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ABSTRACT 

This work presents investigations based in the south-central Abitibi subprovince of 

Ontario and Quebec, Canada, which place constraints on a sequence of Neoarchean 

geodynamic and structural processes, including crustal growth and amalgamation with the rest 

of the Superior Province, and the formation of orogenic gold deposits along regional 

deformation zones. Archean geodynamic processes were primarily investigated by multi-isotope 

U-Pb and Lu-Hf laser ablation – inductively coupled plasma – mass spectrometry (LA-ICP-MS) 

analysis of detrital zircon grains from successor basins. Three temporally distinct successor 

basin groups are recognized: the ~2690-2685 Ma Porcupine assemblage, the ~2685-2682 Ma 

Pontiac subprovince, and the ~2680-2670 Ma Timiskaming assemblage. All samples contain 

abundant Neoarchean grains (~85-95% of the individual sample populations), while the 

remaining grains yielded Mesoarchean ages. The Neoarchean grains likely reflect 

predominately local sources. Since no Mesoarchean rocks occur in the Abitibi and Pontiac 

subprovinces, and based on comparison with published zircon ages from the Superior Province, 

Mesoarchean grains are interpreted as derived from an orogenic hinterland to the NNW that 

developed during regional amalgamation. The older Porcupine assemblage contains ~5% 

Mesoarchean zircon, while Pontiac subprovince and Timiskaming assemblage samples contain 

~18% and ~13%, respectively. This suggests hinterland sources were more prevalent during the 

late stages of collision, probably as a result of progressive uplift and denudation of the 

hinterland. The paired Lu-Hf isotopic analyses support this interpretation of provenance and 

further indicate that the majority of grains (~96%) have compositions consistent with derivation 

from a modern MORB depleted mantle (mMORB-DM) reservoir. This occurrence of mMORB-

DM-like signatures in detrital zircon grains that were sourced from multiple disparate crustal 

domains suggests that a modern-style depleted mantle reservoir was not only well established, 

but widely occurring by the Mesoarchean. The observed pattern of lateral accretion of crustal 

domains that grew from a mMORB-DM-like reservoir, the transport of detritus across terrane 

boundaries, and the progressive uplift and denudation of a hinterland are most consistent with 

the operation of plate tectonic processes during Neoarchean construction and amalgamation of 

the southern Superior Province. During the late stages of accretion, deformation became 

increasingly localized along regionally extensive, crustal-scale fault zones, including the Larder 

Lake Cadillac deformation zone (LLCdz) in the Kirkland Lake area of Ontario. New field 

mapping and map compilation indicates that a series of spaced brittle-ductile deformation zones 

occur in a broad, >6 km area to the north of the LLCdz. Detailed structural mapping and 

analysis further indicate that the location of late-stage brittle-ductile deformation, fluid flow, and 
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gold mineralization was likely controlled by early brittle deformation zones characterized by 

breccia. Therefore, undiscovered gold deposits may be hosted by deformation zones farther 

from the LLCdz than previously recognized and that fault-related breccia bodies may provide an 

indicator for nearby prospective structures in both the Kirkland Lake area and in similar 

structural settings of all ages, worldwide.  
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CHAPTER 1 

INTRODUCTION 

 

This chapter outlines the general framework of investigations conducted in the 

Neoarchean south-central Abitibi subprovince of Ontario and Quebec, Canada. First, a brief 

overview of the geological framework is provided. Then, the general research goals are 

outlined, and finally the organizational structure of the thesis is discussed. 

1.1 The Abitibi subprovince 

 The Abitibi subprovince of the southeastern Superior Province is the largest Neoarchean 

greenstone belt in the world. The belt straddles the Ontario-Quebec border and spans 

approximately 500 km from east to west and 350 km from north to south (Fig. 1.1). Ample 

glacially polished outcrop exposure and mine strippings, and the generally low metamorphic 

grade of the rocks have allowed for reconstruction of the primary igneous and sedimentary 

environments and the deformational history in great detail. The early history of the Abitibi 

subprovince consisted of primary volcanic construction in a submarine environment that largely 

occurred between ~2750 Ma and ~2695 Ma (Figs. 1.2 and 1.3; Ayer et al., 2002). Based on 

stratigraphic, geochemical, and geochronological data, six distinct composite volcanic 

assemblages are recognized (Fig. 1.2). The termination of submarine volcanism at ~2695 Ma 

marks the onset of regional deformation and initial collision of the Abitibi subprovince with 

domains to the north (Percival et al., 2012). Collision resulted in widespread shortening and 

coincided with the formation of primarily sedimentary successor basins. Based on structural, 

sedimentological, and geochronological constraints, two distinct successor basin types are 

distinguished: the ~2690-2685 Ma, turbidite-dominated Porcupine assemblage and the ~2679-

2669 Ma, coarse, clastic dominated Timiskaming assemblage (Fig. 1.3; Ayer et al., 2002). 

Deformation continued through deposition of the successor basins and culminated in localized 

strain along regionally extensive deformation zones, in particular the >300 km long, crustal-

scale Larder Lake-Cadillac and Porcupine-Destor deformation zones (Fig. 1.2).  

The Abitibi subprovince is world-renowned for the abundance of economic ore deposits 

that it hosts. Numerous volcanogenic massive sulfide deposits occur in the belt (Fig. 1.2) that 

have a total endowment of over 800 million metric tonnes of polymetallic ore (Mercier-Langevin 

et al., 2011), are hosted by the volcanic assemblages, and formed during the early history of 

volcanic construction. The Abitibi subprovince also contains several world-class and many 

smaller, orogenic gold deposits (Fig. 1.2). These formed during the late stages of deformation 

during localization of strain and fluids along the major regional deformation zones. In total, 

orogenic gold deposits in the Abitibi subprovince contain over 6200 metric tonnes of gold 
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Figure 1.1 – Map of the subdivisions of the Superior Province. Modified from Stott et al. (2010). 
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Figure 1.2 – Simplified geological map of the south-central Abitibi subprovince. Modified from Thurston et al. (2008) and Monecke et 
al. (2017).
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Figure 1.3 – Schematic stratigraphic section for the south-central Abitibi subrovince. Displays 
the relative stratigraphic position and the primary emplacement or depositional environment of 
volcanic greenstone assemblages and successor basin assemblages. The ages of 
assemblages are indicated based on U-Pb ID-TIMS zircon geochronology from Ayer et al. 
(2002) and Davis (2002). 

 

(Monecke et al., 2017). Thus, the Abitibi subprovince represents one of the most economically 

significant terranes in the world.  

Since the discovery of base and precious metal deposits over 100 years ago, the Abitibi 

subprovince has been the subject of hundreds of research papers, theses, private exploration, 

and geological surveys (see Monecke et al., 2017, for a more in-depth review). As a result, the 

Abitibi subprovince is exceptionally well mapped, there is abundant geochemical and 

geophysical data available, and the ages of lithologic units are well constrained by high-

resolution U-Pb zircon geochronology. The evolution of the Abitibi subprovince (Fig. 1.3) is 

similar to that observed in other greenstone belts of the Superior Province and is typical of 
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Archean greenstone belts worldwide. This work was focused on the south-central portion of the 

Abitibi subprovince where these relationships are best constrained. As this brief review 

demonstrates, the Abitibi subprovince is an ideal location in which to investigate Archean 

geodynamic processes and the deformation behavior recorded in gold deposits that are 

associated with regional deformation zones.  

1.2 Thesis goals 

One of the primary goals of this thesis was to investigate Neoarchean geodynamic 

processes. Some workers have proposed that plate tectonic processes predominated (e.g., 

Percival et al., 2012), while others have proposed that non-plate tectonic scenarios can explain 

the observed lithotectonic progression (e.g., Bédard and Harris, 2014). Since the successor 

basins investigated were deposited coevally with regional amalgamations, they have the 

potential to preserve evidence that supports one interpretation or the other. While the primary 

age of successor basin deposits is well-constrained by high-resolution geochronology (Ayer et 

al., 2002; Davis, 2002), no single study has conducted a comparative statistical investigation of 

all the successor basin groups recognized in the south-central Abitibi subprovince. In this study, 

U-Pb and Lu-Hf laser ablation – inductively coupled plasma – mass spectrometry (LA-ICP-MS) 

analysis of detrital zircon grains was carried out on samples from the successor basins of the 

Abitibi and Pontiac subprovinces in order to accomplish the following: 

 Statistically constrain the U-Pb age patterns of graywacke detrital zircon samples 

 Compare the U-Pb age patterns between samples and among the successor basin 

groups to assess temporal and spatial variations 

 Compare observed U-Pb and Lu-Hf isotopic signatures to published zircon age data to 

establish the provenance for the successor basins 

 Compare the U-Pb and Lu-Hf isotopic signatures to evolution curves for the depleted 

mantle 

 Utilize U-Pb and Lu-Hf isotopic signatures to investigate crustal growth processes in 

inferred source domains  

 Explore how the patterns of provenance and crust-mantle growth signatures fit into the 

framework of regional amalgamations and related geodynamic models 

The second major goal of this thesis was to investigate deformation processes along 

gold-bearing, regional deformation zones. During the late stages of amalgamation, localized 

deformation and fluid flow along regional crustal-scale deformation zones resulted in the 

formation of structurally controlled orogenic gold deposits. Understanding the deformation 

behavior along these zones is critical for interpreting the regional tectonic evolution as well as 
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for constraining the distribution of economically significant ore deposits and to predict 

prospective areas. These concepts were investigated along a segment of the Larder Lake-

Cadillac deformation zone (LLCdz) in the Kirkland Lake area of Ontario (Fig. 1.2). The LLCdz is 

a major regional deformation zone that extends for 100s of km along strike, hosting over 100 

Moz of orogenic gold deposits along its length (Fig. 1.2; Monecke et al., 2017). Mineralization 

was related to coupled deformation and fluid flow processes associated with mixed brittle-ductile 

deformation behavior (Groves et al., 1998; Cox et al., 2001). While gold deposits are hosted 

directly within the LLCdz, they also occur in distributed, higher-order structural networks that 

occur as far as 2-10 km from the primary fault zone (Robert 1994; Robert et al., 1995). The 

Kirkland Lake area was selected for detailed analysis, because it is known to host orogenic gold 

within higher-order structures (e.g., the world-class 30 Moz deposit in the Main Break; Ispolatov 

et al., 2008), the surface geology is well mapped (e.g., MacLean, 1944; Thomson, 1945), the 

regional structural framework is well established (Wilkinson et al., 1999; Lafrance, 2015; 

Ispolatov et al., 2008), the absolute age of lithologic units is well constrained by high-resolution 

U-Pb zircon geochronology (e.g., Corfu et al., 1991; Corfu, 1993; Ayer et al., 2002), and there is 

abundant and easily accessible outcrop exposure. Furthermore, although the structural history 

of the LLCdz and immediate splay is well described, little work has been done to synthesize the 

across-strike architecture in the Kirkland Lake area using modern structural concepts, even 

though these areas may be prospective for gold. The primary goals of the structural 

investigations along the LLCdz in the Kirkland Lake area were to: 

 Compile and synthesize existing maps and structural data in the Kirkland Lake area 

 Conduct new mapping to constrain the structural history and distribution of brittle-ductile 

structures 

 Analyze and interpret the kinematics of brittle-ductile structures  

 Relate patterns of alteration and gold occurrences to the structural history to investigate 

how localization of strain and potentially gold-bearing, hydrothermal fluids relate to 

brittle-ductile deformation processes  

1.3 Dissertation organization 

 Following this introductory chapter, the thesis consists of five additional chapters. 

Chapter 2 is a manuscript that details the U-Pb LA-ICP-MS detrital zircon data and is already 

published in Precambrian Research (Frieman et al., 2017a). Chapter 3 is a manuscript that 

focuses on the multi-isotope U-Pb and Lu-Hf isotopic signatures and will be submitted to Earth 

and Planetary Science Letters. Chapter 4 discusses the across-strike architecture of the LLCdz 

in the Kirkland Lake area and represents a more in-depth discussion of a map and report that is 
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already published with the Geological Survey of Canada (Frieman et al., 2017c). Chapter 5 

presents a detailed study of a higher-order, gold bearing splay of the LLCdz, the Kirana 

deformation zone, which will be submitted to the Journal of Structural Geology. Chapter 6 

provides general conclusions to all work presented. A number of abstracts presenting various 

components of research related to this thesis are also included in Appendix B (Frieman et al., 

2013, 2014a,b, 2015a,b, 2016,a,b,c, 2017b,d). 
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CHAPTER 2 

CONSTRAINTS ON THE GEODYNAMIC EVOLUTION OF THE SOUTHERN SUPERIOR 

PROVINCE: U-PB LA-ICP-MS ANALYSIS OF DETRITAL ZIRCON IN  

SUCCESSOR BASINS OF THE ARCHEAN ABITIBI AND PONTIAC  

SUBPROVINCES OF ONTARIO AND QUEBEC, CANADA 

Modified from a paper published in the journal of Precambrian Research 

Ben M. Friemana, Yvette D. Kuipera, Nigel M. Kellyb,  

Thomas Moneckea, Andrew Kylander-Clarkc 

 

To investigate the tectonic development of the southern Superior Province, new U-Pb 

laser ablation inductively-coupled mass-spectrometry analysis of detrital zircon was conducted 

on graywacke samples from successor basins of the Abitibi and Pontiac subprovinces. The 

three successor basin successions investigated are the <2690-2685 Ma Porcupine assemblage 

and the <2679-2669 Timiskaming assemblage of the Abitibi subprovince, and the ~2682 Ma 

sedimentary rocks of the Pontiac subprovince. Predominately Neoarchean zircon grains (80-

95% of the total zircon population) reflect local sources in the Abitibi and Pontiac subprovinces. 

The successor basins were deposited within 100 Ma of the majority of the detrital zircon grains 

primary crystallization ages, which is consistent with patterns observed at modern convergent 

margin settings. Porcupine assemblage samples contain ~5% Mesoarchean zircon, while 

Pontiac subprovince and Timiskaming assemblage samples contain ~18% and ~13%, 

respectively. No local Mesoarchean sources exist in the Abitibi or Pontiac subprovinces, 

suggesting input from an adjacent hinterland. The higher proportion of Mesoarchean zircon in 

the Timiskaming assemblage relative to the Porcupine assemblage suggest that detritus from 

the hinterland was more prevalent during the later stages of collision, probably as a result of 

progressive uplift and denudation of the hinterland. The high proportion of Mesoarchean zircon 

in the Pontiac subprovince sedimentary rocks may reflect an additional Mesoarchean source. 

Compilation data for the Superior Province indicates that the hinterland was to the north and is, 

in part, comprised of the Winnipeg River, Marmion, and Opatica subprovinces. Patterns of 

contractional deformation, successor basin formation, and felsic plutonism progressively young 

to the south in the southern Superior Province and are interpreted in terms of accretionary 

____________ 

a Department of Geology and Geological Engineering, Colorado School of Mines, Golden, CO  
b Department of Geological Sciences, University of Colorado, Boulder, CO  
c Department of Earth Sciences, University of California, Santa Barbara, CA  
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processes. Detrital transport across subprovince or terrane boundaries, progressive hinterland 

emergence, and foreland-directed propagation of the deformational front recorded by successor 

basins is similar to that observed in modern style collisional or accretionary orogens. 

2.1 Introduction 

The Abitibi subprovince of the Superior Province is host to some of the largest and best 

exposed Archean greenstone belts in the world. These are composed of volcanic successions 

that are overlain by sedimentary rocks deposited in younger successor basins (Fig. 2.1). The 

successor basins developed in response to Neoarchean collision and assembly of the Superior 

Craton (Percival et al., 2012). Successor basins in the Abitibi subprovince include the <2690-

2685 Ma Porcupine assemblage and the <2679-2669 Ma Timiskaming assemblage (Fig. 2.2; 

Ayer et al., 2002). The Porcupine assemblage deposits are dominated by up to several 

kilometers thick successions of turbididic graywacke that were deposited in a deep-water 

environment (Ayer et al., 2002). The younger Timiskaming assemblage contains thick turbiditic 

graywacke successions emplaced in a deep-water environment as well as abundant 

conglomerate interpreted to have been deposited in a subaerial, alluvial-fluvial to shallow 

marine or lacustrine environment (Hyde, 1980). Sedimentary rocks of the Pontiac subprovince, 

bounding the Abitibi subprovince to the southeast (Fig. 2.2), were deposited at ~2682 Ma and 

predominately consist of turbididic graywacke successions that were deposited in a deep-water 

environment, similar to the Porcupine assemblage (Mortensen and Card, 1993; Davis, 2002). 

The sedimentary rocks of the Pontiac subprovince have been interpreted as a foreland basin or 

accretionary prism (Davis, 2002). While the ages of deposition of the three successor basin 

types are well constrained (e.g., Ayer et al., 2002), their provenance, and potential relationships 

between deposition and progressive amalgamation of the Superior Province is not. 

U-Pb detrital zircon analysis of syn-tectonic successor basins has been used in various 

tectonic settings to provide insight into the geodynamic and paleogeographic evolution of 

associated orogens (DeGraaff-Surpless et al., 2002; Gehrels et al., 2011; Cawood et al., 2012; 

LaMaskin, 2012). While existing high-resolution, U-Pb zircon data have provided constraints on 

the stratigraphic development of the Superior Province (Corfu and Stott, 1998; Ayer et al., 2002; 

Thurston et al., 2008), a comprehensive and statistically significant U-Pb detrital zircon study 

that directly compares the detrital zircon patterns in graywacke units of the Porcupine 

assemblage, Pontiac subprovince, and Timiskaming assemblage has not previously been 

carried out. To establish the detrital zircon age patterns in these rocks we analyzed >100 zircon 

grains per sample for 16 samples by U-Pb laser ablation inductively-coupled mass-spectrometry  
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Figure 2.1 – Geological map of the Superior Province. The map displays the distribution of 
subprovinces or domains and syn-deformational basins colored by their relative zircon age 
signatures (modified from Stott et al., 2010). 
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Figure 2.2 – Map of the Abitibi and Pontiac subprovinces. Map displays the distribution of volcanic assemblages and successor 
basins. The location of Porcupine detrital zircon samples investigated in the present study are highlighted (modified from Thurston et 
al., 2008).  



14 
 

(LA-ICP-MS). We then compared our data with new compilations of existing U-Pb zircon data 

from the Superior Province to relate our observed detrital zircon age patterns to progressive 

amalgamations of the Superior Province. The present contribution provides robust statistical 

constraints on the detrital zircon age patterns of graywacke in successor basins of the Abitibi 

and Pontiac subprovinces, which display statistical differences that are related to assembly and 

deformation of the southern Superior Province. 

2.2 Geological background 

 The following sections summarize the geological context of the Abitibi and Pontiac 

subprovinces in relation to the Superior Province. First the regional setting is discussed, then 

the local geological background is reviewed.  

2.2.1 Neoarchean assembly in the Superior Province 

The Superior Province is the largest preserved area of Archean cratonic rocks on Earth. 

It consists of Archean crustal blocks, which largely amalgamated in the Neoarchean (Fig. 2.1; 

Bédard et al., 2003; Stott et al., 2010; Percival et al., 2012). The Superior Province is 

predominately composed of Eo- to Neoarchean granite-greenstone, gneissic, and/or 

metasedimentary domains (Percival and Williams, 1989; Williams et al., 1992). Domains with 

similar structural, magmatic, geochemical, and/or detrital zircon data populations have been 

grouped into subprovinces (Fig. 2.1; Percival et al., 2006, 2012; Stott et al., 2010), which have 

been interpreted to represent superterranes or terranes (Percival et al., 2012). 

Neoarchean assembly began in the northern Superior Province at ~2720 Ma and 

involved collision of the Hudson Bay subprovinces with the North Caribou subprovinces (Fig. 

2.1; Percival et al., 2012). This orogenic system is characterized by north-directed shear and the 

appearance of 3.9-3.5 Ga detrital zircon grains in associated successor basins (Corkery et al., 

1992; Böhm et al., 2000; Skulski et al., 2000; Lin et al., 2006). At ~2720-2705 Ma, along the 

southern margin of the North Caribou subprovinces, north directed collision culminated in the 

juxtaposition of the Winnipeg River and Marmion subprovinces with the North Caribou 

subprovinces (Corfu et al., 1995; Percival et al., 2012). The collisional system is characterized 

by south-vergent structures and deposition of 2715-2705 Ma successor basins, including 

sedimentary rocks of the English River subprovince (Sleep, 1992; Corfu and Stone, 1998). 

Collision was immediately followed by post-deformational plutonism and initial retrograde 

metamorphism by ~2700 Ma (Sleep, 1992; Corfu and Stone, 1998). Penetrative deformation 

was diachronous along the boundary, but generally occurred at ~2718-2704 Ma (Corfu and 

Stott, 1993; Percival et al., 2006). At ~2720-2700 Ma, orogenesis had propagated into the 

Western Wabigoon and Winnipeg River subprovinces (Fig. 2.1). It was characterized by the 
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onset of penetrative deformation, intrusion of ~2710 Ma tonalite complexes, and the deposition 

of the 2715-2705 Ma Warclub Group successor basin sedimentary rocks (Percival et al., 2012). 

The northeastern Superior Province is characterized by several composite domains, 

which amalgamated during ~2720-2700 Ma collision of the Hudson Bay and Arnaud River 

subprovinces (Fig. 2.1; Percival et al., 2001; Bédard et al., 2003; Bédard, 2006). Despite 

temporal correlations, links between this orogenic system and those in the western Superior 

Province are unclear (Percival et al., 2012). Domains in the northeastern Superior Province 

contain some of the oldest rocks on Earth, including supracrustal assemblages with ~4000-3200 

Ma zircon crystallization ages and isotopic signatures (Skulski et al., 1996; O’Neil et al., 2008; 

Boily et al., 2009; Cates and Mojzsis, 2009; David et al., 2009). However, most of the 

supracrustal assemblages consist of 2900-2720 Ma volcanic-plutonic successions and limited 

2750-2720 Ma successor basin deposits (Skulski et al., 1996; Percival et al., 2001; Simard et 

al., 2005; O’Neil et al., 2008; Boily et al., 2009; David et al., 2009). 

At ~2695 Ma, contractional deformation had propagated to the Abitibi and Wawa 

subprovinces due to their collision with the subprovinces to the north (Corfu and Stott, 1998; 

Bateman et al., 2008). The suture zone is inferred to be below the Quetico subprovince, which 

is an accretionary wedge to foreland basin that formed during this collision (Fig. 2.1; Percival 

and Williams, 1989; Davis et al., 1990; Williams et al., 1992; Zaleski et al., 1999; Fralick et al., 

2006). Progressive docking of the Abitibi and Wawa subprovinces with the subprovinces to the 

north is documented by ~2700-2690 transgressive sedimentary assemblages in the Quetico 

subprovince (Davis et al., 1990; Zaleski et al., 1999; Fralick et al., 2006). Contractional 

deformation continued in the Abitibi and Wawa subprovinces between 2690 Ma and 2665 Ma 

(Ayer et al., 2002; Bateman et al., 2008; Ispolatov et al., 2008). Late deformation in the southern 

Superior Province is, in part, inferred to have been related to collision and underthrusting of the 

Minnesota River Valley subprovince (Fig. 2.1) below the Abitibi and Wawa subprovinces along 

the Great Lakes tectonic zone (White et al., 2003). Structural and seismic studies indicate that 

the upper 10 km of crust of the Abitibi and Pontiac subprovinces is characterized by widespread 

fold and thrust structures and steeply dipping shear zones that relate to the 2690-2665 Ma 

collisional events (Dimroth et al., 1983; Camiré and Burg, 1993; Sawyer and Benn, 1993; 

Jackson et al., 1995; Calvert and Ludden, 1999; Snyder et al., 2008). 

2.2 Geology of the Abitibi and Pontiac subprovinces 

The Abitibi subprovince is bounded by the Kapuskasing structural zone to the west, the 

Opatica subprovince to the north, the Grenville Province to the east, the Pontiac subprovince to 

the southeast, and the sedimentary deposits of the Huronian basin to the south (Fig. 2.1). 
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Historically, greenstone belts within the Abitibi subprovince have been subdivided into northern 

and southern belts based on stratigraphic criteria, the proportion and composition of intrusive 

rocks, and differences in metamorphic grade (Dimroth et al., 1982; Ludden et al., 1986; Chown 

et al., 1992). However, the age of volcanic and plutonic rocks in the northern and southern belts 

of the Abitibi subprovince are largely comparable (Ayer et al., 2002; 2005; David et al., 2006, 

2007) and the observed differences likely relate to differences in the crustal exposure level 

(Benn and Moyen, 2008). The present study focuses on successor basin deposits in the Abitibi 

subprovince and the adjacent Pontiac subprovince, located between Timmins, Ontario in the 

west and Cadillac, Quebec in the east (Fig. 2.2). The area is well-mapped and the relative ages 

and depositional settings of syn-deformational successor basins are well-constrained (Ayer et 

al., 2002). 

In the study area, the Abitibi subprovince is largely composed of mafic to intermediate 

~2750-2695 Ma volcanic rocks (Fig. 2.2; Ayer et al., 2002, 2005; Thurston et al., 2008; McNicoll 

et al., 2014). The volcanic rocks are subdivided based on stratigraphic, geochemical, and 

geochronological data into six distinct composite volcanic assemblages, referred to as the 

Pacaud, Deloro, Staughton-Roquemaure, Kidd-Munro, Tisdale, and Blake River assemblages 

(Fig. 2.2; Ayer et al., 2002, 2005; Thurston et al., 2008). The volcanic assemblages were 

deposited in a subaqueous environment and display chemical signatures consistent with 

formation in an arc, back-arc, and/or rifted arc setting with intermittent plume influences (Ayer et 

al., 2002). 

Several younger, primarily sedimentary, successor basins occur within the study area. 

Based on structural, sedimentological, and geochronological constraints, two distinct successor 

basin types are distinguished, namely the subaqueous, turbidite-dominated Porcupine 

assemblage (i.e., ‘flysch’ deposits) and the coarse, clastic-dominated, subaqueous to subaerial 

Timiskaming assemblage (i.e., ‘mollase’ deposits; Hyde, 1980; Mueller and Corcoran, 1998; 

Ayer et al., 2002; Corcoran and Mueller, 2007; Bateman et al., 2008; Ispolatov et al., 2008). The 

deposits of the Porcupine assemblage form laterally extensive and narrow deposits that were 

deposited disconformably to paraconformably on the older volcanic assemblages (Fig. 2.2; 

Ferguson et al., 1968). Deposits of the Timiskaming assemblage are commonly fault-bounded, 

are preserved as spatially restricted deposits, and unconformably overlie all older assemblages 

(Fig. 2.2). Both assemblages are spatially associated with major regional structures, such as the 

Porcupine-Destor, Larder Lake-Cadillac, and Lincoln-Nippissing deformation zones in Ontario 

and Quebec (Fig. 2.2). The Porcupine assemblage was deposited at <2690-2685 Ma 

(Mortensen, 1993a,b; Bleeker and Parrish, 1996; Heather and Shore, 1999; Ayer et al., 2002, 
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2005; Davis, 2002; Ropchan et al., 2002; Bleeker and van Breemen, 2011) and the 

Timiskaming assemblage at <2679-2669 Ma (Corfu et al., 1991; Corfu, 1993; Heather and 

Shore, 1999; Ropchan et al., 2002; Ayer et al., 2002, 2005; Davis, 2002; Ispolatov et al., 2008; 

Ayer and Chartrand, 2011; Bleeker et al., 2015). 

In the southeastern portion of the study area in Quebec, rocks of the Pontiac 

subprovince occur south of the Larder Lake-Cadillac deformation zone (Fig. 2.2). The Pontiac 

subprovince is largely composed of graywacke and granitic batholiths (Gariépy et al., 1984; 

Camiré and Burg, 1993; Camiré et al., 1993; Mortensen and Card, 1993; Sawyer and Barnes, 

1994). Graywacke deposits are predominately fine-grained, km-scale turbiditic successions and 

are interpreted to have been deposited in a foreland basin setting, similar to the sedimentary 

rocks of the Quetico subprovince (Davis, 2002; Ayer et al., 2005). The age of deposition of 

sedimentary rocks in the Pontiac subprovince is ~2682 Ma, based on the ~2683 Ma U-Pb age 

of the youngest detrital zircon populations and the ~2682 Ma zircon crystallization age of a 

cross-cutting pluton (Mortensen and Card, 1993; Davis, 2002). Deposition in the Pontiac 

subprovince may have been partially coeval with the Porcupine assemblage and may represent 

a distal or transitional equivalent (Davis, 2002). Seismic evidence indicates that the Pontiac 

subprovince is juxtaposed with the Abitibi subprovince along a north dipping, south-vergent 

thrust zone that emplaced the Abitibi subprovince over the Pontiac subprovince (Benn et al., 

1994). Based on geophysical surveys, the western contact of the Pontiac subprovince with the 

Abitibi subprovince, along the Ontario-Quebec border, is interpreted as a structural discontinuity 

(Kalliokoski, 1987). Along their contact in Quebec, where strain is low, bedding in the Pontiac 

subprovince displays subvertical dips, while bedding in adjacent Timiskaming assemblage units 

is moderate. Thus, the contact between them is inferred to be an angular unconformity 

(Holubec, 1972). 

Plutonic rocks in the Abitibi and Pontiac subprovinces can be subdivided into syn-

volcanic, syn-deformational, and post-deformational intrusions (Chown et al., 1992; Heather and 

Shore, 1999, Ayer et al., 2002). Syn-volcanic intrusions are ~2750-2695 Ma and display 

compositions similar to coeval volcanic units (Corfu, 1993; Mortensen, 1993a,b; Heather and 

Shore, 1999; Ayer et al., 2005). Many syn-volcanic intrusions occur as large, spatially restricted 

batholithic complexes (Fig. 2.2). These complexes were typically constructed over a protracted 

period by multiple intrusive events (Mortensen, 1993a,b; Heather and Shore, 1999; Davis et al., 

2000). Syn-deformational intrusions are ~2695-2670 Ma (Corfu, 1993; Mortensen, 1993a,b; 

Ayer et al., 2005; David et al., 2006, 2007; Galley and Lafrance, 2014; McNicoll et al., 2014). 

These intrusions are broadly distributed throughout the Abitibi and the Pontiac subprovinces. 
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They are hosted in volcanic rocks, batholithic complexes, and sedimentary assemblages. Early 

syn-deformational intrusions (2695-2685 Ma) consist mainly of tonalite and granodiorite, while 

late syn-deformational (2685-2670 Ma) intrusions are commonly more potassic (i.e., granite, 

monzonite, and syenite) with lesser mafic phases consisting of diorite, hornblendite, and 

lamprophyre (Ayer et al., 2002). Syn-deformational intrusions range from undeformed to 

strongly foliated, depending on their location and proximity to the major deformation zones. 

Lastly, ~2670-2650 Ma post-deformational intrusions are typically massive, non-foliated, and 

commonly occur as relatively small intrusions within or close to large batholithic complexes 

(Heather and Shore, 1999; Davis et al., 2000). 

2.3 Methods 

 The following sections summarize the methods used to investigate the U-Pb age 

patterns of detrital zircon graywacke samples from the Abitibi and Pontiac subprovinces. First, 

the sampling strategy is discussed. Then, the methods used for sampling processing through 

LA-ICP-Ms analysis are discussed  

2.3.1 Sampling strategy 

To establish the detrital zircon pattern of sedimentary rocks in the Abitibi and Pontiac 

subprovinces, a representative set of 16 graywacke samples was collected (Fig. 2.2; Table 2.1). 

Graywacke is ubiquitous in the Porcupine assemblage and sedimentary rocks of the Pontiac 

subprovince. In contrast, the Timiskaming assemblage contains less graywacke and is 

commonly dominated by conglomerate and alkaline volcanic rocks. Graywacke units were 

sampled, because (1) reasonable sample volumes of the fine-grained graywacke provide 

representative detrital zircon populations, and (2) graywacke is a shared lithologic unit in the 

three basin groups, providing zircon data from equivalent facies or sedimentary environments. 

2.3.2 Sample preparation 

Fourteen samples were collected from outcrops throughout the Abitibi and Pontiac 

subprovinces. At each sample location ~20-30 kg of material was collected. Two additional 

samples (P-2 and P-3) were obtained from drill core provided by Goldcorp and Glencore and 

consisted of 15-25 kg of material. All samples were processed at the mineral separation 

laboratory of the Department of Geology and Geological Engineering, Colorado School of 

Mines. Sample preparation included sample crushing using a Boyd jaw crusher, grinding using 

a Bico disc mill grinder, weight separation using a Wilfley ‘wet shaking’ table, magnetic 

separations using a Frantz Barrier separator, and heavy liquid (lithium metatungstate, ~2.95 

g/cm3) density separation. A representative split of 150-400 zircon grains was hand-picked for 
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each sample and mounted in 2.7 cm epoxy plugs by size fractions (short axis diameters of <50 

μm, 50-75 μm, and >75 μm). 

Polished grain mounts were imaged using plane polarized and reflected light 

microscopy. Subsequent back-scattered electron (BSE), secondary electron (SE), and 

cathodoluminescence (CL) imaging was conducted at the Denver Microbeam Laboratory, U.S. 

Geological Survey in Lakewood, Colorado on a JOEL 5800LV scanning electron microscope. 

Analysis was conducted under high vacuum, using a 15 kV operating voltage, and 5 nA beam 

current. Additional SE and BSE imaging of selected samples was conducted at the Department 

of Geology and Geological Engineering, Colorado School of Mines, using a TESCAN MIRA3 

field emission-scanning electron microscope. The instrument was operated at 15 kV, with a 

beam current of 11 nA. 

For each sample, at least 100 grains were selected for analysis. These grains were 

randomly selected from a digital grid imposed on images of the grain mounts. The number of 

grains selected per size fraction was proportional to the number of grains in that size fraction 

relative to the number of grains in the total sample population. Spot analysis locations within the 

selected grains were based on the CL images to avoid overlap of the spot with more than one 

age or compositional domain (as determined from SEM images; Fig. 2.3). A limited number of 

grains was selected for multiple spot analyses to evaluate reproducibility and/or potential age 

differences between compositional or morphological domains. Prior to analysis, plane polarized, 

reflected light, SEM images were cross-referenced to ensure selected portions of the zircon 

grains contained no visible inclusions or fractures. 

2.3.3 U-Pb isotope data collection, reduction, and analytical methods 

Isotopic analyses were conducted by LA-ICP-MS at the University of California Santa 

Barbara, using a Nu Plasma multi-collector system coupled to a Photon Machines Excite 193 

nm laser ablation system, following the analytical procedures of Kylander-Clark et al. (2013). 

The 91500 zircon (Wiedenbeck et al., 1995) was used as a primary reference material. 

Secondary reference materials included the GJ-1, Plešovice, and SL1 zircon standards 

(Wiedenbeck et al., 1995, 2004; Woodhead and Hergt, 2005; Blichert-Toft, 2008; Morel et al., 

2008; Sláma et al., 2008), which were interspersed throughout the analytical session to evaluate 

accuracy. All secondary reference materials yielded ratios within 2% of their accepted values. 

Data was reduced using Iolite v2.5 (Paton et al., 2011), and 2% uncertainty was added in 

quadrature to each ratio to account for the long-term reproducibility of the secondary reference 

materials. Limited data from metamict grains and/or grains that contained high common lead 

contents were rejected during data acquisition and/or reduction. The majority of the U-Pb  
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Figure 2.3 – Representative zircon images. Cathodoluminesence images of detrital zircon 
grains analyzed from graywacke samples collected in the Abitibi and Pontiac subprovinces 
organized by age from youngest to oldest. The analysis location, sample number, spot 
reference number, and 207Pb/206Pb age with 2σ uncertainty for each zircon grain are indicated. 
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isotope data was filtered following the method proposed by Gehrels et al. (2011); all U-Pb data 

that was >5% discordant was rejected, including that used for statistical comparisons (Appendix 

B). 

Accepted U-Pb data are plotted on Wetherill Concordia diagrams, frequency histograms, 

probability density function (PDF) plots, and cumulative distribution function (CDF) plots. The  

Wetherill Concordia, frequency histogram, and PDF plots were calculated and plotted using 

Isoplot 4.1 (Ludwig, 2012). Frequency histograms were binned into 40 bins over the age 

distribution for each sample set. The PDF curves are calculated by summing the normal 

distribution curves defined by each U-Pb zircon age and its 2σ uncertainty, following standard 

Isoplot procedures. The CDF curves were calculated including 1σ uncertainty using standard 

routines from the Arizona LaserChron Center at the University of Arizona 

(http://www.laserchron.org). The CDF curves are calculated by summing the probability 

distributions with increasing age and are useful for determining the probability that a zircon in 

the sample population will be younger or older than a certain age. Binned histograms of the 

accepted 207Pb/206Pb age data are included with the calculated PDF and CDF curves to display 

the number and distribution of data from which these curves were derived. 

2.3.4 Compilation of U-Pb zircon data 

To better assess the patterns of detrital zircon age populations in the samples 

investigated, existing U-Pb zircon data from the southern Superior Province were compiled. The 

data compiled were derived from the Canadian Geochronology Knowledge Base (2013) and 

supplemented by selected data from several publications (Ayer et al., 2005; Lafrance et al., 

2005; David et al., 2006, 2007; Ayer and Chartrand, 2011; Appendix B). Only data with a 2σ 

error of <10 Ma was included. The database contains >1500 U-Pb zircon ages that are mainly 

isotope dilution - thermal ionization mass spectroscopy (ID-TIMS) data, but also include 

secondary ionization mass spectroscopy (SIMS) and LA-ICP-MS data (Appendix B). The 

compiled dataset includes U-Pb ages interpreted from single grain, multiple spot, and multiple 

grain analyses. The compilation data were subdivided by reported geological subprovince, rock 

type, and zircon type (i.e., igneous, detrital, inherited, or metamorphic). 

2.4 Sample descriptions and U-Pb zircon LA-ICP-MS results 

Detrital zircon grain sizes for all samples range from <50 μm to >200 μm in length 

(aspect ratios of 2:1 to 8:1) with grain shapes that are euhedral to subhedral, commonly with 

minor rounding from detrital abrasion of grain tips. Grains range from clear to pale pink to brown 

in color. Figure 2.3 displays a representative set of zircon grains with analysis locations and 

207Pb/206Pb ages (uncertainties at 2σ) indicated. Grains display low to intermediate CL 
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intensities with lesser bright CL responses. The majority of zircon grains display textures 

consistent with crystallization in an igneous environment. Textures identified in CL range from 

simple oscillatory or sector zoning (e.g., Fig. 2.3; P-2, spot 4-2; T-3, spot 1-25), to complex, 

patchy, and/or cryptic CL textures (e.g., Fig. 2.3; P-1, spot 8B-1). Some grains display multiple 

growth domains characterized by oscillatory zoning (e.g., Fig. 2.3; T-7, spot 5-10), which are 

interpreted to be successive stages of magmatic growth. A limited number of analyses was 

performed in successive growth zones observed within a single grain (e.g., Fig. 2.3; P-6, spots 

3-11 and 3-12). These results most commonly yielded 207Pb/206Pb ages that are within 

uncertainty of one another, although a limited number of grains yielded data indicative of 

differing age domains. In general, there is no clear relationship between 207Pb/206Pb age, CL 

intensity, textural variations, and/or inferred growth domain (Figs. 2.3 and 2.4). Of all concordant 

analyses, <3% yield Th/U ratios ~0.05-0.3 and ~95% yield ratios of 0.3-2.0 (Appendix B). Rare, 

<15 µm, presumably metamorphic rims are present and were not targeted for detrital zircon 

analysis.  

2.4.1 Porcupine assemblage samples  

Sedimentological studies in Timmins (Born, 1995), Larder Lake (Hyde, 1980), Rouyn-

Noranda (Rocheleau, 1980), and LaRonde Penna (Lafrance et al., 2003) all indicate that 

Porcupine assemblage deposits are characterized by deposition of turbididic graywacke in a 

deep-water setting. Graywacke and mudstone beds are commonly arranged into Bouma 

sequences or amalgamated graywacke beds. 

2.4.1.1 Sample P-1 

Sample P-1 was collected east of Timmins, Ontario at an outcrop exposing the 

Timiskaming-Porcupine angular unconformity (Fig. 2.2; Table 2.1). Porcupine assemblage rocks 

at this location close to Crawford Avenue in South Porcupine (Ayer et al. 1999) are part of the 

Beatty Formation and are comprised of laterally continuous graywacke beds with and 

interbedded mudstone. Sample P-1 was collected from one of the laterally continuous 

graywacke beds. The maximum age of the Beatty Formation is 2687.2 ± 1.6 Ma based on the 

youngest detrital zircon age populations in these rocks (Table 2.1; Ayer et al., 2005). 

Of a total of 178 zircon analyses, 150 were concordant and 28 were rejected due to 

discordance (Fig. 2.4; Appendix B). The principal group of 207Pb/206Pb ages occurs between 

~2760-2680 Ma and comprises ~92% of total analyses. Seven zircon analyses yielded dates at 

~2800 Ma, two at ~2900 Ma, and one at ~3030 Ma. 
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2.4.1.2 Sample P-2 

Sample P-2 was obtained from Goldcorp from the Hoyle Pond deposit northeast of 

Timmins (Fig. 2.2; Table 2.1). The Porcupine assemblage graywacke at this location is 

interpreted to belong to the Hoyle Formation. The sample was collected from drill core (DDH 

20178; 129 m to 180 m interval) and represented a composite of several graywacke beds. Ayer 

et al. (2005) analyzed detrital zircon grains from this formation and interpreted the maximum 

age of deposition, based on the date of the youngest zircon fractions in these rocks, to be 2688 

± 2 Ma (Table 2.1).  

Of 189 zircon analyses, 7 analyses were rejected due to discordance (Fig. 2.4; Appendix 

B). A principal group of 207Pb/206Pb ages occur between ~2680 Ma and ~2750 Ma and 

comprises ~95% of the total sample population, in addition to three grains yielded ages at 

~2800-2780 Ma. 

Table 2.1 – List of Porcupine assemblage, Pontiac subprovince, and Timiskaming assemblage 
samples for detrital zircon U-Pb LA-ICP-MS analysis. Ages of deposition constrained by 
previous studies are indicated. 
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Figure 2.4 – Sample-by-sample U-Pb date results. Probability density function curves (filled 
solid colored lines), cumulative distribution function curves (dashed black lines), and frequency 
histograms (rectangles) for the concordant 207Pb/206Pb dates for the detrital zircon samples from 
the Abitibi and Pontiac subprovinces. 



25 
 

2.4.1.3 Sample P-3 

Sample P-3 was obtained from Glencore from the Kidd Creek deposit north of Timmins 

(Fig. 2.2; Table 2.1). Porcupine assemblage rocks at the Kidd Creek deposit are predominately 

comprised of turbidite successions of graywacke, mudstone, and graphitic mudstone (Bleeker et 

al., 1999). Sample P-3 was collected from a graywacke bed exposed underground at the 9000 

feet level (2410 m below sea level). Bleeker et al. (1999) interpreted the maximum age of 

deposition of Porcupine assemblage graywacke at the Kidd Creek deposit to be 2684.7 ± 6.3 

Ma, based on the youngest detrital zircon analysis of several samples (Table 2.1). 

Analysis of zircon grains from sample P-3 yielded 65 concordant analyses from a total of 

70 (Fig. 2.4; Appendix B). The concordant data, although limited in number relative to the other 

samples, define a principal group of 207Pb/206Pb ages between ~2680 Ma and ~2780 Ma, with 

one analysis yielding a 207Pb/206Pb date at ~2880 Ma (Fig. 2.4). 

2.4.1.4 Sample P-4 

Sample P-4 was collected from an outcrop of graywacke exposed along Highway 624 

south of Larder Lake, Ontario (Fig. 2.2; Table 2.1). The Porcupine assemblage in this area is 

primarily comprised of graywacke. Ayer et al. (2005) analyzed detrital zircon grains from the 

same outcrop where sample P-4 was collected. They interpreted the maximum age of 

deposition of these rocks as 2695 ± 3 Ma, based on the youngest detrital zircon grain 

populations (Table 2.1). 

The sample yielded 154 concordant and 17 discordant analyses (Fig. 2.4; Appendix B). 

The principal ~2800-2690 Ma 207Pb/206Pb age grouping is centered at ~2740 Ma. Two analyses 

yielded 207Pb/206Pb ages of ~2915 Ma and 2940 Ma. 

2.4.1.5 Sample P-5 

Sample P-5 was collected from ~1 km south of the LaRonde Penna deposit in Quebec 

(Fig. 2.2; Table 2.1). Porcupine assemblage rocks, termed the Cadillac Group in Quebec, at the 

sampling site comprise graywacke and mudstone arranged into Bouma sequences (Fig. 2.5A). 

Sample P-5 was collected from a single graywacke bed. The maximum age of deposition of 

these rocks, based on the youngest detrital zircon grains of a sample collected at LaRonde 

Penna, is 2687 ± 3 (Table 2.1; Davis, 2002). 

Of a total of 172 zircon analyses, the sample yielded 145 concordant analyses (Fig. 2.4; 

Appendix B). The principal group of 207Pb/206Pb ages is ~2775-2670 Ma, with the maximum of 

the relative probability curve centered on ~2720 Ma. The principal data group comprises ~83% 

of the total analyses from this sample. The remaining ~17% of analyses are composed of pre-
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2775 Ma ages; twelve ages between 2840 and 2775 Ma, five ages at ~2900 Ma, one age at 

~3000 Ma, and one age at ~3100 Ma. 

2.4.1.6 Sample P-6 

Sample P-6 was collected ~7km west-southwest of the LaRonde Penna deposit to the 

west of Cadillac, Quebec (Fig. 2.2; Table 2.1). The sample was obtained from a single 

graywacke bed. The youngest detrital zircon grains from the Porcupine assemblage at the 

LaRonde Penna deposit constrain the maximum age of deposition of these rocks to 2687 ± 3 

Ma (Table 2.1; Davis, 2002). 

Sample P-6 yielded a total of 107 concordant zircon analyses out of a total of 142 spot 

analyses (Fig. 2.4; Appendix B). The principal ~2775-2680 Ma 207Pb/206Pb age grouping is 

centered on ~2740 Ma and comprises ~85% of the total analyses. A prominent tail on the 

principal population is defined by a set of older dates between ~2880-2775 Ma and one date at 

~3200 Ma. 

2.4.2 Pontiac subprovince samples 

Sedimentary rocks in the Pontiac subprovince are dominated by monotonous 

successions of graywacke and mudstone arranged in Bouma sequences (Camiré et al., 1993), 

interpreted to have been deposited in a deep-water environment below storm-wave-base by 

turbidity currents. Despite metamorphic overprint, primary structures are commonly observed 

including grading, ripple cross-laminations, load-casts, and flame structures allowing for 

identification of primary stratigraphic facing (Camiré and Burg, 1993). 

2.4.2.1 Sample PS-1 

Sample PS-1 was collected from the northern Pontiac subprovince south of Rouyn-

Noranda, Quebec (Fig. 2.2; Table 2.1). Sample PS-1 was collected from several thinly bedded 

(<15 cm) graywacke beds. The age of deposition of Pontiac subprovince sedimentary rocks is 

well-constrained to ~2682 Ma in the northern portion of the subprovince by the ~2683 Ma 

youngest age of detrital zircon grains and by the ~2682 Ma zircon crystallization age in cross-

cutting plutonic rocks (Table 2.1; Mortensen, 1993b; Davis, 2002). 

Sample PS-1 yielded 157 concordant analyses out of a total of 172 analyses (Fig. 2.4; 

Appendix B). The principal 207Pb/206Pb age group is between ~2775 Ma and ~2680 Ma and the 

relative probability curve for these data is centered on ~2720 Ma. It comprises ~80% of the total 

analyses. The remaining analyses are composed of pre-2775 Ma ages; scattered ages from 

~2775 Ma to ~2935 Ma (12 analyses) and three ages at ~3050, ~3075, and ~3160 Ma. 
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2.4.2.2 Sample PS-2 

Sample PS-2 was collected from the western Pontiac subprovince along the Ontario-

Quebec border (Fig. 2.2; Table 2.1). The sedimentary rocks in this area are metamorphosed to 

amphibolite facies and are garnet- and biotite-rich. However, primary compositional layering is 

preserved. Sample PS-2 was collected from a laterally continuous, normally graded graywacke 

bed that is penetratively foliated (Fig. 2.5B). The maximum age of deposition of Pontiac 

subprovince sedimentary rocks in the area of the Ontario-Quebec border is poorly constrained. 

However, the youngest detrital zircon grains from a sample ~30 km to the southwest yielded 

ages of 2687.5 ± 2.0 Ma and 2688.3 ± 1.8 Ma (Davis, 2002). 

Sample PS-2 yielded 152 concordant analyses out of a total of 190 (Fig. 2.4; Appendix 

B). The principal group of 207Pb/206Pb ages is between ~2800 and ~2680 Ma and is centered on 

~2730 Ma. The remaining analyses (~21%) yielded pre-2750 Ma dates, which define a 

prominent tail on the principal population group between ~2925 and ~2800 Ma. 

2.4.3 Timiskaming assemblage samples 

Sedimentary rocks of the Timiskaming assemblage in the Timmins (Born, 1995), 

Kirkland Lake (Hyde, 1980; Mueller and Corcoran, 1998), Larder Lake (Hyde, 1980; Jackson et 

al., 1994), Rouyn-Noranda (Rocheleau, 1980), and LaRonde Penna areas (Lafrance et al., 

2003) were largely deposited as alluvial fans or in braided streams or floodplains in a subaerial 

environment (Hyde, 1980; Born, 1995). However, at least locally, deposition occurred in a deep 

subaqueous environment below the storm-wave-base in submarine fan systems (Hyde, 1980; 

Rocheleau, 1980; Born, 1995). 

2.4.3.1 Sample T-1 

Sample T-1 was collected from the so-called Shovel outcrop (Ayer et al., 1999) on 

Government Road in South Porcupine, east of Timmins (Fig. 2.2; Table 2.1). The Timiskaming 

assemblage at this location is part of the Dome Formation (Ayer et al., 1999) and is 

predominately comprised of graywacke and mudstone arranged into Bouma sequences. 

Sample T-1 represents a composite of several graywacke beds. The age of deposition of the 

Dome Formation in Timmins is constrained by the youngest detrital zircon populations to be 

<2674 ± 2 Ma (Table 2.1; Ayer et al., 2003). 

Out of a total of 120 analyses, sample T-1 yielded 107 concordant ages (Fig. 2.4; 

Appendix B). The ~2775-2660 Ma principal data group comprises ~82% of the total sample. A 

tail on the principal group is defined by ages at ~2825-2775 Ma, which comprises ~12% of the 

total sample population. A further five concordant ages occur at ~2870 Ma, ~2922 Ma, ~2931 

Ma, ~2935 Ma, and ~2980 Ma. 
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Figure 2.5 – Field photographs of representative sample localities. (A) Coarse-grained, massive 
graywacke sample P-5 (Porcupine assemblage). (B) Fining upward sequences in turbiditic 
graywacke units that are characteristic at the location of sample PS-2 (Pontiac subprovince). 
The orientation of bedding (S0) and an oblique foliation (SP) are indicated using dip direction/dip 
notation. (C) Sample T-3, from graywacke interlayered with pebble conglomerate in the 
Timiskaming assemblage (Kirkland Lake area). (D) Sample T-7 from interbedded siltstone and 
graywacke in the Timiskaming assemblage (Rouyn-Noranda area). 

 

2.4.3.2 Sample T-2 

Sample T-2 was collected from a roadside outcrop on Bruce Avenue near the Dome 

mine at south Porcupine, east of Timmins (Fig. 2.2; Table 2.1). The Timiskaming assemblage 

rocks at this location are assigned to the Dome Formation. The sample was taken from a single 

graywacke bed that is interbedded with mudstone. The maximum age of deposition of the Dome 

Formation is constrained by the youngest detrital zircon populations to be 2674 ± 2 Ma (Ayer et 

al., 2003). 

Analysis of zircon grains from sample T-2 yielded 105 concordant analyses out of a total 

of 134 (Fig. 2.4; Appendix B). The principal ~2775-2680 Ma group of ages comprises ~85% of 

the total sample population. A set of ten ages define a ~2850-2775 Ma tail on the principal 

207Pb/206Pb age group (~9% of the total sample population), and a further five ages are 

scattered between ~3050 and 2900 Ma (~5% of the sample population). 

 



29 
 

 

2.4.3.3 Sample T-3 

Sample T-3 was collected at a roadside outcrop on Highway 66 in Chaput Hughes (Ayer 

et al., 1999), west of Kirkland Lake, Ontario (Fig. 2.2; Table 2.1). The outcrops display relatively 

thick (up to 15 m) units of conglomerate with intervening graywacke lenses that are parallel-

laminated or show cross-stratification (Fig. 2.4C). Sample T-3 was obtained from a coarse 

graywacke unit (Fig. 2.5C). Timiskaming assemblage units at this location are interpreted to 

have been deposited in an alluvial-fluvial environment (Hyde, 1980; Ayer et al., 1999; Corcoran 

and Mueller, 2007). Corfu et al. (1991) interpreted the age of deposition of these units from the 

age of the youngest detrital zircon fractions in these rocks to be <2680 ± 3 Ma (Table 2.1). 

The sample yielded 205 concordant analyses out of a total of 224 analyses (Fig. 2.4; 

Appendix B). The principal group of 207Pb/206Pb ages is between ~2680 Ma and ~2775 Ma, and 

comprises ~85% of total analyses. Ages between 2775 and 2800 Ma comprise ~12% of the 

total sample population and the remaining ages (~3%) are between ~2850 and 2890 Ma. 

2.4.3.4 Sample T-4 

Sample T-4 was collected from a higher stratigraphic level within the Timiskaming 

assemblage, ~1.2 km to the southeast of sample T-3 in the southwest of Kirkland Lake (Fig. 2.2; 

Table 2.1). Similar to the sample T-3 locality, this area displays a series of interbedded 

graywacke and conglomerate units. Sample T-4 was collected from a graywacke unit. The 

Timiskaming assemblage at this locality is interpreted to have been deposited in an alluvial-

fluvial environment (Hyde, 1980; Mueller and Corcoran, 1998) with a maximum depositional age 

of 2680 ± 3 Ma (Corfu et al., 1991). 

Sample T-4 yielded 125 concordant analyses out of a total of 144 (Fig. 2.4; Appendix B). 

The principal group of 207Pb/206Pb ages occurs at ~2760-2680 Ma and comprises ~65% of the 

sample population. A prominent tail on the principal population is defined by ages between 

~2900 and ~2800 Ma (~35% of the sample population), and one zircon grain yielded a 

concordant 207Pb/206Pb age at ~3100 Ma. 

2.4.3.5 Sample T-5 

Sample T-5 was collected near the Morris-Kirkland gold deposit at King Kirkland, east of 

Kirkland Lake, Ontario (Fig. 2.2; Table 2.1). This locality preserves a succession of 

predominately graywacke and mudstone. Pebble conglomerate units and trachytic alkaline lava 

flows occur in the stratigraphic hanging wall of the graywacke and mudstone units. The 

graywacke and mudstone units at this location are interpreted to have been deposited in a 

subaqueous environment by turbidity currents as they are arranged in Bouma sequences 
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(Hyde, 1980). The youngest detrital zircon grains from samples in this area are interpreted to 

constrain the age of deposition to <2678 ± 3 Ma (Table 2.1; Ayer et al., 2005). Additionally, 

stratigraphically above this sample location, intercalated trachytic lava flows have yielded zircon 

crystallization ages of 2670 ± 1 Ma (Ayer et al., 2005). Thus, the relative timing of deposition of 

the Timiskaming assemblage east of Kirkland Lake is ~2670 Ma, consistent with the <2679-

2669 Ma range observed throughout the study area (Table 2.1). 

Out of a total of 116 analyses, sample T-5 yielded 104 concordant ages (Fig. 2.4; 

Appendix B). The principal ~2750-2670 Ma 207Pb/206Pb age grouping comprises ~90% of the 

sample population. A subordinate set of the analyses (~10%) yielded ages between ~2750 and 

~2850 Ma. 

2.4.3.6 Sample T-6 

Sample T-6 was collected at the Astoria property near Granada, south of Rouyn-

Noranda area (Fig. 2.2; Table 2.1). The Timiskaming assemblage at this location is 

predominately comprised of polymict, pebble conglomerate and interbedded graywacke. 

Sample T-6 was collected from a graywacke unit. Due to close proximity to the Larder Lake-

Cadillac deformation zone, Timiskaming deposits in the area are strongly deformed. Therefore, 

the primary sedimentological features are poorly preserved and the depositional environment of 

the Timiskaming assemblage at this location is unresolved (Rocheleau, 1980). The youngest 

detrital zircon age populations from samples in this area constrain the age of deposition to 

<2674 ± 1 Ma (Table 2.1; Davis, 2002). Furthermore, zircon from an intercalated volcaniclastic 

yielded an age of 2673 ± 2 Ma and porphyritic intrusions that cross-cut the Timiskaming 

assemblage in Rouyn-Noranda yielded a zircon crystallization age of 2672 ± 1 Ma (Davis, 

2002). Therefore, the Timiskaming assemblage in the Rouyn-Noranda area was deposited at 

<2674-2672 Ma, similar to the Timiskaming assemblage in Ontario. 

From sample T-6, 145 concordant analyses were obtained from a total of 167 analyses 

(Fig. 2.4; Appendix B). The principal ~2750-2660 Ma 207Pb/206Pb date grouping comprises ~70% 

of the sample population. The remaining analyses (~30%) correspond to ages between ~2750 

and ~2900 Ma. Two additional concordant ages occur at ~3035 Ma and ~3080 Ma. 

2.4.3.7 Sample T-7 

Sample T-7 was collected south of Rouyn-Noranda on Route des Pionniers, immediately 

south of the Larder Lake-Cadillac deformation zone in Quebec (Fig. 2.2; Table 2.1). 

Timiskaming assemblage rocks at this location are dominated by graywacke (Fig. 2.5D). 

Sample T-7 was collected from a laterally continuous unit of normally graded graywacke. 

Primary sedimentary features in these rocks include Bouma sequences and slump features. 
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The Timiskaming units are interpreted to have been deposited in a submarine fan system 

(Rocheleau, 1980). The timing of deposition of the Timiskaming assemblage in Rouyn-Noranda 

is constrained to <2674-2672 Ma, based on the youngest detrital zircon populations and the age 

of cross-cutting intrusive rock (Table 2.1; Davis 2002). 

Sample T-7 yielded 155 concordant analyses out of a total of 169 zircon analyses (Fig. 

2.4; Appendix B). The principal ~2775-2680 Ma 207Pb/206Pb age grouping comprises ~78% of 

the sample population. A subordinate set of 207Pb/206Pb ages (~15%) define a tail on the 

principal group from ~2900 to 2775 Ma. Eight grains yielded pre-2900 Ma ages including three 

grains at ~2970 Ma, three grains at ~3100 Ma, and two grains at ~3200 Ma. 

2.4.3.8 Sample T-8 

Sample T-8 was collected from south of the Larder Lake-Cadillac deformation zone ~7 

km southwest of the LaRonde Penna deposit in Quebec (Fig. 2.2; Table 2.1). The Timiskaming 

assemblage at this location is comprised of interbedded pebble conglomerate and 10-20 cm 

thick graywacke beds. Sample T-8 was collected from a one of the graywacke beds. The rocks 

in the area are strongly tectonized due to their proximity to the Larder Lake-Cadillac deformation 

zone. Thus, the primary depositional setting is poorly constrained (Lafrance et al., 2003). 

Furthermore, no detrital or igneous geochronology has been conducted on the Timiskaming 

assemblage rocks in the vicinity of the LaRonde Penna deposit. However, based on lithologic 

similarities and map patterns, these rocks are correlated to units in the Rouyn-Noranda area 

and, thus, were likely deposited at <2674-2672 Ma (Davis, 2002). 

Sample T-8 yielded 122 concordant analyses out of a total of 132 zircon analyses (Fig. 

2.4; Appendix B). The principal ~2780-2680 Ma 207Pb/206Pb age grouping contains ~73% of the 

total number of analyses. The remaining ~27% of analyses are defined by scattered results 

between ~2800 and 2950 Ma. 

2.5 Compiled regional U-Pb zircon data 

To relate the detrital zircon signature of samples from the Abitibi and Pontiac 

subprovinces to potential source domains, existing U-Pb zircon data from throughout the 

Superior Province were compiled. These comparisons are used to make inferences about the 

relative spatial relationships of subprovinces and their potential crustal architecture during 

Neoarchean assembly. Results from the northern Superior Province (the North Caribou, Hudson 

Bay, and Arnaud River subprovinces) or the southern extent of the Province (Minnesota River 

Valley subprovince) were not included as these subprovinces contain ancient Eo- to 

Mesoarchean igneous rocks, detrital zircon, and isotopic signatures (Skulski et al., 1996, 2000; 

Böhm et al., 2000; Lin et al., 2006; O’Neil et al., 2008; Boily et al., 2009; David et al., 2009; 
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Percival et al., 2012), which are not observed in the detrital zircon samples investigated in the 

present study (Fig. 2.4). 

2.5.1 Abitibi and Pontiac subprovinces 

U-Pb zircon data for the Abitibi and Pontiac subprovinces include zircon ages derived 

from both igneous and sedimentary rocks (Figs. 2.6 and 2.7; Appendix B). The detrital zircon 

data from the sedimentary samples provide an indication of the existing constraints on the age 

patterns in these rocks. The igneous data constrain the age distributions of the local 

supracrustal rocks, which were likely major sources of zircon for the investigated successor 

basins. An alternative source for zircon within the Abitibi and Pontiac subprovinces, from 

inherited underlying crust, is also discussed. 

2.5.1.1 Igneous zircon data 

The igneous data are subdivided into zircon grains from samples of volcanic or plutonic 

rocks (Fig. 2.6A, B). The zircon data from volcanic rocks display ages from ~2750 Ma to ~2680 

Ma, which correspond to the established age ranges of the volcanic assemblages in the Abitibi 

subprovince (Figs. 2.2 and 2.6A; Ayer et al., 2002; Thurston et al., 2008). The plutonic rocks 

display ages ranging from ~2740 Ma to 2660 Ma (Fig. 2.6B). The ~2740-2700 Ma ages 

corresponds to syn-volcanic plutonic rocks, which form spatially restricted tonalite-trondjhemite-

granodiorite (TTG) intrusions (Ayer et al., 2002; Appendix B). The ~2700-2680 Ma plutonic 

rocks are dominated by TTGs, reflecting ongoing plutonism during the onset of regional collision 

(Feng and Kerrich, 1992; Ayer et al., 2005). The youngest plutonic rocks (2680-2660 Ma) are 

dominated by alkaline, calc-alkaline, syenitic, and granitoid compositions (Ayer et al., 2005; 

Appendix B). In some cases, these intrusions cross-cut the sedimentary assemblages and have 

been used to constrain the minimum ages of sedimentation (Heather and Shore, 1999; Ayer et 

al., 2002, 2005; Davis, 2002; Ispolatov et al., 2008). 

2.5.1.2 Detrital zircon data 

Several important trends can be identified from the compiled detrital zircon data for 

successor basin sedimentary rocks of the Abitibi and Pontiac subprovinces (Figs. 2.6C-E and 

2.7; Appendix B). The detrital zircon analyses for samples from the Porcupine assemblage, 

Pontiac subprovince, and Timiskaming assemblage all display principal age populations 

between ~2750 Ma and ~2670 Ma, similar to the age of the local igneous rocks (Fig. 2.6). In 

general, the largest proportion of data for the three successor basin groups clusters around the 

youngest age range (i.e., <2700 Ma; Fig. 2.6C, D, and E). While this may in part reflect zircon 

picking bias (e.g., the clearest zircons are typically picked for ID-TIMS), the presence of a large 

<2700 Ma zircon population is consistent with our own data. Potential proximal sources for  
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Figure 2.6 – Compiled U-Pb zircon age data from the Abitibi and Pontiac subprovince. 
Probability density function curves (filled solid lines) and frequency histograms (rectangles) for 
zircon age data (<2750 Ma) compiled from published data for the Abitibi and Pontiac 
subprovinces. 207Pb/206Pb age data derived from igneous rocks are subdivided into volcanic (A) 
and plutonic (B). The detrital zircon age data are subdivided into the Porcupine assemblage (C), 
Pontiac subprovince (D), and Timiskaming assemblage (E). 

 

 

Figure 2.7 – Individual, pre-2750 Ma detrital zircon ages from published data. Ages were 
derived from isotope dilution - thermal ionization mass spectroscopy and include data for the 
Porcupine assemblage, Pontiac subprovince, and Timiskaming assemblage. 
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these grains are the <2700 Ma predominately felsic intrusions and to a lesser extent volcanic 

rocks (Fig. 2.6A, B; Feng and Kerrich, 1992; Ayer et al., 2002). These plutonic rocks may have 

been exhumed soon after crystallization, providing detritus to successor basins in the Abitibi and 

Pontiac subprovinces. This is comparable to the ‘Timiskaming-type’ Midway sequence, Cross 

Lake Group, and Crowduck basin successions elsewhere in the Superior Province (Jirsa, 2000; 

Corcoran and Mueller, 2007).Pre-2750 Ma data include 2850-2750 Ma and more rare ~3200-

3000 Ma detrital zircon grains (Fig. 2.7). The majority of these pre-2750 Ma grains were 

reported in samples from the Quebec portion of the study area (Gariépy et al., 1984; Feng and 

Kerrich, 1991; Davis, 2002; David et al., 2006; Mercier-Langevin et al., 2007), while a limited 

number of the data were from samples from Ontario (Ayer et al., 2002; Ayer and Chartrand, 

2011; Appendix B). However, due to the limited number of grains per sample analyzed in these 

studies, it is difficult to characterize any differences and similarities from these data. 

2.5.1.3 Inherited zircon data  

An alternative detrital zircon source may be inherited zircon in igneous rocks sourced 

from a potential basement below the Abitibi subprovince. The presence of an older crustal 

component in the Abitibi subprovince has been recognized previously based on whole-rock 

isotopic signatures and inherited zircon grains in igneous rocks. For example, in the western 

part of the Abitibi subprovince, Hf, Nd, and Pb isotopic signatures in volcanic rocks are 

consistent with contamination by older, 2900-2800 Ma crust (Barrie and Shirey, 1991; Ketchum 

et al., 2008). Furthermore, inherited ~2925 Ma and ~2860-2850 Ma zircon grains have been 

documented in volcanic rocks and ~2740-2700 Ma syn-volcanic plutonic rocks in the western 

Abitibi subprovince (Ayer et al., 2002, 2005; Ketchum et al., 2008). Thus, a 2900-2800 Ma 

crustal substrate may underlie portions of the Abitibi subprovince (Ketchum et al., 2008). 

2.5.2 Southern Superior Province 

To assess potential source regions for the Mesoarchean zircon grains observed in the 

graywacke samples from the Abitibi and Pontiac subprovinces, we compiled published U-Pb 

zircon geochronology for the southern Superior Province. The following sections contain a brief 

geologic background for each region to contextualize the compilation data. 

2.5.2.1 The Wawa subprovince 

The Wawa subprovince occurs to the west of the Kapuskasing structural zone (Fig. 2.1). 

It is composed of greenstone belts, plutonic complexes, and gneissic domains that are of 

comparable age to supracrustal rocks in the Abitibi subprovince (Fig. 2.8A; Moser et al., 1996; 

Corfu and Stott, 1998; Stott et al., 2010; Lodge et al., 2013; Lodge, 2016). Greenstone belts in 

the northern Wawa subprovince largely consist of ~2720 Ma volcanic rocks, which are  
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Figure 2.8 – Compilation of published zircon age data for the southern Superior Province. Probability density function curves (filled 
solid color lines), cumulative distribution function curves (dashed black lines), and frequency histograms (rectangles) for U-Pb zircon 
data compiled from the southern Superior Province. Data are divided based on reported subprovince or domain: Wawa subprovince 
(A), Moyen-Nord region (B), Quetico subprovince (C), and Western Wabigoon, Winnipeg River, and Marmion subprovinces (D). The 
data are further subdivided into zircon grains analyzed from igneous rocks and detrital grains from sedimentary rocks. 
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interpreted as having formed in an arc to fore- or back-arc setting (Fig. 2.8A; Lodge, 2016). 

Peak plutonism in the Wawa subprovince occurred at ~2700-2690 Ma and was broadly coeval 

with the onset of collision and the formation of successor basin successions at 2690-2685 Ma 

(Fig. 2.8A; Corfu and Stott, 1998; Appendix B). These successor basins are coeval with the 

Porcupine assemblage in the Abitibi subprovince. The principal detrital zircon population (~95%)  

in the compiled data is made up of ~2750-2650 Ma ages with the remaining 5% of these ages 

between 2800 and 2900 Ma (Fig. 2.8A). The majority of these data are LA-ICP-MS analyses 

with >100 grains per sample (Lodge et al., 2013), and are statistically comparable with this 

study. The Wawa subprovince also contains limited exposures of ~2900 Ma volcanic-plutonic 

rocks that are attributed to the Hawk domain (Figs. 2.1 and 2.8A; Turek et al., 1992). This 

domain is only exposed in a <100 km2 large area, but is thought to underlie portions of the 

southeastern Wawa subprovince and western portions of the Abitibi subprovince (Fig. 2.1; 

Turek et al., 1992; Moser et al., 1996; Ketchum et al., 2008). 

2.5.2.2 The Moyen-Nord region 

The Moyen-Nord region occurs to the north of the Abitibi subprovince and is defined 

here to include the Opatica, Nemiscau, Opinaca, Ashuanipi, and Eastmain subprovinces (Fig. 

2.1). The Opatica subprovince occurs immediately to the north of the Abitibi subprovince and is 

composed of ~2820 Ma tonalite, 2770-2700 Ma tonalite-granodiorite, and 2680 Ma granite units 

(Fig. 2.8B; Sawyer and Benn, 1993; Davis et al., 1994). The poorly understood and exposed 

Nemiscau and Opinaca subprovinces (Fig. 2.1) are primarily composed of metasedimentary 

rocks and granites that have been metamorphosed at amphibolite to granulite facies conditions 

with localized formation of migmatite (Simard and Gosselin, 1999; Goutier et al., 2002) and may 

be correlative to the English River subprovince in the western Superior Province (Percival et al., 

2012). The Ashuanipi subprovince (Fig. 2.1) is a 300 x 300 km domain of largely high-grade, 

~2680-2570 Ma metamorphic and plutonic rocks that represent some of the youngest 

Neoarchean igneous rocks in the Superior Province (Fig 2.9B; Percival et al., 1992). Lastly, the 

Eastmain subprovince (Fig. 2.1) is a domain of largely juvenile, ~2720-2700 Ma volcanic rocks 

(Fig. 2.8B; Goutier et al., 1999) that may correlate with the Oxford-Stull and Uchi domains to the 

west (Fig. 2.1; Percival et al., 2012). 

2.5.2.3 The Quetico subprovince 

The Quetico subprovince (Fig. 2.1) is an ENE-trending narrow domain of primarily 

metasedimentary rocks between the Wawa subprovince to the south, and the Western 

Wabigoon and Marmion subprovinces to the north. All are truncated by the Kapuskasing 

structural zone to the east. The Quetico subprovince is primarily comprised of complexly 
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deformed metagraywacke with associated migmatite and granite (Percival, 1989; Davis et al., 

1990). The age of deposition of graywacke successions of the Quetico subprovince is bracketed 

to ~2700-2695 Ma in the north (Davis et al., 1990) and as young as ~2692-2690 Ma in the south 

(Zaleski et al., 1999; Fralick et al., 2006) based on the age of the youngest detrital zircon 

populations and the age of cross-cutting plutonic rocks (Fig. 2.8C). Detrital zircon data 

principally include ~2750-2700 Ma zircon (~65%; Fig. 2.8C), with some ~2950-2750 Ma and 

rare 3050 Ma zircon (Fig. 2.8C). This is consistent with provenance from the Western 

Wabigoon, Winnipeg River, and Marmion subprovinces (Davis et al., 1990; Fralick et al., 2006). 

2.5.2.4 The Western Wabigoon, Winnipeg River, and Marmion subprovinces 

The Western Wabigoon subprovince (Fig. 2.1) is composed of largely juvenile volcanic 

and plutonic rocks formed at ~2750-2710 Ma (Fig. 2.8D; Ayer and Davis, 1997). Similarly aged 

volcanic successions occur in the Winnipeg River and Marmion subprovinces (Fig. 2.1), where 

they overlie older gneissic-plutonic rocks with zircon ages of ~3250 Ma and 3100-2800 Ma (Fig 

2.9D; Corfu, 1996; Stott et al., 2002; Tomlinson et al., 2004; Davis et al., 2005; Melnyk et al., 

2006). These Paleo- to Mesoarchean crustal components record ~2920 Ma amalgamation of 

the Winnipeg River and Marmion subprovinces (Tomlinson et al., 2004), and, in part, may 

represent rifted components of a Paleoarchean Superior Craton (Davis et al., 2005; Bédard and 

Harris, 2014). 

The Western Wabigoon, Winnipeg River, and Marmion subprovinces all contain 

successor basin deposits that unconformably overlie deformed Paleo- to Neoarchean volcanic-

plutonic rocks. These basins formed in response to the initiation of collisional deformation at 

<2715-2705 Ma (Fig. 2.8D; Ayer and Davis, 1997; Stott et al., 2002; Corcoran and Mueller, 

2007). Detrital zircon data are ~80% Neoarchean, with the remaining ages forming groupings at 

2900-2800 Ma, ~2950 Ma, and ~3050 Ma (Fig. 2.8D). This pattern is similar to that observed in 

the Quetico subprovince (e.g., Fig. 2.8C), potentially indicative of a shared provenance. 

2.6 Summary of detrital zircon age distributions for graywacke samples of the Abitibi and 

Pontiac subprovinces 

All graywacke samples from the Abitibi and Pontiac subprovinces display a principal 

~2775-2680 Ma age group that comprises ~80-95% of the individual sample populations (Fig. 

2.4). The youngest dates in all samples are consistent with published ID-TIMS data for the 

youngest zircon populations in the assemblages from which they were sampled (Supplemental 

Table 2.1; Corfu et al., 1991; Bleeker et al., 1999; Davis, 2002; Ayer et al., 2002, 2003, 2005). 

However, proportions of older, Mesoarchean (3200-2800 Ma) ages vary between samples: 

Porcupine assemblage samples yielded <1-10% Mesoarchean ages, while Pontiac subprovince 
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samples contain 15-21% and Timiskaming assemblage samples contain 5-20% Mesoarchean 

ages (Fig. 2.4). Across all samples analyzed, the largest proportion of the Mesoarchean ages 

occur between ~2950 Ma and ~2800 Ma (Figs. 2.4 and 2.9), with minor (<1%) clusters or 

individual ages at ~3000 Ma, ~3100 Ma, and ~3200 Ma (Fig. 2.4). Figure 2.9 displays the 

aggregate results in this study grouped into Porcupine assemblage, Pontiac subprovince, and 

Timiskaming assemblage samples. The Porcupine assemblage data consists of ~95% 2800-

2685 Ma and ~5% 3200-2800 Ma ages. In contrast, the Pontiac subprovince samples consist of 

~82% 2800-2680 Ma, ~15% 2900-2800 Ma, and ~3% 3200-2900 Ma ages. Lastly, the 

Timiskaming assemblage data consists of ~87% 2800-2670 Ma, ~10% 2900-2800 Ma, and ~3% 

3200-2900 Ma ages. 

To assess potential spatial variations in the sample set we compared the CDF curves for 

each sub-region of the study area (Fig. 2.10). In the Rouyn-LaRonde area, the Porcupine and 

Timiskaming assemblages contain similar proportions of data in all age ranges, and are 

characterized by ~89-90% Neoarchean ages and 10-11% Mesoarchean ages (Fig. 2.10). The 

Pontiac subprovince sample from the Rouyn-Noranda area contains a similar distribution of age 

data, but displays a higher proportion (~15%) of Mesoarchean zircon ages. The western Pontiac 

subprovince sample displays a relatively high proportion of Mesoarchean data (~21%) with the 

remaining results corresponding to Neoarchean ages. In the Kirkland-Larder Lakes area the 

Porcupine assemblage contains ~5% Mesoarchean data, while the Timiskaming assemblage 

contains ~9% Mesoarchean data. The Porcupine and Timiskaming assemblage samples from 

the Timmins area display significantly different proportions of Mesoarchean detrital zircon. In 

this area, the Porcupine assemblage samples contain ~2% Mesoarchean ages, while the 

Timiskaming assemblage samples contain ~17%. 

2.7 Provenance and tectonic significance 

Statistical analysis of the U-Pb detrital zircon LA-ICP-MS results reveals that the 

successor basins in the Abitibi and Pontiac subprovinces contain between 80 and 95% 

Neoarchean and between 5 and 20% Mesoarchean detrital zircon grains (Fig. 2.4). Neoarchean 

igneous sources are ubiquitous in the Abitibi subprovince and Neoarchean zircon was therefore 

probably locally derived. The fact that the cumulative proportion of detrital zircon grains that 

crystallized within 100 Ma of their depositional age is 75-95% of each sample (Fig. 2.4) is 

consistent with deposition at a convergent plate margin (cf. Cawood et al., 2012). A convergent 

margin setting is consistent with seismic and structural data, which indicate that structures 

related to folding, thrusting, and ductile transpression dominate the boundary between the 

Abitibi and Pontiac subprovinces (Dimroth et al., 1983; Camiré and Burg., 1993; Jackson et al.,  
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Figure 2.9 – Comparison of detrital zircon age results from this study to published zircon age 
data. Probability density function curves (filled solid color lines), cumulative distribution function 
curves (dashed black lines), and frequency histograms (rectangles) showing the aggregate 
detrital zircon age data for the Porcupine assemblage (A), Pontiac subprovince (B), and 
Timiskaming assemblage (C) graywacke samples investigated in this study. 

1994; Ayer et al., 2002, 2005; Percival et al., 2012). These studies also indicated that the Abitibi 

and Pontiac subprovinces were structurally juxtaposed. However, the general similarity between 

detrital zircon signatures in the graywacke samples from the Abitibi and Pontiac subprovinces 

supports the conclusion by Davis (2002) that the Pontiac subprovince formed proximal to, and 

has had a largely shared history with, the Abitibi subprovince. 

A potential source for Mesoarchean zircon may be underlying crust in portions of the 

Abitibi and Wawa subprovinces (sections 2.5.1.3 and 2.5.2.1). However, the present day 

exposure of 2900-2800 Ma rocks is rare in the Wawa subprovince and absent in the Abitibi 

subprovince. Furthermore, exposure of these rocks was probably minimal at the time of the 

deposition of the successor basins, due to prior formation of extensive Neoarchean volcanic 

successions. Lastly, there is no indication that pre-2900 Ma crust underlies portions of the 

Abitibi and Wawa subprovinces. Thus, inherited zircon components cannot explain the detrital 
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zircon age patterns observed, and it is unlikely that zircon from these sources significantly 

contributed to the detrital zircon record in the successor basins investigated. 

Our data display predominately local detrital zircon signatures in the Porcupine 

assemblage samples (<5% Mesoarchean zircon), but larger proportions of ‘exotic’ zircon in 

Porcupine subprovince and Timiskaming assemblage samples (>13% Mesoarchean zircon). 

Furthermore, successor basin rocks in the Wawa subprovince, which are coeval with the 

Porcupine assemblage (~2690-2685 Ma; Corfu and Stott, 1998), also contain <5% 

Mesoarchean zircon (Fig. 2.8A; Lodge et al., 2013). Prior to ~2690 Ma, detritus derived from the 

north was most likely to have been deposited in the Quetico subprovince (Fralick et al., 2006). 

However, by ~2685 Ma, progressive uplift and erosion of the Quetico subprovince occurred 

(Fralick et al., 2006), which would have allowed for greater inputs of distally derived zircon to the 

successor basins in the Abitibi and Pontiac subprovinces. This is consistent with conclusions 

based on whole-rock geochemical data. Porcupine assemblage rocks in the Abitibi subprovince 

display a ‘mafic enriched’ signature, consistent with derivation from the local supracrustal rocks 

(Feng and Kerrich, 1990). In contrast, Pontiac subprovince and Timiskaming assemblage 

sedimentary rocks have been documented to display ‘low mafic’ signatures, consistent with 

derivation from a distal, deeply eroded greenstone belt (Feng and Kerrich, 1990; Camiré et al., 

1993; Feng et al., 1993). 

Since Mesoarchean zircon was unlikely to have been derived from within the Abitibi, 

Pontiac, and Wawa subprovinces, these zircon grains must have been transported across 

subprovince or terrane boundaries from a developing hinterland. Only a limited number of 

terranes have potential sources for Mesoarchean zircon but are devoid of older, Eo- to 

Paleoarchean zircon (section 2.5; Figs. 2.1, 2.6, and 2.8). The Marmion, Winnipeg River, and 

Opatica subprovinces contain rocks with ~3200-2800 Ma zircon crystallization ages (Fig. 2.8). 

These subprovinces have been interpreted as significant sources for Quetico subprovince 

sedimentary rocks (Fralick et al., 2006), were actively deforming at the time of deposition in the 

Abitibi and Pontiac subprovinces (Corfu and Stott, 1993; Percival et al., 2006; Sanborn-Barrie 

and Skulski, 2006), and are interpreted as the most likely source hinterland for the 

Mesoarchean detrital zircon observed in this study (Figs. 2.4, 2.7, and 2.9). The larger 

proportion of Mesoarchean zircon in Pontiac subprovince and Timiskaming assemblage 

graywacke versus Porcupine assemblage graywacke may reflect progressive uplift and 

exhumation of this hinterland. Similarly aged sources in the North Caribou subprovinces have 

been interpreted as the source for sedimentary rocks of the English River subprovince (Davis et 

al., 1990; Davis, 1996). However, contractional deformation in these subprovinces culminated at 
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~2700 Ma and the active deformational front had propagated south of the North Caribou 

subprovinces by ~2690 Ma (Sleep, 1992; Corfu and Stone, 1998). It is, therefore, most likely 

that the Winnipeg River, Marmion, and Opatica subprovinces were the principal source for the 

~3200-2800 Ma detrital zircon observed in this study.  

The difference in the proportion of Mesoarchean zircon between the Porcupine and 

Timiskaming assemblages varies across the study area (Fig. 2.10). The increase in 

Mesoarchean zircon from Porcupine assemblage to Timiskaming assemblage samples is best 

developed in the Timmins area and to a lesser extent in the Kirkland Lake-Larder Lake area 

(Fig. 2.10). In contrast, the Porcupine assemblage samples in the Rouyn-LaRonde area contain 

similar proportions of Mesoarchean zircon (~10%) as the Timiskaming assemblage samples in 

the same area (Fig. 2.10). It is possible that Porcupine assemblage basins in the Rouyn-

LaRonde area had different sources from similarly aged basins in the Timmins area. In contrast 

to the Porcupine assemblage samples, in which Mesoarchean input increases from west to 

east, Mesoarchean input to Timiskaming assemblage samples decreases to the east (Fig. 

2.10). If this is indeed reflective of exposure in source regions, it suggests that the source for 

Mesoarchean zircon changed with time from a north-easterly location to a north-westerly 

location. The two Pontiac subprovince samples contain more Mesoarchean zircon grains than 

the adjacent Porcupine and Timiskaming assemblages (Fig. 2.9). These samples display an 

increase in Mesoarchean zircon towards the west from 15% to 21% (Fig. 2.10), in a pattern 

similar to the Timiskaming assemblage, suggesting a westerly source. The fact that the Pontiac 

subprovince sedimentary rocks contain more Mesoarchean zircon grains than the Porcupine 

and Timiskaming assemblages, may suggest they received additional input from a separate 

Mesoarchean source, perhaps in addition to the Quetico subprovince. 

The data presented here, integrated with regional scale understanding of the Superior 

Province constrain patterns characterized by (1) southward younging of Neoarchean volcanism, 

felsic plutonism, and associated successor basin formation, (2) southward migration of 

contractional deformation and subprovince assembly and (3) progressive uplift of the hinterland 

with time (Fig. 2.11). The detrital zircon record in successor basins in the Abitibi and Pontiac 

subprovinces record the <2690 Ma portion of this evolution. These patterns can be explained by 

several geodynamic models. The first model is that of modern-style accretionary orogenic 

processes. In this model the observed patterns predominately relate to successive subprovince 

or terrane docking and oblique collision from north to south between ~2720 and ~2665 Ma 

(Percival et al., 2012). In comparison, the northern Appalachians, display a northwestward 

younging of plutons, contractional deformation, and formation of foreland basins that is  



42 
 

 

 

Figure 2.10 – Spatial comparison of detrital zircon age results. (A) Cumulative distribution function curves of the detrital zircon 
207Pb/206Pb age data from the Abitibi and Pontiac subprovinces grouped by relative geographic distribution. The number of U-Pb ages 
included in each group are indicated in parentheses. The percentages of 3200-2800 Ma zircon in each group are indicated in 
brackets. (B) Schematic map displaying the distribution of Porcupine assemblage, Pontiac subprovince, and Timiskaming 
assemblage sedimentary rocks relative to major faults. The proportion of Mesoarchean zircon in graywacke samples for each portion 
of the study area are indicated. P=Porcupine assemblage, PS= Pontiac subprovince, and T=Timiskaming assemblage. 
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Figure 2.11 – Schematic time-space diagram for the southern Superior Province. The diagram 
displays the relative timing of deformation, successor basin formation, submarine volcanism, 
and felsic plutonism for the regions affected by progressive Neoarchean tectonism in the 
southern Superior Province 
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interpreted as a result of accretion of terranes during the mid-Paleozoic Acadian orogeny 

(Bradley et al., 2000). The similarity of the patterns observed in the southern Superior Province 

to those observed in the northern Appalachians suggests that modern-style plate tectonic driven 

accretionary processes may have operated in the Neoarchean. The second model, based on  

the geology of the Superior Province, is that the formation of ribbon continents and oceanic, 

Neoarchean volcanic subprovinces occurred during disaggregation of older, pre-2800 Ma 

cratonic components, as a result of radial outflow of upwelling mantle during a mantle overturn 

event that started at ~2780 Ma (Bédard and Harris, 2014). In this model, a shift in mantle flow at 

~2720 Ma differentially pushed the northern Superior Province to the south, resulting in the 

<2720 contractional deformation and reassembly of the craton (Bédard and Harris, 2014). 

Discriminating between the plate tectonic and mantle overturn models is difficult from the detrital 

zircon record alone and the data can be interpreted as broadly compatible with both. However, 

given the diverse ages (Eo- to Neoarchean) and independent pre-juxtaposition histories of 

subprovinces or terranes, as well as the spatial and temporal patterns of contractional 

deformation, magmatism, and provenance outlined above, we consider that a form of plate 

tectonic processes operated during Neoarchean assembly of the Superior Province. These 

interpretations are consistent with the inference that subduction-accretion plate tectonic 

processes initiated prior to 2.7 Ga (Smithies et al., 2003; O’Neill et al., 2007; Wyman et al., 

2008). 

2.8 Conclusions 

LA-ICP-MS U-Pb analysis of detrital zircon from syn-deformational sedimentary deposits 

in the Abitibi and Pontiac subprovinces indicates that all graywacke samples contain large 

proportions (75-95%) of Neoarchean zircon grains with subordinate (5-25%) Mesoarchean 

zircon grains. The fact that 75-95% of the detrital zircon grains crystallized within <100 Ma of 

their depositional age is consistent with deposition at a convergent plate margin (cf. Cawood et 

al., 2012). The occurrence of Mesoarchean zircon requires a source from an older hinterland. 

The hinterland, in part, likely consisted of the Winnipeg River, Marmion, and Opatica 

subprovinces. The <2690-2685 Ma Porcupine assemblage graywacke samples contain a lower 

proportion of Mesoarchean zircon than the <2679-2669 Ma Timiskaming assemblage 

graywacke samples, which likely indicates progressive uplift of the orogenic hinterland and 

shedding of sedimentary material into the subaqueous successor basins. This interpretation is 

consistent with southward migration of deformation and successor basin formation in the 

southern Superior Province. Sediment transport across subprovince or terrane boundaries, 

foreland-directed propagation of the orogenic front, and progressive hinterland emergence, 
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recorded by successor basins of the Abitibi and Pontiac subprovinces, is similar to trends 

observed in modern-style collisional or accretionary orogens. 
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CHAPTER 3 

INSIGHT INTO ARCHEAN CRUSTAL GROWTH PROCESSES AND CRUST-MANTLE 

EVOLUTION FROM MULTI-ISOTOPE, U-PB AND LU-HF LA-ICP-MS ANALYSIS OF 

DETRITAL ZIRCON GRAINS FROM SUCCESSOR BASINS OF THE  

ABITIBI AND PONTIAC SUBPROVINCES, CANADA 
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Ben M. Friemana, Nigel M. Kellyb, Yvette D. Kuipera,  

Thomas Moneckea, Andrew Kylander-Clarkc 

 

This study reports on the results of a U-Pb and Lu-Hf isotopic study of detrital zircon 

grains from successor basins of the Archean Abitibi and Pontiac subprovinces of Ontario and 

Quebec, Canada. Results consist of ~1800 paired analyses making it the most comprehensive 

multi-isotope detrital zircon data set reported for the region. These were used to constrain the 

isotopic character of magmatic source domains to establish their provenance and to provide 

constraints on terrane configurations during regional amalgamations at the time of ~2690-2670 

Ma successor basin formation, thus affording insight into crustal generation processes in the 

Neoarchean. The majority of results (~96%) yielded ɛHf values of +1 to +10 in the ~3000-2675 

Ma age range, and cluster along projections from modern MORB depleted mantle (mMORB-

DM) compositions into the Archean. Subordinate results, comprising ~4% of the data set, 

yielded ɛHf values of >+10 or are CHUR-like and lower and correspond to either anomalously 

radiogenic or evolved magmas. These are best explained by sources with multi-stage melt 

histories, reworking after short-lived crustal residence, and/or local melting from or mixing with 

magmas derived from older crust. 

While Neoarchean grains dominate our data set (~88%), the remaining grains (~12%) 

are Mesoarchean in age. The absence of Mesoarchean rocks in the Abitibi and Pontiac 

subprovinces suggests that they must have come from domains juxtaposed during ~2690-2670 

Ma amalgamation. Comparison of our data with published U-Pb age and Lu-Hf zircon isotope 

results indicate that probable source regions are represented by the Winnipeg River, Marmion, 

and Quetico subprovinces, supporting earlier interpretations based in the zircon age spectra.  
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Since mMORB-DM-like compositions are characteristic of both age groups, and since sources 

include local and distal domains that were likely separated by many 100s of kilometers prior to 

amalgamation, we infer that a modern-style depleted upper mantle reservoir was not only well-

established, but prevalent in the mantle below each of these areas during their construction. 

Since enriched (negative) data are not common and thought to be a result of mixing with older, 

crustal material, and our data do not display trends indicative of progressive differentiation from 

a CHUR-like reservoir, it is interpreted that no complementary enriched reservoir is represented. 

We consider that the development of the observed mMORB-DM reservoir occurred by pre-3000 

Ma geodynamic processes. 

3.1 Introduction 

The Archean Eon is a critical time in Earth history during which a large proportion (40-

60%) of preserved continental crust formed (Taylor and McLennan, 1995). Archean crustal 

components, which form the core of continental interiors, represent the nuclei on which 

additional crust was accreted during the subsequent Eons. The growth of continental crust in 

the Phanerozoic is generally accepted to have been driven by plate tectonic processes where 

volumetrically dominant proportions of new continental crust are produced by partial melting at 

subduction zones. In this environment, arc melts are produced by extraction from a mantle with 

a time-integrated depletion history (Griffin et al., 2002; Dhuime et al., 2012), reflecting prior 

segregation of crust from the mantle (Hofmann, 1988). Therefore, constraining the secular 

evolution of the mantle is critical for indirectly constraining the development of crustal growth 

through time. How applicable these processes and implied geodynamic settings are to the 

timing and processes of craton growth in the Archean and earlier history (Hamilton, 1998; Van 

Kranendonk et al., 2013; Bédard and Harris, 2014), is unclear. The earliest evidence for Hadean 

to Eoarchean crust from the zircon record suggests derivation from a primitive, chondritic 

uniform reservoir (CHUR; Amelin et al., 1999; Harrison et al., 2008; Kemp et al., 2010). Where 

Hadean to Archean depleted signatures are observed, processes such as the formation of mafic 

protocrust by differentiation from a magma ocean have been invoked (Amelin et al., 2000; Caro 

et al., 2003; Boyet and Carlson, 2005, 2006). By the Neoarchean depleted mantle signatures 

were more common (Guitreau et al., 2012), however how widely developed this reservoir was 

and how it may relate to the construction of Archean cratons is uncertain.  

To assess if modern-style crust-mantle differentiation processes are recorded in the 

isotopic signature of Archean crust we compared the Hf-isotope compositions of zircon grains to 

projected compositions of the modern MORB depleted mantle (mMORB-DM). Hafnium isotopic 

studies in single mineral grains such as zircon are one of the most useful tools for investigating 
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the chemical differentiation of crust and mantle (Kinny and Maas, 2003). Hafnium isotope 

studies in zircon have been widely applied to investigate crust-mantle interactions (Amelin et al., 

1999, 2000), supercontinent cycles and the preservation potential of continental crust (Condie et 

al., 2011), and Hadean crustal growth in the presence of water (Harrison et al., 2005, 2008). 

Zircon is uniquely suited for these types of investigations due to the fact that it incorporates high 

Hf and low Lu concentrations, thereby preserving an initial Hf ratio close to that of its parent 

magma at the time of crystallization. The timing of crystallization can be independently 

constrained using the U-Pb isotopic system, which also provides a means to independently 

assess for post-crystallization isotopic perturbations. The refractory nature of zircon leads to 

enrichment in clastic sedimentary rocks. While the primary context of the host rocks is lost, 

analysis of detrital zircon grains allows for access to broader source regions with the context of 

a smaller sample set. Where their provenance is constrained, the magmatic evolution of the 

various contributing terrains can be elucidated. Consequently, the detrital zircon record has 

become an integral tool for investigating the Hf isotope evolution of the crust and mantle 

(Condie et al., 2011). 

We investigated the record of Archean crustal growth of the southern Superior Province 

using the detrital zircon record of graywacke samples of successor basins deposited in the 

Abitibi and Pontiac subprovinces during their amalgamation with the rest of Superior Province. 

The Superior Province represents the largest preserved area of Archean crust on Earth, and 

was primarily constructed by periodic igneous processes in the Eo- to Neoarchean (Percival et 

al., 2012 and references therein). The present-day configuration of the Superior Province (Fig. 

3.1) largely reflects progressive amalgamation of disparate crustal blocks between ~2720 Ma 

and ~2670 Ma, generally from north to south (Percival et al., 2012). Although igneous rocks 

predominate, younger, primarily sedimentary rocks were deposited in so-called successor 

basins that formed coeval with amalgamation of the various crustal components (Corcoran and 

Mueller, 2007). Detrital zircon grains from successor basin deposits were used in this study, 

because they record the isotopic characteristics of hinterland sources where uplift and 

denudation was driven by amalgamations (Frieman et al., 2017). Therefore, the detrital zircon 

record may provide insight into the crustal growth histories of the hinterland areas. This study 

presents U-Pb and Lu-Hf laser ablation – inductively coupled plasma – mass spectrometry (LA-

ICP-MS) analyses of detrital zircon from successor basins of the Abitibi and Pontiac 

subprovinces. These basins formed between ~2690 and ~2670 Ma during the latter stages of 

regional amalgamation (Ayer et al., 2002) and the provenance of these basins can be 

interpreted within the well-understood geological framework of the Superior Province (Davis,  
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Figure 3.1 – Geologic map of the Superior Province. Map displays the distribution of 
predominantly magmatic subprovinces or domains colored by their oldest magmatic zircon ages 
and of primarily sedimentary subprovinces with depositional ages given in parentheses 
(modified from Stott et al., 2010). 
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2002; Frieman et al., 2017). Our data set of ~1800 paired isotopic analyses provides statistically 

significant constraints on the isotopic characteristics of source rocks to these basins. Results 

indicate that a mMORB-DM-like reservoir was regionally extensive beneath the different 

components of the southern Superior Province throughout protracted construction of juvenile 

arc terrains during the Meso- to Neoarchean. 

3.2 Regional geological framework 

The Superior Province contains an extensive record of crustal growth spanning the Eo- 

to Neoarchean. The Superior Province has been subdivided into subprovinces and/or domains 

with distinct pre-amalgamation histories (Fig. 3.1; Card and Ciesielski, 1986; Stott et al., 2010; 

Percival et al., 2012). These subprovinces or domains have been further grouped where shared 

structural, magmatic, and/or depositional histories have been identified, and are interpreted to 

represent terranes or superterranes (Fig. 3.1; Percival et al., 2012). Below, we briefly review the 

distribution, age, and isotopic character of crustal components in the Superior Province in order 

to provide a comparative framework for the interpretation of detrital zircon isotope results. 

3.2.1 Eo- to Mesoarchean rocks of the Superior Province 

Domains that preserve rocks with Eo- to Mesoarchean ages are interspersed throughout 

the Superior Province (Figs. 3.1 and 3.2). Older crustal components occur as a continental 

substrate on which Neoarchean crust was emplaced, and/or as structurally interleaved panels 

that were integrated during amalgamation. 

The oldest rocks are Eo- to Paleoarchean (>3800-3200 Ma) and occur in the Hudson 

Bay subprovinces (northern Superior Province) and the Minnesota River Valley subprovince 

(southern Superior; Figs. 3.1 and 3.2). The Hudson Bay subprovinces contain gneissic-plutonic 

rocks with U-Pb magmatic zircon crystallization ages of ~3800-3400 Ma (Cates and Mojzsis, 

2007; O’Neil et al., 2008, 2013; David et al., 2009; Cates et al., 2013; Darling et al., 2013) that 

display Nd and Hf isotopic signatures indicative of derivation from primitive mantle sources. 

Neodymium isotope anomalies suggest localized mixing with source rocks aged ~4300-3800 

Ma (Böhm et al., 2000; O’Neil et al., 2012, 2013; Guitreau et al., 2013; Augland and David, 

2015; Caro et al., 2017; O’Neil and Carlson, 2017), indicating the potential for a preserved 

Hadean history. Gneissic-plutonic rocks of the Minnesota River Valley subprovince yield 

younger, ~3500-3100 Ma U-Pb magmatic zircon crystallization ages (Fig. 3.2; Bickford et al., 

2006; Schmitz et al., 2006) in rocks with mantle extraction (Hf model) ages of ~3750-3500 Ma 

(Satkoski et al., 2013). 

While Eoarchean rocks are not aerially extensive, many domains contain a record of 

Paleo- to Mesoarchean (~3600-2800 Ma) crustal genesis (Figs. 3.1 and 3.2). These include the  
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Figure 3.2 – Time-space diagram for the Superior Province. Diagram illustrates the relative temporal and spatial relationships 
between gneissic-plutonic basement rocks, greenstone belt magmatism, granitic plutonism, deposition of successor basins, and 
phases of shortening deformation from north to south in the Superior Province. 
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Arnaud River, North Caribou, Winnipeg River, and Marmion subprovinces, the Hawk domain, 

and occurrences in the Moyen-Nord region (Fig. 3.1). The Arnaud River subprovinces contain 

inherited zircon and Nd model ages of ~2920-2800 Ma (Fig. 3.2; Percival et al., 2012 and 

references therein). The North Caribou subprovinces comprise the majority of the northwestern 

Superior Province, forming the core of a Mesoarchean superterrane (Davis et al., 2005). These 

subprovinces are characterized by the widespread occurrence of 3000-2800 Ma volcanic-

plutonic rocks with juvenile Nd signatures (Percival et al., 2012 and references therein). The 

Winnipeg River subprovince is cored by ~3325-2825 Ma tonalitic rocks that yield evolved Nd 

and Hf isotopic signatures with model ages up to ~3500 Ma (Fig. 3.2; Henry et al., 2000; Davis 

et al., 2005; Lu et al., 2013), potentially representing a rifted component of the North Caribou 

superterrane (Davis et al., 2005). The Marmion subprovince, which contains ~3000-2900 Ma 

volcanic-plutonic rocks (Tomlinson et al., 2004; Melnyk et al., 2006) with juvenile, depleted 

mantle Hf and Nd signatures (Tomlinson et al., 2004; Davis et al., 2005; Lu et al., 2013), 

amalgamated with the Winnipeg River subprovince at ~2920 Ma (Tomlinson et al., 2004). In the 

Opatica subprovince (Moyen-Nord region), restricted domains of ~2820 Ma tonalitic rocks occur 

as enclaves within younger plutonic rocks (Davis et al., 1994). The Hawk domain (southern 

Superior Province) is a poorly exposed area of ~2900-2800 Ma gneissic-plutonic rocks, forming 

an isolated fragment of juvenile Mesoarchean crust (Figs. 3.1 and 3.2; Turek et al., 1992; Moser 

et al., 1996; Ketchum et al., 2008). 

3.2.2 Juvenile Neoarchean rocks of the Superior Province 

Neoarchean (<2800 Ma) crustal genesis was widespread in the Superior Province (Fig. 

3.2). Neoarchean volcanic-plutonic successions may unconformably overlie and/or be 

structurally interleaved with Eo- to Mesoarchean rocks (Percival et al., 2012). However, many 

domains contain no older components and represent Neoarchean juvenile crust. These now 

comprise large proportions of the central to southern Superior Province, including the majority of 

the Moyen-Nord region, and the Western Wabigoon, Wawa, and Abitibi subprovinces (Figs. 3.1 

and 3.2). In these domains, magmatic construction included both juvenile greenstone belt 

formation and the intrusion of tonalite-trondjhemite-granodiorite (TTG) rocks. The onset of 

deformation coincided with deposition of successor basins, and culminated with post-

deformational granitic plutonism (Fig. 3.2; Percival et al., 2012 and references therein). 

Formation of greenstone belts occurred at ~2795-2755 Ma in the Opatica (Sawyer and Benn, 

1993; Davis et al., 1994; Boily and Dion, 2002), ~2775-2720 Ma in the Wabigoon subprovince 

(Davis et al., 2005), ~2720-2700 Ma in the Eastmain subprovince (Goutier et al., 1999), ~2720 

Ma in the Wawa subprovince (Corfu and Stott, 1998; Lodge et al., 2013), and ~2795-2695 Ma in 
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the Abitibi subprovince (Mortensen, 1993a; Ayer et al., 2002, 2005; Thurston et al., 2008; 

Leclerc et al., 2011, 2012). Whole-rock and single mineral isotopic (Hf and Nd) and geochemical 

analyses indicate that greenstone belts were primarily derived from juvenile, depleted mantle 

sources, and are variably interpreted to represent arc to back-arc complexes formed in an 

oceanic setting (Smith et al., 1987; Henry et al., 2000; Ayer et al., 2002; Davis et al., 2005; Lu et 

al., 2013; Lodge, 2016). 

3.2.3 Successor basin deposits in the Superior Province 

The occurrence of primarily sedimentary successor basin deposits is common 

throughout the Superior Province. These form regional (100s of km) to local (10s of km) 

sedimentary basins that range in age from >2750 Ma to as young as ~2670 Ma (Fig. 3.2; 

Percival et al., 2012). In each location, basin formation postdates primary igneous construction 

by millions of years and is temporally associated with the local onset of deformation driven by 

amalgamations. The timing of deposition in the successor basins has been constrained by their 

youngest detrital zircon populations (i.e., the maximum depositional age) and/or by the age of 

cross-cutting or intercalated igneous rocks, with current estimates of ~2720-2705 Ma in the 

English River and North Caribou subprovinces (Corfu et al., 1995; Davis, 1998), ~2715-2705 

Ma in the Western Wabigoon, Winnipeg River, and Marmion subprovinces (Stott et al., 2002; 

Sanborn-Barrie and Skulski, 2006), ~2700-2690 Ma in the Quetico and northern Abitibi 

subprovinces (Davis et al., 1990; Zaleski et al., 1999; David et al., 2006, 2007), and ~2690-2670 

Ma in the Wawa, southern Abitibi, and Pontiac subprovinces (Mortensen and Card, 1993; Corfu 

and Stott, 1998; Ayer et al., 2002, 2005; Davis, 2002; Lodge et al., 2013). Successor basin 

deposits are progressively younger from north to south, reflecting propagation of the regional 

deformation front during Neoarchean amalgamation. 

3.2.4 Geology of the Abitibi and Pontiac subprovinces 

The Abitibi greenstone belt in southeastern Superior Province is one of the largest and 

best-preserved greenstone belts in the world (Fig. 3.1). Volcanic and plutonic rocks are 

similarly-aged across the Abitibi subprovince (Ayer et al., 2002, 2005; David et al., 2006, 2007; 

Thurston et al., 2008). However, metamorphic grades are highest (amphibolite facies) in the 

northern portion of the Abitibi subprovince, where proportionally more plutonic rocks are 

exposed (Dimroth et al., 1982). In the southern Abitibi subprovince rocks are primarily 

metamorphosed to greenschist facies conditions or below (Dimroth et al., 1982, 1983; Powell et 

al., 1995). This potentially reflects different crustal exposure levels (Benn and Moyen, 2008). 

This study is focused on successor basin deposits that occur in the southern Abitibi greenstone 
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belt, where the distribution and relative age of volcanic-plutonic and successor basin deposits is 

best-constrained (Fig. 3.3). 

3.2.4.1 Neoarchean volcanic-plutonic successions 

Supracrustal rocks of the Abitibi subprovince mainly consist of submarine mafic to felsic 

volcanic successions erupted between ~2795 Ma and ~2695 Ma (Figs. 3.2 and 3.3; Mortensen, 

1993a; Ayer et al., 2002, 2005; Thurston et al., 2008; McNicoll et al., 2014; Leclerc et al., 2011, 

2012).  The volcanic successions consist of tholeiitic to calc-alkaline basalt-rhyolite or tholeiitic 

basalt-komatiite associations that may have formed in an arc-related settings with minor, 

intermittent plume influences (Dostal and Mueller, 1996, 1997; Polat and Kerrich, 2001; Ayer et 

al., 2002, 2005; Sproule et al., 2002). 

Plutonic rocks occur as syn-volcanic, syn-deformational, and post-deformational 

intrusions (Chown et al., 1992; Heather and Shore, 1999, Ayer et al., 2002). Syn-volcanic 

intrusions display compositions similar to coeval volcanic units (ultramafic to felsic), are ~2750-

2695 Ma in age, and occur as spatially restricted complexes that were constructed by multiple 

magmatic pulses (Corfu, 1993; Mortensen, 1993a,b; Heather and Shore, 1999; Ayer et al., 

2005). Syn-deformational intrusions are ~2690-2670 Ma in age and variably hosted in the 

volcanic successions, batholithic complexes, or successor basin deposits. These display a 

range of compositions including TTG, monzonite, syenite, granite, and diorite (Corfu, 1993; 

Mortensen, 1993a,b; Ayer et al., 2005; McNicoll et al., 2014). Post-deformational intrusions are 

~2670-2650 Ma in age, dominated by granitic compositions, and occur as relatively small 

intrusions adjacent to or within the larger batholiths (Heather and Shore, 1999; Davis et al., 

2000). 

Whole-rock and single mineral isotopic, Nd and Hf studies indicate that magma sources 

to the volcanic-plutonic rocks underwent no significant interaction with older crustal material 

(Corfu and Noble, 1992; Kerrich et al., 1999; Ayer et al., 2002; Wyman et al., 2002). This has 

led to the interpretation that they formed in an oceanic basin setting prior to accretion with the 

rest of the Superior Province (Ludden et al., 1986; Jackson and Fyon, 1991; Desrochers et al., 

1993; Jackson et al., 1994; Wyman et al., 1999; Polat et al., 2017). In contrast, rare ~2900-2800 

Ma inherited xenocristic zircon grains have been documented (Ayer et al., 2002, 2005; Ketchum 

et al., 2008). The Hf isotopic signatures of some zircon grains may be suggestive of limited 

mixing with Mesoarchean crustal melts (Ketchum et al., 2008). These observations have led 

some workers to propose that the Abitibi subprovince formed proximal to a Mesoarchean crustal 

fragment (Ketchum et al., 2008). In part, the presence of Mesoarchean crust has remained 

ambiguous, because no known exposures exist in the Abitibi subprovince. Moreover, given the  
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Figure 3.3 – Map of the Abitibi and Pontiac subprovinces. Map displays the distribution of volcanic assemblages, mafic and felsic to 
intermediate intrusions, and primary sedimentary assemblages. The location of detrital zircon samples investigated in the present 
study are highlighted. Modified from Thurston et al. (2008) and Monecke et al. (2017). 
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uncertainty on the geochemical data, interactions with crust that was not significantly older (i.e., 

~2900-2800 Ma) would be difficult to recognize (Bleeker, 2002). 

3.2.4.2 Successor basins of the southern Abitibi and Pontiac subprovinces 

Two distinct successor basin successions are recognized in the southern Abitibi 

subprovince, which are interpreted to have formed in response to progressive deformation 

driven by collision of the Abitibi subprovince with Superior Province domains to the north 

between ~2690 Ma and ~2670 Ma (Ayer et al., 2002; Davis, 2002; Bleeker, 2012; Percival et al., 

2012). The Porcupine assemblage, a subaqueous, turbidite-dominated sedimentary succession, 

was deposited at ~2690-2685 Ma (Ayer et al., 2002, 2005; Davis, 2002; Ropchan et al., 2002) 

during the initial phases of deformation, while the Timiskaming assemblage, a subaqueous to 

subaerial, coarse clastic-dominated sedimentary succession, was deposited at ~2679-2669 Ma 

(Corfu et al., 1991; Corfu, 1993; Ropchan et al., 2002; Ayer et al., 2002, 2005; Davis, 2002), 

during a later stage of deformation. The Porcupine assemblage disconformably overlies, while 

the Timiskaming assemblage unconformably overlies the ~2750-2695 Ma volcanic 

assemblages, and both are spatially associated with regional fault zones (Fig. 3.2). 

Sedimentary rocks of the Pontiac subprovince consist of extensive turbidite successions 

deposited at ~2685-2682 Ma (Mortensen and Card 1993; Davis, 2002; De Souza et al., 2017), 

displaying similar sedimentological characteristics to the Porcupine assemblage. They were 

intruded by post-deformational (2660-2640 Ma) granitic batholiths (Fig. 3.2; Mortensen and 

Card, 1993; Davis, 2002; De Souza et al., 2017). The subprovince may represent a distinct 

crustal block (Feng et al., 1993). However, sedimentary rocks of the Pontiac subprovince have 

been interpreted to unconformably overlain by Abitibi subprovince rocks (Holubec, 1972) 

indicating it formed proximal to the Abitibi subprovince, and has a largely shared history with it 

(Davis, 2002; Frieman et al., 2017). 

Samples from successor basins of the Abitibi and Pontiac subprovinces display broadly 

similar detrital zircon age patterns (Davis, 2002; Frieman et al., 2017), defined by a majority (80-

95%) of Neoarchean and subordinate amount (5-15%) of Mesoarchean aged grains (Frieman et 

al., 2017). Similarities are interpreted to reflect the persistence of relatively local and shared 

provenance domains throughout their deposition from ~2690 Ma to ~2670 Ma. Although broadly 

similar, statistically significant differences between the detrital age spectra are present, including 

a higher proportion of Mesoarchean zircon grains in the Timiskaming assemblage deposits 

relative to the Porcupine and Pontiac successor basins. These differences have been 

interpreted to reflect greater inputs from a distal hinterland sources as regional amalgamation 

and hinterland emergence progressed (Frieman et al. 2017). 
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3.3 Methods 

 Below the methods associated with the detrital zircon LA-ICP-MS analysis are 

discussed. First, the sampling strategy and processing techniques are reviewed, then the grain 

characteristics and analytical techniques associated with data collection and processing are 

discussed.    

3.3.1 Sampling strategy, processing, and grain characteristics 

To constrain the U-Pb and Lu-Hf isotopic record of detrital zircon grains from the Abitibi 

and Pontiac subprovinces, a set of 16 graywacke samples was collected (Fig. 3.2; Table 3.1). 

These consist of six Porcupine assemblage, two Pontiac subprovince, and eight Timiskaming 

assemblage samples (Fig. 3.2; Table 3.1). Detailed sample descriptions, sampling 

methodology, zircon separation techniques, and sample-by-sample comparisons of U-Pb age 

patterns are given in Frieman et al. (2017). All samples yielded heavy mineral separates from 

which a >125 zircon grains were mounted in epoxy plugs and polished to half depth. Back-

scattered electron (BSE), secondary electron (SE), and cathodoluminescence (CL) images were 

collected for each grain mount at the Denver Microbeam Laboratory, U.S. Geological Survey in 

Lakewood, Colorado on a JOEL 5800LV scanning electron microscope. Analysis was 

conducted under high vacuum, using a 15 kV operating voltage, and 5 nA beam current. 

Additional SE and BSE imaging of selected samples was conducted at the Department of 

Geology and Geological Engineering, Colorado School of Mines, using a TESCAN MIRA3 field 

emission-scanning electron microscope using a voltage of 15 kV and a beam current of 11 nA. 

Analysis locations within the selected grains were chosen by cross-referencing the CL, BSE, 

and SE imagery to ensure spot analyses were placed in domains with similar textural 

characteristics that contained no visible inclusions or cracks. Where possible, analyses were 

limited to zones that displayed textural characteristics interpreted to represent magmatic growth 

such as simple oscillatory or sector zoning (Fig. 3.4). 

3.3.2 U-Pb and Lu-Hf analytical techniques 

Isotopic analyses were conducted by LA-ICP-MS at the University of California Santa 

Barbara, using a Nu Plasma multi-collector system coupled to a Photon Machines Excite 193 

nm laser ablation system, following the analytical procedures of Kylander-Clark et al. (2013). 

The U-Pb and Lu-Hf isotopes were measured during separate analytical sessions. Initially, the 

U-Pb laser spots (~15 µm) were placed and then the Lu-Hf spots (~40–50 µm) were overlain or 

placed directly adjacent within the same textural domain identified from SEM images (Fig. 3.4). 

The U-Pb analyses used here are a subset of those reported by Frieman et al. (2017) on 

which Lu-Hf analyses were performed. For U-Pb analyses the 91500 zircon (Wiedenbeck et al.,  
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Table 3.1 – List of detrital zircon graywacke samples from successor basins of the Abitibi and 
Pontiac subprovinces investigated by U-Pb and Lu-Hf LA-ICP-MS analysis in this study. 

  Sample # Location 
UTM zone 
(NAD83) 

Northing 
(m) Easting (m) 

P
o

rc
u

p
in

e
 a

s
s
e
m

b
la

g
e
 

P-1 Timmins 17U 5371274 484261 

P-2 Timmins 17U 5377126 493189 

P-3 Timmins 17U 5393390 473340 

P-4 Larder Lake 17U 5318272 597448 

P-5 LaRonde Penna 17U 5346548 690224 

P-6 LaRonde Penna 17U 5345265 680339 

P
o

n
ti

a
c
 

s
u

b
p

ro
v
in

c
e
 

PS-1 Rouyn-Noranda 17U 5337608 651829 

PS-2 
western Pontiac 

subprovince 
17T 5285124 610613 

T
im

is
k
a
m

in
g

 a
s
s
e
m

b
la

g
e
 

T-1 Timmins 17U 5371207 484998 

T-2 Timmins 17U 5369513 483540 

T-3 Kirkland Lake 17U 5331699 569426 

T-4 Kirkland Lake 17U 5330831 570190 

T-5 Morris-Kirkland 17U 5333712 580331 

T-6 Rouyn-Noranda 17U 5339898 646428 

T-7 Rouyn-Noranda 17U 5340052 650339 

T-8 LaRonde Penna 17U 5344928 680437 

 

1995, 2004) was used as a primary reference material, while secondary reference materials 

included the GJ-1, Plešovice, and Peixe zircons (Jackson et al., 2004; Sláma et al., 2008; 

Dickinson and Gehrels, 2003). Secondary reference materials were interspersed throughout the 

analytical sessions to evaluate accuracy. They yielded U-Pb ratios within 2% of their accepted  
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Figure 3.4 – Representative zircon images. Cathodoluminescence images of detrital zircon 
grains analyzed from successor basin rocks of the Abitibi and Pontiac subprovinces organized 
by age from youngest to oldest. The analysis location, sample/spot reference number, 
207Pb/206Pb age, and ɛHf value for each grain are labeled. Indicated uncertainty for all analyses is 
2σ. 
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values. The U-Pb data was reduced using Iolite v2.5 (Paton et al., 2011), and 2% uncertainty 

was added in quadrature to each ratio to account for the long-term reproducibility of the 

secondary reference materials. Where U-Pb analyses were more than >5% discordant, the U-

Pb and corresponding Lu-Hf data were rejected from further analysis (method after Gehrels et 

al., 2011). The data are provided in Appendix B. Uncertainties on all reported data are 2σ, 

unless stated otherwise. 

The hafnium isotope data were normalized using an exponential mass bias correction 

and a natural 179Hf/177Hf ratio of 0.7325. Isobaric interferences of 176Lu and 176Yb on 176Hf were 

corrected by measuring 171Yb/173Yb and assuming 171Yb/173Yb, 171Yb/173Yb, 176Lu/175Lu ratios of 

1.123575, 0.786847, and 0. 02655, respectively (Thirwall and Anczkiewicz, 2004; Vervoort et 

al., 2004). Secondary reference materials analyzed for quality control were zircon reference 

materials 91500, GJ-1, Plešovice, Mud Tank, and Mun-3 and Mun-4 (Wiedenbeck et al., 1995; 

Sláma et al., 2008; Morel et al., 2008; Fisher et al., 2011). Each reference material yielded 

weighted-mean 176Hf/177Hf ratios within 50 ppm of the accepted value. The mass-corrected 

176Lu/177Hf isotopic ratios were used to calculate the initial 176Hf/177Hf ratios and ɛHf values at the 

time of crystallization (i.e., at the measured 207Pb/206Pb age; Appendix B). The reported 

uncertainty on the initial 176Hf/177Hf ratios and ɛHf values includes propagation of the 2σ 

uncertainty on: (1) the measured 176Lu/177Hf ratios, (2) the calculated 207Pb/206Pb dates, and (3) 

the 176Lu decay constant. Propagation of these internal and external uncertainties was 

calculated using the Model 2 algorithms of Ickert (2013). We utilized the 176Lu decay constant of 

Söderlund et al. (2004) (1.867 ± 8 x 10-11) and the values for the chondritic uniform reservoir 

(CHUR) of Bouvier et al. (2008) (176Lu/177Hf = 0.0336 and 176Hf/177Hf = 0.282785). The resultant 

initial 176Hf/177Hf ratios and ɛHf values are plotted against the isotope evolution curve for the 

depleted mantle and CHUR (Fig. 3.5). The depleted mantle curve was calculated based on the 

modern-day MORB values of 176Lu/177Hf = 0.0384 and 176Hf/177Hf = 0.283250 (Griffin et al., 

2002), hereafter referred to as mMORB-DM (Fig. 3.5). To better visualize the high density of 

data, the ɛHf – 207Pb/206Pb age results are also presented as a bivariate histogram plot, which 

was constructed using standard Matlab routines with 10 Ma and 0.5 ɛHf unit bin spacing (Fig. 

5D). 

3.4 U-Pb and Lu-Hf isotopic results 

The U-Pb age discussed in this study are from zircon grains analyzed by Frieman et al. 

(2017) for which paired Lu-Hf spot analyses were obtained. These consist of 1792 U-Pb 

determinations that met the filtering criterion discussed above. The U-Pb age data consist of 

~12% Mesoarchean and ~88% Neoarchean ages (Fig. 3.6A), which is representative of the age  
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Figure 3.5 – Plots displaying U-Pb and Lu-Hf zircon data. (A) Previously published U-Pb and Lu-
Hf zircon data from the Abitibi subprovince. (B) Previously published U-Pb and Lu-Hf zircon data 
from the Wawa, Quetico, Western Wabigoon, Marmion, and Winnipeg River subprovinces. (C) 
The ɛHf - 207Pb/206Pb age results from LA-ICP-MS analysis of detrital zircon grains from Abitibi 
and Pontiac subprovince successor basin samples in this study. Error bars in A-C are 2σ 
uncertainty (note: no uncertainty was reported by Lu et al., 2013). (D) A bivariate histogram plot 
of the data displayed in (C) using 10 Ma and 0.5 ɛHf unit bin spacing, approximate average 2σ 
uncertainty is indicated, and data groups with similar distributions are outlined. Vertical gray 
bars represent the approximate age threshold between Abitibi (younger) and non-Abitibi (older) 
ages. Green line represents the evolution of depleted mantle (DM) compositions as calculated 
from modern MORB values of Griffin et al. (2002). Purple line corresponds to compositions of 
the chondritic uniform reservoir (CHUR). Gray dashed lines represent ɛHf growth curves 
calculated using 176Lu/177Hf = 0.015, which is the approximate mid-point between reported end-
member values for crustal mafic rocks (0.022; Amelin et al., 1999) and Precambrian granitoid 
rocks (0.0093; Vervoort and Patchett, 1996). This value also coincides with the average crustal 
composition of the Superior Province as derived from whole-rock geochemical analyses of 
sedimentary rocks (Stevenson and Patchett, 1990). 
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Figure 3.6 – Comparison of detrital zircon ages from this study to published zircon ages. 
Frequency histograms (rectangles), probability density function curves (filled solid colored lines), 
and cumulative distribution function curves (solid and dashed lines) for U-Pb zircon data in the 
study region. (A) Selected concordant 207Pb/206Pb ages of detrital zircon grains from the Abitibi 
and Pontiac subprovinces from Frieman et al. (2017) on which Lu-Hf analyses were performed. 
(B) Compilation of published U-Pb age data for volcanic-plutonic rocks of the Abitibi subprovince 
and adjacent domains in the southern Superior Province (Winnipeg River, Marmion, and 
Opatica subprovinces) (modified from Frieman et al., 2017). The published age data for 
volcanic-plutonic rocks of the Abitibi subprovince (solid green line) do not match the detrital 
zircon age pattern observed in successor basin samples of the Abitibi and Pontiac subprovinces 
(black dashed line). However, the observed distribution of ages in our samples can be explained 
by a component of mixing between Abitibi and older source rocks (southern Superior; purple 
irregular dashed line). 
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distributions in successor basin samples from the Abitibi and Pontiac subprovinces (Frieman et 

al., 2017). 

The initial 176Hf/177Hf ratios for all analyses are between 0.280667 and 0.281464 with an 

average uncertainty of ± 0.000093 (Appendix B). They correspond to ɛHf values between -6.5 to 

+17.2, although the majority of the data (~86%) fall between +1 and +10 ɛHf units (Fig. 3.5C and 

D; Appendix B). The 2σ uncertainty on the ɛHf data, including covariance on all parameters, 

ranges from 1.7 to 9.1 ɛHf units with a mean uncertainty of 3.5 (Appendix B). 

For the purposes of discussion, data have been qualitatively subdivided into five data 

groups based on distribution in U-Pb age and ɛHf space (Fig. 3.5D). Data group 1 is composed 

of the largest proportion of results (~96%; ~1724 analyses) and is defined by ages spanning 

from ~2675 Ma to ~3000 Ma and ɛHf values between 0 and +10 (Fig. 3.5C and D). Group 1 is 

further subdivided into group 1a (~1580 analyses), which corresponds to zircon grains with ages 

<2800 Ma, and group 1b (~144 analyses), which contains ~3000-2800 Ma zircon (Fig. 3.5C and 

D). The division between groups 1a and 1b is based on the approximate maximum possible age 

(including measured age uncertainty, ~2800 Ma) of magmatic zircon associated with Abitibi 

subprovince volcanic-plutonic rocks (e.g., Fig. 3.6B). Data group 2 is defined by a set of 17 

analyses with ages between 2675 Ma and 2950 Ma and ɛHf values between 0 and -6.5 (Fig. 

3.5D). This data group represents zircon grains with ages similar to those observed in data 

group 1 (3000-2675 Ma), but with ɛHf compositions that are CHUR-like or negative. Data group 2 

has been subdivided into subgroups with ages <2800 Ma (group 2a: 13 analyses) and those 

with ages of 2950-2800 Ma (group 2b: 4 analyses; Fig. 3.5D). Data group 3 is defined by a set 

of 6 analyses with U-Pb ages of 3250-3000 Ma and ɛHf values of +4 to -1 (Fig. 3.5D). Data 

groups 4 and 5 are defined by clusters of data that yielded relatively high ɛHf values of > +10 

(Fig. 3.5D), with data group 4 (~30 analyses) composed of zircon grains with U-Pb ages 

between 2700 Ma and 2950 Ma, and data group 5 (8 analyses) composed of zircon grains with 

ages between ~2950 and 3150 Ma (Fig. 3.5D). 

3.5 Lu-Hf data trends and regional correlations 

Newly acquired, coupled LA-ICP-MS U-Pb and Lu-Hf analyses of zircon grains from 

successor basins of the Abitibi and Pontiac subprovinces represent the largest and most 

comprehensive multi-isotope detrital zircon data set compiled to date for the Superior Province. 

These data (Fig. 3.5C and D) provide constraints on the isotopic character of sources rocks to 

these successor basin sedimentary rocks. We will first compare these results to previously 

published U-Pb and Lu-Hf data, using regional geological constraints to determine probable 
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source domains, to develop insights into the amalgamation history of the Abitibi subprovince 

and growth of the Superior Province. 

The U-Pb age patterns of successor basin detrital zircon grains from the Abitibi and 

Pontiac subprovinces indicate that these rocks were derived from a mixture of both local and 

distal sources (Fig. 6; Davis, 2002; Frieman et al., 2017). In part, this interpretation is based on 

the presence of Mesoarchean zircon grains in the successor basin sedimentary rocks and the 

absence of volcanic-plutonic rocks of this age in the Abitibi and Pontiac subprovinces (Figs. 

3.5A and 3.6B). Zircon grains with U-Pb ages that are ≥2800 Ma account for ~12% of the total 

data set (~215 analyses; Fig. 3.6A), requiring a substantial component of mixing between local, 

<2800 Ma and older, >2800 Ma sources to produce the observed age spectra in our samples 

(Fig. 3.6B). Statistical comparisons with published zircon age data from the southern Superior 

Province suggest that the occurrence of ‘exotic’ Mesoarchean zircon grains are best explained 

by sources from areas juxtaposed during amalgamation at ~2690-2670 Ma, such as the 

Winnipeg River, Marmion, and Opatica subprovinces (Fig. 3.6B; Frieman et al., 2017). The 

absence of any Eo- to Paleoarchean components in the Abitibi successor basin sediments 

suggests that source regions did not include terranes in the northern Superior Province 

(Frieman et al., 2017). These conclusions are supported by our new paired U-Pb and Lu-Hf 

isotopic data, as domains from the southern Superior Province display similar Hf-isotope / age 

patterns (compare Figs. 3.5B and C). Hence, our data provide insight into the isotopic 

characteristics of a significant portion of the southern Superior Province. A notable exception to 

this interpretation is the data observed in group 5 (Fig. 3.5D), which do not compare with any 

previously reported analyses (Fig. 3.5A and B).  

Data group 1 (~3000-2675 Ma) represents the majority of results obtained in this study 

(~96%) and the population cluster centers on mMORB-DM compositions (Fig. 3.5C and D). The 

statistical dominance of data group 1a (88%; Fig. 3.4D) is interpreted to reflect local derivation 

from the Neoarchean igneous source rocks that make up the Abitibi subprovince (Figs. 3.4A 

and 3.6B; Davis, 2002; Frieman et al., 2017). Volcanic-plutonic rocks of the Abitibi subprovince 

are largely ~2750-2695 Ma in age (see compilation in Fig. 3.6B) and previously published zircon 

data display ɛHf values of +2 to +7 (Fig. 3.5A; Corfu and Noble, 1992; Ketchum et al., 2008). 

This is comparable to the range we observe in our group 1a (Fig. 3.5C and D). Neoarchean 

igneous rocks with similar mMORB-DM Hf or Nd isotopic compositions are also abundant in the 

Wawa (Smith et al., 1987; Henry et al., 2000), Western Wabigoon (Henry et al., 2000; Davis et 

al., 2005; Lu et al., 2013), and Marmion (Tomlinson et al., 2004; Davis et al., 2005; Lu et al., 

2013) subprovinces (Fig. 3.5B). Consequently, some of the zircon grains in group 1a may well 
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have been derived from domains juxtaposed during regional amalgamation, as has been 

interpreted from the U-Pb age patterns in our samples (Frieman et al., 2017). 

The ~2950-2800 Ma aged grains observed in group 1b (Fig. 3.5C and D) are likely to 

have been sourced from juxtaposed domains that also contain a history of Mesoarchean crustal 

genesis. We suggest that the Marmion subprovince is the probable source for these grains (Fig. 

3.5B), because volcanic-plutonic rocks of the Marmion subprovince contain abundant evidence 

for crustal growth at ~3000-2900 Ma with mMORB-DM-like Hf and Nd isotopic signatures 

(Tomlinson et al., 2004, Davis et al., 2005; Melnyk et al., 2006; Lu et al., 2013), consistent with 

our group 1b results (compare Fig. 3.5B and D). Alternatively, inherited zircon grains that have 

ages of ~2925 Ma and ~2860-2850 Ma have been reported from ~2740-2700 Ma volcanic-

plutonic rocks of the Abitibi subprovince (Ayer et al., 2002, 2005; Ketchum et al., 2008). These 

are interpreted to have been incorporated into Neoarchean magmas from a fragment of 

Mesoarchean crust in the middle to lower crust (Ketchum et al., 2008). The extent of this 

fragment is poorly constrained, but is interpreted to extend from the western Abitibi subprovince 

(Ketchum et al., 2008) through the Paleoproterozoic Kapuskasing uplift (Moser et al., 1996) to 

present-day exposures of ~3000-2900 Ma gneissic-plutonic rocks in the eastern Wawa 

subprovince (Turek et al., 1992). These are collectively referred to as the Hawk domain (Fig. 

3.1; Turek et al., 1992). While the zircon grains from the Hawk domain may have been 

incorporated as inherited components during Neoarchean magmatism, it is unlikely that it 

contributed detritus to our samples, since these rocks were probably not extensively exposed at 

the time of successor basin formation in the Abitibi and Pontiac subprovinces (Frieman et al., 

2017). Accordingly, we consider that group 1b principally reflects derivation from the Marmion 

subprovince. 

The presence of Mesoarchean and older crust may also explain the more evolved 

(negative) ɛHf values we document (data groups 2 and 3; Fig. 3.5D). Based on comparison to ɛHf 

growth curves for Superior Province crust (176Lu/177Hf = 0.015; Stevenson and Patchett, 1990), 

data groups 2 and 3 may have crystallized from magmas either derived directly from older 

sources or from Neoarchean mantle melts that partially mixed with magmas derived from older 

crust (Fig. 3.7). Data group 2a plots in a region roughly bracketed by the 2900 Ma and 3300 Ma 

evolution lines, while data groups 2b and 3 approximately correspond to the region between the 

3100 Ma and 3500 Ma lines (Fig. 3.5B and C). These associations suggest that rocks from 

which these zircon grains were derived contain a late Paleo- to Mesoarchean crustal 

component. This supports our interpretation that the Marmion subprovince was a prominent  
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Figure 3.7 – Schematic diagram illustrating potential processes driving the dominant Lu-Hf data 
distributions presented in this study. 
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source and further suggests that older (~3300-3000 Ma) basement in Winnipeg River 

subprovince (Fig. 3.5B; Davis et al., 2005; Lu et al., 2013) are represented in our detrital zircon 

samples (groups 2b and 3; Fig. 3.5D). 

Detrital zircon grains with low to negative ɛHf values at ~3200-2900 Ma and ~2700 Ma, 

similar to groups 2 and 3, are also observed in sedimentary rocks of the intervening Quetico 

subprovince (Fig. 3.5B; Davis et al., 2005). The Marmion and Winnipeg River subprovinces are 

interpreted to have been the primary sources for detritus in the Quetico subprovince during 

deposition in the basin at ~2700-2690 Ma (Fralick et al., 2006). However, due to its 

impingement between the Wawa and Marmion / Western Wabigoon subprovinces, 

sedimentation in the Quetico subprovince ceased at <2690 Ma as it began to experience 

deformation, uplift, and erosion (Corfu and Stott, 1998; Percival et al., 2006; Sanborn-Barrie and 

Skulski, 2006). Thus, at <2690 Ma, following initiation of deposition in the Abitibi subprovince 

successor basins, evolved Meso- to Neoarchean detrital zircon grains were more likely to have 

been directly or indirectly (eroded Quetico subprovince) derived from the Winnipeg River and 

Marmion subprovinces, which could be represented by data groups 2 and 3 in our samples (Fig. 

3.5). 

While statistically minor (<2%), the high, > +10 ɛHf values documented in this study (e.g., 

group 4; Fig. 3.5C and D) are enigmatic as anomalously depleted signatures are rare in Meso- 

to Neoarchean rocks worldwide (Guitreau et al., 2012). However, elevated ɛHf signatures have 

been reported in the Superior Province, including ɛHf values as high as +8 to +12 from whole-

rock and zircon samples from the Wawa and Abitibi subprovinces (Fig. 3.5A and B; Smith et al., 

1987; Ketchum et al., 2008, respectively). It has been proposed that these ɛHf values reflect 

derivation from melt sources in the lower crust or upper mantle that experienced prior melt 

histories (Smith et al., 1987). For example, melts sourced from garnet-rich residues, which 

would have elevated Lu-Hf ratios, may inherit anomalously high ɛHf (e.g., Zheng et al., 2005). 

Therefore, we interpret the ɛHf values > +10 to reflect derivation from volumetrically minor crustal 

or mantle regions that retained multi-stage melt histories. 

While data groups 1-4 can be interpreted within the framework of the published isotopic 

data and geological history of the southern Superior Province (Fig. 3.5A), data from group 5 

does not fit this model. It is possible that they may correlate to undocumented lithologies, reflect 

multi-stage melt processes, and/or represent artifacts of data reduction. An assessment of U-

Th-Pb data following the method outlined in Pidgeon et al. (2017), compared measured 

232Th/238U ratios to those predicted based on measured Th/U and 208Pb/232Th ratios, and 

207Pb/206Pb age (Fig. 3.8). While rare in other data groups (Fig. 3.8A and B), analyses in data  
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Figure 3.8 – U-Th-Pb assessment for the detrital zircon analyses in this study. Measured 
232Th/238U ratios versus 232Th/238U ratios calculated from measured 208Pb/206Pb ratios for a 
representative subset of analyses from data group 1 (A), data groups 2, 3, and 4 (B), and data 
groups 4 and 5 (C) (2σ uncertainty is less than symbol size). 



78 
 

group 5 display high calculated 232Th/238U relative to measured ratios, suggesting that these 

results are likely affected by common Pb contamination (Fig. 3.8C). Therefore, the U-Pb ages 

for these grains are likely overestimated and may be correlative to similarly elevated ɛHf values 

in data group 4. 

3.6 Significance of Lu-Hf results to the record of crust-mantle reservoirs in the Superior 

Province 

Our data set is dominated by zircon grains with ɛHf signatures that are centered on the 

mMORB-DM composition projected to ~2750-2700 Ma (Fig. 3.5C and D). As discussed above, 

these zircon grains were likely derived from a combination of local, Abitibi subprovince sources, 

and distal, non-Abitibi subprovince domains in the southern Superior Province (Figs. 3.5 and 

3.6). Non-Abitibi sources represent domains that were juxtaposed during regional amalgamation 

prior to and during development of the Abitibi successor basins. Each of these domains – e.g., 

the Wawa and Marmion subprovinces – contain Neoarchean and, locally, Mesoarchean zircon 

with ɛHf signatures equivalent to mMORB-DM compositions (Fig. 3.5). The magnitudes of 

separation of these domains prior to their amalgamation in the Neoarchean are unknown 

(Percival et al., 2012). However, based on the present day configuration, the proportion of 

shortening recorded (50-100%), and a >25 Myr record of convergence (assuming conservative 

rates of 60 km/Myr) defined by amalgamation events from ~2715 Ma in the Winnipeg River and 

Western Wabigoon subprovince to ~2690 Ma in the Abitibi and Wawa subprovinces (Percival et 

al., 2012 and references therein), they likely represent horizontal dimensions of 100s to 

potentially several 1000 kilometers. There is no evidence for a temporal progression from 

CHUR towards DM compositions during volcano-plutonic construction and no coeval 

complementary enriched reservoir is observed (Fig. 3.5). Thus, it is unlikely that the observed 

mMORB-DM-like signature developed beneath these domains by direct differentiation from a 

chondritic source during synchronous magmatism, suggesting that it developed by the activity of 

pre-3000 Ma geodynamic processes. Based on this interpretation and the broad area of 

provenance observed, we suggest that a mMORB-DM-like reservoir was not only well-

established within the Meso- to Neoarchean mantle beneath each of the domains within the 

southern Superior Province when they formed, but was pervasive in the mantle by this time.  

While mMORB-DM-like ɛHf signatures dominate in our results (e.g., group 1), it is less 

apparent that progressively younger grains spread towards CHUR-like values (Fig. 3.5C and D). 

This trend can be explained by reworking of juvenile crust after short-lived residence (Fig. 3.7), 

which is well-documented in the region. In the Abitibi and Wawa subprovinces, younger, syn- to 

post-deformational intrusions display ɛHf ≈ 0 to +2.5, while older, volcanic assemblage host 
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rocks display ɛHf values of +4 to +7 (Fig. 3.5A and B; Smith et al., 1987; Corfu and Noble, 1992), 

which is also well-described by whole-rock Nd isotopic data (Ayer et al., 2002; Lodge, 2016). A 

comparable temporal trend is observed in juvenile arcs associated with the Proterozoic 

Svecofennian orogeny in Sweden (Guitreau et al., 2014). In these arcs, decreasing ɛHf with time 

is interpreted to reflect initial arc growth by extraction from a depleted reservoir and subsequent 

lowering of ɛHf in magmatically-derived zircon grains by internal reworking and/or arc accretion. 

It is important to note that isotopic differentiation in juvenile terrains may be difficult to recognize. 

Newly formed juvenile terrains tend to display a strongly depleted signature, whereas the 

magnitude of temporal changes in ɛHf values are relatively small (1-5 units), particularly when no 

older crust is involved. Therefore, given the minimum uncertainty on ɛHf measurements (2σ = 1-

4 units; Guitreau et al., 2012), recognizing the first-cycle of reworking can be problematic (e.g., 

Bleeker, 2002; Lodge, 2016). To adequately distinguish reworking of juvenile crust, more 

accurate solution methods, targeted lithological analysis, oxygen isotopes, and/or trace element 

trends may be required (e.g., Guitreau et al., 2012, 2014). 

3.7 Significance of Lu-Hf results to Archean geodynamic processes  

Our results indicate that a mMORB-DM was well-established and repeatedly tapped in 

the mantle associated with construction of the southern Superior Province (Fig. 3.7). However, 

the exact geodynamic mechanism responsible for depletion of the upper mantle reservoir is 

unclear. Since the modern compositions of the depleted mantle and the continental crust are 

complementary (Hofmann, 1988), any prospective geodynamic mechanism must account for 

the production of both. Previous interpretations include transient episodes of subduction (Moyen 

and van Hunen, 2012), or more sustained subduction through plate tectonics (Shirey et al., 

2008), which achieve a depleted mantle by progressive sequestration of material into volcanic 

arcs and into the deep mantle by foundering of slabs. Alternative interpretations include whole 

mantle-scale overturn/upwelling events (Stein and Hofmann, 1994; Bédard, 2006, 2018; Bédard 

and Harris, 2014) with intervening periods of stagnant-lid behavior (O’Neil et al., 2007, 2013; 

Piper, 2013; Bédard, 2018). Discriminating between these processes from the isotopic record is 

difficult. However, some of the models predict specific temporal trends and isotopic or 

geochemical signatures. 

The mantle overturn/upwelling model can explain the formation of a depleted upper 

mantle, but does not explain its time-integrated evolution and the isotopic signatures recorded in 

the juvenile crust produced by it. This is due to the fact that mantle overturn upwelling zones 

(OUZOs) transport primitive lower mantle material to the upper mantle, effectively homogenizing 

geochemical signatures and producing CHUR-like upper mantle compositions (Bédard, 2018). 
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Consequently, OUZO-derived juvenile crust is predicted to have a primitive mantle (CHUR-like) 

isotopic signature, with minimal depleted mantle signatures. Extraction of OUZO-derived melts 

would leave behind a depleted upper mantle residue, which may persist during intervening 

stagnant-lid episodes. However, stagnant-lid episodes are inferred to represent quiescent 

periods with no crustal growth (Piper, 2013), leaving this reservoir effectively untapped. The 

overturn/upwelling model has been used to explain Neoarchean crustal genesis and 

amalgamation of the Superior Province (Bédard, 2006, 2018; Bédard and Harris, 2014). In this 

model, an OUZO drives disaggregation of older, pre-2800 Ma crust and melting in the 

intervening regions, forming the juvenile Neoarchean magmatic domains such as the Abitibi 

subprovince (Bédard and Harris, 2014; Bédard, 2018). Our observations are inconsistent with 

this model, since strongly depleted signatures dominate our results and no accompanying data 

with enriched signatures are observed. Our data combined with previously published data, form 

a regionally extensive and record of repeated extraction of crustal material from a mMORB-DM-

like reservoir from ~3000 Ma to ~2700 Ma (Fig. 3.5). In addition, the primitive (CHUR-like) 

signatures are a minor component of our data set and are more easily explained by secondary 

processes such as mixing of juvenile magmas with those derived from older crust or by crustal 

reworking during amalgamation (Fig. 3.7; see below). Thus, while an OUZO event may explain 

the formation of the depleted mantle prior to late Meso- to Neoarchean crustal genesis, it is 

inconsistent with the dominant mMORB-DM-like signature that characterizes crust of that age in 

the southern Superior Province. 

An alternative model involves a hybrid, two-stage process with an early stage of plume 

upwelling and a later history of subduction-driven geodynamic behavior (after Guitreau et al., 

2012). In the first stage, upper mantle depletion is accomplished through the build-up of 

refractory melt residues by the transit of deeply sourced mantle plumes, similar to the mantle 

overturn/upwelling model. Our data indicate that derivation from a depleted upper mantle 

reservoir repeatedly occurred from ~3000 Ma (Fig. 3.5C and D), suggesting that plume residues 

would have had formed this reservoir by this time. In part, melting at plume heads may have 

contributed to the formation of juvenile crust, although, in this model, the majority of growth 

occurred at subduction zones by partial melting of the newly formed depleted upper mantle. The 

Abitibi subprovince has previously been proposed to represent an oceanic plateau that also 

records subduction signatures (Benn and Moyen, 2008), comparable to predictions made in the 

hybrid model. In the older volcanic successions (~2750-2704 Ma) of the Abitibi subprovince, 

plume influences are inferred based on the presence of komatiite rocks (Dostal and Mueller, 

1996, 1997; Wyman et al., 1999, 2002; Sproule et al., 2002), which are absent in the younger 
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volcanic successions (~2704-2695 Ma; Blake River assemblage). Instead, bimodal volcanic 

associations (basalt-rhyolite) and subduction-like geochemical trends are dominant in the 

younger successions (Polat and Kerrich, 2001, 2006; Ayer et al., 2002; Benn and Moyen, 2008; 

Polat et al., 2017). Thus, we suggest that the Abitibi (and other) juvenile subprovinces formed in 

an arc-like setting by crustal growth through direct derivation from a modern-style depleted 

mantle reservoir (i.e., the mMORB-DM). This type of mixed geodynamic signal is well-

documented in modern settings. For example, they exist along Circum-Pacific plate boundaries, 

where hot spot-derived, oceanic plateaus are being subducted along continental margins (e.g., 

the Carnegie ridge in Equador; the Cocos ridge, Costa Rica; the Hikurangi ridge in New 

Zealand, and the Palau-Kyshu ridge in Japan; Martin et al., 2014 and references therein). At 

these locations, subduction of oceanic plateaus is associated with elevated magma production 

rates and the trace element geochemistry compositions are comparable to those observed in 

Archean TTGs (Martin et al., 2014), which suggest a similar process may have been in 

operation during the Archean. Subduction of oceanic plateaus may explain the large volume of 

crustal production observed in the Neoarchean juvenile subprovinces of the southern Superior 

Province and is consistent with the mMORB-DM-like signatures we observe. We acknowledge 

that conditions, such as higher ambient mantle temperatures (Korenaga, 2008a,b; Herzberg et 

al., 2010) or thicker oceanic lithosphere (Herzberg and Rudnick, 2012) were likely in the 

Archean, but consider that subduction-accretion geodynamic systems broadly similar to modern 

environments were well-established by the late Meso- to Neoarchean. 

The depleted mantle evolution curve we utilize (mMORB-DM) was calculated by 

projecting modern day values (Griffin et al., 2002) into the Archean. This curve intersects CHUR 

compositions at ~4100 Ma, which is proposed to be a transitional period in Earth geodynamics 

(Martin, 1993). Some have suggested that this is when sustained plate tectonic processes 

began (Blichert-Toft and Albarède, 2008; Hopkins et al., 2008; Shirey et al., 2008), which, if 

correct, suggests that the mMORB-DM curve reflects more or less continuous operation of 

subduction-tectonic systems since the late Hadean. However, coupled continental growth and 

mantle depletion may have been episodic (Condie, 1998), gradual (Dhuime et al., 2012), rapid 

(Armstrong, 1981), and/or nonlinear (Fyfe, 1978; Campbell, 2003) early in Earth’s history, 

making these types of broad projections problematic. Despite complications, our data support 

the presence of a long-lived mMORB-DM reservoir in the southern Superior Province and the 

operation of subduction-tectonic processes since at least ~3000 Ma (Fig. 3.7). This time in Earth 

history has been recognized as a point when geodynamic systems shifted towards a plate 

tectonic-dominated system (Shirey and Richardson, 2011; Dhuime et al., 2012; Næraa et al., 
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2012; Satkoski et al., 2013). Based on Nd and Os isotopic compositions of inclusions in 

diamonds from kimberlites, a change from peridotite to eclogite mantle components at ~3000 

Ma is interpreted to reflect hydration of the upper mantle due to initiation of plate tectonic 

processes (Shirey and Richardson, 2011). Similarly, Hf isotopes in gneissic-plutonic rocks from 

west Greenland and the Minnesota River Valley subprovince display closed-system behavior, 

governed by internal reworking, prior to ~3200 Ma and open-system behavior, with mixing 

between juvenile material and recycled older crust, at ~3200 Ma that has been interpreted to 

reflect the transition to plate tectonic-dominated dynamics (Næraa et al., 2012; Satkoski et al., 

2013). Our data support these inferences and are consistent with the operation of modern-style 

plate tectonic processes since at least the late-Mesoarchean. 

3.8 Conclusions 

This study presents ~1800 paired U-Pb and Lu-Hf LA-ICP-MS analysis of detrital zircon 

grains from successor basins of the Abitibi and Pontiac subprovinces. These results represent 

the most comprehensive multi-isotope detrital zircon data set in the region, providing a robust 

view of the isotopic character of magmatic source regions. The majority of analyses (96%) 

yielded ɛHf values of +1 to +10 in the ~3000-2675 Ma age range (data group 1), while a 

relatively minor component (<4%) of the results yielded evolved (negative) or anomalously 

radiogenic ɛHf values (data groups 2-4). The dominant portion of our results (data group 1) plot 

along modern MORB-DM compositions projected into the Archean, indicating that crustal 

genesis repeatedly occurred by derivation from this reservoir. The subordinate CHUR-like or 

more evolved results (data groups 2 and 3) are best explained by a combination of reworking 

after short-lived crustal residence and local derivation from or mixing with magmas derived from 

domains with older, Mesoarchean crustal components. The anomalously radiogenic results 

(data group 4) are interpreted in terms of volumetrically minor crustal or mantle sources that 

retained multi-stage melt histories. 

These results were compared to the well-established geological framework and 

published multi-isotope zircon data from the southern Superior Province to provide insight into 

the provenance of the successor basins and the regional configuration during their deposition at 

~2690-2670 Ma. This comparison indicates that, while local Neoarchean sources predominate, 

a significant component (>200 analyses) display Mesoarchean ages with mMORB-DM-like 

signatures that cannot have been derived from within the Abitibi and Pontiac subprovinces as 

no comparable rocks are documented within them. Viable source domains, with correlative U-

Pb age and Lu-Hf signatures, include the Winnipeg River, Marmion, and Quetico subprovinces, 

similar to interpretations made from the U-Pb age patterns (Davis, 2002; Frieman et al., 2017). 



83 
 

Based on these regional correlations, we suggest that the dominant mMORB-DM signature in 

these crustal blocks, originally separated by 100s of kilometers, reflects a well-established and 

regionally extensive modern-style depleted upper mantle. Since no temporal progression from 

CHUR-like values or a coeval complementary enriched reservoir is observed, we suggest that 

pre-3000 Ma geodynamic processes must be responsible for the formation of this reservoir. 

To assess which geodynamic processes could explain our observations, we compared 

to the isotopic, geochemical, and temporal trends predicted by a variety of proposed models. 

Geodynamic scenarios investigated included stagnant-lid behavior with intermittent mantle-

scale overturn/upwelling events and modern style subduction-accretion plate tectonics. While 

the overturn/upwelling model can explain the formation of a depleted upper mantle reservoir 

prior to ~3000 Ma, it cannot explain protracted growth from this reservoir during widespread 

crustal genesis from ~3000 Ma to ~2700 Ma. This is due to the fact that upwelling primitive 

material results in the homogenization of the upper mantle and predicts that CHUR-like 

signatures will be observed in associated magmatic domains, which is inconsistent with the 

statistical dominance of mMORB-DM-like values in our results. We favor a hybrid model where 

pre-3000 Ma mantle upwelling or plume activity resulted in the initial development of the 

depleted upper mantle and post-3000 Ma tectonic processes resulted in a time-integrated 

evolution along predicted mMORB-DM compositions, supporting the onset of modern-style plate 

tectonic processes from at least the late-Mesoarchean. 
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CHAPTER 4 

ACROSS-STRIKE ARCHITECTURE OF HIGH- AND LOW-STRAIN ZONES NORTH OF THE 

LARDER LAKE-CADILLAC DEFORMATION ZONE IN THE KIRKLAND LAKE AREA, 

ONTARIO, CANADA 

 

Crustal-scale fault zones and their higher-order structural networks may be host to 

economically significant orogenic gold deposits in mountain belts of all ages. While the first-

order fault is the primary conduit for gold-bearing fluids, distributed across-strike, higher-order 

structural networks also accommodate fluid flow, making them principal sites for ore deposition. 

Consequently, understanding the distribution and brittle-ductile deformation history of the 

higher-order structural networks is key for constraining the architecture of crustal-scale fault 

systems, the distribution of potential fluid conduits, and probable sites for gold mineralization. 

This study presents constraints on the across-strike distribution of high- and low-strain domains 

associated with the crustal-scale Larder Lake-Cadillac deformation zone (LLCdz) in the Archean 

southern Abitibi greenstone belt in the Kirkland Lake area of Ontario. High-strain zones form 

spaced (500-1000 m) domains in a >6 km area to the north of the LLCdz. The high-strain zones 

are characterized by a penetrative east-northeast-trending subvertical foliation with a 

moderately to steeply northeast-plunging stretching lineation, and dextral shear sense indicators 

on horizontal erosional surfaces. These fabric relationships are interpreted to reflect a pure 

shear-dominated (i.e., a low kinematic vorticity number) dextral transpressional strain regime 

with a steeply inclined extension direction. The high-strain zones are spatially associated with 

earlier formed fault zones, and form the location for carbonate alteration and gold occurrences. 

The ductile high-strain zones separate zones of low-strain where primary sedimentary or 

igneous structures are well preserved, the foliation is weakly developed and subparallel to that 

in the high-strain domains, and alteration is generally weak. The low-strain domains show no 

shear sense indicators and are interpreted as predominantly pure-shear domains that formed 

coevally with the high-strain zones. These observations suggest that a series of distributed 

brittle-ductile high-strain zones may have localized the upflow of hydrothermal fluids in the 

Kirkland Lake district. Undiscovered deposits may be hosted by these type of structures, 

providing a new framework for exploration in the area.  

4.1 Introduction 

Coupled deformation and fluid flow processes may contribute to the formation of 

orogenic gold deposits along crustal-scale fault zones in mountain belts, both ancient and 

modern (Goldfarb et al., 2001). Examples of orogenic gold deposits associated with crustal- 
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scale fault systems include the Mesozoic and presently active systems in the south island of 

New Zealand (Craw, 1992; Cox et al., 1997; Craw et al., 2006), the Jurassic to Cretaceous 

systems along the west coast of North America (Goldfarb et al., 1997; Goldfarb et al., 2008), 

and Archean systems in greenstone belts of the Yilgarn and Superior cratons (Robert et al., 

2005; Bateman and Bierlein, 2007). Regardless of age, in these systems, the crustal-scale fault 

represents the primary fluid conduit that transports metamorphic, gold-bearing fluids from the 

middle to lower crust to depositional sites in the middle to upper crust (Fig. 4.1A; Groves et al., 

1998; Phillips and Powell, 2010). Above the brittle-ductile transition, in the upper crust, in 

addition to the main crustal-scale fault, other major sites for gold emplacement are higher-order 

fault splays (Fig. 4.1B; Robert, 1994; Robert et al., 1995).  

  

Figure 4.1 – Schematic illustrations of orogenic gold-bearing fault systems. (A) Schematic 
diagram illustrating the characteristics of crustal-scale deformation zones with associated 
orogenic gold deposits. The vertical scale varies. Modified from Groves et al. (1998). (B) 
Schematic illustration of the relationship between the primary, first-order fault zone (LLCdz – 
Larder Lake Cadillac deformation zone) and higher-order structures such as gold-bearing faults, 
shear zones, damage zones, and gold-bearing veins. Modified from Robert et al. (1995). 
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These higher-order structures can form distributed, 2-15 km structural networks splaying off the 

primary fault zone (Fig. 4.1B; Robert, 1994; Robert et al., 1995). Cyclic fault-valve behavior may 

be accommodated by all of these structures, where the overpressure of fluid reservoirs at depth 

induces failure, resulting in the emplacement of vein arrays along them (Sibson et al., 1988; 

Robert and Poulsen, 2001). During interseismic periods, both first- and higher-order structural 

zones commonly record ductile shear strain localization (Hodgson, 1989; Robert, 1989; Robert 

et al., 1995) and, based on the alteration assemblages that define dynamic recrystallization 

features, can provide evidence for syn-deformational fluid infiltration (Böhlke, 1989). Therefore, 

understanding the processes of mixed, brittle-ductile deformation along gold-bearing structures 

is key to understanding how they accommodated fluid flow (Colvine et al., 1988) and, 

potentially, form gold deposits. The purpose of this study was to investigate the across-strike 

pattern of brittle-ductile deformation along a gold-bearing segment of a crustal-scale fault zone. 

The pattern of strain partitioning revealed in this study helps to understand the locations of past 

fluid infiltration, alteration, and gold occurrences, not only in the southern Abitibi greenstone 

belt, but within crustal-scale fault systems in general. 

The crustal-scale fault system investigated was the Archean Larder Lake-Cadillac 

deformation zone (LLCdz) in the southern Abitibi greenstone belt of the Superior Province, 

Canada (Fig. 4.2). The LLCdz is a major, ~east-trending fault zone that extends for 100s of km 

along strike, hosting over 100 Moz of gold along its length (Fig. 4.2; Monecke et al., 2017). Due 

to this economic significance, the structural history of the LLCdz and its immediate splays is well 

constrained (Wilkinson et al., 1999; Ispolatov et al., 2008; Lafrance, 2015; Bedeaux et al., 2017; 

Poulsen, 2017). This includes the primary gold-hosting structure in Kirkland Lake, the ‘Main 

Break’, which has been the focus of numerous studies (Fig. 4.3; Todd, 1928; Thomson et al., 

1950; Charlewood, 1964; Kerrich and Watson, 1983; Watson, 1984; Still, 2001; Ispolatov et al., 

2008). The Main Break is a second-order splay that occurs ~2 km to the north of the LLCdz 

from which over 30 Moz of gold has been recovered (Fig. 4.3; Ispolatov et al., 2008). In the 

Kirkland Lake area the distribution of lithologies and faults are well constrained by district-scale 

mapping (Figs. 4.3 and 4.4; MacLean, 1944; Thomson, 1945; Rupert and Lovell, 1970; 

Ispolatov et al., 2005) and the ages of the lithologic units in the area are well constrained by U-

Pb ID-TIMS zircon geochronology (Corfu et al., 1991; Corfu, 1993; Wilkinson et al., 1999; Ayer 

et al., 2002, 2005). However, the distribution of brittle and ductile strain is poorly constrained 

beyond the LLCdz and Main Break. The Kirkland Lake district represents an ideal location to 

synthesize existing information and integrate new structural analysis to constrain the across-

strike distribution and kinematic history of brittle-ductile structures in greater detail, because the
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Figure 4.2 – Geological map of the south-central Abitibi subprovince. Map displays volcanic assemblages, sedimentary assemblages 
and intrusive rocks, the major crustal-scale deformation zones, and orogenic gold deposits (modified from Thurston et al., 2008 and 
Monecke et al., 2017).
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generalized structural and stratigraphic framework is well established and outcrops are 

abundant and easily accessible. This study presents map compilations and structural analysis 

within a 3.5 km by 7.0 km area to the north of the LLCdz in Kirkland Lake, Ontario (Figs. 4.3 and 

4.4) and discusses the potential for undiscovered gold deposits in the district. 

4.2 Geologic setting 

In the study area, the LLCdz forms an ENE-trending, 10-500 m wide zone of penetrative, 

steeply-dipping foliation and a steeply-plunging stretching lineation with dextral shear sense 

indicators (S-C fabrics, Z-folds, and σ-clasts), both within the LLCdz and in adjacent host rocks 

(Wilkinson et al., 1999; Ispolatov et al., 2008; Poulsen, 2017). Lithoprobe seismic reflection 

profiles indicate that the LLCdz dips steeply towards the south and extends to at least 15 km 

depth (Jackson et al., 1995). The LLCdz is further characterized by pervasive carbonate 

alteration and abundant quartz-carbonate fault veins, providing an indication of its role in the 

localization of fluid flow (Poulsen, 2017). The present-day exposure of the LLCdz is marked by 

juxtaposition of the older Tisdale assemblage with the younger Timiskaming assemblage and/or 

by fuchsite-bearing ultramafic rocks of unknown stratigraphic affinity (Figs. 4.3 and 4.4).  

Rocks hosting the LLCdz and associated structures are supracrustal exposures 

dominated by the ~2710-2704 Ma Tisdale assemblage in the south, the ~2704-2695 Ma Blake 

River assemblage in the north, and the ~2679-2669 Ma Timiskaming assemblage in the central 

portion (Figs. 4.3 and 4.4; Corfu et al., 1991; Corfu, 1993, Ayer et al., 2002, 2005; Thurston et 

al., 2008). The Tisdale assemblage primarily consists of interstratified tholeiitic basalt and 

komatiite, while the Blake River assemblage consists of tholeiitic to calc-alkaline basalt with 

minor rhyolite and andesite (Ayer et al., 2002). The Tisdale and Blake River assemblages are 

kilometers-thick, composite volcanic successions that were deposited in a submarine 

environment and have been interpreted to represent juvenile arc to back-arc sequences (Ayer et 

al., 2002).  

The Timiskaming assemblage in the study area forms a 3-4 kilometers thick, south-

facing, and moderately to steeply south-dipping package that is truncated to the south by the 

LLCdz (Fig. 4.3). To the north, the Timiskaming assemblage is in unconformable contact with 

the Blake River assemblage (Figs. 4.3 and 4.4). The Timiskaming assemblage consists of 

conglomerate, sandstone, and mudstone units that are intercalated with alkaline volcanic units  
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Figure 4.3 – Simplified geological map of the Kirkland Lake study area. Map displays the 
orientation of primary sedimentary and volcanic stratigraphy. The major named deformation 
zones, gold-bearing veins, and selected shafts are labeled (modified from Frieman et al., 2017). 
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such as tuffs and volcaniclastic deposits (Hyde, 1980; Mueller et al., 1994). The sedimentary 

units are interpreted to have been deposited in a subaerial, alluvial-fluvial to lacustrine or 

shallow marine environments in a fault-controlled basin associated with the LLCdz (Hyde, 1980; 

Mueller et al., 1994).  

The Tisdale, Blake River, and Timiskaming assemblages are variably intruded by 

voluminous alkaline intrusive rocks (Fig. 4.4). Based on mineralogical, textural, and bulk rock 

geochemical constraints, the intrusive rocks include, from oldest to youngest: mafic (augite) 

syenite, syenite, and porphyritic syenite (Hattori and Hodgson, 1990; Wilkinson et al., 1999; 

Ispolatov et al., 2008). The intrusive rocks crosscut the sedimentary units of the Timiskaming 

assemblage or are intruded along bedding surfaces. Major and trace element geochemistry 

indicates that they are compositionally similar to volcanic rocks that comprise portions of the 

Timiskaming assemblage (Hattori and Hodgson, 1990), suggesting that they are broadly 

cogenetic. The porphyritic syenite rocks form sill to dike-like intrusions that crosscut both the 

mafic (augite) syenite and syenite intrusive rocks, indicating that they are the youngest of the 

intrusive rocks (Ispolatov et al., 2008). Along the LLCdz, magmatic zircon from porphyritic 

syenite rocks of the Murdoch Creek and Lebel stocks yielded U-Pb ID-TIMS ages of 2672 ± 2 

and 2673 ± 2, respectively (Wilkinson et al., 1999). Zircon from porphyritic syenite rocks of the 

Winnie Lake stock ~7 km to the WNW of the study area yielded a U-Pb ID-TIMS age of 2677 ± 

3 Ma (Corfu, 1993), supporting the interpretation that these intrusive rocks are syn- to post-

Timiskaming in age.  

The Timiskaming assemblage and intrusive rocks are host to the mineralized zones of 

the Main Break (Fig. 4.3). The Main Break forms a structural zone defined by a series of parallel 

and/or branching, steeply south-dipping, faults, shear zones, and associated veins (Todd, 1928; 

Thomson et al., 1950; Charlewood, 1964; Kerrich and Watson, 1983; Watson, 1984; Still, 2001; 

Ispolatov et al., 2008). These form a nearly continuous zone that extends for >5 km along strike 

and to a depth of >2.5 km (Todd, 1928; Thomson et al., 1950; Charlwood, 1964; Watson and 

Kerrich, 1984; Still, 2001; Ispolatov et al., 2008). Mineralization in the Main Break is associated 

with sulfide-poor, Te-rich mineral assemblages and penetrative, foliation surfaces that are 

reactivated as chlorite-bearing fault slip surfaces (Ispolatov et al., 2008). Thus, gold deposited 

along the Main Break is interpreted to have been broadly coeval with the late stages of 

deformation (Ispolatov et al., 2008). 
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Figure 4.4 – Geologic map of the Kirkland Lake study area. The map displays compiled and 
new structural data from this study (modified from Frieman et al., 2017). 
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4.3 Structural setting 

In the study area, three deformation events have been identified based on contact 

relationships and the development of successive, overprinting structural relationships. D1 is 

characterized by folds in volcanic rocks of the Blake River assemblage that are truncated by 

basal conglomerate of the Timiskaming assemblage (Figs. 4.3 and A.2 to A.5; Thomson, 1946; 

Hewitt, 1963; Frieman et al., 2017; Poulsen, 2107). No penetrative structural fabrics are 

associated with the folds, potentially indicating flexural-slip (Dimroth et al., 1983). Mapping and 

subsurface seismic imaging indicate that the Tisdale and Blake River assemblages are folded 

tightly in proximity (<5-10 km) to the LLCdz (Jackson et al., 1995; Ispolatov et al., 2008; 

Poulsen, 2017), while openly farther from the LLCdz (Dimroth et al., 1983). This suggests that 

some of the shortening recorded by these folds may reflect post-Timiskaming deformation. The 

D1 folds are truncated at a high angle by the base of the Timiskaming assemblage (Thomson, 

1946; Hewitt, 1963, Poulsen, 2017), suggesting that they were uplifted and partially eroded 

during or after D1 shortening, but prior to the deposition of the Timiskaming assemblage at 

~2679 Ma (Monecke et al., 2017).  

Deposition of the Timiskaming assemblage is generally interpreted as having occurred in 

fault-controlled basins along the major regional fault zones, although the structural setting of the 

basins and kinematics along the fault zones at the time of deposition is debated (Dimroth et al., 

1982; Cameron, 1993; Mueller et al., 1994; Daignault et al., 2002; Bleeker, 2012). Cameron 

(1993) argued for deposition in an extensional setting based on the presence of deeply sourced 

alkaline igneous rocks within the Timiskaming stratigraphy and sedimentary successions 

indicative of rapid basin deepening. Based on the presence of gneissic clasts in the 

Timiskaming assemblage that may have been sourced from an area exposed by extensional 

unroofing in a proximal hinterland, Bleeker (2012) suggested that extension was regional. 

Alternatively, deposition of the Timiskaming assemblage may have occurred in localized pull-

apart basins that formed at bends along the fault zones during oblique convergence (Dimroth et 

al., 1982; Daignault et al., 2002). The early kinematic histories of the fault zones has remained 

difficult to unravel due to pervasive post-Timiskaming deformational overprint (Poulsen, 2017).  

Post-Timiskaming deformation along the LLCdz primarily has been interpreted as a 

result of progressive north-south to northwest-southeast shortening and dextral transpression 

(Wilkinson et al., 1999; Ispolatov et al., 2008). These deformation events resulted in several 

generations of folds, thrusts, and localized ductile shear (Wilkinson et al., 1999; Ispolatov et al., 

2008; Lafrance, 2015; Poulsen, 2017) that, in this work, are referred to as D2 and D3. Faults and 

foliations associated with both deformation events are well developed in Timiskaming 
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assemblage and younger intrusive rocks indicating their post-Timiskaming ages (e.g., Wilkinson 

et al., 1999). D2 structures include an east-trending, subvertical foliation that is axial planar to 

upright folds in the Timiskaming assemblage (Wilkinson et al., 1999; Ispolatov et al., 2008; 

Lafrance, 2015). The S2 foliation is well developed regionally, but poorly preserved in the 

Kirkland Lake area (Ispolatov et al., 2008; Frieman et al., 2017). Based on the emplacement of 

the older Tisdale assemblage in the south over the younger Timiskaming assemblage rocks to 

the north, D2 thrusting along the LLCdz has been regarded as north-directed (Thomson, 1948; 

Wilkinson et al., 1999; Lafrance, 2015). In contrast, D3 faults commonly display north-side-up as 

well as south-side-up reverse to oblique-reverse displacements (Ispolatov et al., 2008), 

indicating both north- and south-directed thrusting. The S3 foliation is the dominant fabric 

preserved in the Kirkland Lake area and is associated with a moderately to steeply east-

northeast-plunging lineation and with dextral sense shear indicators on horizontal erosional 

surfaces, including S-C fabrics, σ-clasts, and Z-folds (Robin and Cruden, 1994; Wilkinson et al., 

1999; Ispolatov et al., 2008; this study). These have been interpreted to reflect a transition to 

NW-SE shortening and dextral transpression during D3 deformation (Wilkinson et al., 1999; 

Lafrance, 2015; Ispolatov et al., 2008). S3 is well documented within a 10-50 m wide zone 

LLCdz (Wilkinson et al., 1999) and within high-strain zones associated with the Main Break 

(Ispolatov et al., 2008). However, S3 has also been recognized outside the high-strain zones 

(Ispolatov et al., 2008).  

4.4 Across-strike structure north of the LLCdz in Kirkland Lake, Ontario 

The geology of the Kirkland Lake area was compiled in portions of the Teck (Thomson, 

1945; Ispolatov et al., 2005), Lebel (MacLean, 1944; Ispolatov et al., 2005), Bernhardt (Rupert 

and Lovell, 1970), and Morrisette (Rupert and Lovell, 1970) townships. These were combined 

with new structural investigations that constrain the distribution and intensity of ductile shear 

zones relative to known fault zones (Figs. 4.3 and 4.4; Frieman et al., 2017). 

The angular unconformity between Blake River and Timiskaming assemblage rocks is 

well exposed in the study area (Figs. 4.3 and 4.4). The contact in the western portion of the 

study area is strongly overprinted by D3 shear zones. However, in the northeastern portion of 

the study area, where strain is low, the Timiskaming assemblage dips moderately to the south 

proximal to the contact and steeper in the south farther from the contact (Fig. 4.3). The map 

pattern of the unconformable contact is complex in the Lebel township (Figs. 4.3 and 4.4), due 

to the presence of erosional outliers of the Timiskaming assemblage. The erosional outliers of 

the Timiskaming assemblage north of the main Blake River assemblage – Timiskaming 

assemblage contact are comprised of poorly stratified basal conglomerate containing abundant, 
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angular mafic volcanic clasts and/or felsic volcaniclastic material (Figs. A.3 to A.5). South of the 

main contact, in an erosional window of the Timiskaming assemblage, Blake River assemblage 

basaltic flows that are subvertical and north facing are exposed (Fig. 4.3). However, within a few 

hundred meters to the north, volcanic facing in the Blake River assemblage is towards the 

south, indicating the occurrence of tight folds (Fig. 4.3). These observations suggest that the 

contact between these assemblages is an angular unconformity and that tight, km-scale folds in 

Blake River assemblage are truncated at a high angle by the base of the shallowly- to 

moderately-dipping Timiskaming assemblage.  

 

 

Figure 4.5 – Field photographs of D3 high-strain zones. (A) A high-strain zone in carbonate-
altered Timiskaming assemblage rocks within the Murdock Creek deformation zone (Figs 4.3 
and 4.4) with σ-clasts and a well-developed S3 foliation. (B) Z-folds associated with a D3 high-
strain zone developed in fine-grained sedimentary rocks of the Timiskaming assemblage in the 
Murdock Creek deformation zone. (C) A sericite-rich high-strain zone associated with the Kirana 
deformation zone displaying well-developed S-C fabrics. (D) A wide, >15 m pervasive 
carbonate-altered D3 high-strain zone associated with the western extension of the Kirana 
deformation zone. 
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Mapping of the volcanic facing in the Blake River assemblage, including areas to the north and 

northwest of Kirkland Lake (Fig. A.1), indicates that the folds are km scale and have northwest-

trending, subvertical axial planes and steeply northeast-plunging to subvertical hinge lines. 

Post-Timiskaming high- and low-strain zones were investigated by across-strike 

structural investigations from the LLCdz in the south to ~6.5 km to the north (Fig. 4.4). This work 

focused on defining high- and low-strain zones relative to known fault zones, alteration zones, 

and documented gold occurrences. In this work, high-strain zones are defined as strongly 

foliated and generally lineated rocks, commonly displaying shear sense indicators (Fig. 4.5). 

The high-strain zones are further characterized by pervasively altered rock and contain foliation 

planes defined by chlorite, sericite, and/or carbonate mineral-rich domains (Fig. 4.5).  

 

 

Figure 4.6 – Field photographs of primary igneous and sedimentary structures preserved in low-
strain domains. (A) Carbonate-altered but largely undeformed pillow basalt adjacent to the 
Kirana deformation zone. (B) An undeformed intrusive contact between porphyritic syenite and 
mafic volcanic rocks adjacent to the Kirana deformation zone. (C) Undeformed polymict 
conglomerate of the Timiskaming assemblage north of the ‘Main Break’. (D) Interbedded 
sandstone and conglomerate of the Timiskaming assemblage displaying a spaced S3 cleavage 
adjacent to the Murdock Creek deformation zone. 
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Low-strain zones are characterized by locations where primary sedimentary or igneous 

structures are well preserved and the foliation is a spaced, weakly-developed cleavage (Fig. 

4.6). Low-strain zones typically display minimal amounts of host rock alteration (Fig 4.6B-D), 

although where directly adjacent to high-strain zones alteration may be pervasive (Fig. 4.6A). 

The distribution and characteristics of post-Timiskaming high- and low-strain zones are 

described from south to north below.  

 

 

Figure 4.7 – Field photographs of the Larder Lake-Cadillac deformation zone exposed in the 
south of the Kirkland Lake map area. (A) Foliated fuchsite to talc schist crosscut by a 
curviplanar reverse fault. (B) Planar quartz veins containing carbonate-altered wall rock clasts. 
(C) Deformed quartz-carbonate vein arrays in hosted in fuchsite schist. 

 

The LLCdz is well exposed in the south of Kirkland Lake area (Fig. 4.4) consisting 

primarily of fuchsite or talc schist (Fig. 4.7). Schists of the LLCdz display a well-developed 

penetrative S3 fabric that is northeast-trending and steeply dipping (Fig. 4.8C). S3 foliation 

surfaces contain a well-developed mineral lineation that plunges moderately to steeply towards 
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the east-northeast (Fig. 4.8D). S3 fabrics are locally crosscut by prominent fault-slip surfaces 

defined by polished slip planes with slickenfibers, asymmetric steps, and observable offsets 

(Fig. 4.7A). These indicate reverse to reverse-oblique kinematics and north-side-up 

displacements. Zones with abundant quartz-carbonate veins are common, forming cm- to m-

scale planar, banded, and/or stockwork vein networks that, locally, contain clasts of carbonate 

altered ultramafic wall rock (Fig. 4.7B and C). Earlier veins are overprinted by S3 foliation and 

may be affected by D3 deformation (Fig. 4.7C), while late veins are parallel to the foliation and 

are weakly to undeformed (Fig. 4.7B). All vein generations are texturally associated with 

carbonate alteration in their host rocks.  

 

Figure 4.8 – Structural orientation data for the Kirkland Lake area. Poles to bedding of the 
Timiskaming assemblage (A), volcanic bedding in the Blake River assemblage (B), and S3 
foliation (C) from the Kirkland Lake area with the orientation of L3 lineation (D) displayed as 
equal-area lower-hemisphere projections. 

 

Immediately north of the LLCdz, the Timiskaming assemblage is variably faulted by the 

Harvey and Murdock Creek fault zones (Figs. 4.4 and 4.9). In this area, the Timiskaming 

assemblage is poorly exposed, intensely carbonate altered, and sheared, typically displaying a 
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well-developed penetrative S3 foliation with dextral shear sense indicators such as σ-clasts (Fig. 

4.5A) and Z-folds (Fig. 4.5B).  

In the area between the Harvey and Murdock Creek fault zones and the Main Break, the 

Timiskaming assemblage locally displays low-strain and the S3 foliation is a weakly-developed 

spaced (cm-scale) cleavage (Fig. 4.6C and D). In these zones primary sedimentary structures 

are well preserved. The bedding dips 70-80° south and is locally overturned due to D2 

deformation (Figs. 4.2 and 4.8A). Younging indicators such as cross-bedding or fining upward 

sequences consistently indicate it is south-facing.  

Approximately ~2 km north of the LLCdz the Main Break is exposed, as a ~10 m zone of 

alteration and penetrative S3 foliation that is cored by a ~2 cm, gold-bearing fault vein (Ispolatov 

et al., 2008; Poulsen, 2017). The foliation overprints the fault vein and dextral shear sense 

indicators are lacking. Other high-strain zones are heterogeneously distributed in the vicinity of 

the Main Break. They are narrow, <1 m zones, or wider, 5-10 m zones showing penetrative 

foliation, well developed dextral shear sense indicators, and pervasive carbonate alteration 

(Ispolatov et al., 2008). Brecciation and early generations of quartz-carbonate veins are 

commonly overprinted by the S3 foliation, while late vein generations display little D3 overprint 

(Ispolatov et al., 2008). For the purposes of the km-scale mapping transect, the Main Break, 

including associated distributed zones, is considered as a single ~500 m wide zone of high-

strain (Fig. 4.9).  

North of the Main Break, additional, spaced high-strain zones occur (Fig. 4.9). These 

form 1-100 m wide zones of penetrative S3 foliation with well-formed L3 lineation and dextral 

shear sense indicators (Fig. 4.8C and D). These zones contain variable carbonate alteration 

and well-foliated zones rich in sericite or chlorite minerals. The high-strain zones separate low-

strain zones where foliation is a weakly-formed, spaced cleavage and primary sedimentary 

structures easily recognizable (Fig. 4.6C), similar to low-strain domains to the south. Discrete 

fault zones were observed in this region, defined by slip surfaces with observable offsets with 

north-side-up and south-up-up displacements. Map-scale continuity of these structures was 

difficult to constrain. 

Approximately 1.5 km to the north of the Blake River-Timiskaming assemblage contact, 

brittle-ductile structures of the east-northeast-trending >3 km long and 5-10 m wide Kirana 

deformation zone (Kdz; Figs. 4.3 and 4.4) occur. The center of the Kdz is marked by a 

penetrative S3 foliation, pervasive carbonate alteration, and abundant quartz-carbonate veins. 

Southwest of Goodfish Lake (Fig. 4.4), the Kdz forms a >15 meter shear zone with pervasive  
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Figure 4.9 – Simplified map of the Kirkland Lake study area displaying the distribution of 
mapped faults, interpreted high-strain zones, and gold-bearing veins. 
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carbonate alteration and foliated composite quartz-carbonate vein sets (Fig. 4.5D). Southeast of 

Goodfish Lake (Fig. 4.4), the Kdz forms multiple narrow, <1-5 m wide shear zones (Fig. 4.5C), 

similar to the Main Break to the south. The high-strain zones of the Kdz show a northeast-

trending, subvertical, S3 foliation and associated dextral shear sense indicators on horizontal 

erosional surfaces, including S-C fabrics and σ-clasts (Figs. 4.5C and 4.8C). Mineral lineations 

associated with S3 (L3) plunge moderately to steeply towards the east-northeast (Fig. 4.8D). S3 

overprints breccia zones and composite quartz-carbonate faults veins. Late moderately- to 

shallowly-dipping conjugate vein sets crosscutting foliated and brecciated domains are 

common. Breccia bodies form small local pods as well as 10s of meter wide damage zones. 

Low-strain zones adjacent to the Kdz preserve primary igneous structures, including sharp, 

irregular intrusive contacts between porphyritic syenite rocks and mafic volcanic rocks (Fig. 

4.6B) as well as pervasively altered but weakly deformed pillow basalt (Fig. 4.6A). 

Throughout the study area, the major east-northeast-trending deformation zones as well 

as ore-controlling faults in the Main Break (Ispolatov et al., 2008) are crosscut by younger, 

north- to north-northeast-trending faults (e.g., the Lake Shore fault; Figs. 4.3 and 4.4). 

Therefore, these are post-D3 structures.  

In summary, post-Timiskaming structures are heterogeneously distributed in a broad, >6 

km area extending north from the LLCdz (Fig. 4.9). Observed D2 structures include a monocline 

in the Timiskaming assemblage rocks that is defined by steeply-dipping and south-facing 

exposures and brittle fault zones hosted by the assemblage that are strongly overprinted by S3 

shear zones. S2 fabrics are not well preserved and were not observed. East-northeast-trending 

fault zones occur at regular 500-1000 m intervals and are marked by discrete fault zones, 

domains with abundant quartz-carbonate veins, local cataclasite, and/or pervasive carbonate 

alteration. These may have formed during D2, as direct timing constraints are lacking. The 

majority of the fault zones are strongly overprinted by northeast-trending, D3 shear zones, 

characterized by penetrative S3 foliation and associated dextral shear fabrics (Figs. 4.5 and 

4.8C). While there is a spatial association between D3 shear zones and brittle fault zones, some 

D3 shear zones display no association to earlier brittle faults and are coincident with rheological 

boundaries such as the contact between massive Blake River assemblage volcanic rocks and 

fine-grained sedimentary units of the Timiskaming assemblage (Fig. 4.9). Together the brittle-

ductile structures define the major high-strain zones throughout the study area, which include 

the LLCdz, Murdock Creek, Main Break, and Kirana deformation zones (Figs. 4.4 and 4.9). 

Zones of high-strain are separated by low-strain zones in which primary sedimentary or igneous 

structures are well preserved, S3 foliations are weakly developed, and carbonate alteration is 
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generally absent (Fig. 4.6). While better developed in the high-strain zones, the orientations of 

S3 and L3 is similar in low- and high-strain domains (Fig. 4.10). No crosscutting relationships 

between the fabrics in the low- and high-strain zones was documented, suggesting they formed 

at the same time. 

4.5 Discussion 

The Kirkland Lake district preserves evidence for north-south shortening followed by 

dextral transpression. Km-scale folds with northwest-trending axial planes and subvertical to 

steeply west-northwest-plunging hinge lines in the Blake River assemblage (Fig. 4.8B) suggest 

northeast-directed D1 shortening. Based on facing relationships in the Blake River assemblage, 

and high angle truncations of the Blake River assemblage by the base of the Timiskaming 

assemblage, at least part of this folding occurred prior to deposition of the Timiskaming 

assemblage (Figs. A.2, A.4, and A.5; Thomson, 1946; Hewitt, 1963; Poulsen, 2017; this study).  

Tilting and folding of the Timiskaming assemblage about an ~east-trending axis, and the 

formation of an ~east-trending axial planar cleavage reflect further shortening during D2 (Fig. 

4.3; Wilkinson et al., 1999; Ispolatov et al., 2008). There is also evidence for localized, south 

directed thrusting along the LLCdz at this time (Wilkinson et al., 1999; Lafrance, 2015; Ispolatov 

et al., 2008). It is unclear if the second-order faults, such as the Main Break or Kirana 

deformation zone formed during D2. Many of these fault zones display cataclasite, gouge, or 

discrete fault slip surfaces with observable north-side-up dextral oblique-reverse displacements 

(Fig. 4.7A), suggesting that they may be associated with D3 dextral transpression. Locally, it is 

difficult to distinguish between S2 and S3 where no crosscutting relationships exist, or where S2 

is strongly overprinted by D3 structures. Regardless, is clear that the east-northeast-trending 

faults zones are widely overprinted by D3 shear zones. 

Ductile high-strain zones in the Kirkland Lake area typically show a northeast-trending, 

steeply-dipping foliation (S3) defined by sericite, chlorite, or carbonate mineral-rich folia with 

millimeter- to sub-millimeter scale spacing (Figs 4.5 and 4.10A). The occurrence of fabric-

forming alteration assemblages indicates that dynamic recrystallization within these zones was 

coeval with the migration of hydrothermal fluids at greenschist facies conditions. Dynamic 

recrystallization and grain-size reduction within these shear zones resulted in reaction softening 

(Wilkinson et al., 1999), which likely led to further ductile localization. In the high-strain zones 

identified in this study, S3 commonly overprints zones of prior brittle deformation, marked by the 

occurrence of cataclasite, fault gouge, fault veins, and/or discrete fault planes with observable 

offsets (Fig. 4.9; Ispolatov et al., 2008; Chapter 5), suggesting that early brittle deformation 

produced favorable zones for later ductile localization. Faults overprinted by S3 fabrics include 
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gold-bearing fault veins of the Main Break (see section 4.3; Ispolatov et al., 2008; Poulsen, 

2017), indicating an early phase of fluid infiltration. The majority of gold deposits and 

occurrences in the Kirkland Lake area are spatially associated with the major deformation zones 

(Fig. 4.3) and each displays sericite or chlorite mineral-rich domains and/or pervasive carbonate 

alteration (Fig. 4.5). Early formed fault veins that are overprinted by D3 shear zones are also 

commonly associated with carbonate alteration halos. This suggests that the brittle-ductile 

deformation zones were exploited as fluid conduits during both early brittle development and 

later ductile shear localization. 

 

Figure 4.10 – Comparison of S3/L3 structural data from high- and low-strain domains. Poles to 
foliation (S3) and lineation (L3) orientation data from high-strain zones (A) and intervening low-
strain zones (B) shown in equal-area lower-hemisphere projections.   
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Figure 4.11 – Schematic diagram illustrating the inferred pattern of strain in the Kirkland Lake 
area. Alternating zones of low-strain, recording predominantly pure shear separate zones of 
high-strain, recording localized dextral transpression in a pure shear-dominated regime (red 
arrows indicate the orientation of the vorticity vector). The orientation of foliation and lineation 
are schematically illustrated. 

 

The fact that D3 high-strain zones show a moderately to steeply northeast-plunging 

lineation and dextral shear sense indicators (Z-fold, S-C fabrics, and σ-clasts) on horizontal 

erosional surfaces, suggests that the maximum stretching direction was subparallel to L3 

lineations, at high angle with the shear direction and closer to the vorticity vector (Fig. 4.11). 

Similar fabric relationships are well-documented along the LLCdz in Ontario and Quebec 

(Dimroth et al., 1983; Robert, 1989; Robin and Cruden, 1994; Wilkinson et al., 1999; Ispolatov 

et al., 2008; Lafrance, 2015; Bedeaux et al., 2017) and elsewhere in the Superior Province, 

such as along the boundary between the Wawa and Quetico subprovinces to the west 

(Hudleston et al., 1988; Czeck and Hudleston, 2003). A subvertical foliation with a subhorizontal 

shear direction and a steeply-plunging stretching direction suggests a pure shear-dominated 
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transpressional strain regime with a relatively low (e.g., ~0.1-0.5) kinematic vorticity number 

(Wk; Fossen and Tikoff, 1993; Czeck and Hudleston, 2003). If Wk would have been high, the 

lineation in the high-strain zones would have been closer to the shear direction. In the low-strain 

zones no significant simple shear occurred, and L3 is parallel to that in the high-strain zones. 

Thus, strain in the low-strain zones is interpreted as a result of predominantly pure shear with a 

moderately- to steeply-plunging stretching direction. Partitioning of the simple shear component 

into high-strain zones and distribution of the pure shear component over a wider zone including 

low-strain domains (Fig. 4.11) has also been recognized by Lin et al. (1998) in the Roper Lake 

shear zone in the Canadian Appalachians. The reason may be that simple shear is a weakening 

process while pure shear is a hardening process (Lin et al., 1998, and references therein). 

Based on the results of our mapping, it is unclear how these high-strain zones are 

interconnected. Some of the shear zones form northeast-trending zones that link the east-

northeast trending zones (e.g., the Murdock Creek deformation zone; Fig. 4.9), but it is also 

likely that these zones form lozenge shaped domains that are interconnected in the subsurface 

(e.g., Hudleston, 1999). 

4.6 Implications 

While the known deposits within the studied segment of the LLCdz are primarily 

associated with the Main Break, each of the major brittle-ductile high-strain zones identified in 

this study is host to gold occurrences (Fig. 4.3). The relationship between high-strain zones and 

the upflow of potentially gold-bearing hydrothermal fluids suggests that orogenic gold in the 

Kirkland Lake district may be distributed in a much broader area north of the LLCdz than 

previously known, along a series of heterogeneously distributed structures (Fig. 4.12). This is 

similar to the across-strike architecture of the Val d’Or district of Quebec, where spaced (~500 

m), higher-order fault zones occur that have been interpreted to have controlled the localization 

of ductile deformation as well as the dispersion of fluids during gold mineralization in a 30 km by 

15 km vein field (Robert, 1994; Robert et al., 1995). While these studies defined the distribution 

of high-strain, they include no description of the characteristics of structure in the intervening 

low-strain zones. The distributed high-strain zones identified in this study may similarly 

represent a hydrothermal system beyond the LLCdz and Main Break. Exploration should focus 

on the high-strain zones that are localized along earlier brittle faults in the Kirkland Lake district 

(Fig. 4.12) and elsewhere in the southern Abitibi greenstone belt. Given the large vertical 

continuity of known mineralization in the Main Break (>2.5 km; Todd, 1928; Thomson et al., 

1950; Charlewood, 1964; Kerrich and Watson, 1983; Watson, 1984; Still, 2001; Ispolatov et al., 

2008), it is recommended that these zones be investigated in detail at depth. Brittle-ductile 
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zones dipping steeply towards the north-northwest or south-southeast with a strike of 025° to 

035° as constrained by geophysical anomalies and/or drill core would present the most 

favorable targets. This study shows how more detailed structural syntheses of the across-strike 

architecture of major, regional fault segments can highlight new exploration targets in brownfield 

areas of the southern Abitibi greenstone belt, but also elsewhere in similar settings of any age. 

 

 

Figure 4.12 – Schematic conceptual diagrams illustrating the across-strike architectural 
evolution of the Larder Lake-Cadillac deformation zone (LLCdz) in Kirkland Lake. In stage 1, 
distributed folding gives way to localized thrusting along the 1st-order fault (the LLCdz). In stage 
2, the initial formation and linkage of 2nd-order faults occurs with related brecciation and attrition 
processes. In stage 3, ductile strain is localized along zones of prior brittle deformation and is 
associated with intermittent fault-valve behavior and the emplacement of gold-bearing veins.  
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CHAPTER 5 

FORMATION AND EVOLUTION OF GOLD-BEARING SPLAYS OF CRUSTAL-SCALE FAULT 

ZONES: A CASE STUDY OF THE KIRANA DEFORMATION ZONE IN THE  

KIRKLAND LAKE AREA OF ONTARIO, CANADA 

Detailed structural analysis was conducted on the Kirana deformation zone (Kdz), a 

higher-order, gold-bearing splay of the Larder Lake-Cadillac deformation zone (LLCdz) in the 

Kirkland Lake area of Ontario, in order to investigate its regional significance, structural history, 

and potential for gold. The earliest formed structures along the Kdz are local quartz-carbonate 

veins and dilational breccia domains. Particle size distribution analysis of the breccia domains 

resulted in relatively low D-values of 0.93-1.71. In general, higher D-values were observed in 

texturally evolved breccia from the fault core, while lower D-values correspond to fractured wall 

rock in the damage zone. Breccia in in both the fault core and damage zone are interpreted as 

fluid-assisted, ‘implosion’-style breccia that formed at dilational sites during early fault slip, 

perhaps at a dilational jog or asperity. The dilational fracture networks are filled with quartz-rich 

material, suggesting that silica-rich fault fluids were associated with the brecciation event. 

However, despite this inferred coseismic fluid migration, no gold mineralization is documented in 

association with the early breccia-forming event. Following fault-related brecciation, the Kdz 

accommodated ductile shear at greenschist facies metamorphic conditions, which was localized 

along the fault zone. The shear zones show a subvertical ENE-trending foliation with a 

moderately to steeply NE-plunging mineral lineation and dextral shear sense indicators on 

horizontal erosional surfaces. The shear zones are interpreted to reflect NW-SE shortening and 

dextral transpression. Pervasive carbonate and sericite-rich assemblages that are texturally 

associated with shear zone fabrics indicate syn-kinematic fluid flow, similar to other shear zone-

hosted gold deposits along the LLCdz. Observed native gold within the fault core of the Kdz 

display textural relationships that suggest mineralization was syn- to post-ductile shear, similar 

to other structurally-controlled deposits along the LLCdz. Following ductile shear, abundant 

quartz-carbonate shear veins with disseminated alteration halos formed, indicating renewed 

brittle deformation. Mutually crosscutting vein sets are common, representing cyclic 

emplacement (fault-valve behavior). Kinematic analysis of the shear veins indicates that they 

formed during NNW-SSE shortening, similar to the ductile shortening direction. Thus, the Kdz 

records progressive brittle-ductile deformation where strain and hydrothermal fluids were 

localized along pre-existing structures, and gold was deposited during the later ductile and 

brittle phases of deformation. A key observation is that the deformation zone is localized along 
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brecciated domains. Where such breccia zones exist, it is possible that later ductile-brittle 

structures exist in the area that are now known to be prospective for gold.  

5.1 Introduction 

Higher-order structures associated with crustal-scale fault zones are some of the primary 

hosts for orogenic gold in mountain belts, both ancient and modern (Goldfarb et al., 2001). 

Prominent Phanerozoic examples include the Mother Lode belt of California (Goldfarb et al., 

2008) and the Macraes district of New Zealand (MacKenzie et al., 2017), while Archean 

examples include the mining districts of the Timmins-Porcupine camp and the Golden Mile 

deposits in the Superior and Yilgarn cratons, respectively (Robert et al., 2005; Bateman and 

Bierlein, 2007). Regardless of age, gold mineralization in these higher-order structural networks 

is related to coupled deformation and fluid flow processes that are controlled by a primary, 

crustal-scale fault zone (Fig. 5.1A; Groves et al., 1998; Cox et al., 2001). These structures 

transport potentially gold-bearing fluids derived from metamorphic devolatilization reactions 

(Phillips and Powell, 2010) from the middle to lower crust to sites of deposition in the middle to 

upper crust (Groves et al., 1998). Fluid migration is thought to occur due to the build-up of fluid 

pressure in the deep fluid reservoirs that induces fault failure events, a process that is termed 

fault-valve behavior (Sibson et al. 1988; Robert and Poulsen, 2001). Depositional sites may be 

along the primary, crustal-scale fault (Groves et al., 1998; Lafrance, 2015), but may also occur 

in distributed, higher-order fault networks that can occur as far as 2-10 km from the first-order 

fault (Fig. 5.1B; Colvine et al., 1988; Robert, 1994; Robert et al., 1995; Groves et al., 1998; Cox 

et al., 2001). Thus, understanding the deformational history of these higher-order structures 

may help predict where gold deposits are likely to occur. In particular, the role of early brittle 

deformation in the localization of later ductile shear, fluid flow, and gold mineralization is 

explored in this contribution. 

A world-class example of an orogenic gold deposit hosted in a higher-order structure is 

the ‘Main Break’ in the Kirkland Lake area of Ontario (Figs. 5.2 and 5.3; Todd, 1928; Thomson 

et al., 1950; Charlewood, 1964; Kerrich and Watson, 1983; Watson, 1984; Still, 2001; Ispolatov 

et al., 2008). This deposit has yielded over 30 Moz of gold and occurs in association with the 

crustal-scale Larder Lake-Cadillac deformation zone (LLCdz; Fig. 5.3). Based on across-strike 

investigations of the LLCdz in the Kirkland Lake area (Chapter 4), the Main Break is one of a 

series of higher-order structures distributed in >6 km area to the north of the first-order fault 

zone (Fig. 5.3). One of these higher-order structures, the Kirana deformation zone (Kdz),
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Figure 5.1 – Schematic illustrations of orogenic gold-bearing fault systems. (A) Schematic diagram illustrating the characteristics of 
crustal scale deformation zones with associated orogenic gold deposits. The vertical scale varies (modified from Groves et al., 1998). 
(B) Schematic illustration of the relationship between the primary, first-order fault zone (LLCdz – Larder Lake Cadillac deformation 
zone) and higher-order structures such as gold-bearing faults, shear zones, damage zones, and gold-bearing veins (modified from 
Robert et al., 1995).
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Figure 5.2 – Geological map of the south-central Abitibi subprovince. Map displays the distribution major crustal-scale fault zones, 
orogenic gold deposits, and the location of the Kirkland Lake study area (modified from Thurston et al., 2008 and Monecke et al., 
2017) 
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Figure 5.3 – Simplified geological map of the Kirkland Lake study area. Modified from Frieman 
et al. (2017). Location indicated in Fig. 5.2. 



126 
 

represents a little-studied, gold-bearing structure that is well exposed to the north of the LLCdz. 

While the structural history and relationships between gold and structures are well described in 

the LLCdz and Main Break (Todd, 1928; Thomson et al., 1950; Charlewood, 1964; Kerrich and 

Watson, 1983; Watson, 1984; Wilkinson et al., 1999; Still, 2001; Ispolatov et al., 2008; Poulsen, 

2017), they are not for the Kdz. The Kdz preserves the early formational history of the fault, 

subsequent ductile shear zones, and late-formed brittle structures as a result of fault-valve 

behavior, all localized in the fault zone (Chapter 4). The exceptional preservation of the 

deformation history along the Kdz provides an opportunity to describe it in detail to gain insight 

into the mechanisms of brittle-ductile strain localization and associated gold mineralization. The 

goals of this study were, therefore, to (1) describe the structural evolution of the Kdz, (2) 

establish its relationships with the LLCdz, (3) investigate how brittle-ductile deformation 

processes facilitated localization of progressive ductile and brittle strain, and hydrothermal fluid 

flow that resulted in gold mineralization, and (4) investigate the potential for other prospective 

higher-order deformation zones. This was accomplished through new mapping, microstructural 

and petrographic investigations, quantitative analysis of early fault-related breccia, kinematic 

analysis of overprinting ductile shear fabrics, and kinematic analysis of late quartz-carbonate 

shear veins.  

5.2 Geologic setting 

The Kdz is a higher-order fault that occurs ~5 km to the north of the regionally extensive, 

crustal-scale LLCdz in the Kirkland Lake area of Ontario (Figs. 5.3 and 5.4). The LLCdz is a 

broadly E-trending fault zone that extends for 100s of km along strike and hosts gold deposits 

that contain over 100 Moz of gold along its length (Fig. 5.2; Monecke et al., 2017). The LLCdz 

extends at least as far as 15 km depth (Jackson et al., 1995) and is a long-lived structure that 

was a locus of strain throughout regional deformation from ~2695 Ma to ~2665 Ma (Robert, 

1989; Dimroth et al., 1982, 1983; Wilkinson et al., 1999; Lafrance, 2015; Ispolatov et al., 2008; 

Bedeaux et al., 2017). In Kirkland Lake, a series of spaced (500-1000 m), higher-order, brittle-

ductile deformation zones and associated gold occurrences are distributed in a broad, >6 km 

zone to the north of the LLCdz (Fig. 5.3; Chapter 4). These include the ‘Main Break’ and Kdz 

(Fig. 5.3; Chapter 4). The Main Break forms a continuous zone of parallel and/or branching 

faults, fault veins, and shear zones that extends for ~5 km along strike and to a depth of >2.5 

km from which over 30 Moz of gold has been recovered (Fig. 5.3; Todd, 1928; Thomson et al., 

1950; Charlewood, 1964; Kerrich and Watson, 1983; Watson, 1984; Still, 2001; Ispolatov et al., 

2008).  
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Figure 5.4 – Geologic map of the Kirana deformation zone with new structural data. The location 
of the Fidelity and Kirana East outcrops discussed in the text are indicated. 
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In the Kirkland Lake area, the LLCdz and higher-order deformation zones are hosted by 

older volcanic greenstone successions and younger broadly syn-deformational sedimentary and 

igneous rocks (Fig. 5.3). The ~2710-2704 Ma Tisdale assemblage consists of interstratified 

tholeiitic basalt and komatiite, while the ~2704-2695 Ma Blake River assemblage consists of 

tholeiitic to calc-alkaline basalt with minor rhyolite and andesite (Ayer et al., 2002). The Tisdale 

and Blake River assemblages represent km-thick, composite volcanic successions that were 

emplaced in a submarine environment during primary igneous construction of the Abitibi 

greenstone belt (Ayer et al., 2002). The younger, primarily sedimentary rocks are part of the 

~2679-2669 Ma Timiskaming assemblage (Fig. 5.3; Ayer et al., 2002). The Timiskaming 

assemblage forms a 3-4 km-thick package of conglomerate, sandstone, and mudstone units 

that are intercalated with alkaline volcanic rocks (Hyde, 1980; Mueller et al., 1994). These were 

deposited in a fault-controlled basin associated with the LLCdz in a subaerial, alluvial-fluvial to 

lacustrine or shallow marine environment (Hyde, 1980; Mueller et al., 1994). While fault-

bounded to the south, the Timiskaming assemblage is in unconformable contact with the Blake 

River assemblage to the north (Fig. 5.3; Thomson, 1946; Chapter 4). Younger, ~2670-2660 Ma 

intrusive rocks are locally abundant, particularly in the vicinity of higher-order deformation zones 

such as the Main Break and Kdz (Fig. 5.3; Corfu et al., 1991; Corfu, 1993; Wilkinson et al., 

1999; Ayer et al., 2002, 2005). These consist of mafic (augite) syenite, syenite, and porphyritic 

syenite (Hattori and Hodgson, 1990). The porphyritic syenite rocks are the youngest of the 

intrusive rocks since they form sill to dike-like intrusions that cross-cut both the mafic (augite) 

syenite and syenite intrusions (Ispolatov et al., 2008). 

Three major deformation events have been recognized in the study area as a result of 

progressive N-S shortening to dextral transpression (Wilkinson et al., 1999; Ispolatov et al., 

2008). Upright folds in the Tisdale and Blake River assemblages, D1, occurred prior to the 

deposition of the Timiskaming assemblage (Wilkinson et al., 1999; Poulsen, 2017; Chapter 4). 

Following the deposition of the Timiskaming assemblage, N-S shortening during D2 deformation 

resulted in tilting of the assemblage into a south-facing monocline (Fig. 5.3). D2 is associated 

with an E-trending, subvertical foliation (S2) that is poorly preserved in the study area (Ispolatov 

et al., 2008). D2 deformation also resulted in thrust displacements along the LLCdz that, based 

on juxtaposition of the older Tisdale assemblage in the south over the younger Timiskaming 

assemblage in the north, has been interpreted as north directed (Thomson, 1948; Wilkinson et 

al., 1999; Lafrance 2015). A transition to NW-SE shortening and dextral transpression, D3, 

resulted in the formation of reverse to oblique-reverse faults and localized shear zones 

(Ispolatov et al., 2008; Chapter 4). Fault zones are defined by the occurrence of quartz-
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carbonate veins and discrete slip surfaces with observable offsets that locally display gouge, 

cataclasite, and/or breccia zones. Shear zones are characterized by the occurrence of a 

subvertical, NE-trending penetrative foliation with an associated moderately to steeply NE-

plunging mineral lineation and abundant dextral shear sense indicators (S-C fabrics, σ-clasts, 

and Z-folds) on horizontal erosional surfaces (Robin and Cruden, 1994; Wilkinson et al., 1999; 

Ispolatov et al., 2008; Chapter 4). Higher-order fault zones such as the Main Break or Kdz 

predominately record D3 brittle-ductile structures, although direct timing constraints are lacking 

and these may, in part, represent reactivated structures that formed during D2 (Frieman et al., 

2017; Chapter 4). The Kdz displays brittle-ductile structures including fault-related breccia and 

veins, shear zones, and overprinting small-scale faults and shear veins that relate to D3 

transpression (Chapter 4), which are investigated in detail in this work.  

5.3 Fault-associated brecciation and vein forming processes 

This section summarizes two types of fault-associated processes recorded in the Kdz, 

which are fluid-assisted processes (Jébrak, 1997; Clark et al., 2006), and attrition or 

comminution processes (Engelder, 1974; Keulen et al., 2007). While attrition or comminution 

processes result from grinding along fault-slip surfaces, fluid-assisted breccia forms as a result 

of the build-up of hydrothermal fluid pressures to supra-hydrostatic conditions. There are two 

primary types of fluid-assisted breccia. One is associated with fault veins or vein arrays (Jébrak, 

1997) and the other is dilational or ‘implosion’-style breccia in fault jogs (cf. Sibson, 1985).  

Fluid-assisted breccia commonly occurs above intrusive bodies in epithermal deposits 

where thermal gradients drive fluid flow (Simmons et al., 2005; Micklethwaite, 2009) or in 

orogenic gold deposits where fault-valve behavior drives periodic vein formation events (Sibson 

et al., 1988; Robert and Poulsen, 2001). In either case, veins may represent a single or multiple 

emplacement events. If multiply reactivated, they may display banding, laminated structures, 

and/or crack-seal textures (Hodgson, 1989). If there was a component of displacement across 

the vein during emplacement, shear veins can form. These represent a subset of veins that can 

be recognized based on the presence of fibrous or elongate crystals that precipitate at a small 

angle to the fault vein margin and, through crack-seal processes, build-up asymmetric steps that 

can be used to infer fault slip directions (Twiss, 1990; Passchier and Trouw, 2005).  

In addition to discrete fault veins and arrays, fluid-assisted dilational or ‘implosion’-style 

brecciation is common to fault zones where fault jogs or asperities create dilational sites during 

displacement (Fig. 5.5A; Sibson, 1985, 1986; Harris et al., 1991). During rupture, the near-

instantaneous creation of void space drives extreme fluid pressure gradients that, if they exceed 

the tensile strength of the wall rock, produce dynamic off-fault fracture networks in which fluids 
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are catastrophically injected (Sibson, 1985; 1986; Pavlis et al., 1993). These types of fault-

associated breccia domains can be identified by in-situ fragmentation textures such as crackle, 

mosaic, or ‘jigsaw’ patterns and typically have high dilation ratios expressed by an abundance of 

matrix relative to clasts (Jébrak, 1997).  

Attrition or comminution breccia forms due to fracturing and grinding along principal 

fault-slip surfaces (Fig. 5.5A). Thus, the size and shape of attrition products evolve toward 

smaller particle sizes with time due to progressive displacement that drives particle interaction 

and wear-abrasion (Jébrak, 1997; Billi et al., 2003; Storti et al., 2003; Billi and Storti, 2004; Billi, 

2005; Keulen et al., 2007). Attrition products predominantly evolve by intra- to trans-granular 

cracking, frictional grain boundary sliding, and grain rotation processes (Engelder, 1974; Jébrak, 

1997; Billi et al., 2003; Billi, 2005; Keulen et al., 2007). Attrition products commonly display low 

to negligible amounts of dilation and may develop planar fabrics due to shortening within the 

fault zone, contrasting strength of particles, and/or preferential clast orientations (Jébrak, 1997).  

5.4 Analysis of fault products by particle size distributions  

Particle size distributions (PSDs) have been widely applied in natural fault systems as a 

means to quantify the self-similarity of fractured and fragmented rocks and to develop 

micromechanical models for fault zone development (Fig. 5.5; Engelder, 1974; Allégre et al., 

1982; Turcotte, 1986; Sammis et al., 1987; Blenkinsop, 1991; Hattori and Yamamoto, 1999; Billi 

et al, 2003; Billi and Storti, 2004; Billi, 2005; Keulen et al., 2007; Luther et al., 2013; Melosh et 

al., 2014). A PSD for a sample is created by plotting the cumulative number of particles against 

their size in log-log space (Fig. 5.5B). The log-linear portion of the resultant curve is fit with an 

exponential equation: 

N(S) = S ­D       (5.1) 

Where S is the clast size, N(S) is the number of clasts above size S, and D is the slope 

of the best fit line that approximates log-linear segments of the curve (i.e., the D-value). 

Commonly, only the central portion of the resultant curve is linear, as the upper and lower clast 

sizes are underrepresented due to observational or sampling limitations (Blenkinsop, 1991). D-

values can be determined for 3D volumes or 2D areas. The mathematical relationship between 

these results is: D3D = D2D + 1 (Mandelbrot, 1982). Typically one D-value is obtained for a 

sample population, although two or more log-linear segments with distinct slopes have been 

observed (Keulen et al., 2007; Melosh et al., 2014). The mechanical significance of multiple log-

linear segments in PSDs is poorly understood. Multiple D-vales in a sample population may 

reflect an attrition limit wherein smaller particles become harder to break down by mechanical  
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Figure 5.5 – Schematic illustrations of the relationship between fault breccia and particle size 
distribution. (A) Schematic illustration of the distribution and associated textural characteristics 
of attrition and dilational breccia products produced along a dextral fault step-over (modified 
from Melosh et al., 2014). (B) Schematic model of the evolution of hypothetical particle size 
distributions (PSDs) (solid lines) with increasing comminution plotted with reference D-values 
labeled based on the mathematical relationship included on the left (see text for explanation of 
variables). The PSD curve colors correspond to the colors and associated textures illustrated in 
(A) (modified from Blenkinsop and Fernandes, 2000, and Melosh et al., 2014). 
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processes, while larger particles can still evolve by attrition (Keulen et al., 2007). Alternatively, 

multiple D-values have also been attributed to pre-existing mineralogical or textural 

heterogeneity that imparts a geometric control (Melosh et al., 2014). In some cases, PSDs are 

not log-linear and cannot be approximated by a power-law relationship as described above 

(Blenkinsop and Fernandes, 2000; Melosh et al., 2014). In isolation, D-values can yield 

ambiguous results. Therefore, they are combined with observations from field and thin-section 

analysis to interpret fault processes (Melosh et al., 2014). 

D-values quantify the cumulative number of particles and the relative abundance of clast 

sizes within a size fraction. A greater abundance of smaller versus larger grains within the log-

linear portion of the size fraction results in a steeper slope and a higher D-value. Because 

cataclasis results in progressive particle size reduction, it is to be expected that gouge or 

cataclasite will contain a larger proportion of fine particles and, thus, have a higher D-value than 

initially fragmented breccia (Fig. 5.5B). Typical D-values (2D) for natural or experimentally 

deformed samples are ~1.0-2.0 (Storti et al., 2003; Billi and Storti, 2004; Billi, 2005; Keulen et 

al., 2007). Attrition dominated samples, such as (ultra)cataclasite or gouge rocks, have yielded 

D-values (2D) that cluster around ~1.6-1.7 (Sammis et al., 1987; Biegel et al., 1989; Marone 

and Scholz, 1989), although values as high as 2.5 have been documented (Keulen et al., 2007 

and references therein). Changes in D-values from damage zone to fault core material (e.g., 

from 1.0 to 2.0) within a given set of fault samples have been interpreted to reflect preferential 

fragmentation of larger particles due to progressive fault slip (Blenkinsop, 1991; Billi and Storti, 

2004; Billi, 2005). Fractured granite samples have yielded an average D-value of ~1.2 (Keulen 

et al., 2007) and fluid-assisted breccia samples have yielded similarly low D-values of ~1.0-1.4 

(Blenkinsop, 1991; Jébrak, 1997; Clark et al., 2006). In these cases, lower D-values have been 

attributed to regular fracture spacing and/or less overall attrition and particle wear due to high 

associated fluid pressures (Marone and Schultz, 1989; Jébrak, 1997).  

5.5 Methods 

To constrain the structural development of the Kdz we conducted (1) km- to m-scale 

mapping, (2) microstructural and petrographic characterization, (3) quantification of fault-related  

breccia by PSD analysis, and (4) kinematic small-scale faults or shear veins by movement plane 

analysis.  

5.5.1 Field mapping 

Field mapping was conducted during the 2013-2015 field seasons and resulted in a 

series of new outcrop- to km-scale maps. The lithologic distribution of the study area was 

derived from map compilations in portions of the Teck (Thomson, 1945; Ispolatov et al., 2005), 
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Lebel (MacLean, 1944; Ispolatov et al., 2005), Bernhardt (Rupert and Lovell, 1970), and 

Morrisette (Rupert and Lovell, 1970) townships (Fig. 5.3). A new 1:2500 scale map for the Kdz 

was produced (Fig. 5.4).  

5.5.2 Microstructural and petrographic characterization 

To establish the paragenetic history of deformed, metamorphosed, and altered samples 

from the Kdz, oriented, polished thin-sections were analyzed by optical and scanning electron 

microscopy (SEM) techniques. SEM analyses included high-resolution field emission SEM (FE-

SEM) imaging as well as automated mineralogy SEM scans. These were both performed in the 

Colorado School of Mines Department of Geology and Geological Engineering Electron 

Microscopy Laboratory. The automated mineralogy SEM analyses were performed on a 

TESCAN-VEGA-3 Model LMU VP-SEM platform and were initiated using the control program 

TIMA3. Four energy dispersive X-ray (EDX) spectrometers acquired spectra from each particle 

with a beam stepping interval (i.e., spacing between acquisition points) of 1 µm for bright phase 

search scans and 20 µm for mineralogical scans, an accelerating voltage of 25 keV, and a 

beam intensity of 14. Interactions between the beam and the sample were modeled through 

Monte Carlo simulation. The EDX spectra were compared with spectra held in a look-up table 

allowing an assignment to be made of a composition at each acquisition point. The assignment 

makes no distinction between mineral species and amorphous grains of similar composition. 

Results were output by the TIMA software as a spreadsheet giving the area percent of each 

composition in the look-up table. This procedure allows a compositional map to be generated. 

Composition assignments were grouped appropriately. Supplementary back scattered electron 

(BSE) and secondary electron (SE) imaging of selected areas was performed using a TESCAN 

MIRA3 FE-SEM that was operated at high vacuum, 15 kV, and a beam current of 11 nA.  

5.5.3 Particle size distribution analysis 

Five samples of breccia with a range of breccia textures including crackle, mosaic, and 

chaotic textures were selected for particle size distribution (PSD) analysis (Fig. 5.6). D-values 

reported in this study are 2D having been derived from high-resolution images of thin-sections, 

oriented hand samples, or outcrop exposures. For each sample, clasts were manually outlined 

on scaled, high-resolution photos using vector graphics software. The resultant black and white 

images (Fig. 5.6) were quantified using the freely available ImageJ software suite (Schneider et 

al., 2012). In ImageJ, the 2D area of each clast was determined and, to allow for comparison, 

converted to equivalent (circular) diameters. The cumulative number of particles greater than a 

given size fraction were plotted versus the measured ‘equivalent (circular) diameters’ in log-log 
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Figure 5.6 – Outline drawings of the breccia samples from the Kirana East outcrop area used for 
particle size distribution analysis. All samples are parallel to a horizontal spatial reference frame. 
The sample numbers refer to the locations labeled on Figure 5.12. 
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space (see section 5.8). Best fit curves for manually selected log-linear portions and associated 

D-values were calculated using Microsoft Excel.  

5.5.4 Kinematic analysis of small-scale faults and shear veins 

Kinematic analysis of small-scale faults and shear veins was conducted using movement 

plane (M-plane) geometries in Orient 3.0.1 (Fig. 5.7; Vollmer, 2015). M-plane analysis is a well-

established method for constraining the stress directions and kinematics associated with fault 

displacements (Angelier, 1979; Marshak and Mitra, 1988; Twiss and Unruh, 1998; Marrett and 

Allmendinger, 1990; Twiss and Moores, 2007). The method is based on Andersonian theory of 

fault behavior and requires the orientation of a fault plane, a displacement vector inferred from 

slip lineations, and a motion sense from asymmetric structures such as slickenfiber steps (Fig. 

5.7; Twiss, 1990; Passchier and Trouw, 2005). These structures are used to define the M-plane 

by fitting a plane that contains both the pole to the fault plane and the slip lineation (Fig. 5.7). 

Based on the directional displacement vector and movement sense, incremental shortening and 

extension axes (P- and T-axis, respectively) are defined at ±45° along the M-plane from its 

intersection with the fault plane and slip lineation (Fig. 5.7). Orient calculates individual 

shortening and extension axes for each fault and directional slip lineation pair entered. A 

population of P- and T-axes can be collectively analyzed using moment tensor analysis to 

produce a ‘beachball’ solution diagram (Marrett and Allmendinger, 1990; Vollmer, 2015).  

5.6 Results of the km- to outcrop-scale mapping  

Mapping and compilation results indicate that the Kdz is a continuous, >3 km, ENE-

trending zone of brittle-ductile deformation (Figs. 5.3 and 5.4). The Kdz is interpreted to dip 

steeply towards the north based on underground workings (Burrows and Hopkins, 1916) and 

the local orientation of faults and shear zone fabrics (Fig. 5.8A; Frieman et al., 2017). It is 

largely hosted by volcanic rocks of the Blake River assemblage, but also affects post-

Timiskaming assemblage porphyritic syenite intrusions (Fig. 5.4).  

In the west, the Kdz is well exposed in a large area (100s of m2) of stripped bedrock 

exposure named the Fidelity outcrop (Fig. 5.4). At this location, the Kdz forms a wide, >15 m 

shear zone that displays pervasive carbonate alteration (Fig. 5.9A). The foliation is NE-trending, 

subvertical and shows a moderately- to steeply-plunging mineral lineation (Fig. 5.8), and dextral 

shear sense indicators on horizontal erosional surfaces, including S-C fabrics and σ-clasts. The 

shear zone affects both mafic volcanic and porphyritic intrusive rocks, locally forming 

asymmetric lozenge shaped domains of each lithology bounded by foliation surfaces (Fig. 5.9B). 

Shear fabrics also overprint pods of breccia developed in the mafic volcanic rocks (Fig. 5.10A), 

however, brecciation of the intrusive rocks was not observed. 
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Figure 5.7 – Schematic diagram illustrating movement plane kinematic analysis. Lower-
hemisphere equal-area projection of a reverse fault, with a slip lineation (yellow), pole to fault 
plane (grey), the movement plane, or M-plane (dashed grey), and its pole or M-axis (green; 
intermediate). The P-axis (red; shortening) and T-axis (blue; extensional) bisect the angle 
between the fault plane and its pole along the M-plane. Arrows are tangent lines that show the 
displacement sense of the hanging wall with respect to the footwall. 

 

 

Figure 5.8 – S3/L3 structural orientation data. Poles to foliation (A) and lineation (B) data for 
ductile fabrics developed along the Kirana deformation zone shown as equal-area lower-
hemisphere projections. 
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Figure 5.9 – Field photos of ductile structures observed along the Kirana deformation zone. (A) 
A broad, >15 m wide zone ductile shear with intense carbonate alteration at the Fidelity outcrop. 
(B) Sheared basalt and porphyritic intrusive rocks at the Fidelity outcrop. (C) A sericite-rich 
mylonite zone at the Kirana East outcrop displaying dextral S-C fabrics and local quartz veins. 
(D) An example of a mylonitic dextral shear zone developed in mafic volcanic rocks adjacent to 
the Kirana East outcrop. Outcrop locations shown in Fig. 5.4.  

 

Several generations of quartz-carbonate veins are observed. Earlier formed veins are 

strongly foliated are parallel to the local foliation (Fig. 5.11A). These form composite fault veins 

and are associated with carbonate alteration halos. Late veins are nearly undeformed and 

commonly occur as shallowly- to moderately-dipping conjugate vein sets (Fig. 5.11B). 

Carbonate alteration halos are also associated with both the early and late vein sets.  

Towards the east, the Kdz is mapped as two distinct fault/shear zone splays (Fig. 5.4). 

The northern splay is defined by a ~5-10 m wide shear zone that largely occurs in massive, fine-

grained mafic volcanic rocks. The southern splay is defined by zones of breccia, ductile shear, 

and/or intensely carbonate-altered rocks. The fault core and damage zone of the Kdz are well 
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exposed at the Kirana East outcrop (Fig. 5.4). There, the fault zone is also overprinted by m-

scale mylonite to ultramylonite zones (Fig. 5.9C, D), which are themselves overprinted by 

abundant small-scale faults, shear veins, and disseminated alteration minerals. Thus, the Kirana 

East outcrop preserves many of the key structures and crosscutting relationships that are ideal 

to establish the history of the Kdz. It is described and discussed in detail below.  

 

 

Figure 5.10 – Field photos of brittle deformation textures observed along the Kirana deformation 
zone (Kdz). (A) Pillow basalt from the Fidelity outcrop that displays intense alteration and 
penetrative foliation that overprints locally formed breccia bodies. (B) An example of crackle to 
mosaic breccia from within the damage zone of the Kdz exposed at the Kirana East outcrop, 
displaying anastomosing, matrix-rich primary fracture networks. (C) Pervasive zones of mosaic 
to chaotic breccia at the Kirana East outcrop. (D) Carbonate-altered chaotic breccia from the 
fault core of the Kdz exposed at the Kirana East outcrop. Outcrop locations shown in Fig. 5.4. 
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Fig. 5.11 – Field photos of quartz vein morphologies commonly observed along the Kirana 
deformation zone. (A) Early steeply-dipping and NE-trending composite quartz-carbonate vein 
sets that are overprinted by penetrative fabric observed at the Fidelity outcrop. (B) Relatively 
late, shallowly- to moderately-dipping, conjugate vein set that is texturally associated with 
alteration of the host wall rock and displays little to no post-emplacement deformation observed 
at the Fidelity outcrop. (C) Example of a quartz-carbonate shear vein observed at the Kirana 
East outcrop with well-developed linear slickenfibers with asymmetric steps that indicate north-
over-south displacement that was included in M-plane analysis. (D) Shallowly-dipping quartz 
vein array that occurs within ~100m of the Kirana East outcrop. Outcrop locations shown in Fig. 
5.4. 

 

5.6.1 The Kirana East outcrop  

The Kirana East outcrop is a ~10 m by ~70 m area of stripped bedrock outcrop (Fig. 

5.4). The outcrop area was mapped in detail (1:50; Fig. 5.12) and oriented hand samples were 

collected for petrographic and textural characterization. Below, the outcrop area is described 

from north to south and then the observed structures are described in detail from oldest to 

youngest.  
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Fig. 5.12 – Detailed geological map of the Kirana East outcrop. See Fig. 5.4 for the outcrop 
location. The location of oriented samples discussed in text are indicated. 
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The northern portion of the outcrop area exposes ~15 m of porphyritic intrusive rocks. 

These contain anastomosing networks of penetrative foliation defined by mm-scale sericite or  

chlorite-rich domains (Figs. 5.12 and 5.13B). The intrusive rocks display no evidence for 

brecciation. The remaining ~55 m exposes variably deformed, grey volcanic rocks (Fig. 5.10B-

D). The volcanic rocks are massive, fine-grained, and contain distinctive mm-scale quartz 

phenocrysts. Thus, the protolith is interpreted to be a rhyolite (Fig. 5.13A). The porphyritic 

intrusive rocks and rhyolitic unit are separated by a ~4 m ultramylonite zone that contains 

strongly deformed and foliated breccia, fault gouge, and quartz-carbonate vein material (Figs. 

5.11C and 5.12). The original width of the mylonitized gouge zone is unknown as it is truncated 

by the porphyritic intrusive rocks to the north.  

Chaotic breccia domains dominate the central portion of the outcrop area outcrop area 

defining a ~30 m breccia zone of the fault core (Fig. 5.11D). In the breccia zone, asymmetric, m-

scale pods of crackle to mosaic breccia are bounded by zones of chaotic breccia (Fig. 5.12). 

The chaotic breccia zones contain clasts that are subrounded to subangular in shape (Fig. 

5.11D), indicating higher degrees of particle interaction and wear abrasion. The contact 

between mosaic and chaotic breccia is most commonly transitional, making discrete boundaries 

difficult to define.  

Crackle to mosaic breccia domains are most abundant in the southern ~20 m of the 

outcrop (Figs. 5.11B, C and 5.12). There, larger proportions of semi-coherent wall rock are 

observed defining the damage zone of the Kdz (Fig. 5.12). Matrix filled primary fracture 

networks preserved in the crackle breccia form anastomosing, interconnected, and branching 

networks that are <1 mm to >1cm in width (Fig. 5.11B). Primary fracture networks largely have 

planar geometries, but also form irregular, lobate shapes at fracture intersections or in strain 

shadows adjacent to larger clasts (Fig. 5.11B).  

Throughout the fault core and damage zone, breccia domains form anastomosing, 

broadly ENE-trending, interconnected arrays of matrix supported breccia. Clast are entirely 

comprised of Blake River assemblage wall rock and no ‘exotic’ clasts were observed. Clasts 

display sharp boundaries with the matrix, have cuspate to irregular margins, and angular to 

subangular shapes (Figs. 5.6 and 5.10B, C). Wall rock clasts display a wide range of sizes 

including m-scale blocks to sub-mm fragments within matrix vein networks. The breccia matrix 

is comprised of black quartz-rich material (Figs. 5.6 and 5.10C-D).  

Breccia domains are crosscut by m-scale mylonitic shear zones (Fig. 5.12). These are 

defined by a penetrative foliation with sub-mm-scale spacing and sericite, chlorite, or carbonate-

rich domains (Fig. 5.9C, D). The foliation in these zones is subvertical to steeply N-dipping and  
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Figure 5.13 – Photomicrographs of samples from the Kirana deformation zone. (A) Plane 
polarized light photomicrograph displaying quartz phenocrysts in altered rhyolitic wall rock along 
the Kirana deformation zone. (B) Photomicrograph in crossed polarized light displaying localized 
fabric, sericite alteration of K-feldspar, and deformed quartz porphyroclasts in the porphyritic 
intrusive rocks of the Kirana East outcrop. (C) Plane polarized light photomicrograph displaying 
an irregular boundary between chloritized wall rock and opaque, clast-rich matrix material from 
the Kirana East outcrop. Note: carbonate veins cross-cut wall rock, matrix material, and their 
contact. (D) Plane polarized light photomicrograph of ultramylonite sample from near the Kirana 
East outcrop displaying dextral shear sense indicators such as S-C fabrics and σ-clasts. 
Outcrop locations shown in Fig. 5.4. 

 

contains a moderately to steeply NE-plunging stretching lineation defined by aligned mineral 

grains or aggregates (Fig. 5.8). Dextral shear sense indicators such as S-C fabrics are common 

on horizontal erosional surfaces (Fig. 5.9C, D). In the areas between the mylonitic zones, the 

foliation is a weak spaced (at least cm-scale) cleavage that is associated with flattening of the 

breccia clasts.  

Small-scale faults and quartz-carbonate shear veins crosscut the mylonite zones and 

breccia domains of the fault core and damage zone (Figs. 5.11C and 5.12). These are 
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shallowly- to steeply-dipping with variable strikes and are randomly distributed throughout the 

outcrop (Fig. 5.12) and are also common within ~100-200 m of the Kirana East outcrop (Fig. 

5.11D). Exposed small-scale faults and shear veins form prominent erosional surfaces that 

display well-developed fibrous slickensides and asymmetric steps (Fig. 5.11C). Displacements 

inferred from these structures predominantly indicate reverse to oblique-reverse, S-side-up or 

N-side-up motions (e.g., Fig. 5.11C). Where possible, the orientation of the small-scale faults 

and shear veins, fibrous slickenside lineations, and the displacement sense were documented 

for M-plane analysis (see section 5.9).  

5.7 Petrographic and microstructural observations 

 The following sections summarize the petrographic and microstructural observations 

made from oriented thin sections of Kdz samples. First, the microstructural characteristics of the 

Kirana East breccia samples are discussed. Then, the microstructural observations from 

(ultra)mylonite and foliated intrusive samples are presented.  

5.7.1 Microstructural characteristics of breccia samples 

The wall rock fragments in the Kirana East breccia samples consist of chlorite, quartz, 

albite, and minor amounts of plagioclase, rutile, muscovite, kaolinite, and apatite (Figs. 5.13C, 

5.14, 5.15, and 5.16). Chlorite is modally abundant in the clast domains (~45-55%), but is a 

lesser component (10-15%) in the matrix domains (Figs. 5.14, 5.15, and A.6). Chlorite 

overprints both clast and matrix domains (Fig. 5.14). In some locations, chlorite grains are 

aligned, defining penetrative S3 fabrics, while in other locations they form randomly oriented 

static overgrowths (Fig. 5.14). Disseminated albite is modally abundant in in both clast and 

matrix material of all samples (~10-30%; Fig. 5.15). 

Carbonate (calcite and/or ankerite) is abundant in most samples (modally ~5-20%; Fig. 

A.6), occurring as disseminations and veinlets or conjugate veinlet sets. Carbonate ± quartz 

veinlets crosscut both breccia clast and matrix material (Figs. 5.14 and 5.15). Albite- and 

chlorite-rich domains form rims on the veinlet margins (Figs. 5.15 and 5.16A, B). Some samples 

display veinlets in the breccia matrix material, while adjacent wall rock clasts contain 

disseminated carbonate (Fig. 5.14). Veinlet emplacement was cyclic based on the occurrence of 

successive, mutually crosscutting relationships (Fig. 5.14). Sulfide minerals commonly occur in 

textural association with the veinlets as well as disseminated carbonate or albite (Fig. 5.15). 

Pyrite and chalcopyrite are common, while lesser amounts galena and sphalerite were 

observed.  
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Figure 5.14 – Mineralogical characteristics of sample KL-12. (A) Thin-section scan of sample 
KL-12 (Fig. 5.12) displaying a thick (~1 cm) black breccia matrix vein. (B-D) Back-scattered 
electron images with overlays of the distribution of quartz (B), chlorite (C), and carbonate (D) 
phases from the automated mineralogical SEM analysis. 
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Figure 5.15 – Microstructural characteristics of sample KL-26. (A) Thin-section scan of sample 
KL-26 (Fig. 5.12) consisting of crackle to mosaic breccia that contains abundant matrix filled 
primary fracture networks. (B) Results of automated mineralogical SEM scan for the area 
indicated in (A) displaying quartz-rich breccia matrix domains, chlorite-rich clasts, and 
overprinting carbonate and albite alteration. (C-D) High-resolution, back-scattered electron 
images of the quartz-rich breccia matrix displaying abundant micrometer-scale heterogeneity 
defined by the presence of small (~1 µm) vugs, chlorite, and rutile. 
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Figure 5.16 – Mineralogical and microstructural characteristics of sample KL-17. (A-B) Results 
of the automated mineralogical SEM scans of selected areas of sample KL-17 (Fig. 5.12) 
displaying a fine-grained (10-100 µm) quartz and albite matrix, aligned chlorite domains, 
asymmetric pods and veinlets of carbonate, sulfides, and associated gold. (C-D) High-resolution 
back-scattered electron images of the gold occurrences shown in (A-B), in association with 
pyrite and sphalerite. 
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In thin-section, the breccia matrix and clasts display sharp, but irregular boundaries (Fig. 

5.13C). Fine-grained (<0.5 mm) matrix supported breccia clasts of quartz and chloritized wall 

rock that display angular shapes occur within matrix filled fractures (Fig. 5.13C). The breccia  

matrix material is black and opaque, making optical characterization difficult (Fig. 5.13C). 

Automated mineralogical SEM scans, conducted at 20 µm step-size, indicate that the matrix 

material primarily consists quartz (Figs. 5.14 and 5.15). However, high-resolution (>1000X), FE-

SEM imaging of the least altered matrix material reveals micrometer-scale, textural and 

mineralogical heterogeneity (Fig. 5.15C, D). In addition to fine-grained quartz, homogeneously 

distributed vugs, chlorite, and rutile were observed (Fig. 5.15D). The vugs are ~1-5 µm in 

diameter with angular, polygonal boundaries bounded by statically recrystallized quartz (Fig. 

5.15D). Chlorite occurs as randomly oriented, elongate crystals that are <1-5 microns wide, 

while rutile forms circular to lobate micron-scale disseminations (Fig. 5.15D).  

5.7.2 Kirana East (ultra)mylonite samples 

Ultramylonite from the fault core of the Kdz (KL-17) is chlorite-rich and displays a matrix 

composed of fine-grained (~10-100 µm), dynamically recrystallized quartz or albite (Figs. 5.13D 

and 5.16A, B). Porphyroclasts of quartz and albite consisting of individual grains or aggregates 

form asymmetric σ-clasts bounded by fabric forming chlorite. Dextral S-C and C-C’ shear sense 

indicators defined by aligned chlorite-rich domains are common (Fig. 5.16A, B). Chlorite also 

rims carbonate pods or veinlets (Fig. 5.16A, B).  

Native gold grains occur in association with sulfide minerals such as sphalerite, pyrite, 

and chalcopyrite (Fig. 5.16C, D). These are fine-grained (~5-10 µm) and were only identified 

within the mylonitized fault core material (KL-17; Fig. 5.12). The gold-associated sulfides lie 

within the mylonitic fabric and are wrapped by fine-grained, fabric-forming chlorite (Fig. 5.16C).  

5.7.3 Foliated intrusive rocks 

In thin-section, the porphyritic intrusive rocks display abundant mm-scale quartz and K-

feldspar phenocrysts with a fine-grained quartz- and plagioclase-rich groundmass (Fig. 5.13B). 

Quartz phenocrysts are commonly microfractured and display intracrystalline deformation 

textures, while K-feldspar phenocrysts are sericitized. Micro-scale foliation is defined by aligned, 

fine-grained sericite that crosscuts larger porphyroclasts of quartz or feldspar.   

5.8 Particle size distributions of Kirana East breccia samples 

All samples analyzed yielded log-linear distributions in their PSDs with D-values ranging 

from 0.93 to 1.71 (Fig. 5.17). The crackle to mosaic breccia samples yielded lower D-values of 

0.93, 1.15, and 1.60, while the mosaic to chaotic breccia samples yielded higher D-values of 

1.28, 1.46, 1.58, and 1.71 (Fig. 5.17B). Of these results, two samples (KL-OP-1 and KL-5-2)  
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Figure 5.17 – Results of the particle size distribution analysis. (A) Log-log plot of the number of 
particles >size (S) in each sample versus particle diameter for the samples analyzed in this 
study. (B) D-value results for the log-linear portions of the curves identified in (A) with a table 
showing D-values, R2 fit, range of N for best curves, and total number of particles (N) in each 
sample population. See text for explanation. 
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yielded two distinct log-linear segments in their PSDs, which are separated by distinct breaks in 

slope (Fig. 5.17A). In these samples, a smaller grain size population, from ~0.7 to ~2-3 mm, 

corresponds to D-values of 1.15 and 1.28 for KL-OP-1 and KL-5-2, respectively (Fig. 5.17B). 

Conversely, a coarser grain size fraction, from ~2-3 to ~8 mm, defines log-linear trends that 

correspond to higher D-values of 1.60 and 1.71 for KL-OP-1 and KL-5-2, respectively (Fig. 

5.17B). 

5.9 Results of small-scale faults and shear veins kinematic analysis 

The orientation data used for M-plane analysis are displayed in Figure 5.18 as pole 

tangent line diagrams. These display the pole to the fault/shear plane with the displacement 

vector of the hanging wall with respect to the foot wall (see Fig. 5.7 for a more detailed 

explanation). Data from two individual field localities, the Fidelity (Fig. 5.18A) and Kirana East 

(Fig. 18B) outcrops, are plotted separately. These data are also shown combined with additional 

data collected from throughout the Kdz study area (Fig. 5.18C).  

M-plane calculations for these data correspond to variably oriented, moderately- to 

steeply-plunging or subbvertical extensional axes and distributed clusters of shortening axes 

that are shallowly-plunging or subhorizontal (Fig. 5.18). The largest proportion of shortening 

axes plunge to the N-NNE or S-SSE, although a subordinate proportion plunge to the WSW or 

ENE. Eigenvector analysis of these data yielded ‘beachball’ solutions consistent with NNW-SSE 

shortening (Fig. 5.18).  

5.10 Discussion and structural synthesis 

New mapping and structural analysis indicates that the Kdz is a gold-bearing, brittle-

ductile deformation zone that has similar characteristics and a similar structural history as the 

well-studied and well-mineralized Main Break (Frieman et al., 2017; Chapter 4). Field 

observations indicate that the early structural history of the Kdz is dominated by brittle 

processes, characterized by the formation of variably developed breccia domains. Ductile shear 

at greenschist facies conditions followed, localized along the breccia domains of the fault zone. 

Subsequent renewed brittle deformation resulted in the formation of abundant small-scale faults 

and shear veins within the Kdz and adjacent domains. The details of this structural evolution are 

discussed below in the order in which they formed. This structural evolution is further compared 

to other well-studied deformation zones along the LLCdz in order to place the deformation 

history into a regional context.  

5.10.1 Early fault behavior and breccia-forming processes 

The breccia domains along the Kdz (Figs. 5.10 and 5.12) are overprinted by all other 

phases of deformation, alteration, metamorphism, and mineralization, and therefore are the  
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Figure 5.18 – Orientation data and kinematic analysis of small-scale faults and shear veins. 

Results from the Fidelity (A) and Kirana East (B) outcrops (Fig. 5.4), and the entire Kirana 

deformation zone study area (C). Pole-tangent slip diagrams (left column) display the 

displacement sense of the hanging wall with respect to the footwall projected onto the pole to 

the fault plane. Plots of the instantaneous extension and shortening axes and resultant 

‘beachball’ solution diagrams (right column) calculated from the populations of instantaneous 
extension (blue squares) and shortening (red circles) axes shown by eigenvector analysis. Grey 

corresponds to zones of extension and white to zones of shortening. 
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earliest structures. Breccia clasts consist solely of altered and metamorphosed rhyolitic wall 

rock, indicating that no significant transport occurred along the fault. Breccia is abundant along 

the Kdz, but best exposed at the Kirana East outcrop in both fault core and damage zone (Figs. 

5.10 and 5.12). PSD analysis of breccia from the fault core and damage zone yielded fractal 

dimensions (D-values) of 0.93-1.71 (Fig. 5.17). The lowest values (0.93-1.28) correspond to 

samples where the primary fracture networks were identified (i.e., crackle domains) in the 

damage zone to the Kdz (Fig. 5.12). These D-values are relatively low when compared to 

comminution products (1.6-1.7; Storti et al., 2003; Keulen et al., 2007), but are similar to D-

values from dynamic off-fault breccia formed in zones of dilation along faults (1-1.5; Blenkinsop, 

1991; Jébrak, 1997; Melosh et al., 2014). Thus the field observations and PSD analysis support 

the interpretation that the primary fracture networks reflect a fluid-assisted, dilational mechanism 

of brecciation (Fig. 5.2A; Sibson, 1985; 1986; Pavlis et al., 1993). In contrast, higher observed 

D-values (1.46-1.71) largely correspond to more evolved, chaotic breccia textures from the fault 

core of the Kdz (Figs. 5.6, 5.10D, and 5.12). The chaotic breccia domains display no geometric 

fit between the clasts and contain abundant subangular to subrounded clasts, suggesting they 

record greater proportions of particle wear abrasion as indicated by the generally higher D-

values.  

In comparison, a similar evolution of D-values documented between damage zone and 

fault core material has been reported from the strike-slip, Mattinata Fault zone of southern Italy 

(Billi, 2005). There, breccia from the damage zone yielded D-values of ~1.0, while more evolved 

breccia in the fault core yielded values of ~2.0 (Billi, 2005). The transition of ~1.0 to ~2.0 was 

interpreted as progressive incorporation of the damage zone material by surface abrasion 

processes in the fault core during progressive fault displacement (Billi, 2005). It is possible that 

our samples have recorded a similar evolution. Initial fragmentation in the wall rock may have 

resulted from a fluid-assisted, dilational breccia, while material was progressively added to the 

fault core by further abrasion (Fig. 5.19).  

Two of the samples (KL-OP-1 and KL5-2) display two distinct log-linear segments in 

their PSDs (Fig. 5.17). Sample KL-OP-1 is a crackle breccia from the damage zone, while 

sample KL-5-2 is a chaotic breccia from the fault core (Fig. 5.17). In both samples, a smaller 

grain size fraction (~0.7-3 mm) corresponds to lower D-values (1.15 and 1.28), while a coarser 

grain size (~3-8 mm) corresponds to higher D-values (1.60 and 1.71; Fig. 5.17). These trends 

are similar to those reported by Keulen et al. (2007) who attributed multiple D-values in a given 

sample to a grinding limit, where grain size reduction by attrition processes becomes more 

difficult below a certain grain size. This suggests that there is a grain size threshold (~3 mm in 
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samples) above which it is relatively easy for clasts to become smaller and below which it is 

harder to further reduce the grain size. Sample KL-OP-1 is a crackle breccia that retains the 

primary fracture network, with no indication for attrition, and a grinding limit does not apply. In 

general, fractures in the damage zone are <5 mm in width (e.g., Fig. 5.6), limiting the maximum 

size of grains that could have been mobilized by fluid-assisted processes within those fractures. 

Therefore, in sample KL-OP-1, the lower D-value in the smaller grain size fraction in our 

samples may reflect more similarly sized clasts in the fracture networks, while the higher D-

values reflect a larger proportion of small versus large clasts within the fractured wall rock. The 

fact that two D-values are documented in both crackle (KL-OP-1) and chaotic breccia samples 

(KL-5-2), suggests that this bimodal fractal distribution may have been preserved through 

progressive breccia evolution. However, given sufficient attrition, it is likely that the PSD would 

homogenize to a single D-value (Fig. 5.19).  

Based on outcrop- to micro-scale observations and the results of the PSD analysis, we 

interpret that early brecciation resulted from a dilational, fluid-assisted process associated with 

fault slip. The breccia textures we observed are similar to dilational, ‘implosion’-style breccia that 

form at fault step-overs (e.g., Sibson, 1985; 1986; Pavlis et al., 1993), suggesting that the initial 

Kdz involved a dilational jog or asperity. This process resulted in the emplacement of quartz-rich 

matrix material, reflecting significant coseismic fluid flow. The dilational brecciation resulted in 

grain-size reduction through breccia-forming processes that likely mechanically weakened the 

Kdz.  

The quartz-rich matrix networks observed in breccia domains of the Kdz are interpreted 

to reflect the emplacement of silica-rich fluids during early brecciation. These matrix networks 

contain mineralogical and textural heterogeneity that includes micrometer-scale chlorite, rutile, 

and vugs. Enigmatically, the matrix networks display banding, zoning, or other precipitation and 

crystallization textures, which are typically of hydrothermally precipitated quartz (Hodgson, 

1989; see section 5.3). Precipitation and/or crystallization textures may be difficult to observe 

due to the high vug density that makes the matrix material optically opaque. The significance of 

the vugs is enigmatic. They may have formed by a secondary process such as volume 

reduction due to a phase transition from opal-A to alpha quartz (Herdianita et al., 2000; Lynne et 

al., 2005). However, this interpretation is speculative and further investigation is required to 

firmly establish their significance.  

5.10.2 Early fault veins and intrusion of porphyritic rocks 

At the Fidelity outcrop area an early generation of fault veins was observed. These 

display composite structures and banding textures interpreted to represent multiple reactivation  
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Figure 5.19 – Schematic illustration of the relationship between the observed breccia textures and the fault core and associated 

damage zone of the Kirana deformation zone during progressive displacement through time (t1 to t2) and subsequent ductile 

localization (t3). Growth of the fault core is schematically shown by addition of material to the breccia zone and gouge zone through 

particle abrasion and attrition processes, respectively (after Billi, 2005). Ductile localization is schematically shown to preferentially 

develop within favorable zones of the fault core and damage zone.
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events. These veins are steeply dipping, strike to the SW, and are strongly overprinted by 

D3shear zones (Fig. 5.11A). The temporal relationship of these veins to early dilational breccia 

is unknown, since early veins with similar orientations and textural characteristics are not 

preserved at the Kirana East outcrop. However, since both are overprinted by ductile shear 

zones, it is likely that early vein emplacement at the Fidelity outcrop was broadly coeval with 

early brecciation observed at the Kirana East outcrop. 

Porphyritic intrusive rocks along the Kdz display no evidence for brecciation, crosscut 

the fault core of the Kdz, and are overprinted by ductile shear zones (Figs. 5.9B, 5.12, and 

5.13B). Thus, they were likely emplaced after initial brecciation, but prior to ductile shear. The 

age of these intrusions are unconstrained along the Kdz. Directly to the south on the northern 

shore of Gami Lake (Fig. 5.4), compositionally and texturally similar intrusions crosscut the 

Timiskaming assemblage. This suggests that the intrusive rocks along the Kdz are post-

Timiskaming in age (i.e., <2679-2669 Ma). Towards the west, the Winnie Lake stock (Fig. 5.2) 

yielded an ID-TIMS U-Pb zircon crystallization age of 2677 ± 3 Ma (Corfu, 1993). Similarly, 

porphyritic syenite intrusions of the Murdoch Creek and Lebel stocks (Fig. 5.2) that occur to the 

south of the LLCdz and are foliated by S3 yielded ID-TIMS U-Pb zircon crystallization ages of 

2672 ± 2 Ma and 2673 ± 2 Ma, respectively (Wilkinson et al., 1999). Based on similar 

compositions, crosscutting relationships, overprinting fabrics, it is inferred that the porphyritic 

intrusions along the Kdz are ~2675-2665 Ma in age, and that early fault processes are older and 

ductile shear was younger. 

 5.10.3 Ductile shear  

After initial dilational brecciation, early fault vein development, and the emplacement of 

porphyritic intrusive rocks, deformation along the Kdz was characterized by widespread ductile 

shear related to D3 deformation (Frieman et al., 2017; Chapter 4). The foliation in the shear 

zones (S3) is predominately steeply-NNW-dipping and contains a moderately- to steeply-ENE-

plunging lineation, and dextral shear sense indicators on horizontal erosional surfaces and in 

oriented thin-sections (Figs. 5.8 and 5.9C, D). Based on these fabric relationships the shear 

zones are interpreted to have formed as a result of NW-SE shortening that resulted in localized 

dextral transpressive strain with a steeply inclined extensional direction (Frieman et al., 2017; 

Chapter 4).  

At the Fidelity outcrop, shear zones are >15 m wide (Fig. 5.9A), while towards the east, 

shear zones are <5 m wide (Figs. 5.9C and 5.12). Ductile fabrics commonly occur in chlorite-

rich domains, indicating that greenschist facies metamorphism accompanied ductile shear. 

Alteration assemblages such as carbonate or sericite also occur along the same foliation planes 
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(Fig. 5.9) suggesting that either deformation occurred in the presence carbonic or potassic 

fluids, or that these assemblages formed during later alteration by retrograde processes. Albite 

rims on aligned chlorite grains (Fig. 5.15) and in dynamically recrystallized matrix material in the 

mylonitic samples (Fig. 5.16A, B), which supports the interpretation that infiltration of sodic fluids 

was syn-kinematic. A similar history of syn-kinematic alteration by sodic and carbonic fluids has 

been documented within the LLCdz and Main Break to the south (Kerrich and Watson, 1984; 

Wilkinson et al., 1999; Ispolatov et al., 2008; Poulsen, 2017). Furthermore, at the Cheminis 

deposit, to the NE of Larder Lake (Fig. 5.2), alteration assemblages include chlorite, sericite, 

carbonate, and albite regardless of host rock composition (Lafrance, 2015). This suggest that 

hydrothermal fluids with similar carbonic/sodic compositions were migrating along the LLCdz 

and secondary structures elsewhere in the region.  

D3 deformation along the Kdz is interpreted to have been coeval with brittle-ductile 

localization in the LLCdz and other higher-order structures such as the Main Break (Wilkinson et 

al., 1999; Ispolatov et al., 2008; Frieman et al., 2017; Chapter 4). The maximum age of D3 

deformation is ~2675-2665 Ma, which is the crystallization age of porphyritic intrusions that are 

faulted and foliated by D3 structures (Corfu, 1993; Wilkinson et al., 1999). Furthermore, S3 fabric 

forming titanite from the Murdock Creek stock along the LLCdz yielded a 2665 ± 4 Ma U-Pb ID-

TIMS age (Fig. 5.2), which we interpret as the timing of D3 ductile localization along the Kdz. 

5.10.4 Renewed brittle deformation  

After a period of ductile shear at greenschist facies conditions, renewed brittle 

deformation occurred along the Kdz. This phase of deformation is represented by the 

widespread formation of small-scale faults and quartz-carbonate shear veins (Figs. 5.9B-D, 

5.12, and 5.18) within a 100-200 m wide corridor along the Kdz (Figs. 5.9D and 5.18; Section 

5.9). Mutually crosscutting vein sets (Fig. 5.12 and 5.14) indicate cyclic formation. Chlorite along 

vein margins and disseminated carbonate and albite alteration halos (Fig. 5.15B) indicate that 

renewed brittle deformation occurred at greenschist facies conditions and that carbonic and 

sodic fluids were present. 

Kinematic analysis of these small-scale faults and shear veins indicate NW-SE to NNW-

SSE shortening (Fig. 5.18). M-plane analysis of these structures yielded variably oriented, 

shallow to subhorizontal shortening axes and consistently subvertical to steeply inclined 

extensional axes (Fig. 5.18), generally consistent with those for the preceding ductile strain.  

The reason for the transition of ductile to brittle deformation is unclear. Ductile 

transpression may have resulted in extrusion of rocks along the Kdz to a shallower depth. 

However, greenschist facies assemblages associated with both the ductile shear zones and 
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later small-scale faults and veins suggest they both formed at or near the brittle-ductile 

transition. Alternatively, an influx of fluids and/or build-up of pressure in interconnected fluid 

reservoirs, may have caused the change from ductile to brittle behavior (cf. Sibson et al., 1988; 

Robert and Poulsen, 2001). Because composite fault veins sets are strongly overprinted by D3 

shear zones at the Fidelity outcrop area (Fig. 5.9A) and subsequent the late veins related to the 

renewed phase of brittle deformation (Fig. 5.9B-C), fault-valve behavior may have been 

intermittent, occurring both prior to and after ductile shear along the Kdz.  

5.10.5 Timing of gold mineralization 

Gold mineralization is documented within the fault core of the Kdz at the Fidelity outcrop 

area (Burrows and Hopkins, 1916) and at the Kirana East outcrop area (this study). Native gold 

occurs in association with (e.g. in strain shadows of) pyrite and sphalerite (Fig. 5.16) that are 

aligned with S3 fabrics and rimmed by or weakly wrapped by fabric-forming chlorite (Fig. 5.16C, 

D). Therefore, gold mineralization occurred syn- to post-D3 deformation within the Kdz. This is 

consistent with the timing of mineralization in Main Break to the south, where mineralized D3 

fault veins and breccia are foliated by S3 shear fabrics (Ispolatov et al., 2008), and other 

structurally controlled deposits along the LLCdz, such as at Kerr Addison in Ontario (Hodgson et 

al., 1991; Smith et al., 1993) and the Malarctic (DeSouza et al., 2017) and Val D’Or (Robert et 

al., 1995) districts in Quebec (Fig. 5.2). In contrast, gold mineralization in other deposits hosted 

within the LLCdz or immediate splays in Ontario, such as the Upper Canada, Ankoi, McBean, 

and Cheminis deposits, is interpreted to have been coeval with D2 deformation (Ispolatov et al., 

2008; Lafrance, 2015). This suggests that the upflow of gold-bearing hydrothermal fluids 

occurred during and after both D2 and D3 deformation along different segments of the LLCdz.  

5.11 Implications 

Early brittle processes along the Kdz resulted in dilational breccia networks in its 

damage zone. These likely formed during fault slip at the location of dilational zones such as at 

fault step-overs or asperities along the Kdz (e.g., Sibson, 1985; 1986). The dilational fracture 

networks are filled with a quartz-rich material, probably as a result of coseismically emplaced 

silica-rich fluids, which makes them favorable sites for economic mineralization (Sibson, 1987; 

Micklethwaite and Cox, 2004; Weatherley and Henley, 2013). However, no mineralization is 

documented in association with the dilational breccia zones. This may be because the fault-

related fluids did not contain significant gold, and/or because of the rapid sealing of the primary 

fracture networks by the silica-rich fluids, limiting the post-seismic infiltration of later mineralizing 

fluids (Cox et al., 2001). Furthermore, if the fault-related fluids were not sourced from deep fluid 
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reservoirs and/or contained a large meteoric water component they would have been unlikely to 

contain significant gold.  

Early fault-related breccia processes created favorable sites for subsequent ductile 

shear due to grain size reduction and creation of rheological heterogeneity. Ductile shear at 

greenschist facies conditions likely resulted in further weakening of the fault zone by additional 

grain size reduction through dynamic recrystallization and other strain softening processes (e.g., 

Wilkinson et al., 1999). This behavior likely helped to maintain the Kdz as an active fluid conduit 

and eventually resulted in syn- to post-ductile shear gold mineralization. Ductile shear zones are 

overprinted by abundant quartz-carbonate shear veins that are interpreted to have resulted from 

fault-valve behavior, suggesting that the Kdz continued to accommodate significant fluid flow. 

Thus, a mixture of progressive brittle-ductile processes contributed to long-lived fluid localization 

along the Kdz, making it a favorable structure for economic gold mineralization.  

In summary, the Kdz records a mixed history of brittle-ductile deformation that provides 

insight into the structural development of gold-bearing splays of crustal-scale fault zones. Based 

on comparisons to the regional structural framework, deformation and gold mineralization within 

the Kdz was broadly coeval with mineralization in the Main Break to the south and in other 

deposits along the LLCdz to the east. While no mineralization is associated with the early 

dilational breccia zones, they formed a zone of weakness localizing subsequent strain and fluid 

flow that facilitated gold mineralization. Mineralization is documented within a relatively narrow 

zone within the fault core of the Kdz. However, breccia domains occur in much broader zones. 

These may provide an indicator towards the core of gold-bearing structures, especially if they 

display a later history of ductile shear, fluid infiltration, and/or fault valve behavior. 
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CHAPTER 6 

GENERAL CONCLUSIONS 

 This thesis provides insight into Archean geodynamics and crustal growth processes, 

the amalgamation history of the southern Superior Province, and the across-strike architecture 

and deformation history of gold-bearing, crustal-scale fault systems in the Neoarchean south-

central Abitibi subprovince. Conclusions from each of the chapters in this thesis are summarized 

below. 

6.1 Investigations into the U-Pb LA-ICP-MS age patterns of detrital zircon grains from 

graywacke of successor basins (Chapter 2) 

Approximately 2100 U-Pb LA-ICP-MS analyses of detrital zircon grains were acquired 

from graywacke of the syn-orogenic Porcupine assemblage (six samples), Pontiac subprovince 

(2 samples), and Timiskaming assemblage (eight samples) successor basins. Sedimentary 

rocks of the Porcupine assemblage were deposited at ~2690-2685 Ma, the Timiskaming 

assemblage at ~2679-2669 Ma, and Pontiac subprovince basins at ~2685-2682 Ma (Ayer et al., 

2002; Davis, 2002). Statistical analysis reveals that all samples are dominated by Neoarchean 

grains (80-95% of the total population), suggesting a predominance of local sources. However, 

statistical differences in the proportion of Mesoarchean grains were observed. Porcupine 

assemblage samples contain ~5% Mesoarchean zircon, while Pontiac subprovince and 

Timiskaming assemblage samples contain ~18% and ~13% Mesoarchean zircon, respectively. 

Since no Mesoarchean rocks are documented in the Abitibi or Pontiac subprovinces, these 

grains must have been derived from a developing hinterland during regional amalgamation. The 

higher proportion of Mesoarchean zircon in the younger Timiskaming assemblage relative to the 

older Porcupine assemblage suggests that detritus from the hinterland was more prevalent 

during the late stages of collision, probably as a result of progressive uplift and denudation of 

the hinterland. Comparison to ~1500 published U-Pb zircon ages for the southern Superior 

Province indicates that the hinterland was to the northwest and was, in part, comprised of the 

Winnipeg River, Marmion, and Opatica subprovinces. Thus, the detrital zircon age patterns of 

successor basins from the Abitibi and Pontiac subprovinces record detrital transport across 

subprovince or terrane boundaries and progressive hinterland emergence. These observations, 

in conjunction with the progressive southward younging of contractional deformation, successor 

basin formation, and felsic plutonism in the southern Superior Province, are most consistent 

with a modern-style collisional or accretionary orogenic model. 
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6.2 Multi-isotope U-Pb and Lu-Hf LA-ICP-MS analysis of detrital zircon from successor 

basins of the Abitibi and Pontiac subprovinces (Chapter 3) 

In order to gain insight into crustal growth processes and coupled crust-mantle evolution 

during Meso- to Neoarchean construction of the southern Superior Province, Lu-Hf LA-ICP-MS 

detrital zircon analyses of grains from the successor basin samples were conducted at the 

locations of the U-Pb within the detrital zircon grains. The resultant data set includes ~1800 

paired U-Pb and Lu-Hf isotopic analyses. This data set represents one of the most 

comprehensive multi-isotope detrital zircon data sets for the region. These results provided 

constraints the isotopic character of magmatic source domains and were used to further asses 

the provenance of the successor basins, providing an indication of the configuration of terranes 

during regional amalgamations at the time of ~2690-2670 Ma successor basin formation. The 

majority of the results (~96%) yielded ɛHf values of +1 to +10 in the ~3000-2675 Ma age range. 

These data plot along projections from modern MORB depleted mantle (mMORB-DM; Griffin et 

al., 2002) compositions into the Archean, suggesting they were derived from a modern-style 

depleted mantle reservoir. The subordinate results, comprising ~4% of the data set, either 

yielded CHUR-like or lower ɛHf values, or values >+10. These results were interpreted to reflect 

derivation from sources that experienced multi-stage melt histories, reworking after short-lived 

crustal residence times, and/or mixing with magmas derived from or local melting of older crust.  

Comparisons to published U-Pb and Lu-Hf zircon data for the southern Superior 

Province suggest that likely source regions include the Winnipeg River, Marmion, and Quetico 

subprovinces, supporting the interpretations made solely from the U-Pb age patterns. Since 

mMORB-DM-like compositions predominate our results and sources are interpreted to include 

domains from across a wide region of the southern Superior Province, it is suggested that a 

modern-style depleted upper mantle reservoir was not only well-established, but prevalent in the 

mantle below each of these areas during their construction. The development of this reservoir 

likely occurred by pre-3000 Ma geodynamic processes. The strong mMORB-DM signature is 

inconsistent with non-tectonic processes, such as mantle overturn and stagnant lid behavior, 

because they predict that crustal growth by mantle upwelling results in a primitive mantle 

signature. It is suggested that the U-Pb and Lu-Hf data are most consistent with coupled crust-

mantle evolution that strongly resembles those in modern-style plate tectonic environments.    

6.3 Across-strike architecture of the Larder Lake-Cadillac deformation zone in the 

Kirkland Lake area of Ontario (Chapter 4) 

The regional, crustal-scale Larder Lake-Cadillac deformation zone (LLCdz) of Ontario 

and Quebec, Canada, was the site of strain localization during regional amalgamations and 
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hosts numerous orogenic gold deposits along its length (Monecke et al., 2017). Deposits are 

hosted directly within the first-order fault, but also occur within higher-order structural networks 

that can form broad, 2-10 km distributed fault zones (Robert, 1994; Robert et al., 1995). One 

such example is the world-class 30 Moz deposit hosted in the higher-order Main Break in the 

Kirkland Lake area of Ontario (Ispolatov et al., 2008). This study revealed that ductile high-strain 

zones are spaced (every ~500-1000 m) in a >6 km area to the north of the LLCdz. The high-

strain zones are characterized by a penetrative east-northeast-trending, subvertical foliation with 

a moderately- to steeply-northeast-plunging stretching lineation, and dextral shear sense 

indicators on horizontal erosional surfaces. These fabric relationships are interpreted to reflect a 

pure shear-dominated (i.e., a low kinematic vorticity number) dextral transpressional strain 

regime with a steeply inclined extension direction. The high-strain zones are spatially associated 

with earlier formed fault zones, and form the location for carbonate alteration and gold 

occurrences. The ductile high-strain zones separate zones of low strain where primary 

sedimentary and igneous structures are well preserved. The foliation is weakly developed and 

subparallel to that in the high-strain domains, and alteration is generally weak, except where 

directly adjacent to the high-strain zones. The low-strain domains show no shear sense 

indicators and are interpreted as predominantly pure-shear domains that formed coevally with 

the high-strain zones. 

The spatial association between ductile high-strain, earlier formed faults, carbonate 

altered rock, and gold occurrences suggests that each of the observed brittle-ductile 

deformation zones were conduits for locally mineralizing fluids during D3 deformation. This is 

similar to the pattern of mineralization observed in the Val D’Or district of Quebec (Robert, 1994; 

Robert et al., 1995). Based on these results, higher-order structures to the north of the Main 

Break may undiscovered deposits in the Kirkland Lake area. Exploration by geophysics or 

drilling in these areas should target steeply-dipping, NE-trending deformation zones.  

6.4 The Kirana deformation zone (Chapter 5) 

The Kirana deformation zone (Kdz) is a gold-bearing, higher-order splay of the crustal-

scale Larder Lake-Cadillac deformation zone (LLCdz) located in the Kirkland Lake area of 

Ontario (Chapter 4), which uniquely preserves structural relationships from early brittle fault 

behavior to later ductile and brittle deformation. The earliest structures are breccia domains and 

quartz-carbonate fault veins. Brecciated domains are well exposed at the Kirana East outcrop 

where chaotic breccia is present in the fault core and crackle breccia in the damage zone of the 

Kdz. Exploded ‘jigsaw’ textures are common, suggesting that the early development of the Kdz 

records dilational fault processes. Particle size distribution analysis of the breccia domains that 
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yielded relatively low D-values of 0.93-1.71, supporting the interpretation that they formed by a 

fluid-assisted, dilational origin. These results are consistent with an early history of ‘implosion’-

style brecciation along the Kdz, perhaps at a dilational jog or asperity. The dilational fracture 

networks are filled with quartz-rich material, suggesting that silica-rich fluids were coseismically 

emplaced during the early fault-slip events. However, no gold mineralization is documented in 

association with the breccia textures, potentially due to a lack of significant gold in the fault 

fluids at this time. After early fault development, widespread ductile shear at greenschist facies 

metamorphic conditions occurred along the Kdz. The ductile shear fabrics are characterized by 

subvertical dips, NE-trends, and dextral shear sense indicators on horizontal surfaces. These 

fabric relationships are interpreted to reflect NW-SE shortening and localized dextral 

transpressive strain. The sheared rocks are intensely carbonate altered and fabrics are defined 

by sericite- or chlorite-rich domains, suggesting they record syn-kinematic fluid infiltration. 

Native gold grains in the mylonitized fault core of the Kdz display textural relationships indicative 

of syn- to post-shear mineralization. The alteration assemblages and timing relationships 

recorded in the Kdz are similar to the Main Break to the south and other structurally-controlled 

deposits farther east along the LLCdz in Ontario and Quebec. The shear zones are crosscut by 

abundant small-scale faults and quartz-carbonate shear veins, indicating that a period of 

renewed brittle deformation followed ductile strain. These are associated with disseminated 

alteration halos of carbonate, albite, and sulfide minerals, indicating continued fluid flow during 

this phase of deformation. Mutually crosscutting vein sets are common and are interpreted to 

reflect cyclic emplacement driven by fault-valve behavior. Kinematic analysis of the shear veins 

indicates that they formed during NNW-SSE shortening, similar to the shortening direction 

during ductile deformation. Thus, this study constrains a series of progressive brittle-ductile 

deformation events, each of which facilitated further localization of strain and hydrothermal fluid 

flow. The early history of fault-related brecciation is interpreted to have played a major role in 

controlling the location of subsequent shear strain and gold mineralization. Thus, identification 

of such breccia zones may be used as an indicator for identification of prospective splays of 

crustal-scale faults in similar setting of all ages.  
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APPENDIX A 

ADDITIONAL FIELD MAPS AND OBSERVATIONS  

 One additional compilation map, several new 1:500-1:2000 scale maps and field 

observations in the general area of Kirkland Lake, Ontario, Canada, and results of automated 

mineralogy scanning electron microscope analyses, not presented in the thesis are included 

below.  

 

Figure A.1 – Geological map of the western Kirkland Lake area, Ontario (modified from 
Thomson, 1945).  
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Figure A.2 – Geological map of the Blake River assemblage – Timiskaming assemblage 

Timiskaming unconformity at Perron Lake. The outcrop occurs ~7 km to the west of Kirkland 

Lake (location #2 in Fig. A.1; after Thomson, 1946). 
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Figure A.3 – Distribution of outcrops associated with the Blake River assemblage – Timiskaming 

assemblage unconformity in the north of Kirkland Lake. The outcrops occur ~2 km to the north 

of Kirkland Lake. Northeastern and southwestern outcrops refer to detailed maps in Fig. A.4. 
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Figure A.4 – Results of the outcrop-scale mapping conducted at the Blake River assemblage – 
Timiskaming assemblage in the north of Kirkland Lake. The unconformity occurs ~2km to the 
north of Kirkland Lake near Doig Lake. Letters refer to the location of photographs shown in Fig. 
A.5. 
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Figure A.5 – Field photos of the Blake River assemblage – Timiskaming assemblage 
unconformity in the north of Kirkland Lake. The unconformity occurs near Doig Lake ~2 km to 
the north of Kirkland Lake. The hammer is 38 cm in length. The location of the photographs 
displayed in B-D are shown in Fig. A.4A. 
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Figure A.6 – Modal mineralogy of Kirana East breccia samples. Results of automated 
mineralogy scanning electron microscopy of samples from the Kirana East outcrop (Chapter 5).  



175 
 

A.1 References 

Thomson, J.E., 1945. Township of Teck, district of Timiskaming, Ontario. Ontario Department of 

Mines, Map No. 1945-1, scale 1:12,000. 

Thomson, J.E., 1946. The Keewatin-Timiskaming unconformity in the Kirkland Lake district. 

Transactions of the Royal Society of Canada IV, 113–124. 

  



176 
 

APPENDIX B 

SUPPLEMENTAL ELECTRONIC FILES 

 A list of the supplemental electronic material that supports the thesis work conducted in 

the south-central Abitibi subprovince is included below. The files include imagery of zircon grain 

mounts, compilations of previously published U-Pb zircon geochronology, data tables from the 

multi-isotope, U-Pb and Lu-Hf LA-ICP-MS analysis, structural orientation data, extended 

abstracts and posters presented at various conferences, and a copy Frieman et al. (2017) that 

contains a 1:10 000 map of the Kirkland Lake area of Ontario. The files are included either as 

zip, pdf, or excel files.  

 

File Name Content description 

Table LA-ICP-MS U-Pb data.xlsx 
Excel spreadsheet of U-Pb LA-ICP-MS 
data (Chapter 2) 

Table Detrital Hf data.xlsx 
Excel spreadsheet of Lu-Hf LA-ICP-MS 
data (Chapter 3) 

Zircon Imagery and Extra Plots.zip 
Optical and SEM images of zircon 
grains (Chapters 2 and 3) 

Tables of Compiled U-Pb Zircon.zip 
Zip file of compiled zircon 
geochronology (Chapter 2) 

Frieman_Structure Data_2014-15.xlsx 
Excel spreadsheet of structural 
orientation data (Chapters 4 and 5) 

Abstracts and Posters.zip 
Zip file containing extended abstracts 
and posters 

Frieman et al., 2017; GSC of_8245.pdf 
GSC report containing a 1:10 000 scale 
map of the Kirkland Lake area of 
Ontario, Canada (Chapters 4 and 5) 
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