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ABSTRACT
One of the largest geological features in the deep part of the Alberta Basin in western
Canada is the Middle to Upper Devonian Southesk-Cairn carbonate complex (SCCC).
The SCCC lies at depths of about 5000 m adjacent to the disturbed belt of the Rocky
Mountains and is rising to depths of 2000 m in a northeasterly direction over a distance of
150 km.
The complex consists of four stacked carbonate platforms with associated reefs, which
are intervened by marls and evaporites. The carbonates adjacent to the deformation front
build a contiguous aquifer because the intervening aquitards are missing. Also, a
carbonate-rich unit exists in the Wild River Basin, which has been named ,Berland
Carbonate®.
The SCCC contains several gas pools, which have up to about 30% H,S. This study
focused on the diagenesis and concurrent pore fluid flow in the SCCC. The complex
diagenetic sequence could be grouped into 5 stages: (1) synsedimentary to shallow burial,
(2) intermediate burial, (3) deep burial, (4) maximum burial, and (5) present depth. Each
of these stages influenced the quality of the reservoir rocks.

Stage4 is of special interest because the strontium isotopes of late diagenetic calcite
cements suggest the influence of basin-external fluids. The 87Sr/%Sr-isotope ratios of
these calcite cements are high directly adjacent to the disturbed belt and they decrease
with increasing distance towards the foreland basin. This radiogenic strontium signal can
be traced for about 100 km into the foreland basin. Circumstantial evidence suggests that
the radiogenic strontium was carried by fluids that were expelled during the Laramide

orogeny from the Rocky Mountain Main Ranges and/or the underlying basement.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Geochemical data indicate that the pore fluids evolved from Devonian seawater that was
subsequently changed by evaporation, gypsum dehydration, influx of metamorphic
waters, and thermochemical sulfate reduction.

Fluid inclusion data and stable isotope data indicate distinct temperature ranges for early
diagenetic, medium diagenetic, and late diagenetic mineral phases. The temperatures may
have been as high as 220 °C at the maximum burial during the Late Cretaceous / Early
Tertiary.

Fluid inclusion salinities and chemistry data from drill stem tests indicate a low-salinity
brine in the deepest part of the area, which is migrating updip, displacing a more saline
brine. This migration pattern suggests a flow direction from the SW to the NE, from the

peak of the Laramide orogeny to the present.
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CHAPTER 1: INTRODUCTION

1.1 Rationale

The Upper Devonian Southesk-Cairn Carbonate Complex (SCCC) is located in west-
central Alberta and contains some of the deepest hydrocarbon pools in the Alberta Basin
(Fig. 1.1). The potential for sour gas is higher than elsewhere in the Basin, because the
average maximum burial temperature exceeded 120°C. It is estimated that recoverable
resources not yet located may be 35% of the known reserves (EUB, 2000). A better
understanding of the sedimentology, controls on diagenesis and fluid dynamics will
improve exploration success, avoid blowouts of sour gas wells, and reduce the overall

costs for the petroleum industry.

There are several possible fluid mechanisms in discussion for a tectonically overprinted
area like the SCCC. Oliver (1986) introduced a paleo-fluid flow model, the so-called
”squeegee model”, that is still controversial (Fig. 1.2). The model was based on a
synthesis of several papers including the ideas by Rickard et al. (1979), who proposed
that tectonic loading of thrust sheets produced a regional-scale fluid flow in the
Scandinavian Caledonides and was responsible for Pb-Zn mineralization in that area.
Oliver (1986) generalized this idea and suggested that fluids become expelled from
continental margin sediments, and then travel into the foreland basins and the adjacent
continental interiors due to the burial of continental margins beneath thrust sheets in
zones of convergence and formation of a fold-and-thrust belt. Oliver (1986) further

suggested that these expelled fluids force hydrocarbon migration, are involved in metal
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Figure 1.1: Location map of study area in west-central Alberta, showing the distribution of platform and reef carbonates of the Late
Devonian Woodbend Group (D-3) in the Alberta Basin (modified from Mossop and Shetsen, 1994). The part northeast of the limit of
the disturbed belt (LDB) is in the subsurface and has been defined by seismic, whereas southwest of the LDB the rocks are cropping
out in the Rocky Mountains. The enlarged study area shows the distribution of the Cooking Lake Platform and associated reefs in the
Southesk-Cairn complex. The carbonates are surrounded by marls and shales of the West Shale Basin and enclose the Wild River

Basin.
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There are several possible fluid mechanisms in discussion for a tectonically overprinted
area like the SCCC. Oliver (1986) introduced a paleo-fluid flow model, the so-called
”squeegee model”, that is still controversial (Fig. 1.2). The model was based on a
synthesis of several papers including the ideas by Rickard et al. (1979), who proposed
that tectonic loading of thrust sheets produced a regional-scale fluid flow in the
Scandinavian Caledonides and was responsible for Pb-Zn mineralization in that area.
Oliver (1986) generalized this idea and suggested that fluids become expelled from
continental margin sediments, and then travel into the foreland basins and the adjacent
continental interiors due to the burial of continental margins beneath thrust sheets in
zones of convergence and formation of a fold-and-thrust belt. Oliver (1986) further
suggested that these expelled fluids force hydrocarbon migration, are involved in metal
transportation, faulting, magma generation, metamorphism, and in the development of

paleomagnetism.

Squeegee-type or tectonically induced flow has several implications for the diagenetic
evolution in the study area. The first one is the composition of the pore-fluids, which
could contain water molecules of metamorphic mineral reactions. Secondly, tectonic
loading and heat flow would have influenced the fluid potential gradient. If fluids with a
metamorphic signal became injected into the thrust sheets and the foreland basin, they
would have driven forward the connate brines that were previously stored in the rock
units and/or would have mixed with them. The cements that precipitated from these fluids
should be clearly different from earlier diagenetic mineral phases that formed before the

Laramide orogeny.
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Figure 1.2: a) Block diagram of an orogen during active thrusting. The heavy
arrows schematically illustrate flow of tectonic brines expelled from buried sedi-

ments. b) Schematic evolution of thrust sheets in a tectonic convergence zone.

(from Oliver, 1986).

Oliver’s (1986) model is partly based on a few case studies, however it is highly
hypothetical and needs further investigations. The remaining questions are about the
fluxes, the flow directions, and the timing of fluid flow. In this study special emphasis is
placed on the spatial distribution and geochemical composition of deep burial, late

diagenetic, sparry calcite and dolomite cements, as well as Cambrian clastics and
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Precambrian metasediments that make up the underlying basement and much of the
adjacent Rocky Mountain Main Ranges. The late cements are inferred to have formed
during fluid flow caused by tectonic loading and are used to answer some of the

remaining questions of Oliver’s (1986) flow-model.

Tectonically-driven fluid flow was first considered for this part of the WCSB by Machel
et al. (1996) and Machel & Cavell (1999). They found that at Obed, located within the
SCCC (Fig. 1.2), anonymously high Sr-isotope values in late-diagenetic calcite cements
probably resulted from Squeegee-type fluid flow during the Laramide orogeny. In
addition, Mountjoy et al. (1999) found evidence for vertical flow through faults from the
underlying rocks in the northeastern part of the study area. This study will try to not only
prove the squeegee type flow model, but also differentiate between horizontal and vertical
flow mechanisms. Another important objective is to find evidence for one of the

numerous suggested dolomitization models for the Devonian of Alberta.

This study focuses on the causes for the present porosity and permeability distribution,
and secondly the directions and approximate fluxes of paleo fluid flow. The
understanding of paleo hydrology in the SCCC, which is located close to a zone of
deformation (active mountain building front of the Rocky Mountains, Fig. 1.1), is of
particular importance for both science and the petroleum industry. The scientific aspect of
such a study includes information about pore fluid changes and the mineral products that
form from the fluids, as well as their timing of formation. The petroleum industry will

benefit in finding more reserves and better exploitation of the known reserves.
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1.2 Study Area

The area of interest is located in the subsurface of west-central Alberta approximately 200
km west of the city of Edmonton (Fig. 1.1) in the Alberta Basin. The Alberta Basin is the
west-central part of the Western Canada Sedimentary Basin (WCSB) that continues
eastward into the Williston Basin of Saskatchewan. The Phanerozoic rock record consists
of a southwestward thickening wedge that reaches a thickness of over 6 km close to the
limit of the disturbed belt (LDB) of the Rocky Mountains (Wright et al. 1994). Towards
the NE the wedge is subcropping onto the Canadian Shield, where it is terminated by
erosion or non-deposition (Mossop & Shetsen, 1994). The study area extends from
Township 63 RangelW6 in the NW to Township 49 Rangel4 W5 in the SE (Fig. 1.1).
The Devonian strata lie unconformably on top of Cambrian clastics and are conformably

overlain by Mississippian carbonates.

The Upper Devonian Southesk-Cairn carbonate complex is one of the largest geological
features in the study area and is of economic significance, as it contains several
hydrocarbon pools. The SCCC is located at depths of 4000 to 5000 m close to the Rocky
Mountains in the SW part of the area, and rises northeastward to depths of about 2000 m.
The SCCC consists of two main “branches”, the northern Bigstone arm and the southern
Windfall/Marlboro arm, which are linked in the northeast by the Fir and Pine Creek reefs
and platform trend (Fig. 1.1). The complex is bordered in the southwest by the limit of

the disturbed belt (LDB) and encloses the Wild River Basin.
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1.3 Exploration History

The Southesk-Cairn carbonate complex has been an exploration target since the 19501es.
Although some 30 pools are being exploited at present, the remaining established
reserves are about 1579.3 x 10°m’ crude oil and 26,045 x 10°m’ natural gas, as well as

702 x 10’ tonnes of sulfur (calculated using data from EUB, 2000).

The most important hydrocarbon fields in the study area are Bigstone, Harley, Berland
River, Fir, Pine Creek, Windfall, Marlboro, Obed, Dalehurst, Hinton and Robb (Fig. 1.1).
The discovery years range from 1955 to 1998, not including confidential data. All of
these fields contain light to medium crude oil in the Mesozoic strata, whereas the main
production in the Paleozoic is natural gas. Exceptions are the Kaybob and the Kaybob-
South field (64-19W5 and 60-19W5, respectively) which produce light to medium crude
oil out of the Upper Devonian Nisku Formation and Middle Devonian Beaverhill Lake
Group, as well as from the Granite Wash Formation. The Granite Wash A pool was
discovered in 1955, followed by the Beaverhill Lake A in 1957, the Beaverhill Lake B
and D pools in 1961, the Nisku C pool in 1978, and Nisku D pool in 1995. The average
formation depth below Kelly bushing (KB) for the Nisku is 2,500 m, whereas the Middle
Devonian pools are located ~ 3,000 m below KB. The remaining established reserves of
light to medium crude oil are 937.2 x 10°m’ for these two pools (EUB, 1998). The Pine
creek oil pool was discovered in 1959 and produced crude oil out of the D-3 C pool, with
an average depths below KB of 3304 m. Initial oil in place was estimated to be 113.0 x

10°m®. To date 31.5 x 10°m’ have been produced, corresponding with the initial
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established reserves. Another oil producing field in the area is Windfall in the northeast
of the study area. This field is the shallowest of the investigated locations (2500 to 2950
m below KB). Production of oil in Windfall is out of the Upper Devonian Nisku (D-2)
and Leduc Formation (D-3) stratigraphic horizons. The first pool was discovered in 1955
and the latest in 1990. Remaining established reserves of oil for the Windfall area are

6.426 x 10°m°.

The main production out of the Devonian in the subsurface part of the Southesk-Cairn
complex is natural gas, with a total established reserves of 26534 x 10°m’. In 1998 due to
a re-evaluation of initial volume in place, a major change in gas reserves occurred in the
Beaverhill Lake C pool at Kaybob and Marlboro with 927 x 10°m® and 910 x 10°m” less
gas, respectively. In the same year an additional volume of 968 x 10°m® gas was
discovered at Lambert. In addition the Kaybob South and the Pine Creek fields are
important sulphur producers, with a total of 702 x 10° tonnes of remaining established

TCServes.

14 Objectives

An earlier study (Patey, 1995: Machel et al., 1996) of the Obed field within the Southesk-
Cairn Carbonate Complex (current study area) presented evidence for a complex
diagenetic history spanning syndepositional events to late diagenetic cements that may
have been related to the Laramide orogeny. This thesis addresses on much larger regional

scale the diagenetic history of the Southesk-Cairn Carbonate Complex (SCCC), the
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relationship of various diagenetic events to paleo fluid flow(s), and their effects on

reservoir development.

The major objective of this study is to determine the causes for dolomitization of the
matrix rocks and different cementation generations, as well as causes for the present
porosity and permeability distribution, which is related to the aforementioned processes.
A second objective is to determine the directions and approximate fluxes of paleo fluid
flow and their implications for petroleum exploration.

In Chapter 1, the study area and the problems related to fluid flow and fluid processes in
areas adjacent to a mountain thrust and fold belts are described. Chapter 2 gives an
overview of the geologic framework, the basin definition, history and paleogeography of
the SCCC area adjacent to the Rocky Mountain Fold and Thrust Belt. In Chapter 3 the
dual stratigraphic nomenclature is defined, because the study area deals with subsurface
rocks and outcrop data, for which different stratigraphic terms are in use. In addition, the
new, informal unit “Berland Shale” was introduced. Furthermore, the lithological
features of the four Devonian Groups (Beaverhill Lake, Woodbend, Winterburn and
Wabamun) are described, as well as the facies development and the related
dolomitization patterns. Chapter 4 contains the description of the diagenetic products and
processes, which are interpreted to having been formed in five major stages of burial and
pore-water evolution. In Chapter 5 the isotopic data and fluid inclusion homogenization
temperatures are presented, analyzed and integrated into the analysis of the burial history.
This final chapter integrates observations and interpretations from the previous ones into

a synopsis of the dolomitization processes, tectonic expulsion, paragenetic sequence,
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burial history, and the evolution of pore fluids in the west-central part of the deep Alberta

Basin.

1.5 Methods and Database

A total of 52 cores were logged and sampled from the area of the SCCC and Wild River
basin to investigate the local stratigraphy and facies distribution (see Appendix 1 for core
list). Most of the cores were retrieved from the platform and reefs, whereas four are from
the Wild River basin. The primary criterion for the core selection was to obtain a good
aerial coverage for the SCCC and its regional extent. About 300 samples (see Appendix 11
for sample list) were taken from the core material and 150 polished thin-sections were
studied with conventional and cathodoluminescence petrographic techniques, using a
Zeiss Jenapol Polarizing Microscope and a CL microscope with a cold cathode Premier
American Technologies ELM-3R Luminoscope. Operating conditions for CL petrography
were a beam voltage of 15 to 10 kv and a beam current of 0.5 mA in a 35 to 50 mTorr
vacuum under air pressure. The thin-sections were stained with Alizarin Red-S and
potassium ferricyanide, according to the method of Dickson (1966). The samples were
impregnated with blue epoxy to make the porosity more visible

Electric wire line logs of about 250 wells were used to construct cross-sections, isopach
maps and structural maps to establish the geometry of the SCCC (see Appendix I for

formation tops).

Powder samples for geochemical analyses were obtained using a low speed dental drill

assembly. Each of the main diagenetic phases, e.g., matrix dolomite, saddle dolomite,

10
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late calcite cement and anhydrite, were extracted separately and a total of 150 powder
samples was produced. Seven formation brines were retrieved from wellheads and
analyzed for 8D and 8'®0 and strontium isotope ratios. Sulfur isotopes of brines,

anhydrite, elemental sulfur and bitumen were measured

All data have been corrected with respect to their standards.

The fluid inclusion samples for this study have been chosen to areally cover most of the
SCCC. However, the sample number was limited to 10 (185 fluid inclusion
measurements) and the data is summarized in Appendix VII. Because of the limited
sample number, fluid inclusion studies from Green (1999) in the northern part of the
complex and Smith (2001) in the central Obed area have been incorporated into the

interpretation. All fluid inclusions are simple two-phase liquid gas (L-G) inclusions.

All analytical methods are described in more detail in the respective chapters 3 and 5.

1.6 Contribution to original scientific knowledge

This thesis is the first study that focuses on the entire subsurface part of the Southesk-
Cairn Carbonate complex. Therefore, many aspects of this thesis constitute contributions
to original knowledge. The following aspects are considered particularly noteworthy:

(1) The first comparison of subsurface stratigraphic terms versus surface terms for this

part of the basin adjacent to the fold and thrust belt.

11
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(2) The first official recognition of the “Berland Carbonate” unit and its occurrence
within the strata of the Wild River Basin.

(3) The first regional study to document that strontium isotope data of late-diagenetic
calcite cements show a regional variation.

(4) The first study in this part of the WCSB to identify maximum burial temperature of
200°C using pressure-corrected homogenization temperatures.

(5) The first study that measured fluid inclusion salinities, which indicate a dilution of
brines close to the fold and thrust belt.

(6) The first isotopic analyses of subsurface brines for this part of the Alberta Basin
indicating significant differences between brines in the deep basin and the shallow parts
of the Alberta Basin.

(7) Combining aspects (1) to (6) above, this study is the first to provide physical (rock,
fluids, and geochemical data) evidence for squeegee-type fluid flow in the deepest part of

the foreland basin in front of an orogenic belt worldwide.

12
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CHAPTER2: GEOLOGY

2.1 Geologic Framework

e Basin Definition and History
The Western Canada Sedimentary Basin is a large, elongated feature that spans the
provinces of British Columbia, Alberta, Saskatchewan and Manitoba (with a minor
excursion into the northern U.S.A.) (Figs. 2.1, 2.2). The Western Canada Sedimentary
Basin is divided into the Alberta Basin and the Williston Basin, the border of which
roughly coincides with the so-called Bow Island Arch, which is a Precambrian structural

high that crosses the Alberta-Saskatchewan border in the south (Figs. 2.1, 2.2).

The structural development of the Western Canada Sedimentary Basin is well known
throughout the Phanerozoic and is closely related to the tectonic evolution of the
Canadian Cordillera (Price, 1994) (Figs. 2.2, 2.3). The development of the basin took
place in two fundamentally different tectono-sedimentary realms: the long-lived passive
margin, and the foreland basin. The Devonian strata were deposited on the passive margin
of the ancestral North American continent. Four orogenies affected the region, i.e., Antler
(Devonian - Carboniferous), Sonoma (Late Permian?), Columbian (Jurassic - Early
Cretaceous), and Laramide (Mid-Late Cretaceous - Tertiary). Two of these orogenies, the
Antler and the Laramide, significantly shaped the size, depth, accommodation space,

subsidence, and uplift of the Western Canada Sedimentary Basin.

13
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Figure 2.1: Morphogeological belts of the Canadian Cordillera that formed due to the accretion of several terranes
and subsequently built the Rocky Mountains. Also shown are the location, outline, and size of the province of Alber-
ta. The limit of the Disturbed Belt is the outer limit of Laramide tectonic deformation, with tectonically undisturbed

strata to the east. Map is modified from Price (1994).
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Figure 2.2: Location of the Western Canada Sedimentary Basin (WCSB) relative to the
Canadian Cordillera. The WCSB stretches across the Northwest Terratories, British
Columbia, Alberta, Saskatchewan, Manitoba, and into the northern United States. It is
divided into the Alberta Basin and the Williston Basin. The former forms the foreland
basin of the Rocky Mountains. Line of Cross section A-B refers to Figure 2.3. Map is

modified from Price (1994).
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Figure 2.3: Cross section A-B across the Canadian Cordillera into the western part of the
Alberta Basin (see Fig. 2.2 for line of cross section). The four sections show diagrammat-
ically the deformation and approximate extent of tectonic shortening between the early
Jurassic and the Paleocene. W-E compression shortened the Cordillera by approximately
160 km in the west and by about 200 km in the Rocky Mountains in the east. Modified
trom Price (1994).
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Today, the Alberta Basin constitutes the foreland basin of the Rocky Mountains. Due to
the asymmetry of the Alberta Basin, the Devonian strata form a basin-wide, structural
homocline that dips gently from outcrops in northeastern Alberta to nearly 7 km in
southwestern Alberta next to the Rocky Mountain fold and thrust belt (geographically

known as the Foreland Belt — see Fig. 2.1).

Paleomagnetic, gravimetric, and seismic surveys have identified a number of structural
highs (Fig. 2.4) and two fault systems that strike about NW-SE and SSE-NNW in the
Precambrian basement (Switzer et al., 1994; Edwards et al., 1995). These structural
features controlled deposition of the Devonian sedimentary strata to some degree. For
example, deposition of the elongate Rimbey-Meadowbrook reef trend probably was
controlled by a lineament in the Precambrian basement, the Rimbey Arc. Furthermore, at
least some of the many basement faults that are located in this area appear to have been
active during the Paleozoic and Mesozoic, influencing fluid flow and petroleum

migration, as discussed further below.
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Figure 2.4: Major structural elements that influenced the deposition of Woodbend (D3)
and Winterburn (D2) Group carbonates (modified from Switzer et al., 1994).

Another important example for the influence of basement structure on the Devonian
petroleum system is the crystalline Peace River Arch that separates the Alberta Basin into
northern and southern parts (Figs. 2.1, 2.4), each having different tectonic, depositional,
geothermal, and hydrogeologic histories. The Peace River Arch forms a SW-NE oriented
flexure in the Precambrian that was an emergent landmass throughout much of the
Paleozoic until it collapsed in the Mississippian to Permian (e.g., Ross, 1990). The arch
led to the deposition of an Upper Devonian fringing reef complex (Figs. 1.2) and a
number of other distinct sedimentologic and diagenetic-hydrothermal phenomena (e.g.,

Dix, 1993). Detached from the orogenies that affected the entire region, the Peace River
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Arch area had its own tectonic and geothermal dynamics (Stephenson et al., 1989; Ross,

1990).

North of the Peace River Arch, regional easterly flow of formation fluids probably
formed MVT mineralization at Pine Point (Qing and Mountjoy, 1992, 1994). There is no
evidence for a corresponding regional flow system south of the Peach River Arch, and no
comparable Pb-Zn sulfide mineralization. Furthermore, the general burial and geothermal
histories appear to have differed significantly north and south of the Peace River Arch.
North of the arch in the Liard sub-basin area, a regional event of high heat flow reaching
maximum temperatures between the end of the Paleozoic and the Jurassic caused oil
maturation and migration in the Late Devonian to Carboniferous (Morrow et al., 1993). In
that area, there is circumstantial evidence for late Paleozoic large-scale hydrothermal
fluid convection via faults up and through the Devonian carbonates when they were at
very shallow burial depths (Morrow et al., 1993; Morrow and Aulstead, 1995). There
probably were six distinct fluid events in the northernmost part of the Western Canada
Sedimentary Basin (Morris and Nesbitt, 1998), i.e., in the southern MacKenzie
Mountains (see Fig. 2.1). These events, however, cannot be correlated to time-equivalent
events south of the Peace River Arch, even though there are some similarities. Rather,
geothermal gradients in the southern part of the WCSB appear to have been near normal
from the late Paleozoic to the Laramide orogeny, and then again after the orogeny. This
orogeny led to oil and gas maturation and migration in the Late Cretaceous to early
Tertiary (Hacquebard, 1977; Stoakes and Creaney, 1984; Dawson and Kalkreuth, 1994).

Also, there is no tangible evidence for large-scale late Paleozoic or Mesozoic convection
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of hydrothermal fluids in the southern part of the Western Canada Sedimentary Basin,
even though Morrow (1999) recently advocated thermal convection on the basis of

circumstantial evidence.

e Paleogeography
Alberta was located along the western margin of the Laurussia continent during the
Devonian. The Laurussia continent was formed during the latest Silurian when the North
America-Greenland craton and the European craton collided (Ziegler, 1988). The
suture/boundary is called the Caledonian Fold Belt. According to Witzke & Heckel
(1988), Alberta was located between 8° and 16° south of the equator between the arid belt
and the equatorial belt (Fig. 2.5). Hence the climate was very hot, and a shallow
epicontinental sea covered Western Canada. These circumstances led to the formation of

the enormous Middle Devonian Elk Point evaporites.

During the late Middle Devonian, the epicontinental seas expanded and a transcontinental
seaway breached through North America connecting the Elk Point (Williston) basin with
Iowa. Alberta was still located within the carbonate belt and drifted a bit north closer to
the equator. As a result, thick shallow water reefal carbonates grew during the Middle
Devonian, like the Winnepegosis/ Keg River Formation and the Swan Hills Formation.
Evaporites still formed, thus, the Elk Point salts extended into North Dakota and the
Middle Devonian Prairie — Muskeg evaporites formed in central and east Alberta. During
the Late Devonian, Laurussia moved even farther north, placing Alberta closer to the

equator. The extensive occurrences of evaporites, indicating a dry tropical climate, and a
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northeast to southwest water circulation are consistent with an easterly trade wind belt

parallel to the paleo-equator (Wendte et al., 1992).
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Figure 2.5: Late Devonian paleogeographic reconstruction of the Laurussia/Euamerica
continent with Alberta being gray-shaded. Alberta was covered by a shallow epicontinen-
tal sea with a hot and tropic climate similar to the modern shallow water carbonate belts

between low latitudes of 30° from either side of the equator. Modified after Witzcke and
Heckel, 1988.

Thick shallow water carbonates of the Beaverhill Lake Group were deposited, as well as
reefal carbonates of the Woodbend and Winterburn Groups, and again shallow water

carbonates during the Wabamun Group. The evaporite borders shifted south-eastward
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from central Alberta to Saskatchewan, Montana and North Dakota (Witzke & Heckel
(1988). This is consistent with the northern movement of Laurussia. The main clastic
sediment input during the Woodbend and Winterburn Groups was from the north and the

northeast i.e., the ancestral Canadian Shield.

2.2 Previous Studies

The Devonian System forms the most productive oil and gas reservoirs in Canada
(Moore, 1989), with major production from reefs of Givetian (Swan Hills Fm.) and
Frasnian (Leduc Fm. And Nisku Fm.) age. The deposition of the Devonian strata was
cyclical and developed in four stratigraphic levels, commonly referred to as D1, D2, D3
and D4. The sediments range in age from Givetian (Beaverhill Lake Group)[375 m.y.] to

Frasnian (Woodbend and Winterburn Group) and Famennian (Wabamun Group) [363

m.y.].

The Devonian strata that crop out in the Rocky Mountains along several thrust sheets are
well described by Belyea (1954), DeWit & McLaren (1950), Price (1964), Mountjoy,
(1960, 1965, 1967, 1978, 1979, 1987); MacKenzie (1965), Workum & Hedinger (1987),
Andrews (1987), and many others. Belyea and McLaren (1964) were the first to correlate
the outcrop strata to the Devonian subsurface strata. The subsurface part of the Devonian
in the Alberta Basin can be subdivided into the Leduc fringing reef around the Peace

River arch, the deep basin (study area), the Rimbey-Meadowbrook reef trend, the Bashaw
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reef complex, the Killam Barrier reef and the Grosmont platform. The Devonian of the
Peace River Arch has been studied by Dix (1993) and McKenzie (1999). An overview of
the Rimbey-Meadowbrook reef trend was first provided by Andrichuk (1958) and more
detailed studies of facies, diagenesis and geochemistry followed in subsequent years
(McNamara & Wardlaw 1991; Drivet 1993; Weissenberger 1994; Marquez 1994; Amthor
et al. 1993, 1994). According to these studies the dolomitization of the Rimbey-
Meadowbrook reef trend occurred during shallow to intermediate burial in the late
Devonian/ early Mississippian from modified late Devonian seawater. Hearn (1995)
studied the Bashaw reef complex. The facies, diagenesis and paleohydrology of the
Grosmont Platform was studied by Cutler (1983), Huebscher (1996) and Machel (2000).
Kaufman (1989) and Saller et al. (2002) focused on the Swan Hills Formation in the
Rosevear field, which is located in the deep part of the basin just east of this study area,
and described the diagenesis and geochemistry of the area. Green (1999) worked on the
Southesk-Cairn complex, focusing on the Kaybob and Kaybob South as well as the Pine
Creek and Fir fields. Patey (1995) and Green (1999) both observed highly radiogenic
strontium compositions in late-diagenetic carbonate cements and interpreted them as
expulsion-controlled and fault-controlled products, respectively. The Swan Hills
Simonette reefal build-up was investigated by Duggan (1997) and Rock (1999). The latter
compared the Leduc formation at Simonette and Ante Creek. Both authors inferred the

involvement of faults in the formation of late dolomite and calcite cements.

The present study focuses on parts of the Southesk-Cairn Carbonate Complex that have

not yet been examined in detail and provides further information on the stratigraphy, flow
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patterns, fluid compositions, directions and timing, as well as fluid amounts that were
involved over the history of the basin. It also incorporates data and conclusions from the

above-mentioned investigations.
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CHAPTER 3: STRATIGRAPHY

The general regional stratigraphic development, as documented in Switzer et al. (1994)
and sources cited therein, forms the basic stratigraphic framework for this study. The
overall division of the Upper Devonian stratigraphy into D1 to D4 (Wabamun,
Winterburn, Woodbend, and Beaverhill Lake Groups) and their regional distribution are
reasonably well understood. Furthermore, it is well established that the Upper Devonian
reflects four major cycles of eustatic sca level changes that are divided by higher order
cycles in many parts of the basin. However, in the area of the Southesk-Cairn Carbonate
Complex the stratigraphic evolution and cyclicity is relatively poorly documented. The
objective of this chapter is to provide additional new information in terms of stratigraphic

description and facies analysis.

3.1 Stratigraphic Nomenclature

Most of the current stratigraphic nomenclature and correlation between outcrop and
subsurface strata of the Upper Devonian in the study area dates back to the first
surface/subsurface correlations, done in the early 1950’s (Belyea, 1954). The

nomenclature used in this thesis is presented in the following section.

The Fairholme Group strata are exposed in the Fairholme Reef Complex, the Cline
channel, the Southesk-Cairn Reef Complex and in isolated reef complexes such as the

Miette, Ancient Wall, and Berland (Fig. 3.1).
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Figure 3.1: Distribution of major Woodbend reef complexes and shale basins
(palinspastically restored; after Switzer et al., 1994). Also shown are the major gas fields
that produce from the Devonian in the Southesk-Cairn Complex: B = Bigstone,
BR=Berland River, F = Fir, P = Pine Creek, W = Windfall, M = Marlboro, H = Harley,
O = Obed, D = Dalehurst, Hi = Hinton. LDB = Limit of Deformed Belt.

In general, these carbonates crop out in the Rocky Mountains in several thrust sheets and
extend from the Main Ranges across the Front Ranges into the Foothills (Figs. 1.2, 3.1).
The Bigstone, Windfall, Wild River, Obed, Fir, Pine Creek, Harley and Dalehurst fields
produce from the Woodbend / Winterburn Groups, which are the subsurface equivalents

of the Fairholime Group. The subsurface carbonates form a northeasterly trend similar to
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the trend of the SCCC-outcrop. The reason for this trend, which is repeated elsewhere in
the basin, is not well known. It may have been controlled by regional syndepositional
tectonic flexures related to zones of weakness in the underlying Precambrian Shield

(Mountjoy, 1980; Mountjoy & Geldsetzer, 1981).

The outcrops have been studied by numerous geologists, e.g., Raymond (1930), Allan et
al. (1932), deWit and McLaren (1950), McLaren (1956), Mountjoy (1960, 1965), and
McLaren and Mountjoy (1962). McLaren (1953, 1956) described the regional Devonian
succession and introduced the Alexo and Mount Hawk Formations. He also defined the
Southesk and Cairn Formations within the Fairholme Group (Tab. 3.1). Belyea &
McLaren (1956, 1964) correlated outcrop sections with the subsurface. Belyea &
McLaren (1957) subdivided the Southesk Formation into the Arcs, Grotto, and Peechee
Members. At the same time, Taylor (1957) suggested correlations of the Leduc and Nisku
Formations (Winterburn Group and Woodbend Group, respectively) from the subsurface
to the mountain sections. He did not recognize the boundary between the Southesk and
Cairn Formations, and introduced the term Maligne Formation for the upper member of
the Flume Formation, named earlier by Raymond (1930). Mountjoy (1960, 1965, and
1981) described and mapped the stratigraphic relationships and geology of the Miette reef
complex and surrounding areas and revised the type section of the Mount Hawk
Formation at Roche Miette, recognizing the interfingering with the Southesk Formation.
Investigation of the Ancient Wall reef complex provided additional information and
different stratigraphic relationships between the Southesk and Cairn Formations and the

basinal Perdrix and Mount Hawk Formations. In subsequent years, Workum (1978) and
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Workum & Hedinger (1987) described and discussed the stratigraphy of the Southesk
Formation at Cripple Creek, which is part of the Fairholme Reef Complex. Andrews
(1987) provided a regional study of Devonian Leduc outcrop reef-edge models and
compared them to subsurface seismic anomalies in the Woodbend Group. Weissenberger

and Mcllreath (1989) described and outlined parts of the Southesk Cairn Reef Complex.
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Table 3.1: Stratigraphic correlation of the Upper Devonian between outcrop in the
Foothills and Front Ranges of the Rocky Mountains and the subsurface in the Wild

River Basin and the west-central part of the Alberta Basin (see text for references).
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The stratigraphy of the subsurface equivalents of these strata in the Alberta Basin has also
been studied by numerous authors (Belyea, 1964; Switzer et al., 1994 and references cited
therein). One of the best-studied areas is the Rimbey-Meadowbrook reef trend (Fig. 3.1),
which is located about 200 km ESE of the SCCC (Waring and Layer, 1950; Andrichuk,
1958; Klovan, 1964; McGillivray and Mountjoy, 1975; Walls, 1983; Marquez, 1994,
Wendte, 1994; Mountjoy et al., 1999). The stratigraphy of the subsurface part of the
SCCC is less well known. Wendte (1992, 1998) and Switzer et al. (1994) have provided
the most detailed overviews. The stratigraphy of the SCCC consists of four carbonate
platforms and associated strata that have been subdivided into four stratigraphic groups

(Tab. 3.1; Fig. 3.2).
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Figure 3.2: Schematic regional cross section (west to east) illustrating cyclicity of Devonian sequences and the distribu-

tion of Devonian sequences and the general distribution of their major facies in the Alberta Basin (modified from

Wendte, 1992).



The middle to Upper Devonian Beaverhill Lake Group (D4) is the oldest of the four
stacked carbonate platforms. It includes the Fort Vermilion, Waterways, Slave Point and
Swan Hills Formations (Tab. 3.1; Figs. 3.3). The upper part of the Swan Hills Formation

is equivalent to the outcrop Flume and/or Maligne Formation (Weihmann, 1980).

50 km

Slave Point

| mixed carbonates and clastics £ polomite
@ Mixed carbonates and evaporites
= Limestone Biuminous shale
[7] silciclastics [+ ciystatline rocks

Shale

Fig.3.3: Schematic regional cross section showing the Woodbend-Winterburn and
Beaverhill Lake stratigraphy around the Peace River Arch (modified from Oldale and
Munday, 1994; Switzer et. al, 1994).
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The Upper Devonian Woodbend Group (D3) is subdivided into the basinal/off-reef
Duvernay Formation and Ireton Formation, and the platform/reefal Cooking Lake and
Leduc formations (Figs. 3.3 and 3.4). The surface equivalent of the Cooking Lake
Formation is considered to be the Maligne Formation, or part of the lower Cain
Formation. The Leduc Formation is equivalent to the reefal Cairn Formation and to the
overlying Peechee Member, the basal member of the Southesk Formation. The Duvernay
is approximately equivalent to the Perdrix Formation and the Ireton to the main part of
the Mount Hawk Formation. The Upper Devonian Winterburn Group (D2) is divided into
the Nisku, the Calmar, the Blueridge and the Graminia formations (Chevron, 1979;
Machel, 1984; Anderson, 1985; Machel & Anderson, 1989; Watts, 1987). The Nisku in
the West Pembina area has been further divided into Lobstick, Bigoray, Zeta Lake,
Cynthia and Wolf Lake Members (Tab. 3.1; Fig. 3.4). This division is not easily
correlated with the strata of the Wild River Basin. For the Upper Ireton and the Nisku
members, an equivalent new informal unit “Berland-carbonate” is proposed in this study.
The surface equivalents for the subsurface Winterburn Group are the Grotto, Arcs and
Ronde-Simla members of the Southesk Formation. The Wabamun Group (D1) is the

fourth carbonate unit and is equivalent to the Palliser Formation in the Rocky Mountains.

The subsurface terminology will be used for most parts of this study, considering that
most of the study area is located in the subsurface. The term Southesk-Cairn Carbonate

Complex is used both in the subsurface and the surface.
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Winterburn strata (modified from Switzer et al., 1994),

The basin-fill in most parts of the Wild River basin is not easily correlated to the typical
basin fill of the West Shale Basin in the Woodbend/Winterburn groups. In the West Shale
Basin the infill usually consists of two thick shale packages for the Woodbend Group,
i.e., the Duvernay and the Ireton shales, respectively. The Winterburn Group consists of
interlayered shales, limestones and dolostones. In the Wild River Basin the time
equivalent to the Upper Ireton and the Lower Winterburn is more carbonate-rich and has

a higher porosity in most parts. This carbonate unit is here informally called the Berland

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Carbonate. Note, however, that this unit is informally called the Berland Shale in the
Calgary oil patch (McLean, pers. comm. 1999). The question that arises is whether this is
a new member or merely a different sedimentation pattern that is governed by the

proximity of surrounding reef complexes in the relatively small Wild River sub-basin.

Whalen et al. (2000) compared the Late Devonian Miette and Ancient Wall platforms
(Fig. 3.1), which are equivalent to the Leduc (D3) platforms in the subsurface part of the
SCCC. They described variations in platform margin geometry that are controlled by sea
level and sediment supply. Slope and basinal sediments interfinger with progradational
margins and onlap aggradational bypass margins of the build-ups. Redeposited carbonates
were shed from the build-ups and adjacent upper slope as various types of gravity flow
deposits. It is therefore concluded that the Berland carbonate is time-equivalent to the
basinal Ireton and Duvernay shales. However, due to different internal architecture of the
platform interior in the SCCC, the sediments are more carbonate rich and most likely
were upper slope deposits shed from the surrounding reefs mainly from west to east. The
basin-fill sediments of the West Shale Basin are fine-grained clastic sediments from a far-

removed source and were deposited from east to west (Stoakes, 1980).
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3.2 Methodology for Stratigraphy and Facies Interpretation

A total of 52 cores (Figure 3.5) were logged and sampled from the area of the SCCC and
Wild River basin to investigate the local stratigraphy and facies distribution (see
Appendix I for core list). Most of the cores were retrieved from the platform and reefs,
whereas four are from the Wild River basin. The primary criterion for the core selection
was to obtain a good aerial coverage for the SCCC and its regional extent. About 300
samples (see Appendix II for sample list) were taken from the core material and 150
polished thin-sections were studied with conventional and cathodoluminescence
petrographic techniques, using a Zeiss Jenapol Polarizing Microscope and a CL
microscope with a cold cathode Premier American Technologies ELM-3R Luminoscope.
Operating conditions for CL petrography were a beam voltage of 15 to 10 kv and a beam
current of 0.5 mA in a 35 to 50 mTorr vacuum under air pressure. The thin-sections were
stained with Alizarin Red-S and potassium ferricyanide, according to the method of
Dickson (1966). The samples were impregnated with blue epoxy to make the porosity
more visible

Electric wireline logs provide information about formation tops, thickness of formations,
lithology, porosity and type of formation fluid. About 250 well logs were used to
construct cross-sections, isopach maps and structural maps to establish the geometry of
the SCCC (see Appendix III for formation tops). Figures 3.6 to 3.8 show typical log
responses for the various lithologies in the Upper Devonian strata that were used for the
lithostratigraphic correlations in this study. Note that the cores only allow a small insight

into one well whereas the logs cover the entire depths of a particular well.
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3.3  Lithostratigraphy

Beaverhill Lake Group (D4):

The Beaverhill Lake Group is divided into the Fort Vermilion, the Waterways, the Slave
Point, and the Swan Hills formations in west-central Alberta. The Beaverhill Lake Group

is generally between 150 and 220 m thick, however, it thins to zero around the Peace

River Arch (Fig. 3.3).

The thinly bedded anhydrites of the Fort Vermilion Formation only occur north and east
of the study area and in the central plains of Alberta with a thickness of ~40 m. However,
they thin to the southwest to about 8 m in the Swan Hills area and are missing completely
farther south in the Wild River area. The Waterways Formation is the basinal facies
equivalent of the Beaverhill Lake Group and is about 200 m thick in northeastern Alberta,
thinning towards the south and west to 6 m in the Swan Hills area. This formation
consists of black shales, shaly limestones, and fossiliferous limestones that contain layers
of ostracods and small to large brachiopods. They surround and overlay the platform and
reef carbonates of the Slave Point and Swan Hills Formations, respectively. The Slave
Point Formation forms the platform carbonate in the Beaverhill Lake Group and is made
of massive dark gray to black limestones (Windfall area) that contain large
stromatoporoids and irregular white calcite filled vugs in some locations. The Swan Hills
Formation forms the reefs of the Beaverhill Lake Group that are between 15 and 150 m
thick. The reefs are dolomitized along the platform margins and contain large amounts of
various types of stromatoporoids. Some pelletoidal limestones with minor amount of

bioclastic material indicate deposition under stressed conditions (Fluegel, 1982).
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Woodbend Group (D3):

The Woodbend Group is the main target of investigation for this project, partly because
core control within this group is best. The base of the Woodbend Group is formed by the
Duvernay Formation (Figs. 3.3 and 3.4), which usually consists of interbedded dark
brown, organic-rich shales, dark brown calcareous shales and dense argillaceous
limestones (Imperial Oil, 1950). The thickness varies considerably from 60 m in the West

Shale Basin to only a few meters in the Wild River area.

The Duvernay Formation shale is overlain by the Ireton Formation shale, which, in the
West Shale Basin, is a dark grey to greenish shale or shaly limestone that contains thin
layers of shell fragments of ostracods and small brachiopods. The Ireton Formation shale
ranges in thickness from zero to 250 meters in the West Shale Basin (Fig. 3.9 and 3.10).
Skilliter (1999) investigated both the Ireton and the Duvernay Formation shales more
closely. The Ireton shale is especially thin on top of Leduc reefs as well as close to the
limit of the disturbed belt (Figs. 3.10 and 3.11). In the Wild River area the upper part of
the Ireton Formation is more calcareous than elsewhere and probably time-equivalent
with the Lower Nisku Formation, thus it is here informally introduced as the “Berland
Carbonate” (Tab. 3.1). The Berland Carbonate is thick in the west and thins to the east
(Fig. 3.9), therefore, it probably was shed from the west into the Wild River basin. It
consists of argillaceous limestones that appear to be more permeable than the Ireton

Formation shales.
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The Cooking Lake Formation forms the platform carbonates in the Woodbend Group and
is equivalent to the Lower Leduc. It normally consists of light gray limestone, but is
dolomitized locally. The Cooking Lake Formation reaches a thickness between 60m and
90m, and, in places, has Leduc reefs developed on it (Fig. 3.11). The lithologies of the
Cooking Lake carbonates include nodular mudstones, grainstones, brown gray
stromatoporoid rudstones, and floatstones. The overlying Leduc reefs are the main
stratigraphic interval studied, because they contain the most prolific hydrocarbon
reservoirs. The Leduc lithology varies in many ways according to the facies variation in a
shallow water reef system (see also Whalen, et al., 2000). Most of these reefs are
pervasively dolomitized, and the original facies patterns are largely destroyed. The reefs

reach a thickness of up to 250 m.

Winterburn Group (D2):

The Winterburn Group consists of the Nisku, Blue Ridge, Calmar and Graminia
formations (Tab. 3.1; Figs. 3.3 and 3.4). In the West Pembina area the Nisku Formation
can be further subdivided into Lobstick, Bigoray, Zeta Lake, Dismal Creek, Cynthia and
Wolf Lake Members (Tab. 3.1) (Chevron, 1979; Machel, 1984). In west-central Alberta
the Winterburn Group is up to 350 m thick, and a division into Lower Winterburn and
Upper Winterburn (Fig. 3-11; Table 3-1) is recommended, because the prominent shale
break of the Cynthia Member is not always traceable. In the Wild River area another
argillaceous carbonate unit seems to be time-equivalent with the Upper Ireton and Lower

Winterburn, and was earlier introduced as the “Berland Carbonate™ (Figs. 3.9 and 3.11;
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see previous sections). In some parts of the study area the Lower Winterburn is an
argillaceous to carbonate-rich unit with two predominant shale breaks. The Upper
Winterburn has a higher carbonate content, however, irregular shale log peaks are
common. Pure carbonate units, mostly dolomites of varying thickness, occur in the Lower
as well as Upper Winterburn and are interpreted as Nisku reefs. The Calmar siltstone, the
Blue Ridge carbonate, and the Graminia siltstone commonly overlie the Nisku Formation.
The Blueridge carbonate consists of laminated dolomites and anhydrites, which formed

during a sea level lowstand in the area.

Wabamun Group (D1):

The Wabamun Group overlies the three other Devonian packages and represents a major
eustatic sea level rise that resulted in the deposition of a thick (250 m) succession of
shallow-water ramp carbonates (Stoakes, 1992). The underlying Winterburn succession
had filled in almost all of the preexisting topography in the WCSB, so that the Wabamun
sediments are preserved as a rather monotonous package of low-angle mud-dominated
ramps. The filling of the basin took place from the northwest resulting in the deposition
of basinal shales followed by thick limestone sequences in northern Alberta. The
Wabamun becomes increasingly dolomitic and eventually anhydritic in southeastern

Alberta and southwest Saskatchewan.

In the SCCC study area, the Wabamun is represented mainly by a thick limestone

succession with a few exceptions, e.g., Pine Creek (Green 1998), where it 1s dolomitized.
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The four platforms form one contiguous carbonate package (Figs. 3.9 and 3.12) in the
southwestern part of the study area where the above-described shaly formations are not

developed.

34 Facies Development

The Middle- to Upper Devonian facies distribution in the WCSB has received
considerable attention (e.g., Andrews, 1987; Anderson & Machel, 1989; Eliuk, 1989;
Hedinger & Workum, 1989; Machel & Hunter, 1994). One enigma that remains in debate
about the Devonian reefs is the dolomitization pattern. The spatial and temporal
relationships between the sedimentary facies and the distribution of dolomite is of
particular importance, as it might provide clues about preferential pathways for

dolomitizing fluids.

In the following discussion, the carbonate classification of Dunham (1962) (Table 3.2)
and the facies model of Machel & Hunter (1994) (Fig. 3.13) are used to describe the
facies types characteristic for the strata of the study area. Machel & Hunter (1994) have
used a series of facies models that have been integrated into this thesis (see also
references in Machel & Hunter). The facies zones have been adequately illustrated in
Klovan (1964), Krebs (1972), and Weller (1991) and references cited therein. This
section provides a detailed description of the depositional environments ending with a
facies interpretation for the SCCC (Fig. 3.14). Included are specific primary fabrics and

porosity patterns that provided sufficient pathways for the dolomitizing fluids.
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The depositional environments for the SCCC carbonates are divided into a platform, reef

and basinal setting, which include six platform/ reefal facies types and one basinal facies

type.

ORIGINAL COMPONENTS ORIGINAL COMPONENTS
NOT ORGANICALLY BOUND DURING DEPOSITION ORGANICALLY BOUND
DURING DEPOSITION
of the allochems, less than 10% > 2 | of the allochems,
mm more than 10% > 2 BOUNDSTONE
mm
5
CONTAINS CARBONATE |
MUD MUD
(particles less than 0.03 | ABSENT | _ Organisms | o nisms
- . Organisms were i -
mm@ ) matrix grain were encrustin building
. ; g )
supported | supported baffling and frame-
MUD SUPPORTED | binding work
GRAIN :
<10% | >10% |  SUPPORTED
GRAINS | GRAINS |
MUD WACKE | PACK | GRAIN FLOAT RUD BAFFLE BIND FRAME
STONE STONE | STONE | STONE STONE STONE STONE STONE STONE

Table 3.2: Textural classification of carbonates. Based on Dunham (1962), Embry &
Klovan (1971) and James (1984).
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Figure 3.13: Facies model from Machel and Hunter (1994).




‘uoissiwuad noyum pangiyold uononposdal JeyunS “Jaumo JybuAdoo ayy Jo uoissiwiad yum peonpoiday

Facies Type

back-reef

reef core
R

fore-reef

Sea Level

A B

Wave Base

Ib/tib Hib Vb, \% VIV \%i [if lIf If
N ’ sli i strongly agitated water with high turbulence moderately intermittently qulet
Water Energy quiet ightly agitated ongly ag g oied agiated
Amount of Micrite ot ++ + - - - - + 4 it
i P bulbous, massive labular ;B eringigs. orinoids, Smail ChOWTS,
Fossils Algae Amphipora AMPRIPOR gy masoporotds; Izbtjlile corals, crinolds, ;fgir?sumcm brachiopods Tew ostracads,
Gastropods Stachyodes § Stachyodes  ugose corais brachiopods and coral frsgments cakspheres
interparticie, shefler voids, sheller voids. . interpariicle,
( I )] F tral intraperticle, wih fi K, ) e wih ramework, | shefter voids, f icte, 0
Pore Types snestra g\;asp:é!’l:f voids isrlwrt?evp;rl?call: o inferparticle o mew interparticie few sheliar voids
Pore Size migroscepic | <200 pm 500-1000 um 1000 -2000 ym >-2000 pm <200 um microscopic
Q:Frr?:rr;/t sgrosity - 51070 % 301040 % 4510 55 % 1010 50 % m"“;‘ - "//“) t’f;“:;’ » ;f’)
b b
Permeability (* <100 md § 100 to 5,500 md 15,000 to 30,000 md 1,800 md < 200 md <100 md
Dolomitization ++ + et ++ + — _ —
Dunham Mud Wackestone Rud Wackestone
YN ; i Floatstone
Classification stone Grainstone Grainstone  Rudstone Framestone |  giine Mudstone

Figure 3.14: Facies model for the carbonates in the Southesk Cairn Complex (* porosity & permeability estimated after Lucia (1999)
and references cited therein).



Facies type A: “Laminated dolo-mudstone with anhydrite”

A medium to light gray, fine grained (< 4 pm) mudstone with laminae of dolomite and
anhydrite is representative of an intertidal to lagoonal setting. This facies type contains
fenestral pores that are elongated parallel to bedding, a few gastropods, as well as small
chain-like accumulations of framboidal pyrite (<25 um). The interlayering of anhydrite
and dolomite represents frequent changes in seawater salinity due to episodic periods of
flooding and evaporation. The laminae probably were formed by algae activity in a saline
environment, with only a few organisms that fed on the algal mats. This facies type
corresponds to facies zones Ib and Ifb of Machel and Hunter (1994), which refer to a
quiet back-reef environment with intermittently agitated water that is occasionally
interrupted by storms. The primary porosity in these rocks is usually less then 3 % and
permeabilities are also low. According to Machel and Hunter (1994) the porosity

increases to 30 %, where fenestral pores are well developed.

Facies type B: “Sparsely fossiliferous wackestone to packstone”

Medium gray to light gray wackestones to sparsely fossiliferous packstones. The rocks
consist of fine-crystalline micrite and dolomitic micrite with a few Amphipora sp. and
minor amounts of other fossils. This facies type represents the shoreward part of a
shallow lagoon and the scarcity of fossils reflects a shallow area with open water
circulation, with possibly slightly higher salinities than normal, and/or terrigenous input (
Fluegel, 1972). The primary porosity is low (<3%) due the generally high mud content,

but was enlarged after fossils became dissolved and moldic pores were formed. The
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Amphipora- bearing wackestone/packstone facies corresponds with the zones 1Ib and

IIb of Machel and Hunter (1994) and gradually changes into the next facies, type C.

Facies type C “Fossiliferous floastones to grainstone”:

This light gray to medium gray floatstone to grainstone facies usually contains abundant
Amphipora and a variety of laminated/tabular stromatoporoids, smaller bivalve
fragments, coral fragments, as well as peloids and other coated grains. The fabric is either
grain-supported and/or mud-supported, however, the primary porosity is in both cases
high and can reach up to 30 %. This facies type is characteristic of back reef areas. Facies
type C corresponds to Machel & Hunter’s (1994) zones 1IIb and IVb, with moderate to
strong water turbulence. The main pore types are shelter voids, intraparticle and

interparticle pores.

Facies type D: “massive stromatoporoid frame- to boundstone”

The massive stromatoporoid frame- to boundstone facies constitutes the parts of the reef
crest facies. The light gray rocks consist almost completely of massive stromatoporoids,
and their colonies can reach up to several m in size. Among the abundant smaller frame
work builders are Stachyodes sp., tabular and bulbous stromatoporoids, as well as
thamnoporoid corals. The main porosity types are shelter voids, growth framework, and

interparticle pores. The porosity is on average between 6 to 7 % but reaches up to 15%
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with good to very good permeabilities up to 170 md (calculated from core analyses). In
rare cases where this facies is preserved as limestones, they have low and insignificant
porosity and permeability, and contain some very well preserved early marine diagenetic
products (see Chapter 4). Facies type D corresponds to Machel and Hunter’s (1994) zone
V and V/IV, which they describe as the reef core with a rigid framework that formed in

strongly agitated and turbulent waters.

Facies type E: “fossiliferous rudstone”

The fossiliferous rudstone facies represent a high-energy, proximal fore reef environment.
The medium-gray to light gray rocks contain large amounts of fossils, including thick
bulbous stromatoporoids, rugose and tabulate coral fragments, crinoids, and brachiopods.
The porosity is formed by shelter voids, growth framework, and interparticle pores. The
overall porosity in this facies type reached up to 24 —-30 %, but part of this porosity is
secondary and due to intensive dissolution of fossil fragments. These rocks form the best
reservoir rocks in the study area, with permeabilities up to 200 md (core analyses). Facies

type E corresponds to zones IV/V and IVf of Machel and Hunter (1994).
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Facies type F: “floatstones”

Fine- to medium grained, mud-rich floatstones of facies F contain a few fragments of
stromatoporoids and corals, whereby crinoids and brachiopods are the most abundant
fossil assemblage. The water was slightly agitated with episodic turbulence, which led to
the accumulation of crinoid grainstones in depressions and/or channels. The primary
porosity in this facies type is mainly interparticle and shelter voids, commonly below 5 %
with accordingly low permeabilities (core analyses). Facies type F represents zones ITIF

and IIF of Machel and Hunter (1994).

Facies type G: “mudstones”

Dark-gray, fine-grained mudstones represent the basinal facies in the study area.
Argillaceous limestones and marls are predominant with small amounts of ostracods and
calcispheres. The water was usually quiet and below fair weather wave base. The porosity
and permeability is low due to a high content of mud in the sediments and low amount of
bioclastic material. However, this was different in areas where the rocks contain relatively
high amounts of carbonate and/or where they thin above reefs. In these cases they appear
to have enough porosity and permeability to qualify as leaky aquitards, e.g. Bigstone,
Windfall and Obed (Fig. 3-11). Facies type G is equivalent to Machel and Hunter’s

(1994) zone IF, which represents a basinal setting in front of the reef / platform slope.
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3.5  Sequence Stratigraphy

Sequence stratigraphy has been applied only in recent years to the Frasnian carbonates of
the WCSB (Switzer et al., 1994; Wendte et al., 1992; 1994; 1998; van Buchem et al.,
2000). However, no sequence stratigraphic analysis has been done in the study area of the
SCCC. Nevertheless, data from some r}eighboring can be used, within limits, for

comparison.

The following account of sequence stratigraphy in the Woodbend/Winterburn Group
(Fairholme Group) strata is based on a comparison of the Miette and Redwater buildups
by van Buchem et al. (2000). This example was chosen because the Miette buildup crops
out in the Rocky Mountains close to Jasper, and the Redwater buildup is a subsurface
equivalent just northeast of Edmonton, and thus very similar to the strata in the Wild
River area. The sequence stratigraphy of this area is presented in Figure 3.15, and the

corresponding conodont biostratigraphy is shown in Fig. 3.16.
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Figure 3.15:Major eustatic sea level changes and stratigraphy of the Woodbend (D3) and the Winterburn (D2) Groups
in the Western Canada Sedimentary Basin. The D3-D2 represent third-order cycle, superimposed upon which are sever-

al torth order cycles. Diagram is moditied from Switzer et al. (1994).
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The Miette buildup has a total thickness of approximately 450 m and represents a ond
order, transgressive-regressive depositional sequence. An initially flat platform, or low
gradient homoclinal ramp (Flume Formation) developed into isolated, rimmed, carbonate
platforms (Cairn and Peechee members), with onlapping, organic-rich basinal deposits
(Perdrix Formation). Subsequent flooding deposited basinal shales (lower Mt. Hawk
Formation) on top of the platform. Clays of the Upper Mt. Hawk Formation filled the
basin, allowing the platforms (Arcs and Ronde Members) to prograde basinward. In
general, the distribution of carbonate, clays, silts, and organic matter vary both in a
vertical and lateral sense during the 2™ order sequence as shown in the geochemical logs.
Furthermore, van Buchem et al. (2000) identified six medium-scale depositional
sequences (3™ order) within the overall transgressive-regressive cycle. Thicknesses in
each sequence vary on the platform between 60 and 100 m, and in the basin between 25

and 170 m.

Van Buchem et al. (2000) distinguish three orders of sequences in the Redwater buildup:
a) the long-term 2™ order sequence, which covers the entire Woodbend/Winterburn
succession; b) the 3™ order sequences, which correspond to packages at the decameter to
hectometer scale; and ¢) 4™ order sequences, which correspond to packages at the meter
to decameter scale, and are referred to as cycles. The 2™ order transgressive-regressive
depositional sequence has a total thickness of approximately 425 m. Carbonate
reefs/build-ups developed on top of the flat, shallow- water platform of the Cooking Lake
Formation during an overall sea level rise. These reef build-ups are surrounded by basinal

black shales of the Duvernay Formation. During the last phase of the 2™ order
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transgression, large amounts of clay accumulated in the basin (Ireton Formation),
reducing the carbonate production during maximum flooding. Subsequently, the next
generation of carbonate platforms prograded out during an overall regression (Nisku

Formation and Blue Ridge Member/Calmar Formation).

Within the overall transgressive-regressive cycle six medium-scale depositional
sequences (3™ order) were defined (Fig. 3.16). The thickness of each sequence varies in

the platform between 165 and 40 m, and in the basin between 155 and 30 m.

3.6 Hydrostratigraphy

The hydrostratigraphy of the Devonian succession (i.e., subdivision into aquifers and
aquitards) may be inferred from the general lithology of the stratigraphic formations in
combination with hydrostratigraphic delineations from previous, hydrogeological
investigations in the literature (e.g., Hitchon, 1969a,b; Hitchon, 1984; Hitchon et al.,
1990; Bachu, 1995; Michael et al., 2000) (Fig. 3.17). In a general sense, the
hydrogeological terms ‘“aquifer” and “aquitard” are equivalent to the terms “reservoir

rock™ or “carrier bed”, and “source rock™ or “seal”, respectively, which are used in

petroleum geology.

The crystalline Precambrian basement forms the lower boundary for the entire
stratigraphic succession, and is considered to act as a basin-wide aquiclude (Toth, 1978;

Hitchon et al., 1990; Bachu, 1995). Middle Cambrian sandstones form the thin Basal
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Sandstone aquifer (Bachu et al., 1986). This aquifer is confined at the top by the Middle -
Upper Cambrian aquitard, consisting of interbedded shales, siltstones and carbonates. The
Cambrian is absent in the northwestern corner of the study area due to non-deposition or

erosion, and here Devonian sediments directly overlie the crystalline basement.

Period Group Formation Lithology Thickness | Hydrostratngrap_J
_ o o e e o ?""'E;&%Ex&aw
Miss. Exshaw-Banff oI trIE 150-200m . aguitard
e e v;”““““““‘““”““‘*““*“’“
Wabamun LT LT LT 180 -250 m |
| EEEEETE Upper Devonian [
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Figure 3.17: General lithology and hydrostratigraphy of the Cambrian-Devonian succes-

sion in the study area (from Michael 2002).

Mixed near-shore clastics of the Elk Point Group, derived from the Peace River Arch and

Western Alberta Ridge landmasses, and a thin succession of carbonates at the top of the
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underlying Cambrian, form the so-called Elk Point aquifer. The carbonates of the
Beaverhill Lake and Woodbend Groups form a major aquifer system with enhanced
hydraulic permeability in the dolomitized reef structures and along the reef margins of the
Swan Hills and Cooking Lake platforms. On a regional scale the Elk Point and
Woodbend-Beaverhill Lake aquifers represent one contiguous aquifer system within the
study area. Along some platform edges, however, the thin intervening Watt Mountain and
Waterways shales form local aquitards at the top of the Elk Point and within the

Woodbend-Beaverhill Lake aquifers, respectively.

The Woodbend Ireton shales constitute the major aquitard in the study area, separating
the Woodbend-Beaverhill Lake carbonate aquifers from the overlying Upper Devonian
aquifer system, consisting of the Winterburn and Wabamun Groups. The Ireton aquitard
thins considerably over many of the Woodbend Leduc reefs in the Southesk-Cairn
Complex, and cross-formational flow at such locations has been identified in other parts
of the Alberta Basin (Bachu & Underschultz, 1993; Hearn, 1996; Rostron & Toth, 1997;
Anfort et al., 2001). The isolated reefs and restricted platform carbonates to argillaceous
basin-fill sediments in the lower part of the Winterburn Group form a somewhat
discontinuous aquifer due to the laterally heterogeneous permeability distribution. In
contrast, the silty dolostones and siltstones of the Graminia Formation in the upper part of
the Winterburn Group form a thin aquitard at the top of the Winterburn Group. Overlying
the Graminia Formation are massive, partly dolomitized limestones of the Wabamun
Group (Saller & Yaremko, 1994), which act as an aquitard only in the non-dolomitized

areas, particularly in the southern half of the study area.
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All shaly aquitards within the Devonian succession, from the Watt Mountain to Graminia,
thin out southwestward near the deformation front. Here the entire Devonian succession
forms one contiguous, stacked aquifer system (Skilliter, 1999; Buschkuehle & Machel,
2001; 2002). The Carboniferous shales of the Exshaw and Lower Banff formations form
a thick, continuous aquitard at the top of the entire Devonian hydrostratigraphic

succession.
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CHAPTER 4: DIAGENESIS

The Devonian carbonates of the SCCC underwent a complex diagenetic history. The
paragenetic sequence of the complex (Fig. 4.1) shows both similarities and distinct
differences compared to other Devonian carbonates in the Alberta Basin, which is due to
their deep burial (Kaufman et al., 1990; Amthor et al., 1993; Marquez & Mountjoy,
1996; Machel, 2000). The carbonate rocks contain 22 distinct diagenetic products, which
reflect diagenetic realms ranging from the syndepositional environments to deep burial
(max. ~7 km). Among the diagenetic products are four major types of dolomite (dolomite
Type 1 to 4). Some of the diagenetic products are confined to specific locations, but most
of them occur throughout the carbonate complex. The 22 products reflect five main
stages of pore water evolution (Fig. 4.2). These stages can be fitted to the four diagenetic
settings/stages or environments as distinguished by Machel (1999) (Fig. 4.3) into: 1) near-
surface environments, 2) shallow burial (between 300 and 1000m), 3) intermediate burial
(2000 to 3000 m) and 4) deep burial (below 2000-3000m). In addition, a fifth diagenetic

stage corresponds to the present day depths and processes in the reservoirs.

Diagenesis greatly influenced the porosity and permeability of the reservoir rocks, and
modified the reservoir quality. This chapter includes a detailed description of the
diagenetic products and an interpretation of their respective diagenetic realms. It also will

provide insight into the porosity and permeability modification during diagenesis.
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Figure 4.1: Diagenetic paragenesis of the Southesk-Cairn Complex from petrographic
examination of core, hand samples and thin sections. Roman numbers indicate fluid
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decrease in porosity.
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Figure 4.3: Diagenetic settings as defined by Machel (1999).

4.1 Stage 1: Near-Surface Diagenesis

Near-surface diagenesis occurred during sedimentation and initial stages of shallow burial

and is summarized in Figure 4.4. The products of this stage consist of micrite envelopes,

early marine calcite cements, primary anhydrite and associated dolomite (Dolomite-Type

1) as well as early diagenetic pyrite. Early diagenesis led to a general decrease in porosity.

The early diagenetic products are best preserved in the rare limestones of the study area.

Later dolomitization (Type 2) that affected most of the carbonates was fabric destructive

and obscured most of these features (see stage 2 diagenesis).
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Figure 4.4: Early marine diagenetic products on a microscopic scale: A represents the
synsedimentary setting in a shallow marine environment with unaltered shells, ooids
and peloids. B depicts the first stages of micritization, whereas C shows further
micritization, and syntaxial cements on ooids. The first stages of dissolution and minor
compaction (squished peloids) occur during D, and E and F show early marine fringing
and bladed calcite cements within and around bioclasts.
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4.1.1 Micritization or micrite envelopes

A dark gray micrite seam usually 30 to 200 um wide surrounds some bioclasts and
lithoclasts. The outside margin is always sharp and smooth. The inner boundary is
commonly irregular and often continues in a columnar pattern into the clast (Fig. 4.5).
Some micritization occurs in the meteoric environment (James & Choquette, 1990),
however this is unlikely in this case, because there are no other indications for meteoric
diagenesis, such as meniscus or gravity cements. The more likely cause for the micrite
envelopes are boring microorganisms like algae, fungi or bacteria (Bathurst, 1975). These
organisms build a filament where nanno-crystalls may form, or they physically destroy
the substrate leaving small holes behind that later became filled with (bacterial?) micrite.
Pervasive micritization may lead to the rounding and total destruction of carbonate grains

and textures.

4.1.2 Anhydrite and laminated dolomite (Type 1 Dolomite)

Primary anhydrite nodules and angular pieces of anhydrite occur in finely laminated gray
dolostones, interlayered with white anhydrite. The mineral assemblage is rather fine
grained and represents in cases cyclicity, with the finely laminated dolostones at the
bottom and an increased anhydrite content towards the top, overlain abruptly by clean
dolomite. Overall, these types of cyclical deposits are low in abundance in the study area.
They mainly occur in the Wabamun Group and in the Blueridge Formation of the

Winterburn Group.
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Figure 4.5: Micritic envelopes around and within a crinoid ossicle under (A)
plane polarized light and (B) cathodoluminesence. Also noteworthy is the
bright luminescence of the cement in contrast to the duller luminescence of the
crinoid.
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The cyclical interlayering of dolomite and anhydrite is commonly interpreted as being the
result of deposition in a shallow lagoon, and represents alternating supratidal (anhydrite)
and intertidal (dolomite) settings (Bebout & Maiklem, 1973). This interpretation is based
mainly on similarities with the modern progradational sabkha deposits of the Trucial
coast (e.g., Butler, 1969; 1970). As temperatures and salinities increase saturation with
respect to gypsum and anhydrite is reached and /or exceeded (Butler, 1973). These
evaporites may indicate the proximity of a shoreline, or they may reflect a lagoonal

setting and/or very local changes in sea level fluctuations related to paleo-topography.

4.1.3 Pyritel

Pyrite occurs as cubic crystals in mm size or as framboidal (raspberry-like) aggregates
with single crystals in um size in laminated dolostones/mudstones and/or is found within
shells of mollusks. This pyrite is being interpreted as an early diagenetic, probably marine
product. Berner (1970; 1984) and Rickard (1970) described early diagenetic pyrites in
marine mudstones and fossil shells as the product of reducing microenvironments, where
sulfate-reducing bacteria in anaerobic settings produce H,S and pyrite through oxidation

of disseminated organic material.

4.14 Calcite I
Calcite cement [ is finely crystalline (50-to 100 um), equant and clear. It fringes bioclasts,

is isopachous and is often nucleating on micritic envelopes (Fig. 4.6).
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Fringing equant calcite spar cements are interpreted as shallow marine products because
of their grain size and shape, their occurrence in primary interparticle pores, as well as
their close relationship to micrite envelops (Tucker, 1990). They are distinguished from
meteoric products by their absence of meniscus or stalactitic fabrics and/or the absence of
iron, which is common in the meteoric-phreatic zone. Phreatic waters are often reducing,
thus iron is in a ferrous (Fe’") state and can be incorporated into the calcite lattice (James

& Choquette, 1990).

4.1.5 Calcite I

Calcite 1I cements were precipitated on the surface of Calcite [ as seams of elongated
fibrous calcite, with the crystals about 200 pm long and 10 to 20 pm wide and are shown
in Figure 4.7. Calcite Il as well as Calcite I are cut by stylolites, which clearly places their
origin before the pressure solution. Longman (1980) interpreted these cements as early,
marine phreatic products, which were originally Mg-calcite. Schroeder (1972) described
modern fibrous cements, which do have primary high-Mg-calcite mineralogy and formed

in an early diagenetic marine environment.
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Figure 4.6: A shows early marine cements in a limestone core of a laminar
stromatoporoid facies, ;B depicts synsedimentary fenestral fabrics, C shows shell fill-
ing calcite cements, that are disrupted by an early fracture phase, whereas D shows
shell internal early cements and geopetals. The scale bar on the bottom is in cm.
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Figure 4.7 Micritic envelopes (A)/(C) and peloids (B)surrounded by early marine

isopachous cements and subsequent precipitated calcite spar. Burial compaction led to
the breakage of grains (C).
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4.1.6 Fascicular optic fibrous ealcite (FOFC)

Fascicular-optic fibrous calcite cement is shown in Figures 4.8a and 4.8b and is
characterized by a significant length elongation, a sweeping extinction opposite to the
microscope turning stage and curved twin planes, concave away from the substrate. The
crystal size is between a few pm and 200 um. Fascicular-optic fibrous calcite cement
belongs to the group of radial-fibrous and radiaxial fibrous calcite cements (Fig. 4.8a),
which have been described as cavity fills of Paleozoic reefs and are composed of crystals
with a cloudy/ turbid appearance and/or undulose extinction (Kendall & Tucker, 1973;
Walls, et al; 1979). Although the radiaxial fibrous cements and fascicular-optic fibrous
calcite cement commonly occur together, the latter is much rarer. All three varieties of
these cements have commonly been interpreted as marine products, although their
occurrence in modern equivalents is sparse to absent. These complicated fabrics were first
interpreted to be a replacement of a precursor acicular cement (Kendall & Tucker, 1973).
However, Kendall (1985) revised the former interpretation and concluded on the basis of
well-preserved crystal forms, that the cements are truly primary cements (commonly
magnesium calcite), which grew as composite crystals in the marine phreatic realm.
Accordingly, the composite character is due to split-crystal growth, which is caused by

crystal poisoning or by growth from highly supersaturated solutions.
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undulose extinction unit extinction
curved twin planes straight twin planes
subcrystals

fascicular optic radiaxial radial
fibrous fibrous

Figure 4.8a: Fibrous calcite: the fabrics of radiaxial fibrous, fascicular-optic fibrous cal-
cite and radial-fibrous calcite. The arrows show the fast vibration directions in each case,
and the dashed lines in RFC and FOFC represent subcrystal boundaries. After Kendall
(1985).

sample #147
3-13-58-24W5
12978

Figure 4.8b: Fibrous calcite shown under three different microscopic views: A) cement
under normal polarized light where the features are hard to recognize. B) cement under
crossed polars showing its cloudy-wavy extinction. C) CL-photograph showing differ-
ent growth zones due to chemistry changes during precipitation.
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4.2  Stage 2: Shallow Burial Diagenesis
This stage took place in a shallow burial setting up to a 1000 m and the main diagenetic
products/events are calcite cement III, stylolites, matrix dolomite, pyrite Il and fracture

event 1.

4.2.1 Calcite Il

These syntaxial calcite cements grew in optical continuity with echinoderm fragments.
Their shape often is irregular and they reach sizes up to 500 pum. Calcite Il cement is
inclusion poor and shows concentric zonations under cathodoluminescence.

Calcite Il probably formed shortly before matrix dolomitization, because it is preserved
as dolomite following the matrix replacement dolomitization. Calcite Il formed before
pressure solution, because it is cut by stylolites.

Cements texturally similar or identical to Calcite Il have been interpreted to be of
meteoric origin (tucker, 1985; Longman, (1980). However, Walkden & Berry (1984)
proved that these syntaxial cements can also form in a burial environment by showing
that they are highly zoned, clear and less inclusion rich than their meteoric-vadose
counterparts (Tucker, 1990, Chapter 7). Calcite cement IIl is therefore interpreted to
being formed during shallow burial because there are no indications for meteoric water in

put in the SCCC.
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4.2.2 Matrix replacement dolomite (Type 2 Dolomite)

Matrix replacement dolomites occur throughout the study area (Fig. 4.9) and throughout
the WCSB. They are the main dolomite stage and form about 86% of the carbonates in
the WCSB. They consist of anhedral, mosaic or sucrosic crystal assemblages with grain
sizes between 20 and 100 um. They often show a dirty brownish color and are inclusion
rich, although the inclusions are very tiny and very difficult to study and sample. Using
the classification by Greg and Sibley (1984) (Fig. 4.10) the matrix dolomite can be
described as an idiotopic-S dolomite, subhedral to anhedral dolomite crystal, straight,
with common compromise boundaries and many of the crystals have preserved crystal-
face junctions, the crystal size is on average between 4 and 25 pm (Fig. 4.11d). This
dolomitization was in general matrix selective (Fig.4.11b) and larger bio-, inter- and
intraclasts tend to be preserved as calcite and were later dissolved, resulting in vuggy and
moldic porosity (Fig. 4.11c). These dolomites form the best reservoir rocks in the study
area due to high porosity and permeability. The reservoir quality is only diminished when

secondary anhydrite and late calcite cements plug up the pore space (Fig. 4.19b).
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Figure 4.9: Dolomitization pattern and distribution throughout logged core in the
SCCC. Limestones only occur on the platform edge and in low-permeability areas in
the Wild River Basin, indicating that only the platform interior provided sufficient
permeability for dolomitizing fluids.
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Non-PLANAR: closely packed anhedral crystals with
mostly curved, lobate, serrated or otherwise
irregular intercrystalline boundaries.

Xenotopic mosaic

o PLanaRr-E {euhedral): most dolomite crystals are
..l euhedral rhombs.

Idiotopic mosaic

PLanARr-S (subhedral). most dolomite crystals
are subhedral to anhedral with straight,
compromise boundaries and many crystal-face
junctions.

Hypdiotopic mosaic

Figure 4.10: Dolomite classification after Sibley & Gregg (1987). The common
replacement/matrix dolomite occurs as planar-s, with most dolomite crystals being
subhedral to anhedral, and crystal sizes between 4 um and 25 pm.
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Figure 4.11: Different dolomitization stages from three wells of the SCCC. A) Limestone
with perfectly preserved facies features; B) Partially dolomitized Amphipora/Stachyodes
float- to rudstone. C) Pervasively dolomitized core sample, where the facies features are
obliterated. The laminar solution resembles laminar stromatoporoids, thus it is concluded,
that this is a stromatoporoid boundstone as seen in A. D) Microphotograph of matrix
dolomite with mainly subhedral dolomite crystals, that resemble sugar grains.
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The matrix dolomites of the SCCC have many of similarities with other matrix dolomites
in different parts of the Alberta Basin in terms of their texture, the facies distribution,
structural features, stylolites and the stable and radiogenic isotope data. They are
interpreted to be "burial dolomites” that replaced limestones in a shallow burial
environment in a depths of 300 to 1000 m during the late Devonian and early
Mississippian (Mountjoy and Amthor, 1994), (Fig.4.2). The pervasive matrix
dolomitization is a basin wide phenomenon in Alberta and the dolomitizing fluids most
likely were slightly modified Devonian seawaters (Amthor et al., 1993; Machel et al.,
1994; Mountjoy et al., 1999) (also see isotope data in Chapter 5). The driving forces for
the dolomitizing fluids likely were a combination of compaction-driven flow (llling,
1959; Mattes & Mountjoy, 1980; Machel & Mountjoy, 1986) and convection-driven
flow. Compaction-driven flow is a reasonable mechanism because the dolomites are
encased in shales and formed when mechanical compaction was taking place.
Convection-driven flow is a plausible driving mechanism because it can provide
sufficient amounts of magnesium for the dolomite rock volumes of the SCCC. However,
the hypothesis of convection driven flow still needs to be proven, so far no evidence of
convection-driven flow has been found. Topography-driven flow as described by Garven
and Freeze (1984a,b) and Gregg (1985) is not a very likely driving force for the fluids that
formed the matrix dolomites of the SCCC. There was little topographic relief during the
Late Devonian and Early Mississippian and the isotope data (see Chapter 5) do not

support a meteoric component for the matrix dolomitization.
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4.2.3 Dissolution

Dissolution took place during at least two stages during the burial history of the SCCC.
One major dissolution event took place immediate after replacement dolomitization and
lead to the formation of highly porous, vuggy dolostones as seen in Figure 4.12. Minor
dissolution of calcite and dolomite minerals took place during later stages of burial,
however the processes leading to dissolution are summarized in this part to avoid
repetitions. Dissolution and secondary porosity development in carbonates is mainly
controlled by the generation of acidic fluids (Mazzullo & Harris, 1992). Several processes
can lead to the generation of acidic fluids in the burial environment of carbonates. For
example, the mixing of two solutions that are both in equilibrium with respect to
carbonate minerals but have different pCO,, temperatures, salinity, degree of calcite
saturation, and/or pH may result in under-saturation with respect to CaMg(COs), leading
to carbonate dissolution (mixing corrosion). Walls and Burrowes (1990) described
microstalactitic cements in Golden Spike (a deep Devonian field south of this study area)
and suggested that mixing of vadose and phreatic waters may have been responsible for
near surface dissolution in the Leduc Formation, however no such cements have been
found in the SCCC. Hutcheon (1992) suggested that in the Western Canada foreland
basin, small portions of relatively low-salinity waters from Mesozoic rocks may have
been added to greater proportions of the saline water from Paleozoic rocks. Subsequently,
the mixture would become undersaturated with respect to dolomite and calcite and lead to
burial dissolution of carbonates in the subsurface. However, Creaney and Allan (1992)
showed, based on hydrocarbon geochemistry and hydrological studies, that the Devonian

strata in most parts of the WCSB (especially in the deeply buried western part) are not in
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connection with the overlying Mesozoic strata {(Creaney and Allan, 1992) and thus

carbonate dissolution in the Leduc dolomites most likely resulted from other processes.

19-20-59-22W5 Lia- 3
13219.4m

Figure 4.12: Dissolution enhanced vuggy and intercrystalline porosity in pervasively dolo-
mitized core intervals; the porosity reaches up to 25 to 30 % with permeabilities of about
200 md.

Since there is no textural nor geochemical evidence to support extensive meteoric
recharge in the dolostones of the study area burial dissolution of the carbonates by
reaction with meteoric fluids charged with carbonic and organic acids is very unlikely.

Mazzullo and Harris (1992) suggested that the release of hydrogen ions during silicate
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hydrolysis of clay minerals during burial (90°C to 150°C ) lowers the pH of the formation
waters and may induce dissolution. However, the acidic fluids would probably have been
neutralized in situ, at least partially, because the surrounding Ireton and Berland shales
are carbonate rich. However, some of these fluids may have been migrated through the
carbonate complexes and potentially caused carbonate dissolution. Other processes that
may generate acidic fluids include the maturation of organic matter, which produces CO»,
H5S, and kerogen and these may mix with water to form carbonic, sulfuric, and organic
acids, respectively. These fluids could have contributed to creating porosity in the
carbonates of the SCCC. In addition, fluid inclusion homogenization temperatures (up to
173 °C) (see Chapter 5) show that hot fluids precipitated the late dolomite and calcite
cements. When those hot fluids were introduced to the system the temperature decreased,
which lead to increased saturation levels of dissolved carbonates and may have caused
dissolution (Qing, 1991). Thermochemical sulfate reduction took place in deep parts of
the SCCC and is explained in later parts of this chapter (see Section 4.4). The main
products of TSR are H,S (up to 25%), the late stage blocky calcite cement with very light
carbon isotopic composition, sulfide minerals and elemental sulphur. These minerals are
most abundant in deeper parts of the SCCC and become less abundant northeastward with
decreasing burial depth. The TSR acids would have been released during sulphide
formation (Machel, 1987a,b) and could have caused considerable dissolution and created
and enhanced secondary porosity. Also, during hydrocarbon maturation (Late Cretaceous)
the thermal cracking and oxidation of hydrocarbons may generate organic and carbonic

acids, which could have contributed to dissolution in the SCCC.
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4.2.4 Pressure solution features / stylolites

Pressure solution features are common throughout the study area and occur as small
undulose, dark gray to black, seams, fitted fabrics and distinct stylolites with amplitudes
in mm- to cm size (Figs. 4.13 and 4.14). The stylolites often occur in areas where two
different facies types or two different mineral types (calcite/doloniite) occur together (Fig.
4.13c¢). They always post-date the matrix dolomites and the early features of near-surface
diagenesis, thus placing their origin in stages two (shallow-burial diagenesis) or even
three (intermediate burial diagenesis). Stylolites are often associated with dolomite
crystals (Fig. 4.14b), pyrite and dark clay minerals (Fig. 4.14¢). In addition, carbonate

components next to the stylolites are often partly dissolved.

Stylolites are common features in carbonates and are the result of pressure solution/
chemical compaction due to overburden. During this process pressure is concentrated on
the contacts between grains and crystals and larger entities and increases the solubility of
the stressed component due to increased elastic strain, which causes dissolution at the
contact (Choquette, 1990). Dolostones are less soluble than limestones and therefore are
more resistant to pressure solution and do not compact as much as adjacent limestones
(Choquette and Steinen, 1980). According to Logan & Semeniuk (1976), Wanless (1979),
Buxton and Sibley (1981) and Bathurst (1991) pressure solution features can be
subdivided into three categories: a) stylolites, b) dissolution seams and c) fitted fabrics.
Stylolites develop serrated interfaces between two rock masses and have a sutured

appearance in cross section.
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Figure 4.13: Pressure solution features with
increasing degree of pressure. A) shows
discontinuous solution seams, B) depicts
anastomosing solutions seams, C)shows
distinct stylolites and D) represents grain io
grain contacts, a fitted fabric.
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Figure 4.14: Pressure solution features on a microscopic scale. A) shows the ferroan
dolomite associated with stylolitization, whereas B) and C) depicts mineralization of
pyrite along the solution seams.
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Stylolites appear mainly/only in carbonates with a carbonate content of at least 90 to 95%
and therefore are most prominent in the limestones of the study area. The second
category, “dissolution seams” are smooth, undulose seams of insoluble residue and do not
show the distinctive sutures of the stylolites. They generally pass around grains in an
anastomosing pattern and do not cut the grains. Dissolution seams often occur in
multitudes in and around nodular limestones and give the rocks a flaser appearance. The
seams are most common in argillaceous limestone and wackestones of the Ireton
Formation, the Blueridge Formation and the informal “Berland Carbonate”. The third
category is referred to as “fitted fabrics” and usually is a framework of interpenetrating
grains, with the surfaces of the grains being sutured or curved into each other. The
development of fitted fabrics can be inhibited by early cementation (Bathurst, 1987). In
the study area, fitted fabrics are predominantly developed in grainstones of the Swan

Hills, Leduc and Nisku Formation reefal and lagoonal carbonates.

The amount of pressure solution is in general dependent on different lithological
parameters, like mineralogy, grain size and clay content as well as the preceding
diagenesis of the rock (Bathurst, 1987). The onset of pressure solution is still in debate,
according to Choquette and James (1987). For limestones a minimum depth of about 500
to 700 m seems necessary, Lind (1993) showed on modern sediments that stylolites
develop at a depths below about 600 m even in pressure solution resistant chalks. For
dolomites the depth of initiation would be even greater perhaps as much as 1000 m

(Mountjoy et al., 1999).
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4.2.5 Dolomites associated with stylolites

Small (up to 50 um) and mostly euhedral dolomite crystals are associated with stylolites
on a local scale (Fig. 4.14). In some cases there might be even two generations of
stylolite-related dolomite. The second generation nucleates on the first and growth into
bigger (100 um) curved crystals with undulose extinction. The crystals also show a
turquoise greenish color (potassium-ferri-cyanide stain) indicating that they contain small

amounts of iron. This ferrous dolomite can only be found in the limestones.

Due to their close relationship with the stylolites, the dolomite most likely formed during
pressure solution. Wanless (1979) proposed, that the source of Mg*" for this dolomite was
high-Mg calcite, which had not been stabilized closer to the surface. This could only be
the case, if there had been little or no early meteoric diagenesis, during which the

metastable high-Mg calcite would have been rapidly altered to low-Mg calcite.

4.2.6 Pyrite I

Small and rare euhedral pyrite crystals or pyrite accumulations are also common along
pressure solution seams and stylolites. They are opaque under the microscope but show
their characteristic goldish color, when the section is held up against light. The origin of
this pyrite 1s not quite clear; it is most likely a dissolution remnant along the solution

Scams.
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4.2.7 Fracturel

Fracturing 1 affects all of the above diagenetic stages and their products. The vertical
fractures are usually small (um size) and are either open and/or filled with calcite cement.
The fractures are cross cut by bigger fractures that are filled with saddle dolomite and late
stage calcite cement. It is assumed that these fractures formed during moderate tension

during and/or after the Antler orogeny.

4.2.8 Calcite cement in small fractures

The calcite cement FC 1 in small fractures consists of veins is blocky spar of 50 to 100
um crystal sizes. It is coarser than the early diagenetic calcites, but small in comparison to
the large late stage calcite cements. The fractures are very small and in most cases only
recognizable in thin-sections. They also seem to be restricted to the limestones and/or are
overprinted by the later dolomitization processes. The cements are difficult to sample
from the host rock, without sample contamination, therefore these cements could not be

analyzed geochemically.

Early to intermediate diagenetic products are summarized in Figure 4.15.
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Figure 4.15: Early burial to intermediate diagenetic products on a microscopic scale:
A) fabric selective matrix dolomitization, where fossil fragments are preserved as cal-
cite with their specific marine cements; B) first stage of dissolution, where preferen-
tially fossil molds are formed and or/fossils become partially dolomitized; C)
stylolitization; D) further discrimination of primary facies features; E) fracturing; and
F) infilling of fractures with hydrocarbons.
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4.3 Stage 3: Intermediate Burial Diagenesis

The main diagenetic processes during intermediate burial were the maturation and
primary migration of hydrocarbons. The main source rocks for the study area most likely
are shales in the D3 (Ireton/Duvernay? formations) and D2 (Cynthia Member) intervals
(Wendte et al., 1998; Creaney and Allan, 1990; Stoakes and Creaney, 1984). Other

diagenetic products of this stage are stylolites, anhydrite, and bitumen.

4.3.1 Secondary anhydrite

Late diagenetic, secondary anhydrites occur as nodular blotches that are floating in the
dolostone, and as massive replacements that can be up to m-sizes in thickness, within the
dolostone column. The anhydrite is usually milky- white to brownish-gray, the latter
resulting from hydrocarbon stain. It can occur in a range of textures and crystal sizes, e.g.
felted (mm size) or bladed (cm size). The secondary anhydrite appears as massive
intervals within the dolostone-saddle dolomite sequence with patches of dolostone
floating in the anhydrite (Fig. 4.22 A). It always postdates saddle dolomite, is intergrown
with solid bitumen and is sometimes found with late calcite cement. The amounts of
calcite cements are very low in comparison to that of anhydrite, in the latter case. It seems
that remnants of late calcite cements are uregular distributed within the massive

anhydrite.

Anhydrite nodules form according to Spencer & Lowenstein (1990) in a burial setting,
due to dehydration of Gypsum. The dehydration forms porous plastic masses of anhydrite

laths, which are easily deformed into nodules. Massive packages of anhydrite with
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floating dolomites are interpreted as replacement anhydrites. The occurrence of patches of
calcite cements within the massive anhydrite give rise to the assumption, that anhydrite
replaces the late calcite cement. The distribution of anhydrite throughout the study area
still needs to be mapped, since it appears that anhydrite is to this time moving and
influencing the hydrology in the study area (Amoco, pers. comm., 2000). In addition,
Spencer & Hutcheon (2001) related the amount of anhydrite in a reservoir to the degree of

TSR processes.

4.3.2 Fracture Il

A major fracture event happened in the deep burial realm and enlarged the porosity and
permeability. The fractures are often completely filled with saddle dolomites and
bitumen. The fractures can be up to several cm in size, facilitating a huge pore space for

fluid movement and crystal growth.

4.3.3 Hydrocarbons and solid bitumen

Most of the reservoirs in the study area contain high amounts of natural gas with H,S
contents between 0 and 27% (EUB, 2000). Other hydrocarbons present are several
varieties of solid secondary bitumen (pyrobitumen). The bitumen can either be stain-like,
in which case it comes off easily, or it can be solid blobs of black organic material that
adhere to the rocks. It can both be pore lining and pore filling in which case it covers the
early calcite cements and predates some dolomite cements, or it can occur along
microfractures, especially in the very deep part of the basin as seen in Figure 4.16 (below

3000 m; see deep burial diagenesis).
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Figure 4.16: Microfractures in three different
locations in the study area. All three reser-
voirs are in the deep part (> 3500 m)of the
basin, where temperatures above 150 °C led
to the deasphaltening of natural gas and sub-
sequent fracturing and bitumen emplace-
ment.

96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pyrobitumen, or secondary bitumen is derived from microbial, oxidative or thermal
alteration of a preexisting bitumen or liquid hydrocarbon (Curiale, 1993). Pyrobitumen is
a frequent component of gas reservoirs in the deep part of the WCSB (Bailey et al., 1974;
Rodgers et al., 1974). It has been interpreted as the insoluble residual product that formed
during thermally-induced oil to gas reactions, which take place in the reservoir, carrier
bed and hydrocarbon source rock (Hill et al., 1996). Stasiuk (1997) has analyzed
pyrobitumen from a deep basin Leduc Formation Strachan-Ricinus gas reservoir. He
categorized the Leduc reservoir pyrobitumens into two groups: A) a non-graphitizing
sulphur-enriched group and B) a graphitizing, sulphur-depleted group, which reflect
variations in the gross chemistry of the precursor petroleum source, as well as variations
in physical conditions in the Leduc reservoirs oil to gas transformation reactions. He
further concluded that the group B pyrobitumens were produced from “graphitizing”
petroleum, enriched in saturates and aromatics, during the late oil to condensate to gas
stage of thermal maturity (Fig. 4.17). The petroleum sources are supposedly shales of the
Duvernay Formation. Group A pyrobitumen was, in contrast, derived from a precursor,
which was significantly enriched in NSO compounds. The NSO concentration could have
formed either before or during oil to gas transformation. Stasiuk (1997) inferred that the
Group A bitumen are the result of crude oil alteration by TSR-related processes, i.e.

oxidation of organic matter and reduction of SO4”.
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Figure 4.17: Stability fields of various hydrocarbons as well as the onset temperatures
for deasphaltening of natural gas and the subsequent formation of solid bitumen.

4.4 Stage 4: Deep Burial

Stage 4 took place during the latter part of rapid burial to maximum burial depths of
about 7 km in the Paleocene (Fig. 4.2). The major diagenetic process for this realm was
thermochemical sulfate reduction (TSR). The onset of TSR is generally constrained to
minimum temperatures of 100 — 140°C (Machel, 1998), however TSR in the SCCC
probably took place in a temperature range of 125 — 160°C as indicated by fluid inclusion
data (see Chapter 5). The main products of TSR are sour gas (H,S), saddle dolomite,
secondary anhydrite, blocky calcite cements as well as minor amounts of pyrite III,

chalkopyrite and elemental sulfur (% (Fig. 4.18).
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Eiemental
sulphur

Figure 4.18: Late burial diagenetic products on a microscopic scale; A shows the first
hydrocarbons filling in some of the open pore space. B depicts enhanced stages of
vuggy porosity and additional hydrocarbon emplacement. C shows the precipitation
of saddle dolomite cements during TSR, whereas D represents a second generation of
bigger saddle dolomite crystals some of which are covered with elemental sulfur. E
shows the emplacement of late stage blocky calcite spar and F represents the replace-
ment of calcite by tertiary anhydrite.
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4.4.1 Fracture I

A third fracture event occurred in the deep burial realm, which led to the formation of
vertical and subvertical fractures in cm and dm size. The fractures are filled with saddle
dolomite or late stage calcite cement (see below). The fracturing and faulting is related to
compressional stresses during the Columbian and Laramide orogenies. These orogenies
took place during the late Jurassic/Early Cretaceous and the Late Cretaceous to Early

Paleocene, respectively and resulted in the Rocky Mountains (Mossop and Shetsen,

1994).

4.4.2 Saddle dolomite (Dolomite Type 3 and 4)

Saddle dolomite is a common cement throughout the study area and occurs as
replacement as well. The crystals nucleate on matrix dolomite in vugs, molds and
fractures and then grew into open pore spaces as subhedral crystals with curved faces and
curved cleavage planes (Fig. 4.19). These crystals are up to several mm in size, they are
white and show the characteristic sweeping extinction under the microscope. Saddle
dolomites are associated with hydrocarbons, as they are in places covered with solid
bitumen. Some of the minerals show zoning and they are bright luminescent. Saddle
dolomite is more common in dolostones than in limestones, which perhaps is due to the
lower porosities in limestones compared to dolostone at this stage of burial. Saddie
dolomite also postdates matrix dolomitization and the fracture event I and II as well as all
other hitherto described products. It is always one of the late diagenetic products and

saddle dolomite is in many cases associated with epigenetic sulfide mineralization.
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sample #125
6-16-55-18W5
10904

sample #201
5-13-54-23W35
11517

Figure 4.19: A) shows saddle dolomite crystals(SD) in a vug that are covered by solid
bitumen and postdated by late blocky calcite spar (CC). B) depicts slightly larger saddle

dolomite cements, that are covered with elemental sulfur, indicating that the saddle
dolomite formed during TSR.
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Radke and Mathis (1980) suggested that saddle dolomite forms within the oil window at
temperatures between 60° and 150 °C, because it is often associated with hydrocarbons. It
is often described as a product that precipitated from fluids with elevated temperatures (>
60 °C) and high salinities in a deep burial setting (Machel, 1987; Zenger & Dunham,
1988; Amthor & Friedman, 1991). It also has been suggested, that saddle dolomite is a
by-product of thermo-chemical sulfate reduction, especially when it is associated with

sulfide minerals (Machel, 1987; Mountjoy, 1991).

4.4.3 Calcite cement L (late diagenetic)

This cement occurs as coarse crystals (up to dm in size and m sized vug infills) (Fig.
4.20), which can be translucent or milky white in color and in many cases show distinct
crystal planes and is fluid inclusion rich. This cement is the major fracture-filling product
and postdates saddle dolomite without exception. It is widespread and a common feature
in the SCCC as indicated by the CC in Figure 4.21. These late calcite cements have been
described from the Obed Field (Patey, 1995), Simonette Field (Duggan, 1998), the
Kaybob and Rosevear Fields (Green, 1999; Kaufman et al., 1990) as well as from

outcrops in the Rocky Mountains (Smith, 2001).
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sample #197 | v [ 7.19-59-24W5
15-9-57-17W5 | L 4030m
3150'm ' :

7-18-52-24W3
4823.1 m

Figure 4.20: Late stage calcite cements occur throughout the study area in abundance
and variability where anhydrite is minor or absent. A) and B) show the glassy to limpid
calcite that lines vugs and molds. C and D show the common milky-white calcite frac-
ture infill.
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Figure 4.21: Distribution of various diagenetic products throughout the
study area. Note that the late calcite (CC) is more common/ abundant
where secondary/tertiary anhydrite(A) is rare or absent and vice versa.
This may indicate that the tertiary anhydrite replaces the late calcite
cement during very late/recent stages of diagenesis. Elemental sulfur

($)occurs in deep strata and is more common closer to the Rocky Moun-
tain Fold and Thrust Belt.

Paragenetic observations and geochemical data (see Chapter 5) indicate that the late
calcite cements formed during maximum burial depths and/or later during uplift and
cooling. Geobarometry combined with maturation modeling suggested depth ranges

between 4 and 5.5 km for the late calcite cements in the Pine Creek and Kaybob area
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(Green 1999). Because the late calcite cements occur over a wide areal and stratigraphic
range it is inferred that the flow processes from which they were precipitated are regional
processes that affected the deep part of the basin. Mountjoy & Amthor (1994) and Bachu
(1995) inferred a basin-wide flow along stratigraphic, fracture and fault conduits during
deep burial during the Cretaceous and Paleocene. Machel et al. (1996) interpreted the late
calcite cements at Obed as a result of tectonic expulsion of fluids during the late
Cretaceous-Early Paleocene Laramide orogeny. It is therefore assumed that the late
calcite cements in the SCCC are a result of tectonically induced fluid migration
horizontally as well as vertically during times of high tectonic movement, e.g., the

Laramide orogeny in the Late Cretaceous and carly Paleocene.

4.4.4 FElemental sulfur
Elemental sulfur (S°) occurs together with saddle dolomites and/or is associated with the
late calcite cement. It can either be a yellow, powder like mineral, or a blotchy yellow,

chewing gum resembling, and shiny amorphous mineral of several mm in size (Fig. 4.19).

Elemental sulfur usually is formed as an intermediate product from partial reoxidation of
H-S, as shown by the following alternatives (Reactions A to C) (Machel, 1992; 2001):

A) 2H,S+0, —® 28°+2H,0

B) 3H,S+SO47+2H" —> 48°+4H,0

) H,S + S04 % +2H" —»  S°+2H,0 + S0,

With sulfate (reaction B and C) being the only common oxidant in high temperature

diagenetic settings like the ones in this study area. However, elemental sulfur is a rare
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diagenetic product, because as the settings of TSR are typically reducing and/or anoxic

elemental sulfur is usually reduced to sulfide by excess organics (Machel, 2001).

4.4.5 Pyrite [Il/sphalerite
Iron sulfide minerals are always associated with saddle dolomites and clear, limpid, late
diagenetic calcite cements. They occur as euhedral minerals in mm size in vugs and

fractures, however their total abundance is very low.

Iron sulfide minerals form from the reaction of H,S with ferrous iron (Riciputi et al.,

1996) via reactions such as: Fe’" + H,S — FeS + 2H".

These reactions commonly produce various acid-soluble iron monosulfides, which tend to
recrystallize and/or be replaced by pyrite (e.g., Barnes, 1979). Controlling factors of the
formation of pyrite and other metal sulfides during diagenesis are the availability of
reactive metal, the rate and amount of sulfate supplied to the system, the availability of

organic material, and excess of sulfide over ferric iron (Fe3 ") (Riciputi et al., 1996).

4.4.6 Microfractures

Microfractures are very irregular hair-like features in micron size as shown in Figure
4.16. They only occur in reservoirs that are at depths of about 3500 m or deeper. The
fractures are filled with solid bitumen and commonly enhanced the reservoir quality of

these traps (Marquez and Mountjoy, 1996).
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According to Stasiuk (1997) the gas generation in the relatively well-sealed Leduc
reservoirs led to significant overpressures, which eventually generated microfractures.
This process also took place in some reservoirs of the SCCC, that are directly in the
vicinity of the disturbed belt and which have been buried to maximum depths of about

7000 m.

4.4.7 Hydrogen sulfide (H,S)

Most reservoirs in the study area contain hydrocarbons with substantial amounts of H,S
up to 35.7 %. H»S is the most conspicuous and abundant product of TSR (Machel, 2001,
and references cited therein). Any reservoir with more than a few percent H,S presumably
underwent TSR, because thermal cracking of hydrocarbons does generally not provide
more than about 1-3% H,S (Orr, 1977). H,S develops as a separate gas stage in TSR
settings once its concentration exceeds its aqueous solubility (initially HoS forms and is
dissolved in the formation water). The amounts of H,S that can be generated and/or
accumulated are dependent on several factors (Krouse & Hutcheon, 2000; Machel, 2001).
One limitation is the availability of organic reactants and sulfate. Another limitation is the
presence/absence of base metals, since metal sulfides are rapidly formed when Me”" and
S* come into contact and H,S is effectively removed via the precipitation of metal
sulfides. However, this is apparently not important in deep diagenetic carbonate settings,
because they do not contain sufficient amounts of base metals and therefore host
significant amounts of H,S. Clastic rocks, in contrast, contain larger amounts of reduced
and reducible transition and base metals, thus H,S can be removed, which probably

explains the scarcity of clastic sour gas reservoirs (Machel, 2001).
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Another restraining factor on H,S concentrations is hydrodynamics, or more specifically
the solubility of H,S and hydrodynamic flux. The aqueous solubility of H,S is much
greater than that of most hydrocarbon gases (Orr, 1977; Barker, 1982), thus the potential
of migration of H,S in solution is greater than for sweet gas in regions with strong
advection. Hence, the solubility of H,S probably is not a limiting factor for migration in
solution. However, fluxes of formation waters in deep (3000m to 5000m) reservoirs like
the SCCC are exceedingly low, which appears to inhibit the significant removal of H,S
via advection even over geologic times in most locations. The occurrence of the deep sour
gas fields in the SCCC and other parts of the Alberta Basin support this assumption.
However, arguments have been made that H,S diffusion out of a system can limit the H,S
concentrations significantly in at least some locations (Wade et al., 1989). In addition,
Krouse and Hutcheon (2000) strongly relate the H,S concentration to the amount of
available sulfate. A combination of these factors is most likely the reason for the high
variability of H,S concentration in the SCCC (Fig. 4.2) as well as other parts of the

Alberta basin.

4.5 STAGE 5: Post-Orogenic Uplift

Stage 5 represents the time between maximum burial and the present reservoir depths
(Fig.4.2). Diagenetic products are small amounts of calcite and dolomite cements, which
do not affect the present hydrology in the deep part of the basin. Tertiary anhydrite is
abundant in some parts of the study area (Fig. 4.21 listed by capital A) and is a major

obstacle for the present day reservoir quality (pers. Communication, Chevron 2000).
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4.5.1 Tertiary anhydrite

Late diagenetic, tertiary anhydrite occurs mainly in fractures as cement as seen in Figure
4.22 D. The anhydrite is usually milky- white. It can occur in a range of textures and
crystal sizes, e.g., felted (mm size) or bladed (cm size). Sometimes it is associated with
minor amounts of late calcite cement. In the latter case, the amount of calcite cement is
very low in comparison to that of anhydrite. It seems that remnants of late calcite cements
are irregular distributed within the massive anhydrite and that the anhydrite is replacing

the calcite cement.

4.6  Porosity Evolution

The diagenetic products described above are the result of a plethora of processes, which
either resulted in the enhancement and/or reduction of porosity and permeability in the
reservoir rocks (Fig. 4.1) and happened during five stages (Fig. 4.23). Each stage
contributed to a significant change in the above-mentioned parameters. Facies type,
lithology as well as primary porosity and permeability (“poroperm”) are governing factors

in the burial fate of the reservoir rocks.

109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



| 5-8-60-26W5
40 m

Figure 4.22: Examples of secondary and
tertiary anhydrite in hand samples and
thin sections. A) and B) show matrix
replacing secondary anhydrite. Whereas
C shows late calcite re-placing tertiary
anhydrite and D) depicts tertiary fracture
filling anhydrite.

110

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Porosity (%)

10 100
0.1 = ' : T
Mechanical Compaction : ; : : Stage 1
Curves i a1
——_Sand 11 *i*l--————_
[ = Mud i | 1
H Pord
i i [N
1.0 4 4 e
‘ ' b Stage 2
i i [
i { [
| H [
! i L
| I i
| S DUED S D e S i e won | oo manl ssen EEE SR EED
I I .
10 i | T
o ' l [
2 Cementation I | Lot Stage 3
o Chemical Compaction ! V
< | : AN
Q Schmoker & Halley o - T
100— (1982) i | S
I Foro
{ [
I b
I P
b1l Stage 4
1000 I i il
| ! [
| i [ B
| o1 Stage 5
I | [
! I LI
1 | Forod
10000

Figure 4.23: The change in porosity of mechanically compacted mud and sand sedi-
ments with depths (Goldhammer, 1997). The potential effect of chemical compac-
tion and cementation is shown by the difference between mechanical compaction
and subsurface porosity vs. depth data from Florida ( Schmoker and Halley, 1982).
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During Stage 1 diagenesis, a general decrease in poroperm took place due to marine
cementation and beginning physical compaction. The latter process was very efficient in
the fine-grained mudstones resulting in a reduction of porosity from 70 % to about 40%
within the first 100m of depths (Goldhammer, 1997). In contrast, the more rigid
grainstones, packstones and boundstones may retain their primary porosity of about 40 %
until depths of ~700 to 1000 m before grain breakage and closer packing result in the first
significant reduction of pore space during stage 2 (Lucia, 1999) (Fig. 4/p.116). However,
porosity values of about 30 —40 % still provide sufficient pore space and permeability for
the dolomitizing fluids, which preferentially move through the reefal carbonates and

grainstones and rudstones at the reef flanks.

The primary porosity in these rocks decreases with increasing dolomitization, because the
dolomites are using volumetrically more space than the precursor limestones. However,
the dolomites are more resistant to pressure solution and compaction during progressive
burial, thus they retain a high amount of porosity in comparison to limestones at the same
depth (Amthor et al., 1994; Mountjoy et al., 2001). This effect renders them the best
reservoir rocks in the study area and in the Alberta Basin. Another important process
during Stage 2 is the selective dissolution of calcite fossils that escaped earlier
dolomitization and resulted in moldic porosity, though this step did not increase
permeability at this stage, because moldic pore spaces are only connected through the
interparticle network. However, this might have changed during later stages (3 and 4),
when the interparticle pore space was enlarged due to highly reactive formation brines

that entered the system with the emplacement of hydrocarbons and subsequently sour gas.
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The initial hydrocarbon migration into the reservoirs during the late Cretaceous (Stage 3)
appears to have inhibited diagenesis at least for a while, because no apparent products are
associated with this stage. This scenario changed when fracturing and further burial into
the TSR regime reactivated the system and saddle dolomite, late calcite cement, anhydrite

as well as the emplacement of sulfides took place.

Present day porosity and permeability values (Table 4.1 and core analyses in the
Appendix) of the reefal dolostones range between 5-25 % and 5-200 md, respectively,
with an average reservoir porosity of 7%. The rudstones and grainstones vary between 3-
10 % (average 5%) porosity and 0.5 to 100 md permeability. The initially highly porous
lime muds of the basin as well as shallow subtidal to intertidal settings are now ranging
between less than 1% porosity and less than 0.1 md permeability, which makes them

effective seals for the reservoir rocks they encompass.

Porosity Average
(%) Permeability
(md)
WABAMUN 1t038% 0.04
NISKU 1t022% 0.09
LEDUC 41025 % 0.30
WATERWAYS 1t019% 0.20

Table 4.1: Present day guide values for porosity and
permeability in the four Upper Devonian carbonate units.
Calculated from Drill Stem Test’s and core analyses.

From Bachu and Underschultz, 1992.
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CHAPTERS: GEOCHEMICAL DATA AND FLUID INCLUSIONS

5.1 Introduction

Stable 1sotopes (80, 8"°C, 8D, ™), radiogenic isotopes (*’Sr/**Sr), and fluid inclusion
investigations are commonly used in the study of carbonates to aid in defining their
diagenetic history (Tucker, 1988, and references cited therein). There are some major
problems involved with the stable isotope geochemistry in carbonates (Land, 1980) due
to the high fractionation effects. The major problem is that the relationship between
temperature, 6180“@@, and 6180d010m,-te is imprecisely known and it is therefore important
that the interpretation of the data is done in comparison with other geochemical analyses,

especially fluid inclusion measurements.

5.1.1  8"0/8"C/ %S of solids

The oxygen isotopic (8'%0) composition of carbonate minerals is dependent on various
processes (Fig. 5.1) and may provide information about temperatures during
precipitation, meteoric water influx, or recrystallization. The carbon isotopic (6"C)
composition provides insights into processes like biodegradation, methane oxidation,
fermentation, thermal decarboxylation, as well as sulfate reduction (Figs. 5.1, 5.2, 5.3).
Sulfur isotopes (6**S) of evaporites, bitumen may provide additional information about
anhydrite sources, thermochemical sulfate reduction, and sulfide precipitation, as well as

processes like biodegradation and thermochemical sulfate reduction (Fig. 5.4).

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(+)813C

METHANOGENESIS

INCREASED TEMPERATURE DECREASED TEMPERATURE

MARINE
CARBONATE

() 5180 NONEC——— +) 5180

MEeTEORIC DILUTION EVAPORATION (HYPERSALINITY)

ORGANIC-MATTER OXIDATION/ SULFATE REDUCTION

(-)813C

Figure 5.1: Summary of the effects of temperature, evaporation, and dilution of the
fluids, plus input of CO, derived from methanogenesis, and organic matter oxida-

tion, on the isotopic composition of carbonates. After Lohmann (1988).
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Figure 5.2: 813C compositions of common carbon-bearing compounds.
The ultimate source of carbon in submarine cements, shells and soft parts,
aquatic algae, kerogen, and oil, is atmospheric CO,. Carbon isotopes are
fractionated so that 12C is concentrated in organic material and the prod-
ucts of its degradation (microbial methane, kerogen, oil) and 13C is con-
centrated in inorganic material (after Allan & Wiggins, 1993).
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Figure 5.4: Theoretical distribution of §3*S values for sul-
fides formed from Devonian seawater sulfate (+25 %o) by
biogenic and thermochemical sulfate reduction. Models for
systems both open and closed to additional input of sulfate
are illustrated for biogenic sulfate reduction; the effect of
decreasing A is also illustrated for biogenic sulfate reduction.
The A ir40.50, Value is assumed to be -50 %o for biogenic sul-

fate reduction, and -15 %o for thermochemical sulfate reduc-
tion. The stippled pattern illustrates the best estimate of
Upper Devonian seawater sulfate. Modified after Riciputi et
al., 1996.
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5.1.2 80/ 8D of fluids
The oxygen (6'%0) and hydrogen (& D) isotope compositions of the formation fluids may

answer questions about fluid origin, e.g., whether it was derived from meteoric, marine or

evaporative waters, and regarding interaction with host rock minerals (Table 5.1 and Fig.

5.5).

Water 3'%0 (% SMOW) | 3D (%e SMOW) Reference
Seawater pevonian Oto-3 0

Meteoric Water 710-3 -401t0-20 (Conolly, 1991)
Devonian

Clay minerals +13 10 +17 -80 to —20 (Longstaffe, 1989)
Devonian

Meteoric water -18 -130 (Connolly et al., 1990)
Today(AB)

SulfateOxygen +1451015 -300 t0 =120 (from ne (Machel, 1985)
(TSR)

Water of +8/+4  (os04samrationy | TS t0+15 /425 (Machel, 1985)
Dehydration —®»  +12 — 430 t0 +45 praume)

(Gypsum)

Metamorph H,O | +3 to+ 20 765 t0 -10 (Barmes. 1979)

Table 5.1: Summary of stable isotope variation in different waters that could have
contributed to present day formation brine isotopic compositions. See also Figure 5.5 and
text for further explanation.
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Figure 5.5: Trajectories and fields for the isotopic composition of various waters as well as evaporation lines. The green shaded
field represents Devonian meteoric water after Connolly, 1991. The yellow shaded field represents H,O from Devonian clay min-

crals after Longstaffe, 1989. The TSR box has been established using Machel (1985). The two green lines represent Devonian
Formation brines from Hitchon and Friedman (1969) and Connolly et al. (1990). Vector A represents initial evaporation under
relatively humid conditions; vector B is for arid conditions. Curve C is Holser’s estimate (Holser, 1979) of evaporating scawater
through a concentration of 10 x. The isotopic composition of hydration water in gypsum precipitated at any point on evaporation
trajectory C is given by curve D. (Diagram modified after Knauth and Beeunas (1986). See also Table 5.1.




5.1.3 ¥SrASsr isotopes

The isotopic composition of strontium in the hydrosphere depends on the 87S1/*0Sr ratios
of the rocks that interact with the circulating fluids, hence strontium isotope ratios of
rocks can be used as tracers for paleo fluid flow (Banner, 1995). In addition, carbonates
and evaporites have sustained a record of the changing isotope composition of Sr in the
oceans throughout Proterozoic and Phanerozoic time (Faure, 1982; Burke et al., 1982;
Banner, 1995; Denison et al., 1997, Veizer et al., 1999). Strontium isotopes can therefore
be used as a relative age dating tool (Fig.5.6) under favorable conditions (no external

input of strontium and/or rubidium).

Additionally, groundwater and subsurface brines also contain Sr whose isotopic
composition is controlled by the lithology/chemical composition of the rocks they have
interacted with. The Sr isotopic compositions of o1l field brines have therefore been used
to identify their provenance and migration, ion exchange reactions with clay minerals
during diagenesis and mixing of brines of various origins. The diagenetic products
(carbonates and evaporites) that precipitate from these brines have the same *’Sr/*°Sr
ratios as the brines, because the precipitation process does not fractionate Sr isotopes.
Furthermore, the %’Sr/**Sr ratios of the carbonates and evaporites are practically
unchangeable over time because they do not contain Rb. Therefore, it can be concluded
that the carbonates and evaporites retain the value of the *’St/*®Sr ratio that existed in the
brine from which they were originally precipitated. As a result, Sr isotopes of diagenetic
products are a powerful tool in tracing the evolution of pore fluids, their migration

behavior, and diagenetic processes.
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Figure 5.6: Variation of the 37Sr/%Sr ratio of marine carbonates during Phanerozoic
times. The gray shading denotes the Upper Devonian time span as well as its
87Sr/%6Sr range . Modified after Burke et al. (1982), and Smalley et al. (1994), and
Veizer et al. (1999).

5.1.4 Fluid inclusions

Fluid inclusions provide the only direct information about ancient temperatures,
pressures, and fluid compositions, and can improve the understanding of a diagenetic
system (Goldstein & Reynolds, 1994). Fluid inclusions are fluid-filled vacuoles up to 10
um or more in size in minerals (Roedder, 1981). Fluid inclusions are formed within
lattice imperfections of actively growing crystals and are best preserved within pores or

fracture fills, which explains why cements are more useful for fluid inclusion studies than
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fine-grained matrix dolomites (Allan & Wiggins, 1993). Fluid inclusions conventionally
are subdivided into primary and secondary. The original solution of precipitation is only
trapped in primary inclusions. Figure 5.7 shows that primary fluid inclusions can be
distributed along crystal growth zones or can be randomly spread within a crystal
(Roedder, 1981). Secondary fluid inclusions are trapped after a crystal grew, hence, they
do not represent the original precipitation conditions and commonly occur along
microfractures. It is crucial to determine the timing of entrapment of an inclusion relative
to the mineral paragenesis, because only the primary inclusions reflect the original

precipitation conditions.

Figure 5.7: Diagram illustrating the occurrence of primary fluid inclusions in carbonate
crystals, showing that the inclusion distribution is controlled by growth zonation. A and B
show inclusion-rich cores surrounded by clearer rims. C, D, and E show inclusion rich
zones that are sharply bounded by clear zones. F and G show single line inclusions along
growth zones, whereas H shows a cloudy distribution, however still mimics the growth
zonation. I shows the for certain dolomite common “fir-tree pattern” distribution of fluid
inclusion (after Goldstein and Reynolds, 1994).
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In most cases fluid inclusions are completely filled with a homogenous saline solution
during their formation. Such inclusions become two-phased and a vapour bubble is
present in addition to the solution upon cooling and exhumation. Upon heating, the
liquid-vapour homogenization temperature (Th), the temperature at which a two-phase
inclusion homogenizes to one phase, provides an estimate of the minimum temperature of
crystallization of the host crystal (Allan & Wiggins, 1993). In addition, measuring the
depression of the freezing point and then the final melting temperature Tm(ice) indicates
the major dissolved solids and bulk salinity of the fluid inclusion contents. Specifically,
the final melting temperature is a measure of the amount the freezing point of inclusion
water is depressed below 0°C by the presence of dissolved salts. However, equal
concentrations of different ions depress the freezing point by different degrees, therefore
certain assumptions are made about the brine compositions. By convention, salinity is
calculated from Tm (Fig. 5.8) by assuming the fluid is a pure NaCl-brine, and salinities
are expressed as wt% NaCl equivalents. Tm decreases with increasing fluid inclusion
salinity (Fig. 5.8). The composition of the major salts is obtained by measuring the
temperature of first melting after supercooling the inclusions to a temperature at which
the inclusion contents are entirely frozen, which is known as the eutectic temperature Te.
Te is rarely reported for carbonate minerals since its measurement is rather difficult,
therefore, NaCl-dominated fluids are commonly assumed for carbonate systems (after

Allan & Wiggins, 1993) in spite a more complex system 1s indicated by Spencer (1987).
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Figure 5.8: Salinity can be calculated from Tm if the composition of
the fluid is known. For example, if the fluid is known to contain pre-
dominantly NaCl, then a Tm of -10°C would indicate a salinity of
approximately 15 wt% NaCl equivalents. A MgCl, brine with a Tm of

-20°C would have a salinity of approximately 17 wt% MgCl, equiva-

lents. Modified from Allan and Wiggins, 1993. The salinities and
pressure corrections for this study were done assuming a NaCl-brine
composition.

The measured Th temperatures are only minimum temperatures and after establishing the
salinity system, a pressure correction is applied to determine the actual trapping
temperature (Fig. 5.9), which is done by estimating the maximum burial depth and
including the specific pressure regime (Goldstein and Reynolds, 1994). Crossplots of
fluid inclusion Th and Tm data may reveal information about the fluid inclusion history

and hence related information about basin evolution (Roedder, 1981; McLimans, 1987).
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Figure 5.9: P-T plots for H,0-NaCl systems showing similarity in posi-
tions of the liquid-vapor curves, differences in slopes of isochores, and

differences in triple points between pure water and and water with 10
and 20 wt.% NaCl dissolved. After Goldstein and Reynolds, 1994.
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5.2 Analytical Methods

Powder samples for geochemical analyses were obtained using a low speed dental drill
assembly. Each of the main diagenetic phases, e.g., matrix dolomite, saddle dolomite,
late calcite cement and anhydrite, were extracted separately and a total of 150 powder

samples was produced.

Forty carbonate powder samples were selected for carbon and oxygen isotope analyzes
using the standard procedure by McCrea (1950). For the carbon and oxygen isotopes of
the carbonate minerals a 20 to 30 mg aliquot of powder was reacted with 100 %
phosphoric acid at 25°C for 24 hours (calcites) and for 5 days (dolomites). The extracted
CO,-gas was analyzed with a Finnigan-Mat 252 mass spectrometer. The results were
reproducible within + 0.1 %o for 5'0 and 8"°C. The isotope values for the rock samples
are reported in 0% PDB (PDB: Belemnitella americana of the PeeDee

Formation/Cretaceous, South Carolina, USA after McCrea, 1950).

Seven formation brines were retrieved from wellheads and analyzed for 8D and 8'°0
following the chromium reduction and the CO,-H,O equilibration techniques,
respectively at the University of Calgary (Stephen W. Taylor, Lab Manager, Isotope
Science Laboratory, Dept. of Physics & Astronomy, University of Calgary; pers. comm.

2002).

Sulfur isotopes of brines, anhydrite, elemental sulfur and bitumen were measured by

Continuous-Flow Isotope Ratio Mass Spectrometry at the University of Calgary. The
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Oxygen and deuterium isotope values for the brines are reported in & %o SMOW

(Standard mean ocean water). The sulphur isotopes are given in & %o CDT (Canyon

Diablo Troilite).

All data have been corrected with respect to their standards. In addition, the 8'°0 values
of the dolomites have been corrected by —0.82 %o due to different fractionation effects

between CO, and dolomite/calcite during the reaction with phosphoric acid (Sharma &

Clayton, 1965).

Strontium isotope ratios of a total of 90 calcite and dolomite samples, 7 brine samples,
one magnesite sample, and 3 sandstone/shale sample were measured using 25-mg
aliquots of sample powder and/or brine, which were dissolved in 1N hydrochloric acid.
Strontium was extracted using conventional cation exchange procedures after Baadsgard
(1987). The strontium isotope ratios were measured on a VG 354 thermal ionization
mass spectrometer at the University of Alberta. In-run precision was better than 4 x 107
(20). The average value of the NBS 987 standard during the period of this study was

0.71023. The isotope ratios of the samples were normalized against this value.

The fluid inclusion samples for this study have been chosen to areally cover most of the
SCCC. However, the sample number was limited to 10 (185 fluid inclusion
measurements) because of time reasons and the data is summarized in Appendix VII.

Because of the limited sample number, fluid inclusion studies from Green (1999) in the
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northern part of the complex and Smith (2001) in the central Obed area have been

incorporated into the interpretation.

Only primary fluid inclusions of nine calcite cements and one dolomite cement have been
analyzed for this study. All fluid inclusions are simple two-phase liquid gas (L-G)
inclusions. Eight samples are from the Woodbend-Leduc Group, one from the
Winterburn Group, and one from the Swan Hills Formation. The final melting
temperatures Th and the homogenization temperature Th were measured in all samples;
the eutectic Te was measured, where possible. The bulk melting was close to the NaCl-
eutectic, and therefore all measured Th have been pressure corrected using the H,O-NaCl

P-T plot shown in Fig. 5.9.

5.3 Analytical Results

5.3.1 Stable isotopes

Stable isotope compositions of the carbonates from the SCCC were determined for the
three main diagenetic carbonate phases: matrix dolomite, saddle dolomite, and late stage
calcite cements. The data are presented in a carbon over oxygen plot in Figure 5.10 and
shows that the matrix dolomites have stable isotope values of 8°0 = -4.9 to —8.1 % PDB
and 3"°C = 0 to 1%, PDB. The saddle dolomites have §'*0 = -7.1 to — 9.8 % PDB and
3'°C =0 to -1 PDB %. The late calcite cements have 80 values between —7.2 to —13.7

%o PDB and 8"°C = 0 to -24 %o PDB. The data are summarized in Appendix V.
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Figure 5.10: Stable isotope data of early calcites, matrix dolomites, late diage-
netic saddle dolomites and late calcite cements. The late Devonian sea water
calcite field (SWC) and sea water dolomite field (SWD) as well as matrix
dolomite field (MD) are plotted for reference as boxes and indicate possible
and/or actual ranges. The ranges for SWC and SWD are calculated equilibri-
um values, the ranges for MD are compiled from various parts of the basin
(data taken from Hurley and Lohmann, 1989; Carpenter and Lohmann, 1989;
Mountjoy et al., 1992; Amthor et al., 1993, and sources cited therein. The bold
roman numerals indicate four major stages of pore fluid evolution that affected
the SCCC. Each symbol represents one diagenetic product, and the color fills
within the symbol represent the data source.
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The sulphur isotopes of elemental sulfur have values of 8°*S between 18.0 and 18.4 %o
CDT, the anhydrites range from 18.4 to 26.7 %0 CDT, and the bitumen vary in between

19.5 and 20.2 %0 CDT (Fig. 5.11).
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Figure 5.11: Sulfur isotope variations/ranges from elemental sulfur, anhydrite (SO,),

bitumen, and formation brines. The Devonian sea water sulfate isotope value of 25%o
(Claypool et al., 1980) is given as a reference point.
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5.3.2 Strontium isotopes

The strontium isotope ratios of this study have a broad range between 0.7080 and 0.7320
(Fig.5.12), whereby the values generally increase with depths and elevated temperatures
(the complete data set is shown in Appendix VI). Figure 5.13 and 5.14 show that most of
the early diagenetic matrix dolomites of the SCCC range between 0.7080 to 0.7090, and
their stable isotope data plot in the seawater calcite field (Fig. 5.13). The saddle
dolomites have strontium isotope ratios between 0.7120 and 0.7230, corresponding to
more depleted stable isotope values. Strontium isotope ratios of the late stage calcite
cements vary between 0.7100 and 0.7320 for the subsurface data of the study area (Fig.
5.13). The late calcite cements from outcrop have distinctly lower Sr isotope ratios (Fig.

5.14).
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Figure 5.12: Strontium isotope data of this study area plotted over present day depths. The grey area
represents the Late Devonian seawater field (Denison et al., 1997) and the thick black line indicates
the maximum strontium isotope ratio of the basinal shales (Machel et al., 1996). See text for further
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Figure 5.13: Strontium isotope ratios over 8'30 of matrix dolomites, saddle dolomites
and calcite cements. Most of the subsurface late calcite and saddle dolomite values
are being much higher than MASIRBAS, the maximum strontium isotope ratio that
could derive from the basinal shales (Machel and Cavell, 1999). Red squares repre-
sent late cements from outcrops in the Rocky Mountain Front Ranges from Smith
(2001).

134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uolssiwuad noyum pangiyosd uononpoisdal seyuny “1aumo WbuAdoo ayy Jo uoissiwiad yum paonpoidey

sel

¢ MATRIX DOLOMITE
s SADDLE DOLOMITE
s @
= ]
L B S
& @
Z
=
= .

__ _MasirBas

Figure 5.14: Strontium isotope ratios over 813C, Red and green squares represent cements from the Front Ranges
and Main Ranges of the Rocky Mountains, respectively (from Smith, 2001). This plot shows a complete geo-
chemical decoupling of the Sr from C that has a strongly organogenic (TSR) component in the case of the sub-

surface samples, and a meteoric component in the case of the outcrop samples.



5.3.3 Fluid inclusion data

Homogenization and freezing data

The uncorrected fluid inclusion data is summarized in Figures 5.15 and 5.16. The
complete data set is shown in Appendix VII. The fluid inclusions from calcite cements in
well 1-16-55-27W5 (#264) (see Fig. 5.27 for location) are from depths of about 5100 m
in the Leduc Formation. The homogenization temperature Th for this sample vary
between 150 — 178 °C (264-1) for one calcite vein, and 136 — 153 °C for another calcite
vein (264-2), whereas the final melting temperatures lie between —17.8 to —~19.1 °C (=
20.9 to 22.0 wt% NaCl) and —16.4 to —21.5 °C (= 20.1 to 23.6 wt% NaCl), respectively.

The initial melting temperatures are Te = 55 °C for 264-1 and Te = 50 °C for 264-2.

Two calcite veins from 14-36-52-27W5 (#15-1, #15-2) (see Fig. 5.27 for location) were
sampled at depths of 5221 m from the Leduc Formation. Th ranges between 143 - 162 °C,
Tm ranges between —12.6 to —13.9 °C, and a low Te at (—45) to (-50) °C was observed for
sample 15-1. Sample 15-2 ranges between Th = 132 - 164 °C, Tm = -12.5 -13.7 °C and

Te = and -40 to -30°C.

Saddle dolomite cement at 5-13-54-23W5 (#201) (see Fig. 5.27 for location) was taken
trom a depth of 4320 m in the Leduc Formation at the Obed field. The fluid inclusions in
the dolomite are less than 5 um in size, but very abundant. Th ranges between 123 — 145
°C and Tm is between —17.8 and -18 °C (= 21.1 to 21.3 wt% NaCl). Te could not be

measured due to very poor visibility in the sample.
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Figure 5.15: Summary plot of fluid inclusion measurements for the SCCC. A total of
9 samples has been analyzed and 179 fluid inclusions were measured. Different sym-
bols indicate different well locations. Figure A shows that the data plot into a narrow
range, thus there are only minor differences between different well locations in the
SCCC. The boxes in A delineate the fluid inclusion data measured by Smith (2001)
and Green (1999). The roman numbers indicate areas of other Th ranges, ie, I =
QOutcrop samples from the Front and Main Ranges, 1I= Obed, Il = Pine Creek and
Kaybob South, and IV= Simonette. Figure B is a zoom-in, to show minor differences
between single well locations, each symbol represents one location. The wells/data
are plotted individually in Figure 5.17.
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Figure 5.16: Overview over the fluid inclusion data from 9 analysed samples in the SCCC
complex (Th in °C, salinity in wt%).
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Sample (#312) is from the well location 10-12-54-18WS5 at the Edson field (see Fig. 5.27
for location). The sample is from the Swan Hills Formation at a depth of 3560 m. The
calcite cements contain relatively small (less 7um), irregular shaped inclusions, which
were measured from two locations (312-1 and 312-2). The Th of 312-1 varies between
104 °C and 128 °C, the Tm is between —14.7 °C and —16.1 °C and the Te is around -50 °C.
Inclusions in 312-2 are homogenizing between 87 °C and 114 °C and the final melting

took place at —16.3 °C, the eutectic temperature is between —55 °C and -50°C.

The calcite cements were sampled at 10-23-58-17WS5 from the Winterburn Group (Nisku
Formation) in the Kaybob-South field at a depth of 3030 m (#322) (see Fig. 5.27 for
location). The Th ranges from 93°C t0126°C, Tm is —15.9 °C and the Te ranges from -55

to 50 °C.

Sample (#251) 1s from 7-19-59-24W5 in the Berland-River-West field in the Leduc
Formation (see Fig. 5.27 for location). The calcite cement was taken from a depth of
4040 m and fluid inclusions were measured at two locations (251-1, 251-2). The
inclusions at 251-1 have Th between 126 °C and 132 °C, Tm between -18.2 °C and -20.4
°C, and a Te of -50 °C. The ones at 251-2 vary between Th = 115 °C and 148 °C, Tm = -

17.9°C and -21.6 °C and have a Te of ~ - 50 °C.

The calcite cement in sample (#256) is from 7-18-52-24W5 at a depth of 4830 m in the

Leduc Formation (see Fig. 5.27 for location). The homogenization temperature is

between 115 °C and 135 °C, the melting temperature is between ~16.6 °C and -17.2 °C,
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the Te lies at - 50 °C. In addition, a phase melt at Tm. = —79.4 °C indicates a CO;-

methane mixture in these inclusions.

Sample (#270) is also from the Leduc Formation at 5-25-51-22W5 in the Lambert field
(see Fig. 5.27 for location). The sample is from a depth of 4468 m and contains calcite
cements. The Th ranges from 135 °C to 150 °C, the Tm from —16.5°C to —17.2 and the Te

is -50°C.

The last sample is from 1-32-57-25W5 (#87) (see Fig. 5.27 for location). The calcite
cements are from the Leduc Formation at 4260 m depth. Fluid inclusions were measured
from two locations in the section, 87-1 and 87-2. The Th in 87-1 range between 122 °C
and 135 °C (140 °C), the Tm is between ~15.7 °C and 21.9 °C, and the Te lies at about 55
to -50 °C. The Th in 87-2 varies between 140 °C and 132 °C, the Tm is between —15.8 °C

and -16.3°C and the Te is -55 °C.

Comparison to other fluid inclusion data

Smith (2001) analyzed fluid inclusions in late calcite cements and saddle dolomite
cements from the Obed area, from the Simonette field, and from several outcrop locations
in the Front Ranges and the Main Ranges of the Rocky Mountains (see Figure 5.27 for
locations of the subsurface locations and Figure 5.15 Th ranges in different areas). The
average uncorrected homogenization temperature for his Obed samples is 146.5 °C for the
calcite cements and 142.1 °C for the saddle dolomite. The salinities for the Obed samples

range between 18.0 and 21 weight% NaCl, with an average of 19 wt% in the calcites and
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20.8 wt% in the dolomite sample. Smith’s (2001) data for the Simonette field (Swan Hills
Formation) ranges between 129.9 °C and 147. 9 °C with a mean of 140.4 °C for late
calcite cements. The saddle dolomite plots within slightly higher temperatures of 148.2
°C to 154.3 °C. The salinities for the calcite samples have a mean value of 22.7 wt%

NaCl.

Green (1999) reported fluid inclusion data from three Devonian aquifers in the Kaybob-
South and Pine Creek fields (see Figure 5.27 for locations). He analyzed fluid inclusions
in saddle dolomite, anhydrite, calcite and quartz. The Th and Tm for the saddie
dolomites from the Kaybob-South Swan Hills and the Pine Creek Leduc Formation are
similar, and are between 130 °C and 160 °C. The mean Th for the Kaybob-South samples
is 146 °C and the one for the Pine Creek is 152 °C. The Wabamun saddle dolomites from
Pine Creek have a mean Th of 151 °C. The salinities range from 21 to 25 wt% NaCl ,
with generally higher salinities in the Pine Creek area. Th for calcite samples at the Pine
Creek Leduc level is 148 °C and 143 °C for the Kaybob South Swan Hills. Green (1999)
noted a salinity trend from the western to the eastern part of the study area, with
increasing values towards the west. Green’s (1999) quartz and anhydrite inclusions will

not be discussed here, because of missing comparable data.

In summary, the temperature and salinity ranges, and variability of Smith’s and Green’s
data are similar to the data of this study. Hence, these data in combination indicate a

similar burial history for the whole carbonate complex.
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5.34 Geochemistry of present-day formation brines
Seven brines samples were taken throughout the study area. Four of the brine samples are

from single well locations, whereas three are pipeline mixtures from several well

locations (Fig. 5.17).
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Figure 5.17. Brine sample locations, present day temperatures in the reservoirs, H,S

contents of the hydrocarbons and strontium isotope ratios of the brine samples. Loca-
tion #1, #2, #6, and #7 are from single wells producing from the Wabamun, the
Beaverhill Lake, the Blueridge and the Nisku, respectively. Locations #3, #4, and #5
are from pipelines, all collecting from the Swan Hills Formation.
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The isotopic composition of the brines is summarized in Table 5.2 and shown on the

oxygen/deuterium plot in Figure 5.18.

# |Sample 8 Hirines |5 Obrines | 8 °Cic | 5°*Sagas | St/7°St | Formation
IIMB-W 1629 | -79.0 -1.5 -5.5 0.7255 | Wabamun
2|MB- B 614 -58.1 5.0 -11.6 229 0.7113 BHLK
3IMB- S 833 -36.9 4.0 -11.2 11.7| 0.7255 SWHL
4|MB- S 1135 -42.1 5.4 -13.3 18.8] 0.7242 SWHL
5IMB- S 413 -54.6 6.2 -10.8 10.1] 0.7240 SWHL
6{MB- 081 -19.6 5.9 -6.9 20.9 0.7109 Nisku
7iIMB-N 1526 | -41.4 8.7 -20.8 24.51 0.7143 Nisku

Table: 5.2: Summary table of the isotope data for 7 present day brine samples from the
SCCC. The # column corresponds to the well location in Figure 5.17. These values in
comparison with flinc data provide good guidelines for the oxygen isotope thermometer.

The formation brine 3D values range between —79 and -20 %o SMOW, their 80 values
vary between —1.5 and +8.7 %0 SMOW (Figs. 5.17). The 813Cbrine values range from —20.8
to —5.5 %0 PDB, and their sulfur isotopes (dissolved sulfate) range from 10.1 to 24.5 %o
CDT (Fig. 5.11). The Sr isotope values of the seven brine samples range between 0.7109
and 0.7255, the Wabamun and the Swan Hills have the highest values of 0.7255,
whereas the Nisku (0.7109/0.7143) and the Beaverhill Lake (0.7113) have distinctly

lower values.
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Figure 5.18: Isotopic composition of 7 formation brines from the SCCC (Red Circles numbered 1 to 7) (see Figure 5.17 for well
locations). All samples are shifted from the assumed SMOW origin towards the south-east, indicating that processes like evapo-
ration, gypsum dehydration, tectonic expulsion of “metamorphic” fluids and TSR might have overprinted the original waters.
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5.4 Discussion

5.4.1 Late Devonian marine isotope baselines

Before interpreting the data presented above, it is necessary to define the Late Devonian
marine baselines for oxygen, carbon, strontium and, sulfur isotopes. Hurley and
Lohmann (1989) compiled oxygen and carbon isotopic compositions of Late Devonian
marine calcite cements from around the world and established an average value of §'%0 =
-5+ 1%o PDB and 8"°C = 2.5 + 1%, PDB (1.5 to 3.5) for Late Devonian marine calcites.
Veizer et al. (1999) measured and compiled oxygen and carbon isotopic compositions of
marine calcites throughout the Phanerozoic and derived at values of 8'*0 = - 5 to —8.5 %o
and 8°C = 2.5 to 0 %o PDB (Fig. 5.19) for the Late Devonian, which is in general

agreement with Hurley and Lohmann’s (1989) results.

The ¥'Sr/*Sr ratio of seawater throughout geologic time has been presented as the secular
seawater curve by Burke et al. (1982), Denison et al. (1997), and Veizer et al. (1999)
(Fig. 5.6 and Fig. 5.20). According to their curves, Late Devonian seawater varied
between 0.7079 and 0.7084. Kaufman (1989) analyzed an unaltered brachiopod calcite
shell from the Swan Hills field (just northeast of this study area) and measured a
strontium isotope ratio of 0.7079, which is in good agreement with the secular seawater
curve of Burke et al. (1982). Veizer et al. (1999) derived at a range between 0.7077 and

0.7084 (Figure 5.6b).
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Figure 5.19: Phanerozoic 8'3C and 8'®0 trend based on brachiopod and
belemnite measurements, the red-hatched areas depict a 83C range for

Late Devonian carbonates of 2.5 to 0 %o PDB and 8'%0 -5 to -8.5 %o
PDB (after Veizer et al ., 1999).
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Figure 5.20: 87Sr/36Sr variations during the Devonian , whereas the hatched box
indicates the realm between 0.7077 to 0.7084 as the value for Middle and Upper
Devonian carbonates that are part of this study. Modified after Veizer et al., 1999.

The best estimate for primary marine sulfate of the Upper Devonian is 8*'S = 25%, CDT
and 8C = 14%o. Claypool et al. (1980) report an average 8°'S value of 25% CDT for
Late Devonian seawater (Fig. 5.21), which correlates well with the measured primary

anhydrite values of 21%o0 to 27%0 from Machel and Burton (1991) for the Upper

Devonian in the WCSB.
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Figure 5.21: Sulfur isotopes in evaporites of Devonian age.
Modified from Claypool, et al., 1980.

5.4.2 Interpretation of stable isotope data of the solids

The early marine calcite cements in the study area have stable isotope values between
80 = -6.0 £ 1%o PDB and 8"°C =2 + 1%0 PDB and *'Sr/**Sr-ratios between 0.7080 and
0.7082 (values from Green 1999, Kaufman et al., 1989). These values fall within the
range of late Devonian seawater calcites as established by Mountjoy and Amthor (1993)
and Denison (1997) and the studies referenced above. The very slight deviation from
Devonian seawater calcites reflects minor recrystallization (Machel, 1997) during burial
diagenesis. Assuming an original Blgoca]cﬁe of -5+1 % PDBand a SlgOmwater between -

3 and 0 % SMOW the temperature range of formation lies between 22 °C and 32 °C (Fig.
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5.22), which is in good agreement with the paleogeography and the assumed semi-arid

climate for the late Devonian of Western Canada.

N
5130 Y/00 SMOW water

8180 %o PDB Calcite

50 f00. 186 200 250 300
Temperature (°C)

Figure 5.22: Plot of equilibrium relationships between temperature and isotope
composition of water and calcite after Friedman and O’Neill (1977). The seawa-
ter calcite (SWC) isotope range has been established by measurements of early
marine cements, fossils and limematrix, and a Devonian seawater value is
assumed between O and -3 % SMOW. The isotope measurements of late stage
calcite cements (LCC) yielded values between -8 and -14 %o PDB and % SMOW
for the formation fluid was assumed using the present day formation brines.

The matrix dolomites have slightly lower oxygen values than calculated equilibrium
values for Late Devonian seawater (Fig. 5.10), which is probably due to recrystallization
during burial and elevated temperatures. The carbon values for the matrix dolomites are

in the realm of Late Devonian seawater, which supports the theory that they have formed
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from slightly modified Devonian seawater during early to intermediate burial (Amthor et
al., 1993). The range of -3 to 0 %o SMOW is here considered representative of seawater
in the study area during the late Devonian based on two lines of evidence: (1) this range
covers the minimum to maximum of Late Devonian seawater as determined from calcites
and brachiopods ( Kaufman, 1989); (2) there are no indications of syndepositional or
early post-depositional evaporation, which could have increased 'O values by up to
10%0 (Knauth & Beeunas, 1986; see also Fig. 5.5). Thus stable isotopes can be used to
estimate the temperature at the time of dolomite formation, using the 5%¥0yater of -3 to
0%0 SMOW as a Devonian seawater value and the equation (1) by Land (1983):
[3.2 x 10° T CK)?] -3.3 = %O giomite -5 Owater (1)

Plotting the ranges of the stable isotope data relative to the equilibrium relationships
between temperature and isotope composition of water and dolomite after equation (1), a
temperature range of formation for the matrix dolomites of 50 °C to 90°C is revealed
(Fig. 5.23). Presuming a geothermal gradient of ~ 30°C/km and a surface temperature of
about 25 °C (Hudson & Anderson, 1989), temperatures of this range could have been
reached during the Late Devonian and Early Mississippian at depths of around 1000m to

1500m.

The carbon isotope compositions of the matrix dolomites range from 0 to 1 %e, well in
the range of the marine baseline. They indicate that no carbon-altering process had
overprinted the rocks (Allan & Wiggins, 1993). The strontium isotope ratio of the matrix
dolomites falls within the established range of Late Devonian seawater. The stable and

Sr-isotope data together support the previous interpretation that the dolomitizing fluids
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for the matrix dolomite in the study area was slightly modified Late Devonian seawater at

depths of about 1000 m to 1500 m (Amthor et al, 1993; Mountjoy and Amthor, 1994).

FE 80 %00 SMOW water v

830 %o PDB Dolomite
B Y

~%8

Temperature (°C)

Figure 5.23: Plot of equilibrium relationships between temperature and isotope
composition of water and dolomite, after Land (1985). The matrix dolomites
(MD) have an isotope range between -5 and -8 %e PDB and a Devonian seawa-
ter value is assumed between 0 and -3 %o SMOW, thus the matrix dolomites
would have formed at a temperature between 50 and 90 °C (blue). The isotope
measurements of saddle dolomite (SD) yielded values between -4 and -9 %o
PDB and a temperature range between 125 and 130 °C was measured on fluid
inclusions for the study area, which leads to a composition of +3.5 10 9 %o
SMOW for the fluid that formed saddle dolomite (red box). However, if the
present formation brines are assumed as the fluid(s) that formed the saddle
dolomite, a temperature range of about 100 to 200 °C is obtained (green box).

The stable isotope data of the saddle dolomites (5'°0 = -4 to — 9 %o PDB and §°C =0 to
-1 PDB %s) paired with strontium isotope ratios between 0.7120 and 0.7230, differ

significantly from those of the earlier described diagenetic phases and indicate a major
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change in pore fluid composition. The oxygen values are more depleted, which can be
explained by the deeper burial and correspondingly higher temperatures. There are no
indications for the involvement of meteoric water, which is another possible process
causing the depletion in oxygen isotope values in the solids. The estimation of the
temperature for the saddle dolomite formation is in this case more complicated, since the
pore fluids seem to have changed, and constraining an 8" 0y ater becomes more difficult.
Present day formation brines yield 8'®Oyaer between 5 and 8.7 %o SMOW (Fig. 5.18).
Using these values on the equilibrium relationship plot in Figure 5.23, the saddle
dolomites could have formed in a temperature range of 100 °C to 200°C. The strontium
isotopes of the saddle dolomite also deviate significantly from the marine baseline, which
suggests an alteration/mixing of pore fluids with increasing burial depth and at least one
fluid with a higher radiogenic strontium signal than Late Devonian seawater (further

discussed below).

The isotopic alterations of the pore fluids are more dramatic for the late calcite cements
(8'%0 values between -7 to —14 %o PDB and 8"°C = 0 to -24 %o PDB, Sr between 0.7100
and 0.7320). The highly depleted oxygen isotopes are best explained by increased
temperature during deeper burial. Using the oxygen isotope thermometer and an assumed
6‘80wmr between + 5 and +8.7 %0 SMOW according to the present day formation brines,
the temperature range of the late calcite cements lies within 135 °C and 165 °C (Fig 5.22).
The carbonates of SCCC have not been uplifted to the surface and, as in the case of the
dolomites, there are no indications for any influence of meteoric water. An influence of

meteoric water is also precluded by the stable isotope composition of the present
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formation brines (Fig. 5.18), which indicate that these brines have evolved from seawater
evaporation and water-rock interaction (recrystallization), gypsum dewatering, and some

input of metamorphic water (further discussed below).

The carbon isotopes of the late burial calcites are highly depleted in *C. The SCCC
passed through the liquid oil window, and hydrocarbons were introduced to the system so
that the onset temperatures (100 — 140 °C) for thermochemical sulfate reduction (TSR)
were reached and/or exceeded. Based on many other geochemical studies in the WCSB it
is well known that H,S is one major product of TSR (Krouse et al., 1988; Machel et al.,
1995) and is produced via the reduction of anhydrite as represented by the following
simplified reaction:
2CH4 +2CaS0Oy & 2CaCO0; +2H,0 + H,S

Other products of TSR are saddle dolomite, late calcite cements, as well as minor
amounts of Fe-sulfides. The depleted §"3C-values of the carbonates (especially calcite
cements) are due to the incorporation of isotopically light carbon that was formed via the
oxidation of organic carbon in crude oils and/or condensates in the presence of sulfate

during TSR reactions (Machel et al., 1995, and references cited therein).

5.4.3 Interpretation of strontium isotope data of the solids

Strontium isotopes can be used to reconstruct paleomigration pathways in conjunction
with changes in pore water evolution (Banner et al., 1995; Carpenter and Lohman, 1989;
Faure & Powell, 1972). 87S1'/86Sr—isotope ratios of the matrix dolomites range from from

0.7079 to 0.7085. Using the secular seawater curve in Figure 5.6 and the data from Figure
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5.20, the matrix dolomites plot in the range of Devonian seawater, supporting the
previous interpretation that the matrix dolomites were formed from slightly modified
Devonian seawater. The saddle dolomites have significantly higher ¥731/*5Sr values that
range from 0.7120 to 0.7230, indicating a significant change in the chemical composition
of the pore waters. The late calcite cements have ¥7Sr/*°Sr-isotope ratios between 0.7103
and 0.7323, which places them among the most radiogenic 1sotopes in the Alberta Basin
(Mountjoy et al., 1992; Mountjoy et al., 1999). Furthermore, the high strontium isotope
values are restricted to certain areas and depths. The highest enrichments (0.7323) in ¥TSr
occur adjacent to the deformed belt at the greatest depths (approximately 5000 m), and
the values decrease gradually northeastward to 0.7132 within the Leduc Formation and

with increasing distance from the disturbed belt (Figs. 5.24 and 5.25).
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Figure 5.24: Strontium isotope values in relation to the distance from the
Rocky Mt. fold and thrust belt (LDB). The values decrease gradually with
increasing distance. The bold roman letters denote major diagenetic stages
during the history of the SCCC.
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Figure 5.25: Strontium isotope distribution of late calcite cements across the study
area. The highest values occur close to the disturbed belt (left) and decrease with
increasing distance toward the NE. This suggests that the radiogenic Sr was pushed
from the fold and thrust belt along preferential pathways through the Devonian carbon-
ate aquifers into the Alberta basin in a NE direction, as indicated by the arrows.
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The basinal shales and marls that surround and overlie the reefs are possible sources for
the elevated ®’Sr-contents because they contain clay minerals that can release radiogenic
strontium into the pore fluids during burial and compaction. The basin-internal shales
have been investigated in other studies (Cavell and Machel, 1997; Skilliter, 1999) to test
this hypothesis. These studies found that the maximum Sr-isotope ratio of acid-
extractable Sr for the basinal shales is 0.7120, a value that was called MASIRBAS
(Maximum Strontium Isotope Ratio of Basinal Shale). Hence, strontium isotope ratios
that are higher than MASIRBAS could not have been sourced from the basin internal
Devonian shales. Therefore, an external fluid source is required to account for the higher
Sr isotope values in the saddle dolomites and late calcite cements within the study area,
and elsewhere in the deep part of the Alberta Basin (Green, 1999; Buschkuehle &
Machel, 1998; McKenzie, 1999; Machel & Cavell, 1999, Buschkuehle & Machel, 2000 a,
b, Buschkuehle & Machel, 2002). One likely source of the highly radiogenic Sr are
Precambrian metasediments of the Miette Group that are presently exposed in the Main
Ranges of the Rocky Mountains, because they can source fluids with isotope ratios as
high as 0.7757 (Machel & Cavell, 1999). Another possible source is the Precambrian

basement, which underlies the Paleozoic succession in the Alberta Basin.

The driving force behind the *'Sr-enriched pore fluid flow in the SCCC could have been
the Laramide orogeny, whereby fluids were injected into the Foreland basin due to
tectonic loading and compression. This tectonically induced “squeegee-type” flow (sensu
Oliver, 1986) appears to have been most effective directly adjacent to the deformation

front. Excess pore pressures must have dissipated within a relatively short distance
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because their effects, as recorded in Sr-enrichments, are restricted to about 80 to 100 km
away from the disturbed belt (Fig. 5.24, Fig. 5.25) (Buschkuehle et al., 1998a, b;
Buschkuehle, et al., 1999; Buschkuehle & Machel, 2000a, b; Buschkuehle & Machel,
2002). Another possible flow mechanism could have been the migration/circulation of
fluids from the Precambrian basement into the Devonian succession along faults,
reactivated during the Laramide orogeny in the Late Cretaceous and Early Tertiary
(Green, 1999; Machel and Cavell, 1999; Duggan et al., 2001; Buschkuehle, 2001). In the
eastern part of the study area, e.g. the Windfall field and the Marlboro field (Fig. 5.26),
faults, which have been documented through seismic and cross sections, seem to have
been likely fluid migration pathways (Green, 1999). In addition the underlying sediments
in that area, e.g. Cambrian sandstones and Middle Devonian carbonates, have similar
87Sr/86Sr-iscnrtope ratios, 0.7160 to 0.7200 and 0.7180, respectively, as the calcite cements
in the overlying Upper Devonian strata (see Appendix VI). However, the overall NE-
trend in *’Sr/*%Sr (Fig. 5.25) cannot be explained by fluids that ascended from the
basement via faults. Hence, the data indicate squeegee-type fluid flow through the

Devonian aquifers that was augmented by fault-controlled flow in some locations.
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Figure 5.26: Summary and location map of the fluid inclusion data for the
SCCC. Note that the deepest sample in the Hinton area has the lowest
salinity indicating a process of dilution in the deep part of the Alberta
Basin. Temperatures (Th) are corrected for pressure, assuming an addi-
tional 2000 m of overburden and therefore represent maximum values,
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5.4.4 Interpretation of the geochemistry of present-day formation brines

In general Devonian brines in the WCSB are saline with up to 300g/1 Total Dissolved
Solids (TDS) and dominated by Na-Ca-Cl (e.g., Michael, 2002). The non-hydrocarbon
gases are mainly H,S, often up to 30 mole% but as high as 90 mole%, including CO, and

smaller amounts of N, and He (Hutcheon et al., 2000).

The brines from the SCCC differ significantly from the brines in shallower areas of the
basin that have been collected by Connolly (1990) and Hitchon & Friedman (1969), as
seen in Figure 5.18. The brines from the SCCC have higher §°H as well as higher 8'°0,
and they are more radiogenic then brines from the shallow basin. In addition, the SCCC
brines have 8'0 values similar to values calculated for fluid inclusions in TSR-calcites
by Hutcheon et al. (2000), suggesting that the isotopic composition of the present day
formation waters may be influenced partly by thermochemical sulfate reduction. Also,
the brines in the area of the SCCC have significantly lower salinities than the brines in
shallower parts of the basin. Figure 5.27 shows the correlation between salinity and facies
distribution in the Woodbend-Beaverhill Lake aquifer. The salinity seems to increase
with decreasing distance from the LDB. In addition, the 200g/1 contour line mimics the
edges of the carbonate platform margins, suggesting charging of a “light brine” into the

platform from downdip (Michael, 2002).
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Figure 5.27: Salinity distribution of present day brines within the Woodbend-
Beaverhill Lake carbonate platforms in the deep part of the Alberta Basin.
The salinities of Upper Devonian brines range up to 300 g/l with a general
increase to the northeast (from Michael, 2002).
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According to Connolly et al. (1990) the formation waters in the Alberta Basin generally
have higher *'Sr/**Sr-ratios than their host rocks. Only Cambrian shales and the
Precambrian basement rocks have greater ratios. However, in this study the diagenetic

products are equal or above the *'St/*®Sr-ratios of the formation waters.

Sr is more mobile during weathering than Rb, which results in a generally lower
87Sr/868rWATER in comparison to the 87sr/86srRQCKS (Stanley & Faure, 1979). Furthermore
the ¥Sr/*®Srrocks must be higher than those of the waters in order to raise the
87Sr/868rWATERv This suggests that the formation waters at some point must have
interacted not only with Devonian shales, but more importantly with the Cambrian shales
and/or Precambrian basement to obtain a °'Sr/*°Sr-ratio that could lead to the

precipitation of highly radiogenic calcite and dolomite cements in the study area.

As shown in Figure 5.18, the isotopic data for the present day brines plot far to the right
of the modern Meteoric Water Line, which suggests that meteoric water has not
infiltrated the deep Devonian aquifers, which supports the earlier conclusions. A
sufficient explanation of the data shown in Figure 5.18 needs a mechanism or way for
natural waters to become more '*O enriched than SMOW and meteoric waters. Possible
origins of this "0-rich water are: 1) connate evaporitic brines of marine origin, 2) water
derived from the dehydration of gypsum and/or other hydrous minerals, 3) waters that
have interacted with the underlying Precambrian basement and adjacent Precambrian

metasediments, 4) waters derived from thermochemical sulfate reduction, and 5) mixtures
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of waters that derived from a combination of the above mentioned processes (Knauth and

Beeunas, 1986).

1) Connate marine evaporitic brine

According to Knauth and Beeunas (1986), enriched residual fluids are the result of lighter
isotopes being preferentially removed during the early phases of seawater evaporation.
The humidity and other local climatic parameters control the trajectory taken by a
residual brine. The trajectories for high and low humidities are shown as curves A and B,
respectively in Figure 5.12. Lloyd (1966) deemed 8'®0 enrichments of more than +6% in
coastal environments as unlikely, because atmospheric moisture exchanges oxygen with
the evaporating fluid. In the case of extreme evaporation to halite facies and beyond,
there is less understanding of the trajectory taken by evaporating seawater. Holser (1979)
indicated that progressive enrichment of the heavier isotopes does not continue
indefinitely, but that the trajectory hooks around at an evaporation ratio of about 4x (see
Curve C in Fig. 5.12). If the present day formation brines had solely evolved via the
evaporation of seawater, the data points should plot within the range and/or extension of
Curve C. However, the data is shifted downward, indicating that after evaporation other

processes have changed the formation fluids.

2) Water derived from the dehydration of gypsum and/or other hydrous minerals
Many of the examined cores contain anhydrite. The anhydrite content ranges from trace
amounts to nearly 100% in certain core intervals. The origin of anhydrite in evaporites

remains controversial. While many researchers consider it to be a primary phase
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deposited at the time of sedimentation, others argue that the primary calcium sulfate
phase is gypsum, and that the gypsum dehydrates during burial to form anhydrite. At
temperatures below 50°C gypsum is the thermodynamically stable phase and should
precipitate instead of anhydrite (Hardie, 1967). Kinetic factors, however, are of extreme
importance in the precipitation of evaporites and may govern completely the precipitation
of sulfate phases in these types of environments (Cody and Hull, 1980). If any or all of
the anhydrite in and near the SCCC originated by dehydration of gypsum, the water
released during burial must have mixed with the formation water. The water of
dehydration would plot along curve D. Sample #3 and #6 fall within the range, however

2,4,5, and 7 are below that line suggesting additional processes overprinting the fluids.

3) Waters that have interacted with the underlying Precambrian basement and adjacent
Precambrian metasediments

Water that has passed through a metamorphic system would be highly enriched in 5"%0
and highly depleted in 8D, the 8'*0 ranging from about +3%o to +20% SMOW and 8D
ranging from about -65%o and -10%. (Barnes, 1979). The brine samples of this study plot
near or within the metamorph-H,O field, as seen in Fig. 5.12, which suggests an influx of
metamorphic Other authors (Land, 1997: Schroyen and Muchez, 1998) have advocated
that material transfer may happen from the crystalline basement into the overlying deep
burial diagenetic setting, whereby prograde metamorphism and devolatilization reactions
liberate water and CO,, which are added to the sedimentary basin above. These
metamorphic fluids most likely became injected into the system during the Laramide

orogeny in the deep part of the WCSB.
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4) Waters derived from thermochemical sulfate reduction

As mentioned in previous chapters, thermochemical sulfate reduction is a process that
strongly influenced and overprinted the reservoirs in the SCCC. Water may form as a by-
product of TSR and could result in a local dilution of the formation water at or near the
reaction site. However, the SCCC brine values are only slightly shifted towards the TSR-
water field (Fig. 5.12), indicating that the TSR waters had but a minor influence on the
oxygen and deuterium isotopic composition of the formation waters. However, the highly

depleted carbon isotopes of the brines clearly indicate that TSR had happened.

5) Mixtures of waters that derived from a combination of the above mentioned processes.

After having described the above mention mechanisms it becomes apparent that the
isotopic composition of the present day formation brines most likely reflects a
combination of evaporation, gypsum dehydration during burial, tectonic injection of

metamorphic water, and to a minor degree TSR.

5.4.5 Interpretation of fluid inclusion data

Figure 5.26 shows the regional distribution of the fluid inclusion data and Figure 5.28 the
present day pressure distribution of various fields in the SCCC. The fluid inclusion
homogenization temperatures measured in this study have been pressure-corrected using
the NaCl-H20 system, because the bulk melting was close to the NaCl-eutectic. The
pressure correction seemed to be necessary for two reasons. First, the inclusions were not
trapped at boiling; second, the late calcite cements formed during or near maximum

burial, and the study area has been uplifted by 1.5 to 2 km since that time (Nurkowski,
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1984), which includes a pressure re-equilibration. The pressure-elevation plot in Figure
5.28 shows hydrocarbon accumulations overlying a regional water column in the study
area, as well as very high overpressures in isolated parts of the Wild River basin
(Wendte, et al., 1998). These data show that most of the SCCC is near or at hydrostatic
pressures, which justifies a pressure correction up to hydrostatic pressures corresponding
to maximum burial. The abnormally high pressures noted in some reservoirs (Wild River
area, Fig. 5.28) are from isolated reefs in the Wild River Basin and not applicable to the

platform.

The raw and the pressure corrected data are shown in Figure 5.29. The data follow close
to a geothermal gradient of 30°C/km, which has been assumed in previous studies
(Mountjoy et al., 1997) to be in eftect during the Mesozoic orogenies, in the deep
foreland basin. In addition, the fluid inclusion temperatures decrease updip (Fig. 5.26),
indicating that hot fluids cooled as they flowed in a northeastward direction, which is in
excellent agreement with the observed updip flow from Michael (2002) for the study area
in the Upper Devonian succession, and further supports the notion of squeegee-type flow

as indicated by Sr-isotope data.
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Figure 5.28: Elevation-pressure plot showing hydrocarbon accumulations
in the Swan Hills, Leduc, Nisku and Wabamun formations overlying a
regional water column in the study area (from Wendte, 1998). Overpres-
sured gas accumulations occur in isolated limestone reefs in the Wild
River area, indicating permeability barriers and pressure differences that
require pressure corrections of the fluid inclusion data.
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depths for all inclusions that were measured for this study. A pressure correction has been applied equivalent to
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mal gradient, which is in good agreement with the data from Mountjoy et al., 1997.



Assuming that the 5'%0 values of the calcite and saddle dolomite cements reflect isotopic
equilibrium with waters from which the inclusions formed, the homogenization
temperatures can be used to estimate the 8'°0 of the water at the time of the cement
formation using the equation from Land (1985) for the saddle dolomite

3.2 x 10° T CK)”] -3.3 = 8" Outonite -8 Ouater (1)
and from O’Neil et al. (1969)

[2.78 x 10° T (°K)%} —2.89 = 80, -8 Ovater (2)
for the calcite cements. Accordingly, the equilibrium s%0 water OF the saddle dolomite
was + 4 %o smow using the equilibrium relationship plot from Land (1985) (Figure 5.23).
The slgowm for the calcite cements scatters between 5%e smow and 7 %osmow for a low
temperature range around 125°C and 8%o smow to 10%osyvow for a temperature at around
163 °C using the equilibrium relationship plot by O’Neil et al. (1969) (Figure 5.30). In
addition, if one takes the measured isotope values of the late calcite cements and
5‘80\,,3{61. from present day brines, a temperature range between 95°C and 230°C is
created, which coincides perfectly with the corrected fluid inclusion homogenization
temperatures (Fig. 5.29). Conversely, the uncorrected Th values paired with present day
formation fluids result in "0 values that are too low (blue field in Fig. 5.30), further

supporting the need for pressure correction of the Th-data.
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Figure 5.30: Plot of equilibrium relationships between analytical calcite, equilib-
rium calcite, present day temperatures, present day brines and fluid inclusion

data. The yellow field represents oxygen isotopic composition of present day
brines. The red area took the analytical calcite cement values and assumed a
5180%0 SMOW from present day brines, which leads to a temperature range of
95 t0 220°C. The blue area took the present day temperature and the present day
isotopic composition of brines, which leads to an isotopic equilibrium calcite
near the lowest analyzed values.

The eutectic temperatures of the samples vary between —45 °C and —55 °C, which usually
would indicate a complicated cation composition of the inclusion fluid. However, the
average Te of —51.3 °C corresponds well with the eutectic temperature of the NaCl-CaCl-
H;0-system of Davies et al. (1990). Hence, the salinities were calculated for the NaCl-
H;O-system, notwithstanding that the Te indicate a more complicated system. It would

have been difficult to determine reliable temperatures for intermediate melting of other
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phases, which would be needed for the determination of the bulk salinity (Goldstein &
Reynolds, 1994). A more complex composition would generally result in slightly lower

salinities than those calculated under the assumption of the NaCl-H,O-system.

5.4.6 Interpretation of the sulfur isotopes of fluids and solids

The isotopic compositions of the fluids as well as the solids are summarized in Figure
5.11 and show a wide range of variation. Upper Devonian seawater sulfate had an
isotopic sulfur composition of 25%e 8°*S and 14%. 5'%0 (Claypool et al., 1980; Machel &
Burton, 1991). The Middle Devonian seawater sulfate 8°*S was about 21 %, CDT. The
isotopic range of sulfur isotopes from diagenetic anhydrite varies between 26.7 %o 8**s
and 18.4 %o 8°*S (Fig. 5.11). This variation is most likely due to mixing with sulfate from
the underlying Middle Devonian, which could have been injected via faults (Machel &

Burton, 1991) and subsequent precipitation as anhydrite.

The sulfur isotopic compositions of the elemental sulfur samples as well as the bitumen
are close together, between 18 %o 8°'S and 20.2 %o 6°*S. These values probably
originated from TSR, which imparts a 10-15 %o negative fractionation relative to the

source sulfate in the 150 — 200°C temperature range (Machel, et al., 1995).

Mixing and TSR processes can also best explain the isotopic compositions of the
formation brines. The samples cluster in two groups, whereby the samples out of the
Middle Devonian Swan Hills Formation generally have lower %o 8°'S-values than the

ones from the Upper Devonian, which corresponds to the isotopic composition of Middle
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Devonian seawater (~20%o 6348). The rather low isotopic compositions (11.7 %o 8>S/
10.1 % &°*S) indicate a kinetic fractionation of inorganic compounds by —15%o to
-10%o, which falls in a temperature range of 150°C to 200°C (Machel, et al., 1995). These
values coincide well with the pressure-corrected fluid inclusion temperatures, supporting

the notion that the present day formation fluids are similar to the fluids from which the

saddle dolomites and calcite cements precipitated.

Another process that could lead to this isotopic variation is oxidation of H,S by oxygen:
[2H,S + 0, > 28°+ 2H,0].
However, this process is highly unlikely in the SCCC because it is too deep to contain
any molecular oxygen. Rather, H,S could have been oxidized by excess sulfate:
[2H,S + SO+ 2H+ > §"+ 2H,0 + SO,],
which would be the other viable process to explain the isotopic variation in the brines.

The schematic evolution of concentration and sulfur isotope ratios are shown in Figure

5.31.
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Figure 5.31: Schematic evolution of concentration and sulfur isotope
ratios of sulfate dissolved in SCCC pore waters through time. During the
late Devonian to Mississippian, bacterial sulfate reduction temporarily
depleted the sulfate concentration in the pore waters, and the 8**S values
of the remaining dissolved sulfate increased dramatically as a result of
closed-system Raleigh fractionation. H,S and/or iron sulfide formed from

the H,S at that time would have correspondingly negative 5°*S values,

but getting heavier with increasing sulfate depletion in the pore waters
(see also Figure 5.4). After bacterial sulfate reduction ceased, both sulfate
concentration and the 3**S values approached the original values due to
gypsum/anhydrite dissolution. These patterns repeated themselves during
thermochemical sulfate reduction in the Late Cretaceous/Early Tertiary,
but were much attenuated because of the lower rate (concentration) and
the smaller kinetic isotope fractionation (6**S) of TSR compared to BSR.
The extent of concentration depletion and isotope enrichment is variable
and depends on the rate of sulfate reduction relative to gypsum/anhydrite
dissolution (illustrated by dashed contours).
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CHAPTER 6: SUMMARY AND CONCLUSION

6.1 Restatement of Objectives and Review

The major objectives of this study were to describe the stratigraphy, diagenesis, and
geochemistry of the Upper Devonian rocks in the Southesk-Cairn Carbonate Complex
(SCCC) of west-central Alberta; to determine the causes for the present porosity and
permeability distribution in the carbonates; and to identify the directions, mechanisms,
and approximate fluxes of paleo fluid flow. Understanding of paleo hydrogeology in the
SCCC is of particular importance for both science and the petroleum industry. The
scientific aspect of this study includes information about pore fluid changes, the mineral
products that form from the fluids, and their timing of formation. The petroleum industry

will benefit from better understanding by enhanced exploration and exploitation.

In Chapter 1, the study area and the problems related to fluid flow and fluid processes in
areas adjacent to a mountain thrust and fold belts are described. Chapter 2 gives an
overview of the geologic framework, the basin definition, history and paleogeography of
the SCCC area adjacent to the Rocky Mountain Fold and Thrust Belt. In Chapter 3 the
dual stratigraphic nomenclature is defined, because the study area deals with subsurface
rocks and outcrop data, for which different stratigraphic terms are in use. In addition, the
new, informal unit “Berland Shale” was introduced. Furthermore, the lithological
features of the four Devonian Groups (Beaverhill Lake, Woodbend, Winterburn and
Wabamun) are described, as well as the facies development and the related

dolomitization patterns. Chapter 4 contains the description of the diagenetic products and
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processes, which are interpreted to having been formed in five major stages of burial and
pore-water evolution. In Chapter 5 the isotopic data and fluid inclusion homogenization
temperatures are presented, analyzed and integrated into the analysis of the burial history.
This final chapter integrates observations and interpretations from the previous ones into
a synopsis of the dolomitization processes, tectonic expulsion, paragenetic sequence,
burial history, and the evolution of pore fluids in the west-central part of the deep Alberta

Basin.

6.2  Dolomitization

Dolomitization is one of the most important diagenetic processes in the study area and is
governed by various factors such as: sedimentary facies, recrystallization, chemical
compaction, TSR reactions, and faulting. Figure 6.1 shows in summary the different
dolomitization models that have been invoked for the formation of various types of
dolomite. There are at least four different types of dolomite in the study area and each is
related to a different dolomitization process. The first two types, Dolomite 1 and 2 are
mainly controlled by facies, whereas the others, Dolomite 3 and 4, are due to structural
and burial-diagenetic development. The following interpretations are based on
petrography and facies analyses, as well as on diagenetic and structural features, and
geochemical data of some of these dolomite types. They reveal that dolomitization took

place in a variety of environments, ranging from near surface to deep burial.
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Figure 6.1: Dolomitization models and predicted dolomite distribution patterns (in grey) in carbonate build-ups. Models A
to C1 and C3 are kilometer scale, Model C2 is basin-scale. Arrows denote flow direction. K, and K, = vertical and hori-

zontal hydraulic conductivity, respectively. (Compiled and modified from Amthor et al., 1993, Garven, 1995; Braithwaite
and Rizzi, 1997; and Morrow, 1998.)



Dolomite 1: Very fine-grained laminated dolomites, which are associated with anhydrite,
occur locally in the Blueridge Member of the Winterburn Group and in the Wabamun
Group. These dolomites are interpreted as shallow marine dolomites that are associated
with subtidal to supratidal cycles according to their textural and mineralogical association
and are equivalent to Dolomite A in Fig. 6.1. The dolomitizing fluid probably was a
hypersaline brine that formed from Devonian seawater due to evaporation and was driven
by density differences down into the sedimentary column, where it dolomitized the
preexisting limestones (Fig. 6.1A). However, reflux probably was restricted in time and
space in the SCCC, whereas equivalent dolomites formed on a much larger scale on the

Grosmont platform in the eastern part of the Alberta Basin (Cutler, 1983).

Dolomite 2: The second dolomite type is pervasive, replacive matrix dolomite that is a
common phenomenon in the Alberta Basin. Numerous authors have discussed the
formation of the huge amounts of replacement dolomite in the Alberta Basin, and several
models have been suggested to explain them (Machel and Mountjoy, 1987). In the study
area, pervasive matrix dolomites occur only in certain facies types such as reefal and
platform grain- to boundstones. However, matrix dolomitization requires large amounts
of Mg-bearing fluids, which in turn require the presence of aquifers, and only the above
mentioned facies types provide sufficient primary permeability. Therefore, the primary
permeability distribution is a major controlling factor for dolomitization. Furthermore,
the isotope data indicate that the dolomitizing fluids were slightly modified Devonian
seawater. Most of the chemical modification of the seawater was due to water-rock

interactions that occurred while the water moved through the interbedded and enclosed
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argillaceous sediments. The driving forces for the fluids cannot be definitely identified.
However, it is assumed that the seawater was driven probably by a combination of
convection and compaction through the Devonian strata, when they were buried between
500 and 1500 m, which was previously suggested for the bulk of the replacive dolostones
in this basin {(Amthor et al., 1993; Machel et al., 1994; Mountjoy et al., 1999). Several
authors have invoked the reflux dolomitization model for the matrix dolomites (Shields
and Brady, 1995; Potma et al., 2001), however stratigraphic, paleo-geographic, structural
and geochemical data, as well as hydrological constraints and mass balance calculations
render this explanation for the matrix dolomites in most parts of the Alberta Basin

unlikely (Machel et al., 1996; Machel et al, 2002).

Dolomite 3: The third dolomite type in the study area is a coarse crystalline saddle
dolomite cement that occurs with calcite in vugs and fractures in certain locations in the
study area and probably formed similar to the situation shown in C3 in Figure 6.1. Spatial
relationships and geochemical data suggest that this dolomite formed from saline, basinal
brines. It is most likely that these cements are the product of a fault-related
dolomitization process, where Mg-bearing fluids with eclevated temperatures moved
through fractures and precipitated the coarse-crystalline dolomite cement. This dolomite
formation occurred on a local scale, however, it has been described from all four
Devonian groups and numerous areas in the Alberta Basin. It is related due to faulting
and re-activation of faults during maximum burial in the Late Cretaceous to early

Tertiary during the Laramide orogeny (Green, 1999; Mountjoy et al. 1999).
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Dolomite 4: This type is also coarse saddle dolomite cement, but always associated with
hydrocarbons, elemental sulfur and anhydrite. Geochemical and fluid inclusion data
suggest elevated temperatures during its precipitation. The brines that precipitated this
dolomite were formation waters depleted in PC and enriched in radiogenic strontium.

Thus, this dolomite type is clearly related to TSR and the injection of metamorphic fluids.

6.3 Tectonic Expulsion of Formation Fluids

Most of the late diagenetic’ calcite and dolomite cements in the study area have highly
radiogenic strontium isotope ratios, which shows that the chemical composition of the
pore waters evolved significantly over time. Furthermore, the strontium isotope signals
show a distinctive spatial distribution. The highest *”*Sr-ratios occur adjacent to the
deformed belt at depths of approximately 5000 m, and the values decrease gradually
northeastward within the Leduc Formation and with increasing distance from the

disturbed belt.

The maximum Sr-isotope ratio of acid-extractable strontium for the basinal shales was
defined as MASIRBAS (Maximum Strontium Isotope Ratio of Basinal Shales) (Machel
and Cavell, 1999). However most of the afore-mentioned diagenetic products have values
greater than MASIRBAS and could not have been sourced from the basin internal
Devonian shales. Therefore, an external fluid source is required to account for the high-Sr
isotope values in the late calcite cements within the study area and elsewhere in the deep

part of the Alberta Basin. This further suggest that the fluids must have interacted/mixed
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with fluids from Precambrian metasediments of the Miette Group that are presently
exposed in the Main Ranges of the Rocky Mountains and /or from the Precambrian
basement, because the acid-exchangeable strontium of these two successions has ratios

that can source a highly radiogenic fluid (Machel and Cavell, 1999).

The driving force behind the pore fluid flow that carried the radiogenic Sr into the
foreland basin could have been tectonic compression during the Laramide orogeny, when
fluids were being injected into the Foreland basin due to tectonic loading. This
tectonically induced “squeegee-type” flow appears to have been most effective directly
adjacent to the deformation front. Excess pore pressures must have dissipated within a
relatively short distance because their effects are restricted to about 80 to 100 km away
from the disturbed belt. Another possible flow mechanism could have been the migration
of fluids from the Precambrian basement along reactivated faults into the Devonian
succession. This reactivation could also have been caused by the Laramide orogeny,
which was effective during the Late Cretaceous and Early Tertiary. In the northeast part
of the study area faults seem to have been the most likely migration pathways (Green,

1999).

6.4 Fluid Evolution, Flow Mechanisms and Paragenetic Sequence of the SCCC
The carbonates of the Southesk-Cairn Carbonate Complex underwent a complex
diagenetic history, which can be divided into five stages of burial with corresponding

stages of pore water evolution (Fig. 6.2 and Fig. 6.3).
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Figure 6.2: Diagenetic paragenesis of the Southesk-Cairn Complex. Roman numbers
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mechanisms and the fluxes behind each fluid stage. P+ indicates increase in porosity,
whereas P- indicates decrease in porosity.
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The first stage includes all processes on the marine seafloor and its syndepositional
features, like micrite rims, early marine calcite cements, and the formation of microbial
pyrite in microenvironments. These products are best preserved in the un-dolomitized,
yet rare limestones. Furthermore, early diagenetic anhydrite and Dolomite Type 1 formed
locally in shallow marine subtidal to intertidal facies zones during the deposition of the
Blueridge Member and during the Farly Wabamun time. The initial porosity and
permeability was relatively high during this stage, but generally decreased fast due to
ongoing cementation. The first fluid that was involved in these strata in the basin history
was Upper Devonian seawater, the chemical composition of which has been defined in
this study and in previous studies. The driving forces for fluid flow most likely were
circulation (free convection), tidal pumping, and evaporative reflux during the Blueridge

and Wabamun deposition (Fig. 6.3 Stage 1).

Stage 2 took place during shallow to intermediate burial between 300 m and 1500 m
during the Late Devonian to Early Mississippian. The major diagenetic phase during this
stage is Dolomite Type 2, i.e., approximately 85% of the carbonates in the SCCC became
pervasively dolomitized during this time. This dolomitization process was facies-
dependent, as well as matrix-selective. Larger bioclasts and lithoclasts were preserved as
calcite and later dissolved at most locations, which led to the formation of moldic and
vuggy porosity. The matrix dolomites form the best reservoir rocks in the study area due
to their high primary and enhanced secondary porosity and permeability. Other products/
processes during this stage were physical and chemical compaction, the formation of

stylolite-related dolomites and pyrite, as well as a first fracture phase and associated
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calcite cements, and secondary replacive anhydrite. The major fluid, facilitating these
diagenetic processes was slightly modified Devonian seawater, as indicated by isotope
data. The fluid was forced through the rocks by compaction (sedimentary-loading) and
presumably convection flow (Fig. 6.3 Stage 2). The ultimate driving mechanism is not
yet identified. During this stage the Devonian seawater became increasingly modified due
to water-rock interactions with the intervening argillaceous sediments and gypsum

dehydration.

Stage 3 took place during intermediate to deep burial. The main diagenetic processes
during Stage 3 were o1l maturation and primary migration during the Late Cretaceous,
after the source rocks had reached the liquid oil window (Fig. 6.3, Stage 3). The main
source rocks in the study area are probably shales within the D3 (Duvernay Formation)
and D2 intervals (Nisku equivalents/Cynthia Member). The formation fluids significantly

changed in their composition during this time due to water-rock-hydrocarbon interaction.

Stage 4 took place during the latter part of rapid burial to maximum burial depths of
about 7 km in the Paleocene (Fig. 6.3, Stage 4). The major diagenetic processes were
thermochemical sulfate reduction (TSR), hydrocarbon maturation and late calcite
cementation. The onset of TSR is usually constrained to minimum temperatures of 100-
140°C, and the formation of TSR calcite took place in a temperature range of about 140-
220 °C, as indicated by fluid inclusion data. Products of stage 4 diagenesis are sour gas
(up to 35 mole% H,S), abundant saddle dolomite cements, blocky calcite cements, pyrite

and chalcopyrite as well as anhydrite.
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Radiogenic strontium was introduced to the fluid, as shown by the saddle dolomite and
late calcite cements. The radiogenic strontium signal increases with increasing burial and
calcite cementation; however, it was not equally distributed over the area, since high
strontium signals can be found in different strata and in different locations, thus
indicating that these fluids followed preferential pathways. Rather, the Sr isotope data
suggest lateral expulsion of formation waters with a metamorphic or hydrothermal
component from the area of the Rocky Mountain into the plains region. In addition,
formation waters entered the Devonian strata at least in certain areas via faults (Fig. 6.3,
Stage 4). A deeply penetrating topographic flow system must have been active during the
Late Cretaceous/Tertiary due to the high topographic relief that was created by the
Laramide orogeny. However, the big shale packages in the stratigraphic column most
likely prevented this flow system from reaching the Devonian strata, as is also indicated
by diagenetic and isotope data presented in this study. Hence, topography-driven flow

probably did not reach down to the Devonian strata during that time (Fig. 6.3, Stage 4).

Stage 5 represents the time interval between maximum burial and the present, in which
about 2000 m of the overlying sediments were eroded in the area of the SCCC. Except
for small amounts of calcite cements, anhydrite cements seem to dominate this stage,
because they are abundant in late stage fracture fills and are always postdating
hydrocarbons. The continuous water-rock interactions led to the composition of the
present-day formation waters, which have geochemical compositions distinctly different
from the Devonian seawater. In addition, the brines in the deep part of the SCCC differ

distinctly from brines in other parts of the Alberta Basin; they have higher oxygen ratios
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and higher deuterium ratios, which is partly the result of TSR, the latter being one of two
processes exclusively restricted to the deep part of the basin. One other observation from
the fluid inclusion and DST-Geochemistry data is that some of the formation brines were
slightly diluted adjacent to the disturbed belt, which may also indicate the introduction of
less saline waters from the fold and thrust belt into the foreland basin. The present-day
flow pattern in the Devonian show the updip displacement of a high-salinity brine
(>200g/1) by a less saline brine (Fig. 6.4). However, flow is almost stagnant due to the
combination of density differences between light and heavy brine and a weak flow-
driving mechanism, which may be a remnant of tectonic expulsion and high topographic

relief during the Laramide orogeny (Fig. 6.2, Stage 5).
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6.5  Fluid Flow in the Alberta Basin

Regional fluid flow in the southern Rocky Mountains and its foreland basin south of the
Peace River Arch is characterized by major fluid events that correspond to some degree
to the diagenetic stages and fluid events in the SCCC. (1) A basin-scale flow of
dolomitizing fluids along Upper Devonian conduits during the Late Devonian/Early
Mississippian as described by Amthor (1993) is equal to this studies Stage 2; the driving
force was most likely a combination of compaction-driven flow and density-driven
cellular flow. The flow intensity was controlled mainly by permeability; hence it had the
highest fluxes where the permeability was highest. (2) A pre-Laramide
(Antler/Columbian orogeny) west-to-east brine migration with mineralization, as
discussed by Nesbitt and Muehlenbachs (1994,1995) could not be detected in the SCCC.
(3) Laramide tectogenesis, including thrusting, with pulses of tectonic expulsion of fluids
into the foreland basin (squeegee model) within thrust sheets (which may have been
hydrodynamically relatively isolated from each other) and/or flow along relatively
permeable thrust faults (Machel and Cavell, 1999; Green 1999). The flow was generally
in a northeastward direction and the pathways were locally isolated. The brines carried a
hydrothermal and/or metamorphic component. These flow patterns are equivalent to
Stage 4. (4) Post-Laramide meteorically recharged deep convection in the disturbed belt
that did/does not feed into the deep Devonian aquifers (Bachu, 1995; Nesbitt &
Muehlenbachs, 1994,1995). In the SCCC, the present day formation brines are almost
stagnant, however have a potential for updip flow (Bachu, 1995; Michael, 2002)

equivalent to Stage 5.
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6.6 Future Work

Future work on the Devonian carbonates of the SCCC should include a detailed mapping
of the Berland shale unit within the Wild River Basin, which may lead to the potential
discovery of new hydrocarbon accumulations, since the Berland shale might contain

hydrocarbons in higher permeability areas.

Furthermore, high-resolution structural mapping for the location of faults, the offset
along these faults, and the spatial distribution of late diagenetic products associated with
these faults, is needed. A better understanding of the locations of faults will simplify the
lingering debate (Mountjoy, et al. 1999; Machel and Cavell, 1999) about fault-controlled
mineralization, which is supposed to be rather local versus the mineralization that is
associated with the tectonic expulsion hypothesis by Oliver (1986), which is a regional

scale process.

The analyses of formation waters in the deep part of the basin should be extended to
include each aquifer in the study area to better understand the processes that lead to the
present brine composition. The aquifers to be included are the Swan Hills Formation, the
Leduc Formation, the Berland Shale Unit, the Nisku Formation, the Blueridge Member,
and pools in the Wabamun Group. Potential-mixing relations within the water/carbonate
systems can be tested using a plot of ¥Sr/*Sr ratios vs. Sr-concentrations; the latter needs
to be measured in future work. A more detailed fluid inclusion study, especially on the
very small inclusions in the matrix dolomite, could provide further information on

dolomitization processes, the timing of the processes and the origin of fluids, similar to
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the approach taken by Yang et al. (1995) and Nesbitt et al. (in press). Also, fluid
inclusions in anhydrite and other diagenetic products need to be analyzed to further
restrain the origin and timing of mineralization. In addition, more work on hydrocarbon
and gas-rich inclusions in the late stage cements could provide information on the history
of hydrocarbon maturation and the thermal history of this part of the basin. The
geochemical investigation on the rare sulfide minerals could provide information on the
timing of fluid migration and mineralization using common age dating systems. In
addition, trace element analyses could provide information about dolomite stoichiometry,
equilibrium coefficients, fluid composition and flow directions, and therefore, would

further enhance the understanding of the diagenetic processes in the study area.
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APPENDIX 1

List of the 52 logged core locations, cored formations, core lengths, and general
lithology.
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# Location Stratigraphic Interval Lengths lLog |Remarks
#1 06-29-60-22W5 Leduc 14.7m X Lobstick? Uppermost Nisku
#2 09-20-59-22W5  |Leduc 15.8m X dolomitized
#3 09-22-58-24W5 Leduc 17.9m X fossilif. limestone
#4 01-32-57-25W5 Leduc 23m X limestone
#5 10-20-57-25W5 Winterbum 13.7m XX Upper Blueridge (Silty dolomite/
Leduc 17.6m anhydrite)Lobstick?
#6 10-15-56-27W5  |Leduc 2.1m X dolomite/ fault?
#7 01-16-55-27TW5 Leduc 3.4m X big vugs/ veins
#8 15-19-56-23W5 Leduc 43.5m X partial Leduc reef down into Caim limestone
#9(X1) 105-13-58-24W5 Leduc 54.9m X Leduc debris on top of Caim ? (lots of solid
bitumen 1)
#10 05-08-60-26W5 Nisku 16.5m X Simonette/Dolostone + massive
Anhydrite/Sulfur
#11 15-18-58-24W5 Calmar/Nisku(3773-3782m) 9.0m X Dolomud-to wackestone/cc/anhydr.
Leduc (3871 to 3879 m) 5.6m X Dolofloatstone/ Reservoir/ Bitumen/SD/CC
#12 16-32-58-24W5 Calmar/Nisku(3698-3716m) 16.8m X Limy Dolostone on Top/ Dolofloatstone+
A/CC/Bit
Leduc (3823-3841m) 16.6m X vuggy Floatstone/CCHY/S
#13  108-04-59-23W5  [Leduc (3668.3 -3688.7m) 11m X Bit-stained/ microfractured/CC/SD
#14 07-35-59-24W5 Leduc 1.6m X Dolostone (no litholog)
#15 07-19-59-24W5 Leduc 14.9m X partly vuggy Dolostone/ A/ICC/SD
#16 15-9-57-17TW5 Nisku-Leduc 18.0m X Dolomite/ fractures & vugs
#17 1-18-56-16W5 Leduc 15.4m X Dolomite/ high Porosity
#18 6-16-55-18W5 Leduc? 18.0m X Dolomite (partly brecciated)
#19 2-19-54-19W5 Leduc 18.0m X dirty Lobstick?
#20 9-17-53-19W5 Leduc 13.1m X Lobstick? (Dolomite)/ porous
#21 7-35-49-22W5 Leduc 7.9m X Dolostone/ porous)
#22 14-8-48-21W5 Leduc 17.0m X Dolomite/ distinct sulfur smell
#23 11-9-61-22W5 Leduc 29.0m X Dolomite/ increasing porosity towards the
bottom/ bitumen
#24 | 4-26-58-20W5 Leduc 34.7m X Wabamun? Dolomite / porosity changes with
facies
#25 11-30-51-25W5 Leduc 30.5m X Dolomite / Limestone
#26 14-36-52-27W5 Leduc 242m X Dolomite/ (parts highly porous)
#27 | 07-07-53-26W5 Leduc? 4.60m X Dolomite (partly high porous)
#28 10-32-44-19W5 Leduc 54.4m X Dolomite/ porous/ Bitument!
#29 07-18-52-24W5 Leduc 41.6m X Dolomite/Limestonel!? (Core Display)
#30 | 14-36-52-27W5 | Leduc 24.2m Dolomite/ AAIN?/S/CC
#31 01-16-55-27W5 Leduc 3.7m vuggy Dolostone, SD, CC
#32 03-26-49-20W5 Swan Hills 3.6m X vuggy dolostone, CC.A, Py
#33 | 05-25-51-22W5 | Leduc 29.5m X Limestone, Bit, marine cements (core
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display)

#34 10-13-52-22W5 Leduc 24.9m Dolostone, AAAlsmall CC-cem

#35 15-29-55-17W5 | Leduc 3.8m Dolostone/Anhy/ no calcite

#36 10-08-53-20W5 Leduc 4.6m Dolostone, A in veins, small cc in vug

#37 10-27-52-24W5 Leduc 18.3m Dolostone, SIH, ccin small vugs, no vein cc

#38 | 10-09-57-24W5 | Swan Hills 18.3m Dolostone, no S, A-nodules, CC-cement,
Dol-cem

#39 10-17-57-23W5 lreton 9.1m shaly limestone, basinal facies

#40 09-05-57-17W5 Leduc 3.0m Dolomudstone, big calcite

#41 06-34-57-21W5 Leduc 15.3m Dolostone, lots of cc-vug infill, Bit, micfrac,
sSb
(core display)

#42 02-14-50-22W5 Wabamun(3904.5-3918.2m) 13.7m Dolomudstone, smalil cc in vugs

Leduc (4581.1-4599.4m) 18.3m Dolostone, huge A-vugs, cc, microfracs, S,

Bit

#43 16-22-58-19W5 Leduc 18.3m vuggy Dolostone, Sd, CC, Bit, elong. x-tal?

#44 11-07-59-23W5 Leduc 5.3m is this one logged?????

#45 10-20-58-15W5 BH LK 18.3m Limestone, micfracs, Bit, A?,

#46 10-12-54-18W5 SW HL 24.7m Dolostone, A, CC, S (core display)

#47 | 16-18-61-15W5 Leduc,G-W 41.5m Vuggy Dolostone, two types of A

#48 02-02-57-22W5 Nisku 9.5m vuggy Dolostone, A, CC, SDB, Bit

#49 15-09-57-17W5 Nisku/Leduc 18.0m Float-to Wackestone, Dolostone, CC, Some
A on Top, SD, Frac with CC

#50 11-29-59-16W5 BLRD, Calmar, Nisku 37.5m Silty dolostone, LST, Vuggy Dolostone, A,
PS, CC, Mudstone

#51 13-15-60-16W5 Nisku 2.1m vuggy dolostone

#52 10-23-58-17W5 Nisku 2.6m vuggy Dolostone, vein CCIlt
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APPENDIX I

Schematic lithologs of 48 cores from the Southesk-Cairn carbonate complex. The
cores were originally logged using the “Macintosh Apple-core®” logging program
(Copyright by Mike Ranger, Calgary). The logs were later modified and generalized to fit
the thesis format; detailed core descriptions are available upon request. The drill cores
were investigated with respect to their gross facies distribution using the carbonate facies
model for Middle and Upper Devonian shallow-marine carbonates by Machel and Hunter
(1994); see also Chapter 3, Figure 3.13. All core were also closely investigated for
diagenetic features. For lithologic patterns, symbols, and abbreviations, refer to legend

on the next page.

References
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Appendix II: Core Descriptions
LEGEND
Lithology
Limestone

Dolostone
- Shale/Mudstone

Anhydrite

]
S

Vuggy Dolostone
bt

Fossils

Stromatoporoid A Amphipom Corals ﬁ&mmdx
S (undifferentiated) (colomal)
~ Lamination V Brachiopods O] Gastropods {2 Bulbous
Stromatoporoid
Accessories
Py Pyrte 7~/ Clay Seams M Stylolitess A Anhydrite Crystals
[D Calcite Cement Anhydrite Anhydrite B Bitumen
(Nodules) Cement
§ FElemental Sulfur Saddle Dolomite Q Geopetal
Fracture Fracture _l_Microfractures
(General) (Horizontal)
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01-18-56-16W5

LEGEND
LITHOLOGY
] g ais
@ DOLOSTONE - Anhydrite ﬁ Yuggy Dolostone
FOSSILS
$) - Stromatoporolds {undifferantiated)
FRACTURES
1 - -Microfracture
DIAGENESIS
S - sufr Il - calclts coment - -saddie dolomite
HYDROCARBON INDICATORS
8 bitumen
&
@
GRAIN SIZE 2 > g é
2 g1
7] 208 §
cobbls @ 3 g
p;bb‘?e @ £ i g E
] granul =4 > =
A B —t 2 B : 3 |8 g 14/8|8 %
i 2 5t
LMo | B Rle) 8 | SE | |33[8 :
T LGy T - @ 2048-49 small horizontal and vertical
d X3 2t KT A i l S fractures,
r med GY - bitumen in pores and on fractures
$ g - aulpher in poras
2950 & GY § - @ dotostone part, pores in mm size, no
T T T bituman
Sk GY - 2948.3 - 4951.5 pores are cemented with
1 F calcite and bituman and sulpher
- saddie dolomite?

~ strom- boundstone?
- there are small poras and really big vugs
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02-19-54-19W5

@ @ % g
GRAIN SIZE H 2|81
Q 21312
5 2138
cobble “ @ @ § § 3
pabble F o] @
: granule o E E x 8 ; E B
w3 @u13 3 55 8188
g - il g & § ) é < 9 § ]
it e |8 |s s E |I|8]s =
11752 Vol TN A A A 4 -
11754 71’:%‘?‘:22':':‘:%
et e o | |\ 1175054, mxto antycrte, perveswely
17561l Lty g dolomite , anhyrite raplacement,
1178 T mraY i PR s
WIS ErTr T T - 54-85, porosly is ather ow, leaching,
B o o e s o e pressure solutions, fossil conlent is siightly
e e I‘}:r({ier o less
o] I
11765 — - 85-86, vertical fracturs, veins I fifed with
4 calcite and bitumen, dolo/mudstons
11768 .

O, bbb b - 86 T4 rporss are filed, small vuga are st
il K GY open, {otally fraclured, @ 70, fault?
1772 (2L T Y LY (btumen/clay?), fossliiic dolostone massive
1774 aiorge it shogsln el altered by dolomite and anhydrite replacement,

N A B e 2 4 lots of anhydrits with floating dolos in in,
11776 - \subvartical fractures
11778] CLBELELLttT 3 - 11774-78, brecciated dolostons/framestons,
r AR A A 200 R AP 2 3 dolostone ssems tobﬁbfecciﬁtsdby
117801 o ot oo o o ey 8 § anbhydrite
Hi7e2] 10K / £ ,
L 1 :éjiftfff'%r{%r.v,g 8 - 76-83.5, @ 80-81, prassuresolution seam,
11784] bty iyl | = | from 8O, slightly laminated, leaching,
L1786 BRI BT amghipora floatstone
11788 LA 0 2 2 A0 B 2 O ‘ med GY - 83.5-84, mudstone/do!ostoﬂe, black,
11700] J;;T r’ftr‘{F(‘irrrLrF 'E fracture, nocular appearance
1792] B £ - B4-89, vugsimolds?, vugs tiled with white
- P P stuff, lsaching, pressure solution seam,
1 Mmoo PO farr\p:;ipum packsions, anhydrite = verlical
Lo it leieis racture
17%) EEEDEEELT N [
117984 %-:; ; - 89-80, slightly laminated, pores mainly
11800] BEEEE 3 L] closed, laminates dolostone
¥ LT 41T NN ks med ye GY|
11602] EEEEL AV
e e & - 1178018011, very few subhorizente!
1508 &:; EEEn -1 fractures, calcite cement in pores (not
e e e everywhers), amphipara floatsions 1o laimatsd
11808] EELTRnT ety floatstone, no antydlits, BIRDSEYES! VERY
11a08] BEE e ABUNDANT, fanastral pores
st Lty
1is10! ELE Lt
e : I
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03-26-49-20W5

LEGEND

LITHOLOGY
ol 3k
E‘.}: DOLOSTONE
FOSSILS
%) - Stomatoporoids {undiferentiated)
z
[
GRAIN SIZE 2 z g g
3 HHE
3
8 g . AE
b D @ a1z
g tl g i <IE|E 2
» [l g o |9|a&
g § | ¢ B2 8 | SE |2 |2 LG
g
4566
- 4565 ~ 4583.8
- floatstone to rudstons, &
§ 4571, tums to vuggy dolastons
- calcite in vugs
45684 ) mdk GY § - soma anhydritss in vugs
l; ~ evidence of pyrite
g
[y
4570+
v
4672 |
~—~- CORE NOT SLABBED,
J NOTHING TO SEE
4574{ %
§
-3
7]
4576
KV AT AN S AN A A RGY
4578
4580
4582 ‘
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06-16-55-18W5

5
Z1%
GRAN SIZE % z § 7
o} b
; HHE
1P
. BEIEl . 128888 g
9 Bl F § 5 & g 9182 g
0 Of W Q @ 2:0|0
I 8 A ] § p E 918 &
o e RBlR |z 3 ila]a £
3 H o
10856 R A A G AR X W A A A T -~ 'COE#T
rr"pl.-'r'r'rrr’ L 1 % - 10865-58
e BR 1 |8 twodolomites, leaching, sofic btumen,
10860] TG 181 2]  fossiiicdolostone, opanand
| Rt § T2 cemantad pores, breccialed/siroms?
10862] (PErtr o tertets GY L % -5360
: = T pores ara smell agaln, fossl content is less,
108641 Byt oy B <1 dolomitized, dolostonelgrainstons, sl with
10856 F O N A AT ¥ A A v —d h'gh porcsity
| | -60B0S5
108681 clay content?, broken
10870 B il - 80.5-62
low porosity, but fois of small pores, fossil
10872y Srrrr T T rT contsnt Is less, dolomitized
QT Y7 SO o s i e v v 4 GY - 8283
1 fractures?, lote of bilumen, brecclsted/strome
j0078] RETE LI DT IL T ¥ .8548
- 4L | porous (smell and few), moldavugs?, HC
1063&] ’ stained, caicite in pores, grainy/crystaliine
LT T YT - Core #2
10“2' f"ll'r'P‘IIIT rl ph - 10858'73
B S S _ very small poras are abundant, very fow
108841 2 ‘f'r'r:«:f(f}};t' Q] 1 sub-vertical fractures, fossils are very low,
10886 G TLELOLTLL meBA |7 4 homaoganous dolostone, bloturbated?, mottied
1 iy < agpearance
108887 L oL g -mms
10890] ETEALIIZTIT T 3 fractures and pores = cemented CH, FR, VUG,
] (T B S |- enhydrite? saddle dolomite?
f(ff’r'r'rrfrrrr'r rtr ra g -1 -75.5-83
10894 ! BC, FE?, porosily is high, stained, vugs are
A filled wih calcita spar, very porous, dolostons,
108967  Fpleplogmrloplainforlaiabole no structures, no fossils cbservabis
I A S SR AT O T SR A
,0898 Trlelfff'f fr{rf{‘{rftl '83'85
o L o o Vg, fractures, BL very high, lots of
100004  frpbybephpbalolybrbol Loy sub-vertical microfractures, CH mm-cm, Vug
105021 cm-cm, FR mm-cm, fractured, bracciated
| dolostens, lsaching, Kigh porosity
100041 - 10886- 10914
T mo GY BC very high, soms vertical and horizontal
10061 Py e fractures { most cemanted with calcite, @ 20,
100084 Tripipiyhyipiyipriaioier fracturetbrecciated with calolte cement and
r,:.:f:r:,:g: .:.:,:,T,:, bitumen, mottied, biclurbated?, few stroms?
10810 g lorde otk Ll L - oceur, few other fosslis
£ E ke dn bl L K £
10812 Lplrlylrbolle L-smelivugs occcur thoughout the cors
10914 $ (1-2mm)
- facies> dus to dolomitization, not
distinguishable

- @ 10804, slight incraase in porasity towards
the end of the core

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6-29-60-22W5
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3400
L, = laminated
t TR PO R T Yossililerous'amphipora.fioatstone
3402 ] ey
;
== gmphipora-float to grainstons
== orighrix dolorvite
o e o e ~leaching
P, ’ “tyloltes
34041 ‘ A «co-cement
y A o N A A B .saddleddom
S R e e -sofid bittmen
XU LY e '
-parosity changes due to amount of moldg
8 A 2 ll".,lrl"lr ,
T X
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LEGEND
LITHOLOGY
@DOLOSTONE
PHYSICAL STRUCTURES
- Y 858MS
LITHOLOGIC ACCESSORIES
Py - Pyis Q - -bulbous
FOSSILS
< - Brachiopods & - Corals colonial) % - Crinoids
{9) - Stromatoporoids (undifierentiated) @ - Strometoporoids {undif. Amphipora) $R% - lamination
FRACTURES
—.. ~ fmcture, horizontal f - fracture, general
21
GRANSIZE % z é g
; £ |28
e cobble u 0 o g é g
[ pebbls ]
% ————granule (_nJ % E o % ‘%‘ a(z E 5 [}
E——-—sand 5 0 i u
g vemfy sit % 8 HS’ g g E ‘2 g g %
iy [—clay 8 i & o vio|o a
i ] g — |
0 @ s / HE bﬁ biauzmssgat.s N
] @ mﬁ & 5 amphipota floatsons
B L BK 38 - 53245532535
amphipora floatstone

white dolomits chunck at .7

stromatoporolds are leached and parlly calcitea
in apen pors space

stachyodes?
corals?
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METRES

GRAIN SIZE

cobble
pabble
granule

sand
L —

POROSITY

HYDROCARBON SHOWS

COLOUR

DIAGENESIS
FACIES
DEPOSITIONAL ENVIRONMENT

FACIES ASSOGIATION

DEPOSITIONAL COMPLEX

REMARKS

13190+

a182

3194

3220+

3222

s

A
A SO A O S

ey

——

/

TN SN SO R RN L N (R O

med YE

GY

3
|
Dolograinstone

=
=21
|
ek

‘Dobgralns‘konel

= 3186 - 3104
- calcite comant!

—=.3219 - 3228
- 80me vugs, calcite veln

calcite coment

-BIG CALCITE!

- highly fractured, not as many fractures in the fowsr half

-
\

- paragenssis, dofomitization, leaching, dolo cement and
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LEGEND
LITHOLOGY
% DOLOSTONE
PHYSICAL STRUCTURES
AAa - Styloltes
LITHOLOGIC ACCESSORIES
a - anhydrife crystals
FOSSILS
(B - Stomatoporoids {undif, Amphipora)
DIAGENESIS
1] - calcto cement
g
:
Z
GRAINSIZE ¢ 2817
: aHE
] g 8
-
cobble § o 8 g 5
pabble > [ g ) Q 5 ®
granule o k& C g <IEIE ¥
—sand 5 B 3 i 8 g |8 § 8 g
E vclmfv sit 8 g g g g E ¢ 1% w g W
L UlHi—Fc’ay S B £ (51818 4
12528; 2
125361 3 —==. § 12627, amphipora floatstonato
2802 2 dolograinsione
Gy i - @ 12642, solution seams, small calcite vug
12834 | - ANHYDRITE IN VENS!
- recavery 15%
12838 9 Yo
12638 é
£
3
12840 £ o
7 -AIRE
12842 8 3
12844 ‘P
12846 g
9
8 mgk GY 3
(’,)‘l’(f!ffrr({ E
04 & L
[
12652 L $
(A0 K A 4 A 4 3
-12654 l‘f‘f‘lllltrrfjtl"f'f'fr g
9 L1 i L [ VAN A &
12656 ]
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LEGEND

LITHOLOGY

PHYSICAL STRUCTURES

nan - Stylolites

LITHOLOGIC ACCESSORIES

a - anhydrte crystals

FOSSILS

@A - Stromatoporoids (undift. Amphipors)

DIAGENESIS

I3 - calcits coment

GRAIN SIZE

cobble
pabile

granule
" sand

DEPOSITIONAL ENVIRONMENT

FEET

FOSSILS

POROSITY
HYDROCARBON SHOWS
COLOUR

DIAGENESIS
FRACTURES

FACIES

FACIES ASSOCIATION
DEPOSITIONAL COMPLEX
REMARKS

128287 &,
126301
2832}
12634
1289
12838
12640
06421 |

~==. @ 12627, amphipora floatstone to
dolograinstone
- @ 12642, solution seams, small calcite vug
- ANHYDRITE IN VEINS!
- tecovery 15%

haY

Dolograinstone { Floatstone

tLeduc

FAT N O A SN D M )

i =

mdk GY

TN O 0 OO OO 0 0K 0t

MO N U T A A M A 8
12652 YIRS AN O A RN G R 2NN Y

[ AR A AN AN A O O

[ Floatstone I Mudstone]

A
L CAM O A U A GO S a8 O
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&
s
GRAIN SIZE - é 2
Q ; §
£
7] < il
o
cobble ] ® g g 2
pebble E s 3 M| 5 @
[ [TTR < =l
granule i =
sand 5 3 2 & ] £l 82
i ——[T_-ﬂ silt @ & a g g g ) 4 EEu
[ ‘!'ﬁ“"{! [ clay 2 |Bx & X |EIB(8
11672 dk GY =—Floatstons to Wackestens
1 Anhydrite in vugs @11672 1
“674. % Dolomite coment from 11674 to 11678 ft
11876 nGY ? Calcits cament in vug from 11678 to 11682 #
Anhydritest 11680%
R 1 2 From 11694 1011698 ft anhydrits 10°om
116804 Crharla e b bt ool B T@ med GY % gi undarmesath Calclte cement in vug
At 11698 & crinoids occur which shows &
11882 ::!' ;: :J: :;:::;"f,: 'r;f:; rr: : I l § . facies changs, ignore crinoids at 11689ft.
11684 1 e
. g - 4 T X i A @
1116864 Spipirlpiairiyiyleiyialy &
11688 _rr&"ir:‘;f:l}’,;,‘ 2
- B e e £
o) e
116027  oplyloplaimplylylplopkalopl
- Tl bl b Loy
1084 4
-11896
11898 # rla =
11700 ‘
117027 Eodola ol Tl Lyl
I
11704
117081 gy ey dgmgling Al g}
“iroed = . . F—-
.ﬁ 084 ~—= Form 11702 ft to 11723 it - Amphipora
11710 g fioatstons
712 LR No caicite except in fossil-fres zone at
171 o @ 722§
117144 ¥ Anhydrita cement here
11718} §
« o0
11718
117204 rGY
11722
2 1724. m
L11726 §
1117284 (nE] S @ = Frorn 11728 ftio 11735 f - Stromatoporoid
11730 'fé - fioatstons lo packstone
4 a. ﬁ At 11730 # - Big calcite vain 10 to 156 em
11732 7 2 A 11728 1t -suffur + saddle dolomite + fins
9 Ej E grained caicils coment
11734, frad
11738
11738 Tt h
] roran s
11740 "
1 L
11742 F’ "L‘"? = From 11738 ft to 11758 ft - Rudstons lo
L "
11744 t boundstone
[ b S 2 At 11745 ft - sulfur in stromatoporoid fHoat to
+11746. .3 rudsions
1174 B- k-l Tabular, massive stromatoporoids
fal R Anhydrite at 11758 #t
117504 i§ 2 Dolomite caments
L7 52: g ignore undefined stramstoparoid symbol
-1 1754; [+
1 175§J
I J
MHovy- N
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§
214
GRAIN SIZE é’ z 2ig
813
5 Ei158
e g 8123
cobbls 9 8 § Z
————pebble | 2 g 2912 @
Q [ granuie g 8 % Y E o ImiE % ¥
sand W n} u
1i=r= LR L :
b yomiy r clay | =) £t {tfjs{a o
11N}
zls v
| e g ——- 4366 - 4368
[ g - dolomudsions with some fossils {stroms?)
{ g - some caldite Tiled vugs @ 43684
4368 * 18 -4366 - 4373
- delovug-stons, and massive anhydrite
- anhydrite : dolosions = 1:1
43704 ¢
I 8
4372+
- 4373.- 4380
L4374 - 4}t 4377, high porasity, moldic and vuggy
- gnhydrite in vugs, increasing siightly
- dologione vugs, lsas anhydrie than bafore
. - ...~ soms calcite In vugs sewell
-bipvug @ 4378
4876 B 1
4378 kGY é
-t
4
4380
- 4380 - 4381
] - $4380-82, Increase in anhydrite, white/suger anhydrils
8 - §4384.5, almost no anhydrite
- @4384-87, big om wide vugs
4382 - @ 4388.5-81, dolomudstone and massive anhydrite
e e e —— . CORE NOT SLABBED
4384, o rara rHEE as ~ ANHYDRITE AND CALCITE TOGETHER
LTl T, T i) - FULL OF ANHYDRITE, dacreasing from top to bottom
see| [HEEEEGET t
4388 i
4390 & BY <E>
8
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'_
Z
3
i s ﬁ
N ®
o TEXTURE % g g
Z ¥ 213
Y g mRs]
RN 0|0 0
" boundstn | F 10 ¢ |EiE ¥
; w8y E g |38 %
o __ﬂ £ 2 = DacKsin
W §§§§§3 £ [ ackestn RS 3 1By 2
& gﬁ%ﬁ%ﬁ?ﬁ% r mudstn il I 6 (oo 4
IRREREREAREN T v T
: i s A k —— all core is broken / recovery is not good
1 5262 R A VO A S 0
N 7 O U A O A AN K T DK Y AN A )
fezes ~—smalf pores {less 1mm)> intermediate
2 porosity?
2 broken rocks = high porosfty?
115266: 3
: 5
: Gy b §
H 2 p—
15968 2|4 no hydrocarbon shows observeable
)
[¢)
' :
15270, £
~—-white veins and chunks of caicite lowards
15272
the bottom
sopgl i
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LEGEND

LITHOLOGY

SHALEMUDSTONE

GRAIN SIZE

DEPOSITIONAL ENVIRONMENT

DEPOSITIONAL COMPLEX

B

2

& @
HYDROCARBON SHOWS
FACIES ASSOCIATION

COLOUR
DIAGENESIS
FRACTURES
REMARKS

FACIES

&l

131184
13120:
13122:
13124
13126:
13128;
13130:
13132‘
13134:
13136:
131381
13140
13142
13144
13146

s . black shale / sheley imestone = mudstone
- some shall layers mads up of ostracods and small
brachiopods
- good cure to show basinal facies
- primary sedimentary pyrite agundant

BK

Mudstone
basin
treton
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LEGEND
LITHOLOGY
@ LIMESTONE
PHYSICAL STRUCTURES
ann - Siyblites
FOSSILS
< - Bmachiopods %* Grinoids (%) - Stromatoporoids (undifferentiated)
(A - Stromatoporoids (undiff. Amphipora)
DIAGENESIS
o - smallvugs
GRAIN SIZE 2 - é E
2 AHE
@ < i
cabble § ] g g
pebble > ] ] @
granule 9 % g % o lelElE
e llllco==" | g 88| 8| & |¢|g/gs :
<
b ﬁ’l"ﬁ [~ elay 2 2 % é P £ OIS I8B
i J
~103621 o e e e S 2
r ot W e e e B 5
10354 oo T oy ooy g
‘10366 O G e i o ot 3
3 4 S S P et o e i’ e Amiphipora floatstona
10008 P Ty Limestone
" 10870] T L L LI L LT Bitumen filled microfractures and styloilies
Pl ey — Stylolites are mm In size bafare 10880 f
103724 o e e e after are in cm size
o e e At10388 #t and at 10412 §t could have vug
L1 0374. ) dk GY infill due to vugs baing irregular and white
10376 Large stromatoporolds at 10405 f
103784
10380
s ]
10382
10384
10386 o
10388 © §
10300 a § =
10802 ; g
105947 i S etEt . R
10296 2
oo ¥
10400 =
’10402
10404 BK
10406 ~——— Stylolites are getting less abundant towards
the bottom, possible facies change
10408 Mo dolomitization
L Deposition
;10410 o Leaching of some fossils
110412, Mo sulfur, late vein calcitss, or saddle
10414 dolomite
L10416
+10418.
104204 _J
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LEQEND
LITHOLOGY
i
7] DOLOSTONE
PHYSBICAL STRUCTURES
ann - Stylolites
FRACTURES
/ - Yaciure, gensral
DIAGENESIS
S - sulfur
HYDROCARBON INDICATORS
B - bitumen
=
z
GRAIN SIZE ¢ z g E
3 HFHE
- cobbie @ 12
pebhle E 8 g é
=" granule [ =
Bl c—e" B2 3 |55 |8 (E(82 %
e Bl=| 8 [ 58 [2|2/8]8 :
&
- 4673 - 4681
4874 - vuggy dolostons {grainy)
- dissolved molds
- ealdte cement in small vugs and in malds
- suipher smpliscement
- @& 4678, vermutiice amphipora
4676
i S
4878
4650
4
omn, T . @ 4881, slight feices change and same verlical fractures
Ml I ¥ SR g1  -dologionetenfossls
dic GY l ] B[ - doloms Gement in vuge (emally
- @ 4883, grainy, no vugs
- @ 4884, vuggy dolosione / ficatstone
684 — - @ 4888, stylolits, brecciated!?
- @ 4687, varmutiicla amphipora
- fots of suipher
k-
46864
2
[ ~——- LOTS OF ELEMENT S IN VUGS, INCREASE TOWARDS
§ BOTTOM
- no vein calcite
4688 E - yuggy throughout
S g
&
4600
4692 <
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I voosrone

areva

raraL
FErE Vuggy Dolostone

PHYSICAL STRUCTURES
ann - Styiolites
LITHOLOGIC ACCESSORIES
& - anhydsite crystels B - Broken
FOSBSILS
A - Stromatoporolds {undifi, Amphipora)
FRACTURES
—. - facture, horizontal
DIAGENESIS
- anhydrlie cement [IJ - calcita coment
&
i
GRANSIZE § z g g
o
4
E c | & g é g g
ﬁ {73 Z w w B a
7] (=] 2 ] w g4loi0o g
E B & g § Q ] g &
2 2 o w TIE|B &

14132
14134

L e e do ot

A A O

14136

Fa
141384 &

141424

14140
1%

T
14104] LT T T T
T
ra

14146

14148
14160
141821
141843
14156
14158,
(14160
taten
L14164]
14186
L4168

14170

34172

14174]

3>

14176
14178
14180]
14182
14184,
14186
14188
14190

—

ray
§
E}
| = |
g
k@Y %
- N
2 E ]
It GY L= |
3
g
E
med GY T
g
3
£

Swan Hills

— 14130 - 14170
- pervasive dolomita
- @ 14133, vuggy, grainy dolostene, turning
1o rudstons around 14154
- @ 14142, pressue solution fratures, dark
clay ssam, also dolomite cement in
geopetals
- @ 14145, calckte coment in vugs, plattige-
{isatle appoarance
- 14153- 14183, real?
- Facial zone, rest or better lagoon

= $4170- 14180
- factures present, @ 14188- 14173, vartical
and horzontal fraciures
- @ 14170, no hole molds, little (0.5 cm),
enhydrite nodules
- @ 14172, faices change
- @ 14174, fossils not dissolved, amphidora
ficatstone
- @ 14179, anhydrite nodules, fissle, brittie,
plattige
- @ 14183, amphidora floatstone, fossils not
leachad

- facios relatively good to see, atthough
tolomitized

- high porisiy throughout

- no sulpher

- no hydrocarbon indicafions
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LEGEND
LITHOLOGY
@DOLOSTONE
LITHOLOGIC ACCESSORIES
B Brokan
FOSSILS
(3) - Stromatoporoids {uncifierentated)
DIAGENESIS
{11 - calcite coment &bl - -
2
Z\4
o
GRAIN SIZE § 3 g EELJ
; 5 15(8
S — \ 2133
e pebblo > 5 0 #4168
" granule o |k « [ <|E|E @
:"“—sand % 8 g 8 b} ﬂ m GG E
E vemfy sit 8 5 2 é 2 g g % g g
M 2 F sk |8 €83 ;
16692
16604 1|
B B | to01- 166708
166967 LD Ll il oty Lt (§) oo - vuggy dolostona with partly stachyodes
16608] DRI mdk GY g g boundstone and brach, big holds?
] - np anhydrite
167001 fllrlerdopttol rlrlerk 3 - brokan aff over> high porisity
iy, hd
16702 .
16704
16708
16708
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Core #1

‘ E
z
u
4 Ak
5 TEXTURE 2 0|3
g 5 210
o 2 wio
o |
© 0 /g
W &0 212z
o d g Q 0
boundstn [ r |E|E 9
g Byt g |18 :
] o [
it ¢ Padesn (BT 6] 2 [g|8 2
1 E‘Eucf’_‘h
L 585s22cexs [‘mvdsm i e|Z| 0 |ofo oy
IR ERERERAERE T
i 3 FaN
A AR O S AT A T A

700 N R SN A A o

o o e o —=Bad recovery = half of the core is missingt

F A A O O A L A 08 0

o 'f'f’r'r:r :ritL m— pewasive dolomitized

== porosity presumably high >
large anhydrite? and bitumen filed pores

N G A AR GO0 0 A 4004
A A 0 0 I A B O 6 My mdeY

—=the 10cks are broken

homogenous dolostone
LEDUC

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1-16-55-27TW5

core #2
x.-
2
s
1 s X
N 1) il
0 TEnRE AN
z 0 Si2
< I 210
T g Lo
o 0 4k
W E 212
e g Q Q 0
boundstn 9 B> 1ol ¢ |EIE Y
g grainstn 2 2aul2 2199 i
i lso3hat £ i 0 0 g .% g %
b saetsegsd ’_ mudsth L ieiz! o |o6la T
(RN RERRE T
1 2 . ]
16692 car ey v i i | —domonewﬂhfewfmlls
VA i G e ot B i
H f‘rli' Fa f’f‘l{ !r'iftttgr 1
‘ |
16694 \'F'!!(Ifl‘ld’lf‘l —.—mmedmaramebemeen%Mv
: AR 8 4 f(i:I:r:l:':L;Lth l mdeY (bufmws?)
g .“l’i’fl‘rl'l"l'i{lrr,l",ilfff l
16695 E; l’iflltl.’rllftl _“-sawbdolmie
: | E . salcite cements
16698, X §
& § g === porosity increases fiom top to bottom
a1
16700 § 3|0
5 —==more Sfroms
A A O O .%
16702 .
= rote ¢ and saddie dolomite
dk GY
16704+
16706:
: === broken and missing
16708 v
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.
® z |4
GRAIN SIZE z z 8|8
8 01512
5 §12|8
0
———cobbe 2 ° o |9 g g
EE— Y > g aw a8 5 0
@ e graniie o = E T g <iEE ¥
i 4 @ 5 22 19139 €
ENlLC—a | 8 281 F ¢35 |giRle s
8 < wlw
21| oy & BlElg 3 | SE[248 £
b 4 a a
D
IYALfLI‘rf‘IrI‘ f'frl'ffrl'{
5164 F AN A T A SO S S 4
®
. :::::::3“:::; - 5163-5169.5
W fots of vuggy, moldic pores
S S A S0 O O A O fots of anhydriteﬂlled veins
51664 | sulpher in smafl mm ¢izs particles
Syl gl facies destroyed by dolomitization
,I"l‘l'lf{l‘fl'l‘l'f ItGY poresieming
fots of anhydrite, mostly covared with bilumen
1
5168 a
Itrfli'l'l’(tlrrtff
A+ 4
51709  Pplaphphoploploghoplnplphuplopiog
o v D A B . 51885 - 725
porosity is still high, but vugs end molds and
ik . fracturas are miesing
ks T e Bttt 2 6 m E] § 1X-pores
Tt r,fffr;f :r: l:i':r’r - less anhydrite (floating in rock}
B e rarefno other features
ST A0 A AR 00 T R Y A Y 4
oL bt £ L L i
- i} —- 51725812
F) AR S R A O O 2 graduel increase in vuggy and moldic porasity
! feeder fractures, associated with anhydrite
ff‘rtfil'cfrf'l7rfrl’ seerndie saddbdom‘m?
tn;rlrr'ritlrfrrr‘rifrlrc fractures? ] .
O A A B A A Ao ' @ 76.5, calcite and anhydrite In vim
5176 T @ 78, bitumen Enes pore
: anhydrite sometimes elongated in vugs
O 00 A O A 2 A8 V0N 0 A @79, partly cemantad vugs
K AT 4 Locslrerbiometing
SN O T BT O MM M W S W R 4
L el b b bl Ll L & KGY
IS OO KON OO 0 M OO A A 2
€A WS A S N O M R MR K B
51784 L S B A o o %
B S DO N N A A A Ak N
I A ST AT Y, S i i £
I Y 0 A o Y S A
o fr’rrt‘rrr’rlrrt"r r’r ra
51801 (s
< v

b
NS
o
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=
g
GRAIN SIZE - g g
IHE
@ < j 3
cobble § (23 g §
w z & 13
(T petble o B N g4 |2 28
E sitt ?Ig g & g SIEE
4 vemty olay 5 4 § g a E t{a|o €
-
N N NG A AU SR A S S 5
¥ ,j;,j E ey |® 8 ‘
5018 rpbrbrrira L] —en . @ 5215+18 alf fossils ar laached, some white
R ICI I TR, @ anhydrite ocours )
RO W E - © 16.3, replécive sacondary anhydrite
o Fiy ] - §5218-2.2 inerlayering of anhydrite and
e » dotomt, with the anhydrie being more
e _— predominant
Ba1e T PP - HC accumulaied et siylclies
! ot _ -mud cisgts & 5218.4
f?f ey - @ 18, the vuge ars filed with white dolomite?
' 2 i %
—1 %
fo0 %-\‘ 1  |=—-5220-5228
EA e T g - dspositive, teaching, dolomiizsd
it / a § - vertical fracture filled with anhydrite
e o S i L o o RWH Q - vuge ars filled with dolomite and anhydrits
S o Ao S ek S - @ 225, fracturs Is filed with anhydrite
15922 LR LT - @ 23-23.7, corais leached and filled with
L o oo e o e s o sediment and spar cement, certain generations
I . — of dlo2) par o
O AT A e o S A S 4 @ dkay |— - ©@23.7-24.5, zebra dolomite?, solution seams,
% anhydrite chunks, geapetals, amphipora?,
59241 (rlrlriririprbririgty »  Camve] corals?
4 5 « @ 24.5, lsaching, framastons, cament in
&3] e shromatoporia
| dskWH | .é - @ 25, floating anhydrite,
Q) g amphipora-floatstonse?
115226 T % - fine grainad matrix with iots bigger stuff in 1
R AR ALK { & ==~ anhydrits, amphipora, grainstone/packstons
PR A A S EWH —— - @ 26,5, sevaral long (2mm width) vertical
SRR RI RIS é fracturas
so0s] (EF gy o - @ 28, high, moldic porosity {vuggy?)
1 g - fing gralned matrix
tay § - dolomitized, leaching, anhydtits,
amphipora-fioatsone to packstone
4 - @ 29.3, white, massive, secondary anhydnite,
Hioating dologtone chunks in it, pores are el filiec
WH - @ 30.3, grey matrix
- big clast in anhydrite/dolomite mixture
~ slemental sulpher In vugs and molds
- dolograinstone with high porosity
- anhydrite and dolostone together
R ’gg‘ - amphipora packsiona to grainstons
ﬂ 5 . @ 5282, minor anhydrits, emphipora grainstone
i to Roaistons, lots of poras, om size stylolite
Gy a8 - @ 33.5, mm sizs stylolite
o - @ 34, pores are comsnted, vertical to
ot s o et S S R A / subvertical fractures, fractured grainy dolostone
e with anhydrite
o - B35.3, pores are fillsd with sulphsr
o s .—"_,‘_. ooyl ~ some minor anhydrite at 36.4 and 36.7
ans ‘,:,:,‘ ,‘_,:,:.',:f:,:r - @ 30.5, amphipora floatstone o grainstone
o A o e 2 - high vuggy, moidic porosity
S - @ 41,5, mm size stylolite
-
ki 3 —T
-§24D %
tye GY 1 3
J " L
e B
a
H52424
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LEGEND
LITHOLOGY
%WLOSTONE
FOSSILS
B - Stometoporoids (undif. Amphipora)
FRACTURES
/ - firaciure, general
DIAGENESIS
[£] - anhydrte coment O - calcite coment
3
®
GRAIN SIZE 2 g ?(_ E
2 Q =
B 158
[ cobbig 8
0t g g 1HE
7/}  granule ] g § %3 ﬁ} g = g
sand 3 wl
E‘E—[' 7 oFE 38538 |8Ee
il r’c!ay e 8 é B = 188 @«

150
bise
B1544

r1 664

5158

D—-——D

1'”60

Fﬁsz

31644

ot
AN AT O S M MBS O i P O
A TRV R B N A

KR B (30, SO A A A

31864

O ANl N Ol
o

dk GY

D T

%
I3
[
Qi o o e e o e e 5 e o e s e e e et e e s e et e )

Floatstone

Wackestone

Mudstone

Nisku/Leduc

top, less fossils towards hottom
Porasity decreesss as amount of fossils
degraases

Anhydrite on top

Caiclte throughout

Vertical to sub-horizontal fractures
Fractures ars filled with calclte

Grades from floaistone to wackestona to
mudstons

=== Amphipore fossis high to medium amount &t
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METRES

GRAIN SIZE

POROSITY

FOSSILS

HYDROCARBON SHOWS

DIAGENESIS

FRACTURES

FAGIES

FACIES ASSOCIATION

DEPOSITIONAL ENVIRONMENT

DEPOSITIONAL COMPLEX

REMARKS

core A

3774

3776

are

3780

)

-3870

aa724

38744

3876

R D0 200 B A i O

N R VO S O O 0 2

dkGY

med GY

mek GY

Y

ASLdSiO.

Dolostone/Floatstons

Nisku/Calmar

Leduc

e« yittioed 10 subvertical styloliies
- @ 3779, calclts veing, two gensrations, one madium fo
small, one caarse In big vug
- Inersase in porosity> facles chenga?
- massiva anhydrite ai botlom

Core 2

~=== porous dolo-floatstona?
- very vuggy
- broken> porosfty?
- lots of bitumen
- @ 3873, big rugoss coral
- variical / small fracturas filled with bitumen
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LEGEND
LITHOLOGY
@DOLOSTONE
LITHOLOGIC ACCESSORIES
$ - Sulfur & - enhydrite crysiels
FRACTURES
e fracture, horizontal
T
:
X
GRAIN SIZE % |4
L%
2 £2|3
% §1818
cabble i g - § 4 %
pebble ' i © g
granule % 0 « uor < EIE g
sand s PBlel 3 |85 |8 |2/8(8
om0 § 8BS F|%F!agEs :
i rcay < iL 3] w o |ris8!la [
10024) IRt —
L L rfr L llf‘,?ffrl’
10925 o e === dolostone (floatstons),
10928 fl:lir: :r:(:rtrrﬁrjr 2 3pﬂck|3d
o e '???i‘: 5 g - vary dark and shaly at top,
10830 ra ’{r{"ff'f' '(?;f;ftr %’ '8 'ﬁnhydme vains
e e ) fT’. - - milder amounts of sulpher
10932 T T T2 T - no calcits cement
10934 ﬁlf i rr ‘K}TT(ILEA‘T -NQVEJNCALCITES!
P T SO A el Lk,
10938 1
1< — R
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=
]
n]
,-,H; TEXTURE g =
: L
: 5
w
boundsi é
5 grah;lm :ﬁ &
E Eg £l B acknstn 4 g
§gesfad | [ mudetn L &
i T Amphipore-Fl 7 (ot slabbed)
13800 RGY
l high visggy and moldic porosity {1-7 mm)
\—poms are filled with cc andor suliur
i wWH messive white chunk of enfiydrie
] ~—— Faclos?
aY
makrixdolomitization
Bor
13906 CC in big vugs (804.2)
wait cemented pores
g
3008 i 1883 to no sulfur
e matrix dotomiizetion
13910 V| R e Oy
| = sulfur leas than on top of core
13912 18 open malkdic and vuggy porosity
= late calcite cemenie
13914 \ g big vug infilled with caicite
8 § porosity is less
pores are camented {3-5mm)
13918 i
13918+ ray
! crosscutting stytolites
fecc
"= rocks are broken >gue to high perosity?
1ase0 ——some solution seams occur >anastomosing siylos?
13022 o
53 T
13924 e —~——big cc vains et 24.8' 426’
veins seem to ocour late {0.5-1cm widthvseveral cm long)
i often filled with caiche
H
13928 i e~ diagenssis:
® = malrix dolomitization
i Isaching
139284 ce-cementation {fine epar)
i co-cemsntation{coarse epar)
1 eulfur anhydrite
! T rocks are broken
] T T —=— anasiomoeing soluiion seams
! = E ; N siightly laminated > Algatieminiie?
et 8 i p: |
——— o iy 2R Dofomitization
13934 T g;',' z O ! cc-cementation
LT T T =H ' sulfur
- Rkl | ¢
Bt ¥ I GG 51 |~ more caldltised fossils
| i T % Amphipora-Floatstons?
i ! EIEE : } % tocks sre broksn
= || R TR O DL O AR -
13840 ! -——g —— Wackastone with fogsils
o
= 5 ? § T pattly broken
13942 LT : flé\ HC: black seams
iy P e Lty = Amphipora-Floststons
Y v —_—
= orrl 1 @RS B
13944W 2t P byt T s = Disganaesis: lsaching
1 PO GE X Ot Lt Ly ".ﬂ £ \mlmwﬁm
13548 i & \ Anastomosing solution seams
13948 il ! g L-H(::bla::i: stytolites
T Siromatoporeid-Floatstone with moldic pores (~tem)
- v .
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13950

13958

13860

13862

13964

13966

13970

13972

13874

13978,

13978

139804

13982

2-01-32-57-25W5

1
@-—-——-——D

T
i}

rrrrrrrrrrrr

............

e D e e e
2
4

D G b D¢

GY

ay
dk BK

l lagaon llrne

shallow subtidal

ay

BK

tay

aicgy BK

upper slope to meef

\-Diagenesis:
dolomitization
leaching
cementation
thin solution seams

anastomosing solution seams

less poroaity
Amphipora-Floatstone flossiliferous
open pores

black solution asams > compacied
HC:black seams

larvinted dolostons
Iess fossils less pores
sofution seams

HC: black ‘payzone’

Facles?

HC-stained

fractured

ce-vugs (cm-size)
Diagenssis:

dolomitization

fracture

stylos

saddie dolomita? cc-cement

huge vugs & fractures
grainy Amphipara Float- to Wackestone

moldic porosty
no fractures
poras are cementad by calcite

S E———

r—r-rﬂ"ﬁ_—d—ér—‘r-r——‘%—’———'

targe vugs (cm-gize)
- infilled with caloite cement and saddle dolomite

fractures {not &8 much as above)
Less fosslis

Amphipora-Float- to Rudstons
corals

fossiliferous

Fossils only partly dissolved
> opan and closed pore space
harizontal/subvertical and vertical fractures

moidic poras {2-3cm)
lots of open pore space

rocks arg broken > dus to high porosity ?

e
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§ TEXTURE § g E
: £\
g
w
houndatn
grengin | 5 £ §
g packstn § w
E wackgein § g
D [ madain g Q g% g
T bt
12878 3, |~ Remphipora?-Crinokd-W 10 Miudstone
3
12878 M
12880,
-~ Crinolg-Brachiopod-Wackestone & less
12882 foesllifarous mudstonse
12884 g
Fi2ass. 2 ~—==mainly mudslons with less fossila
E -paitly dolomitizad
ow porpaity with increase in coarser pans
12888 -lote of fractures {all diractions)
12890 r 5
s | 16 D
resu +fots of bitumen
porosity Kigh
12684, “ugs with co-cament
12606 § ™ Wacks- to Mudsions
i ~le68 porous the dolomitized part above
12608 ! L ~ bitumen slong fraciures and stylolites
{ \-Namnow? 2958
112800, * mdk GY —  \-Stylofites and other PS-features
Wecks- to Mudstone
12602 e fossils
. [ -graineize fine to medium
12904 ! : -microfraciures are sbundant
™ ' <lots of horizental fractures
|12906 ‘\_ hin along f and "
12608 fractured and stylofized
12910 g
[2912 £
). hah 4
2914 : R
: 3
s e
2918. ¢ o ———
12820
e SOME VUGS at 21"
H2922 w
2024 Tty e 00V
x e e Wt B s - -4
2926 T IR Sy g —— Transition lowards Strom-Rud- to Bindstone
4 3 -lsss Stylolites
2028 e ot a e T -ies8 fractures
-moldic pores oceur
B e e e T —
2930 T e Y e - Sirom- Rud- to Bindstons
2952 P AT T 8 e
20341 |11 R oy =
ok h4 g ~——=tossiilarous Lime-Float- to Rudstons
2038 ray ~gbundant Sireme
!' d -herizontal fsunvertical fractures > bitumen ony
Bzoss{ | b4 PN ): tractures compaction/iracturing
ey i 1 -\-
BT | ! 3 Mud- (o Wackastone
[ Tty { i E -mwidic/ fracture po_f'osity 7 woﬁln .
2042 Sy ) N av ~molds/ vugs are cemented and filed with
H e e e e e % ll \bmumn
2944, i i A, : } "\-increaxa in foasil content towards bottom
T LI LT o ! diaganesis: molds In fossil
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12946
12848
P 2850
129521
12854,
12856
12958
12860,
12862
12684,
12986
12868
12970,
12972
12874
1268786,
12078
12880
12882
125844
12986,
12988,
129590
12992
12604,
12956
12098
13000
13002

13004

13008

13010

3012,

3014,

3016

3018

3028+

3030

2 05-13-58-24W5

Y
P M

B B e-m

v

HHH

o

e

%
by

DG

s TR

.

s

B e e o

5

>3

G G

24

mit GY

®GY

subtidal to reefal?

subtidal

mdk GY

"alagenesas: TROTaR W 10851,

4 g
\Floal— to Rudstone {Stachyodes™oorals
~glyiolites/iracs. in less fossiliferous
i are lasg ab
-molds lese abundant;fied with cobitumen

———betwoen 52'-54' more micritic non-fogsilferous
—~~—micrita envelopes
at 55 targe co-vug

Al Hofmore fract

> fass
/stylolitss{microfractures)

fossiiferous imestons> floatstons
- dark HC-stain

~ce-comant

-fragtures

“molds & Factures

= Mud- to Wackestons
+lot of trecturas/tow molds / lsss fossile/ lrusel,
HC-stain

ay

sav, g-n;mbns of cecement
-minus cement porosity would be high

Mudstons
few fossils
~Fraca/molda/cemented vugs

i{ch4

e ot

i GY

GY

dic GY

T-Fioat- to Grainsions/ al >
Amphipora

—PS.geama
- Microfrecturas / molds/ vugs

= l@aching/cementiation

Flost- to Pack /
molds/ stylos/ fractures
| Mud- to Grainstone / glightly laminated

~bitumen along fractures / horiz. and vertical
fracturag

— {ossiliierous ¥mestons . stroms and crincids?
~krusel. bitumen
-stylolitas
~comants

——interpartiole pores are cementad
Fractures are fillad with bitumen
Stylolites are enriched on bitumen

with stightly lamingted mudstone
~— horizonal and micro fractures
~ Stylolites abundant

e URrugelig’
Iots of bitumen

~— Slightly laminated mudstone
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i ~
* 1 i ‘ e Slighly laingtd mudstons
302 :
: ~enee giylolites in mm size
3034, &y fractues {micro and macro)/ flesd with caicite
- = 1
i LT LTt T £ e fenisstral porosity! birdseyes?
e ) rey |2
3040 LT LTI -é == Bidbious stroms (40-41)
i DL T g
130424 o sl o e
9 = GEments
130444 IO Tt
13048, v
L4 RN |
o v 4 e 4750 ransition > loss fossils more mud
13048 T o
13080 R e dcr0888 It porOSHY
fe0s2 o mudston, tsss fossls, less birdseyes
13054
BGY
13056
13068 e A e fylfifarous imestone
i e e 20 e phroy @ ‘L calcile caments

13060 el
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1 05-25-51-22W5

METRES

GRAIN SIZE

FOSSILS

POROSITY

HYDROCARBON SHOWS

COLOUR

DIAGENESIS

FRACTURES

FACIES

FACIES ASSOCIATION
DEPOSITIONAL ENVIRONMENT

DEPOSITIONAL COMPLEX

|

[core 1 |

4378

4378+

4384

4386

. 2000 O R A M

R 2K SR o A S A et
s o o'd

- o

y i

W O S A S S

T T O A N Y

kGY

mdk GY

Float. 1o Rudstone

reef @ lagoon

Rud. to Boundstone

|
|

Leduc

e - 4374 - 4380

- fassilific limestone, coral stroms
- floatsions to sunstone

- marine cemants

- Thamnopora throughout

e - 4380 - 4388
- tabular siroms

- vartical to subventical mirco-fractures ﬁlisl

with bitumin

- Stratigraphy> egitated 0 quister

=== high primeary porisity, compiately filed withy

milky-whits spar
-NO ANHYDRITE
-NO SULPHER

- CORE DISPLAY
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. 4454 - 4487
- Yuggy dolostone, vug holds
h Gy - camant in vugs
- facies destroyad
- vugs> amphipora ?

4486

el e |
4 20 O A O O

e 4467 - 4468
dk GY - limesiona
- big calcita vein g 4467.8

=== 4468 - 4469
- vuggy dolostone

4468

it GY

U AN A O N S

. 4460 - 4471

- fossilific imestons

- @ 4470, vertical slylofites
1 - gamenist

- bulh stroms
\- mudstona to grainstone

-A471 - 4472

- vuggy limestone / dolostone
- coments (earyl)

- dolostons in transition

44704

reef

G Yy
B .
a———‘-—--—b

4472

Leduc

44744

- 4472 - 4482

- vugay, grainy, pervasive dolostone
- high inter-x-tal porisity

- @ 4473, calcite vain

- vemutiich amphipara?

\-WETWEENLMESTONEAND

DOLOMITE
- CORE DISPLAY

dk GY

44761

In b
)
A
x|

n M ]
iy M w4
ok by

o
iy
oo

LY LS YA

4482
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7] < | §
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vemiy o] = < < W
clay I g % é & £ %88 4
IR
Y "
=4
B AR RO S M 0N A S % ___448%-4829
e o~ ot g - cms, strom. coral Bound to floatatons,
Foployloyberhuaplopborlopboplphongep SE. 3 bracciated )
e ed GY s g - @ 22,8235, big caicte vei { cm-dm stzs)
e 218 - @ 4824, thin solution seams
llffl‘rT'r‘rl 'rlgzvr‘xr g e 34825, breccia ) ) )
B o 2 g - unfil 4827.9, dolomitization = fabric selactive]
20 G A, T g 'mehﬂwmﬁw"n‘y
[ delomite
4824
| dkGY
4826 o il o e S e
Pttty 3
b g i e oy N0 N " b4
AR A l"!'l’ [ '1fl
AR O R U A A
D ka2 i o O 4
'48% ‘fJ{(l"{' '(’l’rf’f I d l'r(
L T
LT DO LT LT,
rrtilr‘r“r(l‘(ﬁ'jrllrz w T - 4829- 4837
o e s - @ 4830, fenesiral?
48301 l.ZL;f:g'f:v'r TTTLT - @ 4829.1, caleite vein
A S 8 - @ 4831, first sulpher
by bl rpbophepp ool c - § 4832, small calciie cements, and
Tt O R a8 O ot mak GY L § assorted sulphur
-t ) v o s - pervagive dolomits~ .o -
o e - @ 4835, only party dolomite
- fenestral?
- § 4835, paraliel sokution seams
- @ 4836, wavy peloidal
—1 - dolomite veins, and bitumen
4834 o
¢
ok GY
4836 §
med GY £
— - 4337 - 4847
- - @ 4837, small stylofte
48384 s
~ @ 4843, solution features are slightly mors
tagoonal
- @ 4844.5, big siylofias with thick clay
o - @ 4845, differant fossis? Peloids?
48404 . Torbplo bl A o 4 0 n ] - aarliar, bettarcemented’?‘
. f ] - @ 4848, back to less particle rich
Koo lrmhrsirodrcid assscmbasdnmdas 2 é
[
2le
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4828

4830

24836

4878

2 07-18-52-24W5

e A A JOT o A
€ oo e -t 4

¥ A O A S O i
yi A A s
i 4 o o 2

b

-4340

4842

4852
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T A o i 2 A e 03 4
o i i LD 20t O e 4
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o

mdk GY

4

dk GY

mexd GY

kY

B~
g

dk QY

med GY

dk @Y

mdk GY

tagoon

[ [ =]

iagoon to resf

fore ree!

lagoon

tagoonal

Leduc

e . 4820 - 4837

- & 4830, fenesiral?

- @ 4828.1, calcita vein

- @ 4831, first suipher

- @ 4832, smail celclta cemants, and
assorted sulphur

- pervasive dolomite -
- @ 4835, only partly dolomite

- fenastral?

- & 4835, paraligl solution seams

- @ 4836, wavy peloidal

- galomite veins, and bitumen

e - 4837 - 4847

- @ 4837, amall stylolite

- @ 4843, solution featurss are slightly more
iagoonel

- @ 4844.5, big styloes with thick clay

- 4 4845, Gifiorant fossits? Paeloids?

- aarfisr, batter comentad?

- @ 4846, back to less panicle rich

—- CORE DISPLAY
~ fauit at 2824 followed by a limastons

ssquence

- massive calcite veing around fault and in
Hmestone

- until 4827.8 D = fabi

= only matrix = fossils still ime
- most porous pers in pervasively dolomitized
parts
- calcite vain at @4829.1, sssociated with
bitumen
~ gradual change between langoonal

7) and refal “"amphipora rich” faices
~ biwean 4835,5-38, only partly dolomitized |
({fossiis and matix-limestona) ;
- suipher in moldsirugs stops at 4835.5
- facies sometimes hard to describe>
dolomitization

~ 4B47- 4862

= yugs b ing ioss end lass tart, and
finally, at 4857, X-TAL no vugs

- lgus fosalls

- calcits &nd dolomite and sulphaer in vugs

- @ 4855, some calcits veins, no molds =
tossila

- @ 4858, soms vertical to subvertical
tractures

- @ 4358, anhydrite starts, no mora caicits (
axcapt for vain at59)

- from 4848.4-54, elomental sulpher in vugs
- big calcite vein ot 4847.8

- ealcite vug at 4849

- abrupt facies change on stylojite @ 4848.7

¢ )b
- @ 4867.1> anhydriie c’e;mams’

- anhydrits end dolomits cements unti 52.8

- §8.9, hugs anhwydrile veln followed by calchis
weln

- undemeeth §5.5 in genora! less loseiific
- CORE DISPLAY _

- facies ang disgencals

- dolomite is limastonst
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TEXTURE

GRAIN SIZE

g raingtn

A

TP e T ey

j:

85

BS

5
FOSSILS
POROQSITY
PORE TYPE
HYDROCARBON SHOWS
COLOUR
DEPOSITIONAL ENVIRONMENT
DEPOSITIONAL COMPLEX
FEMARKS

METRES

=== Anhydritic dolostons » enhydrite nodules in
cm-slzes

diagenosis:
«dolomitization
- ractures (thin horizontal fractures that are
haaled with calciis)
-anhydrite
-Le-cament
o¢ content highl

\Mmogom dolostons

mdk GY

anhydritic dofostons

4138

&Y —— anhydril dolostone
anhydrite increases towards 41.5m

ive anhydrite

4140 oo
.l {replaciva®)

vitwh GY

b

GY

== dolostone/grainstons?
“horizontal fractures

\ -fogsils?

-\- massive anhydrite
homogancus dolostons

dlagenesis:

-dolomitization

:
E Hractures

vitwh GY

entydri.. lnnhydti‘w anhyiic ] ho..

FYOLIE
dolastone

<14

«¢e-coment
-anhydrite
frasture porosity sef, high (no molds nor vugs)

big calcite veln 42.0m

big anhydrite vein 42.3m

big veing gaem to be filed with anhydsite
smaller onse with calcite

platey to shaly habit> mart content?
fossiibearing dolostone

anbydrite in smafl nodules

calcite rare

1o moids

small vugs &fracturss filled with anhydrite
high fossil content {Stroms/Corsls)

increase in fossil content >
Amphipara/Stachyodes Pack- to Floalstone

4144

o
4146 o= ’('l'l"r'l’r";"{’: v or ame &

fogsiliferous dotostone

Qo e e e e e e e e e e 2 e ot e o o

e incrBase in open moldic porosity
> caicits & saddie dolomite

hian |
Wr

4150 | o A o S 2 2

= glightly laminatsd/strom, rich

mer.) W© mefl

la
to

=== broken rocks > porosity high?
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(20w e oo s i e o
e o -t e ot s |

——fiompgenous doiostons > dolomitization,
ay pores, co-cement

\no fossils obssrvestie
P Ly Ly ey Ly Stramatoporoid-Float- 1o Pacl
IR T BT e O T T Diagsnesis; dolom., laaching, press.
e o V3] dk GY solution, ce-cement, pyrobltumen
;%ﬁﬂ' gl iy T %3 big covein
‘Lr T ey . 2 A - ey e
- e \ ) soa
e T 1 shightly less porous
T T e ey it : ™A hiporafStachyedes grain- to p
! i e o griaStomosing solution seams ar abundant

biack atuff on sol.gsams
—e=a= ga8m8 {0 be slightly laminated

L2704 | ﬁ“

— 0 ahvious facies change untf end of cors »
taminated fossiit. dolosione

\-anas«omoslng selution seams

»E

mit GY

|7t e s 03 s s

soraf (10 Pt

! |

}=e=giylofitas with huge (2-4cm) amplitudes
-gtylofites are more common in porous parts
whersas solutior s6ams ara mons commor in
1888 porous paris

g
) e

14274 T YT LY T, I T 2R

o s 2 e g

e diagenasis:

S -dolomitization
S “Toschi

1 Ty f -pressurs soltion
P R L by -cc-cement
Ty S -saddle dolomite
l Tt L T DO Ry -bRumen
razredlf . O E e e Ty Tty
e ) satidle dolorrite & calcle in pores

e jots of bitumen

e fractures are not very sbundant

intestidal to shallow subtidal

- tongstral and moldic porosity are p

mdk GY

: Yy

4280+ et e e 2
e e o e
S e e a5
s s e e e B
e L

e T T P
T e e e = {ractures are not very abundant
b L e

Anan

——brokan rocks > high porosity?

4284
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GRAIN SIZE

DEPOSITIONAL ENVIRONMENT
DEPOSITIONAL COMPLEX

38

gg

o
HYDROCARBON SHOWS

FACIES ASSOCIATION

METRES

v e

2g

(=3

FOSSILS
POROSITY
PORE TYPE
COLOUR
DIAGENESIS
REMARKS

_\m
i}
1
1
1
L
L
1
NN
)
.
Hr\
1]
1
1
X
1
Y
P U Y

e

AR e Al i s RO ray
€ S U il DO . e O 0 q’
5AZ2Y Ry ey
7

5524 —— . 5320 - 5337
e o ~ dotomita, medium to coarse
D e e e S A g |
[ Y et o oGy - crystal dolomite> shiny
1 EE G iy ~ at tha top, Iots of bituman, decraases towards
i S o O St Al 3 s
e o o e 2 o e the bottam but is st abundant
5308 i el e o 20 - fractures are filled with sofid biturnen
s e oroflod wit spar(?) and tumen
200 D i A S . S 5 A - fractures increase towards the bottorn
{ ‘ gk BK - it seems 1o be brectiated, with no fossils to
4 ] recognize
5328 1‘1':}?4:::?:'—:(:':{:1':7 ' - vugs mm to om size
s oS S i

o A 08 7 A 2 e
A O O Xk DO 2 A MO
X i (S A W %, 2 4

-5330:

e i s s o T
G 20 e 2 2o ot e
€S0 M T O S 0 N A 0
N N 0 S T oo e e e ST v
row s A o o g o
C A e A A o S G A e O
a2 e SOt 0 2 N o
" i s a
e !
-5334 A . o
A A Al 2 oy 2
A ST . A O e &
S e T A B i 2
Y SO o e O A ok o ok A &
[N e o . O o
- K O S S O A A Sl Ol o &
£ 2 AR G O ot o 2o o
N 8 S A i o
A o v o o4 v
v A0 o

saso] | - 5397 . 5381
) T . - fractures are both honzontel and vertics), very
i abundant
4 3 i - @ 46-51, fractures are dominate, but vugs are
e e also present
o
s34z e s et o ~ bitumaen Is abundant, but less than core abova
e e O o ~ fragiure network
S e ot 1y o a4 - dolomite, dolofbitumen spar
Tl o el o At i it s 08 A - porvasive dolomitized
2 o o ¢ (334
S o e s s s - reworked?
53444 e e i o e | - no facies change recognizable
',:,;,:fzg,',‘['l;,"‘ - tacies overprinted by dolomita
e s )
o G o e o o S - @ 47-51, fractures filled with bitumen and
T i G0 ol GO 4l o S s
3 | spar?
- no faciss vistble
53464 -
o o 0 S
a0 G O SO B 90
oA oo S Y S ot
T P T o a4
T Lo e 20 et e a3
N RO A R M S S e’ S & o
TR0 A A A it 0 & 3
5348 Hipl iyl T §
i g e s 2 3
i S O
o A o 00 e sl
T A o8 A S0 4 S 5
S o A A i 30, S A
o R by {
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5348+ F RO A 205 0 A 5 B8

"
Ryt
qH
HH
:
X
]
2
Leduc

—. game as Bbovs, {raciure part becomes
brecclated
- no facies ercsien
1»0 - graphiis Is realty fracture related
i - alf matrix is dolomite
- bitumen, late calcis
- did calcite precipitate before microfractures?
153564 - - @ 54-68, calcite ocours but seems to be
My rewarked

115358

J59601

rase s
t(frf{rrrrrr
5362:

= dolomite, with cm size caicite chunks
- grape calcite at 5369.30
- caicits is found in vugs, postdates solid
biturnen
- Ruschel zons
D> - calcite chunks are usually surrounded by soli¢
bitunen
- @84 till end, it soems to be bracclated

N O ARt
5374 2 W G A 9

i
i
]
H
N
."I
G {2 el
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Zz
i
AL
GRAIN SIZE . &
[+ z
g 3
g , ElE
@ ] o}
@ z « 3 < =
] Z o N|la @G
. B EHEREERER
jrad 2 g é o é P fla|a 4
- — — e
111244 ;T ey - 11123-28, fow solution ssams and
11126 I ﬁ med GY g 2 stylolites . s
1 { nodular dolostone with ¢ri
111284 sk IS h: N - pyrits flecks in om size
L1130 Loty ] / 8 @ 11127, thick clay seam
8 ST A v | % fow enhydrite chunks on sclution seams
11132 T T ey, T ) Offféfyms only, tinsly brecciated
] S -1
11134 cTiTir ety horizostal and subvertical fractures
11128 e aT i solid bitumentitt
ety % lots of moldsivugs, fractures, bitumsn
11138 . B leactiing, grainy dolostons
1td0{ g
11142 g - Coro #3
TGY - 1113148
11144 high porosity, vuggy and moldic
fractures in alt directions, micro and macro _
11]4&. - Rl § e meba & S " “stroms?’
11148 < / — dole destroyed
i & lots of black, shiny bitumnen
11150 ¥ T 4 fots of bitumen lining or filfing poras
11152 CreTEvas T mostly broken = brecciated
11154, 7 ~19148-49
1 e {ass fraciuras and bitumen than above
11156 o Dl L T e LT, 1 pores not as filed with bitumen
11158 .,2‘}’."?",’,‘,:.:71.}:. i i less fracturas> not as chaoilc
1 : o - 1114985
1“604 1 L g high porasity, vuggy and moldic
11624 il T med GY ) lots of tractures in all disections
B I e o o ot ok s i S bitument]ft
Tiie4 ! P e _‘ brecciated and broken
=t o .
11166 it 77 leaching
t1188 Z X e s LT Gy fractures mostly vertical to subveriical
I St ! - 1118559
11170 < mainly fractures, less vugs and maids
111724 gzt O A g A" . 2 4 = mastly mircofracture network
o ot T med GY nat eheotic, not broken
111744 ¢ -‘ dolosione, bitumen Is fracturs related
M e o o S S G 4 P laaching
11176 'yl
11178
111804 L 11150-64
11182 -: ¥ < X porosity, no fractures or vugs or molds
: 63-84 Ia lass modatied than abave
11184 & L
1 by . . - 11184-70
1isey | o = ] m 8 high porosity, vuggy and maidic
11188 o % fractures in alf directions
r lots of bilumenit
11180 2} T ~ '1 e ® E4r, posidate the b
11192: Iz T 5 i |74 dolostone Is brecciated
11194 va crxa ra cra - Core#d
1 EEEETTEEET F - 1117071
11mey ¥ : subverical fractures, antydrite dolostone
11198 - 1147175
- = vertical fracture @ 74.8
11200 bitumen in molds and stylofites
11202 anhydrite on stylolite
pressurs solution
11204 Jated, fraciued dolosions
11206 fractures are not illed with
L calcitefanhydrite?
r11208 ~ 11175-80
1 fractures are less, bitumen fillad fractures,
112101 wugs and mokds
11212 ~11180-88
112“1 oy vugs end molds filed with anhydrite and
" 4 G - bﬂ(m’!ﬁ»ﬂ . -
@80, fracture with calcite and without
11216
LN bitumen
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111944 b Core #4
- 11170-71
111963 subvertical frachures, anhydeite dolostons
111884 -$1174-75
vartical fracture@ 74.3
11200 Biturnen in molds and stylofites
11202 anhydrite on giyklite
pragsure solution
11204 bracciated, fractued dolostons
11206 '] fractures ars not filled with
caicita/anhydrite?
11208+ / - 11175-80
fracturas ars {ess, bitumen filed fractuses,
11210 vugs and molds
11212 - 11180-88
vugs and molds filed with anhydsite and
1214 ray - peburisn
11216 @80, fracture with calcile and without
- bilumen
11218 HC stained, very pordus
[11 230 L caleits in vugs/melds, not in fractures
11222 - 11188-96
L High IX, vugs and moids filled with bitumen
+11224+ small fractures {natwork)
1 dolomud io grainstona?
r‘ 1226 Py v om size
F112284 - 11196-203
1 X .] {ssser and smaller miv
11230 one vertical fraciure (whits), one horiz. to
11232 subv, black fracture at bottor,  cross culy
1 into vertical white fracture
112341 clacite posidates bitumen
11238 white vertical fract cider than black
horizontat
11238 dolomudstone?
sm vim, Hiled with calcite and bitumen
11240 Erﬁ] biack vein conteins calcite, white vein does
11242 an
11244 - 11203-07
11245 big chunks of anhydrite
chaotic fracture network
L 11248 anhydrits bearing dolostone
lots of bifumen!!
t1 1250
11252] ! -11207-26
v v e permabiiity sesms to be pretty good,
hovizonta! cuttings are often costed  with
bitumen
fots of fractures in all directions
bitumen a bit lass than above, but stilt there
@ 11220, solismita vertical structurs
{ichno? or fracture related?)
dolo destroyed facies
several fracture generations
chaotic, fracfuras, brecciatad dolostona
L lots of cement
- 1122783
lots of vim, IX frectures {high to medium),
permabliity seems tobs  pratty good
lots of fractures in al} ditsctions, panly from
pora v/m o vim (connection?)
tots of v/m, all lined, parly fied with
bituren and calcite coment
vim cm size
complicated fracture system, several
generations?
white vein (no calcite) are usually oider than
the black mircofractures which ofien
contaln calcite and seem {0 eonnact vim to
another
.
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2740

3 mck GY

- Amphipora Floatstons
High vuggy porosity
Anhydrite is major vug filler
Vugs = mm 10 cm in size
Vugs somstimes lined with small
calcite cament
Minor horizontal fracturas

e e e e e 0358 s e s )

=]

| PALY3

Floatstone

b

fera4

F——

Biueridge

foras

———1.8s6 porous, No More vugs
Graduel dacreasa in fossil and
anhydrite content towards Calmar,
Stromatoporoid floatstons to
wackesione
Lamination at 2745.6m
Smalt vertical and horizontal
fracturss

mit GY

27484

Wackestone

£27504

e AT
DT Dtteps e
e e e e s o it o e o e e

e e o o e s 7 . b

Calmar

cemant, or dolomite cament

gn BL 3 = Yfackestone 1o mudstons to
| ____.5 wackastone
=z Vary low porosity
1 o anhydrits camant, or calcite
o

A A SO IO A AR T
A0S A S S S i St (- S

yo &Y - Vory grainy, high poroalty
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METRES

GRAIN SIZE

FOSSILS

POROSITY

PORE TYPE

HYDROCARBON SHOWS

COLOUR

DIAGENESIS

FACIES ASSOCIATION

DEPOSITIOMAL ENVIRONMENT

DEPOSITIONAL COMPLEX

REMARKS

{5486+

5470

5472

5474

5476

15478,

115480

54521

5484,

5486

{0 0 W 220 W A

S R iy i O 00 0 S

| A

s

hila
4—@—0

)

)]
%\
;

dk GY

ek BK

>4

it 8K

RGY

veef front to basin

} bagoontoreef!

e e GOPS # 1
- gas? near top
- 5465 - 685
vary fine grained with corals in 1-2 sizes
{sometimes largar}
depositive, leaching?
dark grey- black fossiiific imestane
amphipora-flactstone and packstons
the biack limestone is slightly bracciated

- 54595715
medium grained dolosione with high amounts of
amphiporg
dolomitization of matrix
fosaile all remain a caluite
amphipora packeions- becomas &t the end &
flscteione and goos overinto & slightly
breccieted black limestone

~ fow vugs occur
- fine grained black limsstone

- the rock seems to have a high porosily, big
vugs are most abundantand  are filled with
caicite

- minor fractures that oocur are filled with caleite
- sacondary anhydrite

- fosslis are calcita

- source vugs are filed with late calclte

- saddls dolomite?

~ @ 77.5, dark brown anhydrite = HC?
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5484

54851

5488

L L L i ¢ £ F L2 £ & L
L A1 £ £ £ & £ g 1 £
‘5490. T et o At o i ]
i O A i S N A O i A 4 Ng
pbegbplapieporlopleplegy gy [4] £0 e . COTG #2
L Lt X i Locele [ -4
A A 2 O *é_g - 5489-95.5
eplolepbubep ol f?‘x‘xf med GY E g D - @80.5and 83, small calcita and saddie
| BHE | omiovns
g [ A o 8 15 - @93.5, subvertical fracture
o A o i o < - bulbous sroms can be found in the floatstone ¢
e A A A o s s 8 E framasions
2 é - @94. big anhydrite chunks
DT L L LET L / 2519 - starts with bulbous stroms at top , until 95.5
[15494- : ;j’r'r‘r}ﬁ r: ,‘51’ ey g § where amphipora floatstons begins
3!"7"1 ¥ A "(‘I{Ir rj:t T -SE
4 rrr \"}_erlrJ ==
LI T LT T LT O {
o S o e TaY ]
U540 g
g
o} medsA 3| |- 549557, dolomite matix,celie fossis?
S; = holes fillsd with brown spar, few fossils
5498+ % H] - 5457-98, dolomits matrix, calchte fossits?
tGY T — §
§ ) - 98-99.5, saddle dolomite, vugs, calcite
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ce-cement In pores, however overall more open
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fossil abundance decreases towards bottom
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calcites

fossil abundance decreases towards bottom
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Floatstons
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~~— Dolomitization
Stramatoporoid floaistona to
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DEPOSITIONAL COMPLEX
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-matrix dolomite
-leaching
-stylolites
-ce-cament
-saddle dolomite
-solid bitumen
-porosity changes due k'
amount of molds
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6-34-57-21W5

LITHOLOGY
AN
DOLOSTONE :3,‘:.5 Vugay Dolostone
FRACTURES
1 - -Microfracture
DIAGENESIS

13 - calcta coment

8 - bitumen

HYDROCARBON INDICATORS

GRAIN SIZE

METRES

DEPOSITIONAL. ENVIRONMENT

HYDROCARBON SHOWS
OuUR

DIAGENESIS

FACIES

FACIES ASSOCIATION

DEPOSITIONAL COMPLEX

REMARKS

| 22

fB42e

(34324

3434

3435

PR

reY |0

reef to forereaf

Floatstone to Boundstone

Leduc

—-3422-3438
- Vuggy throughout {cm size)
- dolostone
- grainy appearance throughout
- increass of bitumin from top to bottom
- @ approx 3431, bitumin i3 postdated by callie cement
- taiceg , dolomite pervasive
- some evidance of leaching
- saddle dolomite?

e i vein caltits, but lots of vug infilling cements associatad
with micro fractures
- MIGROFRAGCTURES!
- BITUMINI { as cover, looks fiquid)
- NO ANMYDRITE
- It appears that the bitumin covers saddle dolomite
- CORE DISPLAY
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7-19-59-24W5

FEET

GRAIN SIZE

FOSSILS

PQROSITY

HYDROCARBON SHOWS

COLOUR
DIAGENESIS
FRACTURES

FACIES

FACIES ASSOGIATION

DEPOSITIONAL ENVIRONMENT

DEPOSITIONAL COMPLEX

13206
13208
13210
132121
13214]
132161
132184
13220
13022
13226
13228
15228
19250/

13034
132361
13238
13240
13242,
13244
13246]
48]
13250
13050
13054
13056,
13258

L323] -
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100 a5 A 00 WO
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TANE R MRE AN RN S AN Y UK. Ak 4O
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¥R T S . S A A S A
£ R A

F AN AT IR0 O 5 SN S OO Y A

PN 2000 AN O S At € O

——bd

mi @Y

Pl

vy

IMu.{ Floatsto‘{

Fioatstone !

. 13200 - 132120
- dolomite
- VUggy poras
- suffur
- saddle dolomite and calchte cament
- anhydrite is less than in cores without
calcite cemant

- 13214 - 13235
- brecclated apperance on fop
-from 13217, usually calclte and dolomits
cements
- 13220- puioidal
= 13223- thin solution seams
- calcite cement found in vugs

e 13235 132680
- 13237 and 13244- amphipora
- ©13242.3, lot of sulpher
- 13245-13252, no fossils
~ @13248, calcite vein

- 13253, calcits in vugs and enhydrits in bigy

clouds
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07-07-53-26W5

‘
213
GRAIN SIZE 2| 8 P
Qs |2
% gl8]d
cobbie 2 o 8 g
pebble >l 8 7 % é o
g granule @ Bl o« g ;:, =
Jl==- O AR AR :
<
ma | £ RIG|E| 8 | RE |E8[8 g
]
i3] T %g’ g j=- @ 5324050245
?\ 35| 8 bulbous amphipora fioalsona
i B Rl | sa0e5502535
amphipora floatsions
whits dolomits chunck at.7
stromatoporolds are leached and parly calcited
- inopen pore space _
stachyodes?
50 . coralg?
{1
| core#2
Y { ——=m - dolomitized
+52861 DRI LI T Lyt el - vugs are fified with late calclte cement
e } - the core is very crumbly, and ready 1o fall apar
| A vt e tuy N A it ILPI"I
| e e :
52384 !
[}
! 1
I
1
L5240 :& o
: YE
¥ " L
S S B IO B S
Ls242] K
e e e
1 o e l
|
¥
]
i
!
i
1
I
f
i
P
' )
4 -
core#3
- e 5362:66
dk QY some minor horizontal fractures
color- dark grey to black with some lighter dots
[ in#t
g % pervasive dolomitized
AT AU A A0 AR A OO 3 - no calcitel
] ;PI' Lt o X r £ f K BK pﬂmawpyrﬂe’
ot oo v pyriizad brachiopods
J‘ffrl‘!f {ti' A4 fJTI:{lL
5366
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8-4-59-23W5

GRAIN SIZE

DEPOSITIONAL ENVIRONM

DEPOSITIONAL COMPLEX

g8
g5

HYDROCARBON SHOWS

FACIES ASSOCIATION

DIABGENESIS

ET
&
ot |
FOSSILS
FOROSITY

e
1 l

o
£
COLOUR
FRACTURES
FACIES
REMARKS
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20481 L LA T T LT = - 12035 10 12102
| ~ absolutely lots of fractures and full of

20504 F 40O 0 4O AN A g O 2 bituren
k iA'rl"’1'r1"("1rr"rrlll'ffr 'COHEDISPLAY
2052 f’lrl‘frl'lf'(‘f’fr"‘{f' ! .ﬂ h' h i
A A 0 20 A A - tainly high porosity
2064 el egheb Lol lordy - very low ragovery
B O - fracturing dus fo overpressuring?
120561 ety iy yly - Vuggy porosity
i A 0 A 405 081 4 g.gypc p
s0sel BT - caicite and saddie dolomits cament
N RN A AN A Y A .
¥ E AL N AN N A A -noaﬂhydme
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2-14-50-22W5

core#l
LITHOLOGY
7] DOLOSTONE
PHYSISAL STRUGTURES
ann - Stybites
LTHOLOGIC ACGESSORIES
§ - Sulfur 8 - -Ceopetals A - anhydrite orystals
B . sioken L5 - anhydre nodules
FRACTURES
1 - -Miorofracture
DIAGENESIS
- anhydrie cement [ - calcite coment
HYDROCARBON INDICATORS
g - bitumen
:
GRAIN SIZE é Y CEE g
s}
5 aHE
3g
= cobble ®
gands 5 23 n (06 5
sand u
g L —a g 9 5 15(818
IR SE | f|E|E|8
i
12822,
e - 12820 - 12833
12824 % - high porosity, very vuggy and molds
12806 B - @ approx. 12828, hugs (cm size) siylolite
tGY K] - dolostons, laaching, prasaure solution
12828 5 1 _§ - facles destruciive
12830 8 - some small cemsnts In vuge
- Webamun?
12832
12834. AN S AN R S ST AN A i N —‘12833-12856
12036 Sorpippipepiriypiepieyiey - very low, tight porosfty
'f:f‘ by eyl - couid be a local aguitard
128%) s ks oo
12640 - 12848, vonical golution ssam:
- golomite, praeeure solutions?, freciures?
128424 | - 12662, minor caiche filsd vugs, caitlie vug» sample
12844, med GY
12848 B
12648 8
128501
128524
128641
12856 — -
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2-14-50-22W5
core#2

GRAIN SIZE

cobbis
pebbis

granule.
" sand
L i
E vemfy sit

T

HYDROCARBON SHOWS
DEPOSITIONAL ENVIRONMENT
DEPOSITIONAL COMPLEX

FACIES ASSOCIATION

POROSITY
COLOUR
DIAGENESIS

FACIES

" REMARKS

A D AN S S S i S

H

e+ 15030 - 15060
-facles =7
- Lagoon fo Intertidal?
- @ 15040, brecclated
- suipher decreases as you go down
- calcite and sulpher in vugs
- @ 15034.1, anhydrite
- @ 15045, calcits vug
- giten slonpeted fenautral ke vugsl?
- @ 16082-68, massive anhyrdite
- @ 16088-80, calclte vugs, no anhydrite

; A:'un - -----Nll,‘"i

tGY
§ —- 15060 - 16080
- anhydrite and calcits together
- vertical microfraciures, increase a8 your go down
- fractures are bitumen fifled, bitumin increasss as
fractures increase
- @ 15078, big caiclte vug

s - ANHYDRITE QCCURS IN HUGE VUGS (crvdm)
- calcite somstimes with suipher
- BITUMEN / SULPHER / CALCITE

:th D

[ .
Dolowackestone
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7-7-53-25W5
core#2

LEGEND

LITHOLOGY
%DOLOSTONE
PHYSICAL STRUCTURES
~ = -tlay seams
LITHOLOGIC ACCESSORIES
Py - Pyite O - -bulbous
FOSSILS
< ~ Brachiopods &B - Corale (colonial) ¥ - Crinoids
™ - Stromatoporoids {undifferentiatad) @A - Stromatoporoids {undiff. Amphipora) SR% - laminstion
—— - fraclute, hodzonts} / - fracturs, general

GRAIN SIZE .

DEPOSITIONAL ENVIRONMENT

METRES

FOSSILS

POROSITY

PORE TYPE
HYDROCARBON SROWS
COLCUR

DIAGENESIS
FRACTURES

DEPOBITIONAL COMPLEX

FACIES ASSOCIATION

REMARKS

e« dolomitized
- vugs ara fifled with late calclte cement
- tha core is very crumbly, and ready to fall apart

7
15240 o TE,T

teduc

oy YE

5p42]

5244 A U S G SV 0 U

vty
52454 AT o 2

Qo et e e 7 e e 7 i e e e e e e ;;g________———-—;———————a

lf

290

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7-7-53-26W5

core#3
LEGEND
LITHOLOGY
700
!-E‘.:.:. DOLOSTONE
PHYSICAL STRUCTURES
e - -Uiay seams
LITHOLOGIC ACCESSORIES
Py - Pyits 0 - -bulbous
FOSSILS
< - Brachiopods € - Corals {oolonial) % - Crinoids
N - Stromatoporoids {undifferentiated) & - Stromatoporoids {undiff. Amphipora) R - lamination
FRACTURES
e = frecture, horizontal / - fracture, genersl
2
GRAIN SIZE 2 é E
5§15
Ele §
: i
——————cobble ®
—= | g B m
glire=me | 2 B3l s 2820505 :
4 san & |0 w u i
& vemfy it 8 g 8 § g g é g Ig g %
2 HIH rc'ay i g & a Lioin [id
- s . 536266
dk GY some minor horizontal fractures
color- dark grey fo black with some fighter dots
el e init
53644 g § pervasive dolomitized
- no calcite!
BK primary pyrite!
' pyritized brachiopods
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APPENDIX I

Sample list of sample numbers, core locations, sample depths, and general lithology/
diagenetic feature of sample.
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# Saimple # Location Core Box Depths Remarks

1 MB97/001 10-32-44-19W5 1/2/12 5323.7m Leduc/vugs

2 MB97/002 10-32-44-19W5 1/3/12 5324.6m pyrobitumen

3 MB97/003 10-32-44-19W5 1/5/12 5326.6m pyrobitumen

4 MB97/004 10-32-44-19W5 1/12/12 5363.0m dolostone

5 MBS7/005 10-32-44-19W5 2/6/07 5344.7m dolostone

6 MB97/006 10-32-44-19W5S 4/3/04 5353.9m brecc. Dolostone

7 MB97/007 10-32-44-19W5 5/2/08 5358.7m ce-xtal in brecc.dolostone

8 MB97/008 10-32-44-19W5 5/4/08 5362.3m grainy dolostone

9 MB97/009 10-32-44-19W5 5/5/08 5363.0m ce-xtal/chunk

10 MB97/010 10-32-44-19WS 5/5/08 5363.9m co-xtal/chunk

11 MB97/011 10-32-44-19W5 5/8/08 5367.5m cc/bitumen

12 MB97/012 10-32-44-19W5 6/3/05 5371.6m cc/dolostone

13 MB97/013 10-32-44-19W5 6/5/08 5374.4m ce-xtal/chunk

14 MB97/014 07-07-53-26W5 2/1/01 5324.7m anhydrite/dolomite?

15 MB97/015 14-36-52-27W5 1/5/14 5220.8m fracture filling anhydrite

16 MB97/016 14-36-52-27W5 1/7/14 5223.5m cements in coral/digg. Generations
17 MB97/017 14-36-52-27W5 1/8/14 5224.5m stromatoporoid

18 MB97/018 14-36-52-27W5 1/9/14 5226.7m vein anhydrite

19 MB97/019 14-36-52-27W5 1/10/14 5228.0m porous dolomite

20 MB97/20 14-36-52-27W5 1/13/14 5231.2m vein anhydrite

21 MB97/021 14-36-52-27W5 1/14/14 5233.4m porous dolomite & elemental sulfur
22 MB97/022 14-36-52-27WS§ 2/3/03 5237.0m massive anhydrite

23 MB97/023 11-30-57-25W5 01/03 17937.2 Leduc/amphipora pack-floatstone
24 MB97/024 11-30-57-25W5 01/04 17938.7 white xtal in foss. Dolostone

25 MB97/025 11-30-57-25W5 01/05 17.946.3' vug filling white xtals in dolostone
26 MB97/026 11-30-57-25W5 01/07 17952.4' white vug filling xtal in limestone
27 MB97/027 11-30-57-25W5 01/0% 17958.1' white anhydrite

28 MB97/028 11-30-57-25W5 01/11 17964.9' yellowish brown anhydrite

29 MB97/029 11-30-57-25W5 01/13 17973.7 yellow dolomite/anhydrite

30 MB97/030 11-30-57-25W5 01/13 17973.8' saddle dolomite

31 MB97/031 11-30-57-25W5 01/15 18011.8 vug filling xtals

32 MB97/032 11-30-57-25W5 02/15 18014.0' elemental sulfur

33 MB97/033 11-30-57-25W5 04/15 18028.0' white xtals/stuff

34 MB97/034 11-30-57-25W5 01/14 17932.8' black bitumen ? In/before vein
35 MB97/035 11-30-57-25W5 01/07 17953.7 black bitumen ? In/before vein
36 MB97/036 11-30-57-25W5 02/01 18013.0' vein cc

37 MB97/037 11-30-57-25W5 02/02 18014.5 saddle dolomite

38 MB97/038 11-30-57-25W5 02/03 18020.5' vein ¢c

39 MB97/039 11-30-57-25W5 02/03 18021.0" saddle dolomite

40 MB97/040 11-30-57-25W5 02/06 18030.8' fracture / fillings

41 MB97/041 11-30-57-25W5 02/07 18036.4' porous dolostone

42 MB97/042 11-30-57-25W5 02/09 18044.5 vug with sulfur filling

43 MB97/043 11-30-57-25W5 14/15 18064.8' anhydrite

44 MB97/044 11-30-57-25W5 14/15 18065.8' vug sulfur

45 MB97/045 11-30-57-25W5 15/15 18066.7' white crystals/stuff?

46 MB97/046 11-30-57-25W5 15/15 18069.0" vugs

47 MB97/047 06-29-60-22W5 01/01/10 3392.9m "berland" nodular limestone

48 MB97/048 06-29-60-22W5 01/02/10 3394.5m limestone

49 MB97/049 06-29-60-22W5 01/03/10 3395.2m dolostone

50 MB97/050 06-29-60-22W5 01/04/10 3396.6m anhydrite underneath bulb. Strom
51 MB97/031 06-29-60-22W5 01/05/10 3398.0m porous dolostone

52 MB97/052 06-29-60-22W5 01/06/10 3399.6m dolostone

53 MB97/053 06-29-60-22W5 01/07/10 3401.9m dolostone

54 MB97/054 06-29-60-22W5 01/09/10 3403.9m tight dolostone

55 MB97/055 06-29-60-22W5 01/10/10 3405.3m porous dolostone

56 MB97/056 06-29-60-22W5 01/10/10 3406.7m fractures (fillings?)
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57 MB97/001/9-20 109-20-59-22W5 03/05/06 3818.6m vug lining cc xtal

58 MB97/002/9-20 [09-20-59-22W5 01/01/05 3802.3m dolostone with cc

59 MB97/003/9-20 109-20-59-22W5 01/02/05 3803.0m cc in dolostone

60 MB97/004/9-20 |09-20-59-22W5 01/03/05 3804.9m anhydrite?

61 MB97/005/9-20 [09-20-59-22W5 01/03/05 3805.6m late cc & pyrobitumen

62 MB97/006/9-20 |09-20-59-22W5 01/04/05 3806.6m late cc in big vein

63 MB97/007/9-20 109-20-59-22W5 n/a n/a n/a

64 MB97/008/9-20 {09-20-59-22W5 03/01/06 3811.8m porous dolostone

65 MB97/009/9-20 [09-20-59-22W5 03/01/06 3812.4m cc xtals in pore

66 MB97/010/9-20 109-20-59-22W5 03/03/06 3815.9m porous dolostone

67 MB97/011/9-20 |09-20-59-22W5 03/05/06 3818.1m tight/non-porous dolostone

68 MB97/012/9-20 }09-20-59-22W5 03/05/06 3818.2m vein ce

69 MB97/013/9-20 109-20-59-22W5 03/06/06 3818.7m vein cc & sulfur

70 MB97/014/9-20 [09-20-59-22W5 03/06/06 3819.3m cc & sulfur in vug

71 MB97/071 09-22-58-24W5 01/04/13 3894.0m Leduc dolomite? anhydrite vein
72 MB97/072 09-22-58-24W5 01/06/13 3896.6m calcite "nodule"

73 MB97/073 09-22-58-24W5 01/08/13 389925m cc in vein

74 MB97/074 09-22-58-24W5 01/10/13 3903.3m fracture network

75 MB97/075 09-22-58-24W5 01/11/13 3904.5m fracture cc

76 MB97/076 09-22-58-24W5 01/12/13 3905.75m coral / facies

77 MB97/077 01-32-57-25W5 01/01/06 13899.0' sulfur/cc in strom. Lam. Dolostone
78 MB97/078 01-32-57-25W5 01/01/06 13902.5' anhydrite

79 MB97/079 01-32-57-25W5 01/02/06 13904.0' calcite filled vug

80 MB97/080 01-32-57-25WS5 01/02/06 13907.1 cc molds

81 MB97/081 01-32-57-25W5 01/03/06 13909.1" algal laminite

82 MB97/082 01-32-57-25W5 01/05/06 13923.5' sulfur

83 MB97/083 01-32-57-25W5 01/06/06 13925.0' cc vein

84 MB97/084 01-32-57-25W5 02/02/11 13936.7' porous dolostone

85 MB97/085 01-32-57-25W5 02/06/11 13955.5 diff. Cement generations

86 MB97/086 01-32-57-25W5 02/06/11 13958.8' cc vug

87 MB97/087 01-32-57-25W5 02/08/11 13965.2' cc & saddle dolonite

88 MB97/088 01-32-57-25W5 02/09/11 13973.5' horiz. Cc vein in amphipora packstone
89 MB97/089 01-32-57-25W5 02/10/11 13977.2' big cc vug

90 MB97/090 01-32-57-25W5 02/11/11 13980.1 fracture cc

91 MB97/091 10-20-57-25W5 01/01/13 4136.5m Winterburn/Anhydrite

92 MB97/092 10-20-57-25W5 01/03/13 4138.5m Winterburn/ Anhydrite

93 MB97/093 10-20-57-25W5 01/05/13 4141.7m Winterburn/ no Anhydrite

94 MB97/094 10-20-57-25WS5 01/06/13 4142.0m Winterbury/ big vein ce/ /Anhydrite
95 MB97/095 10-20-57-25W5 01/07/13 4143.5m Winterburn/ big vein cc/ /Anhydrite
96 MB97/096 10-20-57-25W5 01/13/13 4149.8m pore cc

97 MB97/097 10-20-57-25W5 02/01/13 4266.1m Leduc/ facies

98 MB97/098 10-20-57-25W5 02/01/13 4266.75m leduc / bitumen & cc

99 MB97/099 10-20-57-25W5 02/02/13 4266.6m grainstone facies

100 (MB97/100 10-20-57-25W5 02/04/13 4270.85m pores/dolostoe/bitumen

10f  [MB97/101 10-20-57-25W5 02/05/13 4272.75m pore cc

102 |IMB97/102 10-20-57-25W5 02/06/13 4273.25m pore cc

103 IMBY7/103 10-20-57-25W5 02/07/13 4276.0m vuggy dolostone / stylolite

104 IMB97/104 10-20-57-25W$5 02/08/13 4277.0m porous dolostone / bitumen

105 IMB97/105 10-20-57-25W5 02/09/13 4278.45m vein calcite

106 |MB9%7/106 10-20-57-25W5 01/12/13 4282.5m cc/saddle dolomite in porous rock
107 {MB97/107 10-20-57-25W5 02/01/13 4266.75m cc undemeath stylotite

108 IMB97/108 10-15-56-27W5 01/03/03 15274.0' white chunk in dolomite

109 IMB97/109 01-16-55-27W5 01/01/01 16665.0' white anhydrite

110 IMB97/110 01-18-56-16W5 01/01/03 2948 Om dolomite & solid bitumen

111 (MB97/111 01-18-56-16W5 01/01/03 2948.5m white pore/fracture cc?

112 IMBS7/112 01-18-56-16W5 01/01/03 2948.7Tm cc pore/vug

113 [MB97/113 01-18-56-16W5 01/02/03 2949.2m cc pore/vug
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114 [MB97/114 01-18-56-16W5 01/02/03 2549.85m sulfur/cc

115 |MB97/115 01-18-56-16W5 01/02/03 2949.6m anhydrite

116 IMB97/116 01-18-56-16W5 01/03/03 2951.2m cc/sulfur

117 IMB97/117 06-16-55-18W5 02/01/02 10857.0' brecc. Dolostone - rudstone?
118 |MB97/118 06-16-55-18 W5 02/02/02 10861.2' porous dolostone with ¢cc & bitumen
119 IMB97/119 06-16-55-18W5 02/02/02 10862.8' porous dolostone & bitumen & fossils
120 |MB97/120 06-16-55-18W5 03/02 10873.5' frac. Fillings

121 |MB97/121 06-16-55-18WS$ 03/04 10881.2' calcite nodule

122 IMB97/122 06-16-55-18W5 03/04 10889.0 vugs with cc & dolomite

123 |MB97/123 06-16-55-18W35 03/05 10890.1" veins/cc/bitumen

124 |MB97/124 06-16-55-18W5 03/08 10902.0' cc-chunk

125  |MB97/125 06-16-55-18W35 03/08 10904.0' cc-vugs/veins

126 |MB97/126 02-09-54-19W5 01/01/13 11752.0' anhydrite in amphipora floatstone
127  |MB97/127 02-09-54-19W5 01/02/13 11760.0' anhydrite in fracs

128  |MB97/128 02-09-54-19W5 01/03/13 11764.0' amphipora floatstone

129 IMB97/129 02-09-54-19W5 01/05/13 11773.0' fracture anhydrite

130 - {MB97/130 02-09-54-19W5 01/07/13 11783.0' anhydrite

131  {MB97/131 02-09-54-19W5 01/08/13 11786.0' fracture anhydrite

132 - IMB97/132 02-09-54-19W5 01/10/13 11794.0' anhydrite in porous dolostone
133 |MB97/133 15-19-56-23W5 01/05/14 4079.3m stroms & molds

134 |MB97/134 15-19-56-23W5 01/05/14 4079.4m stroms & molds

135 |MB97/135 15-19-56-23W5 01/12/14 4087.96m molds/vugs/stylos/bitumen
136  |MB97/136 15-19-56-23W5 02/03/11 4094.0m facies & porosity

137  |MB97/137 15-19-56-23W5 02/11/11 4105.7m facies & porosity

138 |[MB97/138 15-19-56-23W5 03/08/09 4112.2m facies

139 IMB97/139 05-13-58-24W5 01/01/13 12878.0 stylolite & bitumen in limemudstone
140 |MB97/140 05-13-58-24W5 01/05/13 12895.0' finegrained mudstone

141 IMB97/141 05-13-58-24W5 01/06/13 12900.0' stylolite/bitumen

142 |MB97/142 05-13-58-24W5 01/11/13 12925.5' stylolite/white veins

143 1MB97/143 05-13-58-24W35 01/13/13 12935.00 cc filled mold

144 |MB97/144 05-13-58-24W5 02/02/13 12944.0' ce-cements in stroms

145 |MB97/145 05-13-58-24W5 02/04/13 12953.0' cc-cements in stroms

146 {MB97/146 05-13-58-24W5 02/08/13 12970.0' krusel bitumen in limestone
147 |MB97/147 05-13-58-24W5 02/09/13 12978.0' cements

148 IMB97/148 05-13-58-24W5 02/10/13 12980-81" stylolite

149 IMB97/149 05-13-58-24W5 03/01/13 12995.0' facies/ amphipora

150  IMB97/150 05-13-58-24W5 03/02/13 13003.0' facies & cements

151 IMB97/151 05-13-58-24W5 ? 13013.0" facies?

152 IMB97/152 05-13-58-24W5 03/06/13 13025.0' krusel & facies

153 IMB97/153 05-13-58-24W5 03/09/13 13040-41 stromes & birdeyes facies
154  iMB97/154 05-13-58-24W35 03/10/13 13045.0' birdseyes

155 {MB97/155 05-17-53-19W5 sample bag sample bag crystals

156 IMB97/156 09-17-53-19W5 01/03/12 12110-11' anhydrite

157  {MB97/157 09-17-53-19W5 01/04/12 12115.0' dolomite vug

158  |MB97/158 09-17-53-19W5 01/05/12 12117.00 big cc vein

159  |MB97/159 09-17-53-19W5 01/06/12 12121.0' xtals in pores

160 [MB97/160 09-17-53-19W5 01/08/12 12128.0' black bitumen on clay seam?
161 |[MB97/161 09-17-53-19W5 01/09/12 12130.0' xtals in pores

162 IMB97/162 09-17-53~19W5 01/10/12 12137-38' sulfur/dolomite/cement

163 |MB97/163 09-17-53-19W35 01/12/12 12143.0' ce-vein/vug

164 IMB97/164 14-08-48-21W5 ? 5176.7m anhydrite xtals

165  |MB97/165 14-08-48-21W5 02/01/13 5163.3m anhydrite in dolostone

166 {MB97/166 14-08-48-21 W5 02/01/13 5164.0m sulfur/anhydrite/bitumen

167  {MB97/167 14-08-48-21 W5 02/03/13 5167.4m anhydrite

168  [MB97/168 14-08-48-21 W5 02/07/13 5172.5m dolostone

169 IMB97/169 14-08-48-21 W3 02/10/13 5176.6m pore/anhydrite

170 iMB97/170 14-08-48-21W5 02/11/13 5178.2m anhydrite/dolostone
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171 |MB97/171 14-08-48-21 W5 02/13/13 5180.0m anhydrite/pores/cc

172 IMB97/172 11-09-61-22W5 02/02/02 11128.0' pyrite & bitumen

173 [MB97/173 11-09-61-22W5 03/03/11 11139.0' bituminous dolostone

174  |MB97/174 11-09-61-22W5 03/05/11 11146.0' cements

175  IMB97/175 11-09-61-22W5 03/08/11 11161.0° krusel dolostone

176 |MB97/176 11-09-61-22W5 03/09/11 11164.0' cements

177 |MB97177 11-09-61-22W5 04/01/22 11170.0' anhydrite

178 |MB97/178 11-09-61-22W5 04/02/22 11174.8' veins

179 |MB97/179 11-09-61-22W5 04/04/22 11182.4' cements & bitumen

180 IMB97/180 11-09-61-22W5 04/06/22 11191.0' bitumen

181 IMB97/181 11-09-61-22W5 04/10/22 11204.0" anhydrite / cements

182  IMB97/182 11-09-61-22WS 04/11/22 11210-11" layered things & cements

183 |MB97/183 11-09-61-22W5 04/14/22 11221.0° anhydrite & cements

184 1MB97/184 11-09-61-22W5 04/15/22 11226.0" facies & cements

185  |MB97/185 11-09-61-22W5 04/19/22 11240.0" cement & biturnen

186  |MB97/186 11-09-61-22W5 04/22/22 11252.0¢ cements / pores

187 {MB97/187 04-26-58-20W5 03/02/05 10561.5' stachyodes / cements

188 |MBY97/188 04-26-58-20W5 03/03/05 10565.0' bitumen & cements

189  |MB97/189 04-26-58-20W5 05/03/11 10604.6' cements

190  {MB97/190 04-26-58-20W5 05/04/11 10605.1' cements

191  {MB97/191 04-26-58-20W5 05/04/11 10607.8' anhydrite

192 {MB97/192 04-26-58-20W5 05/08/11 10632.2' cements

193 |IMB97/193 04-26-58-20W5 06/01/05 10648.0' ce-xtal

194  |MB97/194 04-26-58-20W5 06/03/05 10657.8 cements

195  |IMB97/195 2/15-09-57-17W5  101/01/16 31453m replacive xtal anhydrite

196  |[MB97/196 2/15-09-57-17W5 _ [01/02/16 3147.0m cc / anhydrite?

197 |MB97/197 2/15-09-57-17W5  |01/05/16 3149.5m cc vug

198 IMB97/198 2/15-09-57-17W5 {01/08/16 3153.2m cc vein

199 [MB97/199 2/15-09-57-17W5 101/11/16 3156.2m ce-vug / sulfur

200 IMB97/200 2/15-09-57-17W5 101/11/16 3162.75m cc-vug / vein

201 IMB97/201 05-13-54-23W% _ {01/05/07 13368.0" saddle dolomite

202 1205 11-29-56-16W5 113127163 m little cement on top of core
2721.0 -27121.5

203 4206 11-29-59-16WS5 111im limestone interval

204|207 11-29-59-16W35 core#4, 9116 2732.0m Anhydrite

205 208 11-29-59-16W5 core#4, 121116 127344 m calcite and saddie dolomite

206 1209 11-29-59-16W5 273629 m calcite, big calcite

207 210 11-29-59-16W5 15116127375 m Anhydrite

208 211 11-29-59-16 W5 27354 m saddle dolomite

209 212 11-29-59-16W5 1117]2738.6 m Blue Ridge

210|213 11-29-59-16W5 3117j2740.8 m Anhydrite

211 214 11-29-59-16W5 12117]2751.05 m Calmar

212|215 11-29-59-16W5 15117i2754.8 m Nisku

213|216 11-29-59-16WS 17117|2756.5 m Nisku

214 1217 5-8-60-26W5 core #6, 1111 40322 m calcite / Anhydrite cements

215 (218 5-8-60-26W5 311114035.5 m sulphur and cement

216 1219 5-8-60-26W5 8111(4042.2 m massive Anhydrite

217 1220 5-8-60-26W5 811114043.0 m facies / early cement

218 (221 5-8-60-26W5 core #8,112 4048- 4058 ?7m__ |cement

219 1222 15-18-58-24W5 118137730 m Calmar dolostone

220 1223 15-18-58-24W5 37750 m Anhydrite at top, Nisku

221 1224 15-18-58-24W5 61813379.0 m Calcite cement postdating hydrocarbons

222 1225 15-18-58-24W5 618137792 m big calcite vug

223 1226 15-18-58-24W5 3780 m Anhydrite

224 {227 15-18-58-24W5 618(3875m cements

225 1228 15-18-58-24W5 . 3878.8 m Bitumen

226 1229 16-32-58-24W5 core #1, 1113 3699.1 m late / coarse calcite cement
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227 1230 16-32-58-24W5 core #1,4113 3703.1m Anhydrite

228  |231 16-32-58-24W5 3711 (~)m two types of calcite cement
229 (232 16-32-58-24W5 3714 m cements / bitumen

230 1233 16-32-58-24W5 3827 m sulfur / cements

231 234 16-32-58-24W5 3829 m cements / matrix
232|235 16-32-58-24W5 3830.8 m fractures

233 {236 16-32-58-24W5 3833.0m cements / calcite

234 1237 16-32-58-24W5 3838.8 m late calcite cement

235 1238 16-32-58-24W5 3835.7m FACIES and cement

236 1239 16-32-58-24W5 3712.0m calcite cement

237 1240 7-35-59-24W5 3840 - 3858 m cements

238 (241 8-4-59-23W5 12035 7m Bitumen

239 242 8-4-59-23W5 12072 7m saddle dolomite and Bitumen
240 [243 8-4-59-23W5 12083 m cements / calcite

241 (244 8-4-59-23W5 12100 m cements / Bitumen

242 1245 7-19-59-24W35 13200m Anphydrite

243 1246 7-19-59-24W5 13217 m caleite crystals in vug

244 1247 7-19-59-24W5 13219 m vein caleite

245  |248 7-19-59-24W5 13225 m sulfur

246|249 7-19-59-24W5 13233 feet vein calcite

247 1250 7-19-59-24W5 13242 feet sulfur / cements

248  |251 7-19-59-24W$5 13252 feet vein calcite

249 (252 7-18-52-24W5 48229 m big (decimeter) calcite vein
250 1253 7-18-52-24W5 48240 m fault/ limestone/ dolostone
251 1254 7-18-52-24W5 48245 m vein in limestone

252 1255 7-18-52-24W5 48273 m calcite stromatoporoid in dolomite matrix
253|256 7-18-52-24W5 4829.1 m vein and bitumen

254 1257 7-18-52-24W5 4834.6 m cc and sulfur

255  |258 7-18-52-24W5 4845.6 m saddle dolomite and calcite cement
256 1259 7-18-52-24W5 48475 m calcite vein

257 1260 7-18-52-24W35 4860.0 m calcite vein / undemeath anhydrite
258 1261 14-36-52-24W5 52155 m stromatoporoids

259 1262 14-36-52-24W5 5223.5m cements

260 1263 14-36-52-24W$§ 5240.5m Anhydrite

261 {264 1-16-55-2TW5 ~ 16700 ~m ? calcite vein

262 1265 1-16-55-2TW5 ~ 16699 ~m ? saddle dolomite - vugs

263 {266 5-25-51-22WS5 ~4377.5m FACIES

264 1267 5-25-51-22W5 4380 m FACIES and cements

265 1268 5-25-51-22W5 4387 m FACIES and cements

266 (269 5-25-51-22W5 44672 m vug - infill

267 270 5-25-51-22W5 4468 m calcite vein

268 (271 5-25-51-22W5 4473 m calcite on stylolite

269 1272 5-25-51-22W5 4480 m saddle dolomite

270 1273 3-26-49-20W5 ~4577m calcite / pyrite / dolomite
271|274 10-13-52-22W5 4366.5 m calcite vein

272 1275 10-13-52-22W5 4368.7 m vug and cement

273 1276 10-13-52-22W5 ~4388.0 m elongated clear mineral
274|277 10-13-52-22W5 ~4377T m Anhydrite

275 1278 15-29-55-17W5 10930 feet

276 1279 10-8-53-20W5 12657 feet anhydrite

277 1280 10-27-52-24W5 4673.5m stylolite / sulfur / cements
278 1281 10-27-52-24W5 4681.2 m calcite vugs

279 (282 10-27-52-24W5 4682.0 m vug with early to intermediate cements
280 1283 10-27-52-24W5 4685.5m cements

281 {284 10-27-52-24W5 4687.5m vugs / sulfur

282 1285 10-9-57-24W5 14147 m vein calcite

283 |286 10-9-57-24W$5 14163 m vein calcite
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284 1287 10-9-57-24W5 14169 m vein / vug calcite
285 1288 10-9-57-24W5 14180 m vein / vug fill
286 1289 10-17-57-23W5 13128 m black limestone and pyrite
287|290 9-5-57-17W5 3188 m vein calcite
288 1291 9-5-57-1TWS5 ~3194 m cements
289 (292 9-5-57-17TW5 ~3221 m cements
290 1293 6-34-57-21W$5 34370 m reservoir
291 (294 6-34-57-21W5 3432 m bitumen and late calcite cement
292 1295 6-34-57-21W5 3430 m bitumen
calcite vug in dolomite mudstone =
293 1296 2-14-50-22W5 ~12856 m Wabamun?
294 1297 2-14-50-22W5 ~15032 m sulfur / cements
295 1298 2-14-50-22W5 15078 m calcite vug
296 1299 2-14-50-22W5 15042 m cements / diagensis
297 1300 16-22-58-19W5 11045 m cemented vug / crystal ?
298 1301 16-22-58-19W5 11062.3 m vug filling crystal / anhydrite ?
299 1302 16-22-58-19W5 11035 m calcite vug / after bitumen
300 1303 16-22-58-19W5 11074 m calcite vug / after bitumen
301 304 16-22-58-19W5 11087 m bitumen / calcite
302 305 16-22-38-19W5 11035 m cements
303 {306 10-20-58-15W5 10.411 feet white vugs in limestone
304 1307 10-20-58-15W5 10.397 feet fossils in imestone
305 |308 10-20-58-15W5 10.389 feet white vugs in limestone
306 {309 10-20-58-15W5 10.378.3 feet stromatoporoids and cements
307|310 10-20-58-15W5 10.374 feet vug cement
308|311 10-12-54-18W5 11.673 feet calcite vug at top
309 312 10-12-54-18W5 11.678 feet late vein caleite and (saddle dolomite NO 1)
310 {313 10-12-54-18W5 11.698 feet anhydrite
311 1314 10-12-54-18W5 11.727 feet vein - calcite
312 {315 10-12-54-18W5 11.743 feet sulfur
313 316 16-18-61-15W5 8991 feet bitumen / anhydtire in dolostone
314 317 16-18-61-15W5 9023 feet vugs / bitumen
315 {318 16-18-61-15W5S ~ 9045 feet vugs
316 {319 16-18-61-15W5 9053 feet anhydrite and cements
317 1320 16-18-61-15W5 9083 feet anhydrite ?
318 {321 16-18-61-15W5 9120 feet anhydrite
319 322 10-23-58-17WS5 3030 m calcite vein and sulfur
320 1323 10-23-58-17TW5 3033 m calcite
321 1324 2-2-57-22W5 3567.5 m calcite and other cements
322 {325 2-2-57-22W5 3568 m anhydrite
323 1326 2-2-57-22W5 3578 m vuggy dolostone
324 1327 13-15-60-16W5 2550 -2568 m dolostone
325 [328 13-15-60-16W35 2507 -2516 m crinoid grainstone
326 1329 15-9-57-17W5 ~3145 m dolomite cement / anhydrite
327 1330 15-9-57-17W5 ~3149.5m cement / calcite vein
328 1331 15-9-57-17W5 ~3150 m vein - calcite
329 1332 15-9-57-1TWS5 ~3157m cements
330 1333 15-9-57-1TWS5S ~3162 m vein - calcite
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APPENDIX 1V
Formation tops picked from electric logs that were used for cross sectioning, isopach

map, and structure map construction. Abbreviations are as follows:

KB (m) Depth of Kelly Bushing

(m) meters

Twab(md) Top Wabamun in measured depths

Twint(md) Top Winterburn in measured depths

Tire (md) Top Ireton in measured depths

Tduv (md) Top Duvernay in measured depths

Tled (md) Top Leduc in measured depths

Tcklk (md) Top Cooking Lake in measured depths

Tswhl (md) Top Swan Hills in measured depths

Tgil (md) Top Gilwood in measured depths

Twab(ss) Top Wabamun in subsea elevation

Twint(ss) Top Winterburn in subsea elevation

Tire (ss) Top Ireton in subsea elevation

Tduv (ss) Top Duvernay in subsea elevation

Tled (ss) Top Leduc in subsea elevation

Tcklk/swhl (ss) Top Cooking Lake/Swan Hills in subsea elevation
Tswhl/Bhlk(ss) Top Swan Hills/Beaverhill Lake in subsea elevation
Tcklk/swhi (ss) Top Cooking Lake/Swan Hills in subsea elevation
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Stable Isotope Data
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UWI SAMPEL E Descrintion/remarks B0/ [Data source
# (%o |(%.PDB)
PDB)
10-20-57-25W5H# 105 vein calcite - -11.396
10.708 this study
01-32-57-25W5i# 087 (I) |fracture cc/late stage calcite|- -11.92
10.971 this study
09-22-58-24W5# 75 ce-cements - -7.749
19.021 this study
11-30-51-25W5# 36A ce-cement -8.94 |-13.443 |this study
06-16-55-18W5# 125A  |Late calcite -4.575 |-11.597 |this study
01-16-55-27TWSH#MC7  |cc-vug -9.248 |-8.46  |this study
14-36-52-27TW5#15b cc-vein -3.658 |-8.974 |this study
10-15-56-27TW5#MC2  |vein calcite -2.496 -13.658 |this study
09-20-59-22W5#9-20/009|cc x-tal in pore -24.69 |-11.405 ithis study
05-13-58-24W5#145 cc-cements 2.583 |-6.546 |this study
06-29-60-22WS5#56 fracture infills/cc -5.907 {-7.694  ithis study
01-18-56-16W5#116A  |vein calcite - -8.112
12.668 this study
15-19-56-23W51#136 Matrix dolostone 3.515 |-8.088 ithis study
06-29-60-22W5#52 Dolostone 0.466 |-4.94  |this study
09-22-58-24W5#73 Host rock 1.508 |-6.553 ithis study
01-32-57-25WS5i#87 (I)  |Host dolostone 1.953 |-5.023  |this study
06-16-55-18W5#125B  |Matrix dolostone 0.887 |-5.41 this study
15-18-58-24W5\225 vein calcite - -7.559
14,595 this study
07-18-52-24W5|252 vein calcite -6.697 |-11.291 ithis study
16-32-58-24W5(229 calcite - -7.263
12.396 this study
11-29-59-16W5{208 calcite - -7.263
12.396 this study
05-25-51-22W5]270 calcite -2.994 1-11.999 ithis study
07-07-53-26W5|14B matrix dolomite 1.781 |-7.168 [this study
11-30-50-25W5[37A saddle dolomite -0.037 |-9.882  |this study
10-13-52-22W51275C matrix dolomite 2914 |-6.513 ithis study
09-05-57-17W35[290B dolomite 0.929 |-8.543 |this study
16-22-58-19W5|305D matrix dolomite 3.124 |-6.274  lthis study
09-05-57-17TW5[290 A calcite -0.356 |-11.429 |this study
04-26-58-20W5{194 B calcite -9.649 |-10.654 (this study
11-09-61-22W5{172 A cc-cement -12.05 |-8.937  this study
16-16-52-21 W5/4118.8 m |late calcite -2.21 -10.05  ithis study
07-15-52-22W514188.3m |Late calcite -2.78 -7.91 Manzano, unpubl.
4190.7m |fracture late calcite -15.33 |-8.37  Manzano, unpubl.
4191.3m |Late calcite -13.88 |-8.86  |Manzano, unpubl.
02-22-52-22W5i4224.6m |Late calcite -13.43 |-9.28  Manzano, unpubl.
4257.6m |Late calcite -12.04 |-9.62  IManzano, unpubl.
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07-18-52-24W5|4835.4  |Late calcite -15.33 |-7.86 Manzano, unpubl.
10-27-52-24W514686.5m |fracture cc/late stage calcite|-0.51 |-8.46 Manzano, unpubl.
16-16-52-21W5|4104.6m |Saddle dolomite 1.27 |-5.26 Patey, 1995
15-23-53-21W514046.5m {Saddle dolomite -0.75 1-6.71 Patey, 1995
02-36-54-23W5/4087.7m |Saddle dolomite 2.25 |-3.98 Patey, 1995
01-11-59-18W5|n/a Saddle dolomite 6.3 -2.28 Green, 1999
10-27-58-18W5n/a Saddle dolomite -6.6 |-7.37 Green, 1999
01-02-59-18W5|n/a Saddle dolomite 7.9 |-3.45 Green, 1999
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SAMPLE # | Description/remarks Isotope |2%’sSr/%°sr
#
# 9-20 005 | 75% loss while prep. MB1-1 0.72371 +/- 2
# 089 (I) clean saddle dolomite MB1-2 0.70921 +/- 2
# 087 (I) late stage cc-cement MB1-3 0.73045 +/- 2
# 105 vein calcite MB1-4 0.73069 +/- 2
# 075 fracture cc MB1-5 0.70907 +/- 2
# 145 cc-cements MB1-6 0.70837 +/- 2
# 9-20 009 | cc x-tal in pore space MB 2-1 0.72413 +/- 2
# 9-20 012 | vein calcite MB 2-2 0.72281 +/- 2
# 056 fracture fillings MB 2-3 0.71380 +/- 2
# 089 big cc vug filling MB 2-4 0.72613 +/- 2
# 094 (I) “funny (slow) reaction MB 2-5 0.71282 +/- 2
# 087 (I11) saddle dolomite MB 2-6 0.72060 +/- 2
# 106 | saddle dolomite MB 3-1 0.71799 +/- 2
# 9-20 006 | (I) vein filling/ calcite MB 3-2 0.72252 +/- 2
# 148 cc-vein filling (how cleanis | MB 3-3 0.70810 +/- 2
samples?)
# 9-20 002 | (I) vein MB 3-4 0.72206 +/- 2
# 9-20 003 | vein cc/ ssulfur smell MB 3-5 0.72336 +/- 2
# 9-20 006 | host rock/ dolostone MB 3-6 0.71026 +/- 2
# 052 bulk host rock/matrix MB 4-1 0.70844 +/- 2
dolomite
# 073 (IT) host rock/dolostone MB 4-2 0.70854 +/- 2
# 094 (II) host rock/dolostone MB 4-3 0.70840 +/- 2
# 078 (II) bulk rock/dolostone MB 4-4 0.71509 +/- 2
{(mixture?)
# 136 whole rock samples MB 4-5 0.70839 +/- 2
# 087 host rock/ whole dolostone | MB 4-6 0.70887 +/- 2
# PC2 Cambrian red shale 10-31-54- | MB 5-1 0.71618 +/- 2
12W5
# PC3 grey cambr shale 10-31-54- MB 5-2 0.72498 +/- 2
12W5
# PC4 Elk Pt. PF carb. 15-29-55-17ws | MB 5-3 0.71848 +/- 2
#PC5S Elk Pt. Sst 15-29-55-17ws5 MB 5-4 0.71877 +/- 2
# 10A cc vein/ coarse xtal MB 5-5 0.70989 +/- 2
# 124A vein cc MB 5-6 0.71782 +/- 2
#158A vein calcite MB 6-1 0.71942 +/- 2
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# 009 A calcite MB 6-2 0.70970 +/- 2
# 125 A vein cc MB 6-3 0.71785 +/- 2
# 36A cc-cement MB 6-4 0.72117 +/- 2
# 114A late cc-cement MB 6-5 0.71895 +/- 2
# 158 A vein calcite MB 6-6 0.71943

# 158 cc-vein + anhydr? MB 7-1 0.71026 +/- 2
# 32 A sulfur/cement mixture MB 7-2 0.71025 +/- 2
# 37A saddle dolomite MB 7-3 0.71985 +/- 2
# 25 A cc-cement MB 7-4 0.72280 +/- 2
# 116 A vein calcite MB 7-5 0.71895 +/- 2
# 14B matrix dolomite MB 7-6 0.71051 +/- 2
MC 2 vein calcite (15272 MB 8-1 0.73076 +/- 2
10-15-56-27W5

M(;: 3 vein calcite (15274") MB 8-2 0.72829 +/- 2
10-15-56-27W5

MC 4 calcite xtal (16693") MB 8-3 0.73233 +/- 2
01-16-55-27W5

(IJVICGZ ?2 . calcite vugs/vein (16700") MB 8-4 0.72403 +/- 2
1-16-55-27W

(I)Vl(g ? ] vug calcite (16 708") MB 8-5 0.72415 +/- 2
1-16-55-27W

MC 7 cc-vug ( 167037) MB 8-6 0.72348 +/- 2
01-16-55-27W5

# 225 I -vein calcite MB 9-1 0.71995 +/- 2
# 252 I vein calcite MB 9-2 0.72038 +/- 2
# 229 calcite MB 9-3 0.72102 +/- 2
# 322 calcite MB 9-4 0.71805 +/- 2
# 208 calcite MB 9-5 0.71392 +/- 2
# 270 PI-calcite MB 9-6 0.72055 +/- 2
# 214 Mudstone MB 10-1 0.71721 +/- 2

(Calmar/Blueridge)

# 236 calcite MB 10-2 0.72102 +/- 2
# 251 calcite Mb 10-3 0.72428 +/- 2
# 169A cc-cement MB 10-4 0.70887 +/- 2
# 194 B cc-powder? MB 10-5 0.71632-+/- 2
# 294 P1 caicite MB 10-6 0.71125 +/- 2
# 302 vein calcite MB11-1 0.71926 +/- 2
# 275A vein calcite MB11-2 0.71079 +/- 2
# 264 P1 vein calcite MB11-3 0.72298 +/- 2
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# 298 vein calcite MB11-4 0.70869 +/- 2
# 244 vein calcite MB11-5 0.70835 +/- 2
# 240 A vug filling cc-xtals MB11-6 0.71464 +/- 2
(mixture? ‘
# 227A cc xtals in vug (ccll MB 12-1 0.71187 +/- 2
/CcIII?)
# 290A late vein cc MB 12-2 0.71789 +/- 2
# 290 B dolomite cement MB 12-3 0.71415 +/- 2
# 326 matrix/cem mixture MB 12-4 0.71342 +/- 2
# 334 calcite 111 MB 12-5 0.71753 +/- 2
# 125 B matrix MB 13-1 0.71141 +/- 2
# 014A Sulfate MB 13-2 0.70890 +/- 2
# 181 A Sulfate MB 13-3 0.70918 +/- 2
# 275 C Matrix MB 13-4 0.70976 +/- 2
# 161A Anhydrite MB 13-5 0.70865 +/- 2
# 305 Matrix MB 13-6 0.70884 +/- 2
# 127 A Anhydrite MB 14-1 0.71000 +/- 2
# 36 B Matrix MB 14-2 0.70959 +/- 2
# 276 Anhydrite MB 14-3 0.70947 +/- 2
# 215 Saddle Dolomite MB 14-4 0.71064 +/- 2
# 320 Matr + cement mixture MB 14-5 0.71053 +/- 2
# 168 Matrix MB 14-6 0.70873 +/- 2
XXX Mt. Brussilof Magnesite MB 15-1 0.71050 +/- 2
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APPENDIX VII
Fluid Inclusion Data
Appendix VII A: Measured data

Appendix VII B: Pressure corrected data
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Sample # Host Th Tm(ice) Tm(ice)corr Salinity Th
MB264-1-1 Calcite 160 -17.8 -18.2 21.1 160
MB264-1-2 Calcite 173 -17.5 -17.9 20.9 173
MB264-1-3 Calcite 157 -17.8 -18.2 21.1 157
MB264-1-4 Calcite 178 -17.8 -18.2 21.1 178
MB264-1-5 Calcite 150 -18.3 -18.7 21.5 150
MB264-1-6 Calcite 165 -19.0 -19.4 22.0 165
MB264-1-7 Calcite 159 -17.8 -18.2 21.1 159
MB264-1-8 Calcite 159 -19.1 -19.5 22.0 159
MB264-1-9 Calcite 158 -18.9 -19.3 21.9 158
MB264-1-10 [Calcite 157 -18.6 -19.0 21.7 157
MB264-2-1 Calcite 145 -19.9 -20.3 22.6 145
MB264-2-2 Calcite 142 -21.4 -21.8 23.6 142
MB264-2-3 Calcite 139 -21.4 -21.8 23.6 139
MB264-2-4  [Calcite 138 -20.4 -20.8 22.9 138
MB264-2-5 Calcite 145 -20.4 -20.8 22.9 145
MB264-2-6 Calcite 136 -21.4 -21.8 23.6 136
MB264-2-7 Calcite 136 -20.4 -20.8 22.9 136
MB264-2-8 Calcite 153 -16.4 -16.8 20.1 153
MB264-2-9 Calcite -16.5

MB264-2-10 _|Calcite 136 -19.9 -20.3 22.6 136
MB264-2-11 |Calcite 137 -21.5 -21.9 23.6 137
MB264-2-12  |Calcite 146 -19.9 -20.3 22.6 146
MB264-2-13 | Calcite 151 -19.6 -20.0 22.4 151
MB264-2-14 |Calcite 140 -19.9 -20.3 22.6 140
MB264-2-15  |Calcite 137 -194 -19.8 222 137
MB264-2-16 [Calcite -19.9 -20.3 22.6

MB15-1-1 Calcite 157 -12.6 -13.0 16.9 157
MBi5-1-2 Calcite 162 162
MBI5-1-3 Calcite 160 -13.7 -14.1 17.9 160
MB15-1-4 Calcite -13.9 -14.3 18.0

MB15-1-5 Calcite 153 -13.5 -13.9 17.7 153
MB15-1-6 Calcite 148 148
MB15-1-7 Calcite 143 -13.3 -13.7 17.5 143
MB15-1-8 Calcite 158 -13.4 -13.8 17.6 158
MB15-1-9 Calcite -12.9 -13.3 17.2

MB15-1-10 Calcite 153 -12.9 -13.3 17.2 153
MBI15-1-11 Calcite 159 -13.6 -14.0 17.8 159
MB15-1-12 Calcite 150 -13.6 -14.0 17.8 150
MB15-2-1 Calcite 132 -13.4 -13.8 17.6 132
MBI15-2-2 Calcite 132 -13.3 -13.7 17.5 132
MB15-2-3 Calcite

MB15-2-4 Calcite 156 -12.5 -12.9 16.8 156
MB15-2-5 Calcite 164 -134 -13.8 17.6 164
MB15-2-6 Calcite 164 -13.7 -14.1 17.9 164
MB15-2-7 Calcite 163 -13.3 -13.7 17.5 163
MB20]-1-1 Dolomite 133 -17.9 -18.3 21.2 133
MB201-1-2 Dolomite 140 -18.0 -18.4 21.3 140
MB201-1-3 Dolomite 135 -18.0 -184 213 135
MB201-1-4 Dolomite 145 145
MB201-1-5 Dolomite -17.8 -18.2 21.1

MB201-1-6 Dolomite 123 -18.0 -18.4 213 123
MB312-1-1 Calcite 104 -14.7 -15.1 18.7 104
MB312-1-2 Calcite 106 -14.7 -15.1 18.7 106
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Sample # Host Th Tm(ice) Tm(ice)corr Salinity Th
MB312-1-3 Calcite 105 105
MB312-1-4 Calcite 117 -16.8 -17.2 204 117
MB312-1-5 Calcite 125 -16.6 -17.0 20.2 125
MB312-1-6 Calcite 127 127
MB312-1-7 Calcite 117 ~174 -17.8 20.8 117
MB312-1-8 Calcite 116 -17.4 -17.8 20.8 116
MB3i2-1-9 Calcite 104 -17.2 -17.6 20.7 104
MB312-1-10 {Calcite 122 -17.4 -17.8 20.8 122
MB312-1-11  ICalcite 128 -16.6 -17.0 20.2 128
MB312-1-12 iCalcite 137 -17.2 -17.6 20.7 137
MB312-1-13  Calcite 107 -16.9 -17.3 20.4 107
MB312-1-14 |Calcite 108 -16.1 -16.5 19.8 108
MB312-1-15  |Calcite 114 -16.6 -17.0 20.2 114
MB312-1-16  {Calcite 122 -16.6 -17.0 20.2 122
MB312-1-17  [Calcite 106 -16.3 -16.7 20.0 106
MB312-1-18 iCalcite 117 -16.6 -17.0 20.2 117
MB312-2-1 Calcite 104 -16.3 -16.7 20.0 104
MB312-2-2 Calcite 114 -16.3 -16.7 20.0 114
MB312-2-3 Calcite 94 -16.3 -16.7 20.0 94
MB312-2-4 Calcite 105 -16.3 -16.7 20.0 105
MB312-2-5 Calcite 101 -16.3 -16.7 20.0 101
MB312-2-6 Calcite 92 -16.3 -16.7 20.0 92
MB312-2-7 Calcite 108 -16.3 -16.7 20.0 108
MB312-2-8 Calcite 98 -16.3 -16.7 20.0 98
MB312-2-9 Calcite 100 -16.3 -16.7 20.0 100
MB312-2-10  {Calcite 112 -16.3 -16.7 20.0 112
MB312-2-11 |Calcite 87 -16.3 -16.7 20.0 87
MB312-2-12 |Calcite 89 -16.3 -16.7 20.0 89
MB312-2-13  |Calcite 92 -16.3 -16.7 20.0 92
MB322-1-1 Calcite 118 -15.9 -16.3 19.7 118
MB322-1-2 Calcite 116 -15.9 -16.3 19.7 116
MB322-1-3 Calcite 116 -15.8 -16.2 19.6 116
MB322-1-4 Calcite 112 -15.9 -16.3 19.7 112
MB322-1-5 Calcite 112 -15.9 -16.3 19.7 112
MB322-1-6 Calcite 103 -15.9 -16.3 19.7 103
MB322-1-7 Calcite 112 -15.9 -16.3 19.7 112
MB322-1-8 Calcite 110 -15.9 -16.3 19.7 110
MB322-1-9 Calcite 113 -15.9 -16.3 19.7 113
MB322-1-10 {Calcite 113 -15.9 -16.3 19.7 113
MB322-1-11 _ {Calcite -15.9 -16.3 19.7

MB322-1-12 |Calcite 126 -15.9 -16.3 19.7 126
MB322-1-13 _ [Calcite 103 -16.1 -16.5 19.8 103
MB322-1-14 {Calcite 112 -15.9 -16.3 19.7 112
MB322-1-15 |Calcite 93 -15.9 -16.3 19.7 93
MB251-1-1 Calcite 126 -204 -20.8 22.9 126
MB251-1-2 Calcite 131 -20.4 -20.8 22.9 131
MB251-1-3 Calcite 141 -20.4 -20.8 22.9 141
MB251-1-4 Calcite -20.3 -20.7 22.8

MB251-1-5 Calcite 130 -20.4 -20.8 22.9 130
MB251-1-6 Calcite 132 -20.4 -20.8 22.9 132
MB251-1-7 Calcite 131 -20.4 -20.8 22.9 131
MB251-1-8 Calcite 148 -20.4 -20.8 229 148
MB251-1-9 Calcite 137 -20.4 -20.8 229 137
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Sample # Host Th Tm(ice) Tm(ice)corr Salinity Th

MB251-1-10 |Calcite 129 -20.2 -20.6 22.8 129
MB251-1-11 {Calcite -20.4 -20.8 22.9

MB251-1-12 _|Calcite -20.4 -20.8 22.9

MB251-1-13 Calcite 130 -20.4 -20.8 22.9 130
MB251-1-14 {Calcite 132 -18.2 -18.6 214 132
MB251-1-15  Calcite 127 -18.2 -i8.6 21.4 127
MB251-1-16  [Calcite 146 -18.5 -18.9 21.6 146
MB251-2-1 Calcite 115 -19.2 -19.6 22.1 115
MB251-2-2 Calcite 140 -20.4 -20.8 22.9 140
MB251-2-3 Calcite 115 -17.9 -18.3 21.2 115
MB251-2-4 Calcite 138 -20.2 -20.6 22.8 138
MB251-2-5 Calcite -20.2 -20.6 22.8

MB251-2-6 Calcite 130 130
MB251-2-7 Calcite -20.2 -20.6 22.8

MB251-2-8 Calcite 148 -20.2 ~20.6 22.8 148
MB251-2-9 Calcite 144 -20.7 <211 23.1 144
MB251-2-10  |Calcite 127 -20.0 -20.4 22.6 127
MB251-2-11 ICalcite -21.6 -22.0 23.7

MB256-1-1 Calcite
MB256-1-2 Calcite
MB256-1-3 Calcite
MB256-1-4 Calcite

MB256-1-5 Calcite 132 -20.0 -20.4 22.6 132
MB256-1-6 Calcite 132 -19.8 -20.2 22.5 132
MB256-1-7 Calcite 134 -20.1 -20.5 22.7 134
MB256-1-8 Calcite 134 -20.1 -20.5 22.7 134
MB256-1-9 Calcite 121 -19.8 -20.2 22.5 121
MB256-1-10 |Calcite 131 -19.6 -20.0 22.4 131
MB256-1-11 |Calcite 128 -18.6 -19.0 21.7 128
MB256-1-12  [Calcite 131 -19.8 -20.2 22.5 131
MB256-1-13  Calcite -18.9 -19.3 21.9

MB256-1-14  1Calcite 124 -19.6 -20.0 22.4 124
MB256-1-15  |Calcite 125 125
MB270-1-1 Calcite 135 135
MB270-1-2 Calcite 135 -17.2 -17.2 20.4 135
MB270-1-3 Calcite

MB270-1-4 Calcite 140 -16.7 -16.7 20.0 140
MB270-1-5 Calcite 135 -16.5 -16.5 19.8 135
MB270-1-6 Calcite -16.6 -16.6 19.9

MB87-1-1 Calcite 133 -15.7 -15.7 19.2 133
MB87-1-2 Calcite 130 -21.2 -21.2 23.2 130
MBg7-1-3 Calcite 129 -21.2 -21.2 232 129
MB87-1-4 Calcite 131 -21.9 -21.9 23.6 131
MB87-1-5 Calcite -21.5 -21.5 234

MB87-1-6 Calcite 133 -21.5 -21.5 23.4 133
MB8&7-1-7 Calcite 138 -21.5 -21.5 23.4 138
MB87-1-8 Calcite 135 -21.5 -21.5 23.4 135
MB87-1-9 Calcite 130 -21.5 -21.5 234 130
MB87-1-10 Calcite 134 -21.3 -21.3 23.2 134
MB87-1-11 Calcite 122 -18.0 -18.0 21.0 122
MB87-2-1 Calcite 135 -16.0 -16.0 19.4 135
MBg&7-2-2 Calcite 132 -16.0 -16.0 19.4 132
MB87-2-3 Calcite 132 -15.9 -15.9 194 132
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Sample # Host Th Tm({ice) Tm(ice)corr Salinity Th

MB87-2-4 Calcite 132 -15.9 -15.9 19.4 132
MB87-2-5 Calcite 134 -16.0 -16.0 19.4 134
MB§7-2-6 Calcite 134 -16.0 -16.0 19.4 134
MB§7-2-7 Calcite 136 -15.9 -15.9 19.4 136
MB87-2-8 Calcite 120 -16.3 -16.3 19.7 120
MB87-2-9 Calcite 132 -16.0 -16.0 194 132
MB87-2-10 Calcite 140 -16.2 -16.2 19.6 140
MB87-2-11 Calcite 132 -16.1 -16.1 19.5 132
MB87-2-12 Calcite 139 -15.8 -15.8 19.3 139
MB87-2-13 Calcite 119 -16.3 -16.3 19.7 119
MBS87-2-14  [Calcite 122 -16.1 -16.1 19.5 122
MBg87-2-15 Calcite 138 -15.9 -15.9 194 138
MB87-2-16 Calcite 137 -16.1 -16.1 19.5 137
MB87-2-17 Calcite 137 -16.0 -16.0 19.4 137
MB87-2-18 Calcite 137 -16.0 -16.0 19.4 137
MBg87-2-19 Calcite 139 -16.0 -16.0 19.4 139
MB8&7-2-20 Calcite 139 -16.0 -16.0 19.4 139
MB87-2-21 Calcite 137 -15.9 -15.9 19.4 137
MB87-2-22  iCalcite 137 -15.9 -15.9 19.4 137
MB87-2-23 Calcite 135 -15.8 -15.8 19.3 135
MB87-2-24 Calcite 135 -16.0 -16.0 19.4 135
MB§7-2-25 Calcite 136 -16.0 -16.0 19.4 136
MB87-2-26 Calcite 137 -16.0 -16.0 19.4 137
MB87-2-27 Calcite 137 -16.0 -16.0 194 137
MB87-2-28 Calcite 139 -16.1 -16.1 19.5 139
MB87-2-29 Calcite 137 -15.8 -15.8 19.3 137
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Formation [Hydrostat. Paleo
Depth [Depth  {Th Pressure  |Pressure Pressure Ttmin Ttmax
Sample # Host m)  fmicorr 1{(°C)  kPa) (kPa) kPa) (°C) (°C)
MB264-1-1 Calcite 5091 701 160 49942.71 69562.71 215 R37
MB264-1-2 Calcite 5091 7091 173 49942.71 69562.71 228 250
MB264-1-3 Caicite 5091 7091 157 149942.71 69562.71 212 234
MB264-1-4 Calcite 5091 7091 178 49942.71 00562.71 233 255
MB264-1-5 ICalcite 50981 7091 150 49042.71 69562.71 205 227
MB264-1-6 Calcite 5091 7091 165 49942.71 69562.71 220 242
MB264-1-7 Calcite 5091 17091 159 49942.71 69562.71 214 236
MB264-1-8 Calcite 5091 17091 159 49942.71 69562.71 214 236
MB264-1-9 Calcite 5091 7091 158 148942.71 69562.71 213 235
MB264-1-10  |Calcite 5091 7091 157 49942.71 69562.71 212 234
MB264-2-1 Calcite 5091 7091 145 49942.71 69562.71 200 222
MB264-2-2 Calcite 5091 (7091 142 49942.71 69562.71 197 219
MB264-2-3 Calcite 5091 7091 139 149942.71 69562.71 194 216
MB264-2-4 Calcite 5091 {7091 138 49942.71 69562.71 193 215
MB264-2-5 ICalcite 5081 7091 145 498942.71 89562.71 200 222
MB264-2-6 ICalcite 15091 {7091 136 48942.71 69562.71 191 213
MB264-2-7 \Calcite 5091 7091 136 49942.71 69562.71 191 213
MB264-2-8 Calcite 5091 7091 153 149942.71 69562.71 1208 230
MB264-2-9 Calcite  [5091  [7091 49942.71 69562.71 55 77
MB264-2-10 Calcite 5091  [7091 136 49942.71 69562.71 191 213
MB264-2-11 Calcite 5091 7091 137 149942.71 69562.71 192 214
MB264-2-12 ICalcite 5091 17091 146 40942.71 69562.71 201 1223
MB264-2-13 Calcite 5091 7091 151 49942.71 69562.71 206 228
MB264-2-14 Calcite 5081 7091 140 149942.71 69562.71 195 217
MB264-2-15 Calcite  |5091  [7091 137 49942.71 69562.71 192 214
MB264-2-16  |Calcite {5091 7091 49942.71 69562.71 55 77
MB15-1-1 ICalcite 5220.8 [7220.8 [|157 51216.048  [70836.048 1213 235
MB15-1-2 Calcite 5220.8 [7220.8 162 51216.048 70836.048 218 240
MB15-1-3 Calcite  156220.8 [7220.8 1160 51216.048  170836.048 216 238
MB15-1-4 Calcite 5220.8 [7220.8 51216.048 70836.048 |56 78
MB15-1-5 Calcite  15220.8 [7220.8 {153 51216.048  [70836.048 209 231
MB15-1-6 Calcite  15220.8 [7220.8 /148 51216.048  [70836.048 204 226
MB15-1-7 Calcite  6220.8 [7220.8 143 51216.048  [70836.048 [199 221
MB15-1-8 Calcite 5220.8 {7220.8 (158 51216.048  [70836.048 214 236
MB15-1-9 Calcite 5220.8 [7220.8 51216.048 70836.048 |56 78
MB15-1-10 Calcite  15220.8 [7220.8 1153 51216.048  |[70836.048 1209 231
MB15-1-11 iCalcite 5220.8 17220.8 {158 51216.048 70836.048 1215 237
MB15-1-12 Calcite 5220.8 [7220.8 1150 51216.048 70836.048 206 228
MB15-2-1 Calcite  15220.8 [7220.8 132 51216.048  [70836.048 188 210
MB15-2-2 Calcite  15220.8 [7220.8 132 51216.048  [70836.048 1188 210
MB15-2-3 Calcite 5220.8 [7220.8 51216.048 70836.048 |56 78
MB15-2-4 Calcite  5220.8 [7220.8 1156 51216.048  [70836.048 212 234
MB15-2-5 Calcite  16220.8 [7220.8 164 51216.048  [70836.048 1220 242
MB15-2-6 Calcite  [5220.8 [7220.8 [164 51216.048  |70836.048 220 242
MB15-2-7 Calcite  {5220.8 [7220.8 1163 51216.048  [70836.048 219 241
MB201-1-1 Dolomite  4075.6 16075.6 1133 38400 39981.636  |59601.636 177 199
MB201-1-2 Dolomite  4075.6 16075.6 140 38400 39981.636  [59601.636 184 206
MB201-1-3 Dolomite 14075.6 6075.6  [135 38400 39981.636  [59601.636 179 201
MB201-1-4 Dolomite  14075.6 16075.6  [145 38400 39981.636  59601.636 189 211
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Formation [Hydrostat. Paleo
Depth Depth ITh Pressure - Pressure Pressure Ttmin Ttmax
Sample # Host (m)  Im)cor |(°C)  KkPa) (kPa) kPa) °C) (°c)
MB201-1-5 Dolomite 4075.6 16075.6 38400 30981.636 59601.636 144 66
MB201-1-6 Dolomite 14075.6 8075.6 123 38400 139981.636  59601.636 167 189
MB312-1-1 Calcite 13560.4 5560.4 [104 34400 134927.524 54547.524 142 164
MB312-1-2 Calcite  13560.4 5560.4 1106 34400 34927.524  [54547.524 44 160
MB312-1-3 Calcite 3560.4 |5560.4 1105 34400 34927.524  154547.524 143 165
MB312-1-4 Calcite 13560.4 15560.4 [117 34400 34927.524  54547.524 1155 177
MB312-1-5 iCalcite 3560.4 5560.4 (125 134400 34927.524  54547.524 163 185
MB312-1-6 Calcite 3560.4 5560.4 127 34400 134927.524  154547.524 165 187
MB312-1-7 Calcite 3560.4 5560.4 117 134400 134927.524  54547.524 155 177
MB312-1-8 Calcite  13560.4 5560.4 116 34400 34927.524  54547.524 154 176
MB312-1- Calcite  13560.4 5560.4 1104 34400 34927.524  [54547.524 {142 164
MB312-1-10 Calcite  13560.4 5560.4 1122 34400 34927.524  54547.524 160 182
MB312-1-11 Calcite  13560.4 5560.4 1128 34400 134927.524  54547.524 166 188
MB312-1-12 Caicite 3560.4 55604 1137 134400 34927.524 54547.524 175 197
MB312-1-13 Calcite 3560.4 5560.4 1107 34400 34927.524  154547.524 145 167
MB312-1-14 Calcite  [3560.4 5560.4 (108 34400 B34927.524  54547.524 1146 168
MB312-1-15 Calcite 13560.4 15560.4 1114 34400 134927.524 54547.524 1152 174
MB312-1-16  [Calcite  13560.4 5560.4 1122 134400 34927.524  54547.524 160 182
MB312-1-17  ICalcite  |3560.4 5560.4 106 34400 34927.524  54547.524 1144 166
MB312-1-18  (Calcite  [3560.4 5560.4 117 134400 34927.524 154547.524 1155 177
MB312-2-1 Calcite 13560.4 5560.4 1104 34400 134927.524 54547.524 (142 164
MB312-2-2 Calcite 3560.4 5560.4 1114 34400 34927.524  64547.524 152 174
MB312-2-3 Calcite 13560.4 5560.4 94 34400 134927.524  54547.524 132 154
MB312-2-4 Calcite 3560.4 5560.4 1105 34400 34027.524  54547.524 143 165
MB312-2-5 Caicite  13560.4 15560.4 101 34400 134927.524  54547.524 1139 161
MB312-2-6 Caicite  13560.4 5560.4 192 34400 134927.524  54547.524 130 152
MB312-2-7 Calcite 3560.4 5560.4 108 134400 34027.5624  H54547.524 1146 168
MB312-2-8 Calcite  |3560.4 5560.4 98 134400 34927.524  54547.524 136 158
MB312-2-9 Calcite 3560.4 5560.4 100 34400 34927.524 54547524 (138 160
MB312-2-10 ICalcite 3560.4 5560.4 112 34400 34927.524  54547.524 1150 172
MB312-2-11 Calcite 3560.4 [5560.4 187 34400 134027.524  154547.524 1125 147
MB312-2-12 Calcite  |3560.4 |5560.4 189 134400 34927.524  154547.524 127 149
MB312-2-13 Calcite  [3560.4 |5560.4 92 134400 34927.524  54547.524 130 152
MB322-1-1 Cailcite 3030 5030 118 27500 129724.3 49344.3 151 172
MB322-1-2 Calcite 3030 5030 116 27500 [29724.3 49344.3 149 170
MB322-1-3 Calcite 3030 15030 116 27500 29724.3 149344.3 149 170
MB322-1-4 Calcite 13030 5030 112 27500 29724.3 49344.3 145 166
MB322-1-5 Calcite 13030 5030 112 27500 29724.3 49344.3 145 166
viB322-1-6 [Calcite 3030 5030 103 127500 129724.3 19344.3 136 157
MB322-1-7 Calcite 13030 5030 112 127500 29724.3 149344.3 145 166
MB322-1-8 Calcite 3030 5030 110 27500 29724.3 49344.3 143 164
MB322-1-9 Calcite 13030 5030 113 27500 29724.3 49344.3 146 167
MB322-1-10 Calcite {3030 5030 113 27500 129724.3 49344.3 146 167
MB322-1-11 Calcite 3030 5030 27500 29724.3 49344.3 33 54
MB322-1-12 Calcite 3030 15030 126 27500 1297243 49344.3 159 180
MB322-1-13 Calcite 3030 15030 103 27500 29724.3 49344.3 136 157
MB322-1-14  (Calcite 13030 5030 112 27500 29724.3 49344.3 145 166
MB322-1-15 Calcite {3030 15030 93 27500 29724.3 149344.3 126 147
MB251-1-1 Calcite 4040 16040 126 137000 39632.4 59252.4 170 191
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Formation jHydrostat. Paleo
Depth Depth Th Pressure [Pressure Pressure Ttmin Ttmax
Sample # Host m)  {mcorr |(°C)  (kPa) (kPa) (kPa) °C) °c)
MB251-1-2 Calcite 14040 16040 131 137000 39632.4 59252.4 175 196
MB251-1-3 ICalcite 14040 16040 141 37000 39632.4 59252.4 185 206
MB251-1-4 Calcite 4040 16040 37000 139632.4 59252.4 44 65
MB251-1-5 Calcite 14040 16040 130 37000 39632.4 50252.4 174 195
MB251-1-6 Calcite 14040 16040 132 37000 39632.4 59252 4 176 197
MB251-1-7 Calcite 14040 16040 131 37000 39632.4 59252.4 175 196
MB251-1-8 Calcite 4040 16040 148 137000 39632.4 59252.4 192 213
MB251-1-9 Calcite 14040 16040 137 37000 39632.4 59252.4 181 202
MB251-1-10 Calcite 4040 16040 129 37000 39632.4 59252.4 173 194
MB251-1-11 Calcite 4040 16040 37000 39632.4 59252.4 44 65
MB251-1-12  [Calcite 14040 6040 37000 139632.4 59252.4 44 65
MB251-1-13  Calcite 4040 16040 130 37000 139632.4 59252.4 174 195
MB251-1-14  (Calcite 14040 16040 132 37000 39632.4 59252.4 176 197
MB251-1-15 Calcite 14040 15040 127 37000 39632.4 59252.4 171 192
MB251-1-16 Calcite 4040 16040 146 137000 39632.4 59252.4 190 211
MB251-2-1 Calcite 14040 16040 115 37000 39632.4 59252.4 159 180
MB251-2-2 Calcite 4040 16040 140 37000 39632.4 59252.4 184 205
MB251-2-3 Calcite 4040 16040 115 37000 39632.4 59252.4 159 180
MB251-2-4 Calcite 4040 16040 138 37000 39632.4 59252.4 182 203
MB251-2-5 Cailcite 14040 16040 137000 139632.4 59252.4 44 65
MB251-2-6 Calcite 4040 16040 130 37000 139632.4 59252.4 174 195
MB251-2-7 Calcite 4040 16040 137000 38632.4 59252.4 44 65
MB251-2-8 Calcite 14040 16040 148 137000 39632.4 59252.4 192 13
MB251-2-9 ICalcite 4040 16040 144 37000 39632.4 159252.4 188 209
MB251-2-10 Calcite 4040 16040 127 37000 39632.4 59252.4 171 192
MB251-2-11 Calcite 14040 16040 37000 39632.4 59252.4 44 65
MB256-1-1 ICalcite 4829.1 16829.1 47373.471 66993.471 |52 74
MB256-1-2 ICalcite 4829.1 16829.1 17373.471 66993.471 152 74
MB256-1-3 Calcite  14829.1 16829.1 47373.471  166993.471 52 74
MB256-1-4 Calcite 4829.1 6829.1 147373.471 66993.471 152 74
MB256-1-5 Calcite  14829.1 6829.1 132 47373.471  166993.471 {184 206
MB256-1-6 Calcite 4829.1 6829.1 132 47373.471 66993.471 1184 206
MB256-1-7 Calcite  14829.1 16829.1 1134 47373.471  66993.471 1186 208
MB256-1-8 Caicite 4829.1 16828.1 1134 47373.471 66993.471 186 208
MB256-1-9 Calcite 4829.1 168291 1121 47373.471 66993.471 1173 195
MB256-1-10 Calcite 4829.1 6829.1 131 47373.471 66993.471 1183 1205
MB256-1-11 Calcite 4829.1 6829.1 128 U47373.471 66993.471 (180 202
MB256-1-12 Calcite 4829.1 16829.1 131 K47373.471 66993.471 183 205
MB256-1-13 Calcite 4823.1 6829.1 47373.471 06993.471 52 74
MB256-1-14 Calcite 14829.1 6829.1 1124 47373.471 66993.471 (176 198
MB256-1-15 Calcite 4829.1 68291 1125 47373.471 66993.471 177 199
MB270-1-1 Caicite 14468 16468 135 38800 43831.08 63451.08 183 205
MB270-1-2 Calcite 14468 16468 135 38800 43831.08 63451.08 183 205
MB270-1-3 Calcite 4468 6468 38800 43831.08 63451.08 48 70
MB270-1-4 Calcite 4468 6468 140 38800 43831.08 63451.08 188 210
MB270-1-5 Calcite 4468 6468 135 38800 143831.08 63451.08 183 205
MB270-1-6 Calcite 4468 6468 38800 143831.08 63451.08 48 70
MB87-1-1 Calcite 4257.7 ©257.7 133 138200 41768.037 ©61388.037 {179 201
MB87-1-2 Calcite 42577 257.7 130 38200 41768.037  161388.037 176 198
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Formation Hydrostat. Paleo
Depth [Depth  [Th Pressure |Pressure Pressure Ttmin ITtmax

Sample # Host m _ {m)corr [(°C)  {kPa) (kPa) kPa) °c) (°C)
MB87-1-3 Calcite  [4257.7 16257.7 1129 38200 41768.037  161388.037 175 197
MB87-1-4 Calcite  ¥4257.7 16257.7  [131 38200 41768.037  81388.037 1177 199
MB87-1-5 Calcite  4257.7 6257.7 38200 41768.037  181388.037 146 68
MB87-1-6 Calcite  |4257.7 ©257.7 133 38200 41768.037  161388.037 1179 201
MB87-1-7 Calcite  |4257.7 |6257.7 138 38200 41768.037  161388.037_ 184 206
MB87-1-8 Calcite  [4257.7 |257.7 (135 38200 41768.037  161388.037 181 203
MB87-1-9 Calcite  14257.7 6257.7 1130 138200 41768.037  161388.037 178 198
MB87-1-10 Caicite  14257.7 16257.7 134 38200 41768.037  161388.037 180 202
MB87-1-11 Calcite 4257.7 18257.7 1122 38200 41768.037 61388.037 168 190
MB87-2-1 Calcite  4257.7 16257.7 135 38200 41768.037  161388.037 1181 203
MB87-2-2 Calcite  14257.7 8257.7 1132 38200 41768.037  61388.037 1178 200
MB87-2-3 Calcite  14257.7 8257.7 (132 38200 41768.037  161388.037 178 200
MB87-2-4 Calcite  14257.7 |6257.7 132 38200 41768.037  161388.037 /178 200
MB87-2-5 Calcite 4257.7 16257.7 1134 38200 41768.037 61388.037 1180 1202
MB87-2-6 Caicite 4257.7 ©257.7 1134 138200 41768.037  161388.037 1180 202
MB87-2-7 Calcite  |4257.7 6257.7 (136 38200 41768.037  161388.037 1182 204
ViB87-2-8 Calcite  4257.7 16257.7 120 138200 41768.037  61388.037 |166 188
MB87-2-9 ICalcite 14257.7 16257.7 1132 138200 41768.037  161388.037 178 200
MB87-2-10 Calcite K¥257.7 8257.7 1140 38200 41768.037 61388.037 186 208
MB87-2-11 Calcite  [4257.7 16257.7 132 38200 41768.037  61388.037 [178 200
MB87-2-12 Calcite 4257.7 16257.7 1139 138200 141768.037 61388.037 1185 207
MB87-2-13 Calcite  4257.7 16257.7 1119 38200 41768.037  161388.037 165 187
MB87-2-14 Calcite  4257.7 6257.7 122 38200 41768.037  161388.037 168 190
MB87-2-15 ICalcite 4257.7 86257.7 (138 38200 41768.037 61388.037 184 206
MB87-2-16 Calcite 4257.7 8257.7 1137 138200 41768.037  161388.037  [183 205
MB87-2-17 Calcite  14257.7 16257.7 1137 138200 41768.037  161388.037 183 205
MB87-2-18 Calcite 4257.7 |6257.7 137 38200 41768.037 61388.037 183 205
MB87-2-19 Calcite  |4257.7 16257.7 1139 38200 41768.037  61388.037 185 207
MB87-2-20 Calcite  4257.7 [6257.7 139 38200 41768.037  61388.037 1185 207
MBg7-2-21 ICalcite 4257.7 6257.7 1137 138200 41768.037 61388.037 183 [205
MB87-2-22 Calcite KM257.7 8257.7 1137 38200 41768.037 61388.037 183 205
MB87-2-23 Calcite 4257.7 16257.7 1135 38200 41768.037  161388.037 181 203
MB87-2-24 Calcite  |4257.7 6257.7 1135 38200 41768.037  161388.037 181 203
MB87-2-25 Calcite 4257.7 16257.7 (136 38200 41768.037 61388.037 1182 1204
MB87-2-26 Calcite 4257.7 6257.7 137 38200 141768.037 61388.037 1183 205
MB87-2-27 Calcite  14257.7 16257.7 137 38200 41768.037 161388.037 1183 205
MB87-2-28 Calcite ¥257.7 8257.7 1139 38200 41768.037 61388.037 1185 RO7
MB87-2-29 Calcite 4257.7 B257.7 137 38200 11768.037 61388.037 183 205
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