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Abstract

The OKG prospect in the Umiakoviarusek Lake region of Labrador provides an
excellent laboratory to study anorthosite-mangeric-charnockite-granite (AMCG)
magmatism, pyroxenite-leucotroctolite hosted magmatic N'i~Cu sulphide mineralization
and metallogeny. This thesis has used a combined field, geochemical and isotopic
approach to assess the following problems: 1) what is the ggeology and nature of
mineralization at the OKG prospect; 2) what are the isotopic and geochemical attributes
of the anorthositic and granitoid rocks, and do they display any similarities to the Nain
Plutonic Suite (NPS); 3) what is the nature and style of magmatic Ni-Cu sulphide
mineralization; and 4) what are the chemical and isotopic ccontrols on the genesis of the
OKG Ni-Cu sulphide mineralization.

The geology of the OKG prospect consists largely of anorthositic (sensu lato) and
granitoid rocks, with lesser Archean gneisses and mineralized pyroxenitic (sensu lato)
rocks. The Archean gneisses are predominantly amphibolittic/mafic granulite and
subequal metatonalitic to quartzofeldspathic gneisses. The anorthositic and granitoid
rocks of the property are predominantly anorthositic and lewconoritic and occur both
north and south of Umiakoviarusek Lake and as a northwesterly trending body in the
eastern portion of the property. Granitoid rocks are in rougshly subequal proportions to
the anorthositic rocks and range from mozonite, quartz momzonite, syenite, quartz
syenite, alkali feldspar granite and granite. Traditionally thaese anorthositic and granitoid
rocks have been assigned to the Nain Plutonic Suite (NPS); however, recent work in this
region has shown that much of the rocks in this region actu:ally, and likely
Paleoproterozoic and exhibit evidence of deformation and rmetamorphic influence from
the ca. 1.86-1.74 Ga Torngat Orogen. These features incluade: 1) localized sinistral strike-
slip and ductile (mylonitic) faulting and related folding; 2) the presence of foliations
within the granitoid rocks that mirror the grain of the Archean gneisses and the Torngat
Orogen, 3) prevalent secondary, metamorphic replacement and recrystallization of
primary igneous mineralogy with secondary greenschist facies assemblages; and 4)
intrusion by metabasic dykes that have widespread replacerment of primary igneous
mineralogy by secondary greenschist facies assemblages.

In contrast, the mineralized pyroxenitic-leuctroctolitic rocks of the OKG prospect
do not show the secondary deformation and metamorphic features common in the
anorthositic and granitoid rocks. Furthermore, even in proximity to ductile faulting they
retain pristine igneous textures without secondary replacem.ent of igneous mineral
assemblages. The apparent lack of influence from the Tormigat Orogen suggests a likely
Mesoproterozoic age for the dykes and related mineralization. The mineralization within
the OKG is always spatially, and genetically, associated wigh these pyroxenitic dykes.
Commonly on surface the massive sulphide mineralization s podiform in nature and is
localized near the dykes, within the anorthositic rocks. Disseminated mineralization is
typically found within the pyroxenitic intrusives occurring as intercumulus
disseminations, that locally grade to semi-massive in natures and exhibiting “net textures”.
In drill core the pyroxenitic intrusives show sharp contacts wvith the surrounding
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anorthositic rocks and have gradational assemblages from disseminated (=5%) near their
tops, through to semi-massive (=30%), to massive sulphide near their basal contacts with
the anorthositic rocks. Sulphide assemblages for both the massive and disseminated
sulphides have a high temperature assemblage of magnetite and pyrrhotite, with
successively lower temperature exsolved grains of pyrite, chalcopyrite and pentlandite, in
this order.

Geochemically the anorthositic and granitoid rocks have similar attributes to the
younger Nain Plutonic Suite. On primitive mantle normalized multi-element plots the
anorthositic rocks have variably positive Sr, Eu, and Ti anomalies, and flat to negative Th
and Nb anomalies. The granitoid rocks also show relatively flat to negative Th and Nb
anomalies, but have higher total REE, in particular LREE, have negative Sr and Ti
anomalies, relatively flat to slightly positive Eu anomalies, and very pronounced positive
Zr anomalies. Isotopically the anorthositic rocks have ISr (@2050Ma) ranging from
0.7048-0.7082, eNd (@2050Ma) = -4.1 to ~11.8, fsmnafrom —0.30 to -0.68, and Tpy ages
from 2.54 to 3.64Ma (average 3.16Ga). The granitoids have ISr (@2050Ma) ranging
from 0.7036 to 0.7598, eNd (@2050Ma) = -5.1 to -9.7, fsana from —0.35 to —0.50, and
Tpum ages from 2.82 to 3.26 Ga (average 3.03 Ga). The presence of negative Th and Nb,
coupled with the isotopic data, suggest that the anorthositic and granitoid rocks have
significant contribution from a source with negative Th and Nb, coupled with a long
crustal residence time. This is consistent with incorporation and influence from Archean
source materials, most likely the Nain Province gneiss. Furthermore, although older than
the NPS, the similarities in geochemistry and isotope behaviour suggest that these
Paleoproterozoic anorthositic and granitoid rocks formed in a manner petrogenetically
similar to the NPS.

An integrated geochemical and isotopic approach to the pyroxenite hosted
mineralization has been undertaken using trace and REE geochemistry, PGE
geochemistry, sulphur isotopes, and Nd isotopes. Using the trace and REE chemistry
there are two distinctive chemical subdivisions of the dykes including those from surface
and those from the subsurface. Pyroxenitic rocks from the surface zones of
mineralization are characterized by variably depleted LREE relative to the MREE and
HREE (Lan/Yby=0.18-0.31, Cen/Ybn=0.22-0.36, Lay/Smy= 0.28-0.52), and have
variably flat to negative Eu anomalies (Eu/Eu* = 0.08-0.14). In contrast, the subsurface
dykes from one drill hole have marked increases in the LREE relative to the surface
dykes (Lan/Yby=1.23-3.33, Cen/Ybn=1.16-3.50, Lan/Smy= 1.47-1.99), but retain similar
Eu concentrations (EwEu* = 0.04-0.21). The extended plots for the dykes also show
varying behaviour with the surface dykes having lesser enrichments in the LFSE and Zr
(Zr/Y = 0.6-1.4) relative to the subsurface dykes (Zr/Y = 0.6-2.3); while both groups of
dykes show well developed negative Th anomalies. Neodymium isotopes also show the
same distribution with the surface samples containing eNd (@1300Ma) = -1.1 to 4.8,
and fsmg = +0.39 to +0.75; while the subsurface dykes have eNd (@1300Ma) =-3.9 to -
13.6, fsewnd = -0.30 to —0.47, and Tpy ages from 2.39 to 3.40 Ga (average 2.74 Ga). The
marked differences in trace, REE, and Nd isotope geochemistry of the surface and
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subsurface dykes suggest that the subsurface dykes underwent significant degrees of
crustal contamination relative to the surface dykes.

The PGE patterns for the OKG surface pyroxenites and the massive sulphides
show very distinctive patterns. The PGE patterns for the pyroxenitic rocks with
disseminated (2-20%) sulphide show trough shapes with depleted PGE relative to Ni and
Cu (Ni/Irmn (average) = 17.47, Cw/Pdmn (average) = 14.12). The massive sulphides have
a similar trough pattern (Ni/Iryoy (average) = 7.85, Cu/Pdmy (average) = 4.96) with the
exception of total concentration of the PGE, and the development of a negative Pt
anomaly; suggesting a common genetic relationship between the pyroxenitic intrusives
and sulphide mineralization. However, all are depleted in PGE relative to Ni and Cu
suggest PGE loss due to a prior sulphide removal event. Sulphur isotope data for the
OKG sulphides are very restricted and range from §°*S =+1.0 to +1.8%o. The
overwhelming homogeneity of the sulphides and location within magmatic sulphur
ranges (5°*S = 0+3%o) suggests that magmatic sulphur, rather than external sulphurization
was the major source of sulphur in the sulphides.

The combination of field, geochemical and isotopic geochemistry allows a model
for the OKG sulphides to be proposed. The REE chemistry of the surface pyroxenitic
and leucotrocolitic rocks have similarities to compiled values for spinel lherzolites and
peridotites from the subcontinental lithospheric mantle (SCLM). It is suggested that the
pyroxenitic-leucotroctolitic dykes evolved and equilibrated with source liquids that were
Eu and LREE depleted and derived from a depleted mantle (SCLM) source. The
presumed Mesoproterozoic age for the pyroxenitic dykes suggests that melting was likely
initiated by basaltic underplating associated with plumes associated with NPS
magmatism. It is interpreted that early melts, that comprised the subsurface occurrences,
rose along preexisting faults and structures that were both associated with the remnants of
the Torngat Orogen, and those accompanying extension and emplacement of the NPS.
While rising along these faults the pyroxenitic magmas underwent both fractionation and
assimilation of Nain Province crustal material (ca. 35% as deduced from neodymium
crustal index (NCI) calculations) resulting in LREE, Ba, Rb, and K enrichments,
retention of low Th and Nb, and obtaining low eNd (@ 1300Ma) signatures. This crustal
contamination resulted in an increase in silica to the pyroxenitic magmas inducing
sulphide saturation and with continued rising into the crust were emplaced with some
degree of turbulence into their anorthositic hosts. Upon emplacement sulphide
segregation occurred resulting in the subsurface base-metal sulphide occurrences.

Surface pyroxenitic rocks also show Nain Province influence, including negative
Th anomalies and eNd (@ 1300Ma) signatures. It is likely that crustal contamination (ca.
5% as deduced from NCI calculations), coupled with natural silicate fractionation
resulted in sulphur saturation and segregation upon emplacement on surface. The lower
degrees of contamination in the surface pulses may be explained if they are actually
younger than the subsurface pulses and followed chemically insulated paths that were
previously taken by the subsurface pulses.

iv



Acknowledgements

The production and completion of this thesis would not have been possible
without the help of many. To my supervisor Derek Wilton I extend my sincere thanks for
suggesting and supervising this project. Derek’s constant academic support, good
humour, guidance and the willingness to discuss anything and everything are the true
measures of an excellent mentor; I thank you dearly for a great learning experience.
Funding for this project was provided by a grant from Castle Rock Exploration
Corporation and an NSERC operating grant to Derek Wilton. I wish to thank the kind
and gracious support of the Natural Sciences and Engineering Research Council for
providing me with an NSERC PGS-A award; while the Buchans’ Scholarship of
ASARCO Incorporated from Memorial University is also gratefully acknowledged.

I wish to thank Castle Rock Exploration Corporation for providing funding,
employment and logistical support for this project; in particular, Nelson Baker, Terry
Ryan, John O’Sullivan, Don Sheldon, and Eugene Beukman. I extend a special thanks to
Nelson for having the confidence and foresight to see the importance of this research and
for “teaching me the ropes” of the mineral exploration world. Nelson’s influence on my
current and future career path has been invaluable. Thanks are extended to my capable
and good humoured field assistants Jeff Morgan and Mike Rees. This work and the fun
in Labrador would not have been the same without your help. Other fellow employees of
Castle Rock are also thanked for serious and not so serious discussions during the
summer of 1996, including: Mike Regular, Harry Lucci, Mike Parsons, Sean Ryan, and
the late David Spencer.

The technical staff of the Department of Earth Sciences are thanked for their
contributions to this project, including Lakmali Hewa (ICP-MS), Pat Horan (TI-MS),
Pam King (XRF/ICP-MS), Mike Tubrett (XRF/ICP-MS), and Alison Weick (IR-MS).
Their assistance, or preparation and completion of analyses are gratefully appreciated;
while expedient sample cutting and preparation from Corey Fitzgerald and Ken Smith are
thanked as well. Rick Soper is thanked for speedy preparation of my thin sections, while
Gerry Ford and Maureen Moore are thanked for their administrative contributions to this
project. Darren Smith and the staff at technical services are thanked for sorting out the
computer problems and getting them fixed as soon as possible. Richard Taylor and
Gilles St. Jean are thanked for preparation and sulphur isotope analyses of some samples
at the Ottawa-Carleton Geoscience Centre.

I wish to thank Mark Wilson (MUN) for numerous discussions during the tenure
of this project. His knowledge of geochemical and isotopic processes and mineral
deposits has been an invaluable source of information and guidance. George Jenner
(MUN) is thanked for his knowledge of trace element and radiogenic isotope
geochemistry, and his insistence and instilling the importance of data validation and
quality control. Discussions on the geology of the Umiakoviarusek Lake region with
Bruce Ryan (NDME) have been invaluable, and for converting me to the
Paleoproterozoic side. Likewise discussions with Andy Kerr (NDME) on the nature and
style of mineralization at the OKG prospect are also acknowledged.



I wish to extend thanks to my fellow students who have shared in the fruits of this
project, particularly Lawrence Winter, Rod Smith, Lori Dwyer, Joy Reid and Richard
Cox. Richard is especially thanked for the numerous discussions near the completion of
this thesis. To my friends Ed Davis, Pablo Gosse, Des Janes, Dan Mulrooney, Dave
Myrden, and John Ogg, thanks for the good times over the last few years. I extend
special thanks to my mother, father and sister, their emotional, financial and academic
support during my university career, without their constant support I would not be where
[ am today. My Aunt Gwen and Uncle Dave are thanked for the many meals and for
open ears. Finally, I would like to thank Michelle Delahunty, her emotional support and
companionship, both here and over the miles, have been a constant source of inspiration
and guidance.



Table of Contents

AB S T R A CT .o e e e e e e e et e i
ACKNOWLEDGEMENT S ..ottt e et e e e e e ens v
TABLE OF CONTENT S ..o e e e et e e et eet e eeeeee e ann vii
LIST OF FIGURES ... oottt e e e et e e e et eeee e e eee e e e xiil
LIS T OF TABLES ...t ie et ete ettt aeereesears cmeeeneeraesesaannaniaanns xix
LIST OF PL AT ES .o oo e et e e et e e e e e eenaes xxii

Chapter 1: Introduction

Ll INtroduction ... ....cooiiniiii it e I-1
1.2 Location and ACCESS .......ccueneenerenseneenrreinceneneamnennraneneennennes 1-2
1.3 A Review of Ni-Cu-Co-(+PGE) Sulphide Deposits........................ 1-3
1.3.1 Controls on the Precipitation of Magmatic Sulphides in Mafic-

UltramaficMagmas.............coooooiiiiiiiiiiii i, 1-6
1.3.2 Genetic Models for Magmatic Ni-Cu Sulphide Deposits........ 1-9

1.3.2.1 Sulphur Assimilation Dominated Models.............. 1-10

1.3.2.2 Silica Assimilation Dominated Models............... 1-16

1.3.2.3 Debated Models. ...............coooiiiiiiiiiiii 1-19

1.4 Purpose and SCOPE. .. ..ooviiiini i i e 1-23

Chapter 2: Regional Setting of the OKG Prospect with Emphasis on the
Tectono-Magmatic Evolution of the Nain Province

2. 1 INtroduCtion. .. ... oniiei e e e 2-1
2.2 Geologic Framework of Labrador....................... ... 2-1
2.3 Magmatic and Tectonic Evolution of North-Central Labrador.......... 2-4
2.3.1 Tectonomagmatic Evolution of the Nain Province Prior to the
Torngat Orogen. .. ... ...cooiiiiiiiiit i 2-4
2.3.2 Evolution of the Eastern Churchill Province and Torngat
1070010 | U 2-7
2.3.3 Magmatic Evolution and Genesis of the Nain Plutonic
SUIE. .ttt e e, 2-10

SUILE. ..ot e e 2-14
2.3.3.3 Geochemical and Isotopic Characteristics of the
NainPlutonic Suite.........................cooeiial 2-17
2.3.3.4 A Genetic Model for the Nain Plutonic Suite... .... 2-20
2.3.4 Paleoproterozoic AMCG Suites and their Importance......... 2-24

vii



Chapter 3: Geology, Structure, Mineralization, and Silicate and
Sulphide Petrography

3.1 Introduction. .. ...oooui it e e
3.2 GeologiC UNitS......covviiimtineieane e e eeee e
3.2.1 Archean Rocks: Nain Province Gneisses........................
3.2.2 Paleoproterozoic Rocks.............cooeviiieieiieiiiiii
3.2.2.1 Granitoid ROCKS..........oenveuinniniiianiiiiiiians
3.2.2.2 Anorthositic Rocks. ...
3223 MaficDykes...........ooiiiiii L
3.2.2.4 Mylonitic ROCKS.........ccovviveviniecciiiiiiieenn,
3.2.3 Mesoproterozoic ROCKS.............cooeiiiiiiiiiiiiiiiiiiiianenn.
3.2.3.1 Pyroxenitic Rocks...............ocoooiiiiiiiiiiii s
3.3 Petrographic Characteristics of Geologic Units and Subdivisions.......
3.3.1 Archean Nain Gneisses................ccoooiiieiiniiineianaen e,
3.3.1.1 Amphibolitic and Mafic Granulitic Rocks............
3.3.1.2 Quartzofeldspathic (Metatonalite) Layers............
3.3.2 Paleoproterozoic Units................oovvineeennnmmeneiieennnnn.e.
3321 Granitoids. ......cooiniiii e
3.3.2.2 Anorthositic Rocks............coveeiiiiiiiii,
3323 MaficDykes.........ooiiiiiiiii i
3.3.2.4 MyloniticRocks..................cooiiiiiiii
3.3.3 MesoproterozoiC Units........ocoeieiieennreeievnrecunerneannnen
3.3.3.1 Mineralized Pyroxenitic Dykes........................
3.4 Mineralization............ ...l
3.4.1 Main Zone Mineralization................c..ccoevivevniiieinin. ..
3.4.2 North Striking Shear Zone Mineralization......................
3.4.3 Drill Core Mineralization...................cc.cooeeeniiiiiiiiin. ..
3.5 Sulphide Petrography.........cccoviiiiiiiiiieiiiiier s
3.5.1 Massive Sulphides....................
3.5.2 Disseminated Sulphides in Pyroxenite and Leucotroctolite...
3.5.3 Disseminated Sulphides in Anorthosite..........................
3.5.4 Paragenetic Sequence of Sulphide Minerals.....................
3.6 Structural Geology and Contact Relationships Between Units..........
3.6.1 Granitoid-Anorthosite Contact Relationships and Structure
of Area South of Umiakoviarusek Lake.........................
3.6.2 Gneiss-Granitoid-Anorthosite Relationships in the
Eastern Portion of the Property................c..coooie
3.6.3 Faulting and Folding in the Main Zone and North-Striking
ShearZone..............ooiiiiiiiiiiii
3.6.4 Contact Relationships of Mineralized Pyroxenites............
3.6.5 Paleoproterozoic or Mesoproterozoic Granitoids and

viii



Chapter 4: Major, Trace, and Rare-Earth Element Geochemistry

4.1 Intwoduction: The Purpose and Scope of Using Geochemical

4.2 Paleoproterozoic Anorthositic Rocks................ooo
4.2.1 Discrimination-Type Diagrams..................................
4.2.2 MgO versus Major Element Plots.....................c........
4.2.3 MgO versus Trace Element, and other Trace Element Plots.
4.2.4 Normalized Rare-Earth Element and Multi-Element Plots....
4.2 4.1 Primitive Mantle Normalized REE Plots. ............
4.2.4.2 Extended Primitive Mantle Normalized Trace
Element Plots.............coooiiiiiiiiiiiiii .
4.2.4.3 Average Leuconorite Normalized REE Plots..........
4.3 Paleoproterozoic Granitoid Rocks...............ooooiiii
4.3.1 Discrimination Diagrams...................c.coooii.
4.3.2 Si0; versus Major Element Plots (Harker Diagrams)..........
4.3.3 SiO; versus Trace Element Plots (Harker Diagrams)..........
4.3 .4 Primitive Mantle Normalized REE and Extended Trace
Element Plots. ...
4.3.4.1 Primitive Mantle Normalized REE Plots..............
4.3.4.2 Extended Primitive Mantle Normalized Trace
ElementPlots.................o.o
4.4 Paleoproterozoic Mafic-Felsic Dykes.......................o....ooo.
4.4.1 Discrimination Diagrams...............c..ccociiiiiiiiaiiene.
4.4.2 Primitive Mantle Normalized REE and Extended Trace
Element Plots... ......ooooii i e
4.5 Mesoproterozoic Mineralized Pyroxenitic Rocks.........................
4.5.1 Discrimination Diagrams...................o.oooiiL
4.5.2 MgO versus Major Element Plots...............................
4.5.3 MgO versus Trace Element, and other Trace Element Plots..
-4.5.4 Primitive Mantle Normalized Plots...............................
4.5.4.1 Primitive Mantle Normalized REE Plots.............
4.5.4.2 Extended Primitive Mantle Normalized Trace
Element Plots........... ...,
4.5.4.3 Average Leuconorite and Surface Pyroxenite
Normalized Plots....................................

4.6.1 Primitive Mantle Normalized REE and Extended Trace
Element Plots. .. ...ooooo it e e e e e

ix



Chapter 5: Metal and Platinum Group Element Geochemistry

5.1 Introduction. ... ..ot e e e e 5-1
5.2 Primitive Mantle Normalized PGE Plots.......................c.coo.. 5-1
5.2.1 Massive Sulphides...... ... 5-2
5.2.2 Disseminated Sulphides in Pyroxenite-Leuctroctolite and
Anorthosite. .. ... ... il 5-3
523 0therPlots. . ..o e 5-4
5.2.4 Amphibolites from the Nain Province Gneisses................ 5-5
5.3 Metal Ratio Plots for the OKG Rocks and Sulphides..................... 5-5
5.4 Significance of PGE Patterns and Metal Ratios........................... 5-7
5.5 Modeling of PGEData..............coooiiiiiiiii i 5-10
5.5.1 Theoretical Aspects of PGE Modeling........................... 5-11
5.5.2 Modeling of the OKG Ni-Cu-Co Sulphides .................... 5-13

Chapter 6: Radiogenic Isotope Geochemistry

6.1 INtTOdUCHION. .. ...t it et e te e e e e 6-1
6.2 Theory: Rb-Sr and Sm-Nd Isotope Systematics.......................... 6-2
6.2.1 The Rb-Sr Isotopic System. .. ...........ooooiiiiiiiiiniiaeanenn. 6-2
6.2.2 The Sm-Nd Isotopic System............cooviiiiviienrenennn.. 6-4
6.2.3 Notations Used for the Sm-Nd Isotopic System and
Isotopic Evolution................................. 6-6
6.3 Sr Isotope Geochemistry............cooiiiiiiiiiiiiiiiiii e 6-12
6.3.1 Nain Province Gneisses...............cccooiiiiiiiiiiiiiienenn.. 6-12
6.3.2 Anorthositic ROCkS. ... ..o 6-13
6.3.3 Granitoid ROCKS..........coviriviiriiiii e 6-14
6.3.4 Pyroxenitic Rocks...............cooooi il 6-15
6.4 Nd Isotope Geochemustry................ooooooiiii it 6-17
6.4.1 Nain GneissiC Recks.. ..o covviiiiiiiii e 6-17
6.4.2 Anorthositic ROCks..............oooooiiiiii 6-19
6.4.3 Granitoidd Rocks...........cooooiiiiiii e 6-20
6.4.4 Pyroxenitic ROCKS.......ccovvieerniiiiiiiini i iiiiieee e, 6-21
645NdModel Ages..........cooomieiiiii il 6-23
6.4.5.1 Nain Province Gneisses............................... 6-23
6.4.5.2 Anorthositic Rocks..........ccocoevviiiiiiiinine. 6-24
6.4.5.3 Granitoid Rocks..............ooooiiiiiiiiii 6-25
6.4.5.4 PyroxeniticRocks..........................ol 6-26
6.4.6 Neodymium Crustal Indicies for the OKG Plutonic Rocks... 6-27
6.4.6.1 Anorthositic and Granitoid Rocks.................... 6-28
6.4.6.2 PyroxeniticRocks......................... 6-30
6.5 Nd-Sr Isotope Covariance in the Anorthositic and Granitoid Rocks... 6-32
6.6 Mixing, Contamination and Basement Contributions: Summary....... 6-32



6.6.1 Anorthositic and Granitoidd Rocks.......c..ooeiiiiiiiiieennnne.
6.6.2 Pyroxenitic ROCKS. ..........oooiiini e

Chapter 7: Sulphur Isotope Geochemistry

T 1 Introduction. .. ... ... e
7.2 Notations and Theory............c.ooiiiiiiii e
T3 RESUIS. .. e
7.4 External or Magmatic Sulphur?............... ..

Chapter 8: Discussion and Conclusions

8.1 INtroduction. .. ..o it e
8.2 Petrogenesis and Basement Control on the Genesis of the OKG
Anorthositic and Granitoid Rocks..........c.cceiiiviiiineiiiiiean..
8.2.1 Descriptive Aspects of the OKG Anorthositic, Granitoid
and Basic Dyke ROCKS. ...........ccooiiiiiiiiniiiiiiiin e,
8.2.2 Contact Relationships and Structural Geology of
Anorthositic, Granitoid and Basic Dyke Rocks: A
Paleoproterozoic Origin? ..................coooiiiiiiieean
8.2.3 Geochemical and Isotopic Attributes of the Anorthositic
and Granitoid Rocks...............cooco
8.2.4 Petrogenesis and Paleoproterozoic Crustal Evolution........
8.3 Nature and Style of Mineralization: Summary...........................
8.3.1 Nature of the Mantle Source Region... ..
8.3.2 Crustal Contamination and the GeneSIS of the OKG
Ni-Cu Sulphides...............coooi
8.4 Metallogenic Model for the OKG Ni-Cu Sulphides.....................
B.5 ConCIUSIONS. ......oeiiiiitie i it i e
8.6 Directions for Further Study..........c.ccooiiiiii e,
8.7 Exploration Directives and Tools for Exploration.......................

R O CICeS ... oo e e

8-5



Appendix A: Analytical Methods

A.1 Lithogeochemical and Sulphide Sampling Protocol................... A-1

A.2 Trace Element Analyses.............cc.coooiiiiiiiiiiiiiiiiiiiiin, A-3

A.2.1 X-Ray Fluorescence (XRF)...........cccciiiiiiiiiiiinnennnns A-3

A.2.1.1 A Test for Precision and Accuracy................ A-5

A.2.2 Inductively Coupled Plasma Mass Spectrometry

ACP-MS). .. et e A-6

A.2.2.1 A Test for Precision and Accuracy................ A-7

A_3 Platinum Group Elements (PGE)...................oooioiiiiiae A-8
A4 Radiogenic ISOtOPES. .. -...oveerriiiiieiaereeeaieiiae e eeeareanansonens A-10
A.5 Sulphur ISOtOPES. . . ... c.o it e e e A-13

Appendix B: Data Tables.......................................cc..co... B-l

xii



List of Figures

Figure 1.1. Location of the OKG prospect and simplified geology of the
Precambrian structural provinces of Labrador....................coocil 1-26

Figure 1.2. Worldwide distribution of magmatic Ni-Cu-PGE deposits and their
respective petro-tectOniC SETNES. ... ... ....o.iuit it ie et e e ee e 1-27

Figure 1.3. Schematic model of sulphide segregation from a silicate magma and
partitioning of chalcophile and lithophile elements into respective magmas...... ... 1-28

Figure 1.4. Schematic illustrating the effects of adding silica (felsification), or
sulphur (sulphurization) to a mafic-ultramafic melt and the induction of sulphide
IMISCIDIIItY . .. e et 1-28

Figure 1.5. Tectonic map of the Noril’sk-Talnakh region, Siberia; typical ore-
bearing intrusion stratigraphy, and geological model of ore formation............... 1-29

Figure 1.6. Geological map of the Sudbury Igneous complex and surrounding
area and radiogenic isotope geochemistry of SIC illustrating crustal
(s Ta17:Tos T T 11 o) | D PR 1-30

Figure 1.7. Geology of the Voisey’s Bay area and outline of settings of the
Voisey’ s Bay deposit. ... ..o el 1-31

Figure 1.8. Cross section of the Voisey’s Bay deposit and respective ore-
bearing hOriZONS. .. ... ..o e e 1-32

Figure 1.9. Geological model for the Voisey’s Bay deposit of Ryan et al. (1995).. 1-33

Figure 1.10. Geological model for the Voisey’s Bay deposit of
Naldrett er al. (1996@)...... ..o e, 1-33

Figure 2.1. Simplified geology of the Nain Province, including the Hopedale
and Saglek Blocks, and Nain Plutonic Suite...........................ooiiiiiii.. 2-29

Figure 2.2. Geology of the northern Nain Province and related supracrustal
SEQUEIICES. .. ...ttt ie e ettt ittt et e e e e e e e et e e e e e e e 2-29

Figure 2.3. Regional setting of the Hopedale Block, including the Florence
Lake and Hunt River greenstone belts.....................ovveiiiiiiiiiiinninn., 2-30

Figure 2.4. Geological setting of the Southeastern Churchill Province,
including the Rae Province, New Quebec and Torngat Orogens...................... 2-30

xiii



Figure 2.5. Simplified lithotectonic elements of the Torngat Orogen................

Figure 2.6. Geology of the Nain Plutonic Suite, Paleoproterozoic plutonic
rocks and related cOVEr roCks............oooiiiiiiii it

Figure 2.7. Primitive mantle normalized multi-element plots of representative
rocks from the Nain Plutonic Suite................coooiiiiiiiiii e,

Figure 2.8. Schematic illustrating the proposed eNd boundary for the Nain-
Churchill suture underlying the Nain Plutonic Suite............................o...

Figure 2.9. Schematic model for the genesis of the Harp Lake intrusion
anorthositic and related rocks intheregion.................... ...

Figure 2.10. Schematic model for the petrogenesis of the Nain Plutonic Suite
and AMOCG SUILES. .. ...t et et et e e et e e e e e aaaa

Figure 3.1. Geology of the OKG prospect with location of lithogeochemical
groups outlined in Chapter 4...............coooii it e

Figure 3.2. Geology of the Main Showing area and related mineralization..........

Figure 3.3. Stereoplots and contoured stereoplots of foliations in the foliated
granitoids and gneissosity in the Nain Province gneisses..............................

Figure 3.4. Schematic of typical pyroxenite-sulphide-anorthosite relationships
from surface and drill core.................oiii i

Figure 3.5. Schematic paragenetic sequence for the sulphide-oxide mineralogy
of the OKG sulphides................ooiiiii e

Figure 3.6. Stereoplot and countoured stereoplot of foliations within the phase
1 granitoids south of Umiakoviarusek Lake.......................o.............

Figure 3.7. Stereoplot and contoured stereoplots of mylonitic foliations
associated with ductile shear zones in the Main Showing region....................

Figure 4.1. Major element discrimination diagrams of anorthositic rocks
from the OKG ProSpect.......cc..ciiuiuiuiinitiiiie e aeeiee e eee e e eeieee el

Figure 4.2. MgO versus major element plots of the anorthositic rocks from
the OKG ProSpect.........o.oiuiimiiit it e e et e

Xiv



Figure 4.3. MgO versus trace element and other trace element plots of the
anorthositic rocks from the OKG prospect.............coooviiiiiiiiiiiiiiiiiinn 4-33

Figure 4.4. Geology of the OKG prospect with location of lithogeochemical
Fea g0 111 o1 S PO eeaes 4-35

Figure 4.5. Primitive mantle normalized REE plots of the anorthositic rocks
from the OKG ProSPeCt. .. ... ....cuneeneinmeeiiie e e e e e ceean e eae 4-37

Figure 4.6. Primitive mantle normalized multi-element plots of the
anorthositic rocks from the OKG prospect.............ccocoviiiiiiiiiiiiiiii.e. 4-38

Figure 4.7. Average OKG leuconorite normalized REE plots of the
anorthoSItic TOCKS. ... oot e 4-39

Figure 4.8. Discrimination diagrams of the granitoid rocks from the OKG
3] (o) <ot S 4-40

Figure 4.9. SiO, versus major element plots of the granitoid rocks from
the OKG ProSPeCt. .. ....ooineinii e e e e e et e et e e e 4-40

Figure 4.10. SiO, versus trace element plots of the granitoid rocks from
the OKG PrOSPECL. ... . in it e eie et e et e et e e e et e e e eeeaas 4-42

Figure 4.11. Primitive mantle normalized REE plots of the granitoid rocks
from the OKG ProSPeCt ... ... .oontnin et et et e e et e eeaeas 4-43

Figure 4.12. Primitive mantle normalized multi-element plots of the
granitoid rocks from the OKG prospect...............coorieiiiiciieiiiiiiiaeaennnn. 4-44

Figure 4.13. Major element discrimination diagrams of the mafic-felsic
dykes from the OKG proSpect..........coovniinmiiiee ittt eaee e 4-45

Figure 4.14. Trace element discrimination diagrams of the mafic-felsic
dykes from the OKG prospect.........co..oiiiiiinioi i ees 4-46

Figure 4.15. Primitive mantle normalized REE and multi-element plots
of the mafic-felsic dykes from the OKG prospect.............c.ooiiiiinine. 4-47

Figure 4.16. Major element discrimination diagrams of mineralized
pyroxenitic rocks from the OKG prospect.................. e 4-48

Figure 4.17. MgO versus major element plots of the mineralized
pyroxenites from the OKG proSpect..............oooviiinieiimieiiiiiiieiiaaann. 4-48



Figure 4.18. MgO versus trace element, and other trace element plots of the
Mineralized pyroxenites from the OKG prospect...........ccooveiiiiiiiiiiinan... 4-50

Figure 4.19. Primitive mantle normalized REE and multi-element plots
of the mineralized pyroxenites from the OKG prospect................c.......... 4-52

Figure 4.20. Average OKG leuconorite normalized and surface pyroxenite
Normalized REE and multi-element plots of the pyroxenites from the
10) € g7 (e 1 o v PR 4-53

Figure 4.21. Primitive mantle normalized REE and multi-element plots
for the OKG surface pyroxenites in comparison to compiled values for
the subcontinental lithospheric mantle............... ... 4-54

Figure 4.22. Primitive mantle normalized REE and muiti-element plots

of the Nain Province gneisses from the OKG prospect............................ 4-55
Figure 5.1. Primitive mantle normalized PGE and metal plots for sulphide

bearing units of the OKG prospect..............ooiiiiiiiiiiiiiiiiieaie i neeaeens 5-16
Figure 5.2. Metal ratio plots of sulphide bearing units from the OKG

PIOSPECL. . ..ottt e e e e e e e e 5-18
Figure 5.3. Cu/Pd-Pd plot of sulphides from the OKG prospect.................. 5-20

Figure 5.4. Comparative PGE plots for the OKG pyroxenites relative to
subcontinental lithospheric mantle xenoliths from Dish Hill, California... ..... 5-20

Figure 5.5. Primitive mantle normalized PGE plots of massive sulphides
from the OKG prospect in relation to sulphides from the Minnimax

sulphides from the Duluth Complex....................oooiiiiiiiiin e, 5-21
Figure 5.6. Primitive mantle normalized plots of the OKG massive and

pyroxenite hosted sulphides in comparison to model R-factor compositions. .. 5-21
Figure 6.1. Schematic isotope evolution curves for the Rb-Sr isotopic system...  6-37

Figure 6.2. Schematic isotope evolution curves for the Sm-Nd isotopic system... 6-38
Figure 6.2. Schematic curves illustrating the concept of Nd model ages........... 6-39

Figure 6.4. Initial St isotope ratios of the OKG anorthositic and granitoid rocks... 6-40



Figure 6.5. Plot of initial Sr isotope ratios versus Rb/Sr for the OKG

E:TaTs) 111013 L1 o8 ¢ o1 < ST 6-40
Figure 6.7. Present day initial Sr isotope ratios for the OKG pyroxenites............ 6-41
Figure 6.8. Initial Sr isotope ratios versus Sr for the OKG pyroxenites.............. 6-41

Figure 6.8. Neodymium isotope evolution curves for the Nain Province
gneisses from the OKG prospect..........coveeieoiemiioiiiiiiiiin s 6-42

Figure 6.9. Epsilon Nd values for the OKG Nain Province rocks and their

relationship to Early and Middle Archean Nain Province gneisses elsewhere in
northern Labrador...... .. ... e 6-42
Figure 6.10. Epsilon Nd distribution of the OKG anorthositic and granitoid

Figure 6.11. Epsilon Nd versus fractionation factor for the OKG anorthositic

and granitoid TOCKS. .. ...........ooii i it et et e e e 6-43

Figure 6.12. Epsilon Nd distribution of the OKG pyroxenitic rocks in
comparison to the ranges of contaminants possibly involved in their genesis...... 6-44

Figure 6.13. Epsilon Nd verus fractionation factor for the OKG pyroxenites...... 6-44

Figure 6.14. Neodymium isotope evolution curve for the OKG surface
(0D (1 11 (- 6-45

Figure 6.15. Frequency histograms of calculated neodymium crustal indicies
for the OKG anorthositic and granitoid rocks..............c.ccoceinieniieieinnn, 6-45

Figure 6.16. Frequency histograms of calculated neodymium crustal indicies
for the OKG pyroxenitic rOCKS. .......ccvvueveireereereieeieiee e e e e 6-46

Figure 6.17. Epsilon Nd versus initial Sr isotope ratio covariance plot of the
OKG anorthositic and granitoid rocks..........c....ccooiiiiiiiiii e 6-46

Figure 6.18. Epsilon Nd versus REE ratios (La/Yb, Ce/Yb, La/Sm, Sm/Yb)
for the OKG pyroxenitic roCKs. ......c..ouiiuiiiii e e ee e 6-47

Figure 7.1. Sulphur isotope compositions of sulphide separates from the OKG
2 L8R o T o 7-9



Figure 7.2. Sulphur isotope compositions of sulphide separates in comparison
to possible contaminants and other sulphide occurrences in Labrador............. 7-9

Figure 8.1. Metallogenic model for the OKG Ni-Cu sulphide occurrences........ 8-36

Figure A.1. Schematic illustration of sampling protocol and methodology of
choosing geochemical analyses...................c.ooi i A-15

xviii



List of Tables

Table 2.1. Chronology of tectono-magmatic events in the Saglek and
Hopedale Blocks of the Nain Province prior to emplacement of the Nain
Plutonic Suite........................ PPt

Table 2.2. Chronology of dated Nain Plutonic Suite granitoid, ferrodioritic
and anorthositic and basic plutons............... ..o

Table 4.1. Selected trace element ratios for the anorthositic rocks from the
10) € ) (o0 - SRR

Table 4.2. Selected trace element ratios for the granitoid rocks from the
10) € (o 1oL SO

Table 4.3. Selected trace element ratios for the mafic-felsic dykes from the
(0] C ) (o1 =T S U

Table 4.4. Selected trace element ratios for the mineralized pyroxenitic rocks
from the OKG PrOSPECL. .. ..o.nonnni et ettt e e e eeaaeeeees

Table 5.1 Metal ratios of sulphide bearing units from the OKG prospect.........

Table 5.2. Cu/Pd, Ni/Ir and mantle normalized Cw/Pd and Ni/Ir ratios for
Sulphide bearing units from the OKG prospect.......................coeiiiiiiiinann..

Table 5.3. Model liquid metal concentrations and partition coeffecients used
for R-factor modeling of the OKG sulphide bearing units............................

Table 6.1. Summary of Sr isotope geochemistry of the Nain Province gneisses
from the OKG ProSpect..........oeoneot et e e e e e

Table 6.2. Summary of Sr isotope geochemistry of the anorthositic and
granitoid rocks from the OKG prospect.............coooeiiii i,

Table 6.3. Summary of Sr isotope geochemistry of the pyroxenitic rocks
from the OKG ProSPeCL. .. .....cooniit et ittt e e

Table 6.4. Summary of Nd isotope geochemistry of the Nain Province
gneisses from the OKG proSpect..........o.ooeimimiiiiiiii i,

Table 6.5. Summary of Nd isotope geochemistry of the anorthositic and
granitoid rocks from the OKG proSpect...............oovuiiiiiieiiiieiiiaineinn,

xix



Table 6.6. Summary of Nd lsotope geochemlstty of the pyroxemtlc rocks

from the OKG prospect... e 6-53
Table 6.7a. Neodymium crustal indicies for the OKG granitoid rocks.......... 6-54
Table 6.7b. Neodymium crustal indicies for the OKG anorthositic rocks....... 6-55
Table 6.8. Neodymium crustal indicies for the OKG pyroxenitic rocks........ 6-57

Table 7.1. Summary of sulphur isotope characteristics of the OKG
sulphides in comparison to other Ni-Cu sulphide occurrences and
potential contaminants in north-central Labrador.............................. ... 7-10

Table 8.1. Summary of representative intersections and grades from the
OKG PIOSPECL. .« .o ettt e ee e e e et et e e e e e e e 8-39

Table A.1. Precision and accuracy for XRF trace and semi-quantitative
determinations from replicate analyses of standard DNC-1....................... A-16

Table A.2. Precision and accuracy for ICP-MS for REE and Th
determinations from replicate analyses on standard MRG-1..................... A-17

Table A.3. Accuracy of ICP-MS for PGE deterinations on standard SARM-7... A-18

Table B.1a. Pressed powder pellet XRF data for anorthositic rocks from the

(6) € o (o1l B-2
Table B.1b. Pressed powder pellet XRF data for granitoids rocks from the

OKG PIOSPECL. .. ..ot i e e e e et et e et et e eee e e s B-9
Table B.1c. Pressed powder pellet XRF data for mafic-felsic dykes from the

OKG PIOSPECL. .. ... et oo e e et e e e et B-15
Table B.1d. Pressed powder pellet XRF data for pyroxenitic-leucotrotcolitic

rocks from the OKG prospect...........c.covueiueetomniiiiee i e B-16
Table B.1le. Pressed powder pellet XRF data for the NainProvince gneisses

from the OKG ProSPeCt. .. ......o.ooiiitie it B-18
Table B.1f. Pressed powder pellet XRF data for sulphide bearing units used

For PGE analyses not quoted in priortables........................................... B-19
Table B.2a. ICP-MS REE and Th data for the OKG anorthositic rocks. ......... B-22



Table B.2b. ICP-MS REE and Th data for the OKG granitoid rocks.............

Table B.2¢c. ICP-MS REE and Th data for the OKG mafic and felsic dykes......
Table B.2d. ICP-MS REE and Th data for the OKG pyroxenitic rocks............
Table B.2e. ICP-MS REE and Th data for the OKG Nain Province gneisses. ...
Table B.3. ICP-MS PGE+Au data for the OKG sulphide bearing units...........

Table B.4a. Srisotope geochemistry of the Nain Province gneisses from the
OKG PrOSPECL. .. o ..ottt e e

Table B.4b. Srisotope geochemistry of anorthositic rocks from the
OKG PIOSPECT. .. ... e e e e et e e e e e

Table B.4c. Srisotope geochemistry of granitoid rocks from the
0] CC 3 (o1 1T SO

Table B.4d. Sr isotope geochemistry of pyroxenitic rocks from the OKG
0 (o1 o T S U

Table B.5a. Nd isotope geochemistry of the Nain Province gneisses from the
(0] 4] (o1 s T SN

Table B.5b. Nd isotope geochemistry of anorthositic rocks from the
OKG PIOSPECL. .. ... e e et e e e et et e e ee e

Table B.5c. Nd isotope geochemistry of granitoid rocks from the
OKG PrOSPECL. ... e eeccee e et et et e et e e

Table B.6. Sulphur isotope geochemistry of sulphide separates from the
OKG PIOSPECTL... .. ce ittt e e et e e ettt et e v et e e e e e aaeans



List of Plates

Plate 3.1. Intercalated and interlayered mafic graulitic-amphibolitic and

metatonalitic gneiss of the Nain Province......................o.coooiiiae.

Plate 3.2. Localized meter scale isoclinal folding associated with mafic

granulite and amphibolite......... ... oo

Plate 3.3. Well foliated phase 1 hornblende-orthopyroxene-biotite bearing

Granitoids that outcrop south of Umiakoviarusek Lake._...........................

Plate 3.4. Unfoliated hornblende and quartz-bearing monzonites, typical

of the phase 2 granitoid intrusives south of Umiakoviarusek Lake...............

Plate 3.5. Typical outcropping of dark grey to medium grey anorthositic

rocks in the Main Showing region north of Umiakoviarusek Lake associated
with ductile shearing....... ... s

Plate 3.6. Straight walled mafic dyke intruding anorthositic rocks...............

Plate 3.7. Mafic dyke intruding bleached anorthositic rocks and exhibiting

tentacle-like termunationS. .. ...ttt e e e e e el

Plate 3.8. Straight walled mafic dyke intruding anorthositic rocks with

ball-like masses disassociated from the dyke proper..............................

Plate 3.9. Mylonitic foliations associated with ductile faulting with the

Main Zone mineraliZation. ... .. ..o e e

Plate 3.10. Mafic granulite of the Nain Province gneisses with a

homblende-biotite-orthopyroxene-clinopyroxene assemblage.....................

Plate 3.11. Hornblende-plagioclase symplectites within amphibolite from

the Nain Province gneisses. ... ... it

Plate 3.12. Lower grade, greenschist facies assemblage of sericite, chlorite

carbonate and quartz associated with Nain Province mafic granulites............

Plate 3.13. Metatonalitic to quartzofeldspathic gneiss of the Nain Province

with a quartz-feldspar-hornblende-orthopyroxene assemblage.....................

Plate 3.14. Phase 1 monzonite with a feldspar-fayalite-orthopyroxene-

hornblende-biotite assemblage................coocoiiiiii i

xxii

3-51

3-51

3-52

3-52

3-53

3-53

3-54

3-54

3-55

3-55

3-56

3-56

3-57

3-57



Plate 3.15 Recrystallized plagioclase and perthite with coronitic
overgrowths of hornblende enclosing a core of orthopyroxene in a phase
L MNONZOMILE. .. o.oee ittt e et e e e e

Plate 3.16. Typical foliated fayalite-orthopyroxene bearing monzonite
associated with the foliated granitoids in the eastern portion of the

[008] 02 1 oS

Plate 3.17. Plagioclase, microclinic K-feldspar and quartz within a
fayalite-orthopyroxene bearing granitoid from the foliated granitoids...........

Plate 3.18. Perthitic K-feldspar, minor sericite and well developed
Recrystallized quartz within a felsic dyke from the Main Showing region... ...

Plate 3.19. Fresh cumulus plagioclase associated with anorthosite from
north of Umiakoviarusek Lake.................ooooioiiiiiiiii .

Plate 3.20. Plagioclase in anorthosite with sericite and epidote dustings........

Plate 3.21. Complete replacement of pyroxene by secondary actinolite
and chlorite within leuconorite south of Umiakoviarusek Lake..................

Plate 3.22. Quartz-calcite-dolomite veinlet associated with sericite in
leuconorite south of Umiakoviarusek Lake...........c.ooooomioiioniiiinnan...

Plate 3.23. Pristine leuconorite with cumulus plagioclase and intercumulus
Orthopyroxene from south of Umiakoviarusek Lake...............................

Plate 3.24. Buff weathering leuconorite with subhedral plagioclase, inverted
pigeonite and intercumulus oxides from the northeastern terminus of the

0100) 1 4 2

Plate 3.25. Intercumulus inverted pigeonite associated with buff weathering
anorthositic rocks in the northeastern terminus of the property...................

Plate 3.26. Needle to lath-like plagioclase in a dark black to green
greeenschist facies metamorphosed mafic dyke from south of
Umiakoviaruesk Lake........ ... ...

Plate 3.27. Typical quartz-chlorite-sericite assemblage associated with
mylonitic rocks from the Main Showing region....................................

Plate 3.28. Typical Type 1 orthopyroxenite with intercumulus sulphide.......

xxiii

3-58

3-58

3-59

3-59

3-60

3-60

3-61

3-61

3-62

362

3-63

3-63

3-64

3-64



Plate 3.29. Orthopyroxene from a Type 1 pyroxenite containing exsolved
Needles and laths of red rutile............ ..ol 3-65

Plate 3.30. Typical Type 1A pyroxenite with exsolved and intercumulus
ClINOPYTOXENE. .. ...ttt et e e e e 3-65

Plate 3.31. Typical Type 1A pyroxenite with orthopyroxene with clino-
Pyroxene exsolution as well as included and intercumulus sulphide............ 3-66

Plate 3.32. Typical Type 2 leucotroctolite with olivine and euhedral to
Subhedral plagioclase................c.oeiiiiii 3-66

Plate 3.33. Type 2 leucotroctolite with interstitial sulphide mantled by
clinopyroxene and exhibit the effects of thermal erosion from the sulphide
HQuid. ..o e 3-67

Plate 3.34. Gossanous outcroppings of sulphides associated with dark
grey anorthosite from the Main Showing region.............coooeviiiii . 3-67

Plate 3.35. Outcroppings of gossanous leucotroctolite with disseminated
sulphide. .. ... e 3-68

Plate 3.36. Dirill core example of disseminated “net-textured” sulphides in
a pyroxenitic dykes exhibiting a gradational habit.................................. 3-68

Plate 3.37. Drill core disseminated sulphides grading into massive sulphides
within a pyroxenitic dykes..........c.coiviiiiiiiii e e, 3-69

Plate 3.38. Typical pyrrhotite host with exsolved chalcopyrite blebs and
flames in massive sulphide.............coociviiiii i 3-69

Plate 3.39. Pyrrhotite with exsolved pentlandite and chalcopyrite within
massive sulphides. ... 3-70

Plate 3.40. Typical include grain of silicate material within massive sulphide
containing a corona of chalcopyrite, as well as weathering related hematite.....  3-70

Plate 3.41. Well developed worm-like and blebby exsolution lamellae of
pentlandite within pyrthotite..........cooeiiiiiii e 3-71

Plate 3.42. Flame like exsolution lamellae of pentlandite within pyrrhotite

and exhibiting a pseudo-orthogonal relationship to the pyrrhotite grain
boundaries. .. ... 3-71

xxiv



Plate 3.43. Flame like exsolution of pentlandite in pyrrhotite and larger

blebby pentlandite partially enclosing a pyrrhotite grain boundary..............

Plate 3.44. Well developed chalcopyrite-pentlandite intergrowths along

a pyrrhotite grain boundary.............cooiiiiiii e
Plate 3.45. Resorbed pyrite enclosed by a corona of chalcopyrite...............
Plate 3.46. Euhedral magnetite included within pyrrhotite........................

Plate 3.47. Type | orthopyroxene grains included within massive sulphide....

Plate 3.48. Pyrrhotie, magnetite, and exsolved pentlandite associated with

disseminated mineralization within a pyroxeniticdyke............................

Plate 3.49. Disseminated pyrrhotite and chalcopyrite occurring as

Intercumulus material within a Type 2 leucotroctolite.............................

Plate 3.50. Well developed sinistral C-S fabrics within chloritic schists

Associated with the Nain Province genisses..............ccoooooiiiiiiiiiine

3-72

3-72

3-73

3-73

3-74

3-74

3-75

3-75



Chapter 1: Introduction

1.1 Introduction

The discovery of the Ni-Cu-Co deposit at Voisey’s Bay, Labrador in November
1994 led to a frenzy of claim staking and exploration for similar sulphide occurrences
elsewhere in northern Labrador. Although studies of similar deposits have been carried
out in other parts of the world (e.g. Sudbury, Ontario; Kambalda, Australia; Noril’sk,
Siberia; and others), minimal research has been carried out on the Ni-Cu-Co
accumulations in northern Labrador (Ryan ef al., 1995; Naldrett ef al., 1996a; Ryan,
1996; Naldrett, 1997), and hence, the genesis of such deposits is poorly known.

Through preliminary grass roots prospecting and exploration during the spring and
summer of 1995, Castle Rock Exploration Corporation geologists delineated numerous
prospects in the Nain, Webb Bay and Okak Bay regions of Labrador which may have
similar economic potential to the Voisey’s Bay discovery; including the OKG prospect.
Grab sample assays from a surface pyroxenite-anorthosite hosted gossan at the OKG
prospect yielded Ni values with economic to subeconomic grades with a best sample
containing 1.78% Ni, 1.44% Cu, and 0.212% Co (Castle Rock Exploration Press Release,

September 21, 1995; Kerr and Smith, 1997). Following initial prospecting, ground



geophysical surveys, further prospecting and diamond drilling have yielded promising
results with variable intersections of pyroxenite and anorthosite hosted sulphides
containing economic to subeconomic grades of Ni, Cu and Co (see review by Kerr and
Smith, 1997).

During the 1996 field season intense prospecting, geologic mapping, geophysical
surveys and diamond drilling were carried out. As part of this integrated exploration
program, detailed field mapping, lithogeochemical and sulphide sampling were undertaken
for this study. The results of field work completed during this time will be combined with
detailed sulphide and silicate petrography, trace and rare earth element (REE)
geochemistry, stable (S-isotope) and radiogenic isotope geochemistry (Rb-Sr, Sm-Nd),
and platinum group element (PGE) geochemistry to formulate an integrated petrologic-
metallogenic model of sulphide formation. A detailed description of the purpose and
scope of the above is presented at the end of this chapter. The remainder of this chapter
will discuss the location and access, controls on magmatic Ni-Cu sulphide occurrences,
petro-tectonic aspects of Ni-Cu sulphide deposits and genetic models for magmatic Ni-Cu
sulphide genesis.

1.2 Location and Access

The OKG prospect consists of 352 contiguous mineral land claims located
approximately 10 kilometers south of Okak Bay, 100 kilometers north-northwest of the
coastal community of Nain, approximately 350 kilometers north of Goose Bay, Labrador,
and is roughly centered on UTM coordinates S38000E/6356000N in UTM Zone 21

(Figure 1.1). Topographically, the property consists of a central valley containing



significant glacial drift (up to 350m thick) bounded by two steep walled bluffs flanking the
valley on the western and eastern sides of the property. Outcrop exposure on the tops of
the bluffs is up to 90% in places; in valley areas, outcrop is notably absent due to a thick
veneer of glacial drift; while on the steep walls of the valleys outcrop is present, but access
is limited to the lower parts of these walls due to their steepness.

Vegetation is typical of a sub-arctic climate consisting of small shrubs and trees
and swamp/marsh in the low lying valley areas. Topographically higher hilltops and valley
walls are virtually devoid of vegetation with the exception of small shrubs. The sub-arctic
climate and remoteness of the property require helicopter-based fieldwork, which is
limited to the months of June through September.

1.3 A Review of Ni-Cu-Co-(+PGE) Sulphide Deposits

Magmatic Ni-Cu-Co-(+PGE) sulphide deposits occur in a variety of petro-tectonic
settings throughout the world including cratonic, orogenic, rifted margins, ophiolites, and
synvolcanic settings (Naldrett and Macdonald, 1980; Naldrett, 1989a; Eckstrand, 1996;
Naldrett, 1997; Figure 1.2). Although present in many settings, a number of
characteristics are consistent to all. All magmatic Ni-Cu sulphide occurrences are
associated with mafic to ultramafic igneous rocks and distributed primarily in the
Precambrian with only a few important exceptions (e.g. Noril’sk-Talnakh; Naldrett,
1989a; Barley and Groves, 1991; Eckstrand, 1996; Naldrett, 1997). Another common
feature associated with Ni-Cu-Co deposits is the presumed segregation of an immiscible

sulphide liquid from a silicate liquid due to sulphur saturation of the mafic-ultramafic



silicate melt (Naldrett, 1973; Rajamani and Naldrett, 1978; Naldrett and MacDonald,
1980; Naldrett, 1989a, 1997; and others; Figure 1.3). These characteristics hold for most
(if not all) primary Ni-Cu sulphide accumulations; however, why are such similar
characteristics common to such varied petro-tectonic conditions?

This question and the common characteristics are discussed in the following
subsections. However, a brief overview of the types of settings in which these deposits
occur is warranted and the following sub-sections give specific examples with models for
Ni-Cu sulphide genesis.

All Ni-Cu sulphide occurrences are generally classified petro-tectonically.
Naldrett (1989a), Eckstrand (1996), and Naldrett (1997) all provide subdivisions and
classifications that vary in fine detail, but have consistent grand scale classifications. This
review provides a fivefold classification, including:

1) Greenstone Belt Associated

Since greenstone belts and komatiites are temporally restricted (predominantly
Archean), and odd when compared to modern day tectonics, they are placed in a separate
subdivision (Naldrett, 1997). Two subdivisions of the greenstone belt category include: a)
komatiite hosted deposits, (e.g. Kambalda in western Australia; Lesher ez al., 1984;
Groves ef al., 1986; Lesher, 1989; Figure 1.2); and b) tholeiite related deposits, including
picritic tholeiite associated (e.g. Munni-Munni Complex in western Australia; Hoatson and
Keays, 1989; Figure 1.2) and anorthositic gabbro tholeiite associated (e.g. Montcalm

deposit in Ontario; Barrie and Naldrett, 1988; Figure 1.2).
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2) Rifted Continental Environments

Rifted margin environments include deposits which are floored by, or closely
associated with, continental crust, and those not associated with continental crust
(Naldrett, 1989a; Naldrett, 1997). Deposits floored by continental crust include those in
the Circum-Superior rift zone, including the Thompson Ni-bodies (Peredery ez al., 1982),
Fox River Sill (Naldrett, 1997) and Cape Smith Fold Belt (Barnes ef al., 1992; Barnes and
Picard, 1993; Barnes et al., 1997a; Figure 1.2). Those not associated with continental
crust are ophiolite hosted types (e.g. Zambaldes Ophiolite in the Philippines; Abrajano and
Pasteris, 1989; Abrajano ez al., 1989; Figure 1.2). The major Ni-Cu deposit of Jinchuan,
China is a possible member of the rift environment sub-class (cf. Chai and Naldrett,
1992a,b; Figure 1.2).
3) Cratonic Environments

Three sub-types of this group exist including those related to picritic-tholeiitic
flood basalt magmatism (e.g. Noril’sk-Talnakh; Naldrett, 1989¢ ; Naldrett ez al.,
1992,1995,1996b), anorthositic magmatism (e.g. Voisey’s Bay; Ryan ef al., 1995;
Naldrett ef al., 1996a; Naldrett, 1997), and large stratiform complexes (e.g. Bushveld
Complex; Campbell ez al., 1983; Naldrett and von Gruenewaldt, 1989; Naldrett, /989d,
1993; Figure 1.2)
4) Active Orogenic Belts

Deposits associated with active orogenic belts have yet to be defined as significant

resources of Ni, Cu, and PGE. Examples of this group include synorogenic intrusions



such as the Moxie Intrusion and Katahadin Gabbro, Maine (Thompson and Naldrett,
1984), and those in the Scandinavian Caledonides (Barnes, 1987; Barnes et al., 1988), and
late orogenic or Alaskan-type intrusions such as the Tulameen Complex, British Columbia
(St. Louis et al., 1986) or Salt Chuck, Alaska (Loney and Himmelberg, 1992; Figure 1.2).
5) Astrobleme Related

Although it could be argued that the Sudbury sulphide deposit host is a sheet-like
intrusion related to a cratonic zone (Naldrett, 1989a, 1997), it is defined here as a separate
subgroup (Eckstrand, 1996) because of the critical importance that a meteorite impact had
on ore genesis at Sudbury (Naldrett and MacDonald, 1980; Naldrett, 1984a,c, 1989d;
Naldrett, 1997; and others; Figure 1.2).

The simple five-fold classification above illustrates the varied petro-tectonic
environments in which Ni-Cu-Co-(xPGE) sulphide deposits occur. The remainder of this
review will discuss the controls on the precipitation of magmatic sulphides in mafic-
ultramafic systems, followed by an overview of genetic models associated with magmatic

Ni-Cu sulphide deposits.

1.3.1 Controls on the Precipitation of Magmatic Sulphides in Mafic-
Ultramafic Magmas.

The precipitation and segregation of magmatic Ni-Cu-Co sulphides from mafic to
ultramafic silicate magmas occurs when the silicate melt becomes saturated in sulphur,
such that a sulphide liquid segregates from the silicate liquid creating two immiscible
liquids: a sulphide liquid and a silicate liquid (Maclean, 1969; Naldrett, 1973; Rajamani

and Naldrett, 1978; Naldrett and MacDonald, 1980; Naldrett, 1989b, 1997; and others;



Figure 1.3). With the segregation of a sulphide liquid from a silicate magma elemental
partitioning between the two liquids occurs; chalcophile elements (i.e.. sulphide loving;
Ni, Cu, Co, PGE) partition into the sulphide liquid, while /ithophile elements (i.e. silicate
loving; Na, Mg, Ca, etc.) remain in the silicate magma (Figure 1.3).

The question that arises from this is: how does a mafic-ultramafic magma become
saturated in sulphide? Work by authors such as Maclean (1969), Naldrett (1973), Irvine
(1975), Rajamani and Naldrett (1978), Campbell et al. (1983), Naldrett (1989b) and
others, suggest that a number of factors can control the sulphur saturation of a mafic-
ultramafic melt, including:

1) temperature and pressure;

2) the activity of FeO (ar.q) and TiO; (aroy);

3) the fugacity of O in the melt;

4) increases in the activity of SiO; (asp;) and S;

5) and/or the influx of a more primitive mantle melt into a melt at a more evolved
crystallization/fractionation state. This includes a combination of some (or all) of the
Jactors 1-4.

Factors 1 through 4 are typically associated with most Ni-Cu dominated deposits,
while factor 5 is predominantly associated with PGE accumulations. Since the OKG
project is not PGE enriched (e.g. Chapter §), this section will not discuss this factor but
readers are guided towards papers by Irvine (1975), Campbell et al. (1983), Campbell and
Barnes (1984), Barnes and Naldrett (1985, 1986), Naldrett (1989¢), Naldrett et al. (1990)

and Naldrett (1993).



The effect of temperature on sulphur soBubility in a silicate melt has not been the
subject of exhaustive experimental study; however, it is generally accepted that sulphur
solubility in a silicate melt decreases with descreasing temperature (Naldrett, 1989b). In
contrast to temperature, pressure decreases generally enhance the solubility of sulphur in a
silicate melt. In a study of the Fe-Si-S-O sy-stem at 32kbar, Huang and Williams (1980)
showed that with increasing pressure an inceasing misciblity gap between sulphide and
silicate liquids occurred. However, Naldrett (1989a) and Naldrett (1997) suggest that
pressure has minimal effects on sulphide segzregation and in most cases can be considered
to have a negligible role in magmatic Ni-Cu—Co sulphide genesis.

The role of Fe (and to a lesser extentt Ti) activity in the formation of sulphide
