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• ABSTRACT

<icnlngical and mincralogical invcstigations of tour modcratcly pcraluminous

mnllzngranitic plutons (Prcissac. Moly Hill. Lamottc. Lacome) illthe Archean Preissac­

I.acorne batholith (Ilorthwestern Quebec) illdicate that each consists of biotite. two-mica

and muscovite monzogranite làcies. and that these facies are zonally distributed in this

order from margin to core of the larger Lamotte and Lacome plutons. Rare-element­

enriched granitic pegmatites are associated with the Lamotte and Lacome plutons and

arc also regionally zoncd. in this case. with respect to their respective plutons. From

beryl-bcaring in the plutons to spodumene-bearing in the country rocks. Molybdenite

mineralized albitites and stockworks occur bcyond the spodumene pegmatites and in the

Prcissac and Moly Hill plutons. The monzogranites dispiay systcmatic 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

lorming Iiquid. These petrochemieal trends in the Lamotte and Lacome plutons ell:tend

to the rare-c1ement pegmatites. indieating that the latter are comagmatic with the

monzogranite. A model is proposed in which the liquids of the Lamotte and Lacome

plutons underwent an initial side-wall crystallization to produce the observed zonation

of 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 carly saturation of the residual liquid with aqueous f1uid. From

which quartz and molybdenite precipitate to form quartz vein slockworks adjacent to

the muscovite-bearing monzogranite.

The fractionation of the pegmatite-forming liquid is recorded partly in the

erystal-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 Lacome



• pegmatiws. these trenùs were m"ùilied hy c,'I1temp,'r:lI1el'llS crystalli/:\ti,'n ,,l'
spessartine gamet. which hlllTereù the 1\1n and Fe acti\'ilies ,,l' thc clllllmbiIC-!:lIltalitl·.

The pegmatitc-forming liljllid hec:ullc S:ltur:ncd with an aljllellllS 1111id :\t thc

onset of crystalli7.ation as shown hy the entr:lpment ,,1' prim:uy 1111id inc1l1si"ns in the

paragenetically early heryl and spodulllene. The orthonmgmatie 1111id "'as Nat"!­

dominal...'Ù. had Jow salinity. contained appreciahlc diss"lved CO,. and ev"lved Ifllm Fe­

bearing in heryl to Mn-. Li- and Cs-hearing in spodllmene pegmatite in concert with the

petrochemical evolution of the magma. Subsequent l1uid evoluti"n was nmrked by

influx of extemally derived Ca-hrines of metamorphie origin and e\'entll:ll unmixing or

the orthomagmatic fluid into aqueous and carbonic phas...'S.

The study represcnts the tirst comprehensive reconstruction or the petrologieal

and fluid evolution in a comagmatic suite of monzogranites and mre-dement gmnitic

pegmatites.

1
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RESUME

Dans le batholithe archéen de Preissac-Lacorne au nord-ouest du Québec. les

études géologique et minéralogique de quatres plutons modérément peralumineux

(l'reissac. Moly Hill. Lamotte et Lacorne) indiquent que chacun d'entreeux est constitué

de facies monzogranitiques à biotite. à deux micas et à muscovite. Dans cct ordre. ces

facies sont distribués de façon concentrique de la bordure vers le centre dans les plus

gmnds plutons. soit ceux de Lamotte et de Lacorne. Des pegmatites gmnitiqlles

enrichies en terres rares sont associées avec les plutons de Lamotte et Lacorne et sont

également zonécs à unc échelle régionale : elles contiennent du béryl dans les plutons

et du spoduméne dans les roches encaissantes. Des albitites minéralisées en molybdenite

ainsi quc des stockwerks sont présents au-delà de l"extension des pegmatites à

spoduménc. 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 en éléments majeurs et en éléments traces. Ils passent d'un monzograntite

à biotite à un monzogranite à muscovite dans les quatres plutons. Ces évolutions

s'cxpliquent par la cristallisation fractionnée du liquide formant le monzogranite à

biotite. Lëvolution pétrochimique des plutons de Lamotte et de Lacorne se prolonge

dans les pegmatites à 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 à partir des parois

afin de produire la zonation observée. Par la suite, une différenciation extrême eu lieu

à rinérieur de la chambre magmatique à partir de laquelle des paquets de liquide furent

injectés de façon 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

été saturé par un fluide aqueu:< à partir duquel le quartz et la molybdenite ont précipité,

formant ainsi les stock-werks à veine de quartz, adjacents au monzogranite à muscovite.

Le fractionnement du liquide responsable pour la formation des pegmatites est

iii



partiellement enregistré dans la eristallochilllie des Illinémux .le la s"luti,'n s,'lide

columbite-tantalite. En effet. ks rapports Ta/(Ta+Nb) et "'ln'(i\ln+Fe) 'lUgmentent av..·c

r~"olution des pegmatites il béryl vcrs cellcs il spodulll':ne. Ces é\'<'\utions

correspondcnt il une plus gr.mde solubilité de 1,1 columb,'tantalite riche en i\ln et Ta par

rapport il celle riche en Fe et Nb respectivement dans le nmgnm. 1),II1S les pegnmtites

de Lacorne. ces évolutions ont été modilié<."S par la cristallisation simulL:mée de grenat

spes..'artin qui a tamponné l'activité du Mn et du Fe de la columbotantalite.

Le liquide responsable pour la formation des pegmatites a été saturé avec un

tluide aqueux au début de la cristallisation. ce qui est démontré p'lr 1:1 présenee

d'inclusions fluides primaires dans le béryl et le spodumène, tout deux étant des plmscs

précoces dans la paragenèsc. Le fluide orthomagmatique était dominé par du N'ICI. ,wait

une faible salinitè et contenait une quantité appréciable de CO~ dis..;ous. De plus. il

évolua d'un fluide à Fe dans les pegmatites il béryl. il un l1uide il Mn. Li et Cs dans les

pegmatites à spodumène, accompagnant ainsi révolution pétrochimique du m:lgma.

L'évolution ultérieure du fluide a été marquée par lïntroduction d'une saumure externe.

riche en Ca. d'origine métamorphique. et par la séparation du tluide orthom:lgnmtique

en une phase aqueuse et une phase carbonique.

L'étude est là première recon~titution globale de l'évolution pétrologiquc ct de

révolution du fluide dans une suite co-magmatique de monzogranitcs ct de pegmatites

granitiques à éléments rares.

iv



e·

ACKNOWLEDGEMENTS

No one wa/ks a/one.

(Sun Tse. 2530 before present)

This thesis would not have been completed without the trcmcndous efforts madc

by Professor Anthony E. "Willy" Williams·Jones. my principal supervisor. who put up

with ail my short comings and aberrations during the coursc of this study. 1 am vcry

grateful for his libcrty and guidance in the formulation of the objectives of the thesis.

and. most of ail. for his patience in reading. revising and rewriting many versions of

the manuscripts. which eventually became readable and suitable for submission to

recognized Joumals. A special thank is directed to Colleen WilIiams·Jones. whose

unselfishness facilicated her husband the precious time in order to complete the thesis

on time.

1want to thank Professors Scott A. Wood and Robert F. Martin. co-supervisors

of the thesis. for their advice on hydrothermal ore deposits and petrology of granites

and pegmatites. respective1y. Discussions with professors Don Baker and Jeremy Fein

(McGill University) helped c1arify sorne aspects of granitic magma and calcite

solubility. respectively. The encouragements from earlier geology mentors. Professors

Marcos Zentilli (Dalhousie University) and Roger H. Mitchell (Lakehead University).

and from Mr. Stephen Holton and Dr. Rosemary Holton. who are both as teachers and

friends. are sincerely appreciated.

1 have the fortunate to befriend with the following individuals (in no particular

order): Antoine Fournier. Anne Prefontaine, Pierre Hudon, Peta McLoughin. Wang

Dong. Werner Halter an!! Willy Williams-Jones (as a friend here). who. among other

things. shared much laughter-the most precious moment 1 could have during· my study

in an unusual environrnenL Similarly. Aphrodite"Aqin" Indares. Ralph Weberbauer.

Corinne Santa. SirinaL Sanya. Pam Scowen and Hojatollah Vali provided such a needed

break.

v



• 1 want lO thank :\ntoin.: F,'urni.:r. K:nrinka tir.:l.:h.:n. Shi I.an~. .\r,kshir

IIaz.:rkhani and V.:n.:tia Body.:,'mh. who hdp.:d dr:lw s"m,' ,,1" th,' li~lII"'s and Iyp,· Illl'

tabl.:s. Moira i\'la.:Kinnon and G1.:nn l'l'iri.:r lau~hl m,' h,'" tn ''l',·r:n,· th,' ,'1.:':11\"1

microproh.:. and Jim Mungall th.: EDS-SEi\1. (i.:l'r~': l':ma~i"tidis mad,' many ,,1" th,'

thin s.:ctions. fr.:qu.:ntly at a v.:ry short notic.:. T:lriq :\hm.:d:lli analyz.:d S"Ill': ,,1" th.:

whol<:..rock m~ior- and trac.:-.:\.:m.:nt compositions. Th.: Fr.:nch v.:rsi,'Il ,,1" lh.: ;Ibstr:l.:t

\Vas kindly providcd by W.:rn.:r I-Ialt.:r.

1alll grateful to John B. Fdderhot: senior vice president 01" Bre-X l\Iin.:rals I.td..

for giving me an extended "vacation" in order to complet.: this thesis.

Funding for this rescarch was provided hy v:\rious types 01" NSERC l'CAR ami

MERQ grants. and NATO travc1 grants. to A.E. Wil1i;lllls-Jones ;lnd S.A W,,,,d. and by

an NSERC operating grant to R.F. Martin.

vi



• PREFACE

This thesis contains four journal manuscripts: the tirst t\\'o are in press in the

(",mCldiClIl Mim:rCl/oKi.l'l. the third is in revie\\' by the AmerÏ<"ClIl .Him:rCl/oKi.l'l. and the

last one is to be submitted to GeochimicCl e: CO.l'nlClchimÏ<'CI AcICl. According to

"Guidclincs 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 tex!. or duplicatcd published tex!. of an original paper

or papers. Manuscript-style thescs must still conform to ail other requirements

explained in the Guidelines Concerning Thesis Preparation. Additional material

(procedural and design data as weil as descriptions of equipment) must he provided in

sullicient detail (e.g. in appendices) to allow clcar and pn..cise judgment to he made of

the importance and originality of the rescarch reportcd. The thesis should he more than

a merc collections of manuscripts published or to he publishcd. 1t must include a

gcneral abstrac!. a fui: introduction and literature review and final overall conclusions.

Connecting texts which provide logica1 bridges between ditTerent manuscripts are

usually desirable in the interest of cohesion. It is acceptable for the thesis to include.

as chapters. authentic copies of papers already publishcd. providcd that they are

duplicated clearly and bound as an integral part of the thesis. In such instances.

conneeting texts are mandatorv and supplementary explanatory material is always

neeessary. Photographs or other materials which do not duplicate weil must he included

in their original form. While the inclusion of manuscripts co-authored by the candidate

and others is acceptable. the caDdidate i.~ requirecJ to make aD explieit statemeDt iD

the thesi~ of who coDtrihuted to sueh work aDd to what extent. aDd supervi~on,

must attest to the ac:eurac:v of the c:laims at the Ph.n Oral DefeDce.. Since the task

of the e.'(3llliners is made more difficult in these cases. it is in the candidate's interest

to make the rèsponsibilities of authors perfectly clear.

In the four manuscripts Iistcd earlier. which Corm the major part of the thesis.
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• CHAPTER 1
INTRODUCTION

Rationalc

Granite-pegmatite intnlsion: the di/emma

Rare-element-enriched (Be. Li. Nb. Ta. Mo) granitie pegmatites are arguably the

most poorly understood type of granite-related minerai deposit. mainly bceausc

interpretation of their origin requires knowledge of the evolution of the rclated fclsie

magmas and understanding of the complex phase changes that alter the cI)'sta1li7.ation

histoI)' of pegmatite. An exhaustive review of ail propos..'<! modcls for pegmatite

genesis !ed Cerny (1982) to conc1ude that differcntiation of felsic Iiquid and partial

melting of pre-existing rocks are the two most viable proccss..'S by which p<.'gmatill.....

forrning Iiquids can be generated. In the case of rare-element-enriched pegmatites.

Cerny (1982) and Cerny and Meintzer (1988) suggcsted that extrcme fractionation of

felsic melt is the most plausible process by which the pegmatite-lorrning Iiquid 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 Iiquid to attain the high concentrations of these elements observed in

pegmatites (Cerny. 1992). Similarly. O'Connor etaI. (1991). for the lithium pegmatites

of the Leinster granite (lreland), proposed that Li enrichment in the residual Iiquid was

achieved by the crystallization of muscovite instead of biotite in the parental granite.

thus prornoting Li accumulation in the highly mobile, low viseosity pegmatite-forrning

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 evolvcd.

spodumene-bearing (Li-type) in the country rocks, Le., farthest from the parental granite

(Fig. 1). However, a complete exposure of all rock facies shown in this conceptual

model rarely occurs in a single intrusion (Cerny and Meintzer. 1988).. The Ghost Lake

1



Figure 1. A conceptual model for rare-element granite-pegmatite systems (after

Trueman and Cerny, 1982).
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• hutholith in Ontario (Breaks und Moore. 1992) and the Harney Peak granite in South

Duko\U (Sheurer ct ul.. 1987) arc. us far as the \\Titer knows. the only two examples of

mre-c1ement granite-pegmatite systems 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 arc rclated by fractional crysta1li7.ation. and that the mineralized

pegmatites crystallized from the residual liquids.

Thosc favoring a partial melting model (e.g.• Steward. 1978) have argued for it

on the grounds that fractional crysta1li7.ation 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 (~ 1.5 wt.% LiP).

lnstead. they proposed that lithium pegmatites represent the tirst liquid from partial

mclting of Li-rich source rocks. In suppon of this alternative interprctation. 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 hus

recently been given additional credibility by Nabelek et al. (1992a. b). who interpreted

their stable isotope and geochemical data for the Hamey Peak granite as evidence that

only the most evolved. tourmaline-bearing granite is eomagmatic 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 Hamey Peak granite

and many pegmatites (unspecified. whether they are barren or mineralized) detine a

continuum of fraetional crysta11ization. whereas the rare-element-enriched pegmatites

represent fractionation of separate batches of chemica11y distinet magma. èerny (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 gamet-tourmaline

pegmatites in the Eastern Pyrenes. Spain.. eorroborates this hypothesis.

The studies mentioned above dea1t mainIy with the petrogensis orthe granites

and granitie pegmatites. and mueh lcss with the evolution of the residual pegmatite­

forming liquid. This liquid is believed to differentiate into batehes of ehemically

distinct liquids. which are systematically emplaced into the overlying granite and

3



• country rocks (l'ig. 1). Ho\\'cv.:r. the mech.mism hy \\'hieh the liquids arc rTlldueed .md

sequentially intruded has not heen addressed adequately. An exrlan'Ilillll t,'r Ihe

emplacement of distal pegmatite l'rom the gr..mite \\'.IS giv.:n hy l1cinrieh (195~). \\'11ll

suggested that hecause late. volatile-rich l1uid is less viseous. it can therclllTl~ tTavel hl

great distances from the parental granite.

Another important aspect of pegmatite genesis that is still very rllllrly

documented is the timing of exsolution of aqueous l1uid l'rom the felsic liquid .md its

role in the intemal process of pegmatite crystalli7.:1tion. A I:mdnlark resc'lrd\ rarer on

pegmatite gencsis \Vas that ofJahns and Bumham (1969). \\'ho proposcd carly s:lluTation

of the felsic magma \Vith aqueous lluid. The exsolution of the l1uid \\".IS eonsidered hy

these authoTS to be the decisive event in the evolution of the pegnlatitc-I,'rming liquid

because it changes the dynamics of crystaIli7..:ltion. The l1uid-rich part of the liquid

providcs space for crystals to grow and accentuates movement of ions duc to the

lowered viscosity of the liquid. The transport of thesc ions. particularly the alkalis. is

enhanced by the presence of CI in the aqueous l1uid (Bumham and Nekvasil. 1986): CI

i5. by far. the most common anion in aqueous lluids associated \Vith hydrothemml

minerai deposits (Roedder. 1984). The fluid-poor fraction of the liquid tends to

crystallize rapidly. resulting in a finc-graincd rock. i.c.• aplitc. This proccs.~ explains

the segregation of aplite. normally found along the margins of the composite body of

aplite-pegmatite. from pegmatite. which OCCUTS at its center.

London (1986a). on the basis of a fluid inclusion study of the Tanco lithium

pegmatite (Manitoba) and experiments in the system LiAISiO.-NaAISip. -Si02-Li2B.07­

H~O. proposed that, in the case of boron-rich felsic magma. carly saturation of aqueous

fluid is not a prerequisite for pegmatite formation. Instcad. London suggested that thc

role of the fluid envisaged by Jahns and Bumham was performed by dense. hydrous.

alkali borosilicate fluids that he believed had becn present during the crystallization of

the Tanco pegmatite. In subsequent experiments, London et al. (1989) claimed that

most of the texturai characteristies of pegmatites could be produced by disequilibrium

fractional crystallization ofwater-undersaturated. but volatile-rich liquid. in which carly

formed crystals fail to equilibrate with the residual liquid. Heterogenous side-wall

4



• cryslalli;-.ation or this kind or liquid n:sults in graphie and comh structun:s and in

accumulation. in the center of the system. of H,latiles P. Band F. which promote

crystal growth. Furthermore. London ct al. (1 (89) suggested that rare-clement

pegmatites may not hccome saturated in aqueous yapor until they approach solidus

conditions.

By contrast. Thomas ct al. (1 (88). who also conducted a tluid inclusion study

on the Tanco pegmatite. showed that an aqu~'Ous tluid containing dissolyed CO: and

salts was present at the onsct of pegmatite crystallization. and played an important role

in the crystal1ization of pegmatite. According to thcsc authors. the Hp-CO: phase

separation causcd an incrcasc in pH. which. in tum. promoted p~"Cipitation of hcryl.

The contrasting views of the genesis of the Tanco pegmatite are duc to c1ifferences in

the interpretation of the paragenesis of schorl. which contains tluid inclusions and

occurs along the wall zone of the pegmatite: London considercd the minerai to he I::te.

whereas Thomas ct al. rcgarded it as one of the earliest liquidus ph~'S.

Th~'I'C have been scveral other modem. published studies of fluid inclusions in

pegmatites (e.g.• Ruggieri and Lattanzi. 1992: Chakuomakos and Lumpkin. 1990:

Whitworth and Rankin. 1989: London. 1986b: Taylor et al.. 1979). but none of thcse

have add~'SSed 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 fundamentai in our comprehension of how pegmatites

are formed.

ln summary._most current research on rare-element pegmatites is still cemered

on the genesis of the parental felsic liquid. and the processes by which the te.xtural and

mineralogical features of the pegmatite were formed. Aside from the papers on the

Tanco pegmatite. few SlUdies -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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• l,f th.: evolution of rare-clement granitie pegmatites diseusscd ahove. this thesis W:lS

design.:d

1) to scek geologieal and petroeh.:miea! evidenee ','r :lny pctrogeneti.:

rclationships hetw.:en zoned monzogranites and as.,,<,ciat.:d pegmatites.

2) to reconstruct th.: magmatic .:vo!util'n of :1 pcgmatite-t,'rnling liquid :md

..~"tablish th.: role that this evolution plays in the zonal distribution of the diff.:renttypcs

of rare-cl.:ment pegmatite.

3) to determine th.: timing of t1uid saturation in fclsie magma and the physie:l!

and chemical evolution of the t1uid with crysta11i7.ation of the magma.

To meet the above objectives. the monzogranites and a.'''<lciated mre-clement

granitic pegmatites in the Preissac-Lacorne batholith (Quebee) were ehosen t"r this

study. As \\;11 be shown below. thesc intrusions reprc.'SCnt one of the fe", examplc..... of

a complete granite-pegmatite system atly\Vhere. and thus torm an ideal seuing in ",hieh

to investigate the evolution of fclsic liquid associated \Vith rarc....clement pegmatite.

THE PREISSAC-LACORNE BATHOLITH

An Ideal nalllrai lahora/ory for stlldying rare-elemen/ grtmile-pegmalile eWlllllion

For over t\venty years (1 950-1 970s) the Preissac-Lacorne batholith in

nonh\Vestern Quebcc (long. 78°25'-77°45': lat. 48°30'-48°10') \Vas a \Vell-known mining

locality. where several quartz-vein type molybdenum deposits atld the largest lithium

pegmatitic deposit in Eastern Catlada were exploited (Fig. 2). In addition. sub­

economic concentrations of beryllium. lithium atld niobium-tatltalum in granitic

pegmatites occur e.'\'tensively in the area. 80th molybdenum deposits atld rare-element­

enriched pegmatites are spatially related to \Vell-e.'\(posed zoned granitic intrusions.. atld

in the case of the pegmatites. there is a zonal distribution from pro:-,imal beryl-bearing

to distal spodumene-bearing types \Vith respect to their associated intrusions (Fig. 2).

ln one of the intrusions (Lacorne). molybdenite-bearing albitite dikes atld quartz veins

occur beyond the spodumene pegmatites. Although this distribution bas been inferred
"

by Trueman and èemy (1982). based on observations at a large nwnber of localities.

6



Figurc 2. A gcological map of the Preissac-Lacorne batholith showing major structura1

fcatures. tie1d relations among country rocks, early basic intrusions and late granitic

rocks in the three massifs (Preissac. Lamotte, Lacorne). and the zonal distribution of

rnre-c1ement-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

Cropter 2. Abbreviations are Ab-d. a1bitite dikes; Br\. 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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• 10 our knowledge. Ihere are only two other localities [the Ghost Lake batholith in

Ontario (Breaks and Moore. 1992) and the Harney peak granite in South Dakota

(Shcarer el al.. 1987)1 where ail the facies of monzogranite and associated rare-clement

pegmatites are exposcd. However. the highly evolved 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 eomplex (Norton and Redden.

1990): these pegmatites tend to oecur as clusters. cach of which eontains its own variety

of pegmatites. The systematic zonation displayed by the monzogranites and mineralized

pegmatites in the Preissac-Lacorne batholith. combined with the laek of evidence of

post-intrusion metamorphism or deformation. therefore. make the Preissae-Laeorne

batholith an ideallocation in which to deterrnine the Iink between the evolution offelsie

magma and the formation of spatially-assoeiated rare-element-enriched granitic

pegmatites and related minerai deposits.

RL'gional selting

The Preissac-Lacorne batholith. which is composed of an older suite of pre- to

syn-tectonic basic intrusions and a younger suite of post-tectonie monzogranites. is

situated in the southeast corner of the southem volcanic zone (SVZ) of the Archean

Abitibi greenstone belt (Fig. 3). a volcano-plutonic belt measurlng 760 km long by 75­

160 km wide (Goodwin and Ridler. 1970). To the east and west. the belt is bounded

bs the Grenville province and the Kapuskasing subprovince. respectively. and to the

north and south by granitie forelands. The two prominent structural fcatures of the belt

are S-shaped regional folds with east-west axes. and faults. which genera\ly 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

8



Figure 3. The location of the Preissac-Lacome batholith within the Southcm Volcanic

Zone (SVZ) of the Abitibi greenstone belt (after Ludden and Hubert. 1986). 1:

Northem Voleanic Zone, 2: Southem Volcanic Zone. 3: Central Granodiorite-gneiss

Zone. 4: Southem Granite-gneiss Zone.
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• contains ultramatic rocks such as komatiitc. Plutonic rocks in thcsc tw,' zoncs al""

diffcr: thosc of thc NVZ arc dominatcd by tonalitc and g.r:m,'di,'ritc and h:l\"c Icsscr

volumes of laycrcd g.abbro-anorthositc intrusions. By contrast. thc SVZ hoslS intnlsi,'ns

of mainly tonalite to trondhjemite and subordinatcly Illonz,'nite to g.r:lIlite.

The central granodiorite-gnciss and granite-gneiss z'lIles are poorly known.

except that they are dominated by metasedimental}' rocks. Illonzonitie plutons.

orthognciss and migmatite (Ludden and Hubert. 1986). The latter zone al"" includes

the Pontiac subprovince. which has been recently investigated by. f,'r e~mmple. Feng

and Kerrich (1991) and Mortensen and Card (1994).

Although various models lor the geologic evolution of the Abitibi greenstone

belt have been proposed (sec Desrochers et al.. 1993 for details). mosl of the modcls

invoke sorne kind of collision betwcen oceanic arcs or betwcen oceanic erusl and

continental crust. A three-stage modcl was proposed by Ludden el al. (1986). The tirsl

stage (-2720 Ma) involved subduction of oceanic crust underneath a conlinental crlL~t

(Andean-type) in which magmatism along the continental plate margin emplaced the

volcanic and plutonic rocks of the NVZ. About 5-15 Ma laler. stage 2 commenced

with rifting and volcanism behind thc NVZ in rcsponsc to a rising thermal plume

(ocean arc-type plutonism). creating a back-arc-Iike environment. part of which

subsequentiy became the future SVZ. At about 2700 Ma. rifting and volcanism were

succeeded by a Caledonian-type collision (Kenoran orogeny). which rcsulted in crustal

thickening, deformation. uplift and anatexis. During this collision. the interval belwcen

the NVZ and SVZ \VaS transformed into the present-day central granodiorite-gneiss

zone. and the area betwcen the SVZ and the Grenville front bceame 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 Summari7.ed as follows. Mapping activities

in the area commenced in 1913 (41 years after the discovery of the granites) and

geological reports were produced intermittc;ntly between 1931 and 1955. The most
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• important report during this period is that of Tremblay (1950). whosc detailed map

eovers the entire Lacorne pluton and ilS eastern environs. and who also reeognized the

zonal 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 appcared in that report is

still the most detailed available. However. as is the case with other. more recent maps

(Boily ct al. 1989: Imreh. 1982). it did not subdivide the monzogranite (adamellite)

plutons. which as shown by mapping carried out during the course of the present study.

is compositionally zoned from biotite to muscovite monzogranite.

The Preissac-Lacorne batholith has an elliptical shape in plan view and is

bounded to the south by the Cadillac fault and the eastward extension of the Porcupine­

Destor fault. and to the north by the Manneville fault (Fig. 2). These faullS appear to

have controlled the emplacement of the batholith along the northern Iimb of the

LaPausc anticline into mafic (mainly basait plus smaller volumes oftuffs and komatiite)

and metarnorphic 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 becn regiona1ly

melamorphosed 10 greenschist facies (Dawson. 1966) and. close to the batholith. display

evidence of contact metarnorphism. Powell (1994) has mapped biotite. actinolite.

hornblende and gamet isograds around the intrusion. and using a gamet-hornblende­

epidote-plagioclase-quartz assemblage. ca1culated the pressure-temperature conditions

of contact metarnorphism to be betwecn 2.5 and 4 kbar. and range up to 450°C.

respectively.

As mentioned carlier. the rock types comprising the Preissac-Lacome batholith

consist ofan carly suite ofgabbro. 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. Lacome), which are separated by the

biotite schists and other older rocks. Recent mapping by Mulja et al. (1995) has shown

that the monzogranitic intrusion in the Preissac massif is restricted main1y to the area
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west of Lac Prcissac. and that this rock type. in the eastern p:lrt "f the m:lssiC is

different l'rom that in the west. Therefore. throughoul this thesis. the western

monzogranite in the Prcissac massif is designated the l'rcissae monz,'gr:lnile. while the

eastem equivalent is called the Moly Hill monzllgmnite afler the name of the :Issoci:lted

molybdenite deposit.

Cross-cutting rclationships between the hasic :lnd fclsic intrusillns :Ire r:lrdy

exposed: the pegmatites south of the Lacome monzogranite cut gr:.modiorite. In eontmst.

xenoliths of dioritic rocks arc rather common at the margin of the Laeorne

monzogranite. Radiometric ages of the various rock types of the l'rcis.,,,,c-I.:ICllrne

batholith show that the monzogranites arc 30 Ma younger than the h:l.~ic intrusions. :md

that the monzogranite and the pegmatite arc of the same age (Tahle 1).

The only modem petrological studies have bt.-cn thosc of Boume and Danis

(1987) and Feng and Kerrich (1992). The former postulated that the Laeome

monzogranite and adjacent basic rocks are cogenetic and that the two rock types Il'rnled

a reversely zoned pluton. However. the compositional (major- and tracc-clements) and

age (above) differences betwcen the basic and fe1sic rocks rule out this genetic

relationship. In addition. as will be shown later in this thl.-sis. gcochemical studÏ<.-s of

the Laeome monzogranite also do not support the reversed zonation. Feng and Kerrich

(1992) postulated that the basic intrusions were produets of partial mclting of a manlle

wedge above a subduction zone. and that the monzogranilcs originated from partial

melting of mature sediments. induced by crustal lhickening menlioned earlier.

However. this study did not eonsider the geochemical evolution of lhe granilcs or

associated pegmatites.

Despite the excellent e.xposure of the granites and associated deposits.. reports

and published research papers on ceonomie geology are scanly and date back to the

1950s and 1960s. The molybdenite deposits were described by Rastall (1922). Vokes

(1963). and Renault (1963). who suspected a genetie relationship between the granite

and molybdenite deposits at Lacome. Dawson (1974) described the occurrence of

columbite-tantalite in pegmatites. Researeh papers by Norman (1945) and Siroonian

et al. (1959) speculated that ail the plutonic rocks.. including the spodumene pegmatites.
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Tablc 1. Radiometrie agc dClcnninations of mincrals and rocks from thc Prcissac-Lacomc

batholith
Mcthod Matcrial Host rock Ma Reference

PREISSACPLUTON

UIPb K-fcldspar Monzogranitc 2697±4Q Garicpy and Allegre (1985)
KlAr Muscovitc Pegmatitc 2540±125 Dawson (1966)
Ar/Ar Muscovitc Mo-bcaring quartz vcin 2564±14 Powcll (1994)

LAMOTIEPLUTON

KlAr Biotitc Granodioritc 2450±125 Dawson (1966)
PbIPb Zircon Monzogranitc 2631±20&

2643±12 Feng and Kcrrich (1991)
Ar/Ar Muscovitc Pegmatitc 2565;!:5 Powcll (1994)

LACORNEPLUTON

KlAr Biotitc Granodioritc 2310;!:125 Dawson (1966)
KlAr Muscovitc Granodioritc 2630;!:125 Dawson (1966)
UIPb Zircon Granodioritc 2695;!:,65125 Steigcr and Wasscrburg (1969)
NdlNd Wholc-rock Granodiorite 2SSO;!: ? DcPaolo and Wasscrburg (1976)
Pb/Pb Zircon Dioritc-gr.modioritc 2675;!:24 &

2671;!:4 Feng and Kcrrich (1991)
Pb/Pb Zircon Monzogranitc 2643;!:4 Fcngand Kcrrich (1991)
KlAr Li-Mica Pegmatitc 2735±125 Dawson (1966)
KlAr Muscovitc Pegmatite 2735±125 Dawson (1966)
Ar/Ar Muscovite Pegmatitc 2615±10&

2594+7 Feng CI al. (1992)
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• and molybdenitc-bearing quartz \'cins wcrc comagmalic. and wcrc n:I:lled hy fmcli'lOa!

cryslalli7..ation. A subscqucnt rc\'icw with somc ncw infommtion is th:1l "f Boily Cl :11.

(1990) on the metallogeny of thc Prcis$:lc-Lacomc hatholilh. The mosl rœent r~'SCarch

on orc gencsis was a 1989 M.Sc thcsis by Ha\'\'a Tancr. who :Ipplicd tluid inclusion

microthermometry to detcrminc thc physical and chcmical condilions of 1'l'mmti,lO "f

the molybdcnitc ~10ck\\'ork d~'Posits at Prcissac.

ln summary. previous studies havc contributcd mainly to undcrsl:mding thc

general geological selling of thc Preis.":Ic-Lacomc batholith and dClcrmining thc

chronology of evenlS. but the)' largely have ignon:d the dctailed g~'ologie:ll and

petrochemical characteristics of the monzogranites. which. togclhcr with thcir as.>;()ciated

minerai deposilS. are actually the most significant lèatun:s of thc batholith (Fig. :!).

Only one modem study has addn:ssed the origin of minerali7..ation.

METHODS OF INVESTIGATION

To achieve the objectives of this thesis. the =rch methodology involvcd thc

following:

1) mapping and sarnpling of the monzogranites and pegmatitcs in ordcr to

establish field relations among the various types of monzogranitc in the batholith.

2) mineraiogica\ and geochemical (including oxygen isotopes) studies of the

representative rocks for the purpose ofelucidating petrogenetic relationships among the

different types of monzogranite and pegmatite. The crystal-chemistry (If columbitc­

tantalite in various types of pegmatite was uscd to infer the evolution of pegmatite­

forming felsic liquid.

3) studies of fiuid inclusions in mineraIs 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 cheniistry of

the fluid was constrained by microthermometry. and analysis of trapped and dauglÏter

solids from decrepitated f1uid- inclusions.
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• ORGANIZATION Of THE THESIS

Following this introduction. chapters 2 and 3 colleetivcly establish the geologieal

framcwork and geochemieal evolution of the Preissac-Lacorne monzogranites.

eulminating with a proposcd modcl for the petrogenesis of zoned rare-element granitie

plutons and of pegmatite-forming fclsic liquid. The magmatic evolution of this

pcgmatitc-forming liquid is deciphercd through a Sludy of the crystal-chemistry of

columbite-tantalite [(Fe. Mn)(Nb. Ta)p.] (chapter 4). The compositional evolution of

lluids cxsolved from the pegmatite-forming liquid. and the conditions during

crystalli7.ation of the pegmatites arc elucidated in the next chapter (5). using data

obtained from l1uid 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 felsie magmas underwent in order to

produce rare-element-enriched granitic pegmatites.

The locations of samples used in this thesis. mineraI and whole-rock

compositions. and raw data on fluid inclusion microthermometry and decrcpitates arc

given in the apppendices.
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• ABSTRACT

The monzogranitic plutons in the Prcissac-Laeome batholith (Québec) display

geological and mineralogical fcatures that resemble idealized zoned intrusions and

assoeiated 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 arc spatially related to the

more evolved rocks (i.e. muscovite-bearing monzogranite). In contrast. pegmatite-rieh

plutons arc surrounded by rare-clement 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 arc chamcterized by a decrease in the abundance of oligoclase. biotite.

magnetite. monazite. apatite. and zircon. and an increase in the abundance of albite.

muscovite and gamet The mineralogical trend continues into the pegmatites. which arc

composed of albite. K-feldspar. quartz. muscovite (biotite is absent). gamet. beryI.

spodumene. molybdenite. and columbite-tantalite. The major clement chemistry of the

rock-forming minerais changes progressively from biotite through two-mica to

muscovite monzogranite; plagioclase compositions vary from An lJ-17 to An•• the FeI(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 l _,). and muscovite is lower in FeI(Fe

+ Mg) and richer in AI than that in the muscovite monzogranite. Concentrations ofCs.

Ta. and Rb in muscovite increase. whereas Sc decreases. from the muscovite

monzogranite to the rare-element pegmatites. The systematicmineralogical 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 crystallization of biotite monzogranitic magma. Further differentiation of

the fractionated monzogranitic melts produced rare-element pegmatites.
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• INTRODUCTION

Petrologieally zoned rare-metal (e.g. Be. Li. Nb. Ta. Sn)-enriched granitic

intrusions have bccn describcd by a number of invcstigators. and a model has been

devc10ped in which fractional crystalli7.ation of biotite monzogranitic melt gives rise to

succL-ssivc rL-sidual melts of two-mica and muscovitc monzogranitc. and rarc-metal

pegmatitcs (e.g. Goad & Ccrny 1981. Cerny ct al. 1986. Shearer et al. 1987. 1992.

Simmons et al. 1987. Breaks & Moore 1992). However. there are few examples where

ail the model facies arc exposcd. Conscquently. details of the process of differentiation

have been poorly documented. and the specific factors responsible lor the concentration

of the rare metals to economic levels remain largely unknown.

The Preissae-Lacorne batholith hosts well-exposcd monzogranitic plutons. which

vary systematically from a least evolved biotite monzogranite. through a l\vo-mica. to

a most evolved muscovite monzogranite. and arc associated with rare-metal (Be. Li. Nb.

Ta. Mo) pegmatites. albitites. and molybdenite-bearing quartz veins. Thesc 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 proccsscs. This paper. whieh is the first in a scries of contributions dealing

with the metallogeny of the batholith. discusscs the geology and mineralogical and

mineral-chemicai evolution ofthe monzogranitic plutons and associated pegmatites. and

the physical conditions of emplacement of the intrusion. A eompanion paper (Mulja

et al. 1995) documents the geochemical evo!ution of the plutons and confirms the

genetie relationship of the pegmatites to the monzogranites.

GEOLOGICAL SETfING

The Preissae-Laeorne batholith.. located about 600 km northwest of Montréal

(Fig. 1). is a syn- to post-tectonie intrusion that was emp!aced in the Southern Vo!canie

Zone of the Archean Abitibi Greenstone Be!t in the Superïor Province of the Canadian

.,­-,



Fig. 1. A simplified geological map of the Preiss:lc-Lacome batholith (modificd l'rom

Dawson 1966) showing the locations of monzogranitic plutons and regional structures.

The Porcupine-Destor fault is located south of Lac Preiss:lc and joins the east-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 plutonie rocks (gabbro, diorite, monzonite and granodiorite) are bclieved

to extend as far as 10 km east and IS km south of the Lacome pluton.
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shield. Pre\'ious work. especially that or Dawson (1966). 11:IS shown that the hathl1lith

intruded along the La Pause anticline int" ultramalie to hasie lavas "r the I\.inojevis

(2718 Ma: Corfu 1(93) and Malartic groups. and biotite $Chist of the I\.ewagam:\ (inlup.

To the north. the batholith is bounded by the Mannevi Ile fmllt. and to the south. by the

Cadillac fault and the eastward extension of the Poreupine-Destor làult. whieh sep:lrates

the batholith !Tom the Pontiac Subprovince in the $l'uth. Gr..l\"ity measurcmenl~ indieate

that the shape of the batholith resemblcs an outward-dipping. asymmetrie:1I ~Iddle with

its highest points south of the eenter of the body. and suggest that the base of the

batholith is probab1y at a depth of about 5 km (Dawson 1(66).

The batholith is a composite body (Fig. 1). comprising early metaluminous

gabbro. diorite. monzonite and granodiorite (ca. 2650 - 2760 Ma. Stdger & Wa.o;.~rburg

196C): Feng & Kerrich 1991). and four late peraluminous monzogranitic plutons

(Preissac. Moly Hill. Lamotte. and Lacorne) and associated pegmatites and quartz vdns

(ca. 2621-2655 Ma: Gariépy & Allègre 1985. Feng & Kerrich 1(91). Intrusive aclivity

in the region terminated with the emplacement of northeast-trcnding Proterozic diabase

dikes. Contaet metamorphism of the country rocks increas<.>J the grain size of both the

vo1eanic rocks and biotite schisl. The former is charncterized by coal'Sl.....grnined

hornblende. magnetite and pyrite. and the latter by sillimanite. epidotc. and cordieritc.

The Preissac-Lacorne batholith is believed to have formed during the w..ming

stages of the deve10pment of the Abitibi Greenstone Belt (Dimroth et al. 1983. Feng &

Kerrich 1992. Sutcliffe et al. 1993). which involved the eollision of contincnts in a

convergent plate seuing. The basic igneous rocks in the batholith are interprcted to be

products of partial melting of a mande wedge above a subduction zone. and the

monzogranites to be products of partial melting of the Pontiac Subprovince sedimentarY

rocks (e.g. greywacke), induced by crustal thickening associated with the collision of

the Pontiac Subprovince with the Southern Volcanic Zone of the Abitibi Greeristone
,

Bell.
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FIEl.D REI.ATIONSHIPS AND PETROGRAPHY OF THE MONZOGRANITE

Our detailed mapping and petrography indieate thm the monzogranite is

mineralogieally and geologically divisible into biotite. two-miea. and muscovite

subtypcs (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 monzogranite has a preponderance of muscovite (2: 1). and

the muscovite monzogranite contains linle or no biotite. In the case of the Preissac

pluton. there is an additional monzogranite (muscovite-gamet). which occurs as

finc-grained dikes. and differs from the other monzogranites by containing up to 3

volume % gamet. 5 volume % muscovite. and no biotite.

Ail 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

minerai to have crystallized: inclusions ofthis minerai are present in K-feldspar. A few

plagioclase grains in biotite monzogranite have corroded cores with sericite flakes. and

r-.:semble restite plagioclase described by Chappel et al. (1987). However. this restite

interpretation has becn 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 sorne grains contain inclusions of

biotite and muscovite. suggesting its late crystallization.

Minor minerais include biotite. muscovite. epidote. and gamet. Magnetite.

i1menite. apatite. zircon. monazite. xenotime. and titanite are accessory minerais. 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 minerais changes

systematically From biotite through two-mica to muscovite monzogranite (Fig. 4). The

c.~ceptions to this are xenotime and ilmenite. which have similar abundances in ail

subtypes of monzogranite. The contents ofbiotite. epidote. magnetite. ilmenite. apatite.
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Figs. 2A. B & C. Geological maps of the Preissac (A). Moly Hill (B) and Lamotte (e)

plutons showing the field relationships of the various subtypt."S ofmonzogranitc and the

minerai deposits. In the Preissac pluton. the biotite monzogranitc (BG) rims a smal1

part of the muscovite monzogranite in the nonh. and the muscovite-gamet

monzogranite (MGG) occurs as dikes in the nonheast corner of the muscovite

monzogranite (details in text). Two former molybdenite mines (Mo) are the Preissac

in the nonh 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-Iying outcrop.

and the muscovite monzogranite as a crest-like mass. The smal1 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 smaiI granitic outcrops. which define the intrusive boundary. Be and Spd

are beryl- and spodumene-bearing pegmatites. respectively.

20. A geological map and an aerial (mosaic) photograph of the Lacome 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 northem boundary of the biotite monzogranite is approxirnately

s. few hundred meters nonh of the gravel road. The Québec lithium (QL) mine is about

10 km cast of the margin of this photograph. Other spodumene-bearing pegmatites and

molybdenite-bearing quartz veins are located about 2.S km south of the pluton. The

nonheast trending diabase dike is shown by dashed lines. Abbreviations-are similar to

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 minernls (determincd with an EOS­

SEM) in the monzograniies. 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

(Zm) inclusions with halos are present in the micas. Relict biotite is contained in the

cross-cutting secondary muscovite (see text for explanation). C. Coarse-gmined

euhedml magmatic muscovite displaying sharp contacts with the adjacent quartz.

plagioclase (Pl) and K-feldspar (Kfs) (TM-652). O. Euhedml interstitial gamet (Grt)

in biotite monzogranite (TM-672). E. Anhedral. skeletal gamet intergrown with quartz

in two-mica monzogranite loeated near a fracture (TM-797). F. Subhedrnl magnetite

(Mag) partlyenclosed in K-feldspar and adjacent albite (Ab) (TM-40). G. A euhedml

inclusion of ilmenite (Hm) in quartz. Planes of fluid inclusions occur nearby. H. A

corroded spodumene xenocryst enclosed in plagioclase. Ail scale bars are 100 ~m.
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Fig. 4. The paragenesis of minor and accessory minerais commonly found in the

monzogranites. pegmatites. albitites and quartz veins. The widths of the Iines indicate

the relative abundance (point-counting) of the minerais. Bt: biotite. Ep: epidote. Grt:

gamet. Ms: muscovite. Mag: magnetite, Hm: ilmenite, Ap: apatite, Zm: zircon, Mnz:

monazite. Xe: xenotime, Tm: titanite, Mo: molybdenite, Ct: eolumbite-tantalite, BrI:

beryl. Spd: spodumene. Dashed Unes for spodumene indicate that the mineral is a

xenocryst. Not shown are traces of hematite, which occurs with quartz in veinlets that

eut the plutons. a1lanite in the Lamotte biotite monzogranite, rutile. and small grains of

tourmaline. pyrophanite (MnTi03) and gahnite (ZnAl~O.) in pegmatites.
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zircon. monazite. and titanite (in sorne cases titanite is Nb-bearing) decrease gradually.

whereas those of muscovite and gamet increasc. frolT' Lhe biotite monzogranite. through

the Iwo-mica monzogranite. to the muscovite monzogranite. Molybdenite.

columbite-tantalite. and sphalerite were observed only in the muscovite and muscovite­

gamet monzogranites and in pegmatites. Sorne plagioclase and K-fcldspar crystals are

replaced partially by muscovite. and sorne biotite flakes by chlorite ± ilmenite ± rutile.

muscovite. or epidote.

The Prcissac 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

composed mostly of IWo-mica and muscovite monzogranites: the former ranges from

coarse- to medium-grained. and the latter is generally medium-grained in the south and

tine-grained in the north: thcse IWo major outcrops of muscovite monzogranite are

separated by a wide fracture (sec below). Contacts beIWeen the IWO subtypcs of

monzogranite are not e.'\-posed. At the margins of the pluton. monzogranite lenses

locally intermingle with biotite schist. which \VUS recrystallized as a rcsult of contact

metumorphism. A subtle foliation has becn observed along the northcastem margin.

wherc muscovite in the pluton is oriented parallel to the contact. Fine-grained biotite

mon7.ogranite occurs as a thin marginal facies at the northem 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-gamet

monzogranite. with vugs containing molybdenite and pyrite. intruded the northcastem

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 develo)Jed e.xtensive fractures or joints that strike

mostly cast and southeast with steep clips (Fii;:..2A). No süc.:kensides were observed in
/- ".

most of the major fractures. Dawson (1966) suggested that these nearly parallel

fractures were formed by tension in a north-S4.\uth direction. Sorne of the fractures are

occupied by barren pegmatites. and barren m'Id Mo-bearirig quartz veins. Economic

rnolybdenite--bearing quartz veins form a stock"Work immediately north of the dikes



• (Preissac Mine). and another close 10 the soulhcrn m'lrgin oflhe plullln (l"ll!ill:lc i\lillc).

The Molv Hill pluton is exposed in duce main scp'lr;llel! outerops. consisling llf

massive tine - to medium- crained hiotite monzocr.mile. flllialed medium-craincl!- - -
two-mica monzogranite and muscovite monzogranite (Fig. ~B). The muSeO\'ile

monzocranite includes a small hodv of two-miea monzocr.mile wilh cmdalillnal... .. .....
contacts. The boundary with the bkltite schist in the northern two-miea nlllllzllgr:mite

varies l'rom sharp to irregular as a result of randomly oriented lIetworks of quarlz

vcinlets in the monzogranite and biotite sehist. At thcir present level of exposure. Ihe

three rock types form a horst and grabcn-like structure. in which the Iwo-mica

monzogranite is the down-thrown bloek. I-lowever. eataclastie texture was not ohserved

in the marginal part of any of thrce monzogranites. indicating that the field relations

among the monzogranites are not duc to faults. lnstead. thermally metamorphosed

biotite schist and basait oecur along the contacts bctwccn the two-mica monmgranite

and the muscovite monzogranite. and a foliation detined by the micas developed in Ihe

two-mica and muscovite monzogranites. The field relationships and minerai fàbric

suggest that intrusion of the monzogranitic magma was fracture-controlled.

A quartz-vein type of Mo deposit is situatcd between the eastern margin of the

muscovite monzogranite and matic volcanie rocks. This muscovite monzogranite is

finer-grained than that in the main mass. Although the matie rocks arc not cxpos~:d.

its existence cali be inferred from inclusions of alten.>d matic rocks along the walls of

subhorizontal quartz veins. Irrcgularly zoned. em.'l-wes.-trcnding pegmatite and aplite

dikes cut the biotite monzogranite.

The Lamotte pluton is asymmetrically zoned. and grades inwards l'rom

porphyritic to coarse-grained biotite monzogranite at the margins to medium-grained

IWo-mica monzogranite and muscovite monzogranite (Fig. 2C). Contacts between the

various subtypes of monzogranite were not obscrved. The contact with the biotite schist

is characterized by complex mixing of aplites and pI.-gmatites in the cast, by a

concentration of irregu\ar Mo-bearing quartz veins in the soiJth.- and by a contact

metamorphic zone containing cordierite. gamet, staurolite and sillimariite in thCriO~

(Dawson 1966). Xenoliths of partially digested biotite schis! .are prcSentalongctbe
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• <:asl<:m margin of lh<: Iwo-mica monzogranile.

Sampl<:s of biolile and Iwo-mica monzogranile laken near lhe conlact with the

hiolit<: schist conlain anhcdral crystals of spodumcne (Fig. 41-1) and anhedral aggrcgates

of spodumene. altercd biotite. K-fcldspar. and quartz. The modes of occurrence of

these cryslals and cryslal aggrcgates. and disequilibrium texturaI relationships with othcr

minerais in lhe rocks. suggest that they arc xenocrysts and xenoliths. rcspectivcly.

The Lacamc pluton has a north-south oricnted clliptical plan. and is dominated

by biotite monzogranite. which givcs way inwards. to two-mica and muscovite

l11onzogranite (Fig. 20). No contacts betwcen thesc subtypes of monzogranite werc

observed. cxccpt that betwccn the biotite and two-mica monzogranitc in the north.

whieh is gradational: contacts with the biotite schist are sharp. A dike-like muscovite

monzogranite intrusion. separated from the main mass by faults. crops out in the

southem part of the pluton. The various subtypes of monzogranite are generally

medium-graincd. except along the northwestem margin. where the biotite monzogranite

is fine-grained and foliated. and probably ;epresents a chilled margin. and in the east

where the discretc IWo-mica monzogranite (Iabeled Valor. Fig. 20) 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 ofdiorite and biotite schist occur in the pegmatites in the northwest.

and in the dike-Iike muscovite monzogranite in the south. respectively.

Pegmatites and albitites. Over 1600 barren and mineralized pegmatites have

been recorded in the study area (Dawson 1966). and they eut aIl 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;;::::épt that biotite is absent and gamet

is more abundant. Mineralized or rarcelement-bearing pegmatites are associated with

the Lamotte and Lacome plutons and vary from beryl-bearing at the margin5 of the

plutons. to spodumene-bearing in the country rocks (Figs. 2e & D). In addition. the
"

~'1llatites host si~ifiêant amounts ofcolumbite-tantaIite. and subordinately. tourmaline

and molybdenite. .
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• The rare-clement pcgmatites display internai tcxtur;11 variations. :\ simplc z''Ilcd

pegmatite typically consists of an aplitc horder z,'ne ;md ;1 pcgl11;llite core. In a \'Cry

rare case the t\\'o units ti.lrm a layered-like intnl<i,'n. in \\'hieh eaeh pegmatite e,'nsists

of an aplite lootwall ;md a pegm;llite hanging wall. Complcx heryl pegnl;\tites arc

typically zoncd l'rom the margin to center ;IS ti.lllows: (1) horder zone aplil<'. (2)

muscovite + albite + quartz + beryl. (3) perthite + quartz + beryl. (4) perthite 1- quartz.

(5) massive quarl7_ Spodumene pegmatites, whieh n,'rmally do not eont;lin hcryl or

have very linle beryl, are massive (i.e. no clear internaI zonation) ,'r zllned. The 1;lller

pegmatites. which have mineralogical zonation similar to that of the hcryl pegnmtite.

contain spodumene in zones 2 to 5. A transitional spodumene-hcryl pegnmtite is

characterized by beryl fringes only along the border betw<'Cn zones 1 ;md 2. spodumene

in zones 2 to 5. cleavc1andite and lepidolite in zones 3-4.

Molybdenite- and columbite-tantalite-bearing albitite dikes and Mo-hcaring

quartz veins occur bcyond the spodumene pegmatite zone to the north and south of the

Laeorne plutorL rcspcctively. The dikes vary l'rom 20 cm to 1 m wide. have an

east-west strike (parallel to the joints of the country rocks) and dip stœply (about 75

degrecs to the south). They eonsist almost of entircly of albite (Ab",,). appr<'Ciablc

arnounts of molybdenite and eolumbite-tantalitc. and traces of zircon and Ta-hcaring

iImenite.

MINERAL CHEMISTRY

Analytical methods: The compositions of silicate and oxide minerais werc

determined with an automated CAMECA electron microprobc. The operating

conditions were 15 kV aeceleration voltage. 8 nA (10 nA for gamet) bcarn current.. a

2 J.lm spot size (defocused to about 6 J.lI11 for feldspar), and 2S second eounting limes

(60-75 seconds for fluorine). Mineral standards used were albite (Na), orthoclase (Al,

K. Si), diopside (Ca, Mg), andradite and magnetite (Fe), spessartine (Mn. Si. Al in

gamet analyses), fluorite (F), and synthetic MnTi (Mn, Ti). Data reduction was

accomplished with full PAP correction procedureS (Pouchou & Pichoir 1984).
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Muscovilc scparalcs were analyzed hy Bondar-Clegg lahoralory. Ollawa. for Cs. Ta. Sc.

""d Rh using instrumental neutron activation analysis. Li using atomic ahsorption

speclromelry. and F using an ion-selective eleclrode.

Pla~i(Jcla.w:

Plagioclase compositions typically range trom An" in the biotite monzogranite

10 An7 in the muscovite monzogranite. and less than An, in the pegmatites (Table 1:

Fig. 5). Exceptions to this arc plagioclase phenocrysts in the Lamolle biotite

monzogranite 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:<-7- respectively. Muscovite-gamet monzogranite which. as

noted above. occurs only in the Preissac pluton. contains plagioclase which has an

average composition of An).

ln addition to the composition of the plagioclase varying with the subtype of

monzogranitc. it also varies spatially. Le.• in the Lacome biotite mOllzogranite the An

content of plagioclase dccreases from the margins inward (Fig. 6). and in the Preissac

muscovite monzogranite and the Moly Hill two-mica monzogranite. plagioclase

generally becomt:S more sadie northwards and eastwards. respectively.

K-fe/d.\par

As noted carlier. the K-feldspar is perthitic. K-feldspar domains in perthite have

a narraw range of composition. from OrosAb.Ant to Or9.Ab~ (Table 2). and do not show
-- .---------- -. '
..... /. ---------, ~

any significant compositional variations \\ith rock type. sài:rpic-iOcatiot\ or paragenesis.

Most contain less than 0.1 wt. % CaO. Bread beam (10 ILm) anal~ of perthite

including the albite lamellae yielded a composition of OrsqAbll (Sample 24. Table :?).

The high Or-content of the K-feldspar indicates thaUt re-equilibrated at post-magmatic

conditions.
.'--

Biotite

Biotite is dther carly. forming inclusions in quartz and to a lesser c.xtent

36



e '\ •



·-

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

plagioclase.
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Fig. 6. Compositional variations in plagiotiase and biotite along a north-south traverse

across the Lacome mctlZOgranite 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
_ 8Io,"e monzogranlte Two-rrica monzogranite Muscovite moniograrite-- - --~'
Pluton' PR MH - LM LC PR MH LM LC PR MH'" LM LC 1a
Sample 402 29 767 614 903 31 766 652 302 24 101 633 -;ff7

S10264.11 6~.13 66 64.65 . 65.1 65.00 65.33 65.68 65.13 65.05 65.41 64.56 64.30
AI203 17.94 18.18 18.39 17.96 17.65 17.62 18.44 17.05 17.96 18.30 18.14 17.80 18.15
N820 0.45 0.39 0.40 0.33 0.62 0.36 0.37 0.36 0.34 1.24 0.29 0.41 0.28
K20 16.67 17.12 15.90 16.99 16.66 17.11 16.73 16.78 16.89 15.86 17 16.79 16.97
cao 0.09 0.01 0.01

Total 99.26 100.è 100.7 99.93 100 100.1 101 99.88 100.3 100.40 100.8 99.56 99.70

Number of cations on the basls of 8 oxygen atoms

~ SI ,,2.997 3.000 '3.016 3.003 3.015 3.012 2.999 3.044 3.009 2.993 3.005 3.008 2.992
AI 0.989 0.987 0.991 0.983 0.964 0.982 0.998 0.931 0.978 0.992 0.982 0.977 0.996
Na 0.041 0.035 0.035 0.030 0.055 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 0.985 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 3 3 3 11 2.5 4 2.5
Or (136.5 96.ll 96 97 95 97 97 97 97 89 97.5 96 97.5
An ~0.5 ,i/

·Pluton headlnos ai Inf8iiii2.
··Muscovlte-gamel monzogranlle
.u'ncludlng aRlIte !amella
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feldspar. or late. oeeurring in interstices bet\\'een the major silicate ph:\ses (Figs. :>:\-Bl.

CompositionaHy. it is higher in Fe/(Fe + Mg). \\'hieh r..mges from 0.69 to 0.85. :lIId Iess

aluminous ("AI: 2.1-2.5) than biotite in other peraluminous gr.lllites (eompiled by

Clarke 1981). The atomic proportions of Si-IAl-M"(Fe + Mg + I\-In) sho\\' tlmt it h:\s

a signifieant dioctrahedral mica content. \\'hich is higher in the interstitial billtite than

in included biotite (Fig. 7). ln the Lamotte and Lacorne biotite monzogranites.. inc!uded
~ ~

biotite is consistentlv lower in SiO•• TiO. and Al.O,. generallv lo\\'er in Na.O.. and.. - - - ...... .
always higher in FeOm than the interstitial variet)' (Table 3). and has similar rang~"S of

MnO. MgO and Kp. and F. As a ~'Sult. there is a slight overlap in the Fe/(Fe + Mg)

of biotite.. which ranges from 0.69-0.76 in interstitial biotite to 0.72-0.80 in inc1uded

biotite. This is opposite to the compositional behavior of biotite in the Cutlytown

Creek pluton.. South Carolina. where the interstitial biotite has the higher Fe/(Fe -1- Mg)

(Speer & Becker 1992). A trend of decreasing FeI(Fe + Mg) of biotite during

crystallization of plutonic rocks is common (e.g. Czamanske & Wones 1973. Chiva."

1981. Parsons 1981). and is attributed to an increase in oxygen lùgacity and a drop in

temperature. According to these authors. the increasing oxidation is cau~-d by the

increased partial pressure of water. which is enhanecd by higher amounts of Iluid

e.xsolved from the crystallizing magma.

Inc1udcd biotite is rare in the Lamotte and Lacorne (WO mica monzogranites.. and

a.'lalyses are too few to permit meaningful comparisons with those of intcrstitial biotite.

Therefore. unless otherwise stated. the following discussion refers to intcrstitial biotite.

The FeI(Fe + Mg) of biotite in the Moly Hill. Lamotte and Lacorne plutons incrcases

from approximately 0.69 in the biotite mbnzogranite to 0.85 in the muscovite

monzogranite. However. this trend is reversed in the Preissac monzogranites with the

Fei(Fe + Mg) ratio decreasing from approximately 0.78 in the biotite monzogranite to. ~ :--<~ .
0.69 in the two-mit"a monzogranite. Within the biotite monzogranite of the Lamotte

pluton. this ratio generally increases with decreasing distance toward the two-mica

monzogranite. This trend is also observed in the northern part of the Lacorne pluton.. .

Biotite in the southembody of biotite monzogranite in this pluton. however. increases

its Fei(Fe + Mg) value toward the center of the rnass (Figs. 2D & 6). Thcre 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-M2
- -Si (diagram after

Monier & Robert 1986). Although the plot suggests dioctahedra1-trioctahedral

substitution for the biotite, and Al-Tschermak substitution for the muscovite. the

absence of Li analyses precludes corroboration of the mechanism of e.'Cchange. M2-:

Fe + Mn + Mg. East: eastonite. PhUAnn: phlogopitelannite. Ms: muscovite. Ph:

phengite. Cel: celadonite.
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• apparent trend in the Fe/(Fe + Mg) ratio of biotite in the biotite monzogr.mite ,,l' th,'

Moly Hill pluton. and no trend ean be detemlined for this ratio in the l'reissae piU!llIl,

because the biotite monzogranite occurs only as a naml'" margimll facies.

The l1uorine content of biotite in both biotite and t",o-mica monzogr:mite Ims

a similar range l'rom 0.6 to 1.4 \\t.%. except for the Preis&1e pluton. where the F

contcnt varies very little and averages 0.65 and 1.35 "'1.% in the t"'o roek types.

respectively. The average F content of biotite in the biotite monzogranite is marginal1y

higher than that of biotite in the two-mica monzogl".lnite of the Moly Hill. Lamotte••mJ

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

Muscovite

On the basis of texturai relationships. muscovite can he subJivideJ into primary

and secondary varieties (cf. Miller et al 1981. Speer 1984). Primary muscovite ll,mls

discrete. randomly distributed euhedral crystals. many of which arc similar in size to

omer major silicate phases (Fig. 4C). Less commonly. this muscovite occurs as

inclusions in quartz. The primary muscovite is characterizcd by its higher Ti and Na

contents and 10\Ver Mg content than secondary muscovite. which has a composition

similar to hydrothermal muscovite in quartz vcins (this study). Secondary muscovite

occurs mostly as eross-cutting grains containing rclicts 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. rcspectively. By contra.'It.

bom varieties of muscovite are common in me two-mica monzogranite. Muscovite in

the pegmatites occurs as large books concentratcd mostly ncar the contact with the host

monzogranite or wim aplitic phases in the pegmatites.

The atomie proportions of Si-LAI-M2+(Fe+Mg+Mn) in me primary muscovite

in me different subtypes of monzogranite suggest that me muscovite becomes

progressively Icss phengitic and approaches me end-member composition in me

muscovite monzogranite and the pegmatites (Fig. 7). As with biotite. me Fe/(Fe + Mg)

of muscovite increases from 0.65 to 0.85 from' me biotite to the muscovite

monzogranite and pegmatites (Table 4). The fluorine content ofmlÎSCovite ranges l'rom
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TABLE 4. REPRESENTATIVE COMPOSITIONS OF PRIMARY MUSCOVITE
Biolile monzograrj1e Two·mlca monzogranite Muscovite monz()granite-~~ MGG··

Pluton PR.MH . LM LC PR MH LM LC PR MH LM LC -pji
Sample 402' 29 782" 813 902 32 791 852 302 17 101 648 479

1SIQ2 48.93 46.67 . 47.30 48.85 47.24 48.48 47.83 48.49 46.95 46.49 46.76 46.01 46.75(( œ 0.91 1.77 0.23 0.40 0.97 0.61 0.12 0.27 0.62 0.43 0.3 0.34 0.22./ TI ~.

/1 AI203 :!7.82. 27.39 29.38 28.49 28.87 30.49 31.35 31.35 27.14 3o.a3 31.14 31.43 31.47
FeO 6.11 5.84 5.07 7.77 5.58 5.08 4.10 4.68 6.21 5.27 3.7 5.28 5.22
MnO 0.11 0.14 0.11 0.36 0.10 0.17 0.1 0.09 0.15 0.08 0.05 0.10 0.12
MgO 1.45 1.50 1.62 1.09 1.42 0.92 1.41 1.08 1.73 0.71 0.68 0.72 0.71
Na20 0.15 0.23 0.26 0.06 0.23 0.34 0.21 0.23 0.20 0.22 0.3 0.37 0.31
K20 11.38 11.49 10.93 10.04 11.44 11.44 10.79 10.19 11.25 11.52 11.12 11.34 11.02
F 0.71 0.53 1.20 1.59

95.74 95.43 96.26 97.08

"'"
O·F-O 0.30 0.22 0.51 0.87

U1 Total 94.86 95.44 95.21 95.75 95.85 98.41 95.71 98.34 94.25 95.53 98.41 95.59 95.82

Number 01 cations based on 22 oxygen aloms

SI 6.484 6.446 6.468 8.453 6.439 6.246 8.406 6.462 6.534 8.344 6.271 6.276 6.335
IvAi 1.516 1.554 1.532 1.647 1.661 1.754 1.594 1.538 1.468 1.856 1.729 1.724 1.665
viAl 3.013 2.908 3.205 2.713 3.078 3.078 3.378 3.385 2.985 3.3(,3 3.507 3.328 3.360
11 0.095 0.185 0.024 0.041 0.100 0.082 0.012 0.027 0.064 0.04t: 0.028 0.035 0.022
Fe 0.708 0.675 0.58 0.896 0.838 0.589 0.411.1 0.519 0.723 0.801 0.415 0.602 0.591
Mn 0.013. 0.018 0.012 0.042 0.012 0.019 0.011 0.010 0.018 0.007 0.008 0.012 0.014
Mg 0.298 0.310 0.33 0.224 0.288 0.184 0.282 0.211 0.359 0.144 0.137 0.148 0.143
Na 0.039 0.082 0.089 0.018 0.080 0.089 0.056 0.080 0.053 0.068 0.078 0.098 0.082
K 2.005 2.025 1.908 1.784 1.9(-0 1.982 1.852 1.732 1.998 2.008 1.902 1.973 1.905
F 0.310 0.23 0.523 0.878
Pluton headlngs as ln Table 2 Fluorlne concentration loss than 0.4 w1. percentls notlislod "crosll-CUltlng with -blolilo
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< 0.3 to 1.6 \\1.%: the lower \'alue is eonsidered to represelll the deteetion limit .,f F

using the dectron microprobe. The most F-enriched museo\'ite occurs in thc Llcl'rnc

biotite monzogranite and has an a\'erage of 0.8 wl.~ll F. Thcrc is. morco\'cr. ;, ckar

trend of decrcasing a\'erage F content of musco\'itc from biotitc thrnugh t\\'<l-mica 10.Cl

\\1.%) to muscovite monzogranite (004 \\1.%). The muscovitc in the monzogr:lI1ites of

the other plutons has signilicantly kss F. but newrthek.,,'S als,' displays trends Ill'

decreasing F content l'rom biotite or two-mica to muscovite monzllgr:mite (l'rd:;....'e:

0.45. < 0.3. < 0.3: Ml)ly Hill: <0.3. 0.55. 004: L.amotte: 0.52. 0.54. 0.3b). Some\\'h:1l

surprisingly. this trend is not continued into the pegmatites: muscovite in theSt: rocks

shows a \\ide range of F contents (Lamotte. < 0.3 to 1.0 \\'t.%: Lacorne < tU tll 2.1

wt.%).

Lithium. which WolS only analyzcd in muscovite from pegmatites and in two

samplcs of muscovite monzogranite (one each trom the Lamotte and Lacerne plutons).

shows a strong positive correlation \\Ïth F. The Lip content of muscovite in the

muscovite monzogranite samplcs is 0.4 and 0.6 wt.%. The Cs content of 1llllscovitC

l'rom the muscovite monzogranite anù rare-metal pegmatites in the Lamotte and Laeorne

plutons correlates positively \Vith Ta and Rb. and negativdy \Vith Sc and KlRb (T:lblc

5: Fig. 8).

Garner

Gamet forms small. randomly distributed. euhedral to subhedrnl interstitial

crysta1s and anhedral aggregatcs or clots concentrated ncar fractures. and quartz vcins

(Figs. 4D-E). The first mode of occurrence suggcsts magmatic crystallization. wherea.s

the second mode of occurrence is interpreted to reflect a sub-solidus origin: the te.xture

rcsembles that of metasomatic gamet described by Kontak and Corcy (1988) from

monzogranites in the South Mounlain Batholith.. Nova Scotia.

Th.: primary gamet is a spessartine-almandine solid solution (SpJ0.60Al)7.,.; Table

6). which in mos! cases is normally zonee!. i.e.• Mn decreascs toward the rirn: less than

5 % of the gamet erysta1s analyzed are reversely zoned.. In both typeS of gamet. the

average variation in MnO is 4 wt. %. Primary and secondary gamet~ in the
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TABLE 5. TRACE ELEMENT CONTENTS OF MUSCOVITE SEPARATES lppm)

LAMOTTE PLUTON
Host rock MG Bri Bri Spd-t>rt Spd
SampleNo. 101" 912 798 TMC-2 HP9-5
ppm
Cs 18 213 n.a 234 497
SC 84 7.7 2.2 1.6 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 Bri Bri Spd-brl Spd-brl Spd-brl Spd
SampleNo. 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 3.4 2.5 0.9
Ta 35 78 64 207 113 98 110 160
Rb 2100 3100 6540 8290 10600 10700 14900 24600
Li 2890 na 1520 1090 12400 3730 990 27500
F 3376 2804 2797 2804 11220 7245 1697 20780
Host rock. MG: muscovite monzogranite; Bri. Spd: be!yl. 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 KlRb. Sc. Rb and Ta with Cs in muscovite.

The m'.Iscovite samples from the pegmatites are from border zones. along which the

minerai oc::urs as cumulate-like aggregates. with the exception ofSample HP9-5 (Table

5). where it is disseminated throughout the pegmatite. The sample with the highest Cs

content is lepidolite. which \Vas collected from a spodumene pegmatite in thc Lacorne

pluton.
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TABLE 8. REPRESENTATIVE COMPOSITIONS OF OARNET

BlOt". monzogrlrilt. Two-mICa monzooranl18 Muscovlt. monzogtanlla MGG Aplile Peg
PlUton, LM Lê MA LM LM LC PR MH LC PR MH Le
SImplt , 797 831 35 798 907 672 314 17 837 473 30 1'00"1

cor. rlm n-8 n-4 n.4

8102 37.00 3l1.85 38.8 38.17 38.80 38.97 38.87 38.27 38.70 38.68 36.83 38.31 38.83
AI203: 19.69 19.86 20015 20.13 2D.30 2D.50 19.80 19.98 20.43 19.57 20.00 20.31 19.89
1lO2 0.29 0.19 0.14 0.12 0.11 0.18 ,
F.O 21.89 26.72 19.76 17.62 28.72 26.98 20.50 20.58 20.18 19.39 18.37 21.08 18.25
F'203 1.28 1.38 0.70 0.88 1.05 0.81 . 1.27 1.19 0.80
MgO 0.66 0.42 0.42 0.28 0.49 0.34 0.51 0.23 0.29 0.24 0.18 0.30 0.11

il JI MnO 111.32 15.07 20.112 23.99 13.05 15.55 19.87 20.88 20.87 20.24 28.14 20.33 23.29
cao 1.30 1.211 1.73 1.11 0.87 1.00 0.78 0.88 1.14 1.75 0.75 1.30 0.38

n

Tolal 100.3 100.5 99.97 100 100 100.3 99.50 98.97 99.72 99.02 100.8 99.83 99.35

~
Number 01 cations based on 24 oxygen aloms..,

SI 6.073 a.o56 6.021 6.977 8.029 a.o49 6.091 8.040 8.017 8.079 5.928 5.979 8.082
AI 3.809 3.808 3.981 3.921 3.919 3.953 3.855 3.917 4.001 3.835 3.904 3.942 3.879
11 0.038 0.024 0.017 0.015 0.014 0.020
F.2+ 3.004 3.535 2.718 2.422 3.935 3.547 2.832 2.888 2.794 2.696 2.265 2.903 2.525
F.3+ 0.156 0.169 0.088 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 0.126 0.057 0.072 0.080 0.040 0.073 0.028
Mn 2.550 2.0911 2.1174 3.368 1.811 2.165 2.781 2.914 2.934 2.861 3.883 2.834 3.284
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 0.068

I! End membera Mol. %

AJm 51 59 45 40 88 69 48 48 47 48 37 48 43
Prp . 2 2 2 1 2 1 2 1 1 1 1 1 0
GIS 3 1 2 3 1 2
Adr 4 4 2 3 2 1 2 2 0 4 2 2 1
Sps 43 35 48 58 30 38 47 49 49 48 80 47 58
PllIon htadings as ln Tallit 2 Peg: pegmalil' n: number 01 analySeS

"
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• monzllgranites arc indistinguishable on the basis of the major clement compositions.

wllereas secondary gamets in pegmatitc arc strongly enriched in Mn (85-90 mol. % Sp).

The primary gamet in most of the monzogranites has a wide compositional range but

nnly in the Prcissac pluton is there any evidence of systematic change in gamet

composition with subtypc of lT''lnzogranite: the gamet in the muscovite-gamet

monzogranite is rich~'I" in Mn than that in the muscovite monzogranite (Fig. 9).

Epido/t:

Coarse-graincd. cuhedral to subhedral crystals of cpidote arc invariably

intergrown with biotite or chloritizcd biotite. and the contacts bctween the two mineraIs

vary from sharp to corrodcd (Fig. 4B). Smallcr grains replaccd plagioclase and

muscovite. Epidotc. which replaced biotite. is richer in ferric iron than epidote which

replaced plagioclase or muscovite: the atomic ratio Fe;'/(Fe3
- + AI:' varies from 0.26 to

0.33 vs. 0.22 to 0.24. respectively (Table 7). Epidote from biotite schist in contact with

the Prcissac two-mica monzogranite has a consistent Fe3-/(Fe3
' + AI) ratio of 0.24. The

higher ratio. according to l':aney (1983) and Tulloch (1979). reflccts a magmatic origin.

and the lower ratio a hydrotherrnal origin. On texturai grounds. we conclude that

epidote in the Preissac-Lacome monzogranitcs is secondary and that the Fe3'/(Fe;' + AI)

ratio depcnds simply on the nature of the minerai replaced. i.e.• we do not believe that

this chemical criterion can be used to distinguish primary from sccondary epidote. This

opinion is supportcd by data for epidote in granitie rocks from Nova Scotia and the

southem Appalachians. This epidote is believeii to be magmatic on texturai grounds.

yct its r"e3'/(Fe3
' + AI) ratio ranges from O~~ to 0.29 (Farrow & Barr-1992). and from

0.24 to 0.33 (Vyhnal et al. 1991). respectively.

Iron-litanium oxides and titunite

The composition of magnetite does not vary from one monzogranite subtype to

the nell."t. and is very close to Fe)O•• Primary and sccondary crystals of i1menite have

esscntial1y the same compositions. and contain significant amounts of MnO (from 4 to
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Fig. 9. Compositions of gamet recalculated to 100 mol. % in terms of end-members

almandine (Alm). pyrope (Prp), and spessartine (Sps). The shaded are:I shows the range

of gamet compositions compiled by Clarke (1981) for other peraluminous granites.
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• ILS WI.%). In albilile dikes. Ihis minerai conlains up 10 1.2 \\t.% Ta,O,. Neilher

magnelil<: nor ilm<:nile hosls an)' exsolved phases (Figs. 4F-G). Primar:' lilanite

<:onlains very little or negligible amounls of MnO. higher SiO~ and lower TiO~ Ihan

secondary lilanile. Th<: latter. logether with chlorite. replaced biolite. The primary

litanilC <:ryslals conlain minor niobium.

DISCUSSION

Evolution of the AFJItI minerais

We have uscd the parageneses and compositions of the AFM minerai

assemblages (biotite. muscovite. gamet) in the vanous subtypes of the monzogranite and

the com.'Sponding AFM liquidus topologies of Abbon (1985) to trace the reactions

which are believed 10 have taken place during the course of crystallization of the

monzogranitic magma (ct: Speer & Becker 1992) (Fig. 10).

The presence of included biotite in the Lamone and Lacome biotite

monzogranile (Preissac pluton only). The initial composition of the liquid is indicatcd

by the numbcr 1. and the paths of the crystallization arc shown with arrows.

monzogranite suggests the reaction liquid -+ Bio. By contrast. evidencc for

contcmporancous crystallization of includcd biotite and muscovite in the Preissac

two-mica monzogranite and in the Moly Hill biotite monzogranite indicate that the

liquid of these intrusions was on the three-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

continucd tmtil the consolidation of the monzogranite (Fig. lOB). After the inclusion

micas had formed in the Preissac. Lamone and Lacome plutons. the liquid crystallizcd

the more abundant interstitial biotite and isolated muscovite. The final AFM ~erals

to crystallize were muscovite and gamet. The appearance of late gamet was a

consequence of the crystallization ,of the micas and Mn-poor magnetite. which increased

the Mn/(Mn + Fe + Mg) of the liquid, because of the intolerance of biotite for:bigh

Mn:' (Abbon 1985).
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Fig. 10 A. Compositions of the liquidus AFM minerais (biotite, muscovite, gamet)

ploned on an A (Al~03-CaO-Na20-K20) F (FeO + MnO) M (MgO) temary diagram,

and the corresponding liquidus AFM diagram, B, (after Abbon 1985). Coexisting

minerais are indicated by tie !ines. Solid square: biotite monzogranite, open square:

two-mica monzogranite, open circlc: muscovite monzogranite, triangle: muscovite-gamet

monzogranite (Preissac pluton only). The initial composition of the !iquid is indicated

by the number 1, and the paths of the crystal!ization are shown with arrows.
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• The occurrence of Mus + Gar sugg.ests that the n:maining. liquid ,'nly m,,\'Cd

onto the Mus + Gar eotectic surface tÎ"l>m the thn:e-pIKlse coteetic. liquid + Bi" + Mus.

through the four-phase peritectic. li<1Uid + Bio + I\lus + Gar. There is Ill' evidence to

indicate whcther the reaction. liquid ~ Bio + Mus + Gar. <'r liquid + Bi" + Mus -)

Gar. oecurred. Il thus follows that arter crystalli7.ation of biotite. the timll liquid must

have bCl.'t1 on the Mus + Gar co!<.-ctic surlàce. prccipitating both minerais by the

reaction. liquid ~ Mus + Gar. until the tinal c<msolidation of the monzoc.r:mitic

magma.

ln conclusion. crystalli7.ation of the monzogranites III the Preissae-Lacorne

plutons proceeded by the same sequence of rcaetions: liquid -) Bio. liquid ~ Bio +

Mus. liquid ~ Mus + Gar. \Vith the exception of the Moly Hill biotite monzogr:uoÎte

and Preissae museovite monzogranite. in which erysta11i7..ation involved only one

reaction. liquid ~ Bio + Mus. and liquid ~ Mus + Gar. respcctively.

p-T conditions ofcrystallization

The pressure of emplacement of the Preissac-Lacorne monzogranites. bascd on

phase equilibrium estimates of the contact metamorphic conditions (Powell et al. 1994)

\Vas probably in the order of 3.5 kbar. A minimum estimale of the pn.'Ssurc is 2.1 kbar.

\Vhich corresponds to the lower pressure stability limit of the assemblage spodumene

+ quartz (London 1984). The temperature of emplacement has becn estimatcd l'rom

mineral-minerai exchange reactions. experimental data for the saturation of monazite

and zircon in felsic magmas. and oxygen isotopie fractionation betwccn mineml pairs

(Table 8). The muscovite-biotite (Hoisch 1989). gamet-biotite (Williams & Grambling

1990). and plagioclase-K-feldspar (Brown & ParscL's 1981) geotherrnomelers. applied

to minerai pairs in the various subtypes of monzogranite. all yield similar subsolidus

temperatures of 320-450°C. By contrast. the monazite and zircon "geotherrnometers".

which are based on the solubility of these mineraIs in the magma (Rapp et al. 1987.

Watson & Harrison 1983), yield temperatures of 680 and 780°C in the biotite

monzogranite and about 665°C and 660-750°C in the muscovite monzogranite.

respectively.

55



.~.
,- .. "

TABLE 8. INFERRED TEMPERATURE OF CRYSTALLIZATION BASED ON
OXYGEN ISOTOPE AND SATURATION OF MONAZITE AND ZIRCON
Pluton Mineral Temperature in oC

pair Biotite Two-miœ Muscovite Vein
monzogranite

Preissae âqtz-mus 514-576
âqtz-gar 695
Monazite ne 680
Zircon ne "65 750

Moly Hill âqtz·mus 540-593
âqtz-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

qtz: quartz, grt: gamet, ms: muscovite
Source of data: Preissae vain (Taner 1989); Moly Hill vain (Mulja et al. 1990);
others (Feng 1992)
ne: not œlculated due to the a1tered nature of1he rock (described in text)

.-
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The higher temperature gi\'en hy the zircon geothermometer C;1Il he allrihUled

to the fact that zircon is one of the earliest minerais to crystallize. i.e. the 7110 oc
temperature is probably close to that of the liquidus of the monzogr.mltic magma. The

lower temperature for the monazite geothermometer rel1ects crysta\li"~\lion doser to the

solidus or LREE undersaturation of the melt (Seaillel et al. 1(90). This deduetilln is

consistent WiÙl the paragenesis of monazite. which occurs mostly ;\s an interstitial

phasc. Furthcrmorc. the 10wer temperature is similar to the isotopie tempemture of

695°C (quartz-gamct) obtained lor the two-mica monzogranite of the Prcissac pluton.

Since both gamct and quartz are late minemls. the isotopic tempemture most likdy

reflects the ncar solidus temperature ui the monzogranite. A minimum lor the solidus

temperature is provided by the isotopie tempcrature of 593°C (quartz-muscovite) for the

quartz vein (Table 8). The solidus temperature of the muscovite monzogranite must

have becn higher than that of vein formation. Le.• > 593°C. This minimum estimate

of the solidus temperature is about 40°C lower than that experimentally determined for

Hp-saturatedgranite by Johannes and Holtz (1991). Although experimental studies by

Manning (1981) and Martin (1983) showed that F and Li lo\Ver the liquidus and solidus

temperatures of granitic melts (e.g. 35°C with 1 \V\.% F and 25°C with 1 \Vt.% LiP).

this would not have been a factor lor the Preissac-Lacome monzogranites. which

contain low contents ofF and Li. 0.05 and 0.1 wt.%. respectivcly (Mu1ja ct al. 19(5).

Thus. in summary. the above data suggest that the monzogranites in the

Preissac-Lacome batholith were emplaced at temperatures of 750 to 650 oC and a

pressure of 3.5 kbar.

Processes controlling monzogranite crystallization and emplacement

From the data which have been presented above. it is clcar that the biotite

monzogranite is the 1cast differentiated and the muscovite monzogranite the mos!

differentiated ofthe principal intrusive phases in the Preissac-Lacome plutons; ln going

from biotite to muscovite monzogranite there is a change in mineraIogy from biotite to

gamet. oligoclase to albite, and niobium-bearing titanite to columbite-tantalite. Para\lcl

with these mineralogical changes. the An content of plagioclase decreases, the FeI(Fe
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.,. Mg) or hiotite inereases. and the ..\1 e<lI1tent <,1' Illuse<",ite inere;lsc·s. Thc' <'Illy

exeeption to this is in the Prcissae plut<'I1 where the hi<,tite n1<'I1z<'gr;mite is ;\Il<'lllal.,us

rc:lative 10 the other suhtypes <,1' Illonz<'granite. :\s Illellli.'ned earlier. the hi<,tite

Ill(.nzogr:mite oceurs only as a thin Illarginal racies <'1' the museovite 1ll<'Ilzogranite. and

the extent of the intrusion is unknown. lts eont:lets with the Illuse.'vite monzogranite

are sharp in sorne localities and are sc:parated hy quartz + l\.-l':ldsp:lr wins in othc'fs.

These lidd rdationships imply two separate pulses of m:lgllla. IIO\\"Cver. due to the

ahsence of cross-cutting rdationships. the sequenee of intrusion is nol kn<'wn. The

Preissac biotite monzogranite is therc:fore excluded l'rom the ll'Il<", ing diseus.~i<'I1.

ln the Lamotte pluton. and to a lc:s.~r extent in the L:leorne pluton. there is a

clear inward zonation l'rom biotite monzogranite (1east evolved) to museovite

monzogranite (most evolved) in the core. Similar zonal distrihutions or intrusive facies

have becn documented for a number of granitic intrusions. e.g. the Tuolunme Intrusive

Series. Califomia (Bateman & Chappell 1979). the Blue Tier hatholith. Tasmania

(MeCarthy & Groves 1979). and the Loeh Doon pluton. Scotland (l'indle & l'earce

198\). and in each of these intrusions the sequence of crystaIIiz:uion \V;\s frolll a

marginal biotite faeies to a museovite facies. These spatial and temporal rc:lationships

have becn interpretcd as evidenee for side-wall fractional cryslaIIi7.:Jtion bcing. the main

mechanism of differentiation. While we believe that the procc:s.~ of fractional

crystaIIization alsa explains various mineralogical and petrological characteristics of the

monzogranite plutons in the Preissac-Lacome batholith. we do not think that this

mechanism was rcstricted to side-waII crystallization. The rcasons are the lack of

biotite monzogranite in the nonhem pan of the Lamotte pluton and the trends of FcI(Fe

+ Mg) of biotite and An content of plagioclase across the Lacome pluton (Fig. 6). The

latter suggcsts that the direction of the crystaIIization did not occur uniformly across the

pluton. Independent side-wall crystallization seems to have taken place in both ends

of the pluton.

The Preissac and Moly Hill plutons are not concèntrically 7.oncd. I-1owever. the

variations in mineralogy and minera! ehemistty arc similar to those ~bscrvcd in the

Lamotte and Laeome plutons. Moreover, in the case of the Moly Hill pluton, thcre is
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• a graùual transition Irom th.: two-mica monzogranit.: to th.: muscovit.: monzogranit.:.

(iraùual transitions Irom on.: suhtyp.: of monzogranit.: to anoth.:r ar<: also ohs.:rv.:d in

th.: north.:rn part of th.: La.:om.: pluton wh.:r.: th.: hiotit.: mOllzogranit.: grades

imp.:r.:.:ptihly into two-mica monzogranit.:. Such transitions arc consist.:nt with th.:

moùd of fractional crystallization proposed abo\'.:.

ln ail four plutons. biotit.: was th.: <."Urlies1 AFM min.:ral to erystallize. thereby

ù.:p1<:ting th.: magma in Mg/(Mg + Fe) and in F. Such dcpletions arc documentcd by

th.: incr.:as.: in th.: Fd(Fe + Mg) ratio and d<:crease in the F content of biotite. from

hiotit.: monzogranite to two-mica monzogranite. and thc decrcase in Ti from included

to int.:rstitial biotite. They arc also documented by similar trends of FeI(Fe + Mg) and

F Il)r muscovite from two-mica to muscovite monzogranite. Early biotite was

aecompanied by crystallization of the most calcic plagioclase (oligoclase). which served

to d.:plete the magma in Ca. Crystal1ization of biotite and oligoclasc caused higher

F.:/(F.: + Mg) and NaI(Na + K). thereby promoting the crystal1ization of muscovite.

gamet. and albitic plagioclase.

Although the process of fractional crystal1ization is supported by the

g.:ochemistry of the monzogranite (Mulja et al. 1995) and the preceding paragraphs

have stressed the importance ofgradational boundaries betwccn monzogranite subtypes.

many of the contacts are fracture-bounded or une:-:posed. and at least one. between

muscovite-gamet monzogranite and muscovite monzogranite (Preissac pluton). is clearly

intrusivc. The two-mica monzogranite in the northeastem part of the Lacorne pluton

(Iabeled Valor) differs te:-:turally from. and has an uneertain spatial relationship to. the

two-mica monzogranite in the main mass (Fig. 20). Thus. the muscovite-gamet

monzogranite and the Valor two-miea monzogranite in the Preissac and Lacorne

plutons. res-pectively. are likely to represent different pulses of magma.

If the various subtypes of monzogranite were the produets of fractional

crystallization as proposed above.. then differentiation must have preceded local

fracturing and magma emplacemenL While plutonism can induce emplacement fractures

(Cas'tto 1987). there is no simple explanation available in the literature for how cach

body of magma is segregated into a fracture-bounded mass. A possible e..xplanation is
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• that of McCarthy and Gro\'cs (197<)). who proposcd tlKI\ thc t:lUlt-h,'undcd e"t:enetie

rocks in the Blue Tier hatholith rrasmania) \\'Cre the result of peri.'dic tect.'nic

disturbances which caused the rest mat:ma to locally rcintrude e:lrlier eryst:llli/ed units.

lnthis scenario. the separated mclts bepn to crystallizc independelllly. e.t:. the l.:lcorne

biotite monzogranite.

Relalionships helween monzogr,mile and mre-e1emell/ pc:gmalilc:s

The most evolvcd membcrs of the plutons arc the pegmatites. which :1rc

characterized by plagioclase "1th the lowest An content. muscovitc with the highest Al

content. the most spcssartine-rich gameL and the absencc of biotite. Trace clement

contents of the muscovite l'rom the muscovite monzogranite to various subtyp~"s of

rare-clement pegmatite form a systematic trend that suggests pctrogenetic link:lge

between the two rock types by differentiation (Table 5: Fig. 8). Thcsc trends :1re

consistent with a process of differentiation in which the rcsidual liquid is prog~"ssivcly

cnriched in Cs. Rb. and Ta. and depleted in Sc. This. in tum. suggesLo; that the

muscovite monzogranite and pegmatites are co-magmatic. The above trends arc a1so

evident among the different types of rare-clement pegmatites. i.e.. bcryl-b~":lring

pegmatites have higher KlRb. Sc. and lower Cs. Rb. and Ta contents than

spodumene-bearlng pegmatites: thesc components have intermcdiate concentrations in

the spodumene-beryl-bearing pegmatites. This interpretation is corroborated by the

ehemical composition ofcolumbite-tantalite which evolved l'rom ferrocolumbite in bcryl

pegmatite to manganotantalite and ixiolite in spodumene pegmatites (Mulja ct al. 1993).

and by the whole rock geochemistry of the pegmatites (Mulja et al. 1995). Thereforc.

the residual melts from fractional crystailization ofthe monzogranitic magma continucd

to differentiate to forro the pegmatites.

CONCLUSIONS

1. The monzogranitic plutons (preissac. Moly Hill. Lamotte. Lacome) of the

Preissac-Lacome batholith were emplaced at a pressurc of 3.5 kbar. and crystalli7.ed
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• ovcr a tcmpcraturc rangc l'rom 750 to 650°C.

, Thcsc plutons vary from hiotitc through two-mica to muscovite monzogranile

suhtypcs. which display gradalional. intrusiye. and fraclure-bounded contacls.

3. Fidd rdalions and syslemalic mineralogical and mineral-chemical yarialions

wilhin and helween lhe monzogranile subtypcs are interpreled 10 have been produced

mainly hy Imclional cryslal1i7.alion. and subordinaldy by intrusion of dilTercnt balches

of magma. The former process caused the carly Imctionation of oligoclase. biotite and

Fe-Ti oxides. and th-.: later crystallization of albite. gamet and muscovite.

4. The end slagc of Imctional crystaIlization was marked by the occurrence of

heryl. spodumene and columbitc-lantalite in pegmatites.
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• ABSTRACT

The Arehean Preissae-Laeorne balholith in northwestern Qu':hcc indudes four

felsic pllllons (Preissac. Moly Hill. Lamotte. L;lcorne). which arc zoned l'mm biotite to

muscovite monzogmnite. The L;mlotte and Lacorne plutons arc also ;ISSOCÎ;ltel! spatially

\Vith mrc-e1ement pegmatites. \Vhereas pegmatites arc ;Ibscnt l'mm the Moly Hill pluton

and do not contain rare-clcment minemls in the PreÎSs;lc pluton. The rare-c1emenl

pegmatites arc zonally distributed l'rom beryl-bearing in the plutons to spol!umene-be:lring

in the country rocks. Molybcnite-bearing quartz veins are ;Issociated \Vilh ;111 l'l'ur plutons.

and in the case of the Lamotte and Lacome plutons. occur hcyond the spol!umene

pegmatites. Molybdenite-bcaring albitite dikes occur north of the Lacome pluton.

Ali the plutons are \Veakly to moder.ltely pemluminous (NCNK: 1.0-1.3) ;ml!

exhibit a compositional continuum in major- and tmce·c1ement contents l'rom biolite 10

muscovite monzogmnite. This compositional continuum extends into the mre-element

pegmatites. indicating that the monzogmnites and pegmatites ;Ire comagmatic. The

chemistry of the pegmatites suggests that they underwent further evo!ution l'rom bcryl­

bearing to spodumene-bearing varieties. The monzogmnitcs :lI1d pegmalites h:lve

Ô'80lSMOWl values (8.6 :!: 0.3 %0).

The zonation of the plutons. the geochemical trends. and the oxygen isotopic

compositions indicate that ,he various types of monzogmnite \Vere mainly the products

of fmctional crystallization. Trace element (Rb. Ba. Sr) modeling of the Lamotte and

Laeome plutons suggests that the most fractionated monzogmnite could have been forrned

by 80-90 % crysta1lization of the magma that forrned the biotite monzogmnite. A model

is proposed for the evolution of the Lamotte and Laeome plutons. in whieh side-wall

crysta1lization produced the observed qua.~i-concentric zon.ation. and crcated volatile-rich

residual mC:lts. These melts were subsequently injeetcd sequentially into.the overlying

parental monzogranite and later the country rocks. producing zonally distributed beryl and

spodumeite pegmatites. respectively. Auids exsolved from the' most evolved pegmatites

back-rcaeted with earlier-crystallized spodumene-bcaëing aplite to forrn. albitite. or

separated from the melts. filling fractures as molybdenite-bcaring quartz veins. The
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• 'll1aller Prei"ae 'Iml Moly Hill plutons. whieh host 1l10lyhdcnitc-hcaring quartz "cins. did

nnt e"nlve suflicicntly to forll1 rarc-c1ement pegmatites. Vapor saturation occurrcd dur:ng

late crystallization of the muscovitc monzogranitc. and culminatcd in thc formation of

ll1olyhdcnite-hcaring quartz ,'<'ins. which lillcd frJcturc~; in thc ovcrlying crust of

previously solidilicd magma.

KC.'"lVords: mrc-c1cll1cm monzogr.lOitc. bcryl and spodumcnc pegmatitcs. molybdcnite­

hearing albitite and quartz vcins. geochemistry. fmctional crystallization. Prcissae-Lacorne

hatholith. Archean. Québec.
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• INTRODlrCTION

Recent in\'estigations of rarc-dcl1lcnt-cnrh:hl.:d gr~\tlitcs and granilk p",~gm~ltill~S

h;\\,e been eonccrned mainly \Vith thc \'cry latc stagcs of thc <'\'oIUlion of Ih<' ma~ma.

particularly the tr;ll1sition to subsolidus processcs (c.g.. ècrny ct :I\. l'ISe.. L<'ndon 1<ISe..

Trumbull 1993. Linnen & Willi:lms-Joncs 1994). Ho\\'c\'er. comp:lr:ltively fc\\' stllllics

h:lve focused on the early history of m;lgm;ltic crystalliz:ltion (c.g.. Goad & (-el1l~' l'IS 1.

Breaks & Moore 1992. Shearer et ;11. 1992). which controls thc p;ltlcrn of suhscqucnt

enrichment of the residual melt in clements of economic import;l11ce (Burnh;ull & Ohmoto

1980). Another fcature that is poorly documcnted is the zon:ll distrihution of hodies of

gmnitic pegmatite with respect to their predominant r;lre-clel11enl-hc;lring miner:lls. e.g..

the occurrence of beryl-bcaring gmnitic pegmatite within :lnd close to the parental pluton.

and of spodumene-bcaring gmnitic pegmatitc further aW:lY, in the country rocks.

The Preissac-Lacome batholith in Québec (Fig. 1) contains sevcml cx~'Cllcnt

examples of zoned monzogmnitie intrusions and associated bodics of rare·clcment­

enriehed gmnitic pegmatite and Mo-bcaring quartz vcins. The monzogr.ll1ites V:lry from

biotite· to muscovite-bcaring varieties. and show continuous vari;llions in plagiocl:lse.

biotite and muscovite compositions. suggesting that the various subtypes of monzogr.ll1ile

are comagmatic (Mulja et al. 1995b). This composition:l1 continuity extends to the bodies

of =-e1ement pegmatite. thereby linking the evolution of the monzogr.ll1ite to the

formation of the Be•• Li-. Nb- and Ta-enriched pegmatites. The distribution of pegmatite

bodies is zoned from beryl-bearing varieties within the rnonzogr.tnitic plutons to

spodumene-bearing varieties in the country rocks (Figs. 1A-D). Previous investig:ltors

(Dawson 1966. Boume & Danis 1987, Feng & Kerrich 1992) have presented sorne

geochemical data on the Preissac-Lacome rnonzogranites. but have not distinguished

between monzogranite types (cf. Mulja et al. 1995b) or analY-.led the associated

pegmatites. In this study. results of 85 ehemical analyses of sàrnples rcpresenting the

various subtypes of monzogranite and pegmatite arc used to dccipher the geochernica1

evolution of the plutons. These data arc integrated with geologica1 and mineralogica1
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Fig. 1. Geologic:ù map of the Preissac-Lacome batholith in northwestem Quebec. showing

the locations offour monzogranitie plutons (after Dawson 1966) and the various subtypes

of monzogranite and pegmatite (after Mulja et al. 1995b) The exposure of biotite (B)

and muscovite-gamet (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-gamet monzogranite occurs as dikes cutting the

muscovite monzogranite in the northeast A north-south (N-5) traverse along the length

of the Lacome pluton (0) 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; Bri. 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.

71

•



--" e

lkm-

Ql-5pd -~

~ ./
~ :~
_-:f.9-"1" t

/§7' -
r<.st ~ Valor

'Spd-Brl

Mo-Ab N D
o~L~. ,
~~-;;--~C::::::::7ae::Jq~
~oO 1

~ «

Spd # ~Spd-Brï
~e-...... ..•

100 km
!'"

~
B N C Dlabllse dlke

~ 1 MBP• • lUI.( Mo
~atlte :

.........< •

~ -'~~ MUSCOvite} §
='ea ~

... tif, a Blollte ~-• BasIc ta Intermedlate.. ",
plutonle rocks

6-~o c::=:J
SChlst and mafle
volcanle rocks

",.,. 600m + 1
Mo1 km

la Pause antlellne ",

~ ~.)

. '". -". ~-:- :." . ..
N" - f't#"_.~ ~..

1~~Lf- .
.~'

" Figure 1



• ,hlta IMulja ct al. 1995h) to develop a model that explains the proeesses responsible for

the devclopment of zoned mre-element-enriehed gr.lnitie systems in and around the

Prciss;,,;-Lacome hatholith.

GEOLOGICAL SElTING AND MINERALOGY OF THE MONZOGRANITE

The Preissac-Laeome batholith crops out over an area of approximately 600 km~

in the southem Abitibi subprovincc of the Superior province. and was emplaced in mafie

10 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 &

Allègre 1985. Feng & Kerrieh 1991. Feng ct al. 1993) by the emplacement of post­

tectonie 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

continenl~ in a convergent-plate sctting (Dimroth et al. 1983). The carly Preis.~e-Lacorne

intrusions are interpreted to represent partial melting of a mantle wedge above a

subduction zone. and the later intrusions. to be produelS of the melting of sedimentary

rocks. which were part of a continental erust thickened by collision (Feng & Kerrieh

1992).

The monzogranite forms four plutons. two of whieh. Lamotte and Lacorne. host

and are surrounded by numerous rare-element-enriehed pegmatite bodies. The other

plutons. Preis.~e and Moly Hill. are associated with fewer bodies of pegmatite. most of

whieh do not eontain rare-element-bearing minerais. Molybdenite-bearing quartz veins

and stockworks occur in or ncar aIl of the plutons.

Detailed mapping by Mulja et al. (1995b) has shown that eaeh of the monzogranite

.plutons comprises biotite. two-miea and muscovite subtypes. The most westerly pluton,

Preis.~e. 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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an: also lïne-gr•.IÎned dikes of muscovite-gamet monwgr.mite (Fig. 1:\\. ('ont:l<:ts

between the principal subtypcs of monzogr.mite are not exposell. except f.'r th:1t bet\\'een

biotite and muscovite monzogmnite. \\'hich is marked by narro\\'. :m:l'lomosing veins «

20 cm wide) containing quartz and K-fcldspar. The three subtypcs of monwgmnite in

the Moly Hill pluton forrn discrete bodies. \\'hich an: separ.lteù by screens of nmlïc

volcanic rocks and biotite schisl~. The contact relationships :m1<'ng the monwgr:ltlite

subtypcs an: hidden. except at one locality. near the edge of the muscovite monzogr.mite.

when: then: is a gmdual tr.msition from two-mica to muscovite monwgr.mite (Fig. 1B).

80th the Lamotte and Lacome plutons arc quasi-concentrically zoneù. with the outer unit

of biotite monzogr.mite giving way inward to two-mica and muscovite monzogr.mites.

A sepamte intrusion of muscovite monzogmnite forrns an L-shapcd dike in the southem

pan of the Lacome pluton. Contacts belWcen subtypcs of monzogr.mite an: not exposcd.

except in the northem pan of the Lacome pluton. when: the biotite monzogr.mite gmdes

impen:eptibly into two-mica monzogmnite.

Ail subtypes of monzogmnite vary from fine- to coarse-gmined (crystals up to 0.5

cm acros..~) and consist essentially of quartz (25-35 vol.%). plagioclase (30-45 %) and

perthitic microcline (25-45 %)...pproximately 5 % biotite + muscovite. up to 3 % gamet.

and minor epidote. Biotite monzogranite is distinguished from the other types of

monzogr.mite by the presence of biotite and a lack of primary muscovite: the two-mica

monzogranite eontains muscovite and biotite roughly in the proportion 2: 1. and muscovite

monzogranite eontains little or no biotite. Biotite and gamet show an antithetic

relationship in the lr.msition from biotite to muscovite monzogmnite. In the

compositional range from biotite to muscovite monzogr.mite. the plagiocla.~ composition

varies from AnI7_< to Ails. the FeI(Fe+Mg} of biotite increases from 0.69 to 0.85. and the

FeI(Fe+Mg} and IVAl of muscovite increase from 0.65 to 0.85 and from 1.55 to 1.72. .­

atorns per molar unit. respectively. The gamet is a norrnally zoned spes..~ine-almandine

solid solution (SP~37.59) and does not show systematic compositional variations

with monzogranite subtypes. The aeeessory minerais are xenotime. apatite. zircon.

monazite. titanite. magnetite and ilmenite. In the muscovite and muscovite-gamet

monzogranite subtypeS. columbite-tantalite and molybdenite also are present a.~ accessory
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• minerais. With the exceptions of xenotime and ilmenite. whieh are present in similar

amnunts (~ 0.1 vol. 'hl) in the main subtypes of monzogmnite (xenotime is not preseo! in

the muscovite-gamet monzogranite dike). the abundances of ail accessory minemls

decrease systematica11y l'rom biotite to muscovite monzogr.lnite.

The mre-clement-cnriehed pegmatite occurs as verticalto subhorizontal dikes (up

10 8 melers wide and about :mo meters long). which gener.l11y strike east-west and

randomly in the Lucome and Lamotte plutons. respectivcly. On the basis of the

predominant r.lrc-clement-hosting minemls.the pegmatite is subdivided iO!o bcryl-bearing.

spodumene-bcryI-bcaring and spodumene-bearing types. In the text that fo11ows. these

types of pegmatite are referred to as bcryl. spodumene-beryl and spodumene pegmatites.

Thesc bodies of pegmatite are zonally distributed l'rom beryl pegmatite in the

monzogranite through spodumene-beryl pegmatite at and near the margins of the

monzogmnite to spodumene pegmatite in the country rocks (Figs. 1A-D). Beyond the

spodumene pegmatite to the north of the Lacome pluton is a set of east-west-trending

dikes of molybdenite-bearing a1bitite. which occupy fmetures in the interealated sehist and

basait. The a1bitite dikes vary l'rom 20 cm to 1 m wide and dip steeply 750 to the south.

The beryl pegmatite and muscovite monzogranite are mineralogically similar.

exccpt that the pegmatite contains beryl. more gamet (up to 10 vol.%). considerably more

columbite-tantalite (up to 1 vol.%). and traces of gahnite. Spodumene-beryl pegmatite

in the Lamotte pluton is distinguished l'rom beryl pegmatite only by the presence of

spodumene in the ce.,ter of the pegmatite. In contrast, spodumene-beryl pegmatite

a.'\Sociated with the Lacome pluton has spodumene throughout. variable amounts of

lepidolite (up to 5 vol.%). and traces of schorl and pyrophanite. The spodumene

pegmatite differs mineralogicaIIy f..,".n the spodumene-beryl pegmatite by containing

mucIi more spodumene (up to 30 vol.%). much less microcline «10 vol.%). less gamet,
,

ani! generaIly no beryl or lepidolite. Both beryl and spodumene-beryl pegmatites are.,
zoncd from a gamet-rich aplite border through an albite-perthite-quartz-muscovite zone

to ama.'\Sive quartz core: In contrast, spodumene pegmatite bodies are not zonee\, or

subtiy zoned where large crystals of perthite occur in the innner part of the pegmatite.

The albitite is an almost monomineralic rock. composed mainIy of euhedral to subhedral
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• albite. variable amounts of molybdenite. :md tr.!ccs of zircon. T:I-cnrichcd ilmcnitc :md

gamet.

The plagioclase composition in the pcgm:llitc is An,.,. and thc Fc/(Fc+Mg) :md

"AI of muscovite arc similar to those of muscovite monzogr:mite. Thc Cs contcnt of

muscovite in the muscovite monzogmnite and mre-c1ement pegm:llites corrcl:llcS

positively with the contenl~ of Ta and Rb. and negativcly with those <lf Sc :md KlRb.

The composition of columbite-tantalite mnges from feIT<lc<llumbite in heryl pegmatitc t<l

manganotantalite in spodumene pegmatite (Mulja ct al. 1995:1).

GEOCHEMISTRY OF THE MONZOGRANlTE

Allalyticai methods

Concentrations of the major and tmce clements were detemlined with X-my

fluorescence spectrometry at McGiII University. the Université de Montréal. and the

Centre de Recherches Minérales du Québec. The concentmtions of mre-earth clements

in sclected sanlples were determined by instrumental neutron-activation analyses at the

Université de Montréal, and by inductively coupled plasma mass spectrometry (lCP-MS)

at Memorial University of Newfoundlanà. Twelve whole-rock compositions from Boume

& Danis (1987) and Feng (1992) were included in this study.

Major and trace elemenrs

The Preissac-Lacome monzogranites are siliceous (72.4-76.5 wt.% Si02• Tables

lA, B), and wealdy to moderately peraluminous [molar ratio AI20l(CaO + N~O + ~O):

1.1-1.3, and 1.2-2.8% normative corundum]. Although there is considerable seatter in the

data, general1y, the Si02 content increases from biotite to muscovite monzogmnite (to

muscovite-gamet monzogranite in the Preissae pluton), whereas the ~O, Cao, MgO,

~03 and TiC>: contents decrease (Fig. 2): the N~O, MnO and AlPl contents are

invariant. Two exceptions to thesc generalizations are shown by the Laeome

monzogranites, where the Cao content is inconsistent with monzogranite types, and the

SiC>: content in the muscovite monzogranite dike is 10wer 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 MWicovite MG Biotite Two-mica Muscovite

X n X n X n X n X n
Major-element oxides (wt. %)
SiOz 72.4 74.8 7 75.5 10 76.1 3 73.8 74.2 2 75.4 7
TiOz 0.16 0.10 7 0.04 10 0.02 ~ 0.16 0.09 2 0.03 7,)

AlzO) 15.4 14.4 7 loi 4 10 14.2 ~ 14.6 14.6 2 14.5 7,)

FezÛJ 1.75 0.86 7 O.4C 10 0.44 3 1.33 1.60 2 0.41 7
MnO 0.06 0.04 7 0.02 10 026 2 n.a 0.05 2 n.a 7
MgO 0.03 0.19 7 0.\0 10 0.06 ~ 0.31 0.14 2 0.05 7,)

Cao 0.5 0.73 7 0.50 10 029 3 1.26 1.10 2 0.61 7
NazO 4.21 4.16 7 427 10 4.70 3 3.73 4.33 2 42 7
KzO 5.63 4.20 7 4.\0 10 3.63 ~ 4.37 4.47 2 4.24 7,)

PzOs 0.03 0.03 7 0.04 10 0.04 3 0.07 0.03 2 0.03 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 9.5 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 22.5 4
Y 24 12 7 26 13 24 2 8.7 11 3 33 4
Ta 4.82 6.3 2 5.6 2 9.6 2 4 3.8 3 5.6
Hf 2.76 2.9 2 1.75 2 2.6 2 4.5 2.3 3 1.43
Th 10.4 13 2 7.89 2 12 2 19.5 14 3 12
Li 91 92 3 30 3 44 134 118 18
Be n.d 5 3 3 225 2.6 3.8 2 3

Continued
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Table lA (continued)
Rare-earrh e/emenls (ppm)
La 5.22 21.2 2 4.69 2 0.64 50.32 9.4 2 7.46
Ce 15.7 36 2 11.7 2 1.67 91.5 17.7 2 15.6
Pr 1.51 1.69 2 0.23 9.72 2 2 1.92
Nd 6.23 13.3 2 6.27 2 0.9 31.7 7.1 2 7.44
Sm 2.47 2.3 2 2.1 2 0.88 4.57 1.8 2 2.38
Eu 0.09 0.2 2 0.12 2 0.02 0.67 0.31 2 0.14
Gd 3.05 1.97 2 2.08 3.1 1.8 2 2.61
Tb 0.49 0.35 2 0.35 2 0.62 0.34 0.26 2 0.4
Dy 3.14 2.1 2 4.22 1.84 1.53 2 2.53
Ho 0.6 0.9 2 0.36 2 0.7 0.31 0.27 2 0.43
Er 1.51 0.97 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 Q.91 2 0.64 0.76 2 1
Lu 02 0.15 2 0.12 2 0.36 0.1 0.11 2 0.14
1: REE 42 76.3 33.5 14.5 196 43.9 43.4

EulEu 0.03 0.08 0.06 0.01 0.17 0.17 0.06

SISO 8.50 8.50 9
*Including two samples, LC-5 and 6, from Feng (1992). with the exception ofthe REE
MG: muscovite-gamet monzogranite
E* = (Sm + Gd)l2. Where no data for Gd are reported, its value is approximated by the
intersection ofa straight line interpolated values for Sm and Tb.
X: mean; n: number ofanalyses (blank: one analysis)
Complete REE analyses (14 elements) were detennined with the ICP-MS methods. partial
REE analyses were detennined 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 MGI MG2
x n x n x n x n x n x n x n

Major-element oxides (wt. %)
Si02 74.46 75.1 4 76.1 ... 74.5 10 75.4 8 76.5 2 75.23~

Ti02 0.08 6 0.04 4 0.03 2 0.09 10 0.06 8 0.032 0.06 3
AI20 J 1426 14.44 14.6 2 14.1 10 13.8 8 14.0 2 14.8 3
FC20J 0.74 6 0.68 4 0.6 2 1.37 10 0.82 8 0.4 2 0.63
MnO 0.05 6 0.01 4 0.16 2 0.04 10 0.04 8 0.072 0.06 3
MgO 0.07 6 0.11 4 0.09 2 0.16 10 0.10 8 0.082 0.04 3
Cao 0.92 6 0.78 4 0.33 2 0.91 10 0.67 8 0.55 2 0.55 3
Na20 3.82 6 4.04 4.69 2 3.95 10 4.17 8 4.21 2 4.563
K20 4.36 6 4.43 4 3.39 2 4.63 10 4.28 8 4.3 2 4.16 3
P20S 0.03 6 0.04 4 0.02 2 0.03 10 0.02 8 0.01 2 0.03 3

Trace-e/ements (ppm)
Ba 502 6 145 5 12.5 2 550 Il 154 8 69 2 28 3
Rb 284 6 367 8 455 2 391 II 641 8 488 2 703 3
Sr 1106 46.1 8 10.5 2 118 11 59 8 36.5 2 18.3 3
Zr 88 6 52.9 7 18.5 2 79 10 61 8 60 2 40 3
Nb 16 6 17.9 7 42 2 16 10 22.7 8 24.52 48.5 3
Y 17 6 19.2 8 42.5 2 17.2 11 29 8 30.5 2 33 3
Ta 6.13 4 64 12 2 5 8 5.5 4 4.5 2 6.7 3
Hf 2.934 2.1 4 2.15 2 3.35 8 1.8 3 2 2.42
Th 16 5 1625 4.55 2 22 8 21 5 15.5 2 8.3 3
Li 2325 340 3 78 2 247 8 150 6 165 2 179 3
Be 3.6 5 5.75 4 4.5 2 422 8 5.8 5 6.5 2 8 3
U 4.13 4 85 7.3 2 321 8 5.5 5 4.62 11.3 3
Ga 21 5 24 3 34 20 3 23 3 26.5 2 26

Continued
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Table 1B (cuntinucd)

Rare-earrh elements (ppm)
La 19.5 5 11.7 6 5.1 24.3 3 12.8 2 9.35 5.54
Ce 37.5 5 21 6 16 41.7 - 27.4 2 19.2 11.7~

Pr 4.62 - 3.15 2 2.4 1.34~

Nd 14 5 8.12 6 8 12.7 3 11.6 2 8.93 4.73
Sm 2.1 5 2.33 6 2.6 2.4 3 3.23 2 2.62 1.63
Eu 0.36 5 0.23 6 0.1 0.38 - 0.24 2 0.19 0.14~

Gd 2.22 3 3.28 2 2.9 1.93
Tb 0.36 5 0.4 6 0.9 0.25 - 0.55 2 0.51 0.35~

Dy 1.5 3 3.85 2 3.7 2.4
Ho 0.7 5 0.85 6 1.5 0.31 - 0.73 2 0.7 0.46~

Er 0.7 3 2.17 2 2.1 1.36
Tm 0.13 6 1.3 0.11 3 0.35 2 0.34 0.2
Yb 0.86 5 1.85 6 2.2 0.76 3 244 2 2.42 1.32
Lu 0.3 5 0.25 6 0.3 0.12 - 0.36 2 0.35 0.16~

l:REE 75.7 46.9 38 92.1 72.2 55.7 33.3

AUGa 3639 3150 2272 3852 3196 2796 3012
ThIU 4.15 2.23 0.55 7 3.75 3.4 1.45
EuIE 0.23 0.13 0.03 0.16 0.07 0.Q7 0.08

Sl80 8.6 8.5 2 9.3 8.60 3 8.40 2 8.30 9.60
*Including three samples, BD-3060, 3061 and 3062, from Danis (1985), andone sample
LC-30 from Feng (1992), with the exception orthe REE
MG 1: main muscovite monzogranite; MG 2: muscovite monzogranite dike (see Figure
10)
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Fig. 2. Plot of major element oxides (wt %) versus Si02 for ail types of monzogranite in

the Preissac, Moly Hill. Lamotte and Lacorne plutons. In this and subsequent diagrarns.

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-gamet 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. 1. and

Mulja et al. 1985b). The bulk-rock chemistty of the biotite monzogranite therefore cannot

he assessed in the present paper.

77

•



•

•
Preissac pluton

~ 6
3
].

i~~

i :j. c&~
1.0] ~3 0.6. œe 41.

0.2 1-._ ......, -:11....::.:.-.~Q~.., --.

0.4j<6
::!: 0.2 ~ •

0.0 ~.L.,..--"i_W~.-e~:e.:'-'

~ ~:~].
0.0 I--""-"T'"j~

$ ~O ]C-.__.......,.-=;:=::=rz.-o-1- ,~~
0> 17]
~ ~~ ~:-.__-.,._~=.-_a-__-.

8 0.2].
t= 0.1 . Jtœ

0.0 I--""-"T'"j...!!JI!Zlflll!!!lfL-,
72 74 76

Si02

Moly Hill pluton

63 ]:--.---..-;=...-....:--.. lib ••' •
i l i

H,... ·..,ftI_N..---...---.

~j_....-·.....i_O_.....--...,--.

0.4~ •0.2 0

i. ~.•""0.0 i--....-....;:...---.::.....,'!l...........

0.2]
0.1 . dJ
0.0 i--.......-'~__I............

n:--..._Y1-'~--JI"'~";".~
~H:--...__IIl!JJ---.;e'\:;...:.....'---.

0.2] ·00.1
0.0 1-.--.--~~pI......;:;" ,-

72 74 76
Si~

Figure 2



•

..-: 1Ibi-!l •
, , ' , ,~,

o...~~ ..
, , ' ~-w5», ,

â.

~c 'tI!~~, .,
D

"_0 -ll0.-' .
'1'1'1'1

Lamotte pluton Lacome pluton

•
~ :~ .,...,~, .,. , :~--"_."T.-~ ~-r,_ ,~-ÇtteT""• .....",...•.."

f B~•.•,~, .,., , :j~~_."T._~ ~-r,~_ ,rJI-=~T-'c.....",...•.."
•1.ol-- ~1tI 1.ol

~ 0.6 0.6
• ••0..2 • l ' i ' i ' i 0..2 f--.-,-r,.......,-r,----r--..'--,.U) OA)~ 0.2 _ ~c. 0.2

0.0 -, • - , "'l", ,. i 0.0

~ 0,2] _ 0,2]

.•_ • C •
0.0 'i' Drm...., -.-....."....." 0.0

.~ ~] -,-, -,~, •.• , ~]

~ ::~ "... ",~, ",., ,::1
li 0,2] _ 0,2]

F 0.0 '-,-, ,~rp, .,., , 0.0 -..~,-",..D...~....~~œ, .,
~ ~ ~ ~ n ~ ~ ~ ~ n

Si02 Si02

-

r·e Figure 2

•; .



• monzogranite, The concentration of B:I. Sr :md Th decreases l'rom hi"litl' to nlllsl',wilC

monzogranite (Fig, 3), The Zr content :\Iso decre:lses. hUI only in Ihl' LlInolll' ami

Lacorne plutons, ln contr:\st. the Rh conteni incre:lscs fwm hiolitl' to musc'm'ill'

monzogranite. and the content of Nh is highest in musco\'ite Illonwgranitc, 'l'hl'
~ - -

concentration of tr.lce clements. other than those Illentioned aho\'e. :md of Li. Be. li. G:I.

F and REE. which are discussed bclow. do not exhihit system:llic Irends \\'ilh

monzogranite type.

Besides varying with monzogr.lnite type, the contents of B:\ ami SI' :l1so \,;\ry

spatially within the Lacome pluton. In the nonhern pan of the plulon. Iheir contents

decrease toward the two-miea monzogmnile (Fig. 4), On the other h:md. in Ihe southcl1\

biotite monzogranite. Ba and Sr contents deere:\se inward l'rom the nl:ll'gins of the

intrusion.

The distribution of bodies of spodumene pegm:\tite. i.e.. their restriction 10 the

Lamotte and Lacorne plutons. is reflccted in the relmive contents of Li in the

monzogmnites of the four plutons. The content of this clement in e:lCh of the

monzogmnite types in the Preissac and Moly Hill plutons is low rel:\tive to th:lt in the

corresponding monzogranites in the Lamotte and Lacorne plutons. Mon:ovcr, the content

of Li in the muscovite monzogranite of each pluton is markedly lower than th:ll of the

other types of monzogmnite. In the Preissac and Moly Hill plutons, the contenlS of Li

avemged over biotite and two-mica monzogmnites are 92 :l: 12 ppm and 126:l: 11 ppm.

respectively. In contrast, the corresponding values in the Lamotte and Lacorne plutons

arc 265 :l: 107 and 202 :l: 124 ppm. The contenl~ of Li in muscovite monzogr.lnite for

the four plutons arc 30 :l: 2 ppm (Preis.~c). 18 ppm (Moly Hill), 78 :l: 32 ppm (Lamotte)

and 173 :l: 70 ppm (Lacome. ineluding the muscovite monzogmnite dike). The

distribution of Be is much more uniform among the four plutons. and does not vary

appreciably with monzogranite type. However. it may he significant that the Be content

is lowest in the Moly Hill pluton (3 :l: 0.6 ppm versus 4:l: 1.4. 45 :l: 1.8 and 55 :l: 1.8

ppm in the Preissac. Lamotte and Lacorne plutons. respectively); the Moly Hill pluton is

the only one that does not contain heryl.
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Fig. 3. Plot of trJce-element contents (ppm) versus SiO~ for ail types of monzogranite in

the Preissac. Moly Hill. Lamoue and Lacome 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 LI and Ga were detemlined only for the L;Ull<ltte and L;le,'me

monzogr.mites. and \Vere found to inerease systematie;\lIy fwm hiotite to museo\'ite

monzogr.mite (Table 1Bl. The average Thlll values in the Lamotte ami L;leome plutons

decrease l'rom 5.4 and 7 in biotite monzogmnite. through 2.2 ami 3.9 in two-mÎC;\

monzogranite. to 0.55 and 0.4 in muscovite monzogranite. respeetively. In the s;\me order

of types of monzogranite. the mean values of Al/Ga deerea.'e: 3639 ~ 3150 ~ 2272 in

the Lamolle pluton. and 3852 ~ 3196 ~ 2796 in the Laeome pluton.

The fluorine content was established in only three s:\mplcs of two-mÎC;\

monzogmnite and two samples of muscovite monzogmnite. ail l'rom the Laeome pluton.

The avemge F content is 0.03 WI.%. and does not vary with rock type.

The sum of the rare-earth elements is low. less than 100 ppm. in ail subtypes of

monzogranite. except for the Moly Hill biotite monzogmnite. where it is approxinmtcly

200 ppm (Tables lA. B). Chondrite-normalized proliles display light mre-e:n1h

enrichment and negative Eu anomalies. and there is a geneml tendency for the pralïles

to f1allen and the Eu anomaly to hecome incrcasingly negative l'rom biotite to muscovite

monzogmnite (Fig. 5).

GEOCHEMISTRY OF THE PEGMATITES AND ALBITITES

Major and trace elements

Only a small numher of the oecurrences of spodumene pegmatite in thC::Lamolte

pluton. and of heryl and spodumene pegmatites in the Lacorne pluton. could he analyzed

(rare-elernent pegmatites do not oecur in the Prcissuc and Moly Hill plutons). owing to

the difficulty of obtaining representative bulk-samples of these very coarse-gr.uned roek.,.

In orcier to minimize the problem of sample heterogeneity. approximately ~: kg of material

were collected from channels cut across small bodies of pegmatite « 1 m wide).

The heryl pegmatite in the Lacorne pluton contains 73.5 to 77 wl.% Si02 (most

samples contain between 76 and 77 wt% SiO~. and thus is indistinguishable in terms of

Si02 content from the muscovite monzogranite (Tables 1B. 2). Thé ~-podumenepegmatite

in the Lacorne and Lamotte plutons eontains 73-74 wt.% and 74 wt.% Si02• respectively.
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Fig. 5. Chondrite-nonnalized REE profiles for the subtypes of monzogranite in ail four

plutons. The chondrite values are those recommended by Boynton (1984).
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• Table 2 (continued)
Aplite

Rare-earlh e/emenls (ppm)
La 0.8 2 5.72 0.2 1.86 0.96
Ce 1.75 2 18 0.52 3.35 ~ .,.,,)._-
Pr 2.71 0.06 0.37 0.51
Nd 3.5 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
Tb 0.15 2 0.63 0.06 0.19 0.16
Dy 1.62 0.18 0.68 0.47
Ho 0.35 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 0.1 2 0.02 0.01 0.03 0.02
l:REE 7.6 54 2.06 10.7 10.8

AUGa 1806 1826
Th/U 1.4 0.58
EulEu 0.21 0.004 0.03 0.05 0.031

8180 8.8 8.7-9.5 7.6-10.3 8.8 2
Bd: beryl pegmatite; Spd: spodumene pegmatite; Ab: albitite



• Harker diagr<lms of major-clement oxides against SiO~ for the muscovite

monzogranite and the pegmatites do not sh!lw any significant variations except for Na/K.

which is slightly higher in bcryl pegmatite. The contents of Ba. Y and Th deerease.

whercas those of Rb and Ga incrcase. from muscovite monzogr<lnite to spodumene

pegmatite in bath plutons (Fig. 6). The contents of Zr and Hf decrcase in the Lacorne

pluton but incrcasc in the Lamotte pluton from muscovite monzogranite to spodumene

pegmatite. The content of Sr decrcases initially from the monzogranite to the beryl

pegmatite. but then incrcases in the spodurnene pegmatite. in the Lacorne pluton. A

possible explanation for the high Sr content of the spodurnene 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 incrcases from the monzogranite to the beryl pegmatite. and then drops in the

spodumene pegmatite. This sharp decrease is reflected by the presence of tantalite .a.~

opposed 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 r REE content of beryl pegmatite (Lacorne pluton) is similar to that of

muscovite monzogranite (54 versus 56 ppm). However. the r REE content of spodumene

pegmatite in bath plutons is sharply lower at 2.06 ppm (Lucorne) 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 apHte dike. whieh cuts the

L-shaped muscovite monzogranite dike in the Laeorne pluton. has a ehondrite-normalized

REE pattern similar to that of the pegmatites (Fig. 7B).

The albitite dikes. which oceur ooly in association with the Lacorne pluton. have

a uniform major-element composition, but form two distinct populations with respect to

their trace-element concentrations (Table 2). Group-I albitite has much higher Rb and

Ta contents. and Group-2 albitite has a much higher content of Sr. The ~ 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 REEw profile is

almost identical to that of apHte (Fig. 78).
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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 beryl

and spodumene pegmatites in the Lacorne pluton could be due to the decay of ·'Rb (see

text).
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Fig. 7. REEN profiles of rare-element pegmatites in the ,Lamotte and Lacornc plutons.

Also shown are the REEN profiles for dikes of apHte 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 represent:ltÎ\'e s:lmph:s of monzogmnile.

pegmatite. and albitite were perfornled at the Université de Montré:11 and the University

of Saskatchewan. Details of the analyticaltechnique arc given in Hoy (1993). Ali ""0

values are reporled relative to Standard Mean Ocean \Vater (SMO\v).

The whole-rock <5"0 values of the Preissac. Lamotte and L:lcorne monzogr.mites

(the Molv Hill monzoe:ranite wa.~ not analvzed) mnee l'rom S.l 10 9.8'ik with most v:llues.. - ..-
lying between 8.1 and 8.8%c (Tables 1. 2. Fig. S). This mnge is typical of fresh gmnilîc

rocks. which show a roUlee of <5"0 from 7to 100c (Tavlor (978). The monzoer.miles :lre
~ . ~

isotopieally indistinguishable from one type of monzogmnite to another within e:lch of

the plutons. or from one pluton to another. Le.. they have not undergone signilic:mt

interaction with meteoric water. A similar r.mge of <5"0 values is also displayed by the

four samples of beryl pegmatite. wherea.~ the spodumene pegmatites show a somewhat

wider range of <5"0 values (7.4 to 10.3%c). Interestingly. the mean <5"0 values of

monzogranite. beryl and spodumene pegmatites arc almost identica! (Tables 1. 2). and

similar to the <5"0 values of the two samples of albitite analyzed.

DISCUSSION

Geochemical evolurion

The systematie chemical trencl~ described above and the geological relationships

discussed carlier. and in Mulja et al. (1995b). provide strong evidence of the evolution

of the Preissae-Laeorne plutons from carly biotite through IWo-mica and muscovite

monzogranite to beryl and spodumene pegmatites. The most plausible explanation for this

evolution is fractional crystal1ization of a parental monzogranitic magma.

Depletion of Ti. Fe, Ca, Ba. Sr. Zr and Th, and concomitant enrichment ofRb. 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

of albite, musco~te, gamet, and columbite-tantalite. Similarly. the systematic increase in~
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Fig. 8. Results of oxygen isotope analyses of monzogranite, pegmatite (white and black

symbols are for Lamotte and Lacome plutons, respectively), and albitite in the Preissac­

Lacome batholith. The values are quoted with respect to SMOW.
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• the negalive Eu anomaly with magma evolution is consistent with fr.lctionation of carly.

more calcic plagioclase (cf. Cullers & Graf 1984): the corrcsponding decrcase in total

REE. particularly in the LREE. can be explained by carly fr.letionation of monazite and

apatite (Fig. 5). Finally. the linear rclationship between Ba and Sr. and the marked

decrca.~e in Ba from biotite to muscovite monzogranite (Fig. 9). are strong evidence for

fr.lclional crystalli7.ation of plagioclase and K-fcldspar.

Other processes that have been proposed to explain monzogranitic plutons similar

in zonation to thal observed in the Prcissac-Lacorne plutons are rcstite unmixing

(Chappell et al. 1987). source-rock heterogeneity (Nabelek et al. 1992). and sequential

partial melting (Holtz 1989). We can rule out rcstite unmixing as the cause of the

monzogranite zonation. because of the conspicuous absence ofxenoliths or xenocrysts that

couId rcprcsent restitc. and the requirement that the contenl~ 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 trcnds

that are clearly nonlinear. e.g.• Nb. Y. and Rb. Source-rock heterogeneity also can be

ruled out because of the rcmarkable consistency of 8180 values from biotite (8.6 :1: 0.1%0)

through two-mica (8.5 :1: 0.1%0) to muscovite (8.6 :1: 0.4%0) monzogranite. Finally.

scquential partial melting can be eliminated beeause this process tends to produce

rclatively constant concentrations ofcompatible elements (Hanson 1978). In the Preissac­

Lacorne plutons. several of the compatible elements display wide variations in

concentration.<;, e.g.• Ba and Sr. The relatively high contents of Ba and Sr in tne biotite

monzogranite and their extrcme 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

proccss re:;ponsible for the compositional diversity ofthe Preissac-Lacorne monzogranites.

wc 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 & Ha:.1y 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

Lacome batholith. AIl values are in ppm.
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Lamotte and Lacorne plutons bccause the data for the Preissae :lnd Moly Hill plutons :lrc

inadequate. The following equation \Vas used to describc fr:lctional cryst:llliz:nion (:lfter

Hanson 1978) in the calculation:

C'IC' = pll.".

where C' and C' are weight concentmtions of a tr.lce clement in the derived melt. and in

the parental mt:lt. respectively. F is the fmction of melt. and 0 is the bulk distribUlion­

coefficient. The concentl'".ltion of a tr.lce clement in the residual miner:ll phases. C.

relative to the parent. C. was calculated from the relationship C =C' * D. Barillm. Sr.

and Rb were used in the modeling; among the tmce elemenL~ whose concentr:ltion was

established these are the elemenL~ for which the minemVmclt distribution cocflicients (Kil)

are best known (Table 3). The values of Kil used in the calculations were selected

bccause the rocks from which they were estimated have compositions similar to those of

the Preissac-Lacorne monzogranites. Because the initial composition of the melt. C'.

cannot be determined at present. we assume that biotite monzogmnite with the smallest

negative Eu anomaly has the composition of an unfmctionated magma. and therefore its

Ba. Sr and Rb contents are used a.~ inpuL~ for the C in the above equation. The resllits

of the modeling suggest that the various subtypes of monzogmnite in the Lamotte and

Lacorne plutons can be produced by modemte to high degrees of fmctional crystalli7.ation

(60-95%) from such a biotite monzogmnite parent (Fig. 10). Such high degrees of

fractionation are consistent with the relatively small volumc.~ of the more evolved

monzogranites relative to those of biotite monzogranite. Although the calculations alsa

produce good correspondence between the model and observed compositions of sorne of

the occurrences of beryl pegmatite in the Lacorne pluton (over 90% fmctional

crystallization, Fig. 10). other occurrences of the same type of pegmatite and examples

of spodumene pegmatite have substantially higher Rb. Ba and Sr contenLo; than predicted.

A possible explanation for the elevated contents of thesc elements is local contamination

of the magma by the host rock, biotite schis\. Another possibility is that the distribution

coefficients for thesc elements were different in the laner pegmatites becausc 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 H20. F and
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TABLE 3. MINERAUMELT 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 4.3 5
Muscovite 12 0.4 1.5 1

CO:~otte 635 131 265
Co: Lacorne 822 144 360
Source ofKo data:Hanson (1978), Nash & Creeraft (1985), Mahood &
Hildreth (1983)
Co: original concentration ofelement in "parent" melt (sec text)
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Fig. 10. Comparisons of the Rayleigh fractionation model (solid line) and observcd data

of all subtypes of monzogranite and pegmatites in the Lamotte and Lacome 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 Rh in the me\ts (London

1987. Manning & Pichavant 1988). These arguments. the coherent rclationships :ullong

tr.lce clements bctween the monzogmnite and pegmatites (Figs. 6. 7). :md the evidence

from the tr.lce-e\ement data for muscovite (Fig. S: Mu\ja ct :11. 1995h) illustr:tling a linear

rclationship of Sc. Rb and Ta against Cs. demonstmte the genetic link of the

monzogranite to the rare-clement pegmatites.

BellClvior of REE dl/ring pegmalile evo/Ill/on

The concentmtions of Eu. and of the light and heavy REE decrcase progrcssively

from beryl to spodumene pegmatite in the Lacorne pluton (Fig. 7). The large negative

Eu anomaIy is most rcasonably interpreted by fr.lctionation of plagioclase. :L~ discussed

previously. Given the relative abundance of xenotime in the muscovite monzogr.mite

(Mulja et ai. 1995b) and the absence of this mineml in the bcryl pegmatite. wc interprct

the strong depletion of HREE in the latter rock to be a rt.-sult of xenotime fr.lctionation

(in view of its weIl-established tendency to concentmte the HREE). The dcpletion in

HREE may aIso be due part1y to gamet fmetionation in the muscovite-monzogmnite­

fonning magmas. The depletion of LREE in the beryl pegmatite can bc interpretl..-d to

reflect fractionation of monazite: monazite is considcmbly more abund:mt in the

muscovite monzogranite than in the beryl pegmatite (Mulja ct al. 1995b). The extreme

depletion of both LREE and HREE in the spodumene pegmatite can bc explained by the

continued fraetionation of monazite and gamet in the bcryl-pegmatite-forming magma.

and the absence of these minerais in the spodumene pegmatite. Other explanations that

have been proposed for extreme depletion of REE in pegmatites are magmatic fluxing.

i.e., F-REE complexing (Rynn & Burnham 1978), and subsolidus mobi1i7.ation of REE

by hydrothermai processes (e.g., Sverjensky 1984). Although we do not have a means to

test the former hypothesis. replacement of amphibolite by biotite. ncar the l.podumene

pegmatite and replacement of hornblende by holmquistite [Li2(Fe,MghAI2Si.On(OH,F>:z}

indicate there was significant transfer of materiaI~from the spoduméne pegmatite to the

country rocks. Moreover, altered amphibolite within a centimeter of the contact commonly
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• conlains ahundant apalile. Il is lhus possible that sorne REE may have been

hydrothcrmally transponed out of the pegmatite and concentr.lted in apatitc in thc country

rocks.

Formalion of albilire dikes

The almost monominemlic nature of the albititc dikes (97% albite and minor

molybdenite) rules outtheir fonnation by equilibrium magmatic crystallization. A purely

metasomatic replacement of the host basait or biotite schist is unlikely because of the

sharp contact bctween the albitite and the country rocks. Moreover. the REEN pattern of

the albitite doc.s not re.semble that of the biotite schist (cf. Feng 1992). On the other

hand. the albitite could represent a felsic dike that has becn metasomatically altered. This

interpretation is supponed by the similarity of the REEN profile of the albitite to that of

aplite (Fig. 78). We therefore propose that the dikes arc the products of a complete

replacement of highly evolved granitic rocks by residual aqueous f1uids. which evolved

during the late-stage crystallization of the magma. i.e.. the precursor magmatic rock

stewed in its own re.sidual f1uids. A question that needs to be addressed. however. is why

qu:\nz was removed completely from the rock. given that the residual f1uids would have

been· quanz-satumted. The prccursor may have becn a spodumene-rich aplite. in which

spodumene and quanz reacted with the f1uid phase to fonn albite. This process ha.s 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.e.. less evolved biotite monzogranite along the margin of the intrusions and the most

evolved muscovite monzogranite in the center. suggests that the magma underwent side­

wall crystallization. in which the earliest solidification occurred'at the contact between

the liquid and the intruded country-rocks. In the Lacorne pluton, the geochemical (Fig.
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• 41 and miner.ll-chemical (fig. 6. Mulj;\ el ;\1. IlJlJ5hl trends eorwhorme strondv Ihe
~ . ~ .

process of side-wall cryst;llIiz:llion. The L:lmolte pluton. whieh hleks ohserv:lhle

syslematic chemical variations aeros.~ the monl.ograniles. eould h:l\'C hcen formc'd in a

regime of slow solidilication. as is the case for homogeneous plulonie rocks (S:lwka cl

al. 1990). Furthermore. the comagnl:llic heryl and spodulllene pcgnl:llites. whidl

represeOl Ihe more and mosl evolved t'clsic liquids. respcctively. CUl ;111 types of

monzogranile. indicaling thal Ihc Iiquids musl have evolved tow:ml Ihe inlerior of Ihe

body of magma. On Ihe basis of Ihesc geological and geochemic:ll ohservmions. wc

envisage an inilial slagc of side-wall cryslallizalion Ihal produced crysl:ll-mush (hiotite

monzogranile) and a less dense boundary-layer liquid (Fig. liA) [sec McBimey et :lI.

(1985) for a discussion of Ihe dynamics of magma ehambers). According to Ihis modcl.

boundary-layer liquid rises buoyantly to the top of the ehamber. displacing earlier-fomled.

denser crystal-mush layers l'rom the roof. Convection and high density eventU:llIy drive

these layers into the lower part of the chamber. where they undergo further UPW:lrd

crystallization. This latter crystallization and continued cryslalliz:llion along the walls

produeed more evolved two-mica monzogranite. which led to the ascent of :111 even more

differentiated boundary-layer (Fig. II B). In the Lacome pluton. a portion of the biotite

monzogranitic crystal-mush layer (southem biotite monzogr.lnite) must have sepamted

l'rom the other layers prior to its complete consolidation. and must have begun its own

pattem of side-wall crystalIization. The separation and indepcndent crysta1li7.ation were

necessary to produce the observed geochemical and mineral-ehemieal trends mentioned

above. One cause for the separation of the southem biotite monzogranite was pcrhaps the

emplacement of the magma along reactivated pre-existing fractures or along new ones.

This teetonically induecd emplacement of magma seem.~ applicable alse to the

emplacement of the L-shaped museovite monzogranite dike (label1ed MG-dikc. Fig. 1D).

which suggesl~ that a bateh of somewhat evolvcd felsie liquid breaehed the walls of the

magma chamber through fractures.

A consequence of the inward crystallization wa.~ the accumulation of more

differentiated and voIatile-rich residual liquid.o;. which were below an alrcady lithificd

carapace. Fractures in the roof rocks. produccd tectonically or by overpressures. providcd
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Fig. Il. Sketches depicting the proposed history of crystallization of the n..-e-element­

enriched granitic magma chamber of the Lamone and Lacome plutons. A) Early side­

wall crystallization produces marginal biotite monzogranite and less dense boundary-Iayer

melts. which ascend to the roof of the magma chamber. These melts displace downward

the denser crystal-mushes that formed earlier. B) Continued fractional crystallization

forms successive two-mica and muscovite monzogranite Iayers 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 and intrudes the country

rocks as a dike (MG) in the Lacome pluton. C) Expulsion of pegmatite-forming volatile­

rich magma from the chamber owing fluid overpressure results in the emplacement of the

beryl (BrI) pegmatite in the overlying monzogranite. D) Later contraction of the pluton,

part1y due to its advanced stage of crystallization. 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-BrI) and

spodumene (Spd) pegmatites. Aqueous fluids exsolve from the spodumene pegmatites;

some back-react with earlier-fonned aplite and pegmatite to fonn 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. bcryl-pegmatite-producing liquid (Fig. Il Cl. At an

advanced~tage of crystallization. corrcsponding to the onset of withdrawal of the above

liquid from the chambcr. the pluton underwent contr.lction. producing conical fr.lctures.

analogous to those associated with the main events of c;·.Ider.l formation. and reactivated

pre-existing east-west-trending fr.lctures in the country rocks. These fr.lctures tapped deep

pockets of more evolved liquid. which was dr.lwn upward and outward. solidifying as

spodumene-bcryl pegmatite along the margins of the plutons. and eventually as

spodumene pegmatite in the country rocks (Fig. II D). Crystallization of the spodumene

pegmatite terminated with the exsolution of aqueous fiuids from the melt. which formed

systems of quartz veins or, in sorne cases, caused the albitization of th.' associated aplites.

Molybdenum. which has a fluidlmelt distribution coefficient greater thall 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

Incontrast to the Lamotte and Lacome 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. Pegmatites are relatively

uneommon in these latter plutons. rarely eontain beryI. never contain spodumene, and

show no obvious spatial association with molybdenlte-bearing quartz veins. The small

size of the plutons and the fuet that they did not undergo differentiation to the same

extent as the Lamotte and Lacome plutons lire considen:::l responsible for these

chamcteristics. Consequently, vapor saturation occurred during crystallization of the
. . .

muscovite monzogranite under a relatively thin crust of solidifjed magma. which was

readily fraëturecL The exsolved fluid phase escapèd thrbugh these fractures and forrned
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molybdenite-bearing quartz veins in the muscovite monzogr.lOite. This exsolution is

ret1ected in the finer-grained nature of the monzogmnite around the veins (Mulj.. et ..1.

1995b). which developed as a result of composition..l quenching of the melt. Support for

the ..bove interpretation is provided by the fine-gmined muscovite-gamet monzogr.lOitc

dike. which contains small molybdenite-bearing vugs that probably represent the site of

vapor-phase exsolution. Significantly. this dike cryst..llized l..te in the history of the

pluton. and in fact cuts molybdenitc-bearing quartz veins.

CONCLUSIONS

Field. petroehemical and oxygen isotope data for four per.lluminous monzogmnitic

plutons in the Preissac-Lacome 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 W;IS

mainly the result of fractional crystallization. The Lamotte and Lacome magmas

underwent the most extensive differentiation, and evolved 10 the stage of producing r.lre­

element-bearlng pegmatites. The mechanism of fractionation in these plutons W;lS side­

wall crystallization, which developed quasi-eoncentrically zoned intrusive bodies. The

rare-element-enriched pegmatites were derived from batches of residual melt tmpped in

the interior of the cooling plutons. Beryl and spodumene pegmatites were empl;lced

sequentially, the former filling pressure-induced fractures in the overlying parental

monzogranites, and the latter filling extension fractures in the country roek.~, re..ctiv;lted

and produced by contraction of the adjacent solidified plutons. The terminal stage of

pegmatite evolution was marked by exsolution of an aqueous t1uid, whieh in sorne place.~

back-reacted with earlier-formed spodumene-bearlng aplite to form albitite, and in other

places separated from the parental bodies of pegmatite to preeipitate quartz, muscovite

and molybdenite in veins.

The Preissae and Moly Hill plutons underwent much less extensive differentiation

than the Lamotte and Laeome plutons, probabry owing to théir small siZe. Consequently,

they did not evolve magmas capable of erystallizing rare-element-enriched pegmatite.
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• Vapor salur.llion occurrcd during crystallization of the muscovite monzogranite under a

rclalivcly thin crusl of solidified magma. The laller was rcadily fmcturcd. allowing the

cxsolvcd Ouid to escape into the overlying muscovite monzogr.lnite. and therc to forrn

molybdenite-bcaring quartz veins.
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• ABSTRACT

Rare-clement-cnriched (Be. Li. Nb. Ta) gmnitic pegmatites in the L:1I110tlC amI

Lacome plutons of the Archean Prcissac-Lacorne batholith (Quehec) :Ire zoncd l'rom a

least fmctionated beryl type in the parental pluton through a tmnsitiomll spodumene-heryl

type at the edge of the plutons to a most frJctionated spodumcnc type in the country

rocks. Columbite-tantalite is the only primary Nb-Ta oxidc mincml: it composition is

dominated compositionally by Nb. Ta. Fe and Mn. Ti is present in minor qu:mtities ($

0.1 atoms per formula unit). In both plutons. the TaI(T:I+Nb) and Mn/(Mn+Fe) of

columbite-tantalite correlate positively with the degrce of pegmatite evolution. Thesc

correlations are interpreted to reflect the greater solubility of Mn- relative to Fe- :md of

Ta- relative to Nb-columbite-tantalite end-members in the magma. ln the Lacome suite.

there is a much greater increase in Mn/(Mn + Fe) over TaI(Ta + Nb) of columbite­

tantalite with pegmatite evolution. In pegmatite bodies in the Lacome suite. where

columbite-tantalite crystallization was accompanied by gamet. the TaI(Ta + Nb) of

columbite-tantalite inereases at constant MnI(Mn + Fe) values. We intcrpret this to

indicate that gamet saturation buffered the activities of Fe and Mn in the Iiquid. The

degree of order of columbite-tantalite decrca.~es 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

Minerais of the eolumbite-tantalite group [CFe.Mn)(Nb.Ta)P.l are potentially

important in deciphering the internai evolution of mrc-e1ement-enriched gr.lnitic

pegmatites (Lahti. 1987: Ercit. 1994a) and hence understanding their petrogencsis (Ercit.

1994b). Trueman and Cerny (1982) have proposed a model in which a =-element­

enriched felsic magma. with inercasing distance from the parental pluton. becomes

saturated first in bery1. then spodumene: as it crystallizes. Nb and Fe are expected to

become depleted. whercas Ta and Mn are progrcssively enriched in the rcsidual liquid.

With more r.lpid crystallization of the successive melt fmetions at an inereasingly greater

distance from the source. Cerny et al. (1986) anticipated that the eolumbite-tantalite wouId

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). orto groups of pegmatite bodies where petrogenetie links among

these pegmatites have not becn 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-Lacorne batholith. northwestem Quebec (Fig.

1). The pegmatite bodies are not deformed or metamorphosed. are weil described in

terms of their geology and petrochemistry (Dawson 1966: Mulja et al.• 1995a. b). and are

zoned rcgionally from a lcast evolved beryl type emplaced in the parental pluton to a

most evolved spodumene type emplaced away (-2-1:;.-1<:0:;) from the respective pluton. in
---. .. -

the country rock.~. Such a regional zonation•.a1though an essential fcature of the

evolutionary model proposed for rare-element granitic pegmatites. is seldom encountered.

The pegmatite suites of the Preissac-Lacome batholith thus offer a rare opportunity to

elucidate the factors $.r~ntrol the relationshipbetween the crystal-cheinical properties
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Fig. 1. A simplified geological map of the Preissac-Lacorne batholith showing thc

distribution of intercalated schists and volcanic rocks. basic plutonic rocks. four

monzogranitic plutons and structures. The boundaries 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 Lacorne pluton (Fig. 28) is most likely smallcr than

previously outlined. Only the boxed area in the Lacorne pluton. where most outcrops

exit. is enlarged in Fig. 28.
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• of columbite-tantalite and the e\'olution of fr.lctionated gr:mitic liq"ids in :1 Illodcl ran:­

clement pegmatite system.

GEOLOGY AND PETROGRAPHY OF THE PEGMATlTES

The columbite-tantalite-bcaring gmnitic pegmatites an: part of the An:he:lIl

Preissac-Lacorne batholith (-2.64-2.7 Ga: Gari':py and Allègre. 1'185: Feng and Kerrieh.

1991). which hosts the largest swarm of spodumene-bcaring pegmatit'~s in C:Lstern Can:ld:1

(formerly exploited by the Quebcc Lithium mine: Fig. 28). and many other bcryl :md

spodumene types of pegmatite of subcconomic gmde. Thc batholith. which intntded

mafic lavas and biotite schists of the Kinojevis ar.d 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 pemluminous monzogranite.

Each of these plutons (Preissac. Moly Hill. Lamotte. Lacorne) is zoned compositionally

from biotite through two-mica to muscovite monzogmnile (Mulja ct al.. 1995b). The

mineralized (Be. Li. Nb. Ta. Mo) pegmatites. which are the focus of this study. arc

associated with the Lamotte and Lacorne plutons.

The ~gmatites occur as tabular dikes ranging from tens of centimeters to eight

meters in width and up to hundrcds of meters in length. as le!ltieular bodies up to 5 x 24

meters in plan. and as dike swarms. particularly along the margin of the pillions. They

filled zones of dilation (pinch and swell) in the monzogranite and existillg fmcturcs 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-southea.st.

whereas those in the Lamotte pluton show no preferred orientation. ln both plutons. the

pegmatite bodies dip vertically to subhorizontally. !heir intrusive contact with the

monzogranite varies from gradational to sharp (phinar to convoluted). and shows no

evidence of metasomatism. Contacts between spodumene pegmatitc.s and amphiholite are

marked by a narrow halo in the amphibolite in which hohnquistite replaced hornblende.

On the basis of the predominant rare-element-be.lring minerais. the mineralized
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Fig. Z. Geological maps of the Lamotte (A) and Lacome (B) plutons depicting the field

rclationships among the various subtypes of monzogranite. the zonal distribution of the

thrce main types of pegmatites; beryl (Brl). spodume-ne-bc:ryl (Spd-Brl) and spodumene

(Spd). and the number and location of samples used in this study. In the Lacome pluton.

spodumene pegmatite from the former Quebec Lithium mine (QL) is about 3 km cast

from the margin of the map. Columbite-tantalite- and mo!ybdenite-bearing albitite dikes

(Mo-Ab) occur only in the northernmost pa.t of the Lacorne pluton.
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• pegmatites are subdivided into bcryl-. spodumene-bcrjl-. and spodumene-bcaring types.

ln the (ext that follows. these types of pegmatite are referred to as beryl. spodumene-beryl

and spodumene pegmatite. The pegmatite bodies are zonally distributed from bcryltype

in and at the margin of t!!~ parental plutons. spodumene-bcryl type at the margins of the

plulons. to spodumene type in the country rocks (Figs. 2A-B). Miner.ll-chemieal and

wholc-rock geochemical data indicate that lhey are comagmatic: bcryl pegmatite

represents the geochemically least evolved type. and spodumene pegmatite the most

evolved type (Mulja et al. 1995a. b). Adjacent to the spodumene pegmatite :n the

northem part of the Lacome pluton (Fig. 2B). dikes of molybdenite- and columbite­

tantalite-bcaring albitite occur in the interealated biotite schist and basait.

Beryl pegmatite

Small bodies of beryl pegmatite « one meter wide) are. in general. symmetrically

zoned from a narrow marginal sodic apHte (1) through an assemblage of coarse-grained

quartz. K-feldspar. albite and muscovite (2). to a centraI zone of beryl. K-feldspar. and

quartz mcgacrysts (3). Small pockets consisting of quartz and muscovite occur

spor.ldically in the apHte. 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 gamet. which

occur mostly in the apHte. Larger. subvertical bodies of beryl pegmatite (up to eight

meters wide) typically display an asymmetrical zonation as follows: (1) a marginal sodic

apHte that is texturally and mineralogically similar to the apHte in the small dikes. (2)

muscovite + albite + quartz + locally perthite, (3) beryl + albite + perthite + quartz ±

muscovite. (4) quartz + perthite ± beryi. (5) large irregular lenses of quartz intergrown

'with perthite' megacrysts(up to one meter long). or monotonous masses of quartz up to

thrce meters wide. and (6) a marginal facies consisting of muscovite. albite. quartz. and

locally perthite. The muscovite occurs mostly as books along the contact with the host

monzogranite. Columbite-tantalite occurs in'zones 1. 2. 3 and 6.
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Spodumene-beryl pegmatite

Spodumene-bcryl pegmatite is found only in the northem p:1rt of the Lm1llltte

pluton (nos. 4-5. Fig. 2). There. the bodies are asymmetrically zoncd. \Vith sodic :lplitc

at one margin and an assemblage of coarsc crystals (up to 5 <:m across) of :llbite + K­

feldspar + muscovite atthe other margin. Like that in bcryl pegm:ltite. the :Iplitc conl:lins

fine layers of spes.~artine.The intermediate zone is simple. comprising :tlbite. K-Icld~par

and quartz. and the central zone consists of quartz. K-Icldspar :md spodumene (Up to 4

x 10 cm in size). Disseminated eolumbite-tantalite OCCllrs mainly in the :Iplile and h:ts

not becn found in any other zone. From these observations. it is c1ear thal. in the

Lamotte suite. the spodumene-bcryl pegmatite differs subtly from the bcryl-bc:lring

pegmatite. i.e.• the former is distinguished l'rom the latter by the presence of spodumene

in the core.

ln the Lacome suite. there are thrce variants of spodumene-bcryl pegm:ltite. The

first one is rcprcsented by that at the Valor prospeet (nos. 17-19. Fig. 2B). which is

hosted by the two-mica monzograllite. The pegmatite exhibits :1 crude symmetrical

zonation l'rom a border zone of apHte. which is crenulated. extremely rich in spcssartine

(concentrations are an order of magnitude higher than in the apHte zone of the Lamolte

spodumene-beryl pegmatite) and contains apprcciable amounts (-1 %) of eolumbite­

tantalite and traces of schorl and pyrophanite. This zone gr..des 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

betwecn the pegmatite and the host monzogranite. wherc apHte is locally absent).

Spodumene (up to 20 cm x 2 m ',::1 size) occurs in the inuer 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 lepidoHte partially

replaced spodurnene. The core of the pegmatite consists mainly ,of quartz. spodumene
- '

: and lepidolite. The lepidolite occurs as large crystals (-2-3 cm across) intergrown with

quartz and albite. Unlike the lepidolite that replaced spodumene in the intcrmcdiate zone.

it here seems primary.::.:
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The second subtypc of spodumcne-bcryl pegmatite. exemplified by a dike near the

northem edge of the Lacome pluton (no. 21. Fig. 28). is zoned. The border zone aplite

contains some accessory gamet. This zone gr.ldes sharply into a spodumene-bearing zone

that contains small amounts of bcryl along the contact. The crystais of spodumene are

rclatively equigr.lnular (up to 5 cm long) and arc intergrown with quartz. albite and minor

muscovite. The next zone is dominated by massive lepidolite. albite and quartz. and

contains no spodumene. Columbite-tantalite is disseminated throughout the spodumene

and lepidolite zones. Although additional zones arc not exposed. we bclieve. on the basis

of the internai 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 basait of the country rocks (nos. 19 and 22). It

ha.s a narrow zone of sodie aplite, which hosts thin layers of gamet and scattered crystals

of columbite-tantalite. Beryl crystais are smaii and occur spor.ldieaIly aIong the contact

bctwecn 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 gamet contents, develop separate zones of spodumene

and lepidolite. and eventually become lepidolite-free. These observations indicate that the

spodumene-beryl pegmatite at the Valor prospect is the least evolved subtype. the one

near the northem margin of the pluton (no. 21). an intermediate subtype. and those at the

contact, the most evolveel.

Spodumene pegmatite
.~

Spodumene pegmatite aIso ean be subdivided. Less-fractionatt.~ examples are

located south of the Lamotte pluton (nos. 6 and 7. Fig. 2A)-and'east c;f the Lacome

pluton (no. 23. Fig, 2B). The former pegmatite shows subhorizoî\~d~yerëd bodies.
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which are characterized by altemating zones. l'rom 20 to 60 cm thick. of m:lssive :Iplite

and pegmatite. The contacts betwecn the two zones :Ire slmrp. nmrked hy venie:ll.

acicular crystals of spodumene (up to 1 x 20 em in size) in lhe pegm:ltite. In lhe upper

level of the intrusion. spodumene fomls shon. column:lr crysl:lls (2 cm :Ieross)

interlocking with quanz. muscovile. K-feldspar. and :llhile. The less-evolveù spodumene

pegmatite at Lacome is massive. consisting of spodumene lalh.~. qU:ln7~ :Ilhite :mù K­

feldspar. and traces of nuorite. Muscovite. of variable gmin-size. is less :Ihund:mt th:ln

in other types of pegmatite. In lhese bodies of spodumene pegmatite. the minor minemls

are. in an order of deereasing abundance. eolumbite-tantalite (up to 0.5 cm aeross).

molybdenite. heryl and cerianite. Unlike the beryl and spodumene-beryl pegmatiles. the

aplite in the spodumene pegmatites lacks gamet.

The more evolved type of spodumene pegmatite is representcd by bodies in the

country rocks north of the Lamotte (no. 8) and Lacome (no. 24) plutons. The texlure :lnd

major mineraiogy of the Lamotte pegmatites are similar to those of the less evolved

Lacome spodumene pegmatite. In contras!., the more evolved bodies of spodumene

pegmatite associated with the Lacome pluton are zoned from a margin:ll aplite 10 :1 core

of coarse-grained perthite + spodumene + quanz. In this subtypc of pegmatite from both

suites. columbite-tantalite erystals (up to 1 cm acros..~) occur throughout. but gamet is

present only in the Locome suite. Beryl and molybclenite (both of which :âso are present

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

Albitite dikes

Albitite dikes occur alongjoints in the metavolcanic rocks and schisl~ (no. 25. Fig.

2B). Th~ dikes. which con.~ist almost entirely of euhedral albite. locally host spectacular

molybclenite-rich layers. Columbite-tantalite and Ta-bcaring ilmenite are minor interstitial

phases; whereasgamel, ~t)~ muscovite. and zircon are accessory pha.~es.
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SAMPLES AND ANALYTICAL METHODS

Locations of reprcsentativc cxamplcs of the thrce types of pegmatite from the

Lamotte and Lacorne plutons arc shown in Figs. 2A-B. Although both plutons host a

complete series of mrc-element pegmatites. therc 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 numbcr of samples examined from the Lacorne pluton. We a1so

:malyzed columbite-tantaHte from discrete dikes of apHte from the Lacorne and Moly Hill

plutons. and from a dike of muscovite-gamet monzogmnite in the Preissac pluton.

The major-element compositions ofcolumbite-tantalite and related Nb-Ta minerais

werc detennined with an automated CAMECA electron micropmbc at McGilI University:

thc opemting conditions were: accelemtion voltage 20 kV. bcam current (measured on

MgO) 20 nA. a 2-llm spot size, and a 25-seeond counting time. Synthetic MnNbp. and

Tap~ were used as standards for Mn and Nb, and Ta. respectively. pure metal for U. and

variou.~ minemls for other clements. Data reduction was accomplished with the full PAP

correction procedures of Pouchou and Pichoir (1985).

Unit-cell dimensions of columbite-tantalite were -'~ctermined using X-ray

diffmction (powder method). Unlike the electron microprobe, which provides

compositional infonnation for specific locations (spots) in a single crystal, the powder

mcthod provides infonnation on the average composition and average degree of structural

order in a volume of material of approximately 0.5 mm). In sorne cases. IWO sets of

diffmction maxima werc observed. indicating IWO dominant columbite-tantalite phases in

the material analyzed by XRD. The pulverized material was mixed with synthetic

MgAI20. 1>l'inel <!!. = 8.0833 Â at room tempcrature). The powder pattern, obtained with

a Guinier-Hagg focusing camera (CUKlX, radiation), was corrected and then indexed by

referring to POF 16-337 and to the indexed pattern of Wise et al. (1985). CeU parameters

were calculated with the program of Appleman and Evans (1973), as modified by Garvey

(1986)•
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• COLUMBITE-TANTALITE

Nomenclature

Minemls of the columbite-tantalite group have the gener.ll rormula or "wp•. in

which the A position is occupied mostly by Fe~· and Mn~· .md. to a lesser eXlent. hy

Mg~·. or trivalent cations: the B position is occupied nminly by Nh~· and T'l'· ami.

subordinately. by Ti·· and Sn··. These orthorhombic miner.lls include Ihe end-lIlembers

ferrocolumbite (FeNbp.). manganocolumbite (MnNbP.l. manganotantalite (MnT'lp.l

a'1;,Ï rnagnocolumbite (MgNbp.). Although rerrotantalite [(Fe> Mn)(Ta > NblP.1 is .1

member of the columbite-tantalite group in the c1assitïcation of Nb-T'I oxides. tbe end­

member FeTap. is tetmgonal and belongs to the tapiolite series (Cerny and Ercit. 1989l.

Magnocolumbite and ferrotantalite were not observed in this suite.

In order to describe the compositional variation of columbite-tantalite within and

belWeen bodies of pegmatite. the namcs ferrocolumbite. mang.mocolumbite .md

manganotantalite are restricted to the compositions [TaI(Ta + Nb) and Mn/(Mn + Fel <

0.5]. [TaI(Ta + Nb) < 0.5 and Mn/(Mn + Fe) > 0.5] and [TaI(Ta + Nb) and Mn/(Mn +

Fe) > 0.5]. respectively. The presence of manganotantalite. which has a sirnilar bulk

chemistry to ixiolite (Mn,Fe,Ti,Ta.Nb).0., wa.~ c~'nfirrned by retention of the

orthorhombic structure after heat treatment at I.OOO·C for 16 hours. Ixiolite would

convert to a monoclinic structure (wodginile) upon such hcat treatmcnt (Cerny and Ercit,

1985). Columbite-tantalite occurs in a wide mnge of structuml states in gmnitic

pegmatites, as can be appreciated from the continuum of data poinl~ in a quadrilaleml plot

of cell pàrameters J! versus ~ (Cerny and Ereit. 1985. Fig. lA).

Petrography

Columbite-tantalite (CT) fonDs finely disseminated crystals. particularly in the
.'

garnet-rich aplite, irrespeetive 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 bath suites, cr crystais are generally small and euhedral (up to 2 x 3
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• mm) and occur as inclusions. mostly in gamct and albite. and rarcly. in perthite.

muscovile and quartz (Fig. 3A). In almosl ail cases. coarser grains of this oxide are

interstilial (Fig. 3B). Sorne euhedml crystals of CT occur belween gamet and albite (Fig.

3e). In the intermediale zone of these types of pegmatite. CT crystals are generally

interstilial to the silicate minemls mentioned above and spodumene in the spodumene­

hcryl pegmatite. They were not observed in the core of either subtypes of pegmatite.

where large crystals of quartz and bcryl. and of quartz. spodumene and lepidolite oceur.

respectively. These textur.ll relationships indicate that most erystals of CT arc earlier than

the silicate phases in the aplite zone. and almost ail of them in the intermediate zone arc

late. This interpretation suggesLs that the eolumbite-tantalite in the aplite zone is

gener.llly earlier than bcryl and spodumene. In contrast. columbite-tantalite in spodumene

pegmatite is mostly either intergrown with. or interstitial to. spodumene. quartz and albite.

pointing to erystallization eontemporaneolls with and later than these silicate minerais.

Alter.ltion in eolumbite-tantalite is minimal. Sorne paragenetieally late CT grains

in bcryl pegm::tite arc rimmed by masses of U-Th-bearing Nb-Ta oxide (Fig. 3B). In

spodumene pegmatites. veinlets and patches of microlite occur in manganotantalito: (Fig.

3D). suggesting that the microlite was precipitated at a subsolidus stage that filled

fmctures in. and partially replaeed. 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). Sorne CT crystals in dikes of aplite and albitite arc Întergrown with fersmite (Fig.

3F). The nature of this intergrowth cannot be ascertained owing to the rarity of the

occurrence and the small sizc 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 atom.s per formula unit. apfu) and. in sorne cases. trace

amounLs 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 columbile­

tantalite (Ct) and related Nb-Ta mineraIs from the Preissac-Lacorne pegmatites and

albitite. A). A euhedral inclusion of ferrocolumbite (Fcl) in albite (Ab) from a discreh:

aplite dike. B). An anhedral grain of interstitial ferrocolumbite in a beryl pegmatite.

intergrown partially with metamict (Th-U) columbite-tantalite (U-Th Ct). Cl. A

ferrocolumbite prism enclosed mostly in euhedral gamet (Grt) and partly in albite in a

beryl pegmatite. Secondary muscovite (Ms) fringes the gamet and ferrocolumbite. D).

Manganotantalite (Mu) replaced by patchy microlite (Mie) and cut by albite veinlcl~ in

a spodumene pegmatite. E). A subhedral ferrocolumbite in spodumene (Spd) from

spodumene+beryl pegmatite is partially altered by translucent manganocolumbile (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 (Iight grey). Ali scale bars are 100 !lm.
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• Table 1 Representative compositions 01 columbite·tantalite lrom the Preissac. Moly Hill and
LamC'tte plutons

Pluton Preissac Moly Hill
Lithology· MGG AP BrI
Sample 471 30 764 795
Nb205(wl%) 71.57 68.31 72.48 71.28
MgO 0.02 0.1 1 0.09 ù.17
cao 0.Q1 0.Q1 0 0
Ti02 1.08 1.02 0.58 0.45
FeO \0.69 13.9 13.15 15.42
MnO 9.98 6.00 6.73 4.22
Ta205 5.34 9.70 6.81 7.14
Total 98.69 99.05 99.84 98.68

Lamotte
Spd+BrI Spd
912 912 C.2

71.22 67.Tl 52.73
0.06 0.06 0
0.02 0.05 0.02
0.6C 0.40 0.09

1328 12.79 5.39
7.68 6.42 12.47
5.63 11.62 29.01

98.49 99.11 99.71

C.2
34.04

0.02
0.02
0.18
5.66

10.71
48.42
99.05

HP9·5
23.72
0.02

o
0.15
3.77

11.62
61.42
100.7

HP9·5
8.33

o
0.02

0.2
0.45

14.12
77.4

100.5

Structural lormula based on six oxygen atorns

Nb 1.873 1.813 1.886 1.881 1.874 1.813 1.513 1.078 0.786 0.303
Mg 0.002 0.010 0.007 0.014 0.005 0.005 0 0.010 0.002 0
ca 0.001 0.001 0 0 0.001 0.003 0.001 0.001 0 0.002
Ti 0.047 0.045 0.025 0.019 0.026 0.Q18 0.004 0.009 0.008 0.012
Fe 0.517 0.682 0.633 0.753 0.644 0.633 0.286 0.332 0.231 0.03
Mn 0.489 0.298 0.328 0.209 0.375 0.322 0.670 0.635 0.722 0.961
Ta 0.084 0.155 0.107 0.113 0.089 0.187 0.501 0.922 1.225 1.691

A site 1.009 0.991 0.994 0.996 1.024 0.963 0.957 0.978 0.955 0.993
Bsite 2.005 2.012 2.018 2.013 1.990 2.018 2.018 2.010 2.019 2.005
TaI(Ta+Nb) 0.043 0.079 0.054 0.057 0.045 0.094 0.249 0.461 0.609 0.848
MnI(Mn+Fe) 0.486 0.304 0.341 0.217 0.368 0.337 0.701 0.657 0.757 0.97
"MGG: Muscovite + gametmonzogranite; AP: aplite dike; lor pegmatite types, BrI: beryl;
Spd: spodumene
A site: Fe. Mn, Mg, ca; B site: Nb. Ta. Ti
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• Table 2 Representative compositions of columbiteotantalite in various rock types from the

Lacome pluton

Lithology' AP Bri Spd + Bri Spd Ab
sample 606 1001E 1001L 708 756.S 756.L 812 736 721
Nb20 5(wt%) 69.12 69.63 43.42 62.29 62.65 36.43 62.16 1.73 35.85
MgO 0.08 0.07 0.06 0.05 0.02 0 0.09 0 0.52
cao 0.01 0.02 0.03 0.02 0.01 0.04 0.19 0.05 0.06
Ti0 2 0.52 0.67 1.23 0.8 0.45 0.44 1.07 0.63 0.41
FeO 11.05 12.78 11.25 10.45 4.96 0.31 2.44 2.87 9.15
MnO 9.11 7.5 6.29 8.84 14.57 16.57 16.29 10.65 6.78
Ta205 9.23 8.79 36.86 17.74 17.14 46.7 18.13 62.39 47.93
Total 99.12 99.46 99.14 100.2 99.80 100.5 100.4 98.32 100.7

Structural formula based on six oxygen atoms

Nb 1.833 1.830 1.296 1.690 1.705 1.124 1.680 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 0.001 0.001 0.003 0.012 0.005 0.004
Ti 0.023 0.029 0.061 0.036 0.021 0.022 0.048 0.041 0.021
Fe 0.542 0.621 0.622 0.524 0.250 0.018 0.122 0.205 0.522
Mn 0.453 0.369 0.352 0.449 0.743 0.958 0.825 0.768 0.392
Ta 0.147 0.139 0.662 0.289 0.281 0.867 0.295 1.908 0.889

Asite 1.003 0.998 0.981 0.980 0.995 0.979 0.967 0.978 0.971
Bsile 2.004 1.998 2.019 2.015 2.006 2.013 2.023 2.016 2.015
TaI(Ta+Nb) 0.074 0.071 0.338 0.146 0.141 0.435 0.149 0.966 0.446
MnI(Mn+Fe) 0.455 0.373 0.361 0.461 0.749 0.982 0.871 0.790 0.429
'Similarlo those in Table 1; Ab: a1bitile dike
E: early; L: laie; Sand L: from spodumene and lepidolile zones. respeclively
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• 35 wt% Nh,D,. Il.5 wt% CaO. 1.45 wt% FeO. 3.44 wt% MnO; 48.2 wt% Ta,a,...nd

0.56 wt% TiO~.

For ail crystals of CT. the sum of cations mnges l'rom 2.96 to 3.02 apfu: ('nly four

out of one hundred and seventy-six anaiyses gave a cation sum betwecn 3.03 and 3.05

apfu. High totals. i.c.. grcatcr than 1% abovc thc idcal value of 3. indicate thc presence

of trivalent cations (Ercit. 1994a). Thc closene5s of the majority of compositions to thc

idcal stoichiomctry and the small number having slightly higher total cations. suggest that

thc columbite-tantalite in both suites of pegmatite contains a negligiblc quantity of

trivalcnt cations. This inference is supported by the lincar relationship between Nb and

TaI(Ta + Nb) and between Fe and MnI(Mn + Fe) in crystaL~ of CT (Fig. 4). The Ti02

content of columbite-tantalite varies l'rom 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 wt%

(Lucorne suite). The presence of minor Ti in the structure is made possible by a coupled

substitution involving Ti"\(Nb.Ta)S+.:(Fe.Mn)".\. This exchange mechanism is confirmed

by the sum Nb + Ta + Ti slightly abave 2.0 apfu in almost ail 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 ail crystals of columbite-tantalite do not show

compositional zoning. These images are consistent with compositional homogeneity in the

small.)ncluded crystals, and with subtle chemical vari~tions across the large. mostly

interstitial crystals. In the case of the latter, the composition varies subtle; in one

example. the core is Fe(o....,Mllo.ol8Tio.02)o.99(Nb, ....Tllo.5) \.990. and the rim.

(Feo_"Mllo....,Tiom)o.99(Nb,.37Tllo.,J\..,O•.
,/

=,/Columbite-tantalite in bath suites shows compositional variations in MnI(Mn +Fe)

and TaI(Ta + Nb) from one type of pegmatite to another (Fig. 5), but is invariant in terms

of Ti versus either TaI(Ta + Nb) (Fig. 6) or MnI(Mn + Ta) (not shown). In the Lamotte

pluton. the columbite-tantalite shows a broad lincar trend from ferrocolumbite in beryl and

spodumene-befyl pegmatites to an intermediate composition' in the less- evolved

spodumene pegmatite to manganotantalite in the more evolved spodumene pegniatite (Fig.
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Fig. 4. Plots showing a linear correlation belween Nb and Ta/(Ta + Nb). and betwcen

Fe and MnI(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' l

exchanges. The symbols used here and in subsequent diagrams are: X. diserete aplite

dike; solid and open squares (early and late ferrocolumbite, respectively. in the Lacome

suite only), beryl pegmatite; open triangle, spodumene-beryl pegmatite; open circle. less

evolved spodumene pegmatite; solid eircle, more evolved spodumene pegmatite; cross,

albitite dike. In the Lacome 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.
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Fig. 5. Compositions of columbite-tantalite from the Lamotte (A) and Lucorne (B)

pegmatite suites plotted in quadrilateral diagrams of ferrocolumbite (FcNb:O.)­

manganocolumbite (MnNbpJ-manganotantalite (MnTap.}-ferrotapiolitc (FeTap.).

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

(Cern~ and Ercit, 1989). Refer to Fig. 4 for an cxplanation of thc :;ymbol~.

Compositional trends in different internai zones of pegmatite are indicated by arrows (sec

text for further discussion): the terms BZ and lZ in the lcast evolvcd spodumcne-beryl

pegmatite (open triangle) refer to columbite-tantalite from the aplite border zone and thc

intermediate zone. respectively. Similarly, the terms SZ and LZ in thc more evolvcd

spodumtne-beryl pegmatite refer to the spodumene zone and lepidolite zonc, respectively.
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Fig. 6. P10l~ of Ti versus TaI(Ta + Nb) in columbite-tantalite from the Lamotte (A) and

Lacome (B) suites of pegmatite. Symbols are the sume as in Fig. 4.
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5). This trend is similar to that shown by columbite-t;mt;\lite within single bodies of

pegmatite (indicated by arrows). in which the par.lgenetie;\lly carly eryst;\ls arc rieher in

Fe and Nb than the later ones. There is ;\ large o\'erl;lp in composition betwecn

columbite-tantalite in beryl pegmatite and that in spodumene-beryl pcgmmite (;\plite zone

in both cases).

ln contra.~t to the Lamotte suite. the ovemll compositional vari;ltion l.f eolllmbite­

tantalite in the Lacome suite is l'rom l'errocolllmbite in beryl pcgmmite to

manganocolumbite in spodumene pegmatite. i.e.. there is bllildllp in Mn Il>llowed by

buildup in Ta. Examples of manganotantalite are scareer here. as it is present only in the

pegmatite portion of the most evolved spodumene composite pegmatite. This ehemic;ll

trend a1so is shown by the ferrocolumbite in the beryl pegmatites. in which the interstiti;ll

(Iate) erystals invariably have higher values of TaI(Ta + Nb) than. but similar v;llues of

MnI(Mn + Fe) to. the included (carly) gmins (Fig. 5). On the other hand. columbite­

tantalite in the least evolved spodumene-beryl pegmatite varies l'rom l'errocolumbite in the

aplite zone to manganocolumbite in the intermediate zone. with a very small

eorresponding inerease in TaI(Ta + Nb) values. The most extreme Mn enrichment in

manganocolumbite is shown by the intermediate spodumene-beryl pegmatite. in whieh the

value of MnI(Mn + Fe) of eolumbite-tantalite reaehes a high of 0.98 in the lepidolite zone

from a value of 0.75 in the spodumene zone. Unlike eolumbite-tantalite e.)mpositions in

the least evolved spodumene-beryl pegmatite. these attain a substantially higher TaI(Ta

+ Nb) value.

In summary. the composition of eoll.!.I1lbite-tantalite in the Lamotte suite ranges

from ferrocolumbite in beryl pegmatite to manganotantalite in spodumene pegmatite and

shows a concomitant inerease in MnI(Mn + Fe) and TaI(Ta + Nb) with pegmatite

evolution (Fig. 7). In eontmst, the eolumbite-tantalite in the Laeome suite variCl' l'rom

ferrocolumbite to manw.nocolumbite. Within single bodie.~ of beryl and most evolved

spodumene pegmatite at Laeome. the TaI(Ta + Nb) value of eolumbite-tantalite inerease.o;

at a constant MnI(Mn + Fe) value.

Crystals of ferrocolumbite in discrete apHte dikes in the Laeome and Moly Hill
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Fig. 7. Compositional trends ofcolumbite-tantalite from the various Lamotte and Lacome

pegmatites. DaIa are from Fig. 5.
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• plutons arc similar compositionally. and have lower values of Mn/(Mn + Fe) (i.e.. arc less

evolved) than their equivalents in the Lacorne beryl pegmatite. Columbite-tantalite l'rom

the Preissac muscovite + gamet monzogranite has a very low value of TaI(Ta + Nb). <

0.04. and the Mn/(Mn + Fe) values range l'rom 0.47 to 0.52. In the albitite dikes. the

columbite-tantalite r.lnges widely. l'rom a TaI(Ta + Nb) of 0.4 and a Mn/(Mn + Fe) of

0.45 to a TaI(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 forrned l'rom the melt phase.

Structural states

Unit-cell dimensions were refined on columbite-tantalite l'rom representative types

of pegmatite: the nature of the hast rocks is indicated in the footnotes ta Table 3. At

Lamotte (Fig. 8). the columbitc-tantalite in the aplite zone of bath beryl and spodumene­

beryl pegmatites has an intcrrnediate degree of arder (52-64%: Table 3) and Mn/(Mn +

Fe) value. wherea.s that in the most evolved spodumene pegmatite is relatively disordered

(in the mnge 0-25% arder) and relatively Mn-enriched. Note that in one sample of

manganotantalite. there are IWO sets of diffraction maxima, one set being dominant and

pertaining ta a zone richer in Mn (higher value of !V than the other. The volume

relationship of the IWo lattices most likely reflects the presence of a core of

manganotantalitl' Jhat is less evolved than the bulk of the crystal chosen for the X-ray

diffr.lction experim:~nt. The peaks of ail other samples are single. i.e., devoid of satellites.

At Lacome (Fig. 8), the ferrocolumbite l'rom the aplite zone of beryl pegmatite is

more ordered (61-75% arder: Table 3) than that l'rom the interrnediate zone (41% arder).

Ali other samples plotted. l'rom spodumene-beryl pegmatite and frôm spodumene

pegmatite, are significantly more disordered (0-32% arder) and more Mn-enriched. The

,-:' .' mast 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:measured value (Fig. 5). As in the Lamotte suite.. one sample (only)
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• Table 3 Unit-cell parameters (A) for columbite-tantalite from the
Lamolle" and Lacome pegmatites.

Sample ~ Q ç V(A3) % Order-
Beryl pegmatite
794" 14.261(2) 5.736(1) 5.100(1) 417.3 54
795" 14.258(3) 5.735(1) 5.101(1) 417.1 52
623 14.338(3) 5.744(1) 5.096(1) 419.7 75
623.1 14.336(3) 5.745(1) 5.096(1) 419.7 74
623.2 14.280(5) 5.741(1) 5.097(1) 417.9 61
1001 14.251(4) 5.740(1) 5.111(1) 418.1 41

Spodumene-beryl pegmatite
908" 14.274(3) 5.739(1) 5.092(1) 417.1 64
912" 14.276(6) 5.740(2) 5.095(2) 417.5 62
708 14.236(2) 5.738(1) 5.133(1) 419.3 17
753.1 14.262(4) 5.751(1) 5.150(1) 422.4 7
753.2 14.266(3) 5.753(1) 5.147(1) 422.4 11
756.5 (0) 14.271(3) 5.749(1) 5.143(1) 421.9 16
LD 14.285(5) 5.750(2) 5.130(1) 421.3 31

756.S (H) 14.386(3) 5.746(1) 5.080(1) 419.9 100

Spodumene pegmatite
9·5* (0) 14.288(3) 5.753(1) 5.167(1) 424.7 0
LD 14.243(4) 5.744(1) 5.146(1) 421.0 7
9-5* 14.306(7) 5.753(2) 5.141(3) 423.2 25
9·5" 14.270(3) 5.747(1) 5.149(1) 422.3 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) 421.9 32
812.2 14.287(5) 5.752(2) 5.145(1) 422.8 17
736 14.231(17} 5.776(6) 5.153(6) 423.6 0
S: from spodumene zone; 0: Dominant; LD: Less dominant
H: healed al 100Q2C for 16 hours
+%of order calculaled according 10 Cerny and Ercit (1989) '.

--
Ali samples came from the aplite zone of composite aplite-pegmatite
bodies, excepl for samples 1001, 753, 756.5 and 812, which came
from the pegmatite Qntermediate) zone,
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Fig. 8. A plot of unit-cell parnmeters !!. versus f. showing an incrcasingly disordercd

structure of columbite-tantalite from beryl to spodumene pegmatite. Heated (lQOOoC, 16

hours) manganotantalite from the most evolved Lacome spodumene pegmatite and a

similar sample from the Lamotte pluton are completely ordered. The unit-ccli values of

the ordered end-members are from Wise et al. (1985). Symbols are the sume as those in

Fig. 4. A.S.E.: Average standard error, Le., less than the size of the symbols.
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• displays two sets of diffraction m:lxim:l. In this C:lse. the t"''' ianiœs hdl>ng hl I."nes ,,1'

similar degree of Mn enricilment. hut di l'fer slightly in degree ,,1' c:ltilln "rder. Ihe

dominant member of the pair being mode strongly dis"rdered \0 vs. ri· "rder).

To test that the disordered members of the suit.: do indeed Imw the c"lumhite­

tantalite structure (and not that of ixiolite). one s:lmple l'rom e:lch l"C:llity was he:lted t"

1OQOoC for 16 hours. In both ca.~cs. the highlv disordered starting material hecame hidllv... .. ... .. .

ordered manganotantalite a.~ a result of the heat treatment (Fig. 8. T:lhle 3). as w"uld he

expected in light of the findings of Cerny and Ercit (1985). The r.lpid incre:lse in degree

of cation order at IOOO°C indicatcs that the ordered structure is strongly f:lVored over one

showing a disordered distribution of divalent and pcntav:llent cations :md the resultant

local departure l'rom ideal bond-valence sums that are anticipated.

MICROLITE

As described earlier. microlite (A~...Bp.(O.OH.F)". pHp (m.n=O·I: p=O.'!)]

occurs a.~ a secondary pha.~ replacing columbite-tantalite. mostly in spodumcnc

pegmatites and. very rarely. in beryl pegmatites (Fig. 3D). Electron-microprohe data

show that the sum of oxides ranges l'rom 91 to 97.5 wt% (Table 4). Low totals arc

common in microlite (e.g.. Splide and Shearer. 1992: Wise and Cerny. 1990). and have

been attributed by Wise and Cerny to the presence of Hp or F. or both. Examination

of the mierolite with an energy-dispersion spcctrometer attached to the electron

mieroprobe did not indicate the presence of F: H~O is thereforc the most Iikely dominant

volatile species in this case.

The composition of microlite is highly variable: different samples eontain uranian

microlite (Table 4. anal. 1-3 and 7). sodium-rieh microlite (anal. 5 and 6). and U- and Na­

rree microlite (anal. 4). Na-rich microlite is restricted to spodumene pegmatitc:-~.whereas

uranmicrolite occurs in both spodumene (812) and spodumene-beryl (756.5)

pegmatites.The dominant major-element oxide is T~O~ (54-80 wt%): Nbp~ (2.3-17.6

wt%) and Cao (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 755.5 756.5 756.5 721 HP9-5 HP9·5 812 812
Analyses 1 2 3 4 5 6 7 8

Nb205 (wt%) 9.44 11.24 17.66 16.21 2.30 1.76 9.58 11.60

U02 6.95 7.88 3.97 0.50 8.60 6.72

Na20 4.82 3.59 1.23 1.00
MgO 0.07
Cao 14.19 14.48 15.19 13.48 10.7 10.74 13.81 15.15

Ti02 5.31 8.33 4.90 1.50 0.58 0.51 5.16 5.98
Fee 0.02 0.16 6.80 0.04 0.02 0.09
MnO 0.46 0.63 1.05 3.88 0.09 0.39 0.69 0.71

Ta205 55.55 51.55 48.33 54.75 78.48 79.98 54.42 50.9
Total 91.92 94.11 91.26 96.49 97.01 97.47 93.51 92.15

Structural formula based on lul~B-sile occupancy (Nb+Ta+Ti=4)

Nb 0.730 0.852 1.287 1.256 0.182 0.139 0.752 0.889
Ta 2.586 2.350 2.119 2.551 3.741 3.794 2.573 2.348
Ti 0.684 0.798 0.594 0.193 0.077 0.067 0.675 0.763
U 0.265 0.286 0.142 0.Q19 0.333 0.254
Na 1.638 1.214 0.415 0.W;

Mg 0.018
Ca 2.603 2.597 2.824 2.475 2.010 2.007 2.572 2.753
Fe 0.003 0.022 0.974 0.059 0.003 0.013
Mn 1.092 0.895 0.143 1.620 0.013 0.058 1.143 1.151

'-
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• wtC;~ TiO,. Fe and Mn arc minor constituents. The ,'omposition ,,(" mkn'Iitc· in this study

lies within the composition;11 tidd of microlite compiled hy Wisc ;md l'crn~' t l'l'lll) tl'it-:.

9). and compares wcll with that of microlite from the Ydlowknif,' pc·t-:matitc·s. North\wst

Territories (Wise and (·em~·. 1990). ;md the lepidolitc pc~malitcs from South AfrÏe'a ;md

Namibia (Baldwin. 1989).

DISCUSSION

Compositional trends and pegmatite evolution

Textuml evidence presented earlier indic;ltes tltat columhite-Iantalite in the Lamotte

and Lacorne pegmatites is magmatic: the crystals are rel;\tivdy homo~eneous. ;md free

of subsolidus alter.llion except where noted. The composition of columhite-l;mt;\lile. like

that of any other magmatic mineml. wa.~ therefore controlled by the ;lhund;mees Nh. Ta.

Fe and Mn in the evolving magma. the relative solubilities of the end-memhers. 1he n:ltllre

of the coexL~ting mincmls on the liquidus and the corrcsponding mineral-liquid partition

coefficients for the above elements.

ln the Lamolle suite a.~ a whole. columbile-t;lIltalite displays ;\ trend of

simultaneously increasing MnI(Mn + Fe) and TaI(Ta + Nb) values from heryl 10

spodumene pegmatite. indicating tltat the residual liquid wa.~ progressivcly depleled in

bath Fe and Nb. and enriched in both Mn and Ta with evolution of the residual mclt

(Figs. 5. 7). The same trend is shown by columbite-tantalite within individual blidies of

spodumene pegmatite. Le.• from carly to late stages of crystallization. These :rends can
'< "

be explained by the relative solubility of the two end membcrs in the liquid.

Ferrocolumbite is less soluble and crystallized fin.!. 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 ha.~ shown that

MnT~O. is approximately nine times more soluble than MnNbzÜ. in F-free haplogr.lnite.

Although there are no experimental data for ferrocolumbite, it can bc argued on

theoretical grounds that because the field strengths (Zir) of Nb and Fe are higher than
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Fig.9. A Nb-Ti-Ta triangulardiagram (atomic proponions) showing the B-site occupancy

in microlite. The field boundaries of the three pyrochlore-group minerais are after

Hogarth (1977). The compositional fields of "..nown microlite are after Cerny and Ercit

(1989), Baldwin (1989) and Wise and Cerny (1990).
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• thosc of T~ .mll Mn. rcspcctivcly. ferrocolumhite will he less soluhle th~n either

111i1ngamlcnlurnhilc nr manganotantalitc.

ln the L:.comc suitc. the columhitc-t~ntalite also displ~ys ~n O\'er~lI trend of

incre'lSing Mn/(Mn + Fe! ~nll TaI(T~ + Nh) from heryl to spodumene pegmatite.

Howcver. in contrast to the Lamotte suite. the increase in TaI(Ta + Nb) is relatively

suhlluell. ~nll the trend is mainly one of Mn enrichmenl. Similar trends of domin~ntMn­

enrichment in columbite-tantalite composition have been reported by Cerny ct al. (1985.

1986) l'rom ~ number of gr.lnitie pegmatite fields and by SpiIde and Shearcr (1992) for

the Black Hills granitic pegmatites (South Dakota). Cerny ct al. (1985. 1986) allributed

such ;1 trend to the presence of F in the melt. and the resultant formation of Mn- and Ta­

tluoride complexes. which would inerease 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 aeeount

for a trend toward manganocolumbite in Fig. 7. the partitioning of Ta relative to Nb

wouId have to have beeome stronger in favor of the liquid than that of Mn relative to Fe.

Although Keppler (1993) has shown that the solubility of manganotantalite in

haplogrJ.nitie melts docs increase sharply with increasing F content. his data provide no

evidence of a corrcsponding preferential increase in the solubility of manganotantalite

over that of manganocolumbite. Indeed. the value of ~tnT~ocIKsMnNb:06(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 contenl.~. These data would appear to

mie out fluoride complexing as a viable explanation of the relative suppression of Ta in

the crystal. Furthermore. there arc no experimental data to test the hypothesis of

prclerential complexing of Mn relative to Fe by fluoride. However. theoretical

considerations do not support this hypothesis. Bath 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. AI. Na

and Li. which are major components of the magma. ail associate strongly with f1uoride

in the melt (e.g.. Manning et al.. 1980) and thus it seems unlikely that Fe- and Mn-
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• hearing :Issociations with F would he il11pon:mt.

ln the Licorne suite. with the exception of the heryl pegmatite' and the' most

evolved hatches of spodumene pegmatite. the trend delined hy colul11hite-tantalite in Fig.

5 and 7 pamllcls the ovemll trend from hcryl pegmatite to splldul11ene pegm:lIite'

associated with this pluton. i.e.. enrichment in Mn. In eontmst. the internai evolution of

individual bodies of pegmatite in this swarn1 follows a distinct "ector off thc 111:lÏn trend

in Fig. 7. along which TaI(Ta + Nb) inereases in eo\ul11hite-tantalite:\l a constant Mn/(Mn

+ Fe) value. The factthat gamet crysmllized eontempor:meol1sly with eolul11hite-tantalite

at all stages of the interna! evolution of these bodies prob'lhly is responsihle for the 10e:,1

decoupling of Fe. Mn from Nb. Ta. the gamet acting as :1 hutTer of Fe and Mn :Ictivities.

Note that in most bodies. the crystallization of gamet has terminaled :11 the st:lge of

nucleation and growth of cO!l1mbite-tantalite.

Relationship between degree of cation order in columbite-tantalitc and d~rcc of

geochemical evolution of the system.

The striking increase in the extent of disorder with increasing Mn enriehl11ent. :md

the complete absence in these suites of eo!umbite-tantalite plolling close to the "ordered"

end-members (Fig. 8) cano in our opinion. he used to ext....!ct pctrogenetic infom,:'tion.

One hypothesis generally mentioned in evaluations of such observations involves the

incorporation of "other" cations. sueh a.~ Ti. leading to a redistribution of Ihe essential

cations over the A and B sites. and promoting disorder. Wherea.~ the levels of Ti can

reaeh important levels in minerais of this group. the data reported hcre on Ti levcls of

incorporation are ail rather low. and do not surpass 0.1 apfu. A plot of degree of order

versus Ti content (not shown) does not suggest any depcndence on this variable. Wc

tentatively eonclude in Iight of these faets and Ihe close approach of the compositions 10

stoiehiometry (Tables 1. 2: Fig. 4). that eoupled substitution involving Ti or other

extraneous cations is not of any consequence in this eontext.

We tentatively eonclude. therefore. that the degree of order of the colombite­

tantalite inthis suite is a function of environmentai factors, and ~-pecifically. the rate of
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• l:ooling and the size of the pegmatite bodies. Using this hypothesis. Cerny et al. ( 1986)

proposed. in the l:ase of the Greer pegmatite field. that small hodies of relatively evolved

pegmatite ernplaeed in country rocks cooled much more rapidly than larger. proximal

hodies of less evolved pegmatite. The more r.tpid the r:lte of cooling. the morc likely the

preservation of the degree of cation order imposed at the time of growlh of the columbite­

1:lOwlite. Wc contend that the observed degree of cation order in both Lamotte and

Lacorne suites is close to. if not identical to. the original degrce of cation order. Therc

certainly is no evidence of appreciable ordering of CT in any of the bodies sampled.

Unfortunately. there is no information in the Iiteraturc concerning the kinetics of ordering

of columbite-tantalile solid solutions as a function of temperaturc and time of annealing.

An enigmatic aspect of the problem conccrns the unlikcliness that a divalent and

a pentavalcnt cation couId adopt a disordercd distribution in an oxide phase of

stoichiomctry ABp.. One would prcdict such serious departures from local chargc­

balance that "on parer". one would not expect disorder to be possible. Yet. the consensus

of structurJ.l crystallographers is that such crystal.~ rcally arc disordered. The fact that

such disorder is strongly metastable is proven by the efficient conversion of disordered

manganotantalite to the ordered equivalent at a temperaturc far above (-4S0°C) the

inferrcd tempemture of crystalli7.ation of the evolved felsie liquids. We can conclude that

crystallization of thesc batches of melt was very rapid. and that the oxide phase

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

CONCLUSIONS

1. The crystal chemistry of columbite-tantalite in the Lamotte and Lacorne suites

of pegmatite is controlled mainly by homovalent TaNb.1 and MnFe.1 exchanges. The

coupled substitution involving Ti~(Nb.Ta).~(Fe.Mn)'1 is of minor importance.

2. The increases in MnI(Mn + Fe) and TaI(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
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• soluhilily of Ta- rdaliw 10 of Nh end-m·:mhers and "ln· rdaliv,' II' l',' ,'nd-m,'mh,'r,.

The mueh larger inere:lses in Mn/IMn + Fe) rdalive Il' Ta/(l':1 + Nhl in <:l'lumhil'''

tantalite in Ihe l.;lcorne suile eomparcd 10 the l.;nnolk' suile may reneCI llll' mil- ;lI1d l'rder

of crystallizalion of gamet.

3. In pegmatite hodies wherc eolumhite-t:lI1l:llite :lI1d g:lrnet :Ire eoeval. Ihe garn,'1
~ --

huflèred the activity of Mn and Fe in the liquid. and ;lS a r.:sult. Ihe cnl\ulion ,,l'

columbite-tantalite composition W:lS marked hy inereascs in T:l!(Ta -t N!') :11 eonSI:1I11

Mn/(Mn + Fe).

4. The degrce of disorder of columhile-l:lI1talite inerc:lses pmgressivdy l'mm

bcry\- to spodumene pegmatile as :1 result of Ihe higher eooling mte of pegmatite hodies

emplaced in the country rocks as opposed to Ihose in :lI1d ne:lr the parent:ll plutons.

Samplcs closest to the manganotantalite end-membcr arc eompletdy disordered.
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• ABSTRACT

Comagmatic r.lre-C!ement (Li. Be. Nb. Ta) granitie pegmatites associated with the

An:hean Lacome pluton of the Preis.~ac·Lacome batholith (Quebec). and r.mging from a

least evolved beryl-bearing type to a most evolved spodumene-bearing type. eontain

primary fluid inclusions whieh establish that the magma saturated with vapor

pem.:contepor.meously with emplacement. The earliest orthomagmatie fluid is rcpresented

by aqu<:ous liquid-vapor (type la) and aqueous liquid-vapor-solid (type 2) inclusions in

beryl. whieh are estimated to have been trapped at temper.ltures between 500 and 550°C

and 3.5 Kb. Based on mierothermometrie measurements. analyses of the compositions of

the n:sidues of decrepitated inclusions and the nature of the solids. the fluid is interpreted

to have been NaCI-dominated. to have had low salinity «15 wt% NaCI eq.). and

contained appreciable Fe and dissolved CO~. In spodumene. the equivalent fluid. which

is estimated to have becn trapped at somewhat lower temperaturc (450 to 500°C).

contained signifieant Mn. Li and Cs in place of Fe. refleeting eorrcsponding trends in the

ehemieal evolution of the host rocks.

Vapor-rieh. mainly seeondary, aqueous inclusions (type lb) trapped in beryl, are

interpreted to reflcet temporary sharp drops in pressure (ater in the erystallization history

of the beryl-bearing pegmatites due to local fluid overpressures whieh led to breeeiation

and consequent pressure release. These inclusions have high salinity, are CaCI~-rieh, and

are eonsidered to represent the first incursion of external metamorphie fluids into the

pegmatites. In spodumene pegmatite, incursion of these inclusions is interpreted to have

oceurrcd earlier and been more important because a high proportion of prirnary inclusions

contain significant Ca, and Ca abundances are generally higher in inclusions hosted by

s"podumene 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-carbonie (type 3 inclusions) in quartz, which is thought to have occurrcd

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

bctwcen 250 and 350°C. The history of fluid entrapment and evolution documented in this
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•

study demonstrate the \'alidity of the Jahns-Burnh:ml mode! f,'r thc I,mn:ltion "f l\lllcd

rare clement pegmatites. at \cast l,'r the ease of horon-po,'r m:lgm:uic systems.
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• INTRODUCTION

The widely acc<:ptcd Jahns and Burnham (1969) model for thc petrogencsis of

granitic pegmatitcs involves the as.~umption that the corrcsponding magma is saturated

with an aqueous phase. and that this condition is needed in order to produce the large

çrystals and internai zonation that eharaeterize these rocks. This model has been

çhallenged for the ease of boron-rich systems by London (1986) who. on the basis of

fluid inclusion data. argued that the Tanco Li-Ta pegmatite did not become satumted with

an aqueous pha.~e unùl relatively late in il~ crystallization history. Instead. he interpreted

his data to indicate the presence of dense. hydrous. alkali borosilicate fluids in the Tanco

pegmatite-forming magma. London's interpretaùon of fluid evolution in the Taneo

pegmatite is in confliet with Thomas et al. (1988). who. from the presence of aqucous

Iiquid-vapor inclusions (coexisùng with crystal-rich (melt) inclusions) in wall zone sehorl.

proposed that the magma was satumted with an aqueous phase at the stan of its

crystallization: London (1986) considered the sehorl to be paragenetieally late.

There are few other modem studies of fluid evolution in mre-element pegmatites.

ln one of these. Whitworth and Rankin (1989). using fluid inclusion data in quartz from

barren and spodumene pegmaùtes and parental gmnite at Leinster (Ireland), proposed that

aqueous fluids started to exsolve during the late stage evoluùon of the parental gmnite

and continued to exsolve during the crystallizaùon of the pegmaùtes. However, they did

not provide evidenee of primary entrapment of the fluids, and quartz is weil known to

tmp secondary fluid inclusions (cf. Roedder, 1984). In another study. Ruggieri and

Lattanzi (1992) presented fluid inclusion evidenee that tourmaline, beryl and quartz in

miarolitic cavities. and massive quartz in the Mt. Capanne pegmaùtes (1ta1y) crystallized

in the presence of aqueous fluids. Although the authors did not diseuss the timing of

entrapment of thesc fluids, it is likely to have been late given the location of the host

minerais. and thu.~ the study does not indicate whether or not the magma was saturated..
with an aqucous pha.~ carly in its history of crystallization. Finally, Chakoumakos and

Lumkin (1990) reponed the occurrence of aqueous-COz inclusions in beryl and quartz

from the Harding pegmatite. New Mexico. but wied to indicate whether the inclusions
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• \Vere primary or secondary.

The purpose of this paper is to shed more light on this fund:lmental issue "f

pegmatite gencsis by reporting results of a study of tluid inclusions in hery\. spodumene

and quartz from a suite of \'ariably e\'ol\'ed. boron-poor r.lre-elcment gr.milie pegm:lliles

in Ihe Lacorne pluton of the Preissac-Lacorne batholilh (Quéhec), These pegmatites are

comagmatic and comprise a least fr.lctionated beryl-type which intruded Ihe pIUIOIl. :1

tr.tnsitional spodumene-beryl-type. and a highly fr.lctionaled spodumene-lype. \Vhieh \V:IS

emplaced in the country rocks. Our study shows that in allthree types of pegmatite Ihe

magma was satur.tted with an aqueous phase near the onsel of eryslalliz:llion :md laler

exsolved a carbonic phase. Wc therefore conclude Ihal. at least in the ca..;c of haron-poor

systems. there is no need to reject the Jahns and Bumham modcl of pcgnmtile genesis.

GEOLOGY AND PETROLOGY

The =-element pegmatites investigated in this study belong 10 Ihe Lacorne

monzogranite pluton of the Archean Preissae-Lacome batholith (-2.76 Ga. Steiger :md

Wa.~serburg. 1985; Feng and Kerrieh. 1991). whieh is composed of older syn-teelonie

basic intrusions <gabbro-monzonite-gr.tnodiorite) and younger post-teetonic pcr.lluminous

monzogranite plutons (Fig. 1). Rocks surrounding the batholith comprise mainly basall.

plus smaller volumes of basic tuffs and komatiite. whieh regionally have been

metarnorphosed to upper greenschist facies and locally (within 7 kilomelers of Ihe

batholith) display evidenee of contact metamorphism (cf. Dawson. 1966; Powell. 1994).

Mulja et al. (1995b. e) have shown that the Lacome monzogr.tnite pluton is qua.~i­

coneentrieally zoned into biotite. lWo-mica and muscovite monzogranites. and pro~sed

that this oceurred as a result of side-wall erystallization. Aeeording to their model. the

=-element pegmatites. whieh oceur throughout the pluton and environs. represent

fraetionation of the residual liquids from monzogranite crystallization. The pegmatite

bodies occur as dikes. ranging in width from tens of centimeters to eight metcrs and up

to hundreds of meters in lengtb. and as lenticular bodies up to 5 x 24 01 in plan. Most

dikes strike east-west and nortbwest-southeast, and dip vertica\ly to subhorizontally.
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Fig. 1. Location and geological map of the Lacorne pluton and

associated rare-element pegmatites in the Preissac-Lacorne 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 Laeome pluton. local faults cut many pegmatites. but did not significantly

deform the major mineml constituents. e.g.. beryl and spoùumene remain euhedral. In

sorne pegmatites. however. the internai structure has been locally disrupted by breeciation.

which has juxtaposcd irrcgularly shaped fmgments From different parts of the pegmatite

and cemented them with coarse-gmined K-feldspar. quartz and muscovite. This

hrecciation is interpreted to have oceurrcd as a result of excessive f1uid pressures

(hydrofr.lcturing) prior to complete crystallization of the pegmatite.

On the basis of the predominant =-element-bearing miner.l1s. the pegmatites

have been subdivided into proximal (with respect to the Lacome pluton) beryl-.

interrnediate spodumene-beryl- and distal spodumene-types (Fig. 1B). Throughout this

paper. they arc referred to as beryl. spodumene-beryl and spodumene pegmatites.

Molybdenite- and eolumbite-tantalite-bearing albitite dikes and Mo-bearing quartz veins

occur beyond the spodumene pegmatite zonl" to the north and south of the pluton,

respectively (Fig. 1B).

The most important rare-element pegmatites are at the Mass Beryl Prospect (beryl­

type). the Valor Prospect (spodumene-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 in plan) and internal texture (zoned and unzoned). The

beryl pegmatites « I-m wide), which were studied, are symmetrically zoned, eonsisting

of a sodic aplite wall zone. an intermediate zone of quartz, K-feldspar, coarse-grained

muscovite, albite, and beryl, and a central zone of quartz and K-feldspar. Layers of fine­

grained gamet and srnall pockets of quartz + muscovite are common in the aplite.

Ferrocolùmbite, monazite, gahnite, molybdenite and magnetite are minor phases.

The spodumene-beryl pegmatite has a sodic apHte wall-zone, which contains layers

of gamet. ferrocolumbite, and minor disseminated fine-grained sehorl. This zone grades

inward through beryl and books of muscovite into an intermediate zone comprising

rnainly albite (as rosettes ofcleavelandite), quartz, K-feldspar, and spodurnene, and minor

pollucite [(C.o;.Na)~:Si.O:!: H201, and manganocolumbite. Pyrophanite (MnTiO~ and

schorl are aecessory phases. Beryl aIso occurs as euhedral crystals (up to 4 cm across)

at the contact with the rnonzogranite where apHte is Iocally absent. indicating that it was
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one of the earliest miner.lls to have crystallized l'rom the fclsic liquid. Spodumene ,,,,'urs

as laths (up to 20 cm wide ;'nd 2 m long) throughout the pegmatite. Sorne cl}'stals of

spodumene arc intergrown with quartz. a ~exture which is cornmon in pegmatites

clsewhcre (Cerny and Ferguson. 1972). and has heen interprcted to have formed through

thc breakdown of petalite to spodumene + quartz. The ccntml zone of this pegnmtite

consisl~ mainly of quartz. spodumcne and Icpidolite. This lepidolite. which is cuhedml

and occurs as books (2-3 cm across). is interprcted to he of magmatic ongin. ln contr.ist.

small flakcs of lcpidolite which partially rcplaccd spodumene along fmctures. ;Irc

considcred to have formcd at subsolidus conditions.

The spodumcne pegmatite is massive. composed of anhedml quartz. euhedml

spodumene and subhedral albite. Spodumene occurs as mndomly distributed prismatic

crystals (up to l-cm wide and 3-cm long) orientcd at an oblique angle (45-60 degrces)

to the pegmatite contact. As is the casc in spodumcnc-bcryl pegmatitc. sorne spodumene

crystals are intergrown with quartz. and are interpreted to have rcplaced petalite.

Discrete. courser grains of quartz occur in thc inncr part~ of the pegm;llite. Albite is

typically subhedral and compositionally homogeneous. with the exception of sorne gmins

along the contacts with biotite schist. which have rims of oligocla.~c or andesine. The

transition from the sodic core to the calcic rim varies l'rom sharp to diffuscd. suggesting

that the rim is a subsolidus overgrowth. Manganocolumbite and pollucitc arc minor

phases, and bcryl is a trace minerai. The spodumenc pegmatite induced biotiti7.ation of

the surrounding maflc rock and local development of holmquistite

[Li2(Mg,Fe+2)(Al,Fe+3MSig0:!2)(OH)2]' 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 sorne crystals of albite (abave).

FLUID INCLUSIONS

Fluid inclusions were analyzed in beryl and adjacent quartz l'rom 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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• enough to he examined petrogr.lrhieally or microthermometrically. Spodumene in

spodumene-hcryl pegmatite is cloudy and also not suitable for f1uid inclusion study.

Fortunately. spodumene from spodumene pegmatites. which is finer-gr.lined (averaging

0.5 x 2 cm in section). contains many large f1uid inclusions. Because all petalite has been

convcrted to spodumene. and it was not possible to distinguish petrographically between

inclusions from primary spodumene and those in spodumene after petalite. the

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

Petrography

Four main types of f1uid inclusion have been recognized: 1) aqueous liquid-vapor

(L-V); 2) aqueous liquid-vapor-solid (L-VoS); 3) aqueous liquid-carbonic (L-V. L-L-V and

L-L-V-S); and 4) carbonic (L and L-V). Type 1 inclusions occur in all minerais

examined and form the bulk of the f1uid inclusion population. In beryl from both beryl

and spodumene-beryl pegmatite.~, these inclusions are subdivided into type 1a. which

homogenize to liquid (-70% of the type 1 population) and type lb. which homogenize

to vapor. Type 1a inclusions, which are mostly liquid-rich (liquidlvapor values between

4 and 2). range in diameter from < 5 to 12 1JIll. Approximately a quarter of these

inclusions are isolated or occur in clusters, typically have negative crystal shapes (Fig.

2A). are > 5 lJm in diameter. and are thus interpreted to be of primary origin (cf.

Roedder. 1984). The majority of type la inclusions are small « 5 lJm in diameter) and

occur along healed fracture planes, indicating that they are secondary. Le. that they

formed after crystallization of the host beryl. Type lb inclusions normally do not coexist

with type 1a inclusions and differ from primary type 1a inclusions in that they are

generally larger (15-20 lJIll in diameter, although sorne are < 12 lJIll in diameter) and are

.mostly vapor-rich (from 55 to 75 vol% of the inclusion, based on visual estimates). Type

lb inclusions are generally aligned along healed fracture planes and are therefore maiIùy

secondary. However. a small proportion are isolated, and could therefore he prirnary.

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). These inclusions in quartz have petrographie charaeteristics similar 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 Iiquid (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 Iiquid (L) and vapor

(V). Solid number 2 is interpreted, on the basis of its Raman spectrum (see Fig. 13)

to be zabuyelite (Li2C03); the other solids have not been identified. The halo of tiny

fluid inclusions surrounding the inclusion is thought to reflect natura! decrepitation.
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1a inclusions in beryl. wherea.~ in spodumene they occur Illostly as neg:\ti\'c rccl:mgu\ar

cryslals (up 10 30 Ilm long: bm mosl arc :!: \0 Ilm long). Thcse inclusions :\rc typically

oriented par.lllellO Ihe c-axis of Ihe spodumenc. Secondary inclusions in spodulllcne are

very small « 3 Ilm) and occur as Ir.lils al various am~les 10 Ihc c-axis of Ihe ervstal.- .
Type 2 (L-V-S) inclusions arc hosted almost exclusivc!v bv bervl in berv\ :md...... ..

spodumene-beryl pegmatites. and spodumene in spodumene pegmatites. Halite W:lS not

observed in type 2 inclusions in either beryl or spodumene. and only two lmlite-be:\ring

type 2 inclusions. both of secondary origin. werc observed in quartz l'rom :\ spodumene­

beryl pegmatite. ln beryl. type 2 inclusions arc considembly less common th:m type 1

inclusions (1:10). whercas in spodumene they are only slightly less abundant th:m type

1 inclusions. Type 2 inclusions in beryl and spodumene have euhedml (the norm in

spodumene) to subhedra! negative erystal shape.s (Fig. 28). and arc isolated or eocxist

with primary type la inclusions. These rclationships suggest that the inclusions arc

primary. A small number of type 2 inclusions. particularly in beryl. arc accompanied hy

tails of tiny fluid inclusions or are surrounded by them (Fig. 2C). The.se featurcs indieate

that the inclusions are neeked down or had decrcpitated natur.llly. rcspectively. No

seeondary type 2 inclusions have been observed in beryl or s-podumene.

Type 2 inclusions in beryl and spodumene contain from one to live solids. Most

commonly they contain one or IWO soliels in beryl and one solid in spodumene.

Inclusions eontainingone or IWO solids comprise over 80 vol.% liquid plus vapor. while

those with more than IWO solids typically comprise about 70 vol.% liquid plus vapor and

rarely as little as 40 vol.% of these phases. ln those case.s where the inclusions are

dominated by soliels there is evidence of natura! decrepitation (Fig. 2C). suggesting that

fluid originally trapped in the inclusions has been losl. The most commonly occurring

solid has a rectangular shape (up to 15 IlI1llong), Ls white and anLsotropic (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 minera! has a rhombic shape (-3 llI1l

across) and is weakly to moderately birefringent. This minerai is slightly more common

in spodumene than in beryl. Irregularly shaped solielS are les.s abundant and generally

small (typically 2 llI1l across), but in some cases. occur in pairs. Like the above solids,
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these solids are white and anisotropie. They are more common in bcryl than in

spodumcnc. The lcast common solid. found only in three type 2 inclusions. is rcddish

brown and roughly equidimensional. This solid. probably hcmatitc. was obscrved only

in bcryl and invariably wa.s aceompanicd by one or two othcr mincr.us among thosc

dcscribcd above.

Type 3 earbonic inclusions arc present mainly in quartz. r.lrcly in bcryI. and are

absent from spodumenc. At room temper.lture. these inclusions consist of IWO phases

(liquid Hp and liquid or vapor CO:) or three phases (liquid Hp. liquid CO: and vapor

CO:). Pha.se r.ltios are quite variable. even among adjaeent inclusions. suggesting that the

Hp and CO: were immiscible at the time of entr.lpment. A small numbcr of type 3

inclusions in quartz from the spodumene-beryl pegmatite contain the white. rectangular

solid « 2 J.1Ill) deseribed above. Most type 3 inclusions have negative to subhedral

crystal forms and are isolated. suggesting that they are primary. At room temper.lture.

the CO2 phase(s) of the inclusion generally comprises a volume fr.lction of beIWeen 0.15

and 0.2. The..se 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 lcss common than type 1 inclusions in quartz from spodumene

pegmatite. A small proportion of solid-free. type 3 inclusions oecur along fr.lcture 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 ir:egularly shaped and oecur along

healed fracture pl!\lles. 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

condueted on a Fluid In~. USGS-adapted gas,flow heating and freezing stage CWerre et

al.. 1979). This instrument was calibrated with synthetic fl,uld inclusions for temperatures

beIWeen -56.6°C-and 374.1oc. and with a quartz dlsk for higher temperature (the a-~
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tr.lOsition is at 573°C). The accumcy \\'as ± 0.2 :md ± 3"(" Ii.>r the Ill\\' and high

tempemture measurements. respectively.

The chemieal compositions of precipitates or residues from decrepit:lted inclusillns

and of solids in opened inclusions were determined \\'ith an energy dispersivc X-r.lY

spectrometcr allached to a JEOL S40 scanning cl~'Ctron microscope. Cleaned. dllUhly­

polished wafcrs were heated in the tluid inclusion stage untilthe inclusions decrepitated

(at temperatures lcss than 450°C). Residues on the wafer were analyzed in r.lster mode

using 25-30 second counting timcs. Mineml chips opened for analyses of the included

solids wcre frozen with Iiquid nitrogen. broken. and glued onto siliea glass slides. The

slidcs were coated with carbon on a rotating stage to cnsure uniform coating. Solids in

unopened fluid inclusions were idcntified with a Bruker IFS-SS FT Raman spectrometer

equipped with microscope. Typically, 200 seans wcre co-added at a resolution of 4 cnr',

using a Nd-YAG laser (1064 nm) at 300 mW. Most ofthcse analyses were carried out

at McGill University. Additional Raman analyses \Vere performed by Dr. Iain Samson

of the University of Windsor. Windsor (Ontario): details of the analytical method can he

found in Samson and Sinclair (1992).

MICROTHERMOMETRY

Results of microthermometric measuremenL~ of fluid inclusions are summarizcd

in Table 1 and are presented graphically in Figures 3-8. Initial. or quasi-eutcctic. icc­

melting temperatures (Te) \Vere difficult to observe in many inclusions. and as a result.

only a small number of measurements were made. Auid salinities (in weight pereent

NaCI equivalent) were calculated from final ice melting temperatures (Tm) using the

equation of Poner et al. (1978) for type 1 inclusions and non-halite-bearing type 2

inclusions. and from final melting temperatures of c1athrate (Tm c1ath) using the equation

of Darling (1991) for type 3 inclusions.

Type 1 inclusions (L-V)

Initial ice-me\ting temperatures (Te) for primary type la inclusions in beryl from
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Tabla 1. Summary of mlcrothermometrlc measurements of fiuld Inclusions ln beryl, quartz and spodumene (Spd) from the various types
of pegmatite. The values are thJLmlllln.lhe standard devlallon. and the number of analysas.

e

Host

Minerai

Type Te fc) Tm fc) Th fC) Tm C02fC) Tds (L-V·S) Th C02 fc)

or Tm Clath fC)

WI.%

NaCI eq.

XC02

Beryl

Quartz

0:: BerylU1

Quartz

Beryl pegmatite
L-Vla - 35.5 (10) (6) - 7.7 (6.6)(25) 343 (66) (27) 1004 (6.8) (25)
l-Vlb - 50.3 (5)(17) - 22.7 (6)(24) 650 (63) (16) 25 (2.4) (24)
leV sec. - 28 (16)(3) - 17.7 (7)(10) 455 (119)(9) 20.3 (6.4) (10)
loVeS - 15.2 (0.8) (4) - 6.08 (0.85) (6) 284 (41)(6) >500 8.15 (1.1)(6)
l-Vla - 39.7 (4)(3) - 6 (8)(22) 242 (96) (20) 7.8 (9)(22)
L-VSec. - 47.4 (4) (5) - 14.9 (4.9) (10) 188 (109) (13) 18.4 (4) (10)
l-l-V - 33.3 (6.4) (8) -14 (6) (18) 280 (52)(18) 67.3 (1.21)(18) 5.67 (1.87)(18) 20 (7.41)(18) 7.81 (2.84) (18) 0.13 (0.09) (16)
C0 2 67 (0.39) (46) 20 (704) (45)

Spodumene.beryl pegmatite
l-Vla - 29A (8.6) (7) - 7.23 960 (18) 297 (89) (18) 10.1 (6.1 )(18)
l-Vlb -32 - 13.2 (7) (10) 446 (54) (10) 15.6 (6.6) (10)
leV Sec. - 28.6 (1.8)(9) -16.6 (6.4)(14) 452 (100)(14) 19.6 (5.45) (14)
l-V-S n.a - 4.46 (0.6) (8) 281 (39)(8) >500 7.29(0.71)(8)
l-Vla -33 - 6.67 (2.7) (16) :l18 (39) (16) 8.61 (3.47) (16)
L-V Sec. - 62 (6.65) (3) - 23.6 (0.16) (6) 284 (68) (6J 25.1 (0.1 )(5)
l-l-V - 34 (5)(6) -11.8 (4)(18) 266 (39)(171 66.9 (0.17)(18J 6.24 (1.27)(18) 21 (6.14)(18) 8.58 (1.94) (18) 0.14 (.08) (18)
C02 66.8 (0.16) (6) 20.1 (2.51 )(6)

Spodumene pegmatite
Spd leV la - 26.4 (10)(12) - 3.7 (3)(34) 219 (39)(39) 5.9 (3.89)(34)

leV la' - 65.2 (2.66)(4) - 36 (1.4)(4) 212 (37)(4) 32.8 (1.06)(4)
loVeS - 27.7 (8.2)(12) - 3.16 (1.6)(19) 242 (50)(231 6.32 (2.24)(19)

Quartz leV - 37.8 (14.6)(27 - 7.8 (9.1)(38) 250 (75)(41) 10.1 (8.05)(38)
l-l·V - 36.7 12.22118) -12.312.91111J 2601291/11) 57.9 Il.67Hll) 6.;!6 10.78)[111 ~6/§.lilll11J _ Hl.3H 111LJI.08jO.03) 110)

• l'hase-four analyses are separeted from the others because of thelr very low euteelle temperature.



• beryl and spodumene-bcryl pegmatites vary from -10 to -1 O"c. with the Illajority heing

bctween -40 and -35°C. and bctween -35 and -30°C. respectiyely (Fig. 3). By contr:lst.

the Tc values of these inclusions from spodumene pegmatite lmye a hilllod:11 dislrihution

with peaks Olt -70 to -60°C and -25 to -20°C in spodumene. :Illd :It -70 to -60"(" :Illd -10

to -35°C in quartz. Primary type 1a inclusions in quartz from heryl :Illd spodumene-heryl

pegmatites also show a bimodal distribution of Tc. from -40 to -30"C :Illd from -20 to ­

15°C. and from -40 to -30 and from -25 to -20°C. respeetivcly. Type lb inclusions in

bcryl from beryl pegmatite show a wide l"".lnge of Tc values from -60 to -35"C. with a

peak between -50 and -45°C. The Te values of secondary inclusions are sc:l\lered frolll

as low as -60°C in quartz from spodumene-bcryl pegmatite to :L~ high as -5"C in heryl

from OOryl pegmatite: seeondary inclusions hosted by bcryl from spodumene-bcryl

pegmatite have a Te mode Olt -30 to -25°C. Thc.~e data indicate that m:IllY of the

inclusions, Le. those which have a Te value lower than -20.8°C (Tc of Hp-N:ICI:

Crawford. 198\). contain. in addition to NaC\. salts such as FcCl~. CaCI~ and pcrh:lps

LiCI, which depress the eutectic temperature of the system NaCl-Hp 10 -55°C. -52°C and

-78 to -75°C (Roedder, 1984). respectively. A numbcr ofresidues from decrepitated tluid

inclusions contain significant Ca and Fe. in addition to Na and CI. conlirming the

interpretation that salts such as CaCI~ and FeCl~ wcre partly or wholly responsible for the

low Te of some of these inclusions. It is also likely that LiCI contributed to the low Tc

(see OOlow). However. this cannot be confirmed a.~ Li is undetectable with the EDS.

The majority of final ice-melting temperature mca.~urement~ (Tm) of primary type

la ineiusions are OOtween -10 and -0.3°C for all ineiusions from the throc type.~ of

pegmatite. corresponding to salinities between 10 and 2.5 wt% NaCI eq. (Fig. 4): the few

primary inelusions in spodumene and quartz from spodumene pegmatite, which have very

low Te. have Tm values from -35 to -40°C. eorre.~ponding to salinities of 30 wt.% NaCI

eq. If the eompositions of these fluid inclusions are modelled in the ~"ystem NaCI-CaCI~­

Hp. the minimum weight fractions CaCl/(CaCl2+NaCI) are 0.8 and 0.9. respectively

(Oakes et al.• 1992). Type lb inelusions in OOryl from OOryl and ~-podumene-beryl

pegmatites show a modal Tm value between -30 and -20°C. corresponding to salinities

between 27.5 and 22.5 wt'll> NaCl eq. If the lower Tm value ref1ect~ 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 only); 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 f1uid inclusions and the corresponding salinity. Sec the caption of Fig. 3 to

identify the types of inclusion.
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CaCI2• the corrcsponding minimum weight fraction of CaCI:!(CaCI2+NaCl) is 0.7.

Sceondary type 1 inclusions in bcryl from bcryl pegmatite have highly variable Tm values

and thereforc salinities. whercas those from spodumene-bcryl pegmatite display a Tm

mode bctween -20 and -15°C. and salinities from 22.5 to 20 wt% NaCI eq. Secondary

type 1 inclusions in quartz from beryl pegmatite general1y have Tm values in the range

from -20 to -10°C. corresponding to salinities belWeen 20 and 12.5 wt% NaCI eq. In

spodumene-beryl pegmatite. these inclusions have a narrower range of Tm from -25 to ­

20 oC. corresponding to salinities of 27.5 to 25 wt% NaCI eq.

Although type la inclusions show a wide range of homogenization temperature

from 125 to > 500°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

belWeen 200 and 350·C. By contrast. type 1b inclusions in beryl from both beryl and

spodumene-beryl pegmatites homogenize at higher temperature. from 300 to > 550·C. and

those from beryl pegmatite have a modal Th value belWeen 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 belWeen < 150 and 400°C.

with a mode from 150 to 175·C in beryl pegmatite and from 300 to 350·C in spodumene­

beryl pegmatite.

Type 2 inclusions (L-V-5)

Initial ice-melting temperatures of type 2 inclusions range from -25 to -10 oC in

beryl from beryl pegmatite (Fig. 3). indicating that the fluid was dominated by NaCI :l:

KCl. In contras!. Te for inclusions in spodumene from spodumene pegmatite varies from

-45 to -lO·C. suggesting. as in the case for type 1 inclusions. that the fluids contain

appreciable concentrations of eaa2 :l: Fe02 or LiCl. Final ice-melting temperatures in

the threc types of pegmatite range from -10 to _3°C, corresponding to salinities belWeen

5 and 12.5 wt% Naa eq (Fig. 4). Significantly. these values are similar to those of type

la inclusions.

The liquid and vapor in type 2 inclusions homogenize to liquid at a modal
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Fig. S. 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°(' in beryt pegm:ltile. hel\\'een 250 and 300"(' in

spodumene-beryl pegmatite. and belween 200 and 300"C in spodumene pcgm:llilc (Fig.

5). The onlv solid 10 dissolve was thc rhombic miner:ll in inclusions hOSlcd hv. .
spodumcne. which did so at a mean temperalllre of 456 :!: 74"(' (Table t). Howcycr. Ihis

minerai dissotved only in a smalt proportion of the inclusions. Ils dissolution :llso showed

no correlation with the temperature of liquid-vapor homogenization. In bcryl, there ",\':IS

no change in the solids. including the rhombic phase. to the maximum lemper:lture of

heating. Many type 2 inclusions in both spodumene and bcryl decrepit:lled. commonty

at temperatures below 400°C.

Type 3 inclusions (aqueous carbonic)

As stated earlier. type 3 inclusions are common in quartz l'rom alt types of

pegmatite. rarely present in beryl and never in spodumene. These inclusions generalty

show negative crystal forms and coexist with type 1 inclusions. The XCO:. calcul:lted

using the method of Bodnar (1983). ranges l'rom 0.02 to 0.3 (the majority of inclusions

have XCO: between 0.06 and 0.1; Table 1). The initial mclting temper.lture (Te) of the

aqueous phase ranges l'rom -40 to -15°C. but is mainly between -40 and -35°C (Fig. 3).

Final ice-melting temperaturcs range from -26 to _2°C. l'rom -20. to _8°C and l'rom -16 to

-6°C in quartz l'rom 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% NaCI

eq.); spodumene-beryl pegmatite (6-7°C. 5-12.5 wt% NaCI eq.); spodumene pegmatite (5­

7°C. 5-7.5 wt% NaCI eq.) (Fig. 6).

Final melting temperaturcs of CO2 solid range l'rom -57.6 to -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°(', but mostly betwecn -58.1 and -56.6°(', in quartz

from Spodumene pegmatite (Fig. 7). These temperaturcs indicate that the carbonic fluid

is dominated by CO2, which has a melting pointof -56.6°C (Angus et al., 1976).

However, the low TmCO: values ofsome inclusions in spodumene pegmatite indieate that
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Fig. 6. Histograms of the final melting temperatures of clathrate in aqueous

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

earbonic solid (Tm CO2) of aqueous 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 CO2, i.e., the tem;oeratures are close to that of the triple point of the system

CO2 (-56.6°C).

J.63

•



Beryl pegmatite

Spodumene­
Beryl pegmatite

•
18

14

10

6

2o +-I-+-,......,......,.--"-+-+-
-62.6 -61.6 -60.6 ·59.6 ·59.6 ·57.6 '56.6

14

10

6

2
o .
-62.6 -61.6 -60.6 -59.6 ·58.6 ·57.6 -56.6

6 Spodumene pegmatite

2

o 1 1 1

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

Figure?



• thcy contain appreciable CH. ± N,. The maximum estimated value of XCH. eq.

calculaled following the method of Heyen et al. (1982) is 0.24.

The CO, liquid and vapor homogenize 10 either liquid. or vapor. or rarely. a

critical nuid. Homogenization temperatures of the CO, phases vary widely from -1 to 31

oC (Fig. 8). Complete homogenization of these inclusions was to either the CO, phase

or the Hp phase and occum:d at temperatures from 150 to 400°C (Fig. 5). with a modal

temper.lture of 250-300°C for inclusions from spodumene-beryl pegmatite: the

homogenization temperature distributions for beryl and spodumene pegmatites show no

elearly defined peak.~.

Type 4 inclusions (carbonic L·V)

The final melting temperature (Tm) of solid in type 4 inclusions ranges. in most

cases. 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 homogenization

temper.ltures. however. vary widely from -1 to 31.1 oC 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-beryl

pegmatites and in spodumene from spodumene pegmatite. ail type 2 inclusions. and ail

type 3 inclusions in quartz have salinities of < 12.5 wt% NaCI 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

1a. ail type lb and secondary inclusions in beryl from beryl and spodumene-beryl

pegmatites have high salinity (20-25 wt% NaCI 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-Iow 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 temperalUre vs. salinity for fluid inclusion type.~ 1-3.

The symbols are: black. type la; cross. type 1b; 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 RA~L\N SPECTROSCOPY

Deerepitate residues

A total of 127 analyses \Vere made of the compositions of lhe residlles of

decrepitated fluid inclusions in beryl from beryl and spodllmene pegnl:ltite. spodumene

from spodumene pegmatite. and quartz from each of the pegmatite types. As discllsscd

earlier. the analyses were earried out lIsing an encrgy dispersive X-r.lY spectrometcr

attached to a scanning electron microscope and. because of the irregular shapes of the

residue.~ (Fig. 10) and the potential for compositional heterogeneity. they \Vere condllcted

in raster mode. The results of these analyses. adjusted to reflect aver.lge salinities. are

summarized in Table 2.

Cation contents: The data indicate that Na+ is the dominant c'ltion in ail

precipitates. that Ca~+ and Fe~+ are relatively abundant in sorne inclusions. that K+ is

generally a minor constituent and that measurable quantities of Mn~+ are present only in

precipitates from spodumene pegmatite (Table 2). In the case of beryl and spodumene­

beryl pegmatites. the precipitate.~ form IWO populations characterized by very low (below

the detection !imit of the EDS) and moderately high Ca contenl~ (up to 9.6 wt %).

respectively. By contras!. most precipitates from spodumene pegmatite have moder.ltely

high Ca contents (up to Il.S wt%). The content of Fc wa.~ above delection only in

precipitates from beryl in beryl and spodumene-beryl pegmatites. and in these prccipitate.~

decreased in abundance from beryl (6.1 wt%) to beryl-spodumene pegmatite (2.1 wt%).

Finally. signifieant K contents were measured only in beryl from beryl-spodumene

pegmatite and spodumene from spodumene pegmatite. Precipitate.~ hosted by quartz in ail

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 lb 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 refleetion of high contents of Fe
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Fig. 10. Back-scanered 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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Table 2. Summary ofcomposition ofprecipitates ofdecrepitated fluid inclusions
Beryl Spodumene-beryl Spodumene

Host pegmatite pegmatite pegmatite
Mineral Br! Brl Qtz Qtt Brl Brl Qtt Spd Qtt

n=14 n=10 n=17 n"5 n=8 n=7 n=25 n=25 n=26
Lowe. HÏ/lh Cu Low Cu Hi!Ù! Cu LowCu Hi!Ù! Cu

Na (Wl.%) 54 45 47 41 52 48 48.6 38 35
K 0.1 0.1 1.32 3.63 2.6
Ca 9.6 7.12 7.1 8.5 11.5
Fe 4.9 7.9 0.75 2.91
Mn 1.4
S 0.78 0.9 0.4 1.6
CI 36.4 34 44.4 51 39.2 33 48.2 44 50.3

Mo1ality
Na 1.141 4.106 0.432 3.242 1.205 3.609 1.637 0.818 1.403
K 0.004 0.025 0.Ql8 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.Ql0 0.049
CI 0.499 2.338 0.278 2.613 0.593 1.630 1.059 0.764 1.354
H003" 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 COlI1l:Il1S: The only two clements me<lsured th:lt form :mionic comp\)nems

<Ire Cl <lnd S. <lnd in most inclusions Cl W<lS the only one of these clemenls deleCle\1.

Sulfur. where present. W:lS gener.llly in eoneentr:ltions belo\\" 1 \\"IC" in the preeipit:lles

(T:lble 2). Fluorine. which occurs in signilie:lnl eonccntr.ltions in some minemls in Ihe

pegm:ltites. not:lbly muscovite. W:lS not detected. In the e:lse of C:I-he:lring precipit:ltes.

this is not surprising. bec:luse the presence of even rel:ltivcly low conccntmlions of C<I

is sufficient to c:luse precipit:ltion of fluorite. thereby buffering:lr 10 extremely low \evcls

(Holl:lnd :lnd M:l1inin. (979). Although. Cl :lnd S were the only :mionie clements

detected. the precipit:lte compositions reflect :1 consistent excess positive charge.

suggesting that an important anionic component W:lS not :lnalysed. The most likcly

candidate for this additional anion is HCO~' .

Fluid inc:lusion solids

The soliel~ in type 2 inclusions were identified with the :l....~istancc of EDS-SEM

an:l1yses and. in a few casc.~. Raman spectroseopic :lnalyses. The most commonly

eneountercd solid in opened inclusions is calcite. Significantly its composition varies

from ncar end-member c:l1cite (hercafter rcferrcd to :l.~ calcite) and magnesi:ln c<llcite in

beryl pegmatite to manganoan c:l1cite in ~-podumene pegmatite (T:lble 3). Commonly its

habit is rhombohcdral. which might identify it :l.~ the rhombic minerai which dissolvcd

on heating in some inclusions. However. c:l1cite displays rctrograde solubility over a very

wide range of conditions and fluid compositions (Fein and W:l1ther. 1987. (989). which

suggests that the soluble rhombic miner:l1 is not c:l1cite. This is :l1so supported by the

observation that the rhombic phase which dissolved w:l.~ only observed to do so in

spodumene and not in ail inclusions hosted by this ininer:l1. i.e. there is more than one

rhombie soliel

The second most widely encountered solid is prismatic and apparently ha.~ a

trigonal cross section (Fig. Il). It occuis mainly alone and. less commonly. is

aecompanied by one or more solidS. of which the most frequently occurring is c:l1cite.

EDS analyses of this solid yielded a speetrum with O. Al and Si peak.~ (Fig. Il)..ïhe Al
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T:lblc 3. Mincl':llogy ofsolids insidc opcncd f1uid inclusions in bc!)'! (Brl),

spodumcnc (Spd) and 9u:utz (OU) from wrious t}pes ofpegtn:ltite
Pegmatitc Berv! Spd-brl Spd,

Mincl':ll Formul:l Br! Bri Spd Spd OU-
Carbonates
C:llcite C:lC~ C VR VR VR
M:lgDcsian C:l!citc C VR
Mang:mO:lD C:l!cite C R C R
Z:lbuyclitc ? Li~CO! VR VR VR

Silicates
Qu:utz SiO~ R R R R
Albite NaAlSi30a VR VR R
Pol1ucitc CsAlSi20 6H~O C R R

Unidentitied
Al or Al+Si C VR VR VR C
nia LiC! VR
Spodumcne? LiAlSi~06 R

Others
Na-Taoxidc eFc.Mn)(Nb,Ta):06 VR
C:lssitcrite ? Sn02 VR
Barite BaSO. VR

*discrete ctySta1s
C: common (> 5 obeservation); R: rare (3-5 observations)
VR: VCIY rare (1-2 observations)

~

......

0:-·. . ........ ..

'ca".
171



Fig. Il. Back-scattered SEM images of an unidentified prismatic crystal (A)

with a trigonal cross-section (B) which yields an EDS spectrum with peaks for Al, Si

and 0 (C). See text for further elaboration.
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peak is significantly higher than the Si peak. which is the rc\'erse of the rcl:lliw peak

heights of these elements in spectra of beryl or spodumene. If the solid is comp\'scd of

the three clements. then. on the basis of senti-quantitati\'e :malyses. il lms an AI/Si \'aluc

of about 1.4 (Table 4). This is close to the Al/Si \,:Illie of 1.6 ll'r cookeite

[LiAliSi,AI)0lo(OH).]. which is a common phase in mrc-c1ement pegmatites (London

and Burt. 1982). Alternatively. if the Si peak is an interfercnce l'rom the host mineml

(beryl. spodumene or quartz). then the solid is an Al oxide or hydroxide mineml.

Quartz and pollucite are the next most common solids: quanz \1CClirs :IS sllbhedml

prisms in inclusions in beryl and spodumene l'rom the thrce types of pegnmtite. while

pollucite forms an anhedral phase in inclusions in spodumene l'rom both spodllmenc-bcryl

and spodumene pegmatites and in quartz l'rom spodumene pegmatite. The EDS spectmm

of pollucite shows a very smal1 Na peak. indicating that il~ composition is close to bcing

stoichiometric (CsA1Si~0..HP). Albite was found in a few inclusions. and is inv:lri:lbly

euhedral and sm:lll (3 pm long). In sorne ca.~s (in spodumene pegmatite). it wa.~

:lccompanied by manganoan calcite (Fig. 12). Other positivcly identil1ed solids :lrc Nb-T:I

oxide. bante and ca.~iterite. ail of which are =.
Among lcss commonly observed mincr.l1s that cannot be positivcly identificd. is

an anhedral to subhedral solid (-2 pm :lcross) in inclusions hosted by spodumcnc l'rom

spodumene-beryl and spodumene pegmatitcs. which produccs a spectrum with strong

peaks for C. O. Al and Si (Fig. l3A). and in inclusions hosted by quartz l'rom spodumcnc

pegmatite produces peaks for C. 0 and Si. The peak.~ for Al and Si h:lve intensities

similar to those of the host minerais. 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. 7A"lbuyelite

(Li2CO~. bas been reported to occur in fluid inclusions from a number of spodumene­

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 unopened

inclusion (Fig 2c. crystal 2). whicb matches that of the published Raman spectrum for

zabuyelite (Fig. 13B). This minerai commonly has a rbombic habit, and decomposes at

temperatures >4OQ°C (London. 1986). It is thus the most likely-candidate for the rhombic
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Table 4 Semi-guantitative analyses of AI-rich inc1uded soUd

1
2
3
4

Wt% Atomic proportion
AI Si AI Si

28.2 21.3 1.045 0.758
28.05 19.76 1.039 0.703
27.6 20.6 1.023 0.733
29.1 22.8 1.078 0.812

AI/Si
1.38
1.48
1.40
1.33

fJ .,, -
"- -
,~". ,:.--..,.....!-

Average 1.39
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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 a Raman spectrum (B) of a carbonate

minerai which may be zabuyelite (Li2C03). The AI 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). Sec text for further discussion.
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phase that apparently "dissolved" in sorne inclusions hosted hy spodumene.

Another potentiallithium minerai is a small cubic solid (1 J.Im in di:lmeter). which

was found in two inclusions hosted by Ix.'ryl from spodumene-heryl pegmatite :md

produced an EDS spectrum for O. AI. Si and Cl (Fig. 14). As in the C:L~e of z:lhuyelite.

the peaks for AI and Si are interpreted to he from the host mineml. :md the cation

accompanying cr cation is thus either Be~- or Li-. Given it~ cuhic h:lhit. wc specul:lle

that the minerai has the 'composition of LiCI: BeCI~ occurs as hexagomll 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. yielded a spectrum

with peaks for O. AI and Si. The intensities of these peaks are identical to thosc of

known spodumene. and we therefore speculate that the solid is spodumenc. This

interpretation implies that spodumene was. at lcast locally. precipitated by hydrothermal

fluids.

OXYGEN ISOTOPE ANALYSES

Oxygen isotope compositions of quartz and gamet in bcryl and spodumene-bcryl

pegmatites were determined (at the University of Saskatchewan) in order to provide

estimates of the temperature of equilibration of these miner.lls; in their re.~pective

pegmatites. The Ôl80 values (refereneed to SMOW) of quartz and gamet from the bcryl

and spodumene-beryl pegmatites are 9.3 and 5.1 %•• and 9.6 and 5.9 %•• respectively,

corresponding to equilibration temperatures of 470 and 540 ± SO·C using the equations

of Oayton et al. (1972) and Bottinga and Javoy (1975). These isotopie data were also

be used to estimate the ÔI80 values of the coexisting water, which using the equation of

Clayton et al. (1972), is ealculated to have becn 6.6 and 7.76 %0, l'Cl>-pectively. These

values are within the range of the Ô180 for magmatic water (Taylor, 1979).·
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Fig. 14. The EOS-SEM spectrum of a cubic chloride minerai in beryl from

spodumene-beryl pegmatite, tentatively interpreted to have the composition of Lie\.
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DISCUSSION

Pres.'iure-Temperature conditions during pegmatite evolution.

E.'itimates of the pressure of emplacement of the Preissac Lacome batholith have

bcen made by Feng and Kerrich (1990) and Powell (1994) based on applications of the

plagioclase-garnet-muscovite-biotite geothermobarometer to the intrusive facies. and multi­

cquilibrium 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 metarnorphic pressures in this part of the Abitibi

greenstone belt never exceeded 4 Kb.

Minimum estimates of the temperalUre of crystallization of the pegmatites are

provided by the oxygen isotopic compositions of quartz and gamet. As mentioned

above. analysc-'i of two pairs of these minerais gave temperalUres of 470 and 540·C. It

shouId be cautioned that these temperatures may not necessarily represent those of

crystallization, but lower temperature subsolidus equilibration.

We have made other estimates of temperalUre 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 or.p.:~dard deviation. are shown in Figure
.::;~

15 for primary type la inclusions~and lb inclusions (mainly secondary) in beryl from

beryl pegmatite 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 hClstd by quartz are very much larger. For this reason and for purposes of

clarity. only mean isochores are ploned for inclusions hosted by this minerai. Also
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Fig. 15. P-T conditions in beryl pegmatite (A). spodumene-beryl pegmatite (B).

and spodumene pegmatite (C). dedueed from Iimiting isoehon.'s representing one

standard deviation above and below the mean isochores of type 1a and b inclusions in

beryl. type la inclusions in spodumene (solid lines). and mean isochores of type la and

1b inclusions in quartz (dashed lines). Superimposed are the quartz-gamet oxygen

isotope geothermometer (vertical broken Iines) and the experimentally delermined phase

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 (sec text).
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plolled are the temperature~ e~timated from oxygen i~otoric fr.lClion:llion hcl\WCn quartz

and gamet from bcryl and ~podumene-beryl pegmatite~. the rlm~e hound:lry for the

reaction petalite .. spodumene + quartz (London. 1984). and the 3.5 Kh is<'b'lr c~lil1mled

by Powell (1994) for the emplacement of the Prei~sac-Lacome h.llholir l l.

A~~uming an emplacemenl pre~~lIre of 3.5 Kh. the lr.lpping tempemlllre~ of

primary typc la inclu~ions in hcry\ from beryl pegmatite are cSlil1l;\ted 10 Im\'e hcen

between 500°C (30°C abo\'e the oxygen iSOlOpic tcmpcr.llllre reported earlierl ami 560"C

The corresponding temperatures for type 1b inclusions are considerably higher. Le.. 790

to 860°C. and much higher even than the solidus !cmper.lture l675"Cl estim:lled for lhe

co-magmatic mu~covite monzogranite (Mulja. 1995..;. Moreo\'cr. :t~ noled above. thcsc

inclusions are mainly secondary. It therefore secms more likcly lhal lhe lr.lpping

pressures for type lb inclusions were mUt.h lower than those of type 1:1 inclusions. :md

the simplest explanation for this is that conditions changed from lithost:llic 10 ncar

hydrostatic during trapping of the type lb inclusions. Thi~ explanalion i~ supported by

observations of strong local brecciation. which we inlerpreted earlier. 10 rellecl

hydrofracturing prior to complete crystallization of thc pegmatile-fomling m:lgma. Wc

thus suggest that, locally, fluid prcs.~ure built up until it exceeded the strength of the

pegmatite. which then failed. leading to a period during which pressure tell 10 near

hydrostatic levels.

Trapping temperatures of primary type la inclusions in bery\ in spodumene-bcryl

pegmatite are predicted by the limiting isochores to have bcen bctween 500 and 570°C.

which, in tum brackets the oxygen isotopic temperature estimate of 540°C. Significantly.

the upper limit of the range is almost coïncident with t!lat of the stability of Ihe

assemblage, spodumene-quar!Z, which further helps to constrain cry~talli7.atIon

temperatures for this pegmatite type. As for the'beryl pegmatites. the isochores for lhe

type lb inclusions imply trapping of fluid at pressures considerably bélow lithostatic

pre.~ure.

The limiting isochores for primary type la inclusions. in spodumene from

spodumene pegmatites inclusions predict much lower trapping temp'crature.~ than those for

beryl in the other IWO pegmatites, i.e., they intersect.the 3.5 Kb isobar at tcmperntures
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• nctwccn 450 and 480°C. No type 1b inclusions wcrc observed in spodumene pegmatites.

As memioned ahove. the standard deviation for isochores delïned by type 1a

inclusions in quartz is very much wider than lhose for type l:l inclusions in beryl and

spodumene (probably becaus(; of the higher frequency of secondary inclusions in qU:lrtz

and the diflïculty of distinguishing them from primary inclusions). Consequently these

inclusions are less useful in c.~timating tr.lpping tempemlures. Nevertheless. it is probably

signilïcant that the mean tr.lpping tempemlure predicted by these inclusions for ail three

pegmatitC' types is greater than one standard deviation bclow the mean temper.ltures

predicted by isochores for type la inclusions in beryl and spodumene. The mean trapping

tempemtures for quartz in bcryl pegmatite. spodumene-bcryl pegmatite and spodumene

pegmatite arc. 480. 450. and 430·C. respeetively.

ln summary. various lines of evidence suggest that the Lacome rare element

pegmatites were emplaced at a pressure of approximately 3.5 Kb. that beryl wa.~

crystallizing at temperatures between 500 and 570·C • that spodumene crystallization

extended to temperatures possibly a.~ low a.~ 450·C and that quartz continued to crystallize

at somewhat lower temperatures.

Nature of the fluids

From the types of fluid inclusions recognized petrographically in each host

minerai. the microthermometric data obtained for them. and analytical data on trapped

solids. daughter minerais and residues from decrepitated fluid inclusions. it is evident that

thel1uids whieh eirculated in the pegmatites were dominan~ly aqueous. that they varied

. consider.lbly 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

bc pointed out that London (1986) has described crystai-rich fluid inclusions in the Tanco

pegmatite. Manitoba. which he demonstrated represent a hydrous melt phase or gel that

wa.~ immisC'ible with ,the main ·silicate liquid. H()wever. we do not believe that this

intc..pretation -is applicable to the type 2 inclusi~~s. prlmarily because of the genera\ly
- .

. high proportion of fluid and inconsislent pliase ratios (variable numbers of solids and. -

variable fluid to solid ratios). The aqueous fluid inclusions canbe classified into a low
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salinity population « 15 wtc,;. NaC! eg.) eomprising primary type: !;l inc"1usions, some

secondary type: la inclusions and ;111 type: 2 inc:lusions, :md a high s:\linity population (>

20 wt% NaCI cq.) consisting of type Ih (1:1rgely secondary) :Illd secondary type: la

inclusions. ln both cases the principal salt in s<,l\llion is N:1CI. Ne\'Crthcless. these

inclusions can bc further cla.ssiticd into a popul:\tion clmr:lcterised hy cakium "ontents

bclow dctcction, and anothcr population in which the calcium content is llloder:llcly high

(up to 12 wt% of the dissolved salts).

As discusscd earlier. the type: lb inclusions and high s;llinity second:\ry typc la

inclusions have euteetic and final ice mclting temper:ltures which indicate SUbSI:lI1ti:ll

quantities of a dissolved salt in addition to NaCI. lt thus Sl'Cms likcly that thcsc

inclusions represen: part of the high calcium population. The r:trity of low C:l residues

among fluid inclusions decrepitated in spodumene pegmatite (four among 25 residues

analysed have Ca contents from 0 to 1.9 wto/c) :lI1d the low eutectic temper:ttures of

primary type 1a inclusions in this type of pegmatite, suggest that these I:mer inclusions

also bclong mainly to the high Ca population.

Establishing the affinity of the e.ssentia1ly Ca-free population is more dillicult.

Type la (primary and some secondary) and type 2 inclusions from bcryl pegmatite and

spodumene-bcryl pegmatite might bc candidates bccausc of their higher eutectic

temperatures (many of the Te values arc bclow the eutectic tempemture lor the system

NaCl-H:O. but this could reflect the presence of FeCl~ which is commonly :\ signilicant

component of both high and low Ca inclusions in beryl). However. calcite occurs in

almost all type 2 inclusions and could possibly bc a daughter mineml. although this seems

unlikely given that it has retrogradesolubility_(see earlier discussion). If it were a

daughter minerai. this would imply a high concentration of Ca in the fluid. On the other

hand. as a trapped minerai 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 largely:by primary and some secondary type 1a inclusions rrom beryl and

beryl-spodumene pegmatite. and also probably by type 2 inclusions: At lea.~t some low

Ca fluid was aIso trapped in spodumene pegmatite (reflected by the smaIl proportion of

Ca-free decrepitate residues referred to above) presumably a.~ primary type la and/or type
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• 2 inclusions. It b also possible. givcn the low salinity and low euteetic temperatures of

the aqueous phase in type 3 inclusions. partieularly in bcryl and spodumene-beryl

pegmatites that these too. had low calcium contents.

ln addition to Na. Cl. and Ca. as mentioned above. Fe is also a signilieant

component of sorne fluid inclusions. but apparcntly only those hosted by bcryl (it is

highest in bcryl from bcryl pegmatite. whieh yielded decrepitate residues containing on

avemge 6.2 wt% Fe versus 1.8% Fe in bcryl from spodumene-bcryl pegmatite). The only

other signilieant eationie clements are K which is found in inclusions in ail three

pegmatite types. but only in bcryl and spodumene. and Mn whieh is restricted to

inclusions in spodumene from spodumene pegmatite. Sulphur W,IS the only anionie

clement detected in deerepitate residues. and is present in minor quantities WiClout :.Illy

obvious pattern of distribution in terms of host minerai or pegmatite type. However. as

diseussed previously. the deercpitate residu~ compositions indicate an appreciable anion

dclieieney which eould reflect signifieant concentrations of bicarbonate ions

The carbonic phases of type 3 inclusions. and type 4 inclusions consist almost

cntirely of CO~. cxcept in sorne inclusions in spodumene pegmatite. which on the basis

of low mclting temperatures of carbonic solid. arc 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 crysta11ization. and that mese fluids arc represented

by primary type la and/or type 2 inclusions. It is also reasonablc to assume mat me early

fluids would have becn dominantly orthomagmatic. Given the composition of the magma,

such fluids can be predicted to have been dominated by NaCI, and to have contained

minor concentrations of Ka. At me conditions interpreted for entrapment of primary

type la inclusions (530·C in beryl and 470·C in spodumene), a fluid Ül equilibrium wim

albite and K-feldspar (major constÎtuents of me pegmatites). is predicted to have a

,NaI(Na+K) atomic ratio of 0.86:0.1 (ca1culated using SUPCRT92; Johnson et al., 1992)

which is actually somewhat 10wer t.han estimated by analyses of decrepitate residues
"

(Table 2). It is extremely unlikely mat me orthomagmatic fluids would have contained
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any significant CaCl~. Howe\'er. appreciable concentr.llions of Fc would not he

unexpected••md in fact are known to occur in orthonmgnmtic l1uids fmm porphy!"y coppcr

systems (e.g.. Eastoc. 1978: Wilson et al.. 1980). In \'ie\\' of the 'lbo\'c allllthc prcccding

discussion of l1uid inclusion compositions. we propose that the orthonmgnmtîc l1uid is

represented by the low Ca primary type la inclusions which occllr m'lÎnly in heryl .md

mrely in spodumene.

ln view of the intimate association of type 2 inclusions \\'ith prill1ary type 1a

inclusions and the similar microthermomctric bchavior of the two inc!llsion typ.:... \VI'

consider it Iikely that type :2 inclusions also tr..pped the orthomagmatic 1111id. i.e.. this

fluid was satumted with solids. including calcite. prior to entmpment of either prinmry

type la or type 2 inclusions. and that type 2 fluid inclusions 'Ire only different froll1type

la inclusions to the extent that they aecidentally tr..pped sorne of these solids. If this

interpretation is correct it implies that the fluid had a high bicarbon:lte content. whieh is

supported by the anion deficiency in deerepitate residues.

The early aqueous fluid chemistry of bcryl pegmatite appears to h.lve bcen

somewhat different from that of spodumene pegmatite. in that the former l1uids had

re!atively high Fe contents. whercas the latter fluids were enriched in Mn. Li. and Cs. The

high content of Fe is indicated by the composition of decrepitate rcsidues from bcryl­

hosted inclusions, and the enriehment in Mn by the composition of decrepit'lte residues

and the composition calcite in the type 2 inclusions from spodumene. Occurrences of

pollueite and probable lithium chloride and carbonate miner..ls in these type :2 inclusions

provide the evidence for enrichment of the f1uid in Cs and Li. Additional evidence of the

enrichment in Li""s provided by the formation of ho1mquistite

[Li2(Mg,Fe+2)(Al,Fe+3MSis022)(OH)2] in the adjacent mafic country rocks; high Li contcnl~

in the fluid are also preclicted by calculations of Wood and WiUiams-Jones (1993) for

fluid-mineral equilibria involving spodumene and feld.~pars. Thesc compositional

variations in the fluid from beryl to spodumene pegmatite are matched by corresponding

changes in the minerai chemistry of the pegmatites (Mulja et al·., 1995b), and whole-rock

chemical trends'among the various intrusive facies èlfthe Lacarne pluton (Mulja, 1995c).

supporting a conclusion that they reflect evolution of an exsolving orthomagmatic fluid.
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• Late in the crystalli7.ation history of beryl and spodumene-beryl pegmatites. as

discussed earlier. there was a sharp drop in pressure. recorded by the entrapment of type

1h inci:Jsions in heryl and brecciation of the incompletcly crystallized pegmatite. The

type 1h inclusions. as l'las also bcen discussed. were cnriehed in calcium and l'lad

relatively high salinity. We propose that this event in these two pegmatite types marked

the incursion of an external high salinity Ca-bcaring f1uid from the country rocks. which

are predominantly metamorphosed basalts and maflc tuffs. and therefore rich in Ca.

Although tho:: nature of this f1uid is unknown. given the depth of emplacement. and the

width of the contact metat!lorphic aureole surrounding the Preissac Lacome batholith (up

to 7 Km: Powell. 1994) it is likely to have bcen metamorphic. There is also no need to

invo~.e a special source to explain the high salinity as there is increasing eviclence that

metamorphic f1uids are considerably more saline than previously bclieved (cf. Roedder.

1984). Moreover. in environments dominated by basait. they are commonly Ca-rich

brines.

ln the spodumene pegmatites. influx of calcium-bearing f1uids probably occurrcd

earlier. as indicated by the fact that. unlike inclusions in beryl and beryl-spodumene

pegmatites. most inclusions :II'C 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

extcmal basalt-sourced f1uid. There is also good mineralogical evidence of the greater

importance of Ca-bearing f1uids in the spodumene pegmatites. namely the development

of rims of oligoclase or andesine around albite and the presence of mierolite that partially

replaced manganocolumbite (Mulja et al.• 1995a). These features are not observed in the

beryl and spodumene-beryl pegmatites.

Aftcr the initial influx of a Ca-brine into the pegmatites the next and final event

in the crystallization history of the pegmatites was the appearance of an immiscible CO~­

dominated f1uid (type 3 inclusions) coincident with crystal1ization of late quartz (CO~­

bearing f1uid inclusions are restricted to quartz, i.e. théy -:ire not observed in beryl or
-0/

spodumene)., Pos.~ible explanations for the origin of the carbômc phase are that it was

introduced from the country rocks. or !hat the orthomagmatic fluid contained dissolved
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• CO, which started to exsolve when the pegmatite system .:ooleu tl' a tcmrcr:lturc

sufficient to cnter the two phase licld of the system Hp-CO,. Wc f:l\'or thc sccond

alternative mainlv because. if the CO. came from the countrv rocks. it is re;lson"hlc to. . .
expect that it would have accompanied introduction of the Ca-hrinc ;md thcrcforc h;\\,c

been trapped not only in quartz bm also in beryl and p;lrticularly spouul1lenc. The

presence of calcite (and probable zabuyelite (Li,CO~)). in the type:! l1uid inclusions. ;ml!

the very low Ca content of the orthol1lagmatic l1uid implies th;lt the I:llter containcu

appreciable dissolved CO,. This is consistent with the anion deliciency of thc decrcpitatc

residues. which we have interpreted to represent bicarbonate ions. At the tempcmt;Jrcs

and pressures proposed for the entmpment of these inclusions. Le. between 450 ;md 550·C

and 3.5 Kb. the CO, would probably have been dissolved mainly as the neutml species

H,CO~o rather than HC03': predominance of HC03' at these conditions would have

required a pH between 8.6 and 9.7 (calculated using SUPCRT92: Johnson et ,,1.. 1992)

which is probably much higher than the pH which is likely to h;lVe prcvailed. given the

presence of muscovite in the pegmatites. On cooling to temperolturcs below "bout 4OO·C.

approximately the consolute point of the system Hp-CO, -6 wt% NaCI (cf. Bowers ;md

Helgeson. 1983). the orthomagmatic f1uid would have begun to unmix. with the

temperature of unmixing depcnding on XCO,. Ba......d on the homogeni7.ation tempcmtures

of type 3 inclusions (Fig. 5) this would probably have been between 250 and 350·C. Wc

therefore propose that pegmatite formation terminated with the crystallization of quartz

at temperatures between 250 and 350°C, and that this wa.~ a.~sociated with unmixing of

the orthomagmatic f1uid and heterogenous entrapment of these f1uids a.~ type 3 inclusions.

The lack of evidence of post-entrapment unmixing of the orthomagmatic f1uid.~ trapped

at higher temperature can be explained by the fact that the pH of the H,CO,,-HCO.,

predominance boundary deereased sharply on eooling and stabilized HCO) at the expense

ofH,CO"o (this assl\lil~~t the high temperature pHwas at lcast partly preserved. which

seems reasonable, given that the H,CÛJ-HCO,,' predominanceboundary is close to

neutrality. whereas avoom temperature and pressure it is significantly lower. 6.3 versus

7 (calculated using SUPCRT92; Johnson et al.• 1992». The above notwithstanding. wc

cannot exclude the possibility. particularly for the spodumene pegmatites. which contain
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• a small proportion of inclusions with significant CH, ± N~ that thcre might have bccn

somc contribution of carbonic f1uid from thc country rocks.

Aftcr crystallization. aqucous and carbonic f1uids continucd to circulatc in thc

pegmatitcs until relativcly low tcmpemturcs and arc now rcpresented by sccondary typc

1. type 3 and type 4 (CO~-only) inclusions.

Thc f1uid evolution that has becn proposcd in the prcccding par.lgr.lphs is

illustr.ltcd schcmatically in Figure 16 and stans with the emplacement of a vapour- or

ncar vapour-saturated pegmatite-forming magma at a tcmperature of perhaps 550°C or

somewhat higher temperature and a pressure of 3.5 Kb. The exsolving vapor is a low

salinity. CO~-bearing. Na-dominated f1uid containing significant Fe in the beryl

pegmatites. and enriched in Mn. Li and Cs in the spodumene pegmatites. In the latter

pegmatites the f1uid is initially in equilibrium with petalite. but soon evolves along a

cooling path into the spodumene field. Relative1y 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 maftc rocks surrounding the Lacome

pluton. and are thus directly in contact with the metamorphic f1uids 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 stan earlier and are more important. The final

event in the fluid history of the crystallizing pegmatite is the unmixing of the

orthomagmalic fluid into separate aqueous and CO~ phases and their heterogeneous

entrapment in late quartz at temperatures between 250 and 350°C.

SUMMARY AND CONCLUSIONS

The observations and data presented in this paper show that the Lacome rare

element pegmatite-forming Iiquid was saturated by an aqueous fluid

penecontemporaneously with emplacement. and that this fluid contained significant

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 f1uid evolution in the Lacomc rare-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 f1uid pressure. 4) entrapmcnt of high

salinity f1uid inclusions following brecciation and incursion of extemal metamorphic

brines, 5) termination of beryl crystalliz:..tion. 6) termination of spodumene

crystallization, 7) unmixing of the orthomagmat!c f1uid into aqueous and CO~ phases.

and their entrapment in late crystallizing quartz.
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• stilges of pegmiltite erystillliz;ltion. This evidence of e;lrly s;ltumtion "f Ihe pegmatite­

forming milgmil with vilpor is consistent with the J:1hns ;md Burnh:llll ( 19(9) model for

the formation of pegmiltites. but does not exclude the possibility of pcgnmlile formali,'n

without i1queous phase saturation (cf London ct i11.. 19~9).

The only other rare clement pegmatite for whieh Ihe timing of Iluid entmpmenl

has been extensively documented is the tourmaline-rieh pegmatite at T:mco. Manilol>;\

where London (1986) and Thomas ct al. (1988) have presenled eontlicting evidence over

whether aqueous phase saturation was carly or late. respectively. ln other stllliies of

which we arc awarc. where the nature of the tluid inclusions in mre clement pegmatites

has been documented. either the inclusions were in late stage paragenesc.s (e.g. Ruggieri

and Latlanzi. 1988). restricted to quartz. in which primary and second;1I y inclusions are

difficult to distinguish (e.g.. Whitworth and Rankin. 1989). or the authors f;tiled to

indicate whether the inclusions were primary or secondary (e.g.. Chakoumakos i1nd

Lumpkin. 1990).

Setling aside the question of the timing of aqueous ph:Lse satumtion. the tluid

evolution in the Lacorne pegmatites differs in one important respect l'rom that of the

Taneo pegmatite. namely the laek of crystal-rich inclusions that could represent il mel!.

London (1986) showed that the solids in such inclusions at Tanco dissolve/melt on

heating. and when quenehed produce a glass or gel. which he intcrpreted to represent an

immiscible hydrous borosilieate liquid. lnterestingly. the only other pegmiltites known to

us where a melt origin has been ascribed to crystal-rich inclusions i1re those at Mt.

Capanne. Italy. which. like Taneo. are boron-rieh (Ruggieri and Latlanzi. 1988). ln the

Laeome pegmatites. although. a.s diseussed above. early solid-bearing inclusions are

eommon. the proportion of aqueous fluid is sufficiently high a.s to make it unlikely that

they represent melt. It is therefore attraetive to propose that boron-rieh and -poor rare

element pegmatite systems may evolve along somewhat different paths. distinguished by

whetber or not an immiscible bydrous melt phase is formed. respeetively. However. tbi.s

hypothesis bas ;been undermined reeently by the finding of Anderson (1994) that the B­

bearing solid identified by London et al. (1987) as diomignite (Li2B.07). and used to

support his interpretation of an immiscible melt l'base at Taneo. is in faet the minerai
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• zahuyclite (Li,CO.).

An important feature of the lluid evolution of the Lacome pegmatites. which is

shared hy many rare clement pegmatites. including Tanco. is the form'ltion of an

immiscible CO, phase. typically at a laIe stage of pegmatite erystallization. Most authors.

including ourselves. attribute the source of the CO, to an aqueous orthomagmatic lluid.

and explain ils occurrence .LS a separ,lle phase as being duc to lluid unmixing as a rcsult

of cooling. London (1986). however. from the abundance of zabuyelite in erystlli-rieh

inclusions from late spodumene at Taneo has proposed. instead. that the CO, is produced

hy deeomposition of this mineraI. Although carbonate minerais. including zabuyelite, are

common in the Lacome pegmatites. wc consider it more likely that they arc simply a

rellection of the .Ictivity of dissolved CO, in the aqueous phase. Indeed any carbonate that

was prccipitated at high temperolturc (mainly cllicite) would have t~OIded to dissolve on

cooling because of rctrograde solubility (Fein and Wllither. 1987 & 1989), which may

explain why calcite is not part of the pegmatite paragenesis.

In summary the rcsults of this study suggest, at least for the case of boron-poor

pegmmites. that aqueous phase saturation can take place at an p.arly stage of rare element

pegmatite crystallization. that pegmatite evolution is matched by the evolution of the

solute chemistry of the exsolving aqueous fluid, that CO, is an important eomponent of

this lluid. and that the common occurrence of aqueous-earbonic fluid inclusions in quartz

is a naturui 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. Lacome) and associated rare elemer.t pegmaùtes in the

Archean Preissac Lacome batholith. Québec. The monzogranites comprise biotite. two­

mica (biotite-muscovite) and muscovite facies. and have been shown on the basis of

geologica1 relaùonships. minerai chemistry and petrochemistry to have been formed by

fractional crystallization of a felsic (biotite-bearing graniùc) liquid. The smaller

Preissac and Moly Hill plutons are interpreted to have been produced by smaller

batches of felsic liquid. each of which was emplaced separately; the intrusion of the

Moly Hill liquid appears to have been controlled by fauitS, whereas control of the

emplacement of the Preissac liquid bas 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-element-enriched pegmatites. Instead, the early release of aqueous

fluid promoted development of a few barren granitic pegmaùtes. and precipitaùon of

quartz, muscovite and molybdenite as Mo-~:uing quartz veins adjacent to the parental

monzogranite.
",:",

The mechanism of fractionation '1.'1 the larger Lamotte and Lacome 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 eventually was

emplaced in and around the pluton as rare-element-enriched granitic pegmatites.

Evidenc~ for this comagmatic relationship between the monzogranites and pegmatites

is: 1) the pegmatites cut all types of monzogranite and are regionally zoned from least;'::
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• cvolved beryl-bcaring in the pluton through spodumene-b<:ryl-hearing to a spodumene­

bearing type in the country rocks. i.e.. farthest from the source rock: 2) there is a

compositional continuum in the chemistry of the rock-forming minerais. particularly the

trace e1ement chemistry of muscovite. l'rom the most eVl,lved muscovite monzogranite

to the pegmatites: and 3) there arc coherent whole-rock trace-clement trends het"'ccn

the two suites of rock. Vmous lines of evidence. including a graduai transition l'rom

beryl-bearing to spodumene-bearing varieties. indieate that the rare clement pegmatites

are also comagmatic. The strongest evidenee for this comagmatic rclationship is

provided by the erystal-ehemistry of columbite-tantalite. which shows a trend of

inereasing Mn/(Mn+Fe) and Ta/(Ta+Nb) ratios from beryl- to spodumene-hcaring

pegmatite types. The inerease in these elemental ratios rel1eets the higher solubility of

Fe-relative to Mn-. and Ta- relative to Nb-eolumbite-tantalite end-members. The

structural state of this minerai aIso correlates weIl with the degree of fractionation of

the host pegmatite and its location with respect to the pluton.

On the basis of microthermometrie data and analyses of trapped solids and

precipitates of decrepitated l1uid inclusions in beryI. spodumene and quart7_ the

pegmatite-for.ning liquid for the Lacome pluton is interpreted to have been saturated

with an orthomagmatic l1uid during its emplacement at SOO-S70°C and 3.S kbar. The

l1uid, in the less evolved beryl pegmatites had low salinity. \Vas NaCI-dominated and

eontained appreciable concentrations of Fe and dissolved CO~. During thc late stagcs
, .",

of crystailization of these pegmatites, hydraulic fracturing occurred as a rcsult of l1uid

overpressures. This event was accompanied by the inl1ux of an extemal Ca-bearing

brine of metamoi"phic origin. which was trapped by beryl and quartz as high salinity

inclusions. The fluid evolution a.isociated with spodumene-bearing pegmatite was

marked by an earlier incursion of cxtemai 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

minerai chemistry of the pegmatites and whole-rock chemical trends among the various

intrusive facies of the Lacome pluton. On cooling to about 3S0°C, the fluid in the

pegmatites underwent unmixing to form separate aqueous and CO~-dominated carbonic
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• lluids. Demonstration that primaI')' aqu<.'Ous lluid inclusions \Vere trapped at an early

stage of pegmatite erystalli7.ation provides important support for the hypothesis of Jahns

and Burnham (1969) that an aqueous lluid phase is eommonly present at the onset of

pegmatite crystallization.

Contributions to original knowledge

1) The thesis provides the first integrated study of the petrogenesis of zoned

granitie plutons and associated rare-element-enriched pegmatites: the study demonstrates

that the zonation of the plutons was produced by fractional crystallization. that the

pt.-gmatites were comagmatic with the monzogranites. and that the zonal distribution of

the former. from lcast evolved beryl-type through spodumene-beryl-type to most

cvolved 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 and structural variations in

columbite-tantalite from two contrasting suites of rare-element pegmatites. Results of

the study show that the chemical trends of this minerai 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 un~roven. 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 gamet, can have on the evolution of columbite­

tantalite composition. Finally the columbite-tantaIite study provides evidence that the

structural state of this minera! 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 aqueous phase saturation in rare

element:~gmatite magmas, and suggests that, at least for boron-free systems. it

probably occurs soçn after emplacement. rather than at a late stage. as bas becn

proposed by London (1986) and London:etaL (1989) for boron-rich systems. The study

a~'lrovides the first relarlvely detailed reconstruction of the chemical evolution of the

onho~l::-.aqueous fluid. shows how fuis evolution paral::;Is that of the pegmatite
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/:://

magma. as documented by trends in minerai :lnd whole-rock ehemieal compositions.

and fumishes a satisfactory explanation lor the origin of earhonie Iluids eommonly

trapped by late crystallizing quartz.
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Appendix 1

Sample location maps
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Composition of biotite from the Preissac pluton

Two-mica
Biotite monzogranite monzogranite

sample 402 402 402 402 402 402 402 903 903

Si02 35.89 35.S5 34.58 35.78 36.93 36.37 36.27 37.00 37.08

ïo02 2.90 3.22 2.66 2.20 2.56 2.58 2.22 2.80 2.48

AI203 16.39 16.11 17.90 17.03 16.78 16.76 17.35 17.07 17.21

FeO 25.92 25.55 24.97 25.93 25.48 25.33 24.52 22.31 21.59

MnO 0.95 0.89 0.75 0.98 0.95 0.89 0.83 0.77 0.70

MgO 3.89 4.06 4.12 4.22 4.12 4.15 4.33 5.40 5.60

Na20 0.02 0.04 0.08 0.05 0.08 0.14 0.10 0.04 0.01

K20 10.05 10.06 9.23 9.86 9.85 9.84 9.98 10.24 10.15

F 0.62 0.67 0.59 0.69 0.67 1.34 1.37

96.83 96.15 94.19 96.05 97.34 96.75 96.27 96.97 96.19

F-o 0.26 0.28 0.00 0.00 0.25 0.29 0.28 0.56 0.58

Total 36.37 95.87 94.19 96.05 97.09 96.46 95.99 96.41 95.61

Si 5.647 5.625 5.496 5.615 5.717 5.680 5.673 5.719 5.666

Tl 0.343 0.383 0.318 0.259 0.298 0.303 0.261 0.325 0.295

!vAl 2.3S3 2.375 2.504 2.385 2.283 2.320 2.327 2.281 2.281

vtAI 0.687 0.628 0.831 0.766 0.778 0.765 0.870 0.829 0.829

AllI) 3.040 3.004 3.33S 3.151 3.062 3.085 3.197 3.110 3.100

Fe 3.411 3.380 3.320 3.404 3.300 3.308 3.207 2.884 2.759

Mn 0.126 0.119 0.101 0.130 0.124 0.118 0.109 0.101 0.091

Mg 0.912 0.957 0.977 0.987 0.952 0.966 1.008 1,244 1.275

Na 0.007 0.011 0.025 0.014 0.026 0.043 0.030 0.013 0.003

K 2.016 2.031 1.873 1.975 1.946 1.961 1.990 2.020 1.978

F 0.309 0.335 0.287 0.339 0.331 0.853 0.662



e •
Composition of muscovite 'from the Preissac plulon

Biotite Two·mlca
monzogranite monzogranite Muscovite monzogranite

Samole 402 402 402 902 903 903 302 303 303 304 304 3\9 403 403 406 406 421 424 428

SI02 48.93 46.88 48.78 47.24 48.72 48.43 48.95 48.50 45.5\ 47.37 46.93 45.98 46.14 45.77 46.56 46.71 46.08 45.50 46.30

Ti02 0.9\ 1.09 0.73 0.97 0.8\ 0.84 0.82 0.23 0.04 0.\8 0.20 0.40 0.00 0.31 0.00 0.43 0.26 0.46 0.43

AI203 27.82 29.6\ 29.43 28.87 28.97 28.47 27.14 31.50 35.62 31.96 31.38 30.93 34.03 31.14 36.78 31.09 3\.26 30.74 30.54
Fee 8.11 6.31 6.63 6.68 6.39 6.78 8.2\ 4.27 2.27 4.68 6.09 6.01 2.93 4.65 0.42 4.93 5.26 4.90 4.65

MIlO 0.11 0.08 0.13 0.10 0.11 0.11 0.16 0.08 0.04 0.11 0.08 0.08 0.14 0.10 0.01 0.04 0.08 0.03 0.08

MgO 1.45 1.2\ 1.22 1.42 1.39 1.31 1.73 0.43 0.24 0.38 0.44 0.63 0.10 0.40 0.03 0.50 0.6\ 0.67 0.73

Na20 0.15 0.21 0.28 0.23 0.28 0.20 0.20 0.30 0.30 0.20 0.29 0.23 0.27 0.29 0.23 0.24 0.25 0.33 0.23

K20 11.38 11.34 11.48 11.44 11.38 11.50 11.25 11.58 10.92 \1.05 10.82 11.42 11.46 11.68 11.52 \\.39 11.11 11.16 Il.17

F 0.32 0.45

Total 84.88 95.63 95.62 95.85 95.03 84.62 84.25 94.87 94.94 98.09 95.13 94.34 95.07 94.54 95.63 95.43 96.91 93.69 94.33

SI 8.484 8.392 8.397 8.439 8.42\ 8.430 8.634 8.353 8.\19 6.375 8.376 6.345 8.237 6.312 6.166 6.358 6.429 6.316 6.374

TI 0.095 0.112 0.076 0.100 0.093 0.087 0.084 0.024 0.004 0,018 0.02\ 0.041 0.000 0.032 0.000 0.044 0.026 0.048 0.044

IYAI 1.618 1.808 1.803 1.66\ 1.679 1.670 1.466 1.847 1.681 1.626 1.626 1.855 1.793 1.688 \.834 1.642 1.571 \.664 1.626

viAl 3.013 3.135 3.143 3.078 3.114 3.077 2.985 3.428 3.764 3.448 3.410 3.328 3.659 3.373 3.903 3.347 3.356 3.333 3.330

AI 4.529 4.743 4.745 4.939 4.893 4.847 4.451 5.073 5.645 5.07\ 5.035 4.984 6.422 5.061 5.738 4.989 4.927 5.017 4.955

Fe 0.708 0.805 0.832 0.938 0.819 0.667 0.723 0.488 0.255 0.547 0.560 0.578 0.331 0.559 0.046 0.562 0.558 0.566 0.559

Mn 0.013 0.009 0.016 0.012 0.0\2 0.013 0.018 0.007 0.005 0.0\3 0.009 0.007 0.0\8 0.012 0.001 0.005 0.009 0.003 0,010

Mg 0.298 0.245 0.250 0.268 0.288 0.271 0.359 0.088 0.049 0.072 0.089 0.130 0.021 0.082 0.007 0.121 0.121 0.\38 0.149

Ne 0.038 0.055 0.088 0.080 0.076 0.055 0.063 0.081 0.077 0.052 0.077 0.093 0.072 0.078 0.050 0.063 0.065 0.090 0.061

K 2.005 1.972 2.000 1.990 1.991 2.031 1.998 2.018 1.872 1.897 1.879 2.0\1 1.976 2.056 \.947 \.978 \.895 1.971 \.962
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e •
Composilionof muscovite from the Preissac pluton

Muscovite-gamet
Muscovite monzogranite monzogranile

8amp1e 428 428 428 435A 4358 443 443 445 459B 20tA 201A 20tA 201A 20tA 20t 20t 201 20t 20t

SI02 47.19 48.62 48.52 48.61 45.93 47.20 47.07 44.48 46.36 46.51 44.90 46.56 46.62 46.66 46.17 47.1 t 46.92 46.t7 46.65

Ti02 0.44 0.42 0.34 0.20 0.26 0.02 0.49 0.65 1.05 0.26 0.30 0.53 0.14 0.30 0.27 0.27 0.25 0.26 0.09

A1203 30.71 31.03 30.69 31.81 32.16 35.35 29.64 30.26 29.97 31.2t 30.59 31.50 32.66 32.23 3t.l2 30.47 30.90 3t.1l 30.96

FeO 6.00 4.66 4.62 4.06 3.64 1.06 4.96 5.33 4.66 4.64 4.53 5.17 3.63 4.92 5.93 5.51 5.46 5.70 5.40

MIlO 0.10 0.07 0.03 0.16 0.11 0.00 0.13 0.13 0.14 0.1 t 0.09 0.10 0.50 O. tl 0.12 0.18 O.ol 0.09 0.t4

MgO 0.76 0.55 0.69 0.41 0.39 0.22 1.09 0.69 0.57 0.49 0.47 0.52 0.26 0.4t 0.47 0.62 0.55 0.5t 0.59

Na20 0.23 0.19 0.16 0.30 0.32 0.27 0.26 0.26 0.2t 0.23 0.37 0.23 0.09 0.26 0.23 0.22 0.23 0.26 0.28
\' K20 11.17 11.52 11.35 11.14 10.71 11.62 11.24 10.63 11.21 11.36 10.52 10.57 10.57 11.07 tO.96 10.60 11.12 11.22 tO.78.\

JI F

Tolal 95.60 95.16 94.50 94.36 93.74 95.76 94.90 92.55 94.07 94.63 91.n 95.t6 96.71 96.16 95.29 95.16 95.44 95.36 94.89
,/.;.

SI 6.404 6.356 6.392 6.365 6.306 6.261 6.443 6.261 6.397 6.364 6.333 6.332 6.456 6.3t4 6.3t8 6.426 6.369 6.3t7 6.36t

Tl 0.045 0.043 0.035 0.020 0.027 0.002 0.051 0.059 0.109 0.027 0.032 0.055 0.Ot4 0.030 0.026 0.026 0.025 0.026 0.009

Iv AI 1.596 1.644 1.606 1.635 1.694 1.739 1.557 1.739 1.603 1.636 1.667 1.668 1.544 1.667 1.662 1.575 t.6t 1 1.694 1.619

vtAl 3.316 3.352 3.346 3.464 3.512 3.766 3.226 3.263 3.272 3.397 3.416 3.36t 3.550 3.431 3.337 3.324 3.34B 3.334 3.371

AI 4.9t2 4.996 4.954 6.099 6.207 6.527 4.762 5.022 4.B76 5.033 5.065 5.049 5.094 5.t16 5.019 4.B98 4.959 5.017 4.990

Fe 0.668 0.556 0.554 0.465 0.441 0.120 0.668 0.627 0.526 0.532 0.534 0.5B7 Q.40t 0.554 0.679 0.628 0.62t 0.653 0.6t8

Mn 0.011 0.006 0.004 0.016 0.013 0.000 O.ol5 0.Ot5 0.017 0.013 O.Otl 0.01l 0.056 0.012 0.Ot4 O.02t 0.002 0.01l 0.017

Mg 0.154 0.113 0.141 0.063 0.060 0.044 0.223 0.145 0.117 0.099 0.099 0.105 0.056 0.062 0.097 0.t26 0.tt2 O.t03 0.t21

Na 0.060 0.051 0.042 0.079 0.064 0.069 0.074 0.07t 0.057 0.061 O.t03 0.060 0.024 0.066 0.061 0.058 0.061 0,076 0,075

K 1.934 . 2.001 U89_ 1.~ i..B76 1.966 1.962 1.945 1.973 1.966 I.B93 1.834 1.782 1.903 t.916 t.879 1.932 1.956 1.660

(i'
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e •
Composition of muscovite from the Prelssac pluton

Muscovite-gamet
monzogranlte

Sanple 427 427 427 471 471 473 473 4n_ 4n 479 479_ 2 __2 2 2 II 11 11 11

SI02 45.87 45.89 45.58 45.49 45.89 45.94 44.95 45.78 48.29 48.75 48.33 47.49 47.55 47.00 48.80 47.84 47.22 47.68 47.09

1102 0.28 0.21 0.14 0.08 0.24 0.22 0.02 0.19 0.22 0.22 0.18 0.29 0.20 0.29 0.10 0.90 0.39 0.82 0.65

Al203 30.88 30.98 30.23 33.34 32.59 32.08 31.67 31.71 31.85 31.47 31.04 31.89 31.72 30.76 30.25 30.12 30.62 27.94 29.04

FeO 5.13 5.38 5.30 4.46 4.88 4.92 7.06 5.17 5.01 5.22 5.60 4.46 4,46 4.70 2.92 3.60 4.01 3.85 3.65

MIlO 0.14 0.12 0.17 0.15 0.10 0.13 0.19 0.17 0.12 0.12 0.12 0.02 0.07 0.10 0.05 0.10 0.11 0.12

MgO 0.35 0.33 0.37 0.05 0.52 0.59 0.03 0.8t 0.53 0.7t 0.50 1.10 1.07 1.28 1.72 1.55 1.35 1.65 1.41

Ne20 0.39 0.42 0,43 0.14 0.39 0.20 0.11 0.35 0.22 0.31 0.20 0.33 0.28 0.41 0.24 0.22 0.14 0.30 1,41

K20 11.03 10.95 11.09 11.18 11.26 11.54 Il.41 11.33 11.14 11.02 It.33 t 1.2t 11.35 10.92 tO.99 11.40 11.58 11.25 11.60

F 0.75

Total 93.65 94.28 93.31 94.89 95.87 95.62 95.31 95.29 95.38 95.82 95.30 96.79 96.70 95.46 95.02 95.68 95.41 93.80 94.97

SI 6.357 6.341 6.389 6.205 6.220 6.253 6.206 6.259 6.298 6.335 6.339 6.345 6.354 6.376 6.567 6.450 6,407 6.576 6.498

n 0.029 0.022 0.0150.008 0.025 0.022 0.002 0.019 0.022 0.022 0.016 0.029 0.021 0.029 0.010 0.092 0.040 0.085 0.068

Iv Al 1.543 1.659 1.631 1.795 1.760 1.747 1.793 1.741 1.702 1.665 1.681 1.655 1.637 1.622 1.433 t.550 1.593 1.424 1.502

viAl 3.354 3.375 3.347 3.665 3.426 3.399 3.345 3.370 3.405 3.380 3.345 3.387 3.388 3.287 3.354 3.237 3.304 3.1 t7 3.221

Al 5.007 5.034 4.878 6.381 6.207 6.146 6.137 6.112 6.107 5.025 5.000 5.022 6.002 4.919 4.797 4.787 4.896 4.541 4.723

Fe 0.695 0.620 0.619 0.609 0.653 0.660 0.815 0.592 0.570 0.691 0.841 0.498 0.499 0.534 0.329 0.406 0.455 0,444 0.422

Mn 0.018 0.014 0.020 0.018 0.011 0.Ot6 0.022 0.020 0.Ot4 0.Ot4 0.014 0.003 0.008 0.011 0.008 0.012 0.013 0.014

Mg 0.073 0.069 O.on 0.011 0.104 0.120 0.007 0.123 0.107 0.143 0.102 0.219 0.214 0.259 0.344 0.311 0.273 0.380 0.290

Ne 0.106 0.112 0.118 O.op 0.101 0.054 0.030 0.092 0.058 0.082 0.1\53 0.087 0.072 0.107 0.083 0.057 0.037 0.080 0.071-..
K 1.949 1.926 1.976 _1.945 1.946 2.•'«1 2.009 1.971' 1.934 1.905 1.978 1.910 1.938 1.690 1.887 1.961 2.004 1.979 2.041
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Composition of muscovite from the Prelssac pluton

S8!I!I!!e 121 128 128 128 128 128 128 128 13 13 13 14 14 15 15 15 15

SI02 47.23 46.61 46.32 46.84 46.92 47.40 46.84 47.52 46.47 46.84 47.65 46.62 46.23 47.69 47.60 45.47 46.09

1102 0.69 0.93 0.34 0.34 0.37 0.35 0.16 0.12 0.36 0.74 0.70 0.40 0.42 0.24 0.29 0.42 0.02

AI203 28.69 30.36 30.30 30.65 31.36 30.34 32.49 31.55 31.06 30.96 27.59 30.91 31.93 30.00 30.05 31.62 34.17

F80 3.76 3.73 3.76 3.65 3.66 3.74 3.03 2.60 4.04 3.93 3.90 4.11 4.12 3.84 3.90 3.92 2.06

MIlO 0.09 0.10 0.11 0.06 0.04 0.06 0.11 0.14 0.06 0.03 0.12 0.07 0.06 0.19 0.14 0.06 0.12

MgO 1.49 1.36 1.27 1.23 1.29 1.65 0.93 1.16 1.31 1.06 1.53 1.21 0.63 1.60 1.45 1.13 0.61

Na20 0.36 0.33 0.33 0.34 0.42 0.45 0.14 0.16 0.31 0.22 0.21 0.16 0.37 0.12 0.24 0.27 0.21

K20 11.71 11.13 11.17 11.24 11.39 11.32 11.76 11.66 11.40 11.43 11.46 11.52 11.35 11.53 11.49 11.42 Il.47

F

Total 93.92 94.79 93.62 94.67 95.65 95.33 95.37 94.94 95.03 95.05 93.36 95.02 95.31 95.31 95.36 94.31 94.75

SI 6.623 6.378 6.396 6.392 6.344 6.426 6.327 6.427 6.335 6.349 6.633 6.356 6.263 6.493 6.460 6.251 6.224

Tl 0.072 0.096 0.036 0.035 0.036 0.036 0.Q16 0.012 0.037 0.076 0.073 0.041 0.043 0.025 0.030 0.044 0.002

IV AI 1.477 1.621 1.605 1.606 1.656 1.676 1.673 1.573 1.665 1.651 1.367 1.842 1.717 1.507 1.520 1.750 l.n6

viAl 3.174 3.269 3.326 3.355 3.342 3.273 3.499 3.456 3.329 3.320 3.142 3.326 3.397 3.287 3.281 3.374 3661

AI 4.652 4.679 4.930 4.963 4.996 4.946 5.172 5.029 4.984 4.971 4.509 4.966 5.114 4.794 4.801 5.123 5.437

Fe 0.433 0.426 0.437 0.417 0.436 0.424 0.343 0.294 0.460 0.448 0.452 0.469 0.469 0.436 0.442 0.450 0.233

Mn 0.010 0.012 0.013 0.009 0.005 0.009 0.013 0.017 0.006 0.004 0.014 0.006 0.007 0.022 0.016 0.007 0.014

Mg 0.306 0.260 0.282 0.261 0.260 0.334 0.167 0.237 0.266 0.219 0.317 0.245 0.166 0.302 0.294 0.231 0.124

Ne 0.102 0.067 0.069 0.090 0.110 0.119 0.036 0.040 0.062 0.059 0.057 0.047 0.096 0.031 0.084 0.073 0.054
'K 2.063. 1.936 . 1.966 1.957 1.965 1.956 2.029 2.015 1.982 1.965 2.026 2.005 1.968 1.994 1.986 2.002 1.976

/ < 1 1
1.'
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Composition of feldspar from the Prelssae pluton
Muscovite

Biotite monzogranlte Two-mlca monzogranlte monzogranite
SampIs 402 402 402 402 402 402 402 403 403 902 902 902 902 903 903 903 201A 201A 201A

6102 64.11 68.82 67.28 ffT.ffT 64.9\ 88.66 68.35 65.07 89.05 89.58 67.05 68.99 65.60 67.37 68.3\ 65.09 68.41 69.11 65.83

AI203 17.94 20.51 20.35 \9.6\ \8.08 19.27 19.25 18.23 19.30 18.98 20.46 20.47 \8.05 \9.41 20.87 17.65 19.86 19.30 18.33

Na20 0.45 10.59 10.71 10.64 0.44 11.51 11.24 0.46 11.61 11.37 10.39 10.20 0.51 10.91 10.05 0.62 11.65 11.87 0.77

K20 16.ffT 0.14 0.08 0.09 16.86 0.05 0.22 17.00 0.05 0.03 0.13 0.12 16.16 0.07 0.19 16.86 0.05 0.07 16.30

cee 0.09 1.70 1.38 0.93 0.10 0.24 0.24 0.00 0.06 0.11 1.55 1.91 0.00 1.25 2.22 0.01 0.32 0.13

SI 2.997 2.935 2.949 2.974 2.999 3.002 2.999 2.996 3.009 3.027 2.944 2.941 3.017 2.977 2.917 3.0\5 2.977 3.005 3.005

Al 0.869 1.062 1.052 1.028 0.964 0.995 0.996 0.989 0.99\ 0.972 1.059 1.059 0.978 1.0\1 \.093 0.964 \.018 0.989 0.986

Na 0.041 0.902 0.9\1 o.g24 0.039 0.977 0.957 0.04\ 0.98\ 0.959 0.865 0.868 0.046 0.935 0.858 0.055 0.999 0.992 0.068
"K 0.994 0.008 0.004 0.005 0.994 0.003 0.0\2 0.998 0.003 0.002 0.008 0.007 0.948 0.004 0.011 0.985 0.003 0.004 0.949

Ca 0.004 0.080 0.065 0.044 0.005 0.011 0.0\1 0.000 0.003 0.005 0.073 0.090 0.000 0.059 0.105 0.001 0.015 0.006

Ab 4 9\ 93 95 4 99 98 4 99 99 92 90 5 94 88 5 98 99 7

or 96 1 0 1 96 0 1 96 0 \ \ 95 0 1 95 0 0 93

An 0 8 7 6 0 1 1 \ \ 8 9 6 11 0 1 1
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Composition of feldspar from I~le Prelssae pluton

Muscovite monzogranlte
8ampIe 201A 201A 302 302 303 303 303 304 304 304 309 309 320 320 320 320 406 406 4t3

SI02 65.43 65.03 87.44 65.13 68.68 68.95 65.27 64.60 64.68 67.70 68.56 65.33 69.11 67.63 64.43 65.10 64.96 69.14 68.67

AI203 18.31 18.17 20.56 17.96 19.40 18.56 17.34 18.13 16.13 19.62 19.44 16.08 19.16 19.57 16.00 16.07 17.97 19.69 19.64

Na2Q 0.57 0.35 10.81 0.34 11.09 11.75 0.31 0.32 0.35 11.30 11.59 0.42 11.27 11.03 0.35 0.22 0.44 11.15 11.41

l<2O 18.11 17.07 0.14 16.89 0.09 0.05 17.34 17.29 17.33 0.06 0.05 17.15 0.03 0.10 17.03 17.08 16.99 0.09 0.05

ceo 0.01 0.01 1.67 0.00 1.21 0.29 0.01 0.00 0.00 0.68 0.33 0.00 0.21 0.68 0.00 0.02 0.70 0.49

61 3.006 2.999 2.935 3.009 2.969 3.022 3.025 2.994 2.994 2.979 2.995 3.004 3.016 2.962 2.996 3.005 3.004 2.994 2.992

AJ 0.992 0.987 1.055 . 0.978 0.995 0.960 0.647 0.990 0.969 1.016 1.001 0.960 0.966 1.017 0.967 0.963 0.960 1.005 1.006

Na 0.051 0.031 0.912 0.031 0.936 0.998 0.028 0.029 0.031 0.994 0.960 0.037 0.954 0.943 0.032 0.019 0.039 0.936 0.951

K 0.944 1.004 0.006 0.996 0.005 0.003 1.026 1.022 1.024 0.003 0.003 1.006 0.002 0.006 1.011 1.006 1.002 0.005 Oot3

ca 0.001 0.000 0.087 0.000 0.057 0.014 0.000 0.000 0.032 0.Q15 0.000 0.010 0.032 0.001 0.033 0.022

/lb 6 3 91 3 94 98 3 3 3 94 97 4 99 96 3 2 4 96 97.,
Of 95 97 1 97 1 0 97 97 97 3 9B 0 1 97 96 96 0 0

An 0 0 9 0 8 1 0 0 0 3 0 1 3 0 3 2
")

)t
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Composition of feldspar from the Preissac pluton

Muscovite monzogranlte
lIanlfl!a 421 421 421 424 424 424 427 427 427 428 428 428 434 434 435A 435A 435A 4358 4358

8102 69.30 65.02 64.85 64.60 64.34 88.02 88.32 88.43 64.91 85.11 69.29 88.00 64.64 87.79 64.72 65.13 67.12 67.51 66.98

AI203 19.60 18.23 18.28 17.95 18.08 19.89 19.14 18.82 18.11 17.92 19.28 20.29 18.77 19.29 18.00 19.07 20.23 19.92 20.03

Na20 11.63 0.34 0.33 0.38 0.39 Il.07 11.73 11.14 0.44 0.35 Il.43 Il.19 0.40 11.88 0.55 0.42 10.87 10.88 10.78

K20 0.04 17.22 17.25 17.00 17.17 0.08 0.07 0.09 18.87 17.01 0.08 0.04 16.75 0,07 16.56 16.60 0.09 0.06 0.10

cee 0.20 0.00 0.00 0.00 0.08 0.69 0.42 0.56 0.18 1.05 0.00 0.48 0.00 0.01 1.16 0.64 1.19

SI 3.005 2.996 2.993 3.001 2.992 2.964 2.997 2.998 3.001 3.009 3.012 2.957 3.026 2.987 3.004 3.005 2.952 2.971 2.957

Al 0.996 0.990 . 0.993 0.985 0.990 1.018 0.990 0.990 0.987 0.976 0.988 1.040 0.923 1.002 0.964 0.983 1.049 1.033 1.042

Na .. " 0.969 0.031 0.029 0.034 0.036 C.941 0.998 0.974 0.040 0.031 0.983 0.944 0.036 0.998 0.049 0.037 0.927 0.928 0.923,,
K 'o.oO? 1.01~ 1.018 1.008 1.019 0.003 0.004 0.005 0.995 1.003 0.003 0.002 0.997 0.004 0.980 0.989 0.005 0.004 0.005

ca 0.010 0.000 0.000 0.000 0.003 0.032 0.020 0.027 0.009 0.049 0.000 0.023 0.001 0.055 0.040 0.057

1'J> 99 3 3 3 3 96 ge 97 4 3 1 95 3 97 5 4 94 96 94

Of 0 97 97 97 96 0 0 1 96 97 0 0 97 0 95 96 0 0 1

An 1 0 3 2 3 1 5 2 0 6 4 6

,
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Composition of feldspar from the Prelssac pluton

Muscovite monzogranlte Muscovite-gamet monzogranlte
6amp!e 431iB 443 443 445 445 459B 459B 201 201 201 201 201 201 201 471 471 471 471 473

8102 64.46 64.67 67.39 63.95 66.43 67.67 66.69 67.89 67.46 66.65 66.21 66.06 65.12 65.62 67.97 64.43 64.03 64.50 66.10

AI203 11.96 16.24 20.35 11.65 19.34 20.16 19.48 20.20 20.24 19.93 19.97 20.06 17.61 17.93 20.13 16.42 16.47 10.49 20.02

Na20 0.31 0.51 10.65 0.31 11.19 10.48 10.22 10.68 11.38 11.41 Il.32 11.37 0.74 0.30 11.60 0.66 1.34 0.47 11.35

1<20 18.72 18.83 0.09 16.93 0.03 0.06 0.07 0.11 0.12 0.05 0.74 0.06 18.21 16.94 0.05 16.64 15.56 17.12 0.07

ceo 0.00 0.02 1A1 0.06 0.19 1.17 0.73 1.03 1.03 0.84 0.74 1.05 0.69 0.01 0.02 0.66

81 3.003 2.992 2.951 2.999 3.005 2.866 3.010 2.984 2.950 2.974 2.972 2.962 3.013 3.015 2.961 2.983 un 2.980 2.970

AI 0.987 0.984 1.050 0.985 1.001 1.042 1.006 1.039 1.043 1.018 1.026 1.029 0.971 0.971 1.034 1.005 1.012 1.007 1.029

Ne 0.028 0.048 0.904 0.028 0.953 0.891 0.866 0.921 0.984 0.959 0.957 0.959 0.066 0.263 0.979 0.060 0.121 0.042 0.960

K 0.984 0.993 0.005 1.013 0.002 0.003 0.004 0.006 0.007 0.003 0.004 0.004 0.957 0.993 0.003 0.9n 0.923 1.009 0.004

ce 0.000 0.001 0.066 0.003 0.009 0.055 0.034 0.049 0.048 0.039 0.035 0.049 0.032 0.000 0.001 0.031

Ab 3 4 97 3 99 84 86 94 95 96 96 95 6 3 97 6 2 4 97

Or 97 85 1 97 0 0 0 1 1 0 0 0 94 97 0 94 88 95 0

An 0 0 7 0 1 6 4 5 6 4 3 5 3 0 3

9
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Composition of feldspar from the Prelssac pluton

Muscovite·gamet monzogranite
samp!e 473 473 4n 4n 4n 4n 4n 479 479 479 2 2 2 2 2 2 12 12 12 B

SI02 67.45 64.30 66.88 67.42 67.44 63.87 64.30 89.17 83.59 67.83 66.42 69.58 69.88 88.32 64.11 65.15 68.59 65.26 6669

Al203 20.27 19.46 19.66 19.91 19.44 17.99 18.15 20.29 17.98 19.92 19.70 19.75 19.66 19.37 18.24 18.54 20.21 18.33 20.16

Na20 11,18 0.49 11.00 11.18 11.29 0.30 0.28 8.94 0.43 11.60 11.58 Il.38 Il.57 Il.76 0.32 1.00 10.88 0.45 10.86

K20 0.07 18.n 0.01 0.07 0.08 17.18 18.97 0.07 16.86 0.08 0.15 0.08 0.10 0.10 16.80 16.01 0.08 16.69 0.07

cao 0.97 0.02 0.66 0.75 0.88 0.69 0.54 0.08 0.22 0.22 0.10 0.94 1.12

SI 2.953 2.981 2.973 2.967 2.980' 2.989 2.992 3.011 2.989 2.969 2.989 3.001 3.001 2.994 2.990 2.990 2.975 2.999 2.952

AI 1.046 1.009 1.031 1.033 1.013 0.992 0.998 1.041 0.996 1.026 1.014 1.004 0.998 1.000 1.003 1.003 1.033 0.993 1.049

Na 0.949 0.045 0.946 0.952 0.968 0.028 0.026 0.764 0.039 0.985 0.961 0.952 0.967 0.999 0029 0.089 0.915 0.040 0.929

K 0.004 0.991 0.001 0.004 0'003 1.026 1.007 0.004 1.011 0.005 0.009 0.004 0.005 0.005 1.000 0.938 0.003 0.979 0.004

ca 0.045 0.032 0.035 0.032 0.032 0.025 0.004 0.010 0.010 0.005 0.039 0.053

Ab 95 4 97 96 96 3 2 95 4 97 99 98 98 99 3 9 96 4 95

Or 0 96 0 0 0 97 96 0 96 0 1 0 1 1 97 91 0 96 0

An 5 3 4 3 4 2 0 1 1 0 4 5
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Composition of feldspar from the Preissac pluton

Muscovite-gamet monzogranite
Sample 13 13 14 14 15 15

SI02 67.66 64.70 66.22 65.31 66.51 64.30

A1203 20.06 17.94 20.11 18.25 20.43 18.23

Ne20 11.39 0.20 11.09 0.37 11.06 0.47

K20 0.05 17.25 0.13 17.03 0.07 16.65
ceo 0.59 1.02 1.42 0.03

SI 2.965 3.003 2.966 3.001 2.931 2.991

AI 1.036 0.981 1.031 0.966 1.061 0.999

Na 0.988 0.018 0.935 0.033 0.945 0.043

K 0.003 1.021 0.007 0.998 0.004 0.988

ce 0.028 0.048 0.067 0.002

Ab 97 2 94 3 93 4

Or 0 98 1 97 0 96

An 3 5 7 0

e
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Composition 01 gàmet Irom the Prelssac pluton

Muscovite monzogranlte
Sami>le~I~ ~IA 20IA 302 302 302 302 304 304 305 305 314 314 319 403 403 403 421 434 434

Si02 38.39 38.09 35.87 38.82 38.72 38.90 38.88 38.12 38.53 38.30 38.20 38.22 38.27 38.59 38.81 36.96 36.95 36.99 35.92 36.36. ,.
Ti02 0.11 0.15 0.15 0.03 0.23 0.09 0.10 0.08 0.07 0.07 0.07 0.11 0.05 0.03 0.09 0.09 0.08 0.07 0.17 0.18

AI203 20.45 20.20 19.77 19.78 19.51 19.77 19.59 20.38 20.11 20.23 20.32 20.08 19.98 20.35 20.15 20.25 20.24 20.24 20.17 2030

FeO 20.08 18.78 18.4' 18.40 18.53 17.31 18.00 19.58 17.38 17.02 18.17 20.39 20.58 19.10 20.88 20.59 19.27 19.80 16.12 1633

Fe203 0.81 0.71 1.10 1.21 1.21 1.25 1.45 0.48 0.54 0.27 0.41 0.40 0.61 0.49 0.70 0.83 0.65 0.60 0.39 0.15

MnO 22.65 23.45 23.83 22.35 23.81 23.58 22.78 22.52 24.13 24.55 23.87 20.70 20.66 22.90 20.70 20.98 22.42 21.51 25.52 25.15

MgO 0.28 0.22 0.20 0.44 0.47 0.60 0.44 0.18 0.10 0.18 0.17 0.25 0.23 0.24 0.27 0.23 0.17 020 021 021

ceo 0.80 0.72 0.71 0.79 0.69 0.78 0.83 0.82 0.87 0.61 0.&4 0.76 0.6& 0.89 0.72 0.72 066 0.72 0.76 0.72

TOI8I 101.45 100.30 99.89 99.80 98.97 100.18 100.05 100.12 99.83 99.21 99.94 98.88 99.02 100.59 100.32 100.45 100.42 100.13 99.26 9940

SI 5.947 5.961 5.988 8.080 8.101 8.073 8.083 5.967 8.048 8.025 &.988 8.031 8.040 8004 8.048 8.058 8.081 8.074 5.975 6017

TI 0.014 0.019 0.019 0.004 0.029 0.011 0.012 0.010 0.009 0.009 0.009 0.014 0.008 0.004 0.011 0.01\ 0.007 0.009 0.021 0022

IYAI 0.053 0.039 0.032 0.033 0.000 0.000 0.012 0.000 0.000 0.000 0.000 0025 0000

vW 3.888 3.893 3.844 3.&45 3.821 3.835 3.808 3.931 3.024 3.958 3.940 3.937 3.917 3.938 3.902 3.912 3.913 3.917 3.930 3959

Fe2+ 2.744 2.592 2.5&9 2.540 2.296 2.382 2.483 2.705 2.407 2.362 2.507 2.&40 2.86& 2.821 2.86& 2.822 2.&43 2.118 2242 2259

Fe3+ 0.100 0.088 0.131 0.151 0.151 0.154 0.179 0.059 0.068 0.034 0.051 0.050 0.018 0.081 0.081 0.017 0.080 0.015 0.049 0019

Mn 3.122 3.281 3.330 3.128 3.323 3.284 3.180 3.151 3.364 3.452 3.337 2.920 2.914 3.183 2.881 2.913 3.1\5 2.992 3.596 3.525

Mg 0.083 0.054 0.050 0.108 0.118 0.123 0.108 0.039 0.025 0.040 0.042 0.082 0.057 0.059 0.088 0.058 0.042 0.049 0.052 0.052

ca 0.140 0.127 0.127 0.140 0.123 0.136 0.147 0.145 0.1\9 0.109 0.141 0.134 0.118 0.157 0.127 0.128 0.1\6 0.121 0.136 0.128

A1m 45.2 42.8 42.3 43.0 39.2 40.2 42.0 44.8 40.8 39.8 41.8 47.7 48.1 43.5 48.3 47.7 44.7 46.2 31.2 37.9

Pli' 1.0 0.9 0.8 1.8 2.0 2.1 1.8 0.7 0.4 0.7 0.7 1.0 1.0 1.0 1.1 1.0 0.7 0.8 0.9 0.9

ail 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.1 0.8 0.9 0.7 0.0 1.0 0.0 0.0 0.0 0.0 0.5 1.1

Spi 51.4 54.2 54.8 52.9 58.7 65.4 53.7 52.2 57.0 57.9 65.4 49.0 48.9 52.9 48.5 49.2 52.7 50.8 59.1 59.1

M' 2.3 2.1 2.1 2.4 2.1 2.3 2.5 1.1 1.9 1.1 1.5 1.8 2~ 1.8 2.1 2.1 2.0 2.1 1.8 1.0

•
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Composition of gamet from the Prelssae pluton

Muscovite-gamet monzogranlte
SA'! 201 201 201 427 427 427 471 471 471 473 473 473 473 4n 4n 477 477 477 477 477 477

Si02 35.84 35.87 38.08 38.04 38.27 35.88 38.00 38.07 35.92 35.83 38.19 38.12 38.19 35.88 35.;.4 38.01 35.56 35.75 36.19 3630 3627

TI02 . 0.17 0.12 0.11 0.10 0.11 0.11 0.15 0.14 0.12 0.16 0.12 0.14 0.10 0.13 0.14 0.12 0.08 0.15 0.\6 0.\0 013

AJ203 19.79 20.15 19.96 19.61 19.49 19.35 19.96 19.92 19.93 20.02 19.99 19.83 19.73 19.60 19.78 19.79 19.66 19.42 \9.31 19.34 1957

FoC 18.69 18.40 18.88 16.43 16.69 18.22 18.43 16.16 16.11 16.37 16.39 18.48 IB.07 16.20 18.04 16.40 16.11 15.78 15.73 15.55 15.57

Fe203 l.41 0.92 1.24 1.15 1.23 1.10 1.08 1.20 1.03 1.19 0.97 1.34 1.28 O.9~ 1.07 0.95 1.02 1.22 1.48 •.40 '.25

MIlO 23.78 23.88 23.79 28.28 25.71 25.20 25.87 26.24 25.99 28.14 26.02 26.04 26.24 25.39 26.03 25.55 25.89 2523 24.88 2490 7490

MgO 0.21 0.18 0.21 0.10 0.11 0.07 0.22 0.22 0.25 0.16 0.17 0.19 0.16 0.22 0.22 0.22 0.17 0.23 0.25 021 026

CeO 0.72 0.60 0.81 0.88 0.88 0.88 0.70 0.75 0.72 0.75 0.69 0.78 0.60 0.65 0.69 0.67 0.73 0.74 070 069 1.13

TOIeI 100.81 100.30 100.84 99.25 99.27 98.41 100.39 100.69 100.07 100.62 100.54 100.90 100.55 99.00 99.91 99.71 99.22 96.52 98.70 9849 9908

SI 5.939 5.939 5.951 6.024 6.051 6.018 5.957 5.957 5.959 5.928 5.975 5.960 5.985 6.008 5.974 5.990 5.960 5.024 6.on 6061 6046

TI 0.021 0.015 0.014 0.013 0.014 0.014 0.019 0.017 0.015 0.020 0.015 0.017 0.012 0.016 0.018 0.015 0.010 0.203 0.126 0.016 0016

IvAl 0.081 0.081 0.049 0.043 0.044 0.041 0.072 0.025 0.040 0.015 0.000 0.026 0.010 0.040

vIAl 3.903 3.071 3.833 3.843 3.832 3.846 3.849 3.833 3.856 3.832 3.865 3.816 3.830 3.666 3.849 3.668 3.843 3657 3616 3655 3644

FeZ+ 2.590 2.547 2.575 2.157 2.189 2.267 2.274 2.230 2.235 2.265 2.263 2.274 2.223 2.268 2.229 2.263 2230 2.556 2217 2220 2.187

Fe31 0.176 0.114 0.154 0.144 0.154 0.140 0.132 0.149 0.129 0.149 0.121 0.168 0.157 0.117 0.134 0.117 0.147 0.123 0.172 0.129 0139

Mn 3.338 3.346 3.326 3.718 3.834 3.600 3.626 3.671 3.653 3.663 3.639 3.840 3.676 3.600 3665 3600 3.675 3551 3&31 3525 3516

Mg 0.052 0.0« 0.052 0.025 0.027 0.018 0.054 0.054 0.082 0.040 0.042 0.047 0.039 0.055 0.055 0.545 0.043 0063 0.052 0064 0065

ce 0.128 0.142 0.143 0.118 0.118 0.123 0.124 0.133 0.128 0.133 0.122 0.134 0.142 0.117 0.123 0.190 0.131 0134 0.126 0.'24 0202

...... 42.4 41.9 42.2 35.8 38.7 38.0 37.4 38.6 38.8 37.1 37.3 37.3 36.6 37.6 36.7 37.7 368 37.6 37.4 37.4 366

PIJI 0.9 0.7 0.9 0.4 0.5 0.3 0.9 0.9 t.a 0.7 0.7 0.8 0.7 0.9 09 1.0 0.7 1.1 09 1 1 \1

011 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 00 00

SpI 54.7 65.0 54.6 61.6 60.9 59.7 59.7 60.3 60.1 60.1 60.0 59.7 60.5 59.6 60.4 59.0 600 59.0 596 594 589

MI 2.1 2.3 2.4 2.0 2.0 2.0 2.0 2.2 2.1 2.2 2.0 2.2 2.3 1.9 2.0 2.0 22 22 21 21 34
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Composition of epidote from the Preissac plutton

Two-mica Muscovit.

monzogranite monzogranite Schist

sampi. 902 302 26 921 921

Si02 39.23 38.88 38.06 38.76 39.19
Ti02 0.05 0.01 0.13 0.07 0.09
A1203 23.68 23.02 22.77 23.85 23.54
Fe203 12.78 13.34 13.16 11.52 11.69
MnO 0.61 0.45 0.61 0.31 0.32
Cao 22.52 22.53 22.37 22.15 22.37
OH 3.56 3.53 3.48 3.53 3.55

Si 3.297 3.303 3.277 3.214 3.233
Ti 0.003 0.001 0.008 0.004 0.006
AI 2.345 2.304 2.311 2.331 2.289
Fe3+ 0.809 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 1.968 1.977
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Composition of oxlde minerais and tltanite from the Preissac pluton

Two·mlca monzogranite Muscovite monzogranite
8me 902 902 902 003 003 003 003 003 003 003 003 302 302 302 402 003 302

Fe203 0.62 1.12 0.38 0.00 0.16 3.66 3.27 0.64 3.10 3.77 0.00 2o.e3 16.21 1.20 16.98

FeO 35.94 38.99 35.67 35.15 37.25 38.57 38.10 37.94 35.94 38.66 34.91 19.43 Il.91 37.67 18.92 4.51 4.36

MIlO 11.13 10.09 11.27 11.46 9.66 7.13 10.04 9.10 9.45 8.70 Il.49 9.97 8.25 9.07 13.59 3.30

SI02 0.00 0.00 0.00 0.02 6.78 21.89 31.26

A1203 0.00 0.00 0.00 0.04 1.83 6.10 6.22

cao 0.00 0.00 0.00 5.72 28.65 28.23

Ti02 52.51 52.61 52.38 63.59 52.38 50.96 51.44 52.38 50.66 50.64 52.65 49.19 48.53 52.20 49.56 33.01 26.87,
Total 100.20 100.71 99.68 100.20 99.45 100.28 100.85 99.96 99.15 99.59 99.05 99.12 99.23 100.14 99.05 97.66 98.96

Fe3+ . 0.024 0.042 0.014 0.000 0.006 0.135 0.123 0.020 0.119 0.144 0.000 0.851 0.626 0.046 0.699 0.000

Fe2+ 1.514 1.550 1.510 1.470 1.578 1.624 1.512 1.596 1.529 1.551 1.481 0.721 0.414 1.586 0.700 0.562 0.409

Mn 0.475 0.429 0.483 0.488 0.415 0.304 0.426 0.389 0.407 0.374 0.494 0.412 0.323 0.387 0.566 0.417 0.002

SI 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.313 0.004 3.262 3.902

AI 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.100 0.004 1.072 0.915

ca 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.263 0.000 3.489 3773

n 1.988 1.979 1.992 2.015 1.994 1.930 1.937 1.988 1.938 1.927 2.008 1.824 1.665 1.977 1.833 3.700 2.709

.,

•
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Composition of biotite from the Moly Hill pluton

Sample 29 31 31 21" 26 26 41"" 41

Si02 36.81 37.61 36.04 37.40 36.85 35.81 35.86 35.32

T102 2.71 3.04 2.68 2.03 2.20 3.18 2.86 1.95

AI203 11;.57 17.01 16.23 18.75 17.94 16.88 16.85 17.40

FoO 23.72 22.45 24.40 23.84 23.15 25.17 23.00 25.22

MnO 0.60 0:>1 0.52 1.12 0.94 0.97 2.26 1.90

MgO 6.02 5.69 6.28 3.34 4.13 3.97 4.78 5.06

Na20 0.09 0.03 0.02 0.07 0.06 0.03 0.05 0.08

K20 9.90 9.89 9.52 9.40 9.63 10.01 9.70 8.77

F 0.83 0.91 0.69 0.48 0.77 0.81 0.51 0.68

TCIlaI 97.25 97.00 96.38 96.43 95.67 96.83 95.87 96.38

FoO 0.35 0.38 0.29 0.20 0.32 0.34 0.21 0.29

TCIlaI 96.90 96.62 96.09 96.23 95.35 96.48 95.66 96.09

SI 5.674 5.755 5.618 5.755 5.739 5.609 5.621 5.539

11 0.314 0.350 0.315 0.235 0.258 0.374 0.338 0.230

!vAl 2.327 2.245 2.382 2.245 2.261 2.391 2.379 2.461

viAl 0.684 0.822 0.600 1.154 1.032 0.726 0.735 0.756

Al{l) 3.010 3.067 2.982 3.400 3.293 3.117 3.114 3.216

Fe 2+ 3.057 2.873 3.180 3.067 3.016 3.297 3.016 3.307

Mn 0.078 0.048 0.068 0.146 0.124 0.129 0.301 0.252

Mg 1.383 1.298 1.459 0.785 0.958 0.928 1.116 1.183

Na 0.027 0.008 0.007 0.021 0.017 0.009 0.016 0.025

K 1.947 1.931 1.892 1.846 1.914 2.000 1.939 1.755

F 0.404 0.438 0.340 0.236 0.381 0.400 0.255 0.337
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Composition of muscovite from the Moly Hill pluton

Biotite monzogranite Two-mlca monzogranite
Sample 29 31 31 31 31 31 31 31 31 31 2\ 21 26 26 32 32 32 35

SI02 46.27 46.67 47.09 46.71 47.17 46.72 47.04 46.13 47.15 46.96 46.42 46.09 46.0\ 47.16 45.76 46.56 46.46 47.\4 46.75

TI02 0.00 1.77 0.06 1.29 0.65 1.29 1.36 0.92 0.36 0.90 0.74 G.41 0.49 0.54 0.57 0.53 0.61 0.5\ 0.4\

AI203 30.25 27.39 31.18 28.57 28.57 26.05 28.12 30.10 29.80 29.0\ 29.75 29.17 28.76 31.90 29.76 30.95 30.49 30.54 29.69

F80 6.75 5.84 4.53 5.42 6.18 5.24 5.53 5.39 5.00 5.71 5.28 6.29 6.57 5.29 5.96 4.85 5.06 4.93 5.81

MroO 0.00 0.14 0.06 0.02 0.01 0.00 0.07 0.04 0.03 0.04 0.03 0.17 0.23 0.13 0.16 0.11 0.17 0.08 0.09

MgO 1.18 1.50 0.84 1.34 1.65 1.48 1.68 1.39 1.:.6 1.47 1.15 1.28 1.25 1.\8 1.18 0.80 0.92 0.67 0.9\

Ne20 0.30 0.23 0.37 0.20 0.18 0.16 0.19 0.23 0.26 0.27 0.26 0.48 0.32 0.17 0.29 0.22 0.34 0.35 0.3\

K20 11.37 11.49 Il.36 Il.23 11.43 Il.50 11.32 Il.16 Il.13 Il.19 Il.14 Il.16 Il.09 9.18 Il.39 Il.54 11.44 Il.44 11.27

F 0.80 0.71 0.51 0.32 0.41 0.45 G.28 0.35 0.34 0.34 0.21 1.59 0.29 0.49 0.55 0.21 0.17 0.04 0.76

Total 95.72 95.74 96.00 95.10 98.23 84.87 95.67 95.71 95.45 95.89 94.98 98.62 95.01 96.04 95.64 95.79 95.68 95.90 96.20

FaO 0.25 0.30 0.21 0.13 0.17 0.19 0.12 0.15 0.14 0.14 0.09 0.57 0.12 0.21 0.23 0.09 0.07 0.02 0.32

Total 95,47 95.44 95.79 84.97 98.06 94.68 95.45 95.68 95.31 95.75 94.89 95.95 94.89 95.83 95.41 95.70 95.59 95.88 95.88

SI 8.348 8.448 8.388 8.432 8.447 8.481 8.452 8.309 6.435 6.418 6.390 6.367 6.365 6.331 8.3\6 6.342 6.344 6.395 6.397

TI 0.000 0.185 0.630 0.133 0.067 0.134 0.140 0.095 0.037 0.092 0.077 0.042 0.052 0.055 0.059 0.054 0.053 0.052 0.042

!vAl 1.652 1.554 1.612 1.568 1.553 1.539 1.548 1.691 1.565 1.582 1.6\0 1.633 1.615 1.669 1.684 1.659 t.556 1.605 \.503

viAl 1.568 2.908 3.373 3.088 2.509 3.032 2.998 3.161 3.229 3.092 3.188 3.116 3.088 3.380 3.\56 3.308 3.25\ 3278 32\7

AllI) 3.240 4.462 4.985 4.836 4.062 4.571 4.648 4.852 4.794 4.674 4.798 4.750 4.703 5.049 4.640 4.966 4.907 4.883 4.820

Fe 2+ 0.660 0.875 0.514 0.624 0.704 0.606 0.648 0.817 0.571 0.653 0.508 0.727 0.753 0.594 0.588 0.552 0.578 0.559 0.665

Mn 0.006 0.018 0.840 0.003 0.002 0.000 0.009 0.005 0.004 0.005 0.003 0.020 0.027 0.0\5 Om8 0.0\3 0.020 omo 0.011

Mg 0.242 0.310 0.170 0.274 0.336 0.300 0.320 0.284 0.281 0.300 0.236 0.253 0.258 0.236 0.242 0.162 0.187 0.176 0.185

Na 0.080 0.062 0.098 0.053 0.049 0.043 0.052 0.062 0.G70 0.071 0.088 0.124 0.085 0.044 0.077 0.059 t}.ûS9 0.092 0.082

., K 1.990 2.025 1.958 1.972 1.993 2.029 1.980 1.946 1.938 1.951 1.956 1.988 1.953 1.572 2.004 2.005 1.993 1.980 1.958

F 0.259 G.310 0.218 0.141 0.179 0.198 0.123 0.151 0.147 0.147 0.090 0.695 0.126 0.209 0.240 0.092 0.074 0.018 0.330
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Composition of muscovite from the Moly Hill pluton

Two-mlca monzogranlte Muscovite monzogranile
S8ll!llle 38 38 38 38 38 38 38 38 40 40 40 41 41 41 3 3 3 4 4

6102 46.60 47.27 45.69 45.92 45.53 45.48 45.68 48.14 45.89 46.30 47.16 45.69 46.67 46.53 45.46 45.62 45.76 45.70 45.60

TlO2 OAO 0.60 0.45 0.52 0.50 0.46 0.68 0.00 0.51 0.44 0.00 0.71 0.23 030 0.26 0.30 0.35 0.26 0.31

AI200 29.61 27.32 31.46 30.79 30.60 31.05 30.96 38.31 30.04 28.39 35.19 29.76 29.16 29.34 31.61 32.30 31.44 32.38 32.25
FeO 6.44 7.09 6.26 6.05 5.22 6.03 5.53 1.21 4.84 4.77 0.42 6.15 6.11 6.15 4.56 4.16 4.51 4.61 4.50
MIlO 0.13 0.15 0.08 0.15 0.09 0.09 0.03 0.08 0.22 0.21 0.03 0.16 0.25 0.22 0.07 0.04 0.07 0.09 0.10

MgO 0.92 1.29 0.79 0.95 0.69 0.64 0.68 0.02 0.87 1.12 0.09 1.12 1.38 1.29 0.90 0.73 0.66 0.71 0.73
Na2C. 0.33 0.19 0.38 0.34 0.46 0.32 0.23 0.16 0.47 0.38 0.16 0.20 0.16 0.16 0.35 0.29 0.45 0,49 0.26

K20 11.14 11.43 11.39 11.1< 11.11 11.27 11.49 IU5 11.32 11.31 11.35 11.33 11.54 11.61 11.29 11.22 11.23 11.00 11,40

F 0.60 0.31 0.34 0.34 0.66 0.66 0.65 0.13 0.60 0.30 0.13 0.20 0.27 0.00 0.16 0.15 0.26 0.37 0.51

Total 95.07 96.66 95.63 95.20 95.28 95.22 96.77 96.00 64.66 93.20 94.53 64.51 95.77 95.30 94.67 94.63 94.95 95.61 95.96
F-o 0.26 0.13 0.14 0.14 0.20 0.29 0.23 0.05 0.26 0.13 0.05 0.08 0.11 0.00 0.08 0.06 0.11 0.16 0.21

Total 94.82 95.62 95.69 95.06 94.99 64.63 95.54 96.95 94.61 93.07 94.46 94,43 95.68 95.30 94.61 94.77 94.64 95,45 95.75

SI 6AI7 6.632 8.246 6.304 6.277 6.267 6.272 6.138 6.346 6.495 6.307 6.351 6.411 6,409 6.261 6.239 6.276 6.222 6.233

TI 0.042 0.062 0.047 0.054 0.051 0.047 0.057 0.000 0.053 0.046 0.000 0.074 0.023 0.031 0.026 0.031 0.037 0.027 0.031

wAi 1.663 2.466 1.754 1.696 1.723 1.733 1.726 1.663 1.662 1.505 1.694 1.649 1.690 1.591 1.739 1.761 1.724 1.776 1.767

viAl 3.232 1.960 3.313 3.266 3.263 3.310 3.264 3.629 3.246 3.166 3.653 3.203 3.135 3.162 3.372 3.445 3.356 3,416 3.407

ALli) 4.616 4.448 6.066 4.961 6.005 6.042 6.012 6.692 4.696 4.693 6.646 4.652 4.726 4.763 6.111 6.206 5.062 5.197 5.173

Fe 2+ 0.826 0.820 0.600 0.660 0.602 0.660 0.647 0.135 0.660 0.660 0.047 0.596 0.702 0.681 0.523 0.476 0.516 0.525 0.524

Mn 0.016 0.018 0.009 0.017 0.011 0.Gl0 0.004 0.009 0.026 0.026 0.003 0.019 0.029 0.026 0.009 0.004 0.009 0.011 0.012

Mg 0.190 0.267 0.161 0.194 0.162 0.172 0.134 0.004 0.200 0.233 0.016 0.230 0.278 0.263 0.163 0.150 0.160 0.143 0.149

Ne 0.069 0.051 0.100 0.090 0.122 0.085 0.062 0.040 0.127 0.096 0.042 0.053 0.042 0.043 0.093 0.077 0.119 0.131 0.068

K 1.960 2.016 1.888 1.951 1.954 1.962 2.013 2.027 1.998 2.024 1.937 1.999 2.022 2.036 1.976 1.957 1.965 1.910 1.979

F 0.260 0.138 0.147 0.148 _0.206_ o.m j).240 - 0.œ6 0.261 0.133 0.055 0.068 0.118 0.000 0.064 0.064 0.112 0.169 0.221
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Composition of muscovite from the Moly Hill pluton

Muscovite monzogranlte Aplite
S8mpIe 6 6 6 6 9 9 10 12+ 13 13 17+ 17 17 20++ 20 24.' 30 30

SI02 46.39 46.14 45.69 45.46 45.20 45.60 47.10 45.52 46.37 46.06 46.49 45.99 46.42 45.66 46.11 45.58 46.49 46.20

TI02 0.39 0.40 0.38 0.37 0.31 0.33 0.34 0.68 0.78 0.51 0.43 0.69 0.04 0.41 0.41 0.38 0.32 0.36

Af203 30.63 31.33 31.76 31.41 32.45 31.87 31.09 30.63 30.74 30.90 30.63 29.31 25.12 31.25 30.59 31.07 30.87 30.96

FeO &.35 4.95 6.02 5.01 5.06 5.25 &.40 4.98 5.88 5.10 5.27 5.68 8.01 4.66 4.68 4.80 5.53 5.38

MIlO 0.08 0.01 0.13 0.08 0.05 0.06 0.07 0.06 0.09 0.03 0.06 0.14 0.18 0.15 0.07 0.05 0.00 0.10

MgO 0.81 0.94 0.92 0.92 0.61 0.72 0.66 1.02 0.63 0.69 0.71 0.63 2.75 0.67 0.79 0.71 0.49 0.54

Na20 0.26 0.35 0.35 0.32 0.30 0.24 0.26 0,41 0.52 0.33 0.22 0.28 0.05 0.38 0.36 0.17 0.21

K20 11.55 11.34 11.22 11.47 11.20 11.24 10.90 11.23 11.18 11.39 11.52 11.46 11.33 11.41 11.19 11.40 11.38 11.54

F 0.04 0.68 0.&1 0.07 0.26 0.29 0.39 0.22 0.39 0.19 0.46 0.16 0.37 0.07

Total 95.49 96.05 95.96 95.01 96.44 95.60 96.21 94.85 96.37 95.01 95.92 94.47 94.36 94.61 94.40 94.13 95.62 95.36

F.o 0.02 0.25 0.21 0.03 0.11 0.12 0.16 0.09 0.00 0.00 0.16 0.08 0.19 0.00 0.00 0.07 0.16 0.03

Total 95.47 95.60 95.77 94.98 95.33 95.48 96.05 94.66 96.37 95.01 95.76 94.39 94.17 94.61 94.40 94.06 95.46 95.33

SI 6.344 6.304 6.232 6.247 8.182 8.257 6.378 6.282 8.292 6.315 8.344 6.386 6.534 6.284 6.351 6.291 6.359 6.327

n 0.039 0.041 0.039 0.039 0.032 0.034 0.035 0.071 00078 0.052 0.045 0.072 0.057 0.043 0.042 0.037 0.033 0.037

!vAl 1.858 1.696 1.768 1.763 1.618 1.743 1.622 1.718 1.708 1.665 1.858 1.615 1.466 1.716 1.649 1.708 1.841 1.673

viAl 3.260 3.314 3.338 3.331 3.412 3.356 3.340 3.248 3.208 3.308 3.303 3.181 2.702 3.350 3.317 3.346 3.335 3.324

Allt) 4.936 6.010 6.108 5.085 5.230 6.099 4.962 4.966 4.916 4.993 4.959 4.796 4.166 5.066 4.966 5.055 4.976 4.997

Fe 2+ 0.611 0.665 0.673 0.576 0.579 0.600 0.612 0.575 0.666 0.665 0.601 0.848 0.943 0.537 0.563 0.554 0.633 0.616

Mn 0.009 0.001 0.015 0.007 0.005 0.008 0.008 0.008 0.011 0.004 0.007 0.016 0.021 0.018 0.009 0.006 0.002 0.011

Mg 0.166 0.191 0.187 0.169 0.125 0.147 0.134 0.211 0.167 0.141 0.144 0.173 0.577 0.137 0.161 0.145 0.099 0.111

Ne 0.070 0.091 0.093 0.096 0.079 0.063 0.096 0.110 0.136 0.087 0.058 0.075 0.013 0.102 0.096 0.099 0.046 0.056

K 2.015 1.977 1.952 2.009 1.954 1.959 1.884 1.978 1.935 1.991 2.008 2.029 2.034 2.003 1.965 2.007 1.996 2.017

F _O.017~.a&4 0.2a2_0.032~.t1L 0.12L 0.166_0.097 ____ _0.166 0.085 0.205 0.066 0.159 0.029

e
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Composition of feldspar from the Moly Hill pluton

Biotite monzogranlte Two·mlca monzogranlte
llampIe 29 29 29 29 31 31 31 21 21 24 24 26 26 32 32 35 35 35 36

8102 66.85 65.41 65.65 65.13 65.75 66.46 65.00 66.93 64.79 65.99 65.05 64.71 65.13 66.74 65.49 67.45 65.50 64.61 66.59

AI203 21.32 21.61 18.12 18.18 21.05 20.98 17.82 20.64 17.98 20.65 18.30 18.17 21.34 20.42 17.48 20.02 17.n 18.48 19.36

Na20 10.38 9.66 0.43 0.39 10.08 9.95 0.38 10.71 0.35 10.69 1.24 0.68 10.38 10.28 0.35 10.78 0.51 0.36 11.54

K20 0.14 0.16 18.98 17.12 0.12 0.13 17.11 0.09 18.74 0.16 15.88 16.48 0.13 0.13 16.94 0.12 16.61 16.96 0.13

cao 2.26 3.16 0.00 0.00 2.94 3.16 0.00 1.63 0.01 1.90 2.68 0.01 0.00 1.51 0.00 0.02 0.40

Total 100.94 100.18 101.38 100.82 99.94 100.87 100.09 100.00 99.87 99.31 100.45 100.11 99.68 97.68 100.26 99.88 100.39 100.63 100.02

81 2.182 2.166 2.268 29.995 2.894 2.902 3.012 2.932 3.006 2.918 2.993 2.998 2.879 2.928 3.016 2.957 3.019 2.986 2.995

AI 0.817 0.839 0.732 0.987 1.092 1.080 0.962 1.066 0.963 1.076 0.992 0.992 1.112 1.056 0.966 1.035 0.965 1.004 0.997

Na 0.657 0.&30 0.029 0.035 0.880 0.642 0.033 0.910 0.031 0.908 0.111 0.052 0.890 0.874 0.031 0.916 0.046 0.033 0.9n

K 0.008 0.008 0.743 10.059 0.007 0.750 1.012 0.005 0.991 0.009 0.931 0.974 0.008 0.007 0.995 0.007 0.976 0.997 0.008

Ca 0.079 0.111 0.000 0.138 0.147 0.000 o.on 0.000 0.090 0.G10 0.117 0.000 0.071 0.000 0.001 0.019

Ab 88.8 84.3 3.7 3.4 65.8 84.6 3.1 91.8 3.0 90.2 10.6 6.1 87.3 87.6 3.0 92.2 4.5 3.2 97.4

Or 0.8 0.9 96.3 98.8 0.7 0.8 98.9 0.6 96.9 0.9 89.4 94.9 0.7 0.7 97.0 0.7 95.5 96.7 0.8

An 10.11 --'4.1'- ~.O_ . 0.0 _,_13JL .~.8 ._O~O _ 7,"--_0.0_ 1!..9 _ Q..!!. _0.0_ 12,0 11.7 0.0 7.2 0.0 0.1 1.9
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Composition of feldspar from the Moly Hill pluton

Muscovite monzogranlte
!!ampl! 38 38 38 38 40 40 40 40 40 41 41 3 3 4 4 4 6 6 6

8102 66.61 64.65 66.10 64.62 65.64 66.82 66.12 64.38 64.58 65.86 65.10 64.6'; 67.13 64.67 63.69 68.00 65.51 64.04 63.66

AI203 20.78 18.27 21.03 18.39 20.80 19.00 21.38 18.09 17.99 21.16 17.97 19.58 20.22 18.53 18.25 19.92 21.21 18.49 18.62

Na20 10.35 0.86 10.53 0.42 10.47 11.72 10.35 0.33 0.37 10.42 0.53 0.48 11.44 0.38 0.65 11.70 10.98 0.57 0.39

K20 0.12 16.30 0.14 18.88 0.08 0.08 0.12 17.03 17.11 0.08 16.67 16.64 0.13 16.63 16.40 0.03 0.09 16.55 16.71

CaO 1.87 0.00 1.93 0.00 2.39 0.38 2.76 0.01 0.01 2.30 0.02 0.65 0.37 1.72

Tolal 99.64 100.08 99.73 100.19 99.76 99.98 100.73 99.82 100.08 99.91 100.29 100.32 99.77 100.41 98.99 100.02 99.51 99.65 99.38

SI 2.924 2.989 2.909 2.987 2.994 2.258 2.887 2.994 2.998 2.899 0.651 2.984 2.948 2.963 2.983 2.971 2.892 2.979 2.971

AI 1.077 0.997 1.091 1.004 1.065 0.734 1.100 0.992 0.984 1.096 0.180 1.011 1.047 1.011 1.008 1.026 1.104 1.014 1.024

Na 0.883 0.088 0.898 0.037 0.895 0.745 0.876 0.030 0.034 0.888 0.005 0.043 0.974 0.034 0.059 0.991 0.940 0.052 0.038

K 0.007 0.963 0.008 0.986 0.004 0.003 0.007 1.011 1.014 0.004 0.187 0.980 0.007 0.994 0.980 0.001 0.005 0.982 0.995

ca 0.088 0.000 0.091 0.000 0.113 0.014 0.129 0.001 0.000 0.108 0.000 0.040 0.017 0.081

/lb 80.3 8.2 80.1 3.8 88.6 98.0 88.8 2.9 3.2 88.7 4.6 4.2 95.4 3.3 5.7 98.2 91.6 5.0 3.5

or 0.7 91.8 0.8 86.4 0.4 0.3 0.7 97.1 98.8 0.4 95.::- 95.8 0.7 98.7 94.2 0.1 0.5 95.0 86.5

An 9.0 0.0 9.1 0.0 11.2 1.7 12.8 0.1 0.0 10.8 0.1 0.0 3.9 0.0 0.0 1.7 7.9 0.0 0.0

21



Composition of feldspar from the Moly Hill pluton

sampi! 9 9 13 13 12 12 20 20 20 20

Si02 64.16 65,$ 64.08 66.97 63.45 66.05 64.64 64.88 66.39 66.67

AI203 18.54 21.18 18.33 2024 18.56 20.89 1823 1825 20.16 20.43

Na20 0.59 10.51 0.59 11.06 0.39 10.88 0.39 0.86 11.11 10.87

K20 16.54 0.10 16.74 0.15 16.69 0.14 17.16 16.48 0.09 0.14

cao 1.70 0.02 1.43 1.31 0.02 1.51 1.66

Total 99.89 99.04 99.63 99.85 99.09 99.15 100.65 100.49 9926 99.ao

SI 2.978 2.902 2.981 2.941 2.972 2.919 2.994 2.992 2.923 2.931

AI 1.014 1.105 1.005 1.048 1.025 1.088 0.992 0.992 1.070 1.058

Na 0.053 0.902 0.053 0.942 0.035 0.915 0.035 0.077 0.948 0.926

K 0.979 0.006 0.993 0.008 0.998 0.008 1.010 0.970 0.530 0.790

Ca 0.081 0.001 0.067 0.062 7.130 7.820

lU> 52 91.3 5.1 92.6 3.4 92.9 3.3 7.4 92.5 91.5

Or 94.9 0.6 94.9 0.8 96.6 0.9 96.7 92.6 0.5 0.8

An 0.0 82 0.1 6.6 0.0 6.3 0.0 0.0 7.0 7.7
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Composition of gamet from the Moly Hill pluton

Two·mtca monzogranlte Muscovite monzogranite
8amp!. 35 35 35 38 38 38 38 38 3 3 3 3 4 4 4 4 5 5 10 10

SlO2 38.17 38.37 38.50 38.78 38.84 38.83 37.02 38.98 38.31 38.83 38.38 38.50 38.33 38.83 0.38 37.18 38.22 36.48 38.50 36.66

llO2 0.14 0.19 0.17 0.04 0.07 0.05 0.03 0.01 0.12 0.11 0.10 0.04 0.10 0.03 0.08 0.05 0.17 0.11 0.12 0.15

AJ203 20.13 20.02 19.79 20.28 20.02 20.37 20.27 20.35 20.31 20.17 20.34 20.38 20.30 20.81 20.27 20.69 20.01 20.42 20.41 20.44

FeO 17.62 1&.08 17.08 19.90 18.90 19.84 20.18 20.35 21.00 20.87 20.98 21.04 21.24 22.37 22.02 22.20 20.17 22.52 21.44 21.80

F.203 0.88 0.94 1.08 0.62 0.87 0.45 0.64 0.57 0.38 0.82 0.41 0.66 0.48 0.34 0.55 0.34 0.69 0.38 0.29 0.38

MeC 0.28 0.30 0.27 0.33 0.34 0.32 0.33 0.33 0.59 0.84 0.56 0.81 0.48 0.55 0.53 0.55 0.48 0.47 0.49 0.45

MIlO 23.99 23.82 24.34 20.19 20.99 20.84 19.55 19.85 20.02 20.00 20.28 20.34 20.02 19.43 19.35 19.49 20.84 19.14 19.65 19.76

c.o 1.11 1.19 1.10 1.82 1.74 1.72 1.63 1.88 1.18 1.14 1.08 0.98 1.22 0.83 1.15 0.87 1.18 1.01 1.05 1.09

Tolel 100.02 100.89 100.29 99.84 99.77 100.02 99.45 100.10 99.89 100.56 100.11 100.51 100.18 100.98 100.21 101.38 99.74 100.53 100.15 100.75

Si 5.977 5.961 8.020 8.064 8.084 8.041 8.090 8.055 5.978 8.014 5.978 5.988 5.972 5.997 5.982 8.020 5.961 5.978 5.991 5.990

Tl 0.017 0.024 0.021 0.005 0.009 0.008 0.004 0.001 0.015 0.013 om3 0.005 0.013 0.004 0.010 0.008 0.021 0.014 0.615 0.016

IYAl 0.023 0.020 0.023 0.024 0.012 0.027 0.004 0.038 0.019 0.024 0.009 0.010

vIAl 3.896 3.860 3.847 3.930 3.884 3.938 3.930 3.929 3.918 3.881 3.915 3.926 3.907 3.951 3.891 3.946 3.876 3.919 3.940 3.924

F.2+ 2.422 2.483 2.364 2.740 2.803 2.894 2.778 2.788 2.891 2.650 2.683 2.879 2.920 3.046 3.029 3.008 2.788 3.085 2.944 2.977

Fe3+ 0.056 0.118 0.132 0.085 0.107 0.056 0.088 0.070 0.046 0.101 0.051 0.070 0.057 0.041 0.088 0.041 0.088 0.047 0.038 0.047

Mg 0.089 0.074 0.088 0.081 0.083 0.078 0.081 0.081 0.145 0.155 0.137 0.150 0.117 0.133 0.131 0.133 0.118 0.115 0.120 0.109

Mn 3.356 3.290 3.401 2.815 2.927 2.668 2.724 2.727 2.791 2.787 2.823 2.819 2.788 2.879 2.695 2.674 2.918 2.656 2.761 2.734

Ca 0.197 0.210 0.194 0.288 0.307 0.302 0.270 0.330 0.204 0.199 0.191 0.169 0.215 0.146 0.203 0.151 0.205 0.178 0.184 0.191

AJrn 40 41 39 48 44 45 47 47 48 48 48 48 48 51 50 50 48 51 49 50

Prp 1.1 1.2 1.1 1.4 1.4 1.3 1.4 1.4 2.4 2.8 2.3 2.5 2.0 2.2 2.2 2.2 2.0 1.9 2.0 1.6

011 0.7 0.0 0.0 3.1 2.3 3.5 2.8 3.8 1.8 0.5 1.8 1.0 I.H 1.3 1.4 1.4 0.7 1.5 1.8 1.6

Sps 56 64 57 48 49 46 47 48 48 46 47 47 46 45 45 45 49 44 46 46

Ivfl 2.5 3.5 3.2 1.8 2.9_ 1.8 1.8 1.8 1.4 2.7 1.5 1.8 1.8 1.1 1.8 1.1 2.5 1.4 1.1 1.5
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Composition of gamet from the Moly Hill pluton

Muscovite monzogranlte Aplite
SanpI! 10 12 12 17 17 17 17 19 19 19 19 20 20 20 22 22 22 30 30 30

SlO2 38.58 38.62 38.48 38.85 37.02 38.71 38.70 38.51 38.70 38.87 38.94 38.38 38.89 38.80 38.79 37.05 37.02 38.31 38.35 38.72

TlO2 0.08 0.Q7 0.10 0.01 0.08 0.09 0.11 0.07 0.13 0.01 0.04 0.09 0.13 0.09 0.04 0.11 0.01 0.08 0.07 0.04

Al203 20.32 19.94 19.94 20.29 20.21 20.18 20.43 20.01 19.61 20.27 20.02 20.50 20.24 20.20 20.33 20.07 20.38 20.31 20.21 20.64

Feo 22.34 19.11 14.53 21.15 20.64 19.82 20.14 ~O.47 20.83 21.91 21.59 21.55 21.01 22.27 21.91 19.37 21.88 2\.08 21.33 21.58

F.203 0.81 0.84 2.58 0.84 0.85 0.81 0.04 0.85 1.18 0.84 0.95 0.45 0.55 0.80 0.45 0.82 0.51 0.47 0.47 0.07

MgO 0.59 0.37 0.31 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 0.51 0.30 0.29 0.29

MIJO 19.08 21.08 24.37 19.43 19.47 21.05 20.87 20.07 19.41 19.22 18.08 20.34 20.22 19.31 18.15 21.16 18.22 20.33 19.88 19.63

ceo 0.95 Ul 1.04 1.58 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 1.16 1.32

TocaJ 100.83 99.42 99.35 100.28 99.81 99.96 99.72 99.17 99.10 100.24 99.89 100.65 100.62 100.81 99.67 99.94 99.94 100.16 99.74 100.29

SI 5.969 8.058 8.052 8.041 8.079 8.041 8.017 8.053 8.093 8.050 8.089 5.995 8.025 5.985 8.049 8.085 6.086 5.976 5.999 6.011

TI 0.007 0.009 0.013 0.001 0.007 0.011 0.014 0.009 0.016 0.001 0.005 0.011 0.016 0.011 0.005 0.014 0.001 0.007 0.009 0.510

IYAI 0.011 0.005 0.015 0.025 0.001

vIAl 3.909 3.887 3.899 3.920 3.912 3.914 3.996 3.910 3.837 3.920 3.6n 3.928 3.920 3.6n 3.940 3.885 3.938 3.914 3.930 3.982

F.2+ 3.058 2.844 2.249 2.899 2.822 2.728 2.794 2.839 2.865 3.008 2.967 2.934 2.869 3.045 3.013 2.861 2.995 2.90\ 2.944 2.955

Fm 0.075 O.IOS 0.089 0.Q79 0.081 0.076 0.005 0.081 0.147 0.079 0.118 0.058 0.080 0.098 0.055 0.101 0.083 0.059 0.059 0.009

Mg 0.144 0.091 o.on 0.086 0.078 0.071 0.072 0.094 0.104 0.105 0.125 0.107 0.098 0.108 0.118 0.103 0.125 0.073 0.071 0.072

Mn 2.848 2.950 3.425 2.896 2.709 2.934 2.934 2.819 2.730 2.672 2.514 2.805 2.797 2.874 2.528 2.944 2.529 2.834 2.n6 2.722

ce 0.186 0.280 0.185 0.274 0.271 0.217 0.203 0.179 0.181 0.157 0.313 0.158 0.189 0.193 0.286 0.185 0.251 0.230 0.206 0.23\

AIm 51 45 38 49 48 48 47 48 49 51 50 49 48 51 51 45 51 48 49 49

Prp 2.4 1.5 1.3 U 1.3 1.2 1.2 1.8 1.8 1.8 2.1 1.8 1.6 1.8 1.9 1.8 2.1 1.2 1.2 1.2

Ors 0.7 1.4 0.8 2.8 2.4 1.5 2.9 0.7 0.0 0.8 2.2 1.0 0.7 0.5 3.0 0.0 2.6 1.6 3.4 3.9

SpI 44 80 58 45 18 49 49 48 48 45 42 47 47 45 43 50 43 47 46 46

M, _ 2.0 ._2.L -.-2.8 2.0 2.3 2.2 .0.5 _ 2.3 3.1 2.0 3.) 1.8 2.3 2.Q. _1.5 2.8 1.6 2.0
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Composition of oxide minerais from the Moly Hill pluton

Biotite Two-mica monzogranite
monzogranite

sampis 31 31 31 26 40 40 40 40 40 40

Fs203 0.00 3.77 fiT.B7 fiT.54 7.34 0.00 69.18 68.48 68.93 69.29

FeO 35.19 41.30 30.71 31.15 19.96 34.43 31.02 30.78 30.91 31.11

MnO 8.80 3.83 0.04 22.36 11.77 0.10 0.04 0.11 0.08

Si02 o:n 0.04 0.10 0.23 0.05 0.07 0.03 0.04

AI203 0.47 0.02 0.05 0.09 0.04 0.03 0.03 0.04

cao 0.13 0.40 0.02 0.21 0.00 0.00 0.00

TI02 53.29 50.29 0.10 0.02 49.08 52.51 0.00 0.00

Total 9859 99.65 98.89 99.01 98.74 99.24 100.39 99.40 100.01 100.56

Fe3+ 0.000 0.144 15.892 15.912 0.282 0.000 15.968 15.963 15.977 15.973

Fe2+ 1.478 1.752 7.993 8.121 0.851 1.456 7.959 7.976 7.963 7.971

Mn 0.374 0.165 0.011 0.965 0.504 0.027 0.011 0.030 0.020

SI 0.036 0.002 0.033 0.000 0.000 0.012 0.016 0.023 0.009 0.012

AI 0.028 0.001 0.019 0.000 0.000 0.006 0.016 0,010 0.012 0.015

Ca 0.007 0.022 0.007 0.000 0.000 0.011 0.000 0.008

TI 2.013 1.919 0.024 0.005 1.891 1.997 0.000
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Compos"lon of biotite from the Lamotte pluton

Biotite monzogranite
S8mp!! 71!i1 71!i1 768 768 782 782 782 782 797 797 :lOB 908 908 911 911 911 911 766 766

Si02 37.11 35.85 35.99 34.76 36.02 35.82 37.17 36.63 38.59 35.72 37.80 38.84 37.77 38.32 38.83 38.42 36.95 38.80 38.29

AI203 18.37 17.90 18.1!i1 17.83 17.29 17.48 18.04 18.27 20.95 20.31 20.09 20.03 20.02 20.90 21.02 19.98 21.12 19.20 18.63

TlO2 0.93 1.97 1.08 2.43 2.40 2.30 1.20 0.96 1.35 1.58 1.35 1.33 1.31 2.23 2.01 2.10 2.21 1.05 1.16

Feo 23.13 24.12 24.13 25.30 23.50 23.99 22.23 22.16 22.10 23.27 2t.14 20.62 21.42 19.97 17.95 19.50 20.70 21.78 21.18
MgO 4.84 4.75 4.58 4.89 5.00 5.12 5.30 5.57 2.71 2.63 3.52 3.29 3.25 3.28 3.39 3.38 2.91 4.49 4.74

MIlO 0.62 0.90 0.69 0.68 0.78 0.79 0.77 0.96 0.54 0.80 0.72 0.81 0.81 0.47 0.57 0.68 0.58 1.00 1.02

Na20 0.08 0.02 0.07 0.02 0.02 0.03 0.04 0.02 0.05 0.06 0.08 0.01 0.03 0.04 0.04 0.03 0.03 0.02 0.04

K20 9.29 9.99 9.63 9.30 10.10 9.81 9.70 9.42 9.12 8.91 9.92 9.81 9.79 9.60 10.11 10.09 9.78 9.63 9.13

F 0.71 0.80 0.59 0.72 0.93 0.85 1.01 1.31 0.91 0.86 0.80 0.93 0.72 1.20 1.21 1.32 1.08 0.77 0.90

lola1 95.38 96.10 95.59 95.93 95.94 95.99 95.46 95.50 94.32 93.92 95.40 95.47 95.12 96.21 95.13 95.48 95.36 84.74 95.09

FaO 0.30 0.34 0.25 0.30 0.35 0.38 0.43 0.55 0.38 0.38 0.34 0.39 0.30 0.51 0.51 0.56 0.45 0.32 0.38

Total 95.08 95.76 95.34 95.63 95.69 95.63 95.03 84.95 93.94 93.58 95.08 95.08 94.82 95.70 94.62 84.92 94.91 94.42 94.71

81 5.770 5.595 5.638 6.481 5.542 5.608 5.779 5.743 5.705 5.840 5.812 5.932 5.826 5.730 5.894 5.882 5.684 5.740 5.900

IYAI 2.230 2.405 2.384 2.519 2.359 2.392 2.221 2.257 2.295 2.380 2.168 2.066 2.174 2.270 2.108 2.118 2.316 2.250 2.100

vIAl 1.137 0.908 1.081 0.795 0.833 0.833 1.085 1.099 1.555 1.420 1.453 1.537 1.455 1.414 1.555 1.486 1.513 1.269 1.284

Alli) 3.3I!i1 3.312 3.448 3.314 3.192 3.225 3.308 3.357 3.850 3.780 3.841 3.605 3.639 3.684 3.761 3.604 3.829 3.529 3.384

Tl 0.109 0.233 0.125 0.277 0.283 0.271 0.140 0.113 0.158 0.185 0.157 0.153 0.152 0.251 0.230 0.242 0.256 0.123 0.134

Fe 3.008 3.168 3.160 3.338 3.078 3.141 2.904 2.890 2.862 3.073 2.719 3.833 2.763 2.497 2.278 2.496 2.665 2.842 2.729

Mg 1.145 1.111 1.084 1.149 1.168 1.195 1.227 1.295 0.830 0.618 0.806 0.749 0.748 0.731 0.767 0.772 0.686 1.044 1.090

Mn 0.108 0.120 0.092 0.091 0.104 0.105 0.102 0.128 0.071 0.080 0.094 0.078 0.106 0.080 0.074 0.086 0.076 0.133 0.133

Na 0.017 0.008 0.021 0.005 0.007 0.009 0.013 0.007 0.D15 0.D18 0.D18 0.004 o.m 0.012 0.123 0.008 0.009 0.007 0.011

K 1.842 2.000 1.963 1.1!i10 2.018 1.919 1.923 1.1!i15 1.814 1.795 1.1146 1.911 1.927 1.870 1.957 1.971 1.919 1.917 1.795

F 0.350 0.3970.290 0.359 0.412 0.423 0.495 0.847 0._ 0.425 0.387 0.447 0.351 0.586 0.563 0.637 0.524 0.380 0.437
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Composition of biotite from the Lamotte pluton

Biotite monzogranite Two-mica monzogranite
Sampi. 766 791· 791 796 796 907

5102 36.41 3::22 38.07 36.67 36.18 37.15

AI203 17.94 20.24 20.93 21.00 21.00 22.23

TI02 2.76 1.05 1.86 1.62 1.50 0.75

FeO 23.44 20.46 20.04 23.06 23.54 21.18

MgO 3.69 3.69 3.91 1.60 1.57 1.60

MnO 0.83 0.70 0.72 0.64 0.69 0.62

Na20 0.04 0.06 0.00 0.02 0.02 0.00

K20 10.07 9.90 9.98 9.14 9.00 9.43

F 1.00 0.77 0.89 0.77 0.65 1.41

tolal 98.08 95.09 96.40 94.52 94.15 94.37

F.o 0.42 0.32 0.37 0.32 0.27 0.59

Tolal 95.66 94.77 96.03 94.20 93.88 93.76

SI 5.688 5.664 5.701 5.723 5.661 5.760

IvAl 2.311 2.136 2.299 2.277 2.319 2.220

vIAl 0.975 1.523 1.395 1.586 1.567 1.856

AllI) 3.288 3.659 3.665 3.863 3.888 4.077

Tl 0.324 0.121 0.210 0.190 0.177 0.088

Fe 3.064 2.625 2.510 3.010 3.091 2.757

Mg 0.860 0.844 0.873 0.372 0.366 0.370

Mn 0.109 0.091 0.091 0.846 0.092 0.082

Na 0.013 0.016 0.006 0.006 0.000

K 2.007 1.937 1.907 1.820 1.803 1.872

F 0.483 0.376 0.422 0.377 0.326 0.691
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Composition of muscovite from the Lamotte pluton
Two-mlca

Biotite monzogranlte monzogranile
8!np!e 786 786 786 786 787 787 787 786 786 786 782 797 797 797 908 908 911 791 791 791

llKl2' 47.47 47.11 48.49 45.72 47.17 47.25 48.75 48.87 47.14 49.53 47.30 45.91 48.39 48.29 47.12 47.06 46.31 46.62 47.49 47.63

A1203 29.27 30.41 30.95 29.13 30.18 30.38 31.82 32.28 31.06 30.99 29.38 30.33 32.38 32.28 30.79 30.07 31.19 29.51 30.27 31.35

Ti02 0.22 0.20 0.04 0.70 0.13 0.12 0.05 0.12 0.06 0.53 0.23 0.38 G.25 0.17 0.12 0.09 0.34 0.21 0.12 0.12

Fe<> 6.89 4.87 4.57 8.02 5.15 . 5.26 4.57 4.00 3.98 4.50 5.07 5.60 4.77 4.47 4.60 5.40 4.22 4.97 4.65 4.10

MgO 1.99 1.38 1.19 1.84 1.18 1.17 0.81 0.86 1.09 1.42 1.62 1.35 1.05 1.00 1.48 1.70 1.46 1.97 1.67 1.41

MIlO 0.28 0.14 0.09 0.18 0.08 0.08 0.08 0.12 0.05 0.08 0.11 0.07 0.10 0.05 0.17 0.09 0.12 0.10 0.13 0.10

NdO 0.13 0.25 0.29 '0.20 0.18 0.20 0.34 0.28 0.30 0.17 0.26 0.20 0.19 0.21 0.16 0.14 0.32 0.19 0.20 0.21

K20 10.86 10.82 10.87 11.47 10.28 10.38 10.79 Il.22 Il.19 8.89 10.93 10.55 10.44 10.46 10.75 10.19 Il.24 Il.23 10.98 10.79

F 0.58 0.43 0.41 0.55 0.43 0.42 0.53 0.49 0.58 0.54 0.51 0.61 0.34

ToIe! 98.47 95.39 94.90 95.61 94.76 94.81 95.19 95.73 94.85 98.53 95.43 94.37 95.55 94.93 95.88 95.30 95.74 95.31 96.10 96.05

FaO 0.24 0.18 0.17 0.23 0.18 0.00 0.00 0.00 0.00 0.18 0.22 0.00 0.00 0.00 0.21 0.24 0.23 0.21 0.26 0.14

Tolel 98.23 95.21 94.73 95.38 94.58 94.81 95.19 95.73 94.85 96.35 95.21 94.37 95.55 94.93 95.67 95.06 95.51 95.10 95.64 95.91

SI 8.443 8.418 6.388 8.319 8.457 8.4.0 8.343 8.321 8.414 8.547 8.458 6.328 6.267 6.264 6.389 6.423 6.305 6.400 6.435 6.406

IYAl 1.557 1.584 1.834 1.861 1.644 1.560 1.857 1.879 1.586 1.453 1.532 1.874 1.733 1.716 1.811 1.578 1.698 1.600 1.586 1.594

YIAI 3.128 3.298 3.381 3.065 3.324 3.320 3.432 3.449 3.394 3.375 3.205 3.251 3.420 3.449 3.310 3.260 3.309 3.174 3.269 3.376

Al(l) 4.883 4.882 4.995 4.746 4.868 4.860 5.089 5.128 4.960 4.828 4.736 4.925 5.152 5.165 4.920 4.836 5.004 4.774 4.634 4.970

TI 0.023 0.021 0.004 0.073 0.013 0.012 0.005 0.013 0.006 0.053 0.024 0.037 0.025 0.017 0.012 0.009 0.035 0.022 0.012 0.012

Fe 0.869 o.s55 0.523 0.698 0.589 0.599 0.519 0.451 0.450 0.497 0.580 0.845 0.639 0.508 0.545 0.616 0.461 0.570 0.527 0.461

Mg 0.403 0.278 0.243 0.339 0.240 0.236 0.163 0.173 0.221 0.279 0.330 0.277 0.212 0.202 0.299 0.316 0.298 0.403 0.336 0.282

Mn 0.030 0.016 0.011 0.022 0.009 0.009 0.007 0.014 0.006 0.009 0.012 0.008 0.011 0.006 0.020 0.Dl0 0.014 0.012 0.015 0.011

Ne 0.033 0.058 0.077 0.055 0.048 0.053 0.090 0.073 0.079 0.043 0.069 0.053 0.050 0.055 0.043 0.037 0.083 0.050 0.054 0.056

K 1.949 1.845 1.898 2.022 1.791 1.601 1.868 1.930 1.942 1.500 1.906 1.864 1.799 1.812 1.860 1.774 1.952 1.986 1.695 1.852

F 0.240 0.185 0.176 0.2Ml 0.186 0.109 0.104 0.177 0.230 0.212 0.243 0.232 0.221 0.263 0.146
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Composition of muscovite from the Lamotte pluton
Two-mlca Muscovite
monzogranlte monzoglanlla Apllte-pegmatlte

sampi. 791 798 798 798 907 907 907lMl0l 101 795 795 795 912 912

Si02 46.53 48.33 45.21 46.43 45.93 46.16 46.71 46.76 46.73 46.74 46.04 46.30 46.79 46.70

Al203 29.45 32.74 32.26 33.13 31.46 26.95 31.05 33.14 33.23 35.24 34.41 34.61 31.98 31.37

Tm 0.13 0.20 0.20 0.17 0.06 0.14 0.06 0.26 0.20 0.21 0.32 0.21 0.03 0.04

Fao 5.07 4.70 4.90 4.79 5.10 7.15 5.26 3.70 3.79 2.n 2.76 2.55 4.65 4.62

MgO 1.62 0.76 0.79 0.79 0.96 1.40 1.01 0.66 0.66 0.51 0.54 0.59 0.26 0.34

MIlO 0.21 0.13 0.15 0.14 0.09 0.17 0.15 0.05 0.07 0.07 0.09 0.06 0.30 0.40

Na20 0.15 0.25 0.27 0.24 0.21 0.12 0.20 0.30 0.32 0.31 0.26 0.33 0.12 0.20

K20 11.50 10.29 10.50 10.29 10.66 10.31 10.71 11.12 11.01 9.66 10.47 10.42 10.26 10.76

F o.n 0.50 0.54 o.n 0.71 0.36 0.27 o.n 0.71

ToI8I 95.63 95.40 94.76 95.98 95.27 95.17 95.66 98.41 98.30 95.73 94.91 95.07 95.36 95.16

F.o 0.32 0.00 0.21 0.00 0.23 0.32 0.30 0.15 0.11 0.00 0.00 0.00 0.32 0.30

Tocal 95.31 95.40 94.57 95.96 95.04 94.65 95.66 98.26 98.19 95.73 94.91 95.07 95.06 94.66

SI 6.400 6.260 6.212 6.237 6.293 6.402 8.363 6.271 6.266 6.201 6.193 6.206 6.372 6.393

IvAl 1.600 1.740 1.766 1.763 1.707 1.596 1.637 1.729 1.734 1.799 1.607 1.794 1.626 1.607

vIAl 3.174 3.364 3.436 3.462 3.376 3.134 3.347 3.507 3.517 3.711 3649 3.674 3.501 3.453

AllI) 4.n3 5.124 5.224 5.245 5.063 4.733 4.965 5.236 5.251 5.510 5.455 5.466 5.129 5.061

TI 0.014 0.020 0.021 0.017 0.006 0.014 0.009 0.026 0.020 0.021 0.032 0.021 0.003 0.005

Fe 0.563 0.531 0.563 0.536 0.564 0.630 0.599 0.415 0.426 0.304 0.313 0.266 0.552 0.530

Mg 0.374 0.153 0.162 0.156 0.200 0.290 0.206 0.137 0.135 0.101 0.106 0.116 0.056 0.070

Mn 0.025 0.015 0.016 0.016 MIl 0.019 0.017 0.006 0.006 0.006 0.010 0.007 0.035 0.046

Na 0.040 0.066 0.072 0.063 0.056 0.033 0.053 0.076 0.062 0.060 0.066 0.066 0.032 0.052

K 2.016 l.n4 1.641 1.763 1.696 1.624 1.661 1.902 1.664 1.672 1.797 1.762 1.766 1.662

// F 0.333 0.216 0.235 0.340 0.306 0.152 0.115 0.333 0.305
(0"'

•
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Composition of feldspar from the Lamotte pluton

Biotite monzogranite
8ampIe 7ffT 7ffT 7ffT 7ffT 768 768 768 768 768 782 782 782 782 782 782 782 782 782 797

SI02 68.24 ffT.43 ffT.OO 65.99 68.69 68.68 65.21 65.35 64.81 65.31 65.02 65.91 65.02 68.08 65.34 65.65 64.87 65.03 67.11

AI203 21.68 20.92 21.68 18.39 21.63 21.15 17.96 17.45 17.18 22.29 22.12 22.21 21.97 20.28 22.14 21.64 18.21 17.99 21.68

CaO 1.54 1.35 1.68 0.00 1.ffT 1.35 0.02 0.00 0.00 3.68 3.51 3.24 3.01 0.47 2.31 2.37 0.01 0.00 1.61
N820 10.05 9.ffT 9.65 0.40 10.01 10.08 0.36 0.43 0.63 9.51 9.64 9.63 9.95 Il.10 9.73 9.05 0.36 0.33 10.31
K20 0.10 0.06 0.04 15.90 0.06 0.04 16.94 17.30 16.79 0.20 0.20 0.20 0.20 0.03 0.07 0.07 16.62 16.68 0.14
Tolal 99.51 ,99.43 100.05 100.68 100.06 99.28 100.49 100.63 99.31 100.99 100.49 101.39 100.15 99.96 99.59 100.08 100.09 100.23 100.63

SI 2.910 2.953 2.922 3.016 2.912 2.931 3.006 3.022 3.027 2.050 2.652 2.664 2.860 2.970 2.875 2.664 3.001 3.006 2.913

Al 1.117 1.060 1.109 0.991 1.113 1.096 0.976 0.951 0.946 1.146 1.144 1.133 1.139 1.043 1.148 1.133 0.992 0.980 1.108

ca 0.073 0.063 0.074 0.000 0.078 0.064 0.001 0.000 0.000 0.172 0.165 0.151 0.142 0.022 0.109 0.111 0.001 0.000 0.075

Na 0.658 0.921 0.633 0.035 0.949 0.659 0.032 0.039 0.048 0.604 0.820 0.829 0.949 0.939 0.630 0.836 0.034 0.030 0.668

K 0.006 0.003 0.002 0.927 0.005 0.002 0.997 1.021 1.001 0.011 0.011 0.011 0.011 0.002 0.004 0.004 0.980 0.995 0.006

Ab 91.6 92.5 91.6 3.7 91.1 92.9 3.1 3.8 4.8 81.5 92.4 63.7 94.7 97.5 88.0 87.9 3.4 2.9 91.3

Or 0.8 0.4 0.2 96.3 0.5 0.2 96.8 96.4 95.4 1.1 1.1 1.1 1.1 0.2 0.4 0.4 96.6 97.1 0.8

An _7.8 7.1 -- 8.t - 0.0. - 8.4_ 6.9 0.1 0.0 0.0 17.4 16.6 15.2 14.2 2.3 11.6 11.7 0.1 0.0 7.9
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Composnlon of feldspar from the Lamotte pluton

Biotite monzogranlte Two-mlca monzogranite
!lampl! 7117 7117 7117 797 797 90S 90S 90S 911 911 911 766 766 766 766' 766 791 791 791

8102 66.75 117.07 64.92 64.20 65.07 66.99 67.05 64.34 55.35 55.37 64.61 66.10 55.97 66.41 65.42 55.33 67.09 67.36 66.96

AI203 20.66 20.45 17.97 18.60 18.19 21.00 20.78 18045 21.71 17.79 17.15 22.11 22.24 22.18 18.60 18.44 20.88 20040 21.36

ca 1.63 1.60 0.00 0.00 0.07 1.49 1.37 0.01 2.77 0.03 0.00 2.33 2.07 1.96 0.00 0.00 1.53 1.27 1.80

Na20 10.29 10.03 0.35 0.22 0.29 10.19 10.04 0.59 10.12 0.78 0.37 9.88 9.71 9.78 1.30 0.37 10.14 10.02 9.79

K20 0.03 0.08 18.71 lUI 16.95 0.08 0.02 17.22 0.07 18.72 18.88 0.10 0.03 0.03 15.41 16.73 0.05 0.09 0.09

Total 99.19 99.21 99.95 99.93 100.57 99.73 99.28 100.61 100.02 100.67 99.01 100.32 100.02 100.34 100.63 100.87 99.67 99.14 100.02

81 2.942 2.952 3.009 2.981 3.001 2.934 2.948 2.977 2.872 3.011 3.028 2.888 2.985 2.894 2.997 2.999 2.940 2.961 2.924

Id 1.088 1.081 0.982 1.018 0.989 1.094 1.076 1.006 1.124 0.966 0.947 1.138 1.146 1.139 0.999 0.998 1.077 1.057 1.\00

ca 0.072 0.076 0.000 0.000 0.004 0.070 0.055 0.001 0.130 0.001 0.000 0.109 0.097 0.092 0.000 0.000 0.072 0.060 0.094

Na 0.879 0.856 0.032 0.020 0.026 0.855 0.856 0.053 98.260 0.088 0.034 0.619 0.823 0.825 0.116 0.033 0.661 0.654 0.829

K 0.002 0.003 0.988 1.002 0.997 0.004 0.001 1.018 0.004 0.963 1.009 0.006 0.002 0.002 0.901 0.960 0.003 0.005 0.005

Ab 92.2 91.6 3.1 1.9 2.5 92.2 92.9 4.9 66.6 6.5 3.2 87.7 89.3 89.9 11.4 3.3 92.0 93.0 90.3

or 0.2 0.4 96.2 98.1 97.1 0.4 0.1 95.0 0.4 93.4 96.8 0.6 0.2 0.2 66.6 96.8 0.3 0.5 0.5

An 7.8 8.1 0.0 0.0 0.3 7.4 7.0 0.1 13.1 0.1 0.0 11.7 10.5 10.0 0.0 0.0 7.7 9.5 9.2
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Composition of feldspar from the Lamotte pluton

Two-mlca monzogranlte Apllte·pegmatlte
8amp!e 791 796 796 907 907 907 907 101 101 912 912 912 912 912

8102 65.18 88.72 65.00 88.93 88.12 84.05 84.90 88.12 65.41 88.43 88.19 89.28 65.08 85.08

AI203 17.82 20.65 18.14 20.97 20.17 18.42 18.53 21.80 18.10 19.75 19.80 19.82 18.15 18.03

ca 0.00 1.78 0.00 0.97 0.37 0.01 0.00 10.30 0.29 0.17 0.18 0.14 0.00 0.01

Na20 0.42 10.82 0.44 10.34 11.10 0.38 0.31 0.19 17.00 11.29 11.23 11.45 0.43 0.54

K20 17.41 0.14 18.93 0.02 0.10 17.05 17.18 2.47 0.00 0.03 0.02 0.03 18.91 16.50

Total 100.81 99.89 100.61 99.23 99.88 99.89 100.82 100.70 100.80 99.87 99.22 100.52 100.57 100.18

81 3.007 2.929 2.999 2.941 2.975 2.981 2.968 2.887 3.005 2.993 2.994 3.004 3.001 3.007

1J 0.989 1.088 0.988 1.088 1.038 1.010 1.005 1.112 0.982 1.018 1.014 1.003 0.966 0.962

ca 0.000 0.083 0.000 0.048 0.017 0.001 0.000 0.970 0.028 0.008 0.008 0.006 0.000 0.001

Na 0.038 0.903 0.040 0.881 0.040 0.032 0.028 0.010 1.000 0.957 0.958 0.953 0.039 0.048

K 1.025 0.006 0.998 0.001 0.005 1.012 1.009 0.115 0.000 0.002 0.001 0.002 0.995 0.973

N> 3.8 90.9 3.8 95.0 97.7 3.1 2.7 87.0 2.5 99.0 99.0 99.2 3.7 4.7

or 96.4 0.8 96.2 0.1 0.8 96.9 97.3 1.0 97.5 0.2 0.1 0.2 98.3 95.2

An 0.0 8.3 0.0 4.9 1.8 0.1 0.0 12.0 0.0 0.8 0.9 0.0 0.0 0.1

e
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Composition of biotite from Lacome pluton

Biotite monzogranlte
sanpe 8t3 8t3 818 8t8 8t8 820 820 82tA 82tA 82tA 822 822 830 830 834 834 685 885 888 888

8102 37.78 38.07 37.77 38.54 39.10 37.82 37.69 38.14 37.55 38.81 37.88 38.25 38.48 37.87 39.39 38.43 38.08 38.53 37.33 38.98

AJ203 21.43 20.48 20.49 20.34 20.47 19.89 19.78 19.54 19.48 18.88 18.78 18.83 19.83 20.31 21.07 19.85 18.84 18.30 17.88 17.89

TI02 1.79 1.72 1.95 1.57 1.90 1.83 1.70 1.91 2.23 2.08 1.97 1.99 1.77 1.78 1.84 1.91 1.72 1.70 1.89 1.91

FeO 19.15 20.05 19.94 18.83 19.41 20.88 21.08 20.27 21.85 22.43 22.24 22.08 20.22 20.20 19.94 20.15 25.32 24.80 21.87 22.44

MIlO 0.80 1.01 0.70 0.77 0.70 0.80 0.74 0.88 0.78 0.88 0.83 0.83 1.00 0.81 0.81 0.85 0.53 0.83 0.76 0.83

MgO 2.88 2.80 3.83 3.75 3.79 4.24 4.09 3.98 3.93 4.30 4.18 4.38 3.20 2.94 3.23 3.82 3.97 3.72 4.97 4.85

NIl20 0.01 0.00 0.02 0.01 0.04 0.03 0.04 0.04 0.02 0.07 0.03 0.02 0.07 0.04 0.02 0.02 0.01 0.02 0.08 0.02

K20 10.08 9.80 9.94 9.98 9.80 9.97 9.80 10.08 tO.15 9.80 9.91 9.77 10.04 9.93 9.81 9.67 9.50 9.67 9.70 9.76

F 1.02 1.39 0.83 1.08 1.20 0.78 0.88 1.26 1.08 1.10 1.05 0.80 0.93 0.98 0.53 0.55 0.75 0.92

94.70 95.42 95.57 94.85 96.5t 95.14 95.00 95.80 98.83 98.27 98.88 97.23 95.78 94.76 97.04 95.68 98.50 96.32 94.69 95.60

FaO 0.43 0.59 0.35 0,45 0.51 0.33 0.38 0.53 0.45 0.48 0.44 0.38 0.39 0.41 0.22 0.23 0.32 0.39

TOlII 94.27 94.83 95.22 94.40 98.00 95.14 95.00 95.27 98.47 95.74 98.21 98.77 95.32 94.38 98.65 95.27 96.28 96.09 94.67 95.21

SI 5.801 5.854 5.783 5.898 5.688 5.772 5.775 5.834 5.731 5.696 5.781 5.613 5.685 5.840 5.685 5.859 5.602 5.688 5.756 5.697

IVAI 2.169 2.148 2.237 2.102 2.112 2.228 2.225 2.168 2.269 2.305 2.219 2.187 2.115 2.160 2.115 2.141 2.398 2.312 2.245 2.303

vW 1.681 1.688 1.448 1.585 1.520 1.350 1.344 1.357 1.231 1.135 1.173 1.188 1.476 1.532 1.595 1.425 1.049 1.047 1.002 0940

A1(1) 3.880 3.712 3.685 3.687 3.833 3.578 3.569 3.523 3.501 3.439 3.392 3.373 3.591 3.692 3.709 3.568 3.447 3.359 3.246 3.243

n 0.208 0.199 0.224 0.181 0.218 0.210 0.196 0.220 0.258 0.242 0.226 0.228 0.204 0.204 0.207 0.219 0.201 0.169 0.219 0.221

Fe 2.481 2.578 2.544 2.409 2.444 2.824 2.701 2.593 2.769 2.902 2.854 2.604 2.568 2.605 2.491 2.569 3.287 3.230 2.794 2.891.,
Mn 0.104 0.132 0.080 0.099 0.069 0.103 0.098 0.115 0.101 0.112 0.108 0.108 0.130 0.108 0.102 0.110 0.059 0.109 0.099 0.108

Mg 0.810 0.843 0.893 0.856 0.851 0.984 0.934 0.808 0.693 0.892 0.955 0.893 0.729 0.877 0.719 0.688 0.920 0.884 1.142 1.114

NI 0.003 0.000 0.008 0.002 0.010 0.009 0.012 0.012 0.008 0.020 0.009 0.007 0.021 0.013 0.008 0.005 0.002 0.005 0.016 0.005

K 1.978 1.942 1.935 1.948 1.903 1.941 1.935 1.982 1.977 1.695 1.939 1.894 1.959 1.953 1.870 1.881 1.882 1.960 1.808 1.918

F O.OtO 0.878 0.399 0.512 0.571 0.379 0.416 0.619 0.517 0.527 0.508 0.441 0.440 0.471 0.262 0.273 0.356 0.448
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Composition of biotite from Lacome pluton

Biotite monzogranlte Two-mlca monzogranlte
Saode ll68 ll68 ll68 673 613 873 873 613 852 612 612 612 707 707 892

"
Si02 35.71 38.72 38.91 38.91 38.79 37.40 38.10 37.12 35.48 35.42 35.87 38.87 38.43 38.88 39.00

AI203 IBM 17.61 17.89 17.99 18.19 18.61 18.80 18.57 17.88 17.22 19.38 19.48 20.44 21.70 20.81

TI02 1.98 2.13 2.23 2.45 2.43 2.17 2.08 2.09 1.82 2.12 1.93 2.00 2.08 l.91 1.40

Feo 23.08 23.15 22.08 23.24 22.39 21.85 21.12 22.19 25.88 28.41 25.07 23.81 20.22 19.35 19.90

MnO 0.88 0.74 0.73 1.09 0.98 0.73 0.80 0.94 0.79 0.78 0.89 0.80 0.73 0.69 0.63

MgO 5.05 4.88 5.04 4.07 4.28 3.99 4.82 4.02 3.35 3.15 2.89 2.91 2.44 2.40 2.99

NI20 0.04 0.03 0.04 0.03 0.03 0.02 0.03 0.03 0.02 0.02 0.04 0.05 0.02 0.01 0.04

K20 9.12 9.&0 9.85 9.73 9.81 10.00 9.80 9.74 10.05 10.02 9.78 10.13 9.78 9.95 9.70

F G.69 0.98 0.73 0.98 1.10 0.82 1.07 0.82 0.72 0.97 0.40 0.51 0.98 1.05 0.97

94.89 98.18 95.80 98.47 95.98 95.45 98.50 95.52 95.95 98.09 98.03 98.34 95.08 95.74 95.44

FaO 0.215 0.38 0.31 0.40 0.48 0.35 0.45 0.35 0.30 G.41 0.17 0.21 0.40 0.44 0.41

ToIII 94.44 95.80 95.19 98.07 95.52 95.10 98.05 95.17 95.85 98.09 95.88 98.13 94.88 95.30 95.03

SI 6.801 5.899 6.729 6.718 6.716 6.788 6.814 6.788 6.822 6.857 6.698 6.898 5.889 5.855 5.928

/vAl 2.399 2.301 2.271 2.282 2.285 2.214 2.188 2.242 2.378 2.343 2.404 2.304 2.111 2.145 2.074

~ 1.009 0.988 1.000 1.003 1.048 1.191 1.159 1.153 0.958 0.878 1.158 1.239 1.582 1.727 1.853

A/(l) 3.408 3.2l58 3.271 3.2lI5 3.331 3.405 3.345 3.395 3.338 3.221 3.582 3.543 3.883 3.872 3.727

TI 0.234 0.248 0.280 0.285 0.284 0.253 0.238 0.244 0.217 0.253 0.228 0.232 0.238 0.218 0.181

F. 3.028 3.005 2.888 3.011 2.909 2.801 2.895 2.879 3.427 3.505 3.271 3.075 2.592 2.449 2.529

Mn 0.091 0.097 0.098 0.144 0.128 0.098 0.103 0.124 0.108 0.102 0.091 0.G78 0.095 0.089 0.081

Mg l.l80 1.126 1.161 0.939 0.992 0.920 1.120 0.930 0.791 0.745 0.612 0.870 0.557 0.542 0.878

Na 0.012 0.010 0.012 0.009 0.009 0.008 0.008 0.010 0.008 0.008 0.012 0.014 0.007 0.003 0.013

K 1.824 1.940 1.950 1.922 1.943 1.974 1.908 1.927 2.017 2.018 1.943 l.998 1.909 1.922 1.881

F 0.202 0.422 0.358 0.471 0.542 0.404 0.515 0.403 0.381 0.487 0.195 0.261 0.484 0.504 0.488

e
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Composition of muscovites trom Lacome pluton

Biotite monzogranlte
8aIrde 813 814 814 818 818 818 817 820 820 620 621A 621A 630 630 634 634 634 665 668 668

SI02 48.65 48.43 49.48 47.33 48.21 48.30 48.07 48.25 48.96 46.83 46.75 45.61 45.93 46.55 47.43 46.67 46.92 50.24 46.18 46.65

AI203 28.49 28.32 27.39 28.36 27.90 30.19 32.78 30.86 28.84 27.92 28.36 28.86 28.69 29.77 28.69 27.83 29.24 29.96 29.60 30.95

Ti02 0.40 0.11 0.43 0.41 0.34 0.13 0.13 0.07 0.44 0.32 0.42 0.54 0.40 0.44 0.44 0.41 0.26 0.19 0.36 0.02

FeO 7.77 8.22 8.84 8.77 8.32 5.39 4.17 4.78 5.19 5.40 5.99 5.61 5.82 5.54 5.99 5.60 5.84 5.45 5.12 4.32

MnO 0.38 0.2& 0.26 0.18 0.28 0.15 0.10 0.08 0.13 0.15 0.16 0.17 0.14 0.09 0.25 0.23 0.22 0.13 0.08 0.08

MaO 1.09 1.86 2.18 1.89 1.73 1.33 0.49 l.OO 1.74 1.84 1.60 1.59 1.58 1.84 1.99 2.04 1.73 1.54 1.34 0.98

NI20 0.08 0.17 0.11 0.15 0.15 0.28 0.30 0.25 0.22 0.13 0.14 0.20 0.27 0.28 0.09 0.12 0.11 0.14 0.24 0.30

K20 10.04 11.12 , 9.69 11.2& 11.28 11.13 11.27 11.19 11.02 11.01 Il.50 11.58 11.19 10.97 10.58 10.99 10.27 9.18 10.97 11.11

F 1.20 0.47 0.82 0.86 0.86 0.70 0.19 0.42 0.87 1.02 0.75 0.90 0.86 0.58 0.94 1.04 1.03 0.58 0.42 0.35

OH 4.39 4.39 4.29 4..36 4.41 4.38 4.34 4.30 4.30 4.38 4.48 4.30 4.36 4.54 4.35 4.37

96.28 94.77 97.21 97.20 95.03 95.60 95.50 94.90 95.01 94.82 95.87 94.86 94.86 95.82 96.60 94.93 95.84 97.41 94.51 94.74

FaO 0.51 0.20 0.28 0.37 0.36 0.26 0.08 0.18 0.28 0.43 0.32 0.38 0.36 0.24 0.40 0.44 0.43 0.24 0.18 0.15

Tolal 95.75 94.57 96.95 96.83 94.87 95.31 95.42 94.72 94.73 94.19 95.55 94.50 94.52 95.58 96.20 94.49 95.21 97.17 94.33 94.59

SI 8.453 8.454 8.650 8.453 8.447 8.359 6.253 8.329 8.475 8.517 8.445 8.370 6.397 6.369 6.393 8.497 6.441 6.632 8.358 6.392

IYAI 1.547 1.548 1.350 1.547 1.553 1.841 1.747 1.871 1.525 l.483 1.555 1.630 1.603 1.832 1.607 1.503 1.559 1.369 1.644 1.608

vIAl 2.713 3.093 2.989 3.010 3.035 3.248 3.496 3.305 3.129 3.097 3.053 3.091 3.107 3.187 2.983 3.030 3.171 3.292 3.191 3.390

Alli) 4.260 4.839 4.339 4.657 4.586 4.867 5:243 4.976 4.654 4.560 4.608 4.720 4.710 4.600 4.590 4.534 4.730 4.660 4835 4.996

n 0.041 0.011 0.044 0.042 0.036 0.013 0.013 0.007 0.045 0.034 0.044 0.058 0.042 0.045 0.045 0.043 0.026 0.018 0.037 0.002

Fe 0.895 0.723 0.789 0.772 0.737 0.819 0.474 0.547 0.599 0.828 0.691 0.655 0.878 0.634 6.393 0.875 0.670 0.602 0.589 0.495

Mn 0.042 0.029 0.033 0.019 0.030 0.017 0.012 0.009 0.016 0.018 0.019 0.020 0.017 0.010 0.029 0.027 0.026 0.015 0.009 0.006

Mg 0.224 0.347 0.437 0.383 0.360 0.273 0.100 0.204 0.359 0.362 0.369 0.331 0.329 0.335 0.400 0.424 0.353 0.302 0.275 0.199

Ne 0.018 0.045 0.028 0.040 0.041 0.075 0.080 0.065 0.080 0.035 0.036 0.053 0.074 0.089 0.024 0.031 0.030 0.036 0.064 0.D78

K 1.784 1.972 1.898 1.958 2.004 1.951 1.951 1.953 1.939 1.954 2.022 2.083 1.989 1.915 1.819 1.952 1.799 1.545 1.926 1.942

F 0.823_ O.20L 0.282 _D.38'- 0.360_~ ---.JI,083 __ 0.280 0.451 0.327_ 0.398 0.380 0.243 0.401 0.457 0.445 0.244 0.183 0.151
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COmposition of muscovite from Lacome pluton
\\ Muscovite

Biotite monzogranlte Two-mlca monzogranlte monzogranite
!lIIIJ!!! eee 872 873 873 652 652 652 692 692 692 707 707 707 ~42 __742 603 633 637 637 646

SlO2 48.49 48.63 45.62 45.60 48.49 48.72 48.96 47.19 48.54 46.04 45.65 46.60 46.74 46.69 46.42 45.99 47.15 47.32 46.01 46.31

N203 32.08 29.69 26.02 - 31.35 31.36 31.61 26.00 27.36 27.05 27.51 27.21 26.27 26.60 30.66 30.93 31.33 31.05 31.20 30.42

Ti02 0.01 0.13 0.48 0.61 0.27 0.21 0.26 0.10 0.44 0.47 0.52 0.34 0.36 0.24 0.13 0.49 0.50 0.31 0.31 0.32

FoO 4.36 6.18 8.25 6.25 4.66 4.74 4.85 6.71 6.73 7.04 7.00 6.60 6.71 6.26 4.61 5.41 6.14 5.07 4.65 5.84

MIlO 0.08 0.09 0.21 0.20 0.09 0.09 0.08 0.30 0.25 0.26 0.25 0.26 0.24 0.16 0.09 0.25 0.22 0.16 0.14 0.15

MgO 1.08 1.17 1.73 1.66 1.08 0.98 1.01 1.65 1.78 1.73 1.66 1.74 1.59 1.29 0.69 1.00 0.74 0.60 0.72 0.76

Na20 0.21 0.21 0.19 0.21 0.23 0.20 0.24 0.08 0.15 0.15 0.09 0.12 0.14 0.25 0.29 0.14 0.24 0.14 0.16 0.24

K20 9.61 11.46 11.37 11.10 10.19 10.54 10.66 11.43 11.34 11.30 11.61 11.39 11.13 10.85 10.69 11.34 10.32 11.30 10.36 11.13

F 0.25 0.17 0.73 0.91 0.36 0.43 0.18 0.54 0.84 0.66 0.76 1.03 0.87 0.36 0.23 0.47 0.57 0.41

OH 4.50 4.36 4.28 4.30 4.50 4.46 4.45 4.35 4.30 4.27 4.27 4.31 4.34 4.35 4.37 4.46 4.43 4.45 4.37

96.09 94.92 94.80 85.12 98.72 85.37 96.17 85.90 85.43 94.94 85.07 85.69 96.07 94.66 84.18 95.93 96.67 96.44 96.\6 85.56

FaO 0.11 0.07 0.31 0.36 0.16 0.18 0.07 0.23 0.35 0.37 0.33 0.43 0.37 0.00 0.00 0.16 0.10 0.20 0.24 0.17

ToIaI 85.96 94.65 94.49 94.74 96.56 85.19 96.10 96.67 85.08 94.57 94.74 85.26 85.70 94.66 94.18 95.n 96.n 96.24 85.92 85.41

SI 6.451 6.412 6.407 6.355 6.482 6.357 6.324 6.506 6.460 6.465 6.467 6.511 6.447 6.451 6.366 6.284 6.337 6.402 6.459 6.354

IYAI 1.549 l.eee 1.693 1.645 1.536 1.543 1.676 1.494 1.520 1.535 1.593 1.469 1.553 1.549 1.614 1.716 1.663 1.598 1.541 1.846

vtAl 3.48' 3.257 3.024 3.049 3.365 3.366 3.373 3.054 2.670 2.942 2.956 2.973 3.042 3.'42 3.359 3.265 3.299 3.352 3.400 3.273

'A1 6.030 4.945 4.617 4.694 4.923 5.026 6.049 4.549 4.490 un 4.55' 4.462 4.685 4.89' 4.972 4.981 4.962 4.950 4.947 4.919

TI 0.001 0.0.3 0.050 0.084 0.027 0.021 0.026 0.010 0.046 0.049 0.055 0.036 0.040 0.025 0.014 0.050 0.051 0.031 0.03\ 0.033

Fe 0.488 0.896 0.73' 0.726 0.619 0.536 0.556 0.n3 0.763 0.627 0.621 0.792 0.n4 0.726 0.853 0.618 0.690 0.574 0.523 0.670

Mn 0.009 0.010 0.025 0.023 0.0'0 0.011 0.009 0.035 0.026 0.034 0.030 0.031 0.026 0.02' 0.011 0.029 0.025 0.020 0.016 0.017

Mg 0.214 0.246 0.361 0.345 0.211 0.198 0.203 0.3'9 0.369 0.362 0.347 0.362 0.327 0.266 0.'63 0.205 0.149 0.121 0.145 0.155

Na 0.054 0.056 0.052 0.057 0.050 0.054 0.082 0.022 0.041 0.041 0.025 0.033 0.036 0.067 o.on 0.037 0.062 0.036 0.045 0.063

K 1.6.3 2.009 2.026 1.674 1.732 1.648 1.635 2.0'0 2.015 2.024 2.076 2.022 1.859 t.930 1.911 t.9n 1.769 1.949 1.762 t.946

F 0.105_ 0.076 0.326 0.402 0.160 0.187 0.089 0.233 0.359 0.390 0.347 0.453 0.380 0.184 0.096 0.200 0.243 0.176
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Composnlon of muscovne trom Lacome pluton
Muscovne
monzogranlte Apllte AplIIelpegmallle

8arnp!e 848 684 684 684 701 608 608 6248 6248 640 646A 6468 6460 7090 710 710 710 1001
Lepldolite

8lO2 <48.01 47.<48 <48.33 <48.43 45.95 47.57 <48.76 45.95 45.76 45.39 46.12 47.19 46.53 45.67 51.99 53.34 47.35 45.55

AI203 31.43 30.26 32.63 32.47 30.61 34.69 33.63 30.16 31.35 26.62 32.10 31.67 30.60 34.43 31.52 25.92 37.26 32.12

TlO2 0.34 0.27 0.15 0.20 0.62 0.11 0.09 0.00 0.01 0.40 0.15 0.19 0.37 0.00 0.00 0.00 0.00 0.11

FeO 5.26 4.61 3.97 4.47 6.27 4.05 3.74 5.26 4.64 6.75 4.17 4.25 4.61 1.99 0.44 0.51 0.17 3.79

MIlO 0.10 0.13 0.06 0.06 0.35 0.27 0.14 0.32 0.25 0.15 0.12 0.15 0.10 0.22 0.54 0.69 0.12 0.14

MgO 0.72 0.64 0.65 0.61 1.03 0.32 0.30 0.25 0.14 0.41 0.49 0.72 0.62 0.01 0.00 0.00 0.00 0.39

Na20 0.37 0.22 0.41 0.25 0.13 0.24 0.17 0.16 0.13 0.16 0.33 0.26 0.28 0.34 0.21 0.14 0.14 0.44

K20 11.34 10.&6 10.66 11.09 10.76 9.14 6.91 11.15 11.29 11.16 11.34 10.96 11.25 11.42 6.75 6.67 9.76 10.66

F 0.34 0.58 0.67 0.51 0.46 0.60 0.55 3.42 5.75 0.29

OH 4.39 4.43 4.44 4.43 4.39 4.55 4.43 4.39 4.43 4.38

95.93 94.67 95.10 95.60 96.30 97.46 94.25 93.25 93.47 93.28 95.30 95.99 95.31 94.26 96.67 95.42 95.11 93.42

F.o 0.14 0.00 0.00 0.00 0.24 0.37 0.21 0.00 0.00 0.00 0.20 0.25 0.23 0.00 1.44 2.42 0.12 0.00

Tol8I 95.79 94.67 95.10 95.60 96.06 97.09 94.04 93.25 93.47 93.26 95.10 95.74 95.06 94.26 95.43 93.00 94.99 93.42

SI 8.276 6.<489 6.261 6.262 6.2n 6.260 6.324 6.417 6.351 6.401 6.299 6.363 6.371 6.225 6.676 7.356 6.227 6.290

!vAl 1.724 1.531 1.719 1.716 1.723 1.740 1.676 1.583 1.649 1.599 1.702 1.617 1.629 l.n5 1.124 0.644 l.n3 1.710

vtAl 3.326 3.335 3.495 3.480 3.204 3.673 3.665 3.381 3.479 3.190 3.464 3.430 3.341 3.733 3.790 3.569 4.006 3.518

'A1 5.052 4.665 5.215 5.176 4.927 5.412 5.381 4.964 5.126 4.789 5.166 5.046 4.970 5.508 4.914 4.213 5.n9 5.226

11 0.035 0.003 0.015 0.020 0.064 0.011 0.009 0.000 0.001 0.042 0.016 0.019 0.038 0.000 0.000 0.000 0.000 0.012

Fe 0.602 0.848 0.450 0.506 0.717 O._ 0.423 0.614 0.527 0.796 0.476 0.461 0.527 0.225 0.049 0.059 0.019 0.438

Mn 0.012 0.016 0.604 0.009 0.041 0.030 0.016 0.038 0.030 0.016 0.014 0.017 0.012 0.026 0.061 0.104 0.014 0.017

Mg 0.1<48 0.171 0.131 0.123 0.210 0.083 0.061 0.051 0.030 0.086 0.100 0.145 0.166 0.002 0.000 0.000 0.000 0.060

Na 0.096 0.058 0.106 0.086 0.034 0.061 0.044 0.042 0.034 0.049 0.067 0.086 0.074 0.090 0.053 0.037 0.035 0.119

K 1.973 1.689 0.166 1.914 1.675 1.535 1.538 1.967 1.998 2.010 1.967 1.890 1.964 1.9n I.4n 1.561 1.637 1.916

F 0.145 0.251 Q,381 . JI.216 0.207 0.255 0.237 1.432 2.509 0.119
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Composition of feldspar from Lacome pluton

Biotite monzogranlte
8antp!e 813 813 813 814 814 818 818 817 817 820 820 820 820 821 821 821 821'\ 821,\ 821'\ 822

SI02 88.81 88.98 84.78 85.07 84.85 88.08 85.01 88.87 84.52 88.89 88.99 88.70 84.94 85.74 85.17 84.99 85.84 88.10 84.73 88.20

Al203 21.32 21.25 18.20 21.43 17.98 21.11 17.82 19.94 18.57 19.83 20.93 21.43 17.85 21.43 17.82 18.00 21.50 20.13 18.30 21.88

Na20 10.17 10.05 0.29 10.07 0.33 10.18 0.37 11.31 0.49 10.94 10.29 9.91 0.34 9.90 0.53 0.34 10.57 10.37 0.40 9.35

K20 0.15 0.08 17.08 0.08 18.99 0.19 17.08 0.08 18.48 0.08 0.05 0.08 18.94 0.17 18.97 17.23 0.08 0.13 18.98 0.17

cao 2.10 2.38 0.00 2.75 0.00 2.35 0.03 0.59 0.02 0.74 1.80 2.28 0.01 2.72 0.00 0.00 2.85 2.28 0.00 3.11

Talai 100.85 100.72 100.33 90.41 99.93 99.92 100.31 100.77 100.08 100.08 100.05 100.35 100.08 99.98 100.29 100.58 100.82 99.01 100.41 100.51

81 2.912 2.914 2.997 2.879 3.003 2.904 3.008 2.983 2.888 2.991 2.928 2.808 3.007 2.890 3.018 3.002 2.880 2.931 2.992 2.889

Al 1.098 1.090 0.993 1.118 0.983 1.094 0.972 1.018 1.013 1.007 1.078 1.101 0.974 1.110 0.981 0.980 1.109 1.052 0.997 1.118

Na 0.980 0.848 0.028 0.884 0.030 . 0.887 0.033 0.950 0.0« 0.924 0.872 0.835 0.030 0.844 0.047 0.030 0.898 0.892 0.038 0.791

K 0.008 0.004 1.007 0.005 1.007 0.011 1.008 0.003 0.971 0.004 0.003 0.003 1.001 0.010 1.002 1.015 0.003 0.007 1.001 0.010

ca 0.098 0.110 0.130 0.112 0.002 0.028 0.001 0.035 0.084 0.107 0.001 0.128 0.000 0.000 0.124 0.108 0.000 0.145

Ab 88.98 88.11 2.50 88.45 2.87 88.00 3.00 98.84 4.35 95.95 90.89 88.40 2.92 88.00 5.00 3.00 87.57 88.54 3.44 84.00

Or 0.88 0.48 97.50 0.50 97.11 1.00 97.00 0.35 95.54 0.« 0.32 0.35 97.02 1.00 95.00 97.00 0.31 0.72 98.54 \.00

An 10.15 11.43 0.00 13.05 11.00 0.00 2.81 0.11 3.81 8.79 11.24 0.08 13.00 12.1a 10.74 15.00
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Composition of feldspar from Lacome pluton
Two·mlca

Biotite monzogranlte monzogranite
8aJŒ!o 822 630 630 634 634 634 665 665 666 666 673 673 673 673 742 742 742 652 652 652

8lO2 65.25 67.02 65.42 68.27 68.52 65.51 66.51 64.97 68.32 65.70 66.62 67.52 64.26 64.93 69.07 67.48 65.66 66.97 65.68 68.46

Al203 18.38 20.81 18.18 20.78 21.41 17.99 20.62 18.28 21.43 18.14 20.54 20.14 18.32 18.33 19.57 20.57 17.62 20.97 17.05 21.31

N820 G.41 10.02 0.89 9.28 9.15 0.42 9.87 0.31 9.50 0.35 10.50 11.03 0.26 0.42 10.66 10.30 0.39 10.93 0.36 10.30

K20 16.87 0.18 18.66 0.28 0.25 16.87 0.23 17.05 0.21 16.60 0.08 0.05 17.30 16.89 0.15 0.08 16.45 0.09 18.78 0.12

cao 0.00 2.22 0.00 2.98 2.87 0.00 2.08 0.00 2.51 0.00 1.93 0.50 0.00 0.02 0.71 1.60 0.00 2.09 0.01 2.50

Tolal 100.91 99.85 100.85 99.80 100.20 100.49 99.28 100.59 99.97 100.79 99.57 99.24 100.16 100.59 100.16 100.01 100.32 100.95 99.66 100.69

81 2.997 2.936 3.004 2.920 2.907 3.014 2.932 2.997 2.908 3.012 2.932 2.989 2.964 2.994 3.002 2.948 3.032 2.919 3.044 2.998

AI 0.985 1.059 0.964 1.078 1.103 0.975 1.072 0.993 1.106 0.960 1.086 1.044 1.003 0.998 1.002 1.059 0.956 1.086 0.931 1.096

Na 0.037 0.852 0.052 0.791 0.775 0.037 0.643 0.028 0.607 0.031 0.898 0.840 0.025 0.037 0.699 0.873 0.034 0.916 0.032 0.872

K 0.989 0.010 0.978 0.015 0.014 0.972 0.013 1.004 0.012 0.971 0.005 0.003 1.025 0.994 0.009 0.003 0.968 0.005 0.992 0.007

ca 0.000 0.105 0.000 0.140 0.135 0.000 0.098 0.000 0.118 0.000 0.066 0.024 0.000 0.001 0.033 0.075 0.000 0.097 0.001 0.117

AIJ 3.56 56.18 5.09 83.70 64.00 4.00 56.43 2.66 66.16 3.09 90.60 97.26 2.39 3.60 95.56 91.75 3.44 69.94 3.16 87.57

Or 96.44 1.03 94.91 1.60 1.60 98.00 1.34 97.32 1.28 98.91 0.45 0.31 97.61 96.29 0.91 0.35 96.56 0.49 96.60 0.67

An 10.62 14.80 14.50 10.22 0.00 12.69 8.74 2.43 0.11 3.53 7.90 9.57 0.05 Il.76
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Composition of feldspar from Lacorne pluton
Two·mlca

monzogranlte Muscovite monzogranlte
!!anJ>!e 652 652 652 652 652 872 672 701 701 707 707 603 603 603 603 633 633 633 633 633

Si02 66.67 87.66 66.48 66.25 65.lU 65.59 65.42 87.23 lU.73 66.07 lU.74 66.67 60.92 65.30 65.30 67.40 65.59 67.14 64.n 64.56

Al203 20.39 20.38 19.66 17.59 17.78 21.19 16.76 20.91 16.04 20.64 16.30 20.60 20.42 18.04 16.23 20.52 16.17 20.14 16.14 17.60

Na20 10.48 10.73 11.49 0.29 0.38 10.16 0.43 10.27 0.20 10.37 0.51 10.37 10.38 0.35 0.39 10.43 0.33 10.56 0.23 0.41

K20 0.10 0.07 0.04 16.14 16.29 0.05 16.70 0.07 18.56 0.07 17.01 0.18 0.05 17.08 18.87 0.05 18.78 0.05 17.04 16.79

cao 2.23 1.82 0.96 0.00 0.00 2..'19 0.00 1.95 0.11 2.08 0.00 1.60 1.70 0.00 0.00 1.64 0.00 1.62 0.00 0.00

100.07 100.58 100.95 100.27 100.28 99.29 99.31 100.43 99.64 99.41 100.56 100.08 99.47 100.75 100.79 100.24 100.87 99.73 100.16 99.56

SI 2.932 2.943 2.989 3.042 3.029 2.899 3034 2.931 3.005 2.915 2.900 2.927 2.944 3.007 3.003 2.942 3.010 2.940 3.000 3.008

Al 1.054 1.048 1.020 0.952 0.983 1.104 0.018 1.074 0.967 1.093 0.996 l.on 1.059 0.979 0.966 1.056 0.963 1.053 0.900 09n

Na 0.891 0.908 0.966 0.025 0.034 0.871 0.039 0.666 0.018 0.667 0.048 0.660 0.665 0.031 0.035 0.662 0.029 0.899 0.020 0.037

K 0.008 0.004 0.002 0.948 0.955 0.003 0.966 0.004 0.961 0.004 1.1.02 0.009 0.003 1.002 0.900 0.003 0.962 0.003 1.007 0.998

ca 0.105 0.065 0.045 0.000 0.109 0.091 0.008 0.097 0.000 0.084 0.080 0.066 0.000 0.066 0.000

Al> 98.01 91.09 95.28 2.82 3.43 66.65 3.n 90.12 1.81 89.79 4.34 90.41 91.43 3.02 3.39 90.83 2.67 91.02 1.96 3.60

Or 0.55 0.38 0.24 97.37 98.83 0.30 98.23 0.40 97.83 0.37 95.88 0.92 0.29 98.96 98.81 0.29 97.13 0.31 96.01 98.40

M 10.« 8.64 4.48 11.05 0.00 9.48 0.88 9.64 8.87 8.28 0.00 0.00 8.66 0.00 8.87 0.01 0.00
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Composition of feldspar from Lacorne pluton

Muscovite monzogranlte Apllte-pegmatlle
8aI!Jl!o 837 837 648 648 648 648 648 884 884 884 606 606 624B 640 640646A 646A 646B 646B 646C

8lO2 68.24 64.68 68.84 65.02 67.06 68.06 05.29 69.29 68.94 65.49 69.42 65.34 68.52 67.72 65.17 69.03 68.73 68.46 68.52 67.49

A1203 20.65 18.25 20.98 18.01 20.57 20.31 16.17 19.70 20.83 18.21 19.34 18.01 18.70 19.58 17.93 19.46 19.19 19.72 19.51 20.76

Na20 10.57 0.40 10.89 0.38 10.72 IU5 0.42 10.92 10.45 0.39 11.07 0.35 11.59 11.41 0.43 11.25 11.41 11.43 11.45 10.33

K20 0.08 16.91 0.06 17.09 0.06 0.05 16.97 0.05 0.07 16.59 0.06 16.71 0.05 0.04 16.79 0.05 0.06 0.05 0.06 0.19

cao 1.92 0.00 1.77 0.00 1.53 0.97 0.02 0.68 1.77 0.02 0.48 0.00 0.25 0.94 0.00 0.28 0.36 0.50 0.55 1.65

Tolai 99.38 100.22 100.34 100.48 99.98 100.84 100.87 100.84 100.06 100.70 100.37 100.41 99.11 99.59 100.32 100.07 99.77 100.18 100.09 100.44

SI 2.923 2.993 2.915 3.003 2.938 2.958 3.002 2.999 2.929 3.003 3.012 3.012 3.018 2.975 3.010 3.005 3.006 2.984 2.991 2.940

Al 1.074 0.998 1.061 0.981 1.092 1.040 0.984 1.005 1.074 0.984 0.989 0.978 0.971 1.014 97.630 0.998 0.989 1.013 1.004 1.067

Na 0.904 0.038 0.924 0.033 0.911 0.948 0.038 0.917 0.687 0.035 0.931 0.032 0.969 0.972 0.039 0.950 0.967 0.966 0.969 0.874

K 0.004 0.996 0.005 1.007 0.005 0.003 0.995 0.003 0.004 0.971 0.003 0.983 0.003 0.003 0.969 0.003 0.005 0.003 0.003 0.011

ca 0.068 0.000 0.083 0.000 0.072 0.045 0.001 0.032 0.083 0.001 0.022 0.000 0.012 0.040 0.013 0.017 0.023 0.026 0.077

Al> 91.00 4.00 91.33 3.12 92.28 95.16 3.65 98.38 91.07 3.49 97.00 3.00 98.57 95.64 3.75 98.34 97.65 97.38 97.09 90.67

Or 0.50 98.00 0.45 98.68 0.48 0.29 98.28 0.28 0.41 96.43 0.50 97.00 0.27 0.25 98.25 0.30 0.46 0.28 0.34 1.12

An 8.50' -. 0.00 8.21 0.00 7.25 4.53 0.09 3.33 8.52 0.06 2.50 1.16 3.92 1.36 1.68 2.34 2.56 6.01
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Composition of feldspar from Lacorne pluton

Apllte-pegmatlte Albltlte
l!!mfl! 64llC 64llC 646C 64llC 7090 7090 1001 1001 721 722 722 723 724 724 7728 7728

Si02 64.52 68.38 67.68 67.75 68.75 68.68 68.12 68.00 68.16 68.76 68.94 68.61 69.24 69.35 68.32 00.16

AJ203 18.22 20.01 20.90 20.48 19.20 19.09 16.94 19.21 19.94 19.44 19.68 20.52 19.90 19.44 16.9' 23.76

Na20 0.67 10.61 10.32 10.32 Il.59 Il.68 1\.71 Il.62 11.33 11.61 Il.49 Il.34 11.31 11.24 11.40 7.95

/) K20 16.65 0.10 0.09 0.10 0.06 0.05 0.13 0.06 0.05 0.00 0.00 0.06 0.00 0.00 0.04 0.04

cao 0.00 0.76 \.70 1.67 0.38 0.38 0.29 0.45 0.45 0.'4 0.26 0.25 0.23 0.30 0.42 6.14
T.... 100.26 100.06 100.67 100.32 100.00 89.74 99.19 89.96 89.93 89.95 '00.37 100.76 100.66 100.33 89.09 96.09

SI 2.989 2.961 2.941 2.952 3.003 3.006 3.002 2.999 2.976 3.000 2.990 2.966 2.996 3.010 3.006 2.723

AI 0.995 1.026 1.068 1.052 0.989 0.965 0.994 0.990 1.027 1.000 1.006 1.046 1.015 0.995 0.903 1.266

Na 0.060 0.914 0.867 0.672 0.962 0.983 1.001 0.965 0.060 0.982 0.966 0.951 94.910 94.630 0.974 0.697

K 0.996 0.005 0.005 0.006 0.005 0.003 0.007 0.004 0.003 0.000 0.000 0.003 0.000 0.000 0.002 0.002

ca 0.000 0.038 0.079 0.078 0.016 0.017 0.014 0.021 0.021 0.006 0.123 0.012 0.011 0.0'4 0.020 0.298

Ab 5.68 95.71 91.19 91.28 97.77 98.04 97.96 97.51 98.00 99.00 99.00 96.00 99.00 98.00 97.79 69.9'

or 94.31 0.56 0.53 0.57 0.45 0.30 0.69 0.42 0.00 0.00 0.50 0.00 0.00 0.24 0.24

An 3.73 6.28 8.15 1.77 1.67 1.35 2.07 2.00 1.00 1.00 1.50 1.00 1.96 29.85

e
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Composition of gamet from Lacorne pluton

Biotite monzogranlte
8an'1l!e 813 813 813 813 830 831 831 831 834 834 834 834 834 834 834 834 834 834 665 665

8102 38.78 38.85 38.83 38.88 38.67 38.69 38.62 38.77 38.39 38.88 38.72 38.88 38.84 38.88 38.31 38.18 38.81 38.83 38.47 38.38

AI203 19.97 20.08 20.08 20.09 19.78 20.16 19.49 20.41 20.27 20.18 20.42 20.11 19.97 20.24 20.04 19.97 19.98 20.14 20.24 19.87

TI02 0.08 0.07 0.05 0.02 0.05 0.03 0.17 0.02 0.01 0.02 0.03 0.16 016 0.22 0.03 0.10 0.03 0.02 0.03 0.12

FeO lè.80 18.82 19.11 19.72 18.27 19.76 18.69 21.32 24.79 24.41 24.67 24.14 23.68 20.41 20.82 22.84 24.62 25.18 19.80 17.01

Fo203 0.97 0.85 0.98 0.73 1.08 0.71 1.31 0.62 0.24 0.39 0.19 0.58 0.87 0.24 0.50 0.54 0.69 0.56 057 0.88

MgO 0.50 0.48 0.49 0.37 0.44 0.42 0.49 0.40 0.38 0.40 0.37 0.39 0.38 0.39 0.37 0.37 0.35 0.35 0.47 0.44

MIlO 21.82 21.20 21.51 20.70 21.26 20.82 23.49 19.27 18.22 18.31 18.87 17.35 17.16 20.90 20.44 18.35 18.35 15.72 21.77 24.33

ceo 1.58 1.57 1.83 1.34 1.85 \.73 1.17 1.83 0.70 0.81 0.85 0.67 0.67 0.35 0.42 0.50 0.56 0.69 0.88 0.80

10lIl 100.08 99.90 100.58 99.85 99.27 100.00 9ll..23 100.54 98.98 98.98 99.82 99.95 99.67 99.83 98.93 98.85 99.19 99.47 100.23 99.81

Si &.045 8.057 8.033 8.052 8.057 8.021 &.066 &.013 8.030 8.048 8.045 8.031 8.072 8.066 8.030 6.013 6.08\ 6.066 6.002 6.018

AI 3.870 3.888 3.873 3.908 3.881 3.981 3.816 3.934 3.959 3.931 3.981 3.898 3.880 3.923 3.923 3.912 3.895 3.100 3.926 3.875

n 0.010 0.009 0.008 0.003 0.008 0.004 0.021 0.003 0.002 0.002 0.003 0.019 0.019 0.027 0.004 0.013 0.004 0.002 0.00< 0.015

F02+ 2.657 2.588 2.818 2.721 2.531 2.718 2.305 2.918 3.435 3.378 3.382 3.321 3.290 2.807 2.891 3.174 3.409 3.465 2.725 2.354

Fe3> 0.120 0.105 0.121 0.091 0.133 0.088 0.184 0.084 0.030 0.049 0.023 0.072 0.083 0.030 0.083 0.088 0.088 0.089 0.071 0.110

Mg 0.123 0.118 0.120 0.091 0.109 0.103 0.121 0.098 0.088 0.099 0.091 0.097 0.088 0.095 0.09\ 0.092 0.088 0.087 0.115 0.109

Mn 3.011 2.952 2.985 0.289 2.981 2.874 3.305 2.870 2.278 2.285 2.327 2.418 2.395 2.911 2.875 2.584 2.293 2.193 3.035 3.410

ce 0.276 o.m 0.2&9 0.237 0.328 0.305 0.208 0.321 0.124 0.109 0.114 0.100 0.101 0.082 0.074 0.088 0.103 0.122 0.155 0.142

AJm 42.88 43.81 43.70 45.79 42.54 45.29 38.81 48.57 67.95 67.61 57.18 55.93 65.9\ 47.62 48.71 53.49 57.81 59.01 45.18 39.14

Prp ·2.05 1.98 2.00 1.53 1.83 1.72 2.04 1.82 1.50 1.88 1.54 1.81 1.51 1.83 1.54 1.54 1.47 1.47 1.91 1.80

0 .. 1.34 1.78 \.30 1.82 2.02 2.78 3.89 1.24 0.43 1.07 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.72 0.00

SpI 50.48 49.16 49.82 48.89 50.11 47.90 55.85 44.48 38.45 38.97 39.38 40.78 40.88 49.69 48.48 43.47 38.97 37.44 50.33 58.70

MI 3.27 2.88 3.18_ 2-37 ~50_ 2,30- 3c61_ \,lIIi _ OJIS _ 1.41 0.l7 _ 1.~_1.72 - 1.05 _1.211. \.50. 1.75 2.05 \.85 2.36

f\,
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Composition of gamet from Lacome pluton

.Biotite monzogranlte Two·mlca monzogranlte
!!In'de 665 665 673 675 552 552 552 552 552 552 672 672 672 672 672 672 672 672 672 t72

8i02 36.41 36.63 36.57 36.59 36.76 36.77 36.76 36.54 36.91 36.72 36.67 36.41 36.69 36.54 36.63 36.54 36.49 36.19 36.26 36.44
Al203 19.62 20.43 20.06 19.93 19.66 19.92 19.64 20.34 19.77 19.67 19.80 20.09 20.04 20.21 20.23 20.63 20.34 19.96 19.64 19.63

TlO2 0.\9 0.01 0.06 0.02 0.06 0.11 0.03 0.00 0.05 0.06 0.12 0.07 0.06 0.05 0.06 0.01 0.07 0.'3 0.06 0.10

FeO 17.67 \9.41 19.62 22.71 23.73 23.73 23.64 23.76 23.2\ 24.16 20.50 21.36 2\.41 22.63 23.01 24.16 24.40 23.46 22.95 23.15

Fe203 0.97 0.40 o.n 0.66 1.21 0.80 0.96 0.40 1.06 1.07 1.05 0.50 0.80 0.51 0.55 0.00 0.29 0.49 1.01 1.06
MgO 0.45 0.49 0.66 0.80 0.46 0.50 0.53 0.44 0.55 0.46 0.51 0.57 0.52 0.53 0.50 0.52 0.51 0.47 0.51 0.42

MIlO 23.96 22.03 20.77 16.64 16.66 16.90 16.61 17.75 17.00 17.24 19.67 19.17 16.70 1&.21 17.76 \7.01 16.94 17.39 17.69 17.46

0.0 0.55 0.64 0.99 1.26 0.62 0.52 0.51 0.69 0.56 0.57 0.76 0.79 0.62 0.79 0.79 0.59 0.65 0.72 0.65 0.66

ToIaI \00.34 \00.34 99.69 99.16 99.44 99.26 99.22 99.64 99.16 100.19 99.50 96.96 96.66 99.67 99.75 99.56 99.69 96.63 96.6' 96.96

SI 6.002 6.006 6.032 6.056 6.093 6.067 6.064 6.021 6.1\3 6.052 6.091 6.043 6.062 6.030 6.061 6.031 6.020 6.026 6.055 6.071

Al 3.656 3.649 3.903 3.666 3.642 3.866 3.676 3.950 3.559 3.660 3.555 3.929 3.915 3.93\ 3.924 4.002 3.955 3.922 3.663 3.654

1\ TI 0.024 0.00\ 0.007 0.003 0.006 0.0\4 0.004 0.000 0.006 0.007 0.015 0.009 0.010 0.006 0.007 0.001 0.009 0.016 O.QIO 0.013

Fe2. 2.43& 2.662 2.734 3.143 3.266 3.265 3.316 3.276 3.214 3.333 2.632 2.965 2.966 3.152 3.167 3.329 3.366 3.266 3.204 3.226
1\

Fe3+ 0.\20 0.050 0.099 0.1\0 0.\50 0.\00 0.122 0.050 0.135 0.133 0.130 0.062 0.076 0.063 0.069 0.000 0.036 0.062 0.'27 0.133

Mg 0.1\\ 0.120 0.167 0.197 0.1\9 0.123 0.131 0.106 0.136 0.116 0.126 0.141 0.129 0.130 0.123 0.129 0.125 0.117 0.127 0.104

Mn 3.346 3.06\ 2.902 2.375 2.369 2.370 2.331 2.476 2.365 2.407 2.761 2.695 2.626 2.546 2.479 2.372 2.367 2.454 2.501 2.467

0. 0.150 0.155 0.\75 0.227 0.1\0 0.092 0.091 0.122 0.103 0.10\ 0.136 0.105 0.146 0.140 0.139 0.104 0.115 0.129 0.116 0.121

Alm 40.29 44.3\ 45.74 52.69 55.67 55.96 56.51 54.73 55.06 55.93 46.19 49.91 50.66 52.61 53.61 56.11 56.35 54.77 53.66 54.5'

Prp 1.63 \.99 2.60 3.32 2.0\ 2.10 2.23 1.62 2.33 1.96 2.14 2.36 2.20 2.17 2.09 2.'4 2.06 1.95 2.13 1.76

Ore 0.00 \.46 0.50 0.96 0.00 0.00 0.00 41.42 0.00 0.00 0.00 0.56 0.32 0.61 0.43 1.72 0.79 0.20 0.00 0.00

SpI 55.39 50.64 46.54 39.97 40.26 40.37 39.71 0.73 46.55 40.40 47.32 45.36 44.75 42.66 41.96 39.98 36.63 41.'2 42.05 41.66

Mt _ :lM 1.27 2.43 2.64 \.67 1.57 1.54 1.3\ 1.75 1.69 2.35 1.63 167 1.64 1.74 0,0\ 1.04 1.96 1.95 2.05
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Composition of gamet from Lacome pluton

Two-mlca monzogranlte
!lIIIJl!e 872 7111 7111 7111 7111 7111 7111 7111 707 707 742 742 742 742 742 692 692 692 692

Si02 36.28 38.&1 :18.61 36.66 36.29 36.37 36.60 36.64 36.67 36.36 36.64 37.21 36.66 36.60 37.00 37.60 37.29 37.66 37.16

AI203 18.62 20.06 20.33 18.64 20.06 18.70 18.72 19.76 20.06 18.81 18.66 18.67 18.13 18.36 18.37 20.44 20.12 20.34 20.53

TI02 0.03 0.04 0.03 0.06 0.06 0.14 0.09 0.11 0.04 0.06 0.05 0.03 0.01 0.10 0.02 0.02 0.111 0.06 0.04

FeO 23.87 17.80 18.17 18.11 19.73 16.52 18.37 18.66 17.60 18.45 24.18 24.36 24.57 25.06 23.64 20.67 18.54 20.63 21.39

Fa203 0.78 0.73 0.45 0.80 0.61 0.85 1.18 1.07 0.72 0.82 1.06 1.06 1.84 1.37 1.66 0.69 0.92 0.79 0.44

MgO G.48 0.48 0.48 0.60 0.48 0.40 0.43 0041 0.44 0.60 0.43 0.60 0.47 0.63 0.47 0.57 0.60 0.57 0.52

MnO 18.64 23.04 22.71 21.88 21.63 23.85 24.52 23.70 22.94 21.33 18.98 15.87 15.91 15.13 18.42 19.99 21.66 19.58 19.78

cao 9.70 1.05 1.17 0.64 0.63 0.98 1.05 1.14 1.09 1.00 0.57 0.49 0.66 0.64 0.54 0.91 0.64 0.95 0.63

ToI8I 98.66 99.71 99.93 99.70 99.88 98.99 99.64 99.51 99.58 99.47 99.97 99.43 99.37 98.71 99.34 100.79 100.24 100.58 100.69

BI 8.055 6.029 8.022 8.054 8.006 8.053 8.036 8.063 8.052 8.028 8.1115 8.136 6.110 8.098 6.136 8.092 8.098 6.121 6.058

Al 3.898 3.904 3.941 3.661 3.918 3.684 3.8« 3.654 3.906 3.666 3.684 3.663 3.755 3.615 3.787 3.914 3.878 3.898 3.941

n 0.004 0.005 0.004 0.006 0.006 0.018 0.011 0.014 0.005 0.010 0.006 0.004 0.001 0.013 0.003 0.002 0.009 0.007 0.005

Fol. 3.348 2.458 2.499 2.638 2.731 2.299 2.284 2.308 2.430 2.698 3.336 3.363 3.423 3.500 3.306 2.609 2.535 2.804 2.914

Fe3+ 0.098 0.091 0.005 0.111 0.1118 0.118 0.144 0.133 0.098 0.\02 0.130 0.134 0.243 0.173 0.210 0.084 0.114 0.097 0.054

Mg 0.114 0.118 0.113 0.123 0.114 0.099 0.106 0.101 0.106 0.124 0.106 0.123 0.117 0.132 0.118 0.136 0.\48 0.136 0.126

Mn 2.352 3.229 3.184 3.034 3.032 3.378 3.436 3.322 3.207 2.994 2.369 2.217 2.245 2.141 2.306 2.751 3.028 2.698 2.727

ca 0.125 0.166 0.206 0.149 0.147 0.171 0.166 0.202 0.193 0.176 0.101 0.069 0.118 0.115 0.098 0.158 0.147 0.165 0.145

AJm 58.34 41.111 41.78 44.38 45.33 36.66 37.78 36.80 40.92 45.00 58.43 58.06 57.99 59.48 58.78 47.66 43.29 48.32 49.30

PlP 1.93 1.87 1.88 2.07 1.66 1.67 l.n 1.70 \.82 2.06 1.79 2.12 1.98 2.24 1.99 2.36 2.50 2.36 2.14

011 0.00 0.70 1.87 0.00 0.36 0.00 0.00 0.00 0.87 0.16 0.00 0.00 0.00 0.00 0.00 0.49 0.00 0.17 0.98

SpI 38.62 53.85 52.88 51.04 60.34 58.79 57.34 55.99 54.01 48.98 40.06 38.30 36.03 38.36 39.59 48.98 51.70 48.45 48.12,.. _2.11 _ 2MI . l c48. 2-.60_ 2-06. 2.88. ".IL ..3.41 _2.36 2.80 1.70 1.50 2.00 1.85 1.65 2.21 2.51 2.69 1.49
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Composnlon of gamet from Lacome pluton

Muscovne monzogranne Apllle·pegmalile
.llItrdt _ 637 847 847 847 847 847 847 684 701 70\ 70\ 701 7000 7000 7000 7000 7000 7000 7000 7000

BI02 38.&8 38.85 38.83 38.82 38.38 38.43 38.88 38.80 38.29 38.31 38.17 38.29 38.84 38.78 38.97 37.07 38.90 38.8\ 38.54 38.79

AI203 \8.87 \U8 20.1\ 19.98 20.03 \9.88 19.82 20.21 19.35 19.53 19.84 2O.OB 19.99 20.19 20.05 20.07 20.29 20.13 20.12 20.30

TI02 0.05 0.05 0.04 O.OB O.OB 0.09 0.05 0.04 0.21 0.10 0.17 O.OB 0.04 0.04 0.05 0.01 0.03 0.04 0.05 0.00

F80 19.39 24.89 24.15 23.18 22.83 22.47 22.\0 25.91 15.21 17.29 17.71 19.38 17.63 17.87 13.72 11.13 \0.88 17.29 \7.63 8.03

Fe203 1.27 0.88 0.79 0.90 0.87 0.79 1.23 0.59 \.30 1.24 0.92 0.59 0.73 0.82 0.54 0.52 0.29 0.57 0.45 0.27

MgO 0.24 0.63 0.84 0.88 0.57 0.52 0.52 0.40 0.47 0.38 0.41 0.30 0.\8 0.17 0.10 0.04 0.04 0.\9 0.13 0.02

MnO 20.24 18.58 17.88 18.37 18.59 18.57 18.63 15.82 25.18 23.77 23.11 22.09 23.63 23.75 27.02 29.87 30.55 23.77 23.59 32.87

cao 1.75 0.48 0.48 0.63 0.48 0.48 0.51 0.82 0.75 0.73 0.73 0.92 0.59 0.89 0.61 0.54 0.84 0.73 0.53 0.6\

Tola1 89.07 100.02 100.42 100.20 99.69 99.23 99.22 100.\9 99.76 99.35 96.88 99.89 99.38 \00.09 99.OB 99.05 99.40 99.53 99.34 99.09

81 8.079 6.045 8.023 8.033 8.0\7 8.049 8.089 8.026 8.084 8.044 6.037 8.009 6.059 8.036 6.\01 6.120 6.063 6.053 6.047 6.071

1J 3.835 3.884 3.897 3.879 3.907 3.690 3.84\ 3.922 3.811 3.632 3.884 3.919 3.690 3.908 3.899 3.908 3.941 3.907 3.926 3.947

II 0.008 0.008 0.005 0.010 0.010 0.011 0.008 0.005 0.026 0.013 0.021 0.008 0.005 0.004 0.007 0.002 0.003 0.005 0.005 0.000

Fe2> 2.899 3.433 3.321 3.19\ 3.173 3.120 3.OB9 3.588 2.126 2.407 2.473 2.690 2.438 2.454 1.694 1.536 1.469 2.362 2.468 \.IOB

Fe3+ 0.159 0.1\0 0.099 0.111 0.053 0.099 0.163 0.073 0.163 0.168 0.115 0.074 0.09\ 0.077 0.068 0.084 0.036 0.071 0.056 0.034

Mg 0.080 0.130 0.132 0.138 0.141 0.129 0.129 0.099 0.117 0.094 0.102 0.074 0.036 0.042 0.025 0.009 0.011 0.046 0.032 0.005

Mn 2.851 2.317 2.463 2.663 2.808 2.812 2.807 2.207 3.684 3.352 3.268 3.099 3.295 3.303 3.rn 4.149 4.268 3.317 3.321 4.594

ca 0.332 O.OBI 0.085 0.094 0.082 0.085 0.091 0.109 0.134 0.130 0.131 0.163 0.122 0.\22 0.\09 0.095 0.113 0.128 0.095 0.143

AInI 45.58 57.59 55.34 63.31 52.87 52.47 52.OB 59.84 35.76 40.23 41.40 44.55 4\.01 4l.44 32.45 26.26 24.69 40.47 41.84 16.80

Prp 1.01 2.19 2021 2.30 2.34 2.16 2.\8 1.84 1.97 1.58 \.71 1.23 0.71 0.70 0.43 0.17 0.17 0.80 0.54 O.OB

Ora 1.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.88 0.00 0.00 0.00 0.00 0.53 0.09 0.00 1.34

Spi 48.17 38.86 41.04 42.63 43.42 43.93 44.22 38.89 59.99 88.02 54.71 51.50 56.21 55.61 65.26 71.91 73.01 56.53 56.22 78.67

Mt 4.18 1.36 _1.41 1.58 1.38 1.44 _. \.54. J.63_ 2028 2.18 _2.19 2.03 2.07 5.05 \.ll!I \.68 1.40 2.11 \.59 1.11
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Composition of gamet from Lacome pluton

Apllte-pegmatlte
!!Mp!e 7090 7090 7090 7090 795 795 608 608 817 8248 8248 8248 8248 840 840 840 84BA 8461. 757 757

8lO2 38.55 38.81 38.47 38.81 38.48 38.79 37.21 37.53 36.19 36.48 36.72 36.37 36.87 36.62 36.78 36.54 36.66 36.37 37.06 36.39

AI203 20.21 20.36 20.38 20.03 20.49 20.35 20.15 20.58 20.06 20.02 19.91 20.42 19.98 19.95 20.16 19.89 19.72 19.55 20.36 20.36

Ti02 0.05 0.07 0.05 0.04 0.06 0.11 0.06 0.02 0.06 0.03 0.03 0.04 0.05 0.03 0.05 0.07 0.05 0.09 0.07 0.01

FoC 15.72 17.73 18.65 18.77 25.32 24.71 18.48 13.79 22.36 17.81 17.40 19.24 18..88 18.37 18.24 18.23 16.28 19.58 5.39 9.78

Fe203 0.35 0.2& 0.23 0.82 0.34 0.80 0.74 0.44 0.36 0.81 0.78 0.07 0.87 0.89 0.37 0.62 1.05 1.22 0.31 0.45

MgO 0.09 0.18 0.12 0.05 0.49 0.54 0.09 0.07 0.32 0.12 0.14 0.13 0.17 0.12 0.10 0.11 0.21 0.27 0.00 0.02

MIlO 25.45 23.88 25.38 30.15 18.59 18.98 24.65 27.48 19.98 23.74 23.65 22.58 22.58 22.91 23.11 22.78 23.12 21.67 36.21 31.99

cao 0.75 0.87 0.80 0.74 0.65 0.48 0.43 0.88 0.49 0.40 0.36 B.44 0.37 0.41 0.41 0.42 0.31 0.42 0.80 0.78

Tolal 99.17 99.72 99.74 99.21 100.32 100.54 99.99 100.75 99.88 99.21 98.99 99.37 80.97 99.10 99.24 98.84 99.42 99.15 100.02 99.78

SI 8.043 8.027 8.018 8.078 5.957 5.963 8.113 8.101 8.029 8.080 8.010 8.024 8.065 8.062 6.Q78 8.067 8.070 8.034 8.070 8.053

Al 3.937 3.950 3.959 3.897 3.948 3.901 3.901 3.943 0.394 3.920 3.899 3.988 3.888 3.891 3.929 3.693 3.848 3.822 3.934 3.931

TI 0.008 0.008 0.007 0.005 0.010 0.014 0.007 0.002 0.010 0.004 0.004 0.005 0.008 0.004 0.008 0.009 0.008 0.011 0.009 0.001

Fe2+ 2.173 2.441 2.298 1.488 3.459 3.361 2.281 1.875 3.115 2.474 2.418 2.665 2.608 2.543 2.521 2.532 2.530 2.713 0.736 1.339

Fe3+ 0.043 0.032 0.028 0.077 0.042 0.074 0.091 0.054 0.047 0.077 0.098 0.009 0.108 0.098 0.048 0.077 0.131 0.152 0.036 0.056

Mg 0.022 0.039 0.029 0.012 0.118 0.132 0.022 0.017 0.080 0.030 0.034 0.032 0.042 0.029 0.026 0.027 0.05\ 0.055 0.000 0.004

Mn 3.563 3.327 3.544 4.218 2.298 2.339 3.458 3.782 2.879 3.341 3.329 3.179 3.188 3.212 3.234 3.201 3.241 3.044 5.024 4.434

ca 0.133 0.119 0.098 0.131 0.097 0.080 0.078 0.180 0.098 0.070 0.094 0.077 0.065 0.073 0.072 0.075 0.055 0.Q75 0.105 0.133

AJnl 38.65 41.18 38.53 25.31 58.01 58.97 36.87 32.20 52.28 41.82 41.36 44.75 44.31 43.36 42.95 43.34 43.01 48.05 12.36 22.98

PIp 0.36 0.88 0.50 0.21 2.00 2.21 0.36 0.29 1.33 0.50 0.59 0.54 0.71 0.51 0.42 0.47 0.88 1.13 0.04 0.08

GrI 0.93 0.93 0.58 0.00 0.58 0.00 0.00 1.11 0.02 0.00 0.00 0.98 0.00 0.00 0.00 0.00 0.00 0.00 0.25 1.44

SpI 80.82 58.17 59.49 72.23 38.39 39.47 59.45 84.94 44.94 58.47 58.95 53.40 53.87 54.88 55.39 54.91 55.17 51.55 65.76 74.71

MI 1.33_ M8_0.n -.2.24- lJ!3_1.35_ 1,30 1.<Cf 1.45 1.20 1.10 - Oc35 _ 1.11 1.24 1.24 1.28 0.94 1.26

47



rG',c':r-
'.

e"
'? ~'-;n.'; .'." :." ,:,....'; u ::

(:1

Composition of gamet from Lacome pluton

Apllte·pegmatlte
!I!ml>!e 757 757 757 757 1007 7728 7728 7728 7728 1001 1001 1001 1001 1001

SK>2 37.05 37.13 37.09 36.39 36.53 37.64 37.50 37.71 37.62 36.63 36.48 36.18 36.30 38.63
AI203 20.17 20.38 20.18 20.43 20.07 20.88 20.87 20.38 20.99 19.89 19.63 20.03 19.88 20.10

Ti02 0.01 0.04 0.05 0.03 0.04 0.04 0.04 0.02 0.02 0.04 0.04 0.02 0.03 0.03
FeO 11.75 13.28 3.64 12.14 18.19 7.78 9.39 13.00 19.38 18.25 18.45 19.02 18.23 19.41

Fe203 0.57 0.71 0.44 0.08 0.80 0.13 0.32 0.89 0.05 0.80 0.89 0.52 0.88 0.58

MgO 0.02 0.00 0.02 0.02 0.10 0.14 0.32 0.88 1.18 0.11 0.13 0.12 0.11 0.18

MIlO 29.85 29.12 37.32 29.30 23.58 31.98 30.59 28.01 19.82 23.29 23.22 22.71 23.91 22.10

cao 0.63 0.75 0.58 0.42 0.36 1.87 1.95 1.97 1.88 0.36 0.38 0.47 0.34 0.37

Tolal 99.75 101.37 99.28 98.79 99.49 100.22 100.78 100.32 100.90 99.39 99.42 99.05 99.88 99.58

SI 8.089 8.034 8.110 8.087 8.055 8.117 8.063 8.111 8.049 8.082 8.048 8.015 8.012 8.074

Al 3.907 3.900 3.913 3.985 3.821 3.953 3.939 3.888 3.978 3.879 3.873 3.927 3.881 3.907

TI 0.001 0.005 0.007 0.004 0.005 0.005 0.004 0.002 0.002 0.005 0.005 0.002 0.002 0.004

.Fe2+ 1.815 1.802 0.501 1.872 2.522 1.058 1.270 1.762 2.808 2.525 2.557 2.645 2.524 2.677

Fe3+ 0.070 0.087 0.055 0.008 0.074 0.018 0.039 0.064 0.008 0.100 0.111 0.065 0.110 0.072

Mg 0.008 0.000 0.008 0.004 0.025 0.033 0.078 0.138 0.279 0.028 0.032 0.029 0.027 0.039

Mn 4.128 4.009 5.207 4.087 3.311 4.396 4.109 3.570 2.700 3.264 3.250 3.200 3.354 3.087

ca 0.094 0.130 0.099 0.074 0.088 0.328 Q.338 0.342 0.321 0.088 0.088 0.084 0.050 0.065

Alm 27.48 30.30 8.29 28.72 42.88 17.64 21.48 30.12 44.03 42.88 43.21 44.43 42.37 45.51

PIJI 0.08 0.04 0.08 0.08 0.42 0.59 1.32 2.34 4.72 0.48 0.54 0.50 0.45 0.87

Ors 0.00 0.00 0.00 1.17 0.00 4.48 4.36 3.22 4.98 0.00 0.00 0.00 0.00 0.00

Spt 70.64 87.48 89.91 89.93 85.88 75.95 71.44 61.64 45.81 55.53 85.10 53.87 88.17 52.70

hlt 1.14 1.18 1.39 2.88 0.48 1.15 1.14 1.40 1.01 1.12

e
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Composition of epldote from Lacome pluton
Two-mlca

Blotlle monzogranlte monzogranil8

!I!trf!! 603 603 813 813 813 814 814 818 820 821 822 822 822 834 665 666 673 707 707

8102 38.39 39.20 39.24 38.44 38.23 38.34 39.57 38.45 38.32 38.45 38.59 38.30 38.23 39.01 38.15 38.73 38.05 38.94 38.30

TlO2 0.00 0.00 0.30 1.18 0.20 0.17 0.00 0.27 0.30 0.00 0.10 0.28 0.15 0.00 0.08 0.08 0.09 0.02 0.19

AI203 22.80 24.83 22.35 22.31 21.91 22.10 23.79 21.54 21.83 22.15 21.13 21.45 21.95 23.08 23.33 20.94 21.&9 22.93 22.58

Fo203 13.78 10.95 12.95 12.88 13.88 14.87 11.72 15.02 14.40 13.90 18.03 14.95 15.03 13.37 13.01 14.88 15.20 13.01 13.44

MnO 0.37 0.18 2.47 0.48 0.54 0.48 0.85 0.41 0.2.5 0.15 0.38 0.13 0.62 0.37 0.42 0.57 0.27 0.27 0.46

CaO 22.88 22.88 22.74 22.67 22.54 22.88 22.17 23.09 22.08 23.28 22.59 22.99 21.85 22.57 22.88 21.27 22.77 22.77 22.77

OH 3.51 3.88 3.50 3.58 3.50 3.48 3.49 3.49 3.48 3.47 3.54 3.51 3.43 3.47 3.52 3.50

Tolal 88.20 88.12 100.05 97.90 97.30 98.82 98.10 98.78 97.18 97.93 98.60 98.00 97.83 98.38 97.83 96.43 98.07 97.94 97.74

SI 3.170 3.196 3.198 3.177 3.190 3.160 3.237 3.179 3.197 3.167 3.189 3.182 3.178 3.202 3.155 3.258 3.163 3.209 3.176

n 0.000 0.000 0.018 0.072 0.013 0.011 0.000 0.017 0.019 0.000 0.008 0.018 0.009 0.000 0.004 0.004 0.008 0.001 0.012

Al 2.219 2.387 2.147 2.174 2.155 2.148 2.294 2.094 2.147 2.184 2.059 2.101 2.151 2.231 2.275 2.075 2.126 2.227 2.207

Fe3> 0.858 0.672 0.794 0.800 0.872 0.922 0.721 0.932 0.904 0.887 0.997 0.928 0.940 0.826 0.810 0.940 0.951 0.607 0.839

Mn 0.028 0.011 0.171 0.032 0.038 0.032 0.059 0.029 0.018 0.011 0.02.5 0.009 0.044 0.026 0.029 0.041 0.019 0.017 0.032

ca 2.022 2.008 1.988 2.008 2.015 2.021 1.943 2.048 1.974 2.082 2.000 2.047 1.946 1.985 2.026 1.918 2.028 2.010 2.023
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Composition ofeolumbite-tantalite from the Preissae pluton

Rock Muscovilc-gamet monzogranilc
Sample 471 471 471 471 474 477 477 477

1 2 3 4 1
Nb20S 72.S 72.2 71.6 73.0 71.6 72.3 72.4 72.2
MgO 0.06 0.04 O.OS O.OS 0.02 0.Q7 0.07 0.06
Cao 0.02 0.00 0.01 0.01 0.01 0.19 0.Q7 0.40
Ta02 1.13 1.04 1.12 1.16 1.08 0.98 0.97 1.28
FcO 10.5 10.4 10.4 10.3 10.7 10.1 10.4 9.68
MnO 9.62 9.83 9.72 9.99 9.98 9.59 9.56 10.07
Ta20S S.24 5.10 5.37 5.04 S.34 5.09 5.10 5.19
Total 99.1 98.6 98.2 99.6 98.7 98.3 98.6 98.9

Nb 1.887 1.888 1.881 1.888 1.873 1.895 1.893 1.879
Mg 0.005 0.004 0.004 0.004 0.002 0.006 0.006 O.ooS
Ca 0.001 0.000 0.001 0.001 0.000 0.012 0.004 0.025
Ta 0.049 0.045 0.049 0.050 0.047 0.043 0.042 o.oS5
Fe 0.505 0.503 O.S04 0.495 0.S17 0.488 0.503 0.466
MD 0.469 0.482 0.478 0.485 0.489 0.471 0.468 0.491
Ta 0.082 0.080 0.085 0.079 0.084 0.080 0.080 0.081

Asitc 0.98 0.99 0.99 0.98 1.01 0.98 0.98 0.99
Bsitc 2.02 2.01 2.01 2.02 2.00 2.02 2.01 2.02
TaI{Ta+Nb) 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
MDI(MD+Fe) 0.48 0.49 0.49 0.49 0.49 0.49 0.48 0.51
:ECatioa 3.00 3.00 3.00 3.00 3.01 2.99 3.00 3.00
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Composition of eolumbite-tanlalite from the Moly Hill pluton

Rock ApHte dikc
Sample 30 30 30 30 30 30 30

1 1 1 Core 2 rim2
Nb205 64.5 69.6 68.3 69.0 63.2 58.3 .$3.8
MgO 0.11 0.13 0.11 0.12 0.12 0.1.$ 0.15
CaO 0.03 0.03 0.01 0.02 0.01 0.00 0.02
Ti02 1.11 1.07 1.02 1.16 1.53 1.70 1.38
FeO 13.5 13.7 13.9 13.8 13.6 13.3 12.1
MnO 5.92 6.21 6 5.89 5.78 5..$8 5.09
Ta20S 14.06 8.91 9.7 8.97 15.22 20.67 37.4
Total 99.2 99.7 99.1 99.0 99.5 99.7 100.0

Nb 1.738 1.828 1.813 1.824 1.705 1.606 1.295
Mg O.olO 0.011 O.olO 0.010 0.011 0.013 0.014
Ca 0.002 0.002 0.000 0.001 0.001 0.000 0.002
Ti 0.050 0.047 0.045 0.051 0.069 0.078 0.068
Fe 0.673 0.666 0.682 0.677 0.678 0.679 0.664
Mn 0.299 0.305 0.298 0.292 0.292 0.283 0.282
Ta 0.228 0.141 0.155 0.143 0.247 0.342 0.666

A site 0.98 0.98 0.99 0.98 0.98 0.97 0.96
Bsite 2.02 2.02 2.01 2.02 2.02 2.03 2.03

ToI(I'''Nb) 0.12 0.07 0.08 0.07 0.13 0.18 0.34
MDI(MJl+Fo) 0.31 0.31 0.30 0.30 0.30 0.29 0.30
l:Cation 3.00 3.00 3.00 3.00 3.00 3.00 2.99
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Compolltlon or columbUe·tantallte from the Lamotte pluton

764 764 764 764 795 795 795 795 795 795 795 912 912 912
1 2 3 4 1 2 3 4 5 6 7 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
MaO 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
CaO 0 0.03 0.01 0.44 0.01 0 0.02 0.51 0.02 0 0.01 0 0.05 0.02
TI02 0.58 0.85 0.44 0.8 0.73 0.66 0.75 0.64 0.79 0.45 0.41 0.35 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 5.72 6.16 5.32 4.96 4.19 8.02 6.04 4.22 4.27 6.46 6.42 7.68
TazOS 6.81 16.63 5.49 5.52 7.94 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
Ma 0.008 0.005 0.008 0.01.1 0.012 0.013 0.015 0.008 0.013 0.014 0.014 0.001 0.005 0.005
Ca 0.000 O.OO~ 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 0.6~~ 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 sUe 0.99 1.01 0.99 1.00 1.04 1.04 1.04 1.05 1.01 1.00 0.99 0.97 0.96 1.02
B lite 1.99 1.98 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 0.04 0.04 0.06 0.06 0.09 0.06 0.06 0.06 0.06 0.06 0.09 0.05
Ma' 0.34 0.43 0.29 0.32 0.27 0.25 0.21 0.40 0.31 0.22 0.22 0.33 0.34 0.37
ICat 2.99 2.99 2.99 2.99 3.01 3.01 3.01 3.02 2.99 2.99 2.99 2.98 2.98 3.01
Ta': Ta/(Ta+Nb), Mn': Mn/(Mn+Fc)
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Composition of columblte·tantallte trom the Lamotte pluton

912 961 961 961 961 961 961 961 TMC·2 TMC-2 TMC-2 TMC-2 TMC-2
4 1 2 30paq trans 5 7 opaque opaque opaque opaque opaque

NbZOS 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 0.05 0.03 0.01 0.01 0.02 0 0.02
CaO 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
TIOZ 0.31 0.3 0.71 1.06 0.41 0.65 0.5 0.46 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 6.45 6.33 8.53 6 1 1 5.92 6.44 10.12 10.06 9.83 9.88 10.71
TaZOS 7.74 40.9 51.42 40.67 47.11 34.26 42.6 42.38 48.32 47.94 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 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.052 0.002 0.002 0.000
ftl 0.01~ 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 0.95 0.97 0.95 0.98 0.98 0.96 0.97 0.99 0.97 1.02 0.98 1.00 0.98
B site 2.02 2.02 2.03 2.02 2.01 2.02 2.02 2.01 2.01 2.01 2.01 2.02 2.01
Ta' 0.06 0.38 0.50 0.38 0.45 0.31 0.39 0.39 0.46 0.45 0.47 0.52 0.46
Ma' 0.31 0.38 0.40 0.49 0.36 0.64 0.35 0.37 0.62 0.62 0.60 0.66 0.66
.Icat 2.97 2.98 2.98 3.00 2.99 2.98 2.99 3.00 2.98 3.03 2.99 3.03 2.99
Ta': TI/(Ta+Nb), Mn': MnJ(Mn+Fe)
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Composition ot columblte·tantallte trom the Lamotte pluton

TMC·2 TMC·2 TMC·2 TMC-2 TMC-2 HP5·9 HP5-9 HP5-9 HP5-9 HP5·9 HP5-9 HP5-9 HP5-9 HP5-9
Trans Trans opa9 1 2 1 2 3 4 5 6 7 8 9

Nb20S 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
MaO 0 0 0.03 0.03 0.02 0 0.01 0 0 0.05 0.01 0 0.02 a
CaO 0.02 0.02 0.03 0 0 0.01 0.01 0.02 0 0.02 0.01 0.01 0 0.01
TI02 0.09 0.09 0.14 0.12 0.18 0.19 0.2 0.2 0.25 0.32 0.21 0.22 0.15 0.2
FeO 5.39 5.27 8.4 9.29 9.85 0.32 0.18 0.45 0.3 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
Ta20S 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 99.05 100.9 100.2 100.5 100.6 100.11 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
Ma 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 0.961 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 0.96 0.95 0.97 0.98 0.97 0.98 0.97 0.99 0.98 0.97 0.98 0.97 0.96 0.98
B site ·2.02 2.02 2.01 2.01 2.01 2.01 2.02 2.01 2.01 2.02 2.01 2.01 2.02 2.01
Ta' 0.25 0.27 0.31 0.10 0.10 0.73 0.81 0.85 0.70 0.55 0.82 0.83 0.61 0.66
MD' 0.70 0.70 0.52 0.52 0.49 0.98 0.99 0.97 0.98 0.70 0.99 0.99 0.76 0.97
Icat 2.98 2.97 2.99 2.99 2.99 2.99 2.98 3.00 2.99 2.98 2.99 2.99 2.97 2.99
Ta': Ta/(Ta+Nb). Mn': Mn/(Mn+Fc)
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Composition 01 columblte·
tantallte Irom Lamotte

HP5·9 HP5·9 HP5·9
10 Il 12

•

NU05
MaO
CaO
TI02
FeO
MnO
Ta205
TOTAL

Nb
Ma
Ca
TI
Fe
Mn
Ta

9.12 19.18
o 0.01

0.01 0
0.23 0.25
0.25 0.28

13.68 15.06
76.02 64.73
99.31 99.51

0.334 0.658
0.000 0.001
0.001 0.000
0.014 0.014
0.017 0.018
0.938 0.968
1.673 1.336

30.12
o
o

0.11
0.25

16.01
54.01
100.5

0.965
0.000
0.000
0.006
0.015
0.961
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
M.' 0.98 0.98 0.98
Icat 2.98 2.99 2.99
Ta': TI/(Ta+Nb). Mn': Mn/(Mn+Fe)
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Composition or columblte·lanlallie trom the Lacorne pluton

rim
633 606 606 606 617 617 1001 1001 1001 1001 1001 1001 \001

1 1 2 3 le IR 1 2 3 4 5 6 7
1 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

MIO 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
CaO 0.02 0.01 0.01 0.01 0 0 0.03 0.01 0.01 0 0.01 0.03 0
TI02 1.17 0.52 0.45 0.45 0.26 0.29 0.79 0.68 2.07 1.79 2.0\ 0.96 0.76
FeO .11:34 11.05 11.64 11.02 13.35 13.47 12.\4 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 7.25 6.78 6.83 6.63 7.95 8.57
Ta20S.· 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.l55 1.860 1.834
MI 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

A site 0.95 1.00 0.99 1.00 0.99 0.98 0.97 1.00 0.97 0.95 0.96 0.97 0.98
B sile 2.03 2.00 2.01 2.00 2.01 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 3.01 3.00 3.01 2.99 2.99 2.98 2.99 2.97 2.95 2.96 2.98 2.98
Ta':Ta/(Ta+Nb); Mn': Mn/(Mn+Fe)
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Composition or columblte·tantallte rrom the Licorne pluton

1001 1001 1001 1001 1001 1001 1001 100lA 100lA IODlA IODlA 100lA 100lA
8 9 10 1 1 12 13 14 1 2 3 4 5 6

'l'
NUOS 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
MIO 0.07 0.05 0.05 0.07 0.04 0.07 0.02 0.05 0.07 0.06 0.05 0.04 0.06
CaO 0.02 0.01 0.22 1).01 0.59 0.02 0.45 0.1 0 0.03 0.055 0 0.03
TIQ,2 0.67 0.6 0.84 0.73 0.5 0.66 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 8.36 7.83 7.63 0.732 7.35 8.53 6.59 6.61 6.56 7.56 6.3 6.29
Tll20S 8.79 10 9.1 9.49 9.52 9.29 28.07 39.37 36.53 37.91 38.95 40.8 36.lI6
TOTAL 99.46 100 99.55 9!).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
MI 0.006 O:,Og4 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 0.0 1 0.013 0.001 0.037 0.002 0.031 0.007 0.000 0.002 0.004 0.000 0.002

" TI 0.02!) 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
{ :' " 0.365 0.365 0.426 0.356 0.352Mn 0.3,~9 0.412 0.385 0.378 0.365 0.357 0.457 0.374
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 (1,662

,. sUe 1.00 0.99 0.98 0.99 0.99 0.98 0.96 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 2.02 2.02
Ta' "1 0.07 0.08 0.07 0.08 0.08 0.07 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 0.37 0.49 0.39 0.38 0.38 0.44 0.37 0.36
IQat. 3.00 3.00 2.98 2.99 2.99 2.99 2.98 2.99 2.99 2.99 2.99 3.00 3.00
Ta':Ta/(Ta+Nb); Mn': Mn/(Mn+Fe)
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. 1 Composition or columblte·tantallte rrom the Lacorne plu

1001A 1001A 1001A 10018 10018 10018
7 core 7 rlm"

Nb20S 52.19

1007 1007 1007 \007

55.96
0.05
0.01

0.906
12.1\
6.556
24.19
99.78

dm4 Core mld
66.53 58.36 60.07

0.08 0.04 0.05
o 0.01 0.02

0.41 0.843 0.89
12.81 12.03 12.27

6.59 7.02 6.85
11.96 21.3 19.3
98.38 99.6 99.45

1007
3

60.56
0.06

o
0.4

11.88
7.13
19.3

99.33

1007
2

62.51
0.08
0.01
0.82

12.28
6.99

16.25
98.94

55.52
0.05
0.01
1.07

12.08
6.74

23.32
98.79

1007.3
1

56.18
0.08
0.02
1.08

Il.09
7.25

23.27
98.97

32
50.02

0.03
0.03
0.49
9.04
8.61

30.81
99.03

1
46.95

0.07
0.01
1.73

10.55
7.08
32.8

99.19

8
35.22

o
1.34
3.3

6.76
o

35.22
81.84

46.7
0.04
0.01
0.68
9.42
8.27

34.59
99.71

0.02
0.03

" 0.46
9.26
8.89

29.07
99.92

MaO
CaO
Tl02
FèO
MnO'
T820S
TOTAL

, 1

'J
Nb
MI
Ca
Tl
Fe
Mn

, Ta

1.494 1.372 1.241 1.371 1.456 1.579
0.002 0.004 0.000 0.007 0.003 0.008
0.002 0.001 0.112 0.001 0.002 0.001

,0.022 0.033 0.193 0.084 0.024 0.051
0.490 0.512 0.441 0.570 0.487 0.577
0.477 0.455 0.000 0.387 0.470 0.382
0.500 0.612 0.747 0.576 0.540 0.394

1.567 1.708 1.672 1.790 1.637 1.648 1.562
0.005 0.007 0.006 0.036 0.019 0.025 0.024
0.001 0.001 0.000 0.000 0.001 0.001 0.00\
0.050 0.037 0.018 0.018 0.004 0.041 0.042
0.631 0.621 0.607 0.638 0.624 0.623 0.626
0.356 0.358 0.369 0.332 0.369 0.352 0.343
0.396 0.267 0.321 0.194 0.355 0.319 0.406

,;

A site "' 0.97 0.97 ,0.55 0.96 0.96 0.97
B site /,'1 2.02 2.02 2.18 2.03 2.02 2.02
Ta' 0.25 0.31 0.38 0.30 0.27 0.20
Mn' 0.49 0.47 0.00 0.40 0.49 0.40
ICat 2.99 2.99 2.73 3.00 2.98 2.99
Ta':Ta/(TI+Nb); Mn': Mn/(Mn+Fe)

0.99 0.99 0.98 1.01 1.01 1.00 0.99
2.01 2.01 2.01 2.00 2.00 2.01 2.01
0.20 0.14 0.16 0.10 0.18 0.16 0.21
0.36 0.37 0.38 0.34 0.37 0.36 0.35
3.01 3.00 2.1:l,} 3.01 3.01 3.01 3.00
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Composition 01 columblte·'an'allte Irom the Lacorne pluton
mus-r ruer ab ab ab
623.l 623.1 623.1 623.2 62~.2 624.8 624.B 624.B 624.B 624.B 624.B

lC 2C 3 1 2 1 2 3 3 4C 4R
Nb20S 63.21 67.54 63.35 59.8 55.99 70.52 68.68 64.26 69.21 70.07 63.62
MIO 0.04 0.05 0.04 0.05 0.09 0.03 0.04 0.04 0.03 0.06 0.04
CaO 0 0.02 0.03 0.01 0.02 0.02 0.01 0.01 0.02 0.02 0.0\
TlO2 072 0.46 0.59 0.68 0.93 0.54 0.6 0.69 0.9 0.5\ 0.7
FeO 11.89, 11.27 10.53 11.67 11.26 12.08 12.14 11.68 11.29 11.73 \2.05
MnO 7.4 8.55 8.66 7.39 7.26 7.78 8.17 7.62 8.64 8.13 7.25
Ta20S 16.02 12.01 16.87 20.14 23.24 8.88 8.82 \5.04 8.63 9.\2 \5.42
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
MI 0.004 0.005 0.004 0.005 0.008 0.003 0.004 0.004 0.003 0.005 0.004
C,a 0.000 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.00\ 0.00\ 0.00\
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 0.40\ 0.369
Ta 0.262 0.192 0.275 0.334 0.394 0.140 0.\41 0.245 0.138 0.\45 0.252

A site 0.98 0.99 0.97 0.98 0.98 0.97 1.0\ 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 2.0\ 2.0\
Ta' 0.13 ' 0.10 0.14 0.17 0.20 0.07 0.07 0.\2 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
»fat 2.99 3.00 2.99 3.00 3.00 2.99 3.01 2.99 3.00 2.99 2.99
Ta':Ta/(TuNb); Mn': Mn/(Mn+Fe)

•
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Composition 01 c:olumblte·tantallte Irom the Lac:orne pluton

ab
624.B. 624.B 624.B 624.B 624.B 624.B 624.B 624.B 624.B 624.B 624.B 624.8 624.8

5 6 7 8 9 10 11 12 13e 13E 14 15e 15R?
NbZOS 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
MIO 0.05 0.06 0.05 0.05 0.03 0.05 0.03 0.03 0.06 0.04 0.05 0.05 0.06
CaO 0 0 0.01 0.01 0 0.01 0.01 0.02 0.02 0.01 0 0 0.02
TIOZ 0.48 0.45 0.54 0.63 0.53 0.54 0.55 0.74 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 7.93 7.7 8.38 7.66 7.69 8.46 9.84 8.23 7.58 7.31 6.8 7.34
Ta20S 9.27 9.19 14.24 8.93 9.2 9.09 8.93 10.93 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
MI 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
Tl 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 0.97 0.98 0.96 1.04 0.98 0.98 1.03 0.97 0.99 0.97 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 2.01 2.02 2.02
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

mat 2.98 2.99 2.98 3.02 2.99 2.99 3.02 2.99 3.00 2.99 3.00 2.99 2.99
Ta':TaI(Ta+Nb); Mn': Mn/(Mn+Fe)
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Composition of columblte·tantallte from the Lacorne pluton
V·cr V·cr r mus

624.8 624.8 624.8 640 640 646.1 703.8 708 708 708 708
16 17 18 1 2 1 1 2 3 4

Nb20S 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 0.06 0.04 0.07 0.07 0.06 0.05 0.05 0.06
CaO O.ot 0 0.05 0.02 0.02 0 0.03 0.02 0 0.02 0.01
TI02 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 3.97 2.19 8.26 7.83 8.08 8.71 8.13 8.24 8.84 8.58
Ta20S 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
Tl 0.030 0.043 0.076 0.054 0.020 0.032 0.054 0.041 0.039 0.036 0.034

Il, 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 sUe 0.97 0.74 0.58 1.01 0.97 0.97 1.06 0.97 0.97 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 0.47 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
l:Cat 2.99 2.85 2.76 3.01 2.99 2.99 3.05 2.99 2.99 2.99 2.99

" '1 Ta':Ta!(TI+Nb); Mn': Mn/(Mn+ië)
\
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756.L
2

36.43
o

0.04
0.44
0.31

16.57
46.7

100.49

756.L
1

43.9
o

0.03
0.59
0.83

16.63
38.4

100.38

756.S
6

62.85
o

0.02
0.7

5.31
14.16
16.69
99.73

756.S
5

58.86
0.01
0.04
0.62
4.07

14.59
21.5

99.69

756.S
4

35.37
0.01
0.02
0.55
5.71

10.71
46.98
99.35

756.S
3

62.06
0.01
0.01
0.73
5.23

13.84
18.05
99.93

756.S
2'

62.65
0.02
0.01
0.45
4.96

14.57
17.14
99.8

756.S
1

56.18
0.02

o
1.05
3.72

14.76
23.81
99.54

62.35 62.81 63.53 51.48
0.01 0.06 0.04' 0.01
0.23 0.08 0.02 0.05
0.79 0.89 0.79 0.66
6.34 10.2 10.92 4.93

12.45 8.89 8.13 12.98
17.12 16.59 16.51 29.19
99.29 99.52 99.94 99.3

Compoiltlon or columblte.tantaUte rrom North Lacorne Spodumene pegmatite
') wt hallt

708 708 708 709.c
5 67 1

Nb20S
MIO
CaO
TI02
FeO
MnO
Ta20S
TOTAL

Nb
MI
Ca
TI
Fe
Mn
Ta

1,701
0.001
0;015
0.036
0.320
0.636
0.281

1.706
. 0.005

0.005
0.040
0.512
0.453
0.271

1.718
0.004
0.001
0.035
0.546
0.412
0.269

1.482
0.001
0.004
0.032
0.262
0.700
0.505

1.572
0.002
0.000
0.049
0.192
0.774
0.401

1.705
0.002
0.001
0.021
0.250
0.743
0.281

1.689
0.001
0.001
0.033
0.263
0.706
0.296

1.107
0.001
0.002
0.029
0.331
0.628
0.885

1.631
0.001
0.002
0.029
0.209
0.757
0.358

1.707
0.000
0.001
0.032
0.267
0.721
0.273

1.302
0.000
0.002
0.029
0.046
0.924
0.685

1.124
0.000
0.003
0.022
0.018
0.958
0.867

A alte 0.97
Balte 2.02.
Ta' 0.14 .
Mn' 0.67
ICat . _2.99
Ta':Ta/(Ta+Nb);

0.98 0.96 0.97
2.02 2.02 2.02
0.14 0.14 0.25
0.47 0.43 0.73
2.99 2.98 2.98

Mn': Mn/(Mn+Fe)

0.97
2.02
0.20
0.80
2.99

1.00
2.01
0.14
0.75
3.00

0.97
2.02
O.lS
0.73
2.99

0.96
2.02
0.44
0.66
2.98

0.97
2.02
0.18
0.78
2.99

0.99
2.01
0.14
0.73
3.00

0.97
2.02
0.34
0.95
2.99

0.98
2.01
0.44
0.98
2.99
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Composition 01 columblte·tantallte Irom the Lacorne pluton

756.L 757 757 757 757 757 757 757 757 736 736 736 736
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
MaO 0 0 0.02 0 0 0 0 0 0.01 0 0 0.01 0
CaO 0.08 0.02 0.03 0.01 0.02 0.03 0.03 0.03 0.01 0.05 0 0.01 0.01
TI02 0.36 0.28 0.58 0.39 0.44 0.53 0.46 0.24 0.38 0.63 0.53 0.36 0.5
FeO 0.32 3.57 5.92 4.95 5 4.92 6.18 3.28 5.37 2.87 2.9 4.19 2.2
MnO" 16.29 13.73 9.94 12.43 11.71 11.86 10.99 13.75 11.9 10.65 11.95 13.17 15.63
Ta20S 46.45' 39.49 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 0.968 1.396 1.239 1.211 1.350 1.283 1.438 0.067 0.518 1.353 1.360
Ma 0.000 0.000 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 0.0'02 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 0.014 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 0.710' 1.025 0.605 0.762 0.780 0.655 0.725 0.573 1.908 1.468 0.652 0.631

A site 0.97 0.97 0.95 0.96 0.95 0.97 0.94 0.96 0.94 0.98 0.97 0.95 0.97
B site 2.02 2.02 2.02 2.02 2.02 2.02 2.03 2.02 2.03 2.02 2.02 2.02 2.02
Ta' 0.43 0,.35 0.51 0.30 0.38 0.39 0.33 0.36 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
ICat 2.98 2.98 2.98 2.98 2.98 2.99 2.97 2.98 2.97 2.99 2.99 2.98 2.99
Ta':Ta/(Ta+Nb); Mn': Mn/(Mn+Fe)
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'Compolltlon 01 columblte·tlntlUte Irom the Licorne pluton

e

NbZ05
MaO
CiO
TIOZ
FeO
MnO
T1205
TOTAL

736 736 736
567

55.06 57.9547.84
o 0.01 0

0.02 0.01 0.01
0.57 0.57 0.41

··1.71 4.01' 4.02
16.68 14.83 13.87
26.0623.34 33.98
100.1 100.7 100.1

736
8c

1.98
0.01
0.01
0.38
1.65

11.79
83.17
98.99

736
8r

0.68
o

0.02
0.31
1.51

12.04
85.06
99.62

736
9

33.17
0.02
0.05
0.35
3.28

12.42
50.14
99.43

736
10

59.89
0.01
0.02
0.92
4.04

14.57
20.42
99.87

736
Il

22.87
0.01
0.02
0.45
3.57

11.89
61.36

100.17

721
1

40.39
0.46
0.04
0.35
8.94
7.13

42.74
100.05

2
24.13

0.02
0.03
0.46
2.43

12.94
60.77

100.78

3
28.23

0.38
0.07
1.34
8.53
6.52

53.11
98.18

721
4

35.85
0.52
0.06
0.41
9.15
6.78

47.93
100.7

721
5

21.64
0.23
0.05
0.73
6.77
7.88

62.59
99.89

Nb
Ma
CI
TI
Fe
Mn
TI

1.550 1.601 1.397 0.076 0.026 1.053 1.644
0.000 0.001 0.000 0.001 0.000 0.003 0.001
0.001 0.000 0.001 0.001 0.002 0.004 0.001
0.027 0.026 0.020 0.024 0.020 0.019 0.042
0.089,0.205 0.217 0.117 0.107 0.193 0.205
0.879 0.768 0.759 0.847 0.867 0.739 0.749
0.441 0.388 0.597 1.918 1.968 0.957 0.337

0.763
0.001
0.002
0.025
0.220
0.743
1.231

1.224
0.046
0.003
0.018
0.501
0.405
0.779

0.795
0.002
0.003
0.025
0.148
0.799
1.204

0.921
0.041
0.005
0.072
0.513
0.397
1.039

1.106
0.053
0.005
0.021
0.522
0.392
0.889

0.726
0.025
0.004
0.041
0.420
0.495
1.263

A lite 0.97
B· lite 2.02
TI' 0.22
Mn' 0.91
ICat 2.99
Ta':TI/(Ta+Nb);

0.97
2.02
0.20
0.79
2.99
Mn':

0.98 0.97
2.01 2.02
0.30 0.96
0.78 0.88
2.99 2.98
Mn/(Mn+Fe)

0.98
2.01
0.99
0.89
2.99

0.94
2.03
0.48
0.79
2.97

0.96
2.02
0.17
0.78
2.98

0.97
2.02
0.62
0.77
2.98

0.95
2.02
0.39
0.45
2.98

0.95
2.02
0.60
0.84
2.98

0.96
2.03
0.53
0.44
2.99

0.97
2.02
0.45
0.43
2.99

0.94
2.03
0.63
0.54
2.97
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Compolltlon 01 columblte·lanlallte from Ihe Lacorne pluIon

721 721 721 721 QL·32 812 812 812 812 812 812 812
7 8 2 6 1 2 3c mid rim 4 5

NbZ05 35.22 34.04 16.21 35.02 70.37 53.03 61.77 62.16 57.71 57.07 54.18 53.51
MaO 0.37 0.12 0.07 0.02 0.08 0.07 0.09 0.09 0.08 0.07 0.09 0.09
CaO 0.06 2.07 13.48 11.5 0.24 0.1 0.3 0.19 0.41 0.43 0.28 0.06
TIOZ 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 2.75 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
TaZ05 "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
Ma 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 Ille ,0.95 0.99 1.44 1.09 0.95 0.93 0.92 0.97 0.97 0.95 0.94 0.94
Bille 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
jCal 2.97 3.00 2.91 3.04 2.95 2.98 2.97 2.99 3.00 2.99 2.98 2.98
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 &r 11° An &r 11° à131

623 B 99.0 1.00 0.94 0 0.2 1.01 1.10
623.p B 99.7 1.01 0.98 0 0.9 0.99 1.14

753 B+S 100.5 1.01 1.00 0 0.7 0.99 1.13
756.S B+S 99.8 1.00 0.97 0 0.5 0.98 1.13
908 B+S 97.0 1.00 0.96 0 0 1.01 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 0 1.01 1.11
812 S 101.4 1.01 0.99 1 1.1 0.97 1.19

Composition &r is expressed in mol \ Or. and was caIculated using the
equations of Kroll &: Ribbe (1983) relatiDg unit-œll volume to~ for
feIdspar compositions that are structurally ordered (i.e•• that beIong to
the low microcl1ne - low albite series). The degree of Al-Si order.
expressed by 110. was computed USÙlg the equations of Blasi (1977). The
error inBor and 110 is beIieved to be :!G.015 in most cases. The obUquity
à of a microcIine is equal to 12.5(gl31 - d I31); it should have a value of
1.00 for fully ordered microcUne. The à131 inllicator of a plagioclase is the
caIcu1ated angular separation of the 131 and 131 diffraction maxima. in °2&
(CuKal radiation); it shouid be close to 1.10° in end-member o~ere<!

albite. The An content is estlmated visuaIly from coordinates in the ~ - y
cUagram of Smith (1974. Fig. 7-44). Grp: B: beryl-bearlng pegmatite.
B+S: (beryl + spoclumene)-bearing pegmatite. S: spoclumene-beariDg
pegmatite•



Appendix 3

Whole-rock geochemistry



• Geochemlstry of the Prelssac monzogranlte

Biotite Two-mlca monzogranlte

5ample 402 11 12 29 902 903 LC-SO LC-SO
5102 72.38 75.06 74.5 75.1 74.72 74.76 74.8 74.4
T102 0.16 0.08 0.12 0.11 0.11 0.11 0.09 0.11
AI203 15.41 14.44 14.72 14.4 14.08 14.04 14.3 14.6
Fe203 1.75 0.69 0.92 0.91 1.06 1.1 0.67 0.67
Fee
Uno 0.06 0 0 0.03 0.04 0.03 0.05 0.04
MgO 0.03 0.2 0.22 0.06 0.23 0.25 0.17 0.2
cao 0.5 0.71 0.87 0.71 0.8 0.85 0.6 0.6
Na20 4.21 3.91 3.95 3.8 3.97 4 4.82 4.65
K20 5.63 4.37 4.43 3.9 4.24 4.15 4.13 4.17
P205 0.03 0.01 0.06 0.02 0.02 0.03 0.03 0.04
LO.I 0.49 0.56 0.46 0.67 0.7 0.6 0.47 0.7

11 12

Ga 26 24 28
U 91 131 63 81
Be 7 4 4
Ba 6.76 486 521 483 286 320
Rb 450 397 331 360 392 324 375 377
Sr 10.5 79 116 110 112 111 72 85
Zr 33 60 86 92 63 62 52 67
Nb 28 24 22 21 17 16 23 31
Y 24 14 10 25 13 12 7 6
Ta 4.82 6 6.6
Hf 2.76 3 2.8
Th 10.37 11.6 14

La 5.22 18.4 24
ce 15.74 31 41
Pr 1.514
Nd 6.23 10.6 16
sm 2.47 2.6 2 cc

Eu 0.092 0.1 03 :c::. .'-

Gd 3.05
Tb 0.49 0.4 0.3
Dy 3.14
Ho 0.6 0.9 0.9
Er 1.51"

/.

Tm 0:23 0.8

- Yb 1.55 1.3 0.8
'., "

Lu 0.2 0.2 0.1
"flom Feng (1992)



• Geochemlstry of the Preissac monzogranite

Muscovite monzogranlte
sample 303 304 318 319 406 424 320 428 434435A 439 443
5102 75.71 75.32 76 76.31 75.08 74.65
Ti02 0.04 0.03 0.03 0.02 0.05 0.04
A1203 14.34 14.64 14.45 14.59 14.87 14.32
Fe203 0.53 0.32 0.45 0.25 0.51 0.26
FeO
MnO 0.13 0 0 0 0 0
MgO 0.01 0.13 0 0.05 0.17 0.13
Cao 0.22 0.43 0.57 0.38 0.52 0.59
Na20 4.38 4.29 4.25 4.73 4.25 4.26
1<20 3.95 3.83 3.92 3.67 4.1 4.29
P205 0.02 0.04 0.04 0.04 0.04 0.03
L.O.' 0.6 0.68 0.92 0.08 0.6 0.88

Ga
U 28.45
Be 3
Be 13.82
Rb 518 567 458 528 476 515 470 441 489 596 478 399
Sr 6 7 9 8 8 11 10.2 6 11 8 10 21
Zr 68 84 45 53 49 47 38 46 54 140 41 27
Nb 26 69 56 25 45 32 34 32 42 42 16 8
Y 16 6 29 40 38 35 15 21 36 16 36 18
Ta 7.675
Hf 2.204
Th 6.95

La 3.18
Ce 10.31
PI' 0.98
Nd 3.6
sm 1.54
Eu 0.044
Gd 2.065
lb 0.398
Dy 2.409
Ho 0.414
Er 1.149
Tm 0.17
Yb 0.91
Lu 0.108

1,



• Geochemistry of the PreJssaç monzogranite

Muscovite monzogranite
5ample
5102
Tl02
AI203
Fe203
FeO
MnO
MgO
cao
Na20
K20
P205
LO.I

445 14 15 16
76.1 75.45 75.34 74.89
0.03 0.03 0.05 0.04

14.39 13.87 14.45 14.01
0.37 0.29 0.35 0.32

0.13 0.06 0.08 0.09
0.49 0.47 0.65 0.61
4.46 4.11 3.89 3.98
3.55 4.11 4.64 4.44
0.04 0.04 0.04 0.03
o.n 0.4 0.4 0.33

MGG"
471 4n 17

75.75 75.76 76.91
0.02 0.02 0.02

14.49 14.51 13.61
(l..4.~ 0.42 0.47

000
0.07 0.04 0.07
0.31 0.31 0.24
4.76 4.88 4.42
3.62 3.67 3.6
0.04 0.03 0.04
0.4 0.44 0.32

Ga
U
Be
Be
Rb
Sr
Zr
Nb
Y
Ta
Hf
Th

1.8
ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
'lb
Lu

488
9

42
40
31

44.31
2.25
4.62
472
6.62

18.41
58.22
24.2
7.22
2.97
1.36

0.638
1.117
0.23

0.902
0.877
0.016
2.077 .
0.615
4.222
0.702:::­
1.869
0.354

2.7
0.362

481
9

14
88
24
12
2.2

1

0.4 '~

il.8

0.4

0.7

2.1
0.3

• Muscovile-gamet monzogranite



• Geochemlstry of the Moly Hill monzogranlte

BIotite Two-mlca Muscovite monzogranlte
sample 29 26 35 40 13 14 15 16 17 20 71
5102 73.81 74.3 73.1 76.3 75.5 75.3 74.9 76.1 752 74.1
T102 0.16 0.13 0.02 0.03 0.03 0.05 0.04 0.03 0.03 0.02
AI203 14.61 14.8 14.4 15.1 13.9 14.5 14 14.6 14.4 14.7
Fe203 1.33 1.1 2.18 0.35 0.29 0.:}5 0.32 0.39 0.43 0.74
MnO 0 0.06 0.04 0 0 0 0 0 0 0.02
MgO 0.31 0.18 0.1 0.01 0.06 0.08 0.09 O.CS 0.02 0.06
Cao 1.26 1.29 0.88 0.52 0.47 0.65 0.61 0.7 0.63 0.67
Na20 3.73 4.31 4.42 4.47 4.11 3.89 3.98 4.29 4.16 4.53
K20 4.37 4.14 4.n 4.26 4.11 4.64 4.44 3.98 3.83 4.45
P205 0.07 0.05 0.01 0.03 0.03 0.04 0.03 0.04 0.04 0.01
LO.' 0.4 0.34 0.2 0.44 0.44 0.56 0.5

U 134 118
Be 2.6 3.6 4
Be 788 610 60 39 9.5
Rb 350 348 360 337 474 469 449 469
Sr 165 121 18 31 18 22 19 17
Y 8.68 7.6 14 10 46 36 36 14
zr 142 61 46 33 35 33 ST
Nb 22.81 22.5 23 22 18 19 31
Ta 3.96 4.85 3.9 2.63 5.6
Hf 4.5 2.72 3 1.21 1.43
Th 19.5 12 10 19.6 11.7

La 50.32 14.5 4.1 4.3 7.46
ce 91.5 26.6 13 8.85 15.6
Pr 9.72 2.92 1.05 1.92
Nd 31.73 .10.2 5 3.98 7.44
sm 4.ST 2.31 1.4 1.27 2.38
Eu 0.67 0.39 0.2 0.22 0.14
Gd 3.1 2.19 1.4 2.61

c lb 0.34 0.29 0.22 0.4 -
Dy 1.84 1.5 1.55 2.53
Ho 0.31 0.25 0.28 0.43
Er 0.74 0.74 0.8 1.18
Tm 0.12 0.11 0.13 0.17
Yb 0.64 0.74 0.78 1
Lu 0.1 0.11 0.41· 0.11 0.14

..::



• Geochemlstry of the lJImotte monzogranlte

Biotite monzogranlte
5ample 19 151 204 806 797 768 8204 898
5102 74.3 75 73.7 73.4 74.9 75
AI203 14.3 14.3 14.1 142 14.53 13.6
TI02 0.14 0.07 0.08 0.04 0.06 0.09
Fe203 0.93 0.66 0.98 0.91 0.13 0.8
MnO 0.03 0.04 0.04 0.03 0.1 0.04
MgO 0.06 0.05 0.12 0.05 0.01 0.14
cao 1.13 1.04 0.96 0.81 0.88 0.68
Na20 3.81 3.77 3.67 4 3.96 3.72
K20 4.24 4.3 4.33 4.27 4.62 4.41
P205 0.05 0.01 0.05 0.01 0.02 0.03
LOI 0.52 0.24 0.34 0.23 0.41

Ga 27 21 18 22 17
U 129 180 354 265 175
Be 5 2 4 4 3
Be 630 647 399 302 414 621
Rb 290 250 260 320 311 270
Sr 150 140 100 77 94 100
Zr 120 75 95 67 73 100
Nb 19 16 11 19 16 12
Y 18 20 16 22 13 14
Ta 7.7 4.6 2.8 9.4
Hf 3.5 2.3 3.4 2.5
Th 16 9.8 22 15 20
U 5.8 2.8 3 4.9

1JI 27 13 13 24 20.4
ce 52 24 28 50 33.3
Pr ,
Nd 18 8.3 11 21 115
sm 2.1 1.4 1.4 2.6 2.9
Eu 0.4 0.3 0.3 0.5 0.3

/ Gd
.'

lb 0.3 0.2 0.3 0.6 0.4
Dy ~

,

-- = Ho .0.7 0.7, 05 0.6 0.8, .' ---- ."- ,

Er

- Tm 0.9 . 0.6 1 0.1-. - :Yb 05 0.7 1 1 1.1

... Lu 00.1 0.1 0.9 0.2 0.2

-'
- ~



Geoc:hemlstry of the Lamotte monzogranlte

Two-mlca monzogranlte
sample 895 896 908 8910 796 799 801 41 ST 894 892
5102 74.81 75.21 75 75.32
AI203 14.56 13.93 14.1 14.88
n02 0.03 0.02 0.08 0.03
Fe203 0.63 0.3 1.11 0.69
MnO 0 0 0.05 0
MgO 0.08 0.03 0.17 0.15
Cao 0.78 0.71 0.93 0.69
Na20 4.22 4 3.86 4
K20 4.41 4.24 4.51 4.56
P205 0.05 0.05 0.01 0.05
LOI 0.28 0.28 0.71 0.44

Ga 23 25 25
U 420 189 410
Be 3 5 7 8
Be 99 170 216 102 138
Rb 361 347 340 383 410 335 330 430
Sr 54 54 39 55 31 43 48 45
zr 36 36 95 37 51 41 74
Nb 17 14 17 18 19 18 22
Y 19 14 22 23 7 10 36 23
Ta 4.8 5.6 5 8.7
Hf 2.2 1.7 3 1.4
Th 14 19 13 22 13
U 4.6 10 5.6 12 8

La 11.8 10.3 12 8.4 14.3 15 10.4
ce 20.4 17.9 29 19 24.5 25.6 17.2
Pr
Nd 7.8 7.2 10 9.1 8.1 9.5 7

sm 2.6 2.5 3 '1.7 2.3 2.6 2.3
Eu .0.4 0.2 0.4 0.2 0.2 0.2 0.2

Gd

Tb 0.4 0.5 . 05 0.3 0.3 0.5
Dy

,

~

Ho 1 0 1.2 0.8 0.6 0.5 " 1
-

Er, . -
Tm 0.1 0.1 0.1 .0.2.
Yb 2 . 2.3 4.7 2.6 '0.9 . 1.2 2;1

Lu 0.3 0.3 0.63 0.3 0.1 0.2 0.3
<',·e ".. . -

,ç::: .
!,;.
>

,
~......

~---~



• Geochemlstry of the Lamotte monzogranlte

Muscovite monzogranlte Spodumene pegmatite
5ample 16 17 Se-2 TMe-7 881
5102 7~·9 76.2 74 74.8
At203 14.6 14.6 15.7 16.31
TI02 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
Cao 0.38 0.27 0.1 0.43
Na20 4.55 4.83 2.94 4.87
1<20 3.61 3.16 2.37 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
Be 17 8 16 5
Rb 450 460 1300 9.8
Sr 12 9 22 22
zr 28 S 19 33
Nb 36 48 52 68
Y 45 40 19 10
Ta 13 11 87
Hf 1.8 2.5 4
Th 7.5 1.6 2.4
U 10 4.6 1.7

La 5.1 0.8 0.8

ce 16 2 1.5

Pr
Nd 8 6.2 0.8

sm 2.6 0.5 0.8
Eu 0.1 0.1 0.1

Gd
Tb 0.9 0.2 C.1
Dy
Ho 1.5 0.5 0.2
Er
Tm 1.3
Yb 2.2 0.2
Lu 0.3 0.1 0.1

~\ ...--=
.:J.-'.-I

/::..:.



• Geochemlstry of the Lacome monzogranlte

Biotite monzogranlte
sample 614 616 621 634 635 673 158·5 3060' 3061' 3062" 30-
5102 75.44 75.18 75.75 74.71 74.86 72.9 73.7 73.6 74.6 73.9
Ti02 0.08 0.07 0.09 0.1 0.07 0.06 0.1 0.1 0.1 0.09
AI203 14.11 13.92 14.44 14.28 14.04 14.1 13.5 13.9 14 14.6
Fe203 0.97 1.12 1.13 1.18 1.28 2.84 1.45 1.17 1.16 0.88
MnO 0.04 0.04 0.05 0.04 0.05 0.04 0.04 0.04 0.02 0.05
MgO 0.09 0.17 0.21 0.15 0.22 0.05 0.22 0.2 0.17 0.21
cao 0.86 0.96 1.03 0.99 0.87 0.96 0.83 0.78 0.94 0.94
Na20 3.99 3.87 4.12 3.75 3.83 3.55 3.96 4.06 4.46 4.49
t<2O 4.47 4.32 4.12 4.53 4.32 4.31 5.32 5.36 4.88 4.6
P205 0.02 0.01 0.04 0.03 0.01 0.04 0.05 0.03 0.03 0.04
LoO.1 0.38 0.3 0.38 0.44 0.5 0.34 0.46 0.33 0.34 0.31

Ga 21 16
U 495 295 100 200 100 189
Be 4.75 3 5 4 4 6 4
Be 361 526 704.5 457.5 418 470 652 520 460 660 822
Rb 345 433 456.5 423 452 360 420 330 370 350 360
Sr 96 112 143.5 112.5 96 150 120 100 150 144
Zr 64 55 96 84.79 60 82 95 87 73 96
Nb 18 12 17.36 17.1 15 25 18 13 9 15
Y 26 13 9.925 8.185 14 12 22 25 29 27 3
Ta 3.31 3.47 3.4 11.4 7 3 5 2.4
Hf 3.78 3.33 4 2.2 3 4 3 3.5
Th 25.75 30.97 26 15.5 21 15 18 24
U 2.64 4.34 3.4 2.3 4 2 3 4

La 28.78 20.81 37 23.4 27
ce 39 53 52.71 40.18 69 73 32.3 52
Pr 5.23 4
Nd 15.89 13.22 23 9 18
sm 2.1) 2.38 3.8 2.2 3.4
Eu 0.45 0.38 0.5 0.3 0.49
Gel 2.32 2.11
Tb 0.28 0.26 0.2-0.3 0.2 0.4
Dy 1.54 1.47
Ho 0.27 0.27 0.4
Er 0.71 0.67
Tm 0.12 0.103
Yb 0.76 0.72 2.3 0.8 1.1
Lu 0.13 0.115 0.33 0.1 0.17
*fRlm Feng 1992; ~from DanIs 1985 '~ -.

~
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• Geochemlstry of the albltlte dllces assoclated wlth
the Lacome pluton

sample 721 722 723 724 733 772
5102 67.98 67.99 67.8 67.95 68.31 72.2
T102 0.01 0.02 0.01 0.02 0.01 0.01
A1203 20.15 20.12 20.07 19.98 20.42 17.05
Fe203 0.14 0.11 0.1 0.11 0.13 0.27
MnO 0.02 0.2 0.08 0.04 0.03 0.13
MgO 0.01 0.01 0.01 0.01 0.01 0.01
cao 0.4 0.13 0.3 0.11 0.44 0.97
Na20 10.67 10.84 10.76 10.91 10.64 8.48
K20 0.07 0.3 0.05 0.02 0.04 0.2
P205 0.06 0.05 0.02 0.05 0.03 0.01
LO.I 0.26 0.26 0.24 0.36 0.19 0.6

Ga 61 58 54 61
U 7 4.77 6 7
Be 45 22.13 16 14
Ba 42.5 64.16 37.5 74 56 57
Rb 1.15 1.66 2.4 3 2.8 47
Sr n.5 472 72.5 545.5 81 59
Zr 24 77.4 37.5 31.5 12 52
Nb 46.5 70 36 20 34 67
Y 0.85 3.67 2 1.8 4.7
Ta 180 136 270 110
Hf
Th 4 5.12
U 5 12.235 6 6

La 1.86
ce 3.35
Pr 0.37
Nd 1.63
Sm 1.18
Eu 0.058 .'

Gd 1.024
Tb 0.193
Dy 0.683
Ho 0.061
Er 0.113

• Tm 0.018
Yb 0.164
Lu 0.032

.
,",1"'"
\...-
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Appendix 4

Chemistry of decrepitated fluid inclusions



- e

Befylln beijl pegmatite
-

Quartz ln beryl pegmatlfit- Qtz ln spodumene pegmatite

Mound Na K Ca Fe CI Mound Na Ca S CI Mound Na Ca S CI

1 56.44 0.00 00.00 00.00 37.98 1 48.79 0.00 0.00 48.83 1 37.30 13.82 0.00 49.09
2 47.34 '0.00 14.48 00.00 31.39 3 50.92 0.00 0.00 49.08 2 43.55 00.00 0.00 53.30
3 39.30 1.01 08.95 10.22 40.52 4 43.40 0.00 9.98 38.85 3 38.38 08.87 0.00 47.88
4 50.74 0.00 00.00 00.00 37.47 5 50.87 0.00 5.14 44.00 4 31.34 12.21 4.21 52.28
5 57.45 0.00 00.00 09.89 29.82 7 47.27 0.00 4.57 41.80 5 35.45 18.35 0.00 44.19
8 88.88 0.00 00.00 00.00 23.05 8 48.80 0.00 7.07 32.55 8 45.02 00.00 0.00 51.14
7 48.31 0.00 04.08 11.28 38.38 9 44.89 0.00 8.99 44.92 7 41.52 03.71 0.00 52.42
8 37.27 0.00 18.18 03.14 39.88 10 48.78 0.00 3.38 44.48 8 40.73 17.55 0.00 39.88
9 42.18 0.00 15.24 14.20 25.56 11 48.98 0.00 7.59 39.23 9 43.29 03.08 0.00 48.73
10 41.79 0.00 08.98 15.23 32.39 12 47.84 0.00 0.00 48.34 10 28.56 18.04 3.18 54.22
11 53.38 _9.00 00.00 00.00 38.75 13 48.71 0.00 0.00 50.02 11 40.71 05.81 2.00 50.38
12 47.00 riO.OO 11.79 00.00 35.91 14 49.22 8.78 0.00 39.78 12 38.82 08.15 1.10 52.85
13 54,28 0.00 11.10 00.00 27.13 15 48.43 0.00 0.00 51.28 13 35.28 08.50 2.38 52.88
14 44.56 1.30 00.00 14.50 38.92 18 45.27 0.00 8.54 39.79 14 33.99 11.99 1.77 51.22
15 52.65 0.00 00.00 00.00 44.34 17 45.74 0.00 0.00 40.89 15 24.15 21.88 2.19 50.20
18 82.85 0.00 00.00 08.81 24.93 18 37.18 9.38 0.00 53.44 18 38.31 07.94 2.35 51.01
Ü' 51.52 0.00 00.00 10.56 31.93 19 38.74 7.85 0.00 55.80 17 39.81 10.15 1.21 48.80
18 54.91 0.00 00.00 24.80 20.49 20 37.78 8.15 0.00 54.04 18 35.31 12.13 1.48 47.88
19 50.23,0.00 01.30 08.72 38.81 21 47.44 0.00 0.00 48.40 19 35.04 14.27 0.00 47.89
20 43.71 0.00 04.02 18.19 31.87 22 48.08 0.00 2.01 48.02 21 28.70 18.48 5.89 48.08
1A 52.93 0.00 00.00 00.00 48.00 23 43.05 5.82 0.57 50.14 22 25.73 17.73 2.39 53.18
2A 49.08 0.32 00.00 00.00 48.41 24 45.80 0.00 0.00 51.27 23 28.17 17.13 3.84 49.97
3A 49.20 O.a.. 00.00 00.00 48.91 24 32.48 09.37 0.00 56.51
otA -52.~ 0,00 00.00 00.00 42.51 25 43.88 03.41 5.25 48.37

28 18.72 28.16 2.51 54.62
27 29.17 16.68 0.00 51.92

Values are ln wt%-:- -'-
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Spodumene ln spOciuinene peginatite- Beryl ln spodumene·beryl pegmatite - ---atz ln spd·beryl peg

Mound Na K Ca Mn S CI Mound Na K Ca Fe S CI Mound Na CI

//,
0.00 0.00,C '1 '.)48.0 9.78 3.13 32.4 1 58.49 0.00 0.00 0.00 0.00 37.35 1 47.11 47.46

/'/ 2 ,,38.2 ,0.00 13.38 5.58 0.00 44.8 2 51.31 7.47 0.00 5.98 2.85 29.69 2 50.31 49.36
3 47.8 0.00' 5.&0 1.87 0.00 38.8 3 39.39 12.75 12.05 8.38 3.83 20.33 4 50.36 47.62
4 36.2 0·09 8.22 8.21 0.00 42.9 4 59.30 0.34 1.51 0.75 1.43 32.30 5 49.37 46.69
5 35.2 0.00 12.39 5.42 0.00 45.5 5 52.95 4.92 1.28 0.00 0.38 35.21 6 43.91 53.88
8 23.6 4.88 6.82 0.00 4.13 51.1 8 53.17 0.00 0.00 0.00 2.16 42.07 7 49.20 47.13
7 38.5 0.00 12.99 1.22 0.41 45.4 7 37.10 7.41 23.02 0.00 0.00 27.86 8, 49.11 48.76
8 23.0 0.00 14.08 0.00 0.00 83.0 8 51.33 0.00 5.23 0.00 0.00 40.55 9 49.64 49.78
9 41.8 0.00' 1.96 2.12 0.00 45.2 9 43.32 0.00 4.07 13.25 0.67 35.30 10 47.01 46.23
10 43.9 0.00 0.00 0.00 2.00 50.8 10 52.92 0.00 2.29 0.00 0.00 38.80 11 48.75 48.05

• 11 41.1 0.00 18.11 0.00 0.00 42.8 11 46.97 0.00 0.00 0.00 0.00 34.86 13 47.97 52.03
12 38.9 0.00 14.02 2.91 0.00 43.1 12 51.93 2.27 0.00 0.00 0.00 43.61 14 47.01 47.76
13 28.1 0.00 12.15 0.00 1.41 55.1 13 52.90 0.00 0.00 0.00 1.20 43.01 15 43.96 58.04
14 38.2 0.00 18.04 0.00 0.00 40.8 14 50.74 0.83 0.00 0.00 0.00 42.90 18 45.98 54.02
15 81.4 0.51 8.53 0.85 0.00 28.5 15 51.70 0.00 0.00 0.00 0.00 39.96 17 52.93 47.07
18 44.9 0.00 12.09 1.80 0.00 39.4 18 54.01 45.99
17 45.9 0.00 8.09 "1.80 0.00 41.8 19 53.49 43.64
18 43.1 0.00 11.83 0.00 0.00 41.8 20 51.18 48.82
19 29.2 0.00 8.98 0.00 0.00 55.2 21 48.02 48.57
20 31.1 2.78 5.02 0.00 0.00 47.1 22 45.13 52.45
21 25.2 9.49 2.81 4.45 0.00 47.8 23 52.49 38.68
22 37.5 13.21 2.27 0.00 0.00 43.2 24 48.94 53.06
23 38.2 25.81 1.47 0.00 0.00 30.4 25 45.92 40.99
24 22.4 0.00 4.74 0.00 0.00 87.3 26 49.52 47.98
25 59.8 0.00 15.49 0.00 0.00 23.7 27 47.11 42.88




