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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.
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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
liquids is based on the nature of 2+ valence acations (and 4+ in the case of Ti) within the
silicate-sulphide system. In a study of the Fe-S-O-SiO, system, Maclean (1969) noticed
that the ability of S to dissolve in a silicate melt is related to it being able to displace O*
radicals bonded to Fe?*. In the instance whesre Fe*" is decreased in the melt (e.g. magnetite
and/or ilmeno-magnetite crystallization) the mmelt cannot carry as much S, leading to the
formation of two liquids (Maclean, 1969). Closely related to this, but to a lesser extent, is
the role of Ti*" (Naldrett, 1989b).

The role of oxygen fugacity in the melt is quite similar to that of Fe** but in the
opposite direction. Considering that S-solulility related to the ability of the S to displace
O* bonded to Fe**, increases in the oxygen Fugacity in the melt result in an oxidation of

Fe** to the Fe'* state decreasing S-solubility in the silicate melt (Maclean, 1969).



The role of SiO, assimilation has been explored in the experimental studies of
Maclean (1969) on the FeO-FeS-SiO, system, and subsequent examinations on natural
systems by Irvine (1975) and Naldrett and Macdonald (1980) and others. Considering the
apices of the system (Figure 1.4), with the FeO-SiO, side representing silicate melts (with
fayalitic olivine), while the FeS apex represents the sulphide liquid. Taking any liquid, for

instance from point A, and keeping all other factors constant, the addition of SiO; drives
the system from A to B (Figure 1.4). At B the system will be driven into the two liquid
field and the formation of silicate and sulphide liquids occurs (Figure 1.4). The addition of
sulphur achieves the same end as the addition of silica. Adding sulphur to a silicate
magma at A will drive the system towards the FeS axis and point C, at this point the
segregation of two separate silicate and sulphide liquids will also occur (Figure 1.4).
1.3.2 Genetic Models for Magmatic Ni-Cu Sulphide Deposits

When considering how a Ni-Cu sulphide deposit forms there are three major
criteria that are integral to their formation, including (cf. Naldrett, 1981, 1989a, 1997): 1)
a host magma (mafic or ultramafic) that is saturated in sulphide and segregates immiscible
sulphides; 2) sulphides are spatially restricted to a small area and with enough abundance
to constitute ore; and 3) the sulphides have reacted and equilibrated with a sufficient
amount of silicate magma to concentrate chalcophile elements to an economic level within
the sulphide liquid (e.g. R-factor; Campbell and Naldrett, 1979; Naldrett, 1997).

Most mafic (or ultramafic) magmas contain dissolved sulphide upon emplacement,
and typically the mafic/ultramafic magmas which host the sulphide are at, or close to, the

sulphide liquidus temperature upon emplacement (Naldrett, 1997). With small drops in



temperature the sulphide becomes immiscible; however, temperature drops also lead to
silicate crystallization and the formation of cumulus silicate and sulphides (Naldrett, 1997),
this is problematic because then large masses of sulphide liquid cannot form. Similar
cumulus textures and small sulphide occurrences form with FeO and TiO; changes during
crystallization; while oxidation can induce immisciblity without decreasing temperatures
(Naldrett, 1997).

A corollary to the above is that to form significant sulphide accumulations,
sulphide saturation must occur without significant temperature decrease, effectively
preventing silicate mineral crystallization. To achieve such state, sulphide saturation must
be induced by either felsification (Si0, addition) or sulphurization (Naldrett, 1997);
however, neither method is mutually exclusive and there is often overlap with both
processes occurring simultaneously (e.g Noril’sk-Talnakh, Voisey’s Bay?). The following
subsections discuss sulphur assimilation dominated (e.g. Duluth, Kambalda, Noril’sk-
Talnakh), silica assimilation dominated (e.g. Sudbury) and debated genetic models (e.g.
Voisey’s Bay) for magmatic Ni-Cu sulphide occurrences.
1.3.2.1 Sulphur Assimilation Dominated Models

Genetic models involving the assimilation of sulphur from surrounding country
rocks dominate many descriptions of Ni-Cu sulphide genesis. Although this method of
achieving sulphide saturation is therefore widely accepted, it is often coupled with other
processes, some of which overlap with the silica assimilation models (e.g. Noril’sk-

Talnakh). This subsection discusses genetic models which are dominated by sulphur



assimilation with specific examples from the Duluth Complex, the Kambalda deposits, and
the Noril’sk-Talnakh deposits.

The Duluth Complex of Minnesota contains approximately 4x10° of Ni-Cu
sulphide ore with grades of 0.66 wt% Cu and 0.2% Ni (Listerud and Meineke, 1977)
occurring as disseminations and locally massive sulphide zones and PGE rich horizons,
hosted by troctolitic and noritic rocks (Mainwaring and Naldrett, 1977; Ripley, 1981,
1986, 1990a,b; Thériault ez al., 1997). The intrusive rocks of the complex are underlain
by and in intrusive contact with the Virginia Formation sulphidic argillites, greywackes,
siltstones, graphitic slates and sulphide bearing iron formation (Ripley, 1981; Naldrett,
1989c¢, 1997; Thériault et al., 1997).

By using predominantly sulphur isotope and S/Se geochemical data, a number of
workers have shown that external sulphurization has been important in the genesis of the
Duluth deposits. Mainwaring and Naldrett (1977) first noticed that the sulphur isotope
composition of sulphides within the Waterhen Intrusion of the Duluth Complex had §°*S
values ranging from +11.0%e to +18.8%o, closely overlapping those of the sulphur-rich
Virginia Formation rocks which it intrudes (8**S=+11.0%o to +16.0%o). This led the
latter authors to suggest that up to 75% of the sulphur within the Waterhen sulphides was
contributed from the external Virginia Formation sulphidic metasedimentary rocks.
Further support for a sulphurization origin was also proposed by Ripley (1981) for the
Dunka Road sulphides who noticed that the §**S signatures (5**S=+0.2%o to +15.3%o)

were very close to the Virginia Formation sulphides and suggested that the mechanism of
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sulphide saturation involved pyrite breakdown and volatilization into the mafic magma
inducing saturation.

Ripley (1986, 1990b) noticed that both the §°*S and Se/S signatures were locally
variable and suggested that bulk (equilibrium) sulphide saturation did not occur in the
Dunka Road sulphides and rather that assimilation and saturation were localized in
proximity to the sulphidic rock of the Virginia Formation. Recent work by Thériault et al.
(1997) on the Dunka Road Deposit adds further support to localized sulphurization. They
suggested that sulphides in the Dunka Road occur as three types, formed by three
mechanisms, including: 1) norite-hosted sulphides formed at low silicate to sulphide mass
ratios (R factor) by assimilation of a granitic partial melt and S-bearing hydrous fluid, both
derived from the Virginia Formation; 2) troctolite hosted sulphides formed at moderate R
factors with moderate degrees of contamination, as illustrated by mantle-like Cu/Pd ratios
and moderate Se/S ratios; and 3) PGE enriched horizons are uncontaminated, formed
from mixing of a primitive magma influx and a fractionated resident magma at high R
factors.

Sulphide deposits of the Norseman-Wiluna Greenstone Belt formed by sulphur
assimilation processes similar to those of the Duluth Complex; however, unlike the Duluth
deposits, bulk assimilation of sulphidic metasediments and fluid dynamic properties in the
komattitic lavas played an integral role in sulphide saturation/genesis. The geology of the
Norseman-Wiluna Greenstone belt is highly variable containing a plethora of komatiitic
lavas, basaltic lavas, epiclastic sedimentary rocks, felsic volcanics, sulphidic

metasedimentary rocks and iron formations (Groves ef al., 1979; Naldrett, 1981; Gresham
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and Loftus-Hills, 1981; Lesher et al., 1984; Lesher, 1989; Hill et al., 1995; Lesher and
Arndt, 1995).

The komatiite-hosted deposits of the Norseman-Wiluna belt have common
descriptive and genetic features with most deposits located within channel-flow facies
komatiitic lavas and topographic depressions in footwall rocks (Lesher et al., 1984;
Huppert and Sparks 1985; Groves et al., 1986; Lesher, 1989; Hill ez al., 1995; Lesher and
Arndt, 1995; Naldrett, 1997). This association has been proposed to be a result of
turbulently flowing lavas assimilating and incorporating sulphide from footwall sulphidic
sedimentary rocks (Huppert et al., 1984; Lesher et al., 1984; Huppert and Sparks 1985;
Groves et al., 1986; Lesher, 1989; Hill ez al., 1995; Lesher and Arndt, 1995; Naldrett,
1997).

A diagnostic sulphur source for the deposits is not readily supported by S-isotope
data (Lesher and Groves, 1986), and it is likely that the genesis of the Norseman-Wiluna
ores overlaps with felsification models. Arndt and Jenner (1986) presented trace element
and Sm-Nd data to suggest that the Kambalda komatiitic rocks had assimilated up to 8%
sulphidic metasedimetary and basaltic footwall rock; while Lesher and Arndt’s (1995)
REE and Nd isotope geochemistry favour assimilation of between 2-30% crustal material
in some of the Kambalda komatiites, suggesting that felsification may be important.
However, in the case of the Kambalda ores, there is generally a ubiquitous presence of
sulphidic metasedimentary rocks underlying the channelized, Ni-Cu sulphide bearing flows
and suggests that any crustal contamination would likely also incorporate sulphur from

this material (Lesher and Groves, 1986; Groves ef al., 1986; Naldrett, 1997).
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The Noril’sk-Talnakh region of Siberia hosts the world’s largest magmatically
formed Cu accumulation, and second largest PGE and Ni accumulations (Naldrett ez al.,
1996b). Geologically the Noril’sk-Talnakh deposits are associated with subvolcanic
intrusions which were feeders to a 3.5km thick succession of flood basalt and tuff of the
Permo-Triassic Siberian Flood Basalt Province (Naldrett, 1989c). Underlying the flood
basalts and tuff rocks is a basement of Proterozoic crystalline rocks and an assemblage of
Lower Paleozoic marine argillite, dolomite and sandstone; Devonian evaporates and marls;
Lower Carboniferous shallow water limestones; and Mid-Carboniferous lagoonal and
continental gravels, congiomerates and coal measures (Naldrett and MacDonald, 1980;
Naldrett, 1989c). The Ni-Cu-PGE deposits of the region are located at two major ore
junctions between the trans-crustal Noril’sk-Kharayelakh Fault and axis of a major
regional anticline (Naldrett and MacDonald, 1980; Naldrett, 1989c; Naldrett et al., 1992;
Naldrett ef al., 1996b; Naldrett, 1997; and others; Figure 1.5a).

Volcanic and intrusive rocks of the Noril’sk-Talnakh region have been subject to
intensive scrutiny over the past decade, leading to 11 petrographic and geochemical
divisions of the volcanic formations (Lightfoot ef al., 1990,1994; Naldrett et al., 1992;
Federenko, 1994). Similarly, the intrusive phases are subdivided into five geochemical
groups, in which the intrusives at the ore junctions are associated with differentiated
bodies (Lightfoot et al., 1990,1994; Naldrett ez al., 1992; Federenko, 1994).

The geochemistry of the volcanic formations show a progressive variation in both
chemistry and PGE content. The lowermost suites consist of normal chalcophile element

abundance (Ivakinsky, Syverminsky, Gudchinsky, and Tuklonsky Formations (tk);
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Lightfoot ef al., 1990,1994; Federenko, 1994; Naldrett et al., 1992, 1995, 1996b).
Overlying the lower section of lavas are a chalcophile element depleted (75% Ni and Cu
and up to 90% PGE depletions) suite of lavas (Lower Nadezhdinsky, nd/ and nd2;
Lightfoot et al., 1990, 1994; Brughman et al., 1993; Naldrett e al., 1992, 1995;
Federenko, 1994). The chalcophile-depleted suite is then overlain by lavas with
transitional chemistry (Nadezhdinsky, nd3), and normal chalcophile abundance
(Morongovsky, mr, and Mokulaevsky, mk; Lightfoot et al., 1990, 1994; Brughman et al.,
1993; Naldrett ef al., 1992, 1995; Federenko, 1994). Chemically correlative with the
volcanic formations are two ore-bearing intrusion types, including: 1) the Noril’sk-type
intrusions, that are correlable to the mr lavas; and 2) the Lower Talnakh-type intrusions
that are correlable with the nd2 and nd3 lavas (Naldrett et al., 1992, 1995; Federenko,
1994; Likhachev, 1994). Typical petrographic and ore relationships to the intrusions are
shown in Figure 1.5b.

The geological model for the Noril’sk-Talnakh ore deposits must account for the
observed chemostratigraphic variations and the high 5**S values (+8 to +12%o; Godlevsky
and Grinecko, 1963; Grinecko, 1985) of the sulphide ores. The models proposed by
Lightfoot et al. (1994) and Naldrett ez al. (1995) suggested that the ore bearing
intrusions, and the »nd suite magmas were initially £k magmas that underwent crustal
contamination and fractionation at mid-crustal levels, resulting in sulphide saturation and
chalcophile element depletion (Figure 1.5¢c). These sulphide bearing magmas continued to
flow along the trans-crustal Noril’sk-Kharayelakh Fault, ponding at the base of a regional

syncline were they ingested evaporitic sediments and coal measures, followed by



subsequent segregation of sulphides (Naldrett ez al., 1995; Figure 1.5c). The high PGE
content in the ores is believed to be a result of a zone-refining effect by subsequent magma
pulses that interacted with previously segregated sulphides resulting in PGE upgrading
(Naldrett et al., 1996b; Figure 1.5c). This model shows both effects of sulphurization and
felsification and provides a logical continuum into the next section on felsification
dominated models.

1.3.2.2 Silica Assimilation Dominated Models

The deposits of the Sudbury Igneous Complex (SIC) typify the influence of silica
assimilation (felsification) on the genesis of magmatic Ni-Cu sulphide formation (SIC).
The 1.85 Ga SIC represents the largest single concentration of Ni in the world with over
1548 million metric tonnes grading ~1.2 % Ni (Lightfoot, 1996). The SIC is a composite
plutonic suite which is in contact with Archean (>2.5Ga) tonalitic gneisses (Levack
Gneiss) and intrusive quartz-monzonites (Cartier Granite) along the north margin of the
complex; while along the south margin the contact is with Proterozoic Southern Province
rocks (Naldrett, 1984a, 1989d, 1997; Figure 1.8a).

Overlying the SIC is the Early Proterozoic Whitewater Group consisting of the
Onaping, Onwatin and Chelmsford Formations (Rousell, 1984a,b; Muir and Peredery,
1984; Figure 1.6a). The lowermost, Onaping Formation is a heterolithic breccia of
fragments and shards of country rock set in a recrystallized, glassy matrix, interpreted to
be an ignimbrite or “fall-back™ breccia from a meteorite impact (Peredery and Morrison,
1984; Muir, 1984). The geological elements associated with the SIC event include (after

Naldrett, 1984a, 1989d; 1997): 1) Sudbury Breccia consisting of country rock fragments
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in dykes and irregular masses; 2) Footwall Breccia (FWB) consisting of shattered or
crushed country rocks between the SIC and the footwall gneisses and monzonites of the
North Range; 3) the Onaping Formation, as above; and 4) the SIC proper.

The SIC intruded between the Footwall Breccia and the Onaping Formation and
consists of: 1) the Sublayer; 2) quartz-rich norite of the South Range and mafic norite of
the North Range; 3) South Range felsic norite and norite; 4) quartz gabbro; and S)
granophyre and plagioclase rich granophyre (Naldrett and Hewins, 1984; Naldrett ez al.,
1984a; Naldrett, /989d, 1997; Lightfoot et al., 1997a,b,c; and others). All of the units,
except the Sublayer, constitute the Main Mass of the SIC (cf. Naldrett ez al., 1984a;
Naldrett, /989d, 1997; Lightfoot er al., 1997a,b,c; and others).

Ore deposits of the SIC are of five types (after Naldrett 1984a, 1989d, 1997),
including: 1) South Range deposits; 2) North Range deposits; 3) Offset deposits; 4) Fault
Related; and 5) a miscellaneous group. Features common to all of the Sudbury ore
deposits at Sudbury, include: 1) embayments and other irregularities at the base of the
SIC where embayments or terraces are present and the thickness of sulphide increases and
becomes sufficient to constitute ore (Naldrett, /9894, Naldrett, 1997; Lightfoot ez al.,
1997a,b,c); 2) the presence of the Sublayer where sulphides are spatially related, and
appear to have settled out of bodies of Sublayer magma (Naldrett ez al., 1984a; Naldrett,
1989d; Naldrett, 1997); and 3) ultramafic and mafic inclusions within Sublayer host
rocks are found in regions that contain ore and are absent in regions that are barren
(Scribbins et al., 1984; Grant and Bite, 1984; Naldrett 7989d; Naldrett, 1997; Lightfoot et

al., 1997a,b,c; Zhou et al., 1997).
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The origins of the SIC and it’s ores have been subject to debate for significant
time; however, it is generally accepted that the SIC was generated due to a meteorite
impact (Naldrett, 1997). The origin of the ore deposits at Sudbury has been also subject
to debate, but is largely associated with felsification of a mafic-ultramafic magma. Early
work by Kuo and Crocket (1977), Naldrett and Hewins (1984) and Naldrett et al. (1984a,
1986) showed that the Sublayer rocks of the SIC underwent significant crustal influence,
based on REE and Nd-Sr isotope geochemistry (Figure 1.6b); while Naldrett et al. (1986)
suggested equivalent amounts of basaltic magma mixed with impact melt (derived from
crustal melting during meteorite impact). Walker ez al. (1991, 1994), using Re-Os isotope
data, suggested that at least 75%, and up to 90%, of the Os in the ores was crustally
derived, advocating mixing of basaltic magma with upper crustal material. In contrast,
Lightfoot ef al. (1997a,b,c) have suggested that most of the Sublayer was derived from
the meteorite-melt derived sheet, mixed with up to 20% picritic mantle material.

The relationship of the Sublayer to the remainder of the SIC is also problematic.
Chai et al. (1993) and Chai and Eckstrand (1994) proposed that the SIC formed from two
separate magmas, a granophyric magma and a different mafic magma for the remainder of
the SIC. In contrast, Lightfoot ez al. (1997a,b,c) suggests that the Main Mass and Offsets
were generated from a similar parental magma; while the Sublayer is geochemically
distinct from the Main Mass, but chemically variable from embayment to embayment.
Although geochemically distinct, the mafic and ultramafic inclusions in the Sublayer have

U-Pb zircon ages of 1.85 Ga (Corfu and Lightfoot, 1996), overlapping the SIC ages of
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Krogh et al. (1982, 1984); suggesting that the Sublayer is related to the genesis of the
Main Mass of the SIC.

The present model for the SIC origin involves impact melting of the continental
crust and pressure decreases associated with removal of 50% of overlying crust following
meteorite impact (Naldrett, 1997). Fracturing in the surrounding host rocks, impact melt
generation, and mantle melting caused the formation of a largely felsic dominated melt
sheet and picritic mantle melts (Lightfoot ef al., 1997a,b,c; Naldrett, 1997; Zhou et al.,
1997). Mixing of these picritic melts (up to 20% picritic) and the felsic dominated impact
melt resulted in felsification (cf. Irvine, 1975) of the picritic melts, sulphide saturation and
subsequent segregation and downwelling of the sulphide magmas (Lightfoot ez al.,
1997a,b,c; Naldrett, 1997; Zhou ez al., 1997). Upon settling out from the Sublayer the
sulphide magmas, and associated Sublayer silicate magmas, mixed with preexisting mafic-
ultramafic material forming the observed inclusions (op cit).
1.3.2.3 Debated Models

The close spatial association, and likely similar petro-tectonic setting, of the OKG
prospect to that of the Voisey’s Bay deposits warrant a discussion on the origin and
genesis of the Voisey’s Bay deposits. The research on the Voisey’s Bay deposits is clearly
in the early stages, and to date a definitive model for their genesis has yet to be proposed;
however, preliminary models have been formulated (Ryan ez al., 1995; Naldrett ef al.,
1996a; Ryan, 1996, 1997; Naldrett, 1997; Lightfoot, 1998; Li and Naldrett, 1997). The
Voisey’s Bay deposit, discovered in November 1994, is the most significant Canadian Ni-

Cu sulphide occurrence defined in the last 25 years, and to date has in excess of 31.8
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million metric tonnes (reserves) grading 2.83% Ni, 1.74% Cu and 0.12% Co, with an
estimated total tonnage of 150 million metric tonnes (Naldrett ef al., 1996a; Naldrett,
1997). The Voisey’s Bay deposits are hosted by troctolitic rocks of the Reid Brook
Intrusion (RBI), a troctolitic member of the 1.34-1.29 Ga Nain Plutonic Suite (Ryan,
1990a; Ryan and Emslie, 1994; Emslie et al., 1994; Ryan et al., 1995; Naldrett ef al.,
1996a; Figure 1.7).

The deposit contains four similar, yet different ore horizons within a single
troctolitic intrusion, including: 1) the Ovoid; 2) the mini-Ovoid, west of the Ovoid; 3) the
Western Extension, west of the mini-Ovoid; and 4) the Eastern Deeps, to the east of the
Ovoid (Naldrett ef al., 1996a; Naldrett, 1997; Figure 1.8). The Western Extension is
characterized by a well developed stratigraphy, containing and upper unmineralized
troctolite either chilled against, or mixed with overlying Nain and Churchill Province
gneisses (Naldrett et al.,, 1996a; Naldrett, 1997; Figure 1.8b). In the upper troctolite
sulphides rarely exceed 2%, but increase up to 50% at depth, and some areas contain 20-
25% disseminated sulphides associated with oikocrysts of olivine or augite; the latter
termed a leopard textured troctolite (Naldrett et al., 1996a; Naldrett, 1997). At greater
depths, disseminated sulphide gives way to massive sulphide lenses, underlain by troctolite
with brecciated gneiss fragments termed the basal breccia sequence (BBS; Naldrett ez al.,
1996a; Naldrett, 1997; Li and Naldrett, 1998; Figure 1.18b).

The Ovoid and mini-Ovoid have a similar stratigraphy consisting of an upper
sequence troctolite, underlain by a thick zone of massive sulphide and a variably thick

BBS grading into basement gneiss at depth (Naldrett ez al., 1996a; Naldrett, 1997; Figure
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1.8¢c). The troctolitic sheet that hosts the Western Extension and Ovoid thickens towards
the southeast and becomes a larger intrusion, common to the Eastern Deeps (Naldrett et
al., 1996a; Naldrett, 1997; Figure 1.8d). The troctolitic body in the Eastern Deeps has an
upper, medium grained, uniformly textured troctolite (Normal Troctolite; NT), underlain
by medium grained to pegmatoidal troctolite (Varied Textured Troctolite; VTT) with
trace (10-15%) to leopard textured ore; while massive sulphide lenses are common near
the BBS (Varied Textured Troctolite; VIT; Naldrett ef al., 1996a; Naldrett, 1997; Figure
1.8d).

The earliest geological model for the Voisey’s Bay proposed by Ryan et al. (1995)
involved wedging of the Tasiuyak Gneiss between the Nain and Rae Cratons during the
ca. 1860 Torngat orogen (Wardle ef al., 1990a; Bertrand et al., 1993; Ryan et al., 1995;
Figure 1.9a). The collisional boundary remained active along sub-vertical faults until ca.
1740 providing a through going structure for the uprising of troctolitic magmas associated
with Reid Brook Intrusion during NPS magmatism (Bertrand ef al., 1993; Ryan et al.,
1995; Figure 1.9b). Troctolitic magmas of the RBI assimilated sulphide from the Tasiuyak
gneiss, inducing sulphide saturation (Figure 1.9¢), and upon emplacement into their
respective magma chambers segregated sulphides that gravitationally settled out to form
the Voisey’s Bay deposits (Ryan et al., 1995; Figure 1.9d).

A subsequent model by Naldrett er al. (1996a) suggested that the four settings of
the Voisey’s Bay deposit are related to a single mineralized horizontal feeder intrusion
(troctolite sheet) of the RBI (Figure 1.10). In Naldrett et al.’s (op cit) model they

suggested that a turbulently flowing (sulphide saturated?) magma entered into the feeder
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system and upon reaching the mouth of the intrusion rapid decreases in the flow velocity
resulted in a change in flow from turbulent to laminar conditions. The changing flow
conditions at this point resulted in the deposition of the sulphide magmas and the BBS
forming a berm whereby subsequent intrusive pulses deposited their denser sulphide and
BBS material near the mouth of the intrusion (Naldrett et al. 1996a; Figure 1.10). The
leopard textured troctolites are believed to represent the feeder intrusion proper and have
a disseminated nature because the high turbulence did not allow the accumulation of
massive sulphide lenses (Naldrett ez al., 1996a; Figure 1.10).

Although explaining the mechanism of emplacement and occurrence, Naldrett ef
al. (1996a) do not discuss a mechanism for sulphide saturation and quote that their model
is similar to the Ryan ef al. (1995) model. Sulphur saturation by the Tasiuyak gneiss (e.g.
Ryan et al., 1995) has been shown to be of lesser importance in the formation of the
Voisey’s Bay ores based on recent work (Ripley et al., 1997, Lightfoot, 1998; Li and
Naldrett, 1998). Ripley et al. (1997) have shown that a maximum of 30% Tasiuyak gneiss
sulphur has been contributed to the sulphur isotope signatures of the Voisey’s Bay ores.
Furthermore, Lightfoot (1998) and Lambert ez al. (1997) have shown that crustal
contamination by the Nain Province gneisses were likely important in the genesis of the
ores; while Li and Naldrett (1998) have suggested that crustal contamination by the
Tasiuyak gneiss was likely important. Likewise, based on olivine compositions, and Ni-
Cu-PGE tenor in the ores led Naldrett et al. (1998) suggested that the ores were a result
of a reaction of olivine gabbros with Tasiuyak paragneiss with subsequent recharge and

upgrading of the metal tenor by a second phase troctolitic magma. It is clear that from
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this work that the understanding of the genesis of the Voisey’s Bay deposits is in the early
stages and modification will occur in time.
1.4 Purpose and Scope

Preliminary geological and metallogenic work on the OKG prospect has resulted in
the discovery of numerous showings and drill core intersections of massive, semi-massive
to disseminated base-metal sulphides that are spatially, and likely genetically, associated
with pyroxenitic intrusives of presumed Mesoproterozoic age (Wilton and Baker, 1996;
Kerr, 1998; this study). The geology of the prospect is an apparent contrast to the
mineralization and consists of Archean gneisses, and likely Paleoproterozoic anorthositic,
granitoid, and basic dyke rocks (Ryan et al., 1998; Hamilton et al., 1998). These
magmatic and metallogenic events in the Umiakoviarusek Lake region have yet to be
readily explained, and numerous questions remain. The underlying problem associated
with the OKG prospect (and many other Labrador Ni-Cu-Co prospects) is that there is a
very poor understanding of the nature and controls on the mineralization; as well as the
nature of Paleoproterozoic anorthositic and granitoid magmatism. In particular little is
known about petrographic character of the host rocks and sulphides, geochemical
attributes of the host rocks and sulphides (e.g. major, trace, REE, and PGE character), as
well as the stable and radiogenic isotope attributes of the host rocks and sulphides.
Similar, geologic, geochemical and isotopic uncertainties exist with respect to the
Paleoproterozoic magmatism as well and these problems constitute the major focus of this

thesis.
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Preliminary work carried out during the summer of 1996 has resulted in the

production of a 1: 25 000 scale map for the property (see Figure 2.1) and the collection of

approximately 130 lithologic samples for petrographic and geochemical analyses. With

this preliminary work in hand, numerous questions remain unanswered and constitute the

major purpose and scope of this thesis, including:

1)

2)

3)

To provide a detailed petrographic and field documentation of the lithologic elements
of the OKG prospect such that there is an adequate descriptive understanding of both
sulphide mineralization, host pyroxenitic rocks and other rock types of the property.
Very little geochemical and minimal radiogenic isotope data have been collected from
the likely Paleoproterozoic anorthositic and granitoid rocks of the Umiakoviarusek
Lake region. This study will attempt to use trace and rare earth elements (REE), and
radiogenic isotopes (Rb-Sr and Nd-Sm systems) to geochemically characterize the
anorthositic-granitoid rocks and to see if there is a relationship between magmatism,
crustal contamination and petrogenesis. Furthermore, to see if the petrogenetic
processes that are common to Nain Plutonic Suite (Emslie et al., 1994) hold true for
this likely older suite of Paleoproterozoic anorthositic and granitoid rocks.

To use a combined trace element, rare-earth element (REE), platinum-group element
(PGE), sulphur isotopes, and radiogenic isotopes to geochemically characterize the
mineralized pyroxenitic intrusives and to decipher the geochemical controls on
sulphide genesis. In particular, to decipher the relationship between mantle

magmatism and sulphide saturation and sulphide genesis.
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4) By combining field observations, petrography, and geochemical and isotopic data to

provide a physio-chemical model for the genesis of the OKG sulphide occurrences.
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Chapter 2. Regional Setting of the OKG Prospect with Emphasis on the
Tectono-Magmatic Evolution of the Nain Province

2.1 Introduction

The geology of Labrador is a diverse collage of rocks representing widespread
magmatism and tectonism over 3.5 billion years of Earth’s history. This chapter contains
an overview of the geology of Labrador, the pre-Torngat Orogen evolution of the Nain
Province, the evolution of the Torngat Orogen, descriptive and genetic aspects of the
Nain Plutonic Suite, and the significance of Paleoproterozoic anorthosite-granitoid
plutonism in the north-central portion of the Nain Province. This chapter provides the
tectono-magmatic framework from which all further work in this thesis is developed.
2.2 Geologic Framework of Labrador

The geology of Labrador represents a variety of rock units ranging in age from
Archean to Cretaceous, with most rocks between 3.9-1.2 Ga (Wardle, 1995; Wilton,
1996a). This section will concentrate on the broad scale geologic elements of Labrador,
and the following sections will discuss those of significance to the OKG and Voisey’s
Bay sulphide occurrences.

The oldest rocks of Labrador are manifested in the Archean Nain and Superior
Provinces in northeastern and western Labrador, respectively (Figure 1.1). The western

Superior Province represents only a minor portion of Labrador geology and consists

2-1



predominantly of metasedimentary gneiss, orthogneiss, mafic intrusions and granitoid
diatextite plutons of the Ashuanipi Complex (James, 1993; James and Mahoney, 1993;
James, 1995).

In contrast to the Superior, the Nain Province (Taylor, 1971) comprises a
significant portion of north-central Labrador and geologically is much more complex
(Figure 2.1). The Nain Province is subdivided into two blocks: 1) the Saglek block in the
north (ca. >3.9to 2.5 Ga), and 2) the Hopedale block in the south (ca. 3.2-2.8 Ga;
Ermanovics, 1993; Figure 2.1). The Saglek Block consists of a variety of largely
granulite facies rocks including high grade metasedimentary and mafic gneiss, meta-
igneous complexes and migmatized tonalitic gneiss (Taylor, 1971; Schiette ef al.,
1989a,b; Ryan, 1990a,b; Collerson, 1991; Wardle and Wilton, 1995). Overlying portions
of the Saglek Block are a series of relatively undeformed ca. 2.0 Ga supracrustal shelf-
foredeep sequences including the Snyder, Mugford and Ramah Groups (Morgan, 1975;
Speer, 1978; Smyth and Knight, 1978; Knight and Morgan, 1981; Hamilton, 1994;
Wilton ef al., 1993, 1994; Wilton, 1994; Archibald, 1995; Figure 2.2).

The southern Hopedale block is less complex than the northern Saglek block and
is younger (ca. 3.2-3.1 Ga) and is preserved at amphibolite facies rather than granulite
facies, consisting predominantly of metasedimetary gneiss amphibolite enclaves and two
greenstone belts, the Florence Lake and Hunt River greenstone belts (Brace and Wilton,
1989; Brace, 1991; Ermanovics and Raudsepp, 1979; Ermanovics, 1993; Wardle and

Wilton, 1995; Wasteneys ez al., 1995; Wilton, 1996a; Figure 2.1 and 2.3).
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Wedged between the Nain and Superior Provinces is the southeastern Churchill
Province (SECP) containing a central Archean core, the Rae Province, bounded on both
sides by the western New Quebec Orogen, and the eastern Torngat Orogen (Hoffman,
1988; Wardle et al., 1990a,b; Wardle et al., 1995a; James et al., 1996a; Figure 2.4). The
Rae Province consists predominantly of reworked Archean gneisses, Early Proterozoic
supracrustal rocks, and variably deformed 1.83-1.81 Ga granitic plutons (Wardle et al.,
1995a; James et al., 1996a; Figure 2.4). The western New Quebec Orogen (Hoffman,
1988) consists of a variety of low grade, sedimentary and volcanic rock sequences
disposed in a westerly verging fold and thrust belt, intruded by mafic to ultramafic sills
(Wardle et al., 1990b; Wardle et al., 1995a; Figure 2.4); while the Torngat Orogen
consists predominantly of Archean granitoid gneisses, Early Proterozoic supracrustal
gneisses, and deformed to relatively undeformed granitoid gneisses (Bertrand et al.,
1993; Wardle et al., 1995a; and others; Figures 2.4 and 2.5).

Located in east-central Labrador, and wedged against the Hopedale block of the
Nain Province, is the triangular shaped Paleoproterozoic Makkovik Province, consisting
of a northern margin of reworked Nain Province rocks, Early Proterozoic volcanic and
plutonic rocks and ca. 2.0 Ga supracrustal sequences (Ryan, 1984; Gower and Ryan,
1986; Kerr, 1994; Wardle ef al., 1995b; Wilton, 1996a,b; Figures 2.1-2.4).

Truncating the Makkovik, Churchill and Superior Provinces is the southernmost
Precambrian structural province, the Grenville Province of southern Labrador (Rivers et
al., 1989; Gower et al., 1995; Rivers, 1997; Figures 2.3-2.4). The Grenville Province

contains metasedimentary gneiss, migmatized to unmigmatized granitoid gneiss, felsic



volcanics, granitoid plutons, anorthosite-mangerite-charnockite-granite suites (see
below), mafic dyke swarms, and silicaclastic and carbonaceous sedimentary rocks (Kamo
et al., 1989; Rivers et al., 1989; Gower et al, 1995; Rivers, 1997).

Intruding much of the Nain, Churchill and Grenville Provinces are suites of
Mesoproterozoic anorthositic-mangerite-charnockite-rapikivi granite complexes (AMCG;
Emslie, 1978, 1980, 1985; Emslie et al., 1994; Ryan et al., 1995; Figure 2.6).

2.3 Magmatic and Tectonic Evolution of North-Central Labrador

The tectonic and magmatic evolution of the north-central regions of Labrador
plays a significant role in the genesis of the Voisey’s Bay deposit, and possibly many
other Ni-Cu-Co sulphide occurrences within this region of Labrador. Hence, in order to
place any credibility on genetic models proposed in this thesis an overview of the tectonic
and magmatic evolution of this regime is warranted. The following subsections provide
an overview of the evolution of the Nain Province, in particular the northern Nain
Province, the eastern portions of the Churchill Province and Torngat Orogen, and the
genesis of the Nain Plutonic Suite (NPS). Although there is a paucity of data on the
Paleoproterozoic AMCG suites in Labrador, a brief discussion of their occurrence, and
their significance is also discussed at the end of this chapter.

2.3.1 Tectonomagmatic Evolution of the Nain Province Prior to the Torngat Orogen

The Nain Province (Taylor, 1971) represents a diverse collage of geological
elements that record a series of magmatic, metamorphic, sedimentary and tectonic events.
This section discusses the evolution of the Nain Province in a pre-Torngat (ca. 1880 Ma;

Bertrand ez al., 1990, 1993) context prior to deformation and metamorphism associated
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with the Torngat Orogen. The Nain Province itself is divided into two structural blocks,
which have similar, yet different geological evolutions, viz: 1) the northern Saglek Block;
and 2) and a southern Hopedale Block (Ermanovics, 1993; Figure 2.1). The Saglek
Block is generally older (ca. >3.9-2.5 Ga; Schigtte efal., 1989a,b; Connelly and Ryan,
1992,1994; Figure 2.1) and preserved at upper amphibolite to granulite facies, while the
Hopedale Block is younger (ca. 3.3-2.8 Ga; Ermanovics, 1993) and is preserved at
amphibolite facies (cf. Wardle and Wilton, 1995; Wilton, 1996a; Figures 2.1 and 2.3).

The Saglek Block records a much more prolonged geological history than the
Hopedale block and consists of rocks of pre-3.9 Ga affinity, including zircon cores in the
Nanok Gneisses (Schigtte ef al., 1989a; Collerson, 1991; Table 2.1). These are
succeeded by the ca. 3.8 Ga Nulliak Supracrustal rocks, (Nutman et al., 1989; Nutman
and Collerson, 1991; Table 2.1), the igneous precursors to the Uivak I gneisses (373216
(Schigtte et al., 1989a,b, 1990; Nutman and Collerson, 1991; Table 2.1); and
metamorphism and migmatization of the Uivak I and formation of the Uivak II gneisses
ca. 3620 Ma (Schiette ez al., 1989a,b, 1990; Table 2.1). All of the above units underwent
regional scale granulite metamorphism at ca. 2.8-2.7 Ga (Schigtte et al., 1989a,b, 1990;
Table 2.1).

The Hopedale Block is characterized by rocks ranging from ca. 3.3-2.8 Ga. The
oldest rocks of the block include the Hunt River Group (3105+2 Ma), Weekes
Amphibolite (3258+24 Ma) and the Maggo Gneiss (ca. 3105 Ma; Ryan, 1984; Loveridge
et al., 1987, Schigtte et al., 1990; Ermanovics, 1993; Wasteneys et al., 1995; James et al.,

1996b, 1997; James, 1997; Table 2.1). Intruding rocks of the Maggo Gneiss are sheets of



amphibolite interpreted as dykes, called the Hopedale Dykes (Ermanovics, 1993). All of
the aforementioned units underwent metamorphism, deformation and migmatization
during the ca. 3.1-3.0 Ga, in the Hopedalian structural event (Finn, 1989; Ermanovics,
1993; Table 2.1). Following the Hopedalian event uplift, erosion, and deposition of the
Florence Lake greenstone belt occurred between 3002+2 Ma and 2979 Ma (Ermanovics
and Raudsepp, 1979; Wasteneys et al., 1995; James et al., 1996b, 1997; Table 2.1);
followed by the 2858 +4/-3 Ma to 2838 Ma emplacement of tonalite-trondjhemite-
granodiorite rocks of the Kanairiktok Intrusive Suite (Loveridge ef al., 1987; Ermanovics
and Raudsepp, 1979; Ermanovics, 1993; Table 2.1). Most of the rocks of the Hopedale
Block were deformed and metamorphosed during the 2825+20 to ca. 2550 Ma Fiordian
deformation and metamorphic event (Finn, 1989; Ermanovics, 1993; Wasteneys et al.,
1995; Table 2.1).

The continental collision between the Saglek and Hopedale Blocks occurred
between 2578+3 to 254943 Ma and is marked by widespread deformation,
metamorphism, basic dyke emplacement and mylonitization (locally granulite facies),
(Connelly and Ryan, 1992, 1994; Table 2.1). Post-collisional activity in the two blocks
was marked by mafic dyke emplacement, including the ca. 2450-2200 Ma Napaktok and
Domes dykes in the Saglek Block, and the 2235+2 Ma Kikkertevak dyke swarm in the
Hopedale Block (Ermanovics et al, 1989, Ermanovics and Van Kranendonk, 1990; Ryan,
1990b; Cadman et al., 1993; Ryan et al., 1995; Table 2.1). Following basic dyke
emplacement in the Saglek Block was the intrusion of ca. 2.1-2.0 Ma fluorite bearing

granites (Emslie and Loveridge, 1992). Recently ca. 2135-2045 Ma anorthositic,



granitoid, and basic dyke magmatism has been documented (Ryan et al., 1997, 1998;
Hamilton, 1997; Hamilton et al., 1998; Table 2.1).

At ca. 2.0 Ga both blocks of the Nain Province were characterized by extensive
Lower Proterozoic supracrustal sequence development. In the northern Saglek Block the
Ramah, Mugford, and Snyder Groups were deposited upon the northern Nain Craton
(Figure 2.2; Morgan, 1975; Smyth, 1976; Smyth and Knight, 1978; Speer, 1978; Knight
and Morgan, 1981; Hamilton, 1994; Wilton et al., 1993, 1994; Wilton, 1994, 1996c¢;
Archibald, 1995; Rogers, 1997). Concurrently, the Moran Lake, Lower Aillik, and Ingrid
Groups were deposited upon the Hopedale Block (Smyth ef al., 1978; Wardle and Bailey,
1981; Gower et al., 1982; Ryan, 1984; Wardle ef al., 1986; Ermanovics, 1993; Wardle
and Wilton, 1995; Wilton, 1996b).
2.3.2 Evolution of the Eastern Churchill Province and Torngat Orogen

The evolution of the Eastern Churchill Province and the Torngat Orogen are of
fundamental importance in the genesis of the NPS (section 2.3.5), and possibly the
genesis of the Voisey’s Bay deposit (Emslie et al., 1994; Ryan et al., 1995; Ryan, 1996;
Naldrett e al., 1996). Hence, a description of the evolution of this orogenic system is
presented.

The Torngat Orogen (TO) represents a complex structural, metamorphic and
plutonic domain marking the structural suture between the Archean and Paleoproterozoic
rocks of the Nain and Churchill structural provinces (Hoffinan, 1988; Figure 2.5). The

orogen consists of four domains including the Lac Lomier Complex (LLC), Tasiuyak
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Gneiss Complex (TGC), Burwell Domain (BD), and reworked rocks of the Nain Province
in the Torngat foreland (Wardle and Wilton, 1995; Van Kranendonk, 1996; and others).

The Lac Lomier Complex consists of an assemblage of Archean granulite facies
gneisses similar to the Rae Province with infolded Early Proterozoic shelf and turbiditic
supracrustal gneisses of the Lake Harbour Group (Figure 2.5), intruded by deformed
orthopyroxene-bearing tonalite and granodiorite plutons likely correlative to those in the
TGC (Van Kranendonk and Ermanovics, 1990; Ermanovics and Van Kranendonk, 1990;
Van Kranendonk ez al., 1992; Wardle and Wilton, 1995; Van Kranendonk, 1996).

The Tasiuyak Gneiss Complex is dominated by the sulphide rich garnet-
silimanite-biotite-graphite bearing Tasiuyak Gneiss (TG; Figure 2.5; Wardle, 1983),
which extends the length of the Torngat Orogen in Labrador (Wardle and Wilton, 1995).
The TG was originally believed to represent continental rise-shelf sediments, which were
a continuation of the Lake Harbour Group (Van Kranendonk ef al., 1992). Feininger and
Ermanovics (1994) have suggested that it represents a flyschoid sequence marking the
Nain-Rae boundary; while Nd and trace element work has suggested that the TG has been
derived from a Late Archean, or mixed Late Archean-Early Proterozoic unidentified
source (Thériault ez al., 1994; Thériault and Ermanovics, 1997). From these isotopic
results, Thériault ez al. (1994), Thériault and Ermanovics (1997) and Van Kranendonk
and Wardle (1994) have suggested that the TG represents an accretionary prism, possibly
formed on both the Rae and Nain cratonic margins. Age dating by Scott and Machado
(1994) have shown that ca. 2.0-1.94 Ga detrital zircons exist in the Tasiuyak Gneiss and

support the latter interpretations. Intrusive rocks in the TGC consist of linear, strongly
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deformed bodies of orthopyroxene-bearing tonalite with ages that range from 1877+1 Ma
(Bertrand ef al., 1993) to 1839+2 Ma (Scott and Machado, 1994; Table 2.1).

The most northerly expression of the Torngat Orogen is exemplified by the pelitic
gneisses, mafic granulite and orthogneiss, orthopyroxene-bearing charnockite, granulite
facies diorite, tonalite and granodiorite of the Burwell Domain (BD; Figure 2.5; Wardle
and Wilton, 1995). Amphibolite facies plutonic rocks from the BD have yielded ages of
1910-1885 Ma; while younger metatonalitic and granitoid rocks have yielded ages of
1869+3/-2 and 186412 Ma, respectively (Scott and Machado, 1995; Table 2.1). The
western Nain Province within the Torngat Orogen consists of Archean, migmatitic and
granulite facies orthogneiss, similar to others in the Nain Province, which are deformed
by the Komaktorvik shear zone and infolded with the Early Proterozoic or Archean,
Hutton anorthosite body (Van Kranendonk ef al., 1992; Wardle and Wilton, 1995).

The tectonic evolution of the Torngat Orogen (TO) occurred over approximately
100 million years, and in approximately five stages. The earliest stages of the TO
occurred at ca. 1880-1840 Ma, marked by the emplacement of calc-alkaline enderbite-
charnockite plutonic bodies into the TGC and LLC, likely representing arc-magmatism in
the early stages of the orogen (Bertrand ef al., 1993; Scott and Machado, 1994; Table
2.1). The determination of subduction polarity in this arc has been somewhat
problematic due to the complex geological history of this area and has been variably
suggested to have been westward (Bertrand ef al., 1993), or possibly westward and
eastward (Van Kranendonk and Wardle, 1994); and recently it has been proposed to have

been predominantly eastward (Ryan ef al., 1995; Ellis etal., 1997).
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The initial arc-magmatic stages of the TO were followed by widespread crustal
thickening and nappe tectonism between ca. 1860-1853 Ma (Bertrand et al., 1993; Table
2.1). Related to this crustal thickening was the widespread development of an east-
verging foreland fold and thrust belt within the Ramah Group and related Nain Province
Basement (Calon and Jamison, 1992, 1994; Jamison and Calon, 1995). The latter
workers have suggested this stage preceded transpressional tectonism associated with the
TO.

Easterly verging foreland fold and thrust tectonism was followed by granulite
facies sinistral transpressional tectonism ca. 1845-1820 Ma which involved the
development of the Abloviak shear zone (ASZ); the present day suture between the
Nain and Churchill cratons (Bertrand ez al., 1993;Van Kranendonk and Wardle, 1994,
1997; Van Kranendonk, 1996; Table 2.1). Reworked Nain Province gneisses in the ASZ-
foreland zone boundary were then intruded by post-tectonic granitoid stocks at ca. 1806
Ma (Bertrand et al., 1993; Table 2.1); while at ca. 1795-1740 Ma uplift and thrust
faulting and the formation of widespread sub-vertical crustal faults marked the latter
stages of the Torngat Orogen (Mengel er al., 1991; Bertrand et al., 1993; Table 2.1).
2.3.3 Magmatic Evolution and Genesis of the Nain Plutonic Suite

The Nain Plutonic Suite (Ryan, 1990a) is spatially, and possibly genetically,
associated with many of the Ni-Cu sulphide occurrences in north-central Labrador, and
NPS genesis is likely to have been important in the genesis of some of the sulphide
occurrences in north-central Labrador (Ryan et al., 1995; Naldrett ez al., 1996a;

Lightfoot, 1998). The NPS is a composite suite of anorthosite (sensu lato), granitoid,
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ferrodiorite and troctolite plutons, emplaced between ca. 1350-1290 Ma (Ryan and
Emslie, 1994; Emslie et al., 1994; Hamilton ef al., 1994; Ryan et al., 1995; Hamilton,
1997; Figure 2.6; Table 2.2). Unlike the prior sections of this chapter, this section is
subdivided into a number of portions to describe the different lithologic elements,
chemical and isotopic characteristics, and genesis of the Nain Plutonic Suite. This is
done primarily because: 1) the OKG prospect may contain rocks of this suite (e.g.
pyroxenites); and 2) if the OKG prospect is not part of this suite (e.g. Ryan et al., 1998) it
may have similar geological and geochemical attributes, and may have formed by similar
mechanisms.
2.3.3.1 Descriptive Aspects of the Nain Plutonic Suite

The Nain Plutonic Suite provides one of the best exposed anorogenic AMCG
terrains in the world, and much of our present understanding relies on the early
descriptive geological work carried out by a number of authors. Early research on the
suite was carried out in the landmark work of E.P. Wheeler I (Wheeler, 1942, 1960)
which subdivided the many phases of the NPS and provided an excellent groundwork of
descriptive geology and observation. The work of Wheeler was added upon to by that of
S.A. Morse (e.g. Morse, 1969) and the Nain Anorthosite Project associated with the
University of Massachusetts, as well as contributions from J.Berg., R.A. Wiebe, R.F.
Emslie, and more recently B. Ryan, and M.A. Hamilton (cf. Emslie et al., 1994). All of
this descriptive work over the decades has provided general descriptive subdivisions of
the rock types associated with the NPS, in particular, those of Emslie ez al. (1994), Ryan

et al. (1995), and Ryan (1995). In terms of descriptive units, the work of Ryan ef al.
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(1995) and Ryan (1995) is most applicable and they have divided the NPS into: 1)
anorthositic rocks (sensu lato); 2) granitoid rocks; 3) ferrodioritic rocks; and 4) troctolitic
rocks (Figure 2.6). The classification of Emslie ef al. (1994) includes: 1) mafic and
anorthositic rocks; 2) granitoid rocks; and 3) ferrodioritic rocks (Figure 2.6). The Emslie
et al. (1994) subdivisions are better for discussing the geochemical and isotopic attributes
of the Nain Plutonic Suite; however, for descriptive purposes the subdivisions of Ryan ef
al. (1995) and Ryan (1995) are used below.

The anorthositic rocks comprise a significant volume of the magmatic rocks
associated with the NPS and have a variety of emplacement styles ranging from solid
state diapirs with foliated margins, to in-situ bodies with well preserved sub-ophitic
textures (Ryan et al., 1995; Ryan, 1995). The rocks of this group are generally
plagioclase rich, medium to coarse grained, and consist predominantly of anorthosite
(sensu stricto), leuconorite and norite, with subordinate gabbro, troctolite and their
leucocratic variants (Emslie, 1978, 1980; Ryan ef al., 1995; Ryan, 1990a, 1991a,b, 1993,
1995; and others; Figure 2.6). This suite is further subdivided into anorthosite-
leuconorite-norite types, and troctolitic members (see difference in these versus troctolitic
plutons below); examples from the first category include the Bird Lake massif (Morse,
1983), Mount Lister intrusion (Ryan, 1993), Pearly Gates intrusion (Ryan, 1993), while
those of the troctolite subgroup include the Port Manvers Run and Kikkertevak intrusions
(Xue and Morse, 1993; Figure 2.6).

The granitoid rocks of the NPS have volumetrically similar abundance to the

anorthositic rocks and likely form a cap on the anorthositic rocks (Ryan, 1991a,b, 1993,
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1995; Emslie ef al., 1994; Ryan et al., 1995). The granitoids are largely medium to
coarse grained, compositionally range from early fayalite and hornblende bearing
monzonites and quartz monzonites (or mangerites), to later stage hornblende-biotite
bearing granitic rocks (or charnockites), and are believed to have formed from high
temperature, water poor magmas (Ryan, 1991b, 1993, 1995; Emslie and Loveridge, 1992;
Emslie and Stirling, 1993; Emslie ef al., 1994; Ryan ef al., 1995). Examples of this
group include the Makhavinekh Lake pluton (Ryan, 1991b), the Umiakovik Batholith
(Emslie and Russell, 1988; Emslie and Loveridge, 1992; Emslie and Stirling, 1993), and
the Voisey’s Bay-Notakwanon granite (Emslie and Stirling, 1993; Figure 2.6).

The ferrodiorite and troctolite plutons of the NPS are volumetrically small, yet
significant, when compared to the anorthositic and granitoid rocks of the NPS.
Ferrodioritic rocks are generally found in small plutons or as small medium to fine
grained dykes, and are believed to be the residual liquids from anorthosite crystallization
(Wiebe, 1990; Emslie et al., 1994; Hamilton, 1997). Some ferrodiorites are characterized
by cumulate textures, while others are fine grained, approaching liquid compositions
(Wiebe, 1990; Emslie et al., 1994). Well documented ferrodioritic occurrences in the
NPS include the Tigalak intrusion (Wiebe, 1980; Ryan ef al., 1995), the Cabot Lake
Sheet, and the Ukpaume (Akpaume) intrusion (Emslie ez al., 1994; Ryan et al., 1995;
Ryan, 1995; Figure 2.6).

The troctolitic plutons of the NPS are also volumetrically small, and may be
considered part of a continuum with the anorthositic grouping; however, they are marked

by olivine as a significant cumulus phase, in contrast to the anorthositic group (Ryan et
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al., 1995; Ryan, 1995). Most of the troctolitic intrusions of the NPS are characterized by
well developed layering and indications of both cumulus crystallization and chilled
crystallization (Ryan ef al., 1995; Ryan, 1995). The classic NPS troctolite intrusion is the
Kiglapait intrusion (Morse, 1969) which consists of a basinal shaped intrusion with
olivine tholeiite parentage, that has largely undergone closed system fractional
crystallization (Morse, 1969; DePaolo, 1985; Ryan ef al., 1995; Ryan, 1995; Figure 2.6).
Other examples of troctolite intrusions include the Hettasch intrusion, Newark Island
layered intrusion (Wiebe, 1988), Barth Island intrusion, Jonathan Island intrusion, and the
host of the Voisey’s Bay deposit, the Reid Brook intrusion (Wiebe, 1988; Ryan and Lee,
1989; Ryan ef al., 1995; Ryan, 1995; Lightfoot, 1998; Figure 2.6).
2.3.3.2 The Timing and Emplacement of the Nain Plutonic Suite

The NPS provides a testament to the premise that AMCG: suites are a function of
multiple pulses of magma, which have been emplaced over discrete time intervals (Ryan
et al., 1991; Emslie and Loveridge, 1992; Connelly and Ryan, 1994; Ryan and Emslie,
1994; Hamilton et al., 1994, 1998; Hamilton, 1997; and others). Early work by Wheeler
(1960) showed that the granitoid rocks often intruded the anorthositic rocks of the suites;
while Emslie ef al. (1994) stated that the mafic rocks intrude the anorthositic rocks,
ferrodiorites and granitoids intrude the anorthositic and mafic groups; while rarely do the
ferrodiorites intrude the granitoids. Bearing this in mind, it has been shown by detailed
geochronology (predominantly U-Pb) that much of the older rocks of the NPS are
actually the granitoids (Ryan ef al., 1991; Emslie and Loveridge, 1992; Connelly and

Ryan, 1994; Hamilton et al., 1994; Table 2.2); and that magmatism in the NPS likely
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began (and ceased?) in the western part of the suite, prior to commencement in the
eastern part of the suite (Emslie ef al., 1994; Hamilton in Berg et al., 1994).
Furthermore, the entire NPS has been emplaced roughly between 1350-1290 Ma (Ryan
and Emslie, 1994; Emslie et al., 1994; Hamilton et al., 1994, 1998; Hamilton, 1997;
Table 2.2).

In contrast to the idea that magmatism began and ceased in the west is the
presence of foliated monzonite, marginal to the Mount Lister anorthosite, near Webb Bay
(Figure 2.6). At this location Connelly and Ryan (1994) obtained a U-Pb zircon age of
1343 £ 3 Ma and stated that it probably represents the earliest crystallization of NPS
rocks; providing a possible upper limit on magmatism (Figure 2.6; Table 2.2). The
Makhavinekh pluton (Ryan, 1991b) in the western part of the NPS has yielded U-Pb ages
of 1322+1 Ma (Ryan et al., 1991) representing one of the earliest NPS granitoid
batholiths (Figure 2.6; Table 2.2). Other dated intrusions include the Umiakovik
batholith (Emslie and Russell, 1988) with ages of 1319+2 and 131643 Ma (Emslie and
Loveridge, 1992), the Dog Island intrusion (ca. 1295 Ma; Krogh and Davis, 1973), the
northern margin of the Voisey’s Bay-Notakwanon batholith (129244 Ma; Ryan et al.,
1991), while some peralkaline plutons are as young as ca. 1287 Ma (Emslie and Hamilton
in Hamilton, 1997; Figure 2.6; Table 2.2). This range of dates puts a minimum of 50-55
Ma of granitoid magmatism associated with the NPS (Ryan and Connelly, 1994;
Hamilton, 1997).

The anorthositic and mafic plutons of the NPS are much harder to date because

they do not have the correct mineralogy for U-Pb geochronology (e.g. Ryan ef al., 1995;
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Hamilton, 1997; and others). Detailed work by many workers, however, has shown that
some zircons and baddelleyite are present in the anorthositic rocks; while in other cases
OArPAr systematics have been employed (Yu and Morse, 1993; Connelly and Ryan,
1994; Hamilton ef al., 1994; Hamilton, 1997; Amelin et al., 1997; and others).
Numerous results have been published from these studies for both the anorthositic and
mafic members of the NPS; all quoted ages in the following paragraphs are from U-Pb
geochronology unless otherwise stated (Table 2.2).

The Mount Lister intrusion produced the earliest date for the anorthositic rocks of
the NPS with an age of ca. 1331 Ma (Hamilton in Berg et al., 1994); however, Ryan et al.
(1995) suggested that this age may actually be in excess of 1340 Ma, and Ryan (1997)
suggests it may be nearly 1350 Ma based on the age of ca 1343 Ma foliated mozonite that
cuts the Mount Lister intrusion (Connelly and Ryan, 1994; Figure 2.6; Table 2.2). Other
older plutons of the NPS include rocks from the Eastern Deeps and Reddog bodies of the
Reid Brook intrusion (1333.7+1.7 Ma; Amelin ef al., 1997); Ukpaume (Akpaume)
intrusion leuconorite (1330+2 Ma; Hamilton, 1997); Bird Lake massif (ca. 1328 Ma “Ar-
¥ Ar; Yu and Morse, 1993); the Paul Island intrusion (1322+1 Ma; Hamilton in Berg ef
al., 1994; Hamilton, 1997); leuconorite from the Makhavinekh Lake area (1322+1 Ma;
Hamilton, 1997); and troctolitic pillows from the Barth Island intrusion (ca. 1320 Ma;
Hamilton, 1997; Figure 2.6; Table 2.2). Younger anorthositic members include the Asina
intrusion near Voisey’s Bay (1317.2+1.4 Ma; Amelin et al., 1997); Kikkertevak and
Tabor Island intrusions (ca. 1311 Ma; Hamilton in Berg ef al., 1994; Hamilton, 1997);

Jonathan Island intrusion (ca. 1312-1311 Ma; Hamilton et al., 1994; Hamilton, 1997),
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gabbro pegmatite from the Lower Zone of the Kiglapait intrusion (13071 Ma; Hamilton,
1997); Kolikatik Island anorthosite (130542 Ma; Hamilton, 1997); Newark Island
intrusion (ca. 1305 Ma; Simmons ef al., 1986); and leucotroctolites from Sango Bay area
(1294+2 Ma; Hamilton, 1997; Figure 2.6; Table 2.2). These dates suggest that
anorthositic magmatism in the NPS spanned at least 35 Ma, and is more likely closer to
55 Ma (Hamilton, 1997).

Ferrodioritic rocks of the NPS span a similar time frame to the anorthositic rocks
(minimum 34 Ma), consistent with the interpretation that they have formed from residual
liquids after anorthosite formation (Emslie ef al., 1994; Hamilton, 1997). Dated
intrusions include the Ukpaume (Akpaume) intrusion ferrodiorites (1332143 Ma;
Hamilton ef al., 1994; Hamilton, 1997); marginal ferrodiorites at Barth Island (1322 Ma;
Hamilton, 1997; Satosuakuluk ferrodiorite dyke (1315+2 Ma; Hamilton, 1997); isolated
diorites at Jonathan Island (1311 Ma; Hamilton, 1997); Tigalik intrusion (130613 Ma;
Hamilton ef al., 1994; Hamilton, 1997); and the Cabot Lake Sheet (1298+2 Ma; Hamilton
et al., 1994; Hamilton, 1997; Figure 2.6; Table 2.2).
2.3.3.3 Geochemical and Isotopic Characteristics of the Nain Plutonic Suite

The anorthositic rocks of the Nain Plutonic Suite, by virtue of their mineralogy,
are quite elevated in plagioclase compatible elements, and to a lesser extent the mafic
minerals associated with these rocks (e.g. orthopyroxene, clinopyroxene, olivine). The
anorthositic rocks are typically elevated in Al;O3, to a lesser extent CaQ, and to an even
lesser extent Na,O and KO (Emslie, 1980; Xue and Morse, 1993; Emslie et al., 1994;

and others). Granitoid rocks of the NPS are characterized by elevated K,O, Rb, and have
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high K/Ti and Fe/Fe+Mg ratios, the latter usually greater than 0.4 (Emslie and Stirling,
1993; Emslie ef al., 1994); while ferrodioritic rocks are typically elevated in Al,O3, CaO,
total Fe, Fe / (Fe+Mg) ratios and are notably enriched Ti and P (Emslie ef al., 1994).

Multi-element, primitive mantle normalized plots provide an adequate means for
illustrating the geochemical characteristics of the different NPS groups (Figure 2.7). On
these plots Ba, La, Ce, Sm, and Yb are approximately collinear in all of the groups
(Emslie et al., 1994; Figure 2.7). The granitoid rocks are notably depleted in Nb, Sr, P,
Eu, and Ti, while Zr and Rb are enriched relative to the other groupings (Emslie and
Stirling, 1993; Emslie ez al., 1994; Figure 2.7). The ferrodiorites have depletions in Rb,
K. Nb, Sr, and Zr and have no marked enrichments; while the anorthositic rocks are
depleted in Rb and Nb, and strongly enriched in Sr and Eu (Emslie ez al., 1994; Figure
2.7). Those elements enriched in the anorthosites, notably Sr and Eu, are variably
depleted in the granitoids, suggesting a possible genetic link with the anorthosites
(Emslie and Stirling, 1993; Emslie e al., 1994). Furthermore, the geochemistry of the
anorthositic rocks are similar to xenolithic lower crustal feldspathic granulites; this
combined with the chemical attributes of the granitoids relative to the anorthosites has
important implications when discussing genetic models for AMCG genesis (see section
2.3.3.4; Emslie et al., 1994).

Although the major and trace element geochemical data provide some inferences
about the petrological characteristics of AMCG suites, the cumulate mineralogy of the
AMCG rocks are far removed from liquid compositions and the elemental geochemistry

is strongly controlled by the cumulus mineralogy. To combat such problems, workers in
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the NPS (and elsewhere) have used isotope geochemistry to further assess petrological
aspects and petrogenesis of NPS rocks (e.g. Emslie and Loveridge, 1992; Emslie and
Thériault, 1991; Hamilton and Shirey, 1992; Hamilton ef al., 1994; Emslie et al., 1994;
Hamilton, 1997).

Using primarily Nd and Sr isotope geochemistry Emslie ef al. (1994) and
Hamilton (in Berg et al., 1994) noticed that certain isotopic characteristics are found
throughout the NPS. From their work, in tandem with Emslie and Thériault (1991),
Emslie and Loveridge (1992), Hamilton and Shirey (1992), Emslie ef al. (1994) and
Hamilton (1997) it was noticed there was a strong geographic influence on the isotope
geochemistry of the NPS, particularly Nd, and it was controlled by the postulated Nain-
Churchill suture (Figure 2.8). With the discovery of Paleoproterozoic anorthositic
suites, this may not be as strong an argument as it was at the time of writing, as some of
these rocks may in fact be older with abnormally high values.

Other isotopic conclusions of Emslie et al. (1994) include: 1) the Nd isotope
geochemistry of the NPS is controlled by geographic position relative to the Nain-
Churchill boundary, regardless of rock type, with eNd (@1300 Ma) < -10 in rocks east of
the boundary, that intrude Nain Province crust, and those west of the boundary that
intrude Churchill Province crust have eNd (@1300 Ma) > -10; 2) Sr isotopes (ISr @
1300 Ma), are largely controlled by compositional group, with the highest values in the
granitoid rocks (0.7047-0.7124), intermediate values in the anorthositic and mafic rocks

(0.7034-0.7718), and the ferrodiorites near the most contaminated anorthositic and mafic
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rocks (0.7054-0.7090); and 3) the basement was a major contributor to the source
materials for granites and to a lesser extent the anorthositic and ferrodioritic rocks.

Using Nd isotope data, Emslie ez al. (1994) showed that the anorthositic and
mafic rocks have the lowest Nd crustal input, but are still strongly influenced with up to
65% basement input; while the ferrodiorites have slightly higher crustal influence than
the anorthositic and mafic rocks and have slightly lesser crustal input than the granitoids.
The variable signatures in the anorthositic and mafic rocks likely represent variable, yet
progressive contamination during assimilation of crustal material and generation of
plagioclase cumulates (Emslie et al., 1994). The isotopic similarities between the
ferrodioritic and most-contaminated anorthositic rocks suggest that the ferrodiorites form
from the residual liquids following plagioclase flotation and anorthosite massif genesis
(Emslie et al., 1994). As expected, Emslie et al.’s (1994) Nd data show that the
granitoids have the highest crustal input; however, some of the granitoids have up to 50%
mantle Nd, suggesting a significant mantle component in their genesis (Emslie ez al.,
1994). The mantle influence in the granitoids can be explained if the granitoids were
formed by the combination of highly fractionated basalt from basaltic underplating, and
melted crustal material resulting from the underplating event (Emslie ef al., 1994).
2.3.3.4 A Genetic Model for the Nain Plutonic Suite

Genetic models for AMCG complexes like the NPS and others (e.g. Laramie
Complex, Wyoming; Scoates and Frost, 1996 and others), must answer a number of
questions including: 1) the observed voluminous essentially bimodal suite of granitoids

and anorthositic-mafic bodies; 2) the relatively minor volume of ferrodioritic rocks; 3)

2-20



the observed chemical and isotopic signatures associated with these units; and 4) their
largely anorogenic characteristics. This discussion will’'emphasize the Nain Plutonic
Suite, however, it will document past and present models for anorthositic rocks elsewhere
in Labrador as well (e.g. Emslie, 1978, 1980).

Early models for the genesis of anorthositic rocks in Labrador proposed by Emslie
(1978) suggested that the “Elsonian” anorthosite massifs were generated by the
fractionation of plagioclase-rich materials from multiple intrusions of high-Al gabbroic
material in an anorogenic setting. Granitoids related to the anorthositic rocks were likely
later stage magmas resulting from partial fusion of deep crustal granulites by the parental
basic magmas of the anorthositic rocks (Emslie, 1978). Modifications by Emslie (1980),
for the Harp Lake Complex rocks, suggested that anorthositic rocks were generated by
underplating of the crust by olivine tholeiitic magmas which fractionated orthopyroxene
and minor olivine resulting in residual magmas of high-Al gabbroic composition (Figure
2.9). Subsequently, these upwelling high-Al magmas crystallized plagioclase that
accumulated in intracrustal chambers while the low-Al magmas extruded as fissure-fed
flows at the surface (Emslie, 1980; Figure 2.9). With continued underplating and
multiple injections of high-Al gabbro, the large scale anorthosite massif formed like that
observed at Harp Lake; while penecontemporaneous partial fusion of the lower crust
resulted in the genesis of magmas and subsequent adamellite plutons (Figure 2.9). As the
supply of olivine tholeiite magma wanes, late stage crystallization of residual ferrodioritic

liquids rise upward into the complex (Emslie, 1980; Figure 2.9).
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This model, though attractive, did not consider the relative densities of magmas
(e.g. ferrodioritic liquids); furthermore, the absence of detailed chemistry on the complex
did not allow for the formulation of a well constrained petrologic model for the AMCG
suite. From a general perspective Taylor ef al. (1984) suggested that the lower crust was
the probable area of origin for massif anorthosites, suggesting that the Eu- and Al-rich
crust (after extraction of granitoid magmas for the upper crust) when partially melted
could give rise to massif type anorthositic magmas. Although quite simplistic it helped
formulate the ideas for the new breed of model for the AMCG suite.

Ashwal (1993) suggested that a mafic magma of unspecified composition forms
from partial melting of the depleted upper mantle ascending and ponding at the crust-
mantle interface (MOHQ) forming a large pancake structure. In this model early
crystallization of olivine and perhaps high-Al pyroxene lead to the formation of mafic
silicates which sink forming ultramafic cumulates in the lower part of the basaltic magma
chamber (Ashwal, 1993). Following this a residual high-Al (17-18wt% Al;O3) tholeiitic
magma that would have plagioclase as the primary liquidus phase, and will slowly
crystallize plagioclase in large homogenous crystals at elevated pressures followed by
subsequent flotation of plagioclase (Ashwal, 1993).

Pressure contrasts between the ultramafic cumulates and the plagioclase result in
gravitational instability leading to a diapiric rise of a plagioclase-liquid mush (+pyroxene
megacrysts) that rise and are emplaced forming the plagioclase-rich massifs (Ashwal,

1993). The latent heat of crystallization of these massifs produces enough heat to
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produce crustal anatexis and the generation of silicic magmas parental to the granitoids
(Ashwal, op cif).

The relative timing and integration of a full dataset of field, geochemical, and
isotopic data led to Emslie ef al.’s (1994) revised model for the NPS, the model that is the
most coherent and most probable for AMCG genesis (Figure 2.10). In their model they
suggest that the genesis of AMCG suites occurs in an anorgenic setting in an upper
mantle-lower crustal region associated with basaltic mantle plumes or “hot spots”.
(Figure 2.10). They suggest that the earliest members of the suite are the granitoids
based on the fact that many of the oldest rocks of the NPS are granitoids (Ryan ef al.,
1991; Emslie and Loveridge, 1992; Connelly and Ryan, 1994; Hamilton et al., 1994;
Hamilton, 1997). Basaltic underplating of a fairly undepleted lower crustal material
would result in the genesis of granitoids that would be enriched in SiO,, K, Rb, Ba, Zr,
Pb, U and REE; and leave a lower crustal residue depleted in these elements and enriched
in Ca, Al, Mg, Sr, Eu, and Ti (Emslie and Hegner, 1993; Emslie and Stirling, 1993;
Emslie ez al., 1994; Figure 2.10). Furthermore, granitoid extraction would leave a hot,
pyroxene-plagioclase rich crustal residue that is close to the plagioclase liquidus, which
would have prime potential for contaminating basaltic magmas (op cit; Figure 2.10).
Assimilation of this residue by basaltic magma would be very efficient, since the residue
is probably at temperatures in excess of 900°C, and would be readily assimilated by the
basaltic magma (Emslie et al., 1994; Figure 2.10).

Assimilation of this residue would place plagioclase on the liquidus for extended

periods of time and would allow for the genesis of plagioclase-rich crystal mushes
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(anorthositic magmas) which most likely would float upwards due to gravitational
instability (Emslie et al., 1994; Figure 2.10). Furthermore, fractionation of the
anorthositic magmas would result in the formation of Fe-enriched residual liquids, which
would have a greater density than the surrounding anorthositic magma (Emslie e/ al.,
1994; Figure 2.10). This residual ferrodioritic liquid would sink below the anorthositic
material forming the ferrodioritic rocks associated with AMCG suites (Emslie et al.,
1994; Figure 2.10).

Although the anorthositic-granitoid rocks of the OKG prospect may not be
members of the NPS (cf. Ryan et al., 1998), their genesis may be similar and the model
of the NPS may provide a gauge from which the OKG anorthosite-granitoid can be
compared.

2.3.4 Paleoproterozoic AMCG Suites and their Importance

Recent field and geochronological work in the northern Nain Plutonic Suite and
surrounding cover rocks have shown that many anorthositic and granitoid rocks of this
area, classically grouped with the NPS, may in fact be much older with Paleoproterozoic
ages (cf. Connelly and Ryan, 1994; Ryan and Connelly, 1996; Emslie ef al., 1997,
Hamilton, 1997; Hamilton et al., 1998; Ryan et al., 1997, 1998). The presence of
widespread magmatism of this age has not yet been widely proven (cf. Ryan ez al., 1998);
however, there is significant evidence to suggest that anorthositic magmatism did occur
at this time, thus there may have been a similar NPS-like event nearly 800 million years

earlier (Ryan and Connelly, 1996; Hamilton, 1997; Hamilton ef al., 1998). This is quite
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important when considering petrogenetic models, conventional ideas on the genesis of
AMCG complexes, and the genesis of magmatic Ni-Cu-Co mineralization in Labrador.

The presence of variably foliated anorthositic (s./.)-granitoid rocks in the Nain
region and farther north near Umiakoviarusek Lake and Okak Bay led Ryan (1993) to
surmise that some of the rocks traditionally assigned to the NPS may in fact be older in
age, and their observed fabrics may be a function of defcrmation during the ca. 1.8 Ga
Torngat Orogen (cf. Bertrand ef al., 1993; Van Kranendonk, 1996; and others). Most of
the early geochronological work concentrated on the granitoid rocks in the region from
Nain to Okak Bay, and yielded some very interesting results. Emslie and Loveridge
(1992) dated a granitoid pluton in the region of Okak Bay, the Wheeler Mountain granite,
and obtained an age of ca. 2135 Ma (2134 +3/-1 and 2137 + 2 Ma). At the point of
writing, this was the first evidence of plutonism in this region of Paleoproterozoic age,
and Emslie and Loveridge (1992) were not really sure of its significance.

With the acquisition of more data, coupled with regional mapping it was noticed
that there was a swath of Paleoproterozoic intrusions. Connelly and Ryan (1994) and
Ryan and Connelly (1996) found that there were a number of granitoids in the region
around Nain and Webb Bay of Paleoproterozoic age including: 1) the Sheet Hill granite
(2110 +5/-1 Ma), 2) Loon Island potassic granite (2047 +14/-11 Ma), and 3) the Satok
[sland monzonite (2032 +17/-12 Ma). Further regional mapping, in the Alliger Lake
area, and the Iluiluk Ridge-Umiakoviarusek Lake region, led Ryan et al. (1997, 1998) to
suggest that there is considerable field evidence for Paleoproterozoic anorthositic-

granitoid magmatism, and that these rocks show metamorphic and deformation features
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consistent with influence from the Torngat Orogen. Ryan et al.’s field subdivision of
Paleoproterozoic from Mesoproterozoic rocks includes: 1) Paleoproterozoic rocks are
intruded by melanocratic-granular “granulite” dykes; 2) they are intruded by altered and
deformed mafic dykes with predominant 140° trends; 3) they are intruded by foliated
pink aplite dykes that have a similar trend to the diabase dykes; 4) they show evidence of
high temperature subsolidus hydration; 5) they exhibit regional, though not evenly,
alteration (greenschist facies) similar to the diabase dykes; and 6) they are regionally, yet
heterogeneously, foliated.

Geochronological studies by Hamilton (1997) and Hamilton ez al. (1998) have
provided U-Pb data to augment these field-based hypotheses, and suggest that
magmatism ranges from ca. 2135-2045 Ma. Specific dated intrusions include
anorthositic rocks from the Aupalukitak Mountain (2112 +5/-4 Ma), variable foliated
granitic-monzonitic-dioritic rocks (Halbach, 2128 Ma; Illulik, 2124 Ma; Alliger Lake,
2109 Ma), and metamorphosed basic dykes with ages of 2121+1.5 Ma and ca. 2045 Ma
(Hamilton, 1997; Hamilton ez al., 1998). The latter ages for anorthositic, granitoid and
basic dyke rocks of this region illustrate the supposed uniqueness and Mesoproterozoic
restriction of the NPS, and other AMCG complexes (cf. Ashwal, 1993), may not be so
and that similar magmatism occurred at an earlier time in the Nain-Okak region (e.g.
Paleoproterozoic).

The recognition of Paleoproterozoic AMCG plutonism opens a pandora’s box of
questions, including: 1) does this magmatism represent a truly anorogenic petro-tectonic

setting as the NPS (and other AMCG complexes); and 2) if there is NPS-like magmatism,
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is there potential for Reid Brook-like intrusions that may host significant Ni-Cu sulphide
mineralization?

To tackle the first question, one must consider the geological history of the Nain
Province during the late-Archean and Paleoproterozoic. The earliest preceding tectonic
event within the Nain craton prior to the emplacement of these Paleoproterozoic massifs
was the collision of the Saglek and Hopedale Blocks at ca. 2.5 Ga (Connelly and Ryan,
1992, 1994), followed by basic dyke emplacement at ca. 2450-2200 Ma (Ermanovics et
al., 1989; Ermanovics and Van Kranendonk, 1990; Ryan, 1990b; Ryan ez al., 1995).
Post-emplacement events would include ca. 2.0 Ga rifting and passive margin
sedimentation in the Mugford, Ramah, and Snyder Groups (e.g. Hamilton in Wilton
(1996¢)), followed by the Torngat Orogen at ca. 1.86-1.74 Ga (Bertrand et al., 1993,
Van Kranendonk and Wardle, 1994, 1997; Van Kranendonk, 1996; and others). The
emplacement of these suites between major orogenic events, accompanied by preceding
basic dyke emplacement suggest that the regime of intrusion for these anorthositic-
granitoid-basic dyke rocks was that of extension possibly similar to the conditions during
NPS formation.

Answering the second question is much more problematic, since to date a second
Voisey’s Bay has yet to be discovered, and the discussions about Ni-Cu-Co sulphide
potential are purely speculative based solely on the possibility that the petro-tectonic
setting of the Paleoproterozoic rocks is similar to the NPS. If they do form in similar
petro-tectonic settings then it is highly probable that other troctolitic plutons, like the

RBI, and mafic-ultramafic rocks may exist in this older suite. If these mafic-ultramafic
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rocks could be of sufficient size, have undergone sulphurization or felsification, and be
emplaced in favorable traps, then Paleoproterozoic Ni-Cu sulphide mineralization could

be just as likely in this older suite (Ryan et al., 1998; Kerr, 1998).
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Figure 2.1.

Simplified geology of the Nain Province, including the Hopedale and
Saglek Blocks, and Nain Plutonic Suite. Modified after Ryan et al. (1995)

i/ £°00° 62°00°

Ramah, Mugford and Snyder Group supracrustal sequences. Modified
after Swinden et al. (1991)

2-29



5 Mesoproterozoic
Atlantic Ocean EESE ] seet ke Group

Ezam River igneous sulte
Hunt River @ Nain Piutonic Sulte

Greenstone Belt
@ Harp Lake Complex
FLGB-Florence Lake Paleoproterozoic
greenstone beit
Brucs River Group
Makkovik

) Trans-Labrador bathollth
A Provinoe
- Morman Lake Group
/ Grenvnlle Paleoproterozoic and Archean

Front
l& ron E- heastern Churchlil Provinc

4 .- .’_.- avh ¥ . -*.u l" . Archean

Grenville - Greenstone beits
Province Orthognelss and variably deformed

B e e g

:.".. 4 ‘- = Y : ol e p granitoid rocks
5“-*:;';-:: ik ‘ m M/\
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occurs because of latent heat of crystaliization.
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basalts on the surface. Partial fusion of the lower crust
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olivine tholeiite magma supply, causes ferrodioritic magmas
to form and rise upward.

¢) Adamelite magmas coalesce with the anorthositic plutons
resuiting in the formation of observed massifs. Upwand
fissures may have resuited in silicic volcanic centers and
subvolcanic intrusions.

d) Uplift and erosion result in the formation of basins,
sedimentation into the basins, and related basaltic
basaltic dyke swarms (e.g. Seai Lake Group).

Figure 2.9. Schematic model for the genesis of the Harp Lake Intrusion
anorthositic and related rocks in the region. Modified after

Emslie (1980).
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Figure 2.10. Schematic model for the petrogenesis of the Nain Plutonic sutte and AMCG suites, Diagram
constructed based on the Ideas of Emslie et al, (1994).



Table 2.1. Chronology of tectono-magmatic events in the Saglek and Hopedale
Blocks of the Naim Province prior to emplacement of the Nain Plutonic
Suite. Sources of data are quoted in the text.

Age Saglek Bllock Hopedale Block | Age
Pre 3.9 Ga|Cores in zircons of Nanosk gneisses
ca. 3.8 Ga | Nulliak Supracrustals
3732 Ma |lgneous precursors of thee Uivak | gneisg
Metamorphism and migmatization of
3620 Ma |the Uivak | and formatiom of Uivak Il
gneisses
Weekes Amphibolite 3258 Ma
Maggo Gneiss 3105 Ma
Hunt River Group 3105 +/-2
Ma
Hopedale Dykes ?
Hopedalian Deformation 3.1-3.0Ga
3002 Ma
Florence Lake Group 2990 Ma
2979 Ma
Kanairiktok Intrusive Suite ca. 2858
Ma
] 2825 Ma
Fiordian metamorphism to 25507
2.8-2.7 Ga | Granulite facies metamonphism
2578-2549 Collision of the Saglek and Hopedale Blocks 2578-2549
Ma (deformation, metarmorphism, basic dyke emplacement, mylonitization) Ma
245&'2200 Napaktok and Domes Dylkes Kikkertevak Dykes 2235 Ma
2135-2045 | Anorthositic, granitoid and basic dyke
Ma emplacement
2.1-2.0 Ga | Granitoid magmatism
ca.20Ga Moran Lake, Lower Alillik,
(1969 Ma) Mugford, Synder and Rarmah Group and Ingrid Group ca. 20 E'
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Table 2.1. (continued)

Age Saglek Block Hopedale Block | Age
Torngat Orogen (T O): granitoid
188&;840 plutonismin the Tasiuyak Gneiss
Complex and Lac Lomier Compiex
1860-1853 | TO: crustal thickening and east-vergent
Ma fold and thrust tectonism
1845-1820 | TO: development of Abloviak Shear
Ma Zone
1790-1745| TO: uplift and thrusting, sub-vertical Effects of Makkovikian orogeny on 1810-1790
Ma crustal scale faults Hopedale Block Ma
1350-1290 Nain Plutonic Suite (Table 2.2) 1350-1290
Ma Ma

Table 2.2. Chrononology of dated Nain Plutonic Suite granitoid, ferodioritic, and
anorthositic and basic plutons. All ages are U-Pb deteminations

unless otherwise stated.
Age (Ma) Intrusive Source
Foliated monzonite marginai
1343 +/-3 Ma to the Mount Lister anorthosite Connelly and Ryan (1934)
'-g 1322 +/-1 Ma Makhavinekh Lake [ntrusion Ryan et al. (1991)
Soany
=]
= 1319 +/-2 Ma . . . - .
E 1316 +/-3 Ma Umiakovik Lake batholith Emslie & Loveridge (1992)
(G ca. 1295 Ma Dog Island Krogh & Davis (1973)
1292 +/- 4 Ma Voisey's Bay-Notakwanon intrusion Ryan et al. (1991)
- Emslie and Hamilton in
ca. 1287 Ma Peralkaline plutons of NPS Hamilton (1997)
Age (Ma) Intrusive Source
- Hamiiton et al. (1994)
1332 +/-3 Ma Akpaume ferrodiorites Hamilton (1997)
" 1322 Ma Barth Island intrustion marginal Hamilton (1997)
2 ferrodiorites
Sy
3 1315+/-2Ma Satosuakuluk ferrodiorite dyke Hamilton (1997)
S
g 1311 Ma Isolated diorites~-Jonathan Island Hamilton (1997)
(-}
w - . Hamilton et al. (1994)
1306 +/-3 Ma Tigalik intrusion Hamilton (1997)
. Hamiiton et al. (1994)
1298 +/- 2ma Cabot Lake sheet Hamilton (1997)
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Table 2.2, (Continued])

Anorthositic and Basic Rocks

Age (Ma) Intrusive Source
ca. 1331, Mount Lister Intrusion Ryan et al. (1995),Hamilton
>1340 Ma? in Berg et al. (1994)

1333.7 +/-1 Ma

Eastern Deeps and Reddog bodies of
RBI

Amelin et al. (1997)

1330 +/-2Ma Akpaume Intrusion leuconorite Hamilton (1997)

7:}-2)28 ma Bird Lake massif Yu and Morse (1993)
: . Hamilton in Berg et al.

1322 +/-1 Ma Paul Island intrusion (1994)

1322 +/- 1Ma Makhavinekh Lake are leuconorite Hamilton (1997)

ca. 1320 Ma Tractolite pillows, Barth Island Intrusion| Hamitton (1997)

1317.2 +/- 1 Ma

Asina intrusion, RBI

Amelin et al. (1997)

ca. 1311 Ma

Kikkertevak and Tabor island
intrusions

Hamiiton (1997)

1312-1311 Ma

Jonathan Island intrusion

Hamilton (1997)

Gabbro pegmatite in LZ of

1307 +/- 1 Ma Kiglapait intrusion Hamilton (1997)
1305 +/- 2 Ma Kalikatik Island intrusion Hamilton (1997)
ca. 1305 Ma Newark Island intrusion Simmons et al. (1986)
1294 +/-2 Ma Leuconorite-Sango Bay Hamilton (1997)
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Chapter 3: Geology, Structure, Mineralization, and Silicate and
Sulphide Petrography

3.1 Introduction

The OKG prospect contains a variety of rock types ranging from Archean to
Mesoproterozoic in age (Quaternary cover non-inclusive). Archean rocks are typified by
amphibolitic, mafic granulitic and metatonalitic (quartzofelspathic) gneisses of the Nain
Province. Paleoproterozoic units include foliated and non-foliated granitoids,
anorthositic rocks, and mafic dykes (Figure 3.1); while Mesoproterozoic rocks appear to
be restricted to pyroxenitic rocks and associated Ni-Cu sulphide mineralization (Figures
3.2 and 3.3). This chapter provides a synopsis of the geology, petrography, sulphide
mineralization, contact relationships and structural geology of the OKG prospect.
3.2 Geologic Units
3.2.1 Archean Rocks: Nain Province Gneisses

The easternmost lithological unit of the OKG prospect consists of well foliated
intercalated and interlayered mafic granulite, amphibolite and metatonalite
(quartzofeldspathic) gneiss of the Archean Nain Province (Figure 3.1; Plate 3.1). These
gneisses are typically fine to medium grained with centimeter to tens of meter scale

layers. Mafic granulite and amphibolitic rocks are black to dark brown, locally rusted
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consisting of subhedral orthopyroxene, brown to brown-green homblende, plagioclase
and lesser biotite (Plate 3.1). Metatonalite layers are light coloured (white to grey), fine to
medium grained, and locally granular, consisting predominantly of 1-3mm anhedral
plagioclase feldspar and quartz (+K-feldspar), and lesser biotite, muscovite, and
orthopyroxene (Plate 3.1).

The proportion of metabasic and metatonalite layers is highly variable. In some
areas metabasic and metatonalite material have subequal proportions; in others metabasic
material comprises 90% of the layers; while in others the metatonalitic material is as
abundant as 70%. In the latter case rafts of irregularly shaped amphibolitic material in a
sea of metatonalite are common. Localized meter scale folding of the layers is quite
common and all layers have a pervasive northwesterly to southeasterly striking
subvertical foliation (Plate 3.2; Figure 3.3).

3.2.2 Paleoproterozoic Units
3.2.2.1 Granitoid Rocks

The OKG prospect contains two broad areas of granitoid rocks including those
south of Umiakoviarusek Lake, and a northwesterly striking unit in the core of the eastern
portion of the property (Figure 3.1). Felsic dykes occur in the Main Showing region
(Figure 3.2) and comprise only a minor proportion of the granitoids. South of
Umiakoviarusek Lake two phases of granitoids exist, however, this study concentrates
only on those within property boundaries, and only a few of the second phase rocks have
been observed. The first phase granitoids (Owl River Valley pluton of Ryan et al., 1998)

are typified by medium to coarse grained, brown to rusty and variably foliated



homblende and pyroxene bearing monzonites and lesser syenite (Plate 3.3). In proximity
to their eastern boundary with anorthositic rocks the granitoids exhibit a well defined
foliation with mineral parallelism on a centimeter to meter scale (Plate 3.3); while
towards the west of this boundary the granitoids become more massive and a less
pervasive foliation is present (Figure 3.1). Mafic minerals are dominated by 0.5-3cm
subhedral hornblende and lesser anhedral pyroxene; while 0.5-1cm subhedral plagioclase
and K-feldspar are modally subequal. Quartz is notably absent from the first phase
granitoids; while accessory 1-3mm anhedral oxides (magnetite and ilmenite) are present
but rarely exceed 5% modally. Locally, 2-3m pegmatoidal (?) patches of coarse grained
magnetite, ilmenite and hornblende are found and the grain size of the oxides/hornblende
increase to 2-5cm.

Towards the western part of the property, the first phase granitoids are intruded by
a second phase of medium grained, granular quartz-bearing monzonites (Figure 3.1; Plate
3.4). In contrast to the phase 1 monzonites, the phase 2 monzonites contain less mafic
minerals, are quartz bearing, do not exhibit a pronounced foliation, and intrude the phase
1 granitoids as irregularly shaped plugs and dykes, 2-5m and 30-45cm, respectively (cf.
Ryan et al., 1998). Mafic minerals associated with the monzonites are predominantly: 1-
2mm flecks of biotite and lesser hornblende, rarely exceeding 10-15% modally.
Although the phase 1 rocks have been observed within the property boundaries they are
only a minor constituent of the mapped granitoids; however, towards the west, outside

the property boundaries, these granitoids form a larger intrusive body consisting of



ovoidal feldspar clinopyroxene bearing quartz monzonite (B. Ryan, pers. comm., 1997,
Ryan et al., 1998).

In the eastern part of the property the granitoids form a northeasterly trending belt
which exhibits a well developed foliation coincident with that in the Archean gneisses
(Figure 3.3). The lithology of this belt ranges from quartz monzonite to quartz syenite,
most of which are medium grained and contain between 5-10% modal mafic minerals.
Mafic minerals consist predominantly of 0.5-3mm biotite grains which are elongate with
the fabric of the rock, and 1-4mm hornblende grains; the latter two are commonly found
as anhedral aggregates. Plagioclase and K-feldspar vary in percentage, but have a
consistent 0.5Smm to 1lcm size and are anhedral. Quartz grains are between 0.5-Icm in
size and anhedral, and in some places they are rounded, and typically have lustrous
surfaces. Outside of the property boundaries, U-Pb zircon dating of this intrusive has
yielded a ca. 2124 Ma age (Hamilton et al., 1998; Ryan et al., 1998).

Felsic dykes form only a minor constituent of the granitoids of the property and
intrude the anorthositic rocks of the Main Showing area (Figure 3.2). These dykes range
in size from Scm up to 3m in size and have strike lengths of up to 200m. Lithologically,
the dykes are predominantly coarse to medium grained monzonite, quartz monzonite, to
granite; however, some are aplitic in nature. The coarsest dykes contain subequal
percentages of 0.5-1.5cm plagioclase and potassic feldspar with up to 15% subhedral
hornblende, lesser biotite, magnetite rosettes and anhedral quartz grains. Aplitic dykes
exhibit a sugary texture with 1-2mm grains of plagioclase and potassic feldspar, blue

quartz eyes, and lesser biotite, hornblende and magnetite. The aplitic variants of the
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felsic dykes are likely recrystallized, as most of the dykes in the Main Showing region
show well developed folding, and are offset by up to 5-10m by ductile faults in this
region (Figure 3.2).

3.2.2.2 Anorthesitic Rocks

Anorthositic (sensu lato; s.L.) rocks form a significant proportion of the rocks of
the OKG prospect and outcrop in the area near the Main Zone north of Umiakoviarusek
Lake, south of the lake, and along the ridges on the eastern part of the property. In each
of these three regions the anorthositic rocks have distinctive characteristics and there
appear to be geographic subdivisions of the anorthositic rocks (see section 3.3.3.1).

In the region of the Main Showing and North of Umiakoviarusek Lake the
anorthositic rocks are dominated by dark grey to black, medium to coarse grained
anorthosite with euhedral, 0.25-2.5cm, dark grey to black plagioclase (Plate 3.5). Mafic
m.inerals rarely exceed 10% modally, consisting predominantly of 2-7mm intercumulus
(?) clots of orthopyroxene and clinopyroxene and related alteration products, including
chilorite and actinolite with minor magnetite.

To the south of Umiakoviarusek Lake the anorthositic rocks are typically lighter
in colour (white to light grey), contain greater abundances of mafic minerals (15-25%:
leuconoritic), and have a slightly more altered mineralogy. Euhedral plagioclase is
simmilar to those north of the lake, with the exception of a lighter colour and lesser
abundance. Mafic minerals consist of orthopyroxene, lesser clinopyroxene, and altered
chlorite-tremolite-actinolite assemblages, which are interstitial to the plagioclase crystals.

In certain locations small 5-20m outcrops of medium grained, granular recrystallized
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anorthosite are present. The rocks both north and south of Umiakoviarusek Lake as
described above form part of Ryan et al.’s (1998) Goudie Lake pluton.

On the ridges in the eastern part of the property (Figure 3.1), a northwesterly
trending unit of anorthositic rocks is present (Pripet Marshes pluton of Ryan ef al., 1998);
however, due to property boundaries only the northeastern portion of the unit is present
within the study area. In this location the anorthositic rocks are distinct, have a rusty,
buff coloration, and are extremely crumbly containing ca. 25-35% mafic minerals, with
similar grain sizes as those in other areas of the property. Orthopyroxene is the dominant
mafic mineral, and occurs as 2-4mm to 5-7cm anhedral grains which are honey to dark
brown coloured; while plagioclase is similar in size but is light beige to white in colour.
3.2.2.3 Mafic Dykes

Mafic dykes and sills form only a small proportion of the OKG prospect and are
localized in the anorthositic rocks south of Umiakoviarusek Lake, where they intrude
anorthositic rocks (s.L). The dykes are fine to medium grained and are black to black-
green with strike orientations varying from northwest, east-northeast, to north (Plates 3.6-
3.8). The mafic dykes are typically 5-45cm in width but some dykes are over 15m wide
and extend for at least 50 meters. The small dykes contain fine grained mineral
assemblages with very fine grained laths of plagioclase set in a dark green to black mafic
matrix. Larger dykes have an interlocking network of euhedral plagioclase laths and dark
green to black matrix material, giving the rock a ‘salt and pepper’ texture. Terminations
and dyke edges are highly variable with some dykes having straight walls (Plate 3.6);

other dykes exhibit almost lance-like terminations where their edges protrude into the



anorthosite host in a tentacle like fashion (Plate 3.7); while other samples have bulbous
margins which are well rounded, almost like pillows. What is particularly odd about
some dykes is the presence of rounded, ball like masses ca. 10-30cm disassociated from
the dyke and located within the anorthositic host (Plate 3.8). Although the dykes have
highly variable terminations, orientations and textures, the dykes do not exhibit well
developed shearing or deformational fabrics; however, all of the dykes show secondary
greenschist facies mineral assemblages.
3.2.2.4 Mylonitic Rocks

Two 0.5- 3m wide zones of mylonitic rock exist within the Main Zone region of
mineralization and are associated with a series of south-southwesterly verging
compressional faults (Figure 3.2; Plate 3.9; see section 3.6.3). The mylonitic rocks have
a white to light grey colouration with 1-2mm to 15 cm long chlorite streaks associated
with pervasive mylonitic foliation (Plate 3.9). In outcrop the specific mineralogy of the
rocks is extremely difficult to distinguish due to their very fine-grained texture. Well
developed structural features and kinematic indicators are associated with these mylonite
zones (Figure 3.2; see sections 3.3.2.4 and 3.6.3).
3.2.3 Mesoproterozoic Units
3.2.3.1 Pyroxenitic Rocks

Pyroxenitic dykes represent a volumetrically minor, yet highly important
lithological component, acting as the source for the observed Ni-Cu mineralization. The
dykes are rubbly, characterized by a rusty, gossanous character on weathered surfaces;

while on fresher surfaces have a dark brown to black to bronze coloration with dyke



margins that are irregular and bulbous; rarely do they exhibit straight margins (see
section 3.4). At all locations on surface, the pyroxenitic rocks are spatially associated
with disseminated to massive sulphide mineralization, and the dykes themselves always
contain disseminated interstitial sulphides. In one location on surface, gossanous
outcroppings of plug-like sulphide bearing leucotroctolite are present (see section 3.3.3.1;
Figure 2).

The distribution of the mineralized pyroxenitic rocks are always spatially
associated with (within 5Sm) zones of ductile faulting and mylonitic rocks. Even in
proximity to these fault zones the dyke mineralogy is pristine retaining igneous textures
with no evidence of secondary alteration that is common to the anorthositic and felsic
dyke rocks in this region. Leucotroctolitic rocks are like the pyroxenitic rocks in that
they are associated with faulting, but unlike the others mylonitic rocks are not present;
however, they also do not exhibit secondary alteration. The relationship between the
troctolitic and pyroxenitic rocks is not readily observable in the field; however, their
similar spatial location to faults, lack of secondary alteration, and similar geochemical
signatures (see Chapter 4) and radiogenic isotope systematics (see Chapter 6) suggest a
commonality and genetic relationship between the two types of intrusives. Further
details on the relationships between mineralization and the pyroxenite-leucotroctolitic
rocks are given in section 3 4.

3.3 Petrographic Characteristics of Geologic Units and Subdivisions
As a second order refinement of the geological units outlined above, detailed

petrographic examinations of the OKG rocks have been undertaken. These



classifications and observations of the OKG rocks indicate significant petrographic
variations in the rocks when compared to the field observations. All classifications for
plutonic rocks outlined follow Streckeisen’s (1976) IUGS classification scheme; while
metamorphic rocks are discussed based on their metamorphic mineral assemblages
according to Bucher and Frey (1994).

3.3.1 Archean Nain Gneisses

3.3.1.1 Amphibolitic and Mafic Granulitic Rocks

Amphibolitic and mafic granulitic rocks are dominated by the ACF phases
orthopyroxene (opx), biotite (bio), hornblende (hbl), clinopyroxene (cpx) and plagioclase
(pl). The rocks have highly variable assemblages including: opx-pl-hbl-bio, opx-cpx-pl,
opx-cpx-hbl-pl, to hbl-bio-pl (Plates 3.10-3.11). All consist of fine to medium grained
textures that are dominated by extensive parallelism of minerals, well developed annealed
textures, subgrain formation, and in some cases symplectic intergrowth textures (Plates
3.10-3.11).

The mineral assemblages are typically variable in grain size with orthopyroxene
and hormblende forming the larger grains. Orthopyroxene grains are typically 0.25-2mm,
anhedral, and contain small rods and patches of exsolved rutile; while biotite rims are
very common. Subhedral to euhedral hornblende grains, 1-4mm in size, exhibit
distinctive brown to olive green coloration, and are often located along the edges of the
pyroxene grains, often forming coronas; while in other cases where pyroxenes are absent,
homnblende forms symplecitic intergrowths with plagioclase. Clinopyroxene is typically

anhedral, 0.25-1mm in size, and in lesser abundance than the orthopyroxene grains.



Plagioclase is highly variable occurring as symplectic intergrowths with the hornblende
grains (Plate 3.11), while in other areas occurs as subhedral, 0.25-1mm grains that have
extensive subgrain formation with larger grains containing numerous smaller grains along
their edges (Plate 3.10-3.11).

Although the latter minerals form the predominant mineral assemblages of the
metamafic layers, a few samples have mineralogical evidence of a second
metamorphic/fluid alteration event (Plate 3.12). Small, 1-2mm veinlets of polycrystalline
quartz, chlorite, sericite, actinolite, epidote and carbonate are present and appear to have
altered the higher grade mineral assemblage (Plate 3.12). Although some veinlets contain
all of the lower grade minerals, a chlorite-sericite-quartz assemblage is most common and
exhibits a zonation, with the vein proper containing the multitude of the lower grade
minerals, accompanied by a decrease outwards within 1-2mm from the veinlet.

The predominant metamorphic assemblage associated with the metabasitic layers
includes: opx-cpx-hbl-pl-bio, of which the rocks contain some or all of these components
(e.g. Plate 3.10). The upper amphibolitic rocks are typified by the cpx-hbl-pl assemblage,
while the granulite facies assemblage is manifested in the opx-cpx-pl assemblage.
Assemblages that are transitional to these, like the opx-cpx-hbl-pl assemblage, likely
represent disequilibrium assemblages transitional between granulite and amphibolite
facies, and are likely retrogressed granulites. In contrast, the veinlet assemblages are
typical greenschist facies assemblages likely a result of sinistral strike-slip faulting

associated with this area (see section 3.6.2; Figure 3.1).
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3.3.1.2 Quartzofeldspathic (Metatonalite) Layers

Metatonalite layers consist predominantly of a quartz-plagioclase-(3K-feldspar)
assemblage. Quartz is the most abundant mineral phase, with subequal plagioclase, and
lesser K-feldspar. Quartz forms the largest grains in the metatonalites, ranging in size
from 0.5-1mm, and the grains are very anhedral with extensive elongation, often
delineating the fabric of the rock (Plate 3.13). Subgrain formation is quite commonly
associated with the quartz grains with larger grains having edges with smaller, rounded to
ovoid grains, often forming polycrystalline aggregates with slight dustings of sericite.
Plagioclase is very similar to the quartz grains exhibiting an anhedral character with
extensive subgrain formation, but is smaller in size (0.25-1mm). Annealing is not as
common as the metamafic layers; however, minor annealing is observed in the
plagioclase grains of some sections and most sections have plagioclase and K-feldspar
containing dustings of sericite.

Potassic feldspar and mafic minerals are present in minor abundance. Potassic
feldspar are smaller than the plagioclase crystals, but exhibit well developed myrmekitic
textures with worm-like, vermicular intergrowths of quartz. Mafic minerals do not
exceed 2% modally and are dominated by small (0.25-0.5mm) grains of orthopyroxene
and clinopyroxene (opx>cpx), and lesser biotite, that are interstitial to the
plagioclase/quartz grains and elongated with the fabric of the rock (Plate 3.13).

Similar to the metamafic layers, a lower grade metamorphic/fluid derived
assemblage is present in some sections as a series of veinlets. Sericite-chlorite-quartz-

carbonate veinlets 1-2mm wide cut some of the sections; while in other sections a



complete replacement of all minerals, with the exception of quartz, occurs, leading to a
matrix of needle-like sercite and chlorite.
3.3.2 Paleoproterozoic Units
3.3.2.1 Granitoids

Similar to the field classifications of the granitoid rocks, significant petrographic
differences exist between the granitoids of the OKG prospect. To the south of
Umiakoviarusek Lake only the phase 1 granitoids have been petrographically analyzed,
since most of the rocks from the phase 2 granitoids lie outside the property boundaries.
The phase 1 granitoids are petrographically classified as monzonitic to syenitic,
containing greater variance in mafic minerals than field classifications, with some or all
of the following: fayalitic olivine, orthopyroxene, clinopyroxene, hornblende and biotite
(Plate 3.14). Fayalite is particularly common in granitoids proximal to the anorthosite-
granitoid contact, occurring as 2-4mm anhedral grains with variable alteration and
reaction textures (Plate 3.14). In most cases the fayalite contains fracture infillings or
coronas of iddingsite and hematite (+other oxides); while to a lesser extent clinopyroxene
is observed along the edges of the fayalite grains. Fayalitic olivine rarely exceeds 5%
modally.
Orthopyroxene and clinopyroxene are in greater abundance than fayalitic olivine,
typically present as anhedral to subhedral grains 1-Smm in size (Plate 3.14). Rarely are
the pyroxenes fresh and generally have evidence of significant hydration, often found as
cores or crystal remnants within the larger hornblende sheets (Plates 3.14-3.15).

Orthopyroxenes often contain exsolved platelets of clinopyroxene in some sections along
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with oxides, along their edges and within the grains. Clinopyroxenes, when not
significantly hydrated (e.g. core phases), have small patches of hornblende along their
predominant cleavage.

Hornblende is by far the most significant mafic mineral associated with the phase
1 granitoids and is present as 2-8mm sheets or as 1-2mm small grains. The grains of
hornblende are typically subhedral showing well developed pleochroism in olive greens
to dark brown and contain a plethora of inclusions. Excluding the cores of pyroxene in
many of the hornblende there is typically abundant apatite inclusions, with lesser titanite
and zircon. Biotite flecks and grains are common along the grain edges and rarely biotite
are found as isolated 0.5-1mm grains (Plate 3.14).

Feldspars are typically in subequal proportions and have variable grain size
ranging from 0.25-7mm. Plagioclase is typically subhedral to anhedral and with
increasing size and show extensive evidence of subgrain formation and are more
anhedral. Myrmekitic textures are not common, but present in some of the plagioclase.
Perthitic K-feldspar is the predominant potassic feldspar type and the K-feldspars are
typically larger than the plagioclase feldspars forming anhedral sheets with seriate edges
and abundant subgrain formation. In rare cases the potassic feldspar is microcline.
Quartz is notably absent from the phase 1 granitoids and alteration of the feldspars is
typically in the form of fine sericite and epidote dustings.

In the eastern part of the property, the rocks from the northeasterly foliated unit
have extremely variable petfographic character ranging from monzonite, quartz

monzonite, syenite, quartz syenite to alkali feldspar granite (e.g. Plate 3.16). Most of the



eastern granitoid rocks are medium grained and contain between 5-20% mafic minerals
including, fayalite, orthopyroxene, clinopyroxene, hornblende and biotite (Plate 3.16).

Fayalitic olivine occurs in a few samples from this eastern location, typically in
quartz poor variants. When present, it occurs as anhedral grains 0.5-7mm in size and has
abundant secondary alteration to iddingsite along grain boundaries and within crystal
fractures (Plate 3.16). Rounded plagioclase inclusions are also common in the fayalitic
olivine. Orthopyroxene occurs either as orthopyroxene proper or as inverted pigeonite.
Most orthopyroxene grains are anhedral, occurring as aggregates with multiple grains of
orthopyroxene between 0.5-4mm in size. The grain boundaries of the orthopyroxenes
typically contain minor amounts of green-brown hornblende and actinolite; while oxides
(ilmenite and magnetite) are commonly found in proximity to the grains. In many cases
the orthopyroxene forms cores to the larger hornblende grains, and they often contain
inclusions of plagioclase. Clinpyroxene is in lesser abundance than the orthopyroxene
but usually forms a core phase to larger hornblende grains.

Homblende and biotite typically occur as coronas on the orthopyroxene and
clinopyroxene, but in rarer cases are found as isolated grains. Most of the hornblende
grains are olive green to brown, forming elongate anhedral sheets 2-3mm in size, with
individual grains 0.5-1mm. Most of the grains contain inclusions of plagioclase, oxides,
apatite and titanite. Biotite is present mostly on the edges of the homblende grains in 0.5-
1mm subhedral, red-brown grains that often contain zircon inclusions.

Quartz, plagioclase and potassic feldspar have variable proportions within the

granitoids (Plate 3.17). Quartz, although absent in some rocks, occurs as 3-7mm rounded
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grains that show extensive subgrain formation with 0.25-0.5mm grains along the larger
grain edges (Plate 3.17); while in some larger grains, small spot-like inclusions of quartz
occur within the plagioclase grains. Potassic feldspar occurs as perthite and microcline,
with the latter less common; many perthites contain euhedral, exsolved patches of
plagioclase feldspar (Plate 3.17). Most grains are subhedral to anhedral and 0.25-7mm in
size, with subgrain formation similar to quartz. Plagioclase is variable from being
subequal to the plagioclase, to being totally absent in some sections. The plagioclase is
typically smaller than the K-feldspar and occurs as 0.5-3mm euhedral to subhedral grains
with minor subgrain formation (Plate 3.17); some of which have myrmekitic intergrowths
of quartz. All feldspars have light dustings of epidote and sericite.

Felsic dykes from the Main Showing area have fine to medium grained mineral
assemblages and are petrographically classified as quartz-monzonite to granite. Quartzis
quite abundant in the dykes occurring as irregularly shaped coarse grains 1-Smm grains,
along with 0.2-0.5mm aggregates of recrystallized quartz (Plate 3.18). Commonly the
larger grains of quartz have a linearity and define a pseudo-fabric. Plagioclase and K-
feldspar are less recrystallized and are typically smaller in size (1-2mm) and have
evidence of smaller subgrains along their edges; while often containing a partial to full
replacement by sericite and epidote (Plate 3.18). Anhedral 0.5-3mm clots of hornblende
and biotite with blebby textures are common in the dykes; while rosettes of magnetite are
of lesser abundance, but are common to most dykes. Minor biotite, muscovite, chlorite,

and apatite are often present within the matrix of some of the finer dykes.
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3.3.2.2 Anorthositic Rocks

Similar to the field characteristics of the anorthositic rocks of the OKG prospect,
geographical, petrographical and topographical variations exist. The rocks north of
Umiakoviarusek Lake consist principally of anorthosite (sernso-stricto) with most rocks
containing greater than 90% modal plagioclase (Plate 3.19; e.g. an group rocks);
however, a small portion of samples are leuconoritic to leucogabbroic in composition.
Plagioclase feldspar is present as 0.25-1.25c¢m, subhedral to euhedral grains forming the
predominant cumulus phase of the rock. In some sections the larger plagioclase have 1-
3mm, rounded subgrains along the major grain edges, typical of subsolidus or
metamorphic recrystallization. Plagioclase is fairly fresh in some sections (Plate 3.19),
while in others dustings of sericite and epidote are common (Plate 3.20), while in others
the plagioclase are totally replaced by the other minerals.

Mafic, oxide and sulphide minerals constitute the remainder of the minerals
associated with the anorthositic rocks. Orthopyroxene, and lesser clinopyroxene occur as
anhedral, 0.1-0.5cm intercumulus clots which show variable degrees of alteration. Many
of the orthopyroxene and clinopyroxene grains are characterized by extensive
replacement with tremolite-actinolite-chlorite assemblages (Plate 3.21), while often
retaining cores of pyroxene. Magnetite, ilmenite and lesser pyrite are associated with
intercumulus phases and typically have hematite associated with their margins.

South of Umiakoviarusek Lake the anorthositic rocks the exhibit a continuum into
leuconoritic rocks (In/ group rocks); however, they retain similar grain size and

mineralogy with the exception of modal proportions. In this region mafic mineral
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replacement is much more intense with some pyroxenes exhibiting complete replacement
by secondary minerals (Plate 3.21). Furthermore, some of the anorthositic rocks contain
chlorite-sericite-epidote bearing and lesser dolomite-calcite bearing veinlets
approximately 0.5-1mm in width (Plate 3.22). The southernmost occurrence of
anorthositic rock on the property contrasts with the moderately altered southern material,
consisting of pristine leuconorite with 15-20% modal orthopyroxene (Plate 3.23). In this
area the grain sizes of the plagioclase are similar; however, the plagioclase show lesser
subgrain formation and some exhibit bent twins (Plate 3.23). Anhedral intercumulus
orthopyroxene shows little evidence of alteration and contains clinopyroxene, minor
biotite and oxide along grain edges, along with clinopyroxene inclusions and rutile
exsolution needles (Plate 3.23).

The hills atop of the Main Showing area, north of Umiakoviarusek Lake region,
illustrate a topographic effect on the composition of the anorthositic rocks. In this region
the rocks are very fresh and unaltered leuconorite to anorthosite in subequal proportions
(an to InI group). Leuconoritic rocks are characterized by approximately 35% mafic
minerals which are predominantly orthopyroxene and lesser clinopyroxene.
Orthopyroxene occurs in a series of polycrystalline aggregates composed of euhedral,
subhedral and anhedral orthopyroxene. Smaller grains of orthopyroxene are typically the
most euhedral grains; while larger grains are subhedral to anhedral with a variable
exsolution lamellae, including: rod and needle-like exsolution lamellae of rutile and
lamellar and blebby clinopyroxene exsolution. Clinopyroxene occurs predominantly as

an intercumulus phase, filling the interstices between orthopyroxene grains and is
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typically anhedral and ca. 0.25mm in size. Plagioclase in the anorthositic and
leuconoritic rocks are subhedral to euhedral, form the major cumulus phase, and are
larger than the orthopyroxene aggregates ranging in size from 0.5-1.0 cm. Unlike the
rocks of lower elevations in this area, very little alteration of the primary mineral
assemblages is associated with these rocks.

In the eastern and northeastern part of the property the anorthositic rocks are
different than the other parts of the property and are predominantly leuconoritic (opx 25-
35% modally; In2 group rocks) with very minimal anorthosite (Plate 3.24). Rocks from
this eastern anorthositic unit have only been sampled in the northeastern terminus of the
property. From this region anorthositic and leuconoritic rocks are present. Leuconoritic
rocks typically have between 20-25% modal orthopyroxene that occurs either as 1-3mm,
intercumulus clots between the plagioclase grains, or as 0.5-1mm subhedral grains within
sheet-like plagioclase grains (Plate 3.24). Orthopyroxene occurs in two forms, either as
orthopyroxene proper, or as inverted pigeonite (Plates 3.24-3.25); the latter is very
common in rocks from this region and is notably absent in all other anorthositic rocks of
the property. Plagioclase grains larger than the orthopyroxene grains and are typically
subhedral to euhedral, ranging in size from 1-2mm up to 1cm, with most between 5-
7mm. Large plagioclase grains are typically associated with smaller grains along their
edges, and some have Smm wide zones, which appear to have underwent subsolidus
recrystallization. It could be argued that the orthopyroxene-plagioclase crystallization

sequence and the presence of inverted pigeonite suggest that these rocks may have
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formed from a different magma batch than the remainder of the anorthositic rocks of the
property.
3.3.2.3 Mafic dykes

Field characteristics of the mafic dykes illustrate that they are highly variable,
similarly, the petrography of the dykes is also highly variable. Fine grained mafic dyke
samples are characterized by subequal abundances of plagioclase laths set in a dark green
to black, mafic groundmass (Plate 3.26). Plagioclase laths are typically 0.5-1mm,
subhedral, and set in a matrix of chlorite and actinolite (Plate 3.26) with localized 0.5-
Imm rounded grains of olivine, altered to talc and serpentine. Fine grained, 0.25mm
rounded magnetite and cubic pyrite grains are also found in the matrices of some
samples.

Coarser grained samples contain well developed, euhedral 0.5-2mm plagioclase
crystals that constitute the major cumulus phase. Most of the plagioclase grains show
some degree of alteration with fine dustings of sericite and epidote; however, some are
totally replaced by the latter minerals. Engulfing and totally enclosing the plagioclase
crystals are large anhedral 0.5-3mm mats and smaller 0.5-1mm intercumulus grains of
orthopyroxene. Rarely are the orthopyroxene grains fresh and most are either partially or
totally replaced by chlorite and lesser tremolite. Biotite flakes have much greater
abundance in the coarser grained samples and are located along grain boundaries of the
fresh or altered pyroxene grains. Magnetite and pyrite form accessory intercumulus

phases.
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One anomalous dyke was sampled which contained predominantly plagioclase as
0.2-0.5mm grains, exhibiting extensive replacement by secondary sericite and epidote.
This dyke is almost granular in texture and contained minor amounts of biotite and
magnetite. The fine grained nature and dominance of plagioclase suggests that this dyke
may be a chilled anorthositic dyke, or a recrystallized raft of anorthositic material.
3.3.2.4 Mylonitic Rocks

Mylonitic rocks are extremely fine grained with a fabric defined by very fine
grained chlorite, polycrystalline quartz and sericite (Plate 3.27). The chloritic material is
the predominant mineral defining the fabric and constitutes the majority of the rock as
small granular grains in a linear array (Plate 3.27). Polycrystalline quartz layers are
larger in width than the chlorite layers and have larger grains of quartz in comparison to
the chlorite (Plate 3.27). Closely associated with these later minerals are discontinuous
layers of sericite and larger grains of muscovite, which appear to terminate into the
chlorite-quartz fabric (Plate 3.27). Porphyroblasts of 0.5-1mm plagioclase are very
common and are rounded being wrapped by the chlorite-quartz fabric and often have
grains boundaries with minor sericite (Plate 3.27); lack of rotation associated with the
porphyroblasts suggests a pre-tectonic origin. A second set of minor veinlets (ca. 1-
2mm) cuts the mylonitic foliation and consists of anhedral quartz, chlorite, muscovite and

carbonate.
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3.3.3 Mesoproterozoic Units
3.3.3.1 Mineralized Pyroxenitic dykes

Detailed petrographic examinations of the pyroxenitic dykes have been
undertaken by analyzing samples from both the surface showings and random drill core
samples. Unlike field observations, the pyroxenitic (sensu lato) dykes are much more
variable and have a variety of closely related, yet different petrographic distinctions.
From this petrographic analysis a two fold subdivision has been proposed with Type 1
dykes which are predominantly orthopyroxenite and variants; a subtype of this group has
been proposed based on exsolution products in orthopyroxene and crystallization history
relative to the sulphide phases. The Type 1 dykes and their related subtypes are location
in both surface and drill core; while, the Type 2 subdivision is restricted to one location
on surface, and consists predominantly of leucotroctolite and olivine gabbro (Figure 3.2).
It should be noted that the Type | and Type 2 dykes are subdivided based on petrography
and not on chemical or isotopic grounds (see Chapters 4 and 6).

Type 1 dykes are characterized by a predominantly orthopyroxenitic (sersu
stricto) character (Plate 3.28); however, minor variations exist with dykes ranging from
orthopyroxenite to websterite to gabbronorite, significant overlap exists between all
dykes of this type. The primary mineral associated with the dykes is orthopyroxene
occurring as euhedral, and lesser anhedral, 2-5mm grains (Plate 3.28). Many of the
orthopyroxene grains show minor annealing, which unlike the metamorphosed rocks of

the property, is a result of sub-solidus recrystallization. Exsolution is common in the
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orthopyroxenes of the type 1 dykes, consisting chiefly of 0.2-0.3 mm rutile laths (Plates
3.28-3.29).

Sulphide grains are interstitial to the orthopyroxene grains and likely represent
and intercumulus sulphide liquid (see section 3.5.2), and the sulphide grains are partially
to fully enclosed by clinopyroxene grains (Plate 3.28). Clinopyroxene grains have
variable texture and size, some exhibit well developed crystal faces, and partially enclose
the orthopyroxene and sulphide. The clinopyroxene grains are 2-3mm up to Smm in size
and have high birefringence in violets and blues suggesting they may be Ti-rich. Like the=
opx, the cpx also have needle-like exsolution lamellae of rutile, supporting a Ti-rich
nature.

Plagioclase is low in abundance in most dyke samples, rarely exceeding 5-7%
modally. Two plagioclase variants exist, including: 1) a larger 5-7mm variant and 2) a
smaller 2-4mm variant. Both variants exhibit similar characteristics and are anhedral to
subhedral, enclose orthopyroxene, clinopyroxene and sulphide grains, and are likely of
post-cumulus origin.

Type 1A dykes are subdivided from the Type 1 dykes based on the order of
crystallization between silicate and sulphide phases and exsolution products within the
orthopyroxene grains. Type 1A dykes are characterized by orthopyroxene that is larger
than the Type 1 dykes, ranging from 0.5-1.5cm, is subhedral to anhedral containing
clinopyroxene exsolution products in contrast to rutile (Plates 3.30-3.31). Clinopyroxene
exsolution occurs in two forms, including: 1) 0.3-0.4mm wide rod-like exsolution

lamellae, similar to the rutile exsolution in the Type 1 dykes, which extend the length of
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the crystal (Plates 3.30-3.31), and 2) 0.1-0.3 blebby, rounded, oval, and worm-like forms
(Plate 3.30). The latter exsolution phenomena give the orthopyroxene a “spotted’ texture
that appears to be somewhat like a leopard skin. Some clinopyroxene also appear to be
irregularly shaped, and are intercumulus to the orthopyroxene (Plate 3.30).

A second criteria for subdividing the Type 1 and Type 1A dykes is the order in
which the sulphides crystallize relative to orthopyroxene. In the Type 1 dykes the
general order of crystallization includes orthopyroxene -> sulphide-> clinopyroxene
(Plate 3.28). In the Type 1A dykes there is evidence for interstitial sulphide; however,
many orthopyroxene grains contain inclusions of sulphide, that appears to have
crystallized before the orthopyroxenes (Plate 3.31). For instance, most of the smaller
orthopyroxene grains fully to partially enclose the smaller 0.5-1mm sulphide grains;
while the larger sulphide grains are partially enclosed in a sub-ophitic fashion (Plate
3.31). The latter textural aspects provide good support for a different order of
crystallization.

Type 2 dykes have petrographic characteristics that are unique compared to the
Type 1 and Type 1A dykes and are leucotroctolitic to olivine-gabbroic rather than
orthopyroxenite dominated (Plate 3.32). The Type 2 dykes are characterized by cumulus
olivine and plagioclase with intercumulus sulphide and clinopyroxene. Olivine is the
first crystallizing phase, and is approximately 25% of the rock modally, occurring as
anhedral, cracked grains, 0.7-1.5 mm in size (Plate 3.32). The olivine grains exhibit both
subophitic and ophitic relationships with plagioclase and appear to have both co-

crystallized and post-crystallized relative to the olivine grains. Two textural types of
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plagioclase are observed within the Type 2 dykes, including: 1) pristine, elongate,
euhedral grains of plagioclase, 0.5-2.5mm in size, which are subhedral only near olivine
crystals where they conform in co-crystallizing manner; and 2) 0.25-0.5cm post-cumulus
sheet-like, anhedral grains which completely surround the olivine crystals. In total both
types of plagioclase comprises approximately 40-45% of the rock.

Clinopyroxene grains fully or partially enclose all other mineral grains, including
sulphides (e.g. Plate 3.33). Most of the clinopyroxene exhibits very high violet to blue
birefringence and has a slight pinkish pleochroism suggesting that it may be Ti-rich.
Clinopyroxene composes approximately 10% of the rock and is found in 0.5-4mm post-
cumulus grains that are irregular in shape and anhedral (Plate 3.33). Larger
accumulations of clinopyroxene are located in the region of sulphide minerals where they
mantle the larger sulphide grains and have smaller sulphide grains enclosed within them;
however, some of these larger sheets appear to have been thermally eroded by the
sulphide grains (Plate 3.33