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Abstract 

The Paleoproterozoic Torngat Orogen of northern Labrador welds the Nain and 
Rae Archean cratons. A suite of calc-alkaline metaplutonic rocks has been identitied in 
the Voisey·s Bay area and these rocks are believed to represent a southern extension of 
similar metaplutonic rocks identified along the some 500 km length of the orogen. In 
addition the ore-bearing troctolites of the recently discovered Voisey's Bay Ni-Co-Cu 
deposit are located within the metaplutonic suite. 

This study involves detailed geology. geochemistry. isotopic composition and 
geochronology of the Paleoproterozoic metaplutonic suite in the Voisey·s Bay are. To 
determine: ( l) the petrogenesis of the metaplutonic rocks and constrain the 
Paleoproterozoic tectonic setting of the region: and (2) the role of the metaplutonic rocks 
in crustal contamination of the Voisey · s Bay troctolitic intrusion and the genesis of the 
~i-Cu-Co deposit. 

The Paleoproterozoic metaplutonic rocks arc a relatively undifferentiated. matic to 
intermediate calc-alkaline batholith. The rocks have been metamorphosed to upper 
amphibolite or granulite facies and interleaved with newly discovered sulfide-rich 
pamgneisses. amphibolite and meta-anorthosite. Recent mapping of this thesis shows that 
the metaplutonic suite covers a sizeable geographic area encompassing most parts of the 
Voisey·s Bay ~i-Cu-Co ore system. Two samples give ages of 1893 • 1- 1 Ma and 1890 
-- 2 y{a by lJ-Pb zircon Tl:vtS geochronology. Based on LAM-lCP-MS. one of these 
samples contained inherited zircon cores. some 50-100 Ma older than the igneous 
population. but no Archean cores were found in this sample of the two others. Meta­
tonalite rocks of this suite probably form during a slightly younger magmatic event dated 
at 1883 - - 5 Ma . .-\II the compositions are enriched in relative amounts of Ba. Sr. Rb. Zr 
and Hf: and have negative :--.Ib-Ta anomalies. This trace element chemistry ofthe rocks is 
distinctive and markedly similar to the Voisey's Bay deposit. specifically in possessing 
Th-C and :--.Ib-Ta depletions and exhibits elevated La~ Sm ratios ( 2. 92 to 11.02) with a 
range ofTh·~b ratios ( 0.004 to 1.065). The sulfur content of the metaplutonic suite 
reaches levels of 0.1 weight percent. Their REE patterns exhibit fractionation of LREE 
relative to HREE. with the extent of fractionation increasing with silica content. The 
f:~d.t ~'~~J :-.ta1 values for the samples range from ~0.13 to -5.3. The Pb isotopic ratios were 
15.160-15.834 tor :UbPb::04Pb and 15.000 to 15.145 for 107Pb/104Pb and suggest that the 
contaminant formed in the lower crust. When calculated to the age of the Voisey's Bay 
troctolite intrusion. the Paleoproterozoic metaplutonic rocks define two distinct isotopic 
groups: an enriched group with &:--.Id. u:o :'-Ia• of - 11.1 and - 11.2. s7Sr/~6Sr1 u:o M3l ratios 
between 0.7032 and 0.7050 and !l* values of 7.66 to 7.77: and a more depleted group 
which exhibits &~'-L u:o :'-131 values between - 2.8 to -6.8. !i .,.Srt'~6Sr1 uzo :-.t31 ratios between 
0.7038 and 0.7041 and !l* values 7.75 to 7.98. 

Yleta-gabbro to meta-quartz diorite compositions of this suite defines a magmatic 
series that probably evolved through fractional crystallization. The meta-tonalites formed 
during a slightly younger magmatic event and the increasing fractionation of LREE to 
HREE suggests the meta-tonalites had more residual garnet in their source regions than 
did other members of the suite. The range in &Nd.ts'}() Ma1 suggests interaction between the 
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primary magmas and continental crust. The Pb isotopic values suggest that the 
contaminant formed in the lower crust. A model for the metaplutonic suite is presented in 
which the meta-gabbro to meta-quartz diorite series framed by partial melting of the 
mantle wedge and interacted \Vith crustal contaminant either in the source or lower crust. 
The meta-tonalites were derived by partial melting of subducting oceanic crust. Crustal 
genesis by both slab melting and wedge melting in the Paleoproterozoic may mark the 
transition from Archean to post-Archean processes. 

ln terms of the role of the metaplutonic suite in the crustal contamination and 
genesis of the Voisey·s Bay ~i-Cu-Co deposit. The trace element and isotopic data of the 
Voisey·s Bay troctolitic intrusion and mineralized conduit rocks can be most readily 
explained by 5-l 0 percent contamination of a picritic basalt magma with the enriched 
group of the metaplutonic rocks. Contamination by the Tasiuyak paragneiss produced 
more subtle effects on the compositions of the intrusion. This new evidence indicates that 
the Paleoprotcrozoic metaplutonic rocks played a key role in the crustal contamination of 
the \"oise~(s Bay intrusion. which may have led to sulfur saturation and precipitation of 
sulfides. Metaplutonic contamination may be an essential element in the formation of 
similar deposits in the region and elsewhere. 
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Chapter 1 

Introduction and Background 

1.1 l~TRODt:CTIO:S 

The discovery of the troctolite-hosted. Voisey·s Bay ~i-Cu-Co sulfide deposit in 

1994 unleashed a new interest. and intlux of activity into the area of ~onhem Labrador . 

.-\t the time of discovery. there was limited research on this type of deposit and as a result 

its genesis was poorly understood (Ryan. 1995: ~aldren et al.. 1996 ). Subsequent work 

led to a genetic model in which crustal contamination of the matic magma plays a key 

role in sultide saturation and precipitation 1 i.e. ~aldrett et al.. 1996: :\melin et al.. .:!000: 

Li ct al. 2000). Current interest is in defining the detailed processes and components 

involn:d in the crustal contamination and. more broadly. understanding the tectonic. and 

magmatic history of ~orthem Labrador. 

The present study focuses on the geology. geochemistry. isotopic composition and 

geochronology or the Paleoproterozoic metaplutonic rocks that host the ore-bearing 

troctolites of the Voisey·s Bay area. The aim of this study is two-fold: ( 1) to understand 

the petrogenesis of the metaplutonic rocks in hopes of constraining the Paleoproterozoic 

tectonic setting of this region: and ( 2) determining the role of the metaplutonic rocks in 

crustal contamination of the \ ·oisey·s Bay troctolitic intrusion and genesis ofthe ~i-Cu­

Co deposit. 

This chapter is the background and framework for the remainder of the thesis. The 

regional geology of the area is introduced. tollowed by a presentation of the outstanding 
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problems and previous studies in the area. ~exL the goals of the thesis are presented. and 

a brief description of the field and laboratory methodology is reviewed. This is followed 

by a brief summary of the main chapters. 

1.2 REGIO~AL GEOLOGY 

The regional geology of Labrador is of panicular imponance because of its long 

geologic history. spanning O\·er 3.5 Ga. and the variety of magmatism and tectonism that 

formed there. This section is a brief overvie\v of the geological framework of Labrador. 

with descriptions focussing on the tectonic and magmatic development of the area. 

1.2.1 Geologic Framework of Labrador 

The geology of Labrador encompasses 5 major structural provinces and covers an 

area greater than 250.000 km.: preserving rock units that span from ca. 3 .8 to 0.6 Ga 

ifigure !.land 1.2: Wardle. 1995). This section will focus on the major components that 

make up Labrador and a subsequent section will deal in detail with the geology of the 

\ ·oisey· s Bay area. 

The Superior and ~ain provinces preserve the oldest knov1m rock units. which are 

bounded by the Paleoproterozoic mobile belts of the Makkovik and Churchill province 

{Wardle. 1995). The Superior province accounts only for a small amount of western 

Labrador. comprising mostly metasedimentary gneisses. onhogneisses. mafic and 

granitoid plutons (james. 1993: 1995). 

Lying to the south of~ain province is the triangular-shaped Makkovik Province. 

The nonhero pan of the Makkovik pro\ince consists of reworked equivalents of the Nain 
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PrO\·ince. while the southern pan comprises accreted. juvenile volcanic and plutonic 

rocks intruded by syn-and post-orogenic granites (Wardle. 1995). 

The Grenville province is a signiticant portion of southern Labrador. and truncates 

the Churchill. Superior and Makkovik province. leaving a residual mobile belt referred to 

as the Labrador orogen (Rivers et al.. 1989: Wardle. 1995). This province is dominated by 

high-grade metasedimentary gneisses. sedimentary rocks (siliciclastic and carbonaceous). 

metamorphosed tonalites-granitoids and their gneissic equivalents. felsic volcanics. 

granitoids plutons. anorthosite-mangerite-charnockite-granite suites and matic dyke 

swarrns ( Kamo et al.. 1989: Rivers et al.. 1989: Gower et al.. 1995: Rivers. 1997). The 

orogenic suites and juvenile Labradorian crust that forrn the Grenville province was 

subsequently thrust over the basement rocks ca. l 000 Ma (Gower et al.. 1995: Rivers. 

1997). 

The :'\ain province comprises a large portion of central-northern Labrajor and is 

divided into 2 main blocks: 1) the Saglek block to the north (>3.85-3.1 Ga): and 2) the 

Hopedale block to the south (ca. 3.2-2.8). These blocks are interpreted to represent 

separate Archean cratons. \vhich appear to have different geological and metallogenic 

histories. The Saglek and Hopedale blocks were not thought to have been juxtaposed until 

the Late Archean (Connelly and Ryan. 1996). Evidence ofthe suture between them has 

been obscured by the ~lesoproterozoic intrusion ofthe ~ain Plutonic Suite. The Saglek 

block is dominantly a terrain of upper-amphibolite to granulite tacies quanzo-feldspathic 

gneisses. The Hopedale block is dominantly greenschist to amphibolite facies quanzo­

feldspathic gneisses containing extensive metavolcanic supracrustal rocks. This terrain 
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contains two distinct northeast trending greenstone belts. the Florence Lake and Hunt 

River (Wardle and Wilton. 1995 ). 

The southeastern Churchill Province is situated between the ~ain and Superior 

Provinces and includes a core of remnant Archean rocks originally termed the Rae 

Province (Hoffman. 1988 ). though now is referred to as the .. core zone ... The core zone is 

bounded to the west by the ~ew Quebec Orogen and to the east by the Tomgat Orogen 

(Taylor. 1979: HotTman. 1990: Wardle and Wilton. 1995: James et aL. 1996a). The ~ew 

Quebec Orogen welds the Churchill province to the Superior Province and is composed 

predominately of low-grade metavolcanic and metasedimentary rocks (HotTman. 1988: 

\Vardle et aL. 199 5 ). The Rae Province contains reworked Archean gneisses. 

Paleoproterozoic supracrustal rocks and deformed gr.mitic plutons ( 1.83-1 .81 Ga. Wardle 

et al.. 1995). The Torngat Orogen dominantly consists ofPaleoproterozoic supracrustal 

rocks. reworked Archean granitoid gneisses. and variably deformed granitoid gneisses 

(\\"ardle et al.. 1995: van K.mnendonk and Wardle. 1996). The collision began at -1880 

~la and post-collisional tectonism and metamorphism lasted until -1740 Ma (8eruand et 

al.. 1993: van Kranendonk and Wardle. 1996). The Abloviak shear zone marks the last 

collisional movement of the two cratons between 1845-1820 Ma (van Kranendonk. 

1996). 

The Mesoproterozoic was marked by extensional tectonism and the intrusion of 

anorthositic-mangerite-charnokite-rapikivi granite complexes ( AJvlCG) into the Nain. 

Churchill and Grenville Provinces of ~orthem and central Labrador ( R van et aL. 1995: 

Emslie et aL. 1994: \Vardle. 1995 ). 
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1.2.2 Tectonic and Magmatic Evolution 

The tectonic evolution of Labrador. particularly the northern segments. is 

~ignificant for this thesis in terms of constraining the processes that formed the 

Palcoproterozoic metaplutonic rocks. In addition. the genesis of mineralization (i.e. ~i­

Cu-Co deposits) is undoubtedly linked to magmatism and tectonism in the area. For these 

reasons a brief overview of the tectonic and magmatic evolution of the ~ain Province 

(with emphasis on the northern segments). the eastern Churchill Province. the Torn gat 

Orogen and the ~ain plutonic suite is given below. 

1.2.2.1 Tectonic and ~lagmatic Evolution of the ~ain Province (pre-Torngat 

Orogen) 

The ~ain Province (cf. Taylor. 1971) contains some ofthe oldest continental crust 

on Earth (ca. 3.9-3.7 Ga: Collerson. 1991 ). Consequently the geology ofthis area is better 

documented than much of Labrador. It has been proposed that the Nain Province 

represents a heterogeneous collage of Archean terrains. each recording a different 

magmatic. sedimentary. tectonic and metamorphic history prior to assembly at 2.7-2.8 Ga 

( Schiotte et al.. 1990 ). This section will focus on the evolution of the Nain province prior 

to the ca. 1880 development of the Torn gat Orogen (Bertrand et al.. 1993 ). 

There are two main blocks that constitute the Nain Province. the Saglek and 

Hopedale (Figure 1.3 ). The Saglek block is older. and thus has a longer geologic history 

( > 3.2-2.5 Ga). including the preservation of very old zircon cores in Nanok gneisses(> 3.9 

Ga. Schiotte et al.. 1989a: Co Herson. 1991: Connelly and Ryan. 1992, 1994 ). The Saglek 

block preserves metamorphic conditions at the level of upper amphibolite to granulite 
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facies. Besides the ~anok gneisses. another very old unit is the ca. 3.8 Ga Nulliak 

:mpracrustal sequence. The ~ulliak are intruded by and likely related to the 3732 +I- 6 Ma 

L'ivak 1 gneisses (Schiotte et al.. 1989: ~utman et aL. 1989: ~utman and Collerson. 

1991 ). Following metamorphism and migmatization of the Uviak 1 gneisses. the igneous 

precursor of the Uivak II gneiss formed at ca. 3620 Ma (Schiotte et aL. 1989a. b. 1990) . 

. -\ll of these unites (~anok. ~ulliak. Uviak I and ll) were subjected to ca. 2.8-2.7 Ga 

regional scale granulite facies metamorphism (Schiotte et al.. l989a. b. 1990). 

The Hopedale block is generally younger (ca. 3.3-3.2) than the Saglek Block and 

preserves metamorphism at grades of amphibolite rather than granulite facies (Wardle 

and Wilton. 1995). The oldest components are the 3105..;-:_2 Ma Hunt River Group. the 

3258-- 24 Weekes Amphibolite and the ca. 3105 Ma Maggo gneisses (Ryan. 1984: 

Ermanovics 1993: James et al.. 1996b. 1997: James. 1997). The Weekes amphibolite 

forms small enclaves in the Saglek block. they also occur in the Hopedale Block but in 

lesser amounts ( \Vardle and \Vilton. 1995). The Hunt River group comprises a 

·greenstone· belt. dominated by metagabbroic and metavolcanic rocks. Sheets of 

amphibolite. thought to represent dykes. intruded into the Maggo gneisses and are called 

the Hopedale Dykes ( Ermanovics. 1993 ). The block experienced a regional. 

metamorphic. migrnatitic and deformational event ca. 3.1-3.0 Ga. which is considered to 

be part of the Hopedalian structural event (Finn. 1989: Ermanovics. 1993 ). Subsequent to 

this tectonism. the Florence Lake greenstone belt formed between 3002 ..._1-2 and 2979 Ma 

( Ermanovics. 1993 ). lt consists dominantly of mafic tlows. pillow lavas and mafic 

subvolcanic intrusives (Brace and Wilton. 1991 : Wardle and Wilton. 1995). Both the 

Florence Lake and Hunt River belts were intruded by the Kanairiktok lntrusive suite of 
1-6 



tonalite-trondjhemite-granodiorite rocks from 2858 +/-4 Ma to 2383 Ma (Ermanovics and 

Raudsepp. 1979: Loveridge et al.. 1987: Ermanovics. 1993 ). The region was then 

subjected to large-scale deformation and metamorphism in the Fiordian event from 2825 

~ - - 20 Ma to ca. 2550 Ma (Finn. 1989: Ermanovics. 1993: Wardle and Wilton. 1995). 

Though they are distinct blocks. there is evidence to suggest a possible genetic 

link between the Saglek and Hopedale prior to amalgamation. The volumetrically minor 

3200-3260 Ma Lister gneisses of the Saglek block (Schiotte et al.. 1991) could represent 

the same magmatic event as the ca. 3260-3100 Ma Maggo gneisses of the Hopedale block 

<Loveridge et al.. 1987: Schiotte et al.. 1991 ). Crustal processes in the Archean are not as 

wdl dctined as those in the Phanerozoic. and it is thus difticult to determine how closely 

the amalgamation of these terrains resembled present day crust-forming events. It is clear. 

however. that prior to amalgamation the Hopedale and Saglek blocks had largely different 

histories. 

Following collision of the Saglek and Hopedale block between 2578 + /- 3 Ma and 

2549 - ·- 3 Ma: the t\VO blocks shared the same history. which included widespread 

deformation and metamorphism. and emplacement of matic dykes and mylonization 

(Connelly and Ryan. 1994). There \Vas also a period of dyke swarm activity. which 

included the emplacement of ca. 2450-2200 Ma ~apaktok and Domes dykes into the 

Saglek block. and the ca. 2235 - ·- 2 Ma Kikkertertevak dyke swarm into the Hopedale 

block ( Ermanovics et al.. 1989: Ermanovics and van Kranendonk. 1990: Ryan. 1990a. 

Cadman. et al.. 1993: Ryan et al.. 1995). The Saglek block was then intruded by less 

abundant. tluorite-bearing granites between ca. 2.1 to 2.0 Ga (Emslie and Loveridge, 
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1992). Subsequently. the block was imruded by anonhosites. granites and basic dykes 

from2135-2045 Ma(Ryanl!tal. 1997.1998: Hamilton.1997; Hamiltonetal.. 1998) 

Following this magmatic activity ca. 2.0 Ga. there was a period of erosion and then 

deposition of supracrustal rocks. The nonhero ~ain craton (Saglek block) was buried 

beneath the sl!dimemary and volcanic rocks of Ramah. Mugford and Snyder Groups 

(Smyth and Knight. 1978: Wardle! and Wilton. 1995: Hamilton. 1994). On the southern 

~ain craton (Hopedale block). deposition of sedimentary and matic volcanic rocks of the 

\-loran Lake. Ingrid and Lower Aillik Group occurred (Gower et al.. 1982: Ryan. 1984: 

Errnanovics. 1993: \Vardle and Wilton. 1995). 

1.2.2.2 Tectonic and \lagmatic E\·olution of the Eastern Churchill Province and 

Torngat Orogen 

The southeastern Churchill Province and the Tomgat Orogen are of regional 

imponance for several reasons. namely (a) they shed light on the tectonic evolution of the 

area. !b) they may have played a role in the formation of the ~ain Plutonic suite. and (c) 

Paleoproterozoic structures of the Churchill Province and Tomgat Orogen may have 

comrolled the location of the Voisey·s Bay deposit during the Mesoproterozoic (Evans­

Lamswood. 1999. Evans-Lamswood et aL. 2000). 

The southeastern Churchill Province formed during the oblique collision ofNain 

and Superior cratons during the Paleoproterozoic. lt is considered a composite terrane of 

strongly reworked .-\rchean and Proterozoic rocks. with three main divisions: ( 1) a central 

terrane of reworked Archean gneisses termed the core zone: (2) the New Quebec Orogeny 
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which welds the Rae Province to the Superior craton and (3) the Tomgat Orogen. which 

welds the Rae province to the ~ain craton (Wardle et aL 1995). 

The Tom gat Orogen represents a north-south trending. deeply exhumed root of 

the transpressional collision between the ~ain and Churchill (Rae) Provinces (Korstgaard 

et al.. 1987: ~lengeL 1988: \Vardle et al.. 1990: van K.ranendonk et al.. 1994: van 

Kranendonk and \Vardle 1997). The orogen comprises four major domains which are 

from west to east: the Lac Lomier complex. the Burwell Domain. a reworked part of the 

:"\ain Pro\·ince that forms some of the Tomgat foreland. and the Tasiuyak gneiss complex. 

(Figure 1.3. \Vardle et al.. 1995). 

The Lac Lomier complex is dominantly composed of Archean granitoid gneisses 

interlaycred or mixed with Paleoproterozoic supracrustal rocks ( L:~ke Harbour Group). It 

was intruded by now-deformed and metamorphosed orthopyroxene-bearing tonalite to 

granodiorite plutons. Similar metaplutonic rocks are present in the Tasiuyak gneiss 

complex. (van Kranendonk and Ermanovics. 1990: Ermanovics and van Kranendonk. 

1990: van Kranendonk et al.. 1992 ). 

The nonhero segment of the Tomgat Orogen is structurally complex. due to the 

presence of the wedge-shaped Burwell Domain. This domain is composed dominantly of 

Paleoproterozoic (meta) plutonic rocks of calc-alkaline composition that intrude pelitic 

gneisses similar to the Tasiuyak Paragneiss. The rocks vary from east to \vest across the 

domain. In the western section of the Burwell domain. the metaplutonic rocks are an 

extensive package of orthopyroxene-bearing tonalite to granodiorite (referred to as 

charnockitic ). which formed between 1985- 1869 Ma with peak magmatism occurring at 

1895- 1885 Ma (Scott_ 1995b: Scott and Machado. 1995). They are preserved as tectonic 
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slices. or intrusive sheets. although contacts are often obscured (Campbell. 1997). and 

they are rerrogresst:d from granulite to amphibolite facies. The eastern metaplutonic rocks 

were intruded into the eastern Burwell domain between 191 0-1864 Ma (Scott and 

\iachado. 1995). They are mildly deformed. homogenous bodies. ranging in composition 

from dioritic to granodioritic with a few granitic rocks. Surviving orthopyroxene is 

commonly rimmed by amphibole (CampbelL 1997: Scott. 1998 ). 

The third domain is the western ~ain Province within the Torngat Orogen. which 

is composed dominantly of :\rchean migmatitic. granulite facies tonalitic orthogneisses. 

The gneisses are intruded along their western margin by the Paleoproterozoic Hutton 

anorthosite body and by metaplutonic rocks similar to the Bunvell Domain (van 

K..r.mendonk et al.. 1992: Wardle et al.. 199-+: Wardle et al.. !995 ). These gneisses. along 

with interleaved Hutton anorthosite and the Paleoproterozoic metaplutonic rocks present 

on the western margin of the ~ain Province. were deformed in the Kormaktorvik shear 

zone. which represents intense deformation ca. 1791-1710 Ma. primarily between 1798-

I -:.'40 \'la (van Kranendonk and Scott. 1992: Benrand et al.. 1993: Scott and Machado. 

1995 ). This shear zone is interpreted as either a tectonic boundary between the western 

margin of the ;..;ain pro\·ince and the 8Uf\~;ell domain (Hoffman. 1988. 1990). or as a 

long-li\ed crustai weakness within the ~ain Pro\·ince that was reactivated during the 

T orngat Orogeny (Scott l995b. van Kranendonk and \V ardle. 1996 ). 

The Tasiuyak gneiss complex is dominated by an extensive package garnet-

sillimanite-biotite-graphite bearing metasedimentary (pelitic) paragneisses. which are 

locally sulphide-rich (Wardle. 1983 ). This unit extends the length of the Torngat Orogen 

and was deposited after 1940 Ma and prior to 1895 Ma: it has been interpreted as a lateral 
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equivalent of the Lake Harbour Group (van Kranendonk et al.. 1992: Scon and Gauthier. 

1996 ). It has also been suggested that the proto lith of the Tasiuyak paragneiss was 

derived from a sequence of turbidites. with a source of mixed Archean and Proterozoic 

age: this source was different than either of the sources for the Lake Harbour Group or the 

Ramah Group (van K.ranendonk and Wardle. 1996 ). Evidence from the southern part of 

the orogen suggests deposition ofthe Tasiuyak precursors on the eastern margin of the 

Rae craton ( \Vardle 198-t: Feininger and Ermanovics. 1994 ). while in the north it has been 

suggested that the Tasiuyak represents off shore trench deposits along the Nain craton 

(Scott and Machado. 199-t ). Based on ~d isotope and age dating, it has been suggested 

that the Tasiuyak gneiss represents an accretionary prism that may have formed on both 

the Rae and ~ain cratonic margins. and were subsequently juxtaposed (Scott and 

\lachado. 199-t: Theriault et al.. 1994: Theriault and Ermanovics. 1997: van K.ranendonk 

and Wardle. 1996. 1997). South ofthe Burwell Domain. the Tasiuyak paragneiss is 

intruded by nmv-deformed. Paleoproterozoic (c. 1880 Ma). calc-alkaline orthopyroxene-

bearing metaplutonic rocks. ranging in composition from tonalite to granodiorite. The 

metaplutonic suite has been referred to as the enderbite suite (van K.ranendonk and 

Ermanovics. 1990: Bertrand et al. 1992. Theriault and Ermanovics. 1997), interpreted to 

represent the deep roots of a magmatic arc that extended northward. including similar 

calc-alkaline rocks in the Burwell Domain (Wardle et al.. 1992: Campbell. 1997). The 

Tasiuvak !!neiss is coincident with the Abloviak shear zone over most of its leneth. The - - -
Abloviak is a major. granulite facies. sinistrial shear zone that formed ca. 1845- 1822 

I Bertrand et aL 1993 ). It is interpreted as the focal point of collisional deformation and 

within the shear zone forms a homogenous unit ofmylonized rock (Wardle et aL. 1995). 
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The Torngat Orogen developed o\·er a period of 130 million years. The early 

stages of the Tom gat Orogen began with the onset of calc-alkaline magmatism at 1910-

1840 :Vta. which is interpreted to be arc related (Beruand et aL 1993: Scott. l995a. Scon 

and Machado. 1995: Campbell. 1997). This \Vas followed by crustal thickening and nappe 

tectonism as a result of continental collision ofthe ~ain and Churchill provinces at 1870-

1853 Ma lBertrand et al.. 1993: Scott and Machado. 1995: Scott 1995a. b). During 

continued oblique collision. resulted in the onset of granulite facies. sinistrial. 

transpressional tectonism. which developed two major shear zones. The Abloviak shear 

zone is a sinistrial. transcurrent shear zone. which formed ca. 1845-1820 Ma and is 

believed to mark the present day location of the ~ain-Churchill boundary (Bertrand et al.. 

1993 ). The less extensive. Kormaktorvik shear zone is an oblique-sinistrial shear zone 

that was mainly active from 1798 to I 740 ~Ia (Bertrand et al.. 1993. Scott. 1995a). The 

reworked .-\rchean ~ain gneisses in the Abloviak shear zone boundary were intruded by 

ca. 1806 granitoid stocks ( Beruand et al.. 1993 ). During crustal thickening there was the 

development of east-verging fold and thrust belts within the Ramah Group and :"!ain 

Province basement (Caton and Jamison. 1992. 1994). A thin mylonitic zone formed 

during re-activation of the ~ain-Tasiuyak gneiss boundary zone (primarily in the central 

and southern areas) ca. 1794-1786 Ma (van K.ranendonk and Wardle. 1996 ). This 

boundary zone was subjected to large scale uplift and thrust faulting, particularly. sub­

verttcal. west-side up. crustal faults during the Iauer stages and subsequent cooling of the 

orogen ( ~lengel et aL 1991: Bertrand et al.. 1993: van Kranendonk and Wardle. 1996 ). 
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1.2.2.3 The ~ain Plutonic Suite- :'\'lagmatic Evolution and Genesis 

The Nain Plutonic Suite (~PS) forms a volumetrically significant (-19. 000 kmz) 

igneous province in Labrador. The association of the Voisey's Bay Ni-Cu-Co deposit 

with troctolitic components of the ~PS warrants an overview of its characteristics and 

ongm. 

Ryan and Morse ( 1985) introduced the name ~PS for the composite suite of 

dominantly anorthosite and granite with subordinate troctolite and diorite intrusions that 

were spatially and temporally related ( 1350-1290 Ma) in Labrador. Pioneering, early 

work on the ~PS was carried out by E.P. Wheeler II and forms the basis of the present 

understanding of the geologic units (Wheeler. 1942. 1960 ). This work was extended by 

S.E. ~torse during the ~ain Anorthosite Project. which focussed on the Nain area from 

1971-198 1. and with his contributors (1. Berg. R.A. W cibe. R.F. Emslie) produced a 

~onsiderable amount of knowledge. More recently the work of B. Ryan has provided a 

synthesis and more detailed subdivision of the ~PS. while M. :\. Hamilton has provided 

much needed geochronological information. Since the discovery of the Voisey's Bay 

deposit. there has been a substantial amount of new information generated by government 

surveys and exploration companies active in the area. 

:'vluch of this work has resulted in the definition of tour major components of the 

~PS and in detail. numerous specific intrusion or intrusive complexes. The four main 

subdivisions are: 1) anorthositic rocks: 2) granitic rocks: 3) ferrodioritic rocks: and~) 

troctolitic rocks (Ryan. 1990b. 1995). 

The anorthositic rocks are volumetrically significant and form over several hundred 

plutons in the ~PS. These rocks are predominately plagioclase cumulates with 
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intercumulus onhopyroxene. and range in composition from anonhosite to leuconorite 

with minor localleucogabbro and leucotroctolite (Ryan. 1995). These plutons reflect an 

amy of emplacement styles from solid state diapirs with foliated margins. to magmas that 

crystallized in situ with preserved sub-ophitic textures (Emslie. 1975; Ryan et aL 1995~ 

Ryan. 1995 ). Examples from this group are: the Mount Lister Intrusion. Kikkenavak 

Island pluton. Pearly Gate Intrusion. and Bird Lake Massif. 

The granitic rocks are comparable in volume to the anonhositic units. They are 

similar to rapikivi granites of Finland (Emslie and Stirling. 1993). which likely formed 

from high temperature. water-poor magmas. Older intrusions are generally fayalite- and 

orthopyroxene-bearing quartz monzonite. while younger intrusions are hornblende-biotite 

granite 1 Emslie et al.. 1994~ Ryan et al.. 1995). Examples of these intrusions include the 

\'lakhavinekh Lake pluton. Dog Island granites and Umiakovik Batholith. 

The tcrrodioritic rocks arc dominantly small plutons and dykes. and are interpreted 

to represent the residual liquids from the anorthosite crystalization (Wiebe, 1990~ Emslie 

et aL 1994~ Hamilton. 1997). These rocks exhibit a range of textures from well-layered. 

cumulate to massive plutons. while others form pillov.rs. interpreted as near-liquid 

compositions in granitic rocks (Wiebe. 1980~ Wei be. 1990~ Emslie et al.. 1994 ). 

Examples of these intrusions include the Ukpaume intrusion. the Cabot Lake intrusion 

and the Tigalak intrusion. 

The troctolitic group is dominated by layered plutons of troctolite with minor 

olivine gabbro (Ryan. 1995; Ryan et aL 1995). The Kiglapait is the best known example 

I Morse. 1969 ). lt is a funnel-shaped intrusion that contains recognisable floor cumulates 

and down\vard-crystallized roof sequences (Morse. 1969; Ryan. 1995; Ryan et al., 1995). 
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Other examples are the Hettasch intrusion. the Barth Island intrusion and the Voisey' s 

Bay troctolite intrusion. 

The ~PS intruded in a series oftemporally distinct pulses (Ryan et al.. 1991 ; 

Hamilton. 1997). Magmatism began in the west and migrated eastward (Berget al.. 1994) 

lasting from ca. 1350-1290 Ma (Ryan and Emslie. 1994). The currently accepted model 

was proposed by Emslie et al. ( 1994) to explain the formation of the NPS and most 

.-\MCG suites in general. based on field. geochemical and isotopic data. The model 

~ontends that formation of the ~PS occurred in an anorogenic. upper mantle-lower crustal 

area associated with basaltic mantle plumes or 'hot spots'. The granitoid rocks are 

believed to be the oldest members ofthe suite . .-\s they formed by partial melting. their 

separation from lower crustal source region as magmas left a hot lower crustal pyroxene­

plagioclase rich residue depleted in SiO~. K. Rb. Ba. Zr. Pb. U and REE and enriched in 

Ca. AI. Sr. Eu and Ti (Emslie and Hegner. 1993: Emslie and Stirling. 1993: Emslie et al.. 

1994 ). Subsequent mantle-derived basalt magmas became contaminated by this residue. 

which was easily melted due to its already high temperature (Emslie et aL 1994). The 

result was the production of plagioclase-rich anorthositic magmas. which would have 

been very buoyant and readily rose to high crustal levels. Fractionation of the anorthositic 

magma resulted in production of Fe-rich residual liquids that were denser than the 

anorthosites. and thus easily separated from them (Emslie et al., 1994 ). These Fe-rich 

liquids would intrude as bodies of terrodiorite and troctolite. 
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1.3 PRESENTATION OF STUDY AREA- VOISEY'S BAY, LURADOR 

1.3.1 Introduction 

The Voisey·s Bay area of Labrador is characterized by the tectonic contact 

between the ~ain-Churchill Provinces and the intrusion of the Nain Plutonic Suite. which 

hosts the Voisey·s Bay ~i-Cu-Co deposit. This section presents a brief introduction to the 

localized geology of the study area. addresses previous work and outlines outstanding 

problems. 

1.3.2 Pre\·ious \Vork and Outstanding Problems 

Prior to the discovery of the Voisey·s Bay deposit. little was known about the 

geology ofthe Voisey·s Bay area. Ryan and Lee ( 1985) had regionally mapped the area 

and. in combination with data from Wheeler ( 1942.1960) and Morse ( 1969). Ryan ( 1990). 

created a regional map. Since the discovery of the deposit. much research has focused on 

the deposit and the derivation of a genetic model tor tormation of this type of ore. This 

research on the troctolitic intrusion and the associated deposit is described in detail by 

numerous authors (including. Ryan. 1996: ~aldrett et al. 1996: Evans-Lamswood. 1999: 

Li and ~aldrett. 1999: Evans-Lamswood et al. 2000). Most of the previous petrological. 

geochemical and mineralogical studies on the deposit and host rocks are addressed in the 

third chapter of this thesis. Panicularly notewonhy are studies by Lamben et al. (1999). 

Ripley et al. ( 1999). :\.melin et al. (2000). Ripley et al. (2000). Scoates and Mitchell 

(2000). Li et al. (2000). Brenan and Li (2000). ~aldrett et al. (2000a. b) and Lamben et 

al. (2000). 
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Though much insight has been gained with regard to the deposit and troctolitic 

bodies in the area. linle was known of the surrounding rocks. particularly the gneissic 

units. This left many questions surrounding the tectonic development of the area prior to 

emplacement of the ~ain Plutonic Suite. In addition. since the discovery ofthe Voisey·s 

Bay deposit. there have been no subsequent discoveries of any economically viable 

sultide deposit. which implies that though an general understanding of the genesis of 

these deposit types has been attained. there are still many unanswered questions. 

1.3.3 Brief Outline of the Local Geology 

ln the Voisey·s Bay area. three main gneissic units are recognised (Map 1. back 

pocket). To the east. are granulite facies. heterogeneous. quanzo-feldspathic gneisses 

alternating with amphibolitic and gabbroic gneisses. which are interpreted as Archean 

orthogneisses belonging to the ~ain Province. They have been cross cut by at least two 

sets of matic dykes. subjected to several deformational events. and contain numerous 

tectonic fabrics. To the west. lies the Tasiuyak gneiss complex comprising of interbanded 

garnet-sillimanite and sulphide-. graphite-bearing paragneiss that is pan of the Churchill 

Province. Between these two gneissic units. lies a belt of homogenous. metagabbroic 

through to metadioritic and metatonalitic. upper amphibolite to granulite facies. 

onhogneisses that are reterred to in this thesis as Paleoproterozoic metaplutonic rocks. 

This group includes the less extensive group of gneisses that have previously been 

retereed to as the enderbitic gneiss by Ryan (2000) and others: an explanation of the 

terminology is addressed in more detail in the subsequent chapters. These metaplutonic 

gneisses are interleaved and deformed with belts of anorthosite. amphibolite and various 
l-17 



metasedimentary units (dominantly quartzite and metapelite). The metasedimentary units 

are also particularly abundant along the margin of the eastern contact of the metaplutonic 

rocks with the Archean ~ain orthogneisses. 

Following collision ofthe ~ain and Churchill provinces. the gneisses of this area 

were intruded by the ~ain Plutonic Suite. Based on intrusive contacts and published 

geochronological data. the to flowing timing of intrusion is assumed. The volumetrically 

minor. Voisey · s Bay troctolitic intrusion with minor amount of gabbro was emplaced at 

1332 -- l Ma (Amelin et al.. 1999). This was followed by the extensive Makhavinekh 

granite. to the west of the study area. at 1322 --.. - I Ma l Ryan. 199l. Ryan et al.. 1991 ). 

The Ylakhavinekh granite was subsequently intruded by the lkadlivik anorthosite 

complex.. though the timing of this event relative to other intrusions is not known. 

Intrusion of the :\.-lushuau troctolite followed: it comprises a layered body of alternating 

leucotroctolite and melatroctolite with minor amounts norite. olivine norite and troctolite. 

The southern and central intrusive bodies straddle the contact between the 

Paleoproterozoic metaplutonic rocks and the adjacent metasedimentary gneisses. A 

leucotroctolite of this intrusion has been dated at 1317 Ma. while a melatroctolite layer 

was dated at 1313 ~la (:\.melin et al.. 2000). At the same time or afterwards. the western 

margin of the study area was intruded by extensive Kangek1ualuk Anorthosite. At 1305 

- - 0 .8 Ma. the Voisey·s Bay troctolite intrusion and the Kangeklualuk Anorthosite were 

intruded by subhorizontal. sheet-like bodies of granite and syenite. referred to as the 

\"oisey granitic suite (:\.melin et al. 1999). The detailed geometry of the Voisey•s Bay 

troctolite and the associated deposit is addressed in chapter three. 
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1.3.4 Thesis Goals 

This thesis presents a geological mapping. geochemical. isotopic and 

geochronological study of Paleoproterozoic metaplutonic rocks of the Voisey · s Bay area 

of Labrador. Canada (Map 1 ). The overall goals of this study are to define and 

characterize this belt of rocks in order to ( 1) identify their igneous origin and the tectonic 

processes involved in their formation: and (2) discern the role they may have played in 

~rustal contamination ofthe parental magmas ofVoisey·s Bay ~i-Cu-Co deposit. The 

thesis has been broken down into several components. which include: 

a) A tield and petrographic description of the lithological elements of the 

metaplutonic rocks. including a detailed field map of the area. in order to 

adequately describe the nature and distribution of the constituent units. 

b) Extensive geochemical (major and trace element). isotopic (Sm-Nd. Rb-Sr. 

Pb-Pb) analyses of the compositions of the metaplutonic suite to define 

variations \vithin and between units and geochemical constraints on formation 

ofthese rocks 

c 1 Geochronological data to provide information on the age of plutonic activity. 

the timing of tectonic activity in the area. and the age of potential 

contaminants or source rocks (through inherited zircon cores). 

d) Geological synthesis. combining all of these observations to construct a large­

scale tectonic evolution model of the Paleoproterozoic of northern Labrador. 
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1.3.5 Field Component of the Project 

The aim of the tield component was to provide a detailed ( l : 10 000) map of the 

Voisey · s Bay area. with particular attention to detining the distribution of gneisses in the 

area. The tield work was carried out in August. 1999 and from June to mid-August. :woo. 

with the logistical support ofVoisey·s Bay ~ickel Company. In addition to detailed 

geologic mapping. four drill core holes from Voisey's Bay ~ickel Company were logged. 

in order to assess variations with depth in units of the metaplutonic suite. Samples were 

collected tor geochemical. isotopic and geochronological analysis in order to characterise 

the lithological units in the area. with particular emphasis on the Paleoproterozoic 

metaplutonic rocks. 

lA :\IETHODOLOGY 

l..l.l Introduction 

The main goal of this study is to understand the origin of the Paleoproterozoic 

metaplutonic rocks. and to detine their implications tor Paleoproterozoic tectonism. In 

combination with geological mapping. several laboratory methods were applied to 

achieve this end. 

\-lajor and trace element geochemistry in combination with geochronology and 

radiogenic isotope studies (Sm-~·.rct. Rb-Sr. and Pb-Pb). provide a valuable means to 

address these problems. This study employs these studies. The tollowing is a brief 

discussion of the use and applicability of each of these methods. 
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1.4.2 ~lajor and Trace Element Geochemistry 

1.4.2.1 Introduction 

~tajor and trace dement geochemistry and provide insight into the petrological and 

petrogenetic magmatic history of plutonic rocks. The chemical composition and 

mint!ralogy of the parental source regions exen considerable control over the chemistry of 

ma!!Illatic rocks (Rollinson. 1993 ). This is also true of crustal contaminates in a magma. - -
This study evaluated the major element. trace element and rare-earth-element (REE) 

geochemistry oithe Paleoproterozoic metaplutonic suite. In order to (I) identify 

petrogenetic controls on the source region of igneous precursor of these rocks including 

any likely crustal contaminants: and ( 2) decipher the role the Paleoproterozoic 

metaplutonic suite may have played in contamination of the parental magma of the 

Voisey ·s Bay deposit. 

The geochemical analyses were carried out at ~emorial University of 

:'\ewfoundland. The major and trace element chemistry was completed by analysis of 

pressed-powder pellet by X-ray Fluorescence (XRF) using the method of Longerich 

( 19951. The trace element and REE element analyses were done by inductively-coupled-

plasma mass spectrometry ( ICP-MS) using the HF-~0: preparation method of Jenner et 

al. ( 1990). Anal)lical details (sampling protocol. elements analysed. analytical method 

and precision and accuracy) are given in Appendix A. 

1.4.2.2 Discrimination Diagrams 

Firstly. to interpret the geochemistry of these rocks. the major and trace elements 

were plotted on discrimination diagrams to identify particular geochemical affinities. 
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There exists a myriad of discrimination plots that are useful tor the classification of 

igneous rocks. Plots used in this thesis include: the QAP plot of LeMaitre ( 1989). the 

Anorthite-Albite-Orthoclase plot of Baker ( 1979). the AFM plot of lrvine and Barager 

( 1971 ). Jensen· s ( 1976) cation plot. and Pearce et al. · s ( 1984) Rb-Y +-Nb plot. Most of 

these plots were developed for basaltic rocks: hmvever. they can be applied to igneous 

rocks tor a relative understanding of the chemical behaviour. It is important to note. 

however. that not all the trends on discrimination diagrams are geologically meaningful 

(Rollinson. 1993 ). 

The QAP and Anorthosite-Albite-orthoclase diagrams are utilised to identify and 

characterise compositional variations within the metaplutonic suite. The AFM diagram 

and the cation plot are utilised to identify calc-alkaline versus tholeiitic trends in igneous 

rocks. The mobilisation of elements due to alteration is poorly represented on the AFM 

diagram. which is a concern for metamorphic rocks. The Rb-Y -Nb diagram separates 

syn-collisional and volcanic arc granites based on the relative amounts of these elements. 

:\s Rb is relatively mobile. this diagram is also susceptible to variations caused.by 

alteration. 

1.-1.2.3 Bh·ariant Diagrams 

Variations diagrams of SiO~ versus the major elements (Harker diagrams). trace 

elements and trace element ratios \vere utilised to visualise fractionation trends and 

magmatic relationships ofthe Paleoproterozoic metaplutonic rocks. 

[n this thesis. major element Harker diagrams \vere utilised. which included the 

following elements: AI~03. ~a~O. Fe20 3• K20. CaO. MgO. MnO. Ti02 and P20 5• 
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Selected trace elements and trace element ratios were also plotted against SiO:!, including: 

Ba. La. Rb. Sr. Nb. Eu. Y, Th. Ni. V. Sc and the ratios: Rb/Sr. La!Yb. LaJY, K:!O/Rb. 

These diagrams served to identify fractionation trends within the metaplutonic suite and 

signiticant chemical differences between the compositional units. 

As SiO:! is the most abundant element. the Harker diagrams can be subjected to 

talse trends based on silica. These include ( 1) negative trends that retlect an increase in 

silica relative to other minerals and are not a real fractionation trend: (2) deceptive 

correlations: and (3) reduced scatter as SiO:! increases. These limitations are out weighed 

by the ability of these diagrams to clearly identify chemical trends between compositional 

varying units. 

1.4.2.4 ~ormalized Rare-earth element and Multi-element Plots 

Trace elements arc more capable of discrimination between petrogenetic processes 

than major dements. and thus are useful indicators of the history of a magmatic suite. 

This is because distribution of trace elements in the crust can be mathematically modelled 

and ultimately utilised to identify geological processes (Rollinson. 1993 ). 

This study used a combination of chondrite. primitive mantle and MORB 

normalized REE diagrams and multi-element diagrams. to identify trace element 

signatures within the Paleoproterozoic metaplutonic unit. Primitive mantle and chondrite 

normalized diagrams were utilised for interpreting trace-element signatures and the 

relationship to other metaplutonic suites in the region. while MORa-normalized values 

were used for comparison with other similarly formed igneous rocks and tectonic 

environments. 
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The REE elements can be panicularly useful due to their similar chemical 

behaviour and 10\v mobility with alteration. The REE elements can also be expressed as 

the degree of fractionation. being the concentration of light REE ratioed to heavy REE 

( LaJYb ):-;_ in addition to normalized diagrams. The REE element pattern of an igneous 

rock is fundamentally controlled by the REE chemistry of its source and by the crystal­

melt equilibria. through its magmatic evolution (Rollinson. 1993 ). Thus it is possible to 

identify the roles of individual minerals on the REE pattern of a magmatic rock (i.e. 

extreme depletion in heavy REE is likely indicates the presence of garnet in the source 

region). 

Ylulti-element diagrams are based on the grouping of clements that are 

incompatible with respect to typical mantle mineralogy. Specitic element depletions or 

enrichments can characterise a specitic tectonic environment. For example. a ~b-Ta 

deplt:tion is characteristic of a subduction-zone component in the source region 

(Rollinson. 1993 ). and the lower continental crust is characterized by Th-U depletion. 

though this may retlect the loss of these elements during granulite facies metamorphism. 

\1ulti-element diagrams allow for discrimination between tectonic environments 

and comparison with modern analogues. The possibility for enhanced spikes allows for 

greater contrast in element behaviour than a simpler REE diagram. The similarities and 

differences between modern arcs and Paleoproterozoic arc magmas are imponant in this 

study for understanding the tectonic processes at work during the evolution of the region. 

Ylodern arc compositions are characterized by a pattern of increasing concentration with 

increasing element incompatibility. These diagrams are key to identifying characteristic 

of a source region or crustal contaminant. 
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I ..4.2.5 Effects of ~letamorphism on the Geochemistry 

The effects of metamorphism on the geochemical signature of a suite ofrocks are of 

panicular importance in this thesis. as the Paleoproterozoic rocks have undergone 

amphibolite to granulite facies metamorphism. Thus. it is likely that the chemical 

composition of the metaplutonic rocks is not identical to the protolith composition. 

It is possible to interpret the effects of metamorphism by comparing the chemical 

composition of metamorphosed rocks to their assumed igneous proto lith. Granulite facies 

metamorphism typically results in extreme large-ion-lithophile-element depletion (LILE: 

Heir. 1965. 1973 ). Thus multi-element plots that compare metamorphic rocks with 

equi\·alent igneous rocks can provide insight into the degree and effects of 

metamorphism. 

Another \vay of determining the extent of the LILE depletion is to compare the 

Rb .. K ratio of granulite facies rocks. This is a good indicator because Rb responds more 

sensitively to granulite facies metamorphism than K (Rudnick et al.. 1985: Taylor and 

\-lcLennan ). Lo\v potassium rocks ( < 1 wt. % ). in which biotite is the dominant Rb- and 

also K-bearing phase. show this association most readily because biotite easily breaks 

down during high grade metamorphism. resulting in a preferential depletion of Rb. Rocks 

that have higher potassium levels. in which K-feldspar is the dominant Rb- and K-bearing 

phase. are less sensith·e to the Rb loss because K-feldspar is more resistant to breakdo""n 

during high grade metamorphism. As a result low-K rocks show a preferential depletion 

in Rb, K ratios due to granulite facies metamorphism. than do high-K. K-feldspar bearing 

rocks. 
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Thus. one can interpret. measure and evaluate the effects of high-grade 

metamorphism on the chemical composition of the igneous precursors. These tests allow 

some degree of assurance when interpreting the geochemistry of metamorphic rocks. 

1 .4.3 Radiogenic lsolopes 

1.4.3.1 lnlroduclion 

Radiogenic isotopes are capable of providing valuable insights into the 

petrogenetic history of magmatic rocks. Isotopic data can also constrain the tectonic 

development of a region by highlighting the relationship between crust-mantle processes. 

crustal contamination and basemc:nt intluences (DePaolo. 1988). 

One: of the main foci ofthis study was determine what role the Paleoproterozoic 

metaplutonic rocks may have played in contaminating the Voisey·s Bay troctolite. and 

thus inducing the precipitation of sulfide mineralization. Radiogenic isotopes can be 

utilised to determine 1) the origin and extent of crustal contamination: and 2) assess the 

role of crustal contamination in mineralization. 

The other main objective of this study was to characterise these Paleoproterozoic 

metaplutonic rocks in order to determine their igneous origin. Radiogenic isotopes can 

help highlight sources of magmas: determine whether they result from mantle melting in 

a subduction zone or anatexis of Archean basement gneisses due to high-grade 

metamorphism. Isotopic data can also shed light on the overall geologic history of a 

terrane by dating the sequence of magmatic events. 
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The Sm-Nd and Rb-Sr analyses were carried out on the thermal-ionization mass 

spectrometer (TlMS) at ~1emorial University of~ewfoundland and the Pb-Pb analysis 

were carried out on a multi-collector mass-spectrometer (MC-ICP) at Universitie de 

Quebec a Montreal. Quebec. The analytical details (i.e. sample preparation. analytical 

method) are given in Appendix A. 

1.4.3.2 Sr Isotopes 

The Rb-Sr system \Vas developed as a method of determining the age of rocks and 

minerals but is also used as a tracer for petrogenetic processes (Rollinson. 1993 ). The Rb­

Sr system is based on the decay of 11-Rb to :<-Sr over time. measured relative to the 

unradiogenic ' 0 Sr isotope ( Faure. 1986 ). 

The ,-Sr: "~'Sr ratio of mantle source regions changes with time. thus knowledge of 

the initial :;-Sr:''0 Sr ratio at the stan of the earth is critical to modelling the evolution of 

this isotopic system. It is generally believed that the crust-mantle evolved from a uniform 

reservoir ( CR) with the Sr isotopic composition of basaltic achondrite meteorites 

(Rollinson. 1993 ). This Sr isotopic LR is referred to as BABl (Basaltic Achondrite Best 

Initial) and is defined as a s-Sr::s0Sr ratio of0.69897 - ·- 0.000003. w·hereas estimates for 

the bulk Eanh today vary between 0.7045 and 0.7052 (Rollinson. 1993). 

The evolution of this system during Eanh history is dictated by the fractionation 

of Rb and Sr during the crust-mantle formation. and by the isotopic ratios of the starting 

reservoir (Faure. 1986). Thus the time of the appearance of continental crust and depleted 

mantle plays a critical role in the isotopic modelling of Rb-Sr. The age of ca. 3.7 Ga for 
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the appearances of both continental crust and depleted mantle has been adopted by 

several authors to simplify the modelling (Faure. 1986: Rollinson. 1993 ). 

The Rb-Sr system ditTers from the Sm-~d system in that the parent-daughter 

dements are chemically different from each other and fractionate more strongly from 

each other during melting (Rollinson. 1993 ). Both Sr and Rb are lithophile. incompatible 

elements: however Rb is a group I (-1 valence) alkali metal whereas Sr is a group IL-\ (~2 

\·alence) alkaline earth element (Faure. L 986: Dickin. 1995 ). This results in large 

fractionations of Rb and Sr. and thereby large variations in terrestrial Rbt Sr whole rock 

ratios. The crustal reservoir has higher RbiSr ratios than the mantle because Rb is more 

incompatible than Sr and hence enriched in the crust. Over time the crust has evolved 

towards higher ~-Sr · 110Sr ratios relative to bulk Earth. Conversely the depleted m2.11tle has 

lower Rb-Sr and ~-Sr. M'Sr ratios compared to bulk Earth (Faure. L 986 ). Due to the large 

fractionation between these elements and the irreversible loss of Rb from the mantle 

Juring formation of the continental crust. the evolution of the Sr isotopes in mantle-crust 

is system curvilinear (Rollinson. L 993 ). 

Though complex. the Rb-Sr system potentially provides a very distinctive 

signature for particular sources and igneous processes (particularly crustal contamination) 

especially in conjunction with ~d-Sm system. Unfortunately. however. the system is 

limited by the extremely mobile behaviour ofRb during post-magmatic hydrothermal 

alteration and metamorphism. Though Sr is more robusL radiogenic ~-:-Sr can be mobilised 

as well. even during low-grade metamorphism (Faure. 1986: Rollinson. 1993 ). The open 

system behaviour of the Rb-Sr system is particularly problematic for older rocks that have 
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experienced high-grade metamorphism. like those in this study. Thus care must be taken 

when interpreting Rb-Sr isotopic data. 

1.-l.J.J ~d Isotopes 

The Sm-~d isotopic system is a useful petrogenetic tool for identifying the sources 

from which magmas formed and as a method of identifying crustal contaminants 

1 DePaolo. 1988 ). This method can also be used for geochronological dating. The premise 

of this system is similar to that of the Rb-Sr. in that a parent isotope('-:-Sm) decays to a 

daughter isotope ( 143~d): however. the Sm-Nd system is much more robust because Sm­

:'\d are more resistant to mobilization due to secondary processes such as metamorphism 

and alteration c DePaolo. 1988: Rollinson. 1993 ). There is some evidence. however. for 

fractionation of Sm-~d during high-grade tgranulite facies) metamorphism ( Collerson. 

1989). This is relevant for the metaplutonic suite ofYoisey·s Bay. as this has been 

metamorphosed to a high-grade. 

Bulk Earth \·alues for the Sm-~d system are believed to be represented by 

chondritic meteorites. which are referred to as the ··chondrite uniform reservoir ... or 

CHLR t DePaolo and \V asserburg. 1976: DePaolo. 1988 ). The Sm-Nd ratios of crust and 

mantle reservoirs were subsequently fractionated during presumed widespread partial 

melting of the bulk earth (primitive mantle) to form the crust and depleted mantle (OM. 

DePaolo. 1988). The ~d isotopic composition of each reservoir evolves as a function of 

their Sm ~d ratios due to the radioactive decay of 14
- Sm to r 43~d (Rollinson. 1993: 

DePaolo. 1988 ). 
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Sm and Nd are both light rare eanh elements and almost identical in a chemical 

behaviour. with the exception that Nd has a larger ionic radius. This difference results in 

the preferential partitioning ofNd into the melt phase during partial melting of the upper 

mantle (DePaolo. 1988). This preferential partitioning produces a residual (depleted) 

mantle with higher SITll ""Nd ratios than the continental crust. \Vhich formed from the 

resulting melt. Thus over time. the crustal reservoir is enriched in LREE and has a low 

S1111""Nd ratio relative to CHUR: while OM reservoir is depleted in LREE and has a Sm!Nd 

ratio higher than CHUR (DePaolo. 1988 ). Although. the geochemical dynamics of crust 

and mantle reservoirs are undoubtedly more complex. this model does provide a method 

for describing and interpreting the :"Jd isotopic variations of the crust-mantle evolution 

(DePaolo. 1988 ). 

The mnge of 1"'-SITll 1"'"'Nd for terrestrial rocks is rather small from 0.1 to 0.3 

(DePaolo. 1988 ). ln combination with the long half-lite of 1"'7Sm ( 10° Ga). this results in a 

relatively narrow range of 1"'3Ndi 1 ~Nd values in rocks. h has theretore become a common 

practice to describe the l·UNdi 1"'"';-.Jd ratios using epsilon values given by tNd (DePaolo. 

1988 ). using the equation: 

' 'd _ '[ 1-'; ' rd/1"'-'' rd ) '( 1-'3'rd :1"'-'' rd )] l' *10"' £ ." 111 - ., ( · " · " ru.:~ t I ·" ' ·" CHCR. t - i 

where 1 "'3~di 1 "'"'Ndrock. , is the isotopic ratio of the rock at timet. and 1"'3:-.Jdi1"'"''NdcHcR., is 

the isotopic ratio of CHUR at time t. The use of this notation allows for the methodical 

presentation and comparison ofNd isotopes relative to CHUR. Thus the tNd values are 

dependent on the CHUR model and the age of the rock needs to be known. 
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Based on this convention. ENd values for CHUR are always 0. independent of age 

(DePaolo. 1988). In general. rocks derived from a LREE-depleted source (i.e. DM or 

another mantle reservoir) will have ENd >0: while rocks derived from a LREE-enriched 

source (continental crust or enriched mantle) or rocks atTected by crustal contamination 

will have E~d <0. Rocks with ENd close to 0 could have been derived from a CHUR-like 

source (primitive mantle) or magmas that represent a mixture of depleted and enriched 

sources. 

Another method of denoting the Sm-Nd isotopic system. used in this thesis. is the 

fractionation factor (DePaolo. 1988 ). which is given by the equation: 

/~m :-,;J = [( t-t-:-Srru ~~~dro.:~;.)/ ( t-t-Snv ~~~dcm:R)]-1 

where ;-t-Srru ~~~dru.:k and t-t-:-Sm1 1~~dcHLR are the isotopic values of the rock and CHUR. 

respectively. The fractionation factor represents the extent of fractionation of the samples 

relative to CHUR. ultimately providing an estimate ofthe SrruNd ratio of the 

reservoir. rock. By convention the /"m:-,;J of CHUR will always be 0. typical depleted 

sources (i.e. depleted mantle or another mantle source) have ./'m.':'..J values greater than 

CHlJR and typical continental crust or rocks atTected by crustal contamination will have 

values j.sm.- :-.;.1 <0 (DePaolo. 1988 ). 

As this method of notation is not time integrated it can be strongly influenced by 

partial melting and fractional crystalization processes (DePaolo. 1988 ). Thus remelting of 

a common source region without recycling of Sm and Nd. results in a strong fractionation 

in Srru Nd with time. consequently the _tm :-.;J values of that region and rocks derived from 

it can increase over time. 
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Distinguishing depleted and enriched sources for the metaplutonic rocks of 

Voisey·s Bay using ~d isotopes is particularly appropriate. The Nd isotopic composition 

of the m·o likely end-member sources of the metaplutonic suite. Archean crust and 

depleted mantle had quite distinct values (approximately -6 to- l 8. and +5. respectively. 

C~mpbell. 1997: and DePaolo. 1988) in the P~leoproterozoic. Thus, this isotope system 

can potentially provide critical insight into the igneous history of these rocks. 

1..1.3..1 Pb Isotopes 

The lead isotopic system is a more complex. and potentially more powerful. 

tracing method than either the Rb-Sr. or Sm-:'\!d systems. lt combines two ditTerent decay 

schemes tor l..i (:311C to :uaPb and :35C to :u-Pb). which eliminates the need to measure U 

and is also ultimately insensitive to the loss of U during secondary processes (Faure. 

1986 ). A third decay scheme forTh ( :J:Th to :m~Pb) provides a further constraint on lead 

isotope behaviour. This is important because in general both U and Pb are mobile during 

secondary processes. particularly in magmatic: hydrothermal situations (Rollinson. 1993 ). 

Thus use of the U-Pb isotope system is limited as a direct geochronometer for whole 

rocks or as a method to constrain initial isotopic composition. Regardless. the Pb-Pb 

isotopic system may still be a useful indicator for tracing crust-mantle evolution through 

time. 

Variations observed in Pb isotopes on earth are a retlection of the geochemical 

behaviour of U. Th and Pb during terrestrial differentiation processes over time (DePaolo. 

1988 ). Several isotopic reservoirs have been identified based on lead isotopes. For 

instance. during early evolution of the Earth. :Jsu decayed faster than :!3su. which 
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resulted in rapid production of~07Pb. Thus. the abundance of~07Pb is a sensitive indicator 

of old crust and mantle sources (Rollinson. 1993). In addition. during partial melting of 

the mantle. Th is :;lightly more incompatible than U. and Pb is also incompatible but less 

so than either U or Th. resulting in the U!Pb and ThJPb values for magmas that are higher 

than those of their mantle sources (Faure. 1986 ). Fractionation of U/Pb and Th!Pb ratios 

also occurs during intracrustal melting. Thus the crust has a different isotopic 

composition than the mantle. and the lower and upper crust have ditTerent isotopic 

compositions. There is commonly mixing betw·een different crust and mantle reservoirs. 

which can result in heterogeneous isotopic compositions for magmatic rocks (Gariepe and 

Dupre. 1991 ). 

The Pb-Pb isotopic system can be particularly useful for determining crustal 

contamination in magmatic rocks because the concentration of Pb isotopes in the crust is 

much greater than those in mantle-derived melts. This results in displacement of the 

isotopic composition of the melt towards crustal values. This occurs to a greater degree in 

the Pb-Pb system than in the Sm-Nd isotopic systems ( Gariepe and Dupre. 1991 ). 

1t is common tor high-grade metamorphic terrains (i.e. the lower crust) to 

experience large depletions in Th and U (i.e. Bridgwater et al.. 1989: Gariepe and Dupre. 

1991 1. Several theories have been developed to explain this phenomenon. including the 

removal ofU and Th by tluid or melt phase during granulite tacies metamorphism (i.e. 

Touret. 1996). As a result of the lower crustal Th-U depletion over time. old (Archean) 

granulite facies terranes often possess unradiogenic Pb. Subsequent orogenies may add 

radiogenic Pb to the lower crust from the upper-crust and mantle-derived sources 

(Rudnick and Goldstein. 1990 ). 
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1--'--' U-Pb Zircon Geochronology 

The U-Pb zircon geochronology was carried out at Memorial University of 

~ewfoundland. Determination of the age igneous crystalization of the metaplutonic suite 

was done by thermal-ionization mass-spectrometry (TIMS) after the method of Krogh 

( i 973.1982). Determination of the ages of inherited zircon cores was done by laser-

ablation-microprobe inductively-couples-plasma mass-spectrometry. Analytical details 

for both methods are given in Appendix A. 

U-Pb geochronology relies on decay of U to Pb in a closed system and is based on 

the following equations: 

where Pb* represents radiogenic lead only. Minerals that remain a closed system 

for Land Pb (e.g. zircon) should give concordant values oft \vhen their isotopic 

concentrations are inserted into the above equations ( Dickin. 1995). A locus of 

concordant ages tor both .:.JliU and 135U decay. will define a curve. termed concordia 

curve. Zircon is particularly useful mineral for U-Pb geochronology because it is U-rich 

and widely distributed in intermediate to acidic rocks. 

Any initial or ·common· Pb in the zircon is corrected for by measuring 104Pb 

contents in the mineral and then using the 100Pbt104Pb and the 107 Pb/204Pb whole rock 

ratios to estimate initial :oaPb and 10~ Pb ( Dickin. 1995). Due to the low levels of common 

Pb in zircon. it is adequate to estimate the amount of common lead from a general 

terrestrial Pb evolution model (i.e. Stacey and Kramers. 1975). 
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Samples with discordance between the :06Pb1.:38U and the ::o;Pb/135U ratios. are 

interpreted to have suffered lead loss. which leads to the definition of linear arrays 

1 Dickin. 1995). These arrays have an upper and lower intercept on the concordia diagram. 

which are interpreted as having a petrologic significance (i.e. igneous crystalization and 

metamorphism or inheritance). Thus the U-Pb geochronological method provides 

\·aluable insight into the petrogenetic history of the rocks. Age relationships are often 

critical to any model of crustaL tectonic evolution of an area. and this is true of the 

mt:taplutonic rocks ofVoisey·s Bay. Labrador. 

1.5 STRCCTL'RE OF THE THESIS 

1.5.1 Introduction 

This thesis is divided into tour chapters. of which chapter 2 and 3 are intended to 

be publishable papers that tocus on particular aspects of this study. Chapter 1 is the 

introductory chapter that de tines the general geologic background of the study. the scope 

and goals of the research. and brietly outlines the various methodologies used. As 

chapters 2 and 3 are stand-alone manuscripts. there is a certain amount of unavoidable 

repetition (i.e. regional sening. geology of the area. references). Chapter 4 is a brief 

conclusion. which links the work together. The following is a brief outline of chapters 2 

and 3. 
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1.5.2 Chapter 2- "Southern Extension ofthe Torngat Orogen: Remnants of a Calc­

alkaline Batholith in tire Voisey's Bay area, Labrador" (.-t .J14. Rcnvlings. P.J. 

Syh·esrer. J.S . . \{\·ers. G.R. Dunning and J. Kosier) 

This paper addresses the tield geology. geochemistry. isotopic composition and 

geochronology of the Paleoproterozoic metaplutonic rocks that occur from Voisey's Bay 

to :\naktalak Bay. The paper characterises and de tines this package of rocks. provides a 

general petrological model for their formation. and compares them to similar 

metaplutonic rocks of the ~orthcrn Torngat Orogen. Also addressed are the effects of 

granulite facies metamorphism on trace element and isotope geochemistry. The data are 

used to formulate a model for the formation of these rocks and for the tectonic evolution 

of the region during the Paleoproterozoic. 

1.5.3 Chapter 3- .. .4 :Vew Perspective on the Role of the Paleoprotero:.oic 

.Uetaplutonic Rocks in tire Voisey's Bay Ni-Cu-Co minerali:.ation, Labrador, 

Canada." (A •. \tl. Rawlings, P.J. Sylvester and J.S •. Wyers) 

This paper addresses the role that the Paleoproterozoic metaplutonic rocks may 

have had in triggering sulfide precipitation from the parent troctolite magma of the 

Voisey· s Bay :\i-Cu-Co deposit. This is accomplished by considering the geographic 

extent of the metaplutonic suite and comparing their geochemical and isotopic signatures 

to those of the deposit. The role of these metaplutonic rocks in crustal contamination is of 

particular interest in understanding magmatic ~i-Cu-Co ore genesis in Labrador. 
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Map Area 
Figure 1.2 

Figure 1.1. Structural Provinces and major tectonic features of Labrador (simplified after 
Wardle et al., 1997). 
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Figure 1.2. Simplified geologic map of Labrador, showing the main tectonic 
provinces, lithotectonic elements and geographic locations mentioned in the 
text. (Modified after van Kranendonk and Wardle, 1996, and Wardle et al., 
1997). 
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Figure 1.3. Generalized map of the Tomgat Orogen, Churchill and Nain Provinces 
(simplified after van Kranendonk, 1990). 
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Chapter 2 

Southern Extension of the Torngat Orogen: Remnants of a 

Calc-alkaline Batholith in the Voisey's Bay area, Labrador 

2.1 ABSTRACT 

The Paleoproterozoic Torngat Orogen ofnonhern Labrador welds the ~ain and 

Rae Archean cratons.:\ suite of calc-alkaline metaplutonic rocks has been identified in 

the Voisey's Bay area and these rocks are believed to represent a southern extension of 

similar metaplutonic rocks identified along the 500 km length of the orogen. 

This suite detines a relatively unditTerentiated. matic to intermediate calc-alkaline 

batholith. The rocks have been metamorphosed to upper amphibolite or granulite facies. 

Yleta-gabbro to meta-quartz diorite compositions of this suite de tine a magmatic series 

that probably evolved through fractional crystallization. U-Pb zircon TIMS 

geochronology yield ages of 1893 - ·- 1 Ma and 1890 .. ,_ 2 Ma tor samples ofmeta-quanz 

diorite and of meta-hornblende gabbro yield. Based on LAM-lCP-MS analyses. one of 

these samples contained inherited zircon cores. some 50-100 Ma older than the igneous 

population. but no Archean cores were found. Meta-tonalite rocks of this suite probably 

formed during a slightly younger magmatic event dated at 1883 +/- 5 Ma. All the 

compositions are enriched in Ba. Sr. Rb. Zr and Hf: and have negative Nb-Ta anomalies. 

which are thought to be related to subduction processes. Their REE patterns exhibit 

fractionation of LREE relative to HR.EE. with the extent of fractionation increasing with 
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silica content. This suggests the meta-tonalites had more residual garnet in their source 

regions than did other members of the suite. The eN<f. 1l!90 \faJ values for the samples range 

from -0.13 to -5.3 suggesting interaction bet\veen the primary magmas and continental 

~rust. The Pb isotopic ratios were 15.160-15.83~ for ~06Pb,z~Pb and 15.000 to 15.145 tor 

:u-Pb~ .:~Pb and suggest that the contaminant formed in the lower crust. 

A model for the metaplutonic suite is presented in which the meta-gabbro to meta­

quartz diorite series from by partial melting of mantle wedge and interaction with a 

~rustal contaminant either in the source region or lower crust. The meta-tonalites were 

derived by partial melting of subducting oceanic crust. Thus. crustal genesis by both slab 

mdting and wedge melting in the Paleoproterozoic may mark the transition from Archean 

to post-Archean processes. 
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2.2 INTRODUCTION 

The north-south trending. Paleoproterozoic Torngat Orogen is the deeply 

exhumed root of a transpressional collision zone between t\vo Archean crustal blocks. the 

~ain province to the east and the Churchill (Rae) Province to the west (figure 2.1: 

Korstgaard eta!.. 1987: MengeL 1988: Wardle et aL 1990: van Kranendonk et al.. 1994: 

van Kranendonk and Wardle. 1997). This granulite to amphibolite facies orogen is one of 

a number of belts juxtaposing Archean components of Laurentia. These Paleoproterozoic 

belts provide insight into the mechanics of plate tectonics at that time and allow for 

comparison to Phanerozoic analogues. Of particular interest is \vhether Phanerozoic 

mechanisms tor generation of ne\v continental crust along convergent plate margins. i.e. 

as a result of partial melting of a mantle wedge at a subduction zone. were important 

during the .:arly Proterozoic. The Torngat Orogen. particularly its northern parts. has been 

well documented both on structural and geochronologic grounds and thus provides 

valuable insight into these questions. 

The Torngat Orogen is divided into northern (Burwell domain. north of59°l5.'N) 

and southern components (south of59o.)15"~ to 57\)30·~. Figure 2.2). Paleoproterozoic 

metaplutonic rocks are present sporadically throughout the entire Torngat Orogen and 

have been interpreted as continental arc magmatism. South ofOkak Bay (figure 2.1 ). the 

Torngat Orogen is almost entirely obliterated by the Mid-Proterozoic anorogenic Nain 

Plutonic Suite. However. a sliver of the orogen dominated by Paleoproterozoic 

metaplutonic rocks is preserved between Anaktalak Bay and Voisey·s Bay. This most 

southeriy exposure provides new insights into ( l) processes of crust formation in the early 
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Proterozoic: and (2) tectonic evolution of the Tomgat Orogen. particularly the extent of 

associated calc-alkaline magmatism. 

2.3 REGIONAL GEOLOGY Of THE TOR.J.~G.-\ T OROGEN 

The Tom gat Orogen has been the focus of several large-scale mapping projects. 

The northern segments of the orogen were tirst investigated by the Geological Survey of 

Canada (GSC). especially the team led by Fred Taylor from 1967-1971 (Taylor. 1979). 

which carried out reconnaissance geology. Subsequent work in the 1990's \vas carried out 

by the GSC and the ~ewtoundland Department of Mines and Energy (NOME). Taylor 

( 1979) recognised that north-eastern Quebec and northern Labrador contained two 

.-\rchcan cratons. the ~ain province and Superior province. separated by a region of 

Paleoproterozoic rocks termed the Churchill Province. which were later named the 

Southeast Rae Province by HotTman ( 1988). Both terms (Churchill and Rae) continue to 

be used. however. the general consensus is that the term Rae refers to the Archean core 

craton of the Churchill Province. which also includes Proterozoic rocks formed during the 

T omgat and ~e\v Quebec orogenies. Paleoproterozoic deformation increases in intensity 

eas~vard across the Churchill (Rae) Province. including mylonitization of an extensive 

package of metasediments named the Tasiuyak paragneiss by ·wardle (1983 ). The 

precursor sediments of the Tasiuyak paragneiss were deposited be~veen 1940 and 1895 

\la and are believed to have formed in an accretionary prism (Scott and Machado. 1994: 

Scott and Gauthier. 1996). 
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The southern and central segments of the Torngat Orogen received extensive 

study during the 1980's. Mapping projects by the NOME were initiated in the areas of 

Saglek. Hebron and ~achvak Fiords (Ryan et al.. 1983.1984; \Vardle. 1983.1984: 

~Iengel. 1984. 1985). The GSC was active in the Okak area (Ermanovics and van 

Kmnendonk. 1990: Ermanovics d al.. 1989). These projects resulted in several studies 

aimed at interpreting the structural and metamorphic history of the Torngat Orogen (e.g. 

Mengel. 1988: Mengel and Rivers. 1990: van Kranendonk and Ermanovics. 1990: 

~Iengel et al.. 1991: van Kranendonk & Wardle. 1994: Theriault and Ermanovics. 1997). 

Based on these studies and additional work on the geochronological and geochemical 

~omponents of the orogen. several conclusions regarding the main structures. 

lithotectonic elements and evolution of the southern Torngat Orogen have been reached. 

:\s summarised by \·an Kmnendonk and \Vardle ( 1996 ). the Rae province margin was 

subjected to arc magmatism ca. 1880 Ma from ~achvak Fiord to ~a in (Figure 2.1) and. 

following this. the Torngat Orogen evolved in three tectono-metamorphic events: 1) 

Oblique collision of the ~ain and Rae provinces (ca 1860 Ma): 2) formation of the 

:\bloviak shear zone ca 1845-1822 Ma (Bertrand et al.. 1993) alon2 the margin of the Rae - -
(Churchill) province: and 3) formation of a mylonite zone within the orogen during its 

reactivation ca. 1794-1786 Ma. This was followed by cooling and uplift from 1780-1740 

~Ia. 

The northern Torngat Orogen is recognised as being more structurally complex 

than the southern due to the presence of the \\'edge-shaped. Burwell domain. The name 

Burwell domain was proposed by Korstgaard et al. ( 1987) for the segment of crust 

bounded between the sinistrial Abloviak Shear Zone (ASZ). which is interpreted as the 
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focal point of collisional deformation. and the Komaktorvik shear zone (KSZ). The KSZ 

marks intense deformation ca. 1791 to 1710 Ma (Scott and Machado. 1995) within the 

~ain Pro\·ince gneisses and Paleoproterozoic metaplutonic rocks along the western 

margin of the ~ain Province. In the northern segment. the ASZ and the Tasiuyak gneiss 

trend otT to the west around the Burwell terrain while the KSZ extends northward (Figure 

2.1 ). The Burwell terrain contains tectonically jux.taposed para- and orthogneisses that 

may represent an autochthonous. Archean terrain. though some of the paragneisses may 

also be Paleoproterozoic. This idea is based on chemical (elemental and isotopic) 

similarities with the ~ain gneisses. the presence of Paleoproterozoic mafic dykes. and the 

intrusion of a 1.92-1.86 Ga granitoid suite. The deflection ofthe Tasiuyak paragneiss to 

the west of the Burwell domain. is consistent with the domain marking the western-most 

margin of the collisional boundary of the Rae and ~ain craton (van Kranendonk and 

Wardle. 1996: Campbell. 1997: Scott. 1998 ). 

Characteristics of the metaplutonic rocks in the northern Tomgat Orogen vary 

from east to west and detine two broad categories. In the western pan of the Bunvell 

domain. the metaplutonic rocks have ages ranging from 1985-1869 Ma with peak 

magmatism at 1895-1885 \1a (Scott. 1995: Scott and Machado. 1995). The rocks are 

orthopyroxene-bearing and tonalitic to granodioritic in composition (referred to as 

chamockitic). They are preserved as tectonic slices. or intrusive sheets though contacts 

are often obscured (CampbelL 1997). and are retrogressed from granulite to amphibolite 

facies. Metaplutonic rocks in the eastern Burwell domain and east of the KSZ were 

intruded from 1910-1864 Ma (Scott and Machado. 1995). The rocks are mildly deformed. 

homogenous bodies. ranging in composition from dioritic to granodioritic and rarely 
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granitic rocks. The boundary between the western and eastern metaplutonic suites 

corresponds to the metamorphic retrograde reaction of orthopyroxene to hornblende: thus 

these two suites may reflect a single. eroded magmatic suite (van Kranendonk et al.. 

!994: Campbell. 1997: Scott. 1998). 

2.-1 GEOLOGICAL SETII~G OF THIS STUDY 

This srudy focuses on a transect between Anaktalak Bay (south east of~ain) and 

Voise~( s Bay (Figure 2.2 ). The regional geology of this area. the ;-.Jain area and Nain 

Plutonic Suite (;.,iPS) has been described by Ryan ( 1990. 1996. and 2000 ). Berg et al. 

( 1994 ). Emslie et al. ( 1994 ). and Ryan et al. ( 1 995). The troctolitic bodies in the area have 

also received much attention due to the serendipitous discovery of the Voisey's Bay ~i­

Cu-Co deposit in 1994. The Voisey·s Bay troctolite-gabbro intrusion and associated 

deposit have been described by Ryan et al. ( 1995 ). ~a1drett et al. ( 1996 ). Ryan ( 1996 ). Li 

and ~aldrett ( 1999). Liehtfoot and ~aldrett ( 1999). and Evans-Lamswood et al. (2000). 

Aspects of geochemistry. petrology and mineralogy of the deposit and surrounding host 

rocks have been described by Lambert c:t al. ( 1999). Ripley et al. ( 1999). Amelin et al. 

(2000). Ripley et al. t2000). Scoates and Mitchell (2000). Li et al. (2000). Brenan and Li 

(2000). ~aldren et al. (2000) and Lambert et al. (2000). 

ln the Voisey·s area. three major gneissic units are present (Figure 2.2). To the 

east. there are heterogeneous. quartzo-feldspathic gneisses alternating with amphibolitic 

and gabbroic gneisses. This unit is interpreted as Archean orthogneiss belonging to the 

~ain Province. They have been cross cut by at least t\vo sets of mafic dykes. subjected to 

several deformational events and contain numerous tectonic fabrics. The gneisses to the 
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west comprise the Churchill Paleoproterozoic Tasiuyak gneiss complex. which consists of 

interbanded garnet-sillimanite and sulphide-. graphite-bearing paragneiss. Between these 

two gneissic units lies a belt of metaplutonic gneisses. These rocks have previously been 

referred to as .. enderbitic orthogneisses .. (li and ~aldren. 1999: Ryan. 2000). This name 

is somewhat ambiguous in that enderbites may be igneous or metamorphic rocks. Hence 

the term Paleoproterozoic metaplutonic rocks or simply metaplutonic rocks is preferred. 

This unit is a relatively homogenous belt of massive to foliated. orthopyroxene-bearing. 

meta-gabbroic to meta-tonalite gneisses. ~etasedimentary units comprising dominantly 

quartzite. metapelitic gneisses (possibly Tasiuyak paragneisses). amphibolitic gneiss and 

minor meta-semi pelitic gneisses are present within the metaplutonic rocks. panicularly 

along their contact with the ~ain orthogneisses. The metaplutonic rocks are associated 

with minor anorthositic gneisses that are interpreted to be of similar age as the 

metaplutonic rocks. but little is known of the origin or tectonic history of the anorthositic 

gneisses . .-\11 of the gneissic units have experienced upper amphibolite to granulite facies 

metamorphism with some areas exhibiting retrogression to amphibolite facies. 

The 1.35-1.29 Ga (Berget al.. 1994: Emslie et al.. 1994) ~PS was intruded the 

area and conceals portions of the contacts between the gneisses. The ~"PSis an expansive. 

anorogenic AMCG (anorthosite-mangerite-chamokite-granite) igneous complex that is 

dominated by four major compositional divisions: granitic and anorthositic. which are 

dominanL and dioritic and troctolitic. which are minor (Emslie et aL 1994: Ryan et al .. 

1995). The southern segments ofthe Mushuau troctolitic suite hide the contact betVIieen 

the metaplutonic rocks and/or the metasedimentary gneisses with the 'Nain Archean 
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Province. Western pans of the contact between the metaplutonic rocks and the Tasiuyak 

paragneiss are concealed by the expansive Makhavinekh Lake granitic suite. 

The location of the Nain-Churchill Province boundary is of particular interest due 

to the proximity of the Voisey·s Bay Ni-Cu-Co deposit. The deposit is hosted in one of 

the oldest ( 1332.7 - ·- 1 Ma. Arne lin et aL 1999) known troctolitic-gabbroic intrusions of 

the ~ain Plutonic Suite. lt has been suggested that the deposit straddles the tectonic 

contact (Ryan et aL. 1995). although the mapping of this thesis (Figure 2.2) does not 

support this view. The deposit and host troctolitic body were. in fact. emplaced into the 

Paleoproterozoic metaplutonic rocks. The intrusion consists of two sulphide-poor magma 

chambers termed the Eastern Deeps and Western Deeps. The mineralization is 

dominantly located in two sulphide-rich conduit dikes. the Ovoid conduit and the Eastern 

Deeps tt:eder. Evans-Lamswood et aL (2000) noted that the deposit appears to be 

structurally controlled in that the mineralized conduit dikes exploited the structure of the 

previously emplaced Voisey·s Bay chambers. 

2.5 SCOPE OF THIS STUDY 

The importance of defining and characterising the metaplutonic rocks of the 

.-\naktalak- Voisey·s Bay area is threefold. First. the metaplutonic rocks in the Voisey·s 

Area are substantially more expansive than previous mapping indicated. They constitute 

an important component ofTorngat Orogen: particularly with respect to understanding 

the regional geology along the most southerly contact between the Nain-Rae cratons 

where much of the exposure is obliterated by the NPS. Second. petrogenetic studies ofthe 

rocks would enable an evaluation of early Proterozoic subduction zone processes. 
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Finally. the association of the Voisey's Bay ~i-Cu-Co deposit with the metaplutonic suite 

may not be simply fortuitous: the metaplutonic suite may play a key role in the formation 

ofthis type of ore deposit. 

Several tasks were employed in order to detine and characterise this unit of rocks. 

A detailed map ( 1: 10000. Figure 2.2) was created for the area. \vhich defined the lateral 

extent and heterogeneity (both compositional and metamorphic) of the metaplutonic suite 

and its contacts with adjacent units. Over 50 samples were chemically analysed tor 

variations in whole rock. major and trace element concentrations. Three samples were 

selected. tor precise Thermal Ionization Mass Spectrometry (TIMS) U-Pb zircon dating 

based on their location and composition. The same samples plus one additional were 

analysed tor Sm-Nd. Rb-Sr and Pb-Pb isotope ratios. Laser ablation microprobe­

inductively coupled plasma-mass spectrometry ( LAM-ICP-MS) was employed to search 

tor inherited cores in zircons of the samples that \vere dated by TIMS. 

These chemical. isotopic and chronological measurements characterized these 

metaplutonic rocks. and allov.·ed development of a tectonic interpretation tor their 

tormation and more broadly. the Tomgat Orogen. 

2.6 DESCRIPTION Of SA,IPLES 

2.6.1 Field Description 

Samples of the metaplutonic rocks were examined in both surface outcrops and 

drill core throughout the area. In the field. the rocks show variable levels of detormation 

from massive or slightly foliated to highly strained (Plate 2. L ). This degree of 

deformation intensifies from west to east across the tield. The rocks appear to have been 
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subjected to only one major deformational event and relict igneous textures are 

widespread. though these textures are more commonly observed in drill core (Ptate 2.2). 

The rocks have experienced metamorphism at the upper-amphibolite to granulite facies 

condition. This is retlected in the mineral assemblages of either 1) dominantly hornblende 

and plagioclase or 2) orthopyroxene. clinopyroxene and plagioclase. 

Compositional variations between the metaplutonic samples are continuous from 

gabbro through tonalite (Plate 2.3 ). In the field it is possible to distinguish more matic 

metaplutonics (meta-gabbro and meta-diorite) from more felsic metaplutonics (meta­

quartz diorite and meta-tonalite). The latter are more voluminous. comprising some 65% 

of the metaplutonic suite. The more mafic metaplutonics occur mostly as two north­

south-trending belts within the felsic metaplutonic rocks. The unit also contains a network 

of pegmatite veins and minor amphibolite dykes (Plate 2.4). 

Inter-layered within the metaplutonic suite are metasedimentary gneisses. 

composed dominantly of quartzite and metapelite (Plate 2.5) and minor anorthosite (Plate 

2.6). Intrusive contacts between metaplutonics and adjacent gneisses are rarely seen in the 

tield due to the intensity of metamorphism and detonnation. Contacts with the 

metasedimentary units interlayered within and to the east of the metaplutonic rocks are 

highly detonned. tectonized and hard to tind (Plate 2.7). As a result. the nature of these 

contacts is difficult to assess. This is also true of the contact between the metaplutonics 

and heterogeneous Archean Nain orthogneisses. in the east and northeast of the field area 

(Plate 2.8). The sinusoidal nature of the western contact of the metaplutonic rocks with 

the Tasiuyak paragneiss (Figure 2.2) seems to indicate an intrusive rather than tectonic 

boundary. as most of the tectonic contacts in this region are north-south trending. 
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However. this western contact is only preserved in outcrop in the Discovery Hill area 

within the field area and. thin veinlets of meta-plutonic rocks are seen in the paragneiss 

suggesting an intrusive relationship (Plate 2.9). Though the precise relationship between 

the metaplutonic rocks and adjacent gneisses is not entirely discernible. 

2.6.2 Petrography 

The majority of metaplutonic rocks were partially or completely recrystallized 

Juring granulite facies metamorphism. Although some samples preserve relict igneous 

textures. most show a thorough granoblastic recrystallization. which hides the previous 

texture. Both mafic and felsic samples generally show slight foliation. 

ln felsic samples (Plate 2.10). which range in composition from meta-tonalite to 

meta-quartz diorite. plagioclase is the dominant phase ranging from 40 to 60 %. The 

abundance of quartz is 5 to 25%. Clinopyroxene is accounts tor 5 to 15 % and is otten 

rimmed by retrograde hornblende ( 1-l 0°1o ). Orthopyroxene occurs at the < l 0% level and 

appears to be retrograded to biotite ( 10 to 20 °'0). Also present are minor K-feldspar (0-

50'0) and Fe-Ti oxides <2-5%). dominantly magnetite and ilmenite. which formed by the 

retrograde breakdown of orthopyroxene. ln the more strongly retrogressed samples minor 

chlorite replaces biotite. and actinolite-tremolite replace hornblende. 

The matic samples (Plate 2. 1 l ). which range in composition from meta-gabbro to 

meta-hornblende gabbro and meta-diorite. contain plagioclase at 40-53 %. Clinopyroxene 

( 10-35%) and orthopyroxene (5-15%) are the dominant mafic minerals. Retrograde 

hornblende ( 1-25%) and biotite ( 5-15%) are also abundant. Quartz is present as an 

accessory phase (<5 %). Fe-Ti oxides (commonly magnetite with lesser ilmenite) range 
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from 2~'0 to 10%: these phases most likely formed during the retrograde reaction of 

pyroxene with hydrous fluid. Minor garnet and carbonate are present in some samples. 

Zircon and apatite form accessory phases. 

The felsic compositions of the metaplutonic suite are more dominant in the field 

than the mafic compositions. with approximate ratios of 65% felsic to 35% mafic. The 

estimated relative proportions of each rock type are: 25% meta-tonalite. 35% meta-quartz 

diorite. 5~/o meta-diorite. lO% meta-gabbro and 25% meta-hornblende gabbro. 

ln general. quartz is quite strongly strained. exhibits undulatory extinction and in 

some samples appears to have been recrystallized. Plagioclase shows deformation in the 

form of pinched lamella twins or by the absence of twinning. Samples that have 

experienced more intense deformation contain pods of tine-grained mafic minerals. 

detining an incipient matic mineral fabric. Reactions of clinopyroxene to hornblende and 

of orthopyroxene to biotite. magnetite and ilmenite: are suggested by the petrography of 

many samples. These reactions indicate \videspread t"etrogression from granulite to 

amphibolite tacies conditions. Relict igneous textures are apparent in the coarsest­

grained. least deformed samples. 

2.7 PRESE~TATION OF DATA 

2. 7.1 Geochemistry of the metaplutonic rocks 

~lajor element (recalculated to an anhydrous total of 100%) and trace element 

compositions of 57 samples from the metaplutonic suite of the Voisey · s Bay area are 

presented in T abies 2. L and 2.2. The data are grouped by rock type as determined by 
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petrographic classification. The felsic group of rocks is divided into two major proto lith 

rock types: tonalite and quartz-diorite. The mafic group is divided into three groups based 

on the same criteria: gabbro. hornblende gabbro and diorite. Samples from drill core are 

labelled with DOH (Diamond Drill Hole) followed by their drill hole number. Analytical 

methods for all data are presented in Appendix A. 

2.7.1.1 :\:(ajor and Trace Element Geochemistry 

On the basis of their normative mineralogy. the protoliths of the metaplutonic 

rocks range in composition from gabbro through diorite to tonalite (Figures 2.3 and 2.4 ). 

Thesl! rocks display a broad calc-alkaline trend on an AFM diagram (Figure 2.5a). The 

probabl!! mobilisation of alkalies due to metamorphism is poorly represented on this 

diagram. The Jensen diagram (Figure 2.5b) accounts for alteration resulting in the 

mobilisation of alkalies. Although this diagram is intended for volcanic rocks. the 

ml!taplutonic rocks ddine a calc-alkaline trend here as welL The metaplutonic suite 

displays a volcanic-arc granite (VAG: Pearce et aL 1984) tectonic affinity based on 

relative abundances ofRb. Y and ~b tFigure ~.6). 

SiO:: contents of the calc-alkaline metaplutonic rocks range from 46 to 64 wt. % . 

.-\1:03 ranges from 13 to 20.5 °'o . .-\t SiO: levels below about 55 wt.%. the samples define 

a trend of increasing A1:03 and ~a:O and of decreasing with Fe:03• CaO. MgO. MnO. 

and TiO:: with increasing SiO: (Figure 2. 7). Above 55 'Wl.~1o SiO:. these trends are 

interrupted. with little change in the concentrations of these other oxides with further 

increase of SiO:. K:O. P:Os and ~a::OtK:O are more scattered throughout the entire 

range of SiO: \·alues. presumably reflecting mobility during metamorphism and/or 

alteration. 
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The trace element compositions of these rocks exhibit large ranges for certain 

dements such as Ba (200-2600 ppm). Sr (280-1800 ppm). Zr (30-550 ppm) and Hf(0.4-5 

ppm). Trace element variations are largely consistent with the major element trends. 

showing a progressive and predictable increase in strongly incompatible elements (i.e. Ba. 

Lal and some moderately incompatible elements (Sr) with increasing SiO:! up to about 55 

wt.0 'o. and thereafter little systematic change. Certain trace element ratios (Rb/Sr) show 

the same pattern. The inverse relationship is seen with compatible elements ( Ni. Sc. V). 

which decrease with increasing SiO: to about 55 wt.% (Figure 2.8). However. above 55 

\\t.% SiO:. there is little change in the concentrations of compatible elements. La/Yb and 

La.- Y ratios tend to increase with increasing SiO: over the entire SiO: range. Other 

dements t Rb. ~b. Y. Eu. Th) and ratios l K Rb) show more scattered patterns. The break 

in element trends at 55 wt.% Si02 values suggests that the most silicic metaplutonic 

rocks did not form by simple fractional crystallization of the same parental magma that 

formed the more malic metaplutonic rocks. Fractional crystallization of expected liquid 

phases in a matic-intennediate system. olivine- pyroxene~ plagioclase hornblende. 

could explain the observed trends below 55 wt.% SiO:. However. above SiO:. where 

there is little change in the concentrations of both compatible and incompatible elements 

with increasing silica content. crustal contamination is a more plausible model than 

fractional crystallization. Alternatively. the more felsic samples may have been derived 

by partial melting of ditTerent source rocks than the more mafic samples. 

The chondrite-nonnalized rare eanh element (REE) patterns of the metaplutonic 

rocks are strongly fractionated with L~~vYD1 :-.; 1 between 3 and 59 times chondrite with the 

more mafic compositions showing less fractionation than the more felsic ones (Figure 
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2.9). The samples have little or no Eu anomaly. LREE concentrations range between 50 

and 200x chondrite values. whereas HREE range between 4 and 9x chondrite values 

(Figure 2.9). 

On an extended trace element primitive-mantle normalized spider diagram. the 

rocks exhibit large enrichments in Ba. LREEs. Sr. Zr and Hf relative to primitive mantle 

(Figure 2.10). Ti andY are slightly depleted. There are also pronounced negative Th-U 

and ~b-Ta anomalies. The negative Th-U anomaly may ret1ect loss of these elements 

during granulite facies metamorphism. The negative :--.rb-Ta anomaly probably is a 

signature of subduction-zone processes. which will be discussed later. 

On a MORB-nonnalized spider diagram (Figure 2.11 ). like the primitive-mantle 

normalized diagram. the trace elements in the metaplutonic rocks generally decrease in 

abundance with increased compatibility (from lett to right). Concentrations of elements 

plotted on Figure 2.11 are greater in the metaplutonic rocks than in MORB with the 

exception ofTi. Y. and Yb. Average values of continental arc tholeiitic basalt (Ewart. 

1982) and calc-alkaline island arc basalt (Sun. 1980) are also plotted on Figure 2.1 I. 

using normalized values from McCulloch and Gamble ( 1991 ). The modem arc 

compositions show the same elemental pattern of increasing concentration with 

increasing incompatibility as seen in the metaplutonic suite. There are some subtle 

differences. however: in particular the high Ba/Rb and :--.rb/Zr ratios and low UITh ratios 

in the metaplutonics compared to the modem arc magmas. The low U/Th ratios of the 

metaplutonic rocks may represent preferential loss of uranium during high-grade 

metamorphism. The high 8aJ Rb and ~b;Zr ratios may reflect the trace element signature 

of potential crustal sources involved in the petrogenesis of the metaplutonic suite. 
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2.7.2 U-Pb TIMS Geochronology 

Samples of the meta-tonalite. meta-quartz diorite and meta-hornblende gabbro of 

the Voisey·s Bay metaplutonic suite were dated (Figure 2.12) by Thermal lonization 

Mass Spectrometry (TlMS). Samples were dated by the U-Pb zircon method in order to 

determine the timing of igneous crystallisation. The meta-tonalite sample (DDH-496-549) 

was from drill core while the other two samples were from surface outcrop. :\n overview 

of the analytical technique is provided in Appendix A and the results of the analysis are 

presented in Table 2.3. 

2.7.2.1 U-Pb Samples 

Jletu-quart= diorite ( VB-99-1 08). 

This sample is a strongly foliated meta-quartz diorite that is located to the east of 

the Voisey·s Bay deposit (Figure 2.12). The sample is composed of annealed grains of 

plagioclase. orthopyroxene and clinopyroxene. which have retrograded in part to biotite. 

magnetite and hornblende respectively (Plate 2.12 ). This sample yielded a relatively large 

volume of zircons. ranging in morphology from small sub-rounded to prismatic needles. 

although dominated by long. needle-like zircons (Plate 2.13 ). Three fractions of clear 

zircons were selected from the ~M (non-magnetic) 0° Franz split and abraded. All three 

analyses were concordant (Figure 2.13) and give an age of 1893 +i -l Ma (Table 2.3 ). 
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.Heia-homblende gabbro ( VB-99-1 06c). 

The second surface sample is a strongly foliated meta-hornblende gabbro and is 

located just to the east of sample VB-99-108 (Figure 2.12). The sample displays a 

granoblastic texture: thematic minerals (hornblende and biotite are dominant) define a 

strong foliation {Plate 2.14). Hornblende and biotite have replaced a large percentage of 

the pyroxene. The sample yielded a large volume of sub-rounded prismatic zircons. Of 

these. three fractions of high-quality. clear zircons were selected for analysis (Plate 2.15). 

Two fractions (Z2 and Z-+) lie slightly otT concordia. with 0.64% and l% discordia and 

~0-Pb; :06Pb ages of 1885 Ma and 1880 Ma respectively. A third fraction (Z3) appears to 

have sutTercd more extensive Ph-loss and is 7% discordant. A tight discordia line can be 

drawn through the three points with a .29.3 ° /o probability of tit and an upper intercept age 

of 1890 - - .2 ~[a (Figure 2.1-t Table 2.3 ) . 

. Hera-rona/ice t DDH--196-549). 

This sample is a meta-tonalite from drill core ( DDH-99-496) that had an 

approximate depth of 260 meters below surface. Figure 2.12 shows the location the drill 

hole on surface. The drill hole is dominated by meta-tonalite with thin sheets ofVB 

granite intruding. This sample is the most felsic component dated and preserves relict 

igneous textures. The sample is composed primarily of plagioclase and quartz with 

variable amounts of orthopyroxene. biotite. clinopyroxene and hornblende (Plate 2.16). 

The sample yielded abundant prismatic zircons. Four fractions of clear. prismatic zircons 

were abraded and analysed (Plate 2. 17). One fraction (Z2) is concordant with an age of 

1883 - ·- 5 Ma. The other three fractions (Zl. Z3 and Z4) suffered Pb-loss and were 
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discordant at 3 %. ~%and 5% giving z07Pbi200Pb ages of L 74 L Ma. 1778 Ma and L 75 L Ma 

respectively. The fractions define a discordia line with a probability of fit of 24% with an 

upper intercept of igneous crystallization at 1883 .:.-/- 5 Ma and a lower intercept of 1344 

- - 80 Ma. which is interpreted to be the result of a disturbance during the emplacement 

of the :-..:ain Plutonic Suite (Figure 2.15. Table 2.3 ). The data suggest that the meta­

tonalite is slightly younger than the meta-quartz diorite and meta-hornblende gabbro. 

2. 7 .J Isotope Geochemist~· 

~eodymium-samarium. rubidium-strontium. and lead isotopic data tor the 

metaplutonic suite are summarised in tables 2.4 and 2.5. Analytical details are given in 

Appendix:\. Four whole-rock samples were analysed. three that were analysed for U-Pb 

geochronology ( VB-99-1 06f- the tine grained component of VB-99-1 06. VB-99-1 08 and 

DDH-496-5~9). plus a meta-hornblende gabbro sample (.-\R-00-02) from west of the 

deposit. The results arc compared to those of A.melin et al. (2000). who reported isotopic 

data tor whole rocks and mineral separates from six orthogneisses at Voisey·s Bay . 

.-\melin et al. (2000) described two of the orthogneisses as Paleoproterozoic .. enderbitic 

gneisses ... and the other tour samples as Archean ··~ain gneisses ... U-Pb zircon ages have 

not been reported for any of the samples but it is likely. based on their drill core locations. 

that at least five of the six samples are members ofthe Paleoproterozoic metaplutonic 

suite as mapped in Figure 2.2. These five samples are located around the Voisey' s Bay 

ore deposit. near Discovery Hill and the Eastern Deeps troctolite chamber, just south and 

west of the three samples dated in this study. The sixth orthogneiss sample of Amelin et 

al. (2000) is from near the Mushuau intrusion. but the precise location is not given. 
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2.7.3.1 Strontium Isotopic Geochemistry 

The four samples of this study were analysed for Sr isotopes by TlMS. They have 

measured ~-:-Sr/s6Sr ratios between 0.704929 to 0.708536 and measured :-~7Rb/116Sr ratios 

betwt!en 0.04605 to 0.25811 (Table 2.-l). These samples have a relatively unradiogenic 

nature with respect to their :j;' Sr/ i6Sr. The initial :!-:" Sr/~6Sr ratios (calculated for 1890 Ma 

based on U-Pb geochronology) have values between 0.70104 and 0.70426 (Figure 2.16a). 

These data are similar to :l
7Sr/s6Srt ll!IJO \ta1 values of0.70356 to 0.70387 for plagioclase and 

apatite from the ··enderbite .. and values of0.70375 to 0.70827 for whole rock. plagioclase 

and potassium feldspar from the ··~ain gneisses·· as defined by Amelin et al. (2000). The 

initial ;o~7Sr:s6Sr ratios reported by Amelin t!t al. (2000) for the ··~ain gneisses .. overlap 

with those reported here for the metaplutonic suite with the exception of one sample. 

suggesting a common origin. In comparison. Archean ~ain gneisses from the Saglek area 

are much more radiogenic with 117Sr.,s6Sr 11s90 \ta1 values between 0. 71061 and 0. 78348 

1 C ollerson et al.. 1989 ). 

The use of Rb-Sr systematics to interpret source characteristic of igneous 

precursors can be difficult in high-grade metamorphic rocks. Rubidium may become 

highly mobile in response to metasomatism and metamorphism. Radiogenic :17Sr may 

readily diffuse in and out of minerals and whole rocks during even low·-grade 

metamorphism. As the metaplutonic rocks have experienced granulite-facies 

metamorphism and amphibolite tacies retrogression. care must be taken in interpreting 

the Sr isotope data. ln this regard. it is noteworthy that the data do not all tall along a 1.89 

Ga isochron in s: Sn s6 Sr versus s-:-Rb/ "6 Sr space (Figure 2.16b ). assuming an initial 

s-:-Sr;s6 Sr ratio of0.704. as a value around which much of the data cluster. In particular. 
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the two samples of this study that have the highest Rb/Sr ratios fall significantly below 

the 1.89 Ga reference isochron. and closer to a 1.32 Ga reference isochron. The Sr 

isotopic system ofthese two samples seems to have been significantly disturbed by 

metamorphism or metasomatism. This issue will be addressed further in the discussion 

section. 

2.7.3.2 ~eodymium Isotopic Geochemistry 

The tour samples of this study were analysed tor ~d isotopes by TlMS. eNd.cHURI 

values were calculated tor 1890 Ma. These samples have measured 1 "'3~d/ 1 -'-'Nd ratios of 

0.5111-'l to 0.511470 with 1 "'7Snv 1 -'-'~d measured ratios of0.08964-0.ll765 and EN~tll'}t) 

\t:u values from -0.13 to -5.3 (Figure 2.17. Table 2A). These values are more evolved 

than those reported by Amelin et al (2000) tor plagioclase and apatite from the 

.. enderbite··. \vhich have E~~lli'Xl\ta 1 values -3.2 and +4.7. measured 1 "'3~d/~~~d ratios of 

0.511125 to 0.511786 and i-'7SrnJ 1~~d measured ratios of0.05587 to 0.11518 (Figure 

2.17) . .-\gain. the ~d data reported by Amelin et al. (2000) for the .. ~ain gneisses·· are 

more similar to the metaplutonic suite rather than those of true Nain province gneisses. 

They have measured 1 "'3~d/~~d ratios of0.510495 to 0.511180 with 1 "'7Srn1 1~d 

measured ratios of0.04155 to 0.10829 and E!:'J~ 1890 -.1;a1 values between -0.4 to -11.8 

(Figure 2.17). The most enriched sample ( -11.8) is from the gneiss of ambiguous affinity 

near the Mushuau intrusion. In comparison. the Early .A.rchean Nain gneisses ofCollerson 

et al. ( 1989) have E~~ tl!'IO \t;a1 values of -29.2 to -40.8. 1 "'~di 1~Nd versus 1
"'

7Sm1 1-'-'Nd. 

the samples of the metaplutonic suite from this study and Ame1in et aL (2000) fall along a 
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1.89 Ga reference isochron. whereas the ~ain gneisses of Collerson et al. ( 1989) fall 

along a 2. 79 Ga reference isochron (Figure 2.18 ). 

Based on the combined data. there appears two be to separate groups: ( I) an 

enriched group \vith E~d.t~'Xll values between -3.3 and -11.8 and )!7SrtM6Srn~qo1 ratios 

between 0.70104 and 0.70827: (2) a depleted group with E~dtni'Xlt values between ~.8 

and 4.7 with s-Sr:s6Sr11 ~'Xl 1 ratios between 0.703586 and 0.700482 (Figure 2.19). Only the 

enriched samples were dated by U-Pb geochronology (i.e. VB-99-108. VB-99-106c and 

DDH-496-549): but based on tield relationships. it seems likely that the depleted group is 

of similar age. 

2. 7 .3.3 Lead Isotopic Geochemistr)· 

The same four samples were analysed for lead isotopes by MC (multi-collector)­

ICP-MS. The samples have measured =0bPb1 1~Pb ratios between 15.160 and 15.834. 

measured .::07Pb,.::~Pb ratios between 15.000 and 15.145 and 10~Pbi1~Pb ratios between 

35.507 and 37.277 (Table 2.5. Figure 2.20). The samples of Amelin et al. (2000) that are 

presumed to be from the metaplutonic suite have similar Pb isotope compositions: 

14.226-15.443 for .::06Pbt .::~Pb. 14.573-15.157 for .::07Pbi1~Pb and 33.996-35.455 for 

.::usPb,.::~Pb. The sample of Amelin et al. (2000) with the anomalous low Pb isotopic ratio 

is the orthogneiss of ambiguous affinity near the Mushuau intrusion. The combined data 

trom this study and Amelin et al. (2000) fall along a 1.89 Ga reference isochron in lead 

isotope space (Figure 2.20). There is some scatter that could represent disturbance of the 
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lead isotopic system during metamorphism and/or heterogeneity in the source region of 

the metaplutonic suite. 

The lead data are presented in Figure 2.21 in terms of 1-1 *. which is the time­

integrated ~sU2u.;Pb of the mantle and crustal sources of each sample and in terms ofk* 

\·;llues. which is the time integrated ~2Th. 23~U of the mantle and crustal sources of each 

sample. The data from this study have a range in 1-1* values from 7.66 to 7.94 and k* 

values ti·om 3.84 to 5.81. These values overlap with those reported by Amelin et al. 

(!000). The combined data sets suggest that there is no clear difference in 1-1* and K* 

bet\vcen the depleted and enriched ~d isotope (Figure 2.21 ). 

2.7.-1 l"-Pb Zircon Dating b~· L-\.\1-ICP-MS 

The recent development of in situ U-Pb zircon dating by laser ablation 

microprobe-inductively coupled plasma-mass spectrometry (lAM-lCP-MS) at Memorial 

Cniversity has been utilized in this study. The goal was to apply this technique to 

distinguish igneous from inherited L-Pb ages in zircon grains in order to identify and date 

potential crustal contributions to the mantle-derived parent magmas ofthe metaplutonic 

suite. This technique provides in situ spot or raster analysis of zircon grains. Thus it is 

possible to analyse a large number of zircons relatively quickly. An overview of the 

analytical technique is presented in Appendix A. The zircons from samples VB-99-108. 

\"8-99-106 and DDH-496-549 were used for the analysis. (i.e. zircons were selected from 

the ~M (non-magnetic) 0° Franz split that were used for the U-Pb zircon TIMS analysis). 

This technique is capable of age determinations with errors ofless than 0.5% (-10 Ma for 

2-23 



a 2 Ga zircon): however typically this technique achieves errors of 1.0% {or -20 Ma for a 

2 Ga zircon: Hom et al.. 2000). Errors of this size overlap the range of igneous ages 

determined by the U-Pb TIMS analysis for the samples. Therefore. LA .. M. analyses from 

all three samples were combined into one data set. 

Zircons from each rock type were selected based on clarity. and varied 

morphology in an anempt to maximise the likelihood of analyzing a relict core. The 

zircons were mounted in an epoxy resin for analysis. Back-scattered electron (BSE) 

microscopy was utilised to image the zircons in order to identify potential cores within 

individual grains (Plate 2.18 ). 

The LAM-lCP-MS results for the igneous zircons agree with the igneous 

aystallization ages determined by TIMS (Table 2.6). Seventeen spots in the three 

samples have a mean :!07Pb,206Pb age of 1908 - ·- l5A Ma. Several inherited cores were 

identified in sample VB-99-l06c (Table 2.7). This distinct group of zircons is determined 

to be 50 to l 00 Ma years older than the igneous population (Figure 2.22 ). ~o inherited 

~:ores were identified in the other samples. Of particular note. no Archean zircon cores 

were identified even in sample VB-99-l06c. 

2.8 DISCl"SSIO~ 

2.8.1 Geochemical Effects of Granulite Facies )letamorphism 

In order to sensibly interpret the geochemical and isotopic characteristics of the 

Paleoproterozoic metaplutonic rocks it is essential to recognise the effects of 

metamorphism on their ccmpositions. The metaplutonic rocks have all experienced peak-
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metamorphism at the upper-amphibolite to granulite facies and many have subsequently 

been retrogressed to amphibolite facies. These events presumably occurred during the 

~ain-Rae collision at ca. 1860 Ma. and the subsequent shearing and uplift which was 

completed by 17~0 Ma. It has long been recognised that intense metamorphic conditions 

can result in mobilisation of certain elements on the scale of hand samples. particularly 

alkali elements (Heir. 1965. 1973: Rudnick et al.. 1985). As a result. the effects ofthis 

metamorphism on the geochemistry of these rocks need to be addressed. 

The Paleoprotcrozoic metaplutonic rocks are enriched in large ion lithophile 

elements ( LILE) such as Rb. Ba. Pb and K relative to the MORB values but not relative 

to island arc calc-alkaline basalt (Figure ::!.11 ). They do not exhibit the large depletion in 

LILE that is commonly observed in granulite facies terrains (Heir. 1965. 1973:). A good 

indication of the extent of granulite facies metamorphism on whole rock chemical 

composition is the Rb: K ratio. as K is tar more resistant to depletion than Rb (Rudnick et 

al.. 1985 ). On a plot of Rb versus K:O (Figure 2.23 ). the metaplutonic rocks show a slight 

depletion relative to the main trend of continental igneous rocks (Shaw. 1968 ). However. 

the depletion is· not as extreme as the .. granulite trend .. observed by Rudnick et al. ( 1985) 

that is typical of most granulite facies rocks. The slight LILE depletion is particularly 

apparent for some ofthe more felsic samples. \\·hich fall slightly outside the field of Shaw 

( 1968 ). 

On a primitive-mantle normalized spider-diagram (Figure 2.10). the rocks also 

exhibit a Th-u depletion that is commonly observed in granulite facies metamorphism. 

On a plot oflJ ,.-ersus Th (Figure 2.24). the metaplutonic rocks show only a slight 

depletion. Some of the metaplutonic rocks appear to have suffered more depletion than 
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the rest of suite. The average ratio of the metaplutonic suite is 8.3, while extreme 

depletion is a ratio above 10 (Rudnick et al., 1985), though many samples fall on or 

below the average igneous rock ratio of 3.5~.0 (Rogers and Adams, 1978). The degree of 

Th-U depletion in granulites depends on the proto lith composition. the ability of mixed 

volatile tluids to interact with rocks. and the stability of accessory phases during 

metamorphism (Rudnick et al.. 1985). Overall. the whole rock compositions of the 

metaplutonic rocks appear to have been only mildly modified by granulite 

metamorphism. 

There is also evidence that the rock compositions have been modified by post 

granulite facies events. As noted in Figure 2.16. the Sr isotope compositions of some 

samples tall otT a 1.89 Ga reference isochron and more closely along a 1.32 Ga reference 

isochron. This suggests the possibility of disturbance of the Rb-Sr system of the 

metaplutonic rocks during the Mesoproterozoic emplacement of the proximal large 

\·olume ~ain Plutonic Suite. 

Because there is some evidence that these rocks may not represent the chemical 

compositions of their protoliths. care must be taken in interpreting their igneous history 

especially in terms of the LILE. which appear to have been most mobile during 

metamorphism. However. based on the broad systematic major and trace element trends 

of the metaplutonic rocks (Figure 2.7 and 2.8) and their chemical similarities to modem 

arc magmas (Figure 2. 11 ). it is likely the etTects of metamorphism were relatively minor 

and did not significantly alter the chemical composition of the igneous protolith material. 
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2.8.2 Origin of the Metaplutonic Suite 

2.8.2.1 :\'lajor Characteristics of the Metaplutonic Suite 

The Paleoproterozoic metaplutonic rocks of the Voisey's Bay area form a nonh­

south belt between Archean ~ain gneisses to the east and Archean Rae and Proterozoic 

Chun:hill gneisses to the west. The rocks vary in ~omposition from meta-gabbro through 

meta-tonalite. and are dominated by meta-quartz diorite. The suite represents a fairly 

unditTerentiated. mafic-intermediate calc-alkaline batholith. The metamorphic grade is 

high. ranging from upper-amphibolite to granulite facies. 

The metaplutonic suite shows broad compositional variations in their major and 

trace dement concentrations. The more matic samples (meta-gabbro to quartz diorite) are 

characterised by systematically increasing Al~03 and :"'iazO and decreasing Fez03• CaO. 

MgO. MnO and TiO: with increasing SiO: (Figure 2.7). This systematic behaviour is also 

mirrored in most trace elements. which display a positive correlation between silica and 

strongly and moderately incompatible trace elemems (Ba. La and Sr) and some trace 

demems ratios ( Rb;Sr: Figure 2.8 ). The inverse relationship is seen with compatible 

elements. These characteristics suggest that thematic compositions (meta-gabbro to 

quartz-diorite) are magmatically related. likely by fractional crystallization of a common 

parent magma. The fractionation assemblage probably was dominated by mafic silicates 

such as pyroxene and olivine. and Fe-Ti oxides in order to explain the observed chemical 

variations. However. as metamorphism has obliterated the primary. igneous mineralogy 

of the rocks. the details of the fractional crystallization history are difficult to determine. 

The break in the continuous. systematic relationship of the major and trace 

elements at about 55 wt.% SiO:! (Figure 2.7 and 2.8) suggests that the meta-tonalites 
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followed a different magmatic evolution and are not simply related to the more mafic 

rocks by fractional crystallization. ln principle. it is possible that the break in chemical 

variation at 55 wt.% SiO: represents a change in the fractionating mineral assemblage. 

For instance the appearance of plagioclase on the liquidus might explain the lack of 

further increases in Al:03 and Na:O with increasing SiO: over 55 wt.%. ln detail. 

however. it is difficult to achieve a rather constant concentration of most elements with 

increasing SiO: observed for the meta-tonalites without a rather delicate balance of mafic 

and felsic phases in the fractionation assemblage. 

All of the metaplutonic rocks are characterised by strongly fractionated and 

crossing REE patterns (Figure 2.9). The heavy REE depletion is consistent with residual 

garnet in the source region ofthe metaplutonic rocks (Taylor and Mclennan. 1985). 

Negative Th-U anomalies are also characteristic of the metaplutonic suite. This may 

result from loss of these elements during high-grade metamorphism. Alternatively they 

may retlect input of a lower crustal source or contaminant that is also characterized by 

this depletion (Rollinson. 1993 ). The negative Nb-Ta anomalies present in the 

metaplutonic suite probably represent a metasomatized subduction-related (ocean slab or 

mantle wedge) source region of their igneous precursors (Rollinson. 1993 ). The 

systematic decrease in trace element concentrations with increasing compatibility on a 

MORB normalized diagram (Figure 2.11) further suggests enrichment in the LILE are 

controlled by metasomatism in the mantle source by subduction zone fluids and/or partial 

melts. This is consistent with the idea that the metaplutonic suite formed from arc 

magmas. 
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Precise U-Pb zircon TIMS ages for the metaplutonic suite are 1893 +/- 3 Ma for 

the meta-quartz diorite. 1890 ..,...;_ 2 Ma for a meta-hornblende gabbro. and 1883 + /- 5 Ma 

for a meta-tonalite. The slightly younger age of the meta-tonalite is consistent with a 

somewhat ditTerent magmatic history than the more mafic rocks. 

Measured 1 ~7 Sw 1-'4~ch0 versus 1 ~3~d/ 1-'4~d.~o for the metaplutonic suite largely 

fall along a reference isochron of 1.89 Ga (Figure 2.18 ). This suggests that there has been 

only minor disturbance of the Sm-Nd isotopic system during metamorphism and 

secondary alteration events. In contrast. the Rb-Sr isotopic system for the metaplutonic 

suite appears to have been more significantly disturbed. Some samples fall along a 1.32 

Ga retcrence isochron suggesting a possible isotopic disturbance as a result of 

\!mplacement of the ~a in Plutonic Suite (Figure 2.16 ). Isotopic resetting of the Rb-Sr 

system also possibly occurred during granulite facies metamorphism and amphibolite 

facies retrogression. The Pb isotope geochemistry of the metaplutonic suite was not been 

strongly disturbed by secondary processes. Most samples fall along a 1.89 Ga reference 

isochron in the Ph-isotope space (Figure 2.20). 

The observed E~d values of the metaplutonic suite (from - ..,...5 to -7. excluding 

the gneiss of ambiguous origin near the Mushuau intrusion) extend from those expected 

for depleted mantle in the Pa1eoproterozoic to highly enriched (Figure 2.25). The depleted 

~d isotope group may be near direct melts of the depleted mantle; however the enriched 

;-..;d group either formed by melting of older crust or crustal contamination of a mantle­

derived magma. Except for the meta-tonalites. the metaplutonic suite is probably too 

mafic to have been derived from direct melting of crustal rocks. The most plausible 
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explanation is that the mafic metaplutonic rocks formed by interaction of depleted mantle 

melts \Vith a continental crust component. The meta-tonalites could have formed from 

direct melts of a mafic crustal source. or crustal contaminated mantle-derived melts. 

The U-Pb zircon analyses by LAM-ICP-MS are important in assessing the role of 

crustal contamination in the genesis of the metaplutonic suite. A small group of inherited 

cores that were 50-100 Ma older than the igneous crystallization age were identified in 

one sample of meta-hornblende gabbro (Figure 2.22). The inherited cores were not found 

in samples of meta-quartz diorite and meta-tonalite. These data imply that the parent 

magmas of the metaplutonic suite had only limited interaction with pre-existing. 

panicularly pre-existing Archean crust. 

Another more general problem of crustal contamination models for the 

metaplutonic suite is the lack of correlation between the ENd and chemical indices of 

contamination. Bulk crustal assimilation of a more mantle-derived mafic magma would 

be expected to produce trends of decreasing ENd with increasing SiO:! and decreasing 

~lgO. This is not observed in the metaplutonic suite (Figure 2.26). 

2.8.2.2 Interpretations of the Origin of the ~letaplutonic Suite 

~. 8. 1.1. 1 .'ttlera-gabbro ro Jleca-quart= diorice 

The meta-gabbro. -hornblende gabbro. -diorite and -quartz diorite appear to define 

a common magmatic series based on systematic variations in trace and major elements. 

Their overall matic composition implies formulation from a relatively primitive. mantle­

derived magma or from a magma possibly derived from the mantle wedge above a 
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subduction zone. The rocks are calc-alkaline ''.rith compositional characteristics of arc 

magmas such as negative ~lb-Ta anomalies. Evolution ofthis magmatic series to form the 

more felsic compositions (quartz diorite) was probably the result of fractional 

~rystallization of matic silicates and Fe-Ti oxides. However. crustal contamination of the 

mantle-derived magma also probably occurred because ( l) there is a range of depleted to 

enriched ~d isotope compositions and (2) inherited zircon grains are present in a sample 

of meta-hornblende gabbro. 

If these rocks tormed by interaction of the mantle melts with a crustal component. 

there are t\vo likely contaminants based on tield mapping: l) the Tasiuyak paragneiss. 

belonging to the Churchill Province. to the west or 2) the Archean orthogneisses. 

belonging to the ~ain Province. to the east. However. along the length of the Tomgat 

Orogen several more potential contaminants are present. These include the 

Paleoproterozoic supracrustal sequences of the: Ramah Group. Mugford Group and Lac 

Lomier-Lake Harbour Group. The Lac Lomier sediments are thought to be the 

metamorphosed equivalent of the Lake Harbour Group (Theriault and Ermanovics. 1997). 

:\latic and felsic orthogneisses of the Rae craton and from parts of the ~ain craton north 

of the tield area are also potential contaminants. 

Each of the potential contaminants can first be evaluated in terms of their major 

dement trends and those of the meta-gabbro to meta-quartz diorite compositions. ~one of 

the Paleoproterozoic supracrustal sequences (Ramah. Tasiuyak. Mugford or Lac Lomier­

Lake Harbour Group) can adequately explain the trends observed in the major elements 

tAl::03. Fe::O~. CaO and ~a::O) of the meta-gabbro to meta-quartz diorite compositions of 
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the metaplutonic suite (Figure 2.27). The high concentrations ofCaO and ~a~O in the 

metaplutonic rocks are particularly problematic. 

The Rae and ~ain orthogneisses have similar compositions. and they do not 

exhibit the elemental concentrations required to be the crustal contaminant necessary to 

explain the major element trends observed in the meta-gabbro to meta-quartz diorite 

series (Figure 2.28 ). ln particular the elevated trends of the AI~O:; and ~a~O observed in 

the metaplutonic suite are not consistent .. ..-ith crustal contamination of~ain and Rae 

orthogneisses. 

In terms of the Sm-~d isotopic composition of the meta-gabbro to meta-quartz 

diorite rocks of the metaplutonic suite. the Paleoproterozoic supracrustals also are not a 

viable contaminant. The E~d !:!Q(l \ta 1 of these metaplutonic rocks overlap almost 

completely with the supracrustal rocks and thus would require huge amounts of 

contamination 1 Figure 2.29). ln contrast. the Rae and ~ain Province gneisses have 

sufficiently e\·olved E~d 1 ~411 1 to explain the range in E~d I~'Kl• values of the metaplutonic 

suite with small amounts of crustal contamination 1 Figure 2.30). 

Evaluating potential contaminants in terms of Pb isotopes is somewhat difficult as 

only a few Pb isotope studies have been published for the Paleoproterozoic supracrustals 

and Archean gneisses. However recent data tor the Tasiuyak paragneisses. the Rae 

orthogneisses and the ~ain orthogneisses allow for consideration of these units. Figure 

2.3 l is an E~d 1 s'lo1 versus JJ. * diagram for the metaplutonic suite and possible crustal 

contaminants in the region. Also shown are mixing lines between a hypothetical mantle 

magma with E~d 1~'10• of -5 and f.l * of 8. and Archean upper crustal (ENd U!90) = -12. f.1. * 
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= 9.7) and lower crustal (E~~ t s<x.J 1 = -12. J.L * = 7) sources. The end-member compositions 

are those used by Arndt and Todt ( 1994) for the 1.9 Ga Trans-Hudson Batholith. On this 

plot. the metaplutonic suite is more closely associated \vith the lo\ver crustal 

contamination trajectory. ~one of the observed potential contaminants in the area. 

however. have the same characteristics as the hypothetical lower crustal contaminant. The 

Tasiuyak paragneiss and the Rae onhogneisses clearly have J.L * values that are too high 

( 8.10 to 8.24 for the Tasiuyak paragneiss and 7.8 to 8.19 for the Rae Province) to explain 

the!-!* values of the metaplutonic suite. Contamination of thematic magma by some pan 

of the ~ain onhogneiss suite could explain the range in J.l* observed in the metaplutonic 

suite (Figure 2.31 ). However. based on the above stated major element variations. the 

~ain onhogneisses can not explain the trends defined by the meta-gabbro to meta-quanz 

diorite members ofthe metaplutonic suite. 

The lack of inherited Archean zircon cores in the metaplutonic suite. suggests that 

the matic parent magma did not interact with Archean crustal contaminants. Instead the 

identified inherited zircons range in age trom 50 to l 00 Ma older than the igneous 

crystallization age. This would be consistent with contamination by the Tasiuyak 

para gneiss. whose detrital zircon ages overlap with these ages (Scott and Gauthier. 1996 ). 

However. contamination by the Tasiuyak paragneiss cannot explain the geochemical or 

isotopic characteristics of the metaplutonic suite. 

As none of the obvious potential contaminants in Nonhero Labrador (i.e. 

Tasiuyak paragneiss. Ramah group. Mugford group. Lac Lomier-Lake Harbour group. 

Rae felsic and matic onhogneisses or the ~ain mafic and felsic onhogneisses). can 
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readily explain the fractionation trend of the meta-gabbro to meta-quartz diorite and the 

isotopic characteristics. it seems unlikely that these rocks were a major contaminant of the 

primitive magma ofthe metaplutonic suite. In terms of!-l* versus eNd ci!NO:O.I:u 

relationships. the source rocks of the metaplutonic suite most likely contain a lower 

crustal component that is not preserved (or known) in present day surface geology. as 

opposed to an upper crustal source. The scaner of the metaplutonics along the lower crust 

mixing line. in tigure 2.3 I. indicates that the hypothetical lower crustal contaminant may 

have been isotopically heterogeneous. 

There arc two ways in which the hypothetical lower crustal contaminant may have 

interacted \Vith the mantle-derived parent magmas of the metaplutonic suite. The first is 

through bulk assimilation of lower crustal rocks by the mafic parent magmas during their 

upward passage through the continental crust. The second is by subduction of the lower 

crustal rocks. or by their sedimentary detritus. on a down-going lithospheric slab and 

contamination of the mantle wedge source region ofthe parent magmas of the 

metaplutonic suite prior to partial melting. In modern subduction zones. contamination of 

the mantle wedge by subducting crustal material is assumed to occur largely by 

metasomatism. The data of this study do not indicate which of these two models is 

correct. However. the metasomatic source model is more compatible with the paucity of 

inherited zircons in the metaplutonic suite. It also is consistent with the lack of correlation 

between the E~d and chemical indices of contamination (increasing SiO~. decreasing 

~gO. ect). 
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2.8.2.2.2 J-lera-tonalire 

The signiticant ditTerence between the meta-tonalite and the other compositions of 

the metaplutonic suite is that the major and trace element ratios appear to have evolved 

along a di tTerent fractionation trend (Figure 2. 7 and 2.8 ). In essence the meta-tonalite 

trend extends from about 55 wt.% SiO~. where it overlaps the composition of the meta-

quartz diorite. toward a silica content of almost 60 wt.%. The distinctive characteristic of 

the meta-tonalite trend is that the concentrations in a number of elements with various 

affinities remain largely unchanged with increasing silica. There are three possible 

interpretations of the chemical variations of the meta-tonalites. The tirst is that the parent 

magmas of the meta-tonalite are related to those of the meta-quartz diorite by fractional 

~rystallization. ln this modeL the break in ~hemical variations of the metaplutonic suite at 

55 wt.0 o SiO::: represents a change in the fractionation phase assemblage. In particular. the 

appearance of plagioclase on the liquidus could explain the variations in Al20 3• CaO and 

~a~O with silica. There are several problems with this modeL however: ( 1) Trace 

dements that are normally incompatible (La) and compatible (~i) during fractional 

crystallization both tend to be relatively constant with increasing silica in the meta-

tonalites: (2) The heavy REE patterns ofthe meta-tonalites tend to be more strongly 

fractionated than the meta-quartz diorite (Figure 2.9). which probably indicates different 

sources containine variable amounts of residual garnet: and (3) U-Pb zircon TIMS - -
geochronology suggest the meta-tonalites are slightly younger. just outside analytical 

uncertainty. than the meta-quartz diorite. 

A second possible interpretation of the meta-tonalites is that they formed by 

crustal contamination to the parent magmas of the meta-quartz diorites. The chemical 
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variations of the meta-tonalites are inconsistent with any of the observed Paleoproterozoic 

supracrustal rocks in the region being the contaminant (Figure 2.27). but the quartzo­

feldspathic gneisses from the "Nain and Rae cratons can explain the trend (Figure 2.28 ). In 

this model. the concentrations of normally incompatible and compatible trace elements 

and the degree of heavy REE fractionation are controlled by the composition ofthe 

Arche:.m contaminant. Again. howevt!r. if the meta-tonalite is younger than the meta­

quartz diorite. their parent magmas cannot be related directly. 

:\ third model tor the meta-tonalites is that they formed from a parent magma that 

had a different source than the rest of the metaplutonic suite. Tonalite magmas cannot be 

derived from melting of the mantle but instead require a less mafic source. ln the context 

of the proposed mantle wedge origin tor the majority of the metaplutonic suite. the meta­

tonalitt!s could have been derived from partial melts ofthe subducting ocean crust. The 

isotopic characteristics of the meta-tonalites would be inherited from their ocean crust 

sources. Slab melting is thought to have been more common in the Archean than post­

Archean. as is discussed in next section of this paper. 

2.8.2.3 Comparisons of the ~letaplutonic Suite 

~. 8.~.3. 1. ~Virh Calc-alkaline Jlecaplwonic Rocks ofthe Tomgar Orogen 

Calc-alkaline metaplutonic rocks have been identified along the length of the 

Torngat Orogen from both northern (Burwell Domain) and southern ("Nutak-North River) 

segments. Similarities or differences with the metaplutonic suite of the Voisey·s Bay area 

could provide insight into the tectonic relationships along the length of the orogen. 
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In terms of major element compositions. the Voisey's Bay metaplutonic rocks are 

very similar to the Groups l and 2 of metapiutonic rocks from the Burwell Domain 

(Campbell. 1997) and to the eastern and western groups ofthe Southern orogen (Theriault 

and Ermanovics. 1997). Major element compositions of these calc-alkaline suites overlap 

to some degree with one another. being dominated by intermediate compositions (Figure 

2.32 and 2.33 ). In contrast. Group 3 (eN~ 1sq5 :-.1:11<-5) trom the Burwell domain is far more 

felsic. There are some notable ditTerences in the trends and composition ranges of the 

various metaplutonic suites. The Eastern metaplutonic suite of the southern orogen 

mirrors the major element trends versus silica seen in the Voisey's Bay metaplutonic 

suite. including the break in the trend at 55 wt.% SiOz. However. FezOJ values are much 

more devatcd than in the Voisey·s Bay metaplutonic suite. Major element trends ofthe 

Group 1 (e~dn~Ns "•u >0) and 2 (e~dw~q5 \la1 -5 to 0) of the Burwell Domain and the 

Western metaplutonic suite are more felsic than the Voisey's Bay metaplutonic suite with 

most samples greater than 52 \vt.% SiOz (Figure 2.32 and 2.33). Major element trends for 

these three units are similar to the meta-tonalites. with the exception of Fe203 in the 

western metaplutonic suite that is elevated and displays no clear trend. Group 3 (eN~ 11Ns 

\la1<-5) is more telsic than all of the other suites with 65-71.6 wt.% Si02, hO\vever. its 

major elements lie along the same trend as the Voisey's Bay meta-tonalites and also the 

Group 1 rocks. 

The chondrite-normalized REE plots of the Group 1 and 2 of meta-plutonic rocks. 

in the Burwell domain. display the same fractionation of LREE from HREE that is seen in 

the Voisey's Bay metaplutonic rocks (Figure 2.34). The exception is Group 2 ofthe 
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Burwell Domain. which is extremely depleted in HREE. suggesting usually large 

amounts of residual garnet in their source regions. This fractionation of LREEJHREE 

elements is also seen the Eastern and Western suites in the southern orogen (Figure 2.35). 

Again. however. some compositions. particularly the Eastern metaplutonic suite. are more 

depleted in HREE. In terms of~d isotopes. the Voisey·s Bay metaplutonic suite fall 

within the range of the other metaplutonic rocks of the Torngat Orogen (Figure 2.36). 

(The apparent difference between the low fi;m~.tofthe Amelin et al. (2000) samples and 

of the other compositions is the result of the tormer including mineral separates). 

U -Pb zircon TIMS ages for the Voisey · s Bay calc-alkaline metaplutonic rocks are 

1893- -3 Ma. 1890 "!",' - 2 Ma and 1883 "!":-5 Ma. These ages correspond with the ages of 

calc-alkaline intrusive activity in the ~orthern segments (Burwell Domain) of the Tomgat 

Oro!!en. which lasted between l. 91 to 1.86 Ga (Scott and Machado. 1994~ Scott. 1995) 

and with the 1.88 Ga age of calc-alkaline activity in the southern segments (Nutak-North 

River map area) of the orogen (Bertrand et al.. 1993). It is clear that mafic to 

intermediate-dominated. calc-alkaline magmatic activity occurred along the length of the 

Tomgat Orogen from 1.91 to 1.86 Ga and. \Vith the results ofthis study. can now be 

extended as far south as the Voisey · s Bay area. a distance of some 500 km. This 

suggestion is that the calc-alkaline rocks of the Tom gat Orogen formed along a 

convergent plate margin of substantial length. 

There has been some debate about the polarity of subduction during the calc­

alkaline magmatism in the T orngat Orogen in the Paleoproterozoic. Some authors 

(Bertrand et al.. 1993 ~ Theriault and Errnanovics. 1997) have suggested west-dipping 
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subduction beneath the Rae craton: others have proposed east dipping subduction beneath 

the :\ain craton (Scott. 1995: Rivers et al.. 1996). More complex models of dual 

subduction with opposing polarity and tlipping of subducted polarity from east to e\west 

ca. 1885 Ma (van K.ranendonk and Wardle. 1996: 1997) have also been suggested. The 

results from this study add little to this debate as the contact relationships of the 

metaplutonic suite in the Voisey·s Bay area are deformed and tectonized. Thus. it is not 

possible to determine whether the metaplutonic suite intruded the ~ain orthogneisses to 

the east or the Tasiuyak paragneisses to the west. Moreover the evidence tor crustal 

contamination in the metaplutonic suite does not point to any observed Archean or 

Proterozoic units in the area being a contaminant. 

2.8.2.3.2. Wirlz .\!adem Arc: .\lagmas 

The calc-alkaline metaplutonic rocks of the Voisey·s Bay area provide insight into 

the formation of subduction-related magmatism during the Paleoproterozoic. This time 

period is transitional between the Archean. when subduction-related magmatism was 

dominated by tonalite-trondhjemite-granodiorite (TTG) derived by melting ofthe 

subducting slab. and the late Proterozoic and Phanerozoic when arc melts were produced 

mainly from the mantle wedge. The difference is thought to be related to higher heat tlow 

in the Archean mantle than thereafter. Martin ( 1994) suggested that distinctions between 

Archean .. slab·· melts and post-Archean .. wedge·· melts could be made on the basis of the 

REE patterns of juvenile granitoids of subduction-related suites. Figure 2.37 compares the 

granitoids of the Torngat Orogen. including the meta-quartz diorite and meta-tonalites of 

the Voisey·s Bay metaplutonic suite. to Archean and post-Archean granitoids in terms of 
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La:Yb ,·ersus 'r'b. The Tomgat samples tend to have high LaJYb and low Yb. more like 

the Archean granitoids. This suggests that slab melting was an important processes in the 

formation of arc magmatism in the Tomgat Orogen. As described earlier in this paper. 

however. slab melting did not dominate in the Voisey' s Bay metaplutonic suite. as 

voluminous magmati(: products from the mantle wedge formed as well (meta-gabbro to 

meta-quartz diorite series). Thus. at least in the Tomgat Orogen of northern Labrador. 

Paleoproterozoic subduction processes were transitional between those of the Archean 

and those of today. 

2.9 CO~CLCSIO~ 

The Voisey · s Bay Paleoproterozoic metaplutonic rocks were defined and 

characterized based on the tield mapping. petrography. geochemistry. isotopic data and 

geochronology. This has led to several major conclusions. which include the following: 

1 l The metaplutonic suite is a relatively unditTerentiated. matic to intermediate 

calc-alkaline batholith (composition from meta-gabbro to meta-tonalite) that 

was generated above a Paleoproterozoic subduction zone. Meta-quartz diorite 

is the dominant lithology. 

2) The ca. 1890 meta-gabbro to meta-quartz diorite rocks of this suite appear to 

have evolved along an igneous fractionation trend. Primitive parent magmas 

of the suite were probably derived by partial melting of the mantle wedge but 

interacted with crustal material. either in the source region or lower crust. 



J) The meta-tonalites are slightlv vouneer ( 1883 ~,: - 5 Ma). and have a different - - .,. -
magmatic evolution based on major and trace element variations. than the 

other components of the suite. They may have been derived by partial melting 

of subducting oceanic crust in the Paleoproterozoic subduction zone. 

4) The Voisey·s Bay metaplutonic suite is similar in composition and age to calc­

alkaline magmatic rocks that occur along the length of the Torngat Orogen. 

The calc-alkaline magmatism may have formed along a single convergent 

plate margin. some 500 krn in length. 

5) As both slab and wedge melting were important in producing calc-alkaline 

magmatism in the Paleoproterozoic Tomgat Orogen. transition from slab-

dominated Archean magmatism to wedge-dominated post-Archean 

magmatism may have occurred progressively through the Paleoproterozoic. 
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Figure 2.1 Generalized map of the Tomgat Orogen, Churchill and Nain Provinces. 
Showing the major geological units of the area (simplified after van Kranendonk, 1990). 
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values from Stem et al. (1994) and DePaolo (1988) are shown for reference. ain 
Province felsic gneiss data from Collerson et al. (1989), Schiotte et al. (1993) and 
Campbell (1997). Rae Province felsic gneiss data from Campbell (1997). Tasiuyak 
paragneiss data from Theriault and Ermanovics (1997) and Amelin et al. (2000). 
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Figure 2.29. E d versus f s 'd (fractionation factor) diagram for Paleoproterozoic 
metaplutonic rocks from Voisey's Bay Labrador, compared to other Paleoproterozoic 
supracrustal units in the region: Mugford Group tholeiites from an area north of Saglek 
Bay (Hamilton, 1993), and the Lac Lomier metasediments, Ramah group and the 
Tasiuyak paragneiss from the orth River-Nutak area (Theriault and Ermanovics, 1997). 
The Tasiuyak paragneiss field also contains data from the Voisey's Bay area (Amelin et 
al, 2000). The f sm!Nd values for the mineral separates of the metaplutonic suite from 
Amelin et al.(2000) are not directly comparable to the whole rock compositions because 
minerals exhibit crystal-chemical controls of Sm/Nd partitioning. 
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(Campbell, 1997).The f Sm!Nd values for the mineral separates of the metaplutonic suite 
from Amelin et al.(2000) are not directly comparable to the whole rock compositions 
because minerals exhibit crystal-chemical controls of Sm/Nd partitioning. 
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(Harker) diagram for Paleoproterozoic 
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metaplutonic rocks in the Burwell Domain of the Tomgat Orogen are shown (data after 
Campbell, 1997). Units are subdivided based on c:Nd isotopic values. 
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Figure 2.36. f nv .d versus eNd diagram for Paleoproterozoic metaplutonic rocks from 
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Table 2. 1 - Major element analyses of Paleoproterozoic metaplutonic rocks of 
the Voisey's Bay Area, Labrador 

(Wt. %) 

Si02 58.71 54.67 56.84 64.03 54.30 53.50 57.73 57.53 57.60 

Ti02 0.50 0.65 0.76 0.58 0.71 0.68 0.62 0.68 0.66 

AI203 17.78 18.39 19.63 19.01 20.58 18.73 19.14 18.88 18.73 

Fe2o3· 1.75 1.80 1.91 1.65 1.79 1.n 1.67 1.81 1.79 

FeO 2.87 2.81 2.94 2.35 2.93 2.96 2.58 2.76 2.63 

MnO 0.07 0.06 0.07 0.06 0.07 0.06 0.06 0.07 0.06 

MgO 1.82 3.59 3.48 3.25 2.81 3.75 2.72 3.00 3.12 

CaO 4.83 6.13 6.84 5.50 6.91 6.53 5.87 6.23 5.88 
Na20 4.61 4.59 5.16 4.84 5.39 5.03 5.20 5.30 5.04 

K20 1.49 2.17 1.62 2.18 0.96 1.21 1.48 1.53 2.08 

P:05 0.18 0.40 0.45 0.34 0.46 0.43 0.38 0.41 0.41 

Sum 95.12 95.81 100.13 104.22 97.28 95.06 97.81 98.60 98.46 

Meta-tonalite 
DOH- DOH- VB-99- VB-99- AR-00- AR-00- AR-00- AR-00- AR-00-

(Wt. %) 497-227 497-231 076 082 004 017 032 053 054 

Si02 59.03 64.24 56.79 61.90 54.59 57.46 64.23 55.84 56.10 

Ti02 0.68 0.56 0.61 0.93 0.96 0.97 0.58 0.93 0.78 

AI203 18.65 17.33 18.41 14.58 17.98 19.18 17.27 18.58 18.92 

Fe2o3· 1.87 1.48 1.74 2.05 2.41 2.27 1.63 2.52 1.93 

FeO 2.76 1.98 2.54 3.70 4.00 3.21 2.56 3.33 2.67 
MnO 0.06 0.04 0.06 0.17 0.08 0.08 0.05 0.09 0.07 

MgO 2.94 1.85 3.37 1.97 4.78 4.58 3.49 4.39 3.44 

CaO 5.64 3.91 5.46 6.27 7.15 6 .46 5.08 5.55 5.95 
Na20 4.91 4.05 4.99 4.25 4.62 4.65 4.40 4.41 4.68 

K20 2.08 3.53 2.27 0.86 1.64 2.82 1.75 3.78 3.07 

PzOs 0.34 0.23 0.33 0.32 0.61 0.54 0.19 0.58 0.49 

Sum 99.38 99.66 96.98 97.32 99.39 102.76 101.52 100.47 98.60 

Major element data by X-Ray fluorescence. Analytical method given in Appendix 1. 
Fe20 3 • and FeO recalculated from Fe20 3 T (total) using the procedure of LeMaitre (1976). 

Oxides normalized to 100% (anhydrous). Actual analysis totals are reported in ·sum• column. 
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Table 2. 1 - (continued} 

I ._uaMd-. I 
0Nt %) :~ ~ !:6 ~ 4::7 =m ;~ro ::11 ~:1~ 

Si02 54.19 55.48 54.86 55.47 57.11 56.80 56.91 57.54 53.50 

Ti02 0.90 0.77 0.75 0.70 0.64 0.55 0.80 0.81 0.94 

AJ203 19.15 19.34 18.17 18.90 18.96 18.92 16.74 17.35 16.93 
F~o3· 2.32 2.18 2.07 1.84 1.72 1.62 2.23 2.25 2.04 

FeO 3.81 3.48 3.13 2.79 2.45 2.34 2.93 2.67 2.70 
MnO 0.10 0.09 0.08 0.08 0.07 0.06 0.07 0.07 0.07 
MgO 4.31 3.93 3.46 3.24 3.24 3.02 3.56 3.59 3.25 
CaO 7.73 7.73 5.72 6.51 5.92 5.67 4.54 4.52 4.03 
Na20 4.70 4.76 4.43 4.59 4.46 4.53 3.92 4.32 3.75 
K20 1.68 1.79 2.62 2.38 3.01 2.82 4.27 4.76 4.59 

P20s 0.63 0.64 0.46 0.49 0.42 0.39 0.46 0.44 0.47 

Sum 100.06 100.70 96.28 97.64 98.54 97.40 96.83 98.75 92.70 

~uartz diorite Meta-diorite 
DOH- VB-99- VB-99- VB-99- AR-00- AR-00- AR-00- VB-99- VB-99-

(Wl %) 497-221 077 107 108 008 009 050 089 092 

Si02 55.56 52.61 51 .93 55.63 52.54 52.90 52.49 49.77 49.35 

Ti02 0.65 0.64 0.85 1.05 0.97 0.91 0.78 1.13 0.01 

AJ203 18.98 19.81 17.78 18.85 17.21 17.67 18.72 17.77 17.12 

Fe2o3· 1.73 2.38 2.38 2.93 2.39 2.16 1.90 2.49 2.65 

FeO 2.66 4.58 4.09 3.75 4.09 3.66 3.21 4.63 4.04 

MnO 0.06 0.10 0.10 0.10 0.12 0.09 0.06 0.10 0.10 

MgO 2.44 5.37 4.80 4.08 4.31 4.94 3.36 5.05 4.96 

CaO 6.05 6.90 7.28 5.66 6.89 6.89 6.22 7.07 5.28 
N~O 5.28 4.95 4.47 4.18 3.85 4.22 4.84 3.90 3.26 
K20 1.57 0.15 1.61 4.31 2.25 1.95 1.37 1.65 4.03 

P20s 0.39 0.23 0.52 0.56 0.34 0.54 0.49 0.34 0.50 

Sum 95.79 99.33 96.13 101 .57 95.39 96.42 93.86 94.24 93.06 
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Table 2.1 -(continued) 

,M.di~ ~abbro 
<Wt%l4:i=a, 4:0 ~3 4~~a v:s= v:s= A~ AR~I 

Si02 54.91 52.74 46.06 48.40 48.88 48.91 45.93 55.79 51 .14 
Ti02 0.73 1.73 1.32 1.69 1.07 1.19 1.49 0.90 1.09 

Al203 17.81 19.47 15.19 16.47 15.84 15.79 13.65 19.57 19.55 
F~03* 1.90 3.65 3.48 3.48 3.08 2.80 3.53 2.26 2.84 

FeO 3.23 6.70 7.46 7.23 6.45 5.50 7.47 2.99 5.10 
MnO 0.09 0.14 0.29 0.20 0.13 0.13 0.17 0.08 0.12 
MgO 3.98 4.30 7.74 4.65 7.27 5.28 6.89 3.94 4.35 
CaO 7.39 6.27 8.69 8.74 7.90 6.81 7.44 6.14 7.84 
N~O 4.54 4.34 3.08 3.61 3.56 3.65 3.02 4.89 4.63 

K20 1.46 1.15 1.51 1.12 1.08 1.50 1.70 3.29 1.15 

P205 0.51 0.31 0.35 o.n 0.25 0.41 0.49 0.51 0.30 

Sum 96.96 101.05 95.54 96.66 95.97 92.35 92.17 100.87 98.61 

Meta..flomblende gabbro 
AR-00- AR-00- DOH- DOH- DOH- DOH- VB-99- VB-99- VB-99-

(Wt %) 065 068 4~516 497-211 497-212 497-215 078 083 085 

Si02 50.92 45.74 47.17 48.06 47.97 47.31 42.36 47.20 47.49 

Ti02 1.04 1.34 2.03 1.11 1.07 1.34 1.29 0.36 1.13 

Al203 19.64 17.19 13.10 16.33 16.44 17.74 14.49 16.85 17.30 

F~03* 2.62 2.76 3.97 2.82 2.n 2.n 2.89 1.86 3.12 

FeO 4.67 5.83 9.68 6.33 6.06 6 .01 7.29 4.43 6.17 

MnO 0.13 0.12 0.18 0.15 0.15 0.14 0.14 0.08 0.11 

MgO 3.39 6.50 10.23 6.n 6.43 5.62 8.42 6.50 4.05 

cao 6.90 9.63 10.91 8.87 8.66 9.75 9.10 11.10 8.53 
N~O 4.81 3.40 2.53 3.61 3.66 3.85 2.43 2.99 4.47 

K20 1.03 1.36 1.02 0.51 0.68 0.58 1.12 0.73 0.71 

P205 0.42 0.83 0.20 0.29 0.28 0.61 0.43 0.13 0.61 

Sum 95.96 95.26 101.66 95.00 94.41 95.97 90.32 92.43 94.01 
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Table 2. 1 - (continued) 

~I (Wt%)1~ 
Meta-hbl gabbro 

v1:r v~;s-

Si02 50.99 46.88 46.34 51 .55 

Ti02 0.95 1.16 0.58 0.73 

AI203 17.20 17.32 16.74 16.42 

F~o3· 2.n 3.40 2.35 3.02 

FeO 6.08 7.37 4.54 5.27 

MnO 0.16 0.18 0.11 0.10 

MgO 7.10 7.44 6.17 3.58 

cao 8.97 8.85 6.n 6.04 
N~O 3.66 3.08 3.92 4.97 

K20 0.48 1.38 1.51 1.03 

P20s 0.06 0.15 0.22 0.34 

Sum 97.53 98.67 89.47 93.65 
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Table 2.2- Trace element analyses of Paleoproterozoic metaplutonic rocks of 
the Voisey's Bay Area, Labrador. 

Meta-tonalite 
DOH- DOH- DOH- DOH- DOH- DOH- DOH- DOH- DOH-

(ppm) 496-511 496-532 496-535 496-549 497-217 497-219 497-220 497-223 497-225 

li 21 15 16 16 14 14 15 13 14 
s 1165 106 139 156 45 108 64 64 116 
Cl 54 164 147 528 179 120 104 270 252 
Sc <LO <LO <LD <LO 10.2 12.8 <LO <LO 10.3 
v 54.0 81 .0 93.0 60.9 88.8 83.9 72.6 78.4 75.8 
Cr 24.2 17.7 25.0 <LO 24.6 18.6 38.2 21 .0 21 .9 
Ni <LD 8.9 11.5 7.5 15.1 13.9 <LO 10.3 10.3 
Cu 44.0 14.6 42.6 30.8 <LD 44.7 <LD 23.4 52.0 
Zn 20.7 29.1 32.1 13.8 32.0 41 .2 31 .1 32.9 34.4 
Ga 24.9 22.2 24.3 23.5 25.0 23.8 24.7 25.8 22.1 
As <LD <LD <LD 25.5 <LD <LD <LO 26.6 <LD 
Rb 11 .2 18.3 12.7 37.2 6.3 9.5 8.8 20.5 22.7 
Sr 626 1451 1423 1236 1550 1507 1317 1353 1383 
y 9.8 9.2 9.1 8.4 6.7 7.6 6.1 7.7 7.8 
Zr 43.2 147.7 74.1 146.7 <LD 73.4 80.5 107.2 134.5 
Nb 9.5 6.2 6.6 7.5 5.4 6.1 5.7 5.3 6.9 
Mo 0.2 0.2 0.2 0.9 0.3 0.4 0.3 0.2 0.5 
Cs <LD <LO <LO 0.2 <LO <LO <LD <LO <LD 
Ba 944 2570 1348 1139 982 1116 1151 1221 1616 
La 34.4 38.4 38.9 47.4 35.3 39.4 34.4 37.0 43.8 
Ce 65.2 78.3 75.9 97.4 70.8 79.4 67.8 75.2 89.0 
Pr 6.3 8.7 9.1 10.7 8.4 9.4 7.9 8.8 10.6 
Nd 22.1 33.8 35.6 40.7 32.8 37.0 31 .0 34.8 41 .1 
Sm 3.18 5.39 5.66 5.93 5.34 6.09 4.97 5.50 6.60 
Eu 1.15 1.75 1.83 1.52 1.80 1.85 1.69 1.71 1.89 
Gd 2.36 3.41 3.89 3.56 3.20 3.64 3.05 3.25 3.99 
Tb 0.32 0.39 0.39 0.39 0.35 0.41 0.33 0.36 0.42 
Oy 1.87 1.95 2.01 1.97 1.83 2.10 1.66 1.86 2.13 
Ho 0.37 0.33 0.34 0.34 0.31 0.34 0.28 0.31 0.36 
Er 1.09 0.85 0.88 0.89 0.80 0.88 0.70 0.83 0.90 
Tm 0.17 0.11 0.11 0.12 0.14 0.16 0.08 0.14 0.10 
Yb 1.15 0.64 0.67 0.73 0.57 0.64 0.52 0.61 0.68 
Lu 0.17 0.09 0.11 0.10 0.06 0.07 0.07 0.06 0.08 
Hf 0.34 0.79 0.79 o.n 0.24 0.37 0.36 0.44 1.32 
Ta 0.36 0.24 0.28 0.50 0.24 0.27 0.25 0.22 0.30 
n <LO <LO <LD <LD 0.06 0.10 0.07 0.18 0.14 
Pb 9.6 13.1 12.3 16.7 10.4 11.6 11 .8 10.7 13.0 
Bi 0.03 0.03 0.03 0.04 0.03 0.04 <LD <LO <LO 
Th 1.23 1.75 1.58 5.54 0.18 0.18 0.04 0.08 0.17 
u 0.04 0.15 0.12 0.55 0.08 0.06 0.01 <LO <LD 

Trace element data by X-ray fluorescence and Inductively Coupled Plasma-Mass Spectrometry. 
Analytical details given in Ap~endix 1. LO = limit of aetection. 
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Table 2.2- (continued) 

Meta-tonalite 
DOH- DOH- VB-99- VB-99- AR-00- AR-00- AR-00- AR-00- AR-00-

(ppm) 497-227 497-231 076 082 004 017 032 053 054 

Li 12 7 18 13 23 13 10 10 15 
s 69 243 93 331 423 74 185 57 37 
Cl 237 153 287 427 493 298 237 420 342 
Sc 11 .1 <LD <LD <LD <LD <LD <LD <LD <LD 
v 83.9 58.1 67.1 88.1 112.7 93.1 72.2 87.1 87.3 
Cr 14.6 <LD <LD 15.2 41 .6 40.8 23.1 66.5 26.1 
Ni 9.1 <LD 9.6 <LO 23.0 15.0 <LO 24.3 16.0 
Cu 16.0 60.6 66.6 76.3 517.8 14.5 27.2 85.9 21.2 
Zn 26.3 27.9 22.8 13.0 46.1 40.1 7.3 49.0 36.2 
Ga 21 .6 18.7 19.9 19.5 25.4 24.2 22.6 23.1 19.7 
As <LD <LD <LD <LO <LD <LD <LD <LD <LO 
Rb 21.3 40.1 72.3 20.2 24.4 40.6 28.0 70.3 65.1 
Sr 1284 907 1213 507 1301 1544 589 1088 1347 
y 7.9 7.6 7.1 61 .6 15.9 11 .8 6.8 20.9 12.6 
Zr 140.6 246.8 119.0 282.9 386.9 126.1 121 .7 296.2 235.7 
Nb 6.0 5.8 7.2 21 .4 9 .1 9.6 4.2 21.1 9.7 
Mo 0.1 0.1 0.3 3.5 0 .4 0.3 0.3 0.4 0.5 
Cs <LD <LD 0.4 <LD <LD 0.1 0.1 0.2 0.3 
Ba 1433 1798 1303 248 874 1966 905 1551 1832 
La 35.7 30.9 37.2 67.6 47.8 49.0 52.0 56.7 51 .0 
Ce 72.5 61.8 76.8 142.3 115.0 100.2 99.3 119.3 101.5 
Pr 8.8 7.6 8.6 15.5 15.5 11.6 9.9 14.5 11.9 
Nd 33.5 29.2 32.3 58.6 59.8 45.1 34.2 56.2 45.1 
Sm 5.51 4.69 5.14 11 .85 9.80 7.16 4.72 9.45 7.07 
Eu 1.51 1.37 1.51 2.41 2.10 1.96 1.20 2.18 1.77 
Gd 3.31 2.96 3.21 11 .57 6.14 4 .21 2.95 6.29 4.37 
Tb 0.36 0.33 0.38 1.83 0.67 0.50 0.34 0.79 0.50 
Dy 1.91 1.75 1.93 11.38 3.46 2.52 1.81 4.46 2.64 
Ho 0.32 0.31 0.33 2.26 0.57 0.43 0.31 0.82 0.46 
Er 0.86 0.78 0.91 6.55 1.49 1.14 0.79 2.22 1.20 
Tm 0.14 0.10 0.13 0.94 0.22 0.17 0.10 0.32 0.18 
Yb 0.64 0.61 0.76 5.92 1.11 0.92 0.59 1.92 0.99 
Lu 0.07 0.07 0.11 0.84 0.15 0.12 0.08 0.28 0.14 
Hf 0.65 2.09 0.66 3.92 0.90 1.45 0.65 2.70 1.67 
Ta 0.27 0.25 0.31 1.06 0.27 0.39 0.22 0.98 0.35 
n 0.19 0.25 0 .51 <LD 0.17 0.26 0.16 0.48 0.50 
Pb 11 .5 13.0 11 .9 8.1 9.2 13.5 11 .6 16.2 16.9 
Bi 0.03 <LD 0.03 0.04 0.03 0.03 0.01 0.02 0.03 
Th 0.17 0.13 2.12 8.55 0.08 3.14 4.47 5.22 3.59 
u 0.06 0.11 0.11 2.82 0.05 0.24 0.09 0.24 0.37 
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Table 2.2- (continued) 

Meta-quartz diorite 
DOH- DOH- DOH- DOH- DOH- DOH- DOH- DOH- DOH-

(ppm) 496-527 496-530 496-536 496-542 496-54 7 496-202 497-203 497-208 497-210 

Li 16 14 14 15 14 15 15 18 16 
s 336 300 153 396 170 278 149 96 221 
Cl 264 164 202 282 221 641 237 312 446 
Sc 21.9 <LD <LD <LD <LD <LD 19.0 10.8 9.3 
v 120.7 105.0 79.3 84.8 63.9 65.5 93.8 76.0 82.3 
Cr 25.0 24.0 35.5 <LD 12.6 14.1 81 .1 n.1 63.3 
Ni 11.0 10.9 11 .9 9.6 <LD <LD 30.3 29.1 31 .0 
Cu 44.0 41 .4 20.2 42.6 18.1 22.6 53.5 11 .8 131 .6 
Zn 41.7 44.3 41.8 25.4 27.6 22.6 28.4 32.7 37.3 
Ga 21 .3 21.0 22.7 18.8 22.3 20.3 22.5 21.1 21 .3 
As <LD <LD <LD <LD <LD <LD <LD <LD <LD 
Rb 18.7 17.3 26.7 30.2 36.0 43.5 110.7 111 .4 143.1 
Sr 1533 1634 1427 1451 1478 1593 929 869 643 
y 18.8 20.3 16.3 14.9 11.4 25.2 9.9 11.7 12.6 
Zr 103.9 8.8 161 .5 95.7 155.3 147.7 92.2 301 .9 474.3 
Nb 10.6 7.3 10.5 9.3 9.3 12.4 9.9 13.1 17.1 
Mo 0.5 0 .7 0.3 0.4 0.3 0 .7 0.9 0.7 1.1 
Cs <LD <LD <LD <LD <LD 0.2 0.4 0.2 0.2 
Ba 1455 1635 2081 2660 2282 2504 1275 1402 1101 
La 63.5 51 .1 48.1 41 .6 46.3 52.5 42.0 37.7 43.9 
Ce 133.9 112.8 94.1 90.4 98.3 117.0 87.0 76.9 93.1 
Pr 15.0 13.2 11.2 10.3 11 .4 12.8 9.9 8.9 11 .1 
Nd 58.1 53.4 43.4 40.4 44.7 50.0 37.5 33.7 42.3 
Sm 9.32 9.22 7.18 6.65 7.10 8.28 6.15 5.57 7.03 
Eu 2.30 2.15 2.00 1.89 2.10 1.91 1.64 1.53 1.64 
Gd 6.05 6.33 5.27 4.74 4 .47 5.50 3.86 3.57 4 .55 
Tb 0.73 0.81 0.59 0.60 0.52 0.82 0.49 0.45 0 .57 
Dy 3.90 4.41 3.19 3.33 2.72 4.90 2.75 2.56 3.25 
Ho 0.69 0.80 0.58 0.61 0.48 0.95 0.50 0.46 0.58 
Er 1.86 2.16 1.60 1.65 1.31 2.81 1.39 1.31 1.57 
Tm 0.26 0.29 0.23 0.23 0.18 0.38 0.18 0.22 0.22 
Yb 1.57 1.74 1.33 1.34 1.12 2.15 1.19 1.12 1.23 
Lu 0.22 0.24 0.21 0.19 0.16 0.27 0.15 0 .13 0.15 
Hf 0.99 0.60 0.56 0.97 1.43 1.43 1.01 1.79 1.67 
Ta 0.43 0.34 0.41 0.47 0.47 0.54 0.47 0.57 0.50 
n <LD <LD <LD <LD <LD <LD 0.76 0.76 0.99 
Pb 12.8 13.5 16.5 14.3 14.7 19.8 20.4 21 .0 21 .9 
Bi 0.02 0 .03 0.03 0.03 0.03 0.04 0.03 0.04 0.03 
Th 5.10 1.26 0.66 1.79 2.73 3.97 2.52 0.19 0.12 
u 0.52 0.15 0.09 0.25 0.33 0.74 0.21 0.13 0.07 
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Table 2.2- (continued) 

(ppm) 

Li 
s 
Cl 
Sc 
v 
Cr 
Ni 
Cu 
Zn 
Ga 
As 
Rb 
Sr 
y 
Zr 
Nb 
Mo 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Ta 
n 
Pb 
Bi 
Th 
u 

DOH-
497-221 

14 
87 
162 
11 .4 
74.8 
17.8 
<LD 
35.2 
30.3 
25.6 
<LD 
10.1 
1363 
7.1 

78.9 
4.9 
0.3 
<LD 
1448 
33.6 
66.5 
8.0 
32.4 
5.30 
1.62 
3.21 
0.35 
1.82 
0.31 
0.78 
0.10 
0.58 
0.06 
0.23 
0.23 
0.04 
11 .3 
<LD 
0.04 
<LD 

VB-99-
077 

17 
118 
319 
<LD 
92.7 
<LD 
<LD 
41.2 
29.8 
22.4 
<LD 
40.4 
623 
8.7 
75.1 
5.0 
0 .2 
0 .3 
544 
19.2 
41 .8 
5.0 
19.4 
3.53 
1.06 
2.73 
0.37 
2.16 
0.41 
1.16 
0.16 
1.04 
0.15 
1.11 
0.20 
<LD 
8.6 
0.02 
0.33 
0.12 

Meta-quartz diorite 
VB-99- VB-99- AR-00-

107 108 008 

14 12 29 
70 81 213 

455 547 545 
<LD <LD <LD 
78.3 97.3 124.1 
39.2 81.5 31.1 
15.1 23.7 <LD 
9.0 34.9 28.6 

57.8 41 .9 34.7 
25.2 22.2 23.5 
<LD <LD <LD 
30.4 82.9 63.1 
1042 912 938 
24.4 21 .9 18.0 
91 .9 369.1 185.9 
11 .1 22.0 13.3 
0.2 0.6 0.8 
<LD 0.2 0.3 
633 1491 1125 
42.1 69.7 40.8 
91 .4 144.0 91.0 
11 .6 15.8 10.2 
47.4 58.4 38.9 
9.18 9.46 6.60 
2.01 1.95 1.53 
6.88 6 .61 4 .50 
0.88 0.85 0.63 
4 .95 4.72 3.48 
0.90 0.88 0.66 
2.34 2.48 1.90 
0.31 0.36 0 .29 
1.82 2.17 1.71 
0.23 0.32 0.24 
0.62 2.41 2.25 
0.30 0.55 0.55 
0.16 0.55 0 .43 
9.4 14.8 9.2 
<LD 0.03 0.02 
1.14 8.04 2.65 
<LD 0.17 0.38 

Meta-diorite 
AR-00- AR-00- VB-99- VB-99-

009 050 089 092 

16 21 19 14 
72 42 61 83 

480 221 448 595 
<LD <LD <LD <LD 
96.9 83.0 125.0 92.1 
17.6 28.3 79.6 79.4 
<LD 9.3 16.9 35.2 
16.4 15.7 30.2 12.4 
36.3 35.3 41 .8 44.2 
25.1 23.3 24.3 19.5 
<LD <LD <LD <LD 
31 .7 7.5 46.3 84.8 
1666 1404 897 961 
11 .6 7.2 15.7 21 .5 
96.5 113.1 90.5 543.1 
7.0 6.5 10.5 23.9 
0.3 0.2 0.6 0.4 
0 .1 0.1 0.4 0 .2 

1556 1579 941 2368 
51.4 42.0 29.3 75.9 
106.6 74.4 60.2 158.8 
12.3 8.5 7.5 17.4 
47.4 31.8 29.4 62.7 
7.44 4.91 5.51 9.89 
2.11 1.58 1.63 2.12 
4 .51 2.97 4 .16 6.58 
0.52 0.31 0.54 0.83 
2.60 1.58 3.14 4 .61 
0.43 0.26 0.58 0.84 
1.1 1 0.68 1.61 2.37 
0.1 5 0.11 0.27 0.33 
0.85 0.47 1.37 2.02 
0.11 0.07 0.17 0.29 
0.37 0.35 1.00 3.20 
0.27 0.21 0.56 0.87 
0.23 0.10 0.38 0.49 
11 .0 9.7 9.2 14.2 
0.02 0.04 0.04 0.03 
2.01 0.28 2.20 7.25 
0.11 0.09 0.57 0.48 
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Table 2.2- (continued) 

(ppm) 

Li 
s 
Cl 
Sc 
v 
Cr 
Ni 
Cu 
Zn 
Ga 
As 
Rb 
Sr 
y 

Zr 
Nb 
Mo 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Ta 
Tl 
Pb 
Bi 
Th 
u 

M. diorite 

DOH-
496-526 

18 
261 
207 
<LD 
70.0 
26.5 
8.4 
20.9 
26.8 
24.2 
<LD 
17.7 
1493 
26.8 
32.3 
8.9 
0.5 
0.2 
745 
50.8 
106.5 
13.1 
50.6 
9.32 
1.96 
7.37 
0.94 
5.34 
1.01 
2.82 
0.39 
2.33 
0.35 
0.96 
0.41 
<LD 
12.1 
0.05 
2.94 
0.38 

DOH-
496-501 

20 
131 
<LD 
17.2 

160.0 
128.6 
72.0 
<LD 
73.1 
35.9 
<LD 
13.6 
492 
22.0 
171 .6 
18.0 
0.2 
<LD 
306 
32.6 
74.3 
8.4 
33.1 
6.86 
1.55 
5.81 
0 .81 
4 .49 
0.82 
2.25 
0.32 
1.95 
0.28 
1.61 
0.92 
<LD 
9.3 

0.02 
2.45 
0.18 

DOH-
496-540 

15 
240 
630 
43.7 
268.6 
262.0 
64.4 
30.3 
129.1 
22.0 
<LD 
26.5 
550 
26.4 
85.4 
8.9 
0.4 
0.2 
320 
15.7 
39.7 
5.5 
24.0 
5.38 
1.77 
5.44 
0.74 
4 .73 
0.96 
2.88 
0.42 
2.68 
0.44 
2.04 
0.43 
<LD 
9.0 

0.03 
1.31 
0.38 

Meta-gabbro 
DOH- DOH- VB-99- VB-99- AR-00- AR-00-

497-213 497-228 090 080 057 059 

22 12 16 17 17 11 
240 786 94 128 70 854 
239 330 604 708 264 241 
27.3 21.3 <LD <LD 15.7 17.2 

275.9 198.6 153.2 208.8 97.0 166.4 
51 .0 185.7 115.3 137.7 38.5 73.7 
<LD 62.2 23.4 36.1 15.3 18.9 

145.2 141 .1 51 .3 72.8 34.2 81.1 
93.1 68.4 54.6 80.8 43.1 50.7 
21 .4 25.4 23.8 20.0 22.5 26.4 
<LD <LD <LD <LD <LD <LD 
14.8 12.2 41 .3 61 .5 62.0 14.3 
575 574 831 644 1388 737 
37.6 16.5 24.3 25.9 11.7 32.4 

204.1 122.3 117.8 169.7 231.5 135.1 
17.6 6.9 15.3 16.2 10.6 14.7 
1.1 0.2 0.7 0.7 0.7 0.8 
0.1 <LD 0.2 0.5 0.3 0.2 
552 332 941 851 1760 599 
33.4 17.1 35.6 36.2 38.6 48.9 
72.0 40.2 76.4 78.7 78.8 102.3 
9.3 5.4 9.6 10.6 9.7 12.5 

39.3 22.0 38.2 43.0 37.1 48.8 
8.34 4 .53 7.42 8.36 6 .07 9.20 
2.29 1.32 1.72 1.68 1.68 1.84 
7.74 3.82 5.76 7.07 3.88 7.42 
1.1 1 0.53 0.78 0.88 0.44 1.03 
6.86 3.24 4.58 5.31 2.34 6.17 
1.39 0.63 0.86 1.00 0.41 1.19 
3.96 1.80 2.44 2.85 1.06 3.29 
0.61 0 .26 0.38 0.42 0.14 0.47 
3.51 1.58 2.10 2.52 0.89 2.94 
0.51 0.21 0.27 0.36 0 .13 0.43 
0.95 0.80 1.54 3.14 1.21 1.92 
0.84 0.31 0.65 0.78 0.35 0.70 
0.14 0 .08 0.24 0.43 0.33 0.11 
8.5 5.9 7.5 5.9 13.9 8.9 
0.07 0.04 <LD <LD 0 .00 0.02 
1.06 0.20 1.24 3.71 0 .58 2.17 
0.47 0.07 0.30 0.60 0.13 0.40 
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Table 2.2- (continued) 

Meta-hornblende gabbro 
AR-00- AR-00- DOH- DOH- DOH- DOH- VB-99- VB-99- VB-99-

(ppm) 065 068 496-516 497-211 497-212 497-215 078 083 085 

Li 13 14 11 13 18 17 26 12 8 
s 216 240 1469 101 108 59 328 43 58 
Cl 308 681 449 108 248 169 821 798 530 
Sc <LO 19.4 30.8 27.6 31.9 23.9 28.0 46.1 <LO 
v 125.8 132.8 337.4 215.9 202.6 227.2 221 .2 154.6 166.0 
Cr 113.4 69.7 315.1 117.9 101.8 65.3 98.9 82.9 18.2 
Ni 16.7 27.8 198.2 23.1 17.8 10.0 39.4 31.5 <LO 
Cu 27.2 120.0 53.8 11 .9 8.9 8.4 65.6 <LO 12.1 
Zn 47.0 63.4 67.1 54.0 57.1 54.1 25.9 <LO 46.7 
Ga 22.5 24.1 21.7 24.1 24.4 22.0 22.1 17.5 24.6 
As <LO <LO <LD <LD <LD <LD <LD <LD <LO 
Rb 8.9 26.9 12.8 3.3 12.0 6.0 28.6 11 .0 6.9 
Sr 849 1802 279 517 557 589 572 317 808 
y 19.9 15.4 19.8 17.1 16.0 28.8 13.1 13.2 33.9 
Zr 256.2 142.2 133.1 80.1 64.9 149.8 31.5 12.0 297.5 
Nb 11.3 17.9 11 .7 6.7 6.6 12.6 5.3 1.8 16.4 
Mo 0.4 0 .9 0.7 0.4 0.4 0.7 0.5 0.2 1.2 
Cs 0.5 0 .0 <LD <LD <LD <LO 0.5 <LO <LO 
Ba 1026 1097 258 204 231 252 291 172 312 
La 45.1 30.0 14.7 11 .8 13.2 22.0 16.5 8.9 66.8 
Ce 109.1 63.0 37.9 25.8 28.2 50.2 34.7 17.6 144.7 
Pr 14.5 8.0 4.9 3.5 3.7 6.4 4.8 2.3 16.1 
Nd 59.4 32.3 21.4 15.4 16.4 27.3 20.8 9.6 60.6 
Sm 10.05 6.07 4.86 3.59 3.65 5.91 4.14 2.18 10.42 
Eu 2.48 1.75 1.58 1.26 1.21 1.73 1.39 0.67 2.08 
Gd 6.34 5.07 4.81 3.61 3.63 5.45 3.84 2.54 8.17 
Tb 0.74 0.65 0.69 0.53 0.53 0.81 0.47 0.37 1.1 3 
Oy 3.90 3.92 4.12 3.25 3.28 4.92 2.86 2.57 6.60 
Ho 0.68 0.75 0.76 0.67 0.67 0.99 0.54 0.52 1.26 
Er 1.79 2.10 2.08 1.89 1.87 2.81 1.45 1.60 3.52 
Tm 0.25 0.29 0.28 0.26 0.28 0.38 0.18 0.27 0.48 
Yb 1.33 1.90 1.68 1.72 1.71 2.45 1.18 1.37 2.89 
Lu 0 .18 0.29 0.24 0.25 0.23 0.35 0.16 0.17 0.41 
Hf 1.70 2.88 1.87 0.86 0.72 1.64 1.25 0.55 4.81 
Ta 0.32 0.66 0.60 0.36 0.36 0.57 0.31 0.12 0.73 
Tl 0.24 0.05 <LO <LD 0.07 <LD 0.19 0.10 <LD 
Pb 6.4 7.9 4.1 3.3 3.5 4 .1 4 .1 3.2 7.1 
Bi 0.04 <LO 0.03 <LD 0.02 <LD <LO 0.03 0.02 
Th 1.43 0.46 0.57 0.25 0.35 0.85 1.22 0.68 9.91 
u 0.72 0.18 0.15 0.13 0.14 0.43 0.92 0.44 0.69 
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Table 2.2- (continued) 

Meta-hbl gabbro 
VB-99- VB-99- VB-99- AR-00-

(ppm) 106C 106F 091 02 

Li 9 19 19 7 
s 74 10i 78 515 
Cl 520 1133 313 1414 
Sc 44.1 32.8 <LO 0.0 
v 247.9 262.1 86.0 73.4 
Cr 113.4 0.4 <LD 19.6 
Ni 18.2 <LD <LD 252.4 
Cu 4.4 31.2 14.4 154.9 
Zn 37.2 41 .8 17.9 35.9 
Ga 20.6 18.7 19.6 26.5 
As <LO <LD <LO 0.0 
Rb 3.3 27.3 42.4 20.5 
Sr 436 406 542 1192 
y 19.0 22.5 10.7 9.6 
Zr 58.2 114.2 66.8 117.7 
Nb 9.2 8.4 6.1 7.7 
Mo 0.6 0.9 0.7 0.3 
Cs <LO <LD 0.3 0.0 
Ba 199 387 537 678 
La 10.3 17.5 16.9 34.4 
Ce 22.6 40.7 37.0 62.1 
Pr 3.2 5.5 4.3 8.2 
Nd 13.8 21.4 17.2 32.6 
Sm 3.17 4.73 3.15 5.44 
Eu 1.11 1.46 1.01 1.75 
Gd 3.26 4.n 2.55 3.68 
Tb 0.54 0.71 0.36 0.44 
Oy 3.46 4.65 2.16 2.38 
Ho 0.74 0.94 0.42 0.44 
Er 2.07 2.74 1.22 1.14 
Tm 0.30 0.40 0.18 0.18 
Yb 2.08 2.50 1.1 5 1.04 
Lu 0.30 0.38 0.17 0.14 
Hf 1.36 1.80 1.03 0.55 
Ta 0.49 0.40 0.27 0.29 
n 0.02 0.21 0.33 0.12 
Pb 5.1 6.6 4.8 31 .0 
Bi <LO 0.03 0.02 0.06 
Th 0.63 0.93 0.23 0.31 
u 0.34 0.30 0.10 0.22 
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Table 2.3. U-Pb TIMS data for the meta~lutonic sam~les from Voise~'s Ba~. labrador. 
··-····----Corrected atomic ratiosd.e ----······-- Age {Ma) 

:tUb c JUIIpb 206Pb 201Pb 201Pb 206pblD'Pb JotPb weight u Pbrad Pbcom __fQ_ 
Fractions a mg ~~m ~~mb ~'t :l04Pb :lOtipb :l:suu t/- :l:s!lu t/- :lOtipb +I- :l:stlu :l:Sb :.!Uti U Pb 

Meta-quartz-diorite (VB-99-108) UTM: 6243436E, 557528N 
Z1 clr sml abr 0.0430 188 70.3 42 4091 0.1553 0.34076 106 5.4439 186 0.1 1587 12 1890 1892 1893 
Z2 clr lgr abr 0.0330 179 66.2 44 2852 0.1450 0.34058 96 5.4415 172 0.11588 12 1889 1891 1894 
Z3 clr lgr abr 0.6800 121 44.5 4 40098 0.1342 0.34056 166 5.4395 276 0.11584 10 1889 1891 1893 

Meta-hornblende gabbro (VB-99-106c) UTM: 6243393E, 557673N 
Z2 clr best abr 0.0500 133 49.0 124 1149 0.1527 0.33864 126 5.4018 218 0.11569 16 1880 1885 1891 
Z3 clr lgr abr 0.0160 166 55.2 6 9218 0.1117 0.34551 218 5.0298 352 0.1 1562 16 1768 1824 1890 
Z4 clr sml abr 0.0100 181 65.2 3 14551 0.1258 0.33694 190 5.3683 300 0.11555 20 1872 1880 1889 

Meta-tonalite (DDH-496-549) UTM: 6243135E, 559780N 
Z1 clr euh abr 0.0040 95 33.9 49 143 0.2741 0.29962 226 4.4023 414 0.10656 60 1689 1713 1741 
Z2 clr euh abr 0.0500 54 20.4 121 486 0.1927 0.33843 156 5.3764 274 0.11522 24 1879 1881 1883 
Z3 clr lrg mti-f abr 0.0220 117 41.7 36 1366 0.2528 0.30401 442 4.5568 664 0.10871 18 1711 1741 1778 
Z4 clr sml abr 0.0070 86 29.9 4 2691 0.2624 0.29649 1060 4.3787 1566 0.10711 22 1674 1708 1751 

8Z, zircon; clr, clear; sml, small; abr, abraded; lgr, large; euh, euhedral; mti-f, multi-faceted 
t>rotal radiogenic Pb after correction for blank, common Pb, and spike. 
cmeasured 

dratlos corrected for fractionation, spike, 5-10 picogram laboratory blank, initial common Pb at the age of the 
sample calculated from the model of Stacey and Kramers (1975) and 1 picogram U blank 

ctrwo sigma uncertainties are calculated with an error propagation program, refer to the last two digits and are reported 
after the ratios. 



Table 2.4. Rb-Sr and Sm-Nd TIMS data tor meta lutonic rocks from Voise 's Ba , Labrador. 
Sample no. location Rock Type• Rb Sr 2o Sr Sr 2o 

~~~m! ~~~m} ~m} ~+/-} ~+/-} paso Ma! ~+/-} 

VB-99-108 GPS Hill Meta-qtz dio 83.63 915.80 0.708074 7 0.25811 12 0.70104 12 
AR-00-02 Discovery Hill Meta-hbl gbr 19.43 1192.50 0.704929 14 0.04605 3 0.70368 3 
DDH-496-549 DDH-496 Meta-ton 38.80 1234.82 0.706669 14 0.08880 6 0.70426 6 
VB-99-106F GPSHIII Meta-hbl gbr 29.00 404.62 0.708536 25 0.20259 6 0.70302 6 

Sample no. location Rock Type• Nd Sm 143Nd/144Ndb 20c 147Sm/144Nd 20c 143Nd/144Ndd 20c t:Nd 
(~Pm! (~pm} (m! (+/-} (m) (+/-) (1890 Ma) (+/-) (1890 Ma) 

VB-99-108 GPSHIII Meta-qtz dio 56.75 9.67 
AR-00-02 Discovery Hill Meta-hbl gbr 32.93 5.45 
DDH-496-549 DDH-496 Meta-ton 40.40 5.87 
VB-99-106F GPSHIII Meta-hbl gbr 22.01 4.19 

• qtz dio, quartz-diorite; ton, tonalite; hbl gbr, hornblende gabbro 
b measured and corrected for mass fractionation 

0.511272 25 0.10520 9 0.509962 9 
0.511470 41 0.10224 6 0.510198 7 
0.511141 9 0.08964 13 0.510030 1 
0.511384 32 0.11765 13 0.509920 1 

cErrors refer to last one or two digits and are propagated to include reproducibility of standard analysis and run errors 
dcalculated using present day chondritic uniform reservoir with 143Nd/144Nd = 0.512638 & 147Sm/144Nd = 0.1967 

-4.4 
0.13 
-3.3 
-5.3 



Table 2.5. Pb isotope MC-ICP-MS data for metaplutonic rocks from Voisey's Bay, Labrador. 
Sample no. Location Rock Type• 206Pb/2114Pb 2o6 207PbJ2114Pb 2o6 208PbJ2114Pb 2o6 

(mt (+/-) (mt (+/-) (mt (+/-) l'c "d 
VB-99-108 GPS Hill Meta-qtz dio 15.160 2 15.008 2 37.277 6 7.76 5.81 
AR-00-02 Discovery Hill Meta-hbl gbr 15.475 1 15.145 2 35.507 5 7.94 4.24 
OOH-496-549 ODH-496 Meta-ton 15.448 1 15.000 2 36.196 4 7.66 4.72 
VB-99-106F GPS Hill Meta-hbl gbr 15.834 2 15.106 2 35.352 6 7.77 3.84 

• qtz dio, quartz-diorite; ton, tonalite; hbl gbr, hornblende gabbro 
bErrors refer to last digit and are propagated to include reproducibility of standard analysis and run errors 

c•,*is the time-Integrated 238U/204Pb of the mantle & crustal sources of the samples 
d". Is the time-integrated 232Th/238U of the mantle & crustal sources of the samples 

•m, measured and correction for mass fractonation 



T bl 2 6 LAM ICP MS U Pb d t f th I a e . . . aa or e 1gneous z1rcons rom th t I t . k f e me ap1u omc roc s rom v · · a Lbd oJsey·s ay, a ra or. 
CONCORDIA RATIOS'" AGESMa Ploled Ratloa 

~ ~ ~ 2n% 2n% 2n% ~ ~ ~ ~ ~ 
SAMPLE Spot no mu (•/·) 111u (t/·) Rho' NOpb (•/·) lfJtfm XX>fll J()l fOl' /J~u 1n ~~~u 1n ;.uPb 1n ;.uPb 2n lOOpb 2n 

OOH-498·6-49 my17a11 55251 0.0535 0.3517 0.0028 0.81 0 1146 00006 1.93 1 59 1 13 1904.5 8.3 1942.5 134 1873.3 10.2 3.096 0.052 0.111 0.001 
ODH·498·649 my17a12 5.9011 00478 0.3730 00027 0 72 0 1151 00007 1.62 1.47 117 1961 .4 7.0 2043.5 12.9 1881 .7 10.6 2.926 0.049 0.114 0.001 
OOH-498·6411 my04b27 5.7013 0.0417 0.3735 0.0027 0.72 0 1138 00\)()6 1 46 1 47 1.10 1931 .6 6.3 2045.7 12.8 1860 8 10.0 2.911 0.081 0.118 0.001 
OOH-498·6411 my04b211 5.5456 00427 0.3668 0.0030 0.76 01124 0.0006 154 1.64 1 11 1907.7 6.6 2014.1 14 2 1839.1 10.0 3.042 0.087 0.114 0.001 
OOH-496649 )101162 5.8602 00333 0.3651 0.0018 078 0.1153 0.0004 1 14 0.98 0 71 1955.4 4.9 2006.4 8.4 1885.0 6.4 2.870 0.041 0.116 0.001 
DDH-4116·6411 )801168 5.7709 00322 0.3578 0.0019 086 0.1157 0.0003 1.12 1.07 059 19421 4.8 1971 .5 9.1 1891.3 5.3 2.961 0.049 0.116 0.000 
OOH-498·649 )10987 5.5888 0.0223 0.3455 00013 0.71 0.1161 0.0003 080 0 74 0.69 1914.4 3 4 1913.2 6.1 1896.7 5.3 2.927 0.027 0.116 0.000 
VB-99-108 JI0Ba40 5.4318 0.0213 03405 00014 0.77 0.1148 00003 0.78 0.84 0.55 1889.9 3 4 1888.9 6.9 1876.5 5.0 2.958 0.032 0.114 0.000 
VB·911·108 myt2COCI 6.4478 00737 0.4031 0.0039 0.83 0.1140 00007 2.29 1.95 1.29 20388 10.0 2183.4 18.1 1684.4 11 .7 2.974 0.060 0.111 0.001 
VB·911·108 my04b0& 59688 00513 0.3817 00032 091 0 1159 00004 1 72 166 0 71 1971 .3 7.5 2084.4 14.8 1893.3 6.4 3.058 0.088 0.116 0.001 
VB·IIi·108 my04b07 56130 003119 0.3584 0.0023 0.87 01162 00004 142 1.28 0.71 19181 6.1 11174 6 10.9 1897.9 6.4 2.969 0.061 0.116 0.001 
VB-119·108 my04b08 5.5547 00438 0.3583 0.0026 0.73 01150 0.0006 1.57 1.43 1.10 1909.1 6.7 1974.2 12.2 1879.2 9.9 3.040 0.074 0.114 0.001 
VB·99·108 my04b12 5.6024 0.0430 0.3579 0.0025 0.72 0.1158 0.0006 1.53 1.40 111 1916.5 6.6 1972.3 11 .9 1893.1 10.0 3.041 0.070 0.115 0.001 
VB-99·108 my04b13 53587 0.0331 0.3470 0.0019 062 0 1143 0.0006 1 24 1 10 1.03 1878.3 5.3 1920.1 9.1 1869.3 9.3 3.040 0.052 0.117 0.001 
VB·99·108 my04b16 5.9425 0.0640 0.3878 0.0041 0.73 01139 0.0009 2 15 2.13 1.57 1967.5 94 2112.5 19.2 1863.1 14.2 3.013 0.122 0.115 0.001 
VB·IIi·108 my04b18 6.1738 0.0809 0.4000 0.0055 0.90 0.1153 0.0007 262 2.75 1.22 2000.8 11.4 2169.3 25.3 1884.7 11 .0 2.977 0.128 0.117 0.001 
VB·99·108C jl09a31 5.6669 00330 0.3480 0.0019 0.90 0.1171 0.0003 1 17 1.12 0.52 1926.3 5.0 1925.2 9.3 1911.7 4.7 2.895 0.041 0.117 0.000 

'Meaaured maaaea: Hg, 202; Tl, 203,205; Pb, 206, 207; Bi, 209; U, 233, 238; U, 233, 238; Np, 237; Oxidea, 249, 253, 254. 

°Conatanta uaed to correct meaaured ralioa for mass fractionation and calculate ages: 208B1I'Ir>r1 .. 0 7500, 20~Tifl7Np = 2.5500, 208Bif31Np :: 1.6500, ). mu = 9.85E-1 0, ). 238U "' 1.55E 

cPropogated errore 



Table 2. 7. LAM-ICP-MS U-Pb zircon data for the inherited zircon cores of the metaplutonic rocks from Voisey's Bay, labrador. 

CONCORDIA RA TIOS• b AGES Ma Plotted Ratios 

::::..eb ~ ~ 2n% 2 n °14. 2n% ~ ~ ~ :::1.1 ::fb 
SAMPLE Spot no. mu (+/·) n•u (tf.) Rho' :IOOpb (+/·) lOifU :IOOrJe m,aoa a»u 1n 2Jeu 1n 2011pb 1n 201pb 2n% 201pb 2n~ 

VB·99·106c ja09a07 5.8593 00275 0.3654 0.0016 0.44 0.1180 00006 0.94 0.87 0.96 1955.2 41 2007.8 7.5 1926.1 8.6 2.816 0.036 0.120,. 
VB·99-106c ja09a16 6 1578 00348 03685 0.0018 0 74 01225 00005 1.13 0.98 0.78 19985 4.9 2022.2 8.5 1993.4 6.9 2.837 0.062 0.123,. 
VB·99·106c ja09a22 60674 00361 0.3682 0.0022 076 0.1208 00005 1.19 1.22 0.84 19856 5.2 2020.8 10.6 1968.4 7.4 2.876 0.052 0.122 ,. 
VB·99·106c La09a23 6 0130 00310 03720 00020 073 0.1187 0.0005 1.03 1.09 0 78 1977 7 4 5 20390 95 1937 3 7.0 2.884 0.098 0.121,. 

"Measured maaaes Hg, 202; Tl, 203,205; Pb, 206, 207; Bi, 209, U, 233, 238; U, 233, 238; Np, 237, Oxides, 249, 253, 254 

bConatants used to correct measured ratios for masa fractionation and calculate agea. 20081~1" 0 7500, 2~tr31Np" 2 5500, 200Btr31Np = 1.6500, 1. mu" 9.85E·10, ). 236U .. 1.55E· 
cPropogated error& 



Plate 2.1. Field appearance ofPaleoproterozoic metaplutonic rocks from Voisey's Bay, 
Labrador. A) Relatively pristine meta-quartz diorite. B) Highly foliated meta-tonalite. 
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Plate 2.2. Field appearance ofPaleoproterozoic metaplutonic rocks from Voisey's Bay, 
Labrador. A) Relatively undeformed meta-gabbro in drill core. B) Relatively 
undeformed meta-gabbro in outcrop. 2-98 



Plate 2.3. Outcrop-scale lithological variations in Paleoproterozoic metaplutonic rocks 
from Voisey's Bay, Labrador. A) Meta-gabbro. B) Weathered meta-tonalite. 
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Plate 2.4. Field relationships ofPaleoproterozoic metaplutonic rocks from Voisey's Bay, 
Labrador. A) Cross-cutting pegmatite veins in meta-tonalite. B) Tectonically interleaved 
and deformed amphibolite dykes in meta-tonalite. 2-100 



Plate 2.5. Field appearance of metasedimentary rocks from Voisey's Bay, Labrador. A) 
Metapelite. B) Tightly folded quartz-rich metasediments. 
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Plate 2.6. Field relationships of meta-anorthosite rocks that are layered with the 
Paleoproterozoic metaplutonic rocks from Voisey's Bay, Labrador. A) Foliated meta-
anorthosite in contact with meta-gabbro. B) Tightly folded meta-anorthosite. 2-102 



Plate 2. 7. Field relationships between the meta-sedimentary unit and the Paleoproterozoic 
metaplutonic rocks from Voisey's Bay, Labrador. A) Meta-gabbro in contact with 
quartzite. B) Meta-tonalite in contact with metapelites. 2-103 



Plate 2.8. Contact relationships between the Nain Province gneisses and the 
Paleoproterozoic metaplutonic rocks from Voisey's Bay, Labrador. A) Contact in drill 
core between banded orthogneisses and meta-gabbro. B) Contact in outcrop between 
quartzo-feldspathic orthogneisses and meta-gabbro. 2-104 



Plate 2.9. Contact relationships between the Tasiuyak paragneiss and the 
Paleoproterozoic metaplutonic rocks from Voisey's Bay, Labrador. A) Contact between 
meta-tonalite and Tasiuyak paragneiss in outcrop. B) Contact between weathered meta-
tonalite and Tasiuyak paragneisses in outcrop. 
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Plate 2.10. Photomicrographs of a felsic (tonalitic) sample of the Paleoproterozoic 
metaplutonic suite from Voisey's Bay, Labrador. A) Plane polarized light. B) Cross 
polarized light. 2-106 



Plate 2.11. Photomicrographs of a mafic (meta-hornblende gabbro) sample of the 
Paleoproterozoic metaplutonic suite from Voisey's Bay, Labrador. A) Plane polarized 
light. B) Cross polarized light. 2-107 



Plate 2.12. U-Pb sample VB-99-108 (meta-quartz diorite) from Voisey's Bay, Labrador. 
A) Field appearance. B) Photomicrograph in cross polarized light. 
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Plate 2.13. Zircons from the Paleoproterozoic meta-quartz diorite sample VB-99-1 08. A) 
Selected zircon morphology analyzed in the U-Pb dating. B) General zircon population. 
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Plate 2.14. U-Pb sample VB-99-106c (meta-hornblende gabbro) from Voisey's Bay, 
Labrador. A) Field appearance (coarser grained material was selected for dating). 
B) Photomicrograph in plane polarized light. 
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Plate 2.15. Zircons from the Paleoproterozoic meta-hornblende gabbro sample VB-99-
106c. A) Selected zircon morphology analyzed in the U-Pb dating. B) General zircon 
population. 2-111 



Plate 2.16. U-Pb sample DDH-496-549 (meta-tonalite) from Voisey's Bay, Labrador. A) 
Drill core sample. B) Photomicrograph in cross polarized light. 
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Plate 2.17. Zircons from the Paleoproterozoic meta-tonalite sample DDH-496-549. A) 
Selected zircon morphology analyzed in the U-Pb dating. B) General zircon population. 
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Plate 2.18. Back-scattered electron images of potential inherited cores in zircons from 
sample VB-99-106c of the Paleoproterozoic metaplutonic suite in Voisey's Bay, Labrador. 
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Chapter 3 

.. \. Ne\v Perspective on the Role of the Paleoproterozoic 

l\'letaplutonic Suite in Voisey's Bay Ni-Cu-Co Mineralization, 

Labrador, Canada 

3.1 ABSTR-\CT 

The Voisey·s Bay ~i-Cu-Co deposit of~orthem Labrador represents a new class 

of magmatic ore. one hosted by a troctolitic member of an anorthosite-mangerite­

~hamo~kite-granite suite. Addition of silica and or sulfur to the troctolite magma by 

~rustal contamination is considered to have been critical in triggering sulfide 

precipitation. Within the Voisey·s Bay area. there are three potential crustal 

contaminants: the heterogeneous Archean orthogneisses of the ~ain Province. the 

Paleoproterozoic Tasiuyak paragneiss of the Churchill Province and the Paleoproterozoic 

metaplutonic suite (previously referred to as the enderbitic gneisses). ~ew field. 

geochemical and isotopic evidence indicate that the Paleoproterozoic metaplutonic rocks 

may have played a larger role in the crustal contamination ofVoisey's Bay parental 

magma than was previously recognised. Recent mapping indicates that the unit covers a 

sizeable geographic area encompassing most parts of the ore system. The trace element 

chemistry of the rocks is distinctive and markedly similar to the Voisey·s Bay deposit. 

specitically in possessing Th-U and ~1>-Ta depletions and elevated La!Sm ratios (2.92 to 

11.02) with a range ofTh"Nb ratios (0.004 to 1.065). The sulfur content of the 
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metaplutonic suite reaches levels ofO.l weight percent and these rocks are interleaved 

with newly discovered suUide-rich paragneisses. which present a possible larger source of 

additional sulfur. The Paleoproterozoic metaplutonic rocks define two distinct isotopic 

groups: an enriched group with E~dn3:!0 \ta 1 of -ll.l and -11.2. s7Sr!86SrnJ:!o \ta1 ratios 

between 0.7032 and 0.7050 and 1-1* values of7.66 to 7.77; and a more depleted group 

which exhibits E~~ 1320 \ta1 values between -2.8 to -6.8. )1
7Sris6Sr1 13:!o \ta1 ratios between 

0.7038 and 0.7041 and !l* values 7.75 to 7.98. 

Trace element and isotopic data from the Voisey·s Bay intrusion and conduit 

rocks can be most readily explained by 5-l 0 percent contamination of a picritic basalt 

magma with the enriched group of the metaplutonic rocks. Contamination by the 

Tasiuyak paragneiss would produce more subtle etTects on the compositions in the 

intrusion. 

This new evidence indicates that the Paleoproterozoic metaplutonic rocks played 

a key role in the crustal contamination of the Voisey·s Bay intrusion. which may have led 

to sulfur saturation and precipitation of sulfides. Metaplutonic contamination may be an 

essential element in the formation of similar deposits in the region and elsewhere. 
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3.2 l~TRODUCTION 

Crustal contamination of mantle-derived magmas may increase their concentration 

of sulfur or silica. promoting sulfide saturation and triggering precipitation of Ni sulfide 

ores (:"\aldrett. 1973: Maclean. 1969: Irvin. 1975 and others). This is thought to have 

occurred in the recently discovered Voisey·s Bay ~i-Cu-Co sultide deposit. ofNorthern 

Labrador ( ~aldrett et al.. 1996a: Amelin. :!000: Li et al. 2000. and others). This deposit is 

very unusual in that it is hosted by troctolitic rocks that are part of an anorthosite-

mangerite-charnockite-granite complex. the 1350-1290 Ma ~ain Plutonic Suite. The 

association of troctolites with major ~i sultide mineralization was not contirrned until the 

Voisey·s Bay deposit was discovered and studies have just begun to determine the critical 

factors in the ore genesis (Ryan et al.. 1995: ~aldrett et al.. 1996a: Ryan. 1997). Initial 

results favoured crustal contamination of the troctolite magma by the sulfur and graphite-

rich Tasiuyak paragneiss as being critical in triggering sulfide precipitation (Amelin et al.. 

2000: Li et al. 2000. ~aldrett et al.. 2000a. b: and others). The most compelling evidence 

is the presence of small (0.5-10 em). partially digested. metasedimentary gneiss 

inclusions in the troctolitic units. particularly in the breccia associated with the sulfide 

mineralization ( Li and ~aldrett. 2000). However. the Paleoproterozoic metaplutonic suite 

of the Voisey·s Bay area may have also played an important. but yet undefined role. 

The Paleoproterozoic metaplutonic suite has been referred to as enderbites or 

enderbitic orthogneisses (Evans-Lamswood et al..2000: Lightfoot and ~aldrett. 1999: Li 

and ~aldrett. 1999: Amelin et al.. 1999: and others). Rawlings et aL (Chapter 2) showed 

however that the previously defined enderbitic unit is actually part of a much more 

extensive series of Paleoproterozoic (i.e. c. 1890 Ma) metaplutonic rocks. ln addition. the 
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term enderbite is ambiguous as it describes both onhopyroxene-bearing tonalites 

(igneous) and granulite facies tonalites (metamorphic rock) (i.e. Newton. 1992: Percival. 

1990: Stem and Dawoud. 1991: Raith et al.. 1999: and others). Thus the term 

metaplutonic suite is preferred. 

The Paleoproterozoic metaplutonic rocks have been largely ignored or dismissed 

in crustal contamination models of the Voisey's Bay ores for various reasons. Perhaps the 

most significant has been the beliefthat the metaplutonic rocks are rather limited in 

geographic extent. Recent geological mapping Rawlings et al. (Chapter 2) showed. 

however. that the metaplutonic rocks represent a unit of considerable volume in the area. 

and almost completely host the Voisey's Bay ore and related troctolitic bodies. Thus. this 

paper considers the geological and geochemical evidence that the metaplutonic suite \vas 

important in the genesis ofVoisey's Bay ~i-Cu-Co ores. 

3.3 REGIONAL GEOLOGY 

The regional geology of northern Labrador is characterized by the tectonic contact 

between the Proterozoic and re,vorked Archean (Rae) rocks of the southeastern Churchill 

Province in the west and the Archean rocks of the ~ain Province in the east (Figure 3.1 ). 

The ca. 1333 Ma Voisey's Bay nickel-copper-cobalt sulfide deposit is hosted by a 

troctolite-gabbro intrusion emplaced in relatively close proximity to the 1.85 Ga tectonic 

boundary of the Churchill-Nain provinces. [n the Voisey·s Bay area. there arc three main 

gneissic units. To the west is the Tasiuyak gneiss complex. comprising interlayered 

garnet-sillimanite and sulfide-. graphite-bearing paragneiss belonging to the Churchill 

Province. To the east are heterogeneous. quattzo-feldspathic gneisses alternating with 
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amphibolitic and gabbroic gneisses. all belonging to the Nain Province. The Nain 

Province gneisses have been cross cut by at least two sets of mafic dykes. subjected to 

several deformational events and contain numerous tectonic fabrics. Sandwiched between 

the Tasiuyak paragneiss and ~ain Province orthogneisses is the ca. 1890 metaplutonic 

unit. composed of a relatively homogenous belt of massive to foliated meta-gabbroic. 

meta-dioritic and meta-tonalite gneisses (Figure 3.2). This unit is interleaved and 

deformed with belts of various metasedimentary units (dominantly metapelites and 

quartzites). anorthosite. and amphibolite. Much of the tectonic suture in the area. is 

~oncealed by the extensive ( -19.000 km:) ~ain Plutonic Suite (NPS) which intruded 

from 1.35 to 1.29 Ga (Emslie et al.. 1994. Berget al.. 1994 ). The ~PS is dominantly 

anorthosite and granite with minor troctolite. diorite and gabbro (Ryan et al.. 1995). The 

~ PS was intruded by at least two separate suites of diabase dykes of poorly defined age 

( \Viebe. 1985). 

The Voisey's Bay Intrusion (VBl) is one of the oldest known troctolitic intrusions 

in the ~PS \vith a U-Pb age of 1332.7 ~· - 1 Ma (Amelin et al.. 1999). The intrusion 

~omprises two sulfide-poor magma chambers termed the Eastern Deeps chamber and 

Western Deeps chamber (Figure 3.3). The mineralization is dominantly located in two 

:mlfide-rich conduit dikes. the Ovoid conduit and the Eastern Deeps feeder. which likely 

exploit the structure of the chambers but may not be synchronous with their emplacement 

(Evans-Lamswood et al.. 2000). The subvertical Ovoid conduit consists of four zones of 

mineralization. which are termed. from east to west: the Ovoid. the Mini-Ovoid. the Reid 

Brook zone. and the Discovery Hill zone (Figure 3.3). Sulfide deposition is interpreted as 

tilling a swelL or a bulge in the conduit and thus the location of mineralization is related 
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to dyke geometry. rather than gravitational settling (Evans-Lamswood. 1999: Evans-

Lamswood et al.. 2000). The subhorizomal Eastern Deeps Feeder contains mineralization 

at the base of the Eastern Deeps chamber. which is significantly different than the Ovoid 

and other mineralization to the west. However like the Ovoid. the Eastern Deeps 

mineralization did not occur by crystal settling to the base of the Eastern Deeps chamber 

Instead the Eastern Deeps conduit simply intersected the Eastern Deeps chamber close to 

a structural low ( Evans-Lamswood et aL 2000). Subsequent to the mineralising event. 

subhorizontal. sheet-like bodies of granite and syenite intruded the Voisey·s Bay 

troctolite-gabbro. 

3.4 PREVIOUS GEOCHE~IICAL STUDIES 

Although most studies of the Voisey·s Bay mineralization have implicated the 

Tasiuyak paragneiss as the key contaminant in triggering sultide precipitation. the details 

of proposed models are in sharp disagreement with one another. A.melin et al. (2000) and 

Lambert et al. (1999. 2000) used radiogenic isotopes to determine the magmatic history 

of the Voisey·s Bay ore system. Radiogenic isotopes can be a particularly useful tool in 

tracing the interaction of magmas with the continental crust. particularly when there is a 

large isotopic contrast between the igneous units (in this case. troctolitic magma) and 

basement rocks ( countrv rock weisses) (DePaolo. 1988: Emslie et al.. 1994 ). Arne lin et - -
al. (2000) reported that the Voisey·s Bay Intrusion (VBI) preserved evidence for 

extensive crustal contamination. yet with remarkable isotopic homogeneity, in terms of 

initial isotopic ratios ofSr (117Sn11()Sr = 0. 7034 to 0.7038). Nd (&Nd = -1 to - 2) and Pb 
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(2.
06PbPl-'Pb = 15.34 to 15.54. 2.

07Pb/204Pb = 15.10 to 15.18. 208Pb/204Pb = 35.24 to 35.56). 

To reconcile this unusual isotopic evidence. they suggested a two-stage model in which 

an isotopically enriched. low-Mg basalt was ( l) produced from an enriched mantle 

source. or through$ 10% contaminations of lower-middle crust. and (2) became 

somewhat more enriched by contamination at a higher crustal level with 8-13% Tasiuyak 

gneiss. The authors claimed that crustal contamination of the isotopically more depleted. 

high-Mg picritic basalt did not produce reasonable tits to the Voisey·s Bay Sr-Nd-Pb 

data. 

Lambert et al. ( 1999. 2000) addressed the Re-Os isotopic systematics of the 

Voisey · s Bay deposit. They found that the sulfide-rich samples had radiogenic and 

heterogeneous initial Os isotopes ("fos = 200 to 1100). suggesting interaction of parent 

magma with crustal sources. Lambert et al. (2000) proposed a two-stage crustal 

contamination model but with important differences from that of Amelin et al. (2000). In 

their preferred Re-Os model. a primitive. high-Mg picritic basalt is contaminated with ca. 

l o-;, lower to middle crust similar in composition to the Nain orthogneisses. In the upper 

crust. the basalt selectively assimilated sulfide and carbon components of the Tasiuyak 

gneiss through a melting-devolatilization process. rather than assimilating the bulk 

Tasiuyak as in the model of A.melin et al. (2000). According to Lambert et al. (2000). 

selective sulfide assimilation is more consistent with the heterogeneous Os and 

homogenous Sr. ~d and Pb isotope compositions ofthe Voisey·s Bay intrusion. This is 

because osmium is usually concentrated largely in sulfide minerals whereas Sr. Nd. and 

Pb are largely in the silicate phases. Lambert et al. (2000) cited high Mg. olivine-bearing 
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melatroctolite inclusions in parts of the intrusion as evidence that picritic basalts were 

parental to the magmatic system. 

Mineral. whole rock and stable isotope composition data have also been used to 

address the nature of the proposed interaction of the Tasiuyak para gneiss with the 

Voisey·s Bay troctolite magma. Li and Naldrett (2000) examined the petrographic 

evidence of mineral reactions in the partially digested gneiss inclusions of the breccia 

units of the intrusion. They concluded that there was selective silicate-oxide 

contamination \vith much of the SiO:! and K:!O and some of the NazO in the inclusions 

being added to the magma. and some of the FeO and MgO from the magma being added 

to the inclusions. Felsification would have decreased the sulfide capacity of the magma 

promoting sulfide precipitation. 

Li et al. (2000) studied the whole rock trace element compositions of the Voisey's 

Bay intrusion. in particular the LaiSm versus ThiNb variations. On the basis ofthese data. 

they suggested that the bulk of the Voisey · s Bay intrusion formed from a picritic basalt 

parent magma that was contaminated by lower to middle crustal gneiss. This first-stage of 

contamination increased the La/Sm ratios of the Voisey · s Bay troctolites. As the 

contaminated magma ascended into the upper crust. a second contamination event took 

place. this involving the Tasiuyak paragneiss. ln an important distinction to the model of 

:\melin et al. (2000). the second-stage contamination atTected only the conduit and 

breccia rocks. The distinction between the Voisey's Bay rocks affected by Tasiuyak 

contamination. and those that were not. was made on the basis of elevated Th/Nb ratios. 

which approach the high values seen in the Tasiuyak. 
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Ripley et al. ( 1999. 2000) measured the Sand 0 isotope compositions of the 

Voisey·s Bay intrusion and Tasiuyak paragneiss. The Tasiuyak paragneiss is 

characterized by 83"'S of -0.9 to -17.0 per mil and 8 180 of 8.3 to 16.1 per mil. Normal 

troctolite of the Voisey·s Bay intrusion. in contrast. has 83"'S of -0.5 to +1.8 per mil and 

81s0 of-5.4 to -7.7 per mil. which are mantle-like values. suggesting no interaction with 

the Tasiuyak paragneiss. As lower-middle crustal orthogneisses also commonly have 

mantle-like S and 0 isotope values. these data cannot address the model for early crustal 

contamination based on other geochemical data. ln conduit rocks and breccia :.mits there 

is evidence of contamination by the Tasiuyak paragneiss. as 83"'S are more negative (as 

low as- -t 1 per mil in the Reid Brook zone) and 8 1s0 are elevated (up to 9.3 per mil). 

Gneiss inclusions are depleted in 1110 relative to the Tasiuyak paragneiss. suggesting loss 

of a siliceous 1 ~0-rich component during their partial digestion. 

Despite differences in detail. the existing data clearly indicate that the parental 

matic magma of the Voisey"s Bay intrusion was contaminated by crustal rocks. [n 

addition. part of the magmatic system. the sulfide-bearing conduit dike rocks. 

subsequently interacted with Tasiuyak paragneiss. An important question. addressed in 

this paper .. is whether the Paleoproterozoic metaplutonic suite was responsible tor the 

tirst-stage contamination of the Voisey · s Bay intrusion. [f so. a related question is 

whether contamination by the metaplutonic suite was a necessary element in producing 

the nickel-sulfide ores. 
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Contamination of the Voisey·s Bay parental magmas by the metaplutonic suite 

bas been considered by previous workers but rejected on several grounds. or dismissed as 

having little relevance to sulfide precipitation. The arguments have included: 

( 1) The unlikelihood that all phases of the Voisey·s Bay intrusion \vould have come 

in contact with the metaplutonic unit. given it's small size (li et al.. 2000) 

(2) The low sulfur content ofthe metaplutonic suite (Ripley et al. 1999) 

(3) Lnrealistically large amounts of wntamination by the metaplutonic unit. which 

would be required to explain certain trace element characteristics of the Voisey·s 

Bay intrusion. such as the LaSm ratio (li et al.. 2000). 

l-H Sr-~d-Pb isotope systematics indicate that Tasiuyak gneiss was the main 

contaminant of the major phases of the Voisey·s Bay intrusion (Amelin et al.. 

2000). 

The remainder of this paper addresses each of these points using new data for the 

metaplutonic suite. and evaluates existing data in light of the new observations. 

3.5 GEOGRAPHIC DISTRIBL"TIO~ OF THE PALEOPROTEROZOIC 

'IETAPLCTO~IC Sl"ITE 

Existing geological maps of the Voisey·s Bay area (Evans-Lamswood et al.. 2000: 

Ryan. 2000) show the metaplutonic suite (referred to as enderbitic gneiss) as a small 

lithological unit (<lO Km long and <5 Km wide) that hosts the sulfide mineralization and 

associated troctolitic rocks of the Ovoid and Discovery Hill zones but not much of the 

Eastern Deeps. :".iew mapping for this study. however. extends the Paleoproterozoic 
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metaplutonic unit far beyond what was previously recognised. from Anaktalak Bay to 

Voisey·s Bay. with an area of some 20 km long x I0 Km wide (Figure 3.2). In particular 

the boundary between the metaplutonic suite and the ~ain gneisses to east is placed much 

further eastward than previously determined. Thus. the metaplutonic rocks are much more 

voluminous in the Voisey·s Bay area than is the Tasiuyak paragneiss. and host almost the 

entire ore deposit. An important implication of the new mapping with regards to isotopic 

studies discussed later. is that several samples described as Archean .. ~ain gneisses .. in 

previous work (Amelin et al. 2000. Lambert et at. 2000) are now included in the 

Pakoproterozoic metaplutonic suite. The new mapping has also identified a previously 

unknown metasedimentary unit tectonically interleaved within the metaplutonic suite. 

The unit varies from semipelitic to pelitic and. like the Tasiuyak paragneiss. is sulfide­

rich. 

3.6 St:LFVR CO:STE~T OF PALEOPROTEROZOIC ~IETAPLUTONIC SUITE 

Sultide saturation at Voisey·s Bay may have been achieved by addition of external 

sources of sulfur or silica to the parental magma. Ripley et al. ( 1999) noted that sulfur 

contents of the Tasiuyak paragneiss (mostly >500 ppm with domains up to 5400 ppm) are 

much higher than the metaplutonic suite (mostly <300 ppm). Thus. if external sulfur \Vas 

added to the Voisey·s Bay intrusion to trigger sulfide precipitation. the Tasiuyak 

paragneiss would have been a more likely source. A large-scale geochemical survey of 

the metaplutonic suite is consistent with this view. Sulfur contents range from 37 to 2153 

ppm with a mean of 268.7 and a median of 127.7 (Figure 3.4). Bulk assimilation of a 
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given volume of metaplutonic rocks by invading troctolitic magma would add less 

external sulfur than an equivalent volume ofTasiuyak paragneiss. 

It is possible. however. that sulfur was liberated from the metaplutonic and 

Tasiuyak country rocks by breakdown of sulfide minerals rather than by whole rock 

assimilation. ln the conduit dikes at Voisey·s Bay where the case for Tasiuyak 

contamination is mostly compelling because of the presence of partially digested 

xenoliths. 53"'S and 'los systematics of most of the sulfides can be explained by mixing of a 

hypothetical primitive troctolite magma with sulfide from the metaplutonic suite (Figure 

3.5). On the Reid Brook zone. which is the one part of the Voisey·s Bay mineralization 

system actually hosted by Tasiuyak paragneiss. can a strong case be made for a Tasiuyak 

sulfur source (Ripley et al. 1999). Finally. the Paleoproterozoic metaplutonic rocks are 

tectonically interleaved with metasedimentary to metapelitic rocks. These lithologies may 

have been an additional source of external sulfur to the invading troctolitic magma. 

3.7 TRACE ELE:\'IE~T GEOCHE:\IISTRY 

Trace element characteristics of the Voisey·s Bay intrusion (VB[) provide 

compelling evidence for contamination of their parent magmas by the metaplutonic suite. 

The primitive-mantle normalized spider diagram patters of the VBI and conduit troctolitic 

rocks. the Paleoproterozoic metaplutonic. Tasiuyak paragneiss and Archean orthogneisses 

are plotted in figure 3.6. The VBI and the Ovoid-mini-ovoid conduit rocks display similar 

primitive-mantle normalized trace element patterns with enrichments in several large ion 

lithophile elements ( LILE: Ph. Sr. Ba. K) and the light rare earth elements. and depletions 
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in Cs and Rb relative to Ba. They have t\vo very distinctive features. large. negative Th-U 

and ~b-Ta anomalies (Figure 3.6). 

The trace element geochemistry of the Paleoproterozoic metaplutonic rocks is 

characterised by many of the same features as seen in the troctolites: pronounced 

enrichment in light rare earth elements (LREE) and Pb. Sr. Ba. K and depletion in Cs and 

Rb relative to Ba. They also exhibit the distinct negative Th-U and Nb-Ta anomalies. This 

comparison strongly suggests that the troctolites in both the VBl and conduit dikes 

inherited their trace element compositions largely from the metaplutonic suite by 

contamination. 

The Archean orthogneisses are similar in composition to the Paleoproterozoic 

metaplutonic rocks and troctolites in that they exhibit high concentrations of LREE. 

similar ULE enrichments and negative >-fb-Ta anomalies. However. these rocks display a 

different kind ofTh-U anomaly with uranium much more depleted than thorium. This 

argues against the Archean gneisses being an important contaminant of the troctolitic 

rocks. 

The Tasiuyak paragneiss exhibits a trace element pattern quite different from the 

VBl conduit troctolite rocks. ln particular. the paragneiss does not exhibit a negative Th­

U anomaly. Rb is not depleted relative to Ba and the HREE pattern is concave-upward. 

These differences strongly suggest that the Tasiuyak paragneiss was not the primary 

(first-stage) contaminant of the Voisey 's Bay intrusion. The data do not rule out a role for 

the Ta!iiuyak as second-stage contaminant in the conduit dikes. However. again. as for the 

S- and Os- isotope data. the trace element data allow a role for the metaplutonic suite in 

the second-stage contamination of the conduit dikes as welL 
3-13 



On figure 3.7. the ratios of La!Sm versus ThiNb are plotted for the various 

potential country rock contaminants and the trends of the VBI troctolites and breccia 

rocks (from li et al.. 2000). The more matic compositions ofthe Paleoproterozoic 

metaplutonic suite have La/Sm ratios between 3.0 and 7.0 and ThiNb ratios ofless than 

0.1 to OA. The felsic components of the metaplutonic units are characterised by higher 

La.- Sm ratios ranging from 5.0 to 9.0 and broader Thi :-Jb ratios ranging from less than 0.1 

to 0.8. The Archean quartzo-feldspathic orthogneisses belonging to the ~ain province 

display LatSm values from 10.0 to 1-tO and a wide range ofThi;..J"b ratios ofO.l to 2.0. 

The Tasiuyak paragneiss has LaiSm ratios from -tO to 8.0 and Thl~ ratios of0.2 to 2.0. 

The VBI troctolite rocks have La~Sm ratios between 3.0 and -tO and Th!Nb values ofless 

than 0.1. These compositions can be modelled with 7% contamination of a picritic basalt 

composition (from ~oril"sk and West Greenland after Lightfoot and Hawkeswonh. 1997) 

by a meta-quartz diorite from the metaplutonic suite. The Voisey·s Bay basal breccia 

trend extends from the main group of the troctolites toward higher La/Sm and Th!Nb 

ratios. which as Li et al. (2000) pointed out. is compatible with the gneiss inclusions in 

the breccias being extensively altered Tasiuyak. The new data from this study indicate 

that some metaplutonic rocks also have high LaiSm and Th/Nb ratios like the Tasiuyak 

gneiss. and could explain the ratios observed in the mineralized troctolite. 

3.8 ~d-Sr-Pb ISOTOPIC DATA 

~codymium. strontium and lead isotopic systems in whole rock samples ofthe 

Paleoproterozoic metaplutonic unit were analysed in order to evaluate the possible role of 

the unit in contamination ofthe Voisey·s Bay Intrusion (VBI) and conduit rocks. The Nd 
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and Sr isotopic data \vere calculated for an age of 1320 +/- 15 Ma. encompassing the 

1333 Ma igneous crystallization age ofthe Voisey's Bay intrusion and the 1305 Ma age 

for thennal andior tluid disturbance (Amelin et al.. 2000). The latter event probably 

involved contact metamorphism caused by emplacement of the Voisey·s Bay granite­

syenite intrusion (Amelin et al. 1999). The lead isotopic data are presented as time 

integrated ~3sPbt~wPb (J.l*) and ~3~Th!:!3~U (K*) ofthe mantle and crustal sources for each 

of the samples. 

For the purpose of comparing the isotopic signatures ofthe Voisey's Bay 

troctolite \Vith potential crustal contaminants. the isotopic data for this study are 

combined with previous data. The latter include data tor the Tasiuyak gneisses. VB[. 

Voise;(s Bay basal breccia. and the metaplutonic suite from Amelin et al. (2000). In 

addition. data reported by Amelin et al. (2000) as Nain quartzo-feldspathic and mafic 

gneisses are now thought to be part of the metaplutonic suite based on the results of 

Rawlings et al. (Chapter:!). and are treated as such here. Most of the data from Amelin ct 

al. (2000) are analyses of mineral separates rather than whole rocks. The metaplutonic 

suite is divided into depleted and enriched groups. based on their ~d isotopic composition 

relative to CHUR at the time of their crystallization. 1890 Ma (Rawlings et al.. Chapter 

2). Data for quartzo-feldspathic Archean orthogneisses of the ~ain Province are a 

combination of results from Collerson et al. ( 1989) and Campbell ( 1997). Data for mafic 

Archean \lain Province orthogneisses are from Campbell ( 1997). 

s-:-Sr:linsr versus &Nd isotopic data tor the Voisey · s Bay intrusion and potential 

contaminants are sho\vn in figure 3.8. The Voisey's Bay intrusion exhibits a distinctive 
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trend of decreasing E~d.uzo \ta 1 from about 0 to -4 with only a very slight increase in 

s-Sris0Srt~ 3zo \t:u from 0.703-0.0704 in tigure 3.8. The depleted metaplutonic group defines 

a linear trend that overlaps and extends the VBI trend to more negative ENd values. The 

enriched group defines a tield with still more negative ENd values. again in line with the 

army ofVBI data. Amelin et al. (2000) reported six analyses from the Voisey ' s Bay 

breccia in the feeder dikes. Four of the six plot at the negative E~d end of the VBI trend. 

near and within the tield tor the depleted metaplutonic group. The other t\vo samples. 

feldspar separates. plot with significantly more negative ENd values and are closely 

related with the enriched metaplutonic group. Amelin et al. (2000) speculate that the two 

anomalous feldspar separates inherited the pre-magmatic isotopic composition of their 

sources. lf so. their sources were similar to enriched metaplutonic rocks. 

The remarkable coherence of~d-Sr isotopic data bet\veen the VBI and breccia 

rocks. and the metaplutonic suite is strong evidence that the metaplutonic suite 

~ontaminated and modified the composition ofboth the VBI and conduit dikes. In 

-:ontrast the Tasiuyak paragneiss detines a field that is separate and distinct from the 

Voisey ·s Bay troctolite samples and breccia samples. The Tasiuyak gneisses have 

E~d u ::o \t:u bet\veen -8 and -10 and elevated 117 Sr/116Sr1 13::0 \ta1 ratios of 0. 712-0.717. The 

failure of the Voisey·s Bay troctolite and the breccia to trend toward the Tasiuyak 

suggests that the unit did not significantly contaminate the VBI or conduit dikes. The 

Archean orthogneisses have a large. distinct isotopic range with EN<f.nzo :-.1a 1 between -16 

and - 52 (with the most of the samples from -40 to - 52 and are Early Archean while the 

more depleted values are late Archean) and :FSrt116Sr1 1320 Ma1 ratios ranging from 0.7026 
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to 0.8359. However. it should be noted that isotopic data for the Archean orthogneisses in 

the immediate area of the deposit is not currently available. The Archean Nain 

orthogneiss could potentially have different isotopic characteristics. although due to 

complex history of these gneisses. they are likely isotopically heterogeneous as well. The 

~d-Sr isotopic heterogeneity of the Archean orthogneisses argues against their being the 

contaminant of the VBI. which is characterized by isotopic homogeneity. 

The Pb isotope data of the Voisey· Bay troctolite and the Voisey·s Bay basal 

breccia. Paleoproterozoic metaplutonic suite. Archean orthogneisses. Tasiuyak 

Paragneiss. are presented in tigure 3.9 expressed as !l* versus c:~d 13:!o ..,t:u and in figure 

3.10 expressed asK* versus c:~d IJ:!o \.tat· 

The Voise:y"s Bay intrusion and the Voisey·s Bay breccia define a restricted field 

of Pb isotopes compositions with !l* values of 7.75 to 8.05 and K* values of 4.1 to -L24. 

There is not a systematic-correlation of either !l* or K* with c:~d. The depleted group of 

metaplutonic rocks overlap the Voisey·s Bay intrusion and breccia in Pb isotopes. with !l* 

values of 7.75 to 7.98 and K* values between 4.08 and 4.24. The enriched group of 

Paleoproterozoic metaplutonic rocks have somewhat lower !l* values of7.62 to 7.77 and 

a large range ofK* from 4.12 to 5.81. The Tasiuyak paragneiss exhibits high !l* from 

8.09 to 8.14 and a wide range ofK* from 3.94 to 5.42. The Archean orthogneisses have 

lmv J.l* values ran2:in!! from 7.38 to 7.72 and verv low K* values ran~ng from 1.13 to - - - - -
2.37. 

ln order to quantify the extent of crustal contamination of the Voisey' s Bay 

intrusion and conduit dikes by the metaplutonic suite. the chemical and isotopic 
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composition of the primitive. mantle-derived parental magma must be determined. The 

most isotopically primitive magmatic components known for the NPS are ca. 1280 Ma 

low P basaltic dykes (Wiebe. 1985 and Carlson et al.. 1993 ). which was used by :\melin 

et al. ( 2000) for their modelling. Corrected to 1320 Ma. these dykes have ENd. n~o ~1011 

\·alues ranging from 0.03 to -1.2. s-Sr,111lSr ratios ranging from 0.7028 to 0.7031. J.L* 

values ran~in!! from 7.53 to 7.54 and K* values raneine from 4.00 to 4.01. Usine the - - - - ....... 

~omposition of the low P. basaltic dykes as the primitive melt. none of the country rock 

gneisses. including the metaplutonic suite. provide credible mixing models for the 

Voisey · s Bay intrusion and breccias (Figure 3.11 and 3.12 ). For the metaplutonic suite. 

two contamination models were constructed. one for the depleted group and another for 

the enriched group. The compositions used for the two groups have the same 

concentrations of~d. Sr. and Pb but different isotopic ratios. which are the averages for 

the samples in this study and Amelin et al. (2000). 

In the ~d-Sr isotope plot (Figure 3. 11 ). both metaplutonic model curves intersect 

the \"oisey·s Bay troctolite data. but on the ~d-Pb plot (Figure 3.12). they largely do not. 

:'vlodel curves for the Tasiuyak paragneiss were constructed using the isotopic 

~omposition for the Tasiuyak of Amelin et al. (2000). the concentrations ofSr and ~dare 

a\·erages of the data reported by Theriault and Ermanovics. ( 1997) and the concentration 

of Pb are from the measured Tasiuyak paragneiss in this study. On the ~d-Sr plot (Figure 

3.11 ). the T asiuyak model curve has a trend of increasing :;-:-Sr/l!6Sr with deceasing E~d 

that is much more steep than the Voisey·s troctolite data unless. as noted by Amelin et al. 

(2000). the Pb concentrations are increased by factors of2-5 times the observed values. 
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Model curves for Archean onhogneiss were constructed with the isotopic composition 

and concentration from the ~ain province tonalitic gneisses of Campbell ( 1997). as this is 

the only complete set of isotopic data available for the Nain Province tonalitic gneisses. 

The average middle crust model curves were created using the same isotopic composition 

and concentrations from Rudnick and Fountain ( 1995). and are the same Amelin et al. 

(.2000) used. Model mixing curves for the average middle crust and Archean 

orthogneisses do not provide credible matches to the Voisey·s Bay troctolite data in 

tigure 3.1.2. 

Crustal contamination models for the metaplutonic suite that use a more primitive 

picritic. parental magma explain the isotopic signature of the Voisey's Bay intrusive suite 

very well. Li et al. (.2000) and Lamben et al. (.2000) have previously suggested a picritic 

parental magma for the VBl based on trace element ratios and Os-isotopes. respectively. 

Both groups of workers cited melatroctolite inclusions in Voisey·s conduit rocks that 

contain primitive olivines suggesting a picritic magma source. In addition. similar 

magmatic sultide deposits hosted in matic and ultra-mafic rocks are often helieved to be 

derived from primitive mantle-derived magmas such as high-Mg basalts. picrites or 

komatiites ( ~aldren. 1989 ). The comparatively high-temperature of the Mg-rich magmas 

makes their capacity for melting and assimilating country rock gneisses much greater than 

normal. low-Mg basalts. For the modelling. the isotopic values of picritic magmas 

associated \vith the ~orit• sk magmatic district in Russia were used. in panicular the 

Tuklonsky picrite. which is believed to be most representative of the parental magma in 

the ~orir sk area (Wooden et al.. 1993 ). The accepted isotopic values. recalculated to 

13.20 Ma. are ENdn32o \l:u = 3.2 (from a range of3.2 to 0.8). s7Sr/86Sr ratio= 0.7031 (from 
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a range of0.7028 to 0. 7032). !l* = 7.83 (from a range of7.83 to 8.12). These values are 

between bulk eanh and depleted mantle at 1.32 Ga. The concentrations ofNd. Sr and Pb 

assumed for the primitive. starting magma are based on measured values for the 

Tuklonsky picrite reponed by Wooden et al. ( 1993). 

Mixing models tor the picritic parent are plotted on figure 3.13 for s7Sr/ '6Sr versus 

E~~ 13::o , 1,11 and in tigure 3.14 tor 11* versus EN~ u::o \tat· The models for the metaplutonic 

:mite shO\v good matches to the data for the Voisey·s Bay intrusion and breccia. For the 

enriched group of the metaplutonic suite the model would suggest contamination at levels 

of 5 to 10 percent based on Nd-Sr data and 4 to 7 percent based on the Nd-Pb data. This is 

~:onsistcnt with the estimates of 5 to 10 percent given earlier in the paper based on LvSm 

ratios. Thus. ~:ontamination of a picritic basalt by the enriched metaplutonic suite is the 

preterred model tor the origin of the VBL The data suggest that the same model is 

applicable to the conduit dikes. The depleted group of Paleoproterozoic metaplutonic 

rocks may have also contaminated the picritic parent magma of the VBI but it could not 

have acted alone. To explain the Nd-Sr isotopic signature of the VBI. levels of 

~:onramination exceeding 50 percent would be needed. \vhich is thermodynamically 

unrealistic. 

The Tasiuyak paragneiss. Archean orthogneiss and middle crust models do not 

provide good matches to the Nd-Pb data tor either the VBI or breccias (Figure 3.14). The 

tailure of the breccias to show a strong compositional etTect ofTasiuyak contamination is 

particularly surprising as they contain abundant gneissic inclusions interpreted as having 

a Tasiuyak parentage ( Li and ~aldrett. 2000). Unlike in the low-Mg basalt parent model 
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(figure 3.12). increasing the lead concentrations ofthe hypothetical Tasiuyak contaminant 

will not provide a better tit to the Voisey·s Bay troctolite data. This is because the J.L* 

values ofthe Tasiuyak and assumed matk parent in figure 3.14 are similar. The average 

middle crust and Archean quartzo-feldspathic gneisses have J.l* values too low to explain 

the Voisey · s Bay intrusion and breccia data without lowering their concentrations of Pb. 

The average middle crust would need to have its Pb concentration lowered from 15.3 ppm 

to an unrealistic 3 ppm. The Archean quartzo-feldspathic gneisses would only require its 

Pb concentrations be lo\vered from 20 ppm to 3 ppm. 

The use of mixing models to identify a potential crustal contaminant in magmatic 

systems. and quantify the extent of their involvement. is limited by certain uncertainties. 

The most signiticant uncertainty is the original composition of the parental melt. since 

choosing ditTerent isotopic values tor the starting material can greatly alter the position of 

a mixing curve in isotopic space. However. when data tor different isotopic systems point 

to the same contaminant and the same degree of contamination. the result is more robust. 

ln this case. both ~d-Sr and ~d-Pb isotopic systematics support the conclusion that the 

enriched group of Paleoproterozoic metaplutonic suite was most likely involved as a 

crustal contaminant of the VBL at a level of5 to lO percent. 

3.9 DlSCl'SSlON AND CONCLUSION 

Crustal contamination is widely believed to play a critical role in promoting sulfur 

saturation in matic magmatic systems. in some cases triggering magmatic sulfide 

precipitation. ln order to understand magmatic ~i-Cu-Co ore genesis and discover similar 
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new deposits it is panicularly important to determine the composition and amount of a 

crustal contaminant in the magmatic system. In the Voisey·s Bay Ni-Cu-Co deposit the 

issue is particularly critical as the deposit is hosted by a troctolite in an anorthosite­

mangerite-charnockite-granite complex. a setting that would not have been predicted by 

current models of ~i sulfide ore genesis. This paper presents several lines of evidence 

that the Paleoproterozoic metaplutonic rocks ofthe region played a signiticant role in the 

ore genesis as a crustal contaminant of the Voisey·s Bay primitive troctolitic magma. 

ln previous work. the Paleoproterozoic metaplutonic rocks were ruled out as a 

potential contaminant for various reasons. many of which upon further study are no 

longer valid based on the results of this study. In panicular it is now known that they 

comprise a unit of sizable volume that hosts all the pans of the nickel deposit except the 

westernmost Reid Brook zone. They also contain domains with sulfur values as high as 

0.1 wt %. and so could have led to sulfur saturation of the Voisey•s Bay magmas not only 

by adding silica but also sulfur. In the eastern portions of the deposit. Ripley et al. ( 1999) 

recognised that oxygen isotopes were consistent with a metaplutonic rock. crustal 

contamination origin and. to reconcile the high- 61l!O values in some samples. suggested 

that the Paleoproterozoic metaplutonic rocks might have been interlayered with 

paragneiss. This suggestion has been confirmed by the mapping of this study: the 

Paleoproterozoic metaplutonic rocks are tectonically interlayered with paragneisses. 

metasediments. amphibolites and meta-anorthosites. 

Other reasons for dismissing the Paleoproterozoic metaplutonic rocks as a 

potential crustal contaminant include the perception that large amounts of contamination 
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were required (li et aL. 2000). However. the modelling results presented here suggest 

that 5 to 10 percent contamination was sufficient. The trace element pattern ofthe 

Paleoproterozoic metaplutonic rocks provides perhaps the most compelling evidence tor 

their involvement in the contamination of the Voisey's Bay intrusion. The metaplutonic 

rocks have a trace element pattern that is markedly similar to the Voisey's Bay troctolites 

and breccias. and different than the other gneisses in the region. The distinctive Th-U 

depletion of this pattern is unusual in matic rocks like the Voisey·s Bay troctolites and is 

the .. smoking gun .. of the metaplutonic contamination. The data do not constrain the 

depth of crustal contamination and so cannot contirm the 2-stage crustal contamination 

model of Li et aL (2000) and Lambert et aL (2000). in which lower-middle crustal 

contamination was tollowed by upper crustal contamination. However. as the 

metaplutonic suite seems to be the main constant tor both the VBI and conduit rocks. 

there is no necessity tor two stages of contamination. 

While presenting a strong case for the Paleoproterozoic metaplutonic rocks as the 

main crustal contaminant of the Voisey's Bay intrusion. the data also cast doubt on the 

signiticance of the Tasiuyak paragneiss in ore genesis. While the presence of gneiss 

inclusions resembling Tasiuyak gneiss is certainly ubiquitous in the breccia of the conduit 

dikes to the deposit. there is little evidence tor a change in composition of the conduit 

rocks as a result of gneiss digestion. Sulfur isotope data appear to show little etTects of 

Tasiuyak contamination only in the Reid Brook zone. \vhich is the only part of the deposit 

hosted by the Tasiuyak. The Sr-Nd-Pb data present no strong case for significant silicate 

dissolution of the Tasiuyak in the conduit dikes. Taken together. the evidence does not 

rule out a role tor the Tasiuyak paragneiss in promoting sulfide precipitation at Voisey·s 
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Bay. but indicates that the metaplutonic suite may have played a more important role. 

Determining the precise processes that led to sulfide saturation will require more detailed 

study of the metaplutonic suite and the 'Ni-Cu-Co ore deposit. 
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4.1 INTRODUCTION 

Chapter 4 

Summary and Conclusion 

The main goals of this thesis. as presented in chapter l. were to detine and 

characterise the Paleoproterozoic metaplutonic rocks in the Voisey·s Bay area. Labrador~ 

focussing on: (a) interpretation of the petrogenetic history of the metaplutonic suite in 

hopes of constraining the Paleoproterozoic tectonic setting of the region. and (b) 

evaluation of the role that the metaplutonic suite might have played in crustal 

contamination and genesis of the Voisey·s Bay ~i-Cu-Co deposit. To achieve these goals. 

cenain criteria where met. which included: providing a detailed geological map. 

petrology. geochronology. geochemistry and isotopic geochemistry studies of the 

metaplutonic rocks. 

4.2 SU:.\I.MARY 

In order to fulfil the main goals of this research project. a detailed ( l : 10.000) 

geological map of the Paleoproterozoic metaplutonic rocks and adjacent rocks in the map 

area was completed in conjunction with major and trace clement geochemistry. U-Pb 

TIMS geochronology. U-Pb LA.J.\1-ICP-MS and isotopic geochemistry (Sm-Nd. Rb-Sr 

and Pb-Pb). This section will brietly summarise the main findings ofthe two papers 

(Chapter 2 and 3) of this thesis. 



4.2.1 Chapter 2 - Soutlrern extension of tire Torn gat Orogen: Remnants of a calc-

alkaline batlrolitlr in tire Voisey 's Bay area, Labrador. 

This paper focuses on the characterization and detinition of the Paleoproterozoic 

metaplutonic suite in the Voisey·s Bay area through the use of geochemistry. tield 

geology. geochronology and isotopic composition studies. This is important tor several 

reasons including: ( l ) this unit is an important component of the Tom gat Orogen. and 

hereby increasing our understanding of the most southerly contact of the Nain-Rae 

cratons: and (.2) this unit provides an opportunity to evaluate Paleoproterozoic subduction 

zone processes and interpret those processes relative to modem analogues. 

The Palcoproterozoic metaplutonic suite detines a belt of calc-alkaline rocks 

consisting of a relatively undifferentiated. matic to intermediate batholith. This suite is 

metamorphosed at upper amphibolite to granulite facies. presumably related to one major 

detormational event. The metaplutonic rocks are classified into tive compositions: I) 

meta-tonalite. 2) meta-quartz-diorite. 3) meta-diorite. ~) meta-gabbro and 5) meta-

hornblende gabbro. though meta-quartz diorite is the dominant phase. These rocks are 

interlayered and detorrned with metasedimentary rocks (dominantly metapelite and 

quartzite). amphibolite and minor meta-anorthosites. 

The ca. 1890 Ma meta-gabbro to meta-quartz diorite compositions detine a 

magmatic series that probably evolved through fractional crystallization. The slightly 

younger meta-tonalites ( 1883 ~• - 5 Ma). appear to have evolved along a different 

magmatic trend. All compositions of the Paleoproterozoic metaplutonic suite display 

large enrichments in Ba. light-rare-earth-elements (lREEs). Sr. Zr and Hf. in conjunction 

\'\·ith pronounced depletions in Th-U and Nb-Ta. The REE patterns are fractionated with 
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LREE to HREE. and this fractionation increases with silica content. This indicates that 

the meta-tonalites had more residual garnet in their source regions than the other 

compositions in the suite. 

The E:~d41890 -.1a 1 of the metaplutonic suite varies between 0.13 and -5.3. suggesting 

interaction between the primary magma and the continental crust. The ~06Pb/.:!().lpb isotopic 

ratios ranged from 15.160 to 15.834: while the ~07Pb/~().lPb values ranged from 15.000 to 

15. 145. These values are consistent with contamination by the lower crust. 

U-Pb zircon LAM-ICP-MS (laser ablation microscopy-inductively coupled 

plasma-mass spectrometry) analysis identified a population of inherited cores in one 

sample of meta-hornblende gabbro. The population is 50 to l 00 Ma years older than the 

igneous population. ~o inherited Archean cores \Vere found in any of the three samples. 

The main conclusions ofthis study are summarized below. Theses rocks represent 

a relatively undifferentiated. matic to intermediate. calc-alkaline batholith that formed 

above a Paleoproterozoic subduction zone. The meta-gabbro to meta-quanz diorite 

compositions evolved along an igneous fractionation trend. These primitive parent 

magmas to these rocks likely formed by panial melting of the mantle wedge but 

interacted with continental crust either in the source region or lower crust. The slightly 

voun2er meta-tonalites evolved along a different maematic trend than the remainder of 
~ - - -
the metaplutonic suite and likely evolved from panial melting of subducting oceanic crust 

in the Paleoproterozoic subduction zone. The magmatism in the Voisey's Bay area was 

contemporaneous and similar in composition with calc-alkaline activity along the 

nonhern (Burwell Domain) and southern (~onh River-Nutak) segments of the Torngat 
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Orogen. This calc-alkaline magmatism may have formed along a single. 500 km long, 

convergent plate margin. ln conclusion. both slab and wedge melting were important in 

forming the calc-alkaline! activity of the Tomgat Orogen. this suggests that the transition 

from slab-dominated Archean magmatism to wl!dge-dominated post-Archean magmatism 

may have! occurred progressively through the! Paleoproterozoic. 

4.2.2 Chapter 3 - A llew perspective Oil tire role of Paleoprotero:.oic: metaplutollic rocks 

ill the J 'oisey 's Ray .Vi-C11-C o Jlillerali:.atioll, Labrador, Ca11ada. 

The main focus of this paper \vas to consider geochemical and geological 

!!vidence that the Paleoproterozoic metaplutonic suite was important in the genesis of the 

\'oisey·s Bay ~i-Cu-Co deposit. Previous data clearly indicated that the parental matic 

magma of the Voisey ·s Bay intrusion was contaminated by crustal rocks: however. these 

studies largely failc!d to address the role! of the metaplutonic suite primarily due to the 

bdil!f that this unit \vas geographically quite a small unit. Recent mapping. as part of this 

thesis (Map l ). showed that the metaplutonic suite is a much larger unit and is more 

voluminous in the Voisey·s Bay area than the Tasiuyak paragneiss. which was the 

favoured crustal contaminant ofthe primitive Voisey·s Bay magma. 

Recent geochemical data support the role of the Paleoproterozoic metaplutonic 

rocks as a crustal contaminant. The Paleoproterozoic metaplutonic trace element 

chemistry is distinctive and markedly similar to the Voisey·s Bay troctolite intrusion and 

breccia unit. particularly the presence ofTh-U and ~-Ta depletions and enriched La/Sm 

ratio (2.92 to l 1.02) with a range ofTb/Nb ratios (0.004 to 1.065). The metaplutonic suite 
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contains domains with sulfur values as high as 0.1 weight percent. and thus could have 

led to sulfur saturation of the Voisey · s Bay magmas by adding either sulfur or silica. This 

unit is also interleaved with sulfide-rich paragneisses. which may have provided an 

additional source of sulfur. 

The Paleoproterozoic metaplutonic suite defines two isotopically distinct groups: 

an enriched group '.vith E~d.t::::!o "vla1 of -11.1 and -11.2. s-Sris6Sr, t::::!o "vla1 ratios between 

0.7032 and 0.7050 and !l• values of7.66 to 7.77~ and a more depleted group wh1ch 

exhibits E~d. ~_;::!11 \t11 values between -2.8 to -6.8. 11
- Srili6 Sr.u:o \la1 ratios between 0. 7038 

and 0.7041 and !l• \alues 7.75 to 7.98. 

The trace element and isotopic compositions of the Voisey·s Bay troctolite and 

breccia can be readily explained by 5 to I 0 percent contamination of a picritic basalt 

magma with the enriched group of the metaplutonic rocks. The Tasiuyak. paragneiss 

produced more subtle etTects on the composition of the intrusion and probably thus 

played a more diminished role in crustal contamination. 

~ew evidence from this study indicates that the Paleoproterozoic metaplutonic 

rocks played a key role in the crustal contamination ofthe Voisey·s Bay troctolitic 

intrusion. potentially leading to sulfur saturation and precipitation of sulfides. 

Contamination by the metaplutonic suite may be an essential element in the formation of 

similar deposits in the region and elsewhere. 
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.a.J DlRECTIONS FOR FURTHER STUDY 

Although this thesis presents a large variety of data. there exists much that can be 

completed in terms of future studies and research. In terms of tectonic and structural 

studies of formation of the Torn gat orogeny. several key issues remain to be addressed. 

Firstly the identification. through detailed tield mapping of the continuation of 

Paleoproterozoic metaplutonic rocks to the north or south of Voisey • s Bay area is 

important. This may provide much needed insight into the intrusive contacts ofthe suite 

and thus constrain the orientation of subduction. In addition. a detailed metamorphic 

study of these rocks may shed light on the pressure-temperature-time path evolution of 

these rocks. and thus. the tectonic evolution of area. A more detailed isotopic study 

(particularly Sm-Nd) is also needed to constrain the petrogenesis of these rocks. In 

particular. this study should focus on whether the isotopic characteristics vary across the 

plutonic body (both east to west and north to south) in order to further decipher which 

Archean craton \\·as being subducted in the area during the Paleoproterozoic. in addition 

to determining potential crustal contaminants. 

In terms of the metallogenic evolution of the area. a more detailed study of the 

role of the metaplutonic rocks in crustal contamination of the Voisey·s Bay intrusion is 

essential. This would focus on. evaluating the Paleoproterozoic metaplutonic rocks as a 

potential contaminant by further detailed studies. such as Re-Os. Sm-Nd. and detailed 

sulfur isotopic studies to provide further clues to the development of sulfide 

mineralization. In addition to the meta-plutonic suite. the Archean ;..cain orthogneisses 

have not been seriously evaluated in terms of a potential contaminant. primarily due to 
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the limited availability of isotopic data on these gneisses in the region. As this deposit is 

brought into development and mining begins. immense knowledge will be gained due to 

the ability to 5ee the nature of the underground contacts and the analysis of the units at 

depth. \\:·hich is presently limited to drill core. 
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Appendix A 

Analytical Methods 

A.l ~lAJOR A~~D TRACE ELEME~T ANALYSES 

The following is a description is of the analytical techniques used to determine the 

major and trace element whole rock geochemical data presented through out this thesis. 

The sample preparation begins with the selection oflarge (5-12 kg) representative 

rock samples that have any weathered surfaces removed. The samples are crushed in a 

dean jaw crusher. and to minimize cross-contamination small amounts of sample were 

crushed and discarded before tina! crushing. A tungsten-carbide puck mill was used to 

powder the randomly selected rock chips to a size of <200 mesh. Between each sample 

the puck mill was extensively cleaned. and in order to avoid cross-contamination of 

samples. a small amount of the rock chips was pulverised and discarded prior to final 

powdering. The sample \vas then stored in a clean plastic vial. All aspects of the sample 

preparation were carried out at Memorial University of~ewfoundland. Department of 

Eanh Sciences. 

A.l.l. X-ray Fluorescence (XRF) 

~tajor oxides and selected trace elements were analysed as pressed powder pellets 

at Memorial Cniversity of~ewtoundland. Department of Earth Sciences. X-Ray 

Fluorescence (XRF) Lab and were performed using the Fisons/ARL 8420+ sequential 

wavelength-dispersive X-Ray spectrometer. The pellets were made from 5.00 g of fresh 

rock powder and 0. 70 g BRP-5933 Bakelite phenolic resin that had been placed in a glass 
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jar and homogenized for ten minutes on a roller mixer. The resulting mixture was placed 

in a Herzog pellet press (29 J.lm diameter) for 5 seconds at a pressure of 20 tons. The 

samples were then baked in an oven for 15 minutes at 200 °C and labelled on the side in 

~ontact with the oven tray. Further details on the sample preparation are outlined in 

Longerich tl99 5 ). 

The data are collected by an automated computer system attached to the XRF . 

.-\long with the pressed pellets. four quality control reference materials (A VG-1. DNC-1. 

JG-2. BCR-l ). and five internal standards were analysed ( Longerich. 1995). The 

reference materials used include l) PACS-1. ~ational Research Council of Canada 

retcrence material: 2) BHV0-1. DST -1. United States Geological Survey (USGS) 

reference standards (basalt. dunite): SY-2 and SY-3. syenite from the Canadian Certified 

Retcrence Materials Project ( CCRMP). Published data on these standards can be found in 

Potts et a!. ( 1992 ). Jenner et al. tl990) and Longerich et al. ( 1990). 

Detailed analytical procedures including calibration and matrix corrections. 

precision and accuracy. have been described by Longerich ( 1995). The limits of detection 

vary depending on the element group. The major element analysis is only semi­

quantitave. but still provides a good approximation of the major oxide compositions. 

Limits of detection for major oxides range from 120 ppm for Na20 and MgO to less than 

2.0 ppm tor MnO. K:O and CaO. detection limits for trace elements are (in brackets as 

ppm): Sc(6). V(6) Cr(7). ~i(5). Cu(~). Zn(3). Ga(3). Rb(0.7). Sr( 1.2). Y(0.7). Zr(l.2). 

~b(0.7). 8a(23) and Pb(4) (values after Longerich. 1995). The tive standards are run to 

determine precision and accuracy of analysis. For the major oxides a precision and 
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accuracy of< l% for concentrations above l% and <3% for concentrations below l% was 

determined. Trace element analysis had a precision and accuracy of below l% for most 

elements. except for Zn (4%). Table A.1 presents the precision and accuracy for standard 

D N C -1 (diabase) from the period analytical data was co fleeted for this thesis. 

:\.1.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

The majority of the samples analysed for trace elements and the REE were 

prepared by the HF-H~03 method. The masses measured were -Li. 115Rb. li6Sr. li<JY. 'k>Zr. 

·lh. rb '15," 133c· 1r8 lNL 1-'oc 1-'lp l-'S~d ' "'' sm 1s1 E ts' Gd ts')Tb lbOGd . .,. • .v10. s. a. a. e. r. . . . u. . . . 

.:.
1xU and .:s4(U0). This sample preparation procedure is summarized after Jenner et al. 

( 1990) and involves the digestion of a 0.1 g powdered sample aliquot by HF and N03 in 

screw-top Tet1on bombs. The sample is rehydrated with HF-HN03, evaporated to 

dryness. rehydrated with 2-3 ml of 8N HN03. and then transferred to a 125 ml bonle and 

diluted to 90 g with water. 

The sample is then analysed using a modified SCIEX ELAl'\l model 250 ICP-MS. 

the moditications have been described in Longerich et al. ( 1986 ). Longerich ( 1989a. b. c - -
and 1993) and Jackson et al. ( 1990). Data acquisition is completed. using software 

supplied by SCIEX. The concentration calculations are done offline using a commercial 

spreadsheet program. 

The analysis package used (exploration) can run up to 27 samples, including 

reference materials. reagent blanks. and duplicates. Data are acquired in runs of9 cycles 

of 12 solutions: 2 standards. l flush, l calibration blank (0.2 N HN03), first sample. tirst 
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sample (spiked). flush. second sample. second sample (spiked). flush. third sample. third 

sample (spiked). flush. The spike is used as an internal standard and is added to the 

second set of samples oft1ine at l: l and is a solution containing Li. Sr. Zr. Cs. Ba. La. Pr. 

~d. Sm. Er. Tm. Bi. and U. Two external standards are used to calibrate most elements. 

except for Nb. Ta. and ~vlo which are calibrated using Zr or Hf as surrogates. the external 

standards are: Standard A (Li. Rb. Sr. Y. Zr. Cs. Ba. La. Ce. Pr. Tb. Dy. Ho. Er. Tm. Yb. 

Tl. Pb. Bi. Th. and U) and Standard B (Rb. Cs. Ce. ~d. Sm. Eu. Gd. Lu and U). The data 

are acquired at each mass for lO seconds using a dwell time of0.05 seconds. 

All samples and standards are background corrected using the mean of all 

~alibration blanks in the run. Corrections are applied for oxide interference as well as 

isobaric overlap using correspondent factors normalized to the UO/U in the sample 

relative to the UO/U ratio in the standard. The average detection limits in this study for 

the HF-nitric method are as follows: 0.6 to 0.2 ppm tor Ba*. Sr*. Rb* and Li: 0.09 ppm 

tor Cs and TI: 0.07 ppm for Pb: 0.06 ppm tor Zr*: 0.03 ppm tor ~d. Sm. Eu. and Gd: 

0.02 ppm tor Mo. La. Ce. Dy. Er and U: 0.0 I ppm for Pb. Tm. Lu. Hf and Bi: below 0.00 

ppm tor Y*. ~b*. Tb. Ho. Yb. Ta and Th ( * these elements were measured. but the XRF 

values were presented in the data as these elements can suffer solution instability and 

potential memory problems (Jenner et al.. 1990)). 

With the HF-HN03 method. the more resistant phases. panicularly zircon that 

traps REE. may not completely dissolve. ln order to measure if there were dissolution 

problems. duplicate samples were analysed using the sodium peroxide (Na20 2) sinter 

method of Longerich et al ( 1990). The trace elements analysed are much fewer and are: 

:o~9Y. '~~lzr. '~3~b. t.FBa. t39La. t.wCe. t~tPr. t~sNd. ~~'Sm. t51Eu. t57Gd. ts~. t63Dy. t65Ho. 
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t67Er. 169Tm. mYb. t
75Lu. 177Hf, ll!lTa and !32Th. ln this method. sample preparation 

varies in that 0.2 g of powdered sample and 0.8 g ofNazOz are mixed in aNi crucible and 

sintered in a mut11e furnace at 480 uc for 1.5 hours. After cooling for 20 minutes. I 0 ml 

of distilled water is slowly added a few drops at a time. The sample is then transferred to 

a centrifuge tube. additional distilled H~O is added to a volume of 30 ml. and then 

centrifuged for 10 minutes. The water is decanted from the tube. distilled H20 is added 

and the centrifuge and decant steps are repeated two more times. The sinter cake is then 

placed into a 125 ml bottle and dissolved in 2.5 ml of 8N HN03• 1 ml of 2% oxalic acid 

and diluted to 90 g with water . 

.-\lthough both of these sample preparation methods result in a sample analysis on 

the same lCP-MS. the ~a~O~ sinter method varies in that each run consists of 56 samples. 

including standards. blanks and duplicates. Data are acquired in cycles of 12 samples: 7 

unknowns. 4 standards and 1 calibration blank. The samples are spiked \vith an internal 

solution standard of Rb. Cs. Tl. and U at a 1 part of spike to 2 part sample for a total tlow 

rate of 1 g..' min. Total counting time per mass is lO seconds using a dwell time of0.5 

seconds. 

The calibration blanks in the run were used to make background corrections. 

Corrections are applied for oxide interference using the OU/U ratio in the standards. 

Matrix corrections were completed using the mass interpolated ratio of the intensity of the 

spike in the samples and the standards. The calibration was done using the 4 external 

standards for most elements. except Nb and Ta. which were calibrated using Zr and Hf 

surrogates. 
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The analytical detection limits for sinter method in this study are at the sub-ppm 

level: 0.07 ppm for Ba*. 0.03 ppm tor Gd. Tb and Zr*; 0.0 l ppm for Dy and Nd; below 

0.00 ppm for Y*. ~b. La. Ce. Pr. Tb. Ho. Tm. Lu. Hf*. Ta and Th (*these elements were 

measured but the XRF values were presented in the data for the same reasons stated 

previously). The precision and accuracy of a standard (MRG-1) from the period of 

January :woo to October :woo when data were collected for this thesis are presented in 

table A.2. 

Althoueh. this method is a more agf!fessive digestion. the HF-nitric method was - -- ~ 

preferred in this study because it allowed tor the analysis of a much larger number of 

trace elements. The samples that were duplicated by both methods show similar rare earth 

dement patterns (Figure A.l) and thus dissolution was not a problem with the HF-nitric 

method. ln addition. the linear fit between the XRF and the lCP-MS analysis for Y 

(Figure A.2a) displays a good agreement between the techniques. and thus further 

diminishes concerns about inadequate dissolution. There is scatter between the lCP-MS 

and XRF values tor the high tield strength elements. particularly Zn and Nb (figure A.2c 

and A.2d). This may be due to solution instability and potential memory problems with 

these elements (Jenner et al.. 1990). For this reason. the XRF results for Zr and Nb were 

utilised. Another concern with trace element analysis is the potential contamination of the 

sample during powdering \vith the tungsten-carbide mill. this can result in contamination 

by Ta and Nb. This was not a factor in this study as the samples were as markedly 

depleted in these elements. 
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.-\.2. RADIOGE~IC ISOTOPES 

.-\.2.1 Sm-Nd and Rb-Sr Isotope 

All aspects of the rubidium-strontium and samarian-niodimium isotopic analysis 

were carried at the Atlantic Universities Radiogenic Isotope Facilities (AURIF) at 

~emorial University of~ewfoundland. Sample preparation and analytical techniques 

were as follows. Powdered samples that were prepared as above are accurately weighed 

to within a tifth decimal place and disso~ved with I ml each of H~03 and HF. All 

reagents were doubly distilled in Tetlon containers. The samples are then left to rest and 

retlux for a period of 2 to 7 days: any samples with residual white tluoride precipitate 

must be redissolved prior to column chemistry. The samples are then split and accurately 

weighed into isotopic concentration and isotopic dilution fractions. The isotopic dilution 

fractions are spiked with an accurately weighed Oak Ridge ~ational Labs (ORLN) 1 5~d­

: ~-Sm mixed spike. that is based on the whole rock ~d concentrations measured by ICP­

\'tS analysis. The Rb-Sm spikes and spike weights are based on Sr whole rock 

concentrations. After spiking. both fractions of the sample are loaded into EICHROM 

TRU-Spec resin and initial Rb-Sr and REE group separation is done. Rb-Sr separates are 

collected using 28 3N ~03 and REE are collected using 28 H:!O that was doubly 

distilled in a Teflon bottle. These fractions are then allowed to evaporate to dryness. The 

Rb-Sr samples are loaded into the EICHROM Sr-Spec resin: this retains Sr and removes 

other trace elements. After loading. 28 3~03 is used to collect the Rb and 28 H:!O is used 

to collect the Sr. The Rb-Sr fractions are ready to be loaded for measurements into the 

thermal-ionization mass-spectrometry ( TI-MS ). 
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The Sm-Nd isotopic concentrations and dilution fractions are then pipened in 

Teflon columns using 2X 0.15N HCI to separate these elements from the rest ofthe REE. 

The LREE are stripped otT using 2X 0.15N HCL The ~dis removed from both isotopic 

and dilution fraction using 2X 0.1 n.l HCl this is followed by removal of the Sm from the 

isotope dilution fraction using 2X 0.50N HCl. Two drops of phosphoric acid are then 

added to each of the three collected samples. each of the samples is then evaporated to a 

single drop and is ready to be loaded on the thermal-ionization mass-spectrometry (Tl­

\;lS). 

The Rb fractions are loaded into the VG MMJOB thermal-ionization mass 

spectrometer that utilises either a Daly or Faraday detector to measured the 117Rbt;;5Rb 

ratio. The drops of the Sr fractions are loaded into the Finnigan MAT 262V thermal­

ionization mass spectrometer using outgassed Re double tilaments. The isotope dilution 

Sr fraction is analysed with a static Faraday multicollector routine which measures 

'~Sr · s~>sr and s-Sr·s6Sr ratios with each analysis containing 5 blocks of20 scans each. 

resulting in 100 scans with on line drift and mass fractionation correction and statistical 

analysis. A static Faraday multicollector routine \vas used to measure 117Sr/;;6Sr ratio of the 

isotopic composition fraction. The s7Sr:116Sr ratios are measured off the mass spectrometer 

and are reported with a 95% contidence leveL Data reduction software is used to compute 

the ~-Rbtl!6Sr ratio based on the measured spike ~7Rbl5Rb and li-'Srt116Sr ratios. The 2cr 

errors are absolute and are calculated by quadratically adding the 2cr errors of the 

measured isotopic s7Rb/5Rb and li-'Sr.'116Sr ratios. 
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The Sm-Nd fractions were loaded separately on outgassed Re double filaments for 

the Finnigan MAT 262V thermal ionization mass spectrometer (Tl-MS). The isotopic 

composition fractions were measured using the Faraday multicollector routine which 

collects 5 blocks of 20 scans for a total of 100 scans. with on line drift and mass 

fractionation correction and statistical analysis. The 1 ~3~d/144·~·Jd errors are reported to 2cr 

(95%) confidence intervals and were directly measured from the mass spectrometer. The 

· ~- 1~ • • · Smi ~d errors are reported as absolute 2cr (of the mean) and are quadratically added 

using the 2cr errors of the measured 1~-:-Srrv t.:~Sm and ! 5~dJ 144~d isotopic ratios. The ENd 

values arc calculated using the 1 .:3~d! 144~d (CHUR) of0.512638 and 1 ~7SI111 144~d 

(CHCR) of0.1967. 

A.2.2 Pb-Pb Isotope 

The lead isotope analyses were carried out at Universitie de Quebec a Montreal. 

Quebec. Powdered whole rock samples were digested using a mixture of HF and 

concentrated H~03 and then evaporated to dryness. The resultant salts were re-hydrated 

using a 0.8N HBr media. The Pb was separated from solution using a two-step anion 

exchange chromatography procedure after (Mahnes et al.. 1980). 

The isotopic concentrations were measured on an lsoProbe MC-ICP mass 

spectrometer. The ::!JbPbt::04Pb and ::07Pbt::04Pb isotopic ratios were measured using one 

block of 50 scans of 10-second integration each. A thallium spike was added to measure 

for instrumental mass bias by simultaneously analysing the ::05Tli203Tl ratio in order to 
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later correct for this bias. The Pb isotopic ratios are reported at the 95 % (2cr) level of 

contidence . 

.-\.3 U-Pb ZIRCON TIMS .-\'"~.-\LYSIS 

All aspects of this technique \vere carried out at the Department of Earth Sciences. 

Memorial University of~ewfoundland. For each sample. zircons were selected for 

analysis based on morphology and clarity. The morphologically similar zircons were 

grouped together into fractions in order to increase the precision of analysis. The zircons 

\Vere abraded following the technique of Krogh ( 1982). in an attempt to remove outer 

edges that may have sutTered alteration and lead-loss. The abraded zircon fractions were 

washed in distilled HN03• doubly distilled HzO and finally in distilled acetone. Following 

this. the samples were weighed on a microbalance and loaded into Tet1on Krogh-type 

dissolution bombs. Each sample was spiked with a mixed zo5Pbl'z35 U tracer. in addition to 

-25 drops of distilled HF and 1 drop of HN03• Samples were spiked according to their 

weight. expected age and U concentration. The bombs were then sealed and placed into 

an oven at 210 »c for 5 days. Once the sample had dissolved. ion chemistry was done 

according to the procedure set out by Krogh ( 1973 ). the columns and reagent volumes 

were decreased to one tenth the amounts used in 1973. The purified U and Pb samples 

were collected into a single drop of ultrapure H3PO"' in a clean beaker. 

Lead and uranium were bound in a silica gel with dilute H3PO"' and loaded 

together onto a degassed single Re filaments. The isotopic analysis was conducted on a 

thermal ionization mass-spectrometry (Tl-MS) using a Finnigan MAT 262 mass 
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spectrometer equipped with an ion-counting secondary electron multiplier (SEM). Large 

Pb samples were measured using th.: static mode and :!0-lpb measured in ion counting 

mode on the scanning electron multiplier (SEM). Smaller Pb samples were measured in 

peak jumping mode on the ion counter. with the measurement times weighted by the 

amounts of each mass present. The Faraday cups used in the multicollector are calibrated 

through out the run with NBS 981. and the ion counter is calibrated against a Faraday cup 

by measuring a knO\vn ratio. Double static Faraday collection was used to measure U. 

:\-leasurements were taken in a series of sets in the temperature range of 1400-1550 <~c tor 

Pb and 15 50-1640 \)C tor U. the best sets are combined to produce a mean value for each 

ratio. A ~orrcction. determined by repeated analysis of the NBS standard (0.1 %/amu). is 

applied to the measured ratios to account for U and Pb fractionation. The ratios are then 

corrected for laboratory procedure blanks {2-1 0 pg. Pb~ 2 pg. U). in addition to common 

lead above the laboratory blank predicted for the age of the sample by Stacey and 

Kramers · ( 1975) two-stage model. The ages are calculated using the decay constants of 

JetTey et al. ( 1971 ). 

Isotopic ratio and age uncertainties are calculated with an unpublished Royal 

Ontario Museum program and arc reported at absolute 2 sigma ( cr). The sources of 

uncertainties included at 2cr are as tallows: isotopic ratio measurements by mass 

spectrometry. assigned 80% uncertainty on the fractions of Pb and U. assigned 50% 

uncertainty on the volume of Pb and U blanks. and a 4% uncertainty on the isotopic 

composition of the Pb used to subtract from the common Pb above the laboratory blank. 

The uncertainties are quadratically added to determine the absolute 2cr errors that are 
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reported. The program by Davies ( 1982) is used to calculate discordia lines using the 

individual data points having 2cr errors and is reported at the 95% confidence intervaL 

AA L'-Pb LASER ABL\ TION :'\UCROPROBE-INDUCTIVELY COUPLED 

PL\Si\1.-\-M.-\SS SPECTROMETRY (L.Al~I-ICP-MS) 

All aspects of the U-Pb zircon analysis by LAM-ICP-MS were done at the 

Department of Earth Sciences. Memorial University of ~ewfoundland. This technique is 

still in its developmental stage. The zircons analysed by this method were from the same 

samples separated for U-Pb TlMS analysis. underwent the same sample preparation up 

till the TIMS samples were abraded as the LAM-ICP-MS samples were not. 

The zircons were selected tor analysis based on clarity and varied morphology. 

The chosen grains were mounted in an epoxy resin and left to set. Once dry. the grain 

mounts were polished until the zircons cores were exposed. The grains were then imaged 

by back-scattered-electron (SSE) microscopy. in order to identify potential cores and rims 

within individual grains. 

The analyses were done on a VG Plasma Quad S+ instrument coupled to an in­

house built 266 nm ~dYAG laser 0. 1-0.5 mJIPulse (Jackson et al.. 1992: Longerich et al.. 

1995). The laser is 10-15 J..Lm in diameter is de focused by 200 J.lm and migrates down the 

optical tube of a petrographic microscope to the sample cell. Site selection and ablation 

procedures were observed using a TV camera and monitor. The ablated zircon material 

was tlushed from the sample cell with a helium gas carrier then combined with an argon 

solution betore entering the ICP-MS. In addition. a Th-U-Bi-Np tracer solution is 
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simultaneously aspirated with the sample to the plasma. This was done to make real-time 

correction for instrument mass bias. The zircons were ablated by stage rastering in lines 

(20x l0-40x 10 ~m). which results in ablalion of <0.0005 mg of the sample. 

Analysis was performed in peak-jumping mode. using l point per mass peak with 

a 60 second gas blank. There is a 180 second signat the time is limited by the rastering 

technique. The typical acquisition of element menu was masses: !O:!Hg. :!03Tl. !OSTI. !06Pb. 

107Pb. :wBi. :35U. !J!!U. 131~p and oxide masses of249. 253 and 254. Any U-Pb 

fr.1ctionation due to volatility differences during laser ablation was corrected by using the 

back-calculated intercept of the time resolved signal. The procedural runs included 4 

standards and 5 unknowns (STD l-l-2-2. UNK l-2-3-4-5. STD 1-l-2-2). 

The two-zircon external standards (3200 kamo and 91500) were analysed twice 

after every 5 unknown analysis and used were corrected for mass bias. The standards had 

avemgc precision levels of 2 sigma errors of 2.4% for the :o'iPbt!35U ages. and average of 

3.1 °'0 for the !Of>pb,:3MU and 3.2% for 107Pb1100Pb ages. Data were reduced using the 

sothvare U-Pb zircon software of Jan Kosier. Most of the U-Pb LAM-lCP-MS data were 

within error of the previous TlMS data. 
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Figure A.l. Primitive mantle normalized extended trace element spider diagrams of 
Paleoproterozoic metaplutonic suite samples prepared by HF-nitric or N~02 sinter 
method for ICP-MS trace element analysis. A) Meta-tonalitic sample DDH-496-517, B) 
Meta-quartz diorite sample DDH-496-530, C) Meta-tonalitic sample VB-99-82 and D) 
Archean quartzo-feldspathic gneiss sample VB-99-1 01. 
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Figure A.2. Comparison of certain element concentrations analysed by ICP-MS (HF­
nitric method) versus XRF pressed pellet analysis. A) Y, B) Zr, and C) Nb. 
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Table A .1.- Precision and accuracy for XRF analysis of standard DNC-1 . Data 
represent seven analyses from November 1999 to December 2000. 

Elementa Minimum Maximum Std. Mean Quoted MUN RSD (%)c RD (%)d 
Deviation (n=7) Valuesa.b 

Si02 41.41 44.73 3.23 43.01 43.56 0.08 -1.26 

Ti02 0.42 0.47 0.05 0.44 0.45 0.12 -2.40 

AlzO:; 17.16 19.66 1.52 18.30 17.67 0.08 3.59 

Fe203 To~a~ 9.42 10.17 0.66 9.74 10.12 0.07 -3.72 

MnO 0.14 0.15 0.01 0.14 0.15 0.07 -4.56 

MgO 9.57 10.43 0.84 9.91 9.9 0.08 0.07 

CaO 10.30 11 .61 1.08 10.84 11.02 0.10 -1.61 
Na20 1.91 2.08 0.15 2.00 1.94 0.08 2.84 

K20 0.24 0.28 0.03 0.26 0.26 0.11 -1 .54 

P20o; 0.09 0.10 0.01 0.10 0.89 0.10 -89.06 

s 944 1195 81 1139 1032 7.13 10.38 

Cl 790 981 80 847 871 9.50 -2.77 

Sc 16.3 39.3 8.6 24.9 31 .0 34.59 -19.58 

v 125.9 151 .6 16.8 139.8 148.0 12.03 -5.51 

Cr 280.3 304.7 25.7 290.0 307.0 8.87 -5.54 

Ni 235.8 242.3 2.6 239.5 252.0 1.07 -4.95 

Cu 80.4 86.8 2.6 83.6 87.0 3.09 -3.87 

Zn 44.1 53.7 3.0 49.2 60.0 6.03 -18.02 

Ga 13.3 17.8 1.6 15.0 14.0 10.74 7.24 

As <LD <LD <LD <LD (13)e 

Rb 2.4 4 .6 0.7 3.6 3.4 20.19 7.24 

Sr 142 144 1 144 142 0.41 0.95 
y 15.1 16.4 0.6 15.8 15.9 3.76 -0.49 

Zr 34.7 39.8 2.1 36.7 36.0 5.62 1.93 
Nb 0.5 3.1 0.8 1.7 1.9 46.64 -8.81 

Ba 61 139 24 107 115 22.18 -6.69 
Ce <LD <LD <LD <LO (39)e 

Pb 2.0 13.0 4.4 7.4 7.3 59.37 1.55 
Th <LD 3.7 <LD <LO (2.8)e 

u <LD <LD <LD <LD (3.4)e 

aMajor element oxides reported as wt. % and trace elements as ppm. 
00ata represent extended durations means of Longerich (1995). 

cRSO is the relative standard deviation (standard deviation/mean). 

::RD is the relative difference to the standard value {(mean-quoted value)/quoted values]. 

evalues in the standard are below the limit of detection (LD) values quoted in parantheses. 
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Table A.2. - Precision and accuracy for analysis of a standard (MRG-1} by ICP-MS. Data 
represent eight analyses from January 2000 to October 2000. Good presicion and accuracy is 
defined as 3-7%. while excellent is 0-3% (Jenner et al., 1990) 

Element" Minimum Maximum Std. Mean Quoted MUN RSD (%)b RD (%)c 
Deviation (n=8) Values3 

Li 3.0 4.3 0.39 3.7 3.7 0.11 -1.57 

Rb 6.1 7.6 0.47 6.8 7.7 0.07 -10.56 

Sr 231 .0 289.3 18.65 261 .2 274.0 0.07 -4.68 
y 9.9 13.0 0.96 11.2 11 .6 0.09 -3.49 

Zr 82.1 98.6 5.30 90.4 93.7 0.06 -3.57 

Nb 19.3 26.4 2.29 22.7 22.3 0.10 1.80 

Mo 1.2 8.5 2.50 2.7 1.3 0.92 115.23 

Cs 0.5 0.6 0.05 0.6 0.6 0.09 -5.83 

Ba 39.9 50.6 3.27 45.3 47.5 0.07 -4.64 

La 7.8 9.9 0.65 8.7 9.1 0.08 -4.21 

Ce 23.7 30.9 2.41 25.7 26.2 0.09 -1.87 

Pr 3.3 4.2 0.28 3.7 3.8 0.08 -3.09 

Nd 15.5 20.1 1.36 17.6 18.3 0.08 -4.05 

Sm 4.0 4.9 0.30 4.3 4.5 0.07 -3.95 

Eu 1.2 1.5 0.09 1.4 1.5 0.07 -5.94 

Gd 3.4 4.3 0.29 3.9 4.1 0.07 -4.40 

Tb 0.5 0.6 0.03 0.5 0.6 0.06 -3.24 

Dy 2.7 3.2 0.18 2.9 3.0 0.06 -4.34 

Ho 0.4 0.5 0.03 0.5 0.5 0.07 -5.68 

Er 1.1 1.3 0.08 1.2 1.2 0.07 -3.34 

Tm 0.1 0.2 0.03 0.2 0.2 0.18 6.86 

Yb 0.7 0.9 0.05 0.8 0.8 0.06 -3.08 

Lu 0.1 0.1 0.02 0.1 0.1 0.16 -13.03 
Hf 3.1 4.1 0.33 3.5 3.8 0.09 -6.76 

Ta 0.7 1.1 0.12 0.8 0.8 0.15 -3.62 

n 0.0 0.1 0.03 0.1 0.1 0.51 20.10 

Pb 4.2 10.9 2.22 5.5 5.2 0.40 6.03 
Bi 0.1 0.3 0.07 0.2 0.1 0.42 22.44 

Th 0.6 0.9 0.09 0.8 0.8 0.12 -3.76 

u 0.2 0.4 0.05 0.3 0.3 0.21 2.94 

~race elements values are reported as ppm. 
0 RSD is the relative standard deviation (standard deviation/mean). 

cRD is the relative difference to the standard value [(mean-quoted value)/quoted values}. 
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Appendix B. Sample details and locations. 

Sample Easting Northing SamDie Description• Location• T.S.c Chem""'Chronc.c 
VB-99-001 554896.14 6243349.30 Troctolite Disco Hill 
VB-99-002 555098.08 6243661.99 Meta-tonalite Disco Hill 
VB-99-003 554967.80 6243271 .13 Mafic dyke Disco Hill 
VB-99-004 554668.13 6243420.96 Gossan (vb cpy) Disco Hill 
VB-99-005 557586.54 6243232.05 Meta-aionte GPS Hill 
VB-99-006 559122.29 6253928.53 B. qtz.felds ogn Mathews Potnt 
VB-99-007 560232.97 6252518.19 Troc (oliv~r9ab?) Mushuau lnt 
VB-99-008 560132.00 6252299.95 Troctolite Musnuau lnt 
VB-99-009 557992.06 6243192.97 Meta·Anonnostte GPS Hill 
VB-99-010 558167.94 6243219.02 Qtz porphyry Gramte F.E.D. 
VB-99-01 1 557586.54 6243232.05 Cpx Meta-Hornblende Gabbro F.E.D. 
VB-99-012 559213.00 6243545.00 Olivme Wetbstente FE.D. 
VB-99-013 559301 .00 6243425.00 Bt·Hbi.Qpx Meta-gabbrotc dyke F.E.O. 
VB-99-014 559301.00 6243425.00 Meta-anorthoSite F.E.O. 
VB-99-015 559367.61 6243742.72 Quartzite FE. D. 
VB-99-016 559704.00 6243582.00 Bt Grantte FE.D. 
VB-99-017 559497.11 6243653.22 Otz·Dt Meta-sediments F.E.O. 
VB-99-018 559435.22 6243653.98 Bt.Cra.Qtz Meta·Sediments F.E.O. 
VB-99-019 559399.05 6243615.35 Opx·Crd.Qtz Meta·seatments FE.D 
VB-99.033 559325.00 6253950.00 Ouartzo-feldspathtc Bandea Hbl Orlhognetss Mathews Pt 
VB-99-034 557894.00 6256236.00 Ouartzo·feldspathtc Banded Hbi.Qpx Orlhogn Burnt IS 
VB-99.035 557894 00 6256236.00 Ouartzo-feldspathtc Banded Hbi.Qpx Orthogn Burnt Is 
VB-99-036 554986.00 6231546.00 C:-a-Gn Meta-pelite Makhavtnekh Mtn 
VB-99-046 556959.00 6242422.00 Troctolite E.O. 
VB-99-047 559000.00 6242574.00 Bt Qtz porphyry grantte E. D. 
VB-99-048 559000.00 6242574.00 Fine gra•nea grantte E.D. 
VB-99-049 559550.00 6246n8.00 Melatroctollte Musnuau lnt 
VB-99-050 559582.00 6246821 .00 Cpx-beanng Leucotroctolite Mushuau lnt 
VB-99-051 560587.00 6246718.00 Bt-Tr..Qtz Meta-Sediments Mushuau lnt 
VB-99-052 563200.00 6247647.00 Opx-beanng Leucotroctollte Mushuau lnt 
VB-99-053 563432.00 6247842.00 Dark Anorthostte Mushuau lnt 
VB-99-05-1 558922.00 6242133.00 Cpx Meta-tonalite East E.D. 
VB-99-055 560048.00 6242378.00 Meta-tonalite East E.D. 
VB-99.056 560048.00 6242378.00 Ampntbolite East E.D . 
VB-99-057 560328.00 6242333 00 Amphtbollte East E. D. 
VB-99·058 560586.00 6242247.00 Hbl Olivtne Gabbrononte East E.D. 
'IB·99.Q58b 560038.00 6242573.00 Qtz monzomte East E.D. 
VB-99-059 560493.00 6242839.00 Opx-oeanng Cpx Troctolite East E.D. 
VB-99-060 559863.00 6242926.00 Cpx-beanng Meta-anorthoSite East E.D. 
'IB-99-061 561n8.00 6242366.00 Hbl Qtz porphyry Gramte East E.D. 
VB-99-0610 561207.00 6242283.00 gnetss xenolith tn grantte East E.D. 
VB-99-062 561n8.00 6242366.00 amphtbolite xenolith •n qtz-monzontte East E.D. 
VB-99-063 561787.00 6242146.00 Qtz-monzomte East E.D. 
'18·99-064 562627.00 6241902.00 Hbl Qtz porphyry Gramte East E.D. 
VB-99-065 554121.00 6255617.00 Quartzo.feldspathtc banded orthognetss Little lis 
VB-99-066 554121 .00 6255617 00 Alrd Quartzo. feldspathtc Banded Tr·Act orlho Little lis 
VB-99-067 554121 00 6255617.00 Opx-Bt-Gn.Qtz.Crd Meta-peltte Little lis 
'18-99-068 554121 .00 6255617.00 Meta-sediments (diopSideJquartz) Little Us 
VB-99-069 55-1121 .00 6255617 00 Meta-sedtments (diopstde.tquartz) Little lis 
VB·9!HJ70 554121 .00 6255617.00 Qpx·Bt-Gn.Qtz.Crd Meta-pelite Little lis 
VB-99-071 55-1121 .00 6255617.00 Meta-pelite Ltttle lis 
VB-99-072 554121 .00 6255617.00 Meta-pelite Little lis 
VB·99-073 558048 00 6242449.00 Olivtne Gabbro East E.D. 
VB-99-074 561352.00 6243003.00 Cpx-beanng Troctolite East E.D. 
VB-99-075 556998.01 6243539.36 Bt.Qpx-Hbi.Cpx Meta-tonalite Detatl on GPS 
'18·99-076 556992.93 6243562.56 Opx.Cpx-Bt Meta-tonalite Detail on GPS 
VB-99-0n 556990.29 6243571.84 Opx.Cpx·Hbl Meta-quartz dionte Detail on GPS 
VB-99-078 556990.73 6243579.35 Atc·Bt Meta-hornblende gabbro Detail on GPS 
VB-99-079 557006.19 6243588.18 Opx-Bt·Hbi.Cpx Meta-tonalite Detatl on GPS 
VB-99-080 557003.54 62435n.58 Hbi.St.Qpx Meta-gabbro Detail on GPS 
VB-99-081 557003.76 6243563.88 Alfd Act·Tr Meta-gabbro Detail on GPS 
'bt bionte: cpx, dinopyroxene: opx. orthopyroxene: act actinolite: tr. tremolite: hbl. hornblende; alfd: altered: crd. cotdiente: 
gnt garnet QtZ: quartz: I. olivtne: di. diopSide 

'FED. far eastern deeps: EO. eastern deeps. Mtn. mounta1n: tnt intruSion: Pt. pomt: K-bay. Kangekluatult Bay 
=rs. thm secnon: Chern. XRF and ICP-MS; Chron. U.Pb Zircon 
~-Indicate yes to field. s •ndicates a sample was talten but analyses was not done 
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Appendix B. (continued). 
Samele Easlin2 Northin2 Samele Descnelion• Location T.S. Chern Chron 

VB-99-082 557000.89 6243544.01 Bt-Opx-Cpx Meta-tonalite Deta1l on GPS 
VB-99-083 557007.51 6243550.18 Cpx Meta-hornblende gabbro Deta1l on GPS 
VB-99-084 557002.66 6243.."i48.63 Cpx Meta-hornblende gabbro Detadon GPS 
VB-99-085 557016.13 6243553.94 Cpx Meta-hornblende gabbro Detail on GPS 
'18-99-086 557026.96 6243568.08 Alrd Bt-Cpx-Hbt-Act Meta-gabbro Detail on GPS 
VB-99-087 557034.25 6243574.70 Pegmatite ve:n Deta1l on GPS 
VB-99-088 557022.54 6243606.07 Bt-Cpx Meta-hornblende gabbro Deta1l on GPS 
VB-99-089 557018.56 6243570.73 Opx-Bt Meta-dionte Detail on GPS 
VB-99-090 557019.88 6243588.84 Opx-Bt Meta-gabbro Detail on GPS 
VB-99-091 556998.68 ti243552.39 Bt Meta-hornblende gabbro Detail on GPS 
VB-99-092 557512.24 6243361 .55 Cpx-Opx-Bt Meta-dionte EastofGPS 
VB-99-093 557452. 16 6243343.88 Cpx-Opx-Bt Meta-tonalite EastofGPS 
VB-99-094 558384.·H 6248685.52 Melatroc:tolite Musnuau lnt 
VB-99-095 558379."-4 6248471 .48 Troctolite Musnuau tnt 
VB-99-096 559323.73 6248788.76 Qtz-nch Amphabolite Dyke Mushuau tnt 
VB-99-097 558421 .00 6248167.00 Leucotroc:tolite Mushuau lnt 
VB-99-098 559008.00 6248009.00 Quartzite Mushuau lnt 
VB-99-099 559119.00 6247828.00 Amphibolite Mushuau lnt 
VB-99-100 559598.00 6248345.00 Amphibolite Mushuau lnt 
VB-99-101 557826.00 6256124.00 Bt-Ouartzo-feldspathiC OrthogneiSS Burnt Is s 
VB-99-102 557888.00 6256152.00 Quartzo-feldspathlc OrthogneiSS Burnt Is 
VB-99-103 557830.00 6256230.00 Pegmatite veen Burnt Is 
VB-99-104 553995.00 6255408.00 Pegmatite ve1n unle lis 
VB-99-10!: 554141 .00 6255479.00 Pegmatite veen Llnlc lis 
VB-99-106 557675.00 6243404.00 Cpx-Bt-Opx Meta-Hornblende Gabbro GPS Hill 
VB-99-107 557688.00 6243482.00 Meta-tonalite GPSHill 
'18-99-108 557'304.00 6243436.00 Bt-Cpx-Opx Meta-tonalite GPSH1II 
VB-99-109 558709.00 6253662.00 Amphibolite Mathews Pt 
VB-99-110 558709.00 6253662.00 Plag phenocryst graDbo1c ayke Mathews Pt 5 

VB-99-111 558626.90 6253578.00 Pegmatite ve1n Mathews Pt 5 

VB-99-112 558505.00 6253491 .00 Quartzo-leldspathiC Orthogne1ss Mathews Pt 5 

VB-99-113 558900.00 6253800.00 Bt-Amph1bohte Mathews Pt 
VB-99-114 558900.00 6253800.00 Amphibolite Mathews Pt 
VB-99-115 558603.00 6253564.00 Quartzo-feldspathlc OrthogneiSS Mathews Pt 5 

VB-99-116 558724.00 6253666.00 Pegmatite ve1n Mathews Pt s 
VB-99-117 558724.00 6253666.00 Pegmatite ve1n (older) Mathews Pt s 
VB-99-118 558724.00 6253666.00 Pegmatite vem (older) Mathews Pt s 
VB-99-119 558671 .00 6253555.00 Qtz-feldspathiC Banded Bt-Hbl OrthogneiSS Mathews Pt s 
VB-99·120 558582.60 6253545.00 Pegmatite ve1n (older) Mathews Pt 5 

VB-99-121 558582.60 6253545.00 Pegmatite vem (Older) Mathews Pt s 
VB-99-122 558463.00 6253455.00 Pegmatite veen (younger) Mathews Pt s 
VB-99-123 558470.00 6253444.00 Pegmatite vem (younger) Mathews Pt 5 

VB-99-124 558470.00 6253444.00 Pegmatite vem (younger) Mathews Pt 5 

VB-99-125 558470.00 6253444.00 PegmatJte vem (younger) Mathews Pt 5 

DOH-99-496 559780.00 6243135.00 GPSHill 
DOH-99-497 554945 00 6242479.00 Disco Hill 
AR-00-001 554745.00 6243332.00 alrd Gabbro (pass. Troctolite) Disco Hill 
AR-00-002 554740.00 6243331 .00 a1rc:1 Meta-hornolende gabbro Disco Hill 
AR-00-003 554736.00 6243327.00 P1ag1odase phenocrysts gaDbro1c dyke Disco Hill 
AR-00-004 554642.00 6243270.00 Cpx-Bt-Opx Meta-tonalite Disco Hill 
AR-00-005 554138.00 6243418.00 Gnt-Cordiente Metapelite Disco Hill 
AR-00-006 560648.00 6245060.00 Metatroctolite S.L. Mushuau 
AR-00-007 560733.00 6244737.00 Cpx-beanng Leucotroctollte S.L. Mushuau 
AR-00-008 555933.00 6247603.00 Cpx-Bt-Hbl Meta-quartz 01onte Halfway Hill s 
AR-CQ-009 555669.00 6247608.00 Cpx-Bt Meta-quartz dionte Halfway Hill 
AR-00-010 556951 . 00 6246816.00 Bt Gramte Halfway Hill s 
AR-00-011 556670.00 6246878.00 Gnt Amphabohte Cheeks 
AR-00-012 556793.00 6246957.00 Quartzite CheekS 
AR-00-013 556277 00 6247218.00 Quai'IZJte CheekS 
AR-00-014 555910.00 6248471 .00 Gramte Halfway Hill s 
AR-00-015 555770.00 6248426.00 Amphibolite Halfway Hill 
AR-00-016 555770.00 6248427.00 Amptubolite Halfway Hill 
AR-00-017 555381 .00 6248619.00 Bt-Cpx Meta-tonalite Halfway Hill 
AR-00-018 561917.00 6244786.00 Opx-oeanng Leucotroctohte S.L Mushuau s 
AR-00-019 561352.00 6244483.00 Leucogabbro S.L Mushuau s 
AR-00-020 561358 6244524 Melatroc:tolite S.LMushuau s 
AR-00-02t a 561371 6244469 Atrd Act/Tr Gabbro S.LMushuau s 
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Appendix B. (continued). 
Sample EasDng Northing Sample Oescnp!ion• Location T.S. Chern 

AR-OO..Q21b 561371 6244469 Alrd AcfiTr Tonalite S.L Mushuau s 
AR..QO..Q22 562640 6244572 Sii-CI'l1-0tz Metapelite S.L. Mushuau 
AR..QO..Q23 562852 6244114 Amphibolite S.L Mushuau 
AR..QO..Q24 565037.00 6244518.00 Hbl Me~abbro S.L. Mushuau 
AR..QO..Q25 560471 .00 6245739.00 Leuc:otroctolite N of S.L. Musnuau s 
AR..QO..Q26 561196.00 6245821 .00 Amphibolite N of S.L Musnuau 
AR-00..()27 561415.00 6245853.00 Bt-5ii..Qtz Meta-sediments N of S.L Mushuau 
AR..QO..Q28 561655.00 6245734.00 Alrd AcfiTr Meta-sediments N of S.L Mushuau 
AR..QO..Q29 563869.00 6245487.00 Bt GraMe Wof K-Bay s 
AR..QO..Q30 558054.00 6248360.00 Quartzite C.L Mushuau 
AR..QO..Q31 557815.00 6248355.00 Tonalite C.L. Mushuau 
AR..()()..()32 55m9.oo 6248230.00 Hbi-Bt Meta-tonalite C.L Mushuau 
AR..()()..()33 558365.00 6248466.00 Cpx-beanng Troctolite C.L. Mushuau 5 
AR..QO..Q34 558849.00 6248328.00 Melatroctolite C.L. Mushuau s 
AR..QO..Q35 558896.00 6248312.00 Cpx-beanng Troctolite C.L. Mushuau 
AR..QO..Q36 560579.00 6248110.00 Qtz-Felospathoc Banded Bt-Hbl OrthogneiSS C.L Mushuau 
AR..QO..Q37 561801 . 00 6248215.00 Opx-beanng QuartzD-Feldspathoc OrthogneJS: C.L. Musnuau 
AR.QO..Q38 560550.00 6249809.00 Opx-beanng OuartzD-Feldspathoc OrthogneoS! N of Sarah 
AR-OO..Q39 5612!:1J.OO 6250996.00 Alro Gabbro (px's gone) N of Sarah s 
AR-00..()40 560581 .00 6250610.00 Leuco-Oiivme Nonte Sarah Grid s 
AR-00-041 560293.00 6250832.00 Cpx-beanng Olivine Nonte Sarah Gnd 
AR..Q0-042 559707.00 6250170.00 Alrd Gabbro (px's gone) Sarah Gnd s 
AR-00..()43 559494.00 6250240.00 Alrd Melatroctolite Sarah Gnd 
AR-00..()44 559090.00 6251240.00 Amphobolite Chnsta 
AR-00..()45 559164.00 6251502.00 Quartzo-Feldspath•c Orthogneoss Chnsta 
AR..Q0-046 560129.00 6251102.00 Cpx-beanng Ollvane Nonte E of Chnsta s 
AR..Q0-047 560282.00 6251120 00 Alrd Nonte (px's gone I E ol Chnsta s 
-~R..Q0-048 563136.00 6250060.00 Foliated gabbro Ashana Gnd 5 
AR.Q0-049 562300.00 6243350.00 Amphabolite N of Otter Pond 
AR-00..()50 554260.00 6246528.00 Bt-Cpx Meta-quartz oaonte E of CheekS 
AR.QO..Q51 560354.00 6246827.00 Cuartt~te E of CL Mush 
AR..QO..Q52 556054.00 6253636.00 Sii-Bt-Crd-Grt Meta-pelite Old Joe 
AR.Q0-053 555763.00 6253387.00 Bt-Opx-Cpx Meta-tonalite Old Joe 
AR..QO..Q54 557019.00 6243442.00 Opx- Hbi-Cpx-Bt Meta-tonalite GPSHall 
AR..QO..Q55 562552.00 6250487.00 Hbt IOliated Gabbro E ofChnsta 
AR..QO..Q56 561940.00 6252064.00 Gabbrononte EofStephen 
AR..QO..Q57 557261 .00 6242445.00 Bt-Opx Meta-Gabbro OOH-00-543 
AR..QO..Q58 557815.00 6242434.00 Bt-Opx Meta-Gabbro OOH-00-530 
AR.QO..Q59 557815.00 6242434.00 Bt-Opx-Hbt Meta-Gabbro DOH-00-530 
AR.QO..Q60 557815.00 6242434.00 Opx-Bt Meta-Gabbro DDH-00-530 
AR..QO..Q61 557815.00 6242434.00 Opx-beanng CuartzD-Feldspathac Orlhogne•S! OOH-00-530 
AR..QO..Q62 557815.00 6242434.00 Opx-beanng CuartzD-Fetdspathac OrthognetS! ODH-00-530 
AR..QO..Q63 557815.00 6242434.00 Alrd Qpx-beanng OuartzD-Feldspath•c Orthog OOH-00-530 
AR..QO..Q64 557815.00 6242434.00 Opx-beanng QuartzD-Feldspathac OrthogneaS! ODH-00-530 
AR..QO..Q65 557815.00 6242434.00 Bt-Opx Meta-Gabbro DOH-00-530 
AR.QO..Q66 557815.00 6242434.00 Bt-Opx Meta-Gabbro DOH..Q0-530 
AR.QO..Q67 557815.00 6242434.00 Bt-Opx Meta-Gabbro DDH..Q0-530 
AR..QO..Q68 557815.00 6242434.00 Bt-Opx-Hbl Meta-Gabbro DDH-00-530 
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NOTE TO USERS 

Oversize maps and charts are microfilmed in sections in the 
following manner: 

LEFT TO RIGHT, TOP TO BOTTOM, WITH SMALL 
OVERLAPS 

This reproduction is the best copy available. 








