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Petrology, Geochemistry, Sulphide and Platinum-Group Element

Mineralization of the Geordie Lake Intrusion, Coldwell Complex, Ontario

Abstract

The Geordie Lake Intrusion (GLI) consists of alternating zones of
layering-free troctolite and olivine gabbro outcropping in the north-central
part of the Coldwell alkaline complex, northwestern Ontario. The troctolite
exhibits harrisitic texture in which dendritic olivine (Fo44-5¢). plagioclase
(An4g-57). and skeletal magnetite are the main constituents. Small amounts
of clinopyroxene (DizgHdgoAe4-DizgHdggAey4) are present in the troctolite.
The ophitic olivine gabbro consists of clinopyroxene (Di4jHd54Aes-
DipgHdgg Aes), plagioclase (An4g-54), altered olivine, and skeletal
magnetite. Some gabbros contain high-alumina clinopyroxenes
(Ti-Px4CATS48Ae48-Ti-PxgCATS4pAesq). Mineral chemistry and
whole-rock geochemistry indicate that the troctolite and gabbro are not
related by differentiation and their parent magma is a relatively evolved
low-alumina tholeiite. The GLI is characterized by high Sr, Rb, Ba, Th, Ta and
light rare-earth element (LREE) content but low in Ni and Cr content.
Europium anomalies are absent. Fe-Ti oxide geothermometry and
geobarometry of the troctolite and olivine gabbro give an average
equilibration temperature of 603° = 35°C and oxygen fugacity of 1017 bar.

Disseminated chalcopyrite is the dominant style of Cu-sulphide

mineralization in the GLI. Massive chalcopyrite aggregates are rare. Bornite



exsolved from chalcopyrite. The other sulphides present are pyrite,
millerite, siegenite with exsolved pentlandite, galena, and supergene
chalcocite. The tellurides and PGM occur as small inclusions (5 - 10 pm) in,
and as coarser sunhedral to anhedral grains on the margins of, the
disseminated chalcopyrite. Small amounts of tellurides and PGM are also
present in the massive chalcopyrite and silicate minerals. The tellurides are
melonite, hessite, unnamed Ag3Te), and altaite. The PGM are kotulskite,
merenskyite, michenerite, sopchiete, palladium bismuthotelluride, paoclovite,
palladium arsenide, guanglinite, and palladium antimonide. Sperrylite is the
only platinum mineral present in the GLI. Electrum forms small discrete and
replacement minerals. Two probable new minerals are Pdy gAsy sNi and
AgSb4. Textural evidence from the sulphides, tellurides, PGM, and host rock
silicates favour a late stage magmatic origin. Cu-sulphide mineralization was
induced by precipitation of magnetite and other Fe-bearing minerals, and
subsequent mineralization resulted from cycles of sulphide and magnetite
deposition. Conditions of deposition for the tellurides and PGM associated
with the disseminated chalcopyrite have been estimated to be approximately
from 550°C to between 450° and 400°C, and at log P(Te7) from -2.4 £ 0.13
bar to between -6.4 and -9.7 bar, and at log P(S7) from between -3.7 and
-0.8 to between -4.2 and -2.3 bar. The predominance of palladium over

platinum minerals reflects the relatively evolved nature of the GLI.
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CHAPTER 1
INTRODUCTION

1.1 General Statement

In 1963 Ameranium Mines Ltd. discovered Cu-sulphide mineralization
in gabbroic rocks adjacent to Geordie Lake in the Coldwell Alkaline Complex
(Patterson ez a/, 1986., Figure 1.1). However, it appears that there was no
further exploration of this prospect until 1986 when a group of prospectors
from Marathon rediscovered the Ameranium {rench and reported the
presence of platinum-group elements (PGE). In 1987, St. Joe Canada Inc.,
having obtained the prospect from Fleck Resources Ltid, conducted mapping
and core-drilling in the mineralized area.

Preliminary studies have indicated that the gabbroic rocks are
surrounded by a variety of syenitic rocks, and that the PGE-bearing
Cu-sulphide mineralization occurs in the gabbros and at the eastern
gabbro-syenite contact zone. Assay results on sulphide-mineralized gabbros
have shown the presence of platinum, palladium, silver and copper.

This thesis is the first petrological and geochemical investigation of
these gabbroic rocks and of the platinum-group element mineralization.
Throughout this thesis the studied gabbros and related rocks are collectively

referred to as the Geordie Lake Intrusion (GLI), named after the nearby lake.



Thunder
Bay Marathon

|
lﬁ;ﬁrea

Lake Superior

~ d\g\g 0 T 20km

Coldwell Complex Margin

/

Coubran Lake \Zf\\

Geordie Lake—4 - qg 72 Bamoos Lake
}

Study Area /i S

Q
Tra@
2}
=%
Coldwell

ad
2w =

Isjand

Lake Superior

0 S km
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1.2 The Coldwell Alkaline Compiex: A Brief Survey

1.2.1 Regional Geologic Setting

The Coldwell Alkaline Complex, which is the southernmost member
of a north-south trending belt of alkaline intrusions (Chipman-Killala-
Prairie-Coldwell., Figurel.2), consists of multiple intrusions ot gabbros,
syenites and granites outcropping in the east-west trending Archean
Schreiber-White River greenstone belt of the Canadian shield {Mitchell and
Platt, 1978). These Archean rocks consist of three distinct units: mafic
volcanic rocks, felsic volcanic rocks, and sedimentary rocks (Currie, 1980}
The mafic volcanic rocks are made up of massive and pillows of hasaltic
lavas together with andesitic flows and tuffs. They outcrop west ol the
Coldwell complex and in an east-west belt near Heron Bay. The felsic
volcanic rocks are composed primarily of rhyolite and dacite porphyry.
These rocks occur mainly on the east side of the complex. The sedimentary
rocks form a belt about 2 km wide which is intersected by the west side of
the Coldwell intrusion near Middleton. These rocks are also exposed along
Highway 17 at the east side of the complex.

The Archean rocks underwent greenschist to amphibolite facies regional
metamorphism prior to the empiacement of the Coldwell rocks. Subsequent
Coldwell intrusions produced a 2 km wide contact metamorphic aureole
(Walker, 1967). Within this aureole rocks have been metamorphosed to

pyroxene hornfels grade (McGill, 1980).
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The relationship between the Coldwell complex and the tectonism n
the Lake Superior basin has been discussed by several authors. Card er 2/,
(1972) and Halls {1978) stated that the complex is part of the widespread
magmatism associated with the Keweenawan rift system. Mitchell et 2/,
(1983) proposed that during rifting the sources of upper mantle-derived
basic magma migrated from the Duluth complex and the North Shore
volcanics in the southwest, towards Coldwell in the northeast, and that the
large basic intrusion underlying the Coldwell complex represents the final
point of the migration of this activity.

Two hypotheses have been proposed to account for the tectonic setting
of the Coldwell complex. Mitchell and Platt (1982) suggested that the
Coldwell magmas were emplaced at a triple junction associated with a "failed
arm” during the waning of a rifting episode. This deduction has been based
on the petrological and tectonic similarittes of the Coldwell complex to
alkaline complexes located at triple junctions in younger rift systems. The
other hypothesis is that of Klasner et al. (1982) who proposed that the

complex was emplaced where a late fracture intersected the rut.

1.2.2 Geology of the Coldwell Complex

The Coldwell Complex (Figure 1.3) is a sub-circular body with a
diameter of about 25 km and is the largest alkaline intrusion in North
America (Mitchell and Platt, 1982). More than one third of the complex is

covered by Lake Superior (Currie, 1980). On the basis of geological,
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petrological and geochemical evidence, Mitchell and Platt (1982) interpreted
the Coldwell Complex to have developed by at least three major episodes of
magmatism and a series of cauldron subsidences at three different centers
migrating in a westerly direction. This style of magmatism is (n contrast with
a single funnel-shaped intrusion proposed by Lilley (1964) and a lopolith bv
Puskas (1967).

Mitchell et al. (1983) have deduced from a gravity survey the
infrastructure of the Coldwell complex to be a series of layered basic and
ultramafic intrusions with a convex base (Figure 1.4). This interpretation
has raised a question whether or nor there is a differentiation relationship
between the syenites and the mafic rocks occurring at depth. However, the
co-existence of undersaturated ind oversaturated syenites, which require
several basic parents of differing degrees of silica activity, does not support
such simple differentiation relationship. The possibility of generating
oversaturated felsic magmas oy partial fusion of upper crustal materials is
not supported by the inttial 5r isotopic composition of all the Coldwell
magmas. An alternative hypothesis (Mitchell e7 2/, 1983), which is vet to be
tested, is that the felsic magmas have been formed by differentiation and/or
lower crustal fuston together with mixing of magmas from various sources.

Several authors have determined the K/Ar, Rb/Sr and U/Pb ages of
the Coldwell intrusions. Table .1 lists the results of this geochronological
study. Platt and Michell (1982) have questioned the validity of the data
prior to theirs because the analytical methods and the samples used by the

other authors are not reported. The age reported by Platt and Mitchell was
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Table 1.1 Radiometric ages of Coldwell rocks (Compilation of data prior to 1982 is
after Platt and Mitchell, 1982)

Age (Ma) Method M:Mineral Number of Reference
20 R: Whole Rock Samples

fsochron
1108 + | U/Pb M. Zircon/Baddeleyite 12 Heaman and Machado ( 1987)
1044+ 6.2 Rb/Sr R 17 Platt and Mitchell (1982)
1085+ 1S Rb/Sr R b Belletal., (1979)
1070£1S  Rb/Sr R 11 Bell and Blenkinsop ( 1980)
1052+1S  Rb/Sr M/R 1 Chaudhurietal., (1971)
1047:84  Rb/Sr M: Bictite 1 Fairbairn ( 1959)
1071+43  Rb/Sr  M: Biotite I Fairbairn ( 1959)
1335+147 Rb/Sr  M: Alkali-feldspar ] Fairbairn ( 1959)
1224198  Rb/Sr M: Alkali-feldspar 1 Fairbairn ( 1959)
105547 K/Ar  M:Biotite ! Fairbairn ( 1959)
1065+¢32  K/Ar  M: Biotite 1 Fairbairn ( 1959)
1015£36  K/Ar M: Biotite ] Currie (1980)
1005+¢36  K/Ar M: Biotite ] Currie (1980)

(Y]



based on 17 samples representing rocks from the 3 Centers and related
dvkes. The reported U/Pb ages by Heaman and Machado (1987) for the
Center [ gabbro and Center [l syenite are greater than the Rb/Sr ages by
Platt and Mitchell (1982). The U/Pb ages also suggest no significant age
variation between the emplacement of Center [ and Center I rocks. Heaman
and Machado pointed out that a granitoid rock of Center III is approximately

10 Ma younger than Center [ and II intrusions.

1.2.3 Current Petrologic Knowledge

The intrusions emplaced by the three magmatic episodes are
collectively grouped as rocks of Center I, II, and [II (Figure 1.3). The

following are brief descriptions of these Centers.

Center I Intrusions The earliest intrusions in the Coldwell complex
are the gabbros which form a small outcrop at the western margin of the
Complex and an arcuate intrusion at the eastern contact, from southeast of
Marathon to the north of Coubran Lake. The subsequent intrusions are the
ferroaugite syenite and syenite-syenodiorite.

Aubut (1977), Jago (1980) and McGill (1980) studied the petrography
of the layered section of the western margin gabbro. Jago reported that the
layering is characterized by cross and convolute layering, together with
scour and fill structures. The thickness of individual layers ranges from

several centimeters to tens of centimeters. The leucocratic lavers consist of
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cumulus labradorite, augite, olivine and apatite, and intercumulus
clinopyroxene and opaque minerals. The melanocratic layers are composed
of labradorite, augite and opaque minerals with subordinate apatite, olivine
and biotite.

Small portions of Center [ gabbro in the eastern margin have been
described by Wilkinson (1983) and Lum (1973). Wilkinson divided the
gabbro north of Coubran Lake into 2 series: a massive series composed of
fine-grained, heterogeneous and mottled gabbro, and a layered series
consisting of banded gabbro and subsidiary dioritic units. The gabbraos from
both series consist primarily of clinopyroxene and plagioclase. Olivine,
biotite, amphibole, apatite and magnetite are minor phases. Lum (1973}
divided the gabbro that is exposed along Highway 17 into chilled, massive
and layered. The chilled gabbro is fine-grained and contains, in decreasing
abundance, plagioclase, diopside or augite, enstatite, olivine, and opaque
minerals (Ti-magnetite and sulphide). The massive gabbro exhibits ophitic
texture and has mineralogy simifar to that of the chilled gabbro. The layered
gabbro consists of alternating melanocratic and leucocratic layers. However,
Lum did not elaborate on the mineralogy of these layers except in stating
that olivine, plagioclase and pyroxene form the cumulus phases.

The ferroaugite syenites which are exposed in the southwestern
margin of the Coldwell Complex are divided into a lower and upper series
(Mitchell and Ptatt, 1978). The lower series exhibits well developed
layering which is defined by layers (1-5 cm) of mafic cumulus minerals

olivine (Fag3-93), ferroaugite (DisgHd45Ac5-DisHdggAcs) and ilmeno-
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magnetite, and by layers of felsic bands (10-30 c¢cm) consisting of
even-grained alkali feldspar-rich cumulates. Hastingsitic hornblende is the
main intercumulus phase for both layers. The upper series is a
poorly-layered syenite consisting of cumulus alkali feldspar, olivine (Fag3),
and acmite-hedenbergite (DisHd5gAcs-AcggHdsg) and of intercumulus
aenigmatite, and amphiboles. The amphibole compaositions range {from
ferrorichteritic katophorite to ferrorichterite. This syenite also contains
patchy peralkaline pegmatites composed of ferrorichterite, ferroactinolite,
alkali fefldspar, aenigmatite, quartz and zircon. Extreme differentiation of the
ferroaugite syenitic magma is believed to have generated these iron-rich,
oversaturated and peralkaline residual patches.

The syenite-syenodiorite of Center | remains unknown in terms of its
field refations and petrology. Currie (1980), based on samples taken from
road cuts, designated this intrusive body as fenite. Syenite which borders
the gabbro in the study area (Figure 1.5) is considered to be a part of these
syenite-syenodiorite intrusions. The petrology of this syenite is described in

Chapter 2.

Center 11 Intrusions I[n Center II, intrusion of biotite-bearing
alkaline gabbro was followed by several intrusions of nepheline syenite
(Mitchell and Platt, 1982). The gabbro occurs in an arcuate outcrop on the
Coldwell Peninsula. It consists of biotite, olivine, plagioclase, nepheline and
amphibole. The nepheline syenites consist primarily of amphiboles

(magnesian hastingsitic hornblende to ferroedenitic hornblende), nepheline
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(Ne78Ks18Qtz4 to Ne74Ks(70tzg), alkali feldspar (OrpgAbggAny to
Or45Abg3An(, and Or54Ab42An) to Org2Ab1g), and titanomagnetite and
ilmenite. Minor phases include corroded diopside and diopsidic
hedenbergite, biotite, and olivine.

Alkaline lamprophyric and analcite tinguaite dykes that are coeval
and comagmatic with the Center Il activity have been studied by Laderoute
(1988). The S types of lamprophyres are ocellar camptonites, sannaites,
quartz-bearing camptonites, amphibole camptonites, and monchiquites. The
lamprophyres consist of clinopyroxene and brown amphibole phenocrysts
set in a groundmass of Fe-Na-clinopyroxene, brown amphibole, biotite,
plagioclase, alkali feldspar (for monchiquites, an isotropic glassy material is
in place of feldspar), nepheline, calcite and opaque minerals. Tinguaites
contain phenocrysts of alkali feldspar, nepheline, analcite and minor
riebeckite in a groundmass of alkali feldspar, nepheline and analcite plus
aegerine.

Geochemical studies indicate that all the dyke rocks, except the quartz
camptonites, are co-magmatic and may have been produced by fractional
crystallization of alkaline olivine basaltic magma. The quartz camptonites
may result from silica contamination or are related to a tholeiitic magma

associated with the Center [ activity.
Center III Intrusions Center IIl syenites and granites occupies

almost half of the Coldwell complex. Knowledge of these intrusions was

scant until recent investigations by Jago (1980) and Lukosius-Sanders
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(1988). Jago studied a small portion of these intrusions in the western
contact zone. On the basis of field relations and petrographic studies, he
determined that the earliest intrusion is a porphyritic quartz syenite, which
contains numerous xenoliths of volcanic rocks. This syenite is medium- and
coarse-grained, consisting mainly of subhedral perthitic alkali-feldspar

(>8S %) and coarse strained quartz. Minor phases include plagioclase,
amphibole, and biotite. The syenite is intruded by a quartz syenite, which is
medium- to coarse-grained and contains alkali feldspar (85 %) and quartz.
This intrusion is also believed to metasomatise the volcanic xenoliths in the
porphyritic quartz syenite. These xenoliths contain alkali-feldspar
porphyroblasts.

Lukosius-Sanders (1988) recognized four major types of Center []]
syenites in her study area; in relative chronological order, these are
synneuritic magnesio-hornblende syenite, perthitic ferro-edenite syentte,
contaminated ferro-edenite syenite and quariz syenite. The evolutionary
compositional trend of amphiboles in these syenites ranges from magnesian
hastingsite in the magnesio hornblende syenite to riebeckite in the quartz
syenite. Pyroxenes evolved from Ti-Al rich in the earliest syenites to Na-Fe
rich members in the youngest syenites. Geochemically, the syenites are
miaskitic and metaluminous with an increasing normative quartz content
from the earliest to the latest type. The syenites are enriched in U, Th,
rare-earth, and zirconium as a consequence of the presence of zircon,
chevkinite, and REE-bearing minerals. Rare-earth element distribution

patterns show pronounced negative Eu anomalies and significant heavy REE
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enrichment.

These geochemical characteristics indicate that the syenites have
petrological affinities with A-type granites and are likely to have formed by
partial melting of the lower crust in response to the emplacement of basic

intrusions at depth.

1.3 The Present Study: The Geordie Lake Intrusion

1.3.1 Location and Access

The PGE-bearing Geordie Lake intrusion (GLI} is located in the
north central region of the Coldwell complex (Figure 1.1), about 15 km
northwest of the town of Marathon, through which the Trans Canada
Highway passes. Except in winter, the area is accessible by four-wheel drive
vehicles via gravel roads. The topography within the Coldwell Complex is
very rugged; hills with steep slopes and deep gorges are characteristic. The
best bedrock exposures are limited to road cuts and coast lines along Lake
Superior (Mitchell and Platt, 1978). Pine trees cover most of the area. In

the Geordie Lake area, only small scattered outcrops are exposed.

1.3.2 Geology and Mineralization

The geology of the Geordie Lake area (Figure 1.5) was unknown

until it was mapped by geologists from St. Joe Canada Inc. in 1987. The GLI
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Figure 1.5 Geological map of the Geordie Lake area {modified from the

geological map of the Geordie Lake prospect, St. Joe Canada, 1987),
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is shaped like a parallelogram oriented NNE-SSW that narrows towards
Coubran Lake. The dimensions are about 400 to 500 m wide and 2000 m
long.

The GLI is bounded to the east and south by the syenites of Center [,
and to the west by porphyritic syenite. Both syenites are as yet
insufficiently characterized. The porphyritic syenite has not been assigned to
one of the magmatic episodes. An irregular contact zone between the GLI
and Center [ syenite is exposed on the western edge of Latvian Lake. This
contact zone is characterized by fine-grained gabbroic rocks which contain
numerous irregularly-shaped inclusions of pegmatitic rocks. The mafic
minerals in some inclusions are attached perpendicularly to the contact with
the gabbro, which itself exhibits a fine-grained chill margin. The nature of
these inclusions has not been studied. The contact with the porphyritic
syenite is not exposed.

In 1987 St. Joe Canada Inc., drilled eight inclined core holes
penetrating the contact between the GLI and Center [ syenite. Drill hole
information and surface geology suggest that the GLI dips westerly, ranging
from 30° in drill-hole 8 to 56° in drill-hole 5. The western contact between
the GLI and syenitic rocks is undefined yet. This thesis is based on the
petrology and geochemistry of materials obtained from drill cores 1, 2, 3 and
6.

Figure 1.6 is a fence diagram showing the lithological variations within
the drill cores studied. On the basis of the modal mineralogy. augmented by

the anorthite contents of plagioclase (Chapter 2), the major lithologies were
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found to consist primarily of troctolite and gabbro which vary in thickness of
the individual units and in the number of repetitions. The troctolite forms
the basal units in cores 2 and 6. [t is also the predominant rock type in
lower section of cores | and 2, and in upper section of core 6. The gabbro,
averaging 30 m thick, overlies the troctolite and extends up to the present
surface in cores |, 2 and 3. It exhibits ophitic and allotriomorphic textures.
The contact between troctolite and gabbro is gradational, producing a rock
with a characteristic of both rocks. The two rock types have undergone
some degree of alteration which is characterized by red-brown pigmentation
of the feldspar minerals. The extent of this alteration varies from core 10
core; its thickness ranges from few centimetres to over 25 cm.
Approximately 10 % of rocks in core 1, 2 and 3 have been altered. However,
about 30 % of the rocks in core 6 has been altered. The troctolite and gabbro
were intruded by porphyritic olivine l[amprophyre.

Disseminated and massive sulphide mineralization occurs in the
troctolite and gabbro. The main sulphide minerals, chalcopyrite and bornite,
are readily identifiable in hand specimens. The mineralization tends to
become concentrated towards the gabbro-syenite contacts, and extends to a
small portion of the syenite. Assay results show that palladium is the main
platinum-group element present, and that silver and copper are the other
principal metals. Detailed descriptions of the mineralization are given in

Chapter 3.
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1.3.3 Objectives and Methods

Objectives The three main objectives of this thesis are:

1. to determine the petrology and geochemistry of the Geordie
Lake intrusion and its relationship to other gabbroic rocks in the Coldwell
complex,

2. to characterize the mineralization in terms of modes of
occurrence of the platinum-group minerals and associated tellurides, oxides,
sulphides, and lesser sulpharsenide and arsenide, and

3. to combine objectives (1) and (2} in order to estimate the most
likely conditions of mineralization in terms of temperature, and partial

pressures of Tep and S3.

Methods 109 core samples were collected from drill cores 1, 2, 3 and
6. Sample locations are shown in Figure 1.6. Both unmineralized and
mineralized specimens were studied. Various analytical methods. described
in Appendix [, were used to obtain the data. The following are brief
descriptions of the methods used.

The composition of the silicate minerals, with the exception of olivine,
was determined by the electron microprobe. Olivine compositions, tellurides,
and platinum-group elements were analysed using an X-ray energy
dispersive analyser attached to a scanning electron microscope. Sulfide,
suilfarsenide and arsenide minerals were analysed using the electron

microscope and energy dispersive analyser.
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Thirty seven samples (24 from GLI and 13 from Center [ and [I rocks)
were analysed by X-ray fuorescence and neutron activation analysis (NAA)
methods for major and trace elements. The latter include Ni, Cu, Zn, Pb, Zr, Y,
Sr, Ba, Rb, Ce, Cr, Ta, Sc, Co, Th, La, Ce, Nd, Sm, Eu, Tb, Yb, and Lu. The NAA

was performed by the writer.
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CHAPTER 2
PETROCHEMISTRY OF THE GEORDIE LAKE INTRUSION

2.1 Introduction

This chapter describes in detail the petrography, mineral chemistry,
and whole rock geochemistry of the Geordie Lake intrusion (GLI). Each
section includes a comparison with rocks that are relatively similar from
other localities, and concludes with a discussion of the data. This chapter
ends with an integration of the information gathered from all sections in

order to define the nature of the GLI.

2.2 Petrography

Examination of more than 100 thin sections revealed that the GLI
consists essentially of troctolite and olivine gabbro. The petrographyv of the
troctolite is described first, followed by the gabbro and other subordinate
lithologies, including the eastern syenite which borders the GLI. Criteria for
the grain size are as follows: fine (<] mm), medium (1 - 4 mm), and coarse
(>4 mm). Visual estimation of the modal composition of rocks is based on the
diagrams of Williams es a/,(1982). The rock classification and nomenclature

used in this thesis are based on the [UGS system (Streckeisen, 1976).



2.2.1 Troctolite

The majority of the troctolite exhibits harrisitic texture, .e.
olivine occurs as branching/dendritic crystals (Figure 2.1). The other
textural variety of troctolite is allotriomorphic, consisting of medium-grained
subhedral to anhedral olivine and plagiociase. A magnetite-rich troctolite
layer (Figure 2.2) occurs in the upper section of cores 1, 2 and 3. The order
of crystallization of primary phases in the troctolite is apatite/magnetite,
olivine, plagioclase, clinopyroxene, primary amphibole and biotite.

Olivine dendrites developed both non-crystallographic and
crystallographic branching styles but they did not occur together. The first
style is characterized by secondary bladed branches which have no fixed
orientation with respect to the main crystal. In the crystallographic-
branching olivine, the branches are inclined to between S0°-60" to the main
branch. Dendritic olivines may reach 6 cm in length and 5 mm in width with
numerous tiny branches and feather-like sub-branches. Medium-grained
subhedral olivine is a minor feature in the troctolites. The olivines are
generally enclosed by plagioclase oikocrysts. In sample G-87-7, numerous
olivine and magnetite crystals are enclosed in plagioclase and clinopyroxene
oikocrysts.

Unaltered olivine is colourless and has a narrow corona. Altered
olivines are pseudomorphed by colourless to green serpentine minerals. The
fractures and margins of altered olivine crystals are replaced by magnetite.
The coronas of altered dendritic olivine range from less than 0.1 mm to

0.75 mm in width ( generally about 0.2 mm in width). The corona of a
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Figure 2.1 Photomicrograph of a dendritic olivine showing its branches and
coronas. The olivine is reddish brown due to alteration. The
opaque mineral along the cracks and rims is secondary
magnetite. The plagioclase at left corner is unaltered despite

the advancing coronas. Sample G-12.

Figure 2.2 Photomicrograph of a magnetite-rich (euhedral opaque)
troctolite. The olivine (right) has been altered to aggregated
serpentine mineral. The clinopyroxene (blue) is unaltered.

Sample G-7.

24



-
-



completely altered olivine can consist of at least 6 sub-shells; from inner to
outer shells, they are 1) fine magnetite grains, 2) aggregated low
birefringence minerals with yellow cores, 3) elongated and sinuous rods of
magnetite, 4) elongated pyroxene fibres parallel to the olivine crystal edge,
S) massive tiny fibres, and 6) acicular pyroxene perpendicular to the olivine
crystal edge. The contact between the outermost shell and the plagioclase is
ragged. The width of this multiple corona is about 0. 75 mm.

Plagioclase (An49-57)is medium- to coarse-grained. Twinning is
common. [n samples where olivine crystals have been extensively altered
and have developed wide coronas, coarse-grained plagioclase remains
unaltered. In these samples, finer plagioclase crystals are enclosed by the
olivine coronas. The corona minerals also fill in cracks of the plagioclase.

Clinopyroxene is represented by augite and constitutes a minor
phase in the troctolite. When present, it occurs as subhedral grains ranging
from 2 mm to S mm. The abundance rarely exceeds 3 modal percent,
especially in the coarse-grained troctolite. Uralitization along crystal edges is
common in moderately and extensively altered troctolites.

Amphibole of primary origin is scarce and is not always present,
especially in relatively-unaltered troctolites. Both brown and green
amphiboles occur independently in the troctolites. Subsolidus amphiboles
replacing clinopyroxenes are common in altered troctolites. Extensive
amphibolization commonly leaves "islands” of unaltered clinopyroxene.
Complete amphibole pseudomorphs after clinopyroxene resemble primary
amphiboles and the amphibole is generally actinolite. Aggregated acicular

actinolites also replaced clinopyroxene.
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Magnetite occurs as euhedral and skeletal grains (1 10 S mm in
length) constituting approximately 3 % of the modal mineralogy, with the
exception of the uppermost troctolite unit in core 1, 2 and 3 (Samples
G-87-7, -205 and -3085, respectively) which contains approximately 10 %
magnetite. All primary magnetite grains have exsolved ilmenite [amellae
(Figure 2.3). In the extensively-altered troctolite, some magnetite grains are
corroded. Discrete grains of iimeno-magnetite and ilmenite occur in sample
31 (Figure 2.4).

Biotite occurs as discrete grains dispersed in other silicate phases
and as fringes to magnetite and serpentinized olivine. Clusters of biotite
flakes are also commonly intergrown with subsolidus actinolites. Subsolidus
biotites rim clinopyroxenes.

Apatite occurs as fine- to medium-grained euhedral crystals (0.1 to
0.5 mm across) dispersed randomly throughout the rock, and as tiny
inclusions in the harrisitic olivines and skeletal magnetites. Apatite
abundance varies from <! to 3 modal percent. The grain boundary between
apatite and any other phase is normally sharp, even though some apatites
are surrounded by secondary actinolites. Apatite inclusions are resorbed,

and have subrounded grain boundaries.

2.2.2 Olivine Gabbro

The olivine gabbro, hereafter referred as gabbro, is texturally

divisible into ophitic and allotriomorphic varieties (Figures 2.5-2.6). The

former type predominates (50 % of the GLI) and occurs in all cores, whereas
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Figure 2.3 Photomicrograph of a skeletal magnetite showing exsolved
ilmenite lamellae. Sample G-21.

Full scale bar in pym.

Figure 2.4 Photomicrograph of discrete magnetite (MT) and ilmenite (IL)
co-existing with chalcopyrite (CC). Sample G-31.

Full scale bar in pm.
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Figure 2.5 Photomicrograph of an ophitic olivine gabbro showing the

clinopyroxene enclosing plagioclase laths. Sample G-1.

Figure 2.6 Photomicrograph of allotriomorphic gabbro. Clinopyroxene (high
birefringence), plagioclase (white) and anhedral amphibole
(green) are relatively unaltered. Olivine crystals (right top
and bottom corners) have been completely pseudomorphed

by magnetite and serpentine minerals. Sample G-9.
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the latter constitutes about 25 % of the lithologies in drill core 3, and about S
% in drill core 1 and 2. Sample G-15, which exhibits equigranular texture,
only represents a small portion (less than 5 m in thickness) of core 1. The
mineralogical character of this equigranular gabbro is similar to that of the
ophitic gabbro.

Ophitic Gabbro is a medium- to coarse-grained rock, consisting
primarily of subhedral clinopyroxene intergrown ophitically with plagioclase
laths. Olivine and magnetite are minor phases. Accessory minerals are
apatite, amphibole, biotite, zircon and sphene. Secondary minerals include
actinolite, very fine-grained magnetite and serpentine. The texture and
mineralogy of this gabbro remain relatively constant throughout the cores.
A small portion of ophitic gabbro contains approximately 7 percent
fine-grained magnetite. Representative samples of the magnetite-rich
gabbro are G-87-2, -3, -4, and -205. The order of crystallization for the
ophitic gabbro is apatite, magnetite/olivine, plagioclase, clinopyrozxene,
amphibole and biotite, and for the magnetite-rich gabbro is magnetite,
apatite, olivine, plagioclase, clinopyroxene, amphibole/biotite.

Plagioclase generally occurs as subhedral to euhedral laths ranging
from 2 mm to S mm in length. Albite and Carlsbad-albite twinning is
common. Unaltered plagioclase has a narrow range of An-content {48 - 52).
Many plagioclase crystals are mantled by a dusty feldspars, some of which
have been determined by analysis to be albite and some alkali-feldspar
(sections 2.3.2 and 2.3.3). The mantles, however, cannot be distinguished
from one to another by petrographic observation.

Clinopyroxene is predominantly augite and rarely salite. Both types
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are unzoned, coloriess, and occur as medium- to coarse-grained subhedral
grains. Many clinopyroxene crystals poikilitically enclose apatite and
magnetite grains. Uralitization along crystal margins and cracks is common,
whereas completely pseudomorphed clinopyroxenes by amphiboles occur in
the more altered rocks.

Olivine in the ophitic gabbro is completely altered to aggregates of
fine-grained magnetite and fibrous actinolite or serpentine. Its relicts
consist of medium-grained anhedral to subhedral grains embedded in the
plagioclase and clinopyroxene. Some olivine grains have developed both
single- and multiple-shelled coronas. A single-shelled corona generally
consists of massive, very fine yellowish green mineral aggregates. Some of
these aggregates coarsen outwardly, forming perpendicular fibres to a
plagioclase lath. The characteristics of the multiple-shelled corona are
similar to those of troctolite.

Magnetite is common and occurs as small euhedral (+ | mm across)
to large skeletal grains (> S mm). It constitutes between 3 and 4 % of the
modal mineralogy. A small portion portion of ophitic gabbro in core 1
contains about 10 % fine- to medium-magnetites which exhibit both
euhedral and skeletal textures. All early crystallized magnetites host
exsolved ilmenite lamellae (similar to Figure 2.3). Secondary magnetite (0.1
to <1 mm across) occurs as aggregated grains filling the irregular fractures of
the partially and completely-altered olivine crystals.

Primary amphibole, when present, occurs as small subhedral
individual grains constituting approximately 5 % of the modal mineralogy.

Most amphiboles are green, although brown amphiboles are present in
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samples G-11, 26 and 407. Both brown and green primary amphiboles have
been observed to co-exist in sample 26. Subsolidus amphibole, mantling
augite is common, particularly in rocks showing moderate and strong
alteration. Subsolidus amphiboles are actinolite and actinolitic hornblende
(microprobe analyses, Figure 2.27). Acicular amphibole aggregates
completely replace clinopyroxene (7).

Biotite is not present in all samples. It occurs as tiny subhedral
flakes exhibiting either brown or reddish-brown pleochroism, as discrete
grains, as clustering flakes intergrown with acicular actinolites, and as tiny
flakes fringing the skeletal magnetites. Some biotites also partially replace
amphibole.

Feldspar occurs as anhedral grains in the more altered rocks. In
handspecimens, it appears pink and mantles plagioclases (Figure 2.10). The
optical character of this feldspar is obscured because it contains abundant
fine yellowish-brown particles which cause the feldspar to appear dusty.
Electron microprobe analyses of dusty feldspars show that some are albite
and others are orthoclase (Section 3.3.2). However, they cannot be
distinguished petrographically.

Apatite is present in all samples (1 to 3 % of the modal mineralogy).
It is fine- to medium-grained ranging from <1 to 3 mm in length. Apatite is
intergrown with magnetite grains in the magnetite-rich gabbro. Some apatite
grains are entirely enclosed within magnetite grains. Only a few apatites
show resorbed grain boundaries.

Rare minerals include zircon, sphene, monazite, thorite, uraninite,

allanite, cerium niobate (CeNbOg4), greenockite (CdS, Figure 2.7) and



unidentified minerals containing Y, Nb, and Ca (Figure 2.8).

Allotriomorphic Gabbro is fine- to medium-grained, consisting of
anhedral plagioclase, clinopyroxene and altered olivine (Figure 2.6). The
former two minerals make up about 75 % of the modal mineralogy. The
minor phases are biotite, amphibole, magnetite, and very {ine-grained
apatite. A narrow shear zone cuts this gabbro and has resulted in a weak
parallel alignment of the plagioclase, clinopyroxene and amphibole grains.
Representative samples of allotriomorphic gabbro are G-9, 208, 306, and
307.

Plagioclase occurs as fine subhedral laths (averaging | mm in length)
with sutured grain boundaries. Most of the plagioclase crystals are mantled
by clear albite and dusty feldspar.

Clinopyroxene is subhedral to euhedral and averages less than
| mm in length. It is colourless and unzoned. In slightly-altered samples,
the clinopyroxene is usually mantled by green actinolite.

Olivine in allotriomorphic gabbro has been completely altered and
replaced by aggregates of serpentine or green actinolite. Magnetite replaces
olivine margins and fills in cracks. The olivine relicts indicate that the
original grains were fine-grained.

Biotite constitutes about 8 % of the modal mineralogy. It always
occurs as individual or aggregates of fine-grained euhedra or subhedra.
Some biotite flakes fringe magnetite and olivine. Altered biotites are
mantled by light green amphibale.

Amphibole occurs as subhedral grains (5 modal %), approximately
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Figure 2.7 Back-scattered electron image of a euhedral greenockite
enclosed in massive chalcopyrite. Euhedral and subhedral
grey crystals (lower photograph) are magnetite. Sample

CW-1.

Figure 2.8 Back-scattered electron image of an unknow Y-Nb mineral in

chalcopyrite. Sample G-55A.

Full scale bar in pm
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0.5 mm in average length. Subsolidus amphibole replaces clinopyroxenes in
altered samples.

Magnetite, the only primary opaque mineral found in the
allotriomorphic gabbro, is present as fine-grained subhedral to skeletal
forms ( 3 or 4 modal %). Magnetite grains host crystallographically-

controlled exsolution lamellae.

2.2.3 Altered Gabbroic Rocks

There are portions of troctolite and gabbro in which alteration is
conspicuous in handspecimens. These rocks are called the altered gabbroic
rocks. The term alteration in this section refers to mineralogical and textural
changes due to fluids of unspecified origins. The relative intensity of
alteration can be determined by the degree of preservation of the original
texture and mineralogy. For the purpose of this thesis, the alteration
intensity is divided into a weak and strong alteration.

Weak alteration, which is characterized, in handspecimen, by a pink
pigmentation of the plagioclase crystals (Figure 2.9), occurs extensively in
core number 6. In coarse-grained altered gabbros, this pink plagioclase
commonly mantles white plagioclase. The clinopyroxene remains dark green
or black. The gabbro, therefore, appears to be pink, white, and dark green.
In fine-grained gabbros, the pink feldspar is the groundmass of the other
phases.

In thin section, the clinopyroxene is slightly altered (Figure 2.10} and

the feldspar is sericitized (Figure 2.11) and albitized. The tiny brown
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Figure 2.9

Figure 2.10

Photograph of a portion of a weakly altered coarse-grained
gabbroic rock showing albite (pink} mantles on plagioclase
(white translucent). The black minerals are clinopyroxene.

Sample G-402.

Photomicrograph of a relatively unaltered clinopyroxene in a
weakly altered rock. This twinned clinopyroxene shows
incipient uralitization along its margin. The opaque minerals
are magnetite. Apatite occurs at center left. The greenish
brown phase between the clinopyroxene and apatite is

altered plagioclase. Cross-polars. Sample G-303.






amphibole and biotite are subhedral and appear unaltered. Some apatite
crystals are resorbed. Most skeletal magnetites are unaltered; some crystals
have corroded edges. The olivine relicts are stifl present.

The strongly altered gabbroic rocks (samples G-30 and 44) appear
pinkish white in handspecimen (Figure 2.12). In thin section, the rocks are
allotriomorphic medium-grained and consist primarily of subhedral to
anhedral plagioclase and K-feldspar (65 modal %) and subhedral
clinopyroxene. Extensive albitization of plagioclase, including the
development of dusty mantles, is common. Clinopyroxenes have been
partially uralitized, corroded, and recrystallized into tiny aggregates.
Amphibole is fine-grained and exhibits faint green pleochroism. It is also
intergrown with some clinopyroxene crystals. Magnetite and actinolite
aggregates replaced olivine and pyroxene. Small euhedral apatite crystals
remained unaltered. Fine-grained magnetite is anhedral and shows corroded
edges. Fine-grained quartz occurs interstitial to feldspars. The olivine relicts
and abundant clinopyroxene demonstrate that the precursor to this strongly

altered rock was gabbro.

2.2.4 Quartz Syenite of Center I

The Center I quartz syenite, referred to as syenite, bordering the
GLI has been recrystallized (Figure 2.13). The feldspars have developed
subgrains and anhedral grain boundaries, and the mafic minerals display
mosaic aggregates typically intergrown with magnetite and chalcopyrite. A

sample collected about 10 metres away from the contact exhibits less severe
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Figure 2.11  Photomicrograph of sericitized plagioclase lath in the
altered gabbroic rock. The anhedral and high relief grains

are resorbed apatite. Sample G-303.

Figure 2.12 A strongly altered gabbroic rock which resembles a syenitic
rock. This altered rock is rare and occurs in a zone less than

10 cm wide in core 2. Sample G-44.
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Figure 2.1 3

Figure 2.14

Photomicrograph of a recrystallized Center [ syenite at the
contact zone. The mafic minerals have been transformed
into aggregates of crystals. Some of the feldspars have

developed polygonalization (white, below). Sample G-61.

A less-severely recrystallized syenite, 10 metres away from
the contact. The polygonalization of the feldspars is still
apparent (right). However, the other feldspars (light green)
and some clinopyroxene (light yellow, below) are not

severely recrystallized. Sample G-410.
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recrystallization (Figure 2.14) than at the contact zone. The GLI at the
contact zone shows no evidence of deformation or recrystallization,
illustrating that the GLI has possibly intruded the syenite.

The medium-grained syenite, consists primarily of anhedral
alkali-feldspar containing small hematite particles, and plagioclase with
albite mantles and amphibole. The alkali-feldspar also shows a perthitic
texture in which trails of green epidote are aligned with the exsolved albite.
Quartz and alkali-feldspar form a granophyric texture. Green amphibole
occurs as tiny aggregates, most of which, together with epidote, form trails
along the feldspar interstices. Magnetite and apatite are fine-grained and

ubiquitous.

2.2.5 Comparisons to other Basic Intrusions

This section compares the petrography of the GLI to Center I and
II gabbroic rocks of the Coldwell complex.

Aubut (1977) studied the Center I gabbro which is exposed in the
western margin of the Complex. Much of this gabbro has undergone
recrystallization as indicated by the polygonized plagioclase crystals.
Examination of samples containing non-recrystallized plagioclases showed
that the average length of these plagioclases is 2 mm (maximum 6 mm), and
that the clinopyroxene is anhedral, averaging 2.5 mm in length. The original
texture of the gabbro is most likely equigranular or subophitic. In contrast,
the texture of the Geordie Lake gabbro is ophitic and allotriomorphic.

Euhedral and skeletal magnetites in Center [ gabbro average | mm in length.
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In the GLI, the magnetite ranges from tiny euhedral to coarse skeletal grains.

Wilkinson (1983) divided the Center I gabbros just north of Coubran
Lake (Figure 1.5) into two series: massive and layered. The former consists
of: 1. fine-grained, subhedral-granuiar to porphyritic gabbro,

2. massive and subophitic heterogeneous gabbro, and

3. poikilitic to pegmatitic mottled gabbro.

The layered series consists of subophitic to poikilitic banded gabbro and its
subsidiary dioritic units. Both series are considered to be mafic cumulus
rocks. These gabbros are texturally different from the GLI, which is not
layered or banded. Wilkinson described the olivine texture in the banded
gabbro to be chain-like and aligned with the banding. This may be
branching/dendritic olivine. However, the abundance of clinopyroxene and
the interstitial habit of plagioclase in the banded gabbro make it distinct
from the Geordie Lake troctolite. Furthermore, Wilkinson stated that the
magnetite is subrounded and averages 2 mm in diameter. No skeletal
magnetite is reported.

Lum (1973) studied Center I gabbros exposed at the road cut along
Highway 17, and at a locality near Bamoos Lake (Figure 1.1), approximately
5 km north of the road cut. He defined 2 major types of gabbro: layered and
massive. The layered gabbro is absent from the GLI. Lum made
contradictory and ambiguous statements regarding the mineralogy of the
massive gabbro; in one sentence he indicated that orthopyroxene is present,
but in another, orthopyroxene is said to be virtually absent. In addition, he
did not indicate whether the quartz in the massive gabbro is primary or

secondary. The GLI is free of orthopyroxene and quartz. Nevertheless, the
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massive gabbro and the Geordie Lake gabbro have similar ophitic textures.

Of the ten samples from Center II lithologies examined, only sample
C-311 from Redsucker Cove can be compared with the GLI because the
others are metasomatised and their original textures are obliterated. Sample
C-311 is a medium- to coarse-grained gabbro containing subhedral ophitic
clinopyroxene (>S mm), slightly uralitized along its margins, and fine-grained
plagioclase crystals (average 2 mm) with polysynthetic twinning. Many
plagioclase faths are mantled by albite and contain hematite. Biotite 1s
present as discrete and aggregated flakes and as replacement of magnetite.
Euhedral apatite (2 mm in diameter) is ubiquitous. Skeletal magnetite is
medium- to coarse-grained, some of which is enclosed in clinopyrozene or
apatite crystals.

Most of the well-known basic intrusions such as the Muskox intrusion
in Northwest Territories, Canada, the Bushveld complex of South Africa, and
the Skaergaard Intrusion of Greenland are layered. The Mclntosh (Mathison
and Hamlyn, 1987) and Somerset Dam (Mathison, 1987) basic intrusions of
Australia resemble the GLI in that they too consist of troctolite-olivine

gabbro units. However, both intrusions are layered and contain cyclic units.
2.2.6 Discussion
An important aspect of petrography is that textures of an igneous
rock or mineral can be used to infer the crystallization condition(s) of its

parental magma (for example, Williams es 2/, 1982). The Geordie lake

intrusions feature mineral morphologies that indicate the relative cooling
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rate of the parental magma.

The dendritic texture of olivine in the troctolite suggests that the rock
crystallized rapidly. This inference is based on a study by Donaldson (1976)
who examined experimentally the relationships between olivine morphology
and crystallization conditions. His data show that there is a systematic
change, with increase in cooling rate, from complete (euhedral) to
progressively less complete (anhedral) crystals and from equant habit to
elongated bladed habit to tabular habit. Ten categories of olivine
morphology, ranging from slowest (1) to most rapid (10) cooling, were
proposed with the dendritic/branching texture being the seventh.

According to Robins (1972) dendritic olivines are produced when the
rate of crystal growth greatly exceeds the rate of spontaneous nucleation.
Wager and Brown (1960) who studied the layered series of Rhum
interpreted the dendritic olivine as the result of upward growth of cumulus
crystals of olivine as they lay at the bottom of the magma, forming the
temporary floor.

For the ophitic gabbro in which the olivine crystals have lost their
original texture, crystallization conditions are inferred from the skeietal
magnetites. The skeletal habit of a crystal has been interpreted as a result
of growth and not of resorption (Donaldson, 1976). He also stated that an
originally skeletal crystal will retain its skeletal shape during resorption,
whereas, an originally polyhedral crystal becomes rounded, but not skeletal.
The skeletal habit of the magnetites in the GLI is, therefore, a primary
texture. Skeletal crystals in a basalt indicate that the basalt cooled rapidly

(Craig and Vaughan, 1981). These observations suggest that the GLI
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crystallized rapidly.

Another feature of petrological significance is the corona around
olivine. Corona structures are believed L0 preserve evidence of changes in
the environmental conditions experienced by the rock during its history
(Griffin and Heier, 1973). Magmatic, metasomatic, deuteric, subsolidus, and
metamorphic origins for corona development have been put forward by
different researchers. It is beyond the scope of this thesis to elaborate upon
these hypotheses. Instead, evidence against and for these hypotheses on the
formation of corona in the studied rocks are presented below.

The metasomatic origin has been ruled out by Griffin and Heier (1973)
as being unsatisfactory and unnecessary. The metamorphic origin is not
applicable to the studied rocks because there is no evidence to show that the
GLI had undergone metamorphism. Magmatic coronas are the mineral
assemblage that was crystallized from the intercumulus liquid trapped
between the olivine and plagioclase (Joesten, 1986). When in contact with a
plagioclase, the typical mineral assemblage of the corona sequence consists
of plagioclase: pargasite + spinel: orthopyroxene + spinel: orthopyroxene:
olivine. In the coronas of the GLI, orthopyroxene is absent, and biotite
(analysed by electron probe), instead of pargasite, borders the plagioclase.

The deuteric hypothesis suggests that the coronas were formed by an
interaction between the olivine and deuteric fluid during the cooling of the
rocks (e.g Williams er 2/, 1982). The subsolidus hypothesis states that
coronas represent the metastable products of early subsolidus reactions that
occurred during cooling, as the rocks left the olivine-plagioclase stability

field (Grant, 1988). The preceding descriptions have stated that coronas
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developed around altered oltvines and are in contact with the adjacent
plagioclase and clinopyroxene which remain unaltered, and that coronas are
also spatially related with secondary actinolites. These textural evidence do
not allow a distinction to be made on whether the coronas are of deuteric or
subsolidus origin.

The red pigmentation of the feldspars in the altered gabbro can be a
result of potassic alteration and of iron staining. Boone {1969) suggested
that decomposition and oxidation of biotite release the iron to form hematite
that colours the feldspar. The present writer believes that in the GLI the
altered olivine could have supplied the iron to colour the feldspars, since the
biotite is unaltered and is not always present. Magnetite is unlikely to be

the source of iron because it too is unaltered.

In summary, petrographic studies characterize the Geordie Lake
intrusion as follows: (i) harrisitic troctolite and ophitic olivine gabbro are the
major rock types, (ii) both rocks show a consistent mineralogy and texture
throughout the succession, i.e., neither rock type is rhythmically layered, (iii)
the absence of modal feldspathoids and alkali pyroxene and amphibole
indicates that the GLI is mineralogically not alkaline, (iv) skeletal magnetites
and dendritic olivines suggest that both rock types crystallized relatively
rapidly, (v) recrystallization of the syenite at the contact zone appears to
indicate that the Geordie Lake rocks intruded the syenite, and (vi) the GLI

has no counterparts in the Center I and [I gabbros of the Coldwell complex.

44



2.3 Mineral Chemistry

2.3.1 Olivine

Olivine compositions and their structural formulae from nine
troctolite samples are listed in Table 2.1. Seven of these are from drill core
6, the other two from drill core 1. The olivines in cther troctolites and in
the gabbros could not be analyzed because they are completely altered.

The major elements in the olivines (Table 2.1) have a narrow range of
composition: Si0 (35.02 to 36.22 wt. %), FeO (36.54 to 39.37 wt. %), and MgO
(24.47 to 26.62 wt. %). MnO, the only minor oxide that can be accurately
analyzed by the energy dispersive analysis method, varies from 9.55 to
0.99 wt. %. There is no significant difference in the major element
composition between the core and rim. The MnO contents in the rims are
slightly higher than in the cores. Simkin and Smith (1970) have shown that
there is a positive correlation between Mn and Fe content in igneous olivines,
however, such a relationship is not evident in the olivines of the GLI. Based
on Brown's (1982) classification and nomenclature, olivines from drill core 6
are hyalosiderite and those from drill core 1 are hortonolite.

The olivine compositions represent solid solution mainly between
forsterite (Fo: Mg2Si04) and fayalite (Fa: Fe2SiO4). Olivine compositions
from core 1 are Fo44 and Fo49, whereas those from core 6 vary from
Fosg-51.5 (Figure 2.15), thereby recording a slight Fe-enrichment over a
45-metre interval.

Compositions of six olivines from Center | and Il gabbros are given in

45



Table 2.1 EDS analyses of olivine from the Geordie Lake Troclolite.
Samples 11 and 13 are from core 1, the others from core 6. C.Core
*Fo: Mg25i04d, Fa:Fe2S5i04, Tp:Mn2Si04

Sample

Si02
FeQ
MnO
Mg0
TOTAL

11(C)

3420
44.10

0.84
20.03
99.17

RIM

34.12
46.76
1.18
18.96
101.02

Structural Formulae based on 4

Si
Fe2+
Mn
Mg

Fo
Fa
Tp

Sample

5i02
FeO
MnO
Mgo
TOTAL

1.0051
1.0846
0.0209
0.8782

4427
54.68
1.05

71C)

35.37
38.59
0.93
2551
100.40

0.9972
1.1436
0.0292
0.8266

41.34
57.20
1.46

RiM

35.28
37.10

0.93
25.21
98.52

Structural Formulae based on 4

Si
Fe2+
Mn
Mo

Fo
Fa
To

0.9958
0.9091
0.0222
1.0714

93.50
45.39
1.11

1.0057
0.8850
0.0225
1.0720

54.16
44.70
1.14

13(C)

35.00
41.15
0.99
22.96
100.10

Oxygens

1.0019
0.9857
0.0240
0.9805

49.27
4953
1.20

72(C)

35.43
39.37
0.87
24.47
100.14

Oxygens

0.9961
0.9262
0.0207
1.0263

52.01

46.94
1.05

46

RIM

34.48
39.68

0.92
24.16
99.24

0.9909
0.9542
0.0224
1.0357

51.47
47 .42
1.1

RIM

35.39
3893
1.20
3.91
99.43

1.0054
0.9254
0.0289
1.0133

51.50
47.03
1.47

68(C)

36.07
38.27
0.55
25.46
100.35

1.0075
0.8945
0.0130
1.0609

53.90
45.44
0.66

73(C)

36.22
39.02
0.79
25.45
101.48

1.0060
0.9069
0.0186
1.0544

53.26
45.81
0.94

RIM

34.22
38.66

0.78
24.33
97.99

0.9916
0.9375
0.0192
1.0518

52.37
46.68
0.96

74(C)

35.14
38.03

0.87
24.72
98.76

1.0039
0.5092
0.0211
1.0536

53.11
45.83
1.06

70(C)

35.02
39.28

0.74
24.55
39.59

0.9957
0.9346
0.0178
1.0413

52.23
46.88
0.89

RIM

35.54
38.35

0.86
24.82
99.67

1.0050
0.9075
0.0230
1.0470

52.95
45.89
116

RIM

35.48
36.58

0.87
26.92
99.85

0.5947
0.8582
0.0207
1.12568

56.16
42 .81
1.03

78(C)

35.66
36.54

0.89
26.62
99.71

0.9966
0.8546
0.0211
1.1098

55.90
43.03
1.06

RiM

36.17
34.48

1.19
27.65
89.49

1.0071
0.8034
0.0281
1.1485

58.01
40.58
1.42
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Table 2.2. With the exception of samples 138 and 420, the samples are
metasomatized gabbroic rocks which occur as xenoliths in the the Center ]
syenite. The composition of the olivines from the metasomatized rocks range
from Foss-gg. It is not known if the metasomatism has affected the olivine
compositions. Petrographically, the olivines are rimmed by magnetite but do
not show extensive internal alteration. The compositions of the two olivines
from Center [ gabbro are Fo47 and Fo45 5 which are lower in Mg than those
of olivines from core 6 but are fairly close to olivine compositions in core 1.
Lum (1973) reported olivine compositions (Fo43-¢7) from Center I gabbros
near Bamoos Lake (Figure 1.1) and olivine compositions (Fo46-55) from the
eastern gabbros exposed on Highway 17. The olivines of northern gabbroic
rocks, adjacent to Coubran Lake, have a composition ranging from Fog4-¢47
Wilkinson (1983). In the Coldwell complex, the olivine compositions of the
troctolites of the GLI are, therefore, comparable to those of western and
eastern gabbros of Center I, within the compositional range to those of
northeastern gabbros, and more evolved than those of gabbroic rocks near
Coubran Lake.

The olivines in the studied troctolite have a narrower range of Fo
contents and are more evolved than those in the mid-ocean (Cayman)
troctolites, the Pt-Pd bearing J-M Reef troctolite and anorthosite of the
Stillwater complex, the Bushveld complex, the MacIntosh and Somerset Dam
troctolite-olivine gabbro intrusions, the Keweenawan olivine basalts, and the
basal zone of the Duluth complex (Figure 2.16). The maximum Fo content in
the olivines of the GLI is less than those of the upper zone of Duluth. The

cited gabbroic rocks from the Bushveld complex overlay the platiniferous
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Table 2.2 EDS analyses of olivine compositions from the western gabbro,

Coldwell complex.  C: Core

*F0:Mg2Si04, Fa:Fe2Si04, Tp:Mn25i04
Sample 117(C) RIM  592(C) RIM
Si02 36.58 36.48 36.31 36.21
Fel 33.08 32.83 30.44 31.63
MnO 0.98 1.29 0.90 0.68
Mq0 29.79 30.12 30.96 30.40
TOTAL 100.43  100.72 98.61 98.92
Structural Formulee based on 4 Oxygens
Si 0.9990 (0.9949 0.89984 0.9980
fe2+ 0.7560 0.7493 0.7004 0.7295
Mn 0.0227 0.0298 0.0210 0.0159
Mg 1.2136 1.2254 1.2699 1.2500
End Members*
Fo 60.91 61.13 63.77 62.64
Fa 37.95 37.78 35.17 36.56
Tp 1.14 1.49 1.05 0.80
Sample 1501{C) RIM 138 420
Si02 39.89 39.44 34,64 35.27
FeO 17.96 17.95 42.72 44,08
MnO 0.30 0.44 1.19 0.94
Maq0 42,63 42.04 21.77 21.07
TOTAL 101,36 100.69 100.48 10159
Structural Formulae based on 4 Oxygens
Si 1.0016 1.0026 0.9988 1.0087
Fe2+ 0.3774 0.3818 1.0308 1.0549
Mn 0.0064 0.0095 0.0291 0.0228
Mg 1.5967 15943 0.9364 0.8989
End Members*
Fo 80.62 80.29 46.91 45.48
Fa 19.06 19.23 St.64 53.37
Tp 0.32 0.48 1.46 1.15
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Figure 2.16  Olivine Fo contents of the GLI and other intrusions

Source of data

1. Cayman Rise troctolite (Elthon, 1987)
2. The J-M Reef troctolite-anorthosite [, Stillwater complex (Todd
et al, 1982)

(SN

Upper zone gabbroic rocks, Bushveld complex (van der Merve,

1976)

4. The East Kimberley troctolite-olivine gabbro, Australia
(Mathison and Hamlyn, 1987)

S. The Somerset Dam troctolite-olivine gabbro, Australia
{Mathison, 1987)

6. Keweenawan olivine tholeiitic basalt (Basaltic Volcanism Study

Project, 1981)

7/8. The Patridge River Troctolite, Duluth complex (Tyson and Chang,
1984)

9 Center [ gabbroic rocks, Bamoos Lake (Lum, 1973)

10. Geordie Lake Intrusion (This study)

11. Center | gabbroic rocks, Coubran Lake (Wilkinson, 1983) and

East Coldwell on Highway 17 (Lum, 1973)

12. Center | gabbroic rocks, western Coldwell (This study)
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basal mafic rocks of the Main Zone. Olivine compositions of the Bushveld
gabbroic rocks, however, vary from one stratigraphic position to another.
Although a troctolite layer has been listed in the stratigraphy of the Upper
Zone of the Rustenburg Layered Suite in the eastern Bushveld (von
Gruenewaldt er a2/, 1985), data on the olivine compositions have not been

reported.

2.3.2 Plagioclase

Representative plagioclase compositions from the troctolite,
gabbro and altered gabbro are given in Table 2.3. The plagioclase
compositions are recast into three end members, i.e. anorthite (An), albite
(Ab) and orthoclase (Or). Plagioclases in the range An57_50 have on average
Or{ 17 (21 samples), and Ang9_40 have Or| ¢ (14 samples). The core
compositions are plotted in the ternary system Ab-An-Or (Figure 2.17).
Most plagioclases from the troctolite are labradorite, ranging from An49-57:
the majority of the troctolite plagioclases vary from An4g-51. The
plagioclases with Angg-57 occur only in core 6, hence, representing the least
fractionated plagioclase in the GLI. Plagioclase from the ophitic gabbro
ranges from calcic andesine to labradorite (An45-572). Plagioclase in the
fine-grained gabbro varies from calcic to sodic andesine (An47-24).

Based on the IUGS classification scheme, basic plutonic rocks consisting
of feldspars with An49 or less are called diorite. The mineralogy of these
calcic andesine-bearing rocks, however, is characteristic of gabbro; olivine

and clinopyroxene are the major mafic phases, although the former has
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Table 2.3 Electron microprobe analyses of represeatative plagioclase from the
GLI and Center I syenite (SN).

Rock type G: gabbro, TR;Troctolite, AG: Allotriomorphic gabbro,

DR: Dioritic rock, W/SAG: Weakly/Strongly altered rocks

C: Core, R: Rim, M: Mantle, D: Dusty

*from PGM-bearing rock

Rock type G G TR TR AG
Sample No. 1(C) 1(R) 407 18*(C) 18(R) 77(C) 77(R) 208
$i02 5497 5778 5543 5477 6666 5315 5954 56.16
Al203 279 2657 2840 28.19 21.16 2917 2470 2750
Fe0 0.67 0.52 0.39 0.39 0.10 0.68 0.59 0.59
Ca0 10.89 874 1064 1042 177 1160 6.26 9383
Naz0 3.36 6.79 5.52 5.52 10.83 4.66 7.86 6.00
K20 0.05 0.25 0.00 0.04 0.00 0.25 0.11 0.04
TOTAL 100.10 10065 10038 9933 10052 9951 9906 100.12
Structural Formula based on Thirty-two Oxygens
Si 9908 10293 9.928 9917 11623 9646 10681 10070
Al 5943 5581 5998 6019 4351 6243 5225 5815
Fe 0100 0078 0059 0059 0015 0.103 0089 0.089
Ca 2106 1671 2045 2024 0331 2257 1205 13891
Na 1.945 2.348 1919 1.940 3.666 1.642 2737 2092
K 0012 0057 0000 0009 0000 0058 0.025 0009
Mol. Percent End Members
Anorthite 5183 4099 5158 5094 828 5704 3037 4737
Albite 4789 5762 4842 4883 9172 4150 6900 52.40
Orthoclase 028 1.40 0.00 023 0.00 1.46 064 023
Rock Type AG DR WAG SAG SN
Sample No. 307(C) 26*(C) 26(R) 26(M) 26(D) 62 30 410
Si102 57.26 55.77 5964 6383 6282 5484 6094 69.18
Al203 27.10 2683 25.17 2255 2267 2763 2425 20.16
FeO 0.60 063 057 0.30 0.13 0.47 0.50 0.12
Ca0 8.77 922 6.88 3.40 367 10.41 333 0.28
Na20 6.46 5.78 7.58 9.49 9.34 5.60 '8.10 10.90
K20 0.40 0.77 0.00 0.09 0.00 0.03 0.96 0.07
TOTAL 10059 99.00 9984 9966 9863 9898 100.30 100.71
Structural Formulia based on Thirty-two Oxygens
Si 10209 10.124 10631 1128 11218 9977 10820 11.937
Al 5698 5743 5291 4702 4774 5928 5077 4.102
Fe 0090 009% 0085 0.044 0019 0072 0074 0017
Ca 1678 179 1316 0645 0703 2032 1057 0.052
Na 2.236 2.037 2.623 3.257 3.269 1.978 2.792 3.651
K 0091 0179 0000 0020 0000 0003 0218 0015
Mol. Percent End Members
Anorthite 4189 4477 3340 1644 1770 5058 2599 1.39
Albite 5584 5078 6656 8304 8230 4924 6865 98.19
Orthoclase 227 4.45 0.00 0.52 0.00 0.17 3.35 0.41
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Anorthite (An), Albite (Ab) and Orthocliase (Or) for the
various rock types of the GLI. Each plot represents a
complete analysis of six major oxides, Si0,, AIZOB, FeO
CaO, NaZO, and KZO.



been completely altered and the latter is partially uralitized. Furthermore,
these "dioritic” rocks occur most frequently as narrow zones between the
gabbro and troctolite, and there is no lithological contact between the gabbro
and "diorite”. The dioritic rocks with calcic andesine are, therefore, altered
gabbroic rocks.

The compositions of the plagioclase cores in the weakly altered
gabbroic rocks range from An4|-5¢ (calcic andesine-labradorite), whereas,
in the strongly altered gabbroic rocks plagioclase compositions vary from
Anjg/Abgg (andesine) to Anp/Abgg (nearly pure albite). The majority of
the plagioclase in the rocks that host the platinum-group minerals and
tellurides have similar compositions to those of the troctolite and gabbro.
The significance of this observation is discussed in Chapter 3.

The compositional variations in zoned plagioclases are plotted on the
Ab-An-Or ternaries (Figure 2.18). Individually, plagioclase compositions
become more albitic in the rims, and even more albitic in the mantle. The
variation in the degree of albitization is generally related to the degree of
alteration in the rock: plagioclase rims in more altered rocks are more albitic
than those in less altered rocks. Some of the feldspar mantles, which appear
dusty and pink in thin sections, are also albite.

The core plagioclase compositions of the troctolite and gabbro are
essentially constant with stratigraphic height (Figure 2.19). The plagioclase
compositions in the rocks adjacent to the GLI-syenite contact remain within
the overall compositional range. This constancy indicates that the plagioclase
does not record any differentiation effects throughout the succession.

The compositions of the plagioclases from Center I gabbros of western
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Coldwell and from Center [1 metasomatized gabbroic rocks of south-central
Coldwell are given in Tables 2.4A and B, respectively, and plot in the ternary
system An-Ab-Or (Figure 2.20). The core compositions of the Center [
plagioclases, most of which have been recrystallized (showing polygon-
alization), vary from labradorite (An52) to calcic andesine (An41). The low-
An content plagioclases are present in the slightly altered sample 907. Core
compositions of some of the recrystallized grains are also of calcic andesine
(An41-43). The rim compositions show a decrease of the An content by 3 to
S mole % and an increase in the albite content by that percentage. An
alkali-feldspar rim,(An{2Abs50r33), is present in sample 907.

The Center II metasomatized gabbroic rocks (Table 2.4B) from the
eastern Neys peninsula (samples C-1496, 1498, 1500 and 1503) are
characterized by high Si07 and Na0 and Low CaO contents. Only the rims of
samples in C-1496 contains small amounts of K20. The An contents of these
plagioclases are low, ranging from andesine (An41) to albite (An|7Abg3).
These plagiociases have been recrystallized and metasomatized as they form
polygonal crystals with sutured grain boundaries. Center I gabbro
xenoliths (samples C-117, 308, 138 and 593) in Center I syenites show a
wide compositional range (An4p-75). These samples show have lower Si07
and Na»0 and higher Ca0O contents than the Neys gabbros. Sample 117
shows an extensive metasomatism and its composition is approximately
An4g9. The composition of the plagioclase of sample 138, a medium-grained
recrystallized gabbro, is approximately Ansg in the core and An4g in the
rim. Sample 593 has been recrystallized into fine-grained gabbro, in which

the plagioclase composition is about An4(. Sample 308, which represents
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Table 2.4A Electron microprobe analyses of plagioclase from the Center | gabbroic rocks

Sampie No 414 414 420 420

CORE RIM CORE RIM CORE RiM  POLY-C  POLY-R
Si02 54.48 55.06 53.84 54.58 56.43 56.52 56.74 56 .49
Al203 28.43 27 .86 2892 28 .44 26.96 26.56 26.35 27.11
FeQ 0.23 0.28 0.31 0.27 0.29 0.25 0.30 0.27
Ca0 10.47 39?2 10.69 10.43 9.34 8.8 8.89 3.14
Na20 5.41 5.89 5.25 537 6.12 6.39 6.20 6.14
K20 0.46 0.40 0.23 0.27 0.53 0.80 0.90 0.79
TOTAL 99.48 99 41 99 34 99 .36 9967 39 .50 949,38 9994
Structural Formulae based on Thirty-two Oxygens
Si 3.868 9973 39,785 9.889 10.175 10218 10268 10.170
Al 6.072 5.951 6.186 6.077 9.732 5.662 S5.623 5.755
Fed+ 0.035 0.424 0.047 0.041 0.044 0.038 0.045 0.041
Ca 2.035 1.928 2.081 2.028 1.807 1.742 1.726 t.766
Na 1.902 2.071 1.849 1.888 2.142 2.243 2,178 2.146
K 0.106 0.093 0.053 0.063 0.122 0.185 0.208 0.182
Mol. Percent End Member
Anorthite 50.32 47.12 5224 50.96 44,38 41.78 41.79 4313
Albite 47.05 50.62 46 .42 47.47 92.62 53.79 52.97 52.43
Orthoclase 2.63 2.26 1.34 1.57 3.00 4,43 5.06 4.44
Sample No 420 607 307 907 907 1084 1084

FINE CORE RiM  DUSTY  DUSTY
Si02 56.11 61.53 58.33 57.64 56.72 58.69 54.70 55.82
Al203 26.97 24.30 26.97 28.12 27.65 2694 28.12 27.23
FeQ 0.27 0.10 0.08 0.55 0.15 0.06 013 0.09
Ca0 9.26 6.23 8.42 2.14 g.17 7.73 10.40 9.35
Na20 6.04 7.98 681 5.24 6.58 7.22 5.73 6.41
K20 0.63 0.19 0.00 479 0.00 0.38 0.00 0.00
TOTAL 9928 10093 10061 98.48 10027 101.02 99.08 98.90
Structural Formulae based on Thirty-two Oxygens
Si 10.158 10842 10340 10.438 10.130 10.380 9626 10.120
Al 5.757 5.161 2.638 6.005 5.823 2619 6.017 5.821
Fed+ 0.041 0.015 0.012 0.083 0.022 0.009 0.020 0.014
Ca 1.799 1175 1.601 0.416 1,757 1.467 2.025 1.819
Na 2.123 2.723 2.343 1.842 2.281 2.479 2018 2.256
K 0.146 0.025 0.000 1.107 0.000 0.086 0.000 0.000
Mol. Percent End Member
Anorthite 4422 29.81 40.59 12.35 4351 36.58 50.08 4463
Albite 52.20 69.10 29.41 54.73 56.49 61.49 49 92 55.37
Orthoclase 3.58 1.08 0.00 32.92 0.00 2.13 0.00 0.00



Table 2.4B Electron microprobe analyses of plagioclase from Center Il gabbroic rocks
+ metasomatised, ® gabbroic xenoliths

Sample No 1496+ 1496 1498+ 1498 1500+ 1503+ 1503

CORE RIM  DUSTY FINE
5i02 60.86 65.05 62.82 65.75 57.40 64.75 58.12 56.86
Al203 23.93 21.61 23.06 2192 27.50 22.09 25.63 26.38
FeO 0.1 0.05 0.14 0.10 0.22 0.05 0.12 0.00
Ca0 5.57 2.40 3.493 2.64 g9.49 3.1 7.50 8.60
Na20 8.69 10.04 9.47 10.02 6.31 10.11 7.43 6.69
K20 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00
TOTAL 9g9.16 39.26 9342 100,43 100.92 100.11 38.80 38.63
Structural Formulae based on Thirty-two Oxygens
Si 10880 11499 11,151 11466 10.183 11370 10486 10311
Al 5.045 4,505 4827 4.508 5.753 4.574 5.453 5.631
Feld+ 0.017 0.007 0.021 0.015 0.033 0.007 0.002 0.000
Ca 1.068 0.455 0.749 0.494 1.806 0.586 1.452 1.670
Na 3.016 3.445 3.263 3.392 2173 3.446 2.602 2.351
K 0.000 0.025 0.000 0.000 0.000 0.000 0.000 0.000
Mol. Percent End Member
Anorthite 26.16 11.59 18.66 12.71 45.39 14.53 35.81 41.53
Albite 73.84 87.77 81.34 87.29 94.61 85.47 64.19 58.47
Orthoclase 0.00 0.63 0.00 0.00 0.00 0.00 0.00 0.00
Sampie No 117+» 308+ 138> 138*% 993

CORE RIM POLYG. CORE RIM CORE RIM
Sioz 54.90 54.52 49.13 55.34 54.62 55.79 57.81 57.18
Al203 27.49 28.00 32.12 2791 27.78 28.18 26.75 27.17
FeQ 0.27 0.36 0.23 0.75 1.27 0.19 0.20 0.18
Ca0 10.15 10.71 15.02 10.24 10.13 10.08 8.68 8.89
Na20 59.57 5.32 2.80 5.85 5.57 6.03 7.07 6.57
K20 0.45 0.34 0.05 0.06 0.15 0.05 .06 0.00
TOTAL 98.83 39.25 89.35 100.15 8952 100.32 100.57 99.99
Structural Formulae based on Thirty-two Oxygens
Si 5.994 3.901 9.013 9.965 9.916 9994 10296 10.226
Al 5.901 5.996 6.951 5.927 5.947 5.953 5618 5.736
Fe3+ 0.041 0.055 0.035 0.113 0.193 0.029 0.030 0.027
Ca 1.983 2.087 2.956 1.979 1.973 1.937 1.659 1.708
Na 1.968 1.875 0.100 2.045 1.963 2.097 2.444 2.283
K 0.105 0.079 0.007 0.008 0.025 0.007 0.001 0.000
Mol. Percent End Member
Anorthite 48 .88 51.64 74.78 49.17 50.13 48.02 40.42 42.78
Albite 48.54 46.41 25.22 50.83 49.87 51.98 59.58 57.22
Orthoclase 2.58 1.95 0.00 0.00 0.00 0.00 0.00 €.00
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the least altered and undeformed gabbro xenolith, has the least evolved
plagioclase composition, An7ys, and contains no alkali-feldspar.

From the above data, the range of plagioclase compositions of the GLI
overtaps those of western Center [ gabbros and of Center 1 gabbroic
xenoliths, with the exception of sample C-308 (Figure 2.20). The plagioclases
of the troctolite of the GLI, however, are more calcic than those of Center [
and Il gabbros. The plagioclases of the Neys gabbros (Center [1) are low in
An content perhaps due to metasomatism. The compositional range of the
GLI plagioclases is within that of the eastern Center I gabbros (Figure 2.21).
The GLI plagioclases are less calcic than those in the Stillwater complex, the
Mclintosh layered troctolite-olivine gabbro, the Cayman Rise, the Somerset
Dam troctolite-olivine gabbro, and the Duluth complex. In addition, the
plagioclases of these various intrusions, with the exception of the Cayman

Rise and Somerset Dam, have a narrow range of An content.

2.3.3 Alkali-Feldspar

Table 2.5 lists seven analyses of alkali-feldspars (four rims and
three fine-grained crystals) from the GLI and one from the eastern syenite.
Some of the rim alkali-feldspars appear pink in handspecimen. The
compositions of these feldspars vary from Or| {AbgsAng to Org5Ab4Any|.
The anhedral to subhedral alkali-feldspars in the slightly altered gabbro
range from OrgAb77Ang4 to Orgg 7Abg 9Ang 3. The alkali-feldspar of the
eastern syenite has the composition OrggAb 3 7Abg 3.
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Figure 2.21 Comparisons of the An contents of plagioclase from the GLI

and other intrusions.

l. The J-M Reef troctolite-anorthosite I, Stillwater complex (Todd
et al, 1982)
2. The East Kimberley troctolite-olivine gabbro, Australia

(Mathison and Hamlyn, 1987)
The Somerset Dam troctolite-olivine gabbro, Australia

(Mathison, 1987)

[SS)

4. Cayman Rise troctolite (Eithon, 1987)

576. The Patridge River Troctolite, Duluth complex (Tyson and Chang,
1984)

7. Center I gabbroic rocks, Coubran Lake (Wilkinson, 1983) and

East Coldwell on Highway 17 (Lum, 1973)
8. Geordie Lake Intrusion (This study)

9. Center I gabbroic rocks, western Coldwell (This study)
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Table 2.5 Electron microprobe analyses of alkali-feldspar from the GLI.
Rock Type G: Gabbro, Tr: Troctolite, AG: Allotriomorphic Gabbro,

DR: Dioritic Rock, WAG: Weakly Altered Gabbro,

SAG: Strongly Altered Gabbro, SN: Svenite: M: Mantle

Rock Type TR G

Sample No. 70(M)  29(M)
Si02 61.26 61.97
A1203 19.51 20.73
Fe0 4.11 0.75
Ca0 0.74 1.49
Na20 9.78 3.55
K20 1.94 10.17
TOTAL 97.34 98.66

AG
9(M)

61.19
25.51
0.33
1.27
6.93
4.08
99.31

AG
307(M)

65.63
18.83
0.27
0.15
0.40
14.66
99.94

Structural Formula based on Thirty-two Oxygens

Si 11.103 11.430
Al 4.170  4.509
Fe3+ 0.623  0.116
Ca 0.144 0.295
Na 3.441 1.271
K 0.449 2.395

Moli. Percent End Members

Anorthite 3.57 7.44
Albite 85.30 32.08
Orthoclase 11.13 60.48

10.940
5.378
0.049
0.244
2.405
0.931

6.80
67.17
26.02

63

11.970
4.050
0.041
0.029
0.142
3.414

0.82
3.95
95.23

SAG
64

66.48
19.95
0.21
0.76
8.32
3.05
98.77

11.825
4.185
0.031
0.145
2.873
0.693

3.91
77.42
18.67

SAG
44

63.61
20.58
0.18
0.14
1.70
13.35
99.56

11.635
4.439
6.028
0.028
0.604
3.117

0.73
16.10
83.17

SAG
303

65.22
18.34
0.09
0.07
6.10
16.77
100.59

11.972
3.970
0.014
0.014
0.036
3.930

0.35
0.90
98.76

SN
410

65.07
18.74
0.23
0.06
1.56
14.79
100.45

11.894
4.039
0.035
0.012
0.554
3.452

0.29
13.78
85.93



2.3.4 Clinopyroxene

Table 2.6 lists the compositions, structural formulae, and end
members of representative clinopyroxenes. All clinopyroxenes are free of
zonation. Within single samples, compositional variations never exceed
2 molecular weight per cent wollastonite (Wo). The majority of the
clinopyrozene in the GLI is Ca-rich augite (Figure 2.22). The augite from the
troctolite, gabbro and the weakly altered gabbroic rocks plot in the same
compositional field. The compositions extend from the middle of, and along
the augite-salite boundary to near the augite-ferroaugite boundary.
Restricted compositional variation is observed in the clinopyroxenes of the
four drill cores studied. Ca-rich and Ca-poor augites have been found to
co-exist in some samples (Figure 2.22). This association is particularly
characteristic of rocks with tholeiitic affinities (Deer es 2/, 1978). Pigeonite
1s absent, suggesting that Ca content did not decrease t0o a minimum where
an inverted ferropigeonite normally occurs. All salite compositions plot
near the salite-augite boundary. Altered clinopyroxenes in the strongly
altered rocks, which exhibit sieve-like texture and lower birefringence in
comparison to fresh pyroxene, plots just above the salite-wollastonite
boundary. Ferroaugite occurs only in the slightly altered gabbroic rocks and
in the ophitic gabbro situated at a high stratigraphic level in core 1.

The Mg/(Mg+Fe) ratio of all clinopyroxenes is correlated with

stratigraphic height (Figure 2.23) and ranges from 0.67 to 0.40. These ratios
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Tabie 2.6 Electron microprobe anailyses of representative clinopyroxene from the GL!
Rock Type. G:Gabbro, TR: Troctolite, AG: Allotriomorphic Gabbro
DR: Dioritic Rock, W/SAG: Weakly/Strongly Altered Gabbro
* {rom PGM-bearing rock

Rock Type G G TR TR AG DR WAG SAG
Sample No. i 54 {8 77 208 26+ 81 30+
Si02 49.53 50.43 52.98 49.54 50.55 49.84 50.92 52.01
Ti02 0.21 1.05 0.25 1.12 0.78 0.79 0.93 0.11
A1203 4.03 2.66 2.26 2.77 1.74 2.11 2.34 0.29
FeO 23.52 12.25 18.04 12.32 13.78 11.88 11.29 12.42
MnO 0.57 0.41 0.51 0.41 0.41 0.29 0.36 0.81
MgO 8.83 12.42 [2.82 11.97 11.71 12.26 12.96 10.50
Ca0 11.94 21.02 [2.01 21.24 21.33 21.34 21.00 24.24
Na20 0.39 0.31 0.56 0.42 0.52 0.48 0.47 0.28
TOTAL 99.85 100.76 99.46 9997 100.94 98.98 100.50 100.81
Structural Formula based on Six Oxygens

Si 1.919 1.893 1.996 1.879 1.909 1.504 1.906 1.971
Al(iv) 0.0681 0.107 0.004 0.121 0.078 0.095 0.094 0.013
Al(vi) 0.104 0.011 0.097 0.003 0.009

Ti 0.006 0.030 0.041 0.032 0.022 0.023 0.026 0.003
Fe3(iv) 0.013 0.016
Fe3(vi) 0.067 0.023 0.041 08.031 6.025 0.034 0.034 0.004
Fe2+ 0.696 0.362 0.528 0.360 0.397 0.344 0.320 0.373
Mn 0.019 0.013 0.016 0.013 0.013 6.001 0.011 0.026
Mg 0.511 0.696 0.721 0.677 0.660 0.699 0.724 0.594
Ca 0.497 0.847 0.486 0.865 0.864 0.875 0.843 0.986
Na 0.067 0.023 0.041 0.031 0.038 0.036 0.034 0.021

Mol. Percent End Members {Plotting Parameters)

Wo. 25.92  43.25 2792 4443 44.34 44.96  43.65  50.40
Fs 42.73 19.44 30.47 19.29  20.92 18.16 17.26 19.15
En. 3135 37.32  41.60 36.28 3474  36.87  39.09 30.45
Ae 13.69 2.73 7.81 3.59 4.33 4.01 4.05 2.09
Di 49.78 33.31 38.98 33.47 3596  31.68 29.39  37.80
Hd 36.32 63.96 53.21 6294  59.71 64.31 66.36  60.11

-
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are lower than those of the Mclntosh {Mathison and Hamlyn, 1987) and
Somerset (Mathison, 1987) intrusions. The compositions of clinopyroxene in
the troctolite of core 6 show a slight Fe enrichment from the basal to the
upper sections. Compositions of clinopyroxene in the troctolite and gabbro
from the other cores, however, do not show such a trend. Clinopyroxenes in
the altered rocks are considerably less magnesian in comparison to those in
unaltered samples.

Clinopyroxene compositions with low Ti07 and Ai203 contents have
been recalculated in terms of aegirine (Ae: NaFe3+Si20g., formerly known as
acmite,, Morimoto er 4/, 1988), diopside (Di: CaMgSi20g) and hedenbergite
(Hd: CaFeSi20q). Ferric iron was calculated from the total iron content by
assuming that all the sodium in the pyroxene is combined with Fe3+ as
aegirine (Mitchell and Platt, 1982). Clinopyroxenes having more than 5 per
cent CaAl7Si0¢ and/or CaTiAlp0q are expressed as Ti-Px (CaTiAl20q), CATS
(Ca-Tschermack, i.e. CaAl2SiO¢ )} and aegirine. Figure 2.24 plots the overall
trend of low-Al clinopyroxene compositions on the ternary system Ae, Di and
Hd. The majority of the clinopyroxenes from all rock types define a narrow
compositional trend from Hdg3-¢7. A few clinopyroxenes from the weakly
altered gabbroic rocks, gabbro and troctolite have compositions varying from
Hd3g8-48. They therefore are less evolved in terms of Mg and Fe contents
but more evolved in terms of Na and Fe than the majority of the
clinopyroxenes. There is a gap in the clinopyroxene composition from
Hd48-53. The high alumina clinopyroxenes plot in the CATS-Aegirine-TiPx
ternary (Figure 2.25). The two compositional fields are defined primarily by

the content of CaAlSiAlOg. In field 1, CaAlSiAlQg is between 4 and 6 mole
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Figure 2.24 Plot of low-alumina clinopyroxene compositions in terms
of aegerine (Ae), diopside (Di), and hendebergite (Hd).
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per cent, whereas in field 2 it is more than 5 mote per cent of CaAlSiAlQg
and CaTiAlp0¢ combined. Sample 201 from the upper zone of core 2 has
9.8 mole per cent of CaAlSiAlQg.

Figure 2.26 compares the overall clinopyroxene composition of the GLI
to those of other gabbroic rocks from Coldwell and other localities. The
Ca-rich clinopyroxenes of the GLI are more Fe-rich (i.e. more evolved) in
comparison to the initial clinopyroxene composition of other rocks, with the
exception of those studied by Lum (1973). The most evolved clinopyroxenes
from the Center | gabbro north of Coubran Lake (Wilkinson, 1983) are
comparable to the clinopyroxenes of the GLI. The Duluth clinopyroxene are
less calcic than those of the GLI. There are insufficient data to delineate the
compositional trend of the clinopyroxenes of all the Coldwell rocks, including
the GLI, in order to make a comparison with the trends shown by pyroxenes

of the Bushveld and Skaergaard intrusions.

2.3.5 Amphibole

A total of nineteen primary amphiboles were analysed from
troctolite and gabbro. In addition, twelve analyses of discrete fine-grained
amphiboles which repiaced clinopyroxenes and a score of subsolidus
actinolites rimming clinopyroxenes were also obtained. Representative
amphibole compositions are given in Table 2.7.

In general, primary amphiboles contain less Si02 and MgO, but more
A1203 and Ti02 than subsolidus amphiboles. These chemical variations are

similar to the amphiboles of gabbroic rocks in the Pliny Range, New
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Figure 2.26 Comparison of clinopyroxene compositions from the GLI

and other basic intrusions.

Sources of Data (from top to bottom)

Eastern border gabbro, Center I, Coldwell complex (Lum, 1973)

North-central gabbro, near Coubran Lake, Center [, Coldwell

complex (Wilkinson, 1983)
Bushveld complex (Atkins, 1969)

Skaergaard intrusion (Deer er a/, 1978)

Duluth complex (Weiblen and Morey, 1980)

Geordie Lake intrusion (this study)
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Tabie 2.7 Electron microprobe analyses of amphibole from the GL!

TR:Troctolite, G: Gabbro, AG: Allotriomorphic Gabbro,
W/SAG: Weakly/Strongly altered gabbro
R: Replacement amphioble  * from PGM-bearing rock

Rock Type
Sample No.

§i02
TiO2
Al203
Fe203
FeO
MnO
MgO
Ca0
Na20
K20
TOTAL

TR TR G G AG WAG SAG
43 407 2 22(R)* 9 S 30(R)}*

42.63 45.16 4249 47.04 42.06 41.87 45.50
245 299 1.96 0.41 2.46 2.75 0.34
8.55 8.54 7.66 7.08 9.68 9.50 6.64
1.91 1.63 3.02 11.86 0.42 0.68 5.22

14.84 10.12 13.10 5.63 16.76 16.58 19.33
0.37 0.24 0.27 0.69 0.26 0.29 0.75

11.40 14.24 12.81 12.98 10.54 10.49 7.57

10.97 11.48 11.22 10.29 11.39 11.32 11.64
3.17 2.12 3.28 1.71 2.73 2.69 111
1.36 1.52 1.55 0.00 1.90 1.82 1.04

97.64 9803 97.36 9769 98.20 9799 99.14

Structural Formulae based on Twenty-three Oxygens

Si 6.467 6.554 6.457 6.850 6.389 6.374 6.910
Al(iv) 1.529 1.446 1.372 1.150 1.611 1.626 1.090
Allvi) 0.000 0.048 0.000 0.066  0.122 0.078 0.100
Ti 0.279 0.337 0.224 0.045 0.281 0.315  0.039
Fe3+ 0.218 0.182 0.346 1.300 0.048 0.078 0.597
Fe2+ 1.882 1.256 1.664 0.686  2.129 2.111 2.455
Mn 0.048 0.030 0.347 0.085 0.033 0.037 0.096
Mg 2.578 3.151 2.902 2818 2.387 2.381 1.714
Ca 1.783 1.82% 1.827 1.605 1.854 1.846 1.894
Na 0.932 0.610 0966  0.483 0.804 0.794 0.327
K 0.263 0.288 0.300 0.000 0.368  0.353 0.201
(Ca+Na)B 2.000 2.000 2.000 2.000 2.000 2.000 2.000
(Na+K)A 0.978 0.723 1.093 0.083 1.026  0.994 0.422
Na'B 0.217 0.175 0.173 0.395 0.146  0.154 6.106
Na“A 0.715 0.435 0.793 0.088 0.657 0.640 0.220
Mg/Mg+Fe2 0.580 0.715 0.636  0.804 0.529 0.530 0.410
A* 0.401 0.330 0.410 0.231 0.387 0.383 0.218
A*:Na+k/Ca+Na+k

~J
3

39.69
4.72
14.60
3.17
7.75
0.14
12.73
10.28
2.77
2.00
97.86

5.836
2.164
0.366
0.522
0.351
0.953
0.017
2.790
1.619
0.790
0.375

2.000
0.776
0.388
0.401
0.750



Hampshire (Czamanke er 2/, 1977). According to the International
Mineralogical Association classification (1978), all amphiboles are
considered calcic. The primary amphiboles vary from magnesian-
hastingsitic to edenitic hornblendes, and from ferro-edenitic to ferroan-
pargasitic hornblendes (Figures 2.27A -B). The amphibole in Sample 35 is
kaersutite (Table 2.7).

There is a positive correlation between Si and Mg/(Mg+Fe) contents
(Figure 2.27A) in the hornblendes of the troctolite. Table 2.8 shows that

Si07 contents of the hornblendes are lower than those of the host rock.

Table 2.8 SiO7 Contents (weight per cent) in Amphiboles vs Host Rocks. The
number of comparisons is small because amphibole is not present in all
samples.

Sample No. Amphibole Host rock
9 41.99 46.80
28 42.79 43.20
30 4371 45.50
44 41.87 47 38

Hornblendes are typically less siliceous than their hosts and fractionation of
the amphibole should result in silica enrichment of the liquid (Wones and
Gilbert, 1981). Accordingly, the trend of amphibole compositions in the
troctolite is from magnesian-hastingsitic hornblende towards edenitic
hornbiende and not towards ferro-edenitic hornblende. However, Sample

G-407, which is a brown amphibole, is stratigraphically lower than Sample
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402, a green amphibole. Furthermore, there is a gabbro unit in between the
two samples (Figure 1.6, Sample location map). The predicted trend is, thus,
unlikely to exist in the studied amphiboles. Other calcic amphiboles are
magnesio- and ferro-hornblendes, and actinolites (Figure 2.27B). Unlike the
actinolites, which clearty display replacement texture, i.e. rimming
clinopyroxenes, these hornblendes are discrete and fine-grained. The
relatively coarser crystals exhibit a ragged subhedral habit and occur in
altered and "dioritic” rocks. The SiO2 and MgO contents of these hornblendes
are higher than those of primary amphiboles. These observations suggest
that the hornblendes are of secondary origin.

Compositions of amphiboles have been reported for some basic
intrusions. McGill (1980) has indicated that the western border-group
gabbro of Coldwell contains between one and five modal per cent brown
amphibole. The amphiboles reported by Mathison (1987) and Mathison and
Hamlyn (1987) for the Somerset Dam and Mclntosh troctolite-ofivine gabbro,
respectively, are mostly brown hornblendes. The Somerset Dam rocks also
contain kaersutite and titanian ferroan pargasitic amphibole. Currie er &/,
(1986) show that the amphiboles of the Sunrise suite of the Mont Saint
Hilaire complex are kaersutitic. The composition of the sole brown
amphibole from the GLI is fairly similar to those of the aforementioned basic

intrusions, with the exception that it is slightly less siliceous.

2.3.6 Biotite

Biotite is not a major mafic phase of the GLI. All biotite data
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obtained are presented in Table 2.9. The FeO and MgO contents show some
variations, ranging from 13.3-26.3 wt. % and 8.8-18.7 wt. %, respectively.
The Fe/(Fe+Mg) ratios increase against the stratigraphic height but this trend
is not observed in the coexisting clinopyroxene (Figure 2.28).
Petrographically, most biotites are spatially associated with late magmatic
fine-grained amphiboles and actinolites, and fringe the early skeletal
magnetites. These observations suggest that the biotite is a late magmatic
phase. Biotite compositions in terms of Mg-Fe-Al are plotted in Figure 2.29.
For comparison, the biotite compositions of the western gabbro (Table 2.10}
are also plotted. The trend of biotites from the GLI shows small variations in
the Al content ranging from 2.3 to 2 atoms per formula unit. The biotites of
the western gabbros show a similar compositional trend, but their Al
contents are higher and narrower in range than those of the GLI (Figure
2.29). The Fe contents of the biotites in the metasomatized host rocks are
less than the recrystallized western gabbros.

One analysis of biotite is reported for the Somerset troctolite
(Mathison, 1987) and shows greater Ti and Al but less Mn and K contents
than biotite of the GLI.

2.3.7 Magnetite and Ilmenite
Sixty magnetite-ilmenite pairs (Fe-Ti oxides) from forty samples were
analysed with the electron microprobe, and ten representative compositions

are given in Table 2.11. The compositions of the Fe-Ti oxides from the GLI

and other basic intrusions are plotted in the ternary system TiO2-FeO-Fe303
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Table 2.9 Electron microprobe analyses of biotite from the GLI

G. Gabbro, TR: Troctolite

Rock type

Sample No.

Sio2
Ti02
Al203
FeQ
MnO
Mg0
Na20
K20
TOTAL

G
1

37.18
2.27
12.21
26.33
0.33
8.99
0.12
10.47
979

1

35.88
2.28
12.10
2581
0.34
8.78
0.13
9.07
94.39

6
2

37.71
3.65
12.73
22.81
0.18
10.55
0.45
9.66
97.74

TR
11

39.61
287
11.67
14.48
0.10
17.84
0.51
10.26
97.34

Structural Formula based on 22 oxygen

Si

Ti

Al

Fe
Mn
Mg
Na
K

Annite
Phlogopite
Mn—phyl*

Al
fFe
Mg

Fe/Fe+Mg

5.752
0.264
2.228
3.409
0.043
2.075
0.036
2.068

61.69
3753
0.78

28.89
44.20
2691

0.622

*Manganophyilite

9.723
0.274
2276
3.445
0.046
2.089
0.040
1.847

61.75
37.43
0.82

29.14
44.11
26.75

0.623

9.707
0.416
2.272
2.889
0.023
2.382
0.132
1.867

94.58
44.98
0.44

30.12
38.30
31.59

0.548

5.798
0.316
2014
1.774
0.012
3.895
0.145
1.917

31.23
68.56
0.22
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