
CENTRE FOR NEWFOUNDLAND STUDIES 

TOTAL OF 10 PAGES ONLY 
MAY BE XEROXED 

(Without Author's Permission) 

. 

I· 





1+1 National Library 
of Canada 

Bibliotheque nationale 
du Canada 

Canadian Theses Service Service des theses canadiennes 

Onawa. Canada 
K1A ON4 

NOTICE 

The quality of this microform is heavily dependent upon the 
quality of the original thesis submitted for microfilming. 
Every effort has been made to ensure the highest quality of 
reproduction possible. 

If pages are missing, contact the university whi.:h granted 
the degree. 

Some pages may have indistinct print espec:ally if the 
original pages were typed with a poor typewriter ribbon or 
if the university sent us an inferior photocopy. 

Reproduction in full or in part of this microform is governed 
by the Canadian Copyright Act. A. S.C. 1970, c. C-30, and 
subsequent amendments. 

Nl ·Jl9 (r . 8810oi) C 

AVIS 

La qualite de cette microforme depend granderncnt de Ia 
qualite de Ia these sou mise au m•crohlmage Nous ;won~; 
tout fait pour assurer une quahte superieure de reproc1uc 
tion. 

S'il manque des pages. veuiller comn••m•qunr avt ~c 
l'universite qui a confere le grade 

La qualite d'impression de certaines pages peut la1sser a 
desirer. surtout si les pages originales ont ete dactylogr .1 
phiees a l'aide d'un ruban use ou si l'universite nous ~fall 
parvenir une photocopie de qualite interieure 

La reproduction, mtme partielle. de cette microto rmt ~ ' : ~. 1 
soumise ~ Ia Loi canadienne sur le droit d'auteur. Sl iC 
1970, c. C-30, et ses amendements subsequents 

C ]1•1 arlaCJcl 



St. John's 

Granitoid Geochemistry and Late Archean Crustal Evolution 

in the Central Slave Province. 

«=> William James Davis 

A thesis submitted to the School of Graduate 

Studies in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

Department of Earth Sciences 

Memorial University of Newfoundland 

May 1991 

Newfoundland 



11+1 

. ·; ' - . \ " - - . . . 

Nation..tl litxary 
of Canada 

BibliothCQuc nationale 
du Canada 

Canad•an Theses Service Service des theses canadoennes 

Ouawa. Canada 
KIA ON4 

The author has granted an irrevocable non­
exclusive licence allowing the National Ubrary 
of Canada to reproduce, loan, distribute or sell 
copies of his/her thesis by any means and in 
any form or format, making this thesis available 
to interested persons. 

The author retains ownership of the copyright 
in his/her thesis. Neither the thesis nor 
substantial extracts from it may be printed or 
otherwise reproduced without his/her per­
mission. 

l 'auteur a accorde une licence irrevocable d 
non exclusive permettant a Ia Bibliotheque 
nationale du C?nada de reproduire. prlHer. 
distribuer ou vendre des copies de sa theso 
de quelque maniere et sous quelque formn 
que ce soit pour mettre des exernplaim:. do 
cette these a Ia disposition des per~onn. ~:; 
interessees. 

l'auteur conserve Ia propriete du droit d'autl~l Jr 
qui protege sa these. N1 Ia these ni des extrait ~; 
substantiels de celle-ci ne doivent etrn 
imprimes ou autrement rcproduits san:. :.on 
autorisation _ 

ISBN 0·315-/3311 - X 

C 11•1 <mete a 



Abstract 

The Contwoyto-Nose Lakes area in the central Slave Province is a Late Archl·an 

granite-greenstone terrain consisting of metavolcanic (Central Vokanic Belt) and 

metasedimentary rocks extensively intruded by syn- to post-deformation gmnitoid nx:ks. 

The latter, representing over 65% of exposed crust in the area. were emplaced between 

2616 and 2585 Ma, post-dating the earlier (ca. 2670-2650 Ma) assemblage hy morr than 

35 m.y. 

Plutonic rocks in the area are subdivided into 8 suites. Four of the suites are 

strongly deformed and recrystallized, and are temporally linked to the supracrustal 

assemblage (van Breemen eta/., 1990). These include: I) hornblende diorites of the 

Central Volcanic Belt (CVB) Suite; 2) quanz porphyriuc trondhjemitic plutons of the 

Gondor Suite; 3) biotite tonalites to monzogranites of the Wishbone Suite; and, 4) biotite 

tonalites of the Olga Suite. Two suites, the Siege and Concession, are interpreted to have 

been emplaced syn- to late- during the regional metamorphism and deformation. whereas 

the Yamba and Contwoyto Suites post-date this event. The Siege Suite consists of 

leucocratic biotite tonalite. The Concession Suite is predominantly tonalite but ranges 

from hornblende diorite to biotite granodiorite compositions. These rocks define 

prominent aeromagnetic highs and commonly form composite bodies. In many cases, 

plutons are tabular-shaped, with long dimensions parallel to the regional foliation (S1). 

Two samples have yielded U-Pb ages of 2608±1 and 2608+5/-3 Ma. The Yamba Suite 

consists dominantly of red weathering, biotite monzogranites and associated pegmatites. 

The Contwoyto Suite, on the other hand, contains primary muscovite and biotite (± 

tourmaline) and is grey-green weathering. Pegmatites are a ubiquitous feature of the 

suite. One sample of the Yamba and 3 samples of the Contwoyto Suite have yielded 

t:-Pb ages within error of ca. 2582-2585 Ma. 

Rocks of the CVB are calc-alkaline and most have trace element characteristics 

diagnostic of rocks formed in modem supra-subduction zone settings. The felsic plu:.:mic 

suites include low-Al20 3 (Gondor, Wishbone Suites) and high-Al20 3 (Olga Suite) 

trondhjemites. The former have high abundances of HFSE and REE and are 

compositionally similar to rocks from Phanerozoic ophiolites, ridges and island arc 
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settings. They are interpreted to have ~ormed by low pressure, partial melting of mafic 

prololiths leaving a pyroxene- and plagioclase-dominated residue. In contrast, the 

~.igh-Aip3 trondhjemites have steep REE patterns with low abundances of the HREE 

and are interpreted to have formed by melting of garnet-bearing mafic protoliths. 

The Siege Suite has characteristics of high-AI20 3 trondhjemites and may also have 

formed by partial melting of garnet-bearing mafic crust. The Concession Suite is 

calc-alkaline and varies from metaluminous to weakly peraluminous with increasing 

Si02 content (50-72 wt%). The suite is characterized by high contents of Sr (up to 

1600 ppm). Ba (up to 2000 ppm), and Ce (up to 170 ppm), high (('e/Yb)N, low Rb/Sr 

( <0.3), no or small negative Eu anomalies and pronounced negative Nb anomalies. 

Mafic samples are most enriched in trace elements; Sr, Ba, Y and the REE show a 

continuous decrease with increasing Si02 • Although the REE characteristics are 

consistent with those predicted in melts of garnet-bearing mafic crust, the chemical 

variation within the suite cannot be accounted for by variable degrees of melting of 

basalt. The tonalites can however, be related to the mafic end members by assimilation 

and fractional crystallization (amphibole-plagioclase dominated) processes. The 

composition (If potential parental magmas is similar to some high-Mg andesites (HMA; 

t'.g. sanukitoids, bajaites) derived from melting hydrated enriched peridotite. The 

juvenile (Ndcn values measured for the suite limit the mantle enrichment event to the 200 

m.y. preceding magmatism. The HFSE characteristics suggest mantle enrichment may 

have been subduction-related. 

Post-deformation plutonic suites are high Si02 (68 to 78 wt%) and peraluminous. 

The Yamba Suite is K20-rich with high Rb/Sr ratios and strongly negative Eu and Sr 

anomalies relative to enriched REE patterns. The Contwoyto Suite is, in general. less 

potassic and more strongly peraluminous. REE patterns are variable, probably 

reflecting the evolution of fluid phases and pegmatite formation. ~d(l) values for both 

suites exhibit a wide range from positive ( + 3. 7) to negative values ( -5.1). The 

Contwoyto Suite has been modelled as partial melts of dominantly metasedimentary 

protoliths, possibly similar to the exposed turbidite sequences. The origin of the 

Yamba Suite is more equivocal. The spatial association with the earlier mantle-derived 
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Concession Suite and their compositlvnal similarity to granites of hybrid origin sugg"'st 

that they may be products of the mixing and homogenization of mantle-and 

crust-derived materials. The negative cN1110 values for some of the~ rocks require that 

the crustal component had a signiticant pre-history ( > 400 m. y . ). 

Nd isotopic data from representative rock types along an E-W traverse at 65"' N 

across the central pan of the province reveal distinctly different characteristics in the 

east compared to the west. Supracrustal and plutonic rocks from the east have positiv"' 

~d<n values consistent with juvenile sources and formation remote from significantly 

older crust. In contrast, samples of post-deformation granites west of I 10° 30'W have 

negative Cr.1110 values. The Nd isotopic data for these granitoid rocks reflect the 

presence of mixed crustal sources dominated by Mid to f..arly Archean crust or 

derivative sediments. The asymmetric pattern dctined by the Nd isotopic data suggests 

the presence of distinct crustal blocks beneath the Slave Province. as predicted by 

models proposing tectonic assembly of the province through accretion of juvenile ~.· rust 

to an older continental mass. 

The secular evolution in the mineralogy and geochemistry of the plutonic suites 

reflects a change from dominantly mantle- to crustal-derived plutonism. Igneous rocks 

of the early assemblage are interpreted to be remnants of an allocthonous island arc 

terrane. which was accreted to a continental block during the late Archean deformation . 

Crustal shortening and thickening during collision caused melting of previously 

subduction-modified mantle to generate HMA magmas. possibly by the detachment of 

the lower part of the lithosphere (e.g. Houseman eta/., 1981). Intrusion of these 

mantle-derived magmas into the crust, in combination with crustal thickening, caused 

crustal melting and the generation of peraluminous granites. The nature and evolution 

of the granitoid rocks is comparable to features of more recent collisional orogenic 

belts. This interpretation suggests that the tectonic and related igneous processes 

leading to crustal stabilization in the Late Archean Slave Province were relatively 

similar to those in modem orogenic belts, which implies a continuity in process for the 

last 2. 7 Ga. 
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Chapter 1 

Introduction 

1.1 Granitoid Rocks and Continental Crust Formation 

Continental crust is formed as a consequence of orogenic processes. Durin~ the 

Phanerozoic and Proterozoic, crust-formation is thou~ht to have dominantly occurred 

along convergent continental margins by tectonic accretion of crustal material, 

metamorphism and syn- to post-deformation magmatic intrusion and underplating. These 

processes are closely linked to lateral plate movements and subduction. A large 

percentage of the present mass of continental crust was formed during the Late Archean 

(Taylor and McLennan, 1985), however, there remains no consensus on how and in what 

type(s) of tectonic setting(s) this may have occurred. Did Late Archean crust develop in 

response to plate tectonic processes fundamentally similar to those observed today 

(Kroner, 1991; Nisbet, 1987; Burke er al., 1976) or were crust-forming pnx:esses in the 

Late Archean unique to the early history of the Eanh? The answer to this question is 

fundamental to understanding the Eanh 's chemical and tectonic evolution. 

The generation of granitoid rocks is one of the principal mechanisms which 

differentiates and stabilizes continental crust, as orogenic belts of all ages consist of large 

volumes of granitoid rocks. Since many granitoid rocks are derived wholly, or in pan. 

from partial melting crustal rocks (Pitcher, 1987), the study of their petrogenesis and 

isotopic systematics can provide useful consrraints on the composition and nature of the 

underlying crustal section. Specifically. petrogenetic models of granitoid rocks can he 

used to evaluate the nature and composition of source regions (mid to lower crust). the 

relative involvement of mantle and crustal material and the extent of recycling of old 

crust (Vidal, 1987; Allegre and Ben Othman. 1980; Fanner and DePaolo, 19R3; 19H4; 

Bennett and DePaolo, 1987). The relationship of plutonism to deformational and 

metamorphic events, and changes in pluton chem1stry with time reflect changes in the 

compositional or thermal structure of the crust and upper mantle in response to tectonic 

processes. This, in tum, imposes consuaints on the roles of processes such as lateral 



accretion of crusta] blocks, crustal thickening due to collision and crustal heating due to 

magmatic underplating. Understanding the nature and evolution of plutonism is an 

important constraint in understanding crust formation and in reconstructing the tectonic 

evolution of an orogenic belt. 

2 

Granitoid rocks make up a significant portion of the exposed crust in the Late 

Archean Slave Province (Figure 1.1 ), however, their origin is presently poorly 

constrained. The petrogenesis of these granitoid rocks has not been used to constrain, nor 

has it been fully incorporated within, tectonic hypotheses for the development of the 

Province. This infonnarion is particularly relevant because it may be used to address the 

contrasting hypotheses currently proposed for the tectonic development of the province: 

I) ensialic rifting (Henderson, 1981; Easton, 1985; Thompson, 1989); or 2) tectonic 

assemblage by accretion similar to modern subduction-related tectonics (Kusky, 1989; 

Hoffman, 1986; Fyson and Helmstaedt, 1988). The models predict different crustal 

structures (Figure 1.2), which may be reflected in the granite geochemistry. In panicular, 

the identifica.t:ion of distinct lower crustal blocks analogous to those observed in modern 

accretionary n:ugins (Fanner and DePaolo, 1983). Establishing if the Slave Province 

was formed by lateral accretion has important implications not only for the tectonic 

history of the province but also in establishing whether a continuity in crust-formation 

processes exists, at least from the Late Archean to the present. 

1.2 Subject and Scope of the Thesis 

This thesis repons the results of an integrated field, geochemical and isotopic study 

of granitoid rocks generated during the major Late Archean crust Conning event in the 

central Slave Province. The purpose of the study is to document and evaluate the nature 

and evolution of granitoid magmatism leading to stabilization of crust, and to use this 

infonnation to examine broader tectonic questions concerning the evolution of the 

province. The study area, within the Contwoyto Lake-Nose Lake area (NTS 76E and 

west half of 76F; Figure 1.3), is well situated to address some of the problems outlined 

above as it extends more than 150 km across the structural trend of the province, from 

areas close to documented outcrops of 'basement' rocks in the west to areas with no 
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evidence for older rocks in the east. Additional sampling. to the east and west of the ar~" 

of detailed study, completes a transect of the province. This transect crosses a propos~d 

suture between an older crustal block (refered to as the Anton Terrane by Kusky. 1989) in 

the west and newly-formed, accreted crust in the east (Contwoyto Terrane; Kusky. 198<>; 

Figure I.3). In addition, the eastern margin of the area adjoins an area for which a 

granitoid geochemical database presently exists (Hill and Frith, 1982)- this study 

essentially completes the first geochemical traverse across the province. 

The specific purposes of this study are therefore to: 

I) Characterize the intrusive rocks within the central pan of the Slave Provint·e in tenns 

of their field relationships. petrography, geochemistry and Neodymium (Nd) isotopi' 

composition. 

2) Use whole-rock major, trace and rare eanh element (REE) data to evaluate the 

petrogenesis of the rocks and, employing Nd isotopes. to examine the relative 

contributions of mantle and crustal components, and thereby, infer the crustal 

residence time of the source regions. 

3) Utilize the above data to evaluate the more general problem of the crustal evolution 

of the ce.ltral Slave Province, and test the ensialic rift and accretionary tectonic 

models. 

1.3 Organization of the Thesis 

The thesis consists of four pans. 

I) Chapters 2 and 3 establish the geological framework upon which the geochemical 

srudies are based. Chapter 2 presents a brief summary of the geology of the Slave 

Province. Chapter 3 describes the results of the field studies; the setting and 

regional geology of the study area, the rationale for subdivision of plutonic rocks 

into suites and the field and petrographic characteristics of each suite. The 

subdivision of plutonic rocks serves as a framework for presentation and discussion 

of the geochemical data in following chapters. The field work was done in 



conjunction with a ~gional mapping project of Dr. Janet King (Geological Survey 

of Canada). The author spent a total of nine months mapp!ng in collaboration with 

Dr. King. 
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2) Chapters 4 through 6 present the geochemical data, each chapter corresponding to a 

temporally distinct event as described in Chapter 3. Chapter 4 describes volcanic 

rocks and those plutonic rocks interpreted to be syn-volcanic. Chapter 5 describes 

the syn- to late-deformation plutonic suites and Chapter 6 the post-deformation 

plutonic suites. Each chapter is self contained; all the geochemical data available 

for each suite is presented and petrogenetic models are constructed and d1scussed. 

3) Chapter 7 presents the results of a Nd isotopic tracer study undenaken to test the 

proposed tectonic models for the development of the province. 

4) Chapter 8 integrates the results presented in previous chapters and discusses their 

implications for the crustal evolution and tectonic development of the central Slave 

Province. 

Figures are located at the end of each of the respective chapters. Tables are 

included within the text. 

Appendix 1 describes the sample pff"paration procedures, analytical techniques and 

stares the precision and accuracy of the various analytical procedures used in this study. 

The full geochemical database and sample locations are presented in Appendix 2. Nd 

isotope analytical procedures and nomenclature are given in Appendix 3. Partition 

coeffici(nts and trace element modelling techniques are discussed in Appendix 4. Trace 

element normalizing values for primitive mantle, chondrite and mid-ocean-ridge basalt 

reservoirs are listed in Appendix 5. 
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Chapter 2 

Geology of the Slave Prm·ince 

2.1 Introduction 

The Slave Structural Province is an Archean (~. 7 - 2.5 Ga) granitc - gr~t.·nstonl' 

terrane which occupies an area of 190,000 km2 in the northwestern Canadian ShidJ 

(Figure 1.1). The province is bounded to the east by the Thclon Tectonic Zone (TI'Zl 

and to the west, the Wopmay Orogen. both early Protcro10ic orogenic hells (Hoffman. 

1989). 

2.2 Regional Geology 

The geology of the Slave Province (Figure 1 . 1) is typical of A rchcan 

granite-greenstone terranes (e.g. Condie, 1981) and consists of sedimentary (generally 

turbiditic) and volcanic sequences intruded by granitoid rocks. Recent summaries of 

various aspects of the geology of the Slave Province have been presented by HcrHkrson 

(1985), Fyson and Helmstaedt (1988), Hoffman (1989), Thompson ( 1978) and 

Padgham (1081, 1985). The province can be broadly subdivided into three geological 

groups: 1) syn- to post-deformation Franitoid rocks; 2) supracrustal rocks 

(metasedimentary, metavolcanic and syn-volcanic plutons) included in the Ycllowlmifc 

Supergroup (YKS); and 3) pre-Yellowknife Supergroup rocks. 

2.2.1 Post-Yellowknife Supergroup Granitoid Rocks 

Approximately 50% of the province is composed of Late Archean granitoid rocks 

ranging in composition from gabbro to syenogranite. The majority of the plutons were 

emplaced between 2630 and 2580 Ma (Figure 2.1; van Breemen and Henderson, Jl)XK; 

van Breemen era/., 1987a, b; 1990; Henderson e1 a/., 1987). Field charactcristi<.:s 

(King eta/., 1988, 1989, 1990; Hill and Frith, 1982; Henderson, 1985), in conjunction 

w1th detailed geochemistry (Davis er at. , 1990; Hill and Frith , 1982; Frith and Fryer. 

1985) and geochronology (references above) allow a simplified, but effective two-fold 

subdivision of granitoid rocks: 1) syn- to late-deformation, metaluminous to weakly 

peraluminous, biotite and hornblende diorite to granodiorite (low K) and; 2) 
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post-deformation, peraluminous, biotite ± muscovite tonalite to syenogranite (high K). 

The available U-Pb ages indicate that the two plutonic groups were emplaced 

sequentially with only limited temporal overlap (Figure 2.1) . 

2.2.2 Yrllowknife Supergroup Rocks 

Supracrustal rocks outcrop in over twenty geographically separate belts. 

comprising 50% of the area of the province (Figure 1.1). Supracrustal rocks are 

collectively grouped as the Yellowknife Supergroup (YKS) owing to lithological 

similarities throughout the province (Henderson, 1970). In contrast to some other 

greenstone belt terrains (e.g. Superior Province) sedimentary rocks predominate, 

making up approximately 80% of the supracrustal sequences. In general, the 

sedimentary rocks are comprised of monotonous sequences of turbidites of mixed 

volcanic-plutonic provenance (Henderson, 1981). Locally quartzite. conglomerate, 

carbonate and iron formation are present. Volcanic and syn-volcanic plutonic rocks 

consist of both tholeiitic bimodal series (e.g. Yellowknife; Condie and Baragar, 1974; 

Cunningham and Lamben. 1989) and calc-alkaline intermediate series (e.g. Hackett 

River; Ewing, 1979; Frith, 1987). The tectono-stratigraphic relationship of 

sedimentary rocks to volcanic rocks is not well documented. 

Present U-Pb geochronology indicates that volcanic rocks formed over a 65 m.y. 

time period from approximately 2715 to 2650 Ma (Figure 2.1; Mortensen eta/., 1988: 

lsachsen era/. , 1990; Henderson et al., 1987; Frith and Loveridge, 1982; van Breemen 

eta/., 1987a: MacFie eta/., 1990). There ate insufficient, detailed studies of 

individual volcanic belts to document regional age variations within the province. 

Monensen eta/., ( 1988) suggested, on the basis of a single age determination of a 

felsic porphyry at Point Lake (2827 Ma), that an older supracrustal sequence may exist 

at Point Lake. 

The metasedimentary turbidite rocks are not dated and are only constrained to be 

olda than ca. 2630 Ma, the age of the oldest syn-deformation plutonic rock intruding 

th~ sedimentary rocks. Limited detrital grain studies indicate that the metasedimentary 

rocks contain zircons equivalent in age to the volcanic rocks and one sample from the 



western pan of the province contains a minor fraction from an older l > -'·O Ga) 

compon.::nt (Sharer and Allegre, 1982). The turbidites could have been deposited at any 

time between the age of associated volcanic rocks and the time of ddormation and 

plutonism. 

The supracrustal rocks are deformed by multiple sets of isoclinal folds. dc<t,agcs 

and faults that have been re-folded by regional , open cross-folds (Rclf, 19tN; Fyson and 

Frith, 1979; Fyson and Helmstaedt, 1988). Metamorphism is of the low pressure/high 

temperature type, with grade ranging from greenschist to upper amphibolite fa(ics 

(Thompson, 1978; 1989). The age of metamorphism is not precisely constrained. 

Monazite in a pre-Yellowknife Supergroup gneiss ( 2989 Ma, U-Pb 1ircon) has hccn 

date.d at ~600 Ma. and has presumably been reset by the Late Archean metamorphism 

(Frith and Loveridge, 1982). Similarly, metamorphic monazite from the Sleepy 

Dragon Complex yield ages of 2588 Ma (James and Mortensen, 1991 ). 

2.2.3 Pre-Yellowknife Supergroup Rocks 

Exposures of Mid to Early Archean rocks, pre-dating the YKS, arc so far 

restricted to the western margin (west of approximately llr30' W) of the province 

(Figure 1.1; Baragar and McGlynn, 1974; Hoffman, 1989). The rocks consist of 

banded amphibolitic-tonalitic gneisses, tonalitic gneisses, and massive tonalitcs to 

granites (Davidson, 1972; Easton, 1985; Henderson, 1985). Geochronologic studies 

have identified a range of ages between 2840 and 3960 Ma (Figure 2. 1; Krogh and 

Gibbons, 1978; Nikic er a/., 1980; Henderson e1 a/., 1982, 1987; Chamberlain l'l a/ . . 

1984; Frith elal., 1986; Bowring e1a/., 1989a, b). The range in ages suggests that the 

"basement" was not stabilized at one time but is made up of a complex collage of Late, 

Mid and Early Archean rocks. The relationship of these rocks to each other is not 

constrained. In addition , their relationship to the overlying YKS rocks is not clearly 

established. These rocks have been interpreted to be autochthonous basement to the 

YKS (Stockwell, 1933; Baragar and McGlynn, 1974; Easton 1985), however, in most 
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cases the contacts between the gneisses and the YKS are faulted and they could equally 

well be structurally juxtaposed (Kusky, 1989, Lambert and van Staal, 1987; James. 

1990). 

2.2.4 Summary of Geological Evolution 

I) Early gneisses and granitoid rocks range in age from 2.82 to 3.96 Ga, 150 to 

1200 m. y. older than the volcanic rocks of the greenstone belts. 

2) Volcanism occurred over a 65 m.y. period from 2715 to 2650 Ma. Available data 

are insufficient to document regional age differences between volcanic belts. 

3) Sedimentary rocks are only constrained to be older than ca. 2630 Ma, the age of 

the oldest syn-deformation plutonic rock intruding the sedimentary rocks. Limited 

detrital grain studies indicate that the metasedimentary rocks contain zircons 

equivalent in age to the volcanic rocks and one sample from the western part of 

the province contains a very minor fraction from an older ( > 3.0 Ga) component 

(Sharer and Allegre, 1982). 

4) Syn- to post-deformation plutonism occurred across the Slave Province from 2.63 

to 2.58 Ga, post-dating volcanism by 30 to 135 m.y. On the basis of the present 

data set, plutonism occurred contemporaneously across the province and there is 

no indication of a migration of intrusive activity across the region with time. 

2.3 Tectonic Models Proposed for the Development of the Slave Province 

Tectonic models currently proposed to explain the geological evolution outlined 

above can be separated into two contrasting types: ensialic rifting (Henderson, 1981; 

Easton, 1985; Thompson, 1989), and; continental margin or island arc/marginal basin 

accretionary processes (Folinsbee eta/., 1968; Hoffman, 1986; Fys(•n CL.-,d He1mstaedt, 

1988; Kusky, 1989). The latter hypothesis is strictly analogous to processes of crustal 

stabilization observed along convergent margins today. Rift (or plume-related) and 

accretionary models have both been proposed to explain Late Archean 

granite-greenstone terranes from throughout the world (Kroner, 1991; de Witt and 

Ashwal, 1986). Unfortunately, at least in the Slave Province, the stratigraphic and 



structural information on a province-wide scale has proven insuffici~nt to 

unambiguously distinguish between the models. Basementlcover un~.:onformiti~s. th~ 

underpinnings of rift models. are in contention. Structural clements generally 

II 

associated with tectonic accretion. ie. melanges. ophiolites and major thPJst faults. hav~ 

been proposed. but are also not well documented (Helmstaedt nul .. 1986: Kusky. 

1989a,b: King et ul., 1989b). 
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Figure 2.1. A) Frequency diagram of published U-Pb zircon and monazite ages from 
the Slave Province (sources of data: van Breemen et al., 1987a, b; 1990; Bowring 
quoted in Padgharn, 1985; Culshaw and van Breemen, 1990; Lamben and Henderson, 
1980; Frith and Loveridge, 1982; Frith et al., 1986; Krogh and Gibbons, 1978; 
Bowring and van Schmus, 1984; Nikic et al,. 1980; Henderson et al., 1982, 1987; 
Isachsen et al., 1990; Monensen et al., 1988; Bowring et al., 1990a, b: Monensen pers 
comm. 1991). B) Interpreted timing of geological events in the Slave Province based on 
the U-Pb geochronology. 



Chapter 3 

Regional Geology and Description of Plutonic Suites in the 

Contwoyto-Nose Lakes Area 

3.11ntroduction 
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The objectives of this Chapter are to: I) summarize the regional geology of the 

Contwoyt~Nose Lakes area, central Slave Province, with panicular emphasis on setting 

the geological framework for discussion of the plutonic rocks; 2) present the 

methodology used to subdivide the plutonic rocks into suites; 3) describe the field 

characteristics (composition, principal mineralogy, textures, fabrics, intrusive style, 

relationships to regional structural elements, relative chronology, spatial distribution and 

abundance) of each of the eight plutonic suites: and 4) summarize the results of U-Pb 

geochronology (van Breemen eta/., 1990) within the previously described framework. 

The chapter provides the geological framework upon which later petrogentic 

interpretations are based. 

The field work was carried out over three summers (1987 -89) within the regional 

mapping project of Dr. J.E. King of the Geological Survey of Canada. U-Pb 

geochronology in suppon of the field studies was done by Dr. 0. van Breemen of the 

Geological Survey of Canada. 

3.2 Regional Geology Contwoyto-Nose Lake Area 

3.2.1 Previous Work 

Previous work in the area was limited to 1 :500,000 scale helicopter reconnaissance 

mapping (Fraser, 1964), 1:250,000 scale mapping of the western ponion of the area 

(Bostock ( 1980) and I :50,000 scale mapping of the area immediately around the Lupin 

mine site (Tremblay, 1976). Regional scale maps of areas adjoining the southern 

(Folinsbee, 1949) and western (Frith, 1987) map boundaries are also available. Relf 

( 1989; 1990) has presented summaries of the structural and metamorphic history of the 
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supracrustal rocks at Contwoyto Lake. Preliminary results of 1: 100,000 scale mapping of 

the area (Figure. 3.1) supponing the current study are reponed in (King era/., 198M; 

1989a; 1990). 

3.2.2 Geological o,·erview of the Area 

The geology of the Contwoyt~Nose Lakes area consists of an older 

tecton~stratigraphic assemblage of deformed and metamorphosed volcanic, plutonic and 

3edimentary rocks (Yellowknife Supergroup) which has been extensively intruded hy a 

younger assemblage of syn- and post-deformation plutonic rocks (Figure 3.1, 3.2). 

Sedimentary rocks make up approximately 30%, volcanic rocks 5% and plutonic rocks 

65%, of the area mapped (Figure 3.2). There is no evidence for rocks predating the: 

supracrustal rocks. although older rocks are exposed at Point Lake, 40 km west of the 

area (Stockwell. 1933; Easton, 1985). Figure 3.2 is a schematic summary of the 

geological evolution of the area which serves as a guide to the brief geological summary 

below. 

3.1.3 The Older Tectono-Stratigraphic Assemblage 

Yellowknife Supergroup Rocks 

The Yellowknife Supergroup within the area consists of metavolcanic rocks and 

two fonnations of metasedimentary rocks (Contwoyto Fm. and Itchen Fm.; Bostock, 

1980) belonging to the Cogead Group (Henderson, 1988). For reasons described bt:low, a 

number of plutonic rocks are also considered pan of this older assemblage. 

The metavolcanic rocks principally outcrop within an elongate zone in the 

cenue-west of the map area, termed the Central Volr:anic Belt (CVB; Bostock, 1980). 

The belt comprises mafic, intermediate and felsic lavas and pyroclastic rocks with a high 

proponion of intercalated epiclastic rocks. These latter rocks include turbiditic 

sediments, conglomeratic debris deposits. and tuffaceous rocks of unknown origin (Bubar 

and Heslop, 1985; King et al., 1988). A characteristic feature of the belt is the high 

proponion of epiclastic rocks (King et at .• 1 988). The internal stratigraphy of the bell has 

not been mapped in detail. 
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Metasedimentary rocks of the Coghead Group occur above the volcanic rocks 

(Bostock, 1980). The relationship (ie. stratigraphic or tectonic) between volcanic and 

sedimentary formations is poorly constrained (King et al., 1988). Both the Contwoyto 

and Itchen Formations comprise intercalated psammitic and pelitic beds which have 

structures indicative of deposition by turbidity currents (Bostock, 1980; King eta/., 1988; 

Relf, 1989) and all facies are distal. Bostock (1980) subdivided the rocks into formations 

on the basis of the presence (or absence) of stratigraphic iron formation. The Contwoyto 

Formation was defined as containing iron formation (Bostock, 1980). King et al. ( 1988; 

1989a) also suggested that the ltchen formation is generally thicker bedded (0.1 to J m) 

than the Contwoyto Formation. Suatignlphic thickness of the formations cannot be 

determined owing to complex deformation. The stratigraphic and sedimentologic 

relationship between the two formations is unconstrained (King er al., 1988; Relf, 1989; 

1990). 

3.2.4 Structural History 

Detailed descriptions of structural elements within the area have been given by 

King et al. ( 1989a) and Relf, ( 1989; 1990). Structural elements are assigned to four 

groups: 

Dl pre-thermal-peak isoclinal folding (F1 ), faulting and development of penetrative 

axial planer cleavage (S 1 ). 

Dl syn-thermal-peak isoclinal folding (F2), development of an axial planar cleavage 

(S2) and limb-parallel faulting. The S2 surface generally transposes Sl and is 

typically the dominant tectonic fabric throughout the map area. 

DJ post-thermal-peak open folding (F3) and crenulation cleavage development. 

These structures are domainal with axial traces oriented NE or NW. 

D4 brittle-plastic strike slip faulting along dominantly NE structures. These faults 

cut all Archean lithologies and may be associated with Proterozoic deformation 

(King eta/., 1989a). 



3.1.5 Metamorphic History 

Metamorphic grade ranges from sub-biotite (lower greenschist fades) to 

sillimanite/panial melt (upper amphibolite facies). Most of the area is abov(' th(' 

sillimanite isograd (Figure 3.1 ). Textural relationships indicate that peak metamorphic 

mineral growth post-dates S1 and is synchronous with S2 (Relf, 1989). 

Pressure-temperature estimates range from 2 to 6 kbar and 400• to 1oo·c (Relf, 1990; 

Wingate, 1990). High temperature/low pressure metamorphism is typical of the Slave 

Province in general (Thompson, 1978; 1989). 
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Metamorphic grade does not increase in spatial association with individual pluton~. 

however plutonic rocks generally outcrop in those areas above the sillimanite isogntd. 

Plutonic bodies that are presently exposed in the center of metamorphic thermal highs in 

fact post-date the time of peak metamorphic conditions. 

3.3 Subdivision of the Granitoid Rocks in the Area 

Plutonic rocks have been subdivided into eight suites (Figure 3.2, 3.3); four of 

which are associated with the early tectono-stratigraphic asser11blage. Usage of the term 

suite, in conformity with the recommendations of the Nonh American Stratigraphic c<xle 

(1983), is entirely descriptive and does not imply any specific genetic relationships. 

Plutons were subdivided in the field based on their petrographic characteristics, 

summarized in chan fonn in Figure 3.4, mutual cross-cutting relations and their 

relationship to the regional deformation structures. The meth<xlology for subdivision is 

outlined in Figure 3.3. 

Rock names conform to the recommendations of Streckheisen ( 1976) (see Figure 

3.7). The terms syenogranite and monwgranite are synonymous with granite A and 

granite B. Rock names were based on visual estimates of modal mineralogy in the field, 

which were subsequently supponed by thin section observations and mesonorm 

calculations. 



3.3.1 Criteria Used to Constrain Relative Timing of Intrusion to Regional 

Deformations 

The following criteria were used to establish the timing of intrusion relative to the 

regional peak metamorphic defonnation event (02). 
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Plutons are considered to predate deformation if their metamorphic grade and extent 

of recrystallization are similar to t~~ir host rocks, they contain the regional defonnation 

fabrics (ie. S2), and they do not truncate or contain xenoliths with tectonic fabrics not 

found in the pluton. 

Syn-defonnation intrusion is difficult to precisely constrain, however in this study, 

syn-defonnation intrusion is presumed if an intrusive body both utilizes and contains 

structural surfaces observed in the host rocks. Commonly these plutons contain xenoliths 

which contain the regional S2 surface. These plutons have undergone variable amounts of 

recrystallization but are significantly less recrystallized than the pre-defonnation plutons. 

Post-defonnation intrusions cross-cut regional defonnation structures, are generally 

not foliated, contain foliated xenoliths, overprint syn-defonnation metamorphic 

assemblages, and have a granitic texture. 

It is important to note that all of the plutonic rocks have been subjected to some 

defonnation. At least some of the post-deformation plutons have been affected by the 0 3 

event and locally are folded and may contain weak foliation surfaces. The nomenclature 

(ie. pre-, syn-, post-) used in this thesis refers specific:illy to the 0 2, peak metamorphic 

defonnation event as defined by King et a/. (1989a). 

A relative chronology of intrusion can be devised based on regionally consistent 

crosscutting field relationships and xenolith suites: schematically in Figure 3.5. 

3.3.2 Summary of li-Pb Geochronology 

U-Pb geochronology in suppon of the field work was done by 0. van Breemen of 

the G.S.C .. Representative samples of all the principal suites, excepting the Central 

Volcanic and Wishbone Plutonic Suites, have been dated (Table 3.1). 
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Table 3.1 Summary of U-Pb zircon and monazite ages detennined for the Plutonic Suit~s 

(from van Breemen et at., 1990). 

Plutonic Suite Sample Rock Type Age lMa) 

Gondor 0221-87 Q.P Porphyry 2660.4 -H>.9/-0.5' 

Olga D072a-87 Bt Tonalite 2650±5' 

D072a-87 Bt Tonalite 2649 ±2' 

Siege 0217-87 Bt Tonalite 2605-2616r 

Concession 0218-87 Hb-Bt qtz Diorite 260M± I' 

0110-88 Bt Tonalite 260X +5/-3' 

Yamba D078a-87 Bt Monzogranite 2582 ±41D 

Contwoyto 0216-87 Bt-Mu Monzogranite 2585±.')18 

K193-88 Bt-Mu Monzogranite 2581 +9/·5m 

K308-87 Pegmatite 2584 ±41D 

errors quoted are 2 sigma 
z - age de~ermined on zircon 
m - age de~ermined on monazite 

The principal subdivision of plutonic rocks into two groupings (Figure 3.3) based 

on the extent of recrystalliza·:ion and relationship to regional defonnation is supponed by 

the geochronologic data. Plutonic rocks that have been extensively recrystallized are 

older than 2650 Ma; in contrast, weakly or non-recrystallized plutonic rocks are younger 

than 2616 Ma. Thus. the subdivision corresponds to a temporal gap of at most 34 m.y. 

Plutonic rocks spatially associated with the CVB, and interpreted to be temporally 

related to development of the volcanic belt yield ages slightly younger than that of the 

dated CVB rhyolite (Monensen et al., 1988). The Gondor porphyry has been dated at 

2660 Ma, and two units of the Olga Suite are both dated at 2650 Ma. These ages, 



although slightly younger than the single age from the CVB do overlap with ages 

detennined from volcanic rocks and coeval plutonic rocks from elsewhere in the Slave 

Province (Figure 2.1 ). 
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The subdivision of the younger plutonic rocks into syn- and post- defonnation 

suites is also supponed by the available age dating. Sll11ples of plutonic rocks considered 

to be syn«forrnation (ie. the Concession and Siege Suites) range in age from 2608 to a 

maximum of2616 Ma. In contrast, samples (n=4) ofpost-defonnation plutonic suites 

(Yamba and Contwoyto) yield ages (monazite) between 2590 and 2580 Ma. The present 

data from the Contwoyto-Nose Lakes area indicates a time gap on the order of 15 to 20 

m.y. between the syn- and post-defonnation suites. However, when these data are 

considered in the context of data available from the whole of the Slave Province, the time 

gap between the syn- and post-defonnation suites is not apparent (van Breemen era/., 

1991) and the younger granitoid plutonism appears to be a continuous event from 2630 to 

2580 Ma. 

The following descriptions of the plutonic suites are presented in a sequence of 

relative younging based on the field observations and geochronology. 

3.4 Plutonic Suites Associated with the Older Tectono-Stratigraphic 

Assemblage 

:\.4.1 Central Volcanic Belt Suite 

Rocks assigned to this suite are restricted to areas within the Central Volcanic Belt 

(Figure 3.1 ). This suite comprises metamorphosed (no relict igneous texture), foliated 

(commonly lineated) hornblende gabbro to quartz diorite. The metamorphic mineral 

assemblage is similar to that of the host volcanic rocks. Individual bodies occur as sills, 

dykes and irregular small plutons on the scale of metres to hundreds of metres in size 

within the volcanic stratigraphy. In many cases intrusive bodies, particularly sills, are 

difficult to distinguish from volcanic lithologies. None of these bodies has been mapped 

out in detail. 



Based on their similar metamorphic mineral assemblage, and spatial association 

with the volcanic belt they are interpreted to be syn-volcanic intrusions. This suite has 

not been dated, however, felsic volcanic rocks within the associated volcanic belt have 

been dated at2667±2 Ma (Monensen er al., 1988). 

3.4.2 Gondor Plutonic Suite 

The Gondor Suite comprises quanz-plagioclase porphyritic rocks concentrated in 

the southwest ponion of the CVB, where they intrude the structurally lower ponions of 

the volcanic belt (Figure 3.1). 

Lithology 

These rocks are all porphyritic and consist of variable proponions of rounded to 

euhedral quanz and plagioclase phenocrysts (l-4 mm) within a fine gr.uned siliceous 

granophyric matrix (Figure 3.6a, b). Quanz phenocrysts are distinctly blue coloured. The 

fine grained matrix makes mineralogical classification difficult, but the rocks are 

dominantly tonalite on the basis of mesononn mineralogy (Figure 3. 7 ). Ragged biotite 

clots are present locally although in most cases they are replaced by chlorite. The 

phenocryst assemblage is similar to that observed in felsic volcanic rocks within the 

CVB. 

Pluton Morphology, Nature of Conucts and Age 

Rocks of this suite make up an extensive dyke and sill network (<I m to I 0 m) 

within the southwestern pan of the eva. Individual bodies range in width from less than 

1 m to tO's of m and are continuous along strike . The dykes are concentr.ued around 

and extend out from the western and nonhem margins of a larger body of porphyry, 

termed the Gondor Porphyry on Figure 3.1. Because of very Jl<--'!i T ': ·" posure in the area, 

the fonn and internal chardcter of this body is unconstrained. 

Contacts with host rocks are very sharp. Locally internal and external breccias are 

developed. The breccias consist of angular fragments of country rocks or porphyritic 

rocks within a compositionally similar matrix. The angularity of the fragments suggests a 
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hydrofracturing mechanism. The breccias are similar to those described from 

ophiolite-related plagiogranites (e .g. Lewispone, Bay of Islands; Malpas, 1979) and may 

imply high volatile contents at the time of intrusion. 

The penetratively defonned nature of the suite and its close spatial association with 

the volcanic belt suggest that the suite is predefonnation and temporally related to the 

volcanic rocks. The U-Pb zircon age of 2660±1 Ma determined from one sample. 

intruding the basal pan of the volcanic belt is 7 m.y. younger than that determined for the 

adjacent felsic volcanic rocks (van Breemen er al .• 1990; Mortensen era/., 1988). 

3.4.3 Wishbone Plutonic Suite 

The Wishbone Plutonic Suite comprises massive to foliated, red weathering tonalite 

to granodiorite and monwgranite. Rocks of this suite principally outcrop in r.hree areas: 

within the core of the Wishbone dome (Figure 3.1 ); as smaller bodies west of Contwoyto 

Lake and in the eastern pan of the map area between Nose and Ghurka Lakes (Jaeger 

Monzogranite, Figure 3.1). 

Bodies within the Wishbone Dome have been previously described by Tremblay 

(1976). He considered the more intensely foliated rocks of the Wishbone Dome to be a 

leucocratic granoblastic gneiss, which he interpreted to be transitional to more massive 

granitoids by a process of in situ granitization. Bostock (1980) described the bodies 

within the dome as gradational between felsic tuffs and granitoids. All of these rocks are 

considered here to be deformed granitoid bodies. 

Lithology 

Rocks of the Wishbone Suite are typically equigranular, medium-grained (2-8 mm) 

tonalite to monzogriillite. A typical weathered outcrop surface is shown in Figure 3.8. 

The rocks consist of anhedral plagioclase (50%), quartz (25-30%) and variable 

proportions of microcline (5-25%). Biotite is the principal mafic mineral (amphibole is 

extremely rare) and makes up less than 10% of the rock. All rocks are extensively 

recrystallized. wel1 foliated and locally contain distinctive polycrystalline quartz 
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aggregates and magnetite porphyroblasts (2-5 mm). The foliation surface is define.d by 

alignment of biotite and the flattened shape of quanz and plagioclase gmins. Locally the 

rock has a lineation defmed by elongate quanz grains. 

The Jaeger Monzogranite (Figure 3.1) is distinctly more potassic than most bodie~ 

within the Wishbone Dome area (Figure 3.7). The body is extensively intruded by 

irregular bodies of medium to coarse grained alkali feldspar-rich veins and pegmatites at 

all scales. Owing to the extent of defonnation, the relationships between the phasel> are 

not clear. The potassic veining is, however, predefonnation and not related to younger 

potassic plutonism. The more potassic composition of the Jaeger Monzogr.mite and 

some of the bodies within the Wishbone Dome may be the result of intrusion and 

metasomatism by these veins. 

Pluton Morphology, Nature of Contacts and Age 

The original morphologies of plutons of this suite are unconstrdined. Within the 

Wishbone Dome, a number of petrogaphically distinct phases are observed, however the 

exposure is insufficient to map contacts between the phases. The size and fonn of 

individual bodies is thus unknown. The present shape of the Wishbone Dome is 

considered to be the result of post-emplacement deformation nuher than a primary 

bulbous fonn (King et al., 1989a). 

The poor exposures of this suite provide little infonnation concerning the nature of 

contacts with host rocks. In all cases where contacts are observed, the host rock is 

volcanic. Small, (<I m) to km-scale, angular xenoliths of onhogneiss, most likely 

correlative with volcanic rocks, commonly occur within the plutons. They are 

particularly abundant in the Jaeger Monzogrctnite (King er al., 1990). In the Wishbone 

Dome, a large area of intermediate volcanic rock occurs within the core of the body, 

however it cannot be detennined if this is a large xenolith or a down folded roof pendant 

(Bostock, 1980). The limited exposures suggest contacts are sharp and that stoping 

occurred during im:usion. 
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The granitoids along the nonh-eastem margin of the Wishbone dome locally 

contain a mineral lineation defined by elongate quartz grains. Unfortunately most of this 

area is poorly exposed and frost-heaved. It is possible that this pan of the contact is 

tectonic, not intrusive, although this cannot be clearly shown. 

Samples of this suite have not been dated by U-Pb geochronology. The following 

characteristics suggest that the plutons of the Wishbone Suite intruded prior to major 

defonnation and metamorphism. 

I) All samples are extensively recrystallized, retaining few primary igneous textures. 

2) The foliation in the rocks is generally concordant with the regional S2 surface in the 

surrounding host rocks (Figure 3.1 ). 

3) Host rocks are restricted to those of the early tectono-stratigraphic assemblage (ie. 

metavolcanic and metasedimentary). 

3.4.4 Olga Plutonic Suite 

The Olga Plutonic Suite consists of ma~sive to gneissic, grey to white weathering, 

medium grained biotite quanz diorite to tonalite. This unit constitues less than I% of the 

area mapped and is largely resuicted to the core of a structural dome centred on Olga 

Lake in the center-west of the map sheet (Figure 3.1; King er al., 1988). Other possible 

occurrences include scattered remnants as xenoliths within rocks of the Wishbone Suite 

and as septa within banded gneisses. 

Bostock (1980) originally interpreted this unit as recrystallized felsic volcanic tuffs. 

Felsic tuffs are a common host rock at Olga Lake, however these rocks are reinterpreted 

here to be intrusive. Evidence in support of this interpretation is: I) compositionally 

similar rocks occur as sills intruding the volcanic rocks (Figure 3.9); 2) individual layers 

are compositionally homogeneous at a scale of em to metres and contacts between layers 

are extremely sharp (Figure 3.10), 3) internal contacts are locally discordant to the 

regional foliation surface and are at high angle to overall layering (Figure 3.10). 



Lithology 

Rocks of this suite are massive to gneissic, white-weathering biotite tonalite to 

quanz diorite. Rocks are eqt.igranular. consisting of anhedral interlocking crystals of 

plagioclase and quartz (0.5-1 mm), with rare interstitial microdine (<10%) and subhedr.tl 

biotite (0.5-1 mm). Accessory minerals include apatite, zircon, secondary epidote and 

chlorite. Porphyroblastic magnetite (1-5 mm) is characteristic. The gneissosity is defined 

by: 1) original compositional layering attributed to multiple inttusion of sills: and 2) 

subsequent deformation and foliation development. Compositional layering is present at 

the 10 em to 1 m scale. Differences between the different phases reflect varying 

proportions of biotite and quanz. 

Pluton Morphology, Nature of Contacts and Age 

The shape of the Olga tonalite is unconstrained as the base of the body is not 

observed. Internal contacts within the Olga tonalite suggest that it is made up of 

numerous sill or sheet-like bodies. on the scale of metres to l·!ns of metres. 

In most cases, original contact relationships are obscured by intrusion of younger 

plutons. The only location where the Olga Suite is observed to be in contact with older 

rocks is north of Olga lake where tonalitic sills intrude the structurally O"v~rlying 

metavolcanic rocks of the CVB (Figure 3.9). A zone, extending less than one km above 

the Olga tonalite, is characterized by the occurrence of numerous sills of tonalite within 

mafic to intermediate volcanic rocks. In places layering is at a relatively fine scale on the 

order of 10 em or less. but thicker layers of I to 3m are also present. 

Layered mafic/felsic onbgneiss, similar to rocks found within the contact zone 

described above, occur as xenoliths within younger plutonic rocks in the eastern pan of 

the map area (King er al .• 1990). Fonnation of these layered orthogneisses may have 

occurred by a similar process to that suggested for the contact zone north of Olga Lake. 

If this correlation is correct then rocks of the Olga Suite are not restricted to the Olga 

Lake area. but are regionally more widespread. Nonetheless. as presently exposed they 

represent an areally minor plutonic unit. 



Rocks of the Olga Suite are spatially associated with metavolcanic rocks; in all 

cases where intrusive relationships are observed the host rock is metavolcanic. The 

similar extent of recrystallization and defonnation of the Olga Suite and metavolcanic 

rocks argues that both experienced the regional defonnation and metamorphic events. 
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The suite is constrained to be pre-deformation. Two samples of this suite have been dated 

at ca. 2650 Ma, 17 m.y. younger than the associated volcanic rocks. 

3.5 Syn-Deformation Plutonic Suites 

3.5.1 Concession Plutonic Suite 

Plutons belonging to this suite occur throughout the map area. Figure 3. J J a shows 

the spatial distribution and informal names assigned to individual plutons or groups of 

plutons. Generally rocks of the Concession Suite have high magnetic susceptibilities 

(M-type granitoids of Ishihara (1977) and define prominent anomalies on residual 

magnetic anomaly maps (Figure 3. J 1 b). These data have been used to interpolate map 

boundaries beneath areas of extensive glacial till cover. 

Lithology 

The Concession Plutonic Suite is comprised of strongly to weakly foliated, 

mesocratic plutons ranging in composition from hornblendite to granodiorite. 

Continuous gradations occur between the different rock types. The predominant 

lithology is tonalite (Figure 3.12). 

Homblendite 

This rock type is relatively rare, occurring as a marginal facies to the Concession 

Pluton (see below), as well as smaller dyke or plug-like bodies within the 

metasedimentary rocks (e.g . south-east of Wishbone Dome). The rocks are black to green 

coloured. melanocratic, consisting of 60 to 90% subhedral amphibole and pyroxene (2-20 

mm), with interstitial p:agioclase and/or quartz. Amphibole is the dominant mafic phase 

although irregular cores of onhopyroxene indicate that amphibole, in part, replaces 

onhopyroxene. One sample contains 30-50% euhedral prismatic orthopyroxene grains 
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(enstatite; 2V=50•; +ve) !'Orne of which are contained within oikocrysts of pale brown 

amphibole. Amphibole both overgrows and replaces onhopyroxene. The Mg-rich nature 

of the orthopyroxene indicates crystallization from an Mg-rich liquid. 

Diorites, Quartz Diorites, Tonalites and Granodiorites 

These rocks consist of varying proportions of the minerals plagioclase, quanz, 

amphibole, biotite and microcline. The rocks are generally equigranular and medium 

grained, although porphyritic (hornblende and plagioclase) varieties do occur (Figure 

3.13). Plagioclase (andesine to oligoclase) occurs as subhedral to anhedral prismatic 

grains. Zoning is not promi!lent. Quartz occurs as strained interstitial anhedral crystals. 

Microcline, where present.. is dominantly interstitial. Hornblende is the dominant 

( 10-30%) mafic mineral in the more mafic rocks, with the proponion of biotite increasing 

with increasing quartz content. The amount of biotite is secondarily related to the extent 

of deformation. Hornblende occurs as pale to dar!< green, sub to anhedral crystals, 

containing abundant inclusions of blebby quartz and euhedral apatite. Biotite is present in 

most rocks, forming subhedral crystals, and is commonly the only mafic minerctl in rocks 

of granodiorite composition. 

The rocks contain a large number of accessory minerals, including apatite, zircon, 

titanite. allanite, epidote and oxides. Allanite is a characteristic trace mineral, formiug 

large, euhedral metarnict grains, often rimmed by epidote (Figure 3.14). Titanite occurs 

as both primary subhedral grains and as a secondary mineral associated with the 

breakdown of amphibole to biotite and opaques. Epidote is aJso associated with this 

subsolidus reaction. It is difficult to establish petrographically if epidote was also a 

primary magmatic phase. Low metamorphic pressures recorded for the host rocks ( <5 kb; 

Relf, 1990) suggest that the plutons crystallized at crustal depths near or above the 

epidote stability field (5-8 kb; Liou, 1973; Zen and Hammerstrom, 19K4). 

Rocks have variably developed foliations, ranging from strongly foliated and 

recrystallized to weakly or nonfoliated. The fo:iation is principally defined by the 
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alignment of biotite some of which is secondary after hornblende. Amphibole and 

plagioclase also show alignment, but little evidence of penetrative recrystallization. This 

fabric may in pan be late magmatic as suggested by Hill (1980). 

Monzodiorites, Quartz Monzonites and Monzogranites 

These rocks are more potassic than average for the suite. They usually contain 

subhedral phenocrysts of microcline (3-10 mm) (Figure 3.15) and are biotite-rich, seldom 

containing significant amounts of hornblende. Very few of these bodies outcrop in the 

map area and they have not been studied in detail. King eta/. (1991) repon large bodies 

in the NE quadrant of the Nose Lake Mapsheet (not included within this study). 

Pluton Morphology 

As shown on the geology and aeromagnetic relief maps (Figure 3.11) rocks of this 

suite form discrete small to medium sized clusters on the scale of one to many tens of km 

in surface dimension. Generally, individual clusters are made up of numerous intrusions. 

Tabular, sheet- or dyke-like intrusions as well as ovoid bodies have been documented. 

Tabular bodies occur at all scales, although they are most easily recognized where 

they are small. The smaller bodies typically fonn layer parallel sills within generally 

steeply dipping, foliated host rocks. Good examples occur within gneisses south of the 

Southern Diorite (Figure 3.16) and around the Wishbone Dome. The apparent thickness 

of these bodies ranges from less than one metre to one km and the strike length ranges up 

to 5 or more km. 

Some of the larger bodies, such as the Southern Diorite, are also interpreted to form 

layer parallel, tabular bodies (Figure 3.17). A partial cross-section through the Southern 

Diorite is afforded by the shallow dip of host rocks folded across the Olga dome, 

providing a small amount of structural relief. The form of the pluton is distinctly tabular, 

with a minimum thickness on the order of two km. This is the place where a reasonable 

estimate of the three dimensional fonn of a pluton can be made. 



Many plutons have ovoid or circular outcrop patterns (eg. Concession. Crane. SE 

Concession), similar to plutons to the east of the study area described by Hill and Frith 

(1982). These plutons tend to have the long dimension parallel to the regional foliation 

surface and the regional foliation wraps around the intrusion (King ec a/., 1990). The 

extent of these bodies at depth cannot be determined. 

Internal Variations Within Plutons 

Bodies of the Concession Suite show mineralogical and textural variations both at 

the outcrop and map scale. Large areas (km2
) of relatively homogeneous rock occur (ie. 

pans of the Southern Diorite), however, more typically plutonic bodies are 

amalgamations of many compositionally and texturally distinct lithologies. Intrusive 

relationships can often be documented between the different phases. Four or more 

distinct phases, each with sharp contacts, may be observed within a single outcrop. In 

most cases, variations from one outcrop to the next are non-systematic and the nature of 

the transition between outcrops is considered to be intrusive. Similar field relationships 

are noted in monzodiorite and tonalite rocks in the Archean Superior Province (e.g. Stem 

et al., 1989). 

Examples of systematically zoned plutons include the Concession Pluton and the 

SE Concession Pluton. Bostock (1980) first noted that the Concession Pluton consists of 

homblendites and diorites along the nonh and west margins and a relatively 

homogeneous quartz diorite in the interior (Figure 3. I 8). Most of the mafic marginal 

zone consists of amphibole cumulate rocks. These rocks are in tum intruded by dioritic to 

quartz dioritic rocks which vein and disaggregate the earlier cumulate rocks. 

incorporating clots and individual minerals of amphibole into the intruding rock (Figure 

3.19). Rocks immediately adjacent to the cumulates are more mafic than those in the 

core, possibly as a result of the incorporation of cum alate minerals. Rocks which contain 

cumulate or excess amphibole can be recognized on geochemical grounds (Chapter 5). 

Similar intrusive relationships arr observed within the composite SE Concession 

Pluton. In this body, dioritic rocks outcrop within the core of a small body of tonalite. 

The compositional zoning, from diorite core to tonalite margin, is a result of multiple 
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intrusion, not in situ differentiation. Dykes of the diorite are common in the tonalite as 

are xenoliths of tonalite in the diorite. The quanz and plagioclase phenocryst content of 

the diorite increases with proximity to areas containing abundant tonalite xenoliths. 

Other examples of zoned plutons in the area (e.g. dykes east of the Wishbone dome; 

the pluton north of Virgin lake) are also composite intrusions. Continuously zoned 

plutons such as the Uist Pluton of the kegan Intrusive Suite to the east of the map area 

described by HiU (1980) have not been identified. 

M.icrodiorite En cia ves 

Microdiorite enclaves (Didier, 1973) are a ubiquitous feature of the suite. Two 

general types of enclaves are observed: 1) non-porphyritic or amphibole and/or 

plagioclase porphyritic, fine grained diorites to quanz diorites and 2) medium to coarse 

grained homblendites. The fonner are much more common and are similar to 

microdiorite enclaves described by Vernon (1983). The best exposures of these enclaves 

occur along the shoreline of Nose Lake (King et al., 1990). Possible origins include 

magma mingling (Vernon, 1983) or quench cumulates (R. Flood, pers. comm., 1990). If 

the former then physical interaction, and possibly mixing between magmas of different 

compositions is implied. The second type of enclave is interpreted to be xenoliths of 

homt,lende cumulates entrained during intrusion, similar to the hornblendites observed 

along the margins of the Concession Pluton described above. 

Evidence for Timing of Intrusion 

The following field relationships are interpreted to suggest that intrusion of this 

suite occurred during the peak metamorphic regional compressive defonnation. 

1) Plutons intrude parallel to, and are typically elongate along the regional 

syn-metamorphic S2 surface. Dyke orientations are strongly controlled by the 

regional anisotropy as defined by S2• Since there is no evidence for transposition, 

these features suggest that S2 was already developed at the time of inuusion. 
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2) The majority of plutons contain a foliation surface. defined by the alignment of 

biotite, hornblende and plagioclase and in ex.treme cases flattening of quanz and 

feldspar. This foliation is generally concordant with the regional S2 surfa~e. 

Correlation of this internal fabric with S2 suggests intrusion pre or syn-02 

defonnation. There is however little evidence for ex.tensive recrystallization, and 

the foliation may have been imposed during a late magmatic stage (e.g. Hill. 19~()). 

The much lower degree of recrystallization, in comparison to plutons of the Olga 

and Wishbone Suites, suggests that the Concession Suite may not have experienced 

the same intensity of defonnation as the earlier suites. The variable development of 

the foliation from one pluton to the next could be interpreted in tenns of relative 

(with respect to deformation) time of emplacement. However. since these foliations 

are variably developed within a single pluton, this may be more characteristic of 

heterogeneous strain than time of emplacement. 

3) There is no evidence fC'r large scale truncation of regional tectonic fabrics by the 

intrusions. 

U-Pb zircon ages for two samples of this suite are similar both yielding ca. 2608 Ma 

ages. 

3.5.2 Siege Plutonic Suite 

Rocks of the Siege Plutonic Suite form a large irregular shaped body in the central 

pan of the map area (Figure 3. 1 ). A smaller satellite body outcrops immediately to the 

wtst of the main body, and many sills occur within the paragneiss belt along the southern 

margin of the pluton. The suite constitutes the main pan of the Central Batholith of 

Bostock ( 1980). 

Lithology 

The rocks are :nassive, medium grained (1-3 mm), white weathering,leucocratic f< 

5% biotite) tonalite to granodiorite (Figure 3.20). A typical sample consists of 40-60% 

equant, sub to anhedral plagioclase. 5-25% interstitia! anhedral microcline, 20-30% 

anhedral strained and polygonized quanz, and 2% sub to anhedral biotite. Apatite is a 
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common accessory phase, and is visible in hand sample as small blue crystals. Large 

(2-4 mm) porphyroblasts of magnetite are common. Chlorite, epidote and muscovite are 

typical alteration minerals. Plagioclase is saussuritized, locally replaced by microcline 

and in places rimmed by fine muscovite along grain boundaries. Biotite is commonly 

altered 10 chlorite. 

In many locations the rock is hybrid, consisting of two distinct phases; a bioite 

conalite as described above and a mafic-free leucocratic granodiorite to monwgranite. 

The latter occur as irregular diffuse veins and amoeboid patches within the former. 

Magnetite porphyroblasts are preferentially contained within the more potassic phase. 

Nature of Contacts with Host Reeks 

The Siege Plutonic Suite intrudes rocks of the Concession, Wishbone and Olga 

Suites and volcanic rocks along its nonhem and western margins and metasedimentary 

rocks to the south and east. Contacts with host rocks may be sharp, but are typically more 

complex, consisting of a marginal facies containing abundant host rock xenoliths 

transitional into an intensely veined host rock. The marginal facies is an intrusive 

migmatite or diatexite composed of various xenoliths, schlieren and biotite-rich folia 

within a tonalite to granodiorite matrix. Bostock (1980) interpreted this contact to be 

gradational, reflecting in situ granitiz.ation. The intrusive contact wne may be 10 metres 

to tOO's of metres broad. The mixed xenolith wnes are not restricted to the contacts, but 

a!:~o occur within the central part of the body. 

The strongly veined host rocks along the western margin arc complexly folded 

(Figure 3.21 ). The fold patterns cannot be correlated with structures outside the 

immediate contact zone. One possibility is that the folds formed, at least partially, as a 

result of intrusion. Intrusion of this suite cenainly involves stoping, as witnessed by the 

abundance of xenoliths, but may also have a component of diapirism or in situ ballooning 

(Bateman, 1985) causing deformation of the sunounding migmatized aureole (King et al. 

1988). Softening of the host rocks by intrusion of magma and heating may have 

facilitated intrusion and deformation. Deformation associated with intrusion has not been 

studied in detail. 
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Evidence for Relative Timing of Intrusion 

The pluton contains xenoliths of earlier plutonic rocks of the Olga and Concession 

Suites, as well as metavolcanic and metasedimentary rocks. The xenoliths commonly 

contain veins of tonalite compositionally similar to the host rock which occur parallel to 

the interpreted S2 surface. Tonalite veins within the xenoliths are commonly isoclinally 

folded. although there is no evidence for folding within the pluton external to the 

xenolith. This relationship suggests that veining and folding occurred during 

emplacement, and the xenoliths were incorporated as the magma engulfed its contact 

zone. The fact that veins occur preferentially along the S2 surface within the host rocks 

and xenoliths suggests that S2 was already developed at the time of intrusion . The 

presence of a weak foliation within the pluton (locally defined by the alignment of 

biotite) concordant with S2 suggests that emplacement occurred late in D
2
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van Breemen eta/. (1990) reponed U-Pb data for zircons from the Siege Pluwn; 

however a precise age has not been determined because of inheritance. Of the five 

fractions analyzed, two show evidence of inheritance, while three others are discordant 

but define a line which intersects concordia at 2616±2 Ma. This age is in conflict with 

the field observ:ttion that the Siege Tonalite intrudes the Southern Diorite since the 

Southern Diorite has been precisely dated at 2608±1 Ma. As discussed by van Brcemen 

eta/. ( 1990), it is possible that the age of the Siege Tonalite could be up to several 

million years younger than 2608 Ma and the older age reflects the inherited component. 

If the age of 2616 is correct then this imples that either the Siege Tonalite or the Southern 

Diorite are composite bodies which formed over a protracted period of time (>8 m.y.). 

3.6 Post-Deformation Plutonic Suites 

3.6.1 Yamba Plutonic Suite 

The Yamba Plutonic Suite principally outcrops as two large bodies within the 

southern ponion of the map area. The Wolvenne Monzogranite (WM) occupies an area 

of close to 1500 km2 around Yamba Lake (Yamba Batholith of Bostock, 1980) and 

extends a funher 15 km to the south (Folinsbee, 1949). The Pellatt Lake Monzogranite 



(PLM) is a similar sized body located 30 km to the east of the WM. The two bodies are 

divided by a septa of mixed paragneiss and Concession Suite granitoids. In addition to 

these two larger bodies many smaller bodies occur throughout the central and southern 

part of the map area. 

Lithology 

32 

The suite is dominantly monzogranitic with lesser amounts of granodiorite and 

syenogranite (Figure 3.12). Outcrops are typically massive. well jointed and pale pink to 

red weathering. Rocks are medium to coarse grained (2-10 mm), equigranular to 

microcline porphyritic, with a granitic texture (Figure 3.22). A typical rock consists of 

25-40% plagioclase, 25-35% quanz, 25-40% microcline, 5% biotite, 0-5% mynnekite 

and trace amounts ( < 1%) of muscovite, apatite, opaque, monazite and zircon. Variation in 

the plagioclase/microcline ratio reflects, in part, local concentration of microcline 

phenocrysts. Plagioclase is generally equant, medium grained (2-4 mm) and anhedral to 

subhedr.tl. Smaller euhedral crystals with albite rims are common inclusions in 

microcline phenocrysts. Mynnekite an<Vor albitic selvedges are common at boundaries 

between plagioclase and microcline. Quartz is equant and anhedral, commonly with 

serrated boundaries against plagioclase and microcline. Grains are strained but not 

polygonized. Micnx:line occurs as both anhedral interstitial grains and as subhedral 

phenocrysts (2-7 mm) with inclusions of plagioclase, apatite and biotite. Microcline 

phenocrysts are common, in places making up 5 to 30% of the rock. Microcline crystals 

are penhitic, consisting of 10-15% of relatively coarse lamellae of albite. Locally the 

long axes of phenocrysts define a shallowly dipping lineation, which is subparallel to 

contacts. In places the rocks contain segregations or pods of microcline rich{± magnetite) 

material interpreted to represent late stage movement of potassic fluids. Euhedral biotite 

comprises 2 to 15% of the rock. Muscovite is lucally present but is generally secondary 

except for occurrences within pegmatites. Gamet is a local accessory phase and is 

common in pegmatites. along with tounnaline. The occurrence of garnet, tounnaline and 

muscovite in pegmatites is related to host rock lithology. They are generally present if the 

host rock is sedimentary and absent if the host is igneous. 



Rocks are weakly to moderately altered. The alteration cor,si~t!\ 0f saussuriti1.ed 

plagioclase, chloritized biotite, and secondary growth of muscovite after microchne. 

Replacement of plagioclase by microcline occurs in small patches. 

Hornblende syenites and quanz syenites, occur associated with Yarnba Suite 

monzogranites in one small area along the eastern margin of the WM. The relationships 

of these rocks to the monzogranites are not known owing to very poor exposure in the 

area. These rocks have not been investigated in detail here. 

Pluton Morphology 

Rocks of the Yamba Plutonic Suite outcrop both as large mapscale bodies (ie . 

Wolverine and Pellatt Lake Monzogranites) and as smaller dyke, sill and irregularly 

shaped bodies. Dykes and sills (10 em to tO's m wide) are ubiquitous throughout the 

central pan of the map area. They are panicularly common intruding plutons of the 

Concession Suite. Bostock (1980) described these intensely intruded areas as hybrid 

rocks. In places, dykes and sills may constitute up to 80% of the outcrop area (Figure 

3.23) and many of the medium sized bodies (1 -10 km) m map view are amalgamations of 

compositionally similar dykes and sills. Internal contacts within these bodies are readily 

observed but difficult to map out owing to similar characteristics and lichen cover. 

The morphology of larger bodies such as the Wolverine and Pella1t Lake 

Monzogranites cannot be detennined on available data. These large masses are internally 

complex consisting of numerous texturally variable phases of compositionally similar 

magmas. Both sharp and transitional contacts are observed. Although exposure is 

generally good, the often subtle differences between the various phases could not be 

mapped out at the scale of this project. It is not clear if large masses such as the 

Wolverine Monzogranite represent dyke and sill complexes as described above, or 

represent the consoliWited products of a single large magma chamber. 

The size of bodies shows some correlation with the metamorphic assemblages in the 

adjacent host rocks: the largest bodies are associated with migmatized host rocks whereas 
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the dyke and sill complexes occur in lower grade rocks. Since the granites are younger 

than the metamorphic mineral assemblages recorded in their host rocks, it is not clear if 

the different intrusive styles are directly related to the depth of intrusion within the crust. 

Nature of Contacts with Host Rocks 

The orientations of the dyke and sill complexes described in aJe previous section 

are strongly governed by the anisotropy of the host rocks (principally the S2 surface). 

This has been well documented in the area southwest of Olga lake (King era/., 1988). 

Here, the regional foliation in the host rocks is relatively shallow and the Yamba Suite 

bodies occur as large, shallowly dipping sills concordant with S2 and interconnected by 

steep dykes. 

The intrusion of the dyke swarms has had very little effect on the orientation of 

regional deformation surfaces (principally S2; King e, a/. 1988; 1989a). Trains of 

Kenoliths within large granitoid bodies, ranging in size from lO's of m to km in scale 

effectively map out both lithologic contacts and large scale structural features (King eta/. 

1988). This is particularly evident in the central and nonhero parts of the map area. 

Similar relationships, termed 'ghost stratigraphy' by Pitcher (1970) have been 

documented in Andean batholiths, and are associated with intrusion in extensional 

settings. This intrusive style suggests that the rocks were intruded during brittle 

fracturing and stoping of wallrocks and probably reflects high level exposures of the 

magmatic system. 

In the southern pan of the map sheet, the contacts with host rocks are more 

complex. In places they are razor sharp as in the dyke and sill complexes described 

above; however more characteristically the contact with the hosl rock is marked by a 

relatively diffuse zone of intense veining and micrxline metasomatism up to several 

hundred metres wide. Monzogranitic and pegmatitic veins, ranging in width from one em 

to several m pervasively intrude the host rocks. Often the monzogranitic veins appear 

disconnected from the main body of granite, occurring as irregular pods within the host 



rocks. In places, discrete veins are not observed, however the host rocks. gener.tlly 

tonalite of the Concession Plutonic Suite, contains significant amounts of medium 

grained microcline crystals, implying fluid metasomatism. 

Locally within one km of the contact, the monzogranites have a schlieric or gneissic 

texture (Figure 3.24). Schlieren consist of mafic (biotite± hornblende) rich and mafic 

poor (microcline rich) layers intercalated on a scale of centimetres. These 'mixed' rocks 

are interpreted as remnants of hybridized host rocks, in particular diorites and tonalites of 

the Conc:ession Plutonic Suite. Particularly good exposures occur at the northern contact 

of the Wolverine Monzogranite with tonalites of the Concession Suite and more locally 

along the eastern contact along the eastern shore of Yamba Lake. In addition, the texturc:s 

are common within the Pellatt Lake Monzogranite which contains a high proportion of 

dioritic to tonalitic xenoliths (shown as filled squares on Figure 3. I). Although the origin 

of this texture has not been investigated in detail, the correlation between the diffuse, 

transitional contact zone described above and these rocks suggests hybridization by fluids 

and melts derived from the m.Jnzogranite. It is therefore speculated that part of the larger 

monzogranite bodies of the Yamha Suite contain, at least locally hybridized host rocks, 

dominantly of the Concession Plutonic Suite. In sampling for geochemistry these rocks 

were avoided. 

Evidence for Timing of Intrusion 

Plutons of the Yamba Suite intrude all other rock types, although their field 

relationship to the Contwoyto Suite is not established (see below). The rocks are not 

penetratively deformed and show no evidence of having experienced the regional 0
2 

deformation and metamorphism. The regional S2 surface panly controls intrusive style 

but is also truncated by the intrusions. Intrusion is therefore interpreted to post-date the 

peak metamorphic and deformation event in the area. Suitably oriented granitic and 

pegmatitic sills and dykes are openly folded by the 03 folding event. Intrusion is 

bracketed to occur between these two deformation events. 
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A single sample of the Yamba Plutonic Suite from the Wolverine Monrogranite has 

been dated (U-Pb on monazite) at 2582±4. This provides a minimum age for the time of 

regional metamorphism and 0 2 deformation in the area. 

3.6.2 Contwoyto Plutonic Suite 

The Contwoyto Plutonic Suite outcrops throughout the map area with the larger 

bodies concentrated in the north and east Rocks of the Contwoyto Suite make up the 

large granitoid region northwest of the Lupin mine site (Contwoyto Monzogranite on 

Figure 3.1; Contwoyto Batholith of Bostock (1980) and Tremblay (1976)). Plutons 

assigned to this suite are also present in the cenual region near Olga Lake, in the south, 

east of Yamba Lake and in all areas east of Contwoyto Lake. The Contwoyto and Yamba 

Suites are largely spatially separate and only overlap in the southern pan of the map 

sheet. 

Lithology 

Rocks of the Contwoyto Plutonic Suite range from tonalite to monwgranite, largely 

overlapping the compositional field of Yamba Suite rocks, but including a greater 

proportion of tonalitic to granodioritic rocks (Figure 3.12). Rocks are massive, white to 

grey-green weathering, equigranular, and fine grained to pegmatitic. A typical Contwoyto 

Suite rock is comprised of 30% quartz, 35-40% plagioclase, 20-25% microcline, 2-10% 

biotite and 2-10% muscovite. In contrast to the Yamba Plutonic Suite, two primary 

micas, muscovite and biotite, are usually both present The proponion of microcline is 

variable, ranging from less than 10% to greater than 70% in coarse grained pegmatitic 

patches. The rock is locally microcline porphyritic although not as prominently as in the 

Yamba Plutonic Suite. Plagioclase occurs as equant. sub to anhedral gr.Uns; 

compositional zoning is not prominent although secondary sausuritization may 

preferentially alter cores of grains. Twin lamellae are occasionally kinked or displaced. 

Quartz shows two habits; anhedral small round grains (0.25 to 1 mm), commonly as 

inclusions in plagioclase and microcline, and as larger irregular, often interstitial, grains 

up to 3 or 4 mm. Quanz is strained and occasionally larger grains are polygonized. 

Microcline occurs as anhedral interstitial grains and as sub to anhedral oikocrysts (2-5 
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mm) containing abundant inclusions of round quanz grains, euhedral plagioclase (with 

albitic rims) and biotite. Penhitic texture is well developed. Biotite is euhedral to rJgged 

and distinctly dark reddish-brown in colour. Zircon inclusions with associated metamict 

haloes are common in biotite. Biotite is commonly altered to chlorite (±oxides. prehnitd. 

Muscovite occurs as euhedral, random to oriented individual crystals. sometimes 

intergrown with biotite. Muscovite is also observed overgrowing plagioclase and 

microcline and these crystals are presumed to be subsolidus. Apatite is a common 

accessory mineral, readily observed in hand sample as large ( 1-3 mm) euhcdral 

aquamarine crystals. Tourmaline is locally common, both in equigmnular granites and in 

associated pegmatites. Euhedral monazite and zircon are common. Sillimanite is 

observed intergrown with quanz and muscovite in rosettes within pcgmatites (Figure 

3.25). 

Pegmatites, both internal and external to plutons are extremely common (Figure 

3.26). Pegmatites are usually associated with the larger masses of granites (e.g. 

Contwoyto Monzogranite), but also occur as extensive dyke swarms in metasediment.' 

isolated from exposures of granite. In this respect they resemble pegmatites associated 

with the Prosperous Granite in the Yellowknife area (Henderson, 19H5: Cerny and 

Meintzer, 1985; Kretz et al., 1989a.b ). Most of the pegmatites have a simple mineral 

assemblage consisting of variable proponions of microcline. quanz, albite, biotite, 

muscovite, tounnaline, apatite, garnet, ±sillimanite. Detailed mineralogical studies of the 

pegmatites were not undenaken. 

Pluton Morphology 

The Contwoyto Plutonic Suite exhibits a similar dyke and sill style of intrusion to 

that of the Yamba Suite described above. Larger bodies of the Conrwoyto Suite (e .x. 

Contwoyto Mm;zogranite), which in map pattern appear lobate, in detail are made up of 

multiple intrusions of compositionally similar but textur.tlly distinct phases, ranfing from 

fine grained to pegmatitic (King et al. 1988). Contacts between phases are extremely 

sharp. These large bodies do not represent the remains of iarge magma bodies. r.l!her they 
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are amalgamations of many small intrusive bodies. In some areas (e.g . along the 

northwest shore of Contwoyto Lake, nonh of the Lupin Mine site) the pluton is made up 

entirely of coarse grained tounnaline-muscovite pegmatite. 

Nature of Contacts With Host Rocks 

Contwoyto Suite rocks most commonly intrude metasedimentary rocks of the YKS 

although they are also found intruding rocks of the Concession Plutonic Suite. 

Contwoyto Suite rocks are not observed to intrude Yamba Suite Rocks. 

Metasedimentary host rocks are generally at or above the cordierite isograd. lnuusion 

into lower grade rocks is less common although this may, in part, reflect the iimited 

outcrop area of low grade rocks within the map area. Henderson (1985) noted a similar 

relationship between the two mica, Prosperous Lake Granite and metamorphic isograds in 

the Yellowknife-Hearne Lake Area, as did Culshaw and van Breemen (1990) for two 

mica gr.tnites in the Tinney Hills area. The occurrence of these two mica granites 

dominantly above the cordierite isograd is a feature common throughout the Slave 

Province. The granites in the Contwoyto Lake area are not causally linked to the 

metamorphism. 

Contacts with host rocks are typically sharp. As an example, the contact between 

rocks of the Contwoyto Monzogranite and metasedimentary rocks east of the Lupin Mine 

site consists of a narrow (<100m), marginal zone of sharply bounded, layer parallel sills 

of granite. Although locally concordant the contact is discordant on a regional scale. In 

some places the contact is marked by one or more layer parallel venical sills within the 

metasediments, external to the main body of granite. Tourmaline is common in both the 

granites and schists along the contact zone (see Kretz eta/., 1989a, b for discussion of 

similar features around the Prosperous Granite in Yellowknife). Screens and 

discontinuous septa of metasediments are abundant throughout the body at all scales 

(figure 3.27). A 'ghost stratigraphy' is preserved within these xenolith trains. 

Metasedimentary :~tenoliths grade from discrete sharply bounded angular fragments 

showing little interaction with the melts, to diffuse ghost-like biotite-rich schlieren 
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(Figure 3.28). All the gradations in xenolith preservation can be observed in a small an:a 

and are interpreted to reflect various degrees of assimilation and hybridization. In general 

the larger xenoliths are less assimilated than smaller enclaves. 

Although in many areas the metamorphic isograds parallel the contact of the larger 

granitoid bodies, in detail the granitoids are discordant and cross-cut isograd surfaces. 

implying post-metamorphic intrusion. Metamorphic isograds can be mapped within 

larger areas of granite by the assemblages recorded in the metasedimentary enclaves 

(King et al., 1990). Contact metamorphic effects have only been documented amund one 

pluton, where sillimanite overgrows the regional S2 surface (Relf. 1990). 

Evidence for Timing of Intrusion 

Of all the plutonic suites described above, the timing of the Contwoyto Suite is 

most enigmatic. In most cases, intrusion of the Contwoyto Suite utilizes pre-existing 

surfaces (52) and crosscuts metamorphic isograds. These observations infer a post-D
2 

timmg for the suite, in accord with the relatively young (2580-2590 Ma) U-Pb monazite 

ages reponed in van Breemen ct a/., 1990, and described below. This simple 

interpretation however fails to account for: folds and boudins of granitoid veins within 

metasediments; and the presence of a foliation defined by biotite and or muscovite in 

some bodies which is regionally concordant with S2• Whether these features are a result 

of 0 3 or subsequent deformation cannot be easily demonstrated, in part because these 

events are difficult to characterize within the map area (Relf. I 990). It is possible that 

some of the Contwoyto Suite was intruded during the waning of 0 2 deformation in the 

area. 
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Lithologic Comparison to the Yamba Plutonic Suite 

The Yamba and Contwoyto Plutonic Suites show considerable overlap in the 

relative timing of intrusion as well as modal mineralogy, both suites being dominated by 

rocks of monzogranite composition (Figure 3.12). The two suites are. in most cases, 

relatively easy to distinguish in the field. Some of the characteristic differences between 

the suites are listed in Table 3.2. The weathering :~:u-acteristics of the two suites are 

panicularly distinctive on a regional scale and together wi•Jt the occurrence of two 

primary micas in the Contwoyto Suite allow the two suites to be distinguished. 

Table 3.2. Characteristic petrographic differences between the Yamba and Contwoyto 
Plutonic Suites. 

Characteristic Y amba Plutonic Contwoyto Plutonic 

Suite Suite 

Weathering colour Red-pink White-grey-green 
Microcline Phenocrysts Very common Less common 
Primary Mica Biotite Biotite and muscovite 
Biotite Colour (optical) Brown Reddish-Brown 
Pegmatites Common Extremely common 
Tounnaline Only in pegmatites in granites and pegmatites 
Aluminosilicate Uncommon, Sillimanite & garnet in 

garnet locally pegmatites 

3. 7 Chapter Summary 

1) Plutonic rocks are subdivided into 8 suites on the basis of petrographic and field 

observations. Four of the suites predate the regional metamorphism and deformation 

(02) and are spatially associated with volcanic rocks of the CVB. The four other suites 

were intruded syn· to post- the peak metamorphic/deformation event. The 

subdivisions proposed here, based on field relationships, are supported by available 

U-Pb geochronology (van Breemen eta/., 1990). 
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2) Plutonic rocks associated with the older tectono-stratigraphic assemhlage consititute a 

very small proponion of rocks within the area and are dominantly low- K felsic n~ks. 

3) Plutonic rocks of the younger assemblage define an evolution in composition with 

time of intrusion. The two older suites, Concession and Siege, were intruded 

synchronously with or late in a regional compressive event (D2), accompanied hy low 

pressure/high temperature metamorphism. 
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Figure 3.1 Geological map of the Contwoyto-Nose lAkes study area (NTS 76E and SW quadant of 76F, from King et al, 1990). Location of map shown on Figure 1.3 
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Figure 3.2. Schematic summary of the principal geological units. Outcrop area of the 
units calculated by point counting (n = 1000) the geological map (Figure 3.1). No 
estimates of volume are made. U-Pb ages from van Breemen et al. (1990) (Table 3.1). 
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Figure 3.5. Schematic representation of intrusive relationships amongst the plutonic 
suites as determined from cross-cutting relationships and xenolith suites. Arrowheads 
indicate intrusive contact established, with the head pointing to the host rock. 
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Figure 3.6. A) Typical texture (weathered surface) of Gondor Plutonic Suite. (Gondor 
Porphyry, Figure 3.1) . Note large quartz phenocrysts. Scale bar in em. 

Rock names for plutonic rocks 
after Streckeisen (1976) 

and LeMaitre (1989) 

a 

e Gonder Plutonic Suite 

Wishbone Plutonic Suite 
0 Wishbone Dome area 
~ Jaeger Monzogranite 

• Olga Plutonic Suite 

Figure 3. 7. Quartz-plagioclase-alkali feldspar (QAP) mesonorm diagram for plutonic 
rocks associated with the older tectono-stratigraphic assemblage. Rock names 
following Streckheisen (1976) and LeMaitre (1989) are shown in inset. 



Figure 3.8. Typical weathered outcrop surface of a Wishbone Plutonic Suite tonalite, 
Wishbone Dome area. Scale in em. 

Figure 3.9. Tonalite sill of the Olga Plutonic Suite intruding the overlying mafic 
volcanic rocks of the Central Volcanic Belt. 
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Figure 3.10. A) Contact between two tonalites of the Olga Plutonic Suite. Foliation 
surface (S2), highlighted in the accompanying line drawing cuts across the contact at a 
high angle. Both of the phases shown in this photo have been dated within error of 2650 
Ma (van Breemen et al., (1990), Table 3.1). 
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Figure 3.11 A) Regional distribution of rocks of the Concession Plutonic Suite. Names 
refer either to individual plutonic bodies or to geographical areas. B) Residual magnetic 
anomaly map of the southwest corner of the map sheet (location outlined by Box A on 
Figure 3.11A) modified from GSC aeromagnetic map 72060 (King et al., 1989). 
Magnetic highs correspond with location of Concession Suite plutons (compare also 
with Figure 3.1). Heavy lines are Proterozoic faults; thinner lines are geological 
contacts. 
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Figure 3. 12. QAP mesonorm diagram for syn-deformation and post-deformation 
plutonic rocks. 
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Figure .3.13. Typical textures of weathered surfaces of rocks of the Concession Plutonic Suite. A) Strongly foliated 

hornblende-biotite quartz diorite. intruded by younger (ca. 2585 Ma) pegmatite. B) Sharp intrusive contact between 
different phases. C) massive hornblende biotite quartz diorite. DJ Swarm of elongate, microdiorite enclaves within 
hornblende-biotite tonalite at Nose Lake. 
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Figure 3.14. Photomicrograph of metamict allanite crystal rimmed by epidote, 
Concession Plutonic Suite. Width of photo = 1.5 mm. 

Figure 3.15. Weathered surface, foliated, K-spar porphyritic biotite monzodiorite, 
Concession Plutonic Suite. True scale. 
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Figure 3.16. Map showing layer parallel bodies of diorite and quartz diorite of the 
Concession Suite intruded within paragneisses of the YKS. The plutons are elongate 
parallel to, and contain a foliation surface concordant with the regional S2 surface in the 
host gneisses. Location indicated by Box B, Figure 3.11A. 

Figure 3.17. Interpreted geological cross section of the Southern Diorite in the Olga 
Lake area. Section line (C-D) shown on Figure 3.11A. Southern Diorite forms large 
tabular sheet near or at the contact between the CVB and the Olga Tonalite. Bodies 
intruding the Southern Diorite (labelled C6) are undifferentiated post-deformation 
granites. 
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Tonalite 

Figure 3.18. Map of the Concession Pluton showing marginal zone of mixed diorite and 
homblendite and a relatively homogeneous core of quartz diorite and tonalite. The 
contact between the different phases are intrusive (see Figure 3-19). 

Figure 3.19. Homblendite within marginal zone of the Concession Pluton being 
disaggregated by and incorporated within intruding diorite. 
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Figure 3.20. Typical weathered outcrop surface of a tonalite of the Siege Plutonic 
Suite. Brownish coloured quartz is characteristic of this suite. = 1 em 

Figure 3.21. Intrusive contact between the Siege Tonalite and rocks of the Olga 
Plutonic Suite. The host rocks have been intimately veined by the intruding tonalite 
prior to folding. The fold geometry within the immediate contact zone (10 to several 
100m wide) does not correlate with regional structures and is presumed to be related to 
intrusion of the tonalite. 
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B 

Figure 3. 22. Characteristic weathered outcrop surface of rocks of the Y amba Plutonic 
Suite. A) Equigranular texture, Pellatt Lake Monzogranite. B) Microcline porphyritic 
monzogranite, Wolverine Monzogranite. Scale in em. 
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Figure 3.23. Aerial photograph of dykes of Yamba Suite monzogranite within quartz 
diorite of the Concession Suite. Pale areas are Yamba Suite rocks, dark areas are 
enclaves of the Concession Suite. Field of view approximately 250 m. 

Figure 3.24. Gneissic texture in granitoids at the eastern margin of the Wolverine 
Monzogranite. The texture is interpreted to originate by hybridization of Concession 
Suite tonalites by potassic fluids discharged from the Wolverine Monzogranite during 
emplacement and cooling. 
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Figure 3.25. Sillimanite-muscovite-quartz rosettes within pegmatites of the Contwoyto 
Plutonic Suite, Contwoyto Monzogranite, northeast of the Lupin mine site. 

Figure 3.26. Contact between fine to medium grained monzogranite and pegmatite in 
the Contwoyto Monzogranite. Sharply bounded internal pegmatites are a characteristic 
feature of the Contwoyto Plutonic Suite. Scale in em. 
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Figure 3.27. Sharply bounded rafts of metasedimentary rocks (dark areas) within the 
Contwoyto Monzogranite. Large xenoliths have undergone very little rotation, as 
indicated by the continuous trace of the s2· surface from enclave to enclave. 

Figure 3.28. Biotite-rich schlieren within Contwoyto Monzogranite interpreted to be 
residual from assimilated host metasedimentary rocks. Scale in em. 



4.1 Introduction 

Chapter 4 
Geochemistry and Petrogenesis nf 

the Central Volcanic Belt 
and Pre-Deformation Plutonic Suites 

This chapter describes the geochemistry of. and discusses pctrog\.'nctil· l·onstraints 

on the origin of igneous rocks .1ssociated with the early assemblage; including vok~tnK 

and plutonic rocks of ,.le Central Volcanic Belt and the Gondor. Wishhone and Olga 

Plutonic Suites. All of these rocks pre-date regional deformation and mt.•tamorphism 

and were emplaced within a ::!0 m.y. period between ::!670 and ::!650 1\ta. This tinw 

period is coincident with formation of many other volcanic belts within the Slave 

Province (Mortensen er a/ .. 1988) . 

Rocks of the early assemblage consist of three main groups: 

I) a basaiHuidesite-dacite-rhyolite volcanic series of the Central Volcantc Belt (CVB) 

and intrusive rocks of the CVB Plutonic Suite; 2) high-SiO!. low-AI ,0
1 

fdsic n)("ks of 

the Gondor and Wishbone Plutonic Suites and rhyolites of the CVB; and 3) 

moderate-Si02, high-AI20 1 trondhjemites of the Olga Plutonic Suite. This tripartite 

division differs from the divisions based on tield characteristics (Chapter J). with the 

Gondor and Wishbone Suites grouped together because of their \imilar geochemical 

characteristics. 

The chapter is organized as follows: 

I) the geochemical characteristics of each of the three groups will he presented m 

sequence. followed by; 2) a brief discussion of the petrogent:sis and evolution of cat:h 

of the groups. 

4.2 Presentation of Geochemical Data 

4.2.1 The Central Volcanic Belt and Associated Mafic Plutonic Rocks 

The data presented below do not form a comprehensive study of the volcanic hell. 

Relatively few samples were analyzed and the data serve only as a reconaissancc study 

of the broad geochemical characteristics of the belt. Detailed studies of Archean (e.x. 



Thur!>ton and Fryer. 1983) as well as younger greenstone belts (e.g. Swinden er al .. 

I (NO) scn·c to illu'itratt: the complexity of rock types that may be found within an 

indiv1dual volcanic belt. 
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Representative chemical analyses of CVB volcanic rocks and the associated CVB 

Plutonic Suite arc presented in Table 4 . 1. Selected major elements are plotted on 

Harker diagrams in Figure 4.1 . The samples are dominantly calc-alkaline (Figure~. I d. 

4.2), and range in compositior. from 50 to greater than 80 wt% SiO~. The calc-alkaline 

designation for these rocks is based on major element criteria. which. in some cases. 

may be altered by secondary processes such as metamorphism and metasomatism. 

Although this possibility cannot be evaluated for the samples discussed here. the more 

extensive major ekment data set of Bubar and Heslop (I Q85), also suggests a 

dominantly calc-alkaline character and a continuous range in SiO~ for the least altered 

samples of the CVB. Lithological mapping (King er a/ .. 1988) indicates a continuous 

compositional range with a high abundance of intermediate rock-types: a characteristic 

nf calc-alkaline rock series. 

Volcanic rocks are subdivided into two groups: 1) a basalt-andesite-dacite series: 

and. 2) high-Si02 rhyolites. The former have Si02 < 70 wt% with moderate to high 

AI_,Q, ( > 15.5%) in contrast. the latter have SiO! > 75% and distinctly lower Alp, 

( < 13 wt%: Figure 4.lt). The high-Si02 rhyolites are compositionally similar to 

plutonic rocks of the Gondor and Wishbone Suites and will be discussed with them 

below . 

Discussion of trace elements is restricted to those considered to be least affected 

by alteration and metamorphism (e.g. Ludden e1 a/ .• 1982); in particular the rare earth 

elements (REE) and high field strength elements (HFSE). 

Distinctive geochemical features of the mafic and intermediate rocks include: low 

Ti: {Th/Nb)N and (l..a/Nb)N ratios greater than one; and moderate to high (Ce/Yb)N 

(Table 4 . 1; the subsript N indicates chondrite normalized values, Appendix 5). Sample 

D054b-87. a gabbro of the CVB has (Th/Nb)N less than one but (La/Nb)N greater than 



Table 4.1 Representative anhydrous analyses oi rocks 
from the Central Volcanic Belt 

Mafic and lntermed•ate Rocks 

Sample D054b 005287 R05187 020687 02378 7 021987 00!>..'• 
87 t!/ 

So02 (wt%) 
T 02 
At203 
Fee• 
\II nO 
MgO 
CeO 
Na20 
1(20 
P.ZOS 

LOI 
Mg# 

1ntr . 

49.7 
1.02 

17.8 
9.10 
0 .16 
6.89 

11 .47 
2.83 
0 .86 
0.24 

0 .87 
57 

Vole . 

50 .1 
0.66 

16.0 
9 83 
C17 
8 .21 

11.12 
2.64 
, .08 
0.18 

1.16 
60 

Trace "lements in parts per molloon 

Cr 
No 
Sc 
v 
Zn 

Rb 
Ba 
Sr 
Ge 

Nb 
Zr 
y 

Th 

La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 

Ov 
Ho 
Er 
Tm 
Yb 
Lu 

Selected retooe 

Ti /Zr 
Zr iNb 
ZrfV 
ILe/Nb)• 
(Th/Nblw 
(CefVb)w 
Eu/Eu• 

119 
, 21 

31 
237 

82 

16 
93 

3;29 
18 

6.7 
72 
18 
0 .40 

12 .5 
29 1 

3 .98 
16.7 

3 .64 
1.23 
3.29 
0 .51 
3.20 
0 .67 
1.76 
0 26 
1.67 
0 .24 

85. 
10.8 

4 .0 
1.9 
0 .5 
4 .51 
1.09 

17 
42 
43 

254 
84 

25 
53 

282 
15 

1.1 
35 
13 
0 .43 

20 .9 
51 .6 

8 .19 
39 .2 
10.1 

5.17 
10.4 

1 .67 
10 .3 

2 .18 
5.74 
0 81 
5 .53 
0 .82 

114 . 
31 .7 

2 .6 
19.6 

3 .5 
2 .42 
, .55 

lntr . 

58 8 
O.H 

15.9 
7 .78 
0 .13 
4 .38 
7 .50 
3 56 
, 07 
0 .11 

0 .97 
so 

nd 
nd 
n .j 

n.:l 

nd 

31 
nd 

193 
nd 

12 .3 
165 
36 
3 .06 

21 2 
49 6 

6 .3 
26 .4 

5 81 
1 .13 
'5 .3 
1.00 
6 .3 
1 .35 
3 .71 
0 .55 
3 .71 
0 .56 

26 .9 
13.4 

4 .6 
1.8 
2 .2 
3 .5 
0 .57 

Vole . 

60 .0 
0 98 

17 2 
6 . 12 
0 . 16 
4 24 
6 .37 
4 .11 
0 .53 
0 .37 

1.09 
55 

177 
90 
25 

195 
78 

8 
9 ' 

161 
15 

10.0 
173 

24 
2 .01 

25 .4 
61 
7 .8 

32 .8 
6 .1 
1.96 
5.47 
0 77 
4 39 
0 .87 
2.26 
0 .30 
2 01 
0 .29 

34.0 
17 .3 

7 .1 
2 .6 
1.8 
79 
1.03 

Vole. 

60.9 
1.10 

15.9 
7.08 
0 .14 
3 23 
6 98 
4 30 
0 .14 
0 .21 

0 .31 
45 

27 
16 
26 

183 
87 

0 
14 

192 
16 

10.2 
222 

30 
3 .21 

24.9 
55.9 
69 

28 4 
5.79 
1.66 
5.98 
0 91 
5 63 
1.18 
3 24 
0 .46 
3 15 
0 .47 

29.6 
21.8 

7.3 
2.5 
2.8 
4 .6 
0 .86 

Vole . 

67 .0 
0 .57 

15 6 
5 . 17 
0 .06 
2 19 
1 .22 
7 .13 
0 .80 
0 25 

1 86 
43 

dl 
dl 

11 
51 
66 

11 

201 
144 

15 

13 8 
265 

29 
3 .82 

30.5 
70 
85 

33 .5 
5 .97 
1 69 
5 .32 
0 .74 
3 80 
0 .74 
2 01 
0 .31 
2 20 
0 .33 

12 .9 
19 .2 

9 .2 
2 .3 
2 .5 
8 .3 
0 .91 

Voh: . 

67 .7 
0 61 

16;: 
4 :!8 
0 08 
1 -13 

3.73 
4 .24 
165 
0 16 

O .b7 
37 

dl 
<.II 

8 
56 
62 

90 
302 
235 

19 

8 .4 
189 

11 
3 .24 

15 8 
34 a 

4 . 11 
160 

2 .95 
0 .94 
2 .79 
0 38 
2 .09 
0 .43 
1 . 10 
0 . 16 
103 
0 . 16 

19.4 
22 .4 
17. 1 

1 .9 
3 .4 
8 .8 
1 .00 

N 

High·S• Rods 

WH4• 012\l HI "-·' ~1 ' ' t1 .' 
H/ 

79 2 
0 28 

10 9 
3 11 
0 02 
1 96 
0 65 
4 68 
0 20 
0 02 

1 :!2 
53 

Vok 

78 .9 
0.00 

11 4 
1 98 
0 03 
2 30 
1 OS 
2 73 
1 60 
0 00 

2 93 
67 

Jl dl 

•. u ~· 
3 ~I 

,JI ~I 

Z9 15 

3 32 
30 199 
53 S3 
13 21 

16 0 19.8 
338 26 7 

36 31 
6 78 

25 2 40:. .3 
52 .7 101 

7 .4 11 .5 
29 0 42 2 

6 0 1 3 
1 . 12 1.14 
5 65 5.99 
0 .87 0 67 
5 33 3.24 
1 .05 0.62 
2 99 1.72 
0 .42 0 .28 
2 70 2 06 
0 .40 0 .33 

50 
21.2 

9 .4 
13 .5 
8.5 
2 35 
3 .06 

12.7 
0 .53 

8 1 tl 

0 13 

:} ·'"' 
1 ~J J 

0 (' .. , 

1 ' : 3 
O Jil 
~ 10 
2 ~., 
a Ju 

ll 

d l 

II 

'" , j l 

42 
7 1, 

30 '> 
l2 
8 b 

32 7 
'> 8!:1 
0 90 
~ 6~ 

0 88 
s oo; 
1 13 
3 32 
0 51 
3 80 
0 ".) 

28 
12 2 
'35 
140 
2 88 
5 .0 
0 .48 

AbbreVIetions: lntr. • lr>trusive rocks of the Central Volcenac Belt Plutonoc Suote; Vole . ,. volcanic rocks; dl : 
below detection limit; nd • not determined . 



one. Mid-ocean ridge basalt normalized REE patterns are LREE enriched. with 

neg; tive Nb anomalies, no significant Eu anomalies and flat. slightly depleted HREE 

patterns (Figure 4.3). 

:--.li abundances (Table 4.1) are lower than expected in primary mantle melts and 

therefore, all samples arc considered to be fractionated . Incompatible trace elements 

<Th, Ce, Zr, Y) increase from basalts through andesites (figure 4.4), consistent '>'ith 

typical calc -alkaline fractionation series k.g. Gill, 1981). 
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A single isotopic analysis of a mafic sill gives an cN.!O) value of + 3. 1 calculated at 

2667 Ma (fable 7.1: see Appendix 3 for discussion of Nd isotope nomenclature). This 

value is similar to estimates of Late Archean depleted mantle (Machado era/ . . 1986: 

Shirey and Hanson , 1986). 

~.2.2 The 1-'elsic Rocks 

Felsic granitoid and volcanic rocks make up a significant ponion of the early 

assemblage in the area. Two types of felsic rocks are observed: 1) high-SiO~, low-AI~O, 

rocks many of which are enriched in Y and HFSE; and 2) muderate-Si, moderate-A! 

rocks with lower Y and HFSE (Figure 4 .5). The former type includes felsic volcan~~.: 

rocks and the Wishbone and Gondor Plutonic Suites. The latter type includes rocks of 

the Olga Plutonic Suite. The subdivision is similar to the high-AlP~· low-Al~03 tonalite 

subdivision of Arth (1979) . 

The Wishbone and Gondor Plutonic Suites - Low-AI:03 Felsic Rocks 

Chemical compositions of rocks of the Gondor and Wishbone Plutonic Suites are 

presented in Table 4.2 and high-Si02 volcanic rocks in Table 4.1. The rocks are weakly 

to strongly peraluminous and dominantly plot as trondhjemites ar.d granites in 

O'Conner diagrams (Figure 4.6a and b). The three groups share a number of major 

element characteristics (Figure 4. 7). including; high to very high-Si02 , low Al20 3, 

generally high Na20, and low P10~. Scatter in the major element data may reflect 

metamorphic or metasomatic affects. In particular, the wide range of values and high 

K.O content of some of the rocks of the Wishbone Plutonic Suite (e.g. Jaeger 
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Table~-~ Representative anhydrous analyses of the G\mdor. Wi~hbone and 
Olga Plutonic Suites 
Sample D065b 131 D205a-8 7 0221 ~7 032 7 87 Jn ~ ti9 [)JJ8 89 DU40 1:19 JO .":all l ~~ •• ~t> ri . . , PlutOniC Gondor Gondor Gcnt~or Woal\bone W •ehbone Wtehbc.)ne 'W•Ihbone O•ll• \ 'I I-.;• \'•...: ·• Su11a (J1 oJI 

5·02 '"''' ' 77.1 75 9 79 9 78 4 75 .8 78 0 ' 7.6 .4 75 0 7":. 5 / :, 'S Ti02 0.24 0 .21 0 .08 0 32 0 36 0 .08 0.04 00-1 0 36 \,."' .:: ~ A:203 12.3 11 .7 11 .6 • ' .5 12 9 12 2 1: 3 15 1 14 8 . , , 
~.a· 2 31 4 76 1.34 : 4 1 2 1 7 0 34 1 1.:! 0 62 2 66 1 ~L 

- · > MnO 0 .03 0 06 0 03 0 OS 0 03 0 .02 0 02 0 .04 0 04 L' ., 
' --MgO 0 .42 3 32 0 .70 0 41 0 .36 0 .03 0. 11 0 .14 072 J "" t CaO 1.21 0 56 0 .87 1 .72 1 96 0 55 0 72 .:: .31 2 86 ' -I Na20 4 62 2 .34 4 81 4 .03 4 '3 4 07 3 85 5 33 4 63 ' : J K20 1.79 1 > 16 0 67 1 > 19 2 .27 4 . 12 4 2 1 1 40 1 :.a P205 0 .00 000 0 00 0 03 0 03 0 00 000 0 00 0 1: 

L01 0 .91 2 15 J .80 0 42 0 82 0 48 0 .55 0 68 0 so -:• 3) Mgl 24 55 48 23 23 6 15 .::9 33 o~ : 

Trace elments ' " parts per m•lhon 

Sc 3 dl dl 3 nd dl nd dl n<l : I Zn 13 56 14 2 1 nd 10 n<J 3 fld ~-~ 

Rb 43 19 12 37 r.d 132 nd 32 -13 ~ l Ba 487 241 197 : 69 nd 591 nd 530 no.l 7 Sr 68 18 40 120 nd 20 nd 485 : a ~ ~: j , ; Ga 16 20 21 14 nd 22 nd 16 nd 1 ) 

Nb 27 .1 27 .4 36 2 19 5 nd .<S 7 32 1 2 50 1 ' Zr 313 328 2 31 .::56 nd 131 nd o:;6 235 ~J y 84 77 131 50 nd 79 101 1 7 Tn 9 .71 nd 9 .41 4 34 nd 10 1 12 3 0 89 5 0 6 ' J' 

La 66 nd 86 25 1 47 6 nd 13 3 6 6 1 28 2 3 4 l c. 151 nd 179 48 98 nd 34 3 13 1 53 7 ·:· . j Pr 18.45 nd 23 .73 5 54 11. 1 nd 501 1 45 s s s O!H Nd 73 nd 95 20 4 38 .9 nd 2: 8 s 24 HI 3 J ., .: Sm 14.7 nd 20 .1 4 33 7. 1 nd 90 0 82 2 59 0 7 '1 Eu 1 80 nd 2.94 1 .20 100 nd 0.54 0 18 0 6d ) : j Gd 14.8 nd 21 2 4 95 6 6 nd 12.5 0 5 7 1 'J 7 0 b 1 Tb 2 .38 nd 3 .74 1.04 0 .97 nd 2 38 0 .0 7 0 24 0 0 J Dv 14.9 nd 23 .6 7 .66 6 1 nd 16.7 0 .34 1 ~ 1 0 -1 ') Ho 3 .20 nd 4 93 1.80 1 26 nd 3.7 0 06 0 ; J 0 10 Er 8 .77 nd 12 83 5 35 3 72 nd 11 4 0 1d 0 68 0 :-1 Tm 1.29 nd 1 9 1 0 81 0 56 nd 1 75 0 02 0 . 10 0 Cl Yb s 69 nd 12.84 5 .29 3 62 nd 11 4 0 16 0 69 0 : ") Lu 1.31 nd 1.82 0 .70 0 52 nd 1 64 0 03 0 12 0 ": 3 
Selected lltiOS 

Ti /Zr 46 3 .8 2 1 7 3 3.7 3.7 9 2 "' 7 Zr/Y 3 .7 4 .3 1.8 5 .3 1.7 1 19 .3 34 9 4 7 '5 Y -Nb 3.1 2 .8 3 .6 2 .6 28 0 .4 1 .3 1 8 !ThiNbl- 3 .2 2 .3 2 .0 6 .4 89 2 8 ICa/YbJ- 4.5 3 .6 2 .4 7.0 0 78 21 2 19 .9 9 2 !Gd/Ybl- 1.38 1.34 0 .76 1 47 0.89 2 91 2 .33 2 49 Eu!Eu' 0 .37 0 .44 0 .79 0 .3 1 0.11 0 81 0 92 1 02 

Samples of W••hbone Su•tl merl<ed w •th IJJ ere f or the J1eger Monzogrenote. oth1re from W•shbone Dome era.. 
below detec:tton hmot, nd • not determoned. Cr. Ill•. II. below detec: t1on for ell 111mp1e1. 

(jl 2 
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Monzogranite) and the high-Si01 volcanic rocks may be due to potassic metasomatism. 

As de\aibed in Chapter 3, the Jaeger Monzogranite is cut and metasomatized by 

potassic veins and its major clement composition is unlikely to be a primary igneous 

feature. Samples which plot in the granite field (C) of Figure 4 .6b are suspected of 

being K mcta!>Omatized. 

The high SiO, (>77 wt%), low Alp; (< 14 wt %) and generally high N~O ( >4 

wt%) contents are similar to quartz-keratophyres, trondhjcmites and plagiogranites 

commonly associated with ophiolites, island arcs and ocean ridges (Table 4.3; Gill ar.d 

Stork. 1979: Coleman and Donato. 1979; Thy era/ .• 1990). Although in some cases 

rock:-. of these compositions have been shown to be of metasomatic origin. geochemical 

and petrographic arguments for igneous origins have been discussed by numerous 

authors (Coleman and Donato . 1979: Gill and Stork. 1979). Since the rocks are weakly 

altered (chlontized and sausscritized), and metamorphosed it is difficult to evaluate this 

question in this case. Bubar and Heslop (1985) described the chemical effects of 

alteration of volcanic rocks in the CVB. primarily related to hycirothermal massive 

sultide mineralization, and concluded that Si and Na metasomatism is not a common 

alteration feature. Although a metasomatic origin cannot be clearly eliminated. and it is 

recognized that thl! extremely high SiO~ contents may ir.dicare some silicification. the 

general characteristics. particularly the distinctive trace element characteristics 

described below, are considered to be of igneous origin. 

High contents of the HFSE, Nb, Zr and Y are particularly characteristic of the 

Gondor Suite. Rocks of the Gondor Suite have the highest Y contents, ranging from 75 

to 135 ppm. The range in Y content occurs within rocks that only vary between 77 and 

80 wt% Si01 (Figure 4.8). Samples of the Jaeger Monzogranite (Wishbone Suite) also 

have high Y and Nb but much lower Zr. Two samples of the Wishbone Suite from the 

Wishbone Dome area have slightly lowerY (34 -50 ppm) similar to values determined 

for felsic volcanic rocks. The increase in Y within and between the different suites 



Table 4.] Comparison of Low AIHH Fchk Rorks to Rcrcn1 Rods 

- - - ----- Ophooltle - oel•lftd l$&arid -.,c ~;;llatttd rd..,S - te ... led 
2 3 4 5 fi 7 II 9 I 10 

11 12 1J 14 
Sample Wolhbone Gondof CVB CVI! Eap .... Oman KatnJ>y Span a Canyon fill roji f1~ Red Sea lteleiHl 

0327- 8/ _!)01;~8-81 00114A -87 11299 - IJI Comp OM · J2 y,.,, •• Com pie• Moun1afl Waonomala Un du Undu ~·••••phyN llhyul~e 
sio2 78 39 1709 78l0 81 6J IJ 07 /3 01 75lll 78 30 72 551 74 46 79 59 75l8 1 69 17 
li02 032 0 24 028 0 1J 0 6/ 0 47 0 <16 0 ?4 058 O.Jfi OlD 050 0 23 
Al203 11 48 12 28 10 88 9 76 ' 13 92 13 40 11 II 12 09 12 49 13 9J 10 42 13 53 13 30 
feO• 241 2 31 311 

~~~ , 
3:0.9 344 4 38 1 64 ~ 70 210 2 2!1 2 38 1 6 63 

MnO 005 0 03 002 0 I 0 13 005 0 04 0 15 011 0 05 

~ ~~ i 
011 

Mg() 0 41 0 42 1 116 I 511 0 83 1 I 00 0 25 0 .... 2 54 0 48 0 2 8 0 65 
CeO I 72 I 21 0 .65 039 34 300 2 41 I 311 0 76 058 1 76 2 46 266 
Na20 4 OJ 4 62 468 

210 1 
3 431 530 550 4 51 5 05 650 4 tl!l 4 12 4 40 

1(20 1 19 1.711 OlD 2 85 0115 : 012 0 14 li.ll 003 I 40 1 17 0 64 2'\ll 
P205 0 .03 002 0 15 ! 012 0 02 001 0 15 1 0 07 018 0 14 0 23 

I 
lOI 0 42 091 122 1 21 1 1 33 0 94 096 

I 
117 232 I 85 1011 

Rb 37 59 1 
I 

87 43 3 5 15 6 8 i 
Be 269 487 30 624 j I 64 ? l 300 1~J 90 ' 440 
St 120 68 53 137 114 11J 

I 
120 97 108 ' 148 

I ) Nb 19 5 21 I 16 0 U4 r 11!1 1 J 
lr 266 313 JJB 212 1 108 549 ; 224 119 171 ' 665 
y 50 84 36 42 110 I fill 52 561 
Th 434 !171 4 32 7 22' 04 266 

I 
u 16 ' 2 51 0 40 0!)0 

I 
La 25 :19 85110 25.17 JO 52 1 coo 15 15 II 18 2 09 ' 7 82 76 18 34 79 
c. 48 18 15084 52 65 72 54 1200 45 55 29 98 8 1.1 L3 06 102 ;)2 177 80 
Pr 554 18 45 7 41 8 59 ' I 3 51 41 10 
Nd lO 38 73 32 28W 32 65 32 46 8 52 ' 17 U4 210 C'J 61 J!l !IOJZ 
Sm 433 14 89 605 5 89 3110 10 04 5.!6 3 J9 "82 11 11 : 13 30 21 00 
Eu 120 1110 1 12 090 110 1 ~1 '05 0 76 200 8 42 : 3 07 2 59 
Gd 4 95 1413 5 65 5 65

1 
12 51 5 81 81 19 ; "98 

Tb 104 238 0117 0 811 100 I JC 0 95 0 8!1 12 OJ 256 
Oy 7 116 14 !14 5 33 50~ ~~ '" fi 0 1 70 16 ; 1!1 Ll 
Ho I 110 320 I U5 113 1 30 1~ 64 
Eo 535 817 299 3 32 10 45 J 61 Jf 09 1' 21 
Tm 011 129 0 42 0 )1 
'l'b 5n 8 6!1 2 70 J 80 •90 8 16 1 n coo J 01 270t> 16 3 7 10 5~ 

~~~ ~-..:-~· -~-~~~ ·~..:..- ~~~~- OliO 0 93 I 18 0 6) ? 0~ - -· ~-- · - -· -· -·-· -·--
I. W1s.ht..w Su11e; 2. Ciundor Sullc; :\- 4 Fe: I Me \\lk:.snK ,,,·b._ l "VU; 'i. P.srt1.11 mr.:llof ~ll. lk;m.l and I Alfgrcn. I'.A'l'l; 
b . Plag~ogranue, Oman optuoh~e. Coleman an.J l><•n"r'~ J•fN: 7 . Pl .. grngr<tntle. IWrm<J) oph•olue. P<·lkr-.:n and M .1lpa.-.. I'N 
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correlates with increases in Nb. Ga. LREE. and HREE and decreases in Zr and TiO~ 

(Figure .t.8). The large variations in trace element content both within and between 

different suites occur at near constant Si02• 

The primitive mantle normalized REE patterns oi the three groups are generally 

similar 1n shape although the abundances vary (Figure 4. 9a. b) . Overall they are 

moderately fractionated ((Ce/Yb)N 2-5), with fractionated LREE, relatively flat HREE 

and negative Eu anomalies. REE patterns are generally subparallel and abundance 

correlates with Y and Nb content. Rocks of the Gondor Suite have the highest 

abundances of the REE and felsic volcanic rocks the lo~est. 

No Nd isotopic data arc available for rocks of these suites. 

Tht> Olga Plutonic Suite - lligh-AJ Trondhjt>mite 

Representative analyses of the Olga Suite are presented in Table 4.2. All samples 

have high SiO~ (7:! to 76 wt% ). Na20 (4 to 6 wt% ). and Na20 /K.P ( > 2) ; moderate 

A110, (14 to 16 wt %); and low T i0 2, FeO*. and MgO. The rocks are subalkaline. 

weakly peraluminous (Figure 4.6a) and plot in the trondhjemite tield in an O'Connor 

diagram (Figure 4.6b). The Olga Suite has lower Si02 and higher CaO. AI 20J and 

P ,O, relative to the Wishbone and Gondor Suites (Table 4 .2). They resemble typical 

high Al10, trondhjemites of Barker ( 1979) 

The rocks are characterized by low Rb (<50 ppm), moderate to high Sr (300-500 

ppm) and Ba (300 - 700 ppm) and low transition metal contents. In contrast to the 

Wishbone and Gondor Suites. Nb andY abundances are extremely low. 

The REE are strongly fractionated ((Ce/Yb),. from 9 to 21), with variable 

enrichment of LREE and depletion of the HREE (Figure 4.9b). The REE patterns 

show little or no Eu anomaly and have a distinct concave up curvature in the HREE. 

All of the samples have negative Nb and Ti anomalies. and positive Zr anomalies 

relative to the MREE (Figure 4 . 9b). Normalized REE patterns are typical of high-A! 

trondhjemites (Arth 1979). 
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Two samples from one intrusive unit have higher abundances oi TiO:, P.O\, / .r. 

Y, ~'b. Th. and REE. The difference in REE abundance dl~S not signiiicantly afkd 

the shape of the normalized REE patterns. The abundances of these trace ekments 

correlate with the moda1 abundance of biotite, apatite and magncllte in the samples . 

Correlation of Zr. Th and P contents with REE abundance suggests that 1.1rnm and 

apatite may be the principal REE-bearing mineral phases. Differences in the tra~.·e 

element chemistry between the samples can be accommodated by models involving 

subtraction of the observed accessory mineral phases; zircon (Zr, Th. HREEl . apatite 

(P, REE). and biotite (Ti, Nb). Apatite and zircon grains typically tx:cur as indu~iuns 

within biotite crystals, therefore removal or addition of biotite would also remove 

zircon and apatite from the melt. The absence of samples intermediate between the 1\Hl 

groups precludes rigourous tests of this hypothesis. 

Two samples of the Olga Suite yielded r NJ<Il values of +I. I and + 3.5 cakul;ttl'd 

at the L'-Pb age of 2650 Ma (Table 7.1 ). These values are similar to est imates of Late 

Archean depleted mantle values and to the single analysis of a malic rock from the 

CVB presented above. They indicate that the source of the Olga Suite had dcplell"J 

mantle-like Nd isotopic compositions at 2650 Ma. 

Classification of Trondhjt>mitt> Rocks 

The two-fold subdivisio11 of the felsic rocks, described above. is similar to the 

high and low Alz03 classification for trondhjcmites proposed by Arth ( 1979) and shown 

in Figure 4.10a. 

Low-Alp1, high-SiO! incompatible element enriched volcanic and intrusive rock\ 

similar to the Gondor and Wishbone Suites are common in Archean greenstone hclts 

(Paradis era/., 1988; Thurston and Fryer. 1983; Shirey and Hanson, 1986; Arth 1971)) 

and share characteristics of trondhjemitcs and plagiogranitcs associated with ophiolite 

complexes (Malpas, 1979; Pedersen and Malpas 1984; Coleman and Donato, 1979; 

Phelps, 1979; Menzies eta/ .• 1980; Beard and Day, 1987; Gerlach PI a/ .• 1981 ), recent 
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island arcs (Gill and Stork, 1979 · and oceanic ridges (O'Nions and Gronvold, 1973: 

Thy eta/., 1990). Chemical compositions of representative analyses from these setting!. 

are compared to the low-Al20 1 felsic rocks from this study in Table ~.3. 

The REE chemistry of modern examples of these rocks is diverse (Figure 4.10b), 

but is generally characterized by: high HREE abundances: convex up HREE patterns: 

and negative Eu anomalies. The major difference between most modern and Archean 

examples is the higher abundance of LREE in Archean rocks. Most of the Phanerozoic 

examples have (Ce/Sm)N values of less than one. In contrast, most Archean examples. 

including the rocks discussed above, have values greater than one. However, modern 

rocks with LREE-enriched patterns have been described from Iceland (O'Nions and 

Gronvold, 1973), the Red Sea (Coleman and Donato, 1979) and Fiji (Gill and Stork. 

1979). 

The trondhjcmites of the Olga Suite are geochemically similar to high-A!. low Y 

'continental' trondhjemites of Arth 1979. Recent examples of these re-eks are commonly 

associated with magmatic arcs developed on thick segments of crust ( > 30 km) (e.g. the 

San Juan Province of the Western USA (Zielinski and Lipman, 1976) and in central 

America (e .. ~. Drummond and Defant. 1990)). 

4.3 Petrogenesis 

4.3.1 Ct-ntral Volcanic Bt-lt and Associatt-d Mafic Plutons 

The limited number of analyses do not permit a detailed discussion of the 

petrogenesis of the mafic and intermediate rocks of the Central Volcanic Belt. 

However. the following points can be made. 

I) The low Nb content relative to La, enriched LREE patterns and low HREE of the 

samples with less than 61 wt% Si02, relative to mid-ocean ridge basalts (Figure 4.3) 

are characteristics of modern subduction-related rocks (Figure 4. 11; Kay, 1980; Gill. 

1981). Sample D054b-87 has a low (Th/Nb)N ratio uncharacteristic of island arc 

magmatism. The Th value has been reproduced in duplicate, and if primary implies a 

non-arc or back-arc origin. As in modern examples of these rocks, the trace element 



characteristics are considered to retlect complex multi-comp<'lnent mixing (mantk. 

subducted sediments and oceanic lithosph~re). melting and fractionation processes in 

the mantle wedge and crust overlying a subducting oceanic plate (Kay, 1980: Arculus 

and Powell. i986; Gill, 1981). 

2) Fractionation trends detined by the samples (including those presented by Bubar .111d 

Heslop, 1985) are similar to those observed in modem calc-alkaline volcanic scril'S 

(Gill , 1981); reflecting crystal fractionation, assimilation and mixing pnx-csscs within 

the crust. 

4.3.2 Petrogenesis of the I.ow AI:03 Felsic Rocks - CVB Rh)olites, and tht' 

Gondor and Wishbone Suites 

Petrogenetic models must explain : 1) thc large volumes of felsic rods: :;) the 

apparent lack of associated intermediate or cumulate rocks: and. -~)the cxtn:rnc 

enrichment in the HREE. Y. Zr. Nb_ 

Low AI!OJ tonalite/trondhjemite rocks are generally considered to he dcriwd 

either ·-rom panial melting of basaltic protoliths or the end produds of fr;\ctional 

crystallization of mafic parental compositions (Barker. 1979; Coleman and Donato, 

1979: Gerlach t'1 a/ . • 1981; Pedersen and Malpas, 1984L An origin by liquid 

immiscibility has also been suggested: however the absence of suitable. FcO-nch malic 

end members and the relative volumes of liquids involved largely precludes this modl'l 

as a viable alternative (Pedersen and Malpas. 1984). 

Although fractional crystallization is a preferred model to generate many 

low-AI20 3 trondhjemites it seems inadequate to account for the trondhjcmitcs under 

discussion here. Figure 4.5 highlights a compositional gap between the low Al
1
0

1 

felsic rocks and the moderate to high Alp1 matte to intermediate rocks. The 

compositional gap s•Jggests the felsic rocks are probably unrelated to the 

basalt-andesite-dacite series by crystal fractionation. 

The low Alp3 felsic rocks are characterized by large within- and intra-suite 

variations in REE and HFSE contents. These variations occur at virtually constant Si0
2 
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and are largely decoupled from the major element chemistry. Extreme enrichments in 

the HFSE and REE during the final stages of fractionation of felsic systems are 

commonly documented in high-Si01 volcanic and plutonic rocks (e.g. Hildreth, 1981: 

Miller and Mittlefehldt, 1984; Cerny era/ .• 1985). Processes capable of producing 

such trace element enriched liquids may include combinations of both crystal 

fractionation and liquid and volatile complexing (e.g. Hildreth, 1981; Cerny et al., 

1985; Miller and Mittlefeldt, 1984; Whalen eta/., 1987). Similar models have been 

discussed for other Archean examples (e.g. Paradis era/ .• 1988; Thurston and Fryer. 

1983). 

Studies of these fractionation processes are best made in fresh glassy volcanic 

rocks, not in the metamorphosed Archean examples described here. All that can be 

concluded is that the nature of chemical variation within these rocks is comparable with 

the complex fractionation processes proposed for other high-Si02 magmatic systems. In 

the following discussion. it is assumed that the least fractionated sampies are those with 

the lower HFSE and REE abundances 

Origin of the Least Fractionated Rocks by Partial ~felting Mafic Protoliths 

Anhydrous and hydrous partial melting of basalt at both high and low pressure 

may yield liquids which are broadly tonalitic/trondhjemitic in character (Stern and 

Wyllie, 1978; Huang and Wyllie, 1986; Ellis and Thompson, 1986; Beard and Lofgren, 

1989; Helz, 1976). The major element chemistry of the melt is very sensitive to PH.:O • 

.10~ and initial source composition (Helz. 1976; Beard and Lofgren, 1989). Under water 

excess \PH:o = PwJ conditions (ie. residual amphibole), melts are strongly aluminous in 

compari )n to natural rocks (Hdz. 1976; Beard and Lofgren, 1989; Ellis and 

Thompson. 1986). In contrast, melts produced by low pressure dehydration melting 

closely approximate the bulk compositions of naturallow-Alp3 trondhjemites and 

tonalites (Figure 4.1::!). 

Table 4.3 and Figure 4.1::! show the compositions of the felsic rocks to be 

comparable to the major element compositions of liquids produced by basalt-melting 

experiments. Si02 contents of the experimental liquids are generally lower than values 



in the natural rocks. possibly owing to the effects ot later. high l~vd fractionation 

discussed above, or silicification. TI1e first order control on experimental melt 

composition is PH20. Low Al~Oj compositions are produced only under water-detlcient 

conditions (Figure ~.12). Beard and Lofgren (1989) reported a second order 

dependency on protolith composition. For example. the K~O content of the melt is 

critically dependent on the Kp content of the source. The rang~s in Kp content 

determined in the Wishbone Suite and the felsic volcanic rocks ( 1-~ wt%) arc 

comparable to those in Icelandic rhyolites (e.g. Thy er ul .• 1990). In the latter case. the 

range of values are attributed to differences in mafic source compositions (Thy n a/ .. 

1990). It is considered unlikely that the K!O content is of primary origin in the felsic 

rocks of this study. 

Quantitative trace element models have been made to evaluate the applicability of 

the experimental basalt melting studies described above. The results arc not unique and 

serve only to show the general potential of this process. The models were evaluated by 

inverting the equilibrium batch melting equation (Arth, 1976) to solve for the trace 

element Bulk D values of the residual assemblage. Solving the equations in this manner 

tests for rather than assumes the residual mineralogy (see explanation of this technique 

in Appendix. 4 ). Unfortunately, the parental liquid compositions cannot be well 

constrained, because of the effects of high-level fractionation processes. In the models. 

the parental composition is assumed to be similar to the least fractionated samples (it' . 

those with lowest REE and HFSE contents: Wishbone Suite - 0327-87, and felsic 

volcanic rocks K299-87, Table 4.2). Two different source rock compositions were 

used in the modelling: 1) basalt with trace element abundances at 10 times primitive 

mantle values; and 2) a LREE-enriched source similar to a gabbro (0054b-87) from the 

CVB. The degree of melting was varied from I to 20 wt%, although only the results 

for 5 and 20% are shown. Results are presented in Figure 4. 13. 

The Bulk D values required to yield appropriate liquid compositions are weakly 

fractionated, and have positive Eu anomalies. Most elements show incompatible 

behaviour regardless of the degree of melting (Figure 4.13). The results of the inverse 
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modelling can be compared with Bulk D values, calculated from published Kd valul'S 

(Appendix 4), and using appropriate experimentally determined residual assemblages 

(Figure 4.13e). The general shape of the Bulk D patterns is not particularly sensitive to 

changes in Kd values for individual minerals although ttc absolute values obviously 

are. Pattern shape is most sensitive to changes in the relative abundances nf residual 

minerals. 

The calculated Bulk D values are consistent with a low pressure (below garnet 

stability tield ( < 8 kb; Green, 198:!) residual assenblagc ..:onsisting of clinopyroxene. 

orthopyroxene and plagioclase (Assemblage A, Figure 4.13). s1milar to that 

documented in the melting experiments of Beard and Lofgren (1989). Plagioclase in the 

residuum predicts the positive inflection in the Bulk D values at Eu. Positive intlections 

for Nb may either retlect the effect of clinopyroxene or amphibole (Kd values arc 

poorly constrained), a Nb-bearing residual phase (titanite, rutile, oxide). or an initial 

Nb anomaly in the source rock. 

The results of the trace element modelling allow for parental liquids to the 

low-Al20 3 felsic rocks to be partial melts of basaltic sources at low pressures (t' . g . Thy 

e1 al., 1990). High level fractionation processes subsequently produced the strong 

enrichment of the REE and HFSE. 

4.3.3 Petrogenesis of High-AI Felsic Rocks - the Olga Plutonic Suite 

Petrogenetic models must address the following characteristics: I) the relatively 

uniform, trondhjemite composition; 2) the lack of evidence for contemporaneous 

intermediate or mafic magmatism; 3) the high (Ce/Yb)~ ratios; 4) the low HREE 

abundances with concave up normalized patterns; 4) the absence of negative Eu 

anomalies; 5) positive Zr anomalies relative to the MREE; and 6) the juvenile Nd 

isotopic compositions. 

The absence of compositionally suitable matic or intermediate members suggests 

that this suite is unlikely to be derived from volcanic rocks of the CVB by fractional 

crystallization. The lack of signiticant negative Eu anomalies and the high Sr 



abundances would be unusual features in tonalitic magmas derived by low pressure 

fractionation from typical basalts. Additionally, the Olga Suite may be up to 20 m. y. 

younger than the mafic and intermediate rocks they intrude. 
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The most characteristic trace element feature of this suite is the steep normalized 

REE patterns with convex up curvatures within the HREE. Models generally proposed 

to explain this pattern in tonalitic rocks involve partial melting of dominantly 

meta-basaltic rocks at eclogite, gr.tnulite or amphibolite grade (Arth and Hanson, 1975; 

Jahner a/ . . 1981 ; Martin, 1985; 1987; Hunter eta/., 1978; Barker, 1979; Rudnick and 

Taylor, 1986). Experimentai data supporting such models (in terms of major element 

compositior.), to varying degrees of success. have been reported by numerous authors 

(Helz, 1976; Stem and Wyllie, 1978; Ellis and Thompson, 1986; Huang and Wyllie. 

1986). 

Melting of matic source rocks was tested by inverting the batch melting equation 

to calculate the Bulk D values required to derive a sample of the Olga Suite from a 

source with trace element composition of 10 times primitive mantle values. The 

method is similar to that described above. The calculated Bulk D values of the 

residuum are plotted in Figure 4.14a. The steep slope of the Bulk D pattern is similar to 

Bulk D patterns predicted for eclogites and gamet-amphibolites (Figure 4.14b) and 

suggests derivation from a garnet-bearing residuum. 

In order to explain the pattern without garnet as a significant residual mineral 

phase requires the source composition to be LREE-enriched and to have a Gd/Yb ratio 

similar to that of the tonalite itself (Rudnick and Taylor, 1986). Since Archean mafic 

rocks with these trace element characteristics are not common (Sun, 1984) it is most 

likely that garnet was a stable residual phase. 

Garnet stability on the liquidus in basaltic systems is strongly dependent on 

pressure and P~o (Green, 198~). It is stable at depths greater than 25 km and 45 km 

under hydrous and anhydrous conditions respectively (Green, 1982). Appropriate 

residual assemblages cotJld therefore be stable in the lower crust or upper mantle. 



It is not possible to unambiguously differentiate between crustal anJ mantle depths 

of melting. Plagioclase stability is r\!stricted to crustal depths and has a limited overlap 

with garnet, especially under hydrous conditions (Green, 1982). Residual plagiodase 

may result in negative Sr and Eu anomalies. neither of which are documented in the 

Olga Suite. However, since plagioclase would be the major contributor to the liquid it 

could have been totally consumed during non-modal melting, or its effect could be 

balanced by other residual phases. 

The occurrence of positive Zr anomalies may also be a clue to the nature of the 

residual assemblage. Available Kd data suggest that clinopyroxene may retain Nd and 

Sm preferentially to Zr in the source. resulting in a positive Zr anomaly in the liquid. 

For example, eclogite melting • with 80% residual clinopyroxene results in a marked Zr 

anomaly similar to that required in the partial melting models (figure 4. 14b). This 

correspondence could suggest that clinopyroxene is a major residual phase, and thus 

favours a granulite or eclogite source. Ambiguity in the Kd values and the effect of 

other residual accessory minerals makes more definitive interpretations impossible. 

An alternative mterpretation of the positive Zr anomalies, not favoured here. is 

that the rock contains an inherited zircon component. In sample D072b-87 the l.r 

anomaly represents an exct:ss of approximately 200 ppm Zr. Assuming stochiomctric 

zircon contains on the order of 450,000 ppm Zr, an addition of less than 0.05 wt% 

zircon could account for the excess Zr. Heaman et a/., ( 1990) report H REE 

abundances in zircons from matic and felsic rocks on the order of 101 to I (}I times 

chondrite values. Assuming Yb abundance in the inherited zircon of 442 ppm (2000 • 

chondrite) results in the addition of appmximately .22 ppm Yb to the rock, or 33 wt% 

of the total Yb in the rock. Subtraction of this amount of zircon would steepen the REE 

pattern considerably but would not otherwise change the interpretation concerning the 

role of garnet during partial melting. However, there is no evidence of zircon cores or 

inheritance in the U-Pb data of the sample with the greatest amount of Zr (van Brcemcn 

eta/., 1990). If the rock contains an inherited Zr component then it is not significantly 

older than the rock itself. 



The positive_ ( Ndcn values for these rocks suggest that the mafic protolith was 

relatively juvenile. However, this does not provide an unequivocal constraint for the 

age of the protolith. Derivation of the tonalites by partial melting of eclogite or 

garnct-amphiboli~e will strongly fractionate 147Sm/1~Nd in the melt relative to the 

source during melting and calculation of Nd model ages, based on the measured 

•47Sm/•44Nd ratio, is meaningless. The protolith could have had a near chondritic 
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•47Sm/•44Nd ratio, as in the model above, and its 14lNd/144Nd composition would diverge 

rather slowly from that of the depleted mantle. Using the values assumed in this 

model. th,! mafic source could be significantly older than the 2650 Ma age of the 

tonalites (see Jahner a/., (1984) for further discussion). The Nd data is therefore 

inconclusive in constr2.ining the age of the protolith. 

Considering the close spatial and temporal association with volcanism, it is 

simplest to derive the Olga Suite by partial melt!ng the lower part of the CVB crust. 

The low HREE, high (Ce/Yb)N and positive Zr anomalies are consistent with a residual 

eclogite or garnet granulite source mineralogy. Gamet on the liquidus requires that 

melting of the crust occurred at depths greater than 25 km (Green, 1982). A thick crust 

for the CVB is consistent with the LREE enriched. calc-alkaline composition of the 

CVB volcanic rocks, which in modem environments are characteristic features of arcs 

constructed on thicker crust (Gill, 1981). Since most of the volcanic and related mafic 

plutonic rocks have negative Nb anomalies, the negative Nb anomalies in the Olga Suite 

rocks may be a feature inherited from the source. Alternatively, titanite or other 

Nb-bearing minerals could be stable residual phases during partial melting at crustal 

conditions (Green and Pearson, 1987). 

4.4 Chapter Summary 

Within the period from 2667 to 2650 Ma, a number of different rock types were 

generated. The age control on this time period is relatively poor because only single 

samples of representative rocks have been dated. Basaltic and andesitic volcanic rocks 

have not been dated and are assumed to be similar in age to the associated rhyolites. 



74 

The potential range in ages of the individual suites is unconstrained and it is po:;sihk 

that some or all events overlapped in time. The total age range of 17 m. y. is not laq_!l' 

relative to the age of modem volcanic arc systems (Gill, 19tH). 

Basaltic and andesitic rocks of the CVR have many geochemical similarities to 

modem calc-alkaline orogenic basalts and andesites. By analogy. they most likely "crc 

derived by the partial melting of subduction-enriched mantle, followed by crustal 

fractionation, assimilation and mixing . More detailed studies arc required to test this 

hypothesis. Low Al20 3 felsic volcanic rocks appear to be genetically unrelated , and 

may have been derived by crustal anatexis leaving a plagioclase and pyroxene 

dominated residua (e.g. Beard and Lofgren, 1989). Mafic rocks of the CVB arc the 

most likely protolith. 

Rocks of the Gondor and Wishbone Suites intruding the volcanic belt arc similar. 

in terms of major elements, to the low-Alp3 rhyolitic rocks of the CVB, and arc also 

modelled as low pressure partial melts of basaltic protoliths. The extreme enrichment 

in incompatible trace elements may be due to subsequent high-level fractionation 

processes, typical of high-Si02 felsic magmatic systems (Hildrith. 1981; Cerny er ul . . 

1985; Whalen era/., 1987). In this respect it is interesting to note that the extrusive 

rocks are less fractionated than plutonic rocks, as was demonstrated for extrusive and 

correlative intrusive rocks in the Abitibi greenstone belt by Paradis er ul. ( 1988). 

The age difference of 7 m.y. between the high-Si02 rhyolites (2667 Ma ±I) and 

the Gondor Suite (2660± 1 Ma) is based on a single determination of each group. The 

Wishbone Suite has not been dated. In any case generation of low-Alp3 felsic magmas 

occurred over a timespan of at least 7 m.y. and possibly represents a recurring 

petrogenetic process. Plutonic rocks of similar composition and age (cu. ::!650 Ma) 

have also been described from the Yellowknife greenstone belt (Amacher Granite; 

Meintzer, 1987). 

High-Al20 3 trondhjemites of the Olga Suite are distinct from all the earlier rocks. 

There is no evidence within the CVB for extrusive rocks of comparable composition; 

however Ewing ( 1979) described rhyolites of similar compositon from the Hackett 
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River volcanic belt 150 km to the east of the study area. The rocks can be modelled as 

high pressure ( > 8 kbar) panial melts of basaltic source rocks within the lower crust or 

upper mantle. A crustal origin requires a thick crustal section at ca. 2650 Ma ( > 25 

km) consistent with the calc-alkaline characteristic of the slightly older volcanic belt. 

The close spatial and temporal as.,ociation with the volcanic rocks suggests that they 

may represent melts of the lower portion of the CVB crust. 
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Figure 4.1. Major element variation diagrams for rocks from the Central Volcanic Belt 
(CVB). Fields for tholeiitic and calc-alkaline rocks shown in (D) and (E) are from 
Miyashiro. 1974. 
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and island arc-related plagiogranites and dacites. Fields for oceanic and continental 
trondhjemites are shown following Arth (1979). Data sources: Oman- Coleman and 
Donato, 1979; Fiji- Gill and Stork (1979); Karmoy- Pedersen and Malpas (1984); 
Sparta- Phelps (1979); Canyon Mountain- Gerlach et al. (1981). B) Primitive mantle 
normalized REE diagram comparing the felsic volcanic rocks, and the Wishbone and 
Gondor Plutonic Suites to ophiolite-related or oceanic trondhjemites. 1. O'Nions and 
Gronvold (1973); 2. Coleman and Donato (1979); 3. Pedersen and Malpas (1984); 4. 
Phelps (1979) 5. Thurston and Fryer (1983). 
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Chapter 5 

Geochemistry and Petrogenesis of Syn-Deformation Plutonic Suites 

5.1 Introduction 

This chapter presents geochemical data on samples of the Concession and Siege 

Plutonic Suites. Both suites were emplaced synchronous with, or late in the peak 

metamorphic and deformation eve!lt at ca. 2600-2616 Ma (van Breemen er al. , 1990). 

They are at least 34 m.y. younger than the volcanic and synvolcanic plutonic suites 

discussed in the previous chapter. 

Although close in age, the two suites are interpreted below to have different 

origins. The Siege Suite consists entirely of trondhjemitic rocks and is likely of crustal 

origin. In contrast, the Concession Suite ranges in composition from diorite through 

granodiorite and is interpreted to reflect a mantle input into the crust, followed by 

fractionation and assimilation within the crust. 

5.2 Geochemistry of the Concession Suite 

Representative analyses are shown in Table 5.1 and the full data set of eighty 

analyses is presented in Appendix 2. 

The chemistry of some of the analysed samples is considered to be dominated by a 

cumulate component, primarily amphibole, but in some cases plagioclase. Cumulate 

rocks have been identified, in part, using Figure 5.1, a plot of Alp3 vs. Si02• This 

diagram is an effective indicator of accumulation of low-Al20 3 mafic phases such as 

amphibole. onhopyroxene. clinopyroxene, and olivine, as well as plagioclase, a 

high-AI20l phase. The cumulate rocks include all homblendites, much of the mafic 

margin to the Concession Pluton (Figure 3.18), as well as many but not all cognate 

xenoliths. The cumulate samples are not shown on many of the following classification 

figures. although they are shown on the Harker diagrams anci will be discussed later in 

the chapter in relation to the petrogenesis of the suite. 



Table5.1 Representative analyses of the Concession Plutonic Suite l):\ 

HIGH MG# GROUP LOW MG# GROUP 

Sample 0";4b-8 A280-87 0203-87 0277·88 0260-88 0023-87 0218·87 01-l2·tl8 01 7~c 87 Ul IJ H7 1'1 12 til 
7 

Ptuton or t;oncesa. Conceaa. Conce11. S Conlw. S .Contw Southern Southern Eeot Sl:- Lo11c St Cone Sf \:mw 
Area Ptuton P\uton Pluton leke leke Pluton Pluton 'f amba t,uton t,uton Ptutcm 

leka 

Si02 53.3 60.4 64.7 65.3 6J .9 56.3 59 .0 61 .0 59 .2 G5.4 69 J 
Ti02 0 .94 0 .58 0 ~9 0 .57 0 .38 0 .86 0 .73 0 .69 1 .65 0 .78 0 .62 
.AI203 16.0 16.7 16 .2 16.1 15.6 18.0 18 .0 16.9 14.4 16.3 15 5 
FeO' 8 .26 5 .11 4.20 4 .34 2.90 6.65 5 .51 5 . 18 11.61 5 .67 3 .82 
MnO 0 .13 0 .09 0 .07 0 .08 0.06 0 .10 0 .08 0 .08 0.14 0 .06 O.O'j 
MgO 6 .38 4 .23 3 18 2 .54 1 .53 4 .45 3 .66 3.45 1 .82 1.60 1.08 
CaO 7 .67 5.35 4 .24 4 .78 2 .45 6.30 5.56 5.15 5 . 19 3 51 2.53 
Na20 4 .32 5 .09 4 .40 4 .50 4.75 4.53 4 .94 4 .54 3 .59 4 .14 4 .14 
K20 2.33 2.18 2 .33 1 .37 2 .23 2.32 2. 16 2 .70 1 .58 2 20 2 .8:' 
P205 0 .61 0 .25 0 .16 0 .37 0 .24 0.48 0.39 0 .31 0 .85 0 ~8 0 .14 

LOI 0 .70 0 .69 0.65 1.15 0.81 1.04 0 .39 0 .70 0.98 0 .73 0 tiS 
Mgl 58 60 57 51 48 54 54 54 22 34 33 

Trace elements 1n ports per million 

Cr 113 102 95 40 dl 44 53 28 <II 6 lll 
Ni 75 68 50 8 dl 31 26 12 dl 1 ell 
Sc 24 15 11 13 4 17 13 15 '3 8 5 
v 231 123 106 104 167 150 145 116 _, 64 38 
Zn 97 66 56 67 46 92 72 65 159 83 56 

Rb 62 53.5 52.4 45.6 134 84 61 93 35.6 61 69 
Cs 10.1 4 .01 2.53 nd nd nd 1 .13 nd 1 .77 nd net 
Sr 1535 1 ~43 1085 809 569 1129 1128 997 461 423 313 
Be 1173 1034 1078 632 1588 781 911 1181 427 706 599 
Ga 23 24 19 23 21 23 21 23 26 23 22 
Pb 9 8 9 nd nd nd nd nd 7 nd nd 

y 22 12 10 16 14 24 19 20 45 16 19 
Zr 143 174 163 178 157 n9 235 231 182 227 155 
Nb 6 .6 5 .5 5 .2 6 .2 7 .8 11.1 9 .2 8 .5 29 .2 11 .9 9 .5 
Th 1.93 4 .59 6 .40 7.88 7 .73 0 .01 7 .95 10.53 4 .17 0 . 14 4 .4t 
u 0.40 1.03 0.98 nd nd nd nd nd 0 .98 nd nd 
Rar.t earth elements in parts per million 

La 71 32.5 30 .9 70 43 .2 63 51.1 70 38.0 38 3 23 .9 
Ce 159 72 67 142 88 150 114 147 94 82 51 .3 
Pr 19.7 8 .7 7.7 17.2 10.7 18.8 14.5 18.4 12.9 9 .7 t- .3 
Nd 83 34.6 29.9 66 41 .7 71 55.7 72 58 .5 38 .7 25 3 
Sm ' 5 .0 6.0 4 .76 9 .9 7 . 1 13.4 9.4 12.7 13.2 7 .1 5 .32 
Eu 3 .59 1.24 1.21 2.19 1.38 2.63 2.25 3.03 3 .84 1.70 1.09 
Gd 12.0 5 .06 4 .20 5.60 4.46 8 .7 6.3 8 .3 11 .8 5 .39 4 .67 
Tb 1.22 0 .51 0 .38 0.66 0.60 1 .01 0 .78 1 OJ 1.67 072 0 65 
Oy 5 .65 2 .44 2.00 3 .27 2 .69 4 .91 3 .88 4 .84 9 . 1 3 .68 3.51 
Er 2.18 1 .20 0.90 1.36 0.99 2 . 14 1.80 2 .01 4 . 13 1.71 1.54 
Ho 0.95 0 .47 0.38 0.56 0 .42 0.86 0 .73 0 .87 1.70 0 .69 0 .68 
Tm 0.28 0 .15 0 .12 0.18 0.13 0 .29 0 .46 0 .26 0 .54 0 .22 0 .20 
Yb 1.64 1.06 0 .82 1 .11 0.76 1 .81 1.60 1 .75 3 .23 1 .32 1 .29 
Lu 0 .24 0 .15 0 .13 0.15 0 . 10 0.~8 0 .24 0 .26 0 .43 0 .18 0 .20 

Selected ratios 

K/Rb 314 338 370 249 139 230 295 241 368 299 340 
Rb/Sr 0.04 0 .04 0 .05 0.06 0 .23 0 .07 0 .05 0 .09 0 .08 0 .14 0 .22 
Ba/Sr 0.76 0 .83 0 .99 0 .78 1.21 0 .69 0.81 1.18 0 .92 1 .67 1.91 
Balla 16.6 31.8 34 .9 9 .0 15.9 12.3 17 .8 16.9 11 2 18 .4 25 .1 
La/Nb 10.7 5 .9 6 .0 1 1 .3 5.5 5 .7 5 .6 8 .2 1 .3 3 .2 2 .5 
Ti/Zr 39.7 19.8 18 .0 19.2 14.6 22 .5 18 .6 17.9 54 .4 20 .7 23 .8 
(Ce/YbiN 25.1 17.6 21.0 33.3 29 .9 21 .4 18.1 21 .9 7 .5 16.1 10.3 
Eu!Eu • 0 .82 0 .69 0 .83 0 .90 0.75 0 .74 0.90 0.90 0 .94 0 .84 0 .67 

REE, Th, Pb and Cs determ1ned by ICP-MS all other trace elementt determ1ned by XRF. nd • not determmed, dl • 
below detection lim•t. 



Rocks of the Concession Suite show a considerable range in Mg# at a spedfic 

Feo· content (Figure 5.2). Th;s is particularly apparent for the more matlc 

compositions and suggests the presence of at least two different groups or end 

members. The two groups define independant, but sub-parallel trends on an AFM 

diagram (Figure 5.3). 

96 

The majority of plutons in the study area are of the high Mg#-type. Occurrences 

of the low Mg# group are presently restricted to two plutons (Harp and SE Concession) 

as well as a number of small sill/dyke bodies SE of the Wishbone Dome. Samples 

from the eastern part of the field area, between Nose and Ghurka Lakes. have 

intermediate Mg#, possibly implying a continuous variation between the groups. The 

rock'i are petrographically similar and cannot be distinguished in the field. 

Both groups plot predominantly in the calc-alkaline field of the AFM diagram 

(Figure 5.3) although some samples of the low Mg# group plot within the tholeiitic 

field. Most samples are calc-alkalic as originally defined by Peacock ( 1931) (ie. 

CaO=Na20+K20 at SiO~ between 56 and 61 wt%), with the exception of low Mg# 

samples from the Harp Pluton which are calcic. Samples range from metaluminous to 

weakly peraluminous with increasing Si02 (Figure 5.4) and plot mainly within the 

tonalite and granodiorite fields of the O'Conner diagram (Figure 5.5). 

5.2.1 Major Elt>ml'nt Chemistry 

Major element chemical variation is shown in Harker diagrams in Figure 5.6. 

Symbols used on these diagrams refer either to individual plutons (e.g. Concession 

Pluton) or to the geographical areas shown on Figure 3.11. The cumulate rocks 

identified from Figure 5. 1 are not subdivided by area. 

Samples range from less than 50 % Si02 to slightly over 70%, however most 

samples with less than 55 wt% Si02 contain a cumulate component. The dominant 

composition is between 60 and 70 wt% Si02, mafic rocks being less common. 

Samples of the high Mg# group are characterized by moderate to high A.p3, low 

TiO:, high MgO relative to Feo·. high CaO and P20~, high N~O and moderate but 
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variable Kp. N~O/K20 ratios exceed one except in mcmzodiorit~s. With th~ 

exception of the alkaline earths. major elements are linearly correlated with Si0
1 

(Figure 5.6). especially for compositions greater than 56% SiO~. CaO. TiO~. MgO and 

FeO" all show strong linear trends with SiO~. Scatter. at compositions less than 56% 

Si02, can be attributed to cumulate origins for these rocks. Major element ahundanccs 

and co-variation are typical of calc-alkaline, 1-typc plutonic suites (e.g. Pitcher, 19!n). 

Samples of the low Mg# group show a similar range in Si0
1 

content to the high 

Mg# group but have higher Ti02, and lower Mg# for a given Si0
1 

content (Figure 5.6). 

Low Si02 samples ( < 60 wt%) from the SE Concession Pluton have lower K !0 

contents relative to the high Mg# samples of similar Si01 content. Samples of tonalite 

from the Harp Pluton also have lower K20 than typical tonalite~ of the high Mg# group. 

The abundances of other major elements are indistmguishablc at similar Si0
1 

contents. 

Variation trends tend to converge at higher Si02 contents making chemical differcnc~s 

difficult to see. Fewer low Mg# group samples. particularly of intermediate 

compositions, result in poorer definition of the major element trends. Given this 

limitation, the overall data trends appear similar to those described for the high Mg# 

group. 

5.2.2 Trace Element Chemistry 

The variation of selected trace elements is shown in Harker diagrams in Figure 

5.7. 

Low Field Strength Elements 

The high Mg# group has high Ba (500-1500 ppm) and Sr (500-1500 ppm) and 

moderate to low Rb ( < 180ppm) contents. Sr and to a lesser extent Ba abundance both 

decrease with increasing Si02• Rb shows considerable scatter but in general increases 

with Si02• Rb/Sr ratios are low and increase with increasing Si0
1

. Ba/Sr ratios arc 

high(> 1), and K/Rb are moderate (250 to 500). 



The low Mg# group has distinctly lower Sr abundances. Ba and Rb contents 

O\ o.!rlap tt.ose of the high Mg# group but trend towards lower values (Figure 5 . 7). 

resulting in lower Ba/Sr and higher Rb/Sr ratios. 

Tran.'iition Elements 

98 

Ni, Sc, V and Zn have moderate to low abundances which decrease with increasing 

Si02 (Figure 5. 7). With the exception of cumulate samples, Ni abundances are less 

than 100 ppm (generally less than 20ppm) suggesting that even the most primitive 

samples are not primary mantle melts. 

High Field St.-..ngth Elements 

Zr content ranges from 130 to 250 ppm. Zr abundance shows little change from 

55 to 65 wt% Si01, then tends to decrease with increasing Si01. Y content is less than 

25 ppm, except for some samples of the low Mg# group, and generally decreases with 

increasing Si02• Zr and Y contents overlap between the two groups, although Y tends 

to be higher in the low Mg# group. Nb contents are low in the high Mg# group ( < 15 

ppm), but higher values (30 ppm) are common in the low Mg# group. In general the 

HFSE of the two groups show considerable overlap, with the low Mg# group having 

higher aoundances (particularly Nb). 

Rare Ea•1h Elements 

Primitive mantle normalized REE patterns for the high Mg# group are shown in 

Figure 5.8. The patterns are characterized by high abundances of LREE, low HREE, 

no or small negative Eu anomalies, and high to extremely high (Ce/Yb)N (10-120). The 

normalized patterns are slightly sinusoidal, with concave down LREE (La-Sm) and 

concave up MREE and HREE. Pattern shapes are generally similar over the full Si02 

range (Figure 5 .9), with only minu: crossing of patterns (Figure 5.8). Differences in 

the slope (it. (Ce/Yb)N) or concavity (ie. (Dy/Yb)N) of the patterns with increasing Si02 

(Figure 5.10a, b), occur within the regional data set but are less, or not, apparent at the 

scale of individual plutonic bodies or geographical areas. 
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The highest abundance of REE occur within the most mafic samples and in g~n~r 1 

all the REE decrease with increasing Si02 content (Figure 5.7. 5.9. 5.10d). The HRI:E 

show a stronger negative correlation with Si02 than do the LREE. 

Primitive mantle normalized REE diagrams for the low l\1g# group are shown in 

Figure 5.11. The samples have similar REE patterns to those described above but in 

general show less enrichment in the LREE and have lower (Ce/Yb)N (see also Figur~ 

5.10a). 

Selected trace elements are plotted on normalized extended REE diagrams in 

Figure 5.12. The diagrams show the high abundances of the LFSE and LREE, and tht: 

steep slope and curvature of the REE pattern described above. Relative to the I.FSE 

and REE, the HFSE elements Nb and Ti ( ± Zr) show distinctly negative anomalies. 

Normalized Sr abundance is generally comparable to that of Sm. however both positive 

and negative anomalies occur. Positive Sr anomalies are common in samples from the 

Concession Pluton. 

Small but consistent trace element differences between the groups are evident 

from Figure 5.12. In particular, the lower abundances of LREE and Sr, and the higher 

abundances of Nb. The size of the Nb anomaly ((La/Nb):-~) is smaller in the low Mg# 

group. 

5.2.3 Regional and Local Scales of Chemical Variations 

The fact that the data set includes samples collected from a number of individual 

plutons over a wide geographical area results in within-suite chemical variation at two 

scales: the regional and the local. Local is used to refer to either a single plutonic body 

or a geographically restricted area. The geochemical characteristics illustrated in 

Figure 5.12 are shared by most samples at the regional scale, however, in detail. 

samples from individual plutons show distinct major and trace element characteristics. 

The variation of Sr with Si02 provides a good example of regional chemical 

variations. This is shown in Figure 5.13 in which samples are grouped according to 

geographical area. The abundance of Sr at 60 wt% Si01 differs between a panicular 
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plu, nor geographic region . For example, the Concession pluton has distinctly higher 

Sr than do other plutons such as the Southern pluton, or those from the Yamba Lake 

area. Samples from the Yamba Lake area, on the other hand, have lowerY and HREE 

abundances and higher (Ce/Yb)N (Figure 5.8, 5.10a). The regional variations in pluton 

chemistry show no systematic distribution within the field area. As expected for 

samples taken over a large region, the suite cannot be related by a single fractionation, 

panial melting or mixing process. However, the similarities in both the trends and 

abundances of major and trace elements over the area, implies common genetic 

relationships within the group as a whole. 

5.2.4 Radiogenic Isotopes 

Neodymium 

Ten samples of the Concession Suite have been analyzed for their Nd isotopic 

composition. Results are presented in Table 5.2 .The high and low Mg# groups have 

similar isotopic compositions and the total range in e:Nd(J) values (0.4 to 2. 7) is small 

relative to estimated total reproducibility of values ( ± 1 epsilon unit; Appendix ). 

Regression of the total data set yields an errorchron age of 2610 ± 146 Ma (Figure 

5. 14a, within error of the ca. 2608 Ma age determined by U-Pb on zircons on two of 

the samples (van Breemen et al., 1990). 

Plots of c=Nd(T) versus indices of fractionation (e.g. Mg#, Si02) show no clear 

correlation (Figure 5.14b). The range in ~d(J) is small relative to estimated errors. The 

positive <Ndtn values require that the source region for the samples experienced a long 

term, LREE depleted nistory. 

Strontium 

Bostock ( 1980) repuns whole rock Sr isotopic data from samples of the 

Concession Suite along the western margin of the Wolverine Monzogranite. 

Recalculation of this data, using decay constants from Steiger and Jager ( 1978) and the 

U-Pb z1rcon age (2608 Ma: van Breemen eta/., 1990) of a sample in close proximity to 

those analyzed by Bostock ( 1980), yields initial '7Sr/~6Sr values of approximately 



Table 5.2 Sm-Nd Isotopic Data, Concession and Siege Plutonic Suites 

Sample Rock Type 

~!'fion Plutonic; Suite 

Hjal! Mal Group 

D119-88 

D263-88 
D152b-87 

D20h-87 

0278-88 
0218-87 

0110-88 

Bt Qtz Diorite 

Hb-Bt Diorite 

Hb-Bt Diorite 

Hb·Bt Tonalite 

Hb·Bt Oior1te 
Hb·Bt Qtz Otorite 

Bt Tonalite 
0121a-88 Bt Qtz Diorite 

Low Mql Group 

0172b-87 Bt Tonalite 

0172·87 Bt Tonalite 

Si!Qa Plutonic Suite 

0217-87 

0044·87 

Bt Trondhjemite 
Bt Trondhjemite 

Lat 

66° 03' 
sso t&' 

66° 43' 

as• 43' 

66° 19' 
66° 26' 

66° 13' 
ee• o2· 

65° 40' 

66° 40' 

ss• 22· 
66° 24. 

• Internal prec1aion ia betler .000016 2 SEM 

Long 

111° 08' 

109° 58' 

111° 44' 

111° 40' 

110° 07' 
111°61' 

111°41' 

111° 07' 

111° 31' 

111° 24' 

Itt• 40' 

111° 45' 

Nd 
lppmt 

52.60 

66.39 

56.70 
32. 16 

56.54 
64.89 

41 .21 
67.46 

34.78 

26.27 

4 .98 
1.61 

Sm 
lppmt 

10.07 

9 .46 

11 .06 

£.41 

11 .44 
9 .22 

6.22 
9 .70 

7 .97 

6.32 

0 .86 
0 .38 

,.,Sm/ 
, .. Nd 

0 . 1100 

0.1040' 

0 .1172 

0.1019 
0 . 1073 

0 . 1264 
0 . 1046 

0 .08770' 
0 .09079 

0 . 1368 

0 . 1304' 

0.1114 
0 . 1382 

,..,Nd/ 
, .. N<fo 

0 .511286 

0 .611166 

0 .611382 
0 .511118 

0 .61 i 118 

0.611529 
0 .511099 

0.610809 
0 .610861 

0 .511713 

0 .511494 

0 .611226 
0 .511634 

"' Ndlit• 

2.7 2b l 0 

2 .4 26 10 

2.2 2610 

2 .2 2610 

0.4 2610 

2.0 2610 
0 .9 2607' 

0 .9 2608' 
0 .7 2610 

2.1 2610 

·0 . 1 2610 

l.1 2610 
0 . 1 2610 

RatiOs are normalized to 140Nd/' .. Nd • .7219 14"Nd/144N • .611860 :t 20 for Le Jolla dur1ng period of study. All samples analysed at G.S.C. 

T...., 
I Mat 

2728 

2762 
2767 

2768 
2903 

2783 
2860 

2862 
2878 

2776 

2934 

2849 

2926 

• ._ • 1(14.1NdJ' .. Nd.,aample I •4.1Nd/' .. Ndot Bulk Earth) . 1 t • 1 0' where (II m age of sample. Present day values Bulk Earth ' 0 Nd/' .. N ~ . 61 2638; ,.,Smi ' .. Nd = 

.1967. 

'Published U·Pb zwcon or monaz•te ages are des~gnated by suparscnpta as follows' van Breemen et el .. 1990; 1 van Breemen et al. , 1987a; > Mortenson et 111., 

1988; • Krogh and Gobbons. 1978; • van Breem.m et 111., 1987b. Ages for other ;;.ample& era estimated values discussed in text. 

• •••Sm/' .. Nd detarmoned by ICP·MS. Estomated error :t 2%. 1% for rdtios determined by 10. 

• Samples 1-13, 18a, 30-33. 44·49. 61 -62. 64, 56· 58 chemostry done at G S.C. All other samples done at Memoroal i.Jnoversot y . 

c 
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0.7020. Tnis value is similar to e:,timates of Late Archean depleted mantle (e.g. 

Machado .~1 u/., 1986). The Sr isotopic data is in accord with the Nd isotopic data; 

both indicate derivation of the suite from a source(s) which was isotopically similar to 

the contemporaneous depleted mantle. 

5.2.5 Summary of Geochemical Characteristics of the Concession Suite 

The following are the salient chemical features of the Conct":>sion Suite. 

I) Two chemical groups are recognized on the basis of MgO and Feo· content: 1) a 

high Mg# (>50at Si02 <60%); and,2) a low Mg# group (<50 at Si02 < 60%). 

2) The two groups both show a continuous range in Si02 from 53 to 72 wt% Si02. 

The majority of samples, with less than 55 wt% Si02 contain cumulate amphibole 

and/or plagioclase. 

3) Major elements, CaO. FeO*, MgO, and Ti02, decrease in a linear fashion with 

Si01• K 20 conten:s are moderate and Na.p/~0 ratios are high. 

4) Samples of the high Mg# group have high abundances of Sr, Ba, LREE, low 

HREE, high (Ce/Yb)N, low Rb/Sr, little or no Eu anomalies and pronounced negative 

Nb anomalies relative to Th and La. Samples of the low Mg# group have lower 

abundances of Sr and REE and generally lower (Ce/Yb)N, and higher abundances of 

HFSE. 

5) The lower Si02 samples are generally the most enriched in trace elements; Sr, Ba, 

LREE, HREE and Y all decrease with increasing Si02• 

6) Isotopic compositions (Sr and Nd) are similar to estimated values of the 

contemporaneous depleted mantle. 

5.3 Geochemistry of the Siege Plutonic Suite 

The Siege Suite is restricted to one large irregular plutonic body within the central 

pan of the field area. Analyses of seven representative samples (Table 5.3), 

c~vering a large area of the pluton, show extremely limited chemical variation. The 

rocks are trondhjemitic (Figure 5.15), weakly peraluminous (Figure 5.16) and are 



Table 5.3 Representative analyses of the Siege Plutonic Suite. \(l_"\ 

Sai'Tiple 0044-87 0119 -87 0136-88 0217 -87 0319c 87 0104 88 V284 88 
Name 
Roc!.. Type Trondhj. Trondhj . Trondhj . TrondhJ. Trondht . Trondht . Tron<lht. 

Si 0 1 74.0 73 .0 72 .5 72.5 72 .3 72.0 71.4 
Ti01 0 .08 0 .04 0 . 16 0 .10 0 .08 0.16 0 .16 
AI, O, 15.5 15.7 16.1 16.2 16.8 16.5 16 8 
FeO' 0.65 0 .93 1.01 0 .93 0 .67 I .:!3 1.06 
MnO 0 .02 0 .02 0 .01 0 .03 0.01 0 02 0 02 
MgO 0.22 0 .36 0 .40 0 .29 0 .22 0 .41 0 .41 
CaO 1.94 2 .34 3 .28 2.89 2 .69 2 .79 3.15 
Na, O 4 l 8 5.41 5 .34 5.45 6 .23 5 .52 6 .06 
K , O 2.-· l 2 . 16 1.20 1.57 0 .87 1.44 0 .90 
P,o. 0.' 2 0 .0'5 0.00 0 .05 0 .04 0 .02 002 

LOI 0 .55 0 .31 0 .69 0.31 0 .73 0 .54 0 .54 
Mg Number 38 41 41 36 37 38 41 

Trace elements in parts per milhon 

v dl 4 10 dl dl 13 5 
Zn 10 18 6 11 15 11 13 

Rb 62.5 41.2 37 .4 39.1 15.9 30 8 26 .9 
Ba 484 984 337 712 202 674 332 
Sr 469 548 538 531 742 512 540 
Ga 16 17 18 16 19 20 20 

y 2.7 0 .3 0 .6 3.3 0 .0 0 .4 0 .8 
Nb 2.4 0 .8 1.1 1.9 1.3 1.7 2 .3 
Zr 71 .3 82.6 88 .5 82.8 105 101 86 .3 

La 2.15 3.83 3 .10 5.43 3 .35 nd nd 
Ce 3.71 6 .71 5 .37 11 .41 6 .46 nd ru.t 
Pr 0 .40 0 .71 0 .54 1.28 0 .68 nd nd 
Nd 1.52 2.58 1.97 4.84 2 .44 nd nd 
Sm 0 .38 0 .54 0 .35 0.88 0 .50 nd nd 
Eu 0 .16 0 .1 4 0 .15 0.17 0 . 19 nd nd 
Gd 0 .36 0 .39 0 .21 0.87 0 .33 nd nd 
Tb 0 .07 0.05 0 .03 0.10 0 .04 nd nd 
Dy 0 .48 0 .23 0 .18 0.50 0 .22 nd nd 
Ho 0 .10 0 .04 0 .04 0.10 0 .05 nd nd 
Er 0 .31 0 . 13 0 .14 0 .28 0 . 14 nd nd 
Tm 0 .05 0 .02 0.02 0.04 0 .02 nd nd 
Yb 0.36 0 .14 0.13 0 .25 0 .14 nd nd 

Lu 0 .06 o ...... J 0.02 0 .04 0 .03 nd nd 

Th 0 .14 0 .41 0 .50 6.12 nd nd nd 

Setacte..J ratios 

K 70 /Na70 0 .49 0 .40 0 .22 0.29 0 .14 0 .2 6 0 .15 
K/Rb 323 436 265 334 452 389 277 
Rb/Sr 0 .13 0 .08 0 .07 0 .07 0.02 0 .06 0 .05 
Ba/Sr 1.03 1.79 0 .83 1.34 0 .27 1.32 0 .61 
Bal la 225 257 109 131 60 
La/Nb 0.89 4.84 2.75 2.82 2 .52 
T ifZr 6 .8 3.0 11.0 7.3 4 .7 9.5 11.3 
(Ce/Ybln 2.7 12.5 10.6 11.7 12.1 
'Eu/Eu • 1.35 0 .00 1.73 0.60 1.42 

REE and Th determoned by ICP-MS all o ther trace element• det11moned by XRF. nd a not determ oned, dl • below 
detection limit . 
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characterized by a limited range in Si02 content (71.5 to 74 wt%), moderate to high 

Al10 1 ( > 15 wt%) and hig, Nap ( >5.0%) contents with N~0/~0 ratios greater than 

2. 

As described in Chapter 2, samples of the Siege Suite are heterogeneous on the 

handsample scale, consisting of variable proponions of two petrographic components: a 

biotite-bearing tonalite phase pervasively mixed with a relatively younger leucocratic 

tonalite. The latter often contains magnetite prophyroblasts and blue-green apatite. 

Samples collected for analyses were selected to minimize the amount of the leucocratic 

component. The two phases have not been separated and analyzed separately. 

The suite has low to moderate abundances of LFSE (Rb < 65 ppm: Ba 200-1 000 

ppm; Sr 500-750 ppm); extremely low contents of HFSE (Nb < 2.5 ppm: Y < 4 ppm): 

and, low abundnaces of REE. Normalized REE patterns have a positive slope in the 

LREE and flat to slightly concave up HREE patterns (Figure 5.17). The patterns 

(excepting sample 0044-87) are subparallel with slightly positive to negative Eu 

anomalies. Sample 0044-87 has a flatter pattern and higher HREE. It also has higher 

PPs• which together with the higher HREE may reflect a higher apatite content. 

An extended REE plot is shown in Figure 5.18. The normalized values of the 

LFSE are much higher and relatively decoupled from those of the LREE. Positive Sr 

anomalies arc prominent. Nb is relatively depleted in contrast to Zr which has a 

distinctly positive anomaly. These differences lead to the extremely fractionated HFSE 

ratios (e.g. Ti/Zr) shown in Table 5.3. 

cNdiO values calculated for two samples range from +0.1 to + 1.1 (Table 5.2; 

Figure 5.14b). These values overlap the lower range offr.d<H) values oi rocks of the 

older tectono-stratigraphic assemblage described in Chapter 6. van Breemen er a/. , 

( 1990) discuss U-Pb isotopic evidence for an inherited zircon component in sample 

0217-87. The precise age of the inherited component is poorly constrained but is at 

least as old as 2650 Ma. 
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5.4 Origin and Evolution of the Concession Plutonic Suite 

The primary criteria which must be met by potential petrogenetic models for the 

Concession Suite is the ability to 1ccount for large volumes of tonalite with apparently 

lesser volumes of chemically related granodiorite, quanz diorite and diorite at high 

crustal levels ( < 12 km). Petrogenetic processes capable of meeting this criteria 

include: 1) variable degrees of partial melting of basaltic precursors (Hell, 197fl; Grl'Cn 

and Ringwood, 1968; Stem and Wyllie, 1978; Huang and Wyllie, 1986; Holloway and 

Burnham, 1972; Green, 1982); 2) fractional crystallization of parental malic liquid. 

either crustal or mantle in origin (Green and Ringwood, 1968; Anh. 1976; Stem and 

Hanson, 1990); 3) assimilation of crust by mantle-derived magmas. concomitant with 

fractional crystallization (AFC), (DePaolo, 1981); and 4) mixing (unmixing) of mafic 

and felsic magmas (McBimey, 1980). Mixing can be considered as a special case of 

the AFC process in which crystal fractionation has a negligible effect. 

Crustal melting, fractional crystallization and unmixing models have each been 

proposed, at different times, for correlative plutonic rocks to the Concession Suite 

elsewhere in the Slave Province (Green and Baadsgaard, 1971; Drury, 1979; Mcintzcr. 

1987; Hill and Frith, 1982; Frith and Fryer, 1985). 

For the purposes of the following discussion the processes listed above arc 

grouped into two first order possibilities: 1) an entirely crustal origin (e.g. partial 

melting of basalt); or, 2) a mantle origin followed by crustal processes (e.g. 

fractionation, crustal assimilation, mixing). 

5.4.1 Evaluation of Models Deriving the Suite l'rom Crustal Sources 

This section will address two questions: 1) can magmas of appropriate 

composition be derived entirely from crustal melting; and 2) if so, what then is the 

origin of the chemical variation observed within the suite? 

Tonalites from Mafic Crust: A Brief Review of Experimental Contra.ints 

Experimental phase relationships of basaltic and tonalitic rocks theoretically 

permit the generation of calc-alkaline tonalites and associated rock types by partial 
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melting of basaltic precursors at both crustal and mantle pressures (Green and 

Ringwood, 1968; Stem and Wyllie, 1978; Huang and Wyllie, 1986; Eilis and 

Thompson, 1986; Beard and Lofgren, 1989; Helz, 1976). Experimental panial melts 

of basaltic rocks generated under water undersaturated conditions most closely 

approximate the weakly meta-aluminous compositions of natural calc-alkaline rocks, 

such as the Concession Suite (e.g. Ellis and Thompson, 1986; Huang and Wyllie, 

1986). However it should be noted that experimental studies have not been successful, 

to date, in exactly reproducing the full range of compositions of natural calc-alkaline 

rock series (see Huang and Wyllie, 1986; Ellis and Thompson, 1986). The range of 

Si02 compositions from diorite through tonalite, corresponds to degrees of melting 

ranging from 50 to 10%, respectively, depending on melting conditions (e.g. Stem and 

Wyllie, 1978, Helz, 1976). Dioritic compositions (55 to 60 wt% Si02) would require 

relatively high temperatures of melting, certainly greater than 900°C (Helz, 1976). 

Predicted residual assemblages vary depending on the pressure, amount of water, 

and degree of melting. At crustal pressures ( < 15 kb), tonalite melts may coexist with 

amphibole, clinopyroxene, Fe-oxides, ±olivine, ±garnet under water-saturated 

conditions (Helz, 1976; Holloway and Burnham, 1972; Green and Ringwood, 1968; 

Huang and Wyllie, 1986), and with clinopyroxene, garnet, ±amphibole, ±plagioclase. 

± quartz and oxides under anhydrous or water deficient conditions (Huang and Wyllie, 

1986). Amphibole is not stable at pressures greater than 30 kbars with clinopyroxene 

and garnet dominating the assemblage at higher pressures. 

Based on phase relationships and available experimental studies, potential crustal 

source rocks to the suite could include mafic rocks metamorphosed to amphibolites, 

gamet-amphibolites, garnet-granulites or eclogites. 

Accepting that the range in bulk compositions could be generated by basalt 

melting models, then, within-suite variation could be due to: v~riable numbers of 

parental compositions derived from variable degrees of melting :;~ioirce rocks; mixing 



107 

between high and low degree melts; fractional crystallization starting from a 'parental' 

high dl ~ree melt (ie. diorite) with or without assimilation; or unmixing or accumulJtion 

from a 'parental' low degree melt (ie. tonalite). 

The viability of these processes and the basalt melting hypothesis wid be tested 

using trace element systematics. 

Evaluation of Basalt Melting Models Using Trare Elemt'nt Systl'matics 

Garnet and amphibole are both minerals which strongly fractionate the REE and 

melting garnet or amphibole bearing matic rocks will produce large to extreme 

fractionations in the REE content of the resulting liquid. The high (Cc/ Yb)N ratios. low 

abundances of HREE and concave up HREE patterns characterstic of the Concession 

Suite (Figure 5.8) are predicted features of tonalites derived from partial melts of 

basalts leaving either a garnet-amphibolite, garnet-granulite or eclogite residuum (t' .g. 

Arth and Hanson, 1975: Rudnick and Taylor, 1986; Gromet and Silver, 19g7; Martin, 

1986; Detant and Drummond,1990; see also Chapter 4). 

The predicted effecc on the REE contents of melts derived by batch partial melting 

leaving an eclogite, garnet amphibolite or amphibolite residuum are shown in Figure 

5.19 (see Table 5.4 for details of melting parameters used in the calculations). Since 

both garnet and amphibole fractionate the REE, the variable degrees of melting 

required to yield the range of rock types observed no to > 40%), should result in 

rocks with REE patterns of variable slope. This is particularly true if garnet is a 

significant residual phase. Crossing REE patterns are expected as the mafic rocks, 

representing higher degrees of melting, should have lower (Ce/Yb)N ratios and lower 

abundances of Ce compared with more Si02-rich samples (ie. lower degree melts). 

This is not what is observed in the data set. Measured REE patterns are 

subparallel, and the highest abundance of both the LREE and HREE occur in the most 

mafic samples of the suite, contrary to predictions of variable melting models. Only if 

all of the REE behaved compatibly and the Kd values decreased during melting would 

the more felsic melts be less enriched in Ce than mafic rocks. Accessory mineral 

phases with large Kd values for the REE (e.g. apatite, titanite) may be stable residual 



Table 5.4. Parameters used in non-modal batch melting calculations. 

Amphibolite 
Garnet 

Amphibolite 

I 08 

Eclogite 

Source(%) Melt(%) Source(%) Melt(%1 Source(%1 Melt(%1 

Plagioclase 
Hornblende 
Clinopyroxene 
Garnet 

25 50 
60 50 
15 

20 50 
20 50 
48 80 80 
12 20 20 

Estimates of source and melt modes: ( 1 l amphibolite (Helz, 1 976); (2) garnet amphibolite 
(Huang and Wyllie, 1986; Lambert ad Wyllie, 1972); (3) eclogite (Stern and Wyllie, 1 978; 
Ellis and Thompson, 1986). 

phases during partial me~ting of ba.salt (Green and Pearson, 1987; Watson and 

Harrison, 1984) and could significantly increase the Bulk D values for the REE. 

However even under these conditions, the bulk D of the residual assemblage is still 

expected to fractionate the REE as apatite and titanite fractionate the MREE relative to 

the LREE and HREE, in a fashion similar to amphibole. 

To produce the very high abundance of Ce in mafic rock types of the Concession 

Suite requires an extremely LREE enriched basaltic source with high (Ce/Yb)N. For 

example, a source similar in composition to the average Archean tholeiite of Taylor and 

McLennan (1985)(AT, Figure 5.19) requires extreme fractionation to even approximate 

the lowest abundances of Ce observed in the rocks (Figure 5.19). Even if a relativley 

enriched basaltic source composition is assumed (e.g. D054b-87), the high abundances 

of Ce in the mafic rocks cannot be achieved unless the degree of melting is extremely 

low ( < 10%). Such low degree melts of basalt will not be dioritic in composition, as 

required by the data. 

Additional problems with the basalt melting hypothesis include: 

I) The lack of a significant Eu anomaly and the high Sr contents of the Concession 

Suite preclude plagioclase as a significant residual phase during melting. Sr is therefore 

predicted to behave incompatibly, with the highest abundance in the lower degree 

melts. The reverse relationship is observed as Sr is most enriched in diorites not 

tonalites (Figure 5.13). Additionally, in order to get the very high abundances of Sr 



( > 1000 ppm) by melting typical basaltic r<X:ks (e.g. 300 ppm) requires degrees of 

melting of less than 15% (Stem eta/ .• 1989). As pointed out above, such low degree 

melts would not be dioritic or quanz-dioritic in composition. 

2 : Abundances of "compatible" (e.g. Ni) vs "incompatible" (e.g. Rb) clements du 

not follow paths predicted by partial melting models (Figure 5.20). The rapid dccrea~ 

in Ni compared to the more moderate increase in Rb are more characteristic of 

fractional crystallization and.'or assimilation·fractional crystallization processes. 

3) Partial melti.tg of basalt produces liquids with lower Mg# and Ni abundances than 

the protolith (Green and Ringwood, 1968; Stem and Wyllie. 1978). The high Mg# and 

Ni abundances of the most mafic members of the Concession Suite require that the 

source rocks had Mg# > .6 and relatively high Ni ( > 100 ppm) abundances. On 

average, volcanic rocks exposed in the Slave Province do not have these primitive 

characteristics (Cunningham and Lambert, 1989; Goodwin, 1988; Lambert, 1988). 

Ultramafic sequences are extremely rare. Volcanic rocks that arc presently exposed 

may not, however, be representative of malic protoliths in the lower crust. 

Given the experimental uncertainty in generating the full range of observed 

compositions (e.g. Ellis and Thompson, 1986; Huang and Wyllie, 1986) and the 

inability to predict within-suite trace element variations, the hypothesis that all members 

of the suite are related by variable degrees of partial melting must be rejected. 

Further, the high Ce and Sr compositions of the mafic endmember of the suite cannot 

be accounted for by any simple crustal melting model. 

Since the full range of compositions cannot be generated through variable degrees 

of basalt melting, this also eliminates the possiblilty that the suite represents mixing 

between different crustal melts. Clearly, in order for mixing models to be practical in 

this case, crustal melting must be able to generate appropriate end member 

compositions. 

Frith and Fryer ( 1985) proposed that the parental magma to the Regan lntrusi vc 

Suite in the Beechey Lake area, immediately east of the present study area was tonalitic 

in composition, not dioritic. They suggested that the related quartz diorites and diorites 
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represented various accumulates of nonliquid compositions. Unmixing and 

accumulation of mafic crystals from a 'parental' tonalite could generate a range of more 

mafic compositions. Conceptually this is not disimilar to the restite unmixing models of 

Chappell and White (1974). The more mafic rocks need not, however, include residual 

materiab, they could be cumulates of early formed crystals. or even immiscible liquids. 

There are two major problems with this hypothesis: 

1) The presence of plagioclase and/or hornblende porphyritic, fine grained mafic 

dyke rocks provide petrographic evidence that mafic rock types are not all cumulate in 

origin. If unmixing is an important process it is unlikely to occur by the physical 

separation and accumulation of crystals. There is no evidence to support an immiscible 

relationship between tonalites and the more mafic rocks. 

2) The unmixing model fails to account for the chemical variation of the REE within 

the suite. Unmixing of a residuum dominated by plagioclase and hornblende will result 

in rotation of the REE pattern (not observed) and an increase in the MREE relative to 

the LREE and HREE in mafic rock types. Positive Eu anomalies may or may not 

develop depending on the relative Kd values and proportions of plagioclase and 

amphibole (e.g. Arth er ai., 1978). As with the basalt melting models, crossing REE 

patterns are predicted unless the Kd values for amphibole are high ( > 2 for all 

elements), or apatite, titanite or other accessory REE :ich minerals are also separated. 

The (Dy/Yb)N ratio, a monitor of the extent of MREE fractionation, should increase 

with increasing proportions of cumulate amphibole, titanite and apatite (see Figure 5.21 

and discussion below). It has previously been shown that the MREE are not 

significantly fractionated with variation in Si02 content (Figure 5.10). 

3) The predicted Ba and Rb contents of cumulate rocks, based on published Kd values 

for amphibole and plagioclase, are extremely low in comparison to values measured in 

the diorites. The predicted values are, however, similar to measured values in 

cumulate rocks, which, as shown in Figure 5.8, generally have low Ba and Rb (as well 

as Sr) compared to the mafic rock types. Minerals capable of concentrating these 



elements (e.g. biotite, k-spar) in the marie rocks are not abundant, or in the case of 

K-spar are ab~nt from the most mafic rocks. It is therefore unlikely that the LFS 

element abundances can be predicted by crystal unmixing models. 

5.4.2 Models of Crustal Differentiation of Mantle-Derived !\lagmas 

III 

The inability to derive the mafic rock types of the suite from cru~tal melting 

suggests a mantle origin for the suite. None of the samples of the Concession Suite 

have compositions in equilibrium wtth mantle rocks (ie. Mg#> ; Ni > 100 ppm). All 

samples must therefore have undergone some fractionation. Th1s will he discussed 

below. 

Two possibilties will be considered for the within-suite chemical variation: I) 

differentiation due to fractionation and; 2) differentiation due to assimilation of crust 

combined with fractional crystallization (AFC, DePaolo, 1981). Deriving intermediate 

compositions through mixing of felsic and mafic endmembers can be considered as a 

special case of the AFC process. 

It is difficult to quantify these processes using a regional database because of 

'second order' effects such as variable parental compositions, differences in 

fractionating assemblage and mixing of variably fractionated magmas. In order to 

minimize these effects, the following discussion will be restricted to samples from a 

single plutonic body, (Concession Pluton) which shows a range in composition. The 

style of chemical variation within this body is typical of rocks of the Concession Suite 

as a whole, including both the high and low Mg# groups and the conclusions drawn 

below are probably applicable in a general sense for the suite as a whole. 

M~or Element Within-Suite Variation 

The potential effect of fractional crystallization (FC) and assimilation fractional 

crystallization (AFC) processes on major element compositions has been modelled 

using the least squares mixing equation of LeMaitre (1979). The models assume: a 

parental compositon similar to sample Dl54b-87; fractionation of minerals observed in 

the rocks (prinicipally amphibole and plagioclase); and assimilation of a felsic crustal 
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component similar in composition to the Siege Tonalite. The Siege Tonalite was 

selected as the assimilant because it may represent a felsic crustally-derived liquid, 

approximately contemporaneous with the Concession Suite. Mineral compositions ar~ 

taken from Hill (1980) and Davis (1985). 

The least squares mixing models have been subdivided into two stages, in order to 

allow for changing mineral assemblages with fractionation. The first stage of the model 

covers the interval from 53 to 60 % Si02, the second stage from 60 to 65 wt% Si02, 

the dominant compostion of the suite. A third stage from 65 to 70 wt% Si02 has not 

been modelled in detail. 

Results of Least Squares Mixing Models 

Fractionatior. models dominated by amphibole and plagioclase yield acceptable 

solutions to least squares mixing equations (Table 5.5). 

The first stage of the model involves 48% fractionation dominated by amphibole 

followed, in the second stage, by an additional 34% fractionation dominated by 

plagioclase. The total amount of crystal fractionation required to reproduce the range 

of Si02 compositions (53 to 66 wt%) is 58%. The initial stage requires large degrees 

of amphibole fractionation because it is the predominant low-Si02 phase observed in the 

mafic rocks and separation of a low-Si02 phase is required to increase Si02 in the 

liquid. Biotite is less common in mafic lithologies and spinel phases are rare in the 

more mafic samples and absent from cumulate rocks. The model can accomodate 

fractionation of small amounts of biotite. Onhopyroxene is observed in some cumulate 

rocks and as cores to amphibole, however its high Si02 content would cause little 

change in Si02 content of the resulting liquids. Orthopyroxene could on the other hcllld, 

reduce the Ni and Mg# values from those in equilibrium with mantle rocks, during an 

earlier period of fractionation. 

Models which include assimilation of high Si02 material in combination with 

fractionation also produce acceptable solutions. As shown in Table 5.5, AFC models 

require significantly less crystal fractionation than fractional crystallization alone. The 

ratio of assimilated material to fractionated material is relatively high (2 to 3) which 



TABLE 5.5 Results of least squares mixing calculations, Concession Pluton. 

STAGE 1 

Fractional Crystallization 
Wt% SI02 TI02 AL203 FE203 MNO MGO CAO NA20 K20 P205 

REACTANTS USFO 

D1548·87 100.0 53.3 0 .9 18.0 8.3 0 .1 8 .4 7 .7 4 .3 2.3 0.11 
PRODUCTS USED 

A280·87 51 .9 110.0 0 .8 18.8 5.7 0 .1 4.2 5 .3 5 .1 2.2 0 .3 
HOIHvr. .. LNDE 1 34.0 45.7 1.5 11 .4 18.5 0 .3 10.8 12.3 1.0 0 .8 0 .0 
PLACi AN 40 12.8 58 .5 0 .1 25.9 0.2 0 .1 0 .1 8 . 1 8 .9 0 .2 0 .0 
APATITE 1.0 0 .0 0 .0 0.0 0 .0 0 .0 0 .0 57.1 0 .0 0 .0 42.9 
FE vXIDE 0 .3 0 .0 7.0 0.0 92.5 0 .5 0.0 0 .0 0 .0 0 .0 0.0 

ESTIMATED COMPOSITIONS 

REACTANTS 53.3 O.t 111.0 8.3 0.1 8 .4 7.7 4 .3 2.3 0 .11 
PRODUCTS 54.2 0.8 15.8 8.8 0 .2 5.8 8 .6 3 .9 1.4 0.8 

DIFFERENCES ·0 .9 0.1 0 .2 -o.5 0 .0 o.e ·0 .9 0.5 0 .9 0 .0 

RESIDUAL SUM OF SQUARES• 3.3 

Fractional Crystallization and Assimilation (Mixing) 

WT% $102 TI02 AL203 FE203 MNO MGO CAO NA20 K20 P205 

REACTANTS USED 

D1548-87 100.0 53 .3 O.t 18.0 8 .3 0 .1 8 .4 7.7 4 .3 2.3 0 .8 
PRODUCTS USED 

HORNBlENDE 1 11 .5 45.7 1.5 11 .4 111.5 0 .3 10.8 12.3 1.0 0 .8 0 .0 
PLAG AN 40 0 .4 58.5 0.1 25.9 0.2 0 .1 0.1 8.1 8 .9 0 .2 0 .0 
APATITE 1.1 0 .0 0.0 0 .0 0 .0 0 .0 0.0 57.1 0 .0 0 .0 42 .9 
SIEGE ·35.8 72.4 0.1 111.2 1.0 0 .0 0 .3 2.9 5 .5 1.8 0.1 

TONALITE 
A280·87 122.8 110.0 0.8 18.8 5.7 0 .1 4.2 5 .3 5 .1 2.2 0 .3 

ESTIMATED COMPOSITIONS 

REACTANTS 53.3 0 .9 18.0 8.3 0 .1 8.4 7.7 4 .3 2.3 0 .11 
PRODUCTS 53.3 0.8 111.1 8.4 0.1 8.3 7 .8 4 .4 2.2 0 .8 

DIFFERENCES 0 .0 0.1 0.0 -0.2 0 .0 0 .1 0 .1 -0 .1 0 .2 ·0 .2 

RESIDUAL SUM OF SQUARES • 0 .1 



STAGE 2 

Fractional Crystallization 
WT% 5102 TI02 Al203 FE203 MNO MGO CAO NA20 K20 P205 

REACTANTS USEO 

A280-87 100.0 60.0 0.11 15.5 5.7 0.1 4 .2 5.3 5 .1 2.2 0.3 
PRODUCTS USED 

HORNBLENDE 2 15.7 48 .3 0.7 8.0 18.5 0 .3 12.5 12.2 0 .8 0 .7 0 .0 
PLAG AN30 24.5 80.9 0 .0 24.4 0.0 0.0 0 .0 8.5 7 .9 0 .4 0 .0 
AP.&TITE 0 .0 0.0 0.0 0 .0 0 .0 0 .0 0 .0 57. 1 0 .0 0 .0 42.9 
FE OXIOE 1.0 0 .0 7.0 0 .0 92.5 0.5 0 .0 0 .0 0 .0 0 .0 0 .0 
0203-87 58 .8 84.7 OS 18.2 4 .2 0 .1 3.2 4.2 4 .4 2.3 0 .2 

ESTIMA TEO COMPOSITIONS 

REACTANTS 80.0 0.1 18.8 5.7 0 .1 4 .2 5.3 5 .1 2.2 0 .3 
PRODUCTS 60.5 0.5 18.8 8.0 0 .1 3.8 8 .0 4 .6 1.6 0 .1 

DIFFERENCES -0.5 0.1 ·0.1 ·0.4 0 .0 0 .4 ·0 .:' 0.4 0 .6 0 .1 

RESIDUAL IUM OF SQUARES • 1 .6 

Fractional crystallization plus Assimilation {Mixing) 
WT% SI02 Tl02 Al203 FE203 MNO MGO CAO NA20 K20 P205 

REACTANTS USED 

.4280·87 100.0 eo.o 0 .8 18.8 5.7 0.1 4.2 5.3 5.1 2.2 0 .3 
PRODUCTS USED 

HORNBLENDE 2 5.8 48.3 0.7 8.0 18.5 0 .3 12.5 12.2 0 .8 0 .7 0 .0 
PLAG AN30 HIS 80.9 0 .0 24.4 0 .0 0.0 0 .0 8.5 7 .9 0 .4 0 .0 
APATITE 0, 0.0 0 .0 0.0 0 .0 0.0 0 .0 57.1 0 .0 0.0 42.9 
FE OXIDE 08 0.0 7.0 0.0 92.5 0 .5 0.0 0 .0 0 .0 0 .0 0 .0 
SIEGE ·32.1 72.4 0.1 18.2 1.0 0.0 0.3 2.9 5.5 1.6 0.1 

TONALITE 
0203-87 109.1 54.7 o.s 111.2 4.2 0.1 3 .2 4 .2 4 .4 2.3 0 .2 

ESTIMATED COMPOSITIONS 

REACTANTS eo.o 0 .8 18.6 5.7 0.1 4.2 5.3 5 .1 2.2 03 
PRODUCTS 80.2 0 .8 17.0 5.8 0.1 4.1 5.5 4 .4 2.1 0 .2 

DIFFERENCES .0.1 0.0 ·0.3 ·0.1 0.0 0 .1 ·0.2 0.7 0 .0 0.0 

RESIDUAL SUM OF SQUARES • 0.1 



II~ 

would requ.re that the assimilated crust was hot at the time of intrusion (t'.g. DcPalllu. 

1981; Sparks, 19~6). The interpretation of a crustal origin for the Siege Tonalite (sec 

below) and the close temporal relationship to metamorphism argues fnr locally high 

temperatures in the crust during plutonism. 

Simple mixing models, without fractionation can also yield appropriate major 

element solutions for intermediate compositions (not shown). However. the mure felsic 

samph . dherge significantly from calculated values. 

In summary, the solutions to major element least squares mixing equations suggest 

that the major element chemical variation within the suite can be rcprodu,·ed by 

assimilation of anywhere from zero to 30% crustal material, resembling the Siege 

Tonalite, and involving anywhere from 30 to 60 % fractional crystalli1.ation. 

Within-Suite Trace Element Variation 

The results of the major element models have been used to evaluate the trace 

element variation within the suite. Trace element systematics have been modelled using 

standard equations for fractional crystallizalion and AFC (e.J:. Arth. 1976; DePaolo. 

1981), and published mineral Kd values (Appendix 4). The mineral proportions used in 

the trace element modelling are given in Table 5.6. The rational for the usc of 

accessory mineral phases is given below. 

Table 5.6. Fractionating mineral assemblages used in trace element modelling 
calculations. 

Model A Model B 

Assimtlat ion Asstmtlatton 
Fractional Fract•onal Fracttonal Frecllonel 

Crystallization Crystallization Crystallizatton Crystallwtt ton 

Mineral (wt 04 l 2 2 2 2 

Hornblende 74 39 78 26 70 39 78 2& 
Plagioc lese 26 60 20 74 27 &9 20 75 
Apatite 1.0 1.0 1.0 1.0 2.0 1.0 1.0 1.0 
Titantte 0 .5 0 .5 0.5 0 .6 0.6 1.0 0 .6 0 .6 
Allantte 0 . 1 0 . 1 0 .1 0 . 1 0 .1 0 .6 

- ··· -
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Table 5. 7 presents the calculated bulk D values required to account for the 

measured trace element variations within each of the two stages described above. The 

values were determined by inverting the standard fractionation equation (Arth, 1976). 

using measured values for the final (Cf) and initial compositions (Co), and solving for 

D assuming degrees of fractionation determined by the major element solutions. The 

bulk D values determined in this fashion are equivalent to the integrated value over the 

fractioaation interval. 

Table 5. 7. Estimated Kd values required for fractional crystallization models in accord 
with major element solutions. 

Samples 
0 154b-87 A280-87 0203-87 

Cr 113 102 95 
No 76 68 50 
Sc 24 15 11 
v 231 123 106 

Rb 62 54 o2 
Ba 1173 1034 1078 
Sr 1536 1243 1085 

Nb 6 .6 5.5 5 .2 
Zr 143 174 163 
y 22 12 10 

Th I . 9 4 .6 6 .4 
La 70.8 32.6 30.9 
Ce 159 72.3 66.9 
Pr 19.7 8.7 7 . 7 
Nd 82.8 34.6 29.9 
Sm 15.0 6 .0 4 .8 
Eu 3 .6 1.2 1. 2 
Go 12.0 5 .0 4 .2 
~b 1 . 2 0 .51 0.38 

v 6.8 2.4 2 .0 
r10 0 .95 0.47 0 .38 
Er 2 .2 1.2 0 .90 
Tm 0 .28 0 .15 0.12 
Yb 1.6 1.1 0 .82 
Lu 0 .24 0 .15 0 . 13 

qequired Bulk D Values 

Stage I Stage 2 
t =0.6 1=0.7 

1. 15 1.21 
1.14 1.87 
1.66 1.82 
1.91 1.42 

1.19 1.09 
1.18 0 .88 
1.30 1.38 

1 .26 1.18 
0.71 1.18 
1 .89 1.48 

-0 .25 0 .07 
2 . 12 1. 14 
2 . 14 1.22 
2.19 1 . 3 ~ 
2 .26 1.41 
2.31 1.66 
2 .53 1.07 
2.24 1.52 
2 .25 1.82 
2.21 1.56 
2.02 1.61 
1.86 1.81 
1.89 1.64 
1.63 1.70 
1 .67 1.39 

Total 
fa0.4 

1.19 
1.44 
1.81 
1.85 

1.18 
1.09 
1.38 

1.27 
0.85 
1.86 

-0 .31 
1.90 
1 .95 
2 .02 
2.11 
2.25 
2.19 
2 . 14 
2 .27 
2.13 
2 .01 
1.97 
1.92 
1. 75 
1 .66 

Calculated Bulk D values 

Stage 1 Stage 2 

22 12 
6.9 3 
9 6 

24 12 

0 .04 0.02 
0.11 0.13 
0.64 1 2 

1.68 1.23 
1.04 0.56 
2.59 1.74 

0.33 0.26 
1.57 1.56 
1.72 1.62 
2.03 1.85 
2 .24 2 1 
2.59 2.54 
2.51 3.19 
2.77 2.7 

3.00 2.92 

2.67 2.42 

2 .09 1.51 
1.94 1.30 

Required Kd values calculated by solvong equa!lon 6 of Arth ( 1976) . using measured values lor initial I C. ) 
and fonal compositions (C,) and assuming the degree ollractiona!lon consistent woth maror element solutoons 
IT able 5 .51 . Stage I assumes C" "" D 154b-87 and C, = A280-87, Stage 2 assumes C0 "" A280-87 and C, 
• 0203-87. Calculated Kd values are based on moneralassemblages shown in Table 6.6 (Model AI and 
intermediate Kd values !Appendix 4). 

The Bulk D values for the REE determined by this method are higher than would 

be predicted for amphibole and plagioclase dominated assemblages assuming published 

Kd values. This suggests either: l) the Kd values used for amphibole are too low; or 2) 
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the S{'paration of REE-rich accessory phases (e.g. titanite, allanit~. apatit~. zircon). All 

of these accessory phases are common in the rocks and because of their high Kd ·:alu~s 

for the REE they may have an important effect on REE systematics. 

Effect of Accessory PhastS on REE Systematics 

The effect on REE patterns of small amounts of fractionation of titanite. apatite. 

allanite and zircon are shown in Figure 5.2lb. Although published REE Kd values for 

these minerals show considerable variation, the REE behave coherently as a group and 

the relative effect of each of these minerals is predictable. Changes in the absolute 

values of the Kd will dominantly affect the magnitude, not the style. of REE 

fractionation. 

As can be seen from Figure 5.21b fractionation of apatite and titanite results in a 

decrease in all REE, and a strong relative depletion of the MREE. This type of 

fractionation is not dissimilar to that caused by amphibole (figure 5 .21a). 

Fractionation of these two phases will, therefore, have the effect of increasing the 

apparent Kd values of amphibole. 

In contrast, allanite and zircon produce different types of REE fractionation 

(Figure 5.2lb). Zircon strongly depletes the HREE relatively to the LREE (Heaman l'f 

a/., 1990) and allanite strongly depletes the LREE relative to the HREE (Brooks et al.. 

1981). The potential for allanite, observed in all rocks with greater than 56% SiO?, to 

control the LREE content of the rocks should not be underestimated. Figure S.21b 

shows the effect of fractionating 0.5 wt% allanite from a typical sample of the 

Concession Suite. All elements lighter than Eu show a strong depletion. however, the 

HREE are less affected. As previoiJsly noted, the LREE correlate with Th abundance 

in the rocks, elements which are all strongly concentrated in allanite. Compare this 

with the effect of small amounts of allanite fractionation (Figure 5. 21 b) and it suggests 

that allanite may be one of the controls on the LREE budget of the rocks. 

Crossing LREE patterns are not, however, commonly observed within the data set 

(Figure 5.9). This imposes limits on the extent of allanite fractionation. Allanite 
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fractio:ation must be much less extensive, than 0.5 wt% ~hown in Figure 5.2lb. Small 

amounts of allanite could be responsible for minor variations in LREE, and contribute 

to the high bulk D values for the REE that are required by FC models (see Table 5. 7). 

The high bulk D values shown in Table 5. 7 , particularly for the LREE, can be 

accomodated by the fractionation of the REE-rich accessory phases mentioned above. in 

addition to hornblende and plagioclase. The REE Bulk D values calculated from 

published Kd values, taking into account the effect of small amounts of these accessory 

phases, are shown in Table 5.7. The proportions of amphibole, plagioclase, and apatite 

are based on the major element solutions (Table 5.5 and 5.6), whereas, the proportion 

of titanite and allanite are based (ln their abundance relative to apatite estimated from 

thin section. The latter estimates are not precise. The Bulk D values calculated using 

published Kd values approximate, in general, the magnitude of the required bulk D 

values (Table 5. 7). However, achieving this integrated D value, over the full range of 

fractionation, would require a relatively delicate balance in the proportions of the 

fractionating phases (particularly accessory phases) and in the variation in Kd over a 

large range in Si02 content and temperature. Whether this balance is feasible is not 

clear. 

Fractional Crystallization Models 

The major element solutions for simple fractional crystallization (FC) predict large 

amounts (40%) of amphibole fractionation, particularly in the first stage of the model. 

The FC model can accomodate certain aspects of the trace element chemistry of the 

suite, for example, the Ni and Rb variation shown in Figure 5.20. It has difficulties, 

however, in accounting for the REE and LFSE (Ba, Sr) variations. 

Figure 5.22 shows REE contents measured in homblendites or hornblende-rich 

diorites, interpreted to be amphibole-dominated cumulate rocks, normalized to the most 

matic non-cumulate composition (ie. 'liquid' composition). The cumulate rocks show 

relative depletions in LREE, and significant enrici1ments in MREE and HREE with a 



marked concave down pattern. The shape of the patterns is similar to measured Kd 

patterns of amphibole in tonalites (e.g. Gromet and Silver. 1983: Sawka. 1988) 

supporting a cumulate origin for these rocks. 

!Ill 

Based on the REE patterns of these amphibole cumulate rocks and published KJ 

values for amphibole in intermediate liquids, extensive amphibole fractionation, as 

required in the first stage of the FC model, should cause rotation and steepening of the 

REE with a pronounced depletion of the MREE with progressive fractionation (1-'igure 

5.2la). 

The MREE depletion predicted by amphibole-dominated fractionation can be seen 

in Figure 5.23, which plots the calculated results of the first stage of the fractional 

crystallization model normalized to the starting 'parental' composition. The 'target' 

composition, in this case sample A280-87 (Si02 = 60 wt% ), is shown as a dashed line . 

The fractionating assemblage used in this calculation is given in Table 5.6 (Model A) . 

The FC model results in REE patterns which are more strongly fractionated in the 

MREE than those observed in the data set. 

High bulk D values are also required for Ba and Sr to account for their compatible 

behaviour throughout the series (Table 5. 7). This requirement is particularly 

problematic through the first stage of the model in whicil plagioclase fractionation is 

strongly subordinate to amphibole and the predicted bulk D values for Sr and Ba should 

both be considerably less than unity. Figure 5.24 is a diagram of Ba against Sr for 

rocks of the Concession Pluton. Superimposed on this diagram are ,:1c trends predicted 

for the two stages of the FC model assuming fractionating assemblages shown in Table 

5.6. The results of AFC models, described below, are shown for comparison. The FC 

models predict increasing Ba and Sr contents through the first stage of the model. Sr 

becomes compatible in the second stage. as plagioclase becomes the dominant 

fractionating phase. 

The decrease in Ba and Sr contents is not compatible with the compositions of the 

cumulate rocks which, for the most part, have low Ba and Sr (Figure 5.24). Separation 

of these cumulate rocks will drive residual liquids to higher Sr and Ba. We are 
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therefore, left with the paradox that the observed cumulate rocks do not have the 

appropnate LFSE or REE (or for that matter major element chemistry) required to shift 

the liquids along appropriate descent lines. Cumulate rocks exposed as marginal phases 

or as cognate xenoliths within plutons cannot account for the observed fractionation 

trends, arguing against processes of in situ differentiation at this level. Stem and 

Hanson (1991) noted a similar paradox in considering the origin of chemical variations 

in diorite-tonalitcs for the Superior Province. 

Assimilation Fractional Crystallization Models 

The problems encountered by the FC model are considerably reduced or 

eliminated in AFC models in which a high Si02 component is assimilated or mixed in, 

during fractionation (DePaolo, 1981). The trace element characteristics of the 

assimilant cannot be uniquely determined, however, it should have the following 

characteristics: I) REE abundances lower than mafic rocks of the Concession Suite; 2) 

no significant Eu anomalies: 3) low Sr and Ba abund4llces; and 4) mantle-like Nd 

isotopic compositions. 

The first requirement is needed to explain the decreasing REE abundances with 

increasing Si02 observed within the suite, but more importantly, assimilation of such a 

component will not result in significant crossing of REE patterns in resulting magmas. 

The low Sr and Ba are required to account for the decreasing abundances of these 

elements with fractination, as outlined above. This requirement is not as critical if 

biotite is a fractionating phase. The requirement that the crustal assimilant has a 

radiogenic Nd isotopic composition and non-radiogenic Sr reflects the overall juvenile 

isotopic character of the Concession Suite and thr absence of significant changes in Nd 

isotopic composition with degree of fractionation. The crustal assimilant cannot be 

derived from a significantly older ( > 200 m.y.) LREE-enriched crustal source. 

The trace element and isotopic characteristics described above are similar to those 

of the Siege Tonalite, which has been used as the assimilant in the AFC models. They 
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are not the characteristics of the slightly younger Y amba and Contwoyto Plutoni4: Suites 

described in the following chapter, some of which are derived from significantly older 

crust (Chapters 6 and 7). 

AFC models were evaluated using equations of DePaolo ( 1981) and assuming 

assimilant and mineral proportions consistent with major element solutions (Table 5.5). 

The assimilant to fractionation ratio (r) was varied from 0 (simple fractional 

crystallization) to 3. The model assumes constant Bulk D values over the fr.tction.uion 

interval. 

Figure 5.25 is a plot of calculated compositions compared to measured values. The 

results of the fractional crystallization models are also shown on this figure for 

comparison. The diagrams highlight the problems with the simple fractionation models 

described above. Panicularly, the inability to predict the behaviour of Sr and Ba, and the 

excess depletion of MREE, caused by the large amounts of amphibole fractionation. In 

contrast, AFC processes, which require lower degrees of amphibole fractionation more 

closely fit the measured abundances. This is most notable through the first stage of the 

model (Figure 5.25a). Si02 content increases rapidly without large amounts of amphibole 

fractionation, and rocks of intermediate composition do not have strongly fractionated 

REE patterns. The potential of the AFC model to approximate the within-suite variation 

is seen in plots of Ba vs. Sr (Figure 5.24) and (Ce/Yb)N vs. Ces (Figure 5.26). 

The details of any modelling of this type are clearly open to discussion as to the 

choice of fractionating assemblage and Kd values used, and the composition of the 

assimilant. As an example, small changes in the fractionating assemblages (particularly 

accessory phases) result in somewhat different results. An example of this is shown in 

Figure 5.26 which highlights differences in the predicted variation of Ce and Yb c.tused 

by small variations in the relative abundances of the fractionating phases (see Table 5.6, 

Model A and 8). Models can be fine tuned, by arbitrarily choosing appropriate 

parameters to yield acceptable solutions. There is significant flexibility in modelling 

magmatic systems which contain a large number of accessory phases. Additionally, 
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any model can be made more complicated by cons;dering the effects of true open 

system behaviour which includes mixing and magma replenishment in addition to 

fractional crystallization and assimilation (e.g. Defant and Neilson, 1990). The 

complexity of natural processes preclude uniquely determined fractionation paths. 

particularly in open systems. Recognizing these considerable limitations and that the 

models presented are simplifkations of natural processes, chemical variation within the 

suite can be reasonably accommodated by AFC processes. 

Origin of Regional Variations 

As desaibed earlier, individual plutonic bodies may have distinctive major or 

trace element contents at a given Si02 content. The concept of a single liquid line of 

descent is clearly invalidated on a regional scale, if not on a local scale. Multiple 

differentiation trends could reflect: 

1) compositional differences in 'parental' magmas owing to compositionally different 

source regions or different melting conditions (Sterner a!., 1989) 

2) variations in the details of the AFC process (compositions, rates, Bulk D) 

3) mixing of differentiated and primitive magmas (e.g. Defant and Neilson, 1990) 

4) any combination of the above. 

Quantitative evaluation is difficult owing to the complexity and multiplicity of the 

processes involved. Differences in assimilation rates, different compositions of 

assimilant, variation in fractionating assemblage and bulk D values could all contribute 

to different fractionation trends. Additionally, true open system behaviour, involving 

magma mixing and periodically replenished magma chambers has not been explicitly 

considered (e.g. Defant and Neilson, 1990). Superposition of magma mixing of 

variably fractionated magmas results in non-liquid descent lines for both major and 

trace elements (Defant and Neilson, 1990). Field evidence of textures interpreted to 

originate from mingling between marie and more felsic magmas was reported in 



Chapter 2, and magma mixing and mingling could account for some of the regional 

variation. Alternatively, some of the diffences may retlect different parental 

compositions. 

5.4.3 Summary 

A unique solution explaining all of the chemical variation observed in the suite 

cannot be determined. This reflects both limitations inherent in simple models and the 

fact that the evolution of this suite involves superposition of more than one process. 

Within these limitations the following conclusions can be made: 

I) Members of the Concession Suite are unlikely to be related by variable dcgn.'t:s of 

melting of basaltic source rocks at any pressure. 

2) The general trends of within-suite chemical variation within the Concession Pluton 

can be modelled by open system behaviour involving fractional crystallization and 

crustal assimilation (AFC). Regional variation in pluton chemistry suggests that 

magmas have h .. d varied evolutions reflecting: I) different parental compositions; 2) 

unique differentiation histories, and; 3) the effects of mixing variably fractionated 

magmas. 

3) The magmas did not interact significantly with older, LREE enriched crust. 

5.4.4 The Origin of Parental Magmas to the Concession Suite 

Parental magmas to the high Mg# group are characterized by andesitic 

compositions, with relatively high Mg# (>55), high Sr. Ce, and (Ce/Yb)N and low 

HREE contents. Magmas parental to the low Mg# group have lower Mg# ( < 50) and 

lower abundances of Sr, and the LREE. The following discussion will be focusssed on 

the origin of the high Mg# group. 

Martin (1987) has suggested that calc-alkaline rocks with high (Ce/Yb)N ratios 

similar in composition to the Concession Suite are predominantly an Archean rock-type, 

whose origin is closely linked to the higher thermal conditions postulated to exist during 

the Archean. These higher thermal conditions could have led to extensive crustal 

melting in subduction zones and production of high (Ce/Yb)N tonalitcs. Although 
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arguably less predominant, volcanic and plutonic rocks with these same chemical 

characteristics occur in calc-alkaline rock series of all ages (e.g. Drummond and 

Defant, 1990; Defant and Drummond, 1990). For example, andesites, and their 

plutonic equivalents, with chemical characteristics similar to those of the Concession 

Suite occur in some recent continental margin arcs (e.g. Cascades, Condie and 

Swanson, 1973; Ewart, 1982; Peninsular Ranges Batholith, Gromet and Silver, 1987: 

Southern Volcanic Zone, Chilean Andes, Hildreth and Moorbath, 1988; Hickey et a/., 

1986; Northern Volcanic Zone, Andes, Rogers and Hawkesworth, 1989) and in 

post-subduction 'collisional' zones such as the Papua New Guinea Highlands (Johnson 

eta/., 1978); Iran (Dostal 1978) and Turkey (Pearce era/ .• 1990). The unusual 

combination of evolved and primitive chemical signatures is also characteristic of some 

arc-related high-Mg andesites (HMA) (e.g. Saunders eta/., 1987; Tatsumi and 

lshizaka, 1982: Kay, 1978: Stem eta/., 1984; Shirey and Hanson, 1984). 

There are three general models proposed to account for high Sr, high (Ce/Yb)N 

andesites: 

I) derivation from subcrustal sources which have undergone variable degrees of slab 

enrichment and mantle melting (Saunders era/., 1987; Johnson eta/., 1978; Stem et 

a/. , 1989; Shirey and Hanson, 1984) or variable interaction with subcontinental 

lithosphere (Hickey eta/., 1986) 

2) generat:on from 'normal' arc basalts by fractional crystallization (garnet, amphibole, 

pyroxene, olivine) and/or partial melting of underplated crust at garnet amphibolite 

or eclogite grade (Green, 1982; Gromet and Silver, 1987) within zones of melting, 

assimilation, storage and homogenization (MASH) at the base of the crust (e.g. 

Hildreth and Moorbath, 1988) 

3) melting of subducted slab at eclogite grade followed by equilibration with mantle 

(Defant and Drummond, 1990; Stem et al., 1984; Kay, 1978). 
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Derivation from Enriched Mantle Sources 

Shirey and Hanson (1984) and Stem era/. (1989) have recently compan~d 

primitive Archean monzodiorites from the Superiour Province to high-Mg andt:sitcs 

from the Setouchi Volcanic Belt, termed sanukitoids (Tatsumi and lshiz.aka, 1 'J8:!a) and 

suggest a direct mantle origin for the Archean rocks. The term high-Mg andesite 

(HMA) refers to magmatic rocks which have intermediate SiO~ (53-60 wt% ). high Mg# 

( > 60) and high Ni and Cr contents ( > 100 ppm). Table 5.8 

shows the least fractionated samples of the Concession Suite to be compositionally 

similar to the monzodiorites from the southwestern SuJX:rior Province, as well as some 

recent HMA variously named alkaline low Ca boninites (Type lib. Crawford et a/., 

1989), bajaites (Saunders eta/ .• 1987), and sanukitoids. Because of their high alkali 

contents, particularly Na, these HMA rocks will be referred to as Na-rich high-Mg 

andesites (Na-HMA). 

Na-HMA rocks are characterized by: high Si02 (56-59 wt%), Mg# ( >60), Ni ( > 

I ()()ppm), Sr (up to 2500 ppm). Ce (up to 150 ppm) and (Ce/Yb)N (up to 30). and high 

N~O ( > 3%, N~O/K20 > I) and very low CaO/ Al20 1 ( < 0.55) and HREE contents. 

Compared to other HMA (e.g. boninites) they are strongly enriched in LILE 

(particularly Na, Sr and the LREE). Although the major element compositions arc 

similar, Na-HMA can have a range of trace element contents. For example, Figure 

5.27 highlights a number of chemical differences between sanukitoids and bajaites 

previously noted by Rogers and Saunders ( 1989). In particular. sanuki toids are less 

enriched in LILE and have typical calc-alkaline K/Rb ratios. The REE are less 

fractionated and the HREE patterns are flat compared to those of the bajaitcs. 

Mafic rocks of the Concession Suite, as well as the Superior Monzodiorites, arc 

most similar to the bajaite-type Na-HMA characterized by high Ba, Sr and fractionated 

HREE. Samples from the Concesssion Pluton have the characteristic positive Sr 

anomalies of these Na-HMA. Rb contents of the Concession rocks are however higher 



Table 5.8 Comparison of Concession Plutonic Suite to high-Mg andesites. 

Conce11. Concess . Averege Exp. Melt Exp. L1q. 
Suite Suote Superoor Bejeite Senukitoid PNG Bononote Pyrolite Ton.·Per. 

1 2 3 4 5 6 7 8 9 

5•02 fwt%) 66.34 53 .35 55.07 58 .2~ 56.80 56.46 58 43 55.50 59.5 
Ti02 0.86 0.84 0 .71 1.20 c 69 0 .85 0 .17 2.50 0 .80 
Al203 17.96 16.00 14 88 16.38 15.25 14.49 11 .35 12.30 17.9 
Feo• 6.65 8 .26 7 .08 4 .40 6 .10 6 .27 8 .57 7.10 5 .30 
MnO 0.10 0 .13 0 .12 0 .07 0.12 0 .10 0 .12 0.10 0.10 
MgO 4 .45 6 .38 6.85 5 .86 9.17 7 .07 11 .40 9 .30 4 .10 
CaO 6.30 7.87 7 .65 8.57 7 .01 8 .26 7 .76 10.40 6 .20 
Na20 4 .53 4.32 4 .04 4 .95 3.15 3.42 1 .74 2 .00 3.90 
K20 2.32 2.33 2.23 1.79 1.69 2.58 0 .51 0.50 2 .20 
P205 0.41 0.81 0 .38 0 .55 0.00 0 .50 0 .00 

Mg Number 54 sa 83 70 73 87 70 70 58 
Ce0/AI10 1 0 .35 0 .48 0 .51 0.40 0 .48 0 .57 0 .88 0 85 0 .35 

Cr 44 113 352 245 832 
N1 31 75 154 152 205 
Rb 84 62 60 10 60 10 
Be 781 1173 1214 956 303 1168 
Sr 1129 1535 1229 2188 235 994 71 
Nb 11 7 5 20 8 
Zr 22S 14J 111 211 223 19 
y 24 22 9 15 19 5 
Ce 150 159 97 88.2 30.3 122 2.15 
Yb l.ll 1.84 1.8 .72 1.45 1.52 .67 
Rb/Sr .07 .04 .05 .005 .28 .14 
1</Rb 230 314 309 1489 232 423 
Be/Sr .89 .78 .44 1.3 1.2 
Ti/Zr n 40 34 23 54 
Ce!Yb 21 25 15.5 24 5 .4 21 0 .8 
Eu/Eu' .74 .82 1.03 .83 .94 .73 

SAMPLE DESCRIPTION: 111 and 121 mafic samples of Concession Plutonic Suite, 0023-87 and 
D154b-87; 131 average of 11 Archean diorites and monzodiorites from the southwestern Superior 
Province from Stern et al., 1989; 141 high-Mg andesite from Baja, Ca. termed Bajaite by 
Saunders et al., 1987 (58.8.1 ); 151 high-Mg Andesite from Setouchi volcanic belt, sample 
7201 -705b, IKushiro and Sato, 19781; 161 high-mg andesite from Papua New Guinea, Victory 
andesite (Johnson et al., t 9781; (7) high-Mg andesite from Bonin Island- Boninite (Jenner, 1983); 
181 melt composition 128% liquid) calculated to be in eQuilibrium with pyrolite • 40% olivine lcpx, 
opx, oil at 10 kbar, 1 000°C, water saturated (Green , t 9761; 191 experimental glass composition 
in the tonalite·peridotite-H20 system 190/10 tonalite/peridotite, 15 kbar, 1100°C, 10% H20). 
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than typical for bajaites, resulting in typic~.! calc-alkaline K/Rb ratios, unlike the 

extremely high values characteristic oi the bajaites. In this respect they are similar to 

sanukitoids. 

In contrast to monzodiorites from the Superior Province, and NA-HMA. ~mph!s 

of the Contwoyto Suite do not exhibit Mg#, or Ni abundances compatible with direct 

mantle derivation. However, fractionation of only 5-10% olivine and onhopyroxene 

will reduce Ni from primitive, mantle-derived values, to the 50-100 ppm range of the 

parental magmas of the Concession Suite. Olivine is not an observed phenocryst phase. 

however it may have been an early fractionating phase which reacted out. Mg-rich 

onhopyroxene is observed in matic cumulate rocks. The high Mg# group of the 

Concession Suite may represent slightly fractionated equivalents of high-Mg andesites. 

Models for the Origin of Na-Rich High Mg Andesites 

Th~ high Ni and Mg# of little fractionated, Na-HMA are thought to represent 

direct panial melts of hydrated peridotite (Tatsumi and lshihaki, 1982b: Shirey and 

Hanson, 1984; Saunders era/., 1987; Stem era/., 1989). Stem er ul. , (1989) have 

argued that the combination of high Si02, LILE, Ni and Mg# is unlikely to result from 

fractionation, contamination or mixing involving basaltic, komatiitic or lamprophyric 

magmas and crust (e.g. Sparks, 1986). In accord with this, isotopic data for samples 

from Baja, Ca. argue against extensive crustal interaction for these magmas (Saunders 

et al., 1987). The Na-HMA do not resemble rocks interpreted to be crustally 

contaminated komatiites (e.g. Arndt and Jenner, 1985; Sun er ul., 1989). 

Experimental studies on primitive Na-HMA from the Setouchi volcanic belt 

indicate that they could be in equilibrium with peridotite (harzburgite or lherzolite) at 

relativley shallow depths (30-50 km), and high temperature (>I HJ0°C) and water 

contents (7 wt % at 14 kbar). Note that garnet is not an observed liquidus phase under 

these conditions. High Si02 melts with broadly similar major element chemistry have 

also been derived through hydrous pyrolite melting experiments (e.g. Nichols, 1974; 

Green, D.H. 1976, Table 5.8). 
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Based on these experimental studies, and the primitive compositions of Na-HMA, 

these rocks may be derived by melting hydrated peridotite (e.g. Shirey and Hanson, 

1984; Stem et al., 1989; Saunders et al., 1987; Rogers and Saunders. 1989). In the 

case of the NA-HMA from Baja, Rogers and Saunders (1989) have documented 

primitive rocks (Mg# > 65) with a range of Si02 contents up to 60 wt%, ;md suggest 

that these reflect a wide range of near-primary magma compositions gen~rated from the 

mantle. The full range of possible melt compositions that could be derived from 

hydrated peridotite remains poorly constrained. 

The high LILE contents of Na-HMA are thought to reflect mantle enrichment 

prior to, or simultaneous, with melting (Crawford eta/., 1989; Saunders er al., 1987; 

Rogers and Saunders, 1989; Shirey and Hanson, 1984; Stem et al., 1989; Tatsumi and 

Ishihaka, 1982b). This has led to two stage models for the origin of Na-HMA: 1) 

development of a moderately to strongly refractory mantle source by extraction of 

melts; and 2) subsequent enrichment (H20, Sr, Ba, LREE) of this depleted mantle prior 

to, or simultaneously with, melting. 

The necessity for an enriched mantle source can be demonstrated by consideration 

of Figure 5.28. This diagram plots the calculated Bulk D values required in order to 

generate melts with the trace element characteristics of sample D 154b-87 from a 

relatively fertile mantle source (ie. MORB reservoir). Successful models require 

extremely small degrees ( <0.5%) of melting in order to reproduce the high abundances 

of incompatible elements observed in the rocks. Additionally, the residual assemblage 

must be capable of fractionating HFSE (in particular Nb) from REE, and (Ce/Yb)w 

Although extraction of sma.il degree melts from the mantle may be theoretically 

possible (MacKenzie, 1984), these melts will be silica undersaturated, not saturated like 

the Na-HMA. Additionally, fractionation of Nb is unlikely to occur as a result of 

melting non-enriched mantle sources, even at very low degrees of melting. Gamet 

would be required to fractionate the REE, in disagreement with the experimental data 

indicating a garnet-free residuum. 
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Garnet would not be a required residual phase if the source was LREE-enricht.'d. 

Figure 5.29 shows the calculated abundances of trace elements required in a mantle 

source to derive a melt with the trace element char:lC'•!ristics of parental rock of the 

Concession Suite. assuming moderate degrees vf melting ( 10 and 20%) of a hartburgite 

soui".:e residuum (ie. amphibole and garnet-free residuum) . The normalized trace 

element patterns of the source, calculated by this method, resemble, in shape hut not 

abundance, those of the parental magmas. Even if garnet occurs as a residual phase the 

Sm/Nd ratio would not be signiticantly fractionated, unless the degree of melting is 

very small (comparable to the Bulk D of one of the elements), or a zone refining 

process concentrates incompatible elements (e.g. Hawkesworth era/., 19X7). The 

enrichment and fractionation of the REE is. therefore. considered to be dom1nantly a 

mantle sourt::e characteristic, not a result of melting 

processes. 

Assuming that the source represents a two component mixture consisting l)f 

variably depleted mantle and an enriched component (e.g. Frey and Green, 197~). then 

the incompatible trace element content of the mixed source will be dominated by the 

enriched component and the compatible element contents (e.g. Ni) will be dominated by 

the mantle component. The enriched component must, therefore, have a similar 

normalized incompatible trace element pattern (though not abundance) as the calculated 

mantle source composition shown in Ftgure 5.29. 

The normalized trace element pattern of the enriched component is 'iuperficially 

similar to patterns of some mantle xenoliths, including both hydrous (e.g. pargasitic 

peridotite) and non-hydrous types (Frey and Green, 197~; Kempton, 1987) as well as 

alkaline volcanic rocks (e.g. ocean island basalts, kimberlites), calc-alkaline 

lamprophyres, and small volume melts of eclogite (Figure 5.30). 

In contrast to most mantle xenoliths and alkaline rocks, the enriched component 

has a relative HFSE depletion- a depletion characteristic of the ' subduction component' 

in modern island arc systems (Gill, 1981). Mantle metasomatism above Benioff zones 

may occur by a number of processes including dehydration of subducted oceanic crust 
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and pelagic se(!iments, or partial melting of sediments and mafic crust (e.g. Wyllie, 

1984). The generation of melts and fluids in subduction zones depends on the thermal 

conditions of both the mantle and downgoing plate (Wyllie, 1984). Whether the 

mct.asomatising agent is a melt or a fluid cannot be easily determined by their chemical 

ftr.Jerprint, as both may be capable of transporting the LILE (e.g. Eggler, 1987; 

Tatsumi eta/., 1986). Fluid-mineral-melt partition coefficients required to address this 

issue remain very poorly constrained (e.g. Eggler 1987; Tatsumi eta/., 1986). 

Saunders e1 a/. (1987) and Rogers and Saunders (1989) have considered, in some 

detail, the source of the enriched component in Na-HMA (ie. bajaites). They argue that 

the relative fractionation of element pairs, particularly the high K/Rb ratios observed in 

bajaites cannot be produced within a fluid phase, or through partial melting of mafic 

crust at eclogite grade. They attribute many of the chemical features to stabilization of, 

and equilibration of metasomatizing fluids with amphibole within the mantle. In their 

model, the mantle would behave as a chromatographic separation column, preferentially 

retaining those elements stable in the pargasitic mantle assemblage (Na, Ba, Sr. REE) 

during metsomatism. Those elements not compatible with such an assemblage would 

pass through the mantle into the crust. Breakdown 1Jf paragasite and mantle melting , 

caused by a later thermal event, releases elements temporarily stored in the mantle, 

thereby enriching the resulting Na-HMA magma. Melting a pargasitic mantle would 

account for the Na-rich nature of the magmas. along with their high LREE, Sr, and Ba 

but low Rb contents. It is particularly effective in producing the high K/Rb ratios of 

bajaites (Saunders el a/., 1987). 

A slab melting model has been invoked to explain some Na-HMA in modem 

settings, including those from the Aleutians (Kay, 1978), Isla Cook (Stem eta/., 1984; 

Puig era/., 1984) and elsewhere (Defant and Drummond, 1990). Geochemical 

arguments presented in section 5.4.2 mitigate against a direct derivation from an 

eclogite source for diorites of the Concession Suite. Kay ( 1978) postulated that the 

Aleutian Na-HMA inherited their incompatible trace element characteristics from small 

volume, slab-derived eclogite melts (see also Defant and Drummond, 1990, Stem er 
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al .. 1984; Puig era/ .• 1984) which reacted and equilibrated with the overlying mantk' 

peridotite during ascent. As shown by Carrol and Wyllie ( 1989) and Johnston and 

Wyllie ( 1986) reaction of tonalite with peridotite increases and then buffers the Mg# 

and compatible element content of the siliceous melt. The reaction is likely to cause 

crystallization of orthopyroxene and garnet or amphibole (PHzo dependant) from the 

melt, and assimilation of orthopyroxene and olivine. Liquids experimentally produced 

by these reactions have major element compositions comparable to rocks of the 

Concession Suite (Table 5.8). 

The Mg# of liquids produced in these experimental studies arc buffered at values 

of approximately Mg60. These values are similar to those ob~rved in the Concession 

Suite but are much lower than observed in primitive Na-HMA (Mg > 70). If the 

assumption that Na-HMA with lower Mg# ( < 60) are genetically related to the more 

primitive varieties then this mechanism, on its own seems unlikely. In addition, it is 

not clearly established that small volume slab melts (e.g. 3%, Kay, 1978) "ill be 

physically and thermodynamically able to ascend through the mantle while continuously 

reacting with peridotite wallrock. This is particularly true if the melt is water-saturated 

(e.g. Wyllie and Sekine, 1982). The tonalite melt may completely react out during 

ascent producing garnet or amphibole-mica peridotite (Sekinl! and Wyllie, 1982a.b). 

Such a process could be responsible for generating the enriched mantle source 

described above, which could then be melted during a subsequent thermal event, to 

produce primary Na-HMA. This will be discussed in Chapter 8 . 

Is a Refractory Mantle Source (RMS) Required in NA-HMA petrogene-sis? 

Crawford eta/. (1989) have postulated that Na-HMA are derived from extremely 

refractory mantle sources (RMS)- sources more refractory than those which produce 

boninites. Their argument is based on the high Si02 and extremely low Ca0/Aiz01 

ratios (<.55) characteristic of these rocks (Table 5.8). 

RMS are generated by repeated extraction of melts rich in basaltic components 

from the mantle, leaving an increasingly refractory mantle residuum (Duncan and 

Green, 1980). Compared to melts of more fenile mantle (e.g. MORB or Archean 
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tholeiite) those derived from RMS have lower CaO/ AI20J and higher Al20/Ti02 and 

Ca0/Ti02 ratios and lower abundances of incompatible trace elements (e.g. LILE, Zr, 

Ti, P, Y, HREE) than melts of more fertile mantle (Sun and Nesbitt, 1978; Falloon et 

a/., 1989). 

Samples of the Concession Suite and Na-HMA in general, have very low 

Ca0/AI20 3 ratios, consistent with derivation from a highly RMS (Figure 5.31). Unlike 

boninites, which are generally accepted to be derived from RMS, the high Ti02 and 

relatively low, MORB-like (or Archean tholeiite-like) ratios of Al20/Ti02 and 

Ca0/Ti02 suggest derivation from relatively fertile mantle materials which were not 

extensively depleted in the past (Tatsumi and lshihaka, 1982b; Tatsumi and Maruyana, 

1989). In support of this, Stem eta/., (1989) have shown that the FeO-MgO 

systematics of Archean Na-HMA are consistent with derivation from relatively fertile 

mantle sources (e.g. pyrolite). Additionally, the trace element abundances of Zr and P 

in Na-HMA are much higher than predicted for melts from refractory mantle, although 

the low Y and HREE would be consistent with derivation from RMS. 

The contradictory major and trace element indicators of source fertility, described 

above, argue against the use of inverse geochemical techniques to assess the fertility of 

the mantle source of Na-HMA. This is b~.cause the chemistry of the rocks may largely 

be controlled by mantle enrichment events, not only previous melting events. As one 

possible example of this phenomenon, Figure 5.31 shows the effect on the Ca0/AI20 3 

ratio of binary mixing between a fertile mantle source and a siliceous liquid (e.g. 

slab-derived tonalite), to simulate enrichment of the mantle by slab-derived melts (e.g. 

Wyllie, 1984 ). Because the CaO/ Al20 3 ratio of siliceous eclogite-derived melts is very 

low relative to mantle ratios, mixing and reaction will rapidly reduce the CaO/ Alp3 

ratio of the mantle source without significantly affecting the Ti02 content, or the 

Ca0/Ti02 or AI20/Ti02 ratios. The low CaO/ Al20J in this case reflects a mixed 

mantle source rather than a refractory sourcf!. The effect of other types of mantle 

metasomatism (ie. tluid processes) on the~ ratios cannot be estimated, however 

CaO/ AIP3 ratios in many mantle xenoliths generally decrease with increasing trace 



element enrichment (Kempton, 1987). Because significant major and trace clement 

changes accompany mantle metasomatism. elemental abundances and ratios 

characteristic of Na-HMA may be telling more about the nature of the mantle 

enrichment process than the pre-enrichment source composition. 

t.n 

As noted above, the HREE abundances of the rocks are lower than predicted for 

melts derived from a garnet-free MORB or Archean tholeiite mantle source. This 

requires that: 1) garnet be a residual mantle phase: or 2) the mantle source was depleted 

in HREE relative to typica1 MORB or Archean tholeiite mantle sources. Figure 5.2Q 

illustrates that the abundances of the HREE in the calculated mantle sour.:e overlap 

those of a MORB-mantle reservoir, assuming the Na-HMA rocks arc derived by 

moderate degrees of melting (20%, e.g. Green, 1973). Hybridization by 

eclogite-derived melts nr fluids could also contribute to the low HREE contents of the 

source, and garnet need not, therefore, be a residual phase in order to account for the 

low HREE contents. 

To summarize, the mantle source to the Concession Suite may be a depleted. but 

relatively fertile (ie. cpx present), hydrated and chemically modified. garnet-free 

mantle. The source is not required to be extremely refractory as suggested by 

Crawford er a/. , ( 1989). 

Timing of the Mantle Enrichment Event 

An estimate of the maximum age of the mantle c:nrichment event can be made 

using Nd isotopic data. Metasomatic changes in the 147Sm/ 1~Nd ratio of rhe mantle 

source will produce ch<lJlges in its Nd isotopic composition in the long term. This is 

shown on a diagram of fSmtNd vs ~dm (Figure 5.32), a modification of a standard 

isochron diagram. As described by DePaolo ( 1988) and Shirey and Hanson ( 1986) 

changes in the 147Sm/'44Nd ratios (fSm/tJ result in vertical movements on this diagram 

(assuming the enrichment process does not recycle Nd from older crustal sources). The 

time integrated effects of these changes result in changes in the rNd value and produce 
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horizontal movements on the diagram. In the simplest case, isotopic evolution lines are 

shown as straight lines on th1s diagram as on isochron diagrams. Note that this assumes 

tl:at the enriched component and the mantle component had similarcNd<n values. 

The absolute decrease in £Nd of the mantle source depends on both the amount of 

fractionation and the time since the fractionation event occurred. If the large decrease 

in fSmJNd resulting from the mantle enrichment event described above significantly 

preceded magmatism, the enriched mantle source would have had sufficient time to 

evolve horizontally to lower <=Nd values. If the enrichment occurred only a short time 

prior to magmatism there would be insufficent time for changes in eNd values to have 

occurred. 

This technique is applied to the samples of the Concession Suite in Figure 5.32. 

An important unknown is the pre-enrichment Nd isotopic composition of the mantle 

source. Estimates of the eNd values for the Late Archean depi~ted mantle are generally 

within the range of+ 1.2 to + 3.5 units (stippled region on Fi&ure 5.32). The value of 

+ 3.5, assumed in positioning the array of isochron lines on Figure 5.32, is the highest 

value measured for volcanic rocks in the Slave Province. The array of isochron lines 

will shift to the left or right depending on thefNd value of the mantle. The depleted 

mantle value can be thought of as the initial ratio in a standard isochron diagram. Most 

of the data for the Concession Suite Jies within the range of depleted mantle~d values 

and all except one lie within the region of 100-200 m.y. If a lower ·•.;Juc for the 

depleted mantle is assumed (e.g. 2.5), then most samples would lie within the 100 m.y. 

isochron of this value. 

The mantle enrichment event is therefore restricted to have occurred within the 

200 m.y. prior to the magmatism. This should be considered a maximum value 

because it assumes a high value of + 3.5 for depleted mantle (basalts in the Slave 

Province range from -2.1 to +3.5; see Chapter 7). and that the change in fSmJNd did not 

affect the isotopic composition of the source (i.e. no recycling of older crust). The age 
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of the enrichment event is therefore considered to be younger than ::!800 Ma and 

possibly contemporaneous with the magmatism at ca. :600 Ma. The Concession Suite 

cannot be derived from an old enriched lithospheric source. 

Relationships between the Low Mg# and High l\lg# Groups 

As described above. the low Mg# group have distinctly higher Ti, Nb, and lower 

Sr, Ce and (Ce/Yb)N compared to rocks of the high Mg# group, with equivalent SiO, 

contents. Although it cannot be shown in all cases, the chemical differences between 

the two groups appear to extend back to the mafic compositions. Stem t'f ul . • 1989 

noted similar chemical differences within the monzodiorite rocks from the southwestern 

Superior Province. In that case. Stem et a/. ( 1989) had more primitive samples (it•. 

high Ni, Mg#) and were able to relate the differences to mantle source composition. 

Some of the range in chemistry within the Concession Suite could also be caused by 

primary differences in 'parental' composition. This would require a mantle source with 

variable Mg# (Stem eta/., 1989); the high Mg# rocks being derived from higher Mg# 

mantle. Since the high Mg# rocks are also more enriched in LILE this requires that the 

more depleted mantle source was also more enriched in LILE as suggested by Stem t't 

a/. (1989). The small number of primitive samples of either of the two groups 

precludes evaluation of this or other possibilities. 

AJternath·e Petrogentic Models 

Differentiation or 'nonnal' arc basalts at the cru~-mant1e boundary 

Andesites with high LILE and (Ce/Yb)N. similar to the Concession Suite, may 

evolve from 'normal' arc basalts by high pressure fractionation and/or assimilation of 

garnet-pyroxene-amphibole assemblages at the base of the crust (Green, 1982; Gill, 

1981). Hildreth and Moorbath (1988) have recently discussed this hypothesis in detail 

and suggest that zones of "melting, assimilation, storage and homogenization" which 

they refer to by the acronym (MASH), develop "in the lowermost crust or mantle crust 

transition where basaltic magmas that ascend from the mantle wedge become neutrally 

buoyant. induce local melting, assimilate and mix extensively, and either crystallize 

completely or fractionate to the degree necessary to re-establish buoyant ascent. 
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Magmas ascending from such zones may range from evolved basalt to dacites." MASH 

zones operate as filters and buffers to ascending mantle magmas and have been 

proposed as the origin of calc-alkaline magmas (e.g. Keleman, 1990; Carrol and 

Wyllie, 1989). 

Quantitative assessment of this model is difficult owing to both the complexity and 

multiplicity oi the processes involved. Hildreth and Moorbath (1988) have discussed 

possible effects on the trace element characteristics of resulting magmas. Fractionation 

of garnet-pyroxene assemblages and assimilation of partial melts of crustal material in 

equilibrium with garnet (including differentiates of earlier intrusions) can both increase 

the (Ce/Yb)N and decrease the Yb content of the resulting magmas. However in order 

to increase the Sr content to very high levels ( > 1500 ppm) requires special conditions 

(e.g. Stem, 1990): l) extensive fractionation of minerals with low Kdsr values; and 2) 

extensive assimilation of high Sr material. Hildreth and Moorbath (1988) argued for 

assimtlation of high Sr lower crust to produce andesites with Sr contents in excess of 

600 ppm in southern Chile. 

Extensive filtering within the lower crust will produce low Ni fractionated 

magmas at surface. MASH zones within ultramafic host rocks (ie. cumulate or upper 

mantle rocks) may buffer Mg# and Ni abundances (Kelemen 1990; Carrol and Wyllie, 

1989), but are 1:nlikely to produce compositions in chemical equilibrium with peridotite 

(ie. Mg# > 70. Ni > 150 ppm), as extreme Mg enrichment is buffered by orthopyroxene 

saturation (Keleman, 1990). If the rocks are related to high Mg# and Ni parents such 

as Na-HMA then they are unlikely to develop by crustal contamination and mixing with 

mantle melts as shown by Stem er a/. , ( 1989). 

S.S Origin and Evolution of the Siege Plutonic Suite 

Rocks of the Siege Suite are compositionally similar to high-Al trondhjemitic 

rocks (Anh. 1979: Barker, 1979). The rocks geochemically similar to those of the 

Olga Suite (Figure 5.18), and they may also be derived from panial melting of basaltic 

source rocks or derivative sediments, leaving a plagioclase-free residuum (see Chapter 

4, Figure 4.14). 
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The extremely low abundance of REE and in particular HREE ( < 1 times 

primitive mantle) require either a source residuum mineralogy capable of concentrating 

HREE (amphibole, garnet, zircon, apatite, titanite. or other) or depletion of HREE by 

fluids or volatiles (C02-bearing (Collerson and Fryer, 1978) prior to. during, or 

subsequent to. the melting event. The extreme ratios of HFSE (e.g. Ti/Zr. Zr/Nb) 

relative to those commonly observed in mafic and intermediate rocks could reflect a 

residual Ti-bearing, REE-enriched phase. 

The available data cannot be interpreted in a simple petrogent:tic model. Field 

observations presented in Chapter 3 indicate that petrogenetic models must take into 

account assimilation of ho~t rocks and late-magmatic separation of a melt or tluid phase 

(leucocratic phase?). Data are not available to qualitatively assess the latter process and 

establishing an entirely igneous origin for this suite cannot be done at this time. With 

these caveats, the most likely origin of the Siege Suite is through melting of mafic rocks 

in the lower crust. 

S .6 Chapter Summary 

Magmatism spanning the time of maximum regional shortening and peak 

metamorphism includes: I) the intrusion of mantle-derived high-Mg andesites into the 

crust; and 2) crustal melting to yield trondhjemite plutons. The proposed HMA parcnto; 

to the Concession Suite are similar to some Na-rich HMA, including bajaites and 

sanukitoids. Differentiation of these mantle-derived magmas within the crust to 

produce the dominant tonalite composition, occurred by fractionation 

(amphibole-plagioclase dominated; ?early orthopyroxene) combined with assimilation of 

crustal melts, possibly similar in composition to those of the Siege Suite. Mixing of 

more, and less,S fractionated magmas may also have contributed to some of the 

chemical variation. The Siege Suite is similar in composition to the older Olga Suite, 

and could be derived by a similar process of eclogite melting. 

The mantle source for the Concession Suite was enriched in LILE relative to 

mantle sources for typical Archean tholeiites. The enriched component has HFSE 

anomalies similar to those charactersistic of modem subduction systems. Enrichment 
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of the mantle source is restricted to have occurred within the 200 m.y. prior to 

magmatism. By analogy with modem examples of Na-HMA, enrichment may have 

occurred by transport of elements in a fluid or siliceous melt derived from a subducting 

slab. As discussed in Chapter 8, this need not, however, imply active subduction at the 

time of magmatism. 
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Figure 5. 31. Plot of CaO/ Al20 3 against Ti02 • Fields for primitive mid-ocean ridge 
glasses (Mg# > 67); boninites; bajaites; sanukitoids and mafic rocks of the Concession 
Suite are shown. Capital P = primitive mantle value (Maaloe and Aoki, 1977). The 
solid line indicates the path followed by increasingly depleted mantle. The curve 
initially increases in Cal Al20 3 ratio with decreasing Ti02 until clinopyroxene is 
exhausted at which point the CaO/ Al20 3 decreases rapidly (Falloon, 1989). The low 
CaO/ Al20 3 ratios in boninites reflect derivation from cpx-free sources (Crawford et al., 
1989). The CaO/ Al20 3 ratio can alternatively be reduced by mantle hybridization. 
This is shown by the dashed lines labelled mixing, which show the effects of simple 
two component mixing between the primitive mantle (P) and tonalites derived from 
eclogite melting. The latter does not significantly reduce the Ti02 content of the mantle 
and can account for the MORB-like Ti02 contents and Al20/Ti02 and CaO/ Al20 3 

ratios (Tatsumi and Ishizaka, 1982) of sanukitoids, bajaites and rocks of the Concession 
Suite. 
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7

Sm/ 1""Nd...,P1/ 1 ~7Sm/ 1""!\dcHt'H)-l and retlects the degree of LREE enrichment or 
depletion in the sample. Negative values are LREE enriched relative to CHUR. The 
rate of change of E'sdm depends on fsm.NJ (greater for more negative \ alues) and the 
magnitude of the change is a product of fsm~NJ and time. A group or samples with the 
same initial E'..,d value but variable fsm.NJ will evolve at different rates and define 
isochron lines on this diagram. This is shown by the time lines labelled 100 and 200 
my which assume an E:o.dm value of + 3.5. This value is equivalent to the initial ratio in 
a standard isochron diagram. The stippled area indicates a possible range of <~.,d"' 
values for the Late Archean depleted mantle est; mated from the range of values 
determined for volcanic rocks within the central Slave Province (see Table 7.1) and the 
Superior Province (Shirey and Hanson, 1986; Machado eta/., 1985). The horizontal 
band represents the fSmJN4 value of the enriched mantle source to the Concession Suite 
determined in Figure 5.31. A mantle source with this f

5
miN

4 
value will rapidly evolve to 

more negative ~4 values. The majority of the samples have ~den within the range of 
the depleted mantle field and cannot be derived from a long term ( > 200 my) enriched 
mantle source. 



Chapter 6 

Geochemistry of the Post-Deformation Plutonic Suites: 

the Yamba and Contwoyto Suites 

6.1 Introduction 
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Post-deformation granitoids of the the Ya:nba and Contwoyto Suites are the most 

abundant rocks exposed in the area, constituting over 40% of the region mapped. The 

two granite suites are contemporaneous (ca. 2585 Ma, van Breemen eta/., 1990), yet 

I.!Xhibit distinct petrographic and tield characteristi.:s. This chapter presents 

geochemical data which support the subdivision of the post-deformation granites 

proposed in Chapter 3, and suggem that these reflect distinct origins for the suites. 

6.2 Review of Field Relationships and Sample Coverage 

Rocks of the Yamba Suite principally outcrop in the southern part of the map 

area, forming two large intrusive complexes, the Wolverine Monzogranite IWM), 

centred around Yamba Lake. and the Pellatt I ake Monzogranite (PLM), to the west of 

Pellatt Lake (Figure 3.1). The two bodies are separated by septa of high grade 

migmatitic gneisses and syn-deformation plutonic rocks of the Concession Suite. In 

addition, smaller bodies occur as dykes and sills intruding volcanic rocks in the Olga 

Lake and Central Volcanic Belt areas. Both the Wolverine and Pellatt Lake 

Monzogranites are spatially associated with rocks of the earlier Concession Su ite, and 

intrude some of the highest grade rocks in the field area. 

The Contwoyto Suite is present throughout the map area, with <ne largest bodies 

located in the NW quadrant near the Lupin mine site (Contwoyto Batholith of Bostock 

( 1980): Contwoyto Monzogranite. Figure 3.1), and to the east of Contwoyto Lake. The 

rocks dom~nantly intrude metasedimentary rocks of the Itchen and Contwoyto 

Formations. Metamorphic grade of the :lost rocks is above the cordierite isograd. 

The majority of samples of the Yamba Suite are of the Wolverine Monzogranite 

and bodies in the Olga Lake area. Data for five samples of the Pellatt Lake 

Monzogranite are also reported . Samples of the Contwoyto Suite are dominantly of the 
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Contwoyto Monzogranite and irom smaller bodies in the Olga Lake area. A smalkr 

number of samples are from east of Contwoyto Lake and the southern part of thl' map 

area. 

6.3 Presentation of Geochemical Data 

Representative major and trace element analyse" are presented in Table 6. I . The 

full data set is given in Appendix 2. 

6.3.1 l\lajor Element Chemistry 

Yamba Plutonic Suite 

The majority of samples of the Yamba Suite are monzogranites wJth lesser 

amounts of granodiorite and syenogranite. The rocks dominantly plot in the granite 

tield of the modified O'Conner diagram (Figure 6.1 ). All samples arc o;ilica rich (SiO .. 

between 68 and 78 wt%) and weakly peraluminous (figure 6.2: 6.J). Salient major 

element features are high Kp (>4%) contents, high Kp! Na!O (1-J). and generally 

lowabundancesofAI20 3 (<15%), Fe0*(<2%), Mg0(< 0.5 %), CaO(< 2.5 %) 

and Ti02 ( < 0.5% )(Figure 6.3). With the exception of K p and Na~O. major clements 

decrease in an approximately linear fashion relative to increasing SiO!. 

Contwoyto Plutonic Suite 

The Contwoyto Suite is more chemically heterogeneous than the Yamba suite, 

consistent with the observed mineralogical and textural variations described in Chapter 

2. Samples are Si02 rich (69 to 78 wt% ), and on average more strongly peraluminous 

than the Yamba Suite (Figure 6 .2) . This is in accord with its more aluminous modal 

mineralogy (Chapter 2) . Comparatively. this suite generally has higher Al
2
0

1
, Na/) 

and Pp5 and lower K20, MgO and Ti0 2 concentrations (Figure 6.3). 
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Table 6.1. Representative anhydrous analyses of rocks of the Contwoyto and Yamba 
Suites. 

Contwovto Plutonic Suite Yamba Plutonic Suite 

High Y LowY 

Semple 0199 0128• 0241 R037 0216 0350b 0078o 0135 0117 R051e 0056 Ol'i3 
Name ·88 ·87 · 88 ·89 ·87 ·87 ·88 ·88 ·87 ·88 ·89 ·89 
Area Conrw. Contw. Heckle Ghurlta O!Qa Windy Wolv. Wolv. Wolv. N. Wolv. P.llatt P.llon 

Monzogr Monzogr Boy Nooe lob loke Monzogr MonZ<·G• Monzogr Monzogr loke loke 
loh ., .. dyko Monzogr Monzogr 

MonoroloQv Bt Mu Mu-T 81 Mu·Bt Mu-Bt Mu·Bt 8t 81 81 81 Bt Bt 

Te•tute oq eq "" eq·p eq·p aq·p aq·kx aq·kx fgr kx eq eq 

So02 72.9 75.7 72.5 75 .8 75.2 74.1 74.3 74.3 72.9 70.1 73 .2 72.8 
To02 0 .28 0 .08 0.32 0 .00 0 .12 0 .12 0.20 0 .24 0 .28 0 .37 0.16 0 .24 
Al203 14.9 14.0 15.3 14.1 14.5 14.7 13.9 13 8 13.66 15.7 14.8 14.8 
Feo• 1.76 0.40 1.77 0 .34 0.95 1.14 1.38 1 .68 2.51 2 .42 1 .03 1.53 
MnO 0 .02 0 .02 0 .04 J.01 0.02 0 .03 0.01 0.02 0 .02 0 .03 0 .01 0 .02 
MgO 0 .54 0 .07 0 .75 0 .12 0 .23 0 .35 0 .30 0.36 0 .51 0 .8 1 0 .35 0 .54 
CeO 1.11 0 .63 1.38 0 .99 0 .88 0 .89 1 .20 1. 14 1.17 2 . 17 0 .67 0 .79 
Ne20 4 .13 4.59 4 .92 4 .28 3 .79 4.35 3.34 3.29 2.76 4.24 3 .51 3 .49 
K20 4 .21 4 .25 2 .92 4 .35 4 .30 4 .13 5 .35 5 . 13 6.05 4 .06 6 .19 5 .61 
P205 0 .18 0 .28 0 .05 004 0 .04 0 .12 0.04 0.02 0 .08 0 .16 0 .11 0 .15 

LOI 0 .66 0 .49 0.69 0 .52 0 .63 0.51 0 .54 0 .46 0 .79 0 .40 0 .57 0 .87 

Trace elements in parts per million 

Cr 8 dl 6 dl dl dl dl dl 3 6 dl 
No dl dl dl dl dl dl dl dl dl dl dl 
Sc dl dl dl dl dl dl dl dl dl dl dl 
v 13 dl 28 dl dl 10 16 27 43 13 9 
Zn 20 14 15 16 29 8 16 26 45 22 48 
Rb 112 280 112 191 238 186 185 198 85 125 252 
Be 612 153 613 291 547 680 688 909 871 476 596 
Sr 158 39 232 119 118 85 80 101 342 100 136 
Ge 24 17 22 18 19 18 17 18 19 18 23 
Nb 7 .3 5 .0 4 .9 13.3 11 .3 10.4 14. 1 12.2 2 .9 2 .4 10.7 
Zr 144 24 121 58 93 143 176 302 246 119 137 
y 10 7 6 4 22 7 23 18 23 5 6 2 
Th 8.05 1.04 7 .20 3 .02 13.5 16.5 44 59 85 36 15.1 28.4 

Rare earth elementM in parl8 per million 

La 25.0 2.63 21.7 6 .8 13.4 26.3 54.6 67. 119 67 28.7 32.4 
Ce 47 .1 8 .00 38.0 13.3 26.3 49.9 103. 129. 215 140. 63. 77. 
Pr 6 .1 0.77 4 .43 1.47 2 .99 5 .04 10.55 13.13 22.9 15.78 7.53 9 .80 
Nd 22.9 2 .94 15.9 5 .34 10.3 18.8 35.9 44.1 78 55.7 28. 2 37.1 
Sm 4 .16 0 .79 2 .68 1.30 2.48 2.98 8 .04 7.3 11 .5 9.0 5 .18 8.0 
Eu 0 .83 0 .13 0 .44 0 .30 0.20 0.43 0 .48 0 .54 .82 1.17 0 .50 0.54 
Gd 2.60 0 .88 1.92 1.08 2.28 2.66 4 .48 5.54 7 . 1 4 .09 3.12 4.67 
Tb 0.34 0.11 0.25 0 .13 0 .45 0 .24 0 .78 1 .84 0 .87 0 .3 1 0 .31 0 .44 
Oy 1.55 0.56 1.30 0 .72 2 .85 1.05 4 .25 -'.23 4.33 1.08 1.47 1.53 
Ho 0 .25 0 .10 0 .22 0 .13 0 .57 0.16 0 .82 0 .72 0 .74 0 .15 0 .23 0 .21 
Er 0 .84 0 .29 0.58 0 .37 1.48 0 .36 2.11 1.63 1 .67 0 .34 0 .59 0 .50 
Tm 0 .07 0 .04 0 .07 0 .04 0 .20 0 .06 0 .27 0 18 0 .22 0 .05 0 .07 0 .06 
Yb 0 .47 0 .35 0.51 0 .28 1.27 0 .33 1 .73 1.23 1.40 0 .26 0 .41 0 .26 
lu 0 .05 0.05 0 .07 0 .04 0.18 0 .06 0.25 0 .18 0 .20 0 .06 0 .06 0 .05 

Selected Rato.Jt 

K10/N~O 1.0 0 .9 0 .8 1.0 1.1 0 .9 1.6 1.8 2.2 1.0 1.8 1.8 
FeO" i gO 3 .2 5.7 2 .4 2 .8 4 .1 3 .2 4 .5 4 .7 4 .9 3.0 2 .9 2 .8 
K/Rb 311 126 216 187 144 239 230 254 395 411 185 
Rb/Sr 0.7 7 .2 0.5 1.8 2 .0 2 .2 2 .3 2 .0 0.2 1.2 1.8 
Ba/Sr 3 .9 4 .0 2 .6 2.4 4.6 8.0 8.8 9 .0 2 .5 4.8 4 .4 
Sr!Y 16 5 39 5 18 4 4 4 71 18 61 
ZrfTh 18 23 17 4 8 3 3 4 7 8 5 
Ti/Nb 233 97 398 55 64 117 104 139 759 400 137 
ZrfY 15 3 20 3 14 6 10 4 !51 21 6 1 
(CefYbl,. 26.0 4 .4 19.2 12.2 5 .4 39.8 15.4 27.2 100 137 39.7 77.8 
EuiEu • 0 .58 0.53 0.60 0 .78 0 .25 0 .47 0 .27 0 .28 0.21 0.82 0 .38 0 .27 

Code: WM • Wolverine Monzogranite: Bt • b iotite; Mu • muacovite; T • tourmaline; Cord • cordie rite; eq • 
equogranuler; p • pegmetitic; kx • microcline prophyntic; fgr • fine grained. Major elementa by AA. REE end Th 
determoned by ICP·MS, other trace elements by XRF. nd • not determined, dl • below detection limit. 



6.3.2 Trace Element Chemistry 

Selected trace elements art- plotted against Si0
1 

in Figure 6A. 

Yamba Plutonir Suite 

The Yamba Suite exhibits a wide range (l to ~0 ppm) and a bimodal distribution 

oi Y abundances (Figure 6.5). Y is therefore useful to subdivide the suite into two 

groups; a high (Y > 12 ppm), and a low (Y < 12 ppm) group. The two groups haw 

generally similar major element compositions (Figure 6.3), however the low Y group 

tends to have more variable KP/Nap, and lower FeO*/MgO ratios (Figure o.5). 

During the course of the field mapping, some. but not all. of the low Y samples 

were recognized as a separate lithodeme. These rocks have alkali feldspar phcn(x:rysts 

similar to those in the high Y group but also have well formed, equant plagiocla'ic 

crystals characteristic of the Concession Suite. Some. hut not all, have higher biotite 

contents. 

The high Y group occurs dominantly in the western pan of the study area, within 

the Wolverine Monzogranite and other small bodies in the Olga Lake area. The low Y 

group occurs: 1) along the nonhero margin and 2) within the southeastern extension of 

the Wolverine Monzogranite south of the map sheet boundary (Lac des Gras. 

Folinsbee. 1949); and, 3) throughout the Pellatt Lake Monzogranite cPLM). To date , 

samples of the high Y group have not been Identified within the PLM. however the 

total number of samples analyzed from this large complex is small. 

The high Y group has low Sr ( < 100 ppm), high Rb ( > 150 ppm) and variable Ba 

( > 300 ppm) contents, low abUI • ..iances of transition elements, and variablc to high 

abundances of HFSE and Th (Figure 6.4). The low Y group has higher Sr ( 100-400 

ppm) and lower Rb, Th and Nb contents, resulting in lower Rb/Sr and BaiSr ratios and 

higher K/Rb, Sr/Y, and Zr/Y ratios (Table 6.2). 

The high Y group are variably LREE-enriched with large negative Eu anomalies 

(Figure 6.6a, b, c). Minor crossing of patterns may reflect the effect of REE-rich 

accessory minerals observed in the rocks (e.g. monazite, zircon) . A small subset of 
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Table 6.2. Average values of the Contwoyto, Yamba and Concession Suites 
Contwoyto Yembe High Y Yembe Low Y Yembelow Y Conces•ion Conceuron Monrogrenne Wolvenne Wolverine Pellett Hogh Mg# low Mgl n 18 29 10 5 8 5 

SrO, 73 .0 :t 1 .5 74.2 :t 1.4 73.5 :t2 .2 73.7 :t0.85 70.1 :t 1.1 71 .0 :t 1.2 TiO, 0 .23 :t0.12 0 .23 :t0.10 0 .28 :t0.12 0 .20 :t0.08 0 .38 :t0.10 0 .43 %0.10 AI,01 15.1 :t0.5 13.8 :t0.50 14.3 :t0.91 14.4 :t0.49 15.7 :t0.24 14.8 ±0.36 FoO' 1.61 ±0.60 1.68 ±0.59 1.49 :t0.58 1.39 ±0.30 2 .58 ±0.61 3.41 :t0.52 MnO 0.02 ±0.01 0 .02 ± 0.01 0.02 :t0.01 0 .02 ±0.01 0 .04 ±0.01 0.05 :t0.01 MgO 0 .63 :t0.33 0 .40 :t0.17 0.48 :t0.2<4 0 .49 :t0.13 1.13 :t0.32 1.10 :t0.23 CeO 1 .38 :t0.88 1.14 :t0.32 1.4<4 :t0.65 1.05 :t0.52 2 .84 :t0.28 2 .96 :t0.39 Ne,o 4.33 t0.48 3.23 :t0.31 3 .52 :t0.57 3.8<4 :t0.33 4 .70 t0.81 4 .44 :t0.24 K10 3 .59 :t 1.07 5.211 :t0.70 4 .98 :t 1.13 5 .00 :t 1.15 2.31 :t0.74 1.66 :t0.60 P,o, 0 . 17 :t0.09 0 .07 :tO.OS 0 .09 ±0.05 0 .13 :t0.04 0 . 18 :t 0.07 0 . 11 ±0.03 
Rb 104 :t41 1911 :t32 128 :t55 1114 :t511 87 :t 29 58 :t 10 Be 510 :!: 138 1140 :t205 953 :t294 1132 :t21<4 741 :t472 4 94 %185 Sr 190 :t97 88 :!:27 235 :t 117 11111 :t85 578 :t73 230 ±52 Ga 21 :t3 18 :t2 18 :t2 20 :t2 21 :tl 20 :t2 
Nb 8 :t2 14 :t4 5 :t3 7 :tl 5 :t 2 8 :t1 Zr 122 :t42 168 :t83 158 :t87 128 :t22 141 :t27 138 :t14 Ti 1470 :t707 1361 :t608 1559 :t712 1173 :t487 2298 :t622 2559 :t677 y 8 :t3 23 :t8 7 :t2 3 :t2 8 :t3 13 :!:4 
Th 7 :t3 46 :t16 25 :t 18 15 :t7 6 :t2 6 :t2 Ce 49 :t10 170 :t61 85 :t42 72 :t7 57 :t36 36 ±21 Yb 0 .4 :t0.2 1.4 :t0.3 0.0 :tO.O 0 .38 ±0.07 0 .4 :t0.3 0 .7 :tO.S 
Rb/Sr 0 .7 :tO.S 2.<4 :t0.7 0.8 :t0.8 1.3 :t0.7 0.1 :t0.1 0 .3 :t0.1 Be/Sr 3 .0 :t 1 .<4 7.4 :t 1.5 4 .7 :t2.0 4 .2 :t 1.0 1.2 ::t0.8 2 . 1 :t0.8 K/Rb 300 :t?e 233 :t37 353 :t89 270 :t82 314 :t89 249 :t57 
SrfY 23 :t15 4.1 :t 1.8 39 :t24 53 :t25 94 :t 53 19 :t4 Zr!Th 18.3 :t7 3.7 :t 1.5 7.<4 ::t3.8 10.5 ::tS.S 30.2 :t 20.2 28.8 :t 10.7 Ti/Nb 294 :t257 107 :t82 388 :t217 204 :t 112 449 :t 75 324 :t49 Zr fY 15.3 t8.8 7.8 :t4.2 25.8 t 15 .3 51.3 :t 24.4 21.2 :t8.8 11.5 :1:2.9 
Ce/ 30 ±10 32 :t 10 83 :t42 52 :t15 40 :t13 14 :t4 Yb-
Eu/ 0 .58 :t0.19 0 .28 :t0.05 0 .82 :t0.03 0.59 :t0.28 0.87 :t0.10 0 .82 :t0. 11 Eu' 

Average values for Concession Suite rocks only include samples with greater than 69 wt% SiO:. 
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samples from the Wolverine Monzogranite have higher abundances of Y ( > 50 ppm). 

LREE abundances in these samples are similar to typical Wolverine samples. but tht.• 

abundances of the MREE and HREE are higher and have a flatter slope with slightly 

concave down curvature (Figure 6.6c). 

The two samples with the highest abundances of Th and tht~ LREE arc tine 

grained granite dykes, one intruding the Wolverine Monzogranite, the other the Siegt.• 

Tonalite north of the WM (Figure 6.6c). These rocks have lower SiO~ but otherwise 

similar major element chemistry to the more common coarser f :-aincd phases (Table 

6.1; Figure 6.3). Th shows a large within-suite variation. which is paralleled hy other 

trace elements (e.g. Zr, Ce; Figure 6. 7). The covariation of these clements may 

indicate REE-rich accessory mineral control (e.g. zircon. monazite) on the trace 

element budget. 

The low Y group are also LREE-enriched but have smaller ncgat1vc to positive Eu 

anomalies and lower abundances of the HREE (Figure 6.6d. e). They also tend to have 

higher abundances of Sr and Ba. In this respect they resemble the REE patterns of 

granodiorites of the Contwoyto Plutonic Suite (compare Figure 6 .6d with 5.8). 

Contwoyto Plutonic Suite 

The LFSE concentrations in the Contwoyto Suite overlap those in the Yamba 

Suite. but Rb and Ba contents tend towards lower values (Figure 6.4). Sr af'ld Ba 

generally decrease with increasing Si02 , in contrast, K and Rb increase. Ratios 

involving these elements are more variable than in the Yamba Suite. Ga abundances 

are moderate (18-30 ppm), but generally higher than in the Yamba Suite, and arc not 

correl~'ed to Si02 content. HFSE elements are generally lower, but do overlap average 

concentration levels in the Yamba Suite. Zr abundance decreases systcmaticaily over a 

Si02 range of 70 to 76 wt% Si02• Y does not correlate with Zr content. The Nh 

abundance shows no clear correlation with that of other elements. Th abundances are 

much lower in comparison to the high Y group of the Yamb:t Suite. There are, 
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howevF:r, i11dications of locally high abundances of Th from detailed aeroradioactivity 

surveys (possibly in pegmatites) (G.S.C. aeroradiaoctivity survey). Th abundance dl~S 

not correlate with other elements (e.g. Ce, Zr). as it does in the Yamba Suite. 

The abundance of REE within the suite is extremely variablt! . Two 'cndmcmhcr' 

types of REE patterns are observed (Figure 6.8). The first type has high total 

abundances of LREE, with small to moderate negative Eu anomalies and high (fid/ Yh)N 

(Figure 6.8a). The second type has lower total abundances of REE. flatter patterns (it'. 

lower (Ce/Yb)N and (Gd/Yb)N) and variable positive to strongly negative Eu anomalies 

(Figure 6.8b, c, d). REE patterns intermediate to these types have also hcen measured. 

The former type are more common and are characteristic of non-pcgmatitic. tine 

to medium grained, biotite-muscovite granites. The low REE abundance type is 

associated with: l) smaller dykes or sills isolated from large outcrop areas of granite: 2) 

muscovite-rich pegmatitic samples; and 3) some tourmaline granites. Similar REE 

patterns are commonly documented in fractionated leucogranitcs, pcgmatitic 

leucogranites and pegmatites (e.g. Shearer et al., 1984, Cerny and Meintzcr, 1988: 

Muecke and Clarke, 1981; Vidal et al., 1982; Searle and Fryer, 1985). 

6.3.3 Isotope Gffichemistry 

Neodymium isotopic compositions for samples from the immediate study area arc 

given in Table 6.3. Additional data for correlative granitoid rocks from outside the 

map area are presented in Chapter 7. 

Yamba Plutonic Suite 

Samples of the Yamba Plutonic suite have ci'Mcl) values ranging from +2 .9 to -5 . 1 

(Figure 6.9). The~d(l) values show a systematic regional variation . Samples from the 

Wolverine Monzogranite, and other plutons to the west, have negative values, in 

contrast, to samples from the Pellatt Lake Monzogranite and other bodies to the cast , 

which have positive values. This spatial variation is discussed in Chapter 7. 



Table 6.3. Sm-Nd Isotopic Data, Post-Deformation Plutonic Suites 

Sample• Rock Type lat long Nd• Sm• 14 'Sm/ '"Nd/140Nd• { '-1111 
. Age• T,,.. (ppm) (ppm) 14"Nd(. 

(Mdl (Md) 

Y1mb1 fl!.!tQni!C &Yita 
0153-89 Bt Granite 65° 1 0' 109° 44' 45.47 9.16 0 .1218 0 .511508 29 2590 2697 0224-88 Bt Granite 65° 27' 112°25' 0.1002 0 510833 ·3.1 2590 3139 0078a-88 Bt Granite 65" 11' 111 ° 37' 44.09 7.26 0 .1060 0510858 -4.6 2582 1 3181 0238-87 Bt Granite 65° 30' 112° 05' 19.52 3.11 0.0970' 0 .510682 ·5.0 2590 3280 0135-88 Bt Granite 65° 05' 111 ° 39' 44.09 7 26 0.1048 0.510807 -5.1 2590 3292 C~:mlwQrlg etutgoiii Suilll 
R037 -89 Bt-Mu Granite 65° 14' 109° 12' 4 .62 1.07 0 .1397 0 511808 2.8 2590 2705 0199-88 Bt·Mu Granite 65° 52' 11 1 ° 38' 22.61 4.13 0 .1131 0 .511202 ·0 2 2590 2925 0207-88 Bt·Mu Granite 65° 49' 111°14' 23.98 4.71 0 .1258 0 .511415 -0.2 2590 2931 K193-88 Bt-Mu Granite 65° 49' 111 ° 25' 15.08 2.72 0 .1140 0511170 -1.1 25851 2992 0216 87 Bt-Mu Granite 65° 28' 111° 40' 10.15 2.43 0.1434 0.511515 4.2 2585 3220 0295-88 Bt-Mu Granite 65° 53' 110° 38' 12.74 2.80 0.1374 0 .5 11410 ·4.3 2590 322:? 
• Samples 0153-89, R037-89 chemistry analyzed at G. S.C. by E. Hegner. All olher samples done at Memonal Un•verslly . 
• Nd and Sm concentration data lor samples analyzed at Memorial University determined by ICP-MS 15% errorl. 

dilution 11 % error I Data from GSC determmed by ISOtope 

• Samples analysed at GSC 10.5% error!; at Memoriall1% error!. 
Values marked w ith asterix 1•1 ~~term111ed b·f ICP MS at M emorial 13% error) . 

• Internal prec1s1on is better than external prec1sion or 2 • 10 ~. 
RatiOS are normalized to 146Ndf144Nd = . 7 219 14JNd/144N = . 511862 i 

19 for La Jolla dunng pe11od of !iludy All ~ .lmples analysed il l G.S.C. 

• • ,.,111 = ll
14

jNd/
1 
.. Nd11,._,.1

143
Nd/

144
Nd111 "''"' 1.,.,1 -1 I • 104 where Ill = age of sample. Present day values Bulk Earth •• •Nd/144N = . 5 12638; ••'Sm/' .. Nd 

. 1967. 
1 
Published U Pb zircon or monazite ages are des1ynated by superscnpts as follows 1 van Brecmen er al., 1990; 
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Wanless and Loveridge ( 1978) report Sr isotopic 'ata for four samolcs of thl! 

Yamba Suite from the Wolverine Monzogranite. Recalcula!ion of this data. assuming a 

crystallization age of 2585 Ma (van Breemen er a/. . 1990) and decay constants from 

Steiger and Jager (1977), yields initial K'Sr/~"'Sr ratios from 0.6929 to 0.7040. The 

initial ratio correlates with the Rb/Sr ratio; high Rb/Sr samples have the lowest initial 

87Sr/M6Sr values. The extremely low values indicate that post-crystalliz.ation 

modifications have occurred in the Rb/Sr system , which does not permit interpretation 

of the whole rock ratios. 

Contwoyto Plutonic Suite 

Samples of the Contwoyto Suite have cN.t<n values ranging from +2 .8 to -4.J 

(Figure 6.9). Systematic east-west differences are similar to those described for the 

Yamba Suite. The isotopic composition does not vary in a systematic fashion with 

other chemical characteristics of the rocks. For example, samples with Type I REE 

patterns (e.g. 0295-88) have similarcNd<O to those samples with type II patterns (t>.g. 

D216-87) . This indicates that the isotopic composition i:; not simply a function of the 

fractionation process. 

The negative E;~d<n values determined for samples of both suites require a 

contribution from significantly older crustal sources. Figure 6.9 shows that the 

integrated average age of the crustal source of those granites with the most negative 

values may be greater than 400 Ma older than the crystallization age. This assumes 

average crustal'47Sm/•43Nd values (fSm/Nd = -0.40) (Taylor and McLennan, 1985) for the 

protolith and a depleted mantle value of +3 .5 at 2.6 Ga (see Appendix 3). 

6.3.4 Classification of the Suites 

Granitic rocks have eluded simple classification schemes, reflecting the 

complexity and diversity of granite petrogenesis. Pitcher (1983 ; 1987) has pointed out 

that different granite types can be recognized and that these may be characteristic of 

different tectonic settings (e.g. Cordilleran margins, continental collision zones) . The 

plethora of different granite classification schemes (cf. Barbarin, 1990), reflect 



175 

fundamental differences of opinion on the petrogenesis and tectonic significance of 

granitic rocks. The commonly used classification of 1-, S- and A-type granites 

assumes dominantly crustal sources for most granites, and that the nature of the crust 

(ie. igneous or sedimentary) is reflected in the composition and mineralogy of the 

granite (Chappell and White, 1974; White and Chappell, 1983). Alternative schemes, 

such as that recently proposed by Barbarin (1990), assume an important mantle 

component in the petrogenesis of some granitoid rocks. and thus crustal (C-type), 

mantle tM-type) and mixed or hybrid (H-type) granites are defined . Classification of 

the plutonic suites using these different schemes are shown in Table 6.4. 

Table 6.4. Classification of the Contwoyto, Yamba and Concession Plutonic Suites 
according to different scheml!s. 

Scheme 

Pitcher ( 1983, 
1987) 

Chappell and 
White 
( 1974); White and 
Chappell ( 1983) 

Barbarin ( 1990) 

Petrographic 
Mineralogical 
Major elements 
Intrusive Style 

Contwoyto 

Hercynotype 

S-type 

Crustal 

Csr - Ccl 
CST - CCI 
Csr - CCI 
CST - c_CI 

Plutonic Suite 

Yamba Concession 

Caledonian- Caledonian-
type Andinotype 

1-type ( ± Sl 1-type 

Crustal-Hybrid Hybrid 

CCI- HLO HLo- HcA 
CCI HLo- HcA 

CCI- HLO HLo- HcA 
Csr- Ccl 

Cu = two-mica leucogrannes. ?thrust related , dominantly crustal source; Cc1 = 

peraluminous intrusive granoto1ds. jominantly crustal source; HLo = mixed origin (crust + 
mantle). potassic calc-alkaline granitoids (high K-low Cal; He" = mixed origin (crust + 
mantle), calc-alkaline granitoids (low K·high Cal; S-type = sedimentary source rocks; 1-type 

igneous source rocks. 

The Contwoyto Suite shares geological, petrographic, and mineralogical traits 

with the Hercyno-type or continental collisional granitoid type (e.g. Pitcher, 1987). In 

particular. the high Si02 contents, peraluminous compositions, primary muscovite, 

common occurrence of tourmaline, monazite and apatite, and rapid changes in textural 
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facies and abundant pegmatites are characteristic features of rhis granite type (e.~ . Vidal 

et al .• 1984; Cerny and Meintzer. 1988). These characteristics are indicative. in part. of 

S-type granites (sedimentary-derived) as defined by Chappell and White (1974) or the 

C-type of Barbarin (1990). There is a general consensus that th;s type of gr.mite is 

dominantly crustally derived. most likely from sedimentary protoliths. 

Classification of the Yamba Suite is more equivocal. The suite has characteristics 

similar to the Caledonian-type granites of Pitcher ( 1983), and has features of both 1- and 

S-type granites. However, the absence of primary muscovite or peraluminous minerals 

argues against an S-type classification (s.s., White era/., 1986). The suite shows 

characteristics of both crustal and hybrid granites as defined by Barbarin (1990) (fable 

6.4). 

6.4 Origin and Evolution of the Yamba and Contwoyto Plutonic Suites 

Magmatic differentiation in granitic systems is extn:mely complex owing to the 

multiplicity of processes capable of affecting the composition of the rock (Miller eta/., 

1988; Pitcher. 1987; Waller al., 1987). These include crystal-liquid-fluid partitioning 

during pamal melting and crystallization. entrainment and unmixing of restite material 

(e .g . Chappell and White, 1974), crystal fractionation. particularly of accessory phases 

enriched in trace elements, assimilation, magma mixing, variable and heterogeneous 

source terrains, and the exsolution of fluid phases, generation of pegmatites and 

subsolidus alteration processes (e.g . Cerny era/., 1985). It is not possible to quantitatively 

constrain all or indeed any of these processes. 

In addition to the complexity of petrogenetic process inherent in rranite systems. 

the regional nature of the sampling in this study precludes systematic evaluation of 

differentiation processes within a single magmatic system. The following sections, 

therefore, present a qualitative assessment of within-suite chemical variation and the 

potential roles for some of the differentiation processes listed above. Quantitative models 

serve only to highlight the potential effects of a particular process, they cannot yield 

unique solutions, and are undoubtedly poor simulations of the actual processes involved. 
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6.4.1 Within-Suite Chemical Variation 

Major and trace element contents of samples of the Yamba and Contwoyto Suites 

define distinct groups, or subparallel trends 01~ most variation diagrams (Figure 6.3, 

6.4) . The two su1tes are unlikely, therefore, to be related by a simr!e process such as 

fractional crystallization, mixing. or variable panial melting of similar source rocks. 

Separate origins are consistent with the field data showing that the suites are not 

spatially associated, and do not form composite bathol ·.'ls. The Contwoyto Suite is 

spatially associated with supracrustal rocks, while the Yamba Suite commonly intrudes 

rocks of the Concession Suite (e.g. Wolverine Monzogranite). There is no field 

evidence to petrologically link the two suites at the present level of exposure. 

The style of within-suite trace element variation is different in the two suites. For 

example, in the Yamba Suite, elements such as Th and Yare extremely variable, but in 

the Contwoyto Suite they are uniformly low (Figure 6.7). P20s contents vary 

significantly in the Contwoyto Suite but not in the Yamba Suite (Figure 6. 7). Perhaps 

the most distinctive difference between the suites is the style of REE variation. The 

LREE-deplcted, low abundance REE patterns (Type II) are only documenttx! in rocks 

of the Contwoyto Suite. In the Yamba Suite, the LREE show large absolute vanations 

but LREE fractionation (e.g. (Ce/Sm)N) is minor. As outlined below these differences 

in within-suite elemental variation may reflect differences in the reiative importance of 

the differentiation processes responsible for the chemical fractionations. 

Fractionation of the REE in the Contwoyto Suite occurs by a decrease in the 

LREE abundance which results in lower (Ce/Yb)N patterns with little or no change in 

Si01 contents. HREE may increase or maintain abundance with the development of 

small positive to large negative Eu anomalies (e.g. Figure 6.8b). Decreasing LREE 

contents, (Ce/Sm)N and (Ce/Yb)N are characteristic features of the Archean 'fertile' 

granite association (Cerny et al., 1985; Cerny and Meintzer, 1988) as well as many 

leucogranites (e.g. Vidal eta/., 1982; Searle and Fryer, 1985; Muecke and Clarke, 

- - · - -,-- - - - - --- - -~ -



1981). This type of REE variation is generally attributl!d to fractionation of 

REE-enriched accessory mineral phases. or the evolution of a tluid phase which 

complexes the REE. 

REE-enriched accessory minerals can produce extreme effects on the REE ~ontent 

of felsic igneous rocks (e.g. Schaltegger and Krahenbuhl. 1990; Mahood and Hildreth . 

1983; Miller and Mittlefehldt. 198~; Sawka. 1988). The accessory minerals apatite. 

zircon and monazite ( ± garnet and tourmaline) all occur in samples of the Contwoytn 

Suite and the differences in the measured REE patterns could reflect separation or 

accumulation of one or more of these REE-rich phases. One prediction of thl'> 

hypothesis is that the contents of trace elements common to a particular accessory 

mineral, will covary. For example. monazite and apatite are phosphate minerals. rkh 

in Th. as well as the REE (Miller and Mittleielhdt. 1984: Schaltcgger and Krahenhuhl. 

1990). Zircon has high contents of Zr, Y and the REE ( ± Th) (Heaman et ul .• 1990). 

Fractionation of these phases should, therefore, result in sympathetic variations in Zr, 

REE, Th and P20 5• However, the abundance of Zr in the rocks does not correlate 

simply with Y or HREE contents, nor do the REE correlate with PP~ or Th as would 

be expected by apatite- or monazite-controlled fractionation. The common accessory 

phases cannot be directly responsible for REE fractionation. although they may have 

some smaller effect. The possible occurrence of other REE-enriched phases (e.J.:. 

thorite, chemovite, polycrase. Schaltegger and Krahenbuhl , 1990) cannot be evaluated 

at this time. 

The abundance of pegmatites. rapid variations in grain size. occurrence of 

primary muscovite, and tourmalinization and muscovitization of host sediments provide 

ample evidence for the presence and mobility of fluid phases during the evolution of the 

Contwoyto Suite. REE v~Cition in leucogranites is commonly thought to be strongly 

affected by complexing of REE in a fluid phase (e.g. Vidal eta/ .• 1982; Cerny era/., 

1985). REE may be transported as complex anions (F·, Cl·, C01
2•• BO{) in the fluid 

phase (Flynn and Burnham, 1978; Collerson and Fryer, 1978). This can result in 

overall depletion of REE in the melt, large Eu anomalies (both negative and positive' as 
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well as kinked REE patterns atypical of crystal-melt panitioning (e.g. Cerny and 

Meintzcr. 1988; Walker et al., 1984). These REE features are similar to the 

fra~tionatcd and depleted REE patterns characteristics of some of the Contwoyto Suite 

granites, particularly the tourmaline-bearing granites and granites associated with 

external pcgmatites (e.fi:. Figure 6.8b.c.d). Fluid processes could also be responsible 

for the variability in P~Os and LFSE (e.g. Rb, Nap) contents . As pointed out by 

Cerny and Meintzer (1988). quantitative modelling of these processes is unrr.alistic. 

given the present state of knowledge. 

The considerable chemical heterogeneity, and the complexity of the differentiation 

processes seriously impedes reconstruction of a parental magma composition(s), a 

reliable estimate of which is required to constrain the nature of the souh .. e region to the 

granites. Cerny and t-.1eintzer (1988) suggest that in the Archean 'fertik' granite 

association. the least fractionated samples are those with higher K/Rb, LREE and 

(Ce/Yb),,, as differentiation of the suite generally leads to decreasing LREE with 

increas:ng HREE and decreasing (Ce/Yb)w This same type of differentiation is 

commc•n to the Contwoyto Suite. The majority of the samples analyzed in this study 

have high LREE, low HREE contents and moderate Eu anomalies. characteristics of 

the 'le::.st fractionated' samples described by Cerny and Meintzer (1988). 

Within-suite variation in the Yamba Suite (high Y group) is different than 

observed in the Contwoyto Suite, namely: 1) the REE patterns in the Yamba Suite are 

less variable than those in the Contwoyto Suite. without significant LREE fractionation; 

and, 2) trace elements enriched in accessory minerals (e.g. Th, Ce and Zr) demonstrate 

positive correlations with each other (Figure 6. 7). 

Most of the major and LFS element variation observed within the Wolverine 

Monzogranite can be accounted for by 25 wt% fractionation of the principal rock 

forming minerals (Table 6.5; Figure 6.10). This model, however, fails to explain the 

large range of values. and correlation of Zr. Th and LREE contents. These trace 

element correlations may reflect accessory mineral control (e.g. separation or 

accumulation of zircon or Th-rich phase). This could be a residual phase from melting 
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(ie. restite) or of magmatic origin. Th. Zr and the LREE contents also correlate: with 

those of SiO:. Ti. Ba. ±Nb and V. The concentration of these latter clements is m''st 

likely controlled by biotite and fddspars. suggcs~ing that separation or a~\.:'umulat1on ''' 

the accessory minerals occurred in concert with fractivnat :on of hioutc and feldspar. 

Table 6.5. Results of least squares mixing cakulations (LeMaitrc. 1 'J79). w,,lvcrinc 
Monzogranite. high Y group. 

Fract1onal Crystallization 
Wt0~ SI02 TI02 AL203 FE203 MNO MGO CA .) NA20 11.20 P~O!'> 

REACTANTS USED 

D114-87 100.0 7C 55 .53 14.60 2.93 0 02 0 .72 1.50 3 03 5 .88 024 
PRODUCTS USED 

D134-88 77 .49 75 65 .16 13.11 1.28 .01 0 .33 0 .85 2 .96 5 .63 0 02 
PlagAN17 9 .02 63.97 00 22.61 .25 00 0 .0 3 .: J 9 .87 0 05 00 
K-spar 5 .23 65.19 0.0 18 .29 0 .0 0 .0 00 0 15 0 86 15.5: 00 
B•Otft• 7 .51 36.45 2 .90 17.84 25 56 0 .33 6 .71 00 00 10 21 co 
Apat1te 0 .76 0 .0 0 .0 0.0 0 .0 0 .0 0 .0 57 . 1 0 .0 00 42 9 

f~TIMAT~Q CQMPQ~ITION~ 
REACTANTS 70.55 .53 14.60 2.93 0 .02 0 .72 1 so 303 5 88 024 
PRODUCTS 70.53 .34 14 50 2.93 0 .03 0 .76 1.39 3 22 5 94 0 34 

DIFFERENCES 0 02 0 .18 0 .10 0 .0 -001 0 .04 0 1, 0 . 19 0 .06 010 

RESIDUAL SUM OF SQUARES = 0. 11 

If fluid processes were important in the Concession Suite, their effects arc less 

apparent in the Yamba Suite, consistent with the textural differences between the suit~s. 

6.4.2 Origin of tht> Contwoyto Plutonic Suite 

Partial Melting of l\fet~dimentary Rocks 

Granites with the characteristics of the Contwoyto Suite are commonly modelled 

as partial melts of metasedimentary source rocks (Vidal eta/. , 1982; Miller. 1985; 

Pitcher, 1987). Metasedimentary protoliths have been proposed for compositionally 

and petrographically similar granites from elsewhere in the Slave Province (e.~. 

Prosperous Granite,Drury, 1979: Meintzer. 1987; two-mica granites, Hackett River 

area, Frith and Fryer, 1985), as well as Archean leucogranites from other provinces 
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(e.x. Day and Wciblen. 1986). Turbidite sequences represent a relattv:ly large 

component of the crust in the Slave Province and thus represent a reservoir of sufficient 

volume to generate the significant volumes of grG.nite observed. 

It IS vreJI accepted that peraluminous granites can be produced through partial 

melting of sedimentary source rocks (Patino-Douce and Johnston, 1990, LeBreton and 

Thompson. 1988; Vielzeuf and Holloway. 1988; Miller. 1985; Clemens and Vielzeuf, 

1987). Recent t::::perimental studies emphasize the importance of biotite dehydration 

reactions in generating large volumes of peraluminous granite (Patino-Douce and 

Johnston. 1990. LeBreton and Thompson. 1988; Vielzeuf and Holloway. 1988). 

Importantly. melting occurs under water undersaturated conditions thought to be 

appropriate for :he mid to lower crust. 

Melting may occur through the reaction: 

biotite + plagioclase + aluminosilicate + quartz = 

melt + garnet ± alkali Feldspar 

At lower pressures cordierite rather than gamet is the residual phase (e.g. Green, T .H. 

I 976; Vielzeuf and Holloway. 1988). Melt proportions exceeding 50% can be produced 

over a fairly limited temperature interval of 800°-900°C at 7-13 kb (~Table 6.6). 

Quartzo-feldsrathic metagraywackes approximate the most fertile source compositions 

(Patino-Douce and Johnston. 1990, Clemens and Vielzeuf, 1987). Metagraywackes are 

the single most abundant, pre-granite rock type presently expcsed in the Slave 

Province. 

The high melt fractions generated through biotite dehydration reactions exceed 

that theoretically required to mobilize and separate melts from their source regions (ie. 

el(ceed the rheological critical melt fraction, e.g. Wick~.am, 1987; Miller eta/., 1988; 

Arzi. 1978). Since melts produced through this reaction are water undersaturated, they 

arc able to separate and ascend to higher structural levels. intruding lower grade 

metamorphic rock~ as have the Contwoyto Suite granites. 



Table 6 .6. Average compositions of the C'ontwoyto and Yamba Ml,n/Ogranitcs 
compared to compositions of experimental melts of sedim~ntary rocks. 

Sample Contwovto Vamba 7-875 7 975 13-900 13 s::o 10 875 
Name Monzogr . Wolv. h<gh 

y 
PO PO PO PO VH 

Melt% 29 66 24 42 

S i02 73 00 74.21 73 .79 "14.41 73 69 73 51 73 .:10 
To02 0 .23 0 .23 0.14 0 .54 0 .30 0 .28 0 .30 
Al103 15 .06 13.79 15.72 13 .81 15.29 14.51 16 . 10 
FeO' 1 .61 1 .66 1 .75 2 .09 1 .63 1.50 1.50 
MnO 0 .02 0.02 0.00 0 . ' 6 0 .02 004 0 .00 
MgO 0 .63 1 .66 0 .37 0 .91 0 .44 0 .37 1.00 
Cd0 1.36 0 .40 0 .37 0 .41 0 .23 0 .11 0 .40 
Na20 4 .33 3.23 1 87 0 .89 1 .94 1 .30 3 .10 
K20 3 .59 5 .26 5.94 6 .71 6.40 8 .29 4 .40 
P205 0.17 0 .07 C.05 0 .07 0.05 0 .10 0 00 
H20 4 .09 2 .98 7 . 14 5 .33 3 .74 

10 !100 
VH 

71 30 
0 .60 
16 10 
1.90 
0 .00 
1.30 
1.60 
3 .00 
4 20 
0 .00 
3 .50 

Average values of Contwoyto and Yamba Plutonic Su1tes taken from Table 5 . 2 . Numbers of 
experimental melts are coded as follows: the number before the hyphen refers to the 
pressure in kbars: that following the hyphen the temperature ( 0 Cl . PD c' Patino Douce and 
Johnston. 1990, VH = Vielzeuf and Holloway, 1988. 

Migmatites exposed in the study area commonly have melanosomc assemblages 

consisting of corderite, sillimanite, biotite. plagioclase ±qu<i.rtz, ±garnet, ±alkali 

feldspar (Wingate, 1990). Wingate (1990) describes mineral relationships within 

migmatites of the ltchen Formation (north of the WM) consistent with the: biotite: 

dehydration rea• tion: 

biotite + sillimanite + quartz = melt + cordicritc 

Melting conditions in these migmatites are estimated to be high temperature (800"C) 

and relatively low pressure (5-6 kb), consistent with the occurrence of residual 

cordierite rather than garnet (e.g. Green T .H .• 1976). Since the granites are not 

directly associated with migmatite zones, the actual source region for the Contwoyto 

Suite is not exposed, and must be at greater depths in the crust. 

Cordierite is a common but not ubiquitous mineral in sedimentary derived granites 

(e.g. White era/., 1986) and many migmatites in the Slave Province contain cordicrill! 

in their leucosome (Wingate, 1990; Folinsbee, 1949). However, cordierite (or garnet) 
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;:; not observed as phenocrysts (xenocrysts) in the granites. although garnet is present in 

pegm:ltit~s. This suggests that .f cordierite was an impo~nt residual phase Juring 

melting 1~ wls removed from the melt during or subsequent to magma s:.gregation (Zen. 

1989). Cordierite may have reacted out with increasing water activity during 

crystallization and dt:compression. to produce the observed muscovite, quartz and 

m1crocline assemblage (Zen. 1989; Clemens and Wall, 1988). 

ExpePmental melts produced by biotite dehydration reactions are compositionally 

similar to the average value of 'least fractionated' samples of the Contwoyto Suite 

<Table 6.6: Patino-Douce and Johnston. 1990; Vielzeuf and Holloway, 1988). The 

higher N~O contents in the Contwoyto Suite compared to the experimental liquids 

probably retlects differem protolith compositions. According to Chappell and White 

( 1974), sedimentary-derived granites should have low Nap contents because of the loss 

of N3-:!0 during surficial weathering and sedimentation processes. The Nap c..Jntents in 

rock of the Concesion Suite are much higher than in typical S-type granites. as defined 

by Chappell and White 1 1974; White and Chappell, 1983). However, metasedimentary 

rocks exposed in the Slave Province are chemically immature (ie. low Al;P/N<i:!O, 

f:.aston. 1985; Jenner eta/ .. 1981; Appendix 2) and N~O-rich. Since they are not 

themselves Na-deficient, they could yield relatively high-Na granites. 

Yellowknire Supergroup Metasedimentary Rocks as Protoliths 

Nd Isotopic Constraints 

Isotopic data are particularly useful in evaluating possible and impossible crustal 

sources. The Contwoyto Suite exhibits a wide range of ENdm values, ranging from 

+2.8 to ·4.3 (Table 6.3). The process responsible for generating these granitic rocks 

must, therefore. be capable of producing petrographically and geoct:emically similar 

rocks from isotopically distinct sources. The ~da 61 values of Contwoyto Suite rocks 

fall within the range of compositions determined for Yellowknife Supergroup rocks 

(Table 7.1; Figure 6.11). It is. therefore, possible to generate the range in measured 

(NJO 61 values by variable mixtures of an isotopically neterogeneous metasedimentary 

source. An example of this is shown in Figure 6.12 which assumes the simplest 



~ssible c<.se. a two component mixture of: l) metasedimentary rocks similar to a pditc 

sample from Point Lake (<=NJi2 61 = -6. 7): and. 2) an average value of the 

metasedimentary rocks with juvenile isotopic compositions from the central and eastern 

pans of the province. Insignificant amounts to over 80% of :he component with 

negative ~d<2 61 values are required to reproduce the range in cNd12 61 values. The relative 

percentages of the end members calculated in this fashion is critically dependant on 

their isotopic compositions and Nd contents. These values are not well defined for 

eithe·. end member. Mixing of these different components could occur during 

sedimentation, during deformation or as a result of melting and coalescence of different 

magma batches. The actual process will be more complicated than this simplistic 

model, possibly involving a number of different crustal components, with different Nd 

isotopic compositions and abundances. 

This mod~! requires that metasedimentary rocks with negative <NJ(f) values. simiiar 

to those of the pelite sample from Point Lake, would be required to occur beneath at 

least the western part of the field area in order to account for those granites with <r.:J
111 

values of less than -1. The single analyses from the eastern most part of the area 

(R037-89) would not require this component (See Chapter 7). 

Tht: ~~d isotopic compositions of the Contwoyto Suite granites are, therefore, 

consistent with their derivation from isotopically heterogeneous metasedimentary rocks 

similar to those exposed at the current erosional level. o~ygen isotope studies could 

better constrain the role of sedimentary rocks. This data is not available for the 

Contwoyto Suite but data is published for compositionally similar rocks from the 

southern Slave Province (Prosperous and Buckham Plutons). 01~0 values for these 

granites have high values {9-11 per mille), interpreted to reflect a significant 

metasedimentary component (Meintzer, 1987). 

Trace Element Constraints 

Compositions of metasedimentary rocks in the area are given in Appendix 2. 

Rocks range in composition from 55 wt% Si02, in the pelites, to up to 70 wt% Si02 in 

quartz-rich metagraywackes. The samples are LREE-enriched with high (Ce/Yb)N and 
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no or small Eu anomalies (Figure 6.13). These characteristics are generally similar to 

published data for metasedimentary rocks from Yellowknife and Point Lake (Meintzer, 

1987; Jcnncreral., 1981; Easton, 1985). 

The trace element characteristics of YKS sedimentary rocks are compared to 

granites of the Contwoyto Suite in Figure 6.13. Compared to representative YKS 

sedimentary rocks, the granites have lower LREE, higher HREE, lower (Ce/Yb)N and 

larger negative Eu anomalies. R'!sidual Bulk D values of selected trace elements, 

required to derive the granites from the metasedimentary rocks, are shown in Figure 

6.14. These values were calculated by assuming an equilibrium batch melting model 

with variable melt fractions from 10 to 50%. The Bulk D values for the REE in the 

residuum are relatively high and increase from La to Yb. Discontinuities at Eu and Sr 

(ie. higher Kd values than adjacent elements) are present and their magnitude varies 

depending on th..! assumed source composition. This implies residual feldspar, or 

subsequent feldspar fractionation. 

The calculated Bulk D values for the REE are too high to be consistent with a 

.~sidual assemblage of biotite, plagioclase, alkali feldspar and quartz, and additional 

residual phases with high Kd values are required. This is a common problem in models 

deriving granites from metasedimentary source rocks (e.g. McCarthy and Haskey, 

1976; Vidal era/., 1982; Miller eta/., 1988) and can be explained by a number of 

processes: 

I) the compositions of the granites are not representative of the melts because of the 

effect of post-melting fractionation processes; 

~) the composition of metasedimentary rocks is inappropriate or was modified during 

metamorphism preceding or simultaneously with melting; and 

J) the residual mineralogy includes minerals with high Kd values for the REE (e.g. 

garnet. zircon, apatite, monazite, allanite, titanite; amphibole). 

Accepting the extremely large uncertainties involved in estimating all parameters 

of a partial melting model (parental composition. source composition, residual 

mineralogy. Bulk D values), partial melting of metasedimentary rocks similar in 



composition to the YKS can be considered as a viable model. Assessing the 

involvement of other crustal rock types (ie. Pre-YKS Gneisses. earlier plutonic rocks of 

the Concession Suite) in the generation of the Contwoyto Suite requires additional 

reliable isotopic data (Sr, Pb, 0) from both granitic and potential source rocks. 

6.4.3 Origin of the Yamba Plutonic Suitt' 

Large batholiths of biotite-bearing, K-rich granites similar to the Yamba Suite Ltrl' 

abundant in many Archean terrains (e.g. Arth and Hanson. 1975. Day and Wciblcn. 

1986, Cerny eta/. , 1987; Condie. 1981; Martin and Querre. 198~). including hoth 

sediment dominated terrains. such as the Slave Province. and volcanic dominated 

terrains such as the many belts in the Superior Province. Petrogenetic models proposed 

for these granites include: 

1) partial melting of metagraywacke (e.g Arth and Hanson. 1975: Drury, 19791; 

2) partial melting of tonalite-trondhjemite-granodiorite terrains (Day and Wcihlcn, 

1986; Moorbath eta/ .• 1981; Cerny et ul., 1987) including plutonic rocks similar in 

composition to the Concession Suile (Shirey and Hanson. 1986); and 

3) hybridization of mantle-derived melts by mixing and/or assimilation of partial melts 

of older crust (tonalite-trondhjemite-granodiorite) (Martin and Qucrrc , 19H4; Gariepy 

and Allegre, 1985). 

Crustal :Melting Models 

Deriving the Yamba Suite from metasedimentary protoliths seems unlikely since 

the petrological and compositional differences between the Contwoyto and Yamba Suite 

roch preclude their derivation by variable degrees of melting of compositionally 

similar protoliths. The major element compositions of experimental melts of 

metasedimentary ro·.;ks show little pressure dependence (e. ~o: . Patino-Douce and 

Johnston, 1990) and the trace element chemistry of the two suites cannot be simply 

related by varying degrees of panial melting or entrainment of restite material from a 

similar source. Rather the petrological and geochemical differences suggest derivation 

from different source rocks or through different genetic processes. This is consistent 
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with the less peraluminous compositions of, and absence of primary muscovite in, the 

Yamba Suite rocks. The Yamba Suite resemble fractionated or contaminated 1-type or 

hybrid granites (e. g. White et a/. , 1986: Miller, 1985; Barbarin, 1990) not 

sedimentary-derived granites. 

Models which derive the suite from remelting igneoLS rocks of the 20 m.y. older 

Concession Suite or older volcanic sequences (ie. hypothesis 2, above) fail to account 

for the negative c-Nd<n values determined for some samples of the suite. The Concession 

Suite in the Contwoyto Lake area has juvenile <:Nd(2 6> values but is intruded by Yamba 

Suite rocks which have negative cNdC2 61 values (Figure 6. 11 ). An additional component 

with negative <=Ndc2 61 values is required and the Yamba Suite cannot, therefore, be 

derived by remelting j:wenile igneous crust underplated during the earlier magmatic 

events. Volca,~ ic sequences (ca. 2650-2670 Ma) also hav~ juvenile ENdC2 61 values and do 

not occur in sutticient volume. at least as presently exposed, to account for the large 

volumes of granite generated. 

The only other potential crustal protolith, known from surface exposures is the 

Pre-Y KS rocks. These rocks satisfy S<lme, but not all, of the radiogenic isotope 

requirements. Their rangP. of ENdC2 61 values overlap the more negative values of the 

Wolverine Monzogranite and other samples from the western part of the area (Figure 

6 . 11). They don't however have the positive~d values required to account for the 

5ample from the Pellatt Lake Monzogranite (+2.9) or those further to the east (Chapter 

7). They are thus unlikely to be the sole protolith to the suite. 

Crustal II} bridization of Mantle-derived Magmas 

The relative timing of intrusion of the mantle-derived Concession Suite, peak 

metamorphism and intrusion of the Yamba Suite allows for a direct genetic linkage, in 

which all three represent the evolving manifestation of a single tectono-thermal 

magmatic event. In the immediate study area, the two suites appear to be discontinuous 

events separated by a time gap on the order of 20 m .y. (van Breemen et a/., 1990). 

However. a discontinuous relationship between the magmatic events is tess apparent 

when considered in t!le regional context of the Stave Province (van Breemen et a/. , 
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1991). Biotite granites. petrographically similar to the Yamba Suite, are g~nerally 

younger but do overlap in age with rocks of the Concession Suite (van Breemcn era/ .. 

1991). In some areas tonalites are younger than microcline megacrystic biotite granites 

(e.g. Culshaw and van Breemen, 1990). There is no evidence for regional variations in 

intrusive age. The potential for sequential but overlapping emplacement of the 

Concession and Yamba Suites suggests a continuum or evolution in chemistry of 

plutonic rocks from early, dominantly tonalite magmatism, to lat~.:r. dominantly granitic 

magmatism. Similar compositional evolution is common to many calc-alkaline batholith 

systems (e.g. Pitcher. 1987). 

The field and geochronological relationships are consistent with the Yamba Suite 

being generated through assimilation of, or mixing between, crustal melts and more 

mafic magmas of the Concession Suite - a common model to cx.plain granites in 

calc-alkaline batholiths (DePaolo, 1981; Barton, 1990: Pitcher, 1987). 

Figure 6.15 compares the abundances of selected trace clements in the Concession 

Suite to those in the Yamba Suite. The within-suite chemical variation defined hy rocks 

of the Concession Suite (labelled AFC Trend 1 on Figure 6.15) does not lead directly 10 

compositions typical of the Yamba Suite. This requires that the fractionating 

assemblage and/or the composition of the assimilant changed. Since the trace clement 

differences are linked to isotopic differences, at least for samples from the Wolverine 

Monrogranite, the change in the differentiation trends cannot be simply linked to closed 

system fractionation processes. An assimilant consisting of older crustal component is 

required. The Yamoa Suite is therefore not simply an extreme product of the same 

processes that generated the Concession Suite, rather its petrogenesis must involve 

different crustal rock types. This implies secular variations in the nature of crustal 

contamination. 
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Nature of the Assirnilant 

Establishing the nature and composition of the assimilant remains an open ended 

problem. To generate the high Y granites from diorites of the Concession Suite the 

AFC process must: l) increase contents of Rb, K, Th , Y, HREE, and Ba; 2) decreases 

contents of Sr. P, Ti, Zn. and V; and 3) develop large negative Eu anomalies. 

The assimilant. therefore, must have high contents of K, Rb, Ba, Th and Y in 

order to produce the high abundances observed in the granitic rocks relative to the 

tonalites. The requirement for high Rb, K, and Ba is especially true if biotite is a 

significant fractionating phase because of its high Kd values for these elements. 

Plagioclase (or K-spar) must be a significant fractionating and/or residual phase to 

account for the significant decrease in Sr and the large negative Eu anomalies. 

Th-bearing accessory minerals (ie. monazite, allanite, thorite) must not be important 

fractionating or residual phases in order to account for the high Th and little 

fractionation of the LREE. Xenocrysts or restite grains could increase Th and the 

LREE. Minerals with high Kd values for Y and the HREE (e.g. amphibole, zircon, 

garnet) cannot be significant residual or fractionating phases because of the similar or 

higher abundances of these elements in the granite. 

None of the potential protoliths known from the Slave Province have significant 

negative Eu anomalies, and therefore bulk assimilation of any of these materials will 

not generate the large anomalies observed in the granites. Eu anomalies can be 

generated by crustal melting leaving a plagioclase-rich residuum. For this reason, 

assimilation of crustal melts. rather than bulk assimilation processes, are favoured. 

These observations constrain the source of the assimilant as follows. 

I) The assimilant is unlikely to be a melt derived from an amphibolite residuum 

particularly if garnet is stable (e.g. mafic lower crust, or source of Siege or Olga 

Suite). This is because this :tssimilant would have low Y and relatively high Sr. 

Furthermore K and Rb contents in tonalites derived from basalt melting are low (e.g. 

the Olga and Siege tonalites) . 



140 

2) The assimilant is unlikely to be derived from depleted (K. Th. Rb) granulitic lower 

crust (e.g. Taylor and McLennan, 1985). such as crustal residues from e4rlicr melting 

events which may have generated the Pre-YKS granitoid rocks. 

3) The assimilant is. however. likely to be derived from a plagioclase-rich protolith. 

This could include partial melts of metagraywackes. metavolcanic rocks and 

pre-Yellowknif(.. tonalite gneisses and granitoids. 

The chemical differences between the high and low Y groups could be accounted 

for by one or more of the following: 1) the composition of the assimilant was different; 

2) the ratio of assimilant to fractionation differed; or. 3) the fractionating assemblage 

differed. The Nd isotopic difference between the sample of the Pcllatt Lake low Y 

granite and the Wolverine high Y granites suggests that. as a minimum. different 

assimilants may be involved. 

Nd Isotopic Test of the AFC Model 

Simple AFC models (DePaolo, 1981) can account for the( ~.~111 values of the 

Wolverine Monzogranite provided the following approximations are met : 

1) the initial magma has an <Nd(T) value of + 1.0; 

2) the assimilant has an C'Ndtn of -10; 

3) the assimilant and initial magma have similar Nd contents. 

The assimilant, at least in the western part of the field are4, must have had a 

long-term, LREE-enriched prehistory in order to generate the negative ( Ndrn values in 

the g:anites. In contrast, the assimilant in the east must be young or have a ncar 

chondri tic Sm/Nd ratio to account for the positive cNdlll value of the Pellatt l.ake 

Monzogranite. Assimilation of this material will effectuate no or little change on the 

c:Nd!O value. 

Since there is no evidence that the e4rlier tonalites show systematic regional 

variations within the Contwoyto Lake are4 and to the cast (Chapter 5 and 7), the crustal 

component must vary across the field area. The crustal component in the west could 
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consist of variable mixtures of pre- YKS rocks or sedimentary rocks derived from a 

similarly aged crust. The crustal components ;n the west could be derived from the ca. 

2650-2700 supracrustal rocks. 

6.5 Chapter Summary 

Compositional and petrological differences between the two post-deformation 

granite suites indicate separate origins and evolutionary histories. 

The ContWO)tO Suite resembles many collisional-type granites (e.g. Pitcher, 

1987; Barbarin, 1990; Harris et al. , 1986), and is considered to be derived through 

biotite-breakdown, dehydration melting of a heterogeneous metasedimentar source. 

The source could be similar to the turbidite rocks of the YKS as presently exposed at 

the surface. Within-suite differentiation occurred by both crystal-melt and fluid-melt 

processes, the full nature of which cannot be well documented. Differentiation leads to 

magma compositions relatively depleted in LREE. enriched in HREE and with variable 

positive or negative Eu anomalies. These features are generally ascribed to fluid 

processes (e.g. Cerny et ul .• 1985). Nd isotopic data require a range of source 

compositions. Mixing of these different crustal components (old crust and young crust) 

could occur either during initial deposition of the sedimentary protoliths, or later 

through mechanical mixing during deformation, melting and metamorphism. Further 

isotopic studies on both the granitic rocks and the metasedimentary rocks are required 

to better constrain these possibilities. 

The origin of the Yamba Suite is more equivocal. Compositional differences 

between it and the Contwoyto Suite are incompatible with it being derived from similar 

metasedimentary sources. The spatial association of these rocks with the earlier 

mantle-derived Concession Suite, and their compositional similarity to granites of 

hybrid ( .igm (e.g. Barbarin. 1990) suggest they may be best modelled as products of 

the mixing and homogenization of mantle- and crust-derived material. This would 

occur by assimilation of crustal components (probably melts) by mantle-derived 

magmas similar in composition to diorites of the Concession Suite. The differences 

between the high and low Y groups may reflect regional differences in the AFC 



process, incll!ding differences in the composition of the assimilant. The east-west 

difference in Nd isotopic composition of the rocks indicate assimilation of different 

crustal rocks, whose spatial distribution ar~ues for a laterally composite crust beneath 

this part of the Slave Province (see Chapter 7). 
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Figure 6.1. Classification of the post-deformation granite suites based on CIPW albite, 
anorthite and orthoclase. Fields from Barker (1979) after O'Conner (1965). 
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Figure 6.5. Subdivision of the Yamba Plutonic Suite into two groups on the basis of Y 
content. 
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(147Sm/I"-~Ndumplc/141Sm/I.uNdcHuR)-l and reflects the degree of LREE-enrichment or 
depletion in the sample. Negative values are LREE-enriched relative to CHUR. See 
Figure 5.31 for a more detailed description. The time lines labelled 100, 200, 400 and 
800 my assume a depleted mantle value of6.oda1 = +3.5. The hatched horizontal band 
represents estimated fSni/Nd values of the continental crust (Taylor and Mclennan, 
1985). A crustal source with this fsm:Nd value will rapidly evolve to more negative~ .. 
values. The most negative ~Nc~m values measured in the granites require crustal 
components which have had a long-term LREE pre-history of several hundred million 
years. 
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Figure 6.10. Variation diagrams of selected LFSE for the high Y group Yamba 
Plutonic Suite. a) Ba vs. Sr; b) Ba vs. Rb; c) Rb vs. Sr; d) K vs. Rb. Vectors labelled 
Bt, Plag, K -spar, show the effect of 25% fractional crystallization of biotite, plagioclase 
and alkali feldspar respectively (Kd values for felsic rocks, Appendix 4). The 
unlabelled vectors drawn through the data set are the calculated results of fractional 
crystallization (solid lines) and equilibrium crystallization (dashed lines) based on a 
fractionating assemblage determined by the major element least squares mixing 
solutions given in Table 6.5. 
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Figure 6. 11. Frequency histograms of e:,..,4(2 6 Gal values rocks of the Concession and 
Yamba Suites and potential crustal protoliths to the granites. a) Concession and Yamba 
Plutonic Suites; b) Concession and Siege Plutonic Suites; c) Ye!lowk1·if~ Supergroup 
metasedimentary rocks; d) Yellowknife Supergroup metaigneous rocks, ~) 
pre-Yellowknife Supergroup rocks. Data from Table 7.1; Dudas, 1989; Stevenson and 
Patchett, 1990; Bowring et a/. , 1989. Fill patterns of bars in b through e are coded to 
geographical area: Point Lake (PI); Yellowknife (Yk); Tinney Hills, northeast Slave 
(TH); Healey Lake, eastern Slave (HL); and Contwoyto Lake (CI). 
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values observed in the Contwoyto Plutonic Suite. Both endmembers are assumed to be 
metasedimentary: the component with negative E Nda 

61 
used is sample 0300-89, a pclite 

from Point Lake; the positive E NM is the average of 4 metasedimentary rocks from the 
Yellowknife Supergroup (Table 7.1) . The range in compositions of the Contwoyto 
Suite shown refers only toE Nd values not to Nd abundance. 
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Figure: 6.13. Pnmitive mantle normalized REE abundances of metasedimentary rocks 
from the Slave Province. Data for samples from the Contwoyto Lake area given in 
Appendix 2; Yellowknife data from Jenner era/. (1981) ; Point Lake data from Easton 
( 1985). Stippled region shows the field of 'least fractionated' samples of the 
Contwoyto Monzogranite (figure 6.8a) 
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Figure 6.14. Bulk D values required in the source res1duum to denve 'least 
fractionated' samples of the Contwoyto Monzogranite from Yellowknife Supergroup 
metasedimentary rocks. a) protolith composition taken to be average of three 
metaturbidite analyses, from 6 km southeast of the Contwoyto Monzogranite. b) 
protolith composition taken to be average of 3 Point Lake metasediments from Easton 
(1985). 



Figure 6.15. (following page) Comparison of selecte.d trace element contt•nts of the 
Yamba Suite to rocks of the Concession Suite. Trend labelled AFC I indicates the 
within-suite variHion described for the Concession Suite in Chapter 5. Yamba Suite 
rocks do not occur on this differention trend. 'uro ..... : (dashed fl.:td solid) labelled AFC' 
Trend 2 are the n:sults of quantitative AFC r.todels (DePaolo, 1981) using the following 
parameters: assimila.nt composition (labelleJ A) taken to be a metasedimentary 
migmatite leucosome ~mple K022-88; Bulk D values as shown in upper right corners; 
ratio of assimilation to frac ilc!'lation rate \)f 0.5 (dashed lines) and 1.5 (solid lines). 
Cross hatched field indicates samples of the low Y group. 
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Chapter 7 

Nd Isotopic Evidence for the Tectonic Assembly of Late Archean Crust 

in the Slave Pi·ovince 

7.1 Introduction 

The Late Archean is recognized as a major orogenic period in eanh history during 

which up to 40% of the present mass of continental crust was formed (Taylor and 

McLennan, 1985). The processes by which Late Archea."l crust may have been stabilized, 

and possible similarities to tectonic evolution of Phanerozoic crust remain unresolved. 

Growth and stabilization of crust in Phanerozoic orogens dominantly occurs along 

continental margins during convergent plate interactions by: l) the tectonic accretion of 

crustal terranes to a continent; and 2) syn- to post-deformation magmatism 

(underplating). Terrane accretion results in the structural juxtaposition of crustal rocks of 

different lithological, geochemical or chronological char.tcteristics (Howelltt a/., 19X5) 

to fonn a new crustal segment. Addition of dominantly juvenile material to an older 

craton results in compositional zonation across strike of the orogenic belt, a feature whi~.:h 

may subsequently be reflected in the isotopic and geochemical signatures of syn- to 

post-accretion granitoid rocks derived in pan or entirely from these crustal sources. 

Granitoid rocks on the oceanic side of an orogen which has evolved in this fashion are 

generally more juvenile than those on the cratonic side; a feature interpreted to reflect 

differences in the age and nature of the crustal source (DePaolo, 1981; Fanner and 

DePaolo, 1983; Liew and McCulloch, 1985; Nelson and DePaolo, 19M5; Kistler and 

Petennan, 1973). 

If Late Archean cratons were formed by accretionary plate tectonic processes (e.g . 

Burke er al., 1976; Windley, 1976; Condie, 1981; Kusky, 1989) then systematic 

variations in the isotopic signatures of granitoid rocks similar to those documented across 

younger orogens should also be expected. Although there is increasing evidence that 

some Archean granitoid rocks recycle older crust (Oversby, 1976; Gariepy and Allegre, 

1985; Wooden and Mueller, 1988; Jahn et al., 1984; Walker era/., 1986), regionally 
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systematic isotopic variations in granitoid rocks similar to those described across 

Phanerozoic and Proterozoic accreted margins have not yet been documented. However, 

rather than indicating a fundamentally different tectonic process, this lack of isotopic 

variations (e.g. Shirey and Hanson, 1986) may only reflect the shorter crustal residence 

time or rarity of older continental rocks in the Late Archean (Taylor and Mclennan, 

1985; Chase and Patchett, 1988). Only those Late Archean orogens for which there is 

geological and isotopic evidence for the presence of significantly older crust provide an 

opponunity for identification of accretionary tectonic processes using the isotopic 

compositions of orogenic granitoid rocks. 

In this chapter Sm-Nd isotopic data are presented which document orogen scale, Nd 

isotopic variations across the Slave Province that satisfy the specific predictions of 

accretionary tectonic models outlined above. The Slave Province is particularly well 

suited for isotopic tracer studies because the majority of geological units fonned within a 

shon orogenic period between 2. 71 and 2.55 Ga, and geological (Stockwell, 1933; 

Baragar and McGlynn, 1976) and recent geochronological and isotopic studies have 

documented a significant Mid to Early {2.9 - 3.96 Ga.) Archean crustal history in the 

western part of the province (Bowring er al .• 1989a,b; Dudas, 1989; Henderson era/., 

1987, Frith eta/., 1986; Krogh and Gibbons, 1978; Ni.kic et al, 1980). The geology of the 

province thus provides for the isotopically distinct crustal rock types required to test 

tectonic models for Late Archean crustal growth using isotopic methods. 

7.2 Tectonic Models Proposed For Development of the Slave Province 

Tectonic models proposed for the development of the province can be subdivided 

imo three hypotheses: 

1) lntrdcratonic rifting {Henderson, 1981; 1985; Easton, 1985; Thompson, 1989). 

2) Continent-continent collision (Fyson and Helmstaedt, 1988); 

3) Island-arc microcontinent collision (Kusky, 1989); 
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All of the models recognize the existence of older cratonic blocks, hown:er, the sped til· 

predictions about the nature of the crust beneath the Slave Province art clearly different 

(Figure 1.2). Intra-cratonic rift and continent-continent collision models requirt pre-2.7 

Ga crust beneath the entire province, and argue for limited crustal growth. In contrJst. 

island-arc microcontinent collision models predict pre-2.7 Ga crust in the western and 

accreted juvenile crust (2.7-2.65 Ga) in the eastern Slave. 

7.3 Location and Description of Samples 

The 57 rocks of this study include representative samples of all of the principal 

lithological units along a transect, sub-perpendicular to the dominant tectonic fabric of 

the Slave Province (Figure 7.1 ). Samples from the eastern and nonheastem pans of the 

Slave Province were collected by Dr. J.B. Henderson (G.S.C.). and Dr P. Thompson 

(G.S.C.), respectively, and analyzed by Dr. E. Hegner (G.S.C' .. now at Universitat 

Tubingen). These samples are noted in the footnote to Table 7 . 1. The other samples 

were processed by the author. 

A total of 43 granitoid rocks (ca 2625-2580 Ma) were analyzed. including 20 

samples of syn-defonnation and 23 samples of post-defonnation gr.tnitoid rocks (Figure 

7.1 ). Five of the syn-defonnation samples analysed in this study have been previously 

dated (U-Pb zircon) between 2627 and 2595 Ma; six of the post-defonnation samples 

have been dated (U-Pb zircon and monazite) between 2606 and 25X5 Ma (van Breeme:1 

eta/., 1990; van Breemen and Henderson. 1988; van Breemen eta/., 19X7a,b; Henderson 

et al., 1987). 

Metavolcanic and syn-volcanic plutonic rocks are from the Centrdl Volcanic Bdt 

(CVB) in the central, and the Back River (BR). Clinton-Colden CCC) and Healey Lake 

(HL) areas in the eastern Slave Province (Figure 7.1 ). Dated samples range in age from 

2692 to 2650 Ga (U-Pb zircon; Monenson era/., 19M8; van Breemen et al, 1989; van 

Breemen et al., 1987a; Frith and Loveridge, 1982). Age!l of undated samples are 

constrained by the ages of geographically associated rocks . Uncertainties in the ages of 

the undated samples are considered to be less than 20 m.y. 



211 

Five samples of turbiditic shales and psammites from Point Lake (western Slave), 

Conrwoyto Lake (central Slave}, Healey Lake (eastern Slave) and Tinney Hills (north 

eastern Slave) were analyzed (Figure 7.1). All of the samples are biotite- or 

chlorite-grade, fine grained pelitic and psammitic turbidites. Sample 45 is a composite 

sample made up of 10 samples. The depositional age of the sedimentary rocks is 

considered to be younger than the associated volcanic rocks (ca. 2692-2650) and older 

than the intruding syn-defonnation plutonic rocks (ca. 2630-2600). An age of 2650 Ma is 

assumed in the calculations below. 

Samples of pre-YKS rocks include: 1) the Augustus Granite (3.155 Ga, Krogh and 

Gibbons, 1978), notable as basement to the well exposed, Late Archean Point Lake 

unconformity (Stockwell, 1933; Barager and McGlynn, 1976); and 2) a tonalitic gneiss 

from the Acasta Gneiss (ca. 3.60-3.96, Bowring era/. , 1989a,b). 

Analytical techniques and the Nd notation used are presented in Appendix 3. 

7.4 Results 

Sm-Nd isotopic analyses are listed in Table 7.1. Initiai 143Nd/44Nd ratios were 

calculated using the measured U-Pb zircon age. or the following inferred age of samples: 

2650 Ma for sedimentary rocks; 2610 Ma for syn-deformation and 2590 Ma for 

post-deformation granitoids. Estimated errors of Jess than 30 m.y. associated with these 

ages are insignificant for the purposes of this study. Initial epsilon Nd values,(£ N«
1
J, 

were calculate~ using the following reference values for CHUR: 143Nd/144Nd = .512638; 
147

Smi
4
lNd = 0.1967. ~d values calculated at any time other than the age of 

consolidation are designated by a subscript. in which the age used for the calculation is 

given in Ga. 

The£ s«n values are presented in Figure 7.2. lncJuded in Figure 7.2 for reference 

are the depleted mantle (OM) evolution line of Goldstein and O'Nions (1984). Nd model 

ages using their parameters yielded a better agreement with the U-Pb ages, whereas those 

calculated with the model of DePaolo (1988) were in many cases 



Table 7.1. Sm-Nd Isotopic Data 

Sample Rock Type lat long Nd• Sm• '
41Sm/ 14"Nd/144Nd" 40 OMIQ• Age' Tow 

(ppm) (ppm) lUNd• {Ma) {MiJ) 

fDil::ilafglmlliDD Q[IDIIDid BD10Is1 

1 0197-89 Bt-Mu Granite 65° 07' 107° 18' 61 .92 11 .91 0 .1041 0 .51 1245 3.7 2590 2640 
2 Thol 32 '3t-Mu Granite 66° 40' 107° 11 ' 22 .04 4.49 0 .1231 0 .511559 3.5 2590 2655 
3 0153-89 Bt Granite 65° 10' 109° 44' 45.47 9.16 0 .1218 0 .511508 2.9 2590 2697 
4 R037-89 Bt-Mu Granite 65° 14' 109° 12' 4 .62 1.07 0.1397 0 .511808 2.8 2590 2705 
5 Art 100 Arttltery lake Granite 63° 22' 107° 54' 30.79 5.22 0 .1024 0 .51 1167 2.8 2596 2710 
6 Thel 14 Bt -Mu Granite 64° 05' 107° 17' 41 .24 7.82 0 .1146 0.511366 2.6 2590 2724 
7 Art 113 Bt·Mu Granite 63° 35' 107° 43' 12.40 2.35 0.1144 0 .511351 2.5 2606 2742 
8 Thel 19 Bt-Mu Granite 64° 14' 107° 52' 28.16 4.50 0.09651 0 .5 11029 2.0 2590 2765 
9 Art-142 Smart Gneiss Migmat•te 63° 45' 106° 32' 98.40 15.88 0 .0975' 0 .511023 1.6 2590 2798 
10 Art 82 Musclow Granite 63° 49' 106° 52' 39.71 6.88 0 .1047 0 .511136 1.5 2603 2812 
11 Thol43 Bt ·Mu Granite 66° 53' 107° 08' 22.32 3.84 0. 1"40 0 .511121 1.2 2585' 2a11 
12 Thel 13 Megacryst. Granodiorite 64° 03' 107° 16' 20.94 4 .30 0.1 ~41 0511452 1.1 2595 2836 
13 Thol 24 Granitoid Migmatite 66° 59' 106° 28' 21 .08 2.71 0 .0778 0 .510636 0 .6 2590 2871 
14 019988 Bt Mu Granite 65° 52' 111° 38' 22.61 4.13 0 .1 131 0 .51 1202 ·0 .2 2590 2925 
15 0207 88 Bt Mu Granite 65° 49' 111°14' 23.98 4.71 0.1258 0 .511415 -0 .2 2590 2931 
16 K193-88 Bt Mu Granitf: 65° 49' 111° 25' 15.08 2.72 0.1140 0 51 1170 -1. 1 25851 2992 
17 0224-88 Bt Granite 65° 27 ' 112°25' 0.1002 0 .510833 ·3. 1 2590 3139 
18 0078a-88 Bt Granite 65° 11' 111° 37' 44.09 7.26 0 .1060 0 .510858 ·4 .6 2582; 3181 
19 0216·87 Bt Mu Granite 65° 28' 111° 40' 10 15 2.43 0 .1434 0 .511515 4 2 2585 3220 
20 0295 88 Bt Mu Granite 65° 53' 110° 38' 12.74 2.80 0 .1374 0 .511410 ·4 3 2580 3222 
21 0238 87 Bt Granite 65° 30' 112°05' 19.52 3.11 0 .0970' 0 .510682 ·5.0 2590 3280 
22 0135 88 Bt Granite 65° 05' 111 ° 39' 44.09 7.26 0.1048 0 .510807 ·5.1 2590 3292 
23 0220 88 Bt Granite 65° 22' 113° 17' 35.13 672 0 .1075 0 .510842 ·5.3 2590 3307 

~lfDrmllillo Gr1oiU~id B~;u;~~ 

24 0119-88 Bt Otz Diorite! 65° 03' 111 ° 08' 52.60 1007 0 .1100 0 .511285 2.7 2610 2728 
25 0253 88 Hb Bt Doonte 65° 16 ' 109° sa· 56.39 9 45 0 1040 0 .51 11t.5 24 2610 2752 
26 0152887 Hb Bt Oiorote 65° 43' 11 1° 44 ' 56.70 11 .06 0.1172 0511382 2.2 2610 2767 
27 D201A-87 Hb·Bt Tonahte 65° 43 ' 111 ° 40' 32 .16 5 41 0 .1019 0 .51 1118 2.2 2610 276f:l 
28 D172b 87 Bt Tonahte 65° 40' 111°31' 34.78 7.97 0 .1368 0 .511713 2.1 2610 2776 
29 0278 88 Hb ·Bt Otonte 65° 19 ' 11Q0 QJ' 55 54 11 .44 0 .1264 0 .51 1529 2.0 2610 2783 
30 Thel 15 Bt ·Hb Tonalite 64° 04' 107° 49' 24 .82 4 21 0 1026 0 .51 1105 1.8 2616l 2804 
31 Art 21 Bt Hb T onali1e 64° so· 107° 31 ' 35.48 6 59 0. 1123 0 .51 1260 1.6 26221 2822 
32 Thel 18 BHib Tonalite 64° 13' 107° 46' 24 .08 4 63 0.1162 0 .511324 1 5 2620 2827 
33 Thol 23 Bt Hb Tonalite 66° 51' 106° 35' 35 .13 6.12 0.1053 0 511136 1 4 2610 2827 



34 0217-87 Bt Trondhjemite 65° 22 ' 1 1 1 ° 40' 4 .98 0 .86 0 .1114 0 .511226 1 1 2610 2849 
35 0218-87 Hb Bt Otz Ooortte 65° 26' 111°51' 54 .89 9.22 0 .1045 0 .511099 09 2607• 2860 
36 0110-88 Bt Tonalite 65° 13' 111°41' 41 .21 6 22 0 .0877' 0 .510809 09 :..608 1 2562 
37 0121a 88 at Otz Oiortte 66° 02' 111° 07' 67.45 9.70 0 .09079 0510851 0 7 2)10 2878 
38 0044 -87 Bt Toondhjenute 65° 24' 111°45' 1.51 0 .38 0 1382 0 511634 0 .1 2510 2926 
39 0172 -87 Bt Tonalite 65° 40' 111°24' 25.27 5 .32 0.1304' 0 .511494 0 1 ~610 2934 
40 0222-88 Bt Hb Granod1011te 65° 04' 113° 03 ' 38.19 6 38 0 .1019 0 .510933 -10 1645 3033 
41 0218-88 Bt Hb Granodiorote 65° 21' l13°J7' 66.87 11 .63 0 .1091' 0 51096!\ -3 .2 2610 3168 
42 0219 88 Bt Hb Granodiorite 65° 21' 11:i 0 36 ' 53 65 7.29 0 .08688 0 .510511 -4 .6 2610 3273 
Ytllg~knif~; SuQtrgrQYR Stdimantl!~ Rocks 

43 0269-89 Con1woyto L Shale 65° 43' 111° 10' 39 .33 6 87 0 1056 0 511251 40 ;sso 2666 
44 Tl1el 16 Yellowknife SuperGr 64° 03' 107° 40' 30 68 5 .50 01084 0 .511184 1.8 :~ 650 2834 
45 Art 34 Yellowknife Psammote 63° 53' 107° 26' 24 .82 4 .25 0 .1034 0511055 09 !650 2894 
46 T2P 84 ·315 Vellowknofe Shale Tinney tlolls 31 40 5 64 0 . 1086 0 .511113 0 .3 :?650 29<12 
47 0300-89 Poont le~ke Shale 65° 22' 113° OJ' 9 81 2 23 0 . 1373 0 .5112/6 64 16501 3432 

Y~llgwknifa Sug~um;~ug ~gh:1nii< iDd Sxn · VQii<ani~; PlutQ..n!k~ 

48 Thel 21 Heilly Complex 64° 22 ' 106" 51' 32 .07 6 .21 0 .1 171 0 .!>11414 .; 6 267~ - 2"123 
49 0072lJ·87 Bt Tonalite 65° 28' 111° 46' 18.18 2 58 0 08268 0 510822 3 5 2650 1 2707 
50 Art -112 Healy Comph:x Gwnotc 64° 34' 107" 29' 12.26 1.62 0 07968 0 510683 2.2 26791 2824 
51 tiBA V 20 ttealy Complex 64° 22' 106° 53' 21 .55 4 .27 0 .1197 0 .511362 1.7 26791 2865 
52 0072a 87 Bt Tonalite 65° 28 ' 111° 46' 5.16 0 .80 0 .0972 0 .510955 1.1 2650 2882 
53 Art 130 Rhyolite 63° 56' 107° 20' 23 .84 4 .14 0 . 1051 0 .511202 3.5 2671• 2723 
54 0054b-87 G<.~bbro 65° 29' 111 ° 48' 16.03 3.5 0 .1262 0 .511552 3.1 2670 2754 
55 77L1269 a, .. -.k t1ovu H""·" ' f)[l'' (~~ . . 11)8° 18' 10.29 3.32 0 .1949 0 .512669 L2 2692 2908 
~tlil!.2wlrni.!>1 ~.21W Bll~<~~ 

56 IIBA 673 3 Auuu~tus Go <.~out . () !., " 14 " I I .1" 0·1' n .21 14 .55 0 .1138 0 .511082 3.4 3155" 3137 
57 D2 15 88 Aca~ tLI Gnt:l!> ~ tL" . b I i 5" 36' 45 09 5 .12 0 .06863 0 . !)0~54 0 .9 3600 3826 

-
• Sample~ 1-13, 30-33. 43-48, 50·51, 53.55-57 chemostry done at G.S.C. All other s • .11nples doroe at Memoroal Unovcr!>oly 

• Nd and Sm concentration data lor samplcs analyzed at Memoroal Uouversoty determined by ICP-MS (5% error). O<.~ta from GSC t.Jctcrmoncll hy l!>uhlpc 
dilution ( 1 % error) 

• Samples analysed at GSC (0.5% tmorl; at Memorial 11% error). V.1lucs marked with a~tc, :x ('I dt:tcrnuned by ICP MS at Mo:rnonal (3% t rrou). 

d Internal precision 12 SEMI is better than external prec1sion of 2 "1 0 ~-
Ratios are normalized to uaNdJ'HNd = . 7 219 lUNd/'UN = .511862 :t 19 lor La Jolld during p{;IIOd ul study. All sam11lcs analysc1f Lit G.S.C . 

• £,.,.~ = ii'' ·~!j ,1144Nd, .. _, .. lNdf1UNd,., .... l.u.l -1 I • 1 o• ·.·;t;toC (II = age of sample. Present day values, Bulk Earth, U•Nd/1 .. N = .512638; U'Sm/141Nd -
. 1967 . 

'Published U-Pb zucon or monazite ages are designated by superscripts as follows 1 van Breernen et al., 1990; 1 van Bot:t!men et al., 1987 il; J Mmtensou 
et al., 1988; 4 Krogh and Gibbons, 1978; ~van Breernen et al., 1987b. Ayes for other samples are estim<.~ ted values doscussed on text. 
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younger than the crystallization age of the rocks. A field enclosing the c Sdltl evolution 

uend of previously published basement samples from the western Slave Province (Dudas. 

1989; Bowring et al., 1989a) is also shown. 

The geographical variation of depleted mantle model ages (f0 M) are shown in 

Figure 7.3. ToM values were calculated by projecting from the tnitial 14JNd/144Nd of a 

sample along an evolution line of typical crustal 147Sm/144Nd (.1100) to intersect the 

evolution line of depleted mantle. It is therefore linearly correlated to £,.;4(11 values. 

7.4.1 Pre-Yellowknife Supergroup Rocks 

The Augustus granite (3.155 Ga; Krogh and Gibbons; 1978) yields an c,.;"'ll value of 

+3.4, indicating a time-integrated depleted source. The U-Pb zircon age and a Tl>M age of 

ca. 3.1 for this sample are vinually identical (Table 7.1 ), suggesting a juvenile 

composition of the pluton. A sample from the 3.6 to 3.96 Ga Acasta Gneiss (Bowrin~ et 

al., J989a,b) has a depleted mantle model age of 3.83 Ga. This is similar to the Nd 

isotopic data reponed for two other samples of the Acasta Gneiss by Bowring rt al., 

(1989a). 

In addition to the data for Pre-YKS rocks presented here, Dudas ( 19X9) repons c 

Nci(._2_6J values of -2 to -7.0 for the ca. 2.9 Ga Sleepy Dragon Complex in the southwestern 

pan of the Slave Province (Figure 1.3). 

Pre-YKS rocks would have evolved to distinctly negative Csd(~:26J values of -2.6 to 

-17, and recycling of this older crust should be detectable in the isotopic composition of 

rocks produced during the 2.7 to 2.6 orogenic event. 

7.4.2 Yellowknife Supergroup- Volcanic Rocks 

Initial f:sd values for volcanic and syn-volcanic rocks range from + 1.2 to +3.6 

indicating time-integrated depleted sources. The range of values is similar to estimates of 

Late Archean depleted mantle (Shirey and Hanson, 1986; Smith and Ludden. J 9X8). 

Volcanic rocks thus represent dominantly mantle additions to the crust at ca. 2670-2650 

Ma. 
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There is no apparent correlO&tion of ~dCI> with rock composition, nor is there a 

difference between samples from the central and eastern Slave. The ~dCI> values for 

intennediate and felsic volcanic and related plutonic rocks range from +1.7 to +3.6, and 

are similar to those in metabasaltic rocks (~dCn + 1.2 and + 3.5). Production of rhyolites 

und synvolcanic tonalites with similar ~dCil values to associated meta-basalts suggests 

rapid recycling of mafic to intennediate crust (e.g. Shirey and Hanson, 1986; Chauvel et 

al., 1986). 

The Nd isotopic data for the YKS volcanic rocks of this study, however, contrast 

with those for metabasaltic rocks from the Yellowknife Belt in the southwestestem Slave 

Province which range from -0.4 to -2.1 (Dudas, 1989). These volcanic rocks may have 

interacted with a crustal reservoir during their evolution, an interpretation consistent with 

the ensialic back-arc basin model proposed for the Yellowknife Belt by Helmstaedt and 

Padgham (1986). The isotopic differences between volcanic rocks from the 

southwestern, central and eastern parts of the province suggest evolution in different 

settings, continentally influenced in the southwestern and dominantly oceanic in the 

central and eastern belts. 

7 .4.3 Yellowknife Supergroup • Sedimentary Rocks 

Nd isotopic compositions of fine grained metasedimentary rocks are considered to 

reflect the integrated isotopic composition of the source region or provenance area for the 

sediment. Distinctly positive ~<~Cn values of sedimentary rocks ( +0.3 to +4.0) in the 

eastern and central Slave suggests a provenance area dominated by juvenile crust. In 

contrast. a single sample from the western pan of the province has an E,.;«n value of -6.4. 

indicating a component of older crust in this sample. 

The positive values of the samples from the central and eastern areas overlap, but 

extend to slightly lower values than associated volcanic sequences. The volcanic rocks 

are considered to be the most likely sources for the sediments. This is consistent with 

previous interpretations based on detrital grain studies (McGlynn and Henderson, 1970; 

Henderson. 1981) and trace element geochemistry (Jenner et al., 1981 ). The Nd data 

alone cannot. however. completely eliminate the possibility that a small component of 
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older crust is present within these sediments. For e~ample, a simple binary milling 

calculation which assumes the average t;..«o and Nd abundance of the volcanic rocks to 

be typical of the dominant sedimentary source material, allows for up to 15 wt% of an old 

crustal component (~d(l> -5, Nd=30 ppm) in some of the sediments. This possibility may 

be resolved by single grain detrital zircon studies. 

A shale sample from Point Lake. in the western Slave Province. with an i:sd(l> value 

of -6.4, is clearly derived from different source rocks or different proponions of similar 

source rocks than the other analyzed Yellowknife Supergroup sediments. The Point Lake 

shale is the westernmost and only sample of the YKS analj1.ed in this study which can be 

documented to presently overlie older, pre-YKS rocks (Henderson. 1985), although 

prese: . ~ly in tectonic contact (Hoffman, 1989; Kusky, 1990). The £,.;«•> value of this 

sample falls within the range of values characteristic of pre-YKS rocks and it may be 

partly derived from the older crustal rocks located in the western Slave Province. Scharer 

and Allegre ( 1982) reported detrital, single grain zircon 207Pb/206Pb ages r.tnging from 

2630 to a minimum of 3130 Ma for a sedimentary rock sample from the same area as 

0300-87. The majority of zircon grains gave 207Pb/206Pb ages of 2630 to 2700 Ma. 

approximately coincident with the time of major volcanic activity throughout the Slave 

Province. 

If this sedimentary rock contains significant ca. 2670 Ma material, as the ·.~trital 

zircon ages suggest (Scharer and Allegre. 1982), and if this material has ~«•> values 

similar to other volcanic rocks in the Slave Province (-2 to +3.6; this paper, Dudas, 1989) 

then the average ~«1•26> for the older component must be significantly more negative 

than the value of -6.4 determined for the sample. Assuming an average crustal 

147Sm/ .. Nd ratio for this material requires a depleted mantle model age e~ceeding 3400 

Ma. The only rocks presently known to meet this requirement are the Acasta gneisses 

(Bowring eta/., 1989a,b). 
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7.4.4 Late Archean Granitoid Rocks 

Figures 7.2 and 4 show the ~d(T1 values of the syn- and post-deformation plutonic 

rocks from across the province. East of 110"30' W, both the syn- and post-defonnation 

granitoid rocks have positive ~d(J) within a restricted range from +0.6 to + 3.6.and ToM 

ages within 0 to 250 m.y. of the crystallization age (Figures 7.3 and 7.4). In contrast, 

granitoid rocks from the western Slave Province include negative values and exhibit a 

much larger range from +2.7 to -5.3, suggesting involvement of a significantly older 

crustal component(s). 

7.5 Origin of the Isotopic Variations in the Granitoid Rocks 

7.5.1 Syn-deformation Granitoids 

The syn-defonnation, dominantly low-K gnnitoid rocks have been interpreted to be 

related to mantle-derived andesitic magmas through assimilation fractional crystallization 

processes (Hill and Frith, 1982; Davis ~~ al., 1990). Syn-defonnation granitoids in the 

eastern Slave Province with positive E-sd(ll values would have assimilated crustal rocks 

with Nd isotopic compositions similar to their source mantle values and little shift in 

composition would occur. They represent new mantle-derived additions and recycling of 

recent crustal additions. 

Syn-defonnation granitoids between 112" and 110" 30'W have juvenile EN~I) 

similar to their hos~ supracrustal rocks. and to the syn-deformation rocks to the east. This 

is true in spite of the fact that the slightly younger post-deformation granitoids in the 

same area have negative EN~11 values (Figures 7.2 and 7.4). The syn-deformation rocks 

in this part of the province are unlikely to have significantly interacted with older crust. 

Samples of syn-defonnation granitoids from the Point Lake area, western Slave, 

have ~«n ranging from -4.6 to -1.0. and clearly contain a component derived from a 

long-term enriched reservoir. They are also more Si02 and K20-rich than the juvenile 

syn-deformation plutons suggesting extensive crustal assimilation. To produce the 

negative ~«'>values by crust-mantle mixing, requires a crustal component with an ~«"'2_61 

value significantly less than the granitoid itself. An example of a binary mixing 
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calculation, assuming one endmember characterized by a typical syn-defom1ation 4uartz 

diorite (t;..d(t) = +3.0) and a hypothetical crustal endmember is shown in Figure 7.5. The 

composition of the crustal component in this example is very poorly defined, but 

regardless of its £,..4(1) value, any viable mixing model requires the involvement of a lar~e 

percentage (>30%) of significantly older crust. This is particularly true given the high 

Nd contents (>50 ppm) of the syn-defonnatior. diorites (Table 7 .I). This suggests the 

presence of an older crustal reservoir beneath the western Slave Province. 

The change in isotopic composition observed in the syn-deformation plutonic rocks 

suggests increasing contamination of mantle-derived magmas by older crustal rocks from 

east to west across the Slave Province. The extent of contamination of magma within the 

crust depends, amongst many things. on the thickness of the crust through which the 

magma is intruded (Huppen and Sparks, 1986; Hildreth and Moorbath, 1988). The 

greater extent of contamination of the early plutonic suite at Point Lake may renect a 

greater thickness of pre-YKS continental crust at Point Lake, than beneath the centr.tl pan 

of the province. Such a geometry could account for the diminishing evidence of crustal 

interaction towards the east in the syn-~fonnation suite. More detailed work is required 

to evaluate this hypothesis. 

7 .5.2 Post·deformation Granitoids 

Post-defonnation granites in the eastern Slave Province have f.sd(r1 values which fall 

within the range of values determined for metasedimentary and metavolcanic rocks from 

the eastern pans of the province (Figure 7.2 and 4). The composition and mineral 

assemblage of these granitoids are consistent with a dominantly crustal origin and the 

granitoids can be modelled as panial melts of the supracrustal rocks (e.g. Frith and Fryer. 

1985). The involvement of an additional component (i.e. depleted mantle) is likely for 

some of these plutons (see Chapter 6), but is not required by the Nd isotopic data. 

Post-defonnation grar.ites west of I 10• 30'W, require a substantial proportion of 

isotopically evolved crustal component in their protoliths in order to account for the very 

negative fs4(1) values (-0.2 to -5.3). Figure 7.4 shows that most of these granites overlap 

but are concentrated at the higher end of the spectrum of£ sc~11=2.61 values :Jf the pre-YKS 
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rocks from the western pan of the province. Also overlapping these values is the shale 

sample from Point Lake <r,...~a26l = -6.7). The isotopic data can be interpreted in one or 

more of the following ways: 1) granites are derived entirely from pre-YKS r.rustal rocks 

with an average ~d value of -3 to-5 (i.e. Sleepy Dragon Complex. -2.6 to -7, Dudas. 

1989; Augustus Granite, -2.6. Table 7.1); 2) granites represent variable mixtures of 

pre-YKS rocks, including extremely evolved rocks such as the Acasta Gneisses, juvenile 

YKS rocks and depleted mantle; 3) granites are partial melts of sedimentary rocks 

derived from the pre-YKS rocks (ie. similar to the Point Lake shale). The latter 

possibility is difficult to constrain because the full lateral extent of sediments with these 

negative~.,) values is unconstrained. In any case, old crustal rocks have been 

extensively recycled during the Late Archean orogeny. 

The data provide evide~ace that plutonism in the eastern Slave Province involved 

both new crustal addition from the mantle and extensive and rapid recycling of juvenile 

crust. In this respect, it is similar to plutonism in other Late Archean terranes where 

crustal recycling is difficult to detect owing to the juvenile characteristics of the crust 

(e.~. Shirey and Hanson. 1986). In the western Slave. recy\.!ing of older crust is required, 

as is commonly observed in Phanerozoic batholiths. 

7.6 Tectonic Implications 

The regionally systematic change in ~d(l) values of granitic rocks across the central 

Slave Province suggests that the mid to lower crust is composite. with ca. 2.7 Gajuvenile 

crust beneath the eastern and older (> 3.0 Ga) continental crust beneath the western pans 

of the province (Figure 7.4b). This pattern is consistent with the previously established 

asymmetry of surface exposures of pre-2.8 Ga continental rocks (Kusky, 1989; Padgham, 

1981) and is analogous to isotopic patterns observed across Phanerozoic convergent 

continental margins. The Nd data suppon the general applicability of models involving 

development of the province by collision and tectonic accretion of rocks of dominantly 

oceanic affinity (e.g island arcs, back arc basin, juvenile sedimentary rocks). represented 

by rocks of the YK Supergroup. to a continental nuclei represented by the scattered 

exposures of Mid and Early Archean rocks in the western Slave Province (Kusky. 1989; 



Hoffman, 1986). There is no evidence to suggest that older crust existed beneath the 

entire Slave province prior to 2.7 Ga, as suggested by the intracontinental rifl 

(Henderson, 1985; Thompson, 1989) and continent-continent collision models (Fvson 

and Helmstaedt, 1988). 

Regional differences in the isotopic composition of the volcani~ and sedimentary 

sequences (this paper, Dudas, 1989) suggest that supracrustal assemblages in the Slave 

Province arc unlikely to have evolved within a single tectonic environment. Supracrustal 

sequences in the western Slave Province (e.g. Yellowknife, Point L~.ke) have evolved, to 

varying d~grees in association with older crustal rocks (Dudas, 1989; Compston. 199<)), 

whereas, the sequences in the central and eastern Slave Province formed largely in 

isolation from older crustal rocks. This is predicted by the analogy to accretionary 

orogens in which a complex collage of genetically unrelated terrdnes may be juxtaposed 

during collisional events. Detailed isotopic, geochemical and geochronological studies 

are required on the individual surracrustal belts to evaluate the nature of their 

pre-accretion evolution. 

In an accretionary model, as suggested above, the lateral change in t;..c~111 observed in 

granitoid rocks requires the presence of crustal suture zone(s) marking the physical 

boundary between the different crustal blocks. However, there is no known surface 

expression of a major structure to correlate with the surface trace of the Nd isotopic break 

defined between 110· and 112"W. A possible explanation is that the suture zone is buried 

beneath Yellowknife Supergroup rocks which have been thrust over the craton during the 

collision event as proposed by Kusky (1989). Kusky ( 1989) proposed that high strain 

zones at Point Lake represent the surface expression of a major crustal suture which dip~ 

moderately to the east beneath the central pan of the province. An east dipping suture 

zone is consistent with the regional structural vergence in the area (Fyson and 

Helmstaedt, 1988; Kusky, 1989). the absence of suitable crustal structures in the central 

Slave Province, and Nd isotopic evidence for an apparent westward increase in crustal 

contamination of the syn-deformation plutonic rocks. 
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The Nd isotopic results are consistent with the interpretation that the growth and 

stabilization of Late Archean crust in the Slave Province occurred by tectonic accretion 

of dominantly juvenile Cf!JSt to an older continental block(s). Subsequent to collision, 

mantle- and crust-derived magmatism may have thickened and stabilized the newly 

fonned crustal segment. This model is fundamentally similar to tectonic processes 

occurring in active orogenic zones today, and implies a continuity of tectonic process 

from the Late Archean. Recognition of accretion as an imponant mechanism in the 

fonnation of the Slave Craton is a function of the presence of isotopically distinctive, 

evolved crust and its recycling during the orogenic process. The apparent absence of 

similar isotopic features in other Late Archean provinces (e.g. Superior Province, Shirey 

and Hanson, J 986) may reflect the scarcity of significantly older continental crust during 

the Late Archean (Taylor and McLennan. 1985; Chase and Patchett, 1988; Stevenson and 

Patchett, 1990). In general, the recognition of continental growth by tectonic accretion in 

younger orogens is facilitated by the involvement of very old continental crust in the 

orogenic process. 
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Figure 7. 1. Sample localities. Geographic areas referred to in the text are abbreviated 
as follows: Back River (BR); Clinton Colden (CC); Tinney Hills (TH); Healy Lake 
(HL); Central Volcanic Belt (CVB). Shaded areas show locations of proven or probable 
pre-2.8 Ga rocks (after Hoffman, 1989). 
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Figure 7.2. A) Plot of~ vs. time of crystallization or deposition of Archean rocks 
from the Slave Province. Open symbols indicate samples east of longitude 110° 30'W. 
Filled symbols are west of this longitude. Depleted mantle evolution line from 
Goldstein and O'Nions (1984). The stippled band contains the isotopic evolution paths 
of pre-2.8 Ga rocks from the western Slave Province (Bowring et al., 1989a; Dudas, 
1989; Table 7.1). B) Detailed view ofNd isotopic data for the principal orogenic time 
period in the Slave Province. Arrows indicate the isotopic evolution paths of 
Yellowknife Supergroup rocks from this study. Other features as described above. 
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along a transact from l06°W to ll6°W at 65°N. The diagram was constructed by 
projecting the samples to the north or south along longitudinal lines to intersect the 
section line at latitude 65°N. The hatchered field delineates ~da.&l values of YKS 
volcanic and sedimentary rock samples located east of ll2°W. The stippled field 
outlines the ~4<2 6> values of pre-Yellowknife Supergroup rocks (this study; Bowring et 
al . • 1989; Dudas, 1989) and includes the value determined for the YKS shale sample 
from Point Lake. B) Schematic crustal cross section of the Slave Province at 65 °N 
inferred from the ~da 61 values. The Nd data suggest dominantly juvenile crust in the 
eastern, and significantly older crust in the western pans of the province. The east 
dipping suture between the two crustal blocks is inferred from regional structural 
vergence (Fyson and Helmstaedt, 198R; Kusry, 1989). The suture is not directly 
correlated with a specific structure at surface. 
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Chapter 8 

A Collisional Model for Plutonism in the central Slave Province 

H.l Introduction 

Igneous rocks are derived through melting of the crust and/or mantle, and reflect the 

transient thcnnal state of the lithosphere and asthenosphere at the time of the magmatism. 

The thcm1al conditions required to cause melting of the crust and upper mantle are 

intimately linked to deformation and metamorphism of the lithosphere, during either 

convergent or extensional tectonic events (Thompson and England, 1986; McKenzie and 

Bickle, 1988; Gill. 1981; Zen, 1990; Barton and Hanson, 1990). The petrogenesis of 

plutonic rocks, secular changes in their origin and source regions and their relationship to 

contemporaneous deformation and metamorphism, offer important clues to understanding 

the tectonic and related magmatic evolution of orogenic belts. 

The Contwoyto-Nose lakes area is part of a Late-Archean granite-greenstone terrain 

consisting of an early assemblage of deformed and metamorphosed volcanic, plutonic 

and sedimentary rocks (ca. 2667-2650 Ma) extensively intruded by syn to 

(Xlst·deformation granitoid rocks. These granitoid rocks represent 65% of the exposed 

crust in the area, and were intruded within a shon time interval of 30 m.y., po5t-dating the 

~upracrustal assemblage by 40 to 70 m.y. 

Relative field relationships, supported by U-Pb geochronology, indicate a temporal 

evolution in the composition of the igneous rocks in the area. Rocks associated with the 

older supracru~tal assemblage are dominated by mafic and intermediate volcanic rocks 

and trondhjemites. derived from melting mantle and mafic source rocks, respectively. 

The younger plutonic suites evolved from: 1) pre-2600 Ma, mantle-derived, 

hornblende-biotite diorites, quartz diorites and tonalites of the Concession Suite and 

mafic-cmst-derived trondhjemites of the Siege Suite; to 2) post-2590 Ma, dominantly 



crustally-derived, biotite or biotite-muscovite, granodiorites and granites of the 

Contwoyto and Yamba Suites. These secular changes in the composition of the plutoni~.: 

rocks are linked to the thermal and structural evolution of the area. The 

mantle-dominated Concession Suite is associated closely in time with peak 

high-temperature/low-pressure (HTI.P) metamorphism and regional compressional 

deformation, 02, which the younger granites largely post-date. This evolutionary history 

is comparable to other regions in the Slave Province (e .R. llill and Frith, 19X2; 

Henderson, 1985; van Breemen et al., 1987a, b). 

This chapter presents an attempt to synthesize the data from the granitoid rods, 

with the available metamorphic and srructural data, to develop a coherent tectonic modd 

for the evolution of the Contwoyto-Nose Lakes area and the Slave Province more 

generally. 

8.2 The Early Tectonostratigraphic Assemblage 

The volcanic and coeval mafic plutonic rocks of the Central Volcanic Belt define a 

continuous calc-alkaline sequence from basalt through dacite (Bubar and lies lop, I 9X5 ). 

Trace element geochemical d:tta i.ndicate that the rocks mostly have (La/Nht and 

(Th/Nb)s ratios greater than one, a feature most typical of supra-subduction zone settings 

in Phanerozoic environments (e.g. Gill, 1981 ). Nb anomalies could ClJually have 

developed through contamination of basaltic magmas with continental crust (An:ulus, 

1987), however, in the case of the Central Volcanic Belt the limited Nd isotopic data do 

not support significant interaction with older crust. 

Determination of the tectonic association of other volcanic belts in the Slave 

Province is hampered by a paucity of detailed high-precision geochemical data. 

High-precision data for Nb (or Ta), Th and La, at low abundances, are critical to identify 

rocks formed in suprasubduction zone settings. The suprasubduction zone setting 

proposed for the CVB may, however, be shared by some other vokanic belts in the Slave 

Province. For example, the Point Lake and Red Rock Lake belts have hecn interpreted to 

represent island arc and marginal basin volcanic sequences (St Seymour eta/., I 9XX) and 

volcanic rocks in the Hackett River area are interpn::ted to be of island arc origin (e .J:. 
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Ewing, 1979). Some Yellowknife belt volcanic rocks are characterized by negative Nb 

and Ta anomalies (Jenner eta/., 1981; Goodwin, 1988), suggesting an island arc or back 

arc origin (c,f. Helmstaedt and Padgham, 1986). However, Cunningham and Lambert 

( 1989) proposed a plume origin, and Nd isotopi .. data may indicate an ensimatic origin 

for the Yellowknife belt (Dudas, 1989). 

Fyson and Helmstaedt (1988) drew an analogy between the volcanic belts in the 

Slave Province and those of the Ordovician Dunnage zone of the Newfoundland 

Appalachians. This comparison has considerable merits, in particular: the lithologic 

association of deformed, mafic to felsic metavolcanic belts associated with metaturbidite 

sequences; the orogen-scale distribution of volcanic belts; the range of ages of volcanic 

rocks (65 m.y. in the Slave Province, 51 m.y. in the Dunnage zone; Dunning eta/., 1987; 

1991 ); and the range and diversity of the geochemistry of the volcanic rocks. Volcanic 

rocks in the Dunnage Zone indicate derivation from supra-subduction zone tectonic 

settings (back arc basins, island arcs), as well as non-arc settings (ocean islands, ocean 

ridges) (e.K. Swinden eta/., 1990; Jenner and Fryer, 1980; Dunning eta/., 1991 ). 

Emplacement and juxtaposition of the volcanic and sedimentary rocks in the 

Dunnage Zone occurred by obduction and accretion during closure of the Iapetus ocean. 

A similar tectonic evolution has been proposed for at least some of the volcanic belts in 

the Slave Province by Kusky (1989, 1990), Hoffman (1986), and Fyson and Helmstaedt 

( 1988). Geological relationships, unequivocally demonstrating autochthonous origins for 

the volcanic belts in the Slave Province have not been documented, whereas the structural 

style preserved within the supracrustal sequences is comparable to modem accreted 

orogenic belts (e.g. Fyson and Helmstaedt, 1988; King and Helmstaiedt, 1989; Kusky, 

1990. 1991 ). 

The Nd isotopic data presented in Chapter 7 support models for the tectonic 

emplacement of at least some of the volcanic belts in the Slave Province. This is 

demonstrated particularly well for the Central Volcanic Belt. The Nd isotopic data for 

this belt are juvenile, supporting a dominantly ensimatic origin; and U-Pb data on zircons 

do not show inheritance of significantly older components (van Breemen eta/., 1990; 

, 
' ; 



:?JO 

Mortensen er at., 1988). However, the younger granites whil·h intrude the vokanil: rod<.s 

(ie. Yamba and Contwoyto Suites) have negative l;;o~o> values and must contain a 

significant component of older crust, indicating that the volcanic helt was overlying older 

crust at the time of granite intrusion (ca. 2585 Ma). The absence of any indication of this 

older crust in the volcanic rocks or the associated metasedimentary rocks during their 

formation argues that the belt formed isolated from, and was later tectonically empl.tccd 

onto the older continental crust. Note that some supracrustal belts in the western IUrt of 

the Slave Province have isotopic compositions indicating interaction with older crust (t' . .&:· 

Yellowknife, Dudas, 1989; Point Lake. this study). These supracrustal belts m:ty haw 

formed within Pr adjacent to continental crust, perhaps in marginal basin settings. like the 

Roc as Verdes of southern Chile (Tarney era/., J 976) as suggested by lldmstaedt and 

Padgham (1986). 

Hoffman ( 1986) suggested that most volcanic and sedimentary rods of the Sl:tve 

Province form pan of a single accretionary prism complex. The arc adjacent to which 

this accretionary prism formed is not recognized. Kusky ( 19X9) argued that there arc two 

fundamentally different origins for the volcanic sequences in the province. Volcanic 

belts in the western Slave Province (e.g. Yellowknife, Point Lake, Central Volcanic Belt l 

include oceanic sequences deformed within an accretionary prism complex, whereas 

volcanic belts in the eastern part of the province (C.R. llackett River) fonn part of the 

adjacent volcanic arc. Geochronological data do not suppon this simple two-fold model 

since volcanic rocks in the inferred volcanic arc are of the same age or older than 

volcanic rocks withir the adjacent accretionary prism (Moncnsen era/., I 9KH). 

Unfonunately, the details of these models are far more sophisticated than can be 

realistically tested by the available field, geochemical or isotopic data. This is well 

illustrated by the complex evolution of tectonic events demonstrated for the Dunnage 

Zone by the combination of high precision geochronological and ge(x:hcmical studies. 

Understanding the pre-deformation evolution of the Slave Province requires more 

detailed isotopic. geoche;nical and field studies. 
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8.2.1 Deforma1ion and Metamorphism 

Supracrustal rocks have accommodated regional compression by multiple 

generations of isoclinal folding, cleavage development and faulting (King and 

llelmstaedt, 1989; Kusky and DePaor, 1991; Fyson and Helmstaedt, 1988; Relf, 1990). 

The regional foliation surface is typically a thennal-peak penetrative cleavage. Different 

relationships between this surface and folds in different areas of the province imply 

diachronous, and multiple development of folds, cleavages and faults (King and 

Jlelmstaedt, 1989; Fyson. 1978). Kusky (1989, 1990) and King and Helmstaedt (1989) 

suggest that the regional structural style is similar to Phanerozoic fold and thrust belts 

developed in accretionary prism settings and links the deformation to accretion of the 

supracrustal rocks. 

Metamorphism in the province is characterized by high-temperature, low-pressure 

(IITI.P) assemblages (Thompson, 1978; 1989). Thompson (1989) pointed out that the 

regional isogntds display both concordant and discordant relati ."~nships to structural 

trends, indicating peak thermal metamorphism was synchronous with the main 

compressional deformation in some pans of the province (e.g . Contwoyto· Nose Lakes; 

Relf, 1990) and post-dated this event in other parts. The absolute timing of 

metamorphism is only locally constrained by radiometric dating. U-Pb metamorphic 

monazite ages have been determined in two samples of pre- Yellowknife Supergroup 

gneisses from different areas of the province and yield ages of ca. 2600 Ma (Frith and 

Loveridge, 1982) and ca. 2588 Ma (James and Mortensen, 1991). These ages are in 

agreement with estimates of the timing of peak metamorphism and compression obtained 

from the timing of intrusion of associated plutonic rocks (e.g. Cutshaw and van Breemen, 

1990; van Breemen er al., 1990). 

Younger post-metamorphic, extensional and transtensional structures, oc<.:ur but are 

not as well described as the compressional features. Recent work by James (1990) in the 

Sleepy DrJgon area, southwest Slave Province has documented detachment faults around 

the core of older basement rocks which he interprets as a metamorp:,ic ~nre complex, 

resulting from post-compression extension (e.g . Armstrong, 1982). The extensional 



faults in the area cut granitic rocks that are time correlative with the C'omwnytu and 

Yamba Suites, indicating at le.tst local extension occurred after ca 25XX Ma (Jaml's lll'rs 

comm 1991). Extensional faults also cut younger granitoids in the Poim Lake area. 

although there are no age data available to constrain the age of faulting (J . llendcrsnn, 

pers. comm., 1991). 

Elliptical domes, usually cored by gneissic, syn-vokanil' plutonic rtl(ks have bee-n 

described in many areas of the Slave Province (e.R. Olga and Wishbone Domes, 

Contwoyto Lake area; King et al., 1988; Hanimoor Gneiss Complex, l3ccchey Lake arl.'a: 

Frith, 1987). The origin of these domal structures has been attributed to fold intcrfcrcm.:c 

(Relf, 1990; King et al.. 1988) is unknown but the possibility that they arc related to 

post-compression extension, similar to that documented for the Sleepy Dragon Complex 

should be tested. 

Another indicator that extension and unnx>fing lX.:cum:d soon after regional 

compression in the Slave Province is the conglomerates of the Jackson Lake Formation at 

Yellowknife. This formation is interpreted to have formed on top of the Yellowknife 

Belt, in fault-controlled basins (Helmstaedt and Padgham, 19!<6). The conglomerate 

contains non-foliated granitoid clasts, similar to the post-26:'i0 Ma granitoids in the area. 

One clast has been dated at 2609±6 Ma (lsachsen and Bowring, 19H9) providing a 

maximum age for the deposit. This age is younger than some of the surrounding 

granitoid rocks and suggests that rapid decompression and erosion of crust occurred at 

some time after ca. 2609 Ma. 

Metamorphic data in the Contwoyto-Nose Lakes area also indicate 

post-deformation (02) decompression. Post-thennal peak metamorphic assemblages 

associated with 0 1 open folds (ie . post ca. 2585 Ma granite), indicate lower pressures 

than thennal peak assemblages (Relf, 1991). Wingate (1990) has proposed relative ly 

rapid uplift following regional shonening. Using mineral assemblages and reactions, m 

conjunction with some geothermometry and geobaromctry he proposed decompression 
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from 6 to 2 kbar during the interval from 2608 Ma to 258H Ma. The age constraints are 

derived from igneous rocks which intrude the migmatites, not from the metamorphic 

assemblages themselves. 

In summary, defonnation and metamorphism in the Slave Province includes: 1) 

regional compression, shonening and thickening of crust, synchronous with or 

immediately followed by peak thennal metamorphism; followed by decompression and at 

least local extension soon after cessation of regional compression (Figure 8.1 ). 

8.3 Evolution of Plutonism 

Granitoid rocks in the Comwoyto-Nose Lakes area change systematically in 

composition and mineralogy with time of intrusion (Figure 8.2}, a secular variation which 

parallels the structural and metamorphic evolution of the province. 

The early to syndefonnation, Concession Plutonic Suite (ca. 2610 Ma) is dominated 

by calc-alkaline, hornblende-biotite tonalite with lesser amounts of diorite, quanz diorite 

and granodiorite. Rocks range from metaluminous to peraluminous compositions (Figure 

8.2d) with increasing Si02• The suite is relatively Mg rich, with high Ba, Sr and 

(Ce/Yb)N; low Rb/Sr (Figure 8.3a) and negligible to small Eu anomalies (Figure 8.3b). 

Accessory minemls include, magnetite, titanite, allanite, zircon, apatite, and possibly 

primary epidote. The plutons contain magnetite and define prominent aeromagnetic 

highs. 

The approximately contcmpor.meous Siege Plutonic Suite consists of leucocratic, 

low-K and Rb/Sr (Figure 8.3a, c), high Al20 3 biotite trondhjemite. 

The two postdefonnation suites are dominantly peraluminous granites (s.s.), with 

Si02 contents greater than 70 wt% (Figure 8.3). Mafic lithodemes are not directly 

associated with either suite. The Yamba Suite is biotite-bearing, with rat'~ accessory 

garnet, (±muscovite), and is chamcterized by high Rb/Sr, K20, and large negative Eu 

anomalies (Figure 8.3). The contemporaneous Contwoyto Suite is more leucocratic, 

contains biotite and muscovite and accessory aluminous phases (garnet, tounnaline, ± 



sillimanite). Pegmatitic facies are very common implying high volatile: nmtents. Th~ 

Contwoyto Suite is more peraluminous, has lower K20 and Rb/Sr, and smaller. hut still 

negative Eu anomalies compared to the Yamba Suite (Figure X . .3). 

The accessory mineral suites of the peraluminous granites are different from those 

of the earlier Concession Suite. Titknite and allanite are absent in the younger graniwids. 

whereas, monazite is common. Zircon occurs in all suites hut in the younger suitl'S 

metamict cores are present, possibly indicating an inherited component not observed !n 

the earlier Concession Suite (van Breemen et al., 1990). Oxide minc:rals are rare and the 

plutons define aeromagnetic lows. 

Nd isotopic compositions vary systematically with the geochcmi<.:al and 

mineralogical trends. Initial E:•a values of the syndefom1ation plutons show limited 

variation ( +D.l to +2.7) and are similar to estimates of contemporaneous depleted mamle 

(Figure 8.3). In contrast £!'>d(IJ values determined for the younger granites have variable, 

positive lO strongly negative, values (Figure 8.3). In addition to the temporal <.:hangl~s. 

the Es«'' values in the younger granites are geographically controlled; samples from the 

western part of the area have negative values and contain a component of old (>l3 Ga) 

crust, whereas samples from the east show no evidence for recycling of older crust. 

The temporal trend in £sd(IJ values (Figure 8.2) supports the major and trace clcmenl 

data (e.g . high Si02, K20, Rb/Sr and negative Eu anomalies), which together indicalc an 

increasing crustal component in the intrusions with time. Greater cruslal involvement is 

also reflected in decreasing mddation (ie. decreasing rnagnelic susceptibilily). increasing 

volatile contents (e.g. pegmatites, tourmahnization) and changes in the accessory mineral 

assemblage (e.g. titanite and allanite vs. monazite and zircon with cores). These secular 

changes are interpreted to reflect changes in the source regions and petrogenetic process. 

from mantle- to crust-dominated melting as a function of crustal thickening and heating 

during and following collision of crust. 

The mantle-derived Concession Plutonic Suite is closely linked in time to peak 

metamorphism and compression. Metamorphism in the Contwoyto-Nose lakes area is 

dominated by regionally (!Xtensive HTLP conditions (Relf, 1990), characteristic of the 
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Slave Province as a whole (Thompson, 1978; 1989). This type of metamorphism is 

typical of many Archean terrains (Condie, 1984; Perkins and Robinson, 1985) and 

requires very high upper crustal geothermal gradients (>35'C/km). HlLP belts of all 

ages are spatially associated with areas of abundant granitoid intrusions (e.g. Ernst, 1974; 

Miyashiro, 1973). 

8.4 A Collisional Model For Evolution of Plutonism and Metamorphism in 

the Slave Province. 

Sandiford (1989) and Loosveld and Etheridge (1990) have recently proposed that 

I ITLP metamorphic belts develop in some collisional orogenies as a result of 

post-collision detachment of some or all of the mantle lithosphere. The models are based 

on a theoretical hypothesis of the behaviour of the mantle portion of the lithosphere 

during lithospheric shortening events (Houseman eta/., 1981 ). Houseman eta/. ( 19R 1) 

proposed that during collision. the entire lithosphere, including both crustal and mantle 

portions, thickens in response to regional shortening events, causing downward 

protrusion of cold, dense mantle lithosphere into the convecting asthenosphere. The 

thickened lithosphere, and in particular the basal thermal boundary layer separating the 

asthenosphere from the cooler, rigid part of the lithosphere, is predicted to become 

unstable, and separate and sink into the underlying convecting asthenosphere. The net 

effect of this will be to thin the lithosphere and introduce hot asthenospheric material to 

shallower depths, causing rapid warming of the overlying crust and mantle. These 

conditions would promote the formation of HTLP metamorphic belts, according to 

Sandiford ( 1989) and Loosveld and Etheridge ( 1990). Houseman eta/. ( 1981) argued 

that under certain conditions, detachment of the boundary layer could occur 

simultaneously with the shortening event. They also allowed for the extreme possibility 

of the total detachment of the lithosphere. 

A predicted consequence of the lithospheric detachment model is that it will induce 

uplift and extension of the lithosphere following release of compressive strain (Sondor et 



al., 1987; England and Houseman, 1988). The timing of extension depends on the 

thennal condition of the lithosphere and could occur anywhere from 0 to HXl m.y. 

following release of compressive strain (Sondor era/., 19H7). 

8.4.1 Sequence of Intrusive Events in the Central Slave Provinl·e 

The main points of a collisional model for the evolution of magmatism in thl· Slave 

Province are shown in Figure 8.4. I) The early (ca. 2715-2650 Ma). pre-collisinn;tl stage 

involved the generation of volcanic and associated plutonic rocks in a range of tectonic 

settings including island arcs, back arc basins and oceanic ridges. Collision of the 

various continental blocks and arc terranes occurred between 2650 Ma and 2625 Ma. 

Subduction processes which preceded, and eventually led to collision, metasomati1.cd 

lithospheric mantle beneath the fore-arc and arc regions of these disparate terranes. 2) 

Collision caused lithospheric shortening and thickening, reflected in the folding and 

faulting of the crustal rocks. Thickening eventually resulted in detachment of the thcnnal 

boundary layer (Houseman era/., 198 I). upwelling of asthenosphcric mantle, and heating 

of the remaining portion of the lithosphere. Melting of mantle lithosphere. previously 

enriched by subduction processes during the pre-collisional events, produced high-Mg 

andesites, the parental magmas to the Concession Suite. Heating of the crust hy the 

effects of crustal thickening, lithospheric detachment and magma intrusion caused IITLP 

metamorphism over a broad area of the Slave Province. 3) Continued heating of the crust 

resulted in extensive crustal melting. Mantle-derived melts mixed and assimilated large 

amounts of crustal material producing hybrid, biotite granites of the Yamba Suite. 

Muscovite-biotite granites of the Contwoyto Suite represent more sedirncntary-protolith 

dominated melts. Decompression and extension cx.:curred at the same time as intrusion of 

the granites. 
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Origin of the Concession Plutonic Suite and Related Rocks 

The tonalites and related rocks of the Concession Suite were ultimately derived 

from a subduction-enriched mantle source (Chapter 5). However, this need not require 

active subduction as the mantle source to these rocks may have been enriched by 

subduction processes at some time prior to their generation (e.g. Johnson eta/., 1978; 

Gill, 19M3; Halliday eta/., I 985; Pearce eta/., 1990). 

Comparison or Plutonic Rocks to Modern Analogues. 

One way to derive tectonic information from igneous rocks is to compare their 

geochemistry to petrologically similar rocks from known tectonic environments (Pearce 

eta/., 1984; Harris eta/., 1986; Rogers and Greenberg, 1990). Unfonunately, the 

relationship between the geochemical characteristics of a suite of rocks and their tectonic 

association, even in recent environments, is seldom clear (e.g. Arculus, 1987). This is 

panicularly true in continental settings where the diversity of potential geochemical 

reservoirs and processes is great. 

Calc-alkaline intermediate intrusive rocks, similar in composition to the Concession 

Suite are cenainly a common product of active subduction zones, particularly in mature 

or continental arc settings (Gill, 1981 ). Subduction-related rocks typically have the 

enrichment of the LILE and relative depletions of some HFSE (e.g. Nb) characteristic of 

the Concession Suite and correlative rocks from elsewhere in the Slave Province (Hill 

and Frith, 1982; Frith and Fryer, 1985). Figure 8.5a demonstrates the similarity of the 

Concession Suite to some andesites and tonalites from the continental margin arcs and 

batholiths of western Nonh and South America. Granitoid trace element discrimination 

diagrams (e.g. Pearce eta/., 1984), also indicate an arc affinity for these tonalites. It is 

therefore tempting to draw a direct tectonic linkage between tonalites of the Concession 

Suite and contemporaneous subduction beneath the Slave Province, as has been 

suggested by Hoffman ( 1986), Fyson and Helmstaedt ( 1988) and Davis eta/. ( 1990). 

Calc-alkaline rocks with subduction signatures are not, however, restricted to zones 

of active subduction but are also con.mon to collisional or post-collisional settings 

(Figure 8.5b; Gill, 19~1; 1983; Pearce era/., 1990). Examples of this association include 
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Quaternary volcanic rocks from Turkey and western Iran whkh posHhlle dosurl· of thl' 

Tethys ocean (Innocenti, 1983; Dostal and Zerbi, 1978; Pearce et al.. 19'Xl; Zhou. llJl\5 ), 

andesites of Papua New Guinea Highlands which post-date Mesozoic l'ollision of islotnd 

arc terranes with the Australian continent (Johnson el a/., 197X). and calc-alkalinl' nx:ks 

of the Tibetan plateau (Harris eta/., 1990). Phanerozoic examples of this assr":iation 

may include the Silurian calc-dkaline magmatism which post-dates dosurc of tht: Iapetus 

Ocean in the Scottish Caledonides (Zhou, 1985). In all of these cases thl' calc-:tlkotlim: 

rocks resemble continental margin rocks, but they cannot be linked to active suoduction. 

Since subduction-related settings cannot be discriminated from syn- to 

post-collision, non-arc associations based exclusively on geochemical arguments (Figurl' 

8.5b), the presence of calc-alkaline intrusions should not be taken as uncquivol·al 

evidence for subduction. In order to constrain the tectonic association of the cak-albline 

rocks, their petrogenesis must be considered within the regional metamorphic and 

structural framework. 

Nature and Origin of the Enriched Mantle Source 

Mantle overlying subducted oceanic lithosphere can be metasomatized eithl'r oy 

fluids derived from dehydration reactions in the slab or through hybridization of the 

mantle by slab-derived melts (Wyllie, 19X4). In mature Phanerozoic sulxluction systems 

the slab dehydrates before it can melt (Wyllie, 19X4 ), and the LILE/III:SE enrichment 

characteristic of subduction-related magmatism is generally considered to reflect transfer 

of soluble elements (e.g. LILE, Si) via a fluid phase into the overlying mantle (e.~ . 

Arculus and Powell, 1986; Kay, 1980; Gill, 1981; Tatsumi eta/., 1986). 

Owing to the higher thermal conditions inferred for the An.:hean eanh (Richter, 

1985; Bickle, 1978~ Christensen, 1985), attention has been focussed on the potential 

thermal and dynamic differences between Archean and younger subduction zones and 

their possible effects on tectonics and magma compositions (Manin, I YXtl; Drummond 

and Defant, 1990). Higher mean mantle tempemtures during the Archean (Richter, I 9X5; 

Bickle, 1978) and more vigorous asthenospheric convection, could result in smaller 

oceanic plates (ie . greater ridge length, Hargrave, 1986), and a younger, and therefore, 



honer aventge oceanic lithosphere. A hotter oceanic lithosphere, coupled with higher 

ambient mantle temperatures, are required conditions for slab melting to occur (e.g. 

Wyllie, 19H4). 
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In either case, hydrous mineral phases will be stabilized within the sub-arc mantle, 

and both the bulk and trace element compositions of the mantle will be modified. Some 

of the enriched components will be transponed through the mantle into the crust via melts 

or fluids, and some may be removed from the system by asthenospheric convection. 

However, modified lithospheric mantle, particularly in the fore-arc region and at shallow 

depths beneath the arc, may not be convectively recycled and will remain coupled to the 

overlying arc and fore-arc crust (Gill, 1981; Tatsumi, 1986). 

The juvenile Nd isotopic compositions indicate that the enrichment of the mantle 

source to the Concession Suite cannot >ave taken place more than 200 m.y., and probably 

less than 100 m.y., prior to the ca. 2600 magmatism (Figure 5.32). This constrains 

mantle enrichment to a time period between 2600 Ma and 2800 Ma, essentially 

overlapping the range in ages of the accreted supra-subduction zone terranes. This allows 

that enriched mantle generated at that time could be the source of the Concession Suite. 

Reactivation and Partial Melting of the Enriched Mantle 

It is proposed that pre-collision subduction events caused metasomatism and 

stabili1.ed amphibole in the mantle wedges (e.g. Tatsumi, 1986, Wyllie, 1984) underlying 

the fore-arc and arc zones of ca. 2715-2650 Ma island arc terranes. This enriched mantle 

lithosphere was then subcreted as the overlying supra-subduction zone terranes were 

accreted. placing subduction-modified mantle beneath the newly stabilized crust. 

Melting of this enriched lithospheric mantle occurred during and following 

collision-related compression and thickening. Melting may have been caused by: 1) 

thickening of the lithosphere, so that the lower pan was depressed below amphibole 

stability (ie. 100 km); and 2) heating of the lithosphere by detachment of the thermal 

boundary layer (Housem<Jn er al .• 1981) and introduction of hot, convecting 

asthenosphere to shallow depths. 
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The main points of this mcxiel are schematically shown in Figure X.h. The rn<tntle 

and crustal portions of the lithosphere both thicken in response to compression. As the 

lithosphere thickens, amphibole in peridotite breaks down as it is depressed through 

depths of approximately 100 km (ie. 30 kbar; Falloon and Green, 19~9; Green, 197 .l). 

The amphibole break down reaction releases volatiles, some or all of which migr:uc to 

lower pressures, raising PH,o in the overlying lithosphere and cffertively lowering thl~ 

peridotite solidus (Figure 8.6b). Transport of trace elements with the t1uids will further 

enrich the upper pan of the mantle lithosphere. If garnet is fom1ed after amphihole l«' . .l: . 

amphibole = garnet + diopside + volatiles). the REE in the resulting fluids may he 

fractionated, contributing to the fractionated REE composition of the source region . 

Replacement of the detached, thermal boundary layer with hut asthenosphcric 

material will perturb the geotherrn, driving it to higher temperatures and eventually 

intersecting the hydrous peridotite solidus. Melting occurs at the lowest temperature 

point on the hydrous peridotite solidus, at depths ntar or below the amphiholc-out 

reaction. The zone of melting is shown by the cross-hatched pattern in Figure X.llh and c. 

If the mantle is highly refractory (ie. low Al20 1), or water saturated, garnet may not be 

stable after melting (Green, 1 973). 

The depth of melting inferred from this model is twice that determined hy 

sanukitoid liquidus experiments (Tatsumi, 1982), which suggest segregation pressures 

less than 14 kbar. If these samples are indeed primary melts, and similar in major 

element composition to Concession Suite parental compositions, then the melts formed at 

100 km depth must have risen to depths of less than 50 km before segregation. Garnet 

would not be residual at these pressures. Thompson ( 1989) estimated that the thickness 

of crust in the Slave Province did not exceed 55 km during collision. This estimate was 

based on the present crustal thickness of 35 km and the maximum metamorphic pressures 

exposed at the present erosional surface of <7 kbar. This provides a minimum depth of 

segregation of 55 km and implies final magma segregation occurred ncar the hase of the 

crust. 
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This model is similar in principle to that proposed by Saunders era/. ( 1987) for 

petrogenesis of bajaites, in California. They suggested that mantle melting occurred 

following amphibole breakdown reactions in the mantle wedge, accompanying ridge 

subdu<.:tion. Fluids released lowered the peridotite solidus and caused melting in already 

metasomatized mantle. The main difference in the models is the source of the heat. 

Saunders era/. ( 1987) attributed heating of the sub-arc mantle to ridge subduction, which 

introduced hot oceanic lithosphere into the subduction zone, raising the isotherms in the 

overlying mantle (see also Kay, 1978; Drummond and Defant, 1990). In the model 

proposed here, heating is caused by lithospheric detachment and replacement by hot 

asthenosphere. The differences in the models indicate the potential for similar rock types 

to be generated in different tectonic settings (ie . subduction- and collision-related). 

Timing of Mantle-Derived Magmatism relative to Collisional Events 

The timing of magm<Hism relative to deformation depends critically on when 

lithospheric detachment occurs (ie. early or late during compressive strain). As outlined 

by Houseman era/. ( 1981 ), this depends on the rc.1te and amount of convergence, but is 

also critically dependent on the vigour of asthenospheric convection. Lithosphere 

beneath orogenic belts with r..tpid convergence and vigorous asthenospheric convection 

will deta~o:h more easily and more mpidly. 

Higher mean mantle temperatures in the Archean, and consequent higher 

convection rates due to lower viscosities and greater heat dissipation, predict that 

lithospheric detachment is both more likely to occur and will occur earlier during 

compressional deformation (e.g. Sandiford, 1989). The syn- to late-compressional timing 

of the Concession Suite and other correlative intrusions in the Slave Province requires 

that lithospheric detachment occurred simultaneously with thickening and compression. 

The timing of mantle-derived magmatism relative to collisional events in more 

recent collisional orogens is highly variable, suggesting that it may not be simply related 

to asthcnospheric temperatures. In many cases mantle-derived magmatism occurs late 

during the regional shortening events and is associated with regional extensional features. 

For example, post-collisional, mantle-derived magmatism in Papua New Guinea is taking 



place simultaneously with regional extension and uplift, although the New Guinea 

Orogenic Belt is still experiencing compression (Johnson t't a/., JY7X: (\xltx-r and Taylor, 

1987). In Eastern Anatolia the Quaternary magmatism is associated witn transpn·ssional 

and extensional escape structures associated with collision of the Arahian and Asian 

plates (Pearce eta/., 1990). In the Paleozoic Caledonidc:s, mantle -derived magmatism is 

associated with extensional or transpressional features following dosun: of lapl·tus 

(Watson, 1984; Zhou, 1985; Rogers and Dunning, 1990). The stnKtural Sl'tting of high 

Mg monzodiorites and related lamprophyres in the Superior Provinn· is similarly 

associated with late transpressional faults (Stem era/., llJXlJ). 

Calc-alkaline lamprophyres and primitive high-Mg andesites arc wmmon tn many 

collisional magmatic belts, in which magmatism is associated with c:xtcnsional or 

transpressional faulting (e.g . Papua New Guinea I lighlands. Johnson et ul. ( 197X); 

Scottish Caledonides , the Appinite Suite, Rogers and Dunning ( 19lJO); Superior Provincc, 

Stern eta/. (1989); Baja, Ca. Saunders eta/. (19X7)). This suggests that primitive rock 

types may preferentially ascend through the crust in c:xtcnsional scuings. aidl'd hy crustal 

scale fault zones. In the Slave Province calc-alkaline lamprophyn:s have only been 

reponed from the Ydlowknife area where they are associated with the major she<tr /.ones 

which host gold mineralization in the area (Webb and Kerri,h. lYXX). The rarity of thc..·se 

primitive or ultra-mafic rock types in the Slave Province may refle" their intrusion 

dominantly during the regional compression event, causing such magmas to be tr<tppcd 

within the lower crust, where they fractionated and assimilated crust (q~ . llildrcth and 

Moorbath, 19RX), to produce tonalites and related rocks. This would explain the 

dominance of tonalites with Si02 contents of 60 to 65 wt% and the: rarity of primitive 

compositions. Crystallization of these magmas in the lower crust will generate heat to 

drive metamorphism and the later extensive crustal melting. 
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8.4.2 Origin of the Granites: the Yamba and Contwoyto Suites and related rocks 

The gener.ttion of large bodies of per.1luminous granite requires elevated, thermal 

conditions in the middle to lower continental crust in order to induce the large degrees of 

melting required to mobilize granitic magmas (Wickham, 1987) and/or cause extensive 

crustal assimilation or mixing with mantle magmas (Barton, 1990). Numerical modelling 

suggests that these conditions can be met by some combination of crustal thickening 

(Patino-Douce, 19K9; Zen, 1989; Thompson and England. 1984; 1986) or a mantle 

thermal input into the crust (Foster, 1990; Hyndman and Foster, 1988; Banon,l990; 

lluppert and Sparks, 19RR; Hildreth, 1981 ). The petrogenesis of these rocks must be 

closely linked to pn:.ceding and synchronous magmatic, tectonic and metamorphic events. 

Granites (.u.) are a common feature of collisional orogenic belts. Collisional 

granites define a wide range of compositions reflecting differences in the composition of 

source nx:ks, dynamics of partial melting processes, and the relative involvement of 

mantle derived material in the granite forming process (e.g . Pitcher, 1987). As recently 

summarized by Pitcher, " ... an infinite number of different I granite I types might be 

generated in response to varying physical pammeters and source rock composition". It is 

indeed remarkable that broad classes of grnnites can be recognized and that these recur in 

specific, but complex tectonic associations (Barbarin, 1990; Harris el at .• 1986; Pitcher, 

19X7; Rogers and Greenberg. 1990). 

Two broad groups of granites occur in many collisional belts (e .g. Harris el a/., 

19X6; Cmwford and Wyllie, 1990; Barbarin. 1990). I) Peraluminous two-mica or 

alurninosilkate-bearing leucogranites; and 2) weakly perc11uminous to metaluminous 

biotite granites. The former are dominantly derived from panial melting 

metasedimentary sources (e.x. Lefort el al .• 1987; Vidal el a/., 1982); the origin of the 

latter is less clear, but they are thought to represent hybrids of mantle and crustal melts 

<e.x . Barbarin. I990,DePaolo. 1981; Pitcher, 1983, 1987; Didiereza/., 1982). The 

association of these latter granites with high-Mg mafic rocks (e.g . Crawford and 

Windley. 1990; Fowler, 1988) suggests a causal linkage. 
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This same granite association is observed within the ccntml Slaw Provilll:l'. The 

Concession Suite is representative of the two-mica leucogranites and the Yamha Suite thl· 

biotite granites. Henderson eta/. (19S2) used a similar two-fold subdivision of gr.tnites 

in the Anillery and Healy Lakes areas, and both two-mka and biotite granites arc 

described from the Yellowknife-Hearne Lake area (Hcndcrson. 19X5) and the Bl'l·l·hey 

lake area (Hill and Frith, 19M2). The two granitc types arc therefore considen:d to he 

regionally extensive features of the province. 

The large areas of these granites, fully 60% of the area of the Contwoyto-Nose lakl' 

map sheets, imply that recycling of pre-existing c.:mst was extensive, and th~lt this 

dominantly occurred immediately following regional shortening in the area. Crustal 

melting reflects heating of the crust by a combination of: I) thennal rebound following 

crustal thickening during collision: 2) advectivc heat transkr from the mantle via ml'lts 

which underplate and intrude within the crust (ie. Concession Suite); and 3) heating due 

to lithospheric detachment. The change from mantle-dominated to crust-dominated 

magmatism reflects the thermal maturation of the lower pan of the nust, as it is 

progressively heated from below. The development of large partial melt zones, in which 

greater than 40% melt may be present in the lower parts of the crust, will impede ascent 

of mantle-derived magmas (ie. Concession Suite) and cause mixing and homogenisation 

of mantle and crustal melts (e .g . Hildreth and Moorbath, 19HH). Granites of the Yamha 

Suite may represent these hybrid intmsions. The Concession Suite, dominantly a prodt~~.:t 

of melting metasedimentary protoliths, may not have interacted with the rnantlt: melts to 

the same extent. 

Granites (ca. 2585) are closely linked in tirnt: with post-compressional extension in 

the southern Slave Province (James and Monensen, 19lJ I). The style of intrusion 

documented in the central Slave Province is most easily accomodatcd within an ovt:rall 

extensional setting (particularly the dyke and sill complexes, and the overall ' spal:~ ' 

problem). A predicted consequence of crustal thickening, wmbined with detachment of 

the mantle lithosphere, is that the crust will extend following release of the compressive 

strain (Sondor eta/., 1987; Wernicke eta/., 1987). The timing of extension relative to 
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the cessation of compression depends on the thermal structure of the lithosphere, warmer 

lithosphere defonning more easily, with extension starting immediately after the end of 

compression (Sondor eta/., 1 9M7). The collisiont'.l model can therefore account for, and 

predicts an extensional regime during and/or following granite intrusion. 

8.4.3 Implications for Subduction G~ometry 

The modd outlined above requires that subduction-modified lithospheric mantle is 

accreted and at least temporarily stabilized along with the crustal section during 

collisional orogeny. Fyson and Helmstaedt (1988) and Kusky (1989) proposed that 

east-directed subduction during collision would account for the dominantly westward 

structural vergence in the province. Such a geometry implies that subduction-modified 

mantle should underlie the eastern, but not the western parts of the province. The 

presence of similarly enriched mantle beneath the older crustal block, west of the suture 

zone, is more pamdoxical. 

The detailed geometry of subduction prior to and during collision is highly 

speculative in the Slave Province and it is equally probable that collision involved many 

separate plates and subduction systems, as, for example in the southwest Pacific and 

Mediterranean regions today. Geochronological studies of the pre-YKS rocks in the 

western Slave Province document rocks with a wide range of ages from 2.85 to 3.96 Ga 

<Figure 2. 1 ). There are no geological constraints to indicate whether the rocks represent 

an authochthonous sequence, representing over 1 billion years of continental magmatism 

;md metamorphism, or whether they represent separate crustal blocks which were 

juxtaposed by accretion in a fashion similar to the Yellowknife Supergroup rocks. It is 

very possible that multiple terranes, in the sense of Howell eta/. (1985), are present 

within the older crustal block. In this case, enriched mantle could have been stabilized 

beneath the western Slave province by subduction processes during accretion of the Cl. 

2.H5 to 3.9 Ga rocks, potentially at the same time that the eastern Slave Province was 

accreted. This hypothesis is difficult to test geochemically because rocks in the western 

Slave have interacted with the older crust and isotopic evidence for derivation of the early 



tonalites from older lithospheric mantle may largely be ohs~un:d by l..'rustal 

contamination. In any case there are very few geochemical or isotopic data from 

tonalites and diorites in the western Slave Provin~e to test Spl'Citk mudds at this tinll' . 

8.5 Alternative Tectonic Models 

8.5.1 The Continental Arc Model 

The subduction signature in the Concession Suite rocks could also have origin~ttl'll 

during active, post-collision subduction (e .g. Fyson and I klmstal'dt, 19~Xl. Continental 

margin arcs are also proposed sites ofHTLP metamorphism (Miyashiro. 197J; Barton 

and Hanson, 1989), ..tre commonly asso,;iated with terrane al.·nction. and may lkfim: a 

similar evolution in pluton chemistry (e .~ . Barton. 19XI)). 

It is instructive to consider the continental margin model relative to the tectonic 

assembly model outlined in Chapter 7. In particular, the timing and distribution of 

plutonism, will be examined. Granitoid rocks of the Concl'ssion Suitl' in the C'ontwoyto 

Lake area presumably overly an older crustal block, as detem1ined by Nll isotopil.' data. 

Time and compositionally correlative tonalites of the Rcgan and Taylor plutonic Suites in 

the eastern Slave, occur in the younger block. This requires that calc-alkaline 

magmatism occurred. simultaneously, within both the underlying and overlying plates 

(ie . on both sides of the suture between the older and younger crustal hlocks). This is 

incompatible with the intrusions being related to the same subduction sysh:m that 

juxtaposed the two blocks, as this would predict subduction rciJII:d magmatism only on 

the overlying block, and at some distance from the suture. 

A new subduction system would be required in order to generate subduction rclated 

plutonism on both sides of the proposcd suture following collision. This could occur hy: 

1) initiation of west directed subduction with the 'new' trench located out hoard of the 

newly accreted juvenile terrain; or 2) east directed subduction with the trench located 



247 

west of the oldt:r crustal block. The latter hypothesis was favoured by Fyson and 

tlelmstaedt (19XX), but depends very much on the width of the older cratonic block. The 

western limit of this block presently occurs beneath the early Proterozoic Wopmay 

Orogen at the Wopmay Fault Zone (Hoffman, 1989). If the eastern limit is defined by the 

Nd isotopic break in the granitoid rocks. then the present width of the older block is less 

than 300 km. This width would theoretically allow east directed subduction following 

collision. however the eastern-most intrusions would be 400 km distant from the new 

trench. 

Accounting for the tremendous width of contempordneous magmatism and 

metamorphism across the full width of the Slave Province is a major problem of the 

continental margin subduction model. Broadly contemporaneous tonalitt: plutonism (and 

metamorphism) occurred over a width in excess of 400 km across strike of the province 

between 2625 and 251J5 Ma (van Breemen eta/., 1991). This is similar in duration, but 

much wider than modem continental margin batholiths (Pitcher, 1987). Fyson and 

llclmstaedt ( 1988) argue that the tremendous width of magmatism could be achieved by 

shallow subduction and r.tpid convergence, resulting in plutonism sweeping across the 

province in only a few tens of million years. The available geochronological data do not 

support an age progression across the province (van Breemen eta/., 199 I). nor is there 

any indication that the present width of the province is a result of post-rnetamorphi;: 

translational or extensional faulting. The magmatism is therefore unlikely to represent a 

series of coalesced batholithic belts, nor a significantly structurdlly widened belt. No 

estimates of post-collisional extension have been made for the province. 



2-tX 

The non-linearity and the extreme width of the magmatic belt in the Slave Pruvinn: 

is unlikely to reflect unique tectonic processes operJtive during the An:h~an (t' . ~. gn·atn 

plate velocities, different subduction styles) bc:cause examples uf broad cak-alkalinl' 

magmatic belts are also documented in Phanerozoic orogens <e.x. Lachland Fold Uelt 

(800 km) Chappell (1984) and the Scottish Caledonides (>250 km), ·ntirlwall. llJ!Q). Th~ 

cause of these very broad thermal anomalies remains enigmatic but there is little cvidl'tll"l' 

to link it to active subduction. The collisional setting nwy better explain the width and 

non-linearity of the magmatic rocks in these settings. 

The situation described above for the Slave Province is comparahlc to tht: 

subduction paradox in the Scottish Caledonides (Thirlwall. 19X I; Watson. 19X4) and 

nonhem Appalachians (Whalen, 1989; David and Gariepy. 199<l). Like the Conn·ssion 

Suite, Caledonian granitoids are characterized by high Sr and Ba contents 1.:umbined with 

high (Ce/Yb):-;. The Caledonian granitoids are linked in time and place with thc appinite 

suite, which represents Mg-rich high Si02 magmas similar in composition to N;t-IIMA 

(Fowler 1988; Rogers and Dunning, 1990; Stern eta/., 19K9). The nx:ks have 

geochemical characteristics of continental margin batholiths (Thirlwall, 19K I). which kd 

to the suggestion that subduction occurred simultaneously with the igneous activity (van 

Breemen and Bluck, 1981; Thirlwall, 1981). 

As in the Slave Province, Silurian magmatism occurs on both sides of the inkrred 

Iapetus suture (e .g. Halliday eta/., 1985; Watson, 1984 ). and therefore post-dated dosurc 

of Iapetus. Magmatism is associated with a tectonic n:gimc of shortening. transcurrent 

faulting, and molasse sedimentation (Watson. 19X4; Rogers and Dunning. 19')()). 

Although subduction processes cannot be entirely eliminated. the magmatism and 

tectonism can be accomodated in a collisional to post-collisional h:ctonic setting as 

suggested by Watson (1984) and Zhou (19X5). This tectonic setting would also be 

appropriate for the Slave Province. 
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8.6 Crust Formation Processes in the Central Slave Province 

In summary, the formation and stabilization of crust in the central Slave Province 

occurred by two dominant processes: 1) tectonic assembly of disparate crustal blocks 

including both juvenile and older crust materials; and 2) collisional and post-collisional 

magmatism which added to, recycled, and stabilized the new crustal segment. These two 

processes are fundamentally similar to tectonic and petrogenetic processes associated 

with the fonnation and stabilization of orogenic crust in the Proterozoic and Phanerozoic 

(Patchett eta/., 19R4; Chauvel et al., 1986; Nelson and DePaolo, 1986; Sampson et al., 

1990) and imply a general continuity in petrogentic and tectonic processes during the last 

2.7Ga. 
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Figure 8.4. Canoon depicting the Late Archean tectonic evolution proposed for the 
Slave Province. A) ca. 2715-2650 Ma. Development of the early tectonostratigraphic 
assemblage in supra-subduction zone settings, possibly including island arcs, back arc 
basins and continental marginal basins. The subduction processes enriched the sub-arc 
mantle wedges (stippled pattern) and eventually led to collision and accretion of the 
various terranes, including older crustal blocks. B) ca. 2650-2600 Ma. Collision 
caused regional shorter.ing and thickening of the lithosphere. Melting of sut'duction 
enriched mantle (see Figure 8.6 and text for discussion) produced high-Mg andesite 
magmas, parental to the Concession Suite. Crustal metamorphism is caused by the 
thenr.al effects of crustal thickening and heat transfer from the mantle. C) ca. 
2600-2580 Ma. Continued heating of the crust caused extensive crustal melting, which 
resulted in the generation and intrusion of the granites of the post-deformation suites 
(ie. Contwoyto and Yamba). 
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Figure 8.5. Comparison of intermediate { < 63 wt% Si02) rocks of !he Concession 
Suite to rocks from continental margin (a) and collisional (b) tectonic settings. 1. north 
Chilean Andes, Rogers and Hawkesworth, 1988; 2. central Chile Tertiary granite, 
Lopez-Escc~1.r eta/., 1979; 3 , 4, 5. average val11es for Andean, western U.S., and 
~stem U.S. andesites, respectively, Ewart, 1982; 6. central Chile, Cretaceous granite 
Lopez-Escobar era/., 1979; 7 central Chile Tertiary granite; Lopez-Escobar era/. , 
1979; 8. Andean Southern Volcanic Zone, Hickey er al., 1984; 9. andesite, central 
Chile. Group 3, Dostal eta/ .• 1977; 10 and 11. Peninsular Ranges Batholith, central 
and western, respectively, Gromet and Silver, 1986; 12. northern Chile Tertiary 
andesite, Rogers and Hawkesworth, 1988; 13, 14 and 15. eastern Anatolia, Kars and 
Ararat Quaternary andesites; Pearce t't al., 1990; 16 and 19. Iran, Savalon Quaternary 
andesites, Dostal and Zerbi. 1978; 17 and 18. Papua New Guinea Highlands, 
Quaternary andesites, Johnson era/., 1978. 
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Rocks were sampled free of all visible weathering and alteration. Samples were 

scrubbed and ultrasonically cleaned in distilled water prior to crushing. I to 5 Kg of 

sample was coarsely crushed in a steel plated jaw crusher. A 150 to 250 g aliquot was 

then ground to a tine powder in a tungsten-carbide puck mill (TEMA). 

Major element oxides were determined by atomic absorption spectrophotometry 

(G. Andrews, analyst). Accuracy and precision are given in Table Al.1 

The trace elements Rb, Sr, Y, Zr, Nb (± Th) were determined by XRF using the 

REPEAT program on a Phillips 1450. Relative accuracy and precision for these 

elements determi!led from USGS standards are less than 5% for Rb, Sr, Zr and Y and 

Jess thafl 10% for Nb and Th (Table A 1.2). Duplicate and replicate analyses of 

samples are presented in Table A 1.3. 

The trace elements Ga, Ba, Sc, V, Ni. Cu and Zn were determined by XRF using 

the Trace2 program at Memorial University. Relative accuracy and precision for these 

elements determined from replicate analyses of USGS standard samples are given in 

Table A 1.4. 

The rare earth elements (REE), Pb, U, Cs, Li and Th, were determined by 

ICP-MS at Memorial University (Longerich et al .• 1 ~~0; Jenner et al., 1990). Two 

different sample preparation and analytical techniques were used: l) HF-HN0
3 

dissolution followed by analyses by standard addition (HF), and : 2) Nap
2 

sinter 

dissolution (Robinson et al., 1986 ) followed by analyses by internal standard (SIS) or 

standard a\!dition (SSA). Duplicate and replicate= analyses of both techniques are shown 

in Table Al .5. Relative accuracy and precision for te REE using the standard addition 

technique, basuJ on replicate analyses of USGS standards are 3-5% (Jenner et at., 

1990). Precision of the internal standard technique is slightly poorer, with RSD 

ranging from 4 to 6% (Table A 1.5). Th is slightly poorer at 11% . These values were 



determined from 22 sets of duplicate and replicate analyses of unknown \amplcs {Tahh..• 

A 1.5). Mean detection limits are generally less than 10 parts per billion (Table A 1.5: 

Jenner et al.. 1990) as were typical blanks. 

Li, Cs, Tl, U and Pb were determined by ICP-MS only ti.1r those samples 

dissolved using the HF-HN01 technique. 

Th was determined by XRF in those samples not analyses by ICP-rvtS . These 

samples can be recognized because they h3ve Th data without REE data . 



Tablc.; A I. I Standard and Duplicate Analyses - Major Elements 286 
SamPie -~~ Be~N"~ Be ..:Nr==..e'='.=_nN==rM;=.=_=rN'F"=nMEa==<'Nr==M~ 
___ __ _ _ ACCQp_!~ _ !ov_g_6 ___ ~!D~~_E!ed Avg_6~____cS:::.T:.-;D~ 

Si02 382 38 5 0 .18 66.6 65.6 0.08 
TI02 2 .61 2 .59 0 .04 0.01 0 0.00 
Al203 10.07 10.02 0 .09 17.62 17.39 0.24 
Fe203 12.84 12.84 0 .11 0.47 0 .45 0 .005 
MnO 0 .2 0 .19 000 0.04 0.04 0.00 
MgO 13.15 13.14 0 .07 0.04 0 .045 0 .005 
CaO 13.87 13.91 0 .05 0.59 0 .58 0 .007 
Na20 3.18 3 .25 0 02 5.84 5.84 0.02 
K20 1.39 1 .46 0.007 3.18 3 .23 0 .04 

Sample'~= 1>4o"'::'$§= D4oFie""99 D4U71=-'ie><'g ==;;:047;1F_=aar;;9:=;;;02~83.==:es;;9:=;;;:D;;;:28iii3A8~9:=;;;:o~1 5il'l3<=_"li8Fii'9"'1o~i'Es"l'3 =_a:;;· 9<"'· 'nv""3o;;;a.=_=:· 8s.a;=uv""'3o~·a<=· _,..8;;;"8 
Si02 
Ti02 
Al203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 

Si'mpli 
Si02 
Ti02 
Al203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 

77.3 
004 
12.3 
1.24 
0 .02 
0.11 
0.72 
3.84 
4.2 

0 
0.55 

75.4 
0.18 
12.5 
1.29 
0 .02 
0 .12 
0 .68 
3 92 
3.95 
0 .01 
0 .23 

74.6 74.8 55.9 57.7 71 .7 72.5 72.8 72.1 
0 .06 0.04 0.96 0.9 0.24 0.24 0 .12 0 .04 
13.2 13.8 20 20.8 14.6 14.2 14.7 14.7 
0.9 0.92 7 .95 8 42 1.67 1.57 0 .82 0 .79 

0 .01 0.02 0 .1 0.1 0.02 0.02 0 .01 0 .02 
0 .13 0.13 4 .2 4.28 0.53 0 .55 0 .28 0.29 
0 .82 0.9 1 .4 1.48 0.78 0.8 0.86 0.88 
4.01 4.1 2.33 2 .41 3.44 3 .21 4 .07 4.24 
4.41 4.73 2 .66 2.9 5.52 5.61 4.26 4.3 
0 .02 0.01 0 .09 0.06 0.15 0.16 0.24 0 .23 
0 .24 0.47 1.46 1.15 0.88 0.56 0 .97 0 .86 

0134-sa 0134-88 o12e=e1 D72B - 87 o12s 87 0218-87 0218- 87 D172b-8ro172'b--87D277-88 
74.0 75.0 70.9 71.3 71 .4 58.1 58.4 52.7 53.8 6:!.5 
0 .2 0.18 0.38 0 .36 0.32 0 .72 072 3.08 3.16 0 .52 

13.1 13 14.5 14.7 15.3 17.7 17.2 14.1 14.2 15 .8 
1.43 1.41 2.86 2.78 2 .98 6.04 5.87 13.54 13.1 4 .76 
0.01 0.01 0 .05 0.04 0 .04 0.08 0.07 0 .14 0.13 0.08 
0.34 0.33 0.74 0.89 0.71 3 .6 3.52 3.59 3.56 2.47 
0.84 0 .84 2.8 2.96 2.96 5.48 5.72 5.9 6 .16 4.64 
2.89 2.93 4.47 4.69 452 4.87 5.19 3.22 3 .35 4.43 
!5.63 5 .58 1 22 1.2 1.2 2.13 2.09 1 .24 1 .25 1 .34 
0 07 0.02 0 .11 0.08 0.11 0 .38 0.3 0.33 0 .28 0.28 
0.55 0 .7 0 .38 0 .5 0 .4 0.39 0.54 0.66 0 83 1.23 

sl~pt.--'o258 - 88 02ss 88 D201a- e7020h-8702o1a- 870201 a-8701 "-~114-87 0114-87 0114--87 
Si02 66.0 65.8 63.8 63.8 63.8 64.4 69.6 69.6 69.6 69.3 
Ti02 0.56 0.56 0.48 0 .52 0 .52 0 .48 0.52 0.48 0 .52 0 .52 
Al203 15.8 15.8 15.7 15.8 15.9 15.8 14.4 14.5 14.4 14.4 
Fe203 4.41 4.39 4.31 4.34 4.29 4 .32 3.12 3 .07 3 .09 3.08 MnO 0.09 0.07 0.07 0.07 0 .07 0.07 0.02 0 .02 002 0.02 MgO 217 c.16 2.61 2 .62 2 .8 2 .63 0.72 0 .69 0 .71 0 .71 CaO 3.2 3 .18 4.12 4.12 408 4.12 148 1<8 1.48 1.48 
Na20 4.55 4.52 4 .83 4.8 4 .79 4 .75 a8 3 2 .99 2 .99 
K20 2.11 2 .18 1.98 1.99 1.99 1.99 5.85 5.8 5.8 5 .75 P205 0 .3 0 .29 0.23 0.19 018 0 .17 0.24 0.23 0 .24 0 .23 
L0!-~0.,63 0 .85 0 .75 0 .73 0.71 0 .72 0.87 0 .87 0 .88 O.BJ. 



Table Al.2 XRF Precision and Accuracy - Repeat Pro)rram 
AGV 1 BCR-1 BCR-1 d-2 d-TI"SP'=1GSP"=1= w-i ·=w.:: , BHVO-

1988 1988 1989 1988 1i89 1Q8!_1ge9 -·~~~_1-~ 
Rb AVO 67.8 47.7 47.7 163 164 247 247 21.8 21 3 90 RSO 1.8% 2.1% 0.~ 13% 0.5% 0.7% 0~ 3.3% 42% 59% ACC 67 46.8 48.8 168 188 250 250 21 21 11 %0iff 1 .~ 2.3% 2.3% 3."' 3.1% 1 . 1~, 1.3% 3.7% 1.5% 181% 

Sr AVO en 335 338 471 474 233 ~32 189 189 397 RSO 0.5% 0.~ 0.3% 1.1% 0.4% 05% 04% 07% 05% 0.5% ACC 660.0 330 330 479 479 240 240 190 190 403 %0ifl 2.5% 1.7% 2.4% 1.8% 1 .0% 29'% 3.5% 0.5% 0.5% 1.6% 
y AVO 19.9 36.8 3H 11 .1 11 3 27.7 28.3 21 .8 21.0 263 RSO 4.3% 5.8% 2.1% 135% 2.0% 6.9'% 1 7'% 5.3% 5.4% 17~ ACC 21 .0 37 37 11 .4 11 .4 29 29 26 26 276 %0ifl 5.4% 1.~ 1.1% 2.8% 0.8% 4.4% 2.3% 162% 19.3% 4.9% 

Zr AVO 254 196 194 309 308 493 480 ;a,3 940 182 RSD 1 5% 1 .~ 0.5% 1.0% 03% 1.3% 08% 1.7% 1.3% 1.7% ACC 2300 195 ,;a 300 300 500 500 ;a 95 179 %0ifl 10.4% 0.3% 0.3% 3.0'!(, 2.5% 1.4% 39'% 0.3% 1.1% 1.9% 

Nb AVO 14.2 13.9 13.3 11 .3 11 .6 27.4 25.8 7.8 74 18.7 RSD 3 .8% 9.4% 2.6% 3.1% 1.9'% 13.7'% 1.8% U% 10.6% 2.8% ACC 14.0 13 5 135 13 13 23 23 a 9 19 "Diff 1.3% 2.7'% 1.2% 12.7% 10.8% 19.3% 113% 13.8% 16.0% 1.7% 

Th AVO 5.4 24.4 97.1 19 RSO 7.0% 5.5% 1.1% 85.5% ACC 5.9 24.6 108 2.4 
%0ifl 7.6% 0.8% 8.4% 198% 

n 20 118 5 2e 8 HI 4 24 4 9 



Table Al.3 Replicate XRF Analyses 1988 288 

Sample Run I Ab Sr y Zr Nb Th 

A294-87 APT 203 122 117.4 26.4 131 .0 6.8 
A294-87 APT 196 121 118.8 27.1 132.2 6 .9 

A294-87 AVERAGE 122 118.1 26.8 131.6 6.9 

A326-87 APT 196 71.9 1362 20.1 96.9 4 .6 
A326-87 APT 189 72.9 1326 19.0 86.0 4 .4 

A325 -87 AVERAGE 72.4 1339 19.6 91.4 4 .6 

A369 87 APT 203 141 209 6.6 177 6.6 
A368 ·87 RPT 201 142 210 6.4 177 6.8 
A369 87 APT 186 142 209 6.1 179 6.9 

A368-87 AVERAGE 142 208 6.7 177 6.7 

0023-87 APT 191 ~1 . 3 1088 23.6 217 10.3 
0023-87 RPT 189 81 .w 1 1 12 23.9 229 11 .4 

0023·87 AVERAGE 81.6 1100 23.8 223 10.8 

0029-87 AP'T 198 66 .8 766 18.1 152 7.7 
0029-87 APT 186 68.6 766 16.6 154 7.2 

0029-87 AVERAGE 67 .8 766 16.8 163 7.4 

0033-87 APT 191 193 92.;: 18.2 131 .3 14.2 
0033 -87 APT 187 199 93.4 16.8 131 .2 13.9 

0033-87 AVERAGE 196 92.8 17.0 131 .2 14.0 

0067A-87 RPT 197 169 112.7 23.3 162 9.3 
D067A-87 RPT 186 182 , 10.4 21 .0 162 10.7 

0067A-87 AVERAGE 181 1 11 .8 22.1 162 10.0 

0069A-87 RPT 190 86 .9 98.8 11 .6 47.2 6 .4 
0069A-87 RPT 183 84.6 97.8 10.4 46.6 6.1 

0069A-87 AVERAGE 86.2 98.3 11.0 48.9 6 .2 

0072A-87 RPT 191 31.4 476 0.70 66.0 1.06 
0072A-87 RPT 187 31 .8 479 0.39 64.8 1.36 

0072A-87 AVERAGE 31 .6 478 0.64 64.9 1.21 

00728-87 RPT 202 43.3 280 6.6 233 4 .5 
00728-87 RPT 201 43.0 281 6.8 234 5.5 

00728-87 AVERAGE 43.2 280 6.7 234 6.0 

0081 -87 RPT 203 200 70.9 10.6 39.2 9.2 
0081 -87 RPT 196 200 71 .4 10.6 39.6 9.4 

0081-87 AVERAGE 200 71 . 1 10.6 39.4 9.3 

0108A-87 APT 197 36.8 20.8 49 163 27 .0 
0108A-87 RPT 186 35.6 20.1 48 183 27.4 

0108A-87 AVERAGE 36.7 20.4 49 163 27.2 

0114C-1 RPT 196 201 116.9 17.0 392 12.2 
0114C·2 RPT 189 204 116.0 17.7 400 12.8 
0114C-3 RPT 196 208 126.1 17.7 411 1 1. 1 
0114C-4 RPT 201 204 116.3 18.7 405 12.2 

0114c-87 AVERAGE 204 118.3 17.8 402 12.1 

0128A-87 RPT 202 276 37.3 7.0 23.8 6 .2 
0128A-87 RPT 195 274 38.8 7.1 23.1 4 .7 

0128A·87 AVERAGE 276 37.9 7.1 23.4 4 .9 

0161 - 1-87 RPT 190 44.0 140.4 36 76.7 6 .6 
0161·1 -87 RPT 189 44.0 138.6 36 77.8 6 .8 

0161-1 -87 AVERAGE 44.0 139.6 36 77.3 6 .7 

01628-87 APT 197 66.6 1361 22.6 86.2 3.6 
01628-87 APT 186 71.7 1348 22.6 81 .2 2.12 

01628-87 AVERAGE 69.2 1360 22.6 83.2 2.83 



0166-87 rp• 193 66.5 1082 9.6 161 4 .7 ~89 
0166-87 RPT 191 66.0 1066 8.7 169 4 .7 

0166-87 AVERAGE 66.7 1069 9 .1 160 4 .7 

0169-87 RPT 196 66.8 362 14.8 172 9 .4 
0169-87 RPT 183 67. 1 346 12.7 168 9.3 

0169-87 AVERAGE 66.9 348 13.8 170 9 .3 

01 728-A RPT 189 26.9 431 27.2 190 19.3 
01728-8 RPT 187 25.6 427 28.6 197 19.7 
01728-B" RPT 204 25.8 430 28.7 197 19.7 

01728-87 AVERAGE 26.7 428 28.6 197 19.7 

0201A-1 rpt 193 66.8 990 11 .3 166 6 .6 
0201A-1 RPT 183 67.4 982 11 .3 166 63 
0201A·3 RPT 197 67.6 989 10 .1 158 6 . 1 
0201A-3 RPT 186 57.1 990 10.3 166 6 .6 
0201A·4 RPT 187 67.3 986 11 .1 167 6 .6 

0201A·87 AVERAGE 67.2 987 •o.8 167 6 2 

0217-87 RP- 204 39.6 63;1 3.6 81.7 2 .02 
0217-87 RP':' 203 38 .6 623 3.6 80.9 1.90 
0217-87 RPT 201 39.8 526 3.1 82.0 1.22 
0217-87 RPT 186 38.1 526 2.93 82.2 2.50 

0217-87 AVERAGE 39.0 626 3.3 81 .7 1.91 

0218-87 RPT 188 59.4 1038 19.0 231 8 .7 
0218-87 RPT 182 60.6 1124 18.6 232 9 .4 

0218-87 AVERAGE 80.0 1111 18.8 232 9 .0 

0221 ·87 RPT 202 11 .3 39.0 128 226 36 
0221 ·87 RPT 182 12. 1 38.4 127 223 36 

0221 ·87 AVERAGE 11 .7 38.7 127 224 36 

0237-87 RPT 203 ·0.933 186.8 29.0 216 '3 .0:) 
0237-87 RPT 197 0.762 187.6 29.3 216 9 q 
0237-87 APT 186 1.20 186.9 30 218 1' 8 

0237-87 AVERAGE 0.338 186.7 29.6 216 9.9 

0266-87 RPT 191 131 164.9 6.4 126.2 6.7 
0266-87 RPT 188 130 164.8 6.3 120.3 6 .6 

0266·87 AVERAGE 130 164.9 5.8 123.3 6. 1 

0316-87 RPT 203 277 6 .72 12.1 25.£> 12 .5 
0316-87 RPT 201 279 6 .30 11.4 28 .4 11 .7 
0316-87 RPT 186 279 8 .28 12.6 29.0 13.3 

0316·87 AVERAGE 278 6 .43 12.0 27 .7 12.6 

0319C·87 RPT 199 14.7 718 ·0 .243 100.3 , 04 
0311C-87 APT 197 18.4 733 0 .89 104.8 1.48 
0319C-&7 RPT 186 16.7 729 ·0.409 102.6 1.39 

0319C-87 AVERAGE 16.8 727 0 .011 102.6 1.30 

0336·87 RPT 204 223 69.3 36 204 16. ) 
0336-87 RPT 183 223 69.4 34 203 16.4 

0336-87 AVERAGE 223 69.4 34 203 16.3 

0338-87 APT 201 268 138. 1 9.0 66.9 7 2 
0338·87 RPT 197 268 140.2 9.1 86.2 7.4 
0338·87 APT 188 268 139.3 9.9 66.6 7. 1 
0338·87 RPT 184 268 138.9 9 .7 66.4 8.3 

0338·87 AVERAGE 268 139. 1 9 .4 88.3 7.6 

0360A-87 RPT 188 213 137.9 8 .8 96.3 11.7 
0360A·87 APT 182 219 139. 1 7.3 9&.1 11.& 

03150A-87 AVERAGE 218 138.15 7.1 96.2 1US 

0382-87 RPT 198 11 .8 131 14.8 70.2 4 .8 
0382·87 RPT 188 13.2 4815 16.0 71 .8 6 .2 

0382·87 AVERAGE 12.4 483 14.9 71 .0 4 .9 



0364A 87 RPT 202 33.7 609 44 126.6 13.6 290 
0364A-87 RPT 184 33.6 490 40 115.8 12.6 

0364A-87 AVE~AGE 33.7 481l 42 120.8 13.1 

03648·87 rpt 193 51.9 603 7 .4 278 9 .6 
03648·87 RPT 184 ·>1 .4 594 9.8 266 11 .1 

03648-87 AVERAGE 62.2 698 8.6 272 10.3 

0366·87 RPT 197 14.2 690 17.3 97.9 8 . 1 
0366-87 RPT 186 14.4 688 16.2 98.6 8.6 

0366-87 AVERAGE 14.3 1189 18.3 98.2 8 .3 

03768-87 RPT 198 30.9 743 28.4 101 .9 1 1.6 
03768-87 RPT 186 30.4 746 28.9 102.3 13.3 

03768-87 AVERAGE 30.6 744 28.8 102. 1 12.4 

K0288-87 RPT 201 191 89.8 23.9 126.7 11 .0 
K0288 87 RPT 188 190 90.6 24.3 '28.4 12.0 
K0288-87 RPT 182 191 89.3 23.9 124.8 11 .6 

K0288 87 AVERAGE 191 89.9 24.1 128.0 1 1.6 

K 142·87 RPT 203 1 1 IS 204 8.5 192 8 .2 
K 142·87 RPT 191 1 14 204 6 .7 191 8.4 

K 142 87 AVERAGE 116 204 6 .6 191 8.3 

R061 ·87 RPT 200 29.4 184.4 36 159 1 1.4 
R061-87 RPT 186 30.3 186.8 34 168 ~ 2.2 

R061-87 AVERAGE 29.9 186. 1 34 168 11 .8 

Duplicate Anelyeee 1 989 
Rb Sr y Zr Nb Th 

0106-88 RPT 426 72.!5 967 18.0 194 8.9 7 .1 

0106-88 AVERAGE 71.8 937 18. 1 187 9.3 6 .2 

0106-880 RPT 430 71 .0 917 18 2 179 9 .7 6 .4 
01 10·88 RPT 422 73.2 660 8 .4 161 6 .7 3. 1 

01 10·88 AVERAGE 73. 3 867 8. 1 181 6.6 4 .6 

01 10·880 RPT 429 73.4 663 7.9 161 6.3 6 .8 
01 38·88 APT 423 37.0 638 0 .32 87.3 0 .87 2 .7 

0138-88 AVERAGE 38.9 631 0.68 87.3 1. 1 1 0.63 

01 38-88d APT 427 36.8 626 0.86 87.4 1 36 -1.423 
0168-88 RPT 422 162 626 18.8 177 12.7 14.2 
0188·88 APT 430 181 626 20.2 180 13.8 12.6 

0168-811 AVERAGE 162 626 19.4 179 13.1 13.4 

0206-88 RPT 42'~ 70.7 360 8.3 187 39 15.4 
0206-88 ROT 4:t3 73.4 388 15.4 168 3.9 6 .7 

020~-88 AVERAGE 72. 1 364 6.9 187 3.9 8 . 1 

0273-88 RPT 424 112 774 12.4 188 8 .8 3 .8 

0273-88 AVERAGE 113 777 12.7 184 6 .6 2 .6 

0273-880 APT 429 114 780 12.9 182 8 .7 1.33 
0277-88 RPT 421 44.6 793 16.1 173 8 . 1 4 .2 

0277-88 AVERAGE 44.7 793 16.3 176 6. 1 4 .8 

0277 88d RPT 424 44.9 793 16.8 177 8 . 1 15.15 



Repeat of semp;es analysed 1n 1988 1n 1989 .7'll 

Rb Sr y Zr Nb Th 
0114C-1 1988 201 1115 17.0 392 12 .2 
D114C-2 1988 204 118 17 7 400 12 8 
0114C· 3 1988 208 126 17 .7 411 11 .1 
0114C-4 1988 204 116 18 .7 406 1 '., . ~ 
0114C -4 AVERAGE 204 119 17.8 402 12 . 1 

0114C·3 -87 rpt 427 206 124 18.0 410 1:: .8 :<9 

D201A- 1-87 1988 57 4 982 . 11 .3 156 6 258 
0201A- 1-87 1988 66.8 990. 11 .3 156 5.4C2 
0201A-3-87 1988 67 . 1 990. 10.3 · se 6 4 ') 3 
0201A-3-87 1988 67 .6 989. 10.1 168 6 075 
D201A-4-87 1988 67.3 986. 1: . 1 167 6 507 

0201A. AVERAGE 67 .2 987. 10.8 166. 6 2 

D201A4 87 1!183 67.5 997 . 11 8 168. 6 .3 4 

Table A1.4 XRF Prcci~ion and Accumcy- Tra4.:d Progra 

""'BCR - - fBCR-1-G'SP-H~sp.: ; Q ::'~ = 0 '=2 W-1 W- 1 
1988 1989 19811 1989 1988 1989 1988 1989 

Ga --Ava 2-1 _22 ___ 20 ___ 22- - 21 15 
RSD 7.1% 6.9% 4.5% 3.8% 6.9% 8.7% 
ACC 22 22 23 23 23 23 16 18 
%0itf 6.4% 0.5% 13.0% 4.9% 10.0% 3.811(, 

Be AVO 704 672 1255 1287 186SI 1938 188 173 
RSD 4.2% 7.3% 1.8% 2 .3% 3.8% 12.911(, 
ACC 680 680 1300 1300 1900 160 
'So Diff 3.5% 1.2% 3.5% 1.0% 17% 17 3% 

Sc: AVO 31 32 5 8 3 3 34 37 
RSD 5.7% 6.9% 17.9% 21 .7% 39.N 58% 
ACC 33 33 8.8 88 35 35 
%0iff 69% 4.2% 24.2% 15.7% 2.~ 4.0% 

v AVO 429 46 55 33 39 283 261 
RSD 0.8% 4.2'!1. 4 .6% 10. 1"- 1.3% 
ACC 420 54 54 36 260 
%0itf 22% 15.1% 14% 72% 1.3'!1. 

r~i AVO 17 18 9 7 7 5 78 77 
RSO 88% 13.6% 14.1% 20.5'!1. 11 6% 2.1% 
ACC 10 10 9 9 3 .5 76 
'l!.Oiff 72.0% 84C% 0.0% 20.8% 94.3% 29% 

Cu AVO 19 28 35 34 21 18 105 108 
RSO 75% 39% 26% 3.2% 6.3% 1.111(, 
ACC 18 18 33 33 10 110 
~Oitf 17.9% 71 .9% 6.1% 1.9% 108% 4.9% 

Zn AVO 130 129 103 101 88 ee 97 94 
RSD 1.1"' 1.4% 0.7% 1.1% 1.1% ow 
ACC 125 125 105 105 154 88 
%0itf 4.0% 3.3% 1.7% 38% 52% 123'!1. 

, ,_!.L~. =·=..!...~--J~ ~~-...12 ~·-~- ~ "~"~ 1 -



Table Al.5 Duplicate and Replicate ICP-MS Analyses 

Technique RUn S:mple U Ca L• Ce Pr Nd Sm Eu Gd Tb oy Ho Er Tm Yb Lu Pb =rh'===cr= 
HF TR-t22 D20tA-t-87 94.~ 5.4 3t .ot 70.H~ 8.38 33.5t 5.47 t .48 4.M o.49 2.39 o.4:-:4----:1:=c. 1;-;o;--co~.:._7.16=--71 .==oe=-o-:1s-i.2·-s-:923~f 
HF TR-123 0201A-2-87 M .8 5.5 29.42 68.01 7.~ 31.65 5.42 1.35 4.45 0.46 2.45 0.45 1.06 0.15 0.~ 0.15 9.3 5.4 221 
HF TR-123 0201A-3-87 101.8 5.4 30.27 61.10 8.05 31.37 5.28 1.38 4.60 0.47 2.37 0.43 1.02 0.16 0.96 0.15 9.6 5.4 2.10 
SIS SR-21 0201A-4-87 30.72 6l.M 8.13 32.72 5.32 1.40 3.8e 0.48 2.53 0.49 1.13 0.16 0.99 0.16 5.4 
;::S~SA:..:...__---:T~R,;,.-....:0;:94:-:--:020==-::.:,1:..:A-:::-.;:.4_-~87::__--:--:-:--.:;:0.:..;. 3:._30=;:_·,::46::--:,.:;:68;:·~52 8.24 31.53 5.54 0.96 3.82 0.49 2.43 0.44 1.09 0.15 O.M 0.15 2.0 5.4 0.78 
HF TR-094 0218-87 41.4 2.0 42.73 103.11 12.61 48.60 7.80 1.83 6.18 0.61 3.48 0.64 1.53 0.21 1.33 0.20 10.3 &.S-·1.98 
SIS SR-29 0218-87 51.23 11UIO '4.38 58.32 9.52 2.58 6.08 O.n 3.84 0.72 1.88 0.23 1.75 0.25 8.1 
SSA TR-094 0218-87 0.2 49.29 110.32 14.11 54.05 9.20 2.12 6.44 0.78 3.91 0.72 1.74 0.45 1.53 0.24 4.3 7.8 1.01 
SSA TR-094 0218-87 0.2 50.43 115.41 14.37 54.29 8.94 1.96 8.01 0.74 3.71 0.71 1.73 0.67 1.55 0.23 3.8 7.5 0 94 
SIS SR-29 0055-68 51.18 U .94 9.75 33.02 8.10 0.31 4.84 0.78 4.31 0.85 2.35 0.30 1.97 0.28 43.8 
SIS SR-28 0055-68 51.20 96.94 10.43 38.18 8.64 0.43 5.70 0.96 5.51 1.02 2.85 0.38 2.35 0.34 33.0 
HF TR-125 00658-87 13.2 2.1 68.50 1&0.87 19.17 78.17 15.28 1.81 15.37 2.33 14.75 3.08 8.28 1.21 8.12 1.25 4.8 9.5~ 
HF TR-122 00858-87 12.7 2.1 57.52 135.38 18.13 83.13 12.70 1.88 14.08 2.21 13.70 2.94 8.10 1.18 8.31 1.22 4.4 9.3 2.14 

~SI~S;;--~S;;.R:---:;29'=_;;-DOe=:58:7--.:;:87::-----:::-:--=-=--=127:::.58~1:..;35:;·:.;88:;-:1~7:..:.5:..;.1....:7:..;0;:.::. 54~1:...;4;:.:. 06:;-...,1;:.:.8;:7,_....!.:13;:;. 0=-'1:,.......:2;:·.;;27:::-:-1~4 . .:;:3=-1 ~3-:..:,175~8,_,.. 772-.,:1~.29 8.45 U::-.:.8:-----:--::----:9.0 
SSA TR-0981 0072A-87 0.7 0.0 8.64 13.05 1.44 5.36 0.82 0.31 0.54 0.07 0.33 0.06 0.16 0.02 0.15 0.03 1.5 0.) 0.55 
SSA TR-094 0072A-87 1.2 0.0 8.39 12.89 1.41 4.97 0.78 0.04 0.59 0.07 0.34 0.06 0.15 0.02 0.17 0.03 1.7 0.9 0.59 
SSA TR-111 0072A-87 -0.0 0.0 3.91 7.96 0.89 3.12 0.54 0.07 0.35 0.04 0.19 0.04 0.10 0.03 0. tO 0.02 1.2 0.0 0.06 
SIS SR-2$ 0078A-88 52.95 101.18 10.61 35.55 6.20 0.47 4.47 0.78 4.34 0.83 2.23 0.27 1.84 0.27 39.3 
SIS SR-28 0078A-88 54.78 102.18 10.20 35.23 5.72 0.44 4.37 0.73 4.06 0.78 1.94 0.27 1.58 0.22 46.8 
SIS SR-29 0081-87 5.29 9.48 1.22 4.85 1.34 0.15 1.22 0.22 ' .23 0.20 0.50 0.06 0.42 0.06 4.1 
SSA TR-098 0081-87 4.7 0.3 8.De 12.33 1.43 5.21 1.44 0.18 1.49 0.27 '·46 0.25 0.59 0.08 0.48 0.08 4.9 4.8 1.02 
SIS 511-29 Ot08-88 46.25 95.74 11 .83 48.50 8.04 1.80 5.13 o.n 3.92 o.a 1.83 o.23 1.44 o.25 9.0 
SIS SR-29 0108-88 46.58 94.57 10.80 42.39 7.21 1.45 4.91 0.65 3.47 0.82 1.55 0.22 1.33 0.20 10.5 
SIS SR-29 0110-88 47.43 96.45 11.13 42.73 7.02 1.31 3.31 0.39 1.73 0.26 0.64 0.08 0.50 0.06 5.9 
SIS SR- 28 0110-88 42.08 84.75 10.08 37.54 5.33 1.22 2.91 0.38 1.59 0.27 0.&5 0.07 0.44 0.08 5.6 

~S~IS~-~~sR~-~29~----:o~t~1~o-~88~--~~~~~44~-~74~~90=·:.::93~1~o~.7~8~40~.5~1~7~:.;89~~t~.33~~3~.1~2~o7 . .:;:39~~1~.7~4----:o::.:.30~-o~.772~.:;:o:.::.oe=-~o~.48~~o~.o~7~~~~~3 ____ _ 
HF TR-123 01548-87 59.2 9.9 69.56 155.82 19.55 80.91 14.57 3.49 11.70 1.20 5.56 0.93 2.10 0.27 1.66 0.23 8.9 1.9 0.40 
~H-:F __ --:T'=:R::'----'122==---'0=-1'-"54:,.:..:::8_--=:8-:7 __ ...o&O..:c·c.:.1--"9.:,:.8::--..:,.68.:..: . .c.46=.-;1...o54..;..;.;:39~1;.;;8~.89=-=-80~. 55~..:.1.,:.;4.-=.58.:_..:,3.:..:. 50=-=-1.:....1c:...66~-"1 . ..;.17.:__...o5.:...,.4;.;;5--'0:..:...92:..=..-'2= . .,:.;15=--=-0:..::.2c.:...7_..:1.:..:. 54:...:...._0:..:.. 2=.:3~_87 . .,:.;4 --'1.: 9_~,~-
HF TR-12S 0172C-87 19.3 1.7 38.82 98.48 12.80 58.55 12.98 3.85 11 .35 1.64 8.96 1.64 4.00 0.51 3.09 0.40 6.3 4.4 0.91 
HF TR-122 0172C-87 19.9 1.7 38.00 ~-79 12.45 58.1M1 12.89 3.85 12.25 1.72 9.38 1.75 4.02 0.53 3.17 0.43 8.5 3.6 1.00 
;::S~SA:..:__---:T;;R.;---':-:'~1;--;0~t~7~2C=;;;-;8:.:..7 __ -:-~~0:..;.0~35::'.~4 17-~88;:·.:;:9;;1....:1:..:;2.::-;02~54:,;:.. 5~7:-:.1:::2.';;4;.1 ~3"-:;.46~1.:..::0::.:.58~~1.';;49;-~8.:..;. 1~2----;1~. 5~5;:----c3::'.~~0'-~0.:.;5:;1 ~3:0.:. 1~3;-..--:0~. 4~3;-- 0.3 0. 0 O.Ot 
HF TR-123 0206-87 9.2 0.2 21.64 51.27 8.80 27.83 5.27 1.71 4.87 0.67 3.89 0.78 1.91 0.25 1.67 0.24 4.7 1.7 0.35 

::H::-F :----:T:-R--=:12S~-:D:.;2087:---:8:::7~ _ ___:_;11:.:...1::.__....::0::..:. 3~26;:.. 4,::5~84~.02::;-....::8::... 1;.::3:....:34:...::-;. 3:-:,7--:8:.:..:. 36~...::2::..:. 00:.::..--:;5::;:.50:-=--::0.:..:. 7~9----=4~. 4<fc=-.;0:..;.:.88~.:;:.:..;2.37 0.32 2. 13 0. 30 6. 0 2:..1_0_. 4_6 
SSA TR-094 0217-87 4.80 10.15 1.14 4.31 0.87 0.78 0.10 0.57 0.11 0.29 0.04 0.28 0.04 4.4 
_H_F ___ T--'R . .c.-_1.c.:25::.:..---'Do..c2::..t..:.7_-...:.8.:....7 ___ 15.4 1.2 5.81 12.37 1.38 5.23 0.88 0.17 0.96 0.09 0.42 0.08 0.25 0.04 0.22 0.03 7.8 ?·_7_0._4~ 



Ta'Jle Al.5 Duplicate and Replicate ICP-MS Analyses 

'rechni~ Run - - - -
5.7 1 18 
6.7 1.21 
8.3 
91 

Hf TR-123 0220- 87 16.9 0.8 40.59 9022 10.46 ~842 657 1.05 5.40 0.60 296 0.58 1.51 025 1.84 0.30 3 .7 
HF TR-125 0220- 87 17.4 0 .8 42.47 95.29 10.68 3895 6.74 1.04 5.58 062 2.98 0 .56 1.65 0.£o 1.94 030 3.4 
Sis SR-28-·- --0~1-:87-- - --- 73.22 1·56:4e ·2o 27-lio 8S 17 29- 249 18.14 3 23 19 94 - 4.f 7 !too -1 561o 69- 1 52 
SIS SR-28 0221-87 83.76 173.95 ::1.01 91.97 19.50 285 20.56 3.62 22.86 4.78 12.44 1.85 12.45 1.77 

11 .9 3:!0 HF--TR.:094 - o26i= s7 _ _____ 57.9- 5-:7 3i45.72.13 ·iss 26:99 - 4:33-- o.26- 2.67 o.33 1.79 o32 o.78 - o.,o-- o.62 o.09 2s. t 

SSA TR-094 0266-87 0 .1 36.29 72.09 7.93 27.41 4.32 0.42 2.79 0 .35 1.76 5.8 12.5 0.7!1 
SSA TR-094 0266-87 0 .335.46 69.69 7762696 4.41 0"~ _ 25~ 0.34 1.74 ---~:8 _ 12. 1_ Q~~ 

032 0.76 0 .25 0.61 0.08 

sls _ __ _ s_R.:.-2a ___ r::i273-8s - -5o37 1o720t323 5Jo5 - 8.36 2. 18 5.36 o .64 3.os 42 

SIS SR- 28 0273-88 54.11 114.39 14.03 55.76 906 238 6.19 0 .71 3.44 
SIS ___ SR-28-- 0278::88 -2903- 7s.39 11-So 56.90 1t 9o 3.35- 909 099 . -S.30 

SIS SR-29 0278-88 29.28 78.46 11 .87 56.33 11 .66 3.25 8.14 1.00 4.76 0.86 1.98 0.24 1.54 025 
SIS SR-28 0278-88 2891 7718 1135 53.18 10.75 3.08 7.95 0.95 4.63 0 .80 1.88 023 1.55 020 
s1s sR=-28- 0280=88------- ---- 3587- 74.s9- 9954o~18-- 6.66 184. T 34 - o:49 2.38 o:39 -o.99- if12 -o~7J - o 12 

SIS SR- 28 0280-88 3629 7602 9.8341 .08 6.65 1.77 4.25 0.47 2.48 0.41 1.01 0.14 0.75 0.12 
HF - - T-R-123 oJ66.:-a]---~2.823.85- 53 .i,-· 681288ssgs-1~96--5~90- 082-4471>.S42.12 - ii28-1:71 ·- o24 ___ 55 
HF TR- 123 0366-87 274 3 .429.90 67 . . , 85436.36 7.72 256 7.66 104 5.68 111 2.61 0.35 2.18 0.32 6.9 
HF TR-123- i<om.::-87 - - 5_9- 2.9 -6~St367 -1~sr · 60l-1 . Ja-0. 191~58 0.32 - 222 o :49- 1.3:'- if 21·--- 1.Si - -o23- 2o.3 
HF TR-122 K028A-87 5.8 3 .1 6.54 1402 1.62 5.97 1.44 025 1.59 0.32 214 048 1 39 022 1.61 0.23 20.3 
HF ---TF~:.t 25-K149A-87 -37 7--7.i36~1o-7n98.ao 3365- 6 .11- 1.55- 5-:53- o 72 ""3 72- 0.70--1 .72- o.2_3 _1:47 - 020-- 9 5 

SIS SR- 28 K149A-87 35.90 73.82 8.8_5 __ 3~-~--_!_1~--!:~- ~ 94 0.73 ! 93 0 z_~ -!.:.~LQc?~ _!:_60 _021 __ _ 

0.31 0.76 0.13 0.61 0.08 
0 .54 1.17 0.14 0.84 0.13 
0.54 1.38 0.15 1.08 0.14 
o92 ·- 2 .2o- o26--i~8i- 0.23 

4.3 
2.3 
2.5 
2.9 
2.4 
23 
3.7 0.87 
4.5 1.11 
8 1 3.53 
8.6 3.53 
7.1 1.75-
6.7 

RS0(1 sigma) 3.1% 9.9% 40'JI. 43% 4.5% 46% 5.1% 6 .2% 60% 4.8% 5.5% 52% 48% 7.3% 49% 4.9% 87% 11% 80'JI. 

SIS 2 
HF 3 

AGI;.:-;- ------ - -39s- 69:12 8~63- 31 .-45:73-1 54- 4 .41 o65-- - 3 6 os91-97o-27- 1.73 o26 s.s 
AGV-1 109 125 36.7 67.8 8 30.7 5.6 182 53 0 .68 3~ _ _QJ3_~_Q_.25 __ 166 025 37 0 60 1.89 

SIS 4 
"iF 5 

BCR- 1 256 5189 6.84 277 6.491 .85 601 1.04 6.22 125 3.72 0.51 326 0 .48 
__ _ l!fR :_!___!_~~-q_~l,U_~~- ~2-~,?~_28 __ 1 _6,!_ 2.03 6 9_ ~ '~-- _6 7 1 4! __ ~~? __ 0 05 3.34 0 5 13.8 

1 Relative Sl8ndard De.•ations {RSOi c:alculalad from duplicate a nd replicate analyses by least-squares regresSion. 
2. Averaga otiS a ;. olyHI of USGS standard AGV-1 by sinter and internal standard {SIS) {G A Jenner. unpublished data) 
3. Average ol6 analyse a of USGS ltandard AGV-1 by HF- HN03 dissolution and standard addition (Jenner alai (1990) 
4 Average of 7 an.wysea of USGS standard BCR- 1 by si,:•er and Internal s1anderd (SIS) (G A Jenner unpublisr.ed data) 
5 Average ol6 analyses of USGS standard AGV - 1 by HF - rlNO.; CI1UOiui10n and standard add ition (.Jenner elal (1990) 
6 A"erage hm1t1 of detection (l00) reported by Jenner et at (1990) 

58 
59 1.7 

I -' 
1:, 



Appendix 2 
Geochemical Data Base 

:::!94 

I. Central Vokanic Belt, Coeval Plutonic Rocks and Metasedimentary Rocks or the 
Yellowknife Supergroup 

Symbols 

I Gondor Plutonic Suite, Gondor Lake Area 
2 Wishbone Plutonic Suite. Jaeger Monzogranite 
3 Wishbone Plutonic Suite, Wishbone Dome Area 
4 Olga Plutonic Suite, Olga Lake 
5 Central Volcanic Belt (" designates intrusive rock) 
6 Tuk Porphyry 
7 Metasedimentary Rock- Turbidite 
8 Metasedimentary Rock- Fe-stone 
9 Epiclastic Volcanic Tuff within YKS Turbidites 

... 



s-.. 0205A- 87 0221-87 ~-87 0215-87 00658-87 0037-89 0038-89 0040-89 0041-89 0227- 89 1(180-89 0226-89 0327- 87 0072A-87 EMling 461700 -462000 461700 462000 458300 587500 587000 585600 585600 485300 478500 488)00 478300 464000 No riling 7210500 7270000 7210500 7270100 72fti700 7231500 7231000 723XIOO 723XIOO 7272000 7276300 7270100 727'9000 7296000 SuM Gondor Gondor Gondor Gondor Gondor Wishbone Wishbone Wishbone Wishbone Wishbon! _ Wishbone __ ~~bone_~shllo_llft ___ <?tv! 
~ 1 -- -,- - - --1---,.. 

1 
___ 2 _____ 2 ___ _ 2 

2 3 3 3 3 4 Si02 75.86 79.95 79.1!; 80.17 n .oo n .39 77.96 77.51 75.39 75.82 78.~ 77.20 78.39 74.99 T02 0 .21 0.08 0.12 0 .08 0 .24 0 .08 0.08 0.04 0.04 0.36 0.08 0.22 0 .32 0.04 AI203 11.72 11 .56 11 .44 11 .25 12.28 12.25 12.23 12.34 13.74 12.86 12.00 1261 11.46 1512 FeO' 4.76 134 2 .49 1.46 2.31 1.28 0.94 1.12 0.84 2.17 1.27 1.13 2.41 0.62 MnO 0.06 0 .03 0 .03 0 .03 003 0.03 0.02 0.02 0.02 0.03 0.02 0 .07 0 .05 0 .04 tl.g() 3.32 0 .70 1.n 0 .41 •. 42 0.11 0.03 0.11 0.13 0.36 0.13 1.38 0.41 0 .14 CeO 0.56 0 .87 0.78 0.8J 1.21 1.00 0 .55 J .72 0.91 1.96 0.78 1.30 1.72 2.31 N.ro 2.34 4.81 3.30 5.25 462 4.00 4.07 3.85 4.~4 4.13 3.64 4.37 4.03 5 .33 1<20 1.16 0.67 1.01 0 .51 1.79 3.84 4.12 4.~1 4.78 2.27 3.76 1.68 1.19 1.40 P205 0.01 0.01 003 0.01 o.r.J 0.03 
LOI 2.15 0.80 1.39 0 .58 0.91 0 .45 0 .48 0 .55 0.47 O.IJ2 0 .42 0 .68 Cr <5 <5 <5 <5 <5 <5 14 < 5 <5 < 5 Ni <3 <3 <3 <3 <3 <3 <3 < 3 <3 <3 Sc <3 <3 <3 3 <3 <3 5 <3 3 < 3 v <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 Cu <3 <3 <3 5 <3 <3 <3 <3 <3 <3 Pb 5 2 Zn 56 14 <9 13 10 ..:9 <9 <9 21 <9 fb 19 12 17 8 43 132 131 37 32 Ca 2.19 
8a 241 197 306 487 591 284 608 604 269 530 
Sr 18 40 30 49 68 20 70 120 485 Ga 20 21 20 16 22 20 14 16 
lJ 13 56 
Nb 27.4 36.2 26.4 36.9 271 287 322 14.1 13.9 19.5 1.2 Zr 328 231 329 257 313 131 102 266 66 y n 131 98 105 84 79 101 140 34 50 1 Th 9.41 9 .71 10.11 12.34 23.24 434 089 u 2.25 3 .03 5 .05 ass 
La 8640 65.!1> 1328 47.5tl 25.Cll 6.61 c. 179.44 150.84 34.33 9820 48.18 1306 Pr 23.73 18.45 501 11.12 554 1 45 
Nd 9488 7332 2282 38.8!5 20.38 524 
Sm 20.11 14.69 e.99 714 4 33 0 82 Eu 2.94 1.80 054 1.00 1.20 0 .18 
Gd 21 21 1483 1252 656 495 0.57 
1b 3 .74 238 2 .38 0.97 1.04 007 ov 2359 14 94 16 70 608 7 . ..0 034 
Ho 493 320 3.70 126 1 80 0 06 
Er ,,_3J an 1143 3 72 535 0 16 
Tm 1.91 1.29 175 056 0 8 1 002 I J 
Yb 1284 869 11 .36 3 62 5 29 0 16 -..c, 

'J • Lu 182 1 31 164 0 52 0 70 0 03 



Slr!llle 007<!!-87 0174-88 0072C-87 0173-88 0171-88 1 0054B-87 0052-87 RJSt-87 0206-87 0237-87 0219-87 0052A-87 0084A-87 Euting 464000 464000 464000 464000 464000;: 463300 463200 <459800 <461900 ·~ <460000 463200 455000 Nol1hing 7296000 7296000 7296000 7296000 7296000( 7.2\.1900 7261800 7200700 7270800 727SOOO 7210800 7261800 72ffiJOO SLile ~~- -~~-_Qig~ ___ Qig~--~·J: CVB CW CVB CVB - - -~VB CVB ~VB CVB Symool 4 4 4 4 4 !1 5" --- 5----s--- - --
5 5 - 5 5 5 Si02 72.52 73.<43 73.51 73.01 76.<43 1' <49.68 50.10 58.81 59.97 60.9<4 67.05 67.65 7820 TI02 0 .36 0 .:3<; 008 11 . .!0 0 .08 ! 1.02 0.66 0 .7<4 0 .98 1.10 057 061 0.26 AI203 1<4.79 1<4.12 15.67 15.64 13.78 17.75 16.01 15.00 17.15 15.87 15 55 16.18 1088 Fe<:l'" 2 .66 2.78 1.05 1.10 0 .71 ! 9 .10 9 .83 7.78 6 .12 7 .08 517 4 28 311 MnO 0 .0<4 0 .0<4 0 .02 0 .03 0 .01 0.16 017 0 13 0 .16 01<4 0 .06 0.08 002 MgO 0 .72 0 .65 0 .<41 0 .<40 0 .13 6 .89 8 .21 4 .38 4 .24 3 .23 2 .19 1.43 1.96 CliO 2.86 2 .78 2 .14 2 .33 2 .09· 11.47 11 .12 7 .50 6 .37 698 1.22 3.7~ 065 Na20 4.69 457 5 .33 5 .82 4 .98· 283 2.64 356 4.11 4 .30 7.13 4.24 4.68 K20 1.24 1.24 177 1.36 1.78 0.86 1.08 1.07 0 .53 014 0 .80 165 020 P205 0 .12 0 .07 0.02 011 0 .01 0.24 0.18 0 .11 0 .37 0.21 0 .25 0 .16 0 .02 LOI 050 0 .53 0 .39 0 .61 0 .48 087 1 16 097 1.09 0 .31 1.86 0 .67 1.22 Cr <5 <5<5 <5 119 17 177 ~7 <5 <5 <5 Ni <3 <3 <3 <3 121 42 90 16 <3 <3 <3 Sc; <3 <3 <3 <3 31 <43 25 26 11 8 3 v 22 7 16 <6 237 254 195 lA~ 51 56 <6 Cu <3 <3 <3 <3 16 <3 <3 6 < 3 Pb 

3 6 3 .. 6 Zn •• 2<4 21 <9 82 8-4 78 87 66 62 29 Fb <43 31 <49 42 32 16 2f: 31 8 0 11 90 3 Cs 
0 .94 0.26 0 .07 023 .. 18 Ba 266 707 505 567 93 53 91 1<4 201 302 30 Sr 28</ 294 536 491 428 329 282 193 161 192 144 235 53 Ga 18 19 21 19 18 15 15 16 15 19 13 u 
9 .30 10.70 26.91 12.45 70.81 Nb 5.0 4.9 1.0 1.5 1.1 6 .7 1.1 12.3 10.0 10.2 13.8 8 .4 160 Zr 235 208 83 89 70 72 35 165 173 222 265 189 338 y 7 6 2 3 3 18 13 36 24 30 29 11 36 Th 5.06 0 .31 0 .40 0 .43 3.06 2 .01 3.21 382 3.24 4.32 u 
0.63 043 0 .66 0 .82 0 .73 La 28.20 3 .49 12.5.1 20.92 21.15 25.36 24.94 30.50 15.83 25.17 Ce 52.64 7.04 29.<ll 51.61 49.61 60.B> &:i.91 ?049 34.75 52.65 Pr 5.55 0.89 3 .98 8.09 6 .33 7.77 6.94 tl48 4.11 7.41 Nd 18.29 3 .64 16.68 39.Z3 26.35 32.11) 28.41 33!>2 16.04 28.99 Sm 2.59 0.78 3 .64 10.08 5.81 6 . o3 5 .79 5 .97 2 .95 605 Eu 0.68 0 .23 1 23 5.17 1.13 1.96 1.66 1.69 0 .94 1.12 Gel 1.97 0 .61 3.29 10.38 6 .28 5 .47 5 .98 532 2.79 5.65 Tb 0 .24 0 .09 0 51 1.67 1.00 o.n 0 .91 0 .74 0 .38 0.87 Dy 1.27 0 .46 3 .20 10.31 6 .33 439 5 .63 3 .80 2 .09 5.33 Ho 0.27 0 .10 0 .67 218 1 35 0 .87 1.18 0 74 0 .43 1.05 Er 0 .68 0 .24 1.76 5.74 3.71 2 .26 3 .24 2.01 1.10 2 .99 Tm 0 .10 003 0 .26 0 .81 0 .55 030 0 .46 0 .31 C.16 0.42 t -J Yb 0 .69 0 .20 1.67 5.53 3.71 201 315 2.20 1.03 2 .70 \() 

0\ lu 0 .12 0 .03 024 082 0 .56 0 .?.9 0 .47 0.33 016 040 



Sllf'lllle 0220--87 1<299-87 K164-88 
Easling 460000 ~ 475400 
Nor1hing 7271300 7210300 7308500 
Suite eve eve eve 
SymbOl----·· -5---5 --- 6 

Si02 78 93 81.63 68.85 
TI02 0. 1 3 0 49 
AI203 11.38 9.76 14.78 
FeO" 1.98 1.53 4.54 
MnO 0.03 0 .02 0 .05 
MgO 2.30 1.59 1 .58 
CeO 1.05 0 .39 4.54

1 
Na20 2 .73 2.10 373t 
K20 1.60 2.85 1 .301 
P205 0.13 
LOI 2 93 1.21 0.64· 
Cr <5 <5 15 
Ni <3 <3 <3t 
Sc <3 <3 12U 
v <6 <6 791! 
~ <3 ~ <~ 
Pb 4 1 !! 
Zn 15 15j; 
~ 32 59 56,, 

~= ~= ~! 284~ 
Sr 53 137 266Ji 
Ga 21 11 18F 
u 18.72 40.65 
Nb 198 22.4 
Zr 267 272 
y 31 42 
Th 6.78 722 
u 1.30 1.77 
La 4528 30 52 
Ce 10112 72.54 
Pr 11~ 859 
Nd 42 17 32.65 
Sm 7.25 5 8l) 
Eu 1.14 0 .90 
Gd 5 99 5 .65 
Th 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 

067 
324 
062 
1 72 
028 
206 
033 

088 
505 
1 13 

332 
051 
3 .80 
059 

0300-89 0269-89 '1271-89 027()-87 02f>8-87 0269-87 R231B-87 R231ll ·-87 R252-87 0177-88 
65"22' 49CIIOO 49CIIOO 4 76b00 4 7 4500 4 7 4500 4 711)()() 4 711)()() 488600 490400 

113'03' 7287000 7287000 /287000 7286200 7286200 7291 000 7291 000 7287000 728660U 
KS-SED YKS-SED YKS-SED YKS-SED YKS-SED YKS- SED YKS- FE YKS-FE YKS-FE YKS-TUFF ... ___ 7 - ---7 --- -,-- ---7 ____ 7 ___ -- -7 ·----8 - --8 . -- - ~~- - -- 9 

5866 61 .97 47.20 73.ffi 60.71 60.40 53.52 42.63 51.19 59.36 
0.81 0.51 2.03 0.62 0.80 0 73 0.50 0.24 2.06 0.43 

20.97 16.90 14.12 14.32 18.83 21.:>9 10.65 1550 12.88 12.11 
9 .09 12.03 13.24 4.81 10.30 7 .82 26.27 27.16 14.88 7.97 
0 .09 0 .07 0 .20 0 .04 0.10 0 .05 0 .04 0 07 0 22 0.14 
4W &~ sn 2~ 4.~ &eo 4~ 2~ 5~ 12~ 
0 .83 1.15 12.72 0.56 0.80 0 .37 2 .67 9 .24 9 .68 4 84 
1.51 0 .91 0 .52 1 76 1.11 0 .73 0 .13 0 .36 245 183 
3 .8..1 2 .74 0 .02 2 .44 2.96 4 .11 1.20 0 18 0 .60 0 18 
0 .13 0 .16 018 006 0 .11 0 .19 0.08 1.98 015 0 .1b 
4.19 3.70 543 1.29 4.94 2.96 -0~ -1.15 0 .27 404 

8 .58 

9.04 
19 .88 
2 .56 

10 21 
2 .32 
0.76 
2.19 
040 
2.71 
0 57 
1 68 
023 
1.61 
0 25 

6.60 

45.81 
58.71 
10.07 
38.73 
685 
1.53 
595 
0 .76 
420 
0 79 
209 
0 28 
169 
0 25 

6 

0 .46 

6712 
15.8 
137 

19 
1.60 
0.34 

15.81 
36.85 
.;eo 

2 1 32 
487 
1.89 
530 
0 .78 
4 .::; 
090 
22:" 
030 
~ 55 
026 

149 188 228 896 
49 18 85 269 
13 29 31 20 

123 239 237 192 
78 3 <3 49 
13 8 7 7 
n 89 66 
80 109 142 

7.94 7 61 1266 
~ 568 810 
183 95 126 
19 21 27 

n .32 73.47 16529 
7.2 83 82 

151 121 117 
14 17 17 

7.61 a 24 8.57 
2.49 2 31 2.32 

2761 419 32CI2 
58 63 9.23 71 16 

6 42 1.00 7 96 
244() 4 06 31 73 
409 116 509 
1 04 041 099 
335 1.71 4 44 
0 39 0 .35 050 
, 9? 2 59 2 43 
0 32 0 59 0 42 
0 .79 1 80 1 04 
0 10 0 27 0 1€ 
0 71 1 B4 , 0€ 
01 2 0<'9 016 

111 

53 

6 .0 
91 
13 

0 .94 

279 

1996 
6 .0 
54 
15 

2.81 
105 

1096 
2485 
301 

1267 
258 
1.34 
2 .54 
0'38 
252 
OSt; 
, 51 
022 
, 57 
0 24 

17 

220 

12 4 
142 
33 

89 
4 

39 
612 

16 

6.6 
159 

19 



2. 

Symbols 

Concession Suite 

I North Eda Lake Area 
2 Concession PI uton 
3 West Fry Inlet Area 

Appendix 2 
Geochemical Data Base 

Syn-Deformation Plutonic Suites 
Concession and Siege Suites 

4 Southern Contwoyto Lake Area 
5 Heckla Bay Area 
o East Yamba Lake Area 
7 Sills South of Southern Diorite 
8 Southern Diorite 
9 Southeeast Concession Pluton 
10 Harp Tonalite 
II Northern margin Woolverine Monzogranite 
12 North of Ghurka Lake 
13 Nose Lake Area 
14 Cumulate Rocks 
15 Lac de Gras Map Sheet 
16 Pointless Batholith, Point Lake 
17 Keskarrah Batholith, Point Lake 

Siege Suite 

18 Siege Tonalite 

~98 



s.mple 016SIB-88 0168- 88 0157-88 0167- 88 01543-87 0150-87 0194-89 A280- 87 0203- 87 0156-87 0155-87 0195- 89 K202-87 D201A - b7 EMling 46'>4<40 460483 459100 460095 463231 467300 460000 46089b 470445 466998 463193 469800 468882 468959 Northing 7212986 7213137 722&400 7214648 72tJ7674 7288500 72tJ7900 7285548 72Bn14 7287872 7286837 7287800 7284609 7286484 Suite 99~!_1! Conce~ ~nee sa ~llC8~ Conca&! ~~~ Concess ~llC-~·~ Co~!S~ Concess !&nee~' ConceM ~~~ ~I'!Ce~a sYiri>o1 1 1 1 1 2 2 
- .. --2 

2 2 - -2 2 - - -2 
2 2 Si02 64.83 6525 65.54 67.10 53.3'5 57.08 58.04 6038 64.72 6485 65(!) 65.07 65.:.l 6533 rm 0.70 0 .61 0 .41 0 .66 0.94 0.82 060 0.58 0 .49 0 .49 0 .40 0.49 037 0 .51 AI203 17.45 16.82 17.15 16.62 16.00 16.56 16.63 16.74 16 .20 15.96 16.09 15.45 15.71 16.13 FeO" 4 .03 4 .20 4 .17 3.50 8.26 7.90 f.lO 5.11 4 .20 4 .33 396 419 4.19 3.97 MnO 0 .05 0 .07 0 .04 0 .05 0.13 0.13 0.10 0 .09 0 .07 0 .07 0 .07 0.08 0.08 0.07 MgO 1.88 2 .17 1.85 1.79 6.38 4.68 4.20 4 .23 3.18 3 .10 2 .92 3.24 2 .86 2 .67 c.o 4.11 3.85 3 .94 3.65 7.67 6.17 5.51 5.35 4 .24 4 .05 4.19 4.29 4.80 4 .20 Na20 4.66 4 .36 4 .81 4 .62 4.32 3.62 4.57 5 .09 4 .40 4 .58 4 72 4.66 4.83 4.89 K20 2.10 2 .40 1.85 1.79 2.33 2.66 3.52 2 .18 2 .33 240 l .43 2.36 1.73 2.03 P205 0.20 027 0.25 0.24 0.61 0.37 0.46 0 .25 0 .16 0 .17 n 15 017 0.14 019 LOI 1.06 0.62 0 .63 054 0 .70 0.75 0.71 0 .69 0 .65 1.01 0 .80 1.09 0 .66 0.73 Cr 27 7 11 113 46 102 95 89 65 91 55 Ni 7 <3 <3 75 14 68 50 39 30 40 32 Sc 10 3 6 24 24 15 11 11 11 11 9 v 107 7P. 81 231 224 123 106 102 94 117 91 Cu 35 <3 <3 54 32 <3 <3 <3 <3 <3 < 3 Pb 7 9 8 9 9 6 10 Zn 84 72 62 97 83 66 56 48 51 61 5€ Ab 165 76 104 62 68 54 52 64 56 32 58 c. 4 .7 10 1 40 2 .5 22 14 55 Ba 221 280 467 1173 1002 1034 1078 1276 1014 1237 975 Sr 536 603 622 1535 1179 1243 1085 1050 10131 1008 1008 Ga 24 27 26 23 23 24 19 20 21 19 2 1 u 749 61 .2 530 438 35.6 3U3 1005 Nb 13.4 13.1 84 6 .6 lj,O 55 5.2 51 4.8 46 6 .3 Zr 182 185 150 143 160 174 163 156 162 157 160 y 20 7 10 22 19 12 10 11 9 10 11 '!": . 4.56 14 6 6 .93 1.93 7 .17 459 6 .40 702 432 5 59 u 0.73 040 1.03 098 1 .~ .. 0 81 226 La 14.15 41 .05 70.80 45.74 3246 30.92 32 9:) 29.36 3101 (',e 3356 8610 15902 102.31 72.32 6C89 66.n 6362 6947 Pr 418 1081 19.71 12.96 866 7 73 802 7.47 8 31 Nd 1809 4321 8282 53.43 ~ -63 2989 3087 29.22 32.83 Sm 426 725 1496 935 6 0".! 4 76 509 507 552 Eu 1.45 135 359 219 124 1 . .21 103 127 1 43 Gd 4 .15 434 1198 6 .41 506 4 20 4 27 4.75 439 Tb 056 056 122 079 051 038 040 041 049 0\- 303 2 .71 565 400 244 200 1 99 223 248 Ho 0 57 047 095 0 .76 0 47 038 037 041 04e Er 136 1.10 2 18 , 92 1.20 090 094 099 1 10 Tm 018 014 0 28 026 0 .15 0 12 0 13 013 01 6 ' " Yb 108 1.04 164 1 76 106 082 0 89 0 63 1 OC:' .c 

L 
lu 0 .15 0 15 024 026 0 15 013 0 14 0 13 0 15 



s.....,.. 0180-89 0161-89 0242-89 0236-89 W176C-88 (}:>C1 ·-88 0273-88 0254-88 02n-88 0282- 88 0258-88 W171-88 0280-88 0200-88 E..ting 527200 511000 513800 516400 542200 548000 S4:fiOO 548100 543100 53\l600 548585 545800 542100 547136 Norlhing 7221700 7245000 7236600 7234400 7240600 7238500 7237400 72:mx> 7244200 7241200 7237091 7235700 7242300 7234496 Suite eonc. .. C<.nceao~ eonc ... Concesa ~ ... Concen ~!.~ Conc;e~ ConceM Concesa ~·.!! «o~!.S Conceas Qonc;esa sy;,ioot ---3 - - 3 - --- -3 -- j 4 - --- ·-4 
4 4 ---. --. 4 4 - - . 4 .. So02 61 .45 61 .64 66.54 67.«1 63.48 64.41 6450 64.94 65.32 66.44 66.81 66.89 68.36 69.88 TI02 0 .74 0 .70 0 .73 0 .51 0 .69 058 0.61 0.69 0.57 057 057 0.57 0.64 0.38 AI203 1622 16.64 15.95 15.63 15.912 16.54 16.25 16.54 16.13 16.48 1604 16.19 17.46 15 57 FeO' 5.75 5.21 3.83 3.69 475 4 47 4.76 4 .27 4 .34 380 4 .01 3 .92 290 MnO 0.09 0 .08 005 0 .06 0 .08 0 .07 0 .07 007 0.08 0 .06 0 .07 0 .05 0.05 0.06 MgO 358 2 .95 2 .33 2 .08 3 .87 2.90 2 .76 267 2.54 2 .13 2 .19 2.30 2.39 1.53 CliO 5.43 3.53 382 364 5.38 4.58 4.05 4.44 4 .78 4.18 323 3.7fl 4.51 245 Na20 3.49 3.74 4.03 4 .09 3 .57 4.03 4.48 3.78 450 4.41 4 .59 3 .95 4.43 4 7:i K20 2 .78 5.00 2.49 2 .73 1.n 2.12 2.18 2.28 1.37 1.72 2 .19 202 1.84 2.23 P205 0 .45 0.50 0 .23 0 .17 0 .49 0.31 0.35 0.30 0 .37 0 .20 0 .29 0 .35 0 .32 0 .24 LOI 0.90 0 .95 0 .84 025 0 .85 0.89 104 0.79 1.15 0 .85 0 .65 0 .64 0 .64 0.81 Cr 26 51 34 43 40 < 5 23 <5 35 <5 Ni 7 17 11 14 8 5 7 <3 10 <3 Sc 9 13 13 13 13 <3 7 4 11 4 v 89 440 107 107 104 41 91 <47 88 167 Cu <3 <3 <3 <3 < 3 7 <3 <3 < 3 18 Pb 

Zn 66 65 71 66 67 60 n 50 65 -46 Fb 56 109 116 86 -46 72 148 179 57 134 Cs 
Ba 757 892 528 732 632 589 326 481 813 688 Sr 1129 981 79-4 896 809 790 650 755 952 569 Qa 24 23 24 23 23 23 23 23 24 21 u 
Nb 58 6.3 6.8 5.6 6 .2 4 .6 10.6 11 .5 40 7.8 Zr 182 187 188 179 178 166 179 181 179 157 y 

21 16 13 15 16 12 15 17 13 14 1h 4.16 3.80 4.34 4 7.88 2 .76 6 .23 2 .50 7.73 u 
La 50.58 47.07 53.39 70.41 54.29 38.41 43.20 Ce 119.63 105.73 113.25 141.87 114.85 80.18 87.61 Pr 15.63 13.65 13.93 17.18 14.45 10 .53 10.73 Nd 67.15 56.39 55.61 65.912 58.24 43.26 41 .15 Sm 12.47 9 .45 890 992 9 .44 7.09 7.09 Eu 3 .28 2 .48 2.33 2.19 2 .19 1.92 138 Gd 8 .21 5.54 5.90 t>.60 585 4.57 4.46 lb 0 .9-4 0 .69 0 .69 0.66 0 .70 0.51 060 Dy 4 .52 3 .37 3.33 3.27 3.33 2.59 269 Ho 0 .78 0 .57 0 .55 0 r.~; 0 .54 0 .43 042 Er 1.91 1.28 130 136 1.32 1.06 0 .99 Tm 0 .24 0 .17 0 .15 0.18 0 .16 013 013 <...,) Yb 1.71 0 .9-4 0 .98 1.11 106 0 .79 0 .76 8 lu 0 .27 0 .14 0 .14 0.15 0 .15 0 .13 010 



s~. W163-88 0237-88 0292-88 V302A-88 0145-88 0142-88 D121A-88 V1128-88 VUl6-88 03348- 87 K104-88 K106-88 0105- 88 K069 - 88 Eeating 548500 502455 475800 515383 502200 501000 490000 497000 497500 42120u 493102 491300 469700 471900 Nor1hing 7241100 73ai268 7301000 7302457 7213800 7216500 7211000 72(9)()() 7210500 7212200 7211462 7212400 7240000 7238500 Suite Conce&! Conceu Po~· .. Cone us ~nee~ Pone•!'! ~ne•S! Cone .. ., ~~~ Coneesa Cone'S! Qo~ss Concess Conceu Symbol 4 - - 5 5 -- ·s 
6 6 6 ---6 

6 --- - 6 
6 6 7 - 7 Si02 70.'Zl 65.80 69.39 72.35 ~~-74 60.96 64.80 67.59 6906 69.12 69.n 71.17 6 194 63.41 TI02 0.40 0.54 0 .49 0 .16 0 .95 0 .69 069 053 0 .53 0 .41 0 .37 032 0 .65 0.53 AI203 15.65 17.25 15.72 15.96 17.26 16.94 17 :IT 16.51 15.911 15.71 15.94 1521 16.56 16 54 FeO" 2.50 3.67 2.62 1.06 7.10 5.18 420 3.50 3 .06 3.11 259 2 .76 5.05 4.39 MnO 0.04 0.07 0 .04 0 .01 0 .11 0 .08 0 .05 0 .03 0 .03 0 .04 0 .03 0 .03 0 .08 0.07 MgO 0.93 1.81 0.91 0 .51 ~ - 34 3.45 2 .02 1.67 1.44 1.44 11 .i 1.18 3.62 3.06 CeO 2.99 2.94 2.55 3 .05 5.71 5.15 3.98 3.55 3.34 292 2 .1>8 2 .55 5.22 384 Ne20 5.21 5.10 4.72 5.96 1.30 4.54 4.50 455 4.f>t> 3.80 4.32 429 4.60 4 74 1(20 1.89 2.88 3.26 0 .90 3.08 2.70 2.08 2.01 1.86 3.27 2n 2 .34 2.01 303 P205 0 .12 0.13 0 .31 0 .04 0 .41 0.31 0.30 0.05 0.17 0.17 020 0 .14 027 0.39 LOI 0 .60 1.19 1.22 0 .58 1.08 0 .70 091 0.82 0.38 082 0 .84 0 .80 0 .50 1.58 Cr <5 36 <5 <5 38 28 10 <. 5 38 5 <5 10 84 Ni <3 7 <3 <3 4 12 <3 <3 <3 <3 <3 <3 30 Sc 5 a <3 <3 21 15 10 6 15 6 <3 4 16 v 43 88 44 <6 173 116 92 74 187 59 49 50 138 Cu <3 7 <3 <3 <3 37 <3 <3 <3 <3 <3 4 Pb 

Zn 43 62 64 15 94 65 70 52 57 51 34 43 72 Rl 61 70 65 19 132 93 n 68 67 73 62 58 73 Cs 1.0 
Sa 302 798 1759 231 987 1181 507 398 390 988 1014 558 993 Sr 552 941 743 572 743 997 745 661 498 633 549 510 951 Ga 20 22 22 21 23 23 24 23 21 20 21 19 25 li 
Nb 5.7 37.6 6 .2 2 .1 8 .7 8.5 7.7 5.3 62 6 .3 46 3.5 95 Zr 149 211 190 88 145 231 151 149 136 141 143 121 190 y 7 12 9 3 22 20 10 5 7 9 8 4 18 Th 2.01 5.60? 6.44 4 .39 1053 5.79 8.26 8 .21 529 8 16 14 39 u 
La 22.59 51 .:J> 4363 3281 69.73 68n 42 06 38.14 3435 5653 62 El; Ce 48.10 105.70 87 70 72.52 147.35 14354 88.90 78.45 68 74 11 7 08 131.04 Pr 585 13.41 10.16 9.16 18.35 1741 10 43 920 7 89 14 27 15 :1) Nd 23.44 53.18 37 70 3868 72.fJ7 68 51 39815 3528 2821 ssn 5864 Sm 4 .04 8 .79 5.99 732 12.70 9&.:\ 611 544 4 .10 961 91 7 Eu 1 13 1.96 124 1.76 303 1.96 124 1.14 0 95 2 41 217 Gd 271 562 3.87 552 6 . .!1:1 5 .21 3.40 310 228 6:SS 613 Th 038 0 .64 0.48 0 .78 1.03 050 0 37 035 0.29 0 81 080 Oy 1.76 2 88 2 2 1 441 484 2 .34 1.67 154 1 23 410 384 Ho 0 .31 050 040 088 087 037 0 25 0 24 0 20 0 .71 071 Er 075 1.16 094 2 21 201 062 060 061 050 188 , f.7 Tm 009 0 .16 011 034 026 008 007 0 06 007 02€ 0 22 

~ 
Vb 051 096 0 79 196 1 75 041 040 036 044 1 59 ~ 5S lu 009 014 0 10 032 026 005 005 0 06 006 0~ 022 



s~. 0108-88 0023-87 0218-87 0127-87 0029--87 K294E-87 ~-87 0172C-87 0173-87 0374-87 0169-87 K149A- 87 0172-87 01&& M EM1ing 469600 459170 460866 -460504 459139 495598 496189 416763 475714 4~10 4711l00 4&1100 4m33 47.w90 Nor!tq 7241500 7261621 7258037 7257922 725&475 7268740 7269671 7283054 7283533 7272089 7284500 7283500 72fl2.7C2 7313409 Suilll eonc. .. Conce .. ~!l!;~~ Conca .. eone. .. Concest Conce .. Conc:eaa G9~·~ Conca" Conceaa Cone~~ Qo_l!C;e_SI Coneeaa Symbol - -- 7 -- - 8 
tl --8 

8 -----9 - --9 --9 
9 - - - 9 --9 

9 9 - Hi Si02 65.02 56.34 58.99 59.43 61 .54 52.56 53.08 59.21 6543 6544 68.10 68.18 69.3) 66.43 TI02 0.61 0 .86 0.73 0 .66 0.58 1.78 1.40 1.65 0 .78 0 .85 0 .70 061 062 0.61 AQ03 16.18 17.96 17.97 16.73 17.8> 18.14 17.66 14.36 1633 1634 1s.n 1572 15.50 14 a; FeO" 4.52 6 .65 5.51 5.89 4.92 9.41 11 .55 11 .61 567 6 .14 4.44 4.27 382 562 MnO 007 0.10 0 .08 0 .10 0.08 0.13 0.20 0 .14 0 .06 0 .10 0 .06 005 005 009 MgO 2.87 4.45 3.66 4 .17 3.34 4n 3.86 1 .82 1.60 2.33 125 1.25 1.08 2 .36 CaO 4.30 6 .30 5 .56 s .n 4.80 7.44 6.88 5 .19 3.51 2 .52 330 288 253 5.09 N~ 4.16 453 4.94 4 .35 4 .80 3.53 3.71 359 4.14 3.51 4 .30 4.06 4.14 370 K20 2.08 2 .32 2 .16 242 2 .09 1.91 1.50 1.58 2.20 269 1.94 2.82 2.82 116 P205 0 .18 0 .48 0 .39 0 .47 027 0.32 0.17 0 .85 0 .28 0.08 0 .15 016 0.14 0 .10 LOI 0 .85 1.04 0 .39 0 .97 1.08 1.52 o.n 0.98 0.73 0.72 0 .41 0.52 Cl.68 1 03 Cr 42 .... 53 40 35 <5 6 102 8 <5 20 Ni 10 31 26 24 16 <3 <3 24 <.3 < 3 19 Sc 12 17 13 15 14 13 8 2~ 9 5 15 v 95 150 145 147 117 41 64 146 73 38 100 Cu <3 43 24 33 
4 Pb 15 6 7 10 Zn 67 92 72 n 66 159 83 60 66 56 56 fb 115 && .;1 69 59 35 35 36 61 69 58 72 69 !10 c. 1.1 2.5 3 .1 1.8 7.8 s. 672 781 911 1100 704 427 706 1010 659 599 170 Sr 610 1129 1128 1144 788 851 513 <t61 423 386 357 341 313 254 Ga 23 23 21 20 17 26 23 18 22 22 21 u 42.0 46.6 30.0 20.3 38.5 Nb 10.6 11.1 9 .2 5 .5 7.7 22.5 13.5 29.2 11.9 13.9 9.6 12.0 9.5 7.4 Zr 166 229 235 150 157 136 124 182 227 217 174 181 155 159 y 18 24 19 21 17 24 43 45 16 29 14 18 19 15 Th 9.99 0.01 7.95 8.31 0 .00 4 .17 0 .14 13.31 7.02 4.41 3.42 u 2.24 0.98 1.79 La 4753 63.36 5'.:b 6344 49.49 37.96 38.29 50.00 36.74 23.89 20.90 Ce 97.44 149.57 11417 14092 106.69 94.00 81.90 94.10 n .37 51 .32 39.o • Pr 11 .53 ~ 8.85 14.50 17.56 12.98 1287 9 .67 1o.n 9 .01 5.33 4.82 Nd 45.51 n.o1 55.73 71.20 51 .28 58.55 3875 40.54 3494 25.27 19.48 Sm 7.81 13.45 9 .36 12.22 8 .93 13.18 7.13 6 .43 6 .26 5.32 3.59 Eu 1.56 263 2.25 3.29 1.61 3.84 1.70 1.57 1.59 109 1.13 Gd 5.14 8.71 6.27 10.40 612 11 .76 !139 3.78 5 .34 4 .67 301 lb 0 .73 1.01 078 1.01 0 .74 1.67 072 0 .47 0 .74 065 0 4~ Oy 3.78 4.91 3.88 4.73 365 9.12 3.68 2 .18 3.90 3.51 2.59 Ho 0 .67 0.86 0 .73 083 0 .68 1.70 0 69 0 .34 0 .74 0 .68 0 .55 Er 1.73 2.14 1.80 1.93 1.80 4.13 1.71 1.04 1.81 1.54 1.38 Tm 0 .23 0.29 0 .46 0 .25 0 .24 0.54 022 014 0.24 0 .20 020 ~ Yb 1.41 1.81 1.64 1.50 157 3.23 132 085 1.56 129 1.25 0 

t.) 
Lu 0.23 028 0.24 0 .25 0 .2!> 0.·.3 018 008 0 .21 020 0 .20 



~· V191-88 0201-88 0183-88 W141A-88 K144-88 V224 - 88 D11G-88 K079-89 V233-89 0014-89 ~89 0281-89 0280--89 D261A -89 Eating 473100 468557 475012 473000 479100 463742 468300 566800 592000 586800 588500 594600 594600 594000 Nol1hing 7317100 7319051 7311856 7312500 7319200 7310903 7233800 7219000 7256500 7235300 72215600 7253200 7253200 7253500 &Iiiii Conceaa Co nee a~ eonc. .. ~!!! ~~~ 9:1~~ 99"'1•&! Concess Concess Coocess Conceae 29~~~ 9Q~~ <&~~ 5Yfi;bot --,0 10 10 10 10 10 11 -- -- -,-2 --12 - - ;-2 - ---,2 13 13 13 Si02 6778 68.41 69.89 71 .73 71 .84 72.40 66.94 64.86 65.00 65.21 70.97 54.80 56.85 57.38 TI02 057 0.62 0.41 0 .36 0.32 0 .44 0.57 0.72 0.71 0 .56 0 .37 1.15 0 .97 0.80 AI203 14.73 15.25 14.89 14.61 14.47 14.7'6 16.48 16.11 15.86 15.93 1 :i.ti2 17.41 17.17 16.89 FeO" 5.04 3 .96 4.18 3 .01 3.26 2.78 3.79 5.22 5.26 4.15 2.06 9.13 7.61 7.36 MnO 0.08 0.08 0 .06 0 .04 0.05 0 .04 0.05 0.09 0.08 0.06 0 .03 0 .14 0 .12 0 12 MgO 2.04 1.69 1.52 0 .96 1.10 0 .83 1.82 276 2.31 2.49 0 .83 4.24 4 .66 4.62 c.o 4.23 4.41 3.59 3.24 2 .71 2.75 3.87 454 4.23 4 .43 2.96 7 .81 7.~ 688 Nl20 3 .98 4.34 423 4 .76 4 .44 4.65 442 3.65 3.31 462 5.27 3.32 313 342 K20 1.41 1.14 1.34 1.21 1.67 1.26 1.84 1.89 3.17 2.31 1.89 1.68 1.97 2 .37 P206 0 .13 0.10 0.09 0 .08 0 .13 0 .09 0 .21 0 .15 0.17 0 .23 0 .10 0 .32 020 0 .15 LOI 1.10 1.07 o.n 0 .62 085 0 .53 0 .09 0.41 0 .55 0 .58 0 .19 0 .82 1.05 0 .50 Cr <5 <5 9 <5 <5 <5 <5 Ni <3 <3 <3 <3 <3 <3 <3 Sc <3 7 7 <3 5 8 v <6 88 79 13 55 18 74 Cu <3 <3 <3 <3 <3 <3 <3 Pb 
Zn 9 46 37 9 35 30 61 Fll 61 45 61 42 60 75 Ca 

1.0 Ba 206 242 3&4 708 307 430 328 Sr 255 327 208 22.7 174 672 
Ge 16 22 21 17 21 21 25 u 
Nb 6.5 8.9 7.7 6 .5 7 .6 6 .7 Zr 159 1n 138 143 116 165 y 12 13 13 9 11 8 Th 5 297 6.95 372 9 572 u 
La 18 34 24.03 25.17 45.81 c. 4095 4527 4706 9285 Pr 513 467 514 10.91 
Nd 21 .23 1657 18.64 41 .21 
Sm 385 279 3 .06 622 Eu 1 36 075 0.71 132 Gd 294 228 203 319 Tb 042 037 0 28 039 Dv 2 .53 206 1.50 1 72 
Ho 051 042 026 0 .26 Er 1.36 106 0 71 069 Tm 019 0 .16 009 008 

~ Vb 121 1 00 063 048 
'#J lu 020 017 0 .08 007 



s~. 00ti28-89 0279--89 0262A-89 1<281-87 01S4A-870151-1-8 0192-89 036S--87 0 151-2- 8 0375C-87 01s.B-87 037~-87 0319-87 0362 87 E..-ng 594500 594500 594500 474000 463231 465744 464500 496338 465744 496437 465623 496437 503)()() 498)59 Nonhing 7252800 7253200 7252800 7286400 7287674 7288179 7287600 7269486 7288179 7273500 7287981 72~ 7256600 7289402 Suite Cone!!! eonc ... eonc. .. ConceM Cor\c_, .. Conceu Co~~ Co!lc·~ 9once._!_a eo~ .. Concesa 9oncess Coneess 92!!£!" syiribol 13 13 13 -- -13 
14 - -14 14 14 14 -----« -- - -14 

14 14 14 Si02 61l.Z1 64.86 67.59 63.91 43.54 4386 44.43 45.90 ~27 47 31 4863 48.75 49.43 5075 TI02 0.69 068 0 .50 0 .63 1.49 1.58 1.47 195 0 .71 0 .87 103 1.48 1.82 0 .90 AI203 17.47 16.06 16.10 19.14 11 .56 11.(19 10.22 16.72 6 .07 9 61 15.53 18.92 1375 13.05 FeO" 6 .81 5.13 4.18 6 .09 13.10 14.02 13.67 1593 12.92 11 .75 11 .10 11 .47 1632 10.00 MnO 0.12 0.08 007 0 .05 020 0 .19 0 .19 0 .18 0.17 0 .19 0 .17 015 0 .20 016 MgO 2.73 2.34 1.87 3.51 1284 14.15 13.216 6 .28 24.13 14.74 7.92 5 .36 520 1120 c.o 5.76 4.08 3.80 0 .92 12.90 11.36 13.44 9.55 8 .23 1383 10 3(; 8 .87 883 11 .59 Na20 3 .88 3.46 355 2.60 1.70 138 153 240 0 .38 1.07 2 .74 3 .33 322 1.64 K20 210 3.13 2.22 3 .05 1.51 185 0.97 0.97 108 057 2 .02 1.36 0 .99 0.65 P205 0.15 0.18 0 .13 0.10 1.18 0 .52 0.82 0.11 0 .04 006 0 .57 0.31 0 .23 006 LOI 0.73 0.63 0.73 3.39 0 .79 0 .75 0 .88 1.28 3.58 1.58 1.14 081 0(4 1.00 Cr 199 226 <5 379 785 118 <5 <5 116 Ni 25 96 <3 233 165 39 <3 29 21 Sc 28 43 38 54 69 39 27 42 53 v 191 434 680 215 434 370 309 519 292 Cu 20 20 106 111 17 12 Pb 11 3 4 
4 2 Zn 73 136 122 92 58 100 89 105 61 Fll 86 22 46 15 46 10 71 31 11 13 c. 3 .6 5 .7 5.3 1.9 0 .5 Ba 984 an 209 132 124 1233 267 92 90 Sr 225 714 145 716 121 213 1388 765 191 497 Ga 20 22 24 9 12 22 22 20 15 u 55.3 57.8 73.4 31.7 6 .2 Nb 7 .4 7 .9 7.0 8.6 24 4.5 2 .9 12.8 6 .8 5.1 Zr 151 128 80 102 40 51 86 105 75 73 y 

16 40 36 17 12 16 23 29 26 15 Th 7.20 3 .25 1.39 0 .55 1.11 1.64 u 2.25 0 .63 033 0 .33 0 .34 La 21 .91 73.31 27.58 4004 2540 11 .40 Ce 49.57 196.35 90.24 96.74 72.44 27.00 Pr 5.67 27.62 1sm 13.216 10.47 350 Nd 22.52 128.58 n .ro 58.31 47.36 15.22 Sm 4.12 24.54 17.42 11 .37 9 .76 325 Eu 1.09 5 .78 3 .96 2 .47 262 1.()1) Gd 380 19.05 13.83 837 881 332 lb t'.48 .' 16 1.64 0 .98 1.15 049 Dv 2.99 9 .80 8 .09 483 6 .57 2 .84 Ho 0 .59 1.67 1.44 0 .88 1.28 058 Er 1.73 3 .64 3 .37 2.02 3 .21 1.56 Tm 0 .24 0 .44 0.4~ 0 .26 0 .43 0 .21 w Yb 1.64 2 .72 2 .55 1.68 2 .68 134 ~ Lu 0 .26 037 0 .34 0 .24 041 019 



~· 0282-89 A325-87 0278--88 0 103-88 01733-87 0123-88 0191 - 89 03340-87 0366-87 0119--88 02018-87 0044 -89 036e- 87 0045-89 E.mg 590000 462900 542900 465900 47~ 493872 464500 421200 496714 492711 46m59 585600 49fl189 585600 Nol1hing 7253100 7249300 7244100 7236100 7282881 7212633 728i')()() 7212200 7200453 7211922 7286481 7234500 7269671 7234500 Suite Conc:e~ Corle:~~ Cone e .. Cone ell! Concess Cone e .. ~~ ~~!I !IS R:~neess ~'-~ ~!1C_!S!I Cone~s.s Cone~~ CQnce~!l Syriibol 14 14 --,. 14 --, .. - -., .. 14 14 14 14 14 14 14 14 Si02 51.75 53.24 53.59 54.56 54.72 55.01 55.13 55.84 56.74 57.40 5752 57.56 58.75 5898 TI02 1.29 0 .87 0 .96 1.08 3 .15 0 .82 0.76 0 .86 2 .14 0 .85 065 072 0.~ 0.67 AI203 1427 17.93 13.11 19.95 14.69 21.74 14.78 21 .51 15 .62 16.47 12 75 15.56 18.97 15.25 F.OO 11.24 7 .89 7 .07 6.81 12.45 5.50 7.62 5.27 10.:!> 6 .59 8 .6' 6 .52 7.35 6 .11 MnO 0.17 0 .14 0.12 0 .08 0 .14 0 .05 0 .12 0 .06 0 .12 0 .09 018 010 0.16 009 MgO 7.14 5 .54 10.81 3 .97 37~ 2.74 6 .15 2.n 3.79 630 7 :..7 5 .46 2.14 5fJ6 c.o 9.45 7 .64 9 .84 6 .57 6 .19 422 7.88 4.73 6 .23 6 .18 781 6 .81 4.91 6 .73 N-"!0 2.37 4.17 2 .89 4 .07 3 .34 5 .93 3 72 5 .45 3 .22 285 3 .49 3 .57 436 3.71 K20 2 .05 1.94 1.21 253 1.26 3 .20 3.39 2 .98 1.60 2 .91 134 300 2 09 2 .46 P205 0 .26 0.64 0 .39 0 .38 0 .33 o.n 044 052 023 0 .35 0 .28 068 0 .32 033 LOI 1.31 0 .76 1.n 0 .93 0 .67 0 .84 0 .64 0.90 0 .67 1.74 0 .74 0 .82 0 .70 1.03 Cr 58 617 46 <.5 < 5 < 5 232 356 12 Ni 36 214 22 <3 4 <3 94 74 <3 ~ 23 35 20 23 13 5 21 30 5 v 200 263 150 255 101 57 156 194 63 Cu 10 5 <3 Pb 5 
6 9 5 Zn 101 75 105 133 103 88 74 138 91 Rb 75 42 76 27 114 108 37 105 33 S4 Cs 3 .1 32 26 1.4 Ba 410 264 888 252 716 603 11(1j 347 626 Sr 1380 601 1321 445 832 872 473 696 690 617 Ga 22 19 30 22 27 19 23 18 19 u 38.4 

25.3 78.8 ?38 Nb 4 .7 57 139 20.4 11 .0 101 14 5 9 .0 70 106 Zr 94 103 329 204 122 87 179 165 110 281 y 20 20 28 30 29 18 24 23 24 9 Th 1 59 2 .70 15.16 272 024 420 860 2.56 165 u 0.87 1.01 2 73 0 b1 La 46.67 3025 8486 25.65 1992 2763 48 48 2L 74 24 06 c. 11326 8118 175.95 60.38 47 41 6229 102 10 7041 67 90 Pr 14.75 1215 2246 821 651 7 89 133'2 11 31 9&4 Nd 654;? 57 79 90.09 35.98 2678 3352 S4 :.1 5479 o~::.n Sm 1193 11 30 15 57 825 6 .06 704 1043 11 61 10~ Eu 4.09 3 .36 3 49 2 .61 1 S9 232 242 298 248 Gd 921 8 74 1050 7 61 545 6 97 7!13 9~6 945 lb 100 102 1 35 1 14 095 095 1 12 1 ~ 140 Dv 4 74 5.10 684 617 5 47 521 585 556 &49 Ho 083 089 1.20 1 17 099 100 1.04 1 04 1 76 Er 1.97 210 293 2 78 27€ 2 43 2 64 2 50 4 81 Tm 0 24 0 25 035 0 37 036 032 035 034 0 68 ·--Vb 152 1.70 2 31 234 218 2 00 2 5!> 2 26 4 E>a c 
' JI Lu 0 2 1 0 .23 032 034 031 029 0 34 0:-.14 0 68 



s.n.,.. 036.E -87 W008-87 0154-88 ~18-88 0219-88 0222-88 V284-88 0310C:-87 0104-88 0119- 87 0217-87 0044-87 0136-88 E.M1ing .96385 4511400 113"3T 113"36' 113"03' 48«100 50:nJO 4681500 471300 469624 465000 465511 Nor1hing 12fl98n 7213800 65'21' 65'21' 65'04' 7256800 7256600 7242900 7256600 7248189 7252900 7244014 Suite Conceaa eonc ... 
~ §:i!9! ~ ~ Siege ~ ~ sv;nbot ---14 

14 15 16 16 17 18 18 18 HI 18 18 18 Si02 59.99 6394 67.72 70.41 72.25 69.33 71 .43 72.34 71 .96 73.01 72.46 74.Q2 7252 T!02 0 .86 0 .69 053 0 .3fl 028 0.40 0.16 0 .08 0.16 .!.04 0 10 008 0.16 AI203 1901 17.59 16.67 14.59 14.51 15.11) 1679 16.84 16.45 15.68 1602 15.53 16.10 FeO" 6.23 4 .41 3 .28 2.76 2.39 3.30 1.06 0 .67 1.22 0 .93 0.93 0.66 1 01 t.1nO 0.09 0 .07 0.04 0 .04 0 .02 0 .06 002 0 .01 002 0 .02 0 .03 0.02 001 MgO 2.25 230 1 .63 1.22 0 .81 1.09 0 .41 0.22 :...41 '136 029 0.22 0.40 c.o 4.39 4.68 3 ... 2 .41 2 .26 3.26 3.15 2 .69 2 .79 2 .34 2 .89 1.94 3.26 N4120 4.53 392 448 3 .70 3 .58 468 6.06 6 .23 5.52 5.41 545 4.98 5.34 1<20 2.40 2 .12 1.99 4.36 l82 2.14 0 .90 087 1 ... 216 1.57 2.43 1.20 P205 0.25 0.27 0 .22 0 .15 0 .09 0 .13 0.02 0 .04 0 .02 0 .05 0 .05 0.12 LOI 0.79 0 .73 0 .90 047 0 .57 0.61 0.54 0 .73 0.54 0 .31 0 .31 0.55 069 Cr 33 7 8 12 <:5 <:5 <5 <:5 <5 <5 <5 < 5 < 5 Ni 12 3 <3 <:3 <3 <3 <3 <3 <3 <3 <3 <3 <3 Se 8 6 7 6 4 6 <3 <3 <3 <3 <3 <3 ... 3 v 117 109 74 39 45 52 <6 <6 13 <6 <6 <6 10 Cu 5 9 <3 <3 <:3 <3 <3 <3 <3 <3 <3 <3 <:3 Pb 
8 Zn 80 85 60 34 15 43 13 15 11 18 11 10 < 9 Fb 63 95 128 108 82 66 27 16 31 . 1 39 63 37 Ca 

1.3 Ba 830 1175 365 1953 1642 409 332 202 674 984 712 ~ 337 St 603 905 696 608 370 345 540 742 512 548 531 469 538 a. 19 21 24 19 18 21 20 19 20 17 16 16 18 u 
15.7 Nb 9.4 5.1 5.3 102 7.0 10.4 2 .3 1.3 1.7 0 .8 ·,_g 2.o4 1.1 Zr 258 171 1o45 171 142 176 86 105 101 83 83 71 88 y 7 11 5 23 10 15 <2 <2 <2 <2 3 3 <2 Th 0 .01 856 2 19.65 42.70 6 .61 0 .41 6 .11 0 .14 0.50 u 
0 .41 Le 21 .'51 57.15 77.11 84.36 .. 21 3.35 3.83 5 .43 2 15 3.10 Ce 43.15 120.02 147.55 149.21 82.07 6.46 6 .71 11 .41 3.71 5.37 Pr 4.84 14.80 17.46 15.31 9 .92 0.68 0 71 1.28 0 .40 0.54 Nd 17.85 58.23 67.26 54.06 38.43 2 ... 2 .58 4 .84 1.52 1.97 Stn 2.75 9.31 11.70 7 .35 6 .42 0.50 0.54 0 .88 0.38 0.35 Eu 1.52 2.07 1.94 1.18 1.56 0.19 0 .17 0 .16 0.1 5 Qd 2.09 5.52 8.21 4.36 4.55 0.33 0 .39 0 .&1 0.36 0.21 lb 0.26 0.59 1.12 0 .53 0 .63 0.04 0 .05 0 .10 0.07 0.03 Dv 145 2.57 6 .03 2 .35 3 .59 0.22 0 .23 l'.50 048 0 .18 Ho ... ~ 0.40 1.04 0 .37 0 .68 005 0 .04 0.10 010 0 .04 Er 085 0.88 2 .55 0 .68 1.88 0 .14 0 .13 0 .28 0.31 0.14 Tm 0 .12 0.10 0.35 0 .10 0 .25 0 .02 0 .02 0.04 0 .05 0 .02 ...... Vb 0.88 061 2 .30 0.48 1.81 0.14 0.14 0 .25 0 .36 0 .13 0 a. Lu 0 .15 0.09 0 .29 0 .08 0 .27 0.03 0 .03 0.04 0.06 0 .02 



3. 

~ymbols 

Contwoyto Suite 

I Heckla Bay Area 
2 East of Yamba Lake 

Appendix 2 
Geochemical Data Base 

Post ·Dcformation Plutonic Suit~s 
Contwoyto and Yamba Suir~s 

3 Contwoyto Monzogranite 
4 North of Ghurka Lake 
5 Olga Lake Area 
b Pellatt Lake Area 
7 Southeast of the Wishbone Dome 

Yamba Suite 

8 Pellatt Monzogranite 
9 Northern Wolverine Monzogranite (Low Y Group) 
10 Wolverine Monzogranite 
II Olga Lake Area 
12 Cordierite-granite, migmatite north of Wolverine 
13 Itchy Lake 
14 Wolverine Monzogranite- Lac de Gras Map Sheet 



~· 0241-88 V252-88 V283-88 V308-88 0295-88 0231-89 K124-88 W059-88 0207--88 0201;;-88 0254- 87 0128A-87 0180-87 0182- 88 Nonhing 508227 529379 527722 515565 518815 50 415 500119 504000 491204 490141 458700 481116 471594 47660() EMling 7307988 '72e9064 7299610 7304169 7306602 7240888 7229426 7223500 7297885 7296320 7312800 7291586 7290901 7311100 Suit. ~t'!! ~~ Comwo~-~rto Comwoyto Contwoyeo ~Co~~ ~~-~ ~l'!O Co'!~Y'o Colltwoyto Cont'MJyto symbol 
1 , 1 1 , 2 2 2 3 3 3 3 3 3 Si02 72.53 71 .83 75.46 74.23 74.01 72.54 73.21 74.03 72.93 7363 7279 7569 71 .61 74 38 TI02 0 .32 0 .24 016 0.12 0 .08 0.41 0 .12 012 0.24 025 024 008 0.36 fl ()8 AI203 15.32 15.73 14.19 14.99 14.82 15.06 15.03 14.74 14 77 14.91 14.84 13.98 15.15 14 69 Fe~ 1.77 1.41 0 .86 0.75 0.85 1.75 0 .99 0.87 2.13 1 51 156 0.40 2 .26 0 .99 MnO 0.04 0 .03 001 0.01 0 .01 0 .02 0 .01 0.01 0 .03 003 002 0 .02 O.C) 0 .01 MgO 0.75 0 .47 0 .29 0.29 0.28 0.58 0 .37 0 .29 0 .67 0 .48 050 007 095 0.27 c.o 1.38 1.86 035 0 .88 0.63 1.81 0 .67 0.72 1.01 0 .88 081 0.63 2.10 0 .83 N.:!O 4 .92 5.58 383 4 .15 4.07 4.09 3.77 386 3.85 405 3.~ 4.59 510 421 K20 2 .92 2 .69 4.69 4.34 4.84 3.66 5 .57 5 .17 4.19 4 .12 5 .64 425 2.31 439 P205 0 .05 0 .16 0.16 0 .24 0.40 0.08 026 0 .19 0 .18 0 .14 0.08 028 0.12 0 .16 LOI 0 .69 0 .51 083 0 .95 0 .87 0.52 0 .68 060 0 .82 1.05 043 0.49 0.43 0 .58 Cr 6 <5 <5 <5 <5 <5 <5 31 <5 <5 < 5 <5 <5 Ni <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 < 3 <3 Sc <3 5 <3 <3 <3 <3 ..:3 8 <3 <3 <3 4 <3 v 28 41 19 11 6 8 13 <6 8 <6 <6 35 11 cu <1 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 Pb 

27 Zn 15 44 29 <9 32 22 15 26 26 27 14 42 13 fb 112 64 182 151 290 191 169 180 194 157 280 92 154 Ca 
3.4 Ba 613 283 946 314 314 476 497 511 349 787 153 571 617 Sr 232 876 87 150 87 119 118 139 107 142 39 311 100 o. 22 21 21 19 26 27 18 23 23 19 17 22 17 u 

44.7 Nb 4.9 3.7 10.1 6.6 4.7 5 .7 6 .8 9 .3 8 .8 124 50 5.5 6 .3 Zr 121 157 72 55 69 76 61 114 81 90 24 146 72. y 6 6 6 8 8 6 6 14 13 14 7 7 7 Th 7.20 6 21 2 .39 6 .22 6 7 .63 5 .97 9 .90 1.04 4.66 7 u 
3.12 Le 21 .67 10.05 12.69 22.29 18.11 18.82 2.63 22.09 c. 37.97 19.77 26.39 48.25 41 .00 3990 600 43.58 Pr 4.43 2 41 3 .44 6.09 4.80 4.bl! 0 .77 4.66 Nd 15.86 9 .20 12.85 2425 18.69 17.10 294 1697 Sm 2 .68 2 .20 2 .82 4.77 4 .08 3 .53 079 2.85 Eu 0.44 055 0 .35 087 0 .69 0 .53 0 .13 0.72 Oct 1.92 1.75 14fl 3 .45 2.86 2.81 0 .66 206 lb 0.25 0 .30 0 .1;; 0 .49 0 .43 0 .32 0.11 023 Oy 1.30 1.38 0 .41 2 41 2 .21 1.48 0.56 1.06 Ho 0.22 0 .16 0 .07 0 .43 0 .40 0 .26 0 .10 019 Er 0.58 0 .38 0.14 1.03 1.03 0.64 0 .29 0.45 Tm 0.07 004 002 0 .12 0 .13 008 004 0.06 w Yb 0.51 0 .18 0 .12 0 .78 097 049 035 0.36 0 

00 
Lu 0.07 0 .03 0 .01 0 .11 0 .11 0 .07 0 .05 0.05 



~· 0190-87 0199-88 0200-88 0202-88 0205--88 0212-88 0213-88 0262-87 0265-87 0266-87 0267- 87 K159-88 K181-88 K193-88 Northing 481320 468929 471411 ~5 465485 484344 482723 455004 463800 465500 466500 475656 470812 480062 Easting 7293045 7303761 7300580 7305869 7293258 7291614 7292598 7302548 7:J01800 7301000 7300300 731Jl343 7300824 7300458 ~---Contwoyt~~yto Contwo~-Contwo~ Co~~-~Y!~ (;o'!~ Contwoyto ~yto Contwoyto Contwo~ ~yto -~yto Co_ntvi!O_Y!!_!_ 
Symbol 3 3 3 3 3 3 3 3 3 3 3 3 3 3 Si02 73.70 72.85 72.SZ 75.16 71 .17 73.:11 73.76 6971 72.71 70.86 7165 74.87 75.25 n .n TI02 0 .20 0.28 0.24 0.04 0 .41 0.20 0.25 0 .44 0.32 0 .32 0.32 008 0 .08 0 .12 AI203 14.90 14.91 15.09 14.40 15.54 14.94 14.32 16.12 15.21 16.03 1532 14.73 14.59 15.50 FeO" 0 .97 1.76 1.51 0 .68 2 .36 148 1.90 2 .09 1.73 2.14 247 0 .51 0 .87 127 MoO 0 .01 0.02 0 .02 0 .01 0 .03 0 .03 0 .03 002 0.02 0 .03 0 .02 0 .01 0 .01 0.02 MgO 0.41 054 0.55 0.33 0.87 0~ 0 .51 1.56 065 0 .90 0 .98 0 .16 0 .26 0 .43 c.o 0.61 1.11 1.30 0 .45 2 .29 1.17 0 .96 3 .22 · •. 27 1.35 1.30 062 0 .58 1.09 Na20 3 .39 4.13 405 3 .69 5 .26 4.16 3 .82 4 .45 ... u; 4.26 4.18 3 .69 4.33 4 .41 K20 5 .43 4.21 4.13 5.13 1.97 3 .97 4 .26 2 .27 3 .87 3.n 362 4.95 389 4 .14 P205 039 0 .18 0 .18 0 .10 0 .10 0 .1 5 0 .19 0 .11 0.12 0 .34 0.13 0.38 0 .15 0416 LOI o.n 0.66 0 .81 0 .90 0 .62 0 .81 0 .78 0 .54 0 .49 0 .57 0 .68 o.n 061 0 .83 Cr 8 5 <5 <5 ,s <5 8 <5 <5 <5 Ni <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 Sc: <3 <3 <3 <3 <3 4 <3 4 <3 <3 <3 v 13 12 34 79 13 19 32 38 <6 <6 9 Cu <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 Pb 

11 28 19 Zn 14 20 18 29 13 27 33 24 30 <9 <9 11 Fb , .. . , 
11<' 143 74 200 200 42 131 92 103 128 78 124 Cs 

4.9 5 .7 4 .6 Be :J.~ 612 489 542 549 375 546 795 692 296 459 411 Sr 81 158 138 372 149 111 425 166 214 199 89 89 124 Ga 21 24 24 24 25 25 22 18 19 16 20 21 u 
48.4 584 47.4 Nb 5 .7 73 80 4 .0 7 .3 8 .5 22 6 .2 7.2 6.7 41 2 .9 50 Zr 79 144 109 1?1 114 103 180 124 156 181 42 6J 97 y 5 10 9 6 10 12 2 6 9 10 11 6 8 1h 8 .00 8 .05 8 .03 6 6 7 4 .32 0 .15 12.26 10.45 6 6 61!1 u 
1.13 332 296 La 1525 24.98 20.75 21 25 2699 35.35 2666 1906 Ce 34.n 4708 41 .:ll 39.22 55.15 71 .87 54.:ll 37 86 Pr 427 6 .06 460 409 596 78~ 5 71 430 Nd 16.75 22.78 16 75 14 68 2066 27.33 19 915 1548 Sm 3 .69 4 .16 301 207 349 4 39 3 .16 2.79 Eu 0 .35 0 .63 050 103 024 035 057 045 Gd 242 2 .60 1.60 163 2 .22 269 255 1.89 ib 023 0 .34 0.24 015 021 034 02€ 0 '27 ~ 067 1.55 1.34 0 .60 093 1.78 126 1 42 Ho 008 025 0 23 010 0 .15 032 0 23 025 Er 016 0 .64 059 0.21 040 077 0 .53 067 Tm 002 007 010 0 .02 006 012 007 0 10 ·~ 0 47 062 0 16 034 0€2 040 063 ...... Yb 014 

~ Lu 002 005 0 11 
003 006 ooa (,:)6 009 



Sample R159C-87 '1195-88 '1200-88 V221 - 88 K195-88 Fm7-89 0114-89 003.3-87 OOJ.!B-87 0057A- 87 005~-87 0081 - 87 0216- 87 K142- 87 Nor1hing 475600 481149 478495 468XlO 479793 584430 579800 457'215 457493 4638E''5 4€-~00 455148 469404 475800 Easting 7291500 7305506 73Q5.405 7316500 7294831 7231809 7ZZ7400 7257894 7258856 7262('t;9 7261:'800 7257707 7261381 72a>OOO Suite 
Contwoyto_ Contwo~ fontwo.i:!O_ Co~~-g_c,~~ -r~~~~ Contwo~_Con~~q Contwoyto ~ntwo_yto f<>l!blloyto fontl\lo.

1
1o _ Contwo~- ~n~yto Symbol 

3 3 3 3 3 4 4 5 5 5 5 5 5 5 Si02 73.00 73.98 73Z7 74-01 74.18 75.79 74.15 73.82 73.45 74.51 76.19 74 58 75.1i 72 90 TI02 0 .29 008 0 .32 0.16 0 .16 0 .12 0 .16 0 12 C.16 0.08 004 0 .12 024 Al203 15.Z3 14.88 14 66 1472 14.86 1407 14.41 14.21 15.22 14.07 14 28 14.92 14.48 14.Sl feO' 2 .18 0 .81 175 1.68 0.96 0 .34 090 1.27 099 1.33 0 .40 077 0 .95 1 72 MnO 0 .03 0 .01 0.02 0 .02 002 0 .01 0 .01 0 .02 0 .02 0 .02 0.02 002 002 002 MgO 0 .84 0 .39 0 .59 0 .47 0.34 0.12 0 .31 0 .41 032 0 .31 0.13 0 .22 023 0 .55 CeO 1.88 0 .97 1.26 1.92 0 .66 0.99 0 .66 1.04 0 .63 079 1.22 0.70 0.88 1.73 Na20 5 .15 422 4.05 4.92 3.60 428 3 .51 3 .51 3 .35 355 5 08 3.99 3.79 424 K20 1.34 4 .49 3.87 2 .06 4.94 4 .35 5 .ti6 5 .34 5 .68 5 .18 2 .60 452 4.30 363 P205 0 .06 0.17 0 .20 0.03 0 .30 0.04 0 .27 0 .21 0 .21 0 .07 0 .01 0 .23 0.04 0 .16 LOI 0 .60 0 .72 0 .70 0 .54 0.9 1 0.52 0 .47 0 .61 0 .67 0.57 0 .23 061 063 037 Cr <5 15 <5 <5 <5 <5 <5 <5 <5 <5 Ni <3 9 <3 <3 <3 <3 <3 <3 <3 <. 3 Sc <3 10 <3 <3 < 3 <3 <3 <3 < 3 < 3 v 30 88 13 <6 <6 <6 <6 < 6 <6 22 Cu <3 12 <3 <3 <3 <3 <3 <3 <3 <3 Pb 14 
42 25 15 Zn 32 55 25 14 36 19 22 20 16 44 R:> 40 100 107 42 166 201 192 162 85 207 191 116 Cs 7 .0 

22 1.9 0 .9 Be 556 278 408 388 519 551 848 260 290 291 838 Sr 268 133 129 204 75 95 104 113 96 74 119 206 Ga 20 19 21 22 20 17 16 18 18 18 21 u 73.8 
24.8 14.7 29.4 Nb 6 .2 3 .3 9 .3 5.3 7.5 14.4 10.3 10.1 5.2 9 .9 13.3 8 .4 lr 153 68 146 113 67 134 69 154 47 41 58 193 y 6 7 13 5 7 17 14 22 11 11 22 7 Th 6 .84 7 14 4 4 .31 3.02 0 .38 65.26 3 .58 493 13.47 13.29 u 1.87 

13 .06 5 .35 2 .36 La 27.11 10.41 6 .83 4626 55.96 4.10 6.22 1342 29.25 Ce 51 .98 2 1.49 13Z7 J3.15 993) 7 .32 12.!'S 26.32 56.8:1 Pr 5.35 2 .92 1.47 10 .32 9 .46 0 .75 1.46 2.99 5.93 Nd 19.08 12.19 5.34 36.54 30.74 2 .56 5.32 10.35 2102 Sm 3.12 2.78 1.30 7 .11 5.73 0 .74 1.47 2 .48 3.13 Eu 0.63 0.24 0 .30 0.14 0 .34 036 0 .19 0 .20 0 .65 Gd 2.57 2.0 1 1.08 4 .67 5 .29 0 .87 1.52 2.28 265 lb 0.25 0 .22 0 .13 0 .65 0 .73 0 .16 0 .28 0 .45 0.24 Dy 1 23 0 .96 0 .72 3.10 3.64 1.01 1.t)2 2.85 1.1 3 Ho 0 .21 0.13 0 .13 0 .52 062 0 .21 0 26 0.57 0.20 Er 0.48 0 .31 0 .37 136 1.47 0 .60 0 6 1 1.46 0.55 Tm 0 .06 0 .04 0 .04 0 .18 0 .19 0 .10 0 .08 0 20 0 07 'J>J Yb 0.31 0 .23 0.28 1.13 1.24 0.70 0 .49 1.27 0 .47 
0 

Lu 0.04 0 .04 0 .04 017 0 .19 0 .11 0 .08 0 18 0 .07 



SIW!lple 0107-89 A359-87 0315-87 0316-87 0350A-87 035a3-87 0051-89 0056-89 0153-89 006o- ts9 0182- 89 0095-88 0338--87 Northing 566586 454400 492900 492800 491422 491425 555561 551286 55~14 508852 52m1 ~3 46!:000 Eaating 7211475 7291200 728>900 728>900 72Eil361 7200361 7231017 7223701 7226569 72<»436 7223583 7231345 7231000 ~~----~"lwc?~() Co~yto Con~yto _9o_!!two~ ~~~yto ~ntwo~o -------~~ba _ Yamba Ywnba Yamba Yamba Y..mba Y.mba Symbol 6 7 7 7 7 7 8 - ··--- 8-- ··-- a ·- -····- ·a--· 
8 9 - - ·-9-Si02 74.00 7Ul3 74.36 7521 73.55 74.14 74.lll 73.16 72lll 72.96 73.90 ~c 55 73.16 TI02 0 .07 0 .20 0.08 0 .04 0.08 0.12 020 0 .16 0 .24 0 .30 0.26 0.04 0 .12 AI203 13.84 15.59 14.65 14.74 15.14 14.73 1383 14.81 14.82 14.85 14.42 1131 14.53 FeO" 130 1.83 087 072 1.17 1.14 1.18 1.03 153 1.91 1 90 035 0.90 MnO 0.02 0.01 0 .01 0 .13 0 .02 0 .03 0 .01 0 .01 002 0 .03 0.02 0.01 0.01 MgO 0.43 0.62 0 .18 0 .10 0.38 0.35 0 .39 035 0 .54 0 .71 0 .71 0.08 0.24 CaO 1.18 1.39 0 .55 0 .24 098 0.89 0.61 0 .67 0 .79 2.01 1.98 0 78 075 Na20 3.58 4.33 3 .89 4.76 3.86 435 332 3.51 3 .49 4.28 4.53 2.86 2.91 K20 4.87 3.91 4 .94 3 .89 4.65 4.13 5 .48 6 .19 5.61 285 2.11 5 .98 7.29 P205 0.10 0.19 0 .47 0 .16 0.17 0.12 0 .20 0 .11 0 .15 0 .10 0.16 004 0.10 LOI 0.33 0 .45 065 0.55 0.46 0.51 0 .53 0 .57 087 0 .42 0.65 0.38 033 Cr <5 <5 <5 16 <5 <5 21 6 <5 9 < 5 <5 Ni <3 <3 ... J <3 <3 <3 <3 <3 <3 <3 <3 <3 Sc <3 3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 v <6 19 <6 <6 <6 < 6 <6 13 9 32 < 6 <6 Cu <3 <3 <3 <3 <3 <3 < 3 <3 <3 <3 <3 Pb 18 21 21 20 21 40 34 15 Zn 34 49 15 <9 27 29 51 22 48 51 <9 9 Ftl 130 143 195 283 219 238 207 125 252 105 157 260 Cs 8 .3 20.4 18.0 

Ba 983 782 417 23 678 547 367 476 596 738 804 1211 Sr 184 211 89 7 141 118 87 100 136 323 115 140 Ga 19 24 15 23 21 19 21 18 23 21 13 16 Li 101.7 1162 167.0 Nb 6 .3 58 62 12.7 11 8 11 .3 6 .6 24 10.7 7.8 20 7.6 Zr 147 179 43 28 97 93 87 119 137 139 26 67 y 4 6 3 1l 7 7 1 6 2 6 6 10 Th 11 1362 339 16.12 1650 13 1512 2843 703 4.64 16.08 u 4 4.45 6 .34 12.42 12 7 .05 3 .05 4 .01 La 34.73 2 .37 26.61 26.34 28.72 32.43 31 .86 42.61 8 .19 2098 Ce 72.16 5 75 5028 49 91 62~ n.42 67 90 809" 1343 36.45 Pr 7.93 0 72 512 5.04 7.53 980 7 75 8 31 1 39 3n Nd 28.74 247 17.52 1662 28.16 37.14 2750 28.14 .. 76 12.72 Sm 4 84 0 .84 3 .01 298 5.18 803 4.42 3.n 106 2~ Eu 0.60 0.01 033 0 43 050 054 088 0'35 0 .34 041 Gd 315 0 81 2 55 266 312 .j 67 287 2.46 066 194 Tb 027 0 21 026 024 0 31 044 028 020 010 026 Dv 1.13 1 47 1 10 1.05 1 47 1 53 1 34 0 .91 058 125 Ho 018 0 .28 017 016 0 23 021 020 016 014 021 Er 041 0 78 o.: .· 036 0 59 Ot>a 050 038 0 36 0 49 Tm 006 0.13 00!> 006 007 006 010 005 o a:. 006 ._. Yb 033 102 035 033 0 41 026 040 0 45 030 032 lu OC5 014 005 001, 006 005 006 009 004 0 05 



s.....,.. V022-88 W001-88 0007A-88 00078-88 0081-88 Rl51E-88 0055-88 0063-88 oon-88 0078A-88 01 17-88 0132- 88 01~- 88 0135-88 Nol1hiog 475882 473404 465159 465159 46noo 464629 476695 471868 472539 47C!l35 488500 474616 469684 470310 Eu~~ng 7236021 7235945 72:Dl07 72:Dl07 7232800 7227342 7225414 7226178 72:D937 723l058 7216000 7218C75 7218016 7218108 Suite Ywnba Ywnba Yamba Ywnba Yamba Yamba Yamba Ywnba Ywnba Y.-nba Y.-nba Yamba '.wnba Yamba symt;0-1 --- - - --· g·- - - -9 - - - g- - - --9 - - - -
9 -- g-----,-o-----io---,-o----,o --- 1o ___ 1c _ __ ___ H> 

10 Si02 74.07 75.'0 73.=-> 69.49 70.16 70.Cli 74.19 75.26 75.12 7429 72 915 72:28 75.65 7429 TI02 0 .24 0 .16 028 0.45 0.24 0 .37 020 0 .24 016 020 02d 0.36 0 .16 024 AI203 13.915 13.50 14.17 15.93 16 .60 15.ES 13.83 1288 13.68 13.111 1368 14 17 13.11 13.82 FeCI' 1.57 1.17 1.59 2 .18 1.82 2 .42 1.49 2 .00 1.07 1.38 2.51 258 1.28 1.68 MnO 0 .02 0 .01 0.02 0.02 0.02 003 0 .02 002 002 0.01 0.02 003 O.Dl 002 MgO 0 .36 0 .29 0.52 0.92 1.01 0.81 0 .31 0 .40 024 0 .30 051 0 .84 0 .33 l\ 16 CaO 1.37 1.17 1.92 2.78 1.32 2.17 0 .87 1 39 108 1.20 1.17 1.30 0 .85 1.14 Na20 340 349 3.53 4.67 321 4 .24 3.15 3 .07 3 .57 3.34 2.76 3.05 296 3 .29 K20 4.94 482 4 .58 3.38 554 4.06 5 .91 4.72 5.00 5.35 6.05 5.35 563 513 P205 0 .07 0 .12 0.09 0.19 0.07 0 .16 0 .03 0 .02 0 .04 0.04 0 .08 004 0 .02 0 .02 LOI 0.44 0 .44 o.n 0.75 0.94 0 .40 0 .42 0 .55 0 .40 0.54 0.79 0.83 0 .75 0 .46 Cr <5 <5 <5 10 29 <5 <5 <5 <5 <5 <5 16 <5 <5 Ni <3 <3 <3 <3 8 <3 <3 <3 <3 <3 <3 <3 <3 <3 Sc <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 < 3 4 <3 <3 v 12 10 30 39 44 43 11 15 8 10 27 42 9 16 Cu <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 Pb 
Zn 17 14 18 43 17 45 11 19 <9 <9 26 34 10 16 Fb 165 109 87 82 108 85 173 165 189 186 198 223 209 185 c. 

1.0 Ba 737 667 1450 1471 2351 871 475 535 465 680 909 786 554 688 Sr 107 131 412 437 457 342 63 74 67 85 101 137 70 80 Ga 18 17 19 22 17 19 16 16 16 18 18 19 15 17 u 
Nb 13.1 4.7 3.4 4.3 4 .9 2.9 12.0 14 9 9.9 10.4 122 18.1 12.7 14 1 Zr 162 127 171 236 141 246 112 175 101 143 302 258 126 176 y 12 10 6 6 8 5 28 15 25 23 23 31 30 18 Th 43 24 15.72 16 7 35.89 18.98 59 27 43.56 85.17 74.84 43 58.98 u 
La 40.88 67.31 1.01 54.58 119.23 107.63 67.12 Ce n.78 13976 1.01 1u3.05 215.41 206.99 128.65 Pr 8.75 15.76 1.01 10.55 22.94 23.17 13.13 Nd 31.58 55.67 1 01 35.87 78.14 79.49 44.00 Sm 4.68 804 1.01 6 .04 11 .49 13.60 726 Eu 0 .77 1.17 1.01 046 0.62 0.96 0 .54 Gd 2 .67 4.09 1.01 4 .48 7.10 9.92 5.54 Tb 0 .25 0.31 1.01 0 .76 087 1.40 0.84 Dy 0 .98 1.08 1.01 425 433 6.92 4.23 Ho 0.15 015 1 01 0 .82 0.74 118 0.72 Er 0 .31 0.34 1.01 2 .11 1 .67 2 .43 1.63 Tm 0 .03 0.05 1.01 0 .27 0 .22 0.~ 0 .18 w Vb 0 .24 0.26 101 1.73 1.411 1.71 1 23 

I..J Lu 0 .03 0.06 1.01 0 .25 0 .20 0 .24 0.18 



Slfll)le 0162-88 0164- 88 D169A-88 0170-88 0335--87 1<094-88 K105-88 K135-88 K226- 88 H028 -88 V035-88 V099-88 VHIZ-88 V12D-88 Nor1t*>g -462193 ~ 460440 465637 480095 487492 49.'3043 467424 481626 4 / 3690 469100 482000 479646 464503 Eating 7219885 7216757 7212986 7211584 7219287 7221967 7212444 7212528 7242087 7221!690 7226600 7221600 7224271 7223581 Suite Y.rnba Y.rnba Y.rnba Y.rnba Y.rnba Yamba Yamba Yamba Yamba Y.mba Y.mba Y.-nba Y.-nba Y.mba Symbol 
1o _ ______ 

10 -- ---;o --1o ___ 1o----,-o ----,o--- ,6 - - ·-ro ____ - ·w-- ·--;-a--1o ___ _ H> ------,0 Si02 75.55 7421 73 1' 75.12 72.14 74.21 69.3) 76.!n 73.07 75.3> 73.66 73.71 75.01 75.55 TI02 0.20 0.28 0.24 0 .16 0.24 0 .20 0 .61 0 .04 0 .37 0.12 025 0.24 0 .20 016 AI203 13.27 13.n 14.01 13.56 14.71 13.79 14.96 13.11 14.33 13.44 13.89 14.11 1362 13.00 FeO" 1.27 1.65 2.11 1.41 2.26 1.64 3 .71 0 .57 1.68 1.18 190 1.54 1.12 1.39 t.4nO 0.01 0 .02 003 0.01 0 .04 0 .03 0 .04 002 0 .01 0.01 0 .01 0 .02 0 .02 MgO 0 .28 0 .39 0 .50 0.36 0 .53 0 .39 088 007 0 .60 0.29 0 .48 0.31 0 .23 050 CaO 0 .86 1.11 1.32 1.28 1.28 1.19 2 .26 1.13 094 098 108 1.12 0 .94 0 .31 Na20 3 .43 3.03 2.99 3.35 3.19 362 3 .01 3 .39 3 .10 3.28 2 97 3.17 3.18 2 .37 K20 5.08 5 .48 5.54 468 5.54 4 .81 4.99 4 .73 5 .n 5.34 5.69 5.71 564 6 .40 P205 0 .05 005 011 0.06 0.07 0 .11 0.24 0 .04 0 .12 015 0.06 008 0.04 0.30 LOI 0 .42 0 .70 0.56 0.40 0.59 055 0 .89 028 0 .73 0.43 049 047 0 .54 0 .87 Cr <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 Ni <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 Se <3 <3 < 3 3 <3 6 <3 <3 <3 <3 < 3 <3 v 7 12 12 18 15 48 6 14 10 20 <6 6 14 Cu <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 Pb 
Zn 11 12 14 23 33 42 <9 23 <9 18 !) 10 10 fb 184 169 239 226 193 150 160 144 169 165 199 216 208 Cs 
Ba 446 785 605 590 704 1433 403 571 507 717 697 717 547 Sr 1)3 100 86 70 111 190 66 131 79 91 82 86 78 Ga 16 16 20 18 19 19 17 17 14 17 20 17 16 u 
Nb 122 19.4 18.5 16.6 14 5 16.4 47 5.9 9.4 12.3 11.6 11 .8 17.5 Zr 124 183 139 206 145 509 51 172 117 200 162 108 164 y 25 13 24 l5 21 22 17 16 17 20 20 20 83 Th 34 59 40 35 50.91 17 54 38 54 60 :.l6 60.-n u 
La 136.65 63.05 Ce 

25973 127.44 Pr 
27.34 13 31 Nd 
91 31 4587 Sm 
13.38 9.53 Eu 
132 0 55 Gd 
815 8 79 Tb 
1.00 1.75 Dy 
489 12 so Ho 
086 303 Er 
195 892 Tm 
024 , C:4 ·-Yb 
1 47 7 '7 -Lu 
020 1 0 7 



s.,..,.. V12S-88 V132-88 V157-88 V168-88 V169-88 W02s-88 W080- 88 0060--88 0238-87 A294-87 K028B-87 K028A-8"/ 0114-87 1<022-88 Norlhing 467606 465602 464700 475000 474589 480095 481141 471871 452505 454427 460021 460021 473300 462705 Eleting 7222396 7219650 7220000 7256000 7208769 7219289 7200641 7223493 7289943 7313219 72Em59 728l3S9 7254000 7228...'>58 Suite Yemba Yemba Yemba Yemba Yemba Yemba Yemba Yem_ba __ Yemba _!em~ _ _!'emb!_ __ _!W!Ib~ _ :r~m_ba __ Mig~lllite_ Symbol 10 io 10--11)"-- 10 10 10 10 11 11 11 11 11 12 Si02 75.85 75.38 73.82 74.56 75.85 75.50 74~ 73.25 74.71 74.56 74Q; 78.32 70.63 75.19 TI02 0 .16 0 .16 0 .29 0.16 0.16 0.20 016 020 0 .16 0.16 0.16 0.04 0.53 008 AI203 13.33 13.61 13.97 13.64 13.36 12.90 13.78 14.63 13.84 14.11 14 44 123) 14.61 13.62 FeO" 0.94 1.UI 1.56 1.53 1.13 1.76 1.50 1.70 1.45 1.25 1.22 0.26 2.82 0 .84 MnO 0 .02 0 .01 0 .02 0.03 0.01 0.02 0 .01 0.03 0.05 0 .01 0.02 0.01 0.02 0 .01 MgO 0 .23 029 0 .34 0 .31 0.19 0.33 0 .31 0 .39 0.32 044 0.33 0.07 0.72 041 c.o 0 .85 0 .71 1.14 0 .78 0.82 1.03 1.15 089 1.12 081 0.65 012 1.50 0.52 Na20 3.06 3 .23 3.22 3 .10 3.47 2.90 3.28 338 3.45 3.61 3.47 3.33 3.03 2 .60 1<20 5.51 5 .39 5.61 5 .86 4.96 5.28 5.00 5.49 4.89 4.93 5.63 5.55 5.89 6 .63 P205 0 .04 0 .04 0 .04 0.04 0.05 0.07 O.l3 0 .04 0.01 0 .13 0.03 0.24 0 .09 LOt 0 .45 0 .75 0 .49 0 .59 0.47 0.60 0 .41 0.65 054 0.48 057 0.41 085 0 .72 Cr <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 Ni <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 '3 <3 Sc; <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 3 <3 <3 v <6 <6 12 12 9 12 <6 15 <8 <6 <6 26 15 Cu <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 < 3 Pb 
28 39 20 36 Zn <9 <9 16 16 20 14 11 14 17 14 31 53 <9 Fb 167 224 234 295 181 201 196 221 198 122 1~ 175 207 137 c. 
29 4.8 3 .0 0 .8 Be 405 490 608 610 501 835 415 658 619 595 654 299 1090 1231S Sr 68 73 81 67 34 68 92 87 82 119 91 67 120 268 Ga 16 19 17 17 18 17 21 18 15 16 17 12 19 14 u 

316 259 5 9 170 Nb 8 .3 14.7 17.3 23.6 12.7 13.5 11.3 21.1 15.1 0.9 11.7 6 .8 12.3 5.6 Zr 108 118 172 124 135 160 139 156 133 133 128 23 408 98 y 22 19 38 50 58 19 16 26 18 27 25 21 18 37 Th 30 37 63 53 34.3) 57 23 41 .44 53.40 2224 41 .19 8.46 120.02 119.79 u 
5.22 15.19 3.56 3.97 La 36.68 52.48 4862 40.QS 40.52 6.54 122.87 126 25 c. 73.8) 103.72 75.53 87.26 82.88 13.96 25094 275.21 Pr 8.12 9 .27 675 9 .56 900 1.61 27.21 31 63 Nd 28.33 30.32 20.70 35.04 31 .90 6.05 95.15 113.03 Sm 6.00 5 .19 3.22 6 .67 6 .48 1.42 14.84 22.83 Eu 0.29 0 .:19 0 .34 0.74 0 .31 0.22 0.95 1.39 Gd 6.28 3.71 2 .88 604 5.22 1.60 1062 19.03 1b 1.29 0.51 0 .41 0 .75 0 .69 0.32 0 .9 7 17.74 Dy 8.85 2.55 2.54 3 70 3.44 2.20 4.05 2.24 Ho 200 0 .43 054 002 0 .62 0.49 0.67 966 Er 5.91 0 .98 1 48 1.47 1.62 1.39 1.51 1.33 Tm 0 .6U 0 .12 0.23 0.19 0 22 0 .22 0.19 2.49 w Yb 6 .06 0 .82 1.61 1.32 1 49 1.57 1.00 OP.· 

~ 
Lu 0.90 0 .12 026 0.18 0.21 0.23 0 16 0 12 



Sample 0224-88 0152-88 0153 88 0155-88 0156--88 
Northing 65"28 Lac de5 Lac des Lac des Lac des EMling 112'28' Gr85 Sheet Gras Sheet Gras Sheet Gr85 Sheet 
Suite Yamba Yamba Yamba Y~WT~ba Yamb.1 
SymbOi 13 14 i4 14 14 
SI02 73.38 75 06 7211 75.00 75.00 
Tt02 032 033 037 0.24 0.24 
Al203 13.95 1385 14n 13.11 13.11 
FeO" 2.20 1.63 1.54 1.59 1 59 MnO 0.05 0.01 002 001 0.01 MgO 050 044 063 047 0.47 CaO 1.46 1 32 1.49 0.67 0.67 Na20 3.30 3 .86 335 286 2.86 K20 4.75 3 .46 565 5.41 5 41 P205 010 004 0 .07 0.05 005 LOI 0 .54 0 .87 080 0.75 0 75 Cr <5 < 5 <5 <5 <5 N1 <3 < 3 <3 <3 <3 Sc <3 ~ 3 <3 <3 <3 v 16 26 20 23 13 Cu < 3 .-c 3 < 3 <3 7 
Pb 
Zn 27 27 17 16 12 Rb 178 67 110 134 193 
Cs 
Ba 993 642 798 878 474 
Sr 137 211 205 250 64 Ga 18 18 16 18 20 L1 
Nb 124 50 54 33 13 7 Zr 211 147 217 183 141 y 16 5 5 8 18 
Th 42 22 91 64 37 19 46 u 
L• 33 65 1645 
Ce 73 46 31 15 
Pr 862 386 
Nd 32 73 15 27 
Sm 6 57 2 84 
Eu 068 129 
Gd .367 , 84 
Tb 031 0 21 o-, 1 10 090 
Ho 0 16 0 15 
Er 032 0 45 
Tn• 004 0 05 

·....-Yb 034 036 

' J • 
lu 0 OS 0 07 



Appendix 2 316 
Geochemical Data Base 
Pre-Yellowknife Supergroup 
Acasta Gneiss 

Sample 0217-88 0214-88 0216:,~8 ~ b~iS'::'a&" 
1 15'36' 11536 115 36' 1 15''36' 
65'25' 65 25 ' 6525' 65'25' 

Aoc•TypEo Pre-YKS Pre-YKS Pre-YKS i-'re- 'fKS 
Si02 4622 75 92 49.29 72il 
~02 3,03 0.08 2.8!'- 0.36 
A/203 1670 1346 12.3) 14.15 
Feo• 14,74 1.05 1850 2.32 
MnO 028 002 033 0.03 
MgO 4,68 0.39 4.68 0.62 
CaO 832 2115 7 79 166 
Na20 2.84 427 1.96 373 
K20 1 85 0.96 1.07 3,75 
P205 0.01 000 0,06 005 
LOI 1.32 C39 1.16 1.06 
Cr <.5 <5 <5 <5 
Ni <3 <3 <3 <~ 
Sc 48 <3 10 <3 v 13 <6 652 23 
Cu <3 <3 68 <3 
Pb 
Zn 88 <9 103 24 
Rb 38 15 13 46 
Cs 
Ba 245 202 341 1747 
Sr 225 331 104 385 
Ga 23 18 23 17 
li 
Nb 5.2 2.5 11 .0 4.5 
Zr 38 104 127 229 y 12 1.5 27 5 
Th 0,68 3 35 1.36 13.29 
u 
La 395 19 75 17,84 89,88 
Ce 862 3021 3922 14762 
Pr 1.13 2,77 4.87 14 07 
Nd 499 8.74 20.81 45.01 
Sm 1.44 1.03 479 503 
Eu 085 0.75 1.53 0,98 
Gd 164 0.68 4.71 266 
Tb 0.28 0.10 084 0.29 
Oy 2.02 0.42 5.52 1.27 
Ho 0,43 0.09 1.19 0,23 
Er 122 0,21 2.96 055 
Tm 016 0.04 0.42 008 
Yb 1.09 0.20 2.84 0.39 
Lu 0.17 005 0.41 0.06 
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Appendix 3 

Nd Isotopic Techniques and Data Presentation 

Chemical separations were carried out in clean laboratory conditions using 

reagents doubly distilled in quartz or two-bottle Tetlon stills at Memorial University. 

Approximately 100-300 mg of sample was dissolved in HF-HNO, in two stages: I) 

initial open beaker dissolution, followed by: 2) 5 days at 220°C in high pressure Tetlnn 

bombs. Fluorides were converted to perchlorates which were than dissolved in HC'L in 

two evaporations. Samples were then taken up in 6N HCI. heated to homogenization 

and split for Nd isotope composition (2/3) and Nd and Sm isotope dilution ( 1' 3) 

analyses. A mixed 150Nd-147Sm spike was mixed with the ID fraction of the solution 

which was then evaporated to dryness. 

Nd and Sm were separated using a three stage ion exchange procedure. The REE 

were initially separated in HCl, using 10 ml of Amberlite CG-120 cation exchange 

resin in 30 em quartz columns. Ba was then separated from the REE in a small HNO, 

column. Nd and Sm were separated in quartz columns using Teflon powder coated 

with di-2-ethylhexyl orthophosphoric acid. Typical procedural blanks for Nd and Sm at 

MUN are less than 200 and 100 picograms (Swinden et al.. 1990). Some samples were 

analyzed by E. Hegner at the Geological Survey of Canada (samples indicated in Tallie 

7.1). Analytical techniques at the G.S.C. are described by Theriault {1990). 

Samples were analyzed in static mode on a Finnigan Mat 261 multi-collector mass 

spectrometer at the G.S.C. in Ottawa. Determinations of LaJolla during the course of 

analyses yielded t4lNd/'44Nd = 0.511862 ± 19 (2 SEM, n =69). The two sigma error 

of the mean for an individual determmation of an unknown sample was always less than 

15 • 1~ on individual ratios; better than the stated external prcr;ision. 

Epsilon Nd Notation 

The notation for Sm-Nd isotopic data used in this thesis follows the notation of DePaolo 

and Wasserburg ( 1976). Initial epsilon Nd values (cNdm> compare the initial 143Nd/144 Nd 

value of a sample to that of the chondritic uniform reservoir. 



where the subscript (I) indicates the tir.1e of formation of the sample. E"Nd<l) were 

calculated using the following reference values for the chondritic reservoir (CHUR): 

147Sm/l""Nd =0.1967; present day 143Nd/144Nd =0.512638. 

The notation fSm'Nd compares the 147Sm/144Nd ratio of a sample to the CHUR value 

(0.1967) . 

fSmtN4 = (147Sm/144Nd~M~~Pie/0.1967]-l. 
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The one sigma uncertainty in the c:Nd<ll values determined from estimated errors in the 

relevant isotopic ratios is considered to be less than 1 ~d unit. A duplicate analyses of 

one sample yielded a one sigma error in the ~d<ll value of± 1.3, slightly higher than the 

error assuming only analytical errors. All the error in this case was in the 147Sm/144Nd 

ratio (Table A3.l) and this may in part be attributable to problems in the splitting 

process. 147Sm/144Nd values determined by ICP-MS for selected samples are shown in 

Table A3.2. The values determined by this method compare favourably with those 

determined by 10 (within 3%) and result in absolute differences in the calculated G;d,0 

values of less than 1.5 units. The <"Nd(l) values for 5 samples were calculated using the 

ICP-MS values. 

Table A3.1 . Duplicate Analyses of Sample D20la-87 

Sample 147Smt'••Nd 147Smf1••Nd 143Nd/'«Nd f Ndfll 

ICP-MS 10-TJMS 

D201a·87 0.1019 0.511118 +2.2 

D201a-87 0 .1073 0.511118 +0.4 

0201a-87 0.1061• +0.8 

• average of 6; o= .0036 



Table A3.2 147Sm/ 1.&.~Nd Determined by ICP-MS Compared to TIMS by ID 

Sample 

0216-8 7 

0072a-87 

0218-37 

0278-87 

,.7Sm!,••Nd 

ICP-MS 

. 1473 

.1434 

.0969 

.0988 

.1010 

.1006 

.1031 

. 1045 

.1307 

.1244 

.1293 

141Sm/1«Nd 
10-TIMS 

.1434 

.0972 

.1045 

.1264 

Rei Diff · 't Ndtll 

+2.7% -1.3 
0.0% 0 .0 
-0 .3% +0.1 
+ 1.6% -0.5 
-3.3% + 1.2 
-3 .7% + 1.4 
·1.3% +0.5 
0.0% 0.0 
+3.4% · 1.5 
·1.5% +0.7 
+2.3% ·1 .0 

Nd Depleted Mantle Model Ages The Nd depleted mantle model age rr.,,..) refers to 

the time at which a sample would have the same eN" value as the contcm?Qraneous 

depleted mantle. The depleted mantle has a WSm/144Nd ratio greater thJ.n the 

chondritic uniform reservoir (CHUR) and evolves to higher <Nd with time. In contrast, 

samples of the continental crust have 147Sm/ 1.&.~Nd ratios less than CHUR and evolve to 

lower ~d values with time. The point in time in the past at which the two evolution 

lines intersect (ie. had the same values) yields the depleted mantle model age. In the 

simplest case this estimates the integrated ave:age time of separation of the Nd and Sm 

in ttte sample from the depleted mantle reservoir (ie. time of crust-mantle 

differentiation). The age cannot be uniquely interpreted as it may reflect a mixture of 

crustal material separated from the mantle at various times (e.g. Arndt and Goldstein, 

19&7). Furthermore, the calculation of TcoM> values assumes that the 141Sm/11 '"1d ratio 

has not been fractionated by crustal processes (e.g. weathering, sedimentation, panial 

melting). TcoM> were calculated assuming a linear evolution for the depleted mantle 

from a CHUR value at earth formation (4.5 Ga) to a present eNd value of+ 10 

(Goldstein and O'Nions, 1984). ToM values were calculated by projecting from tt.~ 

initial t4lNd/'44Nd value of a sample along an evolution line of typical crustal 

t47Sm/'44Nd (0.1100) to intersect the depleted mantle evolution line. This was done 



because the 141Sm/144Nd ratio in some of the granites may have been fractionated by 

high level processes (e.g. pegmatite formation and fluid and mineral fra.ctionation 

processes). 

Appendix 4 

Calculation of Bulk D Values for Batch Partial Melting Models 

and Tables of Kd Values 

320 

In quantitative partial melting modelling one of the most sensitive but L2st 

constrained parameters is the calculation of the Bulk D value for the residual 

assemblage. This is largely owing to the difficulty in predicting individual Kd values 

for, and percentages of residual minerals under varying physical conditions (e.g P, T , 

volatile content, composition). For this reason partial melting models have been tested 

using an inverse method (e.g. Smith et al., 1979). The standard batch equilibrium 

melting equation of Arth ( 197 6) is inverted to solve for D at various degrees of melting 

(F), using reasonable estimates of source compositions and measured liquid 

compositions. This method makes no assumptions about individual Kd values or the 

residual assemblage. This can impose limits on the possible mineralogy of the residual 

assemblage by comparing D values to those calculated from published Kd values and 

experimentally determined mineralogy of the source rocks. It is particularly effective 

for determining the importance of residual phases which strongly fractionate the REE 

(e.g. garnet). The aim of this modelling is not to advocate the details of a specific 

model but to demonstrate permissible or non-permissible source rocks and 

mineralogies. 

In other cases standard forward modelling techniques were ~sed (Arth, 1976) 

utilizing the published Kd values listed in Tables A4.1 to 3. The values were compiled 

by Dr G.A. Jenner from the following sources: Pearce and Norry (1979); Frey et al., 

(1978); Nicholls and Harris (1980); Arth and Hanson (1975); Shimizu (1980); Hanson 

( 1978). Values for accessory mineral phases (apatite, zircon, titanite, allanite) are 



J~l 

based on values given by: Fujima.ki (1986); Luhr et al. (1984) , Brooks et al. (1981) . 

The values used are low relative to some reported values (e.g. Sawka. 1988: Mahood 

and Hildreth, 1984). 

Table A4.1. Panition coefficients (Kd) for basaltic compositions 

Oliv Opx Cpx A mph Garnet Plag 

K 0 .007 0.015 0 .03 0 .6 0.015 0 .17 
Rb 0 .006 0.02 0.05 0.25 0 .02 0 .1 
Ba 0.006 0.013 0.02 0.09 0 .02 0.16 
Sr 0.016 0.016 0.165 0.57 0 .014 1.8 
Th 0.005 0 .005 0.02 0 .54 0 .1 0 .01 
Nb 0.01 0.15 0 .02 08 0 . 1 0 .0 1 
Zr 0 .01 0.03 0.1 0 .5 0.3 0 01 
La 0 .0005 0 .0005 0 .02 0 . 16 0 .001 0.18 
Ce 0.0008 0.0009 0 .04 0.22 0.0033 0.12 
Pr 0.001 0 .0013 0.062 0.31 0 .0075 0 .097 
Nd 0.0013 0 .0019 0 .09 0.42 0 .0184 0 .081 
Srn 0 .0019 0.0028 0 .14 0.75 0 .0823 0 .067 
Eu 0.0019 0.0036 0 .16 0 .8 0.133 0 .34 
Gd 0 .0019 0 .0045 0 .18 0.9 0.18 0 .063 
Oy 0 .0019 0 .0074 0.193 1.0 0 .51 0 .055 
y 0.01 0.02 0.5 1.0 2 .0 0 .025 
Er 0 .0022 0 .013 0.2 1.0 1.6 0 .063 
Yb 0 .004 0 .0286 0.2 0.77 4 .0 0 .067 
Lu 0.0048 0 .038 0.19 0 .66 7.0 0 .06 
Ni 14 4 3 7 0 .8 0 .04 
Cr 2.1 10 8.4 3 0.1 0 .04 

Abbreviations: Oliv "' olivine; OPX = onhopyroxene; CPX := clinopyroxene; Amph ,. 
amphibole; Biot .. biotite; Plag = plagioclase. 



Table A4.2. Partition coefficients (Kd) for Andesitic compositions 

Oliv Opx Cpx A mph Biot Garnet Plag A pat Titan Zircon Allan 

K 0 01 0 .02 0.02 0.33 2.7 
Rb 0.01 0 .02 0 .02 0.05 0 .01 0.01 0 .07 

Ba 0.01 0.02 0 .02 0.09 1 . 1 0 .02 0.16 0.1 

Sr 0.02 0.02 0 .08 0.23 0.08 0.02 1.8 1.8 1 . 
Th 0 .003 0.15 0.13 0.22 0.31 0 .1 0.01 2 17 7 68 

Nb 0 .01 0.35 0.3 1.3 1.0 0 .17 0.025 0.25 142 5 2 
Zr 0 .01 0.08 0 .25 1.4 0.6 0.5 0 .03 

La 0 .008 0.028 0 .25 0.4 0.035 0.28 0 .35 14.5 45 1.14 820 
Ce 0.009 0.038 0.3 0 .51 0.034 0.35 0.24 21 .1 87 1.17 635 
Pr 0.01 0 .048 0.38 0.8 0.033 0.43 0.2 27 120 1.2 550 
Nd 0.01 0.058 0.49 1.2 0.032 0.53 0.17 32.8 152 1.38 463 
Sm 0 .011 0.1 0 .7 2. 0.031 2.66 0.13 46. 204 2.03 205 
Eu 0 .01 0 .079 0.87 1. 7 0.036 1.5 2.11 25.5 181 0.85 81 
Gd 0 .012 0.171 0.96 2.5 0 .03 l:J.S 0 .09 43.9 220 6.41 130 
Oy 0 .014 0.293 1.2 3.5 0 .03 28.6 0 .084 34.8 220 31 .4 65 
y 0.01 0 .45 1.5 2.5 0.03 11 0.06 20. 104 120 8.9 
Er 0 .017 0.46 1.2 2.75 0.034 42.8 0.084 22 .7 210 64.6 20 
Yb 0 .023 0.67 0 .9 2. 0.042 39.9 0.077 15.4 104 128 8 .9 
Lu 0.026 0 .84 0 .8 1. 7 0.046 29.6 0 .062 13.8 92 196 7.7 
Ni 49 8 6 8 20 0 .6 0.04 
Cr 4 .2 13 30 30 12.6 22 0.04 

Abbreviations: Oliv = olivine; OPX = orthopyroxene; CPX = clinopyroxene; Amph = 
amphibole; Biot = biotite; Plag • plagioclase; Apat = Apatite; Titan = titanite; Allan = 
allanite 



Table A4.3 Partition coefficients (Kd) for felsic compositions 

Oliv Opx Cpx A mph Biot Garnet Plag K·spar A pat Titan Zircon Allan 

K o.o· 0 .002 0.037 0 .08 4 0 .01 0.1 1.4 

Rb 0 .01 0 .003 0 .032 0.014 2.24 0.01 0.04 0 .366 

Ba 0 .01 0 .003 0.13 0.04 9.7 0 .02 0.31 6.12 0.1 

Sr 0 .02 0 .085 0.516 0 .22 0.12 0 02 4 .4 9.4 1.8 

Th 0 .003 0.16 0.15 0 .22 0 .31 0 .1 .0001 .0001 2 17 7 68 

Nb 0 .01 0 .5 0.4 4 2 .3 0.01 0 .001 0.001 0.25 142 5 2 

La 0 .008 0.22 0 .32 0 .7 I 28 0 .39 0 .32 0 .05 14.5 45 1.14 820 
Ce 0 .009 o. 15 0.5 1.52 0 .32 0 .62 o.n 0 .04 21 .1 87 1.1 7 635 

Nd 0 .01 0 .22 1 . 11 4.26 0.29 0.63 0 .21 0 .025 32.8 152 1.38 463 

Zr 0 .01 0 .15 0 .3 4 1. 5 1.2 0 .1 0 .001 

Sm 0 .011 0 .27 1.67 7.77 0 .26 2.2 0 .13 0 .018 46 204 2.03 205 

Eu 0 .01 0 .17 1.56 5 .14 0 .24 0 .7 2 .15 1.13 25.5 181 0 85 81 

Gd 0 .012 0.34 1.85 10 0 .28 7 . 7 0 .097 0.011 43 .9 220 6 .41 130 

Oy 0 .014 0 .46 1.93 13 0 .29 20 0 .064 0 .006 34.8 220 31 .4 65 
y 0 .01 0 .8 2 6 1.5 35 0 .1 0 .001 20 104 120 8.9 

Er 0 .017 0 .65 1.66 12 0 .35 35 0 .055 0 .006 22 .7 210 64 .6 20 

Yb 0 .023 0 .86 1.58 8 .4 0 .44 43 0 .049 0 .01 2 15.4 104 128 89 

Lu 0 .026 0.9 1.54 5.5 0 .33 38 0.046 0.006 13.8 92 196 7 7 

Abbreviations: Oliv = olivine; Opx = orthopyroxene; Cpx = clinopyroxene; Amph = 
amphibole; Biot = biotite; Plag = plagioclase; K-spar = alkali feldspar; Apat = Apat•te; 
Titan = titanite; Allan = allanite 
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Appendix S 

Trace Element Normalizing Values 

Normalizing values used for primitive mantle, chondrite and mid-ocean reservoirs 

ar.: given in Table A5 .1. The primitive mantle and MORB values are from data 

compiled by G.A. Jenner (unpublished). The subscript N refers to chondrite normalized 

values. 

Table A5.1 . Normalizing VaJues Used in this Thesis 

Primitive Chondrite MOAB 
Mantle (Taylor and Mclennan, 

1985) 

Rb .55 3.45 1. 12 
Ba 6.27 3.41 14.3 
Th 0 .088 0.0425 .185 
K 267. 854 955 
Nb 0.65 .375 3 .58 
La 0 .63 .367 3.96 
Ce 1.59 .957 11 .97 
Sr 18.9 119 122 
Pr 0.251 .137 
Nd 1.21 . 71 1 10.96 
Zr 9.8 5.54 90 
Sm 0.399 0.231 3 .62 
Eu 0.15 0.087 1 .31 
Gd 0.533 .306 4.78 
Tb 0.0974 0.058 
Ti 1134 654 9000 
Dy 0.661 0.381 5 .98 
y 3.9 2.25 34.2 
Ho 0.148 0.0851 
Er 0.432 0.249 3 .99 
Tm 0.0676 O.OJ56 
Yb 0.442 0.248 3.73 
Lu 0.066 0.0381 0 .56 






