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ABSTRACT

Geological and mineralogical investigations of” four moderately peraluminous
monzogranitic plutons (Preissac. Moly Hill. Lamotte. Lacorne) in the Archean Preissac-
l.acorne batholith (northwestern Quebec) indicate that cach consists of biotite. two-mica
and muscovile monzogranite tacies, and that these facies are zonally distributed in this
order from margin to core of the larger Lamotte and Lacorne plutons. Rare-clement-
enriched granitic pegmatites are associated with the Lamotte and Lacomne plutons and
are also regionally zoned. in this case. with respect to their respective plutons. from
beryl-bearing in the plutons to spodumene-bearing in the country rocks. Molybdenite
mincralized albitites and stockworks occur beyvond the spodumene pegmatites and in the
Preissac and Moly Hill plutons. The monzogranites dispiay systematic mineralogical
and major- and trace-clement trends from biotite to muscovite monzogranite in the four
plutons that are best explained by fractional crystallization of a biotite monzogranite-
forming liquid. These petrochemical trends in the Lamotte and Lacorne plutons extend
to the rare-clement pegmatites. indicating that the latter are comagmatic with the
monzogranitc. A model is proposed in which the liquids of the Lamotte and Lacorne
plutons underwent an initial side-wall crystallization to produce the observed zonation
ol the monzogranite types, followed by extreme differentiation inside the magma
chamber. from where batches of pegmatite-forming liquid were sequentially injected
into the overlying rocks. Pegmatites are rare and barren from the smaller Preissac and
_ Moly Hill plutons due to early saturation of the residual liquid with aqueous fluid, from
which quartz and molybdenite precipitate to form quartz vein stockworks adjacent to
the muscovite-bearing monzogranite.

The fractionation of the pegmatite-forming liquid is recorded partly in the
crystal-chemistry of columbite-tantalite solid-solutions, by progressively higher
Ta/(Ta+Nb) and Mn/(Mn+Fe) values with evolution from beryl- to spodumene-bearing
pegmatite.  These trends correlate to the greater solubility of Mn- relative to Fe- and
of Ta- relative to Nb-columbite-tantalite end-members in the magma. In the Lacorne



pegmatites.  these trends were maodified by contemporancous  ervstallization  of
spessartine garnet. which buitered the Mn and Fe activities of the columbite-tantalite.

The pegmatite-forming liquid became saturated with an aqueous flaid at the
onset of crystallization as shown by the entrapment of primary {luid inclusions in the
paragenctically carly beryl and spodumenc.  The orthomagmatic fluid was NaCl-
dominated. had low salinity. contained appreetable dissolved CO,. and evolved from Fe-
bearing in beryl to Mn-. Li- and Cs-bearing in shodumcnc pegmiatite in concert with the
petrochemical ¢volution of thc magma. Subsequent fluid evolution was marked by
influx of externally dertved Ca-brines of metamorphic origin and eventual unmixing ol
the orthomagmatic fluid into aqueous and carbonic phascs.

The study represents the first comprehensive reconstruction of the petrological
and fluid evolution in a comagmatic suite of monzogranites and rare-clement granitic

pegmatites.
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RESUME

Dans le batholithe archéen de Preissac-Lacorne au nord-ouest du Québece. Ics
¢tudes peologique ¢t minéralogique de quatres plutons modérément peralumincux
{Preissac, Moly Hill. Lamotte ¢t Lacorne) indiquent que chacun d entre cux est constitué
de facies monzogranitiques a biotite. 3 deux micas ¢t 4 muscovite. Dans cet ordre. ces
facics sont distribués de fagon concentrique de la bordure vers le centre dans les plus
grands plutons. soit ceux de Lamotte ct dc Lacorne. Des pegmatites granitiques
enrichics en terres rares sont associées avec les plutons de Lamotte et Lacorne et sont
¢galement zonéces a unc échelle régionale : ¢lles contiennent du béryl dans les plutons
et du spodumeé ne dans les roches encaissantes. Des albitites minéralisées en molybdenite
ainsi quc des stockwerks sont présents au-deld de l'extension des pegmatites a
spodumeéne, ainsi que dans les plutons de Preissac et de Moly Hill. Les monzogranites
présentent des évolutions systématiques dans leur minéralogie ainsi que dans leur
composition ¢n éléments majeurs et en éléments traces. lls passent d’un monzograntite
a biotite & un monzogranite & muscovite dans les quatres plutons. Ces évolutions
s'expliquent par la cristallisation fractionnée du liquide formant le monzogranite a
biotite. L'évolution pétrochimique des plutons de Lamotte et de Lacorne se prolonge
dans les pegmatites 2 terres rares, indiquant ainsi que ces pegmatites sont co-
magmatiques avec le monzogranite. Un modéle est proposé. dans lequel les liquides des
plutons de Lamotte et de Lacorne subirent d’abord une cristallisation a partir des parois
afin de produire la zonation observée. Par la suite, une différenciation extréme eu lieu
a I'inkricur de la chambre magmatique a partir de laquelle des paquets de liquide furent
injectés de fagon séquentielle dans la roche sus-jacente pour former les pegmatites. Les
pegmatites sont rares et dépourvues de minéralisation dans les plus petits plutons de
Preissac et de Moly Hill. Ceci s’explique par le fait que du liquide résiduel a rapidement
€t€ saturé par un fluide agueux 2 partir duquel le quartz et la molybdenite ont précipité,
_ formant ainsi les stockwerks a veine de quartz, adjacents au monzogranite  muscovite.

Le fractionnement du liquide responsable pour ia formation des pegmatites est
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particllement enregistre dans la cristallochimic des minéraux de 1a solution solide
columbite-tantalite. En eftet. les rapports 'l‘u-"('l'a+Nb) et Mn(Mn+Fe) augmentent avee
I"tvolution  des  pegmatites a0 bérvl vers celles & spoduméne. Ces  evolutions
correspondent a une plus grande solubilité de la columbotantalite riche en Mn ¢t Ta par
rapport & celle riche en Fe et Nb respectivement dans fe magma. Dans les pegmatites
de Lacorne. ces évolutions ont &té modifiées par la cristallisation simultande de grenat
spessartin qui a tamponné activite du Mn ¢t du Fe de la columbotantalite.

Le¢ liquide responsable pour la formation des pegmatites a ¢été saturé avec un
fluide aqueux au debut de la cristallisation. ce qui est démontré par la présence
d’inclusions fluides primaires dans le bérvl et le spoduméne. tout deux étant des phases
précoces dans la paragenése. Le fluide orthomagmatique était dominé par du NaCl. avait
une faible salinité et contenait unc quantité appréciable de CQ, dissous. De plus, il
évolua d’un fluide & Fe dans les pegmatites d béryl. 3 un fluide & Mn, Li ¢t Cs dans les
pegmatites 2 spoduméne. accompagnant ainsi l¢volution pétrochimique du magma.
L evolution ultéricure du fluide a été marquéc par Mintroduction d’unc saumure externe.
riche en Ca. d’origine métamorphique. et par la séparation du fluide orthomagmatique
en une phase aqueuse ct une phase carbonique.

L'aude est la premiére reconstitution globale dc I'évolution pétroiogique ct de
I"avolution du fluide dans une suite co-magmatique de monzogranites ¢t de pecgmatites

granitiques a éléments rares.
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PREFACE

This thesis contains four journal manuscripts: the first two are in press in the
Canadian Mineralogist, the third is in review by the American Mineralogisi, and the
last onc is 10 be submitted o Geochimica ¢: Cosmochimica Acta.  According 1o
"Guidelines Concerning Thesis Preparation” of the Faculty of Graduate Studies and
Rescarch:

The candidate has the option. subject to the approval of his or her Department.
of including as part of the thesis text. or duplicated published text. of an original paper
or papers. Manuscript-style theses must still conform to all other requirements
explained in the Guidelines Concerning Thesis Preparation.  Additional material
(procedural and design data as well as descriptions of equipment) must be provided in
sufficient detail (e.g. in appendices) to allow clear and precise judgment to be made of
the importance and originality of the rescarch reported. The thesis should be more than

a mere collections of manuscripts published or to be published. It must include a

general abstract. a fuii introduction and literature review and final overall conclusions.

Connecting texts which provide logical bridges between different manuscripts are
usually desirable in the interest of cohesion. It is acceptable for the thesis to include.
as chapters. authentic copies of papers already published. provided that they are
duplicated clearly and bound as an integral part of the thesis. In such instances
connecting texts are mandatory and supplementary explanatory material is always
necessary. Photographs or other materials which do not duplicate well must be included

in their original form. While the inclusion of manuscripts co-authored by the candidate
and others is acceptable, the candidate is required to make an explicit statement in

the thesis of who contributed to such work and to what extent, and sunervisor"q_._‘
must attest to the accuracy of the claims at the Ph.D Oral Defence. Since the task

of the examiners is made more difficult in these cases. it is in the candidate’s interest .
to make the responsibilities of authors perfectly clear.

In the four manuscripts listed earlier. which form the major part of the thesis.
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CHAPTER 1

INTRODUCTION

Rationale

Granite-pegmatite intrusion: the dilemma

Rare-element-enriched (Be. Li. Nb. Ta. Mo) granitic pegmatites are arguably the
most poorly understood type of granite-related mineral deposit. mainly because
interpretation of their origin requires knowledge of the cvolution of the related felsic
magmas and understanding of the complex phasé changes that alter the crystallization
history of pegmatite. An exhaustive review of all proposed models for pegmatite
genesis led Cerny (1982) to conclude that differentiation of felsic liquid and partial
melting of pre-existing rocks are the two most viable processes by which pegmatite-
forming liquids can be generated. In the case of rare-clement-cnriched pegmatites,
Cerny (1982) and Cerny and Meintzer (1988) suggested that extreme fractionation of
felsic melt is the most plausible process by which the pcgmatite-forming liquid is
enriched in rare-elements. This enrichment is made possible through drastic changes
in the partition coefficients of rare-elements in the volatile-rich felsic liquid (e.g..
Mahood and Hildreth. 1983; Miller and Mittlefehdt. 1984: London. 1987). thus enabling
the residual liquid to attain the high concentrations of thesc elements obscrved in
pegmatites (Cerny. 1992). Similarly, O’Connor et al. (1991). for the lithiumn pegmatites
of the Leinster granite (Ireland), proposed that Li enrichment in the residual liquid was
achieved by the crystallization of muscovite instead of biotite in the parental granite,
thus promoting Li accumulation in the highly mobile, low viscosity pegmatite-forming
liquid.

In the above model, the resulting intrusions are zoned and the pegmatites vary
from least fractionated, beryl-bearing (Be-type) in the intrusion to most evolved,
spodumene-bearing (Li-type) in the country rocks, i.c., farthest from the parental granite
(Fig. 1). However, a*comp]ete exposure of all rock facies shown in this conceptual
model rarely occurs in a single intrusion (Cerny and Meintzer, 1988). The Ghost Lake

1
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Figure 1.

A conceptual model for rare-element granite-pegmatite systems (after
Trueman and Cerny, 1982).
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batholith in Ontario (Breaks and Moore. 1992) and the Harney Pcak granite in South
Dakota (Shearer et al.. 1987) are. as far as the writer knows. the only two examples of
rarc-clement granite-pegmatite svstems that display zonation similar to that of the ideal
model.  Both groups of authors concluded that the various types of granite in their
respective intrusions are related by fractional crvstallization. and that the mineralized
pegmatites crystallized from the residual liquids.

Those favoring a partial melting model (c.g.. Steward. 1978) have argued for it
on the grounds that fractional crystallization of felsic liquid does not explain how felsic
liquid. with a typical content of 100 ppm Li in less evolved granite can produce
enrichment of the levels, commonly found in Li-rich pegmatites (2 1.5 wt.% Li,0).
instead. they proposed that lithium pegmatites represent the first liquid from partial
melting of Li-rich source rocks. In support of this alternative interpretation. Steward
(1978) noted that lithium pegmatites are commonly intruded in isolation from potential
parental granites.

The partial melting model for the petrogenesis of granite-pegmatite systems has
recently been given additional credibility by Nabelek et al. (1992a. b). who interpreted
their stable isotope and geochemical data for the Harney Peak granite as evidence that
only the most evolved. tourmaline-bearing granite is comagmatic with the pegmatites,
and that the other types of granite are the products of partial melting of different source
rocks. On the other hand. Shearer et al. (1992) postulated that the Harney Peak granite '
and many pegmatites (unspecified, whether they are barren or mineralized) define a
continuum of fractional crystallization. whereas the rare-element-enriched pegmatites
represent fractionation of separate batches of chemically distinct magma. Cerny (1982)
believed that partial melting probably produces only barren and deep-seated types of
pegmatite. The study of Damm et al. (1992) on the genesis of garnet-tourmaline
pegmatites in the Eastern Pyrenes, Spain. corroborates this hypothesis.

The studies mentioned above dealt mainly with the petrogensis; of the granites
and granitic pegmatites. and much less with the evolution of the residual pegmatite-
forming liquid. This liquid is believed to differentiate into batches of chemically
distinct liquids. which are systematically emplaced into the overlying granite and
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country rocks (Fig. 1). However. the mechanism by which the liquids are produced and
sequentially intruded has not been addressed adequately.  An explanation tor the
emplacement of distal pegmatite from the granite was given by Heinrich (19533), who
suggested that because late, volatile-rich fTuid is less viscous, it can theretore travel 1o
great distances from the parental granite.

Another important aspeet of pegmatite genesis that is still very poorly
documented is the timing of exsolution of aqueous {luid from the felsic liquid and s
role in the internal process of pegmatite cryvstallization. A landmark rescarch paper on
pegmatite genesis was that of Jahns and Burnham (1969). who proposcd early saturation
of the felsic magma with aqueous fluid. The exsolution of the fluid was considered by
these authors to be the decisive event in the evolution of the pegmatite-forming liguid
because it changes the dynamics of crystallization. The [Tuid-rich part ol the liquid
provides space for crystals to grow and accentuates movement of fons duc to the
lowered viscosity of the liquid. The transport of these ions. particularly the alkalis, is
enhanced by the presence of Cl in the aqueous fluid (Burnham and Nekvasil, 1986): Cl
is. by far. the most common anion in aqueous fluids associated with hydrothermal
mineral deposits (Roedder. 1984). The fluid-poor fraction of the liquid tends to
crystallize rapidly. resulting in a finc-grained rock. i.c.. aplite. This process explains
the segregation of aplite. normally found along the margins of the composite body of
aplite-pegmatite. from pegmatite. which occurs at its center.

London (1986a). on the basis of a fluid inclusion study of the Tanco lithium
pegmatite (Manitoba) and experiments in the system LiAlSiO-NaAlSi,0, -Si0,-Li,B,0,-
H,0. proposed that, in the case of boron-rich felsic magma, carly saturation of aqueous
fluid is not a prerequisite for pegmatite formation. Instead, London supgested that the
role of the fluid envisaged by Jahns and Burnham was performed by dense, hydrous,
alkali borosilicate fluids that he believed had been present during the crystallization of
the Tanco pegmatite. In subsequent experiments, London et al. (1989) claimed that
most of the textural characteristics of pegmatites could be produced by disequilibrium

fractional crystallization of water-undersaturated, but volatile-rich liquid, in which carly |
formed crystals fail to equilibrate with the residual liquid. Heterogenous ‘side-wall
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crystallization of this kind of liquid results in graphic and comb structures and in
accumulation, in the center of the system. of volatles P, B and F. which promote
crystal growth,  Furthermore, London ct al. (1989) suggested that rare-clement
pegmatites may not become saturated in aqueous vapor until they approach solidus
conditions.

By contrast. Thomas ot al. (1988). who also conducted a tluid inclusion study
on the Tanco pegmatite, showed that an aqueous {luid containing disselved CO. and
salts was present at the onset of pegmatite crvstallization. and plaved an important role
in the crystallization of pegmatite. According to these authors. the H,0-CO. phase
scparation caused an increase in pH. which. in turn. promoted precipitation of bervl.
The contrasting views of the genesis of the Tanco pegmatite are due to differences in
the interpretation of the paragenesis of schorl. which contains fluid inclusions and
occurs along the wall zone of the pegmatite: London considered the mineral to be late.
whereas Thomas et al. regarded it as one of the earliest liquidus phases.

There have been several other modern. published studies of fluid inclusions in
pegmatites (¢c.g.. Ruggieri and Lattanzi. 1992: Chakuomakos and Lumpkin. 1990:
Whitworth and Rankin. 1989: London. 1986b: Tavlor et al.. 1979). but none of these
have addressed the question of timing of the saturation of an aqueous or other fluid in
the liquid. or provided information about its subsequent compositional evolution.
Ironically. the fluid problem is fundamental in our comprehension of how pegmatites
arc formed. i

in summary. most current research on rare-element pegmatites is still centered
on the genesis of the parental felsic liquid. and the processes by which the textural and
mineralogical features of the pegmatite were formed. Aside from the papers on the
Tanco pegmatite. few studies have elucidated the chemical evolution of the fluids
separating from a pegmatite-forming liquid.

Objectives of the thesis

In light of our.continued poor understanding of some of the important aspects
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of the evolution of rare-clement granitic pegmatites discussed above. this thesis was
designed

1) 1w seek geological and petrochemical evidence for any  petrogenctic
relationships between zoned monzogranites and associated pegmatites,

2) to reconstruct the magmatic evolution of a pegmatite-forming  liquid and
establish the role that this evolution plays in the zonal distribution of the ditferent types
of rare-clement pegmatite.

3) to determine the timing of fluid saturation in felsic magma and the physical
and chemical cvolution of the fluid with erystallization of the magma.

To meet the above objectives. the monzogranites and associated rare-clement
granitic pegmatites in the Preissac-Lacorne batholith (Quebec) were chosen for this
study. As will be shown below. these intrusions represent one of the few examples of
a complete granite-pegmatite system anywhere, and thus form an ideal setting in which

to investigate the evolution of felsic liquid associated with rare-clement pegmatite.
THE PREISSAC-LACORNE BATHOLITH

An ideal natural laboratory for studving rare-element granite-pegmatite evolution
For over twenty vears (1950-1970s) the Preissac-Lacorne batholith in
northwestern Quebec (long. 78°25°-77°45": lat. 48°30'-48°10') was a well-known miﬁing
locality. where several quartz-vein type molybdenum deposits and the largest lithium
pegmatitic deposit in Eastern Canada were exploi_ted (Fig. 2). In addition. sub-
economic concentrations of bervllium. lithium and niobium-tantalum in granitic
pegmatites occur extensively in the area. Both molybdenum deposits and rarc-element-
enriched pegmatites are spatially related to well-exposed zoned granitic intrusions, and
in the case of the pegmatites. there is a zonal distribution from provimal beryl-bearing
to distal spodumene-bearing types with respect to their associated intrusions (Fig. 2).
In one of the intrusions (Lacorne). molybdenite-bearing albitite dikes and quartz veins
occur beyond the spodumene pegmatites. Although this distribution has been inferred
by Trueman and Cerny (1982). based on observations at a large m\nnber of localitics.

6



Figure 2. A geological map of the Preissac-Lacorne batholith showing major structural
fcatures, field relations among country rocks, early basic intrusions and late granitic
rocks in the three massifs (Preissac. Lamotte, Lacorne). and the zonal distribution of
rarc-clement-enriched pegmatites, albitite dikes and quartz veins (after Dawson, 1966
and Mulja et al.. 1995). Each of the granitic rocks is zoned from biotite through two-
mica to muscovite monzogranite. This zonation is depicted clearly in Figure 2 of
Chapter 2, Abbreviations are Ab-d. albitite dikes: Brl. beryl: Mo, molybdenite; Qtz-v,
quartz veins: Spd. spodumene. The lithologies are: grey, biotite schist and basic

volcanic rock: black, gabbro-granodiorite series: cross hatching. undifferentiated

monzogranite.
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to our knowledge. there are only two other localities [the Ghost Lake batholith in
Omario (Breaks and Moore, 1992) and the Hamey peak granite in South Dakota
(Shearer ct al., 1987)] where all the facies of monzogranite and associated rare-clement
pegmatites are exposed. However, the highly cvolved spodumene-bearing pegmatite
has not been reported for the Ghost Lake batholith, and the distribution of the rare-
clement pegmatites in the Harney Peak granite is very complex (Norton and Redden.
1990): these pcgmatites tend to occur as clusters, each of which contains its own variety
of pegmatites. The systematic zonation displayed by the monzogranites and mineralized
pegmatites in the Preissac-Lacorne batholith. combined with the lack of evidence of
post-intrusion metamorphism or deformation. therefore. make the Preissac-Lacomne
batholith an ideal location in which to determine the link between the evolution of felsic
magma and the formation of spatially-associated rare-clement-enriched granitic

pegmatites and related mineral deposits.

Regional setting

The Preissac-Lacorne batholith. which is composed of an older suite of pre- to
syn-tectonic basic intrusions and a younger suite of post-tectonic monzogranites, is
situated in the southeast comer of the southern volcanic zone (SVZ) of the Archean
Abitibi greenstone belt (Fig. 3). a volcano-plutonic belt measuring 760 km long by 75-
160 km wide (Goodwin and Ridler, 1970). To the east and west, the belt is bounded
by the Grenville province and the Kapuskasing subprovince, respectively, and to the
north and south by granitic forelands. The two prominent structural features of the belt
are S-shaped regional folds with east-west axes, and faults. which generally trend NE-
SW in the NVZ and E-W in the SVZ.

Ludden and Hubert (1986), on petrochemical grounds, divided the Abitibi belt
into an older northern (> 2720 Ma) and younger southern volcanic (2710-2700 Ma)
zone (NVZ and SVZ, respectively). a central granodiorite-gneiss zone and a southern
granite-gneiss zone (Fig. 3). The NVZ consists of volcanic rock series that show a
complete evolutionary spectrum from low magnesian (< 9 wt.%) basalt to rhyolite,

whereas the SVZ comprises bimodal volcanic rocks (tholeiite and andesite-rhyolite) and
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Figure 3. The location of the Preissac-Lacorne batholith within the Southern Volcanic
Zone (SVZ) of the Abitibi greenstone belt (after Ludden and Hubert. 1986). 1:
Northern Volcanic Zone, 2: Southern Volcanic Zone, 3: Central Granodiorite-gneiss

Zone. 4: Southern Granite-gneiss Zone.
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contains ultramafic rocks such as komatiite. Plutonic rocks in these two zones also
differ: those of the NVZ are dominated by tonalite and granodiorite and have lesser
volumes of layered gabbro-anorthosite intrusions. By contrast. the SVZ hosts intrusions
of mainly tonalite to trondhjemite and subordinately monzonite to granite.

The central granodiorite-gneiss and granite-gneiss zones are poorly  Known,
except that they are dominated by metasedimentary  rocks, monzonitic  plutons,
orthogneiss and migmatite (Ludden and Hubert. 1986). The latter zone also includes
the Pontiac subprovince, which has been recently investigated by, for example. Feng
and Kerrich {1991) and Mortensen and Card (1994).

Although various models for the geologic cvolution of the Abitibi greenstone
belt have been proposed (sec Desrochers ct al.. 1993 for details). most of the models
invoke some kind of collision between occanic arcs or between occanic crust and
continental crust. A three-stage model was proposed by Ludden et al. (1986). The first
stage (~2720 Ma) involved subduction of occanic crust underncath a continental crust
(Andean-type) in which magmatism along the continental plate margin emplaced the
volcanic and plutonic rocks of the NVZ. About 5-15 Ma later. stage 2 commenced
with rifting and volcanism behind the NVZ in responsc to a rising thermal plume
(ocean arc-type plutonism). creating a back-arc-like environment. part of which
subsequently became the future SVZ. At about 2700 Ma. nifting and volcanism were
succeeded by a Caledonian-type collision (Kenoran orogeny). which resulted in crustal
thickening, deformation. uplift and anatexis. During this collision. the interval between
the NVZ and SVZ was transformed into the present-day central granodiorite-gneiss
zone. and the area between the SVZ and the Grenville front became the southern

granite-gneiss zone.

Local geology and mineralization

Investigations of the Preissac-Lacorne batholith prior to 1965 have been
described by Dawson (1966). and may be summarized as follows. Mapping activities
in the area commenced in 1913 (41 years after the discovery of the granites) and

geological reports were produced intermittently between 1931 and 1955. The most
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important report during this period is that of Trembiay (1950). whose detailed map
covers the entire Lacorne pluton and its castern environs, and who also recognized the
»onal distribution of metals in and around the pluton. The last major work was that of
Dawson (1966). who described the regional geology. geophysics. geochemistry and
geochronology of the batholith.  The geological map which appeared in that report is
still the most detailed available. However. as is the case with other. more recent maps
(Boily et al. 1989; Imrch. 1982). it did not subdivide the monzogranite (adamellite)
plutons, which as shown by mapping carricd out during the course of the present study.
is compositionally zoned from biotite to muscovite monzogranite.

The Preissac-Lacome batholith has an elliptical shape in plan view and is
bounded to the south by the Cadillac fauit and the eastward extension of the Porcupine-
Destor fault. and to the north by the Manneville fault (Fig. 2). These faults appear to
have controlled the emplacement of the batholith along the northern limb of the
LaPausc anticline into mafic (mainly basalt plus smaller volumes of tuffs and komatiite)
and metamorphic rocks of the Kinojevis and Malartic Groups and biotite schist of the
Kewagama Group (Tremblay. 1950). which are the oldest rock formations exposed in
the vicinity of the batholith.

Rocks distal to the Preissac-Lacorne batholith have been regionally
metamorphosed to greenschist facies (Dawson. 1966) and, close to the batholith. display
cvidence of contact metamorphism. Powell (1994) has mapped biotite, actinolite,
hornblende and garnet isograds around the intrusion. and using a gamet-hornblende-
epidote-plagioclase-quartz assemblage, calculated the pressure-temperature conditions
of contact metamorphism to be between 2.5 and 4 kbar, and range up to 450°C,
respectively.

As mentioned earlier, the rock types comprising the Preissac-Lacorne batholith
consist of an early suite of gabbro. monzonite. diorite, granodiorite and syenodiorite and
a late suite of granite and granitic pegmatite (Fig. 2). Dawson (1966) grouped these
intrusions into three massifs (Preissac. Lamotte. Lacorne), which are separated by the
bioﬁte schists and other older rocks. Recent mapping by Mulja et al. (1995) has shown
that the monzogranitic intrusion in the Preissac massif is restricted mainly to the area
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west of Lac Preissac. and that this rock type. in the castern part of the massif, is
different from that in the west.  Theretore. throughout this thesis. the western
monzogranite in the Preissac massif is designated the Preissac monzogranite, while the
castern cquivalent is called the Moly Hill monzogranite alter the name of the associated
molvbdenite deposit.

Cross-cutting relationships between the basic and telsic intrusions are rarely
exposed: the pegmatites south of the Lacorne monzogranite cut granodiorite, In contrast.
xcnoliths of dioritic rocks are rather common at the margin of the Lacome
monzogranite. Radiometric ages of the various rock types of the Preissac-Lacorne
batholith show that the monzogranites are 30 Ma younger than the basic intrusions, and
that the monzogranite and the pegmatite are of the same age (Table 1.

The only modern petrological studies have been those of Bourne and Danis
(1987) and Feng and Kerrich (1992). The former postulated that the Lacorne
monzogranite and adjacent basic rocks are cogenetic and that the two rock types formed
a reversely zoned pluton. However. the compositional (major- and trace-clements) and
age (above) differences between the basic and felsic rocks rule out this genetic
relationship. In addition. as will be shown later in this thesis, geochemical studics of
the Lacormne monzogranite also do not support the reversed zonation. Feng and Kerrich
(1992) postulated that the basic intrusions were products of partial melting of a mantle
wedge above a subduction zone. and that the monzogranites originated from partial
melting of mature sediments. induced by crustal thickening mentioned earlier.
However. this study did not consider the geochemical evolution of the granites or
associated pegmatites.

Despite the excellent exposure of the granites and associated deposits, reports
and published research papers on economic geology are scanty and date back to the
1950s and 1960s. The molybdenite deposits were described by Rastall (1922), Vokes
(1963). and Renault (1963), who suspected a genetic relationship between the granite
and molybdenite deposits at Lacorne. Dawson (1974) described the occwrence of
columbite-tantalite in pegmatites. Research papers by Norman (1945) and Siroonian
et al. (1959) speculated that alt the plutonic rocks, including the spodumene pegmatites,

12



Table 1. Radiometric age determinations of minerals and rocks from the Preissac-Lacorne

batholith

Method Material Host rack Ma Reference

PREISSAC PLUTON
U/ K-cldspar Monzogranitc 2697+40 Gariepy and Allegre (1985)
K/Ar  Muscovite  Pegmatite 25404125 Dawson (1966)
Ar/Ar  Muscovite  Mo-bcaring quanz vein - 2563+14 Powell (1993)

LAMOTTE PLUTON
K/Ar  Biotite Granodicrite 2450+125  Dawson (1966)
Pb/Pb  Zircon Monzogranite 2631120 &

2643+12 Feng and Kerrich (1991)

ArfAr  Muscovite  Pegmatite 2565+5 Powell (1994)

LACORNE PLUTON
K/Ar  Biotilc Granodiorite 2310+125  Dawson (1966)
K/Ar Muscovite  Granodiorite 2630+125  Dawson (1966)
UPb  Zircon Granodiorite 2695+65/25 Steiger and Wasserburg (1969)
Nd/Nd Whkole-rock  Granodiorite 2850+ 7 DcPaolo and Wasserburg (1976)
P/Pb  Zircon Diorite-granodiorite 675824 &

267144 Feng and Kerrich (1991)
PWPb Zircon Monzogranite 2643+ Feng and Kerrich (1991)
K/Ar  Li-Mica Pegmatite 2735+125  Dawson (1966)
K/Ar Muscovite  Pegmatite 2735125  Dawson (1966)
Ar/Ar Muscovite  Pegmatite 2615+10 &
Feng et al. (1992)
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and molybdenite-bearing quartz veins were comagmatic. and were refated by fractional
crystallization. A subsequent review with some new information is that of’ Boily et al.
(1990) on the metallogeny of the Preissac-Lacorne batholith.  The most recent research
on orc genesis was a 1989 M.Sc thesis by Havva Taner. who applied fluid inclusion
microthermometry to determine the physical and chemical conditions of formation of
the molybdenite stockwork deposits at Preissac.

In summary, previous studies have contributed mainly to understanding the
general geological setting of the Preissac-Lacorne batholith and determining the
chronology of events, but they largely have ignored the detailed geological and
petrochemical characteristics of the monzogranites. which. together with their associated
mineral deposits, are actually the most significant features of the batholith (Fig. 2).

Only one modern study has addressed the origin of mincralization.
METHODS OF INVESTIGATION

To achieve the objectives of this thesis. the rescarch methodology involved the
following:

1) mapping and sampling of the monzogranites and pegmatites in order to
establish field relations among the various types of monzogranite in the batholith.

2) mineralogical and geochemical (including oxygen isotopes) studies of the
representative rocks for the purpose of elucidating petrogenetic relationships among the
different types of monzogranite and pegmatite. The crystal-chemistry of columbite-
tantalite in various types of pegmatite was used to infer the evolution of pegmatite-
forming felsic liquid.

3) studies of fiuid inclusions in minerals from the three types of pegmatite. in .
order to determine the timing and pressure-temperature conditions of fluid saturation
in the pegmatites, and the subsequent P-T-x evolution of the fluid. The chemistry ;f
the fluid was constrained by microthermometry, and analysis of trapped and daughter
solids from decrepitated ﬂqid:inclusions.
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ORGANIZATION OF THE THESIS

Following this introduction, chapters 2 and 3 collectively establish the geological
framework and geochemical evolution of the Preissac-Lacorne monzogranites.
culminating with a proposed model for the petrogencsis of zoned rare-element granitic
plutons and of pcgmatite-forming felsic liquid. The magmatic cvolution of this
pegmatite-forming  liquid is deciphered through a study of the crystal-chemistry of
columbite-tantalite [(Fe. Mn)(Nb. Ta),0,] (chapter 4). The compositional evolution of
fluids exsolved from the pegmatite-forming liquid. and the conditions during
crystallization of the pegmatites are elucidated in the next chapter (5). using data
obtained from fluid and solid inclusions in beryl. spodumene and quartz in various
types of comagmatic pegmatite. The thesis ends with an epilogue summarizing the
magmatic and hydrothermal processes that the felsic magmas underwent in order to
produce rare-clement-cnriched granitic pegmatites.

The locations of samples used in this thesis. mineral and whole-rock
compositions, and raw data on fluid inclusion microthermometry and decrepitates are

given in the apppendices.
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ABSTRACT

The monzogranitic plutons in the Preissac-Lacorne batholith (Québec) display
geological and mineralogical features that resemble idealized zoned intrusions and
associated rare-clement quartz veins and pegmatites. The zoning comprises biotite. two-
mica. and muscovite monzogranites, and the mineralization in pegmatite-poor plutons
is dominated by molybdenite-bearing quartz veins. which are spatially related to the
more cvolved rocks (i.c. muscovite-bearing monzogranite). In contrast. pegmatite-rich
plutons are surrounded by rare-element pegmatites. which vary systematically with
distance from the plutons from beryl-bearing through spodumene-beryl-bearing to
spodumene-bearing. In addition. Mo-bearing albitite dikes and quartz veins occur
beyond the spodumene pegmatites. Mineralogical changes from biotite to muscovite
monzogranite are characterized by a decrease in the abundance of oligoclase. biotite.
magnetite. monazite, apatite, and zircon. and an increase in the abundance of albite,
muscovite and garnet. The mineralogical trend continues into the pegmatites, which are
composed of albite, K-feldspar. quartz. muscovite (biotite is absent). garnet. beryl.
spodumene, molybdenite. and columbite-tantalite. The major element chemistry of the
rock-forming minerals changes progressively from biotite through two-mica to
muscovite monzogranite; plagioclase compositions vary from An,;,, to An,, the Fe/(Fe
+ Mg) of biotite and muscovite increases from 0.7 to 0.85 and from 0.65 to 0.85.
respectively.  This mineral-chemical evolution extends into the pegmatites; the
plagioclase in these rocks is almost pure albite (An,). and muscovite is lower in Fe/(Fe
+ Mg) and richer in Al than that in the muscovite monzogranite. Concentrations of Cs,
Ta. and Rb in muscovite increase., whereas Sc decreases, from the muscovite
monzogranite to the rare-element pegmatites. The systematic mineralogical evolution
and mineral-chemical trends, and the field relationships of the monzogranites are
interpreted to indicate that the various subtypes of monzogranite were produced mainly
by fractional érystallization of biotite monzogranitic magma. Further differentiation of
the fractionated monzogranitic melts produced rare-clement pegmatites.



. Kevwords: rarc-clement monzogranite, beryl and spodumene  pezmatites.  geology.

mineralogy. mineral chemistry, Preissac-Lacome batholith (Quebece).



INTRODUCTION

Petrologically zoned rare-metal (e.g. Be, Li. Nb. Ta. Sn)-enriched granitic
intrusions have been described by a number of investigators. and a model has been
developed in which fractional crystallization of biotite monzogranitic melt gives rise to
suceessive residual melts of two-mica and muscovite monzogranite. and rare-metal
pegmatites (c.g. Goad & Cerny 1981, Cerny et al. 1986. Shearer et al. 1987. 1992,
Simmons et al. 1987, Breaks & Moore 1992). However, there are few examples where
all the model facies are exposed. Consequently. details of the process of differentiation
have been poorly documented. and the specific factors responsible tor the concentration
of the rare metals to economic levels remain largely unknown.

The Preissac-Lacorne batholith hosts well-exposed monzogranitic plutons. which
vary systematically from a least evolved biotite monzogranite. through a two-mica. to
a most evolved muscovite monzogranite. and are associated with rare-metal (Be. Li. Nb.
Ta. Mo) pegmatites. albitites. and molybdenite-bearing quartz veins. These plutons thus
afford an unusually fine opportunity to investigate the causes of zonation of
rare-metal-bearing  monzogranites. the petrogenetic relationships between the
monzogranites and the later pegmatites. albitites and quartz veins. and the rare-metal
enrichment processes. This paper. which is the first in a series of contributions dealing
with the metallogeny of the batholith, discusses the geology and mineralogical and
mineral-chemical evolution of the monzogranitic plutons and associated pegmatites. and
the physical conditions of emplacement of the intrusion. A companion paper (Mulja
et al. 1995) documents the geochemical evolution of the plutons and confirms the

genetic relationship of the pegmatites to the monzogranites.
GEOLOGICAL SETTING

The Preissac-Lacorne batholith, located about 600 km northwest of Montréal
(Fig. 1). is a syn- to post-tectonic intrusion that was emplaced in the Southern Volcanic
Zone of the Archean Abitibi Greenstone Belt in the Superior Province of the Canadian
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Fig. 1. A simplified geological map of the Preissac-Lacorne batholith (modified from
Dawson 1966) showing the locations of monzogranitic plutons and regional structures.
The Porcupine-Destor fault is located south of Lac Preissac and joins the cast-west
trending Cadillac fault further in the south. The boundaries of the plutons are based on
the outermost occurrence of small and scattered monzogranite outcrops. The basic and
intermediate plutonic rocks (gabbro, diorite, monzonite and granodiorite) are believed
to extend as far as 10 km east and 15 km south of the Lacorne pluton.
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shield. Previous work. especially that of Dawson (1966), has shown that the batholith
intruded along the La Pause anticline into ultramafic to basic lavas of the Kingjevis
(2718 Ma: Corfu 1993) and Malartic groups. and biotite schist of the Kewagama Group.
To the north. the batholith is bounded by the Manneville fault, and to the south. by the
Cadillac fault and the castward extension of the Porcupine-Destor fault. which separates
the batholith from the Pontiac Subprovinee in the south. Gravity measurements indicate
that the shape of the batholith resembles an outward-dipping. asymmetrical saddle with
its highest points south of the center of the body. and suggest that the base of the
batholith is probably at a depth of about 5 km {Dawson 1966).

The batholith is a composite body (Fig. 1). comprising carly metaluminous
gabbro. diorite. monzonite and granodiorite (ca. 2630 - 2760 Ma. Steiger & Wasserburg
1969: Feng & Kerrich 1991). and four late peraluminous monzogranitic plutons
(Preissac. Moly Hill, Lamoite. and Lacorne) and associated pcgmatites and quartz veins
(ca. 2621-2655 Ma: Gariépy & Allégre 1985, Feng & Kerrich 1991). Intrusive aclivity
in the region terminated with the emplacement of northeast-trending  Proterozic diabase
dikes. Contact metamorphism of the country rocks increased the grain size of both the
volcanic rocks and biotite schist. The former is characterized by coarsc-grained
hornblende. magnetite and pyrite. and the latter by sillimanite. epidote. and cordicritc.

The Preissac-Lacorne batholith is believed to have formed during the waning
stages of the development of the Abitibi Greenstone Belt (Dimroth et al. 1983, Feng &
Kerrich 1992, Sutcliffe et al. 1993). which involved the collision of continents in a
convergent plate setting. The basic igncous rocks in the batholith are interpreted to be
products of partial melfing of a mantle wedge above a subduction zone. and the
monzogranites to be products of partial melting of the Pontiac Subprovince sedimentary
cocks (e.g. greywacke), induced by crustal thickening associated with the collision of
the Pontiac Subprovince with the Southern Volcanic Zone of the Abitibi Greenstone
Belt. -



FIELD RELATIONSHIPS AND PETROGRAPHY OF THE MONZOGRANITE

Our dctailed mapping and petrography indicate that the monzogranite is
mineralogically and geologically divisible into biotite, two-mica. and muscovite
subtypes (Figs. 2A-D).  Biotite monzogranite is distinguished from the other
monzogranites by the presence of up to 5 volume % biotite and by the lack of primary
muscovite. The two-mica monzogranitc has a preponderance of muscovite (2:1). and
the muscovitc monzogranite contains little or no biotite. In the case of the Preissac
pluton. therc is an additional monzogranite (muscovite-garnet). which occurs as
finc-grained dikes. and differs from the other monzogranites by containing up to 3
volume % garnet, 5 volume % muscovite. and no biotite.

All the subtypes of monzogranite have similar proportions of interlocking
anhedral quartz (25 - 35 %). euhedral to subhedral plagioclase (30 - 45 %). and
perthitic to microperthitic K-feldspar (25 - 45 %). Plagioclase is the earliest major
mineral to have crystallized: inclusions of this mineral are present in K-feldspar. A few
plagioclase grains in biotite monzogranite have corroded cores with sericite flakes. and

rasemble restite plagioclase described by Chappel et al. (1987). However. this restite

‘interpretation has been challenged by Wall et al. (1987). who argued that such corroded

cores could represent formerly high temperature calcic-rich plagioclase which became
unstable when the magma cooled. Moreover, geochemical evidence (Mulja et al. 1995)
does not indicate that restite-unmixing could produce the petrological variations of the
monzogranite. Quartz is anhedral. interstitial, and some grains contain inclusions of
biotite and muscovite, suggesting its late crystallization.

Minor minerals include biotite, muscovite, epidote. and garnet. Magnetite.
ilmenite, apatite, zircon, monazite, Xenotime, and titanite are accessory minerals, which
occur either as inclusions in the major or minor silicate phases, or are interstitial to
them (Fig. 3). The distribution of both minor and accessory minerals changes
systematically from biotite through two-mica to muscovite rﬁonzogranite (Fig. 4). The
exceptions 10 this are Xenotime and ilmenite; which have similar abundances in all

subtypes of monzogranite. The contents of biotite. epidote. magnetite, ilmenite, apatite.
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Figs. 2A. B & C. Geological maps of the Preissac (A). Moly Hill (B) and Lamotte (C)
plutons showing the field relationships of the various subtypes of monzogranite and the
mineral deposits. In the Preissac pluton, the biotite monzogranite (BG) rims a small
part of the muscovite monzogranite in the north. and the muscovite-garnet
monzogranite (MGG) occurs as dikes in the northeast corner of the muscovite
monzogranite (details in text). Two former molybdenite mines (Mo) are the Preissac
in the north and the Cadillac in the southeast. The biotite monzogranite in the Moly
Hill pluton occurs as a small hill, the two-mica monzogranite as a flat-lying outcrop.
and the muscovite monzogranite as a crest-like mass. The small transitional
monzogranite has a mineralogy between two-mica and muscovite monzogranites. The
Lamotte pluton has an asymmetrical normal zonation. A large part of this pluton
consists of small granitic outcrops, which define the intrusive boundary. Be and Spd
are beryl- and spodumene-bearing pegmatites, respectively.

2D. A geological map and an aerial (mosaic) photograph of the Lacorne pluton
covering the western part of the intrusion where the main outcrops are exposed. Like
the Lamotte pluton, small undifferentiated granitic rocks were taken as the boundary of
the pluton (Fig. 1). The northern boundary of the biotite monzogranite is approximately
a few hundred meters north of the gravel road. The Québec lithium (QL) mine is about
10 km east of the margin of this photograph. Other spodumene-bearing pegmatites and
molybdenite-bearing quartz veins are located about 2.5 km south of the pluton. The
northeast trending diabase dike is shown by dashed lines. Abbreviations-are similar fo

those of Fig. 2A; the others shown here are: V, Valor (prospect name); GD,

granodiorite; MG2, muscovite monzogranite dike (details in text); MBP, mass beryl
pegmatite; P, pegmatite; AB, albitite dike; SV: biotite schist and mafic volcanic rocks
(abitibi "greenstone” rocks). Mineral abbreviations: Brl, beryl; Spd, spodumene; Mo,
molybdenite.
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Fig. 3. Photomicrographs of minor and accessory minerals (determined with an EDS-
SEM) in the monzogranifes. A. Inclusion biotite (Bt) in sharp contact with muscovite
(Ms) in quartz (Qtz) (TM-766). To the right of the micas is a plane of fluid inclusions.
B. Cross-cutting biotite and muscovite, and interstitial epidote (Ep) (TM-782). Zircon
(Zrn) inclusions with halos are present in the micas. Relict biotite is contained in the
cross-cutting secondary muscovite (see text for explanation). C. Coarse-grained
euhedral magmatic muscovite displaying sharp contacts with the adjacent quartz,
plagioclase (Pl) and K-feldspar (Kfs) (TM-652). D. Euhedral interstitial garnct (Grt)
in biotite monzogranite (TM-672). E. Anhedral, skeletal garnet intergrown with quartz
in two-mica monzogranite located near a fracture (TM-797). F. Subhedral magretite
(Mag) partly enclosed in K-feldspar and adjacent albite (Ab) (TM-40). G. A euhedral
inclusion of ilmenite (Ilm) in quartz. Planes of fluid inclusions occur nearby. H. A
corroded spodumene xenocryst enclosed in plagioclase. All scale bars are 100 pm.
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Fig. 4. The paragenesis of minor and accessory minerals commonly found in the
monzogranites, pegmatites, albitites and quartz veins. The widths of the lines indicate
the relative abundance (point-counting) of the minerals. Bt: biotite, Ep: epidote, Grt:
garnet, Ms: muscovite. Mag: magnetite, [lm: ilmenite, Ap: apatite, Zrn: zircon, Mnz:
monazite, Xe: xenotime, Ttn: titanite, Mo: molybdenite, Ct: columbite-tantalite, Bri:
beryl. Spd: spodumene. Dashed lines for spodumene indicate that the mineral is a
xenocryst. Not shown are traces of hematite, which occurs with quartz in veinlets that
cut the plutons, allanite in the Lamotte biotite monzogranite, rutile, and small grains of
tourmaline. pyrophanite (MnTiO;) and gahnite (ZnAl,Q,) in pegmatites.
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zircon, monazite, and titanite (in some cascs titanite is Nb-bearing) decrease gradually.,
whereas those of muscovite and garnet increase. from ihe biotite monzogranite. through
the two-mica monzogranite, to the muscovite monzogranite. Molvbdenite.
columbite-tantalite,  and sphalerite were observed only in the muscovite and muscovite-
garnet monzogranites and in pegmatites.  Some plagioclase and K-feldspar crystals are
replaced partially by muscovite, and some biotite flakes by chlorite * ilmenite * rutile,
muscovite. or cpidote.

The Preissac pluton is exposed as an asymmetrical dome having dips which are
steeper to the west and north than to the cast and south (Fig. 2A). The pluton is
composcd mostly of two-mica and muscovite monzogranites: the former ranges from
coarsc- 10 medium-grained. and the latter is generally medium-grained in the south and
finc-grained in the north: these two major outcrops of muscovite monzogranite are
separated by a wide fracture (see below). Contacts between the two subtypes of
monzogranite are not exposed. At the margins of the pluton. monzogranite lenses
locally intermingle with biotite schist. which was recrystallized as a result of contact
mectamorphism. A subtle foliation has been observed along the northeastern margin.
where muscovite in the pluton is oriented parallel to the contact. Fine-grained biotite
monzogranite occurs as a thin marginal facies at the northern tip of the pluton. where
it grades sharply into the muscovite monzogranite or is separated from the latter by
irregular quartz + K-feldspar veins. Dikes (up to 3-m wide) of muscovite-garnet
monzogranite, with vugs containing molybdenite and pyrite. intruded the northeastern
margin of the pluton (Fig. 2A). The dikes appear to represent the youngest phase of
monzogranite-related igneous activity. as they cut both the Mo-bearing quartz veins and
pod-shaped pegmatites.

_ The muscovite monzogranite de%é%ped extensive fractures or joints that strike
mostly east and southeast with steep dips (FiggA). No stickensides were observed in
most of the major fractures. Dawson (1935) suggested that these nearly parallel
fractures were formed by tension in a north-south direction. Some of the fractures are
occupied by barren pegmatites, and barren and Mo-bearing quartz veins. Economic
mol&bdcnite-’-bearingh quartz veins form a stockwork immediately north of the dikes
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(Preissac Mine). and another close to the southern margin of the pluton (Cadillac Mine).

The Molv Hill pluton is exposed in three main separated outerops, consisting off
massive fine - to medium- grained biotite monzogranite. foliated medium-grained
wo-mica monzogranite and muscovite monzogranite (Fig. 2BY.  The muscovite
monzogranite includes a small body of two-mica monzogranite with gradational
contacts. The boundary with the biotite schist in the northern two-mica monzogranite
varies from sharp to irregular as a result of randomly oriented networks of quartz
veinlets in the monzogranite and biotite schist. At their present level of exposure, the
three rock types form a horst and graben-like structure. in which the two-mica
monzogranit¢ is the down-thrown block. However. cataclastic texture was not observed
in the marginal part of any of thrce monzogranites, indicating that the ficld relations
among the monzogranites are not duc to faults. Instead. thermally metamorphosed
biotite schist and basalt occur along the contacts between the two-mica monzogranite
and the muscovite monzogranite. and a foliation defined by the micas developed in the
two-mica and muscovite monzogranites. The field rclationships and mineral fabric
suggest that intrusion of the monzogranitic magma was fracture-controlled.

A quartz-vein type of Mo deposit is situated between the castern margin of the
muscovite monzogranite and mafic volcanic rocks. This muscovite monzogranite is
finer-grained than that in the main mass. Although the mafic rocks are not exposed.
its existence can be inferred from inclusions of altered mafic rocks along the walls of
subhorizontal quartz veins. Irregularly zoned. cast-wes:-trending pegmatite and aplite
dikes cut the biotite monzogranite.

The Lamotte pluton is asymmetrically zoned. and grades inwards from
porphyritic to coarse-grained biotite monzogranite at the margins to medium-grained
two-mica monzogranite and muscovite monzogranite (Fig. 2C). Contacts between the
various subtypes of honmgrmﬁte were not observed. The contact with the biotite schist -
is characterized by complex mixing of aplites and pegmatites in the wst,"by a’
concentration of irregular Mo-bearing quart? veins in the qouth, and by a contact.

rnetamorphlc zone conmmng cordierite, gamct, staurolite and sﬂhmamtc m thc north' .‘

(Dawson 1966). chohths of partially: dlgcstcd biotite schist are prcscnt a]ong thc '
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castern margin of the two-mica monzograntte.

Samples of biotite and two-mica monzogranite taken near the contact with the
biotite schist contain anhedral crystals of spodumene (Fig. 4H) and anhedral aggregates
ol spodumene. altered biotite, K-feldspar. and quartz. The modes of occurrence of
these crystals and crystal aggregates, and disequilibrium textural relationships with other

mincrals in the rocks, suggest that they are xenocrysts and xenoliths. respectively.

The Lacorne pluton has a north-south oriented elliptical plan. and is dominated
by biotitc monzogranite, which gives way inwards. to two-mica and muscovite
monzogranite (Fig. 2D). No contacts between these subtypes of monzogranite were
obscrved. except that between the biotite and two-mica monzogranite in the north.
which is gradational: contacts with the biotite schist are sharp. A dike-like muscovite
monzogranile intrusion. separated from the main mass by faults. crops out in the
southern part of the pluton. The various subtypes of monzogranite are generally
medium-grained. except along the northwestern margin, where the biotite monzogranite
is fine-grained and foliated. and probably represents a chilled margin. and in the east
where the discrete two-mica monzogranite (labeled Valor. Fig. 2D) is finer-grained and
has a whiter hue. In addition. the dike-like muscovite monzogranite differs from the
muscovite monzogranite in the main body by the absence of biotite and heterogeneous
texture.  Xenoliths of diorite and biotite schist occur in the pegmatites in the northwest.
and in the dike-like muscovite monzogranite in the scuth. respectively.

Pegmatites and albitites. Over 1600 barren and mineralized pegmatites have
been recorded in the study area (Dawson 1966), and they cut all subtypes of
monzogranite and adjacent country rocks. The pegmatites generally strike east-west and
range in dip from vertical to subhorizontal. The mineralogy of the barren pegmatites
is similar to that of the muscovite monzogranite, c;':;_i:t that biotite is absent and garnet
is more abundant. Mineralized or rare clem_e_nt-be-aring pegmatites are associated with
~ the Lamotte and Lacorne plutons and vary from beryl-bearing at the margins of the
plutons; to spodumene-bearing in the country rocks (Figs. 2C & D). In addition. the
'pégmatites host sig:niﬁgant amounts of columbite-tantalite. and subordinately. tourmaline

and molybdenite.



The rare-clement pegmatites display internal wexwiral variations. A simple zoned
pegmatite typically consists of an aplite border zone and a pegmatite core. In a very
rare case the two units form a layered-like intrusion, in which cach pegmatite consists
of an aplite footwall and a pegmatite hanging wall.  Complex beryl pegnutites are
typically zoned from the margin to center as follows: (1) border zone aplite. ()
muscovite + albite + quartz + beryl. (3) perthite + quartz + bervl, (4) perthite + quartz.
(5) massive quartz. Spodumenc pegmatites. which normally do not contain beryvl or
have very little beryl, are massive (i.c. no clear internal zonation) or zoned.  The latter
pegmatites. which have mincralogical zonation similar to that of the bervl pegmatite,
contain spodumenc in zones 2 to 5. A tramsitional spodumenc-beryl pegmatite is
characterized by beryl fringes only along the border between zones 1 and 2. spodumene
in zones 2 to 3. cleavelandite and lepidolite in zones 3-4.

Molybdenite- and columbite-tantalite-bearing  albitite dikes and Mo-bearing
quartz veins occur beyond the snodumene pegmatite zone to the north and south of the
Lacorne pluton, respectively. The dikes vary from 20 cm to | m wide, have an
east-west strike (parallel to the joints of the country rocks) and dip steeply (abowt 75
degrees to the south). They consist almost of entircly of albite (Ab,,). appreciable
amounts of molybdenite and columbite-tantalite. and traces of zircon and Ta-bearing

ilmenite.
MINERAL CHEMISTRY

Analytical methods: The compositions of silicate and oxide minerals were
determined with an automated CAMECA celectron microprobe. The operating
conditions were 15 KV acceleration voltage. 8 nA (10 nA for garnet) beam current, 2
2 pm spot size (defocused to about 6 pm for feldspar), and 25 second counting times
(60-75 seconds for fluorine). Mineral standards used were albite (Na), orthoclase (Al
K. Si), diopside (Ca, Mg), andradite and magnetite (Fe), spessartine (Mn, St, Al in
garnet analyses), fluorite (F). and s_;,rmhetic MnTi (Mn, Ti). Data reduction was
accomplished with full PAP correction proccdure;: (Pouchou & Pichoir 1984),
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Muscovite separates were analvzed by Bondar-Clegg laboratory. Ottawa, for Cs. Ta. Sc.
and Rb using instrumental neutron activation analysis. Li using atomic absorption

spectrometry, and ¥ using an ion-selective clectrode.

Plagioclase

Plagioclasc compositions typically range from An ¢ in the biotitc monzogranite
lo An, in thc muscovitc monzogranite, and less than Ang in the pegmatites (Table 1:
Fig. 5). Exccptions to this are plagioclasc phenocrysts in the Lamotte biotite
monzogranitec which have a composition of An ;.. and plagioclase in both the biotite
monzogranite and muscovite monzogranite of the Preissac pluton. which have
compositions of An,. and An, . respectively. Muscovite-garnet monzogranite which. as
noted above. occurs only in the Preissuc pluion. contains plagioclase which has an
average composition of An,.

In addition to the composition of the plagioclase varving with the subtvpe of
monzogranite, it also varies spatially. i.c.. in the Lacorne biotite monzogranite the An
content of plagioclase decrcases from the margins inward (Fig. 6). and in the Preissac
muscovite monzogranite and the Moly Hill two-mica monzogranite. plagioclase

generally becomes more sodic northwards and eastwards. respectively.

K-feldspar
As noted earlier. the K-feldspar is perthitic. K-feldspar domains in perthite have
a narrow range of composition. from Oro;Ab,An, 10 OregAb, (Table 2). and do not show
any significant composmonal variations with rock type. san‘?rwcatxom or parageneSIs
Most contain less than 0.1 wt. % CaO. Brcad beam (10 um) analyses of perthite
including the albite lamellae yielded a composition of Or,Ab,, (Sample 24, Table 2).
The high Or-content of the K-feldspar indicates that:it re-equilibrated at post-magmatic

>

conditions.

Y

Biorite

Biotite is éither early. forming inclusions in quartz and to a lesser extent

36

(%



LE

TABLE 1. REPRESENTATIVE COMPOSITIONS OF PLAGIOCLASE

Biotile monzogranie Two-mica monzogranite Muscovite monzogranite MGG

_F_'ItllOﬂ" PR MH Ly LC PR MH LM Lc PR MH LM LC PR
Sample 402 29 782 . 614 903 31 766 652 ac2 12 101 684 473
SIOé 67.28 65.41 65.31 65.07 66.31 66.48 66.1 66.46 67.44 66.05 66.12 866.94 687.45
Al203 20,36 21.61 22,28 21.43 20.87 20,98 22.11 21.31 20.56 20.89 21.6 20.83 20.27
Na20 10.71 986 9.51 10.07 1005 995 9.68 10.3 10.81 10.68 10.28 10.45 11.18
K20 0.06 0.15 0.2 0.09 0.19 0.13 0.1 0.12 0.14 014 0.19 0.07 0.07
Ca0 138 3.15 3.68 2.76 2,22 3.15 2.33 25 1.87 1.3 2.47 1.77 0.97
Tolal | 99,78 100.2 100.9 99.41 99.64 100,7 1003 100.7 100.8 99.07 100.7 100.1 99.94

Number of cations on the basis of 8 oxygen atoms

Sl 2,949 2,874 2.85 2.879 2.917 29802 2.885 2,998 2,835 2,919 2,887 2.929 2.953
Al 1,052 1.119 1.463 1.118 1.083 1.08 1.137 1.096 1.065 1.088 1.t12 1.074 1.046
Na - 0.911 0.84., 0.804 0.864 0.858 0.842 0.819 0.872 0.912 0.915 0.870 0.887 0.949
K - - 0,004 . 0,008 '0.091 0.005 . 0011 075 0.005 0.007 0.008 0.008 0.010 0.004 0.004
La o 0.065 0.148 0.172 0.13 0.105 0.147 0.109 0.117 0.087 0.062 0.115 0.083 0.045
End members Mol. %

Ab 93 84 81 86 88 84 88 87 a0 a3 87 91 a5
Or a0 0.4 1 1 1 1 1 1 1 1 1 1 0.5 0.5
An . 8.8 16 18 13 11 156 11 12 9 6 12 8.5 4.5
* Muscovite-gamet monzogranite

** PR: Prelssao, MH: Moly Hill, LM: Lamotte, L.C: Lacome



Fig. 5. Molecular proportions of albite (Ab), anorthite (An) and orthoclase (Or) in

plagioclase. -
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Fig. 6. Compositional variations in plagiociase and biotite along a north-south traverse
across the Lacorne monzogranite pluton. Solid square: biotite monzogranite, open

square: two-mica monzogranite, and open circle: muscovite monzogranite.
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TABLE 2 REPRESENTATIVE COMPOSITIONS OF K-FELDSPAR

Blotite monzogranite Two-mica monzogranite ___Muscovite monzogranite MGM**
_Pluton* PR MH LM 1.C PR MH M LC PR MH*** LM LC 1a
Sample 402 29 767 614 903 a1 7686 652 302 24 101 633 477
Si02 6441 6513 66 64.65 - 65.1 65,00 65.33 65.68 65.13 65.05 65.41 64.56 64.30
Al203 1794 18,18 18,38 17.96 17.65 17.62 18.44 17.05 17.96 18.30 18.14 17.80 18.15
Na20 - 0.45 0.39 0.40 033 0.62 0.36 0.37 0.36 0.34 1.24 0.29 0.41 0.28
K20 16687 1712 1590 16.99 16.66 17.11 18.73 16.78 16.89 15.86 17 16.79 16.97
Ca0 0.09 0.01 0.01
Total 99.26 1008 100.7 99.93 100 1001 101 99.88 100.3 100.40 100.8 99.56 99.70
Number of catlons on the basis of 8 oxygen atoms
Si ., 2,997 23,000 3.018 3.003 3.015 3.012 2,999 3.044 3.009 2,993 3.005 3.008 2.992
Al 0.989 0,987 0.891 0.983 0.964 0962 0.998 0.931 0.978 0992 0.982 0.977 0.996
Na 0.041 0,035 0.035 0.030 0.056 0.033 0.033 0.032 0.031  0.111  0.026 0.037 0.026
K 0.994 1.006 0.927 1.007 0985 1.012 0.980 0,992 0.996 0.931 1.000 0.998 1.007
Ca 0.004 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
End members Mol. %
Ab _4_,,)} 3.4 4 3 5 3 a 3 3 11 2.5 4 2.6
Or £256.5 96.6 96 97 95 97 97 97 97 89 97.56 98 97.56
_An 06~
*Pluton headings as in Table 2.
**Muscovite-gamet monzogranite

***Including albite lamella -



feldspar. or late, occurring in interstices between the major silicate phases (Figs, 3A-B).
Compositionaliy. it is higher in Fe/(Fe + Mg). which ranges tfrom 0.69 to 0.85. and fess
aluminous (“Al: 2.1-2.5) than biotite in other peraluminous granites (compiled by
Clarke 1981). The atomic proportions of’ Si-ZAL-M™"(Fe + Mg + Mn) show that it has
a significant dioctrahedral mica content, which is higher in the interstitial biotite than
in included biotite (Fig. 7). In the Lamotte and Lacorne biotite monzogranites, included
biotite is consistently lower in SiO,. TiO, and Al.O;. gencrally lower in Na,O. and
always higher in FeQ,, than the interstitial variety (Table 3). and has similar ranges .ut'
MnO. MgO and K,O. and F. As a result. there is a slight overlap in the Fe/(Fe + Mg)
of biotite. which ranges from 0.69-0.76 in interstitial biotitc to 0.72-0.80 in included
biotite. This is opposite to the compositional behavior of biotite in the Cullytown
Creek pluton. South Carolina. where the interstitial biotite has the higher Fe/(Fe 4 Myg)
(Speer & Becker 1992). A trend of decreasing Fe/(Fe + Mg) of biotite during
crystallization of plutonic rocks is common (e.g. Czamanske & Wones 1973, Chivas
1981, Parsons 1981). and is attributed to an increasc in oxygen fugacity and a drop in
{emperature. According to these authors. the increcasing oxidation is caused by the
increased partial pressure of water. which is cnhanced by higher amounts of fluid
exsolved from the crystéllizing magma.

Included biotite is rare in the Lamotte and Lacorne two mic:igmonzogranitcs. and
analyses are too few to permit meaningful comparisons with those of interstitial biotite.
Therefore. unless otherwise stated. the following discussion refers to interstitial biotite.
The Fe/(Fe + Mg) of biotite in the Moly Hill. Lamotte and Lacornc plutons increases
from approximately 0.69 in the biotite monzogranite to 0.85 in the muscovite
monzogranite, However. this trend is reversed in the Preissac monzogranites with the
Fe/(Fe + Mg) ratio decrmsmg from approxlmately 0.78 in the biotite monzogranite to
0.69 in the two-mica’ monzogramtc Within the biotite monzogranite of the Lamotte
pluton. this ratio generally increases with decreasing distance toward the two-mica
monzogranite, 'I‘I'us trend is also observed in the northern part of the Lacorne pluton.
Biotite in the southem':bo_dy of biotite monzogranite in this pluton, however, increases

its Fe/(Fe + Mg) value toward the center of the mass (Figs. 2D & 6). There is no
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Fig. 7. Average compositions of biotite and muscovite for each of the subtypes of
monzogranite and pegmatite plotted in atomic proportions of LAl-M*"-Si (diagram after
Monier & Robert 1986). Although the plot suggests dioctahedral-trioctahedral
substitution for the biotite, and Al-Tschermak substitution for the muscovite, the
absence of Li analyses precludes corroboration of the mechanism of exchange. M™:
Fe + Mn + Mg. East: eastonite, Phi/Ann: phlogopite/annite, Ms: muscovite, Ph:

phengite. Cel: celadonite.

42



East?

inclusion biotite
PhlI/Ann

¥ L2 ¥ KV v \
M2+ Si
i) Muscovite @ Pegmatite

. Two-mica | monzogranite Muscovite-gamet

. Biotite monzogranite

Figure 7



¥ ‘3“;{33 ";ﬂ'fii?ﬁ!r—‘:?} A4
SRR T
. i

. TABLE 3, REPRESENTATIVE COMPOSITIONS OF BIOTITE

ST ' Blotre anite —Two-mica monzogranite
“Pivtlen _ .PR___ PR M LG LG "~ PR W MH M M Tc""‘ﬁ""""‘%“"

402 402+ 29 768" 908 613 673+ 903 26 41" 766 791" 672+ 672  64Bs

8102 36.37 38 0‘9 36681 34.76 J6.84 37.76 36.91 37.00 36.85 3506 30.290 38.22 035.42 26.87 7.1}
TiO2 288 290 271 243 1933 179 245 280 220 288 118 105 2.2 2.00 1.93
A03 16.76 1639 16.57 17.63 20.03 21.43 17.99 17.07 17.94 16.85 18,63 20.24 17.22 19.64 18.72

> FeO 26,03 2602 2372 269 2062 1945 2324 2231 2316 23.00 21.18 2046 26.41 2381  22.84
MnO 089' 095 060 0.68 0.6t 080 1.09 077 094 226 102 07 076 0.60 0.68
MgO 416 2389 602 483 2320 266 4.07 540 413 478 474 369 315 291 2.22
Naz20 0.14 002 009 0.02 001 001 003 0.04 008 0.05 0.04 008 002 0.05 0.06
K20 984 1005 990 93 981 1008 973 1024 963 970 913 9.9 1002 1013 9.81
F 069 062 063 072 093 1.02 0986 134 077 05t 09 077 097 051 1.23

96.75 9663 97.25 9593 9547 9470 96.47 96.97 95.67 95.87 95.09 95.09 96.09 96.52 94.62
F=0 020 0286 035 030 039 042 0.4 056 032 021 038 032 041 0.2 0.52
Tota) 86.46 96.37 9690 9563 95.08 94.27 96.07 9641 9535 95.66 9471 9477 95.68 96.1 94.10

Number o cations on the basis of 22 oxygen aloms

Si 5.680 85.647 85.674 5.481 5932 5601 5718 5719 5.739 6.621 5900 5.864 5.857 6.698 5.853
L7V 2,320 2,353 2,327 2519 2,000 2,199 2.282 2281 2,281 2379 2.100 2,136 2343 2,304 2.147
viag 0.765 0.687 0.684 0.795 1,537 1.681 1.003 0.829 1.032 0.735 1.284 1523 0.878 1.239 1.33
B[] 0.303 0.343 0.9314 0.277 0.163 0.208 0.285 0.325 0.268 0.338 0.134 0.121 0,253 0.232 0.229
Fe 3,300 3411 23,057 3336 3.833 2461 3.oNn 2,684 3.016 3.016 2.729 2625 3,505 23.075 3.011
Mn 0.118 0.126 0.078 1.149 0.749 0.104 0.144 0.101 0.124 0.301 1.000 0844 0.102 0.078 0.091
Mg 0966 0912 1,363 0.091 0.078 0.610 0.939 1.244 0958 1.116 0.133 0.091 0.745 0.670 0.521
Na 0.043 0.007 0.027 0.005 0.004 0.003 0.009 0.013 0.017 0.016 0.011 0.016 0.006 0.014 0.018
K 1961 2,016 1.947 1.870 1911 1976 1.922 2.020 1914 1,939 1.796 1,937 2.018 1.996 1.973
F 0339 0.309 0.404 0359 0.447 0.490 0.471 0.653 0,381 0.255 0.437 0.376 0.487 0.251 0.614
M 077 079 06% 097 098 080 076 0,70 076 073 095 097 082 0.82 0.85
glul hmlnm as In Table 2, ‘Muscovite monzogranite  *inclusion biotite "inclusion biotite co-exlsting with muscovite

with muscovite FM: FeAFe+My)



apparent trend in the Fe/(Fe + Mg) ratio of biotite in the biotite monzogranite of the
Moly Hill pluton. and no trend can be determined for this ratio in the Preissac pluton,
because the biotite monzogranite occurs only as a narrow marginal facies,

The fluorine content of biotite in both biotite and twoe-mica monzogranite has
a similar range from 0.6 to 1.4 wt.%. cxcept for the Preissac pluton, where the ¥
content varies very little and averages 0.65 and 1.35 wt.% in the two rock tyvpes.
respectively. The average F content of biotite in the biotite monzogranite is marginally
higher than that of biotite in the two-mica monzogranite of the Moly Hill, Lamotte. and

Lacorne plutons (0.93 vs. 0.78 wt.%).

Muscovite

On the basis of textural relationships. muscovite can be subdivided into primary
and secondary varieties (cf. Miller et al 1981, Specer 1984). Primary muscovite torms
discrete. randomly distributed cuhedral crystals. many of which are similar in size to
other major silicate phases (Fig. 4C). Less commonly. this muscovile occurs as
inclusions in quartz. The primary muscovite is characterized by its higher Ti and Na
contents and lower Mg content than secondary muscovite. which has a composition
similar to hydrothermal muscovite in quartz veins (this study). Sccondary muscovite
occurs mostly as cross-cutting grains containing relicts of biotite, intergrowths of
ilmenite or rutile. and inclusions of zircon (Fig. 4B). Muscovite in the muscovite and
biotite monzogranites is dominantly primary and sccondary. respectively. By contrast,
both varieties of muscovite are common in the two-mica monzogranite. Muscovite in
the pegmatites occurs as large books concentrated mostly near the contact with the host
monzogranite or with aplitic phases in the pegmatites.

The atomic proportions of Si-LAI-M**(Fe+Mg+Mn) in the primary muscovite -
_in the different subtypes of monzogranitc suggest that the muscovite becomes
progressively less phengitic and approaches the end-member | composition in the
muscovite monzogranite and the pegﬂnatites (Fig. 7). As with biotite, the Fe/(Fe + Mg)

of muscovite increases from 0.65 to 0.85 from the biotite to the muscovite .

monzogranite and pegmatites (Table 4). The fluorine content of muscovite ranges from
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“TABLE 4. REPRESENTATIVE COMPOSITIONS OF PRIMARY MUSCOVITE

______ Diollomonzogranite ___ ___Two-micamonzogranite Muscovite monzogranite MGG™
“Piuton PR MH LM LC PR MH LM LC PR MH LM LC PR
Sample 402 29 782° 613 202 32 791 852 302 17 101 648 479
4802 46.93 46,67 . 47.30 46.85 47,24 46,468 4763 48.49 46.95 46.49 46.78 46.01 46.75
TIOD. 091 1.77 023 0.40 097 0.81 0142 0.27 062 043 03 0.34 0.22
Al203  27.82 27.39 29.38 28.49 28,87 30.49 3135 31.356 27.14 30.83 31.14 31.43 31.47
FeO . 6.11 684 507 7.77 6568 508 410 4.66 6.21 5.27 3.7 5.28 5.22
MnO 0.41 014 011 0.36 0.10  0.17 0.t 0.09 0.1 0.08 0.05 0.10 0.12
MgO 146 150 162 1.09 142 092 141 1,06 .73 0.71 0.68 0.72 0.71
NagO 015 023 0.28 0.08 0.23 034 021 0.23 0.20 0.22 0.3 0.37 0.31
K20 1138 11.48 1083 10.04 1144 11.44 1079 10.19 11.256 11.52 11.12 11.34 11.02
F 7071 053 1.20 1.59
' - 9674 95.43 986.26 97.08
O-F=0 0.30 0.22 0.51 0.67
Total 9486 9544 05.21 9575 9585 06.41 9571 96.34 94,25 9553 98.41 95.59 95.82
Number of cations based on 22 oxygen aloms
Si 6.484 6.446 6.468 6.453 6.439 6.2486 6.408 6.462 8.534 6.344 6.271 6.276 6.335
ivar 1.616. 1,664 1.6532 1.647 1.561 1.7564 1,594 1.538 1.466 1,656 1.729 1.724 1.665
vial 3.013 2908 3.2056 2,713 3,076 3.078 3,376 3.385 2,985 3.3(3 3.507 3.328 3.360
n - 0.095 0,185 0.024 0.041 0.100 0.062 0,012 0.027 0.064 0.04% 0.028 0.035 0.022
Fe 0.708 0.675 0.58 0.895 0.636 0.569 0.461 0.519 0.723 0.601 0.416 0.602 0.591
Mn  0.013 0.016 0.012 0.042 0.012 0.019 0,011 0,010 0.018 0.007 0.006 0.012 0.014
Mg 0.2908 0.310 033 0.224 0.268 0.184 0.282 0.211 0.359 0.144 0.137 0.146 0.143
Na 0.039 0.062 0.069 0.016 0.060 0.089 0.056 0.060 0.063 0.0568 0.078 0.098 0.082
K 2.005 2,025 1,906 1.764 1.9¢0 1.862 1.852 1.732 1.998 2.0068 1.902 1.973 1.905
F 0310 0.23 0.523 0.678

Pluton headings asin Table 2 Fluorine conceniration less than 0.4 wi, percent is not listed *cross-cutting with biotite



< 0.3 to 1.6 wt.%: the lower value is considered to represent the detection limit of 1
using the electron microprobe.  The most F-enriched muscovite oceurs in the Lacorne
biotite monzogranite and has an average of 0.8 wt.% F. There is. morcover. a clear
trend of decreasing average F content of muscovite from biotite through two-mica (0.6
wt.%) to muscovite monzogranite (0.4 wt.%). The muscovite in the monzogranites of
the other plutons has significantly less F. but nevertheless also displays trends of
decreasing F content from biotite or two-mica 10 muscovite monzogranite (Preissac:
0.45. < 0.3, < 0.3: Moly Hill: <0.3. 0.55, 0.4: Lamotte: 0.52, (.54, 0.36). Somewhat
surprisingly. this trend is not continued into the pegmatites: muscovite in these rocks
shows a wide range of F contents (Lamotic. < 0.3 10 1.0 wt.%: Lacorne < 0.3 10 2.1
wt.%).

Lithium. which was only analyzed in muscovite from pegmatites and in two
samples of muscovite monzogranite (one cach from the Lamotie and Lacorne plutons),
shows a strong positive correlation with F. The Li,O content of muscovite in the
muscovite monzogranite samples is 0.4 and 0.6 wt.%. The Cs content ol muscovite
from the muscovite monzogranite and rare-metal pegmatites in the Lamotte and Lacorne
plutons correlates positively with Ta and Rb. and negatively with S¢ and K/Rb (Table
5: Fig. 8).

Garnet

Garnet forms small. randomly distributed. cuhedral to subhedral interstitial
crystals and anhedral aggregates or clots concentrated near fractures. and quartz veins
(Figs. 4D-E). The first mode of occurrence suggests magmatic crystallization. whereas
the second mode of occurrence is interpreted to reflect a sub-solidus origin: the texture
resembles that of metasomatic garnet described by Kontak and Corey (1988) from
monzogranites in the South Mountain Batholith, Nova Scotia.

The primary gamet is a spessartine-almandine solid solution (Sp;y.sAlsy.ses Tabh.
6). which in most cases is normally zoned, i.e., Mn decreases toward the rim; less than
5 % of the gamet crystals anatyzed are reversely zoned. In both types of gamet, the
average ‘variation in MnO is 4 wt. %. Primary and secondary garnets.in the
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TABLE 5. TRACE ELEMENT COMTENTS OF MUSCOVITE SEPARATES (ppm)

LAMOTTE PLUTON
Host rock MG Bri Brd Spa-bii Spd
Sample No. 101° 912 798 TM{E-2 HP9-5
ppm
Cs 18 213 na 234 497
Sc 84 7.7 22 16 0.9
Ta 10 44 n.a 57 103
Rb 1080 4620 6230 9040 7300
Li 2060 5365 1690 4030 1520
F 2050 9630 5430 7140 875

LACORNE PLUTON
Host rock MG MG Brl Bd Spd-bd  Spd-bri  Spd-brl Spd
Sample No. 648" 633° 952 1008 708 711 753 756"
ppm
Cs 46 120 200 422 532 632 390 3680
Sc 83 72 4.4 5 5.5 34 25 0.9
Ta 35 78 64 207 113 a8 110 160
Rb 2100 3100 6540 8290 10600 10700 14800 24600
Li 2890 na 1520 1080 12400 3730 990 27500
F 3376 2804 2797 2804 11220 7245 1697 20780

Host rock. MG: muscovite monzogranite; Brl, Spd: beryl, spodumene pegmatite
“Samples 101 and 648 contain small amounts of biotite, whereas Sample 633 has none

**Lepidolite
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Fig. 8. Plots illustrating the variations of K/Rb. Sc, Rb and Ta with Cs in muscovite.
The muscovite samples from the pegmatites are from border zones, along which the
mineral occurs as cumulate-like aggregates. with the exception of Sample HP9-5 (Table
5). where it is disseminated throughout the pegmatite. The sample with the highest Cs
content is lepidolite, which was collected from a spodumene pegmatite in the Lacorne

pluton.
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TABLE 8. AREPRESENTATIVE COMPOSITIONS OF GARNET

——

. "Blotile monzogranite Two-mica monzogranile  Muscovile monzogranilea . MGG Aplile  Peg
Plon, — (M~ — LC M LM (M __1IC_ _ PR _MH _IC PR MH__ LC
Sample © 797 631 35 796 907 672 314 17 637 473 a0 1001
core fm n=6 nud Nud
8102 3700 3885 J66 36.17 36.80 398.97 38.87 36.27 36.70 30.56 35.83 36.31 38.03
A!z%’ 19.69 19.68 20.15 20.13 20.30 20.50 19.80 19.98 20.43 19.57 20.00 20,31 19.89
o2 020 0.19 0.14 0.12 0.11 0.16
FeO 2189 25.72 19.75 1752 28.72 25.96 20.50 20.56 20.18 19.39 16.37 21.08 18.25
Fe203 1.28 1.36 - 0.70 0.68 1.05 0.61 " 1,27 1.19 0.80
Mgo 0556 0.42 042 028 049 024 0.51 023 029 0.24 0.16 0.30 0.1
MnO 1832 15.07 20.62 2399 13.05 1555 19.87 20.86 20.87 20.24 20.14 20,33 23.29
Ca0 130 1.28 173 1.1% 0.67 1.00 0.78 0.66 1.14 175 0.75 1.30 0.38
Tolal 100.3 100.5 99.97 100 100 100.3 99.50 98.97 99.72 998.02 100.6 99,63 99.35
Number of cations based on 24 oxygen atoms
sl 6.073 6.056 6.021 5.977 6.029 6.049 6.091 6.040 6.017 6.079 5.920 5979 6.082
Al 3.8609 3.808 3.961 3.921 3.919 3.953 3.855 3.917 4.001 3.835 3.904 3.942 23.879
n 0.038 0.024 0.017 0.015 0.014 0.020
" Fol+ 3.004 3.535 2.718 2.422 3,935 3547 2832 2.866 2.794 2.698 2.265 2,903 2525
" Fed+ 0.156 0.169 0.068 0.058 0.130 0.760 0,159 0.149 0.100
Mo 0.135 0.103° 0.103 0.069 0.120 0.083 0.128 0.057 0.072 0,060 0.040 0.073 0.026
Mn: 2.550 2.008 2.874 3.358 1.8%1 2,156 2.781 2,014 2,034 2851 3.883 2.034 3,264
Ca 0.229 0,225 0.305 0.197 0.118 0.175 0.138 0.118 0.203 0.332 0.133 0.230 0.0686
End members Mol, %
Alm 51 89 45 40 66 59 48 46 47 48 a7 48 43
Prp . 2 2 2 1 2 1 2 1 1 1 1 1 0
Grs 3 1 2 3 1 2
Adr 4 4 2 3 2 1 2 2 0 4 2 2 1
Sps 43 as 48 568 30 38 47 49 45 48 60 47 56

Piston heatings asinTable 2  Peg: pegmatite n: number of analyses



monzogranites are indistinguishable on the basis of the major element compositions.
whereas secondary garnets in pegmatite are strongly enriched in Mn (85-90 mol. % Sp).
The primary garnet in most of the monzogranites has a wide compositional range but
only in the Preissac pluton is there any cvidence of svstematic change in garnet
composition with subtype of monzogranite: the garnet in the muscovite-garnct

monzogranite is richer in Mn than that in the muscovite monzogranite (Fig. 9).

Lpidote

Coarsc-grained. euhedral to subhedral crystals of cpidote are invariably
intcrgrown with biotite or chloritized biotite. and the contacts between the two minerals
vary {rom sharp to corroded (Fig. 4B). Smaller grains replaced plagioclase and
muscovite. Epidote, which replaced biotite. is richer in ferric iron than epidote which
replaced plagioclase or muscovite: the atomic ratio Fe* /(Fe™ + Al) varies from 0.26 to
0.33 vs. 0.22 10 0.24. respectively (Table 7). Epidote from biotite schist in contact with
the Preissac two-mica monzogranite has a consistent Fe*'/(Fe** + Al) ratio of 0.24. The
higher ratio. according to Naney (1983) and Tulloch (1979). reflects a magmatic origin.
and the lower ratio a hydrothermal origin. On textural grounds. we conclude that
cpidote in the Preissac-Lacorne monzogranites is secondary and that the Fe¥*/(Fe** + Al)
ratio depends simply on the nature of the mineral replaced. i.e.. we do not believe that
this chemical criterion can be used to distinguish primary from secondary epidote. This
opinion is supported by data for epidote in granitic rocks from Nova Scotia and the
southern Appalachians. This epidote is believed to be magmatic on textural groﬁnds.
vel its Fe*/(Fe** + Al) ratio ranges from 0%‘1 t0 0.29 (Farrow & Barr 1992). and from
0.24 to 0.33 (Vyhnal et al. 1991). respectively.

Iron-titanium oxides and titanite

The compo-sition of magnetite does not vary from one monzogranite subtype to
the next. and is very close to Fe;0,. Primary and secondary crystals of ilmenite have
essentially the same compositions, and contain significant amounts of MnO (from 4 to

A



Fig. 9. Compositions of garnet recalculated to 100 mol. % in terms of end-members
almandine (Alm), pyrope (Prp), and spessartine (Sps). The shaded area shows the range

of garnet compositions compiled by Clarke (1981) for other peraluminous granites.
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TABLE 7. REPRESENTATIVE COMPOSITIONS OF EPIDOTE

Host rock "BG 2MG MG BG MG SC
“Pluton M _LC_ Lc_ —PR__MH LM __LC_ L6 _ —PR_ _IC__LC
Sample 908 613 620 902 26 791 673 707 302 614 603 921
Texture 1 1 1 2 | 9 1 2 2 3 4 1
8i02 38,10 38.44 38.32  39.23 38.06 38,00 38.05 38,30  38.88 39.57 39.20 38.76
TiO2 012 1.18 0.30 0.13 0.22 0.19
Al203 22,26 2231 2183 23.68 2277 2248 21.69 2258 23.00 23,79 24.83 23.85
Fe203 . 13.68. 12,86 14.40 12,78 13.16 14.10 15,20 13.44 13.34 11,72 1095 11.52
MnO 0.26 0.46 0.25 0.61 061 023 027 0.46 0.45 0.85 0.16 0.31
Ca0 23.05 22.67 2210 2252 2237 23,06 22.77 22.77 22.63 22.17 22.98 22.15
Total 97.47 9790 97.20 98,82 97.10 98.08 97.98 97.74  98.20 98.10 98.12 96,59
Number of cations based on 13 oxygen atoms
Si 3,051 3.177 3,497  3.297 3.277 3.029 3.163 3.176  3.303 3.237 3.196 3.214
T 0.007 0.072 0.019 0.008 0.013 0.012
Al 2101 2174 2,147 2345 2311 2110 2126 2207 2.304 2,204 2,387 2.331
Fed+ 0.825 0.800 0.904 0.809 0.853 0.845 0.951 0.839 0.853 0.721 0.672 0.719
Mn 0.017 0.032 0.018  0.043 0,044 0.016 0.019 0.032 0.033 0.059 0.011 0.022
Ca 1978 2.008 1,974  2.028 2.064 1.967 2.028 2.023 2,050 1.043 2,008 1.968
A 0.28 0.27 0.30 0.26 0.27 0.28 0.31 0.28 0.27 0.24 0.22 0.24
A Fa+i(Fed+ 4

Pluton headings as in Table 1
Host rock; BG, blotite monzogranite; 2MG, two-mica monzogranite; MG, muscovite monzogranite, SC, schist

Texture: 1, coexist with blotite and feldspar; 2, coexist with primary muscevite; 3, Interstitial;

4, replacing plagloctase



11.5 wt.%). In albitite dikes. this mineral contains up to 1.2 w1.% Ta,0O.. Neither
magnetite nor ilmenite hosts any cxsolved phases (Figs. 4F-G). Primary titanite
contains very little or negligible amounts of MnO. higher SiO, and lower TiO, than
seccondary titanite.  The latter. together with chlorite. replaced biotite.  The primary

titanite crystals contain minor niobium.
DISCUSSION

Evolution of the AFM mincrals

We have used the parageneses and compositions of the AFM mineral
assemblages (biotite. muscovite. garnet) in the various subtypes of the monzogranite and
the corresponding AFM liquidus topologies of Abbott (1985) to trace the reactions
which arc believed to have taken place during the course of crystallization of the
monzogranitic magma (cf. Speer & Becker 1992) (Fig. 10).

The presence of included biotite in the Lamotte and Lacome biotite
monzogranite (Preissac pluton only). The initial composition of the liquid is indicated
by the number 1. and the paths of the crystallization are shown with arrows.
monzogranite suggests the reaction liquid — Bio. By contrast. evidence for
contcmporaneous crystallizaﬁon of included biotite and muscovite in the Preissac
two-mica monzogranite and in the Moly Hill bictite monzogranite indicate that the
liquid of these intrusions was on the thrée—phase surface. liquid-Bio-Mus, precipitating
the two micas by the reaction liquid — Bio + Mus, The final assemblage in the Moly
Hill biotite monzogranite consisted of biotite and muscovite. indicating that the reaction
continued until the consolidation of the monzogranite (Fig. 10B). After the inclusion
micas had formed in the Preissac, Lamotte and Lacorne plutons. the liquid crystallized
the more abundant interstitial biotite and isolated musv;:ovite. ‘The final AFM minerals
to crystallize were muscovite' and garnet. The appwrance' of late gamet was a
consequence of the crystallization .of the micas and Mn-poc;r magnetite. which increased
the Mn/(Mﬁ + Fe + Mg) of the liquid. because of the intolerance of biotite for-high
Mn* (Abbott 1985). |
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Fig. 10 A. Compositions of the liquidus AFM minerals (biotite, muscovite, garnet)
plotted on an A (Al,0;-Ca0-N2,0-K,0) F (FeO + MnO) M (MgO) ternary diagram,
and the corresponding liquidus AFM diagram, B, (after Abbott 1985). Coexisting
minerals are indicated by tie lines. Solid square: biotite monzogranite, open square:
two-mica monzogranite, open circle: muscovite monzogranite, triangle: muscovite-gamet
monzogranite (Preissac pluton only). The initial composition of the liquid is indicated

by the number 1, and the paths of the crystallization are shown with arrows.
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The occurrence of Mus + Gar suggests that the remaining liquid only moved
onto the Mus + Gar cotectic surface from the three-phase cotectic, liquid + Bio + Mus,
through the four-phasc peritectic, liquid + Bio + Mus + Gar. There is no evidence o
indicate whether the reaction. liquid — Bio + Mus + Gar, or liquid + Bio + Mus —
Gar. occurred. 1t thus follows that after crystailization of biotite, the tinal liguid must
have been on the Mus + Gar cotectic surface. precipitating both minerals by the
reaction. liquid — Mus + Gar. until the final consolidation of the monzogranitic
magma.

In conclusion, crystallization of the monzogranites in the Preissac-Lacorne
plutons proceeded by the same sequence of reactions: liquid - Bio. liquid = Bio +
Mus. liquid — Mus + Gar. with the exception of the Moly Hill biotite monzogranite
and Preissac muscovite monzogranite. in which crystilization involved only one

reaction. liquid — Bio + Mus. and liquid — Mus + Gar. respectively.

P-T conditions of crystallization

The pressure of emplacement of the Preissac-Lacorne monzogranites, based on
phase equilibrium estimates of the contact metamorphic conditions (Powell ot al. 1994)
was probably in the order of 3.5 kbar. A minimum estimate of the pressure is 2.1 kbar.
which corresponds to the lower pressure stability limit of the assemblage spodumenc
+ quartz (London 1984). The temperature of emplacement has been estimated from
mineral-mineral exchange reactions. experimental data for the saturation of monazite
and zircon in felsic magmas, and oxygen isotopic f{ractionation between mineral pairs
(Table 8). The muscovite-biotite (Hoisch 1989). garnet-biotite (Williams & Grambling
1990). and plagioclase-K-feldspar (Brown & Parscas 1981) geothermometers, applied
to mineral pairs in the various subtypes of monzogranite. all yield similar subsolidus
temperatures of 320-450°C. By contrast. the monazite and zircon "geothermometers”,
which are based on the solubility of these minerals in the magma (Rapp et al. 1987,
Watson & Harrison 1983). yield temperatures of 680 and 780°('; in the biotite
monzogranite and about 665°C and 660-750°C in the muscovite monzogranite,
respectively. : _
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TABLE 8. INFERRED TEMPERATURE OF CRYSTALLIZATION BASED ON
QXYGEN ISOTOPE AND SATURATION OF MONAZITE AND ZIRCON

Pluton Mineral _ __Temperature in °C
pair Biotite @~ Two-mica Muscovite Vein
monzogranite _
Preissac Aqtz-mus 514-576
Aqtz-gar 695
Monazite nc 680
Zircon ne 765 750
Moly Hill Aqtz-mus 540-593
Aqtz-gar 580
Monazite 690 700 675
Zircon 777 750 730
Lamotte Monazite 680 680 670
Zircon 780 740 660
- Lacome  Monazite 685 670 665
- Zircon 780 750 750

gtz: quartz, grt: gamet, ms: muscovite

Source of data: Preissac vein (Taner 1989); Moly Hill vein (Mulja et al. 1980);
others (Feng 1992)

nc: not calculated due to the altered nature of the rock {(described in text)
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The higher temperature given by the zircon geothermometer can be attributed
to the fact that zircon is one of the earlicst minerals to crvstallize, e the 780 °C
temperature is probably close to that of the liquidus of the monzograntic magma. The
lower temperature for the monazite geothermometer retlects ervstallization closer to the
solidus or LREE undersaturation of the melt (Scailiet et al. 1990). This deduction is
consistent with the paragenesis of monazite, which occurs mostly as an interstitial
phase. Furthermore. the lower temperature is similar to the isotopic temperature of
695°C (quarlz-garnet) obtained tor the two-mica monzogranite of the Pretssac pluton.
Since both garnet and quartz are late minerals. the isotopic temperature most likely
reflects the near solidus temperature of the monzogranite. A minimum for the solidus
temperature is provided by the isotopic temperature of 593°C (quartz-muscovite) for the
quartz vein (Table 8). The solidus temperature of the muscovite monzogranite must
have been higher than that of vein formation. i.e.. > 593°C. This minimum cstimate
of the solidus temperature is about 40°C lower than that experimentally determined tor
H,O-saturatedgranite by Johannes and Holtz (1991). Although cxperimental studics by
Manning (1981) and Martin (1983) showed that F and Li lower the liquidus and solidus
temperatures of granitic melts (e.g. 35°C with | wt.% F and 25°C with 1 wt.% Li,0).
this would not have been a factor for the Preissac-Lacorne monzogranites, which
contain low contents of F and Li. 0.05 and 0.1 wt.%. respectively (Mulja ct al. 1995).

Thus. in summary. the above data suggest that the monzogranites in the
Preissac-Lacorne batholith were emplaced at temperatures of 750 to 650 °C and a
pressure of 3.5 kbar.

Processes controlling monzogranite crystallization and emplacement

From the data which have been presented above, it is clear that the biotite
monzogranite is the least differentiated and the muscovite monzogmnité the most
differentiated of the principal intrusive phases in the Preissac-Lacorne plutons: In going
from biotite to muscovite monzogranite there is a change in mincralogy -from biotite to
garnet, oligoclase to albite, and niobium-bearing titanite to columbite-tantalite. Parallel

with these mineralogical changes. the An content of plagioclase decreases, the Fe/(Fe
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+ Mg) of biotite increases, and the Al content of muscovite increases.  The only
exception to this is in the Preissac pluton where the biotite monzogranite is anomalous
relative to the other subtypes of monzogranite.  As mentioned carlier. the biotite
monzogranite occurs only as a thin marginal facies of the muscovite monzogranite. and
the extent of the intrusion is unknown. Its contacts with the muscovite monzogranite
are sharp in some localitics and arc scparated by quartz. + K-feldspar veins in others.
These ficld relationships imply two scparate pulses of magma.  However. due o the
abscnee of cross-cutting relationships. the sequence of intrusion is not known.  The
Preissac biotite monzogranite is therefore exciuded trom the following discussion.

In the Lamotte pluton. and to a lesser extent in the Lacorne pluton, there is a
clear inward zonation from biotitc monzogranite (least evolved) o0 muscovite
monzogranite (most cvolved) in the core. Similar zonal distributions ol intrusive facices
have been documented for a number of granitic intrusions. ¢.g. the Tuolumne Intrusive
Series. California (Bateman & Chappell 1979). the Blue Tier batholith. Tasmania
(McCarthy & Groves 1979). and the Loch Doon pluton. Scotland (Tindle & Pearce
1981). and in each of these intrusions the sequence of crvstallization was from a
marginal biotite facies to a muscovite facics. These spatial and temporal relationships
have been interpreted as evidence for side-wall fractional crvstallization being the main
mechanism of differentiation. While we belicve that the process of (ractional
crystallization also explains various mineralogical and petrological characteristics of the
monzogranite plutons in the Preissac-Lacome batholith. we do not think that this
mechanism was restricted to side-wall crystallization. The rcasons are the lack of
biotite monzogranite in the northern part of the Lamotte pluton and the trends of Fe/(Fe
+ Mg) of biotite and An content of plagioclase across the Lacorne pluton (Fig. 6). The
latter suggests that the direction of the crystallization did not occur uniformly across the
pluton. Independent side-wall crystallization scems to have taken place in both cnds
of the pluton.

The Preissac and Moly Hill plutons are not concentrically zoned. However, the
variations in mineralogy and mineral chemistry arc similar to those observed in the

Lamotte and Lacomne plutons, Moreover, in the case of the Moly Hill pluton, there is
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a gradual transition from  the two-mica monzogranite to the muscovite monzogranite,
Giradual transitions {from one subtype of monzogranite o another are also observed in
the northern part of the Lacorne pluton where the biotite monzogranite grades
impereeptibly into two-mica monzogranite. Such transitions are consistent with the
maodel of fractional crystallization proposed above.

In all four plutons. biotite was the carliest AFM mineral to cryvstallize, thercby
depleting the magma in Mg/(Mg + Fc) and in F. Such deplctions are documented by
the incrcase in the Fe/(Fe + Mg) ratio and decrease in the F content of biotite, from
biotitc monzogranite to two-mica monzogranite, and the decrease in Ti from included
to interstitial biotite. They are also documented by similar wrends of Fe/(Fe + Mg) and
F for muscovitc from two-mica to muscovite monzogranite. Early biotite was
accompanied by crystallization of the most calcic plagioclase (oligoclase). which served
to deplete the magma in Ca.  Crystallization of biotite and oligoclase caused higher
Fe/(Fe + Mg) and Na/(Na + K). thereby promoting the crvstallization of muscovite.
garnct. and albitic plagioclase.

Although the process of fractional crystallization is supported by the
gcochemistry of the monzogranite (Mulja et al. 1995) and the preceding paragraphs
have stressed the importance of gradational boundaries between monzogranite subtypes.
many of the contacts are fracture-bounded or unexposed. and at least one. between
muscovite-garnct monzogranite and muscovite monzogranite (Preissac pluton). is clearly
intrusive. The two-mica monzogranite in the northeastern part of the Lacorne pluton
(labeled Valor) differs texturally from. and has an uncertain spatial relationship to. the
two-mica monzogranite in the main mass (Fig. 2D). Thus. the muscovite-garnet
monzogranite and the Valor two-mica monzogranite in the Preissac and Lacorne
plutons. respectively. are likely to represent different pulses of magma.

If the various subtypes of monzogranite were the products of fractional
crystallization as proposed above, then differentiaion must have preceded local
fracturing and magma emplacement. While plutonism can induce emplacement fractures
(Castro 1987). there is no simple explanation available in the literature for how each

body of magma ts segregated into a fracture-bounded mass. A possible explanation is
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that of MecCarthy and Groves (1979), who proposed that the fault-bounded cogenctic
rocks in the Blue Ticr batholith (Tasmania) were the result of perindie tectonic
disturbances which causcd the rest magma to locally reintrude carlier crvstallized units.
In this scenario, the separated melts began to ervstallize independently. c.g. the Lacorne

biotite monzogranite.

Relationships between monzogranite and rare-clement pegmeatites

The most cvolved members of the plutons are the pegmatites. which are
characterized by plagioclase with the lowest An content. muscovite with the highest Al
content. the most spessartine-rich garnet, and the absence of biotite.  Trace clement
contents of the muscovite from the muscovite monzogranite to various subtvpes of
rare-clement pegmatite form a systematic trend that suggests petrogenctic linkage
between the two rock types by differentiation (Table 5: Fig. 8). Thesc trends are
consistent with a process of differentiation in which the residual liquid is progressively
enriched in Cs. Rb. and Ta. and depleted in Sc. This. in turn, suggests that the
muscovite monzogranitc and pegmatites arc co-magmatic. The above trends are also
cvident among the different types of rarc-clement pegmatites, ic.. beryl-bearing
pegmatites have higher K/Rb. Sc. and lower Cs. Rb. and Ta contents than
spodumene-bearing pegmatites: these components have intermediate concentrations in
the spodumene-beryl-bearing pegmatites. This interpretation is corroborated by the
chemical composition of columbite-tantalite which evolved from ferrocolumbite in beryl
pegmatite to manganotantalite and ixiolite in spodumenc pegmatites (Mulja ct al. 1993),
and by the whole rock geochemistry of the pegmatites {Mulja et al. 1995). Therefore.
the residual melts from fractional crystallization of the monzogranitic magma continued
to differentiate to form the pegmatites.

CONCLUSIONS ' -

1. The monzogranitic plutons (Preissac. Moly Hill. Lamotte. Lacorne) of the

Preissac-Lacome batholith were emplaced at a pressure of 3.5 kbar, and crystallized
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over o temperature range from 750 to 650°C.

2. These plutons vary from bietite through two-mica to muscovite monzogranite
subtypes. which display gradational. intrusive. and fracturc-bounded contacts.

3. Field relations and systematic mineralogical and mincral-chemical variations
within and between the monzogranite subtypes are interpreted to have been produced
mainly by fractional crystallization. and subordinately by intrusion of different batches
of magma, The former process caused the carly fractionation of oligoclase. biotite and
Fe-Ti oxides. and the later crystallization of albite, garnet and muscovite.

4. The end stage of fractional crystallization was marked by the occurrence of

bervl, spodumene and columbite-tantalite in pegmatites.
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ABSTRACT

The Archean Preissac-Lacorne batholith in northwestern Québee includes four
felsic plutons (Preissac. Moly Hill. Lamotte, Lacorne). which are zoned (rom biotite to
muscovite monzogranite. The Lamotte and Lacorne piutons are also associated spaially
with rare-clement pegmatites. whereas pegmatites are absent from the Moly Hill pluton
and do not contain rare-clement minerals in the Preissac pluton.  The rare-clement
pegmatites are zonally distributed from beryl-bearing in the plutons to spodumenc-bearing
in the country rocks. Molybenite-bearing quartz veins are associated with all four plutons,
and in the case of the Lamotte and Lacornc plutons, occur beyond the spodumene
pegmatites. Molybdenite-bearing albititc dikes occur north of the Lacorne pluton.

All the plutons are weakly to moderately peraluminous (A/CNK: 1.0-1.3) and
exhibit a compositional continuum in major- and trace-clement conteats from biotite to
muscovite monzogranite. This compositional continuum cxtends into the rarc-clement

gmatites, indicating that the monzogranites and pegmatites are comagmatic. The
chemistry of the pegmatites suggests that they underwent further cvolution from beryl-
bearing to spodumene-bearing varictics. The monzogranites and pegmatites have
8O smoiw, values (8.6 = 0.3 %o). |

The zonation of the plutons, the geochemical trends, and the oxygen isotopic
compositions indicate that the various types of monzogranitc were mainly the products
of fractional crystallization. Trace element (Rb, Ba, Sr) modeling of the Lamotte and
Lacorne plutons suggests that the most fractionated monzogranite could have been formed
by 80-90 % crystallization of the magma that formed the biotitc monzogranite. A model
" is proposed for the evolution of the Lamotte and Lacorne plutons, in which side-wall
crystallization produced the observed quasi-concentric zonation, and created volatile-rich
residual melts. These melts were subsequently injected chucntially into the overlying
parental monzogranite and later the country rocks, producing zonally disn'ib-txtcd bery! and
spodumeﬁe pegmatites, respectively. Fluids exsolved from the most evolved pegmatites
back-reacted with earlier-crystallized spodumene-bearing aplite to form_albitite, or
separated from the melts, filling fractures as molybdcnite-béaring quartz veins. The
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smaller Preissac and Moly Hill plutons, which host molybdenite-bearing quartz veins, did
not evolve sulficiently to form rare-clement pegmatites. Vapor saturation occurred during
lute crystallization of the muscovite monzogranite, and culminated in the formation of
molybdenite-bearing  quartz veins, which filled fractures in the overlying crust of

previously solidified magma.
Kevwords: rare-clement monzogranite, beryl and spodumene pegmatites. molybdenite-

bearing albitite and quartz veins, gecochemistry, fractional crystallization, Preissac-Lacorne

batholith, Archcan. Québec,
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INTRODUCTION

Recent investigations of rarc-clement-coriched granites and granitic pegmatites
have been concerned mainly with the veey late stages of the evolution of the magnui,
particularly the transition to subsolidus processes (e.g.. Cerny et al. 1986, London 1980,
Trumbull 1993, Linnen & Williams-Jones 1994).  However, comparatively fow studies
have focused on the carly history of magmatic erystallization (e.g.. Goad & Cerny 1981,
Breaks & Moore 1992, Shearer et al. 1992), which controls the pattern of subsequent
cnrichment of the residual melt in clements of economic importance (Burnham & Ohmoto
1980). Another feature that is poorly documented is the zonal distribution of bodies of
granitic pegmatite with respect to their predominant rarc-clemeni-bearing minerals, ¢.g..
the occurrence of beryl-bearing granitic pegmatite within and close to the parental piuton,
and of spodumene-bearing granitic pegmatite further away, in the country rocks.

The Preissac-Lacome batholith in Québec (Fig. 1) contains several excellent
examples of zoned monzogranitic intrusions and associated bodies ol rare-clement-
enriched granitic pegmatite and Mo-bearing quartz veins. The monzogranites vary from
biotite- to muscovite-bearing varieties, and show continuous variations in plagioclase,
biotite and muscovite compositions, suggesting that the various subtypes of monzogranite
are comagmatic (Mulja et al. 1995b). This compositional continuity cxtends Lo the bodies
of rare-clement pegmatite, thereby linking the cvolution of the monzogranite to the
formation of the Be-, Li-, Nb- and Ta-enriched pegmatites. The distribution of pegmatiie
bodies is zoned from beryl-bearing varicties within the monzogranitic plutons to
spodumene-bearing varicties in the country rocks (Figs. 1A-D). Previous investigators
(Dawson 1966, Bourne & Danis 1987, Feng & Kerrich 1992) have presented some
geochemical data on the Preissac-Lacorne monzogranites, but have not distinguished
between monzogranite types (cf. Mulja et al. 1995b) or analyzed the associated
pegmatites. In this study, results of 85 chemical analyses of sz‘implcs representing the
various subtypes of monzogranite and pegmatite are used to decipher the geochemical

evolution of the plutons. These data are integrated with geological and mineralogical
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Fig. 1. Geological map of the Preissac-Lacome batholith in northwestern Quebec, showing
the locations of four monzogranitic plutons (after Dawson 1966) and the various subtypes
of monzogranite and pegmatite (after Mulja et al. 1995b) The exposure of biotite (B)
and muscovite-garnet (MGG) monzogranites in the Preissac pluton (B) are too small to
be shown; the biotite monzogranite occurs as a narrow marginal facies of the muscovite
monzogranite (MG), and the muscovite-garmet monzogranite occurs as dikes cutting the
muscovite monzogranite in the northeast. A north-south (N-S) traverse along the length
of the Lacome pluton (D) is a reference for Figure 4. The boundaries of the plutons are
based on the locations of the outermost occurrences of granitic rocks (Dawson 1966).
Abbreviations are: Ab, Albitite; Brl, beryl pegmatite; Mo, molybdenite-bearing quartz
veins; Spd, spodumene pegmatite; MBP, Mass Beryl Pegmatite (name of a prospect); QL-
Spd, former Québec Lithium mine, about 7 km from the margin of the map.
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data (Mulja et al. 1995b) to develop @ model that explains the processes responsible for
the development of zoned rare-clement-enriched granitic systems in and around the

Preissac-Lacorne batholith.
GEOLOGICAL SETTING AND MINERALOGY QOF THE MONZOGRANITE

The Preissac-Lacorne batholith crops out over an arca of approximately 600 km®
in the southern Abitibi subprovince of the Superior province. and was emplaced in mafic
to felsic volcanic rocks of the Kinojevis and Malartic groups, and biotite schist of the
Kewagama Group (Fig. 1: Dawson 1966). Intrusive activity took place in two stages: the
first stage at 2671-2675 Ma (Feng & Kerrich 1991) was marked by the emplacement of
syntectonic gabbro to granodiorite, and the second stage at 2630-2655 Ma (Gariépy &
Allegre 1985. Feng & Kerrich 1991, Feng et al. 1993) by the emplacement of post-
tectonic monzogranite and pegmatite. This plutonism is believed to have occurred late
in the development of the Abitibi Greenstone belt. and to have involved collision of
continents in a convergent-plate setting (Dimroth et al. 1983). The early Preissac-Lacorne
intrusions are interpreted to represent partial melting of a mantle wedge above a
subduction zone, and the later intrusions, to be products of the melting of sedimentary
rocks, which were part of a continental crust thickened by collision (Feng & Kerrich
1992).

The monzogranite forms four plutons, two of which, Lamotte and Lacorne, host
and are surrounded by numerous rare-element-enriched pegmatite bodies. The other
plutons, Preissac and Moly Hill, are associated with fewer bodies of pegmatite, most of
which do not contain rare-element-bearing minerals. Molybdenite-bearing quartz veins
and stockworks occur in or near all of the plutons.

Detailed mapping by Mulja et al. (19951)) has shown that each of the monzogranite

.plutons comprises biotite, two-mica and muscovite subtypes. The most westerly pluton,
Preissac, is dominated by two-mica and muscovite monzogranites; biotite monzogranite
occurs only as a narrow marginal facies adjacent to muscovite monzogranite in the

northern part of the pluton. In addition to the principal subtypes of monzogranite, there
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arc also fine-grained dikes of muscovite-garnet monzogranite (Fig. 1A).  Contacts
between the principal subtypes of monzogranite are not exposed. except for that between
biotite and muscoviic monzogranite. which is marked by narrow. anastomosing veins (<
20 cm wide) containing quartz and K-feldspar. The three subtypes of monzogranite in
the Moly Hill piuton form discrete bodies. which are separated by sereens of mafic
volcanic rocks and biotite schists. The contact relationships among the monzogranite
subtypes are hidden, except at one locality. near the edge of the muscovite monzogranite.
where there is a gradual transition from two-mica to muscovite monzogranite (Fig. 1B).
Both the Lamotte and Lacomc plutons are quasi-concentrically zoned. with the outer unit
of biotite monzogranitc giving way inward to two-mica and muscovilte monzogranites.
A scparate intrusion of muscovite monzogranite forms an L-shaped dike in the southern
part of the Lacomne pluton. Contacts between subtypes of monzogranite are not exposed.
except in the northern part of the Lacorne pluton. where the biotite monzogranite grades
imperceptibly into two-mica monzogranite.

All subtypes of monzogranite vary from finc- to coarse-grained (crystals up to 0.5
cm across) and consist cssentially of quartz (25-35 vol.%). plagioclase (30-45 %) and
perthitic microcline (25-45 %), cpproximately 5 % biotite + muscovite, up to 3 % garmnct,
and minor epidote. Biotite monzogranite is distinguished from the other types of
monzogranite by the presence of biotite and a lack of primary muscovite: the two-mica
monzogranite contains muscovite and biotite roughly in the proportion 2:1, and muscovite
monzogranite contains little or no biotite. Biotite and garnct show an antithetic
reiationship in the transition from biotitc to muscovite monzogranite. In the
compositional range from biotite to muscovite monzogranite, the plagioclase composition
varies from An,,; to An,, the Fe/(Fe+Mg) of biotite increases from 0.69 to 0.85, and the
Fe/(Fe+Mg) and "YAl of muscovite increase from 0.65 to 0.85 and from 1.55 to 1.72,
atoms per molar unit, respectively. The gamet is a normally zoned spessartine-almandine
solid solution (Spsi.cAlmy,.so) and does not show systematic comp_psitional variations
with monzogranite subtypes. The accessory minerals are xenotime, apatite, zircon,
monazite, titanite, magnetite and ilmenite. In the muscovite and muscovite-garnet

monzogranite subtypes, columbite-tantalite and molybdenite also are present as accessory
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mincrals.  With the ¢xceptions of xenotime and ilmenite, which are present in similar
amounts (£ 0.1 vol.%} in the main subtypes of monzogranite (xeénotime is not present in
the muscovile-garnct monzogranite dike), the abundances of all accessory minerals
decrease systematically from biotite to muscovite monzogranite.

The rarc-clement-enriched pegmatite occurs as vertical to subhorizontal dikes (up
to 8 meters wide and about 200 meters long). which gencrally strike cast-west and
randomly in the Lacome and Lamotte plutons. respectively. On the basis of the
predominant rare~¢lement-hosting minerals. the pegmatite is subdivided into beryl-bearing,
spodumene-beryl-bearing and spodumene-bearing types. In the text that follows, these
types of pegmatite are referred to as beryl. spodumene-beryl and spodumene pegmatites.
These bodies of pegmatite are zonally distributed from beryl pegmatite in the
monzogranite through spodumene-beryl pegmatite at and near the margins of the
monzogranite to spodumene pegmatite in the country rocks (Figs. 1A-D). Beyond the
spodumene pegmatite to the north of the Lacorne pluton is a set of cast-west-trending
dikes of molybdenite-bearing albitite. which occupy fractures in the intercalated schist and
basalt. The albitite dikes vary from 20 cm to 1 m wide and dip steeply 75¢ to the south.

The beryl pegmatite and muscovite monzogranite are mineralogically similar,
except that the pegmatite contains beryl, more garnet (up to 10 vol.%), considerably more
columbite-tantalite (up to ! vol.%), and traces of gahnite. Spodumene-beryl pegmatite
in the Lamotte pluton is distinguished from beryl pegmatite only by the presence of
spodumene in the ceater of the pegmatite. In contrast, spodumene-beryl pegmatite
associated with the Lacorne pluton has spodumene throughout, variable amounts of
lepidolite (up to 5 vol.%). and traces of schorl and pyrophanite. The spodumene
pegmatite  differs mineralogically ficn the spodumene-beryl pegmatite by containing
mucﬁ more spodumene (up to 30 vol.%), much less microcline (<10 vol.%),. less gamet,
nné':\\gcncrally no beryl or lepidolitc. Both beryl and spodumene-beryl pegmatites are
zong}d from a gamet-rich aplite border through an albite-perthite-quartz-muscovite zone
to a massive quartz core. In contrast, spodumene pegmatite bodies are not zoned, or
subtly zoned where large crystals of perthite occur in the innner part of the pegmatite.
The albitite is an almost monomineralic rock, composed mainly of euhedral to subhedral
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albite. variable amounts of molybdenite, and traces of zircon. Ta-cnriched ilmenite and
garnet.

The plagioclase composition in the pegmattite is An,,. and the Fe/{Fe+Mg) and
VAl of muscovite are similar to those of muscovite monzogranite. The Cs content of
muscovite in the muscovitc monzogranite and rarc-clement pegmutites  correlates
positively with the contents o Ta and Rb, and ncgatively with those of Sc and K/Rb.
The composition of columbite-tantalite ranges from ferrocolumbite in beryl pegmatite to

manganotantalitc in spodumenc pegmatite (Mulja et al. 1995a).
GECCHEMISTRY OF THE MONZOGRANITE

Analytical methods

Concentrations of the major and trace clements were determined with X-ray
fluorescence spectrometry at McGill University. the Université de Montréal, and the
Centre de Recherches Minérales du Québec. The concentrations of rarc-carth clements
in selected samples were determined by instrumental ncutron-activation analyscs at the
Universii¢ de Montréal, and by inductively coupled plasma mass spectrometry (1ICP-MS)
at Memorial University of Newfoundland. Twelve whole-rock compositions from Bourne
& Danis (1987) and Feng (1992) were included in this study.

Major and trace elements

The Preissac-Lacorne monzogranites are siliceous (72.4-76.5 wt.% Si0,, Tables
1A, B), and weakly to moderately peraluminou§ [molar ratio Al,O,/(CaO + Na,O + K,O)
1.1-1.3, and 1.2-2.8% normative corundum]. Although there is considerable scatter in thc\
data, generally, the SiO, content increases from biotite to muscovite monzogranite (to
muscovite-garnet monzogranite in the Preissac pluton), whercas the K,0, CaO, MgO,
Fe,O; and TiO, contents decrease (Fig. 2): the Na,0, MnO and ALO, contents arc
invariant. Two exceptions to these generalizations are shown by the Lacomne
monzogranites, where the CaO content is inconsistent with monzogranite types, zu::d the

Si0, content in the muscovite monzogranite dike is Jower than that in the main muscovite
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TABLE 1A. BULK COMPOSITION OF THE PREISSAC AND MOLY HILL PLUTONS

Preissac monzogranite Moly Hill monzogranite

Rock Biotite Two-mica Muscovite MG Biotite Two-mica Muscovite

X n X n X n X n X n
Major-clement oxides (wt. %)
Si0, 724 748 7 755 10 76.1 3 73.8 742 2 754 7
TiO, 0.16 0.10 7 0.04 10 002 3 0.16 0.09 2 0.03 7
ALO; 154 144 7 144 10 142 3 14.6 146 2 145 7
Fe,O; 1.75 086 7 040 10 044 3 1.33 1.60 2 041 7
MnO 0.06 0.04 7 0.02 10 026 2 n.a 0.05 2 na 7
MgO 003 0.19 7 0.10 10 0.06 3 0.31 0.14 2 0.05 7
Ca0 0.5 073 7 0.50 10 029 3 1.26 .10 2 0.61 7
Na,0O  4.21 416 7 427 10 470 3 3.73 433 2 42 7
K;0 5.63 420 7 410 10 3.63 3 4.37 447 2 424 7
P,0; 0.03 003 7 0.04 10 004 3 0.07 003 2 003 7
Trace-elements (ppm)
Ba 6.76 419 5 10 6 4.62 788 236 3 9.5
Rb 450 365 7 496 13 476 2 350 348 3 465 4
Sr 10.5 98 7 95 13 7.81 2 165 57 3 19 4
Zr 33 69 7 58 13 16 2 80 53 2 40 4
Nb 28 22 7 37 13 73 2 15 23 2 225 4
Y 24 12 7 26 13 24 2 8.7 11 3 33 4
Ta 4.82 63 2 56 2 96 2 4 38 3 5.6
Hf 2.76 29 2 1.7 2 26 2 4.5 23 3 1.43
Th 10.4 13 2 789 2 12 2 19.5 14 3 12
Li 91 92 3 30 3 44 134 118 18
Be nd 53 3 225 26 38 2 3

Continued -



Table 1A (continued)
Rare-earth elements (ppm)

La 5.22 212 2 469 2 0.64 50.32 924 2 746
Ce 15.7 36 2 1.7 2 1.67 915 17.7 2 15.6
Pr 1.51 169 2 0.23 9.72 2 2 1.92
Nd 6.23 133 2 6.27 2 0.9 317 7.1 2 744
Sm 247 23 2 21 2 0.88 4.57 1.8 2 238
Eu 0.09 02 2 0.12 2 0.02 0.67 031 2 014
Gd 3.05 197 2 2.08 3.1 1.8 2 261
Tb 0.49 035 2 035 2 0.62 034 0.26 2 0.4
Dy 3.14 21 2 4.22 1.84 153 2 253
Ho 0.6 09 2 036 2 0.7 0.31 027 2 043
Er 1.51 097 2 1.87 0.74 0.77 2 1.18
Tm 0.23 0.8 2 0.15 2 0.35 0.12 0.12 2 0.17
Yb 1.55 1.05 2 091 2 0.64 0.76 2 1
Lu 0.2 0.15 2 012 2 0.36 0.1 011 2 0.14
Z REE 42 76.3 335 14.5 196 43.9 434
EwEu 0.03 0.08 0.06 - 0.01 0.17 0.17 0.06
"o 8.50 850 9

*Including two samples, LC-5 and 6, from Feng (1992), with the exception of the REE
MG: muscovite-garnet monzogranite

E* =(Sm + Gd)/2. Where no data for Gd are reported, its value is approximated by the
intersection of a straight line interpolated values for Sm and Tb.

X: mean; n: number of analyses (blank: one analysis)

Complete REE analyses (14 elements) were determined with the [CP-MS methods, partial

REE analyses were determined with the NAA methods.
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TABLE 1B. BULK COMPOSITION OF THE LAMOTTE AND LACORNE PLUTONS

Lamotte monzogranite

Lacorne monzogranite

Biotite Two-mica Muscovite Biotite Two-mica MG MG 2

X n X n X n X n X n X n X n
Major-clement oxides (wt. %)
Si0, 744 6 75.1 4 76.1 2 745 10 754 8 76.5 2 752 3
TiO, 0086 0044 003 2 009 10 006 8 0.03 2 0.06 3
ALO, 1426 1444 1462 14110 138 8 1402 1483
Fe,0; 074 6 068 4 06 2 13710 082 8 04 2 0.6 3
MnO 0056 0014 016 2 00410 004 8 0072 0063
MgO 0076 0114 009 2 0.16 10 0.10 8 0082 0.043
CaO 0926 0784 033 2 091 10 067 8 0552 0553
Na,0 382 6 404 469 2 39510 4.17 8 4212 4563
KO 4366 4434 339 2 46310 428 8 432 4163
P.O; 0036 0044 0022 00310 002 8 0012 0053
Trace-clements (ppm)
Ba 502 6 145 5 125 2 550 11 154 8 69 2 28 3
Rb 284 6 367 8 455 2 391 11 641 8 4882 703 3
Sr 1106 46.1 8 105 2 118 11 59 8 36.5 2 183 3
Zr 86 35297 18.5 2 79 10 61 8 60 2 40 3
Nb 16 6 179 7 42 2 1610 227 8 2452 4853
Y 176. 1928 425 2 17.2 11 29 8 3052 333
Ta 6.13 4 6 4 12 2 5 8 55 4 45 2 67 3
Hf 293 4 214 215 2 335 8 1.8 3 2 24 2
Th 165 1625 455 2 22 8 21 5 155 2 833
Li 232 5 340 3 78 2 247 8 150 6 165 2 179 3
Be 365 35754 45 2 422 8 58 5 65 2 83
U 413 4 85 73 2 321 8 55 5 46 2 113 3
Ga 215 24 3 34 20 3 23 3 26.5 2 26

Continued



Table 1B (continued)
Rare-earth elements (ppm)

La 1955 1176 5.1 243 3 128 2 935 5.54
Ce 375 5 21 6 16 417 3 274 2 19.2 11.7
Pr 462 3 315 2 24 1.34
Nd 145 8126 8 127 3 116 2 893 473
Sm 215 2336 2. 24 3 323 2 262 1.63
Eu 0365 0236 0.1 038 3 024 2 019 0.14
Gd 222 3 328 2 29 1.93
T 0365 046 09 025 3 055 2 0.5l 0.35
Dy 1.5 3 38 2 37 24
Ho 075 086 15 031 3 073 2 07 0.46
Er 07 3 217 2 21 1.36
Tm 0136 13 011 3 035 2 034 02
Yb 085 1856 22 076 3 244 2 242 1.32
Lu 035 0256 03 012 3 036 2 035 0.16
IREE 75.7 46.9 38 92.1 722 55.7 33.3
AUGa 3639 3150 2272 3852 3196 2796 3012
TWU 4.15 2.23 0.55 7 3.75 34 1.45
EwWE 023 0.13 0.03 0.16 0.07 0.07 0.08
3% 386 852 93 860 3 840 2 830 9.60

*Including three samples, BD-3060, 3061 and 3062, from Danis (1985), and one sample
LC-30 from Feng (1992), with the exception of the REE

MG 1: main muscovite monzogranite; MG 2: muscovite monzogranite dike (see Figure
1D)
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Fig. 2. Plot of major element oxides (wt %) versus SiO, for all types of monzogranite in
the Preissac, Moly Hill, Lamotte and Lacorne plutons. In this and subsequent diagrams,
the symbols of the monzogranite, unless otherwise indicated, are: black square, biotite
monzogranite; white square, two-mica monzogranite; black circle, muscovite
monzogranite; white triangle, dikes of muscovite-garnet monzogranite (Preissac pluton)
and muscovite monzogranite (Lacorne pluton). There is only one data point for biotite
monzogranite of the Preissac pluton owing to the small exposure of the rock (Fig.l, and
Mulja et al. 1985b). The bulk-rock chemistry of the biotite monzogranite therefore cannot

be assessed in the present paper.
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monzogranite. The concentration of Ba. Sr and Th decreases trom biotite to muscovite
monzogranite (Fig. 3). The Zr content also decreases, but only in the Lamotte and
Lacorne plutons.  In contrast. the Rb content inereases from biotite to muscovite
monzogranite. and the content of Nb is highest in muscovite monzogranite.  The
concentration of trace clements, other than those mentioned above, and of Li, Be, U, Ga,
F and REE, which arc discussed below. do not exhibit systematic trends with
monzogranite type.

Besides varying with monzogranite type. the contents of Ba and Sr also vary
spatially within the Lacorne pluton. In the northern part of the pluton, their contents
decrease toward the two-mica monzogranite (Fig. 4). On the other hand, in the southern
biotitc monzogranite. Ba and Sr contents decrease inward from the muarging of the
intrusion.

The distribution of bodics of spodumene pegmatite. i.c.. their restriction o the
Lamotie and Lacorne plutons. is reflected in the relative contents of Li in the
monzogranites of the four plutons. The content of this clement in cach of the
monzogranite types in the Preissac and Moly Hill plutons is low relative to that in the
corresponding monzogranites in the Lamotte and Lacorne plutons. Morcover. the content
of Li in the muscovite monzogranite of each pluton is markedly lower than that of the
other types of monzogranite. In the Preissac and Moly Hill plutons, the contents ol Li
averaged over biotite and two-mica monzogranites arc 92 = |2 ppm and 126 £ 11 ppm.
respectively. In contrast, the corresponding values in the Lamotte and Lacorne plutons
are 265 + 107 and 202 + 124 ppm. The contents of Li in muscovite monzogranite for
the four plutons are 30 + 2 ppm (Preissac), 18 ppm (Moly Hill). 78 + 32 ppm (Lamotic)
and 173 = 70 ppm (Lacome, including the muscovite monzogranite dike). The
distribution of Be is much more uniform among the four plutons, and does not vary
appreciably with monzogranite type. However, it may be significant that the Be content
is lowest in the Moly Hill pluton 3 £+ 0.6 ppm versus 4 + 14,45+ 18 and 5.5+ 1.8
ppm in the Preissac, Lamotte and Lacorne plutons, respectively); the Moly Hill pluton is
the only one that does not contain beryl.
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Fig. 3. Plot of trace-element contents (ppm) versus SiQO, for all types of monzogranite in

the Preissac, Moly Hill, Lamotte and Lacorne plutons.
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Fig. 4. Bulk-rock contents of Ba and Sr along a north-south traverse (N-S) in the Lacorne-
pluton (Fig. 1), showing chemical trends from biotite to muscovite monzogranite in the

northern part of the pluton, and from the margins to the center of the southern biotite

monzogranite.
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Concentrations of U and Ga were determined only for the Lamotte and Lacorne
monzogranites, and were found to inercase systematically from biotite to muscovite
monzogranite (Table 1B). The average Th/U values in the Lamotte and Lacorne plutons
decrease from 5.4 and 7 in biotite monzogranite. through 2.2 and 39 in two-mica
monzogranite, to 0.535 and 0.4 in muscovite monzogranite. respectively. In the same order
of types of monzogranite. the mean values of Al/Ga decrease: 3639 — 3150 — 2272 in
the Lamotte pluton. and 3852 - 3196 — 2796 in the Lacome pluton.

The fluorine content was cstablished in only three samples of two-mica
monzogranite and two samples of muscovite monzogranite. all from the Lacorne pluton.
The average F content 15 0.03 wt.%. and does not vary with rock type.

The sum of the rare-carth elements is low. less than 100 ppm. in all subtypes of
monzogranite. except for the Moly Hill biotitc monzogranite, where it is approximately
200 ppm (Tables 1A, B). Chondritc-normalized profiles display light rare-carth
enrichment and negative Eu anomalies. and there is a general tendency for the  profiles
to flatten and the Eu anomaly to become increasingly negative from biotite to muscovite

monzogranite (Fig. 5).
GEOCHEMISTRY OF THE PEGMATITES AND ALBITITES

Major and trace elements

Only a small number of the occurrences of spodumene pegmatite in the-Lamotte
pluton, and of beryl and spodumene pegmatites in the Lacorne pluton, could be analyzed
(rare-element pegmatites do not occur in the Preissac and Moly Hill plutons), owing to
the difficulty of obtaining representative bulk-samples of these very coarsc-grained rocks,
In order to minimize the problem of sample heterogencity, approximately 4 kg of material
were collected from channels cut across small bodies of pegmatite (< | m wide).

The beryl pegmatite in the Lacorne pluton contains 73.5 to 77 wt.% SiO, (most
samples contain between 76 and 77 wt% SiO,), and thus is indistinguishable in terms of
SiO, content from the muscovite monzogranite (Tables 1B, 2). The spodumene pegmatite

in the Lacome and Lamotte plutons contains 73-74 wt.% and 74 wt.% SiO,, respectively.
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Fig. 5. Chondrite-normalized REE profiles for the subtypes of monzogranite in all four
plutons. The chondrite values are those recommended by Boynton (1984).
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TABLE 2. BULK COMPOSITION OF PEGMATITE AND ALBITITE

Pluton Lamotte Lacome
Rock Spd Brl Spd Ab | Ab2

X n X n X n X n
Major-element oxides (wt. %)
Si0; 744 2 759 4 736 69 4 68 2
TiO, 0.01 2 0.02 4 0.01 001 4 002 2
Al,Os 16 2 146 4 16 194 4 20.1 2
Fe,0; 097 2 051 4 0.16 0.16 4 011 2
MnO 0.6 2 03 4 013 007 4 02 2
MgO 024 2 0.03 4 001 001 4 0.01 2
Ca0 027 2 03 4 006 053 4 0.13 2
Na,O 391 2 513 4 431 10.1 4 108 2
K:0 202 2 312 4 4 009 4 03 2
P.Os 001 2 002 4 0.04 003 4 005 2
Trace-elements (ppm)
Ba 10 2 263 4 32 43 4 67 2
Rb 1104 2 853 4 4875 136 4 225 2
Sr 22 2 313 4 53 72 4 511 2
Zr 26 2 42 4 7 31 4 55 2
Nb 60 2 95 4 50 457 4 44 2
Y 145 2 15 4 0.6 255 4 225 2
Ta 43 60 4 67 225 2 122 2
Th 24 9.5 4 2 4 S
U 1.7 18 4 5.5 12
Ga 46 2 43 4 57 2 60 2
Li 6735 2 257 4 65 2 6 2

Continued



Table 2 (continued)

Aplite
Rare-earth elements (ppm)
La 08 2 5.72 0.2 1.86 0.96
Ce 1.75 2 18 0.52 3.35 3.22
Pr 271 0.06 0.37 0.51
Nd 35 2 10.5 0.24 1.63 2
Sm 0.65 2 8.68 0.34 1.18 1.81
Eu 0.1 2 0.03 0.01 0.06 0.05
Gd 5.63 0.33 1.02 1.43
To 0.15 2 0.63 0.06 0.19 0.16
Dy 1.62 0.18 0.68 0.47
Ho 035 2 0.13 0.02 0.06 0.05
Er 0.19 0.02 0.11 0.1
Tm 0.02 0.01 0.02 0.01
Yb 0.2 0.12 0.06 0.16 0.05
Lu 01 2 0.02 0.01 0.03 0.02
ZREE 7.6 54 2.06 10.7 10.8
Al/Ga 1806 1826
Th/U 14 0.58
EwEu 0.21 0.004 .0.03 0.05 0.031

5% 83 8795  7.6-103 88 2

Brl: beryl pegmatite; Spd: spodumene pegmatite; Ab: albitite
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Harker diagrams of major-clement oxides against SiO, for the muscovite
monzogranitc and the pegmatites do not show any significant variations except for NwK,
which is slightly higher in beryl pegmatite. The contents of Ba. Y and Th decrease,
whereas those of Rb and Ga increase, from muscovite monzogranite to spodumene
pegmatite in both plutons (Fig. 6). The contents of Zr and Hf decrcasc in the Lacorne
pluton but incrcase in the Lamotte pluton from muscovite monzogranite to spodumene
pcgmatite. The content of Sr decreases initially from the monzogranite to the beryl
pegmatite, but then increases in the spodumene pegmatite, in the Lacome pluton. A
possible explanation for the high Sr content of the spodumene pegmatite is the breakdown
of radiogenic Rb (cf. Clark & Cerny 1987). In the Lamotte pluton, the Sr content is
higher in the spodumene pegmatite than in the muscovite monzogranite. The content of
Nb increases from the monzogranite to the beryl pegmatite, and then drops in the
spodumene pegmatite. This sharp decrease is reflected by the presence of tantalite .as
opposcd to columbite in the latter pegmatite (Mulja et al. 1995b). In the Lamotte pluton.
the Nb content is higher in the spodumene pegmatite than in the muscovite monzogranite.

The X REE content of beryl pegmatite (Lacomne pluton) is similar to that of
muscovite monzogranite (54 versus 56 ppm). However, the 3. REE content of spodumene
pegmatite in both plutons is sharply lower at 2.06 ppm (Lacorne) and 7.6 ppm (Lamotte).
Both beryl and spodumene pegmatites display chondrite-normalized gull-wing profiles as
a result of depletions of LREE and HREE (Figs. 7A, B). An aplite dike, which cuts the
L-shaped muscovite monzogranite dike in the Lacorne pluton, has a chondrite-normalized
REE pattern similar to that of the pegmatites (Fig. 7B).

The albitite dikes, which occur only in assoctation with the Lacorne pluton, have
a untform major-clement composition, but form two distinct populations with respect to
their trace-clement concentrations (Table 2). Group-1 albitite has much higher Rb and
Ta contents, and Group-2 albitite has a much higher content of Sr. The Z REE content
of the albitite (Group 1) is 10.7 ppm, a value intermediate between those of the beryl and
spodumene pegmatites in the Lacorne pluton. It is worth noting that its REE,, profile is
almost identical to that of aplite (Fig. 7B).



Fig. 6. Selected trace-element (ppm) concentrations in the muscovite monzogranite and
types of pegmatite in the Lamotte and Lacome plutons. The elevated Sr contents of bery!
and spodumene pegmatites in the Lacorne pluton could be due to the decay of “'Rb (see

text).

85



80+ sogo
so4 @ 104 .
201 g * ¥ g o $ o
0 N s e e 10 T I T )
ig- L 2 ¢ 207 * .
st & 1 o
20 $ i g Th 10 MRS
8 O 'S <% o
0 LD i 1 1 1 T 1 1
120 -
80 $ 60~ .
Nb e O
40 - E : ® Ga 40- g . .
0 —T—T 20 —
60 - MG MG Br Spd
. dike
40 - Sod:
Y pd: spodumene
20- ¢ $ o Brl: bery!
¢ O pegmatite
oOr—T—T7T—— ¢ MG: muscovite
100 - ¢ monzogranite
zs04 $ * [ Lamotte pluton
o $ - ’ Lacomne pluton
o E!—_I ] $ p

MG MG Brl Spd
dike

Figure 6



Fig. 7. REE, profiles of rare-element pegmatites in the Lamotte and Lacorne plutons,
Also shown are the REE, profiles for dikes of aplitc and albitite. The stippled arca

indicates the range of REE, in the monzogranite.
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OXYGEN ISOTOPE ANALYSES

Oxygen isotope analyses (whole rock) of representative samples of monzogranite,
pegmatite, and albitite were performed at the Université de Montréal and the University
of Saskatchewan. Details of the analytical technique are given in Hoy (1993). All §"0
values are reported relative to Standard Mean Ocean Water (SMOW).

The whole-rock 50 values of the Preissac. Lamotte and Lacorne monzogranites
(the Moly Hill monzogranite was not analyzed) range from 8.1 10 9.8%. with most values
lving between 8.1 and 8.8%. (Tables 1. 2. Fig. 8). This range is typical of fresh granitic
rocks. which show a range of 80 from 7 to 10%. (Taylor 1978). The monzogranites are
isotopically indistinguishablc from onc type of monzogranite to another within cach of
the plutons. or from one pluton to another, i.c.. they have not undergone significant
interaction with meteoric water. A similar range of 8"O values is also displayed by the
four samples of beryl pegmatite. whereas the spodumene pegmatites show & somewhat
wider range of 80 values (7.4 to 10.3%0). Interestingly. the mean $"™0 vaiues of
monzogranite, beryl and spodumene pegmatites are almost identical (Tables 1, 2). and

similar to the 80 values of the two samples of albitite analyzed.

DISCUSSION

Geochemical evolution

The systematic chemical trends described above and the geological relationships |
discussed earlier. and in Mulja et al. (1995b), provide strong cvidence of the evolution
of the Preissac-Lacome plutons from early biotite through two-mica and muscovite
monzogranite to beryl and spodumene pegmatites. The most plausible explanation for this
evolution is fractional crystallization of a parental monzogranitic magma.

Depletion of Ti, Fe, Ca, Ba, Sr; Zr and Th, and concomitant enrichment of Rb, Nb
and U from biotite to muscovite monzogranite (Figs. 2, 3, 5) ‘are consistent with carly
fractionation of plagioclase, biotite, zircon, monazite and apatite, and late-crystallization

‘ , Tme—
of albite, muscovite, garnet, and columbite-tantalite. Similarly, the systematic increase in T

‘87
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Fig. 8. Results of oxygen isotope analyses of monzogranite, pegmatite (white and black
symbols are for Lamotte and Lacorne plutons, respectively), and albitite in the Preissac-
Lacorne batholith. The values are quoted with respect to SMOW.
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the negative Eu anomaly with magma evolution is consistent with fractionation of carly.
more calcic plagioclase (cf. Cullers & Graf 1984): the corresponding decrease in total
REE, particularly in the LREE, can be explained by carly fractionation of monazite and
apatite (Fig. 5). Finally, the lincar relationship between Ba and Sr, and the marked
decrease in Ba from biotite to muscovite monzogranite (Fig. 9). are strong evidence for
fractional crystallization of plagioclase and K-feldspar.

Other processes that have been proposed to explain monzogranitic plutons similar
in zonation to that observed in the Preissac-Lacome plutons are restite unmixing
(Chappell et al. 1987). source-rock heterogeneity (Nabelek et al. 1992), and sequential
partial melting (Holtz 1989). We can rule out restite unmixing as the cause of the
monzogranite zonation, because of the conspicuous absence of xenoliths or xenocrysts that
could represent restite, and the requirement that the contents of all elements vary linearly
with SiO, contents (Chappell et al. 1987). Although many of the major and trace
clements do show such linear variations (Figs. 2, 3). a significant number shows trends
that are clearly nonlinear. e.g., Nb, Y. and Rb. Source-rock heterogeneity also can be
ruled out because of the remarkable consistency of 8O values from biotite (8.6 = 0.1%o)
through two-mica (8.5 = 0.1%¢) to muscovite (8.6 + 0.4%0) monzogranite. Finally.
sequential partial melting can be eliminated because this process tends to produce
relatively constant concentrations of compatible elements (Hanson 1978). In the Preissac-
Lacorne plutons, several of the compatible elements display wide variations in
concentrations, e.g., Ba and Sr. The relatively high contents of Ba and Sr in tne biotite
monzogranite and their extreme depletion in the muscovite monzogranite simply cannot
be explained by partial melting (cf. Mittlefehldt & Miller 1983).

Trace element modeling

In order to test the hypothesis that fractional crystallization was the principal
process responsible for the compositional diversity of the Preissac-Lacorne monzogranites,
we applied Rayleigh fractionation calculations to simulate the behavior of Ba, Sr and Rb,
which are generally considered to be petrogenetic indicators in granitic rocks (e.g.,
McCarthy & Hasty 1976, Tindle & Pearce 1981). This modeling was restricted to the
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Fig. 9. Plots illustrating Ba versus Sr in the four monzogranite plutons of the Preissac-

Lacorne batholith. All values are in ppm.
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Lamotte and Lacorne plutons because the data for the Preissac and Moly Hill plutons are
inadequate. The following equation was used to describe fractional crystallization (after
Hanson 1978) in the calculation:
C/C' = FPN,

where C' and C° are weight concentrations of a trace clement in the derived melt, and in
the parental melt, respectively, F is the fraction of melt. and D is the bulk distribution-
coefficient. The concentration of a trace clement in the residual mineral phases, C.
relative to the parent. C°, was calculated from the relationship C* = C' * D. Barium, Sr.
and Rb were used in the modeling: among the trace clements whose concentration was
established these are the elements for which the mineral/melt distribution coctficients (K;,)
are best known (Table 3). The values of K, used in the calculations were selected
because the rocks from which they were estimated have compositions similar to thosc of
the Preissac-Lacorne monzogranites. Because the initial composition of the mek, C°,
cannot be determined at present. we assume that biotitc monzogranite with the smallest
negative Eu anomaly has the composition of an unfractionated magma, and theretore its
Ba. Sr and Rb contents are used as inputs for the C” in the above equation. The results
of the modeling suggest that the various subtypes of monzogranite in the Lamotte and
Lacorne plutons can be produced by moderate to high degrees of fractional crystallization
(60-95%) from such a biotite monzogranite parent (Fig. 10). Such high degrees of
fractionation are consistent with the relatively small volumes of the more cvolved
monzogranites relative to those of biotite monzogranite. Although the calculations also
produce good correspondence between the model and observed compositions of some of
the occurrences of beryl pegmatite in the Lacorne pluton (over 90% fractional
crystallization, Fig. 10), other occurrences of the same type of pegmatite and examples
of spodumene pegmatite have substantially higher Rb, Ba and Sr contents than predicted.
A possible explanation for the elevated contents of these elements is local contamination
of the magma by the host rock, biotite schist. Another possibility is that the distribution
coefficients for these elements were different in the latter pegmatites because of the high
contents of volatiles, as indicated by the presence of magmatic lepidolite, tourmaline and

fluorine-rich muscovite (Mulja et al. 1995b); it is known that volatiles such as H,O, F and
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TABLE 3. MINERAL/MELT DISTRIBUTION COEFFICIENTS (KD) USED
IN TRACE-ELEMENT MODELING, AND VOLUME % OF PHASES
FRACTIONATED FROM BIOTITE TO MUSCOVITE MONZOGRANITE

Mineral Ba Sr Rb Vol %
Plagioclase 1.3 2.8 0.09 31
K-feldspar 6.12 3.6 1.6 32
Biotite 6.4 0.12 43 5
Muscovite 12 04 1.5 1
C°: Lamotte 635 131 265

C°: Lacorne 8§22 144 360

Source of K data:Hanson (1978), Nash & Crecraft (1985), Mahood &
Hildreth (1983)
C°: original concentration of element in "parent” melt (see text)



Fig. 10. Comparisons of the Rayleigh fractionation model (solid line) and observed data
of all subtypes of monzogranite and pegmatites in the Lamotte and Lacorne plutons. The
agreement between the theoretically calculated and measured compositions strongly
supports the conclusion that fractional crystallization was the main process responsible
for the compositional diversity of the monzogranite. Deviation of some measured values
for some of the pegmatites suggest that the distribution coefficients used for the

monzogranite are not applicable to volatile-rich batches of pegmatite-forming liquid.
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B increase the concentration of Group-I clements including Rb in the melts (London
1987, Manning & Pichavant 1988). These arguments, the coherent relationships among
trace elements between the monzogranite and pegmatites (Figs. 6. 7). and the evidence
from the trace-element data for muscovite (Fig. 8: Mulja ot al. 1995b) illustrating a lincar
relationship of Sc. Rb and Ta against Cs, demonstrate the genetic link of the

monzogranite to the rare-clement pegmatites.

Behavior of REE during pegmatite evolution

The concentrations of Eu. and of the light and heavy REE decrease progressively
from beryl to spodumenc pegmatite in the Lacorne pluton (Fig. 7). The large negative
Eu anomaly is most reasonably interpreted by fractionation of plagioclasc, as discussed
previously. Given the relative abundance of xenotime in the muscovite monzogi.nite
(Mulja et al. 1995b) and the absence of this mincral in the beryl pegmatite., we interpret
the strong depletion of HREE in the latter rock to be a result of xcnotime fractionation
(in view of its well-established tendency to concentrate the HREE). The depletion in
HREE may aiso be due partly to garnet fractionation in the muscovite-monzogranitc-
forming magmas. The depletion of LREE in the beryl pegmatite can be interpreted to
reflect fractionation of monazite; monazite is considcrably more abundant in the
muscovite monzogranite than in the beryl pegmatitc (Mulja ct al. 1995b). The extreme
depletion of both LREE and HREE in the spodumene pegmatite can be explained by the
continued fractionation of monazite and garnet in the beryl-pegmatite-forming magma,
and the absence of these minerals in the spodumene pegmatite. Other cxplanations that
have been proposed for extreme depletion of REE in pegmatites are magmatic fluxing,
i.e., F-REE complexing (Flynn & Burnham 1978), and subsolidus mobilization of REE
by hydrothermal processes (e.g.. Svérjensky 1984). Although we do not have a means to
test the former hypothesis, replacement of amphibolite by biotite near the spodumene
pegmatite and replacement of hornblende by holmquistite [Li(Fe,Mg),Al,S1,0,,(OH,F),]
indicate there was significant transfer of materials from the spodumene pegmatitc to the

country rocks. Moreover, altered amphibolite within a cenﬁmetcr of the contact commonly

-
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contains abundant apatite. It is thus possible that some REE may have been
hydrothermally transported out of the pegmatite and concentrated in apatite in the country

rocks.,

Formation of albitite dikes

The almost monomineralic nature of the albitite dikes (97% albite and minor
molybdenitc) rules out their formation by equilibrium magmatic crystallization. A purely
metasomatic replacement of the host basalt or biotite schist is unlikely because of the
sharp contact between the albitite and the country rocks. Moreover. the REE,, pattern of
the albitite does not resemble that of the biotite schist (¢f. Feng 1992). On the other
hand, the albitite could represent a felsic dike that has been metasomatically altered. This
interpretation is supported by the similarity of the REE, profile of the albitite to that of
aplite (Fig. 7B). We therefore propose that the dikes are the products of a complete
replacement of highly evolved granitic rocks by residual aqueous fluids, which evolved
during the late-stage crystallization of the magma. i.c.. the precursor magmatic rock
stewed in its own residual fluids. A question that needs to be addressed. however. is why
quartz was removed completely from the rock. given that the residual fluids would have
been quartz-saturated. The precursor may have been a spodumene-rich aplite, in which
spodumene and quartz reacted with the fluid phase to form albite. This process has been
predicted thermodynamically by Wood & Williams-Jones (1993) to be an inevitable
consequence of the cooling of a fluid initially in equilibrium with spodumene-bearing

pegmatite.
THE MAGMA CHAMBER

The (quasi-) concentric zonation displayed by the Lamotte and Lacorne plutons,
i.c.. less evolved biotite monzogranite along the margin of the intrusions and the most
evolved muscovite monzogranite in the center, suggests that theTmagma underwent side-
wall crystallization. in which the earliest solidification occurred-at the contact between
the liquid and the intruded couvatry-rocks. In the Lacome pluton, the geochemical (Fig.
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4) and mineral-chemical (Fig. 6, Mulja et al. 1995b) trends corroborate strongly the
process of side-wall crystallization.  The Lamotte pluton, which lacks observable
systematic chemical variations across the monzogranites, could have been forted in a
regime of slow solidification, as is the case for homogencous plutonic rocks (Sawka et
al. 1990).  Furthermore. the comagmatic beryl and spodumene pegmatites, which
rcpresent the more and most cvolved felsic liquids, respectively, cut all types of
monzogranite. indicating that the liquids must have cvolved toward the interior of the
body of magma. On the basis of these geological and geochemical observations, we
envisage an initial stage of side-wall crystallization that produced crvstal-mush (biotite
monzogranite) and & less dense boundary-layer liquid (Fig. 11A) [see McBimey ot al.
(1985) for a discussion of the dynamics of magma chambers]. According to this model,
boundary-layer liquid rises buoyantly to the top of the chamber, displacing carlier-formed.
denser crystal-mush layers from the roof. Convection and high density eventually drive
these layers into the lower part of the chamber. where they undergo further upward
crystallization. This latter crystallization and continued crystallization along the walls
produced more evolved two-mica monzogranite, which led to the ascent of an even more
differentiated boundary-layer (Fig. 11B). In the Lacome piuton, a portion of the biotite
monzogranitic crystal-mush layer (southern biotite monzogranite) must have scparated
from the other layers prior to its complete consolidation. and must have begun its own
pattern of side-wall crystallization. The separation and independent crystallization were
necessary to produce the observed geochemical and mincral-chemical trends mentioned
above. One cause for the separation of the southern biotite monzogranite was perhaps the
emplacement of the magma along reactivated pre-existing fractures or along new ones.
This tectonically induced emplacement of magma scems applicable also to the
emplacement of the L-shaped muscovite monzogranite dike (labelled MG-dike, Fig. D),
which suggests that a batch of somewhat evolved felsic liquid breached the walls of the
magma chamber through fractures.

A consequence of the inward crystallization was the accumulation of more
differentiated and volatile-rich residual liquids, which were below an already lithified

carapace. Fractures in the roof rocks, produced tectonically or by overpressures, provided
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Fig. 11. Sketches depicting the proposed history of crystallization of the n.2s-element-
enriched granitic magma chamber of the Lamotte and Lacome plutons. A) Early side-
wall crystallization produces marginal biotite monzogranite and less dense boundary-layer
melts, which ascend to the roof of the magma chamber. These melts displace downward
the denser crystal-mushes that formed earlier. B) Continued fractional crystaliization
forms successive two-mica and muscovite monzogranite layers and more differentiated
melts. Late-stage crystallization moves toward the center of the chamber, where the
residual magma continues to differentiate. A small portion of the more differentiated
muscovite-bearing monzogranitic melt breaches the chamber ard intrudes the country
rocks as a dike (MG) in the Lacorne pluton. C) Expulsion of pegmatite-forming volatile-
rich magma from the chamber owing fluid overpressure results in the emplacement of the
bery! (Brl) pegmatite in the overlying monzogranite. D) Later contraction of the pluton,
partly due to its advanced stage of &ystallization, and to the cooling of magma,
reactivates fractures in the country rocks and produces new fractures, into which the more
evolved melts are intruded. This gives rise to the spodumene-beryl (Spd-Brl) and
spodumene (Spd) pegmatites.  Aqueous fluids exsolve from the spodumene pegmatites;
some back-react with earlier-formed aplite and pegmatite to form Mo-bearing albitite
(Mo-Ab), and some precipitate quartz and molybdenite as veins (Mo-qtz), in the country
rocks. : :

-
~
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the conduits for the carly, beryl-pegmatite-producing liquid (Fig. 11C). At an
advancedstage of crystallization, corresponding to the onset of withdrawal of the above
liquid from the chamber. the pluton underwent contraction, producing conical fractures,
analogous to those associated with the main events of caldera formation. and reactivated
pre-existing cast-west-trending fractures in the country rocks. These fractures tapped deep
pockets of more evolved liquid, which was drawn upward and outward, solidifying as
spodumene-beryl pegmatite along the margins of the plutons., and eventually as
spodumenc pegmatite in the country rocks (Fig. 11D). Crystallization of the spodumene

cgmatite terminated with the exsolution of aqueous filuids from the melt, which formed
systems of quartz veins or, in some cases, caused the albitization of the associated aplites.
Molybdenum, which has a fluid/melt distribution coefficient greater than 1 (Candela &
Holland 1984). partitioned into the residual fluid and concentrated as molybdenite in the
veins and albitite. The proposed evolution of granite-related mineralization is consistent
with the spatial distribution of pegmatites, and the proximity of the most evolved

spodumene pegmatites to the dikes of albitite and the veins of quartz.

ORIGIN OF MOLYBDENITE-BEARING QUARTZ VEINS IN THE PREISSAC AND
MOLY HILL PLUTONS

In ._contrast to the Lamotte and Lacorne plutons, where molybdenite is concentrated
in albitite dikes and quartz veins that are spatially associated with spodumene pegmatite
in the country rocks, molybdenite in the Preissac and Moly Hill plutons occurs almost
exclusively in quartz veins in the muscovite monzogranite. I-;eématites are relatively
uncommonlin these latter plutons, rarely contain beryl, never contain spodumene, and
show no obvious spatial association with molybdenite-bearing quartz veins. The small
- size of the plutons and the fact that they did not undergo differentiation to the same
extent as the Lamotte and Lacorne plutons dre considerc:l responsible for these
, cﬁaracteristics. Consequently, vapor saturation occurred during crysfa!lization of the
 muscovite nionzclagranitc'u'ndcf a relé_tively thin crust of solidified magma, which was
readily fractured. The exsolved fluiid phase escaped through these fractures and formed

o

-
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molybdenite-bearing quartz veins in the muscovite monzogranite.  This exsolution is
reflected in the finer-grained nature of the monzogranite around the veins (Mulja et al.
1995b). which developed as a result of compositional quenching of the melt. Support for
the above interpretation is provided by the fine-grained muscovite-garnet monzogranite
dike, which contains small molybdenite-bearing vugs that probably represent the site of
vapor-phase exsolution. Significantly. this dike crystallized late in the history of the

pluton. and in fact cuts molybdenite-bearing quartz veins.
CONCLUSIONS

Field. petrochemical and oxygen isotope data for four peraluminous monzogranitic
plutons in the Preissac-Lacorne batholith, taken in conjunction with geological and
mineralogical indicators (Mulja et al. 1995b) have distinguished suites of comagmatic
monzogranite and pegmatite subtypes, and shown that their compositional diversity was
mainly the result of fractional crystallization. The Lamotte and Lacorne magmas
underwent the most extensive differentiation, and evolved to the stage of producing rare-
element-bearing pegmatites. The mechanism of fractionation in these plutons was side-
wall crystallization, which developed quasi-concentrically zoned intrusive bodies. The
rare-clement-enriched pegmatites were derived from batches of residual melt trapped in
the interior of the cooling plutons. Beryl and spodumene pegmatites were emplaced
sequentially, the former filling pressure-induced fractures in the overlying parental
monzogranites, and the latter filling extension fractures in the country rocks, reactivated
and produced by contraction of the adjacent solidified plutons. The terminal stage of
pegmatite evolution was marked by exsolution of an aqueous fluid, which in some places
back-reacted with earlier-formed spodumene-bearing aplite to formralbititc. and in other
places separated from the parental bodies of pegmat'ite o prccipitatc quartz, muscovite
and molybdenite in veins. 3 _ _ _

The Preissac and Moly Hill plutons underwent much less extensive differentiation
than the Lamorte and Lacorne plutons, probabFy owing to their small size. Consequently,
they did not evolve magmas capablé of crystallizing rare-clement-enriched pegmatite.
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Vapor saturation occurred during crystallization of the muscovite monzogranite under a
relatively thin crust of solidified magma. The latter was readily fractured. allowing the
exsolved fluid to escape into the overlying muscovite monzogranite, and there to form

molybdenite-bearing quartz veins.
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ABSTRACT

Rare-clement-enriched (Be. Li. Nb, Ta) granitic pegmatites in the Lamotte and
Lacorne plutons of the Archean Preissac-Lacorne batholith (Quebec) are zoned from a
least fractionated beryl type in the parental pluton through a transitional spodumenc-beryl
type at the edge of the plutons to a most fractionated spodumenc type in the country
rocks. Columbite-tantalite is the only primary Nb-Ta oxide mineral: it composition is
dominated compositionaily by Nb. Ta, Fe and Mn. Ti is present in minor quantities (£
0.1 atoms per formula unit). In both plutons. the Ta/(Ta+Nb) and Mn/(Mn+Fe) of
columbite-tantalite correlate positively with the degree of pegmatite evolution.  These
correlations are interpreted to reflect the greater solubility of Mn- relative to Fe- and of
Ta- relative to Nb-columbite-tantalite end-members in the magma. In the Lacorne suite,
there is a much greater increase in Mn/(Mn + Fe) over Ta/(Ta + Nb) of columbite-
tantalite with pegmatite evolution. In pegmatite bodics in the Lacome suite, where
columbite-tantalite crystallization was accompanied by garnet, the Ta/(Ta + Nb) of
columbite-tantalite increases at constant Mn/(Mn + Fe) values. We interpret this to
indicate that garnet saturation buffered the activitics of Fe and Mn in the liquid. The
degree of order of columbite-tantalite decreases with the evolution of the pegmatite suites,
and reflects increased cooling rates of the more evolved, and more distal, bodies of

pegmatite.
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INTRODUCTION

Minerals of the columbite-tantalite group {(Fe.Mn)(Nb.Ta),0,] arc potentially
important in deciphering the internal evolution of rare-clement-enriched granitic
pegmatites (Lahti, 1987; Ercit. 1994a) and hence understanding their petrogenesis (Ercit.
1994b). Trucman and Cerny (1982) have proposed a model in which a rare-clement-
cnriched felsic magma, with increasing distance from the parental pluton. becomes
saturated first in beryl, then spodumenc: as it crystallizes, Nb and Fe are cxpected to
become depleted, whercas Ta and Mnr are progressively enriched in the residual liquid.
With more rapid crystallization of the successive melt fractions at an increasingly greater
distance from the source, Cem)‘r et al. (1986) anticipated that the columbite-tantalite would
tend to be "stranded” in a more disordered state. However. these propositions have not
been adequately tested. because most published studies of columbite-tantalite have been
restricted to single bodies of granitic pegmatite (Cerny and Turnock. 1971: Grice et al..
1972: Wenger and Armbruster, 1991: Spilde and Shearer, 1992). to suites of granitic
pegmatite in which the magmas underwent limited fractionation (Cerny et al.. 1986: Lahti.
1987: Ercit. 1994a, b), or to groups of pegmatite bodies where petrogenetic links among
these pegmatites have not been established (Wise, 1987).

In this contribution, we report the results of a detailed study of the paragenesis,
composition and structural state of columbite-tantalite in two suites of comagmatic rare-
clement granitic pegmatite from the Preissac-Lacome batholith, northwestern Quebec (Fig.
1). The pegmatite bodies are not deformed or metamorphosed, are well described in
terms of their geology and petrochemistry (Dawson 1966; Mulja et al., 1995a, b}, and are
zoned regionally from a least evolved beryl type emplaced in the parental pluton to a

most evolved spodumene type emplaced away (-2-3;;}#31'5 from the respective pluton, in

- the country rocks. Such a regional zonation, -altl"téugh an essential feature of the

cvolutionary model proposed for rare-element granitié pegmatites, is seldom encountered.

~ The pegmante suites of the Preissac-Lacorne batholith thus offer a rare opportunity to
clucidate the facror: thaf control the relationship between the crystal-chcmcal properties
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Fig. 1. A simplified geological map of the Preissac-Lacorne batholith showing the
distribution of intercalated schists and volcanic rocks, basic plutonic rocks, four
monzogranitic plutons and structures. The bourdaries of the plutons are based on the
furthest granitic pegmatite or monzogranite outcrops (Dawson 1966). Recent mapping
by Mulja et al. (1995) shows that the Lacome pluton (Fig. 2B) is most likely smalier than
previously outlined. Only the boxed area in the Lacorne pluton, where most outcrops

exit, is enlarged in Fig. 2B.
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of columbite-tantzlite and the evolution of fractionated granitic liguids in @ model rare-

element pegmatite svstem.
GEOLOGY AND PETROGRAPHY OF THE PEGMATITES

The columbite-tantalite-bearing granitic pegmatites are part of the Archean
Preissac-Lacome batholith (~2.64-2.7 Ga: Garicpy and Allegre, 1985: Feng and Kerrich,
1991). which hosts the largest swarm of spodumenc-bearing pegmatites in castern Canada
{formerly exploited by the Quebec Lithium mine: Fig. 2B). and many other beryl and
spodumene tvpes of pegmatite of subeconomic grade. The batholith. which intruded
mafic lavas and biotite schists of the Kinojevis and Malartic Groups in the Abitibi
Greenstone Belt of the Superior Province. is made up of an older suite of gabbro,
monzodiorite and granodiorite. and four younger plutons of peraluminous monzogranite.
Each of these plutons (Preissac. Moly Hill. Lamotte, Lacorne) is zoned compositionally
from biotite through two-mica to muscovite monzogranite (Mulja ¢t al., 1995b). The
mincralized (Be, Li, Nb. Ta, Mo) pegmatites. which are the focus of this study. arc
associated with the Lamotte and Lacorne plutons.

The pegmatites occur as tabular dikes ranging from tens of centimeters to cight
meters in width and up to hundreds of meters in length. as lenticular bodies up to 5 x 24
meters in plan. and as dike swarms, particularly along the margin of the plutons. They
filled zones of dilation (pinch and swell) in the monzogranitc and existing fractures in the
country rocks that were possibly reactivated during the emplacement of the batholith,
Most pegmatite bodies in the Lacorne pluton strike east-west and northwest-southcast,
whereas those in the Lamotte pluton show no preferred orientation. In both plutons, the
pegmatiterbodiw dip vertically to subhorizontally. Their intrusive contact with the
monzogranite varies from gradational to sharp (pl:in:;r to convoluted), and shows no
evidence of metasomatism. Contacts between spodumene pegmatites and amphibolite are
marked by a narrow halo in the amphibolite in which holmquistite replaced hornblende.

On the basis of the predominant rare-element-bearing minerals, the mineralized

-
-
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Fig. Z. Geological maps of the Lamotte (A) and Lacome (B) plutons depicting the field
relationships among the various subtypes of monzogranite, the zonal distribution of the
three main types of pegmatites; beryl (Brl), spodumene-beryl (Spd-Brl) and spodumene
(Spd), and the number and location of samples used in this study. In the Lacorne pluton,
spodumene pegmatite from the former Quebec Lithium mine (QL) is about 3 km east
from the margin of the map. Columbite-tantalite- and molybdenite-bearing albitite dikes

(Mo-Ab) occur only in the northernmost part of the Lacorne pluton.
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pegmatites are subdivided into beryl-, spodumene-beryl-, and spodumene-bearing types.
In the text that follows, these types of pegmatite are referred to as bervl, spodumene-beryl
and spodumene pegmatite. The pegmatite bodics are zonally distributed from beryl type
in and at the margin of the parental plutons, spodumene-beryl type at the margins of the
plutons, to spodumenc type in the country rocks (Figs. 2A-B). Mincral-chemical and
wholc-rock geochemical data indicatc that they arc comagmatic: beryl pegmatite
represents the geochemically least evolved type. and spodumene pegmatite the most
cvolved type (Mulja et al. 1995a, b). Adjacent to the spodumenc pegmatite in the
northern part of the Lacorne pluton (Fig. 2B). dikes of molybdenite- and columbite-

tantalitc-bearing albitite occur in the intercalated biotite schist and basalt,

Beryl pegmatite )

Small bodies of beryl pegmatite (< one meter wide) are, in general, symmetrically
zoned from a narrow marginal sodic aplite (1) through an assemblage of coarse-grained
quartz, K-feldspar, albite and muscovite (2). to a central zone of beryl. K-feldspar. and
quartz megacrysts (3). Small pockets consisting of quartz and muscovite occur
. sporadically in the aplite. The transition between zones (1) and (2) is sharp. and is
marked locally by books of muscovite, whereas that between zones (2) and (3) is
gradational. Columbite-tantalite is concentrated mainly in fine layers of garnet, which
occur mosty in the aplite. Larger, subvertical bodies of beryl pegmatite (up to eight
meiers wide) typically display an asymmetrical zonation as follo@s: (1) a marginal sodic
aplite that is texturally and mineralogically similar to the aplite in the small dikes, (2)
muscovite + albite + quartz + locally. perthite, (3) beryl + albite + perthite + quartz %
muscovite, (4) quartz + perthite  beryl, (5) large irregular lenses of quartz intergmwn
‘with perthite: megacrysts (up to one meter long), or monotonous masses of‘ quartz up to
three meters wide, and (6) a marginal facies consisting of muscovite, albite, quartz, and
locally perthite. 7The muscovite occurs mostly as books along the contact with the host

monzogranite. Columbite-tantalite occurs in'zones 1, 2, 3 and 6.



Spodumene-beryl pegmatite

Spodumene-beryl pegmatite is found only in the northern part of the Lamotie
pluton (nos. 4-5. Fig. 2). There, the bodies are asymmetrically zoned. with sodic aplite
at one margin and an assemblage of coarse crystals (up t0 5 cm across) of albite + K-
feldspar + muscovite at the other margin. Like that in bervl pegmatite, the aplite contains
fine layers of spessartine. The intermediate zone is simple. comprising albite, K-feldspar
and quartz. and the central zone consists of quartz, K-feldspar and spodumene (up to 4
x 10 c¢m in size). Disseminated columbite-tantalitc occurs mainly in the aplite and has
not been found in any other zone. From these obscrvations. it is clear that, in the
Lamotte suite, the spodumene-beryl pegmatite differs subtly from the beryl-bearing
pegmatite, i.e., the former is distinguished from the latter by the presence of spodumenc
in the core.

In the Lacorne suite, there are three variants of spodumence-beryl pegmatite. The
first one is represented by that at the Valor prospect (nos. 17-19, Fig. 2B). which is
hosted by the two-mica monzogranite. The pegmatite cxhibits a crude symmetricat
zonation from a border zone of aplite, which is crenulated. extremely rich in spessartine
(concentrations are an order of magnitude higher than in the aplite zone of the Lamotte
spodumene-beryl pegmatite) and contains appreciable amounts (~1 %) of columbite-
tantalite and traces of schorl and pyrophanite. This zone grades inward into an
intermediate zone through a thin transitional zone marked by books of muscovite and
crystals of beryl (beryl also occurs as euhedral crystals, > 3 cm across, at the contact
between the pegmatite and the host monzogranite, where aplite is locally absent).
Spodumene (up to 20 cm x 2 m 1 size) occurs in the inner part of the intermediate zone
and along the aplite-free contact with the monzogranite. Albite is present in rosettes of
blades, up to 3-4 cm across. In this intermediate zone, small flakes of lepidolite partially

replaced spodumene. The core.of the pegmatitc consists mainly of quartz, spodumenc
* and lepidolite. The lepidolite occurs as large crystals (~2-3 cm across) intergrown with
quartz and albite. Unlike the lepidolite that replaced spodumenc in the intermediate zone,

it here seems primary.- N

"~
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‘ Spodpmene pegmatite -

The sccond subtype of spodumenc-beryl pegmatite. exemplified by a dike near the
northern edge of the Lacorne pluton (no. 21, Fig. 2B), is zoned. The border zone aplite
conlains some accessory garnct. This zone grades sharply into a spodumene-bearing zone
that contains small amounts of beryl along the contact. The crystals of spodumene are
relatively equigranular (up to 5 ecm long) and arc intergrown with quartz. albite and minor
muscovite. The next zone is dominated by massive lepidolite, albite and quartz. and
contains no spodumenc. Columbite-tantalite is disseminated throughout the spodumene
und lepidolite zones. Although additional zones are not exposed. we believe, on the basis
of the internal zonation of the other bodies of spodumene-beryl pegmatite, that there is
a core that consists mainly of quartz, and that the pegmatite is symmetrically zoned.

The third subtype of spodumene-beryl pegmatite is a lepidolite-free variety that
occurs in contact with biotite schist and basalt of the country rocks (nos. 19 and 22), It
has a narrow zone of sodic aplite, which hosts thin layers of garnet and scattered crystals
of columbite-tantalite. Beryl crystals are small and occur sporadically along the contact
between the aplite and an intermediate zone of spodumene + albite + quartz + muscovite.
The interior part of this pegmatite is massive, comprising megacrysts of quartz and K-
feldspar.

From the above description, it is clear that in the transition from the main Lacome
intrusion into the country rocks, the variants of spodumene-beryl pegmatite show a
systematic decrease in beryl and garnet contents, develop separate zones of spodumene
and lepidolite, and evcrntually become lepidolite-free. These observations indicate that the
spodumene-beryl pegmatite at the Valor prospect is the least evolved subtype, the one
near the northern margin of the plutor (no. 21), an intermediate subtype, and those at the

contact, the most evolved.

BN

. Spodumene pegmatite also can be subdivided. Less-fractiona\tc':g, examples are
located south of the Lamotte pluton (nos. 6 and 7, Fig. 2A) and:east of the Lacome
pluton (no. 23, Fig. 2B). The former pegmatite shows subhorizdi\t\z_}lciﬁyeréd bodies,
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which are characterized by alternating zones, from 20 to 60 cm thick, of massive aplite
and pegmatite. The contacts between the two zones are sharp, marked by vertical,
acicular crystals of spodumene (up to 1 x 20 cm in size) in the pegmatite. In the upper
level of the intrusion. spodumcne forms short. columnar crystals (2 cm across)
interlocking with quartz. muscovite, K-feldspar. and albite. The less-evolved spodumene
pegmatite at Lacorne is massive, consisting of spodumene laths, quartz. albite and K-
feldspar., and traces of fluorite. Muscovite, of variable grain-size, is less abundant than
in other types of pegmatite. In these bodies of spodumene pegmatite, the minor minerals
are. in an order of decreasing abundance. columbite-tantalitc (up to 0.5 cm across),
molybdenite. beryl and cerianite. Unlike the beryl and spodumenc-beryl pegmatites, the
aplite in the spodumene pegmatites lacks garnet.

The more evolved type of spodumene pegmatite is represented by bodics in the
country rocks north of the Lamotte (no. 8) and Lacorne (no. 24) plutons. The texture and
major mineralogy of the Lamotic pegmatites are similar to those of the less evolved
Lacorme spodumene pegmatite. In contrast, the more evolved bodics of spodumene
pegmatite associated with the Lacorne pluton are zoned from a marginal aplite to a core
of coarse-grained perthite + spodumenc + quartz. In this subtype of pegmatite from both
suites, columbite-tantalite crystals (up to | cm across) occur throughout, but gamet is
present only in the Locorne suite. Bery! and molybdenite (both of which ziso are present

in the less evolved subtype) are absent in this more evolved subtype.

Albitite dikes

Albitite dikes occur along joints in the metavolcanic rocks and schists (no. 25, Fig.
2B). The dikes, which consist almost entirely of euhedral albite, locally host spectacular
molybdenite-rich layers. Columbite-tantalite and Ta-bearing ilmenite are minor interstitial

phases, whereas garnet, secnadary muscovite, and zircon arc accessory phases.
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SAMPLES AND ANALYTICAL METHODS

Locations of representative examples of the three types of pegmatite from the
Lamotte and Lacorne plutons are shown in Figs. 2A-B. Although both plutons host a
complete scries of rarc-clement pegmatites, there arc more bodies of pegmatite in and
around the Lacorne pluton than in and adjacent to the Lamotte pluton. This difference
is reflected in the larger number of samples examined from the Lacorne pluton. We also
analyzed columbite-tantalite from discrete dikes of aplite from the Lacorne and Moty Hill
plutons, and from a dike of muscovite-garnet monzogranite in the Preissac pluton.

The major-element compositions of columbite-tantalite and related Nb-Ta minerals
were determined with an automated CAMECA electron microprobe at McGill University:
thc operating conditions were: acceleration voltage 20 kV, beam current (measured on
MgO) 20 nA. a 2-um spot size, and a 25-second counting time. Synthetic MnNb.Q, and
Ta,O¢ were used as standards for Mn and Nb, and Ta. respectively, pure metal for U. and
various minerals for other elements. Data reduction was accomplished with the full PAP
correction procedures of Pouchou and Pichoir (19835).

Unitcell dimensions of columbite-tantalite were - {ctermined using X-ray
diffraction (powder method). Unlike the electron microprobe, which provides
compositional information for specific locations (spots) in a single crystal, the powder
method provides information on the average composition and average degree of structural
order in a volume of material of approximately 0.5 mm®. In some cases, two sets of
diffraction maxima were observed, indicating two dominant columbite-tantalite phases in
the material analyzed by XRD. The pulverized material was mixed with synthetic
MgAIz(')4 spinel (a = 8.0833 A at room temperature). The powder pattern, obtained with
a Guinier-Higg focusing camera (CuKo, radiation), was corrected and then indexed by
referring to PDF 16-337 and to the indexed pattern of Wise et al. (1985). Cell parameters
were calculated with the program of Appleman and Evans (1973), as modified by Garvey

~ (1986).
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COLUMBITE-TANTALITE

Nomenclature

Minerals of the columbitc-tantalite group have the general formula of AB,O,. in
which the A position is occupicd mostly by Fe™ and Mn™ and. to a lesser extent, by
Mg™, or trivalent cations: the B position is occupicd mainly by Nb*™ and Ta™ and,
subordinatcly. by Ti** and Sn**. Thesc orthorhombic minerals include the end-members
ferrocolumbite (FeNb,O4). manganocolumbitec (MnNb.O,). manganotantalite (MnTa.0,)
and magnocolumbite (MgNb.O,). Although ferrotantalite [(Fe > MnXTa > Nb),0,| is a
member of the columbite-tantalite group in the classification of Nb-Ta oxides. the end-
member FeTa,0, is tetragonal and belongs to the tapiolite serics (Cerny and Ercit, 1989).
Magnocolumbite and ferrotantalitc were not observed in this suite.

In order to describe the compositional variation of columbite-tantalite within and
between bodies of pegmatite, the names ferrocolumbite, manganocolumbite and
manganotantalite are restricted to the compositions [Tw/(Ta + Nb) and Mn/(Mn + Fe¢) < -
0.5, [T2/(Ta + Nb) < 0.5 and Mn/(Mn + Fe) > 0.5] and {Ta/(Ta + Nb) and Mn/(Mn +
Fe) > 0.5], respectively. The presence of manganoiantalite. which has a similar bulk
chemistry to ixiolite (Mn,Fe,Ti.,TaNb),0;. was cenfirmed by retention of the
orthorhombic structure after heat treatment at 1.000°C for 16 hours. Ixiolite would
convert to 2 monoclinic structure (wodginite) upon such heat treatment (Cerny and Ercit,
1985). Columbite-tantalite occurs in a wide range of structural states in granitic
pegmatites, as can be appreciated from the continuum of data points in a quadrilateral plot

of cell parameters a versus ¢ (Cemy and Ercit, 1985, Fig. 1A).

Petrography

Columbite-tantalite (CT) forms finely disseminated crystals. particularly in the
garnet-rich aplite, irrespective of whether the aplite is a discrete dike (nos. '9-10) or part
of a composite aplite-pegmatite dike. In the aplite zone of beryl and spodumene-beryl
pegmatites from both suites, CT crystals are generally small and euhedral (upto 2 x 3
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mm) and occur as inclusions, mostly in garnet and albite, and rarcly. in perthite,
muscovite and quartz (Fig. 3A). In almost all cases, coarser grains of this oxide are
interstitial (Fig. 3B). Somc cuhedral crystals of CT occur between garnet and albite (Fig.
3C). In the intermediate zone of these types of pecamatite, CT crystals are generally
interstitial to the silicate minerals mentioned above and spodumenc in the spodumene-
beryl pegmatite.  They were not observed in the core of either subtypes of pegmatite.
where large crystals of quartz and beryl. and of quartz, spodumene and lepidolite occur,
respectively. These textural relationships indicate that most crystals of CT are carlier than
the silicate phascs in the aplite zone, and almost all of them in the intermediate zone are
latc. This interpretation suggests that the columbite-tantalite in the aplite zone is
gencrally carlier than beryl and spodumene. In contrast, columbite-tantalite in spodumene
pegmatite is mostly either intergrown with, or interstitial to. spodumene. quartz and albite.
pointing to crystallization contemporaneous with and later than these silicate minerals.
Altcration in columbite-tantalite is minimal. Some paragenetically late CT grains
in beryl pegmatite are rimmed by masses of U-Th-bearing Nb-Ta oxide (Fig. 3B). In
spodumenc pegmatites, veinlets and patches of microlite occur in manganotantalite (Fig.
3D). suggesting that the microlite was precipitated at a subsolidus stage that filled
fractures in, and partially replaced. the manganotantalite. A less common type of
alteration involved the partial replacement of opaque ferrocolumbite by translucent
manganocolumbite in an evolved spodumene-beryl pegmatite in the Lamotte pluton (Fig.
3E). Some CT crystals in dikes of aplite and albitite are intergrown with fersmite (Fig.
3F)1 The nature of this intergrowth cannot be ascertained owing to the rarity of the

occurrence and the small size of the crystals.

Compositional variations

The composition of columbite-tantalite from the Lamotte and Lacorne pegmatites
is dominated by Fe (total as Fe*), Mn, Nb and Ta (Tables 1-2). There is a minor
proportion of Ti (up to 0.1 atoms per formula unit, apfu) and, in some cases, trace

amounts of Mg and Ca. The fersmite noted in the albitite has a composition as follows:
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Fig. 3. Photomicrographs exemplifying various modes of occurrence of columbite-
tantalite (Ct) and related Nb-Ta minerals from the Preissac-Lacorne pegmatites and
albitite. A). A euhedral inclusion of ferrocolumbite (Fcl) in albite (Ab) from a discrete
aplite dike. B). An anhedral grain of interstitial ferrocolumbite in a beryl pegmatite,
intergrown partially with metamict (Th-U) columbite-tantalite (U-Th Ct). C). A
ferrocolumbite prism enclosed mostly in euhedral gurnet (Grt) and partly in albite in a
beryl pegmatite, Secondary muscovite (Ms) fringes the gamet and ferrocolumbite. D).
Manganotantalite (Mtt) replaced by patchy microlite (Mic) and cut by albite veinlets in
a spodumene pegmatite. E). A subhedral ferrocolumbite in spodumene (Spd) from
spodumene-+beryl pegmatite is partially altered by transtucent manganocolumbite (Mcl)
along the fracture and around the spodumene inclusion. F). Subhedral, interstitial
columbite-tantalite crystals (white) in an albitite dike, The elongated grain is altered

partially to fersmite (light grey). All scale bars are 100 pm.

‘t
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Table 1 Representative compositions of columbite-tantalite from the Preissac, Moly Hill and

Lamotie plutons
Pluton Preissac Moly Hill Lamotte
Lithology® MGG AP Br Spd+Bd Spd
Sample 471 30 764 795 912 912 C.2 C2 HP95 HPI-5
NboOsg(wt%) 71.57 6831 7248 7128 7122 67.77 5273 34.04 2372 8.33
MgO 002 011 009 917 0.06 006 0 002 002 ]
Ca0 0.01 001 0 0 002 005 002 002 0 0.02
TiO2 108 102 058 045 06C 040 009 018 0.15 0.2
FeO 1069 139 1315 1542 1328 1279 539 566 3.77 0.45
MnO 998 600 673 422 768 642 1247 1071 1t62 14,12
Taz0s5 534 970 681 714 563 1162 2901 4842 6142 77.4
Total 98.69 9305 99.84 98.68 9849 9911 9971 99.05 100.7 100.5
Structural formula based on six oxygen atoms
Nb 1.873 1.813 1.886 1.881 1874 1813 1513 1078 0.786 0.303
Mg 0.002 0.010 0007 0.014 0.005 0.005 0 0010 0.002 0
Ca 0.001 0.001 0 0 0.003 0.003 0.001 0.001 0 0.002
T 0.047 0.045 0025 0.019 0026 0.018 0.004 0.009 0.008 0.012
Fe 0517 0682 0.633 0753 0644 0633 0286 0.332 0.231 0.03
Mn 0489 0288 0328 0.209 0375 0.322 0.670 0.635 0.722 0.961
Ta 0,084 0155 0.107 Q113 0089 0.187 0.501 0922 1.225 1.691
A site 1.008 0991 0994 099 1.024 0963 0957 0.978 0.955 0.993
B site 2005 2,012 2018 2013 1990 2.018 2018 2010 2.019 2.005
Ta/(Ta+Nb) 0.043 0.079 0.054 0.057 0.045 0.094 0.249 0461 0.609 0.848
Mr/(Mn+Fe) 0486 0.304 0.341 0217 0,368 0.337 0.701 0657 0.757 0.97

*MGG: Muscovite + gamet:monzogranite; AP: aplite dike; for pegmatite types, Brl: beryl;

Spd: spodumene

A site: Fe, Mn, hgs_j. Ca; B site: Nb, Ta, Ti
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Table 2 Representative compositions of columbite-tantalite in various rock types from the

Lacome pluton

Lithology* AP Br Spd + Bd Spd Ab
Sample 606 1001E 1001L 708 7568 756.L 812 736 721
Nb2Osg(wi%) 69.12 69.63 4342 6229 6265 3643 6216 1,73 35.85
MgO 008 007 006 005 002 0 0.09 0 052
Ca0 0.01 002 003 002 001 004 019 005 006
TiO2 052 067 1.23 08 045 0428 107 0863 041
FeQ 11.05 1278 11.25 1045 4.96 0.3 244 287 9.5
MnO 9.11 75 629 8.84 14,57 1657 1629 1065 6.78
Tas0s 923 879 3686 17.74 17.14 467 1813 8239 47.93
Total 8912 9246 99.14 1002 9980 1005 1004 9832 100.7
Structural formula based on six oxygen atoms

Nb 1.833 1.830 1.296 1.6%0 1.705 1.124 1680 0.067 1.105
Mg 0.007 0.006 0,006 0.005 0.002 0 0.008 0 0.053
Ca 0.001 0.001 0.002 0001 0.001 0003 0.012 0.005 0.004
Ti 0.023 0.029 0061 0036 0021 0022 0.048 0.041 0.021
Fe 0542 0621 0622 0524 0250 0018 0.122 0.205 0522
Mn 0453 0369 0352 0449 0743 0958 0.825 0.768 0.392
Ta 0.147 0.139 0.662 0289 0.281 0867 0295 1908 0.883
A site 1003 0998 0981 0980 0995 0979 0967 0978 0.9M
B site 2,004 1.998 2019 2015 2006 2013 2023 2016 2.015
Ta/(Ta+Nb) 0.074 0071 0338 0146 0,141 0435 0,149 0966 0.446
Mn/Mn+Fe) 0455 0.373 0361 0461 0749 0982 0871 0790 0.429

*Similar to those in Table 1; Ab: albitite dike
E: early; L: late; S and L: from spodumene and lepidolite 20nes, respectively
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35 wt% Nb,O,, 11.5 w1% CaO, 1.45 wt% FecO, 3.44 wit% MnO; 48.2 wt% Ta,O.. and
(.56 wt% TiO,.

For all crystals of CT, the sum of cations ranges from 2.96 to 3,02 apfu: enly four
out of onc hundred and seventy-six anaiyses gave a catien sum between 3.03 and 3.05
apfu. High totals, i.c., greater than 1% above the ideal value of 3. indicate the presence
of trivalent cations (Ercit, 1994a). The closeness of the majority of compositions to the
idcal stoichiometry and the small number having slightly higher total cations. suggest that
the columbite-tantalite in both suites of pegmatite contains a negligible quantity of
trivalent cations. This inference is supported by the linear relationship between Nb and
Ta/(Ta + Nb) and between Fe and Mn/(Mn + Fe) in crystals of CT (Fig. 4). The TiO,
content of columbite-tantalite varies from less than 0.1 to 1.3 wt%, with most crystals
containing between 0.1 and 0.4 wt% (Lamotte suite) and between 0.4 and 0.8 wi%
(Lacorne suite). The presence of minor Ti in the structure is made possible by a coupled
substitution involving Ti**,(Nb.Ta)*".(Fe.Mn)™*.,. This exchange mechanism is confirmed
by the sum Nb + Ta + Ti stightly above 2.0 apfu in almost all analyzed crystals. The
wide range of compositions of columbite-tantalite therefore mainly reflects the
homovalent exchanges TaNb,, and MnFe,, (Fig. 4).

Back-scattered electron images of all crystals of columbite-tantalite do not show
compositional zoning. These images are consistent with compositional homogeneity in the
small,-included crystals, and with subtle chemical variations across the large, mostly
ir‘nersti-tial‘ crystals. In the case of the latter, the composition varies subtle; in one
cxample, the core is  FelouMnouTiomdoss@byTags) 0 and the rim,
(Feo siMng 45 Tig 03)0.99(ND) 37 Tag 6), 70

= '{Columbite-tantal ite in both suites shows compositional variations in Mn/(Mn + Fe)
and Ta/(Ta + Nb) from one type of pegmatite to another (Fig. 5), but is invariant in terms
of Ti versus either Ta/(Ta + Nb) (Fig. 6) or Mn/(Mn + Ta) (not shown). In the Lamotte
pluton, the columbite-tantalite shows a broad linear trend from ferrocolumbite in beryl and
spodumene-beryl pegmatites t0 an intermediate composition ‘in the less- evolved
spodumenc pegmatite to manganotantalite in the more evolved spodumene pegmatite (Fié.
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Fig. 4. Plots showing a linear correlation between Nb and Ta/(Ta + Nb), and between
Fe and Mn/(Mn + Fe) in columbite-tantalite from the various types of pegmatite discussed
in the text and from albitite. These trends indicate homovalent NbTa, and FeMn,
exchanges. The symbols used here and in subsequent diagrams are: X, discrete aplite
dike; solid and open squares (early and late ferrocolumbite, respectively, in the Lacorne
suite only), beryl pegmatite; open triangle, spodumene-beryl pegmatite; open circle, less
evolved spodumene pegmatite; solid circle, more evolved spodumene pegmatite; cross,
albitite dike. In the Lacorne suite we distinguished more evolved (shaded triangle) and
most evolved (solid triangle) spodumene-beryl pegmatites. No such distinction has been
made for the Lamotte spodumene-beryl pegmatite. Apfu: atoms per formula unit.

i

0

123



R T . .
seoanb 0y .
[
”.

Nb 14

Fe

0 Lamotte

Lacorne °®

T3

00 02 04 06 08

-t T v . 1.1
02 04 06 08 1.0

Ta/(Ta + Nb)

1.0

0.8
06- %ﬁ
' %)

04{
] @0..
0.2-

1 Lamotte

%,

+

00 02 04 06 08

1 Lacorne WM
1.

-

02 04 06 08 1.0

Mn/(Mn+Fe)

Figure 4

e



Fig. 5. Compositions of columbite-tantalite from the Lamotte (A} and Lacorne (B)
pegmatite suites plotted in quadrilateral diagrams of ferrocolumbite (FeNb.O,)-
manganocolumbite (MnNb,O,)-manganotantalite (MnTa,0,)-ferrotapiolite (FeTa,0,).
Although ferrotapiolite occupies one of the end-member compositions in the diagram, it
belongs to a framework subclass as opposed to the sheet subclass of columbite-tantalite
(Cemy and Ercit, 1989). Refer to Fig. 4 for an cxplanation of thc symbols.
Compositional trends in different internal zones of pegmatite are indicated by arrows (see
text for further discussion): the terms BZ and IZ in the least evolved spodumene-beryl

gmatite (open triangle) refer to columbite-tantalite from the aplite border zone and the
intermediate zone, respectively. Similarly, the terms SZ and LZ in the more evolved

spodumene-beryl pegmatite refer to the spodumene zone and lepidolite zone, respectively.
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Fig. 6. Plots of Ti versus Ta/(Ta + Nb) in columbite-tantalite from the Lamette (A) and

Lacome (B) suites of pegmatite. Symbols are the same as in Fig. 4.
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5). This trend is similar to that shown by columbite-tantalite within single bodies of

ematite (indicated by arrows), in which the paragenetically carly crystals are richer in
Fe and Nb than the later ones. There is a large overlap in composition between
columbite-tantalite in beryl pegmatite and that in spodumenc-beryl pegmutite (aplite zone
in both cases).

In contrast to the Lamotte suite, the overall compositional variation of columbite-
tantalite in the Lacome suite is from ferrocolumbite in beryl pegmatite to
manganocolumbite in spodumene pegmatite. ic.. there is buildup in Mn followed by
buildup in Ta. Examples of manganotantalite are scarcer here, as it is present only in the
pegmatite portion of the most evolved spodumenc composite pegmatite. This chemical
trend also is shown by the ferrocolumbite in the beryl pegmatites. in which the interstitial
(late) crystals invariably have higher values of Ta/(Ta + Nb) than, but similar values of
Mn/(Mn + Fe) to. the included (early) grains (Fig. 5). On the other hand. columbite-
tantalite in the least evolved spodumene-beryl pegmatite varies from {errocolumbite in the
aplite zone to manganocolumbite in the intermediate zone, with a very small
corresponding increase in Ta/(Ta + Nb) values. The most extreme Mn enrichment in
manganocolumbite is shown by the intermediate spodumene-beryl pegmatite, in which the
value of Mn/(Mn + Fe) of columbite-tantalite reaches a high of 0.98 in the lepidolite zone
from a value of 0.75 in the spodumene zone. Unlike columbitc-tantalite compositions in
the least evolved spodumene-beryl pegmatite, these attain a substantially higher Ta/(Ta
+ Nb) value.

In summary, the composition of columbite-tantalite in the Lamotte suitc ranges
from ferrocolumbite in beryl pegmatite to manganotantalite in spodumene pegmatite and
shows a concomitant increase in Mn/(Mn + Fe) and Ta/(Ta + Nb) with pegmatite
evolution (Fig. 7). In contrast, the columbite-tantalite in the Lacorne suite varies from
ferrocolumbite to manganocolumbite. Within single bodies of beryl and most evolved
spodumene pegmatite at Lacorne, the Ta/(Ta + Nb) value of columbite-tantalite increases
at a constant Mn/(Mn + Fe) value.

Crystals of ferrocolumbite in discrete aplite dikes in the Lacomne and Moly Hill
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Fig. 7. Compositional trends of columbite-tantalite from the various Lamotte and Lacorne

pegmatites. Data are from Fig. 5.
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plutons are similar compositionally, and have lower values of Mn/(Mn + Fe) (i.c., are less
evolved) than their equivalents in the Lacorne beryl pegmatite.  Columbite-tantalite from
the Preissuc muscovite + garnet monzogranite has a very low value of Ta/(Ta + Nb). <
0.04, and the Mn/(Mn + Fe) values range from 0.47 to 0.52. In the albitite dikes, the
columbite-tantalite ranges widely, from a Ta/(Ta + Nb) of 0.4 and o Mn/(Mn + Fe) of
0.45 to a Ta/(Ta + Nb) of 0.6 and a Mn/(Mn + Fe) of 0.85. Most of the columbite-
tantalite in these dikes thus have a composition between ferrocolumbite and
manganotantalite, along a vector that does not lie close to the compositional trend defined

for crystals formed from the melt phase.

Structural states

Unit-cell dimensions were refined on columbite-tantalite from representative types
ol pecgmatite: the nature of the host rocks is indicated in the footnotes to Table 3. At
Lamotte (Fig. 8). the columbitc-tantalite in the aplite zone of both beryl and spodumene-
beryl pegmatites has an intermediate degree of order (52-64%: Table 3) and Mn/(Mn +
Fe) value, whereas that in the most evolved spodumene pegmatite is relatively disordered
(in the range 0-25% order) and relatively Mn-enriched. Note that in one sample of
manganotantalite, there are two sets of diffraction maxima. one set being dominant and
pertaining to a zone richer in Mn (higher value of @) than the other. The volume
relationship of the two lattices most likely reflects the presence of a core of
manganotantalite that is less evolved than the bulk of the crystal chosen for the X-ray
diffraction expcri;n.-*.nt. The peaks of all other samples are single, i.e., devoid of satellites.

At Lacorne (Fig. 8), the ferrocolumbite from the aplite zone of beryl pegmatite is
more ordered (61-75% order: Table 3) than that from the intermediate zone (41% order).
All othcr samples plotted, from spodumene-beryl pegmatite and from spodumene
pegmatite, are significantly more disordered (0-32% order) and more Mn-enriched. The
most strongly disordered crystals are from the geochemically most evolved bodies of each
. grouping. The trend of increasing Mn/(Mn + Fe) inferred from the cell dimensions is

consistent with the;::mcasured value (Fig. 5). Asin thé Lamotte suite, one sample (only)
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Table 3 Unit-cell parameters (A) for columbite-tantalite from the

Lamotte* and Lacome pegmatites.

Sample a b c V(A3) % Order+
Beryl pegmatite

794 14261(2) 5.736(1)  5.100(1) 417.3 54
795* 14258(3)  5.735(1)  5.101(1) 4171 52
623 14338(3) 57441}  5.006(1) 4197 75
623.1 14.336(3)  5.745(1) 5.096(1) 4197 74
623.2 14.280(5) 5.741(1)  5.097(1) 4179 61
1001 14251(4) 5.740(1)  5.113(1) 4181 4
Spodumene-beryl pegmatite

908" 14274(3)  5739(1)  5.002(1)  417.1 64
912* 14.276(6) 5.740(2)  5.095(2) 4175 62
708 14236(2) 5.738(1)  5.133(1) 4193 17
753.1 14.262(4) 5.751(1)  5.150(1) 4224 7
7532 14266(3) 5.753(1)  5.147(1) 4224 11
756.8 (D)  14271(3) 5.749(1)  5.143(1) 4219 16
LD 14.285(5) 5.750(2)  5.130(1) 4213 3
756.5(H) 14.386(3) 5.746(1)  5.080(1) 4199 100
Spodumene pegmatite

9-5'(D) 14.288(3) 5.793(1) 5.167(1) 4247 0
LD 14243(4)  5.744(1)  5.146(1) 4210 7
9-5* 14306(7) 5.753(2) 5.941(3) 4232 25
9-5* 14270(3) 5.747(1)  5.149(1) 4223 10
9-5"(H)  14.420(3) 5.760(1)  5.093(1) 423.1 95
812 14.306(5) 5.745(2) 5.134(2) 4219 32
8122 14287(5) 5752(2) 5.145(1) 4228 17
736 14.231(17) 5.776(6) 5.153(6) = 4236 0

S: from spodumene zone; D: Dominant; LD: Less dominant
H: heated at 1000°C for 16 hours
+ % of order calculated according to Cemy and Ercit (1989)
All samples came from the aplite zone of composite aplite-pegmatite

bodies, except for samples 1001, 753, 756.S and 812, which came
from the pegmatite (intermediate) zone.
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Fig. 8. A plot of unit-cell parameters a versus ¢ showing an increasingly disordercd
structure of columbite-tantalite from beryl to spodumene pegmatite. Heated (1000°C, 16
hours) manganotantalite from the most evolved Lacorne spodumene pegmatitc and a
similar sample from the Lamotte pluton are completely ordered. The unit-cell values of
the ordered end-members are from Wise et al. (1985). Symbols are the same as those in

Fig. 4. ASE.: Average standard error, i.e., less than the size of the symbols.
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displays two sets of diffraction maxima. In this case, the two lattices belong to zones of
similar degree of Mn cenrichment. but difter slightly in degree of cation order, the
dominant member of the pair being mode strongly disordered (0 vs. 7€ orden).

To test that the disordered members of the suite do indeed have the columbite-
tantalite structure (and not that of ixiolite). one sample from cach tocality was heated 10
1000°C for 16 hours. In both cases. the highly disordered starting material became highly
ordered manganotantalite as a result of the heat treatment (Fig. 8, Table 3), as would be
expected in light of the findings of Cerny and Ercit (1983). The rapid increase in degree
of cation order at 1000°C indicatcs that the ordered structure is strongly favored over onc
showing a disordered distribution of divalent and pentavalent cations and the resultant

local departure from ideal bond-valence sums that are anticipated.
MICROLITE

As described earlier. microlite [A,,,B.O,(0.0H.F),,, pH.O (m.n=0-1: p=0-N]
occurs as a secondary phase replacing columbite-tantalite, mostly in spodumene
pegmatites and, very rarely, in beryl pegmatites (Fig. 3D). Elcctron-microprobe data
show that the sum of oxides ranges from 91 to 97.5 wt% (Table 4). Low totals are
common in microlite (¢.g.. Splide and Shearer, 1992; Wisc and Cerny. 1990), and have
been attributed by Wise and Cemny to the presence of H,O or F, or both. Examination
of the microlite with an energy-dispersion spectrometer attached to the clectron
microprobe did not indicate the presence of F: H,O is therefore the most likely dominant
volatile species in this case.

The_'composition of microlite is highly variable; different samples contain uranian
microlite (Table 4, anal. 1-3 and 7)_, sodium-rich microlite (anal, 5 and 6), and U- and Na-
free microlite {anal. 4). Na-rich microlite is restricted to spodumene pegmatites, whereas
uranmicrolite occurs in both spodumene (812) and spodumenc-beryl (756.5)
pegmatites.The dominant major-element oxide is Ta.0; (54-80 w1%): Nb,O, (2.3-17.6
wt%) and Ca0 (10.7-15.2 wt%) are subordinate. The Ti content ranges from 0.5 to 6.3
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Table 4 Representative compositions of microlite

Sample 7558 7568 7568 721 HP9S HP95 812 812
Analyses 1 2 3 4 5 6 7 8
Nb20Os (wi%%) 944 1124 1766 1621 230 176 958 11.60
U0z 695 788 397 050 860 672
Nag0 482 359 123 1.00
Mg0 0.07

Ca0 1419 1448 1519 1348 107 1074 1381 1515
TiO2 531 833 490 150 058 051 516 598
FeQ 0.02 016 680 004 002 009
MnO 046 063 105 368 009 039 06 ON
Tag0s5 8555 5155 4833 5475 7848 7998 5442 509
Total 9192 9411 9126 9649 9701 9747 9351 9215

Structural formula based on full-B-site octupancy (Nb+Ta+Ti=4)

Nb 0730 0852 1287 1256 0.182 0139 0752 0.889
Ta 2586 2350 218 2551 3741 3794 2573 2348
Ti 0684 0798 0594 0.193 0077 0067 0675 0763
U 0265 0286 0142 0019 0333 0254
Na 1638 1214 0415 0.32¢
Mg 0.018

Ca 2603 2597 2624 2475 2010 2007 2572 2753
Fe 0.003 002 0974 0059 0.003 0013
Mn 1.092 089 0143 1620 0013 0058 1143 1151

F0
N
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wif TiO,. Fe and Mn are minor constituents. The composition of microlite in this study
lies within the compositional field of microlite compiled by Wise and Cerny (1990) (Fig,
9). and compares well with that of microlite from the Yellowknife pegmatites, Northwest
Territories (Wise and Cerny, 1990), and the lepidolite pegmatites from South Africa and

Namibia (Baldwin. 1989).
DISCUSSION

Compositional trends and pegmatite evolution

Textural evidence presented carlier indicates that columbite-tantalite in the Lamotte
and Lacorne pegmatites is magmatic: the crystals are refatively homogencous, and free
of subsolidus alteration except where noted. The composition of columbite-tantalite. like
that of any other magmatic mineral. was therefore controlled by the abundances Nb, Ta,
Fe and Mn in the evolving magma, the relative solubilitics of the end-members, the nature
of the cocxisting mincrals on the liquidus and the corresponding mineral-liquid partition
coefficients for the above clements.

In the Lamotte suitc as a whole, columbite-tantalitc displays a trend of
simultaneously increasing Mn/(Mn + Fe) and Ta/(Ta + Nb) values from beryl to
spodumene pegmatite, indicating that the residual liquid was progressively depleted in
both Fe and Nb, and enriched in both Mn and Ta with cvolution of the residual melt
(Figs. 5. 7). The same trend is shown by columbite-tantalite within individual budies of
spodumene pegmatite, i.e., from early to late stages of crystallization. These :]‘\ppds can
be explained by the relative solubility of the two c¢nd members in the liquid.
Ferrocolumbite is less soluble and crystallized first, thereby enriching the residual liquid
in Mn and Ta, and causing later crystallization of manganotantalite. This simple
explanation is partially supported by experiments of Keppler (1993), who has shown that
MnTa,0; is approximately nine times more soluble than MnNb,O, in F-free haplogranite.
Although there are no experimental data for ferrocolumbite, it can be argued on

theoretical grounds that because the field strengths (Z/r) of Nb and Fe are higher than
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Fig. 9. A Nb-Ti-Ta triangular diagram (atomic proportions) showing the B-site occupancy
in microlite. The field boundaries of the three pyrochlore-group minerals are after
Hogarth (1977). The compositional fields of known microlite are after Cerny and Ercit
(1989), Baldwin (1989) and Wise and Cem}‘r (1990).
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those of Tu and Mn, respectively, ferrocolumbite will be less soluble than cither
manganocolumbite or manganotantalite.

In the Lucorne suite, the columbite-tantalite also displays an overall trend of
increasing Mn/(Mn + Fc) and Ta/(Ta + Nb) from beryl to spodumenc pegmatite.
However, in contrast to the Lamotte suite, the increase in Ta/(Ta + Nb) is relatively
subdued, and the trend is mainly onc of Mn enrichment. Similar trends of dominant Mn-
enrichment in columbite-tantalite composition have been reported by Cerny et al. (1985.
1986) from a number of granitic pegmatite ficlds and by Spilde and Shearer (1992) for
the Black Hills granitic pegmatites (South Dakota). Ccm)‘r ct al. (1985. 1986) attributed
such 2 trend to the presence of F in the melt. and the resultant formation of Mn- and Ta-
fluoride complexes, which would increase the partitioning of Mn and Ta (presumably
mostly the latter) in favor of the liquid and delay crystallization of manganotantalite until
the latest stages of pegmatite evolution. However, in order for this hypothesis to account
for a trend toward manganocolumbite in Fig. 7. the partitioning of Ta relative to Nb
would have to have become stronger in favor of the liquid than that of Mn relative to Fe.

Although Keppler (1993) has shown that the solubility of manganotantalite in
haplogranitic melts does increase sharply with increasing F content, his data provide no
cvidence of a corresponding preferential increase in the solubility of manganotantalite
over that of manganocolumbite. Indeed. the value of Ksy,1.00¢/KSumnn200 (Ks: solubility
product) is highest in the F-free system, decreases until the F content of the melt is 2
wt%, and then is essentially constant for higher F contents. These data would appear to
rule out fluoride complexing as a viable explanation of the relative suppression of Ta in
the crystal. Furthermore, there are no experimental data to test the hypothesis of
preterential complexing of Mn relative to Fe by fluoride. However, theoretical
considerations do not support this hypothesis. Both Fe and Mn are divalent cations, are
intermediate in terms of the hard-soft classification of metals, and are therefore unlikely
to form strong complexes with a hard ligand like F (Pearson, 1963). Moreover, Al, Na
and Li. which are major components of the magma, all associate strongly with fluoride
in the melt (c.g.. Manning et al.. 1980) and thus it seems unlikely that Fe- and Mn-
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bearing assoctations with F would be important,

In the Lacorne suite. with the exception of the beryvl pegnuatite and the most
cvolved batches of spoduniene pegmatite, the trend defined by columbite-tantalite in Fig,
3 and 7 parallels the overall trend from beryl pegmatite to spodumene pegmaiite
associated with this pluton. i.c., enrichment in M. In contrast, the internal evolution of
individual bodics of pegmatite in this swarm follows a distinet vector off the main trend
in Fig. 7. along which Ta/(Ta + Nb) increases in columbite-tantalite at a constant Mn/(Mn
+ Fe) value. The tact that garnet crystallized contemporancously with columbite-tantalite
at all stages of the internal evolution of these bodics probubly is responsible {or the local
dccoupling of Fe. Mn from Nb. Ta. the garnct acting as a butter of Fe and Mn activities.
Note that in most bodies. the crystallization of garnet has terminated at the stage of

nucleation and growth of columbite-tantalite.

Relationship between degree of cation order in columbite-tantalitec and degree of
geochemical evolution of the system.

The striking increase in the extent of disorder with increasing Mn enrichment. and
the complete absence in these suites of columbite-tantalite plotting close to the "ordered”
end-members (Fig. 8) can, in our opinion. be used to extract petrogenctic informiation.
One hypothesis generally mentioned in evaluations of such obscrvations involves the
incorporation of "other” cations, such as Ti, leading to a redistribution of the essential
cations over the A and B sites, and promoting disorder. Whereas the levels of Ti can
reach important levels in minerals of this group, the data reported here on Ti levels of
incorporation are all rather low, and do not surpass 0.1 apfu. A plot of degree of order
versus Ti content (not shown) does not suggest any dependence on this variable. We
tentatively conclude in light of these facts and the close approach of the compositions to
stoichiometry (Tables 1, 2: Fig. 4). that coupled substitution involving Ti or other
extraneous cations is not of any consequence in this contéxt.

We tentatively conclude, therefore, that the degree of order of thc columbite-

tantalite in this suite is a function of environmental factors, and Spcciﬁca!ly. the rate of
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cooling and the size of the pegmatite bodies. Using this hypothesis, Cerny et al. (1986)
proposed, in the case of the Greer pegmatite ficld, that small bodies of relatively evolved
pegmatite emplaced in country rocks cooled much more rapidly than larger. proximal
hodies of less evolved pegmatite. The more rapid the rate of cooling. the more likely the
preservation of the degree of cation order imposed at the time of growth of the columbite-
tantalitc.  'We contend that the observed degree of cation order in both Lamotte and
Lacorne suites is closc to, if not identical to, the original degree of cation order. There
certainly is no evidence of appreciable ordering of CT in any of the bodies sampled.
Unfortunately, there is no information in the literature concerning the kinetics of ordering
of columbite-tantalite solid solutions as a function of temperaturc and time of annealing.

An cnigmatic aspect of the problem concerns the unlikeliness that a divalent and
a pentavalent cation could adopt a disordered distribution in an oxide phasc of
stoichiometry AB,0,. One would predict such serious departures from local charge-
balance that "on paper”., one would not expect disorder to be possible, Yet. the consensus
of structural crystallographers is that such crystals really arc disordered. The fact that
such disorder is strongly metastable is proven by the efficicnt conversion of disordered
manganotantalitc to the ordered equivalent at a temperature far above (~450°C) the
inferred temperature of crystallization of the evolved felsic liquids. We can conclude that
crystallization of these batchcs of melt was very rapid. and that the oxide phase

crystallized with a pattern of cation distribution resembling that in the melt.
CONCLUSIONS

l. The crystal chemistry of columbite-tantalite in the Lamotte and Lacorne suites
of pegmatite is controlled mainly by homovalent TaNb,, and MnFe, exchanges. The
coupled substitution involving Ti,(Nb,Ta) ,(Fe.Mn),, is of minor importance.

2. The increases in Mn/(Mn + Fe) and Ta/(Ta + Nb) of columbite-tantalite from
the least evolved beryl pegmatite to the most evolved spodumene pegmatite and with
progressive crystallization of individual pegmatites, can be explained by the higher



solubility of Ta- relative to of Nb end-members and Mn- relative to Fe end-members.
The much larger increases in Mn/iMn + Fe) relative to Ta/(Ta + N in coltmbite-
tantalitc in the Lacorne suite compared to the Lamotie suite may retlect the role and order
of crystallization of garnet.

3. In pegmatite bodies where columbite-tantalite and garnet are coeval, the garnet
butfered the activity of Mn and Fe in the liquid. and as a resalt, the evolution of
columbite-tantalite composition was marked by increases in Ta/(Ta + NbY at constang
Mn/(Mn + Fe).

4. The degree of disorder of columbite-tantalite increases progressively from
beryl- to spodumene pegmatite as a result of the higher cooling rite of pegmatite bodies
emplaced in the country rocks as opposed to those in and near the parental plutons.

Samples closest to the manganotantalite end-member are completely disordered.
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ABSTRACT

Comagmatic rarc-clement (Li, Be, Nb, Ta) granitic pegmatites associated with the
Archean Lucorne pluton of the Preissac-Lacome batholith (Quebec), and ranging from a
lcast evolved beryl-bearing type to 2 most evolved spodumene-bearing type. contain
primary fluid inclusions which cstablish that the magma saturated with vapor
peneconteporancously with emplacement. The earliest orthomagmatic fluid is represented
by aqueous liquid-vapor (type la) and aqueous liquid-vapor-solid (type 2) inclusions in
beryl. which are estimated to have been trapped at temperatures between 500 and 550°C
and 3.5 Kb. Based on microthermometric measurements, analyses of the compositions of
the residues of decrepitated inclusions and the nature of the solids. the fluid is interpreted
to have been NaCl-dominated, to have had low salinity (<15 wt% NaCl eq.). and
contained appreciable Fe and dissolved CO.. In spodumene. the equivalent fluid. which
is cstimated to have been trapped at somewhat lower temperature (450 to 500°C),
contained significant Mn, Li and Cs in place of Fe, reflecting corresponding trends in the
chemical evolution of the host rocks.

Vapor-rich, mainly secondary, aqueous inclusions (type 1b) trapped in beryl, are
interpreted to reflect temporary sharp drops in pressure later in the crystallization history
of the beryl-bearing pegmatites due to local fluid overpressures which led to brecciation
and consequent pressure release. These inclusions have high salinity, are CaCl,-rich, and
are considered to represent the first incursion of external metamorphic fluids into the

gmatites. In spodumene pegmatite, incursion of these inclusions is interpreted to have
occurred earlier and been more important because a high proportion of primary inclusions
contain significant Ca, and Ca abundances are generally higher in inclusions hosted by
spodumene than by beryl. This interpretation is consistent with the location of spodumene
pegmatites in basaltic country rocks and beryl-bearing pegmatites in the pluton.

The crystallization history of the pegmatites coincided with the entrapment of low
salinity aqueous-carbonic (type 3 inclusions) in quartz, which is thought to have occurred

as a result of unmixing of the orthomagmatic fluid on cooling, probably at temperatures

. between 250 and 350°C. The history of fluid entrapment and evolution documented in this
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study demonstrate the validity of the Jahns-Burnham maodel for the tormation of zoned

. rare element pegmatites. at feast for the case of boron-poor magmatic systems.
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INTRODUCTION

The widely accepted Jahns and Burnham (1969) model for the petrogenesis of
granitic pegmatites involves the assumption that the corresponding magma is saturated
with an aqueous phase, and that this condition is needed in order to produce the large
crystals and internal zonation that characterize these rocks. This model has been
challenged for the case of boron-rich systems by London (1986) who. on the basis of
fuid inclusion data. argued that the Tanco Li-Ta pegmatite did not become saturated with
an aqueous phase until relatively late in its crystallization history. Instead. he interpreted
his data to indicate the presence of dense. hydrous, alkali borosilicate fluids in the Tanco

amatite-forming magma. London’s interpretation of fluid cvolution in the Tanco
pegmatite is in conflict with Thomas et al. (1988). who. from the presence of aqueous
liquid-vapor inclusions {coexisting with crystal-rich (melt) inclusions) in wall zone schorl.
proposed that the magma was saturated with an aqueous phase at the start of its
crystallization: London (1986) considered the schorl to be paragenetically late.

There are few other modern studies of fluid evolution in rare-element pegmatites.
In one of these, Whitworth and Rankin (1989), using fluid inclusion data in quartz from
barren and spodumene pegmatites and parental granite at Leinster (Ireland), proposed that
aqueous fluids started to exsolve during the late stage evolution of the parental granite
and continued to exsolve during the crystallization of the pegmatites. However, they did
not provide evidence of primary entrapment of the fluids, and quartz is well known to
trap secondary fluid inclusions (cf. Roedder, 1984). In another study, Ruggieri and
Lattanzi (1992) presented fluid inclusion evidence that tourmaline, beryl and quartz in
miarolitic cavities, and massive quartz in the Mt. Capanne pegmatites (Italy) crystallized
in the presence of aqueous fluids. Although the authors did not discuss the timing of
entrapment of these fluids, it is likely to have been late given the lacation of the host
minerals, and thus the study does not indicate whether or not the magma was saturated
with an aqueous phase early in its history of crystallization. Finally, Cﬁakoumakos and
Lumkin (1990) reported the occurrence of aqueous-CO, inclusions in beryl and quartz
from the Harding pegmatite, New Mexico, but failed to indicate whether the inclusions
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were primary or secondary.

The purpose of this paper is to shed more light on this fundimental issue of
pcgmatite genesis by reporting results of a study of fluid inclusions in bervl, spodumene
and quanz from a suite of variably evolved. boron-poor rare-clement granitic pegmatites
in the Lacorne pluton of the Preissac-Lacome batholith (Québec). These pegmatites are
comagmatic and comprise a least {ractionated beryvl-type which intruded the pluton,
transitional spodumene-beryl-type. and a highly fractionated spodumence-type. which was
emplaced in the country rocks. Our study shows that in all three types of pegmuatite the
magma was saturated with an aqucous phase near the onsct of crystallization and later
cxsolved a carbonic phase. We therefore conclude that, at least in the case of boron-poor

systems, there is no need to reject the Jahns and Burnham model of pegmatite genesis.
GEOLOGY AND PETROLOGY

The rare-element pegmatites investigated in this study belong to the Lacorne
monzogranite pluton of the Archean Preissac-Lacome batholith (~2.76 Ga, Steiger and
Wasserburg, 1985; Feng and Kerrich, 1991). which is composed of older syn-tectonic
basic intrusions (gabbro-monzonite-granodiorite) and younger post-tectonic peraluminous
monzogranite plutons (Fig. 1). Rocks surrounding the batholith comprise mainly basah,
plus smaller volumes of basic tuffs and komatiite, which regionally have been
metamorphosed to upper greenschist facies and locally (within 7 Kilometers of the
batholith) display evidence of contact metamorphism (cf. Dawson, 1966; Powell, 1994).
Mulja et al. (1995b, c) have shown that the Lacorne monzogranitc pluton is quasi-
concentrically zoned into biotite, two-mica and muscovite monzogranites, and proposcd
that this occurred as a result of side-wall crystallization. According to their modci, the
rare-clement pegmatites, which occur throughout the pluton and environs, represent
fractionation of the residual liquids from monzogranite crystallization. The pegmatite
bodies occur as dikes, ranging in width from tens of centimeters to eight meters and up
to hundreds of meters in length, and as lenticular bodies up to 5 x 24 m in plan. Most
dikes strike east-west and northwest-southeast, and dip vertically to subhorizontally.
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Fig. 1. Location and geological map of the Lacorne pluton and
associated rare-clement pegmatites in the Preissac-Lacome batholith,
Québec. Although Dawson (1966) outlined the limit of the Lacorne
pluton depicted in A. recent mapping by Mulja et al. (1995b) has shown
that most outcrop is concentrated in the eastern half of the area attributed
to the pluton. Abbreviations are as follows: Ab. albitite; Brl. beryl: MG.
muscovite monzogranite; Mo, molybdenite, Spd. spodumene. The three
sample locations are MBP (Mass beryl prospect), Valor. and QL (former
Québec lithium mine). which is about 7 km east of the map.
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Within the Lacorne pluton, local faults cut many pegmatites. but did not significantly
deform the major mincral constituents, c.g.. beryl and spodumene remain cuhedral. In
some pegmatites, however, the internal structure has been locally disrupted by brecciation,
which has juxtaposed irregularly shaped fragments from different parts of the pegmatite
and cemented them with coarse-grained K-feldspar. quartz and muscovite. This
brecciation is interpreted to have occurred as a result of excessive fluid pressures
{hydrofracturing) prior to complete crystallization of the pegmatite.

On the basis of the predominant rarc-element-bearing minerals. the pegmatites
have been subdivided into proximal (with respect to the Lacorne pluton) beryl-,
intermediate spodumene-beryl- and distal spodumene-types (Fig. 1B). Throughout this
paper. they arc referred to as beryl. spodumene-beryl and spodumene pegmatites.
Molybdenite- and columbite-tantalite-bearing albitite dikes and Mo-bearing quartz veins
occur beyond the spodumene pegmatite zone to the north and south of the pluton,
respectively (Fig. 1B).

The most important rare-¢lement pegmatites are at the Mass Beryl Prospect (beryl-
type). the Valor Prospect (spodutnene-beryl-type) and the former Québec Lithium mine
(spodumene-type), and have furnished the samples used in this study. These pegmatites
vary in size (up to 8 x 120 m ir plan) and internal texture (zoned and unzored). The
beryl pegmatites (< 1-m wide), which were studied, are symmetrically zoned, consisting
of a sodic aplite wall zone, an intermediate zone of quartz, K-feldspar, coarse-grained
muscovite, albite, and beryl, and & central zone of quartz and K-feldspar. Layers of fine-
grained garnet and small pockets of quartz + muscovite are common in the aplite.
Ferrocolumbite, monazite, gahnite, molybdenite and magnetite are minor phases.

The spodumene-beryl pegmatite has a sodic aplite wall-zone, which contains layers
of garnet, ferrocolumbite, and minor disseminated fine-grained schorl. This zone grades
inward through beryl and books of muscovite into an intermediate zone comprising
mainly albite (as rosettes of cleavelandite), quartz, K-feldspar, and spodumene, and minor
pollucite [(Cs.Na),Al,Si,0.. H,O], and manganocolumbite. Pyrophanite (MnTiO,) and
schorl are accessory phases. Beryl also occurs as euhedral crystals (up to 4 ¢m across)
at the contact with the monzogranite where aplite is locally absent, indicating that it was
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one of the carliest minerals to have crystallized from the felsic liquid. Spodumene ocecurs
as laths (up to 20 ¢m wide and 2 m long) throughout the pegmatite.  Some crvstals of
spodumene are intergrown with quartz. a texture which is common in pegmatites
elsewhere (Cerny and Ferguson, 1972). and has been interpreted to have formed through
the breakdown of petalite to spodumenc + quartz. The central zone of this pegmatite
consists mainly of quartz. spodumene and lepidolite. This lepidolite, which is cuhedral
and occurs as books (2-3 cm across). is interpreted to be of magmatic ongin. In contrast,
small flakes of lepidolite which partially replaced spodumene along fractures, are
considered to have formed at subsolidus conditions.

The spodumene pegmatite is massive, cdmposcd of anhedral quartz. cuhedral
spodumene and subhedral albite. Spodumene occurs as randomly distributed prismatic
crystals (up to 1-cm wide and 3-cm long) oriented at an oblique angle (45-60 degrees)
to the pegmatite contact. As is the case in spodumene-beryl pegmatite. some spodumene
crystals are intergrown with quartz, and are interpreted to have replaced petalite.
Discrete, coarser grains of quartz occur in the inner parts of the pegmatite.  Albite is
typically subhedral and compositionally homogencous, with the exception of some grains
along the contacts with biotite schist, which have rims of oligoclase or andesine. The
transition from the sodic core to the calcic rim varies from sharp to diffused. suggesting
that the rim is a subsolidus overgrowth. Manganocolumbite and pollucite arc minor
phases, and beryl is a trace mineral. The spodumenc pegmatite induced biotitization of
the surrounding mafic rock and local development of holmquistite
[Li,(Mg Fe**)(ALFe**),(Si;0,,)(OH),]. The effect of this metasomatism on the pegmatite
was the formation of small anhedral grains of apatite at the contact with the country
rocks, and calcic overgrowths on some crystals of albite {above).

FLUID INCLUSIONS

Fluid inclusions were analyzed in bery! and adjacent quartz from beryl and
spodumene-beryl pegmatites, and in spodumene and discrete quartz crystals from
spodumene pegmatite; quartz intergrown with spodumene lacks fluid inclusions large
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cnough to be examined petrographically or microthermometrically.  Spodumene in
spodumene-beryl pegmatite is cloudy and also not suitable for fluid inclusion study.
Fortunately, spodumenc from spodumene pegmatites, which 1s finer-grained (averaging
0.5 x 2 cm in section)., contains many large fluid inclusions. Because all petalite has been
converted to spodumene. and it was not possible to distinguish petrographically between
inclusions from primary spodumenc and those in spodumcne after petalite. the

microthermometric data from these two generations of spodumenc were treated together.

Petrography

Four main types of fluid inclusion have been recognized: 1) aqueous liquid-vapor
(L-V): 2) aqueous liquid-vapor-solid (L-V-S); 3) aqueous liquid-carbonic (L-V.L-L-V and
L-L-V-S): and 4) carbonic (L and L-V). Type | inclusions occur in all minerals
examined and form the bulk of the fluid inclusion population. In beryl from both beryl
and spodumene-beryl pegmatites, these inclusions are subdivided into type la. which
homogenize to liquid (~70% of the type 1 population) and type lb. which homogenize
to vapor. Type la inclusions, which are mostly liquid-rich (liquid/vapor values between
4 and 2), range in diameter from < 5 to 12 pm. Approximately a quarter of these
inclusions are isolated or occur in clusters, typically have negative crystal shapes (Fig.
2A). are > 5 um in diameter, and are thus interpreted to be of primary origin (cf.
Roedder, 1984). The majority of type la inclusions are small (< 5 um in diameter) and
occur along healed fracture planes, indicating that they are secondary, i.e. that they
formed after crystallization of the host beryl. Type 1b inclusions normally do not coexist
with type la inclusions and differ from primary type la inclusions in that they are
generally larger (15-20 um in diameter, although some are < 12 pm in diameter) and are
‘mostly vapor-rich (from 55 to 75 vol% of the inclusion, based on visual estimates). Type
1b inclusions are generally aligned along healed fracture planes and are therefore mainly
secondary. However. a small proportion are isolated, and could therefore be primary.

In contrast to type 1 inclusions in beryl, those in quartz from the three types of
pegmatite. and in spodumene (from spodumene pegmatite), all homogenize to liquid
" (Type 1a). Thesc inclusions in quartz have petrographic characteristics simnilar to type
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Fig. 2. Examples of types of fluid * solid inclusions in beryl and spodumene
from beryl, spodumene and spodumene-beryl pegmatites. A) An isolated type la
inclusion in beryl (beryl pegmatite) consisting of liquid (L) and vapor (V). B) A
tubular type 2 (solid-bearing) inclusion oriented parallel to the c-axis of the host
spodumene (spodumene pegmatite) C) A multi-solid-bearing type 2 inclusion in beryl
(spodumene-beryl pegmatite) containing three larger solids (1-3) and two smaller ones
(between the vapor (V) and solid 2, and between solids 2 and 3), a liquid (L) and vapor
(V). Solid number 2 is interpreted, on the basis of its Raman spectrum (see Fig. 13)
to be zabuyelite (Li,CO;); the other solids have not been identified. The halo of tiny

fluid inclusions surrounding the inclusion is thought to reflect natural decrepitation.
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12 inclusions in beryl, whereas in spodumene they oceur mostly as negative rectangular
crystals (up to 30 pm long: but most are = 10 pm fong). These inclusions are typically
oriented parallel to the c-axis of the spodumene. Sccondary inclusions in spodumenc are
very small (< 3 pm) and occur as trails at various angles to the c-axis of the crystal.

Type 2 (L-V-§) inclusions are hosted almost exclusively by beryl in bervl and
spodumene-beryl pegmatites. and spodumenc in spodumene pegmatites.  Halite was not
observed in type 2 inclusions in cither beryl or spodumene. and only two halite-bearing
type 2 inclusions, both of secondary origin, were observed in quartz from a spodumene-
beryl pegmatite. In beryl. type 2 inclusions are considerably less common than type |
inclusions (1:10), whereas in spodumene they are only slightly less abundant than type
I inclusions. Type 2 inclustons in beryl and spodumene have euhedral (the norm in
spodumene) to subhedral negative crystal shapes (Fig. 2B). and are isolated or coexist
with primary type la inclusions. These rclationships suggest that the inclusions are
primary. A small number of type 2 inclusions, particularly in beryl, arc accompanicd by
tails of tiny fluid inclusions or are surrounded by them (Fig. 2C). Thesc features indicate
that the inclusions are necked down or had decrepitated naturally. respectively. No
secondary type 2 inclusions have been observed in beryl or spodumene.

Type 2 inclusions in beryl and spodumene contain from onc to five solids. Most
commonly they contain one or two solids in beryl and one solid in spodumenc.
Inclusions containing one or two solids comprise over 80 vol.% liquid plus vapor, while
those with more than two solids typically comprise about 70 vol.% liquid plus vapor and
rarely as little as 40 vol.% of these phases. In those cases where the inclusions are
dominated by solids there is evidence of natural decrepitation (Fig. 2C), suggesting that
fluid originally trapped in the inclusions has been lost. The most commonly occurring
solid has a rectangular shape (up to 15 pm long), is white and anisotropic (e.g., Fig. 2C).
It is present in over 80% of type 2 inclusions in beryl, and in about 25% of these
inclusions in spodumene. The next most common mineral has a thombic shape (~3 um
across) and is weakly to moderately birefringent. This mineral is slightly more common
in spodumene than in beryl. Irregularly shaped solids are less abundant and generally
small (typically 2 pm across), but in some cases, occur in pairs. Like the above solids,
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these solids are white and anisotropic. They are more common in beryl than in
spodumene. The least common solid, found only in three type 2 inclusions, is reddish
brown and roughly equidimensional. This solid. probably hematite. was observed only
in beryl and invariably was accompanied by onc or two other mincrals among those
described above.

Type 3 carbonic inclusions are present mainly in quartz, rarely in beryl. and are
absent from spodumene. At room temperature, these inclusions consist of two phases
(liquid H.O and liquid or vapor CO,) or three phases (liquid H,O, liquid CO, and vapor
CO,). Phase ratios are quite variable, even among adjacent inclusions. suggesting that the
H,O and CO, were immiscible at the time of entrapment. A small number of type 3
inclusions in quartz from the spodumene-beryl pegmatite contain the white, rectangular
solid (< 2 pm) described above. Most type 3 inclusions have negative to subhedral
crystal forms and are isolated, suggesting that they are primary. At room temperature,
the CO, phase(s) of the inclusion generally comprises a volume fraction of between 0.15
and 0.2. These inclusions also coexist with primary type la inclusions: both types of
inclusion have similar abundances in quartz from beryl and spodumene-beryl pegmatites.
but type 3 inclusions are less common than type | inclusions in quartz from spodumene
pegmatite. A small proportion of solid-free, type 3 inclusions occur along fracture planes.
indicating that they are of secondary origin.

Type 4 inclusions are present only in quartz from beryl and spodumene-beryl
pegmatites. The majority of these inclusions are irregularly shaped and occur along
healed fracture planes, indicating their secondary origin. At room temperature (23°C),
the inclusions-consist of a liquid or liquid and vapor. The liquid inclusions nucleate a -

vapor bubble upon cooling.

_Analytical methods , -

Microthermometric measurements of phase changes in fluid inclusions were

- conducted on a Fluid Inc. USGS-adapted gas-flow heating and freezing stage (Werre et

al.. 1979). This instrument was calibrated with synthetic fluid inclusions for temperatures
between -56.6°C and 374.1°C, and with a quartz disk for higher temperature (the o-f
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transition is at 573°C). The accuracy was = 0.2 and = 3°C for the low and high
temperature measurements, respectively,

The chemical compositions of precipitates or residues from decrepitated inclusions
and of solids in opened inclusions were determined with an energy dispersive N-ray
spectrometer attached to a JEOL 840 scanning clectron microscope.  Cleaned. doubly-
polished wafers were heated in the fluid inclusion stage until the inclusions decrepitated
(at temperatures less than 450°C). Residucs on the wafer were analyzed in raster mode
using 25-30 second counting times. Mineral chips opened for analyses of the included
solids were frozen with liquid nitrogen. broken. and glued onto silica glass slides. The
slides were coated with carbon on a rotating stage to ensure uniform coating.  Solids in
unopened fluid inclusions were identified with a Bruker IFS-88 FT Raman spectrometer
equipped with microscope. Typically. 200 scans were co-added at a resolution of 4 cm™',
using a Nd-YAG laser (1064 nm) at 300 mW. Most of these analyses were carried out
at McGill University. Additional Raman analyses were performed by Dr. lain Samson
of the University of Windsor, Windsor (Ontario); details of the analytical method can be

found in Samson and Sinclair (1992).
MICROTHERMOMETRY

Results of microthermometric measurements of fluid inclusions arc summarizcd.
in Table 1 and are presented graphically in Figures 3-8. Initial, or quasi-eutectic, ice-
melting temperatures (Te) were difficult to observe in many iﬁclusions. and as a result,
only a small number of measurerents were made. Fluid salinities (in weight percent
NaCl equivalent) were calculated from final ice melting temperatures (Tm) using the
equation of Potter et al. (1978) for type 1 inclusions and non-halite-bearing type 2
inclusions, and from final melting temperatures of clathrate (Tm clath) using the equation
of Darling (1991) for type 3 inclusions. '

i
(7

Type 1 inclusions (L-V)
Initial ice-melting temperatures (Te) for primary type 1a inclusions in beryl from
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Table 1.

Summary of microthermometric measurements of fluid Inclusions in beryl, quartz end spodumene {Spd) from the various types
of pegmatite. The values are the mean, the standard deviation, and the number of analyses.

Host
Mineral

Beryl

Quariz

Beryl.

Quarlz

Spd

Quarlz

Type Te {C) Tm (C) Th@) Tmco,’c) Tds(L-v-8) ThcCo,({C) WIL% XCO;
' or Tm Clath (°C) NaCl eq.
Beryl pegmatite
L-Via -355(10)(6) -7.7(6.6){25) 343 (886)(27) 10.4 (6.8) [25}
LVib  -50.3(5){17) -22.7(6)(24] 650(63)(18) 25 (2.4) (24)
L-VSec, -28(16)[3) -17.7(7)(10) 455(119)}(9) 20.3 (6.4) (10}
L-V-8  -16.2{0.8)(4) -6.08(0.85)(6) 284 (41)(6) > 500 8.16 (1.1)[6)
LVia  -39.7(4)(3] -6(8)[22) 242 (96)(20] 7.6 (9) (22}
L-VSec, -47.4(4)[5] -14.9(4.0)(10] 168 (109){13) 18.4 (4)[10)
LV -33.3(64)[8) -14(6)[18] 260(52)[18] 57.3(1.21)(18] 6.67 (1.87)(18) 20(7.41)[18) 7.81(2.84)[18) 0.13 (0.09) (16)
CO; 57 (0.39) (45} 20 (7.4) [45}
8podunmene-beryl pegmatite
L-V1ia -204(86)(7] -7.23880(18) 297 (69)([16] 10.1 (6.1) (18)
L-V1ib -32 -13.2(7)[10] 446 (54) [10) 15.5 (6.6} (10}
L-VSec, -28.6(1.8)[0) -16.5(6.4)[14) 452 (100)[14) 19.8 {5.45) [14)
L-V-8 n.a -4.45(0.5)[8) 281(39)(8) > 500 7.20(0.71) [8)
L-V1a -33 -6.67 (2.7)[16) 218 (39) (16) 8.61(3.47) (16)
L-VSec. -52(6.65)(3] -23.6(0.18)[6] '284 (68)(5) 26.1 (0.1} [5)
L-L-v -34(6)(6) -11.8(4)(18] 286(38)[17) 66.9(0.17)(18) 6.24 (1.27)[18) 21 (6.14)(18) 6.58 (1.04){18] 0.14 (.08)[18)
CO; 56.8 (0.16) (8] 20.1 (2.51) (6]
Spodumene pegmatite
L-Via -264(10)[12) -3.7(3)[34) 219(39)[39)] 5.9 (3.89) [34)
L-V1a* -66.2(286)[4] -35(1.4)(4] 212(37)(4) 32.8 (1.08) [4]
V-8  -27.7(8.2)(12] -3.16 (1.5)[19] 242(50)(23) 5.32 (2.24)(19]
L-v -37.8{(14.6)127 -7.8(9.1)[38) 260 (75)[41]) 10.1 (8.05) [38)

L-L-V -36.7(222)[8] -12.3(2.9)[11] 260(20)[11) 57.9(1.67){11] 6.26(0.78)§11) 16(6.67)f14) 7(1.310{11) 0.08(0.03 ) [10)

* These four analyses are separated from {he others because of their very low eutectic temperature.



beryl and spodumenc-beryl pegmatites vary from 40 to -10°C, with the majority being
between 40 and -35°C. and between -35 and -30°C. respectively (Fig. 3), By contrast.
the Te values of these inclusions from spodumenc pegmatite have a bimodal distribution
with peaks at -70 to -60°C and -23 10 -20°C in spodumenc. and at -70 to -60°C and -40
to -35°C in quartz. Primary type 1a inclusions in quartz from bervi and spodumene-beryl
pegmatites also show a bimedal distribution of Te¢. from -40 to -30°C and from -20 to -
[5°C. and from 40 to -30 and from -25 to -20°C. respectively. Type 1b inclusions in
beryl from beryl pegmatite show a wide range of Te values from -60 to -35°C, with a
peak between -50 and -45°C. The Te values of sccondary inclusions are scattered from
as low as -60°C in quartz from spodumenc-beryl pegmatite to as high as -5°C in beryl
from beryl pegmatite: secondary inclusions hosted by beryl from spodumcne-beryl
gmatite have a Te mode at -30 to -25°C. These data indicate that many of the
inclusions, i.e. those which have a Te value lower than -20.8°C (Tc of H.O-NaCl:
Crawford, 1981), contain. in addition to NaCl. salts such as FeCl,. CaCl, and perhaps
LiCl, which depress the eutectic temperature of the system NaCl-H,O to -55°C, -52°C and
-78 to -75°C (Roedder, 1984), respectively. A number of residues from decrepitated tluid
inclusions contain significant Ca and Fe, in addition to Na and Cl, confirming the
interpretation that salts such as CaCl, and FeCl, were partly or wholly responsible for the
low Te of some of these inclusions. It is also likely that LiCl contributed to the low Te
(see below). However, this cannot be confirmed as Li is undetectable with the EDS.
The majority of final ice-melting temperature measurements (Tm) of primary type
la inclusions are between -10 and -0.3°C for all inclusions from the three types of
pegmatite, corresponding to salinities between 10 and 2.5 wt% NaCl eq. (Fig. 4); the few
primary inclusions in spodumene and quartz from spodumene pegmatite, which have very
low Te, have Tm values from -35 to -40°C, corresponding to salinities of 30 wt.% NaCl
eq. If the compositions of these fluid inclusions are modelled in the system NaCl-CaCl,-
H,O, the minimum weight fractions CaCl,/(CaCl,+NaCl) are 0.8 and 0.9, respectively
(Oakes et al., 1992). Type 1b inclusions in beryl from beryl and spodumenc-beryl
pegmatites show a modal Tm value between -30 and -20°C, corresponding to salinities
between 27.5 and 22.5 wt% NaCl eq. If the lower Tm value reflects the presence of
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Fig. 3. Histograms of the initial melting temperatures of ice (Te) in the different
types of fluid inclusion in beryl, spodumene-beryl and spodumene pegmatite. In this and
subsequent diagrams (to Fig. 5), the various types of fluid inclusions are distinguished as
follows: black, type la; vertical hatching, type lb; diagonal hatching, type 2; horizontal
hatching, type 3 (in quartz onliy); and blank, secondary (types la and b).
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Fig. 4. Histograms showing temperatures of final melting of ice (Tm) in various
types of fluid inclusions and the corresponding salinity. See the caption of Fig. 3 to
identify the types of inclusion.
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CuCl,. the corresponding minimum weight fraction of CaCl/(CaCl+NaCl) s 0.7.
Sccondary type 1 inclusions in beryl from beryl pegmatite have highly variable Tm values
and therefore salinities, whereas those from spodumene-beryl pegmatite display a Tm
modc between -20 and -15°C, and salinities from 22.5 to 20 wt% NaCl eq. Secondary
typc | inclusions in quartz from beryl pegmatite generally have Tm values in the range
from -20 to -10°C, corresponding to salinities between 20 and 12.5 wt% NaCl eq. In
spodumenc-beryl pegmatite, these inclusions have a narrower range of Tm from -25 to -
20 °C, corresponding to salinities of 27.5 to 25 wt% NaCl eq.

Although type la inclusions show a wide range of homogenization temperature
from 125 to > S00°C in beryl, and from 150 to < 400°C in spodumene and quartz (Fig.
5). the majority of type la inclusions in the three types of pegmatite have Th modes
between 200 and 350°C. By contrast. type 1b inclusions in bery! from both beryl and
spodumene-beryl pegmatites homogenize at higher temperature, from 300 to > 550°C, and
thosc from beryl pegmatite have a modal Th value between 500 and > 550°C. The
secondary inclusions in beryl show a wide range of Th values from 200 to 550°C. and
like type 1b inclusions, a large population homogenizes at high temperature. > 450°C.
The majority of secondary inclusions in quartz homogenize between < 150 and 400°C,
with 2 mode from 150 to 175°C in beryl pegmatite and from 300 to 350°C in spodﬁmene—
beryi pegmatite.

Type 2 inclusions (L-V-S)

Initial ice-melting temperatures of type 2 inclusions range from -25 to -10 °C in
beryl from beryl pegmatite (Fig. 3), indicating that the fluid was dominated by NaCl =
KCL In contrast, Te for inclusions in spodumene from spodumene pegmatite varies from
-45 to -10°C, suggesting, as in the case for type 1 inclusions, that the fluids contain
appreciable concentrations of CaCl, = FeCl, or LiCl. Final ice-melting temperatures in
the three types of pegmatite range from -10 to -3°C, corresponding to salinities between
5 and 12.5 wt% NaCl eq (Fig. 4). Significantly, these values are similar to those of type
1a inclusions.

The liquid and vapor in type 2 inclusions homogenize to liquid at a modal

159



Fig. 5. Histograms showing the temperature of homogenization (Th) of the
various types of fluid inclusion. See the caption of Fig. 3 to identify the types of

inclusion.
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temperature between 250 and 300°C in bervl pegmatite. between 230 and 300°C in
spodumene-beryl pegmatite, and between 200 and 300°C in spodumene pegmatite (Fig.
3). The only solid to dissolve was the rhombic mincral in inclusions hosted by
spodumene, which did so at a mean temperature of 456 £ 74°C (Table ). However, this
mincral dissolved only in a small proportion of the inclusions. Its dissolution also showed
no correlation with the temperature of liquid-vapor homogenization. In beryl, there was
no change in the solids, including the rhombic phase, to the maximum temperature of
heating. Many type 2 inclusions in both spodumene and beryl decrepitated, commonly

at temperatures below 400°C,

Type 3 inclusions (aqueous carbonic)

As stated earlier, type 3 inclusions are common in quartz from all types of
pegmatite, rarely present in beryl and never in spodumene. These inclusions gencrally
show negative crystal forms and coexist with type | inclusions. The XCO,. calculated
using the method of Bodnar (1983), ranges from 0.02 to 0.3 (the myjority of inclusions
have XCO, between 0.06 and 0.1; Table 1). The initial melting temperature (Te) of the
aqueous phase ranges from -40 to -15°C, but is mainly between -40 and -35°C (Fig. 3).
Final ice-melting temperatures range from -26 to -2°C, from -20 to -8°C and from -16 to
-6°C in quartz from beryl, spodumene-beryl and spodumene pegmatite, respectively (Fig.
5). The mode of the final melting temperature of clathrate and the corresponding salinity
of the fluid in type 3 inclusions are as follows: beryl pegmatite (6-7°C, 5-7.5 wt% NaCl
eq.); spodumene-beryl pegmatite (6-7°C, 5-12.5 wt% NaCl eq.); spodumene pegmatite (5-
7°C, 5-7.5 wt% NaCl eq.) (Fig. 6). '

Final melting temperatures of CO, solid range from -57.6 t0 -56.6°C, with a well-
defined peak between -57.1 and -56.6°C, in quartz from both beryl and spodumene-beryl
pegmatites, and from -61.7 to -56.6°C, but mostly between -58.1 and -56.6°C, in quartz
from spodumene pegmatite (Fig. 7). These temperatures indicate that the carbonic fluid
is dominated by CO,, which has a melting point of -56.6°C (Angus et al., 1976).
However, the low TmCO, values of some inclusions in spodumenc pegmatite indicate that
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Fig. 6. Histograms of the final melting temperatures of clathrate in agueous
carbonic L-L-V, L-L and L-V (type 3) inclusions hosted by quartz and the corresponding
salinities. The host pegmatites are depicted as follows: black, beryl pegmatite; vertical
hatching, spodumene-beryl pegmatite; blank, spodumene pegmatite.
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Fig. 7. Histograms showing the initial melting temperature of the frozen
carbonic solid (Tm CO,) of agueous carbonic (type 3) and carbonic (type 4) inclusions
in quartz from the three types of pegmatite. Type 3 inclusions are shown in white, and
type 4 inclusions in black. The data indicate that the majority of inclusions consist
mainly of CO,, i.e., the temperatures are close to that of the triple point of the system
CO, (-56.6°C).

163



0 -+

Beryl pegmatite

-62.6 -61.6 -60.6 -59.6 -58.6 -57.6 -56.6

] 1 1] v | I

Spodumene -
Beryl pegmatite

Vot b T

-62.6 -61.6 -60.6 -59.6 -58.6 -57.6 -56.6

7 Spodumene pegmatite

210 o =Nl

UL L L L

-62.6 -61.6 -60.6 -59.6 -58.6 -57.6 -56.6

Tm CO, (°C)

Figure 7



they contain appreciable CH, = N.. The maximum estimated value of XCH, eq.
calculated following the method of Heyen et al. (1982) is 0.24.

The CO, liquid and vapor homogenize o cither liquid, or vapor, or rarely, a
critical fluid. Homogenization temperatures of the CO, phases vary widely from -1 to 31
°C (Fig. 8). Completc homogenization of these inclusions was to either the CO, phase
or the H.O phase and occurred at temperatures from 150 to 400°C (Fig. 5), with a modal
tcmperature of 250-300°C for inclusions from spodumene-beryl pegmatite; the
homogenization temperature distributions for beryl and spodumene pegmatites show no

clearly defined peaks.

Type 4 inclusions (carbonic L-V)

The final melting temperature (Tm) of solid in type 4 inclusions ranges. in most
cascs, between -58.1 and -56.6°C. with a well-defined peak between -57.1 and -56.6°C
(Fig. 7). indicating that the solid consists largely of CO.. The homogenizatioﬁ
temperatures, however, vary widely from -1 to 31.1°C in beryl pegmatite and from 15 to
27°C in spodumene-beryl pegmatite (Fig. 8).

Relationships between temperature of homogenization and salinity

Most primary type la inclusions in beryl from beryl and spodumene-bery!
pegmatites and in spodumene from spodumene pegmatite, all type 2 inclusions, and all
type 3 inclusions in quartz have salinities of < 12.5 wi% NaCl eq. and Th from 150 to
400°C (Fig. 9): the total Th of type 2 inclusions ranges from 325 to 575°C. A few type
la. all type Ib and secondary inclusions in beryl from beryl and spodumene-beryl
pegmatites have high salinity (20-25 wt% NaCl eq.), and homogenize at high temperature,
generally greater than 400°C. Some type 2 inclusions in spodumene-beryl pegmatite
homogenize at lower temperature. Type la inclusions in quartz from all types of
pegmatite belong mainly to the low salinity-low temperature population; those from
spodumene pegmatite appear to show a subtle positive correlation between salinity and
Th.
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Fig. 8. Histograms showing the homogenization temperature of the carbonic
phases in type 3 inclusions and the total homogenization temperature of type 4
inclusions (inclusions homogenize to either liquid, vapor or a critical fluid). Type 3

inclusions are shown in white, and type 4 inclusions in black.
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Fig. 9. Plots of homogenization temperature vs. salinity for fluid inclusion types 1-3.
The symbols are: black, type la; cross, type lb; partially filled square, type 2 (total
homogenization temperature); diagonal hatching, type 2 (partial (L-V) homogenization
temperature); cross hatching, type 3 (in quartz only); and blank, secondary.
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EDS-SEM ANALYSES AND RAMAN SPECTROSCOPY

Decrepitate residues

A total of 127 analyses were made of the compositions of the residues of
decrepitated fluid inclusions in beryl from beryl and spodumene pegmatite, spodumenc
from spodumene pegmatite. and quartz from cach of the pegmatite types.  As discussed
earlier. the analyses were carried out using an cnergy dispersive X-ray spectrometer
attached to a scanning electron microscope and. because of the irregular shapes of the
residues (Fig. 10) and the potential for compositional heterogeneity, they were conducted
in raster mode. The results of these analyscs. adjusted to reflect average salinities, are
summarized in Table 2.

Cation contents: The data indicate that Na® is the dominant cation in all
precipitates. that Ca™ and Fe® are relatively abundant in some inclusions, that K* is
generally a minor constituent and that measurable quantities of Mn®™ arc present only in
precipitates from spodumene pegmatite (Table 2). In the casc of beryl and spodumenc-
bery! pegmatites, the precipitates form two populations characterized by very low (below
the detection limit of the EDS) and moderately high Ca contents (up to 9.6 wt %),
respectively. By contrast, most precipitates from spodumene pegmatite have moderately
high Ca contents (up to 11.5 wt%). The content of Fe was above detection only in
precipitates from bery! in beryl and spodumene-beryl pegmatites, and in these precipitates
decreased in abundance from beryl (6.1 wt%) to beryl-spodumenc pegmatite (2.1 wt%).
Finally, significant K contents were measured only in beryl from beryl-spodumenc
pegmatite and spodumene from spodumene pegmatite. Precipitates hosted by quartz in all
pegmatites only contain Na + Ca at levels above detection. The occurrence of low- and
high-Ca precipitate populations helps explain the wide range of initial ice melting
temperatures. The high Ca content of some precipitates may also help explain the high
final melting temperature of ice in type 1b inclusions, some primary type la inclusions
in spodumene and quartz from spodumene pegmatite and many secondary inclusions in
all three pegmatite types. However, the precipitate compositions also show that the low
initial and high final melting temperatures are partly a reflection of high contents of Fe
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Fig. 10. Back-scattered SEM images showing the types of precipitates formed
from decrepitated fluid inclusions. A) Cryptocrystalline precipitates in and around an
opened negative crystal in beryl. B) Globular precipitates in spodumene.
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Figure 10



Table 2. Summary of composition of precipitates of decrepitated fluid inclusions

Beryl Spodumene-beryl Spodumene
Host pegmatite ~pegmatite pegmatite
Mineral Brl Brl Qiz Qtz Bri Brl Q Spd Qtz
n=14 n=10 n=17 5 n=8 n=7 n=25 n=25 n=26
LowCa HighCa LowCa HighCa  LowCa HighCa
Na (wt.%) 54 45 47 41 52 48 486 38 35
K 0.1 0.1 1.32 3.63 2.6
Ca 9.6 712 7.1 85 115
Fe 49 79 0.75 291
Mn 1.4
S 078 09 04 1.6
cl 36.4 34 444 51 39.2 33 482 44 503
Molality
Na 1.141 4.106 0432 3.242 1.205 3.609 1.637 0.818 1.403
K 0.004 0.025 0.018 0.160 0.034
Ca 0.507 0.324 0.304 0.105 0.262
Fe 0.042 0.293 0.072
Mn 0.006
S 0.012 0.047 0.010 0.049
Cl 0499 2338 0.278 2.613 0.593 1.630 1.059 0.764 1.354

HCO3" 0.728 3.508 0.130 1.272 0.618 2.845 0.577 0.300 0.525
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in the fluids.

Anion contents: The only two clements measured that form anionic components
are Cl and S. and in most inclusions C! was the only one of these clements detected.
Suifur, where present, was generally in concentrations below 1 wit%e in the precipitates
(Table 2). Fluorine, which occurs in signilicant concentrtions in some minerals in the
pegmatites. notably muscovite, was not detected. In the case of Ca-bearing precipitates,
this is not surprising, because the presence of even relatively low concentrations of Ca
is sufficient to cause precipitation of fluorite. thereby buffering aF o extremely low levels
(Holland and Malinin, 1979). Although, Cl and § werc the only anionic elements
detected. the precipitate compositions reflect a consistent excess positive  charge,
suggesting that an important anionic component was not analysed. The most likely

candidate for this additional anion is HCO, .

Fluid inclusion solids

The solids in type 2 inclusions were identified with the assistance of EDS-SEM
analyses and, in a few cases. Raman spectroscopic analyses. The most commonly
encountered solid in opened inclusions is calcite. Significantly its composition varics
from near end-member calcite (hereafter referred to as caleite) and magnesian calcite in
beryl pegmatite to manganoan calcite in spodumene pegmatitc (Table 3). Commonly its
habit is rhombohedral. which might identify it as the rhombic mineral which dissolved
on heating in some inclusions. However, calcite displays retrograde solubility over a very
wide range of conditions and fluid compositions (Fein and Waither, 1987, 1989), which
suggests that the soluble rhombic mineral is not calcite. This is also supported by the
observation that the rhombic phase which dissolved was only observed to do so in
spodumene and not in all inclusions hosted by this inineral, i.e. there is more than one
rhombic solid.

The second most widely encountered solid is prismatic and apparently has a
trigonal cross section (Fig. 11). It occurs mainly alone and, less commonly, is
accompanied by one or more solids, of which the most frequently occurring is calcite.
EDS analyses of this solid yielded a spectrum with O, Al and Si peaks (Fig. 11). The Al
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Table 3. Mincralogy of solids inside opened fluid inclusions in beryl (Brl),

spodumenc (Spd) and guartz (Qtz) from vanious tvpes of pegmatite

Pegmatite Bervl Spd-brl __Spd
Mineral Formula Brl Brl Spd  Spa Qtz*
Carbonates

Calcite CaCO, C VR VR VR
Magnesian caicite C VR

Manganoan calcite C R C R
Zabuyelite ? Li;CO, VR VR VR
Silicates

Quartz Si0; R R R R

Albitc NaAlSi;O4 VR VR R
Pollucite CsAlSi;06 H,O C R R
Unidentified

Al or Al+Si C VR VR VR C
n/a LiCl VR

Spodumene ? LiAlSi-Og R
Others .

Na-Ta oxide (Fe.Mn)(Nb.Ta):0¢ VR

Cassiterite ? Sn0, VR

Barite BaSO, VR

* discrete crystals

C: common (> 5 obeservation); R: rare (3-5 observations)
VR: very rare (1-2 observations)
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Fig. 11. Back-scattered SEM images of an unidentified prismatic crystal (A)
with a trigonal cross-section (B) which yields an EDS spectrum with peaké for Al, Si
and O (C). See text for further elaboration.
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Figure 11




peak is significantly higher than the Si peak. which is the reverse of the relative peak
heights of these elements in spectra of beryl or spodumene. 11 the solid is composed of
the three clements, then. on the basis of semi-quantitative analyses, it has an Al/Si value
of about 1.4 (Table 4). This is close to the AlUSi value of 1.6 tor cookeite
[LiAl(Si,ADO,,(OH),l. which is a common phase in rarc-clement pegmatites (London
and Burt, 1982). Alternatively. if the Si peak is an interference from the host mineral
(beryl, spodumenc or quartz), then the solid is an Al oxide or hydroxide mineral.

Quartz and pollucite are the next most common solids: quartz occurs as subhedral
prisms in inclusions in beryl and spodumene from the three types of pegmatite, while
pollucite forms an anhedral phase in inclusions in spodumene from both spodumence-beryl
and spodumene pegmatites and in quartz from spodumene pegmatite. The EDS spectrum
of pollucite shows a very small Na peak. indicating that its composition is closc o being
stoichiometric (CsAlSi,O,'H,0). Albite was found in a few inclusions, and is invariably
euhedral and small (3 pm long). In some cases (in spodumene pegmatite). it was
accompanied by manganoan calcite (Fig. 12). Other poritively identified solids are Nb-Ta
oxide, barite and cassiterite, all of which are rare.

Among less commonly observed minerals that cannot be positively identified. is
an anhedral to subhedral solid {(~2 um across) in inclusions hosted by spodumene from
spodumene-beryl and spodumene pegmatites, which produces a spectrum with strong
peaks for C, O, Al and Si (Fig. 13A), and in inclusions hosted by quartz from spodumenc
pegmatite produces peaks for C, O and Si. The peaks for Al and Si have intensitics
similar to those of the host minerals, suggesting that the solid is a carbonate of Li or Be;
neither element can be detected by EDS. As far as we know, Be-bearing carbonates have
not been found in nature. On the other hand, the Li-bearing carbonate, zabuyelite
(Li,CO,), has been reported to occur in fluid inclusions from a number of spodumenc-
bearing pegmatites in other localities (Anderson et al., 1994). The interpretation that the
above solid is zabuyelite is supported by the Raman spectrum of a solid in an 'unopcncd
inclusion (Fig 2c, crystal 2), which matches that of the published Raman spectrum for
2abuyelite (Fig. 13B). This mineral commonly has a thombic habit, and decomposes at
temperatures S400°C (London, 1986). It is thus the most likcly-'banilidalc for the rhombic
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Table 4 Semi-quantitative analyses of Al-rich included solid

Wit% Atomic proportion

Al Si Al Si AlISi
28.2 213 1.045 0758 1.38
2805 1976 1039 0703 1.48
27.6 206 1.023 0.733 1.40
29.1 228 1.078 0.812 1.33

HON =

Average 1.39

174



Fig. 12 A back-scattered SEM image showing albite (Ab) and calcite (Cal) in
an opened inclusion in spodumene from a spodumene pegmatite. The calcite is the
manganoan variety, which occurs only in the more evolved spodumene-beryl and

spodumene pegmatites.
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Fig. 13. An EDS-SEM spectrum (A) and a2 Raman spectrum (B) of a carbonate
mineral which may be zabuyelite (Li,CO;). The Al and Si peaks in A are from the host
spodumene. The value of the Raman shift for the minerai is from Degen and Newman
(1993). See text for further discussion.
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phase that apparently "dissolved” in some inclusions hosted by spodumenc,

Another potential lithium mineral is a smalt cubic solid (2 um in diameter), which
was found in two inclusions hosted by beryl from spodumenc-beryl pegmatite and
produced an EDS spectrum for O, Al Si and Cl (Fig. 14). As in the case of zabuyelite,
the peaks for Al and Si are interpreted to be from the host mineral, and the cation
accompanying CI' cation is thus either Be™ or Li*. Given its cubic habit, we speculate
that the mineral has the'composition of LiCl: BeCl, occurs as hexagonal prisms (Everest,
1964).

In a rare type 2 inclusion hosted by quartz from spodumene pegmatite (Fig. 13),
one of the solids. which appears to display a short columnar habit. yiclded a spectrum
with peaks for O, Al and Si. The intensities of these peaks are identical to those of
known spodumene. and we therefore speculate that the solid is spodumenc. This

interpretation implies that spodumene was, at least locally, precipitated by hydrothermal
fluids.

OXYGEN ISOTOPE ANALYSES

Oxygen isotope compositions of quartz and gamet in beryl and spodumene-beryl
pegmatites were determined (at the University of Saskatchewan) in order to provide
estimates of the temperature of equilibration of these minerals. in their respective
pegmatites. The 8O values (referenced to SMOW) of quartz and garnet from the beryl
and spodumene-beryl pegmatites are 9.3 and 5.1 %o, and 9.6 and 5.9 %., respectively,
corresponding to equilibration temperatures of 470 and 540 + 50°C using the equations
of Clayton et al. (1972) and Bottinga and Javoy (1975). These isotopic data were also
be used to estimate the §'*0 values of the coexisting water, which using the equation of
Clayton et al. (1972), is calculated to have been 6.6 and 7.76 %o, respectively. These
- values are within the range of the 3"*O for magmatic water (Taylor, 1979). ‘

s
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Fig. 14. The EDS-SEM spectrum of a cubic chloride mineral in beryl from
spodumene-beryl pegmatite, tentatively interpreted to have the composition of LiCl.

N

178



10.24

Figure 14



DISCUSSION

Pressure-Temperature conditions during pegmatite evolution.

Estimates of the pressure of emplacement of the Preissac Lacorne batholith have
been made by Feng and Kerrich (1990) and Powell (1994) based on applications of the
plagioclase-gamet-muscovite-biotite geothermobarometer to the intrusive facies, and multi-
equilibrium modeling of contact metamorphic assemblages, respectively. The pressures
estimated by Feng and Kerrich (1990) range from 3.6 Kb for the pegmatites to 4.9 Kb
for the monzogranites, whereas Powell's estimate of the contact metamorphic pressure is
from 2.5 to 4 Kb (most equilibria intersect at 3.5 Kb). We believe. as proposed by Powell
(1994) that the most reasonable explanation for the discrepancy between his estimates and
those of Feng and Kerrich, is that the actual emplacement pressure was approximately 3.5
Kb, and that the higher pressure obtained by Feng and Kerrich for the monzogranites
reflects a deeper seated pre-emplacement condition. This interpretation is consistent with
conclusions of both studies that regional metamorphic pressures in this part of the Abitibi
greenstone belt never exceeded 4 Kb.

Minimum estimates of the temperature of crystallization of the pegmatites are
provided by the oxygen isotopic compositions of quartz and garnet. As mentioned
above, analyses of two pairs of these minerals gave temperatures of 470 and 540°C. It
should be cautioned that these temperatures may not necessarily represent those of
crystallization, but lower temperature subsolidus equilibration.

We have made other estimates of temperature by projecting isochores from the
homogenization temperatures of type la and b inclusions using the program FLINCOR
in conjunction with the equation of state of Brown and Lamb (1989). Limiting isochores,
representing the mean isochore plus or minus og;ééndard deviation, are shown in Figure
IS5 for pﬁmary ‘type la inclusions-and 1b inciﬁéions (mainly secondary) in beryl from
- beryl pcgmaﬁtc and primary type la inclusions in beryl from spodumene-beryl pegmatites,
and spodumene from spodumene pegmatites. The standard deviation for isochores of type
la inclusions h.c_a_;;;cﬁ'by quartz are -ve'ry much larger. For this reason and for purposes of

clarity, only mean isochores are plotted for inclusions hosted by this mineral. Also
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Fig. 15. P-T conditions in beryl pegmatite (A), spodumenc-beryl pegmatite (B).
and spodumene pegmatite (C), deduced from limiting isochorcs representing one
standard deviation above and below the mean isochores of type la and b inclusions in
beryl. type 1a inclusions in spodumene (solid lines). and mean isochores of type 1a and
1b inclusions in quartz (dashed lines). Superimposed are the quartz-garnet oxygen
isotope geothermometer (vertical broken lines) and the experimentally determined phasc
boundary separating the stability fields of petalite and spodumene plus quartz (London,
1984). The double ended arrows indicate estimated ranges of temperature of early
orthomagatic fluid entrapment. The pressure, 3.5 kbar, is that estimated for
emplacement of the pegmatites (see text).
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plotted are the temperatures estimated trom oxygen isotopic fractionition between quartz
and gamet from bery! and spodumenc-beryl pegmatites. the phase boundary for the
reaction petalite = spodumene + quartz (London. 1984). and the 3.5 Kb isobar estimated
by Powell (1994) for the emplacement of the Preissac-Lacorne batholith,

Assuming an emplacement pressure of 3.5 Kb, the trapping wmperatures of
primary type la inclusions in beryl from bervl pegmatite are estimated to have been
between 500°C (30°C above the oXygen isotopic temperature reported carlier) and 560°C.
The corresponding temperatures for type Ib inclusions are considerably higher, i.c.. 790
to 860°C. and much higher even than the solidus temperature (675°C) estimated for the
co-magmatic muscovite monzogranite (Mulja, 19955, Morcover. as noted above, these
inclusions are mainly secondary. It therefore scems more likely that the trapping
pressures for type 1b inclusions were much lower than those of type La inclusions, and
the simplest explanation for this is that conditions changed from lithostatic to near
hydrostatic during trapping of the type b inclusions. This explanation is supported by
observations of strong local brecciation, which we interpreted carlier, to reflect
hydrofracturing prior to complete crystailization of the pegmatite-forming magma. We
thus suggest that, locally. fluid pressure built up uniil it exceeded the strength of the
pegmhtite. which then failed. leading to a period during which pressure fell to near
hydrostatic levels.

Trapping temperatures of primary type la inclusions in beryl in spodumene-bery!
gmatite are predicted by the limiting isochores to have been between 500 and 570°C,
which, in turn brackets the oxygen isotopic temperature estimate of 540°C. Significantly,
the upper limit of the range is almost coincident with that of the stability of the
assemblage, spodumene-quartz, which further helps to constrain crystallizaton

temperatures for this pegmatite type. As for the’beryl pegmatites, the isochores for the

type 1b inclusions imply trapping of fluid at pressures considerably below lithostatic

pressure,

The limiting isochores for primary type la inclusions in spodumenc from

spodumene pegmatites inclusions predict much lower trapping temperatures than those for

beryl in the other two pegmatites, i.c., they intersect.the 3.5 Kb isobar at temperatures
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hetween 450 and 480°C. No type b inclusions were observed in spodumene pegmatites,

As mentioned above, the standard deviation for isochores defined by type la
inclusions in quartz is very much wider than those for type la inclusions in beryl and
spodumene (probably because of the higher frequency of secondary inclusions in quartz
and the difficulty of distinguishing ther from primary inclusions). Conscquently these
inclusions are less uscful in estimating trapping temperatures. Nevertheless, it is probably
significant that the mean trapping temperature predicted by these inclusions for all three

amatitc types is greater than one standard deviation below the mean temperatures
predicted by isochores for type la inclusions in beryl and spodumene. The mean trapping
temperatures for quartz in beryl pegmatite, spodumene-beryl pegmatite and spodumene
pegmatite arc. 480. 450, and 430°C, respectively.

In summary. various lines of evidence suggest that the Lacorne rare element
pegmatites were emplaced at a pressure of approximately 3.5 Kb, that beryl was
crystallizing at temperatures between 500 and 570°C . that spodumene crystallization
extended to temperatures possibly as low as 450°C and that quartz continued to crystallize

at somewhat lower temperatures.

Nature of the fluids

From thc types of fluid inclusions recognized petrographically in each host
mineral, the microthermometric data obtained for them, and analytical data on trapped
solids, daughter minerals and residues from decrepitated fluid inclusions, it is evident that

thefluids which circulated in the pegmatites were dominantly aqueous, that they varied

_considerably in composition, and that they coexisted during later stages of tluid evolution

with an immiscible CO.-rich carbonic fluid. In respect to the type 2 inclusions, it should
be pointed out that London (1986) has described crystal-rich fluid inclusions in the Tanco
pcgmatlte. Manitoba, Wthh he demonstrated represent-a hydrous melt phase or gel that

was 1mnusc1blc with - thc main silicate hqmd. However we do not believe that this -~

intcrpretation is apphcablc to the type 2 mclusxons, primarily because of the gencmlly

- high propomon of fluid and mcons:slent phase ratios (variable numbers of sohds and

variable fluid to solid ratios). The aqueous fluid inclusions can be classified into a low
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salinity population (< 15 wi% NaCl ¢q.) comprising primary tvpe ta inclusions, some
secondary type la inclusions and ali type 2 inclusions, and a high salinity popukation (>
20 wt% NaCl eq.) consisting of type 1b (largely sccondany) and sceondary type 1a
inclusions. In both cases the principal salt in selution is NaCl. Nevertheless, these
inclusions can be further classified into a population characterised by caleium contents
below detection, and another populition in which the calcium content is moderately high
(up 10 12 wi% of the dissolved salts).

As discussed carlier. the type 1b inclusions and high salinity secondary type 1a
inclustons have eutectic and final ice melting temperatures which indicate substantial
quantities of a dissolved salt in addition to NaCL It thus scems likely that these
inclusions represent part of the high calcium population. The rarity of low Ca residuces
among fluid inclusions decrepitated in spodumene pegmatite (four among 25 residues
analysed have Ca contents from 0 to 1.9 wt%) and the low cutectic temperatures of
primary type la inclusions in this type of pegmatite, suggest that these latter inclusions
also belong mainly to the high Ca population.

Establishing the affinity of the essentially Ca-free population is more ditficult.
Type la (primary and some sccondary) and type 2 inclusions from beryl pegmatite and
spodumene-beryl pegmatite might be candidates because of their higher cutectic
temperatures (many of the Te values are below the cutectic temperature lor the system
NaCI-H,0, but this could reflect the presence of FeCl, which is commonly a significant
component of both high and low Ca inclusions in beryl). However, calcite occurs in
almost all type 2 inclusions and could possibly be a daughter mineral, although this scems
unlikely given that it has retrograde solubility.(scc carlier discussion). If it were a
daughter mineral, this would imply a high concentration of Ca in the fluid. On the other
hand, as a trapped mineral it could represent a fluid with a high bicarbonate ion activity
(see below) and a relatively low content'of Ca.. We conclude that the low Ca population

is represented lzirgely:by primary and some secondary type la inclusions from beryl and -

beryl-spodumene pegmatite, and also probably by type 2 inclusions. At least some low '

Ca fluid was also trapped in spodumene pegmatite (reflected -by the small ‘proportion of
Ca-free decrepitate residues referred to above) presumably as primary type a and/or type
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3 inclusions. It is also possible, given the low salinity and low cutectic temperatures of
the aqueous phase in type 3 inclusions, particularly in beryl and spodumene-beryl
pegmintites that these too, had low calcium contents.,

In addition to Na, Cl. and Ca. as mentioned above. Fe is also a significant
component of some fluid inclusions, but apparently only those hosted by beryl (it is
highest in beryl from beryl pegmatite, which yiclded decrepitate residucs containing on
average 6.2 wt% Fe versus 1.8% Fe in beryl from spodumenc-beryl pegmatite). The only
other significant cationic clements are K which is found in inclusions in all three
pegmatite types. but only in beryl and spodumene, and Mn which is restricted to
inclusions in spodumene from spodumenc pegmatite. Sulphur was the only anionic
clement detected in decrepitate residues, and is present in minor quantities without any
obvious pattern of distribution in terms of host mineral or pegmatite type. However, as
discussed previously, the decrepitate residue compositions indicate an appreciable anion
deficiency which could reflect significant concentrations of bicarbonate ions

The carbonic phases of type 3 inclusions, and type 4 inclusions consist almost
cntircly of CO,, except in some inclusions in spodumene pegmatite. which on the basis

of low melting temperatures of carbonic solid. are interpreted to contain CH, and/or N,

Fluid Evolution

~ From the above discussion, it is reasonable to assume that aqueous fluids were
present at an early stage of pegmatite crystallization, and that these fluids are rcpresenied
by primary type {a and/or type 2 inclusions. It is also reasonable to assume that the early
fluids would have been dominantly orthomagmatic. Given the composition of the magma,
such fluids can be predicted to have been dominated by NaCl, and to have contained
minor concentrations of KCL. At the conditions interpreted for entrapment of primary
type la inclusions (530°C in beryl and 470°C in spodumene), a fluid 1n equilibrium with
albite and K-feldspar (major constituents of the pegmatites), is predicted to have a
fNa)(Nﬁ+K) atomic ratio of 0.8620.1 (;:alculated using SUPCRT92; Johnson :et al., 1992)
which is actually somewhat lower than es‘Eimated by analyses of decrepitate residues

(Table 2). It is extremely unlikely that the orthomagmatic fluids would have contained
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any significant CaCl,. However. appreciable concentrations of Fe would not be
unexpected, and in fact are known to occur in orthomagmatic fluids from porphyry copper
systems (¢.g.. Eastoe, 1978: Wilson et al., 1980). In view of the above and the preceding
discussion of fluid inclusion compositions, we propose that the orthomagmatic fluid is
represented by the low Ca primary type la inclusions which occur mainly in beryl and
rarely in spodumene.

In view of the intimate association of type 2 inclusions with primary type la
inclusions and the similar microthermometric behavior of the two inclusion types. we
consider it likely that type 2 inclusions also trapped the orthomagmatic fluid. i.c.. this
fluid was saturated with solids, including calcite. prior to cntrapment of cither primary
type la or type 2 inclusions, and that type 2 fluid inclusions arc only different rom type
la inclusions to the extent that they accidentally trapped some of these solids, 1 this
interpretation is correct it implies that the fluid had a high bicarbonate content, which is
supported by the anion deficiency in decrepitate residues.

The early aqueous fluid chemistry of beryl pegmatite appears to have been
somewhat different from that of spodumene pegmatite. in that the former fuids had
relatively high Fe contents, whereas the latter fluids were enriched in Mn, Li, and Cs. The
high content of Fe is indicated by the composition of decrepitate residues from beryl-
hosted inclusions, and the enrichment in Mn by the composition of decrepitate residues
and the composition calcite in the type 2 inclusions from spodumene. Occurrences of
pollucite and probable lithium chloride and carbonate minerals in these type 2 inclusions
provide the evidence for enrichment of the fluid in Cs and Li. Additional evidence of the
enrichment in Li s proviced by the formation of holmquistite
[Liz(Mg,Fe*z)(Al,Fc"):(SiEO_,:)(OH):] in the adjacent mafic country rocks; high Li contents

‘in the fluid are also predicted by calculations of Wood and Williams-Jones (1993) for

fluid-mineral equilibria involving spodumene and feldspars. These compositional -

variations in the fluid from beryl to spodumene pegmatite are matched by corresponding
changes in the mineral chemistry of the pegmatites (Mulja et al., 1995b), and whole-rock
chemical trends among the various intrusive facies of the Lacome pluton (Mulja, 1995¢).

supporting a conciusion that they reflect evolution of an exsolving orthomagmatic fluid.

-~
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Late in the crystallization history of beryl and spodumene-beryl pegmatites, as
discussed carlier, there was a sharp drop in pressure, recorded by the entrapment of type
Ib inclusions in beryl and brecciation of the incompletely crystallized pegmatite. The
type Ib inclusions, as has aiso been discussed, were cnriched in calcium and had
relatively high salinity. We propose that this event in these two pegmatite types marked
the incursion of an external high salinity Ca-bearing fluid from the country rocks. which
are predominantly mectamorphosed basalts and mafic tuffs, and therefore rich in Ca.
Although the nature of this fluid is unknown, given the depth of emplacement, and the
width of the contact metamorphic aureole surrounding the Preissac Lacorne batholith (up
to 7 Km: Powell, 1994) it is likely to have been metamorphic. There is also no need to
invoke a special source to cxplain the high salinity as there is increasing evidence that
metamorphic fluids are considerably more saline than previously believed (cf. Roedder,
1984). Morcover, in environments dominated by basalt. they are commonly Ca-rich
brines.

[n the spodumene pegmatites. influx of calcium-bearing fluids probably occurred
carlicr, as indicated by the fact that, unlike inclusions in beryl and beryl-spodumene
pegmatites, most inclusions are relatively rich in calcium. This is not unexpected given
that these pegmatites are small bodies intruded into the country rocks, whereas beryl and
beryl-pegmatites are hosted by the monzogranites, and therefore better shielded from
external basalt-sourced fluid. There is also good mineralogical evidence of the greater
importance of Ca-bearing fluids in the spodumene pegmatites, namely the development
of rims of oligoclase or andesine around albite and the presence of microlite that partiaily
replaced manganocolumbite (Mulja et al., 1995a). These features are not observed in the
beryl and spodumene-beryl pegmatites.

After the initial influx of a Ca-brine into the pegmatites the next and final event
_inthe c_rystallization history of the pegmatites was the appearance of an immiscible CO.-
dominated fluid (type 3 inclusions) coincident with crystallization of late ciuartz (CO--

—_n ‘
bearing fluid inclusions are restricted to quartz, i.e. they are not observed in beryl or
N -

-

spodumene).. Possible explanations for the origin of the carbozic i)hasc are that it was

introduced from the country rocks, or that the orthomagmatic fluid contained dissolved
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CO, which started to exsolve when the pegmatite system cooled (0 a temperature
sufficient to cnter the two phase ficld of the system H,0-CO,. We lavor the second
alternative mainly because, if the CO, came from the country rocks, it is reasonable 1o
expect that it would have accompanicd introduction of the Ca-brine and therefore have
been trapped not only in quartz but also in beryl and particularly spodumene.  The
presence of calcite (and probable zabuyelite (Li,CO,)), in the tvpe 2 fluid inclusions, and
the very low Ca content of the orthomagmatic fluid implics that the latter contained
appreciable dissolved CO,. This is consistent with the anion deficiency of the decrepitate
residues, which we have interpreted to represent bicarbonate ions. At the temperatures
and pressures proposed for the entrapment of these inclusions, i.c. between 450 and 550°C
and 3.5 Kb. the CO, would probably have been dissolved mainly as the neutral species
H,CO,° rather than HCO3"; predominance of HCO3 at these conditions would have
required a pH between 8.6 and 9.7 (calculated using SUPCRT92: Johnson ¢t al., 1992)
which is probably much higher than the pH which is likely to have prevailed, given the
presence of muscovite in the pegmatites. On cooling to temperatures below about 400°C,
approximately the consolute point of the system H,0-CO, -6 wi% NaCl (cf. Bowers and
Helgeson, 1983), the orthomagmatic fluid would have begun to unmix, with the
temperature of unmixing depending on XCO,. Based on the homogenization temperatures
of type 3 inclusions (Fig. 5) this would probably have been bctwcén 250 and 350°C. We
therefore propose that pegmatite formation terminated with the crystallization of quartz
at temperatures between 250 and 350°C, and that this was associated with unmixing of
the orthomagmatic fluid and heterogenous entrapment of these fluids as type 3 inclusions.
The lack of evidence of post-entrapment unmixing of the orthomagmatic fluids trapped
at higher temperature can be explained by the fact that the pH of the H,CO,-HCOy
predominance boundary decreased sharply on cooling and stabilized HCOj’ at the expense
6f H,CO,” (this assw:he:s_%zit the high temperature pH was at least partly preserved, which
seems reasonable given that the H,CO,-HCO," predominance boundary is close to
neutrality, whereas at room temperature and pressure it is significantly lower, 6.3 versus
7 (calculated using SUPCRT92; Johnson et al., 1992)). The above notwithstanding, we
cannot exclude the possibility, particularly for the spodumene pegmatites, which contain

187



a small proportion of inclusions with significant CH, = N, that there might have been
some contribution of carbonic fluid from the country rocks.

After crystallization, aqueous and carbonic fluids continued to circulate in the
pegmatites until relatively low temperatures and are now represented by secondary type
I, type 3 and type 4 (CO,-only) inclusions.

The fluid cvolution that has been proposed in the preceding paragraphs is
illustrated schematically in Figure 16 and starts with the emplacement of a vapour- or
ncar vapour-saturated pegmatite-forming magma at a temperature of perhaps 550°C or
somewhat higher temperature and a pressure of 3.5 Kb. The exsolving vapor is a low
salinity, COs-bearing, Na-dominated fluid containing significant Fe in the beryl

gmatites, and enriched in Mn. Li and Cs in the spodumene pegmatites. In the latter
pegmatites the fluid is initially in equilibrium with petalite, but soon evolves along a
cooling path into the spodumene field. Relatively late in the crystallization history of the
beryl-bearing pegmatites there are local fluid overpressures which cause the pegmatites
to fail, leading to brecciation and subsequent temporary drops in pressure. This marks
the onset of incursions of Ca-brines of metamorphic origin into the pegmatites. In the
spodumene pegmatites, which were intruded into the mafic rocks surrounding the Lacorne
pluton, and are thus directly in contact with the metamorphic fluids rather than being
shielded from them, as was the case for the beryl-bearing pegmatites (which are intruded
into the pluton), incursions of Ca brines start earlier and are more important. The final
event in the fluid history of the crystallizing pegmatite is the unmixing of the
orthomagmatic fluid into separate aqueous and CO, phases and their heterogencous

cntrapment in late quartz at temperatures between 250 and 350°C.
SUMMARY AND CONCLUSIONS

The observations and data presented in this paper show that the Lacorne rare
clement pcgtnatite-fomﬁng liquid was saturated by an aqueous fluid
penccontemporancously with emplacement, and that this fluid contained sigmificant

concentrations of dissolved CO,, which exsolved in response to cooling during the late
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Fig. 16. The interpreted P-T path of fluid evolution in the Lacorne rarc-clement
pegmatite system. 1) emplacment of the vapor-saturated pegmatite-forming liquid. 2)
crystallization of petalite and beryl, followed by spodumene as conditions cross the
phase boundary for the reaction petalite = spodumene + 2 quartz, 3) local
hydrofracturing leading to a temporary drop in fluid pressure. 4) entrapment of high
salinity fluid inclusions following brecciation and incursion of external metamorphic
brines, 5) termination of beryl crystallization, 6) terminaiion of spodumene
crystallization, 7) unmixing of the orthomagmatic fluid into aqueous and CO, phases,
and their entrapment in late crystallizing quartz.
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stages of pegmatite crystatlization. This evidence of carly saturation of the pegmatite-
forming magma with vapor is consistent with the Jahns and Burnham (1969) model tor
the formation of pegmatites, but does not exclude the possibility of pegmatite formation
without aqueous phase saturation (ct London et al., 1989,

The only other rare clement pegmatite for which the timing of fluid entrapmient
has been extensively documented is the tourmadine-rich pegmatite at Tanco. Manitoba
where London (1986) and Thomas ct al. (1988) have presented contlicting evidence over
whether aqueous phase saturation was carly or late, respectively.  In other studies of
which we are aware, where the nature of the fluid inclusions in rare clement pegmatites
has been documented, either the inclusions were in late stage parageneses (e.g. Ruggieri
and Lattanzi, 1988). restricted to quartz, in which primary and sccondiny inclusions are
difficult to distinguish (c.g.. Whitworth and Rankin, 1989), or the authors failed to
indicate whether the inclusions were primary or sccondary (c.g.. Chakoumakos and
Lumpkin, 1990).

Setting aside the question of the timing of aqucous phasc saturation, the fhuid
evolution in the Lacome pegmatites differs in one important respect from that of the
Tanco pegmatite, namely the lack of crystal-rich inclusions that could represent o melt.
London (1986) showed that the solids in such inclusions at Tanco dissolve/melt on
heating, and when quenched produce a glass or gel, which he interpreted to represent an
immiscible hydrous borosilicate liquid. Interestingly, the only other pegmatites known to
us where a meit origin has been ascribed to crystal-rich inclusions arc those at Mt,
Capanne, Italy, which, like Tanco, are boron-rich (Ruggicri and Lattanzi, 1988). [n the
Lacorne pegmatites, although, as discussed above, early solid-bearing inclusions are
common, the proportion of aqueous fluid is sufficiently high as to make it unlikely that
they represent melt. It is therefore attractive to propose that boron-rich and -poor rare
element pegmatite systems may evolve along somewhat different paths, distinguished by
whether or not an immiscible hydrous melt phase is formed, respectively. However, this
hypothesis has been undermined recently by the finding of Anderson (1994) that the B-
- bearing solid identified by London et al. (1987) as diomignite (Li,B,0,), and used to

support his interpretation of an immiscible melt phase at Tanco, is in fact the mineral .
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zabuyclite (Li.CO,).

An itmportant feature of the fluid evolution of the Lacorne pegmatites, which is
shared by many rare clement pegmatites, including Tanco, is the formation of an
immiscible CO, phasc. typically at a late stage of pegmatite crystallization. Most authors,
including oursclves, attribute the source of the CO, to an aqueous orthomagmatic fluid,
and explain its occurrence as a separate phase as being due to fluid unmixing as a result
of cooling. London (1986). however, from the abundance of zabuyelite in crystal-rich
inclusions from latc spodumenc at Tanco has proposed. instead, that the CO, is produced
by decomposition of this mineral. Although carbonate minerals. including zabuyelite, are
common in the Lacorne pegmatites, we consider it more likely that they are simply a
reflection of the activity of dissolved CO, in the aqueous phase. Indeed any carbonate that
was precipitated at high temperature (mainly calcite) would have tzaded to dissolve on
cooling because of retrograde solubility (Fein and Walther, 1987 & 1989), which may
cxplain why calcite is not part of the pegmatite paragenesis.

In summary the results of this study suggest. at least for the case of boron-poor
pegmatites, that aqueous phase saturation can take place at an »arly stage of rare ¢lement
pegmatite crystallization, that pegmatite evolution is matched by the evolution of the
solute chemistry of the exsolving aqueous fluid, that CO, is an important component of
this fluid, and that the common occurrence of aqueous-carbonic fluid inclusions in quartz

is a natural consequence of the cooling of the system,
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CHAPTER 6
EPILOGUE

Conclusions

This study has deciphered the petrogenesis of four monzogranite plutons
(Preissac, Moly Hill, Lamotte, Lacorne) and associated rare element pegmatites in the
Archean Preissac Lacorne batholith, Québec. The monzogranites comprise biotite, two-
mica (biotite-muscovite) and muscovite facies, and have been shown on the basis of
geological relationships, mineral chemistry and petrochemistry to have been formed by
fractional crystallization of a felsic (biotite-bearing granitic) liquid. The smaller
Preissac and Moly Hill plutons are interpreted to have been produced by smaller
batches of felsic liquid, each of which was empiaced separately; the intrusion of the
Moly Hill liquid appears to have been controlled by faults, whereas control of the
emplacement of the Preissac liquid has yet to be determined. The residual melt in these
two plutons was prematurely saturated with an aqueous phase, thereby inhibiting the
formation of hydrous, highly fractionated liquid, which potentially could have
crystallized rare-clement-enriched pegmatites. Instead, the early release of aqueous
ﬂuid promoted development of a few barren granitic pegmatites, and precipitation of
quartz, muscovite and molybdenite as Mo-bearing quartz veins adjacent to the parental
monzogranite. . ]

The mechanism of fractionation\ n the larger Lamotte and Lacorne plutons is
believed to have been side-wall crystallization and to have been responsible for the
quasi-concentric zonation of monzogranite facies in these plutons. The crystallization
created a highly evolved liquid inside the magma chamber, which evenmally was
emplaced in and around the pluton as rare-clement-enriched granitic pegmatites.
Evidence for this comagmatic relationship between the monzogranites and pegmatites
is: l)'th‘e pegmatites cut all types of monzogranite and are regionally zoned from least-_
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N a

gvolved beryl-bearing in the pluton through spodumene-bervl-bearing o a spodumene-
bearing type in the country rocks, i.c., farthest from the source rock: 2) there is a
compositional continuum in the chemistry of the rock-forming minerals. particularly the
trace element chemistry of muscovite, from the most evolved muscovite monzogranite
to the pegmatites: and 3) there are coherent whole-rock trace-clement trends between
the two suites of rock. Various lines of evidence. including a gradual transition from
beryl-bearing to spodumene-bearing varieties. indicate that the rare clement pegmatites
are also comagmatic. The strongest evidence for this comagmatic relationship is
provided by the crystal-chemistry of columbite-tantalite, which shows a trend of
increasing Mi/(Mn+Fe) and Ta/(Ta+Nb) ratios from beryl- to spodumenc-bearing
pegmatite types. The increase in these elemental ratios reflects the higher solubility of
Fe-relative to Mn-, and Ta- relative to Nb-columbite-tantalite end-members. The
structural state of this mineral also correlates well with the degree of fractionation of
the host pegmatite and its location with respect to the pluton.

On the basis of microthermometric data and analyses of trapped solids and
precipitates of decrepitated fluid inclusions in beryl. spodumene and quartz. the
pegmatite-foriming liquid for the Lacorne pluton is interpreted to have been saturated
with an orthomagmatic fluid during its emplacement at 500-570°C and 3.5 kbar. The
fluid, in the less evolved beryl pegmatites had low salinity. was NaCl-dominated and
contained appreciable concentrations of Fe and dissolved CO,. During the late stages
of crystallization of these pegmatites, hydraulic fracturing occurred as a resuit of ﬂui;i ‘
overpressures, This event was accompanied by the influx of an external Ca-bearing
brine of metamorphic origin, which was trapped by beryl and quartz as high salinity
inclusions. The fluid evolution associated with spodumene-bearing pegmatite was
marked by an earlier incursion of external Ca-brines. Evolution of the orthomagmatic
fluid from beryl- to spodumene-type pegmatites was associated with a loss of Fe and
an enrichment in Mn, Li, and Cs, and was matched by corresponding changes in the
mineral chemistry of the pegmatites and whole-rock chemical trends among the various
intrusive facies of the Lacorne bluton. On cooling to about 350°C, the fluid in the

pegmatites underwent unmixing to form separate aqueous and CO,-dominated carbonic
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fluids. Demonstration that primary aqueous fluid inclusions were trapped at an early
stage of pegmatite crystallization provides important support for the hypothesis of Jahns
and Burnham (1969} that an aqueous fluid phase is commonly present at the onset of

pegmatite crystallization.

Contributions to original knowledge

1) The thesis provides the first integrated study of the petrogenesis of zoned
granitic plutons and associated rare-element-enriched pegmatites: the study demonstrates
that the zonation of the plutons was produced by fractional crystallization. that the
pepmatites were comagmatic with the monzogranites. and that the zonal distribution of
the former, from least evolved beryl-type through spodumene-beryl-type to most
evolved spodumene-type is consistent with injection of the evolving residual melt from
progressively deeper levels of a downward crystallizing magma chamber.

2) The thesis is the first to compare compositional aud structural variations in
columbite-tantalite from two contrasting suites of rare-element pegmatites. Results of
the study show that the chemical trends of this mineral can be more plausibly explained
by differences in the solubility of Fe-, Mn-, Nb- and Ta-end members of columbite-
tantalite. than by the widely accepted. yet unproven, hypothesis of F-Mn or F-Ta
complexation. The study also demonstrates the important control which the timing of
saturation of the Mn buffer, spessartine garnet, can have on the evolution of columbite-
tantalite composition. Finally the columbite-tantalite study provides evidence that the
structural state of this mineral is governed by the cooling rate of the felsic liquid.

3) The thesis presents the most comprehensive investigation of fluid evolution
in a boron-poor rare element pegmatite system undertaken to date. This investigation
contributes important evidence about the timing of agqueous phase saturation in rare
clcmeht@cgmatite magmas, and suggests that, at least for boron-free systems, it
probably occurs soon after emplacement, rather than at a late stage, as has been
proposad by Lohdon‘(1986‘) and London et al. (1989) for boron-rich systems. The study
':fsz?\p;ovidcs the first relatively detailed reconstruction of the chemical evolution of the
orthoriiagmatic: aqueous fluid, shows how this evolution paral's that of the pegmatite

199

/lfl

W

/4/



magma. as documented by trends in mineral and wholesrock chemical compositions,
and furnishes a satisfactory explanation for the origin of carbonic fluids commonly

trapped by late crystallizing quartz.
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Appendix 1

Sample location maps
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Mineral Chemistry

i@



Composition of biotite from the Preissac pluton

Two-mica

Biotite monzogranite monzogranite
Sample 402 402 402 402 402 402 402 903 903
Sio2 3589 3555 3458 3578 3693 3637 3627 300 37.08
Ti02 290 322 266 220 25 258 222 280 248
A203 1639 16141 1780 1703 1678 1676 1735 17.07 17.21
FeO 2592 2555 2497 2593 2548 2533 2452 2231 2159
MnO 095 089 075 098 085 08 08 077 070
MgO 389 406 412 422 412 415 433 540 5.60
Na20 002 004 008 005 008 014 010 004 001
K20 1005 1006 923 985 985 984 998 1024 1015
F 062 067 059 069 067 138 137

9663 9615 9419 9605 0734 9675 9627 9697 96.19
F=0 026 028 Q00 000 025 029 028 056 0.58
Total 9637 9587 9419 9605 97.09 9646 9593 9641 9561
Si 5647 5625 5496 5615 5717 5680 5673 5719 5666
Ti 0343 0383 0318 0259 0208 0303 0261 0325 0285
Al 2353 2375 2504 2385 2283 2320 2327 2281 2281
vial 0687 0628 0831 0766 0779 0765 0870 0829 0829
AY) 3040 3004 3335 3151 3062 3085 3497 3110 3100
Fe 3411 3380 9320 3404 3300 3308 3207 2884 2759
Mn 0126 0119 0401 0330 0124 0118 03109 0101 0.09
Mg 0912 09857 0977 0987 0952 0966 1008 1244 1275
Na 0.007 0011 0025 0014 0026 0043 0030 0013 0.003
K 2016 2031 1873 1975 1946 1961 1890 2020 1.979
F 0309 0335 0287 0339 0331 0653 0662




Composition of muscovite ‘from the Preissac pluton

Biotite Two-mica
monzogranite  monzogranite  Muscovite monzogranite

SMG 40_% 402 402 802 903 803 302 303 303 304 304 318 403 403 408 408 421 424 428
8i02 4803 4680 4876 A7.24 4672 4643 4695 4850 45561 4707 4683 4500 46.14 4577 4656 46.71 4808 4560 4630
TiIO2 0.01 1.09 0.73 0.7 0.01 0.64 0.62 0.23 0.04 0.18 0.20 040 0.00 0.91 0.00 043 0.26 0.46 0.43
A203 2782 2051 2043 20887 2897 2847 2714 315650 3562 3166 3138 3063 3403 3114 3676 31.09 3126 20.74 3054
FeO 6.1 5.31 6.53 5.68 5.39 5.76 8.21 4.27 2.27 4,08 65.00 5.04 2.93 4,05 0.42 493 5.26 4.90 4.85
MnO 0.1 0.08 0.13 0.10 0.1 011 0.16 0.06 0.04 0.1 0.08 0.08 0.14 0.10 0.01 0.04 0.08 0.03 0.08
MgO 145 1.21 1.22 1.42 1.39 1.9 1.73 043 0.24 0.36 0.44 0.63 0.10 0.40 0.03 0.60 0.6 0.67 0.73
Na20 0.16 0.21 0.26 023 0.28 0.20 0.20 0.30 0.30 0.20 0.20 0.23 0.27 0.29 023 0.24 0.25 0.3 0.23
K20 11,38 1134 1146 1144 1136 1150 11.25 1168 1092 105 1082 1142 1146 1168 1152 1133 1111 1116 117
F 0.32 0.45

Total 9488 9563 0552 0565 9503 9462 0425 D487 0494 90609 8513 0434 06507 8454 0553 9543 9691 9389 09423
si 6484 8392 6397 0439 06421 6430 6534 6353 6.119 6375 6376 6345 6237 6312 6.166 6358 6429 62318 62374
Ti 0095 0,112 0076 0100 0083 0087 0.084 0024 0.004 0018 0021 0041 0000 0032 0000 0044 0026 00480 0044
vAl 15616 1.608 1.803 1561 15790 1570 14668 1.647 1881 1625 1625 1.655 1.763 1608 {1834 1642 157t 1684 1626
vi Al 3013 3135 3143 3078 3114 3077 2985 3426 3764 3446 3410 2328 Q659 3373 3903 3347 3356 3333 3330
Al 4520 4743 4745 4639 4693 4647 4451 5073 bB645 5071 5035 4984 5422 5081 5738 4988 4927 5017 4955
Fe 0706 0605 0632 0638 0619 0667 0723 0488 0255 0547 0580 0578 0331 0559 0.046 0562 0550 0568 0559
Mn 0013 0009 0016 0012 0012 0013 0018 0007 0005 0013 0009 0007 0016 0012 0001 0.005 0009 0003 0010
Mg 0208 0245 0250 0288 0286 0271 0359 0088 0049 0072 0089 0.130 0.021 0082 0007 0121 0121 0438 0.149
Na 0039 0055 0088 0080 0076 0055 0053 0081 0077 0052 0077 0083 0072 0078 0060 0063 0.065 0030 0.064
K 32._005 1072 2000 1.960 1991 2031 1998 2018 1872 1.897 1879 2011 1976 2056 1847 1978 1895 1.971 1962




Composition of muscovite from the Preissac pluton

Muscovite-garnet

Muscovite monzogranite monzogranite

Samplo 4280 428 428 435A 435B 443 443 445 450B  201A 201A 201A  201A 201A 201 201 201 _ 201 201
§i02 4719 4652 4652 4651 4593 47.20 4707 4448 4638 4651 4490 46.56 49.82 4688 4647 4701 4692 46.17 46.65
TIO2 044 042 034 020 026 002 049 055 105 026 030 053 014 030 027 027 025 028 009
A203 3071 3103 3069 3188 3218 3535 2084 00.28 2097 312t 3059 3160 3268 3223 31.42 3047 3080 311y 3098
FeO 500 486 482 406 384 108 498 533 456 464 453 517 363 492 593 551 546 570 540
MnO 010 007 003 016 OM11 000 013 043 014 011 009 010 050 011 012 048 001 009 014
Mgo 076 055 060 047 039 022 109 069 057 042 047 052 028 041 047 062 055 051 059
Naz0 023 049 046 030 032 027 028 026 021 023 037 023 009 026 023 022 023 028 028
K20 1147 1162 1135 1114 1071 1162 1124 1063 1121 1138 1062 1057 1057 14107 1008 1080 3192 11.22 1078
F

Tolll 9560 05.16 9450 0438 0374 0576 0490 9255 98407 9463 9177 9518 9671 90616 90529 9518 9544 05356 94.89
si 6404 6356 6392 6365 6306 6261 6443 6261 6397 6364 6333 6332 6456 6314 6318 6426 6380 6317 6.38
Ti 0045 0043 0035 0020 0027 0002 0051 0059 0.109 0027 0032 0055 0014 0030 0028 0028 0025 0028 0.009
VAl 1696 1.644 1608 1.635 1.604 1730 1557 1739 1603 1636 1.667 1.668 1544 1.687 1682 1575 1.611 1684 1.619
viAl 3315 3352 3348 03464 3512 3788 3226 3203 3272 3397 3418 3381 3550 03431 3337 30324 3348 33 33N
Al 4912 4996 4054 6099 5207 5527 4702 5022 4076 5033 5085 5040 5094 5118 5019 4898 4959 5017 4.990
Fe 0568 0556 0.554 0465 0441 0120 0569 0627 0526 0532 0534 0587 0401 0554 0679 0628 0621 0653 0618
Mn 0011 0008 0004 0018 0013 0000 0015 0015 0017 0013 0011 0011 0056 0012 0014 0021 0002 0011 0017
Mg 0.154 0.113 0.141 0083 0080 0044 0223 0.145 0517 0099 0099 0105 0056 0082 0097 0.126 0.112 0.103 0.12}
Na 0.060 0051 0042 0070 0084 0069 0074 0071 0057 0061 0.103 0060 0024 0068 006% 0058 0068 0076 0075
K 1934 2007 $.989 1.044 1.876 1966 1.962 1.945 1.973 1.986 1603 1634 1762 1.903 1.916 1.879 1932 1.958 1.880
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Composition of muscovite from the Preissac pluton

Muscovite-gamet
monzogranite

Sampla 427 427 427 AT\ 470 473 A3 AT? _ AT7 479 479 2 2 2 2 11 11 1 11
802 4587 4580 4560 4540 4589 4504 4495 4576 4620 4675 4633 4749 4765 4700 4880 4764 4722 4768 47.09
Tio2 028 021 014 008 024 022 002 0149 022 022 0.18 020 020 029 010 090 039 082 0865
Al203 3066 3008 3023 23334 3259 23208 3157 .71 3185 3147 31,04 3189 31,72 3076 3025 30.12 3062 2794 2904
FeO 513 638 6530 446 488 402 706 517 501 522 560 446 446 4AT0 292 360 4.01 385 365
MnO 0.14 0.12 017 o016 o010 013 010 047 012 042 012 002 007 0.10 005 010 011 0.12
MgO 035 033 037 005 052 059 003 061 053 O 0.50 1.10 1.07 1.28 1.72 1.55 1.35 1.85 1.41
Na20 039 042 043 014 033 020 OM9 035 022 03 020 033 028 041 0.24 0.22 014 030 1.4
K20 1103 1095 14109 11,18 1126 1164 141 1133 11144 1102 11,33 1121 1135 1082 1099 1140 1158 1125 11.60
F 0.75

Total 9385 0428 9331 0489 9587 08562 0539 9520 9530 9502 9530 0679 9870 90546 0502 6568 9541 0380 9497
8i 6357 6341 6360 6205 6220 6253 6208 6259 6208 6335 6339 6345 69364 69378 6.567 6450 6407 6576 6498
Ti 0020 0022 0016 0008 0025 0022 0002 0019 0022 0022 0018 0020 0024 0029 0010 0092 0040 0085 0.068
A 1,643 1.658 1631 1795 1760 1747 1703 1741 1,702 1665 1661 1.655 1.637 1622 1433 1550 1533 1424 1502
viAl 33684 39375 3347 3565 3420 3099 3345 3370 3405 3360 3345 3367 3366 3207 3364 3237 3304 A7 322
A 5007 6034 4978 6381 5207 6148 5137 5112 5107 5025 5006 6022 5002 4919 4.797 4767 4896 4541 4723
Fo 05605 0620 0619 0609 0553 0560 0815 0592 0570 0591 0641 0498 0499 0534 0320 0406 0455 0444 0422
Mn 0018 0014 0020 0.018 0011 0016 0022 0020 0014 0014 0014 0003 0008 0.011 0008 0012 0013 0014
My 0073 0089 0077 0011 0.104 0120 0007 0.423 0107 0143 0.102 0219 0214 0259 0344 0311 0273 0380 0290
Na _9_.106 0412 0.116 0037 0401 0054 0030 0052 0058 0.082 0.{’63 0.087 0072 0.107 0.060 0057 0037 0080 0071
K 1040 1926 1.076 1.045 1048 2,03 2009 1077 1934 1905 1078 4910 10938 1.890 1.867 1.961 2.004 1979 2.041




Composition of muscovite from the Preissac pluton

Sample 12T 128 128 12B 128 12B_ 128 _12B 13 13 13 14 ___ 14 15 15 15 15
Si02 4723 4881 4632 4684 4692 4740 4684 A7.52 4647 46.64 47.85 4662 4620 47.89 4780 4547 4608
TIO2 069 083 034 034 037 035 016 012 036 074 070 040 042 024 0290 042 002
AIZ03 2068 3038 3030 30.85 OJ1.36 30.34 03249 03155 31.08 3098 27.59 3091 31.93 3000 3005 31.62 34.97
FeO 376 973 378 365 388 374 303 260 404 393 390 441 412 384 300 392 206
MnO 009 040 011 008 004 008 O41 014 006 003 042 007 006 013 014 006 012
MgO 149 188 127 123 120 165 083 148 131 108 153 121 083 150 145 113 06
Na20 038 033 033 034 042 045 014 015 031 022 021 048 037 012 024 027 021
K20 171 1143 1197 1124 1139 1432 11,78 1168 1140 1143 1146 1152 1135 1153 1149 1142 1147
F

Total 9392 0470 0362 0457 0565 0533 0537 0494 0503 0505 0336 9502 9531 9531 0536 9431 9475
sl 6523 6370 6398 6392 6344 6425 6327 6427 6335 6340 6633 6358 6.263 6493 6480 6251 6.224
T 0072 0096 0036 0035 0038 0036 0015 0012 0037 0076 0073 0041 0043 0025 0030 0044 0.002
v Al 1477 1621 1605 1608 1.656 1575 1.673 1573 1.665 1.651 1367 1642 1747 1507 1520 1750 1.776
viAl 3174 3260 3326 3.355 3342 3273 0499 3456 3320 8220 3942 3326 3397 3287 3281 3374 3661
Al 4652 4670 4030 4.963 4.098 4848 5.172 5020 4004 4971 4609 4968 5114 4704 4801 5123 5437
Fe 0433 0426 0437 0417 0435 0424 02343 0294 0460 0448 0452 0469 0469 0436 0442 0450 0.233
Mn 0010 0012 0013 0009 0005 0009 0013 0017 0006 0004 0014 0008 0007 0022 0016 0007 0.014
Mg 0306 0280 0262 0251 0260 0334 0467 0237 0266 0219 0317 0245 0168 0302 0204 0231 0.124
Na - 0102 0087 0089 0090 0110 0118 0038 0040 0082 0059 0057 0047 0096 0031 0064 0073 0.054
'K _ 2063 1936  1.968 1957 1965 1958 2020 2015 1.982 1.885 2026 2005 1.968  1.994 3.986 2002 1.976




Composition of feldspar from the Prelssac pluton

Muscovite
Blotite monzogranite Two-mica monzogranite monzogranite
Sample 402 402 402 402 402 402 402 403 403 902 802 902 902 803 903 903 201A 201A 201A
:] 04 64,11 066062 6728 6767 6491 6866 6835 6507 6905 6958 6705 €699 6560 6737 6631 6509 6841 69.11 6583
Al203 1794 2061 2035 19081 1800 1027 1926 1823 1930 1896 2046 2047 1805 1941 2087 1765 1986 1930 1833
Na20 045 1059 1071 1084 O44 1151 1124 046 161 137 1039 1020 051 1081 1005 062 1185 11.87 077
K20 1667 014 006 009 1686 005 022 1700 0065 003 043 012 1616 007 0.9 1666 005 007 1630
Ca0 009 170 138 083 010 024 024 000 006 0.11 165 191 0.00 126 222 001 032 013
8i 2907 2035 2949 2974 2099 3002 2990 2996 3009 2027 2044 2041 D017 2977 2017 3016 2977 3005 3005
Al 0989 1.062 1.052 1.026 0.984 0905 0996 09889 0991 0072 1059 1050 0978 1011 1083 0964 1.018 0889 0986
Na 0.041 0902 0011 0924 0039 0877 09857 0041 0981 0959 0865 0868 0046 0935 0858 0055 0099 0992 0.068
K 0994 0.008 0004 0005 0894 0003 0012 0998 0003 0002 0008 0007 0948 0.004 0011 0885 0003 0004 0949
Ca 0004 0.080 0065 0044 0005 0011 0011 0000 0003 0005 0073 0030 0000 0059 0105 0001 0015 0006
Ab 4 o 03 95 4 o9 98 4 o9 99 92 90 5 94 86 5 98 99 7
Or 96 1 0 1 95 0 1 98 0 1 ] 025 0 1 85 L} 0 83
An 0 8 7 5 0 1 1 1 1 B 9 6 11 0 1 1




Pty

Composition of feldspar from !te Preissac pluton

Muscovite monzogranite

Samplo 201A 200A 302 302 309 303 303 504 304 304 309 309 320 2200 320 320 406 406 43
802 65.43 6503 6744 6513 6368 6005 6527 6460 6468 6770 6856 6533 6091 6763 6443 6510 6496 69.14 68.87
A203 1831 1847 2056 17.06 1940 1868 1734 1643 18.13 1062 1944 1808 10.16 1857 19.00 1807 17.97 1069 19.64
Na20 067 035 1081 034 1109 1176 031 032 035 1130 1458 042 1127 11.03 035 022 044 1115 114
K20 1641 14707 014 1669 009 005 1734 1720 1733 006 0.05 1745 003 040 17.03 17.08 1699 009 005
Ca0 001 001 187 000 121 029 O001 000 000 068 033 000 021 068 000 002 070 048
si 3006 2999 2035 3000 2989 3022 2025 2994 2094 2979 2005 3004 3.016 2992 2998 3005 3004 2994 2992
Al 0092 0987 1055 -0976 0985 0960 0947 0990 0889 1018 1,001 0980 0986 1017 0987 0983 0980 1.005 1.006
Na 0051 0.031 0912 0031 0936 0098 0020 0020 0031 0964 0980 0037 0954 0643 0032 0019 0039 0936 0.961
K 0044 1.004 0008 0896 0005 0003 1026 1022 1024 0003 0003 1006 0002 0006 1.011 1008 1002 0005 00C3
Ca ' 0001 0000 0087 0000 0057 0014 0.000 0,000 0032 0015 0.000 0010 0032 0001 0033 0022
Ab 5 3 91 3 94 98 3 3 3 o4 97 4 99 86 3 2 4 06 97
Or 85 o7 1 97 1 0 o7 97 97 3 96 0 1 97 98 96 0 0
An 0 0 2 0 8 1 o 0 0 a 0 1 3 0 3 P
o)



Composition of feldspar from the Preissac pluton

Muscovite monzogranite

Sample 421 421 421 424 424 424 427 427 427 423 428 428 434 434 435A  435A 435A 4358 4358

8i02 6930 6502 6465 64650 6434 6802 68932 6643 6491 6511 €020 6800 6484 €779 6472 6513 67.12 67.51 6698
Al203 1960 1823 1626 1705 18068 19.69 19.14 1862 18.11 1782 1028 2020 1677 1920 1800 13.07 2023 19.92 2003
Na20 1153 034 033 038 039 1107 1173 11,14 044 035 1143 1119 040 1168 055 042 1087 1088 1078
K20 004 1722 1726 1700 1747 008 007 009 16687 1701 006 004 1675 007 1656 1680 009 006 0.10
Ca0 020 000 000 000 008 069 042 056 018 105 000 048 000 001 116 084 119
Si 3005 2098 2093 3001 2992 2984 2907 2998 23.001 3009 3012 2957 3026 2987 23004 3005 2952 2971 2957
Al 06898 00680 0093 0085 0990 1018 0880 0990 0987 0976 00988 1040 0923 1002 0084 0883 10490 1033 1.042
Na .., 0909 0031 0020 0034 0036 C941 0698 00674 0040 0031 0963 0944 0036 0998 0049 0.037 0927 0928 0923
K 0,002 102 1016 1008 1019 0.003 0004 0005 0095 1003 0003 0002 0997 0004 0580 0889 0005 0004 0005
Ca 0010 0.000 0000 0000 0003 0032 0020 0027 0009 00490 0000 0.023 0.001 0055 0040 0057
Ab a9 3 3 3 3 86 ' H 97 4 3 1 05 3 97 5 4 94 96 94
Or o 97 o7 or 96 0 0 1 g6 97 0 0 97 0 95 296 0 0 1
An 1 0 3 2 3 1 5 2 0 6 4 6




Composition of feldspar from the Preissac pluton

Muscovite monzogranite Muscovite-gamet monzogranite
Sampio 4358 443 443 445 445 4508 450D 201 201 201 201 201 201 201 471 471 471 471 473
5102 8446 6467 67.39 6395 6843 6767 6869 6789 6746 68.65 6621 6806 6512 6562 6797 6443 6403 6450 68.10
Al203 1708 1824 2035 1785 1934 20156 1048 2020 2024 19.93 1997 2006 17.81 1793 2043 1842 1847 1849 2002
NazO 031 051 1065 031 1118 1048 1022 1068 11.38 1141 1132 11,37 074 030 1160 066 134 047 1135
K20 1672 1663 009 1693 003 008 007 o041 042 005 074 006 1621 1694 005 1654 1556 17.12 007
Ca0 000 002 341 006 049 147 073 103 103 084 074 105 069 001 002 0.66
sl 3003 2892 2651 2999 23005 2988 3010 2064 2950 2974 2972 2962 3013 3015 2961 2983 2977 2080 2970
Al 0987 0904 1.050 00985 1.001 1.042 1.006 1.039 1.043 1018 1026 14020 0971 00971 1034 1005 1012 1.007 1029
Na 0028 0048 0904 0028 0853 0891 0688 0921 0964 0959 0957 0959 0.066 0263 0079 0060 0121 0042 0960
K 0004 0003 0005 1013 0002 0003 0004 0006 0007 0003 0004 0004 0957 0993 0003 0977 0923 1.009 0004
Ca 0.000 0001 0066 0003 0009 0055 0034 0048 0.048 0039 0035 0049 0.032 0.000 0.001 0.031
Ab 3 4 97 3 89 M4 96 94 95 96 96 85 6 3 o7 6 2 4 97
or o7 95 1 97 0 0 0 1 1 0 ] 0 94 97 (1] 94 88 96 0
An 0 0 7 0 1 [ 4 s 5 4 3 5 3 0 3




Composition of feldspar from the Preissac pluton

Muscovite-gamet monzogranite
Sample 473 473 477 477 477 477 477 479 470 479 2 2 2 2 2 2 12 12 128

8i02 6745 6430 6688 6742 6744 6387 6430 69.47 6359 6763 6042 6958 6966 66832 64.11 6515 60859 6526 66.80
Al203 2027 1848 1968 1991 1044 1790 1816 2020 17908 1092 1970 1975 1966 1037 1824 1854 2021 1833 20.16
Na20 11,18 048 1100 1116 1120 030 020 894 043 1160 158 1138 1157 1176 032 100 1088 045 1088
K20 007 1677 00f 007 008 1798 1697 007 1686 008 045 008 010 050 1860 1604 006 1669 007
Ca0 097 002 066 075 068 0.69 054 008 022 022 0.10 0.84 112

2053 2981 2973 2867 2080 2989 2992 3011 2069 2660 2089 3.001 3001 2994 2900 2830 2075 2999 2852
1.046 1009 1031 1033 1013 0992 0096 1041 0996 1020 1.044 1004 0998 1.000 1003 1003 1.033 0993 1049
0649 0045 0048 0952 0968 0.020 002 0754 0039 0985 00881 0952 0967 0999 0020 0089 0915 0040 0929
0004 0991 0001 0004 0003 1.026 1007 0004 1.01%t 0005 0009 0004 0005 0005 1.000 0938 0003 0979 0004

2z pxgze

0.045 0032 0035 0032 0.032 0.025 0.004 0.010 0010 0.005 0.039 0.053
95 4 87 86 86 3 2 85 4 97 99 98 98 09 3 9 96 4 95

0 00 0 0 0 87 08 0 96 0 1 0 1 1 97 91 0 96 0

5 3 4 3 4 2 0 L] 1 0 4 5




Composition of feldspar from the Preissac pluton

Muscovite-garnet monzogranite
Sample 13 13 14 14 15 15

Sio2 67.66 6470 6822 6531 6657 64.20
Al203 2006 1794 2011 1825 2043 18.23
Na20 1139 020 109 037 106 047

K20 005 17256 043 17.03 007 1665
Ca0 0.59 1.02 142 0.03
Si 2865 3.003 2966 3.001 2931 2991
Al 036 0981 1.031 0988 1.081 0999
Na 0868 0018 0935 0033 0945 0043
K 0.003 1.021 0.007 0988 0.004 0988
Ca 0.028 0.048 0.067 0.002
Ab 97 2 94 3 L) 4
Or 0 98 1 97 0 96

An 3 5 7 0




. |
-

Composition of gamet from the Prelssac pluton

Muscovite monzogranite
Sample 201A° 201A__201A 302 202 502 302 304 304 505 305 M4 914 319 403 403 403 421 434 434

.

502 3839 3609 3587 3662 3672 36890 0083 3692 3853 3630 3820 3622 3427 3659 3681 3696 3695 3599 3592 0636
TO2 on - 015 015 003 023 003 050 008 007 007 007 031 005 003 009 009 006 007 017 0418
A203 2045 2020 1877 1076 1951 1977 1959 2036 2041 2020 2032 2008 1986 2035 20415 2025 2024 2024 20147 2030
FeO 2008 1878 1845 1840 18653 17.31 1800 §9.58 17.38 1702 1817 2039 2058 1910 2088 2059 1927 1980 1612 162
Fa203 081 07 140 121 121 126 145 048 054 027 041 040 061 049 070 063 065 060 039 015
MO 2265 2045 2363 2235 2261 2356 2276 2252 2443 2455 2387 2070 2066 2200 2070 2008 2242 2151 2552 25.15
MgO 026 022 020 044 047 OS50 044 056 010 016 017 025 023 024 027 023 047 020 o021 02
Ca0 o8 072 o071 07% 069 078 083 082 067 061 064 075 068 089 072 072 066 072 076 072
Total 10145 100.30 99.89 99.80 9897 100.16 10005 100.12 9953 99.21 0004 08688 0902 10059 10032 10045 10042 10013 9926 9940

Si 5047 6961 65088 6000 6101 68.073 8083 5987 B.048 06025 5086 6031 6040 8004 06048 6058 606 6074 5975 &07
Ti 0014 0019 0019 0004 0028 0011 0012 0010 0008 0008 0.009 0014 0008 0004 0011 0011 0007 0009 0021 0022
VAL 0053 0.03% 0032 0033 0000 0000 0012 0000 0000 0.000 0000 0025 0000

viAl 3886 3893 3844 3645 3621 3835 3808 2931 3924 2658 3540 23937 IGMT7 3936 J602 3912 3913 39T 3930 J3959
Fo2s 2744 2592 2569 2540 2206 20582 2483 2705 2407 2362 2507 2840 2866 2621 2868 2822 2643 2718 2242 2259
Fods 0100 0088 0.137 0151 0151 0154 04789 0.053 0068 0.034 0.051 0050 00768 0061 0087 0077 0080 0075 0049 0019

Mn 3422 3281 3330 3128 93323 3284 3.1B0 3151 3384 03452 3337 2920 2014 D983 2881 2913 3015 2992 I556 3525
Mg 0063 0054 0050 0108 0118 0123 0908 0039 0026 0040 0042 0062 0057 0059 0066 0056 0042 0049 0052 0052
Ca 04940 0427 0127 0440 0423 0138 0.147 0.145 0.119 0109 O.141 04934 0118 0.157 0.127 0.126 0116 0127 €136 0128
Alm 452 428 423 430 392 402 420 448 406 396 41.6 477 481 435 4BI A7 447 462 372 79
Pip 1.0 09 08 18 20 2.1 1.8 0.7 04 0.7 07 10 1.0 1.0 1.1 1.0 0.7 08 09 09
Grs 0.0 00 0.0 090 0.0 0.0 00 0.7 03 0.8 0.9 07 0.0 1.0 0.0 00 00 00 05 1.1
Sps 514 542 548 529 507 554 537 622 570 579 554 490 409 529 485 482 527 508 597 591

Adt 23 2.1 2.1 24 2.1 2.3 25 1.7 1.8 1.4 1.5 1.6 29 1.8 2.1 2.1 20 2.4 1.8 1.0

ieip— e




Compositlon of gamet from the Preissac pluton

Muscovite-garnet monzogranite

Sample 201 201 201 427 427 427 AN 471 471 A73 A73 473 473 477 477 477 477 AT7 477 AT7 477
Si02 3584 3587 3606 3604 I8.27 3568 3600 3807 03592 3583 3619 3612 3619 3588 3524 3601 3556 3575 3619 3630 3627
TO? 017 042 o041 010 o014t 011 045 Of4 012 016 012 014 010 013 094 092 008 045 016 010 013
AZO3 1979 2016 19.96 1951 1949 1935 1096 1092 1993 2002 1999 1963 1973 1960 1978 1979 19.66 1942 1931 1934 1957
FoO 1869 1840 1868 1543 1569 1622 1643 1615 1811 1637 1839 1648 11607 1820 1604 1640 1611 1578 1573 1555 1557
Fe203 T4 092 124 116 123 110 106 120 103 149 097 134 126 093 507 095 102 122 148 140 125
MnO 2378 2288 2379 20626 2571 2520 2587 2624 2509 26.14 2602 2604 2624 2539 20603 2555 2589 2523 2488 2450 249
MgO 021 0196 o021 010 011 007 Q22 022 025 016 017 019 046 022 o022 022 047 023 020 021 026
GaQ 072 080 081 0656 0668 068 070 075 072 075 069 076 080 065 069 067 073 074 070 069 113
Tolal 100.61 10030 10084 9025 09.27 9841 10039 10069 10007 10062 10054 10050 10055 99.00 9999 9971 0922 0852 95370 9849 9908
sl 5039 5039 5951 6024 6051 6018 5957 5957 5959 65928 5975 50960 5985 6006 5974 5990 50960 6024 6077 6061 6046
n 0021 0015 0014 0013 0014 0014 0019 0017 0015 0020 0015 0017 0012 0016 0018 0015 0010 0203 0126 0016 0016
WAl 0081 0081 0049 0043 0044 0041 0072 0025 0040 0015 0000 0026 0010 0040

viM 3603 3671 3833 3643 3832 3846 3849 3833 3956 03632 3685 3616 3830 30866 36849 3858 23843 3857 3816 J655 3844
Fe2+ 2690 25647 2575 2.457 2189 2207 2274 2230 2236 2265 2263 2274 2223 2268 2229 2283 2230 2556 2217 2220 2187
Fed+ 0176 0414 0154 0444 0454 0140 0132 0.149 0.12¢ 0149 0121 0166 0.157 0117 0.134 0117 0447 0323 0172 0129 0139
Mn 3338 23346 23326 2718 26X 2600 23626 J671 3653 3663 I63I9 D640 2676 3600 I665 IGO0 3675 IS51 ILI IG5 3516
Mo 0052 0044 0052 0025 0027 0018 0054 0054 0062 0040 0042 0047 0033 0055 0055 0545 0043 0063 0052 0064 0065
Ca 0128 0.142 0.143 0118 0.118 0123 0.124 043 0428 0933 0.122 0134 0142 0117 0123 0130 0431 0134 013126 0124 0202
Am 424 419 422 358 387 380 I74 66 I8 I7Y 373 373 366 ITE 3BT  INT 3I6B  IN6 IT4 4 W6
P 0.9 07 0.9 04 05 03 0.9 09 1.0 0.7 07 08 07 0.9 09 10 07 1.1 09 11 11
Grs 0.0 00 0.0 00 0.0 0.0 0.0 0.0 00 00 00 00 00 0.0 0.0 0.0 0.0 oo 00 o0 00
Sps 547 550 546 618 609 897 597 603 601 601 600 597 605 506 604 590 600 590 596 594 589
Adr_ 2.1 23 24 20 20 2.0 20 22 2.1 22 20 22 23 19 20 20 22 22 21 21 34




Composition of epidote from the Preissac plutton
Two-rnica Muscovite

monzogranite monzogranite Schist
Sample 802 302 26 921 a21
Si02 39.23 38.88 38.06 38.76 38.19
TiO2 0.05 0.01 0.13 0.07 0.09
AlRO3 23.68 23.02 22.77 23.85 23.54
Fe203 12.78 13.34 13.16 1152 11.69
MnO 0.61 0.45 0.61 0.1 0.32
Ca0 22,52 22.53 22.37 22.15 22.37
OH 3.56 3.53 3.48 3.53 355
Si 3.297 3.303 3.277 3.214 3233
Ti 0.003 0.001 0.008 0.004 0.006
Al 2345 2.304 2.3 2331 2.289
Fel+ 0.808 0.853 0.853 0.719 0.726
Mn 0.043 0.033 0.044 0.022 0.022

Ca 2.028 2.050 2.064 1.568 1.977




Composition of oxide minerals and titanite from the Preissac pluton

Two-mica monzogranite Muscovite monzogranite

Sample 902 002 002 903 903 903 903 903 903 903 903 302 302 302 402 903 302
Fe203 0.62 1.12 0.38 0.00 0.16 358 227 0.54 a3.10 .77 000 2063 1621 120 1698

FeO 3504 3899 3567 3515 3725 09857 3610 3784 3594 3658 3401 1943 1491 3767 1892 451 4.36
MnO 1113 1009 1127 1146 060 713 10.04 910 945 8.70 1149 9.87 825 907 1359 3.30

Si02 0.00 0.00 0.00 0.02 6.78 21.89 3128
AI203 000 000 0.00 0.04 1.83 6.10 622
Ca0 000 000 000 5.72 2885 28.23
TiO2 5251 6261 06236 6359 6236 5096 6144 65238 5066 5054 5265 4919 4853 5220 4956 3001 2087
Total 100.20 100.'111 99.68 100.20 6945 10028 10085 0966 09.15 0959 9905 09.12 0923 10014 6905 97.66 908.96
Fe3+ 0024 0042 0014 0000 0008 0135 0.123 0020 0.119 0.144 0000 0851 0626 0.046 0699 0.000
Fo2+ 1514 1550 1510 1470 1578 1624 1512 1506 1.520 1.55¢ 1481 0721 0414 1586 0700 0562 0409
Mn 0475 0429 0483 0486 0415 0304 0426 0389 0407 0374 0484 0412 02323 0387 0566 0417 0.002
sl 0.000 0000 0000 0.000 0.000 0001 0.000 0.000 0313 0.004 3262 3.902
'Al 0.000 0.000 0000 0000 0000 0003 0.000 Q000 0.000 0.100 0.004 1072 0915
Ca 0.000 0000 0000 0000 0.000 0.001 0.000 0.000 0000 0.283 0000 3489 3773
Ti 1,968 1.97¢ 1092 2015 1994 1930 1937 1.986 1938 1927 2008 10824 1685 1977 1833 3700 2.709



Composition of biotite from the Moly Hill pluton

Sampe 29 31 3t 21" 26 26 41 4t
Si02 3681 3761 3604 3I740 3685 3581 3586 3532
TioR 271 304 268 203 220 318 28 185
A203 1657 17.01 1623 1875 1794 1688 1685 17.40
FeO 2372 2245 2440 2384 2315 2517 2300 2522
MnO 060 037 052 112 084 087 226 190
MgO 602 569 628 333 413 397 478 506
Na20 003 003 002 007 006 003 005 008
K20 950 989 952 940 963 100 970 877
F 083 091 069 048 077 081 051 068
Tol 9725 97.00 9638 9643 9567 9683 9587 9638
F=O 035 038 029 020 032 034 021 029
Total 9690 9662 9609 9623 6535 9649 9566 96.09
st 5674 5755 5618 5755 5739 5609 5621 553
T 0314 0350 0315 0235 0258 0374 0338 0230
WAl 2327 2245 2382 2245 2261 2391 2379 2481
viAl 0684 0822 0600 1154 1032 0726 0735 0756
A 3010 3067 2882 3400 3283 3117 ANS 3216
Fe2+ 3057 2873 3180 3067 3016 3297 3016 3307
Mn 0078 0048 0068 0146 0124 0129 0301 0252
Mg 1383 1288 1459 0765 0958 0528 1116 1.183
Na 0027 0008 0007 0021 0017 0009 0016 0.025
K 1947 15931 1882 15846 1914 2000 1839 1755
E 0404 0438 0340 0236 0381 0400 0255 0337

16



Composition of muscovite from the Moly Hill pluton

Blotite monzogranite Two-mica monzogranile
Sample 29 31 31 at__ a1 31 31 31 31 31 21 24 2 2% 22 32 a2 a5

8102 48.27 4667 47.09 46.71 4717 4672 47.04 4613 4715 4696 4642 46.09 4601 4716 4578 4658 4648 47.14 4675
T2 000 177 008 120 066 120 1236 0082 036 080 074 041 048 054 0567 053 061 051 041
A203 3025 2739 3148 2067 2857 2805 28.42 30,10 2080 2001 2075 2047 28.76 31.90 2976 3095 3049 3054 2989
FeO 575 584 4563 542 616 624 6563 639 500 6571 620 620 657 529 506 485 506 493 584
MnO 000 014 008 002 004 000 007 004 003 O©0O4 ©0O3 097 023 043 046 041 07 008 009
MgO 1.18 1650 0B84 134 165 1468 1566 139 138 147 146 128 425 148 118 080 092 087 091
Na20 030 023 037 020 o018 016 0149 023 026 027 02 046 032 047 0290 022 034 035 ON
K20 1137 11498 1138 1122 1143 1150 1132 11,16 11.13 1148 1114 1196 1109 9.48 11,39 1154 1144 1144 1127

F 060 071 051 032 041 045 028 035 0M4 034 021 169 020 049 055 021 047 004 076
Total 9572 0574 9600 0510 9823 9487 95657 9571 9545 0580 0400 9662 0507 9604 95064 09570 9566 89590 9620
F=O 025 030 o021 013 017 019 012 015 014 044 009 067 012 021 023 003 007 002 032

Tolal 0547 0544 0570 0497 0606 0460 0545 0558 9531 0575 0489 0585 0489 9583 96541 9570 9559 0585 95.88

Si 8348 6446 62380 6432 6447 6461 6452 6309 6435 6418 6330 6367 6385 633 6316 6342 6344 6395 6397
T 0000 0.185 0630 0433 0067 0.134 0140 0.095 0037 0092 0077 0042 0052 0056 0059 0054 0063 0052 0.042
VA 1652 1.554 1612 1668 15653 1539 1548 1691 1565 1502 1610 1633 1615 1669 1.684 1659 1.656 1605 1.603
viAl 1588 2908 3373 2J3.068 2509 23002 2998 2161 3229 3092 31488 3.116 3.088 3380 3.156 2308 3251 3278 3217
AL() 3240 4462 4085 4636 4062 4571 4546 4852 4794 4674 4708 4750 A700 5049 4840 4966 4907 4883 4.820
Fo 2+ 0660 0675 0514 0624 0704 0606 0646 0617 0574 0653 0608 0727 0763 0594 0688 0552 0.578 0559 0665

Mn 00086 0016 0640 0003 0002 0000 0009 0005 0004 0005 0003 0020 0027 0015 0018 0013 0020 0010 0011
Mg 0242 0310 0470 0274 0338 0300 0320 0284 0281 0300 0236 0263 0266 0236 0242 0162 0187 0176 0185
Na 0.080 0082 0099 0053 0049 0043 0.052 0082 0.070 007t 0068 0124 0085 0044 0077 0059 cy89 0.092 0082
K 1900 2025 19068 1972 1993 2029 1060 1946 1938 1951 1956 1966 1963 1572 2004 2005 1693 1080 1868

F 0250 0310 0218 0.141 0178 0.198 0.123 0.15% _0.147 _0.147 0.090 0695 0,120 0209 0240 0092 0.074 0.018_ 0330



'

Composition of muscovite from the Moly Hill pluton

Two-mica monzogranite Muscovite monzogranite

Sample 38 36 38 38 38 38 38 a8 40 40 4 A 41 41 3 3 3 4 4

§i02 4660 4727 4569 4582 4553 4548 4568 48.14 4589 4630 47.16 4589 4667 4663 4546 4562 4576 4570 4580
TiO2 040 060 045 052 050 0.46_ 0568 000 051 044 000 O 023 030 028 030 035 026 03
Al203 2061 2792 3146 30.70 3080 3J31.05 ' 3008 3831 3004 2839 35149 2076 20.18 2034 31,61 3230 31.44 3228 23225
FeO 6544 709 626 505 622 6503 563 1.2 484 477 042 545 611 576 456 418 4.51 4.61 4.60
MnO 013 045 o008 045 0098 009 003 008 022 021 003 016 025 022 007 004 0607 009 010
MgO 002 {120 079 005 089 084 066 002 097 112 008 112 1.36 126 080 073 080 O 0.73
Na2C 033 049 038 034 046 032 023 016 047 036 046 020 046 018 035 020 045 049 026
K20 1114 1143 1139 1114 1111 11.27 1149 1185 1132 1131 1135 11.33 1154 11.61 11290 1122 1123 11.00 1140
F 060 0.31 034 034 068 o068 065 013 o060 030 013 020 o027 000 015 015 028 037 051
Total 95.07 9585 0563 9520 0528 0522 9577 08.00 0466 9320 0463 0451 9577 9530 0467 0403 9495 90561 9508
F=0O 025 043 0.14 014 020 020 023 005 025 013 005 008 011 000 008 006 0.1 0.16 021
Tolal 9482 08552 05690 0506 0499 0493 0554 8585 9461 0307 0448 9443 0566 0530 0461 0477 9484 0545 9575
8] 6417 6532 6246 6304 06277 6267 6272 6138 6348 6495 6307 6351 6411 £409 6261 6239 6276 6.222 6233
Ti 0.042 0062 0047 0054 0051 0047 0057 0000 0053 0046 0000 0074 0023 0031 0028 0031 0037 0027 003
Al 1.683 2460 1.754 1696 1.723 1733 17280 1863 1652 1.505 1694 1.649 1580 1591 1739 1761 1.724 1778 1767
viAl 3232 1980 3313 3285 3283 39310 3284 3820 3240 3.188 3653 3200 3135 9462 3372 3445 3358 3418 3407
AL(t) 4816 4440 6068 4981 5.005 5042 6012 5692 48698 4693 5546 4652 4726 4753 51411 5208 5082 5197 5473
Fe 2+ 0628 0820 0600 0580 0602 0580 0647 0.135 0560 0560 0047 0586 0702 0681 0523 0478 0518 0525 0524
Mn 0015 0018 0009 0017 0011 0010 0004 0009 0026 0025 0003 0010 0020 0.026 0009 00M 0009 0011 0012
Mg 0190 0267 0161 0184 0462 0.172 0134 0004 0200 0233 0018 0230 0278 0263 0.183 0.150 0.180 0.143 0.149
Na 0089 0051 0.4¢0 0090 0122 0085 0082 0040 0127 0098 0042 0053 0042 0.043 0093 0077 0.119 0.131 0.068
K 1860 2015 1086 19851 1954 1982 2013 2027 1896 2024 1937 199090 2022 2036 1976 1957 1865 1010 1979
F 0.260 0.138 0147 0.148 0206 0206 0240 0055 0.261 0133 0055 0.088 0118 0.000 0.064 0.084 0.112 0.159 0.221




Composition of muscovite from the Moly Hill pluton

Muscovite monzogranite Aplite
Sample 5 8 6 e 9 9 10 12+ 13 13 17+ 17 17 20e+ 20 24+ 30 30
§i02 4639 4014 4589 4548 4520 4580 4710 4552 46037 4008 4649 4509 4642 4568 46,41 4558 4649 4820
Tio2 038 040 038 037 031 033 034 068 076 051 043 068 004 041 041 036 032 036
Al203 2063 3133 31.78 3141 3245 3167 3109 3053 3074 3090 3083 2831 2512 3125 3059 3107 3087 30956
FeO 535 405 602 501 506 6256 640 498 588 510 527 568 60f 466 468 480 553 538
MO 0.08 0.01 0.13 0.06 0.05 0.08 007 0.08 0.09 0.03 0.08 0.14 0.18 0.16 0.07 0.05 0.00 0.10
MgO 0.81 094 0.92 0.82 0.61 0.72 0.66 1.02 0.83 0.69 0.7 0.83 276 0.67 0.19 0.71 0.49 0.54
Na20 0.26 0.35 0.35 0.32 030 0.24 0.26 0.4 0.52 0.33 0.22 0.28 0.05 0.38 0.36 0.7 021
K20 11565 1134 1122 1147 1120 1124 1080 1123 1148 1139 1152 1146 1133 1141 1119 1140 1138 1154
F 0.04 0.69 0.51 0.07 0.26 0.20 0.39 0.22 0.9 0.18 0.46 0.16 037 0.07
Toldl 9549 0605 9508 0501 0544 0560 0621 0465 9637 0501 0592 0447 0436 0461 9440 04.13 0562 0535
F=O 0.02 0.25 0.21 0.03 0.11 0.12 0.16 0.09 0.00 0.00 0.18 0.08 0.19 0.00 0.00 0.07 0.16 0.03
Tolal 0547 0580 0577 o408 0533 09548 0805 0456 0637 8501 0576 9439 0447 0461 9440 0406 9546 0533
Si 8344 6304 06232 6247 6.1B2 6257 6378 62082 6202 6315 6344 6388 6534 6284 6351 6208 6359 62327
Ti 0039 0041 0039 0039 0032 0034 0035 0071 0078 0052 0045 0072 0057 0043 0042 0037 0033 0.037
vAl 1656 1696 1768 1.7563 18180 1.743 1622 1748 1.708 1685 1656 16856 1468 1716 1.649 1,708 1641 1.673
viAl 3280 3314 3338 3331 3412 3356 3340 3248 3208 3308 3303 3.1481 2702 3350 3317 3346 3335 3324
AL} 4938 5010 5108 5085 5230 5090 4962 4968 4916 A4.893 4959 4796 4,968 5066 4.966 5055 4976 4.997
Fe2+ 0611 0585 0573 05756 0579 0600 0612 0575 0668 0585 060 0648 0943 0537 0563 0554 0633 0616
Mn 0009 0001 0016 0007 0005 0006 0008 0006 0011 0004 0007 0016 0021 0018 0009 0006 0002 0011
Mg 0166 0481 0487 0.169 0.125 0.147 0134 021t 0167 0141 0144 0173 0577 0137 0.161 0.145 0099 0O.111
Na 0070 0091 0093 0086 0079 0063 0058 0110 0.136 0087 0058 0075 0013 0.102 0096 0099 0046 0.056
K 2016 1.977 1952 2009 1.95¢ 1.850 1.884 1978 1.935 1.991 2006 2020 2034 2003 1.065 2007 1.086 2037
F 0.029

0017 0254 0222 0032 01411 0.127 0.166 0087 0.166_ 0.085 0.205 0.068 0.159
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Composition of feldspar from the Moly Hill pluton

P P - - -
R R -

Biotite monzogranite Two-mica monzogranite
Sample 20 20 20 20 31 3 3 21 21 24 24 286 26 92 32 35 35 35 36
8i02 6685 6541 6585 6513 6575 6648 6500 6693 6470 6599 6505 6471 6513 66874 6549 6745 6550 64.81 68.59
Al203 2192 2161 1012 10148 2105 2098 1762 2064 1798 2065 1830 18.47 2134 2042 1748 2002 1777 1848 19.36
Na20 1038 ©88 043 039 1008 095 036 1071 035 1059 124 058 1038 1028 035 1078 051 036 11.54
K20 014 046 1698 1742 042 013 1714 0.09 16.74 0.15 1586 1648 013 013 1694 012 1661 1696 0.13
Cal 226 346 000 000 294 2345 000 183 0.0 1.80 258 0.01 0.00 1.54 000 002 040
Tolal 10004 100,18 101,38 100.82 9994 10067 100.09 100.00 ©9.67 0931 10045 100.11 00.56 07.58 100.26 9988 10039 100.63 100.02
§j 2182 2166 2258 20095 2894 2902 3.012 2032 03006 29010 2993 2098 2670 2020 3016 29857 3019 2088 29895
Al 0017 0839 0732 0887 1092 1080 0962 1066 0983 1076 0892 0082 1112 1056 0968 1035 0.065 1.004 0997
Na 0657 0.630 0020 0035 0860 0842 0033 0010 0031 0808 01411 0052 0890 06874 0031 0916 0046 0.033 0.977
K . 0006 0.008 0743 10059 0.007 0750 1.012 0005 0091 0009 0931 0974 0008 0007 0995 0007 0976 0897 0.008
Ca 0079 0111 0.000 0139 0,147 0000 0077 0000 0.090 0.010 0117 0.000 0071 0000 0001 0019
Ab 80.6 B43 a7 34 658 846 3.1 91.8 3.0 902 10.6 6.1 873 876 30 022 45 32 974
Or 04 09 96.3 86.6 07 08 86.9 0.5 96.9 09 894 94.9 0.7 07 9870 0.7 5.5 96.7 0.8
An 106 149 00 00, 38 148 00 77 00 89 00 00 120 417 00 72 00 0% 19




Composition of feldspar from the Moly Hill pluton

’ Muscovite monzogranite
Sample 36 38 38 38 40 40 40 40 40 41 4 3 38 4 4 4 (} 6 6

— e,

8i02 6661 6455 6610 6452 6504 6882 6612 06436 6458 6500 6510 6467 6743 6467 6369 68.00 6551 6404 6366
AR203 2070 1627 2103 1039 2080 19.00 2138 1808 1799 2116 1797 1858 2022 1853 1825 1992 2121 1849 18.62
Na20 1035 096 1053 042 1047 1172 1035 033 037 1042 053 048 1144 038 065 1170 1098 057 0239
K20 042 1630 014 16686 008 008 012 1703 1711 008 1667 1664 0.13 1683 1640 003 009 16855 1671
Ca0 167 000 193 000 239 038 27 004 001 230 002 0.85 037 172

Total 99.64 100.08 99.73 100.19 ©09.76 09.98 100.73 99.82 100.06 99.91 10029 100.32 99.77 10041 08.09 100.02 9951 9065 ©938

| 2924 29080 2909 2987 2094 2256 2867 2904 2098 2899 0.65¢ 2984 2048 2983 2983 2971 2892 2979 29N
Al 1.077 0097 1091 1.004 1.085 0734 1,100 0992 0984 1.096 0.180 1011 1.047 1.011 1008 1026 1.104 1014 1.024
Na 0883 0088 0898 0037 0895 0745 0876 0.030 0034 0888 0005 0043 0974 0034 0.059 0991 0940 0.052 0038
K 0.007 0063 0008 0998 0004 0003 0007 101t 1014 0004 0.167 0980 0.007 0994 0980 0.001 0005 0982 09695
Ca 0088 0000 009 0000 0113 04 014290 0001 0.000 0108 0.000 0.040 0.017 0.081
Ab
Or
An

80.3 82 901 36 685 980 866 29 32 887 4.6 42 954 33 57 682 916 5.0 35
07 918 08 964 0.4 03 07 971 968 04 95T 958 0.7 967 942 0.1 05 950 965
9.0 0.0 9.1 00 112 1.7 128 0.1 00 108 0.1 0.0 3.9 0.0 0.0 1.7 7.9 0.0 0.0




Composition of feldspar from the Moly Hill pluton

Sample 9 9 13 13 12 12 20 20 220 20
SI02 G416 6555 6408 6697 6345 6605 64.84 6488 6639 6667
A203 1854 2118 1833 2024 1856 2089 1823 1825 2016 2043
Na20 059 1051 059 1106 039 1068 039 08 1.11 1087
K20 1654 010 1674 015 1669 014 17.16 1648 009 014
Ca0 170 002 143 131 002 151 166
Total 9989 99.04 9983 9985 99.09 99.15 10055 10049 9926 99.80
s 2978 2902 2981 2941 2972 2919 2994 2992 2923 293
Al 1094 1105 1005 1048 1.025 1088 0992 0982 1070 1.058
Na 0053 0902 0053 0942 0035 0915 0035 0077 0948 0526
K 0879 0006 0593 0008 0898 0008 1.010 0970 0530 0790
ca 0081 0001 0.067 0.062 7130 7.820
Ab 52 913 51 926 34 929 33 74 925 95
or 949 06 945 08 96 08 967 926 05 08
An G0 82 01 66 00 63 00 Q0 70 77




Composition of garnet from the Moly Hill pluton

Two-mica monzogranite Muscovite monzogranite
Sample 35 35 35 38 38 38 36 _ 38 3 3 3 3 4 4 4 4 5 5 10 10
SiI02 3647 3637 3650 3678 36.84 36.83 37.02 3696 3631 3683 3638 3660 3633 3683 036 9I7.18 3622 3648 3650 36.68
TIO2 014 019 017 004 007 005 003 001 012 011 010 004 040 003 008 005 017 O11 012 015
Al203 2043 2002 1979 2028 2002 2037 2027 2035 2031 2047 2034 2038 2030 2061 2027 20.69 20.01 2042 2041 20.44
FeO  17.62 1806 1706 1990 1890 1964 2018 20.35 21.00 20.87 20.98 21.04 2124 2237 2202 2220 2017 2252 21.44 21.80
Fo203 068 084 106 062 067 045 054 057 038 082 041 056 046 034 055 034 069 038 020 038
MgO 028 030 027 033 034 032 033 033 050 064 056 061 048 055 053 055 048 047 049 045
MnO 2399 2062 2434 20.19 2099 2064 19.65 19.65 2002 2000 2028 2034 2002 1943 19.35 1949 2084 19.14 19.85 1978
Ce0 148 119 110 162 174 172 153 168 116 114 108 096 122 083 115 067 116 101 105 1.09
Tolal  100.02 100,69 10020 99.64 9977 100.02 99.45 100.10 ©9.89 100.58 100.11 100.51 10016 100.98 100.21 101.36 99.74 10053 100.15 100.75
Si 6.077 5081 6.020 6.054 6.064 6041 6090 6055 5978 6.014 5976 5988 5972 6097 6662 6020 5981 5976 5991 5990
T 0.017 0024 0021 0.005 0009 0006 0004 0001 0015 0013 0013 0005 0013 0004 0010 0006 0021 0014 0015 0018
WA 0023 0020 0.023 0024 0012 0027 0004 0.038 0019 0024 0009 0.010
vil 3898 3660 3847 3930 3.884 23038 3.930 3929 3918 9.881 3015 3926 3.007 3951 3891 2046 3876 3919 3940 3924
Fo2+ 2422 2480 2354 2740 2603 2694 2776 2788 2891 2850 2883 2879 2920 3.046 3029 J.006 2786 3.085 2.944 2977
Fe3+ 0058 0116 0132 0.065 0.107 0056 0086 0070 0.048 0.101 0051 0070 0057 0.041 0068 0.041 0088 0047 0038 0.047
Mg 0.069 0074 0068 0081 0083 0078 0081 0081 0145 0.155 0.137 0.50 0.197 0.133 0.131 0.133 0.118 0.115 0.120 0.109
Mn 3.358 2200 3401 2815 2927 2868 2724 2727 2791 2767 2823 2819 2788 2679 2695 2674 2916 2656 2761 2734
Ca 0.197 0210 0.194 0288 0307 0302 0270 0330 0204 0.199 0.191 0.168 0.215 0.146 0203 0151 0205 0178 0.184 0.19)
Alm 40 L1 39 48 44 45 47 47 48 48 48 48 48 51 50 50 L1 51 49 50
Prp 11 1.2 L1 1.4 14 1.3 1.4 1.4 2.4 2.6 23 25 2.0 22 22 22 20 1.9 20 18
Grs 0.7 0.0 0.0 ai 23 3.5 2.8 3.8 1.8 0.5 1.8 1.0 K.} 1.3 14 1.4 0.7 1.5 1.8 16
Sps 56 54 57 48 49 48 47 46 46 46 47 47 46 45 45 45 49 a4 46 416
Ade 25 35 32 18 29 16 18 18 14 27 15 18 16 1 18 11 25 14 11 __ 1§
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Composition of gamet from the Moly Hili pluton

Muscovite monzogranite Aplite
Bample 10 12 2 17 17 17 1719 19 19 19 20 20 20 22 22 22 30 30 30
SiI02 3658 9862 3648 3665 37.02 3671 3670 3661 3670 3667 3684 3638 3660 3660 3679 3705 3702 3631 3635 23672
TH02 008 007 010 001 006 009 0.1 007 0.13 0.01 004 009 013 009 004 O11 0.01 006 007 004
AO3 2032 1094 1994 2020 2021 20.18 2043 2001 1961 2027 2002 2050 2024 2020 2033 2007 2038 2031 2021 20.64
FeQ 2234 1941 1453 2115 2054 1962 20.14 2047 2063 2191 2159 21.55 21.06 2227 21901 19937 21886 2108 2133 21.58
Fe203 0.61 0.84 2.68 0.64 0.65 0.61 0.04 0.65 1.18 0.64 0.85 Q.45 0.65 0.80 0.45 0.82 0.51 0.47 Q.47 0.07
MgO 0.59 0.37 0.3 0.35 0.32 0.29 0.29 0.38 0.42 0.43 0.51 0.44 0.40 0.44 0.48 0.42 0.5% 0.30 0.29 0.29
MO 19080 21.08 2437 1943 1047 21.05 2087 2007 1941 1022 1808 2034 2022 1931 18.16 2116 10.22 2033 1966 19.63
Ca0 0.95 1.4 1.04 1.56 1.54 1.23 1.14 1.01 1.02 0.89 1.78 0.90 1.08 1.10 1.52 0.94 1.43 1.30 1.18 1.32
Tolal 100.53 06942 9935 100286 9981 9998 09.72 9917 99.10 100.24 £9.89 10065 100.62 100.81 99.67 09.94 8994 100.16 959.74 100.29
8i 5089 6058 6052 6041 6070 6041 6017 6053 6.003 6050 06069 5995 6025 5985 6040 6.085 6.066 5978 5999 6.011
Ti 0007 0000 0013 0001 0007 0011 0014 0000 0016 0001 0005 0011 0018 0011t 0005 0014 00 0007 0000 0510
WAl 0.011 0.005 0.015 0.025 0.001
vial 3009 23887 3699 3920 3912 3914 3906 3910 3.837 03920 23877 3028 3920 3877 3940 3685 3936 2914 3930 3982
Fe2+ 3.058 2644 22490 2099 2622 2720 2,794 2830 2665 3006 2967 2934 2069 3045 3013 2681 2995 2901 2944 2955
Fo3+ 0075 0.105 0080 0070 0.081 0076 0005 0081 0,47 0079 0118 0.056 0080 0038 0055 0.101 00683 0.059 0059 0009
Mg 0.144 0081 0077 0088 0078 0071 0072 0094 0.104 0.105 0.125 0107 0098 0.108 0.118 0103 0.425 0.073 0071 09072
Mn 2646 2950 3426 2698 2709 2934 2034 2819 2730 2672 2514 2605 2.707 2674 2528 2944 2529 2834 2776 2722
Ca 0166 0250 0,185 0274 0271 0217 0203 0179 0481 0457 0313 0.158 0.189 0,493 0.268 0.165 0.251 0230 0206 0.231
Alm 51 45 38 49 48 48 47 48 49 51 50 49 48 51 51 45 51 49 49 49
Prp 2.4 1.5 1.3 .4 13 1.2 1.2 i6 1.8 18 21 1.8 1.6 1.8 1.9 1.8 2.4 1.2 1.2 1.2
Grs 0.7 1.4 0.6 26 2.4 1.5 2.9 0.7 0.0 06 2.2 1.0 0.7 0.5 3.0 0.0 2.8 1.8 34 3.9
Sps 44 50 58 45 18 49 49 48 46 45 42 47 47 45 43 50 43 47 46 46
Ade 20 20 26 20 23 22 o6 23 31 20 31 _ 1.6 23 26 15 28 16 20
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Composition of oxide minerals from the Moly Hill pluton

0.007 0022 0.007 0.000 0000 0011 0000 0.008

Biotite Two-mica monzogranite

monzogranite
Sample 31 3 31 26 40 40 40 40 40 40
Fe203 000 377 6787 6784 734 000 69.18 6848 6893 6929
FeQ 3519 4130 3071 3115 1996 3443 3102 3078 3091 311
MnO 880 383 004 236 1177 010 004 OMNM 0.08
Si02 071 004 010 023 005 007 003 004
Al203 047 002 005 009 o004 o002 003 004
CalC 013 040 002 021 000 0.00 0.00
TiO2 5329 5029 010 002 49508 5251 0.00 0.00
Total 9859 99.65 9889 9301 9874 59.24 100.39 9940 100.01 10056
Fe3+ 0000 0.144 15892 15912 0282 0000 15968 15.963 15977 15973
Fo2+ 1478 1,752 7953 8121 0851 1456 7959 7976 7963 7971
Mn 0374 0.65 00N 0965 0504 0.027 0011 0030 0020
Si 0036 0002 0033 0000 0000 0012 0016 0023 0009 o0.012
Al 0028 0.001 0019 0000 0000 0006 0016 0010 0012 0.015
Ca
Ti

2013 1819 0024 0005 1881 1.997 0.000
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Composition of biotite from the Lamotte pluton

Biotite monzogranite

Gample 767 767 768 768 782 782 762 782 707 797 008 908 G038  B11 911 9i1__ 911 766 766
802 9711 2565 3590 3476 3602 3582 37.17 3663 3650 3572 37.60 3884 O87.77 3832 3863 3842 3695 3680 28290
A203 1837 17.90 1867 1763 17.20 1748 1804 1827 2095 2031 2000 2003 2002 2000 2102 1998 2142 18.20 18.63
Ti02 093 197 106 243 240 230 120 0986 135 156 135 133 131 223 201 210 221 105 116
FeO 2343 2412 2413 2530 2360 2300 2223 2216 2240 2327 2114 2062 2142 19987 1795 1950 2070 2178 2118
MgO 494 476 456 480 6500 512 630 567 271 263 352 320 326 320 339 338 291 449 474
MO 062 090 069 068 078 079 077 096 054 060 072 061 081 047 057 066 056 100 102
Na20 008 002 007 002 002 003 004 002 005 006 008 001 003 004 004 003 003 002 004
K20 020 989 063 030 1010 961 670 942 912 891 092 081 9790 080 1011 1009 €78 063 0.13
F 071 080 069 072 08 085 101 131 081 086 080 09 072 120 121 132 108 077 090
total 9536 9610 0569 0503 9594 0599 0546 9550 0432 0392 0540 9547 05.12 9621 9513 0548 0538 9474 05.09
F=O 030 034 025 030 035 036 043 065 038 036 034 039 030 051 051 056 045 032 038
Toladl 508 0576 9534 0563 0560 0563 0503 0405 0304 0366 0506 0508 0402 0570 0462 0492 9491 0442 §ATI
si 6770 6595 5636 6481 5642 5608 5779 5743 6705 65640 5812 5932 65826 5730 58094 5882 5684 5740 5900
Al 2230 2405 2384 2610 2350 2392 2221 2257 2205 2360 2188 2068 2174 2270 2106 2118 2316 2260 2100
viAl 1137 0906 1.081 0795 0833 0833 1085 1.099 1.5655 1420 1.453 1.537 1465 1.414 1.655 1486 1.513 1269 1.284
Al) 3367 93312 3446 3314 3192 3225 3306 3357 3850 3760 3641 3605 3639 0684 3761 3604 3620 3520 3384
L 0.109 0233 0125 0277 0283 0271 0140 0113 058 0185 0157 0453 0452 0251 0230 0242 0266 0.123 0.134
Fo 3006 3160 3160 3338 3078 3941 2904 2600 2882 3073 2719 3633 2763 2407 2278 2496 2665 2842 2729
Mg 1445 1111 1064 1140 1.166 1.195 1227 1205 0630 0619 0808 0749 0748 0731 0767 0772 0668 1.044 1.090
Mn 0108 0420 0092 0091 0.104 0105 0102 0126 0071 0080 0094 0078 0.106 0060 0074 0086 0076 0133 0.133
Na 0017 0006 0021 0005 0007 0009 0013 0007 0015 0018 0018 0004 0079 0012 0.123 0008 0003 0007 0011
K 1842 2000 1963 1670 2018 1919 1923 1875 1814 1795 1946 1911 19827 1670 1857 1871 1.819 1917 1.795
F 0350 0367 0200 0350 0412 0423 0405 0647 0444 0425 0387 0447 0351 0568 0583 0637 0524 0380 0.437
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Composition of biotite from the Lamotte pluton

Biotite monzogranite

Two-mica monzogranite

Sample 766 791° 791 796 796 907
sio2 3641 3522 3807 3667 3B IS
AI203 1784 2024 2093 2100 2100 2223
Tio2 276 105 186 162 150 075
FeO 2344 2046 2004 2306 2354 2118
MgO 369 369 391 160 157 160
MnO 083 070 072 064 063 062
Na20 004 006 000 002 002 000
K20 007 990 998 934 9500 943
F 100 077 08 077 065 1.4
total 9608 9509 9640 9452 9415 9437
F=O 042 032 037 032 027 059
Total 9566 9477 9603 9420 9388 9378
si 5689 5864 5701 5723 5681 5780
Al 2311 2136 2209 2277 2319 2220
vial 0975 1523 1335 1586 1567 1.858
Al 3286 3659 3695 3863 3886 4077
T 0324 0121 0210 0190 0177 0088
Fe 3064 2625 2510 3010 3081 2757
Mg 0860 0B44 0873 0372 0368 0370
Mn 0109 0031 0091 0846 0092 0082
Na 0013 0016 0006 0006  0.000
K 2007 1837 1507 1820 1803 1872
F 0493 0376 0422 0377 0326 0.691
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Composition of muscovite from the Lamotte pluton

Two-mica
Biotite monzogranite monzogranite
Bample 766 766 768 766 76y 767 767 768 _ 768 768 782 797 797 797 008 908 911 _ 791 791 791
SI02° 4747 4741 4BAD 4572 477 4725 4675 4687 47.14 4053 4730 4591 4630 4620 47.12 47.06 4631 4662 4749 47.63
A203 2027 3041 3085 2013 30.18 3038 31.62 3228 31.06 3099 20.39 3033 2238 3228 3079 3007 3119 2951 3027 3135
1i02 022 020 004 070 013 012 005 042 008 05 023 036 025 017 012 009 034 021 032 012
FeO 580 407 457 602 515 525 457 400 396 450 507 560 AT7 447 4680 540 422 497 465 410
MgO 1.99 1.36 1.19 1.64 1.18 117 081 0.88 1.09 1.42 1.62 1.35 1.05 1.00 1.48 1.70 1.48 1.97 1.67 1.4%
MnO 026 014 009 018 008 008 008 012 005 008 0.1 007 010 005 047 009 012 0.0 043 0.10
Na20 013 025 029 020 048 020 034 0280 030 047 026 020 019 02¢ 046 0494 032 019 020 0.2}
K20 1068 1062 1087 1147 1026 10386 1079 1122 11.19 B89 1093 1055 1044 1046 1075 10.49 11.24 11.23 1096 10.79
F 0.56 0.43 0.4‘ 0.55 0.43 0.42 0.53 0.4 0.56 0.54 0.51 0.61 0.34
Total 06.47 9530 0400 06561 0476 0481 0519 0573 9485 9653 0543 0437 0555 0493 9588 9530 9574 9531 96.10 96.05
F=0 024 018 017 023 018 000 000 000 000 018 022 000 000 000 021 024 023 021 02 O0.14
Total 9623 9521 9473 6530 0458 04061 0519 0573 9485 9635 0521 0437 0565 0403 0567 9506 9551 05510 89584 95591
8l 6443 6416 6366 6319 6.457 06440 6343 6,321 6.414 6.547 6.468 6.326 6.267 0.284 6.389 B£.423 6.305 6.400 6435 6.406
WAl 1657 1.584 1.634 1681 1544 1.560 1657 1.670 1,686 1.453 £.532 1.674 1.733 4716 1611 1578 1696 1.600 1.566 1.504
viAl 13.126 3.208 3381 3085 39324 3020 3432 3449 2394 3376 3205 3251 3420 3449 30 3260 3309 3174 3.289 9378
Al 4603 4882 4995 4746 4060 4680 65089 5128 4980 4028 4736 4925 6,152 5165 4920 4838 5004 4774 48M 4970
T 0.023 0.021 0004 0073 0013 0012 0005 0013 0006 0053 0.024 0037 0025 0017 0012 0008 0035 0022 0012 0.012
Fe 0669 0655 05623 0696 0589 0599 0519 0451 0450 0497 0580 0645 0539 0508 0545 0616 048% 0570 0527 0.461
Mg 0403 0278 0243 0339 0240 0238 0.163 0473 0221 0279 0330 0277 0212 0202 0299 0316 0296 0403 0338 0282
Mn 0030 0016 0011 0022 0009 0009 0007 0014 0006 0009 0012 0.008 0011 0006 0020 0010 0014 0012 0015 0011
Na 0033 0068 0077 0055 0048 0053 0090 0073 0079 0043 0069 0053 0050 0055 0.043 0037 0.083 0050 0054 0056
K 1.640 1845 1898 2022 1701 1.801 1.868 1.930 1942 1£.500 1.906 1.854 1799 1.812 1860 1774 1952 1.966 1.895 1.852
F 0.240_ 0,185 _0.176 0.240 0.188 0.109 0.104 0.177_ 0.230 0212 _0.243_ 0232 0221 0.263 _0.148
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Composition of muscovite from the Lamotte pluton
Two-mica Muscovite
monzogranite monzogranite  Aplite-pegmatite
Sample 701 708 796 706 007 007 907 LM101 101 705 795 785 012 912

8i02 46.53 46.33 4521 4643 4593 46,16 46.71 46.78 48.73 46.74 46.04 4630 46.79 46.70
Al203 2045 32,74 9226 33.13 3148 2895 3105 3314 3323 3524 3441 3461 3196 31.97
Ti02 013 020 020 047 000 014 000 028 020 021 032 021 003 04
FeQ 507 470 490 A79 510 7.5 526 370 379 277 278 255 485 4.62
MgO 182 076 079 079 098 140 101 068 068 051 054 059 028 034
MnO 021 043 045 044 009 017 045 005 007 007 009 005 030 040
Na20 0156 026 027 €24 021 042 020 030 032 031 026 033 042 020
K20 1150 1029 10.60 10.20 10.86 10.31 10.7¢ 11,12 11.01 0.88 1047 1042 1028 10.78
F 0.77 0.50 054 077 071 038 027 077 on
Total 95.63 0540 04.70 0590 9527 9517 0588 0641 90.30 9573 9491 0507 0538 9516
F=0 032 000 021 000 @23 032 030 015 011 000 000 000 0232 0.30
Tolal 95.31 9540 94.57 9508 9504 9485 0553 9626 96.19 9573 9491 9507 9500 94.86

Si 6400 £.260 6.212 6237 6203 6.402 6.363 6271 6266 6201 6.193 6206 6372 6.383
Al 1.600 1.740 1.788 1.763 1707 1.598 1.637 1.720 1.734 1.789 1.807 17904 1.628 1.607
viAl 3474 3384 3436 3482 2376 J.434 I.047 IS07 3517 D711 I648 3.674 1501 D452
AX1) 4773 6.124 5224 5245 5.083 4.733 4.985 52386 5251 5510 5455 5460 5.129 5061
Ti 0014 0020 0021 0017 0008 0014 0.009 0020 0020 0021 0032 0.02% 0003 0.005
Fe 0582 0.531 0.563 0538 0584 0.830 0599 0415 0426 0304 0313 0.288 0552 0.530
Mg 0374 0,153 0.162 0.158 0.200 0.200 0.206 0.137 0.135 0.101 0.108 0.118 0.058 0.070
Mn 0.025 0.015 0018 0.016 0.0ff 0019 0.017 0006 0.008 0.008 0010 0.007 0.035 0.046
Na 0.040 0.066 0072 0063 0.056 0.033 0053 0078 0082 0080 0068 0086 0032 0052
K 2018 1774 1841 1.763 1.898 1.824 1.861 1.902 1.684 1672 1787 1702 1.786 1882
A F 0.333 0.218 0.235 0.340 0.306 0.152 0.115 0.333 0.305




Composition of feldspar from the Lamotte pluton

Biotite monzogranite
Bample 787 767 767 767 768 788 768 768 _ 768 702 762 782 782 782 762 702 782 782 _ 797
§i02 6624 06743 67.00 €599 6669 6666 6521 6535 6481 6531 6502 6501 6502 60080 6534 6585 6487 6503 67.11
A203 2160 2092 21568 1039 2163 2115 1706 1745 1718 2220 2212 2221 2197 2028 2214 2104 1821 1799 2166
CaO 164 135 158 000 167 135 002 000 000 368 361 324 301 047 231 237 001 000 1.61
Na20 1005 667 085 040 1001 1008 036 043 053 951 9684 9683 995 1110 973 985 038 033 1034
K20 010 006 004 1580 008 004 1694 1730 1679 020 020 020 020 003 007 007 1662 1888 0.14
Tolal 89.61 .99.43 100.05 10068 100.08 ©9.26 10049 100.53 0931 10069 10049 101,39 10045 9996 9959 100.08 100.09 100.23 100.83
8i 2910 2953 2922 3016 2912 2931 3008 3.022 2027 2850 2852 2884 2860 2970 2875 2884 3001 3008 2913
Al 1117 1080 1,109 09 1113 1096 0978 0951 0946 1.146 1.144 1133 1439 1043 1,140 1.133 0992 0980 1.108
Ca 0073 0063 0074 0000 0.078 0084 0001 0000 0000 0472 0465 0161 0.142 0022 0103 0.111 0001 0000 0075
Na 0856 0821 0833 0035 0848 0859 0032 0039 0048 0804 08520 0820 0849 0939 0830 0836 0034 0030 0888
K 0006 0003 0002 0927 0005 0002 0997 1021 100§ 0011 0011 0011 0011 0002 0004 0004 0680 0995 0008
Ab 916 925 916 a7 ol 929 a1 LX: 486 816 924 837 847 075 880 879 34 29 913
O 0.6 04 02 0863 0.5 02 9868 964 954 1.1 11 i1 11 0.2 0.4 04 966 971 08
An 78 71 81 00 _84 60 01 00 00 174 166 152 142 23 118 117 01 00 7.9




Composition of feldspar from the Lamotte pluton

Biotite monzogranite Two-mica monzogranite
Sample 707 707 797 707 797 908 808 208 1 911 M1 766 766 766 766* 766 781 791 791

8i02 6675 67.07 6492 0420 6507 6699 6705 6434 6535 6537 6461 6610 6597 6641 6542 6533 67.09 67.36 66.96
Al203 2088 2045 1797 1860 1010 21,00 2078 1645 2471 17,70 11745 2241 2224 22148 1050 1844 2086 2040 21.38

Ca 153 160 000 000 007 148 137 001 277 003 000 233 207 196 000 000 453 127 180
Na20 1020 1003 035 022 020 1019 1004 059 1042 076 037 968 971 976 130 037 1014 1002 0.79
K20 003 008 1671 1691 1695 006 002 1722 007 1672 1688 040 003 003 1541 1673 005 009 009

Total 99.18 9921 0995 £9.93 10057 0973 90928 10061 100.02 100.67 ©9.0¢ 10032 100.02 100.34 10063 100.87 99.67 99.14 100.02

2942 2852 J3.009 2961 3001 2034 2046 2077 2872 3011 3028 2886 2885 2694 2997 2999 2940 2961 2924

Si

A 1069 1061 0902 1.018 0989 1,084 1076 1.006 1.124 0966 0947 1.138 1.146 1.139 0999 0998 1077 1.057 1.100
Ca 0072 0076 0000 0000 0004 0070 0065 0001 0.130 0008 0.000 0103 0.097 0092 0000 0000 0072 0060 0084
Na 0879 06858 0032 0020 0026 0865 06856 0053 86260 0088 0.034 0619 0823 0825 03516 0033 0861 0854 0829
K 0002 0.003 0988 1002 0997 0004 0001 1016 0.004 0983 1000 0006 0.002 0002 0901 09860 0003 0005 0005
Ab 922 96 3.4 1.9 28 922 929 49 866 6.5 32 877 893 B899 114 33 920 930 903
Or 0.2 04 982 981 971 04 01 850 04 034 968 08 0.2 02 886 666 03 05 05
An 7.6 8.1 0.0 00 03 7.4 7.0 0.1 131 0.1 00 117 105 100 0.0 0.0 7.7 9.5 g2

a3l



Composition of feldspar from the Lamotte pluton

Two-mica monzogranite Aplite-pegmatite
Sample 701 798 796 907 907 007 907 101 101 912 912 912 912 _ 912
8i02 65.16 6672 6500 6693 60.12 6405 6490 6612 6541 6843 6819 69.20 6508 £5.08
Al203 1762 2065 10.14 2097 2047 1842 1853 2160 1840 1976 190.60 10.62 18.16 18023
Ca 000 176 000 097 037 001 000 1030 0290 047 018 044 000 001
Na20 042 1062 044 1034 1110 036 031 019 1700 1120 1123 1145 043 054
K20 17.41 014 16983 002 010 1705 1718 247 000 003 002 003 1681 1650
Tolal 10081 0989 10061 0923 9986 9989 100.92 100.70 10080 9967 99.22 10052 100.57 100.16
sl 3.007 29020 2999 2841 2975 2981 29006 2887 3005 2993 2994 3004 3001 2.007
A 0969 1.088 0986 1086 1038 1010 1005 1112 0962 1018 1014 1003 0986 0982
Ca 0000 0083 0000 0.0468 0017 0001 0000 08670 0026 0008 0008 0005 0.000 0001
Na 0038 00803 0040 0.881 0940 0032 0028 0010 1000 0657 0956 0863 0039 0.048
K 1025 0008 0996 0001 0005 1012 1009 015 0000 0002 000 0002 0885 0973
Ab 36 009 3ag 9850 977 3.1 27 98710 25 990 690 992 3.7 47
Or 86.4 08 962 01 06 9889 973 10 9756 0.2 01 02 863 052
An _00 83 00 49 18 01 00 120 00 08 08 00 00 _ 01
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Composltion of blotite from Lacome pluton

, Biotite monzogranite

Sample 613 613 616 816 616 620 620 621A 621A 621A 622 622 630 630 634 B34 665 665 668 666
8i02 37,76 3507 ar77 3854 3910 J37.82 3769 3844 3755 3661 I7.68 3025 3848 I787 3939 03843 3608 3653 3733 3698
AL203 2143 20486 2040 2034 2047 1069 1970 1954 1948 1868 1076 18683 1993 2031 2107 1985 18064 1830 1786 17.89
TiO2 1.79 1.72 195 1.57 1.90 1.83 1.70 1.4 223 2.08 1.97 199 L 1.768 1.84 1.91 1.72 .70 1.89 1.9
FeO 1915 2005 10904 1803 1941 2056 2108 2027 2165 2243 2224 22006 2022 2020 1984 2015 2532 2480 2167 2244
MnO 0.80 1.01 070 077 070 080 074 068 078 088 083 083 100 0.8t 0.81 085 053 083 076 083
MgO 286 260 393 375 379 424 408 398 393 430 4186 438 320 294 323 3B2 39T 272 497 485
Na20 0.01 000 002 001 0.04 003 004 004 002 007 003 002 007 004 002 002 001 002 006 002
K20 1006 990 994 008 0900 697 000 1006 1015 960 99 877 1004 9983 981 967 950 987 070 978
F 1.02 139 08 1.08 1.20 078 086 1.26 1.06 1.10 105 060 093 088 053 055 075 082

9470 9542 9557 0485 9651 0514 9500 0560 9683 06.27 0666 97.23 9576 0476 97.04 9568 0650 0692 9499 85.60
F=0 043 059 035 045 051 033 038 053 045 048 0.44 038 039 041 022 023 032 039
Total G427 0483 9522 0440 9500 95.14 98500 9527 0647 9574 0021 0877 £532 9438 0665 0527 0620 9509 9467 0521
Si 5601 5054 5763 50896 5808 6772 575 58M 5731 5696 5781 5613 50685 6840 5685 5859 5602 5680 5756 5697
WAl 2199 2148 2237 2102 2112 2228 2225 2166 2269 2305 2219 2187 2115 2160 2.115 2141 2398 2312 2245 2303
viAl 1681 15606 1448 1665 1520 1350 1944 1,357 .23 1135 1173 1.1B6 1476 1532 1.595 1425 1049 1047 1002 0940
At 650 3742 2685 3667 23613 3578 3569 3523 3501 3439 3392 3373 IS591 3692 3709 3566 3447 2359 3246 d243
m 0206 0199 0224 0481 0215 0210 0.196 0220 0250 0242 0228 0220 0204 0204 0207 0219 0201 0.189 0219 022
Fe 2401 2878 2.,5‘44 2409 2444 20624 2707 2593 2789 2902 2654 2804 2588 2605 2491 2569 3287 2230 2794 20891
Mn o.l04 0.132 0.990 0039 0089 0103 0086 0115 0101 0.112 0.1068 0108 0.130 0106 0.502 0,110 0.069 0.109 0099 0.108
Mo 0610 0643 0893 0856 04851 0984 0934 0908 0893 0992 0855 0693 0720 0677 0719 0888 0920 0664 1.142 1,134
Na 0003 0000 0008 0002 0010 0.009 0012 0012 0006 0020 0009 0007 0021 0013 0.006 0005 0002 0005 0018 0006
K 1976 1042 1935 1948 1903 1041 1035 1962 1977 1695 19039 1894 1953 1653 1670 1881 1682 19060 1908 1918
F 0010 0678 0399 0512 0.571 0379 0418 0619 0517 0527 0508 0447 0440 0471 0262 0.273 0366 0448
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Composition of biotite from Lacome pluton

Blotite monzogranite Two-mica monzogranite

Sample 668 668 666 873 673 873 673 673 652 672 arz 612 707 707 692
8i02 5.7 3872 3691 3691 3670 IT40 38,10 3712 3548 3542 3567 3687 3843 3868  39.00
A203 1044 17087 1769 1799 18,19 1867 1060 1857 17686 1722 1838 1946 2044 2170 2081
Tio2 1986 213 223 245 243 247 208 209 182 212 193 200 208 1.91 1.40
FeO 2308 23,16 2208 2324 2239 2165 21.12 22.19 2588 2041 2507 2381 2022 1935 19.90
MnO 068 074 073 109 096 073 08B0 094 079 076 069 060 073 069 063
MgO 605 408 6504 407 420 399 402 402 335 J16 28 291 244 240 299
Na20 004 003 004 003 003 002 003 003 002 002 004 005 002 001 004
K20 912 980 985 973 981 1000 080 974 1005 1002 976 1043 076 9065 970
F 0859 088 073 086 110 o082 107 082 072 087 040 051 0.06 1.05 097

9469 06,16 0550 9647 0598 9545 9650 9562 0595 0609 9603 9634 6500 9574 9544
F=O 025 038 0N 040 048 035 045 035 030 041 017 o021 040 044 041
Total o444 0560 0519 9607 9552 8510 9605 9517 9565 0609 05806 0613 0466 §530 9500
sl 5601 5609 5720 5718 5715 65786 50614 5758 65622 5657 6596 66986 5.869 6.855 5926
WAl 2399 22301 22711 2202 2285 2214 2,988 2242 2378 2343 2404 2304 2111 2145 2.074
viAl 1009 0060 1000 1003 1048 1491 1,159 1,163 0958 0878 1.458 1239 1582 1727 1.653
A1) 3408 2268 3271 3285 3331 3405 3345 3395 3338 3221 3662 3543 3693 23872 727
T 0234 0248 0260 0285 0284 0253 0238 0244 0217 0253 0228 0232 0238 0218 0O.164
Fe 3028 3005 2066 3011 2009 2801 2685 2079 3427 3505 3271 D075 2592 2449 2520
Mn 0.091 0097 0096 0944 0.126 0056 0903 0124 0108 0102 0091 0078 0.095 0.089 0.081
Mg 1.180 1,926 1.167 0939 09092 0.020 1.120 0.030 0791 0745 0672 0670 0557 0.542 0.676
Na 0012 0010 0012 0008 0009 0006 0008 0010 0008 0006 0.012 0014 0007 0003 0.013
K 1824 1040 1950 19522 1943 1074 1008 1927 2017 2016 16843 1998 19009 1922 10881
F 0292 0422 0358 0471 0542 0404 0615 0403 0381 0467 0.185 0251 0484 0504 0.468




Composition of muscovites from Lacorne pluton

, Biotite monzogranite

Bample 613 614 614 618 616 616 617 620 620 620621A 621A 630 630 634 634 634 665 666 _ 668
8102 48665 4643 4946 4733 4821 4830 4807 4825 4696 4683 4675 4581 4593 4655 4743 46.67 4892 5024 46.18 4665
AROJ 2049 2032 2739 2038 2700 23049 32786 3088 2864 2792 20356 2868 2869 29.77 2889 2763 2024 2096 2980 3095
Tio2 o040 oM 043 oM 034 013 013 007 044 032 042 054 040 044 044 041 028 019 038 002
FeD 777 622 684 677 632 839 417 478 519 540 599 561 5.82 554 589 560 564 545 512 432
MnO 03 028 020 046 028 015 010 008 043 045 046 017 0.14 009 025 023 022 013 008 006
MgO 109 168 218 189 1.3 133 049 1.00 1.74 1.64 1.80 1.59 1.58 1.64 199 204 1.73 1.54 1.3 098
Na20 008 017 0.4 048 015 o028 030 025 022 013 014 020 o027 028 008 0192 o041 0.14 024 030
K20 1004 1112 988 1125 11,26 113 11,27 1119 1102 1101 1150 1158 11,19 1097 1058 10689 10.27 918 1097 1111
F 120 047 062 060 088 070 010 042 067 102 075 090 08 05 094 104 103 056 042 035
OH 439 4.39 4,20 4.36 4.41 438 434 430 4.30 4.38 4.48 4.30 4.35 4.54 4.35 4.7
9826 9477 9721 9720 0503 0560 0550 9490 0501 0462 05687 6480 0480 0582 0660 5403 9564 0741 9451 9474

F=0 0.51 020 026 037 038 029 0.08 0.18 0.28 043 032 038 038 024 040 044 043 024 048 0.15
Tolal 9578 O457 9605 00083 0467 9531 06542 0472 9473 0419 9555 0450 9452 9558 9620 0449 9521 9717 9433 0459
8 6453 06454 6650 6453 O6447 6359 6253 6320 6475 6517 6445 6370 6397 6369 62393 6497 6441 6632 6356 6392
Al 16547 1548 1350 1547 14.553 1.641 1747 1671 1525 1483 14555 1.630 1.603 1632 1.607 1503 1559 1.369 1644 1608
viAl 2713 2093 2989 3010 3035 3246 3498 3305 3128 2087 3053 3099 3.107 3167 2883 3030 3471 3292 23491 23%
A1) 4260 4630 49338 4557 4500 4887 6243 4076 46854 4500 4608 4720 4710 4800 4500 4534 4730 4660 4835 4998
m 0041 0011 0044 0042 00386 0013 0013 0007 0045 0034 0044 0056 0042 0045 0045 0043 0028 0018 0037 0002
Fe 0895 0723 07169 0772 0737 0619 0474 0547 0599 0628 0691 0655 0679 0634 62393 0675 0670 0602 0589 0495
Mn 0042 0020 0033 00190 0030 0017 0012 0009 0016 0.018 0019 0020 0017 0010 0029 0027 0026 0015 0009 0.008
Mg 0224 0347 0437 0383 0360 0273 0.100 0204 0359 0382 0369 0331 0329 0335 0400 0424 0353 0302 0275 0.199
Na 0016 0045 0020 0040 0041 0075 0080 0065 0060 0035 0038 0053 0074 0069 0024 0031 0030 0036 0064 0076
K 1,784 1072 1690 1958 2004 1.051 1651 1953 1938 1.954 2022 2083 1.980 1915 1810 1952 1709 1545 1926 1542
F 0523 0207 0262 0381 0380 0304 0083 0200 0451 0327 0398 0380 0243 0401 0457 0445 0244 0.183  0.151
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Composition of muscovite from Lacome pluton

Sample €68 672 673 673 652 652

W1

Biotite monzogranite
8102 4849 4863 4582
A203 3208 2989 20.02
o2 001 043 048
FeO 438 6518 625
MnO 008 009 021
MgO 108 117 173
Na20 021 021 0.18
K20 951 1145 1137
F 025 017 o073
OH 450 4938 428

2009 0492 94.80
Fa0 o011 007 03t
Totsl 9500 0485 0440
8 6451 6412 8407
VAl 1640 1588 1593
Al 3481 3287 3.024
Al 5.030 4.045 4617
n 0.001 0013 0050
Fe 0483 0596 0.731
Mo 0009 0010 0.025
Mg 0214 0240 0.361
Na 0.054 0058 0.052
K 1613 2009 2029
F 0105 0076 0325

1.68
021
1.10
0.91
430
95.12
0.38
84.74

6,355
1.645
3.049
4.604
0.084
0.728
0.023
0.345
0.057
1.974
0.402

48.49
< ]
027
4.68
0.09
1.08
023
10.19
0.38
4.50
8672
0.18
9656

6.462
1.538
3.385
4923
0.027
0819
0.010
0.241
0.060
1.732
0.160

48.72
31.36
021
4.74
0.09
0.68
0.20
10.64
0.43
4.40
05.37
0,18
95.19

8.357
1.643
2308
5.020
0.021
0539
a.011
0.198
0.054
1.848
0.187

652

46,06
31.8¢
0.28
4.95
0.08
1.01
0.24
10.68
0.18
4,45
98.17
007
96,10

6.324
1.676
3373
5.049
0.020
0.558
0.009
0.203
0.062
1,835
0.069

Two-mica monzogranite
692 €92 692

47.19
28.00
0.10
6.71
0.30
1.558
0.08
11.43
0.54
4,35
95.90
0.23
85.67

6.508
1.454
3.054
4,549
0.010
0.773
0.035
0319
0.022
2010
0.233

707

107

107

742

742

Muscovite
monzogranite
6503 633 837

637

48,54
27.38
0.44
673
0.25
1.78
0.15
11.34
0.64
4.30
95.43
0.35
95.08

6.480
1.520
2970
4490
0.046
0.763
0.020
0.389
0.041
2015
0.389

46.04
27.05
0.47
7.04
028
1.73
0.15
11.30
0.88
427
94.94
0.37
94.57

6.465
1.535
2.942
4477
0.049
0.627
0.034
0.362
0.04%
2.024
0.390

45,65
27.5%
0.52
7.00
0.25
1.66
0.09
11.6%
0.78
427
95.07
033
94.74

6.407
1.5983
2.958
4551
0.055
0.624
0.030
0347
0.025
2.078
0.347

46.80
21721
0.34
6.80
0.26
1.74
0.12
11.39
1.03
4.3
95.69
0.43
95.28

8.511
1.489
2.973
4,462
0.036
0.792
0.031
0.362
0.033
2022
0.453

46.74
28.27
0.38
en
0.24
1.59
0.14
11.13
0.87
434
06.07
037
85.70

6.447
1.553
3.042
4.595

0.774
0.026
0.327
0.036
1.659
0.380

46.69
28.60
0.24
.28
0.18
1.29
0.25
10.95

4.35
94.68
0.00
94.68

6.451
1.549
J.142
4,801
0.025
0.726
0.021
0.266
0.067
1.830

46.42
30.66
0.13
4.0
0.09
0.89
0.20
10.89

4.37
84.18
0.00
84.18

6.386
1.614
3.359
4972
0.014
0.553
0.011
0.183
0.077
1L.811

45.09
30.63
0.49
6.41
025
1.00
0.14
1.4
0.38

95.93
0.16
85.77

6.284
1.716
3.2685
4.981
0.050
0.618

0.205
0.037
1.977
0.164

47.15
33
0.50
6.14
0.22
0.74
0.24
10.32
0.23
4.46
86.67
0.10
86.77

8.337
1.663
3.200
4.962
0.051
0.690
0.025
0.149
0.062
1.769
0.096

47.32
31.05
o
507
0.18
0.60
0.14
11.30
0.47
4.43
96.44
0.20
86.24

6.402
1.598
3.352
4.930
0.031
0.574
0.020
0.121
0.038
1.949
0.200

48.01
3120
0.31
465
0.14
072
0.18
10.38
0.57
4.45
96.16
0.24
95.92

6.459
1.541
3.408
4,047
0.031
0523
0.016
0.145
0.046
1.782
0.243

46.21
30.42
032
5.04
0.15
0.76
0.24
11.13
0.41
437
§5.58
0.17
95.41

6.354
1.646
3273
4919
0.033
0.670
0.017
0.155
0.063
1.948
0.178




Composition of muscovite from Lacorne pluton

-Muscovite

monzogranite

Sample 640 604

664 684

701

Aplite

608

606 6248 624D

Aplite/pegmatite
840 648A _ 646B _ 846C _ 703C

4801 4748
3143 30.20
034 027
528 4,81
010 013
072 064
037 0.22
11.34 1086
034
439 44
95,03 94.87
014 000
65.79 0487

£1 2 EEE5EELS

6276 6.4689
Al 1.724 1.60
3328 3335
5.052 4.665
0.035 0.003
0602 0548
0012 0.015
0148 0471
0.098 0058
1973 t1.889
0.145

T e

"rEFFIALE

46.23
3263
0.1%
297
0.08
0.65
0.41
10.88

444
95.10
0.00
95.10

6.261
1719
3495
5.215
0.015
0.450
0.604
0.1
0.108
0.168

§.282
1.718
3.460
5.178
0.020
0.508
0.00%
0123
0.066
1914

45.95
30.61
0.62
6.27
0.35
1.03
0.13
10.76
0.58
439
96.30
024
96.06

e.amr
1723
3.204
4.927
0.084
0.717
0.041
0.210
0.034
1.875
0.251

47.57
34,89
on
405
0.27
032
0.24
9.14
0.67
4.65
97.46
037
97.09

8.260
1.740
3.673
5412
0.011
0.448
0.030
0.063
0.081
1.535
0381

46.76
33.63
0.09
3.74
0.14
0.20
0.17
8.9
0.51
443
94.25
o
04.04

6.324
1.678
3,685
5.361
0.009
0.423
0.016
0.081
0.044
1.538
0.218

45.95
30.18
0.00
6.26
0.32
0.25
0.18
11.15

93.25
0.00
93.25

6417
1.583
3.381
4.984
0.000
0.614
0.038
0.051
0.042
1.987

45.76
31.35
o
4.54
0.25
0.14
0.13
11.29

03.47
0.00
93.47

6.351
1.64%
3479
5.128
0.001
0.527
0.030
0.030
0.034
1.998

4539
28.82
0.40
8.75
0.15
041
0.18
11.18

93.28
0.00
93.28

6.401
1.589
2190
4.7869
0.042
0.796
0018
0.086
0.049
2010

48.12
32.10
0.15
417
0.12
0.44
0.33
1.4
0.48
439
95.30
0.20
95.10

6.299
1.702
3464
5.166
0.016
0.476
0.014
0.100
0.087
1.967
0.207

710

710

710

1001

47.19
.67
0.19
4.25
0.15
072
0.26
10.96
0.60
443
95.99
0.25
95.74

6.383
1.617
3430
5.048
0.019
0.481
0.017
0.145
0.068
1.890

48.53
30.80
037
4.61
0.10
0.82
0.28
11.25
0.55
4.38
95.31
0.23
95.08

6.3
1.629
3.34%
4.970
0.038
0.527
0.012
0.168
0.074
1.964

0.255 0.237

45.07
34.43
0.00
199
022
0.01
0.34
11.42

94.28
0.00
9428

6.225
1775
b
5.508
0.000
0.225
0.026
0.002
0.090
L.977

Lepidolite

51.99
.52
0.00
0.44
0.54
0.00
021
8.75
3.42

96.87
1.44
95.43

6.876
1.124
3.780
4914
0.000
0.049
0.061
0.000
0.053
1.477

53.34
25.92
Q.00
0.51
0.89
0.00
0.14
8.87
575

95.42
242
93.00

7.356
0.544
3.56¢
4213
0.000
0.059
0.104
0.000
0.037
1.561

1432 2509

47.35
37.28
0.00
0.17
0.12
0.00
0.14
9.76
029

95.11
0.12
04,69

6.227
1.773
4,006
5.779
0.000
0.019
0.014
0.000
0.035
1.637
0.118

45.55
32.12
0.1
3.79
0.14
0.39
0.44
10.868

93.42
0.00
03.42

6.290
1.710
3518
5228
0012
0.438
o017
0.080
0.119
1.916
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Composition of feldspar from Lacome pluton

Biotite monzogranite

Sample 613 613 613 614 614 818 816 817 617 620 620 620 620 621 621 621  621A  621A B21A 622

802 60681 6698 6478 6507 6465 06608 6501 6087 0452 6069 66.99 6570 6404 6574 6517 6499 6584 66.10 6473 6620
AL203 2132 2125 1820 2143 1796 2111 1762 19.04 1657 1963 2093 2143 1785 2143 1762 1600 2150 20.13 1830 2168
Na20 1017 1005 020 1007 033 1018 037 1131 049 1094 1028 991 034 9890 063 034 1057 1037 040 935
K20 0156 008 1708 009 1699 019 1700 008 1648 008 005 000 1694 017 1687 1723 006 013 1698 0.7
Ca0 210 238 000 276 000 238 003 OS50 002 074 180 228 001 272 000 000 265 228 000 31
Total 10055 100.72 10033 0041 6903 9902 10031 100.77 100,06 10000 100.05 100.38 10008 ©0.96 10020 10056 100.62 99.01 100.41 100.54
8i 2012 2014 2097 2870 3.003 2904 3009 2983 2086 2091 2928 2909 3007 2880 3016 3.002 2850 2931 2992 2889
M 1096 1.090 0993 1,118 0983 1034 0972 1018 1013 1007 1078 1101 0974 1,110 0961 0880 1.109 1052 0897 1116
Na 0660 0840 0026 0864 0030 0867 0033 0950 0044 0924 0672 0638 0030 0844 0047 0030 00696 0892 0036 0791
K 0008 0.004 1007 0005 1007 0011 1009 0003 0971 0004 0003 0003 1001 0010 1002 1015 0003 0007 1001 0010
Ca 0058 0.110 0.130 0112 0002 0028 0001 0035 0084 0107 0001 0.128 0.000 0000 O0.124 0,108 0.000 0.145
Ab 8898 8011 250 6643 2867 08800 D00 9564 435 05985 9069 8840 292 6600 500 300 87.57 0854 J44 8400
Or 0868 046 9750 050 9711 1,00 9700 035 9554 044 032 036 6702 100 9500 9700 03F 072 9654 1.00
An 1046 1143 000 13.05 1100 000 2681 011 361 879 1124 008 13.00 12,43 10.74 15.00
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Composition of feldspar from Lacorne pluton

Two-mica

Blotite monzogranite monzogranite

Sample 822 630 630 634 834 634 665 665 668 656 873 673 673 673 742 742 742 652 652 652
8i02 6525 6702 6542 68627 6652 6551 6651 6407 6632 6570 6662 6752 6420 6493 6907 6748 6588 6697 6560 6648
ARO3 1838 2081 10,18 2078 2141 17.99 20.82 1626 2143 18.14 2054 2014 1832 1833 1957 2057 1762 2097 17.05 21.3%
Na20 041 1002 050 928 915 042 0987 034 950 035 1050 1103 028 042 1066 1030 039 1083 036 1030
K20 1687 0.18 1668 026 025 1657 023 1705 021 1860 0.00 005 17.30 1689 0.15 006 1645 003 1878 0.2
Ca0 000 222 000 296 287 000 208 000 251 000 163 05 000 002 oM 160 000 209 001 250
Total 10091 99.65 10065 ©09.50 10020 10049 99.20 10059 ©9.97 100.,70 69.57 09.24 100.16 100.59 100.16 10001 100.32 100.95 99.88 100.69
8 2997 2030 J004 2020 2007 3014 2932 2997 29806 3012 2932 2969 2984 2094 23002 2948 3032 2819 3044 2938
Al 0995 1050 0984 1076 1,103 0976 1072 0993 1,106 0980 1066 1044 1003 0096 1002 1059 0956 1068 09N 1096
Na 0037 0852 0052 0701 0775 0037 0643 0028 0807 0031 0898 0940 0025 0037 0899 0673 0034 0916 0032 0872
K 0003 0010 0976 0015 0014 0872 0013 1004 0012 0971 0005 Q003 1025 0094 0009 0003 0968 0005 0952 0007
Ca 0000 0.105 0000 O0.140 0.135 0000 0098 0000 0113 0000 0086 0024 0.000 0009 0033 0075 0000 0097 0001 0.117
Ab 356 8816 509 6370 8400 400 8043 268 66.16 309 9080 9726 239 360 H556 91.75 44 B994 316 8757
O 06.44 103 M9 1.50 1.50 96.00 1.4 9732 1.26 9691 0.45 031 9761 9620 0.9 035 9656 049 0680 0.67
An 10.62 14.60 14.50 1022 000 12.59 B8.74 243 0.11 3.53 7.90 9.57 005 11.76
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Composition of feldspar from Lacorne pluton

s

Two-mica
monzogranite Muscovite monzogranite

Sample 652 852 652 852 852 a72 872 701 701 707 707 800 603 603 603 633 633 633 633 633
8i02 6667 G756 6048 6625 6584 6559 6542 6723 06473 6607 6474 6607 6602 6530 6530 6740 6559 67.14 64.77 6458
AI203 2039 2038 1996 1759 1776 21,19 1676 2001 1804 2084 1030 2086 2042 1804 1823 2052 18.17 20.14 1814 1780
Na20 1048 1073 1149 029 038 1016 043 1027 ©20 1037 051 1037 1038 035 039 1043 033 1058 023 041
K20 010 007 004 1614 1628 005 1670 007 1656 007 17.01 016 005 17086 1687 005 1678 005 17.04 1879
Ca0 2.23 182 098 000 000 270 000 195 011 206 000 180 170 000 000 184 000 182 000 000

10007 10058 10095 100.27 10026 ©9.20 9931 10043 9064 9941 10056 100.06 ©9.47 100.76 100.78 100.24 100.87 9©9.73 100.18 99.56
8l 2932 20643 2069 23042 23020 2899 32034 2931 3005 2915 2900 2927 2044 3007 3.003 2942 3010 2940 3000 3.008
A 1054 1,048 1,020 0952 0963 1,104 0018 1074 0987 1.083 0656 1077 1.059 0979 0988 1.056 0983 1.053 0990 00977
Na 0891 09086 0066 0025 0034 0871 0039 0868 0018 0887 0046 0880 0685 0031 0035 0882 0.020 0699 0020 0.037
K 0006 0004 0002 0946 00655 0003 0688 0004 0981 0004 1002 0009 0003 1002 0800 0003 0902 0003 1.007 0.998
Ca 0.105 0085 0045 0.000 0.109 0091 0008 0087 0.000 0084 0.000 0088 0.000 0088 0.000
Ab 9801 01,09 0526 262 2343 686865 277 9012 181 8979 434 9041 9143 302 2339 95083 287 9102 1.98 360
Or 055 038 024 9737 9653 030 9623 040 0763 07 9566 092 020 9608 9861 020 6713 031 98.01 9640
An 1044 8584 448 1105 000 09480 056 9.684 667 828 000 000 888 000 867 001 000
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Composition of feldspar from Lacorne pluton

Muscovite monzogranite Aplite-pegmatite
Samplo 837 837 640 640 648 648 648 584 B84 684 606 606 624B 640  B40 6A6A  B46A 6468 6468 846C
sioz2 6624 ©4G6 6564 6502 6706 60,06 0520 69.20 GB.04 6549 6942 6534 6852 67.72 6517 €903 6873 6048 6852 67.49
A203 2065 1825 2096 1801 2057 2031 8.7 1970 2063 1821 1934 1801 {870 1958 1793 1946 1949 1972 1951 2078
Na20 1057 040 10689 038 1072 1125 042 1092 1045 033 11,07 035 1159 1141 043 1125 1141 1143 1145 1033
K20 008 1601 008 1709 Q08 005 1897 005 007 1859 006 1671 005 004 1679 005 008 005 006 0.19
Ca0 182 000 177 000 153 087 002 068 177 002 048 000 025 084 000 028 036 050 055 165
Total 99.36 10022 10034 10048 ©9.96 100.64 100,87 100.64 100.06 10070 100.37 100.41 9.1 99.5% 10032 10007 9977 100.18 100.09 100.44
sl 2023 2093 2915 3003 2938 2958 3002 2099 2920 3003 3012 3012 23018 2675 3010 3005 3006 29884 2991 2940
A 1074 0096 1081 0981 1062 1040 0984 1.005 1074 0984 0969 0078 0971 1.034 97630 0998 0989 1013 1004 1.067
Na 0004 0036 0924 0033 0911 0948 0038 0917 0887 0035 0931 0032 0989 0872 0033 05850 0967 0966 0969 0.874
K 0004 0098 0.005 1007 0005 0003 0995 0003 0004 0971 0003 0983 0003 0003 0989 0003 0005 0003 0003 001
Ca 0086 0000 0083 0000 0072 0045 000§ 0032 0083 0001 0022 0000 0012 0040 0013 0M7 0023 0026 0077
Ab 91.00 400 9133 312 9228 9516 365 9638 91.07 349 9700 300 9857 9584 375 0834 09785 9738 97.09 907
Or 050 9500 045 0688 048 029 9626 029 041 9643 050 9700 027 025 9625 030 046 028 034 112
An 650 000 821 000 725 453 009 333 852 008 250 1,16 3.92 136 168 234 256 A
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Composition of feldspar from Lacorne pluton

Aplite-pegmatite Albitite
Samplo  GABC _ B48C B48C  846C T09C 708C 1001 1001 721 722 722 723 724 724 7128 77128
§i02 6452 6038 6786 6775 6075 6066 68.12 6060 60.16 6876 6894 6861 6924 6935 6832 60.18
AR203 1622 2001 2090 2048 1620 1900 1894 1021 1904 19044 1968 2052 1990 1044 1891 2378
Na20 067 1081 1032 1032 1159 11,58 1L71 1962 1133 1161 1149 1134 11.3% 1124 1140 795
K20 1685 010 009 010 o008 005 013 008 005 O000 000 0068 000 000 004 004
Ca0 000 076 1.70 187 038 038 029 045 045 014 026 025 023 030 042 6.14
Tolal 10026 100,08 100.87 100.32 10000 ©9.74 99.19 0996 60.93 09.95 10037 100.78 100.66 10033 ©0.09 96809
8i 2089 2081 2941 2952 3003 3008 3002 2009 2078 3000 2990 2068 2995 3010 2008 2723
Al 0995 1020 1.068 1052 09689 0985 0984 0990 1.027 1000 1008 1.046 1015 0095 0983 1268
_Na 0060 0914 06067 0872 00582 0983 1001 0985 0.060 0992 0966 0951 94910 94630 0974 0697
K 0996 0005 0005 0008 0005 0003 0007 0004 0003 0000 0000 0003 0000 0000 0002 0002
Ca 0000 0036 0079 0078 0018 0017 0014 0021 0021 00086 01423 0012 0011 0014 0020 0298
Ab 568 9571 9119 90128 9777 9004 0796 9751 0800 99.00 9900 9500 0900 98500 0779 6991
Or 84.31 056 053 057 045 030 069 042 000 000 050 000 000 024 024
An 37 828 8.15 1.77 1.67 1.35 207 200 1,00 1.00 1.50 1.00 1.8 29.85
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Composition of garnet from Lacorne pluton

i

Biotite monzogranite

Sample 613 813 613 613 630 631 634 631 634 634 634 634 634 634 634 614 64 844 665 665
§i02 2676 26.65 03663 3660 3657 3650 3652 3677 3639 3656 3672 3666 23684 3688 3631 3618 3661 3683 3647 3636
A1203 1997 2008 2006 2000 19.78 20.15 10.49 2041 2027 20.16 2042 20.11 19.97 2024 2004 19.07 1096 20.44 2024 1987
TI02 008 007 005 002 005 003 017 002 00 002 003 015 015 022 003 010 003 002 003 0.12
FeO 1060 1862 19.41 1972 1827 1975 1650 2192 2470 244% 2457 2414 2386 2041 2082 2264 2462 2516 19.60 17.01
Fe203 007 085 098 073 108 O71 131 052 024 033 019 058 067 024 050 054 069 056 057 088
MgO 050 048 049 037 044 042 049 O040 038 040 037 039 036 039 037 037 035 035 047 044
MO 2162 2120 2151 2070 2125 2062 2349 1927 1622 1631 1667 17.35 1715 2090 2044 1835 1835 1572 2177 2433
Ca0 166 157 159 134 185 473 117 183 070 081 065 057 057 035 042 050 058 069 088 080
Tolsl 10006 ©09.90 10056 ©9.65 ©9.27 100.00 0R23 10054 96,98 08.86 99.62 0995 0957 09.63 0893 98.85 909.19 9947 10023 99.81
8i 6.045 6057 6033 6052 6057 6021 6.066 6013 6030 6048 6045 6031 6072 6066 6030 6013 6061 6066 6002 6018
Al 3870 3866 23873 0006 23861 3961 3815 3934 3950 3031 3961 3008 2680 3923 03923 3912 3895 3100 3926 3875
i 0010 0008 0008 0003 0006 0004 0021 0003 0002 0002 0003 0019 0019 0027 0004 0013 0004 0002 0005 0015
Fe2e 2557 2660 2618 2721 2531 2718 2305 2016 3435 3376 3382 2321 3.200 2807 2891 3174 3409 2465 2725 2354
Fed+ 0420 0405 0121 0091 0133 0088 0.164 0064 0030 0049 0023 0072 0083 0030 0063 0068 0088 0063 0071 0.110
Mg 0423 0.418 0120 0091 0.109 0.103 0121 009 0088 0099 0051 0097 0088 0095 0031 0092 0086 0087 0115 0.109

3.011 2952 2965 0289 2961 20874 3305 2670 2276 2285 2327 2416 2395 2911 2875 2584 2203 2193 3035 2410
Ca 0275 0277 0269 0237 0328 0305 0208 0321 0424 0.109 0414 0100 0101 0062 0074 0088 0103 0.122 0.155 0.142
Alm 4200 4361 4370 4579 4254 4520 23081 4857 5795 5751 5716 5593 5591 47.62 4871 5349 S57.81 59.01 4518 39.04
Prp -205 198 200 153 183 172 204 162 150 1686 154 1.61 1.51 163 154 154 147 147 191 1.80
Gn 134 178 130 182 202 278 360 124 043 107 000 000 000 000 000 000 003 072 000
Sps 5048 4975 4982 4869 50.11 A7.00 5565 4446 3845 3897 3036 4076 4086 4969 4848 4347 3897 3744 5033 5670
Ade 327 288 318 237 2350 230 351 165 086 141 087 169 172 105 126 450 175 205 185 238
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Composition of garnet from Lacorne pluton

- Blotite monzogranite  Two-mica monzogranite
Bample 665 665 673 675 652 652 652 652 @52 652 672 672 672 672 612 672 612 672 _ 672 €72
8i02 2641 23663 3657 3659 3678 IBT7T 3670 2654 3691 3672 3687 3I6A41 3060 3654 3603 3664 2649 3619 3628 3844
ARRO3 1982 2043 2000 1993 1968 1902 1084 2034 1977 1087 1980 2009 2004 2021 2023 2063 2034 1998 1964 1963
T2 019 001 006 002 006 O¥1 003 000 005 008 042 007 008 005 008 001 007 013 008 0.1
FoO i7.07 1'9.,41 19.62 2271 2373 2373 2304 2378 2321 2418 2050 21.36 21.41 2283 2301 2418 2440 2346 2295 2315
Fe203 0.97 040 072 0.88 1.21 0.80 0.98 0.40 1,08 1.07 1.05 050 060 0.51 055 000 029 0.49 1.01 1.08
MgO 045 049 068 060 048 050 053 044 055 048 051 057 052 053 050 052 051 047 0.51 0.42
MnO 2398 2203 2077 1694 16688 16900 1861 1776 17.00 1724 1987 1947 1870 1821 17.78 17.01 1694 17.39 1789 17.48
Ca0 085 064 009 128 062 052 051 0689 068 0657 078 078 062 079 079 059 0865 072 065 0.68
Tota! 100,34 10034 9969 09.95 0044 0925 0922 0904 9915 100,19 9950 0890 6888 0367 59756 9956 9969 6883 98681 6896
8i 6002 6008 6032 605 6093 6007 6094 6021 6113 6052 06091 6043 6082 6030 6061 6031 6020 6028 6055 6071
Al 30358 36548 2003 3688 36842 3888 2675 30650 3659 3860 3855 2920 Q15 I0I 3624 4002 3055 3022 236683 3854
o 0024 0001 0007 0003 0008 0014 0004 0000 0008 0007 0015 0009 0010 0008 0007 0001 0008 0018 0010 0013
Fol2+ 2436 2.&82 2734 3143 3280 23285 39318 3276 3214 32330 2832 2065 2068 3452 3167 3920 3366 3260 3.204 3.226
Fed+ 0120 0450 0089 0.1410 0450 O0.100 0422 0050 0.135 0.133 0430 0062 0075 0.063 0069 0000 0038 0.062 0.127 0133
Mg 0111 0.120 0.4867 0187 0419 0123 0.131 0.108 0.136 0118 0.126 0.141 0.120 0.130 0.123 0.128 0.125 0.117 0.127 0.104
Ma 2348 3061 2902 2375 2389 2370 2331 2478 2385 2407 2781 2695 2626 25486 2479 2972 22367 2454 2501 2467
Ca 0150 0165 01476 0227 0110 0092 o001 0©0.122 0403 0101 0138 0105 0148 0940 0139 0104 0115 0120 Q416 0.12%
Alm 4020 4431 4574 5209 6587 56508 5651 65473 6508 6593 46.13 4991 5058 6281 5361 56.11 5835 5477 5388 54.51
Pp 1.83 193 280 332 201 210 223 182 2.3 196 214 238 220 247 209 214 2,08 186 2.13 .78
Gre 0.00 1.48 050 098 000 000 000 4142 000 000 000 058 032 061 043 172 079 020 000 000
Sps 5539 G094 4864 3997 40256 4037 39N 073 4085 4040 47932 45386 4475 4266 4196 3998 3663 4112 4205 4168
Ade 2‘.40 127 243 284 1.67 1.57 1.54 1.31 1.76 169 235 183 167 1.84 1.74 0 1.04 1.96 1.85 205

4}
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Composition of gamet from Lacorne pluton

Two-mica monzogranite

872 707 707 707 707 707 707 707 J07 707 742 742 742 742 742 692 692 692 6892
8i02 3028 3661 3661 3068 3620 3837 3050 3664 3667 3638 3684 3721 3668 3850 IT00 3750 3720 I766 7.8
AR203 1962 20,06 2033 1994 2008 1070 1672 1976 2008 1091 10688 1987 1543 1938 1937 2044 20.12 2034 2053
Tio2 003 004 003 006 008 044 009 011 004 008 005 003 001 010 002 002 007 008 0.04
FeD 297 17.60 1647 1011 1073 1652 1637 1668 17.60 1945 24,18 2438 2457 2506 2384 2067 1854 2063 21.39
Fe2Qd 078 073 045 080 061 0985 116 107 072 082 106 108 194 137 168 069 092 079 044
MgO 046 048 046 050 048 040 043 041 044 OS50 043 050 047 0853 047 057 060 057 052
MnO 1664 2004 2271 2166 2163 2395 2452 2370 2294 2133 1696 1587 1581 1513 1642 1958 2188 1958 19.76
Cal 070 105 17 084 083 096 105 114 109 100 057 049 066 064 054 091 084 095 083
Tolal 9068 0071 0093 0070 9969 ©08.99 0984 0951 0058 0047 9997 0943 0037 9871 99.34 100.79 100.24 10058 100.69
8i 6055 6020 6022 6054 6008 6053 6038 0063 6052 6028 6075 6138 6.110 6096 6138 6.092 §098 6121 6.056
Al 3898 23904 3041 3881 3016 3864 3644 02854 23906 3888 3864 3863 3755 3615 3767 3914 2878 3696 3941
L 0004 0005 0004 0008 0008 0018 0011 0014 0005 0010 0006 0004 0001 0013 0003 0002 0003 0007 0005
Fo2s 3346 2458 2499 2639 2731 2200 2284 2308 2430 2606 3336 3363 34239 3500 3308 2809 2535 20604 2914
Fod+ 0096 0091 0005 O.111 0076 0119 0444 0133 0090 0.102 0.430 0.134 0243 0.173 0210 0064 0.114 0097 0054
Mg 0114 0418 0.113 0123 0114 0099 0108 0101 0108 0.124 0106 0,423 0117 0432 0116 0138 0146 0138 0128
Mn 2352 3220 2164 23004 2032 23376 3436 3322 3207 2994 22369 2217 2245 2141 2308 2751 3028 2696 2727
Ca © 0425 0.166 0208 0.149 0.147 0171 0.186 0202 0.193 0178 0.101 0089 0418 0415 009 0.158 0.147 0.165 0.145
Alm 56.34 4107 4178 4439 4533 3866 3770 3090 4092 4500 6643 5808 57.09 5048 56.76 47.06 4320 4832 49.30
Pp 163 197 189 207 180 167 177 170 162 206 178 242 198 224 199 236 25 238 214
ars 000 O0T0 197 000 03 000 000 000 087 0168 000 000 000 000 000 049 000 017 006
Sps 39.62 5385 5289 S51.04 5034 5679 5734 5599 5401 4098 4008 3830 3003 3638 3959 4698 5170 4645 4812
Mdr 241 240 148 250 208 288 391 341 238 280 170 150 200 195 165 221 251 269 149

45



Composition of garnet from Lacorne pluton

Muscovite monzogranite Aplite-pegmatite
SBample 637 647 847 647 647 647 847 €84 701 701 701 701 708C 708C 709C 709C _ 709C_ 708C  709C  709C
8io2 3058 3065 23063 236682 3038 23643 23060 3660 3620 3631 36.47 3620 3664 3876 3697 IT07 3890 3BBI I6S54 3879
A0l 1057 1908 2041 19098 2003 1968 18062 2021 1935 1953 1064 2008 1998 20.19 2005 2007 2026 2013 20142 2030
Tio2 005 005 004 008 008 009 005 004 021 o010 017 008 004 004 005 001 003 004 005 000
FeO 1039 2489 2415 2316 2283 2247 22,10 2591 1521 1729 17,74 1938 1763 17.87 1372 11.13 1065 17.20 1783 B03
Fe203 127 083 079 090 067 079 1.23 059 1.30 124 092 059 073 062 054 052 020 057 045 027
MgO 024 053 084 056 057 o052 052 040 047 038 OM 030 0416 017 010 004 004 019 043 002
MnO 2024 1658 1788 1837 1859 1857 18563 1582 2518 2377 23,11 2209 2353 2375 2702 2067 23055 2377 2369 3267
Ca0 175 046 048 053 046 048 051 062 075 073 073 092 069 069 061 054 064 073 053 081
Total 89.07 10002 10042 10020 9060 9923 98922 100.19 9876 9935 06856 9969 0938 10009 0906 99.05 9940 0953 0934 99.09
8l 6079 6045 6.023 6033 6017 6049 6089 6026 6064 6044 6037 6009 6059 6036 6101 6.120 6083 6063 6047 6071
A 36835 3684 23897 30879 23807 3890 J841 23922 3601 3632 3664 3910 3690 3008 2699 I906 3941 3007 3926 3047
Ll 0008 0008 0005 0010 0010 0011 0006 0005 0028 0013 0021 0008 0005 0004 0007 0002 0.003 0005 0006 0.000
Fo2+ 2690 3433 3321 3491 3473 3120 30680 3560 2426 2407 2473 2680 2438 2454 1894 1536 1489 2362 2468 1.108
Fed+ 0.159 0430 009 0111 0083 0099 0,153 0073 0.183 0.166 0415 0074 0091 0077 0068 0064 0036 007V 0056 0.034
Wy 0060 04130 0.132 0.138 0.141 0.120 0.120 0088 0917 0094 0.102 0074 0038 0042 0025 0003 0011 0046 0032 0005
Mo 2651 2317 2463 2663 2606 2612 2607 2207 J3.564 3352 3268 3008 32905 3303 37T 4149 4266 7 3321 4594
Ca 0332 0081 0085 0094 0082 0085 0091 01909 0134 0130 0431 0163 01422 01422 0109 0095 0113 0128 0095 0.143
Al 4558 5759 5534 5331 5267 5247 5206 65984 3578 4023 4140 4455 4101 4144 3245 2626 2489 4047 4164 1880
PP 1.01 218 221 230 234 21e 2 1.64 1.67 1.58 LPrd) 1.23 o7 070 043 0.17 0.17 0.80 0.54 0.08
Grs 109 000 000 000 000 000 000 OO0 OO0 000 000 068 000 000 000 000 053 009 000 134
Sps 4547 38688 41,04 4283 4342 4393 4422 23689 5999 5602 5471 5150 5621 5581 6526 7191 7301 5653 5622 7867
Ade 418 136 143 156 138 144 154 183 226 218 219 203 207 505 186 166 140 211 150 111
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Composition of gamet from Lacome pluton

1 709C __700C__ 708C

5i02 96.55
Al203 2021
TIO2 0.05
FeO i6.72
Fe203 0.35
MgQ 0.09
MnO 25.45
Cad 0.75
Total 99.17
8l 6.043
A 3.037
mn 0.008
Fo2+ 2173
Fod+ 0.043
Mg 0.022
Ma 3563
Ca 0.133
Alm 36.85
Prp 038
Grs 0.93
Sps 60.52
Ade 133

765

785

608

606

Aplite-pegmatite

817

6248

824B

6248

6248

640

840

848A

646A

757

757

36.61 3647 2881
2038 2038 2003
007 005 004
17273 1665 10.77
02 023 0.2
018 042 005
2386 2538 2045
047 050 074
99.72 9974 9921

6027 6018 6076
3050 05959 92897
0008 0.007 0.005
2441 2208 1.408
0032 0028 0077
0039 0020 0012
32327 3544 4218
0.119 0088 0.131

41.18 3053 251
066 050 021
093 056 000

5817 65949 T2.23

——

36.48
20.49
0.08
25.32
0.34
0.49
16.59
0.65
100.32

5.957
3.048
0.010
3,459
0.042
0.118
2.208
0.097

56.01

36.79
2035
011
241
0.60
0.54
16.98
0.46
100.54

5,063
3.001
0.014
3.361
0.074
0.132
2339
0.080

56.97
22
0.00

39.47
1.35

T
20.15
0.06
18.468
074
0.09
2485
0.4
89.99

6.113
3.0
0.007
2.261
0.091
0.022
3.450
0.076

38.67
0.38
0.00

59.45

37.53
20.58
0.02
13.79
0.44
0.07
27.48
0.86
100.76

6.101
2043
0.002
1.875
0.054
0.0v7
3.782
0.150

R0
0.20
(B

64.94
1.46

36.19
20.08
0.08
22.38
0.38
032
19.98
049
99.88

6.020
0.304
0.010
ans
0.047
0.080
2679
0.088

52.26
1.33
0.02
44.94

1,45

36.48
20.02
0.03
17.81
0.64
0.12
23,74
0.40
89.21

6.060
3020
0.004
2474
0.077
0.030
3.341
0.070

41.82
0.50
0.00

56.47

120

38.72
19.91
0.03
17.40
078
0.14
23,65
0.36
80.90

6.010
J.899
0.004
2.418
0.098
0.034
3.029
0.064

41.36
0.59
0.00

56.95
1.10

38.37
20.42
0.04

36.67
19.08
0.05

19.24 18..88

007
0.13
22.68
0.44
99,37

6.024
3.986
0.005
2.665
0.009
0.032
3.179
0.077

44.75
0.54
0.96

53.40
0.3

087
0.17
22.68
0.37
80.97

6.085
J.686
0.006
2.606
0.108
0.042
3.168
0.065

44.
on
0.00

53.87
1.11

36.62
19.85
0.03
18.37
0.69
0.12
22.91
0.41
89.10

68.062
3.891
0.004
2.543
0.086
0.020
3212
0.073

43.38
0.51
0.00

54.88
1.24

26.78
20.18
0.05
18.24
037
0.10
2.1
0.41
99.24

6.078
3.929
0.006
2,521
0.046
0.020
324
09072

42,95
0.42
0.00

55.38
1.24

19.89
0.07
18.23
0.62
0.11
22,76
0.42
98.64

6.067
3.803
0.009
2532
0.077
0.027
201
0.075

4334
0.47
0.00

54.91
1.28

36.68
10.72
0.05
16.28
1.05
o021
23.12
o
99.42

6.070
3.648
0.006
2.530
0.131
0.051
3241
0.055

43.01
0.88
0.00

55.17
0.94

36.37
19.55
0.09
19.56
1,22
0.27
21.67
0.42
99.15

6.034
J3.822
o0.011
2713
0.152
0.065
3.044
0075

48.05
1.33
0.00
51.55
1.26

37.08
20.38
0.07
5.39
0
0.00
36.21
0.60
100.02

6.070
3.924
0.009
0.738
0.038
0.000
5.024
0.105

12.38
0.04
0.25

B5.78

36.39
20.28
o0
9.78
0.45
0.02
.98
0.76
89.78

6.053
3931
0.00%
1.339
0.056
0.004
4.404
0.133

22.96
0.08
144

74.7%

106 092 224

p—
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Composition of gamet from Lacome pluton

Aplite-pegmatite
Sample 757 767 _ 767 757 1007 772B 7728 7728 _772B 1001 _ 1001 1001 5001 __ 1001
8102 3708 23743 237.08 3839 3653 J764 I7T50 3771 3762 2683 3648 3616 2630 3883
ARO3 2017 2038 20.16 2043 2007 2068 2067 2036 2099 1069 1963 2003 1988 20.10
TiO2 0.1 004 005 003 004 004 004 002 002 004 004 002 003 003
FeO 176 1326 264 12.14 1619 7.78 939 1300 1938 1825 1845 19.02 1823 19.41
Fe203 0.57 0. 0.44 008 060 013 032 0.69 005 080 089 0.52 088 058
MgO 002 000 002 002 010 014 032 056 116 oMN 013 042 0.1 0.16
MnO 2065 2042 3732 2030 2356 3196 3058 2001 1982 2320 2322 2271 2341 2210
Ca0o 053 075 056 042 038 1.87 1.95 1.87 1866 038 038 0.47 0.34 Q.37
Tolsh 9975 10137 99.28 ©6.70 9949 10022 10078 10032 10090 99.39 9942 99.05 0968 0958
] 60689 6034 6.110 6087 6055 0117 06.063 6.111 6040 6082 6046 6015 6012 6074
Al 3907 23900 3913 23985 3921 3953 3939 3888 3978 3079 3873 23927 3881 2907
n 0.001 0005 0007 0004 0005 0005 0004 0002 0002 0005 0005 0002 0002 0.004
.Fo2+ 1615 1,802 0508 16872 2622 1056 1270 1.762 2608 2525 2557 2645 2524 20677
Fed+ 0070 0087 0055 0008 0074 0016 0039 0084 0008 0100 0411 0065 0110 0072
Mg 00086 0000 0006 0.004 0025 0033 0076 0136 0279 0026 0032 0.020 0027 0039
Mn 4120 4000 6207 4087 02311 4398 4,189 3570 2700 3264 3260 3.200 3354 23087
Ca 0034 0130 0000 0074 0068 0326 0338 0342 0321 0068 0068 0084 0060 0.065
Alm 2746 3030 020 2072 4256 17.64 2148 30.12 44.03 42088 4321 4443 4237 4551
Pmp 008 004 008 008 042 059 132 244 472 046 054 05 045 067
Grs 000 000 000 .17 000 446 438 2322 496 000 000 000 000 000
Sps 7084 6746 08991 6993 5588 7595 7144 6164 4581 5553 5510 BIG7T 5647 5270
Adr 1.14 1.18 1.39 268 048 1.16 1.14 1.40 1.0 .12
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Composition of epidote from Lacome pluton
Two-mica

Blotite monzogranite monzogranite
Sample 603 603 613 613 613 614 614 616 620 621 622 622 622 634 665 666 673 707 707

8i02 3839 3920 3924 3844 3023 3834 3057 3845 38932 3045 3059 3830 3820 39.01 3815 3873 3805 3894 3830
TiG2 000 000 030 116 020 047 000 027 ©030 000 040 020 O15 000 006 006 009 002 0.9
A03 2200 24683 2235 2231 2191 2210 2376 2154 2183 2215 2143 2145 2195 2306 2333 2004 21.69 2263 2258
Fe203 1378 10985 1285 1288 1380 1487 1672 1502 {440 1390 1603 1485 1503 $3.37 1201 1488 1520 1301 1344

MnO 037 016 247 0456 054 046 085 O41 025 045 036 043 062 037 042 057 027 027 046
Ca0 22606 2290 2274 2267 2254 22088 2247 2309 2208 2328 2259 2289 21.85 2257 2286 2127 2277 2271 2277
OH 381 388 350 35 250 346 349 349 348 247 354 351 343 347 352 350

Tolal 98.20 0812 10005 9790 9730 9862 9810 0876 07.18 9793 9880 6600 07.83 9838 0783 0543 0807 0794 9174

3470 2196 3188 3477 3100 2160 3237 3179 3487 3187 3188 3.182 3.178 3.202 3.155 I.266 23163 3209 3178
0000 0000 0016 0072 0013 0011 0000 0017 0019 0000 00068 0018 0.003 0000 0.004 0004 0006 0001 0012
2219 2387 2147 2174 2165 2148 2204 2094 2147 2464 2059 21401 2151 2231 2275 2075 2126 2227 2207
0656 0672 07904 0000 08672 0922 0721 0932 0904 06867 0997 0928 0940 08626 0810 0940 0651 0807 0839
0026 0011 0471 0032 0038 0032 0059 0029 0018 001 0025 0009 0044 0026 00290 0041 0019 0017 0032
2022 2008 1988 2,000 2015 2021 1043 2046 1974 2062 2000 2047 1946 1.955 2026 1916 2028 200 2023

eFg=e
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Compaosition of columbitc-tantalite from the Preissac pluton

Rock Muscovite-garnet monzogranite
Sample 471 471 471 471 474 477 477 477
1 2 3 4 1

Nb205 725 722 N6 T30 76 723 0 T24 722
MgO 006 004 005 005 0062 007 007 006
Ca0 002 000 oOOFf 001 001 019 007 030
TiO2 1.13 104 112 116 108 098 097 128
FeO 105 104 104 103 107  10.1 104 968
MnO 962 983 972 999 998 959 956 1007
Ta205 524 510 537 504 534 509 510 519
Total 991 986 982 996 987 983 986 989
Nb 1.887 18388 1881 1888 13873 1895 1893 1879
Mg 0.005 0005 0004 0004 0002 0006 0006 0.005
Ca 0.001 0000 0.001 0001 0.000 0012 0004 0.025
Ti 0039 00345 0049 0050 0037 0043 0042 0055
Fe 0505 0503 0504 0495 0517 0488 0503 0466
Mn 0469 0482 0478 0485 0.489 0471 0468 0491
Ta 0.0%2 0,08 0085 0079 0084 0080 0080 0.081
A site 098 099 099 098 101 098 098 099
B site 202 201 201 202 200 202 201 202
Ta/(TatND) 004 004 004 004 004 004 004 004
Mn/(Mn+Fe) 048 049 049 049 049 049 048 031
ZCation 300 300 300 300 301 299 300 3.00




Composition of columbite-tantalite from the Moly Hill pluton

Rock Aplite dike
Sample 30 30 30 30 30 30 30
1 1 1 Core2 rim 2

Nb20S5s 64.5 696 683 690 632 583 438
MgO 0.11 0.13 0.11 0.12  0.12 0.14 0.15
Ca0 0.03 0.03 0.01 0.02 0.01 0.00 0.02
TiO2 1.11 1.07 1.02 1.16 1.53 1.70 1.38
FeO 13.5 13.7 139 138 13.6 13.3 12.1
MnQ 5,92 6.21 6 5.89 5.78 548 5.09
Ta205 14.06 8.91 9.7 897 1522 2067 374
Total 99.2 99.7 99.1 99.0 99.5 99.7 1000
Nb 1.738 1828 1813 1824 L1705 1606 1295
Mg 0010 0011 0010 0010 0011 0013 0013
Ca 0002 0002 0000 0001 0001 0000 0.002
Ti 0050 0.047 0.045 0051 0069 0078 0068
Fe 0673 0666 0682 0677 0678 0679 0664
Mn 0299 0305 0298 0292 0292 0283 0282
Ta 0228 0.141 0.155 0143 0247 0342 0666
A site 0958 098 0.99 098 098 097 0.96
B site 202 2,02 201 2.02 202 2.03 2.03
Ta/(Ta+-Nb) 0.12 0.07 0.08 0.07 0.13 0.18 0.34
Ma/(Ma+Fe) 031 0.31 0.30 0,30 0.30 029 030
ZCation 300 300 3.00 300 300 300 299




Composition of columbite-tantalite from the Lamotte pluton

764 764 764 764 795 795 795 7195 795 7195 795 912 912 912

1 2 3 4 i 2 3 4 5 6 1 1 2 3
Nb20S  72.48 63.07 73.69 72.98 69.36 69.64 68.07 70.26 70.81 71,28 71.16 70.83 67.77 71.22
MgO 0.09 0.05 0.09 0.13 0.14 0.15 0.18 0.09 0.15 0.17 0.16 0.01 0.06 0.06
Ca0 0 0.03 0.01 0.44 0.01 0 0.02 051 002 0 0.01 0 0.05 0.02
TIO2 0.58 0.85 0.44 0.8 0.73 0.66 0.75 0.64 079 0.45 0.41 035 0.4 0.6
FeO 13,15 10.96 14.28 13.13 14.75 15.26 15.86 11.95 13.6 15.42 15.33 13.18 12.79 13.28
Mno 6.73 8.27 572 6.16 5.32 4.96 4.19 8,02 6.04 422 427 6.46 6.42 7.68

Ta205  6.81 16.63 5.49 552 17,94 8.03 10.57 6.89 7.98 7.14 7.22 7.78 11.62 5.63
TOTAL  99.84 99.86 99.72 99.16 98.25 98.7 99.64 98.36 99.39 98.68 98.56 98.61 99.11 98.49

Nb 1.886 1.708 1.911 1,898 1.845 1,845 1,804 1.856 1.858 1.881 1.881 1.876 1.814 1.874
Mg 0.008 0.005 0.008 0.011 0.012 0,013 0.015 0.008 0.013 0.014 0.014 0.001 0.005 0.005
Ca 0.000 0.002 0.001 0.027 0.001 0,000 0.001 0.032 0.001 0.000 0.001 0.000 0.003 0.001
Ti 0.025 0.038 0.019 0.035 0.032 0.029 0,033 0.028 0.035 0.020 0,018 0.015 0.018 0.026
Fe 0.633 0.549 0.685 0.632 0.725 0,748 0.777 0.585 0.660 0.753 0.749 0.646 0.633 0.644
Mn 0.328 0.420 0.278 0.300 0.265 0.246 0.208 0.397 0.297 0.209 0.211 0,321 0.322 0.375
Ta 0.107 0.271 0.086 0.086 0.127 0.128 0.169 0.110 0.126 0.113 0.115 0.124 0.187 0,089
A site 0.99 1.01 099 1.00 1.04 1.04 1,04 1.05 1.01 1.00 0.99 0.97 0.96 1.02
B site 199 198 2,00 1.98 1,97 1.97 1,97 1.97 1.98 1.99 2,00 2.02 2.02 1.99
Ta' 0.05 0.14 004 0.04 0.06 0.06 0.09 0.06 0.06 0.06 006 0.06 0.09 0.05
Mn' 0.34 0.43 029 032 027 0.25 021 0.40 031 022 022 033 0.34 0.37
Seat 2,99 299 299 299 3.01 3.01 3.01 302 299 299 299 298 2.98 3.01

Ta" Ta/(Ta+Nb), Mn": Mn/(Mn+Fe)



Composition of columbite-fantalite from the Lamotte pluton

912 961 961 961 961 961 961 961 TMC-2 TMC-2 TMC-2 TMC-2 TMC-2

4 1 _2 3 opag trans 5 7 opaque opaque opaque opague opague

Nb20S§S  72.13 40.85 31.41 40.62 35.13 46.36 39.51 39.69 34,19 34,61 33,55 30.03 34,04
MgO 0.05 0.03 0.02 0.02 0.05 0 005 003 0.01 0.01 0.02 0 0.02
Ca0 0.01 0.01 0.01 0.02 0 0.02 0.01 0.01 0.01 0.07 0.03 0.02 0.02
TiO2 0.31 0.3 071 106 041 065 05 046 0.13 0.16 0.16 0.18 0.18
FeO 13.53 10.47 9.68 8.84 10.62 6.35 11.13 11.01 6.24 6.17 6.53 5.72  5.66
MnO 6 645 6.33 8,53 6 11 592 6,44 10.12 10.06 9.83 9.88 10.71
Ta205 7.74 409 51.42 40.67 47.11 34.26 42,6 42.38 48,32 4794 49.19 53,36 48.42
TOTAL  99.77 99.01 99.58 99.76 99.32 98.64 99.72 100.02 99.02 99.02 99.31 99.19 99.05
Nb 1.886 1.249 1.002 1.227 1.103 1.377 1.207 1.207 1.084 1.096 1.063 0.974 1.078
Mg 0.004 0.003 0.003 0.002 0.005 0.000 0.005 0.003 0.005 0.005 0,010 0.000 0.010
Ca 0.000 o0.001 0.001 0.001 0.000 0.001 0.00f 0,001 0.001 0.052 0.002 0.002 0.000
T 0.013 0.015 0.038 0.053 0,021 0.032 0.025 0.023 0.007 0.004 0.008 0.010 0.009
Fe 0.655 0.593 0.571 0.494 0.617 0.349 0.629 0.619 0.366 0.362 0.383 0.343 0.332
Mn 0.294 0.370 0.378 0.483 0,353 0.612 0.339 0.367 0.601 0.597 0.584 0.660 0.636
Ta 0.122 0.752 0.987 0.739 0.890 0.612 0.783 0.779 0.921 0.913 0.938 1.041 0.923
A site 095 097 095 098 098 096 097 0.99 0.97 1,02  0.98 1.00  0.98
B site 2,02 202 2,03 202 201 202 202 2.01 2.01 2.01 2.01 2,02 2.01
Ta' 0.06 0.38 0.50 0.38 0.45 031 039 0.39 0.46 0.45 0.47 052 0.46
Ma' 0.31 0.38 040 049 0.36 064 035 0.37 0.62 0.62 0.60 0.66 0.66
Zceat 297 2,98 2,98 3.00 299 298 299 3.00 2.98 3.03 299 3.03 2.99

Ta": Ta/(Ta+Nb), Mn': Mn/(Mn+Fe)
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Composition of columbite-tantalite from the Lamotte pluton

T™MC-2 TMC-2 TMC-2 TMC-2 TMC-2 HP5-9 HP5-9 HPS5-9 HPS5-9 HP5-9 HP5-9 HP5-9 HP5-9 HPS5-9

Trans Trans _ opag 1 2 1 2 3 4 S 6 7 8 9
Nb20OS 52.73 51,18 47,11 67.35 67.29 15.27 10,76 8.33 17.3 27.88 10 9.07 23,72 20.38
MgO 0 0 003 003 0.02 0 o0.01 0 0 0.05 0.01 0 0.02 0
Ca0 0.02 0,02 0,03 0 0 0.01 o0.01 0,02 0 0.02 0.01 0.01 0 0.01
TiO2 009 009 0.14 0,12 0.18 019 0.2 0.2 0.25 0.32 021 0.22 0.15 0.2
FeO 5.39 5.27 8.4 929 9.85 0,32 0.18 045 03 4.8 0.17 0.18 3,77 0.43
MnO 12.47 12,39 8.85 10,01 9.46 14,76 14.14 14,12 14,9 11.17 14,15 13.98 11.62 15.12

Ta205 29.01 30.69 34.57 12.39 12.25 70.39 74.9 77.4 67.89 56.55 74.54 75.75 61.42 64.55
TOTAL 99.71 99.64 99.13 99.19 99.05 100.9 100.2 100.5 100.6 100.8 99.09 99.21 100.7 100.7

Nb 1.513 1.481 1.393 1.805 1.806 0.530 0.386 0.303 0.594 0.900 0.364 0,332 0.786 0.688
Mg 0.000 0.000 0.015 0.013 0.009 0,001 0.002 0.000 0.000 0.005 0.001 0.000 0.002 0.000
Ca 0.001 0,001 0.009 0.001 0.000 0.001 0,001 0.002 0.000 0.002 0.001 0.001 0.000 0.001
Ti 0.004 0.004 0.006 0.005 0.008 0.011 0.012 0.012 0.014 0.017 0.013 0.014 0.008 0.011
Fe 0.286 0.282 0.460 0.461 0.489 0,020 0.012 0.030 0.019 0.287 0.011 0.013 0.231 0,027
Mn 0.670 0.672 0.490 0.503 0.476 0,959 0.951 0961 0.959 0.676 0.966 0.959 0.722 0.956
Ta 0.501 0.534 0.615 0.200 0.198 1.469 1.618 1,691 1.403 1,098 1.633 1.668 1.225 1.310
A site 096 0.95 097 098 097 0.98 097 099 098 0.97 098 0.97 0.96 0.98
B site 12,02 2,02 2,01 201 201 2.01 202 2.01 201 202 201 201 202 2.0
Ta' 025 027 031 0.10 0.10 0.73 0.81 0.85 070 0.55 0.82 0.83 0.61 0.66
Mn' 070 070 0.52 0.52 0.49 0.98 0.99 097 0.98 0.70 0.99 0.99 0.76 0.97
Jecat 298 297 299 299 299 299 298 3.00 299 298 2.99 299 2.97 299

Ta'; Ta/(Ta+Nb), Mn': Mn/(Mn+Fe)



Composition of columbite-

tantalite from Lamotte

HP5-9 HP5-9 HP5-9

10 11 12

Nb20S5 9.12 19.18 30.12
MgO 0 0.01 0
Ca0 0.01 0 0
TiO2 0.23 0.25 0.11
FeO 0.25 0.28 0.25
MnO 13.68 15.06 16.01
Ta20$§ 76.02 64.73 54.01
TOTAL  99.31 99.51 100.5
Nb 0.334 0.658 0.965
Mg 0.000 0.001 0.000
Ca 0.001 0.000 0.000
Ti 0.014 0.014 0.006
Fe 0.017 0,018 0.015
Mn 0.938 0.968 0.961
Ta 1,673 1.336 1.040
A site 0.96 0.99 0.98
B site 2.02 2.01 2.01
Ta' 0.83 0.67 0.52
Mn' 0.98 0.98 0.98
t 2.98 2.99 2.99

Ta': Ta/(Ta+Nb), Mn"': Mn/(Mn+Fe)



Composition of columbite-tantalite from the Lacorne pluton
rim

633 606 606 606 617 617 1001 1001 1001 1001 1001 1001 1001
1 1 2 _31C 1R 1 2 3 4 5 6 7
Nb20S 70.85 69.12 70.44 69.22 70.96 71.47 70.5 64.15 37.82 40.52 38.41 71.33 70.56
MgO 0.05 0,08 0.05 0.07 0,12 0.13 0.06 0.07 0,05 0.07 0.06 0.07 0.05
Ca0 0.02 0.01 0.01 0.01 0 0 0.03 0.01 0,01 0 0.01 0,03 0
TiO2 1,17 0,52 0.45 045 026 0,29 0,79 0.68 2,07 1,79 2.01 096 0.76
FeO 11,34 11,05 11.64 11.02 13,35 13.47 12.14 12.55 10,45 10.22 10.35 11.86 11.54
MnO 7.97 9.11 8.54 9.12 6.59 6.3 7.87 17.25 6.78 6.83 6.63 7.95 8.57
Ta205 . 7.62 9.23 9.12 8.84 7.97 7.45 8.94 14.52 41,79 40.06 41.65 6.88 8.78
TOTAL 99.02 99.12 100.3 98.73 99.25 99.11 100.3 99.23 98.97 99.49 99.12 99.08 100.3

Nb 1,860 1.833 1,845 1,841 1,870 1,881 1.831 1,729 1.140 1.202 1,155 1.860 1.834
‘Mg 0.004 0.007 0.004 0.006 0.010 0.011 0.006 0.007 0.005 0.007 0.006 0.006 0.004
Ca ~ 0.001 0.001 0,001 0.001 0.000 0.000 0.002 0.001 0.000 0.000 0.001 0.002 0.000
Ti 0.051 0,023 0.020 0.020 0.011 0.013 0.034 0.030 0.104 0.088 0.100 0.042 0.033
Fe 0.550 0.542 0.564 0.542 0.651 0.656 0.583 0.626 0.583 0.561 0.576 0.572 0.555
Mn 0.392 0.453 0.419 0.455 0.325 0.311 0.383 0.366 0.383 0,380 0.373 0.389 0.417
Ta 0,120 0.147 0.144 0.141 0.126 0.118 0.140 0.235 0.758 0.715 0.754 0.108 0.137

“Asite 095 1,00 099 1.00 0.99 098 0.97 1.00 0.97 0.95 0.96 0.97 0.98
B site 2,03 2,00 2,01 2,00 201 2,01 2.00 1.99 2,00 2.01 2.01 2.01 2.00
Ta' 0.06 0.07 0.07 0.07 0.06 0.06 0.07 0.12 0.40 0.37 0.39 0.05 0.07
Mn' 0.42 0.46 0.43 0.46 0.33 0.32 0.40 0.37 0.40 0.40 0.39 0.40 0.43
JCat '2,98 3.001 3.00 3.01 299 299 298 299 2.97 295 296 2.98 298
- Ta":Ta/(Ta+Nb); Mn': Mn/(Mn+Fe)

R




Composition of columbite-tantalite from the Lacorne pluton

1001 1001 1001 1001 1001 1001 1001 1001A 1001A 1001A 1001A 1001A 1001A
8 9 10 11 12 13 14 1 2 3 4 5 6
Nb205.' 69.63 69.12 69.57 68.89 68.9 70.51 50.4 41,16 44.29 43,81 41.81 40.57 43.42
MgO 0.07 0.0 0.05 0,07 0.04 0.07 0.02 0.05 0.07 0.06 0.05 0.04 0.06
Ca0 0.02 0.01 0.22 9,01 0.59 0.02 0.45 0.1 0 0.03 0.055 0 0.03
TiO2 0.67 0.6 0.84 0.73 0.5 066 2,16 1.21 1.6 0.82 1.095 1.2 1.23
FeO 12.78 11.89 11,94 12.34 11.93 12.86 8.93 10.24 10.72 10.82 9.65 11.03 11.25
MnO 7.5 836 17.83 7.63 0.732 17.35 8.53 6.59 6.61 6.56 17.56 6.3 6.29
Ta208 8.79 10 9.1 9.49 9.52 9,29 28.07 39.37 36.53 37.91 38.95 40.8 36.t6
TOTA!J 99.46 100 99.55 99.16 92.21 100.8 98.56 98.72 99.82 100 99.17 99.94 99.14
Nb 1.830 1.816 1.823 1.819 1,827 1.830 1.429 1.248 1.306 1.302 1.260 1.223 1.296
Mg 0.006 0.004 0.004 0.006 0.004 0.006 0.002 0.005 0.007 0.006 0.005 0.004 0.006
Ca , 0,001 0,001 0,013 0.001 0,037 0,002 0.031 0.007 0.000 0.002 0,004 0.000 0.002
T 0.029 0.026 0.037 0.032 0,022 0.029 0.103 0.061 0.078 0.041 0.055 0.060 0.061}
Fe . 0.621 0.578 0.579 0.603 0.586 0.617 0.472 0.575 0.585 0.595 0.538 0.615 0.622
Mn  0.369 0.412 0.385 0.378 0.365 0.357 0.457 0.374 0.365 0.365 0.426 0.356 0.352
Ta 0.139 0.158 0.144 0.151 0.152 0.145 0.483 0.718 0.648 0.678 0.706 0.740 U1.662
A slte 1,00 0.99 098 0.99 0.99 0.98 096 0.96 0.96 0.97 0.97 0.97 0.98
B site . 2,00 2,00 2.00 2,00 2,00 2.00 2.01 2.03 2.03 2,02 2,02 202 2.02
J_'l_'i' gl 0.07 0.08 0.07 0.08 0.08 007 0.25 0.37 0.33 0.34 0.36 0.38 0.34
Mn' -0.37 0.42 0.40 0.39 0.38 037 0.49 0.39 0.38 0.38 0.44 0.37 0.36
_;c_af- 3.00 3.00_2.98 2,99 299 299 298 2.99 2,99 2,99 299 3.00 3.00
Ta'::l::‘l('l‘uNb); Mn': Mn/(Mn+Fe)

}'F
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Coniposltlon of columbite-tantalite from the Lacorne plu

1001A 1001A 1001A 1001B 1001B 1001B 1007.3 1007 1007 1007 1007 1007 1007
7 core 7 rim: 8 1 2 3 1 2 3 4 Core _mid _rim
~Nb205 52.19 46.7 35.22 46.95 50.02 56.18 55.52 62.51 60.56 66.53 58.36 60.07 55.96
MgO 0.02 0.04 0 007 0.03 0.08 005 0.08 0.06 0.08 0.04 0,05 0.05
Ca0 | 0.03 - 0.01 1.34 0.01 0.03 0.02 0.01 0.01 0 0 0.01 002 0.01
TiO2 0.46 0.68 3.3 173 049 1.08 1,07 0.82 0.4 0.41 0.843 0.89 0.906
_Fe’O' 9.26 9.42 6.76 10.55 9.04 11,09 12.08 12,28 11,88 12.81 12.03 12,27 12.11
MnO' 8.89 8.27 0 7.08 8.61 7.25 6.74 6.99 7.13 6.59 7.02 6.85 6.556
Ta205 29.07 34,59 35.22 32.8 30.81 23.27 23.32 16,25 19.3 11.96 21.3 19.3 24.19
TOTAL 99.92 99.71 81.84 99.19 99.03 98,97 98.79 98.94 99.33 98.38 99.6 99.45 99.78
Nb 1.494 1.372 1.241 1.371 1.456 1.579 1.567 1.708 1.672 1.790 1.637 1.648 1,562
Mg 0.002 0.004 0.000 0.007 0.003 0.008 0.005 0.007 0.006 0.036 0.019 0.025 0.024
Ca 0.002 0.001 0.112 0.001 0.002 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.001
Ti ,0.022 0.033 0.193 0.084 0.024 0,051 0.050 0.037 0.018 0.018 0.004 0.041 0.042
" Fe 0.490 0.512 0.441 0.570 0.487 0.577 0.631 0.621 0.607 0.638 0.624 0.623 0.626
Mn 0.477 0.455 0.000 0.387 0.470 0.382 0.356 0.358 0.369 0.332 0.369 0.35Z 0,343
' Ta 0.500 0.612 0.747 0.576 0.540 0.394 0.396 0.267 0.321 0.194 0.355 0.319 0.406
Asite 097 097 .0.55 0.96 096 0.97 0.99 0.99 0.98 1.01 1.01 1.00 0.99
B site 42,02 2,02 2.18 2,03 2,02 2,02 2,01 201 201 200 2.00 2.01 2.0l
Ta' 0.2 0.31 0.38%8 030 0.27 020 020 0.14 0.16 0.10 0.18 0.16 0.21
~ Mn' 049 047 000 0.40 049 0.40 0.36 0.37 0.38 0.34 0.37 0.36 0.35
- 299 2.99 2.73 3.00 2.98 2.99 3.01 3.00 2.° 3.01 3.01 3.01 3.00
Ta':Ta/(Ta+Nb); Mn': Mn/(Mn+Fe)



Composition of columbite-tantalite from

the Lacorne pluton

mus-r r UCt ab ab ab
623.1 623.1 623.1 623.2 6235.2 624.B 624.B 624.B 624.B 624.B 624.B
: 1C 2C 3 1 2 1 2 3 3 4C 4R
Nb20§ 63.21 67.54 63.35 59.8 55.99 70.52 68.68 64.26 69.21 170.07 63.62
MgO 0.04 0.05 0.04 0.05 0.09 0.03 0.04 0.04 0.03 0.06 0.04
Ca0 0 0.02 0.03 0.01 0.02 0.02 0.01 0.01 0.02 0.02 0.01
TiO2 0.72 0.46 0.59 0.68 0.93 0.54 0.6 0.69 0.9 0.51 0.7
FeO 11,89 11,27 10.53 11,67 11.26 12,08 12.14 11,68 11.29 11.73 12.05
MnO 7.4 8.55 8.66 7.39 7.26 7.78 8.17 7.62 8.64 8.13 7.25
Ta2085 16.02 12.01 16.87 20.14 23.24 8.88 8.82 15.04 8.63 9.12 15.42
TOTAL 99.28 99.9 100.07 99.74 98.79 99.85 98.46 99.34 98,72 99.64 99.09
Nb 1,720 1,797 1.715 1,648 1.578 1.851 1,831 1,740 1.835 1.846 1,730
Mg - 0,004 0.005 0,004 0.005 0,008 0.003 0.004 0.004 0.003 0.005 0.004
Ca - 0.000 0.001 0.002 0.001 0,001 0,001 0,001 0.001 0.001 0.001 0.001}
Ti 0.033 0.020 0,027 0.031 0.044 0.024 0.027 0.031 0.040 0.022 0.032
Fe 0.598 0.555 0.527 0.595 0.587 0.587 0.598 0.585 0.554 0.572 0.606
Mn 0.377 0.426 0.439 0.382 0.384 0.383 0.408 0.386 0.430 0.401 0.369
Ta 0.262 0.192 0.275 0.334 0.394 0.140 0.141 0.245 0.138 0.145 0.252
Asite 098 0.99 0.97 0.98 0.98 0.97 1.01 0.98 0.99 0.98 0.98
B site 2.01 2.01 2,02 2.01 2.02 2.02 2.00 2.02 2.01 2.01 2.01
Ta' 0.13 0.10 0.14 0.17 0.20 0.07 0.07 0.12 0.07 0.07 0.13
Mn' 0.39 0.43 0.45 0.39 0.40 0.39 0.41 0.40 0.44 0.41 0.38
2.99 3.00 2.99 3.00 3.00 2.99 3.01 2.99 3.00 2.99 2.99

Ta':Tal/(Ta+Nb); Mn't Mn/(Mn+Fe)



Composition of columbite-tantalite from the Lacorne pluton
ab

624.B .624.B 624.B 624.B 624.B 624.B 624.B 624.B 624.B 624.B 624.B 624.B 624.B
. 3 6 7 8 9 10 11 12 13C_ _ 13E 14 15C__15R?
Nb205 70.62 69.64 66.88 67.42 69.88 70.08 68.09 69.18 70.69 64.15 63.17 50 58.53
MgO 0.05 0.06 005 0.05 003 0.05 0.03 003 0.06 0.04 005 0.05 0.06
CaO 0 0 0.01 0,01 0 0,01 001 0,02 0902 0.01 0 0 0.02
TiO2 0.48 0.45 0.54 0.63 0.53 0.54 0.55 074 0.66 0.48 0.67 0.72 0.59
FeO 11,87 11,82 11,81 12,35 12.26 12.11 12,08 9,98 12.18 11,68 12.25 11.28 11.4
MnO 7.87 793 7.7 8.38 7.66 7.69 8.46 9.84 8.23 7.58 7.31 6.8 7.34
Ta205 9.27 9.19 14,24 893 9.2 909 8.93 1093 8.91 15.57 15.6 31.18 22.62
TOTAL 100.2 99.09 101.2 97.77 99.56 99.57 98.15 100.7 100.8 99.51 99.05 100 100.6

. Nb 1.851 1.846 1,769 1.811 1.843 1.847 1.822 1.813 1.840 1.739 1.722 1.442 1.615
Mg 0.004 0.005 0.004 0.004 0.003 0.005 0.003 0.002 0.005 0.003 0.005 0.005 0.005
Ca 0.000 0.000 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.001
Ti 0.021 0.020 0.024 0.028 0.023 0.024 0.025 0.032 0.029 0.022 0.030 0.035 0.027
Fe 0.575 0.580 0.578 0.613 0.598 0.591 0.598 0.484 0.586 0.586 0.618 0.602 0.583
Mn 0.386 0.394 0.381 0.422 0.378 0.380 0.424 0.483 0.402 0.385 0.373 0.367 0.380
Ta 0.146 0.147 0.227 0.144 0.146 0.144 0.144 0.172 0.139 0.254 0.256 0.541 0.376

A site 097 098 096 104 098 098 1,03 097 099 097 1.00 0.97 0.97
" B site 2,02 2,01 2,02 1.98 2.01 2,01 1.99 2,02 2,01 2,01 201 202 202
Ta' 0.07 0.07 0.11 0.07 0.07 0.07 0.07 0.09 0.07 0.13 0.13 0.27 0.19
Mn' 0.40 0.40 0.40 0.41 0.39 0.39 0.41 0.50 0.41 0.40 0.38 0.38 0.39

298 2.99 298 302 299 299 3.02 299 3.00 2.99 3.00 2.99 2.99
Ta':Ta/(Ta+Nb); Mn': Mn/(Mn+Fe)




Composition of columbite-tantalite from the Lacorne pluton

: U-CT U-CT r mus
624.B 624.B 624.B 640 640 646.1 703.B 708 708 708 708
16 17 18 1 2 i 1 2 3 4
Nb20§ 69.23 33,92 49.26 65.71 66.8 71.5 63.23 63.35 62,96 62.29 62.33
MgO 0.01 0 0 006 0.04 0.07 0.07 0.06 0.05 0.05 0.06
Ca0 0.01 0 0.05 0.02 0,02 0 0.03 0.02 0 0.02 0.01
THO2  0.68 0.8 1.25 0.44 0.45 0.74 1.2 0.9 0.87 0.8 0.75
F¢O 10,92 8.39 6.2 10.95 11.51 11,72 12,12 11,11 11,01 10.45 10,54
MnO 8.83 397 2.19 8.26 17.83 8.08 8.71 8.13 8.24 8.84 8.58
Ta205 9.89 50.84 13.7 13.42 12.26 6.95 13,55 16.2 16.71 17.74 17.84
TOTAL 99,57 97.92 72,65 98.86 98.91 99.06 98,91 99.77 99.84 100.19 100.11
Nb 1.830 1.089 1.807 1.827 1,797 1.876 1,713 1,714 1.706 1.690 1.693
Mg 0.001 0.000 0.000 0.006 0.004 0.006 0.006 0,005 0.004 0,005 0.005
- Ca 0.000' 0,000 0,004 0.001 0.001 0.000 0.002 0,001 0.000 0,002 0.001
Ti 0.030 0.043 0.076 0.054 0.020 0.032 0.054 0.041 0.039 0.036 0.034
Fe 0.534 0.498 0.421 0.583 0.573 0.569 0.607 0.556 0.552 0.524 0.529
Mn 0.437 0.239 0.151 0.415 0.395 0.397 0.442 0.412 0.418 0.449 0.437
Ta 0.157 0.982 0.302 0.128 0.198 0.110 0.221 0.264 0.272 0.290 0.291
A site 0.97 0.74 0.58 1.01 0,97 0.97 1.06 0.97 097 0.98 0.97
B site 2,02 2,11 2,19 2,01 2,02 2.02 1.99 2.02 2.02 2,02 2,02
Ta' 0.08 047 0.14 0.07 0.10 0.06 0.11 0.13 0.14 0.15 0.15
Mn' 0.45 0,32 0.26 0.42 0.41 0.41 0.42 0.43 0.43 0.46 0.45
299 2.85 2.76 3,01 2.99 2.99 3.05 2.99 2.99 2.99 2.99

2Lt
Ta':Ta/(Ta+Nb); Mn': Mn/(Mn+Fe)



Composition of columbite-tantalite from North Lacorne Spodumene pegmatite

Ces : wt halit

708 708 708 709.¢ 7568 7568 756.8 756.8 756.8 756.8 756.L 756.L

S5 6 1 1 1 2 3 4 5 6 1 2

Nb205 62.35 62.81 63.53 51.48 56.18 62.65 62.06 35.37 58.86 62.85 439 36.43
MgO 001 006 004 0.01 002 002 0.01 o0.01 0.01 0 0 0
Ca0 0.23 0.08 0.02 0.05 0 o001 001 002 004 002 0.03 0.04
TiIO2 079 0.89 079 066 105 045 0.73 0.55 0.62 0.7 059 0.44
FeO 6.34 10.2 1092 493 3,72 496 523 571 4,07 531 0.83 0.31
MnoO 1245 8.89 8,13 1298 14,76 14.57 13.84 10.71 14.59 14,16 16.63 16.57
Ta205 17.12 16.59 16.51 29,19 23.81 17.14 18.05 46.98 21.5 16.69 384  46.7
TOTAL 99.29 99.52 9994 99.3 99.54 99.8 99.93 99.35 99.69 99.73 100.38 100.49
Nb 1.701 1,706 1.718 1.482 1,572 1,705 1.689 1,107 1.631 1.707 1.302 1.124
Mg 0.001 0,005 0.004 0.001 0.002 0.002 0.001 0.001 0.001 0.000 0.000 0.000
Ca 0,015 0.005 0.001 0.004 0,000 0.001 0001 0,002 0.002 0.001 0.002 0.003
Ti 0.036 0,040 0.035 0.032 0.049 0.021 0.033 0.029 0.029 0.032 0.029 0.022
Fe 0.320 0.512 0.546 0.262 0.192 0,250 0,263 0.331 0,209 0,267 0,046 0.018
Mn - 0,636 0453 0412 0700 0774 0.743 0,706 0.628 0,757 0,721 0924 0.958
Ta 0.281 0.271 0,269 0,505 0,401 0,281 0,296 0.885 0,358 0.273 0.685 0.867
A site 097 098 096 097 097 1,00 097 096 097 099 097 0.98
B site 202 202 202 202 202 2010 202 202 2,02 201 202 2.01
Ta! 0.14 - 0.14 0.14 0.25 0.20 0.14 0.15 0.44 0.18 0.14 0.34 0.44
Mn' 0.67 . 0.47 043 073 080 075 0.73 0.66 0.78 0.73 095 0.98
2,99 299 298 298 2.99 3,00 299 298 2.99 3.00 299 2.99

Ta":Ta/(Ta+Nb); Mn': Mn/(Mn+Fe)
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Composition of columbite-tantalite from the Lacorne pluton
756.L 757 751 757 757 757 757 757 757 736 136 736 736
3 1 2 _ 3 4 5 6 7 8 1 2 3 4
Nb20S§ 36.76 43,21 30.15 47.31 40.61 39,22 46 42.81 49,53 1,73 14,75 46.01 46.62
MgO 0 0 002 0 0 0 0 0 o0.01 0 0 0.01 0
Ca0 008 o002 003 001 002 003 003 003 001 0.05 0 0.01 o0.01
TiO2 - 036 028 058 039 044 053 046 0.24 0.38 0.63 0.53 0.36 0.5
FeO 0.32 3,57 592 495 5 492 6.18 3,28 5.37 2.87 29 419 2.2
MnO * 1629 1373 9.94 12.43 11.71 11.86 1099 13.75 11,9 10.65 11.95 13.17 15.63
Ta205 46.45 3949 53.04 34,11 41.5 42,02 37.17 40,19 32.8 82.39 69.5 36.84 35.95
TOTAL 100.26 100.3° 99.68 99.2 99.28 98,58 100.83 100.3 100 98.32 99.63 100.6 100.9
Nb 1,136 1.292 0968 1.396 1,239 1,211 1,350 1.283 1.438 0.067 0.518 1.353 1.360
Mg 0.000 0.090 0.002 0.000 0.000 0.000 0,000 0,000 0,001 0.000 0.000 0.001 0.000
Ca 0,006 0.002 0,003 0.001 0,002 0,002 0,002 0.003 0,001 0.005 0.000 0.000 0.001
Ti 0.018 0.0t4 0.031 0.019 0.022 0.027 0.022 0.012 0.018 0.041 0.031 0.017 0.024
Fe 0.018 0.197 0.352 0.270 0.282 0.281 0.336 0.182 0.289 0.205 0.188 0.228 0.119
Mn 0.942 0.769 0.598 0.687 0.669 0.686 0.605 0.772 0.647 0.768 0.786 0.725 0.855
Ta 0.863 0.7100 1,025 0.605 0.762 0.780 0.655 0.725 0.573 1.908 1.468 0.652 0.631
A site 097 097 095 09 095 097 094 096 094 098 0.97 095 0.97
B site 202 202 2,02 202 202 202 203 202 203 2.02 202 2.02 202
Ta' 043 035 0.5t 030 038 039 0.33 036 0.28 0.97 0.74 0.33 0.32
Mn' 0.98 0.80 0.63 0.72 0.70 0.71 0.64 0.81 0.69 0.79 0.81 0.76 0.88
: _2.98 2.98 2.98 2.98 2.98 2.99 2.97 2.98 2.97 2.99 299 2,98 2.99

Ta*: Ta/(Ta+Nb);

Mn': Mnl(-ﬁn-l-lfe)
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‘Composition of

736

columbite-tantalite from the Lacorne pluton

736 736 736 736 736 7136 736 721 721 721
- 5 6 7 8c 8r 9 10 11 1 2 3 4 5
Nb20S 55.06 57.95 47.84 198 0.68 33.17 59.89 22.87 40.39 24.13 28,23 35.85 21.64
MgO 0 0.01 0 0.0v 0 0.02 0.01 0.01 0.46 0.02 0.38 0.52 0.23
Ca0 0.02 0.01 0.01 0.0t 0,02 0.05 0.02 0.02 0.04 0.03 0.07 0.06 0.05
TiO2 0.57 0.57 0.41 0.38 0.31 0.35 0.92 0.45 0.35 0.46 1.34 0.41 0.73
FeO ~ 1.7 4.01' 4,02 1,65 1.51 3.28 4.04 3.57 8.94 2.43 8.53 9.15 6.77
MnO 16.68 14.83 13.87 11.79 12,04 12,42 14.57 11.89 7.13 12,94 6.52 6.78 7.88
Ta205 26.06 23,34 33,98 83.17 85.06 50.14 20.42 61.36 42.74 60.77 53.11 47.93 62.59
TOTAL 100.1 100.7 100.1 98.99 99.62 99.43 99.87 100.17 100.05 100.78 98.18 100.7 99.89
Nb 1.550 1.601 1.397 0.076 0.026 1.053 1.644 0.763 1.224 0.795 0.921 1.106 0.726
Mg 0.000 0.001 0.000 0.001 0.000 0.003 0.001 0.001 0.046 0.002 0.041 0.053 0.025
Ca  0.001 0,000 0,001 0.001 0.002 0,004 0.001 0.002 0.003 0.003 0.005 0.005 0.004
Ti 0.027 0.026 0.020 0.024 0.020 0.019 0.042 0.025 0.018 0.025 0.072 0.021 0.041
Fe 0.089.°0.205 0.217 0.117 0.107 0.193 0.205 0.220 0.501 0,148 0.513 0,522 0.420
Mn 0.879 0.768 0.759 0.847 0.867 0.739 0.749 0.743 0.405 0.799 0.397 0.392 0.495
Ta 0.441 0.388 0.597 1,918 1,968 0.957 0.337 1.231  0.779 1.204 1.039 0.889 1.263
A site 0.97 0.97 0.98 0.97 0.98 094 0.96 0.97 0.95 0.95 0.96 0.97 0.94
B:site 2.02 2.02 2.01 2,02 2.01 2,03 2.02 2.02 2.02 2.02 2.03 2.02 2.03
Ta' 0.22 0.20 0.30 0.96 0.99 0.48 0.17 0.62 0.39 0.60 0.53 0.45 0.63
Mn' 06.91 0.79 0.78 0.88 0.89 0.79 0.78 0.77 0.45 0.84 0.44 0.43 0.54
TCat 2.99 299 299 298 299 297 298 298 298 298 299 299 2.97
Ta':Ta/(Ta+Nb); Mn': Mn/(Mn+Fe)



Composition of columbite-tantalite from the Lacorne pluton

721 721 721 721 QL-32 812 812 812 812 8§12 812 812

‘ 7 8 2 6 1 2 3¢ mid rim 4 5
Nb20S 35.22 34,04 16.21 35.02 70.37 53.03 61.77 62.16 57.71 57.07 54.18 53.51
MgO 0.37 0.12 0.07 0.02 0.08 0.07 0.09 0.09 0.08 0.07 0.09 0.09
CalO 0.06 2.07 13.48 11.5 0.24 0.1 0.3 0.19 0.41 0.43 0.28 0.06
TiO2 0.2 0.49 1.5 0.56 0.37 2.05 1.3 1.07 1.46 1.72 1.94 2.13
FeO 8.52 6.05 6.8 1.45 12.4 2.47 2.29 2.44 2.24 2.3 2.15 2.65
MnO 7.15 8.28 3.68 3.44 6.35 14.82 15.34 16.29 15.77 15.34 14.56 14.87
Ta208 - 48.89 49,7 54,75 48,2 8.25 25.65 18.51 18.13 21 22,23 25,03 25.45
TOTAL 100.41 100.75 96.49 100.19 98,06 98.19 99.6 100,37 98.67 99.16 98.83 98.76
Nb 1.096 1.055 0.464 1,053 1.847 1.510 1.680 1.680 1.606 1.585 1,527 1.512
Mg 0.038 0.013 0.007 0.003 0.007 0.007 0.008 0.008 0.008 0.007 0.008 0.008
Ca 0.004 0.152 0.911 0.819 0.015 0.007 0.019 0,012 0.027 0.029 0.018 0.004
Ti 0.010 0.025 0.071 0.028 0.016 0.097 0.059 0.048 0,068 0.079 0.091 0.100
Fe 0.490 0.346 0.323 0.073 0.611 0.130 0.115 0.122 0.115 0.118 0.144 0,138
Mn 0.417 0.481 0.196 0.194 0.317 0.791 0.782 0.825 0.822 0.798 0.769 0.787
Ta 0.915 0.926 0.939 0.871 0.132 0.439 0.303 0.295 0.352 0.371 0.424 0.433
A site . 0.95 0.99 1.44 1.09 0.95 0.93 0.92 0.97 0.97 0.95 0.94 0.94
B site - 2.02 2.01 1.47 1.95 2.00 2.05 2.04 2.02 2.02 2.04 2.04 2.04
Ta' 0.46. 0.47 0.67 0.45 0.07 0.23 0.15 0.15 0.18 0.19 0.22 0.22
Mn' 0.46 0.58 0.38 0.73 - " 0.34 0.86 0.87 0.87 0.88 0.87 0.84 0.85
2.97 3.00 2.91 3.04 2.95 2.98 2,97 2.99 3.00 2.99 2.98 2.98

JCat
Ta':Ta/(Ta+Nb); Mn': Mn/(Mn+Fe)



INDICATORS OF COMPOSITION AND DEGREE OF
Al-Si ORDER IN PERTHITE OF
REPRESENTATIVE SAMPLES OF THE PREISSAC-LACORNE
PEGMATITE FIELD

Grp Nor 40 A An N 40 A131
623 B 99.0 1.00 0.84 0 0.2 1,01 1.10
623.p B 99.7 1.01 0.98 O 0.9 0.99 1.14
753 B+S 100.5 1.01 1.00 O 0.7 0.99 1.13
756.S B+S 99.8 1.00 0.7 O 0.5 0.98 1.13
908 B+S 97.0 1.00 0.9 0 0 1.00 1.11
912 B+S 99.4 1.01 0.97 0 1.3 0.98 1.14
736 S 101.8 1.00 0.93 0 O 1.01 1.1
812 S 101.4 1.01 0.99 1 1.1 0.97 1.18

Composition N, is expressed in mol % Or, and was calculated using the
equations of Kroll & Ribbe (1983) relating unit-cell volume to No, for
feldspar compositions that are structurally ordered (j.e., that belong to
the low microcline - low albite series). The degree of Al-Si order,
expressed by t,0, was computed using the equations of Blasi (1877). The
error in N, and t,0 is believed to be +0.015 in most cases. The obliquity
A of a microcline is equal to 12.5(d;3; - d,3;); it should have a value of
1,00 for fully ordered microcline. The 4131 indicator of a plagioclase is the
calculated angular separation of the 131 and 131 diffraction maxima, in 20
(CuKa, radiation); it should be close to 1.10° in end-member orcll_ered.
albite. The An content is estimated visually from coordinates in the p -y
diagram of Smith (1974, Fig. 7-44). Grp: B: beryl-bearing pegmatite,
B+5: (beryl + spodumene)~-bearing pegmatite, S: spodumene-bearing
pegmatite.



Appendix 3

Whole-rock geochemistry



Geochemistry of the Preissac monzogranite

Biotite Two-mica monzogranite
Sample 402 11 12 29 902 903LC-5* LC-s*
Sio2 72.38 7506 745 751 7472 7476 748 744
TiO2 0.16 008 012 0141 011 ©011 009 011
Al203 1541 1444 1472 144 1408 1404 143 146
Fe203 1.75 069 092 091 106 11 087 0.67
FeO
MnQ 0.06 0 0 003 004 003 005 0.04
Mgo 0.03 02 022 006 023 025 017 02
Cao0 0.5 071 087 01 08 085 06 06
Na20 4.1 391 3985 38 397 4 482 465
K20 5.63 437 443 39 424 415 413 417
P205 0.03 001 006 002 002 003 003 0.04
L.O.l 0.49 056 046 067 07 06 047 07

11 12

Ga 2% 24 28
Li 91 131 63 81
Be 7 4 4
Ba 6.76 486 521 483 286 320
Rb 450 397 331 360 392 324 3I75 377
St 105 79 16 110 112 11 72 85
Zr 33 60 8 92 63 62 52 67
Nb 28 24 22 21 17 16 23 3
Y 24 14 10 25 13 12 7 6
Ta 4.82 6 6.6
Ht 2.76 3 28
Th 1037 116 14
La 5.22 184 24
Ce 15.74 A 41
Pr 1514
Nd 6.23 10.6 16
Sm 247 26 2 -
Eu 0.092 0.1 0.3 =77
Gd 3.05 -
™ 0.49 0.4 03
Dy 3.14
Ho 06 0.9 0.9
Er 1,51
Tm 023 0.8
Yb. 1.55 13 08
Lu 0.2 0.2 0.1
“from Feng (1952)



Geochemistry of the Preissac monzogranite

Muscovite monzogranite

Sample 303 304 318 319 406 424 320 428 434 435A 439 443
Sio2 7571 7532 76 7631 75.08 74.65
Tio2 004 003 003 002 005 0.04
Al203 1434 1464 1445 1459 1487 1432
Fe203 053 032 045 025 051 028
FeO

MnO 0.13 0 0 0 0 0
MgO 001 0.13 0 005 0.17 0.3
Ca0Q 022 043 057 038 052 059
Na20 438 429 425 473 425 426
K20 385 383 392 367 41 429
P205 002 004 004 004 0.04 0.03
L.Ol 06 068 092 008 06 088
Ga

Li 28.45

Be 3

Ba 13.82

Rb 518 567 458 528 476 515 470 441 489 596 478 399
Sr 6 7 9 8 8 11 102 6 N 8 10 21
ar 68 84 45 53 49 47 38 46 54 140 4 27
Nb 26 69 5 25 45 32 34 32 42 42 16 8
Y 16 6 20 40 38 3 15 21 36 16 36 18
Ta 7.675

Hf 2204

Th 6.95

La 3.18

Ce 10.31

Pr 0.98

Nd 3.6

Sm 154

Eu 0.044

Gd 2.065

TH 0.398

Dy 2409

Ho 0414

Er 1.149

Tm 017

Yb 0.91

Lu

0.108




L ./,\ N

Geochemistry of the Prelssac monzogranite

Muscovite monzogranite MGG
Sample 445 14 15 16 471 477 17
Sio2 76,1 7545 7534 7489 7575 7576 7681
TiO2 0.03 0.03 005 0.04 002 0.02 0.02
Al203 1439 13.87 1445 14.01 1449 1451 13.51
Fa203 037 029 035 032 nar 0842 047
FelD

MnO 0 0 0
MgO 0.13 0.06 0.08 0.09 0.07 004 0.07
Ca0 049 047 065 061 031 031 024
Na20 446 411 389 398 476 488 442
K20 355 411 464 444 362 367 36
P205 004 004 004 003 0.04 003 0.04
LO.1 077 04 04 033 04 044 032
Ga

Li 44 31

Be 225

Ba 4.62

Rb 488 472 481
Sr 9 6.62 9
Zr 42 18.41 14
Nb 40 58.22 88
Y 31 242 24
Ta 1.2 12
Ht 297 22
Th 1.36 1
La 0.638 12
Ce 1.67 cOLQ\
Nd 0.902 0.4
Sm 0.877 0.8
Eu 0.016

Gd 2077 .

To 0.615 0.4
Dy 4222

Ho 0.702 = 0.7
Er 1.869 .
Tm 0354

Yb 27 21
L 0.362 0.3

uscovite-gamet monzogranite

a

[y



Geochemistry of the Moly Hill monzogranite

Biotite Two-mica Muscovite monzogranite
Sample 29 26 35 40 13 14 15 1617 20 71
Sio2 73.81 74.3 73.1 763 755 753 749 76.1 752 74.1
TiO2 0.16 0.13 0.02 0.03 0.03 0.05 0.04 003 0.03 0.02
A1203 14,61 14.8 144 151 139 145 14 146 144 147
Fe203 1.33 1.1 218 035 029 025 032 039 043 0.74
MnO 0 0.06 0.04 ¢ 0 o0 0 0 0 002
MgO 0.31 0.18 0.1 0.01 0.06 0.08 0.09 0.C5 0.02 0.06
Ca0 126 1.29 0.88 052 047 065 061 0.7 063 0.67
Na20 373 4.31 442 447 411 389 398 429 416 453
K20 437 414 477 426 4.11 464 444 398 383 445
P205 0.07 0.05 0.01 0.03 003 0.04 903 0.04 004 0.01
LO. G.4 0.34 0.2 0.44 044 056 05
u 134 118
Be 26 36 4
Ba 788 610 60 39 95
Rb 350 348 360 337 474 469 449 469
Sr 165 121 18 3t 18 2 19 17
Y 8.68 76 14 10 45 3 36 14
Zr 142 61 45 33 3 33 &7
Nb 22.81 25 3 22 18 19 3t
Ta 396 485 39 263 56
Hf 45 272 3 12 1.43
Th 195 12 10 196 117
La 50.32 145 41 43 7.46
Ce 91.5 266 13 885 : 156
Pr 972 292 1.05 192
Nd 31.73 102 5 398 7.44
Sm 457 231 14 127 238
Eu 067 039 02 022 0.14
Gd 31 219 1.4 . 261
o 0.34 0.29 0.22 - _ 0.4
Dy 1.84 15 1.55 .- 253
Ho 0.31 0.25 0.28 . 043
Er 074 074 08 , 138
Tm 0.12 0.1 0.13 . 017
Yb 0.64 0.74 0.78 : : 1
Ly

0.1 0.11_0.41- 0.11 _ 0.14

A



Geochemistry of the Lamotte monzogranite

Biotite monzogranite

Sample 19 151 204 806 797 768 8204 898

Sio2 743 75 737 734 M9 75

Al203 143 143 141 142 1453 136

Ti02 014 0.07 008 0.04 006 0.09

Fe203 083 066 058 091 013 08

MnO 003 004 004 003 01 004

MgoO 006 005 012 005 0.01 0.14

Ca0 113 104 086 081 088 068

Na20 38t 3.77 367 4 396 3.72

K20 424 43 433 427 482 441

P205 005 0.0t 005 001 002 0.03

Lol 052 0.24 034 023 041

Ga 27 21 18 2 17

u 129 180 354 265 175

Be 5 2 4 4 3

Ba 630 647 399 302 414 @621

Rb 220 250 260 320 311 270

Sr 150 140 100 7 94 100

Zr 120 75 a5 67 73 100

Nb 19 16 1" 19 16 12

Y 18 20 16 2 13 14

Ta 77 46 28 94

Hf 35 23 34 25

Th 16 938 2 15 20

1] 58 28 3 49

La 7 13 13 24 204

Ce 52 24 28 50 333

Pr - )

Nd 18 83 11 21 1S
Sm 21 14 14 26 29
Eu 04 03 03 905 03
' ad _

T 03 0.2 03 06 04
. Dy - ) : ) - ) :

Ho .07 07 - 05 06 08

Er - ) : -
. Tm 09 06 1 w 0.1
“Yb- 05 07 1 111

Lu 01 041 09 02 02
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Geochemistry of the Lamotte monzogranite

0.2

03 063

0.3

)

Two-mica monzogranite
Sample 895 896 S08 8910 796 793 801 41 57 854 892
Sio2 7481 75.21 75 7532
Al203 1456 1393 141 1488
Ti02 0.03 0.02 0.08 0.03
Fa203 063 03 111 069
MnO 0 0 005 0
Mgo 008 0.03 017 0.15
Ca0 078 071 093 0.69
Na20 422 4 386 4
K20 441 424 451 456
P205 005 005 0.01 0.05
Lol 028 028 071 044
Ga 23 25 25
Li 420 189 410
Be 3 5 7 8
Ba 99 170 216 102 138
Rb 361 347 340 383 410 335 330 430
Sr 54 54 39 55 AN 43 48 45
Zr 3 3 9 37 51 41 74
Nb 17 14 17 18 19 18 22
Y 19 14 22 23 7 10 36 23
Ta 48 5.6 5 8.7
Hf 22 1.7 3 14
Th 14 19 13 22 13
U 46 10 56 12 8
La 18 103 12 84 143 15 104
Ce 204 178 29 19 245 256 172
Pr
Nd 78 72 10 9.1 81 95 7
Sm 26 25 3 1.7 23 26 23
Eu 04 02 04 0.2 02 02 02
Th 04 05 - 0.5 03 03 05
Dy | , :
Ho 1 - 12 0.8 06 05 © 1.
Er . ‘
Tm 0.1 0.1 0.1 . .02
Yb 2 23 47 26 09 12 2t
Lu 03 0.1 ¢ 03



Geochemistry of the Lamotte monzogranite

Muscovite monzogranite Spodumene pegmatite

Sample 16 17 SC-2 TMC-7 881

Si02 7¢9 762 74 748

Al1203 14.6 146 157 1631

TiO2 0.03 0.02 0.01 0.01

Fe203 0.56 0.64 0.85 1.09

MnO 0.07 0.24 0.17 0.14

MgO 0.13 0.05 0.09 0.39

Ca0 0.38 0.27 0.1 0.43

Na20 455 483 294 487

K20 3.61 3.16 237 1.66

P205 0.03 0.01 0.01 0.01

LOI 0.41 0.5 0.29 0.3

Ga 34 46

u 46 110 10060 3410

Be 3 6

Ba 17 8 16 5

Rb 450 450 1300 9.8

Sr 12 9 2 2

Zr 28 S 19 K<

Nb 36 48 V4 68

Y 45 40 19 10

Ta 13 1" 87

Hf 1.8 25 4

Th 75 16 24

U 10 46 1.7

La 5.1 0.8 08

Ce 16 2 15

Pr

Nd 8 6.2 0.8

Sm 26 0.5 68

Eu 01 0.1 0.1

Gd

Td 09 0.2 c.1

Dy

Ho 15 ' 0.5 0.2
Br

Tm 1.3

Yb 22 02

L - 03 0.1 0.1
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Geochemistry of the Lacome monzogranite

Biotite monzogranite

Sample 614 616 621 634 635 673 158-5 3060° 3061* 3062* 30*
Sio2 7544 7518 75.75 7471 7486 729 737 736 746 739
TiO2 008 007 009 01 0.07 006 01 01 01 009
Al203 1411 1392 1444 1428 1404 141 135 139 14 1486
Fe203 097 112 113 118 128 284 145 117 116 088
MnO 004 004 005 004 0.05 004 0.04 0.04 002 0.05
Mgo 009 017 021 015 o022 005 022 02 017 021
Ca0l 086 09 1.03 093 087 09 083 078 094 05954
Na20 399 387 412 375 383 355 396 406 446 449
K20 447 432 412 453 432 431 532 536 488 46
P205 002 001 004 003 0.01 004 0.05 0.03 003 0.04
LOI 038 03 038 044 0S5 034 046 033 034 031
Ga 21 16
U 495 25 100 200 100 189
Be 4.75 3 5 4 4 6 4
Ba 361 526 7045 4575 418 470 €52 520 450 660 8§22
Rb 345 433 4565 423 452 360 420 330 370 350 360
Sr 896 112 1435 1125 96 150 120 100 150 144
Zr 64 55 96 8479 60 82 g5 87 7 - 9%
Nb 18 12 1736 174 15 25 18 13 9 15
Y 26 13 9,925 8.185 14 12 2 25 29 27 3
Ta 331 347 34 14 7 3 S 24
Hf 3.78 333 4 22 3 4 3 35
Th 25.75 3097 26 155 21 15 18 24
U 264 434 34 23 4 2 3 4
La 28.78 20.81 37 234 27
Ce 39 53 5271 40.18 69 78 323 52
Pr 523 4

Nd 1589 1322 23 9 18
Sm 26 238 38 22 34
Eu 045 038 05 03 0.49
Gd 232 21

Tb 028 026 0203 02 04
Dy 14 147

Ho 027 027 04

Er 071 0.67

Tm 0.12 0.103

Yb 0.76 0.72 23 08 1.1
Lu __0.13 0.115 033 0.1 0.17

;/‘-

immFeng'lSQZ:"fromDaniswas

te



. Geochemistry of the Lacome monzogranite

Two-mica monzogranite
Sample 652 672 692 742 1655 3036 701 707

Sio2 762 752 7486 752 761 742 7568 7587
TiO2 003 006 003 003 01 01 006 0.06
Al203 137 138 14 141 132 13.6 1408 14.03
Fe203 057 064 178 065 072 08 073 069
MnO 0.05 0.04 003 0.02 007 005 0.06

MgO 005 007 033 008 031 01 005 005
Ca0 059 063 085 072 054 072 061 0T
Na20 388 415 406 449 435 446 406 394
K20 456 398 430 386 445 476 366 4.61
P205 001 001 001 001 003 002 002 002
L0 067 05 06 041 048 035 06 034
Ga 23 24 22
u 8 64 255 110 94 290
Be 4 © 5 7 7
Ba 78 280 114 226 110 100 150 173
Rb 430 640 630 620 540 440 1304 523
Sr 40 6 58 75 51 59 63 67
Zr 64 93 54 8 4 51 47 50
Nb 25 26 285 15 12 18 26 31
Y 20 27 20 20 4 39 17 2
Ta 6 6 6 4
He 15 2 2
Th 18 23 24 25 14
u 45 8 6 5 4
La 1.6 1395
Ce 2535 29.35
Pr 3 33
Nd 1.4 1.75
Sm 326 32
- Eu 0.25 023
Gd 335 . 32
™ 0.57 0.53
Dy 4 - 37 .
i ‘Ho 073 0.73 S
o Er 213 : 22 A ' .
Tm 035 035 —
Yb 253 234 L
W 0.35 0.36 A\ 7




Geochemistry of the Lacorne monzogranite

Muscovite monzogranite
Sample 648 684 803 637 EC-60
Sio2 76.8 763 75.28 7499 752
Tio2 0.03 0.02 0.04 0.04 01
Al203 14.1 139 14.51 14.63 149
Fe203 0.35 044 0.48 0.6 0.72
MnO 0.06 0.07 0 0.02 0.15
MgO 0.1 0.05 0.01 0.05 0.06
Ca0 0.61 0.49 0.64 0.61 0.41
Na20 4.05 4.36 439 4.04 525
K20 4.17 435 4.01 4.26 42
P205 0.01 0.0¢ 0.04 0.04 0.02
LOoJ 0.53 0.58 0.38 0.56 0.43
Ga 25 28 26
(K] 270 60 190 208 140
Be 6 7 7 9 8
Ba 68 71 24 23 37
Rb 450 525 438 970 700
Sr 35 38 165 225 16
Zr €5 55 385 39 43
Nb 23 26 425 43 60
Y 32 29 23 214 55
Ta 4 5 10 9 1
Hf 1.95 4
Th 18 13 1 11 3
u 52 4 14 19 1
La 9.35 5.54
Ce 19.2 11.76
Pr 24 134
Nd 8.93 4.73
Sm 262 1.63
Eu 0.19 0.139
Gd 29 193
To 0.51 0.346
Dy R Y 24
Ho 07 0.455
Er A | 1.36
Tm T 034 0.201
Yb 242 1323
Lu 0.157

0.35

0y



Geochemistry of the Lacorne monzogranite

Aplite Beryl pegmatite Spd*
Sample 606 646A 751 646P 667 624 736
Sio2 73.37 738 76.6 76 77 73.65
TiO2 0.02 0.01 0.02 0.02 0.01 0.01
Al203 1595 15 14.51 144 145 16.02
Fe203 0.56 0.63 0.39 0.55 047 0.16
MnO 0.03 0.7 0.45 0.04 0.02 0.13
Mgo 0.01 0.01 0.09 0.01
Ca0 022 o.21 0.15 0.39 0.45 0.06
Na20 4.29 5.88 4.92 421 5.51 4.31
K20 543 266 294 4.54 233 4
P205 0.12 0.02 0.01 0.02 0.04
L0} 0.54 0.5 0.44 0.64 0.6 031
Ga 44 52 34 43
L 25 142 294 226 365
Be 6
Ba 6.59 24 7 31 27 3.2
Rb 122 530 0.16% 600 700 4875
Sr 6.82 14 30 23 57 53
Zr 58 2] S a7 23 7
Nb 177 97 &3 8 100 50
Y 213 26 14 18 8 0.6
Ta 25 23 1907 8 19 67
Ht 0.878 2
Th 3.47 16 8 10 4 2
U 10.69 8 8 19 17
La 0.96 572 0.2
Ce 3.2 18.04 0.52
Pr 0.512 2N 0.06
Nd 2 10.45 0.24
Sm - 1.8 . 8.68 0.34
Eu 0.052 0.03 0.014
Gd 143 563 0.33
T 0.165 0.63 .~ 0.06
Dy 0.467 1.62 0.18
Ho 0.049 0.13 0.017
Er - 0.101 0.18 - 002
Tm 0.008 0.02 0.006
Yb 0.055 , 0.12 0.06
Ly 0.018 0.02 0.01
*spod '

umene pegmatite



Geochemistry of the albitite dikes associated with

0.032

the Lacorne pluton

Sample 721 722 723 724 733 772
Sio2 67.98 6799 678 6795 68.31 722
TiO2 0.01 0.02 0.01 002 0.01 0.01
Al203 20.15 20.12 20.07 1998 2042 17.05
Fe203 0.14 0.1 0.1 0.11 013 0.27
MnO 0.02 02 008 004 003 0.13
Mgo 0.01 0.01 0.01 0.01 0.01 0.01
Ca0 04 013 03 omn 0.44 097
Na20 1067 1084 10.76 1091 1064 8.48
K20 0.07 03 005 002 004 0.2
P205 006 005 002 005 003 0.01
L.Ol 026 026 024 036 0.9 0.6
Ga 61 58 54 61
Li 7 477 6 7
Be 45 2213 16 14
Ba 425 6416 375 74 56 57
Rb 115 166 24 3 28 47
Sr 775 472 725 5455 81 59
Zr 24 774 375 315 12 52
Nb 46.5 70 36 20 34 67
Y 085 3.67 2 1.8 4.7
Ta 180 136 270 110
Ht
Th 4 512
U § 12235 6 6
La 1.86
Ce 3.35
Pr 0.37
Nd 1.63
Sm 1.18
Eu 0.058 3
Gd 1.024

- Tb 0.193
Dy 0.683
Ho 0.061
Er 0.113
Tm - 0.018
Yb 0.164
Lu




Appendix 4

Chemistry of decrepitated fluid inclusions
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Berylin berjl pegmatite

Quanz in beryl pegmatite

Qiz in spodumene pegmatite

Mound Na - K Ca__ Fe Cl Mound Na Ca ] Cl Mound Na Ca 8 Ci
1 5644 000 0000 0000 37.08 1 4879 000 000 48.63 1 3730 13.62 0.00 49.00
2 4734 '0.00 1446 00.00 31,39 3 5092 000 000 49.08 2 4355 0000 000 53.30
3 3930 1.0t 0895 1022 4052 4 4340 000 096 3665 3 3356 06.67 0.00 47.88
4 5074 0.0 00.00 0000 37.47 5 5087 000 514 44.00 4 3134 1221 421 5226
5 5745 000 0000 09.89 29,82 7 4727 0.00 457 41.80 5 3545 1835 0.00 44.19
6 6666 000 0000 0000 2305 8 4680 0.00 707 3255 6 4502 0000 0.00 51.14
7 4831 000 0408 11.28 3836 9 4469 000 899 4492 7 4152 0371 0.00 5242
8 3727 000 1618 03.14 30.88 10 48,78 000 3.38 44.48 8 40,73 1755 0.00 39.68
9 4298 000 1524 1420 2558 11 4898 000 759 39.23 9 4320 03.08 000 48.73
10 4170 000 0895 1523 3239 12 47.84 000 0.00 48.94 10 2658 1604 3.16 54,22
11 5338 000 0000 00.00 38.75 13 4671 000 000 50.02 11 4071 0581 200 5036
12 47.00 70.00 .11.79 00.00 35.91 14 4922 678 000 39.78 12 3682 0815 1.10 52.85
13 5428 000 1410 00.00 27.13 15 4643 000 000 51.26 13 3528 0850 238 52.86
14 4458 130 0000 14.60 36,92 18 4527 0.00 854 39,79 14 3390 1199 1.77 51.22
18 5255 000 0000 0000 44.34 17 4574 0.00 000 40.89 15 2415 21.68 219 50.20
16 6265 000 0000 08.61 2493 18 3748 938 0.00 53.44 16 3831 07.94 235 51.01
17 5152 0.00 0000 $0.56 31.93 19 3874 7.65 0.00 5580 17 3981 1015 1.21 48.60
18 5491 .0.00 0000 2460 2049 20 3778 6.5 000 54.04 18 3531 1213 1.48 47.88
19 5023 000 01.30 06.72 38.61 21 4744 0.00 000 4640 19 3504 1427 000 47.89
20 4371 000 0402 18,19 31.67 22 4808 0.00 201 48.02 21 2870 1648 569 48.06
1A 5283 000 0000 0000 48.00 23 4305 562 057 50.14 22 2573 17.73 239 53.18
2A 4908 032 0000 00.00 48.41 24 4580 0.00 0.00 51.27 23 2847 1713 364 4997
SA 4920 034 0000 00.00 4801 24 9248 0937 0.00 5851
4A 5200 000 0000 00.00 4251 25 4388 0341 525 4637

' 26 1672 2616 251 54.62
27 2917 16.68 0.00 51.92

Values are in wl%
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§podun;iene in spodumense pegmatite

Beryl in spodumene-beryl pegmatite

Qtz in spd-beryl peg

’
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Mound Na K Ca Mn S Cl Mound Na K Ca Fe S Cl Mound Na Cl
J 1 \X"e 0 978 000 000 313 324 1 5649 0.00 0.00 000 000 3735 1 4741 47.46
2 "362 .0.00 1338 553 000 448 2 5131 747 000 5908 285 29.69 2 5031 49.36
3 476 000 580 167 000 368 3 3939 1275 1205 638 383 2033 4 5036 47.62
4 3.2 000 0822 821 000 429 4 5930 034 151 075 1.43 3230 5 4937 46,89
5§ 352 0.00 1239 542 000 455 5§ 5205 492 128 000 038 3521 6 4391 5308
6 236 488 682 000 413 511 6 5317 000 0,00 000 216 4207 7 490,20 47.43
7 365 000 1299 122 041 454 7 38740 7.41 23,02 0.00 000 27.86 8- 49.11 46,78
8 230 000 1408 000 000 630 8 5133 000 523 000 000 4055 9 49.64 49.78
9 418 000 198 212 000 452 9 4332 000 407 1325 067 3530 10 47.01 46.23
10 439 000 000 000 200 508 10 5292 000 229 0,00 000 30.80 11 48.75 48.05
" 4.1 000 1641 0.00 000 428 11 4897 000 000 0.00 000 3488 13 47,97 52.03
12 369 000 1402 291 000 431 12 5193 227 000 000 000 4361 14  47.01 47.78
13 281 0,00 1215 0.00 141 551 13 5200 000 000 000 120 43.01 16 4306 56.04
14 362 0.00 1604 000 000 4086 14 5074 063 000 000 000 4290 16 45.08 54,02
15 614 051 853 065 000 285 16 51,70 0.00 0.00 000 000 39.96 17 52.93 47.07
16 449 000 1209 180 000 394 18 54,01 4599
17 459 000 609 180 000 418 19 5349 43.64
18 4341 0.00 1183 000 000 M8 20 51,18 48,62
19 202 000 89 000 000 552 21 46,02 48,57
20 34 276 502 000 000 474 22 45,13 5245
29 252 049 281 445 000 478 23 5249 28,68
22 375 1321 227 000 000 432 24 48,94 53,06
23 2382 2561 147 000 000 304 25 4592 4099
24 224 000 474 000 000 673 28 49.562 4798
25 5906 000 1549 000 000 237 27 A7.41 4288






