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Abstract

The Contwoyto-Nose Lakes area in the central Slave Province is a Late Archean
granite-greenstone terrain consisting of metavolcanic (Central Volcanic Belt) and
metasedimentary rocks extensively intruded by syn- to post-deformation granitoid rocks.
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 by more than
35m.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 supracrusial

assemblage (van Breemen et al., 1990). These include: 1) homblende diorites of the

Central Volcanic Belt (CVB) Suite; 2) quarntz porphyriuc wrondhjemitic 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 homblende diorite to biotite granodiorite compositions. These rocks define
prominent acromagnetic highs and commonly form composite bodies. In many cases,
plutons are tabular-shaped, with long dimensions parallel to the regional foliation (8,).
Two samples have yielded U-Pb ages of 2608t1 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
U-Pb ages within error of ca. 2582-2585 Ma.

Rocks of the CVB are calc-alkaline and most have trace element characteristics
diagnostc of rocks formed in modern supra-subduction zone settings. The felsic pluionic
suites include low-AlLQ, (Gondor, Wishbone Suites) and high-Al,O, (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

il




settings. They are interpreted to have ‘ormed by low pressure, partial melting of mafic
proioliths leaving a pyroxene- and plagioclase-dominated residue. In contrast, the
high-Al,O, 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-Al,O, 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
Si0, 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 (C2/Yb), 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 Si0,. 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 of potential parental magmas is similar to some high-Mg andesites (HMA;
e.g. sanukitoids, bajaites) derived from melting hydrated enriched peridotite. The
juvenile ¢y, 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 SiO, (68 tc 78 wt%) and peraluminous.
The Yamba Suite is K,0-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. €,,, 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 compositional similarity to granites of hybrid origin suggest

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

crust-derived materials. The negative ¢, values for some of these rocks require that

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

Nd isotopic data from representative rock types along an E-W traverse at 65° N
across the central part of the province rteveal distinctly different characteristics in the
east compared to the west. Supracrustal and plutonic rocks from the east have positive
Evan Values consistent with juvenile sources and formation remote from significantly
older crust. In contrast, samples of post-deformation granites west of 110°30'W have
negative €y, values. The Nd isotopic data for these granitoid rocks reflect the
presence of mixed crustal sources dominated by Mid to Early Archean crust or
derivative sediments. The asymmetric pattern defined 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 crust
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 et a/., 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 modern 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. During the
Phanerozoic and Proterozoic, crust-formation is thought to have dominantly occurred
along convergent continental margins by tectonic accretion of crustal matenal,
metamorphism and syn- 10 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 whi

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 et al., 1976) or were crust-forming processes in the
Late Archean unique to the early history of the Earth? The answer to this question is

fundamental to understanding the Earth’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 constraints on the composition and nature of the
underlying crustal section. Specifically, petrogenetic models of granitoid rocks can be
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; Farmer and DePaolo, 1983, 1984,
Bennett and DePaolo, 1987). The relationship of plutonism to deformational and
metamorphic events, and changes in pluton chemistry with time reflect changes in the
compositional or thermal structure of the crust and upper mantle in response to tectonic

processes. This, in turn, imposes constraints on the roles of processes such as lateral




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

magmatc 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.

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 information is particularly relevant because it may be used to address the
contrasting hypotheses currently proposed for the tectonic development of the province:
1) ensialic rifuing (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 particular,
the identifica'ion of distinct lower crustal blocks analogous to those observed in modemn
accretionary n:argins (Farmer 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 reports the results of an integrated field, geochemical and isotopic study
of granitoid rocks generated during the major Late Archean crust forming event in the
central Slave Province. The purpose of the study is 1o document and evaluate the nature
and evolution of granitoid magmatism leading to stabilization of crust, and to use this
information to examine broader tectonic questions concerning the evolution of the
province. The study area, within the Contwoyto Lake-Nosec 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




3
evidence for older rocks in the east. Additional sampling. to the east and west of the area
of detailed study, completes a transect of the province. This transect crosses a proposed
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, 1989:;
Figure 1.3). 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:

1) Characterize the intrusive rocks within the central pan of the Slave Province in terns
of their field relationships, petrography, geochemistry and Neodymium (Nd) isotopic
composition.

Use whole-rock major, trace and rare earth 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.

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

of the central Slave Province, and test the ensialic rift and accretionary tectonic
models.

1.3 Organization of the Thesis

The thesis consists of four pans.

Chapters 2 and 3 establish the geological framework upon which the geochemical
studies 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 ficld work was done in
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conjunction with a regional mapping project of Dr. Janet King (Geological Survey

of Canada). The author spent a total of nine months mapping in collaboration with
Dr. King.

Chapters 4 through 6 present the geochemical data, each chapter corresponding 1o 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 discussed.

Chapter 7 presents the results of a Nd isotopic tracer study undertaken to test the
proposed tectonic models for the development of the province,

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 preparation procedures, analytical techniques and
states 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
cocfficients 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 S.




N
\
O
'Il(
i
-
-~

.

\
Wy
]
. |
(17

)

&

.....

7N

Jrit

66°

------

-----
.....
.....

0
52¢ [ = = ]
Yellowknite Supergroup
Metasedimentary
E= Metavolcanic
- Gneissic Rocks (in part
. , . (D pre—YeIlowknife( St?pergroup)
nr 1158° 113° 111°

Figure 1.1. Simplified geological map of the Slave Province showing four principal
lithological units (after Hoffman, 1989). Location map in inset.



4 Ensiaiic Rifing

b Continent-continent coltision

C Continent-island arc collision

Figure 1.2.Schematic representation of crustal sections predicted by different tectonic
models proposed for the evolution of the Slave Province. The ca. 2630-2580 granitoid
rocks are not shown.

105°W

W11 q15e
N88 S w

13 111 1090 0T
A R

N
Contwoyto-Nose W
Lakes map area

/
oz

Contwoyto
Terrane

%

649 Vi
A\
A

SE] NS <
.- - Terrane
RN S e N E
Vi L
N
‘ /

M Yellowknife

Location of rocks
in part > 2.8 Ga

W.1II17' 115°
Figure 1.3. Location of the Contwoyto-Nose Lakes study area (NTS 76E and southwest
quadrant of 76F)(cross hatched field). Anton and Contwoyto Terranes and terrane
boundary are shown as proposed by Kusky (1989, 1991). SDC = Sleepy Dragon

Complex.



Chapter 2

Geology of the Slave Province

2.1 Introduction

The Slave Structural Province is an Archean (2.7 - 2.5 Ga) granite-greenstone
terrane which occupies an area of 190,000 km? in the northwestern Canadian Shicld
(Figure 1.1). The province is bounded to the east by the Thelon Tectonic Zone (T17)
and to the west, the Wopmay Orogen, both early Proterozoic orogenic belts (Hoftman,
1989).

2.2 Regional Geology

The geology of the Slave Province (Figure 1.1) is typical of Archean
granite-greenstone terranes (e.g. Condie, 1981) and consists of sedimentary (generally
turbiditic) and volcanic sequences intruded by granitoid rocks. Recent summarics of
various aspects of the geology of the Slave Province have been presented by Henderson
(1985), Fyson and Helmstaedt (1988), Hoffman (1989), Thompson (1978) and
Padgham (1981, 1985). The province can be broadly subdivided into three geological
groups: 1) syn- to post-deformation granitoid rocks; 2) supracrustal rocks
(metasedimentary, metavolcanic and syn-volcanic plutons) included in the Yellowknife
Supergroup (YKS); and 3) pre-Yellowknife Supergroup rocks.

2,2.1 Post-Yellowknife Supergroup Granitoid Rocks

Approximately 50% of the province is composed of lLate 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, 1988:
van Breemen er al., 1987a, b; 1990; Henderson et al., 1987). Field characteristics
(King et al., 1988, 1989, 1990; Hill and Frith, 1982: Henderson, 1985), in conjunction
with detailed geochemistry (Davis er al., 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 homblende 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 Yellowknife 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 Lambert, 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 er al., 1988;
Isachsen er al., 1990; Henderson et al., 1987; Frith and Loveridge, 1982; van Breemen
er al., 1987a; MacFie er al., 1990). There ate insufficient, detailed studies of
individual volcanic belts to document regional age variations within the province.
Mortensen ef al., (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
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 minor fraction from an older ( > 1.0 Ga)
componznt (Shirer and Allegre, 1982). The turbidites could have been deposited at any
time between the age of associated volcanic rocks and the time of deformation and

plutonism.

The supracrustal rocks are deformed by multiple sets of isoclinal folds. cleavages
and faults that have been re-folded by regional, open cross-folds (Relt, 1989; 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 facies
(Thompson, 1978; 1989). The age of metamorphism is not precisely constrained.
Monazite in a pre-Yellowknife Supergroup gneiss ( 2989 Ma, U-Pb zircon) has been
dated at 2600 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 Morterisen, 1991).

2.2.3 Pre-Yellowknife Supergroup Rocks

Exposures of Mid to Early Archean rocks, pre-dating the YKS, are so far
restricted to the western margin (west of approximately 112°30' W) of the provingce
(Figure 1.1; Baragar and McGlynn, 1974; Hoffman, 1989). The rocks consist of
banded amphibolitic-tonalitic gneisses, tonalitic gneisses, and massive tonalites to
granites (Davidson, 1972; Easton, 1985; Henderson, 1985). Geochronologic studics
have identified a range of ages between 2840 and 3960 Ma (Figure 2. 1; Krogh and
Gibbons, 1978; Nikic er al., 1980; Henderson er al., 1982, 1987: Chamberlain e al.,
1984; Frith er al., 1986; Bowring er al., 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. Inaddition, their relationship to the overlying YKS rocks is not clearly

cstablished. 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

1) 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.
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.

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
(Shirer and Allegre, 1982).

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 evoiution 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 er al., 1968; Hoffman, 1986; Fyscn and Helmstaedt,
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 insufficient to

unambiguously distinguish between the models. Basement/cover unconformitics, the
underpinnings of rift models. are in contention. Structural elements generally
associated with tectonic accretion, ie. melanges, ophiolites and major thrust taults, have

been proposed. but are also not well documented (Helmstaedt er u/f., 1986; Kusky,
1989a,b: King er ul., 1989b).
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Figure 2.1. A) Frequency diagram of published U-Pb zircon and monazite ages trom
the Slave Province (sources of data: van Breemen et al., 1987a, b; 1990, Bowring
quoted in Padgham, 1985; Culshaw and van Breemen, 1990; Lambert 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; Mortensen et al., 1988; Bowring et al., 1990a, b; Mortensen pers

comm. 1991). B) Interpreted timing of geological events in the Slave Province based on
the U-Pb geochronology.
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Chapter 3
Regional Geology and Description of Plutonic Suites in the

Contwoyto-Nose Lakes Area

3.1 Introduction

The objectives of this Chapter are to: 1) summarize the regional geology of the
Contwoyto-Nose Lakes area, central Slave Province, with particular 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 et al., 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 support of the field studies was done by Dr. O. 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 portion of the area
(Bostock (1980) and 1:50,000 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




13
supracrustal rocks at Contwoyto Lake. Preliminary results of 1:100,000 scale mapping of
the area (Figure 3.1) supporting the current study are reported in (King er al., 1988:
1989a; 1990).

3.2.2 Geological Overview of the Area

The geology of the Contwoyto-Nose Lakes area consists of an older
tectono-stratigraphic assemblage of deformed and metamorphosed volcanic, plutonic and
sedimentary rocks (Yellowknife Supergroup) which has been extensively intruded by 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 cxposed 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.

3.2.3 The Older Tectono-Stratigraphic Assemblage

Yellowknife Supergroup Rocks

The Yellowknife Supergroup within the area consists of metavolcanic rocks and
two formations of metasedimentary rocks (Contwoyto Fm. and Itchen Fm.: Bostock,
1980) belonging to the Cogead Group (Henderson, 1988). For reasons described below, a
number of plutonic rocks are also considered part of this older assemblage.

The metavolcanic rocks principally outcrop within an elongate zone in the
centre-west of the map area, termed the Central Volcanic Belt (CVB; Bostock, 1980).

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

proportion 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
proportion of epiclastic rocks (King e al., 1988). The internal stratigraphy of the belt has
not been mapped in detail.




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 er al., 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 er al. (1988;
1989a) also suggested that the Iichen formation is generally thicker bedded (0.1 to 1 m)
than the Contwoyto Formation. Stratigraphic 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:

D1 pre-thermal-peak isoclinal folding (F1), faulting and development of penetrative
axial planer cleavage (S1).

D2 syn-thermal-peak isoclinal folding (F2), development of an axial planar cleavage
(S;) and limb-parallel faulting. The S, surface generally transposes S! and is
typically the dominant tectonic fabric throughout the map area.
post-thermal-peak open folding (F3) and crenulation cleavage development.
These structures are domainal with axial traces oriented NE or NW.
brittle-plastic strike slip faulting along dominantdy NE structures. These faults
cut all Archean lithologies and may be associated with Proterozoic deformation

(King ez al., 1989a).




3.2.5 Metamorphic History

Metamorphic grade ranges from sub-biotite (lower greenschist facies) to
sillimanite/partial melt (upper amphibolite facies). Most of the area is above the
sillimanite isograd (Figure 3.1). Textural relationships indicate that peak metamorphic
mineral growth post-dates S, and is synchronous with S, (Relf, 1989).
Pressure-temperature estimates range from 2 to 6 kbar and 400° to 700°C ¢ Relf, 199Q);
Wingate, 1990). High temperature/low pressure metamorphism is typical of the Slave
Province in general (Thompson, 1978; 1989).

Metamorphic grade does not increase in spatial association with individual plutons,
however plutonic rocks generally outcrop in those areas above the sillimanite isograd.
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 assemblage. Usage of the term
Suite, in conformity with the recommendations of the North American Stratigraphic code
(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 chart form in Figure 3.4, mutual cross-cutting relations and their
relationship to the regional deformation structures. The methodology for subdivision is

outlined in Figure 3.3.

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

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

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

which were subsequently supported by thin section observations and mesonorm

calculatons.
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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 deformation event (D2).

Plutons are considered to predate deformation if their metamorphic grade and extent
of recrystallization are similar to th=ir host rocks, they contain the regional deformation
fabrics (ie. S,), and they do not truncate or contain xenoliths with tectonic fabrics not
found in the pluton.

Syn-deformation intrusion is difficult to precisely constrain, however in this study,
syn-deformation 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 S, surface. These plutons have undergone variable amounts of
recrystallization but are significantly less recrystallized than the pre-deformation plutons.

Post-deformation intrusions cross-cut regional deformation structures, are generally
not foliated, contain foliated xenoliths, overprint syn-deformation metamorphic
assembiages, and have a granitic texture.

It is important to note that all of the plutonic rocks have been subjected to some
deformation. At least some of the post-deformation plutons have been affected by the D,
event and locally are folded and may contain weak foliation surfaces. The nomenclature
(ie. pre-, syn-, post-) used in this thesis refers specifically to the D,, peak metamorphic
deformation event as defined by King et al. (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 U-Pb Geochronology
U-Pb geochronology in support of the field work was done by O. 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 determined for the Pluionic Suites
(from van Breemen et al., 1990).

Plutonic Suite Sample Rock Type Age (Ma)
Gondor D221-87 Q-P Porphyry 2660.4 +0.9/-0.5
Olga D072a-87 Bt Tonalite 2650 £5°
D072a-87 Bt Tonalite 2649 127
Siege D217-87 Bt Tonalite 2605-2616°
Concession D218-87 Hb-Bt qtz Diorite 2608 £1°
D110-88 Bt Tonalite 2608 +5/-3'
Yamba D0O78a-87 Bt Monzogranite 2582 4™
Contwoyto D216-87 Bt-Mu Monzogranite 258515"
K193-88 Bt-Mu Monzogranite 2581 +9/-5"
K308-87 Pegmatite 2584 4"
errors quoted are 2 sigma

z - age determined on zircon
m - age determined on monazite

The principal subdivision of plutonic rocks into two groupings (Figure 3.3) based
on the extent of recrystallization and relationship to regional deformation is supported by
the geochronologic data. Plutonic rocks that have been extensively recrystallized are
older than 2650 Ma; in conirast, weakly or non-recrystallized plutonic rocks are younger

than 2616 Ma. Thus, the subdivision corresponds 1o 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 (Mortensen 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
determined from volcanic rocks and coeval plutonic rocks from elsewhere in the Slave
Province (Figure 2.1).

The subdivision of the younger plutonic rocks into syn- and post- deformation
suites is also supported by the available age dating. Samples of plutonic rocks considered
to be syn-deformation (ie. the Concession and Siege Suites) range in age from 2608 to a
maximum of 2616 Ma. In contrast, samples (n=4) of post-deformation 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-deformation 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-deformation suites is not apparent (van Breemen et al.,
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

J.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) horblende 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.
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Based on their similar metamorphic mineral assem blage, 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 at 266712 Ma (Mortensen et al., 1988).

3.4.2 Gondor Plutonic Suite

The Gondor Suite comprises quartz-plagiociase porphyritic rocks concentrated in
the southwest portion of the CVB, where they intrude the structurally lower portions of
the volcanic belt (Figure 3.1).

Lithology

These rocks are all porphyritic and consist of variable proportions of rounded 1o
cuhedral quantz and plagioclase phenocrysts (1-4 mm) within a fine grained siliceous
granophyric matrix (Figure 3.6a, b). Quartz phenocrysts are distinctly blue coloured. The
fine grained matrix makes mineralogical classification difficult, but the rocks are
dominantly tonalite on the basis of mesonorm 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 Contacts and Age

Rocks of this suite make up an extensive dyke and sill network (<Im to 10 m)
within the southwestern part of the CVB. Individual bodies range in width from less than
1 m to 10’s of m and are continuous along strike . The dykes are concentrated around
and extend out from the western and northern margins of a larger body of porphyry,
termed the Gondor Porphyry on Figure 3.1. Because of very psT 22posure in the area,
the form and internal character 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. Lewisporte, Bay of Islands; Malpas, 1979) and may

imply high volatile contents at the time of intrusion.

The penetratively deformed nature of the suite and its close spatial association with
the volcanic belt suggest that the suite is predeformation and temporally related to the
volcanic rocks. The U-Pb zircon age of 2660+1 Ma determined from one sample,
intruding the basal part of the volcanic belt is 7 m.y. younger than that determined for the

adjacent felsic volcanic rocks (van Breemen et al., 1990; Mortensen er al., 1988).
3.4.3 Wishbone Plutonic Suite

The Wishbone Plutonic Suite comprises massive to foliated, red weathering tonalite
to granodiorite and monzogranite. Rocks of this suite principally outcrop in three areas:
within the core of the Wishbone dome (Figure 3.1); as smaller bodies west of Contwoyto
Lake and in the eastern part 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 wffs 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 monzogranite. A typical weathered outcrop surface is shown in Figure 3.8.
The rocks consist of anhedral plagioclase (50%), quanz (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, wel! foliated and locally contain distinctive polycrystalline quartz
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aggregates and magnetite porphyroblasts (2-5 mm). The foliation surface is defined by
alignment of biotite and the flattened shape of quanz and plagioclase grains. Locally the

rock has a lineation defined by elongate quartz grains.

The Jacger Monzogranite (Figure 3.1) is distinctly more potassic than most bodies
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 deformation, the relationships between the phases are
not clear. The potassic veining is, however, predeformation and not related to younger
putassic plutonism. The more potassic composition of the Jaeger Monzogranite 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 unconstrained. 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 form of
individual bodies is thus unknown. The present shape of the Wishbone Dome is
considered to be the result of post-emplacement deformation rather than a primary
bulbous form (King et al., 1989a).

The poor exposures of this suite provide little information concerning the nature of
contacts with host rocks. In all cases where contacts are observed, the host rock is
volcanic. Small, (<1 m) to km-scale, angular xenoliths of orthogneiss, most likely
correlative with volcanic rocks, commonly occur within the plutons. They are
particularly abundant in the Jaeger Monzogranite (King et al., 1990). Inthe Wishbone
Dome, a large area of intermediate volcanic rock occurs within the core of the body,
however it cannot be determined if this is a large xenolith or a downfolded roof pendant

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

occurred during inirusion.
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The granitoids along the north-eastern 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. Itis possible that this part 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
deformation and metamorphism.

1) All samples are extensively recrystallized, retaining few primary igneous textures.
2) The foliation in the rocks is generally concordant with the regional S, 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 massive to gneissic, grey to white weathering,
medium grained biotite quartz diorite to tonalite. This unit constitues less than 1% of the
arca mapped and is largely restricted to the core of a structural dome centred on Olga
Lake in the center-west of the map sheet (Figure 3.1; King ez 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 :his unit as recrystallized felsic volcanic tuffs.
Felsic tuffs are acommon host rock at Olga Lake, however these rocks are reinterpreted
here to be intrusive. Evidence in support of this interpretation is: 1) compositionally
similar rocks occur as sills intruding the volcanic rocks (Figure 3.9); 2) individual layers
are compositionally homogeneous at a scale of cm 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
quartz diorite. Rocks are equigranular, consisting of anhedral interlocking crystals of
plagioclase and quartz (0.5-1 mm), with rare interstitial microcline (<10%) and subhedral

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 intrusion of sills: and 2)
subsequent deformation and foliation development. Compositional layering is present at
the 10 cm to 1 m scale. Differences between the different phases reflect varying

proportions of biotite and quartz.
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 1=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 ov.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 cm or less, but thicker layers of 1 to 3 m are also present.

Layered mafic/felsic orthogneiss, similar torocks found within the contact zone
described above, occur as xenoliths within younger plutonic rocks in the eastem part of
the map area (King er al., 1990). Formation 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 deformation of the Olga Suite and metavolcanic
rocks argues that both experienced the regional deformation and metamorphic events.
The suite is constrained to be pre-deformation. Two samples of this suite have been dated

atca. 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 3.11a 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 3.11b). 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).
Hornblendite

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 orthopyroxene indicate that amphibole, in part, replaces

orthopyroxene. One sample contains 30-50% euhedral prismatic orthopyroxene grains
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(enstatite; 2V=50°"; +ve) some of which are contained within oikocrysts of pale brown
amphibole. Amphibole both overgrows and replaces orthopyroxene. 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, quartz,
amphibole, biotite and microcline. The rocks are generally equigranular and medium
grained, although porphyritic (homblende and plagioclase) varieties do occur (Figure
3.13). Plagioclase (andesine to oligoclase) cccurs as subhedral to anhedral prismatic
grains. Zoning is not prominent. 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 proportion of biotite increasing
with increasing quartz content. The amount of biotite is secondarily related to the extent
of deformation. Hornblende occurs as pale to dark 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 mineral in rocks
of granodiorite composition.

The rocks contain a large number of accessory minerals, including apatite, zircon,
titanite, allanite, cpidote and oxides. Allanite is a characteristic trace mineral, forming
large, cuhedral metamict 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 also 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
cpidote stability field (5-8 kb; Liou, 1973; Zen and Hammerstrom, 1984).

Rocks have variably developed foliations, ranging from strongly foliated and

recrystallized to weakly or nonfoliated. The foliation is principally defined by the
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alignment of biotite some of which is secondary after homblende. Amphibole and
plagioclase also show alignment, but little evidence of penetrative recrystallization. This

fabric may in part 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 ez al. (1991) report 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 form layer parallel sills within generally
steeply dipping, foliated host rocks. Good examples occur within gneisses south of the
Southem 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 S 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 form 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 paratlel to the regional foliation
surface and the regional foliation wraps around the intrusion (King er al., 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 (km?) of relatively homogeneous rock occur (ie.
parts 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. Stemn

et al., 1989).

Examples of systematically zoned plutons include the Concession Pluton and the
SE Concession Pluton. Bostock (1980) first noted that the Concession Pluion consists of
homnblendites and diorites along the north and west margins and a relatively
homogeneous quartz diorite in the interior (Figure 3.18). Most of the mafic marginal
zone consists of amphibole cumulate rocks. These rocks are in turn 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 cumalate minerals. Rocks which contain

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

Similar intrusive relationships are 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 quartz 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 cast of the map area

described by Hill (1980) have not been identified.

Microdiorite Enclaves

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 quartz diorites and 2) medium to coarse
grained hornblendites. The former are much more common and are similar to
microdiorite enclaves described by Vernon (1983). The besi exposures of these enclaves
occur along the shoreline of Nose Lake (King et al., 1990). Possible origins include
magma mingling (Vemon, 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
horr.blende 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 deformation.

1) Plutons intrude parallel to, and are typically elongate along the regional
syn-metamorphic S, surface. Dyke orientations are strongly controlled by the

regional anisotropy as defined by S,. Since there is no evidence for transposition,

these features suggest that S, was already developed at the time of intrusion.




2) The majority of plutons contain a foliation surface, defined by the alignment of
biotite, homblende and plagioclase and in extreme cases flattening of quartz and
feldspar. This foliation is generally concordant with the regional S, surface.
Correlation of this internal fabric with S, suggests intrusion pre or syn-D2
deformation. There is however little evidence for extensive recrystallization, and
the foliation may have been imposed during a late magmatic stage (e.g. Hill, 1980).
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 deformation as the earlier suites. The variable development of
the foliation from one pluton to the next could be interpreted in terms 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 for 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
part of the map area (Figure 3.1). A smaller satellite body outcrops immediately to the
west of the main body, and many sills occur within the paragneiss belt along the southern
margin of the pluton. The suite constitutes the main part of the Central Batholith of
Bostock (1980).

Lithology

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

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 quartz, 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 to chlorite.

In many locations the rock is hybrid, consisting of two distinct phases; a bioite
tonalite as described above and a mafic-free leucocratic granodiorite to monzogranite.
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 Recks

The Siege Plutonic Suite intrudes rocks of the Concession, Wishbone and Olga
Suites and volcanic rocks along its northern 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 granitization. The intrusive contact zone may be 10 metres
to 100's of metres broad. The mixed xenolith zones are not restricted to the contacts, but

als0 occur within the central part of the body.

The strongly veined host rocks along the western margin are 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 certainly 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 surrounding migmatized aureole (King et al.

1988). Sofiening 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 1o
the interpreted S, 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 S, surface within the host rocks
and xenoliths suggests that S, 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 S, suggests that emplacement occurred late in D,.

van Breemen ez al. (1990) reported U-Pb data for zircons from the Siege Pluton;
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 observation that the Siege Tonalite intrudes the Southern Diorite since the
Southern Diorite has been precisely dated at 260841 Ma. As discussed by van Breemen
et al. (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 portion of the map area. The Wolvenne Monzogranite (WM) occupies an area
of close to 1500 km” around Yamba Lake (Yanba Batholith of Bostock, 1980) and
extends a further 15 km to the south (Folinsbee, 1949). The Pellatt Lake Monzogranite
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(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

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% quartz, 25-40% microcline, 5% biotite, 0-5% myrmekite
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
subhedral. Smaller euhedral crystals with albite rims are common inclusions in
microcline phenocrysts. Myrmekite and/or albitic selvedges are common at boundaries
between plagioclase and microcline. Quanz is equant and anhedral, commonly with
serrated boundaries against plagioclase and microcline. Grains are strained but not
polygonized. Microcline 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 perthitic, consisting of 10-15% of relatively coarse lamellae of albite. Locally the
long axes of phenocrysts define a shallowly dipping lincation, 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. Garnet is a local accessory phase and is
common in pegmatites, along with tourmaline. The occurrence of gamet, tourmaline 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 consists of saussuritized
plagioclase, chloritized biotite, and secondary growth of muscovite after microchine.
Replacement of plagioclase by microcline occurs in small patches.

Homblende syenites and quartz syenites, occur associated with Yamba Suite
monzogranites in one small area aiong 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 cm to 10’s m wide) are ubiquitous throughout the
central pan of the map area. They are particularly common inruding plutons of the
Concession Suite. Bostock (1980) described these intensely intruded arcas 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) in 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 Pellait Lake
Monzogranites cannot be determined on available data. These large masses are internally
compiex 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 consolidated 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 siti complexes described in the previous section
are strongly governed by the anisotropy of the host rocks (principally the S, surface).
This has been well documented in the area southwest of Olga lake (King er al., 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 S, and interconnected by
steep dykes.

The intrusion of the dyke swarms has had very little effect on the orientation of
regional deformation surfaces (principally S,; King e« al. 1988; 1989a). Trains of
xenoliths within large granitoid bodies, ranging in size from 10’s of m to km in scale
effectively map out both lithologic contacts and large scale structural features (King ef al.
1988). This is particularly evident in the central and northern 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 part 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 host rock is marked by a
relatively diffuse zone of intense veining and micracline metasomatism up to several
hundred metres wide. Monzogranitic and pegmatitic veins, ranging in width from one cm
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, generally
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 Concession 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 castern shore of Yamba Lake. In addition, the texturcs
are common within the Pellatt Lake Monzogranite which contains a high proportion of
dioritic to tonalitic xenoliths (shown as filled squares on Figure 3.1). 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 su ggests hybridization by fluids
and melts derived from the monzogranite. It is therefore speculated that part of the larger
monzogranite bodies of the Yamba 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 D,

deformation and metamorphism. The regional S, surface partly 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 D3 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 Monzogranite has
been dated (U-Pb on monazite) at 2582+4. This provides a minimum age for the time of
regional metamorphism and D, 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 central region near Olga Lake, in the south,
east of Yamba Lake and in all areas east of Contwoyvto Lake. The Contwoyto and Yamba
Suites are largely spatially separate and only overlap in the southemn part of the map

sheet.
Lithology

Rocks of the Contwoyto Plutonic Suite range from tonalite to monzogranite, 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 proportion 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 anhedra! grains;
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. Quartz 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 quartz grains, cuhedral plagioclase (with
albitic rims) and biotite. Perthitic texture is well developed. Biotite is euhedral to ragged
and distinctly dark reddish-brown in colour. Zircon inclusions with associated metamict
haloes are common in biotite. Biotite is commonly aliered to chlorite (1 oxides, prehnite).
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) euhedral
aquamarine crystals. Tourmaline is locally common, both in equigranular granites and in
associated pegmatites. Euhedral monazite and zircon are common. Sillimanite is
observed intergrown with quartz and muscovite in roseties within pegmatites (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 metasediments
isolated from exposures of granite. In this respect they resemble pegmatites associated
with the Prosperous Granite in the Yellowknife area (Henderson, 1985; Cerny and
Meintzer, 1985; Kretz et al., 1989a.b). Most of the pegmatites have a simple mineral
assemblage consisting of variable proportions of microcline, quartz, albite, biotite,
muscovite, tourmaline, apatite, gamet, *sillimanite. Detailed mineralogical studies of the
pegmatites were not undertaken.

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 Contwoyto Suite (e.g.

Contwoyto Maiizogranite), which in map pattern appear lobate, in detail are made up of

multiple intrusions of compositionally similar but texturally distinct phases, ranging 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, rather they
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are amalgamations of many small intrusive bodies. In some areas (e.g. along the
northwest shore of Contwoyto Lake, north of the Lupin Mine site) the pluton is made up

entirely of coarse grained tourmaline-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. Intrusion
into lower grade rocks is less common although this may, in pan, 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-Heamne Lake Area, as did Culshaw and van Breemen (1990) for two
mica granites 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

metarorphism.

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 (<100 m), 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 vertical 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 et al., 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 xenoliths 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 arca
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
(Kingetal., 1990). Contact metamorphic effects have only been documented around one
pluton, where sillimanite overgrows the regional S, surface (Relf, 199().

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 (S,) and crosscuts metamorphic isograds. These observations infer a post-D,

timing for the suite, in accord with the relatively young (2580-2590 Ma) U-Pb monazite

ages reported in van Breemen e al., 1990, and described below. This simple

interpretation however fails to account for: folds and boudins of gramtoid veins within
metasediments; and the presence of a foliation defined by biotite and or muscovite in
some bodies which is regionally concordant with S,. Whether these features are a result
of D; or subsequent deformation cannot be easily demonstrated, in part because these
events are difficult to characterize within the map area (Relf, 1990). It is possible that
some of the Contwoyto Suite was intruded during the waning of D, deformation in the

arca.




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 characteristics of the two suites are
particularly distinctive on a regional scale and together wih 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 Yamba Plutonic Contwovto Plutonic

Suite Suite

N
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
Tourmaline Only in pegmatites |in granites and pegmatites
Aluminosilicate Uncommon, Sillimanite & gamet 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
(D;) 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 ez al., 1990).
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2) Plutonic rocks associated with the older tectono-stratigraphic assemblage consititute a
very small proportion of rocks within the area and are dominantly low-K felsic rocks.
3) Plutonic rocks of the younger assemblage define an evolution in com position with

ume of intrusion. The two older suites, Concession and Siege, were intruded

synchronously with or late in a regional compressive cvent (D,), accompanied by low

pressure/high temperature metamorphism.
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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 cm.

Q
A Rock names for plutonic rocks
after Streckeisen (1976)
13 and LeMaitre (1989)
Q
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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.
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Figure 3.8. Typical weathered outcrop surface of a Wishb
Wishbone Dome area. Scale in cm.

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 (S,), 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 er 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 7206G (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.




Figure 3.13. Typical textures of weathered surfaces of rocks of the Concession Plutonic Suite. A) Strongly foliated
homblende-biotite quartz diorite, intruded by younger (ca. 2585 Ma) pegmatite. B) Sharp intrusive contact betwgen
different phases. C) massive hornblende biotite quartz diorite. D) Swarm of elongate, microdiorite enclaves within

hornblende-biotite tonalite at Nose Lake.
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Figure 3.14. Photormcrograph of metamict allamte 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 S, surface in the
host gneisses. Location indicated by Box B, Figure 3.11A.

South

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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Concession Pluton

Figure 3.18. Map of the Concession Pluton showing marginal zone of mixed diorite and
hornblendite 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. Hornblendite within marginal zone of the Concession Pluton being
disaggregated by and incorporated within intruding diorite.
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Figure 3.20. Typcal weathered outcrop surface of a tonalite of the Siege Plutonic
Suite. Brownish coloured quartz is characteristic of this suite. HNllll = 1 cm
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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
100 m wide) does not correlate with regional structures and is presumed to be related to
intrusion of the tonalite.



Figure 3.22. Characteristic weathered outcrop surface of rocks of the Yamba Plutonic
Suite. A) Equigranular texture, Pellatt Lake Monzogranite. B) Microcline porphyritic
monzogranite, Wolverine Monzogranite. Scale in cm.
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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.
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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.



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 cm.
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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.

iy ¢
- F . < 3
Figure 3.28. Biotite-rich schlieren within Contwoyto Monzogranite interpreted to be
residual from assimilated host metasedimentary rocks. Scale in cm.




Chapter 4
Geochemistry and Petrogenesis of
the Central Volcanic Belt
and Pre-Deformation Plutonic Suites

4.1 Introduction

This chapter describes the geochemistry of, and discusses petrogenctic constraints

on the origin of igneous rocks associated with the carly assemblage; including volcanie

and plutonic rocks of ..1e Central Volcanic Belt and the Gondor, Wishbone and Olga

Plutonic Suites. All of these rocks pre-date regional deformation and metamorphism
and were emplaced within a 20 m.y. period between 2670 and 2650 Ma. This time
period is coincident with formation of many other volcanic belts within the Slave

Province (Mortensen er al., 1988).

Rocks of the early assemblage consist of three main groups:
1) a basalt-ar:desite-dacite-rhyolite volcanic series of the Central Volcanic Belt (CV1R)
and intrusive rocks of the CVB Plutonic Suite; 2) high-Si0,, low-Al,O, felsic rocks of
the Gondor and Wishbone Plutonic Suites and rhyolites of the CVB; and 3)
moderate-SiQ,, high-Al,0, trondhjemites of the Olga Plutonic Suite. This tripartite
division differs from the divisions based on field characteristics (Chapter 3), with the
Gondor and Wishbone Suites grouped together because of their similar geochemical
characteristics.

The chapter is organized as follows:

1) the geochemical characteristics of each of the three groups will be presented in
sequence, followed by; 2) a brief discussion of the petrogenesis and evolution of each
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 belt.

Relatively few samples were analyzed and the data serve only as a reconaissance study

of the broad geochemical characteristics of the belt. Detailed studies of Archean (e.g.
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Thurston and Fryer, 1983) as well as younger greenstone belts (e.g. Swinden er al. .
1990) serve to iliustrate the complexity of rock types that may be found within an
individual volcanic belt.

Representative chemical analyses of CVB volcanic rocks and the associated CVB
Plutonic Suite are presented in Table 4.1. Selected major elements are plotted on
Harker diagrams in Figure 4.1. The samples are dominantly calc-alkaline (Figure 4. 1d.
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 element data set of Bubar and Heslop (198S), also suggests a
dominantly calc-alkaline character and a continuous range in Si0, 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
of calc-alkaline rock series.

Volcanic rocks are subdivided into two groups: 1) a basalt-andesite-dacite series;
and. 2) high-810, rhyolites. The former have SiO, < 70 wt% with moderate to high
ALQO, (>15.5%) in contrast, the latter have SiO, > 75% and distinctly lower Al,O,
(<13 wt%; Figure 4.11). The high-SiO, 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 atfected
by alteration and metamorphism (e.g. Ludden er al.. 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), and (La/Nb),, ratios greater than one; and moderate to high (Ce/Yb),
(Table 4.1; the subsript  indicates chondrite normalized values, Appendix 5). Sample
DO054b-87, a gabbro of the CVB has (Th/Nb), less than one but (La/Nb), greater than




Table 4.1 Representative anhydrous analyses of rocks

o3
from the Central Volcanic Belt
Mafic and Intermediate Rocks l High-Si Rocks
Sampie oog;sb DOS2 87 RO51-87 D20687 023787 D21987 DOSJa DOB3a  D22087 K9’
a2 H’
ntr. Vole. Intr, Volc. Vole. Vole. Voic. Voie Vole Vaie
5102 (wt%) 437 0.1 58 8 60.0 609 67.0 67.7 78.2 789 81 v
c2 1.02 0.66 0.73 0.98 1.10 0.57 0 61 028 000 013
A1203 17.8 16.0 15.9 17.2 159 15 6 16 2 109 13 378
FeQ"* 9.10 9 83 7.78 6.12 7.08 5.17 428 In 198 153
MnQ 0.16 c.17 0.3 016 0.14 0.06 008 002 oo oo
MgO 6.89 s 4.38 4 24 3.23 2.19 1 43 196 230 143
CaO 11.47 1.2 7.50 637 698 1.22 3.73 0 65 108 039
Na20 2.83 2.64 3.56 an 410 7.13 4.24 4 68 273 210
K20 0.88 1.08 1.07 0.53 o1l 0.80 1.65 0.20 160 2 8%
P205S 0.24 0.8 ot 037 o 0.25 016 Q02 0 00 000
LO! 0.87 116 0.97 1.09 o 1 86 0.67 1.22 293 th
Mg# 57 60 50 s 45 43 a7 S3 67 56
Trace alements in parts par rmullion
Cr 119 17 nd 177 27 df di dJt dl 1
N 2 42 nd 90 16 di ot i dt o
Sc 31 43 ni 25 26 AR 8 3 Jl i
v 237 254 nd 195 183 51 56 Bl ] o
Zn 82 84 nd 78 87 66 62 29 15 )
Rb 16 25 N 8 0 1t 90 3 32 e
Ba 93 S3 nd 9° 14 200 302 30 199 624
Sr 329 282 193 161 192 144 23% 53 53 137
Ga 18 15 nd 1% 16 15 19 13 21 "
Nb 67 1.1 123 10.0 10.2 138 8.4 16 0 198 224
2r 72 35 165 173 222 265 189 338 267 272
Y 18 13 36 24 30 29 " 36 3 42
Th 0.40 0.43 .06 2.01 kw3l 3.82 3.24 678 722
La 125 20.9 21.2 254 249 305 158 25.2 453 305
Ce 291 51.6 49.6 61 5.9 70 348 52.7 101 72
Pr 3.98 8.19 6.3 7.8 6.9 85 4.1 7.4 s 86
Nd 16.7 39.2 26 4 328 28 4 335 160 230 422 327
Sm 3.64 101 S a1 6.1 s.79 £.97 2.95 60 73 5 8Y
Eu 1.23 517 113 1.96 1.68 169 0.34 1.12 1.14 0 90
Gd 3.28 10.4 3.3 S.47 s.98 6.32 2.7% 5 65 599 £ 6%
Tb 0.51 1.67 1.00 0717 o9 0.74 0 38 0.87 067 0 88
Dy 3.20 10.3 6.3 4139 563 3.80 2.09 5.33 3.24 5 0%
Ho 0.67 2.8 1.3% 0.87 1.18 074 0.43 1.08 0.62 1.13
Er 1.76 5.74 3.71 2.286 J 24 201 1.10 2.99 1.72 332
Tm 0.26 0.81 0.55 0.30 0.46€ [s IR 0.16 0.42 0.28 oS
Yb 1.67 553 n 2.01 3.15 2.20 1.03 270 2.06 3 80
Lu 0.24 0.82 0.56 0.29 047 0.33 0.6 0.40 0.33 059
Selected retios
TiiZr 85. 114. 26.9 340 296 129 194 5.0 28
2r/Nb 10.8 3.7 13.4 17.3 21.8 19.2 224 21.2 135 122
Fifa 4 40 2.6 4.6 71 7.3 9.2 171 9.4 8.5 55
(La/Nb), 1.9 19.6 1.8 2.6 25 2.3 1.9 2.35 1.40
{Th/Nb),, 05 3s 2.2 1.8 28 25 34 3.06 2.88
{Ce/Yb),, 4.91 2.42 35 79 46 8.3 8.8 12.7 50
Eu/Eu* 1.09 1.55 0.57 1.03 0.86 0.91% 1.00 0.63 0.48
Abbrewistions: Intr. = Intrusive rocks of the Central Volcanic Beit Plutonic Suite; Volc. = volcanic rocks; dl =
below detection limit; nd = not determined.




one. Mid-ocean ridge basait normalized REE patterns are LREE enriched, with
neg: tive Nb anomalies, no significant Eu anomalies and flat, slightly depleted HREE
patterns (Figure 4.3).

N1 abundances (Table 4.1) are lower than expected in primary mantie melts and
therefore, all samples are considered to be fractionated. Incompatible trace elements
(Th, Ce, Zr, Y) increase from basalts through andesites (Figure 4.4), consistent with

typical calc-alkaline fractionation series (e.g. Gill, 1981).
A single i1sotopic analysis of a mafic sill gives an ¢, value of +3.1 calculated at

2667 Ma (Table 7.1: see Appendix 3 for discussion of Nd isotope nomenclature). This
value is similar to estimates of Late Archean depleted mantle (Machado er al., 1986;

Shirey and Hanson, 1986).
4.2.2 The Felsic Rocks

Felsic granitoid and volcanic rocks make up a significant portion of the early
asscmblage in the area. Two types of felsic rocks are observed: 1) high-Si0,, low-Al,O,
rocks many of which are enriched in Y and HFSE; and 2) moderate-Si, moderate-Al
rocks with lower Y and HFSE (Figure 4.5). The former type includes felsic volcanic
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-Al,O,, low-Al,O, tonalite
subdivision of Arth (1979).

The Wishbone and Gondor Plutonic Suites - Low-Al,O, Felsic Rocks

Chemical compositions of rocks of the Gondor and Wishbone Plutonic Suites are
presented in Table 4.2 and high-SiO, volcanic rocks in Table 4.1. The rocks are weakly
to strongly peraluminous and dominantly plot as trondhjemites and 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-Si0,, low ALQ,,
generally high Na,O, and low P,O,. 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 4.2 Representative anhydrous analyses of the Gondor. Wishbone and
Olga Plutonic Suites

Sampie 00856 87 D205a-87 D22v37 D327 87 0227 89 DUJEEF DULO 89 Q072887 Wrov 8t w0
Plutoric Gondor Gondor Genagor Wishbone Wishbone Wishbona Wishbone Olga Oiga Vigs
Sutte [¥}] 1y

$i102 (wt%; 771 75.9 73.9 78 4 75.8 780 7764 750 125 135
Ti02 0.24 0.2 o.c8 032 0 36 008 .04 004 0 36 Qo8
Ai203 123 1.7 116 5 129 122 123 151 148 e
FeO* 2.3 476 1.34 2a 27 0 34 112 062 266 1oy
MnQ 0.03 0.06 0.03 0 05 0.03 0.02 0.02 004 0 04 (SR
MgO 0.42 332 3.70 o4 0.36 0.03 on 014 0.72 RN B
Ca0 1.21 0.56 c.87 1.72 196 [¢B-11 072 2.31 2 86 s '3
Na20 462 2.34 48 403 413 407 3.85 533 463 €23
K20 1.79 1.16 067 1.19 2.27 412 an 140 124 Coee
P20S 0.00 0.00 0.00 003 0.03 0.00 0.00 Q 00 (o2 I SO
Lo 0.91 215 J.80 042 0.82 0.48 e.55 0 68 0 sC 3D
Mg ¢ 24 £S5 48 23 23 6 15 29 33 3t
Trace eiments :n parts per million

Sc 3 i al 3 nd & nd ] ndg Hi
Zn 13 56 14 0 ng 10 nd 3 ng )
Rb 43 19 12 37 rd 132 nd 32 43 )
Bs 487 24 197 269 nd S9! nd 530 nd 7
St 68 18 40 120 nd 20 nd 485 282 & i
Ge 16 20 2 14 nd 22 nd 16 nd 13
Nb 271 27.4 362 195 ng 287 32 12 50 L
2r 313 328 2N 266 nd 131 ng 56 235 33

Y 84 77 11 S0 nd 79 101 1 7 N
Th VA nd 2.4 4 34 nd 101 123 0 89 S 0% v
Ls 66 nd 88 251 47 6 nd 133 661 28 2 3
Ce 151 nd 179 48 98 nd 43 131 s3 74
Pr 18.45 nd 23.73 5654 11 nd S5.01 145 5 55 0 43
Nd 73 nd 8s 203 389 nd 2.8 S 24 18 3 3 &4
Sm 14.7 nd 20 433 71 nd 30 082 259 G 73
Eu 1.80 nd 2.94 1.20 1.00 nd 054 018 O 63 )21
Gd 14.8 nd 212 4.9% [N nd 12.5 057 137 0 s
To 2.38 nd 3.74 1.04 0.97 nd 2.38 0.07 024 003
Dy 14.9 nd 23.6 7.66 6.1 nd 16.7 0.34 v 27 0 35
Ho 3.20 nd 493 1.80 126 nd 37 008 Q.27 010
Er 8.77 nd 12.83 5.35 3.72 nd 114 01d 0 68 0 I3
Tm 1.29 nd 1.91 o 0.S6 nd V75 0.02 Q.10 0G3
Yb 3.69 nd 12.84 .29 3.62 nd 114 018 0 B3 [ 3]
Lu 1.31 nd 1.82 0.70 0.52 nd 1.64 0.03 012 Q23
Selocted rauocs

TiiZe 46 3.8 2. 713 37 3.7 9.2 <7
Y 37 43 1.8 53 1.7 119.3 349 47 5
Y Nb 3 2.8 3.6 28 2.8 04 1.3 18
(ThiNBY, 3.2 2.3 20 8.4 89 28
(Ce/Yb), 4.5 36 2.4 7.0 0.78 21.2 19.9 92
(GdNbi,,, 1.38 1.34 0.76 147 0.89 29 2.33 2 49
Eu/ku* 0.37 0.44 0.79 0.3 on 0.81 092 102

Samples of Wishbone Suite marked with (J) are for the Jaeger Monzogranite, others from Wishbone Dome sres di =
below detection imit. nd = not deterruned. Cr, NI, V, below detectign for el sampies.
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Monzogranite) and the high-S10, volcanic rocks may be due to potassic metasomatism.
As described 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 metasomatized.

The high SiC, (> 77 wt%), low Al,0, (<14 wt %) and generally high Na,0 (>4
wt %) contents are similar to quartz-keratophyres, trondhjemites and plagiogranites
commonly associated with ophiolites, island arcs and ocean ridges (Table 4.3; Gill ard
Stork. 1979: Coleman and Donato, 1979: Thy er al.. 1990). Although in some cases
rocks 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 (chlonitized and sausseritized), 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 hydrothermal massive
sulfide 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 the extremely high SiO, contents may indicate 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, Zrand 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% SiO, (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 lower Y (34 - 50 ppm) similar to values determined

for felsic volcanic rocks. The increase in Y within and between the different suites




Table 4.2 Comparison of Low A1203 Felsic Rocks to Recent Rocks

1 2 3 4
Sample  Wishbone Gondor cve cvi
____ D327-8/ DO0G5B-87 DOBAA -87 K299-8/
Si02 78 39 1708 7820 8163
1102 032 024 028 013
ARO3 146 12 26 10 88 976!
FeO* 24 231 3 153,
MnO 005 003 002 002
Mgo 041 042 196 159
CaC® 172 121 0.65 0239
Na20 403 462 468 210
x20 119 1.79 620 285
P205 003 002
Lo 042 091 122 121
Ab a7 4 3 59
Ba 269 487 30 624
St 120 68 53 137!
Nb 195 271 16 0 22 4 !
¥4 266 313 348 272
v 50 84 3 42
™ 43 "RE] 432 722!
|
La 2599 6590 2517 30 az]
Ce 46 18 150 84 92 65 72 54
Pr 5 54 18 45 741 859,
Nd 20 38 71332 2899 3265
sm 33 1469 605 589
Eu 120 180 112 00
Gd 495 148 565 565
Tb 104 238 087 o8y
Oy 766 14 94 533 505
Ho 180 320 105 113
(3 5 38 817 299 332
Tm o8 129 042 051
Yo 529 869 210 380
Ly ) 070 131 040 059

T T ophwine -related
5 6 7 ]
Exp Mol | Oman Karmoy Sparta
Comp | OM- 32 Visnes  Complex
/3a7 1301 7528 78 36
o067 047 026 024
1392 13 40 17 12 09
359 Jde 438 164
a1 013 005 004
08l 100 025 004
34 300 241 138
J4) 530 550 451
085! 012 014 168
015} 012 002 00!
133 094 096
5
64

114 AR}

119

108 549

110
o4 266
; 400 1515 178
i 12 00 4555 29 98

! 32 46
; 380 10 04 5 36
| 110 151 105

12 51
100 134

15 12

t 10 45
490 816 122
080 093 118

9 10
Canyon Fip
Mounlan |Wainimala

72 55 74 46

058 0 36

12 49 1393

570 210
015 o1t
254 048
o076 058
505 650
003 140
015 007
117
15
23 200
| 120
i 224
! 68
(VBRI 251
209
813
1
892’
339
076
095
4 00
063,

istand arc “rolated
1" 12
Fiji Fijp
Undu Undu
79 59 7528
020 050
10 42 1353
225 238
005 001
0z8 0.34
176 248
4 0y 472
117 0 64
[VR].] 0 ta
232 185
|
6 83
123 90 i
97 108
|
13 12!
119 wr.
52 561
040 050
182 76 18
2306
35 4110
1704 210 49‘
6 82 IARTYA
20 842
581 6119
0 &Y 12 03
601 7016
130 15 64
36l 37 0%
301 27 04

1. Wishbone Suite; 2. Gondor Suite; 3 =4 Felsie volcamic tovks, CVEB; S, Partial mels of tusalt, Beard and Lofgren, 1999,
6. Plagogramte, Oman ophiohie, Coleman and Dunato 1979: 7. Plagiogranite, Karmey ophiolite, Pedersen and Malpas. 1474
8. Trondhjemate, Sparta Complex, Phelps. 1979, 9 Quiriz—keratophyre. Canyon Mountain ophiolite, Gerlach et al. 1981,
10 - 12. Miocene volcani: fuvks., Fign (il and Stork. 1979, 13 Red Sea. Micene granoptyre. Coleman and Duonato, 1979

4. leeland rhyohite, (OI'Nions and Gropvold, 1973

Ridge - related
13
Rod Sea

6917
023
1330
663
01/
065
266
440
25
023

108

87
440
148

665

3479
102 32

6149

13 30
Jar

25

16 37
205

14

iceland
iGranophyre  Hhyolite

177 80
90 32
2100
259
1798
1913
"2

1055




69

correlates with increases in Nb. Ga, LREE. and HREE and decreases in Zr and TiO,

(FFigure 4.8). The large variations in trace element content both within and between

different suites occur at near constant SiO,.

The primitive mantle normalized REE patterns of the three groups are generally
similar in shape although the abundances vary (Figure 4.9a, b). Overall they are
moderately fractionated ((Ce/Yb), 2-5), with fractionated LREE, relatively flat HREE
and negative L:u 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 lowest.

No Nd isotopic data are available for rocks of these suites.

The Olga Plutonic Suite - High-Al Trondhjemite

Representative analyses ot the Olga Suite are presented in Table 4.2. All samples
have high $10, (72 to 76 wt%), Na,O (4 to 6 wt%), and Na,0/K,0 (>2); moderate
A1JO, (14 to 16 wt%); and low TiO,, FeO*, and MgO. The rocks are subalkaline,
weakly peraluminous (Figure 4.6a) and plot in the trondhjemite field in an O'Connor
diagram (Figure 4.6b). The Olga Suite has lower SiO, and higher CaO. Al,O, and
P,0, relative 1o the Wishbone and Gondor Suites (Table 4.2). They resemble typical
high Al,Q, 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 and Y 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-Al
trondhjemites (Arth 1979),
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Two samples from one intrusive unit have higher abundances of Ti0,, P.O,, /1,
Y, Nb. Th. and REE. The difference in REE abundance does not significantly affect
the shape of the normalized REE patterns. The abundances of these trace clements
correlate with the modai abundance of biotite, apatite and magneute in the samples.
Correlation of Zr, Th and P contents with REE abundance suggests that zircon and
apatite may be the principal REE-bearing mineral phases. Differences in the trace
element chemistry between the samples can be accommodated by models involving
subtraction of the observed accessory mineral phases; zircon (Zr, Th, HREE), apatte
(P, REE), and biotite (Ti, Nb). Apatite and zircon grains typically occur as inclusions
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 two

groups precludes rigourous tests of this hypothesis.

Two samples of the Olga Suite yielded ¢, values of +1.1 and +3.5 calculated
at the U-Pb age of 2650 Ma (Table 7.1). These values are similar to estimates of | ate
Archean depleted mantle values and to the single analysis of a mafic rock from the
CVB presented above. They indicate that the source of the Olga Suite had depleted

mantle-like Nd isotopic compositions at 2650 Ma.

Classification of Trondhjemite Rocks

The two-fold subdivision of the felsic rocks, described above. is similar to the
high and low Al,0, classification for trondhjemites proposed by Arth (1979) and shown
in Figure 4.10a.

Low-Al,O,, high-8i0, incompatible element enriched volcanic and intrusive rocks
similar to the Gondor and Wishbone Suites are common in Archean greenstone belts
(Paradis ez al., 1988; Thurston and Fryer, 1983; Shirey and Hanson, 1986; Arth 1979)
and share characteristics of trondhjemites and plagiogranites associated with ophiolite
complexes (Malpas, 1979; Pedersen and Malpas 1984; Coleman and Donato, 1979;
Phelps, 1979; Menzies er al., 1980; Beard and Day, 1987; Gerlach er al., 1981), recent
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istand arcs (Gill and Stork, 1979 and oceanic ridges (O'Nions and Gronvold, 1973;
Thy et al., 1990). Chemical compositions of representative analyses from these settings

are compared to the low-Al,O; felsic rocks from this study in Table 4.3.

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 modem and Archean
examples is the higher abundance of LREE in Archean rocks. Most of the Phanerozoic
examples have (Ce/Sm), 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 trondhjemites of the Olga Suite are geochemically similar to high-Al, low Y

‘continental’ trondhjemites of Arth 1979. Recent examples of these rccks 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.g. Drummond and Defant, 1990)).

4.3 Petrogenesis
4.3.1 Central Volcanic Belt and Associated 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 Beit.

However, the following points can be made.

1) The low Nb content relative to La, enriched LREE patterns and low HREE of the
samples with less than 61 wt% SiO,, relative to mid-ocean ridge basalts (Figure 4.3)
are charactenistics of modern subduction-related rocks (Figure 4.11; Kay, 1980; Gill,
1981). Sample D054b-87 has a low (Th/Nb),, 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 modem examples of these rocks, the trace element




charactenistics are considered to retlect complex multi-component mixing (mantle,
subducted sediments and oceanic lithosphere). 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 defined by the samples (including those presented by Bubar and
Heslop, 1985) are similar to those observed in modern calc-alkaline volcanic serics
(Gill, 1981); reflecting crystal fractionation, assimilation and mixing processes within
the crust.

4.3.2 Petrogenesis of the Low Al O, Felsic Rocks - CVB Rhyolites, and the
Gondor and Wishbone Suites

Petrogenetic models must explain: 1) the large volumes of felsic rocks: 2) the
apparent lack of associated intermediate or cumulate rocks; and, 3) the extreme

enrichment in the HREE, Y. Zr. Nb.

Low Al,O; tonalite/trondhjemite rocks are generally considered to be derived
either “rom partial melting of basaltic protoliths or the end products ot fractional
crystaltization of mafic parental compositions (Barker, 1979; Coleman and Donato,
1979: Gerlach er al., 1981; Pedersen and Malpas, 1984). An origin by liquid
immiscibility has also been suggested; however the absence of suitable, FeO-rich mafic
end members and the relative volumes of liquids involved largely precludes this model

as a viable alternative (Pedersen and Malpas, 1984).

Although fractional crystallization is a preferred model to gencerate many
low-Al,O, trondhjemites it seems inadequate to account for the trondhjemites under
discussion here. Figure 4.5 highlights a compositional gap between the low AlLLQ,
felsic rocks and the moderate to high Al,0, mafic to intermediate rocks. The
compositional gap suggests the felsic rocks are probably unrelated to the

basalt-andesite-dacite series by crystal fractionation.

The low Al,Q, felsic rocks are characterized by large within- and intra-suite

variations in REE and HFSE contents. These variations occur at virtually constant $10,
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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-Si0, volcanic and plutonic rocks (e.g. Hildreth, 1981;
Miller and Mittlefehldt, 1984; Cerny er ul., 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 et al., 1987). Similar models have been
discussed for other Archean examples (e.g. Paradis er al., 1988; Thurston and Fryer,
1983).

Studics 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-SiO, 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 Melting 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 WYyllie, 1986; Ellis and Thompson, 1986; Beard and Lofgren,
1989; Helz, 1976). The major element chemistry of the melt is very sensitive to PH.0,
SO, and initial source composition (Helz. 1976; Beard and Lofgren, 1989). Under water
excess (P, = P,) conditions (ie. residual amphibole), melts are strongly aluminous in
compari on to natural rocks (Helz, 1976; Beard and Lofgren, 1989; Ellis and
Thompson. 1986). In contrast, melts produced by low pressure dehydration melting
closely approximate the bulk compositions of natural low-Al,0, trondhjemites and

tonalites (Figure 4.12).
Table 4.3 and Figure 4.12 show the compositions of the felsic rocks to be

comparable to the major element compositions of liquids produced by basalt-melting

experiments.  SiO, contents of the experimental liquids are generally lower than values




in the natural rocks, possibly owing to the effects of later. high level fractionation
discussed above, or silicification. The first order control on experimental melt
composition is Py,,. Low Al,Q, compositions are produced only under water-deficient

conditions (Figure 4.12). Beard and Lofgren (1989) reported a sccond order

dependency on protolith composition. For example, the K,O content of the melt is

critically dependent on the K.O content of the source. The ranges in K,O content

determined in the Wishbone Suite and the felsic volcanic rocks (1-4 w1%) arc
comparable to those in Icelandic rhyolites (e.g. Thy ez ul., 1990). In the latier case, the
range of values are attributed to differences in mafic source compositions (Thy e¢s al..
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 are not unigue 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 (ie.
those with lowest REE and HFSE contents: Wishbone Suite - D327-87, and felsic
volcanic rocks K299-87, Table 4.2). Two different source rock compositions were
used in the modelling: 1) basait with trace element abundances at 10 times primitive
mantle values; and 2) a LREE-enriched source similar to a gabbro (D054b-87) from the
CVB. The degree of melting was varied from 1 to 20 wt%, although only the results

for 5 and 20% are shown. Results are presented in Figure 4.13.

The Butk 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 values
(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 tt.c absolute values obviously
are. Pattern shape is most sensitive to changes in the relative abundances of residual
minerals.

The calculated Bulk D values are consistent with a low pressurc (below garnet
stability field (<8 kb; Green, 1982) residual assenblage consisting of clinopyroxene,
orthopyroxene and plagioclase (Assemblage A, Figure 4.13), sunilar 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-AlL G, felsic rocks to be partial melts of basaltic sources at low pressures (¢.g. Thy
eral., 1990). High level fractionation processes subsequently produced the strong
enrichment of the REE and HFSE.

4.3.3 Petrogenesis of High-Al Felsic Rocks - the Olga Plutonic Suite

Petrogenetic models must address the following characteristics: 1) 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 mafic or intermediate members suggests
that this suite is unlikely to be derived from volcanic rocks of the CVB by fractional

crystallization. The lack of significant negative Eu anomalies and the high Sr
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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.

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, granulite or amphibolite grade (Arth and Hanson, 1975;
Jahn er al., 1981; Martin, 1985; 1987; Hunter er af., 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; Stern and Wyllie, 1978; Ellis and Thompson, 1986; Huang and Wyllie,
1986).

Melting of mafic 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 gamet was a stable residual phase.

Garnet stability on the liquidus in basaltic systems is strongly dependent on
pressure and PH.0 (Green, 1982). It is stable at depths greater than 25 km and 45 km
under hydrous and anhydrous conditions respectively (Green, 1982). Appropriate

residual assemblages could thereforc be stable in the lower crust or upper mantle.
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It is not possible to unambiguously differentiate between crustal and mantle depths
of melting. Plagioclase stability is restricted to crustal depths and has a limited overlap
with garet, especially under hydrous conditions (Green, 1982). Residual plagioclase
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 interpretation of the positive Zr anomalies, not favoured here. is
that the rock contains an inherited zircon component. In sample D072b-87 the Zr
anomaly represents an excess of approximately 200 ppm Zr. Assuming stochiometric
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 ez al., (1990) report HREE
abundances in zircons from mafic and felsic rocks on the order of 10° to 1(* times
chondrite values. Assuming Yb abundance in the inherited zircon of 442 ppm (2000 *
chondrite) results in the addition of approximately .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 gamet 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 Breemen
et al., 1990). If the rock contains an inherited Zr component then it is not significantly

older than the rock itself.




The positive ¢ \q,, 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
garnet-amphibolite will strongly fractionate #7Sm/!'*Nd in the melt relative to the
source during melting and calculation of Nd model ages, based on the measured
147§ m/'%Nd ratio, is meaningless. The protolith could have had a near chondritic
147Sm/1%Nd ratio, as in the model above, and its *Nd/**Nd composition would diverge
rather slowly from that of the depleted mantle. Using the values assumed in this
model, the mafic source could be significantly older than the 2650 Ma age of the
tonalites (see Jahn er al., (1984) for further discussion). The Nd data is therefore

inconclusive in constraining the age of the protolith.

Considering the close spatial and temporal association with volcanism, it is
simplest to derive the Olga Suite by partial melting the lower part of the CVB crust.
The low HREE, high (Ce/Yb), and positive Zr anomalies are consistent with a residual
eclogite or gamet granulite source mineralogy. Garnet 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 modern 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.
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The potential range in ages of the individual suites is unconstrained and it is possible
that some or all events overlapped in time. The total age range of 17 m.v. is not large

relative to the age of modern volcanic arc systems (Gill, 19¥1).

Basaltic and andesitic rocks of the CVB have many geochemical similarities to

modern calc-alkaline orogenic basalts and andesites. By analogy, they most likely were

derived by the partial metlting of subduction-enriched mantle, followed by crustal
fractionation, assimilation and mixing. More detailed studies are required to test this
hypothesis. Low Al,O, felsic volcanic rocks appear 10 be genetically unrelated, and
may have been derived by crustal anatexis leaving a plagioclase and pyroxenc
dominated residua (e.g. Beard and Lofgren, 1989). Mafic rocks of the CVB are the
most likely protolith.

Rocks of the Gondor and Wishbone Suites intruding the volcanic belt are similar,
in terms of major elements, to the low-Al,O, rhyolitic rocks of the CVB, and are 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-SiO, felsic magmatic systems (Hildrith, 1981: Cerny er al.,
1985; Whalen er al., 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-SiO, rhyolites (2667 Ma *+1) and
the Gondor Suite (266011 Ma) is based on a single determination of each group. The
Wishbone Suite has not been dated. In any case generation of low-Al, O, 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 (ca. 2650 Ma)
have also been described from the Yellowknife greenstone belt (Amacher Granite;
Meintzer, 1987).

High-Al,O, 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 ikm to the east of the study area. The rocks can be modelled as
high pressure (> 8 kbar) partial 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 association with the volcanic rocks suggests that they

may represent melts of the lower portion of the CVB crust.
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Figure 4.2. AFM diagram of rocks from the CVB. Symbols as in Figure 4.1.
Calc-alkaline and tholeiitic fields from Irvine and Baragar, 1971.

Py
Q

1 l!llll

MORB Normalized

0 D054b-87
©D237-87
*D206-87
aR051-87

.1 b A i )] A A
Th Nb La Ce Nd Sm Eu Gd Dy Y Er Yb Lu
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Figure 4.9, Primitive mantle normalized extended REE diagram for the felsic rocks: A)
Gondor and Wishbone Suites; B) felsic volcanic rocks and Olga Suite.
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Figure 4.10. A) AL O, vs. Yb diagram comparing the low Al,O, felsic rocks to ophiolite
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 e 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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Figure 4.12. Compositions of experimental melts produced by water-saturated (heavy
stippled field) and undersaturated melting (lighter stipple) of basalt (after Beard and
Lofgren, 1989; Thy et al., 1990). Fields for Icelandic rhyolites from Thy et al. (1990).
Symbols as in Figure 4.7.
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Figure 4.13. Calculated Bulk D values required to produce the trace element contents
of low ALO, trondhjemites (Wishbone (D327-87 and felsic volcanic rocks - K299-87)
by batch melting basaltic source rocks. See Appendix 4 for discussion of methodology.
Dotted lines are for 5% melting, dashed lines are for 20% melting. Bulk D patterns
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residual mineral assemblages shown in the adjacent table. Bulk D = E KdM;, where M,
is the percentage of a given mineral and Kd,; is the partition coefficient for that mineral,
The residual assemblages were selected to approximate the results of experimental
basalt melting studies referenced in the text.
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Chapter 5

Geochemistry and Petrogenesis of Syn-Deformation Plutonic Suites

5.1 Introduction

This chapter presents gcochemical data on samples of the Concession and Siege
Plutonic Suites. Both suites were emplaced synchronous with, or late in the peak
metamorphic and deformation event 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 Figute 5.1, a plot of AL, O, vs. §i0,. This
diagram is an effective indicator of accumulation of low-Al1,0, mafic phases such as
amphibole. orthopyroxene, clinopyroxene, and olivine, as well as plagioclase, a
high-AlL O, phase. The cumulate rocks include all hornblendites, 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 and will be discussed later in

the chapter in relation to the petrogenesis of the suite.




Table 5.1 Representative analyses of the Concession Plutonic Suite
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Rocks of the Concession Suite show a considerable range in Mg# at a specific
FeQ’ content (Figure 5.2). This is particularly apparent for the more mafic
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).

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
rocks 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.
Ca0=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 tfrom metaluminous to
weakly peraluminous with increasing SiO, (Figure 5.4) and plot mainly within the

tonalite and granodiorite fields of the O'Conner diagram (Figure 5.5).
5.2.1 Major Element 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 % SiO, to slightly over 70%, however most
samples with less than 55 wt% SiO, contain a cumulate component. The dominant
composition is between 60 and 70 wt% SiO,, mafic rocks being less common.

Samples of the high Mg# group are characterized by moderate to high A.,0,, low
TiO,, high MgO relative to FeO", high CaO and P,O;, high Na,0 and moderate but




variable K,0. Na,O/K,O ratios exceed one except in monzodiorites. With the

exception of the alkaline earths, major elements are linearly correlated with S$iO,

(Figure 5.6), especially for compositions greater than 56% §$i0,. Ca0, Ti0,, MO and
FeO* all show strong linear trends with Si0,. Scatter, at compositions iess than 6%
$10,, can be attributed to cumulate origins for these rocks. Major element abundances
and co-variation are typical of calc-alkaline, I-type plutonic suites (e. ¢. Pitcher, 1983).
Samples of the low Mg# group show a similar range in SiO, content to the high
Mg# group but have higher TiO,, and lower Mg# for a given Si0, content (Figure S.6).
Low SiO, samples (<60 wt%) from the SE Concession Pluton have lower K,O
contents relative to the high Mg# samples of similar 510, content. Samples of tonalite
from the Harp Pluton also have lower K,O than typical tonalites of the high Mg# group.
The abundances of other major elements are indistinguishable at similar $i0, contents,
Variation trends tend to converge at higher $i0, contents making chemical differences
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 Si0,. Rb shows considerable scatter but in general increases

with §i0,. Rb/Sr ratios are low and increase with increasing SiO,. Ba/Sr ratios arc
high (> 1), and K/Rb are moderate (250 to 500).
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The low Mg# group has distinctly lower Sr abundances. Ba and Rb contents
overlap those of the high Mg# group but trend towards lower values (Figure 5.7).
resulting in lower Ba/Sr and higher Rb/Sr ratios.
Transition Elements

Ni, Sc, V and Zn have moderate to low abundances which decrease with increasing
SiO, (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 Strength Elements

Zr content ranges from 130 to 250 ppm. Zr abundance shows little change from
55 10 65 wt% SiO,, then tends to decrease with increasing Si0,. Y content is less than
25 ppm, except for some samples of the low Mg# group, and generally decreases with
increasing SiO,. Zr and Y contents overlap between the two groups, although Y tends
to be higher in the low Mg# group. ND 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 abundances (particularly Nb).
Rare Eaith 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), (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 SiO,
range (Figure 5.9), with only mino: crossing of patterns (Figure 5.8). Differences in
the slope (ie. (Ce/Yb),) or concavity (ie. (Dy/Yb),) of the patierns with increasing SiO,
(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 gener |
all the REE decrease with increasing SiO, content (Figure 5.7, 5.9, 5.10d). The HREE

show a stronger negative correlation with SiO, than do the LREE.

Primitive mantle normalized REE diagrams for the low Mg# 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), (see also Figure
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 LLREL, and the
steep slope and curvature of the REE pattern described above. Relative to the 1.I'SE
and REE, the HFSE elements Nb and Ti (4 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 L.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 vanation of Sr with Si0, 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% SiO, differs between a particular
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plu. n or 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 lower Y and HREE
abundances and higher (Ce/Yb),, (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,
partial melting or mixing process. However, the similarities in both the trends and
abundances of major and trace elements over the area, implies common genetic
rclationships 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 €4, 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 er al., 1990).

Plots of ¢y, versus indices of fractionation (e.¢. Mg#, SiO,) show no clear

correlation (Figure 5.14b). The range in €, is small relative to estimated errors. The
positive ¢y, values require that the source region for the samples experienced a long

term, LREE depleted history.
Strontium

Bostock (1980) repurts 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 zircon age (2608 Ma; van Breemen er al., 1990) of a sample in close proximity to

those analyzed by Bostock (1980), yields initial *’Sr/*Sr values of approximately

3
!




Table 5.2 Sm-Nd Isotopic Data, Concession and Siege Plutonic Suites

Sample Rock Type Lat Long Nd Sm 147Sm/ YONd/ < Ndlij® Agas Toat
{ppm} tppm)} V4aNd 14N {Ma) (Ma)
Conre- sion Plutonic Syite
High Mg# Group
D119-88 8t Q1z Diorite 66° 03' 111° 08" 62.60 10.07 0.1100 0.611285 2.7 2010 2728
0263-88 Hb-Bt Diorite 66° 18° 109° 68 66.39 945 0.1040" 0.611166 2.4 2610 2762
D152b-87  Hb-Bt Diorite 66° 43° 111° a4’ 66.70 11.06 0.1172 0.611382 2.2 2610 2767
D201a-87  Hb-Bt Tonalite 66° 43° 111° 40° 32.16 £.41 0.1019 0.611118 2.2 2610 2768
- - <. - - . - 0.1073 0.61i118 0.4 2610 2903
D278.-88 Hb-Bt Dionte 66° 19° 110° 07° 66.564 11.44 0.1264 0.511629 2.0 2610 2783
D218-87 Hb-Bt Qtz Diorite 65° 26° 111° 61" 64.89 9.22 0.1045 0.511099 0.9 2607' 2860
D110-88 Bt Tonalite 66° 13 111° 41° 41.21 6.22 0.08770° 0.610809 0.9 2608' 2862
D121s-88 Bt Qtz Diorite 66° 02 111° 07 67.45 9.70 0.09079 0.5610861 0.7 2610 2878
Low Mg# Group
D172b-87 Bt Tonalite 66° 40 111° 31" 34.78 7.97 0.1368 0.511713 2.1 2610 2776
D172-87 21 Tonalite 66° 40’ 11° 24 26.27 6.32 0.1304° 0.511494 -0.1 2610 2934
Siege Plytonic Suite
D217-87 Bt Trondhjemite 65° 22 111° 40’ 4.98 0.86 0.1114 0.511226 1.1 2610 2849
DO44-87 Bt Trondhjamite 65° 24 111° 45" 1.61 0.38 0.1382 0.511634 0.1 2610 2926

* Internal precision is better .000016 2 SEM
Ratios are normahzed to '“Nd/*“Nd = .7219 '&Nd/'“N = 611860 = 20 for La Jolla during period of study. All samples analysed at G.S.C.

brane ™ [{(19Nd/'&Nd, sample / "Nd/'*Nd,, Bulk Earth) - 1} 104 where (i} = age of sample. Present day values Butk Earth '3Nd/'N = 512638, '¢/Sm/"Nd =
.1967.

< Published U-Pb zwcon or monazite ages are designated by superscripts as follows ' van Breeman et al., 1990; ¢ van Breeman et al., 1987a; * Mortenson et al.,
1988; ¢ Krogh and Gibbons. 1978; * van Breeman et al., 1987b. Ages for other sampies are estimated values discussed in toxt.

¢ 1475m/'¢Nd determined by ICP-MS, Esumated error + 2%. 1% for ratios determined by iD.

¢ Samples 1-13, 18s, 30-33, 44.49, 61-562, 54, 56-58 chemistry done at G S.C. Ali other samples done at Mamorial University.




0.7020. This value is similar to estimates of Late Archean depleted mantle (e.g.
Machado 21 al., 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 contemporancous depleted mantle.
5.2.5 Summary of Geochemical Characteristics of the Concession Suite

The following are the salient chemical features of the Conce ssion Suite.
1) Two chemical groups are recognized on the basis of MgQ and FeO’ content; 1) a
high Mg# (>50 at SiO, <60%); and,2) a low Mg# group (<50 at $i0, < 60%).
2)  The two groups both show a continuous range in SiO, from 53 to 72 wt% SiO2.
The majority of samples, with less than 55 wt% SiO, contain cumulate amphibole
and/or plagioclase.
3)  Maijor elements, CaO, FeO*, MgO, and TiO,, decrease in a linear fashion with
Si0,. K,O conten:s are moderate and Na,0/K,0 ratios are high.
4)  Samples of the high Mg# group have high abundances of Sr, Ba, LREE, low
HREE, high (Ce/Yb),, 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),,, and higher abundances of
HFSE.
5)  The lower SiO, samples are generally the most enriched in trace elements; Sr, Ba,
LLREE, HREE and Y all decrease with increasing §i0,.
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

part of the field area. Analyses of seven representative samples (Table 5.3),

covering 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. 103

ST

Sample D044.87 D119-87 0136-88 0217.87 D319c 87 D104 88 V284 88
Neme

Rock Type Trondhi. Trondhj. Trondhj. Trondbhy. Teondh). Trondhy. Trondhy.
SiQ, 74.0 73.0 72.5 728 723 720 AR)
TiQ; 0.08 0.04 0.186 0.10 0.08 0.16 Q.16
Al,0, 15.5 15.7 16.1 16.2 16.8 16.5 168
FaO* 0.65 0.93 1.01 0.93 0.67 1.23 1.08
MnO 0.02 0.02 0.01 0.03 0.01 0.02 0.02
MgO 0.22 0.38 0.40 0.29 0.22 0.41 0.4
CaO 1.94 2.34 3.26 2.89 2.69 279 3.15
Na,0 438 5.41 5.34 5.45 6.23 5.52 6.06
K,0 2.3 2.16 1.20 1.57 0.87 1.44 0.90
P,0, 0.2 0.05 0.00 0.05 0.04 0.02 0.02
LOI 0.5% c.3 0.69 o.N 0.73 0.54 0.54
Mg Number a8 41 41 36 37 38 41

Trace elements in parts per milion

v di 4 10 dl dl 13 5
Zn 10 18 [ " 15 " 13
Rb 625 41.2 37.4 391 15.9 308 26.9
Ba 484 984 337 na2 202 674 332
Sr 469 548 538 531 742 512 540
Ga 18 17 18 18 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
2Zr 713 82.6 88.5 82.8 105 101 86.3
La 2.18 3.83 3.10 $.43 3.35 nd nd
Ce 3N 6.7 5.37 11.41 6.46 nd nd
Pr 0.40 0.71 0.54 1.28 0.68 nd nd
Nd 1.52 2.58 1.97 484 2.44 nd

Sm 0.38 0.54 0.35 0.88 0.50 nd nd
Eu 0.18 0.14 0.15 0.17 0.19 nd

Gd 0.36 0.39 0.21 0.87 0.33 nd nd
Tb 0.07 0.08 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 036 0.14 0.13 0.28 0.14 nd nd
Lu 0.08 0.3 0.02 0.04 0.03 nd nd
Th 0.14 0.41 0.50 6.12 nd nd nd

Selacted ratios

K,0/Na,0 0.49 0.40 0.22 0.29 0.14 0.26 0.15
K/Rb 323 438 265 34 452 389 277
Rb/Sr 0.13 0.08 0.07 0.07 0.02 0.06 0.05
Ba/Sr 1.03 1.79 0.63 1.34 0.27 1.32 0.61
Ba/La 225 257 109 13 80

La/Nb 0.89 4.84 2.75 2,82 2.52

TifZr 6.8 3.0 1.0 7.3 4.7 9.5 113
{Ce/Ybin 27 12,5 10.6 1.7 121

Cu/Eu* 1.3 0.00 1.73 0.60 1.42

REE and Th datermined by ICP-MS sl other trace sisments determined by XRF. nd = not deterrmuned, dl = below
detection limit.
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characterized by a limited range in SiO, content (71.5 to 74 wt%), moderate to high
Al O, (> 15 wt%) and higi Na,0 (>5.0%) contents with Na,O/K,O ratios greater than
2.

As described in Chapter 2, samples of the Siege Suite are heterogeneous on the
handsample scale, consisting of variable proportions 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 200-1000
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 D044-87) are subparallel with slightly positive to negative Eu
anomalies. Sample D044-87 has a flatter pattern and higher HREE. It also has higher
P,0;, 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 are 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.

Cuan Values calculated for two samples range from +0.1to +1.1 (Table 5.2;

Figure 5.14b). These values overlap the lower range of €y, ,, values of rocks of the
older tectono-stratigraphic assemblage described in Chapter 6. van Breemen es al.,
(1990) discuss U-Pb isotopic evidence for an inherited zircon component in sample
D217-87. 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 tor the
Concession Suite is the ability to account for large volumes of tonalite with apparently
lesser volumes of chemically related granodiorite, quartz 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 (Helz, 1976; Green
and Ringwood, 1968; Stern and Wyliic, 1978; Huang and Wyllie, 1986; Holloway and
Bumham, 1972; Green, 1982); 2) fractional crystallization of parental mafic liquid.
either crustal or mantle in origin (Green and Ringwood, 1968; Arth, 1976; Stern 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 (McBirney, 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 cach been
proposed, at different times, for correlative plutonic rocks to the Concession Suitc
elsewhere in the Slave Province (Green and Baadsgaard, 1971; Drury, 1979; Meintzer,
1987; Hill and Frith, 1982; Fnth and Fryer, 198S).

For the purposes of the following discussion the processes listed above are
grouped into two first order possibilities: 1) an entirely crustal ongin (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 From Crustal Sources

This section will address two questions: 1) can magmas of appropnate
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 Contraints

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; Stern and Wyilie, 1978; Huang and Wyllie, 1986; Eilis and
Thompson, 1986; Beard and Lofgren, 1989; Helz, 1976). Experimental partial melts
of basaltic rocks generated under water undersaturated conditions most closely
approximate the weakly meta-aluminous compositions of naturat 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
Si0, compositions from diorite through tonalite, corresponds to degrees of melting
ranging from 50 to 10%, respectively, depending on melting conditions (e.g. Stern and
Wyllie, 1978, Helz, 1976). Dioritic compositions (55 to 60 wt% SiQO,) 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, tolivine, +gamet under water-saturated
conditions (Helz, 1976; Holloway and Bumham, 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, gamet-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: variable numbers of

parental compositions derived from variable degrees of melting source rocks; mixing
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between high and low degree melts; fractional crystallization starting from a ‘parental’

high dc zree melt (ie. diorite) with or without assimilation; or unmixing or accumulation
from a 'parental’ low degree melt (ie. tonalite).
The viability of these processes and the basalt melting hypothesis wiil be tested

using trace element systematics.
Evaluation of Basalt Melting Models Using Trace Element Systematics :

Gamet and amphibole are both minerals which strongly fractionate the REE and d
melting garnet or amphibole bearing mafic rocks will produce large to extreme
fractionations in the REE content of the resulting liquid. The high (Cc/Yb), 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

Arth and Hanson, 1975; Rudnick and Taylor, 1986; Gromet and Silver, 1987; Martin,
1986; Defant and Drummond, 1990; see also Chapter 4).

basalts leaving either a garnet-amphibolite, gamet-granulite or cclogite residuum (e. g. !

The predicted effect on the REE contents of melts derived by batch partial melting
leaving an eclogite, gamet 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 (10 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), ratios and lower

abundances of Ce compared with more SiO,-rich samples (ie. lower degree melts).

This is not what is observed in the data set. Measured REE pattcrns 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
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Table S.4. Parameters used in non-modal batch melting calculations.

Garnet
Amphibolite Amphibolite Eclogite
Source(%! Maeit(%) | Source{%) Melt(%) | Source{%) Meitl%)
Plagioclase 25 50 20 50 - -
Hornblende 60 S0 20 50 - -
Clinopyroxene 15 - 48 - 80 80
Garnet - - 12 - 20 20

Estimates of source and melt modes: (1) amphibolite {Helz, 1976); (2) garnet amphibolite
(Huang and Wyllie, 1986; Lambert ad Wyllie, 1972); (3) eclogite {Stern and Wyllie, 1978;
Ellis and Thompson, 1986).

phases during partial me!ting of basalt (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),,. 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 relativiey
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:

1)  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
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(> 1000 ppm) by melting typical basaltic rocks (¢.g. 300 ppm) requires degrees of
melting of less than 15% (Stern er al., 1989). As pointed out above, such low degree
melts would not be dioritic or quartz-dioritic in composition.
2: Abundances of "compatible” (e.g. Ni) vs "incompatible” (¢.g. Rb) clements do
not follow paths predicted by partial melting models (Figure 5.20). The rapid decrease
in Ni compared to the more moderate increase in Rb are more characteristic of
fractional crystallization and/or assimilation-fractional crystallization processes.
3) Partial meltiag of basalt produces liquids with lower Mg# and Ni abundances than
the protolith (Green and Ringwood, 1968; Stern and Wyllic. 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 are presently exposed
may not, however, be representative of mafic 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 i1n
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 Intrusive

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 & '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
materials, 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 resuit
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 al., 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 rich minerals are also separated.
The (Dy/YDb), 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 SiO, 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
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elements (e.g. biotite, k-spar) in the mafic rocks are not abundant, or in the case of
K-spar are absent from the most mafic rocks. It is therefore unlikely that the LLFS

element abundances can be predicted by crystal unmixing models.
5.4.2 Models of Crustal Differentiation of Mantle-Derived Magmnas

The inability to derive the mafic rock types of the suite from crustal melting
suggests a mantle origin for the suite. None of the samples of the Concession Suite
have compositions in equilibrium with mantle rocks (ie. Mg#> ; Ni> 100 ppm). All
samples must therefore have undergone some fractionation. This will be discussed
below.

Two possibilties will be considered for the within-suite chemical variation: 1)
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.
Major 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 (1579). The models assume: a

parental compositon similar to sample D154b-87; fractionation of minerals observed in

the rocks (prinicipally amphibole and plagioclase); and assimilation of a felsic crustal




112

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 arz:
taken from Hill (1980) and Davis (19885).

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 % SiO,, the second stage from 60 to 65 wt% SiO,,
the dominant compostion of the suite. A third stage from 65 to 70 wt% SiO, 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 S.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 Si0, compositions (53 to 66 wt%) is 58%. The initial stage requires large degrees
of amphibole fractionation because it is the predominant low-SiO, phase observed in the
mafic rocks and separation of a low-SiO, phase is required to increase SiO, 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. Orthopyroxene is observed in some cumulate
rocks and as cores to amphibole, however its high SiO, content would cause little
change in Si10, content of the resulting liquids. Orthopyroxene could on the other hand,
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 SiO, 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

S$i02 TIO2 AL203 FE203 MNO MGO

REACTANTS USED

D1548-87 E §3.3
PRODUCTS USED

A280-87

HORN™ _:NDE 1

PLAG AN 40

APATITE .

FE OXIDE .
ESTIMATED COMPOSITION

REACTANTS §3.3
PRODUCTS 54.2

DIFFERENCES -0.9

RESIDUAL SUM OF SQUARES = 3.3
f=——=— == = e

Fractional Crystallization and Assimilation (Mixing)

WT% SI02 Ti0O2 AL203 FE203 MNO MGO CAO NA20 K20

P20S

REACTANTS USED

D1548B-87 100.
PRODUCTS USED

HORNBLENDE 1 1
PLAG AN 40

1

0
-35

TONALITE
A280-87 122
ESTIMATED COMPOSITIONS

REACTANTS
PRODUCTS

DIFFERENCES

RESIDUAL §UM OF SQUARES = 0.1
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A

STAGE 2

Fractional Crystallization
WT% Si02 TIO2 AL203 FE203 MNO MGO CAO NA20 K20 P20S

REACTANTS USEQ

A280-87 1000 €0.0 0.8 148 S.7 0.1 4.2 5.3 59 2.2 0.3
PRODUCTS USED

HORNBLENDE 2 15.7 483 0.7 8.0 185 03 1285 122 0.8 0.7 0.0

PLAG ANJ3O 245 609 00 244 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 0.0 6§71 0.0 0.0 429

FE OXIDE 1.0 0.0 7.0 00 925 0.8 0.0 0.0 0.0 0.0 0.0

0203-87 $8.8 647 0Ss 162 4.2 0.1 3.2 4.2 4.4 23 0.2
ESTIMATED COMPOSITIONS

REACTANTS 60.0 0.6 188 S.7 0.1 4.2 5.3 5.1 2.2 0.3

PRODUCTS 60.5 0§ 188 8.0 0.1 3.8 8.0 4.6 1.8 0.1

DIFFERENCES 0.5 0.1 -0.1 0.4 0.0 04 0.7 0.4 0.8 0.1

RESIDUAL SUM OF SQUARES = 1.6
£
Fractional Crystallization plus Assimilation (Mixing)

WT% SI02 TIO2 AL203 FE203 MNO MGO CAO NA20 K20 P205
REACTANTS USED
A280-87 1000 60.0 08 188 $.7 0.1 4.2 5.3 5.1 2.2 0.3
PRODUCTS USED
HORNBLENDE 2 5.8 483 0.7 80 188 03 125 122 0.8 0.7 0.0
PLAG ANJO 165 809 0.0 244 0.0 0.0 0.0 8.5 7.9 0.4 0.0
APATITE 01 0.0 0.0 0.0 0.0 0.0 0.0 8§71 0.0 0.0 429
FE OXIDE 0.8 0.0 7.0 00 925 0.5 0.0 0.0 0.0 0.0 0.0
SIEGE -32.1 72.4 0.1 16.2 1.0 0.0 0.3 2.9 5.8 1.6 0.1
TONALITE
0203-87 109.1  84.7 0% 182 4.2 0.1 3.2 4.2 4.4 2.3 0.2
ESTIMATED COMPOSITIONS
REACTANTS 60.0 08 186 S.7 0.1 4.2 5.3 5.1 2.2 03
PRODUCTS 60.2 08 170 5.8 0.1 4.1 5.5 4.4 2.1 0.2
DIFFERENCES 0.1 0.0 0.3 0.0 0.1 0.2 0 0.0

RESIDUAL SUM OF SQUARES = 0.8
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would require that the assimilated crust was hot at the time of intrusion (¢.g. DePaolo,
1981; Sparks, 19%6). The interpretation of a crustal origin for the Siege Tonalite (sce
below) and the close temporal relationship to metamorphism argues for locally high

temperatures in the crust during plutonism.

Simple mixing models, without fractionation can also yield appropriatc major
element solutions for intermediate compositions (not shown). However, the more felsic

sampl¢ . diverge 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 reproduced by
assimilation of anywhere from zero to 30% crustal material, resembling the Sicge

Tonalite, and involving anywhere from 30 to 60 % fractional crystallization.
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 crystallizaiion and AFC (e.g. 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 use of

accessory mineral phases is given below.

Table 5.6. Fractionating mineral assemblages used in trace element modelling
calculations.

Model A Mode! B

Agsimilation Assimiistion
Fractional Fractional Fractionat! Fractional
Crystaliization Crystallization Crystallization Crystailization

Mineral (wt %) 2 1 1 2 1 2

Hornblende 39 78 70 39 78 26
Plagioclase (o} 27 69 20 75
Apatite . .0 . . 2.0 1.0 1.0 1.0
Titanite . .5 X . 0.6 1.0 0.6 0B
Allanite . .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

fractionation interval.

Table 5.7. Estimated Kd values required for fractional crystallization models in accord
with major element solutions.

Required Bulk D Vaiues Calculated Buik D values
Samples Stage 1 Stage 2 Total Stage 1 Stage 2
D154b-87 A280-87 D203-87 t=0.6 t=0.7 t=0.4

Cr 113 102 95 1.18 1.21 1.19 22 12
Ni 75 68 50 1.14 1.87 1.44 5.9 3
Sc 24 16 11 1.65 1.82 1.81 9 5
A" 231 123 106 1.91 1.42 1.86 24 12
Rb 62 64 02 1.19 1.09 1.18 0.04 0.02
Ba 1173 1034 1078 1.18 0.88 1.09 0.1 0.13
Sr 1635 1243 1085 1.30 1.38 1.38 0.64 1.2
Nb 66 5.5 5.2 1.26 1.18 1.27 1.68 1.23
Zr 143 174 163 o.71 1.18 0.85 1.04 0.56
Y 22 12 10 1.89 1.48 1.86 2.59 1.74
Th 1.9 4.6 6.4 -0.25 0.07 0.31 0.33 0.26
La 70.8 32.5 30.9 2.12 1.14 1.80 1.67 1.66
Ce 159 72.3 66.9 2.14 1.22 1.95 1.72 1.62
Pr 19.7 8.7 7.7 2.19 1.32 2.02 2.03 1.85
Nd 82.8 34.6 29.9 2.26 1.41 2.11 2.24 2.1
Sm 16.0 6.0 4.8 2.31 1.66 2.2% 2.59 2.54
Eu 3.6 1.2 1.2 2.63 1.07 2.19 2.51 3.19
Ga 12.0 5.0 4.2 2.24 1.62 2.14 2.77 2.7
b 1.2 0.81 0.38 2.285 1.82 2.27 -

¥ 5.8 2.4 2.0 2.21 1.56 213 3.00 2,92
o 0.95 0.47 0.38 2.02 1.61 2.01 -
Er 2.2 1.2 0.90 1.88 1.81 1.97 2.67 2.42
Tm 0.28 0.15 0.12 1.89 1.64 1.92 .
Yb 1.8 1.1 0.82 1.63 1.70 1.75 2.08 1.61
Lu 0.24 0.156 0.13 1.67 1.39 1.66 1.94 1.30

Required Kd values calculated by solving equation 6 of Arth (1976), using measured values for initial {(C )
and final compositions (C,) and assuming the degree of fractionation consistent with major elemant solutions
(Table B.5). Stage 1 assumes C, = D154b-87 and C, = A280-87, Stage 2 assumes C, = A280-87 and C,
= D203-87. Caiculaied Kd values are based on minereal assemblages shown in Table 6.6 {Model A} and
intermediate Kd vaiues (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: 1) the Kd values used for amphibole are too low; or 2)
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the se¢paration of REE-rich accessory phases (e.g. titanite, allanite, apatite, zircon). All
of these accessory phases are common in the rocks and because ot their high Kd values

for the REE they may have an important effect on REE svstematics.
Effect of Accessory Phascs on REE Systematics

The effect on REE patterns of small amounts of fractionation of titanite, apatite,
allanite and zircon are shown in Figure 5.21b. Although published REE Kd values tor
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 absoluie
values of the Kd will dominantly affect the magnitude, not the style, of REE
fractionation.

As can be seen from Figure S.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 5.21b). Zircon strongly depletes the HREE relatively to the LLREE (Hcaman et
al., 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% Si0,, to
control the LREE content of the rocks should not be underestimated. Figure 5.21b
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 previously 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 5.21b) 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 sct

(Figure 5.9). This imposes limits on the extent of allanite fractionation. Allanite
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fractioration must be much less extensive, than 0.5 wt% shown in Figure 5.21b. 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 on 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 SiO, 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 §.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
mafic non-cumulate composition (ie. 'liquid' composition). The cumulate rocks show

relative depletions in LREE, and significant enricoments in MREE and HREE with a
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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.

Based on the REE patterns of these amphibole cumulate rocks and published Kd
values for amphibole in intermediate liquids, extensive amphibole fractionation, as
required in the first stage of the FC model, should cause rotation and steepcning of the
REE with a pronounced depletion of the MREE with progressive fractionation (Figure
5.21a).

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 (SiO, = 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 which 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 ..ie 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 thc 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 Srand 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 siru differentiation at this level. Stern and
Hanson (1991) noted a similar paradox in considering the origin of chemical variations
in diorite-tonalites 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 SiO, 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: 1) REE abundances lower than mafic rocks of the Concession Suite; 2)
no significant Eu anomalies; 3) low Sr and Ba abundances; and 4) mantle-like Nd
isotopic compositions.

The first requirement is needed to explain the decreasing REE abundances with
increasing SiO, 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 the 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 Yamba and Contwoyio Plutonic Suites
described in the following chapter, some of which are derived from significanily 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 () (simple fractional
crystallization) to 3. The model assumes constant Bulk D values over the fractionation

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. Particularly, 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). SiO, 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), vs. Cey (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 predicied variation of Ce and Yb c.aused
by small variations in the relative abundances of the fractionating phases (see Table 5.6,
Model A and B). 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,




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 simplifications of natural processes, chemical variation within the
suite can be reasonably accommodated by AFC processes.

Origin of Regional Variations

As described earlier, individual plutonic bodies may have distinctive major or
trace element contents at a given SiO, 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 Jifferent
source regions or different melting conditions (Stern et al., 1989)

2) vanations 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 mafic and more felsic magmas was reported in
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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:

1)  Members of the Concession Suite are unlikely to be related by variable degrees 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: 1) 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), 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), 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),, tonalites. Although




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 e al.,

1986; Northern Volcanic Zone, Andes, Rogers and Hawkesworth, 1989) and in

post-subduction ‘collisional® zones such as the Papua New Guinea Highlands (Johnson

et al., 1978); Iran (Dostal 1978) and Turkey (Pearce er al., 1990). The unusual
combination of evolved and primitive chemical signatures is also characteristic of some
arc-related high-Mg andesites (HMA) (e.g. Saunders et al., 1987; Tatsumi and

Ishizaka, 1982; Kay, 1978, Stern et al., 1984; Shirey and Hanson, 1984).

There are three general models proposed to account for high Sr, high (Ce/Yb),
andesites:

1) denivation from subcrustal sources which have undergone variable degrees of slab
enrichment and mantle melting (Saunders er al., 1987; Johnson et al., 1978; Stern et
al., 1989; Shirey and Hanson, 1984) or variable interaction with subcontinental
lithosphere (Hickey er al., 1986)

2) generation from 'normal’ arc basalts by fractional crystallization (garnet, amphibole,
pyroxene, olivine) and/or partial melting of underplated crust at gamnet 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; Stern er al., 1984; Kay, 1978).
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Derivation from Enriched Mantle Sources

Shirey and Hanson (1984) and Stern er al. (1989) have recently compared
primitive Archean monzodiorites from the Superiour Province to high-Mg andesites
from the Setouchi Volcanic Belt, termed sanukitoids (Tatsumi and Ishizaka, 1982a) 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 Supcrior Province, as well as some
recent HMA variously named alkaline low Ca boninites (Type 11b, Crawford er l.,
1989), bajaites (Saunders er al., 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 SiQ, (56-59 wt%), Mg# (> 60), Ni (>
100ppm), Sr (up to 2500 ppm), Ce (up to 150 ppm) and (Ce/Yb),, (up to 30), and high
Na,0 (>3%, Na,0/K,0 > 1) and very low CaO/Al,O, (<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 are
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, sanukitoids 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 bajaites.

Mafic rocks of the Concession Suite, as well as the Superior Monzodiorites, are
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




Comparison of Concession Plutonic Suite to high-Mg andesites.

Concess. Concess. Average Exp. Meit  Exp. Lig.
Suite Suite Superior Bajsite  Ssnukitoid PNG Borinite Pyrolite Ton.-Per.

1 2 3 4 S [ 7 8 9

S102 twt%) 56.34 53.3% $6.07 58.22 56.80 56.46 58.43 §5.50 $9.5
Ti02 0.88 0.94 0.7 1.20 c 69 0.85 0.17 2.50 0.80
Al1203 17.96 16.00 14 88 16.38 15.28 14.49 11.3% 12.30 17.9
FeO* 6.65 .26 7.08 4.40 €6.10 §.27 8.57 7.1¢ §.30
MnO 0.10 0.13 0.12 0.07 0.12 0.10 0.12 0.10 0.10
MgO 445 8.38 6.85 5.88 9.17 7.07 11.40 9.30 4.10
Ca0 8.30 7.87 7.6S 8.57 7.01 8.26 7.76 10.40 6.20
Na20 4.53 432 4.04 4.95 3.8 342 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
P20S 0.48 c.61 0.38 0.5% 0.00 0.0 0.00

Mg Number B4 s8 &3 70 73 87 70
Ca0/AL,0, 0.48 0.51 0.40 0.48 0.85

Cr 113 as2
N 75 154
Rb 82 €0 10

Ba 1214 1166

St 1229 994 71
Nb 11 7 - s 20 (] -
Ir 143 11 223 19
Y 24 22 - 9 15 19 s
Ce 150 159 97 30.3 122 2.15
Yb 1.64 1.6 72 1.45 1.52 .87
Ab/Sr 07 04 .08 008 .26 . 14
K/Rb 314 1489 232 - 423
Ba/Se .69 .76 .44 1.3 1.2 .
TifZe 23 40 34 - 23 sS4
Ce/Yb P 28 . 24 5.4 21 0.8
Eu/Eu* .74 .82 - 1.03 .83 94 73

SAMPLE DESCRIPTION: {1) and (2) mafic samples of Concession Plutonic Suite, D023-87 and
D154b-87; (3) average of 11 Archean diorites and monzodiorites from the southwestern Superior
Province from Stern et al., 1989; (4} high-Mg andesite from Baja, Ca. termad Bajaite by
Saunders et al., 1987 (SB.8.1); (5) high-Mg Andesite from Setouchi volcanic beit, sample
7201-705b, (Kushiro and Sato, 1978); (6) high-mg andesite from Papua New Guinea, Victory
andesite (Johnson et al., 1978); (7) high-Mg andesite from Bonin Island - Boninite (Jenner, 1983);
(8) melt composition (28% liquid) calculated to be in equilibrium with pyrolite - 40% olivine (cpx,
opx, ol} at 10 kbar, 1000°C, water saturated (Grean , 1976); (9) experimental glass composition
in the tonalite-peridotite-H,0 system (90/10 tonalite/peridotite, 15 kbar, 1100°C, 10% H,0).
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than typical for bajaites, resulting in typic..! calc-alkaline K/Rb ratios, unlike the
extremely high values characteristic ot the bajaites. In this respect they are similar to
sanukitoids.

In contrast to monzodiorites from the Superior Province, and NA-HMA, samplcs
of the Contwoyto Suite do not exhibit Mg#, or Ni abundances compatible with direct
mantle derivation. However, fractionation of only 5-10% olivine and orthopyroxene
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
orthopyroxene is observed in matic cumulate rocks. The high Mg# group of the

Concession Suite may represent slightly tractionated equivalents of high-Mg andesites.
Models for the Origin of Na-Rich High Mg Andesites

The high Ni and Mg# of little fractionated, Na-HMA are thought to represent
direct partial melts of hydrated peridotite (Tatsumi and Ishihaki, 1982b; Shirey and
Hanson, 1984; Saunders er al., 1987; Stem er al., 1989). Stemn er ul., (1989) have
argued that the combination of high SiO,, 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. Amndt and Jenner, 1985; Sun er ¢l., 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 ( > 1100°C) and water
contents (7 wt % at 14 kbar). Note that gamnet is not an observed liquidus phase under

these conditions. High $iO, 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 er 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 SiO, contents up to 60 wt%, and suggest
that these reflect a wide range of near-primary magma compositions generated from the
mantle. The full range of possible melt compositicns 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 er al., 1989; Saunders et al., 1987,
Rogers and Saunders, 1989; Shirey and Hanson, 1984; Stern er 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 (H,0, 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 D154b-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),.
Although extraction of smail 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. Garnet
would be required to fractionate the REE, in disagreement with the experimental data

indicating a garnet-free residuum.
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Gamnet would not be a required residual phase if the source was LREE-enriched.
Figure 5.29 shows the calculated abundances of trace elements required in a mantle
source to derive a melt with the trace element characteristics of parental rock of the
Concession Suite, assuming moderate degrees of meiting (10 and 20%) of a harzburgite
souice residuum (ie. amphibole and garnet-free residuum). The normalized trace
element patterns of the source, calculated by this method, resemble, in shape but not
abundance, those of the parental magmas. Even if garnet occurs as a residual phase the
Sm/Nd ratio would not be significantly 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 er al., 1987). The
enrichment and fractionation of the REE is. therefore, considered to be dominantly a
mantle source characteristic, not a result of melting
processes.

Assuming that the source represents a two component mixture consisting of
variably depleted mantle and an enriched component (e.g. Frey and Green, 1974), 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 doininated 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 Figure 5.29.

The normalized trace element pattern of the enriched component is superficially
similar to patterns of some mantle xenoliths, including both hydrous (e.g. pargasitic
peridotite) and non-hydrous types (Frey and Green, 1974; 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 modem 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 sediments, 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
metasomatising agent is a melt or a fluid cannot be easily determined by their chemical
fir.zerprint, as both may be capable of transporting the LILE (e.g. Eggler, 1987,
Tatsumi er al., 1986). Fluid-mineral-melt partition coefficients required to address this
issue remain very poorly constrained (e.g. Eggler 1987; Tatsumi er al., 1986).

Saunders er al. (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 of 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 er al., 1987).

A slab melting model has been invoked to explain some Na-HMA in modern
settings, including those from the Aleutians (Kay, 1978), Isla Cook (Stern e al., 1984;
Puig er al., 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, Stern et
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al.. 1984; Puig er al., 1984) which reacted and equilibrated with the overlying mantle
pendotite 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 (P, 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 are buffered at values
of approximately Mg60. These values are similar to those observed in the Concession
Suite but are much lower than observed in primitive Na-HMA (Mg > 70). Ifthe
assumption that Na-HMA with lower Mg# ( < 60) are geneticalily related to the more
primitive varieties then this mechanism, on its own seems unlikely. In addition, it is
not clearly established that small volume siab melts (e.g. 3%, Kay, 1978) will 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 gamet or amphibole-mica peridotite (Sekine and Wyllic, 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 petrogenesis?

Crawford er al. (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 SiO, and extremely low CaO/Al,0,
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 fertile mantle (e.g. MORB or Archean
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tholeiite) those derived from RMS have lower CaO/Al,O; and higher Al,0,/TiO, and
CaO/TiQ, 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
al., 1989).

Samples of the Concession Suite and Na-HMA in general, have very low
CaO/AlO, ratios, consistent with derivation from a highly RMS (Figure 5.31). Unlike
boninites, which are generally accepted to be derived from RMS, the high TiO, and
relatively low, MORB-like (or Archean tholeiite-like) ratios of Al,0,/TiO, and
CaO/TiO, suggest derivation from relatively fertile mantle materials which were not
extensively depleted in the past (Tatsumi and Ishihaka, 1982b; Tatsumi and Maruyana,
1989). In support of this, Stern er al., (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 because the chemisiry 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 CaO/Al, O,
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 melits (e. g.
Wyllie, 1984). Because the CaO/Al, 0, ratio of siliceous eclogite-derived melts is very
low relative to mantle ratios, mixing and reaction will rapidly reduce the CaO/Al, 0O,
ratio of the mantle source without significantly affecting the TiO, content, or the
CaO/TiO, or Al,0,/TiO, ratios. The low CaO/Al,O, in this case reflects a mixed
mantle source rather than a refractory source. The effect of other types of mantle

metasomatism (ie. fluid processes) on thesc ratios cannot be estimated, however

Ca0/AlL, O, ratios in many mantle xencliths generally decrease with increasing trace
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element enrichment (Kempton, 1987). Because significant major and trace element
changes accompany mantle metasomatism, elemental abundances and ratios
characteristic of Na-HMA may be telling imore about the nature of the mantle

enrichment process than the pre-enrichment source composition.

As noted above, the HREE abundances of the rocks are lower than predicted tor
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 typical MORB or Archean tholeiite mantle sources. Figure 5.29
illustrates that the abundances of the HREE in the calculated mantle source overlap
those of a MORB-mantle reservoir, assuming the Na-HMA rocks are derived by
moderate degrees of melting (20%, e.g. Green, 1973). Hybridization by
eclogite-derived melts or 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, gamet-free
mantle. The source is not required to be extremely refractory as suggested by
Crawford ef al., (1989).

Timing of the Mantle Enrichment Event

An esttmate of the maximum age of the mantle enrichment event can be made
using Nd isotopic data. Metasomatic changes in the 4?Sm/'*~Nd ratio of the mantle
source will produce changes in its Nd isotopic composition in the long term. This is
shown on a diagram of fg,y, ¥S Gy (Figure 5.32), a modification of a standard
isochron diagram. As described by DePaolo (1988) and Shirey and Hanson (1986)
changes in the ¥7Sm/"*Nd ratios (f,,) result in vertical movements on this diagram

(assuming the enrichment process does not recycle Nd from older crustal sourccs). The

time integrated effects of these changes result in changes in the ¢, value and produce
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honizontal movements on the diagram. In the simplest case, isotopic evolution lines are
shown as straight lines on this diagram as on isochron diagrams. Note that this assumes

th:at the enriched component and the mantle component had similar G, values.
The absolute decrease in ¢, of the mantle source depends on both the amount of

fractionation and the time since the fractionation event occurred. If the large decrease
in f,_n, 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 €, values. If the enrichment occurred only a short time
prior to magmatism there would be insufficent time for changes in ¢, 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 ¢y, values for the Late Archean depicted mantle are generally
within the range of +1.2 to +3.5 units (stippled region on Figure 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 the g, 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 lies within the range of depleted mantlee,, values
and all except one lie within the region of 100-200 m.y. If a lower vaiuc 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 f,_,, 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 2800 Ma and
possibly contemporaneous with the magmatism at ca. 2600 Ma. The Concession Suite

cannot be derived from an old enriched lithospheric source.
Relationships between the Low Mg# and High Mg# Groups

As described above, the low Mg# group have distinctly higher T1, Nb, and lower
Sr, Ce and (Ce/ YD), compared to rocks of the high Mg# group, with equivalent Si0),
contents. Although it cannot be shown in all cases, the chemical differences between
the two groups appear to extend back to the mafic compositions. Stern er ul., 1989
noied similar chemical differences within the monzodiorite rocks from the southwestern
Superior Province. In that case, Stern er al. (1989) had more primitive samples (ie.
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 er al., 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 Stern er
al. (1989). The small number of primitive samples of either of the two groups

precludes evaluation of this or other possibilities.
Alternative Petrogentic Models
Differentiation of 'normal' arc basalts at the crust-mantle boundary

Andesites with high LILE and (Ce/YDb),,, similar to the Concession Suite, may
evolve from 'normal’ arc basalts by high pressure fractionation and/or assimilation of
gamet-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

compictely 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 of 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), 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. Stern, 1990): 1) extensive fractionation of minerals with low Kds values; and 2)
extensive assimilation of high Sr material. Hildreth and Moorbath (1988) argued for
assimilation 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 t: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 ¢t al., (1989).
5.5 Origin and Evolution of the Siege Plutonic Suite

Rocks of the Siege Suite are compositionally similar to high-Al trondhjemitic
rocks (Arth, 1979; Barker, 1979). The rocks geochemically similar to those of the
Olga Suite (Figure 5.18), and they may also be derived from partial 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 (<] times
primitive mantle) require either a source residuum mineralogy capable of concentrating
HREE (amphibole, garnet, zircon, apatite, titanite, or other) or depletion of HREL by
fluids or volatiles (CO,-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 petrogenctic model. Field
observations presented in Chapter 3 indicate that petrogenetic models must take into
account assimilation of host rocks and late-magmatic separation of a melt or fluid phasc
(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.
5.6 Chapter Summary

Magmatism spanning the time of maximum regional shortening and peak
metamorphism includes: 1) the intrusion of mantle-derived high-Mg andesites into the
crust; and 2) crustal melting to yield trondhjemite plutons. The proposed HMA parents
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 modern subduction systems. Enrichment




of the mantle source is restricted to have occurred within the 200 m.y. prior to

magmatism. By analogy with modern 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 5.1. AL, vs. SiO, for rocks of the Concession Plutonic Suite. Compositional
fields for the principal rock forming minerals are taken from (Hill, 1980: Dcer er al.,
1966). All minerals except biotite have AL, O, contents distinct from those of the whole
rocks. Accumulation of amphibole (+ orthopyroxene, clinopyroxene, olivine) leads to
lower SiO,, low Al,0, compositions (arrows shown). Accumulation of plagioclase leads
to high Al,O, intermediate $10, rock compositions. Biotite has similar Al O, content 10
the magma composition. Samples which plot off of the data array (shown as crosses)
contain either high proportions of modal amphibole (below data array) or plagioclase
(above data array).
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Figure 5.12. A) Primitive mantle normalized extended REE diagram illustraung the

high abundances of LILE, LREE, strong negative Nb anomalies and low HREE

characteristic of the high Mg# group, Concession Plutonic Suite. B) Primitive mantle
‘ normalized REE diagram for the low Mg# group.
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Figure 5.16. Al0y/(Ca0+Na,0+K,0) vs. Al,04/(Na,0+K,0) plot showing the
weakly peraluminous composition of the Siege Plutonic Suite. All values molar.
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Figure 5.18. Primitive mantle normalized extended REE diagram comparing rocks of
the Siege Suite to trondhmjemites and tonalites of the Olga and Concession Suites. The
Siege Suite is most similar to the Olga Suite, in particular the positive inflections at
both Sr and Zr.
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Figure 5.19. (Ce/Yb), vs. Ce, for rocks of the high Mg# group. Solid curves show the
etfect of non-modal batch melting of a LREE enriched source composition (star) at (1)
eclogite , (2) garnet amphibolite and (3) amphibolite grade (see Table 5.3 for detailed
parameters). Dashed curves show similar calculations for (4) eclogite and (5)
amphibolite assuming the average Archean tholeiite source composition (Taylor and
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generate range of major element compositions from diorite through tonalite (Stern and
Wyllie, 1978; Helz, 1976). Symbols as in Figure 5.6.
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Figure 5.20. Ni vs. Rb. Squares are undifferentiated samples of the Concession Suite.
Dashed curves show the effect of non-modal batch melting of mafic source
(composition shown by star) at eclogite and amphibolite grade (see Table 5.3). Solid
curve is the trend defined by fractional crystallization dominated by amphibole and
plagioclase (see Table 5.5).
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Figure 5.21. Primitive mantle normalized REE diagrams illustrating the effect of
fractional crystallization of primary and accessory mineral phases based on published
Kd values for intermediate composition melts (Appendix 3). A) diagram showing the
etfect of 25% fractional crystallization of amphibole and plagioclase. Amphibole
fractionation causes depletion of the MREE and HREE and LREE enrichment, resulting
in rotation of the pattern and an increase in the Ce/Yb ratio and a decrease in the
Dy/Yb. Plagioclase does not significantly fractionate the REE (except Eu) and results
in an overall increase in REE. B) diagram showing the effects of small amounts of
fractionation of the accessory phases allanite, apatite, titanite and zircon. Allanite
strongly depletes the LREE, apatite and titanite the MREE, and zircon the HREE.
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Figure 5.23. Normalized REE diagram of values calculated by the Stage 1 crystal
fractionation model. Calculated values (solid lines) are normalized to the parental
composition (D154b-87; horizontal line at 1). Dashed line indicates the normalized
values of the 'target' composition (A280-87). Calculated MREE abundances are
excessively depleted relative to those in the target composition.
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Figure 5.24. Ba vs. Sr diagram showing increasing Sr and Ba abundances predicted by
fractionation models.
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Figure 5.31. Plot of CaO/Al,O, against TiO,. 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 Ca/AlL O, ratio with decreasing TiO, until clinopyroxene is
exhausted at which point the CaO/Al,O, decreases rapidly (Falloon, 1989). The low
CaO/Al,O, ratios in boninites reflect derivation from cpx-free sources (Crawford ez al.,
1989). The Ca0/Al,0, 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 TiO, content of the mantle
and can account for the MORB-like TiO, contents and Al,0,/TiO, and CaO/AlLO,
ratios (Tatsumi and Ishizaka, 1982) of sanukitoids, bajaites and rocks of the Concession
Suite.
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Figure 5.32. ¢y, vs. fy, ., diagram for rocks of the Concession Plutonic Suite. fom g
(“’Sm/'“Nd“mpk/“’Sm/“‘Nd(.m,,()-l and reflects the degree of LREE enrichment or
depletion in the sample. Negative values are LREE enriched relative to CHUR. The
rate of change of €, depends on fsmna (greater for more negative values) and the
magnitude of the change is a product of fimne and time. A group of samples with the
same initial e, value but variable fsmne 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 €, 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 €4,
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 er al., 1985). The horizontal
band represents the f,, ., value of the enriched mantle source to the Concession Suite
determined in Figure 5.31. A mantle source with this fsmna Value will rapidly evolve to
more negative €y, values. The majority of the samples have €,,, within the range of

the depleted mantle field and cannot be derived from a long term (> 200 my) enriched
mantle source.
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Chapter 6

Geochemistry of the Post-Deformation Plutonic Suites:

the Yamba and Contwoyto Suites
6.1 Introduction

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 er al., 1990), yet
exhibit distinct petrographic and field characteristics. This chapter presents
geochemical data which support the subdivision of the post-deformation granites

proposed in Chapter 3, and suggests 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 {WM),
centred around Yamba Lake, and the Pellatt | 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:te, and

intrude some of the highest grade rocks in the field area.

The Contwoyto Suite is present throughout the map area, with ine 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 dominantly intrude metasedimentary rocks of the Itchen and Contwoyto
Formations. Metamorphic grade of the 10st 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 from smaller bodies in the Olga lakc arca. A smaller

number of samples are from east of Contwoyto Lake and the southern part of the map

area.
6.3 Presentation of Geochemical Data

Representative major and trace element analyse< are presented in Table 6.1, The

full data set is given in Appendix 2.
6.3.1 Major Element Chemistry

Yamba Plutonic Suite

The majority of samples of the Yamba Suite are monzogranites with lesser

amounts of granodiorite and syenogranite. The rocks dominantly plot in the granite

field of the modified O'Conner diagram (Figure 6.1). All samples are silica rich (810,

between 68 and 78 wt%) and weak!y peraluminous (Figure 6.2: 6.3). Salient major
element features are high K,O (>4%) contents, high K,0/Na,O (1-3), and generally
low abundances of ALO, (< 15%), FeO* (<2%), MgO (< 0.5%), CaO (< 2.5%)
and TiO, (<0.5%)(Figure 6.3). With the exception of K,0 and Na,O, major ¢lements

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 SiO, 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,0,, Na,0
and P,O, and lower K,0, MgO and TiO, concentrations (Figure 6.3).
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Table 6.1. Representative anhydrous analyses of rocks of the Contwoyto and Yamba
Suites.

Contwoyto Plutonic Suite | Yamba Plutonic Suite
| High Y | Low Y

Sample D199 D128a 0241 RO3? D216 0350b | DO78a D135 D117 | ROS1e D056 D153
Name -88 -87 -88 -89 -87 -87 -88 -88 -87 -88 89 -89
Area Contw. Contw. Heckia Ghurka Olga Windy Walv. Waelv. Wolv. |N. Wolv. Psllatt  Paellett

Moanzogr Monzogr Bey Nose Lake Lske |[Monzogr Monziugr MonzogriMonzogr Lake Lake

Lake area dyke Monzagr Monzogr

Minerslogy B8t Mu Mu-T 8t Mu-Bt Mu-Bt Mu-8t at -1 Bt 8t Bt Bt
Toxture q *q eq aq-p eaq-p eqQ-p oq-kx oq-kx tgr kx oq oq
Si02 729 75.7 7285 75.8 75.2 74.1 74.3 74.3 729 70.1 73.2 72.8
T:02 0.28 0.08 0.32 0.00 0.12 0.12 0.20 0.24 0.28 0.37 0.16 0.24
A1203 14.9 14.0 15.3 14.1 145 14.7 13.9 138 13.66 15.7 14.8 14.8
FeO* 1.76 0.40 1.77 0.34 0.95 1.14 .38 1.68 2.51 2.42 1.03 1.63
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 0.38 0.51 0.81 0.35 0.54
Ca0 1.1 0.63 1.38 0.99 0.88 0.89 1.20 1.14 1.17 2.17 0.67 0.79
Na20 4.13 4.59 492 4.28 3.79 4.35 3.34 3.29 2.78 4.24 3.51 3.49
K20 4.21 4.25% 2.92 435 430 4.13 §.35 5.13 6.05% 4.06 6.19 5.81
P20S 0.18 0.28 0.05 Q.04 0.04 0.12 0.04 0.02 0.08 0.16 0.11 0.18
LOI 0.66 0.4%9 0.69 0.52 0.83 0.51 0.54 0.46 0.79 0.40 0.57 0.87
Trace elements in parts per million
Cr 8 di 6 dl di d di dl 3 6 dl
Ne di dl di dl dl di di di dl dl di
Sc¢ dl d di dl di dt di di dl di dl
v 13 dl 28 di di 10 18 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 8S 125 252
Ba 612 153 613 2N 547 680 688 909 871 476 596
Sr 158 39 232 119 118 8s 80 101 342 100 138
Ga 24 17 22 18 19 18 17 18 19 18 23
Nb 7.3 5.0 49 133 11.3 10.4 14.1 12.2 29 2.4 10.7
Zr 144 24 121 58 93 143 176 302 246 119 137
Y 10 7 8 4 22 7 23 18 23 S 8 2
Th 8.05 1.04 7.20 3.02 135 18.5 44 59 8s 36 181 28.4
Rars earth elsments in parts per million
La 25.0 2.63 217 6.8 134 26.3 54.6 67. 119 87 28.7 324
Ce 471 6.00 38.0 133 263 49.9 103. 129. 215 140. 63. 77.
Pt 6.1 0.77 4.43 1.47 299 5.04 10.55 13.13 229 15.76 7.83 9.80
Nd 229 2.94 159 5.34 103 16.6 35.9 44.1 78 55.7 28.2 371
Sm 4.16 0.79 2.68 1.30 248 2,98 6.04 7.3 115 8.0 5.18 8.0
Eu 0.63 0.13 0.44 0.30 0.20 0.43 0.46 0.54 .82 1.17 0.50 0.54
Gd 2.80 0.68 1.92 1.08 2.28 2.66 4.48 §.54 71 4.09 3.12 4.67
Tb 0.34 0.11 0.2 0.13 0.45 0.24 0.76 .84 0.87 0.3 0.31 0.44
Dy 1.585 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 0.18 0.82 0.72 0.74 0.15 0.23 0.21
Er 0.64 0.29 0.58 0.37 1.46 0.36 2.1 1.63 1.67 0.34 0.59 0.50
Tm 0.07 0.04 0.07 0.04 0.20 0.06 0.27 018 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 0.268 0.41 0.26
Lu 0.05 0.0 0.07 0.04 0.18 0.06 0.25 0.18 0.20 0.08 0.06 0.08
Selected Rauus
K,0/Na,0 1.0 0.9 0.6 1.0 11 0.9 1.6 1.6 2.2 1.0 1.8 1.8
Fe0"/Mg0 3.2 5.7 2.4 28 4.1 3.2 4.5 4.7 4.9 3.0 2.9 2.8
K/Rb 3n 126 2186 187 144 239 23 254 39S 411 185
Rb/Sr 0.7 7.2 0.5 1.6 20 2.2 2.3 2.0 0.2 1.2 1.8
Be/St 3.9 4.0 2.6 2.4 4.6 8.0 8.6 9.0 2.5 4.8 4.4
Sty 16 ) 39 S 18 4 4 4 M 18 81
Zr/Th 18 23 17 4 (-] 3 3 4 7 8 S
Ti/Nb 233 97 398 SS 64 117 104 139 759 400 137
Ze/Y 15 3 20 3 14 8 10 4 51 21 61
{Ce/Yb),, 26.0 4.4 19.2 12.2 5.4 39.8 15.4 27.2 100 137 39.7 77.8
Eu/Eu"” 0.58 0.53j 0.60 0.78 0.25 0.47 0.27 0.26 0.21 0.62 0.38 0.27

Code: WM = Wolverine Monzogranite; Bt = biotite; Mu = muscovite; T = tourmaline; Cord = cordierite; eq =
equigranular; p = pagmatitic: kx = microcline prophyntic; fgr = fine greined. Major elements by AA. REE and Th
determined by ICP-MS, other trace slements by XRF. nd = not determined, dl = below detection limit.
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6.3.2 Trace Element Chemistry
Selected trace elements are plotted against SiO, in Figure 6.4,

Yamba Plutonic Suite

The Yamba Suite exhibits a wide range (1 to 80 ppm) and a bimodal distribution
of Y abundances (Figure 6.5). Y is therefore useful to subdivide the suite o two
groups; a high (Y> 12 ppm), and alow (Y < 12 ppm) group. The two groups have
generally similar major element compositions (Figure 6.3), however the low Y group

tends to have more variable K,0/Na,0, and lower FeO*/MgO ratios (Figure 6.5).

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 phenocrysts
similar to those in the high Y group but also have well formed, equant plagioclase
crystals characteristic of the Concession Suite. Some. but not all, have higher biotite

contents.

The high Y group occurs dominantly in the western part of the study area, within
the Wolverine Monzogranite and other small bodies in the Olga Lake arca. The low Y
group occurs: 1) along the northern 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 (PLM). 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 abur.dances of transition elements, and variable 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 Ba/Sr 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 anomalics
(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 Yamba High Y Yamba Low Y Yambs Low Y Concession Concession

Monzogranite Woivenne Woivenne Peliatt High Mg # Low Mg#
n 18 29 10 5 ] 5
$10, 73.0 1.5 74.2 +1.4 735 $2.2 73.7 :0.85 701 1.1 710 £1.2
TiO, 0.23 $0.12 0.23 :0.10 0.26 £0.12 0.20 :20.08 0.38 :0.10 043 x0.10
Al,0, 15.1 :05% 13.8 $0.50 143 0.9 144 :049 15,7 :0.24 148 2036
FeO* 1.61 +0.60 1.68 +0.53 1.49 :0.58 1.39 :0.30 258 10.81 3.41 2052
MnoO 0.02 £0.01 0.02 :0.00 2.02 20.01 0.02 :0.01 0.04 :0.01 0.05 :0.01
Mgo 0.63 +0.33 0.40 :0.17 0.48 $0.24 0.43 :0.13 1.13 $0.32 1.10 :o0.23
Ca0 1.36 +0.68 1.14 £0.32 1.44 $0.65 1.05 $0.52 2.84 :0.28 2.96 £0.39
Na,0 433 $0.48 3.23 0.0 3.52 +0.57 3.84 £0.33 4.70 :0.81 4.44 $0.24
K,0 3.59 21.07 5.26 :0.70 498 +1.13 5.00 £1.15 2.31 :0.74 1.66 $0.60
P,0, 0.17 +0.09 0.07 $0.0% 0.09 +0.05 0.13 :0.04 0.18 $0.07 0.11 x0.03
Rb 104 41 196 232 128 £55 1864 156 67 =29 8 =x10
Ba $10 138 840 1205 953 $294 832 :214 741 :472 494 185
St 190 +97 88 227 235 £117 166 18S 578 =73 230 152
Ga 21 23 18 £2 18 £2 20 22 21 1) 20 =2
Nb 6 +2 14 4 5 £3 7 33 S =2 8 =t
2r 122 142 1686 +£83 158 +67 126 22 141 27 138 3214
Ti 1470 +707 1361 + 606 1888 £712 1173 467 2298 622 2559 1677
Y 8 £3 23 8 7 22 I 2 8 3 13 =4
Th 7 23 46 16 25 16 15 17 8 2 6 32
Ce 49 £10 170 =61 85 42 72 7 S7 =36 36 21
Yb 04 $0.2 1.4 £0.3 0.0 100 0.38 10.07 0.4 103 0.7 2058
Rb/Sr 0.7 +0.5 2.4 £0.7 08 $0.6 1.3 107 0.1 $0.1 0.3 $0.1
Ba/Sr 30 £1.4 74 £18 4.7 £2.0 42 1.0 1.2 0.6 2.1 0.6
K/Rb 300 78 233 +37 353 689 270 182 314 +89 249 1957
Sr/Y 23 £15 41 1.8 39 £24 S3 125 84 153 19 4
Zr/Th 163 7 3.7 £1.8 7.4 3.6 105 155§ 30.2 $20.2 26.6 £10.7
Ti/Nb 294 1257 107 :62 368 +217 204 112 449 175 324 :49
Ze/Y 153 6.6 7.8 £4.2 25.6 £15.3 513 £24.4 21.2 88 11.5 229
Ceo/ 30 10 32 210 83 t42 52 1§ 490 13 14 :4
Yb,
gu/ 0.58 $0.19 0.28 +0.05 0.62 +0.03 0.59 r0.28 0.87 =0.10 0.82 0.1
ul

e —— S ——

g_vorage values for Concession Suite rocks only include samples with greater than 69 wt%
tU..
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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 the
abundances of the MREE and HREE are higher and have a flatier slope with slightly

concave down curvature (Figure 6.6c).

The two samples with the highest abundances of Th and the LREE are tine
grained granite dykes, one intruding the Wolverine Monzogranite, the other the Sicge
Tonalite north of the WM (Figure 6.6c). These rocks have lower Si0, but otherwise

similar major element chemistry to the more common coarser grained phases (Table

6.1; Figure 6.3). Th shows a large within-suite variation, which is paralleled by 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

clement budget.

The low Y group are also LREE-enriched but have smaller neganve o positive Lu
anomalies and lower abundances of the HREE (Figure 6.6d, ¢). 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 and Ba
generally decrease with increasing SiO,, 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 are not
correlaed to SiO, content. HFSE elements are generally lower, but do overlap average
concentration levels in the Yamba Suite. Zr abundance decreases systematicaily over a
$i0, range of 70 to 76 wt% SiO,. Y does not correlate with Zr content. The Nb
abundance shows no clear correlation with that of other elements. Th abundances are

much lower in comparison to the high Y group of the Yamba Suite. There are,
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however, indications of locally high abundances of Th from detailed acroradicactivity
surveys (possibly in pegmatites) (G.S.C. aeroradiaoctivity survey). Th abundance does
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 variable. Two 'endmember’
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 (Gd/ Yby,
(Figure 6.8a). The second type has lower total abundanccs of REE. flatter patterns (e
lower (Ce/Yb), and (Gd/YDb),) and variable positive to strongly negative Eu anomalics
(Figure 6.8b, ¢, d). REE patterns intermediate to these types have also been measured.

The former type are more common and are characteristic of non-pegmatitic, fine
to medium grained, biotite-muscovite granites. The low REE abundance type is
associated with: 1) 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 leucogranites, pegmatitic
leucogranites and pegmatites (e.g. Shearer et al., 1984, Cerny and Meintzer, 1988:
Muecke and Clarke, 1981; Vidal et al., 1982; Searle and Fryer, 1985).

6.3.3 Isotope Geochemistry
Neodymium isotopic compositions for samples from the immediate study area are

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 ¢, values ranging trom +2.9to -5.1
(Figure 6.9). The g, 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 vanation is discussed in Chapter 7.




Table 6.3. Sm-Nd Isotopic Data, Post-Deformation Plutonic Suites

e ——

—a——

Sample* Rock Type Lat Long Nd® Sme ISm) VOING/1*Ns T Ager Tom
{ppm) {ppm) 4N {(Ma}) (Ma)
Yamba Plutonic Suite
D153-89 8t Granite 65° 10 109° 44° 45.47 9.16 0.1218 0.511508 29 2590 2697
D224-88 Bt Granite 65° 27 112° 25° 0.1002 0.510833 -3.1 2590 3139
D078a-88 Bt Granite 65° 11’ 1110 37" 44.09 7.26 0.1060 0.510858 -4.6 2582 3181
- D238-87 Bt Granite 65° 30° 112° 05° 19.52 3N 0.0970° 0.510682 -5.0 2530 3280
D136-88 Bt (_Sranitg 65° 05° 111° 39° 44.09 7.26 0.1048 0.510807 5.1 2590 3292
R037-89 Bt-Mu Granite 65° 14 109° 12’ 462 1.07 0.1397 0.511808 2.8 2590 2705
D199-88 Bt-Mu Granite 65° 52' 111° 38° 22.61 413 0.1131 0.511202 0.2 2590 2925
D207-88 Bt-Mu Granite 65° 49" 111° 14 23.98 4.7 0.1258 0511415 0.2 2590 2931
K193-88 Bt-Mu Granite 65° 49 1110 25 15.08 2.72 0.1140 0511170 1.1 25851 2992
D216-87 Bt-Mu Granite 65° 28’ 111° 40° 10.15 243 0.1434 0.511515 4.2 2585 3220
D295-88 Bt-Mu Granite 65° 53° 110° 38° 12.74 2.80 0.1374 0.511410 4.3 2590 3222

* Samples D153-89, RO37-89 chemistry analyzed at G.S.C. by E. Hegner. All other samples done at Memanal Uriversity.

* Nd and Sm concentration data for samples analyzed at Memorial University determined by ICP-MS (5% error). Data from GSC determined by isotope
dilution {1% error)

< Samples analysed at GSC {0.5% error); at Memorial (1% error). Values marked with asterix {*] “etermmned by ICP-MS at Memorial (3% error).

4 Internal precision is better than external precision of 2*10°,
Ratios are normalized to MeNd/"“sNd = .7219 1WsNg N = 511862 1 19 tor La Jolla during period nf study. All samples analysed at G.S.C.

* Oy = “"JNd"“Nd,.,,.,.,,_l‘“Ndl‘“Ndm s tand “11 * 10" where {I} = age of sample. Present day values Bulk Earth ‘Nd/"N = 512638 14/Sm/Ngd =
.1967.

! Pubtished U-Pb zircon or monazite ages are designated by superscripts as follows ' van Breemen et al., 1990;

tL]
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Wanless and Loveridge (1978) report Sr isotopic ‘aa for four samples of the
Yamba Suite from the Wolverine Monzogranite. Recalculation ot this data, assuming a
crystallization age of 2585 Ma (van Breemen er /., 1990) and decay constants trom
Steiger and Jiger (1977), yields initial *’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
¥7Sr/%Sr values. The extremely low values indicate that post-crystallization
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 ¢y, values ranging from +2.8 to -4.3
(Figure 6.9). Systematic east-west differences are similar to thosc 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 | REEE
patterns (e.g. D295-88) have similar €, to those samples with type Il patterns (e. g.
D216-87). This indicates that the isotopic composition is not simply a function of the

fractionation process.

The negative g, 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/143Nd values (f,\,= -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
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fundamental differences of opinion on the petrogenesis and tectonic significance of
granitic rocks. The commonly used classification of I-, 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 (M-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 schemes.

Plutonic Suite

Scheme Contwoyto Yamba Concession
Pitcher (1983, Hercynotype Caledonian- Caledonian-
1987) type Andinotype
Chappell and S-type I-type (£ S) I-type
White

{1974); White and
Chappell (1983)

Barbarin (1990) Crustal Crustal-Hybrid Hybrid
Petrographic Csr - Cg Ca-Ho Ho - Hea
Mineralogical Cer - Cq Cq w - Hea
Major elements Csr - Cq Ca - Ho Ho - Hea
Intrusive Style Cer - Gy Cqr - Cy

Csr = two-mica leucogranites, ?thrust related, dominantly crustal source; C., =
peraluminous intrusive granitoids, Jominantly crustal source; H,, = mixed origin {crust +
mantlel, potassic calc-atkaline granitoids (high K-low Ca); H., = mixed origin (crust +
mantie), calc-alkaline granitoids {low K-high Ca); S-type = sedimentary source rocks; I-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 SiQ, 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 this granite type (e.g. Vidal
et al., 1984; Cerny and Meintzer, 1988). These characteristics are indicative. in part, of
S-type granites (sedimentary-derived) as defined by Chappc!l and White (1974) or the
C-type of Barbarin (1990). There is a general consensus that this type of granite 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 I- and
S-type granites. However, the absence of primary muscovite or peraluminous minerals
argues against an S-type classification (s.s., White er al., 1986). The suite shows
characteristics of both crustal and hybrid granites as defined by Barbarin (1990) (Table
6.4).

6.4 Origin and Evolution of the Yamba and Contwoyto Plutonic Suites

Magmatic differentiation in granitic systems is extremely complex owing to the
multiplicity of processes capable of affecting the composition of the rock (Miller ez al.,
1988; Pitcher, 1987, Wall et al., 1687). These include crystal-liquid-fluid partitioning
during partial 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 er al., 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 granite systems,
the regional nature of the sampling in this study precludes systematic evaluation of
differentiation processes within a single magmatic svstem. 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 invoived.




177
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 on most variation diagrams {(Figure 6.3,
6.4). The two suites are unlikely, therefore, to be related by a simple process such as
fractional crystallization, mixing, or variable partial 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 batho! -ns. 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 Y are extremely variable, but in
the Contwoyto Suite they are uniformly low (Figure 6.7). P,Oq 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 Il) are only documented in rocks
of the Contwoyto Suite. In the Yamba Suite, the LREE show large absolute variations
but LREE fractionation (e.g. (Ce/Sm),) is minor. As outlined below these differences
in within-suite elemental variation may reflect differences in the relative 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), patterns with little or no change in
SiO, 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), and (Ce/ YD), are characteristic features of the Archean 'fertile'
granite association (Cemy et al., 1985; Cerny and Meintzer, 1988) as well as many
leucogranites (e.g. Vidal er al., 1982; Searle and Fryer, 1985; Muecke and Clarke,
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1981). This type of REE variation is generally attributed to fractionation of
REE-enriched accessory mineral phases, or the evolution of a fluid phase which

complexes the REE.

REE-enriched accessory minerals can produce extreme effects on the REE content
of felsic igneous rocks (e.g¢. Schaltegger and Krahenbuhl, 1990; Mahood and Hildreth,
1983; Miller and Mittlefehldt, 1984; Sawka, 1988). The accessory minerals apatite,
zircon and monazite (+ gamet and tourmaline) all occur in samples of the Contwoyto
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 thiy
hypothesis is that the contents of trace elements common to a particular accessory
mineral, will covary. For example, monazite and apatite are phosphate minerals, rich
in Th, as well as the REE (Miller and Mittlefelhdt, 1984: Schaltegger and Krahcnbuhl,
1990). Zircon has high contents of Zr, Y and the REE (+ Th) (Heaman er al., 1990).
Fractionation of these phases should, therefore, result in sympathetic variations in Zr,
REE, Th and P,0,. However, the abundance of Zr in the rocks does not correlate
simply with Y or HREE contents, nor do the REE correlate with P,O, 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. g.
thorite, chernovite, polycrase, Schaltegger and Krahenbuhl, 1990) cannot be evaluated

at this time.

The abundance of pegmatites, rapid variations in grain size, occurrence of’
pnimary 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 variation in leucogranites is commonly thought to be strongly
affected by complexing of REE in a fluid phase (e.g. Vidal er al., 1982; Cerny er al.,
1985). REE may be transported as complex anions (F-, Cl-, CO,2, BO;?) in the fiuid
phase (Flynn and Burnham, 1978; Collerson and Fryer, 1978). This can result in

overal! depleiion of REE in the melt, large Eu anomalies (both negative and positive) as




well as kinked REE patterns atypical of crystal-melt partitioning (e.g. Cerny and
Meintzer, 1988; Walker et al., 1984). These REE features are similar to the
fractionated and depleted REE patterns charactenistics of some of the Contwoyto Suite
granites, particularly the tourmaline-bearing granites and granites associated with
external pegmatites (e.g. Figure 6.8b,c.d). Fluid processes could also be responsible
for the variability in P,O, and LLFSE (e.g. Rb, Na,0O) contents . As pointed out by
Cemy and Meintzer (1988). quantitative modelling of these processes is unrealistic.

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 source region to the
granites. Cermny and Meintzer (1988) suggest that in the Archean 'fertile’ granite
association, the least fractionated samples are those with higher K/Rb, LREE and
(Ce/YDb),,, as differentiation of the suite generally leads to decreasing LREE with
increasing HREE and decreasing (Ce/Yb),. This same type of differentiation is
commcen 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 ‘least 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: |) the REE patierns 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 elements is most
likely controlled by biotite and feldspars. sugges:ing that separation or accumulation of

the accessory minerals occurred in concert with fractionat:on ot hiouite and feldspar.

Table 6.5. Results of least squares mixing calculations (LeMaitre, 1979y, Wolverine
Monzogranite, high Y group.

Fractional Crystailization
Wt SI102 TIO2 AL203 FE203 MNO MGO CAJ NA20 X200 P20S

REACTANTS USED

D114-87 100.0 70 S5 .53 1460 293 002 0.72 150 303 6588 024
PRODUCTS USED

D134-88 77.49 7565 16 1311 1.28 kel 033 085 296 563 002

Plag AN 17 9.02 63.97 00 228 .25 00 0.0 .2, 987 00S 0.0

K-spar 5.23 65.19 0.0 1829 0.0 Q.0 00 015 086 1552 00

Biotite 7.51 36.45 290 1784 2556 033 6.7 [eXe) 00 100 ¢o

Apatite 0.76 0.0 0.0 0.0 0.0 0.0 0.0 S57.1 Q0 00 429
STIMAT COMPOSITION

REACTANTS 70.55 53 1460 293 002 0.72 150 303 588 024

PRODUCTS 70.53 34 1450 293 003 076 139 322 594 0134

DIFFERENCES 002 0.18 0.10 0.0 0O 004 OMN 0.19 006 010

RESIDUAL SUM OF SQUARES = 0.11

If fluid processes were important in the Concession Suite, their effects are less

apparent in the Yamba Suite, consistent with the textural differences between the suites.
6.4.2 Origin of the Contwoyto Plutonic Suite
Partial Melting of Metasedimentary Rocks

Granites with the characteristics of the Contwoyto Suite are commonly modelied
as partial melts of metasedimentary source rocks (Vidal er al., 1982; Miller, 1985;
Pitcher, 1987). Metasedimentary protoliths have been proposed for compositionally
and petrographically similar granites from elsewhere in the Slave Province (e.g.
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.g. Day and Weiblen, 1986). Turbidite sequences represent a relatively large
component of the crust in the Slave Province and thus represent a reservoir of sufficient

volume to generate the significant volumes of grznite observed.

It is veell 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 cxperimental 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 the mid to lower crust.
Melting may occur through the reaction:

biotite + plagioclase + aluminosilicate + quartz =

melt + garnet + alkali Feldspar

At lower pressures cordierite rather than garnet is the residual phase (e.g. Green, T.H.
1976; 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 (see Table 6.6).
Quartzo-feldspathic 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.
exceed the rheological critical melt fraction, e,g. Wickham, 1987; Miller er al., 1988;
Arzi, 1978). Since melts produced through this reaction are water undersaturated, they
are able to separate and ascend to higher structural levels, intruding lower grade

metamorphic rocks as have the Contwoyto Suite granites.
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Table 6.6. Average compositions of the Contwoyto and Yamba Monzogranites
compared to compositions of experimental melts of sedimentary rocks.

Sample Contwoyto Yamba 7-875 7 975 13-900 13 920 10 875 10 900
Name Monzogr. Wolv\.' hgh PD PD PD FD VH VH
Melt% 29 66 24 42

S$i02 7300 74.2) 73.79 74.41 73 69 7391 73 20 71 30
T02 0.23 0.23 0.14 0.54 0.30 0.28 0.30 0.60
Al1203 15.06 13.79 15.72 13.81 15.29 14.51 16.10 16 10
FaO" 1.61 1.66 1.75 209 1.63 1.50 1.90 1.90
MnO 0.02 0.02 0.00 0.'6 .02 004 0.00 0.00
Mg0 0.63 1.66 0.37 oM 0.44 0.37 1.00 1.30
Ca0 1.36 0.40 037 0.41 0.23 0.11 0.40 1.60
Na20 4.33 3.23 1.87 0.89 1.94 1.30 3.0 J.co
K20 3.59 S5.26 5.94 6.71 6.40 829 4 40 420
P20S 017 0.07 G.05 0.07 0.05 0.10 000 0.00
H20 4.09 2.98 7.14 5.33 3.74 3.50

Average values of Contwoyto and Yamba Plutonic Suites 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 (°C). PD == Patino Douce and
Johnston, 1990, VH = Vielzeuf and Holloway, 1988.

Migmatites exposed in the study area commonly have melanosome assemblages
consisting of corderite, sillimantte, biotite, plagioclase +quartz, +garnet, +alkali
feldspar (Wingate, 1990). Wingate (1990) describes mineral relationships within
migmatites of the Itchen Formation (north of the WM) consistent with the biotite

dehydration rear tion:
biotite + sillimanite + quartz = melt + cordicrite

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 ubiguitous mineral in sedimentary derived granites

(e.g. White er al., 1986) and many migmatites in the Slave Province contain cordierite

in their leucosome (Wingate, 1990; Folinsbee, 1949). However, cordierite {(or garnet)
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iz not observed as phenocrysts (xenocrysts) in the granites, although garnet is present in
pegmatites. This suggests that if cordierite was an important residual phase Jduring
melting 1t was removed from the melt during or subsequent to magma scgregation (Zen,
1989). Cordierite may have reacted out with increasing water activity during
crystallization and decompression, to produce the observed muscovite, quartz and
microcline assemblage (Zen, 1989; Clemens and Wall, 1988).

Experimental 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 Na,O contents in the Contwoyto Suite compared to the experimental liquids
probably retlects different protolith compositions. According to Chappell and White
(1974), sedimentary-derived granites should have low Na,O contents because of the loss
of Na,O during surficial weathering and sedimentation processes. The Na,O contents in
rock of the Concesion Suite are much higher than in typical S-type granites, as defined
by Chappell and White (1974; White and Chappell, 1983). However, metasedimentary
rocks exposed in the Slave Province are chemically immature (ie. low Al,0,/Na,O,
Easton, 1985; Jenner er ai., 1981; Appendix 2) and Na,O-rich. Since they are not

themselves Na-deficient, they could yield relatively high-Na granites.
Yellowknife Supergroup Metasedimentary Rocks as Protoliths
N4 Isotopic Constraints

[sotopic data are particularly useful in evaluating possible and impossible crustal
sources. The Contwoyto Suite exhibits a wide range of ¢, values, ranging from
+2.8 to -4.3 (Table 6.3). The process respoasible for generating these granitic rocks
must, therefore, be capable of producing petrographically and geoctkemically similar
rocks from isotopically distinct sources. The gy, , 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
(nge o Values by variable mixtures of an isotopically neterogeneous metasedimentary

source. An example of this is shown in Figure 6.12 which assumes the simplest
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pussible cise, a two component mixture of: 1) metasedimentary rocks similar to a peiite
sample from Point Lake (6yy, ¢y = -6.7): and, 2) an average value of the
metasedimentary rocks with juvenile isotopic compositions from the central and eastern
parts of the province. Insignificant amounts to over 80% of :he component with
NEgalive Gy, 4 Values are required to reproduce the range in ¢y, 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 comnponents, with different Nd

isotopic compositions and abundances.

This model requires that metasedimentary rocks with negative ¢, values, simiiar

to those of the pelite sample from Point Lake, would be required to occur bencath at
least the western part of the field area in order to account for those granites with ¢,
values of less than -1. The single analyses from the eastern most part of the arca

(R037-89) would not require this component (See Chapter 7).

The Nd 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. Oxygen 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). &*O 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% Si0O,, in the pelites, to up to 70 wt% SiO, in
quartz-rich metagraywackes. The samples are LREE-enriched with high (Ce/Yb), 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; Jenner e ¢/., 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),, and
larger negative Eu anomalies. Residual 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
«vsidual 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 er al., 1982; Miller er al., 1988) and can be explained by a number of
processes:

1) the compositions of the granites are not representative of the melts because of the
effect of post-melting fractionation processes;

2) the composition of metasedimentary rocks is inappropriate or was modified during
metamorphism preceding or simultaneously with melting; and

3) 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




186
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 ot
the Concession Suite) in the generation of the Contwoyto Suite requires additional

reliable isotopic data (Sr, Pb, O) from both granitic and potential source rocks.
6.4.3 Origin of the Yamba Plutonic Suite

Large batholiths of biotite-bearing, K-rich granites similar to the Yamba Suite arc
abundant in many Archean terrains (e. ¢. Arth and Hanson, 1975, Day and Weiblen,
1986, Cemy et al., 1987; Condic, 1981; Martin and Querre, 1984), including both
sediment dominated terrains, such as the Slave Province, and volcanic dominated
terrains such as the many belts in the Superior Province. Petrogenetic models proposcd

for these granites include:
1) partial melting of metagraywacke (¢.g Arnth and Hanson. 1975: Drury, 1979);
2) partial melting of tonalite-trondhjemite-granodionte terrains (Day and Weiblen,

1986; Moorbath er al., 1981; Cerny er al., 1987) including plutonic rocks similar in

composition to the Concession Suie (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 Qucrre, 1984; Gariépy
and Alldgre, 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
rocks preclude their derivation by variable degrees of melting of compositionally
similar protoliths. The major element compositions of experimental melts of
metasedimentary rocks show little pressure dependence (e.g. Patino-Douce and
Johnston, 1990) and the trace element chemistry of the two suites cannot be simply
related by varying degrees of partial 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 I-type or
hybrid granites (e. g. White er al., 1986; Miller, 1985; Barbarin, 1990 not
sedimentary-derived granites.

Models which derive the suite from remelting igneots rocks of the 20 m.y. older

Concession Suite or older volcanic sequences (ie. hypothesis 2, above) fail to account

for the negative ¢, values determined for some samples of the suite. The Concession

Suite in the Contwoyto Lake area has juvenile 6y, , values but is intruded by Yamba
Suite rocks which have negative ¢, ¢ values (Figure 6.11). An additional component
with negative G, ¢, values is required and the Yamba Suite cannot, therefore, be
derived by remelting juvenile igneous crust underplated during the earlier magmatic
events. Volcaric sequences (ca. 2650-2670 Ma) also hav= juvenile €,, , values and do
not occur in sufficient 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-YKS rocks. These rocks satisfy some, but not all, of the radiogenic isotope
requirements. Their range of ¢, ,, 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 g, values required to account for the
sample 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 Hy 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 al., 1990).
However, a discontinuous relationship between the magmatic events is less apparent

when considered in the regional context of the Slave Province (van Breemen et al.,
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1991). Biotite granites, petrographically similar to the Yamba Suite, are generally
younger but do overlap in age with rocks of the Concession Suite (van Breemen er al. .
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 later, dominantly granitic
magmatism. Similar compositional evolution is common to many calc-atkaline 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 explain granites in
calc-alkaline batholiths (DePaolo, 1981; Barton, 1990; Pitcher, 1987).

Figure 6.15 compares the abundances of selected trace elements in the Concession
Suite to those in the Yamba Suite. The within-suite chemical variation defined by rocks
of the Concession Suite (labelled AFC Trend | on Figure 6.15) does not lead directly to
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
Monzogranite, 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 Yampa 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 Assimilant

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: 1) 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, Thand 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-beaning 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 K4 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.

1) The assimilant is unlikely to be a melt derived from an amphibolite residuum
particularly if gamnet is stable (e.g. mafic lower crust, or source of Siege or Olga
Suite). This is because this ussimilant 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).
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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 earlier 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-Yellowknifc 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 diffcrent;
2) the ratio of assimilant to fractionation differed; or, 3) the fractionating assemblage
differed. The Nd isotopic difference between the sample of the Pellatt 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

Simpie AFC models (DePaolo, 1981) can account for thec,,,, valucs of the

Wolverine Monzogranite provided the following approximations are met:

1) the initial magma has an cy,,, value of +1.0;
2) the assimilant has an ¢, of -10;

3) the assimilant and initial magma have similar Nd contents.

The assimilant, at least in the western part of the field area, must have had a
long-term, LREE-enriched prehistory in order to generatc the negative ¢y, values in
the granites. In contrast, the assimilant in the east must be young or have a ncar
chondritic Sm/Nd ratio to account for the positive ¢, value of the Pellatt Lake
Monzogranite. Assimilation of this material will effectuate no or little change on the
gy Value,

Since there is no evidence that the earlier tonalites show systematic regional
variations within the Contwoyto Lake area 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 in 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 Contwoyto Suite resembles many collisional-type granites (e.g. Pitcher,
1987; Barbarin, 1990; Harris er 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-melit and fluid-melt
processes, the full nature of which cannot be well documented. Differentiation leads 1o
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. Cemy ef ul., 1985). Nd isotopic data iequire 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 ¢ igin (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
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process, including 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 argues for a laterally composite crust beneath

this part of the Slave Province (see Chapter 7).
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Anorthite
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A: Tonalite
B: Granodiorite
C: Granite A\
D: Trondhjemite Yamba Plutonic Suite
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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 6.8. Primitive mantle normalized REE diagram foi .ocks of the Concession
Plutonic Suite. a) Contwoyto Monzogranite: b) Windy Lake area: ¢) Olga Lake area
and tourmaline granite from Contwoyto Monzogranite; d) Heckla Bay and north of
Ghurka Lake areas.
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("Sm/'¥Nd,, . /S M/ Nd o, 0)- 1 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 2 more detailed description. The time lines labelled 100, 200, 400 and
800 my assume a depleted mantle value of €&am = *+3.5. The hatched horizontal band
represents estimated f,,_ ., values of the continental crust (Taylor and McLennan,
1985). A crustal source with this fsmna value will rapidly evolve to more negative €na
values. The most negative €, 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; ¢) 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 €y, 4 ,, 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; ¢) Yellowki-ifc Supergroup
metasedimentary rocks; d) Yellowknife Supergroup metaigneous rocks, <)
pre-Yellowknife Supergroup rocks. Data from Table 7.1; Dudas, 1989; Stevenson and
Patchett, 1990; Bowring er al., 1989. Fill patterns of bars in b through e are coded to
geographical area: Point Lake (Pl); Yellowknife (Yk); Tinney Hills, northeast Slave
(TH); Healey Lake, eastern Slave (HL); and Contwoyto Lake (Cl).
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metaturbidite analyses, from 6 km southeast of the Contwoyto Monzogranite. b)
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Figure 6.15. (following page) Comparison of selected trace element contents of the
Yamba Suite to rocks of the Concession Suite. Trend labelled AFC 1 indicates the
within-suite variztion described for the Concession Suite in Chapter 5. Yamba Suite
rocks do not occur on this differention trend. Arrows (dashed and solid) labelled AFC
Trend 2 are the results of quantitative AFC riodels (DePaolo, 1981) using the following
parameters: assimilant composition (labelled A) taken to be a metasedimentary
migmatite leucosome sample K022-88; Bulk D values as shown in upper right corners:
ratio of assimilation to fraciicnation rate of 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 earth history during
which up to 40% of the present mass of continental crust was formed (Taylor and
McLennan, 1985). The processes by which Late Archean 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: 1) 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 characteristics (Howell et al., 1985)
to form 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 which
may subsequently be reflected in the isotopic and geochemical signatures of syn- to
post-accretion granitoid rocks derived in part 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; Farmer and
DePaolo, 1983; Liew and McCulloch, 1985; Nelson and DePaolo, 1985; Kistler and
Peterman, 1973).

If Late Archean cratons were formed by accretionary plate tectonic processes (e.g.
Burke er al., 1976, Windley, 1976; Condic, 1981; Kusky, 1989) then systematic
variations in the isotopic signatures of granitoid rocks similar to those documented across
younger orogens should also be cxpected. 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 et al., 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. Shircy 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
opportunity 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 formed within a
short 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 et al., 1989a,b; Dudas, 1989; Henderson et al.,
1987, Frith et al., 1986; Krogh and Gibbons, 1978; Nikic 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

into three hypotheses:

1) Intracratonic nifting (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, however, the specific
predictions about the nature of the crust beneath the Slave Province are clearly different
(Figure 1.2). Intra-cratonic rift and continent-continent collision models require pre-2.7
Ga crust beneath the entire province, and argue for limited crustal growth. In contrast,
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 northeastern parts 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-deformation and 23 samples of post-deformation granitoid rocks (Figure
7.1). Five of the syn-deformation samples analysed in this study have been previously
dated (U-Pb zircon) between 2627 and 2595 Ma; six of the post-deformation samples
have been dated (U-Pb zircon and monazite) between 2606 and 2585 Ma (van Breemen
et al., 1990; van Breemen and Henderson, 1988; van Breemen et al., 1987a,b; Henderson
etal., 1987).

Metavolcanic and syn-volcanic plutonic rocks are from the Central Volcanic Belt
(CVB) in the central, and the Back River (BR), Clinton-Colden (CC) and Healey 1.ake
(HL) areas in the eastern Slave Province (Figure 7.1). Dated samples range in age from
2692 1o 2650 Ga (U-Pb zircon; Mortenson er al., 1988; van Breemen et al, 1989; van
Breemen et al., 1987a; Frith and Loveridge, 1982). Ages 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.
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Five samples of turbiditic shales and psammites from Point Lake (western Slave),
Contwoyto Lake (central Slave), Healey Lake (castern Slave) and Tinney Hills (north
castern 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-deformation 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 eral., 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. Initial “’Nd/"“Nd 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 less than 30 m.y. associated with these
ages are insignificant for the purposes of this study. Initial epsilon Nd values, (€ y4)),
were calculate using the following reference values for CHUR: "*Nd/"“Nd = .512638:
"Sm/'’Nd = 0.1967. €y, 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 € w4y values are presented in Figure 7.2. Included in Figure 7.2 for reference
are the depleted mantie (DM) 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* 141Sm/ VING/144Nde € pgps® Age! Tom
{ppm) {ppm) V4Nde {Ma) {Ma)
mmmmmmm i
1 D197-89 Bt-Mu Granite 65° 07 107° 18’ 61.92 11.91 0.1041 0.511245 3.7 2590 2640
2 Thol 32 3t-Mu Granite 66° 40’ 107 11 22.04 449 0.1231 0.5115869 36 2590 2655
3 D153-89 Bt Granite 65° 10’ 109° 44° 45.47 9.16 0.1218 0511508 29 2590 2697
4 R037-89 Bt-Mu Granite 65° 14° 109° 12° 4.62 1.07 0.1397 0.511808 28 2530 2705
5 Art 100 Artillery Lake Granite 63° 22° 107° 54’ 30.79 5.22 0.1024 0511167 2.8 2596 2710
6 Thei 14 Bt-Mu Granite 64° 05 10717 41.24 7.82 0.1146 0511366 2.6 2590 2724
7 Amt113 Bt-Mu Granite 63° 35’ 107° 43' 12.40 235 0.1144 0511351 25 2606 2742
8 Thel19 Bt-Mu Granite 64° 14° 107° 52° 28.16 450 0.09651 0.511029 20 2590 2765
9 An-142 Smart Gneiss Migmatite 63° 45° 106° 32° 98.40 1588 0.09751 0.511023 16 2590 2798
10 Ant 82 Musclow Granite 63° 49 106° $2° 39 6.88 0.1047 0.511136 1.5 2603 2812
11 Thol 43 Bt-Mu Granite 66° 53' 107° 08’ 22.32 3.84 0.11°40 0.511121 1.2 2585 2317
12 Thel 13 Megacryst. Granodiorite 64° 03 107° 16’ 20.94 430 0.1241 0511452 1.1 2595 2836
13 Thol 24 Granitoid Migmatite 66° 59° 106° 28’ 21.08 2N 0.0778 0.510636 0.6 2590 2871
14 D199 88 Bt Mu Granite 65° 62° 111° 38’ 22.61 413 0.1131 0.511202 -0.2 2590 2925
15 D207 88 Bt Mu Granite 65° 49’ 111° 14’ 23.98 4.1 0.1258 0.511415 0.2 2590 293
16 K193-88 Bt Mu Granite 65° 49’ 111° 25° 15.08 272 0.1140 0511170 -1.1 2585! 2992
17 D224-88 Bt Granite 65° 27° 112° 25° 0.1002 0.510833 -3.1 2590 3139
18 D(78a-88 Bt Granite 65° 11° 111e 37 44.09 7.26 0.1060 0.510858 -4.6 2582 3181
19 D216-87 Bt Mu Granite 65° 28’ 111° 40" 10.1% 243 0.1434 0511515 -4.2 2585 3220
20 D295-88 Bt Mu Granite 65° 53° 110° 38’ 12.74 280 0.1374 0511410 -4 3 2580 3222
21 D238-87 Bt Granite 65° 30’ 112° 05' 1952 3N 0.0970° 0510682 -5.0 2590 3280
22 D135-88 Bt Granite 65° 05’ 111° 39 44.09 7.26 0.1048 0510807 -5.1 2590 3292
23 D220-88 Bt Granite 65° 22 11317 35.13 672 0.1075 0510842 -5.3 2590 3307
S taf ion.Granitoid Regh
24 D119-88 Bt Quz Dionte 65° 03' 111° 08 52.60 10 07 0.1100 0511285 2.7 2610 2728
25 D253-88 Hb Bt Dionite 65° 16' 109° 58° 56.39 945 01040 0511165 24 2610 2752
26 D152B-87 Hb 81 Diorite 65° 43" 111° 44 56.70 11.06 0.1172 0.511382 2.2 2610 2767
27 D201A-87 Hb-Bt Tonalite 65° 43’ 111° 40 32.16 541 0.1019 0511118 2.2 2610 2764
28 D172b-87 Bt Tonahte 65° 40" 111° 31 34.78 7.97 0.1368 0511713 2.1 2610 2776
29 D27888 Hb-B1 Driorite 65° 19’ 110° 07 55.54 1144 0.1264 0.511529 20 2610 2783
30 Thel 15 Bt-Hb Tonahte 64° 04’ 107° 49 24.82 4 21 0.1026 0511105 1.8 26167 2804
31 At 21 81 Hb Tonalive 64° 50° 107° 31° 35.48 659 0.1123 0511260 1.6 2622: 2822
32 Thel 18 Bt-Hb Tonalite 64°13° 107° 46 24.08 463 0.1162 0511324 15 2620 2827
33 Thot 23 Bt Hb Tonalite 66° 51° 106° 35° 35.13 6.12 0.1053 0511136 14 2610 2827




34 D217-87 Bt Trondhjemite 65° 22°
35 D218-87 Hb-Bt Qtz Dionte 65° 26
36 D110-88 Bt Tonalite 65° 13
37 D121a 88 81 O1z2 Dionte 66° 02'
38 D044-87 Bt Trondhjemite 65° 24’
39 D172-87 Bt Tonalite 65° 40
40 D22288 Bt Hb Granodionte 65° 04’
41 D218-88 Bt-Hb Granodionte 659 21’
42 D21988 Bt Hb Granodiorite 652 21’

Yellowknife Supergroup Sedimentary Rocks

43 D269-89 Contwoyto L Shale 65° 43° 1meao

44 Thel 16 Yellowknife SuperGr. 64° 03* 107° 40°
45 At 34 Yetowknite Psammite 63¢ 53’ 107° 26°
46 T2P B4-375% Yellowknife Shale Tinney Hilts

47 D300-8Y Point Lake Shale 65° 22’ 113° 03°

Yellowknife Supergroup Volcanic and Syn-Volcanic Plutonic Bocks
Thel 21 Healy Complex 64° 22’ 106 51°
DO72u-87 Bt Tonalite 65° 28' 111° 46'
Art-112 Healy Complex Grate 64¢ 34’ 107¢ 29
HBA V 20 Healy Conmplex 64° 22 106° 53'
D072a 87 Bt Tonahte 65° 28 111° 46’
Art 130 Rhyolite 63°56'  107° 20'
DO54h-87 Gabbro 65¢ 29' 111° 48°
77-11269 Back Rivesr Basalt LN tnge 18

Em_Yanmk_u_'i Suppraroup Bucks

56 HBAG6733 Augustus Grant tLY 14 Phat O 7. 1
57 D215 88 Acastas Gnerss 6L L h 115 36’ .
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et al., 1988; ¢ Kragh and Gibbons, 1978; ¢ van Breemen et al.,, 1987b. Ages for other samples are estimated values discussed in text.
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younger than the crystallization age of the rocks. A field enclosing the g y4nevolution
trend 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 (T,,) are shown in
Figure 7.3. Tpy values were calculated by projecting from the initial "*Nd/**“Nd of a
sample along an evolution line of typical crustal "’Sm/"“Nd (.1100) to intersect the
evolution line of depleted mantle. It is therefore linearly correlated 10 €4, values.

7.4.1 Pre-Yellowknife Supergroup Rocks

The Augustus granite (3.155 Ga; Krogh and Gibbons; 1978) yields an €y, value of
+3.4, indicating a time-integrated depleted source. The U-Pb zircon age and a Ty, age of
ca. 3.1 for this sample are virtually identical (Table 7.1), suggesting a juvenile
composition of the pluton. A sample from the 3.6 to 3.96 Ga Acasta Gneiss (Bowring et
al., 1989a,b) has a depleted mantle model age of 3.83 Ga. This is similar to the Nd
isotopic data reported for two other samples of the Acasta Gneiss by Bowring et al.,
(1989a).

In addition to the data for Pre-YKS rocks presented here, Dudas (1989) repons €
Naa=26 Values of -2 to -7.0 for the ca. 2.9 Ga Sleepy Dragon Complex in the southwestern
part of the Slave Province (Figure 1.3).

Pre-YKS rocks would have evolved to distinctly negative €yy,.,4, values of -2.6 10

-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

Ininal €y, 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, 1988).

Volcanic rocks thus represent dominantly mantle additions to the crust at ca. 2670-2650

Ma.




There is no apparent correlation of eyy;, with rock composition, nor is there a
difference between samples from the central and eastern Slave. The €y, values for
intermediate and felsic volcanic and related plutonic rocks range from +1.7 to +3.6, and
are similar to those in metabasaltic rocks (Exap+1.2 and +3.5). Production of rhyolites

und synvolcanic tonalites with similar gy, values to associated meta-basalts suggests

rapid recycling of mafic to intermediate crust (e.g. Shirey and Hanson, 1986; Chauvel er

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 southwestestern 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
southwesstern, 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 &yqp, 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 westemn part of the province has an gy, 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 eliminaie the possibility that a small component of
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older crust is present within these sediments. For example, a simple binary mixing
calculation which assumes the average €4, 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 (Eyyq, -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 westem Slave Province, with an gy, value

of -6.4, is clearly derived from different source rocks or different proportions of similar
source rocks than the other analyzed Yellowknife Supergroup sediments. The Point Lake
shale is the westemmost and only sample of the YKS analyzed 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 €y, 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. Schiirer
and Allégre (1982) reported detrital, single grain zircon 2’Pb/”*Pb ages ranging from
2630 to a minimum of 3130 Ma for a sedimentary rock sample from the same area as
D300-87. The majority of zircon grains gave 2’Pb/™Pb 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 i:trital
zircon ages suggest (Schirer and Allégre, 1982), and if this material has €xy,, values
similar to other volcanic rocks in the Slave Province (-2 to +3.6; this paper, Dudas, 1989)
then the average €y4.24, fOr the older component must be significantly more negative
than the value of -6.4 determined for the sample. Assuming an average crustal
“’Sm/'*“Nd ratio for this material requires a depleted mantle model age exceeding 3400

Ma. The only rocks presently known to meet this requirement are the Acasta gneisses

(Bowring eral., 1989a,b).
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7.4.4 Late Archean Granitoid Rocks

Figures 7.2 and 4 show the Ey4, values of the syn- and post-deformation plutonic
rocks from across the province. East of 110°30’ W, both the syn- and post-deformation
granitoid rocks have positive £y, within a restricted range from +0.6 to +3.6.and Ty,
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-deformation, dominantly low-K granitoid rocks have been interpreted to be
related to mantle-derived andesitic magmas through assimilation fractional crystallization
processes (Hill and Frith, 1982; Davis et al., 1990). Syn-deformation granitoids in the
eastern Slave Province with positive £y, 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-deformation granitoids between 112° and 110° 30’W have juvenile éNd,;,
similar to their host 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 ENd,, values (Figures 7.2 and 7.4). The syn-deformation rocks

in this part of the province are uniikely to have significantly interacted with older crust.

Samples of syn-deformation granitoids from the Point Lake ar=a, western Slave,
have €y4p, ranging from -4.6 to -1.0, and clearly contain a component derived from a
long-term enriched reservoir. They are also more SiO, and K,O-rich than the juvenile
syn-deformation plutons suggesting extensive crustal assimilation. To produce the

negative Exg, vValues by crust-mantle mixing, requires a crustal component with an €yy.> )

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-deformation quartz
diorite (Exgy = +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 Exqq value, any viable mixing model requires the involvement of a large
percentage (>30%) of significantly older crust. This is particularly true given the high
Nd contents (>50 ppm) of the syn-deformation. diorites (Table 7.1). 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 mantie-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 (Huppert and Sparks, 1986; Hildreth and Moorbatli, 1988). The
greater extent of contamination of the early plutonic suite at Point Lake may reflect a
greater thickness of pre-YKS continental crust at Point Lake, than beneath the central pan
oi the province. Such a geometry could account for the diminishing evidence of crustal
interaction towards the east in the syn-deformation suite. More detailed work is required

to evaluate this hypothesis.
7.5.2 Post-deformation Granitoids

Post-deformation granites in the eastern Slave Province have &4, values which fall
within the range of values determined for metasedimentary and metavolcanic rocks from
the eastern parts 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 partial 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-deformation grarites west of 110° 30'W, require a substantial proportion of
isotopically evolved crustal component in their protoliths in order to account for the very

negative €y, values (-0.2 10 -5.3). Figure 7.4 shows that most of these granites overlap

but are concentrated at the higher end of the spectrum of € x4,., 6, values of the pre-YKS
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rocks from the western part of the province. Also overlapping these values is the shale
sample from Point Lake (Engumzs) = -6.7). The isotopic data can be interpreted in one or
more of the following ways: 1) granites are derived entirely from pre-YKS crustal rocks
with an average €y, value of -3 10-5 (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 €y, values is unconstrained. In any case, old crustal rocks have been
extensively recycled during the Late Archean orogeny.

The data provide evideice 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
(c.g. Shirey and Hanson, 1986). In the western Slave, recyciing of older crust is required,

as is commonly observed in Phanerozoic batholiths.

7.6 Tectonic Implications

The regionally systematic change in €y4q, values of granitic rocks across the central

Slave Province suggests that the mid to lower crust is composite, with ca. 2.7 Ga juvenile
crust beneath the eastern and older (> 3.0 Ga) continental crust beneath the westem parts
of the province (Figure 7.4b). This pattem 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 support 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,
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Hoffman, 1986). There is no evidence 1o suggest that older crust existed beneath the
entire Slave province prior to 2.7 Ga, as suggested by the intracontinental rift
(Henderson, 1985; Thompson, 1989) and contine nt-continent collision models (Fyson
and Helmstaedt, 1988).

Regional differences in the isotopic composition of the volcanic and sedimentary
sequences (this paper, Dudas, 1989) suggest that supracrustal assemblages in the Slave
Province are unlikely to have evolved within a single tectonic environment. Supracrustal
sequences in the western Slave Province (e.g. Yellowknife, Point Lake) have evolved, to
varying degrees in association with older crustal rocks (Dudas, 1989; Compston, 1990),
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 terranes may be juxtaposed
during collisional events. Detailed isotopic, geochemical and geochronological studies
are required on the individual supracrustal beits to evaluate the nature of their

pre-accretion evolution.
In an accretionary model, as suggested above, the lateral change in €44 ,0bserved 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 dips
moderately to the east beneath the central part 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 crust to an older continental block(s). Subsequent to collision,
mantle- and crust-derived magmatism may have thickened and stabilized the newly
formed 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 important mechanism in the
formation of the Slave Craton is a function of the presence of isotopically distinctive,
cvolved crust and its recycling during the orogenic process. The apparent absence of
similar isotopic features in other Late Archean provinces (¢.g. Superior Province, Shirey
and Hanson, 1986) 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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Chapter 8

A Collisional Model for Plutonism in the central Slave Province

8.1 Introduction

Igneous rocks are derived through melting of the crust and/or mantle, and reflect the

transient thermal state of the lithosphere and asthenosphere at the time of the magmatism.
The thermal 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
post-deformation granitoid rocks. These granitoid rocks represent 65% of the exposed
crust in the area, and were intruded within a short time interval of 30 m.y., post-dating the
supracrustal assemblage by 40to 70 m.y.

Relative field relationships, supported by U-Pb geochronology, indicate a temporal
cvolution in the composition of the igneous rocks in the area. Rocks associated with the
older supracrustal 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-26(00 Ma, mantle-derived,
hornblende-biotite diorites, quantz diorites and tonalites of the Concession Suite and

mafic-crust-derived trondhjemites of the Siege Suite; to 2) post-2590 Ma, dominantly
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crustally-derived, biotite or biotite-muscovite, granodiorites and granites of the
Contwoyto and Yamba Suites. These secular changes in the compasition of the plutonic
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 (HTLP) metamorphism and regional compressional
deformation, D2, which the younger granites largely post-date. This evolutionary history
is comparable to other regions in the Slave Province (e.g. Hill and Frith, 1982,

Henderson, 1985; van Breemen et al., 1987a, b).

This chapter presents an attempt to synthesize the data from the granitoid rocks,
with the available metamorphic and structural data, to develop a coherent tectonic maodel
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 Heslop, 1985).
Trace element geochemical data indicate that the rocks mostly have (La/Nb),, and
(Th/Nb) ratios greater than one, a feature most typical of supra-subduction zone settings
in Phanerozoic environments (e.g. Gill, 1981). Nb anomalies could equally have
developed through contamination of basaltic magmas with continental crust (Arculus,
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 volcanic belts in the Slave

Province. For example, the Point Lake and Red Rock Lake belts have been interpreted to

represent island arc and marginal basin volcanic sequences (St Seymour et al., 1988) and

volcanic rocks in the Hackett River area are interpreted to be of island arc origin (e.g.
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Ewing, 1979). Some Yellowknife belt volcanic rocks are characterized by negative Nb
and Ta anomalies (Jenner ez al., 1981; Goodwin, 1988), suggesting an island arc or back
arc origin (¢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 et al., 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.g. Swinden et al., 1990; Jenner and Fryer, 1980); Dunning et al., 1991).

Emplacement and juxtaposition of the volcanic and sedimentary rocks in the
Dunnage Zone occurred by obduction and accretion during closure of the fapetus 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 modern 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 ez al., 1990;
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Mortensen et al., 1988). However, the younger granites which intrude the volcanic rocks
(ie. Yamba and Contwoyto Suites) have negative €y, values and must contain a
significant component of older crust, indicating that the volcanic belt 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 emplaced
onto the older continental crust. Note that some supracrustal belts in the western part of
the Slave Province have isotopic compositions indicating interaction with older crust (¢.p.
Yellowknife, Dudas, 1989; Point Lake, this study). These supracrustal belts may have
formed within or adjacent to continental crust, perhaps in marginal basin settings, like the
Rocas Verdes of southern Chile (Tarney er al., 1976) as suggested by Helmstaedt and

Padgham (1986).

Hoffman (1986) suggested that most volcanic and sedimentary rocks of the Slave
Province form part of a single accretionary pnism complex. The arc adjacent to which
this accretionary prism formed is not recognized. Kusky (1989) argued that there are 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)
include oceanic sequences deformed within an accretionary prism complex, whercas
volcanic belts in the eastern part of the province (e.g. Hackett River) form part of the
adjacent volcanic arc. Geochronological data do not support 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 (Mortensen er al., 1988).
Unfortunately, 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 geochemical studies.

Understanding the pre-deformation evolution of the Slave Province requires more

detailed isotopic, geochemical and field studies.
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8.2.1 Deformation and Metamorphism

Supracrustal rocks have accommodated regional compression by multiple
generations of isoclinal folding, cleavage development and faulting (King and
Helmstedt, 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
Helmstaedt, 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
(HTLP) assemblages (Thompson, 1978; 1989). Thompson (1989) pointed out that the
regional isograds display both concordant and discordant relatinnships to structural
trends, indicating peak thermal metamorphism was synchronous with the main
compressional deformation in some parts 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. Culshaw and van Breemen,
1990; van Breemen er al., 1990).

Younger post-metamorphic, extensional and transtensional structures, occur but are
not as well described as the compressional features. Recent work by James (1990) in the
Sleepy Dragon area, southwest Slave Province has documented detachment faults around

the core of older basement rocks which he interprets as a metamoiphic ~ore complex,

resulting from post-compression extension (e.g. Armstrong, 1982). The extensional
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faults in the area cut granitic rocks that are time correlative with the Comwoyto and
Yamba Suites, indicating at least local extension occurred after ca 2588 Ma (James pers
comm 1991). Extensional faults also cut younger granitoids in the Point Lake arca,
although there are no age data available to constrain the age of faulting (J. Henderson,
pers. comm., 1991).

Elliptical domes, usually cored by gneissic, syn-volcanic plutonic rocks have been
described in many areas of the Slave Province (¢.g. Olga and Wishbone Domes,
Contwoyto Lake area; King et al., 1988; Hanimoor Gneiss Complex, Beechey Lake arca:
Frith, 1987). The origin of these domal structures has been attributed to fold interference
(Relf, 1990; King et al., 1988) is unknown but the possibility that they are related to
post-compression extension, similar to that documented for the Sleepy Dragon Complex

should be tested.

Another indicator that extension and unroofing occurred 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 10p of the Yellowknife
Belt, in fault-controlled basins (Helmstaedt and Padgham, 1986). The conglomerate
contains non-foliated granitoid clasts, similar to the post-265() Ma granitoids in the arca.
One clast has been dated at 26(09+6 Ma (Isachsen and Bowring, 1989) 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 (D2) decompression. Post-thermal peak metamorphic assemblages
associated with D; open folds (ie. post ca. 2585 Ma granite), indicate lower pressures
than thermal peak assemblages (Relf, 1991). Wingate (1990) has proposed relatively

rapid uplift following regional shortening. Using mincral assemblages and reactions, in

conjunction with some geothermometry and geobarometry he proposed decompression
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from 6 10 2 kbar during the interval from 2608 Ma to 2588 Ma. The age constraints are
derived from igneous rocks which intrude the migmatites, not from the metamorphic
assemblages themselves.

In summary, deformation and metamorphism in the Slave Province includes: 1)
regional compression, shortening and thickening of crust, synchronous with or
immediately followed by peak thermal 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 Contwoyto-Nose Lakes area change systematically in
composition and mineralogy with time of intrusion (Figure 8.2), a secular vanation which
parallels the structural and metamorphic evolution of the province.

The early 10 syndeformation, Concession Plutonic Suite (ca. 2610 Ma) is dominated
by calc-alkaline, hornblende-biotite tonalite with lesser amounts of diorite, quartz diorite
and granodiorite. Rocks range from metaluminous to peraluminous compositions (Figure
8.2d) with increasing SiO,. The suite is relatively Mg rich, with high Ba, Sr and
(Ce/Yb)y; low Rb/Sr (Figure 8.3a) and negligible to small Eu anomalies (Figure 8.3b).
Accessory minerals include, magnetite, titanite, allanite, zircon, apatite, and possibly
primary epidote. The plutons contain magnetite and define prominent aecromagnetic
highs.

The approximately contemporaneous Siege Plutonic Suite consists of leucocratic,
low-K and Rb/Sr (Figure 8.3a, c), high Al,O, biotite trondhjemite.

The two postdeformation suites are dominantly peraluminous granites (s.s.), with
Si0, contents greater than 70 wi% (Figure 8.3). Mafic lithodemes are not directly
associated with either suite. The Yamba Suite is biotite-bearing, with rar: accessory
garnet, (X muscovite), and 1s characterized by high Rb/Sr, K,0, and large negative Eu

anomalies (Figure 8.3). The contemporaneous Contwoyto Suite is more leucocratic,

contains biotite and muscovite and accessory aluminous phases (garnet, tourmaline, +
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sillimanite). Pegmatitic facies are very common implying high volatile contents. The
Contwoyto Suite is more peraluminous, has lower K,O and Rb/Sr, and smaller, but still

negative Eu anomalies compared to the Yamba Suite (Figure 8.3).

The accessory mineral suites of the peraluminous granites are different from those
of the earlier Concession Suite. Titanite and allanite are absent in the younger granitoids,
whereas, monazite is common. Zircon occurs in all suites but in the younger suites
metamict cores are present, possibly indicating an inherited component not observed in
the earlier Concession Suite (van Breemen et al., 199)). Oxide minerals are rare and the
plutons define aeromagnetic lows.

Nd isotopic compositions vary systematically with the geochemical and
mineralogical trends. Initial €,;4 values of the syndeformation plutons show limited
variation (+0.1 to +2.7) and are similar to estimates of contemporancous depleted mantle
(Figure 8.3). In contrast €44, values determined for the younger granites have variable,
positive o strongly negative, values (Figure 8.3). In addition to the temporal changes,
the x4, values in the younger granites are geographically controlled; samples from the
western parnt of the area have negative values and contain a component of old (>3.3 Ga)

crust, whereas samples from the east show no evidence for recycling of older crust.

The temporal trend in €y, values (Figure 8.2) supports the major and trace clement
data (e.g. high SiO,, K,O, Rb/Sr and negative Eu anomalies), which together indicate an
increasing crustal component in the intrusions with time. Greater crustal involvement is
also reflected in decreasing oxidation (ie. decreasing magnetic susceptibility ), increasing
volatile contents (e.g. pegmatites, tourmalinization) and changes in the accessory mincral
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. Mctamorphism in the Contwoyto-Nose lakes area is

dominated by regionally extensive 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). HTLP 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
HTLP 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 ez al., 1981). Houseman er al. (1981)
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 ez al. (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 er




al., 1987; England and Houseman, 1988). The timing of extension depends on the
thermal condition of the lithosphere and could occur anywhere from 0t 100 m.y.

following release of compressive strain (Sondor er al., 1987).
8.4.1 Sequence of Intrusive Events in the Central Slave Province

The main points of a collisional model for the evolution of magmatism in the Slave
Province are shown in Figure 8.4. 1) The early (ca. 2715-2650 Ma), pre-collisional stage
involved the gencration 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, metasomatized
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 thermal
boundary layer (Houseman et al., 1981), upwelling of asthenospheric 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 by the

effects of crustal thickening, lithospheric detachment and magma intrusion caused HTLP

metamorphism over a broad area of the Slave Province. 3) Continued heating of the crust

resulted in extensive crustal melting. Mantle-derived mclts 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 sedimentary-protolith
dominated melts. Decompression and extension occurred 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 et al., 1978;

Gill, 1983; Halliday er al., 1985; Pearce et al., 1990).
Comparison of 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
et al., 1984; Harris et al., 1986; Rogers and Greenberg, 1990). Unfortunately, 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
particularly 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 certainly 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 North and South America. Granitoid trace element discrimination
diagrams (e.g. Pearce er al., 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 er al. (1990).

Calc-alkaline rocks with subduction signatures are not, however, restricted to zones

of active subduction but are also consmon to collisional or post-collisional settings

(Figure 8.5b; Gill, 1981; 1983; Pearce er al., 1990). Examples of this association include




23
Quaternary volcanic rocks from Turkey and western Iran which post-date closure of the
Tethys ocean (Innocenti, 1983; Dostal and Zerbi, 1978; Pearce et al.. 1990, Zhou, 1985),
andesites of Papua New Guinea Highlands which post-date Mesozoie collision of island
arc terranes with the Australian continent (Johnson et al., 1978), and cale-alkaline rocks
of the Tibetan plateau (Harris ez al., 1990). Phanerozoic examples of this association
may include the Silurian calc-zlkaline magmatism which post-dates closure of the Lipetus
Ocean in the Scottish Caledonides (Zhou, 1985). In all of these cases the calc-alkaline

rocks resemble continental margin rocks, but they cannot be linked to active subduction.

Since subduction-related settings cannot be discriminated from syn- 10
post-collision, non-arc associations based exclusively on geochemical arguments (Figure
8.5b), the presence of calc-alkaline intrusions should not be taken as unequivocal
evidence for subduction. In order to constrain the tectonic association of the calc-alkaline
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 either by
fluids derived from dehydration reactions in the slab or through hybridization of the
mantle by slab-derived melts (Wyllie, 1984). In mature Phanerozoic subduction systems
the slab dehydrates before it can melt (Wyllie, 1984), and the LILEATI'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 g.
Arculus and Powell, 1986; Kay, 1980; Gill, 1981; Tatsumi et al., 1986).

Owing to the higher thermal conditions inferred for the Archean eanth (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 (Martin, 1986; Drummond
and Defant, 1990). Higher mean mantle temperatures during the Archcan (Richter, 1985,

Bickle, 1978) and more vigorous asthenospheric convection, could result in smaller

oceanic plates (ie. greater ridge length, Hargrave, 1986), and a younger, and thercfore,
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hotter average oceanic lithosphere. A hotter oceanic lithosphere, coupled with higher
ambient mantle temperatures, are required conditions for slab melting to occur (e.g.
Wyllie, 1984).

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 transported 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 Have 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 gererated 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
stabilized 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 part was depressed below amphibole
stability (ie. 100 km); and 2) heating of the lithosphere by detachment of the thermal
boundary layer (Houseman et al., 1981) and introduction of hot, convecting

asthenosphere to shallow depths.
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The main points of this model are schematically shown in Figure 8.6, The mantle
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, 1989; Green, 1973).
The amphibole break down reaction releases volatiles, some or all of which migrate to
lower pressures, raising PH,0 in the overlying lithosphere and effectively lowering the
peridotite solidus (Figure 8.6b). Transport of trace elements with the fluids will further
enrich the upper part of the mantle lithosphere. If gamet is formed after amphibole (e.g.
amphibole = garnet + diopside + volatiles), the REE in the resulting fluids may be

fractionated, contributing to the fractionated REE composition of the source region.

Replacement of the detached, thermal boundary layer with hot asthenospheric
material will perturb the geotherm, 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 near or below the amphibole-out
reaction. The zone of melting is shown by the cross-hatched pattern in Figure 8.6b and ¢.
If the mantle is highly refractory (ie. low AlL,O,), or water saturated, garnet may not be
stable after melting (Green, 1973).

The depth of melting inferred from this mode! is twice that determined by
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 near the base of the

Crust.
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This model is similar in principle to that proposed by Saunders er al. (1987) for
petrogenesis of bajaites, in California. They suggested that mantle melting occurred
following amphibole breakdown reactions in the mantle wedge, accompanying ridge
subduction. 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 er al. (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 magmatism relative 1o deformation depends critically on when
lithospheric detachment occurs (ie. early or late during compressive strain). As outlined
by Houseman et al. (1981), this depends on the rate and amount of convergence, but is
also critically dependent on the vigour of asthenospheric convection. Lithosphere
beneath orogenic belts with rapid convergence and vigorous asthenospheric convection

will detach more easily and more rapidly.

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 asthenospheric 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
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place simultaneously with regional extension and uplift, although the New Guinea
Orogenic Belt is still experiencing compression (Johnson ez al., 1978; Cooper and Taylor,
1987). In Eastern Anatolia the Quaternary magmatism is assoctated with ranspressional
and extensional escape structures associated with collision of the Arabian and Asiun
plates (Pearce er al., 1990). In the Paleozoic Caledonides, mantle-derived magmatisin is
associated with extensional or transpressional features following closure of lapetus
(Watson, 1984; Zhou, 1985; Rogers and Dunning, 1990). The struciural setting ot high
Mg monzodiorites and related lamprophyres in the Superior Province is similarly
associated with late transpressional faults (Stem er al., 1989).

Calc-alkaline lamprophyres and primitive high-Mg andesites are common to many
collisional magmatic belts, in which magmatism is associated with extensional or
transpressional faulting (e.g. Papua New Guinea Highlands, Johnson ¢ al. (1978);
Scottish Caledonides, the Appinite Suite, Rogers and Dunning (1990); Superior Province,
Stern et al. (1989); Baja, Ca. Saunders et al. (1987)). This suggests that primitive rock
types may preferentially ascend through the crust in extensional settings, aided by crustal
scale fault zones. In the Slave Province calc-alkaline lamprophyres have only been
reported from the Yellowknife area where they are associated with the major shear zones
which host gold mineralization in the area (Webb and Kerrich, 1988). The rarity of these
primitive or ultra-mafic rock types in the Slave Province may reflect their intrusion
dominantly during the regional compression event, causing such magmas 10 be trapped
within the lower crust, where they fractionated and assimilated crust {e.g. thldreth and
Moorbath, 1988), to produce tonalites and related rocks. This would explain the
dominance of tonalites with SiO, contents of 60 10 65 wi% and the rarity of primitive

compositions. Crystallization of these magmas in the lower crust will generate heat o

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 generation of large bodies of peraluminous 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, 1989; Zen, 1989; Thompson and England, 1984; 1986) or a mantle
thermal input into the crust (Foster, 1990; Hyndman and Foster, 1988; Barton,1990;
Huppert and Sparks, 1988; Hildreth, 1981). The petrogenesis of these rocks must be

closcely linked 1o preceding and synchronous magmatic, tectonic and metamorphic events.

Granites (s.5.) are a common feature of collisional orogenic belts. Collisional
granites define a wide range of compositions reflecting differences in the composition of
source rocks, dynamics of partial melting processes, and the relative involvement of
mantle derived material in the granite forming process (e.g. Pitcher, 1987). Asrecently
summarized by Pitcher, "... an infinite number of different [granite] types might be
generated in response to varying physical parameters and source rock composition”. It is
indeed remarkable that broad classes of granites can be recognized and that these recur in
specific, but complex tectonic associations (Barbarin, 1990; Harris er al., 1986; Pitcher,
1987; Rogers and Greenberg, 1990).

Two broad groups of granites occur in many collisional belts (¢.g. Harris et al.,
1986, Crawford and Wyllie, 1990; Barbarin, 1990). 1) Peraluminous two-mica or
aluminosilicate-bearing leucogranites; and 2) weakly peraluminous to metaluminous
biotite granites. The former are dominantly derived from partial melting
metasedunentary sources (e.g. Leforteral., 1987; Vidal er al., 1982); the origin of the
latter is less clear, but they are thought to represent hybrids of mantle and crustal melts
(e.g. Barbarin, 1990, DePaolo, 1981; Pitcher, 1983, 1987; Didier et al., 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 central Slave Province. The
Concession Suite is representative of the two-mica leucogranites and the Yamba Suite the
biotite granites. Henderson er al. (1982) used a similar iwo-fold subdivision of grinites

in the Artillery and Healy Lakes areas, and both two-mica and biotite granites are

described from the Yellowknife-Hearne Lake area (Henderson, 1985) and the Beechey

lake area (Hill and Frith, 1982). The two granite types ar¢ therefore considered to be

regionally extensive features of the province.

The large areas of these granites, fully 60% of the area of the Contwoyto-Nose lake
map sheets, imply that recycling of pre-existing crust was extensive, and that this
dominantly occurred immediately following regional shortening in the arca. Crustal
melting reflects heating of the crust by a combination of: 1) thermal rebound tollowing
crustal thickening during collision; 2) advective heat transter from the mantte via melis
which underplate and intrude within the crust (ie. Concession Suite); and 3) heating due
1o lithospheric detachment. The change from mantle-dominated to crust-dominated
magmatism reflects the thermal maturation of the lower part of the crust, 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 (Je. Concession Suite) and cause mixing and homogenisation
of mantle and crustal melts (e.g. Hildreth and Moorbath, 1988). Granites of the Yamba
Suite may represent these hybrid intrusions. The Concession Suite, dominantly a product
of melting metasedimentary protoliths, may not have interacted with the mantle melts to

the same extent.

Granites (ca. 2585) are closely linked in time with post-compressional extension in
the southern Slave Province (James and Mortensen, 1991). The style of intrusion
documented in the central Slave Province is most easily accomodated within an overall
extensional setting (particularly the dyke and sill complexes, and the overall “space’
problem). A predicted consequence of crustal thickening, combined with detachment of
the mantle lithosphere, is that the crust will extend following release of the compressive

strain (Sondor et al., 1987; Wernicke et al., 1987). The timing of extension relative to




245
the cessation of compression depends on the thermal structure of the lithosphere, warmer
lithosphere deforming more easily, with extension starting immediately after the end of
compression (Sondor et al., 1987). The collisional model can therefore account for, and
predicts an extensional regime during and/or following granite intrusion.

8.4.3 Implications for Subduction Geometry

The model 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 paradoxical.

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
westem Slave Province document rocks with a wide range of ages from 2.85 to0 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
and 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 ez al. (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 ca.
2.8510 3.9 Ga rocks, potentially at the same time that the eastern Slave Province was

acereted. 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
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tonalites from older lithospheric mante may largely be obscured by crustal
contamination. In any case there are very few geochemical or isotopic data from
tonalites and diorites in the western Slave Province to test specific muodels at this time.
8.5 Alternative Tectonic Models
8.5.1 The Continental Arc Model

The subduction signature in the Concession Suite rocks could also have originated
during active, post-collision subduction (e.g. Fyson and Helmstaedt, 1988). Continental
margin arcs are also proposed sites of HTLP metamorphism (Miyashiro, 1973; Barton
and Hanson, 1989), are commonly associated with temrane aceretion, and may detine a

similar evolution in pluton chemistry (e.g. Barton, 1989).

It is instructive to consider the continental margin model relative 1o the wectonic
assembly model outlined in Chapter 7. In panticular, the timing and distribution of
plutonism, will be examined. Granitoid rocks of the Concession Suite in the Contwoyto
Lake area presumably overly an older crustal block, as determined by Nd isotopic data.
Time and compositionally correlative tonalites of the Regan and Taylor plutonic Suites in
the eastern Slave, occur in the younger block. This requires that cale-alkaline
magmatism occurred, simultaneously, within both the underlying and overlying plates
(ie. on both sides of the suture between the older and younger crustal blocks). This is
incompatible with the intrusions being related to the same subduction system that
juxtaposed the two blocks, as this would predict subduction related 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 relaed
plutonism on both sides of the proposed suture following collision. “This could occur by:
1) initiation of west directed subduction with the “new’ trench located outhoard of the

newly accreted juvenile terrain; or 2) east directed subduction with the trench located
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west of the older crustal block. The latter hypothesis was favoured by Fyson and
Helmstaedt (1988), but depends very much on the width of the older cratonic block. The
western Jimit 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 contemporaneous magmatism and
metamorphism across the full width of the Slave Province is a major problem of the
continental margin subduction model. Broadly contemporaneous tonalite plutonism (and
metamorphism) occurred over a width in excess of 400 km across strike of the province
between 2625 and 2595 Ma (van Breemen et al., 1991). This is similar in duration, but
much wider than modem continental margin batholiths (Pitcher, 1987). Fyson and
Helmstaedt (1988) argue that the tremendous width of magmatism could be achieved by
shallow subduction and rapid 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 et al., 1991), nor is there
any indication that the present width of the province is a result of post-metamorphic
translational or extensional faulting. The magmatism is therefore unlikely to represent a

series of coalesced batholithic belts, nor a significantly structurally widened belt. No

estimates of post-collisional extension have been made for the province.
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The non-linearity and the extreme width of the magmatic belt in the Slave Province

is unlikely to reflect unique tectonic processes operative during the Archean (e.g. greater

plate velocities, different subduction styles) because examples of broad calc-alkiline
magmaltic belts are also documented in Phanerozoic orogens (¢.g. Lachland Fold Belt
(800 km) Chappell (1984) and the Scottish Caledonides (>250 km), Thirlwall, 1982). The
cause of these very broad thermal anomalies remains enigmatic but there is little evidence
1o link it to active subduction. The collisional setting may better explain the width and
non-linearity of the magmatic rocks in these settings.

The situation described above for the Slave Province is comparable to the
subduction paradox in the Scottish Caledonides (Thirlwall, 1981; Watson, 1984) and
northern Appalachians (Whalen, 1989; David and Gariepy, 1990). Like the Concession
Suite, Caledonian granitoids are characterized by high Srand Ba contents combined with
high (Ce/Yb)y. The Caledonian granitoids are linked in time and place with the appinite
suite, which represents Mg-rich high Si0, magmas similar in composition to Na-HHMA
(Fowler 1988; Rogers and Dunning, 1990; Stern et al., 1989). The rocks have
geochemical characteristics of continental margin batholiths (Thirlwall, 1981), which led
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 inferred
lapetus suture (e.g. Halliday et al., 1985; Watson, 1984), and therefore post-dated closure
of lapetus. Magmatism is associated with a tectonic regime of shoriening, transcurrent
faulting, and molasse sedimentation (Watson, 1984; Rogers and Dunning, 1990).
Although subduction processes cannot be entirety eliminated, the magmatism and
tectonism can be accomodated in a collisional to post-collisional tectonic setting as
suggested by Watson (1984) and Zhou (1985). This tectonic setting would also be

appropniate 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 formation and stabilization of orogenic crust in the Proterozoic and Phanerozoic

(Patchett ez al,, 1984; 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
2.7 Ga.
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Figure 8.4, Cartoon 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
vanious terranes, including older crustal blocks. B) ca. 2650-2600 Ma. Collision
caused regional shorteriing and thickening of the lithosphere. Melting of sutduction
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
thermal 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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Appendix 1
Geochemical Analytical Techniques

Rocks were sampled free of all visible weathering and alteration. Samples were

scrubbed and ultrasonically cleaned in distilled water prior to crushing. 1to 5 Kg of

sample was coarsely crushed in a steel plated jaw crusher. A 150 to 250 g aliquot was

then ground to a fine 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 determined from USGS standards are less than 5% for Rb, Sr, Zrand Y and
less thar 10% for Nb and Th (Table A1.2). Duplicate and replicate analyses of
samples are presented in Table A1.3.

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
clements determined from replicate analyses of USGS standard samples are given in
Table A1.4,

The rare earth elements (REE), Pb, U, Cs, Li and Th, were determined by
ICP-MS at Memorial University (Longerich et al., 1590; Jenner et al., 1990). Two
different sample preparation and analytical techniques were used: 1) HF-HNO,
dissolution followed by analyses by standard addition (HF), and ; 2) Na,0, sinter
dissolution (Robinson et al., 1986 ) followed by analyses by internal standard (SIS) or
standard addition (SSA). Duplicate and replicate analyses of both techniques are shown
in Table Al.5. Relative accuracy and precision for e REE using the standard addition
technique, bascd on replicate analyses of USGS standards are 3-5% (Jenner et al.,
1990). Precision of the internal standard technique is slightly poorer, with RSD
ranging from 4 to 6% (Table Al.5). Th is slightly poorer at 11%. These values were




28§
determined from 22 sets of duplicate and replicate analyses of unknown samples (Table
Al.5). Mean detection limits are generally less than 10 parts per billion (Table A1.S:

Jenner et al., 1990) as were typical blanks.

Li, Cs, Tl, Uand Pb were determined by ICP-MS only for those samples
dissolved using the HF-HNO, technique.

Th was determined by XRF in those samples not analyses by ICP-MS. These

samples can be recognized because they have Th data without REE data.




Table Al.1 Standard and Duplicate Analyses — Major Elements 286

Sample  Be-N  Be-N  Be-N Ma-N Ma-N — Ma—N
Accapted Avg € STD__ Accepted Avg 6 STD

$i02 38.2 385 0.18 666 656 0.08

Tio2 2.61 259 0.04 0.01 0 0.00

A203 10.07 10.02 009 1762 17.39 0.24

Fe203 12.84 12.84 on 047 0.45 0.005

MnO 02 0.19 0.00 0.04 0.04 0.00

MgO 13.15 13.14 0.07 004  0.045 0.005

Ca0 13.87 1391 0.05 0.59 0.58 0.007

Na20 318 3.25 0.02 5.84 5.84 0.02

K20 1.39 1.46 0.007 318 3.23 0.04

Sample DA0-89 D40-89 DA1-863 D41-89 D283-69 D283-80 DI53-60 015389 V308-88 V30888
Si02 77.3 75.4 746 746 55.9 57.7 nr 725 72.8 72.1

Ti02 004 0.18 0.06 0.04 0.96 0.9 024 0.24 0.12 0.04

AI203 123 125 132 136 20 208 146 14.2 14.7 147

Fe203 1.24 1.29 08 092 7.98 842 167 1.57 0.82 0.73
MnO 0.02 0.02 0.01 0.02 0.1 0.1 0.02 0.02 0.01 0.02

Mgo 0.11 0.12 0.13 013 4.2 428 0.53 0.55 0.28 0.29

Ca0 072 0.68 0.82 0.9 14 148 0.78 0.8 0.86 0.88
Na20 384 392 40 4.1 2.33 2.41 344 321 407 4.24

K20 4.2 3.95 4.4 473 266 29 552 5.61 4.26 4.3
P205 0 0.01 0.02 0.01 0.09 0.06 015 0.16 0.24 0.23
Lol 0.55 0.23 0.24 0.47 1.46 115 088 0.56 097 0.6
Sample O134-88 D134-88 D72B-¢ 728-87 D218-87 D218-87 D172b-67D172b-870277 88

5i02 74.0 75.0 70.9 71.3 7.4 58.1 58.4 527 53.8 625
Tio2 0.2 0.16 0.38 0.36 0.32 072 0.72 3.08 3.16 0.52
Al203 13.1 13 145 14.7 15.3 17.7 17.2 141 142 15.8
Fe203 143 1.41 2.86 2.78 298 6.04 587 1354 131 476
MnO 0.01 0.01 0.05 0.04 0.04 0.08 0.07 0.14 013 0.08
MgO 0.34 0.33 0.74 0.69 0.7 38 as2 3so 356 247
Ca0O 0.84 0.84 28 296 2.96 5.48 5.72 5.9 6.16 464

Na20 289 283 4.47 469 452 487 519 322 3.35 4.43
K20 5.63 5.58 122 1.2 1.2 213 2.09 1.24 125 1.34
P205 007 0.02 0.11 0.08 0.1 0.38 0.3 0.33 0.28 0.28
Lot 0.55 07 0.38 05 0.4 0.39 0.54 0.66 083 1.23
Sample D2Z5E- - ~87 DI14-87 D114-87 D114-87
Sio2 66.0 658 638 63.8 63.8 64.4 696 €9.6 69.6 69.3
Tio2 0.56 0.56 0.48 0.52 052 0.48 052 0.48 0.52 052
Al203 15.8 158 157 15.8 15.9 15.8 14.4 145 144 14.4
£e203 441 439 43 434 429 432 312 3.07 3.09 3.08
MnO 0.09 0.07 0.07 0.07 0.07 0.07 0.02 0.02 0.02 0.02
Mgo 217 2.16 261 262 26 263 072 069 07 0.7

Ca0 3.2 318 442 412 408 4.2 148 1.48 1.48 1.48
Na20 455 452 4.83 48 479 4.75 298 3 2.99 2.99
K20 2.1 216 1.96 1.99 199 1.99 585 58 58 575
P205 03 0.29 0.23 0.19 0.18 0.17 024 0.23 0.24 023

Lol 0.63 0.65 0.75 0.73 0.71 0.72 0.87 0.67 0.68 0.81




Table A1.2 XRF Precision and Accuracy — Repeat Program

- - -1 - -

1988

1988

1988

19688

1989

SP-TG8P 1 W-i W) BHVO-

1968

67.8
1.8%

67
1.2%

877
660.0

477
0.8%
48
2.3%

338
0.3%
30
2.4%

74

163
1.3%
169
37%

L14)
1.1%
479
1.8%

111

21% 135%

37
1.1%

11.4
2.6%

a0
1.0%
300
3.0%

113
1%
13

1.2% 12.7%

54
7.0%
5.9
7.8%

]

164
0.5%
169
3.1%

474
0.4%
479
1.0%

1.3
2.0%
114
0.8%

308
0.3%
300
2.5%

1.6
1.9%
13
10.8%

24 4
5.5%
2486
0.8%

247
0.7%
250
1.1%

233
0.5%
240
29%

6.9%
28

493
1.3%
$00

1969 _ 1988 1989 1988

247 218 213 90
02% 33% 42% S9N

250 21 21 1"
13% 3™ 15%

232 188 189
04% 07% 05%
240 190 190
35% 05% 0.5%

283 218 210
17% 53% 5.4%
29 26 26
2.3% 162% 19.3%

480 953 940
08% 1.7% 1.3%
500 85 95
39% 03% 1.1%

256 78 74
1.8% 88% 106%
23 9 9
11.3% 138% 18.0%

871 19
1.1% 85.5%

106 24
8.4% 19.6%

4 24 4




Table A1.3 Replicate XRF Analyses 1988

Sample Run # Rb

A284-87 RPT 203 122
A294.87 RPT 186 121

A284-87 AVERAGE 122

A326-87 RPT 196 71.8
A326-87 RPT 189 72.9

A325.87 AVERAGE 72.4

A358 87 RPT 203 141
A369-87 RPT 201 142
A3569-87 RPT 186 142

A369-87 AVERAGE 142

0023-87 RPT 19 31.3
D023-87 RPT 188 81.&

D023-87 AVERAGE 81.8

D029-87 RPT 198 66.8
D029-87 RPT 188 68.5

D028-87 AVERAGE 67.8

0033-87 RPT 191 193
D033.87 RPT 187 199

D033-87 AVERAGE 186

DO67A-87 RPT 197 169
DO67A-87 RPT 186 162

DOB7A-87 AVERAGE 181

DO69A-87 RPT 180 86.9
DO68A-87 RPT 183 845

DOG9A-87 AVERAGE 86.2

D072A-87 RPT 191 31.4
DO72A-87 RPT 187 31.8

DO72A-87 AVERAGE 316

00728-87 RPT 202 43.3
D072B-87 RPT 201 43.0

D0728-87 AVERAGE 43.2

D081-87 RPT 203 200
0081-87 RPT 196 200

D081-87 AVERAGE 200

D108A.-87 RPT 197 36.8
D108A-87 RPT 186 36.6

D108A-87 AVERAGE 38.7

D114C-1  RAPT 196 201
D114C-2 RPT 189 204
D114C-3 RPT 186 208
D114C-4 RPT 201 204

D114c-87 AVERAGE 204

D128A-87 RPT 202
D12BA-87 RPT 185

D128A-87 AVERAGE

D1561-1-87 RPT 190
D161-1-87 RPT 189

D1561-1.87 AVERAGE

D1628-87 RPT 197
D1628-87 RPT 186

D152B-87 AVERAGE




- D166-87 rpr 193 66.5 1082 X 161 4.7 89

: D166-87 RPT 191 66.0 1056 8.7 169 47
D166-87 AVERAGE  66.7 1069 9.1 160 4.7
D169-87 RPT 196 66.8 362 14.8 172 9.4
D169-87 RPT 183 67.1 346 12.7 168 9.3
D169-87 AVERAGE  66.9 348 13.8 170 9.3
D172B-A RPT 189 269 431 27.2 190 19.3
D17288 RPT 187 25.8 427 28.6 197 19.7
D1728-8° RPT 204 25.8 430 28.7 197 19.7
D1728-87 AVERAGE  26.7 428 28.6 197 19.7
D201A-1  rpt 183 66.8 890 11.3 166 5.5
D201A-1  RPT 183 67.4 982 11.3 166 6.3
D201A-3 RPT 187 676 989 10.1 158 8.1
D201A-3 RPT 186 67.1 890 10.3 166 6.6
D201A-4 RPT 187 67.3 986 1.1 167 6.6
D201A-87 AVERAGE  67.2 987 10.8 167 62
D217-87 AP~ 204 9.6 532 3.6 81.7 2.02
D217-87 RP7 203 38.6 523 3.5 80.9 1.90
D217-87 RPT 201 398 625 31 82.0 1.22
D217-87 RPT 186 38.1 526 2.93 82.2 2.50
D217-87 AVERAGE 9.0 526 33 81.7 1.91
D218-87 RPT 188 59.4 1038 19.0 231 8.7
D218-87 RPT 182 60.6 1124 18.6 232 9.4
D218-87 AVERAGE  60.0 1111 18.8 232 9.0
D221-87 RPT 202 11.3 38.0 126 226 36
0221-87 RPT 182 12.1 38.4 127 223 36
D221-87 AVERAGE 117 8.7 127 224 36
D237-87 RPT 203 -0.933 186.8 29.0 218 3.0
0237-87 RPT 197 0.762 187.5 29.3 216 99
D237-87 RPT 186 1.20 186.9 30 218 1" 8
D237-87 AVERAGE  0.338 186.7 29.6 216 9.9
D266.87 RPT 191 131 164.9 6.4 126.2 5.7
D266-87 RPT 188 130 164.8 6.3 120.3 6.5
D268-87 AVERAGE 130 184.9 5.8 123.3 5.1
D316-87 RPT 203 277 6.72 12.1 25.5 12.5
D316-87 RPT 201 279 6.30 11.4 28.4 1.7
D316-87 RPT 186 279 6.26 12,6 29.0 13.3
D316-87 AVERAGE 278 6.43 12.0 21.7 12.6
D319C-87 RPT 199 14.7 718 -0.243 100.3 104
D319C-87 RPT 197 16.4 733 0.69 104.8 1.48
D319C.87 RPT 185 16.7 729 -0.4089 102.5 1.39
D319C-87 AVERAGE 16.8 727 0.011 102.6 1.30
D336-87 RPT 204 223 89.3 36 204 16.3
D336-87 RPT 183 223 69.4 34 203 16.4
D336-87 AVERAGE 223 69.4 34 203 16.3
D338.87 RPT 201 268 138.1 9.0 66.9 72
0338-87 RPT 187 268 140.2 9.1 66.2 74
D338.87 RPT 188 288 139.3 9.9 e5.¢ 7.1
D338-87 RPT 184 268 138.9 9.7 66.4 8.3
0338-87 AVERAGE 268 139.1 9.4 66.3 1.5
D3BOA-87 RPT 188 213 137.9 6.8 96.3 1.7
D350A-87 RPT 182 219 139.1 7.3 965.1 11.6
D360A-87 AVERAGE 216 138.5 7.1 96.2 11.8
0362-87 RPT 198 11.6 81 14.8 70.2 46
D362-87 RPT 188 13.2 438 16.0 71.8 52
D362-87 AVERAGE 124 483 14.9 71.0 49




D364A 87 RPT 202 33.7 509 44 126.6 13.6 290

D364A.87 RPT 184 33e 490 40 115.8 12.6

D384A-87 AVEIAGE 337 499 a2 120.6 13.1

D3848.87 rpt 193 51.9 603 7.4 278 9.5

D3848-87 RPT 184 32.4 5394 9.8 266 1.1

D3648-87 AVERAGE  52.2 698 8.6 272 10.3

0366-87 RPT 197 14.2 690 17.3 97.9 8.1

D366.87 RPT 188 14.4 688 16.2 98.8 8.5

036587 AVERAGE 14.3 €89 16.3 98.2 8.3

D3768-87 RPT 198 30.9 743 28.4 101.9 11.6

D376B-87 RPT 186 30.4 746 28.9 102.3 13.3

D3768-87 AVERAGE  30.8 744 28.6 102.1 12.4

K0288-87 RPT 201 191 89.8 23.9 125.7 11.0

K0288-87 RPT 188 190 90.5 24.3 128.4 12.0

X0288-87 RPT 182 191 89.3 23.9 124.8 11.6

K0288-87 AVERAGE 191 89.9 24.1 126.0 11.6

K142-87 RPT 223 1186 204 6.5 192 8.2

K142-87 RPT 191 114 204 8.7 191 8.4

K142.87 AVERAGE 116 204 8.6 191 8.3

RO61.87 RPT 200 29.4 184.4 a5 159 11.4

ROG}-87 RPT 186 30.3 186.8 34 168 12.2

RO61.87 AVERAGE 29.9 185.1 34 168 11.8

Duplicate Anslyses 1989

Rb Sr Y zr Nb ™

D106-88 RPT 428 72.8 967 18.0 194 8.9

D106-88 AVERAGE 71.8 937 18.1 187 9.3 6.2

D106-88D RPT 430 71.0 917 18 2 179 9.7 5.4

D110-88 RPT 422 73.2 6680 8.4 161 6.7 3

D110-88 AVERAGE 73.3 657 8.1 181 8.6 4.5

D110-88D RPT 429 73.4 663 7.9 181 6.3 5.8

D136-88 RPT 423 37.0 638 0.32 87.3 0.87 2.7

D138.88 AVERAGE 36.9 631 0.68 87.3 1.11 0.83

D136.88d RPT 427 18.8 525 0.85 87.4 1.36 -1.423

D168.88 RPT 422 182 626 18.8 177 12.7 14.2

D188-88 RPT 430 181 526 20.2 180 13.6 12.6
j D188.88 AVERAGE 182 528 10.4 179 13.1 124

D205-88 RPT 42% 70.7 360 8.3 187 39 5.4

D206.88 ROT 423 73.4 3ss 5.4 168 39 8.7

D206-88 AVERAGE  72.1 364 5.9 187 39 8.1

D273-88 RPT 424 112 774 12.4 186 6.6 38

D273-88 AVERAGE 113 777 12.7 184 6.6 2.6

D273-88D RPT 428 114 780 12.9 182 8.7 1.33

D277-88 RPT 421 44.5 793 16.1 173 6.1 4.2

D277-88 AVERAGE 44.7 793 16.3 178 6.1 4.8

D277-88d RPT 424 44.9 793 16.6 177 8.1 5.5




Repeat of sampies analysed in 1988 n 1989 9]
Rb Sr Y Zr Nb Th

D114C-1 1988 201 116 17.0 392 12.2

D114C-2 1988 204 116 177 400 128

D114C-3 1988 208 126 17.7 a1 119

D114C-4 1988 204 116 18.7 405 102

D114C-4 AVERAGE 204 119 17.8 402 121

D114C-3.87 rpt 427 206 124 180 410 2.8 29

D201A-1.87 19088 574 982. 11.3 1568 6 258

D201A-1.87 1988 66.8 990. 11.3 156 5402

D201A-3.87 1988 67.1 990. 10.3 ‘56 6 493

D201A-3-87 1988 67.6 989, 10.1 158 6.075

D20t1A-4.87 1988 67.3 986. 1.1 167 6 507

D2014A AVERAGE 67.2 987. 10.8 1560. 62

D201A4.87 1983 67.5 997. 118 168. 6.3 4

Table Al.4 XRF Prccision and Accuracy — Trace2 Progra

BCR-TBCA-108P-TG8P218527 622 wW-1

) 1988 1989 1981 1989
Ga AVG 21 22 20 2
RSD 71% 69% 45% J38%
ACC 2 22 23 23
% Ditt 64% 05% 130% 4.9%
Ba AVG 704 672 1255 1287
RSD 42% 73% 18% 23%
ACC 680 680 1300 1300
% Oitt 35% 1.2% 3I5% 1.0%
Sc AVG 31 32 5 L]
ASD 57% 69% 17.9% 21.7%
ACC 33 33 (X} (.1 ]
% Diff 69% 42% 242% 18.7%
' AVG 429 46 55
RSD 08% 42% 46%
ACC 420 54 54
% Dift 22% 15.1% 1.4%
Ni AVG 17 18 9 7
RSD 88% 136% 14.1% 20.3%
ACC 10 10 9 9
% Dift 72.0% 84C% 0.0% 208%
Cu AVG 19 28 35 34
RSD 75% J39% 26% J3.2%
ACC 18 16 k] 3
% Dift 179% 1.9% 61% 1.9%
2n AVG 130 129 103 101
RSD 1.1% 1.4% 07% 1.1%
ACC 128 125 105 105
% Dift 40% 33% 1.7% 3%
n 15 9 6 8

10.1%

7.2%

11 6%
a5
94.3%

21
6.3%

108%

88
1.1%
a4
2%

1989

23

1938

39

2

SN e SRS MLXC WA fEmERr

1988
15
8.7%
16
38%

168
12.9%
160
17 3%

4
5.8%
33
4.0%

263
1.3%
260
1.3%

78
21%
76
29%

105
1.1%
110
49%

97
0%
88
12.3%

e

W-1
1989

18

173

37

77




Table Al.5 Duplicate and Replicate ICP—MS Analyses

Yochniqgue Run Sample U Cs (s Ce Pr  Nd tu
HF TA-122 D201A-1-87 9 54 31.01 7010 838 3351 5. . ; ) . ) 06 015 9.
HF TR~-123 D201A-2-87 X $.5 29.42 66.01 792 3165 S, R X 5 5 X X 0.15
HF TR-123 D201A-3-87 . 5.4 30.27 , 805 31.37 528 1. X . ) , . 0.15
SIS SR-28 D201A-4-87 30.72 ! 8.13 3272 5. . . . X X 0.18
SSA TR-094  D201A—4-87 0.3 30.46 68.52 8.24 31.53 5. X ) . . . .98 0.15
HF TR-084 D218-87 . 2.0 4273 .11 12.61 48.60 7. K 3 . . . . , . 0.20
SIS SR-29 D218-87 51.23 . 14.28 58.32 9. . 3 . . . . 0.25
SSA TR-094 D218-87 0.2 49.29 X 14.11 54,05 9. , X A , . X . 0.24
SSA TR-054 D218-87 0.2 50.43 X 14.37 S4.29 8. . X 3 . . . . . 0.23
SIS SR-29 DO55-88 51.18 A 8.75 33.02 6. . . 5 . X 5 X . 0.28
SIS SR--28 005588 51.20 .94 10.43 36.18 6.64 O. 5 . 3 3 5 0.34
HF TR-125 0065B-67 21 68.50 160.67 19,17 76,17 15.28

HF TR-122 Do63p-87 2.1 57.52 X 16.13 83.13 12.70

SIS SR-29 D08S8-87 62.58 X 17.51 70.54 14,08

SSA TR-088 DO72A-87 . 0.0 6.64 X 1.44 S368 082

SSA TR-094 DO72A-87 0.0 639 1269 141 497

SSA TR-111 DO72A~87 0.0 3.91 7.98 089 312 O

SIS SR-29 DO78A~88 52.95 101.18 10.61 3555 6.20

SIS SR--28 DO78A-88 54.76 102.18 10.20 35.23

sis SR-29  Do81-87 529 048 122 465

SSA TR-098 DO81-87 0.3 609 1233 143 521

SIS SR-29 D108-288 4625 9574 11.63 4850

SIS SR-29 D108—-88 46.58 94.57 10.90 42.39

SIS SR~-29 D110-88 47.43 96.45 11.13 42.73

SIS SR-28 D110-88 4208 84.75 10.06 37.54

SIS SR-29 D110-88 44.74 90.83 10.78 40.51

HF TR-123 D154B-67 . 9.9 69.56 155.62 19.55 80.91

HF TR~-122 D154B-87 3 9.8 68.46 154.39 18.89 80.55

HF TR-128 D172C-87 1.7 38.82 96.48 12.90 5855

HF TR-122 Di172C-87 1.7 38.00 80.79 1245 56.86

SSA TR-111 Di172C-87 0.0 3541 88.91 12.02 54.57

HF TR-123 D206-87 0.2 21.64 5127 6.60 27.83

HF TR-128 D206-87 0.3 2645 64.02 8.13 34.37

§sA TR-094 D217-87 490 1015 1.14 431

HF TR-125 D217-87 . 1.2 581 1237 1.38 523




Table A1.5 Duplicate and Replicate ICP—MS Analyses

Techmqus Run __Sample U Cs__Ts__Co P Nd_Sm Eu Gd_ToT Dy He & Tmo Yo (3 Ph

HF TR-123 D220- 87 169 0.8 4059 9022 1046 3842 657 1.05 540 060 296 058 151 025 184 030 37 &7 118

HF_____TR-125 D220-87 _ 17.4 _ 08 42.47 9529 1068 3895 674 104 558 062 298 056_1.65 0.c6_194 030 34 67 121

sis SR-28  Dz21-87 7322 156.48 20.27 80.85 17.29 249 18.14 323 1994 417 11.00 156 10.69 152 8.3

SIS ____SA-28 _D221-87_ ___ 83.76 173.95 23.01 91.97 19.50 2852056 3.62 2288 4.76 12.44 1.85 1245 177 91

HF TR-094 D266-87 579 57 3345 7213 768 2699 4.33 026 267 033 1.79 032 078 010 062 009 28t 119 330

SSA TR-094 D266-87 013629 7209 7.93 2741 432 042 279 035 176 032 076 025 061 008 58 125 078

SSA TR-094 _ D266-87 0.3 35.46 6969 7.76 2696 441 0.36 254 034 174 031 076 013_061 008 58 121 082

SIS SR-28 D273-88 50.37 10720 1323 53.05 836 218 536 064 308 054 1.17 0.14 084 013 42

SIS ___SR-28 D273-88 5411 114.39 1403 5576 906 238_619 071 344 054 138 015 108 0.4 43

SIS SR-28  D278-88 2903 78.39 1180 56.90 1190 335 909 099 530 092 220 026 181 023 23

SIS SR-29  D278-88 29.28 78.46 11.87 56.33 1166 325 B.14 100 476 086 198 024 154 025 25

Sis SR-28  D278-88 2891 7718 1135 53.38 10.75 308 795 095 463 080 1.88 023 155 020 29

sis SR-28  D280-88 3587 7459 9954018 666 184 434 049 238 039 099 012 073 012 24

SIS SR-28  D280-88 3629 7602 983 4108 665 177 425 047 248 041 _1.01_014 075 012 _ 23

HF TR-123 D366-87 219 282385 5341 681 28.85 598 106 590 062 447 084 212 028 171 024 55 37087

HF_____TR-123 D366-87 = 274 342990 67.: 8.54 3636 7.72 256 766 104 568 111 261 035 218 032 69 45 111

HF TR-123 K028A-87 59 29 645 1367 1.57 603 138 019 158 032 222 049 1.37 021 151 023 203 81 353

HF TR-122 KO2BA-87 S8 31 _654_ 1402 1.62 597 144 025 159 032 214 048 139 022 161 023 _ 203 86 353

HF ~ TR=125 K149A-87 377 7.7 3610 77.79 880 3365 611 155 553 072 372 070 1.72 023 147 020 95 71 1.75

Sis_ SR-28  K149A-87 3590 7382 8853480 616 156 494 073 393 076 183 025 160 021 67
1 ASD (1 sigma) 3.1% 9.9% 40% 43% 45% 46% 51% 62% 6.0% 48% 55% 52% 48% 73% 49% 49% 87% 11% 80%

sis ~ 2 T AGVIT T 396 6912 863 314 573 154 441 065 36 069 197 027 1.73 026 65

HF 3 _AGV-1 109 125 367 67.8 8 307 56 182 53 068 38 073 18 025 166 025 370 60 189

SIS 4 BCR-1 256 S1.89 684 277 649 185 601 104 622 125 372 051 326 048 5.8

MF S .. ___BCR-1 135 094 243 5222 655 281 63 203 69 1.1 67 141_357 00S 334 05 138 59 17

S ) e LO0__ 04 002 001! 0009 0009 0040 0030 0.009 0030 0.006 0018 0006 0.620 0.007 0020 0006 007 0013 0C14

1 Relative Standard Deviations (RSD) calculsted from dupiicate and replicate analyses by least - squares regression.
2. Average of 6 a;. :Iyses ot USGS standard AGV— 1 by sinter and internal standard (SIS) (G A. Jenner, unpublished data)
3. Average of & analyses ot USGS standard AGV-1 by HF - HNO3 dissolution and standard addition (Jenner et ai {1990)
4 Average of 7 anaiyses of USGS standard BCR-1 by si.'er and internal standard (SIS} (G A Jenner unpublished data)
S Average ot 6 analyses of USGS standard AGV -1 by HF -+NO3 dissolution and standard addition (venner et al. (1990)
6 Average limits of detection (LOD) reported by Jenner et al {1930)

-
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Appendix 2
Geochemical Data Base

Central Volranic Belt, Coeval Plutonic Rocks and Metasedimentary Rocks of the
Yellowknife Supergroup

Symbois

Gondor Plutonic Suite, Gondor Lake Area
Wishbone Plutonic Suite, Jaeger Monzogranite
Wishbone Plutonic Suite, Wishbone Dome Area
Olga Plutonic Suite, Olga Lake

Central Volcanic Belt (* designates intrusive rock)
Tuk Porphyry

Metasedimentary Rock - Turbidite
Metasedimentary Rock - Fe-stone

Epiclastic Volcanic Tuff within YKS Turbidites

OO0 DN B WP —




Sample D20SA-87 D221-87 D20SB-87 D215-87 DOGSB-87 DO37-89 [038—869 D040-89 D041-89 D227-

478300

89 K180-89 D226-89 D327-87 DO72A-87

464000

7270100 7279000 7295000
Wishbone Wishbone

Easting 461700 462000 461700 462000 458300 587500 587000 585500 585500 485300 478500 488000
Northing 720500 7270000 7270500 7270100 7266700 7231500 721000 7230000 7230000 7272000 7276300

Suite Gondor  Gondor___Gondor _ Gondor __ Gondor Wishbone Wishbone Wishbone Wishbone Wishbone Wishbone

Symbol 1 1 1 1 1 2 2 2 2 3 3 3
Sio2 75.886 79.95 79.05 80.17 77.09 77.3% 77.96 77.57 75.20 75.8 78.30 77.20
TiO2 o1 0.08 0.12 0.08 024 0.08 0.08 0.04 0.04 0.36 0.08 0.22
ANRO3 11.72 1.5 11.44 1.5 1228 1225 1223 12.34 1374 12.86 12.00 12 61
FeO* 4.76 1.4 249 1.46 2. 1.28 094 1.12 0.84 217 127 1.13
MnO 0.06 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.02 0.07
MgO 3.32 0.70 1.77 c41 . 42 [ A1 ] 0.03 0.11 0.13 0.36 0.13 1.38
Cal 0.56 0.87 078 083 1.21 1.00 0.5% 0.72 0.91 1.96 0.78 1.30
Na20 234 4.81 3.30 5.25 4.62 4.00 407 3.85 4.4 413 3.64 437
K20 1.16 0.67 1.01 0.51 .79 3.64 412 421 4.78 227 3.76 1.68
P205 0.01 0.01 003 0.01 0.63
Lol 2.15 0.80 1.39 0.58 091 045 048 055 0.47 0.682

Ct <5 <5 <5 <5 <5 <5 14 <5

Ni <3 <3 <3 <3 <3 <3 <3 <3

Sc <3 <3 <3 3 <3 <3 5 <3

v <6 <6 <6 <6 <6 <6 <6 <6

Cu <3 <3 <3 5 <3 <3 <3 <3

Pb 5

Zn 56 14 <9 13 10 <9 <9 <9

2 ] 19 12 17 8 43 132 1N

Cs 2.19

Ba 241 197 306 487 591 284 608 604

Sr 18 40 30 49 68 20 70

Ga 20 21 20 16 22 20

L 13.56

Nb 274 36.2 26.4 369 271 287 2 14.1 139

Zr 328 231 329 257 N3 13 102

Y 77 13 98 105 84 79 101 140 34

Th 941 9N 10.11 1234 2324

U 225 3.03 505

La 86.40 65.90 1328 47.58

Ce 179.44 150.84 3433 9820

Pr 2373 18.45 5.01 1.12

Nd 94.88 73.3 2 38.85

Sm 20.11 14.69 239 714

Eu 2.94 1.80 054 1.00

Gd 212 14.83 1292 € 56

Tb 3.74 238 238 0.97

Dy 2359 14 94 1670 608

Ho 493 3.20 3.70 126

Er 1.3 877 1143 372

Tm 191 1.29 175 036

Yo 1284 8 69 11.36 362

Lu 182 131 164 052

3
78.3
0.32
11.46
2.41
0.05
04
1.72
4.03
1.19
0.03
042
<5
<3

3

<8
<3

21
7

269
120
14

185
266

50
434

25.00
48.18
554
20.38
433
120
495
1.04
7.0
180
5§35
081
529
070

e Ol
4

74.99
0.04
15.12
0.62
0.04
0.14
2.3
5.33
1.40

0.68
<5
<3
<3
<6
<3

2
<9
Kvd

530
485
16

1.2
66

1
089
058
6.61
13.06
1.45
524
682
038
057
007
034
006
016
002
016
003




Sample

Easting 464000
Northing 7236000 7296000
Suie Oiga Oiga
Symbol 4 4
SO 7252 73.43
TiO2 0.36 0.32
AR2O3 14.79 14.12
FeO* 2.66 2.78
MnO 0.04 0.04
MgO 072 0.65
CaD 2.66 2.78
Na20 463 457
K20 1.24 124
P05 0.12 0.07
LO} 050 0.53
Cr <5
Ni <3
Sc <3
v 2
Cu <3
Pb
Zn 44
Rb 43 31
Cs
Ba 266
Sr 282 294
Ga 18
u
Nb 5.0 49
Y4 235 208
7 6
5.06
28,20
52.64
5.55
18.29
2.59
0.68
1.87
024
127
0.27
0.68
0.10
0.69
0.12

4
73.51
oos8
1567
1.05
0.02
o4
214
533
1.7
0.02
0.39
<§
<3
<3

<$5

491

___ Oga:

00728-87 D174-88 DO72C-87 D173-68 D171-881
464000 464000 464000 464000
7296000

Oga

»

7296000

4!
76.43}

428
19

444500 450000 463200

7270800
CVB
s
67.05
057
1555
517
0.06
219
1.2
713
0.80
0.25
1.86
<$
<3

1

51
<3

4

66

1
023
201
144
15
12.45
138
265
29
382
0.82
30.50
7049
648
33.92
5.97
1.69
532
0.74
3.80
074
2.01
0.3t
220
0.33

7261800
—_xVB
——
67.65
061
16.18
428
0.08

455000
7266300
_cw8

s

78 20
028
1088
In

160

4.32

2517
52.65
741
28.99
605
1.12
565
0.87
533
1.05
299
042
270
040

D0O548-87 DO052-87 RO51 —-B87 D206-87 D237-87 D219-87 DOS2A-87 DO84A~B7
463300 463200 459800 461900

7201900 7261800 7266700 7270800 7273000
CB__CW_ CB_ o ow

5 5 [ - 5 57
49.68 56.10 58.81 59.97 60 94
1.02 0.66 074 098 1.10
17.75 16.0n 15.93 17.15 15.67
8910 9.83 7.78 6.12 7.08
0.16 017 013 0.16 014
6.89 8.21 4.38 424 323
11.47 11.12 7.50 6.37 698
283 264 3.56 an 430
0.86 1.08 1.07 053 014
0.24 0.18 on 037 021
087 116 097 1.09 0.31
119 17 177 27
21 42 90 16
31 43 25 26
237 254 195 183
<3 16 <3
3 6 3
az 84 78 87
16 28 N 8 4]
0.94 0.26 0.07
93 £3 9 14
329 282 193 161 192
18 5 15 16
9.30 10.70 26.91
6.7 1.1 123 100 10.2
72 as 165 173 22
18 13 36 24 30
0.40 0.43 3.06 2.0 32t
0.63 043 0.66
1253 20.92 21.15 25.36 24.94
29.06 5161 49.61 60.80 5591
3.98 8.09 633 1.7 6.94
1668 39.23 26.35 32.80 28.41
3.64 10.08 5.81 6.3 579
123 517 1.13 1.96 1.66
3.29 10.38 6.28 547 598
051 1.67 1.00 0.77 091
320 10.21 6.33 4 39 $63
067 218 135 0.87 1.18
1.76 574 3N 2.26 324
0.26 [X:)3] 055 030 0.46
1.67 553 37 201 315
024 082 0.56 0729 047

tJ




Easting 460000 483300 475400 6522 490800 490800 476500 474500 474500 478000 478000 488600 490400
Northing 7271300 7270300 7308500 11303 7267000 7287000 /287000 7286200 7286200 7291000 7291 000 7287000 728660U
Suite cvB cv8 CvB| 'KS-SED_YKS-SED YKS-SED YKS-SED YKS-SED YKS-SED YKS-FE YKS-FE YKS-FE _YKS-TUFF
Symbo! 5 5 6 T T T T T 7 7 7 8 8 8 9
Si02 7893 81.63 68.85 58.65 61.97 47.20 73.05 60.71 60.40 . 4263 51.19 59.36
Ti02 0.13 049 0.81 051 203 062 0.80 073 . 0.24 206 043
A203 11.38 976 14.78 20.97 16.90 14.12 143 18.83 21.79 X 15.50 1288 12.11
FeO* 1.98 1.53 454 9.09 12.08 13.24 481 10.30 7.82 . 27.16 14.88 7.97
MnO 0.03 0.02 0.05 0.09 007 0.20 0.04 0.10 0.05 X oo7 022 014
MgO 230 1.59 1.58 4.09 355 977 2.34 428 3.80 263 589 1298
CaD 108 0.39 454 0.83 1.15 1272 056 0.80 0.37 9.24 9.68 484
Na20O 273 3.73 1.51 0.91 052 176 1.11 0.73 0.36 245 183
K20 1.60 285 1.30 3.83 274 0.02 244 296 4.1 . 018 060 018
P205 0.13 0.13 0.16 018 006 0.11 0.19 X 1.98 015 016
LOI 283 0.64 4.19 3.70 543 1.28 494 296 5 ~1.13 027 404
Ct <5 <5 15 149 168 228 896
<3 <3 <3 49 18 85 269
<3 <3 12 13 229 20
<6 <6 79 123 239 192
<3 <3 <3 78 3 49
4 1 i 13 8
15 15§ 7 89
32 59 56, 80 109 4
0.88 7.94 761
199 624 548 568 a9
53 137 266 183 95
F3 1" 21 16
1872 40.65 i n®
198 24 7.3; ' ! 83 ! : €6
267 156 | 121 159
3 12 : 17 19
678 1722 : .
1.30 1.77 i
4528 30 52 : I 419
10112 ‘
118 8 59
a2.17 3265
725
1.14 090
599 565
088
505

Sample D220-87 K299-87 K164—88§ D300-89 D269-89 "N271-89 D270-87 D266-87 D269-87 Re31B-87 R231A-87 R252-87 D177-88

o62
332

206 3.80
033




Appendix 2 298
Geochemical Data Base

Syn-Deformation Plutonic Suites
Concession and Siege Suites

Symbols

Concession Suite

ot o et et e e e \D) OO N ¢ —
Lo NE ot — o NN

North Eda Lake Area
Concession Pluton

West Fry Inlet Area

Southern Contwoyto Lake Area
Heckla Bay Area

FEast Yamba Lake Area

Sills South of Southern Diorite
Southern Diorite

Southeeast Concession Pluton
Harp Tonalite

Northern margin Woolverine Monzogranite
North of Ghurka Lake

Nose Lake Area

Cumulate Rocks

Lac de Gras Map Sheet
Pointless Batholith, Point Lake
Keskarrah Batholith, Point Lake

Siege Suite

18

Siege Tonalite




Sample
Easting
Suite

467440
7212986
Concess

Symbol 1
Sio2

T2
A203

FeO*
MnO

64.83
0.70
17.45
4.03
0.05
1.88
41N
4.66
210
020
1.06

Na2O

E37TIPFRIQEIPEC A<

450483
7213137
Concess

1
65.25
0.61
16.2
4.20
0.07
217
385
4.36
2.40
0.27
0.62
27

7

10

35

84
165

221
536
24

459100

75
24

54
9
97
62
101
n3
15%
23
61.2
66
143
2
1.93
040
7080
15902
19.71
e
14.96
359
1198
1.2
565
085
218
028
164
024

467300
7288500
Concess

2
57.08
082
16.56
7.90
0.13
4.68
6.17
362
2.66
0.37
0.75
48

14
24
224
32

83
68

1002
nm»s
23

50
160
19
7.7

45.74
10231
1296
5343
935
219
6.4y
0.79
400
076
192
026
176
026

D169B—88 D168-88 D157-88 Di67-88 D1548-87 D150-87 D194-89

466000
7287900
Concess

2
58.04
060
16.63
€16
0.10
420
5.51
457
3.52
0.46
0.71

A280—-87 D203-87 D156~87 D155-87 D195-89 K202-87 D201A -67

4608398
7285548
Concess

2
60.38
058
16.74
5.11
0.09
4.23
5.35
5.09
218
025
0.69
102
68
15
123
<3
8
66
54
40
1034
1243
24
530
55
174
12
459
1.03
3248
2R
866
34.63
602
124
506
051
244
a7
1.20
0.15
106

470445
7287714
Concess
2

64.72
049
16.20
420
0.07
318
424
440
233
016
0.65

95

50

1"

106

<3

9

56

52

FX

1085
19
438

466998
7287872
Concess
2

64 65
049
1596
433
007
310
405
458
240
017
1.01

89

39

1"

102

<3

48
64

463193
7286837
Concess
2
6505
0.40
16.09
396
0.07
292
419
472
243
N6
0.80
65
30

1
94
<3

9

s1
56
22
1014
1031
21
356
48
162
9
702
t 8o
3290
6877
802
3087
509
103
a27
040
199
037
054
013
089
614

469800
7287800
Concess

2
65.07
0.49
15.45
419
008
3.24
429
4.66
2.36
017
1.09

468882 468959
7284609 7285484
Concess Concess

2 2
65.30 65.33
037 0.51
157N 16.13
419 397
0.08 0.07
286 267
4.80 4.20
483 489
1.73 203
0.14 o119
0.66 073
a9 55
40 a2
1 9
117 91
<3 <3
6 10
61 5€
32 58
14 55
1237
1008 1008
19 21
W3 1005
46 6.3
157
10
432
0.8
2936
636
747
2
507
127
475
o4
223
o4
099
013
083




Sample D1B0-89 D161-89 D242-89 D236—89 W176C-88 Dr<3-88 D273-88 D254-88 D277-88 D2A2-68 D258-88 W171-88 D280-68 D260-88
Easting 527200 517000 513800 516400 54200 548000 543500 S4B100 543100 539600 548585 545800 542100 547136
Northing 7221700 7245000 7236600 7234400 7240600 7238500 7237400 7238000 7244200 T241200 7237091 7236700 7242300 7234496
Sutte Cancess Concess Concess Concess Concess Concess Concess Concess Concess Concess Concess Concess Concess Concess
Symbol 3 3 3 3 4 4 4 4 4 4 4 4 4 4
Si02 61.45 61.64 66.54 67.40 63.48 64.41 64 50 64.94 65 3% 66 44 66.81 66.89 68.36 69.88
TiOR 0.74 0.70 0.73 0.51 0.69 058 0.61 0.69 057 057 057 057 064 0.38
16.2 16.64 1596 15.63 159 1654 16.25 16.54 16.13 16.48 16.04 16.19 17.46 1557

5.75 s.21 383 3.69 ars 447 4.76 427 4% 380 4.01 392 290

0.09 0.08 005 0.06 0.08 007 007 oo7 0.08 0.06 007 0.05 005 0.06

358 2.95 2.33 208 387 2.90 2.76 267 2.54 213 219 2.30 2.39 1.53

5.43 353 382 364 5.38 458 405 444 478 418 323 376 245

4.03 409 3.57 403 448 378 450 aa 459 ass ) 475

278 $.00 249 273 177 212 218 228 1.37 1.72 219 202 ; 223

04s 0.50 0.23 017 049 0.31 0.35 0.30 0.37 020 029 0.35 . 0.24

0.90 0.95 0.84 025 0.85 0.89 1.04 0.79 115 085 065 064 ) 0.81

S1 34 43 40 <5 23 <S5 <5

17 1 14 8 S5 7 <3 <3

13 13 13 13 <3 7 4 4

440 107 107 104 41 9 47 167

<3 <3 <3 <3 7 <3 <3 18

65 7 66 67 60 77 S0 46
109 86 46 72 148 179 134

892 528 732 632 589 326 481 688
981 794 896 809 790 650 755 569
23 24 23 23 23 23 23 21

A203
FeO
MnO
Mgo
CaO
Na20
K20
P205
Lol
Cr

Ni

Sc

v

Cu
Pt

Zn

Rb
Cs

Ba

St

6.3 68 56 62 46 15 78
187 188 179 181

16 16 12 17 14
380 434 623

47.07 54.29
10573 11485
13.65 14.45
56.39 . 58.24
9.45 . A 9.44
248 . 219
5.54 . . 585
0.69 I 070
337 . 333
0.57 . 0.54
1.28 132
017 . 0.16
094 . . 106

0.15




W163-88 D237-88 D292-88 V3ORA-88 D145-88 D142-88 D121A-88 V1128-88 V106-88 D334B-87 K104-88 K106-88 D105-88 KD69- 88
Easting 548500 50455 475800 515383 502200 501000 495000 497000 497500 421200 483102 491300 469700 471900
i 7305268 7301000 7302457 7213800 7216500 7211000 7208000 7210500 7212200 7211462 7212400 7240000 7238500
Concess Concess Concess Concess Concess Concess Concess Concess Concess Concess Concess Concess Concess
5 S 5 6 6 6 6 6 6 6 6 7 7
65.60 69.39 72.35 sa74 60.95 64.80 67.50 69 .06 69.12 69.77 7147 61.94 63.41
0.54 0.49 0.16 095 069 0.69 053 053 0.4t 0.37 032 065 0.53
17.25 15.72 15.96 1726 16.94 1737 16.51 15.98 157 15.94 1521 16.55 16 54
367 2.62 1.06 7.10 5.18 420 350 3.06 3.1 259 2.76 505 4.39
0.07 0.04 0.01 0.1 0.08 0.05 0.03 0.03 0.04 003 0.03 008 0.07
1.81 0.91 0.51 .34 3.45 202 1.67 1.44 1.44 T4 1.18 362 3.06
294 2585 3.05 5.71 5.15 398 35S 334 2.92 268 255 5.2 384
5.10 4.72 5.96 1.30 454 4.50 455 455 3.80 4.32 429 460 474
288 3.26 0.90 3.08 2.70 208 2.01 186 327 277 234 2.0t 303
0.13 o3 0.04 0.41 0.31 0.30 005 017 017 020 0.14 027 0.39
1.19 1.22 058 1.08 0.70 091 082 0.38 0.82 0.84 0.80 0.50 1.58

<5 <5 38 28 10 <5 38 5 <5 10 84

<3 <3 4 12 <3 <3 <3 <3 <3 <3 330

<3 <3 21 15 10 6 15 6 <3 4 16

4« <6 173 116 82 74 187 59 49 50 138

<3 <3 <3 37 <3 <3 <3 <3 <3 4

64 15 94 65 70 52 57 51 M4 43 72
65 19 132 93 7 68 67 73 62 58 73

231 987 507 398 390 968 558 993
572 743 997 661 498 633 549 951
21 23 23 24 23 21 20 21 19 25

21 87 8.5 77 53 62 35 95
88 145 136 141 190
3 2 20 10 5 7 9 4 18
4.39 8.26 . 816

3281 6877 4206 343 56 53
72.582 88 90 11708
9.16 1043 1427
3868 3985 2821 5577
73 611 961
1.76 X . 124 095 4
552 3.40 228 638
078 | 037 0.29 0 81
4 41 . 1.67 410
088 02s 020 o7
22 060 050 188
034 007 02€
196 040 044 159
032 005 0 0€ 05

Ni
Sc
v
Cu
Pb
Zn
Ro
Cs
Ba
Sr
Ga
[
Nb
Zr
Y
Th
u
La
Ce
Pr
Nd
Sm
Eu
Gd
™
Dy
Ho
Er
Tm
Yb
Lu




Sample

Easting 469500
Northing 7241500
Symbol 7
Si02 65.@
T2 0.61
A203 16.18
FeO* 452
MnO 0.07
MgO 2.87
Ca0 4.30
Na20 416
K20 208
P205 0.18
Lot 0.85
Cr 42
Ni 10
Sc 12
v 95
Cu <3
Pb

Zn 67
Ah 115
Cs

Ba 672
Sr 610
Ga 23
[ ¥]

Nb 10.6
2t 166
Y 18
Th 9.99
U

La 4753
Ce 97.44
Pr 11.53
Nd 45.51
Sm 7.81
Eu 1.56
Gd 5.14
Tb 073
Dy 3.78
Ho 067
Er 1.73
Tm 0.23
Yb 1.41
Lu 0.23

459170
7261621
Concess
8

56.34
0.86
17.96
6.65
0.10
4.45
6.30
453
232
0.48
1.04

44

3

¥4

150

43

9
84

781
122
23

1.1

24
0.01

63.36
149.57
18.85
77.07
13.45
263
8.7
1.01
491
0.86
2.14
0.29
1.81
028

460866
7258037
Concess

8
58.99
0.73
17.97
$.51
0.08
3.66
5.56
494
216
0.39
0.39
53
26
13
145
24

72
o1
11
aMmn
128
21
420
9.2
235
19
7.95

518
11417
14.50
55.713
9.36

460504
7257922
Concess

8
59.43
0.66
16.73
5.89
0.10
417
577
435
242
0.47
0.97
40
24
18
147
3
15
”
69
25
1100
114

459139
7256475
Concess

8
61.54
058
17.60
492
0.08
334
4.80
480
209
027
1.08
35

16

14
17z

66
59

704

D108-88 DO23-87 D218-87 D127-87 DO29—87 K294E-87 D364A-

495598
7268740
Concess
9

5256
1.78
18.14
9.41
013
477
7.44
353
191
0.32
1.82

a5t

225
136
24

496189
7269671
Concess

9
$3.08
1.40
17.66
1.5
0.20
386
6.88
an
1.50
0.17
077

513
30.0
13.5

124

476763
7283054
Concess

9
59.21
1.65
14.36
11.61
0.14
1.82
519
359
1.58
0.85
0.98
<5
<3
13

41

7
159
36
18
27
461
26
203

475714
7283533
9

65 43
078
1633
567
0.06
1.60
351
4.14
220
028
0.73

6

<3

8

64

83
61

706
423
23

1n9
227

16
0.14

38.29
81.90
967
387
713
1.70

072
.68
069
1.7
022
1.32
018

4910
7272089
Concess

9
6544
08s
1634
6.14
0.10
233
252
35
269
0.08
0.72
102
24
]

146

60
69

1010
386
18

139
217
29

87 D172C-87 D173-87 D374-87 D169-87 K149A-87 D172-

478000
7284500
Concess

9
68.10
0.70
15.77
4.4

659
357

96
174
14
13.31

50.09
94.10
10.77
40.54
6.43
1.57
3.78
047
218
0.34
1.04
014

0.08

480800 477233
7283500 7282722
Concess  Concess

9 9
68.18 69.20
061 062
1572 15.50
427 382
005 005
1.25 1.08
288 253
4.06 414
282 282
016 014
0.52 0.68
<5
<3
5
a8

10
56
72 69

78
599
K2 ] 33
=

365
120 95
181 155
18 19
7.02 4.41

1.79
36.74 2389
77.37 51.3
9.01 6.33
34 94 25.27
6.26 532
1.59 1.09
534 4.67
0.74 065
3.90 351
0.74 0.68
1.81 1.54
024 020
1.56 129
0.21 020

87 D184 RS

474930
7313409
Concess
10

66 43
0.61
1483
562
009
236
5.09
3
1.16
o010
1.03

20

19

15

100

4

56
50

170
254
21

7.4
159
15
3.42

20.90
39.04
482
19.48
359
1.13
30
043
259
0.55
1.38
020
1.25
0.20




Sample

Easting 473100
Northing 7317100
Symbol 10
Sio2 67.78
Tio2 0.57
A20O3 14.73
FeO 5.04
MnO 0.08
Mgo 2,04
CaD 423
Na20 398
K20 1.41
P205 013
LOI 1.10
Ct <$5
<3

<3

<6

<3

]

61

206

255

16

65

159

12

5

C35TIQFRIYZIQECINGCOLPC @NTO<¥Z

468557
7319051
Concess
10

€8.41
062
15.25
3.96
0.08
1.69
44
4.34
1.14
0.10
1.07

<5

<3

7

as

<3

46
45

242
327
2

89
177
13
297

18 34
40 95
513
1.8
3 85
136

042
253
05
1.36
019

121
020

475012
7311856
Concess

10
69.89
0.41
14.68
4.18
0.06
1.52
3.59
423
1.34
0.09
077
9

<3

7

79
<3

37
61

364
208
21

17
138
13
6.95

2403
527
467
1657
279
075
228
037
206
042
106
0.16

017

473000
7312500

10
nmns
0.36
14 61
3.01
0.04
0.96
.24
4.76
.21
0.08
0.62
<5
<3
<3
13
<3

9
?
708

227
17

65
143

9
372

25.17
47 06
514
1864
3.06
071
203
oz8
1.50
026
on
009
063
0.08

Vi91-88 D201-88 D183-88 W141A~88 K144-88 V224

479100
7319200
Concess

10
71.84
032
14.47
326
0.05
1.10
2N
444
1.67
0.13
0.85
<5
<3

5

55
<3

35
60

307
174
21

16
116
1
9

463742
7310903
Concess

10
72.40
0.44
14.7%6
278
0.04
0.83
275
465
1.26
0.09
0.53
<5
<3

18
<3

30

430

21

468300
7233800
Concess

1
66.94
0.57
16.48
379
0.05
1.82
3.67
442
1.84
021
0.59
<5
<3

8

74
<3

61
75
10
328
672
25

67
165

8
S.72

45 81
92 85
109
a2
6§22
132
319
039
172
028
(o] ]
008
048
007

566800
7219000
Concess

12
64.86
072
1611
5.2
0.09
276
454
3.65
1.89
0.15
0.41

S92000
7236500
Concess

12
65.09
on
15.66
526
0.08
2.31
423
adn
317
0.17
055

~-88 D110-88 KO79-89 V233-89 DO14-89 DO29-89 D261-89 D280-89 D261A-89

586800 588500 594600 594600 594000
7235300 7226600 7253200

Concess
12
65.21
0.56
15.93
415
0.06
2.49
443
462
2.3
0.23
0.58

Concess
12
70.97
0.37
15.52
2.06
0.03
083
296
527
1.89
0.10
019

Concess
13
54.60
1.15
17.41
9.13
014
424
781
3xr
1.68
0.32
0.82

7253200
Concess
13

56.85
0.97
1717
761
0.12
4.66
7.32
313
1.97
020
1.05

7253500
Concess
13

57.38
0.80
16.89
7.36
012
462
668
342
237
0.15
050

t0Y




Sample D262B-89 D279-89 D262A-89 K281-87 D154A-87 D151-1-8 D192-89 D365-87 D151-2-8 D375C-87 D1528-87 D37B- 67 D319-87 D362 -87

Easting 594500 594500 594500 474000 463231 465744 464500 496338 465744 496437 465623 496437 503000 496059
Northing 7252800 7253200 7250800 7286400 7267674 7288179 7287600 7265486 7288179 7273500 T287981 727350 7255600 7269402
Suite Concess Concess Concess Concess Concess Concess Concess Concess Concess Concess Concess Concess Comcess Concess
Symbol 13 13 13 13 14 14 14 14 14 14 14 14 14 14
SiO2 60.27 64.86 67.59 63.91 4354 4386 4443 45.90 w27 a3 4863 4875 49.43 50.75
Tio2 0.69 0.68 0.50 063 149 1.58 147 1.85 o7 0.87 103 148 1.82 0.90
A203 17.47 16.06 16.10 19.14 11.56 11.09 10.2 16.72 607 961 1553 18% 1375 1305
FeO» 6.81 5.13 4.18 6.09 13.10 14.02 13.67 1593 12.9% N7 11.10 11.47 16 32 10.00
MnO 012 0.08 007 0.05 0.20 019 0.19 0.18 0.17 0.19 017 015 020 016
MgO 273 234 1.87 351 12 84 14.15 13.26 6.28 24.13 14.74 7.92 536 §20 nax
CeO 576 408 3.80 0.92 12.90 11.36 13.44 9.55 823 13.83 10X 8.87 8.83 159
Na20 3.88 3.46 355 2.60 1.70 138 153 2.40 0.38 1.07 274 333 ax 164
K20 210 3.13 2.2 305 1.5¢ 185 097 0.97 108 057 202 1.36 099 065
P205 015 0.18 0.13 0.10 1.18 0.52 0.82 0.11 0.04 006 057 o 023 006
Lol 0.73 0.63 073 3.39 0.79 075 0.88 1.28 3.58 1.58 1.94 0.81 044 1.00
Cr 199 226 <5 379 785 18 <5 <S5 16
Ni 25 96 <3 233 165 39 <3 29 21
Sc 28 43 k] 54 69 39 27 42 53
v 191 434 €80 218 4 370 309 519 292
Cu 20 20 106 m 17 12
Pb " 3 4 4 2
Zn 73 136 12 92 58 100 89 105 61
Rb 86 2 46 15 46 10 n 3N n 13
Cs 36 57 5.3 1.9 0Ss
Ba 964 3rn 209 132 124 1233 267 92 80
Sr 225 714 145 716 121 213 1388 765 19 497
Ga 20 2 24 9 1”2 22 22 20 15
L 55.3 57.8 734 317 62
Nb 7.4 79 70 86 24 45 29 128 68 5.1
Zr 151 128 80 102 40 51 86 105 75 73
Y 16 40 36 17 12 16 23 29 2% 15
Th 7.20 325 1.39 0.55 mm 164
u 225 063 033 0.33 0.34
La 219 73.31 2758 4004 2540 11.40
Ce 49.57 196.35 90.24 96.74 724 27.08
Pr 567 2762 1503 13.26 10.47 350
Nd 25 128 58 77.00 58.30 47.3% 152
Sm 4.12 24.5% 17.42 1.37 9.76 328
Eu 1.09 578 396 247 262 1.06
Gd 380 19.06 1383 837 8 81 332
™ .48 216 1.64 098 1.15 048
Dy 2.99 9.80 809 483 6.57 284
Ho 0.59 167 1.44 088 1.28 058
Er 1.73 364 3.37 202 a2 156
Tm 0.24 0.44 0.43 026 0.43 021
Yb 164 272 255 1.68 268 134 g
Lu 0.26 0.37 034 024 041 019




Sample
Easting
Northing
Suite
Symbol
Si02
o2
A203
FeO*
MnO
MgO
CsO
Na20
K20
P205
Lo
Cr

Ni

S

v

Cu
Pb

Zn

Rb
Cs

Ba

St

Ga

¥}

Nb

2r

Y

Th

U

La

Ce

Pr

Nd
Sm
Eu
Gd
h1)

Dy
Ho

Er

Tm
Yb

-
c

D282-89 A325-87 D278--88
596000 462900 542900

7253100
Concess
14
S1.75
1.29
14.27
11.24
017
7.14
9.45
237
205
026
1.31

7249300
Concess
14

53.24
0.87
17.9
7.89
0.14
5.54
T7.64
417
1.94
0.64
0.76

58

36

23

200

5

75
3.1

1380
2
38 .4
47
94
20

46 67

65 R
409
1.00
083
1.97

024
152

465900
7236100
Concess
14

54.56
1.08
19.95
6.81
0.08
397
6.57
407
253
0.38
0.93

46

2

20

150

7244100

105
76

888
1321
30

329
28

84 86

9C.09
1557
349
10 50
135
6.84
1.20

035
032

477064
7262681
Concess
14
54.72
315
14.60
1245
0.14
372
619
334
1.26
0.33
067

<5

<3

23

255

]

133
27

252
445

D103-88 D1728-87 D123-88

493872
7212633
Concess

14
55.01
0.82
21.74
5.50
0.05
274
a2
593
3.20
077
084

D191-89 D334D-87 D3I66—-87 D119-88 D20IB-87 D044 -89 D364B-87 DO45-89

464500
7287500
Concess

14
55.13
0.76
14.78
762
e12
6.15
7.88
3ar2
339
04
0.64

421200
7212200
Concess

14
55.84
0.86
21.51
5.27
0.06
2.77
473
545
2.98
052
0.90
<85

4

13
101

103
108

716
672
27

a7
18

496714
7269453
Concess

14
56.74
214
1562
10.30
0.12
3.79
623
2
1.60
023
067
<5
<3

5

57

6
88

32
603

4921
engz
Concess
14
57.490
085
16.47
6.59
0.09
6.30
6.18
285
291
0.35
1.74
232

94

21

156

<3

74
105

1106
696
23

9.0
165
23
8 60

48.48
10210
13.R
54 51
1043
242
763
112
565
1.04
264

032

468059
7206481
Concess

14
57.52
065
12.75
86
018
7.7
781
349
134
028
074
356
74
30
194

9
138
a3
26
347
690

18
788
70
10
24
256
273
2. 74
70 4}
AR )
54 79
11 61
238
916
109
5%
104
250
034

585500
7234500
Concess

14
5756
072
15.58
6.52
010
5.46
6.81
3.57
3.00
068
0.82

496189
7269671
Concess
14
58.75
025
1897
7.35
0.16
214
491
436
209
0.32
0.70

12

<3

)

63

5
9N
54

14

626

19
106

9
165
0&1
24 06
67 0
964
248

1.40

585500
7234500
Concess

14
58 98
o067
1525
611
009
5 66
673
an
246
033
1.03




Sample
Eanting
Northing

Sue

Sio2
T2

AR03

FeO*
MnO
MgO
CaD
Na20
K20
P205
LOI
Cr

Ni

Sc

v

Cu
%
Zn
Rb
Cs

EFFTEIPIRIYEFQLCI<NEEQO

14
59.99
0.86
19.01
6.23
0.09
225
439
4.5
240
0.25
0.79
33
12

458400
7213800
Concess

14
63 .94
0.63
17.99
4.4
0.07
2.30
4.68
382
212
0.27
0.73

0.10
061
0.09

15
67.72
0.53
16.67
328
0.04
1.63
3.44
448
1.99
0.22
0.90

<3
74
<3

128

24
53
145
2

n1IF3r
6521

16
70.41
0.36
14.5
276
0.04
1.2
2.41
(o)
4.36
0.15
047
12
<3
6
39
<3

34
108

1953
606
18

102
m
23
19.66

771N
147.55
17.46
67.26
1.0
1.94
82t
1.12
6.03
1.04
255
0.35
2.30
0.29

11336
6521

16
7225
028
14.51
239
0.02
0.81
2.26
3.58
382
.09
0.57
<$
<3
4
45
<3

15
82

1642
370
18

70
142
10
2.70

84.36
149.21
15.31
54.06
7.35
1.18
436
053
235
037
068
0.10
0.48
0.08

D363B-87 WO0B-B7 D154-88 Do16-88 DR19-88 D222-88
496385

7268877
Concess

11303
6504

17
69.33
0.40
15.60
3.30
0.06
1.09
3.26
468
214
013
0.61
<$
<3

6

52
<3

43
66

409
345
21

10.4
176
15
6.61

Lo X4
82.07
9.92
38.43
6.42
1.56
455
063
359
068
1.88
025
1.81
027

il

V284-88 DJ19C-87 D104-88 D119-87 D217-87 DO44-87 D136-88
486000 503000 468500
7256800 7255600 7242900

Siege
18
71.43
0.16
167
1.08
0.02
0.4
3.15
6.06
0.90
0.02
0.54
<5
<3
<3
<6
<3

13
27

332
540
20

23
86
<2

335
6.46
068
2.44
0.50
0.18
0.33
004
0.22
005
014
002
014
003

674
512

1.7
101
<2

471300
7256600
Sege
18
73.0t
J3.08
15.68
083
0.02
N.36
.34
5.41
216
0.05
0.31
<5
<3
<3
<6
<3

18
41

984
548
17

08
83
<2

041

383
6.71
071
2.58
0.54

039
0.05
0.23
0.04
013
0.02
0.14
0.03

469624
7248189
Siege
18
72.46
010
1622
093
0.03
029
289
545
1.57
005
0N
<5
<3
<3
<6
<3

8

1"
39
1.3
n2
831
16
157
1.9
83

3
6.11
0.4
543
1.4
1.28
4.64
0.88
017
067
0.10
.50
0.10
028
0.04
025
0.04

465000 465511
7252900 T244014

Siege
18
74 02
0.08
1553
0.66
0.02
0.22
1.94
4.98
243
0.12
0.55
<5
<3
<3
<6
<3

10
63

484
469
16

24
Al

k)
0.14

215
n
0.40
1.52
0.38
0.16

0.07
048
010
0.3t
005
0.36
0.06

18
2%
0.16
16.10
1.01
001
0.40
3.26
534
1.20

069
<5
<3
<3

10
<3

<9
37

337
538
18

1.1
88
<2

0.50

3.10
537
0.54
197
0.35
0.15
0.21
0.03
0.18
004
014
0.02
0.13
0.02

90¢




Appendix 2 07
Geochemical Data Base

Post-Deformation Plutonic Suites
Contwoyto and Yamba Suites

Symbols

Contwoyto Suite

N DN D

Heckla Bay Area

East of Yamba Lake

Contwoyto Monzogranite

North of Ghurka Lake

Olga Lake Area

Pellatt Lake Area

Southeast of the Wishbone Dome

Yamba Suite

8

9

10
11
12
13
14

Pellatt Monzogranite

Northern Wolverine Monzogranite (Low Y Group)
Wolverine Monzogranite

Olga Lake Area

Cordierite-granite, migmatite north of Wolverine
Itchy Lake

Wolverine Monzogranite - Lac de Gras Map Sheet




Sample D241-88 V252-88 V2EB3-88 V308-88 0295-88 D231-89 K124-88 W059-88 0207--88 D20&-88 D254- 87 D128A-87 D180-87 D1s2-88

Northing 506227 529379 2R 515565 518815 50 415 500119 504000 491204 490141 458700 481116 471594 476600

Easting 7307988 7209064 7299610 7304169 7306602 7240888 7229426 7223500 7297885 7296320 7312800 7291586 7290907 7311100

Sune MW Contwoyto Contwoyto Contwoyto Contwoyto Contwoylo Contwoyto Contwoyto Contwoylo Contwoyto Contwoyto Contwoyto Contwoyto

Symbol 1 1 1 1 2 2 2 3 3 3 3 3 3

Sio2 72.5 71.83 75.46 7423 74.001 72.54 73.21 74.03 72.93 7363 7M™ 75.68 71.61 7438

TO2 0.32 024 0.16 0.12 0.08 0.4 0.12 012 0.24 025 024 0GC8 0.36 noa

A203 15.3 16.73 14.19 14.99 14.82 15.06 15.03 1474 1477 149 14.84 1398 1515 1469

| FeDr 1.77 1.41 0.86 0.75 0.85 1.75 0.99 0.87 213 15 156 0.40 226 099

MnO 0.04 003 00 0.01 0.01 0.02 0.01 0.01 0.03 003 002 002 [+ X ox ) 0.0t

MgO 0.75 0.47 028 0.29 0.28 0.58 0.37 0.29 0.67 048 050 007 095 0.27
» CaD 1.38 1.86 03§ 0.88 0.63 1.0 067 0.72 1.01 0.88 081 063 210 083
N Na20 4.92 5.58 383 415 4.07 4.09 .7 386 385 405 350 459 510 41

K20 2.92 269 4.69 4.34 4.64 3.66 5.57 517 419 412 564 425 2.31 439
N P205 0.05 0.18 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 0.52 068 0.60 0.82 1.05 043 0.49 0.43 0.58

Cr 6 <$ <5 <5 <3 <5 <5 3 <5 <5 <5 <5 <$S

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 1 6 8 13 <6 8 <6 <6 35 1"

Cu <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3

Pb 27

Zn 15 44 29 <9 R 22 15 26 26 27 14 42 13

Rb 112 64 182 151 290 191 169 180 194 157 280 92 154

Cs 34

Ba 613 283 946 314 314 476 497 51 349 787 153 571 617

Sr 232 876 87 150 87 19 118 138 107 142 k) 3n 100

Ga 2 1 21 19 26 27 18 23 23 19 17 2 17

L 447

Nb 4.9 3.7 10.1 6.6 4.7 57 68 93 LX) 124 50 5§ 63

2t 121 157 72 55 69 76 61 114 81 S0 24 146 72

Y 6 6 6 8 8 6 6 14 13 14 7 7 7

Th 7.20 6 21 239 6.22 6 763 597 9.90 1.04 466 7

u 312

La 21.67 10.06 12.68 2.2 18.11 18.82 263 22.08

Ce 37.97 19.77 26,39 48.25 41.00 3990 6.00 43.58

Pr 4.43 24 3.44 6.09 4.80 408 077 466

Nd 15.86 920 12.85 24.25 18.89 17.10 294 16.97

Sm 268 220 2.82 4.77 408 353 079 285

Eu 0.44 055 0.35 0.87 0.69 0.53 0.13 072

Gd 1.92 175 148 3.45 2.66 2.81 0.66 206

Tb 0.25 0.30 013 0.49 043 032 0.1 023

Dy 1.30 1.38 0.41 24 .21 1.48 0.56 1.06

Ho 0.22 0.16 0.07 0.43 0.40 026 0.10 019

Er 0.58 0.38 0.14 1.03 1.03 0.64 0.29 0.45

Tm 0.07 004 0.02 0.12 013 ao8 004 0.06 [39Y

Yo 0.51 0.18 0.12 0.78 097 049 0.35 0.36 8

Lu 0.07 0.03 0.01 0.11 0.11 0.07 005 0.05




W‘"' A o v - E . ]

Sample D190-87 D199-88 D200-88 D202-88 D205-88 D212-88 D213-88 D262—-87 D265-87 0266-87 D267-87 K159-88 Ki181-88 K193-88

Northing 481320 468929 471411 483645 465485 484344 482723 455004 463800 465500 466500 4795656 470812 480062
Easting 7293045 7303761 7300580 7305869 7293258 7291614 7292598 7302548 7301800 7301000 7300300 7302343 7300824 7300458
g“" | °°"'*°Y'g Contwoyto Contwoyto Contwoyto Contwoyto Contwoyto Contwoyto Contwoyto Conwoyto_Contwoyto _Contwoyto Contwoyto Contwoyto Contwoyto _
ymbo 3 3 3 3 3 3 3 3 3 3 3 3 3
Sio2 73.70 72.85 72.9% 75.16 7.7 73.3%7 73.76 69.71 2.7 70.86 7165 74.87 755 72.77
Tio2 0.20 0.28 0.24 0.04 0.41 0.20 0.25 0.44 032 032 0.32 0.08 0.08 012
Al203 14.90 14.91 15.09 14.40 15.54 14.94 14.2 16.12 1521 16.03 153 14.73 14.% 15.50
FeO® 097 1.76 1.51 0.68 2.36 148 1.90 2.09 1.73 214 247 0.51 087 127
MnO 0.01 0.02 0.02 0.01 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.01 0.01 0.02
MgO o4 054 055 0.33 0.87 052 0.51 1.56 0.65 0.90 0.98 0.16 0.26 043
CeO 0.61 111 1.30 0.45 2.29 117 0.96 322 1.27 1.35 1.30 062 0.58 1.09
Na20 3.39 4.13 405 3.69 526 4.16 382 4.45 «10 426 4.18 369 433 LX)
K20 543 421 413 513 1.97 3.97 4.26 227 3.87 3.77 3.62 4.95 3.89 414
P205 0.39 018 0.8 0.10 0.10 0.15 0.19 on 012 0.34 013 0.38 0.15 0.26
Lot 077 0.66 0.81 0.90 0.62 0.81 0.78 054 0.49 057 068 0.77 061 0.83
Cr 8 5 <5 <5 ~5 <9 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 1 28 19
Zn 14 20 18 29 13 27 33 24 30 <9 <9 1
Rb g 12 143 74 200 200 42 131 92 103 128 78 124
Cs 49 57 46
Ba 137 612 489 542 549 375 546 795 692 296 459 41
Sr 81 158 138 372 149 m 425 166 214 199 89 89 124
Ga 21 24 24 24 25 25 22 18 19 16 20 21
L 48 4 58 4 474
Nb 57 73 80 40 73 BS 22 62 7.2 67 41 29 50
Z 79 144 109 ™ 114 103 180 124 156 181 a2 €3 97
Y 5 10 9 6 10 12 2 6 9 10 1 6 8
Th 8.00 8.05 803 6 6 7 432 0.15 12.26 10.45 6 6 681
u 1.13 332 296
La 1525 24.98 20.75 2125 26.99 35.35 26 66 19 06
Ce un 4708 4130 3922 55.15 ner 54.30 378
Pr 427 6.06 460 409 596 785 SN 4 .30
Nd 16.75 22.78 16.7% 14 68 2066 27.33 1995 15 48
Sm 3.69 416 301 207 349 439 3.16 279
Eu 035 063 050 103 024 035 057 045
Gd 242 260 1.60 163 222 269 255 1.89
Tb 023 0.34 0.24 015 021 034 02€ 027
Oy 067 158 1.34 0.60 093 1.78 126 142
Ho 008 025 023 010 015 032 023 025
Er 016 0.64 59 0.21 6.40 077 0.53 067
Tm 002 007 010 0.02 006 012 ooz 010 -,
Yo 014 047 o062 016 034 cEe2 040 063 F
Lu 002 005 cu 003 C 06 0cs [ 3 009
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Sample R159C-87 V196-88 V203-88 V221-88 K195-88 R037-89 D114-89 D033-87 DO3IB-87 DOS7A-87 DOSGA-87 DOB1-87 D216-87 K142-87

Northing 475500 483149 478495 466000 479793 584430 579800 457215 457493 463865 463700 455148 469404 475800
Easting 7291500 7305506 7306405 7316500 T294831 7231805 7227400 7257894 7258856 72620%8 7262800 7257707 7261 381 7226000
Sutte Sontwoye. Contwoyts Contwoyto Contwoyto Contwoyto Contwoyto Contwoyto Contwoyto Contwoyto Contwoyto Contweyto Contw. ;1o Cantwoyto Contwoyto
Symbol 3 3 3 3 3 4 4 S 5 5 5 5 5 5
Sio2 73.00 73.98 7327 74.00 74.18 75.79 74.15 73.82 73.45 74 51 76.19 74 58 7547 72 0
TiO2 0.29 008 0.32 0.16 0.16 0.12 0.16 012 c.16 0.08 004 0.12 024
A203 15.23 14.68 14.65 1472 14.86 1407 14.41 1421 15.22 14.07 1428 14.2 1448 14.80
FeOr 2.18 0.81 1.75 168 0.96 0.34 0.90 1.27 099 1.33 0.40 077 095 172
MnO 0.03 0.01 0.02 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 D02 0.02 0.02
MgO 084 0.39 0.59 0.47 0.34 0.12 0.3 0.41 032 0.31 0.13 022 023 0.55
CaC 1.88 097 1.26 1.92 0.66 0.99 0.66 104 0.63 079 1.22 0.70 0.88 1.73
Na20 515 422 4.05 4.92 3.60 428 3.51 351 3.35 355 508 399 379 424
K20 1.34 4.49 3.87 206 494 4.35 5.66 534 5.68 518 260 452 430 363
P205 0.06 0.7 020 0.03 0.30 0.04 0.27 0.21 o1 0.07 0.0 023 0.04 Q.16
LOI 0.60 0.72 0.70 0.54 09 0.52 047 061 067 057 023 0.61 063 037
Cr <5 15 <5 <5 <5 <5 <S5 <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 2
Cu <3 12 <3 <3 <3 <3 <3 <3 <3 <3
Pb 14 42 25 15
2n 32 55 25 14 36 19 22 20 16 a4
Rb 40 100 107 42 166 201 192 162 85 207 191 116
Cs 7.0 22 1.9 09
Ba 556 278 408 388 519 551 848 260 290 291 838
Sr 268 133 129 204 75 95 104 113 98 74 119 206
Ga 20 19 21 -4 20 17 16 18 18 18 21
Li 738 248 147 294
Nb 62 33 93 53 75 144 10.3 10.1 5.2 9.9 13.3 8.4
Zr 153 68 146 113 67 134 69 154 47 41 58 193
Y 6 7 13 5 7 17 14 2 1 1" 2 7
Th 6.84 7 14 4 431 3.02 0.38 65.26 358 4.93 13.47 13.29
U 1.87 13.06 5.35 2.36
La 27.1 10.41 6.83 46 26 55.96 410 6.22 13.82 29.25
Ce 51.98 21.49 13.27 33.15 99.20 7.32 1259 2. 56.80
Pr 5.35 292 1.47 10.32 946 0.75 1.46 2.99 593
Nd 19.08 12.19 534 36.54 30.74 2.56 5.32 10.35 2102
Sm 3.12 278 1.30 7n 5.73 0.74 1.47 248 3.13
Eu 0.63 0.24 0.30 0.14 0.34 036 .19 0.20 0.65
Gd 2.57 2.01 1.08 467 529 0.87 1.52 228 265
To 0.25 022 013 0.65 073 0.16 028 045 0.24
Dy 1.23 0.96 0.72 3.10 3.64 1.01 1.52 285 113
Ho 0.21 013 0.13 0.52 0.62 021 028 0.57 0.20
Er 0.48 0.31 0.37 136 1.47 0.60 061 146 0.55
Tm 0.06 0.04 0.04 0.18 0.19 010 0.08 020 007
Yb o3 0.23 0.28 1.13 124 0.70 049 1.27 047

Lu 0.04 0.04 004 0.17 0.19 o1 0.08 018 007

'
—
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Sample D107-83 A359-87 D315-87 D316-87 D350A-87 D3s0B-87 D051-89 D0S6-89 D153-89 DOtu- 89 D182-89 DOIS5-88 D33s-87

Northing 566686 454400 492900 492800 491422 491425 555561 651286 559914 508852 523991 468923 469000
- Easting 7211475 7291200 7260900 7260900 7260361 7260361 7231017 7223701 7226569 7208436 7223583 7231345 7231000
Suite Contwoyto Comtwoyto Contwoylo Contwoyto Contwoyto Contwoyto Yamba ~ Yamba __Yamba _ Yamba___ Yamba _Yunba __Yamba_
Symbol 6 7 7 7 7 7 L 8 8 8 8 9 9
SioR 74.60 71.93 74 36 75.21 73.55 74.14 74.80 73.16 7280 72.96 73.90 6 S5 73.16
TiO2 0.07 0.20 0.08 0.04 0.08 0.12 0.20 0.16 0.24 0.30 026 0.04 0.12
A203 13.84 1550 1465 14.74 15.14 1473 1383 14.81 148 1485 14.42 1331 14.53
FeO* 130 1.83 087 072 117 1.14 1.18 1.03 153 1.9 190 035 0.90
MnO 0.02 0.01 0.01 0.13 0.02 0.03 0.01 001 002 003 0.02 0.01 0.01
MgO 0.43 0.62 0.18 0.10 0.38 0.35 0.39 035 0.54 0.71 071 0.08 0.24
CaO 1.18 1.39 0.55 0.24 098 0.89 0.61 067 0.79 201 1.98 o078 075
Na20 358 433 389 4.76 386 435 3.32 3.51 3.49 428 453 286 291
K20 4.87 39 4.94 389 4.65 413 546 6.19 5.61 285 2.1 598 729
P205 0.10 0.19 0.47 0.18 0.17 0.12 0.20 0.11 0.15 0.10 0.16 004 010
LOt 033 0.45 065 0.55 046 0.51 0.53 0.57 087 0.42 065 038 033
Cr <5 <% <5 16 <5 <5 21 6 <5 9 <5 <5
Ni <3 <3 <J <3 <3 <3 <3 <3 <3 <3 <3 <3
S¢ <3 3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3
v <6 19 <6 <6 <6 <6 <6 13 -] 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
Rb 130 143 195 283 218 238 207 125 252 105 187 260
Cs 8.3 204 18.0
Ba 983 782 4917 23 678 547 367 476 596 738 804 1211
Sr 184 21 89 7 141 18 87 100 136 223 115 140
Ga 19 24 15 23 21 19 21 18 23 21 13 16
g Li 101.7 1162 167.0
Nb 6.3 58 62 12.7 18 113 6.6 24 107 78 20 76
2r 147 179 43 28 g7 93 87 119 137 139 26 67
Y 4 6 3 12 7 7 1 6 2 6 6 10
T™h 1 1362 339 16.12 16.50 13 1512 28 43 703 464 16.08
U 4 445 6.34 12.42 12 705 3.05 401
La un 237 26.61 26.34 2872 324 3186 4261 819 2098
Ce 72.16 575 50 28 49N 62 X 7.4 67 90 80 99 1343 36.45
Pr 793 072 512 504 7.53 9 80 775 83 139 377
Nd 28.74 247 17 52 16.62 28.16 37.14 27 %0 2814 476 1272
Sm 4 84 0.84 301 298 518 803 442 ke 106 235
Eu 060 0.01 033 043 050 054 088 035 034 oM
Gd 315 081 255 266 312 467 287 2.46 066 1594
™ 027 o 026 024 031 044 028 020 010 026
Dy 113 147 110 1.05 147 153 134 0.91 058 125
Ho o018 o028 017 016 023 021 020 016 014 o021 -
Er 041 078 04, 036 059 0% 050 038 03€ 049
m 006 013 005 006 007 006 010 005 0G5 006 -,
Yb 033 102 035 033 0 41 026 040 045 030 oz —
Lu 0cs 014 005 00y 006 008 006 009 004 005




Sample V022-88 W001-88 DOO7A-88 DOO7B-88 DOB1-88 ROS1E—B88 0055-88 D063-88 DO77-88 DO78A-88 D117-88 D132-88 D134-88 D135-88
Northing 476882 473404 465159 465159 467700 464629 476695 471868 472539 472035 488500 474616 469684 470310
Eastng 7236021 7235945 7230007 7230007 7220800 7227342 7225414 7226178 7230937 7230058 7216000 7218075 7218016 7218108
Suite . Yanba __ Yamba  Yamba  Yamba Yamba  Yamba Yamba k Yamba Yamba Yamba Yamba _ Yanba __ Yamba
Symbol 9 9 9 9 9 9 10 10 10 10 1c 10 10
SiO2 7407 5.7 73.30 69.49 70.16 70.05 74.19 . 75.12 7429 7295 7228 75.65 ILy-:)
TiO2 0.24 0.16 0.28 0.45 0.24 0.37 020 . 0.16 0.20 023 0.36 0.16 024
Al203 13.96 13.50 1417 1593 16.60 15.69 13.83 . 13.68 13.88 1368 14 17 1311 138
FeO* 157 117 1.59 2.18 1.82 242 1.49 X 1.07 1.38 251 258 1.28 1.68
MnO 0.02 0.01 0.02 0.02 0.02 003 0.02 . 0.02 0.01 0.02 0.03 0.01 0.02
0.36 0.29 0.52 0.92 1.01 0.81 0.31 . 0.24 0.30 051 0.84 0.33 a8
CaO 1.37 1.17 1.92 278 1.32 217 0.87 1.08 1.20 1.17 1.30 0.85 1.14
340 349 353 4.67 k¥3) 4.24 3.15 357 3.34 276 3.05 296 329
4.94 482 4.58 3.38 554 4.06 591 . 5.00 5.35 6.05 5.35 5.63 513
007 0.12 0.09 0.19 0.07 0.16 0.03 X 0.04 0.04 0.08 004 0.02 0.02
0.44 0.44 077 075 0.94 0.40 0.42 B 0.40 0.54 0.79 oe’ 0.75 0.46
<5 <5 <5 10 29 <5 <5 <5 <5 <5 16 <5 <5
<3 <3 <3 <3 8 <3 <3 <3 <3 <3 <3 <3 <3
<3 <3 <3 <3 <3 <3 <3 <3 <3 <3 4 <3 <3
12 10 30 39 44 43 1" 8 10 27 42 9 16
<3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3

;

17 14 18 43 17 45 1 <9 <9 26 A 10 16
165 109 87 82 108 85 173 189 186 198 223 209 185
1.0
737 667 1450 2357 87N 475 465 680 909 786 554 688
107 131 412 457 342 63 67 a5 101 137 70 80
18 17 19 17 19 16 18 18 19

131 47 34 49 29 120 122 18.1
162 127 m 141 246 12 302 258
12 10 6 8 s 28 23 3
43 24 15.72 7 35.89 18.98 85.17 7464

40.88 1.01 11923 107.63
nms 1.01 21541 20699
8.75 1.01 294 23.17
31.58 ! 1.01 78.14 79.49
4.68 X 1.01 11.49 13.60
0.77 1.01 - 0.62 0.96
267 . 7.10 9.92
025 087 1.40
0.98 : 433 6.92
0.18 0.74
031 167
0.03 . . 022
0.24 )
.03 . 0.20

K20
P205
Lol
Cr
Ni
Se¢
v
Cu
Po
Zn
Rb
Cs
Ba
Sr
Ga
U
Nb
2
Y
Th
u
La
Ce
Pr
Nd
Sm
Eu
Gd
To
Dy
Ho
Er
Tm
Yo
Lu




D162-88 D164-88 D169A-88 D170-88 DA35-87 K0OS4-86 K105-88 Ki35
463292

rthing 462193 480440 465637 480095 487492 493043 467424 481626 4 /3690 469100
Easting 7219885 7216757 7212986 7211584 7219287 721967 7212444 7212528 7242087 7228690 7226600
Suite Yamba_ __ Yamba Yamba Yamba Yamba Yamba Yamba Yamba Yamba_ _ Yamba Yamba
Symbol 10 10 10 10 10 10 10 10 10 10 10
Sio2 75.5 7420 731¢ 75.12 7214 7421 69.20 76.93 73.07 75.20 7366
T2 0.20 0.28 0.24 0.16 0.24 0.20 0.61 0.04 0.37 0.12 025
AaR03 13.27 13.77 14.01 13.58 14.71 13.79 14.96 1311 14.33 13.44 13.8
FeO* t.27 1.65 2N 1.41 2.26 1.64 an 0.57 1.68 118 190
MnO 0.01 0.02 003 0.01 0.04 0.03 0.04 0.02 0.01 0.01
MgO 028 0.39 0.50 0.36 0.53 0.3% 088 007 0.60 029 048
Ca0 0.86 .11 1.32 1.28 1.28 1.19 226 113 094 098 1.08
Na20 343 3.03 299 335 3.19 362 3.01 339 3.10 38 297
K20 5.08 548 5.54 468 5.54 4.81 499 473 577 5.34 5.69
P205 0.05 005 01 0.06 0.07 0.11 0.24 0.04 0.12 015 0.06
LOH 0.42 G.70 0.56 0.40 0.59 0.55 089 0.28 073 0.43 0.49
Cr <5 <5 <5 <§ <5 <S <5 <5 <S5 <5
Ni <3 <3 <3 <3 <3 <3 <3 <3 <3 «3
Sc <3 <3 <3 3 <3 6 <3 <3 <3 <3
A\ 7 12 12 18 15 48 6 14 10 20
Cu <3 <3 <3 <3 <3 <3 <3 <3 <3 <3
Pb
Zn 1 12 14 23 33 42 <9 23 <9 18
[ ) 184 169 239 226 193 50 160 144 169 165
Cs
Ba 446 785 605 530 704 1413 403 571 507 n7
Sr 63 100 86 70 1 190 66 131 79 9
Ga 16 16 20 18 19 19 17 17 14 17
U
Nb 122 194 185 16.6 145 16.4 a7 59 94 123
2r 124 183 139 206 145 509 51 172 17 200
Y 25 13 24 35 21 2 17 16 17 20
Th M 59 40 35 80.91 17 54 38 54
U
La 136.65
Ce 25973
Pr 27.34
Nd 91 N
Sm 13.38
Eu 132
Gd 8.15
v 1.00
Oy 489
Ho 086
Er 195
Tm 024
Yb 147
Lu 020

—88 K226-88 HO28--88 V03588 V099-88 VIOZ-88 ViZ-88

482000 479646 464503
721600 7224271 7223581
Yamba Yamba Yamba
10 10 10
3N 75.01 7555
0.24 0.20 016
1411 1362 13.00
1.54 1.12 1.39
0.01 0.02 0.02
0.3 0.23 050
1.12 0.94 0.31
317 3.18 2.37
WAl 564 6.40
008 0.04 0.30
047 0.54 087
<$§ <$ <$
<3 <3 <3
<3 <3

<6 6 14
<3 <3 <3
9 10 10
199 216 208
697 7 547
82 86 78
20 17 16
11.6 118 175
162 108 164
20 20 83
60 3% 6072
63.05
127 44
133
45.87
953
655
879
175
1250
303
892

124 ‘e

77 —

107 *




Vi26-88 VIXR-88 VI57-88 V168-88 ViE9—

88 W025-88 WO0B0-88 DOG0-88 [238-87 A294-87 KO288-87 KO2BA -

87 D114-87 K022-88

Northing 467606 465602 464700 475000 474589 480095 481141 471871 452505 454427 460021 460021 473300 462705
Eastng 7222396 719650 7220000 7255000 7208769 7219289 7208641 7223493 7269943 7313219 7260359 7260359 7254000 7228258
Suite Yambs _ Yamba Yamba _ Yemba _ Yamba___Yamba _ Yemba _ Yamba  Yamba Yamba _Yamba _ Yamba _ Yamba_ Migmatite
Symbol 10 10 10 10 10 10 10 10 1 1" 1" 11 n T2
Si02 7585 75.3% ne 74.55 75.85 75.50 74 67 RS 74N 7456 7406 8. 70.63 75.19
o 0.16 0.16 029 0.16 0.16 020 016 020 0.16 0.16 0.16 0.04 053 0.08
A203 13.33 13.61 13.97 13.64 13.3 12.90 13.78 14.63 13.84 14.01 1444 12.30 14.61 13.62
FeO* 0.94 1.16 1.56 1.53 113 1.76 1.50 1.70 1.45 1.25 1.22 0.26 282 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 0.19 033 0.31 0.39 0.32 044 0.33 0.07 0.72 [ R} ]
CeO 0.85 o7 1.14 0.78 0.82 1.03 1.15 089 1.12 0.81 0.65 012 1.50 0.52
Na20 3.06 3.23 .z 3.10 347 290 328 338 3.45 361 3.47 333 303 260
K20 5.51 5.39 5.61 5.66 4.96 5.28 5.00 5.49 4.89 4.93 563 8.58 5.89 6.63
P20s 0.04 0.04 0.04 0.04 0.05 0.07 0.3 0.04 0.01 0.13 0.03 0.24 0.09
LOt 0.45 0.75 049 0.59 0.47 0.60 0.41 0.65 054 0.48 0.57 0.41 08s 0.72
Cr <5 <5 <S5 <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 <6 <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 1 14 17 14 N 53 <9
Rb 167 224 234 295 181 201 196 21 198 12 194 175 207 137
Cs 29 48 3.0 08

8a 405 490 608 610 501 835 415 658 619 595 654 299 1080 1238
Sr 68 73 81 67 34 68 92 a7 82 119 91 67 120 268
Ga 16 19 17 17 18 17 21 18 15 16 17 12 19 14
u e 259 59 170

Nb 8.3 147 17.3 23.6 12.7 135 113 211 15.1 6.9 1.7 6.8 123 56
Zr 108 118 172 124 135 160 139 156 133 133 128 23 408 88
Y x2 19 38 50 58 19 16 26 18 27 25 21 18 37
Th 30 37 63 53 34.20 57 23 1.4 5340 2224 41.19 8.46 120,02 11979
U 522 15.19 3.56 3.97

La 36.68 52.48 48 62 40.05 4052 5.54 12287 12625
Ce 7360 103,72 75.53 87.26 82.88 13.96 25094 275.21
Pr 8.12 9.27 675 9.56 9.00 1.61 27.21 31 &
Nd 28.33 30.32 20.70 35.04 31.90 6.05 95.15 113.03
Sm 6.00 5.19 32 6.67 6.48 1.42 14.84 28
Eu 0.29 0.79 034 0.74 0.31 022 0.95 1.39
Gd 6.28 n 288 604 522 1.60 e 19.03
1) 1.29 0.51 0.41 075 0.69 0.32 087 17.74
Dy 8.85 255 2,54 370 3.44 220 405 224
Ho 2.00 0.43 054 062 0.62 0.49 067 966
Er 591 0.98 1.48 1.47 1.62 1.39 1.51 1.33
Tm 0.60 0.12 023 0.19 0.22 0.22 0.19 249
Yb 6.06 0.82 1.61 1.32 149 1.57 1.00 op: »m—
Ly 0.90 0.12 026 0.18 0.21 0.23 n1e o1z *




Sample D224-88 D152-88 D153 88 D155-88 D156-88
Northing 6528 Llacdes lacdes Lacdes Lac des
Easting 11228 Gras Sheet Gras Sheet Gras Sheet Gras Sheet
Suite Yamba Yamba  Yamba Yamba  Yamba
Symbol 13 14 14 147 14
S102 73.38 7506 72.11 75.60 75.60
TiOo2 032 033 037 0.24 0.24
AI203 13.95 1385 1477 131 13 11
FeO* 2.20 1.63 1.54 1.59 1.99
MnO 0.05 0o 0.02 001 0.01
Mgo 0.50 044 063 047 0.47
Ca0 1.46 132 1.49 0.67 0.67
Na2Q 3.30 366 335 286 286
K20 475 3.46 565 54 541
P205 10 0.04 0.07 0.05 005
LOI 054 087 080 075 075
Cr <5 <5 <5 <S5 <S5
Ni <3 <3 <3 <3 <3
Sc <3 <3 <3 <3 <3
v 16 26 20 23 13
Cu <3 «3 <3 <3 7
Pb
Zn 27 27 17 16 12
Rb 178 67 134
Cs
Ba 993 642 798 878
St 137 21 205 250
Ga 18 18 16 18
L
Nb 50 54 33
2r 21 147 183
Y 16 5 5 8
Th L ¥4 229 19
v}
La 33 65
Ce 73 %6
Pr 862
Nd 3273

6 57
Eu 068
Ga
To
Dy 110
Ho
Er

Yb
Lu




Appendix 2

Geochemical Data Base
Pre-Yellowknife Supergroup
Acasta Gneiss

Sample D217-88 D214-88 D216-38 “D3I15-58
115°36' 11536 115 356" 115736°
65°25 6525 6525’ 65°2%°
RockType  Pre-YKS Pre-YKS Pre- YKS Pre-YKS
S102 46 22 75.92 49.29 7227
Ti02 3.03 0.08 2.8% 0.36
Al2O3 16 70 13.46 12.20 1415
FeO* 1474 1.05 18.50 232
MnO 0.28 0.02 033 0.03
MgO 468 0.39 4.68 0.62
Cal 832 2.85 179 166
Na20 2.84 427 1.96 373
K20 185 0.96 1.07 375
P205 0.01 0.00 0.06 005
LOI 1.32 c39 1.16 1.06
Cr <5 <5 <$ <5
Ni <3 <3 <3 <3
Sc 48 <3 10 <3
Vv 13 <8 652 23
Cu <3 <3 €8 <3
Pt
Zn 88 <9 103 24
Rb 38 15 13 46
Cs
Ba 202 341 1747
Sr 33 104 385
Ga 18 23 17
]
Nb 25 110 45
Zr 104 127 229
Y 1.5 27 5
Th 335 1.36 13.8
u
La 19.75 17.84 89.88
Ce 3021 9.2 147 62
Pr . 2.77 487 1407
Nd 8.74 20.81 45.01
Sm 1.03 5.03
Eu 075 0.98
Gd 068 . 2.66
To 0.10 . 029
Dy 0.42 X 1.27
Ho 0.09 . 023
Er . o021 . 0.55
Tm 0.04 0.08
Yb . 0.20 0.39
Lu . 0.05 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 Memonial University.
Approximately 100-300 mg of sample was dissolved in HF-HNO, in two stages: 1)
initial open beaker dissolution, followed by: 2) S days at 220°C in high pressure Tetlon
bombs. Fluorides were converted to perchlorates which were than dissolved in HCL. 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 !*Nd-¥’Sm 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 REL
were initially separated in HCI, using 10 ml of Amberlite CG-120 cation exchange
resin in 30 cm 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 ct al., 1990). Some samples were
analyzed by E. Hegner at the Geological Survey of Canada (samples indicated in Table
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 “3Nd/"*Nd = 0.511862 +19 (2 SEM, n=69). The two sigma crror
of the mean for an individual determination of an unknown sample was always less than

15 * 104 on individual ratios; better than the stated external precision.
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 (c,,,) compare the initial *3Nd/*Nd

value of a sample to that of the chondritic uniform reservoir.
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(s =[("Nd/Nd /'ONA/"Ndyp, cyur)- 117107,

(1) sample
where the subscript (1) indicates the time of formation of the sample. €, were
calculated using the following reference values for the chondritic reservoir (CHUR):
147Sm/*Nd =0. 1967, present day '’ Nd/'*Nd =0.512638.

The notation fg,, ., compares the ¥7Sm/**Nd ratio of a sample to the CHUR value

(0.1967).
fong = [47SM/Nd 10, /0.1967]-1.

The one sigma uncertainty in the Gy, values determined from estimated errors in the

relevant isotopic ratios is considered to be less than 1 ¢, unit. A duplicate analyses of
one sample yielded a one sigma error in the €y, value of + 1.3, slightly higher than the
error assuming only analytical errors. All the error in this case was in the 4’Sm/!*Nd
ratio (Table A3.1) and this may in part be attributable to problems in the splitting
process. 47Sm/!+Nd 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 1D (within 3%) and result in absolute differences in the calculated g,
values of less than 1.5 units. The G, values for 5 samples were calculated using the

ICP-MS values.
Table A3.1. Duplicate Analyses of Sample D201a-87

Sample 1M7SM/144Nd  47Sm/'44Nd  143Nd/'UNd €4
ICP-MS 1D-TIMS

D201a-87 - 0.1019 0.511118 +2.2

D201a-87 - 0.1073 0.511118 +0.4

D201a-87 0.1061 . . +0.8

s average of 6; c=.0036




KIL)
Table A3.2 '4’Sm/!*Nd Determined by ICP-MS Compared to TIMS by ID

Sample 147Sm/*44Nd  '4’Sm/'44Nd Rel Diff N
ICP-MS ID-TIMS

D216-87 .1473 .1434 +2.7% -1.3
.1434 0.0% 0.0

D072a-87 .0969 .0972 -0.3% +0.1
.0988 +1.6% -0.5

D218-37 .1010 .1045 -3.3% +1.2
.1006 -3.7% +1.4
L1031 -1.3% +0.5
.1045 0.0% 0.0

D278-87 .1307 .1264 +3.4% -1.5
.1244 -1.5% +0.7
.1293 +2.3% -1.0

Nd Depleted Mantle Model Ages The Nd depleted mantle model age (T,,,,) refers to
the time at which a sample would have the same ¢, value as the contemporaneous
depleted mantle. The depleted mantle has a 147Sm/!#Nd ratio greater than the
chondritic uniform reservoir (CHUR) and evolves to higher ¢, with time. In contrast,
samples of the continental crust have 47Sm/!*Nd ratios less than CHUR and evolve (o
lower g, 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 average time of separation of the Nd and Sm
in the 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 T, values assumes that the '+/Sm/!*'Nd ratio
has not been fractionated by crustal processes (e.g. weathering, sedimentation, partial
melting). T, were calculated assuming a linear evolution for the depleted mantle
from a CHUR value at earth formation (4.5 Ga) to a present ¢y, value of +10
(Goldstein and O'Nions, 1984). T,,, values were calculated by projecting from th.c

initial 143Nd/!*Nd value of a sample along an evolution line of typical crustal

148m/14Nd (0.1100) to intersect the depleted mantle evolution line. This was done
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because the 47Sm/!*#Nd ratio in some of the granites may have been fractionated by

high level processes (e.g. pegmatite formation and fluid and mineral fractionation

processes).
Appendix 4
Calculation of Bulk D Values for Batch Partial Melting Models
and Tables of Kd Values

In quantitative partial melting modelling one of the most sensitive but lzast
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 (1976) 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 used (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 (1979); Shimizu (1980); Hanson
(1978). Values for accessory mineral phases (apatite, zircon, titanite, allanite) are
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based on values given by: Fujimaki (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. Partition coefficients (Kd) for basaltic compositions

L

Oliv Opx Cpx Amph 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 0.00%5 0.005 0.02 0.54 0.1 0.01
Nb 0.01 0.1% 0.02 08 0.1 0.01
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 0.2 0.0075 0.097
Nd 0.0013 0.0019 0.09 0.42 0.0184 0.081

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
Dy 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 = orthopyroxene; CPX = clinopyroxene; Amph =
amphibole; Biot = biotite; Plag = plagioclase. . ) ’




Table A4.2. Partition coefficients (Kd) for Andesitic compositions

QOliv Opx Cpx Amph Biot Garnet Plag Apat Titan Zircon Allan

0.01 002 0.02 033 2.7
001 002 0.02 005 0.0V 001 0.07
001 002 002 009 1.1 002 016 0.1
002 002 008 023 008 002 1.8 18
0.003 0.15 0.13 0.22 0.3 0.1 0.0 2
001 035 03 1.3 1.0 017 0025 0.25
001 008 025 14 06 05 0.03
0008 0.028 025 0.4 0035 0.28 035 145
0.009 0.038 0.3 0.5% 0.034 035 0.24 21.1
0.01 0048 038 0.8 0033 043 0.2 27
0.01 0.058 0.49 1.2 0032 0.53 0.17 3238
0.01 0.1 0.7 2. 0.031 266 0.13 46
0.01 0.079 087 1.7 0036 1.5 211 255
0.012 0.171 096 25 003 105 0.09 439
0.014 0.293 1.2 35 003 286 0.084 3438
0.01 045 1.9 25 0.03 11 0.06 20.
0.017 046 1.2 275 0.034 428 0.084 227
0.023 0.67 0.9 2. 0.042 399 0.077 15.4
0026 0.84 0.8 1.7 0.046 29.6 0.062 13.8
49 8 6 8 20 0.6 0.04
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; Aillan =
allanite




Table A4.3 Pantition coetficients (Kd) for felsic compositions

Oliv  Opx

Cpx

Amph Biot Garnet Plag K-spar

Apat

Titan Zircon Alian

K
Rb
Ba
Sr
Th
Nb
La
Ce
Nd
Zr
Sm
Eu
Gd
Dy
Y
Er
Yb
Lu

0.0° 0.002 0.037
0.01 0.003 0.032

001 0.003 0.13

0.02 0.085 0.516

0.003 0.16
0.01 0.5

0.008 0.22
0.009 0.15
0.01 0.22
0.01 0.15
0.011 0.27
0.01 0.17
0.012 0.34
0.014 0.46
0.01 0.8

0.017 0.65
0.023 0.86
0.026 0.9

0.15
0.4

0.32
0.5

1.1
0.3

1.67
1.86
1.85
1.93
2

1.66
1.58
1.54

0.08

4

0.014 2.24

0.04
0.22
0.22
4
0.7
1.52
4.26
4
7.77
5.14
10
13
6
12
8.4
5.5

9.7

0.12
0.31
2.3

¢ 28
0.32
0.29
1.5

0.26
0.24
0.28
0.29
1.5

0.35
0.44
033

0.01 0.1 1.4
0.01 0.04 0.366
0.02 0.3t 6.12
002 44 94
0.1 .0001 .0001
0.01 0.001 0.001
0.39 0.32 0.05
0.62 0.27 0.04
0.63 0.21 0.025
1.2 0.1 0.001
2.2 0.13 0018
0.7 215 1.3
7.7 0.097 0.0
20 0.064 0.006
35 0.1 0.001
35 0.055 0.006
43 0.049 0.012
38 0.046 0.006

0.1
1.8

0.25
14.5
21
32.8

46
25.%5
439
348

20
22.7
15.4
13.8

1
17
142
45
87
152

204
181
220
220
104
210
104

92

7
5
1.14
1.17
1.38

2.03
0.85
6.41
.4
120
64.6
128
196

68
2
820
635
463

205
81
130
65
8.9
20
89
7.7

Abbreviations: Oliv = olivine; Opx
amphibole; Biot = biotite; Plag = plagiociase; K-spar = alkali feldspar; Apat = Apatite;
Titan = titanite; Allan = allanite

= orthopyroxene; Cpx = clinopyroxene; Amph =

PW SR T ey O e




Appendix §
Trace Element Normalizing Values

Normalizing values used for primitive mantle, chondrite and mid-ocean reservoirs

ar: given in Table AS.1. The primitive mantle and MORB values are from data

compiled by G.A. Jenner (unpublished). The subscript , refers to chondrite normalized

values.

Table A5.1. Normalizing Values Used in this Thesis

Primitive Chondrite
Mantie (Taylor and Mclennan,
1985)

.55 3.45
6.27 KXY
0.088 0.0425

267. 854
0.65 .375
0.63 .367
1.59 .957

18.9 1.9

0.251 137
1.21 11
9.8 5.54

0.399 0.2
0.15 0.087
0.533 306
0.0974 0.058

1134 654
0.661 0.381
3.9 2.25
0.148 0.0851
0.432 0.249
0.0676 0.0356
0.442 0.248
0.066 0.0381
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