies) “A”, “B”, and “C”. Each of the
signatures was confirmed by examining drill core at the EUB core facility in Calgary,
Alberta during the summer of 2005. Each signature for “A” and B” represents exclusively
the deposition of sand and does not take into account the shale deposited above.
Signature “C” deals with units having high sand to shale ratios. Since this study deals
largely with examining the porosity and permeability of a reservoir, shale is only
discussed in the depositional environment portion of the study and in the drill core
descriptions.

Bluesky log signature “A” (Fig. 4.0 a.) is interpreted as regionally extensive
shoreface sand that ranges in thickness from 1 — 5 m depending on the location of the
well in the study area. The gamma log shape is that of a coarsening up sequence with fine
materials at the base and coarser at the top and then the log fines again as the
transgressive shale of the Wilrich Member begins. It is common to find moderate to
heavy bioturbation in these sands with several different traces visible. This signature is
generally found at the top of the Bluesky Formation and the base of the Wilrich Member.

The “A” signature represents the uppermost deposited sand and may overlie “B” or “C”.
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If two different sands are being deposited on top of each other, the log will not identify
the change from one type of sand to another.

Bluesky log signature “B” (Fig. 4.0 b.) is preliminarily interpreted as a type of
barrier or channel fill near the coastal plain. This signature is confined mainly to the
western portion of the study area with some small outcrops in the S, SE, and NE. The
thickness of the sand ranges from 5 — 21 m depending on the location within the study
area. The well log appearance of “B” is thick and blocky, with a low percentage of clay.
This depositional facies has much less bioturbation than “A” and has a very limited
number of traces. This signature was originally believed to be isolated from the “A”
facies but upon closer examination of the cores and well logs, the “A” signature may
overlie the “B” throughout the study area but is difficult to distinguish using well logs
alone. Bluesky “B” is the main target for drilling at the present time because it is the
thickest reservoir.

Bluesky log signature “C” (Fig. 4.0 c.) is interpreted as an estuarine deposit
through the examination of drill core. This facies was identified solely by examination of
drill core because well logs do not have the vertical resolution to identify mud beds
thinner than approximately 1 metre. This facies consists of thin sand lenses capped by
thin mud-drapes, deposited during slackwater in a tidally influenced environment. Only
one well containing this facies has been identified and because of the high percentage of
mud, it may not be of reservoir quality and has only been briefly examined here for
porosity and permeability. It will be mentioned again during discussion of the

depositional environment.

26



00/06-25-061-18W5

AEMARGE
Rusgar sass
1:340 scaLg
SANDSYONE WATRIX
VERSION 106817, 18200
TVD REPEAT PASS
25610 SPDRPTVD
FINISH DEPTH: o.@ meterc DIRNCTION: UR DATE: TINR: MODE: TRACE PLAYEBACK -
[ 28810 STIMPTVD
Tengion
amac  sanas o FINISH DEPTH: B.8  Meters DIRECTION: L®  DATE: Tiee: mopE: TEA
______ Y Coliper___ | #eut. Poromity (88) . __ Tenmlon__ _ ] SFL Remistivity
= Nillinetars 3| o) aroent “i6.of 0000 Pounes o o2 Tha Watars
Gomeo Ray Den. Porosity (S8B) L 200 Msdiua 3TI
0 ary \snl le5.0 Parcemt <15 —as 6.2 ons Hatars
... X Catiper | | Photoflectric Effest | _ Osneity Correction R 20K Deep 3TI
IF N metars 374 K 10.0480 Kiiomrome/Cu. waiar  -80| o "% ane weLare
— i = T Aorods el T AR e,
=F < ~1010.8) [ T et T
» v I - 1 T
= ¥d ~ 7 +
< - b = |
- = > 5 T 1 T +
[]_1& c ===2AC
N = & 1 - :
5 3 < =7
1 rudl D s 7] T ! T ]
BLS) ;‘ =¥~ ~ BLS! c v 1 S T
101]5 T Va 10 wnf b , 7 T
AN E I s e
] 3 - B H T 50 )
El T = D [ } :é 1
E N R o ey — N H bty
-~ = 2 -t TR s
X p) 13 frd 1M T
3 - Y 4
=3 I = T S
| - T ~ i i J‘ )\H
T = Bl — ] : 1] 2 o
L 9238 4 T - S - - 1928 T &=
. = N 1Ryt [ -\ T
< F—d R, CRER- s A5,
“T173 o — o = ] ) i | I Yy
— = — w— ———
I [ N EME ' Lo T — 3

Figure 4.0 a. Type log for Bluesky log signature “A”. The first track moving left to right is the gamma
ray log which indicates lithology, on the same track as the gamma log is the caliper log showing hole
diameter. The next track is the sonic log indicating porosity. The centre column shows what has been done
to this well. The long rectangle with diagonal lines is the symbol for a cored interval. The stacked
horizontal lines indicate the well casing has been perforated at the depth of the symbol. The first track to
the right of the centre contains a second gamma ray log and the spontaneous potential (SP) log. The track
on the far right shows the resistivity logs (micro, shallow, and deep induction). The top of each track
shows the scales for each type of log. The dashed horizontal lines running left to right across the logs
represent the top and bottom of the Bluesky Formation. (Logs modified from Accumap).
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performed on the formation. (Logs modified from Accumap).

LI 5

28



00/03-31-060-18W5

| Tension (TENS) |
{000 @) B Changed Paramster Summary
AP Formation Capture Crom-Section | DLIS Name New Vaius Previous Value Depth &
L2
—— ﬁj SNV 0 My e 18 My 2000.0¢
DS CalericAL T LDS Denahy Porosity (DPO) e ek Evory
125 [ :751 = PY) 15 SN SR T T AT B0 inch pgeion gTg,
camma i 108 Long Speced Plokoshectric End‘ D8 02 OHMM)
5 ARy 0 T Ty T T s : AIT 80 Inch vaetigsion ATS)
o2 ©Hu)
_ Caiper2qgmiz) | ZPS Newv/Far Correcied Sandstons Pomaity (FPSC) 1
= oﬁy‘ 375 & T ,LM o - £l pm———-= AT, l"i"ﬁ_ﬁ%‘_'z_“’f"_“_(‘_“ﬁ_ _____
i i AT 30 nen vewgon TS,
e ENSEE@S)  |Sendomm_ _ __ _ AP NearAmay Conncied Sandstope Poreity (PSS} | _ _ _ 3 (GAPI) 80 82 et
i s 7 o ” BT lop Bhale Dt JABD)_ — Y S—
T MM 80 e L) 78 = (Oriny
TSR T Sl e | T : IVl
A P E = I P i TS
P T3 | IV 4 = [ 3 i
S 7 N1 B B — I Ny ]
S T T ] | i -
e — — 3 - [ <
PEAY S . Y [
Reny N [ T H’:__~ )
= = % o
pasp - L - A e y S A
L1 :? ] A - o = - FRAG— hY =S4 | .
2s) ﬁ - 5 --‘:ﬂ'-: = s ' 7
- I I n T 1
13 T . - d 1 < T
N ] \ i
| 7 i A
A T 1 . I e I
H I = Ly I unil .
| 1 =70 5 i >. [ \ 1 L T
1 1G] - - s -t — & ) s
L. - - | GTRE H . A
o : = - = PYNEYES i H T
§ " T PETT 5 e g T H T b T T
| =t =1 — l ] } = 2 il 1 S 1 1[
Tt | W oeeds — ] T 15 : T = S
l = P T HEY [ M1 > 7- = 1

i BN - b LR
Figure 4.0 ¢. Type log for Bluesky log signature “C” with the top section of the core being log signature
“A”. The red horizontal lines show the break between the different log signatures. For a description of the
logs used refer to figure 3.1. (Logs modified from Accumap).

4.2 Stratigraphic log descriptions
00/06-25-061-18WS5: (Fig. 4.1)

This top of the stratigraphic log shows log signature “A” covering ~ 3.25m and
containing both Macaronichus and Paleophycus trace fossils indicative of a possible
Glossifungites ichnofacies. The sedimentary structures present are rare mud laminations
and planar bedding. In this upper section of the core, two thin section samples were
taken and prepared for analysis. The “A” portion of the core shows cryptic bioturbation
(Fig. 4.1.2).

The contact between the upper “A” signature and the lower “C” signature is
marked by an abundance of carbonaceous laminae as well as some coalified wood
fragments and possible siderite layers indicating waters low in sulphate and oxygen-poor

conditions. The “C” signature comprises the remaining ~15.75m of the core and shows
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reaction to HCl that appears to increase with depth from low to moderate. The thicker
sand layers have been highly bioturbated and contain traces of Paleophycus,
Thalassinoides, Chondrites, Planolites, and Teichichnus, indicating a Cruziana
ichnofacies. Teichichnus seems to be more common throughout the middle portion of the
“C” section of the core and Planolites appears to be decreasing with depth. There are
very few identifiable sedimentary features in the “C” signature because the heavy
bioturbation has destroyed the original structures. The only features discernible are
dewatering features in the form of flame structures and contorted laminae.

Pyrite appears at approximately 2016 m and indicates higher concentrations of
sulphate in the water which imply anoxic conditions. Mud layers beneath the pyrite
contain bivalve fragments both scattered and layered, ranging in size with a maximum of
2 cm from the dorsal to ventral side. The lower portion of the core contains abundant
pyrite and is heavily bioturbated by the Cruziana ichnofacies. The bottom of the core

contains rare traces of siderite and very fissile layers of shaley material.
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Flgure 4.1.1. This shows the full suite of logs run in this well. Thls section of the Bluesky (log signature
A) has a gamma ray log reading of ~40 API and appears as a coarsening up sequence. The sandstone
density porosity log shows an average of 10%porosity, the SP log shows some permeability in the Bluesky
interval, and the resistivity logs read above 10 ohms suggesting the presence of gas in the formation but the
separation of the resistivity logs suggests the presence of water as well. The symbols between the logs
represent from left to right, fracture stimulation of the reservoir, perforation of the well casing to allow gas
to flow into the wellbore, a cored interval, and that they needed to put in a bridge plug because the
formation was producing water. (Logs modified from Accumap).

Well: wo/é-2z5-6/-15t/5

Figure 4.1.2. Low angled bedding that has been altered by cryptic bioturbation. (Photo by Terrance
Lukie, 2005).
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Well: r@/4-zs-6/-18W5

Figure 4.1.3. Sandstone containing low angled bedding with mud laminae and stylolites. (Photo by
Terrance Lukie, 2005).

Well: co/p-zs-6/-1905

Figure 4.1.4. Sandstone with a slightly higher mud to sand ratio, low angled bedding, as well as
carbonaceous wood fragments that are circled in red in the photo. (Photo by Terrance Lukie, 2005).
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Well: rewo/é-zs-4/- /505

Figure 4.1.5. Moderately to highly bioturbated sandstone containing the trace fossils; Paleophycus,
Thalassinoides, Chondrites, and Planolites. (Photo by Terrance Lukie, 2005).

.

- 0§

Figure 4.1.6. Shell lag containing both articulated and disarticulated shells. The shell in the bottom of the
photo (red circle) is a good example of an articulated shell. Two disarticulated shells are present in the
upper half of the photo. This has been interpreted as a storm deposit. (Photo by Terrance Lukie, 2005).
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Well: ceo/p-25-4/- /51,5

Figure 4.1.7. Very organic rich shale bed (dark black layer) in the surrounding shale. The lighter layers
are thin sand laminae. (Photo by Terrance Lukie, 2005).

Well: rec/¢-zs-6/- /505

Figure 4.1.8. Trace fossil Macaronichnus. The burrows have been circled in red to emphasize them.
(Photo by Terrance Lukie, 2005).
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Figure 4.1.9. Shell lag in a muddy sandstone. The lag contains mainly brachiopod and bivalve shells,
most of which are disarticulated. The largest of the shells have been circled in red for emphasis. (Photo by
Terrance Lukie, 2005).

00/07-31-058-17W5/0: (Fig. 4.2)

The top portion of this core consists of mudstone with rare sand laminae and may
be a gradational contact between the Bluesky Formation and the overlying Wilrich
Member of the Bullhead Group. It may also be the “C” log signature of the Bluesky
Formation. Moving down core there is a break in the log indicating missing core
followed by thin sand that has been heavily bioturbated by Thalassiniodes and Planolites
of the Cruziana ichnofacies. The next section is fine sand and contains Macaronichnus
traces. This is followed by another break in the core after which the Bluesky log
signature ‘B” is present. This ~10m thick sand body contains planar cross bedding in the
upper part. A thin section sample was taken at 2223.4m. Moving down the core at

~2226 m there is bioturbation present from Teichichnus, Macaronichus, Ophiomorpha,
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Arenicolites, and Paleophycus, all from the Skolithos ichnofacies. Below the bioturbated
zone are wave ripples, planar cross beds, trough cross beds, and ripple cross-lamination.
The next thin section sample was taken at 2227.85m. Below the base of the B log
signature section, the “C” log signature appears. This section contains pyritized
gastropods, starved wave ripples, and syneresis cracks. The trace fossils Planolites and
Thalassinoides are present and suggest a Cruziana ichnofacies. The shale and sand
layers in the base of this core contain calcium carbonate, probably in the form of cement

that reacts moderately with dilute 10% HCI.
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Location: 00/07-31-058-19W5 Whitecourt AB

Logged By: Scott Doyle

Figure 4.2
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Figure 4.2.1. This shows the full suite of logs run in this well. This section of the Bluesky (log signature
B) has a gamma ray log reading of ~37 API and appears as a thick blocky sequence. The sandstone density
porosity log shows an average of ~12 %. The SP log shows some permeability in the Bluesky interval and
the resistivity logs read well above 10 ohms and suggest presence of gas. The symbols between the logs
represent from left to right, 2 cores taken over the shown interval, and the dark coloured triangle indicates
that a drill stem test (DST) was run to determine if the formation would produce gas before casing the
well. (Logs modified from Accumap).

Figure 4.2.2. Wavy to cross bedded sandstones with mud laminations and stylolites. The somewhat
diffuse nature of the bedding is the result of cryptic bioturbation. (Photo by Terrance Lukie, 2005)
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ell: 7-31-58- /9w>5

Figure 4.2.3. Moderately bioturbated sandstone. The long vertical burrow is Arenicolites, the smaller
round shaped burrows are Macaronichnus, and there may also be some Ophiomorpha burrows in this
photo. (Photo by Terrance Lukie, 2005).

Figure 4.2.4. Current rippled bedding in a fine grained sandstone. The ripples are easy to see and their
angle has been roughly outlined with the red lines. (Photo by Terrance Lukie, 2005)
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Well: _7-31-58- /w5

Figure 4.2.5. Fine grained trough cross bedded sandstone. The bedding is sharp and easily seen in the
photo. There has been little if any bioturbation in the core. (Photo by Terrance Lukie, 2005).

Figure 4.2.6. Planar to low angled bedding, the sands have a salt and pepper appearance caused by high
chert content in the lighter colour sand. This shows little to no trace fossil content. (Photo by Terrance
Lukie, 2005).
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Well: _7-31-58- /9w5

Cemsmeeycer e 570 D R —
Figure 4.2.7. Bioturbated mudstone with high sand content. The brassy coloured fossil circled in red is a
pyritized gastropod shell. The smaller red circles are planolites traces. There are also some less
identifiable traces in this section of the core. (Photo by Terrance Lukie, 2005).

00/09-08-058-18WS5 (Fig. 4.3)

The top of this startigraphic log begins with the Wilrich Member and moves down
into the Bluesky Formation at ~ 2258 m. The Wilrich and upper section of the Bluesky
contain the trace fossils Chondrites, Planolites, Diplocraterion, Scoyenia,

Thalassinoides, and Teichichnus, which suggest a Cruziana ichnofacies. The upper
Bluesky Formation in this log is a highly bioturbated sand with abundant mud laminae.
The sands in this section are massive and have no visible bedding or remnant sedimentary
structures. The sands with high mud content correspond to the log signature “C”.

The next portion of the core is a thick (~8 m) sand body that contains mud rip up
clasts, siderite cement, and some minor bioturbation that decreases with depth. A thin
section sample was taken at 2261.43m. The sands below the sample location contain
trough cross bedding and some minor organic detritus. Toward the base of the core the

bedding becomes planar and the siderite and organic content begins to increase. At
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~2266.75m, there is a section of coarse sand below which no bedding is visible and the
remaining few metres of sands are massive. This ~ 8 metre section of the core

corresponds to log signature “B”.
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Figure 4.3.1. This shows the full suite of logs run This section of the Bluesky (log signature
B) has a gamma ray log reading of ~33 API and appears as a thick blocky sequence. The sandstone density
porosity log shows an average of ~7.5 %, the SP log shows good permeability in the Bluesky interval, and
the resistivity logs read well above 10 ohms and suggest presence of gas. The symbols between the logs
represent from left to right, fracture stimulation of the reservoir, perforation of the well casing to allow gas
to flow into the wellbore, 2 cores taken over the shown interval, and the dark coloured triangle indicates
that a drill stem test (DST) was run. (Logs modified from Accumap).

Well: 7=5 -55-/su/s

Figure 4.3.2. Mudstone with a high sand content. The U shaped burrow at the bottom of the core is a
Diplocraterion trace fossil, while the long narrow burrow at the top may be Arenicolites or Skolithos.
(Photo by TerranceLukie, 2005).
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Well: 7-& S8 /8W>

Figure 4.3.3. There is a high sand to mud ratio in this portion of the core. Examples of trace fossils are

identified by red circles. The traces labeled are Thalassinoides, Chondrites, and Planolites. The steeply
angled lines running top right to bottom left are from the coring process and are not sedimentary features.
(Photo by Terrance Lukie, 2005).

Figure 4.3.4. Sideritized mudstone clasts in fine grained sandstone. The core also contains mud laminae
but shows little if any bioturbation. (Photo by Terrance Lukie, 2005).
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Well: 7-& ~38-/8W/5
Figure 4.3.5. Trough crossbedding in fine grained sandstone with some possible cryptic bioturbation. The

cryptic bioturbation is difficult to identify and the traces not identifiable. This is of little help in identifying
a depositional setting. (Photo by Terrance Lukie, 2005).

00/03-31-060-18WS5 (Fig. 4.4)

The top section of this stratigraphic log consists of medium grained sandstone
corresponding to log signature “A”. The sand has a salt-and-pepper appearance and
contains minor organic material as well as cross bedding. Approximately 0.9 m from the
top of the core is a sharp contact between sand and underlying mud rich sand containing
mud laminae and drapes. This section corresponds to log signature “C” and contains
sand lenses with visible cross bedding. This section is highly bioturbated and contains
the trace fossils Chondrites, and Planolites. The next contact at ~2052.2 m is sharp and
the underlying sands are mud rich, bioturbated and contain the trace fossils

Rhizocorallium, Chondrites, and Planolites. At ~2053 m there are distinct layers of
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bivalve shells (brachiopods and gastropods), some articulated and most disarticulated.
The bottom ~ 3 m of the core contains cross bedding and flaser bedding with sand lenses
containing visible cross bedding. The sands have a salt-and-pepper appearance
throughout the core and contain little to no glauconite or siderite. One thin section was

cut from 2053.7 m.
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Figure 4.4.1. This shows the full suite of logs run in this well. The top section of the Bluesky is log
signature A and has a gamma ray log reading of ~38 API and appears as a coarsening up sequence. The
sandstone density porosity log shows an average of 9% porosity, the SP log shows some permeability in the
A section, and the resistivity is well above 10 ohms and suggest the presence of gas. The lower section of
the Bluesky is the C log signature. The gamma ray log reading is ~45 API and appears as somewhat
blocky but with much higher API readings than any of the B signature sand bodies. The sandstone density
porosity log shows an average porosity of ~3%, the SP log shows little to no permeability, and the
resistivity logs read above the 10 ohm mark suggesting gas presence. The symbols between the logs
represent from left to right, fracture stimulation of the reservoir, perforation of the well casing to allow gas
to flow into the wellbore, and finally that the interval was cored. (Logs modified from Accumap).

Figure 4.4.2. The top two boxes ~ 3.00m of core from this well. The core shows both reservoir quality
sands as well as high mud content sands. The core top is located in the top right corner of the photo and the
bottom of this section in the bottom left of the photo. All of the tops are in the top of the photo and move
in sequential order from right to left. In the core there are vsible crossbedding, organic materials, and trace
fossils. (Photo by Terrance Lukie, 2005).
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Figure 4.4.3. Shale/sand contact at ~2051.5 m. The contact is very sharp with a cross bedded sandstone
on the right and a mudstone on the left. The shale appears somewhat more fissile at the contact. This sharp
contact may indicate a regressive event. (Photo by Terrance Lukie, 2005).

Figure 4.4.4. The middle two boxes ~3.00 m of core from this well. The top of the core is in the top R
corner of the photo and the bottom of the core in the bottom L corner. All tops are in the top of the photo
and are sequential from right to left. The core has high mud content, is very highly bioturbated, and
contains many mud laminae and drapes. There is a section of fissile shale more than half way down the

first section of the core. The next section shows some traces and possibly some sediment loading features.
(Photo by Terrance Lukie, 2005).
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Figure 4.4.5. The bottom two boxes ~3.00 m of core from this well. The core shows the high mud content
sands with very high bioturbation, many traces visible, and abundant many mud laminae. The core top is
located in the top right corner of the photo and the bottom of this section in the bottom left of the photo.

All of the tops are in the top of the photo and move in sequential order from right to left. (Photo by
Terrance Lukie, 2005).

Figure 4.4.6. Close up of the very mud rich sandstone and several trace fossils. The long burrow running
from left to right is from Rhizocorallium, some of the smaller round shaped burrows are likely Planolites,
Chondrites, and some of the larger may be Ophiomorpha. (Photo by Terrance Lukie, 2005).
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00/01-29-061-17WS5 (Fig. 4.5)

The upper ~1.65 m of core in this stratigraphic log contain shale from the Wilrich
Member. The contact between the Bluesky Formation and the Wilrich Member is
gradational. Furthermore, the contact area is bioturbated and contains the trace fossils
Diplocraterion, Chondrites, and Planolites. The Bluesky Formation in this core
represents log signature “B”. A sample thin section was cut from 1905.43 m. The upper
section of the sand contains abundant glauconite that appears to decrease with depth. The
sand also contains some organic matter in the form of coalified woody material with
pyrite. Moving down the core, toward the base, the glauconite disappears and is replaced
by chert resulting in the common salt-and-pepper appearance and the presence of cross
bedding. In addition, there are organics and mud clasts present as well as mud drapes and
flaser bedding near the base. The bedding at the base of the core is much less discernible

than in the upper portion of the core and appears massive.
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Figure 4.5.1. This shows the full suite of logs run in this well. This section of the Bluesky (log signature
A) has a gamma ray log reading of ~45 API and appears as a coarsening up sequence. The sandstone
density porosity log shows an average of 14% porosity, the SP log shows some permeability in the Bluesky
interval, and the resistivity logs read above 10 ohms suggesting the presence of gas in the formation. The
symbols between the logs represent from left to right, fracture stimulation of the reservoir, perforation of
the well casing to allow gas to flow into the wellbore, and finally that the interval was cored. (Logs
modified from Accumap).
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Figure 4.5.2. Upper contact between the Bluesky Formation and the overlying Wilrich Member. The
upper shale portion has a high sand content and appears as a gradational contact. The shale contains trace
fossils Thalassinoides, Planolites, and Chondrites. The sandstone portion of the photo has a salt and
pepper appearance possibly due to a higher chert content. (Photo by Scott Doyle, 2005).
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Figure 4.5.3. Organic material with pyrite in a section of sandstone. The sand contains some mud as well
as some glauconite. The woody organic material contains what appear to be Teredolites (wood boring
clam). (Photo by Scott Doyle, 2005).

S40La VL e - -

Figure 4.5.4. Glauconite rich section of the core containing low to medium angled cross bedding. The
bedding is easy to see due to the contrast between the light quartz rich area and the darker green glauconite
areas. (Photo by Scott Doyle, 2005).
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Figure 4.5.5. Layers of organic material within a sandstone section of the core. The layers are rare in the
middle portion of the core with the organics being more common in the upper and lower ends of the core.
The sand has a salt and pepper appearance and contains trace amounts of glauconite. (Photo by Scott
Doyle, 2005).

CENTIMETRES

Figure 4.5.6. The lower sand/shale contact within the Bluesky Formation. The contact is sharp and may
represent incision of the Bluesky into the underlying shale. The sands contain trace fossils Thalassinoides

or Diplocraterion, Chondrites and Planolites, as well as siderite cement and abundant glauconite. (Photo
by Scott Doyle, 2005).
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00/12-24-058-18WS5 (Fig. 4.6)

The top ~4 m of this core contain the shale of the Wilrich Member. Furthermore,
the contact between the Bluesky formation and the Wlirich Member is gradational. The
sand below the contact is thick, blocky, and has been labelled as log signature “B”. The
top section of the sand contains abundant glauconite, minor mud clasts, and cross
bedding. There is some minor bioturbation visible from the trace fossil Thalassinoides
and what appears to be some cryptic bioturbation. Moving down the core, the bedding
becomes planar and the sand appears homogenous with a prominent decrease in the
glauconite content with depth. Toward the middle of the sand body, there are more
planar beds, as well as the appearance of siderite cement. Cross bedding reappears at ~
2300.50 m and some organic material appears near the base of the Bluesky sand body.
The contact between the base of the sand and the underlying shale is sharp. The shale

contains abundant bivalve shells (brachiopods and gastropods).
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Figure 4.6.1. This shows the full suite of logs run in this well. This section of the Bluesky (log signature
B) has a gamma ray log reading of ~32 API and appears as a thick blocky sequence. The sandstone density
porosity log shows an average of ~12 %. The resistivity logs read well above 10 ohms and suggest
presence of gas. The symbols between the logs represent from left to right fracure stimulation of the
reservoir, perforation of the well casing to allow gas flow, 2 cores taken over the shown interval, and the
coloured triangles indicate that drill stem tests (DST) were run to determine if the formation would produce
before casing the well. (Logs modified from Accumap).
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e

Figure 4.6.2. The contact between the Bluesky Formation and the Wilrich Member. The contact is
gradational but roughly follows the break in the core. The lower portion of core has visible sand grains
(grey specks). (Photo by Scott Doyle, 2005).
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Mudstone

Figure 4.6.3. A section of the core containing bioturbation by Thalassinoides and containing grains of
chert and mudstone. Glauconite appears as grayish green in the photo. (Photo by Scott Doyle, 2005).

TG

CENTIMETRES

Figure 4.6.4. Photo shows both planar and low angled bedding. Grayish green grains are glauconite.
(Photo by Scott Doyle, 2005).
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Figure 4.6.5. Photo shows siderite cement, appearing as rusty coloured grains. The core also contains
mudstone clasts and abundant coaly organic material. (Photo by Scott Doyle, 2005).

Figure 4.6.6. The lower sand/shale contact within the Bluesky Formation. This shale separates the
Bluesky Formation from the Gething Formation. The sand in this photo has much less glauconite and has a
salt and pepper appearance. (Photo by Scott Doyle, 2005).

63



4.3

Initial interpretation of Depositional Environment

During this study, six cores were logged and the resulting stratigraphic logs (Figs.

4.1 to 4.6) show the sedimentary structures, fossil assemblages, grain sizes, sample

depths, and any other pertinent notes regarding the cores. The cores were photographed

and the photos containing important features have been included with the stratigraphic

logs to help show the reasoning behind the placement of the sections into specific

depositional environment categories.

The cores have been divided into 3 different log signatures based on the

appearance and the content of the core. A general overview of the contents of the core

and a visual representation of the division of the facies can be seen in Table 4.1.

Lithological | Log Grain Sedimentary Trace Fossil Traces Thickn
Group Signature | size structures Assemblage fossils Other ess Interpretation
sands laminae,
scoured
Interbedded very contacts, de- Th, Pl, Pa, siderite, 1.010 offshore marine,
sandstone/ fine to watering Cruziana, Te, Di, Sc, pyrite, Rxn to 15.75 sublittoral zone,
mudstone C medium | features. Glossifungites bivalve shells | HCI m firm ground?
Planar
bedded planar bedded,
medium scoured Ma, cryptic shoreface?,
sandstone A medium | contacts Skilothos bioturbation 3.25m sandy shore?
planar cross-
beds, wave
ripples, ripple
laminations,
trough cross- siderite,
Cross- beds, mud pyrite,
bedded to laminae, planar Te, Ma, Op, organic channel body?,
massive bedding, rip up Pa, bivalve detritus, 40to fluvial/deltaic,
sandstone B fine clasts, Skolithos shells glauconite 13.5m estuarine, tidal

Table 4.1. Shows the features present in the three different the log signatures and depositional
environments present in the Bluesky Formation in the study area.

Bluesky Formation in the study area has been initially interpreted using the log

signatures, gross sand isopach maps, and preliminary core observations. These have lead

to an initial interpretation of a barrier bar complex (log signature B) that has been capped

with a trangressive shoreface (log signature A) which has eroded the upper layers of the
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barrier system leaving only some of the sedimentary structures and features that would be
commonly found in a barrier complex. Estuaries are commonly associated with tidal
channels and barrier mouth bars. Estuarine sediments are often a combination of clays
interbedded with sands (log signature C) and are less prominent in the studied core than

those of the proposed barrier complex (B) or the shoreface (A).

Initial interpretation of “A”:

The log signature associated with “A” has the shape of a bell curve turned on its
side. Starting from the base, the curve first shows the high gamma reading (75 API)
associated with high clay content and low sand content. The log reaches a minimum
peak (~30 API). Here reservoir sand is present. The curve then returns to high gamma
readings as it grades up into the Wilrich Shale that caps the Bluesky Formation in the
study area. The “A” signature sand is thinly (6< m) distributed throughout the study area.
The distribution and thickness has aided in the interpretation of a middle to upper
shoreface depositional environment formed during the overall trangressive cycle that
deposited the Bluesky. The gross sand isopach map (Fig. 2.4a) of the Bluesky signature
“A” sand shows that the sand bodies are present throughout most of the study area.
Much of the original interpretation of the “A” signature sand has been taken from the
gross sand isopach map.

Initial interpretation of “B”:

The log signature associated with “B” is a blocky shaped curve with abrupt

changes in the gamma ray log from a high API response in the underlying shale to a low

response (~30 API) throughout the reservoir portion. It is increasing to ~75 API as the
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curve moves into the overlying shale of the Wilrich. The gamma reading is fairly
consistent with respect to the clay/sand ratio throughout the reservoir varying only
slightly. The gamma log indicates the sand body is one unit consisting of one log
signature. However, when compared to drill core, the small oscillations in the upper
portion of the gamma log may actually correspond to what has been proposed as “A”
signature sand lying on top of the “B” signature sand. Using the thickness of the sand (>
6 m) from gross sand isopach maps and the orientation of the “B” signature sands, the
author has made a preliminary interpretation of a barrier complex composed of several
migrating barriers along a coastal plain. These migrating barriers have been topped by a
transgressive middle to upper shoreface (signature “A”).

Initial interpretation of C:

The log signature “C” started originally as a way to describe any large volume of
sandy material that didn’t fit into either the “A or B” category. After looking at cores and
then re-examining the gamma logs, it became evident what appeared to be the “B”
signature sand with a higher clay/sand ratio was not a “B” signature but a different
signature completely. Signature “C” can usually be found underlying the “A or B” sands
or in a few cases overlying them. Identifying this signature solely based on logs is
challenging and is most easily done with the use of drill core data as well. The drill core
contains lenticular to flaser bedding and suggests frequent slackwater conditions in a
lagoonal depositional setting. When considering the depositional setting with respect to
the other facies present in the cores, it appeared that the “C” sand was deposited in a
lagoonal or estuarine setting. The initial interpretation of the depositional setting is

summarized in Figure 4.7.
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Log signature "C”

Figure 4.7. The initial model used to describe the depositional setting of the Bluesky Formation in the
Whitecourt study area. The different log signatures are shown with the associated setting they were
thought to have been deposited in. (Modified from Facies Models, Reinson, 1992).

The overall setting of the Bluesky Formation in Alberta is marine and transgressive. The
formation contains several large barriers that fit with the author’s interpretation.
However, given the size of the study area, it is possible that several different small scale
depositional settings could be present even though the overall depositional model is that
of a barrier complex. Because of this, further investigation was necessary including
processing of core data and comparison of the data to known depositional settings. The
purpose of the initial interpretation was to show the thought process behind labelling the
well log signatures and proposed depositional model. The high mud content in this facies

indicates at the least a periodically low energy environment.

67



4.4  Final Interpretation of Depositional Environment

The final interpretation of the depositional environment is based on the log
signatures presented thus far, the gross sand isopach maps, the core analysis, stratigraphic
logs, and thin section analysis and descriptions. Using these additional methods to
determine the depositional environment, the final interpretation has changed slightly from
the initial interpretation. The log signatures remain “A”, “B”, and “C” however their
placement within the overall Bluesky Formation depositional setting has changed slightly
to accommodate the new information acquired during this study.

Final Interpretation of “A:

The coarsening up shape of the “A” log signature may indicate several possible
environments purely from the well log analysis aspect. After looking at the drill core, the
trace fossil assemblage became especially useful. The trace fossils present in the “A”
sand are most commonly Macaronichnus and Paleophycus and belong to the Skolithos
and Glossifungites ichnofacies. The living environments for these ichnofacies range from

fluvial/deltaic to sublittoral to shoreface as seen in Figure 4.8.
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Figure 4.8. This figure shows the environments for the various types of trace fossils and classifies them by burrow
type and location. (Pemberton and MacEachern, 1995).

The range of these fossils helps to narrow down the depositional environment and
eliminate some of the possible candidates. The low trace fossil diversity and the limited
number of burrows in the core may indicate a high energy environment.

The migration of two dimensional dunes has resulted in planar cross bedding and
suggests unidirectional flow (Prothero and Schwab, 1996). The lack of any other
sedimentary features also lends support to the idea that flow may have been of a higher

velocity. The flow was not fast enough to create anti-dunes or planed off ripples but was
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fast enough to create planar cross bedding. The sediment load in the water would have
been a limiting factor for the trace fossil diversity.

From the core analysis, gamma log appearance, and the trace fossil content, the
depositional environment for the “A” log signature is something proximal to the coastal
plain and part of a tidally influenced system.

Final Interpretation of “B”

The blocky shape of the “B” log signature may indicate several possible
environments purely from the well log analysis aspect. The trace fossils present in the
“B” sand are most commonly Teichichnus, Macaronichnus, Ophiomorpha, Arenicolites,
and Paleophycus. Thalassinoides, Chondrites and Planolites are present in the top of one
core but the dominant ichnofacies is Skolithos. The living environment for these
ichnofacies is sandy shore type settings (Fig. 4.8).

The core contains trough and planar cross beds indicating unidirectional flow
conditions and the migration of both two and three dimensional dunes. The core also
contains mud clasts and organic material, suggesting proximity to a terrestrial source.

The type log for the “B” signature appears to have the “C” signature deposited above it.
This could be explained with “B” as a barrier and “C” being a regressive pulse that
moves basinward to cover the barrier. Another plausible explanation is that “B” is part of
a channel system and “C” was deposited as a transgressive pulse on top of the channels as
the coastal plain back steps. The trace fossils along with the sedimentary features suggest
that the “B” signature sand is part of a channel system or maybe part of a partially eroded
barrier bar. The typical sequences found in a transgressive barrier model namely flood

tide delta, marsh, and backshore dune deposits do not appear in the cores. Although these
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sequences are not identified in the cores, many of their features are present. Due to the
limited number of cores available, a transgressive barrier cannot be ruled out (Reinson,
1992).

Final Interpretation of “C”

The erratic shape of the “C” log signature and the high gamma ray response may
indicate several possible environments purely from the well log analysis aspect. The
trace fossils present in the “C” sand are Planolites, Chondrites, and Rhizocorallium,
belonging to the Cruziana ichnofacies. The living environment for these ichnofacies is
the sublittoral zone or lower shoreface to marine settings (Fig. 4.8). The trace fossil
assemblage does not correlate well with the sedimentary features found.

The core contains flaser bedding, mud drapes and mud laminae, indicating
possible slack water conditions. The core also contains some planar cross bedding in
sand lenses, indicating unidirectional flow, dewatering features, siderite, organic laminae,
and shell layers, suggesting proximity to the coastal plain. The presence of syneresis
cracks suggests an environment with changing salinities. The type log for the “C”
signature appears to have the “A” or part of a “B” signature deposited above it with a
shale layer separating them. This could be explained with “C” as an estuary and “A”
being a transgressive shoreface or tidal channel that moved landward to cover the estuary.
Relying primarily on trace fossils does not give a clear picture of the depositional
environment. The sedimentary features suggest that the “C” signature is part of an
estuary although the trace fossils suggest it is sublittoral. The typical features found in an

estuary appear in the core but due to the limited number of cores, it cannot be regarded as
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the only depositional environment possible. Other possible environments include a back-

barrier lagoon (Reinson, 1992).

Figure 4.9 shows the range of environments for some of the trace fossils found in

this study.
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Figure 4.9. Different trace fossils and the range of environments they can survive in. (Pemberton and
MacEachern, 1995).

The overall depositional setting is proximal to the coastal plain and contains
channel systems, an estuary system, possible barrier complexes, shorefaces, and a
lagoonal system. Figure 4.10 shows the depositional environment from a plan view with

the possibilities for each log signature labelled.
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Figure 4.10. This figure shows the plan view of the depositional environment described above for the
Bluesky Fomation in Whitecourt Alberta. The log signatures and their location in the depositional
environment are labelled A, B, and C. (Pemberton and MacEachem, 1995).
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5.0

5.1

Data analysis

Introduction to the data

Table 5.1 shows a brief summary of the data that will be presented in chapters 5.2

and 5.3, as well as some statistical data from the plotted data sets.

Correlation
Figure Data set
# Name of plot Plot Type used coefficient Trend
5.1 K max Histogram all data values N/A N/A
5.2 Porosity Histogram all data values N/A N/A
5.3 K 90 Histogram all data values N/A N/A
5.4 K vert Histogram all data values N/A N/A
somewhat
5.5 K max vs Porosity Log-linear, scatter plot all data values 0.141 linear
5.6 K max vs K90 Log-log, scatter plot all data values 0.826 linear
somewhat
5.7 K max vs K vert Log-log, scatter plot all data values 0.242 linear
| 538 Depth vs Kmax Linear-log, scatter plot all data values 0.009 non-linear
L5.9 Depth vs Porosity Linear-log, scatter plot all data values 0.072 non-linear 4]
5.10 K max vs Porosity Log-linear, scatter plot | fractured 0.114 non-linear
5.11 K max vs K90 Log-log, scatter plot fractured 0.999 linear
5.12 K max vs K vert Log-log, scatter plot fractured 0.183 non-linear
somewhat
5.13 K max vs Porosity Log-linear, scatter plot unfractured 0.441 linear
5.14 K max vs K90 Log-log, scatter plot unfractured 0.996 linear
somewhat
5.15 K max vs K vert Log-log, scatter plot unfractured 0.663 linear
somewhat
5.16 K max vs Porosity Log-linear, scatter plot sampled wells 0.436 linear

Table 5.1. Plots used in chapters 5.2 and 5.3 as well as statistical data for each plot. This table

encompasses the measurements taken from 883 data points in 36 cores.

The purpose of these cross plots and histograms is to make apparent any factors that may

contribute to increases and decreases in permeability and porosity in the Bluesky

Formation study area.

5.2

Histograms of compiled data

The data in the following histograms have been modified so they could be plotted

in the Minitab program. The log to base 10 was calculated for all the permeability values

and the corresponding permeability values have been presented in the histograms. A
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histogram splits data into bins based on the frequency with which values occur in a data
set.

Figure 5.1 is a histogram of K max for all of the data collected. The shape of the
histogram is multi-modal and non-symmetric. The centre of the data set is approximately
at 1.0 mD. There appears to be both high and low outliers. The values to the high and
low end of the plot may be associated with fracturing in the formation. The figure shows
that the majority of the data fall between 0.1 and 10 millidarcies. The data beyond these
points are interesting because they represent the most and least favorable conditions from
a reservoir standpoint. The thin section analysis to follow (Chapter 6.0) sheds some light

on the reason for the high and low tails of the histogram.

Histogram of Kmax for all data
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Figure 5.1. Histogram of all the maximum permeability values from the data set.
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Figure 5.2 shows a histogram of porosity for all data collected. The shape of the
data set is bi to multi-modal and non-symmetric. The centre is approximately 0.095, the
majority of the data fall between 5 and 12 % porosity. There appears to be some high
outliers that may be associated with coarser grain sizes and less cemented parts of the
formation or possibly with fractures. The low end values may be associated with finer

grain sizes or more cemented areas.

Histogram of Porosity for all data
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Figure 5.2. Histogram of all the maximum porosity values from the data set.
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Figure 5.3 is a histogram of K 90 for all data with a non-zero value for K 90 and
K vert. The shape of the data set is bi-modal and shows some symmetry, although
skewed to the high end of the scale. The centre is approximately 1.0 mD and there are
high and low end outliers. The high end outliers may be associated with fractures or
bedding features in the horizontal direction or coarse grain sizes. The abrupt drop in
frequency at the higher permeability end of the histogram indicates permeability does not

reach above 10 mD in the K90 horizontal direction.

{ Histogram of K90 for all data
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Figure 5.3. Histogram of all the permeability measurements taken 90 degrees from the maximum
permeability direction.
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Figure 5.4 shows a histogram of K vert for the data with a non-zero value for K
90 and K vert. The shape of the data set is nearly uniform and has a centre at 0.32 mD.
The data at the high end of the scale may be associated with fractures in the vertical

direction or may represent a homogeneous coarse grained sand with no vertical barriers

to flow.

Histogram of Kvert for all data
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Figure 5.4. Histogram of all the permeability measurements taken vertically through the core (refer to

figure 3.3).
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5.3

Cross plots of compiled data

The plot of Kmax vs Phi (Fig. 5.5) is the maximum permeability measurement

taken along bedding plotted against porosity. This plot contains all measurements of

maximum permeability and porosity from all 37 of the wells used in this study, both

fractured and unfractured data. This plot shows a somewhat linear trend with a broad

scatter of points and a correlation coefficient of 0.141. The main body of the plot shows

an increase in porosity with an increase in permeability. The majority of the data points

fall within the area Phi >0.06, <0.12, Kmax >0.1, <10.0. Some data points have

unusually low Kmax values for a given porosity level. A possible explanation for this

might be cementation of the reservoir or closed pore throats from quartz or clay.
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Figure 5.5. Cross-plot of porosity against maximum permeability for all of the data points in the data set.
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Figure 5.6 shows a plot of Kmax vs K90. K90 is the permeability measurement

taken 90 degrees from the K max measurements. The plot shows a linear relationship

between the two permeability measurements with a correlation coefficient of 0.826.

There are a few obvious outlying data values with low porosity and high permeability

which may be related to fractures in the core. In this plot, there is very little difference

between K max and K 90. This is seen in the correlation coefficient being very near 1.
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Figure 5.6. Cross-plot of maximum permeability against permeability taken 90 degrees from the

maximum direction.
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Figure 5.7 shows a plot of K max vs K vert. K vertical (K vert) is the
measurement of permeability taken vertically on the cylindrical core sample (Fig. 3.3).
The plot shows a somewhat linear trend with correlation coefficient 0.242, indicating that
the majority of the data points for K max are considerably greater than K vert, which is to
be expected. The area where K vertical and K max are both high may represent areas
with coarse grain sizes and no cementation, or possibly vertical fracturing. Another
possibility is homogeneous sand with few vertical barriers to flow. The points that have
both high K max and K vert values are valuable for hydrocarbon recovery because of

easier migration of the fluid or gas.
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Figure 5.7. Cross-plot of maximum permeability against permeability taken vertically through the core
(refer to figure 3.3).
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Figure 5.8 shows a plot of depth (sub-surface) vs K max to determine if present-
day depth has any effect on permeability values. The plot shows a non-linear trend with
a correlation coefficient of 0.009. The data falls into groups based on the availability of
data at certain depths and shows a slight trend of increased permeability with depth. This
could potentially be explained by the formation fining upward. At any given depth,

permeability has a very wide range. This indicates no correlation of permeability with

depth.
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Figure 5.8. Cross-plot of maximum permeability against sub-surface depth for all the data points in the
data set.
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Figure 5.9 shows a plot of depth vs porosity to determine if present-day depth
plays any role in porosity values. The plot has a non-linear trend and a correlation
coefficient of 0.072. The data appear in groups which is an artifact of the availability of
data at a given depth. From this plot, it is apparent that porosity greater than 0.12 is
unlikely at any depth. This is likely a function of grain size and cementation. The
porosity shows no decrease with depth, the opposite of what might be expected. This
may suggest that burial depth and compaction have had little effect in decreasing
porosity. The multi-stage burial and uplift process must be taken into account when
looking at the relationship of depth with porosity and permeability and the Bluesky
Formation also dips to the SW. Thus, the present-day depth may bear little relationship

to the original geological depth of burial.
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Figure 5.9. Cross-plot of porosity against sub-surface depth for all data points in the data set.
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Figure 5.10 shows a plot of the fractured data values of K max vs porosity. These

data show a weak trend with a correlation coefficient of 0.114. These values have been

determined as anomalous from statistical methods outlined in chapter 3. This plot shows

that there is no consistent correlation between high permeability and high porosity values

in the fractured data set. For any given value of permeability, there is a wide range of

porosity values. However, there does appear to be some clustering of data points with

porosities between 0.09 and 0.14 and Kmax between 1.0 and 100. When compared to

Figure 5.1, it appears that fracturing may affect both permeability and porosity with

higher recorded values for both.
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Figure 5.10. Cross-plot of porosity against maximum permeability for all fractured data points in the data

set.
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Figure 5.11 shows a strong linear relationship between K90 and Kmax for the

data considered to be fractured, having a correlation coefficient of 0.999. This is

important and may suggest that higher permeability values have more relation to bedding

and sedimentary features and less relation to possible fractures. Comparing figure 5.7 to

figure 5.2, it is evident that the data considered to be fractured may actually have

sedimentary or diagenetic features along bedding that causes the increase in permeability.
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Figure 5.11. Cross-plot of maximum permeability against permeability taken 90 degrees from the

maximum direction for all fractured data points.
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Figure 5.12 shows a plot of K max vs Kvert for all of the data considered to be

fractured. This plot is similar to figure 5.7 and shows that wells having high permeability

along bedding also may have high permeability vertically. The trend of the plot is

weakly linear, having a correlation coefficient of 0.183. This plot indicates that the data

considered to be fractured may indeed be fractured or there may be bedding or

sedimentary features creating high permeability in both the horizontal and vertical

direction, e.g.: sand having a low percentage of mud or clay. At the low end, K max is

equal to 100 times K vert and at the high end, K max is equal to K vert.
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Figure 5.12. Cross-plot of maximum permeability against permeability taken vertically through the core

(refer to figure 3.3).
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Figure 5.13 shows a plot of K max vs porosity for all the data points considered to

be unfractured using the statistical method outlined in chapter 3. The plot shows a linear

trend between K max and porosity for all the unfractured data points, having a correlation

coefficient of 0.441. This coefficient is much higher than the coefficient in Figure 5.7.

There appears to be a modest trend of low porosity values associated with low

permeability values. For these data, there is evidence of high porosity and corresponding

high permeability. The main body of the data is outlined by Kmax >0.100 and <100 and

Phi >0.06 and <12.0. There may be some relationship between high and low porosity

permeability values and the diagenetic and sedimentary features found in the rock.
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Figure 5.13. Cross-plot of porosity against maximum permeability for all unfractured data points in the

data set.
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Figure 5.14 shows a plot of Kmax vs K90 for the data considered to be
unfractured. This plot shows a strong linear trend with a correlation coefficient of 0.996.
By eliminating any data that may be fractured, this plot shows that an increase in K max
generally leads to an increase in K 90. This indicates that for this data set it is probable
the factors controlling higher permeability are related to bedding or sedimentary features
in the horizontal direction. However, there are some outlying data points that do not

conform to the y=x line.

Kmax vs K90 for unfractured data
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Figure 5.14. Cross-plot of maximum permeability against permeability taken 90 degrees from the
maximum direction for all unfractured data points.
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Figure 5.15 shows a plot of K max vs K vert for all of the data points considered
to be unfractured. This plot shows a linear trend having a correlation coefficient of
0.663. The moderate correlation coefficient may indicate homogeneous sands with no
barriers in the vertical direction. Another explanation is partially cemented fractures in
the core that does not yield anomalously high permeability values that would be excluded
from this data set. This would represent a limitation of using a statistical method for

determining extreme data values and identifying them as fractured or unfractured.

K max vs K vert for unfractured data
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Figure 5.15. Cross-plot of maximum permeability against permeability taken vertically through the core
for all the unfractured data (refer to figure 3.3).
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5.4 Summary of plots and histograms

The histograms in this chapter give a good overall view of the frequency of high
and low porosity and permeability values contained in the data set. The high
permeability values found in the data set may be explained in several ways and the
porosity appears to be broadly linked to permeability. It seems possible that the
controlling factor for high permeability, at least in part, controls high porosity. It is
expected that horizontal (K max) values should be the highest of the permeability
measurements. In cases where this is not true, it may be related to fracturing in the
formation in either the horizontal or vertical direction. For situations where K 90 is
higher than K max, the fractures would be in the horizontal direction. For situations
where K vert is higher than K max, the fractures would be in the vertical direction. For
examples where K 90 is equally as high as K max, the sands in the formation may be
homogeneous and have no specific directional barriers to horizontal flow.

High permeability in the horizontal direction may be created by diagenetic
processes taking place after deposition and burial of the sediments. Finer grain sizes and
diagenesis could also reduce permeability and porosity with the formation of cement,
overgrowths, and stylolites related to compaction of the sediments. Although fracturing
and diagenesis may be responsible for the variations in permeability in the data set, the
nature of the depositional environment may be the first step in a complex series of steps
that determine permeability and porosity for the Bluesky Formation.

This study includes thin section and core analysis from six wells. From those six
wells, four have actual porosity and permeability data that have been incorporated into

the plots and histograms previously shown. Table 5.3 shows the wells with available data
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and the values for minimum, maximum, and mean K max and porosity. Figure 5.16

shows a plot of the mean values of K max against porosity for these four wells.

K max Porosity
UWI Min Max Mean Min Max Mean
00/03-31-060-18W5/0 10.3000 48.8000 20.007 0.1120 0.1150 0.1135
00/12-24-058-18W5/0 0.0400 42.9000 5.9800 0.0320 0.1170 0.0876
00/09-08-058-18W5/0 0.3700 8.7000 3.9980 0.0700 0.1260 0.0997
00/06-25-061-18W5/0 0.0700 11.5000 2.5440 0.0360 0.1160 0.0883

Table 5.3. Porosity and permeability statistical data for the wells sampled and logged for this study.

K max vs Porosity for sampled wells
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Figure 5.16. Cross plot of K max vs porosity for four of the wells used in the thin section and core

analysis portion of this study.

With thin sections, core data, and photos, it may be possible to determine, at least

in part, what factors control the permeability and porosity of the Bluesky Formation in

the study area.
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6.0 Thin sections and Diagenesis
6.1 Classification

The thin section study of the Bluesky Formation involved using a petrographic
microscope to identify the mineral content, mineral percentages, and grain shape and
diagenesis. The data collected from the study is presented (Tables 6.1 to 6.11) in the
Appendix. The mineralogical framework remained relatively constant over the study
area. The mineral percentages did not remain the same and the largest changes occurred
in the minerals associated with cementation of the rock. The sections have been analyzed
and their percentages have been plotted on a QFL ternary diagram. Figure 6.0 shows the

location of the Bluesky thin sections on the QFL diagram.
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Figure 6.0. Standard QFL diagram used for classifying sandstone based on their composition. The
Bluesky samples are shown with the cluster of nine overlying red dots and represent a lithic arenite. The
samples taken from the shale intervals were not included on the diagram. (Modified from Dott, 1964).
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The figure classifies the Bluesky Formation as a lithic arenite and is based on the
nine sandstone thin section samples used in this study. It does not include any of the
sampled shale intervals. The Bluesky lithic sandstones contain a very high percentage of
lithic grains, a moderate to low percentage of quartz, and virtually no feldspar. An
arenite is a texturally clean or matrix poor sandstone (Prothero and Schwab, 1996).
Lithic arenites contain quartz (30-80%) and rock fragments (5-50%). The mix of light
coloured quartz and dark coloured lithics give the sandstone a salt and pepper appearance
(Prothero and Schwab, 1996). This classification agrees with most orogenic clastic
wedges consisting of lithic arenites. This is not surprising because of the physical
disintegration of mountainous supracrustal rocks associated with collisional orogenies
(Prothero and Schwab, 1996).

6.2  Thin Section Description

All of the thin sections were photographed (Figs. 6.1 to 6.11) and show some of
the many diagenetic processes the Bluesky Formation underwent from the time of
deposition. The thin sections are described based on the UWI (Unique Well
Identification) number the thin sections were taken from. When looking at the

photomicrographs, please refer to Table 6.0.

Minerals Abbreviation
Chert Crt
Glauconite Glauc
[ron Calcite Fe-Cal
Iron Dolomite Fe-Dol
Kaolinite Kaol
Micrite Mic
Mudstone Mds
Porosity Por
Quartz Qtz
Quartz Overgrowths Qtz og
Sandstone Sst
Siltstone Sit

Table 6.0. Shows abbreviations used in thin section analysis and the minerals they correspond to.
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06-25-061-18W5 Sample # SDWC 6 (Fig. 6.1)

This section is composed mainly of lithic grains, quartz, and chert, with iron
dolomite cement and kaolinite in pore spaces. Monocrystalline and polycrystalline quartz
are present, as well as overgrowths of quartz, filling the open pore space. The 36X image
shows a general overview of the rock while the 90X image shows a close up view. At the
90X magnification, it is apparent that iron dolomite has filled the open pore spaces,
reducing porosity. The image also shows kaolinite and quartz overgrowths filling in the
open pores. The edges of grain boundaries in this figure show the strain from
compaction. Grain boundaries appear irregular and sutured, some grains have been
partially or completely dissolved, creating secondary porosity. Some of the dark material
lining open pore space in this section may be the remains of dissolved lithic grains or it

may be small amounts of bitumen.

500 pe 500 pm
Figure 6.1. The above photos are of well 06-25-061-18W35, sample SDWC 6. The top photo was taken at 36X
magnification and the bottom was taken at 90X magnification. The sample was taken at 2006.5 m depth. (Photo by
Jason Lavigne, 2006).

94



06-25-061-18WS Sample # SDWC 7 (Fig. 6.2)

This section contains the same minerals listed in sample SDWC 6 but has a much
higher percentage of iron dolomite cement and much lower porosity as a result. This
section has a much smaller grain size than the sample SDWC 6 and there are more quartz
overgrowths, reducing the porosity in the rock. The 90X image of sample SDWC 7 is
approximately the same size as the 36X image of sample SDWC 6. Looking closely at

the 36X image of sample SDWC 7, there appears to be some clustering of lithic material

which may be in the early stages of stylolite formation.

500 pm 500 pm
Figure 6.2. The above photos are of well 06-25-061-18WS5, sample SDWC 7. The top photo was taken at 36X
magnification and the bottom was taken at 90X magnification. The sample was taken at 2007.45 m depth. (Photo
by Jason Lavigne, 2006).
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07-31-058-19W5 Sample # SDWC 8 (Fig. 6.3)

This section is composed mainly of lithic grains, quartz, and chert with iron
dolomite cement. The iron dolomite cement has greatly reduced the porosity in this
sample. Glauconite is present in trace amounts and appears as pellet grains, not as pore-
filling cement. The section contains abundant quartz overgrowths which have also
reduced the overall porosity of the rock. In the image taken at 90X magnification, a
mudstone grain is being leached out and replaced with iron dolomite cement. This is an
example of secondary porosity being created by the leaching of less resistant grains.
However, the pore space has been partially filled with iron dolomite cement. The sutured

and irregular grain boundaries show the degree of compaction in the formation.

500 pr 500 pm
Figure 6.3. The above photos are of well 07-31-058-19W5, sample SDWC 8. The top photo was taken at 36X
magnification and the bottom was taken at 90X magnification. The sample was taken at 2223.4 m depth. (Photo by
Jason Lavigne, 2006).
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07-31-058-19W5 Sample # SDWC 9 (Fig. 6.4)

This section contains the same minerals listed in sample SDWC 8 but has a much
lower percentage of iron dolomite cement and much lower porosity as a result of grain
size, compaction, and formation of stylolites. This section has a slightly coarser grain
size than SDWC 8 but with more quartz overgrowths, reducing the porosity. The
abundance of quartz overgrowths as well as the presence of stylolites indicates the degree
of compaction this rock has undergone. Comparing SDWC9 to SDWC 8, there is a
change in the degree of compaction moving deeper down the core. The grain boundaries
in the 90X magnification image of this section show more intense alteration (suturing)
than in SDWC 8, which suggest an increase in compaction despite only a few metres

increase in depth.

S0 pr 500 pm
Figure 6.4. The above photos are of well 07-31-058-19WS5, sample SDWC 9. The top photo was taken at 36X
magnification and the bottom was taken at 90X magnification. The sample was taken at 2227.85 m depth. (Photo
by Jason Lavigne, 2006).
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07-31-058-19W5 Sample # SDWC 10 (Fig. 6.5)

This thin section contains the same minerals listed in sample SDWC 9 but has a
lower percentage of iron dolomite cement and much lower porosity, as a result of
compaction, than either of the previous samples (SDWC 8 or SDWC 9). Dissolution of
grains has created some secondary porosity. This section has a similar grain size as
SDWC 8 and 9 but there are more quartz overgrowths reducing porosity. Looking at the
upper portion of the slide in the 36X image of SDWC 10, there is clustering of stylolites
and they appear to be connected. The abundance of quartz overgrowths as well as the
presence of stylolites indicates the degree of compaction this rock has undergone.

Comparing SDWC 8 and 9 to SDWC 10, there is an increase in the degree of compaction

moving down the core.

500 pm 500 pm

Figure 6.5. The above photos are of well 07-31-058-19WS, sample SDWC 10. The top photo was taken at 36X
magnification and the bottom was taken at 90X magnification. The sample was taken at 2231.4 m depth. (Photo by
Jason Lavigne, 2006).
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09-08-058-18WS5 Sample # SDWC 5 (Fig. 6.6)

This section is composed mainly of lithic grains, quartz, chert, kaolinite cement,
and quartz overgrowths. The long contacts along grain boundaries indicate the degree of
strain put on the formation during compaction. This section contains both primary and
secondary porosity. Grain boundaries appear irregular and slightly sutured. Some grains
have partially or completely dissolved, creating the secondary porosity in this thin
section. This sample shows 10 percent porosity which is moderate for the Bluesky
Formation in the study area. [t appears that this portion of the formation has not
undergone as much compaction as other portions due to the lack of stylolites and the less
altered grain boundaries. Some of the grain boundaries may appear less altered by the
overgrowth of quartz covering the original boundary. This section contains dust rims
where the overgrowth of quartz has covered the original quartz grain boundaries. These

have been labeled with a red dotted line in the photos.

500 pm 530 pm
Figure 6.6. The above photos are of well 09-08-058-18WS5, sample SDWC 5. The top photo was taken at 36X
magnification and the bottom was taken at 90X magnification. The sample was taken at 2261.43 m depth. (Photo
by Jason Lavigne, 2000).
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03-31-060-18WS5 Sample # SDWC 11 (Fig. 6.7)

This sample was taken from a section of the core containing a shell bed. The
photos show a bivalve shell and a gastropod shell, dertital grains, as well as the minerals
that have filled the shell during the deposition and diagenetic process. This sample has
not been included in the tables in Appendix A and no mineral percentages were taken
because of the location of the sample within a shale section of the core. This section is
important because it shows steps in the diagenetic process for this portion of formation
and perhaps may be extrapolated to other cores in this study. The top photo shows a
bivalve shell that has been outlined with micrite, then an inner lining of iron dolomite
was emplaced, followed by the formation of a pyrite / bituminous lining (black lines
around inner shell lining), followed by infilling of the shell with iron calcite, and finally
the remaining space was filled with kaolinite. The gastropod shell shows only iron

dolomite cement infilling. The remainder of the gastropod shell has been filled with

clastic material.

Figure 6.7. The above photos are of well 03-31-060-18W5, sample SDWC 11. The photos were taken at 36X
magnification. The sample was taken at 2053.7 m depth. (Photo by Jason Lavigne, 2006).
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01-29-061-17WS Sample # SDWC 3 (Fig. 6.8)

This section is composed mainly of lithic grains, quartz, chert, iron dolomite and
glauconite cement, as well as quartz overgrowths. There is also a minor component of
kaolinite filling pore space. The grain boundaries in this figure show some strain put on
the formation from compaction. The long contacts along grain boundaries appear
somewhat irregular and some grains have partially dissolved, creating minor secondary
porosity. The sample shows approximately 15 percent porosity which is high for the
Bluesky Formation in the study area. It appears that this portion of the formation has not
undergone as much compaction as those in some of the other cores. Some of the grain
boundaries may appear less irregular from the overgrowth of quartz covering the original
boundary. The glauconite in this section has not filled in all the pore space as it has done
in other samples and appears to have had little cementation. The 90X photo of the

section shows a chert grain that contains crystals of iron calcite, visible as small dark

coloured dots within the crystal.

520 pm 500 pm
Figure 6.8. The above photos are of well 01-29-061-17W5, sample SDWC 3. The top photo was taken at 36X
magnification and the bottom was taken at 90X magnification. The sample was taken at 1905.43 m depth. (Photo
by Jason Lavigne, 2006).
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01-29-061-17WS5 Sample # SDWC 4 (Fig. 6.9)

This section contains the same minerals present in sample SDWC 3 however the
glauconite content is much lower. The glauconite is largely in the form of pellets and
less wispy than the glauconite filling pore throats in sample SDWC 3. There is less
cementation in this sample but the compaction is much greater than SDWC 3. Both
photos show stylolites and sutured and irregular grain boundaries that are associated with
leaching and dissolution during compaction. It appears that the lack of cement in this
sample has been nearly offset by a higher degree of compaction, leaving similar porosity
as that found in SDWC 3. The 90X image shows a large pore that was not destroyed

during compaction but the pore has been partially reduced by quartz overgrowths. The

image also shows the remnants of a microfossil, possibly a sponge spicule.

500 um 500 pm
Figure 6.9. The above photos are of well 01-29-061-17W5, sample SDWC 4. The top photo was taken at 36X
magnification and the bottom was taken at 90X magnification. The sample was taken at 1907.7 m depth. (Photo by
Jason Lavigne, 2006).
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12-24-058-18W5 Sample # SDWC 1 (Fig. 6.10)

This section is composed mainly of lithic grains, quartz, chert, iron dolomite,
kaolinite, and quartz overgrowths. This section has only trace amount of glauconite in
the form of pellets. The section does not show the compaction features found in some
other samples. Some of the chert grains appear to have been partially dissolved and
replaced by what appears to be iron calcite. In the 90X image, several lithic clasts show
partial dissolution and are replaced by iron dolomite. The pores in this sample are large
but have some invasion from quartz overgrowths. Secondary porosity was created by the
dissolution of lithic and chert clasts but a portion of that porosity was reduced by quartz
overgrowths and iron dolomite cement. The chert grain the upper middle portion of the
90X image shows the same type of pattern as that in sample SDWC 4 and probably

contains microfossils.

500 pm 520 pm
Figure 6.10. The above photos are of well 12-24-058-18W5, sample SDWC 1. The top photo was taken at 36X
magnification and the bottom was taken at 90X magnification. The sample was taken at 2295.3 m depth. (Photo by
Jason Lavigne, 2006).
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12-24-058-18WS5 Sample # SDWC 2 (Fig. 6.11)

This section contains the same minerals present in sample SDWC 1. There are
more quartz overgrowths and greater compaction than seen in SDWCI, reducing the
porosity. The iron dolomite cement and kaolinite are less abundant in this sample. The
90X image shows large pore spaces that have not been destroyed due to compaction but
contain abundant quartz overgrowths. Some of the lithic grains are being dissolved and

replaced by what appears to be iron dolomite. The removal of lithic grains has also

created secondary porosity.

Figure 6.11. The above photos are of well 12-24;058-18W5, sample SDWC 2. The top photo was taken at 36X
magnification and the bottom was taken at 90X magnification. The sample was taken at 2300.6 m depth. (Photo by
Jason Lavigne, 2006).

6.3  Diagenesis of the Bluesky Formation

The thin sections show many diagenetic features that may be applied to the
Bluesky Formation as a whole. The location of the wells used is spread over the study
area and the different areas show slightly different aspects of diagenesis. The diagenetic
process is complex and the exact order of the processes has not been established by this
study. However, an attempt will be made to put the diagenetic processes in sequential

order for all of the Bluesky Formation in the study area.
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All the samples have some features in common. Quartz overgrowths are common
to all samples and are a common feature of sandstones that have undergone strong
compaction. As the quartz grains are pressured, silica begins to go into solution (pressure
solution). The silica is then transported in the waters that percolate through the rock.
Once the silica reaches an area of lower pressure, the silica precipitates out of the water
and begins to grow new crystal faces onto existing quartz crystals. This most commonly
occurs in the open pore space found in sandstone (Hutcheon, 1990). However, numerous
other sources of silica (e.g., dissolution of siliceous fossils and chert) may have also
contributed silica.

The formation of stylolites is also a result of pressure solution but appears to have
been primarily from the dissclution of lithic clasts. As the lithic grains begin to go into
solution, some of the insoluble materials combine, forming lines of dark material that
constitute stylolites (Hutcheon, 1990). As the grain boundaries begin to dissolve, the
rock compacts, squeezing off the open pore space and reducing the porosity of the rock.

Dissolution of less resistant lithic grains have in some cases created secondary
porosity. Cementation and overgrowths seem in many cases to have offset any secondary
porosity that may have been created from this process.

The early stages of grain dissolution and stylolite formation can be found in the
samples. The suturing and dissolution of grain boundaries to create jagged, irregular
edges are symptomatic of compaction in sandstone (Hutcheon, 1990). The driving force
behind the formation of the diagenetic features presented thus far is compaction of the
rock. This removes grains that contain soluble elements and concentrates the elements

that are less soluble (stylolites). Figure 6.13 shows the effect burial depth and
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compaction has on a sandstone reservoir. As burial depth increases, the porosity declines
in a linear trend. As depth approaches 4 km, the reservoir may still have up to 10 %
porosity remaining. This may indicate that something other than burial depth and

compaction has the greatest control on reducing porosity.
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Figure 6.13. A plot of change in porosity (%) with burial depth (km). (Modified from Schmidt and
McDonald, 1979a).

The samples in this study have been subjected to burial depths of at least 1900 m and it

can be assumed they have undergone diagenetic processes associated with at least that
depth of burial and degree of pressure and associated compaction.

The authigenic clay in the Bluesky samples reduces the primary porosity that
would have existed at the time of deposition of the sediment. The clays are transported to
the pore space by waters rich in dissolved material. The water contains elements for the
formation of the glauconite and kaolinite, the two main types of clay mineral seen in the
thin section samples. The water and dissolved materials may come from a variety of

sources such as connate saline water (seawater), percolating groundwater, or transfer of
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pore waters from shale to sandstone (Hutcheon, 1990). The presence of glauconite in
sample SDWC 3 is the controlling factor in the low porosity of the thin section.
Glauconite seems to fill pore throats nearly completely, where present (Fig. 6.8). In this
section, grains appear isolated, i.e., glauconite formed prior to much compaction or
cementation of the rock. This may suggest that glauconite formed early, during
deposition on the sea floor. Kaolinite is present in the majority of the samples but is
rarely abundant and does not act as the primary pore reducing clay in the sample.
Kaolinite fills pore throats that have quartz overgrowths projecting into them (Fig. 6.6).
From this, it appears that the quartz overgrowths predate the kaolinite placement.

The cements commonly found in the samples are carbonate cements. Both iron
dolomite and iron calcite are common in the samples but the iron calcite is usually found
only in trace amounts whereas the iron dolomite forms the main cement in samples
SDWC 7, SDWC 8. It is present in smaller amounts in nearly all of the other samples.
Iron calcite and iron dolomite cement begin as waters rich in dissolved Fe, Mg, and Ca.
As the water moves through the rock, carbonate cement containing iron is precipitated in
open pore spaces. As the cement forms, it begins to close off the primary porosity
(Prothero and Schwab, 1996). Figure 6.3 shows iron dolomite replacing a dissolved lithic
grain. At least in this case, dolomite cement post-dated dissolution. This indicates that
there may have been several stages of cementation.

The timing of formation of the cements may be summarized by the stages present
in sample SDWC 11 (Fig. 6.7). The following are the proposed stages of cementation of
the Bluesky Formation in the study area. The first stage was the development of iron

dolomite which would have cemented the sands early in the diagenetic process, leaving
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little room for any clay formation/migration. The second stage was the formation of
small amounts of iron calcite cement and minor pyrite formation. The third stage was the
formation of glauconite and kaolinite. During this process, some areas were either poor
in carbonate cements from the beginning or the carbonates were dissolved leaving space
for the clay minerals to replace the carbonate as the cement. While all of the
precipitation and dissolution of cement was taking place, the formation was being buried
to increasingly greater depths. The increase in compaction caused strain on grain
boundaries and began to dissolve quartz and lithic grains. The dissolving materials were
then in solution and proceeded to migrate through the formation until they precipitated in
lower pressure areas, filling open pore space. The diagenetic process destroyed some
primary porosity but created secondary porosity by dissolution of grains. Although
stylolite formation liberated some material, whether that material acted as cement in pore
space cannot be determined within the scope of this study. The dissolved materials may
have come from many different sources at different times. The samples that have
undergone strong compaction tend to have less carbonate cement, common quartz
overgrowths, closer positioning of grains, smaller grain sizes, and stylolites. These all
affect porosity and permeability and may indicate that the most important controls for
reservoir quality are grain size and degree of compaction. It seems as though the

intervals that were not cemented early may have undergone enhanced compaction.
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7.0 Discussion / Conclusions
7.1 The Bluesky Formation in Whitecourt

The Bluesky Formation in Whitecourt shows a wide range of permeability and
porosity, not only from well to well, but also within the same sand body within a single
well. This study has brought forth ideas with respect to what may cause the fluctuations
in the porosity and permeability. The data seem to show fractures may be important in
enhancing permeability but is localized. A well connected system of microfractures, not
visible with the naked eye, could have the same effect as macro scale fracturing.
Macrofracturing was not identified in the studied core nor was microfracturing found in
the thin sections. They are believed to be present in some areas. The presence of
prominent fractures, although possible, was not observed in any of the logged cores or
reported in any of the data from the sampled wells (See Appendix A). Fracturing in the
remaining wells used in the data set was noted by the technician running the porosity and
permeability analyses on the core. The presence of fractures presents the question “are
the fractures formed in response to the unloading of the core when it is brought to the
surface or are they present and effective in the sub-surface as well?”” Production from
some wells in the study area show large volumes of gas from reservoirs that look poor on
logs. Unfortunately these have not been cored. In these wells, has poor porosity been
overcome by fracture enhanced permeability to create good reservoir? This cannot be
resolved within the realm of this study but it is an important question left for future study.

Sedimentary features appear to have a minimal affect on permeability and
porosity of the Bluesky Formation in Whitecourt. All of the wells used have been

classified based on the log signature present in the well. The wells showing the Bluesky
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“A” log signature tend to have a lower correlation coefficient than the Bluesky “B” log
signature, however they both appear to be good reservoir regardless of the sedimentary
features present. Comparison of the “A” (Fig. 7.1) and “B” (Fig. 7.2) cross plots show

the relationship between porosity and permeability for signatures “A” and “B”.

Log Signature A Kmax vs Phi for Sampled Wells
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Figure 7.1. Cross plot of Kmax vs porosity for all of the sampled wells with the log signature “A” sand
body.
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Log Signature B Kmax vs Phi for Sampled Wells
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Figure 7.2. Cross plot of Kmax vs porosity for all of the sampled wells with the log signature “B” sand
body.

The data for the sampled wells have also been cross plotted and show the same trend as
the plots for the whole data set (Figs. 7.3, 7.4, 7.5). The sampled wells have data points
that allow a comparison of permeability and porosity values from the EUB database with
cores and thin sections.

The “A” signature sands have high permeability and porosity and contain planar
bedding, cross bedding, and may contain cryptic bioturbation. Mud and organic laminae
have a dramatic effect on vertical permeability (K vert). In areas where there is moderate
lamination, the vertical permeability is often less than 50% of the K max and K 90

values.
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Figure 7.3. Cross plot of Kmax vs porosity for all of the wells in this study with the log signature “A”
sand body.
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Figure 7.4. Cross plot of Kmax vs porosity for all of the wells in this study with the log signature “B” sand
body.
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Figure 7.5. Cross plot of Kmax vs porosity for all of the wells in this study with the log signature “B” sand
body.

The SDWC 6 and 7 thin sections show minor quartz overgrowths, minimal clay/mud
content, and minor carbonate cement. In these samples, there is an obvious grain size
difference. The coarser grained portion of the core has higher permeability and porosity
values. The absence of stylolites in these samples may suggest that compaction in the
area was less intense than in other portions of the formation, or perhaps compaction may
have had less impact because of the coarser grain size and corresponding larger pore
system.

The Bluesky “B” log signature sand body shows high permeability and porosity
even though it appears to finer grained, have high clay/mud content, and the presence of
quartz overgrowths. In areas where sand is finer grained, overgrowths are more abundant
and seal off open pore spaces. Similar to the “A” signature sand, vertical permeability is

greatly affected by mud and organic laminae. Glauconite does not appear to be abundant
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in the sampled wells that have actual permeability and porosity data points. However,
well 01-29-060-17WS5 contains abundant glauconite and if the data were available it
would show low porosity and permeability in the areas where the glauconite is prevalent.
The location of the Bluesky sand bodies within the proposed depositional
environment appears to have at least a modest effect on the porosity and permeability of
the Bluesky Formation in Whitecourt. The size of sand grains, abundance or lack of
lamination, and degree of bioturbation, all affect reservoir quality. Sand found in the
Bluesky “C” area of deposition would be undesirable for reservoir in an oil field but may
produce economic volumes of gas. The sands are filled with baffles and barriers to flow
but because gas can flow economically from lower permeabilities (Fig. 7.5) than oil,
these targets may still be desirable, especially if found with either the “A” or “B” sands.
The thick sand found in the Bluesky “B” area of deposition seems an ideal target
when looking only at the well log suite. However, these sand bodies may contain mud
laminae that cannot be resolved on the logs and may also have abundant quartz
overgrowths sealing off pores and reducing permeability through narrowing or
elimination of pore throats. This exposes one limitation of porosity logs. They measure
both effective and ineffective porosity. Porosity within a grain or in areas of narrow pore
throats is not useful for trapping hydrocarbons and/or allowing fluid/gas to flow. The
highest permeability and porosity areas in the Bluesky “B” sand have few overgrowths,
low mud/clay content, and few laminations. The type of features present do not appear to
be as important as the sand/mud content of the sediment and how it has been affected by

diagenesis.
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Well 07-31-58-19WS5 is the deepest Bluesky well at a present depth 0of 2219.6 m,
however, the current depth of burial does not necessarily imply original depth of burial.
The rocks may have undergone stages of uplift and burial. It is apparent when looking at
the thin sections that burial depth and compaction have had an effect on the porosity and
permeability of the formation, as indicated by the fine grain size, dissolution, and
migration of quartz and lithic grains, and suturing and elongation of grain boundaries.
This Bluesky “B” sand body shows that reservoir quality is controlled equally by
diagenesis and depositional setting. It is possible that effects of compaction may be
reduced in wells with larger grain sizes because there is more surface area per grain to
spread pressure over.

7.2 Reservoir analysis

The Bluesky Formation in Whitecourt produces a moderate amount of
hydrocarbons but is a much more prolific producer in other areas of Alberta where the
depositional setting is slightly different. The log signatures described in this study may
serve as an initial guide to evaluating the Bluesky Formation in well logs. The log
signatures are useful for eliminating sand bodies corresponding to the Bluesky “C” sand
which is not likely to produce a worthwhile result if evaluated for liquid hydrocarbons
due to the high clay content acting as a permeability barrier. The main sand bodies for
exploration and development are signatures “A” and “B”. The “C” signature may also be
present in the same well but is not the main target. Table 7.1 shows the hydrocarbons
produced from these wells, the date the well was drilled, and the unique well

identification number. All of these wells have been hydraulically fractured using sand as
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the proppant. This is necessary for all Bluesky wells in the study area because of the low

average permeability (Refer to Figs.5.1, 5.3, 5.4).

Reiltgse Cumulative Gas Daily Gas Cumulative Daily Oil Log
Production Oil Production
UWI Date (mcf) Production (mcf/d) (bbl) Production (bbli/d) | Signature

06-25-061-18W5/3 3/26/2000 315706 196 0 0 A&C
07-31-058-19W5/0 11/25/1994 0 0 0 0 B
09-08-058-18W5/0 10/19/1993 4997127 1109 0 0 B
03-31-060-18W5/2 12/9/1995 1151711 303 0 0 A&C
01-29-061-17W5/0 4/3/2001 1221073 627 0 0 B
12-24-058-18W5/0 1/4/1989 6616432 1181 4256 1 B

Table 7.1. Hydrocarbon production data for the wells sampled and used in this study.

The “A” log signature is a thin sand body but has proven to produce almost as

well as the Bluesky “B” sand. This could be explained by the lateral extent of the “A”

signature as shown in Figure 2.4a. If the area of a reservoir is large, there is a greater

potential volume of recoverable hydrocarbons. However, the Bluesky Formation has low

permeability (on average less than 0.1 millidarcies) so the drainage area is somewhat

limited. Thin sand bodies are generally less favourable than thick sand bodies because

thin sand spread laterally with low permeability will require more wells to get the same

volume of hydrocarbons as a thick, localised sand body with the same permeability.

Considering the above factors, drilling for thicker reservoirs is more economic.

However, with fracture enhanced permeability and large area, thin reservoirs like the

Bluesky “A” signature may still be attractive targets.

The Bluesky “B” log signature is a very thick sand body and could contain a large

volume of hydrocarbons. These sand bodies are more limited in their distribution, as

shown in Figure 2.4b. Their value as a reservoir is higher than “A” because their

thickness means more area for hydrocarbons to accumulate and a larger area vertically to
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draw from. Drilling one well in the thick sand may recover as much hydrocarbon as
drilling several in a thin sand. Therefore detailed mapping of the “A” and “B” trend is
important.

When drilling wells in the Bluesky formation in Whitecourt, Alberta, two main
things should be considered; 1) Possible sedimentary and diagenetic factors that have
altered the target sand body. It appears that the ranges of porosity and permeability may
be explained by the following; very high porosity/permeability is due to fracturing,
moderate to high porosity/permeability is due to remnant porosity, and secondary
porosity, low to very low porosity/permeability is due to lack of early cementation,
causing enhanced compaction and may or may not contain stylolites. 2) The type of log
signature corresponding to the sand body being explored. Because coring wells is a very
expensive process, most petroleum companies limit the number of cored wells, especially
in developed fields. However, the only way to see the slight changes in depositional
environment and diagenetic history that can cause decreases in productivity is to core
every well and calibrate the core to the well logs. This is obviously not realistic; it is,
however, realistic to combine all the available data for a large area and to map porosity
and permeability changes. Doing this could possibly save money and allow companies to
avoid drilling unproductive wells.

7.3 Future work

Future work for the Bluesky Formation in Whitecourt should include more core
analysis. Study of drill core provides a visual sense of the factors controlling reservoir
quality. Sampling the cores and thin section analysis is also crucial to finding and

developing a high quality reservoir. By taking additional cores in areas that have limited
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core data it will increase understanding of the depositional setting. Point counting all of
the thin sections would allow a much better analysis of the components making up the
sand in the formation. Proportions were visually estimated in this study. Finally,
mapping all data, whether it is permeability values or the presence of a specific log

signature, will always bring a different perspective to the area being studied.
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