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ABSTRACT

Komatiites occur in many Archean and Proterozoic greenstone belts worldwide,
provide critical information about the nature of early Earth volcanism and the
stratigraphy, structure, and crustal evolution of greenstone belts, and locally host Ni-
Cu-(PGE) sulfide deposits. Despite their importance, many aspects of the physical
volcanology of komatiites are not well understood. The Western Abitibi Greenstone Belt
(WAGB) contains some of the best exposed and well-preserved komatiites on Earth,
including several areas with spectacular glacially-polished and well-preserved outcrops,
and is one of the best places to address some of the fundamental questions regarding
the physical volcanology of komatiites.

Komatiites form a wide range of volcanic facies (e.g., textural, morphological,
lithological, and volcanological facies) and geochemical types (e.g., ADK: Al-depleted,
TEK: Ti-enriched, AUK: Al-undepleted, TDK: Ti-depleted) that occur sporadically
throughout the Superior Province. The western Abitibi greenstone belt is one of the
youngest volcano-plutonic greenstone belts in the Superior Province and is
characterized by approximately equal proportions of supracrustal (53%) and intrusive
rocks (47%). Komatiitic volcanism spaned over 40 Ma and occurs as minor component
in 4 volcano-sedimentary assemblages: the Pacaud assemblage (2750-2735 Ma)
contains ~4% komatiites with abundant differentiated flows (ortho- to mesocumulate
lower zones and poorly developed spinifex-textured upper zones) and less abundant
undifferentiated flows (olivine-phyric or ortho- to mesocumulate) characterized by TDK
geochemical type, the Stoughton-Rogquemaure assemblage (2723-2720 Ma) contains
~3% komatiites with undifferentiated flows, pillowed flows with lesser differentiated
flows characterized by ADK-TEK=<AUK geochemical types, and the Kidd-Munro
assemblage (2719-2711 Ma) with ~11% komatiites and the Tisdale assemblage
(2710-2704 Ma) with ~7% komatiites both contain undifferentiated flows with
abundant ortho- to adcumulate rocks with fewer olivine-phyric rocks, and
differentiated flows with thick orthocumulate lower zones and thin spinifex-textured
upper zones characterized by AUK > ADK-TEK. Thus, the younger assemblages (Kidd-
Munro and Tisdale) contain larger volumes of komatiitic rocks, in particular larger
volumes of thick, highly magnesian cumulate lava channels and channelized sheet
flows than the older assemblages (Pacaud and Stoughton-Roquemaure). This might



reflect higher magma discharge rates, emplacement closer to the eruptive site, and/or

selective preservation.

Substrate erosion by modern lava flows and Archean komatiite lava flows has
been debated for many years, but is now recognized by most workers to be one of the
most dominant mechanisms in the genesis of komatiite-associated Ni-Cu-(PGE)
deposits worldwide. Field relationships at the Alexo Mine in Dundonald Township
provide unequivocal evidence for thermomechanical erosion of andesite by komatiite.
The evidence includes: 1) nested footwall embayments occur on scales from 100s of
meters to a few centimetres; 2) the morphologies of the embayments vary from
concave to re-entrant; 3) the basal contact is very sharp but scalloped and clearly
transgresses the footwall rocks without any evidence of a regolith, shearing, or folding;
4) there is evidence for contact metamorphism along the entire length of the contact,
but it appears to be thicker and more intense around embayments; 6) xenoliths are
more common within embayments; and 7) komatiitic dikes penetrate downward into
the host andesites primarily along the lateral margins of embayments. The spatial
association between thermomechanical erosion and Fe-Ni-Cu sulfide mineralization
indicates a clear relationship between those two critical mechanisms in the genesis of
komatiite-associated Ni-Cu-(PGE) deposits.

Inflation processes have been recognized as an important mechanism in the
emplacement of basaltic flow fields in Hawaii and in continental flood basalts, and have
been inferred to have been important in the emplacement of komatiite flows in
Western Australia and South Africa. Detailed mapping at Pyke Hill in Munro Township
and Serpentine Mountain in McArthur Township indicates that thin komatiite sills/dikes
present within those komatiite sequences, which have been previously interpreted as
segregation veins, represent new pulses of hotter magma into cooler, semi-
consolidated but permeable cumulate materials during endogenous growth of lava
conduits (i.e., lava tube to lava channel). This interpretation is supported by a more
compiex organization of the spinifex-textured zone than is normally observed in lava
flows, coarsening of olivine crystals at the margins of the sills, and concentric
overgrowth shells or dendritic olivine overgrowths that grew from the cumulate-sill
contact toward the sill interior. These intrusions suggest that these systems were more
dynamic and may indicate preferred lava pathways or tubes that served to focus lava
flow. Despite the fact that thin spinifex-textured sills appear to have been observed

only within unmineralized komatiitic lava flows, this volcanic environment is permissive



for thermomechanical erosion. Furthermore, spinifex-textured sills might also be used
to aid in the identification and delineation of nearby larger lava pathways that could be
more prospective and potentially host Ni-Cu-(PGE) mineralization within subvolcanic-

volcanic komatiite lava flow fields.

Komatiitic rocks are well known to occur as lava flows but also occurs as
hypabyssal and abyssal intrusions providing important constraints on the architecture
of the komatiite volcanic-subvolcanic sequences in the Abitibi greenstone belt. An
intrusive origin for some komatiites previously interpreted as extrusive is supported by
transgressive relationships with overlying rocks, symmetric differentiation (upper and
lower chilled margins characterized by fine-grained spinifex-textured rocks) in
comparison to asymmetric differentiation within komatiite flows (A and B zones),
and/or peperites along the upper contacts. Recognition of direct linkages between
intrusive and extrusive komatiitic rocks in Dundonald Township suggest that density
and rheology of the near-surface rocks governs whether they will be emplaced as lava
flows, invasive flows, or sills and also influences the localization of Ni-Cu-(PGE) sulfide
deposits. The initial eruptions in lava-dominated environments are typically most
voluminous and, if erupted at sufficient flow rates, form channelized flows conducive to
thermomechanical erosion of sulfur-rich footwall rocks. In subvolcanic-volcanic
environments, however, channelized units may also occur within the subvolcanic
plumbing system. Where only the sills are channelized (e.g., Thompson belt),
mineralization will occur only within the subvolcanic environment, where only the flows
are channelized (e.g., Damba-Silwane), mineralization will occur only within the
volcanic environment, but where both sills and lava flows are channelized (e.g.,
Dundonald, Shaw Dome, possibly Raglan), the distribution of the mineralization is
more diverse and may occur within both environments as sub-seafloor and seafloor Ni-
Cu-(PGE) sulfide deposits.
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CHAPTER 1 - INTRODUCTION

The spectacular textures and structures of komatiites have captured the
imagination and attention of geologists since their interpretation as extrusive rocks
by Viljoen and Viljoen (1969) in the Barberton Mountain Land in South Africa.
Several attempts have been made to classify komatiites and other high-magnesium
volcanic rocks, and distinguishing between komatiites, komatiitic basalts, and picrites
is still a matter of debate (see Le Bas, 2000; Kerr and Arndt, 2001; Le Bas, 2001;
Arndt, 2008). However, it is generally accepted by most workers that komatiites are
ultramafic volcanic rocks or intrusive equivalents that are characterized by very high

MgO (>18%), moderately low SiO; and Al;03, and very low K;O and TiO, contents.

Spinifex textures were once considered diagnostic of an extrusive origin, but
have since been shown to occur in both flows and high-level intrusions (e.g.,
Donaldson, 1974; Arndt et al., 2004; Houlé et al., 2004). Spinifex texture was first
defined by Nesbitt (1971) because of the resemblance with spinifex grass in Western
Australia (Fig. 1.1), but the same texture had been previously recognized and
referred to “chicken-track” texture by Naldrett and Mason (1968) in their study of
ultramafic rocks in Dundonald Township in the Abitibi greenstone belt.

Komatiites and komatiitic basalts are almost entirely restricted to Archean
cratons and Proterozoic mobile belts (see review by Arndt, 2008), but rarely occur in
younger environments (e.g., Gorgona Island: Columbia) (Fig. 1.2). Komatiites form
a wide range of volcanic facies (e.g., Arndt et al., 1979; Lesher et al., 1984, Hill et
al., 1995), some of which locally host magmatic Ni-Cu-(PGE) deposits (e.g., Lesher,
1989; Lesher and Keays, 2002; Naldrett, 2004). Komatiites have been interpreted by
most workers to have formed by a high degree of partial melting (e.g., Nesbitt and
Sun, 1976; Arndt, 1977) in mantle plumes (e.g., Fyfe, 1978; Campbell et al., 1989;
Herzberg et al., 2000; Arndt, 2008) or in subduction-like environments (e.g.,
Allegre, 1982; Parman et al., 2004). Regardless, they appear to have erupted as
voluminous, highly mobile flows capable of travelling long distances (~10s to 100s
km long) once channelized (e.g., Lesher et al., 1984; Huppert and Sparks, 1985;
Williams et al., 1998). A significant amount of research has been directed toward

understanding the metallogenesis of komatiites, as komatiite-hosted magmatic Fe-



Ni-Cu sulfide deposits represent approximately 20% of the global nickel resources in
the world (Hoaston et al., 2006).

Figure 1.1 Spinifex grass in Western Australia (courtesy of Rebecca Sproule).
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1.1 Statement of problem

Komatiites and komatiitic basalts represent only a small proportion of
supracrustal sequences within Archean or Proterozoic greenstone belts around the
world. However, understanding komatiite physical volcanology provides critical
information about the nature of early Earth volcanism, the stratigraphy, structure
and crustal evolution of Archean and Proterozoic greenstone belts, and the genesis of
komatiite-associated Ni-Cu-{PGE) deposits.

A large amount of research over the past 40 years has been focused on the
petrologic and geochemical characteristics of komatiites and their source regions
compared to the amount of research conducted on the physical volcanology of
komatiites. This discrepancy is in part a reflection the fact that no historic komatiite
eruptions are known and most komatiites are only preserved within deformed and
metamorphosed Archean and Proterozoic volcanic belts in which mapping komatiites
physical characteristics and modelling their physical volcanology are extremely
challenging.

Komatiite lava field models (Hill et al., 1990; 1995), inspired from previous
subaqueous mafic flow models in Archean greenstone belts (e.g., Abitibi: Dimroth et
al., 1978), depict them as an anastomosing network of lava rivers and levee facies.
Recent advances in understanding physical volcanology of Hawaiian basalts (Hon et
al., 1994) and flood basalts (Self et al., 1996; 1997), led Hill (2001) to further
interpret komatiite lava flow fields as a direct analogues of modern inflationary
basaltic lava flow fields. However, basalts have much lower eruption temperatures,
significantly higher viscosities, appreciably smaller intervals between the liquidus and
solidus temperatures, and significantly higher specific heat contents (see Chapter 2).
Moreover, those in Hawaii erupted subaerially onto low-relief, near-horizontal
surface, so they are probably not good analogs for komatiites (Barnes and Lesher,
2008). Subaqueous flood basalts would be better analogues, at least for thicker
komatiite flows, but their volcanology is even less well constrained.

Several aspects of komatiite physical volcanology are still hotly debated, and
require further study. These can be grouped into three broad topics: physical
behaviour of komatiite lava flows and sills, volcanic-subvolcanic architecture, and

geodynamic setting. These points include:



Geodynamic setting

What is the geodynamic setting of komatiites? Were they plume-related,
subduction-related, or did they result from plume-arc interaction, or some
other process?

What is the significance of komatiite (e.g., proportion and distribution) within

a greenstone belt?

Volcanic (-subvolcanic) architecture

What are the relationships between intrusive and extrusive komatiites?

If spinifex texture is not diagnostic of an extrusive environment, is there a

difference between spinifex texture in intrusive versus extrusive komatiites?

How the flows are organized in terms of their internal zonation and how does
this change in or across a flow field differ from the internal zonation of

intrusive komatiites?

What is the architecture of komatiite lava flow fields at the greenstone belt-

scale?

What is the role of the physical volcanology (i.e., volcanic-subvolcanic

architecture) on metallogenetic models for komatiite-associated deposits?

Physical behaviour of komatiite lava flows/sills

Were komatiites dry or wet?

Were they capable of thermomechanical erosion?

Were they capable of vesiculation and explositivity?

Were they inflationary?

This is a broad range of critical questions that must be asked regarding the

physical volcanology and the nature of komatiites in general. This thesis does not

attempt to answer all of then. However, several chapters bring new insights to

several questions within those three broad areas.



1.2 Aim and Objectives

The principal aim of this thesis is to better understand, using a volcanological
facies analysis approach, the physical volcanology and the metallogenesis of
komatiites in the western part of the Abitibi greenstone belt (WAGB). A better
understanding of the volcanic architecture of komatiites will help constrain
stratigraphic, tectonic, and metallogenic models throughout the WAGB that may aid

in the development of similar models in other greenstone belts.

In order to accomplish those goals, the following specific objectives were
defined: 1) establishment of a komatiite facies classification scheme for the WAGB;
2) determination of regional (i.e., belt-scale) facies variations for komatiites in the
WAGB; 3) determination of local (i.e., Township-scale, outcrop-scale) facies
variations for komatiites in the WAGB; 4) evaluation of the role of komatiite sills and
dikes within the WAGB; and 4) determination of the prevalent processes responsible
for the formation of nickel sulfide deposits associated with komatiites in the WAGB.

The WAGB, which includes the Kidd-Munro and Tisdale assemblages (Ayer et
al., 2002), is an ideal area for the study because it is easily accessible and contains
well-exposed glacially-polished outcrops that preserved the primary volcanic
structures and textures of the rocks. The belt has also been the focus of a recent
comprehensive geoscience program undertaken by the Ontario Geological Survey,
which included extensive geochronological analysis (e.g., Ayer et al., 1997; 1999a;
1999b; 2002; 2005), and a regional geochemical study on komatiite geochemistry
and petrogenesis undertaken collaboratively by Mineral Exploration Research Centre
of Laurentian University (Sudbury) and the Ontario Geological Survey (Sproule et al.,
2002; 2003; 2005). These studies provide excellent stratigraphic and geochemical
controls on the komatiites in the WAGB, allowing more detailed examination of the
spatial and temporal variations in their physical volcanology at various scales
throughout the WAGB.



1.3 Organization and Co-Authorship

This dissertation is presented in 7 chapters. Chapters 2 and 3 have been written
as manuscripts for publication in a refereed government publication and chapters 4,
5, and 6 have been written as manuscripts for publication in refereed scientific
journals. To a certain degree these chapters overlap and the nomenclature used
within each chapters varies slightly (reflecting variations in the time of publication),
but considerable effort has been made to minimize these issues within this
dissertation.

A number of collaborators provided supervision and scientific guidance at
different stages of the manuscript preparation. They encouraged scientific exchanges
that stimulated my thinking on different aspects of komatiite physical volcanology
and komatiite genesis. However, as senior author, I acquired most or all of the field
and laboratory data, made the primary interpretations of the data, drafted all the
diagrams, wrote the first drafts of all the manuscripts, made all of the revisions,

submitted all of the manuscripts, and communicated with the journal editors.

Chapter 1 introduces the reader to the problems, the aims and objectives, the
methodology used to achieve those objectives, the organization of this study, and

information about co-authorships on multi-authored papers.

Chapter 2 is written as a manuscript entitled “Physical Volcanology of
Komatiites in the Abitibi Greenstone Belt” (published in Summary of Field Work
and Other Activities 2001: OFR 6070). It summarizes the nomenclature and the
volcanic terminology used for komatiites, proposes revised komatiite classification
scheme, presents an overview of the komatiite physical volcanology, and
summarizes the geochronological and stratigraphic framework of komatiites in the

WAGB. Minor modifications were made from the published version.

The co-authors that have collaborated to this publication are: Lesher, C.M.,
Gibson, H.L., and Sproule, R.A., Mineral Exploration Research Centre, Department of
Earth Sciences, Laurentian University, 933 Ramsey Lake Road, Sudbury, Ontario P3E
6B5 Canada; Fowler, A.D., Ottawa-Carleton Geoscience Centre, Department of Earth
Sciences, University of Ottawa, 140 Louis Pasteur, Ottawa, Ontario K1N 6N5 Canada.



Chapter 3 is written as a manuscript entitled “Physical Volcanology and
Economic Potential of Komatiite-Associated Ni-Cu-(PGE) Deposits,
Bannockburn Township Area” (published in Summary of Field Work and Other
Activities 2005: OFR 6172). It summarizes the physical volcanology and the potential
for komatiite-associated Ni-Cu-(PGE) mineralization in the Bannockburn area within
the southern part of the western Abitibi greenstone belt, and provides a brief
description of an unusual occurrence where the Fe-Ni-Cu sulfide ore is a major
component of the host unit. Minor modifications were made from the published

version.

The co-authors that have collaborated to this publication are: Préfontaine, S.
and Berger, B.R, Precambrian Geosciences Section, Ontario Geological Survey, 933
Ramsey Lake Road, Sudbury, Ontario P3E 6B5 Canada.

Chapter 4 is written as a manuscript entitled “Komatiitic Sills and Multi-
Generational Peperite at Dundonald Beach, Abitibi Greenstone Belt, Ontario:
Volcanic Architecture and Nickel Sulfide Distribution” (published in Economic
Geology, volume 103, 2008). It summarizes the subvolcanic and volcanic
architecture of a komatiite-dominated volcano-sedimentary sequence in Dundonald
Township, and provides new insights on the influence of the near-surface rocks in
the construction of the volcanic edifice and where the nickel sulfide mineralization

occurred within this edifice.

The co-authors that have collaborated to this publication are: Lesher, C.M. and
Gibson, H.L., Mineral Exploration Research Centre, Department of Earth Sciences,
Laurentian University, 933 Ramsey Lake Road, Sudbury, Ontario P3E 6B5 Canada;
Davis, P.C., First Nickel Inc., Suite 206, 120 Front Street East, Toronto, Ontario M5A
419 Canada.; Cas, R.A.F., and Beresford, S.W., School of Geosciences, Monash
University, Victoria 3800 Australia ; Arndt, N.T., LGCA, Université Joseph-Fournier a
Grenoble, 1381 Rue de la Piscine, 38401 St Martin d'Héres, France.

Chapter 5 is written as a manuscript entitlted “Endogenous Growth in
Komatiite Lava Flows: Evidence from Spinifex-Textured Sills at Pyke Hill and
Serpentine Mountain, Western Abitibi Greenstone Belt, Northeastern
Ontario, Canada” (accepted, pending revisions for publication in Bulletin of
Volcanology). It summarizes new results acquired from detailed mapping and

petrographic work done at two very well-preserved komatiite flows within the



western Abtibi greenstone belt: Serpentine Mountain (McArthur Township) and Pyke
Hill (Munro Township), and provides new insights on the significance of inter-
formational spinifex-textured sills within the komatiite lava flow field. This work
includes research done as part of a B.Sc thesis written by Préfontaine at University of
Ottawa and supervised by Fowler and Houlé

The co-authors that have collaborated to this publication are: Préfontaine, S.
and Fowler, A.D., Ottawa-Carleton Geoscience Centre, Department of Earth
Sciences, University of Ottawa, 140 Louis Pasteur, Ottawa, Ontario K1N 6N5 Canada;
Gibson, H.L., Mineral Exploration Research Centre, Department of Earth Sciences,
Laurentian University, 933 Ramsey Lake Road, Sudbury, Ontario P3E 6B5 Canada.

Chapter 6 is written as a manuscript entitled “Thermomechanical Erosion
and Genesis of Komatiite-Associated Ni-Cu-(PGE) Mineralization at the
Alexo Mine, Abitibi Greenstone Belt” (to be submitted in spring 2008 for
publication in Economic Geology or Mineralium Deposita). It summarizes new results
acquired from detailed mapping, petrographic work, and geochemical analysis on
hydraulically-cleaned glacially-polished exposures at the Alexo mine in Dundonald
Township, provides unequivocal evidence for thermomechanical erosion of andesite
by komatiite, and proposes that this mechanism was a key process in the genesis of
the komatiite-associated Ni-Cu-(PGE) deposits in the area.

The co-authors that have collabarated to this publication are: Lesher, C.M.,
Mineral Exploration Research Centre, Department of Earth Sciences, Laurentian
University, 933 Ramsey Lake Road, Sudbury, Ontario P3E 6B5 Canada; Davis, P.C.,
First Nickel Inc., Suite 206, 120 Front Street East, Toronto, Ontario M5A 4.9 Canada.

Chapter 7 summarizes the new insights on the physical volcanology and
metallogenesis of komatiite from this study.



1.4 Statement of Original Contributions

The following points focus on the main original contributions presented in this
study to our knowledge on the physical volcanology of komatiites in the western

Abitibi greenstone belt.

1) This study demonstrates that there is a close association between intrusive
and extrusive komatiites in the WAGB, identifies the critical role of the near-
surface rocks in controlling extrusive and intrusive emplacement, and defines
the potential influence of the volcanic-subvolcanic architecture on the

localization of the komatiite-associated Ni-Cu-(PGE) mineralization;

2) This study identifies thin spinifex-textured sills that have intruded their own
volcanic piles as evidence of endogenous growth (i.e., inflation) in a komatiite
lava flow field;

3) This study presents one of the best examples of the interaction between a
mineralized komatiite and its footwall rocks, providing unequivocal evidence
for thermomechanical erosion of andesite by komatiite.

10



CHAPTER 2 - PHYSICAL VOLCANOLOGY OF KOMATIITES IN

THE ABITIBI GREENSTONE BELT

2.1 Introduction

Komatiites are ultramafic volcanic rocks with greater than 18% MgO (Arndt and
Nisbet, 1982). Since the recognition of komatiites as lavas by Viljoen and Viljoen
(1969), it has been appreciated that komatiites must have had unusual physical
properties, including very high liquidus temperatures (up to 1640°C), very low
dynamic viscosities (down to 0.1 Pa-s™'), very high specific heats (up to 1760 J-kg~
t.oc™y, and a very large range between the liquidus and solidus (up to 400°C), which
permitted them to form very mobile flows with the potential to flow long distances and
to crystallize large amounts of olivine before solidifying (see reviews by Nisbet, 1982;
Huppert and Sparks, 1985; Lesher, 1989; Williams et al., 1998). Much work has
subsequently been done on their physical properties, phase equilibria and
crystallization, geochemistry, and textural variability. However, because there have
been no historic komatiite eruptions and because the Archean and Proterozoic volcanic
belts in which most komatiites are preserved are folded and faulted, interpretations of
their volcanology have been limited to relatively small scales (e.g., Pyke et al., 1973;
Arndt et al., 1979; Lesher et al., 1984; Hill et al., 1990; Cas et al., 1999). Because of
variations in discharge rate, topography, temperature, composition, volatile content,
and viscosity, not all facies will be present in the same area, which further hampers
correlations between different areas within the same komatiite flow field. Models have
been developed on the scale of entire volcanic successions based on observed
stratigraphic relationships (Lesher, 1989) or on the scale of entire flow fields based on
models developed for Hawaiian basalts (e.g., Hill et al., 1990; 1995). However, basalts
had much lower eruption temperatures, much higher viscosities, much narrower
crystallization intervals, and much lower heat contents, and those in Hawaii erupted
subaerially onto greater slopes, so they are not good analogues for komatiites.
Subaqueous flood basalts would be better analogues, at least for thicker, more
channellized komatiite flows, but their volcanology is even less well constrained.
Nevertheless, the determination of volcanic facies is particularly important as it will be
shown that such information facilitates recognition of favourable volcanic sequences

11



that may host magmatic nickel-copper-platinum group elements (PGE) sulphide
mineralization (Lesher, 1989; Barnes et al., 1999).

This project is part of a PhD study based at Laurentian University and the
University of Ottawa, under the supervision of Drs. C.M. Lesher and A.D. Fowler. The
principal aims of the project are to establish variations in the volcanic facies of
komatiites within the Abitibi greenstone belt (AGB), to test and refine current
stratigraphic, tectonic, and metallogenic models for the AGB (Jackson and Fyon, 1991;
Jackson et al., 1994; Heather, 1998; Ayer et al., 1997; 1999a; 1999b), and to help
constrain the volcanic architecture of komatiite flow fields. The AGB was selected for
study because of the excellent mineralogical and textural preservation of the rocks, the
abundance of glacially polished outcrops, and the excellent geological, geochemical,
and geochronological database. A better understanding of the volcanic architecture of
komatiites will help constrain stratigraphic, tectonic, and metallogenic models
throughout the AGB and may aid in the development of similar models in other
greenstone belts. Three broad topics have been addressed thus far: 1) classification of
komatiite lava flow facies; 2) determination of regional facies variations of komatiites
in the AGB; and 3) determination of local facies variations of komatiites in the AGB. A
komatiite lava flow classification has been developed to provide an internally consistent
framework for the classification of komatiites in the AGB. Regional facies variations of
komatiites in the AGB have been studied by compiling data from both the literature
and from previous projects by Drs. Lesher and Fowler, supplemented by field work in
critical areas. Local facies variations of komatiites have been studied by detailed
mapping of key areas with unparalleled exposure. This multi-scale, integrated
approach has been critical in constraining interpretations regarding komatiite facies,
and aid ultimately interpretations of the volcanic architecture of komatiite flow fields.

2.2 Physical Volcanology

2.2.1. Komatiite Lava Flow Classification

Previous volcanological classifications of komatiites have included textural facies
(e.g., Pyke et al., 1973; Donaldson, 1982), morphological facies (e.g., Arndt et al.,
1979; Imreh, 1980), flow facies, and volcanic facies (e.g., Lesher et al., 1984, Lesher,
1989; Hill et al., 1995; Barnes et al., 1999). Because komatiites exhibit such a wide
range of textural, morphological, flow, and volcanic facies, we have utilized a 3D

12



matrix method to classify komatiite facies in which the order of classification is from
small- to large-scale observations.

Komatiite textural facies occur on the scale of individual flow profiles and vary
with lava composition, temperature, viscosity, flow rate, cooling, nucleation, and
crystallization rates (e.g., Donaldson, 1982), forming an extremely wide range of
textures including adcumulate, mesocumulate, orthocumulate, porphyritic, platy
spinifex, acicular spinifex, aphyric, flow-aligned and autoclastic textures. Textural
facies of komatiites are controlled primarily by the eruption rate, cooling rate, degree
of olivine accumulation, degree of differentiation, degree of inflation, and timing of

ponding.

Komatiite morphological facies occur on the scale of individual flow units and vary
within and between flow fields depending on eruption rate and style, mode and
environment of emplacement, lava viscosity, flow rate, and flow regime, resulting in
channels, sheets, lobate sheets, flattened pillows, spherical pillows, autoclastic lavas,
and pyroclastic units. Each morphological facies is distinguished by a width:height
aspect ratio (Fig. 2.1). Sheet flows (high aspect ratio) are a common morphological
facies in Archean komatiites. Pillowed flows (spherical or flattened with low aspect
ratio) are less common in komatiites than in basalts, although Ilobate flows
(intermediate aspect ratio) are common and perhaps broadly equivalent, reflecting the
higher flow rates and lower viscosities of komatiites. Autoclastic rocks, formed by
quench fragmentation at the contact of hot lava and cold water, occur along the upper
margins of some subaqueous komatiite flows, but thick autoclastic flows are much
rarer in komatiites than in basalts, also reflecting the higher flow rates and lower
viscosity of komatiites. Pyroclastic komatiites are relatively rare in most areas,
probably reflecting their low volatile contents (a consequence of high degrees of partial
melting of depleted mantle with no evidence of any metasomatic component in most

cases), and deeper water emplacement for most komatiites.

Komatiite flow facies include simple and compound flows and volcaniclastic
deposits. Simple flows comprise single cooling units, defined by chilled margins in
contact with substrate or aqueous environment, whereas compound flows comprise
muitiple cooling units, commonly resulting from “piling up” of individual flow units
(e.g., Walker, 1972). An outstanding problem is whether the thin differentiated

(spinifex- and cumulate-textured) lobate sheets that are common in many komatiite
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Increasing
flow rate and/
or decreasing
viscosity

Increasing
aspect ratio

Figure 2.1 Classification scheme for morphological facies based on width:height (W:H) aspect
ratio: A, spherical pillow (<2:1); B, flattened pillow (2:1-5:1); C, lobate sheet (5:1-20:1); and
D, sheet (>20:1).

sequences are simple or compound flows. Volcaniclastic deposits may produced by
quench fragmentation (autoclastic), explosive eruption (pyroclastic), or redeposition

(epiclastic).

Komatiite volcanic facies, established by stratigraphic mapping in smaller scale
areas (e.g., Lesher et al., 1984) and by inference on a larger scale (e.g., Lesher, 1989;
Hilt et al., 1990; 1995; Barnes et al., 1999), include vent pyroclastic facies, sheet flow
facies, lava channel facies with or without overbank facies, lava pond facies, lobate
sheet facies, and distal pyroclastic and/or epiclastic facies. The basal flows in many
komatiite sequences are commonly thicker and are often separated by interflow
sediments, whereas the flows in the upper parts are commonly thinner and devoid of
sediments (Lesher et al.,, 1984) indicating that the initial eruptions were more
voluminous and more episodic, that later eruptions were less voluminous and more

continuous, and that the lava facies regressed over time (Lesher, 1989).

A classification scheme has been developed that focusses on the relationship
between three major processes to generate a wide range of facies as function of olivine
accumulation, differentiation, and aspect ratio provide the most systematic and useful
basis for mapping and classifying komatiites (Fig. 2.2).

However, it is important to appreciate that the axes in this classification scheme
indirectly include many other factors that are important to the physical volcanology of
komatiitic rocks. For example, the olivine accumulation axis reflects the amount of
magma that can be moved in the pathway (i.e., level of replenishment). The
differentiation axis reflects the crystallization rate and timing of lava ponding during

emplacement. The aspect ratio axis varies within and between flow fields depending on
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eruption rate and style, mode (laminar versus turbulent) and environment of

emplacement, lava viscosity, and flow regime.

This 3D matrix komatiite lava flow classification scheme allows us to establish the
relationship between textural and morphological facies that define flow facies and
volcanic facies. Komatiite volcanic facies are assumed to vary on the scale of an entire
flow field and on the scale of individual flow units, and to have included vent
pyroclastic facies, sheet flow facies, lava channel facies with or without overbank
facies, lava pond facies, lobate sheet facies, and distal pyroclastic and/or epiclastic
facies. However, because no komatiite flow fields have been mapped and because the
individual volcanic facies in the parts of flow fields that have been mapped may extend
for distances of up to 100 km or more (Lesher et al., 1984; Hill et al., 1995), the
proportions of these facies and their spatial configurations are unknown.
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Figure 2.2 3D matrix facies classification scheme based on degree of olivine accumulation
(horizontal axis), morphology (vertical axis), and degree of differentiation (depth axis).
Exampies of facies types in komatiites and komatiitic basalts include: undifferentiated, aphyric
pillowed flows (Ala); undifferentiated, aphyric lobate flows (Cla); weakly differentiated, non-
cumulate lobate flows (Clb); moderately differentiated, non-cumulate lobate flows (Clc);
strongly differentiated, non-cumulate lobate flows (Cld); moderately differentiated olivine-phyric
lobate flows (Cllc); moderately differentiated olivine orthocumulate lava channels (Cllic);
moderately differentiated olivine mesocumulate lava channels (CIVc); moderately differentiated,
olivine mesocumulate sheet flows (DiVc); and weakly differentiated, olivine adcumulate sheet
flows (DVb). ' :

15



2.3 Regional Facies Variations of Komatiites in the Abitibi

Greenstone Belt

The Abitibi greenstone belt (AGB) is located in the Superior Province, the largest
Archean craton in the world. It is characterized by a high ratio of supracrustal to
intrusive rocks (Fig. 7.3) and generally low metamorphic grades: predominantly lower
greenschist and local prehnite-pumpellyite facies with amphibolite facies occurring
adjacent to large granitic plutons (Jolly, 1982). It also contains world-class orogenic
lode gold deposits, world-class volcanic-associated copper-zinc (-lead) massive
sulphide deposits, and minor magmatic nickel-copper (-PGE) and PGE (-copper)
deposits (Jackson and Fyon, 1991). The AGB has been divided in 2 volcanic zones: the
“Northern Volcanic Zone” (NVZ) and the “Southern Volcanic Zone” (SVZ) (Dimroth et
al., 1982; Ludden et al., 1986; Chown et al., 1992). Felsic, intermediate, and mafic
volcanic rocks occur in both zones, but picrites, komatiitic basalts, and komatiites
occur predominantly in the SVZ.

Previous work demonstrated that the AGB is composed of a large number of
lithologically and tectonically different assemblages (Jackson and Fyon, 1991),
However, Ayer et al. (1997; 1999a; 1999b; 2002) have subdivided the AGB in Ontario
into 9 stratigraphically distinct assemblages, 7 of which are dominantly volcanic and 2
of which are dominantly sedimentary. This subdivision has been modified recently by
Thurston et al. (2008) where some volcanic assemblages were combined to redefine
only 6 volcanic assemblages instead than 7 as previously defined by Ayer and co-
workers (Fig. 2.3; Fig. 7.2). Only 4 of the assemblages contain ultramafic rocks: the
Pacaud assemblage (PCA), the Stoughton-Roquemaure assemblage (SRA), the Kidd-
Munro assemblage (KMA), and the Tisdale assemblage (TSA). The komatiitic rocks
represent only a minor proportion of each assemblage (Sproule et al., 2002; see also
Fig. 7.4): the PCA contains less than 1% (by volume) komatiitic rocks, which occur
primarily in the upper part of the volcanic sequence associated with more abundant
massive to pillowed tholeiitic basalts; the SRA assemblage contains approximately 2%
komatiitic rocks, which generally occur near the base of the assemblage associated
with more abundant mafic volcanic rocks; and the KMA and TSA contain approximately
5% komatiitic rocks, which occur near the base of volcanic sequences overlying
intermediate to felsic volcanic rocks and underlying mafic volcanic rocks. A second
sequence of komatiitic
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rocks may be present near the top of the Tisdale assemblage, however, they could be
a structural repetition of a lower sequence (J.A. Ayer, OGS, personal communication,
2001).
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Figure 2.4 Summary of geochemical (or lithological) and textural facies for the komatiitic rocks
in different assemblages of the Abitibi greenstone belt.

Interpreting volcanic environments is difficult as the environments may be
complicated by primary factors (e.g., more than one eruptive centre in each
assemblage, differences in eruption rate and style, mode and environment of
emplacement) and secondary factors (e.g., metamorphism, alteration, structural
complexity). However, there are clear Ilithological, geochemical, textural, and
volcanological differences between the komatiitic rocks in the different assemblages of

the AGB. Lithological, textural, and volcanological differences are summarized in Figure
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2.4 (see also Table 7.2); geochemical differences are summarized in Sproule et al.
(2002) (see also Table 7.1).

The PCA is dominated by simple flows with lesser compound flows. The simple
flows include abundant differentiated flows (ortho- to mesocumulate lower zones and
poorly developed spinifex-textured upper zones) and less abundant massive flows
(olivine-phyric or ortho- to mesocumulate). The SRA is dominated by compound flows
with lesser simple flows. Massive flows are frequently associated with compound flows,
whereas differentiated flows only occur in specific parts of the SRA. The TSA and KMA
contain more simple flows than compound flows. Both massive and differentiated flows
are commonly present in these assemblages, however, the massive flows are
characterized by abundant ortho- to adcumulate lithologies with fewer olivine-phyric
lithologies and differentiated flows are characterized by thick orthocumulate lower

zones with thin spinifex-textured upper zones.

Volcaniclastic komatiitic rocks occur in the KMA and TSA, and are typically
autoclastic (i.e., flow top breccia hyaloclastite or reworked hyaloclastite rather than
pyroclastic rock). Only the KMA and TSA contain a large proportion of komatiitic
peridotite and komatiitic dunite in massive cumulate lithologies, which are interpreted
to represent lava channels or the channel-flow facies of channellized sheet flows
and high-level sills. These environments are important, as they are the favoured facies
to host nickel-copper (-PGE) mineralization (Lesher, 1989). This is consistent with the
presence of komatiite-hosted nickel-copper (-PGE) deposits only within the KMA (e.g.,
Marbridge, Alexo, and Dundonald) and TSA (e.g., Texmont, Redstone, Hart, and

Langmuir deposits).
2.4 Local Facies Variations of Komatiites in the

Abitibi Greenstone Belt

2.4.1. Kidd-Munro Trend

The Kidd-Munro trend is a belt of tholeiitic and komatiitic, felsic to ultramafic
volcanic and associated intrusive rocks (representing the majority of the KMA) that
trends east-northeast over a distance of 80 km on the north side of the Destor-
Porcupine fault. The komatiites in the belt have been subdivided into three areas: 1)
eastern Kidd-Munro area (Munro, McCool and Warden townships); 2) central Kidd-

Munro area (Clergue, Dundonald and Stock townships), and 3) western Kidd-Munro
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area (southwestern Little, southwestern Tully, Prosser, Wark, Carnegie and Kidd
townships). This is the same subdivision used in our complementary study on the
geochemistry of komatiites in the AGB (Sproule et al., 2002). The remainder of this
chapter describes the various facies observed in komatiites across the Western Abitibi
greenstone belt. Further details are given on particular areas in subsequent chapters or

references as noted at the start of most of the following sections.

2.4.1.1. Eastern Kidd-Munro Area

The eastern Kidd-Munro area includes Munro, McCool and Warden townships, but
our field work thus far has focussed on the area of the Potter Mine in Munro Township,
which contains abundant komatiitic, lesser mafic, and rare felsic volcanic rocks. Minor
nickel-copper (-PGE) mineralization occurs at the Mickel showing in Dee’s Flow in the
southern part of Munro Township (Davis, 1997; Davis and Shore, 1999; Péloquin et
al., 2005) and significant volcanic-associated massive copper-zinc(-lead) mineralization
occurs at the Potter and Potter-Doal mines in the north-central part of Munro
Township. The Potter Mine area is bordered by the McCool Hill syncline to the north,
the Centre Hill fault to the south, and the mafic-ultramafic Centre Hill complex to the
east. The Potter Mine volcanic succession may be subdivided into 3 lithostratigraphic
sequences including 1) a lower komatiitic sequence; 2) a middle tholeiitic basalt
hyaloclastite sequence with co-magmatic peperitic basalt sills, argillaceous sediments,
and komatiites; and 3) an upper komatiitic sequence (Gamble and Gibson, 2000).
“Lava lake” (Arndt, 1986) and Pyke Hill (Pyke et al., 1973) occur in the upper
komatiitic sequence. The metamorphic grade in Munro Township is very low (prehnite-
pumpellyite to lower greenschist facies) with excellent preservation of original igneous

textures and geological relationships.

Pyke Hill (Munro Township)

Pyke Hill (e.g., Pyke et al., 1973; Péloquin et al., 2005; Houlé et al., 2006a) is
located in the northeastern part of Munro Township, approximately 1 km ESE of the
Potter Mine, and represents one of the best preserved and best exposed sequences of
thin differentiated (spinifex-textured) and massive komatiite flows in the world. It is
being studied to determine whether it represents a series of simple flows or a number
of compound flows. At least 60 flows have been identified over an exposure width of
approximately 125 m (Pyke et al., 1973). Individual flows range in thickness from 0.5
to 15 m, averaging approximately 3 m (Pyke et al., 1973). The relative proportions of
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spinifex-textured “A” zones and cumulate-textured “B” zones vary within individual
flows, owing to irregularities along the contact between the zones in response to
different rates of cooling. The ratio averages approximately 2:1 at both Pyke Hill (Pyke
et al., 1973) and Spinifex Ridge in Quebec (Mueller et al., 1999), confirming that these
areas contain primarily non-cumulate rather than cumulate flows. However,
preliminary data indicate that the proportion of A:B zones decreases with increasing
thickness, consistent with increases in flow thickness increasing with the amount of
olivine accumulation, a trend also observed in Western Australia (Lesher et al., 1984;
Lesher, 1989). The southern (stratigraphically lower) part of Pyke Hill is dominated by
thin and thick differentiated non-cumulate flows, the central part by thin
undifferentiated non-cumulate flows, and the northern (stratigraphically upper) part by
thin differentiated non-cumulate flows, indicating that the eruption rates waned and
waxed through the sequence. However, well-differentiated flows are interlayered
within sequences dominated by poorly differentiated flows, indicating that the timing of
ponding varied on a flow-by-flow basis. Poorly differentiated, non-cumulate flows,
especially those with lobate sheet and flattened-pillow forms (rather than sheet flows)
are spinifex textured along their margins and along fractures, indicating rapid
crystallization due to extensive hydrothermal cooling and thermally constrained
crystallization (Shore and Fowler, 1999). Flattened pillows contain shelves that were
interpreted by Shore (1996) as molten lava breakouts. However, the thicker parts of
some lobate flows exhibit incomplete secondary selvages inside the major external

selvages, possibly indicating growth occurred by progressive inflation.

Lava Lake (Munro Township)

“Lava lake” (Arndt, 1986; Péloquin et al., 2005; Houlé et al., 2006a) is located in
the north-central part of Munro Township, immediately west of the Centre Hill complex
and approximately 1 km west of Pyke Hill. It is also very well exposed and is being
studied as an example of a possible komatiite lava lake. The area is dominated by
massive to weakly layered, medium-grained olivine adcumulate and was interpreted by
Arndt (1986) to be an approximately 120 m thick lava lake that youngs toward the
north. However, recent work by the Hunter Dickenson Group, based on logging and
interpretation of new diamond drill cores, suggests that the Centre Hill complex and
the komatiitic horizon have both been folded by regional deformation into a west-
closing anticline. Our geological mapping and drill core logging, using chilled margin
polarities, asymmetric differentiation within flow units, and vesicle orientations,
suggest that the “Lava lake” is stratigraphically equivalent to the rocks exposed at
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Pyke Hill, but that it lies on the southern limb of the anticline and therefore faces south
rather than north, and that it may represent a thick series of thick sheet flows or a thin
series of thick sheet flows overlain by a thin lava lake additional. Field work is in

progress to further test these interpretations.

2.4.1.2. Central Kidd-Munro Area

The central Kidd—-Munro area includes Clergue, Dundonald and Stock townships,
but our work has been focussed on newly stripped exposures around the Alexo Mine
(along the boundary of Dundonald and Clergue townships) and Dundonald Beach
(southeastern corner of Dundonald Township). The geology of Dundonald Township
has been summarized by Davis (1997, and references therein) and is characterized by
a major westward-plunging “Z” fold. The rocks in the sequence include abundant
intermediate to mafic volcanic rocks, lesser felsic volcanic rocks, a mafic-ultramafic sill
(Dundonald Sill), and a regionally extensive komatiitic unit. The komatiitic horizon
hosts several nickel-copper (-PGE) deposits, including the Alexo Mine and Kelex zone,

Dundeal zone, Dundonald Beach, and Dundonald South.

Alexo Mine (Dundonald Township)
The Alexo Mine (Houlé et al., 2008b; see also Chapter 6) area is located on the

northeast-dipping central limb of the Dundonald fold structure and is being studied
because it could represent one of the best preserved and best exposed mineralized
cumulate komatiite lava channels in the world. The stratigraphic succession in this area
comprises four sequences of komatiitic rocks intercalated with intermediate volcanic
rocks (Davis, 1999). The younging indicators in the komatiitic units (e.g., flow-top
breccias, asymmetrically zoned spinifex textures, transgressive lower margins of lava
channels, disseminated and/or net-textured and/or massive ore segregation profiles)
and the andesites (e.g., flow-top breccias, pillows) consistently face northward to
eastward, and, because the compositions of the andesites change systematically from
more tholeiitic in the south to more calc-alkaline in the north, the sequence is
interpreted to represent an intact sequence of intercalated komatiites and andesites
(P.C. Davis, MPH Consulting Ltd., personal communication, 2001). This means that the
Alexo Mine, the Alexo “small pit”, and the Kelex zone all occur within distinct komatiite
units (Davis, 1999).

The komatiite—andesite contact east and west of the Alexo Mine horizon was
stripped by Hucamp Mines Ltd. in 2001, exposing the basal contact of the mineralized

22



lava channel. Because the metamorphic grade in the Alexo area is only lower
greenschist facies, these areas provide almost complete exposure of glacially polished
outcrops of the well-preserved contact between footwall pillowed, massive, and
hyaloclastic andesite and the overlying cumulate komatiite unit. The contact is
generally very sharp between the two lithologies and outlines a pronounced
topographic depression that clearly transgresses massive andesite and associated
hyaloclastite without any evidence for a regolith. The presence of andesitic fragments
in the lower part of the komatiite, komatiitic dikes projecting downwards into pillowed
andesite, and pervasive contact metamorphic alteration adjacent to the contact
indicate that, similar to many other areas where nickel-copper (-PGE) sulphides have
formed, lava emplacement was channellized and most likely turbulent (Huppert and
Sparks, 1985; Williams et al., 1998), not passive and laminar (cf. Beresford and Cas,
2001), and most likely involved thermomechanical erosion (see Lesher et al., 1984;
Lesher, 1989). Further field work is in progress to completely characterize this
exceptionally well-preserved and well-exposed channellized komatiite flow.

Dundonald Beach (Dundonald Township)

The Dundonald Beach (Houlé et al., 2008b; see also Chapter 4) is an area of
stripped outcrop on the southeast-dipping, southern limb of the Dundonald fold
structure. It is being studied because it contains excellent exposures of thin komatiitic
basalt flows intruded into graphitic sediments (Davis, 1997; 1999) and provides unique
insights into the behaviour of invasive komatiite flows that have thus far only been
inferred from drill core observations (Gillies, 1993, Beresford and Cas, 2001). The area
exposes a sequence of thin komatiitic basalt flows, intercalated graphitic argillaceous
metasedimentary rocks and associated peperites, thick olivine meso- to adcumulate
komatiite flows, and thick differentiated olivine cumulate/pyroxene spinifex flows
overlying a felsic heterolithic breccia (Davis, 1997; 1999). The footwall felsic volcanic
rocks contain thin (~10 cm) dikes of spinifex-textured komatiite (Davis, 1997). The
main exposure was cleared by Falconbridge Ltd. in 1989 and adjacent exposures to the
east and south were cleared by Hucamp Mines Ltd. in 2000.

The lower part of the komatiitic sequence is composed of pyroxene spinifex-
textured komatiitic basalt flows and very fine-grained, massive komatiitic basalt flows
and sills. There are 2 types of intrusive units: 1) relatively thick (~4 m), fine- to
medium-grained massive intrusions with thin (~2 to 3 cm), very fine-grained chilled
margins; and 2) relatively thin (<50 cm), fine-grained intrusions with very thin (<1
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c¢m), very fine-grained chill margins possessing both globular and irregular textures
suggesting contamination by the country rocks. The second type has been injected into
previous komatiitic basalt flows, producing thin en échelon sills, or into unconsolidated
graphitic argillitic sediments, producing both blocky and fluidal peperites containing
both clasts of sediment within komatiite and clasts of komatiite within sediment.
Peperites with the clasts of komatiite surrounded by sediment occur on larger scales
(metres) than the peperites with the clasts of sediments surrounded by komatiites
(centimetres). Both textures generally occur close to each other: along the margins of
the intrusions; or they form distinctive globular textures within the intrusions, where
they form distinctive “egg-shell breccia” textures (Davis, 1997, 1999). Thus, this area
provides considerable insights into the mechanisms of komatiite intrusion into
unconsolidated sediments. Additional field work is currently underway in this area to

characterize the nature of lava emplacement.

2.4.2. Shaw Dome

The Shaw Dome (Atkinson et al., 2005; Houlé et al., 2008a) area is located
approximately 20 km southeast of Timmins and is composed primarily of volcanic rocks
with minor felsic intrusive rocks (Pyke, 1978; 1982). Although the komatiites in this
area are more deformed, more altered (local talc-carbonate alteration), and
metamorphosed to lower greenschist facies (Larson, 1996), geological relationships
and relict igneous textures are locally well preserved in stripped outcrops that expose
transgressive contacts between thick, weakly differentiated cumulate flows.

The Shaw Dome is cored by calc-alkaline mafic and felsic volcanic rocks, intruded
in the upper parts by differentiated mafic to ultramafic sills, and is overlain by tholeiitic
basalts intercalated with komatiites, komatiitic basalts, and minor sulphide-facies iron
formation. These komatiites are correlated with the Tisdale assemblage (Ayer et al.
1999b). They have been described by Larson (1996) and Baird (1999) and are the
main hosts to the nickel-copper (-PGE) deposits in the area (e.g., Langmuir 1 and 2,
McWatters, Hart, Redstone and Galata) (Coad, 1979; Green and Naldrett, 1981).

2.4.2.1. Redstone Pavement

One of the best exposures of the komatiites occurs in a stripped outcrop
approximately 1 km south of the Redstone Mine site in the western part of Eldorado
Township. Three flows are exposed in the outcrop, but only the middle flow has its
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lower and upper contacts exposed. All three flows have relatively thick (~20 m) lower
cumulate “B” zones, which are locally intensely polysutured, but are composed mainly
of texturally well-preserved meso- to orthocumulate komatiite containing serpentine
pseudomorphs after medium-grained (1 to 2 mm) euhedral olivine. The two flows with
exposed upper contacts have relatively thin (~4 m) upper "A” zones composed of very
coarse-grained olivine crescumulate komatiite and coarse- to medium-grained random
olivine spinifex-textured komatiite, but no fine-grained random spinifex-textured
komatiite or flow-top breccia. Thus, these are cumulate flows, intermediate in terms of
degree of olivine accumulation between thin non-cumulate Pyke Hill-type flows and the
thick cumulate flows that host the majority of the nickel-copper (-PGE) mineralization
in the Shaw Dome (e.g., Green and Naldrett, 1981) and elsewhere (Lesher, 1989). The
contacts with overlying flows are very sharp and wavy (contact between Flow 1 and
Flow 2) or very sharp and jigsaw-textured with small dikes of fine-grained komatiite
injected into the overlying cumulate rock (contact between Flow 2 and Flow 3). The
cumulate zones of the lower two flows contain small (average size 5 cm) subrounded
pods of fine- to medium-grained olivine spinifex-textured rock with very sharp margins
that may represent pockets of trapped liquid or xenoliths. They are common in the
lower parts of the cumulate zones and are absent in the upper parts of the cumulate
zones, supporting the latter interpretation and suggesting that they have been derived
by mechanical erosion of the upper spinifex-textured parts of the underlying flows. The
jigsaw-shaped, locally intrusive contact between flows 2 and 3 is interpreted to
represent compaction of the underlying partially molten spinifex-textured zone by the
overlying cumulate zone after mechanical erosion of the upper spinifex-textured parts
of the underlying flows. This explains the presence of spinifex xenoliths. Thus, this
outcrop provides considerable insights into the processes of thermomechanical ergsion in
komatiites, especially in flows that are intermediate in terms of thickness and degree of
olivine accumulation between classic Pyke Hill-type (thin, non-cumulate) flows and
Kambalda-type (thick, cumulate) flows. Petrographic work is being be done to further
clarify the nature of the contacts in this area.

2.4.3. Bartlett Dome

The Bartlett Dome is located approximately 40 km south of Timmins and is
interpreted to be stratigraphically equivalent to and contiguous with the Shaw Dome to
the north (Jensen, 1985). It is composed of supracrustal metavolcanic and
metasedimentary rocks intruded by very large batholiths of felsic intrusive rocks (e.g.,
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Adams Pluton, Geikie Pluton, and the Peterlong Lake Complex). The volcanic sequence
is composed of a lower sequence of intermediate to mafic volcanic rocks, a central
sequence of komatiitic rocks that is laterally most extensive and best exposed in
McArthur and Geikie townships, and an upper sequence of mafic volcanic rocks (Houlé
et al., 2008a). Some of the best exposures occur in the Serpentine Mountain area,
which is probably the stratigraphic equivalent of the komatiites at the Texmont Mine,
which was exploited in the 1970s (e.g., Atkinson, 1999). The metamorphic grade in
the Bartlett Dome is relatively low (mainly greenschist facies) with locally good
preservation of original igneous textures and geological relationships, but the rocks are

locally sheared and altered to talc-carbonate assemblages.

2.4.3.1. Serpentine Mountain

The komatiitic rocks at S.erpentine Mountain (Houlé et al., 2008a; in press; see
also Chapter 5) are located between the gravel road and the power line near the
Mountjoy River in central McArthur Township. An outcrop close to the road has been
described by Atkinson (1999) and is characterized by abundant spinifex-textured
komatiite dikes within a sequence composed primarily of massive komatiites and one
well-differentiated flow (including a well-defined B1 horizon). An outcrop under the
power line is composed of fine-grained random olivine spinifex-textured komatiite
containing small (20 to 30 cm) spherical to ellipsoidal fragments of medium-grained
olivine cumulate rock with polysutured joints. There are 2 possible interpretations of
this outcrop: 1) it may represent a spinifex-textured dike, similar to that exposed near
the road, that has ripped up and partially assimilated cumulate komatiite wall rocks, or
2) it may represent a spinifex-textured flow exhibiting a relationship the reverse of
that observed at the Redstone pavement (see “Shaw Dome”). However, the latter
interpretation would require erosion of the entire spinifex-textured upper zone and part
or the entire underlying cumulate zone of an unexposed underlying flow, entrainment
of the cumulate rock fragments, and preservation in the upper spinifex-textured zone,
which seems unlikely. More work is being done to aid in the interpretation of these
exposures.

2.4.4. Halliday Dome

The Halliday Dome area is located approximately 80 km south of Timmins. It
represents a major antiformal structure that trends eastward from Sothman Township
across Halliday Township into Midlothian Township before disappearing beneath
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Proterozoic sediments. The dome is cored by massive or pillowed intermediate volcanic
and fragmental felsic volcanic rocks overlain by an extensive komatiitic horizon that
can be traced over 40 km (Mullen, 1983). A few pods of ultramafic rock have been
found in the core of the Halliday Dome, which may represent sills analogous to those in
the Shaw Dome (see “Shaw Dome”). The metamorphic grade in the Halliday Dome is
relatively low (mainly lower greenschist facies) with good preservation of original

igneous textures and geological relationships.

2.4.4.1. Sothman Deposit (Sothman Township)

The Sothman nickel-copper (-PGE) deposit (Houlé et al., 2003; Atkinson et al.,
2005) occurs along the south-southwestern-dipping, southwestern limb of the Halliday
Dome, along the southern border Sothman Township, approximately 30 km east of
Highway 144. It is hosted by a thick ultramafic body with a dunite core and peridotite
margins that has been previously interpreted to be a sill intruded into intermediate
volcanic rocks (e.g., Watkins, 1972), but is most likely a lava channel. An area along
the basal contact of the body was stripped in 2000 by Hucamp Mines Ltd., providing
near complete exposure of glacially polished outcrops of the embayed contact between

footwall massive andesite and the overlying cumulate komatiite unit.

Field work done in this area during Summer 2001 did not reveal any evidence for
an extrusive or intrusive origin for this ultramafic body, as the stripped area exposes
only the basal part and not the upper part which might exhibit extrusive (e.qg., flow-top
breccia and upper spinifex-textured zone, conformable unmetamorphosed hanging-wall
rocks) or intrusive (e.g., contact metamorphosed hanging-wall rocks, discordant
contacts) features. Nevertheless, this environment clearly represents a channellized
flow or channellized sill where magma flow was focussed within a topographic and/or
thermomechanically produced embayment similar to those observed at Alexo. The
underlying andesites exhibit patchy alteration and silica veining within 30 cm of the
contact with overlying olivine pyroxenite, which are most pervasive at the base of the
channel, suggesting that they represent a contact metamorphic feature. Thin (~10 to
50 cm) felsic dikes, which crosscut the komatiitic unit at a high angle and terminate at
the basal contact, may represent partial melts of the andesite produced during thermal
erosion of the environment (P.C. Davis, MPH Consulting Ltd., personal communication,
2001).
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The mineralization occurs approximately 0.8 m above the basal contact within
olivine pyroxenite and is composed of " interlayered net-textured sulphides,
disseminated sulphides, and barren olivine pyroxenite. However, disseminated
mineralization always overlies net-textured mineralization, suggesting that the
sequence youngs toward the south, consistent with the regional geology. The presence
of barren komatiitic cumulate rocks within the main mineralized horizon and the
apparent disruption of mineralized zones by olivine pyroxenites suggest that the
environment was quite dynamic and was characterized by successive replenishment of
magma and sulphides into the channel. Additional mapping is planned to constrain the

origin and dynamics of this channellized environment.

2.4.5. Round Lake Dome

The Round Lake Dome area occurs approximately 15 km south of Kirkland Lake.
It is defined by a large felsic intrusive body, the Round Lake batholith, which is
bordered on the north, east, and south by mafic and ultramafic metavolcanic rocks of
the Stoughton-Rocquemaure and Tisdale assemblages. The komatiitic rocks in the
Stoughton-Rocquemaure assemblage are underlain and overlain by mafic and lesser
intermediate volcanic rocks (Ayer and Trowell, 2000). The metavolcanic rocks are
penetratively deformed along the margins of the batholith and within faults and shear
zones, but are much less deformed away from the batholith (Jackson, 1994). The
metamorphic grade in the komatiitic rocks around the Round Lake Dome is higher than
in many other areas of the Abitibi greenstone belt (lower greenschist to locally lower
amphibolite facies), but there is good preservation of original igneous textures and
geological relationships in many areas. '

2.4.5.1. Boston Creek Unit (Boston Township)

The Boston Creek unit (Houlé et al., 2004) and Misema komatiite occur on the
eastern side of the Round Lake Dome and are the most extensive ultramafic units in
the Abitibi Greenstone Belt. They define an arc-shaped pattern around the eastern
margin of the Round Lake Dome, trending broadly north for more than 30 km. Thus
far, only the Boston Creek unit has been studied as part of this project.

The Boston Creek unit is best known because it appears to be derived from a
ferropicritic magma (Stone et al., 1987). It is approximately 100 m thick and exhibits
the following internal differentiation, from base to top (Stone et al., 1987): a thin basal
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pyroxenite (~3.5 m), olivine cumulate (~30 m), pyroxene cumulate (~9 m), gabbro
(~15 m), parallel-oriented acicular pyroxene spinifex (~30 m), randomly oriented
pyroxene spinifex (~0.30 m), and a very thin fine-grained upper chill margin (~1 to 2
cm). The peridotite zone appears to be laterally restricted and is interpreted as
channellized environment (Stone et al., 1996). Although no flow-top breccia has been
identified, the Boston Creek unit has been interpreted to be extrusive on the basis of
the presence of spinifex textures and the presence of vesicles in the upper chilled
margin (Stone et al., 1995). However, spinifex textures only indicate rapid
crystallization of an ultramafic liquid and also form in veins (see below) and vesicles
only indicate exsolution of volatiles and also form in shallow intrusions (i.e. miarolitic
cavities) . In order to further investigate the environment of emplacement of the
Boston Creek unit, it has been studied in 2 sections near O'Donald Lake in the
southeastern part of Boston Township, approximately 2 km from the old shaft of the
mine. Particular attention was focussed on the upper contacts between the Boston

Creek unit and overlying volcanic rocks.

Section A

The upper contact of the Boston Creek unit along section 2 of Stone et al. (1996)
is sheared, but well exposed. The upper random pyroxene spinifex-textured zone
grades very rapidly over a distance of 20 to 30 cm into a very thin fine-grained, locally
vesicular random spinifex-textured upper margin. No aphanitic rocks or autoclastic
breccias similar to those preserved at the tops of most komatiite flows are present.
The rocks above the contact are sheared “intermediate” volcanic rocks containing
discontinuous bands of quartz. The overlying “intermediate” volcanic rocks do not show
any mesoscopic evidence of contact metamorphism, but they may represent contact
metamorphosed mafic volcanic rocks, so work is in progress to constrain the nature of

the rocks more distant from to the contact.

Section B

The upper contact of the Boston Creek unit along section 1 of Stone et al. (1996)
is very similar to the that described above, except that the contact is not sheared and
it shows evidence suggestive of an intrusive origin for the Boston Creek unit. The
upper part of the Boston Creek unit in this area contains clasts of the overlying
“intermediate” volcanic rocks and the overlying “intermediate” volcanic rocks contain
several thin veins of more mafic material, similar in composition to the Boston Creek

unit. The fragments are very fine grained and have altered rims. Petrographic and
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geochemical work is presently in progress to determine the composition of the
fragments and the overlying rocks to help constrain the environment of emplacement
of the Boston Creek unit, but, at this stage of interpretation, it seems possible that it is

a sill, not a flow.

2.4.5.2. Otto Lake (Otto Township)

Several excellent outcrops of Tisdale Assemblage komatiites occur on the
southwestern shore of Otto Lake, approximately 5 km southeast of Swastika. The
outcrops studied expose 3 individual flows, which, from base to top, are a partially
exposed differentiated flow (Unit 1), a completely exposed differentiated flow (Unit 2),
and a partially exposed pillowed flow (Unit 3). They dip steeply southwest, consistent
with the regional geology.

Unit 1

Only the upper, random pyroxene spinifex-textured zone of this flow is exposed in
the northeastern part of the main outcrop, but there are smaller peridotite outcrops to
the northeast, which are probably part of the same flow. The grain size of the
pyroxene spinifex decreases to the northwest, suggesting that the flow youngs in that
direction.

Unit 2

This flow is completely exposed in the northeastern part of the outcrop and the
upper part is exposed in the southwestern part of the outcrop. It is approximately 12
m thick and is underlain by pyroxene spinifex-textured rocks of Unit 1 and overlain by
pillowed komatiitic basalt of Unit 3. It is strongly differentiated, comprising, from base
to top, thin lower chilled margin (<5 cm), pyroxene cumulate (~6 m), B1 zone (~15 to
20 cm), parallel pyroxene spinifex, random pyroxene spinifex, random olivine spinifex
(total ~5 m), and flow-top breccia (~30 cm). The ratio of A:B zones is approximately
1:1, suggesting that this is a non-cumulate flow. The B zone is polysutured and the A
zone contains multiple layers of parallel pyroxene spinifex and random pyroxene
spinifex indicating that the cooling and/or nucleation and/or crystallization process in
the flow was more complicated than in simple Pyke Hill-type flows.

Unit 3
This flow is composed of pillowed komatiitic basalt. The pillows are slightly
elongate in a northeast to southwest orientation and appear to young toward the
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northwest. The pillows selvages are thin, and discontinuous, but are well defined in the
upper part of the flow, but the rocks grade downwards into random olivine spinifex of
Unit 2. This suggests that Units 2 and 3 possibly represent a transition between a
simple to compound unit, reflecting a change in eruption rate, magma supply, etc.
during emplacement. Petrographic and geochemical analysis work is in progress to test
this hypothesis.

2.5 Future Work

Additional work is in progress in all of these areas. Some areas, including
Redstone, Serpentine Mountain and Otto Lake, require follow-up petrographic and
geochemical work. Other areas, including Pyke Hill, Lava lake, Alexo, Dundonald Beach
and Boston Creek, require additional field work with follow-up petrographic and
appropriate geochemical study. Additional areas will also be studied, including
fragmental ultramafic deposits in Halliday Township. Sequence-scale stratigraphic
studies are planned at Alexo Mine and in the Potter Mine area. These data will be used

to provide constraints on the regional volcanological facies interpretation.
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CHAPTER 3 - PHYSICAL VOLCANOLOGY AND EcoNomic
POTENTIAL OF KOMATIITE-ASSOCIATED DEPOSITS,

BANNOCKBURN TOWNSHIP AREA

3.1 Introduction

The Precambrian Geoscience Section of the Ontaric Geological Survey (0OGS)
conducted bedrock mapping, at a scale of 1:20 000, in Cairo Township in 2002 (Berger
and Leblanc, 2002) and in Montrose, Bannockburn and Powell townships in 2005
(Berger and Préfontaine, 2005; Préfontaine and Berger, 2005) as part of an ongoing
project to update geological mapping in the Matachewan area. The goal of this
contribution is to complement the Ontario Geological Survey bedrock mapping project
in assessing the distribution, the physical volcanology and the economic potential of
the komatiitic rocks in this area.

3.2 General Geology

The Bannockburn Township area is located west of theTown of Matachewan in the
southern part of the western Abitibi greenstone belt. The map area is underlain by
Neoarchean ultramafic, mafic, intermediate and felsic metavolcanic rocks and clastic
metasedimentary rocks. Several intrusions cut through the supracrustal rocks. These
are dominated by ultramafic to mafic rocks and alkalic rocks (syenite, feldspar
porphyry) and mafic to intermediate rocks (gabbro, quartz diorite) (Figs. 3.1 and 3.2).

Clastic sedimentary rocks cover a large part of the map area and are correlated
with the Proterozoic Gowganda Formation of the Cobalt Group of the Huronian
Supergroup that unconformably overlies the Archean rocks. Diabase dikes observed in
the mapped area are attributed to the Sudbury and Matachewan swarms.

Four major faults crosscut the Bannockburn area at high to moderate angles with
the stratigraphy: the east-west trending Cadillac-Larder Lake deformation zone, the
Galer Lake fault trending southwest to northeast, the Mistinikon Lake fault and the
Montreal River faults that trend north - south. The reader is referred to Berger and
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Figure. 3.1. General geology of Montrose, Bannockburn, and part of Powell townships (adapted from Berger and Préfontaine, 2005

Préfontaine and Berger, 2005). The location of Fig. 3.3 and Fig. 3.5 are shown on the map.
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Préfontaine (2005), Préfontaine and Berger (2005); and Berger and Leblanc (2002)
and Leblanc and Berger (2003: Cairo Township) for a more detailed geological context.

3.3 Exploration History

Nickel-copper-(platinum group element) (PGE) discoveries in the Abitibi
greenstone belt (AGB) were discovered sporadically over the years since the 20
century, as exploration waxed and waned (Ayer et al., 2005) and Ni-Cu-(PGE)
mineralization continues to be discovered whenever there is sufficient exploration

activity.

The Bannockburn area is not an exception; before 1995, minimal nickel
exploration was conducted as the area was essentially recognized for its gold potential
(e.g., Ashley gold mine: ~50 000 ounces Au). Although prior to 1995, ultramafic rocks
in this area were targeted for their asbestos potential, for example, in the late 1930's
by the Asbestos Company Limited, and during the late 1960’s and early 1970Q’s, by
Canex Aerial Exploration Limited. Outokumpu Mines Ltd. undertook an intense
exploration program (e.g., geophysical surveys, surface geological mapping, various
geochemical surveys, and diamond drilling) between 1995 and 1999 of the area to
assess the potential for komatiite-associated Ni-Cu-(PGE) deposits (see Harron, 2005
for more detailed descriptions). Much of the significant, known komatiite-associated Ni-
Cu-(PGE) mineralization in this area was discovered by Outokumpu Mines Ltd. during
this intense exploration (Thalweg: 1996; Bannockburn: 1998; Rahn Lake: 1998). Since
acquiring the property in 2003, Mustang Minerals Corp. has completed a large
exploration program (e.g., geophysical surveys, assays, and diamond drilling) that
focussed on previous known occurrences and on new targets generated by geophysical
surveys (Harron 2005). One of the most recent discoveries of komatiite-associated Ni-
Cu-(PGE) mineralization (C-Zone/C-Offset: 2003) in the Abitibi greenstone belt was

found during this exploration program.

3.4 Distribution and Volcanological Facies of Komatiitic

Rocks

In the following section, the map area is divided into three blocks based on
geological context (map patterns) and major breaks: the Montrose-Bannockburn
Block, the Powell Block, and the Cairo Block (see Figure 3.1 and 3.2). The Montrose-
Bannockburn Block corresponds to the area located west of the Mistinikon Lake fault.
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The Powell Block corresponds to the area located between the Mistinikon Lake fault
and the Montreal River fault. The Cairo Block corresponds to the area located east of
the Montreal River fault. Komatiitic rocks occur in different proportions in each of these
blocks. Table 3.1 summarizes the distribution and the komatiite volcanological facies in
the map area.

3.4.1. Montrose-Bannockburn Block

Komatiitic rocks are relatively abundant in the Montrose-Bannockburn Block and
compose up to 4% of the supracrustal rocks. All komatiitic rock outcrops in this block
are distributed over eleven komatiite occurrences (from Ban-1 to Ban-11: see Figure
3.1). Only three komatiite occurrences (Ban-5, 7 and 8) possess enough exposure to
evaluate their textural facies variations. These komatiite occurrences correspond,
respectively, to the Thalweg Zone, the Bannockburn-Rahn Lake Zone, and the C-Zone.
Overall, the komatiitic rocks in this sector exhibit several different textural facies such
as massive (aphyric and cumulate), spinifex texture, flow breccia, and polysutured
jointing. In the Montrose-Bannockburn Block, massive cumulate komatiite and lesser
massive aphyric komatiite are the dominant textural facies that occur throughout the
area.

3.4.1.1. Bannockburn-Rahn Lake-C-Zone Area

The Bannockburn-Rahn Lake-C-Zone komatiite occurrences (Ban-7 and Ban-8)
represent most of the komatiite occurrences in the western half of Bannockburn
Township. Figure 3.3 shows a simplified geological map of this area and represents a
preliminary geological interpretation based on field data and diamond drill core data
from Outokumpu Mines and Mustang Minerals. Recent work conducted by the OGS
(Préfontaine and Berger, 2005; this contribution) has increased our knowledge of this

area, however, our understanding is incomplete and many questions remain.

The Bannockburn Zone (Ban-7A) is composed of thick zones of komatiitic dunite
and komatiitic peridotite with lesser and thinner komatiitic pyroxenite and komatiitic
gabbroic zones. Minor spinifex zones also occur at the top of the unit. The Rahn Lake
Zone (Ban-7B) is composed of thick intervals of komatiitic peridotite with lesser and
thinner komatiitic pyroxenite and rare gabbroic zones. Common spinifex zones occur
within and at the top of the units. The C-Zone (Ban-8) is composed of thin zones of
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Table 3.1. Summary of the komatiitic rocks in the Bannockburn area.

Rock Width Komatiite Facies Sulphides
ID Area Type
Types (m) Textural Lithofacies  Morphofacies  Units Volcanic Species Showing

_ Mont-Ban Ma[Cu],
Ban-01  Lonn C KK, Kb 180 Oox péx  UN.DC Shi? M DSF/S N.O. N.K.
Ban-02 "B"Igrc"t('sa“ C Kr 130 Ma, Sx UN, DN Pw, Shi? M DSF/S N.O. N.K.
Ban-03 “B"Igrc‘f('Ba“ C Kr 115 Ma[Cu], Sx  UC, DC Shi?, Pw M DSF/S Py N.K.
Ban-04 ”B"Ig’;tk'Ba" o Kk 200 Ma, Sx DN Shl M USF/S N.O. N.K

Mont-Ban

Ban-05 LT 0 KPd, Kk  20-300 Ma[Cu], Sx UC, DN Sh M CSF/S Po, Pn Thalweg
Ban-06 Lo O o KPd 80 Ma[Cu] uc Sh s Uss N.O. N.K

_ Mont-Ban KPd, KDn, _ Ma[Cu], Sx, Bannockburn,
Ban-07 Lo 0 e 50-250 o UC, DC, DN Sh M CSF/S Po, Pn, i

_ Mont-Ban Ma[Cu], C-Zone, C-
Ban-08 Lo o Kk, KPd 10 o uc sh M usD Po, Pn, o
Ban-09 gmtk-san o Kk 180 Sx, Vr DN shl M TDF N.O. N.K

_ Mont-Ban _ Sx, Fbx, Pj,
Ban-10  LonY o Kk 50-230 0% DN Shi M TDF N.O. N.K
Ban-11  Powell Block O Kk 90-650  Ma,Pj, Fbox  UN Shi M CSF Py ?
Ban-12 Powell Block G Kr 130 - - - - - - N.K
Ban-13  Powell Block O Kk 50-90  Ma, Fbx UN Shi M-S TUF N.O. N.K
Ban-14 Powell Block G Kr 70-140 - - - - - - N.K
Ban-15  Powell Block O Kk, KPd go-so0 MalCul ly, e py Sh M CSF N.O. N.K

Fbx, Sx, Pj
Ban-16  Powell Block O Kk 50-130  Fbx UN Shi M-S TUF N.O. N.K
Ban-17  Powell Block O ﬁ';x KPd, 50200  Ma,Fbx UN, DC sh M-S  CSF N.O. N.K.
Ban-18  Cairo Block O Kb Ma[Cu], UC, DN Shi M TDF Sulph N.K.
PSx, Hy

ID: komatiitic occurrence; Mont-Ban Block: Montrose-Bannockburn Block; Type: data acquisition, O: Qbserved, C: Compiled, G: Geophysical; Rock Type: Kr: komatiitic
rocks, Kb: komatiitic basalts, Kk: komatiites, KPd: komatiitic peridotites, KDn: komatiitic dunites; Width: Thickness of the komatiitic occurrence; Textural - Ma: Massive,
Cu: Cumulate, Sx: Spinifex, OSx: Olivine spinifex, PSx: Pyroxene spinifex, Fbx; Flow/magmatic breccia, Vr: Variolitic, Pj: Polysutured jointing; Lithofacies - UN:
Undifferentiated Non-cumulate, UC: : Undifferentiated Cumulate, DN: Differentiated Non-cumulate, DC: Differentiated Cumulate; Morphofacies — Shl: Sheet-like, Sh:
Sheet, Pw: Pillowed; Unit: M: multiple and S: single cooling unit; Volcanic - DSF/S: Differentiated Sheet Flow/Sill, CSF/S: Channelized Sheet Flow/Sill, USF/S:
Undifferentiated Sheet Flow/Sill, USD: Undifferentiated Sheet Dike, TDF: Thin Differentiated Flow, TUF: Thin Undifferentiated Flow; Species - Po: Pyrrhotite, Pn:
Pentlandite, Py: Pyrite; N.O.: Not observed, N.K.: Not known.



komatiitic peridotite overlain by thin zones of komatiitic pyroxenite and komatiitic
breccias. Minor pyroxene spinifex zones also occur locally towards the top of the unit.

The Rahn Lake sector is a key area to try to understand the komatiitic
architecture of the map area (see Figure 3.3) because elsewhere the komatiite
occurrences are not well exposed and/or are composed of undifferentiated

homogeneous komatiitic units.

On the northwest side of Rahn Lake, the komatiitic unit dips moderately to the
southwest at 65° and is overlain by dacite metavolcanic rocks. The komatiitic unit is
composed of an autoclastic sorted breccia containing rounded to subangular fragments
of komatiite within an altered komatiitic matrix. Further south along the shoreline of
Rahn Lake, a diamond-drill hole intersected the same contact exhibiting well-developed
spinifex zones overlain by dacitic metavolcanic rocks suggesting a southwest-facing

direction.

On the south side of Rahn Lake, the komatiitic unit is moderately dipping to the
north-northeast at 65° and is overlain by dacite metavolcanic rocks. Here, the komatiitic
unit is composed of a sorted autoclastic breccia containing rounded to subangular
fragments of cumulate komatiite within an altered komatiitic matrix (see Figure 3.3;
Photo 3.4A). Some of the cumulate fragments contain disseminated sulfides. Locally
below this contact zone, the komatiitic peridotite is highly serpentinized (see Figure 3.3;
Photo 3.4B). Following the same contact further south, the upper part of the komatiite
unit exhibits a spinifex breccia to coherent olivine spinifex zone that contains several
rounded cumulate komatiite fragments (see Figure 3.3; Photo 3.4C). In this location, the
komatiite unit is moderately to steeply dipping toward the northeast, overlain by the C-
Zone footwall suggesting a facing direction to the northeast.

At the stripped area (C-Zone), the komatiitic unit trends 070° and dips steeply to
the south-southeast. This unit appear to be discordant (see Figure 3.3) with the
surrounding rocks (dacitic and komatiitic rocks) and is facing to the southeast based on
the distribution of the mineralization and occasional spinifex-bearing rocks. Most of the
upper third of the komatiitic unit is composed of poorly sorted (fragments size from 1 to
60 cm) komatiite breccia (autoclastic) containing rounded to subangular fragments of
phyric to cumulate komatiite, aphyric komatiite, and spinifex-bearing komatiite within an
altered komatiitic matrix (see Figure 3.3; Photo 3.4D). Furthermore, volcanic structures

such as pillow-like structure, “volcanic” breccias along those structures, and scattered
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highly vesicular zones overlying the komatiite breccias in the central part of the C-Zone
strongly suggest at least limited interaction with seawater on the seafloor or subseafloor.
Difficulties in interpreting the geological context arise from factors such as the reversal
of facing directions in the NW-Se trending unit (northwest and south side of Rahn Lake),
the presence of a discordant komatiitic unit (C-Zone), and the general lack of bedding
and facing directions within the surrounding dacitic volcanic rocks.

Several hypotheses may be considered to explain the actual discordant nature of
the C-Zone in the geological complexity of the Rahn Lake area, including structural
emplacement (i.e., fault-bounded emplacement), komatiite flow or sill lying within a
southeast-closing fold hinge, or a primary emplacement that preserved or at least
partially preserved angular relationships between the C-Zone and the Rahn Lake
komatiite. Evidence of interaction between the komatiite and the dacitic footwall
observed on the stripped area (see Figures 3.8A and 3.8B) combined with a northeast-
facing direction for the Rahn Lake komatiite located south of the C-Zone disproves a
structural emplacement hypothesis. The possibility that the C-Zone is lying within a
southeast to east fold hinge is unlikely because it does not seem to fit the overall fold
pattern in this area. Based mainly on its discordant nature, we suggest that the C-
Zone might represent an inclined dike. However, the true nature of the C-Zone
komatiitic unit may be best determined by careful examination of the diamond-drill
core that intersected the footwall and hanging wall contact between the komatiitic
units and the intermediate metavolcanic rocks. Alternatively, subsequent work
conducted at the C-Zone by Taranovic et al. (2008) have suggested that the C-Zone
Fe-Ni-Cu sulfide deposit appears to be hosted in the east by a thin lava pathway and in
the west by breccias formed via multiple lateral breakouts where the sulfide ores may
have been extruded laterally from the lava pathway underneath early phases of the
komatiitic breccias.
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Figure 3.4. A) Contact between autobrecciated komatiitic peridotite of the Rahn Lake Zone and
the dacite of the footwall of the C-Zone (UTM 507101E, 5313911N, NAD 83, Zone 17). B) Highly
serpentinized komatiitic peridotite of the Rahn Lake Zone (UTM 507095E, 5313913N, NAD 83,
Zone 17).
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Figure 3.4. (Cont’d) C) Cumulate komatiite fragment within the spinifex-textured upper part
of the Rahn Lake komatiitic peridotite. D) Autobrecciated komatiite upper zone of the C-Zone
komatiitic peridotite from the western edge of the stripped area. Phyric to cumulate textures
dominate within the fragments but some spinifex-bearing fragments are also present (UTM for

photos C and D 507115E, 5313877N, NAD 83, Zone 17).
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3.4.1.2. Thalweg Area

The Thalweg komatiite occurrence (Ban-5) is completely isolated from other
komatiite occurrences in the western half of Bannockburn Township. Figure 3.5 shows
a simplified geological interpretation of the Thalweg area based on field data and
diamond-drill core data from OQOutokumpu Mines and Mustang Minerals. The Thalweg
komatiite occurrence has a facing direction toward the northeast and contains at least
four different komatiite units hosted in massive dacitic metavolcanic rocks. Limited iron
formations are also present underlying the main komatiite unit. This sequence
represents a typical channelized sheet flow or sill environment where the Thalweg
sulfide mineralization occurs at the base of an embayment. The main komatiite unit is
composed of thick olivine adcumulate to mesocumulate rocks, whereas the flanking
facies north and south of the sulfide mineralization are thinner and more differentiated
units containing spinifex-bearing komatiite. This unit has a strike length of over 1 km
and varies in thickness from 100 to 150 m in the middle of the embayment to less
than 30 m in the flanking area. The lateral extent of this occurrence is unknown
because the southern margin is covered by the Gowganda Formation. The basal
contact is characterized by an extensive and complex branching out of thin komatiitic
units into the footwall. The stripped area has exposed some thin komatiitic units
beneath the main komatiite unit that display complexity (Fig. 3.6). The upper part of
this komatiitic sequence is characterized by numerous thin differentiated komatiitic
units intercalated with dacitic flows. The geology is further complicated by a network of
interpreted faults trending approximately 070° that disrupt and displace the komatiite
units. The presence of some komatiitic units directly beneath some dacitic exposures,
combined with contacts dipping to the northwest (see Figure 3.6), suggests that the
komatiitic sequence is overturned and dips to the west. This speculation appears to be
confirmed by the magnetic survey (P. Wood, Mustang Minerals Corp., personal

communication, 2005).
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Figure 3.5. Simplified geological map of the Thalweg area based on projection to the surface of
data from some of the diamond-drilling programs conducted by Outokumpu Mines and Mustang
Minerals. Note that some of the komatiitic units projected to the surface are located directly
underneath intermediate metavolcanic outcrops. This reconstruction is based on information
extracted from the diamond-drill logs. The diamond-drill cores from Outokumpu Mines are no
longer available. Location of this map is shown on Fig. 3.1.
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" Massive Dacitic Flows

Figure 3.6. Eastern stripped area at Thalweg occurrence in Bannockburn Township showing the
irregularity of the contact between the komatiitic peridotite and the massive dacitic flows. Note
that the Sudbury dike terminates at the contact with the komatiitic unit (UTM 507472E,
5311752N, NAD 83, Zone 17).

3.4.2. Powell Block

Komatiitic rocks are relatively abundant in the Powell Block and comprise up to
5% of the supracrustal rocks. Most of the komatiitic rocks which outcrop in this block
occur in the six labelled komatiite occurrences (from Ban-12 to Ban-17: see Figure
3.2). However, there are numerous other komatiitic outcrops that are not large enough
to merit their own occurrence label at this scale. These units are intimately intercalated
with mafic metavolcanic rocks in the central and southern parts of the Powell Block.
Only two komatiite occurrences (Ban-15 and Ban-17) are sufficiently exposed to
evaluate their textural facies variations. Ban-15 is located in the central part of the
Powell Block and is in contact with Timiskaming metasedimentary rocks and mafic
metavolcanic rocks to the south and in contact with mafic metavolcanic rocks to the
north. This komatiite occurrence varies in thickness from 80 to 500 m and is composed
of multiple cooling units of komatiite and cumulate komatiite trending northwest to
southeast over 3.6 km. Ban-15 shows textural facies variation along strike exhibiting

massive komatiitic peridotite cumulate in the eastern part to more differentiated units
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(i.e., massive, spinifex, flow breccia, and layered flows [massive/spinifex]) in the
western part. Ban-17 is located in the northern part of the Powell Block and is in
contact with Timiskaming metasedimentary rocks to the south and mafic metavolcanic
rocks to the north. This komatiite occurrence varies in thickness from 50 to 200 m and
is composed of multiple cooling units of komatiite and cumulate komatiite trending
northwest to southeast for over 4.5 km. Ban-17 shows a textural facies variation along
strike that mirrors Ban-15, with komatiitic peridotite and pyroxenite in the western
part and more differentiated units (massive, flow breccia) in the eastern part.

Overall, the komatiitic rocks in this sector exhibit several different textural facies
such as massive (aphyric and cumulate), spinifex texture, flow breccia, and
polysutured jointing. In the Powell Block, the flow breccia textural facies (e.g., flow
breccia, flow-top breccia, hyaloclastite) are well distributed throughout most of the
komatiite occurrences and komatiitic outcrops.

3.4.3. Cairo Block

The komatiitic rocks in the Cairo Block represent only a small proportion of the
rock units observed during the regional bedrock mapping in 2002 by Leblanc and
Berger (2003). Only one komatiite occurrence is labelled in this area (Ban-18: see
Figure 3.2). It crops out along the powerline south of St. Paul Lake. This komatiitic
occurrence varies in thickness from 40 to 70 m and is composed dominantly of
komatiitic basalt trending east to west for over 2.3 km. From west to east, this unit is
in contact with alkali granite and quartz syenite, sulfide-graphite-facies iron formation,
massive and autobrecciated intermediate volcanic rocks, and massive and variolitic
mafic volcanic rocks along the southern contact (footwall), whereas it is in contact with
massive mafic volcanic rocks along its northern contact (hanging wall).

Komatiitic basalt exhibits pale orange-brown to bone-white weathered surfaces
and dark green or pale green fresh surfaces. Most exposures around the Whiskeyjack
Creek fault consist of massive and sheared komatiitic basalt (western part), whereas
most of the exposure in the eastern part consists of fine-grained olivine cumulate,
pyroxene spinifex-bearing rocks and in situ komatiitic hyaloclastite. Banded iron
formation is locally incorporated as xenoliths in an exposure of komatiitic basalt
located under the powerline south of St. Paul Lake (Fig. 3.7A). An abundance of
jigsaw-fit in situ hyaloclastite with an intense alteration of the clast margins (Fig. 3.7B)

suggests a high water:rock interaction ratio between seawater and the komatiitic
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basalt flow. Furthermore, the presence of a highly vesiculated komatiitic basalt
margins along the contact with the xenoliths (Fig. 3.7C) also suggests that the iron

formation was not completely consolidated.

~lron Formation

Figure 3.7. A) Iron formation xenoliths within a komatiitic basalt flow. B) Close-up from Photo
7.3A showing a jigsaw-fit in situ komatiitic basalt breccia. C) Close-up from Photo 7.3A showing
the contact between komatiitic basalt flow and the iron formation xenolith. Note the highly
vesicular zone along the contact (UTM for all photos: 531918E, 5311118N, NAD 83, Zone 17).
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3.5 Volcanic and Subvolcanic Architecture

Distinguishing between extrusive and intrusive origins for komatiitic units is
generally difficuit because of incomplete exposure and/or deformation of contacts, and
the fact that several komatiite textures (e.g., spinifex, amygdules) can occur in both
extrusive and intrusive units (Arndt et al., 2004; Houlé et al., 2004). On the other
hand, several komatiite textures provide unequivocal evidence for an extrusive mode
of emplacement, including flow-top breccia, flow breccia, hyaloclastite, and polyhedral
(polysutured) jointing (see Arndt et al., 2004).

In the eastern half of the map area (Powell and Cairo townships), the komatiitic
units (Ban-9 to Ban-18) exhibit unequivocal evidence for extrusion such as in situ
komatiitic hyaloclastites, flow breccias, flow-top breccias, and polysutured jointing.
However, the evidence is ambiguous for the komatiitic occurrences (Ban-5 to Ban-8) in
Bannockburn Township where some of the komatiitic units exhibit evidence of
extrusion or intrusion. Examples include those in the northern part of the area (Ban-
7D) that contain flow-top breccias or those having a high angular relationship with
others units (Ban-8: C-Zone). Unequivocal evidence for an intrusive or extrusive
emplacement has not been observed thus far for other occurrences in Bannockburn
Township. However, several factors could suggest that these units are more likely to
be intrusive rather than flows. Their include the presence of steep- and shallow-dipping
units, the presence of discordant komatiitic units (C-Zone), the absence of lateral
continuity (i.e., isolated blobs on the map of the magnetic survey (OGS, 1999)), large
amount of sulfides within small komatiitic units (C-Zone), the absence of an obvious
sulfur source in the immediate footwall and the overall complexity of the geology
associated with these komatiitic units. The lack of data on the komatiitic units in the
western part of Montrose Township (Ban-1 to Ban-4) precludes interpretation on their

origin (i.e., flow versus intrusion).

Interpreting volcanic environments is complicated by both primary factors (e.g.,
more than one eruptive centre, differences in eruption rate and style, differences in
mode and environment of emplacement) and secondary factors (e.g., metamorphism,
alteration, structural complexity, exposure, etc.). However, there are clear volcanic
facies variations in the Bannockburn Township area. The komatiites in the west-central
part of Bannockburn Township contain more prospective volcanology (e.g., cumulate
rocks, less differentiated, degree of channelization, underlying lithologies) than

komatiites elsewhere in the area.
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Based on available data, komatiitic rocks in the Bannockburn area are tentatively
interpreted to be a complex sili-lava flow field, whereas, in the west-central part of
Bannockburn Township, the rocks are interpreted to be high-level komatiitic
subvolcanic intrusions and feeder dikes that fed channelized komatiitic sheet flows and
thin differentiated flows further east in Bannockburn and Powell townships. However,
further investigations are necessary to support or refute this interpretation of the
volcanic architecture for this area.

3.6 Komatiite-Associated Ni-Cu-(PGE) Mineralization

Komatiite-hosted Ni-Cu-(PGE) deposits contain a variety of mineralization types
(Lesher and Keays, 2002), which may be subdivided into 3 broad genetic categories:
magmatic, metamorphically hydrothermally mobilized, and tectonically mobilized. Each
of these categories is divisible into several types and subtypes (Lesher and Keays,
2002) (Table 3.2). The most favourable Ni-Cu-(PGE) primary mineralization types in
the Bannockburn area are, in order of economic potential, stratiform basal (Type I:
Kambalda-type), stratabound internal (Type II: Mt. Keith type), and stratiform internal
(Type I1I: “reef-type”).

Table 3.2. Simplified classification of primary mineralization types in komatiite-associated
magmatic Ni-Cu-PGE deposits (modified from Lesher and Keays 2002) in the Abitibi greenstone
belt.

Origin Type
Type 1 11 III
yp Stratiform Basal Stratabound Internal Stratiform “Reef-style”
Sulfide At or near the bases of Within komatiitic At or near contact between
distribution komatiitic peridotite or peridotite or dunite units  lower ultramafic cumulate
komatiitic dunite units zones and upper mafic
zones
Sulfide textures Massive, net-textured, Disseminated, interstitial Disseminated
disseminated
Timing and Segregated prior to or Segregated during Segregated during final
paragenesis during emplacement crystallization of stages of crystallization of
cumulate host rock host rock
Examples in the - C-Zone - Bannockburn Zone (B Unknown
Bannockburn - Thalweg Zone (F Zone) Zone)

area - Rahn Lake Zone (D Zone)

Four significant nickel sulfide mineralization zones are known in the Bannockburn
area from past exploration programs. The C-Zone, the Thalweg Zone (F-Zone), and
the Rahn Lake Zone (D-Zone) are related to the Kambalda-type, whereas the
Bannockburn (B-Zone) is related to the Mt. Keith-type (see Table 3.2). Other sulfide

occurrences associated with komatiitic rocks in the study area include the H-Zone
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(0.4-0.7% Ni: unpublished data from Mustang Minerals) located northeast of Rahn
Lake in Bannockburn Township, and trenches that contain disseminated sulfides (up to
25%: Benson, 2005) located near the boundary between Powell and Bannockburn
townships. In the following section, the most significant komatiite-associated Ni-Cu-
(PGE) zones are summarized from direct observations and -data available from

Outokumpu Mines and Mustang Minerals.

The C-Zone is the most recent discovery and is exposed over a length of 150 m
(Ban-8: see Figure 3.1). The sulfide mineralization consists of massive and
disseminated to blebby sulfides that occurs at or slightly above the contact with dacite
(Fig. 3.8). Rare net-textured sulfides are also observed locally. The apparent thickness
of the sulfide zone at surface ranges from 1.5 to 6 m, whereas true thickness
estimated from diamond drilling ranges between 0.5 to 8 m (Harron, 2005). The ore
zone is generally composed of very fine-grained and highly deformed sulfides that
contain numerous talc-carbonate stringers. It is composed of pyrrhotite, pentlandite,
chalcopyrite, pyrite and magnetite. In some locations, the sulfide mineralization is
intensely weathered and oxidized. Table 3.3 shows the typical grade of the C-Zone
mineralization over the length of the stripped area. The C Offset Zone is interpreted to
be the equivalent of the C-Zone sulfide lens displaced by a north-northwest- to south-
southeast-trending fault.

The Thalweg nickel sulfide mineralization is located south-southwest of Charlewood
Lake in the southwest corner of Bannockburn Township (Ban-5: see Figure 3.1). The
sulfide mineralization at Thalweg is hosted within a thick komatiitic peridotite that
occurs at or near the basal contact of a footwall embayment. The sulfide mineralization
is continuous over 200 m and could locally be up to 18 m wide (Bereton, 2003). This
occurrence is typical of a Kambalda-type mineralization composed of massive sulfides,
net-textured sulfides, and disseminated sulfides. Table 3.3 shows the typical grade of
the Thalweg mineralization intersected by Outokumpu Mines and Mustang Minerals.
Some mineralization is also reported within komatiite projection along the main
channel (Davis, 1996).

The Bannockburn Zone (B-Zone) is located approximately 2 km north-northwest
of the Thalweg Zone and approximately 200 m southwest of the C-Zone at Rahn Lake
(Ban-7A: see Figure 3.1). The host unit of the B-Zone is an olivine adcumulate to
mesocumulate trending northwest-southeast for over 3 km. The B-Zone is typical of
Mt. Keith type mineralization with fine disseminated sulfides (1-3%) within a thick

50



Massive
Sulphides

Massive
— : Iphides :
g .~ Sulphides Komatiite

Komatilte-Dacite - ¥ . Overburden -
\ -

Aebhid 2 TN

»,
*erusal

‘kdmatii_te-

Maésive
Sulphides

Figure 3.8. Nickel sulfide mineralization at the C-Zone in Bannockburn Township. A) The C-
Zone mineralization exposed on the eastern edge of the stripped area (looking east) showing the
footwall contact between massive sulfide, komatiite and dacite. B) Close-up from Photo 7.4A
showing the interaction between komatiite and overlying massive sulfides and underlying
plagioclase-phyric dacite. C) Footwall contact further up on the hill showing a sharp contact
between komatiite and dacite underlying massive sulfides indicating little to no interaction
between those units (UTM for photos A, B, and C: 507236E, 5313923N, NAD 83, Zone 17). D)
Footwall contact from diamond drill core (MBC04-12) showing very irregular contact between
dacite and massive sulfide.
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olivine cumulate. Table 3.3 shows the typical grade of the B-Zone mineralization
intersected by Outokumpu Mines and Mustang Minerals.

The Rahn Lake Zone (D-Zone) has been intersected by diamond drilling conducted
by Outokumpu Mines below a swamp at the bottom of a cliff near the C-Zone and more
recently by Mustang Minerals under Rahn Lake. The sulfide zone ranges in thickness
from 1 to 3 m thick and is mainly composed of disseminated to net-textured sulfides
that occur at or near the basal contact of a relatively thick olivine cumulate. A narrow
band of massive sulfides is locally observed underlying the main ore profile.

Table 3.3 shows the typical grade of the D-Zone mineralization intersected by
Outokumpu Mines and Mustang Minerals. The sulfide mineralization is composed of
pyrrhotite, pentlandite and pyrite. Some disseminated sulfides (3-10% pyrite,
pyrrhotite) are equally present near the upper contact with the dacite that constitutes
the footwall of the C-Zone. Other fine disseminated sulfides were intersected within the
D-Zone by diamond drilling under Rahn Lake. However, in accordance with the new
structural interpretation, this sulfide zone may be related to the B-Zone rather than
the D-Zone.

Table 3.3. Grade summary of the main nickel sulfide mineralization at the Mustang Minerals
property in Bannockburn Township. Compiled from Bereton (2003), Harron (2005) and
unpublished data from Outokumpu Mines.

Nickel Zone Sulfide Texture ) ‘Tvvie(r,;ge N’;’I(i;)) NI:‘(?,Z) S“("f/':‘;es
C-Zone
Surface D$ to B$ 9 0.67 0.19 1.09 5-25
M$ 16 3.5 1.97 4.85 >90
Thalweg Zone
D$ 21 0.39 0.14 1.06 1-10
N§ 15 1.14 0.87 2.16 15-60
M$ 3 342 25 4.54 90-97
Bannockburn Zone
D$ 12 0.30 0.28 0.51 Tr-1%
D§ 8 0.64 0.31 0.97 2-3%
Rahn Lake
D$ 4 0.85 0.61 1.23 5-10
N$ 2 1.19 1.16 1.21 10-40
M$ 1 32 - - 90

MS$ : Massive sulfides, N$ : Net-textured sulfides, D$ : Disseminated sulfides, B$ : Blebby sulfides, (n):
number of analysis.
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3.7 Mineral Potential Exploration

Komatiite-associated Ni-Cu-(PGE) deposits typically occur in clusters. For
example, within the Abitibi greenstone belt, there are the following deposits: in the
Shaw Dome, there are 5 known deposits (Langmuir #2, Redstone, Langmuir#1,
McWatters, Hart); in the Dundonald area, there are 4 known deposits (Alexo, Kelex,
Dundonald South, Dundeal); and in the Lamotte area in Québec, there are at least 4
deposits (Marbridge 1, 2, 3, 4: Naldrett and Gasparrini, 1971). This is also typical for
komatiite-associated Ni-Cu-(PGE) deposits worldwide, as exemplified by the deposits in
the Kambalda-St Ives-Tramways-Widgoemooltha-Carnilya Hill district of Western
Australia (Barnes, 2004). Clearly, areas where only one or two deposits have been
discovered, such as the Bannockburn area, have significant potential for discovery of

additional deposits.

Several factors appear to be critical to the genesis of economically significant

magmatic sulfide deposits (e.g., Lesher and Keays, 2002; Naldrett, 2004), including:

Source of Metal: The magma must be initially undersaturated in sulfide so that

it contains sufficient concentrations of Ni, Cu, and PGE;

¢ Source of S: The magma must have access to an external sulphur source to
achieve early sulfide saturation and to segregate significant abundances of
immiscible sulfides at a high (crustal) level,;

e Dynamic System: The ores must form in a dynamic system where the magmas
can interact with country rocks (to extract S) and where the sulfides can
equilibrate with a sufficient amount of magma to generate high chalcophile

element contents in the sulfides (i.e., high R factor);

o Physical Trap: The sulfides must be concentrated in some type of physical trap
(embayment, inflection).

Numerous occurrences of nickel, copper and platinum group element
mineralization associated with komatiitic rocks have been identified in the Bannockburn
area (C-Zone/C Offset, B-Zone, F-Zone, H-Zone). Furthermore, Sproule et al. (2005)
concluded that all of the host rocks were undersaturated in sulfide prior to
emplacement in the Abitibi greenstone belt, including the Bannockburn area

komatiites, suggesting that those rocks originally contain sufficient concentrations of
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metals. The presence of relatively thick olivine cumulate (within several komatiite
occurrences: Ban-07, Ban-05, and Ban-06), and of numerous autobrecciated units
(within the Rahn Lake and C-Zone komatiites), suggest dynamic emplacement of the
komatiites. The presence of embayments and the interaction between the intermediate
volcanics rocks and the komatiite units at the C-Zone and the Thalweg stripped
exposures suggest contamination and localized physical traps to accumulate sulfide
mineralization. As noted above, these features are all critical in the formation of
magmatic Ni-Cu-(PGE) mineralization.

The recent work conducted by the Ontario Geological Survey (Préfontaine and
Berger, 2005; Berger and Préfontaine, 2005) in this area increases significantly the
understanding of the regional geological context. The new structural interpretation
suggests that most of the komatiitic units in the Bannockburn area are part of the
same komatiitic sequence. Incidentally, this highlights some important implications on
the potential of this area for nickel mineralization. Firstly, the presence of northwest to
southeast folding in this area is indicated by reversals in stratigraphic facing and this
suggests that komatiites and associated mineralization may be repeated by folding.
Furthermore, structural repetition of the komatiite stratigraphy suggests that the two
komatiitic units north of the known occurrences are probably underexplored for their
Ni-Cu-(PGE) potential. Secondly, without clear knowledge of the facing of a particular
unit, previous diamond drill holes may have been drilled down dip and/or may not

have tested the basal contacts of the komatiites for potential mineralization.

Identification of three compound sheets flows in the map (Ban-11, Ban-15 and
Ban-17) that could contain lava pathways should be further investigated for nickel
potential. The komatiite occurrence Ban-11 contains significant amount of sulfides
within its flanking facies suggesting the presence of a sulphur source in the immediate
vicinity.

Several positive gravity anomalies occur in the map area (OGS, 1999). Most of
these appear to be related to high-density rocks such as komatiite and iron tholeiite
basalt. One good exampie is the anomaly located in central Powell Township that
appears to be associated with the most extensive komatiitic flows in the map area.
However, contrary to the komatiite flows in central Powell Township, a positive gravity
anomaly is not associated with those high-level komatiite intrusions. An unexplained
positive gravity anomaly is situated east of Charlewood and Clarke Lakes beneath
rocks of the Gowganda Formation. It occurs south-southeast of the komatiite
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occurrence Ban-07 (C-Zone, Bannockburn Zone, Rahn Lake) and north-northwest of
the komatiite occurrence Ban-05 (Thalweg area). This anomaly may be related to
ultramafic rocks and presents an attractive exploration target for magmatic sulfide
mineralization.

Despite the lack of obvious sulphur sources in the area, the combination of a
fertile komatiitic magma (metal source), abundant olivine cumulate rocks indicating
high magma flux (heat source and dynamic environment), a clear interaction
(contamination via thermomechanical erosion) between the komatiitic units and their
footwall (dynamic environment), and embayments (localization) provides an excellent
environment for forming komatiite-associated Ni-Cu-(PGE) deposits in the study area.
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CHAPTER 4 - KOMATIITIC SILLS AND MULTI-
GENERATIONAL PEPERITE AT DUNDONALD BEACH, ABITIBI
GREENSTONE BELT, ONTARIO: VOLCANIC ARCHITECTURE

AND NICKEL SULFIDE DISTRIBUTION

4.1 Abstract

The density and the tectonic stresses in the deep crust and the physical properties
of komatiitic magmas determine the level to which they will rise, but once in the near-
surface environment, the density and rheology of the near-surface rocks (consolidated
and dense lava flows and sedimentary rocks versus unconsolidated sedimentary or
volcaniclastic deposits) govern whether they will be emplaced as lava flows, invasive
flows, or sills. Where near-surface strata are competent (i.e., flow-dominated or
consolidated sedimentary/volcaniclastic successions), komatiitic magma erupts as
flows and form extensive lava shields (e.g., Kambalda). However, where near-surface
strata are not competent (i.e., unconsolidated volcaniclastic/sediment-dominated
successions), komatiitic magmas typically are emplaced as high-level sills that increase
the bulk density of the volcano-sedimentary pile and eventually allow the eruption of
lava and the construction of complex subvolcanic-volcanic lava shields (e.g.,
Dundonald and Shaw Dome, Abitibi belt; Raglan, Cape Smith belt; Pechenga, Kola
Peninsula; Thompson Ni belt, Manitoba). The latter environment is illustrated in the
volcano-sedimentary succession in Dundonald Township, which is only weakly

metamorphosed and deformed and superbly exposed in glacially-polished outcrops.

The volcano-sedimentary succession in this area comprises (from base to top) (1)
the McIntosh formation, composed of a sequence of pillowed and massive intermediate
volcanic flows, (2) the Dundonald formation, composed of a lower section of komatiite
sills, argillites, and felsic volcaniclastic deposits and an upper section of komatiite
flows, komatiitic sills, and pillowed intermediate volcanic flows, and (3) the Frederick
House Lake formation, composed of massive and pillowed mafic flows. The distribution
and thickness of argillites and felsic volcaniclastic rocks define a synvolcanic graben in
which the Dundonald South and Alexo Ni-Cu-(PGE) deposits occur within the center
and the margin, respectively. Sills and peperites in the lower komatiitic succession at
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Dundonald Beach exhibit a multigenerational emplacement history recording
progressive lithification and increases in the bulk density and rheological strength of

the unconsolidated argillites, which ultimately permitted the eruption of lavas at Alexo.

Importantly, the nature of the near-surface rocks also influences the localization
of Ni-Cu-(PGE) deposits. In lava shields (e.g., Kambalda), the initial eruptions are
typically most voluminous and, if erupted at sufficient flow rates, form channelized
flows conducive to thermomechanical erosion of sulfur-rich footwall rocks. In
subvolcanic-volcanic lava shields, however, channelized units may occur within the
subvolcanic plumbing system and/or within overlying lavas. Where only sills are
channelized (e.g., Thompson), mineralization will occur only within the subvolcanic
environment; where only the flows are channelized (e.g., Damba-Silwane, Zimbabwe),
mineralization will occur only within the volcanic environment. Where both sills and
lava flows are channelized (e.g., Dundonald, Shaw Dome, Raglan), the distribution of
the mineralization is more diverse and may occur as subseafloor or on seafloor Ni-Cu-
(PGE) deposits.

4.2 Introduction

The volcanic setting (volcanic, invasive, or intrusive) of komatiite-associated Ni-
Cu-(PGE) deposits remains controversial despite intensive research over the past 30
years. After Bowen (1927) cast doubt on an extrusive mode of emplacement for
ultramafic rocks, most geologists considered them to be intrusive, until Viljoen and
Viljoen (1969) described ultramafic lava flows along the Komati River in the Barberton
Mountain Land. This discovery led to the recognition of komatiitic lava flows in most
other Archean cratons. Although some were shown to be intrusive (e.g., Muir, 1979;
Williams, 1979; Duke, 1986; Stone and Stone, 2000), virtually all massive and
spinifex-textured ultramafic units within Archean greenstone belts were interpreted as
lava flows, including the komatiite succession associated with the Dundonald South
Fe-Ni-Cu sulfide deposit in Dundonald Township (Muir and Comba, 1979).

Although many concordant ultramafic units containing spinifex textures are
extrusive (e.g., Pyke et al., 1973; Nisbet et al., 1977; Thomson, 1989; Dann, 2000),
field work in several areas has shown that spinifex texture is not restricted to flows
but also develops in komatiitic dikes (e.g., Davis, 1997; Dann, 2000) and in high level
komatiitic sills (e.g., Davis, 1999; Dann, 2000; Cas and Beresford, 2001; Houlé et al.,
2002a, b, c; Arndt et al., 2004; Trofimovs et al., 2004). Spinifex is clearly not a
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“quench” texture, as it forms deep (dm to m) within flows. Indeed, theoretical studies
(Shore and Fowler, 1999) and experimental work (Faure et al.,, 2006) have
demonstrated that spinifex forms in a thermal gradient, as occurs in both flows and
high-level intrusions. Thus, the presence of spinifex-texture cannot be used as the
primary evidence for an extrusive origin for komatiitic rocks (e.g., Donaldson, 1974;
Arndt et al., 2004; Houlé et al., 2004).

Komatiite-associated Ni-Cu-(PGE) deposits, which were originally thought to
occur within intrusions, were subsequently reinterpreted as occurring in flows. For
example, the ultramafic hosts of Type 1 or Kambalda-type deposits (classification
scheme of Lesher and Keays, 2002) in the Kambalda District of the Norseman-Wiluna
greenstone belt were initially interpreted as intrusive (Woodall and Travis, 1969) but
were subsequently reinterpreted as occurring within distal lava channels (Lesher et
al., 1984; Cowden and Roberts, 1990). Type II or Mt. Keith-type komatiite-associated
deposits in the Perseverance-Mount Keith District of the Norseman-Wiluna greenstone
belt were initially interpreted as occurring in subvolcanic intrusions (Naldrett and
Turner, 1977) but were subsequently reinterpreted as occurring within proximal lava
channels (e.g., Donaldson et al., 1986; Barnes et al., 1988; Hill et al., 1990) and,
more recently, reinterpreted as occurring within a large sill (Trofimovs et al., 2003;
Rosengren et al., 2005).

The intrusive or extrusive origin for komatiites hosting Ni-Cu-(PGE)
mineralization, in part, reflects the different geodynamic environments into which
komatiitic magmas have been emplaced. The purpose of this paper is to present a
conceptual model of the emplacement of komatiitic magma within a volcaniclastic-
and/or sediment-dominated environment and its role for the development of the
komatiite volcanic architecture in Dundonald Township, Abitibi greenstone belt,
Ontario.

In particular, we described a spectacular and well exposed volcanic succession at
Dundonald Beach, including komatiitic sills and associated peperites, and use this
description as a basis for defining on the transition from intrusive and to extrusive
komatiites. We interpret the mechanisms of komatiitic sill emplacement and the
development of multigenerational peperite, and explore the role of komatiitic sills in
changing the density and rheological characteristics of the sedimentary rocks and how
this may affect the subsurface and surface architecture of komatiitic edifices and the

location of komatiite-associated Ni-Cu-(PGE) deposits. Finally, we propose a new
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hypothesis for the evolution and architecture of komatiitic edifices where magma is
emplaced into unconsolidated sedimentary and volcaniclastic strata in the near surface

environment.

4.3 Geological Setting

The Dundonald Beach area occurs within the Kidd-Munro assemblage in
Dundonald Township, which is located ~45 km northeast of Timmins in Ontario (Fig.
4.1, inset). The Kidd-Munro assemblage has been subdivided in Ontario into a lower
stratigraphic succession (2719-2717 Ma) and an upper stratigraphic succession (2717-
2711 Ma: Ayer et al.,, 2005; Thurston et al., 2008). Volcanic rocks of these ages
extend for more than 400 km from west of the Kidd Creek deposit in Ontario to the
Grenville Front in Québec, where the Kidd-Munro assemblage is referred to the
Kinojévis and Malartic Groups (Thurston et al., 2008).

In Dundonald Township, the volcanosedimentary succession consists of folded
units dominated by intermediate to mafic and ultramafic metavolcanic rocks with lesser
felsic metavolcanic and metasedimentary rocks approximately 3000 m in total
thickness. The main structure in the area consists of a major subvertical, SW trending
and -plunging fold axis offset by WNW- and NNW-trending faults (Fig. 4.1).

The Kidd-Munro assemblage in this area is tentatively subdivided into several
informal mappable formations, members, submembers, and units summarized in
Figure 4.2. Three informal formations are, from oldest to youngest, the MclIntosh Lake,
Dundonald, and Frederick House Lake formations.

The MclIntosh Lake formation ranges in thickness from 50 to 400 meters and is
composed of mafic to intermediate massive and pillowed flows, intermediate to mafic
volcaniclastic rocks, and komatiitic volcanic rocks (Davis, 1997). The 200 to 2000
meter thick komatiitic succession occurs in the upper part of the formation (Fig. 4.2),
and it is composed of individual flows that range in thickness from less than 1 m to
greater than 10 m, with compositions from komatiitic basalt to komatiite and with well-
developed spinifex textures (Davis, 1997). The komatiite unit is poorly exposed and
the description and interpretations are based entirely on drill core data. It is not known

to contain any komatiite-associated Ni-Cu-(PGE) mineralization.

The Dundonald formation consists of five informal mappable members, a
lowermost felsic member and four komatiitic members (Fig. 4.2). The felsic member is
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~300 m thick and consists of felsic volcanic flows, volcaniclastic units, and minor
komatiitic and mafic dikes. Zircons in a sample collected from the felsic member
yielded an age of 2717+/-1.2 Ma (Barrie et al.,, 1999). Graphitic, argillaceous
metasedimentary rocks also occur within this member. The komatiitic members range
in thickness from 1000 to 2000 m and are composed of komatiite and komatiitic basalt
flows or sills, intercalated with lesser massive mafic flows and sparse felsic

volcaniclastic rocks.

The Frederic House Lake formation is poorly constrains but is interpreted from
drillcore by Davis (1997) as a ~250 m sequence of massive and pillowed mafic flows.

No komatiitic rocks have been reported in this formation.

The supracrustal rocks in Dundonald Township are intruded by the ~1750 m-
thick, layered, tholeiitic mafic-ultramafic, near concordant, Dundonald Sill. Zircons
from a sample collected from the mafic part of the sill yielded an age of 2707.1+3/-2
Ma (Barrie et al., 1999).

The volcanic succession has been metamorphosed to lower greenschist facies and
is locally faulted and/or sheared, but most of the deformation is nonpenetrative, and
primary structures and textures are well preserved. We therefore describe the rocks

using premetamorphic igneous and volcanic nomenclature.
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