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Abstract

Regional study of the Silurian Amabel and Guelph (including the Eramosa Member)
formations in the subsurface on the Bruce Peninsula provides petrographic details of these
pervasively dolomitized rocks, defines lithofacies changes within each formation, and
demonstrates the use of ground-penetrating radar as a tool for shallow subsurface
stratigraphic mapping. Detailed stratigraphic logging of core provides insight on the complex
depositional history of the pervasively dolomitized Amabel and Guelph formations by
highlighting lateral facies changes that are not readily observable in outcrop.

The Lions Head and Colpoy Bay members of the Amabel Formation are continuous
in core across the Bruce Peninsula. These members contain characteristic dark grey mottles
which are the result of increased porous zones and pyrite, and/or concentrations of
undifferentiated organics. Chert nodules and the abundance of silica is most abundant in the
upper Lions Head Member where silica-replaced fossils are recognized within the
surrounding dolomite. Typical Wiarton Member crinoidal lithofacies from the upper Amabel
Formation are more common in the southern half of the Peninsula. The Eramosa Member is
more laterally continuous on the Bruce Peninsula than previously assumed. Although there is
a lack of bituminous argillaceous Eramosa lithofacies within core, the laminated Eramosa
Member is thick near Wiarton which suggests that a large restricted less-oxygenated area
existed in that vicinity during the Silurian. Thick accumulations of tan-brown fossiliferous
undifferentiated Guelph Formation dolostones occur at both the northern and southern ends

of the Peninsula.
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Petrographic analyses reveal that the Amabel and Guelph formations are dolomitized
with no precursor limestone observed. Four types of dolomite were observed within these
formations and differentiated based on crystal size. These dolomites are characterized by a
uniform dull red luminescence, and range from inclusion-rich anhedral very finely (< 5 um)
crystalline dolomite to clearer euhedral coarsely (> 250 um) crystalline dolomite.
Petrographic analyses also revealed secondary minerals such as pyrite, calcite (and
dedolomite), silica, sphalerite, fluorite, and glauconite.

Ground-penetrating radar surveys provided high-resolution data, which combined
with detailed geologic observations of accessible quarry outcrops and borehole logs, support
the conclusion that GPR is a useful tool for locating karstic features, vuggy porosity, and
lateral and vertical facies changes in carbonate rocks. Radar profiles may have important
implications for the aggregate and building-stone industries as a tool to locate carbonate units

of exploration interest or to avoid zones with high impurities.
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Chapter 1: Introduction

1.1 Introduction to the Study Area

The Wenlock-Ludlow age Amabel and Guelph formations of southwestern Ontario form the
caprock of the Niagara Escarpment and most of the bedrock surface on the Bruce Peninsula
(Fig. 1.1). These formations form the Albemarle Group (Bolton, 1957), which overlies the
Fossil Hill Formation of the Clinton Group on the Bruce Peninsula.

Silurian strata on the Bruce Peninsula are approximately stratigraphically equivalent
to strata exploited for hydrocarbons in southwestern Ontario and to producing strata in
southeastern Michigan (see Gill, 1977; Huh et al., 1977; Sears and Lucia, 1980; Cercone and
Lohmann, 1987; Armstrong et al., 2002).

The Amabel and Guelph formations have been intensely exploited by the building
and chemical stone and aggregate industries, and have been more recently recognized as
significant bedrock aquifers in southwestern Ontario. Despite this varied and extensive
exploitation over the past century, little detailed work has been carried out on the local and
regional stratigraphy, sedimentology, and diagenesis of these strata on the Bruce Peninsula.
Therefore, only a rudimentary understanding exists of the relative ages, regional lithofacies,
sequence stratigraphy (see Brett et al., 1995), petrography and diagenesis of this carbonate
succession.

Moreover, the Amabel and Guelph formations were pervasively dolomitized, as were
most Silurian carbonates in the region, and the details of the process are still poorly

understood (Sears and Lucia, 1980; Shaver, 1991; Coniglio et al., 2003). These carbonate
1



rocks are for the most part typical of massive dolostones, with varying preservation of
original sedimentary features (e.g., fossils, depositional fabrics, bedding). The Silurian
Amabel and Guelph formations contain a variety of diagenetic phases which represent a
complex history of multiple stages of diagenesis from limestone lithification to pervasive

dolomitization.
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Figure 1.1: Geological map of the Paleozoic geology on the Bruce Peninsula (modified from Armstrong et al.,
2002).

This thesis sheds light on aspects of the stratigraphy and diagenesis of these strata by

using a two-project approach — the first includes traditional core and petrographic techniques



to study these rocks, and the second explores the vertical and lateral changes in their
characteristics using ground-penetrating radar. The stratigraphic study of eight boreholes
along the Bruce Peninsula provides a detailed knowledge of the distribution of the lithofacies
and members of the Amabel and Guelph formations which aids in the interpretation of their
depositional history. Petrographic analyses of the members and lithofacies within the
dolostones allows the differentiation of dolomitization fabrics between formations and some
lithofacies. As well, petrographic study of mottled fabrics and nodules provides insight into
their composition and origin.

Ground-penetrating radar (GPR) has been widely used by stratigraphers in clastics,
whereas little GPR work has been done in carbonates. Access to two large bedrock quarries
on the Bruce Peninsula provided an opportunity to integrate ground-penetrating radar (GPR)
technology into this thesis. GPR surveys were carried out to investigate radar characteristics
of facies within the Amabel and Guelph formations and to assess the capability of GPR to
image karstic porosity features. GPR is an economical tool that has the potential to optimize
costly quarry operations in the search for suitable building and chemical stone, and

aggregate.
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Figure 1.2: Borehole and GPR survey location map on the Bruce Peninsula. Dark grey circles represent
borehole locations and light grey stars represent GPR survey locations. The box on inset map of southern
Ontario outlines the study area (modified from Armstrong et al., 2002).

1.2 Objectives of this study

The purpose of this study is to examine aspects of the stratigraphy and diagenesis of the
Amabel and Guelph formations on the Bruce Peninsula through (1) core and petrographic
analyses and (2) GPR. The framework for this study is based on detailed stratigraphic
logging of core from eight boreholes along the Peninsula from Tobermory south to Allenford

(Fig. 1.2). In addition, quarry outcrop sections were measured and GPR surveys were
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conducted at two quarries. Together the two quarries and eight boreholes provide insight into
the internal stratigraphy of the Amabel and Guelph formations at a level of detail that is not
available based on outcrops alone.

The primary objectives of this thesis are to: (1) correlate in detail lithofacies seen in
the eight boreholes on the Bruce Peninsula in order to better understand their distribution and
associations of the various depositional facies on the Bruce Peninsula; (2) describe the
petrographic characteristics of these carbonates, emphasizing their diagenetic attributes; and
(3) illustrate the usefulness of GPR as an exploration tool as applied to aggregate and

building stone resources.

1.3 Methodology

The eight boreholes that were examined for this project were drilled from 1982-1990 in
support of regional mapping projects by the Ontario Geological Survey (OGS). These
boreholes are evenly spaced along the Bruce Peninsula from Tobermory south to Allenford
parallel to the Lake Huron shoreline (Fig. 1.2). Stratigraphic logging was carried out in the
summer of 2005 at the Oil, Gas and Salt Resource Centre in London, Ontario where the OGS
core is currently stored. Each core was subdivided on the basis of observed lithofacies
changes. Measurements were recorded in feet to correspond with drilling data, and
subsequently converted to metric units. A total of 141 samples were taken based on
representative fabrics of each member, and the presence of diagenetic features such as
mottles, nodules, stylolites and non-carbonate minerals. The majority of samples were thin

sectioned (n = 128) at the Petrographic Services facility of the Department of Earth Sciences
5



at Carleton University. The stratigraphic locations of the thin sections are illustrated in
Appendix A.

All thin sections were examined under cathodoluminescence (CL) prior to covering.
The Reliotron CL Instrument provided optimum results using a beam current of ~0.600 mA,
a minimum voltage of 10 kV and a beam of ~ 1 cm diameter. After CL examination, thin
sections were stained using a combined Alizarin Red S —potassium ferricyanide staining
solution to enable differentiation between ferroan and non-ferroan calcite and dolomite. A
spray-on lacquer cover slip was applied to all stained thin sections. Observations of crystal
size (following Folk, 1959), crystal shape (following Sibley and Gregg, 1987), porosity,
mineralogy, stylolite characteristics and abundance, fossil identification and alteration,
nodule constituents and boundaries, and mottled fabric properties were made using a
binocular petrographic microscope.

Polished thin sections (n = 20) exhibiting various diagenetic features were
manufactured for further study by scanning electron microscopy (SEM). A gold coating
using a sputter coater was applied to the polished thin sections to make the surface
conductive. A LEO FESEM 1530 instrument in the Microscopy and Lithography Lab
(Department of Chemistry) was operated at a voltage of 20 kV (greater than 1.5 nm
resolution). An integrated energy dispersive x-ray spectrometer provided qualitative
elemental compositions.

Geophysical acquisition of data was carried out according to the methods and
processing techniques of Annan (2005a, b) and Daniels (2004). Antennae of widely varying

frequency (50-900 MHz) were used to conduct ground-penetrating radar (GPR) surveys at



two quarries (Adair Quarry near borehole 90-4 and OSLW Quarry near Wiarton) and one
survey adjacent to borehole OGS-90-3. Chapters 5 and 6 provide further detail on the

methods and set-up involved at each site.

1.4 Organization of the thesis

This thesis is presented in six chapters. Chapter 1 introduces the study area, states the
objectives of this study, and presents the methodology. The second chapter reviews the
geological setting of the Michigan Basin, the regional geological setting, as well as the
previous research on the Amabel and Guelph formations. The third chapter is a regional
stratigraphic and sedimentological summary based on the core and thin sections from eight
boreholes, and includes a discussion of the depositional histories of the Amabel and Guelph
formations. Chapter 4 focuses on specific diagenetic attributes of these carbonates,
emphasizing dolomitization and silicification, and the origin of mottled fabrics within the
Amabel and Guelph formations. Chapter 4 includes a brief discussion of the probable origin
of dolomitization of Bruce Peninsula carbonates during the Silurian based on earlier work on
correlative carbonates in the subsurface of southwestern Ontario. Chapter 5 reports the
results of the high frequency GPR study resolving the small-scale (centimetre-scale)
lithologic and diagenetic features of the Amabel and Guelph formations. In Chapter 6, metre-
scale lateral and vertical facies changes are examined within the Amabel and Guelph
formations using GPR. Chapter 7 is a summary of the overall conclusions of the thesis and

makes suggestions for future work.



Chapter 2: Geological Setting

2.1 Michigan Basin

Following the Taconic Orogeny, tectonic activity diminished during the early Silurian.
Although the origin of the Michigan Basin is still poorly understood, this nearly circular
structure likely attained its present configuration by middle Silurian time (Sanford, 1969).
Fauna within the Silurian carbonates suggests that the continental North American plate
resided at approximately 10—15 °S latitude (Shaw, 1937; Sanford, 1969). During the early
Silurian, the Michigan Basin was a tropical inland seaway that was subjected to repeated
transgressions and regressions, subtropical storms, and periodic influxes of terrigeneous
detritus from the Appalachian Basin and windblown sources (Johnson et al., 1992). During
the Late Silurian the relatively rapid subsiding basin centre provided environmental
conditions favourable for the prolific growth of carbonate platforms and pinnacle and patch
reefs, which formed along the margins of the Michigan Basin (Johnson et al., 1992).

Evidence of these reefs was not observed within the core from the Bruce Peninsula.

Terminology

The interpretive phrase “proximal to a bioherm or mound” is used in a broad sense referring
to lithofacies within the Amabel and Guelph formations which contain abundant preserved
fossils that are typically whole or unfragmented. Fragmented fossils more likely reflect the
effects of mechanical (wave- or storm-influenced) breakage, and are interpreted to occur in

higher energy settings.



2.2 Geological Setting of the Bruce Peninsula

The Bruce Peninsula is situated between Lake Huron and Georgian Bay in southern Ontario.
Ordovician and Silurian rocks make up the bedrock of the Peninsula, which is situated on the
northeastern edge of the Michigan Basin. Silurian pinnacle and patch reef belts have been
well documented along the southwestern (Ontario) and northern (Michigan) margins of the
basin (Textoris and Carozzi, 1964; Mesolella et al., 1974; Fisher, 1977; Shaver et al., 1978;
Gill, 1985; Charbonneau, 1990; Smith, 1990; Coniglio et al., 2003). Brett et al. (1995) and
Brett et al. (1999) have correlated Silurian strata from western New York and southern
Ontario, and attempt to clarify and provide insight between Silurian units in southwestern
Ontario and those on the Bruce Peninsula.

Silurian strata on the Bruce Peninsula include the Cataract, Clinton, and Albemarle
groups (Johnson et al., 1992). The following is a brief overview of the Silurian stratigraphy
on the Bruce Peninsula in the Michigan Basin, and follows the nomenclature of Bolton
(1953, 1957; Fig. 2.1). Bolton (1953, 1957) defined the members and formations of the
Albemarle Group on the Bruce Peninsula through detailed mapping and his member and

formation names continue to be applied today.

2.2.1 Cataract Group
On the Bruce Peninsula, the Lower Silurian Cataract Group includes dolostones of the
Manitoulin Formation and shales and sandstones of the Cabot Head Formation. Cataract
strata overlie a broad regional platform (Algonquin Arch) composed primarily of Ordovician

carbonates with little or no siliciclastics input (Brett et al., 1999). The Cataract strata



represent a transgressive (Manitoulin Formation)-regressive (Cabot Head Formation) cycle

of sedimentation (Sanford, 1969).

2.2.2 Clinton Group
The Clinton Group is composed of Dyer Bay Formation dolostones, argillaceous dolostones
and shales of the Wingfield Formation, dolostones of the St. Edmund Formation and fossil-
rich dolostones of the Fossil Hill Formation (Armstrong et al., 2002). These formations are
well exposed in the northern portions of the Bruce Peninsula. Subsidence was more intensive
in the northern part of the Michigan Basin as evidenced by thicker accumulations of Cataract
strata (Sanford, 1969). Subsidence may have provided the accommodation space that allowed
the Wingfield, St. Edmund, and Fossil Hill formations to accumulate (Sanford, 1969). The
alternation of shales and carbonates may be indicative of a storm-influenced shelf

environment on the margin of the basin (Brett et al., 1999).
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Figure 2.1: Nomenclature for Silurian strata on the Bruce Peninsula within the Michigan Basin (modified from
Bolton, 1957; and Johnson et al., 1992).

Following withdrawal of the Cataract sea, the Cabot Head, Dyer Bay, Wingfield, and
St. Edmund formations were eroded, and subsequent transgression of Clinton seas
established conditions favourable for reef development (Sanford, 1969). The Fossil Hill
Formation coral and stromatoporoid biostromes developed in shallow marine waters
(Sanford, 1969; Johnson et al., 1992). Middle Clinton strata (Sauquoit shale within eastern

New York in the Appalachian Basin) are missing amongst the strata west of the Algonquin
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Arch, and an angular unconformity is present in their place (Johnson et al., 1992; Brett et al.,
1999). The erosional surface suggests that regional uplift of the Algonquin Arch and possible
shifting of the axis of the basin took place (Brett et al., 1999). Tectonic activity likely
influenced a regression of the sea following deposition of the Clinton Group (Brett et al.,

1999). As the sea re-advanced, the Albemarle Group was deposited.

2.2.3 Albemarle Group
The Albemarle Group, which is the focus of this thesis, is composed of the Amabel and
Guelph formations. The contact between the Amabel Formation and underlying Fossil Hill
Formation is sharp on the Bruce Peninsula, and correlates with a regional disconformity
(Brett et al., 1999). The Amabel Formation includes three members; generally from base to
top they are the Lions Head, Colpoy Bay, and Wiarton (Bolton, 1953). Overlying the Amabel
Formation is the Eramosa Member assigned as the lowermost member of the Guelph
Formation (Sanford, 1969; Armstrong and Meadows, 1988; Johnson et al., 1992) and the
overlying undifferentiated Guelph Formation. Based on core observations, the Eramosa
Member was subdivided into four lithofacies and the Guelph Formation was subdivided into

three lithofacies. Detailed descriptions of the Albemarle Group are discussed in Chapter 3.

2.3 Previous studies on the Amabel and Guelph formations

The majority of early research in southwestern Ontario on the stratigraphic, depositional, and
paleoenvironmental interpretations of the Amabel and Guelph formations have been provided

by Logan (1863), Williams (1919), Shaw (1937), Bolton (1953, 1957), Sanford (1969),
12



Liberty and Bolton (1971), and more recently by Armstrong (1988), Johnson et al. (1992),
Armstrong et al. (2002), Brunton and Dekeyser (2004), and Brunton et al. (2005). Numerous
studies from the United States on the Silurian Amabel Formation (also known as the
Lockport Formation or the Grey Niagaran) and the Guelph Formation have added
fundamental insight to the stratigraphic and depositional history (Fisher, 1962; Textoris and
Carozzi, 1964; Briggs and Briggs, 1974; Mesolella et al., 1974; Briggs et al., 1980; Crowley
and Ford, 1980; Sears and Lucia, 1980; Gill, 1985; Droste and Shaver, 1985, 1987; Cercone

and Lohmann, 1987; Brett et al., 1990).

2.3.1 The Amabel Formation
According to previous researchers, the Amabel Formation contains both biohermal and
interbiohermal strata that are characterized by spatial variations in fossil content and
sedimentary fabrics (Liberty, 1966; Liberty and Bolton, 1971; Sanford, 1969; Brunton and
Dekeyser, 2004; Brunton et al., 2005). The three members which make up the Amabel
Formation (Lions Head, Colpoy Bay, and Wiarton) record the transition from a relatively
deeper, low energy environment (Lions Head Member) to a shallow, higher energy shoal
environment (Wiarton Member) (Armstrong et al., 2002).

A fourth member, the Eramosa, was considered by earlier workers to be the
uppermost member of the Amabel Formation (Bolton, 1957; Liberty and Bolton, 1971); but
this assignment was argued by others (Sanford, 1969; Armstrong and Meadows, 1988;
Johnson et al., 1992; Armstrong et al., 2002; Brunton and Dekeyser, 2004; Brunton et al.,

2005) to be more appropriately included as either a basal member of the Guelph Formation
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or a separate rock unit of formational rank (Shaw, 1937; Brett et al., 1995; Brunton et al.,
2005). The Eramosa Member is discussed further below.

The three members of the Amabel Formation are distinct in core. In outcrop,
however, the Colpoy Bay and Wiarton members are sometimes more difficult to distinguish
due to pervasive dolomitization, apparent gradational contacts or lateral facies transitions and
similar weathered surfaces. Some researchers have grouped the middle (Colpoy Bay) and
upper (Wiarton) members into one unit and refer to it as the Wiarton/Colpoy Bay Member

(Sanford, 1969; Johnson et al., 1992; Armstrong et al., 2002; Fig. 2.1).

2.3.2 The Eramosa Member
The Eramosa Member was first introduced in Williams’ (1915 a, b) work in southern Ontario
as a bituminous dolomite that was continuous and conformable above the underlying Wiarton
Member of the Amabel (Lockport) Formation. Shaw (1937) redefined the Eramosa as a
separate formation altogether. Based on its inconsistent thickness and presence, Bolton
(1957) suggested that this facies was related to the development of bioherms in the Wiarton
Member and therefore was associated with the Amabel Formation. However, more recent
work has shown this distinctive lithofacies to grade both laterally and vertically into the
Guelph Formation (e.g., Armstrong and Meadows, 1988; Johnson et al., 1992; Armstrong et
al., 2002).

Eramosa lithofacies have been interpreted to reflect the onset of increasingly

restricted conditions and increased salinity, leading to lagoonal deposits situated in and

around the apparently reefal sections along the shoreline of the basin (Clarke and
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Ruedemann, 1903; Shaw, 1937). Liberty and Bolton (1971) agreed with Shaw (1937) that the
Eramosa Member represents a non-reefal facies deposited between Lockport (i.e. Amabel)
bioherms. The recent studies of Armstrong and Meadows (1988), Armstrong et al. (2002),
Brunton and Dekeyser (2004), and Brunton et al. (2005) show that the Eramosa Member
includes fauna that are more closely related to those in the Guelph Formation, and its
diagenetic characteristics also supports stratigraphic assignment to the Guelph Formation.
Brett et al. (1995) advanced the Eramosa to its own formational status based on
reconnaissance mapping of Silurian stratigraphy in western New York. Although the
stratigraphic allocation of the Eramosa Member has not been officially reassigned to the
Guelph Formation, the most current stratigraphic work (e.g., Armstrong and Meadows, 1988;
Tetreault, 2001; Johnson et al., 1992; Armstrong et al., 2002) considers the Eramosa Member

to belong to the Guelph Formation.

2.3.3 The Undifferentiated Guelph Formation
The undifferentiated Guelph Formation constitutes most of the bedrock surface on the
western half of the Bruce Peninsula. Previous studies state that the key distinguishing feature
between the Amabel and Guelph formations is the faunal turnover from crinoidal,
brachiopod, and gastropod fauna of the Amabel to an introduction of bryozoan, microbial
and distinctive megalodontid bivalve-gastropod communities which characterize Guelph
lithofacies (Bolton, 1957; Liberty and Bolton, 1971; Armstrong et al., 2002; Brunton et al.,
2005). Both formations contain several overlapping species (Bolton, 1957). The Amabel and

Guelph formations have been mistakenly grouped as one in the past due to the similarities in
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their colour, fossil content, and weathered appearance when there was a lack of intervening
dark brown Eramosa lithofacies (Bolton, 1957). The Guelph lithofacies generally reflects a
more open marine subtidal depositional environment than the less-oxygenated and restricted
subtidal lagoons of the Eramosa lithofacies (see Brunton et al., 2005). Fauna within the
Guelph Formation suggests that the salinity was higher than within the Amabel Formation
(M. Brookfield, personal communication, 2006).

Charbonneau (1990), Smith (1990) and Coniglio et al. (2003) carried out detailed
lithologic and petrographic studies of pinnacle and patch reef belts of the Guelph Formation
in southwestern Ontario. Charbonneau (1990) and Smith (1990) studied six and three
pinnacle and patch reefs, respectively, and interpreted multiple episodes of subaerial
exposure that characterized these reefs, based on the presence of laterally extensive enhanced
porosity and permeability zones. After the initiation of bioherm growth, tectonic block
faulting elevated and intermittently exposed some of the reefs, as suggested by interpreted
paleokarstic horizons (Sanford et al., 1985; Smith, 1990; Brett et al., 1999). Charbonneau
(1990) proposed that the sea level rose quickly after exposing the Lockport (Amabel)
Formation carbonates and these reefs underwent extensive diagenesis from meteoric waters
in the phreatic and vadose zones. Evidence of meteoric dolomitization in the vadose zone
was shown in both Charbonneau’s (1990) and Smith’s (1990) petrographic results, based on
the presence of pendant and meniscus cements. However, the more than thirty reefs analyzed
by Coniglio et al. (2003) petrographically and geochemically have revealed that Silurian
seawater was responsible for dolomitization on the platforms. Their petrographic and

geochemical evidence does not support any significant role for meteoric water in the
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alteration of these carbonates. An overall lack of correlation amongst the geochemistry and
petrographic results reflects a diagenetic history composed of a variety of phases of
cementation and recrystallization (Coniglio et al., 2003). These case studies show that the
Guelph Formation has been influenced by tectonic and climatic controls and has undergone a

complex diagenetic history, especially in the southeastern portion of the Michigan Basin.

2.4 Paleogeography of the Michigan Basin

The Michigan Basin comprises a ~ 4800 m-thick succession of largely marine sedimentary
rocks ranging in age from late Cambrian through Pennsylvanian (Droste and Shaver, 1985).
The Amabel and Guelph formations were deposited along the eastern margin of the Michigan
Basin during the late Wenlockian - early Ludlovian (Droste and Shaver, 1985). Marine
conditions at this time enabled episodic regional-scale development of stromatoporoid and
coral-bearing reefs and reef-associated platformal carbonates such as the more crinoid-rich
shoal lithofacies of the Amabel and overlying Guelph formations (Droste and Shaver, 1987;

Brunton et al., 1998).
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Figure 2.2: Paleogeographic map of the Michigan Basin spanning Early to Late Silurian time (from Briggs et
al., 1980; Gill, 1985).

By the Llandovery, basin tectonism induced regional restrictions, preventing open
marine waters from entering the basin (Droste and Shaver, 1985). The local climate changed
from humid tropical to semi-arid tropical conditions (Droste and Shaver, 1985, 1987).
Deeper water Silurian carbonate sediments were deposited in the basin centre and are
predominantly limestone. In contrast, platform facies (pinnacle and patch reefs) along the
fringes and shelfward are commonly pervasively dolomitized (Sears and Lucia, 1980;

Coniglio et al., 2003). A late Wenlockian drop in sea level led to an increase in evaporation
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rates, with extreme hypersalinity evidenced by reef demise (Droste and Shaver, 1987). The
arid climate and increased evaporation rates led to the deposition of the overlying thick and
regionally extensive evaporite deposits of the Salina Formation (Droste and Shaver, 1987).
Silurian paleogeography maps of the Michigan Basin have been drafted by geologists
studying the Amabel and Guelph formations (also known as the Lockport, Engadine or
Racine formations) from both the Canadian and American sides of the Michigan Basin (e.g.,
Fig. 2.2). Two inlets into this basin were proposed based on the estimated minor water depth
fluctuations, as well as the level of salinity and need for circulation around the basin (Briggs
et al., 1980). The inlet which corresponds to the approximate position of the present-day
Georgian Bay was hypothesized by Briggs et al. (1980) and Gill (1985) (Fig. 2.2). The
Clinton Inlet was discovered by analyzing the distribution of the Silurian strata (Alling and
Briggs, 1961). An increase in argillaceous limestones and biota which survive higher
salinities overlying Niagaran reefs suggested circulation was later restricted (Briggs et al.,
1980). The existence of the Georgian Bay inlet was partially based on the lithofacies of the
Lions Head Member of the Amabel Formation. The Lions Head member is composed of
finely crystalline, thin-bedded carbonate sediments with low fossil abundances that reflect
quieter, low energy conditions (Armstrong et al., 2002). This member has a maximum
thickness of 19 m regionally, and averages closer to 5 m on the Bruce Peninsula (Bolton,
1957; Sanford, 1969). The apparent rapid thinning of this member to the south (towards the
Algonquin Arch) was interpreted to be caused by a southward shift of the Michigan Basin
during the Early Silurian that initiated a transgression within the basin (Sanford, 1969).

Armstrong et al. (2002) proposed that there was a lack of shallow shoal lithofacies (Wiarton
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and Colpoy Bay Members) overlying the Lions Head Member at the north end of the Bruce
Peninsula. They interpreted local thickening of the Lions Head Member to the north as the
only supporting evidence that deeper waters existed north of the Peninsula and that an inlet
existed there during the Early Silurian. Although several authors (Sanford, 1969; Gill 1985;
Cercone, 1988; Armstrong and Goodman, 1990; Armstrong et al., 2002) have published
paleogeographic maps which depict an inlet north of the Bruce Peninsula similar to that
shown in Figure 2.2, compelling evidence is lacking to support this hypothesis. The existence
of the hypothesized inlet requires more attention. Pervasive dolomitization and bioturbation
have obscured the apparent reefal and sedimentary structures, which makes interpreting the
depositional environment and recreating the paleogeographic setting of the Bruce Peninsula
during the transition between the Early and Late Silurian problematical. Stratigraphic
relationships observed in the current study provide additional insight to the Georgian Bay

inlet issue (see stratigraphic descriptions in Chapter 3).
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Chapter 3: Stratigraphy of the Amabel and Guelph formations

This chapter focuses on the observations made from drilled core from eight boreholes and
field observations from the Owen Sound Ledgerock Wiarton (OSLW) Quarry and the Adair
Quarry (Fig. 1.2). The Albemarle Group is divided into the Amabel Formation, the Eramosa
Member of the Guelph Formation, and the overlying undifferentiated Guelph Formation.
Further subdivisions are made based on colour, texture, crystallinity size, porosity, fauna, and

fabric. Interpretations of each lithofacies are provided in Section 3.4.

3.1 Lithofacies of the Amabel Formation

The Amabel Formation on the Bruce Peninsula is composed of 3 distinct members, which in
ascending order are: (1) Lions Head, (2) Colpoy Bay, and (3) Wiarton. These three members
are pervasively dolomitized, and contain siliceous nodules and lenses, and abundant pyrite
and minor localized MVT-mineralization (e.g., sphalerite and galena). Although fossils are
abundant within all members of the Amabel Formation, preservation is variable in core. The
recognition of porosity within core was based on visual estimation. There was no limestone
found within the eight boreholes studied. An example of each of the members’ typical fabric
is illustrated in Figure 3.1. The thickness and distribution of these three members is
illustrated in Figure 3.4. A summary of the general descriptions of each lithofacies

assemblage is provided in Table 1.
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3.1.1 Lions Head Member
This member was first named by Nowlan (1935) who included this unit as the uppermost
lithofacies of the Clinton Group. Bolton (1953, 1957) named Lions Head after its type
section at Lions Head as the lowermost subdivision of the Amabel Formation. The Lions
Head Member is characterized by its distinct blocky weathering, massive dense texture and
lateral continuity on the Bruce Peninsula (Bolton, 1953). The consistency of the Lions Head
Member along the Bruce Peninsula makes it an excellent datum for the construction of cross
sections. The Lions Head Member is easily recognizable in core and ranges from 5—15 m in
thickness within cores of the study area.

The Lions Head Member is composed of grey to tan, finely crystalline dolostone (Fig.
3.1A, B). In core, this member appears to have a low porosity, typically around ~2 %
(biomoldic) and ranges up to ~10 % (biomoldic and vuggy). Porosity is greater in the
northernmost and southernmost parts of the study area. Both wispy seam and peaked
stylolites occur, and are commonly randomly spaced. Bioturbation within the upper Lions
Head Member is profuse, and likely obscures any original sedimentary structures. The Lions
Head Member contains small, dark grey to blue-grey millimeter to centimeter-sized, elliptical
to elongate irregular mottles (Fig. 3.1B) that are likely a result of bioturbation. These mottled
fabrics commonly contain relatively high pyrite content (up to 5 %) made up of 5-25 pm-
sized pyrite crystals associated with cloudy finely crystalline dolostone. Very rare calcite
cement (crystals up to 40 um) fills or lines pores. This lithofacies contains chert nodules that
are more common in the basal metre, but they are present throughout the Lions Head

Member (Fig. 3.1B). Bolton (1953, 1957) similarly noted chert nodules in the basal 4 feet (~
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2.5 m). Fossil preservation is commonly poor, and is represented by small patches of coral
and shelly fragments (crinoids, gastropods, and/or brachiopods). There are minor fluctuations
in the abundance of coral fragments among boreholes within the Lions Head Member.

In the borehole OGS-89-2 on the northern end of the Peninsula, Lions Head type
facies are repeated above the Colpoy Bay Member. The recurrence of this facies has also
been noted by Sanford (1969, p.10) as “spiraling upward in time to form a basinal facies of
the Wiarton in the southern part of the Michigan Basin”.

The contact between the Lions Head Member and the underlying Fossil Hill
Formation is sharp and unconformable and is recognized by the abrupt decrease in fossil
abundance, and the emergence of new faunas within the Lions Head Member (Armstrong
and Goodman, 1990; Stott and von Bitter, 1999; Fig. 3.1A). The upper contact between the
Lions Head Member and the Colpoy Bay Member is gradational, and is recognized by an
increase in crystal size and fossil content, and a change in the mottled fabric to slightly
larger, more irregular shapes (Fig. 3.1C).

The Colpoy Bay Member was observed in the most northerly borehole overlying the
Lions Head Member, contrary to Armstrong et al. (2002). Results from this study also
indicate that the Lions Head Member is ~ 5 m thick in core at both the north and south ends
of the Peninsula (Fig. 3.4). This additional evidence suggests that the proposed Georgian Bay
inlet into the Michigan Basin during the Silurian (Gill, 1985; Armstrong et al., 2002) requires

more attention. Additional information on this topic is discussed in Section 3.4.
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Figure 3.1: Contacts and members of the Amabel Formation. Large arrows in left hand corners of core
photographs represent the base of each core, where the top is the upper right-hand corner. All core photographs
are from the most southerly borehole, OGS-90-2.

A) The Dyer Bay Formation (DB) underlies the Fossil Hill Formation. The contact between the underlying
Fossil Hill Formation (FH) and the Lions Head Member of the Amabel Formation (A(LH)) is sharp and
erosional or disconformable (white triangle);

B) Typical Lions Head Member (A(LH)) with small spotty mottles (M) and chert nodules (N);

C) Contact between the underlying Lions Head Member (A(LH)) and the overlying Colpoy Bay Member
(A(CB)) is gradational (tape in photo). Irregular elongate mottles (M) are common in the Colpoy Bay Member;

)

D) Typical Colpoy Bay Member (A(CB)) contains irregular mottles (M) and a slight increase in biomoldic
porosity (P);

E) The Colpoy Bay Member (A(CB)) and the Wiarton Member (A(W)) are distinguished by an increase in
echinoderm fragments (contact is not shown in photo); and

F) Typical Wiarton Member (A(W)) is crinoid-rich (C).
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3.1.2 The Colpoy Bay Member
This thick package of light to dark grey-tan to blue-grey, fine-medium crystalline dolostones
was named after key sections at Colpoy Bay (Bolton, 1953). The Colpoy Bay Member ranges
in thickness from 3—20 m within examined core. Porosity, stylolites, bioturbation, and fossil
content and abundance vary within this member. The Colpoy Bay Member is noticeably
more porous than the Lions Head Member in core, ranging from 5-20% (biomoldic, vuggy,
and non-horizontal fractures). Wispy stylolite seams are common within these dolostones,
and rare horsetail stylolites are present. Peaked stylolites become more common in the upper
portion of this member. Stylolite seams are black and pronounced in the lower portions of
this member, becoming lighter in colour and less pronounced in the upper part of the
member.

Unlike the Lions Head Member, this mottled fabric is not characterized by the
presence of abundant pyrite, although it may be found along the upper or lower edges of the
mottle. Mottling within the Colpoy Bay Member is characterized by its shape and evenly-
spaced distribution. Typical mottles of the Colpoy Bay Member are elongate parallel to
bedding, irregularly shaped, blue-grey, and centimetre-sized in thickness (Fig. 3.1D). Mottles
within the Colpoy Bay Member are often 2—3 cm apart. Bioturbation within the base of the
Colpoy Bay Member is indicated by irregular banded dark grey mottling parallel to bedding
that may only exist in the lower ~1-2 m, followed by a zone of sparse fossils and/or mottling
where grey vertical burrow shapes are present. The upper zone of the Colpoy Bay Member

may contain ~ 1 m of ‘tiger-striped’ mottling where the tan lithofacies appears intertwined
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with dark grey irregular mottles. This uppermost mottling pattern may also be present within
the Wiarton Member.

Calcite commonly lines or fills vugs and fractures with crystals ranging from 10-475
pm. Chert nodules are less common than in the Lions Head Member. The abundance of
tabulate corals decreases upwards whereas stromatoporoids and shell fragments (crinoids,
brachiopods, bivalves, and gastropods) become more abundant. Fragments of fossils are
rarely observed in concentrated zones parallel to bedding within the core. The Colpoy Bay
Member is laterally continuous on the Bruce Peninsula, and has a gradational contact with
the underlying Lions Head Member in all eight boreholes. The lower contact of this member
is recognized by the increase in biomoldic, vuggy and fracture porosity, fossil content, and
extensive irregular diffuse mottles that resulted from bioturbation (Fig. 3.1D). The contact
between the Colpoy Bay Member and the overlying Wiarton Member is gradational, with a
change in fauna to more crinoid-rich lithofacies, and a decrease in the mottled fabric (Fig.

3.1E).

3.1.3 The Wiarton Member
The light to dark grey-brown, medium-coarse crystalline crinoidal dolostones of the Wiarton
Member were named after their type section at Wiarton by Nowlan (1935). The Wiarton
Member is generally quite porous in core, ranging from 10-25 % (biomoldic and vuggy)
porosity. Both wispy and peaked stylolite seams rarely occur. Calcite both lines and fills vugs
and sub-millimetre-wide fractures with crystals up to 350 um in size. Minor 5-25 pm-sized

crystals of pyrite are associated with fossils and biomoldic porosity. The characteristic

26



feature of the Wiarton Member is the abundance of crinoid fragments (Fig. 3.1F), which can
range from 20—-80 % of this facies, with fragmented stems reaching up to 4 cm in length.
Corals become more abundant within the southernmost borehole. The Wiarton Member does
not show the same lateral continuity as the Lions Head and Colpoy Bay members, which are
present in each of the boreholes logged. The Wiarton Member ranges from absent at
Tobermory to 15 m thick within the southernmost borehole. This facies is encountered in
four of the eight boreholes examined.

Difficulty arises in distinguishing the Wiarton Member where the size and abundance
of crinoids is not great. Where the Guelph Formation directly overlies the Wiarton Member,
the contact is commonly represented by a faunal change, with the introduction of
megalodontid bivalves and/or an increase in gastropods and bryozoans. The crystal size and
tan-grey colour that sometimes characterizes the Wiarton Member and the overlying Guelph
Formation may be similar and the contact is commonly difficult to determine. In contrast,
where the Eramosa Member of the Guelph Formation overlies the Wiarton Member, the
contact is abrupt with a change in colour to darker brown and a reduction in crystal size from

medium-coarsely crystalline dolomite to finely crystalline dolomite in the Eramosa Member.
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Table 1: Summary of observations in the Amabel Formation

wispy or peaked ss; fp:
replaced with fcd or med or
mixture of microquartz and
dolomite, or mimically-
replaced with dolomite;
pyrite along ss; megaquartz,
chalcedony and calcite fill
pores

ixst, ~10% bp; fp:
replaced with fcd, drusy
quartz, or mixture of
microquartz and mcd;
minor pyrite with calcite
lining vugs

Member Lions Head Member Colpoy Bay Member | Wiarton Member
Core Grey-tan, massive, Light grey-tan, massive, Light tan-grey,
Observations bioturbated fcd, blue-grey heavily bioturbated, med | massive, heavily
spotted (mm-cm) mottling, with dark blue-grey bioturbated, mcd with
p=~2%, wispy ss and irregular mottling, bp and | blue-grey irregular
peaked ss, minor coral and vp= 5-20%, wispy and mottling, bp and vp=
sf; calcite and chert occur in | horsetail ss to peaked ss; 10-25%, wispy ss and
bp, pyrite occurs in mottles | abundant sf, coral, peaked ss, minor sf,
stromatoporoid; calcite, abundant crinoids and
chert and minor pyrite are | corals, calcite with
found in bp and nodules minor chert and pyrite
in vugs, nodules and bp
Petrographic Anhedral to subhedral fcd, Anhedral to subhedral Subhedral-euhedral
Observations ~1% ixst, ~2% bp; minor fcd—euhedral ccd; ~1% fcd—med; ~1% ixst; 3—

15% bp; fp: mimically-
replaced with dolomite;
calcite, pyrite, minor
diagenetic quartz

Distribution and
thickness

* from outcrop
(Armstrong and
Dubord, 1992)

Ranges from 4-12 m in
thickness. Lower contact
with the Fossil Hill Fm is
sharp. Occurs in all 8
boreholes.

*Thin- to thick-bedded,
platy to blocky parted

Ranges from 5-19 m in
thickness. The lower
contact with Lions Head
Mb is typically
gradational. Occurs in all
8 boreholes.

*Thick- to massively
bedded

Ranges from 3—15 m in
thickness. The
lowermost contact with
the Colpoy Bay Mb is
typically gradational.
Occurs in 4 of the 8
boreholes.
*Thick-bedded

Depositional
Environment

Low energy, relatively
deeper water environment.

Shallow high-energy
shoaling non-biohermal
environment.

Proximal to bioherms
or shoals with crinoids,
corals and
stromatoporoids.

vfcd = very finely crystalline dolostone, fcd = finely crystalline dolostone; mcd = medium crystalline dolostone;

ccd = coarsely crystalline dolostone; ixst = intercrystalline porosity; bp= biomoldic porosity; vp=vuggy

porosity, ss= styloseams; p = porosity; sf = shelly fragments; fp= fossil preservation
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3.2 Lithofacies of the Eramosa Member

The Eramosa Member was first named by Williams (1915) to refer to the bituminous
dolostones outcropping along the Eramosa River in southern Ontario. This study has
included the Eramosa Member as a basal part of the Guelph Formation. The Eramosa
Member contains four lithofacies on the Bruce Peninsula, which have been subdivided by the
author into the: (1) Eramosa 1 (E1), (2) Eramosa 2 (E2), (3) Eramosa 3 (E3), and (4)
Eramosa 4 (E4). Examples of each of the lithofacies are illustrated in Figure 3.2. The four
lithofacies of the Eramosa Member show vertical and/or lateral facies changes across the
Bruce Peninsula. Armstrong and Meadows (1988) also observed four similar subdivisions of
the Eramosa Member based on quarry outcrop data. Their study of the Eramosa involved
thorough research within seven quarries concentrated in the Wiarton area as well as detailed
mapping of nearby outcrop locations.

The lower contact of this member with the Amabel Formation is commonly sharp and
is recognized by a change in colour from grey-tan to brown, a change from medium-coarse to
fine crystallinity, a decrease or lack of mottles, and a decrease in both fossil abundance and
faunal type to one with few to no crinoids (Fig. 3.2A). The Eramosa Member varies in
thickness from 0-35 m and displays both gradational and sharp litho- and biofacies changes
within it. Contacts among lithofacies E1-E3 are generally gradational, whereas the E4
lithofacies is composed of dark bituminous or argillaceous dolostone which makes it
prominent within the stratigraphy. These observations suggest changing environmental

conditions both temporally and spatially throughout the depositional history of this

29



significant rock unit. The thickness and distribution of these facies is illustrated in Figure 3.4.

A summary of each facies is provided in Table 2.

3.2.1 Eramosa 1 Lithofacies

This lithofacies is composed of grey-brown, massive, finely crystalline dolostone. Porosity
estimates from core range from 2—15 % (biomoldic and vuggy). The E1 lithofacies contains
an abundance of wispy stylolite seams that are commonly spaced ~ 10 cm apart (Fig. 3.2A).
Groups of stylolites ~ 1 cm apart may separate fossil-rich intervals within the E1 lithofacies.
Calcite commonly lines vugs and biomoldic pores with crystals up to 2.4 mm in diameter.
Pyrite crystals are rarely found associated with stylolite seams. One occurrence of glauconite
was observed along a stylolite seam. A variety of shell fragments occur within this facies,
including crinoids, brachiopods, bivalves, and possible gastropods.

Although the E1 lithofacies is found within five of the eight boreholes logged on the
Bruce Peninsula, this lithofacies does not have a consistent stratigraphic position between the
underlying Amabel Formation and the overlying Guelph Formation. The E1 lithofacies may
overlie the bituminous laminated dolostones of the E4 lithofacies or the Amabel Formation at
the northern end of the Peninsula, and it is also found overlying E2 and E3 lithofacies at the

southern end of the Peninsula.

3.2.2 Eramosa 2 Lithofacies
The difference between the E1 and the E2 lithofacies is a colour change from grey-brown

(E1) to dark brown (E2) and the introduction of larger-sized coral and brachiopod fragments
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(Fig. 3.2B). The E2 lithofacies is composed of dark brown, massive, fine to medium
crystalline dolostone. Porosity within this lithofacies ranges from ~5-15 % (biomoldic and
vuggy) in core. Wispy stylolite seams occur in groups ~10 cm apart. Minor pyrite crystals are
found within stylolite seams, and calcite crystals up to 500 um line vugs and fractures.
Although the majority of nodules found within the E2 lithofacies are mixed dolomite and
chert (see Section 4.3.1.2), chert nodules are more abundant in this lithofacies than the E1,
E3, or E4 lithofacies. Bioturbation within this lithofacies is not abundant (<10 %), and
burrows are not obvious. Similar to the E1 lithofacies, the E2 lithofacies contains a variety of
fossils, including shelly fragments (crinoid, brachiopods, gastropods), as well as scattered
coral fragments and stromatoporoids. The E2 lithofacies has the greatest abundance of fossils
of the four lithofacies. Although preservation of fossils within the E1 and E2 lithofacies was
variable within core, Tetreault (2001) recovered a diverse selection of biota from the
Eramosa Member at the OSLW Quarry north of Wiarton. Trace fossils, a few rare marine
plant fossils, high density shell beds, sponges, trilobites, and stromatolites were found within
the various lithofacies of the Eramosa Member, with greater fossil content found in the
“interbedded unit”, which most likely corresponds with the E1 or E2 lithofacies (Tetreault,

2001).

31



Figure 3.2: Representative core photographs of the Eramosa lithofacies. Large arrows in lower left-hand
corners of photographs represent the base of each core, where the top is the upper right-hand corner.
Photographs A - C are from borehole OGS-90-2, and photograph D is from borehole OGS-89-2.

A) Eramosa 1 lithofacies (E1) is finely crystalline and contains abundant stylolite seams;

B) Eramosa 2 lithofacies (E2) is shown here sharply overlying the Wiarton Member (A (W)) and is dark brown
and fossiliferous. The contact is not shown within this photograph;

C) Eramosa 3 lithofacies (E3) is light grey-tan, finely crystalline, and contains vuggy porosity;

D) Eramosa 4 lithofacies (E4) is dark brown and grey, laminated, very finely crystalline, and bituminous.
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Table 2: Summary of observations in the Eramosa Member

Lithofacies Eramosa 1: Eramosa 2: Eramosa 3: Eramosa 4:
Grey-brown Dark brown Light brown Bituminous
abundant ss, fossiliferous, vuggy dark brown and
dolostone nodular dolostone grey laminated

dolostone dolostone

Core Grey-brown, Light to dark Light tan to grey- Very thinly

Observations massive, abundant | brown, massive, tan, massive, fcd— laminated, dark
ss; rare vp; chert fcd—mcd, locally mecd, thin zones of | brown/black and
and mixed chert fossiliferous: sf, Wwispy ss grey/blue-grey fcd,
and dolomite coral, (anastomosing or no visible fossils or
nodules, upper stromatoporoids; rare horsetail), vugs.
boundary may mixed chert and locally vug-rich,
contain fossils dolomite nodules thick-bedded, rare

also locally corals
abundant

Petrographic Subhedral fcd— Subhedral fcd— Subhedral, vfcd- No thin sections

Observations mcd, with rare mcd, with rare mcd, ~1% ixst, from core, thin
euhedral, ixst ~1-2 | euhedral crystals, ~2% bp, fp: few- section from
%, 3% bp; fp: ixst ~1-5%, up to bp, lath-shaped OSLW: vfcd-med,
replaced with med, | 5% bp and vp, fp: pores; <1% <1% ixst, 1% vp,
rarely with quartz; | few - replaced with | diagenetic quartz, fp: replaced with
pyrite, microquartz | microquartz, med; | pyrite, calcite mcd; pyrite,
fills some vp minor quartz and calcite, minor

calcite (in vp) quartz

Distribution Ranges from 4-17 | Ranges from 4-15 | Ranges from 5-15 | Ranges from 30

and thickness m in thickness. m in thickness. m in thickness. cm-2 min
Ocecurs in 5 of the 8 | Occurs in 6 of the 8 | Occurs in 3 of 8 thickness; spatially
boreholes. boreholes. boreholes, and associated with

repeats itself in 90- | Eramosa 2 facies.
2. Occurs in 2 of 8
boreholes.

Depositional Inter-reef Proximal to a Inter-biohermal, Low energy,

Environment bioherm or mound | low energy lagoon, anoxic?

vfcd = very finely crystalline dolostone, fcd = finely crystalline dolostone; mcd = medium crystalline dolostone;

ccd = coarsely crystalline dolostone; ixst = intercrystalline porosity; bp= biomoldic porosity; vp=vuggy
porosity, ss= styloseams; p = porosity; sf = shelly fragments; fp= fossil preservation

The E2 lithofacies is found in six of the eight boreholes on the Bruce Peninsula,

making it the most common Eramosa lithofacies. The E2 lithofacies occurs at the top of the

Eramosa Member directly underlying the Guelph Formation within the stratigraphic
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sequence at the north end of the Peninsula and it directly overlies the Wiarton Member of the

Amabel Formation at the south end of the Peninsula (Fig. 3.4).

3.2.3 Eramosa 3 Lithofacies
This lithofacies is composed of light tan to grey-tan, massive, finely crystalline dolostone,
with intervals of medium crystalline dolostone. Biomoldic and vuggy porosity is commonly
<2 % in core; however, vuggy porosity locally reaches up to 25 %. Calcite crystals up to 300
um are found lining some vuggy pores, and calcite cement may partially or completely fill
lath-shaped “swallow-tail” (Lowenstein, 1983) (precursor gypsum?) pores. Minor corals and
shelly fragments (crinoids, brachiopods) are rare within this facies (Fig. 3.2C). Wispy
stylolite seams occur randomly throughout this lithofacies and may form anastomosing or
more rarely horsetail arrangements. The E3 lithofacies is less common than the E1 and E2
lithofacies and has only been observed within the boreholes on the southern half of the

Peninsula, where it is repeated within the most southerly borehole (Fig. 3.4).

3.2.4 Eramosa 4 Lithofacies
The bituminous, thinly-laminated (~ 1 mm to 1 c¢m thick), dark brown to black very fine to
finely crystalline dolostones of the E4 lithofacies are readily recognized in core from the
Bruce Peninsula (Fig. 3.2D). This lithofacies is only present in two of the boreholes on the
Bruce Peninsula, where it ranges from 1-3 m in thickness. The E4 is thickest in the Wiarton
area (up to 3.5 m) and has been recognized as far south as the Niagara Peninsula (Bolton,

1957).
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The E4 is known as the ‘Marble Beds’ in quarries around the Wiarton area where this
lithofacies can be up to 3.85 m thick (Armstrong and Meadows, 1988). Minor mollusc fossil
fragments were observed in carbonate laminae within the E4 lithofacies in core. The E4
lithofacies has a low (1 %) porosity (minor vuggy or biomoldic) observed in core. Wispy and
low-amplitude peaked stylolite seams are common and contribute significantly to the

laminated character of this lithofacies.

3.3 Lithofacies of the Guelph Formation

The youngest Silurian carbonates logged on the Bruce Peninsula are dolostones of the
Guelph Formation. Williams (1919) mapped the Guelph Formation from Niagara Falls as far
north as Fitzwilliam Island, just north of the Bruce Peninsula. The Guelph Formation
comprises thick buff brown-tan dolostone beds proximal to biostromes and bioherms, and
extensive lagoonal mudflats, which appear to conformably overlie bituminous, argillaceous,
less fossiliferous dolostones of the Eramosa Member. The formation possesses a distinctive
coarse sucrosic dolomite texture that is visible in weathered outcrop sections. The Guelph
Formation is exposed along the western and northern portions of the Bruce Peninsula, and is
up to 75 m thick at Tobermory. Key distinguishing faunal elements include the abundance of
high- and low-spiral gastropods and spatially associated megalodontid bivalves, and
trimerellid brachiopods.

In the eight boreholes logged for this thesis, three distinct lithofacies were observed in
core and are informally referred to as: (1) Guelph 1 (G1), (2) Guelph 2 (G2), and (3) Guelph

3 (G3) lithofacies. The characteristic features of each lithofacies are illustrated in Figure 3.3.
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Biohermal and non-biohermal facies divisions were recognized by Armstrong (1988) in the
Guelph Formation. Within this study no bioherms were confirmed, though two lithofacies
contain abundant fossils and are differentiated by a change in colour. These lithofacies have
been interpreted to be located proximal to a bioherm. Although colour is the main
differentiating characteristic between these two lithofacies, the author believes it is important
to recognize and distinguish the units. Due to pervasive dolomitization and the effects of
weathering on the outcrop, the subtle differences among the G1, G2, and G3 lithofacies are
likely difficult to observe in outcrop. The thickness and distribution of these lithofacies is
illustrated in Figure 3.4 where it is evident that the Guelph Formation is thickest in the most
northerly borehole and there is no consistent stratigraphic order of the individual lithofacies.

A summary of the general descriptions of each lithofacies is provided in Table 3.

3.3.1 Guelph 1 Lithofacies
The G1 lithofacies occurs within four of the eight boreholes and is generally found directly
overlying the Eramosa Member (Fig. 3.4). This lithofacies ranges in thickness from ~ 1-24
m in core, and is composed of light tan, massive, fine to medium crystalline dolostone (Fig.
3.3A). The Gl lithofacies is locally vuggy in core, where biomoldic and vuggy porosity
averages ~5—10 %, with rare zones up to 30 %. The G1 lithofacies contains wispy stylolite
seams that occur in small groups spaced ~10-20 cm apart. In some of the boreholes there are
no stylolite seam patterns, and stylolites occur with random spacing. Pyrite is of minor
importance, with crystals ranging from 5-25 um in size, typically occurring along stylolite

seams. Calcite crystals up to 140 um line vuggy pores and fractures. Minor bioturbation was
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observed within this lithofacies. A wide variety of shelly fragments (gastropods, brachiopods,

crinoids) are found within this lithofacies, as well as corals and stromatoporoids.

3.3.2 Guelph 2 Lithofacies
The G2 lithofacies is the most common lithofacies encountered, and ranges in thickness in
core from ~ 619 m. This lithofacies is the most representative of the Guelph Formation. The
G2 lithofacies is characterized by its abundant fossil content and size. The G2 lithofacies is
distinguished by its tan-brown colour and presence of megalodontid bivalves up to 5 cm in
diameter, corals ~1.5 cm in size, stromatoporoids up to 4 cm in length, and shelly fragments
(crinoid ossicles ~1cm, brachiopods up to 5 cm, and gastropods ~1.5 cm). It is composed of
tan to light brown, massive, medium crystalline dolostone (Fig. 3.3B). Within the
northernmost boreholes, there are also rare occurrences of thinly-laminated argillaceous
dolostone beds (< 0.5 m thick) which range in colour from blue-grey to dark brown and
black. Biomoldic and vuggy porosity ranges from 10-30 % in core. Wispy stylolite seams are
relatively common in the northern boreholes, whereas peaked stylolite seams dominate in the

southern boreholes. Calcite crystals up to 4 mm line and/or fill vuggy and biomoldic pores.

3.3.3 Guelph 3 Lithofacies
The G3 lithofacies is a medium crystalline fossiliferous dolostone and is similar in most
respects to the G2 lithofacies except for the darker brown colour of the G3 lithofacies (Fig.
3.3C). The G3 lithofacies ranges in thickness within core from ~ 7-10 m. The vuggy and
biomoldic porosity in this lithofacies is generally ~15-20 % in core. Similar to the G2
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lithofacies, this lithofacies contains thinly-laminated beds that are only 3-20 cm thick. The
G3 lithofacies rarely contains randomly spaced, peaked stylolite seams. Calcite crystals up to
4 mm fill and line vugs as well as biomoldic pores. Bioturbation is evident in the form of
minor marble-coloured mottling. Brachiopods and corals range from 5 mm—3 cm within the
G3 lithofacies, with fragments of bivalves and crinoids that are generally <1 cm. The
abundance of these fauna suggests that this lithofacies was deposited proximal to a bioherm,
and minor laminated beds possibly represent flanking sediments or perhaps a slight
deepening of the waters.

The G3 lithofacies only occurs in the most northerly boreholes, and is found at

different stratigraphic levels.
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Table 3: Summary of observations in the Guelph Formation

~1-2% ixst, ~5-25% bp
and vp fracture porosity;
ss; fp: poor- replaced with
mcd—ccd; crinoids, sf;
former evaporites, pyrite,
quartz fills vp and bp,
minor calcite

fed; ~1% ixst, ~2—10% bp
and vp; few peaked and
wispy ss; fp: replaced
with ccd, mimically-
replaced with dolomite;
minor pyrite, microquartz
fills bp

Lithofacies Guelph 1: Light tan Guelph 2: Tan Guelph 3: Dark
fossiliferous (non- biohermal dolostone | brown biohermal
biohermal) dolostone dolostone

Core Light tan, fcd—mcd, Tan, mcd, massive, rare Dark brown, mcd,

Observations massive, minor peaked ss; abundant coral, massive, rare ss; coral,
and wispy ss; locally brachiopod, bivalve, brachiopod, bivalve,
vuggy, local sf of coral, gastropod, sf; thinly gastropod, sf; thinly
brachiopod, gastropod, laminated beds <0.40 m | laminated beds ~ 0.30m
and crinoids thick thick

Petrographic Subhedral mcd with fcd Subhedral med—Euhedral | Subhedral med—

Observations and rare euhedral ccd; ccd with rare subhedral euhedral ccd; ~1% ixst,

~5% bp vp; few peaked
ss, fp: poor, few
mimically replaced with
dolomite, ced; 1-15%
pyrite, calcite

Distribution and

Ranges from 2-25 m in
thickness. Occurs in 4 of

Ranges from 7-20 m in
thickness. Occurs in all

Ranges from 9-12 m in
thickness. Occurs in 2

thickness D
the 8 boreholes. boreholes containing the northerly boreholes.
Guelph (5 of 8).
Depositional Inter-biohermal? Shallow marine water, Shallow marine water,
Environment proximal to a bioherm proximal to a bioherm

vfcd = very finely crystalline dolostone, fcd = finely crystalline dolostone; mcd = medium crystalline dolostone;

ccd = coarsely crystalline dolostone; ixst = intercrystalline porosity; bp= biomoldic porosity; vp=vuggy

porosity, ss= styloseams; p = porosity; sf = shelly fragments; fp= fossil preservation
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Figure 3.3: Representative core photographs of the Guelph lithofacies. Large arrows in lower left-hand corners
represent the bottom of the core with the top in the upper right-hand corner. Photographs A and B are from
borehole OGS-90-2, and photograph C is from borehole OGS-89-3.

A) Guelph 1 lithofacies is light tan-grey fine-medium crystalline with minor fossils;
B) Guelph 2 lithofacies is light tan medium crystalline fossiliferous dolostone; and

C) Guelph 3 lithofacies is dark brown, medium-coarse crystalline, sucrosic, and fossiliferous.

3.4 The depositional history of the Amabel and Guelph formations

3.4.1 The Amabel Formation
The lowermost lithofacies of the Amabel Formation is the Lions Head Member, which is
composed of thin- to thick-bedded dolostone with few identifiable fossils. The apparently
low abundance of recognizable fossils within this facies may be due to pervasive
dolomitization. Fossils that are recognizable include crinoid and coral fragments. The low
abundance of fossils and their random scattering in the upper portions of the Lions Head
Member reflects a depositional environment removed from the ideal carbonate factory
environment, which could be below wave base (e.g., Gill, 1985) in a slightly down-slope

setting. The fine crystal size of the Lions Head Member may also reflect a tidal flat-lagoon or
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quieter water conditions. It is likely that the material which makes up the Lions Head
Member was deposited within relatively deeper waters than those in the overlying Colpoy
Bay Member (Johnston et al., 1992; Armstrong et al., 2002). Observations of a potential
hardground surface at the base of the Lions Head Member suggests that there was a hiatus in
deposition that resulted from a lack of sedimentation where the surface may have been
exposed on the seafloor, thus encouraging lithification (e.g., Brett and Brookfield, 1984).

Johnson et al. (1992) described the Lions Head Member as thickening towards the
north, and that a lateral facies change of the Lions Head occurred with the Colpoy Bay facies
to the south. Although there is a repetition of the Lions Head Member in borehole OGS-89-2
on the north end of the Peninsula, the Colpoy Bay Member is still present in between the
repeated facies (Fig. 3.1). There were no lateral facies changes evident between these two
members within the eight boreholes logged.

The overlying Colpoy Bay Member contains abundant shell fragments (crinoids,
brachiopods), and coral fragments that may occur in concentrated zones. The concentrated
zones of fauna suggest possible storm influxes of fossil debris from a shallow high energy
shoal environment (Armstrong et al., 2002). In addition, the Amabel sea may have undergone
a relatively rapid shallowing (Sanford, 1969) during the deposition of the Colpoy Bay
Member that initiated conditions ideal for carbonate production. This lowered sea level
would increase the penetration depth of the sunlight within the water column, warming the
temperature of the water in a subtidal environment suitable for bioherm development in close
proximity. The Colpoy Bay Member has been interpreted as a transitional facies between the

Lions Head and Wiarton members (Sanford, 1969).
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The present study shows that the Colpoy Bay Member was deposited between the
lower Lions Head Member and either the overlying biohermal Wiarton Member, the
fossiliferous E2 lithofacies, or the E1 lithofacies along the Bruce Peninsula. A gradual shift
from quiet water deposits to slightly more fossiliferous facies suggests that the marine

environment gradually changed to more ideal carbonate producing conditions.

Figure 3.4 (next page): Stratigraphic correlation of eight boreholes on the Bruce Peninsula. Boreholes are
oriented from north (left) to south (right). Elevation axes are on either end of the diagram and units are shown in
metres above sea level (m.a.s.l). Thick solid lines represent correlation between formations or members; thin
solid lines correlate members; dashed lines represent hypothesized correlations; and jagged zigzag lines suggest
a facies change occurred between boreholes. Legend is shown in Figure 3.5 on page 44.
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Figure 3.4: Figure caption is on previous page. Legend is on next page.
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\GUELPH FM SYMBOLS
Guelph 2 lithofacies: Dark brown, medium crystalline,
massive, rarely sucrosic, biohermal dolostone (] Chert nodule
Guelph 2 lithofacies: Tan, medium crystalline, massive, <) Mixed (dolomite/chert) nodule
rarely sucrosic, biohermal dolostone & Vug (lined or empty)
Guelph 1 lithofacies: Light tan-grey, fine-medium crystalline, ’
P J TOIRY, v ————— \Nispy stylolite seam

massive, fossiliferous dolostone
=] Guelph 1 and 3 lithofacies with thin blue and dark brown S - Peaked stylolite seam
| laminated zones

- Spot mottle
ERAMOSA MB i . . — Irregular elongate mottle
Eramosa 4 lithofacies: Dark brown and grey, laminated,
bituminous, very finely crystalline dolostone (W] Brachiopod/bivalve/cephalopod
Eramosa 3 Iilhoiacies: Lightl grey-tan, finely crystalline, massive & Gastropod
dolostone with vuggy porosity
Eramosa 2 lithofacies: Dark brown, fine-medium crystalline, -‘ Coral
massive, fossiliferous nodular dolostone
Eramosa 1 lithofacies: Grey-brown, finely crystalline, stylo-seam rich, s Shelly fragments
massive dolostone
© Crinoid ossicle
AMABEL FM
Wiarton Member: Grey to blue-grey, medium crystalline, massive, —  Formation contact/correlation
crinoidal grainstone Member correlation
Colpoy Bay Member: Grey to blue-grey fine-medium crystalline, . . .
massive, imegular elongate mottled dolostone swmssemenssess Topographic (erosional?) correlation
Lions Head Member: Grey to blue-grey to tan, finely crystalline, NN Facies change

thin- to medium-bedded, spotty mottled dolostone

Figure 3.5: Legend to accompany Figure 3.4, the stratigraphic correlation between boreholes. Each lithofacies
is represented by a colour scheme. The lowermost Amabel Formation is coded in shades of blue, the Eramosa
Member is in shades of brown, and the Guelph Formation is shown in red, orange, and yellow. Symbols and
definition of various correlation lines used in the stratigraphic logs are shown on the right.

The uppermost Wiarton Member likely represents local shoal growth along shallower
portions of the basin margin, which is indicated by the increase in crinoids. An increase in
corals in the boreholes south of Wiarton may indicate their proximity to a bioherm. There
was no fault or displacement evidence within these boreholes. The lateral extent of each
lithofacies and the possible proximal distance to a bioherm is unavailable from information

provided by each of the boreholes which are separated by ~ 13 km.
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3.4.2 The Eramosa Member
Gradational contacts among the E1-E3 lithofacies on the Bruce Peninsula indicate that the
depositional environment at this time was undergoing minor fluctuations. The E1 and E2
lithofacies contain fragments of crinoids and brachiopods that rarely occur in isolated
intervals, suggestive of a slope or flanking environment which may receive detrital fragments
possibly from a nearby shoal or bioherm. Tetreault (2001) proposed that storms periodically
destroyed bottom communities, which would produce similar intervals of fossil fragments.
The E3 lithofacies commonly occurs between the E1 and E2 lithofacies in the southernmost
boreholes. The E3 lithofacies is massive, and contains only minor fossil content. Groups of
stylolites ~ 1 cm apart may also separate fossil-rich intervals within the E1 and E3
lithofacies. The E3 lithofacies contains little to no fossils and appears as a transitional facies
between the E1 and E2 lithofacies in the southerly boreholes. The E3 lithofacies may
represent an inter-biohermal unit or an increased salinity or anoxic zone.

Within the core on the Bruce Peninsula the laminated E4 lithofacies is localized and
may indicate a rare restricted back-barrier-reef lagoon environment that existed in and around
bioherms on the Bruce Peninsula along the borehole cross-section in this study area (e.g.,
Shaw, 1937; Bolton, 1957; Sanford, 1969). The lack of fossils within the E4 lithofacies
suggests water salinity was high (Tetreault, 2001), making the lagoons a hostile environment
for all metazoan life. Alternatively, the E4 lithofacies may represent relatively deeper anoxic
waters.

The local absence of the entire Eramosa Member at borehole OGS-90-1 may be due

to deposition on an irregular paleotopography. Bolton (1957) suggested that the Eramosa
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Member is a transitional facies between the Wiarton Member and the Guelph Formation, and
that it has been found overlying and laterally grading into Wiarton bioherms. This study has
shown that the Eramosa Member contains a variety of facies changes that indicate that there
was more than one depositional environment transition between the underlying Wiarton
Member and overlying Guelph Formation. The Eramosa lithofacies indicate a variety of
salinities, oxygenation levels, and water depths during the time of deposition. This study
assigns the Eramosa Member as a basal lithofacies of the Guelph Formation, and there are no
lateral facies changes between the Wiarton Member and the overlying Eramosa Member
(Fig. 3.4). This study has shown that the Eramosa Member contains similar fauna as the
undifferentiated Guelph Formation, and likely represents the base of a regressive sequence to

the overlying Guelph Formation.

3.4.3 The Guelph Formation
The three lithofacies of the Guelph Formation were interpreted to result from an overall
increase in water depth that provided increased water circulation and changed ecologic
patterns (Tetreault, 2001). However, coarser crystal sizes and bryozoan, brachiopod, and
bivalve faunas more likely indicate an overall shallowing upwards sequence. The
fossiliferous deposits of the G2 and G3 lithofacies are commonly separated by the non-
biohermal dolostones of the G1 lithofacies. The pause in fossil abundance, as indicated by
the presence of the G1 lithofacies, supports a change in sea level or salinity that initiated an
unfavourable environment for the organisms of the surrounding Guelph Formation

sediments. There were no observations made of reefs or bioherms in the core and lath-shaped
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(“sparrow-tail”) pores were observed within the G1 lithofacies indicating the presence of
precursor evaporites. Gypsum or anhydrite may have been present based on southwestern
Ontario studies by Zheng (1999) and Coniglio et al. (2003).

The G2 lithofacies contains large brachiopods up to 5 cm in diameter, gastropods and
corals. The fauna within the G2 and G3 lithofacies showed good zonation (Armstrong et al.,
2002), and were abundant and whole, which may be indicative of their close proximity to a
biohermal complex. Where intervals of shelly fragments occur, storms may have contributed
pulses of debris to the bioherm facies.

The G3 lithofacies was deposited within a similar environment as the G2 lithofacies
that may have contained larger quantities of organics as indicated by the darker brown
colour, and may be proximal to a bioherm (Armstrong et al., 2002). Based on the pattern of
eroded Paleozoic strata (Fig. 1.1), the thickness of the Guelph Formation and the observed
presence of the G3 lithofacies at the northern tip of the Peninsula (Fig. 3.4) may be related to
the reduced amount of erosion that occurred at these locations compared to the locations of

the southern boreholes.

3.5 Conclusions

From stratigraphic logging of eight boreholes and two quarries on the Bruce Peninsula a
lithostratigraphic framework was constructed for the Amabel and Guelph (including the
Eramosa Member) formations. The Amabel Formation is composed of three lithofacies (also

recognized as formal members), the Eramosa Member of the Guelph Formation has been
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subdivided into four lithofacies, and the upper Guelph Formation is made up of three
lithofacies.

The lowermost member of the Amabel Formation, the Lions Head, is easily
recognizable in core as the blue-grey to tan grainstone that contains dark grey spotty mottles
and chert nodules, and in outcrop as the thin- to thick-bedded blocky weathering blue-grey
grainstone. The overlying grey to blue-grey Colpoy Bay Member of the Amabel Formation is
consistent across the Bruce Peninsula and contains irregular elongate blue-grey mottles and
an increase in shelly fragments and corals compared with the underlying Lions Head
Member. The Lions Head and Colpoy Bay members of the Amabel Formation are
consistently present across the Bruce Peninsula, although their thickness varies. The
uppermost Wiarton Member of the Amabel Formation is not laterally continuous across the
Peninsula, and is only present within four of the eight boreholes logged in this study. This
member is a crinoidal grainstone that also contains minor corals and brachiopods.

The Eramosa Member is prominent in both core and outcrop as a light- to dark brown
vuggy, fossiliferous, argillaceous laminated dolostone. In this study, the Eramosa Member
has been subdivided into four lithofacies that each contains distinct lithologic and diagenetic
features. The E2 lithofacies is present in six of the eight boreholes and is dark brown and
fossiliferous. The brown sparsely fossiliferous E1 lithofacies, the massive light tan vuggy E3
lithofacies, and the rare argillaceous dark brown and black laminated E4 lithofacies are much
less consistent in their presence in core on the Bruce Peninsula.

The Guelph Formation makes up the uppermost Silurian strata on the Bruce Peninsula

within the core from this study. In outcrop, the Guelph Formation may be hard to distinguish
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from the Amabel Formation based on their similar weathering characteristics. Within core,
the characteristic fauna of the Guelph Formation allow differentiation from the underlying
Amabel Formation. The light grey-tan fossiliferous G1 lithofacies, the tan medium
crystalline to sucrosic fossiliferous G2 lithofacies, and the dark brown medium crystalline
fossiliferous lithofacies are laterally inconsistently deposited across the Bruce Peninsula. The
G2 lithofacies is the most commonly occurring lithofacies of the Guelph Formation.

Overall the Amabel Formation represents a transition from quieter waters, as
represented by the Lions Head Member to shallower water in the Colpoy Bay Member which
led to the crinoidal shoal lithofacies of the Wiarton Member where bioherms may have
developed in close proximity as suggested by the increasing occurrence of corals and
stromatoporoids. The Eramosa Member does not represent a transitional facies between the
underlying Wiarton Member of the Amabel Formation and the overlying Guelph Formation
as previously claimed by Bolton (1957). This member is composed of sparsely fossiliferous
and laminated lithofacies, as well as fossiliferous lithofacies. The fine crystal size of the
Eramosa Member suggests possible deposition in quiet slightly deeper waters. The
dolostones of the Guelph Formation likely represent an overall decrease in water depth from
the environment in which the Eramosa Member was deposited, which was only habitable by

few select fauna.
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Chapter 4: Petrography and diagenesis of the Amabel and

Guelph formations

4.1 Introduction

Interest in the Silurian Amabel and Guelph formation carbonates began in southwestern
Ontario over a century ago due to their production of hydrocarbons (Sanford, 1969;
Armstrong et al., 2002). Silurian reefs have produced nearly 900 oil and/or gas pools in
southwestern Ontario, southeastern Michigan, and northern Michigan (Armstrong et al.,
2002). The Guelph Formation has been stratigraphically and petrographically analyzed in the
subsurface of southwestern Ontario (Charbonneau, 1990; Smith, 1990; Coniglio et al., 2003),
but there have not been comparable subsurface and field-based studies on the Bruce
Peninsula. There are only a few published petrographic studies on the Amabel (Lockport)
Formation that focus on pinnacle and patch reefs in southwestern Ontario (Charbonneau,
1990; Smith, 1990), and there are no documented petrographic studies on the Bruce
Peninsula. The Amabel Formation has not been as thoroughly studied in Ontario as the
overlying Eramosa Member and the undifferentiated Guelph Formation. Due to its resource
potential (Armstrong and Meadows, 1988; Armstrong et al., 2002) and stratigraphic
variability, the Eramosa Member and its relationship with the overlying Guelph Formation
has been the primary focus of more recent research (Brunton and Dekeyser, 2004; Brunton et
al., 2005). This study focuses on the northeastern margin of the Michigan Basin along the
Bruce Peninsula, where the Amabel and Guelph formations have been pervasively

dolomitized.
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This is the first diagenetic study of Silurian carbonates on the Bruce Peninsula that
combines data from borehole observations, transmitted light, cathodoluminescence, and
scanning-electron microscopy. The dolomite distribution and diagenetic history, including
nodules and mottled fabrics, of both the Amabel and Guelph formation dolostones are

interpreted from eight boreholes.

4.2 Diagenesis of the Amabel and Guelph formations

Grainstones and wackestones associated with a variety of fauna which have undergone
intense bioturbation make up the Amabel Formation, and possible boundstones and
brachiopod-, gastropod- and bivalve-rich units make up the Guelph Formation. These
formations were altered to a texturally heterogeneous limestone during early burial

diagenesis (Charbonneau, 1990; Zheng, 1999; Coniglio et al., 2003).

4.2.1 Pre-dolomitization diagenesis
The Amabel and Guelph formations record a complex diagenetic history (Fig. 4.2) where
pre-dolomitization events have been largely obscured by pervasive dolomitization. Evidence
of pre-dolomitization alteration within the lowermost Amabel Formation includes a possible
hardground surface at its basal contact with the Fossil Hill Formation. There is no evidence
of pre-dolomitization alteration within the Guelph Formation (including the Eramosa
Member).

Coniglio et al. (2003) studied dolomitized reefs and platformal carbonates of the

Guelph Formation in southwestern Ontario where evidence of pre-dolomitization calcite
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cements were found. In southwestern Ontario, both the underlying Lockport (i.e., Amabel)
and Guelph formations are composed of a mixture of dolostone and limestone. These
formations were also studied by Charbonneau (1990) and Smith (1990) who observed blocky
and fibrous calcite cements within six and three Lockport (i.e., Amabel) Formation dolostone
and limestone pinnacles respectively. Dolostones of the Bruce Peninsula in the current study
area show rare preservation of fibrous cement that has been dolomitized, and no evidence of
pendant or meniscus cements. Overall, Silurian carbonates on the Bruce Peninsula are

pervasively dolomitized; therefore, a lack of evidence of pre-dolomitization fabrics exists.

4.2.1.1 Hardground

Within the majority of the eight boreholes logged, a dark, pyrite-rich planar to hummocky
surface occurs in the lowermost ~1 m of the Lions Head Member of the Amabel Formation,
just above the contact with the underlying Fossil Hill Formation. This surface likely
represents a pause in sedimentation where the marine seafloor was exposed and hardened.
The nature of the contact between the underlying Fossil Hill Formation and the Lions Head
Member is represented by a sharp break in sedimentation at several locations (Bolton, 1953,
1957) suggesting that the contact represents a disconformity (Liberty and Bolton, 1971). The
hardground surface is composed of cloudy, finely crystalline dolomite and commonly

contains 5-25 um sized pyrite crystals along the surface (Fig. 4.1D).
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Figure 4.1: A, C) Two core samples of hardground (H) examples (A is from borehole 89-2, and C is taken from
borehole 89-3) developed in the lower Lions Head Member;

B and D) Cross-polarized photomicrographs of cores in A and C illustrate a hardground (H) depicted by dark,
pyrite-rich surfaces that are pitted (P) or bored by organisms.

D) Preservation of fossils (F) with cloudy finely crystalline dolomite and mimically-replacing dolomite (upper
right fossil - F) along the hardground surface (H) is similar to the surrounding dolomite.
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The hardground surface may appear pitted, possibly the result of boring by organisms
(Fig. 4.1B, D). Poorly preserved fossils replaced with clearer medium crystalline dolomite or
possible echinoderms replaced with mimically-replacing dolomite crystals appear
concentrated along the hardground surface (Fig. 4.1D).

Although there are chert nodules and silicified fossils within the uppermost Fossil
Hill Formation near the contact with the Amabel Formation, chert nodules and lenses within
the Lions Head Member only begin to appear within the metre above this potential

hardground surface.

4.2.2 Post-dolomitization diagenesis
The post-dolomitization diagenetic events which occurred within the Amabel and Guelph
formations include dolostone dissolution, evaporite cementation and dissolution, secondary
mineralization (silica, calcite, pyrite, fluorite, sphalerite, and glauconite), fracturing, chemical
compaction and the formation of stylolite seams, dedolomitization, and accumulation of

hydrocarbons. The relative timing of the diagenetic events is illustrated in Figure 4.2.

4.2.2.1 Porosity

Porosity was estimated from petrographic thin sections based on Flugel’s (1982) porosity
comparison charts. The major porosity types that occur within the Amabel and Guelph
formations in order of abundance are biomoldic and vuggy, intercrystalline, fracture, and

intraskeletal porosity (Fig. 4.3).
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Timing / Burial Stage

Diagenetic Alteration
Seafloor Shallow Burial Modlerate Burial
EARLY LATE

Hardground
Bioturbation _— =

Dolomitization -—_— = =
Pyrite precipitation | = = —— —_—
Carbonate dissolution —_———
Evaporite Cementation - =
Evaporite dissolution - — =
Silica accumulation/dissolution T —
Silica precipitation -
Nodule formation —_——
Fracturing —_—
Stylolitization — i — —
Fluorite precipitation - —
Late calcite —_—
Dedolomite _—
MVT mineralization (sphalerite)/ Hydrocarbons --
Mottling =

Figure 4.2: Paragenetic sequence constructed for the Amabel and Guelph formations in the study area. Dashed
lines are inferred.

Biomoldic and vuggy porosity percentages are grouped together where there is
uncertainty as to whether the porosity is biomoldic or vuggy. The term vuggy porosity is
used where there is nothing to suggest a biologic origin, even though it is recognized that
many such vugs may have originated as solution-enhanced biomolds. Biomoldic porosity is
only defined where it is clear that the pores were derived from the dissolution of fossils.

In general, irregularly-shaped vuggy pores that are the same size as associated fossils
when they occur (millimetre to centimetre-sized) are likely the result of solution-enhanced
biomolds. Vugs that have irregular to rounded shapes and that are in excess of 2 cm in size
are likely a result of enhanced dissolution of smaller vuggy or biomoldic pores.

Alternatively, these larger vugs may have formed along fracture planes where larger
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volumes of fluids would have been available to dissolve the surrounding rock. Biomoldic and
vuggy porosity are commonly higher in the Guelph Formation than in the Amabel Formation.
Within the Amabel Formation, biomoldic and vuggy porosity makes up ~ 5-10% of the rock.
Vugs occur within the Eramosa Member (2-5%) and are most common within the Guelph
Formation (2-25%). Blade or lath-shaped pores, which are evidence of former evaporites, are
common within both the Eramosa Member and the Guelph Formation.

Intercrystalline porosities range from ~ 1-2 % within the Amabel Formation, and ~
1-5 % in both the Eramosa Member and the Guelph Formation. Intercrystalline porosity
resulted from the recrystallization of the precursor limestone.

Fracture porosity is difficult to quantify within the Amabel and Guelph formations.
Although the carbonates are fractured in various orientations across the core, fractures are
generally lined or completely filled with calcite cement which decreases the porosity.
Remaining porosity after calcite cementation within fractures is less common in the Amabel
Formation (~1 %) than the Eramosa Member (2-3 %) and Guelph Formation (~ 3 %) on the
Bruce Peninsula.

Bioclasts are poorly preserved and their internal structure is commonly obscured by
dolomitization or replaced by microquartz rather than left as biomoldic pores. Corals and
stromatoporoids in correlative units in southwestern Ontario contain up to 5 % intraskeletal
porosity (Zheng, 1999). Intraskeletal porosity within dolostones on the Bruce Peninsula

makes up less than 1 % of the total porosity.
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Figure 4.3: Schematic illustration depicting the major porosity types within the Amabel and Guelph formations.
Dolostone is grey, dolomitized or silicified bioclasts are shown in black with pore space represented by the
white areas (modified after Zheng, 1999).
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Figure 4.4: Photomicrographs of pore-lining and pore-filling calcite (A, B), and dedolomite (C, D).

A) Plane polarized light photomicrograph of blocky subhedral calcite crystals (C) that partially fill a vug within
finely crystalline dolomite (D) from the Eramosa Member in borehole 90-2;

B) Plane polarized light photomicrograph of pore-filling calcite (C) exhibits minor ferroan (f) and nonferroan
(nf) zoning from the Colpoy Bay Member in borehole 90-2;

C) Cross-polarized light photomicrograph of dedolomite (dd) surrounded by blocky equant calcite cement (C)
from the Guelph Formation in borehole 8§9-3;

D) Plane-polarized light photomicrograph of a replaced dolomite rhomb (dd) shows optical discontinuity with
the surrounding calcite (C) from the Guelph Formation in borehole 89-3.
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Figure 4.5: Cross-polarized light photomicrographs of replacement silica (A-C) and pyrite (D).

A) Pore-filling chalcedonic spherules (Ch) and calcite (C) cement within surrounding dolomite (D) from the
Lions Head Member in thin section FRB-9-045 from borehole 89-1;

B) Replacement of a bioclast (likely a bryozoan fragment) with microquartz (Mi), megaquartz (Me), and
chalcedonic fibres (Ch) within the surrounding dolomite (D) of the Eramosa Member in thin section 128 from
borehole 82-4;

C) Replacement of a crinoid ossicle with microquartz (Mi). Dolomite (D) fills the intraskeletal pore in the
centre and is surrounding the fragment from the Lions Head Member in thin section 016 from borehole 90-2;

D) Plane polarized light photomicrograph illustrates pyrite (P) crystals that form rings that likely replaced
portions of unidentified bioclasts. The center of these features may be filled with slightly clearer dolomite or
they contain orange-coloured epoxy (E). These pyrite rings were only observed in the Eramosa Member in thin
section FRB-93-564A from borehole 90-3 amongst pore-filling blocky calcite cement (C) and dolomite (D).
Orange-coloured epoxy (E) also fills intercrystalline pores.
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4.2.2.2 Pore-filling minerals

Most biomoldic and vuggy pores within the Amabel Formation are filled with several types
of silica (microquartz and megaquartz), blocky calcite cement and dolomite (replacement
euhedral to subhedral crystals). Pores within the Eramosa Member and the undifferentiated
Guelph Formation commonly contain dolomite (replacement euhedral to subhedral crystals
and rarely radiaxial cement), minor silica or calcite, or they are empty. Slightly ferroan
euhedral dolomite rarely lines pores (Fig. 4.7F).

Very rare occurrences of sphalerite (Fig. 4.6A-C), fluorite (Fig. 4.6D-F) and
glauconite have also been observed within intercrystalline and vuggy pores. Where
intercrystalline porosity is greater (i.e., sucrosic G2 and G3 lithofacies), calcite cement may
be present. The dolomite distribution and petrography is described in section 4.2.3. The
nature and distribution of silica within the Amabel and Guelph formations are discussed in

section 4.3.

Calcite Cement

Within both the Amabel and Guelph formations on the Bruce Peninsula, equant non-ferroan
and rare slightly ferroan calcite cement occurs as euhedral to subhedral calcite spar ranging
from 25—-750 pm in size. This blocky, bright orange zoned luminescent calcite cement lines
or completely fills the vuggy, biomoldic, and fracture pores in which it is found (Fig. 4.4).
On one occasion, bladed prismatic calcite cement was observed lining a vug in the Eramosa

Member. Calcite cement is estimated to comprise ~ 2—3 % of the Amabel Formation,
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whereas the Guelph Formation (including the Eramosa Member) contains closer to 1 %

calcite.

Dolomite Cement

Sparry dolomite cement rarely occurs within the Amabel Formation and the Eramosa
Member as euhedral medium to coarse crystals lining vuggy pores or fractures. Medium
crystalline euhedral crystals may exhibit slight ferroan (blue) staining (Fig. 4.7F). Crystals
are generally less cloudy (i.e., less inclusion-rich) than surrounding dolomite, and may
exhibit minor zoning of cloudy cores and clear rims (Fig. 4.7C). Dolomite cement lining
pores and fractures in replacement dolomite are confirmed by cathodoluminescence as
overgrowths of the adjacent matrix dolomite. In CL, the dolomite cement has identical dull

red luminescence as the surrounding replacement dolomite.

Pyrite and other minor mineral phases

Pyrite is the most common non-carbonate mineral within the Amabel and Guelph formations.
Pyrite is generally associated with stylolite seams, centimeter-sized vugs and nodules, and
finely crystalline cloudy dolomite. Pyrite also partially replaces fossil fragments (Fig. 4.5D).
Pyrite is more common in the Amabel Formation, ranging from 2—10 % in abundance. The
Eramosa Member contains ~ 1-5 % pyrite, and the Guelph Formation commonly contains 1—
3 % pyrite, with the rare occurrence of large clusters of crystals (crystals range in size from
<5-250 pm) near vugs. Crystal shapes range from equant octagons to elongate needle-shaped

crystals. Crystals are often combined into irregularly-shaped clusters.
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Fluorite was observed with calcite crystals, where calcite crystals were ~ 250 um in
size, lining or partially filling vugs (Fig. 4.6D-F). The fluorite was not obvious using
transmitted light microscopy and required SEM to be revealed. This rare mineral was only
observed within the Eramosa Member.

One observation of sphalerite, also within the Eramosa Member, replaced finely
crystalline dolomite and filled intercrystalline pore space (Fig. 4.6A-C). Crystal size of
sphalerite was difficult to discern as the mineral is opaque in transmitted light (Fig. 4.6B).
Clusters of sphalerite were >2 mm in diameter. Sphalerite appeared very dark to non-
luminescent in CL. There was no evidence of an association with biomoldic or vuggy
porosity.

Rare occurrences of glauconite were observed within the Lions Head facies along
thick stylolite seams. The glauconite was a deep green colour, pleochroic, and did not show

any grain or crystal shape.

4.2.2.3 Evidence of evaporites and evaporite dissolution

Within the E2, E3, G1, and G2 lithofacies, the former presence and complete dissolution of
evaporites is confirmed by the presence of lath-shaped pores subsequently filled with calcite
cement or left empty (e.g., Fig. 4.6E, F). The shape of the pores suggests that the original
evaporite was anhydrite or gypsum. Anhydrite was observed within patch and pinnacle reefs

in southwestern Ontario within the Guelph Formation (Zheng, 1999; Coniglio et al., 2003).
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4.2.2.4 Stylolites

Stylolites are common within the Amabel and Guelph formations. Stylolites may form low or
high-amplitude peaked solution seams, or they may have wispy, horsetail, or anastomosing
characteristics. Based on the amplitude of peaked stylolite seams, up to 3 cm of material may
be dissolved. Stylolites generally occur parallel to bedding, and are less commonly found at
angles between 15-90 degrees to bedding. Stylolites are mostly continuous across the core
width, but some wispy horsetail or anastomosing seams are laterally discontinuous.

The distribution of stylolites is variable. The Amabel Formation includes wispy
stylolite seams at the base of the Lions Head Member which grade upward into low-
amplitude peaked stylolites in the overlying Colpoy Bay Member. The Wiarton Member
grainstone is dominated by high-amplitude peaked stylolites. Wispy stylolite seams are more
common than peaked seams within the Eramosa Member, and are more abundant within the
E1 lithofacies than in the E2-E4 lithofacies. Low-amplitude peaked stylolites are the most
common stylolite type that occurs within each of the Guelph lithofacies.

Clusters or individual pyrite crystals and detrital feldspar (very fine blue grains in
CL) are often associated with stylolite seams.

Amber coloured elliptical features are rarely found in the Eramosa Member amongst
wispy stylolite seams and may represent collapsed algal cysts. They range from ~ 100-200

pm in width.
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4.2.2.5 Dedolomite

Rare dedolomite is observed within the Colpoy Bay Member of the Amabel Formation and
within the G1 lithofacies of the Guelph Formation within two boreholes on the Bruce
Peninsula. Replacement of dolomite by calcite is indicated by corroded dolomite rhombs
which are partially made up of calcite and show optical discontinuity with the surrounding
calcite (Fig. 4.4D). Calcite which replaces dolomite generally has a poikilotopic texture, and
is made up of fine to coarse (<5-300 um) euhedral to subhedral crystals. Euhedral medium
crystalline dolomite rhombs commonly have corroded edges and appear in two dimensions to
float within the calcite. In CL, dolomite rhombs are a dull red colour and are distinct from the
associated dull orange luminescent calcite crystals. Late stage calcite and calcite identified as
dedolomite are likely cogenetic based on their similar CL and petrographic properties.
Although observed dedolomite is rare, this phase of calcite is likely more common based on

the abundance of late stage calcite cements.

4.2.2.6 Hydrocarbons

Very dark brown to opaque substances, probably hydrocarbons, also occur with no
discernable shape within intercrystalline pore spaces and appear concentrated along stylolite
seams. Undifferentiated organics are also associated with mottled fabrics, which are

described below in section 4.4 and illustrated in Figure 4.9.
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4.2.3 Dolomite distribution and petrography
The Amabel and Guelph (including the Eramosa Member) formations are pervasively
dolomitized with none of the original limestone preserved in core or outcrop within the study
area. Limestone or partially dolomitized Eramosa Member lithofacies have been observed in
Hepworth near Wiarton within the study area (F. Brunton, personal communication, 2006).
Dolomite on the Bruce Peninsula can be divided into 4 categories, on the basis of crystal size,
based on the crystal size definitions from Folk (1959, Table 4): (1) anhedral cloudy very
finely crystalline dolomite (crystals < 15 pm in size), (2) subhedral cloudy finely crystalline
dolomite (crystals 15-60 um in size), (3) subhedral to euhedral clearer medium crystalline
dolomite (crystals 60-250 um in size), and (4) coarse euhedral crystalline to mimically
replacing dolomite and replacement cement (variety of crystal sizes > 250 um). The presence
of micrometre to sub-micrometre-sized organics and unidentified solid and liquid inclusions
results in the cloudy appearance of individual dolomite crystals. Cloudiness is associated
with finely crystalline dolomite, which is the common crystal size within the Amabel
Formation and the Eramosa Member, whereas slightly clearer medium to coarse crystalline
dolomite makes up the Guelph Formation. Each of the four types of dolomite may appear

within the various lithofacies of both the Amabel and Guelph formations.

Table 4: Crystal Size Classification (from Folk, 1959)

Extremely coarsely crystalline >4 mm

Very coarsely crystalline 1-4 mm
Coarsely crystalline 0.25-1 mm
Medium crystalline 0.062—0.25 mm
Finely crystalline 0.016—0.062 mm
Aphanocrystalline (very finely crystalline) 0.004-0.016 mm
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Figure 4.6 (next page): Core photographs (A and D), transmitted light photomicrographs (B and E) and SEM
photomicrographs (C and F) of sphalerite and fluorite.

A) Sphalerite (S) appears as light grey patches in core within surrounding tan-grey dolostone (D) from the
Eramosa/Guelph transition zone in borehole 82-4. The large arrow on the right is a marker on the core that
indicates stratigraphic right way up;

B) Plane polarized light photomicrograph of sphalerite (S), which is dark brown to opaque. Dolomite crystals
(D) are present amongst and surrounding the sphalerite;

C) SEM photomicrograph illustrates sphalerite (S) as very light grey in colour and dolomite (D) as grey;

D) Fluorite (F) forms a brown rim with calcite (dedolomite?) and dolomite (C & D) lining a vug in core from
the Eramosa Member in borehole 89-3;

E) Plane polarized light photomicrograph of brown and cloudy fluorite in a polished thin section from the same
sample as D. Lath-shaped pores from former evaporites (E) are partially filled with calcite (C) and extend from
the fluorite rims; and

F) Same field of view as E. In SEM fluorite (F) is dark grey and calcite and dolomite (C & D) are light and
medium grey in colour.

66






Figure 4.7 (next page): Photomicrographs of dolomite types in the Amabel and Guelph formations.

A) Cross-polarized light photomicrograph of mimically-replaced echinoderm fragment (M) surrounded by
finely crystalline dolomite (fcd) from the Guelph Formation in borehole 89-2;

B) Plane-polarized light photomicrograph of radiaxial dolomite (rd) replaces a portion of a stromatoporoid in
the Guelph Formation from borehole §9-3;

C) Plane-polarized light photomicrograph of euhedral medium crystalline dolomite (mcd) rhombs with cloudy
(c]) cores and clear rims (r). Calcite cement (C) partially lines vuggy pore. This example is from the Lions Head
Member of borehole 89-1;

D) Plane-polarized light photomicrograph of cloudy finely crystalline dolomite (fcd) replacing peloids within
medium crystalline dolomite (mcd);

E) Plane-polarized light photomicrograph of medium crystalline dolomite (mcd) replacing a shell fragment
within surrounding finely crystalline dolomite (fcd). Lower edge of replaced fossil is lined with a stylolite; and

F) Plane-polarized light photomicrograph of a rare example of slightly ferroan euhedral coarsely crystalline
dolomite (ccd) from the Lions Head Member in borehole 90-2.
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4.2.3.1 The Amabel Formation

Replacement dolomite within the Amabel Formation is commonly fine to medium crystalline
in size, exhibits a variety of crystal shapes, and extinguishes sharply. The Lions Head
Member of the Amabel Formation is composed of cloudy, anhedral to subhedral fine to
medium (10-100 pm in size) crystalline dolomite, whereas slightly clearer, subhedral to
euhedral medium (150-200 pum) crystalline dolomite constitutes the overlying Colpoy Bay
and Wiarton members. The similarity in dolomite replacement fabrics between the Colpoy
Bay and Wiarton members makes them more difficult to distinguish petrographically.

Fossil preservation in the Amabel Formation is generally poor, with fossil
identification based largely on fragment morphologies. Fossils within the lower Lions Head
and Colpoy Bay members of the Amabel Formation are generally replaced by silica, cloudy
finely crystalline dolomite or slightly clearer medium crystalline dolomite. Fossils within the
upper Wiarton Member of the Amabel Formation are commonly replaced with clearer
medium to coarsely crystalline dolomite. Each member of the Amabel Formation contains
echinoderm fragments mimically replaced with dolomite where internal microstructure is

generally poorly preserved (Fig. 4.7A).

4.2.3.2 The Eramosa Member

The E1, E2, and E3 lithofacies are identical petrographically, whereas the E4 lithofacies is
more distinct. Dolomite within all of the Eramosa Member lithofacies is generally cloudy and
subhedral in shape, and ranges in size from fine to medium (15125 pm) crystalline. More

rarely the E1, E2, and E3 lithofacies contain zones of anhedral finely crystalline or euhedral
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slightly coarser crystalline mosaics. The E4 lithofacies is easily distinguished by its
abundance (> 75 %) of wispy and low amplitude peaked stylolite seams, which are found
within the laminations of this lithofacies.

Within each of the lithofacies of the Eramosa Member fossil preservation is generally
poor in thin section. The E2 lithofacies contains more fossil fragments than the other 3
lithofacies. Replacement of fossils with slightly clearer medium crystalline dolomite is
common, and more rarely echinoderm fragments are mimically replaced by dolomite.
Although diverse plant and animal fauna were well preserved within the outcrop at the

OSLW Quarry (Tetreault, 2001), this degree of preservation is not apparent in thin section.

4.2.3.3 The Guelph Formation

The 3 lithofacies that comprise the Guelph Formation are petrographically similar. The
Guelph Formation is mostly composed of subhedral to euhedral, fine to medium crystalline
(10-175 um) dolomite with rare patches of more coarsely crystalline dolomite. Rarely,
euhedral dolomite rhombs contain distinct cloudy cores with clear rims (Fig. 4.7C).

The three lithofacies of the Guelph Formation have similar fossil preservation.
Mimically-replacing dolomite commonly replaces echinoderm or other shelly fossil
fragments throughout the Guelph Formation. Clearer medium to coarsely crystalline
replacement dolomite stands out amongst cloudy finely crystalline matrix dolomite where
stylolite seams separate the crystal sizes (Fig. 4.7E). In contrast, cloudy finely crystalline
replacement dolomite stands out when surrounded by clearer medium crystalline replacement

dolomite (Fig. 4.7D). Replacement radiaxial dolomite was observed within the Guelph
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Formation in the two most northerly boreholes, where it replaces echinoderms, shelly

fragments, or portions of a stromatoporoid (Fig. 4.7A, B).

4.3 Nature and distribution of silica

Silica is most commonly found in the form of chert nodules within the Amabel and Guelph
formations. Diagenetic silica includes both microquartz (including chalcedonic fibres) and
megaquartz. Microquartz is defined as equant crystals less than 20 um in size or chalcedonic
fibres of unspecified length (Folk and Pittman, 1971). Megaquartz is defined as coarser than
20 um in size. Silica partially or fully replaces bioclasts within nodules and occurs as cement
filling biomoldic and vuggy pores.

Microquartz (chert) is indistinguishable between the Amabel and Guelph formations.
Within the Lions Head Member of the Amabel Formation, megaquartz commonly fills vuggy
and biomoldic pores. In contrast, biomoldic and vuggy pores within the Colpoy Bay Member
are commonly lined with microquartz and megaquartz crystals up to150 um in size, which
either produces a drusy quartz mosaic or the centre remains empty. Rarely, fibrous
chalcedony precipitated on pore-lining equant microquartz with megaquartz filling the centre
of the pore. Where pore space is sufficiently large, chalcedonic fibres may fill the entire pore
resulting in chalcedonic spherulites (Fig. 4.5A) that range from 25400 pum in size. The
Wiarton Member of the Amabel Formation and the Guelph Formation (including the

Eramosa Member) typically contain lower abundances of silica than elsewhere in these units.
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4.3.1 Distribution of nodules
Chert nodules are irregular in shape and commonly resemble burrows. Chert nodules range
from 1-6 cm (the maximum core width) in diameter and are generally composed of
microquartz (Fig. 4.8D). Chert nodules are porous and non-luminescent in CL. Contacts
between nodules and surrounding dolomite may be sharp and accompanied by a stylolite
seam, or gradational with surrounding dolomite (Fig. 4.8A-F). Fossils within nodules, and
within the surrounding dolomite, may be preserved by microquartz (equant crystals and
fibrous chalcedony spherules), megaquartz, medium (75—-175 pum) crystalline dolomite, or a
combination of these phases. Within chert nodules poorly preserved echinoderm, brachiopod,
bivalve, gastropod, possibly bryozoan or chain coral and possible radiolarian and sponge

spicules were observed.

4.3.1.1 The Amabel Formation

Chert nodules are typically most abundant in the Lions Head Member of the Amabel
Formation. Chert nodules also occur in the overlying Colpoy Bay Member and are less
common within the upper Wiarton Member. Within the Lions Head Member, chert may also
form in discontinuous lenses parallel to bedding. In general, nodules have sharp pyrite-rich
stylolitic boundaries with the surrounding rock. Detrital silt-sized feldspar and quartz may

also be associated with the stylolitic nodule boundary.
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Figure 4.8 (next page): Core and cross-polarized light photomicrographs of nodules and their boundaries.

A) An example of a chert nodule (N) with a sharp stylolitic contact with the surrounding dolomite of the Lions
Head Member of the Amabel Formation in borehole 90-2;

B) A dolomitic nodule (N) in core which has a gradational boundary with the surrounding dolomite. This
example is from the Guelph Formation in borehole 89-1;

C) A mixed chert and dolomite nodule (N) within surrounding dolomite with a gradational, non-stylolitic
boundary from the Amabel Formation in borehole 90-3;

D) Cross-polarized light photomicrograph of a chert nodule (N) with a sharp stylolitic boundary with the
surrounding dolomite (D) from the Eramosa Member in borehole 82-4;

E) Cross-polarized light photomicrograph of a dolomite nodule (N) that is more porous than the surrounding
dolomite (D) from the Guelph Formation in borehole 89-1;

F) Cross-polarized light photomicrograph of a mixed chert and dolomite nodule (N) that has a gradational
boundary with the surrounding dolomite (D). Calcite cement (C) fills pores within the nodule. This example is
from the Eramosa Member of borehole 90-3.
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4.3.1.2 The Eramosa Member

Subhedral to euhedral medium dolomite crystals are observed individually and in small
groups mixed with chert both within nodules (Fig. 4.8F) and silica-filled biomoldic pores in
the Eramosa Member. In nodules where dolomite is 10 % or more of the nodule’s volume,
the term ‘mixed chert and dolomite nodule’ is used. Mixed chert and dolomite nodules are
more common within the Eramosa Member and the undifferentiated Guelph Formation than
in the Amabel Formation. Chert nodules commonly have gradational or partially stylolite-
defined boundaries. Porosity is slightly greater within the mixed chert and dolomite nodules
than within more chert-rich nodules, where chert is > 90 % of the nodule. The E2 lithofacies
is more fossiliferous than the other three Eramosa lithofacies, and commonly contains more
nodules as well. Although preservation of fossils is generally poor, possible sponge spicules
and radiolarians were observed within one of the nodules sampled from both the Amabel
Formation and the Eramosa Member. The presence of silica-producing fauna suggests that

the origin of silica could be biogenic.

4.3.1.3 The Guelph Formation

Nodules within the Guelph Formation are commonly partially surrounded by a stylolitic
boundary and are composed of porous medium to coarsely crystalline dolomite (Fig. 4.8B).
There are few occurrences of dolomitic nodules with microquartz partially filling the
intercrystalline pore spaces. Rarely, microquartz is found within the Guelph Formation
replacing fossil fragments in dolomitic nodules. In general, very little chert occurs within the

Guelph Formation compared to the underlying Amabel Formation.
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4.4 Distribution of mottles and mottled fabric

Two types of mottled fabrics are recognized in the Albemarle Group. Finely (<5-100 pm)
crystalline cloudy dolomite with authigenic pyrite makes up mm- and cm-sized dark elliptical
grey mottles within the Lions Head Member of the Amabel Formation (Fig. 4.9A, B). The
second mottled fabric is dominated by dark grey, cm-sized irregular and diffuse shapes
parallel to bedding (Fig.4.9C, D). This mottling most commonly occurs in the Colpoy Bay
Member of the Amabel Formation, and may occur within the uppermost Wiarton Member.
The amount of mottling observed in all members of the Amabel Formation likely depends on
the abundance of burrowing organisms which inhabited these environments. The abundance
of crinoid-rich facies within the Wiarton Member suggests that the depositional environment
was of higher energy and did not offer suitable conditions for burrowing organisms, which
likely contributed to the general lack of mottling observed.

The dark grey irregular and elongate appearance of the mottles within the Colpoy Bay
Member results from the presence of undifferentiated organic material within intercrystalline
and mm- to cm-sized vuggy pore spaces. CL did not reveal any textural differences between
mottled fabrics and surrounding dolomite. SEM analysis revealed slight increases in porosity

associated with mottled fabrics.
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Figure 4.9: Core and photomicrographs of mottles in the Lions Head (A and B) and Colpoy Bay (C and D)
members. All photos are from borehole 90-2.

A) Core view and B) corresponding cross-polarized light photomicrograph illustrates elliptical pyrite-rich
mottles (M) characteristic of the Lions Head Member of the lower Amabel Formation. These mottles rarely
occur within the overlying Colpoy Bay Member. The pyrite-rich spotty mottles provide a good visual marker to
identify this stratigraphic horizon;

C) Core photograph illustrating irregular, diffuse mottles (M) in the Colpoy Bay Member of the Amabel
Formation; and

D) Cross-polarized light photomicrograph shows that mottles (M) within the Colpoy Bay Member contain
undifferentiated organics and are porous.
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4.5 Interpretations

4.5.1 Pre- and post-dolomitization diagenesis

4.5.1.1 Hardground

Evidence of pre-dolomitization diagenesis was observed in the form of a potential
hardground surface. The presence of a pronounced sharp surface in the lower Lions Head
Member of the Amabel Formation suggests that a widespread area was lithified following
deposition of the Fossil Hill Formation, when a regional regression of the sea commenced
(Sanford, 1969). Bioerosion evidence in the form of possible pitting or boring was observed
in thin section (Fig. 4.1). Evidence of subaerial exposure from previous studies in
southwestern Ontario Silurian reefs (Charbonneau, 1990; Smith, 1990) is found within the
same stratigraphic level as the hardground observed in this study on the Bruce Peninsula. The
planar eroded appearance of the hardground surfaces, in addition to subaerial exposure
events interpreted from southwestern Ontario (Charbonneau, 1990; Smith, 1990), suggests
that there was an extensive area of the northeastern margin of the Michigan Basin that was
exposed and possibly eroded during the regression of the sea prior to the deposition of the
Amabel Formation during the Early Silurian (Sanford, 1969). According to Brett and
Brookfield’s (1984) hardground morphology classification, the pyrite-rich hardgrounds with
planar and possibly hummocky morphologies observed at the base of the Lions Head
Member are characteristic of well-sorted grainstones that may have formed in an intershoal
environment. The morphology of the hardground surface is difficult to classify from the lack
of lateral information adjacent to the borehole, as well as the pervasive dolomitization of the

rock.
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4.5.1.2 Porosity

Pre-dolomitization porosity within originally porous fossiliferous lithofacies was likely
enhanced by diagenetic pore-waters that recrystallized the limestone and precipitated
dolomite. Post-dolomitization porosity such as the intraskeletal, biomoldic and vuggy
porosity observed within the dolostones likely reflects the primary porosity within precursor
limestones. Fracture porosity was likely associated with tectonic movement or late isostatic
rebound within the basin, though no fault or displacement evidence was observed within the

core in this study.

4.5.1.3 Source of silica

The presence of silica-producing fauna (siliceous sponges or radiolarians) suggests that the
origin of silica is biogenic. In addition, the abundance of silica within nodules in the Lions
Head Member at the base of the Amabel Formation suggests that the source of silica may
have been derived from the underlying Fossil Hill Formation, which is characterized by an
abundance of silicified fossils, including sponge spicules (Eley and Jull, 1982; Eley and von
Bitter, 1989). Dense shell beds in the underlying Fossil Hill Formation would have been
associated with large amounts of organic matter that may have affected pore water chemistry
by reducing the pH in pore water, encouraging the dissolution of siliceous skeletal fragments,
and the precipitation of silica within the sedimentary succession (Siever, 1962; Eley and Jull,
1982).

Alternatively, the Precambrian quartzite now exposed in the La Cloche Mountains to

the northeast were islands within the Silurian Sea that would have provided a large source of
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detrital silica (Eley and Jull, 1982) but the evidence for dissolution of detrital silicates
originating from this source is lacking. Fluctuations in the abundance of silica were similar
between boreholes.

The porous nature of the chert nodules likely reflects the inherited pre-lithification
sediment porosity (Eley and von Bitter, 1989). Multiple combinations of varying silica
phases and dolomite fill vuggy pores and preserve fossils. The combination of microquartz
and megaquartz replacement of fossils is likely a result of the availability of silica, and the
initial replacement silica which is commonly microquartz (Eley and von Bitter, 1989). Cross-
formational fluid flow, perhaps related to vertical fractures, could have assisted in the
precipitation order of each silica phase by introducing fluids of varying concentrations, but
this speculation remains to be tested. Although the types of fossils that are preserved within
these formations are generally robust (i.e., crinoid ossicles, brachiopod and gastropod
fragments), there were no signs of compaction of fossils preserved within nodules or within
the surrounding dolomite.

Higher abundances of silica within the lower Amabel Formation compared with the
overlying Guelph Formation is likely due to preferential precipitation within the heavily
bioturbated sediments which likely made the rock more permeable. Mixed chert-dolomite
nodules characterized by more gradational boundaries with surrounding dolomite likely
resulted from lower concentrations of dissolved silica in pore fluids. Dissolved silica
concentrations continued to decrease further up-section, explaining the absence of chert in

the porous dolomitic nodules within the Guelph Formation.
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4.5.1.4 Timing of silicification

Evidence of silicified fossils within chert nodules in the Amabel Formation indicates that
silicification preceded the widespread dolomitization of the Amabel Formation on the Bruce
Peninsula. The lack of compaction of microquartz nodules and fossil fragments within them
suggests that silicification was an early diagenetic process. Laboratory analyses from Folk
and Weaver (1952) indicate that the chemistry and growth of microquartz rapidly replaces
limestone, and chalcedonic and megaquartz form at a slightly slower rate within the
carbonate rocks which likely correlates with the drusy mosaics commonly observed.
Although silica-bearing solutions preferentially alter fossil fragments first (Eley and
von Bitter, 1989), complete silicification likely post-dated widespread dolomitization. The
presence of fine to medium-sized dolomite crystals within ~ 60 % of pore-filling bioclast
replacement silica, within ~ 80 % of chert nodules, and euhedral rhombs completely
entombed by silica supports the hypothesis that widespread dolomitization preceded
complete silicification. Dolomite within the nodules has the same dull red luminescence as
the surrounding dolomite suggesting a cogenetic relationship between the two phases. Within
the Eramosa Member and the Guelph Formation, the abundance of dolomite is much greater
than the volume of silica within vuggy and biomoldic pores and nodules. The decrease in
silica within the Guelph Formation dolostones suggests that the silica concentration within

diagenetic pore waters declined in the upper strata.
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4.5.1.5 Evaporite cements

The presence of evaporite lath-shaped pores is interpreted to indicate the former presence of
anhydrite or gypsum. Lithofacies that contain these pores provide evidence of hypersaline
seawater resulting from restriction of seawater and slightly arid conditions. Although their
occurrence is relatively minor, the presence of moldic pores after evaporites is observed
within the Wiarton, E2 and E3 lithofacies and the G1 and G2 lithofacies. Evaporite
cementation may have corresponded with dolomitization (Fig. 4.2), but occurs prior to

widespread calcite cementation, which partially or fully fills the former evaporite pores.

4.5.1.6 Stylolites and chemical compaction

The presence of low and high-amplitude peaked stylolites with amplitudes up to 3 cm
indicates pressure dissolution of the dolomite crystals likely dissolved small (< 2-3 cm)
portions of the dolostones (Fig. 4.10). Peaked stylolite seams appear to preferentially occur
within dolostones of higher purity (i.e., the Colpoy Bay and Wiarton members of the Amabel
Formation). Authigenic pyrite is abundant along stylolite seams in both the Amabel and
Guelph formations suggesting that undifferentiated organics may have been gathered by
sulfide-rich pore waters along the stylolite seams. Glauconite was rarely found along the
stylolite seams in the Lions Head Member of the Amabel Formation, which may be related to
the amount of siliciclastic clay within this depositional environment. The presence of the
sutured seams, which dissolved dolomite crystals and contain late-stage secondary minerals

as well as detrital feldspar, postdated dolomitization. The distinct shape of the peaked
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stylolite, with a sharp black continuous seam, suggests that the stylolite post-dated

dolomitization rather than forming during limestone lithification (Coniglio et al., 2003).

Figure 4.10: Example of two sutured (peaked) stylolite seams within partially dissolved dolomite. This
photomicrograph is from sample 90-2-030, which is from the G1 lithofacies.

4.5.1.7 Calcite precipitation

Calcite cement within the Amabel Formation is typically blocky and pore-filling. The
Eramosa Member and the Guelph Formation contain greater abundances of vuggy porosity,
which is commonly lined or filled with large crystals of equant drusy calcite. The presence of
abundant late-stage pore-filling calcite cement, which rarely shows distinct zoning in CL, is
indicative of seawater-derived pore fluids that occur in moderate burial settings (Choquette
and James, 1990). The lack of meniscus or pendant calcite cement suggests that late stage

calcite cementation did not occur within the meteoric environment.
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4.5.1.8 Dedolomite

Dedolomitization rarely occurs within the dolostones of the Amabel and Guelph formations
and is a late diagenetic process, likely corresponding with calcite cementation (Coniglio,
2003). The minor occurrences of dedolomite suggest slight chemistry alterations within

burial pore fluids due to rock-water interaction that dissolved and replaced former dolomite.

4.5.1.9 Pyrite and hydrocarbons

The widespread occurrence of pyrite within the dolostones of the Amabel and Guelph
formations suggest that organics were profuse and available for reduction by non-oxygenated
waters. Pyrite appears to have precipitated both during early dolomitization and late post-
dolomitization, as it is associated with both stylolite seams and late-stage calcite cement. The
long duration of pyrite precipitation suggests that sulphate must have been readily available
within both early and late dolomitizing fluids and post-dolomitizing pore fluids.

The presence of hydrocarbons as a non-mineral phase within intercrystalline pores
indicates that the dolostones were permeable and contained sufficient organic content within
pore fluids to leave hydrocarbon residue. Similarly, an opaque residue is commonly found

along stylolite seams.

4.5.2 Dolomitization
Dolomitization significantly altered the carbonates, preserving little of the original
sedimentary fabric. These dolostones emit a uniform dull red cathodoluminescence, which

suggests that the dolomitizing fluids rarely fluctuated geochemically (Coniglio et al., 2003).
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This study does not have any supporting geochemical data that may provide an alternative
explanation for the lack of cathodoluminescence zoning.

The density of nucleation sites and the mechanism of crystal growth controlled the
dolomite replacement texture (Sibley and Gregg, 1987). The similarities between
replacement dolomite types 1-4 mentioned in section 4.2.3 reflect the precursor texturally
homogeneous limestone. The variety of crystal sizes and shapes provides an assortment of
nucleation sites which enabled the precipitation of anhedral to subhedral finely crystalline
dolomite. Where subhedral to euhedral dolomite occurs, the precursor fabric may have had a
more homogeneous distribution of nucleation sites or contained larger pore spaces that
allowed for optimum crystal growth. Dolomite mimically replaces echinoderm fragments
with a single crystal. The pervasive dolomitization of the Amabel and Guelph formations
suggests a high permeability existed within the precursor limestones that enabled flow of

dolomitizing pore fluids.

4.5.3 Mottling
Overall, mm- to cm-sized pyrite-rich mottles within the lower Amabel Formation are
associated with small localized increases in porosity. Both the small elliptical shape of the
mottles in the Lions Head Member of the Amabel Formation and the irregular diffuse mottles
of the Colpoy Bay Member appear closely related to burrows. In general, mottles extend
parallel to bedding. The occurrence of pyrite within or surrounding small mottles in the Lions
Head Member (Fig. 4.9B) suggests new organic material may have been introduced into the

burrows by the burrowing organism (Kendall, 1977).
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Irregular diffuse dark grey mottles of the Colpoy Bay Member contain less pyrite
than those in the Lions Head Member. SEM analysis revealed organics concentrated within
porous zones. Bioturbation likely created the increased porosity in the sediment that may
have later been filled with sediment and organic material from organisms, or organics may

have resulted from dissolved fossils within limestone.

4.6 Dolomitization models of the Bruce Peninsula during the Silurian

Numerous dolomitization models have been proposed for regional reefal and basinal
dolomitization, such as: the burial dolomitization model (Jodry, 1969), the reflux-hypersaline
model (Sears and Lucia, 1980), and the evaporative drawdown model (Cercone, 1988).
Coniglio et al. (2003) summarized the various types of evidence used to support the
dolomitization models that have been applied to Silurian reefs in the Michigan Basin. The
model that best explains the dolomitization within the Michigan Basin, and supports the
observations presented in this thesis from the Bruce Peninsula, is the evaporative drawdown
model (Cercone, 1988).

Eight boreholes studied for this thesis from the Bruce Peninsula contain pervasively
dolomitized Silurian carbonates with no precursor limestone preserved. These boreholes are
located on the northeastern side of the Michigan Basin. Similar observations of dolostone
along the margins of the basin and limestone deposited towards the basin centre (Coniglio et
al., 2003) indicate that the concentration of Mg within the dolomitizing fluids was greater

along the basin rim.
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The evaporative drawdown model (see Fig. 4.11 based on the model proposed by
Cercone, 1988) infers that dolomitizing fluids originated from beyond the basin margins
where dolostone prevails. According to Cercone (1988) and Coniglio et al. (2003), Mg-rich
dolomitizing fluids that were derived from beyond the basin margin migrated by gravity-
driven reflux through porous and permeable carbonates (such as reefs, bioherms, and storm
deposits), gradually losing the ability to dolomitize as the source and availability of Mg
declined towards the basinal strata. The localized dolomitization of pinnacle and patch reefs
in southwestern Ontario is explained by upwelling of dolomitizing fluids through these more
permeable features (Zheng, 1999; Coniglio et al. 2003).

Shaver (1991) disagreed with the drawdown model because it does not take into
account the interconnectedness of the carbonates among the Michigan Basin, the Illinois
Basin and the Wabash Platform. The distribution of dolostone and limestone between the
[llinois Basin and the Wabash Platform that border the Michigan Basin does not support the
evaporative drawdown hypotheses of a Mg source originating beyond the Michigan Basin
(Shaver, 1991). Although Shaver (1991) disagreed with the drawdown model of the
Michigan Basin during the Late Silurian, this model remains to be the best explanation for
the rim of preferential dolomitization around the basin, as well as localized dolomitization of
patch and pinnacle reefs in southwestern Ontario (Zheng, 1999; Coniglio et al., 2003).

Within the study area no bioherms, pinnacle or patch reefs were observed. There was
no evidence of limestone within the boreholes closer to the basin centre which made it
difficult to assess the extent of dolomitization from the margin towards the centre of the

basin. The Amabel and Guelph formations were completely dolomitized in the study area.
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Further geochemical and petrographic study of carbonates laterally adjacent to the borehole
cross-section would be required to gauge the extent at which pervasive dolomitization occurs

from the margin towards the centre of the basin.
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Figure 4.11: Paleohydrogeological flow system driven by evaporative drawdown (gravity-driven reflux)
(modified from Coniglio et al., 2003).

4.7 Conclusions

Petrographic study of the diagenetic features of each lithofacies in the Amabel and Guelph
(including the Eramosa Member) formations has provided a better understanding of the

diagenetic history of these carbonates on the Bruce Peninsula.

Silurian carbonates on the Bruce Peninsula are pervasively dolomitized and contain

little evidence of pre-dolomitization diagenetic alteration. A single possible hardground
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surface at the base of the Albemarle Group, within the lower Lions Head Member of the
Amabel Formation was observed. Bioturbation in the form of mottled fabrics throughout the
Amabel Formation and in parts of the Guelph Formation was also observed. Post-
dolomitization alteration includes the presence of secondary porosity, silica precipitation,
evidence of precursor evaporites, stylolitization, calcite cementation and dedolomitization,
dolomite cementation, and secondary mineralization (pyrite, sphalerite, fluorite, and

glauconite), and the formation of hydrocarbons.

Silica was likely biogenetically-derived from the underlying Fossil Hill Formation as
well as from possible minor sponge spicules and radiolarians within the lower Eramosa
Member. Silica precipitation generally occurred prior to widespread dolomitization, although
dolomite rhombs completely entombed in silica suggest some silicification followed

dolomitization.

Dolomitization of the Amabel and Guelph (including the Eramosa Member)
formations is characterized by 4 different types of replacement dolomite: (1) anhedral cloudy
very finely crystalline dolomite, (2) subhedral cloudy finely crystalline dolomite, (3)
subhedral to euhedral clearer medium crystalline dolomite, and (4) coarse euhedral
crystalline to mimically replacing dolomite. Although overall fossil preservation is poor,
fossil preservation with silica is generally better in the Amabel Formation than in the Guelph
Formation. Fossils, which include: crinoids, brachiopods, bivalves, cephalopods, gastropods,
stromatoporoids and corals, are most often preserved by microquartz, macroquartz, and/or

dolomite or a combination of these phases.
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The paleohydrological model that best explains the widespread dolomitization of the
Silurian carbonates in southwestern Ontario is the evaporative drawdown model proposed by
Cercone (1988) and applied by Coniglio et al. (2003) in southwestern Ontario to explain the
regional distribution of dolomitization along the margins of the Michigan Basin, where a

progressive decrease in dolomitization towards the centre of the basin occurs.
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Chapter 5: High Frequency GPR Profiling of Shallow

Subsurface Stratigraphy in Silurian Dolostones

5.1 Introduction

Silurian age carbonates in the Bruce Peninsula region are among the best exposed and
intensely exploited bedrock units in southern Ontario, particularly as sources of building
stone and industrial minerals. Despite their regional scale exposure and economic
importance, these rock units have not been extensively studied using ground-penetrating
radar (GPR). GPR is an effective tool for defining shallow stratigraphy within carbonate
buildups (Asprion and Aigner, 2000) as well as the internal architecture of bioherms (Pratt
and Miall, 1993; Asprion et al., 2004). Whereas a significant body of work has focused on
unconsolidated clastic deposits (e.g. Roberts et al., 2003), comparatively little work has been
done on consolidated carbonates.

Building-stone quarries on the Bruce Peninsula provide an excellent opportunity to
study the application of GPR profiling of carbonate strata. Both the OSLW Quarry and the
Adair Quarry (Fig. 5.1) offer three-dimensional exposures of outcrop with little or no
overburden and a lowered water table, providing conditions that are ideal for GPR surveys. A
previous GPR study conducted on the Amabel Formation along the Niagara Escarpment in
southern Ontario (Pratt and Miall, 1993) was able to delineate lithologic variability between
carbonate beds and argillaceous lenses. More recently, a GPR study on the stratigraphy in the
OSLW Quarry was carried out using more modern equipment and signal processing

techniques (Tetreault, 2001). These earlier studies were unable to refine fine-scale
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stratigraphic details (10's of centimetres) due to the low frequency antennae (50 and 100
MHz, respectively) used. To achieve this level of resolution, high frequency antennae (i.e.,
225 MHz or greater) are required. However, there have been very few documented
investigations within carbonate rocks using these high frequencies (e.g., Kruger et al., 1997).
The purpose of this field study was to investigate the high frequency (225-900 MHz)
GPR profiling for imaging shallow stratigraphic and karstic features in carbonate rocks.
Furthermore, we assessed the predictive capabilities of this method for delineating building

stone resources (i.e., lateral continuity and thicknesses of key building stone units).
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Figure 5.1: Map of the Bruce Peninsula. Stars represent the OSLW and Adair quarries where GPR surveys
were conducted. Squares are located at main cities on the Peninsula. Inset map of southern Ontario highlights
the study area with a box (adapted from Armstrong et al., 2002).

5.2 Geological Setting

Dimension stone and aggregate quarry operations are a significant local industry on the
Bruce Peninsula, with much of the activity concentrated in the Eramosa Member of the
Guelph Formation and the underlying Wiarton/ Colpoy Bay members of the Amabel
Formation (Fig. 5.2). The Wenlock-Ludlow (Silurian) Amabel and Guelph formations of

southwestern Ontario form the caprock of the Niagara Escarpment and most of the bedrock
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surface on the Bruce Peninsula. Lithofacies within these formations record depositional
environments proximal to bioherms and shoals that reflect partially restricted marine to more
open marine conditions along the eastern margin of the Michigan Basin. The OSLW Quarry
exposes ~ 8 m of thin- to thick-bedded deep lagoonal dolostones of the Eramosa Member.
This distinctive unit is characterized by cm- to m-scale laminated dark brown argillaceous
dolostone that is finely crystalline and bituminous, and contains chert nodules associated
with calcite, pyrite and more rarely fluorite. The Adair Quarry, which is located ~ 30 km to
the northeast of the OSLW Quarry, reveals ~ 10 m of the underlying Amabel Formation. At
the Adair Quarry, the Amabel Formation consists of cream-tan and blue-grey mottled
dolomitized grainstones that form medium to coarsely crystalline beds, containing wide (1—
30 cm) solution joints and fractures. Although both the Eramosa Member and the Amabel
Formation are pervasively dolomitized, the exposed Amabel Formation is more

homogeneous.
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Silurian Stratigraphic Units
of the Michigan Basin, southern Ontario
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Figure 5.2: Silurian stratigraphic units of the Bruce Peninsula (adapted from Bolton, 1957; Johnson et al.,
1992). The solid line indicates the stratigraphic section imaged at the Adair Quarry and the dashed line indicates
the stratigraphic section imaged at the OSLW Quarry.

5.3 Methodology

GPR surveys were conducted at the OSLW Quarry in July 2004 and August 2005. Survey
lines were located on top of and oriented parallel to existing quarry faces. Each survey was
performed with a PulseEKKO 1000 system using a range of high frequencies (225-900
MHz). 900 MHz antennae provide better resolution of a GPR profile, which results in the
ability to correlate specific diffraction events and reflectors with diagenetic features (such as
vugs and nodules) and lithologic boundaries, respectively (Fig. 5.3).

In this chapter, we present the correlation between radar images and carbonate

geology using the 450 MHz profiling for one profile line, and the 900 MHz data for three
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other profile lines. The 450 MHz profiling was acquired using a station spacing of 0.05 m;
the 900 MHz data was obtained with 0.025 m station spacing. For both frequencies, the time
sampling was 100 ps, and the stacking number was 64. Processing of each profile included
the use of the following procedures:

e Dewow

e Spreading and exponential compensation (SEC) gain

e Down the trace averaging (3 and 5 samples for 900 and 450 MHz, respectively)

e Topographic correction

Velocity analyses were performed using common midpoint (CMP) and wide-angle

reflection-refraction (WARR) surveys. Velocities were obtained using the CMP/WARR
analysis module in the Deluxe EKKO View software packages. Velocities obtained (0.098-
0.101 m/ns) were used for depth estimates and topographic correction. Tables B1-B3 in
Appendix B shows the results of velocity analyses for each line. Stratigraphic units were
measured and described in detail in both the OSLW and Adair quarries and compared to the
high resolution GPR profiles. The reconstruction of facies types from radar patterns (e.g.,
Asprion et al., 2000) was used in conjunction with outcrop information to identify major

radar facies packages and radar relationships to the stratigraphy at each site.
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Figure 5.3A (see page 99): 225 MHz Profile of Line 6 at the north end of the OSLW Quarry. The velocity
obtained for this line was 0.10 m/ns. The profile was acquired using a station spacing of 0.05 m; the time
sampling was 100 ps, and the stacking number was 64. Processing of this profile included the application of a
SEC gain of 1000; attenuation = 1; down the trace averaging of 5 samples, and traces per inch = 20. The red
box indicates a zone corresponding to abundant small-scale heterogeneities (vugs and nodules) in the uppermost
meter of the exposed section.

Figure 5.3B (see page 100): 450 MHz Profile of Line 6 at the north end of the OSLW Quarry. The velocity
obtained for this line was 0.099 m/ns. The profile was acquired using a station spacing of 0.05 m; the time
sampling was 100 ps, and the stacking number was 64. Processing of this profile included the application of a
SEC gain of 1000; attenuation = 0.8; down the trace averaging of 3 samples, and traces per inch = 40. The red
box indicates a zone corresponding to abundant small-scale heterogeneities (vugs and nodules) in the uppermost
meter of the outcrop with greater resolution than illustrated in Fig. 5.3A.

Figure 5.3C (see page 101): 900 MHz Profile of Line 6 at the north end of the OSLW Quarry. The velocity
obtained for this line was 0.099 m/ns. The profile was acquired using a station spacing of 0.025 m; the time
sampling was 100 ps, and the stacking number was 64. Processing of this profile included the application of a
SEC gain of 1000; attenuation = 0.8; down the trace averaging of 3 samples, and traces per inch = 60. The red
box indicates a zone corresponding to abundant small-scale heterogeneities (vugs and nodules) in the uppermost
meter of the outcrop with greater resolution than illustrated in Fig. 5.3A and B.
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5.4 Results

5.4.1 Correlating GPR with geology at OSLW
The change in resolution between the 225 MHz, 450 MHz, and 900 MHz profiles is apparent
in Figure 5.3. The higher frequency antennae (900 MHz) reveal finer details (10’s of
centimetres) that correspond to those mapped on a geological scale (centimetres to 10’s of
centimetres). For example, a red box has been drawn on the radar images to emphasize a
zone corresponding to vuggy pores and nodules in the uppermost metre. The comparison
among Figures 5.3A, 5.3 B and 5.3C shows the progressive resolution improvement in the
heterogeneous imaging with increasing frequency. The overlapping diffractions on the lower
frequency profiles obscure the depth and position of the small-scale heterogeneities. The
profile obtained using 900 MHz antennae provided the best definition of the depth and
location of the apex of individual diffractions, allowing improved imaging of these
heterogeneities. Radar surveys performed in this study yielded high resolution images at
shallow depths down to ~ 4 m. Although resolution is greatly improved with higher
frequency antennae, the depth of penetration of the radar unit decreases as the frequency is
increased. The GPR transmission characteristics of the carbonates allow high resolution
imaging to depths comparable to the outcrop scale. Lower frequency antennae (50-200
MHZz) units are utilized in Chapter 6 to delineate lateral and vertical facies changes to depths
~ 27 m.

The locations of the high frequency profiles are illustrated in Figure 5.4. The

consistency and accessibility to the geology in the controlled area of the quarries allowed for

accurate geologic correlation with GPR reflection events. For the correlation with the
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carbonate facies, we present the 900 MHz profiling which provided the highest resolution
data at both the north and south end of the OSLW Quarry. 225 MHz and 450 MHz profiles
from each location within the quarry are provided in Appendix B. 450 MHz antennae were

the only antennae used to profile and examine the potential reef mound near the center of the

quarry.

SKETCH MAP OF GPR SURVEYS: OWEN SOUND LEDGEROCK WIARTON QUARRY
(not to scale)

]
|

Line 3

base of quarry

LEGEND

top of 4th lift

top of 3rd lift

top of 2nd lift

top of 1st lift
x measured section

Survey line

Figure 5.4: Map of the west side of the OSLW Quarry. Line 6 is situated at the north end of the quarry on top
of the 4™ lift. Line 3 (reef mound) is located in the center on top of the 2™ lift, with Line 4 located on the
mound’s flank. Line 7 is at the south end of the quarry located on top of the 4" lift.
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54.1.1 Line6and Line 7

The 900 MHz profiles along Lines 6 and 7 (Figs. 5.5-5.7) resolve fine detail in the upper 3 m
of the OSLW Quarry. Non-annotated 900 MHz GPR profiles of Line 6 and 7 are illustrated
in Figure 5.5. Detailed correlation between the radar images of Lines 6 (Fig. 5.6) and 7 (Fig.
5.7) with the quarry geology illustrates that strata in both the north and south end of the
quarry are very similar. The notable exception is the uppermost ~ 80 cm at Line 6 which is
absent at the Line 7 site. This uppermost section (Reflector E in Fig. 5.6) contains additional
material that is heterogeneous, deformed, and vug- and nodule-rich. In the south end of the
quarry at Line 7, this material is absent likely due to pinch-out or erosion.

The lowermost reflection (A) is very strong and found at a relatively consistent depth
(2.75 m at Line 6; 2.6 m at Line 7) throughout the quarry. It corresponds with the contact
between a lower tan-grey massive ‘2-foot’ bed that is vuggy (vugs range from 1 mm-5 cm
and are calcite, and/or pyrite-, and/or more rarely fluorite-lined) and a tan-brown strongly
bioturbated stylolitic unit that is traceable across the quarry. An apparent increase in the
visibly vuggy porosity and crystallinity in the lower vuggy ‘2-foot’ bed is a likely
explanation for this strong reflector. Reflector A (dashed in the photo in Fig. 5.5) occurs less
than 5 cm below the quarry floor at Line 6 and 7 locations (Fig. 5.6 and 5.7 respectively).

Reflector B is also prominent from the north end at Line 6 to the south end at Line 7
of the quarry. It correlates with the top of the informally named ‘I-beam’ bed, which is a
porous tan-brown unit bounded by thick stylolite seams that tend to form localized fracture

planes and includes a minor number of vugs up to 2 by 4 cm in size.

104



Reflector C is found at approximately 1.1 m depth at Line 7 and at 1.58 m depth at
Line 6. It correlates with the contact between an underlying strongly bioturbated stylolitic
unit and a massive, porous bed similar to the 2-foot bed but is somewhat less vuggy. In
addition, a continuous 1 cm-thick horizontal seam containing dry to moist fine soil and plant
debris, which is visible on the quarry face, occupies the solution-enhanced joint at this
contact. The presence of this organic material probably contributes to the contact reflectivity.

Reflector D is related to an extensive horizontal break between an upper massive
porous unit and an underlying thick (0.5 m) dark black and gray-brown prominently
laminated argillaceous bed with relatively minor porosity.

Package E (Line 6 only) is a series of small diffractions generated by small-scale
heterogeneities within a bed that contains vugs and nodules, has deformed laminae, and
undulating contacts.

Vertical joints and fractures exposed on the surface at positions 4, 9, and 11 m appear
to cause diminished signal penetration along the radar profile at Line 7. Fractures, their
widths, and relative orientations along Line 7 are illustrated in Figure 5.8. Fractures are up to
0.18 m wide and are filled at the surface with dry to moist soil and plant debris. The depth at

which the fractures extend is variable from centimetres to metres.
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Figure 5.5: The 900 MHz profile of Line 6 (A) and Line 7 (B) from the north and south ends of the OSLW
Quarry, respectively. The velocities obtained for these lines were 0.099 m/ns and 0.101 m/ns. The profiles were
acquired using a station spacing of 0.025 m; the time sampling was 100 ps, and the stacking number was 64.
Processing of this profile included the application of a SEC gain of 1000; attenuation = 0.8 and 0.6; down the

trace averaging of 3 samples, and traces per inch = 40.
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Figure 5.6: The 900 MHz profile of Line 6 has strong reflectors (A-D) as well as a shallow vuggy zone
represented by multiple diffractions (E). The stratigraphic log shown to the right was measured at position ‘0’

on the survey line.
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Figure 5.8: Vertical breaks in the continuity of reflections due to the dissolution-enhanced joints and fractures
(thick blue lines) at Line 7. Major horizontal breaks (black and green) occur at or near lithologic boundaries.
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5.4.1.2 Line 3: Potential reef mound

Two surveys were performed parallel to the length of the reef mound. Line 3 was carried out
along the top of the reef mound and Line 4 was run along the flank of the mound. Line 3 is
illustrated in Figure 5.9, i.e. the GPR profile of Line 4 does not provide additional
information about the internal structure of the reef mound and is provided in Appendix B.

Strong planar reflectors were imaged to the south of the reef mound. Although it was
not possible to conduct a visual transect directly into the mound, the closest quarry face
indicates that the reef mound sits directly on top of the 2-foot bed. Thus, Reflector A is
correlated with the top of the 2-foot bed. Reflector X is likely the base of the 2-foot bed
where visibly vuggy porosity dramatically decreases as the lithology changes downward to
more finely crystalline, argillaceous dolostone referred to locally as the ‘Marble Beds’.
Below Reflector X, the discontinuous planar reflectors collectively named Reflector Y
represent these Marble Beds (Fig. 5.9). The lowermost Reflector Z was inferred from core
located ~ 800 m to the southwest of the mound that revealed a vuggy, more porous unit
found below the Marble Beds.

The GPR signature of the mound at the north end of the profile (see box in Fig. 5.9) is
predominantly composed of diffractions. This scattering is due to the small-scale
heterogeneities associated with the mound’s expected heterogeneous interior. This dispersion
impedes the propagation of electromagnetic waves to the underlying strata causing a shadow

effect below the mound.
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Figure 5.9: A) The 450 MHz GPR profile along Line 3 overlying the reef mound; B) Photograph showing units
underlying the reef mound; and C) Photograph showing the reef mound with the position of Line 3 indicated.

Stratigraphic log shown at left illustrates the stratigraphy at the Line 3 site.
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Figure 5.10: Geologic cross section between the three sites in the vicinity of the OSLW Quarry. At each site
the ‘2-foot’ bed provides a strong marker horizon (Reflector A). The legend in the lower right corner illustrates
the various lithofacies of the Eramosa Member in the OSLW Quarry.

A composite stratigraphic section at each site within the OSLW Quarry is illustrated
in Figure 5.10. Geologic properties such as porosity and density show similar radar responses
across the OSLW Quarry. Reflector A is consistently imaged throughout the quarry and
correlates to the ‘2-foot” bed, which is also a valuable marker horizon for interpreting the

local geology.
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5.4.2 Correlating GPR with geology at the Adair Quarry
The Amabel Formation is found at surface on the eastern side of the Bruce Peninsula, where
the Adair Quarry is situated. Karstic features within the Amabel Formation are mainly large
cavities and solution-enhanced fractures and joints. In the vicinity of the GPR profile at the
Adair Quarry, a prominent solution-enhanced horizontal fracture was observed in the quarry
wall.

Figures 5.11 and 5.12 give the unannotated and interpreted 900 MHz profiles,
respectively; the corresponding 225 and 450 MHz profiles are given in Appendix B. On the
radar profile in Figure 5.12 the fracture zone, highlighted with a red box (Reflector A in Fig.
5.12), is characterized by discontinuities in the reflections and strong diffractions. Above the
fracture zone, outcrop study reveals that bioturbated beds and minor stylolite seams within
the Amabel Formation probably produced discontinuous planar features seen in the radar
image highlighted in red (Reflector B in Fig. 5.12). Diffractions in the upper 50 cm likely

represent vugs and/or nodules (Reflector C in Fig. 5.12).

Figure 5.11 (see page 114): The 900 MHz profile of Line 2 from the Adair Quarry. The velocity obtained for
this line was 0.10 m/ns. The profile was acquired using a station spacing of 0.025 m; the time sampling was 100
ps, and the stacking number was 64. Processing of this profile included the application of a SEC gain of 600;
attenuation = 1.4; down the trace averaging of 3 samples, and traces per inch = 60.

Figure 5.12 (see page 115): A) 900 MHz GPR profile at the Adair Quarry. Radar image reveals a small-scale
heterogeneous reflectivity within the Amabel Formation. The red box (A) highlights a solution-enhanced
horizontal fracture with varying opening widths along the quarry face (photo in B), indicating the presence of
one or more karstic horizons. Reflector B is indicated by the discontinuous red line. Red arrows (C) point to the
apex of small diffractions in the upper 50 cm, which correlate to vuggy pores and/or nodules.
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5.5 Conclusions

High frequency GPR profiling was successfully used to image stratigraphic, karstic, and
diagenetic features identified at both the OSLW and Adair quarries on the Bruce Peninsula.
We observed that vertical facies changes within the stratigraphy at the OSLW quarry (Line 6
and 7) were evident as continuous planar reflections with the high frequency (900 MHz) unit.
Our study also found that lateral facies changes were clearly imaged in the radar profile at the
potential reef mound (Line 3). Furthermore, we correlated diagenetic features such as vugs
and nodules, as well as dissolution horizons, with radar events (e.g., diffractions) at both the
OSLW and Adair quarries.

Solution-enhanced joints and fractures, vugs and mounds are a negative attribute of
these carbonates that, if imaged with high frequency GPR, can be avoided by quarry
operators in their search for suitable building-stone or aggregate. For example, impurities
within the Amabel Formation that are found within vugs, nodules and karstic horizons are a
detriment to building stone and aggregate quality. GPR is an economical tool that provides
quarry operators with the locations of such features that is otherwise costly to acquire. This
field-based study clearly demonstrates that high-resolution GPR techniques in combination
with detailed geologic mapping can be employed as a cost effective exploration method for
resource estimates in building-stone quarries, especially where the lack of subsurface data

limits other means of assessing the resource potential.
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Chapter 6: Low Frequency GPR Profiling of Deep Subsurface

Stratigraphy in Silurian Dolostones

6.1 Introduction

Ground-penetrating radar (GPR) is an effective tool for defining deep (~30 m) stratigraphic
changes within carbonates (Asprion et al., 2000) as well as their internal architecture (Pratt
and Miall, 1993). Whereas a significant body of work has focused on unconsolidated clastic
deposits (e.g., Roberts et al., 2003), comparatively little work has been done on consolidated
carbonates. Within carbonates, GPR has been utilized as a tool for identifying large-scale
sedimentary structures such as cross-bedding, defining variations in lithologies (Dagallier et
al, 2000), and for imaging the lateral extent of karstic caves and fractures (Chamberlain et al.,
2000).

One would reasonably expect GPR to be a valuable geophysical method for
subsurface imaging of Silurian dolostones; however, very little work has been done in
carbonates. A previous GPR study conducted on the Amabel Formation along the Niagara
Escarpment in southern Ontario (Pratt and Miall, 1993) was able to delineate lithologic
variability between carbonate beds and argillaceous lenses. More recently, a GPR study on
the stratigraphy in the OSLW Quarry was carried out using more modern equipment and
signal processing techniques (Tetreault, 2001).

The purpose of this field study was to investigate the low frequency (50-200 MHz)
GPR profiling for imaging deep (20-30 m) stratigraphic and karstic features in carbonate

rocks. Furthermore, we assessed the predictive capabilities of this method for delineating
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building stone resources (i.e., lateral continuity and thicknesses of key building stone units).
Building-stone quarries on the Bruce Peninsula provide an excellent opportunity to study the
application of GPR profiling of deep carbonate strata. Both the OSLW and Adair quarries
(Fig. 6.1) offer three-dimensional exposures of outcrop with little or no overburden and a
lowered water table, providing conditions that are ideal for GPR surveys. The Ontario
Geological Survey (OGS) drilled several boreholes from 1982-1990 in support of a regional
mapping project. Three of the boreholes were stratigraphically logged during the summer of

2005 as a part of this thesis, and are relatively close to the GPR sites.
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Figure 6.1: Map of the Bruce Peninsula. Stars represent the locations of GPR surveys, and circles represent the
location of boreholes. Squares are located at main cities on the Peninsula. Inset map of southern Ontario
highlights the study area with a box (adapted from Armstrong et al., 2002).
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6.2 Geological Setting

Figure 6.2 illustrates the Silurian stratigraphic nomenclature for our study area on the Bruce
Peninsula. Although the lowermost Dyer Bay Formation dolostones of the Clinton Group
were not imaged with the GPR in this study, the boundary between the top of the argillaceous
dolostones and shales of the Wingfield Formation and the overlying fossil-rich dolostones of
the Fossil Hill Formation were observed. Alternating shale and dolostone units of the lower
Clinton Group represent oscillating sea levels during this time (Sanford, 1969). The Fossil
Hill Formation, deposited at the end of the Clinton time, records an abundance of shelly
fossils representative of a shallow marine depositional environment. The overlying Amabel
and Guelph formations record depositional environments that reflect partially restricted
marine to more open marine conditions along the eastern margin of the Michigan Basin.
Dimension stone and aggregate quarry operations are a significant local industry on the
Bruce Peninsula, with much of the activity concentrated in the Eramosa Member of the
Guelph Formation and the underlying Wiarton and Colpoy Bay members of the Amabel
Formation (Fig. 6.2).

The three GPR survey sites were selected where different lithofacies of the Silurian
stratigraphy on the Bruce Peninsula could be imaged (Fig. 6.2). The Adair Quarry, which is
located ~ 13 km to the northeast of the OSLW Quarry, reveals ~ 10 m of the Amabel
Formation. At the Adair Quarry, the Amabel Formation consists of cream-tan and blue-gray
mottled dolomitized grainstones that form medium to coarsely crystalline beds, containing

wide (1-30 cm) solution joints and fractures visible in the upper 3—4 m. Borehole OGS-90-4,
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located within ~ 15 m of the survey line, reveals the carbonate stratigraphy from the Amabel
Formation down to the Dyer Bay Formation.

The OSLW Quarry exposes ~ 8 m of thin-to thick-bedded relatively deeper lagoonal
dolostones of the Eramosa Member. This distinctive unit is characterized by cm- to m-scale
laminated dark brown argillaceous dolostone that is finely crystalline and bituminous, and

contains chert nodules associated with calcite, pyrite and more rarely fluorite.

Silurian Stratigraphic Units
of the Michigan Basin, southern Ontario

Michigan Basin

Age .
(Bruce Peninsula)

Guelph Fm.

.o Ludlovian
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Albemarle Gp.
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Figure 6.2: Silurian stratigraphic units of the Bruce Peninsula (adapted from Bolton, 1957; Johnson et al.,
1992). The solid, dashed and dotted lines represent the stratigraphy imaged using GPR at the Adair Quarry, the
OSLW Quarry, and the 90-3 borehole site, respectively.
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The third site was at the location of borehole OGS-90-3, which was drilled ~ 7 km
southwest of OSLW, where less than 1 m of overburden covers the Guelph Formation at
surface. This borehole reveals medium crystalline, massive tan dolomitic grainstone of the
Guelph Formation overlying the bituminous argillaceous Eramosa Member. Although the
Guelph Formation, Eramosa Member, and the Amabel Formation are pervasively
dolomitized, the Guelph and Amabel formations are more homogeneous than the Eramosa

Member.

6.3 Methodology

GPR surveys were conducted at the OSLW Quarry in July 2004 and 2005, and at the Adair
Quarry in August 2005. Survey lines were located on top of and oriented parallel to existing
quarry faces. In August 2005, a GPR survey was also conducted along a gravel road adjacent
to the 90-3 borehole. Each survey was performed with a PulseEKKO 100 system using three
antenna frequencies (50, 100, and 200 MHz).

The 50 MHz antennae provide the greatest depth penetration (Fig. 6.3C) and,
therefore, have the ability to correlate deeper lithologic boundaries with radar reflectors. In
comparison, the 100 MHz antennae achieve a reasonable compromise between resolution and
penetration depth. In this chapter, we present the correlation between radar images and
carbonate geology using the 50 MHz profiling for four sites. In addition, we also present the
100 MHz profiling at three sites to provide higher resolution images of the shallow

stratigraphy.
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The 50 and 100 MHz profiling were acquired using a station spacing ranging from
0.10-0.25 m. The time sampling was 800 ps, and the stacking number was 64. Processing of
each profile included the use of:

e Dewow

e Spreading and exponential compensation (SEC) gain
e Down the trace averaging (5 - 9 samples)

e Topographic correction

Velocity analyses were performed using common midpoint (CMP) surveys.
Velocities obtained (0.096-0.101 m/ns) were used for depth estimates and topographic
correction. Boreholes 90-3 and 90-4 were logged in detail and major facies boundaries were
correlated with the low frequency GPR profiles. Formation thicknesses observed within
borehole 82-4 were used to guide the interpretation of GPR profiles from the OSLW Quarry,
allowing for the ~ 10 km separation between these two locations. The reconstruction of
facies types from radar patterns (e.g., Asprion et al., 2000) was used in conjunction with

outcrop and borehole information to identify major radar facies packages at each site.
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Figure 6.3A (see page 125): 200 MHz profile of Line 2 at the Adair Quarry. The velocity obtained for this line
was 0.097 m/ns. The profile was acquired using a station spacing of 0.10 m; the time sampling was 800 ps, and
the stacking number was 64. Processing of this profile included the application of a SEC gain of 1000;
attenuation =1.2; down the trace averaging of 1 sample, and traces per inch = 20. The red dashed line indicates
the effective depth of penetration at ~ 14 m.

Figure 6.3B (see page 126): 100 MHz profile of Line 2 at the Adair Quarry. The velocity obtained for this line
was 0.097 m/ns. The profile was acquired using a station spacing of 0.10 m; the time sampling was 800 ps, and
the stacking number was 64. Processing of this profile included the application of a SEC gain of 1000;
attenuation =0.6; down the trace averaging of 3 samples, and traces per inch = 20. The red dashed line indicates
an effective depth of penetration at ~ 20 m.

Figure 6.3C (see page 127): 50 MHz profile of Line 2 at the Adair Quarry. The velocity obtained for this line
was 0.097 m/ns. The profile was acquired using a station spacing of 0.10 m; the time sampling was 800 ps, and
the stacking number was 64. Processing of this profile included the application of a SEC gain of 1000;
attenuation = 0.6; down the trace averaging of 9 samples, and traces per inch = 20. The red dashed line
indicates an effective depth of penetration at ~ 27 m.
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6.4 Results

6.4.1 Correlating GPR with geology at the Adair Quarry
Although the resolution decreases with the use of lower frequency antennae, greater depths
of penetration for the GPR signal are achieved. This trade-off is illustrated by comparing the
GPR profiles from the Adair Quarry (Fig. 6.3). In this series of figures, one can clearly see
the depth of investigation progressively increase from 14 m with the 200 MHz antennae (Fig.
6.3A) to 27 m with the 50 MHz antennae (Fig. 6.3C).

We present the geologic correlation with the 50 and 100 MHz radar surveys
performed at Line 2 within this quarry. 50-200 MHz profiling was also performed along
Line 3 which is oriented perpendicular to Line 2 (Fig. 6.4B). Data from Line 3 did not further
contribute to our comparison between GPR imaging and stratigraphy; these images are
provided in Appendix C. The locations of these two profile lines within the Adair Quarry are

illustrated in Figure 6.4B.

6.4.1.1 Line 2 at the Adair Quarry

The 50 and 100 MHz antennae provided the ability to compare the radar response with
measured facies changes and formation contacts that could be confirmed in borehole
stratigraphic logs (Figs. 6.5 and 6.6). From a detailed stratigraphic log of borehole 90-4
located within 15 m of the radar survey, the GPR profile revealed continuous strong
reflectors where abrupt changes in porosity were observed within the core. In general,

porosity changes correspond to stratigraphic boundaries. Dipping linear events from the
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south side of the survey are probably direct radar waves scattered off the quarry step face at
the south end of the line.

The lowermost reflector, referred to as “W”, is found at ~ 24 m depth at the Adair
Quarry. The strong planar reflector correlates with the transition from lower argillaceous
dolostones of the Wingfield Formation (W) to overlying porous fossil-rich dolostones of the
Fossil Hill Formation (FH) (Fig. 6.6). The abrupt change in porosity as well as the high
electrical conductivity of the underlying argillaceous Wingfield Formation is likely the cause
for this strong reflection. Above the ‘W’ Reflector, the Fossil Hill (FH) Formation is
composed of both horizontal planar and low angle onlapping prograding internal reflectors.

A strong continuous planar reflector found at ~16 m depth and referred to as ‘FH’
correlates with the contact between the lower porous, fossil-rich dolostones of the Fossil Hill
Formation, and the overlying massive, dense dolostones of the Lions Head Member of the
Amabel Formation. In borehole OGS-90-4, this contact has an apparent sharp decrease in
porosity and fossil content. The internal reflectors corresponding to the Lions Head Member
are composed of fairly continuous planar bedding which may correspond with progradation
of beds at a larger scale within these dolostones.

The uppermost strong reflector, referred to as A (LH), is found at ~ 11 m depth and
correlates with the contact between the Lions Head Member and the overlying Colpoy Bay
Member of the Amabel Formation (Fig. 6.6). The presence of this sharp planar reflector may
be related to the observed increase in porosity in the overlying dolostones. Shallow
diffractions apparent in the Colpoy Bay Member are scattering due to the shallow karstic

features. Observed within the quarry face, solution-enhanced fractures and joints, and vugs
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and nodules are present to ~ 4 m depth. However, the Colpoy Bay Member generally appears
to have a much lower internal reflectivity than either the Lions Head Member or the Fossil
Hill Formation. The 100 MHz profile gives a higher resolution image of the shallower
section at the Adair Quarry (Figs. 6.5 and 6.6). The horizontal internal reflections within the
Lions Head Member interval are more clearly defined. The low reflectivity of the Colpoy
Bay Member is also better defined in the 100 MHz profile which again suggests that there is
a lower dielectric contrast between the stratigraphic horizons. In addition, the combination of
the improved resolution and shorter duration direct wave arrival allows us to clearly image a
significant horizontal GPR reflection at ~ 4 m depth (A and yellow line in Fig. 6.6) on the
100 MHz section which is not well defined on the 50 MHz profile (Figs. 6.4 and 6.6). While
the cause for this marker has not been determined, it corresponds with the lower limit of the

enhanced vuggy porosity.

Borehole

Figure 6.4: A) The orientation of Line 2 in the quarry with the relative position of borehole 90-4, which is
superimposed on the left of the radar survey; B) The intersection point between Line 3 and Line 2 and its
relative position in the quarry.
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Figure 6.5: Line 2 at the Adair Quarry. A) The 50 MHz image amalgamates traces to form reflectors that have

less definition than the reflectors in the 100 MHz image. B) The 100 MHz profile better resolves the planar
reflectors as well as the location of the diffraction apexes.
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Figure 6.6: The 50 and 100 MHz profiles at Line 2 in the Adair Quarry have strong reflectors (W, FH, A (LH)).
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MHz profile (A), contacts are better resolved in the 100 MHz (B) profile.
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6.4.2 Correlating GPR with geology at the OSLW Quarry
GPR profiling using 50, 100, and 200 MHz antennae was done to image the carbonate rocks
at the OSLW Quarry (Fig. 6.7). Three profile lines were performed. Two radar surveys were
carried out in the northwest quadrant of the quarry and intersect at right angles to each other
(Lines 1 and 2 in Figs. 6.8—6.11). The third survey was performed in the southwest quadrant
of the quarry (Line 5 in Figs. 6.13 and 6.14) where the quarry has not yet been developed.
For the correlation with the carbonate facies, we present the 50 MHz profiling, which
provided the greatest depth penetration data, and the 100 MHz profile which resolves finer
details of the individual reflectors. The 200 MHz profiles of each survey performed are in
Appendix C. At least 8 m of the Eramosa Member has been observed within the quarry, and
is imaged within the radar profile. The closest deep (> 30 m) borehole (OGS-82-4) to the
OSLW Quarry is located ~ 10 km to the northwest (Fig. 6.1). The correlation between the
GPR reflecting boundaries and deeper lithologic contacts (Colpoy Bay and Lions Head
members) can only be approximated from the thicknesses observed from borehole OGS-82-4

(Figs. 6.8-6.14).
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SKETCH MAP OF GPR SURVEYS: OWEN SOUND LEDGEROCK WIARTON QUARRY
(not to scale)
~N
31m
base of quarry
I
T/’ LEGEND
— top of 4th lift
top of 3rd lift
top of 2nd lift
top of 1st lift
x measured section
Framenmes SIJNE)" line
.0
¥ Line 5
{ (Located ~ 500 m to the SW)
4§ m

Figure 6.7: Map of the west side of the OSLW Quarry. Lines 1 and 2 are situated in the northwest end of the
quarry on top of the 4™ lift. Line 5 is located ~ 500 m to the southwest of the quarry, presumably on top of the

4™ 1ify.
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Figure 6.8: 50 MHz GPR profiles of Line 1 (left) and Line 2 (right). These two lines are perpendicular to each

other. The intersection point of the two lines is labeled on both sections. Line 2 (right) illustrates onlapping

radar facies from the south, onto a prograding feature in the north.
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Figure 6.9: 50 MHz profiles from Lines 1 (left) and 2 (right). A) Line 1 from the OSLW Quarry has strong

reflectors shown in red (A (LH) and E) which divide the Eramosa, Colpoy Bay, and Lions Head members.
survey lines indicate the intersection point of the two lines with an arrow. The thickness of the Colpoy Bay and

Yellow lines represent strong internal reflectors; B) Line 2 from the OSLW Quarry reveals similar strong
reflectors A (LH) and E (red). The orientation of the line provides a different view of the stratigraphy. Both
Lions Head members is inferred from borehole 82-4. The yellow lines represent strong internal planar reflectors
within the Eramosa and Colpoy Bay members.
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100 MHz GPR profiles of Lines 1 (left) and 2 (right) at the OSLW Quarry. 100 MHz radar images
better resolve the subsurface stratigraphy and provide good depth penetration down to ~ 20 m. Contacts

between members are better defined with the higher frequency antennae.
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Figure 6.11: 100 MHz GPR profiles of Lines 1 (left) and 2 (right) at the OSLW Quarry. 100 MHz radar images
provide good depth penetration down to ~ 20 m. The red lines correlate with the contact between the underlying
Colpoy Bay Member of the Amabel Formation and the overlying Eramosa Member (E). The yellow lines

correlate with strong planar internal reflections within the Eramosa and Colpoy Bay members.




6.4.2.1 Lines 1 and 2 at the OSLW Quarry

Figures 6.8—6.11 illustrate the GPR profiles along Lines 1 and 2. While facies packages are
slightly different between Lines 1 and 2, major GPR events can be related to stratigraphic
horizons. While exposures within the quarry can be used to correlate shallow stratigraphy
with GPR response, member thicknesses observed in the stratigraphic log for borehole 82-4
can be used to infer deeper lithologic boundaries in the OSLW Quarry. The lowermost
reflector is referred to as A (LH) for the contact between the Lions Head Member and the
Colpoy Bay Member of the Amabel Formation, and is only observed within the 50 MHz
profiles. This reflector marks the change in GPR response from more continuous undulating
facies of the Lions Head Member to more chaotic, discontinuous and heterogeneous GPR
facies of the Colpoy Bay Member. An apparent porosity difference of > 10 % exists between
the lower Lions Head Member (Fig. 6.12A) and the overlying Colpoy Bay Member (Fig.
6.12B). At the Adair Quarry, the Colpoy Bay Member exhibits a similar discontinuous
heterogeneous GPR reflection response. At both the OSLW and Adair quarries, a planar
discontinuous to continuous reflector exists within the Colpoy Bay Member. At both the
Adair and OSLW quarries, this reflector (A - yellow) is present ~ 6 m above the A (LH)
contact (Figs. 6.6 and 6.9). Although the heterogeneous, mottled texture within the Colpoy
Bay Member (Fig. 6.12E) observed in the Adair Quarry is similar to that in the borehole
OGS-82-4 (correlated with OSLW), the Colpoy Bay Member appears more porous in
borehole OGS-82-4 (Fig. 6.12B) than at the Adair Quarry.

At the OSLW Quarry in the Line 1 profile, the upper 10 m is represented by planar,

continuous reflectors interpreted to represent the planar bedded argillaceous Eramosa
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Member dolostones. In the Line 2 profile, similar strong reflectors occur at the same depths
(Figs. 6.9 and 6.11). The N-S orientation of Line 2 provides insight to the lateral variations of
the internal structure of these facies. Rather than observing chaotic discontinuous reflectors
in the base of the Colpoy Bay Member at Line 1, Line 2 reveals prograding reflections from
the north with onlapping reflectors from the south. The uppermost ~ 10 m of the profile
along Line 2 contains planar continuous reflectors and exhibits progradation in its lower
portion (i.e., between 6—10 m depth). In addition, the shallowing of the major reflection

events in the northward direction could indicate a bioherm or mound to the north of this site.
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Figure 6.12A: Example of the Lions Head Member
from borehole OGS-82-4. Note the low porosity.
Arrow is located at the base of the core.

Figure 6.12B: Example of the Colpoy Bay Member
from borehole OGS-82-4. Note the increased vuggy
porosity. Arrow is located at the base of the core.

Figure 6.12D: Example of the Lions Head Member
from borehole OGS-90-4. Note the low porosity.
Arrow is located at the base of the core.

Figure 6.12E: Example of the Colpoy Bay Member

from borehole OGS-90-4. Note the increased
biomoldic porosity (bp). Arrow is located at the

Figure 6.12C: Eaple of the Eramosa Member
from borehole OGS-82-4. Note the decreased

porosity and horizontal stylolites (S). White arrow is

base of the core.
L7

Figure 6.12F: Example of the Eramosa Member
‘Marble Beds’ from the OSLW Quarry. Note the
decreased porosity and planar laminations (L).

located at the base of the core.
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6.4.2.2 Line 5 at the OSLW Quarry

The 50 MHz profile performed at Line 5 in the OSLW Quarry is located ~ 500 m south of
Lines 1 and 2. Line 5 was performed in the same orientation as Line 2 from north to south.
Similar facies packages were observed within the Line 5 profile as at Lines 1 and 2, where ~
12 m of strong planar reflectors of the Eramosa Member are imaged. Along the Line 5 profile
(Figs. 6.13 and 6.14) the lowermost reflector (yellow) at ~ 20 m depth is likely a strong
planar internal reflector within the lower Colpoy Bay Member, based on a thickness of ~ 15
m inferred from borehole OGS-82-4. The Lions Head Member was not imaged at this site.
The reflectors in the Colpoy Bay Member (yellow) are similar to the onlapping units
observed on the south side of the Line 2 profile and likely represent continuous deposition of
the carbonates.

GPR profiles for Lines 1, 2, and 5 at the OSLW Quarry and Line 2 at the Adair
Quarry exhibit similar internal radar reflections for the Colpoy Bay Member. At both sites,
this member possesses discontinuous, chaotic reflections having relatively lower reflectivity
than its neighbouring units. While there are similarities between the Adair and OSLW
quarries for the Colpoy Bay Member, it is not apparent for the Lions Head Member. This
may be due to reduced resolution and/or reduced depth of penetration at the OSLW Quarry.
Within the Colpoy Bay Member, planar internal reflectors (yellow) are apparent, and may
indicate that facies changes from the Colpoy Bay Member to the heterogeneous, porous
Wiarton facies. Although the Wiarton Member was not observed within borehole OGS-82-4,
both OGS-90-3 and OGS-90-4 contain the crinoidal lithofacies. A similar strong internal

reflector was observed at the Adair Quarry (Reflector A in Fig. 6.6).
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Figure 6.13: 50 MHz (left) and 100 MHz (right) GPR profiles from Line 5 in the southwest quadrant of the
OSLW Quarry reveal a strong similarity in reflectors seen in Lines 1 and 2 from the northwest quadrant of the
quarry. Strong reflectors separate the Lions Head, Colpoy Bay, and Eramosa members.
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Quarry reveals a strong similarity in reflectors seen in Lines 1 and 2 from the northwest quadrant of the quarry.

Figure 6.14: 50 MHz (A) and 100 MHz (B) GPR profiles from Line 5 in the southwest quadrant of the OSLW
A) A strong reflector separates the Colpoy Bay Member and the Eramosa (E) Member (red). This profile
resolves the strong planar internal reflections within the Colpoy Bay Member (yellow). B) Although the 100

MHz profile does not

show reflectors within the deeper Colpoy Bay Member, the strong planar internal
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reflectors are shown in the Eramosa Member (yellow).



6.4.3 Correlating GPR with geology at Borehole 90-3

One radar line was performed along a wide dirt and gravel road surrounded by heavy tree and
vegetation and adjacent to borehole OGS-90-3. This site has less than 1 m of overburden at
surface and a bedrock surface composed of relatively porous dolostones. Adjacent to the side
road and < 3 m from the radar line borehole 90-3 was drilled (Fig. 6.15B). A monitoring well
was installed with metal casing surrounding the upper few metres after the borehole was
drilled in 1990. The scattered radar waves from the metal casing are observed in the radar
profile (Fig. 6.15A).

For the correlation with the carbonate geology observed in borehole 90-3, we present
the 50 MHz profile which optimizes the deeper radar reflections. The 100 MHz and 200
MHz profiles are available in Appendix C. Figure 6.15 illustrates the correlation between the
GPR profile and the borehole. The uppermost ~ 21 m at the 90-3 site is composed of brown
to tan massive, fossil-rich, medium crystalline dolostone of the Guelph Formation. Numerous
diffractions that make up this GPR facies package may have resulted from the chaotic
heterogeneous internal structure that is typical of bioherm or reefal facies. Alternatively,
diffractions may have resulted from karstic features such as large vuggy pores or dissolution
joints. The very hummocky surface observed in the forest along the profile line may be the
result of extensive dissolution at the vicinity of the bedrock surface.

The contact between the upper Guelph Formation and underlying Eramosa Member is
characterized by a transition from chaotic reflectors to more planar continuous reflectors. The
Eramosa Member at the OSLW Quarry was similarly characterized by planar reflectors

associated with laminated to bedded argillaceous dolostone interbedded with massive
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fossiliferous dolostone. From the photo of the top of borehole 90-3, an abrupt change in
colour and apparent bedding (stylolite seams) is evident (Fig. 6.15C). An increase in porosity
in the Guelph Formation is shown with zones of broken core, which generally indicates that
more water was available at that horizon to dissolve the carbonate rocks. The underlying
Eramosa Member is composed of grey-brown, stylolitic, fine crystalline dolostone with

minor coral and shelly fragments.
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90-3 Site: Line 0 - 50 MHz
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Figure 6.15: A) Radar profile from Line 0 at the 90-3 borehole site reveals a thick succession of the Guelph
Formation (G) overlying the Eramosa Member (E), which is divided by an obvious change in reflectors; B) The
borehole is situated at position 21.80 m on the survey line; C) Photo of core from the top of the borehole
illustrates colour and porosity differences between the Eramosa Member and the Guelph Formation.
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Figure 6.16: Borehole correlation from south to north along the Bruce Peninsula and superimposed location of
the OSLW Quarry. The legend in the lower right hand corner illustrates the Clinton Group (green), Amabel
Formation (blue), Eramosa Member (brown), and the Guelph Formation (yellow). The question mark within the
Dyer Bay Fm. at the base of borehole OGS-82-4 reflects possible pinch-out of the Wingfield and Fossil Hill
formations.

A stratigraphic cross-section at each borehole site surrounding the OSLW Quarry is
illustrated in Figure 6.16. The Guelph 1 lithofacies is likely only present in borehole 90-3 due
to the dip angle of the Silurian strata to the west and the erosional pattern on the Peninsula.
Where porosity and density variations occur within the OSLW Quarry, radar responses have
similar properties. In low porosity facies (e.g., the Eramosa Member), planar reflectors are

more common. In the heterogeneous porous facies (e.g., the Guelph Formation), more

148



chaotic discontinuous reflectors are imaged. Similar radar responses are shown in the high
frequency profiles in Chapter 5.

Within the Adair Quarry and the OSLW Quarry, the transition between the overlying
Colpoy Bay Member of the Amabel Formation and the underlying Lions Head Member is
consistently imaged throughout the quarry. At the OSLW Quarry and the 90-3 site the
transition from the Wiarton and Colpoy Bay members to the overlying Eramosa Member is

also readily apparent in the radar sections.

6.5 Conclusions

Low frequency GPR profiling was successfully used to image vertical stratigraphic changes
at the OSLW and Adair quarries, as well as the site of borehole 90-3 on the Bruce Peninsula.
From correlations with stratigraphic logs of boreholes, we observed that major vertical facies
changes within the stratigraphy correlated with strong continuous GPR reflectors. Further,
the GPR facies between these boundaries varied in their internal reflection pattern. Our study
also found that lateral facies changes were clearly imaged in the radar profiles at Line 2 in
the OSLW Quarry, where reflectors from the south appeared to onlap a buildup/mound on
the northern side of the profile. Mounds or buildups are a negative feature for quarry
operators as they generally contain solution-enhanced porosity or impurities within vugs in
the form of lead sulphides (iron, sphalerite).

GPR is an economical tool that provides quarry operators with the locations of such
features and lateral continuity/discontinuity of facies that is otherwise costly to acquire. This

field-based study clearly demonstrates that low-resolution, deep penetration GPR techniques
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in combination with detailed geologic mapping can be employed as a cost effective
exploration method for resource estimates in building-stone quarries, especially where the

lack of subsurface data limits other means of assessing the resource potential.
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Chapter 7: Concluding Remarks and Future Recommendations

7.1 Overall Conclusions

The Silurian Amabel Formation in the subsurface of the Bruce Peninsula is composed of
three members - in ascending order these are the: Lions Head, Colpoy Bay and Wiarton
members. Within core, the two lowermost members of the Amabel Formation are laterally
continuous across the Bruce Peninsula and exhibit distinct core and petrographic
characteristics. A hardground surface, mottling resulting from pyrite content, finely
crystalline dolomite and chert nodules characterize the Lions Head Member. The Colpoy Bay
Member exhibits irregular elongate mottles containing undifferentiated organics that
concentrated within higher porosity zones, which reflect bioturbation. The Colpoy Bay
Member is more fossiliferous than the underlying Lions Head Member, although recognition
of fossils is equally difficult. The distinct mottles in the Lions Head Member and the
increased porosity and fossil content in the Colpoy Bay Member allows these two members
to be readily discernable in both core and thin section. The uppermost crinoid-rich Wiarton
Member is not laterally continuous across the Bruce Peninsula. Although the Wiarton
Member may be mistaken as the Colpoy Bay Member where crinoids are more difficult to
recognize, the Wiarton Member is easily distinguished from the Guelph Formation. A tan-
brown colour and noticeable increase in the abundance and size of brachiopods, bivalves,
and/or gastropods characterizes the Guelph Formation.

The replacement dolomite within the Amabel Formation is generally anhedral,
cloudy, and finely crystalline whereas replacement dolomite within the Guelph Formation is
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commonly subhedral to euhedral, slightly clearer and medium to coarsely crystalline. The
amount of replacement nodular silica is noticeably less within the Guelph Formation versus
the underlying Amabel Formation. The Lions Head Member of the Amabel Formation
represents quieter water conditions, and the increase in fossil content in the Colpoy Bay
Member is suggestive of a gradually shallowing environment. Overlying Wiarton Member
crinoidal grainstones with minor corals are indicative of a high energy shoal environment
proximal to a bioherm.

The Eramosa Member is found within six of the eight boreholes from this study. The
Eramosa Member is subdivided into four lithofacies (E1 through E4) that range from
sparsely fossiliferous, light tan, massive and vuggy to fossiliferous and dark brown to
argillaceous and laminated. Although these lithofacies are relatively distinct in core, there are
few discernible differences petrographically. Similar to the upper undifferentiated Guelph
Formation, the Eramosa Member contains little silica and preservation of fossils is generally
poor. Replacement dolomite within both the Eramosa Member and the undifferentiated
Guelph Formation is distributed such that the precursor fabric is somewhat easier to infer.
The tan to light grey E1 and E3 lithofacies may contain abundant closely-spaced wispy
stylolites which differentiate them from the E2 lithofacies. The E2 lithofacies is more
fossiliferous and darker brown in colour than the E1 and E3 lithofacies. The E4 lithofacies is
characterized by thin dark brown to black laminations. The Eramosa Member contains minor
secondary minerals in the form of sphalerite and fluorite as well as silica, pyrite and calcite.
Silica was observed within the E1 and E2 lithofacies and is much rarer within the E3 and E4

lithofacies. Evaporite mineral molds are filled with late-stage calcite cement. Dolomite
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replaced the majority of recognizable fossils within the Eramosa Member and the upper
Guelph Formation, with remaining recognizable fossils being replaced with silica or left as
biomoldic pores. Silica predominantly replaces recognizable fossils in the Amabel
Formation, with a lower abundance of replacement by dolomite. Nodules within the Eramosa
Member are composed of a mixture of chert and ~ 30 % dolomite, or more rarely up to 60—
80 % dolomite. A prominent decrease in the silica content occurs proceeding
stratigraphically upwards from the Amabel Formation into the Eramosa Member and Guelph
Formation. Minor sphalerite mineralization observed in thin section indicates that later fluids
containing sulfides permeated the Eramosa Member. The four lithofacies of the Eramosa
Member represent depositional environments which range from less-oxygenated lagoonal to
a possible bioherm-proximal environment subject to periodic storm influxes.

The Guelph Formation is not laterally continuous across the Bruce Peninsula,
although the absence of this formation in the cores in the central area of the Peninsula is
likely due to erosion. The three lithofacies that make up the Guelph Formation are all
fossiliferous. Fossils are generally replaced with dolomite, as silica is rare in this formation.
Large (> 4 cm) megalodont-bivalves and gastropods were observed in core within the Guelph
Formation. The abundance of coral and stromatoporoid fragments found within the Guelph
Formation across the Bruce Peninsula are suggestive of a relatively normal saline
environment.

Ground-penetrating radar (GPR) is a useful tool which aids in the shallow subsurface
profiling of the members of the Amabel and Guelph formations. The members of the Amabel

Formation and the Eramosa Member consistently show similar radar responses in the Adair
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Quarry and the Owen Sound Ledgerock Wiarton Quarry. The Eramosa Member contains
conductive argillaceous units interbedded with more homogeneous dolostones and produces
strong planar reflectors at both the OSLW and 90-3 borehole sites. GPR has also been useful
in imaging karstic features such as large dissolution joints and fractures, as well as units that
contain abundant vugs and nodules. Solution-enhanced joints and fractures, vugs and mounds
are negative attributes of these carbonates that, if imaged with high frequency GPR, may be
avoided by quarry operators in their search for suitable building stone or aggregate. Vugs,
nodules and karstic horizons within the Amabel Formation are problematical due to the
impurities sometimes associated with them. Silica and sulfide (pyrite and sphalerite)
impurities exist within the Amabel and Guelph formations and are concentrated within vugs,
nodules, and along stylolite seams (Brunton and Dekeyser, 2004; Brunton et al., 2005).
Bioherms or reef mounds are generally localized heterogeneous features that may contain
vugs and nodules, which decrease the quality of the rock for aggregate usage. Lateral facies
changes imaged with the GPR unit provide quarry operators with particular measurements of
the extent of a particular lithofacies. Quarry operators on the Bruce Peninsula would greatly
benefit from GPR images of the shallow subsurface for their exploration of pure carbonates
(e.g., Colpoy Bay Member of the Amabel Formation) or lateral extensions of the Eramosa

Member, which has been exploited for its use as a building and ornamental stone.

7.2 Recommendations for Future Work

Although this study covers a broad spectrum of the stratigraphy and petrography of the

Amabel and Guelph formations on the Bruce Peninsula, additional research could shed
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further light on the interpretation of the depositional and diagenetic history. Potential

additions to this project are the following:

1) Incorporation of geochemical data in the form of (a) Sr concentrations, (b) oxygen,
carbon, and radiogenic strontium isotopes, and (c) fluid inclusions would allow comparison
of the diagenesis of Bruce Peninsula carbonates with correlative carbonates elsewhere in the

Michigan Basin area;

2) Additional core and outcrop analysis of the Clinton and Albemarle groups on Manitoulin
Island and the northern Bruce Peninsula in order to assess the suggestion made by Briggs et

al. (1980) that an inlet existed during the Early Silurian; and

3) Increase the length of ground-penetrating radar lines and/or create a three-dimensional
model within or adjacent to current quarries where there is interest in continued or new

exploration of strata of the Amabel and Guelph (including the Eramosa Member) formations.

7.2.1 Geochemical contributions
Sr concentrations would be useful to compare to those obtained by Land (1980), Zheng
(1999), Banner (1995), and Machel and Anderson (1989) to help determine the type of
diagenetic environment the dolomites were precipitated from.
Oxygen isotopic values are controlled by temperature and oxygen isotopic

composition of the precipitating fluid (Land, 1980). Oxygen isotopic values in dolostones
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could be compared to calcite cements within each of the members and lithofacies, which
would provide evidence for dolomitization timing relative to calcite precipitation. This would
be particularly useful where dedolomitization may have occurred but was not observed using
petrography. Oxygen isotopic values would also provide more information on the nature of
the burial dolomitizing fluids, and insights into the temperature at which dolomite
precipitated (Land, 1980).

Carbon isotope values would also characterize the dolomitizing fluid composition.
Enriched values may be related to an increase in organic-derived CO, due to methanogenesis
(Lohmann, 1988). Depleted values would possibly provide details regarding other organic-
related reactions such as sulphate reduction, hydrocarbon degradation, or the oxidation of
methane.

Strontium isotopic ratios provide evidence for the nature of the dolomitizing fluids
and their original Sr composition. These values would add to the data obtained from carbon
and oxygen isotopes to indicate the composition of the dolomitizing fluids.

Lastly, fluid inclusions help infer the chemistry of the precipitating or recrystallizing
solutions, which would aid in determining the burial depth at which dolomite or calcite may
have precipitated. However, acquisition of reliable fluid inclusion data from correlative
carbonates in southwestern Ontario have proven to be challenging, due to their small size (M.
Coniglio, personal communication, 2006), and it is likely that dolostones on the Bruce

Peninsula will be equally problematical.
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7.2.2 Georgian Bay Inlet
Currently there is very little evidence for the hypothesized inlet that existed during the Early
Silurian on the northeastern margin of the Michigan Basin. The most northerly borehole
within this study (OGS-89-3) did not reveal any significant changes in member thicknesses
to support the interpretation by others (Briggs et al., 1980; Gill, 1985; Armstrong, 1993) that
a channel or deeper waters existed north of the Bruce Peninsula. Boreholes drilled closer to
the northern tip of the Peninsula, as well as core and outcrop analyses on the southeastern
edge of Manitoulin Island, may shed light on the existence and nature of the Georgian Bay

inlet.

7.2.3 Extensive GPR profiles and a three-dimensional GPR-stratigraphy model
The radar facies packages and correlations with Silurian strata determined from this project
could be used in addition to extensive radar profiles or multiple closely-spaced GPR lines to
create a three-dimensional model of exploitable rock. Alternatively, GPR survey extensions
on the survey lines imaged in this study may provide current quarry operators with the ability
to avoid karstic zones or potential reef mounds that generally contain vuggy porosity or

nodular bedding which may include unwanted impurities.
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Figure A-1: Cross-section of boreholes with distribution of thin sections.
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Table Al: Samples from the Owen-Sound Ledgerock Wiarton Quarry
Sample Thin
# Location | Depth Purpose Section
LD-191 | L6'04 top of quarry/top of 1st bench chert nodule yes
LD-192 | L6'04 top of quarry/top of 1st bench chert nodule yes
LD-193 | L4'05 112 cm from top of section (2nd bench) | vug in light gray/tan nodular yes
LD-194 | L4'05 112 cm from top of section (2nd bench) | "matrix" material yes
LD-195 | L4'05 190 cm from t.0.s. (2nd bench) I-beam bed: "I" yes
LD-196 | L4'05 190 cm from t.0.s. (2nd bench) I-beam bed: "matrix" yes
LD-197 | L4'05 202 cm from top of section (2nd bench) | nodule in brown bed under I-beam | yes
LD-198 | L4'05 176 cm from t.0.s. (2nd bench) nodule within brown mottled yes
LD-199 | L4'05 55 cm from t.0.s. (1st bench) dark brown/black/gray laminated yes
LD-200 | L4'05 25cm from top of section (1st bench) massive tan yes
LD-201 | L4'05 202 cm from top of section (2nd bench) | stylolitic with mini-vug yes
Table A2: Samples from borehole OGS-89-3
Sample | Depth
# (feet) Box # | Purpose Thin Section
893-036 | 348'6" 38 | FH/Amabel contact yes
37 | 345'6" 38 | nodule/fabric yes
38 | 332 37 | fossiliferous nodule with stylo. yes
39 | 330 36 | vug yes
40 | 326 36 | flow around vug
41 | 313 35 | vertical fracture with Ca yes
42 | 309'2" 34 | vug yes
43 | 307'2" 34 | ghost nodule yes
44 | 293 32 | 2 nodules yes
45 | 290'8" 32 | nodule/fabric yes
46 | 276 31 | nodule/fabric yes
47 | 273'4" 30 | chert nodule yes
48 | 260'4" 29 | fossiliferous nodule yes
49 | 243'10" 27 | pyrite yes
50 | 199'2" 22 | nodule/fabric yes
51 | 186 21 | vertical fracture with Ca yes
52 | 173 19 | vug yes
53 | 162' 18 | fabric yes
54 | 155 17 | fabric yes
55 | 142 16 | burrows?/bryozoan yes
56 | 128 14 | flow with laminae yes
58 | 66'10" 8 | calcite in biomoldic pore yes
59 | 57'10" 7 | vug and mottling
60 | 54' 6 | calcite crystals yes
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Table A2: Samples from borehole OGS-89-2

Sample | Depth
# (feet) Box # | Purpose Thin Section
892-061 | 304'5" 34 | FH/Amabel contact yes
62 | 302' 34 | LH-mottling yes
63 | 288'8" 33 | fossiliferous nodule yes
64 | 288' 32 | nodule yes
65 | 266'7" 30 | mottling with stylolite
66 | 232' 27 | mottling/vug yes
67 | 215 25 | pyrite and mottle
68 | 211 25 | vertical fracture yes
69 | 186'6" 22 | nodule and pyrite
70 | 181'8" 21 | vug yes
71 | 151'3" 18 | stylolite and mineral
72 | 142'8" 17 | chert nodule
73 | 118 15 | mottling yes
74 | 107 14 | small biomold. Vug with minerals
75 | 104 13 | strom? With minerals
76 | 79'8" 10 | chert + burrows yes
77 | 41'6" 6 | pyrite yes
78 | 21' 3 | stylo. With minerals yes
79 | 8'8" 2 | vertical fracture yes
Table A3: Samples from borehole OGS-90-1
Sample | Depth
# (feet) Box # | Purpose Thin Section
901-080 | 204" 15 | FH/Amabel zone yes
81 | 196'8" 14 | mottling/nodule yes
82 | 192 14 | minerals yes
83 | 178 13 | nodule/stylo. yes
84 | 177 13 | vug and stylolite
85 | 162'6" 12 | pyrite vug yes
86 | 152'8" 11 | bio/chert/mottle
87 | 143'8" 10 | minerals yes
88 | 123 9 | odd flow?
89 | 87'4" 7 | mottling yes
90 | 86' 6 | mottling/stylolite
91 | 49'1" 4 | mottling yes
92 | 47'10" 4 | compaction/transition zone?
93 | 35'7" 3 | mottling yes
94 | 10'6" 1 | mottling
95 | 8'10" 1 | minerals yes
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Table A4: Samples from borehole OGS-89-1

Sample | Depth

# (feet) Box # | Purpose Thin Section
891-001 | 200'5" 23 | Lions Head mottling
891-002 | 189 21 | nodule yes
3| 1632" 19 | minerals in mottling
4 | 154'1" 18 | mottling
51148 17 | chaaotic to regular mottling
6| 129'11" 15 | coral in mottling
7| 117 14 | stromatoporoid yes
8 | 96'2" 12 | Eramosa transition/vein yes
9 | 87'6" 11 | nodule yes
10 | 83' 10 | minerals + evaporites yes
11 | 65'8" 8 | transition to Eramosa
12 | 44'6" 6 | transition from laminites/none yes
13 | 35'1" 5 | nodule yes
14 | 7'3" 2 | nodule yes

Table A5: Samples from borehole OGS-90-4

Sample | Depth

# (feet) Box # | Purpose Thin Section
904-112 | 53' 6 | pyrite/mottling yes

113 | 51 6 | nodule surrounded by mottling

114 | 39'8" 4 | crinoidal storm bed yes

115 | 36'4" 4 | nodule/mottling yes

116 | 32'4" 4 | mottling

117 | 19'6" 2 | vug/mottling yes

118 | 5'10" 1 | nodule/stylo. yes

Table A6: Samples from borehole OGS-82-4

Sample
# Depth (m) | Box # | Purpose Thin Section
824-119 47.3 12 | FH/Amabel contact yes
824-120 46.95 12 | stylolitic nodule yes
121 45.43 11 | nodule/mottling yes
122 42.63 10 | nodule yes
123 38.9 8 | mottling/nodule/stylolite
124 35.22 7 | vug yes
125 27.94 4 | mottled fabric
126 23.9 3 | mottled fabric yes
127 23.19 2 | mottled/Guelph contact?
128 21.6 1 | nodule yes
129 19.98 1 | minerals (calcite/pyrite) in vug
130 19.42 1 | dots? yes
131 19.47 1 | obscured fabric yes
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Table A7: Samples from borehole OGS-90-3

Sample | Depth
# (feet) Box # | Purpose Thin Section
90-3-
096 260'3" 19 | pyrite nodule
903-097 | 249'10" 18 | nodule yes
98 | 248 18 | mottling yes
99 | 231'8" 17 | mottling/stylo yes
100 | 223’ 16 | vug yes
101 | 194’ 14 | crinoid mottled
102 | 168'8” 13 | vug yes
103 | 1654” 12 | vug/vein yes
104 | 151’ 11 | vug with outline/nodule
105 | 138'10" 11 | vug and minerals
106 | 130'3" 10 | mottling yes
107 | 122'6" 9 | nodule yes
108 | 111'4” 8 | vug yes
109 | 93 7 | nodule/vug yes
110 | 76'6” 6 | nodule yes
111 | 68'8” 5 | mottling yes
Table A8: Samples from borehole OGS-90-2
Sample | Depth
# (feet) Box # | Purpose Thin Section
902-015 | 334'9" 22 | FH/Amabel contact yes
16 | 329'6" 21 | nodule yes
17 | 309' 20 | chaotic mottling yes
18 | 301" 19 | chaotic biostrat
19 | 280'6" 18 | chaotic mottling with pyrite
20 | 277 17 | mineral mixing? yes
21 | 270'7" 17 | vertical fracture with Ca yes
22 | 250'3" 16 | bryozoan? yes
23 | 215'5" 13 | minerals in lower Guelph
24 | 170 10 | mineral/stylo yes
25 | 155'10" 9 | stylo. yes
26 | 126 7 | cherty yes
27 | 99' 5 | mottling and stylolite
28 | 772" 3 | texture/stylo/min?
29 | 50'8" 2 | sucrosic porosity
30 | 47'6" 1 | transition stylo lam to mas. Suc. | yes
31 | 329' 21 | vug and nodule
32 | 326'3" 21 | nodule yes
33 | 208'4" 13 | vug yes
34 | 171 10 | vug with rim yes
35| 109'11" 6 | vugs yes
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Stratigraphic descriptions of the Amabel and Guelph formations from the boreholes on the

Bruce Peninsula are illustrated in the following figures:

Figure A2

Figure A3:
Figure A4:
Figure A5:
Figure A6:
Figure AT7:
Figure A8:

Figure A9:

: OGS-89-3

0GS-89-2

0GS-90-1

0GS-89-1

0GS-82-4

0GS-90-4

0GS-90-3

0GS-90-2
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Figure A2: OGS-89-3

Snps
Ay wncug-Teb o pojpow
Aeifeanyg wog sbueip Mops w gz hg musEw snosmmmRL
Euofeped -0 pueiE & L ol w | Ag g g woy e g gy sBn pue Buuers pamowng Agsow -sbey Apsys jo  Bugous yep Azany Aq pepuncuns we o dn ofl nok se (o ¢ -}
ENaUIEESY JO PUS Wnige s8ina {3,5| SpUEg cpNowaN LonEpoD ST Inwap 215 U WD e sumes q Sanpey. B 8
QMoo Euogepel T3] UD 7 W0y SPSE) S28- W %G & | oy B SwEes Adsyw ‘pede WD [ ‘PIUI-SIOMED ‘LS00 WO U <BNJG LW UMOIG-UEY auy
& ol rok se ssesour FREG RSP pRROY " WAL O buy ¥
wap SpOU _Eﬂ . Wi~ Raubapng w60
?ﬂ!:!a...!f&...ul._“ £ 4 pow wa K g 8B 0 Sopmenuan o u eiska Tl woed  kazeiworka s b e i S ) B SUERUNGE POUE-IAED o i g
Fremuss oL SRR S U FRil El..a!t!tt..ﬂ!!j- v-.-.i;ll!._,iuseoﬁ. e 3 O}, UBE “WSEG 18 UG8 LD £F uedo R OZ-L T BN 03 wmougeh o0l
501
e Hauft iy pue yep
Aimouad HpPowg W s B wo apkd oupr 3 ’ " wsAnsT Bumouogseur L P o ar
T SND0U KRS ¥ 3 g 9u0 pue agomEs Y, yspaciiad ‘sucd uo g k350 e P pue swees | d o, ,-.aien.i.
s samaiou| mooREpeIl | 3 s (wugg) g may 9 10 ALSP (EEIRED ALy Faph s Joie Lo gedary  GLg B ieMO T e apeud) a
Bppey g r— ozl
wrasg ol selueys uea WL~ O s (e | Ly o
weyhesd 18 o Bl AQ G D) S0nA pup “sca~ himasd oo Lol ol et Yt un 4 o VERURRTEE  wnpew ciauy st
anopa jdruge 30 WU PPN W |- Pue oUW apEs SRICO {ENg0w "podonPeg W05, B W G ¢
) ‘sprou) suesubey dgous ._._-S.S:- wede un ;¢ sdvis W a0 kel yep o6l
e il o) Wi (umgghqL RS e ot iroae) o) wede ws | - SbenE Swess SUOKE g B LI Wnpa st
way sabuey nojod Bumnow o) w ¢ Kg £) Bre {opmowon HEALS wwE of dn Bne (et oL Kl (508 ul) paoeds WS 0Z-0  -DNED SO W p-| WT> P Buapow
S-91ELs L8 95EROW puE 0 -] %G ~ eRA B wskd Wy > epes ..H_m .....__..msi:_.i;"ﬂﬂ U} g umoig arl
53400 2|PNOWEIE SOOI ' g (s aBues ssuas
vasse uogepeil (g puE Luieas) ’ B3 ORI BN Bugliow a8-0010  wngew o191y
e o siope Kurinuapsid ‘(o SImus S GO U UDE  samsuosoq dnaBrolse eseenep sorpeppepdes VR U s
ofinok se ws g | [ 4 o Sioged DS K8 PIONDS WO OF-0)  LB00 3 Gz-| Snamuny M Uik pidy .
nojos-oyamis pus Bugpoa (oo ” Euey w1
L] usgohag | o ud U2 2 8] 1 WS PIOUIR PORGIRIGTS
U &1 ABU IPUREPEIE ST g 0B o 48 s e ayskd ‘podassed o {12 24,6 dn wi) wooy - Bugiou ai-anyg NP 2| s8e0d 551
sfine wo | Kg5 02+ pue ‘pY G SEED  soBin SpowoN 9278 U 5 | Ag L-wa SH9AR U i S9LE PAIRINRINCT ‘weni] 'isas
[DIpOwO W) KE > D fescn '(psnipu ‘o) ssuliey AEye A 4pede WO GLDLOVUD B4 ings un prg z amamuny g umpReI By 01
J—— [ T Erpe—— 3 51
- “an e SNpou pajy. Aeys apEs “ 385-“_—8__:_
wopoess i ‘il § 0 4N SPROULD ‘G B0 Sl S Y~ -
i Ry 3 pun G w a.uo-ﬂa—hah.mles s 1wy wBue ¥ty “sames S
BAQZ Dpmausin s T kg syuid ou g Anifrorgg e Ll 5
e gl idmminl g e S09 Wi KS 101 18RS R o () S8 RS 0STEW o T %l Wo g | pesep IR L masns-wripsy s
e peuapEpet C3'r q
8l
n._Eun (st o4 dnf maoa ‘{ws | Kq p) R 2-5°}. ‘lassolny L
i B (ws Z o prencewes o3 padegsel Buoy W & | -anl woy selues
.-i.u!ﬂuﬁ_iz Ll - D pprys o e B Sl g b paeed WO GLE rus».v!__!lan._h z._-_.-..-uh.-.-u.ﬂh o
on uwasg wiEpi g R (Rpwep 50 6 ¢} o8 : PSP umandd
Ll moogepel o ke s ‘apoen el o wrapsu o
PRCRGS UD |5 SUESS SARY SHU0T 6l
uo | B el tain
(g £qZ) Bna gy o dn podogsed {wo ; £ g punay DS “SNOIFEEOR 55 LD §) ‘uwasg am payead doj spiem) paceds pasop 19 SRR Y ot
" Z-A) SPROLOG Uy ) RO WG G L] Us0uq R URYUHOIT ROE URCIG SRR U W §-Z Aduw umouq ymp payad 3 G- PUB PR UMOUC-UR) PRIBUILIRY
040 004 N G101 Aimissl 14 B0 punc 084 PEUR PodpRia (W3 25 |-} pamoing Kpneay PUR WEDS AdS POCRS UD EAG1 SUSPD UBG0 D L1-| A0 P 0 Ry It S0T
s Among SRR B0 spss0j uonequnRrg samoiis SRIMGILI EOTUOH-LON nopd ang pplin Ao s w) uogenagy

172



Figure A3: OGS-89-2
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Figure A7: OGS-82-4
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Figure A8: OGS-90-3
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Appendix B— High Frequency Shallow Subsurface GPR

Table B1: CMP velocity analysis at Line 2 at the Adair Quarry

Line 2 Adair - 900 MHz

CMP analysis

CMP file: Line0006

AGC = 1000

Window width = 1
Traces per inch = 15
Down the trace = 3
Tracetotrace =1

Velocity file: LineO6V2
CON gain = 6-60
Traces per inch = 10
Down the trace = 1

Lower Limit | Upper Limit
CON gain Time Vave velocity velocity
max (ns) (m/ns) (m/ns) (m/ns)
6 36 0.1 0.098 0.102

12

20 52 0.098 0.096 0.1

30

60 57 0.104 0.102 0.106

0.10066667

Table B2: CMP velocity analyses at Line 7 in the OSLW Quarry

Line 7 (OSLW) - 225 MHz

CMP analysis

CMP file: Linel3

SEC = 1000

Attenuation =1.2
Traces per inch = 15
Down the trace =3
Trace to trace = 1

Velocity file: Line13V2
CON gain = 4-50
Traces per inch = 10
Down the trace =1

Lower Limit | Upper Limit
CON gain Time Vave velocity velocity
max (ns) (m/ns) (m/ns) (m/ns)
4 24 0.102 0.1 0.104
6 40 0.099 0.098 0.1
8 54 0.098 0.096 0.1
25 132 0.098 0.096 0.1
0.09925
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Line 7 (OSLW) - 450 MHz

CMP analysis

CMP file: Linel2

SEC =1000

Attenuation =1.2
Traces per inch = 20
Down the trace = 3
Tracetotrace =1

Velocity file: Line12V2
CON gain = 3-20
Traces per inch = 10
Down the trace = 1

Lower Limit | Upper Limit
CON gain Time Vave velocity velocity
max (ns) (m/ns) (m/ns) (m/ns)
3 24 0.102 0.1 0.104
8 54 0.098 0.096 0.1

0.1

Line 7 (OSLW) - 900 MHz

CMP analysis

CMP file: Linell

SEC =1000

Attenuation =0.8
Traces per inch = 30
Down the trace = 3
Tracetotrace =1

Velocity file: Line11V2
CON gain = 3-15
Traces per inch = 10
Down the trace = 1

Lower Limit | Upper Limit
CON gain Time Vave velocity velocity
max (ns) (m/ns) (m/ns) (m/ns)
3 8 0.107 0.102 0.112
3 24 0.102 0.098 0.106
10 38 0.1 0.098 0.102
15 54 0.098 0.096 0.1
0.10175
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Table B3: WARR velocity analyses at Line 6 in the OSLW Quarry

Line 6 - 225 MHz
WARR analysis
WARR file: REEF6

AGC gain max = 1000
window width =3
Down the trace = 6
traces perinch =10

velocity file: REEF6V
CON gain max: range from 1.5 -

80

down the trace = 1
traces per inch =10

Lower Limit Upper Limit
CON gain Time velocity
max (ns) Vave (m/ns) | (m/ns) velocity (m/ns)
15 33 0.1 0.1 0.1
3 64 0.1 0.1 0.1
8 138 0.0995 0.099 0.1
15 162 0.1 0.1 0.1
40 191 0.1 0.1 0.1
60 208 0.105 0.1 0.11
80 208 0.105 0.1 0.11

0.101357143

Line 6 - 900 MHz
WARR analysis
WARR file: REEF10

AGC gain max = 1000
window width =3
Down the trace = 3
traces per inch = 10

velocity file; REEF10V
CON gain max: range from 1.5 -

30

down the trace = 1
traces per inch = 10

Lower Limit Upper Limit
CON gain Time Vave velocity
max (ns) (m/ns) (m/ns) velocity (m/ns)
15 10.5 0.1 0.1 0.1
3 12.5 0.1 0.1 0.1
4 19 0.11 0.11 0.11
5 26 0.105 0.1 0.11
8 36 0.105 0.1 0.11
15 56 0.105 0.1 0.11
20 60 0.105 0.1 0.11
30 60 0.105 0.1 0.11
0.104375
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Figure B1: 450 MHz profile at Line 4 in the OSLW Quarry.

File: OSLW’04/Elev/Line4el

1000, Attenuation = 0.7, Down the trace = 3, Traces per inch

Processing included: SEC

30, V=10.095 m/ns
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Figure B2: 225 MHz profile at Line 6 in the OSLW Quarry.

File: OSLW’04/REEF 4

Processing included: SEC = 500, Attenuation = 1, Down the trace = 5, Traces per inch =
20
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Figure B3: 450 MHz profile at Line 6 in the OSLW Quarry.

File: OSLW’04/REEF 7

Processing included: SEC = 1000, Attenuation = 0.7, Down the trace = 3, Traces per inch
=40
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Figure B4: 225 MHz profile at Line 7 in the OSLW Quarry.

File: Wiarton2/ Field 2/Line7el

Processing included: SEC = 1000, Attenuation = 1.2, Down the trace = 3, Traces per inch
=40, V=0.099 m/ns
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Figure B5: 450 MHz profile at Line 7 in the OSLW Quarry.

File: Wiarton2/ Field 2/Line8el

= 3, Traces per inch

Processing included: SEC = 1000, Attenuation = 1.2, Down the trace

40, V=0.1 m/ns
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Line 6 - Stratigraphic Log

Depth (cm)
0 -

nodules at top of 2nd lift (=top of north face); similar sucrosic dolomite lenses

, medium ery stalline
seen in samples within Guelph at top

E

\lJL‘d\ ar in-fills between them

40

with skeletal frag ili

= thin-bedded, fine-crystalline, microstylolitic to |

d (better | 1 to top) dolest diff iall ted over “mounds” of underlying

dol with highly ¢

120

Idic?) porosity.

lift).
"|-beam bed"

"2-foot bed"

Marble beds

440 |

480 §

520

4th Lift | 3rd |2nd 1st

Trregular (diffise?) lami

d “mounds”; bed has planar base, but upper surface with up to @ cm of reliet (over “mounds”).chert nodules

in *“mounds”; stromatolitic microstylolitic seams at top and bottom. (*scismite™?) Looks like deformation.

medinm-crystalline dolostone, with skeletal fragment debris; massive texture,
black, bituminous, laminated, fine-crystalline dolostone. top of 1st 1ift at 181 cm

massive skeletal, medium- Lo fine-cry slalline dolostone, with fine porosity.
[ five thin beds of fine-crystalline dolostone, separated by 1 — 2 mm thick microstylolitic seams.

medium- to fine-crystalline, tan-brown dolostone, beds separated by microstylolitic seams; top 10 cm is coarser with fine
similar lo overlying unil, but fine-cry stalline; ripply microsty lolite searn in middle (at 99 cm from top of

grey-tan, fine-crystalline, dolostone, massive-textured, with
microsty lolites; *ghest” or pseudo-vugs in lower few cm’s.

grey-tan, fine-cry stalline dolostone, massive texture,
grey-tan, fine-crystalline dolostone, burrow-mottled texture.

grey-tan, fine-crystalline dolostone, with vertical burrows, and well-
developed microstylolitic seam at top; (basal bed of north section).

main floor of quamy at north face

lenticular to oval vugs (mm-5cm) with calcite lining and some purple colour;
asymmetrical rim arcund vug,. calcite thickens at base;

numercus closed vertical fractures;

miatrix is tan. tan band along fracture

SE of L6: mm to sub-mm laminae; tan to dark brown. Laminae are
continuous to discontinuous (end of lenses show soft-sediment
deformation).

Marble Unit: algal laminate, with thrombolitic (7) basal beds,

ar fabric; mm-1cm size; appears as bioturbated layers

Figure B6: Stratigraphic log with descriptions of each unit at the OSLW Quarry.
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Figure B7: 225 MHz profile at Line 2 in the Adair Quarry.

File: Wiarton2/Field: Line002¢l

Processing included: SEC = 1000, Attenuation = 1.8, Traces per inch = 60, Down the trace
=3
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Figure B8: 450 MHz profile at Line 2 in the Adair Quarry.

File: Wiarton2/Field: Line003el

Processing included: SEC = 500, Attenuation = 2, Traces per inch = 60, Down the trace =
3
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Appendix C- Low Frequency Shallow Subsurface GPR
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Figure C2: 200 MHz profile at Line 2 in the OSLW Quarry.

File: OSLW’04; Elev; L2-200¢l

Processing included: SEC = 1000; Attenuation = 1.8; Down the trace = 3; Traces per inch =
40
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Appendix D — Data on CD-ROM

Thesis in .pdf format
Elevation data for each site

TOP files for topographic correction

Raw DT1 and HD files:

Folder: OSLW'04
2004
File

Name Location Line

WIART1  OSLW
WIART2  OSLW
WIART4  OSLW
WIART5  OSLW
WIART6  OSLW
WIART7  OSLW
WIART8  OSLW
WIART9  OSLW
WIART11 OSLW

REEF2 OSLW
REEF3 OSLW

WIART15 OSLW
WIART16 OSLW
WIART17 OSLW
WIART19 OSLW
WIART20 OSLW
WIART21 OSLW

REEF4 OSLW
REEF6 OSLW
REEF7 OSLW
REEF8 OSLW
REEF10 OSLW

200

AW NFPRPNRRNRERE

o1 o1 o1 o1 o1l

(XMoo ) BN o) I e))

Frequency
50 MHz

50 MHz

50 MHz
100 MHz
100 MHz
100 MHz
200 MHz
200 MHz
200 MHz

450 MHz
450 MHz

50 MHz
50 MHz
100 MHz
100 MHz
200 MHz
200 MHz

225 MHz
225 MHZ
450 MHz
900 MHz
900 MHz

CMP

CMP

CMP

CMP

CMP

CMP

WARR

WARR



Folder: Field 1

2005
File
Name Location Line Frequency
Line0000 90-3 1 50 MHz
Line0002 90-3 1 50 MHz CMP
Line0003 90-3 1 100 MHz
Line0004 90-3 1 100 MHz CMP
Line0005 90-3 1 200 MHz
Line0006 90-3 1 200 MHz CMP
Line0007 Adair 2 50 MHz
Line0008 Adair 3 50 MHz
Line0009 Adair 2 50 MHz CMP
Line0010 Adair 2 100 MHz
Line0012 Adair 3 100 MHz
Line0013 Adair 2 100 MHz CMP
Line0015 Adair 2 200 MHz
Line0016 Adair 3 200 MHz
Line0017 Adair 2 200 MHz CMP
Folder: Field 2

2005
File
Name Location Line Frequency
Line0002 Adair 2 225 MHz
Line0003  Adair 2 450 MHz
Line0004 Adair 2 900 MHz
Line0006 Adair 2 900 MHz CMP
Line0007 OSLW 7 225 MHz
Line0008 OSLW 7 450 MHz
Line0010 OSLW 7 900 MHz
Line0011 OSLW 7 900 MHz CMP
Line0012 OSLW 7 450 MHz CMP
Line0013 OSLW 7 225 MHz CMP
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