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ABSTRACT

The Timiskaming assemblage represents the youngest supracrustal assemblage of the
Neoarchean Abitibi greenstone belt of Ontario and Quebec, Canada. The deposits of the
Timiskaming assemblage include deep-water turbidites, alluvial-fluvial conglomarade
sandstones, as well as alkalic volcanic and intrusive rocks. The sedimentary and volcanic rocks
of the Timiskaming assemblage record a special time in the greenstone belt evolutign as the
represent the first deposits in the Abitibi greenstone belt that were not exclusively deiposite
deep submarine setting. The Timiskaming assemblage is thought to have formed in response to a

period of Neoarchean mountain building and crustal thickening.

!
To better constrain the depositional setting of the Timiskaming assemblage, high-

resolution lithofacies mapping was conducted on key outcrops. The mapping highlights the
presence of graywacke turbidite deposits, alluvial-fluvial conglomerate-sandstone faaies, ne
vent pyroclastic surge and fallout deposits, and syenite intrusions within the Timiskaming
assemblage. The clastic facies contain evidence for high rates of deposition andgmaieosei
activity. The detrital material appears to be of varied provenance and may not only be derived
from local sources. The abundance of near-vent pyroclastic deposits in Kirkland Lake is
consistent with a subaerial depositional setting of parts of the Timiskaming agpectda
indicates that Timiskaming sedimentation was accompanied by at least looal@xt&he
documented characteristics are consistent with deposition in a variety of tectongssett
although they are most consistent with sedimentation in continental rift or strike slip basins

The alluvial-fluvial conglomerates and sandstones of the Timiskaming assemblage contai
abundant quartz clasts and igneous clasts containing quartz veins. To better constrain the origin
of these clasts, representative quartz samples were collected from exposuresroistteming
assemblage in the Timmins-Porcupine, Kirkland Lake, Duparquet, and Rouyn-Noranda mining
camps. Microscopic investigations revealed that most quartz clasts have beed biffecte
extensive recrystallization, hampering identification of the quartz origin. However, primary
textural relationships, fluid inclusion inventories, and CL signatures are preserved in several of

the sampled quartz clasts. Although some of the clasts probably originate from pegmatites, mos



of the clasts appear to have been sourced from hydrothermal veins, including veins comparable
to those found in modern epithermal deposits or shallow orogenic deposits. The finding provides
new important insides into the metallogenic evolution of the Abitibi greenstone belt. The
presence of quartz vein material in the conglomerates and sandstones of the Timiskaming
assemblage suggests that hydrothermal systems present in modern convergent plate settings
already existed during the early phase of Neoarchean mountain building and crustal thickening.
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CHAPTER 1
INTRODUCTION

This chapter provides an introduction to the research carried out as part of this thesis. The
key scientific problems are identified and the relevant background information are summarized.
This chapter also details the organization of the thesis.

1.1. Introduction

The Neoarchean Abitibi greenstone belt of Ontario and Quebec represents one of the most
highly endowed base and precious metal provinces in the world (Fig. 1-1). It is renowned for its
world-class volcanogenic massive sulfide (e.g., Kidd-Creek, Horne, and La Ronde-Penna:
Bleeker, 1999; Hannington et al., 1999a,b; Gibson et al., 2000; Monecke et al., 2008; Mercier-
Langevin et al., 2007a,b) and orogenic gold deposits (e.g., the Hollinger-Mcintyre, Dome,
Kirkland Lake, Kerr Addison, Sigma-Lamaque: Robert and Brown, 1986a,b; Cameron and
Hattori, 1987; Kishida and Kerrich, 1987; Hicks and Hattori, 1988; Smith et al., 1993; Robert
and Poulsen, 1997; Olivo et al., 2006; DubZ et al., 2007; Ispolatov et al., 2008). Since the first
discoveries of significant gold in the Abitibi over 100 years ago (Girdwood et al., 1983),
extensive mapping and geoscientific research has been carried out at various scales to constrai
the geologic characteristics and genesis of known deposits and their regional stratigraphic,
plutonic, structural, and metamorphic context. These studies have contributed significantly to the
development of ore deposit models, in particular those for volcanogenic massive sulfide deposits
and orogenic gold deposits (Monecke et al., in press).

A large proportion of the gold endowment of the Abitibi greenstone belt is contained
within the polylithic Timiskaming assemblage, a late-orogenic sedimentary and volcanic
assemblage (Mueller and Corcoran, 1998), which formed prior to the main phase of orogenic
gold mineralization (Bateman et al, 2008). It spite of previous work, the tectonic setting and

paleoenvironment of the Timiskaming assemblage are not well constrained. Given its temporal



relationships with hydrothermal activity, this information is critical to our understanding of
orogenic gold deposits and the evolution of the Abitibi greenstone belt.

1.2. Regional Geology

The Abitibi greenstone belt occupies an approximately 500 by 350 km large area in the
southeastern portion of the Archean Superior craton (Monecke et al., in press). The belt is
primarily composed of diachronous east-trending submarine volcanic packages, which largely
formed between 2795 and 2695 Ma (Ayer et al., 2002, 2005; Leclerc et al., 2012). The volcanic
packages are folded and faulted and typically have a steep dip, younging away from major
intervening domes of intrusive rocks (Monecke et al., in press). Mafic volcanic rocks are most
abundant, forming approximately 90% of the outcrop area (Goodwin, 1977). Felsic volcanic
rocks account for most of the remainder, with komatiites forming a small, but important part of
many of the volcanic successions (HoulZ and Lesher, 2011; Dostal and Mueller, 2013). Using
lithotectonic and geochronological constraints, the volcanic packages of the Abitibi greenstone

belt have been divided into six assemblages (Fig. 1-2; Ayer et al., 2002; Thurston et al., 2008).

The six assemblages of submarine volcanic rocks in the Abitibi greenstone belt are post-
dated by two distinct assemblages of sedimentary rocks. In the southern Abitibi greenstone belt,
the <2690-2685 Ma (Ayer et al., 2002, 2005; Davis, 2002; Ropchan et al., 20@&Mer
Langevin et al., 2007a; Bleeker and van Breemen, 2011) Porcupine assemblage is composed of
fine-grained clastic rocks deposited in a submarine environment. The <2679-2669 Ma (Ayer et
al., 2005; Thurston et al., 2008) Timiskaming assemblage in the southern Abitibi greenstone belt
is characterized by clastic rocks that were deposited in both subaqueous and subaerial settings
(Dimroth and Rocheleau, 1979; Hyde, 1980; Mueller et al., 1991, 1994; Born, 1995). The clastic
rocks of this assemblage are locally intercalated with alkaline volcanic rocks (e.geméuell.,

1994).

Major, crustal-scale, east-trending fault zones are prominent in the Abitibi greenstone belt.
The main two fault zones in the southern part of the Abitibi greenstone belt are the Larder Lake-

Cadillac and Porcupine-Destor fault zones. The Timiskaming sedimentary rocks only occur

-2-
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within narrow basins along these major crustal-scale fault zones, suggesting that sedmenta
was controlled by the location of these fault zones (e.g., Ayer et al., 2005; Thurston et al., 2008).
Orogenic gold deposits in the Abitibi are spatially associated with these crustafesdtd (Fig.

1-1).

1.3. The Timiskaming Assemblage
!

Rocks of the Timiskaming assemblage represent the youngest supracrustal deposits of the
Abitibi greenstone belt (Fig. 1-2). In the southern Abitibi greenstone belt, significant
Timiskaming deposits are located immediately to the north of the Porcupine-Destor fauft zone i
the Timmins-Porcupine camp (Ferguson et al., 1968; Pyke, 1982; Born, 1995) and further to the
east at Duparquet (Fig. 1-1; Mueller et al., 1991; Mueller and Corcoran, 1998). Further to the
south, large outcrop areas of Timiskaming assemblage rocks occur along the Larder Lake-
Cadillac fault zone at Matachewan (Lovell, 1967; Sinclair, 1982), in Kirkland Lake (Hyde, 1980;
Legault and Hattori, 1994; Mueller et al., 1994; Mueller and Corcoran, 1998), and in Rouyn-
Noranda (Fig. 1-1; Dimroth and Rocheleau, 1979).

!

The deposits of the Timiskaming are separated by an angular unconformity from the older
supracrustal assemblages (Hurst, 1939; Thomson, 1946; Wilson, 1962; Hewitt, 1963; Ferguson,
1966; Ferguson et al., 1968; C™tZ, 1975; Dimroth and Rocheleau, 1979; Bleeker, 1995). The
presence of abundant igneous clasts in the conglomerates of the Timiskaming indicate that
trondhjemite, tonalite, and granodiorite intrusions were exposed during the deposition of the
Timiskaming assemblage (Legault and Hattori, 1994), implying a fairly substantial degree of
erosion. At least one major phase of folding and thin-skinned thrusting accompanied the crustal
thickening and uplift preceding deposition of the Timiskaming assemblage (Card, 1990; Hubert,
1990; Bleeker and Parrish, 1996; Robert and Poulsen, 2001; Bleeker, 2012; Monecke et al., in
press). These data indicate deposition of the Timiskaming assemblage followed a magoofperi
crustal thickening and mountain building (Bleeker, 2012; Monecke et al., in press).
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FIGURE 1-1: Geological map of the Abitibi greenstone belt showing the distribution of volcanic,
intrusive, and siliciclastic rocks. The map also shows the location of major ore deposits
(modified from Thurston et al., 2008 and Monecke et al., in press.). PDfz = Porcupine-Destor
fault zone, LLCfz = Larder Lake-Cadillac fault zone.

The Timiskaming assemblage primarily consists of sedimentary rocks, including
graywacke and mudstone deposited in a subaqueous environment by turbidity currents, lacustrine
mudstone and sandstone deposits, and subaerial alluvial-fluvial successions of conglomerates
and sandstones. In Kirkland Lake these sedimentary deposits are intercalated with myroclasti
deposits, resedimented volcaniclastic rocks, and trachyte lavas. The sedimentarjosueesss
intruded by a number of shallow porphyritic alkaline rocks (Hyde, 1980; Legault and Hattori,
1994; Mueller et al., 1994; Mueller and Corcoran, 1998).



1.3. Timing of Orogenic Hydrothermal Activity

It is generally agreed that the orogenic gold deposits in the Abitibi greenstone belt formed
after the deposition of the Timiskaming assemblage (e.g., Bateman et al., 2008). The
Timiskaming assemblage hosts a large proportion of the total gold endowment of the Abitibi

greenstone belt, and sedimentation must therefore predate mineralization.

In spite of post-Timiskaming timing of gold mineralization, there is limited evidence for
hydrothermal activity during crustal thickening and uplift resulting in the deposition of the
Timiskaming assemblage. At the Norlartic deposit in Val-dOOr, the main gold orebody is
crosscut by a 2692 = 2 Ma tonalite dike (Couture et al., 1994). The tonalite predates
sedimentation of the Timiskaming assemblage by approximately 16 m.y. (Fig. 1-2). Several early
vein generations at the Dome, Hoyle Pond, and Aunor deposits have also been interpreted to pre-
date deposition of the Timiskaming assemblage (Dinel et al., 2008).

One of the most convincing lines of evidence for this early hydrothermal fluid flow is
provided by the rare occurrence of crustiform ankerite clasts in conglomerates of the
Timiskaming, which indicate that there was a phase of @O hydrothermal activity prior to
and/or during Timiskaming sedimentation (DubZ et al., 2003; Bateman et al., 2005). These clasts
have been observed underground at the Dome deposit in Timmins and are texturally identical to
early crustiform ankerite veins occurring in the Timmins-Porcupine camp (DubZ et al., 2003).
The crustiform ankerite veins in these deposits typically contain low gold grades, or are barren
(Bateman et al., 2008). These veins are crosscut by later quartz-carbonate veins that carry the
bulk of the gold. It is not known at present if the gold in the ankerite veins was introduced by the
later fluids which formed the crosscutting quartz-carbonate veins (Bateman et al., 2008).
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1.4. Scope of Study

The present study aims to provide new constraints on the geologic setting of the
Timiskaming assemblage, particularly as it relates to the late evolution of thiei beenstone
belt and the development of hydrothermal systems that were broadly contemporaneous to the
deposition of the Timiskaming assemblage. It does so by addressing two main research topics.

The first part of the research centers on the paleoenvironment of Timiskaming deposition.
Representative outcrops of Timiskaming assemblage rocks in the Porcupine and Kirkland Lake
camps of Ontario were chosen for detailed mapping (1:20 scale). The studied outcrops contain
all important lithofacies of the Timiskaming assemblage, including alluvial/flsaiadstones
and conglomerates, subaqueous graywacke and mudstone, pyroclastic base surge deposits, and
shallow porphyritic alkaline intrusions. They were selected carefully to be least deformed and
only moderately altered to allow the identification of primary sedimentary and volcanic $eature
The detailed mapping highlights previously undocumented outcrop-scale features and provides
new constraints on the depositional environment of the Timiskaming assemblage. Corresponding
inferences are made about the tectonic setting of sedimentation.

The second part of the research aimed to determine if previously unstudied quartz clasts
contained in alluvial/fluvial conglomerates of the Timiskaming assemblage wereddeane
coarse-grained igneous rocks, quartzite, or hydrothermal vein deposits. Each of these sources has
important implications regarding the geologic setting prior to the main phase of orogenic gold
mineralization. Quartz clasts were collected from outcrops in each the major Tinmgkzamins
in the southern Abitibi greenstone belt. Petrographic, cathodoluminescence, fluid inclusion, and
scanning electron microscopic investigations were utilized to delineate the origin afstse cl
This study demonstrates that some of the clasts are redeposited pegmatite quartz and
hydrothermal vein material. Some of the eroded vein material was likely derived from epithermal
or shallow orogenic environments. These systems were not previously known to exist in the

Abitibi greenstone belt.



1.5. Thesis Organizatioh

The present thesis comprises four chapters. Chapter 1 provides an introduction to the
thesis, discusses the geological background and outlines the scope of the project. Chapters 2 and
3 summarize the research of this thesis. Both chapters are written as publications.

Chapter 2 describes the results of detailed geologic mapping conducted on five selected
outcrops in the southern Abitibi. The chapter utilizes the lithofacies in the outcrops to constrain
the depositional modes and emplacement mechanisms of the various sedimentary, volcanic, and
plutonic rock types. Together with regional mapping conducted by other workers, these data are
used to reconstruct the paleoenvironment during Timiskaming deposition. The detailed maps and
corresponding outcrop descriptions will be publishe@easlogical Survey of Canada Open File
publications.

Chapter 3 examines the characteristics of quartz clasts contained in alluvial/fluvial
conglomerates of the Timiskaming assemblage. The chapter provides a detailed description of
the macroscopic and microscopic textures of the quartz clasts and their accessory mineralogy.
Optical cathodoluminescence microscopy was utilized to determine the origin of the quartz
clasts. Despite of the strong overprint of the clasts and recrystallization of the quariZ)ét c
shown that some quartz clasts are derived from shallow hydrothermal sources. Based on the
observations, the chapter describes implications to the metallogenic evolution of the Abitibi
greenstone belt. The chapter will be submitted as a manuscriptGamliaglian Journal of Earth

Sciences

The conclusions and implications of the present study as well as recommendations for

future research are presented in Chapter 4.
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CHAPTER 2
DETAILED MAPPING AND FACIES ANALYIS OF THE TIMISKAMING
ASSEMBLAGE

The following chapter documents facies relationships from key outcrops in the

Timiskaming assemblage. Detailed maps of each outcrop are included in the Appendix.

2.1. Abstract

The Timiskaming assemblage represents a broadly synorogenic clastic deposit formed ca. 6
m.y. after a protracted period of crustal thickening and hinterland development. It contains the
first occurrence of subaerial facies in the Neoarchean Abitibi greenstone belt and thus marks a
key period of Archean crustal evolution. The Timiskaming assemblage rocks represent the
principle, if not the only, source of information associated with this critical period of geologic
history in the Abitibi greenstone belt. However, the depositional environment and tectonic

setting of the Timiskaming assemblage are only broadly constrained.

To better constrain the depositional setting of the Timiskaming assemblage, five
representative outcrops of Timiskaming sedimentary and igneous rocks in Timmins and Kirkland
Lake were mapped at a scale of 1:20. Mapping demonstrated the presence of fluvial
conglomerate-sandstone facies, graywacke turbidite deposits, near-vent pyroclastic surge and
fallout deposits, and syenite intrusions within the Timiskaming assemblage. Thefelciss
contain evidence for high rates of aggradation, paleoseismic activity, and a diverse and varied
provenance. The abundance of near-vent alkalic volcanic rocks intercalated with cleesioffac
the Timiskaming assemblage at Kirkland Lake suggests that at least local@xtatmimpanied

sedimentation.
Although the types of sedimemy rocks preserved in the Timiskaming assemblage
indicate sedimentation in a variety of basin types, additional work is required to constrain

accurate interpretations of depositional settings.
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2.2. Introduction

Greenstone terranes, comprised of complexly deformed volcanic and sedimentary
successions intruded by voluminous late granitoid intrusions, represent a significant proportion
of exposed cratons worldwide (Mercier-Langevin et al., 2012). These terranes record the
processes by which proto-continental crust was formed in the Archean and early Proterozoic and,
therefore, represent a key to the understanding of how continental crust formed and evolved over

time.

The well-exposed Abitibi greenstone belt of Ontario and Quebec represents one of the best
preserved Neoarchean supracrustal assemblages in the world. Submarine volcanism and
sedimentation in the southern part of the Abitibi greenstone belt occurred between 2795 and
2695 Ma (Ayer et al., 2002, 2005; Leclerc et al., 2012). The existence of an eroding hinterland
between <2690-2685 Ma is recorded by widespread deposition of submarine siliciclastic rocks
(Ayer et al., 2002, 2005; Davis, 2002; Ropchan et al., 2002; Mercier-Langevin et al., 2007,
Bleeker and van Breemen, 2011). Early deformation between 2685 and 2679 Ma resulted in
tectonicimbrication of the earlier formed submarine volcanic and sedimentary rocks, creating an
extensive landmass (Bleeker, 2012; Monecke et al., in press). Sedimentation and limited
volcanism on the newly formed proto-continental crust is recorded by the <2679-2669 Ma
Timiskaming assemblage (Ayer et al., 2005; Thurston et al., 2008), which outcrops extensively

in a number of small basins within the southern Abitibi greenstone belt.

Although the general geology and stratigraphy of the Neoarchean Timiskaming basins in
the southern Abitibi greenstone belt are generally well understood, little emphasis has thus far
been placed on high-resolution outcrop mapping. This style of mapping can reveal sedimentary
and volcanological characteristics that are not readily observable at larger scaleskéyfare
paleo-environmental reconstructions. The present chapter reports on the results of high-
resolution mapping conducted on five representative outcrops of the Timiskaming assemblage in
the southern Abitibi greenstone belt. The information obtained from this 1:20 scale mapping are
utilized to provide a more detailed understanding of the depositional environment of the
sedimentary and volcanic rocks of the Timiskaming assemblage.
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2.3. Geological Setting

The Abitibi greenstone belt is located within the southeastern portion Stiffezior
Province (Fig. 2-1), the worldOs largest exposed Archean craton, which is composed of
amalgamated Mesoarchean gneissic units and Neoarchean granite-greenstone terrangs (Perciva
2007). The Abitibi greenstone belt straddles the Ontario-Quebec border, covering an area that is
approximately 500 km from east to west and 350 km from north to south. The belt is bound to
the north by the Opatica Subprovince, a dominantly metaplutonic domain that consists of 2820
Ma tonalite, 2770 to 2700 Ma tonalite-granodiorite, and 2680 Ma granite and pegmatite (Benn et
al., 1992; Sawyer and Benn, 1993; Davis et al., 1994). To the southeast, the Abitibi greenstone
belt is bounded by the Pontiac Subprovince, which is dominated by metasedimentary schist and
paragneiss derived from turbiditic graywacke and minor conglomerate. The Grenville Province is
located to the east and largely consists of high-grade metamorphic rocks (e.g., Davidson and van
Breenen, 1988). To the west, the Abitibi greenstone belt is bounded by the 500-km-long north
northeast-trending Kapuskasing structural zone that juxtaposes granulite facies metamorphic
rocks with lower grade metamorphic rocks of the Abitibi greenstone belt (Percival and West,
1994).

The Abitibi greenstone belt is primarily composed of laterally extensive submarine
volcanic rocks, which formed diachronously over a 100 m.y. period between 2795 and 2695 Ma
(Ayer et al., 2002, 2005; Leclerc et al., 2012). These volcanic rocks belong to six supracrustal
assemblages (Table 2-1), which have been delineated according to age, rock type, and
geochemical characteristics (Thurston et al., 2008).

In the southern Abitibi greenstone belt, mafic volcanic rocks form approximately 90% of
the outcrop area, with felsic volcanic rocks accounting for most of the remainder outcrop areas
(Goodwin, 1977). Komatiites represent a small, but important part of many of the volcanic
successions in the Abitibi (HoulZ and Lesher, 2011; Dostal and Mueller, 2013).
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FIGURE 2-1: Generalized geological map of the Abitibi greenstone belveng the distribution
of volcanic, intrusive, and siliciclastic rocks. The map also highlights the location of major ore
deposits (modified from Thurston et al., 2008 and Monecke et al., in press.)

Several models have been proposed to explain the distribution of rock types in the Abitibi.
Some workers argue for an allochthonous origin where each assemblage represents an accreted
terrane (e.g., Dimroth et al., 1983; Jackson et al., 1994; Daigneault et al., 2002). Others envision
that the various volcanic assemblages formed autochthonously (e.g., Ayer et al., 2002, 2005;
Thurston, 2002) perhaps on an oceanic plateau (Benn and Moyen, 2008). In either scenario, both
plume and arc-related volcanism may have played important roles in the formation of these
submarine assemblages (Kerrich et al., 1999; Sproule et al., 2002; Polat and Kerrich, 2006; Benn

and Moyen, 2008).
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TABLE 2-1: Supracrustal assemblages in the Abitibi greenstone belt (compiled from Ayer et al.,
2002, 2005; Bateman et al., 2008; Thurston et al., 2008; Leclerc et al., 2012).

Assemblage Age (Ma) Lithofacies Depositional Environment

Timiskaming <26792669 Polymictconglomerate, sandstone, Braided rivers, alluvial fans,
argillite, alkalic flows and pyroclastic deep subaqueous settings, an
rocks proximal subaerial volcanism

Porcupine <26902685 Graywacke, minor conglomerate,  Dominantly ccep subaqueous
BIF, and local cakalkaline environment

volcaniclasticrocks

Blake River 27042695 Calk-alkaline and tholeiitic volcanic Deep subaqueous environmer
rocks

Tisdale 27102704 Tholeiitic, komatiitic, and calk Deep subaqueouwsvironment
alkalic volcanic rocks

Kidd-Munro 27192711 Tholeiitic, komatiitic, and calk Deep subaqueous environmer
alkalic volcanic rocks

StoughtorRoquemaure 27232720 Tholeiitic and komatiitic volcanic Deep subaqueous environmer
rocks

Deloro 27342724 Calk-alkalinevolcanic rocks Deep subaqueous environmer

Pacaud 27952375 Tholeiitic, komatiitic, and calk Deep subaqueous environmer

alkalic volcanic rocks

Following a prolonged period of submarine volcanism, a change in the depositional setting
is recorded by subaqueous deposition of Porcupine assemblage clastic rocks (<2690-2685 Ma)
derived from an eroding landmass distal to the site of deposition - a hinterland (Ayer et al., 2002,
2005; Davis, 2002; Ropchan et al., 2002; Mercier-Langevin et al., 2007; Bleeker and van
Breemen, 2011). The Porcupine assemblage is predominantly composed of fine-grained clastic
rocks with Bouma sequence divisions, indicating deposition by distal turbidity currents (Ayer et
al., 2005). Calc-alkaline felsic volcanic rocks, iron formation, and conglomerates are locally
present within the assemblage. While much of the clastic material within the Porcupine
assemblage was derived from Abitibi-aged sources (Ayer et al., 2002), the presence of pre-
Abitibi detrital zircons provide evidence for collision and accretion of the Abitibi with an older

craton to the north (Davis et al., 1995; Ayer et al., 2002; B. Frieman, pers. commun. 2015).
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A subsequent orogenic event is recorded by tight to isoclinal folding and development of a
regional angular unconformity upon which sedimentary and volcanic rocks of the <2679 and
2669 Ma Timiskaming assemblage were deposited (Ayer et al., 2005). Formation of the
dominantly subaerial Timiskaming assemblage deposits occurred in response to a period of
crustal thickening and possibly mountain building (Bleeker, 2012; Monecke et al., in press). The
polylithic Timiskaming assemblage crops out only adjacent to the east-west striking Rercupi
Destor and Larder Lake-Cadillac fault zones, which represent long-lived, crustal-scale fault
zones (Dimroth et al., 1983; Cameron, 1993; Wilkinson et al., 1999; Bateman et al., 2008;
Ispolatov et al., 2008; Bleeker, 2012).
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FIGURE 2-2: Geological map of the southern Abitibi greenstone belt (modified from Thurston et
al., 2008; Monecke et al., in press). LLCfz = Larder Lake-Cadillac fault zone; PDfz = Porcupine-

Destor fault zone. Graywacke of the Pontiac Subprovince are considered to be age-equivalent to
the Porcupine assemblage.
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FIGURE 2-3: Simplified geological maps of the (A) Timmins-Porcupine and (B) Kirkland Lake
camps. Study areas are numbered as follows: (1) Three Nations outcrop, (2) Kinross Pond and
Don Lou outcrops, (3) Powerline outcrop, (4) Morris Kirkland outcrop (modified and compiled

from Leahy, 1969a-c; Berger, 1991; Berger and Edwards, 1994; Mueller et al., 1994; Muir,

1995; Bateman, 2004, 2005; Hall et al., 2004; and HoulZ and Guilmett, 2005). Roman numerals
correspond with stratigraphic sections in Figures 2-4 and 2-5. Maps are oriented north. Scale bars
are 10 km.
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FIGURE 2-4: Stratigraphic relationships of the Timiskaming assemblage in the Timmins-
Porcupine area. Stratigraphic section Roman numerals (i-vii) correspond with approximate

section locations on the Timmins-Porcupine geological map (Fig. 2-3). Stratigraphic location of
studied outcrop (1) indicated by arrow. Inferred and simplified from Born (1995).

-23-



5 km |

0 km

=

=

/

<

J N
HHHHHHEHHE =

~ = 7 N
2~ Fl2| s
V4 =T TR =
7= == 7—/—/'— |__' ?— —7— =
N & e

33 km East_
Timiskaming Assemblage Symbols
[F1] Syenite intrusive suites N\ Fault

Trachyte flows and sills
Graywacke
Volcaniclastic rocks

$5%: Conglomerate-sandstone

Sandstone

Blake River Assemblage

E Approximate fault location

Inferred bounding surface

Lithofacies Abbreviations

Mafic volcanic rocks

Af = Alluvial fan

Br = Braided river

Fl = Volcanic flow
Lc = Lacustrine

S| =Sill

Tb= Turbidity current

FIGURE 2-5: Stratigraphic relationships of the Timiskaming assemblage in the Kirkland Lake
area. Stratigraphic section Roman numerals (I-VI) correspond with section locations on the
Kirkland Lake district geological map (Fig. 2-3). Stratigraphic locations of studied outcrops
indicated by arrows: 1) Kinross Pond outcrop, 2) Don Lou outcrop; 3) Powerline outcrop; 4)
Morris Kirkland outcrop. LLCfz = Larder Lake-Cadillac fault zone, KLf = Kirkland Lake fault
(Main Break). Stratigraphic columns inferred from geological maps by Thomson (1941, 1944,
1945), Thomson and Griffis (1941), Ispolatov (2005), and Ispolatov and Lafrance (2005).
Lithofacies interpretations from Hyde (1980), Mueller et al. (1994), and this study.
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2.4. District Geology

The Abitibi greenstone belt contains several major orogenic gold mining camps (Timmins-
Porcupine, Duparquet, Matachewan, Kirkland Lake, Rouyn Noranda, Malartic, and Val dOOr)
along the Porcupine-Destor and Larder Lake-Cadillac fault zones. Many gold deposits in these
camps are hosted by Timiskaming assemblage rocks (Figs. 2-1 and 2-2). This study focuses of

outcrops within the Timmins-Porcupine and Kirkland Lake areas (Figs. 2-2 and 2-3).
2.4.1. Timmins-Porcupine Camp

Two submarine volcanic assemblages are exposed within the Timmins-Porcupine camp.
The older Deloro assemblage formed between 2734-2724 Ma (Ayer et al, 2002), is primarily
composed of submarine calc-alkaline volcanic rocks that are restricted to an area south of the
Porcupine-Destor fault zone. Pillowed mafic volcanic rocks are the most abundant lithology in
this assemblage with lesser felsic volcanic rocks and iron formation (Ayer et al., 2005aBatem
et al., 2005). The iron formations are thought to have formed during hiatuses in submarine

volcanic activity (Thurston et al., 2008).

In the Timmins-Porcupine region, the Tisdale assemblage (2710-2704 Ma: Ayer et al.,
2005) overlies the Deloro assemblage rocks. The stratigraphically lower most portion of the
Tisdale assemblage contains komatiites and basaltic komatiites of the Hemkbdyormation
(Bateman et al. 2005). This 600-m-thick package of ultramafic rocks is overlain by massive and
pillowed tholeiitic lavas of the Central, Vipond, and Gold Centre formations (Bateman et al.,
2005). Subordinate ultramafic lavas, and minor amounts of carbonaceous shale are also present

in the upper parts of the Tisdale assemblage (Bateman et al., 2005).

The stratigraphically lowest unit of the Porcupine assemblage is a laterally discontinuous
unit of carbonaceous mudstone (Bateman et al., 2005). The basal portion of the Porcupine
assemblage, the Krist Formation (2690-2688 Ma), is a laterally discontinuous calc-alkaline
volcaniclastic deposit that reaches a maximum thickness of 500 m (Ayer et al., 2002, 2003). This
poorly sorted unit is composed of 1-25 cm wide angular clasts of rhyodacite, chert, and minor
fuchsite-bearing ultramafic clasts in a fine-grained feldspathic matrix. The Krisiafion is
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only present in the central part of the Timmins-Porcupine camp, where it is overlain by bedded
graywacke, siltstone, and mudstone of the Beatty Formation (Ferguson et al., 1968; Born, 1995).
These sedimentary rocks locally exhibit scour and flute marks as well cross-bedding and are
interpreted to be turbidites (Born, 1995). The correlative (T. Monecke, pers. commun. 2013)
Hoyle Formation occupies large areas to the east, north, and west of the Timmins-Porcupine
camp. Geochronological data indicate that these formations are composed of material derived
from all of the older supracrustal assemblages in the Abitibi (B. Frieman, pers. commun. 2015).
This suggests that the Porcupine assemblage was deposited during a protracted period of uplift
and erosion of an unrecognized hinterland (Bateman et al., 2005).

The Timiskaming assemblage (<2679-2669 Ma) occupies an elongate east-trending
outcrop area on the north side of the Porculedor fault zone (Fig. 2.3a), where it rests upon
a well-recognized angular unconformity (Ferguson et al., 1968; Ayer et al., 2005). The base of
Timiskaming assemblage, the Dome Formation (Fig. 2-4), consists of a lower succession of
mafic-rich cobble and boulder alluvial conglomerates, and an overlying succession of mudstone
and sandstone turbidites (Born, 1995). ID-TIMS- U-Pb ages of detrital zircons from the Dome
Formation yielded ages that are as young as 2674 + 2 Ma (Ayer et al., 2003). These units are
overlain by Three Nations Formation, which consists of cross-bedded sandstone, pebbly
sandstone, and matrix-supported pebble conglomerate. The Three Nations Formation (Fig. 2-4)
Is interpreted to have been deposited in deltaic-fluvial and shelf environments (Pyke, 1982; Born,
1995; Ayer et al., 1999). Conglomerates in the Three Nations Formation contain an array of clast
types, which include felsic and mafic volcanic rocks, ultramafic rocks, intermediate plutoni
rocks, sedimentary rocks, banded iron formation, and quartz (Born, 1995; Ayer et al. 1999; this
study). Detrital zircons from the upper part of the Three Nations Formation yielded U-Pb
minimum ages of 2669 Ma (Bleeker et al., 1999; Ayer et al., 2003).

A series of porphyry stocks and dikes (up to 400 by 1200 m in plan view) intrude the
Tisdale assemblage, but are not known to intrude either the Porcupine or Timiskaming
assemblage (Holmes, 1944; Brisbin, 1997; Bateman et al., 2004). They are truncated at the
Timiskaming unconformity. The stocks yield ages of 2691-2687 Ma (Bateman et al., 2005),
indicating that they are broadly correlative with felsic volcanic rocks of the Krist Formakien. T
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younger Pamour porphyry at 2677.5 = 2.0 Ma is thought to postdate folding of the Porcupine
assemblage (Bateman et al., 2005). Albitite dikes with ages of 2677.0+£2.2 to 2672.8 = 1.1 Ma
are present throughout the Timmins-Porcupine camp (Ayer et al., 2005). Large tonalite-
trondhjemite-granodiorite plutons (ca. 2745-2696 Ma: Ayer et al., 2005) are present to the south
(Fig. 2-2) of the camp (e.g., Pyke, 1982; Heather and van Breemen, 1994; Bleeker et al., 1999).

2.4.2. Kirkland Lake Camp

The Tisdale assemblage (2710-2704 Ma: Ayer et al., 2002) is the oldest exposed
supracrustal assemblage in the Kirkland Lake area (Fig. 2-2). It consists of mafic and wtramafi
volcanic rocks with minor amounts of felsic volcanic rocks. The assemblage is largelya@stric
to the south of the Larder Lake-Cadillac fault zone, with only a small wedge present on the
northern side of the fault zone (Ispolatov et al., 2005).

North of the Larder Lake-Cadillac fault zone, the Blake River assemblage is the
predominant volcanic assemblage (Fig. 2-2). It is primarily composed of tightly to isoclinally
folded Fe-tholeiite pillow basalts with lesser coarser gabbroic and dioritic rocks (Corfu, 1993;
Ispolatov et al., 2005). In the Kirkland Lake area, these volcanic rocks were previously referred
to as the Kinojevis Group (e.g., Mueller et al., 1994); however recent work indicates that it is age
equivalent to the lower Blake River assemblage (2704-2701 Ma: Ayer et al., 2005).

The Porcupine assemblage is absent north of the Larder Lake-Cadillac fault zone (Ayer et
al., 2005), but it does occur south of the Larder Lake-Cadillac fault zone in McElroy and Hearst
townships (ca. 15 km southwest of Kirkland Lake). Here it consists of turbidites and polymict
conglomerate that unconformably overly the Tisdale assemblage (Ayer et al., 2005).

The Timiskaming assemblage occupies an elongate east-trending, steeply-dipping south-
facing outcrop area (Hyde, 1980; Mueller et al., 1994) that extends nearly 50 km along the
northern margin of the Larder Lake-Cadillac fault zone (Mueller et al., 1994) (Fig. 2-3). The
assemblage consists of a 3-5 km thick polylithic succession of sedimentary and volcanic rocks
(Fig. 2-5) that unconformably overlies the Tisdale and Blake River assemblages. Volcaniclastic
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rocks and alkaline flows are intercalated with the sedimentary facies (Cooke and Moorehouse,
1969; Hyde, 1978; Lackey, 1990; Mueller and Donaldson, 1992; Mueller et al., 1994; Mueller
and Corcoran, 1998). More than half of the stratigraphy is composed of clast-supported pebble-
cobble conglomerate and interstratified lenses of sandstone interpreted to have been deposited i
alluvial fans or braided streams (Mueller et al., 1994). The polymict conglomerates contain clast
of mafic and felsic volcanic rocks, calc-alkalic to alkaline porphyritic rocks, sedimentds; roc
intermediate intrusive rocks, fuchsite, quartz, and banded iron formation (Hyde, 1980; Legault
and Hattori, 1994; Mueller et al., 1994, this study). Sandstone and argillite facies are locally
present and are thought to represent floodplain deposits, ephemeral lakes, and deep marine
turbidity currents (Hyde, 1980; Mueller et al., 1994; Ayer et al., 1999, 2002). Submarine
turbidites are notably abundant in Gauthier township (Ispolatov, 2005; Ispolatov and Lafrance,

2005) but are common throughout the eastern portion of the outcrop area (Hyde, 1980).

A large number of felsic-intermediate and alkalic intrusive rocks are present in the
Kirkland Lake area. The Round Lake batholith, ca. 15 km south of the camp contains older
tonalitic phases (2734.6+0.9 Ma and 2713.2+1.2 Ma: Ayer et al., 2005; Ketchum et al., 2008)
and younger granodiorite intrusive phases (2697 Ma: Chown et al., 2002). It is at least in part
coeval with the submarine volcanic assemblages and interpreted to represent a large synvolcanic
intrusion (Ayer et al., 2005). Syenitic stocks and dikes are present throughout the camp (e.g.,
Ayer et al., 2005) and yielded ages of 2680-2672 Ma (Ispolatov et al., 2008). Alkalic plutonism
overlapped with Timiskaming assemblage volcanism and sedimentation, and may have
continued after the deposition of the sedimentary rocks of the Timiskaming assemblage
(Ispolatov et al., 2008).

2.5. Materials and Methods

The present study is based on detailed mapping (1:20) of five outcrops of sedimentary and
volcanic facies occurring within the Timiskaming assemblage of the southern Abitibi greenst
belt. The outcrops were selected based on the quality of exposure, minimal overprint by post-
Timiskaming deformation, and accessibility. They span a combined total of ca. 80 m of the

Timiskaming assemblage stratigraphy.
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Following initial inspection, a grid of string spaced 1 m apart was established over
glacially polished outcrops. Chalk lines were drawn at 50 cm intervals within each 1 m square of
the grid. Pictures were then taken of each 50 cm square and digitally stitched together in
CorelDraw. Important lithologic contacts and structures were mapped on photomosaics in the
field. Digitalized maps were then produced by tracing contacts and other features in CorelDraw.
The digitized maps were checked against the respective outcrops the following summer.

At the Kinross Pond and Three Nations outcrops, clast counting was performed to
constrain the provenance of the Timiskaming conglomerates. Only clasts greater than 1.5 cm in
diameter were counted to allow unequivocal identification of clast types. At the Power Line
outcrop in Kirkland Lake, a 1:20 scale stratigraphic column was produced by documenting
locations of depositional contacts, contact relationships, and changes in both grain size and
lithology along a ca. 25 m long section line established across the outcrop.

In addition to the detailed mapping, representative hand specimens of the different facies
were collected in the field using a rock saw. Standard polished thin-sections were obtained from
these samples and studied with an Olympus BX51 optical microscope. Optical microscopy was
conducted to study the textures, mineralogy, deformation, and alteration of the samples. Point
counting was conducted on a single thin section of a representative coarse-grained sandstone
sample from the Three Nations outcrop. Minerals within mudstone units at the Morris Kirkland
outcrop were identified in thin section using QEMSCAN patrticle mineral analysis and trace
mineral search, at 25 keV, a beam current of 5 nA, and 4 um step size.

2.6. Results
Observations and interpretations of the five studied outcrops (Table 2-2) in the Timmins-
Porcupine and Kirkland Lake areas are documented in the following section. Simplified versions

of the outcrop maps accompany the descriptions. Detailed 1:20 scale geological maps of eac
outcrop are included in the Appendix.
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TABLE 2-2: Summary of studied outcrops in the Timmins-Porcupine and Kirkland Lake areas.

Outcrop Thickness Lithofacies Setting

Three NationsTimmins 10 m Conglomeratesandstone Fluvial setting, possibly
braided river

Don Loy Kirkland Lake 21m Pyroclastic rocks and syenite intrusive  Top of subvolcanic
rocks intrusion

Kinross PongdKirkland 12 m Conglomeratesandstone Braided river?

Lake
Augite syenite and feldspar syenite Dikes and sills

Morris Kirkland, King 16 m Graywacke Waning surgeype

Kirkland turbidity currents
Sandstone unknown
Conglomerate unknown

Powerling Kirkland Lake 27 m Tuff, lapilli-tuff, breccia Pyroclastic base surges

and subaeridhllout

2.6.1. Three Nations Outcrop

The Three Nations outcrop (Fig. 2-6) is located along the northern shoulder of Highway
101, just east of Nighthawk Lake in German Township and approximately 23 km east of
Porcupine. The outcrop exposes intercalated conglomerate and sandstone of the Timiskaming
assemblage that have previously been interpreted as a thin succession of fluvial strata toefe
as the B member, of the Three Nations Formation (Born, 1995). This outcrop is documented in
Born (1995) and it is described in several field guides (Ayer et al., 1999; DubZ et al., 2015).

The Three Nations outcrop consists of discontinuous polymict conglomerate lenses and
beds within structureless and cross-bedded sandstone. The contacts between these facies are
often gradational, and pebbly sandstone is ubiquitous. Beds in this outcrop dip steeply (~900) and

young towards the south (see Appendix).
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FIGURE 2-6: Simplified geological map of the Three Nations outcrop, Timmins. See Appendix
for 1:20 scale map.

Polymict Conglomerate

Conglomerate typically occurs as elongate lens-shaped beds within coarse-grained
sandstone (Fig. 2-6). The conglomerates characteristically rest on sharp basal contactalwith loc
scours, and displays gradational upper contacts. The gradational contacts show a transition from
clastsupported to matrix-supported conglomerate (Fig. 2-6), and then to sandstone. The
conglomerate contacts are not always clearly defined, and a large portion of the outcrop is
composed of pebbly sandstones and sandy conglomerates. Where exposed, the conglomerate
appears to be less than 1 m thick in outcrop and have strike lengths!df(®no
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FIGURE 2-7: Pie charts illustrating the clast composition for the southeastern and northwestern
portions of the Three Nations outcrop, resp&tyi (see map in the Appendix for location).

The exposed conglomerate is distinctly polymict and dominantly composed of rhyolite,
fuchsite-altered komatiite, and tonalite-trondhjemite-granodiorite (TTG) clasts (Figad®Z7 a
9). Clasts of basalt, quartz, and banded iron formation are also present (Fig. 2-9e). They vary in
size from small pebbles to very large cobbles, and in morphology form rounded to subrounded.
While the conglomerate appears to locally exhibit clast imbrication, post-depositional
deformation may have caused clast rotation and possibly some flattening.

Subarkosic Sandstone

The sandstone facies is dominantly composed of very coarse-grained sand, which ranges in
morphology from angular to subrounded. This facies exhibits a bimodal distribution of different
sized grains, and locally consists of up to 10% pebbles/cobbles. Grain counting under a
microscope showed that the sand grains (n=566) are composed of quartz (76%), K-feldspar
(13%), lithic fragments (7%), and plagioclase (4%). The pebble and cobble clasts within the
sandstone are compositionally similar to those in the conglomerate. Contacts between the
sandstone and conglomerate facies are typically gradational. The sandstone is dominantly
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structureless; however, planar cross-bedding (Fig. 2-9b) and planar laminations (Fig. 2-10b) are

locally present.

Deformation

The outcrop is composed of subvertical units that strike approximately E-W. On the steep
faces produced by the road cut, some minor elongation of the clasts in the third dimension can be
observed, suggesting that the clasts are deformed. This is characteristic of prolatdyto slight
oblate strain, which makeswo-dimensional cross-section smaller due to elongation in the third
dimension. Clast elongation accompanied constrictional strain in the Timmins-Porcupine camp
(Ds: Bateman et al., 2005) and is observed at other Timiskaming conglomerate outcrops (e.g.,
Buffalo Ankerite Mine; Bateman et al., 2005), but the intensity is spatially variable throughout
the camp. Fuchsite-altered komatiite clasts are frequently deformed and exhibit appistest s
sense of shear. There is also an E-NE foliation oblique to bedding within the western portion of
the outcrop.

Several igneous clasts contain a foliation oblique to the foliation in the outcrop, suggesting
they underwent foliation prior to deposition. There is no pre-Timiskaming macroscopically
recognizable foliation in older assemblages of the Timmins-Porcupine camp, although foliated
clasts in Timiskaming conglomerates have been previously recognized (Bateman et al., 2005).
The foliation of the clasts is interpreted to have developed at greenschist metamorphic grade
(Bateman et al., 2005), implying that the igneous rocks acquired a foliation at a depth of ca. 10
km (Thompson, 2004; Bateman et al., 2005), and were then exposed at the surface to erode into

the Timiskaming basin (Bateman et al., 2005).

Alteration

In the glacially polished portion of the outcrop, hydrothermal alteration appears to be
minor. However, in the steep faces produced by recent road widening, iron carbonate staining is
fairly pronounced. The iron carbonates occur finely distributed throughout the matrix of the
sedimentary rocks and as small stringers (Fig. 2-10a, c, d). Within the conglomerate, a few fine-
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FIGURE 2-8: Lithofacies characteristics at the Three Nations outcrop, Timmins. (A) Sharp
contact between conglomerate and sandstone (arrows). (B) Pebbly sandstone with crude
stratification. (C) Photomosaic of sandstone and overlying polymict conglomerate. The
conglomerate rests on an erosional contact and represents channel fill deposits. (D)
Corresponding sketch of photomosaic. The channel (arrows) crosscuts underlying stratigraphy.
Younging towards top of page. Scale bars are 20 cm for (A-B) and 50 cm for (D-C).
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FIGURE 2-9: Outcrop pictures of lithofacies and clast types at the Three Nations outcrop,
Timmins. (A) Matrix-supported polymict pebble conglomerate. (B) Graded bed of pebbly
sandstone to coarse-grained sandstone with planar cross-bedding. (C) Lens of clast-supported
pebble conglomerate with clasts of rhyolite, fuchsite-altered komatiite, and TTG. (D) Large
clasts of fuchsite-altered komatiite and rhyolite. (E) Blue-colored quartz cobble. (F) Large TTG

pebble. Scale bars are 4 cm.
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FIGURE 2-10: Alteration characteristics of lithofacies at the Three Nations outcrop, Timmins. (A)
Fine-grained clast with sulfidized rim. Matrix in the surrounding sandstone contains oxidized
iron-carbonate minerals. (B) Thin quartz vein at high-angle to bedding. (C) Pervasive oxidized
iron-carbonate minerals. (D) Photomicrograph of sandstone containing grains of quartz and
plagioclase. Carbonate alteration is ubiquitous in the matrix. Note that the feldspar grain is
largely preserved. Scale bars for outcrop and thin section images are 4 cm and 200
respectively.

grained black clasts show intensely sulfidized rims composed of pyrite (Fig. 2-10c), indicative of
preferential alteration of these clasts by the hydrothermal fluids. Disseminated ggmiézally

<1%) is present throughout the matrix of the conglomerate. Several narrow quartz veins crosscut
the outcrop (Fig. 2-10b); however, they do not appear to have any visible alteration selvages and
appear to be late and unrelated to the iron carbonate alteration and formation of disseminated
pyrite. The surface oxidation of the outcrop is minor. In fresh surfaces, it can be seen that the
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oxidation rind of the glacially polished surface of the outcrop is just under one centimeter in

thickness.

Depositional environment

Cross-bedding in the sandstone (Fig. 2-9b) signals deposition by traction current processes.
Erosional scours (see Appendix) are consistent with upperflow regime processes. Upper contacts
of conglomerate beds are frequently gradational (Figs. 2-6 and 2-9b), a characteristic of channel
fill deposits in braided rivers (Williams and Rust, 1969). The sedimentary rocks exposed at the
Three Nations outcrop are interpreted to have been deposited in a subaerial setting, possibly by a
braided river. This is consistent with previous interpretations of the outcrop (Born, 1995; Ayer et
al., 1999). Braided rivers occur where the sediment supply is abundant (Lunt and Bridge, 2004)
and require a high availability of bed load sediment relative to suspended load (Chitale, 1970;
Ferguson, 1984; Friend and Sinha, 1993).

Clast Sources

The conglomerate and pebble-bearing sandstone units contain a rangeof clast types, which
reflect the diversity of subaerially exposed lithologies during sedimentation. The majority of

these clasts are rounded to subrounded, signaling significant transport distances (Mills, 1979).

Fuchsite-altered komatiite clasts are particularly abundant in the outcrop. While steh clas
are present at other conglomerate exposures in the Timmins area (Born, 1995), their prevalence
at the Three Nations outcrop is particularly striking. Given the apparent maturity of the
sandstone, it is unlikely that such clasts could have been transported significant distances.
Possible sources are present within the immediate vicinity of the outcrop. A laterafigiest
unit of fuchsite-altered komatiites represents the lithological expression of the Porcegioe-D
fault zone located immediately to the south of the outcrop and may have been the source of the
clasts. This komatiite unit is probably equivalent to the Hersey Lake Formation within the

Timmins-Porcupine camp (Muir, 1995).

-37-



The komatiitic clasts may have been altered to fuchsite prior to, or after deposition. If the
alteration is post-depositional, it must have been sufficiently intense to complételgladts of
komatiite. Such an event would presumably cause feldspars in the sandstone to exhibit intense
sericitic alteration. However, this is not consistent with the outcrop-scale observéiutes
some of the feldspar grains in the sandstone are sericite- altered, the alteration is sweperva
and many of the grains are well preserved (Fig. 2-10d). This suggests that the fuchsite alteration
is largely pre-depositional. If that is the case, these clasts must be derived from aikomatii
source rock that was altered by £xixh fluids prior to deposition. This is consistent with early
episodes of C@rich hydrothermal activity in the Timmins-Porcupine camp (e.g., DubZ et al.,
2003). Similar clasts of fuchsite in the Kirkland Lake area are also interpreted to have been
altered prior to deposition (Legault and Hattori, 1994).

Tonalite, trondhjemite, and granodiorite clasts are also notably abundant. These clasts
exhibit holocrystalline equigranular textures indicating that emplacement of the magmas
occurred at substantial depths. Their presence therefore requires that significant portions of the
hinterland to the site of deposition must have been uplifted and eroded to expose the plutons
prior to sedimentation. It is not possible to determine the relative location of thisdndterl

While many plutons in the Abitibi greenstone belt are post-tectonic (i.e., formed after the
Timiskaming assemblage), older synvolcanic and syntectonic intrusions are present throughout
belt (Ayer et al., 2005). The synvolcanic intrusions predate Timiskaming sedimentation and are
characteristically tonalitic or granodioritic in composition (Ayer et al., 2005). Such intrusions
were likely the sources of these clasts. In the Timmins region, both the AdamOs stock (ca. 2686 +
3 Ma: Ayer et al., 2005) and the Kenogamissi batholith (ca. 2747-2690 Ma: Heather, 2001,
Becker and Benn, 2003) are examples of synvolcanic intrusions that predated Timiskaming

sedimentation.

Quartz clasts represent a minor component of the conglomerate; however, they are notably
abundant at this outcrop relative to other outcrops in the Timmins-Porcupine camp. Variations in
opacity and color of the quartz clasts may reflect different source environments. At the
microscopic scale these clasts exhibit varying degrees of deformation (Chapter 3). Bulging and
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subgrain rotation recrystallization (cf. Passchier and Trouw, 2005) ayeitolois; however, pre-
depositional hydrothermal textures were observed in one sample (Chapter 3). This sample (Fig.
2-9e) contains prismatic quartz grains with growth zones that are intergrown with crustiform
limonite and iron oxide (Chapter 3). These textures are truncated at the clast margins and
therefore predate deposition of the clast (Chapter 3). The textures are consistent with a shallow
subaerial hydrothermal source (Chapter 3). This suggests that hydrothermal quartz veins were
also exposed at the time of sedimentation (Chapter 3).

Post-Depositional Hydrothermal Alteration

The quartz veins, carbonate alteration, and sulfidation at the Three Nations outcrop
unequivocally post-date deposition of the sedimentary rocks. The fluids responsible for this
alteration may be associated with the regional hydrothermal system, which accompanied
orogenic gold mineralization throughout the Timmins-Porcupine camp (e.g., Brisbin, 1997). This
Is supported by the vicinity to the Porcupine-Destor fault zone, a major conduit of the orogenic
hydrothermal fluids, and the presence of several reclaimed gold prospects ca. 2.5 km south of the

outcrop.

2.6.2. Don Lou Outcrop

The Don Lou outcrop (Ayer et al., 1999; Fig. 2-11 and Appendix) is located on the south
side of Highway 66, and is adjacent to the Kirkland Lake VeteranOs Affairs building, which now
stands at the site of the former Don Lou Motel. This pristine and glacially polished outcrop is
composed of Timiskaming-age augite syenite and vertical-dipping rhythmic layers of feldspar

syenite.

Pyroclastic Rocks

The volcaniclastic unit is composed of beds of fine tuff and lapilli-tuff. Many lapiliesiz
grains have eroded out of the outcrop, producing a false vesicular appearance. Bedding
laminations are clearly defined, and locally truncated at the contact with the augite &yigni

-39-



FIGURE 2-11: Simplified geological map of the Don Lou outcrop, Kirkland Lake. See Appendix
for 1:20 scale map.
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2-12d). The weathered surface of the volcaniclastic rocks is white, and the unweathered surface

is black. They are characteristically magnetic and likely alkalic in composition.

Augite Syenite

Augite syenite is the dominant lithofacies in the Don Lou outcrop. It is cohesive,
equigranular, and composed of medium-grained augite, feldspar, biotite, and minor amounts of
amphibole and magnetite (Fig. 2-13). While cryptic on the outcrop, carbonate alteration is
pervasive in thin section (Fig. 2-13b). Carbonate mineral phases account for approximately 20
modal%, and augite grains are almost entirely replaced by carbonate (Fig. 2-12b). The feldspars
are not as altered as the augite (Fig. 2-13b). The augite syenite is crosscut by a feldspar syenite
and a feldspar porphyry dike (Figs. 2-11 and 2-12). It contains a xenolith that resembles a quartz

vein.

Feldspar Syenite

The feldspar syenite is fine-grained, equigranular and cohesive. It is dominantly composed
of feldspar, which in thin-section exhibits radiating morphologies that are texturally similar t
spherulites (Fig. 2-13). Small amounts of fine-grained disseminated magnetite are also present.
The feldspar syenite forms a series of semi-parallel rhythmic layers in the augite Hyatatre
spaced at progressively smaller intervals. As the spacing decreases, the thicknesddsipidue f
syenite layers also decreases (Fig. 2-12b). Individual layers exhibit low amplitude sinusoidal
waves (see Appendix), and are locally offset by minor faults (Fig. 2-12c). Near the top of the
intrusion, a volcaniclastic xenolith (Fig. 2-12b) appears to contort these layers (Fig. 2-11 and

Appendix). Minor carbonate alteration of these layers is visible in thin section.

Feldspar-Phyric Dike

The feldspar-phyric dike is located at the base of the Don Lou outcrop and crosscuts the
older augite syenite and the feldspar syenite (Fig. 2-12e). The shape of the dike is somewhat
irregular and thickens towards one end (Fig. 2-11 and Appendix). It has a light pink weathered
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FIGURE 2-12: Outcrop photographs of lithofacies exposed at the Don Lou outcrop, Kirkland

Lake. (A) Augite syenite with rhythmic bands of feldspar syenite. Younging towards the south,
which is left in the picture. (B) Thin bands of rhythmic feldspar syenite in augite syenite.
Younging towards the south, which is left in the picture. (C) Feldspar syenite layer offset by
fault. The fault trace propagates into the augite syenite. (D) Contact between the bedded
volcaniclastic xenolith and augite syenite. (E) Feldspar-phyric dike (left side of image) cross
cutting the augite and feldspar syenite. (F) Xenoliths within the feldspar-phyric dike (arrows).
Scale bars are 20 cm. Younging direction is towards the top of the page unless otherwise stated.
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FIGURE 2-13:Photomicrographs of lithofacies exposed at the Don Lou outcrop. (A-B)
Corresponding PPL and CPL images of the augite syenite. I: amphibole, II: biotite, Ill: quartz,
IV: carbonate altered augite. (C-D) CPL images of the feldspar syenite. Note the spherulitic
texture. (E) RL image of magnetite within the augite syenite. (F) RL image of fine-grained
disseminated magnetite (arrows) in the feldspar syenite. Scale bars &ra.100
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surface (Fig. 2-12e, f) color, and on unweathered faces it is a dark brown. The dike is porphyritic
with a brown aphanitic groundmass. The phenocrysts consist of dark-red, tan, and clear K-
feldspar, nepheline, and biotite. The dike also contains a number of xenoliths of unknown

composition (Fig. 2-12f). It is apparently carbonate altered.

Interpretation

The Don Lou outcrop exposes a syn-Timiskaming augite syenite, which intruded into a
succession of flat-lying Timiskaming assemblage volcaniclastic rocks. While tfeetont
between the augite syenite and the base of the volcaniclastic strata is not exposedenaghe out
a large volcaniclastic xenolith is hosted in the intrusion. This xenolith (030, 400 SE) is enveloped
by the augite syenite and exhibits a markedly different strike and dip from the continuous

succession of overlying volcaniclastic rocks exposed immediately south of the outcrop.

The xenolith was delaminated from the roof of the augite syenite magma chamber. It
subsequently descended through the intrusion and deformed underlying rhythmic layers of
feldspar syenite. This indicates that the rhythmic layers formed prior to incorporation of the
xenolith, that they were ductile at the time of its descent, and that the augite syérii@dmet
yet fully crystallized.

The process which produced the rhythmic layers in the syenite is unknown. They may have
been produced by dissolution precipitation in a compacting crystal mush (cf. Namur et al., 2015).
Outcrops of similar rhythmically layered augite syenite are present throughout the Kirkland Lake
area. These intrusions frequently show 0.5-20 cm thick felsic layers, which vary in texture from
aphanitic to coarse-grained (Ispolatov et al., 2005). Rhythmic layers are notably preserved in the
augite syenite at the Macassa Mine, where some gold-bearing quartz veins are oriengtd parall
to the felsic layers in the intrusion (Ispolatov et al., 2005).

Both the augite syenite and the rhythmic layers of feldspar syenite are crosscut by a late
feldspar-phyric dike. This indicates that the dike postdates emplacement of the previously

formed intrusive rocks. It also contains xenoliths, which are likely derived from underlying
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basement rocks. Carbonate alteration is present in all of the intrusive units and thus postdates

emplacement of these rocks.

2.6.3. Kinross Pond Outcrop

The Kinross Pond outcrop is a small glacially-polished exposure that highlights the
intricate contact relationship between Timiskaming sedimentary and intrusive rocks (Fig. 2-14
and Appendix). It is located along the walking path on the west side on Kinross Pond close to
downtown Kirkland Lake (approximately 350 m south of the Don Lou outcrop). The outcrop has
not been previously described as it was only exposed during construction of the walking trail,
opened October 12, 2012.

The outcrop is composed of clast-supported cobble conglomerate and lenses of sandstone
intruded by augite syenite. The intrusion crosscuts bedding at high angles and locally occupies
bedding contacts. The beds of cobble conglomerate and sandstone strike NE. The sedimentary
rocks are steeply dipping. A small feldspar syenite is exposed in the southernmost part of the
Kinross Pond outcrop.

Conglomerate

The outcrop largely consists of polymict clast-supported conglomerate. The conglomerate
is poorly sorted, and exhibits a bimodal size distribution of medium cobbles and coarse pebbles.
The pebble and cobble clasts are dominantly rounded to subrounded, and have varying degrees

of sphericity. Clast imbrication produces an apparent bedding parallel fabric (see Appendix).

Rhyolite (ca. 41%), alkalic rocks (ca. 21%), and basalt (ca. 18%) are the most prevalent
clast types (Fig. 2-12 a, b, d). Lesser amounts of ultramafic rocks (9%), trondhjemite, tonalite,
and granodiorite (ca. 4%), and banded iron formation (ca. 2%) are also present (Fig. 2-15).
Partially fuchsite-altered komatiite clasts sometimes display remnarfespiexture (Fig. 2-
15e). A small clast of rhyolite porphyry crosscut by a 5 mm wide quartz-magnetite vein was
sampled from this outcrop for the study of the vein quartz (Chapter 3). The vein was truncated at
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FIGURE 2-14: Simplified geological map of the Kinross Pond outcrop, Kirkland Lake. See
Appendix for 1:20 scale map.
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the clast margins (Fig. 2-15f), indicating that it represents an early vein formed prior to
deposition of the conglomerate.

Arkosic Sandstone

The sandstone occurs as lenses and beds that range in thickness from 5 to 50 cm. Thin
planar laminations are ubiquitous, and planar cross-bedding (Fig. 2-16) are locally present (see
Appendix). Along the basal contacts with the conglomerate, the laminations have an undulating
morphology that mirrors the irregular shape of the underlying conglomerate surface (Fig. 2-15a).
Rounded pebble and cobble clasts are locally incorporated into the sandstone (Fig. 2-15a), which
iIs dominantly composed of medium grained sub-rounded sand-sized particles. The sand-sized
grains consist of plagioclase, quartz, potassium feldspar, and lithic fragments. Grains tef chlori
are also present and give the sandstone a greenish color.

Augite Syenite

The augite syenite is a coherent coarse-grained equigranular intrusive rock composed of
augite and minor plagioclase. It occurs as two dikes with irregularly shaped branching sills. The
sills appear to follow bedding contacts and terminate within the sedimentary rock (Fig. 2-14 and
Appendix). Clasts from the conglomerate are locally incorporated in the sill on the northwest
margin of the outcrop (see Appendix). Contact metamorphism between the augite syenite and the
host rock was not observed (Fig. 2-15b). The augite syenite in this outcrop is similar in
composition and texture to the augite syenite at the Don Lou outcrop. However, no rhythmic
compositional banding of feldspar syenite and augite syenite is observed in the Kinross Pond
outcrop.

Feldspar Syenite

A small exposure of feldspar syenite is present along the northern edge of the outcrop (see
Appendix). The syenite contains medium-grained feldspar phenocrysts. Carbonate alteration is
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FIGURE 2-15: Photographs of lithofacies exposed at the Kinross Pond outcrop, Kirkland Lake.
(A) Clasts-supported polymict conglomerate, laminated sandstone, and post-depositional fault.
(B) Contact between conglomerate and augite syenite (chalk line). (C) Contact between
conglomerate (left) and feldspar syenite (right) indicated by dashed line. (D) Clast of
pseudoleucite-bearing rock. (E) Altered komatiite clast with remnant spinifex texture. (F)
Porphyritic clast with quartz magnetite vein truncated at margins. Scale bars are 10 comand 1
for images A-D and E-F, respectively.
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FIGURE 2-16: Photographs of lithofacies exposed at the Kinross Pond outcrop, Kirkland Lake.
(A) Contact between polymict conglomerate and cross-bedded sandstone. (B) Corresponding
sketch. (C) Polymict conglomerate and sandstone lens. The conglomerate displays a crude
stratification and local imbrication. (D) Planar laminated sandstone.

pervasive (Fig. 2-15c¢). The dike crosscuts the conglomerate unit and contains a rounded banded
iron formation clast (Fig. 2-15c).

Depositional Environment

Based on the presence of planar laminations, cross-bedding, clast imbrication, crude
stratification in the conglomerate, lenticular beds, and the abundance of rounded clasts, the
conglomerate and sandstone facies of the Kinross Pond outcrop are interpreted as braided river
deposits (cf. Miall, 1977). This is consistent with previous interpretations of similar
conglomerate facies in the Kirkland Lake area (Hyde, 1980; Mueller et al., 1994). Mueller et al.

(1994) also suggested that the conglomerate-sandstone facies may represent alluvial fan deposits
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However, this interpretation is not favored at the Kinross Pond outcrop as there is no evidence
for deposition by debris flows or sheet floods (cf. Blair and McPherson, 1994).

Conglomerate and sandstone deposited in a marine setting have also been documented in
the Kirkland Lake area (Hyde, 1980). However, this type of conglomerate would be
interstratified with sandy turbidites. Given the apparent absence of such turbidites imnitye vic
of the outcrop, a deeper marine setting of deposition seems unlikely, but cannot be entirely ruled
out due to the limited size of the outcrop investigated.

The interpreted occurrence of braided river deposits at the Kinross Pond outcade sign
that there was a high availability of bed-load sediment relative to suspended load sediment
(Chitale, 1970; Ferguson, 1984, Friend and Sinha, 1993), implying that sediment supply was
abundant (Lunt and Bridge, 2004).

Clast Sources

The assortment of different clast types reflects variations of the exposed lithalogres
sedimentation. While rounded morphologies signal significant transport distances and/or high
energies (Mills, 1979), local lithologies were clearly important sources, as highlighted by the
presence of alkalic igneous rocks, which are abundant in the Kirkland Lake area. Previous
researchers have also noted that probable sources of the different clasts type are prasent withi
15 km of their current locations, and that they were derived from both sides of the Larder Lake-

Cadillac fault zone (Legault and Hattori, 1994).

The Round Lake batholith (2697-2698 Ma) has been inferred as a likely source of tonalite
and trondhjemite clasts (Legault and Hattori, 1994). The presence of these clasts suggests that
portions of the hinterland near the batholith must have been significantly eroded at the time of
sedimentation and that transport of the clasts would have occurred from south to north in terms

of modern-day geography.
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PostDepositional Processes

Based on the crosscutting relationships, the sandstone and conglomerate were intruded by
the augite syenite and feldspar syenite after depositbompositionally similar Timiskaming-
aged intrusions are present throughout the Kikklaake area (Ispolatov et al., 2008) and are
exposed at the & Lou outcrop. In spite of the post-depositional timing of these intrusions at the

Kinross pond outcrop, they are part of the Timiskaming assemblage.

There are several post-depositional en-echelon faults (trace is approximately 030) that
offset the conglomerate and sandstone (Fig. 2-15a). These faults are interpreted to post-date

deposition of the sedimentary rocks.

All lithofacies have been affected by iron carbonate alteration, which is most strongly
developed in the conglomerate in the northeastern corner of the outcrapO7-heh
hydrothermal activity responsible for this alteration was likely associated with the orggéhic
emplacement at Kirkial Lake. The formeLakeshore gold mine is located close to the Kinross
Pond.

2.6.4. Morris Kirkland Outcrop

The Morris Kirkland outcrop is a flat-lying glacially-polished exposure located on the
south side oHlighway 66, approximately 3.4 km east of King Kirkland. The outcrop is located in
the stratigraphic footwall of the Morris Kirkland gold mine, which yielded approximately 15,000
ounces of gold between 1936 and 1941 from a singlez vein within alkalic volcanic rocks of
the Timiskaming assemblage. The outcrop is located approximately one kilometer north of the
Larde Lake<Cadillac fault zone. This outcrop is predominantly composed of steeply-dipping
intercalated planar beds of mudstone and graywacke that vary from 1-50 cm in thickness. On the
south side of the outcrop, a unit of sandstone and a fuchsite-bearing pebble conglomerate
stratigraphically overlie the mudstone and graywacke units (Fig. 2-18 and Appendix). The
outcrop has previously been discussed in the field guides by Ploeger (1980) and Ayer et al.
(1999).
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FIGURE 2-17: Simplified geological map of the Morris Kirkland outcrop, King Kirkland. See
Appendix for 1:20 scale map.
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Mudstone and Graywacke

Interlayered planar beds of mudstone and graywacke occupy the lower 10 m of the
stratigraphy (Fig. 2-17, 2-19a, and 2-20). The contacts between these beds are characteristically
sharp and well defined; however, many bedding contacts cannot be traced across the entire
outcrop. Planar laminations are present within the mudstone; however, some of the planar layers
within discrete mudstone beds resemble the pressure solution cleavage in the outcrop (Fig. 2-
20a) and may be products of later deformation. Flame structures are locally well developed along
bedding contacts at the base of the beds (Fig. 2-20a, b and Appendix). Cyclic fining upward
Bouma-sequences of graywacke and mudstone are ubiquitous. Individual beds ranges from 1-50
cm in thickness. Mineralogical analyses reveal that these beds are dominantly composed of

quartz, K-feldspar, plagioclase, biotite, and sheet silicates such as muscaejtaritli kaolinite.

Sandstone

An approximately 1.5 m sandstone unit (Fig. 2-19b) overlies the mudstone and graywacke
beds along a poorly exposed contact (see Appendix). The sandstone is composed of subangular
to rounded coarse-grained sand. Fine-grained pebbles account for <1% of the sandstone. Clay-
size particles appear to be present in the matrix of the sandstone; however, this may be a product
of overprinting alteration and deformation. The effects of hydrothermal alteration have also
influenced the composition of the sand grains, which are composed of quartz and sericite-altered
feldspar. No sedimentary structures were observed in the sandstone.

Conglomerate

The thin sandstone unit is overlain by a conglomerate (Fig. 2-17 and see Appendix). The
conglomerate is polymict, clast-supported, moderately sorted, apparently structureless, and
dominantly composed of coarse pebbles (Fig. 2-19¢). The pebble clasts exhibit a range of
subangular to rounded morphologies. The clasts in the conglomerate are largely composed of
aphanitic rhyolite; however, clasts of fuchsite-altered komatiite and quartz are alsd.preee
alteration in this unit is so intense that the original composition of the conglomerate matrix i
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unknown, and is now composed of sericite and iron-carbonate minerals (Fig. 2-19c, d). Many of
the clasts in the conglomerate are crosscut by large oxidized iron carbonate minerals.

Deformation

This outcrop contains a variety of overprinting structures, which preserve a complex
deformational histry. Where appropriate, the structures are described according the deformation
generations oWilkinson et al. (1999)mal Ispolatov et al (2008).

The beds within the outcropd$ave a mean strike and dip @peoximatey (275, 80 N;
n=21; see Appendix and Figs. 2-17 and®- These bedding attitudes are similar to those
observed elsewhere in the Timiskaming assemblage throughout the Kirkland Lake area.

Younging is towards the south.

The earliest structures recognized are syn-sedimentary faults (Fig. 2-21a). The offset of
these syn-sedimentary faults ranges from several centimeters (Fig. 2-21a) to greater than 1 m
(Fig. 2-17 and Appendix). They are most clearly expressed along the northern margin of the
outcrop, where small normal and reverse faults locally occur within the same beds (Fig. 2-20c
and see Appendix). Larger normal faults occupy central and eastern portions of the mudstone
and graywacke unit (see AppexidiOverlying beds appear to onlap the exposed footwalls (see

Appendix).

In the Kirkland Lake area, Jaleformation is characterized by a pronounced foliatig) (S
a steeply plunging stretching lineationp)Land isoclinal folding (f of the Timiskaming
assemblage rock¥Vilkinson et al., 1999). Soliation at the Morris Kirkland outcrop is
approximately bedding parallel and is developed near bedding contacts.

The outcrop contains exceptionally well-developed apparent pressure solution cleavage,
The compositional banding strikes approximately NW-SE and is steeply dipping (ca. 80Q). It
often terminates at the margins of the bed in which it is hosted. The fabric occasionallg®ecom
bedding parallel near contacts. Locally, the pressure solution is observed to crosscut bedding
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contacts, demonstrating that the compositional banding sdejositional feature (Fig. 2-21a).
In thin section the compositional bands are locally separated by fine-grained opaque minerals
which form fabrics that resemble stylolites (Fig. 2-21f).

D, deformation produced a regionally pervasive, subvertical, north-east striking crenulation
cleavagq&s) with is axial planar to north-east plunging F4 folds (Wilkinson et al., 1999;
Ispolatov et al., 2008).

At the Morris Kirkland outcrop Pdeformation is primarily recorded by felding of the
pressure solution cleavage and local quartz carbonate veins (Fig. 2-21b, d), as well as the
development of an associated crenulation cleavageh® cleavage is expressed throughout the
outcrop and is commonly present when there are no visible folds. Changes in the strike and dip
of the cleavage are visible across bedding contacts (Fig. 2-21c, e), specifically where the
juxtaposed beds contain different grain sizes. The effects of refracted cleavage davedmpme
so pronounced, that it produced a bimodal distribution of cleavage attitudes (ca. 241, 88GNW and
212, 850 NW)

FIGURE 2-18: Pole to NE-striking cleavage and bedding at the Morris Kirkland outcrop, King
Kirkland. Equal area lower-hemisphere projection.
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FIGURE 2-19: Photographs of lithofacies exposed at the Morris Kirkland outcrop, King Kirkland.
(A) Mudstone and graywacke with faint bedding contacts and bedding parallel quartz-carbonate
vein. (B) Coarse-grained sandstone with pervasive carbonate alteration. (C) Massive and poorly-
sorted pebble conglomerate with clasts of quartz, rhyolite, and fuchsite-altered komatiite.
Carbonate alteration is pervasive within the matrix. (D) Carbonate-altered schist (white line)
within the pebble conglomerate. Scale bars are 10 cm.
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FIGURE 2-20: Soft-sediment deformation at the Morris Kirkland outcrop, King Kirkland. (A)

Flame structures (arrow) along bedding contact. (B) Flame structure (arrow) along bedding
contact. (C) Syn-sedimentary normal and reverse faults within discrete beds of graywacke. These
faults are consistent with slumping/sliding. Younging towards top of page. Scale bars are 10 cm

for (A-B), and 1 m for (C).
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FIGURE 2-21:Photographs of deformation features exposed at the Morris Kirkland outcrop, King
Kirkland. (A) Pressure solution cleavage crosscutting bedding contact. (B) Folded quartz veins in
intensely altered sandstone. (C) Apparent refraction of cleava@@)3ressure solution

cleavage with folds and associated crenulation cleavage. (E) Apparent refracted clegvage (S
across transition from coarse to finer grained detritus (arrow). (F) Apparent stylolites developed
parallel to the pressure solution (arrow). The top of each image is oriented to the south. All
images young from the bottom to the top of the page. Scale bars are 10 cm (A-D) &nd 500

(E-F).
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Alteration

Iron carbonate alteration is present throughout the outcrop, but is most intense in the
conglomerate and sandstone units (Fig. 2-19b-d) The sandstone and conglomerate and matrix
exhibits a pervasive rusty-brown color that is associated with oxidized iron-carbonate minerals.
The carbonate alteration is more cryptic within the mudstone-graywacke unit, although it is
clearly exposed in the road cut (Fig. 2-21a). Sand grains and pebble clasts, particularly those rich
in feldspar have been sericite-altered. In thin section, fine-grained disseminate pyriten(<i20
notably present although it is not clear if it is detrital or hydrothermal.

Quartz, quartz-carbonate, and carbonate veins (Fig. 2-21b) are abundant throughout the
outcrop (see Appendix). Laminated quartz carbonate veins, approximately 5 cm thick, occur
along several bedding contacts within the mudstone-graywacke unit, and discontinuous quartz-
carbonate veinlets are locally hosted within crenulation cleavages. One large vein in the
sandstone unit resembles a sigmoidal tension gash and it is surrounded by a stockwork of
radiating quartz veins (see Appendix). A thick carbonate-altered schist and thin carbonate
veinlets are also present within the conglomerate and sandstone units (Fig. 2-19d).

Depositional Environment

Given the presence of flame structures, alternating beds of planar mudstone and
graywacke, and the absence of hummocky cross stratification, the mudstone-graywacke
lithofacies is interpreted to have been deposited by waning surge-type turbidity currents (cf.

Bouma, 1962; Lowe, 1982) in a below storm-wave base subaqueous environment.

Deposition of the turbidites was accompanied by syn-sedimentary faulting (Fig. 2-21a).
Centimeter-scale en-echelon normal and reverse faults at the stratigraphic base ofdpeacait
consistent with soft sediment deformation (cf. SpSrli and Rowland, 2007). The larger faults may
reflect soft sediment deformation or syn-sedimentary extension. Syn-sedimentary slumping,
faulting, deformation, and flame structures may reflect rapid loading (Singh and Bhardwa,j,
1991) or paleoseismicity (Nilsen and McLaughlin, 1985).
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The relationship between the fine-grained turbidites and the overlying sandstone is
ambiguous. The sandstone lacks visible sedimentary structures and it is intenselyradtered a
deformed. The nature of the contact between the two units is also eniganatic the degree of
preservation and limitedkposure, it is not possible to make a sound interpretation of the
depositional environment of the sandstdinhile this sandstone likely represents a deep
subaueous facies associated with the underlying turbidites, it could conceivably have formed in
a shallow and potentially subaerial environment. Transitions from deegusohba to subaerial
environments have been documented in the Timmins-Porcupine area (Born, 1995) and a

subaerial environment should not be entirely ruled out.

The origin of the conglomerate lithofacies is also unresolved. Like the sandstone, the
conglomerate does not contain any sedimentary structures, it is intensely altered, andlit is loca
deformed. The depositional environment cannot be reconstructed based on the available field
evidence. A detailed stratigraphic analysis of nearby outcrops may help constrain the

depositional environment of these sedimentary units.

Interpretation of Post-Depositional Processes

Syn-sedimentary deformation may reflect deposition in a seismically active basin. Late
post-depositional deformation is interpreted to coincide with the structural history of Kirkland
Lake as defined by Wilkinson et al. (1999) and Ispolatov et al. (2008).

The observed compositional banding, interpreted to have formed through pressure solution,
and is not viewed as a NW striking cleavage indicative of sinistral movement. Clegvage S
locally developed in other parts of the Kirkland Lake camp has not been identified at the studied
outcrop.

Quartz veins freuently exhibit R, folds, indicating that some hydrothermal activity

predatd D,. The presence @fuartz-carbonate veins hosted within Seavage may, however,
suggest that hydrothermal fluid flow also occurred during or Biteleformation. This is
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consistent with the timing of hydrothermal activity documented byuQadmd93), Wilkinson et
al. (1999), and Ispolatov et al. (2008).

2.6.5. Powerline Outcrop

The Powerline outcrop represents relatively large (20 by 30 m), glacially polished
exposure. It is located immediately below the main NW-SE running high-voltage power
transmission line, 19t north of the Castle Hardware store in Kirkland Lake. A small trail on
the east side of Goodfish Road leads directly to the outcrop. The outcrop was previously
documented in a publication on the Timiskaming assemblage by Mueller et al. (1994) and is
described in a field trip guide by Ayer et al. (1999).

The outcrop exposes a succession of approximately E-W striking, and steeply dipping beds
of Timiskaming assemblage volcaniclastic rocks (Fig. 2-11 and Appendix). As described below,
the volcaniclastic deposits are interpreted to have formed by subaerial sedimentatiocles parti
derived from pyroclastic eruptions, justifying the use of terminology for primary volcaniclastic
deposits. Following the granulometric classification scheme of White and Houghton (2006), the
volcaniclastic rocks at the Powerline outcrop can be classified as tuff and lapililttudugh
breccias and units of intermediate grain size are also present. These units primarily occur in
laterally continuous planar-laminated beds that range in thickness from 1 cm to 1 m. Well-
defined scours are present throughout the outcrop and locally truncate discrete beds.

Lapilli Tuff and Tuff

Coarse to fine lapilli-tuffs and tuffs are the dominant pyroclastic rocks exposed in the
outcrop (Fig. 2-22 and Appendix). These deposits occupy 1 cm to 1 m thick planar beds, and
have average thicknesses of 10 to 20 cm. While many beds span the entire width of the outcrop
(ca. 20 m), a number are laterally discontinuous and exhibit variations in thickness along strike
(see Appendix). The contacts between discrete beds range from sharp to gradational (Figs. 2-23b
and 2-24 dbf). Undulatory contacts (see Appendix and Figs. 2-22, 2-25e, f), scours (Fig. 2-24b),
and apparent thermally baked contacts (Fig. 2-26c, d) are locally present. The average
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FIGURE 2-22: Simplified geologic map of the Powerline outcrop, Kirkland Lake. For complete
1:20 scale map see Appendix.
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grain size of this facies ranges from coarse lapilli to extremely fine tuff. Both poorly and well
sated beds are present, and the degree of sorting is often spatially variable within individual
beds.

A variety of depositional structures are present within this faGesdational planar
laminations are ubiquitous (Fig. 2-25c, d), and commonly occur in beds greater than 50 cm in
thickness. These beds often contain faint zones with trough and planar cross-stratifications and
laminations (Fig. 2-21c, d).

Large cross-stratifications are abundant in some beds, and well-preserved dune bedforms
are locally present (Figs. 2-23a and 2-25a, b, e, f). The distribution of these structures is irregular
and laterally variable (see Appendix). Fining upward successions are common and a number of
beds exhibit both reverse and normal grading (Fig. 2-23c), although normal grading is more
abundant. Anti-dune bedforms and load casts (Figs. 2-23e and 2-24d) are locally present.

The lapilli tuff and tuff units consist of grains of tuff and angular lapilli, which are
composed of potassium feldspar, plagioclase, pseudoleucite, spherulitic feldspar, enagretit
quartz. Grains of magnetite are abundant, and can be recognized with a pencil magnet across the
outcrop. Euhedral crystals and crystal fragments of pseudoleucite are locally abundant. In some
cases, intact crystals having a regular icositetrahedral (convex polygon with 24 faces) habit can
be observed in outcrop (Fig. 2-27 e, f). Lithic pyroclasts composed of gray trachytic pumice and
red pseudoleucite porphyry are abundant (Figs. 2-26a, b and 2-27a, b). They range in size from
approximately 1 to 15 cm and in morphology from subangular to rounded. Many of the
pyroclasts were clearly emplaced ballistically because the underlying bedding is contgrted (Fi
2-26a, b). Several large vesicular bombs contain fine-grained quenched margins (Fig. 2-26a).

Rip-up clasts are present in a number of beds, and can reach lengths greater than 30 cm
(Fig. 2-24c). They frequently exhibit soft-sediment deformation, which is primarily manifested
as folding of the clasts (Fig. 2-24c). At one location on the outcrop (see Appendix), a truncated
bed is in the process of becoming a rip-up clast (Fig. 2-26e, f). The end of the bed apparently
peeled off the underlying bed as tuff and lapilli sized particles were injected along the bedding
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contact. Fractures are present in this bed, highlighting where it would have detached to become a
rip up clast (Fig. 2-26e, f).

Rim-type accretionary lapilli with and without cores, as defined by Schumacher and
Schmincke (1991), occupy a laterally continuous thin bed in the upper portion of the outcrop
(Figs. 2-23c and 2-27c, d). They are round, elliptical, range in size form 6-7 mm, and are
composed of homogenous fine tuff-sized particles. An overlying bed contains larger rim-type
accretionary lapilli (up to 1 cm) with well-defined cores and fine-grained rims, as well as
fragments of accretionary lapilli.

Structureless and Planar-Laminated Medium-Coarse Grained Lapilli Tuff

Structureless (Figs. 2-23d, e and 2-15a) and planar laminated lapilli tuffs are abundant in
the southern half of the outcrop and form 10-50 cm thick beds, often with irregular morphologies
and variable thicknesses (see Appendix). Many of these beds are laterally continuous and
relatively planar, although some beds pinch out, and others are truncated by large scours (see
Appendix). Both sharp and gradational bedding contacts are present.

The grain size of this lithofacies is highly variable, ranging from extremely fine tuff-sized
particles to 10 cm blocks that occupy poorly to moderately sorted beds. Bimodal grain size
distributions of lapilli and tuff-sized particles are common. In some beds, the sorting of lapill
sized clasts is good, and in others it is poor.

Gradational planar laminations as well as both normal and reverse grading are locally
present. Graded beds transition from centimeter sized to 2 mm lapilli, and occasionally to tuff
sized particles. Cross-bedding, and planar laminations were not observed in this facies.

Lapilli and blocks vary in morphology from rounded to angular and are dominantly

subangular to subrounded. Clasts of aphanitic volcanic rocks, porphyritic rocks, and
volcaniclastic rip-up clasts are all present (Figs. 2-23e, 2-24a, 2-24c). While the abundance of
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different clast types varies between beds, aphanitic volcanic rocks are the most prevalent
lithology. The composition of tuff-sized particles is identical to the lapilli-lefuiff facies.

Breccia

A discontinuous bed of clast-supported monomict breccia is present in the stratigraphic
center of the outcrop, where it occupies an elongate lens situated within a bed of lapiietuff (s
Appendix). The contact between the breccia and lapilli tuff is gradational (Fig. 2-23f). The
breccia is composed of large subangular to angular blocks that are suspended in a coarse
tuffaceous matrix. The clasts range in size from 1 to 20 cm, but on average ar@¢/ifhcthe
exception of one small rip-up clast, the blocks are entirely composed of pseudoleucite bearing

porphyry. The clasts locally exhibit imbrication (Fig. 2-23f).

Interpretation

The presence of pumice, accretionary lapilli, euhedral crystals, and crystal fragments in a
vitric tuffaceous matrix, as well as local occurrence of vesicular bombs, quenched margins, and
apparent baked contacts, indicate that the deposits Bowerline outcrop formed from primary
pyroclastic eruptions (cf. Fisher and Schminck&4tMcPhie et al., 1993). Cross-beds, planar
laminations, and scour and fill structures in beds of tuff and lapilli tuff are therefore eahsist
with deposition by pyroclastic surges (Fisher, 1979; Cole, 1991).

The apparent absence of associated pyroclastic flow deposits in the vicinity of this outcrop
and the continuous succession of surge strata is indicative for deposition by base surges (cf.
Fisher, 1979; Fisher and Schmincke, 1984; McPhie et al., 1993). In particular, the occurrence of
cross-bedding and other upper flow regime structures, ballistically emplaced pyroclasts, and rim-
type accretionary lapilli suggests that these are near-vent base surge deposits (Wohletz and
Sheridan, 1979; Schumacher and Schmincke, 1991, 1995; McPhie et al., 1993).
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FIGURE 2-23: Photographs of lithofacies exposed at the Powerline outcrop, Kirkland Lake. (A)
Tuff with trough cross-bedding and planar laminations. (B) Bedded tuff. (C) Reverse and normal
graded tuff and lapilli-tuff. Thin layer of accretionary lapilli (arrows). (D) Structureless fine

lapilli tuff (center). (E) Structureless coarse lapilli tuff deposited on medium-coafsanaiv
indicates load cast. (F) Breccia composed of pseudoleucite porphyry clasts with local
imbrication. Younging towards top of page. Scale bars are 15 cm.
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FIGURE 2-24: Photographs of lithofacies exposed at the Powerline outcrop, Kirkland Lake. (A)
Irregular layer of fine tuff between two beds of coarse lapilli tuff. Apparent chilled margin
(arrows). (B) Well developed scour in fine tuff. (C) Rip-up clast in bed of coarse-tuff. (D) Load
cast at the base of subaerial fallout deposits. (E) Syn-sedimentary normal fault withif beds
tuff. (F) Thin bed of co-surge fall out tuff constrained between pyroclastic surge deposits
(arrows). Scale bars are 10 cm. Younging towards top of page.
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FIGURE 2-25:Photographs of depositional structures in tuff exposed at the Powerline outcrop,
Kirkland Lake. (A-B) Large cross-stratifaction. (C-D) Gradational planar lamina. (E-F) Trough
and planar cross-stratification, and structureless bed (center). Note the change in flow direction.
Scale bars are 15 cm. Coarse lines are lithologic contacts. Fine lines are depositiagne¢struc

Younging towards top of page.
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FIGURE 2-26: Images of volcaniclastic structures exposed at the Powerline outcrop, Kirkland
Lake. (A-B) Trachytic pumice bomb with quenched margin deforming underlying beds. (C-D)
Massive lapilli-tuff and cross-bedded tuff within a series of morphologically complex scour.
Contacts between units appear to be thermally oxidized. Coarse lines highlight the location of
erosional contacts. (E-F) Bed of tuff which was in the process of becoming a rip-up clast. Scale
bars are 15 cm. Coarse lines are lithologic contacts. Fine lines are depositional structures.

Younging towards top of page.
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FIGURE 2-27: Photographs and corresponding photomicrographs of volcaniclastic rocks exposed
at the Powerline outcrop, Kirkland Lake. (A) Ballistically emplaced block of red pseudoleucite
bearing porphyry. (B) Large grains of pseudoleucite. (C) Layer of rim-type accretionary lapilli
with and without cores. (D) Large accretionary lapilli in matrix of feldspar and quartz. (E)
Medium tuff with large euhedral grains of pseudoleucite. (F) Large pseudoleucite grain in tuff.
Scale bars of outcrop and thin section images are 5 cm aridvg@@spectively.
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Successions of tuff and lapilli tuff are locally separated by thin (ca. 1 to 2 cm) layers of
very fine-grained tuff (Fig. 2-24f), interpreted @ssurge fallout ash (Walker, 1984). These
layers represent the decay of turbulent surges (Walker, 1984), and therefore suggest that
pyroclastic material was ejected intermittently. Given the absence of intecckigers of
reworked volcaniclastic rocks, sedimentary rocks, or paleosols, the intervals between pulses mus
have been brief, especially considering the friable nature of base surge deposits.

A variety of depositional structures are present within the base surge deposits. Dunes and
scour and fill structures indicate deposition by high-energy flows (Schminke et al., 1973).
Corresponding climbing ripples, gradational planar laminations, and load casts signal high rates
of deposition (Allen, 1970; Middleton and Hampton, 1973; Ashley et al., 1982; Sumner et al.,
2008; Arnott, 2012; Plink-Bjorklund, 2015). Gradational planar laminations exhibit inverse and
normal grading. Pronounced inverse grading in the base surges may reflect saltation of lapilli
(Frazzetta et al., 1989) or dispersive pressure in the traction carpet of the flow (Lowe, 1982).

While upper flow regime bedforms are ubiquitous, several beds of structureless coarse
lapilli-tuff are distributed within a 5 m interval in the stratigraphically upper half of the outcrop
(between meters 16.5 and 21 on the map in the Appendix). These beds are poorly sorted, contain
rip-up clasts, and locally rest on erosive basal contacts. They may represent non- or partially-
welded pyroclastic flows (cf. Fisher and Schmincke, 1984), or en-masse fallout of due to sudden
collapse of a surge cloud (De Rosa et al., 1992; Mueller et al., 1994).

A 1-meter section composed of beds of reverse and normal graded tuff and lapilli tuff is
present between approximately meters 21 and 22 of the stratigraphic section (see map in
Appendix). The presence of accretionary lapilli, normal and reverse grading, planar laminations,
and load casts is consistent with deposition by subaerial fallout of an eruption cloud (Fisher and
Schmincke, 1984; McPhie et al., 1993). Accretionary lapilli form in response to a combination of
capillary forces and electrostatic attraction (Schumacher and Schmincke, 1995), and are
consequently indicative of formation in subaerial environment where abundant water had access
to the eruption center (Werner et al., 1996). The inverse grading in the fallout deposits may
reflect a progressive increase in initial gas velocity (Self, 1976), a change in vent morphology
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during the eruption (Murata et al., 1966), an increase in eruption columnyd@¥igson, 1976),
or widening of the conduit radius during the course of an eruption (Fisher and Schminke, 1984).

The base surge and fallout deposits emanated from a trachytic to phonolitic source vent, as
indicated by the occurrence of trachytic pumice and euhedral crystals of pseudoleucite. The
presence of euhedral crystals demonstrates that the associated magma chamber wasporphyriti
(McPhie et al., 1993). Porphyritic syenite intrusions are present throughout the Timiskaming
assemblage in the Kirkland Lake area, and several small outcrops of coherent syenitéeare loca
within 200 m of the Powerline outcrop.

2.7. Discussion

This study utilized facies relationships to constrain the geologic and tectonic setting of
Timiskaming assemblage sedimentation. Possible basin types for Timiskamingndatione
include a forearc or intra arc basin (Hyde, 1980; Dimroth et al., 1983), foreland basin (cf. Oflysch
and molasseO: Mueller and Donaldson, 1992), continental rift basin (Mueller et al., 1994), strike-
slip basin (Mueller et al., 1991, 1994), or a polygenetic basin (Bleeker, 2012). Observations and
interpretations from the current investigation, as well as previous research (e.g., Thomson 1941,
1944, 1945; Thomson and Griffis, 1941; Hyde, 1978, 1980; Pyke, 1982; Mueller and Donaldson,
1992; Legault and Hattori, 1994; Mueller et al., 1994; Born, 1995; Mueller and Corcoran, 1998;
Ayer et al., 1999, 2002; Ispolatov, 2005; Ispolatov and Lafrance, 2005), are utilized to better
constrain the type of basin in which the Timiskaming assemblage was deposited.

2.7.1. Intra-Arc Basin

Intra-arc basins are located within a subduction related volcanic arc (Smith and Landis,
1995). They may be developed on continental and oceanic crust (Smith and Landis, 1995). Intra-
arc basins can evolve intatkarc basins if extension is sufficient (Smith and Landis, 1995).

The dominant sediment type in such basins is volcaniclastic in composition. Non-volcanic

sediment may be locally significant, and can be derived from plutons exposed within the basin
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(Scholl et al., 1975) or from distal terranegy(eJames, 1971; Lapierre et al., 1985; Smith and
Landis, 1995).

Sedimentary and volcanic deposits in intra-arc basins can be grouped into central, apron,
and distal facies associations (Dickinson, 1974; Smith and Landis, 1995). The central facies
primarily consists of lava flows, pyroclastic breccias, and shallow intrusions (Dickinson 1974;
Smith and Landis, 1995). Hydroclastic tuffs, ignimbrites, collapse breccias, and epiclastic
sediments may also be present (Lipman, 1984). The apron facies contains successions of rapidly
deposited primary and resedimented volcaniclastic material, which flank the arc (Smith and
Landis, 1995). The primary volcanic rock of this facies includes lava flows, thin ignimbrites and
fallout tephra (Smith and Landis, 1995). The sedimentary deposits dominantly represent debris-
flow, grain-flow, and flood deposits (Fisher, 1984; Smith, 1986; Walton and Palmer, 1988;
Rodolfo, 1989; Balance, 1991; Palmer et al., 1991). Distal facies demonstrate little or no eruptive
influence on sedimentation. In subaerial environments, the distal facies primarily consist of
fluvial deposits which may contain significant amounts of non-volcanic sediment (Smith, 1988).
In marine settings, the distal facies contain low-density turbidites, fallout tephra, agitpel
hemipelagic mud (Houghton and Landis, 1989; Larue et al., 1991).

Given the steep nature of submarine volcanic slopes, sediment typically only accumulates
at inner-shelf and shoreface depths during volcanic hiatuses (Smellie et al., 1980; Scholl et al
1987; Cas et al., 1989). Where present, shallow-marine volcaniclastic deposits are likely
associated with hydroclastic cones present above or just below sea level (Ross, 1986).

Comparison to the Timiskaming Assemblage

In Kirkland Lake, the Timiskaming assemblage contains an array of lava flows, pyroclastic
rocks, and volcaniclastic sedimentary rocks (Mueller et al., 1994). The abundance of these facies,
and in particular, the presence of proximal volcanic rocks is consistent with deposition in an intra
arc basin, but the dominantly alkalic composition if the volcanic rocks is not consistent vith suc
a setting. The Timiskaming assemblage in this camp also contains significant asyreade
accumulations of non-volcaniclastic sedimentary rocks (Hyde, 1980; Mueller et al., 1994). While
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such facies are abundant in the distal facies of intra arc basins, the wide spread agdiment
successions dfirkland Lake are not characteristic of these environments.

In the Timmins-Porcupine camp, the Timiskaming assemblage hosts a number of younger
dikes and stocks. Unlike the Kirkland Lake area, the Timiskaming assemblage in this cerp |
observed to contain any syn-sedimentary volcanic rocks (cf. Born, 1995). Without the presence
of such rocks, an intra arc setting is not justified.

The tectonic setting at the time of sedimentation is somewhat ambiguous; howsver, it i
clear that the Timiskaming is a broadly synorogenic sedimentary unit (Mueller and Donaldson,
1992; Bateman et al., 2005). Any arc-related volcanism likely predated Timiskaming
sedimentation. It is therefore highly unlikely that the Timiskaming assemblage formed in an
intra-arc (or back-arc) basin.

2.7.2. Forearc Basin

Forearc basins occupy elongate regions between active magmatic arcs and oceanic trenches
(Dickinson, 1995). As a result, they are typically bound by volcano-plutonic rocks and uplifted
subduction complexes, which in Phanerozoic environments include mZlanges, blueschists, and
oceanic crust (Dickinson, 1995). Individual basins exhibit a wide range of lateral extents and can
occur as elongate troughs that span thousands of kilometers, or as strings of small discontinuous
depocenters along belts (Dickinson, 1995).

Forearc basins predominantly contain clastic sedimentary rocks derived from the exposed
arc. Sandstones and shales are typically the most abundant rock types and conglomerates are
usually restricted to basin margins and submarine or fluvial deltaic channels. The basin fill
characteristically shoals upwards from turbidite associations to shelf and non-matee st
(Dickinson, 1995). The relative proportions of these facies are highly variable and largely
controlled by initial water depth, subsidence rate, and sedimentation rate. Extension during
forearc sedimentation can also influence basin facies (Busby-Spera and Boles, 1986; Morris et
al., 1989; Smith and Busby, 1993). Where extension controls forearc basin evolution,
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conglomeratic facies may be a prominent component of the bagiditris et al, 1989; Smith

and Busby, 1993). In forearc basins with pronounced extension, discrete half-graben and graben
sub-basins may be filled by fan-delta or turbidite fan complexes derived from intra-basin fault
blocks (Busby-Spera and Boles, 1986; Morris et al., 1989; Smith and Busby, 1993; Dickinson,
1995).

Comparison to the Timiskaming Assemblage

In Kirkland Lake, there is a marked increase in the abundance of andesite clasts and
decrease in tholeiitic basalt and feldspar porphyry clasts up section. This is thought to represent
progressive erosion of arc rocks during sedimentation (Legault and Hattori, 1994) and is

consistent with sedimentation in a forearc basin.

While there are some similarities between the Timiskaming assemblage and lbaiseasc
there are notable inconsistencies. In Kirkland Lake and locally in Timmins, the Tinmgkam
appears to transition from turbidite graywacke to subaerial deposits without any apparent shallow
marine facies (Hyde, 1980; Born, 1995). Well preserved shoaling upward successions in forearc
basins would likely contain shallow marine deposits as they transition from deep to subaerial
environments; however, the apparent absence of such transitions could also be an artifact of
preservation. In Timmins, sandstone provenance data and REE chemistry demonstrate
continental affinities. The conglomerates from this camp also lack andesite antkakiea
volcanic rocks, indicating that sedimentation unlikely occurred in a forearc basin (Ayer et al,
1999). Furthermore, the pervasive near source intrabasinal volcanic rocks indicate that extension
was coeval with sedimentation in Kirkland Lake. While extension can occur in forearc basins,
the near source subaerial volcanism is not consistent with a forearc basin. There is also no
recorded evidence to suggest that arc volcanism occurred during deposition of the Timiskaming
assemblage.
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2.7.3. Foreland Basin

Foreland basins occupy expansive areas of continental crust in front of major fold-thrust
belts (DeCelles, 2012). In the broadest terms, foreland basins develop in response to flexural
subsidence and loading of orogenically thickened crust (Royden, 1993; DeCelles and Giles,
1996; DeCelles, 2012). They primarily develop in retro-arc, collisional, and retreating collisional
settings (DeCelles, 2012). Sedimentary deposits in each respective setting are compositional
distinctive and record different levels of exhumation and source rock composition (Garzanti et
al., 2007).

Foreland basins contain four discrete depozones (DeCelles, 2012). Sediment that buries the
active thrust-belt front is referred to as the wedge-top depozone (DeCelles, 2012). Wedge-top
sedimentary rocks are texturally and compositionally immature, and contain characteristic
growth structures (DeCelles, 2012). This depozone can also exhibit pronounce lateral facies
variations (e.g., Chiang et al., 2004). The foredeep depozone contains sediment that is deposited
in a flexural OmoatO (Price, 1973). The backbulge depozone is a broad region of flexural
subsidence which is separated from the foredeep by the forebulge depozone, an area of flexural
uplift (DeCelles, 2012). The forebulge and backbulge depozone characteristically contain well-
developed paleosols, distal fluvial, eolian, and shallow marine deposits, and regional subparallel
chronozones (DeCelles and Giles, 1996). The four discrete depozones become vertically stacked
as foreland basins migrate horizontally (DeCelles and Giles, 1996). The stacked succession
coarsens upwards and characteristically contain an erosional disconformity in the lower portion
of the stratigraphy (DeCelles, 2012).

Comparison to the Timiskaming Assemblage

The Timiskaming assemblage exhibits several characteristics that are comststent
foreland basins. It most notably rest upon a laterally extensive angular unconformity (Hurst,
1939; Thomson, 1946; Wilson, 1962; Hewitt, 1963; Ferguson, 1966; Ferguson et al., 1968; CotZ,
1975; Dimroth and Rocheleau, 1979; Bleeker, 1995). The sedimentary facies are also locally
observed to coarsen upwards and there is evidence of baalimghim Timmins from turbidites
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to non-marine facie@Born, 1995). However, it should be noted that although the coarsening
upwards successions are laterally variable, at least in Kirkland Lake, and typicathale490

m thick (e.g., Mueller et al., 1994) and that the transition from deep subaqueous to subaerial are
apparently rapid (Hyde, 1980) and locally polycyclic (Born, 1995).

The lateral variability and heterogeneous distribution of lithofacies is not charactefisti
foreland basin sedimentation, although it is possible that this variability refledt$elcicaic
variations (e.g., Miall, 1995) or wedge-top sedimentation. Local volcanic activity and syn-
depositional extension are also atypical of foreland basins. This suggests that thenfimgiska
assemblage in Kirkland Lake did not form in a foreland basin setting; however, the possibility of
this setting cannot yet be ruled out for the Timmins-Porcupine camp.

2.7.4. Continental Rift Basin

Rift basins form in response to active extension, coincident crustal thinning and normal
faulting (Leeder, 1995). Classic rift basins are narrow and elongate, with widths of 50-100 km
and lengths up to 1000 km (Leeder, 1995). Basin bounding normal faults are characteristically
10-15 km long, and can reach lengths up to 50 km (Jackson, 1987; Ebinger, 1989a,b). Discrete
faults are frequently offset by step-over to form laterally extensive en-echelon tantrgs
(Crone and Haller, 1989; dePolo et al., 1989; Wheeler, 1989). The lithofacies distribution is
controlled by structure, basin morphology, and climate (Leeder, 1995). Igneous and volcanic
influences are also important in some rifterfgsr, 1995).

The structural geometry of rift basins profoundly influence the distribution of lithofacies
(e.q., Surlyk, 1978; Frostick and Reid, 1987; Leeder and Gawthorpe, 1987; Morley, 1989; Mack
and Seager, 1990; Schlische and Olsen, 1990; Lambiase, 1991; Leeder, 1991). Basin-bounding
faults are characteristically flanked by talus cones, alluvial fans, fan deltas, aratisebians
derived from footwall detritus (Leeder, 1995). Alluvial fans and fan deltas can also develop from
exposed hanging-wall rocks. Axial drainage channels fed by transverse sedimentary sources
form in longitudinally tilted basins (Leeder, 1995). These channels commonly link discrete rift
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basins (e.g., Rio Grande: Kelley, 1979; Ingersoll et al., 1990) and deposit significant amounts of

sediment when they reach lacustrine or marine environments (Leeder, 1995).

Rift basins may contain a variety of lake and marine deposits (e.g., Leeder, 1995).
Depending on the environment, playa lakes with evaporite deposits or permanent lakes may
develop (Leeder, 1995). Climatic changes influence lake level and exert fundamental controls on
the depositional environment (Scholz and Rosendahl, 1990; Lambiase, 1991; Schlische, 1992).
During high-stands, turbidity currents, sediment gravity flows, and slumps deposit coarse clastic
material in deep lakes (Leeder, 1995). Low-stand deltas prograde into lakes as the water level
decreases (Leeder, 1995). Fan delta systems, turbidites, and gravity flow deposits are also
present in marine rifts (Leeder, 1995). In both lacustrine and marine rift basins, hemipelagic

sediments mantle steep basin margins and are cross cut by subagueous channels.

Comparison to the Timiskaming Assemblage

The Timiskaming assemblage shares a number of characteristics with continental rift
basins. The presence of alkaline volcanic rocks in the Timiskaming assemblage iszendicat
extension in the Kirkland Lake area, and is consistent with deposition in a rift basin. Talus and
alluvial fan deposits often occur adjacent to the Porcupine-Destor and Larder Lake-Cadtllac fa
zones. The composition of clasts within conglomerates also changes up section and igendicati
of progressive erosion, an attribute of some rift basiaadsr, 1995). In Kirkland Lake
subearial facies are apparently concentrated in the west and turbidite facies emedlatdhe
east (Hyde, 1980). While the contact relationships are somewhat ambiguous, this is consistent

with a tilted rift basin.

As with the other potential depositional settings, the absence of shallow marinerfacies i
Kirkland Lake is puzzling. In Timmins apparently rapid and repeated transitions from deep to
shallow marine are not characteristic of rift basins, which typically demonstratinghthrough
time. More detailed work is needed to understand these facies transitions in Kirkland Lake and

Timmins.
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2.7.5. Strike-Slip Basin

Strike-slip basins develop in a variety of tectonic settings and constitute one of the most
complex basin types (Nilsen and Sylvester, 1995). They exhibit a variety of depositional
characteristics that reflect differences in climate, structure, paleogeography, antiaegosi
setting (Nilsen and Sylvester, 1995). In spite of marked differences between strike-slip basins,
they generally contain similar attributes (Nilsen and McLaughlin, 1985; Nilsen and Sylvester,
1995).

Strike-slip basins are typically narrow and elongate, bound by strike-slip faults, and contain
complex and abrupt facies changes (Nilsen and McLaughlin, 1985; Nilsen and Sylvester, 1995).
Basins may contain a range of talus, landslide, alluvial fan, fluvial, deltaic, shallow and dee
lacustrine, and turbidite deposits (Nilsen and McLaughlin, 1985; Nilsen and Sylvester, 1995).
Individual successions are often thick, laterally restricted, and demonstrate high se¢menta
rates (Nilsen and McLaughlin, 1985; Nilsen and Sylvester, 1995). Many basins also exhibit
coarsening upwards successions that reflect tectonically induced deepening, and some long-lived
basins contain polycyclic episodes of sedimentation (Nilsen and Sylvester, 1995). Faulting takes
place during sedimentation and there is often abundant evidence for paleo-seismic activity
(Nilsen and McLaughlin, 1985). In fact, the basin fill is characterized by abundant syn-
sedimentary slumping and deformation (Nilsen and McLaughlin, 1985; Nilsen and Sylvester,
1995). Coarse-grained fan breccias and conglomerates flank basin-bounding faults, and strike-
slip movement during sedimentation results in the lateral displacement of depocentersead s
areas (Nilsen and McLaughlin, 1985; Nilsen and Sylvester, 1995). Strike- slip basins are also
characterized by axial filling (Nilsen and McLaughlin, 1985; Nilsen and Sylvester, 1995). Axial
sediment fluxes are often deposited in submarine or sub-lacustrine environments (Nilsen and
McLaughlin, 1985; Nilsen and Sylvester, 1995).

-79-



Comparison to the Timiskaming Assemblage

In both Timmins and Kirklad Lake, the Timiskaming assemblage exhibits a number of
characteristics that are consistent with sedimentation in a strike-slip basithdfaeies is
remarkably diverse, and includes a range of braided river, alluvial fan, lacustrine, turbidite, and
subaerial volcanic facies. The transitions between facies are apparently(blydgt1980). At
the outcrop scale there is evidence for high sedimentation rates (e.g., Three Nations and
Powerline outcrops), and of paleo-seismicity. Syn-sedimentary normal faults are well greserve
at the Powerline outcrop in Kirkland Lake, and slump features and flame structures are preserved
at the Morris Kirkland outcrop. In Kirkland Lake, the Timiskaming assemblage exhibits a
number of coarsening upward successions and in Timmins there are apparent repeated cycles of

basin deepening and shoaling (Born, 1995).

In spite of these consistencies, there are still a number of complications. It is unclear if
there was a significant strike-slip component on the major deformation zones apparently
bounding the Timiskaming basins during sedimentation. In Kirkland Lake, it has been suggested
that there was only a minor component of strike-slip movement during sedimentation. There is
also no documented evidence for the lateral displacement of depocenters or lateral offset of
source areas and related deposits. Of courses, the Porcupine-Destor and Larder Lake-Cadillac
fault zones have been reactivated multiple times since formation of the Timiskasamyldage

and some sources may no longer be preserved.

An outstanding issue which appears to conflict with strike-slip sedimentation, are the
presence of old detrital zircons (>2800 Ma) in Timiskaming assemblage graywacke which do not
have any apparent source in Abitibi greenstone belt (B. Frieman, pers. commun. 2015). These
zircons are present in Timiskaming assemblage rocks from Timmins, Kirkland Lake, and Rouyn-
Noranda (B. Frieman, pers. commun. 2015). They are also present, but at a notably lower
abundance, in the Porcupine assemblage (B. Frieman, pers. commun. 2015). The presence of
these old zircons suggests a distal source for the submarine facies of the Timiskaming
assemblage (T. Monecke, pers. commun. 2015). It should be noted that these distal zircons
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represent a small percentage of the sampled detrital zircon population, and that local zircon

sources are more abundant in the studied zircon suites (B. Frieman, pers. commun. 2015).

2.7.8. Synopsis

The Timiskaming assemblage shares characteristics with sedimentary rocks froetya vari
of basin types. Most notable are the similarities with strike-slip and rift basins. Inriirkkke,
it is unlikely that sedimentation occurred in a foreland or fore-arc basin, given the abundance of
near source subaerial alkaline volcanic rocks which signal extension. In spite of several
inconsistencies, these settings cannot be entirely ruled out, especially extensieaasore
While there is some ambiguity regarding the depositional setting, it is unlikely that sesdiorent
took place in an intra-arc basin (or other arc-related basins with proximal volcanism) given the
abundance of siliciclastic rocks and that sedimentation is thought to significantly poataat

magmatism.

2.8. Conclusions

The Timiskaming assemblage contains a number of distinct lithofacies within elongate
outcrop areas adjacent to the Porcupine-Destor and Larder Lake-Cadillac fault zones. Most
notable are conglomerates, sandstones, alkaline volcanic rocks, graywacke turbidites, and syenite

intrusions. These deposits formed in deep subaqueous to subaerial and environments.

The conglomerate-sandstone bearing Three Nations and Kinross Pond outcrops are
interpreted to have formed in braided rivers, although marine settings cannot be entirely ruled
out. Clasts in the conglomerates demonstrate the importance of local and relatively distal
provenance sources. The presence of plutonic clasts indicates that significant portions of the
exposed hinterland were unroofed prior to sedimentation, in order to expose tonalite,
trondhjemite, and granodiorite plutons. Several clasts in these outcrops are also derived from
hydrothermal systems that were active prior to sedimentation.
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The Morris Kirkland outcrop largely consists of graywacke turbidites which formed in a
deep subaqueous setting. They contain flame structures, and syn-sedimentary faults that are
interpreted to be products of soft sediment deformation (i.e., sliding). These turbidites are
overlain by thin packages of intensely altered coarse-grained sandstone and polymict pebble
conglomerate. The depositional setting of these facies is ambiguous. This outcrop notably
contains well developed cleavages and pressure solution. These structures preserve a complex

series of overprinting deformation events (Wilkinson et al., 1999).

In addition to clastic sedimentary rocks, the Timiskaming assemblage also contdias alka
pyroclastic rocks. The studied Powerline outcrop in Kirkland Lake contains subaerial alkaline
pyroclastic surge and fallout deposits. These deposits indicate the presence of nearient alka

volcanic activity during Timiskaming sedimentation.

Syenite, potentially associated with this volcanism, intrude the clastic rocks of the
Timiskaming assemblage in Kirkland Lake. The upper portion an augite syenite intrusion is
exposed at the Don Lou outcrop. This syenite contains a xenolith of volcaniclastic strata, which
was stoped from the roof of the magma chamber. This xenolith deforms the underlying steeply
dipping rhythmic feldspar syenite layers.

The new observations complement and are largely consistent with previous work in the
Timmins and Kirkland Lake areas. In spite of this work, the depositional setting stilhkemai
elusive. The Timiskaming assemblage contains attributes which are consisteeverti s
different basin types. While there are some similarities with forearc and foreland, lihsi
preserved stratigraphy in Kirkland Lake and Timmins is most consistent with deposition in rift or
strike-slip basins.

Areas of Future Work

Further work is needed to accurately constrain the depositional setting of the Timiskaming
assemblage. Detailed basin-wide studies should be conducted to map the spatialatistfibut
lithofacies and depositional environments. Such analyses could be done in Kirkland Lake,
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Timmins, Duparquet, Rouyn-Noranda, or Matachewan. To avoid the inherent limitations of
district scale studies, it is critical that these basin analyses also gategtie stratigraphic

relationships between discrete accumulations of Timiskaming sedimentary rocks.

Additional studies should also investigate the Timiskaming assemblage turbidites. The
distribution, paleoenviornmental setting, and contact relationships between the turbidites and
subaerial facies are not well constrained. It is unclear if the turbidites are sepanated f
overlying deposits by a low angle unconformity, if they transition to shallow marine deposit, and
if there are discrete repeating successions of turbidites and non-marine facies. Suslcctldiie

provide invaluable new insights about the geologic setting of the Timiskaming assemblage.
!
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CHAPTER 3
ORIGIN OF QUARTZ CLASTS CONTAINED IN CONGLOMERATES OF
THE TIMISKAMING ASSEMBLAGE, NEOARCHEA N ABITIBI
GREENSTONE BELT, CANADA

This chapter documents the characteristics of quartz clasts contained in Timiskaming
assemblage conglomerates. The sources of these clasts and the implications ofitbesaise

discussed in detail.

3.1. Abstract

The NeoarcheaAbitibi greenstone belt of Ontario and Quebec represents one of the
world®s most prolific precious metal provinces. It consists of a collage of east-trending
successions of volcanic strata that were formed between 2795 and 2695 Ma. In the southern part
of the belt, a change in depositional setting is recorded by the widespread subaqueous deposition
of <2690-2685 Ma fine-grained clastic rocks derived from an eroding hinterland. These deposits
are separated by an angular unconformity from the younger sedimentary and volcanic rocks of
the <2679-2669 Ma Timiskaming assemblage. Formation of the dominantly subaerial deposits of
this assemblage occured after a period of crustal thickening and mountain building. The
Timiskaming assemblage is exposed primarily along the crustal-scale Porcupine-Destor and
Larder Lake-Cadillac fault zones and contains the majority of orogenic gold ounces in the

Abitibi greenstone belt.

Previous research in the Abitibi has established that the main phase of hydrothermal
activity resulting in the formation of orogenic gold deposits significantly post-dated the
Timiskaming assemblage. Only limited evidence points to pre- to syn-Timiskaming
hydrothermal activity in the Abitibi greenstone belt. Most notable are rare clasts of carbonate
vein material within subaerial conglomerates of the Timiskaming assemblage. In additien t
carbonate vein material, quartz clasts occur throughout the Timiskaming assemblage. These
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guartz clasts may have been derived from eroding quartz veins of various origins or coarse-

grained igneous or metamorphic sources.

To provide additional constraints on the origin of the quartz clasts, texturally diverse clasts
were sampled from Timiskaming assemblage conglomerates in Tinfancspine, Kirkland
Lake, Dupaquet, and RouynNoranda mining camps @intario ad Quebec. The collected
clasts range from those entirely composed of massive whiteky ¢qatrtz to previously
undocumented clasts of igneous rocks that are crosgqutrtz veins truncated at the clast
margins. Microscopic investigations indicate thatghatz in these clasts has typically been
affected by extensive recrystalition. In many cases, the clasts consist of polycrystajlingz
exhibiting irregular grain. Individuajuartz grains are characteristically crosscut by myriad
wispy trails of secondary fluid inclusions, many of which exhibit double-bubbles. These
inclusion trails are interpreted to have formed as a result of the post-depositional metamorphic
overprint of thequartz clasts. However, some clasts contain prismatactz crystals that have
not been entirely recrystaled. These prismatipuartz crystals show blue to yellow
cathodoluminescence colors and contain low-temperature primary fluid inclusions. These
properties are consistent with tpeartz being derived from shallow subaerial hydrothermal vein
quartz, not unlikequartz in epithermal deposits or shallow orogenic deposits. This hydrothermal
activity must have been broadly contemporaneous with deposition of the Timiskaming
assemblage, as the first subaerial exposures ialitibi greenstone belt occurred<2690 Ma.
Shallow subaerial hydrothermal systems have not previously been documented in the Abitibi
greenstone belt, let alone at the time of Timiskaming deposition. This finding has important
implications for metallogenic models of the Neoarchean Abitibi greenstone belt. Future
exploration should not exclude the possibility of epithermal deposits, shallow orogenic deposits,
paleoplacer deposits, or deposits associated with high-temperature magmatic-hydrothermal
activity.

3.2. Introduction

The Timiskaming assemblage of the Neoarchean Abitibi greenstone belt represents a late
orogenic sedimentary succession (Mueller and Corcoran, 1998) formed between <2679-2669 Ma
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(Ayer et al., 2005; Thurston et al., 2008). Subaerial sedimentary strata of this assemblage record
processes taking place during the early stages of pre-vegetational evolution of the Earth (Corfu,
1993; Mortensen, 1993; Powell et al., 1995; Bleeker et al., 1999; Dauvis et al., 2000; Heather,
2001; Ayer et al., 2002a, 2003, 2004, 2005; DubZ et al., 2004; Bateman et al., 2005). The
Timiskaming assemblage is of paramount economic significance as the majority of orogegnic gol
ounces in the Abitibi greenstone belt are hosted by these sedimentary rocks, presumably because
sedmentation occurred adjacent to major crustal-scale fault zones that also contradldidui

during the orogenic evolution.

At present, few provenance studies have been conducted on the detrital material forming
the Timiskaming assemblage. In the southern Abitibi greenstone belt, the lower portion of the
Timiskaming assemblage consists primarily of deep-water sedimentary deposital Bieton
studies on graywacke indicate that the sedimentary material was probably largely derived from
erosion of Abitibi-age rocks. However, a significant number of older zircons were identified that
must have been delivered from a currently unidentified source terrane (Ayer et al., 2002a; B.
Frieman, pers. commun., 2015). Alluvial and fluvial conglomerate and sandstone dominate the
upper portion of the Timiskaming assemblage. These sedimentary deposits contain abundant
granitoid clasts interpreted to have been derived largely from local sources (Legault and Hattori,
1994). However, the conglomerate and sandstone deposits of the upper part of the Timiskaming
assemblage also contain quartz clasts. So far the origin of these quartz clasts hasstotlieee
although they may provide critical information on the nature of the eroding hinterland and the
possible occurrence of hydrothermal deposits that could produce paleoplacers within the
Timiskaming assemblage.

Quartz provenance investigation is a widely used tool in modern sedimentology (e.g.,
Robinson and Spooner, 1982; Vennemann et al., 1992, 1996; Klemd et al., 1993; Pell et al.,
2000; Critelli et al., 2003). These studies frequently utilize textural, cathodoluminescence (CL),
and fluid inclusion analyses to determine the sources of detrital quartz. Textural attributes of
quartz clasts often are critical in determining the source. CL can reveal textures that are not
readily apparent in conventional petrographic studies (e.g., GStze et al., 2001). The CL behavior
can also be utilized to constrain quartz provenance (Zinkernagel, 1978; FYchtbauer et al., 1982;
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Matter and Ramseyer, 1985; Marshall, 1988; Owen, 1991; GStze and Blankenburg, 1992;
Seyedolali et al., 1997; GStze, 1998; GStze et al., 2001; Boggs and Krinsley, 2010), although it
has some limitations (Boggs et al., 2002) and should be combined with other analytical methods
(GStze and Zimmerle, 2000). Primary fluid inclusions contained in quartz clasts can also be used
to constrain the provenance as they contain critical information about the conditions of mineral
growth (Roedder, 1979; Goldstein and Reynolds, 1994; Van den Kerkhof and Hein, 2001).

The present study represents the first in-depth investigation of quartz clasts contained in
the conglomerates of the Timiskaming assemblage. Clasts collected from key outcrops of the
Timiskaming assemblage throughout the southern Abitibi were studied through a combination of
optical petrography, optical CL microscopy, and fluid inclusion petrography; fluid inclusion
microthermometric investigations were conducted on selected samples. This research
demonstrates that most quartz clasts contained in Timiskaming conglomerates have been
strongly deformed by post-depositional orogenic processes, hampering unequivocal
identification of their origin. However, some clasts show well-preserved primary textures. Based
on these textures, it can be demonstrated that the sampled clasts originally representéd pegma
guartz and redeposited hydrothermal vein material. Some of the eroded vein material may have
originated from epithermal or shallow orogenic hydrothermal systems, which has significant
implications to metallogenic models of the Neoarchean Abitibi greenstone belt.

3.3. Regional Geology

The Neoarchean Abitibi greenstone belt represents one of the worldOs most well endowed
and important base and precious metal districts. It is located in the southern portion of the
Superior Province, which forms the core of the North American craton formed through
amalgamation of Meso- and Neoarchean terranes (Percival, 2007). The Abitibi greenstone belt
covers an approximately 500 km by 350 km area of northern Ontario and Quebec and contains a
large number of world-class volcanogenic and orogenic gold deposits. It is primarily composed
of east-trending packages of volcanic strata that were formed in a submarine setting between
2795 and 2695 Ma (Fig. 3-1: Ayer et al., 2002a, 2005; Leclerc et al., 2012). These submarine
volcanic rocks, divided into six distinct assemblages by age (Fig. 3-2), rock types, and
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geochemical affinity (Ayer et al., 2002a,b, 2005; Thurston et al., 2008), were overprinted during
multiple periods of deformation (e.g., Bleeker, 2012). An early period of regional uplift and
emergence is recorded by the widespread deposition of fine-grained subaqueous clastic rocks of
the Porcupine assemblage (Fig. 3-1: <2690-2685 Ma: Ayer et al., 2002a, b, 2005; Davis, 2002;
Ropchan et al., 2002; Mercier-Langevin et al., 2007; Bleeker and van Breemen, 2011). These
deposits are separated by an angular unconformity (FigH8+$t, 1939; Thomson, 1946;

Wilson, 1962; Hewitt, 1963; Ferguson, 1966; Ferguson et al., 1968; CotZ, 1975; Dimroth and
Rocheleau, 1979; Bleeker, 1995) from the dominantly subaerial sedimentary and volcanic rocks
of the Timiskaming assemblage (<2679-2669 Ma: Ayer et al., 2005; Thurston et al., 2008),
which formed in response to a period of crustal thickening and mountain building (Bleeker,

2012; Monecke et al., in press). These later sedimentary rocks were largely deposited on alluvial
fans and in braided rivers in structurally controlled basins. In the southern Abitibi greenstone
belt, the Timiskaming basins exhibit a close spatial association with the regiongbiRerc

Destor and Larder Lake-Cadillac fault zones (Figs. 3-2 and 3-3).

FIGURE 3-1: Schematic diagram illustrating the general evolution of the Abitibi greenstone belt
between 2795 and 2669 Ma. Time interval 2750-2695 Ma: Formation of submarine volcanic
assemblages. Time interval <2690-2685 Ma: Widespread subaqueous deposition of Porcupine
assemblage. Time interval <2679-2669 Ma: Timiskaming sedimentation following a period of
thin-skinned tectonics and erosion.

The Porcupine-Destor and Larder Lake-Cadillac fault zones of the southern Abitibi
greenstone belt represent long-lived structures. Following deposition of the Timiskaming

assemblage, these faults were reactivated during basin inversion (e.g., Bleeker, 2012; Monecke
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FIGURE 3-2: Geological map of the southern Abitibi greenstone belt. (modified from Thurston et
al., 2008; Monecke et al., in pres#yhite dashed rectangles indicate locations of district scale
maps (Fig. 3-3).

et al., in press). Deformation resulted in folding and shearing of the Timiskaming assemblage
and refolding of the underlying volcanic assemblages.

3.4. Geology of Timiskaming Basins

Rocks of the Timiskaming assemblage occur in several diachronous basins along the
Porcupine-Destor and Larder Lake-Cadillac fault zones. The most important Timiskaming basins
are those hosting the Timmins-Porcupine, Kirkland Lake, Rouyn-Noranda, and Duparquet

orogenic gold mining camps (Fig. 3-3). In spite of interbasinal stratigraphic variations, there are

! -107-



FIGURE 3-3: Geologic maps of the (A) Timmins-Porcupine camp (modified and compiled from
Leahy, 1969a-c; Berger, 1991; Berger and Edwards, 1994; Muir, 1995; Bateman, 2004, 2005;
Hall et al., 2004; HoulZ and Guilmett, 2005), (B) Duparquet (modified from Mueller et al., 1991;
Beausoleil et al., 2004), (C) Kirkland Lake (modified from Corfu et al., 1991; Mueller et al.,
1994), and (D) Rouyn-Noranda areas (modified and compiled from Goutier, 2000a,b; Goutier et
al., 2003; Beausoleil and Patry, 2004; Beausoleil and Goutier, 2005a,b). Sampling locations are
as follows: (A) Three Nations outcrop, (B) Unconformity outcrop. (C) Highway outcrop, (D)
Goldthorpe Rd. outcrop, (E) Kenogami Highway outcrop, (F) Chaput Hughes outcrop, (G)
Castle Hardware outcrop, (H) Logging Road outcrop, (I) North Goldthorpe outcrop, (J) Kinross
Pond outcrop, (K) Larder Lake Railroad outcrop, (L) Radio Tower outcrop. For details on clasts
sampled at these locations see Table 3-1. Df = Donchester fault.
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FIGURE 3-4: Schematic stratigraphic columns of the Timiskaming assemblage in the Timmins-
Porcupine, Duparquet, Kirkland Lake, and Rouyn-Noranda canppso¥imate stratigraphic
position of each sampling location is indicated on the side of each column. Relative stratigraphi
position of site€ and K areinknown and are notewn. For additional information on the
sampling locations see Figure 3-3 and Table Sratigraphic columns from Rocheleau (1980),
Mueller et al(1991), Mueller and Corcoran (1998ydBorn (1995).
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TABLE 3-1: Samples arranged by sampling location. Letters under location refer to geographic
and stratigraphic position indicated in Figures 3-2 and 3-3. (A) Tha¢iens outcrop. (B)
Unconformity outcrop. (C) Highway outcrop. (D) Goldthorpe Rd. outcrop. (E) Kenogami
Highway outcrop. (F) Chaput Hughes outcrop. (G) Castle Hardware outcrop. (H) Logging Road
outcrop. (1) North Goldthorpe outcrop. (J) Kinross Pond outcrop. (K) Larder Lake Railroad
outcrop. (L) Radio Tower outcrop.

Location Sample. Group Easting Northing Trace Minerals
Timmins
A GHO026 cs8 507429 5376921
GHO027 C5 507426 5376930 Lm, Py
GHO029 Cc2 507429 5376931
B GHO030 Cc7 484254 5371249
GHO031 Cc7 484255 5371256 Py, Lm
Duparquet
C GHO024 C1 631392 5374042 Cpy, Py, Ser, PI, Kfs
GHO025 C1 631392 5374044 Ser, PI, Kfs
Kirkland Lake
D GHO002 V5 567000 5331820 Mlc, Lm, Py, Cpy, Kfs
GHO003 C11 567000 5331820 Mnz, Ap
GHO004 V7 567025 5331821
GHO005 V2 567025 5331821 Py
GHO006 C3 567025 5331821 Lm, Py, Cb
GHO032 C3 566997 5331821 Lm, Py
GHO047 C3 566986 5331863 Py, Mag
E GHO007 Vi 560488 5327112 Cb
GHO008 Vi 560462 5327100 Cb
F GHO009 Cc2 569619 5332246
GHO010 C4 569598 5332252 Py, Cb
GHO11 C9 569563 5332147
GHO012 C1 569557 5332135
GHO013 V3 569551 5332110 Py
G GHO014 C10 571470 5334125 Bis, Mol, Py, Cb, Cpy
GHO015 C3 571470 5334125 Apy, Chl, Cb
H GHO033 Vi 566940 5331511
GHO034 V4 566938 5331530 Po or Mag?, Cpy, Py
GHO043 C3 566938 5331514 Py
GHO044 Vi 566934 5331504 Py, Hm, Mag
GHO045 V7 566958 5331492 Py, Chl, Epd
GHO046 C3 566958 5331489
I GHO035 C11 567919 5332736 Py, Apy?
GHO048 C3 567895 5332795 Py,
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Table 3.1 continued

Location Sample Group Easting Northing Trace Minerals

Kirkland Lake

GHO049 C11 567940 5332753 Cpy, Py, Lm, Cb Chl
GHO050 C4 567940 5332753 Py, Lm
GHO51 C4 567911 5332740 Lm, Py
GHO052 Cc4 567912 5332740 Lm, Py, Cpy, Mol

J GHO036 Vi 570926 5332714 Mag
GHO037 V6 570933 5332685 Py

K GHO058 Cc2 596866 5331184 Cb

RouynNoranda

L GHO016 Cé6 655389 5342528 Au, Cpy, Py, Fsp, Ser
GHO017 C1 655420 5342526 Ser, Lm
GHO018 C1 655412 5342557 Py, Lm
GHO019 C1 655390 5342571
GHO020 Cc2 655380 5342566
GHO021 C1 655370 5342556 Py, Lm
GH022 C1 655418 5342536 Cpy, Py
GHO023 Cc2 655453 5342536 Cpy, Py, Lm

Notes: UTM coordinates in NAD 83 for Zone 17. Minerabedyiations: Ap = apatite; Apy = arsenopyrite; Au =
gold; Bis = bismuthinite; Cb = carbonate mineral; Cpy = chalcop\Eipe; = epidote; Gn = galena; Kfs = potassium
feldspar; Lm = limonite; Mag = magnetite; Mic = metiéte; Mnz = monazite; Mol = molybdenite; Pl = Filagjase;
Ser = sericite.

striking similarities between the Timiskaming type rocks of these camps. The Tmmgka
assemblage is characteristically composed of alluvial-fluvial successions cbroengte and
sandstone.

3.4.1. Timmins-Porcupine

In the Timmins-Porcupine region of northeastern Ontario, the Timiskaming assemblage
occupies an elongate east-trending basin, which extends from Wawaitin Falls towardsoMathe
(Fig. 3-2). This approximately 2500 m thick succession of sedimentary rocks (Fig. 3-4: Born,
1995) is restricted to an area along the northern margin of the Porcupine-Destor fault zone (Fig.
3-3a). The sedimentary units are steeply dipping and have been isoclinally folded into an east-
trending syncline (Bateman et al., 2005).
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The Timiskaming assemblage in the Timmins-Porcupine camp has been subdivided into
the Dome and Thradations formations, which respectively occupy the lower 500 m and upper
2000 m of the Timiskaming stratigraphy, respectively (Born, 1995). The base of the Dome
Formation primarily consists of mafic-rich cobble and boulder conglomerate that unconformably
overlies older sedimentary and volcanic rocks (Born, 1995). These alluvial-fluvial conglomerate
packages abruptly transition to turbidite mudstone and sandstone successions that locally contain
reverse graded conglomerate beds (Born, 1995). The turbidites form an approximately 400 m
thick succession and may reflect a temporary deepening of the basin (Born, 1995). U-Pb dating
of detrital zircons from this formation yield a maximum depositional ag&od + 2 Ma (Ayer
et al., 2003).

The overlying Three Nations Formation is predominantly composed of cross-bedded
guartz-lithic sandstones, pebbly sandstones, and matrix-supported pebble conglomerate, which
are interpreted to have been deposited in a deltaic-fluvial environment (Pyke, 1982; Born, 1995;
Ayer et al, 1999). However, some outcrops exhibit mud drapes and hummocky cross-
stratification, suggesting deposition in near-shore environments (Born, 1995). The polymict
conglomerate contains clasts of mafic volcanic rocks, felsic volcanic rocks, ulcaocks,
sedimentary rocks, banded iron formation, porphyritic rocks, intermediate intrusive rocks, clasts
of fuchsite-altered komatiite, and quartz clasts, indicating a variety of sedimentaryssource
(Chapter 2). Detrital zircons from the upper portion of the Three Nations Formation yield a
maximum U-Pb depositional age of 2699+1 Ma (Bleeker et al., 1999).

3.4.2. Kirkland Lake P Larder Lake

The largest single accumulation of the Timiskaming rocks in the southern Abitibi
greenstone belt occurs in the Kirkland Lake-Larder Lake area. In this region, a 3-5 km thick
polylithic succession of Timiskaming volcanic and sedimentary rocks occupies a structurally
controlled elongate basin (Fig. 3-3c) that extends nearly 50 km (Mueller et al., 1994). The
southern margin of this basin is defined by the Larder Lake-Cadillac fault zone and the north side
is bound by a laterally extensive unconformity. The units are primarily steeply dipping and south
facing (Hyde, 1980; Mueller et al., 1994).
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The Timiskaming assemblage in tkekland Lake-Larder Lake camp is composed of
conglomerates, pyroclastic rocks, graywacke, syenite intrusions, sandstones, and alkaline flows
(Cooke and Moorehouse, 1969; Hyde, 1978; Lackey, 1990; Mueller and Donaldson, 1992;
Mueller et al., 1994; Mueller and Corcoran, 1998). Mora @06 of the stratigrapti
succession is composed of clast-supported pebble-cobble conglomerates and interstratified
sandstone lenses (Fig. 3-4) that were likely deposited on alluvial fans and in braided streams
(Mueller et al., 1994). The conglomerate contains clasts of mafic and felsic volcanic abcks, ¢
alkalic to alkaline porphyritic rocks, sedimentary rocks, intermediate intrusive rocks, fuchsite-
altered komatiite, quartz, and banded iron ore (Legault and Hattori, 1994). Individual
conglomerate beds range from 20 cm to 15 m in thickness (Mueller et al., 1994). Coarse basal
conglomerate occupies the margins of the basin and often contain locally derived clasts of the
Blake River assemblage (Mueller et al., 1994; B. Frieman, pers. commun., 2015). Sandstone and
mudstone dominated facies are also present and are thought to have been deposited in
floodplains and ephemeral lakes (Mueller et al., 1994). However, Timiskaming aged turbidite
successions (Ayer et al., 2002a,b) indicate that deep marine environments were also present.

3.4.3. Rouyn-Noranda

The Timiskaming assemblage occupies a narrow east-trending outcrop area along the
Larder Lake-Cadillac fault zone in the Rouporanda region (Fig. 3d). UnlikeKirkland Lake
and Larder Lake, the ity of the Timiskaming assemblage in Roujonfanda occurs on the
southern side of the Larder Lake-Cadillac fault zone. Only a sliver of interbedded conglomerate,
sandstone, and mudstone is present along the northern side of the fault (Goulet, 1978; Dimroth
and Rocheleau, 1979; Rochelgd 980). On the north side of the fault, the Timiskaming
assemblage unconformably overlies the BIRkeer assemblage. To the south of the fault it rests
upon the sedimentary rocks of the Pontiac Subprovince (Fig. 3-2), which comprises deep marine
sedmentary rocks dominantly composed of turbidite mudstones and siltstones. The contact
between the Timiskaming and the Pontiac sedimentary rocks may be conformable (Goulet, 1978;
Rocheleau, 1980) or disconformable (T. Monecke, pers. commun., 2015). The sedimentary rocks
of the Timiskaming assemblage dip steeply on both sides of the fault, and are interpreted to

! -113-



represent a syncline that has been truncated along the hinge by fault ma\Rsvleeleau,
1980).

The Timiskaming assemblage on the northern and southern sides of the Larder Lake-
Cadillac fault zone has been divided into theBraecre and Granada formations, respectively.
The basal portion of the LBruere Formation is occupied by interstratified polymict
conglomerate and sandstone that were deposited on a piedmont fan or brard@sd¢hadeau,
1980). This alluvial-fluvial association grades into lacustrine or marine pelite and graywacke that
are overlain by a succession of conglomerate and low-density turbiditeGraimda Formation
may be the lateral facies equivalent of subaerial deposits north of the fault. It dominangiiscons
of a1100 m thick successions of polymict conglomerate and coarse graded sandstones. The
conglomerates are poorly sorted and contain boulder, cobble, and pebble clasts. The clasts are
primarily composed of mafic and felsic volcanic rocks, intrusive rocks, and sedimentary clasts.
Conglomerate beds exhibit normal grading, reverse grading, and occasionally are structureless.
The conglomerate often contains interstratified lenses of structureless sandst®feciégiis
thought to have been deposited in a marine environment at the base of a steep slope, either
proximal to the head of a submarine fan, or inside a distributory chabipetgction these
conglomerates transition into normally graded graywacke and pelite which contain slump
structures as well as adb Bouma sequence®Rocheleal, 1980). Conglomerate lenses are
locally present. These deposits are interpreted to be proximal turbidites which formed at an
abrupt transition zone with a submarine fan fed by rivers and mass(Rowiseleal, 1980).
Thinner accumulations of conglomerate and sandstone overly the turbidites. The depositional
environment of the overlying conglomerate and sandstone is enigiatieleau,1 980).

3.4.4. Duparquet

The Duparquet basin represents a small east-trending structurally-controlled outcrop area
of rocks of the Timiskaming assemblage located immediately west of Duparquet, tosmai
Quebec, east of the provincial border and nortRaefyn-Noranda. The wedge-shaped
Duparquet basin is approximaté.5 by 15 km in size and occurs immediately to the north of
the Porcupine-Destor fault zoflég. 3-3b). The basin is bounded to the north by the Donchester
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fault, a subsidiary splay to the Porcupine-Destor fault zone (Fig. 3-3b). The approximately 1-2
km thick sedimentary succession of the Duparquet basin has been folded into an east-trending
syncline. Beds dip steeply towards the center of the Duparquet basin (Mueller et al., 1991).

The geological make-up of the Duparquet basin has been studied extensively (Dimroth and
Rocheleau, 1979; Rocheleau, 1980; Dimroth et al., 1982; Mueller et al., 1991, 1995; Goutier and
Lacroix, 1992; Fallara et al., 2006; Bordeau, 2013). The sedimentary rocks of the Timiskaming
assemblage in the Duparquet basin primarily consist of conglomerates (approximately 70-80% of
outcrop area) although notable accumulations of sandstone and mudstone also occur (Mueller et
al., 1991; Goutier and Lacroix, 1992). Thick conglomerate packages are ubiquitous in the lower
portions of the basin stratigraphy (Fig. 3-4), and today primarily occur along the margins of the
folded basin. Two types of conglomerate have been recognized, namely angular, poorly sorted
conglomerates and rounded pebble-boulder conglomerates (Mueller et al., 1991). The angular
conglomerates are dominantly composed of large porphyry clasts that are interpreted to be
largely of local provenance as the sedimentary rocks are in unconformable contact with older,
texturally similar porphyry stocks that appear to have been eroding at the time of Timiskaming
deposition (Mueller et al., 1991; Mueller and Corcoran, 1998). Beds of this conglomerate type
are up to 20n in thickness and commonly crudely stratified. The rounded pebble-boulder
conglomerate contains a high proportion of felsic and mafic clasts, notable amounts of
equigranular igneous rock clasts, and minor amounts of the probably locally derived porphyry
clasts (Mueller et al., 1991). Beds of this conglomerate facies are commanlthidk and
crudely stratified (Mueller et al., 1991).

3.5. Timing of Orogenic Hydrothermal Activity

Previous research in the Abitibi greenstone belt has established that the main phase of
hydrothermal activity resulting in the formation of orogenic gold deposits significantly post-
dated the deposition of the Timiskaming assemblage rocks. The Timiskaming assesiifiage i
principle host of orogenic gold deposits, and quartz-carbonate veins cross-cut the sedimentary
units, indicating the later timing of fluid flow. Much of the exposed Timiskaming assemblage
has been affected by variably intense hydrothermal alteration associated with orogenic gold
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formation along the Porcupine-Destor and Larder Lake-Cadillac fault zones. Additional age
constraints from pre-ore dikes constrain the gold mineralization after the deposition of the
Timiskaming assemblage. At the Hollinger-Mclintyre deposits in the Timmins-Porcupine ca

albitite dikes are crosscut by gold-bearing quartz-carbonate veins (Melnik-Proud, 1992; Burrows
et al., 1993; DubZ and Gosselin, 2007). One of these dikes yielded a U-Pb zircon age of 2672.8 *
1.1 Ma (Corfu et al., 1989; Ayer et al., 2003; Bateman et al., 2008), providing a maximum age

for the bulk of the gold mineralization.

However, there is evidence for earlier phases of hydrothermal activity possibly associated
with orogenic processes. The earliest veins in the Timmins-Porcupine camp are primarily
composed of colloform-crustiform ankerite. Texturally similar clasts of colloform-crustiform
ankerite vein material have been observed underground in the conglomerate of the Timiskaming
assemblage at the Dome Mine (DubZ et al., 2003; T. Monecke, pers. commun., 2014). At the
Norlartic deposit in Val-dOOr, the main gold orebody is crosscut by a 2692 + 2 Ma tonalite dike
(Couture et al., 1994). The tonalite predates sedimentation of the Timiskaming assemblage by
approximately 16 m.y. Several early vein generations at the Dome, Hoyle Pond, and Aunor
deposits have also been interpreted to pre-date deposition of the Timiskaming assemblage (Dine
et al., 2008). However, in these cases an early timing of vein formation is inferred based on
structural arguments, which are probably not as conclusive as the evidence provided above (T.
Monecke, pers. commun., 2014).

3.6. Materials and Methods

Sample collection for this study was carried out in the Timmins-Porcupine, Duparquet,
Kirkland Lake, and Rouyn-Noranda areas (Table 3-1). In the Timmins-Porcupine camp, quartz
clasts were sampled from the base of Dome Formation at the unconformity outcrop between the
Porcupine and Timiskaming assemblages (Fig. 3.4, arrow B) near Crawford Street in South
Porcupine, and from the upper portion of the Three Nations Formation at an outcrop on Highway
101, approximately 36 km east of Timmins (Figs. 3-3 and 3-4). In the Kirkland Lake-Larder
Lake area, quartz and vein-bearing igneous clasts were collected from numerous conglomerate

outcrops between Kenogami and Larder Lake, with the majority of samples collected near
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Chaput Hughes. The clasts were derived from a number of different stratigraphic locations
within the Timiskaming basin (Figs. 3-3 and 3-4). At Rouyn-Noranda, several quartz clasts were
sanpled at the outcrops at the McWatters radio tower (Dimroth and Rocheleau, 1979). This
exposure of the Timiskaming assemblage belongs to the La Bruere alluvial fluvial conglomerates
which occupy the lower half of the Timiskaming assemblage to the north of the Larder Lake-
Cadillac fault zone (Rocheleau, 1980). At Duparquet, samples were collected from a well
exposed, but strongly deformed outcrop in the westernmost portion of the basin (Fig. 3-3) in the
town of Duparquet (Table 3-1). The conglomerate outcrop appears to occupy a middle portion of
the stratigraphy within the Duparquet basin (Fig. 3-4). A series of Timiskaming outcrops were
inspected in the Matachewan camp of Ontario. However, no quartz clasts suitable for further
investigation were identified in those outcrops.

Based on the outcrop inspection, representative quartz clast were identified using criteria
such as size, color, opacity, and macroscopic textures (Fig. 3-5). These clasts were removed from
the outcrops using a Husgvarna K760 gas-powered hand-held diamond saw. In total, 35 quartz
clasts were collected (Table 3-1). Only quartz clasts with visibly rounded margins weredgampl
to ensure that the quartz is pre-depositional in origin. In addition to the quartz clasts, igneous
clasts were sampled that contained crosscutting quartz veins. These veins are rare and only 11
samples were collected. In all cases, only quartz veins were sampled that were trarlated a
clast margins and showed rounded surfaces in contact with the surrounding matrix (Fig. 3-10) to
ensure that the quartz is indeed pre-depositional and could not have filled e.g. a tension gash
within the igneous clast.

Polished thin sections (30n) were prepared from the samples and used for optical
microscopy using an Olympus BX 51 optical microscope. Polished thick sectionsf3@ere
prepared for select samples. Optical microscopy was conducted to document the quartz textures,
to study the effects of deformation and recrystallization, to identify accessory minerals
intergrown with the quartz, and to study the fluid inclusion inventory of the quartz. Fluid
inclusion petrography was conducted using the techniques described by Goldstein and Reynolds
(1994):
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Following optical microscopy, the sections were carbon coated for optical CL microscopy.
The CL investigations were conducted using a HC5-LM hot cathode CL microscope, produced
by Lumic Special Microscopes in Germany. The microscope was operated at 14 kV and with a
current density of ca. 10 pA mh{Neuser, 1995). CL images were captured using a high
sensitivity, double-stage Peltier cooled Kappa DX40C CCD camera with acquisition times
ranging from about 8 to 10 s.

Accessory minerals identified by optical microscopy were also studied by scanning
electron microscopy using a FEI Quanta 600 ESEM. Standard operating conditions under high
vacuum included a voltage of 20 kV and a beam current of 9.5 nA, measured on the Faraday cup.
Semiquantitative chemical analyses were performed by energy-dispersive X-ray spectroscopy

using the EDAX EDS. A working distance of 10 mm was employed during analysis.

Fluid inclusion microthermometric analyses were performed on two samples that contained
unequivocal primary fluid inclusion assemblages. The data were collected using a Fluid Inc.-
adapted U.S. Geological Survey gas-flow heating and freezing stage that was calibrated using
synthetic fluid inclusions. Freezing temperatures were accurate to + 0.10C. Heating
measurements were accurate to + 20C at 2000C. Images of fluid inclusion assemblages were
captured using an Optronics Microfire A/R digital camera attached to the Olympus BX 51

optical microscope.

3.7. Characteristics of Quartz Clasts

Optical microscopy on the quartz clasts revealed that they have undergone variable degrees
of post-depositional recrystallization (Section 3.9.2). Primary attributes were preserved in some
cases. The different quartz clasts investigated have been arranged into groups having similar key
characteristics such as textural properties, cathodoluminescence behavior, accessalggmine
and fluid inclusion assemblages.
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FIGURE 3-5: Field photographs of representative quartz clasts contained in Timiskaming
conglomerates. (A) Sample GHO027 at the Three Nations outcrop east of Timmins. (B) Sample
GHO048 at the North Goldthorpe outcrop in Kirkland Lake. (C) Sample GHO003 at the Goldthorpe
Rd. outcrop in Kirkland Lake. (D) Sample GH014 at the Castle Hardware outcrop in Kirkland
Lake. (E) Sample GHO021 at the Radio Tower outcrop in Rouyn-Noranda. (F) Sample GHO016 at
the Radio Tower outcrop in Rouyn-Noran8aale bars are 2 cm.
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Group C1: Quartz Clasts with Navy Blue to Purple CL

This group encompasses a total of eight quartz clast samples collected from Kirkland Lake
(sample GH012), Duparquet (samples@H, GH025), and Rouyn-Noranda (samples GHO17,
GHO018, GH019, GH021, GH022, GH023). The clasts are dominantly composed of anhedral to
subhedral quartz grains that exhibit an interlobate and inequigranular-seriate texture. Individual
guartz grains display a variety of deformation features (Fig. 3-6), which include undulose
extinction, deformation bands, deformation lamellae, or subgrains. Curved grain boundaries are
present in some samples, and both bulging and subgrain rotation recrystallization (cf. Passchier
and Trouw, 2005) are ubiquitous. The majority of grains are crosscut by secondary fluid
inclusion trails which are often so dense that they exhibit a wispy texture (Fig. 3-7a). The
secondary fluid inclusions vary in size, morphology (irregular shaped and necked inclusion to
inclusions with negative crystal shapes), vapor to liquid ratio, and locally contain daughter
minerals or C@rich double-bubble inclusions (Fig. 3-7). Double-bubble inclusions were

observed in all samples from this group.

FIGURE 3-6: Crossed-polarized photomicrographs of deformation textures from group C1. (A)
Bulging recrystallization, undulose extinction, and subgrains. Sample GH018, McWatters
outcrop. (B) Subgrain rotation recrystallization, subgrains, and undulose extinctioeSamp
GHO024, Highway outcrop. Scale bars are 460
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FIGURE 3-7: Textural setting of secondary fluid inclusion trails. (A) Myriads of secondary fluid
inclusion trails producing a wispy textui@ample GH012, Chaput Hughes outcrop. (B)
Photomicrograph demonstrating the variability of secondary fluid inclusion types. Sample
GHO058. Larder Lake outcrop. (C) Large secondary fluid inclusion showing a double bubble.
Sample GHO021, Radio Tower outcrop. (D) Secondary fluid inclusion containing a daughter
crystal. Sample GH029, Thré&&tions outcrop. All images are P&cale bars are 100n.

The recrystallizé quartz of this group is characterized by a short-lived navy blue CL
which transitions to a stable dark purpl®wn CL (Fig. 3-8a, b). In sampl€di018, GHO19,
and GHO21 a short-lived dark-blugreen CL preceded the navy blue CL. The blue color is more
intense in sampleSHO021 aad GHO25. The CL color is typically homogenous; however, several
samplegGH022, GH023) contain patchy dark-colored Ganes that are spatially associated
with relatively coarse interlobate-amoedquartz grains. These grains have lower
concentrations of secondary fluid inclusions and accessory minerals such as white mica and

chlorite. Some secondary fluid inclusion trails are truncated at the margins of these dark CL
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zones, suggesting that these patchegiaftz were recrystallized after the majority of secondary

inclusions were formed.

While much of thequartz has been affected by intense deformation, there are local open
spaces that contain relatively undeformed euhedral quartz crystals. This quartz forms
overgrowths on deformed quartz graingg(R3-22d). The euhedrglartz is often intergrown
with limonite. Secondary fluid inclusions trails containing double-bubbles are notably truncated
at the contacts between the euhedral overgrowths and the deformed quartz. Based on the textural
evidence, these quartz growths are interpreted to be late in origin (i.e. post-deformation of the
quartz clasts). The euhedral overgrowths display a short-lived bright yellow to pink CL that
transitions to a stableafbrown (Fig. 3-22d). A similar CL response is noted for some veinlets
that crosscut deformed quartz grains (Fig. 3-22c). Like the overgrowths, these veinlets also lack
double bubble inclusions and are texturally late. Given the similarities between thes\aaiadlet
the overgrowths, it is likely that they formed from similar fluids.

Group C2: Quartz Clasts with Stable BlueCL

A total of four quartz clasts from Kirkland Lake (samples GH009, GH058), Rouyn-
Noranda (samples GH020), and Timmins (sample GH029) belong to this group. These clasts
consist of inequigranular quartz grains (0.058 mm) with anhedralbsubhedral shapes that display
interlobate-polygonal grain boundaries respectively, and variable amounts of undulose
extinction, subgrains, and bulging and subgrain rotation recrystallization. Myriad secondary fluid
inclusions trails similar to those described for group C1 crosscut the quartz grains (compare to
Fig. 3-9). Some grains (e.g., GH020) contain cores with secondary inclusions and rims that are
largely devoid of fluid inclusions.

The quartz typically exhibits an initial short-lived bright blue CL, which rapidly decreases
in intensity and becomes a stable blue (ca. 10 s exposure: Fig. 3-8c, d). In one sample, this blue
is preceded by a very short-lived (1 s) bottle-green luminescence, which was not possible to
image. The blue CL is fairly homogenous; however, darker patches are present in all of the
samples. Like group C1, many of these dark zones are restricted to discrete grains or networks of
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grains. Some dark rims are also present along the margins of quartz grains with bright cores, and
in one sample (GHO020) there are dark CL bands, which are not spatially associated with the
observed grain boundaries in cross-polarized light. In sample GHO058, the dark CL occupies a
branching stockwork that crosscuts the blue CL to form a breccia-like texture. Given the
observed crosscutting relationships, the dark CL is interpreted to postdate the blue CL.

Over time, some of the quartz grains transition to a stable purple-brown CL. This color
change is concentrated along secondary fluid inclusion trails and some grain boundaries,
suggesting that it formed after the blue CL. The overprinting purple brown CL completely masks
the stable blue CL in some grains with high secondary fluid densities. Quartz grains with fewer
secondary fluid inclusions display a stable blue CL signal. Samples GH009, GH20, GH024, and
GHO025 contain a number of veinlets with a short-lived yellow-pink CL similar to those in group
C1.

Group C3: Fine-Grained Quartz Clasts with Red-Brown CL

This group consists of six quartz clasts from Kirkland Lake (samples GHO06, GHO015,
GHO043, GH046, GH047, GH048). They are primarily composed of very fined-grained anhedral
guartz (<10 m) that exhibits interlobateBamoeboid grain boundaries. Given the small grain size,
it is difficult to identify deformation textures other than undulose extinction. Some aasésc
coarser grained zones of quartz (and locally carbonate minerals) that resemble open sgace filli
of vugs. This quartz is subhedral, inequigranular, and interlobate and displays bulging
recrystallization, subgrain rotation recrystallization, undulose extinction, and subgrains. Several
samples also contain zones of colloform quartz. Given that this texture displays deformation
textures, it must predate at least some recrystallization. A veinlet in GH047, and a portion of
coarse grain quartz is GHO046 are truncate at the clast margins, indicating that atieast s
these textures are prebdepositional, however, their timing in other samples is unconstrained.

The fine-grained quartz hosts very few secondary fluid inclusions trails. Samples GH048
and GHO0O06 contain inclusions along the grain boundaries of the fine-grained quartz; however,
they are too small to study in detail. The coarser zones contain notably higher concentrations of

! -123-



FIGURE 3-8: Initial and final CL photomicrographs from representative samples of groups C1,
C2, and C3. (A) Group C1 (~10 s). Sample GH018, Radio Tower outcrop. (B) Corresponding
image of prolonged exposure (~70 s). (C) Initial short-lived bright blue CL of group C2 (~10 s).
Sample GHO009, Chaput Hughes outcrop. (D) Corresponding final CL behavior (~170 s). (E)
Initial CL of group C3 (~8 s). Sample GH043, Logging Rd. outcrop (F) Final CL image of same
location (~70 s). A vug is located in the center of the image. Scale bars dre1400
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secondary inclusions. These inclusions are smaller and more irregularly shaped than those
describeddr group C1. Double-bubble inclusions were not observed in any samples from this

group.

The CL of the fine-grained quartz is dark and only observable using long exposuréttimes
typically shows a short-lived homogenous dark purple brown CL that transitions to a stable dark
reddish brown (Fig. 3e, f). The coarser-grained quartz has a darker CL signature and exhibits
faint textures that vaguely resemble growth zones (F&f).3n sample G1015 there are a
number of similar colored coarse veinlets that exhibit growth bands. These veinlets occur in a
range of orientations and crosscut the fine-grained quamtzple G1046 contains a veinlet that
exhibits a transition from blue-yellow CL to a reddish hiiolw has as similar behavior and fluid

inclusion inventory as the veinlets and overgrowths in Group C1.

Group C4: Short-Lived Bright Blue to Red CL with Growth Zones

Four quartz clasts from Kirkland Lake (sampld$0&0, G1050, GH051, and G1052)
belong to this group. They exhibit a spectrum of textural and CL properties. The clasts are
predominantly composed of large (up to 4 mm) prismatic quartz crystals (Fig. 3-9a) that are
distributed within a fine-grained and recrystallized nragample G1010 lacks fine-grained
guartz, and in sampleH®52, the prismatic quartz is restricted to vugs within the.dkash the
fine-grained quartz and the prismatic crystals in sampl&356 and GI051 are evenly
distributed throughout the clasts (Fig. 3-11a), and truncated along the clast nfamgiths
bladed quartz grains are present in the fine-grained matrix of sarHpIg0FFig. 3-9a).
Recrystallization within these samples is minimal and largely restricted toéhgriained
quartz, which exhibits local anhedral, inequigranular to interlobate gtamkilose extinction

and subgrains are present in some of the larger prismatic grains.

The CL behavior of the prismatic grains is characterized by variable amounts of bright
short-lived royal blue and short-lived canary yellow CL that darkens and becomes more red with
time (Fig. 3-9b, c). These blue and yellow colors are most pronounced in samples GHO50 and

GHO052. The yellow quartz is intimately intergrown with the blue quartz and is spatially

! -125-



associated with high concentrations of sn&l-3 ! m) liquid, vapor, and liquid-vapor

secondary fluid inclusions that form dusty textures within the cores of many prismatic quartz
grains (Fig. 3-9b). Oscillatory growth zones of blue and black quartz locally form overgrowths
around the dusty cores (Fig. 3-9b) and in turn are crosscut by later yellow quartz veinlets with
similar fluid inclusion inventories as the cores. The growth zones and yellow CL are present
throughout the clasts and are visibly truncated and rounded at the margins of the clasts indicating
that the textures and CL formed prior to deposition (Fig. 3-14a). The blue and yellow CL

behavior was not observed in thijacent conglomerate matrix.

In addition to the short-lived bright blue and yellow CL, sample GHO51 also displays a
short-lived blue to purple and brown CL (Fig. 3-11c). This CL behavior is well defined in a large
hexagonal prismatic quartz grain, which contains exquisite oscillatory growth zoning. One of the
CL zones corresponds with a sharp and well-defined growth zone in plane-polarized light that
contains primary fluid inclusions (Fig. 3-11b).

Fluid inclusion assemblages from this growth zone are suitable for microthermometry.
These inclusions have relatively regular morphologies, range in size #ohm® are also
isolated from crosscutting secondary inclusions trails, do not exhibit necking, and different sized
inclusions show relatively consistent liquid to vapor ratios. The studied fluid inclusion
assemblage (Fig. 3-13a) (n=6) yielded temperatures of homogenization (Th)}-&93@0and
temperatures of final melting (Tm) of.9°C (n=1).

The prismatic quartz grain, which contains the studied primary fluid inclusions, is
overgrown by fine-grained recrystallized quartz, which locally displays remnant chalcedonic
textures (Fig. 3-11a). This quartz does not display a visible Gic.dolthe other samples (i.e.,
GHO050 and GH052), the fine-grained, and apparently recrystallized, quartz exhibits CL colors
that are identical to the large prismatic grains.

Late secondary fluid inclusions which crosscut the entire clasts are present in all of the
samples. With the exception of GHO10, these trails do not contain double bubble inclusions.
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Group C5: Quartz Clast with Short-Lived Blue-Purple and Yellow-Orange CL

This group is defined by one clast from Timmins (sample GH027). It displaygwe uni
textures and CL belaor. Half of the clast is composed of large@2nm) prismatic bladed
quartz crystals (Fig. dL.2a) that ghibit variable amounts of bulging and subgrain rotation
recrystallization. Recrystallidequartz grains within these prismatic crystals are dominantly
inequigranular and anhedralklebiting a discontinuous interlobatextare. Undulosexainction
and subgrains are locally abundant. The prismatic crystals contaidefiekd oscillatory
growth zones that anasible in plane polarized light and characteristically contain alternating
zones ofjuartz with and without mineral inclusions. The zones of mingralusions contain
ubiquitous finegrained white mica and are separated by sharp contacts from the zasidsofle
inclusions. Primary fluid inclusions are present in some of the growth zones, especially those that
contain white mica (Fig.-32b).

The inclusions ha irregular morphologies and inconsisteqtild to vapor ratios. Lguid,
vapor, and kjuid vapor inclusions are presed in discrete growth zones (Fig-12b). These
inclusions are frguently attached to mica flakes. CL growth zones are spatially associated with
the primary fluid inclusions. Seral fluid inclusion assemblages suitable for fluid inclusion
microthermometry were identified in a weléfined growth zone. The studied tpbase kjuid-
vapor inclusions (Fig. 33b) hae semtirregular morphologies, range in size from ca. 3 tor
and show slightly inconsistentliid to vapor ratios. The fluid inclusion assemblages yielded
temperatures of homogenization (Th) 854-175°C (FIA #1: n=2); 170D1860C (FIA #2: n=2);
170Db1750C (FIA #3: n=2) and temperatures of final melting (Tm) of -1.90C (n=1). The presence

of single-phase liquid and vapor inclusions in the studied growth zone is indicative of boiling.

The CL behavior of this quartz is unique and is characterized by a complex arrangement of
several CL colors. The portion of the sample which contains prismatic crystals exhibits an
intense and very short-lived blue-periwinkle which transitions to a bright purple and then
becomes extinct (Figs. 3-9e, f and 3-10). Growth zones are locally visible in CL (Fig. 3-10a).
This CL is accompanied by zones of a short-lived orange CL that briefly increases in intensity
before becoming extinct. This CL crosscuts, but does not destroy, oscillatory growth zoning in
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FIGURE 3-9: Photomicrographs of groups CddaC5. (A) CPL image of prismatic quartz grain
within a fine-grained quartz matrix. Samg€1050, North Goldthorpe outmop. (B) Initial CL
behavior of group C4 afte-8 s exposure (same locati). (C) CL behavior of group C4 afite-54
s. (D) CHL photomicrograph of group C5. Samplel027, ThreeNations outcrop. (E)
Corresponding image of initi&lL. (~4 s). (F) CL image afte~10s of exposure. Scale bars are
400! m.
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FIGURE 3-10: CL images of prismatic quartz in group C5. (A) Initial CL behavior (~8 s). Arrows
indicate growth zones. Sample GH027, Three Nations outcrop. (B) Corresponding CL (~32 s).

Scale bars are 400m.
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FIGURE 3-11: Textural setting of primary fluid inclusions. Sample GHO51 from Kirkland Lake.
(A) Photomosaic of thin section. Arrow indicates recrystallized chalcedonic quartz. Thel studie
quartz grains are located within the white box. CPL. (B) Primary fluid inclusions within the
prismatic quartz grain. Dashed box indicates location of image in Figure 3-13a. PL. (C)
Corresponding CL image. Note the presence of well-developed growth zone. Scales bars are 2
mm and 400 m for images (A) and (B-C), respectively.
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FIGURE 3-12: Textural setting of primary fluid inclusionSample G1027 from Kirkland Lake.

(A) Photomosaic of thin sectionrAws identify the location of remnant prismatic quartz grains
(I), and crustiform quartz and limonite truncated at the clast margin (I). Dashte box

highlights the location of the more detailed image. PL. (B) Primary fluid inclusion assemblages
located in the prismatic quartz grain. Dashex is the location of Figure 3-13b. PL. (C)
Corresponding CL imag&cale bars are 2 mmé&400 ! m for images (A) and (B, C),

respectively.
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FIGURE 3-13: Photomicrographs of studied primary fluid inclusions. (A) Liquid inclusions in
growth zone. Arrows indicate a fluid inclusion assemblage. Sample GHO051. Goldthorpe Rd.
outcrop area, Kirkland Lake. (B) Liquid and vapor inclusions in growth zone defining a boiling
assemblage. Inclusion are attached to mica flakes. Sample GH027. Three Nations outcrop,

Timmins. Scale bars are 50n.
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CL (Fig. 3-10a). There is also a very short-lived bright yellow that is irregularly distributed
throughout this portion of the clast and locally exhibit textures similar to growth zones (Fig. 3-
9e, f).

Alternating layers of crustiform-banded quartz and limonite overgrow the prismatic quartz
crystals in an open space. These bands are visibly truncated at the margins of the clast (Fig. 3-
12a), indicating that they predate deposition. The crustiform quartz is fine-grained and
inequigranular (ca. 20-70m), ranges in morphology from subhedral to euhedral, gnidies a
polygonal textureUndulose extinction and subgrains are also abundant in this quartz. It does not
have a visible CL. The zone of prismatic and crustiform quartz is juxtaposed with a region of
intensely recrystallized quartz along a sharp contact (Fig. 3-12a). Quartz grains in this zone
exhibit an interlobate and seriate texture. Undulose extinction and subgrains are abundant, and
both bulging and subgrain rotation recrystallization is present throughout this half of the clast. It
is unclear if this portion of the clast was recrystallized prior to or after the formation of the

adjacent prismatic quartz grains.

Secondary fluid inclusions are largely restricted to grain boundaries in this quartz,
indicating that at least some recrystallization took place after fluid inclusiorper@n. Some
secondary fluid inclusion trails similar to those described for group C1 crosscut the deformed
quartz as well as prismatic grains in the other half of the sample. The prismatic gnatébig
crosscut by trails of double bubble inclusions. The intensely recrystallized zone displays CL
characteristic of samples from group C1; however, it is also overprinted by the short-lived
yellow, albeit to a lesser degree than the prismatic zone.

Group C6: Quartz Clast with Blue-Purple CL and Complex Growth Zones

This group consists of one clast from Rouyn-Noranda (sample GH016). In hand specimen
the quartz displays a purple color, not unlike amethyst (Fig. 3-5), and in thin section, it exhibits
textures similar to those displayed in samples GHO51 and GHO50. It is characterized by large
(ca. 12 mm) prismatic quartz crystals distributed throughout a matrix of fine-grained quartz (ca.
50D100 m). Recrystallization is much more pronounced in group C6 that in group C4, and
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many prismatic crystals locally contain subgrains and exhibit undulose extinction. Some of the
grains are recrystallized and composed of subhedral equigranular quartz with a polygonal
texture. The fine-grained matrix contains euhedral to anhedral grains of quartz that display an
inequigranular-interlobate texturéndulose extinction and subgrains are characteristic of these
small grainsBulging and subgrain rotation recrystallization are present in the fine-grained
quartz and to a much lesser extent in the coarser prismatic. gea@osidary fluid inclusions are
abundant and similar to those describadfoup C1.

CL highlights a complex variety of growth zoning within the larger quartz g¢Bigs3-
15a—c). These growth zones exhibit a range of short-lived, blue, dark-blue, purple, and tan colors
of varied intensit. Some of the growth zones have irregular habits. Primary fluid inclusions are
present in some of the prismatic quartz grains. The fluid inclusions display necking and irregular
to regular crystal-shaped morphologies, range in size b0 ! m, exhibit variable liquid to
vapor ratios, and locally contain daughter mineraliile they are not suitable for
microthermometry, they are notably crosscut by trails of secondary double bubble fluid

inclusions.

A portion of the clast contains a breccia composed of fragments of oscillatory-zoned quartz
(Fig. 3-14b). The matrix of the breccia is entirely composed of quartz that exhibits a complex
array of growth zones that nucleate from the breccia clasts. The CL color of the breccia matrix is
similar to some of the prismatic grains in other portions of the. &agt the breccia clasts and
matrix are truncated and rounded at the margins of the clast, indicating that they formed prior to
deposition in the conglomerate.

Recrystallized grains within and adjacent to the prismatic quartz visibly crosscut
oscillatory growth zomig (Fig. 3-22ab). This indicates that some if not all recrystallization took
place after the formation of the prismatic quartz grains. Recrystallized grains display a
homogenous dark navy blue CL that transitions to stable dark brown. The CL behavior of the
recrystallized quartz is similar to that@bup C1. A short-lived ta/light yellow is distributed
throughout the entire clast along recrystallized grain boundaries and fractures, suggesting that it
postdates recrystallization.
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FIGURE 3-14: CL images of textures truncated at quartz clast margins. (A) Blue and black

growth zones (arrows) and yellow quartz truncate at clast margin (dashed line). Sample GH050,
North Goldthorpe outcrop. (B) Quartz breccia with dark clasts (1), clasts with growth zones (l11),
and a quartz matrix with growth zones (llI). Sample GH016, Radio Tower outcrop. Scale bars are

400! m.
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Group C7: Quartz Clasts with Purple-Red CL and Remnant Prismatic Quartz Grains

Group C7 consists of two quartz clasts sampled from the base of the Timiskaming
assemblage at theorcupine unconformity in the Timmins camp (samples GH030 and GHO031).
These samples notably contain bladed prismatic quartz crystals (up to 4 mm) oriented
perpendicular to a distinct banding that resembles a comb texture. This texture and the prismatic
grains are both truncated and rounded at the clast margins, indicating that they formed prior to
deposition. Primary fluid inclusions are present in some of the prismatic crystals. These
inclusions exhibit irregular morphologies, necking, and variable liquid to vapor ratios. The
inclusions are not associated with any visible growth zones in CL and they were deemed

unsuitable for fluid inclusion microthermometry.

While these samples contain remnant prismatic grains, they are dominantly composed of
recrystallized quartz (Fig. 3-15d). This quartz characteristically consists of inequigranular
euhedralBanhedral grains that display an interlobate to polygonal texture. Deformation bands,
subgrains, undulose extinction, and/or bulging and subgrain rotation recrystallization are
pervasive. The prismatic grains often contain deformation textures, indicating that they predate

recrystallization.

Secondary fluid inclusion trails, similar to those described for group C1, form wispy
textures which crosscut grain boundaries. The trails are also locally truncated at the margins of
grains that exhibit bulging recrystallization, and in sample GH031, many fluid inclusions are
concentrated along grain boundaries. These relationships suggest that secondary fluids inclusions
were entrapped prior to and after deformation. Double-bubble inclusions were not observed in
this group.

Both the recrystallized quartz and the remnant prismatic quartz grains typically display a
short-lived purple brown CL which transitions to a stable red with time during continued electron
bombardment (Fig. 3-15e, f). The CL response is similar to group C1, and is fairly homogenous.

The remnant prismatic crystals typically exhibit the same CL behavior as the reagdtalli
quartz. Only one prismatic quartz grain exhibits a distinct CL signature. The CL behavior of this
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FIGURE 3-15: Photomicrographs of groups C6 and C7. (A) CPL image of large quartz grain
surrounded by fine-grained recrystallized quartaup C6. Sample GH016, Radio Tower

outcrop. (A) Corresponding image of characteristic CL behavior ( ~10 s). (B) CL exposure after
~46 s. (D) CPL image from group C7. Sample GH031, Unconformity outcrop. (E)
Photomicrograph of corresponding CL behavior after ~18s. CL behavior of recrystallized quartz
representative of group C7. Note the presence of a prismatic quartz grain in the center of the
image. Sample GHO31. (F) CL image after prolonged exposure (~132 s). Scale bard ane 400
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grain is similar to the deforndequartz; however, it notably contains faint oscillatory growth
zones and displays a much more intense CL. A bright-pink CL occupies an undulatory texture at
a high angle to the crystal faces of this grain. This texture is associated with flugiansltrails

that are truncated at the grain margin.

Group C8: Quartz Clast with Neon-Blue to Neon-Pink CL

Group C8 consists of a 1 cguartz clast from TimmingGHO026). The clast contains
inequigranular quartz grains, which range in size fromubm and exhibit an interlobate to
polygonal texture. The clast contains coarse inter-fingering grains with a homogenous extinction
pattern. Both undulose extinction and subgrains are abundant throughout the clast, and bulging
and subgrain rotation recrystallization are pervasive. Fluid inclusions are concentrated along
grain boundaries and occupy secondary trails which both crosscut and are truncated at grain
boundaries grains. This suggests that secondary fluid inclusions were trapped prior to and after
recrystallization. The fluid inclusions inventory is similar to that described for group C1, and

double bubble inclusions are abundant.

The CL response of this clast is gun. It is characterized by an initial short-lived bright
neon-blue CL that gradually transitions to neon-pink §6a: Fig. 3-16a, b). As the blue fades
away, the pink becomes stable. Many neon-hlsetz grains are initially surrounded by pink
rims and cross cut by pink fractures that transition to rose colored CL with tin¥ @aThe
rose colored CL is spatially associated with secondary fluid inclusion trails.

Group C9: Quartz with Gray-Yellow Brown Short-Lived CL

One smallquartz clast sampled from Chapdtughes (sampl&H011) belongs to this
group. In consists of ir@igranula quartz (ca 70 ! m) with subhedral to anhedral morphologies
and an interlobate texture. Several irregularly shaped zoned (@/5) composed of extremely
fine-grainel quartz (<10 ! m) are dispersed throughout the clast. In spite of the small grain size,
undulose extinction and subgrains are observable throughout the clast. Secondary fluid inclusion
trails are present and bisect many of the grains. They are similar to those in group C1; however,
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necked and irregularly shaped inclusions are more abundant. The density of the secondary fluid
inclusion trails is fairly low and double bubble secondary fluid inclusions were not observed.

The clast initially displays a short-lived mottled gray and minor yellow CL (ca. 10 s). The
yellow CL is disseminated within the mottled gray CL and occurs as a veneer along the margins
of irregular shaped spaces that resemble vugs (Higc)3After 10 additional seconds of
exposure, the yellow CL becomes very bright and then rapidly fades in intensity (zaA40 s

the yellow fades, it is replaced by a stable brick red luminescence (Fbd).3-

Group C10: Quartz Clast with Short-Lived Blue CL

This group consists of one quartz clast fridirkland Lake (sample GHO014). The quartz
grains in the clast are seriate, ranging in size frommM@o 17 mm, and exhibit interlobateb
polygonal textures and subhedralBanhedral morphologies. Deformation lamellae, undulose
extinction, subgrains, and both bulging and subgrain rotation recrystallization are present
throughout the clast. The grains are also crosscut myriad secondary fluid inclusion trails that
produce a wispy texture. The density of secondary inclusion is fairly homogémouever,
some small equigranular grains contain a notably lower concentration of inclusions. The

attributes of the secondary fluid inclusions are similar to those described for group C1.

The quartz is characterized by a short-lived blue CL (Fig. 3-16€), which fades and
eventually becomes extinct (ca. 44 s). The initial blue is only observed in isolated patches that
are surrounded by zones without a visible CL response (Fig. 3-16e). The location of the dark
zones does not correspond to the observed location of grain boundaries. In addition to dark
zones, many blue patches are crosscut by dark CL fractures that are spatially associated with

secondary fluid inclusion trails.

Group C11: Quartz Clasts with No Visible CL

Three quartz clasts from Kirkland Lake (samples GH003, GH035, and GH049) did not

display a visible CL response during electron bombardment. While the clasts all contain
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deformation textures (undulose extinction, subgrains, and deformation lamellae), they each
display distinct characteristics.

Sample GHO003 is composed of large subhedral bladed quartz (up to 3mm) and seriate
anhedralbsubhedral grains (68 B 4 mm) with an interlobatebpolygonal texture. The bladed
grains have variable orientations and are locally intergrown with subhedralbeuhedral fluorapatite
grains (ca. 3 mm). The fluorapatite grains locally displafiszzyO margins and are crosscut by
stringers of quartz. This suggests that the apatite is pre-depositional. While the quartz did not
exhibit a CL response, the fluorapatite grains show stable bright blue cores and pink rims in CL.
Secondary fluid inclusions form wispy textures throughout the quartz clast, and are only absent
where recrystallization is pronounced. The inclusions are similar to those in group C1, but lack

double bubble inclusions.

GHO035 is composed of inequigranular (0.1D1 mm) subhedralbanhedral quartz with
interlobatebpolygonal texture. The grains display undulose extinction, subgrains and deformation
lamellae. Many of the quartz grains have similar preferred orientations that define ¢afzant p
fabric. Secondary fluid inclusion trails are abundant in coarser grains and sparse in the fine-
grained portions of the samples, where instead they are concentrated along grain boundaries.

Sample GHO049 is texturally unique amongst all of the sample quartz clasts. It is
characterized by subhedral quartz grains (0.4D0.8 mm) with bladed quartz overgrowths in a
matrix of extremely fine grained (<10m) anhedral interlobateBamoeboid quartz. The larger
subhedral grains exhibit a stable blue-purple CL and sometimes contain growth zones, not unlike
magmatic quartz phenocrysts. The bladed-quartz locally exhibits a faint and short-lived (ca. 24 s)
blue CL, although it does not typically emit a visible CL response. The majority of the clasts is
composed of the fine-grained quartz, which does not show an observable optical CL. Secondary
fluid inclusions are present in subhedral grains and the bladed quartz, although they are largely

absent in the finer-grained matrix. No double bubble inclusions were observed in this sample.

! - 140-



FIGURE 3-16: Representative CL photomicrographs of groups C8, C9, and C10. (A) Initial CL
response ogroup C8 (~8 s). Sample GHD26, ThreeNations outcrop. (B) Corresponding CL
behavior afte~122 s. Sample GH026. (C) Group C9 (~8 s). Sample GH011, Chaput Hughes
outcrop. (D) Corresponding image after ~80 s. (E) Initial CL image of group C10 (~14s). Sample
GHO014, Castle Hardware outcrop. (F) Corresponding image after ~58 s of exposure. Scale bars
are 400 m.
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TABLE 3-2: Characteristics of studied quartz clasts groups.

Group Clast Size Texture Deformation CL Primary Fluid
Inclusions

C1 2.5Pb8 cm Subhedrdanhdredal, UE, SG, DB, Homogenous navy N/A
interlobate, DL, BR, SGR  blue to purple
inequigranulabseriate,
euhedral overgrowths

Cc2 2.6D9 cm Anhedrabsubhedral, UE, SG, BR, Short lived bottle  N/A
interlobat&polygonal  SGR green to short lived

bright blue to
stable blue

C3 3.5b12 Anhedral, very fine UE Dark homogenous N/A

cm grained (<10 m), purple brown to
interlobat&amoeboid stabledark red
brown

C4 3D10cm Large bladed prismatic UE and minor  Shortlived bright LV inclusions. Th =
crystals in finegrained SG in large blue to red. Local 190B195 GC (n = 6),
matrix. Local grains. Purple. Wel Tm=-1.90C (n=1)
recrystallized defined oscillatory
chalcedonic quartz. growth zonation
Finegrained quée is
prismatidanhedral

C5 7.3cm Large bladed prismatic UE and SG, Shortlived blue to  Boiling FIA: Th =
quartz intergrown with  with local BG purple 1708175 GC (n=2),
crustiform quartz and andSGR accompanied by  Tm =-1.90C (n =1)
limonite. Zone of shortlived yellow
interlobate and seriate orange. Well
gtz. defined oscillatory

growth zonation.

C6 3.5cm Large prismatic quartz UE, SG, BR, Shortlived blue to  Variable liquid to
crystals in fineegrained SGR purple with vapor ratios and
subhedrdeuhedral complex growth necking. Not suitable
reclystallized quartz zones for
matrix. Contains a microthermometry
quartz breccia.

Cc7 3.3b4.8  Relict comb textures UE, SG, DB, Shortlived Variable liquid to

cm and bladed prismatic  BR, SGR homogenous purple vapor ratios, necking,
grains. Local euhedral to red with local irregular
grains with polygonal growth zones. morphologies. Not
texture. suitable for
microthermometry

cs8 lcm Anhedral, UE, SG, BR, N/A
inequigranular, SGR
interlobat&polygonal
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Table 32 continued

Group Clast Size Texture Deformation CL Primary Fluid
Inclusions
C9 2cm Subhedral to anhedral, UE, SG Shortlived gray N/A
bery fine grained, yellow to stable
interlobate brick red
C10 17 cm Subhedralanhedral, UE, SG, DL Shortlived blue N/A
seriate, interlobat® BR, SGR
polygonal
Cc11 5 Subhedral to anhedral, UE, SG, DL, No visible CL N/A
seriate, interlobat® BR, SGR
polygonal

Abbreviations: BR= bulging recrystallization; DB = Defnation bands; DL= deformation lamellae; SG =
subgrains; SGR = subgrain rotation recrystallizatioB;®Jundulose extinction.

3.8. Vein-Bearing Clasts

The quartz veins studied (e.g., Fig. 3-17) are truncated and rounded at the margins of the
sampled clasts, indicating that they are pre-depositional. They are hosted in a range of
lithologically distinct clast types and demonstrate notably different primary textures, CL
characteristics, and degrees of recrystallization (Table 3-3). The investigated quartmaveins
been arranged into groups according to their cathodoluminescence behavior, textural properties,
accessory mineralogy, and fluid inclusion assemblages.

Group V1: Quartz Veins with Bright- to Dark-Blue CL

Group V1 consists of five vein-bearing igneous clasts (Table 3-1) from the Kirkland Lake
region (samples GH007, GH008, GH033, GH036, GH044). These clasts contain quartz and
guartz-magnetite veins (Fig. 3-17d) that occur as single isolated veins and as stockworks (in
GHO033, Fig. 3-17a) within igneous host rocks.

The host rocks are dominantly medium-grained porphyritic felsic igneous rocks with a
guartz-rich groundmasses and phenocrysts of potassium feldspar £ quartz and plagioclase.

Locally, amphibole and chlorite are present. The veins in sample GHO044 are hosted in a fine-
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FIGURE 3-17: Field photographs of vein-bearing clasts from Timiskaming conglomerates in
Kirkland Lake (A) Quartz veins hosted in a porphyritic rhyoli€@033, Logging Rd. outcrop.

(B) Stockwork quartz veins within an altered hoskr@gH034, Logging Rd. outop. (C) Thick
quartz vein (dashed lines) hosted within a medium-grained felsic igneous rock, sample GH002,
Goldthorpe Road outcrop. (D) Quartz-magnetite vein in a quartz-feldspar porphyry. GHO36,
Kinross Pond outcrop. (E) Thin quartz vein (dashed lines) within a fine-grained igneous rock.
GHO013, Chaput Hughes outcrop. (F) Black ferruginous chert breccia with quartz infill. GH037,
Kinross Pond outcrop. Scale bars are 2 cm.
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grained equigranular rock. The igneous hosts are pervasively altered. The feldspars contain
ubiquitous fine-grained white mica, and samples GHO07 and GHO08 contain abundant carbonate
veinlets that transect the clast margin.

The veins contain inequigranular quartz grains that exhibit an interlobate to polygonal
texture. Individual grains are dominantly subhedral, but range from anhedral to euhedral. Several
of the veins contain fine-grained quartz along the margins and coarse grains within the center.
Deformation lamellae and deformation bands are locally present; however, subgrains and
undulose extinction are the dominant deformation mechanisms. Varying amounts of bulging and

subgrain rotation recrystallization are observable in the different sampl

Secondary fluid inclusions are abundant. They vary in size, morphology (irregular shaped
and necked inclusions to inclusions with regular shapes), liquid to vapor ratio, and salinity (Fig.
3-19). Double bubble inclusions were not observed in any samples from this group.

The CL of the quartz vein is characterized by an initial short-lived bright blue (Fig. 3-18b)
which gradually transitions to a stable dark-blue. Mottled textures and bands of bright and dark
blue are abundant. Thin dark fractures crosscut some grains, and a red CL is often present along
grain boundaries. These signatures are spatially associated with secondary fluid inclusions.
Bright radiation damage halos are well developed around some small accessory minerals in the

quartz.

Group V2: Quartz Vein with Blue to No CL

Group V2 consists of one sample from Kirkland Lake (sample GHOO05). The studied vein is
hosted within an altered medium-grained porphyritic igneous rock that is dominantly composed
of plagioclase, potassium feldspar, amphibole, and chlorite. The feldspar grains display intense

sericitic alteration.

The vein (ca. 2 mm wide) is composed of inequigranular quartz grains (ca. 0.1b1 mm) that
range in morphology from anhedral to euhedral and display a polygonalPinterlobate texture.
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They display undulose extinction, subgrains, and deformation lamellae. Bladed prismatic crystals
are preserved in open spaces within the vein and along the vein margins. Widespread secondary
fluid inclusions trails crosscut the vein and are locally truncated at the margins of discrete
anhedralbsubhedral quartz grains. Such grains often contain high concentrations of fluid
inclusions along their boundaries, suggesting that that recrystallization occurred after fluid
inclusion entrapment. The secondary fluid inclusions in this vein are similar to those in group

V1.

This vein displays a short-lived bright blue CL that rapidly decreases in intensity and
becomes extinct after approximately 22 s (Fig. 3-18c, d), much like that observed in group C10
(Fig. 3-16e, f). Faint oscillatory growth zones (Fig. 3-18c) are present within several prismatic
guartz grains, although no primary fluid inclusions are present in these growth zones. Irregularly
shaped dark CL zones and fractures similar to those in group C1 are distributed throughout the
vein (Fig. 3-18c). The dark zones transect grain boundaries and growth zones, and the fractures
are spatially associated with secondary fluid inclusion trails.

Group V3: Quartz Vein with Blue to Red/Brown CL

Group V3 is comprised of one sample from Kirkland Lake (sample GHO013). This clast
contains a thin quartz vein within a porphyritic felsic host rock composed of potassium feldspar
and minor plagioclase phenocrysts within a groundmass of quartz and feldspar (Fig. 3-17e). The
feldspars are sericite-altered, and chlorite is present within the groundmass.

The vein (ca. 2.5 mm wide) is composed of inequigranular grains of subhedral to anhedral
guartz that exhibit a polygonalPinterlobate texture. The grains range in size form 0.1D2 mm, and
are notably coarser in the center of the vein. Deformation lamellae, subgrains, and undulose
extinction are abundant. Minor amounts of bulging and subgrain rotation recrystallization are
also preseniThe quartz grains contain abundant wispy secondary fluid inclusion trails similar to
those described for group V1. Portions of the fine-grained vein margin contain lower
concentrations of secondary fluid inclusions (Fig. 3-19b).
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FIGURE 3-18: CL behavior ofquartz vein groupsvV1, V2, and V3. (A) Quartz vein typevl.
SampleGHO036, Kinross Pond outcrop. CPL. (B) Corresponding CL im@geé s). (C) Initial
short-lived CL(16 s exposure) of vaiquartz group V2. SampleéGH005, GoldthorpeRd.

outcrop (D) Long-lived CL ofquartz vein typeV2 (~44 s). (E) CL response of veigroup V3
(~10 s). SampleGHO13. Group V3. ChaputHughes outcrop. (F) Long-lidg~94 s) CL response
of the same sample. Scale bars are!480
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FIGURE 3-19: Fluid inclusion images from studied quartz veins. (A) Secondary fluid inclusions
with wispy texture. Sample GHO034, LoggiRd. outcrop. (B) Low fluid inclusion density near
(arrows) clast margin (dashed line). Sample GH013, Chaput Hughespoutd Representative
secondary fluid inclusions fromr@up V1. Arrows indicate(l) V, (II) LV with daughter

minerals, ad (IIT) LV inclusions , Sample GH033, LoggiRd. outcrop. (D) Fluid inclusions

along grain boundaries. Sample G, KinrossPond outcrop. Scale bars are 16@

The clast displays a short-lived blue CL, which becomes more red with time (Rg, $3;
much like that observed in group C1. The initial blue color is patchy and exhibits minor spatial
variations of intensity. Some of the bright zones are restricted to specific grains, whiteaoéhe
expressed as linear features that transect grain boundaries. The red color is spatialg@ssoci
with myriads of fluid inclusion trails. After prolonged exposure (ca. 100 s), there still are isolated
zones with a stable dark blue CL. Some thin veins with yellow-brown CL crosscut the blue
guartz. These veinlets transition to a red CL with time, and demonstrate a behavior similar to the

veinlets and overgrowths in group C1.
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Group V4: Quartz Vein With Blue to Bright-Red to Brown CL

One vein-bearing clast from Kirkland Lake (sample GH034) belongs to this group. The
clast contains a stockwork of quartz veins (Fig. 3-17b) within an intensely altered host rock. The
host rock contains relict grains of quartz and altered feldspar; however, most primary textures
have been destroyed by apparent overprinting alteration. Fine-grained white mica, carbonate
minerals, and chlorite are particularly abundant throughout the clast.

The veins are dominantly composed of inequigranular quartz grains which range in
morphology from euhedral to subhedral, vary in size from ca. 0.1D2 mm, and exhibit a polygonal
texture. Prismatic quartz crystals are locally present. The quartz grains display varying amounts
of undulose extinction, deformation lamellae, subgrains, and both bulging and subgrain rotation
recrystallization. Abundant secondary fluid inclusion trails form a wispy texture throughout the
quartz veins. The density of these trails is variable, and they are locally truncated at grain
boundaries. The inclusions are very small and similar to those described for Group V1.

The clast displays a short-lived blue CL, which becomes more red with time (Fig. 3-20a,
b), much like that observed in group C1. The initial blue color is patchy and exhibits minor
spatial variations of intensity. Some of the bright zones are restricted to specific ghaias, w
others are expressed as linear features that transect grain boundaries. The red colotyis spatiall
associated with myriads of fluid inclusion trails. After prolonged exposure (ca. 100 s), there still
are isolated zones with a stable dark blue CL. Some thin veins with yellow-brown CL crosscut
the blue quartz. These veinlets transition to a red CL with time, and demonstrate a behavior

similar to the veinlets and overgrowths in group C1.

Group V5: Quartz Vein with Blue to Purple CL and Oscillatory Growth Zoning

Group V5 consists of one clast from Kirkland Lake (sample GH002). This sample contains
a thick quartz vein (ca. 1 cm) that is hosted in a medium-grained felsic igneous rock (Fig. 3-17c¢)
composed of large (ca. 2 mm) anhedral-subhedral K-feldspar and minor plagioclase intergrown
with recrystallized quartz. Much of the vein is composed of bladed prismatic quartz
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FIGURE 3-20: CL behavior of vein clast groups V4 and V5 from Kirkland Lake. (A) Initial CL
response characteristic of group V4 after ca. 18 s of electron bombardment. Sample GH034,
Logging Rd. outcrop. (B) Corresponding image (~84 s). (C) CL behavior of group V5 after ~10 s
of electron bombardment. Sample GH002, Goldthorpe Rd. (D) Corresponding after ~110 s
exposure. Scale bars are 404.

crystals (up to 2 mm) that are oriented approximately perpendicular to the vein margin. These
grains locally contain primary sifggphase liquid inclusions that were deemed unsuitable for
microthermometry (Fig. 3-21c).

Large portions of the vein are recrystallized and contain subhedral to anhedral quartz.
These grains show inequigranular-interlobate textures and locally display bulging and subgrain
rotation recrystallization. Both the recrystallized and the prismatic grains demonstrage afra
undulose extinction, deformation lamellae, deformation bands, and subgrains. This indicates that
at least some of the deformation took place after the formation of the prismatic quanta&®gc
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FIGURE 3-21: Vein-hosted prismatic quartz grains with primary fluid inclusions. Sample GH002,
Goldthorpe Rd. outcrop. (A) Plane polarized light image. Dashed rectangle indicates location of
primary fluid inclusions. (B) Corresponding CL image. Note presence of well developed
oscillatory growth zoning. (C) Primary fluid inclusions (left of dashed line). Arrows indicate: (1)
L, (I) LV, and (lll) secondary inclusion trails. Scale bars are 4@dor (A-B) and 100 m for

(©).
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fluid inclusions are abundant and form wispy trails throughout the vein similar to group C1.
These trails crosscut the recrystallized and prismatic quartz, and are locally truhcated a

deformed grain boundaries.

The CL behavior of the prismatic quartz is uniqgue amongst the vein-bearing clasts, and is
characterized by a short-lived dark blue which transitions to a dark purp5(spand then
stable red-brown (ca. 76 s: Fig. 3-20c, d). Sector and oscillatory growth zoning are present in
some of the prismatic quartz grains (Fig. 3-21). The deformed grains exhibit a CL color similar
to the prismatic grains; however, they were not observed to contain oscillatory growth zones.
Furthermore, the deformed quartz displays red and dark CL fractures that are associated with

secondary fluid inclusions.

Group Vé6: Fine grained Quartz Veinswith Dar k Purple-Brown CL

Two clasts from Kirkland Lake belong to this group (samples GH032 and GH0037).
Unlike the previous groups, the veins are hosted in clasts of magnetite-bearing ferruginous chert
(Fig. 3-17f). The veins consist of anhedral quartz (cd.ripwhich exhibits interlobateb
amoeboid textures. Undulose extinction was the only observed deformation texture in the fine-
grained quartz. GHO37 contains a coarser grained zone with subhedral, inequigranular, and
interlobate grains that exhibit bulging and subgrain rotation recrystallization, undulose
extinction, and subgrains. The coarse zone is sursalindrecrystallized chalcedonic quartz
and occupies the space between chert breccia fragments within the clast. Secondary fluid
inclusions are sparse in the fine-grained quartz, and where present are too small to study. They
are more abundant in the coarser-grained zone of sample GHO037 (Fig. 3-21d), and consist of
irregular liquid, vapor, and liquid vapor inclusions. The quartz typically shows a homogenous
dark purple brown short-lived CL that transitions to a dark reddish brown, and is identical to that
observed in group C3 (Fig. 3-8e, f).

! -152-



Group V7: Quartz Veins Without a Visible CL

Two of the studied veins do not exhibit a visible CL behavior (samgh&0& and
GHO045). Thevein in sample @004 is hosted in a ferruginous chert, and xsually identical to
group V6. The only notable difference between this sample and gréup the dark CL. Sample
GHO45 represents a quartz vein (ca. 1 cm thick) in an epidote-rich host rock. The quartz in this
sample is inequigranular, subhedrlhedral, and forms a polygonal texture. Subgrains are

ubiquitous and fluid inclusions are concentrated around grain margins and in secondary trails.

Large grains of anhedrauhedral epidote are present throughout the quartz. Crustiform
banded epidote and prismatic epidote with growth zones containing small foirtegular
primary fluid inclusions are locally present. The presence of these textures, and the fact that
epidote is truncated at the clast margins, suggests that it is pre-depositional.

TABLE 3-3: Characteristics of studied vein-bearing clast groups.

Group Host Rock Vein Style Vein Texture Deformation CL

Vi Dominantly medium Single veins Anhedrat UE, SG,DL, DB, Shortlived
grained porphytic felsic and euhedral, BR, SGR bright to
intrusive rocks stockworks inequigranular, dark-blue

interlobate-
polygonal,

V2 Medium-grained Single vein Anhedrat UE, SG,DL, BR, Shortlived
porphyritic igneous rock with alteration euhedral, SGR blue to no CL
with feldspar, halo inequigranular, with local
amphibole, and chlorite interlobate- growth zones

polygonal. Local
prismatic crystals

V3 Medium-grained quartz  Single vein Subhedral UE, SG,DL, BR, Shortlived
feldspar porphyry subhedral, SGR blue to bright
inequigranular, red with local
polygonal. Local growth zones

prismatic crystals
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Table3-3 continued

Group Host Rock Vein Style Vein Texture Deformation CL
V4 Intensely altered host  Single vein Subhedra UE, SG, DL, BR, Shortlived
rock with quartz and anhedral, SGR blue to
relict feldspar inequigranular, red/brown
polygonab
interlobate
V5 Medium-grained felsic ~ Two Bladed prismatic  UE, SG, DB, DL, Shortlived
igneous rock crosscutting quartz and BR, SGR blue to purple
veins subhedrd) with growth
anhedral. zones
Inequigranular,
interlobate.

V6 Ferruginous chert Single vein Anhedral, very UE, SG, BR, Shortlived
and breccia fine-grained, SGR purplebrown
matrix interlobat® to brown

amoeboid.

V7 Ferruginous chertand  Single vein Subhedra SG, SGR No CL

epidoterich host rock and vein euhedral,
stockwork. inequigranular,
polygonal

Abbreviations: BR= bulgingecrystallization; DB = Deformation bands; DL= deforroatlamellae; SG =
subgrains; SGR = subgrain rotation recrystallizatioB;®Jundulose extinction.

3.9. Discussion

The observed characteristics of quartz clasts have been utilized to identify possible source
of the sampled clasts and to better constrain the relative timing of clast deformation and
overprint. These findings provide new critical insights into the depositional setting of the
sedimentary and volcanic rocks of the Timiskaming assemblage. Possible exploration
implications are discussed.

3.9.1. Clast Sources

There is considerable diversity amongst the sampled quartz and vein-bearing igneous
clasts. The observed variation in textures, fluid inclusions assemblages, and CL behavisr reflect
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differences in clast provenance as well as various degrees of deformation and post-depositional
hydrothermal alteration. The origin of the studied clasts is discussed below.

Pegmatite Sources

The quartz clasts of group C2 exhibit a bright stable blue luminescence that is occasionally
preceded by a short-lived bottle green emission. A stable blue luminescence is not typically
observed in quartz formed at temperatures below ca. 400;C (T. Monecke, pers. commun. 2015).
Such CL signatures are highly suggestive of a pegmatitic origin (GStze et al., 2005). A
pegmatitic origin is also suggested by the presence of large grains of quartz (up to 6 mm) within
clasts of this group. The presence of large apatite grains (approximately 3 mm) in sample GH003
Is also consistent with a pegmatite source (e.g., Pan and Breaks, 1997; Piccoli and Candela,
2002; Ertl et al., 2004). The apatite grains are texturally early and were already contained in the
quartz prior to sedimentation as indicated by the crosscutting relationships.

VeinBearing Igneous Clasts

Vein-bearing igneous clasts provide unequivocal evidence for the existence of
hydrothermal systems forming quartz veins prior to the deposition of the Timiskaming
assemblage. These veins are hosted within a variety of porphyritic and coarsebmedium grained
holocystalline igneous rocks. Coarse-grained granitoids containing hydrothermal quartz veins are
not common in the deep roots of seafloor hydrothermal systems.

The short-lived bright blue CL of Group VI, likely related to high concentration of Ti in
the quartz crystal structure (Rusk et al., 2006, 2008; Rusk, 2012), is typically observed in high-
temperature hydrothermal quartz, such as early quartz in porphyry deposits (Bennett, 2014).
Thus these quartz clasts may have originated from veins formed in a magmatic-hydrothermal
system. Unfortunately, primary fluid inclusions were not recognized in this group of samples,

making it impossible to determine the source environment.
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The vein quartz samples contain abundant accessory minerals. However, a primary origin
of these accessory minerals cannot be ascertained. All of the observed sulfide miti@ratbevi
veins occupy locations along quartz grain boundaries and texturally appear to postdate the
quartz. There is no textural evidence that would allow pre- and post- depositional sulfide
formation to be distinguished. However, sample GHO36roti3 V1 contains convincingly
predepositional magnetite. While the magnetite does occupy grain boundaries within the quartz
grain giving the vein a black appearance, grains of magnetite appear to be truncated at vein
margins. Magnetite and quartz-magnetite veins are present in some modern porphyry deposits;
however, this vein type could also conceivably have form in a variety of other hydrothermal
environments. For example, quartz-magnetite veins were observed at the Macassa mine in
Kirkland Lake (e.g., Kerrich and Watson, 1984; Ispolotov et al., 2005).

Hydrothermal Quartz Clasts

Nine of the sampled quartz clasts (GH027, GH016, GH050, GHO51, GH052, GH014,
GHO010, GH030, GH031) contain a range of euhedral prismatic quartz grains,
colloform/crustiform textures, recrystallized chalcedonic quartz, and oscillatory CL growth
zoning. The textural characteristics and CL behavior are diagnostic of hydrothermal
environments (e.g., Dong et al., 1995; GStze et al., 2001; Boggs and Krinsley, 2010). These
textures are undoubtedly primary. In many cases, oscillatory growth zoning of quartz crystals is
truncated at the margins of the clast, providing conclusive evidence that hydrothermal crystal
growth took place prior to the erosion, transport, and deposition of the vein material. These clasts

unequivocally represent hydrothermal vein quartz.

Optical CL microscopy revealed that these vein quartz clasts have been derived from a
variety of hydrothermal systems. Five distinct groups of hydrothermal quartz can be delineated
according to CL behavior: groups C4, C5, C6, C7, and C10 (Figs. 3-9, 3-10, and 3-15). The
types of hydrothermal systems from which these clasts could have been derived include
volcanogenic massive sulfide deposits, shallow orogenic systems, and epithermal veins.
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Primary fluid inclusions in sampl@HO051 yielded homogenization temperatures of 190D
1950C and a salinity of 3.5 wt.% NaCl. Based on fluid inclusion shape, pressure correction is
minimal and entrapment at temperatures around 2200C may be reasonable (J. Reynolds, pers.
commun., 2015). According to these data and based on the quartz textures, the clast must have
originated from a shallow and low-temperature hydrothermal system. It texturally resembles
guartz from an epithermal deposit (e.g., Dong et al., 1995) as the quartz in the clast forms large
prismatic crystals that are enveloped by recrystallized chalcedonic quartz, presumaladyifiorme
an open space. Although open space textures are preserved in some deep orogenic deposits (e.g.,
Red Lake: Chi et al., 2009), the fluid inclusion characteristics of the clast are not conststent w
a deep origin of the quartz (i.e., low g@w homogenization temperature, low pressure,
inclusion morphology: cf. Bodnar et al., 1985; Chi et al., 2009). The homogenization
temperature of 2200C for sample GHO51 is also low for quartz from VMS deposits although low-
temperature quartz has been documented from deposits in Matagami in the northern Abitibi
greenstone belt (loannou et al., 2007).

Primary fluid inclusions from sample GH027 have a lower homogenization temperature of
170 to 1750C. The entrapped liquid has a salinity of 3.5 wt.% NaCl. The presence of liquid,
vapor, and liquid-vapor inclusions in the studied growth zone is indicative of boiling. Therefore,
the homogenization temperature of this sample is equal to the temperature of entrapment. This
also indicates that the quartz formed at a pressure of approximately 7 bars (inferredlfrom P-
pseudosection of #D system at 3.2 wt.% NacCl), which corresponds to a depth of 70 m at
hydrostatic pressure. This sample must have been derived from a shallow subaerial hydrothermal
system, not unlike modern epithermal or shallow orogenic deposits. Volcanogenic massive

sulfide deposits do not form at such low ambient pressure conditions (Monecke et al., 2014).

It is unlikely that most of the hydrothermal vein clasts have been sourced from
volcanogenic massive sulfide deposits. Although the formation of these deposits predates the
deposition of the Timiskaming assemblage, quartz is not a volumetrically abundant mineral in
these deposits (loannou et al., 2004) and large quartz veins that could have sourced these clasts
are not common (T. Monecke, pers. commun., 2015). In addition, the vein quartz material
observed is largely devoid of other minerals whereas quartz veins in volcanogenic deposits

! -157-



typically contain abundant sulfide minerals. Given the nature of quartz veins in volcanogenic
massive sulfide deposits, it would be difficult to produce large (up to 17 cm) monomineralic
guartz clasts as a product of erosion of such deposits. Furthermore, the CL behavior of the
hydrothermal quartz clasts is largely inconsistent with the observed CL from volcanogenic
massive sulfide deposits in the Abitibi greenstone belt (loannou et al., 2004). Only samples
GHO030 and GH031 show similarities with published CL images of stringer vein quartz.

The CL behavior of samples GH014, GH050, GHO51, and GHO52 is consistent with quartz
veins from orogenic gold deposit that have not experienced substantial recrystallization, such as
Grass Valley in California (R. Taylor and T. Monecke, pers. commun. 2014). The sampled clasts
and veins from Grass Valley both exhibit a similar short-lived blue yellow CL colors. It may also
be noted that the 4206-S3 vein at the Macassa mine contains prismatic euhedral quartz crystals
(Ispolatov et al., 2005, 2008) that are texturally similar to clasts GH050, which was sampled
from an outcrop of Timiskaming conglomerate approximately 1 km from the head frame of the

Macassa mine.

The presence of the amethyst clast GHO16 in the conglomerate of the Timiskaming
assemblage also suggests that hydrothermal veins could have been the source of some of the
quartz clasts. Amethyst can be found in a variety of environments, including epithermal veins
(Robinson and Norman, 1984), cavities within mafic-ultramafic volcanic rocks (Gilg et al., 2002;
Duarte et al., 2009), veins hosted in granodiorite (e.g., McArthur et al., 1993), shallow orogenic
gold deposits (e.g. Allan et al., 2014), and even the low-temperature portions of porphyry
systems (e.g., MYller et al., 2010). While the presence of amethyst does not signal the occurrence
of a specific type of hydrothermal system, it does place a maximum constraint on the
temperature of metamorphism, as it alters to green praisolite and ultimately locsésr itd
temperatures greater that 400D4500C (Cohen and Hassan, 1974). Given that the clast is still
purple, the temperature of metamorphism must not have exceeded 4500C, which is consistent

with the regional greenschist facies overprint in the Rouyn-Noranda area (Powell et al., 1995).

Accessory minerals are common in the quartz clasts. However, there is no unequivocal

evidence that these accessory phases were formed prior to sedimentation of the clasts.
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Texturally, the sulfide minerals contained in the clasts occupy grain boundaries and are texturally
late with respect to the quartz grains.

With the exception of pyrite and chalcopyrite, other sulfide minerals present in the clasts
are not observed in the surrounding conglomerate matrix. Arsenopyrite, molybdenite, galena,
bismuthinite, and native gold were observed in some of the quartz clasts, but not the matrix
surrounding the clasts. Furthermore, clasts sampled from the same outcrop (within 1 m of each
other), may be characterized by different sulfide mineral assemblages (e.g., GH014 and GH015),
which may also suggest that these minerals are pre-depositional. It is important to note that the
two samples containing molybdenite (GH014, Group C10; GH052, Group C4) have
predepositional CL signatures similar to orogenic quartz (R. Taylor and T. Monecke, pers.
commun. 2014). The deposits of Kirkland Lake gold notably contain molybdenite (e.g.,

Thomson et al., 1948; Kerrich and Watson, 1984; Ispolatov et al., 2008).

Sample GHO027 contains alternating layers of crustiform quartz and limonite which are
truncated at the margins of the clast. The limonite probably represents the oxidation product of
earlier sulfide minerals. Although the timing of oxidation is unknown, the textural evidence
suggests that the precursor minerals to oxidation formed in an unknown hydrothermal

environment prior to deposition of the quartz clast.
3.9.2. Post-Depositional Overprint

A complex history of post-depositional deformation and fluid flow is preserved within all
sampled clasts, commonly obscuring and even destroying primary textures and relationships. In
spite of the challenges that this poses regarding source interpretations, the signatubresé&om t
events provide a unique insight into the processes that accompanied regional metamorphism.

Overprinting Fluids

The clasts are crosscut by abundant secondary fluid inclusion trails that have variable
characteristics such as size, morphology, composition, and liquid to vapor ratjsciCO
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double bubble fluid inclusion (those containing liquighKlliquid CQ, and CQ gas) are notably
present in many of the secondary fluid inclusion trails (Fig. 3-7). Double bubble fluid inclusions

are primarily indicative of high-pressure environments.

The influence of these fluids is variable and visibl€L. Wispy red trails that crosscut
deformed and undeformed quartz grains are ubiquitols.j and contain a range of fluid
inclusion types. The red increase in intensity with prolonged exposure, and in some cases
obscures the long-lived stable blOE color. Wispy textures are consistent with deep
environmentgBodnar et al, 1985).

Timing of Overprint

While it is not possible to constrain the timing of the secondary fluid inclusion trails, there
is unequivocal textural evidence that many are post-depositional. For example, sample GH016
from Rouyn Noranda contains texturally late secondary trails of double bubble fluid inclusions,
which crosscut zones of primary liquid-vapor fluid inclusions. The primary inclusions and
textures are characteristic of shallow low-temperature environments. Conversely, double-bubble
inclusion must have formed at high pressures as they contain significant amounts Give®
that the clasts formed in a shallow environment, the double-bubble inclusions in this sample
must be post-depositional. Specifically, these inclusions formed at a point in time after
deposition, during which the lithostatic pressure was sufficient to allow for the formation of
double-bubble inclusions. It is unlikely that such p-T-@0uld be achieved during burial alone,
suggesting that these fluids likely represent metamorphic fluids. Similar inclusians, als
interpreted as post-depositional, are present in samples from Timmins-Porcupine and Kirkland
Lake.

Fluid flow through the Timiskaming assemblage persisted as the rocks were progressively
exhumed from depths. These later fluid inclusions and coincident quartz crosscut and truncate
zones with double-bubble inclusions (Fig. 3-22c,d), providing textural evidence that they are in
fact late. These inclusions have more irregular morphologies and are characteristighlly sm
liquid-vapor inclusions that do not contain double bubbles. This suggests that the fluids were
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FIGURE 3-22: Photomicrographs of key overprinting relationships within clastsD@&ormed

and partially recrystallized prismatic quartz within fine-grained recrystallized quattxm

CPL. Sample GH16, Radio Tower outeop. (B) Correspondhg CL image. Recrystallization
guenched the€'L signal of the oscillatory growth zoning (arrpwC) Recrystallized quartz (dark
blueCL) cross cut by late yellow and brown quartz. Secondary fluid inclusion trails are truncated
at the margins of the crosscutting veinl€ts. Sample Gi12, Chaput Hughes outop. (D)

Late quartz overgrowths on early dark blue quartz. Trails of inclusions are truncated at the
margins of the overgrowth€L. Sample GHO017, Radio Tower outcrop. Scale bars aré #00
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trapped at lower temperatures and pressures (cf. Bodnar¥1&8) perhaps as the Timiskaming
assemblage was uplifted and exposed.

These late shallow fluids are well defined in CL (Fig. 3-22c, d), which highlights several
distinct quartz types that interestingly are present in samples from all of the studietsdigte
similarities of CL behavior and corresponding fluid inclusions suggest that the late quartz formed

from a similar fluid.

Deformation

All of the clasts have been deformed and recrystallized to various degrees. Bulging and
subgrain rotation recrystallization are the dominant mechanisms of recrystallization. The
observed deformation mechanisms are consistent with lower-temperature deformatidngPassc
and Trouw, 2005), and the known metamorphic grade of the Timiskaming assemblage (e.g.,
Jolly, 1978; Powell et al., 1995). Recrystallization visibly destroys primary textures (Fig. 3-22a,
b), alters the size of morphology of quartz grains, deforms or erases fluid inclusions, and causes
fluid inclusions to become concentrated along grain boundaries (Fig. 3-19). Most of the
deformation is interpreted to post-date deposition of the clasts, because it is textigrally la

Differences in the signature of overprinting deformation may reflect local variations of
strain intensity between sample locations. The competency of the surrounding host rock relative
to quartz clasts is an important constraint on recrystabizdii fact, some clasts sampled from
intensely deformed outcrops are seemingly undeformed. The inverse was also observed. There is
also no apparent correlation between clast size and the intensity of recrystallization and
deformation (Passchier and Trouw, 2005).

3.9.3. Implications for the Geologic Setting
Evidence from vein-bearing igneous clasts suggests that atagmydrothermal activity
accompanied igneous activity prior to or during the deposition of the Timiskaming assemblage.

These clasts may have been derived from sources similar to syenite-associated gold deposits
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(Robert, 2001) or Oporphyry-likeO deposits in the Abitibi greenstone belt (Davies and Luhta,

1978; Goldie et al., 1979; Fraser, 1993; JZbrak and Doucet, 2002). The ca. 2741 Ma C™tZ gold
deposit (ca. 130 km southwest of TimmiKsitz et al., 2014) significantly predates the

Timiskaming assemblage, indicating that some of these Oporphyry-likeO systems are old enough
to have been exposed, eroded, and incorporated into the Timiskaming assemblage (at least if they

were present in the drainage area of the basins).

While thesesystems have been documented over a wide area, vein-bearing igneous clasts
were only observed in Kirkland Lake. Previous provenance investigations in this region
concluded that clasts within Timiskaming assemblage conglomerates were likelyl dexme
sources within a 15 km radius of the ObasinO (Legault and Hattori, 1994). The apparent absence
of this clast type from Timiskaming conglomerates in other mining camps, as well as the
findings of Legault and Hattori (1994), suggest that the vein-bearing clasts may have been
derived from local sources (Fig. 3-23), although it is not possible to determine the source of this

material.

Unlike vein-bearing igneous clasts, quartz clasts were observed in Timiskaming
assemblage conglomerates from the Timmins-Porcupine, Kirkland Lake, and Rouyn-Noranda
and Duparquet areas. In total, nine of the 35 investigated quartz clasts from these camps are
unequivocally of a hydrothermal origin (see section 3.9.2). Given the fact that hydrothermal vein
guartz was sampled from conglomerate outcrops located at different stratigraphic positiens in t
Timmins-Porcupine, Kirkland Lake, and Rouyn-Noranda areas, the occurrence of eroding
hydrothermal quartz vein deposits must have been reasonably widespread during deposition of

the Timiskaming assemblage.

At least some of these veins formed in shallow subaerial hydrothermal systems. Formation
of such quartz veins must have been broadly contemporaneous with the deposition of the
Timiskaming assemblage (Fig. 3-23) as the first subaerial exposures in the Abitibi greenstone
belt probably occurred at <2690 Ma (Ayer et al., 2002b, 2005; Davis, 2002; Ropchan et al.,
2002; Mercier-Langevin et al., 2007; Bleeker and van Breemen, 2011). Timiskaming
sedimentation took place until about 2669 Ma (Ayer et al., 2005; Thurston et al., 2008).
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FIGURE 3-23: Schematic diagram depicting the depositional setting of the Timiskaming
assemblage (modified from Mueller et al., 1994). Potential hydrothermal environments are as
follows: (1) shallow orogenic systems, (2) magmatic-hydrothermal systems, (3) epithermal and
geothermal systems, and (4) volcanic fumaroles.

Epithermal and shallow orogenic deposits are the most likely sources of this vein material
(Fig. 3-23). Neither of these deposit types has previously been documented in the Abitibi
greenstone belt, let alone deposits that unequivocally formed during the deposition of the
Timiskaming assemblage. While these systems must have been exposed in the drainage area
not possible to reconstruct the relative location céélsgstems relative to todayOs sample
location. The apparent lack of epithermal and shallow orogenic deposits in the Abitibi greenstone
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belt is likely a reflection of the low preservation potential of such systemSifemons et al.,
2005).

Whether the clasts are derived from epithermdla shallow orogenic veins has
important implications for the geologic setting of the Abitibi greenstone belt. If the vlast
eroded from epithermahlartz vein deposits, then large-scale geothermal systems must have
been active prior to and during deposition of the Timiskaming assemblage. In modern volcanic
terranes, these systems mostly occur in extensional settings (Simmons et al., 2005). Inbthe Abiti
greenstone belt, such systems could have formed in response to extension that at least locally
accompanied deposition of the Timiskaming assemblage.

Alternatively, if the clasts were derived from shallow orogenic systems, orogenic processes
and devolatilization of the crust during prograde metamorphism would have already taken place
at the time of Timiskaming deposition. In the Abitibi greenstone belt, e@xie-rich
hydrothermal activity is known to predate sedimentation of the Timiskaming assemblage, as
demonstrated by the presence of clasts of crustiform ankerite vein material hosted in the
Timiskaming assemblag®ubé¢ et al, 2003). However, hydrothermal activity related to gold
deposition is generally thought to have accompanied post-Timiskaming deformation along the
main fault zones in the Abitibi greenstone belt (Ayer et al., 2005). If the clasts are derived from
orogenicquartz veins, it means that earlier shallquartz veins were formed during
Timiskaming deposition. This is intriguing because possible early orogenic hydrothermal activity
in the Abitibi greenstone belt is consistent with observed timing relationships in other terranes
(e.g., Wiluna-Norsman and Laverton greenstone belts, Australia; Ashanti greenstone belt,
Ghana;Red Lake-Campbell Lake greenstone béittario, Canada;m Yellowknife greenstone
belt, Northwest Territories, Canada). In these greenstone belts, the timing of orogenic
hydrothermal activity overlaps with deposition of late-orogenic sedimentary rocks that are
analogous to the Timiskaming assemblage (cf. Pigois et al., ROB&t et al., 20050o0tes et
al., 2011), signaling that deposition of these clastic successions may accompany the datvelopme
of regional orogenic hydrothermal systems.
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Epithermal, shallow orogenic, and Oporphyry-likeO hydrothermal system are not unique to
the Abitibi greenstone belt and they have been recorded in Archean terranes from around the
world (e.g., Barley, 1982; Roth et al., 1991; Hallberg, 1994; DubZ et al., 1995; Turner et al.,

2001; Huston et al., 2002, 2008; Stein et al., 2004, Duuring et al., 2007; Harris et al., 2009). It is
likely that such systems have been present throughout much of EarthOs history as epithermal and
Oporphyry-likeO deposits as old as 3.2 and 3.3 Ga respectively have been recorded in the Pilbara
craton (Barley, 1982; Harris et al., 2009). The presence of these systems in the Abitibi

greenstone belt, likely reflect similar processes which accompanied the evolution ofmfArchea

terranes.

3.9.4. Exploration Implications

Volcanogenic massive sulfides and orogenic gold deposits represent the primary
exploration targets in the Abitibi greenstone belt. Evidence from the present study suggests,
however, that different styles of mineralization may have formed during the evolution of the
Abitibi greenstone belt. For that reason, exploration in the Abitibi greenstone belt and other
analogous Neoarchean greenstone belts should not exclude the possibility of unconventional
exploration targets such as epithermal deposits, shallow orogenic system, and possibly even
deposits associated with high-temperature magmatic-hydrothermal activity.

The results of the present study also have implications to the possible occurrence of
paleoplacers in the sedimentary deposits of the Timiskaming assemblage. Whillegidddrita
the Timiskaming assemblage has not been discovered, some of the clasts were derived from
hydrothermal quartz veins that may have been auriferous. World-class paleoplacers are known to
be present in the OTimiskaming-likeO Tarkwaian sedimentary rocks of the Proterozoic Ashanti
greenstone belt (e.g., Pigois et al., 2003).

3.11. Conclusions

The present study represents the first in-depth characterization of quartz clasts @¢amtaine
the conglomerates of the Timiskaming assemblage of the Abitibi greenstone belt. Textural
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studies on the quartz clasts demonstrate that most of the clasts have been deformed to such a

degree that it is not possible to determine their source. However, pre-depositional textures, fluid
inclusion characteristics, and CL signatures are preserved in several of the sampled gtgartz cla

These characteristics suggest that some clasts were derived from pegmatitevdule cgbers

were sourced from hydrothermal quartz veins. Some of these clasts are interpreted to have

originated from epithermal or shallow orogenic sources.

The study of quartz clasts provides new important constraints on the metallogenic
evolution of the Neoarchean Abitibi greenstone belt. Neither epithermal nor shallow orogenic
gold deposits have so far been documented in the Abitibi greenstone belt. The apparent absence
of such systems likely reflects their low preservation potential. However, it is not pdssibl
determine where these systems may have been located during formation of the Timiskaming
assemblage. Evidence from sampled vein-bearing igneous clasts suggests that highitemperat
hydrothermal systems spatially, and perhaps genetically, associated with plutonisnsaere al
exposed during the Neoarchean erosion and sedimentation resulting in the deposition of the
Timiskaming assemblage. The new data have exploration implications as unconventional
exploration targets may exist in the Abitibi greenstone belt, including epithermal vein deposits,
shallow orogenic vein systems, or paleoplacers within the alluvial-fluvial deposits of the
Timiskaming assemblage.
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CHAPTER 4
CONCLUSIONS

The present thesis aimed to better define the paleoenvironmental setting of the
Timiskaming deposition through the detailed mapping of representative outcrops and the study
of quartz clasts contained in conglomerates of the Timiskaming assemblage. Thedwags fi
from the mapping study are:

1. The Timiskaming assemblage contains a range of subaerial and deep marine lithofacies.
Detailed mapping documented that the Morris Kirkland outcrop largely consists of a ca.
11 m thick succession of graywacke turbidites that formed in a deep subaqueous setting.
The Three Nations and Kinross Pond outcrops expose a ca. 20 m thick succession of
fluvial conglomerates and sandstones. The Powerline outcrop contains subaerial
pyroclastic surge and fallout deposits, which formed near a proximal trachytic-phonolitic
volcanic vent. The Don Lou outcrop consists of a rhythmic syenite intrusion, whih
emplaced into the sedimentary and volcaniclastic rocks prior to the folding of the
Timiskaming assemblage.

2. The outcrops studied indicate that the Timiskaming assemblage could have been
deposited in a wide range of paleoenvironments. The observed relationships documented
in the present study and those documented by previous authors mapping at larger scales
that are most consistent with the Timiskaming assemblage being deposited imya setti
comparable to modern strike-slip and rift basins.

3. Post-depositional hydrothermal alteration, while often cryptic at the outcrop scale, is
ubiquitous in the outcrops studied. This indicates that the orogenic hydrothermal activity
largely postdates the deposition of the Timiskaming sedimentary and volcanic rocks and

the intrusions by shallow porphyritic rocks.

Based on the results of the field investigations, the following recommendations for future
field investigations are made:
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1. To truly understand the evolution of the Abitibi greenstone belt it is critical to further
constrain the geologic setting of the Timiskaming assemblage. While much work has
been conducted, there are still key knowledge gaps. Detailed basin-wide studies should
be conducted to map the distribution of lithofacies and constrain the depositional
environment. Kirkland Lake is a logical choice because it preserves one of the largest and
best-exposedectons through the Timiskaming assemblage in the Abitibi greenstone
belt. Additional basin analyses could also be conducted in Timmins, Duparquet, Rouyn-
Noranda, and Matachewan. It would be particularly important to investigate the
relationships between these different outcrop areas of the Timiskaming assemblage. No
detailed sedimentological work has been conducted on the Timiskaming assemblage in
Matachewan or farther west towards the Shining Tree and Swayze greenstone belts.
Unigue opportunities exist to study and to potentially correlate the discontinuous
accumulations of the Timiskaming assemblage along this understudied extension of the
Larder Lake-Cadillac fault zone.

2. Additional work should focus on the Timiskaming assemblage turbidites. The
paleoenvironmental setting of deposition of these sedimentary rocks is not well
constrained. They likely formed in below-storm-wave-base lacustrine or deep marine
settings. Additional mapping and sedimentological work should be conducted to better
constrain the lateral extent of the turbidites in the Kirkland Lake camp and their contact
relationships with the subaerial sedimentary rocks of the Timiskaming assemblage that
are stratigraphically overlying, and in some cases apparent lateral facies equivalents.
These contets are not well documented and it is unresolved whether the subaqueous and
subaerial facies are separated by a currently not recognized low-angle unconformity or
whether a progression from deep subageous to shallow marine and subaerial deposits can
be documented.

3. Future volcanological work should focus on the facies relationships between alkalic

flows, pyroclastic rocks, and intrusions in the Kirkland Lake camp. Such a study may
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highlight remnant volcanic edifices and would further the currently limited understanding

of the widespread volcanic lithofacies in this camp.

The key findings of the laboratory research on vein-bearing igneous clasts and the quartz
clasts contained in the conglomerates of the Timiskaming assemblage can be zednasari

follows:

1. Igneous clasts with quartz veins truncated at clast margins are locally present in
conglomerates in the Kirkland Lake area. The short-lived bright blue CL behavior of
these veins is consistent with high-temperature magmatic-hydrothermal quartz.
Timiskaming deposition must have been accompanied by significant unroofing to allow

erosion of the igneous material into braided streams.

2. Quartz clasts within Timiskaming conglomerates in Timmins, Kirkland Lake, Duparquet,

and Rouyn-Noranda areas display a range of sizes, colors, and internal textures.

3. Convincingly primary textures and CL signatures are preserved in about one third of the
sampled quartz clasts (total of 35 samples). Primary prismatic quartz grains (nine
samples) and fluid inclusion assemblages are scarce (three samples). Most of the quartz
clasts showing primary features are of hydrothermal origin although some pegmatite
guartz clasts were also recognized. As quartz clasts of hydrothermal origin have been
recognized in outcrops sampled throughout the southern Abitibi, early hydrothermal
activity must have been fairly widespread. Differences in texture and CL behavior

suggest a variety of hydrothermal sources.

4. In most cases, the nature of the hydrothermal system forming the quartz clasts cannot be
determined unequivocally'wo quartz clasts exhibit primary textures and CL
characteristics similar to stockwork quartz in VMS deposits. Other clasts exhibit CL
textures that are consistent with undeformed quartz veins from orogenic gold deposits.
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5. A purple quartz clast, presumably amethyst, was found in an outcrop of Timiskaming
conglomerate. This clast contains relict primary hydrothermal textures. Most notable are
large prismatic quartz grains in a fine-grained matrix and overprinting hydrothermal
breccia textures. The textural relationships indicate that the clast formed in response to
multiple episodes of hydrothermal fluid flow prior to sedimentation. The clast possibly
represents the first documented example of amethyst in the Neoarchean Abitibi
greenstone belt and presumably formed by hydrothermal activity comparable to modern

epithermal systems.

6. The textural and fluid inclusion evidence from two of clasts are consistent with quartz
formation by shallow hydrothermal systems. The primary fluid inclusion assemblages of
each clast yield homogenization temperatures of 190-1950C and 170-1750C, respectively.
The studied growth zone in the lower temperature sample contains coexisting primary
liquid-vapor and vapor-rich inclusion assemblages, indicative of boiling. A pressure
estimate indicates that this sample must have formed in a shallow subagr@aiment
within 70 m of the water table. This particular sample must therefore be derived from an
epithermal or shallow orogenic hydrothermal system. The clast provides the first known
evidence for the existence of such a near-surface hydrothermal system in the Neoarchean
Abitibi greenstone belt. Given that the first subaerial exposures Abitibi greenstone belt
likely occurred at <2690 Ma, this hydrothermal activity must have been broadly
contemporaneous with deposition of the Timiskaming assemblage.

7. The presence of quartz clasts sourced from a variety of hydrothermal systems within the
Timiskaming assemblage may suggest the presence of unconventional exploration targets
in the Abitibi greenstone belt. If the exposed hydrothermal vein systems were
mineralized, the Timiskaming assemblage may be host to paleoplacers.

8. No conclusive evidence has been found for the presence of quartzite clasts, which may
suggest that th-skinned tectonics and crustal thickening occurring prior to the
Timiskaming deposition did not result in higher-grade metamorphism or that such rocks
were not exposed during the deposition of the Timiskaming assemblage.
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9. The majority of the quartz clasts were affected by significant strain, causing
recrystallization of the quartz. Deformation of the quartz clast material is probably
largely related to post-Timiskaming deformation, which is pronounced along the
Porcupine-Destor and Larder Lake-Cadillac fault zones. The post-depositional
deformation largely destroyed primary textures and quenched the original CL signatures
of the quartz. For this reason, it is not possible to determine the sources of most quartz

clasts, especially those affected by intense deformation.

10. Most deformed quartz clasts contain abundant secondary fluid inclusions trails, which
often have a wispy appearance. Secondary fluid inclusions exhibiting double bubbles can
be observed in many quartz clasts although recrystallization of the clasts has partially
destroyed this record of fluid flow. The presence of secondary fluid inclusion trails
having a wispy texture and the occurrence op-@¢€h fluid inclusions suggests
significant burial of the clasts (pressures of the greenschist facies), presumed teete relat
to thick-skinned tectonics and orogenesis occurring after the deposition of the
Timiskaming rocks.

11.The sampled quartz clasts contain a variety of accessory minerals, including apatite,
pyrite, magnetite, arsenopyrite, chalcopyrite, bismuthite, molybdenite, galena, native
gold, Fe oxides/hydroxides, and carbonate minerals. Texturally, these minerals are
typically later than the quartz. However, for most samples it is not possible to
unequivocally constrain the timing of accessory mineral formation. They probably
largely formed during post-depositional overprint and recrystallization of the quartz
clasts. However, in one hydrothermal quartz clast, crustiform Fe oxide/hydoxide is

intergrown with crustiform quartz, indicating a primary origin.

Based on the results of the present study, the following recommendations are made for

future work on quartz clasts:
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. Additional quartz clast provenance studies should be conducted in Timiskaming-like
sedimentary successions in other Neoarchean greenstone belts. The sources of quartz
clasts in these other setting could help constrain the geologic setting and improve the
current understanding of the evolution of hydrothermal systems in Neoarchean

greenstone terranes.

. Quartz clast investigations could potentially be used as a vector to placer style
mineralization. Future work is recommended to assess the feasibility of such provenance

studies as an exploration tool.

Further geochemical analyses should be conducted on the studied quartz clasts to help
constraining their origin. Electron microprobe analyses of the Ti and Al concentrations

may help identify the types of hydrothermal systems which formed the quartz and vein
bearing igneous clasts. An electron paramagnetic resonance analysis should be conducted
on the purple quartz clast in order to determine the purple color center. If the purple
coloration is caused by the substitution ot'Fer Si in quartz, it would indicate the

guartz clast is indeed an amethyst sensu strictu. If the clast is indeed amethyshat ma

the oldest documented occurrence of this quartz type.

. While early hydrothermal activity clearly pre-dated Timiskaming sedimentation, the
absolute timing of these systems is unknown. To constrain the timing of hydrothermal
activity, igneous zircons within the vein-bearing igneous clasts could be dated. This
would place a lower limit on the timing of hydrothermal activity. It would also be useful
to search for the presence of hydrothermal zircons within the quartz clasts that could
potentially be dated.

. The quartz clasts preserve a complex history of overprinting fluid flow. It is clear that
some of the clasts formed at shallow depths, and were exposed to overprinting fluids
during burial and subsequent exhumation. This history of overprinting fluid flow is
preserved in clasts throughout the camp. Future researchers could examine the
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relationships between the fluid history preserved in the clasts, regional metamorphism,

and orogenic gold mineralization.
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APPENDIX A
SUPPLEMENTAL ELECTRONIC FILES

The following supplemental electronic data files support Chapter 2 of the preceding thesis.
They include detailed 1:20 scale detailed geological maps of Three Nations, Don Lou, Kinross
Pond, Morris Kirkland, and Powerline outcrops. The files are organized according to the order

the order in which they are discussed in Chapter 2.

Outcrop Maps Files containing detailed geological maps of
outcrops studied.

Three Nations Outcrop map.p| This file contains geological map of the
Three Nations outcrop.

Don Lou Outcrop Map.pd This file contains @eological map of the Don
Lou outcrop.

Kinross Pond Outcrop Map.p( This file contains geological map of the
Kinross Pond outcrop.

Morris Kirkland Outcrop Map.pd| This file contains geological map of the
Morris Kirkland outcrop.

Powerline Outcrop Map.pg This file contains geological map of the
Powerline outcrop.
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