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The relationship of transgressive systems tracts to sea-floor diagenesis, Lower
Cretaceous, Scotian Basin

By Ann Okwese
Abstract

The Lower Cretaceous rocks of the Scotian Basin are deltaic, with cycles of delta
progradation with relatively high sedimentation rates, capped by a transgressive unit with
lower sedimentation rates. The diagenetic mineral phases in the sea-floor diagenetic
system are commonly preserved where there is abrupt change in sedimentation rates, and
also in coated grains found in the transgressive unit. This study assesses the role of
seafloor diagenesis in the overall diagenetic system of the Lower Cretaceous of the
Scotian Basin by studying the sedimentology, mineralogy, and geochemistry of the
transgressive unit and underlying sediments from conventional core in two wells.

The observed variation in mineralogy and geochemistry of the different transgressive
units can be tentatively related to their different facies associations. Those in younger
strata at Peskowesk can be compared with modern sea-floor diagenetic systems in areas
of high Fe availability. In shelf-edge deltaic deposits at Thebaud, there was higher Ca and
Mg availability.
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Figure 4.2: Various BSE images from the Thebaud C-74 well. (A) 3862.91 m:

very coarse-grained sandstone (pebble sized sand present) with siderite cementation

and fecal pellet. (B) 3864.51 m: fine grained sandstone with thick beds of

mudstone. (C) 3859.95 m: mudstone with siderite burrows and shelly

fragments. (D) 3914.34 m: fine to coarse-grained sandstone with rare pebbles

and siderite-cemented nodules. (E) 3871.05 m: fine-grained sandstone with ,
silty mudstone and burrows. 140-141

Figure 4.3: Various BSE images from the Peskowesk A-99 well. (A & B)
2209.83 m: homogeneous sandstone with dispersed wood fragments.

(C & D) 2221.17 m: mudstone with several whitish brown nodules (not shown
on both images). (E & F) 2275.64 m: reddish brown mudstone as a result of
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siderite cementation. 142-143

Figure 4.4: Various BSE images from the Peskowesk A-99 well.

(A) 2482.68 m: sandstone with 15% shelly fragments (some shale removed

from sample). (B) 2492.25 m: sandstone with thin beds of siderite cement and

extensive Fe-calcite cementation. (C) 2931.91 m: fine-grained sandstone with

prominent greenish burrows. Image of calcite cement in contact with quartz

overgrowths. (D & E) 2942.02 m: fine grained sandstone with shelly fragments. _
(F) 3813.15 m: muddy TST sandstone with shelly fragments. 145-146

Figure 4.5: microphotographs and BSE images from the Thebaud C-74 well.

(A) 3859.95 m (microphotograph): Framboidal pyrite cluster. (B) 3868.39 m
(microphotograph): Platy pyrite crystals. (C) 3902.65 m (BSE image):

Bioturbated fine to medium-grained sandstone with burrows and siderite

cementation. (D) 3863.09 m (BSE image): fine to medium- grained sandstone.

(E) 3866.79 m (BSE image): fine grained sandstone with a few coal fragments

and burrows. (F) 3868.38 m (BSE image): bioturbated fine grained sandstone ,
interbedded with silty mudstone with burrows and siderite cementation. 147-148

Figure 4.6: microphotographs and BSE images from the Peskowesk A-99 well.
'(A) 2942.02 m (microphotograph): Platy and framboidal pyrite grains occurring

within an intraclast. (B) 2482.68 m (microphotograph): pore-filing framboidal

pyrite. (C) 2482.68 m (BSE image): sandstone with 15% shelly fragments

(some shale removed from sample). (D) 2209.83 m (BSE image): sandstone

with dispersed wood fragments. Microcrystalline siderite filling some pores

between detrital quartz grains. ' 150-151

Figure 4.7: Two BSE images from the Thebaud C-74 well. (A) 3859.95 m:
mudstone with siderite burrows and shelly fragments. (B) 3914.34 m: fine to
coarse-grained sandstone with rare pebbles and siderite-cemented nodules. 153

Figure 4.8: microphotographs and BSE images from the Peskowesk A-99

well. (A) 2482.68 m (microphotograph: kaolinite grains and small pieces of

lithic clasts. (B & C) 2209.83 m (BSE image): homogeneous sandstone with

dispersed wood fragments. (D) Coated grain has a quartz nucleus and three

concentric layers. (E) Coated grain with three concentric layers. 154-155

Figure 4.9: Various BSE images from both studied wells. Thebaud C-74 (A)

3921.98 m: fine to medium-grained sandstone with siderite cementation

and burrows. (B) 3862.91 m: very coarse-grained sandstone (pebble sized sand

present) with siderite cementation. (C) 3859.95 m: mudstone with siderite

burrows and shelly fragments. Peskowesk A-99 (D) 2481.34 m: sandstone with

sparse shelly fragments and siderite cementation. (E) 2221.17 m: mudstone with

a whitish brown nodule. (F) 2945.38 m: fine grained sandstone. 157-158
Figure 4.10: Various BSE images from both studied wells. Thebaud C-74

(A) 3864.51 m: fine-grained sandstone with thick beds of mudstone.
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Peskowesk A-99 (B) 2209.83 m: homegeneous sandstone with dispersed
wood fragments. (C) 2492.25 m: sandstone with thin beds of siderite
cementation.

Figure 4.11: Various BSE images from both studied wells. Thebaud C-74
(A) 3866.79 m: fine-grained sandstone with a few coal fragments and

burrows. Peskowesk A-99 (B) 2221.17 m: mudstone with several whitish brown
nodules. (C) 2249.39 m: medium-grained sandstone. (D) 2493.19 m: greenish

sandstone with shelly and wood fragments. (E) 3813.63 m: muddy TST
sandstone with shelly fragments.
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Figure 4.13: Carbonate classification diagram from the Thebaud C-74 well.
Fields were created using carbonate analyses from Chang et al. (1996).

Figure 4.14: Paragenetic sequence deduced from textural relationship in
sandstones from the Thebaud C-74 well.

Figure 4.15: Carbonate classification diagram from the Peskowesk A-99 well.

Fields were created using carbonate analyses from Chang et al. (1996).

Figure 4.16: Paragenetic sequenee deduced from textural relationship in
sandstones from the Peskowesk A-99 well.

Figure 5.1: Histogram showing the variance of principal components
for major elements at Thebaud C-74 (A) and Peskowesk A-99 (B).

Figure 5.2: Histogram showing the variance of principal components for
major and trace elements, facies and grain size at Thebaud C-74 (A) and
Peskowesk A-99 (B).

Figure 5.3: PCA biplot of major elements loading at the Thebaud C-74 well.

Figure 5.4: PCA biplot of major and trace elements, facies and grain size
loading at the Thebaud C-74 well. :

Fi igure 5.5: PCA biplot of major elements loading at the Peskowesk
A-99 well.

Figure 5.6: PCA biplot of major and trace elements, facies and grain size
loading at the Peskowesk A-99 well.

Figure 5.7: Ratio plot of P,Os/Al,03 against CaO/Al,O; presented on a
logarithmic scale.

160-161

163-164

165

166

168

169

170

210

211

214

214

215

215

218

xvii



Figure 5.8: Aluminum plots against silica in weight percentage.

Figure 5.9: CaO plotted against calcite.

Figure 5.10: Strontium in ppm plotted against CaO in weight percentage.
Figure 5.11: Ratio plot with P,0Os/Al,O3 against Ce/Al,O3.

Figure 5.12: MgO is plotted against ankerite and dolomite (no separate
XRD peaks of the minerals).

Figure 5.13: MgO plotted against total FeO in weight percentage.
Figure 5.14: Phosphorus plotted against TiO, in weight percentage.

Figure 5.15: Ratio plot of FeOT/Al,O; against P,05/Al1,0; presented on
a logarithmic scale.

Figure 5.16: Ratio plot of FeOT/AL,O; against TiO,/AL,Os.
Figure 5.17: A plot of CaO against silica in weight percentage.

Figure 5.18: Calcite normalized total FeO plotted against calcite
normalized silica in weight percentage.

Figure 5.19: A plot of CaO versus silica in weight percentage

Figure 5.20: Calcite free FeOr versus calcite free silica weight percentage.

Figure 5.21: Calcite freeTiO; versus calcite free silica weight percentage.

Figure 5.22: Calcite free P,Os versus calcite free silica weight percentage.

Figure 5.23: Plot of Fe against siderite from XRD analysis.

Figure 5.24: Plot of pyrite from XRD analyéis against sulphurin
weight percentage.

Figure 5.25: Strontium in ppm plotted against inorganic carbon
(assuming CaCOs) in weight percentage.

Figure 5.26: Stratigraphic plot of total FeO against depths for both
studied wells.

Figure 5.27: Stratigraphic plot of TiO, against depths for both
studied wells.

218

218

218

218

220

220

220

220

- 220

220

220

222

222

222

222

223

223

223

224

224

Xviii



Figure 5.28: Stratigraphic plot of P,Os against depths for both
studied wells.

Figure 5.29: Stratigraphic plot of CaO against depths for both studied wells.
Figure 5.30: Stratigraphic plot of MgO against depths for both studied wells.
Figure 5.31: K,0 plotted against Rb (alumina normalized).

Figure 5.32: Lithology legend for figures 5.34 to 5.38.

Figure 5.33: Binary plot of sulphuf plotted against SiO, in weight percentage.

Figure 5.34: Cores 1 to 6 at Thebaud C-74. Stratigraphic variation of
selected major and trace elements and inorganic carbon (assuming CaCQOs).

Figure 5.35: Cores 1 to 4 at Peskowesk A-99. Stratigraphic variation of
selected major and trace elements and inorganic carbon (assuming CaCQs).

Figure 5.36: Core 5 at Peskowesk A-99. Stratigraphic variation of
selected major and trace elements and inorganic carbon (assuming CaCQ3).

Figure 5.37: Core 6 at Peskowesk A-99. Stratigraphic variation of
selected major and trace elements and inorganic carbon (assuming CaCQOj3).

Figure 5.38: Core 7 at Peskowesk A-99. Stratigraphic variation of
selected major and trace elements and inorganic carbon (assuming CaCO3).

Figure 6.1: Pore-water profile for a high sedimentation rate environment
(Burns, 1997) with zones showing expected mineral precipitation for

coateéd grains forming in a low sedimentation rate environment over a few cm.

Figure 6.2: Thebaud C-74 with interpreted core stratigraphy, lithofaices
and identified diagenetis features, showing geochemical differences.

Figure 6.3: Peskowesk A-99 (Cores 1-4) with interpreted core stratigraphy,

lithofaices and identified diagenetis features, showing geochemical differences.

Figure 6.4: Various binary plots for selected diagenetic minerals (quartz
normalized) for both studied wells showing facies variation. (A) Calcite
plotted against depth (B) Ankerite + Dolomite plotted against depth (C) -
Siderite plotted against depth (D) Chlorite plotted against depth (E) Pyrite
plotted against depth (F) Kaolinite plotted against depth.

Figure 6.5: Various binary plots above and below the TS. (A) Plot of FeOr
against SiO, showing TS change variations at Thebaud C-74 above the TS.
(B) Plot of FeOr against SiO; showing TS change variations at Peskowesk

224

224

224

224

225

226

227

228

229

230

231

241

247

248

250

XixX



A-99 above the TS. (C) Plot of FeOr against SiO; showing TS change
variations at Thebaud C-74 below the TS. (D) Plot of FeOr against SiO;
showing TS change variations at Peskowesk A-99 below the TS. 255

Figure 6.6: Cores 4, 5, and 6 at Thebaud C-74 with interpreted core stratigraphy,
lithofaices and identified diagenetis features, showing evidence of fossilization

below the TS. 258
Figure 6.7: Cores 1 and 2 at Peskowesk A-99 with interpreted core stratigraphy,
lithofaices and identified diagenetis features, showing evidence of the lack of
fossilization below the TS. 259
Figure 6.8: Accommodation and diagenesis model for both studied wells. 262

Figure 6.9: Diagenetic minerals within pore-water profiles in the Scotian
Basin for the fluvially dominated Peskowesk A-99. 263

Figure 6.10: Diagenetic minerals within pore-water profiles in the Scotian
Basin for the mixing zone between studied wells. _ 264

Figure 6.11: Diagenetic minerals within pore-water profiles in the Scotian
Basin for the deep water shelf edge at Thebaud C-74. 264

Figure 6.12: Integrated Model for Studied Wells. 265



LIST OF ABBREVIATIONS

BSE: Back Scattered Electron
EDS: Energy Dispersion Detector
EMP: Electron Microprobe

FSST: Falling Stage System Tract
HST: Highstand Systems Tract

. KB: Kelly Bushing

MFS: Maximum Flooding Surface
SEM: Scanning Electron Microscope
TS: Transgressive Surface

TST: Transgressive Systems Tracts
REE: Rare Earth Elements

CFA: Carbonate Fluorapatite

xxi



CHAPTER 1: INTRODUCTION

1.1 GENERAL STATEMENT

Most hydrocarbon discoveries in the Scotian Basin are in the Lower Cretaceous deltaic
sandstone reservoirs, including the Sable project gas fields (CNSOPB, 2000). New
commercial discoveries in the Lower Cretaceous sandstone are important to the future of
the Nova Scotia petroleum industry. Principal risks in these plays are (1) ;eservoir
effectivéness due to diagenetic processes, (2) the presence of suitable net pay and its
relationship to the breaching of seals by faults, and (3) the distribution of coarser thick-

bedded permeable sandstone. -

The Scotian Basin is a Mesozoic to Quaternary passive margin, influenced by salt
tectonics, and initiated by‘ the formation of rift basins in the Triassic and early Jurassic
when a new phase of crustal motion began. The Scotian Basin encompasses an area over
300,000 square kilometres. The Sable, Abenaki and Laurentian subbasins developed in
the eastern Scotian shelf as a result of greater subsidence of the rift basins formed in the

Triassic, which were filled with continental clastic rocks, salt and basal Jurassic basalts.
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This study addresses one aspect of the first risk presented above: reservoir effectiveness
due to diagenetic processes. It follows up on observations by Gould ef al. (2010) about
the importance of early diagenetic processes in determining the distribution of late
diagenetic minerals. In many reservoir sandstones in the Scotian Basih, highly porous
sandstones have diagenetic chlorite rims that appear to have inhibited silica cementation
(Drummond 1992). Gould et al. (2010) showed that formation of chlorite rims resulted
from the presence of Fe-rich clay formed by sea-floor diagenesis. They also presented
evidence that there was a strong correlation between the abundance of P and Ti in
éandstones and the presence of good quality chlorite rims. They .speculated that the
breakdown of detrital ilmenite (FeTiOs) supplied labile Fe for the formation of early Fe-
rich clay and that P and Fe were concentrated together in the sea-floor diagenetic system.
Gould et al. (2009) also proposed that changing rates of sedimentation had an important

influence on the sea-floor diagenetic system.



This study investigates early diagenetic processes in the Lower Cretaceous deltaic
sediments of the Scotian Basin. Conventional core from two wells, Thebaud C-74 and
Peskowesk A-99, with contrasting sediment types have been studied. Early diagenetic
minerals have been characterized with the help of sedimentological, geochemical, andb
petographic interpretations. Particular emphasis is placed on the preservation of early
diagenetic minerals, either as coated grains, or as a result of precipitation during
adjustment of pore-water profiles at times of rapid change in sedimentation rates.
Detailed objectives are presented at the end of this chapter, following a review of

previous work and the principles of the modern sea-floor diagenetic system.

The anticipated outcome of this study is a new understanding of the influence of sea-floor
diagenesis on the later diagenetic history and reservoir quality in the Scotian Basin. This

work can be used as a predictive tool for reservoir management.

In an attempt to reach textural and geochemical equilibrium, sediment assemblages and
their interstitial pore waters go through a broad spectrum of physical, chemical and
biological post-depositional processes. These are the processes that make up diagenesis
(Worden and Burley, 2003). Diagenesis could be said to be responsible for what makes
sediments change to sedimentary rocks (from weathering to metarhorphism). Diagenetic
reactions take place due to changes in ambient pore-fluid chemistry, temperature, and
pressure. Without the presence of aqueous pore fluids, diagenesis cannot occur. Early
diagenesis relates to the time componeht. Time is critical, and early reactions can be

rapid. Early diagenetic reactions, like marine cementation in sandstones or carbonates,



take place in mere decades (Taylor and Illing, 1969; Pyre ez al., 1990; Al-Agha et al.,

1995 in Worden and Burley, 2003).

A number of terms used to describe aspects of diagenesis are defined here. Authigenesis
is the growth of a mineral in situ (growth in the location the mineral has been ultimately
preserved). Cementation refers to the growth of a mineral in sediment pore spaces.
Dissolution involves a mineral going into solution from a solid state. The order in which
diagenetic processes occur in sediments is known as a paragenetic séqﬁence. Precipitation
is growth of a mineral from a solution. Re-crystallization involvés changes in crystal size
or habit of a specific mineral, generally resukting from solid-state change rather than
dissolution followed by re-precipitation. Replacement is the growth of a chemically

different authigenic mineral within the body of a pre-existing mineral.



1.2 PREVIOUS WORK ON EARLY DIAGENESIS IN THE CRETACEOUS OF
THE SCOTIAN BASIN

In the Scotian Basin, most previous work has been done on burial diagenesis (e.g. Jansa
and Noguera, 1990; Drummond, 1992) and such studies have emphasized the role of
chlorite rims on detrital quartz in terms of preserving porosity. Work by Pe-Piper and
Weir-Mumhy (2007) and Gould et al. (2010) showéd the importance of verdine facies |
(green clay facies) and berthierine (an Fe-rich silicate), as a precursor of chlorite. Karim

et al. (2008) focused on carbonate diagenesis in the western Sable Subbasin.

Early diagenetic phosphorites and iron-silicate (Fe-silicate) minerals are common in the
Lower Cretaceous of the Orpheus Graben, the most inboard part of the Scotian Basin. Pe-
Piper and Weir Murphy (2007) studied how the distribution of phosphate minerals may

be an indicator for the formation of early diagenetic berthierine.

The types of phosphorites present in the Cretaceous sandstoneé of the Orpheus graben
were in the form of either cement or nodules. Pe-Piper and Weir-Murphy (2007) noted
that the phosphorite cuttings had a brownish color and a variety of shapes.
Microscopically, they occurred either as clasts or nodules, in coated grains, but the most
common occurrence were as phosphatic cements identified in cuttings of silty mudstones,
siltstones, and very fine-grained quartzwacke. These phosphorites also have a
relationship with siderite, as the cement or nodular types identified occur with éiderite,
and berthierine. The siderite is a replacement of Fe-rich silicates and forms discrete )

microscopic layers. Glauconite-dominated coated grains were found in a more distal well



(Peskowesk A-99) in bioturbated transgressive sandstone, and the remaining layers in the
coated grains contained chamosite or kaolinite with the outer surface rimmed by Mg-rich

siderite (Pe-Piper and Weir Murphy, 2007).

Based on the co-occurrence of berthierine and phosphorite in coated grains, Pe-Piper and
Weir Murphy (2007) suggested that both these minerals formed during sea-floor
diagenesis and under similar conditions in the Fe-reduction zone (depth were Fe ** is
present). Phosphorus from organic matter or detrital minerals is released into pore-water
during sea-floor diagenesis. It is absorbed by Fe-oxides and hydroxides that form at the
top of the Fe-reduction zone and may thus be mineralized. This increase in phosphorus
mineralization is favored by the same sea-floor diagenetic conditions that allowed the

precipitation of berthierine.

Pe-Piper and Weir-Murphy (2007) identified chamosite (Fe-rich chlorite) rims on detrital
quartz grains in thick-bedded prograded sandstones that underlie a transgressive system
tract. Phosphorites were also identified to be associated with this Fe-rich chlorite in the
Lower Cretaceous rocks of the Scotian Basin (Weir-Murphy, 2004); it appeared that both
the precursor of the Fe-rich chlorite and phosphorites were precipitating under similar

conditions.

More studies of the relationship between phosphorus and Fe-rich silicates have been
carried out in the Jurassic sandstone reservoirs of Norway by Ehrenberg et al. (1998).

High amounts of phosphorus (~ 15 %) were seen to occur in close stratigraphic proximity



to zones with well-developed chlorite rims in rapidly deposited medium-grained
sandstones. Marine organic matter from bacterial blooms was proposed as the possible
source of the high phosphorus in this Jurassic sandstone, however, no evidence was given

for the high input of marine organic matter (Ehrenberg et al., 1998).

Berthierine is suggested by some authors to form chamosite rims after burial (Aargaard et
al., 2000). A recent study by Gould (2007) identified diagenetic chlorite rims on detrital
quartz in the Venture wells of the Scotian Basin that preserve porosity by preventing thé
formation of secondary pore-filling quartz overgrowth on detrital grains. These Fe-rich
chlorite rims had been previously studied by Jansa and Noguera (1990) and Drummond
(1992). More cases of cementation inhibition has also been studied in the North Sea,
where authigenic Fe-rich clays (odinite) altered to berthierine during sea-floor diagenesis

(Humphrey et al., 1989).

Karim ef al. (2008) studied the formation of some diagenetic cements (principally clay
minerals, carbonate and quartz), and how these cements influence reservoir quality. The
study focused on diagenetic changes and the-spatial and temporal distribution of the
diagenetic cements in relation to lithofacies and sequence stratigraphy. An example is the
presence of chlorite and illite coated grains cemented by Fe-calcite in transgressive
systems tracts (TST) versus the presence of early kaolinite booklets with vermicular
stacking textures principally in sandstones immediately beneath the TSTs, particularly in

cross-bedded, coarse-grained, channel sandstone (Karim et al., 2008).



From their studies, both Gould (2007) and Karim ef al. (2008) inferred a similar

paragenetic sequence of diagenetic cements (Fig. 1.2). Carbonate cements (e.g. calcite,

the most common cement type in the studies) tend to fill intergranular pores. Fe-calcite

and ankerite occur in the later stages of the diagenetic sequence, and siderite is identified

as two types. Siderite (I) occurs early with a fine-grained texture filling intergranular
pores and siderite (I) occurs later with a microcryStalline texture that forms euhedral

small crystals. Pyrite was identified as early framboids and late individual crystals.
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Figure 1.2: Paragenetic sequences from the Scotian Basin (modified from Gould et al.,

2010).

In the Venture and Thebaud fields, Gould (2007) studied the relationship between

diagenetic minerals and whole-rock geochemistry. Statistical analysis on whole rock

geochemical data from sandstone samples showed that P correlates strongly with Ti, and

each correlates with the other more strongly than with any other element. These elements
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also correlate well with the quality of. éhlorite rims. Gould et al. (2010) related abundant
Ti to the supply of detrital ilmenite and its alteration products to the basin and suggested
that where Ti was high, so too was Fe, which was available for the formation of odinite.
They further suggested that precipitation of odinite and phosphate minerals took place at
the top of the Fe-reduction zone of sea-floor diagenesis (Fig. 1.3). Gould ef al. (2010)
also pointed out that the abrupt changes in sedimentation rates at transgressive surfaces
would lead to upward migration of the sea-floor diagenetic succéssion and result in the
precibitation of early diagenetic minerals of the sea-floor, as shown elsewhere by Burns

(1997). These hypotheses are tested in this present thesis.
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1.3 THE MODERN SEA-FLOOR DIAGENETIC SYSTEM

1.3.1 Introduction

An investigation of modern sea-floor diagenetic systems is required to further understand
the Cretaceous early diagenetic systems suggested by previous work described in section
1.2. In the Lower Cretaceous of the Scotian Basin, terrigeneous sediment rich in Fe (Pe-
Piper et él., 2008) was supplied by rivers to a warm marine environment (Karim ef al.,

2010).

1.3.2 Redox Reactions
Chemical diagenesis of sediments results from reactions such as redox reactions, but it
takes place after sediment depbsition, during and after burial of the sedimentary material.
Most sea-floor diagenetic reactions start with the decomposition of organic matter
(mediated by bacteria), which causes redox reactions that involve some ionic species in

' seawater, notably reduction of SO to S”, and the production of HCO5', and the redox

state of some solid phases e.g. Mn and Fe.

The metabolic activities of microorganisms tend to create a vertical arrangement of
biogenically mediated diagenetic reactions along a gradient aligned with the diffusion of

oxygen from the overlying seawater.

These reactions are presented in Fig. 1.4, showing various redox reactions for sediments

at the sediment-water interface mediated by bacteria. It starts with the decay of organic
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carbon (most important early diagenetic process) that then drives most other

biogeochemical transformations in sediments (Bemner, 1980 in Tromp ef al., 1995).
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 Figure 1.4: Diagenetic chemical reactions (modified from Fisher, 1982)

The pore-water chemistry of ionic specific represented in Fig. 1.4 is shown in Fig. 1.5,

which shows pore-water profiles from modern sea-floor in areas with high sedimentation

rates, presence of abundant terrestrial carbon and Fe.
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Figure 1.5: Pore-water chemistry of element within a typical diagenetic chemical

reaction profile (modified from Burns, 1997).




Figure 1.5A represents a sulphate reduction zone showing sulphate highest at shallow
depths, decreasing downwards as it changes to sulphide (e.g. precipitation of pyrite)
deeper down in the profile. Part B represents a combination of the sulphate and alkalinity
profile showing how alkalinity peaks then reduces with depth as more HCO™ are
produced which leads to the precipitation of carbonate minerals. Part C shows a peak in

Fe”* which represents the zone of Fe reduction.

The effects of transgression on redox profiles, as illustrated in Figs. 1.3 and 1.4, includes
the fossilization of the sequence of mineral types. During progradation and regression the
rate of sedimentation is rapid so that the depth of complete sulphate reduction may be
tens of metres deep (Berner, 1980) and when transgression abruptly occurs with slower
rates of sedimentation, it causes the pore-water zones to migrate upwards (Burns (1997)
so that mineral types (e.g. phosphorite, Fe-silicates, pyrite, and carbonates) precipitate in
the overlying muddy sandstone. Coated grains precipitate as a result of the slow rate of
sediment burial and erosional exposure. Such abrupt changes in sedimentation and the |

presence of coated grains are preserved in sea~floor diagenetic phases.

1.3.3 Precipitation and Preservation of Phosphorus

Phosphorus (P) is brought info the ocean mainly by rivers, in both dissolved form and as
particulate matter (Froelich ef al., 1982; Cha et al., 2005). The P is then removed from
the ocean by phytoplankton (primary production), adsorption on Fe oxides, hydroxides

and oxyhydroxides (referred in this study generally as Fe-oxides) and through the
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formation of authigenic minerals such as carbonate fluorapatite (Cha et al., 2005).

However, P is also released back into pore-water due to organic matter decay.

Numerous authors (Ingall and Van Cappe_zllan, 1990; Ruftenberg and Bemer, 1993;
Schenad and DeLange, 2001 in Cha ef al., 2005) have studied the supply and
preservatibn of phosphorus (P). Determining the soﬁrces of P and the eventual burial in
sediments depends on a number of parameters. These parameters are different for
different sedimentary environments, so that the burial of P depends greatly on its
depositional environment. In terms of P burial, the following are the parameters that
should be understood (Cha ef al., 2005):

e Nature of the P compounds supplied to the sediments

e Sedimentation rates (low rates favors P precipitation as such environments have

Fe-rich conditions, most importantin non-upwelling environments)

e Bioturbation

e Oxygen availability (also with regard to benthic biological activity)

o Diagenetic processes (early diagenesis at the sediment-water interface)

e Organic carbon content in sediments

P is influenced by Fe solubility, which changes due td the redox state. Fe acts as a trap for
P in what is known as Fe redox-adsorbed P cycling (termed by Froelich et al., 1988 as the
phosphate pumping trap) and it is an important process in the precipitation of phosphate

cement. After the P and Fe are dissolved in sediment pore-waters, the P migrates upwards

and and the Fe re-precipitates under oxic conditions in the upper parts of the sediment
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(Cha et al., 2005). On the other hand, the dissolved Fe either precipitates into glauconite
grains, a phyllosilicate mineral that develops as a consequence of the diagenetic alteration
of sedimentary deposits, or into Fe sulphides like pyrite (Froeclich e‘t al. , 1988). The
_presence of glauconite signals an environment with suboxic conditions, hence making

glauconite an important accessory diagenetic mineral in many phosphorite deposits.

| 1.3.4 Carbonate Fluorapatite (CFA)

* Carbonate fluorapatite (CFA) is an authigenic P-bearing mineral formed diagenetically in
marine sediments, and its formation reduces benthic flow of the dissolved P, released
from organic matter decay. Precipitation of CFA is indicated by an increase with depth in
the authigenic fraction of P (Cha ef al., 2005). A few processes have been shown to
hinder or assist in the precipitation of CFA. One is the presence of high concentration of
calcite in sediments, which does not allow for the precipitation of CFA, whereas pyrite
formation is able to occur simultaneously with CFA, thereby assisting with the

precipitation of CFA (Louchouarn et al., 1997).

CFA formation is important because studies have shown that its authigenic formation
helps with the retention of P in marine sediments. The other process that helps with P
retention is the storage of remobilized phosphates on Fe oxyhydroxide at the oxic-anoxic

boundary discussed in section 1.3.3 (Sundby et al. 1992 in Louchouarn et al. 1997).
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1.3.5 Coated Grains and Ooids

Coated grains consist of a nucleus with a cortex generally made up carbonates, but can
have an iron moneral or phosphate cortex. There are commonly two types of coated
grains, ooids and oncoids (Tucker ez al., 1990). Ooids have a sinooth and evenly
Jaminated cortex, and are commonly spherical and small (about <2 mm). Ooids can be of
two types: (a) superficial ooids with a thin coating, where the nucleus controls its shape,
and (b) mature ooids with a thick poating that tends to be more in shape (Davies ef al.,

1978).

An important occurrence of phosphorite is as coated phosphate grains. Many ancient
phosphorite deposits are dominated by sand-sized pellets, ooids and‘intraclasts rather than
larger nodules (Sheldon, 1981; Cook, 1984, Rigg, 1984 in Froelich et al., 1988). Coated
phosphate ‘grains give better insight into depositional and diagenetic processes (Riggs et
al., 1>997 in Collin ef al., 2005). Coated phosphates grains form authigenically just below
the sediment-water interface and consist of circumgranular apatite layers (Garrison and |
Kastner, 1990; Soudry, 2000 in Collin ef al., 2005). This characteristic is highly
important because the coated grains preserve a record of physical and chemical properties

from the environments they have formed.

Pufahl and Grimm (2003) studied phosphate grains whose depositional environment was
related to a period of relative low and/or negative sedimentation rates. These authors
identified two types of cortices (outer rims of grains): unconformity bounded grains (UB

grains) and the redox aggraded grains (RA grains). The UB grains identified show
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evidence of reworking on the sea-floor surface on which benthic organisms live. The
substrate reworking shown by the UB grains indicate that there was an interruption in
quiet water sediment deposition, which could suggest intermittent storm currents and/or

shallow water currents associated with sea-level lowstands or shoreline transgression.

The RA grains identified by Pufahl and Grimm (2003) are important because they have
been found to consist of authigenic minerals like sedimentary apatite (francolite), pyrite,
plus chamosite and barite. The 6ccurrence of these authigenic minerals has been
attributed to seasonal fluctuations in the export of sedimentary organic matter. These
fluctuations have also been suggested to account for the variability of the minerals
identified in the RA grains. In addition, these ﬂuctuatjons indicate that the RA grains
have formed in seawater settings with low organic productivity. In low productivity
settings, pore-water phosphate concentration is regulated by the seasonal changes in
produetivity and Fe redox pumping of phosphorus, and phosphorus absorbed into Fe

oxyhydroxides (Heggie et al., 1990 in Pufahl et al., 2003).

When ooids are not the result of a single primary mineral, the secondary mineralogy éan
be determined if (a) there was a replacement of a carbonate boid, (b) there was a
transformation of a mineral by oxidation (an early diagenetic process), and (c) there was
a replacement of clay mineral e.g. kaolinite. It is possible to interpret earlier mineralogy
because the original mineralogy of ooids influences their subsequent diagenesis and their

microfabric (Collin ef al., 2005).
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Recent marine ooids studied by Tucker ez al. (1990) have aragonite mineralogy in a
radial or concentric fabric. High Mg calcite obids have been identified in the same marine
environment, whereas low Mg calcite ooids occur in present day lakes, streams, caves
and calcareous soils. Both the high and low Mg calcite ooids, occur with concentric

fabric.

| Fe-ooids found in condensed sections (e.g. Paris Basin) have been identified to range in
size from 125 pm to 2 mm. According to Collin et al. (2005), the ooids found in the Paris
Basin are composed almost entirely-of primary goethite (FeOOH). Low sedimentation
rates in a condensed section could have caused the sediment accumulation to remain
above the redox boundary for a long time, which allowed prolonged diagenesis in the
oxic zone, causing oxidation of the major part of the buried material. This is suitable for
goethite formation. F e.precipitates as goethite on the surface layer of sediments at the
boundary of Fe-reduction and oxidation zones. At the surface layer of the sediment, there'
is microbial activity that has been known to play a signiﬁcaﬁt role in the formation of Fe
coated grains, and this microbial activity helps in the precipitation of Fe oxyhydroxide.
The mode of formation for the Callovian-Oxfordian Fe-ooids of the Paris Basin was
suggested by Collin e? al. (2005) and can be represented by the following chart (Figure

1.5).
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Formation of goethite crystal
(within sediments)
Reworked by storm currents

Nucleus Exposure
Formation of the first lamina of the cortex
by precipifation of nano-grained gorthite

Shallow burial
More storm currents
Exhumation

Re-exposure at the SWI*

Exposure (due to compaction) of the goethite crystals
Re-orientation

Burial
ol —

All the above phases repeated until the ooids stop growing
* SWT = Sediment- Water Interface

Figure 1.6: Mode of formation of Jurassic Fe ooids in the Paris Basin (modified from
Collin et al., 2005)

1.3.6 Rare Earth Elements

The presence of solid-phase phosphate influences rare earth element (REE) abundance.
Different REE patterns are found‘in different environments, especially in marine
depositional settings. This is why REE geochemistry of phosphorites provides an
interesting tool to understand their depositional environment. Moreover, recent work by
Haley et al. (2004) in Fazio ef al. (2007) demonstrated that the pore-water could acquire
characteristic REE patterns in different early diagenetic environments. These are possible

because the REEs are abundant in marine sediments, and their abundance, despite the low
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REE seawater contents, is due to the long residence time of the sediment at the sea floor.
However, processes like weathering, burial diagenesis, and metamorphism can also alter

abundance and seawater patterns of REEs.

Two early diagenetic processes can be recognized for REE abundance: (a)
impoverishment of phosphatic solution by Y/La ratios when REEs are released to the
phos;;hatic solution from organic matter, (b) the precipitation of phosphate from oxic to
suboxic pore-waters that create a linear (flat) REE pattern. The linear pattern of REEs
may be present in oxié to anoxic environments, but it usually appears near the sediment-
water interface where pore-water is oxic to suboxic. In addition, light REEs (e.g. Ce)

- have weak mobility during diagenesis and Ce in particular tends to accumulate in Fe and

Mn-rich Iayefs and gets reduced with manganese in the Mn-reduction zone.

20



1.4 RESEARCH STRATEGY

1.4.1 Research Problem

Gould (2007) identified a correlation between phosphorus (P) and titanium (Ti) and the
quality of diagenetic chlorite rims that suggested early diagenesis was an iniportant

control on later diagenetic pro.cesses. Gould et al. (2010) hypothesized that sea-floor

mineralization was controlled by rapid changes in sedimentation rate from progradational

deltaic successions into transgressive units. The research problem in this study is to

determine how the change from progradation to transgression influences early diagenetic

cementation by focusing on the interval across transgressive surfaces in the deltaic Lower

Cretaceous of the Scotian Margin. This research will be based on two observations:
o Sea-floor diagenetic phases are commonly preserved where there is an abrupt
change in sedimentation rate;
o Sea-floor diagenetic phases are also preserved in coated grains found in

transgressive units.

1.4.2 Research Objectives

The working hypothesis is that due to the abrupt changes caused by the beginning of
transgression, mineralization in the sediment-water (near seabed) redox profile is
interrupted and the sequence of mineral types is “fossilized” (Fig. 1.3). In addition, Fe-
rich minerals like diagenetic pyrite are precipitated within and below the Transgressive
surface‘of erosion, with the presence of ofher cements (carbonates and quartz

overgrowths). Specific research objectives were developed to address this model:
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1. To determine whether there is a general relationship between P and Ti below the
transgressive surface (TS), as suggested by Gould (2007). In particular, to
determine whether the distribution of P is an indicator of chlorite rims.

2. To infer sea-floor diagenetic processes from coated grains that occuf in sediments
immediately above the TS.

3. To determine why the sediments immediately above the TS are often siderite-rich,
and to evaluate the role of bioturbation. |

4. To compare the sequence of early diagenetic minerals in the TST and uﬁderlying
deltaic sediments with literature on modern sea-floor diagenesis.

5. To determine the nature of the early diagenetic system in the overall diagenesis of

sandstone reservoirs in the Scotian Basin.

1.4.3 Expected Significance of the Reseérch

Sea-floor diagenetic phases influence the entire diagenetic mineral assemblage and hence
petroleum reservoir quality. This research is expected to (a) improve the understanding of
early diagenetic processes in Fe-rich sea-floor environments and (b) because early
diagenesis influences later diagenesis, improve the prediction of reservoir quality in the

Scotian Basin.
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1.5 CHAPTER SUMMARY

In this chapter, the relationship between the early diagenetic processes in Lower
Cretaceous and the hydrocarbon discoveries in the Scotian Basin was reviewed with a
focus on early diagenetic processes around transgressive units and the immediately
underlying prograded sediments. Previous work on early diagenesis in the Scotian Basin
was reviewed and an investigation of the modern sea-floor diagenetic system was used to
further understand the Cretaceous early diagenetic processes suggested by previous work.
Five specific objectives were then highlighted to help solve the research problem. The
following chapter provides a broader perspective on the studied area and briefly

introduces a few terms in sequence stratigraphy involved with diagenetic processes.
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CHAPTER 2: GEOLOGY OF THE STUDY AREA

2.1 EVOLUTION OF THE SCOTIAN BASIN

The Scotian Basin (FigT 1.1) is a passive margin sedimentary basin up to 20 km thick that
developed in the Mesozoic and Cenozoic (Wade and MacLean, 1990). It encompasses an
area of over 300, 000 square kilometres. The Scotian Margin initially formed by rifting
about 200 million years ago, at the time of the opening of the North Atlantic. In the last
40 years, much has been learned about the margin through the use of geophysical

surveying and drilling of explofation wells (Dehler et al., 2004).

The formation of the Scotian Basin started with the onset of rifting in the Triassic and
Early Jurassic. Small rift basins filled with continental clastic rocks, salt, and basal
Jurassic basalt. In the mid Jurassic, the African plate started moving away from the North
American plate (Dehler et al., 2004). The oceanic crust of the central Atlantic Ocean
fomed as the magma that extruded at the spreading center cooled. The edge of the rift
zone was at this stage no 1onger under extensional stress and lithospheric cooling
eventually allowed further subsidence of the rifted margin. The Sablé, Abenaki and
Laurentian SubEasins developed in the eastern Scotian shelf as a result of further

subsidence of these initial rift basins.
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Figure 2.1: Cross section of the Scotian Basin near Peskowesk A-99 (modified from
Wade et al. 1995).

Sands and muds brought to the coast by river systems began to fill the subsiding Scotian
Basin, with thickest accumulation in large deltas, which formed in the Late Jurassic and
Early Cretaceous (Figs. 2.1, 2.2). In the Jurassic, carbonate banks formed in warm
shallow areas of the sea typically away from the main clastic inputs. Salt tectonic
movement started by the mid Jurassic (Ings and Shimeld, 2006) and the movement
recognized during the later Jurassic and Cretaceous is indicated by rapid changes in

sediment thickness adjacent to salt structures.
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2.2 THE SEDIMENTARY ENVIRONMENT OF THE UPPERMOST JURASSIC-

LOWER CRETACEOUS

2.2.1 Introduction

Already in the Upper Jurassic Mic Mac Formation, clastic deltaic sediments are found in
the Scotiaﬁ Basin, particularly near Sable island and eastward (Figs. 2.2, 2.3). Deltaic
sedimentation predominated throughout the Early Cretaceous, formiﬁg the Missiséuga
and Logan Canyon Formations. Subdivisions of these formations into members use the
terminology of MacLean and Wade (1993). These units were followed in the Late
Cretaceous by more a transgressive succession of shales (Dawson Canyon Formation)

and chalks (Wyandot Formation).
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Figure 2.3: Generalized stratigraphy of the Middle Jurassic to Early Tertiary in the
Scotian Basin (modified from Wade and Maclean, 1993).

2.2.2 Mic Mac Formation

The Mic Mac Formation is a sequence of thick post rift sediments, predominantly clastic,
underlying the Missisauga Formation and deposited in the late Jurassic from Bathonian to
Kimmeridgian (144 Ma to 163 Ma). The overall thickness of the Mic Mac Formation
varies from about 4 km of interbedded sandstone, shale, and limestone southeast of the
Sable Island, to about 6 km in the Laurentian Subbasin. The Mic Mac Formation is

interbedded with limestone of the Abenaki Formation to the north and west of the Sable
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Island. The carbonate and clastic facies of the Mic Mac Formation pass seaward into

fine-grained sediments of the Verrill Canyon Formation (Wadé and MacLean, 1990).

2.2.3 Missisauga Formation

In the Scotian Basin, the Missisauga Formation is widespread and the formation shows
variability in terms of sediment facies and thickness, being more than 2.1 km thick in the
Sable Subbasin. The sandstones make up to 80 percent of the formation in some areas,
with some significant amqunts of local limestone facies in some locations. The
Missisauga Formation is from Barremian to Tithonian (125 Ma to 147 Ma) in age and is

divided into three informal members:

Upper _ . o
—— O-marker limestone unit } Barremian-Berriasian
Middle
" Lower  Late Jurassic

The Lower member is recognized only in parts of the Sable Subbasin and is laterally

equivalent to the upper Mic Mac Formation (Wade and MacLean, 1990).

2.2.4 Verrill Canyon Formation

The fine-grained sediments of the Verrill Canyon Formation are deep water sediments of
mid Jurassic to early Cretaceous age, approximately Bajocian to Barremian (170 Ma to
125 Ma), and were deposited on the outer shelf and slope. The Verrill Canyon Formation
is the seaward equivalent of the Mic Mac and Missisauga Formations. It consists
primarily of grey to brown calcareous shale, thinly bedded with siltstone, sandstone and

limestone (Wade and MacLean, 1990).
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2.2.5 Logan Canyon Formation
The Logan Canyon Formation is in the upper part of the Lower Cretaceous. This
formation is in general an upward fining succession that has similar distribution of
sedimentary facies as the Missisauga Formation, but generally with less sandstone and
more shale. Sediment thickness in the Logan Canyon Formation reaches a maximum of
2.5 km. There are four subdivisions of the Logan Canyon Formation (Wade and
MacLean 1990):

Marmora Member (Sandstone-dominated unit)

Sable Member (Shale-dominated unit)

Cree Member (Sandstone-dominated unit)

Naskapi Member (Shale-dominated unit)
The Logan Canyon Formation has a distal turbidite/shale equivalent known as the
Shortland Shale unit (Wade and MacLean, 1990), and this consists 6f deep water facies
that were deposited in a prodelta, outer shelf, and continental slope setting. It is thus an

analogue of the deeper Verrill Canyon Formation (Wade and MacLean, 1990).

2.2.6 Dawson Canyon Formation

"fhe Upper Cretaceous Dawson Canyon Formation consists of marine shales, chalks and

| minor limestones and it varies in thickness from 100 to 700 meters. The Dawson Canyon |
Formation was deposited between Cenomanian and Coniacian (95 Ma to 85 Ma) and it
appears to be the fnost laterally extensive Cretaceous formation because of its

transgressive nature (Wade and MacLean, 1990).
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2.2.7 Wyandot Formation
'The sediments of the Wyandot Formation are carbonates, and they fange in compositi'on
through chalks, chalky mudstone, marls and minor limestones. They were deposited
between Coniacian and Maastrichtian (85 Ma to 65 Ma). The Wyandot Formation ranges
in thickness from about 50 meters in some wells of the Sable Subbasin, to ~ 400 metres
in the southeastern comer of the Scotian Shelf. However, due to erosion the Wyandot
Formation is thin or missing over éxfensive portions of >the Scotian Basin (Wade and
MacLean; 1990) but the formation has not been completely removed over most of the
shelf. Like the Dawson Canyon Formation it is very widespread, more so than earlier

Cretaceous and Jurassic units.
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2.3 SEQUENCE STRATIGRAPHY AND ITS APPLICATION TO THE LOWER

CRETACEOQUS OF THE SCOTIAN BASIN

Sequence stratigraphy provides a system for analyzing stratalv geometry and lithofacies in
~terms of relative changes in sea level (Catuneanu ef al., 2009). Using seismic reflection

profiles, sediments are interpreted in a geometrical context from seismic reflectors.

Hence, emphasis is placed or; the stratal geometry and unconformities seen in seismics,

for the interpretation of sequence stratigraphy.

Sequences are large-scale units bounded by unconformities (Catuneanu et al., 2009).
Sequence boundaries ideally form widespread unconformities on the basin margin, and
these unconformities pass into correlative conformities on the basin floor. Sequence
boundaries represent any surface in lithostratigraphy that separates older sequences ﬁom
younger ones, and they may be recognized in core as a sharp erosional contact between

| unrelated facies. On the basin margin and floor, sequence boundaries underlie the
Lowstand Systems Tract (LST). The Transgressive Systems Tract (TST) sediments are
deposited as a result of relative sea-level rise, on a ravineinent surface due to erosion on
the shelf. Thé Higﬁstand Systems Tract (HST) forms at highstands of relative sea-level,

and the Falling Stage Systems Tract (F SST)' is deposited during relative sea-level fall.

The frequencies at which changes occur in eustatic sea-level vary. These frequencies can
be interpreted as orders of sequences and the higher a frequency the lower the assigned
order. There is first order, second order, and third order changes in eustatic sea-level and

they reflect the cyclicv changes in the depositional trend. First orders represent large scale
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changes in sea-level that also last longer. After each order with a higher frequency is
récognized, various orders of sequences may then be recognized (Haq et al., 1987).
Parasequences are the smallest o-rder,b the basic unit of a sequence stratigraphy that occurs
in sets. Parasequences imply no cheinge in sea-level and they are the result of the

progradation of a delta distributary, followed by distributary abandonment.

When sediments are deposited during a relative sea level lowstand and initial rise, the
deposits are termed a LST. These show a progradational (seaward) to retrogradational
(landward) facies stacking. LST's are characteristically deposited below the level of the
coastal plain or shelf and commonly may have a distal distribution. The LST may include
lowstand shoreline, lowstand delta, and deep-water submarine fan (Posamentier and

Allen, 1999).

The TST follows the LST aﬁd the type of sediments deposited shows an overall
retrogradational facies stacking due to the influence of a relative sea level -rise
(Pemberton ef al., 1995; Droser et al., 2002). The Tranégressive surface (TS) or
ravinement at the lower boundary of the TST, may be marked by erosion and associated
early cementation. At the TS, when erosion occurs, stiff but uncerhented sediments at the
sediment-water interface may be exposed fdr a relative long period of time before being
covered. These stiff but uncemented surfaces are known as “firm grounds” and they are

sites for colonization by macro and microorganisms (Droser ef al., 2002).
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The Maximum Flooding Surface (MFS) caps the TST and is characterized by a low rate
of sediment deposition in distal parts of the basin, during a maximum relative sea-level
highstand (Posamentier and Allen, 1999). The MFS is commonly characterized by
extensive condensation or low net deposition and the widest landward extent of marine
condensed facies. Such facies are commonly rich in biogenic and authigenic sediment
components and may be represented by shales or limestones. Condenséd éections are
commonly enriched in normally rare authigenic minerals such as glauconite, phosphate,

pyrite, and siderite (Al-Ramadan et al., 2005).

Highstand Systems Tract (HST) sediments are deposited during relative sea-level
highstand following the MFS and this may result initially in aggradational facies

~ stacking, and later in progradational facies stacking. The HST involves a sea level still-
stand accompanied by low rates of sedimentation that produces progradationallonlapping.
The Falling Stage Systems Tract (FSST) is interpreted as part of the HST by some
authors and results from a falling sea-level accompanied by high sedimentation, which
causes a forced regression (relative sea-level fall asa result of high sedimentation rates)

and the formation of progréding clinoforms (Pemberton et al., 1995).

Progradational parasequences consist of prograded sediments recognized By a coarsening
upward succession, for example shale overlain by sandstone and then by conglomerates.
Commonly, sequences bounded by sequence boundaries are made up of sevefal
parasequences (Posamentier and Allen, 1999). The facies succession in such a

parasequence can therefore be interpreted as the presence of open marine shales overlain

34



by an interbedded sandstone/shale facies of shoreface or pfodeltaic to river mouth facies,
capped by fluvial or estuarine coarse-grained sandstone. Regressional parasequences
consists of fining upwards successions and are the reverse of the progradational
parasequence. Parasequences form by shifting delta disturbances under conditions of

overall subsidence.

There are no published sequence stratigraphic interpretations of the entire Lower
Cretaceous of the Scotian Basin. Several authors have suggested that second-order
sequences can be recognized across the Scotiaﬁ Shelf, such as the Upper member of the
Missisauga Formation being bounded by MFS within the O-Marker and Naskapi Member
intervals (Wade and MacLean, 1990; Karim et al., 2010). In a detailed study of the
Panuke field, Cummings et al. (2006) recognized two third-order sequences in the Upper
Member of the Missisauga Formation. Third-ordef sequence boundaries have been
recognized locally in some other fields (Cummings and Amott, 2005; Karim ef al., 2010).
In general, the distinction of third order sequences ﬁom local parasequences is difficult in |

the Scotian Basin.

According to Gould et al. (2010), a deltaic parasequence in the Lower Cretaceous of the
Scotian Basin usually includes the presence of graded laminated sandstones with

bioturbated mudstones interbedded in a progradational succession. Such a succession is
seen to have abundant (£ 65 %) mudstone beds with moderate to common bioturbation.
Sandstone beds have sparse bioturbation, cross laminations, and wave ripples at the top

- of the beds. Thicker sandstone beds show the presence of phytodetritus, mica flakes, and
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common shelly fragments are found in thinner sandstone beds. Parasequences (or small

scale sequences) in the Scotian Basin are typically 3 m to ~50 m thick.
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2.4 WELLS STUDIED

2.4.1 General Strategy

In order to be able t;) document the possible effect of geographic variation of sediment
input in the Scotian Basin, conventional core from a well in the Abenaki Subbasin
(Peskowesk A-99 well: Iocati.on in Fig. 1.1 and lithostratigraphy in Fig. 2.4) and a well in
the Sable Subbasin (Thebaud C-74 well: location in Fig. 1.1 and lithostratigraphy in Fig.
Fig. 1.1 and 2.5) were studied. Petrographic and geochemical studies by Pe-Piper et al.
(2008) suggested different sediment supply for the two wells. This thesis study is focused

- on the transgressive units and the immediately underlying prograded sediments.

2.4.2 Peskowesk A-99: location, general stratigraphy, and location of cores
Peskowesk A-99 (Fig. 2.4) is located in the southwest Abenaki Subbasin (Fig. 1.1) in the
eastern part of the Scotian Basin. In this well, the Lower Cretaceous totals approximately
2100 m thick, predominantly of shale with interbedded siltstone to coarse—graiﬁed

sandstone, and occasional granules and/or pebbles.

The Logan Canyon Formation at Peskowesk A-99 well is approximately 1100 m thick
and the Missisauga Formation is approximately 1000 m thick. The sediments of the Mic
Mac formation at the Peskowesk A-99 well are terrigenous clastics from 3500 m down to

about 3750 m, and below that are predominantly carbonates (Fig. 2.4).

There are seven conventional cores in the Peskowesk A-99 well (Fig. 2.4). Cores one

through four are from the lower part of the Cree Member of the Logan Canyon
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99 well: Lithostratigraphic picks from MacLean and Wade, 1993. Lithology from
Canadian Stratigraphic, wireline data from IHS Accumap. Diagram plotted with
lithplot2.perl by A. MacRae, using data from BASIN database
(http://basin.gdr.nrcan.gc.ca/index_ephp).
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Formation, and core five is near the top of the Missisauga Formation. Core six is from the
upper part of the middle member of the Missisauga Formation and core seven is from ~
300 metres below the top of the Mic Mac Formation, at a level where calcareous shale

and limestone predominate.
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2.4.3 Thebaud C-74: location, general stratigraphy, and location of cores

Thebaud C-74 is an exploration well in the Thebaud field that is situated in the west
central Sable Subbasin, about 10 km southwest of Sable Island. The thick, sand prone
lower and middle members of the Missisauga Formation in Thebaud C-74 (Fig. 2.5)
overlie upper Jurassic shales of uncertain lithostratigraphic affinity and they pass seaward
into the shale-prone Verrill Canyon Formation. The O-marker, between the middle and
upper member of the Missisauga Formation, is a transgressive to highstand lifnes’tone unit
and it is a thin unit in the Thebaud field (MacLean and Wade, 1993). Sediments in the
Thebaud field are deposited in a rollover anticliné structure bounded by two large listric
growth faults striking through from east to west, extending down into the basin. There are
six conventional cores in Thebaud C-74, all of which are from the lower member of the
Missisauga Formation. They consist of shale interbedded. with siltstone to coarse-grained

sandstone and rare granules and/or pebbles.

40



2
2
g, &
GAMMA (gAPI) SONIC (DT) -
neonw 33 EgRE 88888888 S -8E38
QRLSITCE SSESTERE 0@ < B S & MEMBERS FORMATIONS
— BANQUEREAU
1000—=
= WYANDOT
' DAWSON
- = = CANYON
= = LOGAN
2 20005 CANYON
- == 2z
= —
m —
2 ——
E - = 7f Naskapi
= = -
> e E Upper
== E — - -O-Marker
, ;= Middle
§ MISSISAUGA
Lower

BICORES 1 t0 6

Lithology Legend
‘ Lime_stone

Marlstone

o Sandstone
[ g Siltstone

B sbale

"TD=5150 m Core Locations

Figure 2.5: Lithostratigraphy, core locations, gamma and sonic logs at the Thebaud C-
74 well. Lithostratigraphic picks from MacLean and Wade, 1993. Lithology from
Canadian Stratigraphic, wireline data from IHS Accumap. Diagram plotted with
lithplot2.perl by A. MacRae, using data from BASIN database
(http.//basin.gdr.nrcan.gc.ca/index_ephp).
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2.5 GAMMA AND CONVENTIONAL CORE LOGS

Conventional cores may have gaps as a result of incomplete sampling. Gamma ray logs

can be used to position sediment in the core relative to the suite of down-well logs (Figs.

2.4, 2.5). Gamma is higher in shales (generally above 100 API units; a measurement

originated by the petroleum industry), while sandstones and carbonates are generally

between 50 and 75 API units.

Aligning the core lithology with gamma log showed that for the cores at Thebaud C-74

(Fig. 2.7), the nominal core depths, used throughout this study including identifying |

sample depths, are offset about 3.5 m deeper than the log depth measured below KB. The

abrupt change from thick sandstone in core 5 and base of core 4 to mudstone higher in

core 4 is particularly clear on the gamma log (Fig. 2.7).
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Figure 2.6: Legend for lithologies depicted in Figures 2.7 to 2.11
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For cores 1 to 4 at Peskowesk A-99, the nominal core depths are offset about 3 m deeper
than the log depth measured below KB (Fig. 2.8). The gap between cores 3 and 4 in

conventional core appears to be predominantly thick sandstones based on the gamma log.
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For the remaining individual cores at Peskowesk A-99 (cores 5, 6, and 7), the nominal
cores depths for are offset by about 4 m (Figs. 2.9, 2.10, 2.11). The limestone unit in core

7 is particularly clear on the gamma log.
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Figure 2.9: Gamma and core plot for core 5 at Peskowesk A-99.
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2.6 CHAPTER SUMMARY

This chapter explains how the Scotian Basin evolved. Thg two wells of focus, one in the
Sable Subbasin, and the other in the Abenaki Subbasin, have been interpreted based on
lithostratigraphy. The role of sequence strétigraphy and its application to fhe Lower
Cretaceous of the Scotian Basin was further reviewed. A background for the study area is
established with the sections in this chapter. The folldwing chapter is the beginning of
the results section of this study. Chapter 3 provides a detailed sedimentological
interpretation of conventional cores, and introduces the facies types that have been

recognized.
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CHAPTER 3: STRATIGRAPHY AND SEDIMENTOLOGY

3.1 INTRODUCTION

The purpose of this chapter is to describe the sedimentary facies in the conventional core
in both studied wells and to evaluate how the sedimentary succession changes across
Transgressive Surfaces (TS). The lithofacies classifications (Table 3.1) by Karim et al.
(2008) for Lower Cretaceous conventional cores is used as the basis for description of the
cores (with additions from this study). The environmental interpretations corresponding
to particular lithofacies proposed by Karim et al. (2008) are used as a guide, but have not
been evaluated in detail for the entire core section. The sediments immediately above and
below the TS have been described and have been interpreted in more detail (section 3.5)

because of their importance in the early diagenetic history of sandstones in this study.
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Table 3.1: Characteristics of lithofacies used for both studied wells.
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Table 3.1: Characteristics of lithofacies used for both studied wells.
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Table 3.1: Characteristics of lithofacies used for both studied wells.
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Literature reference abbreviation: G: Gould 2007, C et al: Cummings et al. (2006) C&A: Cumming
and Amott (2005).
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3.2 METHODS

The lithostratigraphy of conventional cores provided by the Canada Nova Scotia
Offshore Petroleum Board (CNSOPB) was described. The cores where laid out and the

~ labeling of the cores were checked by comparing the ends of each box. For Peskowesk A-
99 (Table 3.2), there were seven conventional cores with an average of 16 boxes
available for each core, and for Thebaud C-74 (Table 3.2) there were six cores with an
average of 15 boxes available to each core (except cofe 3, which is only one box). The
cores were set against a one-metre ruler, which was aligned with the top of the core box.
It was important to line up the ruler with the top of the box because most cores have

missing parts.

The principal sediment type present based on grain size and composition was identified
and the core was divided into major lithological units, making note of the top and bottom
depths for each unit. More detailed interprétation was also recorded e.g. presence of
siderite cementation (or the general presence of brown staining), bioclasts, nodules,

. phytodetritus, bioturbation, cross bedding, graded beds and other features in the core.

For the purpose of this study, the character of upper and lower contacts for the different
units (e.g. erosional, sharp, or graduation contacts) was also recorded. Every specific
feature was photographed at least. once (e.g. complex laminations), and sub-sampling of
the core was done after units were described. 53 samples were collected from Peskowesk
A-99 and for Thebaud C-74 six samples were collected and added to the 23 previous

samples collected by Gould (2007).
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Wells Samples | Top (m) |Bottom (m) Formation Cored Comments
o Core 1 2208 2225  |Logan Canyon Fm (Cree Mb) |Recovered 15.8 m
S |Core2 2225 2243  iLogan Canyon Fm (Cree Mb) |Recovered 14.0 m
j Core 3 2243 2263  ]Logan Canyon Fm (Cree Mb) |Recovered 7.35 m
ﬂ;) Core 4 2263 2282 Logan Canyon Fm (Cree Mb) |Recoverd 13.5 m
S |Cores 2470 2498  |Missisauga Fm (Upper Mb)  [Recovered 27.64 m
E Core 6 2927 2956 |Missisauga Fm (Upper Mb)  [Recovered 27.36 m

Core 7 3791 3814 |Mic Mac Fm Recovered 21.91 m
<« |Corel 3856.63 | 3873.26 |[Missisauga Fm (Lower Mb) |Recovered 16.63 m
E Core 2 3874.92 | 3883.86 |Missisauga Fm (Lower Mb) |Recovered 8.94 m
2 Core 3 3890.52 | 3891.08 |Missisauga Fm (Lower Mb)  [Recovered 0.56 m
S [Core4 3891.08 | 3903.92 [Missisauga Fm (Lower Mb)  [Recovered 12.84 m
2 |Core 5 3905.1 | 3909.35 |Missisauga Fm (Lower Mb) |Recovered 4.25m
= ICore 6 3909.67 | 3926.83 [Missisauga Fm (Lower Mb) |Recovered 17.16 m

Table 3.2: Conventional core information for both studied wells. Modified from Natural
Resources Canada, Geological Survey of Canada, Geological Survey of Canada,
Geoscience Data Repository, BASIN Database (http.://basin.gdr.nrcan.gc.ca).
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3.3 SEDIMENT LI’i‘HOFACIES

Karim et al. (2008) recognized eleven lithofacies for Lower Cretaceous conventional
cores, most of which were sandstone or interbedded sandstone and mudstone. Each of the
lithofacies was assigned a number betwgen 0 and 10 (Table 3.1). The main characteristics
for distmguishing the lithofacies include: bedding structures, grain size, sedimentary
structures, degree of bioturbation, and the abundan(;e of mudstone beds or laminae. A -
small letter denotes subdiyisions of the lithofacies, e.g. Facies 2 can be divided iﬁto 2c,
with abundant sandstone and bioturbation, and 2b has lesser sandstones and bioturbation.
Figure 3.1 shows a graphical general interpretation of the distribution of the facies in a
deltaic environmental model. A full description of each facies is given in section 3.3.1, as
well as comparison to other published lithofacies classifications (e.g. Cummings and

Armnott, 2005).

Transgressive-highstand
systems tract
facies association

P

- -
- ae
=TT T mweman®

Del g
tb(‘ief rogmditia
a; (}cial'b ::31

Figure 3.1: Graphical interpretation of lithofacies in the specific environments (modified
Jfrom Gould, 2007).
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3.3.1 Identified Lithofacies in Both Studied Wells

Facies 0: Rivermouth to shoreface — mudstone with sandstone and siltstone beds (< 25
cm in thickness) and laminae with absent to uncommon biotufbation.

This facies is recognized on thé basis of its lithology, consisting of mudstone with thin-
bedded sandstones and siltstones (beds <25 cm thick). Bioturbation ranges from absent to
uncommon and it is never sufficient to completely obscure sandstone beds. The grain size
of the sands ranges from very fine to medium-grained. lSiltstone and saﬁdstone beds have
sharp bases, generally with parallel to cross laminations and lenticular beds. This facies
lacks mud drapes, and plant detritus is not uncommon. Facies 0 differs from facies 9 in
the thickness of individual sandstone beds.

Two sub-facies are recognized in this study: Om and 0s. Sub-facies Om (Fig. 3.2) with
predominantly mudstone showing the highest intensity of bioturbation as the sandstone
beds are uncommonly bioturbated. Sub-facies Os (Fig. 3.3) consists of predominantly
sandstone béds with sharp bases, parallel and cross laminations, and interbedded

mudstone. Bioturbation is uncommon in this sub-facies.

Facies 0 resembles facies 2 and 4 of Cummings and Arnott (2005) and facies Ss1 and Ms
of Gould et al. (2010). Cummings and Amott (2005) interpreted thié facies as a distal
shoreface because of the wave-formed ripples. Sub-facies Os is in the more proximal part
of the shoreface based on the presence of more sandstone. Gould e? al. (2010) suggested
that sediments of facies 0 are not shorefore, but delta-front turbidites similar to those |

described by Lamb ez al. (2008).
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Facies 1: Shelf — bioturbated mudstone

This facies consists of mudstone that lacks interbedded sandstone (Fig. 3.4). Calcareous
shales are classified as sub-facies 1c (Fig. 3.5). Bioturbation has obliterated any primary
sedimentary structures. Thin shelled fossils are common and include echinoderms and

ammonites.

The lack of sandstone suggests conditions from a remote delta or shoreline. The presence
of thin-shelled fossils such as echinoderms, implies fully marine conditions. The
abundance of fossils suggests relatively low sedimentation rates. Piper et al. (2004)
identified a similar facies to facies 1, which was interpreted to be wave-dominated

shoreface to offshore (prodelta muds) deposit.

Facies 2: Shoreface — bioturbated fine-grained sandstone with minor to major
interbedded mudstone

This facies comprise very fine to fine-grained sandstone, interbedded with mudstone, in
the presence of common to complete Bioturbation. Sub-facies are defined on the basis of
proportions of sandstone and intensity of bioturbation. Sub-facies 2b comprise commonly
bioturbated sandstone with about 60% mudstone (Fig. 3.6). Many sandstone beds have a
concentration of shelly fragments at the base of the bed. Sub-facies 2¢c comprises 60-90%
completely bioturbated sandstone, 10-40% mudstone, commonly with patchy siderite
cementation (Fig. 3.7). Sub-facies 2d (no photos available) is similar to facies 2¢ but with

less than 60% sandstone. Wave ripples are common in facies 2, and are identified at the
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top of sand beds. Sandstone beds have sharp bases, commonly with lenticular to parallel

laminations.

Facies 2 corresponds to facies 7 of Cummings and Amott (2005) and facies Ss2 of Gould
et al. (2010). Cummings and Arnott (2005) showed evidence of storm-wave deposition
including: (a) sharp-based evént beds, (b) reworking of shells, and (c) presence of wave

ripples at the top of sand beds.

The presence of highly burrowed zones suggests a considerable variation in
sedimentation rate, which could be associated with storm related deposition in offshore
settings. Sub-facies 2d, with the most mudstone was probably deposited farthest offshore.
Sub-facies 2b (e.g. Fig. 3.6) represents a lower shoreface _sétting that commonly has
thinner mudstone beds. Sub-facies 2c¢ (e.g. Fig. 3.7) represents an upper shoreface setting
that generally has a predominance of sandstone. The presence of less mudstone and

higher bioturbation intensity differentiates facies 2 from facies 0.

Facies 3: Transgressive highstand sediments —conglomerate, sandstone and sandy
mudstone with thin-shelled shelly fragments

The facies is recognized as poorly sorted fine to coarse-grained sandstone and
conglomerate consisting of pebble-sized, carbonate cemented intraclasts. The facies
shows patchy siderite cementation. The base of this facies is generally an erosion contact
with the underlying facies. Bioturbation ranges from absent to complete. Bioclastic and

oolitic limestones are also included in facies 3.
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There are seven sub facies within facies 3 (i.e. 3a, 3b, 3c, 31, 3m, 30, and 3s). Sub facies
3a (Fig. 3.8) consists of fine-grained sandstone with interbedded rhu'd laminae.
Bioturbation is absent to uncommon. Sub-facies 3b (Fig. 3.9) consists of fine to medium-
grained sandstone with an erosional base. Bioturbation is generally absent. Sub facies 3¢
(Fig. 3.10) consists of conglomerate formed with bioturbated shelly sandy mudstone.
Bioturbation is common. Sub-facies 31 (Fig. 3.11) consists of bioclastic limestone. Sub
facies 3m (Fig. 3.12) consists predominantly of mudstone. Bioturbation is moderate to
common. Sub-facies 30 (Fig. 3.13) consists of oolitic limestone. Sub-facies 3s (Fig: 3.14)
consists predominantly of medium-grained sandstone with a sharp base. Bioturbation is

generally absent.

Facies 3 corresponds to facies Ct, SMt, and SLt in Gould ef al. (2010), all of which are
categorized under the transgressive facies association, and to facies 13 in Cummings and

Arnott (2005). Both authors have interpreted this facies as transgressive lag deposits.

The erosive base of the facies results from coastal ravinement. The sediments of facies 3
commonly pass up into deeper-water deposits of facies 1. Generally, the presence of
complete bioturbat.ion suggests low sedimentation rates relative to bioturbation activity.
The abundance of thick-shelled shelly fragments also suggest low net sedimentation
rates, but with intermittent high energy conditions suggesting a shallow water

environment.
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Facies 4: Fluvial to Tidal Estuary — fine to coarse-grained sandstone with interbedded
mudstone and siltstone

Generally, this facies is made up of cross-bedded medium to coarse-grained sandstone
with interbedded mudstone and siltstone laminae. The presence of mudstone (and/or mud
drapes) appearsrto be associated with the presence of fine-grained sandstones.
Bioturbation in this facies is typically absent to uncommon. Three sub-facies are

recognized (i.e. 4g, 40, and 4x).

Sub-facies 4o is characterized by common Ophiomorpha (Fig. 3.16). Sub-facies 4x lacks
mudstone and is characterized by tﬁick beds generally made up of médium to coarse-
grained sandstone, with common cross-bedding in sets of 0.1 m in thickness (Fig. 3.17).
Plant detritus and siderite cementation are common features in this sub-facies. Following
the description of Gould ez al. (2010), facies 4g consists of cross-bedded medium to

| coarse-grained saﬂdstone (~ 15 cm thick) with mud drapes (Fig. 3.15). Granules (2-4

mm) and fine pebbles (4-8 mm) are common in sub-facies 4g and 4x.

Sub-facies 4g is interpreted as a tidally influenced fluvial sandstone based on the
presence of mud drapes on cross beds, which suggests tidal sedimentation (Gould ef al.,
2010). It may represent a main estuary channel. Sub-facies 40 may represent the seaward
part of an estuary based on the presence of Ophiomorpha and the more bioturbated
character, suggesting limited marine influence. The lack of mudstone or mud drapes in
the cross-bedded, graded sandstone beds in sub-facies 4x suggests fluvial sedimentation.

This is further sﬁpported by the lack of bioturbation in this sub-facies. Sediments in
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facies 4 thus represent a range of depositional environments from continental to
transitional. Similar interpretations have been made by Cummings and Arnott (2005) and

Gould ef al. (2010).

Facies 5: Sandy Tidal Flat — bioturbated fine-grained sandstone

This facies comprise entirely of sandstone, commonly massive or with thin parallel
laminations. Bioturbation is uncommon to moderate. Fine-grained sandstones commonly
have wave ripples (Fig. 3.18). The bioturbation is characterized by the presence of
vertical mud lined burrows (Skolithos 7y and the lack of Ophiomorpha differentiates this
facies from sub-facies 40. Sub-facies Ss differ from typical facies 5 in having sparse mud
drapes and rar¢ bioclasts (Fig. 3.19). Facies 5 occurs interbedded with other shallow-

water facies e.g. sub-facies 2c.

The presence of unusual vertical burrows and sands makes facies 5 similar to the facies 9
of Cummings and Arnott (2005). Cummings and Arnott (2005) interpreted this facies as

tidal flat deposits.

Facies 8: Lagoon — grey to green sandy, commonly bioturbated mudstone

This fapies is characterized by grayish green mudstone with interbedded siltstone to. very
ﬁne-grained sandstone (Fig. 3.20). Bioturbation is common. Thick-shelled shelly
fragments e.g. oysters are common. This facies is also characterized by the presence of
greenish inclusions, identified in chapter 4. Piper ef al. (2004) identified a similar facies

as evidence of transgressive sequences in lagoons.
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Facies 9: Rivermouth to turbidite — thick (> 25 cm), graded sandstone beds with minor
interbedded facies 0, and plant detritus.

Generally, this facies is made up predominantly of thick normally graded sandstone beds
greater than 25 cm in thickness (Fig. 3.21). Plant detritus is common. Bioturbation in
facies 9 is generally absent to uncommon in the sandstones, but commoﬁ in interbedded
mudstone. Ungraded sandstone beds can be massive with a sharp (‘;ontact common
between beds or have parallel or cross laminations, with the presence of interbedded

mudstones.

There are three sub-facies recognizéd in this study (i.e. 9b, 91, and 9g). Sub-facies 9b
(Fig. 3.22) consists of graded sandstone beds with diffuse siderite cement and diagenetic
siderite concretions. Sub-facies 9f (Fig. 3.23) consists of fine-grained thick bedded
sandstone resembling typical facies 9 but with mud drapes. Sub-facieé 9¢g (Fig. 3.24)
consists of graded sandstone beds lacking interbedded mudstone. The presence of thicker

sandstone beds differentiates facies 9 from facies 0.

The presence of graded sandstone beds with abundant plant detritus in facies 9 has been

interpreted by Gould et al. (2010) as evidence of delta front turbidites.
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Figures: various core photographs from both studied wells with identified lithofacies.
Peskowesk A-99. (3.2) 2220.41 m: Facies Om with sharpbased siltstone beds with
pervasive Chondprites bioturbation in predominantly mudstone. Thebaud C-74 (3.3)
3870.56 m: Facies Os Showing the muddiest interval after transgression. (3.4) 2491.94 m:
Facies 1 shale. (3.5) 3808.85 m: Facies Ic calcareous shale overlying bioclastic
limestone. Peskowesk A-99. (3.6 2272.28 m: facies 2b with interbedded fine-grained
sandstone and silty mudstone with uncommon bioturbation at the base. (3.7) 2275.56 m:
facies 2c showing bioturbated medium-Grained sandstone with siderite cementation and
sparse shelly fragments.
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Figures: various core photographs from both studied wells with identified lithofacies.
Peskowesk A-99 (3.8) 2481.20 m: Facies 3a with large shelly fragments in commonly
bioturbated fine-grained sandstone with mudstone laminae. Thebaud C-74. (3.9 3902.55
m: Facies 3b with fine-grained sandstone with siderite intraclast and lithic granules and
common bioturbation. Peskowesk A-99. (3.10) 2492.84 m: Facies 3c with siderite
cemented coarse-grained sandstone with thick-shelled shelly fragments. (3.11) 3808.85

m: Facies 31, bioclastic limestone underlying calcareous shale in facies Ic. (3.12)

3801.60 m: Facies 3m, thick mudstone beds with siderite cementation. (3.13) 3813.50 m:
Facies 30 with oolitic limestone with fine-grained sandstone. (3.14) 3872.44 m: Facies 3s
with rapidly alternating very coarse and fine -grained sandstone and sidErite cementation.
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Figures: various core photographs from both studied wells with identified lithofacies.
Peskowesk A-99 (3.15) 2938.20 m: Facies 4g with slightly cross-bedded fine-grained
sandstone with muddy burrows. Thebaud C-74.(3.16) 3919.45 m: Facies 40 showing
fine-grained sandstone rich in Ophiomorpha, mud drapes, and rare horizontal burrows.
Peskowesk A-99. 3.17) 2210.47 m: Facies 4x showing cross-bedded medium-grained
sandstone with phytodetritus, lacking mudstone. (3.18) 2209.64 m: Facies 5 with fine-
grained sandstone with common bioturbation interbedded with mudstone. (3.19) 2935.99
m: Facies 5s showing fine-grained sandstone with parallel lamination, mud drapes, and
plant detritus.
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Figures: various core photographs from both studied wells with identified lithofacies.
Peskowesk A-99. 8.20) 2493.19 m: Facies 8 showing greenish bioturbated mudstone.
Thebaud C-74. 8.21) 3913.73 m: Facies 9, massive coarse-grained sandstone. Peskowesk
A-99.(3.22) 2273.15 m: Facies 9b showing fine-grained sandstone with lenticular beds
and siderite cementation. (3.23) 2935.35 m: Facies 9f showing graded sandstone units
with muddy burrows and mud drapes. (3.24) 2482.74 m: Facies 9g showing fine-grained
sandstone with thin wood fragments and bioturbated top bed.
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3.4 DESCRIPTION OF CORE INTERVALS

3.4.1 Peskowesk A-99

Core 7: Mic Mac Formation from 3791 m to 3814 m and a 21.91 m total recovery
3812.05 mto 3813.91 m: the sediment is made up of a sandy lim,estone unit that is
interpreted as sub-facies 30. 3805.40 m to 3812.05 m: these sediments comprise
bioclastic limestone (sub-facies 31) interbedded with bioturbated mudstone (facies 1) and
calcareous shales (sub-facies 1¢). Core stratigraphy and interpreted diagenetic and other

features are shown on the following pages.

3800.71 m to 3805.40 m: these sediments corhprise a mudstone unit with parallel
laminations and beds of siltstone and sharp based Véry fine-grained sandstone; but from

3802.50 m to 3805.40 m siderite cementation is present approximately every two metres.

This unit is interpreted as sub-facies Os on the basis of uncommon bioturbation and sharp
based sandstone beds. From 3801.60 m to 3802.50 m, the sediment comprises siderite-
cemented mudstone with fine-grained sandstone intraclasts, and well preserved shelly
fragments. This unit is interpreted as facies 3; more specifically, it is interpreted as sub-

facies 3m on the basis of predominantly mud matrix (Fig. 3.33).

The sub-facies 3m underlie a mudstone unit with < 1 mm siltstone laminae from 3800.71

m to 3801.60m. This unit is interpreted as facies Om.
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Stratigraphy Legend

2199
COAL
2200
MUDSTONE/SHALE, LACKING SILTY AND SANDY LAMINAE
2201
MUDSTONE WITH <20% SANDY AMD SILTY LAMINAE
2202
MUDSTONE WITH 20-60% SANDY AND SILTY LAMINAE AND
THIN BEDS
2203
FINE SANDSTONE AND SILTSTONE BEDS, <40% INTERBEDDED
MUDSTONE
2204
VERY FINE TO FINE SANDSTONE
2205 -
. . MEDIUM SANDSTONE, SPARSLY WITH SOME COARSE
. . SANDSTONE
2206
. * . * || COARSE SANDSTONE AND CONGLOMERATE
2207 T
LIMESTONE
2208
OOLITIC LIMESTONE
2209 EROSIONAL SURFACE
Bioturbation Legend
2199
BIOTURBATION ABSENT
2200 Legend for Interpreted
‘I SPARSE BIOTURBATION Diagenetic Features (IDF)
2201 . A
UNCOMMON BIOTURBATION Transgressive Surface
2202 Siderite Enrichm —
MODERATE BIOTURBATION 1derite Enrichment
2203 i 5B
COMMON - ABUNDANT BIOTURBATION | | ©©14 "
2204
COMPLETE BIOTURBATION
2205

B Old Samples (samples already collected for other projects)

® New Samples (samples collected for the purpose of this thesis)
¥ Samples used for Electron Microprobe Analysis
4 Thin Section Samples

Figure 3.25: Legend for interpreted core stratigraphy, extent of bioturbation (after
MacEachern et al., 2005) and other interpreted diagenetic featuress.
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CORE 7 continued A

&
. Y Sy &
&) R &) S
& © & &F o & & \o%\@?’ o ¥
A ¥ ¥ W AT S & Sl *
& & S & FFIpFF & P
QR \){\. %:§‘\ F O cso ) RN \;\‘ @
5 1¢
3811 oottt
jTi_]:l:]_:J 3l
B e e &7
I;‘lllllllH n _
B3 mrrITood ¢ Ge | %0 %
JT|1|I|IIIIIII P68 :
CO I @ (e , R

@ Old Samples (samples already collected for other projects)

® New Samples (samples collected for the purpose of this thesis)
£ Samples used for Electron Microprobe Analysis

& Thin Section Samples

Figure 3.26: Core 7 at Peskowesk A-99. Detailed core stratigraphy with sample and
appendix photo location with interpreted diagenetic features and lithofacies including
additional interpretation like the presence of bioclasts, nodules, phytodetritus and
bioturbation. IDF means interpreted diagenetic features.
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CORE 6 continued Ry
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Figure 3.27: Core 6 at Peskowesk A-99. Detailed core stratigraphy with sample and
appendix.photo location with interpreted diagenetic features and lithofacies including
additional interpretation like the presence of bioclasts, nodules, phytodetritus and
bioturbation. IDF means interpreted diagenetic features. '
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CORE 5 continued Q
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Figure 3.28: Core 5 at Peskowesk A-99. Detailed core stratigraphy with sample and
appendix photo location with interpreted diagenetic features and lithofacies including
additional interpretation like the presence of bioclasts, phytodetritus and bioturbation.
IDF means interpreted diagenetic features.
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Figure 3.29: Core 4 at Peskowesk A-99. Detailed core stratigraphy with sample and
appendix photo location with interpreted diagenetic features and lithofacies including
additional interpretation like the presence of bioclasts, nodules, phytodetritus-and
bioturbation. IDF means interpreted diagenetic features.
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Figure 3.30: Core 3 at Peskowesk A-99. Detailed core stratigraphy with sample location
and lithofacies including additional interpretation like the presence of bioclasts, and
phytodetritus. IDF means interpreted diagenetic features.

76



a
Q
&
N
%

& aY & o
& e & Sk S &

& F& Ty &F &£ & ¢
QQ 'S ‘Q)\o QO Y’Q Q\ x)"\\' N
2225

: P19
2226 ) B3¢
p22 | B
2227 bo3 :I 5
I P24 _
2228 ; ® ' P26
A

22299 (...

2230 « e e e

2231 .‘-.-.-

2232 ¢ e '
PYXEE [l m———— !
. 4x
‘. .. [ ] ‘I u
2234 .
LJ [ ] L] L] n

2235 « o s

2236

2237 L Jume ¥ L

2238 S T

2239 « = e

@ Old Samples (samples already collected for other projects)

® New Samples (samples collected for the purpose of this thesis)
¥ Samples used for Electron Microprobe Analysis

& Thin Section Samples

Figure 3.31: Core 2 at Peskowesk A-99. Detailed core stratigraphy with sample and
appendix photo location with interpreted diagenetic features and lithofacies including

additional interpretation like the presence of bioclasts, phytodetritus and bioturbation.

IDF means interpreted diagenetic features.
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Figure 3.32: Core 1 at Peskowesk A-99. Detailed core stratigraphy with sample and
appendix photo location with interpreted diagenetic features and lithofacies including
additional interpretation like the presence of bioclasts, phytodetritus and bioturbation.

IDF means interpreted diagenetic features.
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The sediments from 3798.80 m to 3800.71 m comprise interbedded fine-grained
sandstone and mudstone with common to abundant bioturbation. This unit is interpreted
as sub- facies 2¢ on the basis of > 60% sandstone and abundant bioturbation. From
3797.28 m to 3798.80 m is a unit of siderite-cemented fine-grained sandstone with
interbedded mudstone. Because it is similar to the sub-facies 3m 3802.50 m, it is also
interpreted as sub-facies 3m on the basis of abundant bioturbation and the lack of thick (>

1 cm) sand beds (Fig 3.34).

From 3795.42 m to 3797.28 m sediments comprise fine-grained sandstone with mud
drapes, vertical burrows, and climbing ripples. This unit is interpreted as facies 5, a sandy
tidal flat deposit on the basis of the presence of mud drapes and vertical burrows.
Overlying this facies 5 is a mudstone unit from 3795.24 m to 3795.42 m with some

siderite cementation. This unit is interpreted as facies 1.

3792.00 m to 3795.24 m: these sediments comprise fine to medium grained sandstone.
This ~ 3 metres thick bed of sediments has mud drapes, plant detritus and distinct cross
and parallel laminations and bedding in sets not thicker than 15 cm. This unit is
interpreted as sub-facies 4g. At the bottom of this unit is an unconformity that suggests

that the deposition of this estuarine sediment is unrelated to the underlying sediment.
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Core 6: Upper member in the Missisauga Fprmation from 2927 m to 2956 m, and a
| 27.36 m total recovery

The sediments from 2950.72 m to 2954.10 m comprise massive beige, medium grained

sandstone (~ 4m), with rare plant detritus, rare siderite patches, sparsely distributed

siderite nodules, and cross bedding in sets < 10 cm thickness. This unit has a few mud

laminae and a fining upward sequence with medium to coarse gfains at the bottom and

fine to medium grained sandstones towards the top. This unit is interpreted as sub-facies

4x.

2948.18 m to 2950.72 m: these sediments comprise an intercalated dark brown. to black
mudstone and light beige (in places grey) very fine-grained sandstone, with localized
moderate bioturbation. This unit is interpreted as sub-facies Om on the basis of the
predominance of mudstones. The sediments from 2946.16 m to 2948.18 m compﬁse a
light grey, very fine-grained sandstone unit with thin laminae of mudstone. This unit has
moderate to common bioturbation, some greenish sandstone and more ovoid shaped-
nodules as in the above facies Om. Bioturbation increases with depth (sandétone >

mudstones). This unit is interpreted as sub-facies 2¢

2943.67 m to 2946.16 m: the sediments in this unit comprise intercalated black mudstone
and light grey siltstone to very fine-grained sandstone, with Wavy lamination, through
cross lamination in sandy beds, abundant silt laminae and localized moderate
bioturbation. This unit is interpreted as facies 0, on the basis of cross lamination and

abundant siltstone laminae. Overlying this facies 0 unit is a unit predominantly of
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sparsely bioturbated mudstone, with rare siltstone beds, from 2942.74 m to 2943.67 m.
This unit has siderite as nodules (few cm in diameter) or as diffuse patches of brown

staining. It also contains shell fragments. This unit is interpreted as sub-facies Om.

2938.20 m to 2942.72 m: these sediments comprise a graded sandstone unit. The
sandstone is mostly fine to medium grained, with some coarse-grained sandstone. Beds
are typically 2-20 cm thick and show uncommon to moderate bioturba;[ion. Individual
beds have parallel or cross lamination (féint in places), mud drapes, shelly fragments and
some siderite cementatidn (Fig. 3.35). This is interpreted as sub-facies 4g on the basis of
mud drapes and cross laminations. Overlying this sub-facies 4g is a beige fine grained
sandstone unit from 2936.03 m to 2938.20 m, with medium to coarse grained sandstone
beds (~ 5 cm thick), some mudstone beds, uncommon bioturbation and localized siderite
cements. This is interpreted as sub-facies 5s on the basis of the bioturbated fine-grained
sandstone with muddy beds, and the presence of sparse shell fragments not visible in Fig.

3.36.

2935.19mto 293.6.03 m: these sediments comprise very fine-grained thick-bedded
sandstones with mud drapes and uncommon bioturbation. This is interpreted as facies 9,
specifically sub-facies 9g due to the lack of mudstone béds. The sediments from 2931.89
m to 2935.19 m comprise a massive light grey to beige, fine grained sandstone unit with
sparse siderite cemented coarse grained sandstone (sometimes rqedium to coarse-
grained), some shelly fragments dispersed through the unit, and very rare carbonate

nodules. Figure 3.37 shows the diagenetic contact between the grey and beige sandstone.
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This unit is interpreted as facies 5. Overlying this facies 5 unit is an abundantly
bioturbated mudstone and fine grained sandstone unit frofn 2931.46 m to 2931.89 m, with
very patchy siderite cementation (Fig. 3.38). This unit is interprete(i as facies 3.
Overlying this facies 3 unit is a common to abundantly bioturbated lmud.stone unit from
2929.95 m to 2931.46 m, with >60% interbedded sandstone (Fig. 3.38). The unit has
sparse shelly fragments, localized siderite cementation and rare plant detritus in brown

stained sandstone. This unit is interpreted as sub-facies 2c.

2927.72 m to 2929.95 m these sediments comprise interbedded black mudstone and light
grey siltstone to very fine grained sandstone with sparse to common bioturbation. The
unit has rare shelly fragments and sparse siderite cements. This unit is interpreted as sub-
facies 2b (on the basis of few sand beds). This sub-fabies 2b passes up into a unit of black
mudstone from 2927.00 m to 2927.72' m, with sparse bioturbation (intensity increases

with depth) and some siderite cementation. This unit is interpreted as facies 1.

Core 5: Upper member in the Missisauga Formation from 2470 m to 2498 m, and a
27.64 m total recovery |

2495.27 m to 2497.64 m: these sediménts comprise interbedded fine-grained sandstone
(beds up to 5 cm and greater than 60%) and mudstone with common bioturbation. This
unit is interpreted as sub-facies 2¢. Overlying this unit is a silty mudstone unit from
2494.15 m to 2495.27 m with thick siltstone to very fine-grained saﬁdstone beds (=5
cm), but with an overall lesser amount of sands throughout the unit. This unit is

interpreted as sub-facies 2b (on the basis of féw sand beds).
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The sediments from 2493.50 m to 2494.15 m comprise a greenish mudstone unit with
some siltstone laminae ana fine-grained sandstone with common bioturbation. This unit
has a large siderite intraclast at the top and localized shelly fragments. The siltstone
composition increases in the basal 10 cm of the unit, and occurs with greenish patches
(Fig. 3.39). This unit is interpreted as sub-facies 3a on the basis of the sandstone matrix, |
and mud laminae. Overlying this sub-facies 3a unit is a thin black shale unit from

2493.33 m to 2493.50 m interpreted as facies 1.

Overlying this facies 1 unit is a fine-grained sandstone unit from 2491.98 m to 2493.33
m, with shelly fragments and siderite cementation and the presence of common
bioturbation in the interbedded mudstone (Figs. 3.40 to 3.43). This unit is interpreted as

facies 3.

From 2486.40 m to. 2491.98, sediments in this unit consist predominantly of mudstone

| interbedded with thick (> 5 cm) sandstone beds, some of which are siderite cemented.
The unit has ~ 40% siltstone laminae, some cross lamination (sets < 1 cm) in siltstone,
rare shelly fragments and sparse bioturbation. This unit is interpreted as sub-facies Om.
At the base of this unit, there is black shale a few cm thick (as in Fig. 3.40) interpreted as

facies 1.

Overlying this facies Om unit is a thick (~4.5 m), uncommonly bioturbated sandstone unit
from 2482.72 m to 2486.40 m with parallel laminations passing up into cross laminations
in undivided sandstone beds. Generally, sandstone beds in this unit have a sharp base,

however erosional bases are common. From 2484 .42 to the base of the unit, the
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sandstone beds are fine-grained with some plant detritus. From the top of the unit to
2484.42 m, the sandstone beds are finer grained, with mud laminae, more plant detritus,
and some siderite cementation (Figs. 3.44 and 3.45). This unit is interpreted as facies. 9
based on the abundance and thickness of sandstone beds, more speciﬁcally sub-facies 9g

on the basis of the graded sandstone beds.

2481.71 m to 2482.72 m: these sediments comprise uncommonly bioturbated muddy
sandstone with a few shelly fragments. This unit is interpreted as sub-facies 2¢ (> 60 %
sandstone). From 2481.20 m to 2481.71 m, sediments are dark grey, very fine-grained
sandstone with common bioturbation. This unit has siderite-cemented sandstone and
shelly fragments (Fig. 3.46a) that increase in abundance with depth and thick shell
fragments are the predominant component of the rock from 2481.48 m to 2481.71 m (Fig.

3.46b). This unit is interpreted as facies 3.

Overlying this facies 3 unit is a bioturbated mudstone unit with thin-shelled fossils from
2480.30 m to 2481.20 m. This unit is interpreted as facies 1. Overlying this facies 1 unit
is a dark grey mudstone unit with siltstone laminations distributed through the unit from
2479.55 m to 2480.30 m. The unit shows about 50% of siltstone and very ﬁ'ne-grairied
sandstone, with parallel lamination at the base of the individual beds. This unit is

interpreted as facies 0.

2475.32 m to 2479.55 m: these sediments comprise abundantly bioturbated very fine-

grained sandstone with patchy siderite cementation that ranges in abundance from 40-
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95% (Figs. 3.47, 3.48). The sandstone unit locally hés sparse coaly fragments, and
sparsely distributed shelly fragments, that become more abundant towards the base of the
~unit. Some of the shells are thick-shelled molluscs > 1 ¢m in size. Based on the
abundance of bioclasts and fine-grained sandstone, this unit is interpreted as sub-facies

2c.

Overlying this sub-facies 2c¢ unit is a silty mudstone unit with sparse to moderate
bioturbation and mud laminae from 2475.03 m to 2475.32 m. The moderately bioturbated
mud has 10% siltstone laminae. The unit is interpreted as facies 1. Sediments from
2474.56 m to 2475.03 m comprise fine-grained sandstone with a muddier base to the unit.
This unit is interpreted as sub-facies 2¢. From 2473.47 m to 2474.56 m, sediments
comprise sparsely bioturbated mudstone with 40% siltstone laminae. This unit has
concentrations of shelly fragments and sparsely distributed coaly fragments in

bioturbated mudstone. This unit is interpreted as sub-facies 2b.

Overlying this sub-facies 2b unit is a thick (2.5 m) unit of mudstone with laminae and
beds of siltstone and. fine-grained sandstone from 2471.04 m to 2473.47 m. This unit has
some siderite cemented siltstone laminae, with up to 5 cm thick siltstone laminae making
up to 40% of the unit. This unit is interpreted as facies 0. This facies 0 passes up into a
sparsely bioturbated, fine-grained sandstone unit from 2470.00 m to 2471.04 m. This unit
has mudstone laminae with moderate bioturbation in places. This unit is interpreted as

sub-facies 2b.
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Core 4: Cree member in the Logan Canyon Formation from 2263 m to 2282 m, and
a 13.5 m total recovery

2275.56 m to 2276.42 m: the sediments comprise greenish black and grey mudstone with
bioturbated patchy sideritic medium—grained sandstone with some shelly fragments, and
coaly fragments (~ 30%) in the top 3 cm of the unit (Fig. 3.49). The bioturbation is
complete as the bedding structure has been completely disturbed. This unit is interpreted

as sub-facies 2c on the basis of sandstone amount and bioturbation.

Overlying this sub-facies 2c¢ unit is a mudstone uni‘; with thin silt laminations and
uncommeon Eioturbation, from 2274.82 m to 2275.56 m. This unit has a few nodules and
the presence of siderite cement at 2275.23 m. This unit is interpreted as facies 1. The
sediments from 2274.00 m to 2274.82 m comprise commonly bioturbated fine-grained
sandstone and mudstone (Fig. 3.50). This is interpreted as sub-facies 2c on the basis of

common bioturbation and the presence of >60% fine-grained sandstone.

From 2273.15 m to 2274.00 m, sediments comprise fine-grained sandstoﬁe with patches
of siderite cements and nodules 1-2 mm thick. This unit is identified as facies 9 on the
basis of thick (> 25 cm) bed of sandstone; specifically sub-facies 9b based on the
presence of diffuse siderite cements and diagenetic siderite concretions in the sandstone
with common bioturbation (Figs. 3.51 and 3.52). This development of sub-facies 9b

- resembles facies 3 when comparing two features; the abundance of bioturbation and the

presence of siderite cement. However, it is sub-facies 9b due to the lack of mudstones.
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Overlying this sub-facies 9b unit is a brownish black mudstone unit with thin siltstone
laminae and sparse bioturbation from 2272.28 m to 2273.15 m. This unit contains large

| (2 cm) siderite clasts at the base of the sandstone bed at the top (Fig. 3.53), suggesting an
erosional surface. Also present are siltstone nodules interbedded with mudstone and fine-
grained sandstone. This unit is interpreted as sub-facies 2b on the basis of sparse

bioturbation.

2263.00 m to 2272.28 m: sediments comprise a thick (> 25 cm) unit of medium-grained
sandstone, with sbme fine and coarse-grained sandstone occurring in places. This unit has
distinct plant detritus associated with rare siderite cementation, few lithic grains, sparse
mudclasts in places and a 4 cm thick mudstoné beds from 2267.18 m to 2267.27 (Fig.

3.54). This unit is interpreted as sub-facies 4g.

Cores 2 and 3: Cree members in the Logan Canyon Formation from 2225 m to 2263
m, and a 21.35 m total recovéry |

The facies_4 in core 4 continues into the whole of core 3, but as sub-facies 4x from
2243.00 m to 2250.34 m and from 2228.65 m to 2239.39 m in core 2, for a total of ~ 18
metres. Sediments from 2225.00 m to 2228.65 m comprise fine to medium gfained
sandstones, coarse-grained sandstones, drape-like laminated mudstone, and sparse
bioturbation. From 2226.00 m to 2226.33 m there is thick bed of sandy coal interpreted as

facies 3.
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Core 1: Cree member in the Logan Canyon Formation from 2208 m to 2225 m, and
a 15.8 m total recovery

The sediments from 2222. 12 m to 2224.30 m comprise dark brown to black interbedded
siltstone (in places very fine-grained sandstones) and mudstone with a few sandstone
beds (a few mm to 2 cm). The majority of the siltstone has a greenish color. Thicker

* sandstone beds (~15cm) with cross lamination and plant detritus are more aBundant

| closer to the base of the unit. This unit is interpreted as facies 5 on the basis of the burrow

traces, and the presence of mud drapes (Fig. 3.55).

The sediments from 2221.34 to 2222.12 m comprise grey to beige medium—grainéd
sandstone beds with patches of coarse-grained sandstone, showing moderate to complete
bioturbation throuéhout the unit with medium to coarse-grained sandstone intercalated
with dark grey mudstone from 2221.60 m and above. The unit contains coarse shelly
fragments, rare to minor plant detritus and carbonate cemented sandstone clasts, and
shows localized brown staining (Fig. 3.56). This unit is interpreted as sub-facies 2c on the

basis of > 60% sandstones and the presence of shelly fragments.

2220.84 m to 2221.34 m: these sediments comprise interbedded thick dark, feddish- »
brown mudstone and minor light grey very fine grained sandstone with complete
bioturbation, except for sparse bioturbation at the base of the unit. A few siderite
concretions occur between 2220.90 and 2220.95 (Fig. 3.57) and siderite nodules are

found at 2221.10 m, dispersed in the completely bioturbated sandstone. This unit has
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been interpreted as facies 1 based on the amount of bioturbation in the mudstone,

although shelly fossils appear to be absent.

Overlying this facies 1 is a very thick (4 metres) unit of mudstone with interbedded
siltstone to very fine-grained sandstone in places, from 2217.97 m to 2220.84 m. The
sandstone beds range from 1 mm to ~1 cm, with laminae <1 cm common throughout the
unit. These beds have an erosional contact at the base with underlying mudstone. The unit
has sparse bioturbation with mm-scale burrow traces in sandstone and some localized
green colored sandstone. This unit is interpreted as sub-facies Om. From 2216.83 to
2217.97, sediments comprise medium grained sandstone (1 m thick) with both cross and
parallel laminations, minor plant detﬁtﬁs, and a few siderite intraclasts. This unit is
interpreted as facies 9 on the basis of the sandstone bed thickness and sedimentary

structures.

The sediments from 2216.19m to 2216.83 m comprise interbedded bfown and greenish
very fine-grained sandstone and light grey fine-grained sandstone, with brown to black
mudstone making up about 15% of the unit. Parallel lamination éccurs at a mm-scale,
with some cross laminated sets ~1 cm thick and ‘uncommon bioturbation in the top 3 cm
of sharp-based sandstone beds. From 2216.53 m, the cross lamination occurs throughout
sandstone beds and plant detritus occurs in some sandstone laminae. Bioturbation
becomes moderate within the topmost 5 cm of this bed (at 2216.53 m). This unit is
interpreted as sub-facies Os on the basis of sedirrientary strucfures in sandstone beds, the

presence of plant detritus and uncommon bioturbation.
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2216.10 m to 2216.19 m: these sediments comprise thin black shale lacking any siltstone
laminae, interpreted as facies 1, and are overlain by a unit (2213.12 m to 2216.10 m)
predominantly of mudstone, with siltstone and very fine- to fine-grained sandstone beds
and laminae. This upper unit has minor siderite cementation (either as nodules or in some
cases a more diffuse brown stainiﬁg), some bioclasts and moderate bioturbation.
Generally, the sandstone beds are a few cm thick and they increase upwards from 5% at
the base to approximately 15% near the top. Many sandstone beds have an erosional base
and have both parallel and cross lamination. This unit is interpreted as sub-facies Om, on

the basis of sandstone bed character and moderate’bioturbation.

From 2210.15 m to 2213.12 m is a 3-metre thick unit of medium grained sandstone Witil
a sharp base. The unit varies from grey to beige sandstone with distinct cross bedding in
sets <35 cm thick, with localized concentration of plant detritus commonly associated
with siderite intraclasts <1 mm (Fig. 3.58). This unit is interpreted as sub-facies 4x, on

the basis of large scale cross bedding and lack of bioturbation.

2208.00 m to 2210.15 m: the sediments in this unit are commonly bioturbated and these
sediments comprise interbeddéd dark grey mudstone and laminated fine-grained
sandstone with a-coarse-grained sandstone bed present. Several coaly laminae are
interbedded with mudstone (Figs. 3.59a and 3.59b). The sandstone ranges from fine-
grained to medium gréined (with rare coarse grained beds). This unit is interpfeted as

facies 5 on the basis of similarities to tidal flat facies of Cummings and Arnott (2005).
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3.4.2 Thebaud C-74

Core 6: Lower member in the Missisauga Formation from 3909.67 m to 3926.83 m,
and a 17.16 m total recovery

3925.40 m to 3927.28 m; these sediments comprise a massive fine sandstone unit
interbedded with abundantly bioturbated silty mudstone bedsets (~ 2 ¢cm). The unit shows
minor amounts of plant detritus, sandstone nodules and siderite cement. This unit is
interpreted as sub-facies 2b (< 60% sandstone) on the basis of sandstone character and
abundant bioturbation. Core stratigraphy and interpreted diagenetic and other features are

shown on the following pages.

Frém 3920 m to 3925.40 m, the sediments are predominantly fine-medium grained
sandstone in a fining upwards succession with localized siderite cementation at the
bottom and rare horizontal burrows sparsely distributed throughout the unit. This unit is
interpreted as facies 9 based on the lack of interbedded mudstone in > 25 cm thick

sandstone beds (Fig. 3.60).

Overlying this facies 9 unit is another sandy unit with more mudstone intervals from
3918.60 m to 3920.20 m. These sediments comprise fine-grained sandstone with
mudstone and some parallel laminations. This unit is interpreted as sub-facies 40, based
in abuhdance of Ophiomorpha, presence of mud drapes and rare horizontal burrows (Fig.

3.61).
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Figure 3.62: Core 6 at Thebaud C-74. Detailed core stratigraphy with sample and
appendix photo location with interpreted diagenetic features and lithofacies including
additional interpretation like the presence of bioclasts, nodules, phytodetritus and

bioturbation. IDF means interpreted diagenetic features.
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Figure 3.64: Core 4 at Thebaud C-74. Detailed corestrdtigraphy with sample and
appendix photo location with interpreted diagenetic features and lithofacies including

additional interpretation like the presence of bioclasts, phytodetritus and bioturbation.

IDF means interpreted diagenetic features.
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3911.80 m to 3918.60 m: these sediments comprise medium to coarse-grained sandstone
beds > 25 cm in thickness. Bioturbation is complete at the top of the unit. This unit is
interpreted as facies 9. The complete bioturbation in this facies 9 continues into the
overlying sediment facies from 3911.28 m to 3911.80 m, which comprise fine-grained

sandstone rich in Ophiomorpha and mud drapes. This unit is interpreted as sub-facies 4o.

3910.66 m to 3911.28 m: with a sharp contact at the bottom, this unit comprises
mudstones abundantly bioturbated with very ﬁne-grained sandstone lamination and some
horizontal burrows and mud drapes sparsely distributed. This unit is interpreted as facies
5; a sandy tidal flat on the basis of mud drapes present in bioturbated sandy mudstones
(Fig. 3.68). Sediments from 3909.57 m to 3910.66 m cbmprise a sandier unit with

Ophiomorpha trace fossils; this latter unit is interpreted as sub-facies 4o (Fig. 3.67).

Core 5: Lower member in the Missisauga Formation from 3905.10 m to 3909.35 m,
and a 4.25 m total recovery
The sub-facies 40 in core 6 continues into the adjacent core 5 from 3908.12 m to 3909.57

m.

The sediments from 3907.73 m to 3908.12 m comprise interbedded fine-grained
sandstone and mudstohe with abundant bioturbation and some vertical burrows. The
bottom of the unit has a bioturbated contact with the underlying unit. This unit is

interpreted as facies 5 as described by Cummings and Arnott (2005). From 3905.10 m to
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3907.73 m, the sediments comprise medium-grained sandstone rich in Ophiomorpha and

mud drapes. This unit is interpreted as sub-facies 40

Core 4: Lower member in the Miésisauga Formaﬁon from 3891.08 m to 3903.92 m,
and a 12.84 m'tqtal recovery

3902.48 m to 3903.79 m: these sediments comprise medium-grained sandstone with
uncommon bioturbétion and some carbonate intraclasts. The presence of large burrows at
the bottom of the unit suggests the presencé of an erosional gap. This is interpreted as
facies 3; more specifically sub-facies 3b on the basis of sandstone matrix, uncommon

bioturbation and the presence of an erosional base.

From 3901.34 m to 3902.48 m, the sediments comprise completely bioturbated mudstone
with rare lamination of siltstone. This unit is interpreted as facies 1. Overlying this facies
1 unit from 3901.08 m to 3901.34 m is a few centimeters of commonly bioturbated fine-

grained sandstone interbedded with mudstone. This unit is interpreted as sub-facies 2b on

the basis of lesser sandstone amount (< 60%).

3891.08 m to 3901.08 m: these sediments comprise interbedded siltstone to ﬁhe-grained
sandstone and mudstone with a sharp contact between the sandstone and mudstone beds.
The unit has a predominance of mudstone. The sandstones have cross lamination.
Bioturbation is common with some vertical and horizontal burrows, and siderite

cementation dispersed through the unit. This unit is interpreted as facies 0 based on the
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predominance of mudstone. This facies 0 is continuous through the entire thickness of

core 3 from 3890.52 m to 3891.08 m.

Core 2: Lower member in the Missisauga Formation from 3874.92 m fo 3883.86 m,
and an 8.94 m total recovery

3877.06 m to 3883.73 m: these sediments‘ comprise predominantly medium-grained
sandstone §vith common siltstone laminations, faint cross laminations (low angle) and
very rare burrows. This massive unit is interpreted as facies 9 on the basis of > 25 cm
sandstone beds. Overlying this facies 9 unit is a commonly bioturbated fine-grained
sandstone unit from 3876.41 m to 3877.06 m with parallel siltstone léminations. This unit
is interpreted as facies 0, and is overlain by more of facies 9 from 3875.38 m to 3876.41
m.

3874.94 m to 3875.38 m; these sediments comprise a fine-grained sandstone unit with
mud drapes, cOmrhon bioturbation with vertical and horizontal burrows, and is rich in

Ophiomorpha. This unit is interpreted as sub-faciés 4o (Fig. 3.69).

Core 1: Lower member in the Missisauga Formation from 3856.63 m to 3873.26 m,
and a 16.63 m total recovery

The sediments from 3870.53 m to 3872.83 comprise fine to coarse-grained sandstone in a
downward coarsening successidn, with mm-scale mud intraclasts locally and abundant
bioturbation from 3871.96 m to 3872.24 m, with a gradational contact at the bottom. This
unit also has sand in-filled horizontal burrows in the coarser-grained sandstone. This unit

is interpreted as facies 3; however, based on the peculiar nature of the TS facies (lack of
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thin-shelled fossils and sideritic diagenesis); the unit is interpreted as sub-facies 3s,

confirmed by the presence of a sharp base in the sandstone.

3868.58 m to 3870.53 m; sediments in this unit are made up of fine-grained sandstone
with interbedded mudstone (~ 30%). This unit is interpreted as facies 2d, on the basis of
this interval being the muddiest unit immediately above the transgressive surface with

sub-facies 3s.

3865.00 m to 3868.58 m: these sediments comprise abundantly bioturbated fine-grained
sandstone with interbedded mudstone with a gradational contact. This unit is interpreted
as sub-facies 2c¢ on the basis of sandstone amount (> 60%) and abundant bioturbation.
This sub-facies 2c¢ is underlying a fine to medium grained sandstone unit from 3853.18 m
to 3865.00 m in a coarsening upwards succession. There is abundant bioturbation in the
bottom one meter of the unit, and the presence of vertical burfows, Ophiomorpha and
siderite cementation (With some nodules) throughout. This unit is interpreted as sub-

facies 4o.

The sediments from 3862.82 m to 3863.18 m comprise fine- to medium-grained
sandstone with a few coarse lithic grains and a gradational contact at the bottom of the
unit. Vertical burrows are present with some siderite cemented sandstones and a few
siderite nodules. This unit is interpreted as facies 3 on the basis of the sideritic diagenesis,

burrow traces, and coarseness of sandstones. Overlying the facies 3 unit is an
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uncommonly bioturbated mudstone unit from 3862.10 m to 3862.88 m with some coarse

lithic grains. This unit is interpreted as facies 1.

3861.03 m to 3862. 10 m: these sediments comprise commonly bioturbated very fine to
fine-grained sandstone with parallel and cross lamination of siltstone and mudstone, with
a sharp contact at the top of the sandstone. This unit has rare thin-shelled fossils and rare
siderite cementation. The unit is interpreted as facies 0. Overlying this facies 0 unitis a
unit of interbedded very fine-grained sandstone and mudstones (with parallel
laminations) unit from 3860.49 m to 3861;03 m. This unit is interpreted as facies 1 on the

basis of the muddy nature of the beds.

From 3859.92 m to 3861.03 m, the sediments comprise limestone with shelly fragments.
This is interpreted as sub-facies 31 on the basis of the bioclastic nature of the unit. From
3859.58 m to 3859.92 m, the sediments comprise a bioclastic mudstone unit with |
uncommon bioturbation. This unit is interpreted as facies 1. Overlying this facies 1 is an
interbedded mudstone and very fine-grained sandstone unit with siderite cementation.
This unit is interpreted as facies 0 on the basis of predominant mudstone with sandstone

beds.
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sandstone with mud clast and minor phytodetritus; (B) 2936.30 m has sandstone
lamination picked out by siderite, plus siderite cemented mud drapes; (C) 2938.07 m
shows a diagenetic contact, which is also present in 2939.03 m but with siderite cemented
mud drapes. 103
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Figure 3.37 px. .pto 54): Figure 3.38 (Appx. 3.2 photo 52): Mudstone with
Diagenetic contact between grey interbedded fine-grained sandstone with very
and beige medium-grained sandstone  patchy siderite cementation.
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Figur 3.40 (Appx. 3.2 photo 46): Facies |
shale overlying bioturbated Facies 3
sandstone (sideritic diagenesis). 104

Figure 3.39(Appx. 3.2 photo 51): Bioturbated
sandstone with greenish concretions
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Figure 3. 43 (Appx. 3.2 photo 49): Bioturbated Figure 3.44 (Appx. 3.2 phat@ 41):
sandstone with patchy siderite cementation and Bioturbation on the top of a facies
abundant shelly fmgmmts that appear 9 fine-grained sandsione :
undisturbed. with some wood fragments. 105
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Figure 3.45 (Appx. 3.2 photos 42a-d): Fine grained sandstone with thinner beds showing
wood fragments, cross lamination, complex laminations, and erosional surfaces.

L D —

243120 m ]
;A T e 1‘ Re) {z 1B | XK_J/‘
| JUR B A e
e e 1| o
S Y B -
B s - . ’ ' )
P LN Shely
Scm
k]

Figure 3.46a (Appx. 3.2 photos 39 & 40): Facies 1 shale overlying facies 3 fine-grained
sandstones with some shelly fragments, and 3.46b: Large shell fragments at the base of

the unit.
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Figure 3.49 (Appx. 3.2 photo 36): Bioturbated Figure 3.50 (Appx. 3.2 photo 35): Facies 1
medium grained sandstone with siderite black shale with bioclasts overlying sideritic
cementation and few shelly fragments. mudstone.
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Figure 3.51 (Appx. 3.2 photo 32): Sandstone Figure 3.52 (Appx. 3.2 photo 33): Sideritic
with lenticular beds and siderite concretions  sandstone with common bioturbation
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Figure 3.53 (Appx. 3.2 photo 31): Interbedded fine grained sandstone and mudstone with

sparse bioturbation at the base.
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Figure 3.54 (Appx. 3.2 photos 27, 28a, & 30): (4) 2266.33 m: Coarse sandstone with low
angle cross-bedding and phytodetritus, ~5 mm lithic granules, a large mud clast and an
erosional base. (B) 2266.94 m: coarse sandstone interbedded with sideritic silty
mudstone. (C) 2271.42 m: Conglomerate of siderite intraclasts and granules <5 mm.
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Figure 3.55 (Appx. 3.2 photo 19): Coarse-grained  Figure 3.56 (Appx. 3.2 photo 6):
sandstone with erosional base and muddy laminae Moderately bioturbated mudstone
over sparsely bioturbated brown mudstone and with fine-grained sandstone, mud
laminated fine grained sandstone beds. fragments and brown staining. 109
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mudstone with beds of very fine-grained phytodetritus and fine siderite intraclasts in
sandstone to siltstone with some siderite fine to medium grained sandstone, with
concretions. " trough cross-bedding in the sandstone.

220922 m

Bioturbated
Sandstone

Figure 3.59a (Appx. 3.2 photo 14): Black shale Figure 3.59b (Appx. 3.2 photo 15): Fine-
over laminated and bioturbated fine-grained  grained sandstone with common
sandstone with coal layers and coarse-grained bioturbation interbedded with mudstone.
sandstone. This is interpreted as a possible

maximum flooding surface.
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Figure 3.60 (Appx. 3.1 photo 26): Fine to . Figure 3.61 (Appx. 3.1 photo 27): Fine-grained

medium grained sandstone in a fining sandstone rich in Ophiomorpha, mud drapes
upwards succession. and the rare horizontal burrows.
3911.05 m

Figure 3.67 (Appx. 3.1 photo 28): Sandy Figure 3.68 (Appx. 3.1 photo 29): Mudstone

mudstone with Ophiomorpha. with fine-grained sandstone laminae with

sparsely distributed mud drapes. 11



gure 3.69 (Appx. 3.1 phbto 31): Commonly bioturbated fine-grained sandsione with
mud drapes, burrows, and Ophiomorpha. '
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3.5 DETAILED CHARACTER OF TRANSGRESSIVE UNITS

3.5.1 Introduction |

A packet (Fig. 3.70), as defined in this study, includes the sediments within the
transgressive unit and the immediately underlying (regressive/prograded) sediments
below the transgressive surface of erosion. The transgressive unit is recognized on the
basis of abrupt changes in inferred sedimentation rates. Packets have been identified in
both studied wells (Thebaud C-74 and Peskowesk A-99); some with evidence of a major
transgression and others with evidence of only minor transgression. TheApacket interval
considered in this study extends up to 20 metres below the TS because Berner (1980)

argued that the depth of complete sulphate reduction may be tens of metres deep.

As earlier discussed in section 2.1.1, this study is focused on packets where early
diagenetic changes are suspected to have occurred in underlying prograded sediments and
such diagenetic changes are now found within and beneath the transgressive unit that
often contain facies 3 sediments which are siderite-cemented, reworked, and fine to
coarse-grained sandstones. Where facies 3 is present, this implies a major depositional

change that is characteristic of environments where transgression has occurred.

Sequence boundaries, some corresponding to a transgressive surface, have been
recognized on the basis of an erosional surface separaﬁng a more distal facies above from
a more shoreline-proximal facies below. Sequence boundaries have been interpreted at
the following depths in the Peskowesk well: 3795.24 m, 2273.15 m, 2222.12m, and

2213.12 m (refer to core stratigraphy in section 3.3). However, many of the
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progradational successions and the overlying transgressive surfaces are probably

parasequences and not sequences.

—-—=Maximum Flooding Surface (MFS)

Transgressive
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Figure 3.70: A conceptual “parclicrei; " as defined in rtihisrstudy.

3.5.2 Identified Packets in Thebaud C-74

The character of sediment packets in the Thebaud C-74 well are alike, with a unit of
facies 1 mudstones interpreted as Maximum Flooding Surface (MFS) overlying
transgressive_ facies 3. These facies 3 sediments have distinguishing featurés that include
the presenée of siderite cementation, normally graded fine to coarse-grained sandstone
beds and abundant shell fragments, and less frequently present characteristics includes:
the presence lesser shell fragments, and a mixture of fine-grained sandstone with
mudstones. The facies 3 sediments sometimes overlie cross-laminated fine-grained
sandstone rich in Ophiomorpha with mud drapes (sub-facies 40). Observations on
individual transgressive surfaces are summarized in Table 3.3
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Table 3.3: Summary of observations from packets in Thebaud C-74 and Peskowesk A-99

2 Packet Depths (m)| pyciet | 15! Depths Tran:;gl:-iissive Lithofacies | Interpretation Z{; the lt‘::clfg TS Chaned
Numb. bove the TS ove the ange
B | Top |Bottom [Numbey  (m) Thickness (m)|*"°"¢ e TS| Below the TS | © " =
Reworked
3901.35 | 3908.11 | 1 3903.79 1 pto1 |Lidal estuary sediments lacking A+
deposits bioturbation with
open shelf shales
- idal
& 387228387532 | 2 | 3872.83 0.5 3sto1 | Ldalestuary  [MES muddy A
&} deposits sandstone
=
E , Tidal estun Reworked
2 (3862.10|3865.00 | 3 | 3862.88 1 3to1 | 98 S lsediment to open A
= epostts " [shelf deposits
Bioclastic
Open Shelf reworked sedimen;
3859.40 | 3861.01 4 3859.92 0.5 3ito 1 Shale to open shelf B-
deposits
Prodeltai Reworked
3800.70 | 3805.38 | 1 3802.05 0.4 3mtoOm [ ooo ¢ lsediments to A-
sandstone
muddy prodelta
Reworked
sediments with
3795.22 | 3800.70 2 3798.50 2 3mto5 |Shoreface predominated C
mudstone and tida)
flat deposits
2948.20 | 2954.34 3 2950.72 2 Om Fluvial deposits [Muddy prodelta A-
10 meter e
o | 2936.02[ 204272 4 | 293820 2 55 |parasequence, |l G2 flatplus c
S - coastal deposits
< fluival at the top|
=
o R ked
. g ) Tidal flat, se;:vr::n:s and
é 2929.95(2935.18 5 2931.89 0.5 3to2c [predominantly B+
a~ dst shoreface (60-
sandstones 90% sandstone)
Reworked
2493.33 | 2495.28 6 2494.15 0.5 3to 0  |Lagoon depositgsediments to A-
prodelta deposits
1 meter of Reworked
" IShoreface (60- [sediments with
2480. 72 481. 1 A
480.30 | 2482.7 7 2481.72 5 3ato 90% sandstone) [mud laminae and
over river mouthopen shelf shales
45 metre thick | .
2222.30| 2273.17 8 2228.65 4 5 . . |Tidal flat deposits B+
fluvial deposits
2208.00| 2213.00 9 2210.15 2 5 Fluvial deposits | Tidal flat deposits B

! : TS Transgressive Surface

2 . TS change considers the infered magnitude of environmental change while comparing the sediment below the TS with that above

TS Change A+ represents moving from a very shallow water facies into the Transgressive highstand facies association of facies 3, then
into open shelf and overlain by a thick progradational seccussion.

TS change B+ represents moving from a very shallow water facies into shoreface or river mouth facies, then into a progradational

sequence.

TS change C represents moving from a fluvial facies into a tidal facies.

115



Packet 1:3902.49 m to 3908.11 m

This packet (Fig. 3.71) has a TS at 3903.79 m, and it is made up of a 5 metreé thick
progradational succession with about 4 metres of sub-facies 40 (rich in Ophiofnorpha and
mud drapes, Fig. 3.165, that abruptly pass up into a 1 metres thick sub-facies 3b
(reworked sediments with an erosional base, Fig. 3.9). These sediments then pass

gradually up into facies 1 (open shelf shales, Fig. 3.4).

Packet 2: 3872.28 mto 387532 m

This packet has a TS at 3872.83 m, and it is made up of a thin progradational succession
with about 0.5 metres of sub-facies 40, which abruptly pass up into a 0.5 metres thick
sub-facies 3s (reworked sediments with a sharp base lacking bioturbation, Fig. 3.14). The

facies gradually passes up into a sub-facies 2d due to the presence of > 70 % sandstone.

Packet 3: 3862.88 m to 3865.00 m

This packet has a TS at 3862.88 m, a 3 metres thick progr.a'dational‘ succession that
culminates in 2 metres of sub-facies 40 with Ophiomorphia and mud drapes, and ébruptly
passes up into a 1 meter thick facies 3 (reworked sediments with coarse lithics in siderite
cemented medium-grained sandstone). Thé transgressive unit is capped by a MFS

interval with facies 1 shale.

Packet 4: 3859.92 mto 3861.01 m

This packet has a TS at 3859.92 m, and it is made up of a 1.5 metrés thick sediment

succession with 0.5 metres thick interval of facies 1 that contains the MFS overlying 0.5
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metres of bioclastic reworked sediments (sub-facies 31, Fig. 3.11). These reworked
sediments could be part of the Highstand System Tract (HST) overlying sediments of the
packet from 3862.88 m to 3865.00 m. There is no change in sediment facies below and

above the TS.

3.5.3 Identified Packets in Peskowesk A-99

Packet 1: 3801.58 m to 3805.38 m

This packet has a TS at 3802.05 m. A 4 metres thick progradational éuccession, made up
of sub-facies 0Os (cross laminated sandstone ‘with interbedded mudstone, Fig. 3.3) that
gradually passes up into a thin (0.4 metres) sub-facies 3m (Fig. 3.12): reworked
sediments with abundant shelly fragmenté and interbedded mudstone. This sub-facies 3m
gradually pass up into sub-facies Om (thin bedded sandstone with a predominance of

mudstone).

Packet 2: 3795.22 m to 3800.70 m

This packet has a TS at 3798.50 m, and it is made up of a 6 metres thick progradational
succession which culminates in 3 metres of sub-facies 2¢ (Fig. 3.7): bioturbated
sandstone and mudstone with 60 to 90 percent sandstone that gradually pass up into a 1 |
meter thick sub-facies 3m (reworked sediments with interbedded mudstone), capped by a

2 metres thick tidal flat deposit (facies 5, Fig. 3.18).
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Packet 3: 2948.20 m to0 2954.34 m

Tﬁis packet has a TS at 2950.72 m. A 6 metres thick progradational succession
culminates in 4 metres of sub-facies 4x (Fig. 3.17) with cross-bedded sandstone lacking
mud drapes.‘It is overlain abruptly by a 2 metres thick facies Om (thin bedded sandstone
with a predominance of mudstone, F ig; 3.2). Characteristic facies 3 sediments are absent,
but tﬁe TS is interpreted between the fluvial sandstones and the overlying marine

prodeltaic sub-facies Om.

Packet 4: 2936.02 m to 2942.72 m

This packet (Fig. 3.72) has a TS at 2938.20. A 10 metres thick progradational succession
culminates in 4 metres of sub-facies 4x with cross-bedded sandstone that abrupﬂy pass up

into facies 5 (tidal flat deposits). Characteristic facies 3 sediments are absent.

Packet 5: 2929.95 m to 2935.18 m

This packet has a TS ét 2931.89 m, and it is made up of a 6 m thick retrogradational
succession which culminates in 4 metres of sub-facies 5s (Fig. 3.19): tidal flat deposits
with coarse-gréined sandstone beds. in places, rare bioclasts, sparse siderite cementation
and a predominance of interbedded fine-grained sandstone and mudstone. It is overlain
by 0.5 metres of characteristic facies 3 (siderite-cemenfed ‘ﬁn‘e to coarse-grained
reworked sandstonle with abundant shelly fragménts), which gradually pass up into a 1.5
metres thick sub-facies 2c¢ with abundantly bioturbated sandstone (60-90% sandstone)

and interbedded mudstone.
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Packet 6: 2491.98m to 2495.28 m

This packet has a TS at 2494.15 m. A 1.8 metres thick retrogradational succession
culminates in a 1.3 metres sub-facies 2b (Fig. 3.6) with moderately bioturbated sandstone
(< 60% sandstone) that abruptly pass up into a 0.6 metres of facies 8 (Fig. 3.20) with
commonly bioturbated, grey-green sandy mudstone with heavy shelly fossils, capped by

characteristic facies 3 sediments.

Packet 7: 2480.30 m to 2482.72 m

This packet (Fig. 3.73) has a TS at 2491.72 m. A 1.5 metres thick progradational
succession culminates in a 1 meter thick sub-facies 2¢ with abundantly bioturbated
sandstone (60-90% sandstone), overlain by a 0.5 metres thick transgressive sub-facies 3a
(reworked sediments with mudstone laminae, Fig. 3.8). This sediment succession is

capped by a 0.8 metres thick facies 1 (open shelf deposits).

Packet 8: 222230 m to0 2273.17m

This packet has a TS at 2228.65 m. A very thick (45.32 metres) progradational
succession culminates in a 0.8 metres of sub-facies 2b with moderately bioturbated
sandstone (< 60% sandstone). It is overlain by 44.52 metres of sub-facies 4x with cross-
bedded sandstone lacking mud drapes. The progradatioﬁal fluvial succession gradually
passes up into a 4 metres thick facies 5 (tidal flat deposits) with evidence of slumping. -

Characteristic facies 3 sediments are absent.
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Packet 9: 2208.00 m to 2216.00 m

This packet (Fig. 3.74) has a TS at 2210.15 m. A 6 metres thick slightly progradational
succession that culminates in 4 metres of sub-facies 4x with cross-bedded sandstone
lacking mud drapés, which gradually pass up into 2 metres of facies 5 (tidal flat deposits).

Characteristic facies 3 sediments are absent.

3.6 CHAPTER SUMMARY

Conventional cores were interpreted based on lithofacies types and transgressive units.
The term "packet” is used in this chapter to group sediments Withiﬁ a transgressive unit
above a transgressive surface with the immediately underlying prograded sediments.
Such packets are the focus of the sfudy and during core interpretation, sampling was done
based on the presence of this packets. Nine packets are identified in this chapter with’
some showing major evidence of transgression and other very minor evidence of
transgréssion, along with changes in facies fypes, referred to as the magnitude of
envir'onmental change. The charabters of the different packets were investigated
considering the magnitude of environmental change, which is based on a scheme from
A+ to C. The next chapter presents more results, but based on petrographic studies on
thin sections using the petrographic microscope, scanning electron microscope, electron
microprobe, and powder samples for X-ray diffraction analysis, all in order to produce a

detailed paragenetic sequence of early diagenetic minerals.
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Fig. 3.71: Core photo of packet 1 at Thebaud C-74.
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Packet 4: 2936.02 m - 2942.72 m showing a C type TS change* at Peskowesk A-99
Started at 2936.02 m
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Sub-facies 4g: medium-grained sandstone with minor mud drapes

Sub-facies 4g: medium-grained sandstone with minor mud drapes

2937.95 m

2938.63 m

( Continues on -
203032 m till 2942.72 m

* TS Change considers the inferred magnitude of environmental change while comparing the
sediments below the transgressive surface with that above

Fig. 3.72: Core photo of packet 4 at Peskowesk A-99.
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Packet 7: 2480.30 m - 2482.72 m showing an A types TS change* at Peskowesk A-99.
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Facies 1: bioturbated mudstone

Sub-facies 2¢: commonly bioturbated fine-grained sandstone

2482.06 m

Continues on
2481.46 m till 2482.72 m

2480.80 m

* TS Change considers the inferred magnitude of environmental change while comparing the
sediments below the transgressive surface with that above

Fig. 3.73: Core photo of packet 7 at Peskowesk A-99.
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Peskowesk A-99
Packet 9: 2208.00 m - 2213.00 m showing a B type TS change*

2210.15 m

Facies 5: moderately bioturbated fine-grained sandstone

Facies 5: moderately bioturbated fine-grained sandstone
Sub-facies 4x: Thicked bedded medium-grained sandstone with some cross-bedding

2210.15m 2210.81

Continues on till 2213.00 m{

| 2209.37 m
* TS Change considers the inferred magnitude of environmental change while comparing the
sediments below the iransgressive surface with that above

Fig. 3.74: Core photo of packet 9 at Peskowesk A-99.
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- CHAPTER 4: PETROGRAPHY

4.1 LABORATORY METHODS

4.1.1 Electron Microprobe, Scanning Electron and Petrographic Microscopes
Sampling methods have been discussed in detail in chapter 3. Polished thin sections of
representative samples (23 for Peskowesk A-99 and 55 for Thebaud C-74) were prepared
at Vancouver Petrographics Ltd location. Porosity percéntage was estimated using thin
sections that were vacuum-impregnated with blue epoxy (Tables 4.1 & 4.2, App. 4.1 &
~ 4.2). Chemical variations were investigated in identiﬁed diagenetic minerals,
predominantly carbonates, using electron microprobe (EMP) chemical mineral analysis.
The paragenetic sequence of the different diagenetic phases was investigated using the
petrographic microscope and backscattered electron images obtained from scanning

electron microscope (SEM) and EMP (App. 4.3a & 4.4a).

Electron Microprobe (EMP) mineral chemical analyses were carried out at the Dalhousie
University Regional Electron Microprobe and Image Analysis facility. Thin sections’ X
and Y coordinates on spots of interest were obtained using the SEM at the Saint Mary’s
University Regional Analytical Centre. The equipment used is a JEOL-8200 électron
microprobe with five wavelength spectrometers and a Noran 133 €V energy dispersion
detector. The beam of the EMP was set at 15kV and 20nA with beam diameter 1-10
microns. The energy dispersive spectrometer (EDS) was used for quick mineral
recognition and then a proper quantitative chernicallanalysi_s of the identified mineral spot
was done (App. 4.3b & 4.4b). The textural relationship between diagenetic phases was

determined with the help of backscattered electron (BSE) images.
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4.1.2 X-ray Diffraction

In order to get samples into a powder form, the less than or equal to 53.85g samples we;e
washed and then crushed using a hammer on the rock samples while wrapped in thick
plastic bags to avoid contamination and loss of sample and then pulverized in an alumina
ceramic mill. Powder samples were homogenized, which was necessary bécause larger
samples had to be pulverized in portions. Using a diamoﬁd carbide pen, glass slides were
cut into a 1-inch square, and cleaned using Kim wipes. The well name and depth was then
written on one side of the slide. Less than 1 gram of powder, from each sample, was mixed
in a mortar with methanol and smeared on the other side of the slide, and left to air dry.
Dried samples were placed in groups into a Siemens Kristaloflex diffractometer at the
Geological Survey of Canada (Co Ka radiation source) for analysis (Appendix 4.5 and 4.6).
The detection limit used for the study is ~5 wt %, hence minerals with abundance less than

this detection limit may not appear as a peak on the X-ray diffractogram.

In order mark peaks on the diffractogram, the 2 theta values are first determined by using
a table of 2 theta value. The 2 theta quartz peaks is then used to check if the 2 theta
calibrations are correct. Therefore, plofs of peak minerals from the X-ray diffraction data

are normalized to quartz abundance.

126



Table 4.1: Summary of Petrography with Lithofacies at Thebaud C-74

Cement: listed in chronological order where apparent .
Well: Thebaud C-74 and indicated by (#); otherwise order is unknown Porosity
Lithofacies % of total 1: (2: t3: th remaining
# |Depths (m)|(after Karim| Rock Types| rock cen.len l. cen.len l. cen.l:nml. o ert porosity as %
et al., 2008) minera minera mine cements Of tota] I'Ock
1 |3859.95° 31 Mudstone 15  [10%Chl  [3% Pyrite |2% Carb 1
2 |3861.23 0 ;’:nrfi'sf;’l: 5 |3%cCarb 2% Pyrite 5
3 13862.56 (a) 1 Mudstone 35 |18% Pyrite [10% Ch1  [5% Carb  [270Q% 5
i ° ° ° overgrowth
4 [3862.56 (b) 1 Mudstone 20 |10% Carb [5% Pyrite |5% Chl 10
5 [3862.91 3 Mudstone 20 |10% Carb {5% Pyrite |5% Chi 10
6 [3862.98 (a) 3 Mudstone 27 [20% Carb (5% Chl (2% Pyrite 10
7 [3862.98 (b) 3 Mudstone 30 |10% Carb |10% Chl |10% Pyrite 20
8 {3863.08 3 g’a‘;‘i‘;‘;}e 40  |20%Sid  [10% Carb |5% Pyrite [5% Chl 5
Medium o e 2% Qz
9 [3863.38 40 Somdaton 12 [S%Byrite [s%ch [0 10
10 [3863.53 40 - g‘;ﬁsﬁe 10 [Pyrite _ 10
1 0,
11 |3863.99 40 g‘af]‘fi‘st“zm 20 |10% Pyrite |5% Carb f) V/‘éfé:)wth 2
12 [3864.51 40 l;‘;isme 35  |15% Pyrite [10% Carb |5%Sid 5% Chl 2
Fine o/ Q@ 5% Qtz o
13 [3864.52 40 o one 25 [1s%sid (o0 [s% Cnl 10
Fine o/ 5% Qtz o
14 |3864.99 2 Somdstone 35 |1s%sid [0 F s cnl 10
Fine N 5% Qtz
15 |3865.53 2 Somdstonc 35 |20%Pyrite|10% Carb |27 2 10
3 o,
16 {3865.56 2% I;;‘;fismne 31 [15%Sid  [10% Carb |5% Chi ‘1) V/gé;iwth 10
M Q,
17 [3865.95 2% g;“nzs one 36 [20% Carb [15% Pyrite|5% Chl (1) ‘f"e;f:zwth 3
M 0,
18 [3866.79 2 g;‘;zsmne 35  |10% Carb |10% Pyrite ig::g?;zwm 5% Chl 3
H 0,
19 [3867.39 2% g;nn‘iisme 31  [15% Pyrite [10% Carb (5% Chl i\f‘; rgrtf)m 2
Fine ' R e 2% Qtz
20 |3868.31 (a) le o one 47 [30% Carb 10%Pyrite|s% Chl |7 " 10
Fine o o - eo 2% Qtz
21 [3868.31 (b) lc Somistone 52 [30%Carb [15%Pyrite|s% Chl [ %] °F 10
- 0,
22 [3868.39 Ic g;“n‘;smne 30 |20% Pyrite 5% Carb fw/‘;fﬁf,wm 2
Fine . 5% Qtz
23 |3868.77 Ic Somdstone 40 30% Carb (10% Pyrite(s% Chl |27 <% 1
H 0,
24 [3868.94 le g:;‘;swne 32 |20% Carb [10% Pyrite (2) ‘{‘;gz b 3
25 [3869.64 lc g;‘::lsmne 25  [15% Pyrite |5% Carb  {5% Chi 2
. Fine . R o |5%Qiz
26 13870.01 1c Somdstone 30 |10% Carb [10% Chl 5% Pyrite |°)° % 10
27 13870.19 lc g;‘;s one 35  |15% Pyrite [15% Carb |5% Sid 5
28 [3870.62 (a) lc I;:Sistone 28 |15% Carb [8% Pyrite |5% Chl 10
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Table 4.1: Summary of Petrography with Lithofacies at Thebaud C-74

. Cement: listed in chronological order where apparent .
Well: Thebaud C-74 and indicated by (#); otherwise order is unknown Porosity
Lithofacies % of total 1: ‘2: ¢3: th remaining
# |Depths (m)|(after Karim) Rock Types| rock ce",len ) cen,len - cen,'en : other porosity as %
et al., 2008) mineral mineral mineral cements of total rock
.9
29 |3870.62 (b) ic g;edstone 20 |10% Pyrite [5% Carb  {5% Chl 20
30 [3871.05 1c giedstone 45  |20% Carb [15% Pyrite|5% Sid  |5% Chl 5
Fine N o |2%Qt
31 (3871.36 Ic Somdstone 25 |20%Carb |3%Pyrite [° 2 25
32 [3871.47 lc Is:a“;‘:ismne 22 |10% Carb [10% Chl |2% Pyrite 20
33 [3872.58 (a) 3s g;”neds’tone 38 |20%Carb [10% Sid  |8% Pyrite 2
34 |3872.58 (b) 3s ;";z'ium 33 [15%Carb |10% Sid  [8% Pyrite 2
1 0,
35 |3876.72 0 ga“;fistone 27 |15%Carb [5%Sid  |5% Chl i :‘;rcértzwth 10
3 - 0,
36 [3879.56 9 ;";‘éim 27 |15%Carb [5%Sid  [5% Chi i :‘;rgi wih 10
3 0,
37 |3881.59 9 faedum ) o7 hiswcab |s%sia [swow [P g0
n _ 0,
38 [3882.96 9 &‘szm 27 [15%cCarb |5%sid  |5% ch (2) j‘; rQ‘iwth 10
Fine- R R 5% Qtz
39 [3902.65 3b Modium 35 |20%Carb [10%Cal [P0 F 10
Fine- o R 5% Qtz R
40 [3905.10 40 Mo 27 iowsid f10%cm [P0 F (2% Carb 13
S _ 0,
41 |3906.75 4o ﬂ‘;zimn 27 |10%sid  |10% chl : V/; r(;:zwth 2% Carb 10
- 0,
42 [3907.93 4  |Fine 35 |20%sid [s%Cab [ sy, cnl 10
Sandstone overgrowth
" _ 0,
43 [3908.65 40 Fine- 30 |10%sid |10%em P22 fae canb 10
Medium overgrowth
44 13909.92 4o ﬁ’;z'ium 20 |[15%sid  [s% cn 5
. _ 0,
45 [3911.66 40 fd‘zzium 35 |20% Carb |10% Chl (5) érgr‘zwth 10
Fine-Coarse o @ 2% Qtz
46 [3912.40 9 S 7 |swsia [0 15
47 |3913.73 9 Fine-Coarse | 10 [giq 10
Sandstone
3 i 0,
48 |3914.34 9 ga“;sfgzzse 40 |25% Carb [10%sid  |3% chl (2’ :‘;rgiwth 10
Medium o 5% Qtz
49 [3915.74 9 Sandstone 20 (15%Sid |70 < 10
Fine-Coarse o o 5% Qtz
50 {3917.06 9 S 35 |20% Carb J10%cal 200 27 10
Fine .
51 {3918.64 40 Somdstone 10 {Sid 10
Fine .
52 (392004 40 Somtstone 15 |sid 0
Fine- . ) 5% Qtz
53 (3921.98 9 Mestium 35 [20%Carb f10%Cnl 27 10
3 0,
54 [3924.50 9 g;‘;;s rone 38 [20%Sid  [10% Chl [5% Carb (3) :‘;rgz " 10°
. Fine 5% Qtz o o/
55 13926.15 2 Somdstone 0 [0 S n]4% Cad (1% Sid 10

Abbreviations: Chl =

framboidal or platy pyrite, Qtz = quartz. Mineral abbreviations after Kretz, 1983.

chlorite, Sid = siderite, Carb =carbonates like calcite, Fe-calcite, Mg-calcite, ankerite, or dolomite, pyrite is either
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Table 4.2: Summary of Petrography with Lithofacies at Peskowesk A-99

Cement: listed in chronological order where apparent .
Well: Peskowesk A-99 and indicated by (#); otherwise order is unknown Porosity
Lithofacies % of . . ] remaining porosity
# | Depths (m)| (after Karim ]l? ock total | “ement i cen‘aent i cement :: other cements}as % of total rock
et al., 2008) yYpes rock minera minera minera
Fine -
1 |2209.83 5 Sondstone | 15 [Pyrite 15
2 [2221.17 (2) 1 Mudstone | 25 |20% Pyrite|5% Sid 2
) 1% Qtz
0, 0,
3 12221.17 (b) 1 Mudstone 10 .|8% Pyrite [1% Carb overgrowth 1
1 0,
4 [2231.32 4x g:';:isme 20 [10% Chi Z V/"e rgrtz i |3% Pyrite 2% Kao 20
5 |2245.84 4x g:na;ss:one 6 |5%Sid  |1% Pyrite 30
3 0,
6 [2249.39 4x g[ai‘(ii‘s‘i?ne 16 |5%Sid  |5%Chl  |4% Pyrite i :‘; gzwth 10
7 [2275.64 1 Mudstone | 40 [30% Carb [10% Pyrite 0
. 1% Qtz
0, 0,
8 [2275.70 1 Mudstone 25 |20% Sid  |4% Pyrite overgrowth 20
Fine o Q: o . |2% Qtz
9 |2481.34 (a) 38 londstone | 30 [25%Sid [%pyrite [0 C 0
10 [2481.34 (b) 32 g;‘;;sme 30 [25%Sid |5% Pyrite 1
1 0,
11 [2482.68 2 gi‘zmne 50 [30%Sid  [15% Pyrite 2 :‘é gzwth 1% Chl 3
Fine o 12%Qz |,
12 [2492.25 3 Sandstone | B[P0 BYTite [0 o in|2% Carb 10
Fine o 5%tz
13 [2493.19 (a) 3 Sandstone | 20 [15%Pyritel 0 < b 2
Fine N A
14 [2493.19 (b) 3 Sandstone | 22 [20%Pyrite| 0 o 10
Fine o 1%tz
15 [2492.02 8 Sandstone | 11 [10%Pyrite| T " C it 2
Fine 15%Qz | ., . o
16 {2931.91 3 Sandstone | 33 |overgrauts| 5% Ca® [3% Pyrite 0
Fine o o o X
17 [2942.03 B o e | 40 [25% Carb [10%Sid (5% Pyrite 2
Fine R 10%Qz |, o -
18 [2945.38 0 Sandstone | 25 |12%Cab | 3% BYTite 25
19 |3795.24 (a) 1 g;‘;zswnc 47 |42%Sid 4% Pyrite [1% Carb 2
20 3795.24 (b) 1 gz‘:mone 50 |40%Sid |5% Pyrite |5% Carb 2
1 0,
21 [3796.50 5 ga“;s wone | 25 |P0% Prite|3% Carb (2) V/;Q‘zwth 0
) o,
22 [3813.15 30 - gi‘;‘(‘i‘:fone 25 |20% Carb |4% Pyrite (1) iﬂ?;wth 0
Muddy . o 2%Qt
23 [3813.63 30 Sondsnne | 30 |18% Carb [10%Pyrite| 7 =¥ 0

Abbreviations: Chl = chlorite, Sid = siderite, Carb =carbonates like calcite, Fe-calcite, Mg-calcite, ankerite, or dolomile, pyrite is either

Jframboidal or platy pyrite, Qtz = quariz. Mineral abbreviations after Kretz, 1983.
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4.2 PETROGRAPHIC RESULTS

4.2.1 Introduction

Using thical microscopy and back-scattered eledron imaging, the textural rélationships '
between diagenetic cements,' detrital minerals and layers in identified coated grains were
examined at both studied wells. Cements fill pore space as small as 5 pm and as wide as
300 pm. Samples were further investigated using petrography and X-ray diffraction. 55
thin sections from Thebaud C-74 were studied by optical microscopy (Table 4.1). 14
representaﬁve probe thin sections were selected for EMP chemical analysis (App. 4-.3b).
At Peskowesk A-99, 23 thin sections were studied using the optical naicrdscope (fable
4.2), and 17 representative probe thin sections were studied using the EMP for chemical
" analysis (App. 4.4b). At Thebaud C-74, 23 samples have been newly collected for the
purpose of this thesis, and the remaining 32 samples were collected from previous
projects. All 23 new samples at Thebaud C-74 plus 52 samples collected for the purpose
of this thesis, from Peskowesk A-99 were studied using X-ray diffraction (App. 4.5 and

4.6).

~ 4.2.2 Coated Grains

Coated grains preserve a record of sea-floor diagenesis in their concentric layers. A
detailed description of coated grain types from both studied wells are given in Table 4.3
and their stratigraphic locations with lithofacies and Transgressive Surface sediment
change is given in Table 4.4b. Using EMP chemical analysis, the minerals of the concentric
layers in some coated grains were identified in the Thebaud C-74 samples (Table 4.3b).

Two types of coated grains have been identified: (a) coated grains (about 100 pm in
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Table 4.3: Detailed Description of Coated Grains Types in Studied Wells

CG! CG L Concentric Layers Mineralogy Nucleus
Types | Serial # Descriptions Younger— Older Mineralogy Notes
CL1 CL2 CL3 CL4
1 oot gDr‘:i‘;mmbered coated | Coicite | NA NA NA | Kaolinite |App.4.4a-13
Composite coated . ..
1 CG2 . Calcite NA NA NA Kaolinite |App. 4.4a-14
grains _ :
Coated grain with ... |Glauconite,| Kaolinite +
2 cG3 three concentric layers Siderite Glt + Chl FeO NA Quartz | App. 44a-23
Coated grain with .o . |Glauconite, . .
2 CG4 three concentric layers Siderite Chl+Glt Ilite NA Quartz  |Fig. 41C
Coated grain with ... |Kaolinite +|Kaolinite +
2 CG5 three congentric layers Siderite Tio2 FeO NA K-feldspar |App. 4.4a-25
Dismembered coated: . . .. |Glauconite,
2 CG6 grain. Siderite | Kaolinite Git + Chl NA Quartz  |App. 44a-26
2 |cgr  |Coated grain with Siderite | Chlorite |Glauconite| NA Quartz  |App. 4.42-27
three concentric layers pp- &
Superficial coated .
S . Chlorite +
2 CG8 grain with a single Glauconite NA NA NA Quartz  |App. 4.4a-28
coat
2 |ogy |Cemtedgmainwitha | g e | NA NA NA Chlorite  |App. 4.42-33
single coating
Coated grain witha  |Glauconite ' Kaolinite +
2b  |ICG10 single coating + Chlorite NA NA NA Q App. 4.4a-35
3a  |CG1l Coated gram with two Fe-calcite Pyrite + NA NA Pyrite Fig. 4.1E
concentric layers Ca0
2 ooz |Coatedgrainwithtwo ] Siderite +} el Na NA | Fecalcite |Fig.42B
concentric layers Glauconite
Superficial coated Sid+ Chl
2 CG13 grain with a single Glauconite NA NA NA intraclast App. 4.4a-43
coat
o Jogie |Contedgrainwithtwo | oo Lo | Chlorite +1 ), NA Quartz  |Fig. 4.1D
concentric layers Glauconite
3 |cgis [Costedgrainwithfour)y,  oiie] METFC | yie | Ankerite| Fe-calcite |Fig. 4.1F
concentric layers calcite )
Asymmetrical coated . " -
3b |CGI6 |grain, withsingle  |Mg-calcite| NA NA Na | A mixture of |* Euhedral Sid
. carbonates* (App. 4.4a-67
coating.
Asymmetrical coated . . . .
3a |CG17 grain with three coats Mg-calcite]  Pyrite Ankerite NA Fe-caicite | App. 4.4a-70
3 |ogig - [Codted grain with MegFe ) 1o calcite| Ankerite | NA Chlorite  |App. 4.42-72
three concentric layers| calcite
3 |ogry (CoMedgrmIWIIWO |y o] Ankerite | NA Na | Adkeritet |, 44274
concentric layers ! Glauconite
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Table 4.3: Detailed Description of Coated Grains Types in Studied Wells -

CcG! CG L Concentric Layers Mineralogy Nucleus
Types | Serial # Descriptions Younger » Older Mineralogy Notes
CL1 CL2 CL3 CL4
Superficial coated .
2b [cG20 |grainwithasingle | Chlorite | NA NA Na | Chloritet o 41A
: . Glauconite
coating
Superficial coated
2b |CG21 grain with concentric | Chlorite NA NA NA Fe-calcite |App. 4.32-8 -
layers of 1 mineral )
Coated grain with two | Franc. + | Franc. + Chlorite +
e |CG22 concentric layers Glauconite| Glauconite | - NA NA Glauconite App- 4.3a-13
y Coated grain with Chilorite + | Chlorite + "
Ze jCG23 three concentric layers | Glauconite Glauconite Hite NA Q App- 4.32-15
Coated grain with a Pb
2e |CG24 . grai Ilite NA NA NA | contaminated {App. 4.3a-19
single coating
Qtz
Coated grain with . . o
. . Pyrite + | Pyrite + . Chl + Git| Berthierine +
2d  |CG25 multiple concentric Ab Ab Pyrite + Ab + Ab Na,0 App. 4.3a-29
layers
in wi Sid + Glt + . .
2 CG26 Coated gram with two |5t Glauconite NA NA Chlorite |App. 4.3a-30
concentric layers Na,0
Coated grain witha  |Glauconite
2e |CG27 single coating + Chlorite NA NA NA Quartz App. 4.3a-37

Type 1: Clay nucleus with carbonate concentric layers

Type 2: Detrital nucleus with concentric layers made up of Fe carbonate (siderite or Fe-calcite), chlorite, glauconite and
clay minerals. Variation may include concentric layers of francolite or berthierine (2¢ and 2d). This type is generally Fe-

rich.

Type 3: Ca-Mg carbonate nucleus and concentric layers with or without phosphorite minerals. Variations may include

pyrite or glauconite.

Subdivisions with small alphabets (e.g. a, b, or ¢) indicate a variation in coated grain types from the above general description.

CG': coated grains, chl: chlorite, kln: kaolinite, Glt: glauconite, Qtz: quartz, Sid: siderite
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Table 4.4: Stratigra

phic Distribution of Coated Grains in Studied Wells

% Depths (m) | Facies | Packet' | TS Ch | €6 cG Descriptions
N acke ANZE | Types |Serial # p
2221.17 1 NA NA 1 CGl1 D1s.membered coated
grain.
2221.17 1 NA NA 1 CG2 [Composite coated grains
2275.64 2c NA NA 5 CG3 Coated grain with three
concentric layers
2275.64 2c NA NA 7 CG4 Coated grain with three
concentric layers
2275.64 2¢c NA NA ) CG5 Coated g.ram w1th three
concentric layers
2275.64 2¢ NA NA 5 cG6 D1spembered coated
grain.
975,64 2e NA NA ’ CGT Coated grain with three
concentric layers
2481.34 3a 7 A 2 G Sl}perﬁcflal coated grain
with a single coat
o | 248134 3a 7 A 9 CG9 Qoatled grain with a
= single coating
< § . -
= | 2482.68 2c 7 A 2b CG10 C,"a‘ed grain with a
§ ' . single coating
° . -
: é 2482 68 2 7 A 3a CGl1 Coated grain with two
P concentric layers
249225 3 NA NA 5 CcG12 Coated grain with two
concentric layers
249225 3 NA NA 5 CG13 Sl?perﬁcflal coated grain
with a single coat
2493.19 3 6 A- 2 | cGl4 Coated grain with two
: concentric layers
3813.15 30 NA NA 3b CG15 Coated grain with four
concentric layers
Asymmetrical coated
3813.15 30 NA NA 3b CG16 |grain, with single
coating
3813.15 30 NA NA 32 | cG17 Asymm;tncal coated
grain with three coats
3813.63 30 NA NA 3 | CG18 Coated grain with three
concentric layers
3813.63 30 NA NA 3b CG19 Coated grain with two

concentric layers
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Table 4.4: Stratigraphic Distribution of Coated Grains in Studied Wells
= . 1 | €¢G® | CG .
; Depths (m) [ Facies | Packet | TS Change Types |Serial # Descriptions
3859.95 31 4 B- | cG20 Sl}perﬁcflal coated grain
with a single coat
3862.91 3 3 A- 7b cGal Sl-lperﬁc'lal coated grain
with a single coat
3863.09 3 3 A- 2 | co2 Coated grain with two
=r concentric layers ‘
Lo -
g 3864.51 40 3 A- 2e | cG23 Coated grain with three
= concentric layers
]
2 .
21 38679 | 2c | NA NA 2e | cooa |CoBted grain witha
a single coating
3902.65 3b 1 At 2d | cgas Coated grain with two
concentric layers
3902.65 3b 1 A+ 2 CG26 Coated grain with two
concentric layers
3921.98 9 NA NA e CG2T C.oated gra‘m with a
' single coating

' A packet is defined as the sediment above and below a TST. This packets are not available
for all depths were coated grains are identified

% TS change caompares the sediments below the TST with that above the TST which is the
infered magnitude of environmental change.

*: Coated grains
Type 1: Clay nucleus with carbonate concentric layers

Type 2: Detrital or Fe-calcite nucleus with concentric layérs made up of siderite, chlorite,
glauconite and clay minerals. Variation may include concentric layers of francolite or
berthierine (2¢ and 2d). This type is generally Fe-rich.

Type 3: Ca-Mg carbonate pyrite or chlorite nucleus and concentric layers made up principally
of Mg-calcite, ankerite or Fe-calcite. Variations may include illite.

Subdivisions with small alphabets (e.g. a, b, or c) indicate a variation in coated grain types from the above
general description.
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diameter) with chlorite and glauconite as principal minerals (Fig. 4.1A) and (b) coated

grains (about 200 um in diameter) consisting of Fe-calcite and chlorite (Fig. 4.1B).

Calcite (Fe or Mg rich) identified in coated grains is interpreted to be of early generation.
Note thatbcalcite usually forms during later recrystallization, perhaps through meteoric

water. It is however possible that calcite in the coated grains in this study is of later

diagenesis with an aragonité precursor. Aragonite and calcite are polymorphs, and they

can only be distinguished by chemical analysis not petrographic studies.

The chlorite ahd glauconite coated grains‘ at Thebaud C-74 (e.g. Fig. 4.1A) occur in
mudstone with siderite replaced burrows and shelly fragments. There are coated grains
consisting of a single layer made up of chlorite with the nucleus a mixture of chlorite and
glauconite. The Fe-calcite and chlorite coated grains (e.g. Fig. 4.1B) occur in very coarse-
grained sandstone with siderite cementation, and consist of concentriq layers made up of

Fe-calcite and chlorite.

At Peskowesk A-99, coated grains about 240 um in diameter, have three concentric
layers made up of illite, chlorite plus glauconite, and siderite with the siderite being the
youngest (outermost) layer (Fig. 4.1C) with detrital quartz nucleus, or have two
concentric layers made up of chlorite plus glauconite, and chlorite as the youngest léyer
also with a detrital quartz nucleus (Fig. 4.1D). Other coated grains (~ 50 pm in diafneter)
have two concentric layers made up of Fe-calcite in the outer layer and pyrite with a

nucleus made up of pyrite crystals (Fig. 4.1E), and some coated grains (~ 240 pm in
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Figure 4.1: Various BSE images from both studied wells showing coated grains.
Thebaud C-74 (A) 3859.95 m: mudstone with siderite cementation and few shelly
fragments. Coated grain consists of chlorite plus glauconite nucleus and a’single layer

" made up of chlorite. (B) 3862.91 m: very coarse-grained sandstone (pebbles present)
with siderite cementation and fecal pellet. Coated grains (a) and (b) with an asymmetric
form. Both coated grains have an Fe-calcite nucleus and concentric layers made up of
chlorite and Fe-calcite. The Fe-calcite may form as a result of chlorite dissolution due to

the presence of chlorite relics within the Fe-calcite. Peskowesk A-99 (C) 2275.64:

reddish brown mudstone formed as a result of siderite cementation. Coated grain has a
quartz _nucleus with three concentric layers. The youngest layer is made up of siderite
with glauconite and chlorite as the middle layer, ahd the oldest layer is made up of illite.
(D) 2493.15: sandstone with sparse shelly fragments and siderite cementation. Coated
grain is made up of a quartz nucleus with a single layer of chlorite. (E) 2482.68 m:
sandstone with 15% shelly fragments (some shale removed from sample). Coated grain
made up of a pyrite crystals nucleus and an outer layer of microcrystalline calcite and

. pyrite. (F ) 381 3.15m: muddy TST sandstone with shelly fragments. Coated grain has an
Fe-calcite nucleus with four concentric layers made up of a younger Mg-calcite layer,
followed by a layer made up of Mg-Fe-calcite, an illite middle layer and an ankerite

layer as the oldest layer.

Abbreviations: Chl = chlorite, Sid = siderite, Glt = glauconite, Py = pyrite either as

framboidal or platy pyrite, Qtz = quartz. Mineral abbreviations after Kretz, 1983. ¢
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diameter) have four concentric layers made of ankerite, illite, Mg-Fe-calcite, and a

younger Mg-calcite outermost layer with a Fe-calcite nucleus (Fig. 4.1F).

The siderite, glauconite, and illite coated grains at Peskowesk A-99 (e.g. Fig. 4.1C) occur
in siderite-cemented mudstone. The coated gréin in Fig. 4.1D occurs in greenish
sandstone with shelly and wood fragments. The coated grain With Fe-calcite and pyrite
mineralogy (e.g. Fig. 4.1E) occurs in sandstone with 15% shelly fragments. Coated grains
* with Fe-calcite, illite, ankerite and Mg-calcite (e.g. Fig. 4.1F) occur in reworked

sandstones with shelly fragments.

The coated grains at Thebaud C-74 occur in facies 2c, 3, 3b, 3], and 40. At Peskowesk A-
99, coated grains occur in facies 2c (e.g. Figs. 4.1C and 4.1E) with abundantly
bioturbated sandstdne (60-90 %), somé coated grains occur in facies 3 with abundantly
bioturbated reworked sediments (e.g. Fig. 4.1D), and others occur in bioclastic lvimestoné

of facies 30 in the Mic Mac Formation (e.g. Fig. 4.1F).

423 Carbonate Cement
At Thebaud C-74, Fe-calcite is the most common type of carbonate cement. Fe-calcite is
identified as‘cement that ﬁlls the intergranular pores between quartz grains (Fig. 4.2A),
and sometimes post-dating quartz-overgrowth usually associated with the presence of |
chlorite grains (Fig. 4.2B). Mg-calcite (or calcite in some samples) was identified with |

chlorite and/or glauconite in intraclasts (Fig. 4.2C).

138



Other carbonate cements identified include ankerite grains (Fig. 4.2D) and euhedral
crystals of siderite (occurring with chloritej with low totals (Fig. 4.2E), similar in texture
to the early siderité identified by Karim et al. (2008). X-ray diffraction (5 wt % detection
limit) studies showed the presence of siderite in only a very few samples, and siderite
cement was identified in small amounts at more depths using optical microscopy (Table

41).

Fe-calcite, Mg-calcite and siderite cements all occur in both the bioclastic limestone
deposits (facies 31) and open shelf deposits (facies 1) at Thebaud, while late Fe-calcite
post-dating quartz-overgrowths occur in tidal estuary sandstones (facies 40) with
abundant Ophiomorpha and mud drapes but lacking cross-bedding. The late ankerite is

present in thick-bedded graded sandstone (facies 9).

At Peskowesk A-99, the carbonate cements present occur in a variety of forms. In the
Logan Canyon sandstones, carbonate cements occur as (i) fine-grained pore-filling
siderite cement pre-dating quartz-overgrowth (Fig. 4.3A), (ii) fine-grained pore-filling
calcite cement (Fig. 4.3B), (iii) Mg-rich microcrystalline siderite, as euhedral crystals
rimming K-feldspar grains (Fig. 4.3C), (iv) calcite layers in a coated grain (Fig. 4.3D),
and (v) pore-filling siderite grains rimming coated grains (150 pm and 240pm) with

layers consisting of glauconite, kaolinite and chlorite (Fig. 4.3E) or illite (Fig. 4.3F).

In the Missisauga and Mic Mac Formations sandstones at Peskowesk A-99, carbonate

cements occur as (i) microcrystalline Fe-calcite outer layer in coated grains with nucleus
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Figure 4.2: Various BSE images from the Thebaud C-74 well. (A) 3862.91 m: very
coarse-grained sandstone (pebble sized sand present) with siderite cementation and fecal
pellet. Coated grain (a) and (b) with an asymmetric form. Both coated grains have a
carbonate nucleus of Fe-calcite mineralogy and concentric léyers made up of chlorite
and Fe-calcite. The Fe-calcite forms as a result of chlorite dissolutién due to the
presence of chlorite relics within the Fe-calcite. (B) 3864.51 m: ﬁne grained sandstone
with thick beds of mudstone. Fe-calcite and Mg-calcite cements occurring as a result of
feldspar dissolution (Fe-Mg-calcite forming on relics of. feldspars). Quartz overgrowth
also present. (C) 3859.95 m: mudstone with siderite burrows and shelly fragments. Mg-
calcite cement coating an intraclast with chlorite and calcite mineralogy. (D) 3914.34 m:
fine to coarse-grained sandstone with rare pebbles and siderite-cemented nodules. Fe-
calcite cement present in round clusters with microcrystalline ankerite cement. (E)
3871.05 m: fine-grained sandstone with silty mudstqne and burrows. Pyritized wood with

fine-grained siderite and chlorite cements.

Abbreviations: Chl = chlorite, Sid = siderite, GIt = glauconite, Qtz = quartz.

Mineral abbreviations after Kretz, 1983.
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Figure 4.3: Various BSE images from the Peskowesk A-99 well. (A & B) 2209.83 m:
homogeneous sandstone with dispersed wood fragments. (A) Microcrystalline siderite
filling pores between detrital quartz grains, later formed quartz overgrowths, with the
berthierine later forming chlorite cement. (B) Microcrystalline calcite cement filling wide
pore spaces between detrital quartz grains. Analyzed K-feldspar is either a zoned detrital
grain or a detrital K-feldspar with different composition diagenetic K-feldspar
overgrowth. (C & D) 2221.17 m: mudstone with several whitish brown nodules‘(not
shown on both images). (C) Lithic clast of K-feldspar grains rimmed by euhedral crystals
of Mg-siderite. (D) A symmetrical (equal layers) coated grain with calciie layers .
included in a composite, dismembered coated grain, also with calcite layers and chlorite
nucleus. (E & F) 2275.64 m: reddish brown mudstone as a result of siderite cementation.
(E) Coated grain has a quartz nucleus and three concentric layers. Siderite is the
youngest layer, glauconite and chldrite make up the middle layer and kaolinite plus FeO
(probably chlorite) make up the oldest layer. (F) Coated grain with a quartz nucleus and
three concentric layers made of illite, glauconite plus chlorite, and siderite, respectively

in order of growth.

Abbreviations: Chl = chlorite, Sid = siderite, Glt = glauconite, Kin = kaolinite, K-feld =
K-feldspar, Mg-Sid = Mg-siderite, Ber = berthierine, Qtz = quartz. Some mineral
abbreviations after Kretz, 1983. 14
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made up of pyrite grains (Fig. 4.4A), (ii) pore-filling Fe-calcite post-dating Mg-siderite
that appear to be related to K-feldspar dissolution (Fig. 4.4B), (iii)'pore-ﬁlling calcite
post-dating quartz-overgrowth (Fig. 4.4C), (iv) 200 um foram inifera filled with Fe-
calcite (Fig. 4.4D), (v) calcite and Fe-calcite replaced ‘fossils (Fig. 4.4E), and (vi) a 240
pum coated grain (Fig. 4.4F) made up of an Fe-calcite nucleus and four concentric layers

of Mg-calcite, Mg-Fe-calcite, iHite and ankerite.

The Mg-rich siderite in Fig. 4.3C occurred in open shelf deposits (facies 1), while other
identified siderites at Peskowesk A-99 occur in tidal flat déposits (facies 5) and shoréface
deposits (facies 2¢) with 60-90 % sandstones. The pore-filling calcite occurs in facies 3
sediments with siderite-cemented reworked fine to coarse-grained sandstone with

abundant shelly fragments.

4.2.4 Pyrité and Phosphorite Cements

Pyrite is abundant in Thebaud C-74 samples and EMP chemical analyses with optical
microscope studies confirm the presence of early framboidal pyrite grains and platy
pyrite crystals (Figs. 4.5A and 4.5B). Coatéd grains (about 100 pm in diameter) in one
sample have a nucleus made up of berthierine, albite and pyrite (Fig. 4.5C), and multiple
concentric layers made up of chlorite, glauconite and albite as the outermost layers and

layers of pyrite plus some albite.

Francolite (carbonate-fluorapatite), a principal mineral of phosphorites, is one of the

diagenetic minerals in a coated grain at Thebaud and occurs with pyrite (Fig. 4.5D). Fine-
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Figure 4.4: Varz'ou@ BSE images from the Peskowesk A-99 well. (4) 2482.68 m:
sandstone with 15% shelly fragments (some shale removed from sample). Coated grain
made up of a pyrite nucleus and an outer layer of microcrystalline calcite and pyrite. (B)
~ 2492.25 m: sandstone with thin beds Of siderite cement and extensive F e-calcite
cementation. Coated grain has an Fe-calcite nucleus with two concentr?’c layers made of
siderite and glauconite. (C) 2931.91 m: fine-grained sandstone with prominent greenish
burrows. Image of calcite cement in contact Mth quartz overgrowths. (D & E) 2942.02
m: fine grained sandstone with shelly fragments. (D) Foram filled with calcite, and Fe-
calcite. Relics of detrital K-feldspar in a large area of Fe-calcite. (E) Shelly fragment
filled with calcite. Extensive calcite cementation. (F) 3813.15 m: muddy TST sandstone
with shelly fragments. Coated grain has an Fe-calcite nucleus with four concentric layers
made up of a younger Mg-calcite layer, followed by a layer made up of Mg-Fe-calcite, an

illite middle layer and an ankerite layer as the oldest layer.

Abbreviations: Ank = ankerite, Sid = siderite, Glt = glauconite, Py = either as framboidal

or platy pyrite, K-feld = K-feldspar, Qtz = quartz. Mineral abbreviations after Kretz, 1 1983.
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Figure 4.5: microphotographs and BSE images from the Thebaud C-74 well. (4) 3859.95
m (microphotograph): Framboidal pyrite cluster. (B) 3868.39 m (microphotograph):
Platy pyrite crystals. (C) 3902.65 m (BSE image). Bioturbated fine to medium-grained
sandstone with burrows and siderite cementation. Coated grains in one samples have a
nucleus made up of berthierine, albite and pyrite and multiple concentric layers made up
of chlorite, glauconite and albite as the outermost layers dnd ldyers of pyrite plus some
albite. (D) 3863.09 m (BSE image): fine to medium- grained sandstone. Coated grain
consist of a nucleus that is a mixture of glauconite, chlorite and pyrite, and an outer layer
madé up of francolite and glauconite and an outermost layer also made up of francolite
and glauconite . (E) 3866.79 m (BSE image): fine grained sandstone with a few coal
fragments and burrows. Cements present include calcite, francolite, chlorite and TiO;.
(F) 3868.38 m (BSE image): bioturbated fine grained sandstone interbedded with silty
mudstone with burrows and siderite cementation. Cement present includes Fe-calcite that

encloses relics of detrital K-feldspar, francolite and glauconite.

Abbreviations: Chl = chlorite, GIt = glauconite, Py = pyrite, Franc = francolite,

Ber = berthierine, Qtz = quartz. Some mineral abbreviations after Kretz, 1983.
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grained francolite has also been identified occurring with chlorite (Fig. 4.5E) or with
glauconite (Fig. 4.5F) as pore-ﬁll‘ing cement. The fine-grained francolite in Figs. 4.5E
and F occur in samples from facies 2 (shoreface deposits). The occurrences of francolite

and pyrite associated with coated grains occur in reworked sediments of facies 3.

Early framboidal pyrite and platy pyrite crystals are abundant in samples from Peskowesk
A-99. Framboidal pyﬁte, identified with EMP chemical analysis and optical microscopy,
-also occurs within intraclasts (Fig. 4.6A). Pyrite also occurs as pore-filling cement (Fig.
4.6B), and more platy pyrite crystals were found associated with an about 50 um coated
grain (Fig. 4.6C). No francolite or any other phosphate mineral was identified at
Peskowesk A-99. However, berthierine as <5 pm grains (Fig. 4.6D) is present in a
sandstone with dispersed wood fragments. |

The presence of pyrite as both framboids and platy crystals is associated with the
reworked sediments of facies 3a and tidal flat deposits (facies 5). Berthierine is associated

with tidal flat deposits of facies 5.

4.2.5 Kaolinite Cement and Concretions

From the X-ray diffraction data, kaolinite is recognized at its highest intensity at 7.08A
and chlorite at 14A. However, chlorite was present at the second level of intensity (002)
and is recognized at 7.18A (App. 4.5 and 4.6). Because of the close proximity to kaolinite
it is difficult to distinguish chlorite from kaolinite and identification of either of these
minerals was only possible in samples that had either only a kaolinite peak or only a

chlorite peak.
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- Figure 4.6: microphotographs and BSE images from the Peskowesk A-99 well. (4)
2942.02 m (microphotograph): Platy and framboidal pyrite grains occurring within an
intraclast. (B) 2482.68 m (microphotograph): pore-filing framboidal pyrite. (C) 2482.68
m ’(BSE image): sandstone with 15% shelly fragments (some shale removed from
sample). Coated grain made up of a pyrite crystals nucleus and an outer layer of
microcrystalline calcite and pyrite. (D) 2209.83 m (BSE image): sandstone with
dispersed wood fragments. Microcrystalline siderite filling some pores between detrital
quartz grains. Berthferine fills a pore adjacent to a framework grain with

chlorite. .Quartz overgrowths have formed where pores are open.

Abbreviations: Chl = chlorite, Sid = siderite, Ber = berthierine, Qtz = quartz. Mineral

abbreviations after Kretz, 1983. 150
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Kaolinite is present as pore filling cement at Thebaud C-74 (Fig. 4.7A) in an echinoderm
fossil, and as pore- filling cement between detrital quartz grains (Fig. 4.7B). The kaolinite
cements were identified in bioclastic limestone deposits of facies 31 and in sediments of

facies 9 (river mouth deposits).

Kaolinite is a clay mineral common in sandstones from Peskowesk A-99 as <5 um grains
(Fig. 4.8A) occurring with calcite. Kaolinite cements identified in a coarsening upward
sequence fill empty pore spaces in the sandstones (Fig 4.8B), and this cement is |
associated with chlorite and calcite. Kaolinite is identified as mixtures with chlorite and
glauconite (Fig. 4.8C) and in coated grains together with pyrite (Fig. 4.8D) or with a
titania mineral (Fig. 4.8E). Kaolinite mixtures with chlorite were not identified in

samples from Thebaud C-74.

Kaolinite cements, and a few mixtures with chlorite occur in tidal flat deposits (facies 5).
Other sand sized grains (? intraclasts) made of principally of kaolinite occur in open shelf
deposits (facies 1), and the kaolinite in coated grains occur in shoreface deposits (facies

2¢) with 60-90 % sandstone and ~10% mudstone and abundant bioturbation.

4.2.6 Chlorite Cement

Petrography studies show that chlorite cement is abundant and widespread throughout
Thebaud C-74 (Table 4.1). Chlorite cement occurs with kaolinite in thé Thebaud C-74
samples studied using X-ray diffraction (App. 4.5), which is also true for samples from

Peskowesk A-99 (App. 4.6). Petrography studies at Peskowesk A-99 identified chlorite
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Figure 4.7: Two BSE images from the Thebaud C-74 well. (4) 3859.95 m: mudstone with
siderite burrows and shelly fragments including echinoderms. Large echinoderm
fragment has a glauconite and chlorite coating, and a nucleus made up of kaolinite,
calcite and chlorite. (B) 3914.34 m: fine to coarse-grained sandstone with rare pebbles
and siderite-cemented nodules. Kaolinite cement, occurring with calcite cement, a large

calcite shell fragment, and detrital quartz grains.

Abbreviations: Chl = chlorite, Cal = calcite, Kin = kaolinite. Some mineral abbreviations
after Kretz, 1983.
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Figure 4.8: microphotographs and BSE images from the Peskowesk A-99 well. (4)
.2482. 68 m (microphotograph: kaolinite grains, and small pieces of lithic clasts. (B & C)
2209.83 m (BSE image): homogeneous sandstone with dispersed wood fragments. (B)
Cement present is pore-filling kaolinite cement. (C) kaolinite occurring as a mixture with
glauconite and chlorite. (D & E) 2275.64 m (BSE images): reddish brown mudstone as
a result of siderite cementation. (D) Coated grain has a quartz nucleus and three
concentric layers. Siderite is the youngest layer, glauconite and chlorite make up the
middlé laye(’ and kaolinite plus FeO (probably chlorite) make up the oldest layer. (E)
Coated grain with three concentric layers. The first two layers are made up of kaolinite

plus TiO; and FeO, and the outermost of siderite and detrital K-feldspar nucleus.

Abbreviations: Chl = chlorite, Sid = siderite, Glt = glauconite, Kin = kaolinite, K-feld =

K-feldspar, Cal = calcite, Qtz = quartz. Some mineral abbreviations after Kretz, 19683.
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cements at a few dépths (Table 4.2). Intensities for chlorite peaks provide information on
chlorite types. Fe-rich chlorite (e.g. berthierine which could later change to chamosite) is
associated with odd peaks (001, 003, and 005), while Mg-rich chlorite is associated with

even peak intensities (002 and 004).

Chlorite is identified in a variety of forms in both studied wells such as: (a) chlorite
grains rimming detrital quartz (Fig. 4.9A), (b) pore-filling chlorite occurring in about 50
.um clusters (Fig. 4.9B and C), (c) chlorite replacing framework grains (Fig. 4.9E), (d)
chlorite grains bmixed with Ti and Ca-minerals rimming a detrital TiO, mineral (Fig.
4.9D), and (e) chlorite mixed with glauconite in 100 pm clusters replacing K-feldspar
(Fig. 4.9E), or (f) chlorite mixed with Ti and Ca-mineral in a 200 pm detrital lithic clast
(Fig. 4.9F). In addition, there are a couple of differences between both wells. The mixture
of chlorite with TiO; replacing a lithic clast is found only in samples from Peskowesk A-
99 (Fig. 4.9F) and the presence of chlorite in coated grain with a single layer, is found

only in samples from Thebaud C-74 (Fig. 4.9A).

The chlorite present in this study has a similar mode of occurrence to chlorite studied by
Gould (2007) and Karim et al. (2008). In addition, the textures are similar e.g. chlorite
occurring as thin crystals associated with clay nﬁnerais, pore-filling cements, replacing
framework grains, in layers in coated grains and in intraclasts. Most chlorite occurrences
associated with éoated grains and cements replacing framework grains occur in reworked

sediments of facies 3, 3a (with mudstone laminae), 3b (lacking bioturbation), and 31
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Figure 4.9: Various BSE images from both studied wells. Thebaud C-74 (A) 3921.98 m:
fine to medium-grained sandstone with siderite cementation and burrows. Image of
detrital quartz with clay (chlorite plus glauconite) coating. (B) 3862.91 m: very coarse-
grained sandstone (pebble sized sand present) with siderite cementation. Cement present
includes pore-filling calcite and chlorite cements. (C) 3859.95 m: mudstone with siderite
burrows and shelly fragments. Echinoderm with Mg-Fe-calcite composition with pores

filled with chlorite. Peskowesk A-99 (D) 2481.34 m: sandstone with sparse shelly

fragments and siderite cementation. Detrital TiO; grain with a single coating of chlorite
and calcite. (E) 2221.17 m: mudstone with a whitish brown nodule. Chlorite and
glauconite are replacing detrital K-feldspar. (F) 2945.38 m: fine grained sandstone.

Chlorite mixed with TiO; in a detrital lithic clast.

Abbreviations: Chl = chlorite, Glt = glauconite, K-feld = K-feldspar, Qtz = quartz. Mineral

abbreviations after Kretz, 1983. s
7
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(bioclastic limestone deposits) at both the Thebaud C-74 and Peskowesk A-99 wells.

Chlorite occurrences in coated grains were found in tidal flat deposits (facies 5).

'4.2.7 Quartz Overgrowth

The occurrence of quartz overgrowth is either as a result of early or later diagenesis
(30°C to 90°C according to Worden and Burley, 2003). Detailed identification of quartz
overgrowth was carried out using optical microscopy and each occurrence is documented
as silica cement (Tables 4.1 and 4.2). At Thebaud C-74, the only quartz overgrowth
occurrences were associated with fine-grained sandstone with thick beds of mudstone -
(Fig. 4.10A). The overgrowth for this example occurred on about 150 pm quartz grain

identified in facies 4o, fluvial to estuary sandstones rich in Ophiomopha and mud drapes.

At Peskowesk A-99, quartz overgrowths are identified on (a) detrital quartz grains in very
ﬁne-grained sandstones formed after siderite cementation (Fig. 4.10B), and (b) quartz
overgrowth formed after Fe-calcite cementation (Fig. 4.10C). The quartz overgrowth that
formed after siderite cement was identified in tidal flat deposits (facies 5), and the quartz
overgrowth that foﬁned befofe Fe-calcite was identified in abundantly bioturbated,

siderite-cemented, reworked fine to coarse-grained sandstones of facies 3.

4.2.8 Titanium Minerals
The correlation between Ti and P discussed by Gould (2007) was also investigated in this
study by first trying to identify titanium minerals. At Thebaud C-74, EMP chemical

analysis revealed the presence of TiO, grains with francolite, chlorite and detrital quartz
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Figure 4.10: Various BSE images from both studied wells. Thebaud C-74 (4) 3864.51
m.: fine-grained sandstone with thick beds of mudstone. Quartz overgrowth on detrital

quartz grains. Peskowesk 4-99 (B) 2209.83 m: homogeneous sandstone with dispersed

wood fragments. Quaﬂz overgrowth forming after early siderite cement. (C) 2492.25 m:
sandstone with thin beds of siderite cementation. Partially dismembered coated grain
with a nucleus made up of siderite and chlorite intraclast, and a concentric layer made
up of glauconite. Cement present is Fe-calcite and the Quartz overgrowth formed after

the Fe-calcite.

Abbreviations: Chl = chlorite, Sid = siderite, Glt = glaucomte Qtz = quartz. Mineral

abbreviations after Kretz, 1983. 160
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(Fig. 4.11A) in shoreface deposits of sub-facies 2¢. Titanium minerals like rutile and
anatase were identified using X-ray diffraction (Appendix 4.5), and more detrital TiO,
minerals, probably rutile were identified by optical microscopy (Table 4.1). A grain of

TiO; (Fig. 4.11A) was also recognized.

At Peskowesk A-99, a variety of titanium minerals were identified. There was (a)
diagenetic TiO; (Fig.4.11B), (b) TiO, minerals formed as a result of ilmenite alteration
(Fig. 4.11C), and (c) TiO, mixed with glauconite with a fine-grained texture in about 2
um grains (Fig. 4.11D) or with diagenetic chlorite (Fig. 4.11E). Titanium minerals were
difficult to identify at Peskowesk A-99 by X-ray diffraction, and available peaks were
either weak. Hence, a stacking of XRD diffractograms with TiO, minerals peaks (e.g.
anatase and rutile) for high versus low TiO, levels, from geochemical analysis, was done
to confirm a presence or absence of titanium minerals (Fig. 4.12). Based on the stacked
peaks, anatase and rutile were present with vefy weak peaks, and these peaks could not
be measured effectively. Anatase occurs at major intensity with 3.52A and rutile occurs
at a major intensity with 3.25A. The presence of anatase is not systematic and the rutile

peak occurs with a feldspar peak.

TiO; minerals mixed with glauconite and/or chlorite, and those occurring within coated
grains were identified in reworked sediments of facies 3, 3a and bioclastic limestone
(sub-facies 30). Detrital TiO, minerals occurs in open shelf deposits (facies 1) and
diagenetic TiO, minerals occurs in fluvial deposits of sub-facies 4x with cross-bedded

sandstone, lacking mud drapes.
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Figure 4.11: Various BSE images from both studied wells. Thebaud C-74 (A) 3866.79
m: fine-grained sandstone with a few coal fragments and burrows. TiO, grains'

occurring in pore spaces between detrital quartz grains. Peskowesk A-99 (B) 2221.17 m:

mudstone with several whitish brown nodules. Diagenetic TiO; grains occurring in
contact with kaolinite cement. (C) 2249.39 m: medium-grained sandstone. Ilmenite
altering to TiO, minerals (e.g. rutile, anatase). (D) 2493.19 m: greenish sandstone with
shelly and wood fragmehts. Pore-filling diagenetc TiO, mixed with glauconite. (E)
3813.63 m: muddy TST sandstone with shelly fragments. TiO; mixed with diagenetic

chlorite.

Abbreviations: Chl = chlorite, Sid = siderite, Glt = glauconite, Kin = kaolinite, K-feld =
K-feldspar, Ank = ankerite, Franc = francolite, Qtz = quartz. Some mineral abbreviations

after Kretz, 1983.
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4.3 PARAGENETIC SEQUENCE OF IDENTIFIED MINERALS

4.3.1 Thebaud C-74

The EMP chemical analyses of the carbonate minerals identified in the Missisauga
Formation sandstones of the Thebaud C-74 well were plotted on a classification diagram
(Fig. 4.13) as siderite, calcite and magnesite V(App. 4.7). EMP chemical analysis identified
only two siderite occurrences, but with very low totals and also occurring as mixtures
with chlorite and/or glauconite, therefore no siderite ﬁhemical analyses were available for

the classification diagram.

.} _Magnesian calcite \/

CaCo, | MgCoO,

Figure 4.13: Carbonate classification diagram from the Thebaud C-74 well. Fields were
created using carbonate analyses from Chang et al. (1996).
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Calcite (with 1.48-2.67 wt % Mg and 1.09-1.73 wt % Fe) occurs in echinoderms with a
spongy texture (the “Stereom” structure) having pores filled by chlorite (examples are in -
Appendix 4.3a, Figs. 1, 2, 9 and 36). It is suggested that the echinoderm pores was
originally filled with Fe-rich clays, which altered to chlorite during buriél diagenesis (Fig.
4.9C). Based on previous studies (Dickson, 2001 and Dickson, 2004) echinoderms have
calcité or Mg-calcite mineralogy with variable Mg/Ca ratio m amounts greater than 5
mole %. At Thebaud C-74, the echinoderms mostly have Fe-calcite mineralogy with very
iittle Mg-calcite influence (e.g. Fig. 36 in Appendix 36). Whether the Fe-calcite was
secreted by the echinoderm, or Fe entered the structure during later recrystallization is

unknown.

Glauconite predates Mg-calcite and/or calcite, chlorite and francolite (Fig. 4.2C, App.
4.3a-5, 13). Kaolinite predates calcite and Fe-calcite (App. 4.3a-33, 35), and some calcite
occurrences have textural evidence (relics of K-feldspar below the calcite) that suggests
that they precipitated as a result of feldspar dissolution (Fig. 4.2B). Mg-calcite may
predate Fe-calcite (App. 4.3a-24). Quartz overgrowth predates Fe-calcite (Fig. 4.2B).
Berthierine predates chlorite and pyrite (Fig. 4.5C), and pyrite framboids are identified in
contact with detrital quartz grains (Fig. 4.5A) which suggests that they may have formed

earlier during diagenesis.

Figure 4.14 summarizes the chronological order of mineral crystallization between

diagenetic cements at the Thebaud C-74 well.
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Figure 4.14: Paragenetic gequence deduced from textural relationship in sandstones
from the Thebaud C-74 well. The boundary between eodiagenesis and mesodiagenesis is
according to Morad et al. (2007) and El Ghali et al. (2006).

L ] L I ]

Berthierine

4.3.2 Peskowesk A-99

The EMP chemical analyses of the carbonate minerals identified in the Logan Canyon,
Missisauga, and Mic Mac Formation sandstones of the Peskowesk A-99 well were
plotted on a classiﬁcation diagram (Fig. 4.15) as siderite, calcite and magnesite (App.
4.8). In the Logan Canyon sandstones, chlorite postdates berthierine and quartz
overgrowth postdates early si_derite (Fig. 4.6D). Early siderite predates quartz overgrowth
bﬁt postdates glauconite and kaolinite (Figs. 4.10B, 4.8B, App. 4.4a-25). Kaolinite mixed

with FeO predates glauconite (App. 4.4a-23).
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In the Missisauga sandstones, Fe-calcite postdates glauconite (Fig. 4.10C, App. 4.4-41).
Quartz overgrowth and Fe-calcite postdates kaolinite (App. 4.4-60), and quartz
ovefgrowth predates calcite (Fig, 4.4C). Pyrite predates Fe-calcite (Fig. 4.6C), and pyrite
often occurs in contact with detrital quartz grains (App. 4.4-4). In the Mic Mac Formation
sandstones, more kaolinite is identified, predating Fe-calcite (App. 4.4a-64). In some
coated grains from the Mic Mac Formation sandstone, Fe-calcite, chlorite and kaolinite
predates ankerite and Mg-calcite (Fig. 4.1F, App. 4.4a-72, 74) respectively.

FeCO,

Dolomite
N/

v . M
CaCo, gCO;
Figure 4.15: Carbonate classification diagram from the Peskowesk A-99 well. Fields
were created using carbonate analyses from Chang et al. (1996).
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Figure 4.16 summarizes the chronological order of mineral crystallization between

diagenetic cements, and detrital grains at the Peskowesk A-99 well.
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4.16: Paragenetic sequence deduced from textural relationship in sandstones from the
Peskowesk A-99 well. The boundary between eodiagenesis and mesodiagenesis is
according to Morad et al. (2007) and El Ghali et al. (2006).
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4.4 CHAPTER SUMMARY

The petrographic study in this chapter showed the preéence of the following diagenetic
~minerals: Fe-rich clay, perhaps odinite (a precursor of chlorite), carbonate (calcite,
siderite),v pyrite (framboids and platy), glauconite, and francolite (carbonate fluorapatite).
Most early diagenetic minerals were identified within coated grains, because the coated
- preserve a record of sea-floor diagénesi‘s in their concentric layers. A paragenetic
sequence of sea-floor diagenetic minerals was then produced based on mineral textures
used to determine early versus late precipitation. For both wells, Fe-calcite is found in
coated grains, suggesting early precipitation. However, it is possible that the calcite and
Fe-calcite formed by éodiagenetic replacement of an aragonite precursor. Other early
minerals include pyrite and glauconite. The following chapter presents geochemical

results using whole rock geochemistry, and carbon analysis.
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CHAPTER 5: GEOCHEMICAL RESULTS

5.1 LABORATORY METHODS

After removing an offcut for a thin section (78 samples from studied wells: Tables 5.1a
and 5.1b), the individual remaining samples were weighed, washed (using distilled water
to remove mud and other contaminants), crushed (first with a small clean hammer with
the samples wrapped in thick, clean, clear plastic wraps; then using a micromill equipped
with a ceramic bowl) and pulverized similar to the method used for X-ray diffraction

powder analysis.

Whole rock geochemical analyses were done by Activation Laboratories Limited,
according to their code 4Lithoresearch and code 4B1 packages, which combine lithium
metaborate/tetraborate fusion ICP analysis for major elements (SiO,, Ti0,, Al,03, Fe,Os,
MnO, MgO, Ca0, Na,0, K,0 and P,0s) and ICP-MS analysis for trace elements using
the international rock standards (Activation Laboratories Ltd. 2006) package for Ba, Rb,
Sr, Y, Zr, Nb, Pb, Ga, Zn, S, Cu, Ni, V, Cr, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,

Tm, Yb, Lu, Co, As, Cs, Hf, Sb. Sc, Ta, Th, and U.

Whole rock geochemical data for Thebaud C-74 is in Table 5.2a and for Peskowesk A-99

in Table 5.2b.
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Table 5.1a: Location and other information of analytical samples from Thebaud C-74

= Sample . . . 2
= Depths (m) 1 Formation | Facies Lithology Dominant Cement
Status
3859.95 new " Missisauga 31  |Mudstone Chlorite
3860.38 new Missisauga 1 Mudstone Chlorite
3861.23 new Missisauga 0 Very Fine Carbonates
- Sandstone
3862.56 new Missisauga 0 Mudstone Carbona‘tes and
Pyrite
3862.91 new Missisauga 3 Mudstone Carbonates
3863.08 new Missisauga 3 Fine-Coarse Siderite
Sandstone :
- Fine-Coarse
. 4 i
3863.53 new Missisauga 0 Sandstone Pyrite
. Fine-Coarse )
3863.99 new Missisauga 40 Sandstone Pyrite
3864.51 new Missisauga 40  |Fine Sandstone Pyrite
3864.52 old” Missisauga 40  |Fine Sandstone Siderite
+|3864.99 new Missisauga 40  |Fine Sandstone Siderite
E, 3865.53 new Missisauga 2¢ Fine Sandstone Pyrite
Q
E 3865.56 old Missisauga 2c  |Fine Sandstone Siderite
=
[
= |3865.95 new Missisauga 2¢  |Fine Sandstone Carbonates
- 13866.79 new Missisauga 2¢ Fine Sandstone Carbonates
3867.39 new Missisauga 2c Fine Sandstone Pyrite
3868.39 new Missisauga 2c Fine Sandstone Pyrite
3868.77 new Missisauga 1 Fine Sandstone Carbonates
3868.94 new Missisauga 1 Fine Sandstone Carbonates
3869.64 new Missisauga 1 Fine Sandstone Pyrite
3870.01 new Missisauga 1 Fine Sandstone Carbonates
3870.19 new Missisauga 1 Fine Sandstone Pyrite
3870.62 new Missisauga 3 Fine Sandstone Carbonates
3871.36 new Missisauga 3 Fine Sandstone Carbonates
3871.47 new Missisauga 3 Fine Sandstone Carbonates
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Table 5.1a: Location and other information of analytical samples from Thebaud C-74

= Sample A A . : : 2
2 Depths (m) 1 Formation | Facies Lithology Dominant Cement
Status
3872.58 new Missisauga 3 Fine Sandstone Carbonates
3876.72 old Missisauga 0 Fine Sandstone Carbonates
3879.56 old Missisauga g  |Fine-Medium Carbonates
: Sandstone
3881.59 ol Missiéauga 9 Medium Carbonates
Sandstone
3882.96 old Missisauga 9 Fine-Medium Carbonates
' Sandstone .
3902.65 old Missisauga 3 [Fine-Medium Carbonates
Sandstone
3905.10 old | Missisauga | 40 [|Fipe-Medium Siderite
Sandstone
3906.75 old Missisauga 40 Fine-Medium Siderite
Sandstone
3907.93 old _ Missisauga 5 Fine Sandstone Siderite
+ [3908.65 old Missisauga | 4o || me-Medium Siderite
& Sfmdstone.
3 [3909.92 _old Missisauga 40 Fine-Medium Siderite
3 Sandstone
[ " -
= |3911.66 old Missisauga 40 Fine-Medium Carbonates
Sandstone
- Fine-Coarse .
3912.40 old Missisauga 9 Sandstone Siderite
. Fine-Coarse Cy
3913.73 old Missisauga 9 Sandstone Siderite
3915.74 -old Missisauga 9 Medium Siderite
Sandstone
3917.06 old Missisauga 9 Fine-Coarse Carbonates
, Sandstone
3918.64 old Missisauga 9 Fine Sandstone Siderite
3920.04 old Missisauga 9 Fine Sandstone Siderite
3921.98 old Missisauga | 9  ||nc-Medium Carbonates
Sandstone
3924.50 old Missisauga 9 Fine Sandstone Siderite
3926.15 old Missisauga 2b  |Fine Sandstone | Quartz Overgrowth

! Cement types are identified from thin sections samples only; new' refers to core samples
specifically collected for this thesis, whereas old+ refers to samples that had already been collected
for other projects.

? Dominant cement in thin section from optical microscopy and electron microprobe chemical
analysis
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Table 5.1b: Location and other information of analytical samples from Peskowesk A-99.

E Depths (m) Z:;ntll::f Formation Facies Lithology Dominant Cementz_
2208.90 new " | Logan Canyon 9 Shale NA3
2209.25 old" | Logan Canyon 5 Shale NA
2209.35 new | Logan Canyon 5 Fine Sandstone NA
2209.83 new | Logan Canyon 5 Sandstone Siderite and Pyrite
2210.15 new | Logan Canyon S Sandstone NA
2210.37 old | Logan Canyon 4 Sandstone NA
2213.57 old | Logan Canyon Om Shale NA
2215.78 old | Logan Canyon Om Shale NA
2219.03 old | Logan Canyon 0 Shale NA
2220.70 new | Logan Canyon 0 Shale NA

2 2221.17 new | Logan Canyon 0 Mudstone Calcite and Pyrite

:; 2221.69 old | Logan Canyon 3 Shale NA

]

_?: 2222.10 new | Logan Canyon 2¢ g:r?crlssfone NA

= 220298 new | Logan Canyon 5 |Mudstone NA
2223.37 new | Logan Canyon 5 Sandstone NA
222426 new | Logan Canyon 5 Sandstone NA
2225.67 hew Logan Canyon 5 -Shale NA
2226.44 new | Logan Canyon 5 Sandstone NA
2227.16 new [ Logan Canyon 5 Shale NA
2227.77 new | Logan Canyon 5 g::;:one NA
2228.16 old | Logan Canyon 5 Shale NA
2228.23 new | Logan Canyon 5 Sandstone NA
2228.27 new | Logan Canyon 5 Shale NA
2230.62 old | Logan Canyon 4x Sandstone NA
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Table 5.1b: Location and other information of analytical samples from Peskowesk A-99.

E Depfhs (m) Z:::ll::f Formation Facies Lithology | Dominant Cement?
L 2231.82 new | Logan Canyon 4x Fine sandstone | Clays and Mg-siderite

2233.62 old | Logan Canyon 4x Sandstone NA
223444 éld Logan Canyon 4x Sandstone NA
2238.65 old [ Logan Canyon 4x Sandstone NA
224584 new | Logan Canyon 4x i:irss;)ne Siderite
2249.39 new | Logan Canyon 4x gﬁgi?;?lc Siderite and Kaolinite
2267.02 new | Logan Canyon 4g Sandstone NA
2269.84 old | Logan Canyon 4g Sandstone NA
2271.90 new | Logan Canyon 4g Sandstone NA
2273.15 new | Logan Canyon 9b Sandstone NA

2 2273.58 old | Logan Canyon 9b Sandstone NA

:; 2274.07 new | Logan Canyon 9b Sandstone NA

]

_§ 2274.15 new | Logan Canyon 2b Sandstone Siderite

& 2275.64 new | Logan Canyon 1 Mudstone Siderite
2275.70 new | Logan Canyon 1 Sandstone Siderite
2479.35 old Missisauga 0 Shale NA
2480.55 new Missisauga 1 Shale NA
2481.14 ﬁew Missisauga 1 Shale NA
2481.34 new Missisauga 3a Sandstone Siderite and Chlorite
2482.42 old Missisauga 2c Sandstone NA
2482.68 new Missisauga 2¢ Sandstone Siderite and Calcite
2483.77 new Missisauga 9g Sandstone NA
2485.01 new Missisauga 9g Sandstone NA
2486.53 new Missisauga Om Sandstone NA
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Table 5.1b: Location and other information of analytical samples from Peskowesk A-99.

= Sample . . . . 2
2 Depths (m) Status! Formation Facies Lithology Dominant Cement
2487.76 new Missisauga Om Shgle NA
2488.85 old Missisauga Om Shale NA

2492.25 new Missisauga 3 Sandstone Fe-calcite and Pyrite
2492.62 old Missisauga 3 Shale NA
2493.19 new Missisauga 3 Fine Sandstone| - Calcite and Pyrite
2494.02 new Missisauga 2b°  |Fine Sandstone{ Siderite and Pyrite
2927.36. old Missisauga 1 Shale NA
2931.07 new Missisauga 2c Sandstone NA
2931.91 new Missisauga 3 Fine sandstone Cal;i]t:r;::w?;:rtz
2933.38 new Missisauga Ss Fine sandstone NA

2 2934.42 old Missisauga Ss Sandstone NA

:; 293452 | new Missisauga Ss Fine sandstone NA

®

é 2935.46 new Missisauga of Fine sandstone NA

& 2936.85 new Missisauga - 5s Fine sandstone NA
2938.05 new Missisauga 4g Fine sandstone NA
2939.05 old Missisauga 4g Shale NA
2939.79 new Missisauga 4g Fine sandstone NA
2940.05 new Missisauga 4g Fine sandstone NA
2940.90 old Missisauga 4g Shale NA
2942.03 new Missisauga 4g Fine sandstone Calcite
2945.38 new Missisauga Om Fine sandstone Fe-calcite
2947.43 old Missisauga 2c Shale NA
2950.73 new Missisauga Om  [Sandstone NA
2952.02 new Missisauga 4x Sandstone NA
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Table 5.1b: Location and other information of analytical samples from Peskowesk A-99.

= Sample
> | Depths (m) amp 1| Formation Facies Lithology | Dominant Cement’
2 Status
2953.20 new Missisauga 4x Sandstone NA
2954.35 new Missisauga 4x - Coarse NA
sandstone
3794.37 new Mic Mac 4g Fine sandstone NA
3795.24 new Mic Mac 4g Sandstone Siderite
- : .
2 3795.30 old Mic Mac 1 Sandstone NA
™ .
=;3 3796.50 new Mic Mac Os Fine Sandstone| Glauconite and Pyrite
<
=
E 3806.51 old Mic Mac 31 Sandstone NA |
381219 | mew | MicMac 3 [Muddy NA
Sandstone
3812.64 old Mic Mac 30 Sandstone NA
3813.15 new Mic Mac 30 Muddy Mg-calcite
Sandstone
3813.63 new Mic Mac 30 |Muddy Mg-calcite
. Sandstone

' Cement types are identified from thin sections samples only; new" refers to core samples
specifically collected for this thesis, whereas old+ refers to samples that had already been collected

for other projects.

? Dominant cement in thin section from optical microscopy and electron microprobe chemical

analysis

3 No Petrographic thin sections were available for these samples
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Table 5.2a: Representative whole rock geochemical analyses for Thebaud C-74.

Well g Thebaud C-74

Formation .3‘ & Missisauga . )

Depth (m) 2 E 386038 386123 386256 386290 3863.08 3863.53 3863.99 3864.50 3864.52
D

Lithology' & Mudstone Fine Sst Med-C Sst V.Crs Sst Fine-M Sst Fine Sst  Fine Sst
Major Elements (wi%)

Sio, 0.01 5758 80.06 80.40 79.45 65.59 90.73 - 91.40
TiO, 0.00 1.28 0.68 0.29 0.16 0.29 0.61 0.57
ALO, 001 1729 5.54 5.63 3.28 3.95 4.02 3.81
Fe,0s 001 1744 472 5.56 5.68 4.87 2.77 2.51
MnO 0.00 0.06 0.07 0.07 0.17 0.34 0.01 0.01
MgO 0.01 2.19 0.55 0.69 0.65 0.77 0.33 0.31
CaO0 0.01 1.15 .73 5.93 9.92 22.66 0.49 0.43
Na,0 0.01 0.78 1.19 0.79 0.59 1.11 0.97 0.90
K,0 001 211 0.34 0.59 0.01 0.30 0.27 0.25
P,0s 0.01 0.11 0.11 0.04 0.04 0.11 0.06 0.06
Lol 0.01 8.81 6.12 6.12 8.95 16.83 1.74 1.38
Total 100.20 9854  100.00 99.12 99.55 98.81  98.82
Trace Elements (ppm) -

Ba 3.00 265 185 205 354 223 4092 4278
Rb 1.00 80 21 27 1" 8 8 1

Sr 2.00 192 225 240 258 661 168 173
Y 0.50 343 29.5 18.7 14.6 22.0 15.8 18.8
Zr 1.00 544 483 215 131 222 713 669
Nb 0.20 81.6 41.9 27.2 16.0 27.1 30.1 30.4
Pb 5.00 19 13 6 4 4 9 8

Ga 1.00 23 27 24 19 16 17 17

Zn 1.00 124 148 116 34 24 44 43

Swt%) 1.00 0.46 0.08 0.22 0.1 0.13 0.14 0.14
Cu . 100 14 8 9 11 4 44 25

Ni 20.00 67 25 28 20 14 19 14

v 5.00 399 45 79 48 52 35 27

cr 0.05 180 110 80 50 70 242 191
La 0.05 53 36 29 23 28 34 35
Ce 0.01 115 .80 66 55 68 77 76

Pr 0.05 1050 8.83 640 . 526 7.00 7.59 7.75
Nd 0.01 36.1 338 215 19.0 26.7 253 25.6
Sm 0.005 673 7.91 4.20 4.09 6.08 5.28 5.42
Eu 0.01  1.440 1.890 0.868 0.834 1.370 0.627 _ 0.517
Gd 001 593 7.04 3.61 3.37 5.25 3.81 3.94
Tb 0.01 1.15 "1.12 0.62 058 080 0.56 0.64
Dy 0.01 7.35 5.83 3.70 3.18 435 3.21 3.43
Ho 0.01 1.49 1.04 0.72 0.58 0.79 0.62 0.67
Er 0.005 448 2.88 217 1.63 241 186 1.99
Tm 001 0726 0.430 0.342 0.242 0.297 0.291  0.323
Yb 0.002 473 2.87 2.26 1.60 1.89 1.93 2.21
Lu 1.00 0693 0.415 0.335 0.235 0.282 0313  0.332
Co 100 22 9 12 9 9 5 5

As . 0.01 22 8 15 10 14 b.d.2 b.d.
Cs 0.10 44 0.9 1.4 0.6 0.3 03 . 04
Hf 0.10 13.3 1.1 55 32 5.0 15.8 14.3
Sb 0.20 3.1 6.6 43 44 5.0 53 5.2
Sc 0.10 19 4 5 3 3 4 2

Ta 0.01 455 2.83 2.08 1.21 1.66 2.23 2.10
Th 0.05 23 9 9 6 5 6 7

U 0.01 3 2 1 1 2 1 2

! st = sandstone; % b.d. = below detection limit; * detection limits

Fine Sst

87.75
0.56
5.04
3.87
0.01
0.50
0.88
0.82
0.48
0.07

2.07
98.75

354
18
118
15.9
313
21.4

17
51
0.18
14
21
55
80
30
67
6.75
226
4.53
0.844
3.56
0.56
3.07
0.58
1.71
0.266
1.68
0.242

0.8
6.9
37

1.50
5
1

Fine Sst

82.34
0.716
5.33
4.65
0.011
0.57
0.82
1.23
0.48
0.08

2.706
98.94

275
20
140
18.2
417
24.8
6
8
57
0.231
17
26
56
140
30.6
723
7.06
26.2
4.52
0.897
3.51
0.62
342
0.67
1.97
0.291
19
0.288

11
0.9
9.9
b.d

1.78
4.82
1.3
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Table 5.2a: Representative whole rock geochemical analyses for Thebaud C-74.

Well

Formation Missisauga
3864.99

Depth {m)

Sio, 83.97
TiO, 0.76
AlLO, 6.90
Fe,04 4.64
MnO 0.02
Mgo 0.65
Ca0 1.23
Na,O 0.84
K,0 0.90
P,05 0.07
LOI 3.60
Total 99.27
Trace Elements (ppm)
Ba 199
Rb 40
Sr - 172
Y 26.0
Zr 726
Nb 38.0
Pb 5
Ga 22
Zn 61
S 0.43
Cu 13
Ni 27
\Y 70
Cr 190
La 54
Ce 117
Pr 11.70
Nd 37.8
Sm 7.40
Eu 1.400
Gd 5.77
Tb 0.95
Dy 5.34
Ho 1.03
Er 3.04
Tm 0.469
Yb 2.95
Lu 0.445
Co 13
As 10
Cs 1.8
Hf 16.6
Sb 6.1
Sc 7
Ta 2.67
Th 9

U 2

83.12
0.85
7.19
4.75
0.02
0.68
1.44
0.91
0.92
0.09

3.39
98.78

241
47
184
28.6
805
48.3

22
53
0.35

25
79
170
60
128
12.90
42.0
8.04
1.510
6.29
1.04
5.99
1.13
3.40
0.527
3.36
0.512
14
10
21
18.2
6.4

3.39
12
3

81.18
0.81
6.46
4.67

0.019
0.61

1.2

0.83
0.86
0.09

3.485
100.2

175
33
169
20.2
463
29.8
7
10
60
0.345
16
26
74
130
36.5
84.3
8.1
29.9
5.06
1.04
3.81
0.7
3.88
0.74
227
0.338
2.33
0.351
8
13
1.5
11.6
b.d
7
2.17
6.84
1.71

77.48

0.74
6.30
3.88
0.1
0.59
9.16
0.88
0.82
0.09

8.11
100.00

147
31
417
223
639
32.0
5
17
40
0.32

19
62
140
45
98
9.84
33.2
6.77
1.270
5.36
0.84
4.73
0.88
2.52
0.387
244
0.384
9
8
1.4
14.2
3.6
6
2.26
8
2

" sst = sandstone; ? b.d. = below detection limit; * detection limits

85.96
0.68
5.27
4.48
0.02
0.52
1.58
1.02
0.38
0.10

3.02
100.80

222
14
150
16.8
600
22.3
11
7
47
0.40

26
53
130
25
61
6.43
241
5.38
1.030

. 3.99

0.61
3.39
0.62
1.82
0.292
1.94
0.296

0.6
14.8
0.6

1.73
6
2

86.64
0.61
5.20
3.96
0.02
0.49
1.56
1.10
0.31
0.08

2.60
99.11

219
17
132
20.0
485
30.8
6
14
40
0.15

25
563
120
33
73
7.72
276
5.97
1.190
4.73
0.74
4.01
0.75
2.17
0.330
2.06
0.329

0.7
11.0
55

2.18
7
2

3865.52 3865.56 3865.94 3866.79 3867.39 3868.38

Lithology! Muddy Sst Muddy Sst Fine Sst Muddy Sst Fine Sst Fine Sst Sandy Mst V. fine Sst V. fine Sst Mudstone
Major Elements (wt%) .

81.94
0.72
7.09
6.27
0.02
0.72
1.36
1.1
0.67
0.08

3.53
99.18

198
24
189
20.2
436
284
13
14
64
0.81
11
37
67
90 .
34
77
7.63
258
512
1.020
4.22
0.71
3.97
0.77
2.30
0.354
2.23
0.348
15
10
1.0
10.0
38

2.07

77.08
0.72
456
3.64
0.17
0.49
1.77
1.06
0.40
0.09

9.81
99.53

227
12
641
22.8
492
232
6
10
47
0.09

15
48
90
29
67
7.03
25.0
5.54
1.210
4.74
0.79
448
0.84
2.37
0.361
2.20
0.326

bd.
0.5
11.0
4.2

1.69

76.58
0.74
4.33
3.57
0.20
0.47

12.73
0.90
0.35
0.08

10.81
100.50

176
12
645
19.9
556
22.8

45

0.07

13
46

110

27
62
6.54
23.6
5.17
1.040
4.40

07
3.89
0.71
2.04

0.313
1.98

0.299

b.d.
0.5
124
3.6

1.80

3868.77 3868.94 3869.64

77.81
1.17
10.20
6.93
0.01
0.83
0.43
1.02
1.55
0.10

4.90
100.90

203
49
140
33.8
678
40.6
16
14
72
0.84
10
38
89

120

54
122
12.10
40.9
8.18
1.410
6.04
1.10
6.79
1.34
3.93
0.597
3.82
0.573
16

24
16.9
0.0
10
3.1
12
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Table 5.2a: Representative whole rock geochemical analyses for Thebaud C-74.

Well

Formation Missisauga
Depth (m) 3870.01

SiO, 87.91
TiO, 0.58
AlLO, 4.95
Fe 05 3.77
MnO 0.01
MgO 0.49
CaO 0.85
Na,O 1.00
K,O 0.33
P,04 0.09
LOI 2.35
Total 98.92
Trace Elements (ppm)
Ba 220
Rb 16
Sr 122
Y 16.7
Zr 345
Nb 211
Pb 7
Ga 9
Zn 39
S 0.17
Cu 5
Ni 18
\ 45
Cr 60
La 24
Ce 52
Pr 5.47
Nd 20.0
Sm 4.26
Eu 0.786
Gd 3.38
Tb 0.58
Dy 3.23
Ho 0.59
Er 1.73
Tm 0.273
Yb 1.78
Lu 0.262
Co 4
As b.d.
Cs 0.6
Hf 8.0
Sb 3.2
Sc 4
Ta 1.48
Th 5
U 1

3870.19

86.26
0.71
5.86
4.1
0.01
0.53
0.69
1.10
0.61
0.09

3.01
99.56

185
23
126
227
465
27.4
14
11
50
0.38
10
24
49
70
36
80
8.49
298
6.21
1.110
4.82
0.78
4.48
0.82
2.38
0.382
2.47
0.350
10
7
0.9
10.7
3.4
5
1.96
7
2

85.96
0.65
547
4.44
0.02
0.55
1.24
111
0.45
0.08

2.59
93.79

233
16
152
19.0
390
25.8
-5
10
55
0.18
19
21
44
70
28
63
6.71
23.2
4.89
0.917
3.97
0.65
3.73
0.71
2.04
0.316
1.99
0.296
6
b.d.
0.6
9.0
4.2
5
1.83
6
1

85.72
0.60
5.20
3.88
0.03
0.49
2.45

" 1.09

0.41
0.09

2.92
99.78

333
14
108
18.4
1390
26.4
7
9
63
0.07
26
18
48
70
28
61
6.38
22.4
458
0.910
3.80
0.61
3.49
0.65
1.88
0.285
1.79
0.271
5
5 .
0.5
8.7
46
4
1.93
6
1

"sst = sandstone; % b.d. = below detection limit; * detection limits

3870.62 3871.36 3871.47

Lithology' Fine Sst Fine-M Sst V. fine Sst -Fine Sst V. fine Sst V. Crs Sst
Major Elements (wt%)

86.85
0.72
4.90
3.79
0.02
0.47
1.82
0.95
0.38-
0.08

2.40
100.20

286
14
88

22.8

786

30.5

10
57
0.08
15
20
48
110
34
74
7.72
26.7
5.51
1.080
4.46
0.75
4.39
0.85
2.54
0.407
2.69
0.414

b.d.
0.6
17.5
3.5

2.03
8
2

79.03
0.12
1.93
1.03
0.22
0.18

16.79
0.49
0.14
0.02

12.28
100.30

61
4

- 837

11.0
83
9.1

b.d.

14
0.05

23

14
31
3.14
11.3
240
0.531
213
0.35
1.97
0.36
1.06
0.164
1.01
0.137

b.d.
0.2

21
234

0.62
3
1

85.05
0.696
5.21
3.95
0.015
0.44
0.99
1.23
0.42
0.09

2.16
100.2

675
13
91

18.6

488

30.9
10
10
92

0.28
17
30
38

120

26.6

55.2

5.93

222

3.98

0.827

3.39
0.6

3.34

0.67

2.03

0.31

2.01
0.328

b.d
0.5
121
b.d

213
4.78
1.5

87.59
0.707
474
3.21
0.01
0.38
0.43
1.13
0.39
0.08

1.665
100.3

739
13
73

17.2

495

26.9
10

87
0.13
21
25
41
140
26.8
55.2
5.92
215
3.71
0.762
3.02
0.51
3.02
0.62
1.87
0.298
1.97
0.314

b.d
0.5
12.2
b.d

2.08
4.99
1.46

85.91
1.003
4.48
2.93
0.011
0.36
0.6
1.33
0.42
0.09
1.629

98.75

437
13
67

233

1076

27.8

72
0.182
16
21
47
200
30.3
64.5
6.87
255
4.59
0.871
3.7
0.67
4.09
0.87
2.76
0.435
3.04
0.516

b.d
04
25.8
b.d

217
6.23
2.26

3872.58 3876.72 3879.56 3881.59 3882.96
Fine Sst Fine-M Sst Med Sst Fine-M Sst

85.38
0.785
4.27
2.82
0.011
0.36
0.92
1.39
0.42
0.1

2.208
98.66

175
14
137
223
878
244
7
7
72
0.214
13
18
34
140
26.9
56.1
6.1
229
4.01
0.791
3.52
0.63
3.67
0.77
243
0.393
2.66

. 0.443

b.d
0.5
19
b.d

1.89
5.59
1.97
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Well

Formation Missisauga
3902.65

Depth {m)

3905.10

3906.75

3907.93

3908.65

Table 5.2a: Representative whole rock geochemical analyses for Thebaud C-74.

3909.92

3911.66

3912.40

3913.73

Lithology' Fine-M Sst Fine-M Sst Fine-M Sst Mudstone Fine-M Sst Fine-M Sst Fine-M Sst  Fine-C Sst Fine-C Sst

Major Elements (wt%)

SiO, 88.7
TiO, 0.294
AlLO, 2.43
Fe,05 1.55
MnO 0.021
MgO 0.12
CaO 1.92
Na,O 1.26
K,0 0.12
P05 0.06
LOI 2.695
Total 99.18
Trace Elements (ppm)
Ba 165
Rb 6
Sr 73
Y 7.3
Zr 188
Nb 13
Pb 18
Ga 3
Zn 197
S 0.435
Cu 13
Ni 23
\% 11
Cr 90
La 10.7
Ce 23
Pr 2.56
Nd 9.66
Sm 1.98
Eu 0.426
Gd 1.68
Tb 0.26
Dy 1.39
Ho 0.26
Er 0.76
Tm 0.116
Yb 0.75
Lu 0.11
Co 8
As 13
Cs 0.2
Hf 4
Sb b.d
Sc b.d
Ta 1.05
Th 2

U 0.73

! sst = sandstone; 2 b.d. = below detection limit; * detection limits

90.45
0.337
2.7
1.22
0.017
0.12
1.22
1.2
0.21
0.06

1.771
99.31

468
6
56
74
178
14.6
12

26
0.284
13
14
19
90
10.7
231
2.38
8.85
1.56
0.423
1.28
0.22
1.31
0.27
0.81
0.127
0.85
0.132
6
5
0.2
4.3
b.d
2
1.07
2.26
0.57

90.43
0.445
3.81
1.66
0.013
0.13
0.43
1.12
0.34
0.07

1.881
100.3

223
10
93
84
216
17
11
4
28
0.651
16
18
30
90
14.6
31.3
3.26
12
1.9
0.466
1.48
0.25
1.47
0.31
0.97
0.146
0.99
0.16
8
7
0.3
5.3
b.d
3
1.38
2.97
0.75

75.63
0.281
2.64
2.85
0.096
0.31
9.05
0.54
0.28
0.04

8.147
99.87

118
8
396
14.6
166
10.5
5
4
27
0.432
10
13
23
70
16.2
376
4.03
16.1
3.23
0.863
2.94
0.51
2.83
0.49
1.33
0.188
1.17
0.166

0.3

b.d

0.77

2.64
0.64

86.28
0.354
2.71
3.12
0.018
0.29
17
1.05
0.18
0.04

2.885
98.64

201
7
136
10.8
367
11.8
4
4
18
0.578
12
16
31
110
15.7
35.1
3.72
14.3
2.47
0.518
1.97
0.33
1.84
0.35
1.02
0.158
1.05
0.164

0.3
7.2
b.d

0.91
3.69
0.81

89.45
0.369
1.95
2
0.014
0.17
1.41
0.99
0.18
0.08

1.935
98.56

354
5
91
9.1
313

19
0.325
13
13
21

120 -

124
27.9
3.05
12
2.48
0.587
21
0.32
1.68
0.33

0.153
1.03
0.165

b.d
0.2
7.4
b.d

0.78
2.56
0.92

90.01
0.594
3.14
273
0.004
0.29
0.32
1.14
0.13
0.06

1.041
99.45

1041
7
72
13.5
550
17.9

21
0.083
16
19
33
160
18
39
4.1
15
2.59
0.546
2.04
0.38
2.41
0.51
1.56
0.248
1.69
0.27

b.d
0.2
12.2
b.d

1.36
4.04
1.25

90.31
0.34
3.24

2

0.007
0.19
0.32
1.37
0.25
0.07

1.107
99.22

1457
5
76
7.9
137
18.2

31
0.138
17
17
23
90
13.2
275
277
10
1.62
042
1.24
0.22
1.36
0.28
0.85
0.132
0.85
0.127

b.d
0.2
33
b.d

1.42
2.62
0.6

89.29
0.257
2.29
2.25
0.034
0.21
0.59
0.94
0.13
0.056

2.013
98.09

11670
4
392
6.9
114

139 -

8
3
31
0.142
17
15
18
110
109
225
229
8.28
147

0.291 .

1.05
0.19
1.16
0.24

1072

0.112
0.76
0.117

b.d
G.1
31
b.d

1.14
2.18
0.51

182



Table 5.2a: Representative whole rock geochemical analyses for Thebaud C-74.

Well

Formation Missisauga
3915.74

Depth (m)

! sst = sandstone; 2 b.d. = below detection limit; * detection limits

Sio, 91.31
TiO, 0.249
Al Oy 24
Fe,05 2.16
MnO 0.027
MgO 0.18
Ca0 0.33
Na,O 0.98
K0 0.01
P05 0.05
- LOI 1.503
Total 99.21
Trace Elements (ppm)
Ba 4240
Rb 4
Sr 154
Y 54
Zr 113
Nb 13.2
Pb 8
Ga 3
Zn 34
S 0.143
Cu 18
Ni 19
\ 18
Cr 120
La 10.3
Ce 21
Pr 2.14
Nd 7.44
Sm 1.19
Eu 0.285
Gd 0.87
Tb 0.15
Dy 0.96
Ho 0.2
Er 0.6
Tm 0.095
Yb 0.63
Lu 0.092
Co 3
As b.d
Cs 0.1
Hf 2.7
Sb b.d
Sc b.d
Ta 1.04
Th 1.97
U 0.47

3917.06

Lithology' Fine-C Sst Fine-C Sst
Major Elements (wt%)

91.83
0.28
2.34
1.84

0.017
0.17
0.42
0.95
0.18
0.05

1.204
99.28

1654
4
74
5.7
149
14.4
5
3
32
0.083
23
15
16
110
10.5
216
2.17
7.62
1.21
0.277
0.9
0.16
1.03
0.22
0.68
0.111
0.74

0.114

3
b.d
0.1
37
b.d
b.d

1.12
2.22
0.53

3918.64
Fine Sst

89.8
0.257
2.55
1.66
0.014
0.12
1.05
1.12
0.12
0.05

1.944
98.61

277
4
80
6.2
166
1.4
4
3
31
0.404
13
16
21
90
8.41
17
1.83
6
0.99
0.247
0.85
0.16
1.03
0.22
0.69
0.114
0.78
0.125
3
b.d
0.2
35
b.d
3
0.92
1.76
0.41

3920.04
Fine Sst

84.71
0.762
6
4.28
0.005
0.46
0.26
1.26
0.28
0.1
2.016

100.2°

91

11
107
12.6
370
31.9

12
46
0.063
10
28
48
120
241
49.2
5.21
18.2
2.87
0.694
217
0.39
2.39
0.5
1.54

0.238

1.6
0.2586

b.d

04 -

9.4
b.d

26
4.31
1.24

3921.98
Fine-M Sst

85.07
0.388
3.48
17
0.028
0.17

. 2.93

1.3
0.25
0.07

3.291
98.66

173
5
93
12.3
156
20.1
<3

46
0.087
1
12
25
110
13.2
28.6
3.07
11.6
2.29
0.853
2.13
0.38
2.31
0.44
1.25
0.183
1.14
0.163

b.d
0:2
3.9
b.d

1.52
2.7
0.6

3924.50
Fine Sst

81.77
0.605
5.86
4.13
0.021
0.38
1.02
1.75
0.23
0.12

3.157
99.03

125
9
127
109
260
29.5
25
9
30
0.79
13
33
40

90.
20.8
41.8
4.46
16.3
2.41
0.64
1.93
0.33
2.06
0.42
1.27

0.191
1.26
0.195

13

10

0.3

58
b.d

2.63
3.96
0.98

3926.15
Fine Sst

78.7
0.845
7.61
3.88
0.015
0.41
0.52
1.93
0.79
0.14

3.769
98.59

223
25
140
16
370
333
20
11
141
1.08

15 -

30
64

- 110

32.2
64.9
6.59
225
3.51
0.906
2.82
0.49
2.9
0.6
1.92
0.299
1.96
0.3
11

0.9
8.6
b.d

3N
544
1.44
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Table 5.2b: Representative whole rock analyses for Peskowesk A-99.

Peskowesk A-99
Logan Canyon
2208.90 2208.25 2209.35

Well g -
Formation & é

Depth (m) & =
Lithology' & Shale
Major Elements (wt%)
Sio, 0.01 69.28
TiO, 0.00 1.63
Al,O3 0.01 13.99
Fe,0y 0.01 912
MnO 0.00 0.05
MgO 0.01 1.19
Cao 0.01 0.38
Na,0 0.01 1.09
K0 0.01 3.05
P,0s5 0.01 0.18
L.O. 0.01 14.32
Total 98.46
Trace Elements (ppm)

Ba 3.00 401
Rb 1.00 79
Sr 2.00 98
Y 0.50 27.3
Zr .1.00 407
Nb 020 327
Pb 5.00 9
Ga 1.00 16
Zn 1.00 71
Swt%) 1.00 391
Cu 1.00 19
Ni 20.00 50
\Y 5.00 107
Cr 0.05 150
La 0.05. 42
Ce 0.01 80
Pr 0.05 8.45
Nd 0.01 28.6
Sm 0.005 5.58
Eu 0.01 1.290
Gd 0.01 4.74
Tb 0.01 0.78
Dy 0.01 4.54
Ho 0.01 0.92
Er 0.005 284
Tm 0.01 0446
Yb 0.002 3.03
Lu 1.00 0470
Co 1.00 15
As 0.01 5
Cs 0.10 3.5
Hf 0.10 10.1
Sb 0.20 b.d
Sc 0.10 12
Ta 0.01 2.58
Th 0.05 9
U 0.01 3

' sst = sandstone; 2 b.d. = below detection limit; * detection limits

Shale

44.46
1.38
17.80
12.64
0.08
1.50
0.39
0.93
2.98
0.22

17.74
100.13

407
109
119
27
172
32
28
27
86
6.903
38
130
122
131
55.2
109
119
43.8
7.8
1.84
57
0.9
4.9
0.9
27
0.42
2.6
0.38
32
10
6
4.9
0.9
16
24
10
28

Fine Sst

79.34
1.13
9.80
4.51
0.03
0.76
0.43
1.15
2.56
0.19

4.22
99.83

676
56
86

20.6
399
23.2
10
1
165
1.43
10
47
67
150
26
53
5.87
22.1
4.48
1.100
4.05
0.65
3.58
0.69
2.07
0.309
1.99

0.315

14
b.d.
1.4
10.5
b.d

1.62
6
2

2209.83
Sst

79.25
1.20
9.49
4.77
0.03
0.71
0.47
1.29
2.56
0.18

4.62
99.40

599
51
95

22.8

438

248

10
70
1.53
10
37
66
130

24 -
48
548
20.1
4.06
1.030
3.65
0.61
3.62
0.73
2.20
0.330
2.18
0.337

b.d
1.1
10.9

2210.15
Sst

83.31
1.056
8.26
2.25
0.02
0.54
0.42
143
235
0.12

3.36
100.70

2193
49
150
14.9
422
231
11
9
74
0.30
23
64
63
220
21
40
4.40
15.4
2.98
0.706
2.60
0.44
2.59
0.52
1.58
0.242
1.64
0.255
34
b.d
1.0
10.0
1.5

1.52

2210.37 2213.57 221578

Sst

82.14
0.59
7.04
2.03
0.02
0.43
0.46
0.98
1.85
0.10

3.55
99.29

3890
46
164
1
122
13
1"
8
62
0.127
23
24
37
101
147
26.2
3.02
11.8
22
0.64

0.3
1.8
0.4
1.1
0.15

0.15

b.d
0.8

b.d

0.9

29
0.9

Sst

45.32
1.45
17.55
11.18
0.14
1.90
1.05
1.01
2.90
0.35

16.75
99.60

413
108
150
39
251
40
14
27
108
1.129

23
78
140
131
49.1
93.9
10.4
416
7.9
2.12
7.3
1.1
6.4
1.2
36
05
33
0.49
16

5.2
6.3
b.d.

20
27
11.4
25

Sst

46.95
1.41
18.28
8.65
0.06
1.80
0.94
1.10
2.88
0.27

16.53
98.87

406
109
166
38
217
38
14
24
95
1.104
33
98
163
143
62.2
122
‘13
50.9
9.3
2.45

1.2
6.9
1.3
3.8
0.54
35
0.51

27

32
52
57
0.7

18
22
1.7
25

2219.03
Shale

49.84
1.46
18.33
7.84
0.08
1.82
0.74
1.07
276
0.26

14.97
99.17

411
115
143
38

223
36
30
26
97

0.552
29
76

142

139

505

94.2

104

40.8
7.6

2,02
6.9
1.1
6.2
1.2
37

0.53
35

0.51
21
15

59
0.6
20
19
116
25

184



Table 5.2b: Representative whole rock analyses for Peskowesk A-99.

Well

Peskowesk A-99

Formation Logan Canyon

Depth (m)} 2220.70 2221.17 2221.69
Mudstone

Lithology'  Shale
Major Elements (wt%)
SiO, 56.25
TiO, 1.54
AlL,O, 22.75
Fe,04 11.42
MnO 0.12
MgO 2.08
Ca0 1.11
Na,O 1.15
K,0 3.21
P05 0.34
L.O. 14.53
Total 98.99
Trace Elements (ppm)
Ba 350
Rb 122
Sr 150
Y 39.6
Zr 225
Nb 36.6
Pb 11
Ga 28
Zn 91
S 0.62
Cu 30
Ni 79
v 184
Cr 150
La 68
Ce 135
Pr 14.30
Nd 52.2
Sm 10.50
Eu 2.390
Gd 9.22
Tb 1.38
Dy 7.44
Ho 1.39
Er 4.00
™ 0.580
Yb 3.64
Lu 0.545
Co 26 -
As 29
Cs 6.1
Hf 6.6
Sb 32
Sc 21
Ta 2.80
Th 13
U 3

72.13
1.32

12.01
9.27
0.07
1.18
0.79
0.79
2.18
0.16

7.35
100.40

341
71
117
28.4
738
313

17
97
0.85
16

130
500
43
87
8.74
30.8
6.14
1.250
5.55
0.85
5.01
1.01
3.06
0.481
3.28
0.508
20

16
27
19.6
17
13
2.05
12
3

Shale

48.99
1.37
19.30
8.00
0.09
1.76
0.89
0.98
2.75
0.31

14.38
98.82

368
114
140
38
215
37
12
25
97
0.539
31
79
167
143
51.7
108
13.2
43.5
8.2
2.01
75
1.1
6.4
13
3.7
0.51
314
0.47
21
25
5.8
5.1
0.9
20
1.9
15.8
3.5

2222.10
Coarse Sst Mudstone

86.82
0.34
5.77
2.95
0.02
0.31
0.55

' 1.45

1.98
0.03

3.91
98.63

3547
40
178
10.5
182
10.0
15
6
67
0.52
28
20
46
60
13
27
2.66
9.9
213
0.492

1.87 -

0.32
1.94
0.39
1.15
0.175
1.19
0.184

0.8
45
b.d

0.81
3
1

" sst = sandstone; ? b.d. = below detection limit; * detection limits

222298

72.83
1.57
14.61
5.23
0.06
1.23
0.34
1.12
2.83
0.12

'8.22
98.97

402
87
106
35.3
609
394
12
20
89
0.80
11
48
114
300
50
95
9.96
35.1
7.09
1.600
6.24
1.02
5.94
1.20
3.63
0.548
3.60

-0.547

18
b.d
3.5

14.2
21
12

2.70
10

2223.37

Sst

78.04
1.16
11.61
4.15
0.07
0.87
0.32
0.95
2.60
0.11
5.14

100.80

517
59
82

21.2

438

30.7
10
13

102

0.49
13
43
78

170
31
80

6.48

23.4

454

1.050

4.02

0.65

3.60

0.71

2.12

0.320

2.11

0.318

15
b.d
18

10.6
b.d

2.05
6
2

2224.26

Sst

82.14
0.98
9.52
2.32
0.02
0.72
0.30
1.16
2.62
0.11
4.63

100.70

817
56
94

15.2

301

244
23
10
93

0.12

29
56
150
24
49
5.65
19.6
3.91
0.906

¢ 3.32

0.48
254
0.48
1.41
0.215
1.43
0.224
10
b.d
1.3
7.3
109

1.67
5
2

2225.67

Shale

64.09
1.91
21.06
6.03
0.12
1.64
0.37
1.12
3.47
0.18

13.35
100.10

418
114
135
35.3
347
46.4
9
28
103
0.1
20
66
151
150

102
11.70
38.2
7.28
1.650
6.54
1.04
5.88
1.15
3.32
0.493
3.19
0.496

T 21

7.6
8.9
3.2
18
3.66
13
3

2226.44

Sst

79.02
1.46
10.84
2.79
0.03
0.66
0.37
1.54
3.07
0.16

3.00
99.68

479
56
112
273
1060
43.3
17
12
111
0.49
18
62
71
300
37
76
8.37
29.6
6.04
1.410
5.21
0.83
464
0.93
283
0.433
291
0.456
17

1.0
22.6
22

2.80

Shale

60.39
2.05
19.12
10.13
0.25
1.93
0.79
1.33
3.67
0.29

10.91
98.27

435
119
131
39.8
399
50.7
5
29
101
0.04
28
58
186
320
67
125
13.30
46.5
9.17
2.030
7.31
1.23
7.30
1.46
4.26
0.628
4.04
0.622
17
b.d
6.2
9.8
0.8
19
3.67
13

2227.16

185



Table 5.2b: Representative whole rock analyses for Peskowesk A-99.

Well Peskowesk A-99
Formation Logan Canyon
Depth (m) 222777  2228.16
Lithology! Coarse Sst  Shale
Maijor Elements (wt%)
Si0, 83.97 43.95
TiO, 2.05 1.59
Al,O, 8.46 17.67
Fe,04 1.55 12.143
MnO 0.03 0.24
© Mgo 0.35 . 3.53
CaO 0.34 0.66
Na,O 0.96 1.10
K,0 2.01 2.90
P,0s 0.14 0.18
L.O. 3.30 14.89
Total 101.00 98.84
Trace Elements (ppm)
Ba 1082 372
Rb 36 129
Sr 89 124
Y 238 43
Zr 1420 294
Nb 51.4 40
Pb 73 18
Ga 8 45
Zn 120 125
S 0.26 0.038
Cu 78 32
Ni 29 100
\ 63 227
Cr 400 242
La 24 65.8
Ce 50 130
Pr 5.57 15.5
Nd 19.5 48.8
Sm 4.07 8.5
Eu 0.922 2.16
Gd 3.62 7.5
Tb 0.63 1.1
Dy 3.81 6.6
Ho 0.78 1.4
Er 2.39 4.3
Tm 0.377 0.6
Yb 2.65 4
Lu 0.439 0.57
Co 9 19
As b.d b.d
Cs 0.6 7.2
Hf 26.1 6.8
Sb b.d b.d.
Sc 7 26
Ta 343 1.9
Th 6 18.5
U 3 4.7

2228.23

Sst

81.65
1.09

10.50
27

0.04

0.50

0.30

0.79

219
0.14

4.59
99.97

801
46
79

16.5

252

29.6
15
13
99

0.52
27
50
58
120
23
46

5.00

17.4

3.56

0.877

3.13

0.52

3.03

0.60

1.76

0.258

1.63

0.241
14
b.d
13
59
0.0
7
2.06
5
2

2228.27

Shale

52.70
1.97
20.87

.14.28

0.28
3.95
0.81
1.22
3.64
0.22

13.99
98.96

392
120
141
44.2
299
379
7
43
127
0.18
26
112
227
210
79
152
16.40
54.3
10.40
2.520
8.43
1.41
8.45
1.70
4.95
0.716
4.51
0.652
21
b.d
7.2
8.3
0.8
25
2.7
13
3

'sst = sandstone; 2 b.d. = below detection limit; > detection limits

2230.62

Sst

87.04
0.28
4.76
0.86
0.01
0.12
0.62
0.84
1.78
0.05

3.03
99.39

6700
39
230
7
113
11
23
6
54
0.146
12
16
18
56
10
17.2
1.98
7.7
1.3
0.42
1.2
0.2
1.2
0.2
0.7
0.11
0.8
0.12

b.d
b.d.
2.8
b.d.

0.7
2.1
0.6

2233.62

Sst

87.10
0.53
5.21
0.99
0.01
0.14
0.49
0.74
1.80
0.06

2.73
99.80

5700
39
194
1
223
19,
21
6
51
0.141
13
11
29
93
12.4
213
2.47
95
18
0.57
17
0.3
17
0.4
1.1
0417
1.1
0.17

b.d
b.d.
4.9

bd. -

27
0.8

2234.44

Sst

86.83
0.16
5.35
111
0.01
0.10
0.54
0.79
221
0.04

241
99.55

6120
49
215
6
72
10
22
6
50
0.148
12
12
14
53
84
13.9
1.6
5.9
1.1
0.36

0.2
0.9
0.2
0.6
0.09
0.6
0.08

b.d
b.d.
1.8
b.d.

Y

0.6
2.1
0.5

2238.65

Sst

85.99
0.52
5.66
1.18
0.02
0.17
045
0.87
2.02
0.06

2.67
99.61

5020
43
186
10
245
19
23
7
72
0.171
14

‘o8
25
115
13.5
233
2.71
10.4
1.9
0.56
1.7
0.3
1.7
03
1.1
0.17
1.1
017

b.d
b.d.
57
b.d.

27
0.9

2267.02

Sst

89.38
0.14
442
0.38
0.00
0.07
0.46
3.83
157
0.00

2.04
98.07

3578
36
141
74
93
58
22
5
43
0.13
74
29

24 .
0
9
18
1.84
6.8
1.46
0.448
1.35
0.22
1.32
0.26
0.80
0.121
077
0.110
10
b.d
05
24
0.0

0.48

2269.84
- Sst

87.52
0.10
4.06
117
0.02
0.10
0.68
0.50
1.59
0.03

3.22
98.99

7810
35
246
5
64
6
21
4
51
0.197
15
13
8
55
6.9
12.5
1.44
57
11
0.38

0.2
0.9
0.2
0.5
0.08
0.5
0.07

b.d
b.d.
1.7
b.d.
b.d.
0.3
1.5
0.4

186



Table 5.2b: Representative whole rock analyses for Peskowesk A-99.

Well Peskowesk A-99
Formation Logan Canyon

Depth (m) 2271.90 2273.15 2273.58 2274.07 2274.15 2275.64
Lithology' Sst Sst "Sst Sst Sst  Mudstone
Major Elements (wt%)

Sio, 91.85 87.47 81.80 75.53 77.25 34.35
Tio, 0.28 1.02 0.39 0.19 0.31 0.28
AlLO, 472 4.47 407 5.16 4.52 3.45
Fe,0y 0.57 1.34 5.15 258 2.61 47.47
MnO 0.01 0.00 0.07 0.17 0.15 0.67
MgO 0.09 0.18 0.39 0.30 0.31 2.25
Ca0 0.42 0.39 0.44 12.80 12.16 7.44
Na,O 0.71 3.65 0.61 0.68 0.63 0.43
K,0 1.54 1.69 1.65 2.46 2.02 0.76
P,0; 0.04 0.00 0.08 0.03 0.03 2.88
Lol 250 2.34 450 10.01 10.34 22.18
Total - 100.80  98.34 9915 10020 10060 9850
Trace Elements (ppm)

Ba 4598 3200 1190 490 453 230
Rb 35 37 44 56 43 23
Sr 162 136 89 286 230 225
Y 7.0 29.0 12 9.8 97 58.4
Zr 135 1910 300 109 210 150
Nb 13.0 25.9 15 9.2 10.5 10.1
Pb 15 12 9 6 8 14
Ga 5 8 6 6 5 5
Zn 55 52 36 26 26 46
S 0.23 0.24 0.386 0.30 0.29 0.26
Cu 48 11 13 2 2 0
Ni 1 17 21 17 12 1
% 12 37 51 33 30 82
Cr 30 352 116 30 60 50
La 13 35 14.9 14 17 88
Ce 25 76 33 34 39 178
Pr 274 7.31 3.01 2.67 3.26 17.00
Nd 9.9 23.8 1.4 10.1 1.5 65.3
Sm 2.02 4.66 2.1 2.04 2.36 14.50
Eu 0.672 0.780 0.58 0.592 0.558 3.740
Gd 1.73 3.91 1.9 1.70 1.90 14.30
Tb 0.25 0.71 0.3 0.27 0.31 2.01
Dy 1.36 464 1.9 1.60 1.79 10.20
Ho 0.26 1.04 0.4 0.31 0.35 1.71
Er 0.74 3.37 1.3 0.86 1.00 414
Tm 0.107 0.562 0.2 0.125 0.147 0.494
Yb 0.69 393 1.4 0.79 0.97 258
Lu 0.102 0.653 0.22 0.120 0.151 0.338
Co 2 6 8 7 4 6
As b.d S 1 12 6 8
Cs 0.5 06 0.7 07 0.6 0.6
Hf 33 47.6 71 25 4.8 3.2
Sb 2.0 0.4 b.d. b.d b.d 0.8
Sc 2 3 5 3 3 10
Ta 1.06 1.87 0.7 0.49 0.55 0.50
Th 2 11 3.8 2 3 3
1] 1 3 1 1 1 2

" sst = sandstone; ? b.d. = below detection limit; > detection limits

Missisauga
227570 2479.35 2480.55 2481.14
Sst Shale Shale Shaie
77.23 53.39 60.00 59.25
0.84 1.21 150 1.39
10.58 2255 2371 25.21
6.65 6.28 8.32 7.81
0.01 0.04 0.06 0.04
0.90 1.57 1.66 1.72
0.32 0.19 0.33 0.25
0.70 0.82 1.09 0.97
2.54 276 3.13 3.19
0.14 0.09 0.16 0.1
7.31 10.97 10.30 9.92
101.00  99.87 99.35 99.18
344 361 385 379
87 146 141 156
97 121 123 130
25.1 33 38.7 36.0
516 217 242 240
317 32 32.1 314
6 25 16 16
16 27 29 30
38 86 88 83
1.08 0.488 0.95 0.64
24 37 33 32
36 82 93 .83
111 170 164 177
140 147 140 150
67 50.5 60 65
143 102 121 133
13.10 12.3 12.10 13.10
425 39.6 440 457
8.31 7.3 9.31 9.49
1.770 1.65 2.140 2.130
6.29 6.5 8.05 7.76
0.92 0.9 1.28 1.19
4.81 5.3 6.98 6.53
0.94 1.1 135 . 125
279 3.3 3.99 3.70
0.420 0.47 0.588 0.542
275 3 3.61 3.44
0.417 0.42 0.522 0.504
21 29 32 30
17 15 12 18
25 7.7 8.3 9.3
12.9 5 6.4 6.1
b.d b.d. b.d b.d
1 23 22 22
1.66 18 2.26 213
10 214 15 15
2 45 3 3

187



Table 5.2b: Representative whole rock analyses for Peskowesk A-99.

Sst

84.86
0.83
5.75
2.83
0.01
0.37
0.13
0.87
1.32
0.06

3.16
100.19

353
39
68
18

316
18
5
8
39

0.095
14
20 .
38

128
20.8
39.5
43
16.6
3.1
0.85
29
0.4
27
0.5
17
0.25
17
0.26
7
b.d
1
7.3
0.9
5
1
a7

Well Peskowesk A-99
Formation Missisauga
Depth (m) 2481.34
Lithology' Sst
Major Elements (wt%) -
Sio, 80.28
TiO, 0.75
Al,O, 8.63
Fe,04 6.28
MnO 0.09
MgO 0.82
Ca0 0.47
Na,0 0.73
K,0 1.78
P,05 0.14
L.O.l 4.55
Total 98.44
Trace Elements (ppm)
Ba 353
Rb 63
Sr 77
Y 223
zr 442
Nb 17.8
Pb 10
Ga 12
Zn 48
S 0.17
Cu 9
Ni 30
\% 78
Cr 110
La 33
Ce 78
Pr 7.83
“Nd 303
Sm 6.66
Eu 1.440
Gd 5.52
Tb 0.78
Dy 4.09
Ho 0.79
Er 2.30
Tm 0.351
Yb 2.30
Lu -0.348
Co 6
As 6
Cs 24
Hf 11.0
Sb b.d
Sc 9
Ta 1.10
Th 7
U 2

1.3

Sst

49.24
0.85

12.05

25.07
0.35
2.98
6.93
0.76
1.50

0.24

16.80
98.60

247
60
164
30.5
264
18.9
10
14
34
0.36
12
24
105
90
28
58
6.24
255
6.35
1.520
6.01
0.89
5.09
1.04
3.12
0.470
3.02
0.477

11
3.1
6.6
4.5
16
1.24
7
2

Sst

91.69
0.38
4.36
1.04
0.01
0.14
0.52
0.60
1.52
0.03

1.75
99.03

4893
37
173
10.0
241
8.8
34
4
77
0.15

10
19
50
12
23
2.56
9.5
1.99
0.520
1.76
0.29
1.71
0.34
1.02
0.154
1.03
0.165

b.d
0.6
6.0
8.2

0.69
3
1

' sst = sandstone; 2 b.d. = below detection fimit; * detection limits

2482.42 2482.68 2483.77 2485.01

Sst

88.28
1.08
5.83
212
0.01
0.34
0.17
0.71
1.37
0.07

1.96
100.30

391
38
60

23.8

768

20.7
12

47
0.04

29

160
30
63

6.44

22.8
4.67
0.982
4.1
0.67
4.01
0.82
252
0.392
2.64
0.416
15

b.d
0.9

185
24

1.37
8
2

2486.53

Sst

83.50
1.15
8.05
4.14
0.02
0.52
0.22
0.86
1.43
0.08

3.04
99.70

370
42
63

28.6

670

23.8
14
10
98

0.40

28
63
120
32
67
6.66
245
5.13
0.989
4.58
0.76
4.51
0.92
2.81
0.442
3.01
0.479

b.d
1.2
17.0
b.d

1.53

2486.53

Sst

83.98
1.30
7.78
3.73
0.02
0.50
0.25
0.87
1.41
0.08

3.09
98.54

556
37
67

30.8

804

233
12

8
92

0.37
10
28
62

110
35
72

7.75

27.4

5.59

1.110
4.86

0.83

5.02

1.04

321
0.497
3.33
0.551

b.d
1.2
20.5
6.8

1.77

2487.76

Shale

55.31
1.46

26.54
9.63
0.13
2.02
0.56
1.00
3.17
0.13

13.63
99.35

363
146
145
319
243
335
12
31
86
0.13
43
73
201
150
58
108
10.50
35.8
7.09
1.590
5.76
0.96
5.61
1.15
3.50
0.536
3.51
0.522
18
1
9.0
6.4
b.d
20
245
15
3

2488.85

Shale

53.62
1.35
21.74
6.12
0.05
1.52
0.40
0.88
2.70
0.17

11.45°

100.00

359
144
139
36
237
37
19
30
81
0.22
34
69
170
152
47
97.7
119
38.9
72
1.7
6.9

55
1.2
3.3
045
3.1
043
23
14
8.3
5.3
0.6
21
21
19.5
3.9

2492.62

Shale

59.44
1.30
16.86
6.78
0.03
1.18
0.32
0.89
2.26
0.17

10.01
99.24

357
104
114

38
359
49
11
23
84
2.078
33
60
139
222
455
93.3
1.2
36.8

1.57
6.4

5.8
1.2
37
0.52
35
0.5
15
12
53

0.7
16
2.7
15.3
4.1
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Table 5.2b: Representative whole rock analyses for Peskowesk A-99.

Well Peskowesk A-99
Formation Missisauga

Depth (m) 2927.36 2931.07
Lithology'  Shale Sst
Major Elements (wt%)

SiO, 60.15 82.39
TiO, 1.03 0.88
Al,O, 16.65 8.32
Fe,0y 6.42 454
MnO 0.02 0.01
MgO 1.81 1.01
CaO 0.63 0.47
Na,O 0.89 0.67
K,0O 3.01 1.65
P,0s 0.08 0.06
L.O.l 8.65 3.50
Total 99.34 100.60
Trace Elements (ppm)

Ba 306 217
Rb 136 58
Sr 109 77
Y 31 225
Zr 283 557
Nb 42 247
Pb 23 13
Ga 22 1
Zn 83 38
S 1.013 0.11
Cu 30 11
Ni 63 2
\% 112 74
Cr 118 160
La 44.9 40
Ce 93.8 83
Pr 11.2 8.26
Nd 36.8 28.3
Sm 6.7 5.56
Eu 147 1.160
Gd 5.8 4.50
Tb 0.9 0.70
Dy 5.3 3.99
Ho 1.1 0.81
Er 3.2 245
Tm 0.46 0.371
Yb 3 2.43
Lu 042" 0.374
Co 18 12
As 12 8
Cs 6.1 23
Hf 7 14.0
Sb b.d. 27
Sc 17 8
Ta 27 1.75
Th 14.2 8
U 27 2

2931.91
Fine Sst

79.50
0.1
244
1.34
0.16
0.27

15.21
0.31
0.61
0.02

10.50
100.90

114
19
185
1.6
51
4.5
7
3
10
0.08

18

12
27

- 267

104
2.26
0.563
2.20
0.35
1.93
0.37

101

0.138
0.81
0.115
2
6
0.4
1.2
6.4
2
0.28
2
b.d

2933.38
Fine Sst

79.20
0.11
2.50
1.17
0.12
0.25

15.48
0.40
0.77
0.02

10.90
100.60

149
19
191
10.5
77
5.3
.7
3
16
0.05
2
3
15
20
12
24
2.46
9.1
1.94
0.472
177
0.29
1.62
0.32
0.88
0.124
0.75
0.110
b.d
b.d
0.3
1.8
25
b.d
0.41
2
b.d

" sst = sandstone; 2 b.d. = below detection limit; * detection limits

2934.42

Sst

86.89
0.13
2.55
2.30
0.04
0.47
2.44
0.50
0.82
0.03

3.60
99.77

1040

22
80
9
95
8
17
3
30
0.283
13
1
17
67
11.8
23.5
2.72
1.2
2.3
0.58

0.3
1.7
0.3
0.9
0.13
0.8
0.13

b.d.
2.2
b.d.

04

2934.52
Fine Sst

69.34
0.19
1.81
170
0.10
0.35

25.75
0.28
0.45
0.04

16.44
99.51

108
14
257
7.9
106
58

2.31
8.8
1.94
0.437
1.71
0.26
1.43
0.27
0.77
0.109
0.67
0.101
20
bd
0.3
2.5
5.0
bd
0.88
2
b.d

91.51
0.23
3.49
1.94
0.01
0.38
0.89
0.57
0.88
0.04

1.89
99.57

494
25
54
6.4

111
7.8
12

5
31
0.16

31
30
15
33
3.32
12.4
2.62
0.586
2.18
0.34
1.95
0.39
1.13
0.166
1.05
0.159

10
0.6

27

4.1

0.59
3

2935.46 2936.85

Fine Sst  Fine Sst

66.19
0.15
2.09
1.55
0.08
0.32

28.67
0.33
0.57
0.04

17.78

99.95

133
15
254
9.1
108
6.8
3
3
12
0.05

15
30
11
23

2.42
9.2
2.09
0.515
1.95
0.29
1.58
0.30
0.85
0.117
0.70
0.101
b.d

bd

0.2
2.4
24

0.38
2
b.d

2938.05
Fine sst

70.20
0.28
2.60
1.1
0.10
0.24

24.25
0.50
0.61
0.04

16.83
100.60

116
17
219
16.4
93
8.2
5
3
17
0.03

20
30
16
29
3.31
13.4
3.19
0.830
3.15
0.49
2.64
0.48
1.31
0.176
1.02
0.141
b.d
b.d
0.4
2.6
1.8

0.59
2

2939.05

Shale

50.28
0.11
2.59
1.54
0.13
0.30

24.23
0.34
0.92
0.04

19.76
100.24

187
23
311
1
56
8
b.d.
3
b.d.
0.074

16
134
12.3
23.8
2.74
11.4
21
0.58
21
0.3
1.7
0.3
0.9
0.12
0.8

0.11
b.d.

b.d.
1.4
b.d.

0.4

24
04
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“Table 5.2b: Representative whole rock analyses for Peskowesk A-99:

Well Peskowesk A-99

Formation Missisauga
Depth (m) 2939.79 2940.05 2940.90 2942.03 2945.38 2947.43 2950.73 2952.02 2953.20 2954.35

Lithology' Fine Sst Fine Sst  Shale  Fine Sst Fine Sst  Shale Sst Sst Sst  Coarse Sst
Major Elements (wt%) ‘

Si0, 73.83 63.29 51.07 67.98 88.41 56.27 87.52 92.20 90.07 94.61
TiO, 0.15 0.12 1.37 0.11 0.36 1.36 0.26 0.10 0.12 0.08
Al,O3 2.70 273 24.81 2.53 4.99 17.56 5.52 4.18 3.36 259
Fe,04 0.90 1.79 4.64 1.24 1.62 6.38 3.90 0.98 0.64 0.82
MnO 0.14 0.14 0.03 0.24. 0.05 0.13 0.01 0.01 0.00 0.01
MgO 0.21 0.36 2.07 0.32 0.35 1.64 0.51 0.18 0.09 0.15
CaO 20.96 30.31 0.18 26.52 249 0.39 0.29 0.37 0.76 0.38
Na,O 0.34 0.36 0.7 0.32 0.55 1.03 0.79 0.59 3.7 043
KO 0.74 0.82 4.12 0.67 1.1 3.12 1.02 1.14 1.41 0.67
P,05 0.04 0.0 0.12 0.04 0.03 0.17 0.04 0.04 0.03 0.03
L.O. 13.66 19.07 10.64 16.96 275 11.30 2.81 1.67 1.84 1.38
Total 98.83 99.59 99.80 99.08 101.00 99.35 100.60  100.60  98.90 99.20
Trace Elements (ppm)

Ba 118 155 440 241 276 345 1268 2411 3119 2089
Rb 18 20 185 17 26 124 28 29 22 20
Sr 330 327 151 428 52 119 70 99 115 - 81
Y o123 114 40 156.5 17.3 42 9.2 71 5.5 48
Zr 108 53 229 79 216 359 173 90 87 60
Nb 6.6 5.8 37 5.5 12.6 56 19.3 12.1 10.2 7.9
Pb 4 7 b.d. 7 6 27 21 17 18 9
Ga 3 3 34 3 6 26 9 5 4 4
Zn 6 1 93 25 36 123 52 . 42 44 30
S 0.07 0.07 0.026 0.12 0.06 0473 130 0.16 0.12 0.09
Cu 1 3 49 2 3 28 14 15 12 25
Ni 3 2 73 2 8 65 34 9 7 7
\ 15 19 181 19 22 123 24 13 15 9
cr 40 0 150 0 70 124 40 0 - 20 0
La 17 15 60.5 18 14 58.4 19 15 10 9
Ce 35 32 - 121 37 31 122 36 30 21 19
Pr 3.79 3.47 15 4.09 3.37 14.7 3.70 2.96 2.01 1.84
Nd 14.3 13.0 49.2 15.9 13.1 48 133 1041 7.0 6.1
Sm 3.09 2.91 9.2 3.57 2.99 8.8 2.60 1.95 1.33 © 115
Eu 0.711 0.685 2.1 0.836 0.710 1.79 0.578 0406  0.335 0.245
Gd C. 287 262 8.1 3.37 3.07 8 2.09 147 1.12 0.92
Tb 0.42 0.38 1.2 0.51 0.50 1.2 - 0.31 0.23 0.17 0.15
Dy 224 2.06 6.9 270 299 71 1.72 1.29 0.97 0.84
Ho 0.42 0.38 14 049 058 1.5 0.34 0.25 0.19 0.17
Er 1.15 1.07 4.3 1.34 169 4.5 0.99 0.74 0.59 0.51
Tm 0.157 '0.147 0.61 0.180 0.238 0.6 0.151 0.110  0.088 0.077
Yb 0.93 0.85 4 1.04 1.46 4 1.00 0.71 0.56 0.50
Lu 0.130 0.113 0.56 0.147 0.199 0.56 0.141 0.105  0.085 0.074
Co b.d b.d 21 b.d 2 27 6 2 3 2
As 7 11 b.d 9 b.d 9 5 b.d b.d b.d
Cs 03 0.4 9.6 0.3 0.5 5.4 0.5 0.4 0.3 0.3
Hf 24 1.3 57 1.8 5.2 8.9 4.0 23 21 1.5
Sb 6.7 6.0 b.d. 22 44 0.5 1.3 b.d 57 25
Sc 1 b.d 26 2 3 18 3 1 6 1
Ta 0.37 0.35 2.4 0.32 0.96 3.6 1.33 1.05 0.80 0.71
Th 2 2 19.3 2 3 14.2 4 3 2 2

U b.d b.d 4.4 b.d 1 3.9 1 1 1 b.d

' sst = sandstone; 2 b.d. = below detection limit; ® detection limits
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Table 5.2b: Representative whole rock analyses for Peskowesk A-99.
Well Peskowesk A-99

Formation Mic Mac

Depth (m) 3794.37 379524 379530 3806.51 3812.19

Lithology'  Fine Sst
Major Elements (wt%)

SiO, 92.24
TiO, 0.34
Al,0; 2.78
Fe 04 2.09
MnO 0.04
MgO 0.51
CaO 1.20
Na,O 0.54
K,0 0.16
PO 0.06
L.O.l 2.12
Total 99.64
Trace Elements (ppm)
Ba 370
Rb 8
Sr 86
Y 6.9
Zr 203
Nb 10.1
Pb 4
Ga 4
Zn 20
S 0.04
Cu 3
Ni 14
\% 22
Cr . 100
La 13
Ce 28
Pr 2.82
Nd 10.1
Sm 2.07
Eu 0.496
Gd 1.64
Tb 0.24
Dy 1.28
Ho 0.25
Er 0.73
Tm 0.111
Yb . 0.73
Lu 0.115
‘Co 2
As b.d
Cs 0.3
Hf 5.2
Sb 1.5
Sc 2
Ta 0.76
Th 2
U 1

Sst

42.08
0.49
5.95

34.22
0.58
4.22
7.40
0.54
1.08
343

19.52
99.46

141
36
244
65.6
209
13.4
14

20
0.32

17
73
70
52
128
15.20
66.0
17.20
5.200
17.50
245
11.70
1.98
4.80
0.572
3.01
0.402

17
1.5
5.1
43

0.75
5
2

Sst

87.23
0.33
2.26
2.97
0.06
0.69
2.1
0.47
0.22
0.06

3.86
100.26

1360
5
115
7
117
11
b.d.
3
40
0.072
14
16
21
171
10.3
20.3
2.18
8.1
1.4
0.35
1.1
0.2
1.1
0.2
0.7
0.1
0.6
0.1
2
b.d
b.d.
2.8
b.d.
2
0.7
2.2
0.6

Sst

23.89
0.49
9.80
2.64
0.06
2.37

29.38
0.44
1.96
0.24

28.12
99.39

151
94
689
20
107
19
7
13
14
0.321
53
28
85
66
242
48.5
6.28

21.24

4.3
1.01
4.1
0.6
3.3
0.7

0.27
1.7
0.25
1
7
4.8
2.8
b.d
10
0.8
71
1.4

" sst = sandstone; 2 b.d. = below detection limit; * detection limits

Sst

44.52
0.84
13.26
7.78
0.09
2.90
27.51
0.57
2.41
0.11

21.60
97.01

188
87
549
215
178
20.9

13
50
0.56
14
39
106
9
37
71
7.67
282
6.07
1.270
5.08
078
4.25
0.80
2.23
0.323
2.05
0.316
15
14
49
5.2
27
11
1.39

3812.64

Muddy Sst - Muddy Sst Muddy Sst

34.17
0.63
9.15
2.65
0.05
2.37

23.75
0.48
1.65
0.10

24.02
99.02

145
78
552
18
196
19
6
13
20
0.389
12
24
82
86
24.1
471
5.89
19.2
35
0.82
3.2
0.5

0.7

0.28
1.9
0.28

4.1
5.1
b.d

1.1
7.3
1.6

3813.15

29.10
0.44
7.03
4.56
0.14
4.62

52.23
0.40
1.30
0.18

31.51
98.54

74
37
733
12.1
109
9.7
10

24
0.48

19
77
50
18
35

3.76
13.7
2.93

0.683

2.45
0.39
2.21
0.43
1.20
0.174
1.11
0.163

18
18
26
1.3

0.65

1

3813.63

26.84
0.20
3.49
6.54
0.26
5.29

56.25
0.32
0.61
0.18

32.87
98.47

55
17
710
136
70
54
12

15
0.45

20
50
40
17
32
342
13.4
3.1
0.820
2.70
0.43
2.40
0.45
1.24
0.172
1.03
0.148

27
0.7
1.6
4.4
0.16

1
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5.1.1 Carbon Analysis

Carbon is an important element in understanding diagenesis and due to the sufficiently
low atomic number of carbon it is not easily determined using ICPMS. Hence, a different
method was used to measﬁre carbon. In addition, the volatiles that are part of the laws on

ignition (LOI) reported in Table 5.2 are probably due to carbon.

Carbon analysis was conducted using a LECO analyzer. Two sets of 0.25 grams of the
powder samples were prepared for total carbon and organic carbon analyses. For total
carbon, samples were treated with water over a 2-day period, and for the organic carbon
samples they were treated first with water, then with dilute (10 percent) hydrochloric acid
~ to remove organics, and again with water over a 3-day period. A steel ring (with a few
percentage of carbon) and Aluminum standard chips ~ 0.05 grams (used as catalysts) had
to be added to samples before the samples were analyzed. Values‘ of respective carbon
percentages were measured from analysis and used in the calculation of thé inorganic
carbon content [inorganic carbon = total carbon — organic carbon with all inorganic

carbon assumed to be CaCOs] as in Table 5.3a and 5.3b.
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Table 5.3a;: Carbon analysis results for Thebaud C-74

Thebaud C-74 v Carbon Analysis (wt %)
Depths (m) | Core #| Sample #| Lithologies Total | Organic| Inorganic
wom | 1 | 1 [
3862.56 1 2 Mudstone
3862.91 1 3 Mudstone
1863.08 { 4V Fine-Coarse
S?mdstone

3863.53 | 1 6 Is::xliisct:gzse 0.19 | 007 0.12
386399 | 1 S |Condsone | 015 | 008 | 009
3864.5.1 1 P2 |Fine Sandstone .0.2 6 0.10 0.16
3864.99 1 12H  |Fine Sandstone 0.54 0.33 0.21
3865.53 1 P3  [Fine Sandstone 0.52 0.26 0.26
3865.95 1 15H F ine Sandstone
3866.79 1 16  |Fine Sandstone 036 0.07 0.29
3867.39 1 19V |Fine Sandstone 0.38 0.08 0.30
3868.39 1 20  |Fine Sandstone 0.41 0.23 0.17
3868.77 1 P4 Fine Sandstone
3868.94 1o 23 |Fine Sandstone
3869.64 1 25V |Fine Sandstone 0.51 0.53 -0.02
3870.01 1 27 |Fine Sandstone | 5, 0.08 0.14
3870.19 1 28H  |Fine Sandstone 032 0.24 0.07
3870.62 1 29H [Fine Sandstone 031 0.07 0.23
3871.36 1 32H |Fine Sandstone 0.55 0.07 0.48
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Table 5.3a: Carbon analysis results for Thebaud C-74

Depths (m) | Core #| Sample #| Lithologies Total | Organic| Inorganic
3871.47 1 P5 Fine Sandstone 0.42 0.06 0.35
3872.58 1 36V |Fine Sandstone
3860.38 1 3860.38 |Limestone 1.15 0.65 0.50

verage to high Inorganic Carbon Content (1.01 wt % to 3.15 wt %)
based on the presented data.
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Table 5.3b: Carbon analysis results for Peskowesk A-99

Peskowesk A-99 v Carbon Analysis (wt %)
Depths (m) | Core # | Sample #| Lithologies Total Organic | Inorganic
2224.26 1 1 Sandstone 0.48 0.35 0.13
2223.37 1 2 Sandstone 0.89 0.74 0.15
2222.98 1 3 Mudstone 2.03 1.87 0.16
2222.10 1 4 Coarse 0.41 0.38 0.02
Sandstone
2221.17 1 5  Mudstonewith | 1.00 0.45
nodule
2220.70 1 6 Shale rubble 4.50 421 | 029
2210.15 ] 7 Sandstone | 0.39 030 |  0.08
2209.83 1 8 Sandstone 0.14 0.11 0.03
2209.35 1 -9 Fine Sandstone 0.24 0.25 -0.01
2208.90 1 10 Black shale 2.55 2.52 0.03
2225.67 2 11 Shale rubble 2.88 491 -2.03
2226.44 2 12 - Sandstone 0.22 0.11 0.11
2227.16 2. 13 Shale rubble 2.41 2.13 0.28
2227.77 2 14 Sandstone, | ;41 | g6 0.16
coarse grained
2228.23 2 15 Sandstone 043 0.34 0.09
’ 2228.27 2 16 Shale rubble 3.05 | 3.28 -0.23
2271.90 4 17 More sandy, |, 5 0.19 0.17
) sandstone
2273.15 4 18 Sandstone 0.33 0.25 0.09
2274.07 4 19 Sandstone
2274.15 4 20 Sandstone
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Table 5.3b: Carbon analysis results for Peskowesk A-99

Depths (m) | Core # | Sample #| Lithologies Total | Organic | Inorganic
2275.64 4 gp | Reddishbrown
mudstone
2275.70 4 22 Dark gray 0.69 0.66 0.03
sandstone
2267.02 4 23 Rubbles of | 5 0.39 -0.01
~ granules
2480.55 5 24 Shale rubble 1.45 1.40 0.05
2481.14 5 25 Shale rubble 1.19 1.19 0.00
2481.34 5 26 Sandstone
2482 68 5 27 .Sandstone
2483.77 5 28 Sandstone 0.22 0.17 0.05
248501 5 29 Sandstone | 0.11 0.07 0.05
Sandstone _
2486.53 5 30 (laminated) 0.16 0.12 0.03
2486.53 5 30B Sandstone | .0 | (4 0.04
: (laminated)
2487.76 5 31 Shale rubble 3.10 2.70 0.40
2950.73 6 35 Sandstone 0.16 0.14 0.03
2952.02 6 36 Sandstone 0.20 0.13 0.08
2953.20 6 37 Sandstone 0.25 0.14 0.11
2954 35 6 38 Sandstone, 1416 | g3 0.06
coarse grained
2931.07 6 39 Bioturbated | ) /s 0.34 0.11
sandstone
2931.91 6 40 Fine sandstone
2933.38 6 41 Fine sandstone
2934.52 6 42 Fine sandstone 4.75 0.03 4.72
293546 6 43 Fine sandstone 0.29 0.06 0.22
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Table 5.3b: Carbon analysis results for Peskowesk A-99

Depths (m) | Core# | Sample #| Lithologies Total | Organic | Inorganic
2936.85 6 44 Fine sandstone
2938.05 6 45 - Fine sandstone
2939.79 6 46 Fine sandstone
2940.05 6 47 Fine sandstone
2942.03 6 48 Fine sandstone
294538 6 49 Fine sandstone 0.56 0.04 0.52
3794.37 7 50 Fine sandstone 0.44 0.04 0.40
3795.24 7 51 Sandstone
3812.19 7 53 Muddy
sandstone
3813.15 7 54 Muddy
sandstone
3813.63 7 55 Muddy
sandstone

| Average to high Inorganic Carbon Content (1.01 wt % to 10.33 wt %)

based on the presented data.
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5.2 RESULTS: STATISTICAL ANALYSIS

5.2.1 Introduction

The trends recognized in the geochemical data from both studied wells can be the result
of (a) similar geochemical behavior of elements and (b) correlations of unrelated
elements. Elements with similar geochemical behaviors tend to enter lattices of the same
minerals. Examples of sucfl geochemical behavior include correla;ion between Zr and Hf,
rare earth elements (REE) and Y, Ga and Al, Ga and Rb, Rb and K, Nb with Ta and Ti, P
and REE, LOI with Fe, Mg and Ca, which may all be present in detrital or diagenetic
minerals. Thus such elemental correlations can be used to infer the presence of specific

detrital and diagenetic minerals in the studied wells.

Correlations of ﬁnrelated elements may be the result of the: (i) accumulations of stable -
detrital minerals present e.g. chromite (Cr), zircon (Zr), and ilmenite (Ti). Thus
accumulation of chromite, zircon and ilmeflite or any combination of these minerals may
result in positive correlation of the elements Cr, Zr, and Ti, and such positive correlations
help to evaluate the presehcé of first sediments versus polycyblic sediments; (ii)
development of certain cements. Such an example is the development of carbonate

minerals and this will producc correlations between the elements Ca, Fe, Mg, Mn, and Sr.

5.2.2 Correlation Coefficient Correlations at Peskowesk A-99
Using the geochemical data, a correlation coefficient mafrix table was developed using
the data analysis package on Microsoft Excel, for each well studied (Tables 5.4a & 5.4b).

This matrix shows a two-dimensional element variation. Correlations among elements in
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the whole rock geochemical analysis at Peskowesk A-99 have been divided into three
categories: (a) correlations between vaﬁables that are high (greater than 0.90), (b) '
correlations of variables between 0.70 and 0.90, and (c) poorer correlation. Note that

these correlations involve both positive and negative coefficient values.

- Elemental correlations among elements identified at Peskowesk A-99 with > 0.90
included correlations between Hf and Zr; REE amongst themselves; REE with Y; Nb, Ta
and Ti; Ga and Al. There were also non-obvious correlations, such as between Mn with

Si (-0.90), and V with Ga (0.93).

Hf and Zr correlate Well because Hf readily substitutes for zirconium in a continuous
solid solution in the mineral zircon. REE tends to show consistent geochemical behavior
e.g. positive correlation between REE and Y found in monézite. Such correlations have
been identified in monazites from the Lower Cretaceous deltaic sahdstone of the Scotian
Basin by Pe-Piper and Mackay (2006). The correlation between Nb, Ta, and Ti has also
been identified by Gould (2007), and interpreted és due to Ti oxides. Ga and Al may

correlate in any mineral containing Al often feldspars and micas.

Correlations at Peskowesk A-99 with variables correlating between 0.70 and 0.90 include
correlation between P and REE, heavy REE, U and Th, and LOI with Ca, Mg and Fe. The
correlation between P and REE is probably due to apatite, monazite and other

phosphates; the correlation involving heavy REE, U and Th is common in monazite (Pe-
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Piper and Mackay, 2006); and the correlations of LOI, Ca, Mg (and Fe) are due to the

development of various carbonate cements.

Poorer correlations are identified between Cr with Zr and Ti, which is probably due to
concentration of unrelated heavy minerals such as detritai chromite and zircon, and
diagenetic TiO, minerals. In addition, there is a negative correlation of LOI, Ca, Fe énd
Mg with SiO,, This is probably due to the 100% problem (constant sum effect in major
elements) as these elements are abundant in carbonates. No correlation was identified
between Ti and P, although Gould (2007) recognized such a correlation at Venture and

Thebaud wells.

5.2.3 Correlation Coefficient Correlations at Thebaud C-74

The element correlation at Thebaud (positive and negative variables greater than 0.90,
and between 0.70 and 0.90) has many similar features when compared to Peskowesk, but
there were a few differences identified. The correlation between Ti and P identified from
fewer data by Gould (2007) has been identified at Thebaud (R* = 0.89), however with
additional data the elements showed a very weak correlation coefficient (R*=0.30).
There is also a correlation between Mg and LOI, even t_hough such eiements are already
common in carbonate cements, however Mg may also be abundant in chlorite. Zr shows
no correlation with Ti and weaker correlations were found between Zr and Cr than at
Peskowesk A-99. Na correlates with Al, which could be due to the presence of

plagioclase feldspar.
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5.2.4 Principal Component Analysis (PCA)

Principal component analysis (PCA) is synonymous with factor analysis, a statistical
method for identifying patterns that may be present in a large set of data. In PCA, sets of
correlated variables are transformed into smaller sets of uncorrelated variables referred to
as principal components. The following are used in PCA: (a) data screening and
reduction, (b) discriminant analysis, (c) regression analysié, and (d) cluster analysis
(Smith, 2002). A major objective of performing PCA is to interpret the principal

component.

PCA is used at Thebaud C-74 and Peskowesk A-99 as an exploratory tool to investigate
unknown trends that may be present in the data, and the PCA method is appropriate as it
reduces dimensionality by performing a covariance analysis between factors. Hence, the
first principal component in any analysis is the linear combination of maximum

variances.

For this study and in order to eliminate the constant sum constraints on geochemic‘al data,
the PCA method proposed by Ohta and Arai (2007) was used. For this method, the
original geochemical data was subjected to centered logratio transformation (clr-
transformation) and calculations were done using singular value decomposition (svd)
identical to that used by Pe-Piper ef al. (2008). The corrélations between components
and the variables (e.g. major or trace elements), known as the component loadings are
able to express the influences of each original variable within a given vector. PCA plots

are shown in Figs. 5.3 to 5.6.
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In Figs. 5.1A and B, the variances of major elements (Table 5.5a and b) are plotted to
show the measure of spread within the data, and the figures display a rapid decrease of
variances for both studied wells, as contriButions of variables are low after the ﬁfst
principal component (PCl), suggesting that only PC1 provides a reasonable summary
(about 90% of the total variance) of the data at Thebaud, and that PC1 and PC2 provide a
reasonable summary of the data at Peskowesk. PC1 explains about 80% of the total

variance, and PC2 explains about 10% of the total variance.

During preliminary PCA, a few trace elements that are present in abundances near their
detection limit apbeared to show quite different variations from all other elements. In the
case of elements such as P,Os and Cr, all samples with values lower than the detection
limit were given a value 0.1 (wt % or ppm) lower than the lowest value. The remaining

trace elements with values below detection limit were not included in final PCA.

.Figs. 5.2A and B displays the variances of a more general data set with major and
selected trace elements, facies and grain sizes (Table 5.6a and b). For this purpose, facies
were re-numbered as in Table 5.7 so that similar facies had closer numbers than disparate
facies, for labeling purposes. Fig. 5.2A shows that PC1 through to PC3 provide
reasonable summary of the data at Thebaud C-74. PC1 explains about 70% of the total
variance, PC2 explains about 10% of the total variance and PC3 explains about 5% of the
total variance. Fig 5.2B shows that only PC1 and PC2 provide a reasonable summary of
the data at Peskowesk A-99. PC1 explains the largest part of the total loadings, about

75%, while PC2 explain about 10% of the total variance.
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Table 5.5a: Major elements PCA data with variables loadings for Thebaud C-74

Major Element (wt %)
# SiO, TiO, Al 0, FeO MnO MgO Ca0 NaO K,0 P,0; LOI
1 80.06 0.68 5.54 4.72 0.07 0.55 6.73 1.19 0.34 0.11 6.120
2 80.40 0.29 5.63 5.56 0.07 0.69 5.93 0.79 0.59 0.04 6.120
3 79.45 0.16 3.28 5.68 0.17 0.65 9.92 0.59 0.01 0.04 8.950
4 6559 | 0.29 3.95 4.87 0.34 0.77 22.66 1.11 0.30 0.11 16.830
5 90.73 0.61 4.02 277 0.01 0.33 0.49 0.97 0.27 0.06 1.740
6 91.40 0.57 3.81 2.51 0.01 0.31 0.43 0.90 0.25 0.06 1.380
7 87.75 0.56 5.04 3.87 .0.01 0.50 0.88 0.82 0.48 0.07 2.070
8 82.34 0.72 533 4.65 0.01 0.57 0.82 1.23 0.48 0.08 2.706
9 81.18 0.81 6.46 4.67 0.02 0.61 1.20 0.83 0.86 0.09 3.485
10 85.96 0.68 5.27 4.48 0.02 0.52 1.58 1.02 0.38 0.10 3.020
11 86.64 0.61 5.20 3.96 0.02 0.49 1.56 1.10 0.31 0.08 2.600
12 77.08 0.72 4.56 3.64 0.17 0.49 11.77 1.06 0.40 0.09 9.810
13 76.58 0.74 4.33 3.57 0.20 0.47 12.73 0.90 0.35 0.08 10.810
14 87.91 0.58 4.95 3.77 0.01 0.49 0.85 1.00 0.33 0.09 2.350
15 86.26 0.71 5.86 4.11 0.01 0.53 0.69 1.10 0.61 0.09 3.010
16 85.96 0.65 5.47 4.44 0.02 0.55 1.24 1.11 0.45 0.08 2.590
17 85.72 0.60 5.20 3.88 0.03 0.49 245 | 1.09 0.41 0.09 2.920
18 86.85 0.72 4.90 3.79 0.02 0.47 1.82 0.95 0.38 0.08 2.400
19 79.03 0.12 1.93 1.03 0.22 0.18 16.79 0.49 0.14 0.02 12.280
20 85.05 0.70 5.21 3.95 0.02 0.44 0.99 1.23 0.42 0.09 2.160
21 87.59 0.71 4.74 3.21 0.01 0.38 0.43 1.13 0.39 -0.08 1.665
22 85.91 1.00 4.48 2.93 0.01 0.36 0.60 1.33 0.42 0.09 1.629
23 85.38 '0.79 427 2.82 0.01 0.36 0.92 1.39 0.42 0.10 2.208
24 88.70 0.29 2.43 1.55 0.02 0.12 1.92 1.26 0.12 0.06 2.695
25 90.45 0.34 2.71 1.22 0.02 0.12 1.22 1.20 0.21 0.06 1.771
26 | 90.43 0.45 3.81 1.66 0.01 0.13 0.43 1.12 0.34 0.07 1.881
27 86.28 0.35 2.71 3.12 0.02 0.29 1.70 1.05 0.19 0.04 2.885
28 89.45 0.37 1.95 2.00 0.01 0.17 1.41 0.99 0.18 0.08 1.935
29 | 90.01 0.59 3.14 2.73 0.00 0.29 0.32 1.14 0.13 0.06 1.041
30 | 90.31 0.34 3.24 2.00 0.01 0.19 0.32 1.37 0.25 0.07 1.107
31 89.29 0.26 2.29 225 0.03 0.21 0.59 0.94 0.13 0.05 2.013
32 91.31 0.25 2.40 2.16 0.03 0.18 0.33 0.98 0.01 0.05 1.503
33 91.83 0.28 2.34 1.84 0.02 0.17 0.42 0.95 0.18 0.05 1.204
34 89.80 0.26 2.55 1.66 0.01 0.12 1.05 1.12 0.12 0.05 1.944
35 84.71 0.76 6.00 4.28 0.01 0.46 0.26 1.26 0.28 0.11 2.016
36 85.07 0.39 3.48 1.70 0.03 0.17 2.93 1.30 0.25 0.07 3.291
37 81.77 0.61 5.86 4.13 0.02 0.38 1.02 1.75 0.23 0.12 3.157
38 78.70 0.85 7.61 3.88 0.02 041 |- 0.52 1.93 0.79 0.14 3.769

PCA Loadings expressing the influences of each original variable within a given vector

PC1 0.11 0.28 0.17 0.10 -0.54 0.06 -0.59 0.18 0.31 0.18 -0.27

PC2 0.33 0.01 0.07 0.17 . 0.10 0.04 -0.27 0.27 -0.83 0.14 -0.03

1: These numbers represents samples plotted on the PCA (Fig. 5.3) and the conversion to depth can be found in table 5.2a
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Table 5.5b: Major elements PCA data with variables loadings for Peskowesk A-99

Major Element (wt %)
#' Sio, TiO, | ALO; FeO MnO | MgO CaO NaO K,O0 P,0; LOI
1 79.34 1.13 9.80 4.51 0.03 0.76 0.43 1.15 2.56 0.19 4.220
2 79.25 1.20 9.49 4.77 0.03 0.71 0.47 1.29 2.56 0.18 4.620
3 83.31 1.05 8.26 2.25 0.02 0.54 0.42 1.43 2.35 0.12 3.360
4 82.14 0.59 7.04 2.03 0.02 0.43 0.46 0.98 1.95 0.10 3.550
5 86.82 0.34 5.77 2.95 0.02 0.31 0.55 1.45 1.98 0.03 3.910
6 78.04 1.16 11.61 4.15 0.07 0.87 0.32 0.95 2.60 0.11 5.140
7 82.14 0.98 9.52 2.32 0.02 0.72 0.30 1.16 2.62 0.11 4.630
8 79.02 1.46 10.84 2.79 0.03 0.66 0.37 1.54 3.07 0.16 3.000
9 83.97 2.05 8.46 1.55 0.03 0.35 0.34 096 | 201 0.14 3.300
10 87.04 0.28 4.76 0.86 0.01 0.12 0.62 0.84 1.78 0.05 3.030
11 87.10 0.53 5.21 0.99 0.01 0.14 0.49 0.74 1.80 0.06 2.730
12 86.83 0.16 5.35 1.11 0.01 0.10 0.54 0.79 221 0.04 2.410
13 85.99 0.52 5.66 1.18 0.02 017 | 045 0.87 2.02 0.06 2.670
14 89.38 0.14 4.42 0.38 0.00 0.07 0.46 3.83 1.57 0.00 2.040
15 87.52 0.10 4.06 1.17 0.02 0.10 0.68 0.50 1.59 0.03 3.220
16 91.85 0.28 4.72 0.57 | 001 0.09 0.42 0.71 1.54 004 | - 2.500
17 87.47 1.02 4.47 1.34 0.00 0.18 0.39 3.65 1.69 0.00 2.340
18 | "81.80 0.39 4.07 5.15 0.07 0.39 0.44 0.61 1.65 0.08 4.500
19 75.53 0.19 5.16 2.58 0.17 0.30 12.80 0.68 2.46 0.03 10.010
20 77.25 0.31 4.52 2.61 0.15 0.31 12.16 0.63 2.02 0.03 10.340
21 | 8028 0.75 8.63 6.28 0.09 0.82 0.47 0.73 1.78 0.14 4.550
22 84.86 0.83 5.75 2.83 0.01 0.37 0.13 0.87 1.32 0.06 3.160
23 49.24 0.85 12.05 25.07 0.35 2.98 6.93 0.76 1.50 0.24 16.800
24 91.69 0.38 4.36 1.04 0.01 0.14 0.52 0.60 1.52 0.03 1.750
25 88.28 1.08 5.83 2.12 0.01 0.34 0.17 0.71 1.37 0.07 1.960
26 83.50 1.15 8.05 4.14 0.02 0.52 0.22 0.86 1.43 0.08 3.040
27 79.50 0.11 2.44 1.34 0.16 0.27 15.21 0.31 0.61 0.02 10.500
28 79.20 0.11 2.50 1.17 0.12 0.25 15.48 0.40 0.77 0.02 10.900
29 §6.89 0.13 2.55 2.30 0.04 0.47 2.44 0.50 082 [.0.03 3.600
30 69.34 0.19 1.81 1.70 0.10 0.35 25.75 0.28 0.45 0.04 16.440
31 91.51 0.23 3.49 1.94 0.01 0.38 0.89 0.57 0.88 0.04 1.890
32 66.19 0.15 2.09 1.55 0.08 0.32 28.67 0.33 0.57 0.04 17.780
33 70.20 0.28 2.60 1.15 |} . 0.10 0.24 2425 0.50 0.61 0.04 16.830
34 73.83 0.15 2.70 0.90 0.14 0.21 20.96 0.34 0.74 0.04 13.660
35 63.29 012 | 273 1.79 0.14 0.36 30.31 0.36 0.82 0.05 19.670
36 67.98 0.11 2.53 1.24 0.24 0.32 26.52 0.32 0.67 0.04 16.960
37 88.41 0.36 4.99 1.62 0.05 0.35 2.49 0.55 1.11 0.03 2.750
38 92.20 0.10 4.18 0.98 0.01 0.18 0.37 0.59 1.14 0.04 1.670
39 90.07 0.12 3.36 0.64 0.00 0.09 0.76 3.71 1.41 0.03 1.840
40 94.61 0.08 2.59 0.82 0.01 0.15 0.38 0.43 0.67 0.03 1.380
41 92.24 0.34 2.78 2.09 0.04 0.51 _1.20 0.54 0.16 0.06 2.120

PCA Loadings expressing the influences of each original variable within a given vector

PC1 0.10 0.31 0.21 0.08 -0.42 004 | -0.69 0.27 0.22 0.11 -0.23

PC2 -0.27 0.10 -0.07 0.20 0.44 0.21 -0.35 -0.43 -0.21 0.52 -0.12

1: These numbers represents sdmples plotted on the PCA (Fig. 5.5) and the conversion to depth can be found in table

5.2b
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Table 5.7: Facies re-numbering chart for both studied wells.

General Descriptions Sub facies | Facies # for PCA
' 0 11
Oa 12
Oc 13
< |Mudstone with sandstone and siltstone Og 14
-3 |beds (<25 cm) and laminae, absent to 0l 15
{2 moderate bioturbation “Om 16
On 17
0o 18
0Os 19
— ) 1. 20
-2 |Bioturbated mudstone lc 21
= 1d 22
; Generally fine-grained sandstone with 2b 23
'2 mudstone 2 24
= 2d 25
Conglomerate formed with bioturbated 3 26
shelly sandy mudstone to muddy 3a 27
|sandstone generally with some coarse 3b 28
5 |sand or granule sized intraclasts and/or 31 29
& |lithic clasts. Commonly sideritic 3m 30
diagenesis. In other wells, bioclastic 30 31
and oolitic limestones 3s 32
« |Fine to coarse sandstone (general 4g 2
& |medium to coarse), interbedded 40 4
& |mudstone with siltstone laminae, and 43 3
® " |cross-bedding are characteristic 4x 1
g}
-§ Bioturbated fine-grained sandstone > >
= 5s 6
o |Thick (> 25 cm) bedded sandstones in 9 7
& ["graded" beds, moderate bioturbation 9% 8
& [at top, plant debris, minor interbedded of 9
= lfacies 0 9g 10

T4 re-numbering of facies and sub-facies was required for PCA. Facies numbers

do not relate to individual facies distances or interpretations because these
numbers are arbitrary. The new scheme suggests inferred relationships between

facies.
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Variance
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VARIANCES OF PRINCIPAL COMPONENTS FOR
MAJOR ELEMENTS AT THEBAUD C-74

n=38

STy
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Variance
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VARIANCES OF PRINCIPAL COMPONENTS FOR
MAJOR ELEMENTS AT PESKOWESK A-99

n=41

‘n’represents sample numbers

Figure 5.1: Histogram showing the variance of principal components for major elements at
Thebaud C-74 (A) and Peskowesk A-99 (B). :
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VARIANCES OF PRINCIPAL COMPONENTS FOR
i MAJOR & SELECTED TRACE ELEMENTS, FACIES AND
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Figure 5.2: Histogram showing the variance of principal components for major and trace

elements, facies and grain size at Thebaud C-74 (4) and Peskowesk A-99 (B).
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A few trends are apparent with the application of PCA on major elements (Figs. 5.3 and
5.5) and on combinations of major and trace elements with facies and grain size (Fig. 5.4
and 5.6). These biplots show vectors that correspond to a particular variable (e.g. an
element), which is prop.or'tional to its component loading. Note that numbers on these

figures correspond to the sample numbers on Tables 5.6a and 5.6b.

At Thebaud in the major element PCA (Fig. 5.3), CaO and MnO show strong negative
loading on PC1, whereas TiO, and P,0s show positive loadings. K,O loads equally on
PC2 and PC1. The remaining major elements show a small positive loading on PC1. The
remaining major e¢lements correlate in the center of the plot. Some sub_—facies 2c¢ samples
load heavily with K,O (e.g. sample 9). In addition, two samples (samples 3 and 32) have
very low K,O and plot together however one of these samples is a facies 3 aﬁd the other

is facies 9.

When facies, grain size and major and trace elements are plotted for Thebaud C-74, most
variables concentrate in the centre of the plot (Fig. 5.4) with low negative loadings on
both PC1 and PC2. As with the major elements PCA (Fig. 5.3), MnO .and CaO load

, Strongly together (and MnO with Sr), and load negatively on PC1 but slightly positive on
PC2, and KO (going with Rb) shows a low positive loading on PC2. Ba shows a strong
loading on PC1. Fe;Osr goes with MgO and both show low positive loadings on PC2.
Some facies 3 samples load heavily with CaO and MnO (cluster a), but cluster b does not

correspond to any particular facies.
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Considering major elements at Peskowesk (Fig. 5.5), the behavior of CaO and MnO is
similar to that at Thebaud C-74, showing strong negative loading on PC1. In addition,
MgO, Fe,;0sr, and P,0s load positively on PC2 and K0, SiO,, TiO,, Al203, and Na,O

load positively on PC1 and negatively on PC2.

When the major and trace elements are considered at Peskowesk, the element loadings
are different from those at Thebaud C-74. Fe, O3t goes with MgO and both show
moderate positive loadings on PC2. TiO,, Zr, Cr, and S go together with low positive
loading on PC2. K,0 and Na,O go together with low negative loading on PC2. SiO, and
Sr go together with low negative loading on PC2, and Ba shows a strong negative loading
on PC1. As with the'major elements PCA (Fig. 5.5), MnO and CaO load strongly
together, in this case showing low positive loading on PC2. All other major and trace

elements concentrate in the centre of the plot with low loading on both PC1 and PC2.

Clusters (a, b, and ¢) recognized at Peskowesk A-99 (Fig. 5.6), do not correspond to any

particular facies. However, cluster b show strong correlation to Ba.
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Figure 5.3: PCA biplot of major elements loading at the Thebaud C-74 well.
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Thebaud C-74 well.
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Figure 5.5: PCA biplot of major elements loading at the Peskowesk A-99 well.
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5.3 RESULTS: VARIATION OF ELEMENTS WITH MINERALS AND FACIES
Binary plots are used to show the variation of elements with respect to other elements,
selected iminerals (e.g. carbonates), and wi;h identified facies (Figs. 5.7 to 5.30). Oxides
are plotted on a volatile-free basis. Such plots show important correlations that are not
apparent from simple correlétion matrices and principal component analysis. In this

study, binary plots show the following general features.

5.3.1 Effect of diagenetic cements: The efféct of carbonate cements was investigated by
assuming that samples with CaO > 3% are carbonate rich: such samples are shown by
open symbols in Figs. 5.7 — 5.18. High CaO correlates with high LOI in the PCA plots
(Figs. 5.3, 5.5). There is also a good correlation of calcite peak height from X-ray
diffraction (normalized to quartz peak height) with CaO (Fig. 5.9). All these observations
suggest that high CaO is an indicator of high carbonate. A plot of Si0, vs. Al,O3 (Fig.
5.8) shows a generaily linear trend for samples with low CaO, but those with high CaO
fall well off this trend. This is interpreted to result from the constant sum effect, with
CaO, LOI, Al,Os, and SiO; being the four principal oxides in carbonate-rich samples.
The constant sum effect refers to concentrations that are expressed in percentages in

oxides that are not independent because they all add up to a constant sum of 100%.

Samples with high Sr tend to have high CaO, although the regression line is different for
the two wells studied (Fig. 5.10). There is also a correlation between inorganic carbon
(calculated as all C in calcite) and Sr (Fig. 5.25). These several observations suggest that’

Sr may act as a proxy for high calcium carbonate.
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Ankerite and siderite are other carbonate minerals present in some rocks. A plot of MgO
vs. ankerite + dolomite detemined by X-ray diffraction (Fig. 5.12) shows that there is no
simple elemental proxy for these other carbonate minerals, but FeOr shows a scattered
correlation with siderite determined by X-ray diffraction (Fig. 5.23). However, the
variation of MgO correlates well with FeQT (Fig. 5.13), suggesting that MgO variation is

predominantly controlled by chlorite, most of which is likely diagenetic.

5.3.2 Variations in Geochemistry with Facies: Element variation with facies and
sediment type (as proxied by SiO; content) has also been investigated. High CaO (>
20%) is restricted to mostly facies 2, 3, and 5. From this study, CaO is largely present in
diagenetic calcite. Fig. 5.20 shows that most facies 3 rocks have higher FeOr than rocks
from other facies with similar SiO, content, although single samples from facies 4x, 2¢
and 0 also have FeOr > 5.5%. Figs 5.21 and 5.22 show that a few facies 3 rocks have
more TiO; and P,Os that all other facies with the exception of most of facies 5 rocks,

which tend to have more TiO; and P,Os than other facies.

5.3.3 Behavior of P and Ti: investigating P and Ti is an objective for this study and both
elements show good correlation as in a previous study by Gould (2'0v07). When P is
plotted against Ca as oxides normalized to alumina (Fig. 5.7), much of the data falls
along different trends for Peskowesk A-99 and Thebaud C-74. Ca co-varies with P at
Peskowesk A-99 suggesting the presence of francolite. There is no such variation at
Thebaud C-74, suggesting that P is in another ﬁﬁneral e.g. aluminophosphates (Pe-Piper

and Dolansky, 2005). Fig. 5.11 shows a relationship between P and Sr (normalized to
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Various binary plots for both studied wells divided into high and low CaO. (Fig. 5.7)
Ratio plot of P,Os/Al,0; versus CaO/Al, O3 presented on a logarithmic scale. (Fig. 5.8)
Aluminum plots versus silica. (Fig. 5.9) A plot of CaO versus calcite (normalized to
quartz). (Fig. 5.10) A plot of Strontium versus CaO. (Fig. 5.11) Ratio plot with

- P,05/A1,0;3 versus Ce/Al;Os. (Fig. 5.12)) A plot of MgO versus ankerite plus dolomite

(normalized to quartz).
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alumina) suggesting P at Thebaud is probably in Al-phosphates that also contain Sr or
that Ca is replaciﬂg Sr in a phosphate-bearing mineral. The correlation of TiO, with P,Os,
particularly at ’fhebaud is good (Fig. 5.14), as also noticed by Gould (2007). At
Peskowesk, values of P,Os > 0.2 % shows no correlation with Ti‘Oz. In addition, high
P,0s is associated with high FeOr (Fig. 5.15). FeOr also co-varies with Ti0, for both
wells (Fig. 5.16), suggesting that TiO; is »supplied in ilmenite and its weathering products
(Pe;Piper et al., 2005). In addition, high P,Os and TiO; both appear to be associated with

mudstone or muddy sandstones (Figs. 5.17 and 5.18).
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plot of MgO versus total FeOr. (Fig. 5.14) A plot of Phosphorus versus TiO,. (Fig. 5.15)
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P;0sversus SiO,. (Fig. 5.18) A plot of TiO; versus SiO>.
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5.3.4 Mineralogical Control of Key Elements: SiO; is principally in quartz but can be
found in many rock-forming minerals including clays and feldspars. High SiO; usually
indicates sandstone. SiO; has an inverse relationship with Al,O; (Fig. 5.8). Higﬁ AlO3 is
found in shales; but Al can be present in other minerals. The inverse relationship between
Al and Si is as a result of the constant sum effect. Fe is an important element that helps
show variations with facies (Fig. 5.20), and it is present in iron hydroxides, chlorite (Fig.
5.13), and siderite (Fig. 5.23). Two elements thaf are the objectives of this study are P
and Ti. In Fig. 5.14, P appears to co-vary with Ti. The element S is the product of
sulphate redubtion during early diagenesis (Fig. 1.4a) and it is mostly present in pyrite
(Fig. 5.24), and in aluminophosphates (Fig. 5.11). Inorganic carbon (calculated assuming
the C is all in CaCOs) is th¢ product of remineralization of organic carbon during early
diagenesis, but may also be produced during late diagenetic cementation (e.g. calcite

cementation after quartz overgrowth in Fig. 4.4C).

5.3.5 Stratigraphic Variation in Ca, Fe, Mg, Ti, P, Rb and K,O: The stratigraphic
variability of Ca, Fe, Ti and P is important for this study, given the evidence linking the
abundances of Ca, P, Fe and Ti (Figs. 5.10, 5.14 - 5.16). In Peskowesk A-99, higher Fe,
Mg, Ti, and P are found at shallow depths, and lowef Fe, Mg, Ti, and P at greater depths
(Fig. 5.26-5.28), while Ca (Fig. 5.29) is higher at greater depths, and lower at shallow
depths. The depth range of samples from Thebaud C-74 is small, but they are at the same
stratigraphic age (Upper Jurassic) as the deepest samples in Peskowesk A-99 and

otherwise show lower Fe, Mg, Ti and P, but higher Ca than the shallow Peskowesk
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| samples. Fig. 5.30 shows elevated K,O to Rb ratio at Peskowesk cdmpared to Thebaud

(Pe-Piper et al., 2008)
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5.4 RESULTS: DOWNCORE VARIATION OF ELEMENTS

The stratigraphic variations of selected major and trace elements with depth in core, in
relation to transgressive surfaces and the inferred magnitude of environmental change
across a Transgressive Surface (TS) is shown in a series of downcore plots (Figs. 5.34 -

5.38).
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Figure 5.32: Lithology legend for figures 5.34 t0 5.38

5.4.1 Geochemical Differences

Geochemical differences between different transgressive surfaces and their underlying
sediments may result from rapid change in pore-water profiles following transgression, as
proposed by Gould ef al. (2010). However, such effects may be masked by geochemical
variations resulting from different graih sizes of sediments and primary sediment
composition, since many elements including Ti, Al, Fe and P show important variations
with silica content (F igé. 5.8, 5.17-5.19). Furthermore, the abundance of Ti, Fe and P

appear to vary stratigraphically (Figs. 5.26-5.28).
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At Thebaud C-74, transgressive surfaces 1, 2, and 3 all involve large inferred rises in
relative sea level and are underlain by sediments with relatively uniform SiO, and Al,O3
contents (Fig. 5.33). No systematic variation in either Fe or Ti is visible below these
transgressive surfaces. Data is sparse below transgressive surface 2, but more is available
below surfaces 1 and 3. High levels of S are found to 8 m below surface 1 and to 7 m
below surface 3. In the same interval, there are few peaks in inorganic carbon and Sr. in

addition, S co-varies with SiO; (Fig. 5.34).
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Figure 5.33: Binary plot of sulphur plotted against SiO, in weight percentage.

At Peskowesk A-99, transgressive surface 9 (Fig. 5.35) has the best uﬁderlying data.
High levels of S are found to 14 m below the surface, with a small inorganic carbon peak
at 11 m. Variation in P and Fe follows variation in SiO; (i.e. grain size). Most of the other
transgressive surfaces at Peskowesk overlie only thin sediment successions and do not
show systematic variations in inorganic carbon (e.g. below transgressive surface 4 in Fig.

5.36).
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Two of the three packets below transgressive surfaces at Thebaud C-74 have inorganic
carbon > 0.2 wt % and Ti abundance seems to vary inversely with inorganic carbon
abundance. In contrast, cores 1-5 of Peskowesk A-99 rarely have inorganic carbon > (.2

wt %, whereas overall Ti abundance is locally high (Fig. 5.28).

5.5 CHAPTER SUMMARY

Statistical interpretation of bulk geochemical data was done first by correlation
coefficient analysis to view a two dimensional variation of elements, and then by
principal component analysis. The principal component helped to distinguish detrital
from diagenetic effects. Element plots (binary and downcore) were then used to further
investigate the detrital versus diagenetic effects present within the samples. An issue
from previous work by Gould (2007), stated in the research objectives, that the
abundance of Ti and P is due to abrupt changes in sedimentation rates was also addressed
in this chapter. The following chapter is a discussion of the introduction, background and

results. This discussion leads to a conclusion for this study.
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CHAPTER 6: DISCUSSION AND CONCLUSIONS

6.1 INTRODUCTION AND REVIEW OF OBJECTIVES

Gould er al. (2010) observed that early diagenetic processes play an important role in the
distribution of diagenetic minerals in the deltaic Lower Cretaceous of the Scotian Basin.
They also hypothesized that sea-floor mineralization was controlled by rapid changes in
sedimentation rates from progradational deltaic successions to a Transgressive System
Tract (TST). This study addresses the issue of reservoir effectiveness as a result of
diagenesis and follows up from Gould ef al. (2010) by examining the influence of sea-

floor diagenesis on the later diagenetic history and reservoir quality in the Scotian Basin.

Five objectives were developed for this study based on the working hypothesis that due.to
abrupt changes caused by transgression, mineralization in various parts of the sediment-
water redox profile is interrupted and the sequence of mineral types is fossilized (Fig.
1.3). These objectives are:

1. To determine whether there is a general relationship between P and Ti below the
transgressive surface (TS), as suggested by Gould (2007). In addition, to
determine whether the distribution of P is an indicator of chlorite rims.

2. To infer sea-ﬂbor diagenetic processes from coated grains that occurs in
sediments immediately above the TS.

3. To determine why the sediments immediately above the TS are often siderite-rich,
and to evaluate the role-of bioturbation.

4. To compare the sequence of early diagenetic minerals in the TST and underlying

deltaic sediments with literature on modern sea-floor diagenesis.
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5. To determine the nature of the eérly diagenetic system in the overall diageﬁesis of
sandstone reservoirs in the Scotian Basin.
Mineralogical and geochemical investigations were carried out based on these objectives
and the hypothesis. The results showed that early diagenetic pfocesses are more complex

than hypothesized by Gould et al. (2010).

6.1.1 Paleogeographic Setting:

The paleogeographic settings at Thebaud C-74 and Peskowesk A-99 result overall from
the prOgradation of a set of deltas. The most seaward deltas at any one time are shelf-
edge deltas (Cummings and Amnott, 2005) that prograded into deep waters of several
hundred metres (Piper et al., 2010). Most of the accommodation at this time was
provided by the deep waters. The distribution of shelf edge deltas has been mapped by
several authors (Cummings and Arnott, 2005 and Piper ef al., 2010).The seaward limit of
shelf-edge deltas is marked by limestone units that are transitional into shale seaward, as
evident in the O-marker. Other deltaic parasequences deposit in a delta-top enviroﬂment

and sediment accommodation was provided mainly by sea-level rise and subsidence.

In the cored intervals, the Lower Mississauga Formation at Thebaud C-74 was deposited
in shelf edge deltas but at Peskowesk A-99 the Mississauga and Logan Canyon
Formations are a delta-top succession. The Mic Mac Formation at Peskowesk A-99 is
associated with outer shelf limestones. In the lithostratigraphy of studied wells (section
2.4), the same units at Peskowesk are thinner than at Thebaud, emphasizing the

differences in accommodation.
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6.2 DIAGENETIC MINERALS AND PARAGENETIC SEQUENCE

The chronological order of the crystallization of diagénetic minerals is illustrated in Figs.
4.14 and 4.16, and their evolution and occurrence are discussed in detail in chapter 4. The
following summarizes the diagenetic minerals identified with their paragenetic |

sequences.

Ferroan-calcite (Fe-calcite) is a variety of cal;:ite present (Fig. 4.1E), accounting for
about two percent of iron (Fe) in the carbonate chemistry of the samples from Thebaud
C-74 and Peskowesk A-99. Fe-calcite is a product of either early or lat¢ diagenesis (Figs.
4.14 and 416). Early F e-caicite cement is present in some coated grains and forms before
kaolinite cements (Fig. 4.16), Fe-calcite may havé precipitated from an aragonite
precursor because it does not form at the sea floor. Late Fe-calcite precipitates within a
temperature range of 65°C to 110°C (El-ghali et al., 2006). Fe-calcite is the most
abundant non-clay cement present in Thebaud C-74, where it is mostly of late origin

(Karim et al., 2010).

Another mode of occurrence of Fe-calcite is as bioclasts of echinoderms, occurring with
Mg-calcite (section 4.3.1). Dickson (2004) found Fe** concentrations close to or less than
the detection limit of 1200 ppm in Upper Jurassic echinoderm stereom. In contrast, the
Thebaud C-74 echinoderms (Fig. 4.9C) have an average of 1.9 mole % MgCOj3; and 2.6
mole % FeCO; (Appendix 4.7). Dickson (2001) showed that recrystallisation of
echinoderm stereoms in his study was isochemical and reported Fe-calcite only as pore

filling. There is no evidence that the Fe-calcite making up the Thebaud C-74 echinoderm
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stereom is of primary biogenic origin. It is therefore likely of diagenetic origin and
implies that isochemical recrystallisation of stereom cannot be assumed. The timing of
recrystallisation is unknown. Elsewhere in the Thebaud field, Fe-calcite is found in
coated grains (Karim ef al., 2010, their Fig. 9B) and is thus likely of sea-floor diagenetic
origin; the low porosjty of the host sediment makes significant chemical changes during
burial diagenesis unlikely. However, ankerite is a common late diagenetic mineral and

implies that late basinal fluids had abundant Fe*".

Magnesium rich calcite (Mg-calcite) is another variety of the calcite present in the wells
studied, and bits presence accounts for about two percent of Mg content. Mg-calcite occurs
either as early pore-filling or infill in fractures (Figs. 4.14 and 4.16) similar to Fe-calcite.
In addition, high Mg-calcite can be as a result of an aragonite precursor. In some samples,
a mixture of both Mg-calcite and Fe-calcite are found (based on percentages higher than
3 wt %). Mg enrichment is usually as a result of marine water influence and this also

increases the amount of Ca.

Three analyses of Mg éontent of Upper Jurassic echinoderm stereom are reported by .
Dickson (2004). They show a mean composition of 5 mole % MgCOs3, with spot analysis
ranging from 3-8 mole %. Dickson (2004) argued that this concentration is a consequence
of the Mg/Ca ratio in Late Jurassic sea-water and the ambient temperature, and that the
Mg-calcite is of a later origin. However, as with the Fe-calcite, there is no evidence that
the Mg-calcite making up the Thebaud C-74 echinoderm stereom is of primary biogenic

origin. It may be of diagenetic origin.
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Ankerite is a carbonate mineral of an isomorphic series of CaMg(CO3), — Ca(Fe, Mn)
(CO3)2. Dolomite and Fe-dolomite are the other two carbonates within this isomorphic
series. The formation of ankerite can be associated with the dolomitization of calcite
during late diagenesis (Kozlowska, 2003). However, ankerite is also identified in cores 5
and 6 of Peskowesk A-99 (Fig. 4.2C) and at Thebaud (Fig. 4.1F) in coated grains
suggesting early generation. Ankerite has not been previously recognized as early
diagenetic in studies of the Scotian Basin by Pe-Piper and Weir-Murphy (2008) and

Karim et al. (2010).

Siderite: Like most carbonate cements, siderite can occur as a result of either eaﬂy or
late diagenesis. The amounts of FeCO3; and MgCO; vary in siderité, however in fluvial
sandstone MgCQOs is of a lower content; and this indicates early diagenetic stage for
siderite precipitation. Early siderite preéipitation has been estimated to occur between 15
°C and 45 °C, while late siderite precipitates between 60°C and 80 °C (Karim et al.,
2010). In Peskowesk A-99 (Fig. 4.15), the siderite preéent is identified to be of early
diagenesis generation on the account of low MgCO; (Fig. 4.3A). In Thébaud C-74

" however, siderite present is identified as a late diagenetic type, and where present, it

occurs as a-mixture with other silicate minerals and in very low amounts.

Chlorite and Berthierine have been identified in literature to be late diagenetic minerals
(Gould et al., 2010). However these minerals can occur as a result of early diagenetic
proceSses (Essene and Peacor, 1997). Chlorite is present in the studied wells as (a) part of

the layers in a coated grain, (b) mixtures usually with glauconite, and (c) grains
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surrounding carbonate cements or detrital grains, i.e. chlorite rims (Figs. 4.9A and B).
Gould (2007) has identified chlorite rims on detrital quartz grains in the Scotian basin.
These chlorite rims were found to preserve porosity by preventing the formation of

secondary, pore-filling quartz overgrowth in wells.

Berthierine is a Fe-silicate that is in a diagenetic state at low temperatures in the presence
of reducing conditions (Essene and Peacor, 1997), common under early sea-floor
diagenesis. The presence of berthierine (Fig. 4.3A) suggests that the temperature at
formation was less than 70°C, because berthierine transforms to chamosite at about 70°C
and to Fe-chlorite at about 100°C (Pe-Piper and Weir-Murphy, 2008). Gould et al., 2010
aﬁd Pe-Piper and Weir-Murphy (2008) have both proposed odinite as a precursor of

berthierine.

Pyrite (FeS;) occurs in two forms in the Scotian Basin sandstones: as framboids ‘(Fig.
4.5A) and in platy forms (Fig. 4.6A). Disseminated framboidal pyrite (rounded) is
common in offshore environments és an early diagenetic mineral (Burley and Worden,
1988), however, pyrite can precipitate either during early or late diagenesis and is known
to form before siderite, except in inner shelf sandstone (Pe-Piper and Weir-Murphy,
2008). Early pyrité can be found in early calcite cement, siderite nodules or in fossil
fragments, while late pyrite is associated with pores and fractures (Fig. 4.6B). The -
presence of pyrite in pores in the presence of Fe-calcite (Fig. 4.6C) suggests that the

pyrite formed before late Fe-calcite.
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Francolite (Carbonate-fluorapatite), a principa1 mineral of phosphorites, is one of the
diagenetic minerals in the coated grains identified in the Lower Mississauga rocks (Figs.
4.5D), and it occurs as a mixture with glauconite. It has been suggested by Pe-Piper and
Weir-Murphy (2008) that the phosphorites in the Lower Cretaceous in the Orpheus
Graben are formed on transgressive surfaces. A number of processes can be involved in
the formation of phosphorites: these include replacement of carbonates (McArthur et al.,
1984 in Pé-Piper and Weir-Murphy, 2008) and inorganic precipitation of phoéphorites
from pore waters (Froelich et al., 1988). The precipitation of francolite can be indicated
by an increase, with depth, in the amount of phosphorus in authigenetic minerals (Cha et

al., 2005).

Glauconite is a clay mineral that forms close to the sediment-marine water interface in
the 6xic to sub-oxic zone, typically in slightly alkaline waters (El-ghali e? al., 2009).
When it forms in-situ, by the alteration of illite or muscovite, glauconite retains the mica
elongated shape but can become rounded if transported. In both studied wells, glauconite
with a rounded shape occurs abundantly but as mixtures with chlorite (Fig. 4.9E) and also

with francolite at Thebaud (Fig. 4.5C).
Kaolinite forms as K is removed from feldspars and clays and is characteristic of

diagenesis by meteoric water (Karim et al., 2010). At Thebaud C-74, kaolinite occurs as

cements (Fig. 4.7A), and as pore filling grains at Peskowesk A-99 (Fig. 4.8A).
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6.3 PARAGENETIC SEQUENCE AT AND NEAR THE SEA-FLOOR

In coated grains from both studied wells, there is an abundance of diagenetic Fe-rich
minerals (e.g. pyrite, siderite, and éhlorite) iden';iﬁed during petrographic studies (Figs.
4.1 A-E). In addition, coated grains preserve a record of sea-floor diagenesis in their
concentric layers because they form at or near the sea-floor. Hence, the paragenetic
sequence of diagenetic minerals at or near the sea-floor is best investigated within coated

grains.

In the Thebaud C-74 well, the coated grains iﬁ the Lower Missisauga samples are made
up of a detrital nucleus with concentric layers made up of Fe-carbonates (siderite or Fe-
calcite), chlorite, glauconite and clay minerals (Tables 4.3 and 4.4) and are assigned to .
type 2. These cvoated_ grain types are generally more Fe-rich and may include concentric
layers made of francolite or berthierine. In most coated grains, chlorite and glauconite are
usually in contact with each other. From Table 4.3, two coated grains show evidence of
sequence erosion, where an abrasion surface shows that presence of minerals e.g. CG 22

in Table 4.3 with glauconite forming over francolite.

In the Peskowesk A-99 well, the Logan Canyon samples have coated grains that consist
of clay nucleus and concentric layers made of carbonates assigned to type 1. These
samples also have type 2 coated grains that are similar to those in the Lower Mississauga
samples, but they lack any francolite or berthierine. The Upper Mississauga samples have
coated grains that consist of Ca-Mg carbonate nucleus and concentric layers made up

principally of Mg-calcite, ankerite or Fe-calcite with minor pyrite or chlorite, assigned to
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type 3. The samples also have type 2 coated grains that are similar to that in the Logan
Canyon samples. Similar to parts of the Upper Missiésauga samples, the Mic Mac

Formation samples are also made up of type 3 coated grains.

Minerals

Zones

| Francolite
I Glaucenite

1 odinite

H Pyrite

SO*-reduction

* DEPTHS (mbsf)
DEPTHS (mbsf)_

Isideric  Ifhigh
Fe

Fe-calcite  If high
Mg-caleite Ca™

‘Figure 6.1: Pore-water profile for a high sedimentation rate environment (Burns, 1997)
with zones showing expected mineral precipitation for coated grains forming in a low
sedimentation rate environment over a few cm. :

The fossilization of the diagenetic sea-floor minerals in the Scotian Basin illustrated in
Fig. 1.3 is incorporated with Fig. 6.1 to determine the specific evolution of the types of

coated grains as the diagenetic minerals in the coated grains will apply to different

origins.

Type 1 coated grains are different from types 2 and 3 due to the presence of pure calcite

concentric layers. They are similar to 0oids from oolitic limestones that form primarily in
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agitated shallow marine, warm environments (Tucker et al. 1990). These coated grains |

form above the oxic zone in Fig. 6.1.

Type 2 coate.d grains afe largely controlled by a higher input of Fe?*. The diagenetic
minerals in this type forms in different reduction zones (Fig. 6.1). Fe-calcite (due to high
Ca®") and siderite (due to high Fe**) both formed in the zone of methanogenesis.
Berthierine or odinite, a precursor of chlorite, formed in the Fe reduction zone, while
glauconite formed in the oxic zone. The presence of francolite also suggests high Fe**
(Pe-Piper and Weir-Murphy, 2008) and the francolite probably formed within the Mn

reduction zone.

As with the type 2 coated grains, the type 3 coated grains appear to have diagenetic
minerals that have formed with different zones (Fig. 6.1). Carbonates formed with the
zone of methanogenesis, pyrite formed in the sulphate reduction zone, and the precursor
of chlorite formed in the Fe reduction zone. The most common carbonates are Mg-calcite

and ankerite and this suggests lower Fe** input with higher Ca** inpuf.

The low sedimentation rate environments where coated grains formed are similar
environments to the early diagenetic cements (i.e; Fe-calcite and siderite) identified in
thi§ study in facies 3 sandstones (Chapters 3 and 4). The location of these diagenetic
cements on Fig. 6.1 suggests that the diagenetic zones where such minerals are found

have been compressed to only a few centimetres.
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6.4 THE ROLE OF BURIAL DIAGENESIS IN BULK CHEMISTRY
The focus of this study is largely on early diagenetic processes. However, the possible

effect of burial diagenesis (mesogenesis) requires further investigation.

6.4.1 Effects of Early Meteoric Waters

Effects of meteoric water is supported in the studies involving the variability found
within early diagenetic minerals (e.g. kaolinite) by Karim e al. (2010), where early
kaolinite is found to be abundant in fluvial river mouth facies (facies 4 and 9). The influx
of meteorfc wéters is suggested to occur during a sea-level lowstand; In addition, when
Mg is high in sidérite (like at Peskowesk), these could be the result of a mixing of

meteoric and marine water (Karim et al., 2010).

6.4.2 Deeper or Later Diagenesis

The later aspects of diagenesis involve mass transfer reaction of basinal fluids including
hydrocarbons (Worden and Burley, 2003), which may lead to (a) the loss 6f elements like
K+ from dissolved K-feldspar causing thé albitization of K-feldspars, or (b) the
enrichment of element species such as Ca, Mg, Fe, Na, and Cl. At temperatures greater
than 70°C, the clay mineral smectite changes to illite, leading to the take-up of K*
(ultimatély derived from dissolved K-feldspars) and this causes some diagenetic effects
in sandstone pore-waters. The albitization of K-feldspars is common at the Peskov_vésk A-
99 well. Thebaud C-74 is deeper than Peskowesk A-99 (Fig. 2.5), which suggests that the

lack of K-feldspars at Thebaud may be due to burial diagenetic effects.
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6.5 STRATIGRAPHIC AND GEOGRAPHIC VARIATIONS IN CHEMISTRY
AND MINERALOGY

6.5.1 Detrital Mineralogy and Geochemistry: Geochemically, the Lower Cretaceous

~ sedimentary rocks of the Scotian Basin are unusual in having high Ti and Fe and very
low Ca (Pe-Piper et al., 2008). Differences in detrital mineralogy between the studied
well are investigated in this section using principal component analysis (PCA) of
geochemical data and down core i)lots of elements dominated by detrital supply (e.g. Fe

and Ti).

The pﬁncipal component analysis (PCA) of bulk geochemical data was helpful because it
was possible to discriminate between detrital and diagenetic effects (Figs. 5.3 to 5.6). The
first principal component at Thebaud C-74 and Peskowesk A-99 that provides a
reasonable summary (about 85% of the total variance) of the data is a result of detrital
effects indicated by positive loading of Ti and Fe. K,O and Rb both have strong PCA
loadings at Peskowesk A-99 (Fig. 5.6). No such correlation is identified at Thebaud C—74
(Fig. 5.4). The abundance of K,O and Rb (Fig. 5.31) is suggested to be a result of
abundant K-feldspar at the Peskowesk A-99 well, as sandstones show elevated K,O to Rb
ratio (Fig. 5.31), which is absent at the Thebaud C-74 well, perhaps due to the

dissolution.

6.5.2 Bulk Geocheinistry of Major Elements involved in Early Diagenesis: Elements
abundant in diagenetic minerals include: Fe, P, Ca, Mg and possibly Ti. The bulk

geochemistry for the stratigraphic divisions on Table 6.1 was based on data in Table 5.2.
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Table 6.1: Stratigraphic and geographic variations in abundance of early diagenetic minerals

Cores 1-4 Core 5 Core 6 Core 7
Early
= | Diagenetic
< .
= | Minerals | Logan Canyon U pper Mld dle Mic Mac
. Missisauga Missisauga - .
Present Formation . . Formation
Formation Formation
Calcite, Fe- o
o |and/or Mg- Medium High. High High
= .
< calcite : ,
é Siderite High Medium Medium Medium
z
g |Fe-rich
o2
E silicate Very Low Very Low Very Low Very Low
Pyrite Medium Medium Medium Medium
Cores 1-6
Lower
Missisauga
Formation
Calcite, Fe-
and/or Mg- High
- .
o [calcite
@)
S |Siderite Low*
[
E Fe-rich de
&= [silicate
Pyrite Medium

* siderite is only recognized with very low analytical totals (Chapter 4)
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Logan Canyon Formation samples generally_ have low P and Ca (Figs. 5.28, 5.29),
medium Mg (Fig. 5.30) and high amounts of Fe and Ti (Figs. 5.26, 5.27). Upper
Missisauga Formation samples have higher Mg concentrations than other samples but Mg
is overall low. Core 5 at the Peskowesk A-99 well has medium Fe and Ti with low Ca
and P, while in core 6 (middle Missisauga Formation) Fe and Mg are low, P is very low
and Ca is high. Lower Missisauga Formatidn has high Ti (especially at the bottom, Flg
5.33), with medium Fe and Ca and low Mg and P. The Mic Mac Formation has low Ti

. and P, medium Fe and high Mg and Ca (Figs. 5.26-5.30).

Sulphur (as pyrite) and carbon (as carbonates) are iinportant diagenetic elements present,
in samples from the Lower Missisauga sandstones in Thebaud C-74 (Fig. 6.2). They are,
however, absent (or have very low analytical values) in sandstones from the Logan

~Canyon Formation (Fig. 6.3) in Peskowesk A-99.

6.5.3 Variation in Abundance of Early Diagenetic Minerals by stratigraphic units is
shown in Table 6.1 which is based on data in Appendices 4.1 and 4.2 and X-ray
diffraction data m Fig. 6.4. Logan Canyon Formation samples, which includes cores 1 to
4 at Peskowesk A-99, havg more siderite, chlorite, pyrite and kaolinite (Fig. 6.4 C-F)
compared to amounts of calcite, and ankerite plus dolomite (Figs. 6.4 A, B). The

presence of more siderite seems to correlate with abundant tidal lithofacies.

Upper and Middle Missisauga Formation samples, which includes cores 5 and 6 at

Peskowesk A-99, have more calcite (as Mg-calcite and Fe-calcite, Fig. 6.4A), pyrite, and
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Figure 6.3: PeskoweskA 99 (core 2) with interpreted core stratigraphy, lithofacies and

identified diagenetic features, showing geochemical variations in carbon and sulphur.
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kaolinite (Figs. 6.4 E, F) compared to the amounts of ankerite plus dolomite, siderite and
chlorite (Figs. 6.4 B, C, D). The abundance of calcite is consistent with the presence of

common transgressive and shoreface facies.

Lower Mississauga Formation, which includes all Thebaud C-74 samples, and the Mic
Mac Formation samples in core 7 at Peskowesk A-99, both have high concentrations of
calcite with varying concentrations of pyrite and kaolinite (Figs. 6.4 A, E, F) compared
with low concentration of ankerite plus dolpmite, siderite and chlorite (Fig. 6.4 B,C,D).
Facies 1 with bioturbated mudstone and the fluvial facies 4 (sub-facies 4x) are generally

more abundant at these stratigraphic intervals (Fig. 6.4). .
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6.6 COMPARISON OF TRANSGRESSIVE UNITS

The observations within the transgressive units and underlying prograded sediments
(defined ‘as a packet in this study, e.g. Fig. 3.71) for both studied wells are investigated in
this section, with reference to minerals observed in coated grains (sea-floor diagenesis)
and the geochemical variations within these units. The magnitude of environmental
cflange across a Transgressive Surface (TS) is estimated on a scale of A+ to C (referred to
as TS change, Table 3.3), based on the facies changes and inferred changes in
sedimentation rates. These differences are likely driven principally by the magnitude of.
sea-level rise, but paleographic effects such as proximity to a river distributary may be
equally important. All TS changes recognized are shown in Table 3.3; examples are

discussed here.

6.6.1 Facies and the Sedimentation rates

The most common facies in a given sediment succession probably controls the
sedimentation rates. Transgessive deposits that developed while the progradational part
of a parasequence formed elsewhere have low net sedimentation rates. By comparison,
the presence of facies 9 with a single event bed in the Lower Mississauga samples

implies high sedimentation rates (Fig. 5.33). Rapid sediment deposition is also interpreted

within the Logan Canyon samples based on the pfesence of tidal facies 5 (Fig. 5.34).

6.6.2 Thebaud C-74
Packet 1 from 3901.35 m to 3908.11 m, is made up of 5 metre thick progradational

succession with about 4 metres of sub-facies 40 (sandstones rich in Ophiomorpha and
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mud drapes, Fig. 3.71), which abruptly passes up into-a one metre of reworked sediments
(sub-facies 3b) with an erosional base (Fig. 3.71), which then gradually passes up into
bioturbated mudstone. The abrupt contact, and the overlying black mudstones suggests a
major change in sedimentation rate, with the thick facies 9 below the facies 4o, the .
inferred magnitude of environmental change is categorized as an ‘A+’ type change.
Within this packet, type two (Fe-rich) coated grains were identified with diagenetic
minerals- that include Fe-calcite, glauconite, chlorite, and siderite (Chapter 4).
‘Geochemically, carbonate cementation occurs at the base of the progradational
succession (Fig. 5.33), recognized by an increase of S and carbonates (measured as

carbon) below the TS.

Packet 3 from 3862.88 m to 3865.00 m, consists of a 3 meters thick progradational
succession that culminates in 2 meters of sub-facies 40 (sandstones rich in Ophiomorpha
and mud drapes Fig. 3.16), which abruptly passes up into one meter of reworked
sediments with coarse lithic granules in siderite-cemented medium-grained sandstone,.
and overlain by black mudstones. The inferred magnitude of environmental change is
categorized as an ‘A-’ type change, as it lacks facies 9 below the TS. The coated grains
are similar to those in packet 1 and diagenetic minerals include franéolite, chlorite,
glauconite, and calcite (Chapter 4). Below the TS, S and carbon (assuming CaCO3)

increases suggesting the presence of carbonate cementation like in packet 1.

Packet 4 from 3859.92 m to 3861.01 m, is made up of a 0.5 meters thick bioturbated

mudstone unit that gradually passes up into a 0.5 meters unit with bioclastic reworked
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sediments (sub-facies 31), which is overlain by more bioturbated black mudstone. There
is no change in sediment facies below and above the TS, hence the inferred magnitude of
environmental change is categorized a ‘B-’ type.. In addition, the coated grain type is also
similar to that in packet 1 (Fe-rich), and the diagenetic minerals include chlorite and
glauconite (Fig. 4.1A). Below the TS, S and carbon (assuming CaCOj3) increases

suggesting the presence of carbonate cementation like in packet 1.

6.6.3 Peskowesk A-99

Packet 6 from 2491.98 m to 2495.28 m, is a 1.8 meters thick retrogradational succession
that culminates in 1.3 meters of moderately bioturbated sandstone, with 60% sandstone
(sub-facies 2c¢ Fig. 3.6), which abruptly passes up into 0.6 meters of commonly
bioturbated, grey-green sandy mudstone with heavy shelly fossils (facies 8, Fig. 3.20),
which then passes up into reworked sediments with lithic granules in siderite-cemented
medium-grained sandstone capped by a unit of black mudstone With interbedded
sandstone (Facies 0). Fig. 4.1D shows the minerals present within this packet that include
glauconite suggested to be within the lagoonal facies 8, plus chlorite. The inferred
maghitude of environmehtal change is categorized as an ‘A-’ type change. Coated grains
are similar to those at Thebaud C-74 (type 2: Fe-rich). No geochemical data are available

for this packet.

Packet 7 from 2480.30 m to 2482.68 m, a 1.5 meters thick progradational succession that
* culminates in a 1 meter thick, abundantly bioturbated sandstone (60-90%) with about

10% mudstone (sub-facies 2¢ Fig. 3.73), which abruptly passes up into a 0.5 meters thick
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reworked sediments with mudstone laminae (sub-facies 3a Fig. 3.73), capped by 1 meter
of black, bioturbated mudstone. The inferred magnitude of environmental change is
categorized as an ‘A’ type change. Coated grains are classified as type 3 (carbonate rich),
and diagenetic minerals include Fe-calcite and pyrite (Fig. 4.1E). Below the TS, S and
carbon (assuming CaCOs) increases, suggesting the presence of carbonate cementation

like in packet 1 of Thebaud C-74 (Fig. 5.35).

With respect to the types of inferred environmental change across a TS, binary plots of
FeOr vs. SiO, were made for each studied well to test whether a major environmental
change résulted in a different amount of precipitation of Fe minerals compared to a
smaller environmental change (Fig. 6.5), above and below the TS. The figures (Figs.
6.5A, B, and C) show that there is a weak tendency for higher FeOr in more abrupt
environmental change. Above the TS, there is generally more FeOr than below the TS.
Thus the more abrupt tﬁe environmental change and hence the inferred magnitude of sea-
level rise (e.g. TS change A) across the TS, the higher the FeOr content in sediments,
suggesting that the precipitation of carbonate cemén_ts, largely present in samples with an
abrupt TS change and in facies 3 sediments, also increases FeOr content, perhaps in

siderite.
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TS Change A+ represents moving from a very shallow water facies into the Transgressive highstand facies

association of facies 3, then into open shelf and overlain by a thick progradational seccussion.

TS change B+ represents moving from a very shallow water facies into shoreface or river mouth facies,

then into a progradational sequence.

TS change C represents moving from a fluvial facies into a tidal facies.

Figure 6.5: Various binary plots above and below the TS. (4) Plot of FeOr against SiO:
showing TS change variations at Thebaud C-74 above the TS. (B) Plot of FeOr against
SiO; showing TS change variations at Peskowesk A-99 above the TS. (C) Plot of FeOr
against Si0, showing TS change variations at Thebaud C-74 below the TS. (D) Plot of

FeOragainst SiO; showing TS change variations at Peskowesk A-99 below the TS.



6.7 FOSSILIZATION OF THE SEA-FLOOR DIAGENETIC SEQUENCE
Sea-floor diagenesis results from changes in pore water composition driven by reduction
and remineralization of organic carbon. As earlier discussed (Section 6.1), the Gouid et
al. (2010) hypothesis suggests that as a result of transgression, sea-floor diagenetic zones
in prograding, high sedimentation rate sandstones tend to fossilize within the |
transgressive unit in low sedimentation rate transgressive’sediments (Fig. 1.3). The
effects of fossilization are recognized in this study by the presence of (a) early diagenétic
minerals as found in coated grains precipitating above the TS (Fig. 4.1), (b) microscopic
siderite cementation (Fig. 4.3E), (c) high Sr content corresponding to high carbonate
cementation (Fig. 5.33),-and (d) high Fe and P contents stratigraphically, in the Lower
Mississauga (Figs. 5.26, 5.28). More importantly is the presence of higher FeOr where
there has been an abrupt and major environmental change in sedimentation rate (Fig. 6.5),

which leads to high carbonate cementation.

A possible interpretation of packet 1 in Thebaud C-74 in terms of fossilization of the
diagenetic profile is shown in Figure 6.6. This packet shows environmental change across
the TS interpreted as A+, with rapid sedimentation of lithofacies 9 below the TS and a
highstand facies 1 above it. Most samples below the TS are from sandstones. Sr (a proxy
for Ca) and C are elevated between 4 and 18 m below the TS. Sulphur is mostly elevated
between 0 and 8 m below the TS, but also shows higher values in muddy sediments at
greater depths. FeOr is elevated from 4 m below the TS. These observations may indicate
fossilization of diagenetic minerals to depths of up to 20 m below the TS, but explicit

evidence that this is the dominant process controlling diagenetic minerals is lacking.
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A corresponding plot of packet 9 in Peskowesk is shown in Figure 6.7. This packet
shows less environmental change, rated as B. Thin prodeltaic facies 0 and 9 and fluvial-
estuarine facies 4 are overlain by tidal flat facies 5. There is a slight peak in sulphur dowﬁ
to 8 m below the TS, but no systematic variation in Sr and C, and overall carbonate is

| extremely low. The sulphur peak may merely reflect the presence of muddy sediments,
since sulphur seems to correlate inversely with SiO, content of sediment (Fig. 5.34).

There is no evidence for fossilization of a diagenetic profile in this packet.

6.7.1 The Sampling Problem

The data in this study are limited by the availability of core and the natural variability of
rocks. They have been divided based on the different stratigraphic units (section 6.5), and
then further divided in terms of the inferred magnitude of environmental change (secﬁon
6.6). We have used the distribution of diagenetic minerals (e.g. pyrite, siderite, and
calcite) as a key to understanding the sea-floor diagénetic system within this data set.
Some authors have carried out similar diagenetic studies (Taylor ef a‘l., 1995 & 2000) in
outcrop, and their findings have suggested that only subtle diagenetic difference or
similarities can be expected. Hence the interpretation in this study may be limited by tﬁe

available data sets.
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Figure 6.6:Cores 4, 5 and 6 at Thebaud C-74 with interpreted core stratigraphy,
lithofacies and identified diagenetic features, showing evidence of fossilization below the TS

258



Packet #
Depths (m)Facies Lithology Samples FeO, Sulphur Sr Carbon & TS Change

2210 l - i i lm__9_B.
Z ]
2215 — -
7 4]
2220 — \
: $ =
i ¢
] o
2226 — >
] z g K la B+
2230 ] [ ] L] 2 [ ] u
] °
=
2235 —
| L
2240 @ 0ldS 1 TTT T 7 T
L4 Sample 2 4b 0 1 ; é 4 0 4(')0 0 Interpreted
New Samples ) ! :
FeO; Sulphur Sr  Carbon diagenetic
* interpreted diagenetic WE%) (wt%) ©Pm) (Wt%) features*

features as seen in core face

Figure 6.7: Cores I and 2 at Peskowesk A-99 with interpreted core stratigraphy, lithofacies
and identified diagenetic features, showing evidence of the lack of fossilization below the
TS in Core 2. ' '
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6.8 AN INTEGRATED DIAGENETIC MODEL

6.8.1 Introduction

A major objective of this study was to determine the nature of the early diagenetic system
in the overall diagenesis of sandstone reservoirs in the Scotian Basin, with a focus on two
wells: Thebaud C-74 and Peskowesk A-99. Because early diagenesis inﬂgences later
diagenesis, it is important to understénd the early diagenetic processes, especially in Fe-
rich sea-floor environments. These processes are studied within minerals found at or near
the sea-floor, and in coated grains, with interpretation of the stratigraphic, geochemical

and geographic variations surrounding these minerals.

6.8.2 Distribution of Diagenetic Carbonates

At Peskowesk A-99, a prominent diagenetic feature is the early carbonate cementation
(especially in the Mississauga and Mic Mac Formations), which has aﬁ economic impact
on petroleum industries by degrading reservoir quality. As indicated in chapter 4, calcite
usually forms during later recrystallization, perhaps through meteoric water or in the zone
of methanogenesis. It is however possible that calcite in the coated grains in this study is -
of later diagenesis with an aragonite precursor. Early carbonate cementation is also
presént at Thebaud C-74 (predominantly Fe-calcite). For both wells early carbonate
cementation is common beneath the TS, in shoreface sandstone where most Fe-rich
coated grains have also been identified (chapter 4). Similar early carbonate correlation
below transgressive surfaces is found in literature within the Upper Cretaceous
Blackhawk Formation in Utah (Taylor et al., 1995). In addition, the presence of Fe-

calcite, siderite, and pyrite immediately beneath some TS (Section 4.3; Fig. 6.1) suggests
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that these cements are precipitating within the sulphate reduction and methanogenesis

zones (Coleman 1985; Curtis et al., 1986 in Taylor et al., 1995).

6.8.3 Principal Component of Whole-rock Geochemistry

From principal component analysis (PCA), K,O at the Thebaud C-74 loads equally with
both PC1 and PC2 (Fig. 5.3). Since no K-feldspar was identified at Thebaud (due to
depth of burial, all K-feldspar may be dissolved and replaced by albite), it is suggested
that the K;0 is all in glauconite. This would account for K,O not correlating well with
either detrital minerals or carbonate cements. For both wells, CaO behavior (Fig. 5.3 &
5.5) suggests high amounts of CaO, and for this study all CaO are considered calcite, and

can be thus be interpreted as effects of calcite cementation, either early or late.

Based on the identified variations and correlations in PCA, it is suggested that CaO and
MnO are both in carbonate cements because both oxides are not abundant in other
minerals and they both also correlate with Sr, LOI and facies (Figs. 5.4 and 5.6). Fe and
Mg going together is due to the presence of abundant chlorite, thle the effects of detrital
heavy minerals explains the PCA loading of Ti, Zr, and Cr. Ba from drilling mud loads
with mean grain size (Mgs) (cluster b in Fig. 5.6), where all samples in the cluster are
coarse-grained suggesting that the large pores of the coarser sands absorbs more drilling

mud. This effect was also recognized by Gould (2007).
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6.8.4 Depositional Model for Studied Wells

As earlier discussed in section 2.4, Thebaud C-74 is a well with a thick, sand prone unit
(Fig. 2.5) in the central Sable Subbasin and Peskowesk A-99 is in the Abenaki Subbasin
(Fig. 2.4) predominantly with shale and interbedded siltstone to coarse-grained
sandstones. Based on the result from sedimentology, petrography and geochemistry and
on recent work by Karim et al. (2010), a diagenetic model showing sediment

accommodation (Fig. 6.8) is proposed for these wells.

Peskowesk Thebaud
A-99 Well C-74 Weli
Freshwater

Freshwater cap g.z
input l =
- — -«
M FeOx ¥ e A 8
. s s — Mixing — ()pcn —

AN "

Accommodation

due to subsidence progradation

into deep water
Figure 6.8: Accommodation and diagenesis model for both studied wells.

Paleogeographic studies confirmed that accommodation at the Thebaud C-74 well was
provided by fault-related subsidence and progradation into deep water in the shelf-edge
deltas (Cummings and Arnott, 2005); At Peskowesk A-99, accommodation is by
subsidence on top the shelf. Note that sea-level rise may create temporary
accommodation at both wells, By as much as 50 m. Hence, at Thebaud there will be much

more opportunity for thick rapidly deposited successions.
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At the Peskowesk A-99 well, watér supply was dominantly fluvial to brackish in facies 4,
5, and 6 and mixed with ocean water on the shallow shelf in the less common facies 0, 1,
2 and 3. The fluvially-dominated water has higher inputs of Fe but lower Ca than
expected in open ocean. Water supplied to the Mic Mac Formation, where there is less
evidence of terrigenous input, is suggested to be poorer in Fe since the water available to
the sediments should be well mixed with ocean water. In the freshwater zone at
Peskowesk A-99 (Fig. 6.8), Fe™ is high and Ca™ is low, probably as a result of less
ocean water influence. Figure 6.9 shows diagenetic minerals precipitating within the
different pore-water profile zones. Due to a more Fe feeding the Fe-reduction zone,

reduction will take more time, which results in the precipitation of more Fe-rich minerals.

| Glauconite

 Odinite

SO'reduction |pysite

B Siderite

Figure 6.9: Diagenetic minerals within pore-water profiles in the Scotian

Basin for the fluvially dominated Peskowesk A-99

In the mixing zone between both wells (Fig. 6.8), the Fe input reduces making the Fe-
reduction zone thinner (Fig. 6.10). Note that the distribution of ions from the oxic zone
through to the zone of methanogenesis can be controlled by mixing and/or diagenetic
reactions. Usually, when Fe'™ enters the system, it could be by bacterially mediated Fe-

reduction or the breakdown of Fe-silicates.
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Glauconite
QOdinite

S0*reduction Pyrite

Siderite
Calcite

Figure 6.10: Diagenetic minerals within pore-water profiles in the Scotian

Basin for the mixing zone between studied wells

At the deep water shelf-edge at Thebaud, fresh water would easily become fully mixed
with ocean water, resulting in Ca and Mg enrichment (Fig. 6.11) and this extends the
zone of methanogenesis. With these observations, it is suggested that the available water

supply for early diagenetic reactions is dependent on paleogeography.

Glauconite
Odinite

Pyrite

Fe-calcite

Mg-calcite

Figure 6.11: Diagenetic minerals within pore-water profiles in the Scotian
Basin for the deep water shelf edge at Thebaud C-74

The difference between these wells can thus be associated with paleogeography e.g.
abundant siderite at Peskowesk suggested to be as a result of freshwater, and the little

siderite found at Thebaud C-74 could be due to marine water being dominant.-
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Furthermore, when evidence of diagenetic zone fossilization is integrated with coated

grains types, a clearer difference can be seen between both studied wells (Fig. 6.12).

Thebaad C-74

A
High g Lower Missisanga
@ Low Fe below TS
Coated Grains
) Type 2 (Fe-rich)
g E Chlorite rim (Gould et af. 2010)
';3 2 Possible fossilization below the TS
e m P
E 9 =
EE| =
- gl
&
g | &
Peskowesk A-99 Peskowesk A-99 Peskowesk A-99
s Logan Canyon Fermation  Missisauga Formation Mic Mac Formation
: = Coated Grains Coated Grains . .
Low | S el (oolites Type 2 (Fe-rich) Type s Coreh
Type 2 (Fe-rich) Type 3 (Ca-rich) Ype 5 1
More Fluvial Influence  Ambient water More Marine Influence

Figure 6.12: Integrated model for studi}ed wells.

The nature of the early diagenetic systems for both wells is controlled by the sediment
residence time within the early diagenesis zones (Taylor et al., 1995). Generally,
carbonate cementation is widespread (i.e. siderite at Peskowesk vs. Fe-calcite at
Thebaud). However carbonate cementation is more at Thebaud, and the early diagenetic

minerals are Fe-rich (Fig. 6.11).

6.8.5 Reservoir Quality

The anticipated outcome of this study is a new understanding of the influence of sea-floor
diagenesis on the later diagenetic history and reservoir quality in the Scotian Basin. For
this study the focus was to fully understand early diagenetic processes, which would

eventually influence later diagenesis, hence a detailed observation of later diagenesis is
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not given. However, in terms of reservoir quality two diagenetic processes are directly

related to this study: (a) late carbonate cementation, and (b) chlorite rims.

Late carbonate cementation is favoréd by early carbonate cementation. In recent work by
Karim ef al. (in prep), texturally early carbonate have isotope values of late carbonate
cements. At Peskowesk, calcite (Fe and Mg-rich) have both been identified to be
textually early, however it is possible that these carbonates are a later replacement.
Chlorite rims have been identified by Gould (200‘7) at Thebaud. The chlorite rims are
favored by a Fe-rich system and désfroyed by the presence of metoric water. Gould
(2010) and Karim et al (2010) suggested that when sea-level lowers in the presence of
meteoric water, this results in the presence of kaolinite in pores, destruction of precursors
of chlorite (e.g. odinite), alteration of feldspars, and the corrosion of pyrite. The Thebaud
environment is suitable for the precipitation of chlorite rims on the basis of rapid
subSidence of deltas. Meteoric water can be associated with the presence of kaolinite,

which is more common at Peskowesk A-99.
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6.9 CONCLUSIONS

Early diagenesis is influenced by pore-water chemistry. The chemistry of the pore-water
in facies 3 sediments is very favorable to early diagenetic processes, specifically with
regards fo high Fe** content. All identified early diagenetic minerals in facies 3 (with its -
sub-facies) occur within type 2 (Fe-rich) coated grains in both wells, suggesting that
facies 3 sediments are more Fe-rich, probably resulting in more éarly diagenetic

reactions.

The early diagenetic system in both wells is simiiar in terms of identified lithofacies,
petrography and geochemistry. However, the rate of sedimentation and the residence time
are the driving forces of the diagenetic system in each well. Thus at Thebaud C-74 the
large environmental change across transgressive surfaces and the occurrence of Fe-rich
coated grains suggest higher rates of sedimentation and shorter residence time. At
Peskowesk A-99, the presence of smaller environmental change across transgressive
surfaces and the greater abundance of fluvial and tidal facies suggest greater influence of

fresh compared with ocean water and a higher residence.

The fossilization of the diagenetic sequence as a result of change in sedimentation rates
occurs only where such changes are large. This it has been recognized in the Thebaud C-

74 well but not in the Peskowesk A-99 well.

The strong early diagenetic relationship between P and Ti proposed by Gould et al.; 2010

has not been substantiated by the new data from these wells.
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Two types of seawater influence the early diagenetic system, River water rich in colloidal
iron (oxy)-hydroxide only partially mixes with seawater on the inner shelf and this
resulted in predominant Fe-rich early diagenetic minerals in the Missisauga and Logan
Canyon Formations at Peskowesk and in progradational sediments at Thebaﬁd. At
inactive shelf édge deltas and on the outer shelf during the Mic Mac Fofmation, open

“ocean seawater was little diluted by river water, as reflected by early diagenetic minerals
richer in Ca and Mg in some facies 3 at Thebaud and in the Mic Mac Formation at

Peskowesk.

268



REFERENCES

Al-Ramadan, K., Morad, S., Proust, JN., and Al-Aasm, 1., 2005. Distribution of
diagenetic alternations in siliciclastic shoreface deposits within a sequence stratigraphic
framework: evidence from the upper Jurassic, Boulonnais, NW France. Journal of
Sedimentary Research, Vol. 75, pp. 943-959.

Bemer, R.A., 1980. Early Diagenesis: A Theoretical Approach. Princeton University
Press. '

Bermner, E.K., and Berner, R.A., 1996. Global Environment: Water, Air and Geochemical
Cycles. Prentice-Hall Inc.

Buatois, L.A., Mangano, G., and Carr, T.R., 1999. Sedimentology and ichnology of
Paleozoic estuarine and shoreface reservoirs, Morrow Sandstone, Lower Pennsylvanian of
Southwest Kansas, USA. Bulletin of the Kansas Geological Survey, Vol. 243, Pt 1, pp. 35.

Burdige, D.J., 2006. Geochemistry of Marine Sediments. Princeton University Press.

Burns, S.J., 1997. Early diagenesis in Amazon Fan sediments. In: Flood, R.D., Piper,
D.J.W., Klaus, A., and Peterson, L.C., (Eds), 1997. Proceedings of the Ocean Drilling
Program, Scientific Results, Vol. 155, pp. 497-504.

Catuneanu, O., Abreu, V., Bhattacharya, J.P., Blum, M.D., Dalrymple, R.-W., Eriksson,
P.G,, Fielding, C.R., Fisher, W.L., Galloway, W.E., Gibling, M.R., Giles, K.A,,
Holbrook, J.M., Jordan, R., Kendall, C.S.St.C., Macurda, B., Martinsen, O.J., Miall, A.D,
Neal, J.E., Nummedal, D., Pomar, L., Posamentier, H.W., Pratt, B.R., Sarg, J.F., Shanley,
K.W., Steel, R.J., Strasser, A., Tucker, M.E., and Winker, C., 2009. Towards the
standardization of sequence stratigraphy. Earth Science Reviews 92, pp. 1-33.

Cha, H.J., Lee, C.B., Kim, B.S., Choi, M.S., and Ruttenberg, K.C., 2005. Early
diagenesis redistribution and burial of phosphorus in the sediments of the southwestern
East Sea (Japan Sea). Marine Geology, Vol. 216, pp. 127-143.

Coleman, M.L., 1985. Geochemistry of diagenetic non-silicate minerals: kineic
considerations, Philosophical Transaction of the Royal Society of London, Vol. A315,
pp- 39-56.

Collin, P.Y ., Loreau, J.P., and Courville, P., 2005. Depositional environments and iron
ooid formation in condensed sections (Callovian-Oxfordian, south-eastern Paris Basin,
France). Sedimentology, Vol. 52, pp. 969-985.

Cummings, D.I., and Amott, R.W., 2005. Growth-faulted shelf-margin deltas: a new (but

old) play type, offshore Nova Scotia. Bulletin of Canadian Petroleum Geology, Vol. 53,
No. 3, pp. 211-236.

269



Cummings, D.1., Hart, B.S., and Arnott, R. W., 2006. Sedimentology and stratigraphy of a
thick, areally extensive fluvial-marine transition, Missisauga Formation, offshore Nova
Scotia, and its correlation with shelf margin and slope strata. Bulletin of Canadian
Petroleum Geology. Vol. 54, No. 2, pp. 152-174.

Davies, P.J., Bubela, D., and Ferguson, J., 1978. The formation of ooids. Sedimentology,
Vol. 25, No. 5, pp. 703-729.

Curtis, C.D., Coleman, M.L., and Love, L.G., 1986.Pore water evolution during sediment
burial from 1sotope and mmeral chemistry of calcne dolomite and siderite concretlons
Geochimica et Cosmochimica Acta, Vol. 50, pp. 2321-2334.

Deflandre, B., Mucci, A., Gagne, J.P., Guignard, C., and Sundby, B., 2002. Early
diagenetic processes in costal marine sedlments dlstnbuted by a catastrophlc

. sedimentation event. Geochemica et Cosmochimica Acta, Vol. 66, No. 14, pp. 2547~
2558.

Dehler, S., Boutilier, R., Fensome, R., Jackson, R., Keen, C., MacMillan, B., Potter, P.,
Shimeld, J., Funck, T., Louden, K., MacRae, A., and Upson, P., 2004. Geology of the
Scotian Margin, Geological Survey of Canada, Altantic. http://www.nrcan.gc.ca

Dickson, J.A.D., 2001. Diagenesis and crystal caskets: Echinoderm Mg-calcite
transformation, Dry Canyon, New Mexico. Journal of Sedimentary Research, Vol. 71,
No. 5, pp. 764-777. :

Dickson, J.A.D., 2004. Echinoderm skeletal preservation: Calcite-aragonite seas and the
Mg/Ca ratio of Phanerozoic oceans. Journal of Sedimentary Research, Vol. 74, pp. 355-
365. :

Droser, M.L., Jensen, S., and Gehling, J.G., 2002. Trace fossils and substrates of the
terminal Proterozoic—Cambrian transition: implications for the record of early bilaterians
and sediment mixing. Proceedings of the Nat10na1 Academy of Sciences, Vol. 99, pp.
12572— 12576.

Drummond , K.J.,1992. Geology of Venture, a geopressured gas field, offshore Nova
Scotia. In: M.T. Halbouty, ed., Giant Oil and Gas Fields of the Decadel1978-1988: AAPG
Memoir 54, pp. 55-71.

El-ghali, M.A K., Mansurbeg, H., Morad, S., Al-Aasm, I., and Ajdanlisky, G., 2006.
Distribution of diagenetic alterations in fluvial and paralic deposits within sequence
stratigraphic framework: Evidence from the Petrohan Terrigenous Group and the Svidol
Formation, Lower Triassic, NW Bulgaria. Sedimentary Geology, Vol. 190, pp. 299-321.

El-ghali, M.A K., Morad, S., Mansurbeg, H., Caja, M.A., Sirat, M., and Ogle, N., 2009.
Diagenetic alterations related to marine transgression and regression in fluvial and

270


http://www.nrcan.gc.ca

shallow marine sandstones of the Triassic Buntsandstein and Keuper sequence, the Paris
Basin, France. Marine and Petroleum Geology, Vol. 26, pp. 289-309.

Essene, E.J. & Peacor, D.R.,1997. Illite and smectite - metastable, stable, or unstable?
Clays & Clay Minerals, Vol. 45, pp. 116-122.

Fazio, A.M., Scasso, R.A., Castro, L.N., and Carey, S., 2007. Geochemistry of rare earth
elements in early diagenetic Miocene phosphatic concretions of Patagonia, Argentina:
Phosphogenetic implications. Deep Sea Research Part II, Vol. 54, pp. 1414-1432.

Fisher, J.B., 1982. Effects of macroberithos on the chemical diagenesis of fresh water
sediments. In: McCall, P.L., and Tevesz, M.1.S, Eds., Animal-Sediment Relations. The
Biogenic Alteration of Sediments, Plenum Press, p. 635-644.

Froelich, P.N., Klinkhammer, G.P., Bender, M 1., Luedtke, N.A., Heath, G.R., Cullen, D.,
and Dauphin, P., 1978. Early oxidation of organic matter in pelagic sediment of the ’
eastern equatorial Atlantic: suboxic diagenesis. Geochemica et Cosmochimica Acta, Vol.
43, pp. 1075-1090.

Froelich, P.N., Arthur, M.A., Burnett, W.C., Deakin, M., Hensley, V., Jahnke, R., Kaul,
L., Kim, K-H., Roe, K., Soutar, A., and Vathakanon, C., 1988. Early diagenesis of
organic matter in Peru continental margin sediments: phosphorite precipitation. Marine
Geology, Vol. 80, pp. 309-343.

Gould, K.M., 2007. Chlorite diagenesis in reservoir sandstones of the Lower Missisauga
Formation, offshore Nova Scotia. A thesis submitted to Saint Mary's University, Halifax
Nova Scotia.

Gould, K., Pe-Piper, G., and Piper, D.J.W., 2010. Relationship of diagenetic chlorite rims
to depositional facies in Lower Cretaceous reservoir sandstones of the Scotian Basin.
Sedimentology Journal. Vol. 57, pp. 587-610.

Hansen, M.D., Shimeld, J.W., Williamson, M.A., and Lykke-Anderson, H., 2004,
Development of a major polygonal fault system in Upper Cretaceous chalk and Cenozic
mudrocks of the Sable Subbasin, Canadian Atlantic Margin. Marine and Petroleum
Geology, Vol. 21, pp. 1205-1219. ‘

Haq, B.U., Hardenbol, J., and Vail, P.R., 1987. Chronology of ﬂuctuating sea levels since
the Triassic. Science, Vol. 235, No. 4793, pp. 1156-1167.

Ings, S.J. and Shimeld, J.W. 2006. A new conceptual model for the structural evolution

of a regional salt detachment on the northeast Scotian margin, offshore eastern Canada.
AAPG Bulletin, Vol. 90, pp. 1407-1423.

271



Jansa, L.F., and Noguera-Urrea, V.H., 1990. Geology and diagenetic history of
overpressured sandstones reservoirs, Venture gas field, offshore Nova Scotia, Canada,
AAPG Bulletin, Vol. 74, pp. 1640-1658.

Karim, A., Pe-Piper, G., and Piper, D.J.W., 2008. Distribution of diagenetic mineral in
Lower Cretaceous sandstones and their relationship to stratigraphy and lithofacies:
Glenelg, Thebaud and Chebucto fields, offshore Scotian Basin. Geological Survey of
Canada, open file 5880.

Karim, A., Pe-Piper, G., and Piper, D.J.W., 2010. Controls on diagenesis of Lower
Cretaceous reservoir sandstones in the western Sable Subbasin, offshore Nova Scotia,
Sedimentary Geology. Vol. 224, pp. 65-83.

Kozlowska, A., 2003. Genesis of carbonate minerals in the Upper Carboniferous
sandstones in central Poland. Polskie Towarstwo Mineralogiczne-Prace Specjalne
Mineralogical Society of Poland- Special Papers. Vol. 22, pp. 115-118.

Kretz, R., 1983. Symbols for rock-forming minerals. American Mineralogist, Vol. 68, pp.
277-279.

Louchouarn, P., Lucotte, M., Duchemin, E., and de Vemal, A., 1997. Early diagenetic
processes in recent sediment of the Gulf of St. Lawrence: phosphorus, carbon, and iron
~ burial rates. Marine Geology, Vol. 139, pp. 181-200.

MacEachern, J.A., Bann, K.L., Bhattacharya, J.P., and Howell, C.D., Jr. 2005. Ichnology
of deltas: Organisms response to the dynamic society of rivers, waves, storms, and Tides.
Special Publication-Society of Sedimentary Geology, Vol. 83, pp. 49-85.

MacLean, B.C., and Wade, J.A., 1993. Seismic markers and stratigraphic picks in Scotian
Basin wells: Atlantic Geoscience Centre, Geological Survey of Canada, 276 p.

McArthur, J.M., 1984. Francolite geochemistry: compositional controls during formation,
diagenesis, metamorphism and weathering. Geochemica et Cosmochimica Acta, Vol. 49,
pp- 23-35.

Noguera, V.H., 1987. Geology and diagenetic history of over-pressured siliclastic
reservoirs in the Lower Missisauga-Mic Mac Formations of the Venture gas field,
Scotian Shelf, Nova Scotia. A thesis submitted to Dalhousie University, Halifax Nova
Scotia.

Ohta T. and Arai, H., 2007. Statistical empirical index of chemical weathering in igneous

rocks: A new tool for evaluating the degree of weathering. Chemical Geology, Vol. 240,
pp- 280-297. E

272



Pe-Piper, G., and Dolansky, L., 2005. Early diagenetic origin of Al phosphate-sulfate
minerals (woodhouseite-crandallite series) interrestrial sandstones, Nova Scotia, Canada.
American Mineralogist, Vol. 90, pp. 1434-1441.

Pe-Piper, G., and MacKay, R.M., 2006. Provenance of Lower Cretaceous sandstones
onshore and offshore Nova Scotia from electron microprobe geochronology and chemical
variation of detrital monazite. Bulletin of Canadian Petroleum Geology, Vol. 54, No. 4,
pp. 366-379.

Pe-Piper, G., and Weir-Murphy, S., 2008. Early diagenesis of inner shelf phosphorites
and iron silicate minerals, Lower Cretaceous of Orpheus graben, southeastern Canada:
implications of the origin of chlorite rims. AAPG Bulletin, Vol. 92, pp. 1153-1168.

Pe-Piper, G., Piper, D.J.W_, Dolansky, L.M., 2005. Alteration of ilmenite in the
Cretaceous sands of Nova Scotia, southeastern Canada. Clay and Clay Minerals, Vol. 53,
pp.- 490-510.

Pe-Piper, G., Triantafyllidis, S., and Piper, D.J.W., 2008. Geochemical identification of
clastic sediment provenance from known sources of similar geology. The Cretaceous
Scotian Basin, Canada. Journal of Sedimentary Research, Vol. 78, No. 9, pp. 595-607.

Pe-Piper, G., Piper, D.J.W., Gould, K.M., and Shannon, J., 2006. Depositional ‘
environment and provenance analysis of the Lower Cretaceous sedimentary rocks at the
Peskowesk A-99 well, Scotian Basin, Geological Survey of Canada, open file report
5383.

Pemberton, S.G., and MacEachem, J.A., 1995. The sequence stratigraphy significance of
trace fossils in examples from the Cretaceous of Alberta. In: Van Wagoner, J.A., and
Bertram, G.T., eds. Sequence Stratigraphy of Foreland Basin Deposits — Outcrop and
Subsurface Examples from the Cretaceous of North America, American Association of
Petroleum Geologists Memoir, Vol. 64, pp. 429-447.

Pemberton, S. G., Frey, R. W., Ranger, M. J., and MacEachern, J. A., 1992, The
conceptual framework of ichnology. In: Applications of Ichnology to Petroleum
Exploration--A Core Workshop, S. G. Pemberton, ed.: Society of Economic
Paleontologists and Mineralogists, Core Workshop 17, p. 1-32.

Piper, D.J.W., Pe-Piper, G., and Ingram, S.C., 2004. Early Cretaceous sediment failure in
the southwestern sable Subbasin, offshore Nova Scotia. AAPG Bulletin. Vol. 88, pp. 991-
1006.

Piper, D.J.W., Noftall, R., and Pe-Piper, G., 2010. Allochthonous prodeltaic sediment

facies in the Lower Cretaceous at the Tantallon M-41 well: Implications for the deep-
water Scotian Basin. AAPG Bulletin, Vol. 94, No. 1, pp. 87-104.

273



Posamentier, HW_, and Allen, G.P., 1999. Siliciclastic sequence stratigraphy: concepts
and applications. Concepts in Sedimentology and Paleontology, Vol. 7, Society of
Economic Paleontologists and Mineralogists (SEPM). 210 pp.

Pucci, A.A., Szabo, Z., and Owens, J.P., 1997. Variations in pore-water quality,
mineralogy, and sedimentary texture of clay-silts in the Lower Miocene Kirkword
Formation, Atlantic City, New Jersey. In: Miller, K.G., and Snyder, S.W. (Eds),.
Proceedings of the Ocean Drilling Program, Scientific Results, Vol. 150X.

Pufahl, P.K., Grimm, K.A., Abed, A.M., and Sadagah, RM.Y., 2003. Upper Cretaceous
(Campanian) phosphorite in Jordan: Implication for the formation of a south Tethyan
phosphorite giant. Sedimentary Geology, Vol. 161, No. 3, pp. 175-205

Pufahl, P.K., and Grimm, K.A., 2003. Coated phosphate grains: proxy for physical,
chemical, and ecological changes in seawater. Geology, Vol. 31. No. 9, pp. 801-804.

Rich, J.L., 1951. Three critical environments of deposition and criteria for fecognition of
rocks deposited in each of them. Geological Society of America Bulletin, Vol. 62, pp. 1~
20.

Rollinson, H.R., 1993. Using Geochemical Data: Evaluation, Presentation, Interpretation.
Longman Group UK Limited, pp. 37-38.

Rossi, C., Marfil, R., Ramseyer, K., and Permanyer, A., 2001. Facies-related diagenesis
and multiphase siderite cementation and dissolution in the reservoir sandstones of the
Khataba Formation, Egypt’s Western Desert. Journal of Sedimentary Research, Vol. 71,
No. 3, pp. 459-472.

Ruttenberg, K.C., and Gofii, M.A., 1997. Depths trends in phosphorus distribution and
C:N:P ratios of organic matter in Amazon fan sediments: indices .of organic matter
sources and burial history. In: Flood, R.D., Piper, D.J.W., Klaus, A., and Peterson, L.C.
(Eds), 1997. Proceedings of the Ocean Drilling Program, Scientific Results, Vol. 188, pp.
505-517.

Seeberg-Elverfeldt, J., Schliiter, M., Feseker, T., and Kélling, M:, 2005. Rhizon sampling
of pore-water near the sediment-water interface of aquatic systems. Limnol. Oceanogr.
Methods 3, pp. 361-371.

Smith, L.I., 2002. A tutorial on principal component analysis.
http://www.cs.otago.ac.nz/cosc453/student_tutorials/principal components.pdf, pp. 1-24.

Stoll, H. M., and Schrag, D. P., 1996. Evidence for glacial control of rapid sea level
changes in the Early Cretaceous. Science, Vol. 272, pp. 1771-1774.

274


http://www.cs.otago.ac.nz/cosc453/student_tutorials/principal_components.pdf.pp

Taylor, K.G., Gawthorpe, R.L., and Van Wagoner, J.C., 1995. Stratigraphic control on
laterally persistent cementation, Book Cliffs, Utah. Journal of the Geological Society,
London, Vol. 152, pp. 225-228.

Taylor, K.G., Gawthorpe, R.L., Curtis, C.D., Marshall, J.D., and Awwiller, D.N., 2000.
carbonate cementation in a sequence-stratigraphic framework: Upper Cretaceous
sandstones Book Cliff, Utah-Colorado. Journal of Sedimentary Research, Vol. 70, No. 2,
pp. 360-372. '

Toevs, G.R., Morra, M.]J., Polizzotto, M.J., Strawn, D.G., Bostick, B.C., and Fendorf, S.,
2006. Meta(loid) diagenesis in mine-impacted sediments of Lake Coeur d’Alene, Idaho.
Environmental Science and Technology. Vol. 40, pp. 2537-2543.

Tromp, T.K., Van Cappellan, P., and Key, R.M., 1995. A global model for the early
diagenesis of organic carbon and organic phosphorus in marine sediments. Geochemica
et Cosmochimica Acta, Vol. 59, No. 7, pp. 1259-1284.

Tucker, M. E., Wright, V. P and Dickson, J.A.D., 1990. Carbonate Sedimentology.
Blackwell Science. pp. 2-3.

Wade, J.A., and MacLean, B.C., 1990. Aspects of the geology of the Scotian Basin from
recent seismic and well data. In: M.J. Keen and G.L. Williams (eds.,) Geology of the
Continental Margin off Eastern Canada: Geological Survey of Canada, Vol. 2, pp. 87-
137.

“Wade, J.A., MacLean, B.C., and Williams, G.L., 1995. Mesozoic and Cenozoic
stratigraphy, eastern Scotian shelf: new interpretations. Canadian Journal of Earth
Sciences, Vol. 32, pp. 1462-1473.

Weir-Murphy, S. L., 2004. The Cretaceous rocks of the Orpheus Graben, offshore Nova
Scotia. Saint Mary's University, Halifax N.S., Canada, M.Sc thesis, 168p.

Worden, R.H., and Burley, S.D., 2003. Sandstone Diagenesis: the Evolution of Sand to
Stone. Blackwell Publishing, pp. 3-44.

275



