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ABSTRACT

The 2714-2702 Ma eastern segment of the Southern Volcanic Zone (SVZ) of the
Abitibi Greenstone Belt is a complex sequence of volcano-sedimentary rocks cut by syn-
to post-volcanic plutonic suites. This segment can be subdivided into two stratigraphic
groups based on regional tectonics and volcano-sedimentary stratigraphy: the basal
Malartic Group, composed of the La Motte-Vassan, Dubuisson, and Jacola formations,
and the overlying Louvicourt Group, containing the Val d’Or and Héva formations. The
Malartic Group represents an Archean oceanic floor controlled by extensional mantle
plume tectonics and characterized by effusive komatiites and basalts and intrusive dykes
and sills. The Louvicourt Group marked a change to subduction-related processes;
whereby incipient arc construction, represented by the lower Val d’Or Formation,
overlapped with the waning stages of plume-generated volcanism, represented by the
Jacola Formation. This contemporaneous volcanic activity indicates a conformable
relationship. Subsequent rifting, represented by the Héva Formation, formed voluminous
lavas that flooded the arc-related lavas.

The Jacola Formation is characterized by komatiitic and Mg-rich basalt, which is
related to a mantle-plume source, that formed an extensive tholeiitic submarine lava
plain. The contact between the mafic-ultramafic Jacola Formation and the intermediate-
felsic Val d’Or Formation is gradational and indicated by the first appearance of
voluminous volcaniclastic (i.e., fragmental) deposits that are tholeiitic to transitional and
have a geochemical arc-signature.

The 3-5 km-thick Val d’Or Formation is a complex subaqueous volcano-
sedimentary arc composed of numerous sequences of discontinuous and laterally
interstratified intermediate to felsic lavas and their associated volcaniclastic deposits that

evolved from tholeiitic to calc-alkaline. These small volume sequences are composed of



1-100 m-thick massive, pillowed/lobate, and brecciated lavas flows that are variably
vesicular (1-30-vol%) and interstratified with 1-50 m-thick amalgamated volcaniclastic
deposits of normal- to reverse-graded beds composed of angular to subrounded tuff- to
breccia-sized clasts and a vesicularity index between 15 to 35-vol%. In addition,
numerous small felsic-dominated volcanic centers of limited areal extent, containing
massive sulfide deposits, define the Val d’Or Arc. Contact between the Val d’Or and
Héva formations is defined by the abrupt appearance of tholeiitic lavas, represented by a
tholeiitic spherulitic felsic unit at the base of the Héva Formation.

The 2-3 km-thick tholeiitic Héva Formation is characterized by effusive mafic
and felsic volcanism with local volcaniclastic deposits. The basal spherulitic unit is
traceable for 40 km along strike, thereby serving as a marker horizon for the base of
Louvicourt Group. A polymictic tuff breccia sequence, located stratigraphically above the
spherulitic unit, is composed of reworked mafic to felsic fragments that have a
geochemical arc-signature, suggesting they originated from the underlying Val d’Or
Formation. This implies that the Val d’Or Formation is younger and has a conformable
relationship with the Héva Formation. Up-section, massive to pillowed mafic flows with
gabbroic dykes and sills are dominant, suggesting more fissural-type volcanism. Local
tuff turbidites and reworked scoriaous pyroclastic deposits attest to explosive eruption(s).

The Jacola Formation represents a deep marine, ridge-like oceanic setting
controlled by mantle plume volcanism, which formed the base for arc construction, as
well as contaminating the early lavas. Intermediate volcaniclastic rocks and lavas at the
‘base of the Val d’Or Formation indicate subduction-related volcanism. The tholeiitic
Héva Formation indicates a return to an extensional regime with fissure-type volcanism
during arc dissection. The Val d’Or Arc forms a monocline, south-facing volcano-

sedimentary succession evolving from plume- to subduction-related volcanism.
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RESUME

Le segment Est (2714-2702 Ma) de la Zone Volcanique Sud (ZVS) dans la ceinture de
roches vertes” de 1’Abitibi est une séquence complexe de roches volcano-sédimentaires
coupées par les suites plutoniques syn- et post-volcaniques. Ce segment peut étre subdivisé
en deux groupes stratigraphiques basés sur la tectonique régionale et la stratigraphie
volcano-sédimentaire : le Groupe de Malartic & la base, composé des formations de La
Motte-Vassan, de Dubuisson, et de Jacola, et au-dessus, le Groupe de Louvicourt, contenant
les formations de Val-d’Or et d’Héva. Le Groupe de Malartic représente une plate-forme
océanique archéenne contrdlée par I’extension tectonique due a une plume du manteau et
caractérisée par les komatiites et les basaltes effusifs et les filons-couches et dykes. Le
Groupe de Louvicourt a marqué un changement vers des processus associés a une
subduction; le début de la construction d’arc, représentée par la Formation de Val-d’Or
inférieure, s’est produit simultanément avec les étapes d’affaiblissement du volcanisme de
plume, représentées par la Formation de Jacola. Cette activité volcanique contemporaine
indique une relation conforme. L’extention qui suivit, représentée par la Formation d’Héva,
a formé les laves volumineuses qui ont inondé les laves associées au volcanisme d’arc.

La Formation de Jacola est caractérisée par des komatiitiques et basaltes riches en
Mg, liés a une source de plume du manteau, qui ont formé une grande plaine sous-marine de
lave tholéiitique. Le contact entre la Formation de Jacola mafique-ultramafique et la

Formation de Val-d’Or intermédiaire-felsique est graduel et indiqué par I’apparition (i.e.,
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fragmentaire) de dép6ts volcaniclastiques volumineux qui sont tholéiitiques a transitoires et
qui ont une signature géochimique d’arc.

La Formation de Val-d’Or de 3-5 km d’épaisseur est un arc volcano-sédimentaire
subaquatique complexe composé de nombreuses séquences de laves intermédiaires a
felsiques discontinues et latéralement interstratifiées et de leurs dépdts volcaniclastiques
associé€s qui ont évolué de tholeiitique & calco-alkalins. Ces petites sequences se composent
de coulées de laves massives, coussinées/lobées, et bréchificées, de 1 a 100 m d’épaisseur,
qui sont vésiculaires de facon variable (1-30-vol%) et interstratifiées avec des dépots
volcaniclastiques amalgamés, 1 4 50 m d’épaisseur, de lits normal a renversé composés de
fragments angulaires a subarrondis de grosseur tuff 4 bréche et un indice de vésicularité
entre 15 et 35-vol%. De plus, de nombreux petits centres volcaniques a2 dominance
felsiques d’ampleur régionale limitée, contenant les gisements massifs de sulfures,
définissent I’ Arc de Val-d’Or. Le contact entre les formations de Val-d’Or et d’Héva est
défini par l'apparition soudaine de laves tholeiitiques, et est représenté par une unité
felsique sphérulitique tholeiitique a la base de la Formation d’Héva.

La Formation d’Héva tholeiitique de 2 a 3 km d’épaisseur est définie par le
volcanisme mafique effusif et felsique avec des dépdts volcaniclastiques locaux. L’unité
sphérulitique a la base de la Formation d’Héva est décelable pour 40 kilométres, servant (de
ce fait) d’horizon-repére au Groupe de Louvicourt. Une séquence de tufs bréchiques
polymictiques, située stratigraphiquement au-dessus de l'unité sphérulitique, se compose de
fragments mafiques et felsiques remoblisés qui ont une signature géochimique d’arc,

suggérant qu’ils sont provenus de la Formation de Val-d’Or sous-jacente. Ceci implique
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que la Formation de Val-d’Or est plus jeune et a une relation conforme avec la Formation
d’Héva. Vers le haut de la stratigraphie, des coulées de lave mafique massives & coussinées
avec des dykes et filons-couches de gabbro dominent, suggérant des éruptions plus
fissurales. Les tufs turbiditiques locaux et les dépdts pyroclastiques scorieux remoblisés
certifient une/deséruption(s) explosif(ves).

La Formation de Jacola représente un environnement marin profond semblable a
une dorsale médio-océanique, controlé par le volcanisme de plume de manteau, qui a formé
la base pour la construction d'un arc, et a contaminé les premicres laves. Les roches
volcaniclastiques intermédiaires et les laves a la base de la Formation de Val-d’Or
indiquent le volcanisme reli€¢ a une subduction. La Formation d’Héva tholéiitique indique
un retour a un régime d'extension avec le volcanisme fissural pendant la dissection d'arc.
L’Arc de Val-d’Or forme une séquence monoclinale volcano-sédimentaire, de polarité vers
le sud, évoluant du volcanisme associé & une plume au volcanisme associé 2 une

subduction.



Quotation:

I learned this, at least, by my experiment; that if one
advances confidently in the direction of one’s dreams,
and endeavors to live the life which he has imagined,
he will meet with a success unexpected in common

hours.

From Walden: Henry David Thoreau
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CHAPTER 1

INTRODUCTION

Paleogeographic reconstruction of Archean terranes must consider not only Archean
continental growth models, which include subduction and mantle plume processes (Abbott
and Isley, 2002; Campbell et al., 1989; Kusky and Polat, 1999; Mueller et al., 1996; Polat
et al., 1998), but must also determine if these terranes were allochthonous, autochthonous,
or parautochthonous. These issues are not limited to geologic provinces, such as the
Superior Province, where growth is regarded as progressive or episodic or due to accretion
of ocean plateaus (cf. Polat and Kerrich, 2001; Thurston, 2002).

Greenstone belts, Archean supracrustal sequences, are composed of volcano-
sedimentary rocks and coeval granitic intrusions produced by divergent and/or convergent
plate tectonic processes (Helmstaedt et al., 1986; Mueller et al., 1996; Polat et al., 1998,
Kusky and Polat, 1999), or possibly mantle plumes (Campbell et al., 1989; Abbott and
Isley, 2002). They are typically greenschist grade terranes that form 10-25 km wide, 100-
300 km long, elongated synclinal keels of felsic to ultramafic volcanic and associated
sedimentary rocks (Taira et al., 1992). Komatiites, an Archean phenomenon, are primitive,
high temperature lavas thought to be derived from a mantle plume (Campbell et al., 1989;
Abbott and Isley, 2002), and are used to infer a higher heat flow during this period of the
Earth’s geologic history (Bickle, 1978; Sleep and Windley, 1982; Abbott and Hoffman,
1984). Divergent plate boundaries are characterized by fissure-fed effusive volcanism

forming thin, areally extensive komatiite to tholeiitic basalt lava flows (Hill et al., 1995)
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that construct large oceanic platforms (Dimroth et al., 1982). Convergent boundaries are
typified by subduction-related volcanism, which constructed complex, central volcanic
edifices up to 30-km in diameter. The edifices are composed of abundant felsic to
intermediate fragmental debris interstratified with calc-alkaline basalt and dacite-rhyolite
lavas (Dimroth et al., 1982; Card, 1990), together with tholeiitic basalt erupted from
penecontemporaneous extension-related volcanism (Hamilton, 1995). Recent stratigraphic
and volcanic facies analysis (Dostal and Mueller, 1997; Wyman et al., 1999a; Mueller and
Mortensen, 2002), geochemical (Hollings et al., 1999; Wyman et al., 1999b; Polat and
Kerrich, 2001), and structural (Desrochers et al., 1993; Polat and Kerrich, 2001; Daigneault
et al., 2002) studies have illustrated a spatial relationship between plume- and subduction-
related volcanism.

Wyman (1999) inferred a progressive transition from plume- to arc-dominated
volcanism based on geochemical evidence of komatiites and depleted, low-Ti tholeiitic
basalts, covered by subsequent eruptions of calc-alkaline lavas. Depleted, low-Ti tholeiitic
lavas are generated during mantle melting associated with initial subsidence forming a
proto-arc or juvenile subduction zone (Stern and Bloomer, 1992; Wharton et al., 1995).
Most volcanic arcs are spatially restricted successions composed of lavas and fragmental
flow units that form central volcanic complexes (Dimroth et al., 1982; Lafrance et al.,
2000), stratovolcanoes with multiple vents (Riggs and Busby-Spera, 1990) or caldera
complexes (Fiske, 1994). In addition, arc complexes typically evolve geochemically from

tholeiitic to calc-alkaline during arc evolution, or maturation (Wilson, 1989, pp. 167).
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1.1 Statement of Problem

Archean greenstone belts (evolution) can be allochthonous, autochthonous, or
parautochthonous. Past and present workers have tackled this problem from a structural,
stratigraphic, volcanological, geochemical and geochronological aspect at the scale of
geologic provinces (Kimura et al., 1993; Thurston, 2002), subprovinces (Chown et al.,
1992; Mueller et al., 1996; Polat et al., 1998; Calvert and Ludden, 1999), and formations
(Lafrance et al., 2000; Legault et al., 2002). Several studies have attempted to incorporate
more than one aspect, such as structural and geochemical or stratigraphic and
volcanological studies, with rare studies utilizing more than two (e.g., Corcoran, 2000;
Dostal and Mueller, 1997; Scott et al., 2002). The Superior Province is probably one of the
most studied Archean supracrustal cratons in the world due to its accessibility, economic
potential, and overall size. Within this framework, the Abitibi greenstone belt
(Subprovince), represents several well-known volcano-sedimentary sequences with two
volcanic zones (Chown et al.,, 1992), but in which the southern segment has diverse
interpretations.

Geochemical, structural, and stratigraphic studies have documented general
evolutionary trends within greenstone belts, whereby the geodynamic setting has changed
from plume-generated to arc-related volcanism (Desrochers et al., 1993; Hollings et al.,
1999; Wyman, 1999; Wyman et al., 1999b); however they have not focused on field
relationships with regard to style of volcanism between formations/groups. This is a

fundamental problem in any study attempting to assess whether crustal evolution is
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allochthonous or autochthonous. This study focuses on formational contacts and assesses
the change in volcanism, such as plume-generated komatiite or subduction-related calc-
alkaline rocks. A volcanological approach is important because: (1) of the predominance of
volcanic and volcaniclastic rocks in the field area; and (2) the style of volcanism (Wilson,
1989) and sedimentation (Fisher and Smith, 1991a, b; Orton, 1996) are controlled by the
geodynamic setting. Volcanology of this region can be subdivided into physical
characteristics and geochemical attributes. The physical characteristics describe the
morphology of lava flows, or volcaniclastic-pyroclastic deposits, and hence constrain the
depositional setting. The geochemistry defines the composition of explosive or effusive
magmatic products, but more importantly can be used to constrain the overall geodynamic
setting. Discrimination diagrams can be employed to identify an arc, or continental setting
for example.

The relationship between plume-generated and subduction-related volcanic rocks
has become an important issue for the Archean. Is there a temporal and/or spatial
- relationship between these two magma-generating systems? The constant interaction
between these two magma-generating systems may suggest that Archean evolution was
quite different.

Another complication of working within a well-documented region is the
assimilation of a vast amount of past work without becoming biased toward a previous
interpretation. The initial idea in this study was to incorporate the existing formational

nomenclature, but the recognition of two distinct magma types favored the division into
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two groups. Original formation names were retained, but were
re-organized into the previous Malartic Group and the new
Louvicourt Group (Figure 1; Scott et al., 2002).

Oceans were prominent during Archean greenstone
belt evolution, as suggested by a lack of isotopic inheritance in
the southern Abitibi greenstone belt (Ayer et al., 2002),
prominent pillowed sequences, and therefore subaqueous
volcanic eruptions, from initial emission to final deposition
(Cas and Wright, 1991; Stix, 1991), were greatly influenced
by the effects of water. Thus, it is essential to understand the
role water plays during volcanic activity. A problem facing
research involving subaqueous processes is: to what degree
does the water depth affect explosive submarine volcanism? In
the past, certain depth limits were placed on explosive
subaqueous eruptions. The basis of which was on the
exsolution of dissolved magmatic volatiles and generation of

steam (McBirney, 1963; Cas and Wright, 1987). However, the

recent discovery of pumice, deep-sea scoria and vesiculated lava at depths in excess of

2000m (Smith and Batiza, 1989; Gill et al., 1990; Batiza and White, 2000; Hekinian et al.,

2000) have questioned their validity. Such concepts to inferred deep-water conditions in

relation to phreatomagmatic and magmatic eruptions have recently been discussed at a

Chapman Meeting in 2002 (Dunedin, New Zealand). The study of ancient, and especially
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Archean deposits offer a distinct advantage, as exposed facies associations can be
correlated, whereas modern submarine deposits are restricted by their accessibility.
Ancillary to ancient subaqueous volcanism is the exploration for volcanogenic massive
sulfide (VMS) deposits. Hydrothermal venting of metal-rich brines is intimately associated
with subaqueous volcanic vents (Doucet et al., 1994; Wright et al., 1998; lizasa et al., 1999;
Gibson et al., 2000), so that the identification of proximal volcanic facies offers an
additional exploration tool for VMS-type deposits, particularly in areas of vertical bedding.

The final step in any mapping program is the compilation and correlation of small
and large-scale work. Regional and local mapping of the complex inter- and intra-
formational relationships permits the reconstruction of the paleogeographic setting,
whereby a new stratigraphic framework for the region can be proposed. This thesis is the
result of a 3 year mapping project in the Val d’Or Mining Camp, which was generously

supported by the Ministere des Ressources naturelles, Québec.

1.2 Aims and objectives

The principal aim of this thesis is to reconstruct the geodynamic environment for the
southeastern part of the Abitibi Greenstone Belt, which encompasses the Jacola, Val d’Or
and Héva formations, using a modern volcano-sedimentary facies analysis approach.
Defining the geotectonic setting requires the examination of each formation and
understanding both spatial and temporal relationships. Such a paleogeographic model

reflecting a distinct geodynamic setting will be derived from the construction of a series of
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stratigraphic sections based on the physical volcanology and sedimentology (facies
analysis), as well as petrography and geochemistry. Culmination of work from these
various geologic applications into a ‘global’ model facilitates the reconstruction of the
geodynamic environment.

In order to establish a well-defined stratigraphy it is necessary to identify the: 1)
nature of contacts; 2) structural relationships; 3) younging direction(s); and 4) lateral facies
changes of the various lithological units comprising the study area. In addition to the
tectonic evolution, the economic potential of this segment of the Val d’Or Mining Camp
will be evaluated. To accomplish these goals, the following short term objectives were
followed: 1) evaluation of previous stratigraphic/model(s) for the Malartic Group; 2)
determination of fragmentation mechanism (i.e., pyroclastic, hydroclastic, autoclastic); 3)
volcano-sedimentary facies of volcanic-volcaniclastic rocks; 3) determination of the
prevalent transport processes of volcanic deposits in a subaqueous setting; 5) identification
of proximal and distal subaqueous deposits with regard to volcanic edifices; 6) utilization
of the geochemistry of various lithological units, together which facilitate defining a

possible geotectonic setting; and 7) structural measurements of selected areas.

1.3 Methodology

Synthesis of previous work, quality and quantity of outcrops, and size of the field area,
together with geochemical and geochronological analyses, required three field seasons of

detailed lithological field mapping and laboratory work. Previous work came in the form of
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lithological and structural work by the provincial and federal governments along with
extensive gold and base metal exploration by industry. Work concentrated on constructing
the stratigraphy of the Val d’Or (VDF) and Héva (HF) formations, but was extended to
include the upper part of the Jacola Formation (JF) based on volcanic and geochemical
analysis that suggested an evolutionary trend from the JF to the HF. Mapping was
conducted at the: (1) regional or small-scale, in order to define the stratigraphy, and (2)
detailed or large-scale volcano-sedimentary analysis.

Regional 1:1000 to 1:10 000 scale mapping included company maps. Company
maps were useful as outcrops were located along N-S grids at 50-100 m-thick spacing. This
provided the necessary coverage to outline lithological variation as well as any geochemical
disparity between formations. A series of regional stratigraphic sections were constructed at
a scale of 1:20 000 in order to document any small-scale lateral variations in lithofacies to
help identify volcanic vents. Every outcrop zone was investigated in detail, whereby
volcanic textures and structures permitted facies analysis at scales of 1:10, 1:25, 1:100, and
1:200. Detailed mapping concentrated on recognizing fragmentation and flow processes of
stratified to massive volcaniclastic deposits and their association with intercalated pillowed
to massive lavas. This, in turn, is used to distinguish between proximal versus distal with
respect to the volcanic vent or fissure source. At outcrop scales, stratigraphic sections were
constructed at scales of 1:20 and 1:200 in order to characterize lateral and vertical facies
variations. This work included sedimentological characteristics such as grading, crossbeds,
and sorting, but also to determine interbedding relationships. Description of individual

clasts in beds, including morphology, vesicularity, size, and crystallinity are considered. A



Chapter1 - Introduction 9

total of 852 samples were collected over three summer field programs to examine primary
volcanic textures, with 479 thin sections prepared to examine mineralogical and textural
features. Vesicularity was determined through point counting, using 1 mm, 5 mm, and 1 cm
spaced grids on photos and digital images, as well as 500 points in thin section.
Geochemical analyses were conducted on 183 samples from the Jacola, Val d’Or,
and Héva formations at the Centre de Recherche Minérale (Sainte-Foy, Québec) for major
and certain trace elements (Ga, Nb, Rb, Sr, Y, Zr) by X-ray fluorescence (XRF), except for
Zn and Cu (ICP-AES). Supplemental analyses are provided by Champagne (2002) for
ultramafic lavas from the Jacola Formation. Eighty-four representative samples were
originally chosen for analysis of rare earth elements by the Sainte-Foy lab, but lack of
precision and aécuracy for all samples precluded their use. Forty-seven samples were then
picked for rare earth elements (REE) by instrument neutron activation analysis (INAA) at
the Université de Québec a Chicoutimi (UQAC) following the procedure of Bédard and

Barnes (1990). Precision and accuracy for both XRF and INAA are presented in chapter 6.

14 Volcanic Terminology

This section considers the terminology of subaqueous volcaniclastic deposits.
Depending on an individual’s school of thought, a reworked deposit composed of formerly
unconsolidated volcanic fragments could be classified by a sedimentary (Cas and Wright,
1987; McPhie et al., 1993) or volcanic (Fisher, 1961; Fisher and Smith, 1991b) scheme.

The former concept, advocated by the Australian school (Cas and Wright, 1987; McPhie et
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al., 1993), considers reworking of juvenile pyroclastic particles by any process other than
the gas-support (e.g., pyroclastic flows) should be classified by a sedimentary size scheme
(i.e., crystal-rich sandstone). The American view argues that transporting agents, such as
water and wind, do not change the origin of the components (Fisher and Smith, 1991). This
is a crucial point, because in a submarine environment, water is incorporated into freshly
erupted volcanic particles, whereby the complete mélange (water + volcanic particles) can
be transported and deposited without an intervening stage of repose.

Fisher (1961) introduced the term volcaniclastic to describe flow deposits of
fragmented volcanic material without reference to its mode of fragmentation or
transportation processes. Moreover, Bates and Jackson (1987) defined a volcaniclastic rock
as a “sedimentary rock” composed of abundant volcanic material “irrespective” of their
mode of origin or environment. Thus, the term “volcaniclastic” includes pyroclastic,
autoclastic, and epiclastic rocks, which is useful in describing ancient rocks where
irrefutable evidence of particle origin is difficult to ascertain. This thesis embraces the
concepts put forth by Fisher (1961) in describing the volcano-sedimentary facies.

Table 1 gives an overview of subaqueous deposits and their origin. The submarine
environment affects volcaniclastic deposits, particularly for finer grained units where
explosive fragmentation is commonly implied. The notion of efficient, explosive
disintegration of lava (or magma) with abundant water at elevated pressures is a
contentious issue. In addition, the prevalence of water ingestion not only influences
fragmentation (i.e., phreatomagmatism), it controls the subsequent transportation and

deposition of volcanic material. It is the ingestion of water that fuels the debate on



Table 1: Subaqueous pyroclastic flows and their subaqueous deposits.

Subaqueous pyroclastic flows

Fiske & Matsuda 1964
Fisher & Schmincke 1984
Yamada 1984

Cas & Wright 1987
Stix 1991
White 2000

A warm or cold contemporaneous flow composed of pyroclastic aggregates from a subaqueous eruption

A contemporaneous flow consisting of pyroclasts formed by direct volcanic activity that origins or flows into water
Near shore to shallow water eruption generates a high density current similar to subaerial pyroclastic flows but they
incorporate steam not air.

High temperature flow that is equivalent to subaerial pyroclastic flow

Primary products of explosive magmatic eruptions that are hot and may be gas-supported

A high particle density current with a continuous gas phase formed from a sustained explosive eruption

Other subaqueous flows

Carey & Sigurdsson 1980
Cas & Wright 1987

Stix 1991

Stix 1991

White 2000

Subaqueous pyroclastic debris flows are water-supported equivalents to subaqueous pyroclastic flows that lack
evidence of hot emplacement

Water-particle debris flow or granular mass-flows are water-supported, high concentration debris flows of
pyroclastic material

Mass flows of pyroclastic debris are not emplaced in a hot state but are primary in the sense that they are direct
products of an eruptions and are deposited essentially immediately after the eruption

“Mass flows of volcaniclastic debris are secondary flows not necessarily synchronous with, nor genetically related
to, an explosive eruption”

Eruption-fed turbidity currents are low to high particle density currents with a continuous water phase formed
from tephra jets of intermediate explosivity

Subaqueous deposits

Cas & Wright 1987

Fisher and Schmincke 1984

Cas and Wright 1987
McPhie et al. 1993

Carey & Sigurdsson 1980

Subaqueous pyroclastic flow deposit is emplaced under high temperature conditions that are equivalent to
subaerial pyroclastic flows

Subaqueous pyroclastic flow deposit is from a syneruptive, hot or cold flow consisting of pyroclasts formed by
volcanic activity

Volcaniclastic debris flow or volcaniclastic granular mass-flow deposits are subaqueously deposited flows that
are deposited in a cold state

Subaqueously-erupted volcaniclastic deposits are water-supported, volcaniclastic mass flow deposits produced
by subaqueous explosive eruptions

Subaqueous pyroclastic debris flow deposit describes deposition from a high-concentration debris flow of
pyroclastic material

uononpodul - Jeideyd
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subaqueous pyroclastic processes. Recent reviews have focused on re-examining
interpreted subaqueous pyroclastic flow deposits in the literature (Cas, 1992), along with
examining how external water affects pyroclastic processes (Stix, 1991). The argument can
be subdivided into two questions: (1) are deep-water explosive eruptions possible?, and (2)
can primary pyroclastic material be transported and deposited by a hot, gas-supported, high
concentration laminar flow in a submarine environment? The former debate has subsided
with the observation of fresh vesicular scoria to depths in excess of 1800m during
submersible dives (Smith and Batiza, 1989; Gill et al., 1990; White et al., 2003) and
observed surface discoloration accompanied by large rafts of hot pumice fragments from
submerged vents at Surtsey (Kokelaar and Durant, 1983), and Myojin Knoll (Fiske et al.,
2001). The latter is more subjective, as alteration/deformation of ancient deposits typically
destroys one or more clues of the thermal character and transporting medium. In younger
deposits it is possible to use paleomagnetic indicators and sedimentology (Mandeville et
al.,, 1994; Mandeville et al., 1996), but in ancient deposits, textural evidence, such as
eutaxitic textures, fiamme, and jointing, is necessary (Schneider et al., 1992; Fritz and
Stillman, 1996; Scott et al., 2003).

The term hyaloclastite was introduced to describe deposits composed of glass
fragments produced by non-explosive spalling and granulation of pillow margins (Rittman,
1962), and now includes all vitroclastic tephra produced by the interaction between water
and hot lava/magma (Fisher, 1984). Hydroclastite processes, which include hyaloclastite,
are defined as explosive/non-explosive fragmentation due to magma interaction with water.

Alternatively, the term hyaloclastite is restricted to non-explosive or weakly explosive
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granulation of volcanic glass due to quenching with external water (Heiken and Wohletz,
1985; Yamagishi, 1987), which is the definition followed in this thesis.

The standard granulometric classification scheme used for describing ancient
volcaniclastic deposits are: (1) breccia or block, > 64 mm; (2) lapilli, 2-64 mm; and (3) tuff,
< 2 mm (Fisher, 1961, 1966). Depending on the modal percentage of fragments (= 25%),
volcaniclastic deposits are termed lapilli tuff, tuff breccia, lapilli tuff breccia, or
lapillistone. Genetic terms such as hyaloclastic, pyroclastic, and autoclastic should be
reserved for deposits where the mode of fragmentation is known. For example, a
hyaloclastic tuff breccia represents a deposit composed of breccia-sized fragments (> 25%)
supported by tuff (> 25%) that originated from water-lava interaction, in which contact
relationships between the coherent lava flow and associated brecciated facies are observed.

The mapped volcano-sedimentary sequences can be described using sedimentological
terminology in regard to transportation and deposition processes, because the supporting
medium was probably water. Furthermore, most of the deposits can be interpreted as some
variant of a sedimentary gravity flow deposit, or low- to high-concentration turbidity flow.
Thus, interpreted turbulent-type flow deposits are classified according to the scheme
devised by Lowe (1982), based on grain size and structure (Table 2). Grain-size is divided
into gravel- (breccia), sand- (lapilli), or mud-dominated (tuff) beds, corresponding to R-, S-
, or T-types, respectively. Structure is concerned with grading and stratification with each

bed-type.
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1.5 Organization

Organization of this dissertation is based on an initial assessment of the physical
characteristics of each formation in their order of deposition, beginning with the Jacola
Formation at the base, the Val d’Or Formation, and ending with the Héva Formation. Each
formation is examined with regard to outcrops that characterize the style and composition
of volcanic activity. Detailed volcanological analyses document inter- and intra-bedding
relationships in order to elucidate the eruptive mechanisms and possible proximity to the
source. Particular eruptive processes are outlined at the end of each chapter in relation to
effusive activity or magmatic to phreatomagmatic explosive fragmentation processes and
their restrictions in a subaqueous environment. In addition, the geochemistry of each
formation is presented in Chapter 6 and subsequently discussed. Chapter 7 combines the
geochemistry and the regional stratigraphy so that a model of the paleogeographic
environment can be constructed. Detailed petrographic analyses of type sections are

documented in appendix A.

1.6 Corroboration

This dissertation represents a contribution to better understand the geodynamic
environment within the southeastern sector of the Abitibi Greenstone Belt in Québec. The
Government of Québec (Ministere des Ressources naturalles) and the mining industry

supported this study generously.
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Table 2: Turbidity flow classification (from Lowe, 1982; Bouma, 1962). Table organized

in idealized depositional sequence.

Short-hand  Flow-type Sedimentation Features

notation

T, Low-density Suspension Massive — structureless -
laminated

T,y Low-density Suspension + traction Fine laminations and
textural sorting

T. Low-density Suspension + traction Cross-laminations

T Low-density Suspension + traction Laminations

T/ S, High-density Suspension Massive — structureless or
normal graded

S, High -density Traction Inverse grading and basal
shear laminations

S, High -density Traction Plane laminations and
cross stratification

R, High -density Suspension Normal grading

R, High -density Traction Inverse grading

R, High -density Traction Stratification and

tractional structures
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CHAPTER 2

GEOLOGY

The study area is located within the Archean Superior Province, which is composed
of numerous fault-bounded, geologically discrete domains or belts that collectively form an
extensive craton (Card, 1990; Thurston and Chivers, 1990) extending over 1500 km from
northern Québec through Ontario and into northern Minnesota (Figure 2). Northern
domains, postulated to be older, form a more continental-type magmatic arc setting (Stern
et al., 1994), whereas the southern Wabigoon, Wawa, and Abitibi belts represent accreted
juvenile volcano-plutonic terranes formed in an oceanic arc environment (Calvert and
Ludden, 1999). The 2.7 to 2.67 Ga Abitibi Subprovince, composed of an assemblage of
granitic-volcanic-sedimentary rocks, is located in the southeast corner of the Superior
Province (Figure 2). The prominence of mafic volcanic rocks and characteristic greenschist
metamorphic grade defines the Abitibi Subprovince as a greenstone belt, whereby the
Abitibi Greenstone Belt, measuring 700km x 300km, is the largest coherent Archean

greenstone belt in the world.

2.1  Abitibi Geology

The Abitibi Greenstone Belt forms an east-west linear assemblage of metavolcanic

and metasedimentary rocks intruded by syn- to post-orogenic granitic plutons (Figure 3).

This belt is bounded to the east by the Grenville Front, a laterally extensive deformation
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L/

90° 80°
L I 1 \ \ \
- 1.11-1.09Ga - Island arc plutons - Retrograde granulite terrane
- 25-1.7Ga - Minnesota foreland terrane - Granulite-grade terrane
- Continental-arc plutons - Metasedimentary terranes - Island arc supracrustal terranes

Figure 2: Simplified geology of the Superior Province outlining the various terranes. The study area
is outlined (Abitibi Greenstone Belt). Modified from Calvert et al. (1999) and Card (1990).
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(CLLFZ) define the northern and southern boundaries of the SVZ, respectively. Study area is outlined. Modified from Chown et al.
(1992), Mueller and Donaldson (1992), and Mueller at al. (1996).
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zone consisting of a Proterozoic thrust fault that defines the contact between the Superior
and Grenville provinces, and to the west by the Kapuskasing Structural Zone, a
discontinuous northeast-trending zone of gneissic rocks (Figure 2). To the north, the
boundary is defined by the para- and orthogneiss of the Opatica Subprovince (Card, 1990),
and to the south by the Cadillac Break, which separates the Abitibi Subprovince from
metasedimentary rocks of the Pontiac Subprovince.

Early work by Goodwin and Ridler (1970) recognized a division in the Abitibi
stratigraphy and defined northern and southern volcanic zones separated by an axial
orogenic zone. Further work by Dimroth et al. (1982) defined a northern Internal and a
southern External zone based on the large volume of komatiitic volcanism in the south and
the greater amount of intrusions, and mafic and ultramafic sills in the north and an overall
difference in thickness. Recent work identified two distinct zones based on similar plutonic,
volcanic, and deformation histories, as well as age constraints and are referred to as the
Northern (NVZ) and Southern Volcanic Zones (SVZ) (Figure 3; Chown et al., 1992). The
division between the ca. 2730-2710 Ma NVZ and ca. 2705-2695 Ma SVZ (Corfu et al.,
1989; Mortensen, 1993a; Mortensen, 1993b) is by a series of east-west faults such as the
Destor-Porcupine and Manneville Faults (Chown et al., 1992; Daigneault et al., 1994) as
well as by collisional flysch-type sedimentary basins (Mueller et al., 1996). An overall
younging direction towards the south from the NVZ to the SVZ suggests a progressive
evolution, which is supported by southward evolution of the sedimentary basins (Mueller

and Donaldson, 1992).
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Defined U-Pb zircon age constraints, detailed volcano-sedimentary terrane analyses
and stratigraphy suggest a window of 2730-2640 Ma for initial deposition to final
exhumation of the Abitibi belt (Mueller et al., 1996). Through sedimentary and structural
work, the Abitibi Greenstone Belt is considered to represent a well-defined arc collage
(Chown et al., 1992). Subsequent work recognized four evolutionary phases spanning the
90 My formation of the Abitibi belt from: (1) arc formation and construction (2730-2698
Ma); (2) arc-arc collision (2696-2690 Ma); (3) arc fragmentation (2689-2680 Ma); and (4)
arc exhumation (2660-2640 Ma) (Mueller et al., 1996).

The geodynamic setting of the NVZ is considered an extensive subaqueous mafic
plain with isolated mafic, mafic-felsic, and felsic volcanic centers that collectively formed a
diffuse arc (Chown et al.,, 1992; Mueller et al., 1996). Flysch- and molasse-type
sedimentary basins within the NVZ are associated with arc construction and emergence,
respectively (Mueller et al., 1989; Mueller and Donaldson, 1992; Mueller et al., 1996). In
contrast, the SVZ is separated into the Blake River Block in the west (Dimroth et al., 1982)
and the Malartic Block in the east (Desrochers et al., 1993), each interpreted as an
individual lithotectonic domain, separated by sedimentary rocks of the Kewagama
Formation (Figure 2; Mueller and Donaldson, 1992). The 2703-2698 Ma (after Mortensen,
1993b) Blake River Block is thought to form an oceanic arc, underlain by tholeiitic basalts
and evolving up section to more calc-alkaline mafic to felsic volcanic and volcaniclastic
deposits (Dimroth et al., 1982). The 2715-2700 Ma Malartic Block has been interpreted in
numerous ways: (1) progressive deposition from an ultramafic-mafic oceanic platform to

arc-related volcanism (Dimroth et al., 1982); or (2) a collage of accreted oceanic plateaus
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composed of ultramafic to mafic lava flows and a post-accretion eruption of arc-related
intermediate to felsic lavas and associated volcaniclastic sedimentary rocks (Desrochers et
al., 1993).

The inferred north dipping subduction zone(s), as initially suggested by Dimroth et
al. (1983b), associated with the construction of the Abitibi Greenstone Belt, has been
corroborated by Calvert et al. (1995) and Calvert and Ludden (1999), by seismic refraction.
Metamorphism is predominantly greenschist facies, with amphibolite facies rocks around
the batholiths (Figure 4; Daigneault et al., 2002). Primary volcanic textures are well
preserved outside major shear zones and intrusions. For brevity the suffix ‘meta’ is omitted

in describing the lithological facies.

2.2 Malartic Block of the SVZ

The SVZ (Figure 3) is divided into the western Blake River and eastern Malartic
blocks (Babineau, 1983; Dimroth et al.,, 1982) and is separated by the Kewagama
Formation (Mueller and Donaldson, 1992). The dilemma confronting this and subsequent
chapters stems from the use of block versus group in describing the geologically distinct
regions in the SVZ. The term “block” represents a distinct lithotectonic domain. Group is
defined as a lithostratigraphic unit composed of several formations (Parker, 1997). Even
though group is correct for the region, the term “block” is utilized, such that Malartic Block

refers to a distinct lithotectonic domain in the southeastern part of the SVZ.
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Figure 4. Distribution of metamorphic grade in SE Abitibi Greenstone Belt. Study area outlined (see Figure 6). Destor-Porcupine-
Manneville Fault Zone (DPMFZ) and Cadillac-Larder-Lake Fault Zone (CLLFZ) delineate the SVZ, which is subdivided into the
Blake River Block (BRB) to the west and the Malartic Block (MB) to the east. Adapted from Daignault et al. (2002).
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The extent of the Malartic Block has undergone numerous revisions over the past
six decades (Figure 5A), starting with regional work by Gunning and Ambrose (1940) for
the Geological Survey of Canada. Initial stratigraphic subdivisions proposed by Gunning
and Ambrose (1940) were based on their mapping of alternating sequences of volcanic and
sedimentary assemblages through the Val d’Or and Malartic areas. They recognized four
groups, which from oldest to youngest were: (1) the volcanic Malartic Group, (2) the
sedimentary Kewagama Group, (3) the volcanic Blake River Group, and (4) the
sedimentary Cadillac Group. Subsequent work in the area redefined the stratigraphy based
on top determinations, whereas Norman (1943, 1947a, b) recognized that the volcanic rocks
of the Blake River Group were not younger than the sedimentary Kewagama Group.

Latulippe (1966) subdivided the Malartic area into a northern Lower Malartic and
southern Upper Malartic subgroups (Figure SA) based on the volcanic stratigraphy. The
Lower Malartic was characterized by voluminous ultramafic flows and associated
intrusions, whereas the Upper Malartic comprised a series of mafic to felsic lava flows and
intercalated volcaniclastic deposits cut by post-eruptive dioritic to granodioritc intrusions
(Figure 5A). In the 1970’s, Imreh identified ultramafic rocks of the Lower Malartic
subgroup and recognized pillowed flows and flow top breccias, along with spinifex textures
indicative of flows rather than previously mapped intrusions (Imreh 1974a, 1974b, 1974c,
1976, 1985). This work defined numerous formations based on volcano-sedimentary
associations and these were grouped into two major lithotectonic assemblages (Imreh 1976,
1985) in the Malartic Block. Imreh’s Malartic Group was composed of the ultramafic and

mafic volcanic lava flows of the La Motte-Vassan and Dubuisson formations interpreted to
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Figure 5A: Stratigraphic interpretations for the Malartic Block (after Desrochers et al., 1996)
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form an oceanic lava plain and the Val d’Or Volcanic Complex comprised the Jacola, Val
d’Or, and Héva formations (Figure 5A; Imreh 1976, 1985).

Up until now, the Malartic Block was mapped and interpreted as a single
homoclinal stratigraphic succession younging southward to the Cadillac-Larder Lake Fault
(Figure 3). However, work in the 1980s (Babineau, 1983; Gaudreau et al., 1986; Ludden
and Hubert, 1986) and 1990s (Desrochers and Hubert 1996; Desrochers et al. 1993; 1996)
challenged this simple stratigraphy by offering a more structural viewpoint on the
construction of the Malartic Block. These authors proposed that the Malartic Block was
composed of an assemblage of separate lithotectonic domains based on zones of varying
strain within the volcano-sedimentary stratigraphy (Figure S5A). This hypothesis
culminated in Desrochers et al. (1993) renaming the Malartic Block as the Malartic
Composite Block, which reflects their interpretation of an assemblage of lithotectonic
domains for the Val d’Or-Malartic region. The Malartic Composite Block is divided into
five mafic to ultramafic domains and one calc-alkaline lithotectonic domain represented by
the Northern, Central, Vassan, de Montigny, Southern, and Val d’Or domains (Figure 5A),
respectively. The mafic-ultramafic domains were interpreted as remnant terranes of
Archean oceanic plateaus composed of komatiitic and tholeiitic mafic-felsic lavas and
subordinate intercalated volcaniclastic sedimentary rocks. Each of these domains display
their own: (1) lithological assemblage; (2) structural fabrics (i.e., S;, S,); and (3)
geochemical signature. Subsequent accretion formed an allochthonous assemblage of
exotic, fault-bounded blocks, whereby there are no stratigraphic relationships across their

faulted contacts. In contrast, the calc-alkaline volcanism of the Val d’Or Domain represents
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extensional processes where mafic to felsic lava and associated fragmental rocks were
deposited onto, but rest unconformably on the Central and Southern domains (Desrochers
and Hubert, 1996), thus making the Val d’Or Domain the youngest within the Malartic

Composite Block.

2.2.1 Southern Malartic Block: formations within the study area

The formations studied include, from north to south: (1) the Jacola Formation, (2)
Val d’Or Formation, and (3) Héva Formation (Figures 6 and 7). Initial interpretation of
formations in the Malartic Block placed the Jacola Formation within the interpreted Val
d’Or Volcanic Complex , a central submarine volcanic complex (Dimroth et al., 1983;
Imreh, 1985), in spite of a prevalence of ultramafic and mafic lava flows (Imreh, 1985).
This interpretation most likely originated from the inferred lateral transition from the Jacola
to the Val d’Or formation, on the south flank of the La Motte-Vassan anticline. Both
formations were deposited on the Dubuisson Formation, which formed part of the La Motte
submarine lava plain (Figure 5B). The volcanic environment evolved from west to east,
with the Jacola Formation considered as transitional from tholeiitic to calc-alkaline. It is
located along the flank of the central volcanic complex (Imreh, 1985). Furthermore, Imreh
(1985) documented characteristics akin to both fissural and central volcanic complexes
within the Jacola Formation, suggesting a transitional phase between these tectonic
environments.

Toward the east, volcanic facies become fragmented and of calc-alkaline affinity, to

which Imreh (1985) attributed facies typical of a central volcanic facies and characterized



North Flank South Flank

W E
rfi? “Cadillac Grou '

o0 0.,

glj Upper Figuery Formation =° Svggegvébc’?‘#(J?%;S?&;?o%%v S
EH— - - - - - — — — momPontlacGrou
g
E Lower Figuery Formation
o ot
A A A A

A A
North Hév: Formation  ,

l-Malanic Gmup-l

Figure 5B: Stratigraphic correlation across the northern and southern flanks of the La Motte-Vassan anticline. Note that the Jacola,
Val d'Or and Héva formations are not included in the Malartic or Harricana groups. Adapted from Imreh (1985).

ABojoeg -z Jeydeyd

x4



Chaptsr 2 - Geology

)m N

300000 m E,

5334 000

"‘ B

k"

W -
Ay e~ A
-

e (&‘\\\‘Q\\‘.

&
§..<
B

o]

2. 4

__Galdfi-id

N

5 >
L i

s I R s
*.Louvicourt

36000 mE.

000 mE

~

s
) W&@E\\L\\,\\M\\\\\\
59 NIy
o \"‘ T \\\~\

/:ﬁ‘\ "

— )

5 — Ly

= - = WEUUR 71

\\.(\\\«g&mi\\ —— —~ ./ / g
S / Z

Pl

N W 000 ¢TE §

308 000m E

Jacola
Formation

Val d'Or
Formation

Héva
Formation

3200mE
0
LEGEND .

Monzonite Suite MALARTIC BLOCK Il 7
| Quantzdiorite Yiortest B  Tholkiitic mafic volcanic rocks (Héva Fm) Bl Mincralization (VMS-type and Au)
- Feldspar porphyric dykes Group - Intermediate spherulitic volcanic facies (HévaFm)  ccmx —
[  Diorite-tonalite Suite Intermediate-felsic volcanic and volcaniclastic rocks (Val dOr Fm) ~ +>+=* -
B  Gabbroic intrusions Malartic |l  Tholeiitic mafic volcanic rocks (Jacola Fm) i _/ Fault
[ ] Sedimentary rocks (Pontiac Subprovince) Group |  Ultramafic volcanic rocks (Jacola Fm)
B Scdimentary rocks (Cadillac Group)

Figure 6: Simplifed regional geology of the Val d'Or region. Geologic compilation after Pilote (MRN), Lavoie, Scott, Riopel, Champagne (UQAC), Beaumont (MRN), and Mueller (UQAC) (2003).
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Figure 7. Malartic Block units based on a: (1) structural approach (Desrochers et al. 1993) and (2)
stratigraphic approach (Dimroth et al., 1983; Imreh, 1985). The proposed stratigraphy for this work
recognizes two new groups based on tectonic affiliation; Malartic Group represents oceanic floor and the
Louvicourt Group represents a volcanic arc. The Cadillac Group (CG) forms a forearc sedimentary
package of flysch-type deposits that is the lateral equivalent to the Héva Formation along strike to the west
(see Figures 5B & 6). This links this region with the Blake River Block indicating a complete
allochthonous assemblage (see Discussion - Chapter 7). Equivalent assmeblages are linked by arrows with

those studied in gray.
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the Val d’Or Formation. Lava composition varied from basalt to rare dacite, with
volcaniclastic facies dominantly of andesitic composition. The up-section transition to the
Héva Formation is indicated by the predominance of massive basaltic flows (Imreh, 1985).
Basalt flows are typically extensive facies mappable for sevéral kilometers along strike,
suggesting a change to more effusive volcanism, thereby signifying the end of the central

volcanic complex.
2.3  Geodynamic Models for the Malartic Block

Contrasting geodynamic models were proposed as a consequence of different
stratigraphic interpretations for the Malartic Block. The basis for these models resides in a
structural/tectonic versus stratigraphic approach. The structural approach advocates the
concept of exotic blocks forming the Malartic (Composite) Block (cf. Desrochers et al.,
1993), whereby the characterization of local stress fields, deformation events, and bedding
orientation suggests an allochthonous college (Desrochers et al., 1996). In contrast, the
regional stratigraphy, with emphasis on bedding and contact relationships as well as
volcanic architecture, supports a homoclinal stratigraphic sequence younging to the south
(Dimroth et al., 1982; Imreh, 1976). Both interpretations identify an extensive ultramafic to
mafic oceanic base and an upper calc-alkaline Val d’Or Formation/Domain (see Figure 7).

The geodynamic model of Desrochers et al. (1993) inferred the accretion of five
individual domains to form the Malartic Composite Block. These domains were accreted

during a subduction-related shortening that defines their faulted contacts (Figure 8). The
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Figure 8A: Block diagram of various domains of the Malartic Composite Block. Solid lines between
contacts represent faults and dashed line is an unconformity. The varied patterns within domains
represent the individual deformation history of each domain (after Desrochers et al., 1993).
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Figure 8B: Proposed tectonic model for Malartic Composite Block. Mafic domains are oceanic
plateaus (top) accreted during oblique ridge subduction. Calc-alkaline volcanic rocks (Val d'Or
Domain) form on top of accreted plateaus (after Desrochers et al., 1993).
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youngest domain, the calc-alkaline Val d’Or Domain, is produced by extension-related
volcanism that erupted through the newly accreted and deformed plateau collage, possibly
from ridge subduction in a regime of oblique convergence (Figure 8B).

The lithostratigraphic evolutionary model of Dimroth et al. (1982; 1983a; 1983b)
envisaged five to seven overlapping phases for the construction of their Southern External
Zone, which is the equivalent to the SVZ. The external zone was subdivided into two
volcanic cycles; namely a Lower and an Upper cycle corresponding to local stratigraphy
and change in volcanic style from basaltic flows with intergraded rhyolites and associated
sedimentary rocks to overlying ultramafic and tholeiitic sequences. The Upper Cycle or
cycle I corresponds to the deposition of the Malartic Block. The uitramafic sequence
includes the L.a Motte-Vassan and Dubuisson formations made up of komatiite and
tholeiitic flows, and includes the sedimentary Lac Caste Formation. The sequence is
overlain by a prominent tholeiitic basalt sequence ranging from massive to pillowed flows,
minor intercalated brecciated felsic flows and pyroclastic rocks that collectively form the
Jacola, Val d’Or and Héva formations (Figure 7). Ultramafic and mafic flows are
interpreted as submarine lava plains composed of laterally extensive lava flows (> 30-km),
erupted during effusive fissure-type volcanism. Subsequent felsic volcanism formed
Central Volcanic Complexes, defined as 30-km wide zones (Figure 9). These complexes
are dominantly felsic with proximal massive to distal brecciated facies, display variations in
vesicularity, indicating volcano-tectonic subsidence, and show lateral changes in thickness

and lenticularity of volcanic deposits (Dimroth et al. 1982, 1983a, 1983b).
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Figure 9: Three phase volcanic arc model for the evolution of southern Malartic Group. A)
Formation of extensive submarine mafic-ultramafic lava plain. B) Start of subduction and
development of central volcanic complexes. C) Evolution and buildup of central volcanic
complexes to calc-alkaline volcanism at shallower levels (modified from Dimroth et al., 1983b).
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The stratigraphy and the character of the volcano-sedimentary units of the Malartic
Block suggest a continuum of depositional events commencing with the ultramafic-mafic
La Motte-Vassan Formation, the felsic volcanic Val d’Or Formation, and terminating with
the mafic Héva Formation. The ultramafic-dominated sequences form an extensive,
effusive submarine platform (from deep mantle diapirs), referred to as the Roquemaure
Plain (Figure 9A; Dimroth 1983b). Northward subduction may have been initiated during
this period, as indicated by proto-arc related tholeiitic volcanism (Figure 9B). Subsequent
volcanic evolution is indicated by calc-alkaline arc volcanism. Arc-type volcanism is
characterized by numerous central vents that produce abundant fragmental material forming
laterally-restricted deposits (Dimroth et al. 1982; 1983a, 1983b).

In summary, both the tectonic and stratigraphic models recognize the importance of
mantle-derived (ultramafic) magmas, but differ in the interpretation of the temporal
evolution of the volcanic rocks. This study will describe the individual formations in
chronological order with their respective characteristics in order to develop a new
geodynamic model, based on volcano-sedimentary facies analysis, geochemistry, new U-Pb

zircon-age determinations, and recent structural studies by Daigneault et al. (2002).
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CHAPTER 3

JACOLA FORMATION : AN OCEANIC PLATFORM

The Jacola Formation (JF) represents the oldest rocks within the Val d’Or region.
Imreh (1985) mapped the 3000 m-thick JF as an ultramafic to basaltic sequence composed
of lava flows and associated brecciated rocks. Discontinuous basaltic breccias were
interpreted as hyaloclastic in origin and represent the construction of a volcanic edifice,
hence placing the JF at the base of the Val d’Or Volcanic Complex, (e.g., Dimroth et al.,
1982). Their interpretation is supported by an apparent lateral transition from the JF in the
west to the Val d’Or Formation in the east (Figures 5B and 10), which would suggest a
conformable or transitional relationship.

The ultramafic/mafic volcanism of the JF was considered to be the transition from
the underlying La Motte mafic plain (Malartic Group; Imreh, 1985) to the overlying central
volcanic complex (Val d’Or and Héva formations). Spatially, the JF was envisaged to be
deposited along the flank of the Val d’Or Volcanic Complex and influenced by the
underlying La Motte submarine mafic plain (Imreh, 1985). A deep submarine environment
was inferred based on the absence of vesicles and broken pillows, along with minor
hyaloclastites (Dimroth et al., 1982; Imreh, 1985). Up section, hyaloclastites become more
abundant and the transition to the Val d’Or Formation is marked by the recognition of
pillowed basalt flows and isolated pillow breccia of calc-alkaline affinity (Imreh, 1985),

both of which are consistent with a shoaling sequence (e.g., Staudigel and Schminke,

1984).
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31 Reasoning

Originally, this thesis was restricted to facies mapping of the Val d’Or and Héva
formations, however, after the initial field campaign (Summer, 1997), it became apparent
that it was necessary to include the JF. The objective was to evaluate the contact between
the Jacola and Val d’Or formations, due to its importance with respect to the overall
stratigraphy and reconstruction of the geodynamic setting and tectonic model. For the
present study, mapping of the JF was limited to exposed outcrops in proximity to the Val
d’Or Formation; thus only the upper contact of the JF is discussed (Figures 10 and 11),
with some supportive geochemistry from an internal report (Champagne et al., 2002).
Outcrops east of Sigma mine represent two of only five outcrops (Figure 11) in an area
covering 627.74 hectares within the New Bidlamaque and Union Gold properties
(Prud'Homme, 1996). A third outcrop, known as the New Bidlamaque showing (Figures 10
and 11), was mapped by another UQAC Masters student (Riopel, in progress), the
significance of which is discussed below. Other outcrop locations were from road cuts and

small exposed ridges in and around the town of Val d’Or.

3.2 Characteristics of the Jacola Formation

The studied JF is represented by a 1-2 km-thick sequence of tholeiitic basalts,

komatiites, and subordinate mafic volcaniclastic deposits (Figure 12). Pillowed, brecciated,

and the more dominant massive basalts, are interstratified with 100-200 m-thick massive to
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Figure 11. A) Aerial photograph of area just east of Val d'Or depicting outcrops from the Jacola and
Val d'Or formations. Cross-hatched zone outlines the probably contact between these formations. B)
Sketch of aerial photograph outlining stripped outcrops (shaded) between the formations.
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[ intrusiverocks [E3#] Massive basalt I undifferentiated basalt
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Bl Mg-rich basalt Brecciated basalt () Outcrops 0 200

Figure 12. Mapped areas of the Jacola Formation just west of Val d'Or showing the relationship between
komatiites and massive, pillowed and brecciated basalt. Modified from Champagne et al. (2002).
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pillowed komatiitic lavas that extend laterally at least 14 km (Champagne et al., 2002).
Minor intercalated volcaniclastic deposits are only locally observed and are typically
discontinuous (Figure 12). Intense alteration, such as chloritization and serpentization,
destroyed most primary volcanic textures. Nonetheless, relict spinifex texture is observed in
cm-sized veins (Figure 13) and within flow-top breccias of thicker deposits (Figure 14).

Komatiites form 100 m-thick, discontinuous flow units that are commonly truncated
by NW-SE or NE-SW trending faults (Figure 12). Individual flows range from 4 to 20 m-
thick and are overlain by massive-to-brecciated, Mg-rich basalts (Champagne et al., 2002).
Primary textures are preserved, but the original mineralogy has been overprinted by an
alteration assemblage of chlorite, amphibole, and serpentine. Original olivine spinifex is
represented by 0.30 to 0.45 mm-long blades of chlorite and serpentine (Champagne et al.,
2002). Massive lavas are composed of an olivine and/or pyroxene cumulate forming 0.7
mm equant crystals now recrystallized to amphibole, serpentine and/or chlorite (Figure
15A; Appendix A-1/2).

Basalts are typically massive and brecciated and can be subdivided into Fe-rich and
rare Mg-rich basalts (Champagne et al., 2002). The Mg-rich variety is distinguished in the
field by its pale gray color, fine- to medium-grained character, and its association with
komatiitic lavas. Massive flows range from 30 to 70 m-thick and isolated breccias up to 20
m-thick. In thin section, an interstitial texture is defined by 1-mm long plagioclase crystals
and pyroxene now altered to amphibole (Figure 15B).

Massive to pillowed Fe-rich basalt is altered a green-gray to dark green, aphanitic,

non-vesicular and upwards to 25 m-thick. Massive basalts commonly evolve to pillowed
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Figure 13. Spinifex texture within bands/veins of variable thickness. Tops indicated by arrow. Pencil
is 15 cm-long.

Figure 14. Spinifex crystals randomly oriented with brecciated facies. Lens cap is 5.5 cm, with tops
indicated by arrow.
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Figure 15A. Crossed nicols photomicrograph of recrystallized texture of massive

basaltic komatiite flow from JF. Scale bar is 2mm. See appendix A-2 for in depth
description and addition photo.

I

L I _— - 3 » - B -
Figure 15B. Cross nicols photomicrograph of relict bladed pyroxene (now amphibole)
within massive basaltic komatiite flow from JF (See appendix A-1: thin section CS97-
246A). Scale bar is 2mm

42



Chapter 3 - Jaccola Formation 43

facies both laterally and vertically, and in some cases capped by a massive facies that may
represent a change in eruptive dynamics (Figure 16). Some gabbroic textured lithofacies
may in fact be coarse-grained massive basalt as indicated by an apparent transition from
mapped massive basalt. Unfortunately, contact relationships are obscured by shear zones
(Figure 16) or are not exposed. Massive basalts are also characterized by angular lapilli
fragments (Appendix A-3) that mantled tongue-like terminations of pillowed flows
(Figure 17), which are characteristic of water-lava interaction forming hyaloclastites
(Wohletz, 1983). Similar angular fragments constitute local deposits of stratified m-thick
lapilli tuff and tuff breccias.

Pillow morphology ranges from mattress-, bun-, and sausage-shaped and suggest a
southward younging direction (Figures 16 & 18). Lateral changes from oblong sausage
forms to more inflated bun-to-mattress forms are locally observed. Pillows are
characterized by well-developed chilled margins, varioles, and in situ hyaloclastites at
pillow junctions. Intercalated hyaloclastites comprise cm-sized fragments localized
between pillows (Figure 19) with elongated, cuspate to subrounded morphologies. Chilled
margins are several mm-thick, aphyric and altered a blue-green color (Figure 20), which
are similar to elongated/tabular fragments described previously. Individual, spherical
grayish-green varioles, first appear within several mm of pillow margins and become
progressively larger toward pillow interiors until they form a homogenous mass of
aggregated varioles, giving pillows a grayish-green appearance (Figure 20). Measured
pillow dimensions (long and short axes) documented from the detailed outcrop (Figure 16)

have a 3.6:1 ratio indicating a prominent elongation (Figure 16, Table 3). In contrast to the
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Figure 18
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Figure 16. Mapped outcrop within the upper section of the Jacola Formation. Pillow structures indicate
an undulatory propagation indicating an approximate E-W (azimuth) flow direction. Pillow morphology
indicates a south-younging direction.
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chilled

margin

Figure 17. Tongue-like pillow termination mantled by pillow fragmental breccia. Pillowed exterior is
characterized by polygonal cooling joints. Both lava and fragments are characterized by chilled
margins. Pencil is 15 cm-long.

mafic
pillows
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Figure 18. Sausage-shaped pillow looking towards the east. Pillow is plunging towards the viewer.
Chilled margin and varioles evident. Arrow points south towards younging direction. Pencil is 15 cm-
long.
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Flgme 19. Subrounded to subangular pillow fragmental bteocla fragments (t) located between plllOWS
Scale bar is 10 cm-long.

Figure 20. Basaltic pillow structure: chilled margin (c), isolated varioles (v), and agglomerated massive
interior (I). Scale bar is 10 cm-long.
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Placer Dome Inc. report (Prud'Homme, 1996), no vesicles were observed, and it is possible

that varioles were mistaken for

Table 3: Pillow sizes vesicularity.

Pillows Long axis Short axis ’ Area Minor dykes are observed on
(m) (m) (m’)
7 25 17.5 most outcrops, with two main
7 3 21
5 2 10 populations distinguished based on
6 22 13.2
4 1.2 4.8 appearance and geochemistry (see
35 1.2 4.2
4.7 0.9 423 below). A deep green dyke phase
4 1.1 4.4
245 1i2 ;'i appears associated with ultramafic
35 0.9 3.15 1 d dui
45 0.5 oy avas and may serve as conduits to
3.5 0.5 1.75 )
63 04 259 overlying ultramafic flows, although
3 0.3 0.9 . _

Average 4.6 13 6.5 no direct field relations supporting

this hypothesis were observed. The
second phase is a brownish-green aphyric dyke that cuts the local stratigraphy at near right
angles, but highly convoluted in cross section. These dykes are also possible feeder dykes,
but again no direct observations are present to support this claim.

Upper and lower inter-formational contacts are not exposed and are considered to
be transitional over 100s of meters and defined by the abundance and appearance of
fragmental material, respectively (Imreh, 1985; Figure 11). The nature of the contact
relationship between the JF and Bourlamaque Pluton (BP) was examined in order to
ascertain their temporal association. In this regard, dykes, emanating from the BP, were

observed intruding and crosscutting the JF (Figure 21). The upper contact marks a change
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Figure 21. Field photo of dykes from
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Figure 22: Age date of mafic volcaniclastic at the summit of the
Jacola Formation, taken from New Bidlamaque showing. Modified
from Pilote et al. (in press).
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Table 4: Structural and bedding measurements from basaitic to komatiitic lavas and

local mafic volcaniclastic deposits of
Schistosity Type Strike Dip
the JF to abundant volcaniclastic
S 283 74 ) . )
s, 280 75 deposits of transitional, intermediate to
Si 288 70 felsic composition of the lower Val
Si 290 77
S, 286 70 d’Or Formation. The actual contact is
S 274 58 probably located within a 350 m-wide
S 269 57
S, 265 80 zone, based on field relationships
average 279 70 (Figure 11). Deformation is weakly to
moderately developed in the studied
Pillow flow Strike Plunge
tops areas with localized cm- to m-sized
286 41
284 © 43 shear zones. Regional schistosity, the
278 29 .
only one recognized, ranges from
284 41
278 30 N270° to N290° with an average dip of
271 30
270 18 70° (Table 4), which is subparallel to
282 52
272 12 bedding, as defined by pillowed facies,
273 35 o . . .
of 98°. Bedding is subvertical and
273 30
277 18 commonly overturned with younging
271 39
285 35 direction always to the south (Figure
278 22 16). Pill i d
. OW pro
085 34 ) propagation, as suggeste
Evgge 278 33 by sausage-like structures (Figures 16
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and 18), averages 278° with a plunge of 33° (Table 4). Metamorphic grade is low, ranging
from prehnite-pumpellyite to lower greenschist facies.

At present only one age date is available for the upper JF. This recent U-Pb dating
gives an age of 2703.8 + 1.3 Ma (Figure 22) and was taken from a mafic volcaniclastic
deposit (New Bidlamaque showing, Figures 10 and 11) close to the presumed contact with
the Val d’Or Formation (Pilote et al.,, 1999). These volcaniclastic deposits are normal
graded tuff breccias to lapilli tuffs with truncated bedding indicating erosive processes.
They are capped by massive lava to amoeboidal pillows of mafic composition, similar in

appearance to the underlying fragments (Riopel, MSc in progress).

33 Interpretation

Massive and pillowed flows (Table 5) are suggestive of effusive volcanism in a
subaqueous setting (Dimroth et al., 1978; Cousineau and Dimroth, 1982). Moreover, the
low aspect ratio (flow length versus flow thickness, see Table 5) of basaltic and komatiitic
flows implies voluminous eruptions consistent with fissural-type. These fissure sources are
capable of forming thin, lenticular deposits necessary to construct a submarine lava plain.
Finally, the non-vesicular nature of volcanic lithofacies may indicate a deep-water
environment of 2000m or more (Gill et al., 1990), whereby hydrostatic pressure inhibited
volatile exsolution.

Lateral variations in pillow morphology may indicate changes in viscosity and/or

temperature, which may be related to proximity to the source. Dimroth et al. (1978)
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suggested that massive lava could change to pillowed and ultimately brecciated facies with
increasing distance from the erupting source. As a lava flow advances, it loses heat to the
surrounding water, which increases the effective viscosity of the flow. This results in
morphological changes from fluidal to more compact pillows forms (c.g., sausage-to-bun
shaped). Other parameters to consider are decreases in the eruptive and/or flow rate(s),
which will restrict the supply of fluidal lava to the flow front. The sausage-shaped pillow
morphology is suggestive of small feeder tubes (Decker and Decker, 1989) and is
characterized by an undulatory east-west propagation (Figures 16 and 18) indicating a
westward flow direction. Such tubes may result from gravitational forces from a paleoslope
and/or low viscosity lava (Moore, 1975; Walker, 1992), both of which suggest proximity to
the erupting fissure/vent. Additional support for a proximal setting for pillow lavas mapped
in the New Bidlamaque region (Figures 10 and 11) is the presence of varioles and aphyric
nature, which are indicative of high temperature lava. Varioles observed within pillow
margins are similar to those described by Gélinas et al. (1976) and are probably composed
of spherulites of acicular plagioclase originating from a central point (Fowler et al., 2002).
These spherulites are considered the result of crystallization as they are parallel to the
cooling contact (Lofgren, 1971; Davis and McPhie, 1996) (Figure 20) and become
progressively larger towards pillow interiors (Fowler et al., 2002). The typical
morphological variation is from a spherulite-rich margin to a microlite-rich core, but
Fowler et al. (2002) suggest that some tubes and large pillows can have varioles
concentrated toward pillow centers, similar to those observed (Figure 20). Moreover,

Fowler et al. (1986) suggested that plagioclase spherulites formed because of pronounced
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undercooling from a superheated basaltic melt. Therefore, it is proposed that the mafic
lavas of New Bidlamaque were proximal, hot, fluidal lava, initially above the liquidus for
intratelluric crystallization and were subsequently undercooled, resulting in extensive
spherulitic crystallization. A continuous magma supply, together with the insulating effect
of lava tubes, keep the lava at elevated temperatures for longer periods of time. This also
facilitated the construction of the lava plain (Fornari, 1986).

Local volcaniclastic deposits composed of angular basaltic hyaloclastites are
considered lava-fed and comparable to group III density currents (cf. White, 2000), Such
fragments are spalled from an advancing subaqueous lava flow and redistributed downslope
via gravity-driven turbidity currents (Bergh and Gudmunder, 1991; White, 2000).
Fragmentation is most likely a combination of thermal shock granulation and dynamo-
thermal spalling along flow margins (White, 2000), as opposed to steam explosions, based
on the conspicuous absence of both vesicles and fine tuff-sized deposits. These deposits
likely represent the distal equivalent to pillowed flows formed upslope, similar to the
transitions observed along young seamounts (Lonsdale and Batiza, 1980). Figure 23
outlines the lateral variation envisaged for basaltic and komatiitic rocks in the JF and is
comparable to studied Archean flows (e.g., (Dimroth et al., 1978; Bergh and Gudmunder,
1991; White, 2000).

Elongated fragments are envisioned to be multiple chilled margin selvages that
became detached similar to those described from Qamaru, New Zealand (from Walker,
1992; Figure 24). Such fragments represent an initial stage of fragmentation and are

classified as pillow breccia (cf. pg. 372; Batiza and White, 2000). Subrounded fragments
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Idealized lateral variation in an effusive, fissural eruption of fluidal mafic lava

effusive
eruption of
hot, fluidal mafic lava

. decreasing :
massve pillow size autoclastl.c A
brecciation

g 10's of km

not to scale

Figure 23. Conceptual sketch of lateral variation of an effusive, fissural eruption of basaltic lava.
Modeled from ideas of Dimroth et al. (1978), Bergh and Sigvaldason (1991) and White (2000).
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Figure 24. Multiple chilled margins on Omarau pillow basalts from the South Island, New Zealand.
Similar characteristics as pillows mapped from the New Bidlamaque property (Figures 16 and 18). Field
of view is roughyl 1.5 m.
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are probably pseudo-pillows or pillow selvages (Walker, 1992) formed by spalled hot fluid
magma that plastically deformed and are supported by cooling fractures outlining some of
the larger fragments (Figure 19).

In summary, volcanology and petrography of observed massive to pillowed lava
flows suggest effusive volcanism in a subaqueous setting (Cousineau and Dimroth, 1982;
Dimroth et al., 1978). The inherent low aspect ratio of komatiitic and basaltic flows implies
voluminous eruptions consistent with a fissure-type source that potentially could form a
subaqueous lava plain. In addition, the non-vesicular character of the basaltic lithofacies
may indicate a deep-water environment (> 2000 m; cf. Gill et al., 1990). Erupted komatiites
and associated Mg-rich basalts imply a high heat flow probably from a mantle plume
source (Campbell et al., 1989). Crosscutting dykes may be associated with overlying lavas
of the Val d’Or Formation, suggesting a temporal and spatial relationship between the two

formations.
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CHAPTER 4

VAL D’OR FORMATION: ARC CONSTRUCTION

The 3-5 km-thick Val d’Or Formation (VDF) represents the arc construction phase
and is composed massive, pillowed and lobate lavas and associated volcaniclastic deposits
with minor intrusions of diorite and gabbro. In the field, volcano-sedimentary deposits were
identified as intermediate or felsic, whereby intermediate is andesitic and felsic includes
rhyolitic and dacitic compositions. Compositionally, these volcanic deposits are dominantly
composed of 50% andesites, 30% dacites, and 20% rhyolites. Andesites are grouped into 1
km-thick and 9 km-long amalgamated flow units composed of massive to pillowed lava and
interstratified monolithic volcaniclastic rocks. Dacitic to rhyolitic lavas are areally
restricted, typically measuring between 200-800 m-thick and 1-3 km-long.

The VDF is subdivided into lower and upper sectors for simplicity and weak trends
in geochemical affinity (see chapter 6). Moreover, the upper part of the formation is
slightly more felsic in composition as compared to the base. This division is arbitrary, but it
may identify a possible evolutionary change during arc construction; as such, they will be
treated separately in this chapter. Numerous regions of interest (ROI) are recognized, based
on location in the stratigraphy and outcrop accessibility (Figure 26). Various styles of
volcanism (i.e., phreatomagmatic) are documented for the ROI’s, which are affected by

their paleogeographic setting (i.e., deep marine).
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4.1 Lower Val d’Or Formation

The lower VDF marks a significant change from the laterally extensive lavas of the
underlying Jacola Formation to the restricted volcaniclastic deposits of the VDF. Several
stripped outcrops are located fortuitously close to the presumed contact between the Jacola
and Val d’Or formations (see Figure 11), thereby permitting a comparison between the
different styles of volcanism. To the east, where large outcrops are scarce, the stratigraphy
is completed by closely spaced traverses within former exploration areas of Camnet and
Manitou (Figure 25) - the latter a former base metal operation. The following subsections
describe the lithology and interpretation of individual regions or outcrops situated within

the lower portion of the VDF.

4.1.1 Base of sequence; Val d’Or Playground (ROI 1)
This area is located to the extreme west of the VDF in close proximity to the
presumed contact with the underlying Jacola Formation (ROI 1; Figure 25). Vertical

exposure is good to fair permitting an excellent cross section through a volcaniclastic

sequence.

4.1.1.1 Description of Playground stratigraphy
The 45 m-thick sequence at the base of the VDF can be conveniently subdivided

based on depositional features (Table 5; Figure 26). The younging direction for the



Table 5: Lithofacies of playground area (ROI 1)

Characteristics and petrographic features

Interpretation, processes, and setting

Two clast-supported, massive beds composed of
subrounded-to-subangular monolithic clasts. Clasts are
irregular with 1-2 mm-thick chilled margins that
enclose a 5-20 vol% vesicular core. Clasts are aphyric.

Matrix-supported, massive to weakly stratified.
Fragments are subangular to subrounded with serrated
terminations. Matrix is composed of liberated feldspars
and elongated chlorite clasts. Chlorite clasts are
molded around feldspar phenocrysts.

Magmatic fragmentation of an energetic fire
fountain formed under high hydrostatic
conditions. Breccia-sized fragments ejected to
form a massive, high-concentration flow that was
deposited under laminar flow conditions.

Hydroclastic fragmentation phase as ambient
water invaded the expanding steamy fountain
resulting in finer and more angular fragments.
Formed low-to-high concentration turbulent flows
that formed massive to stratified deposits.

Depositional Units Lithofacies
Upper Depositional Unit Lapilli tuff breccia
25 m-thick
Lapilli tuff
Lower Depositional Unit Tuff
22 m-thick
Lapilli tuff
Lapilli tuff breccia
Crystal-rich sill

0.5-1 m-thick, normal-graded with laminations and
scour features (Ta, Tb-d).

Matrix-supported, 1-2 m-thick, normal-graded (S3)
bed. Localized outsized subrounded breccia clasts.

Matrix-supported, 2-5 m-thick, normal-graded (R3)
bed. Subrounded to subangular breccia-clasts form
lenses at the base of bed (R1).

1 m-thick, stratabound with 30-40% euhedral feldspar
phenocrysts.

Capping sequence from the remobilization of
unconsolidated material along the slopes of a
subaqueous edifice. Represents the fallout and
transport of a fine turbulent cloud which forms
high-to-low concentration turbidity flow deposits.

High-concentration turbidity flow deposit from
remobilized volcanic material.

High-concentration turbidity flow deposit from
remobilized volcanic material. Represents the

base of a single depositional event.

Late stage injection of crystal-rich magma.
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massive to weakly stratified, low- to
high concentration turbidity flow(s),
forming matrix-supported deposit of
subangular lapilli- to tuff-sized
fragments.

massive, high-concentration flow under
laminar flow conditions, forming a clast-
supported deposit composed of amoeboidal
fragments that were deposited at elevated
temperatures permitting plastic
deformation

Series of matrix-supported, high- to low-
concentration turbidity flows

Figure 26: Stratigraphic section from playground region

(ROI 1) located in the Lower VDF.
and fragment characteristics
fragmentation processes.

Support mechanism
indicate different
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sequence is towards the south as suggested by erosive contacts, low-angle scouring (Figure
27), and grading (Figure 26).

The lower 22 m-thick depositional unit (Figure 26) is characterized by matrix-
supported lapilli tuff breccia, lapilli tuff, and tuff beds (Table 5). The 2-5 m-thick lapilli
tuff breccia beds are normal-graded and characterized by subrounded monolithic breccia
clasts. These breccia clasts form basal or medial lenses parallel to bedding, which define a
weak stratification (Figure 26). Lapilli tuff beds are normal-graded and characterized by
erosive contacts with bounding beds and local outsized clasts (Figures 26 and 27).
Subordinate tuff beds are massive to laminated with distinct scour features (Figure 27). In
addition, two crystal-rich facies, which have diffuse contacts (Figure 28) with bounding
facies, are considered to be sills as they cut the stratigraphy (Figure 26). These sills are
composed of 30-40-vol%, gray-to-white, 1-2 mm euhedral feldspar phenocrysts that vary
from blocky and equant to tabular forms.

The overlying 25 m-thick sequence is characterized by two clast-supported lapilli
tuff breccia deposits separated by a matrix-supported, normal-graded coarse lapilli tuff
(Table 5; Figures 26, 29, and 30). The 10 m-thick, matrix-supported lapilli tuff bed is
massive with clast-rich zones that define a crude stratification (Figure 26). Fragments are
subrounded to subangular, but become compressed adjacent to other fragments (Figure
30). More localized deformation is observed where in situ fractures within some of the
larger fragments are bent when juxtaposed with other fragments (Figure 30). Fragments are
monolithic with a vesicularity of 5-20-vol% based on a visual estimate of quartz amygdules

and voids (Figure 30 and Appendix A-4). Breccia-sized fragments have an aphyric, 1-2
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o

op : P8 A
Figure 27. (A) Scour-like features from tuff facies indicating younging direction towards the south (arrow), as
well as isolated subrounded weakly vesicular (v), breccia-sized fragments with possible cooling fractures.
Pencil is 15 cm long. (B) Sketch of photoin A.
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Figure 28: Contact relationship between stratified tuff facies and overlying feldspar-
phyric sill. Pencil is 15 cm long and pointing towards the north, arrow points in
younging direction.

Figure 29: Diffuse contact with underlying tuff to lapilli tuff and overlying clast-
supported tuff breccia (spatter unit). Book is 34 cm-long and arrow points in younging
direction.



Chapter 4 - Val d'Or Formation 63

Figure 30: A. Clast-supported nature of lapilli tuff breccia facies, with monolithic population of subrounded,
weakly vesicular fragments. Chilled margins (C) and synsedimentary (plastic) deformation of probable
cooling fractures (F). B. Sketch emphasizing vesicularity and deformation textures; gray areas are
recongizable vesicles. Pencil is 15 cm long and arrow points in younging direction (south).
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mm-thick chlorite rim that define a possible chilled margin that separates the white,
vesicular core from the matrix. In thin section, chilled margins form a very fine grained,
subrounded border on the order of 1-2 mm in thickness around fragments (Figure 31 and
Appendix A-5). Chloritization of lapilli- to tuff-sized fragments increases as the fragment
size decreases.

The two clast-supported lapilli tuff breccia beds are characterized by irregular
fragments, such as oval-, amoeboid-, and spindle-shaped (Figure 29). These fragments
appear exactly the same as those hosted in the sandwiched lapilli tuff bed (Figure 26).
Lapilli- and tuff-sized fragments comprising the matrix of the clast-supported lapilli tuff
breccia beds are characterized by serrated to wispy terminations. Abundant 1-2 mm, blocky
and equant, feldspar phenocrysts liberated in the chloritized matrix are randomly oriented.

Petrographically, the matrix is composed of 5-10% equant-to-blocky-to-lath-shaped,
sieved, 1-2 mm sized, feldspar phenocrysts in a fine-grained quartz + feldspar + epidote +
carbonate matrix and abundant elongated chlorite shreds. A lineation pattern is defined by
the deformation and general molding of chlorite around randomly oriented feldspar
phenocrysts (Figures 32 and Appendix A-5). Such textures are similar to described
peritaxitic textures, defined as the coalescence of bubble wall shards that form swirl-like
structures around lithics and crystals, which delineate a foliation and where recrystallization
to spherulites and other fibrous textures has occurred (Dimroth and Yamagishi, 1987).
Breccia-sized fragments are characterized by oval-shaped, mm-sized quartz/carbonate

amygdules and randomly oriented, lath-shaped feldspar microphenocrysts (Figure 33) with
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Figure 31: A. Photomicrograph of contact between lapilli fragment and vitrophric-rich
matrix. Contact characterized by a mm-thick chloritized zone that may represent a
chilled or baked contact between the fragment and matrix. Field of view is 7mm, plane
polaried light. Thin section CS99-2466B. See appendix A-5 for detailed description. B.
Same thin section, but macroscopic photo detailing the molded nature of contact
between fragment and matrix; field of view is approximately 3 cm.
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Figure 32: Photomicrographs of lapilli tuff matrix documenting relict vitrophyric shards.
Former shards are represented by chlorite bands that are molded around denser, sieved
feldspar phenocrysts. Liberated feldspar phenocrysts are not oriented in the same plane
as chlorite shards. A. Plane polarized light. B. Crossed-nicols.
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Figure 33: Cross-nicols microphotograph of oval-shaped quartz amygdules in fine-
grained feldspar-rich groundmass of breccia-sized fragment.

67
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subordinate (< 1%) lath-shaped, sieved feldspar phenocrysts. The groundmass is composed

of fine-grained feldspar and quartz, with minor epidote alteration and no chlorite alteration.

4.1.1.2 Interpretation of Playground stratigraphy

The difference in the support mechanism between the lower and upper parts of the
mapped stratigraphic section seems to indicate a possible change in their mode of transport,
as well as their origin (Table 5). Nevertheless, their monolithic character and absence of
background sedimentation would suggest that both are deposited from sedimentary gravity
flows, originating from penecontemporaneous disruption of a volcanic edifice and not post-
eruptive weathering of consolidated deposits (i.e., epiclastic; cf. Fisher and Schmincke,
1984).

The lower 22 m-thick, matrix-dominated lapilli tuff breccia, lapilli tuff, and tuff
beds record deposition from high- and low-concentration turbidity currents ranging from R-
, S- and T-types, respectively (cf. Lowe, 1982). The monolithic volcanic fragments
comprising this sequence suggest two possible modes of origin: (1) eruption-fed, but water-
supported, subaqueous turbidity currents (cf. White, 2000); or (2) remobilization of
unconsolidated volcanic material previously fragmented, such as volcanic debris
accumulated along a volcanic slope. An absence of doubly graded beds (cf. Fiske and
Matsuda, 1964) and textural features, suggestive of hot emplacement of individual
fragments or beds, argues against an eruption-fed origin. Therefore deposition by cold
turbidity currents originating from the reworking of unconsolidated material, initially

emplaced from an earlier eruption on the paleoslopes of a subaqueous volcanic vent is
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favored. The lapilli tuff breccia beds represent initial slumping of coarse grained, water-
saturated juvenile material. During transport, finer grained material becomes elutriated and
lofted into a trailing turbulent cloud. Differential settling resulted in finer grained turbidity
flows and deposition of normal-graded beds. The lack of tuff beds indicate the overall
instability of the area, as there were probably a rapid succession of remobilized material.
Temporal events are impossible to ascertain, but it is envisaged that transport and
deposition of these volcano-sedimentary facies were penecontemporaneous with initial
fragmentation, whereby final deposition could be days to even months after initial
fragmentation. However, breccia-sized fragments are not deformed suggesting they had
sufficiently cooled to behave as a rigid solid before remobilization. Such remobilization is
common in proximity to an active volcanic vent due the abundance of volcanic material
(Carey, 2000), unstable slopes, and seismicity associated with volcanism.

The massive, clast-supported nature of the two overlying lapilli tuff breccia beds
suggests deposition from a concentrated cohesive debris flow within the laminar flow
regime (Lowe, 1982). The predominance of weakly vesicular and fluidal fragments, vitric
tuff matrix, wispy fragments (serrated terminations), and abundance of liberated crystals in
the matrix imply a pyroclastic origin (Dimroth and Yamagishi, 1987; Mueller and White,
1992; McPhie et al., 1993). Moreover, the overall thickness of these deposits (> 4m; Figure
26) would imply that these volcaniclastic deposits are primary pyroclastic deposits based
on considerations by Dimroth and Yamagishi (1987). Explosive subaqueous volcanism
occurs via phreatomagmatic or magmatic processes (Kokelaar, 1986; White and Houghton,

2002, White et al., 2003), whereby fragmentation is controlled by external or dissolved
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volatiles, respectively. The breccia-size and subrounded nature of fragments precludes a
possible (efficient) phreatomagmatic mechanism; as such, explosive fragmentation
typically produces fine-grained tephra, which are generally angular in shape (Wohletz,
1983; Morrissey et al., 2000). In addition, the irregular fragment shapes indicate that
magma fragmentation occurred in a semi-fluid state (cf. Mueller and White, 1992).
Magmatic explosivity is controlled by the acceleration of exsolving magmatic volatiles,
thereby providing the initial ejection velocity of magma/lava from the volcanic vent. The
inherent problem with subaqueous magmatic eruptions is the ubiquitous effect hydrostatic
pressure has on the exsolution of volatiles. As the hydrostatic pressure increases with depth,
volatile exsolution is suppressed, which resulted in earlier researchers to infer that
explosive subaqueous eruptions were restricted to around 500 m below sea level (see Cas
and Wright, 1991; Stix, 1991). Recent work on seamounts, however, has observed
fragmented material at depths in excess of 2000 m (Gill et al., 1990; White et al., 2003).
Furthermore, some researchers have described fluidal clasts at depths > 1000 m (Batiza et
al., 1984; Batiza et al., 1989) with inferred subaqueous fire-fountaining (Smith and Batiza,
1989). These inferences lead Mueller and White (1992) to interpret an Archean
volcaniclastic sequence as being deposited from a subaqueous fire-fountain eruption and to
the construction of an idealized stratigraphic sequence for such an eruption (Figure 34).
Although clast support was provided by water, the subrounded nature, chilled
margins, and possible plastic deformation between juxtaposed fragments imply that most
breccia-sized fragments were transported and emplaced in a hot state. Plastic deformation is

considered to be a primary feature as denser material, such as feldspar crystals, are
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unaffected, whereas former vesicles are slightly flattened and tuff- to lapilli-sized chlorite
fragments (former glass shards?) in the matrix are molded around crystals. Such in situ
viscous deformation indicates welding (White, written communication 2003; (Smith, 1960)
of hot pyroclasts subsequent to deposition. If deformation was a result of tectonic forces or
sedimentary compaction, then all constituents of the deposit should be deformed. While the
interstitial fluid was water, fragments remained hot due to the possible formation of a
protecting steam envelope (Kokelaar, 1983; Kokelaar, 1986), whereby larger fragments are
more apt to generate and preserve this envelope for an extended period. Therefore, it is
envisioned that these flow units were eruption-fed, but mixed with water (cf. White, 2000),
without any repose period. A remobilized scenario is opposed, as chilled margins are likely
to crack and post-depositional plastic deformation improbable.

The intervening 10 m-thick, matrix-supported lapilli tuff (Figures 26 and 34) facies
records a change from magmatic to more phreatomagmatic conditions (cf. Mueller and
White, 1992) as the initial gas-thrust of the fire-fountain stage weakens, thereby enabling
water to ingest into the steamy eruption column resulting in more efficient fragmentation
into finer-grained pyroclasts. As the eruption weakens further, the eruption column wanes
and the lofted finer material collapses to form high- to low-density turbidity flows. A
capping turbidite division, envisaged by Mueller and White (1992), is absent probably
because of a return to a fire-fountain eruption stage due to a possible recharge of fresh
volatile-rich magma within the subvolcanic magma chamber, which deposits another clast-

supported tuff breccia composed of fluidal fragments (Figures 26, 29, and 34).
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The interpreted subaqueous fire-fountaining origin is based on the juvenile, breccia-
sized, vesiculated fluidal clasts and deposit characteristics. A paleowater depth of > 1000 m
is inferred from the breccia-sized yet fluidal and vesiculated fragments that comprise the
sequence indicating that the hydrostatic pressure was high enough to suppress efficient
fragmentation, but not vesiculation. The underlying matrix-supported deposits may have
resulted from slope failure and subsequent remobilization due to associated seismicity as

magma inflated the volcanic edifice prior to the fire-fountain eruption.

4.1.2 Placer Dome North (ROI 2)

This sector represents a series of three east-west elongated outcrops and two
rectangular zones (Figures 11 and 35). These outcrops are located 3km east of Val d’Or,
approximately 400m north of highway 117 via an old road located opposite a Hydro-
Québec power line (Figure 25). All outcrops were part of a former gold exploration
program by Placer Dome Inc. and this zone is along strike with the Sigma Mine located 5.5
km to the west. Another probable reason for work at this particular site is possible magnetic
anomalies associated with two lamprophyre plugs exposed in the two-stripped rectangular
zones (Figure 35). Focus was on the largest of the three elongated outcrops with detailed
mapping conducted to examine lateral transitions in an effort to understand fragmentation
and transportation processes. The northernmost outcrop is composed of volcaniclastic
deposits that were deeply weathered, the southernmost outcrop is composed of intermediate
pillows capped by in situ breccia, whereas the middle outcrop has a 16-23 m-thick

volcaniclastic sequence sandwiched between intermediate pillowed facies. The extensive
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Figure 35: Outline of outcrop zones for Placer Dome North, Val d'Or Formation.
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lateral and vertical exposure of this volcaniclastic sequence offers unprecedented
observations on lithologic transitions from lava to sediment, as well as flow transformations

within individual sedimentary gravity flows.

4.1.2.1 Description of outcrop characteristics
The central outcrop, measuring 185m x 50m, was mapped at scales of 1:200 and 1:5
to outline the general stratigraphy and detail any lateral and vertical transitions,
respectively. This particular outcrop offers the best continuous exposure of the lower part
of the VDF and is characterized by volcaniclastic deposits that are bounded by intermediate

pillowed flow facies (Figure 36).

Pillowed Facies

The conspicuous feature of the intermediate pillowed facies is the variability in
pillow morphology (Table 6). Within the lowermost pillowed unit, pillows range from
amoeboidal to bun-shaped both along strike, in an east-west direction, and up section
(Figures 37 and 38A). Furthermore, amoeboidal pillows may exhibit a continuum of
morphological changes from isolated, irregular bulbous masses to more regular amoeboid
forms and bun-shaped pillows over 100m along strike in a westerly direction (Figure 37).
Irregular pillows range from amoeboidal (Figure 38B) to more elongated, stretched and
folded spatter-like forms (Figures 38C/D), but are all characterized by chilled margins
(Figure 38A). Irregular pillow sizes vary from meters to several centimeters with no

correlation to stratigraphy. A minimum thickness of 10m is observed for the lower pillowed
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Figure 36: Simplified geology map of stripped outcrop, with volcaniclastic facies situated between two intermediate pillowed
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the west. Location of stratigraphic sections from figure 37 are shown.
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Table 6: Volcano-sedimentary lithofacies of Placer Dome North outcrops

Lithofacies Facies, structure, characteristics Origin, process, deposit Setting, locus
Volcanic Intermediate pillowed and pillow Effusive low-volume lava flow(s); aphyric Near vent setting with an east to west

Thickness: 10-70 m

Intercalated spatter
facies

Volcaniclastic

a) Tuff turbidite
(2-8 m thick)

b) Lapilli tuff breccia
(12-14 m thick)

breccia flows; Pillow morphology
varies from amoeboidal-, tubular-, or
bun-shaped; aphyric and <5%
amygdules

Highly irregular spatter composed of
fluidal, spindle, tightly folded lava
ribbons, and agglutinated clasts

a) Progressive thickening towards the
west; fine planar laminations (T,),
grading and erosive contacts
comprise a series of T, and T, beds;
monolithic subangular to subrounded
clasts with slight flattening; aphyric
and non-vesicular

b) Subdivided into three separate
depositional units measuring
between 1-9 m thick; each unit grades
from a 1-3 m thick, massive tuff
breccia (R, 3), 1-2 m thick, weakly
stratified, lapilli tuff (S, ), to 2 0.55-2
m thick, laminated tuff (Ty,);
monolithic subrounded clasts;
aphyric and highly variable amygdule
content (0-35 vol%)

nature and low vesicularity suggest a low-
viscosity flow which formed amoeboidal
pillows '

Spatter units record boil-over or tearing of
low-viscosity lava that was transported only
10s of meters; lava spatter rapidly chilled by
ambient water and compressed by subsequent
lava flow

a) Fine-grained material produced during
subaqueous phreatomagmatic disintegration of
intermediate lava

Collapse of eruptive column generated a series
of low density sedimentary gravity flows
(Tabd)

b) Autoclastic fragmentation of intermediate
lava flow forms a “lava-fed” massive tuff
breccia; deposition by water-supported,
laminar debris and high density sedimentary
gravity flows of pillow breccia

Water ingestion produced weak localized
phreatomagmatic explosions; deposition by
high- to low-density sedimentary gravity
flows (S5 and T,y

propagation based on amoeboidal- to bun-
shaped transition and tube forms; low
vesicularity suggests a deep-water environment

Deposition along vent paleoslope caused tearing
of low-vesicular, fluidal lava; overriding lava
deformed hot clasts

Subaqueous transport of juvenile material
associated with small phreatomagmatic
eruptions due to ingestion and rapid
vaporization of seawater; proximal deposition
below wave base

Subaqueous fragmentation in proximity to the
source vent; deposition below wave base
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Figure 37: Four stratigraphic columns illustrating the lateral changes in three separate sedimentary gravity flows, ranging from high- to low-density particulate flows. Vertical and lateral changes in
lava morphology are also indicated, suggesting changes in intrinsic lava conditions.
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Figure 38: Pillow forms and transitions to fluidal spatter breccia deposits from Placer
Dome North outcrop. A. Vertical transition from amoeboidal pillows to more bun-shaped
up section; arrow points in younging direction (south). Pencil is 14.5 cm long. B.
Irregular, amoeboid pillow forms from base of lava flow. Lens cap is 5.5 cm wide.
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Figure 38 (con't): Fluidal spatter breccia deposits composed of highly irregular lava rags;
located to the east of mapped section (see Figure 43), field book for scale (19 cm long). C.
Spatter-like character of lava. D. Amoeboid morphology and (plastic) deformation of low
viscosity lava. Pencil for scale (14.5 cm long)
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facies (see strat C-C’, Figure 37). The uppermost-pillowed flow extends from the middle
outcrop to the southern outcrop with a combined thickness of approximately 70m (Figure
35). This pillowed flow grades into a coarse-grained in situ breccia in the SW corner of the
southern outcrop (Figures 35 and 39). Pillows are typically larger with no amoeboidal
forms and most are elongated with low aspect ratios, suggestive of feeder tubes (Figure
39). A minor shear zone (270°/90°) has disrupted a meter wide zone within this pillowed
facies giving it a brecciated appearance. All pillows are aphyric and non-vesicular
regardless of pillow morphology with a bleached grayish-white appearance. Interstitial
material is ubiquitously altered to a fine-grained matrix of chlorite, sericite, and epidote.
Pillows are completely chloritized with some cores having been replaced by epidote.
Petrographically, pillows are composed of a fine-grained matrix of chlorite +
epidote + quartz + albite + carbonate. Relict crystal forms of hornblende are recognized,
along with possible feldspar. Microlites of acicular feldspar comprise upwards to 30-vol%
of core regions (Figure 40) where epidote alteration is less intense, whereas epidote-rich
zones are typically aphyric (Appendix A-6). Vesicularity is low and characterized by trace

to 5-vol% quartz amygdules.

Volcaniclastic Deposits

The volcaniclastic deposits can be divided into a tuff sequence and a series of tuff
breccia to lapilli tuff facies (Table 6; Figure 41) based on grading, sharp and erosive
contacts, stratification and bed repetition. The tuff unit gradually thickens from 3 m in the

east to over 8 m in the west (Figures 37 and 41). Contacts are sharp with bounding
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Figure 39: Vertical and lateral transition from tube-like pillows to a brecciated facies. Younging
direction is to the south (arrow). Field book (19 cm) for scale.

Figure 40: Cross-Nicols photomicrograph of pillow groundmass of fine-grained acicular feldspar
microphenocrysts, with one observed quartz amygdule.
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Figure 41: (A) General geology and location of detailed map. (B) Detailed map outlining the various volcaniclastic deposits, from a basal tuff turbidite and three subsequent
lapilli tuff breccias (LTB). (C) A depositional unit showing the vertical variation from coarse-grained laminar facies to fine-grained turbulent facies.
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lithofacies and erosive with the underlying pillowed facies, which also serves as a marker
horizon for this particular outcrop (Figure 37). This fine-grained tuff is composed of
multiple T,, and T,,, Bouma sequences (cf. Lowe, 1982), recognized by grading and
erosive contacts (Figure 42). Both grading and erosive contacts indicate younging direction
to the south. Fragments are altered a grayish-white with a pale grayish-green matrix due to
quartz-albite re-crystallization and chloritization, respectively. The monolithic fragment
population varies from a subangular to subrounded morphology with a slight elongation
parallel to bedding. Vesicularity is not observed on surface. Petrographic work recognized
tuff- to lapilli-sized fragments that have been altered to a fine-grained quartz-albite mosaic
hosted in an epidote + chlorite + quartz + sericite + albite matrix. Fragments have a slightly
flattened appearance with 1:3 to 1:4 aspect ratio (Figure 43A). Vesicles or amygdules are
not observed.

Overlying the tuff sequence is a series of lapilli tuff breccia beds that can be
subdivided into three depositional units based on grading and contact relationships (Table
6; Figures 37 and 41). Each depositional unit is composed of several beds, which from
base to top have: (1) a massive to normal graded, 1-3 m-thick basal tuff breccia; (2) several
normal- to rare reverse-graded, 1-2 m-thick, coarse- to fine-lapilli tuff beds; and (3) a
capping normal graded, 0.5-2 m-thick, coarse- to fine-tuff beds (Figures 44 and 45). The
overall thickness of each depositional unit varies along strike, whereby the lower two flow
units pinch and swell, and the uppermost unit has a general thickening trend towards the
west. Stratification is weak or diffuse, but becomes more evident further to the west over a

distance of 10s of meters (Figures 37, 41 and 46). Furthermore, there is an overall
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Figure 43: Photomicrographs of various textures of fragments within tuff and lapilli tuff facies from Placer Dome North outcrops. All are taken from
the finer grained part of the tuff breccia facies, except for (A), which is from the lower tuffaceous facies. A. Completely re-crystallized fragments that
are characterized by serrated edges (SE). B. Chloritized fragment that has possible relict perlitic fractures (F) and chilled margin (C). C. Vesicular
fragment with well developed aphyric (chilled?) margin. D. Wispy, flattened chloritized fragments from coarse tuff facies; liberated broken feldspar
(FP) microphenocryts are not aligned with these fragments.
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Figure 44: Idealized stratigraphic section of a single volcaniclastic debris flow sequence

from Placer Dome North.
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Figure 45: Photos from lower debris flow deposit; fieldbook for scale (19 cm). A. Vertical transition of
lower part of one depositional unit from basal debris flow (laminar regime) facies to high- (R-type) and
low-concentration (S-type) turbidity flow (turbulent regime) facies. B. Closeup of amoeboidal fragments
within basal debris flow facies. Fragments are plastically deformed, pillow-like, and have chilled margins
©).
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Figure 45 (con't): Fragment morphology within turbulent regime of depositional unit. Coin for scale (23
mm). C. Numerous flattened lapilli fragments, some of the larger fragments are slightly vesicular. D.
Similar flattened fragments, with larger vesicular breccia-sized fragment with a chloritized, non-vesicular

margin, which may represent a chilled margin.
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Figure 46: Lateral variations observed within lapilli tff breccia flow unit from east to west over ~70m.
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decrease in fragment size towards the west as large breccia (> 40-cm) fragments become
increasingly rare (Figure 46). Fragments are aphyric and weakly-to-moderately vesicular
(upwards to 35-vol%; visual estimate), with larger breccia-sized fragments typically having
a subrounded, amoeboidal form and highly epidotized (Figures 44 and 45). Texturally,
these fragments are similar to the underlying pillow facies, but no direct transition from the
pillowed facies is observed.

Petrographically, two fragment populations are identified based on style of
alteration and vesicularity. One fragment type is altered to chlorite with a conspicuous
epidote margin (Figures 43B/C; Appendix A-7). Such fragments are slightly flattened or
elongated (Figures 45C-D), with a vesicularity up to a maximum of 35-vol%, as
represented by quartz amygdules (see Figure 43C). Trace amounts of lath-shaped feldspars
are not oriented or flattened in the same plane as the fragments or amygdules (Figure 43D).
Exterior morphology is angular, flattened, and characterized by cuspate chilled margins
(Figure 43B). The second fragment population is composed of fine-grained quartz and
albite. These quartzo-feldspathic fragments are slightly larger than the chloritic fragments.
Vesicles are absent and crystals are rare. Contact with the matrix is not well defined, as the
matrix is altered to the same alteration assemblage, with fragments being finer-grained
(similar to fragment in Figure 43A). The matrix consists of fine-grained epidote + chlorite
+ carbonate + albite. Subordinate lath-shaped feldspar microphenocrysts are randomly

scattered throughout.
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Intrusive phases

Another conspicuous feature is the number of different dyke populations that
crosscut the stratigraphy (Figures 36 and 37). A total of six dyke phases are recognized,
which based on cross-cutting relationships are, from oldest to youngest: (1) aphyric
intermediate dyke, (2) feldspar-pyrite porphyry dyke, (3) melanocratic lamprophyre, (4)
feldspar-phyric dyke, and (5) monzonitic dyke. The sixth dyke is a small greenish intrusion
that is pyroxene-rich and does not cut other phases. All dyke phases, with the exception of
the feldspar-phyric dyke, crosscut the volcanic sequence. The lamprophyric dyke has
subrounded, cm-sized leucocratic, holocrystalline blobs composed of medium- to coarse-
grained feldspar, quartz, and biotite. Detailed mapping of a lamprophyric stocks recognized

different generations of lamprophyre based on color variations and xenoliths.

Deformation

Deformation is minor outside of the previously described shear zone associated with
the pillowed facies. The stratigraphy is near vertical, with an average schistosity of 267°
dipping 85° to the north and bedding of 085° dipping 87° to the south. As the younging
direction is to the south, beds are ‘upright’, within only rare cases of beds being overturned
or dipping to the north. A conspicuous offset observed within the volcaniclastic beds
(Figure 41B) records a N-S fault that is obscured by a lamphrophyric dyke. This dyke does
not propagate into the overlying pillowed facies (Figures 36 and 41B) and may represent a

synvolcanic fault.
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4.1.22 Interpretation of Placer Dome North stratigraphy
These outcrops represent a rare opportunity in Archean rocks to observe lateral and
vertical transitions from pillowed facies to associated volcaniclastic deposits. Moreover,

internal facies variations record changes as a function of distance from the source (i.e.,

vent).

Volcanic processes and mechanisms

Lateral variations in pillowed lava morphology records the changing properties of
the propagating lava during transport. Its aphyric nature suggests a high-temperature lava,
which would imply the lava had a relatively low-viscosity (i.e., fluidal). Amoeboidal
pillowed forms support this notion. The intercalated spattered zones represent localized
disruption during transport of the fluidal lava. Subaerial lava spatter is associated with the
release of dissolved gases during eruption (i.e, Strombolian) as are some interpreted
subaqueous vesicular basaltic welded clasts (i.e., Sumisu rift; Gill et al., 1990). However,
these deposits are non-vesicular. Two possible modes are envisaged for their formation: (1)
gravitational collapse and/or (2) lava overpressure. Downslope movement of pillowed
flows could result in tearing/shearing of fluidal lava into hot lava rags that tumble and roll
several meters down the flank of the vent (Figure 47). The vertical propagation of pillowed
flows (i.e., trap door) may be inhibited by high hydrostatic pressures, which could result in
lava overpressure. If lava pressure exceeds the overlying hydrostatic pressure it could
“pop” or the steam carapace could implode forming lava spatter (Figure 47). This pillow

spatter would be quickly covered by the advancing lava front, which compressed this hot
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Figure 47. Schematic sketches outlining possible formation of spatter-like lenses during propagation of a
low viscosity pillow lava. A. Two possible conditions to produce spatter; formation of trap door pillow or
topography variation along vent slope. B. Implosion stage; spatter formation due to over pressure or flow
front collapse. C. Continued pillow growth overrides spatter forming spatter lenses composed of fluidal
lava rags; "fluidal spatter breccia deposit”. Ideas of pillow propagation from Moore (1975) and Batiza
and White (2000) and references therein.
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debris. This could form the isolated lenses of spatter, defined as fluidal spatter breccia
deposits, bounded by amoeboidal- to bun-shaped lava (Figures 37 and 47).

The variability of amoeboid textures attests to a very fluidal lava that was erupted
under low to moderate discharge rates and relatively small volumes. Otherwise, such
fluidal lava would probably form deposits that are more massive, and which grade into
pillowed varieties further from the erupting vent (cf. Dimroth et al., 1978). Lava spatter is
similar to the Playground deposits (see Figure 29); however, the association with pillowed
lava and predominance of complex, interlocked and folded fragments (Figures 38C/D)
precludes a fire-fountaining mechanism, as any significant transport would destroy them.
Furthermore, the low vesicularity (< 5-vol%) is not consistent with a fire-fountaining
mechanism underwater (Gill et al., 1990; White et al., 2002) or on land (Vergniolle and
Mangan, 2000). This has a two-fold effect: (1) fragmentation is highly inefficient, thus
forming only large lava blobs; and (2) deposition is restricted to within tens of meters of the
source.

The tube-like morphology of the overlying 70-thick pillowed sequence suggests a
feeder system probably close to the erupting vent. A direct transition from a pillowed to
fragmental facies in the southwest corner of the upper outcrop indicates autoclastic

fragmentation as the pillowed flow appears disintegrate by non-explosive processes.

Volcaniclastics: explosive processes and mechanisms
The main volcaniclastic sequence (Figures 37 and 41) has no direct transition

observed between pillowed flows and fragmental units, unlike that observed for the
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southern flows where pillows grade into a lapilli breccia (Figure 39). Nonetheless, the

monolithologic character, mineralogy, pillow breccia forms and spatial relationship to

underlying pillowed facies all suggest they are genetically related.

Tuff sequence

The 3-8 m-thick sequence of tuff units represent an amalgamation of up to 27
individual beds, ranging from T, to T,, and measuring between 5 and 40 cm-thick
(Figure 42). Bedding characteristics, such as stratification, grading, and grain-size suggest
that these beds were deposited by low-density turbidity flows (Lowe, 1982). Scouring of
underlying pillowed facies and interbedded truncations indicate that these flows were
erosive during transport.

Their fine-grained nature indicates either a change in eruptive style or efficient
weathering and reworking of older, unconsolidated deposits. The latter would describe an
epiclastic process (pg. 89; Fisher and Schmincke, 1984) that typically would have an
overall larger grain size and a more diverse fragment population. Therefore, it is envisioned
that the tuff beds record a change from effusive volcanism to a more fragmental volcanic
eruption. The monolithic population of juvenile material suggests efficient fragmentation,
and given the subaqueous environment, fragmentation must be a variety of
phreatomagmatism: defined by Morrissey et al. (2000) as “Volcanic activity resulting from
the interaction between magma/lava and groundwater or surface water including seawater,
meteoric water or lake water.” Similarly described deposits, thin bedded, weakly vesicular

tuffs to lapilli tuffs were interpreted by Németh and White (2003) as being formed during
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phreatomagmatic fragmentation and transported by turbulent, low-concentration pyroclastic
density currents (cf. Chough and Sohn, 1990). The complete sequence records deposition
from successive collapse of tuff-sized material from a subaqueous eruptive column (Fiske

and Matsuda, 1964).

Lapilli tuff breccia

The subsequent three lapilli tuff breccia deposits indicate another change in style of
volcanism. Individual deposits can be subdivided into two transport regimes corresponding
to two or more flow types. The basal lapilli tuff breccia unit is composed of preserved
pillowed forms (Figure 45) and pillow breccia suggesting contemporaneous transport of
hot fragments from disrupted pillowed lava. This unit typically grades from massive to
normal-graded (rare reverse-graded) both up section and along strike to the east (Figures
37 and 46), which can be described as a transformation from a laminar to a turbulent flow
regime, respectively. These flow regime transformations can be attributed to changes in the
hydraulic conditions in relation to surface and/or fluidization transformations (cf. Fisher,
1983) due to the ingestion of water or upward movement of fluids within the flow (Fisher,
1983). Their massive nature is similar to described cohesive debris flows (Lowe, 1982),
whereby such flows are capable of transporting large blocks in a matrix of lapilli- and ash-
sized fragments (Prothero and Schwab, 1996). Subsequent grading from coarse-grained
breccia, to a stratified lapilli tuff and/or tuff (Figures 44 and 46) indicate deposition from

high- to low-density turbidity flows (Lowe, 1982, 1988). This grading probably records
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progressive deposition, probably from a single eruptive event (cf. Fiske and Matsuda, 1964)
originating from ‘lava-fed density currents’ (White, 2000).

The predominance of fluidal, pillow-like fragments in the basal lapilli tuff breccia
(Figures 44 and 45) suggests a non-explosive, dynamo-thermal spalling along a lava flow
margin. Finer-grained fragments represent possible weak phreatomagmatic explosions that
were localized to the upper lava margins during discrete periods of water-magma mixing
within a hyaloclastite carapace. These finer-grained juvenile fragments can be subsequently
lofted and mixed with ambient water due to initial ejection or entrained by convecting hot
water above flow margins as observed for Hawaiian lava flows (Moore et al., 1973).
Together, the laminar and turbulent partitions form a single depositional unit, similar to the
‘standard depositional unit’ defined by Berg and Gudmunder (1991) for lava-fed
hyaloclastite sequences in Iceland.

These lapilli tuff breccia deposits may also be described as a subaqueous equivalent
to subaerial block and ash deposits. Notwithstanding the density difference between air and
water (cf. Stix, 1991), observed gravitational collapse (Merapi-type) of lava lobe margins at
Unzen volcano in Japan typically formed small volume flows that traveled between 1.5 and
5.6 km from the flow front (Ui et al., 1999). Such flows were deposited on gentle slopes (<
20°) with a cumulative thickness up to 5 m of massive to reversely graded, non-vesicular to
vesicular blocks in a fine-grained ash matrix (Miyabuchi, 1999). Larger blocks had radial
cooling joints, indicating they were emplaced hot (Miyabuchi, 1999), which would be
analogous to the amoeboidal forms observed from the lapilli tuff breccias (Figure 45B).

While more than 9000 block and ash flows were recorded at Unzen volcano, most were
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very small volume and formed channel- or finger-like deposits (Ui et al., 1999), similar to
those deposited at Soufriere Hills, Montserrat (Figure 48). Thus, the deposits mapped here
probably do not record the complete eruptive sequence.

Another possible interpretation for these deposits is the accumulation of pillow
debris during post-eruptive remobilization to form talus-like deposits downslope (cf.
Tanner and Calvari, 1999). However, such talus accumulations typically are clast-
supported, non-graded and poorly sorted, lacking juvenile, fine-grained material, and
breccia-sized fragments are dominantly subangular (Tanner and Hubert, 1991; Wright and
Gamble, 1999), all of which are not observed for these deposits. Furthermore, such talus
deposits form wedge-shaped beds that thin in the direction of transport, with complex
interfingering of other deposits (Tanner and Calvari, 1999), which is also not evident for
the mapped deposits. Such talus accumulations are observed at the base of steep
topographic slopes indicating mass wasting of lavas (Lonsdale and Batiza, 1980; Wright

and Gamble, 1999).

Intrusive phases

The abundance of dykes that cut the sequence is another possible indication of
proximity to the volcanic vent. Only the intermediate dyke phase is observed to cut the
uppermost pillowed facies, which, based on its composition and orientation may indicate
that it is a feeder dyke for flows to the south (i.e., Pole Line deposits, discussed below).
Furthermore, the synvolcanic fault probably formed in response to slumping and faulting in

proximity to a tectonically active volcanic vent (cf. Cousineau and Bédard, 2000). The
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Figure 48: Subaerial examples demonstrating the morphology of
pyroclastic flow deposits and how sucessive flows cover prior
flows forming a complex assemblage of fragmental deposits.
Approximately 2 km to the active Soufriere Hills Volcano,
Montserrat (Caribbean).
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lamprophyric dykes are younger than the 2700 + 1 Ma Bourlamaque Pluton (Wong et al.,
1991) as rounded xenoliths of the Bourlamaque are entrained in these dykes.

In conclusion, these series of outcrops represent a monogenetic subaqueous volcano
of intermediate composition (see Chapter 6 for discussion on composition). Volcanism
evolved from effusive volcanism to a period of explosive phreatomagmatic activity and
remobilization of non-explosive disintegration of lava, back to effusive pillow formation of

an intermediate system.

4.1.3  East Sullivan Outcrops (ROI 3)

The East Sullivan outcrops include two large stripped areas located about 3.5 km
east of Val d’Or on either side of the dirt road that leads to the past producing East Sullivan
mine site (Figure 25). Stripping was conducted for gold exploration; in particular for
quartz-tourmaline veins that commonly host gold in the Val d’Or Mining Camp. These
outcrops offer continuous exposure of volcaniclastic deposits with intercalated intermediate
pillowed lavas and subordinate dykes and veins. Both outcrops were mapped at 1:20 scale
to emphasize any lateral and vertical changes in stratigraphy. Together, these outcrops

cover approximately 400 m along strike and 75 m in thickness of the local stratigraphy

(Figure 49).

4.1.3.1 Lithology of outcrops
The stratigraphy can be subdivided into two principal components, namely

intermediate pillowed lavas and volcaniclastic deposits (Table 7).
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Figure 49: Correlated stripped outcrops of intercalated volcano-sedimentary deposits demonstrating a complex series of density currents and amoeboidal pillow lavas.



Table 7: Characteristics of volcano-sedimentary deposits of East Sullivan areas.

Lithofacies Thickness & Characteristics Transport/Deposition Origin/Process/Interpretation
Morphology

Yolcanic

Pillowed Tabular units, 5-9 Bun- to mattress shaped; vesicular (5- Lava flow Effusive subaqueous volcanism

Amoeboid clast
dominated lava

Volcaniclastic
Tuff

Lapilli tuff

Tuff breccia

m-thick
Discontinuous
lenses, 1-2 m-thick

Discontinuous
beds; 0.1-1 m-thick

Tabular units, 0.5-4

m-thick

Tabular, 1-12 m-
thick

40 vol%); 15-20 vol% plagioclase
Monomictic; vesicular;
subrounded/amoeboidal;
vesicular; plastic deformation;
localized lenses

Monomictic; diffuse to well-developed
bedding; erosive; liberated, broken,
euhedral crystals

Monomictic; crude to diffuse bedding;
erosive; liberated, broken, euhedral
crystals; subrounded to subangular
clasts; vesicularity 5-30%

Monomictic; massive or normal- to
reverse-graded (R, and R,); upward
fining; subrounded/fluidal/spindal;
plastic deformation; epidotized cores;
cooling fractures; vesicularity 5-40%

Laminar flow regime; limited
transport; cohesive debris flow deposit

Fallout; low concentration turbidity
currents; turbulent flow regime

Fallout/ballistic; low- to high-
concentration flows; turbulent flow
regime; traction carpets

Ballistic/boil-over;

cohesive debris flow (subaqueous
clastogenic flow?) to high
concentration flow (R-type); laminar to
turbulent flow regime

Effusive volcanism to possible
boil-over eruption; also possible
spatter along flow front;
subaqueous clastogenic flow

Hydrovolcanic fragmentation

Hydrovolcanic fragmentation;
fire-fountaining

Fire-fountaining to boil-over
subaqueous eruption
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Volcanic lithofacies

Two separate pillowed flow deposits are mapped, with the uppermost deposit
extending across the complete mapped section (Figures 49, 50, and 51). The lower deposit
(only exposed in the west; Figure 49) is composed of bun-shaped pillows that form a
somewhat lenticular unit with a nearly consistent thickness of 5 m. The upper lava flow
consists of bun- to mattress-shaped pillows (Figure 52A) that are separated by an
interstratified tuff breccia (Figure 50), for a combined thickness of 9 m. The eastern
section is characterized by amoeboidal and/or highly irregular to massive pillowed forms
(Figures 49, 51B and 52B). Amoeboidal pillowed forms are highly irregular, contorted,
and rounded cm-to-m sized blobs that are eroded by the overlying lapilli tuff facies
(Figures 52B and 53). This intermediate lava has a vesicularity index of 30-40-vol%
(visuél estimate) represented by quartz- and carbonate-filled amygdules.

In thin section, pillows are characterized by approximately 15-20-vol%, subhedral
to euhedral, 3-4 mm, tabular plagioclase phenocrysts that are altered or completely replaced
by sericite, chlorite, and/or epidote. The groundmass is composed of um-sized acicular
feldspar and a mosaic of quartz, chlorite, sericite, and epidote, with 5-10-vol% carbonate

and quartz amygdules.

Volcaniclastic lithofacies
The volcaniclastic deposits are composed of 20-30 m-thick amalgamated beds of

tuff breccia, lapilli tuff, and tuff (Table 7; Figures 54 and 55). Tuff breccias form 1-12 m-



Figure 50: Closeup of western outcrop documenting the complex stratigraphy between the various volcaniclastic deposits and associated
intermediate bun-shaped pillow lavas. Southern pillowed unit can be correlated to eastern section. See Figure 49 for legend.
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Figure 51: Eastern section of East Sullivan outcrops. A. Complete mapped outcrop. B. Blowup of one segment that is oriented with the
younging direction towards the top. See Figure 49 for legend. Location of stratigraphic sections (Figure 56) indicated by dashed lines.
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Figure 52: Variations in pillow morphology from East Sullivan outcrops (ROI 3). A. Bun-
to mattress-shaped pillows from western outcrop. B. Irregular, fluidal pillow-forms from
eastern outcrop. Field book (19 cm long) for scale. Arrow points in younging direction.
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Figure 53: Erosive contact between amoeboidal intermediate pillowed facies and lapilli tuff. Aligned
fragments suggest traction carpet processes within this high-concentration turbidity flow deposit (S;).
Chilled margins (C) of lava 'rags' indicate undercooling with external water. Pencil (15 cm long) lies in
plane of lapilli tuff; arrow points in younging direction.

reverse-grading

Figure 54: Stratigraphy of East Sullivan outcrops illustrating characteristics of tuff breccia and
amoeboidal lava facies. Underlying tuff breccia is reverse-graded with subrounded breccia-sized
fragments aligned with bedding plane. Note the common epidotized (E) nature of breccia fragments.
Dashed lines are contacts between different depositional units. Plastic deformation is common where
fragments are in contact. Pencil (15 cm-long) is at contact betweeen the facies; arrow points in younging
direction (south).
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Figure 55: General stratigraphy of East Sullivan outcrops. A. Series of high- to low-concentration turbidity flow
deposits composed of vesicular breccia- to tuff-sized intemediate fragments. Fieldbook for scale. B. Normally
graded, clast-supported, high-concetration turbidity flow deposit (R3). Highly vesicular fragments have chilled
margins and are plastically deformed when in contact with other fragments. Pencil (14.5 cm-long) for scale.
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thick beds that vary from normal- to reverse-graded and from matrix- to clast-supported
(Figure 54), but have an overall decrease in maximum fragment size up section (Figure
55). All fragments are aligned such that their long axis is parallel to the bedding surface
(Figure 54). These beds are laterally continuous over 100s of meters without any
noticeable change in thickness (Figure 49). Interbedded contacts are sharp and typically
erosive.

The lapilli tuff beds range from 0.5-4 m-thick and are comprised of normal-graded,
typically stratified beds. Stratification is commonly developed in the finer grained upper
portion of each bed, but is also recognized in the alignment of lapilli-sized fragments at its
base (Figure 53). Contacts are sharp to gradational, whereby the former is commonly
erosive.

Subordinate 0.1-1 m-thick, coarse- to fine-grained tuff beds typically overlie lapilli
tuff facies, or more rarely, as discontinuous lenses within tuff breccia beds (Figures 53 and
56). All tuff beds are stratified with gradational to sharp contacts with underlying beds.
Outsized subrounded breccia-sized fragments are commonly present within thicker coarse-
tuff beds.

Fragments can be classified based on their size, which has a direct correlation to
their morphology. All fragments larger than tuff-size are grayish-white, feldspar- and/or
hornblende-phyric, and vesicular, which form a distinct monolithic population (Figure 56).
The phenocryst assemblage and vesicularity (Table 8) varies up section from feldspar-
phyric fragments with high vesicularity (20-40-vol %; Figure 57; Appendix A-8) at the

base to hornblende- and feldspar-phyric with low vesicularity (<5-vol%; Figure 58) at the
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Figure 56: Stratigraphic sections from eastern outcrops (see Figure 51 for locations) documenting thickness and lateral variations of
individual volcaniclastic facies. Nomenclature for high- to low-concentration density flow deposits after Lowe (1982). Intermediate
pillowed facies serves as a maker horizon for region. Sections are 15 m apart.
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microphenocryst

altered glass 51.58 +/-3.83%
microphenocryts 9.08 +/-0.44%
amygules 39.33 +/-4.28%

altered glass 69.08 +/- 3.85%
microphenocryts 849 +/-1.49%%
amygules 22.43 +/-2.52%

altered glass 4265+-344%  17mm
microphenocryts 12.29 +/-2.25%
amygules 45.06 +/- 1.19%

Figure 57: Subrounded, breccia-sized, vesicular fragments. Point counting to calculate the vesicularity
index (see Table 8). Left side are field photos and right side are cartoons illustrating vesicularity.
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Figure 58: Hornblende-rich, non-vesicular, breccia-sized fragment from the upper (southern) part
of East Sullivan sequence. Scale 2.5 cm in diameter.



Table 8: Point counting from hand samples and thin sections of amoeboidal fragments.
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Sample Counts Altered Glass | Microphenocrysts | Amygdules
East Sullivan

Hand Sample 1328 42.65+3.44 1229 +2.25 4506 £ 1.19
Hand Sample 1889 51.58 +3.83 9.08 +0.44 39.33+4.28
Hand Sample 3005 63.18+2.73 8.12+0.31 28.70 £ 2.43
Hand Sample 3186 59.98 + 3.25 9.55+1.72 3047+ 1.75
Hand Sample 6011 65.69 £ 0.23 7.48 £0.98 26.83 +0.86
Hand Sample 1393 73.00 +2.03 8.08 +1.29 18.92 +1.00
Hand Sample 1624 69.08 + 3.85 849+ 1.49 2243 +2.52
Average 60.74 £ 2.77 9.01+1.21 30.25 £2.00
Thin Section 400 67.73+4.21 1247+ 1.78 199 +441
Thin Section 400 63.95+1.77 23.1 £1.98 10.35 +3.32
Thin Section 400 53.95+1.77 40.45+1.77 5.5+0.0
Thin Section 400 66.6 £2.69 13 +0.71 20.35+3.32
Thin Section 400 71.75 5.75 16.5

Thin Section 400 63.88 +3.36 12.25 + 6.01 23.88 +2.65
Thin Section 400 80 425 15.75
Average 67.69 + 1.97 1590+ 1.75 16.03 =+ 1.97
Dunraine

Thin Section 400 48.25 24.5 27.25

Thin Section 400 55.25 11.5 33.25
Average 51.75 18 30.25
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top. Fragments within lower sequences, particularly clast-supported beds, have a
subrounded morphology (Figure 56 and 59) with a change to subangular, corresponding to
a decrease to fine lapilli, some of which have serrated margins (Appendix A-8).

Juxtaposed, breccia-sized fragments are characterized by flattened or molded features
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Figure 59: Various field photosof subrounded, breccia-si vesicular fragments from eastern
outcrops. Pencil (15 cm-long) is aligned with bedding. Arrow indicates younging direction. A. Irregular

vesicular fragments. B. Oblong morphology of vesicular fragments. Plastic deformaion is evident
where fragments are in contact within deposit.



Chapter 4 - Val d'Or Formation

116

Figure 59 (con't): C. High degree of plastic deformation illustrating welding of hot fragments. D.
Welding and epidotization of hot fragments. Irregular, erosive contact with overlying facies. Prominent
fractures are restricted to fragments suggesting cooling control. Fieldbook (19 cm-long) and pencil
(15.5 cm-long) for scales.
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(Figure 59), as well as jigsaw patterns (Figure 60). These particular fragments typically
have chilled margins, which mark a general trend in decreasing vesicularity, and sometimes
epidotized cores (Figure 59D) and/or fractures that propagate from the margin towards the
interior (Figure 59). Tuff-sized constituents comprise smaller aggregates of previously
described fragments and feldspar phenocrysts. These fragments are more angular and are
distinguished from the recrystallized matrix of quartz + feldspar + chlorite + epidote +
sericite + carbonate by acicular feldspar. Feldspar phenocrysts liberated within the matrix
have an euhedral to subhedral habit and are typically fractured or broken. One particular
(crystal) tuff facies located on the western outcrop is composed exclusively of feldspar

phenocrysts with an interspersed matrix recrystallized to quartz and albite (Figure 61).

Late-stage facies

Other facies of note are a feldspar-phyric intrusion, a magnetite-chlorite-chloritoid
unit, and quartz-tourmaline veins. A large feldspar-phyric dyke/sill cuts the stratigraphy at
a shallow angle and extends across both outcrops (Figure 49). The dyke is not completely
continuous on surface, as it pinches out on the eastern outcrop (Figure 49), only to
reappear about 10 m along strike. Another conspicuous feature is a 10 m zone of in situ
brecciation (Figure 51). The magnetite-chlorite-chloritoid unit forms a 1 m-thick,
stratabound unit between an overlying intermediate pillowed facies and lower highly
altered tuff breccia facies (Figure 50). Climbing fractures of chloritoid crystals are

observed extending upwards towards the contact with the pillowed facies. Quartz-
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Figure 60: Vesicular, breccia-sized fragments that appear to fit together suggesting in situ
fragmentation (jigsaw fit). Lense cap (5.5 cm) for scale.

microphenocrysts suggests an explosive origin.
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tourmaline veins form cm- to m-thick intrusions that are semi-parallel to bedding and the

original focus of Au-exploration in the region.

Deformation

Deformation is weakly developed with only minor shear zones observed on either
outcrop. Structural and bedding measurements average 280°/77° and 273°/84°, respectively.
Both pillow morphology and bedding relationships indicate a southward younging

direction.

4.1.3.2 Pole Line Deposits

Located approximately 85 m to the west of the East Sullivan outcrops are a series of
ridges exposed along an existing hydroelectric line. Due to their proximity and similar
features, they are described and interpreted with the East Sullivan lithologies. Moreover,
not only are these outcrops along strike with East Sullivan, but they are also directly up
section from the PDN outcrops (Figure 62).

These ridges can be subdivided into two facies: intermediate pillowed to massive
lavas and amalgamated volcaniclastic deposits (Table 9). Intermediate pillowed lavas vary
from bun- to amoeboidal-shaped (Figure 63A), which can sometimes be traced laterally
and vertically into a brecciated facies (Figure 63B). Massive lavas become more dominant
further up section and are mineralogically identical to pillowed facies, although no direct
transition is observed. These lavas are feldspar-phyric, with subordinate hornblende, and

have a vesicularity of 2-20-vol%, as represented by quartz and carbonate amygdules.
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