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Feldspar mineralogy of the Strange Lake complex, Québcec-Labrador



ABSTRACT

The four main units of the epizonal Strange Lake peralkaline complen (Quebee
Labrador) document a transition from carly hypersolvus gramite, 0 transsolvus gramite,
to geochenically more evolved subsolvus granite and, finallv, o lighly K-enniched
pegmatites. The felsic and matic minetals constraim the temperatures ol ery stallization
ol the different umts  The hyperselvus gramte has o solidus above 050°C, and the
pegmatite has a solidus below ~390°C at 0 7 kbar  Fhe textutal tansitton and weduced
solidt of the units are evplained by an mcease i (Nat KYAl and Nuotine i the
evolved granitic melt. which allows crystallization to lower temperatures, and thus the
nucleation of two separate primary [eldspars. The composttion and stiuctaral state ol
the feldspars of the pluton indicate temperatures ol equilibration of ~300° (o 100°C
he increasing K/Na value of the bulk feldspar 15 esplamed by, 1) the shift of the
haplogranite minumum toward the Qtz-Or sidehine due to the additton ol excess alkalis,
and 2) the loss of Na by degassing. The high degree of order in the K-teldspar s
attributed to the presence of an alkaline {Twd phase  The geochennceal evolution ol the
alkali feldspars s consistent with the fractionation of a single hatch ol evolved pranitic
magma. Degassmg of the magma led to an important mercase i (O, and to the
escape of the peralkaline fluid into the waluocks Mmcerahization n the complex 1
attributed to the late re-distibution of ore constituents v a contammated peralkaline

fluid. which gained Ca, Srand Mg by interaction with the country rock




RESUML

[Les quatres unites du complexe hyperalcalin de Strange Lake (Québec-Labrador)
démontient une transitton de granmite hypersolvus  a granite transsolvus. a un granite
subsolvus plus ¢volue et finalement. a des pegmatites extrémement envichies en K. Les
minéraux felsiques et mafiques  exercent des contraintes sur les températures de
cristallisation des diftérentes umtés. Le granite hypersolvus a un solidus supérieur &
O650°C, ¢t les pegmatites ont un solidus inféricur & ~390°C a une pression de 0.7 kbar.,
[a tiansition testurale et Fabaissement du solidus 1ésulteraient d'une augmentation du
rappott (Nat K)/AL ¢t de la teneur clevée en fluor dans le magma gramtique le plus
¢volué, ce qui prolonge le cours de cristallisation 4 des tempcératures plus basses. Ceci
a permis la cristallisation  de deux feldspaths  primaires  distinets dans le granite
subsolvus et Jes pegmatites  La composition et I'¢tat structural des feldspaths alcaling
du pluton indiquent des températures d’équibibrage entre ~300° et 100°C La hausse en
K/Na des concentres de feldspath serait due: 1) au déplacement du minimum
haplogranitique vers e cote Quz-On par 'excédant en alealis et 2) la perle de Na par
degazage e degié drordre ¢leve du feldspath potassique est atibué a la présence
d'une phase aqueuse alcaline [ "¢évolution géochinque des teldspaths est compatible
avee le fractionnement d'une seule venue de magma granitique évolué. Le dégarzage a
mene a4 une hausse mmportante en fO,) et a la finte du fluide hyperalcalin dans les
roches encanssantes  La nuncralisation du complene est attribuée a la répartition des
constittants du minerar dans la phase fluide hyperalcaline contaminée en Ca, Sr et Mg

pat mteraction avee encaissant,
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CHAPTER |

Introductory Statement




Tuttle & Bowen (1958). in reference to the complexity of the phase relations of the

"

alkalr feldspars stated that ™. it is not difficult to envisage the tremendous storage
capacity of the leldspars for information concerning their thermal history and the
thermal and chemical history of the rocks in which they are found." This view was
confirmed by Parsons (1978). who described the evolution of exsolution textures and
structural state of alkali feldspars in cooling plutons. by Martin (1982). who presented
an overview of leldspar mineralogy of pegmatitic granites: and by Brown & Parsons
(1989). who discussed  rates of ordering, and kinctic aspects of  the phase
transformations

This thesis consists of two manuscnipts that focus on the alkali feldspars of the
Stiange Lake peralkaline granites. The first manuscript deals with the feldspar textures
of the different mtrusive units, coupled with whole-rock major- and trace-element
geochemistry. the data record a tansition from hypersolvus granite to a subsolvus
granite within the complex Plots of the normative mineralogy of the different units in
terms of the pscudoternary  haplogranite system lead to a comparison of the Strange
I.ake granites with results from experimental work on gramitic compositions with excess
alkalis. and the eddition of I, The second manuscript considers the geochemistry and
structural state ol the alkali feldspars Major-element chemistry provides information
on the parental magma from which the feldspars crystallized. as well as temperatures
of’ re-equilination  The concentration of mumor and trace clements n the feldspars
indicate degree of fractionation in addition to subsolidus re-equilibration with late-stage
residual fluids. XRD studies vield information on the subsolidus thermal conditions and
the distribution of fluids during the cooling of this enigmatic complex.

2
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CHAPTER 2

The Hypersolvus Granite-Subsolvus Granite Transition
at Strange Lake, Québec-Labrador



Abstract

The Strange Lake anorogenic peralkaline complex is a high-level Zr-Y-Be-RIEH-
enriched granite subdivided into four distinct map-units based on texture, mumeralogy
and bulk composition. The main units document a transition from carly hy persobvus
granite, to transsolvus granite, to geochemically more evolved subsolvus gramte and.
finally, to highly K-enriched pegmatites. 1he evolution 1s matked geochenueally by an
increase in Fe'', Mg, Ca Tu. S, HES, Y. Zr. REE. and a decrease in Na. k. Al Na/K.
and (La/Yb)y. The units are enriched m ¥ T'he felsic and matic minerals constiain the
temperaturcs of crystallization of the different units of this shallow pluton  The
hypersolvus granite has a solidus above 650°C and the pegmatite has a solidus just
below ~590°C at 0.7 kbar. The textural transition of the units 15 explamed by the
presence of excess alkalis and fluorine in the granitic melt Excess athalis, which ae
manifested by the presence of alkali amphibole and alkali Zinconosihicates as well as
normative acmite and sodium disilicate, depolymerizes melts, enhances water and
silicate solubility, and extends the course of crystallization to reduced temperatures
Fluorine (inferred to have been up to 3.7 wt%) lowered the solidus and liguidus
temperatures of the more cvolved subsolvus granites and pegmatites allowing the
crystallization of two separate primary feldspars. ‘The origin of very potassic pegmatites
reflects the disequilibrium crystallization of K-feldspar, brought upon by an cscaping
sodic vapour phase. Degassing led to an important increase i f(),), and to cscape of
the peralkaline fluid into the wallrocks. Infiltration of Ca- and Mg-bearing fluid back
into the evacuated complex probably accounts for the geochemical anomalies in this

unusual A-type granite.




Introduction

‘The Strange Lake anorogenic complex consists of unusually highly evolved
peralkaline granite that is locally much enriched in high-field-strength clements. it sits
astride the Québece-labrador border near Lac Brisson, 230 km northeast of Schefferville.
Qucbhee and 150 km west of Nain, on the Labradot coast (Fig. 1), and is poorly
exposed  The long axis of this small (36 km”) elliptical pluton trends northeasterly. [t
was emplaced 1n the castern arm of the Rae Province (Hoffman 1988) at the contact
between a quartz monzonite of [Elsonian age to the southwest and a suite of Aphebian
metagabbros, metadiorites, quartzofeldspathic and cale-silicate gneisses to the north. The
pluton is middle Proterozoic in age. A Rb/Sr whole-rock isochron gave an age of 1189
+ 32 Ma and an initial *St/*Sr ratio of 0.705 + 0.028 (Pillet et al 1989).

The Strange Lake complex 1s of particular interest because of its enrichment in the
incompatible clements 7. Y, Nb, Be, as well as the rare-carth clements (REE). Parts
ol the pluton contain assemblages of cxotic minerals such as gittinsite, elpidite,
pyrochlore, armstrongite. gadolinite, and kainosite: allanite. fluorite, zircon, and thorite
also are present (Birkett e o/ 1992). With reserves on the order of 30 million tonnes
grading 3.25% 7Zr(,, 0.66% Y,0,, 0.12% BeO. 0.56% Nb,O; and 1.3% RE.O, (Zajac
et al 1984), the pluton hosts what is potentially the largest deposit of Y in the world.
I'his extreme entichment surpasses that encountered in other examples of peralkaline
gramte magmatism, ¢ g.. the Evisa complex in Corsica (Bonin 1986), the Kaffo Valley
granite at Ririwai. in the Niger-Nigeria anorogenic province (Bowden ef a/ 1987), and

complexes of the Arabian Shield (Drysdall er al 1984, Jackson er al. 1985).



Figure 1. Map of the Strange Lake complex, Québece-Labrador. Units are named on the
basis of petrographic observations from this study. The map has been modified
from Miller (1986) and Salvi & Williams-Jones (1990) The bodies of gramtic
pegmatite were mostly emplaced in the altered subsolvus granite, and are not

sufficiently large to appear on this map.
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Previous investiytors have distinguished several distinet facics of granite, Millet
(1986) and Zajac ¢f af (1984) subdivided the complex on the basts of modal proportion
of the exotic minetals Pullet er of (1992) and Curnie (1983) 1eferred to a quattz-rich
and a feldspathic facies Salvi & Williams-Jones (1990) referied to an altered and a
fresh granite on the basis of extent of a postmagmatic overptmt ot hy drothermal
activity. These terms do not contribute much msight into the petiogenesis ol s
unusual pluton.

The object of this study is to characterize the texture, mmeralogy, and bulk
composition of samples of the main units, exclusive of the ore zone, these descriptions
document a transition from an carly hypersolvus granite, firstly (o transsolvus granite,
then to the geochemically more evolved subsolvus granite  The pustaposiion ol these
three texturally different types of anorogenic granite in a simgle body places constramnts

on the pressure and temperature of crystallization of the granitic magma

Iield Relations
Field work on the Strange Lake complex in the summer of 1989 had, as its mamn
objectives, 1) the documentation of the intrusive units and their relative age. and 2) the
cstablishment of the nature of the contacts with the host rock Exposures of the mtrusive
contact with the country rock unfortunately are scarce. ‘To the north, a large tongue of
quartzofeldspathic and metadiorttic gneiss forms a re-entrant mto the pluton (Fig 1)
In the northeastern portion of the pluton. the Aphebian gneisses are exposed as irregular

masses interpreted to be roof pendants. The attitude of the fohaton in these outerops

9




is consistent with that in the host gneisses to the north. To the south and west, xenoliths
of I'lsonian quartz monzomte also occur as roof pendants. The granite shows no
evidence of a chilled margin in contact with the roof pendants. The contact between
granite and host rocks is sharp, and there is no evidence ot brecciation and incipicnt
metasomatism of the wallrock. A primary foliation generally is present within one meter
of the contact  These features are censistent with the epizonal nature of the pluton.
Drill-core data and restlts of a very-low-frequency clectromagnetic survey reveal
the presence of a ring fault dipping 20° to 35° outward; this ring fault delineates the
outer edge of the Strange Lake complex (Miller 1986, Zajac ef al 1984) The fault is
cxposed i the northwestern portion of the complex, and marked by a fluorite-hematite

breccia that contains entrained fragments of the Aphebian gneisses.

The Map Units

The Strange Lake granite is composed of alkali feldspar, quartz, arfvedsonite +
acgirine, and the scveral accessory phases that make 1t unusual. The modal proportion
ol the rock-forming mincrals remams fairly constant (Pillet ef @/ 1992, Table 2), yet
textural variations abound within the complex. as is expected in a shallow intrusive
body. Based on textural and mineralogical differences, the pluton is subdivided into two
major units (Jovpersolvus - granie und subsolvus - granite) and two subsidiary units
(rranssolvus - gramte, intetmediate between hypersolvus and subsolvus  variants, and

pegmatite. 1 bodies that cut the subsolvus granite, mostly). These are described below

in an order consistent with their emplacement.

10



Hypersolvus gramite

This unit is exposed in the southeastern and central pottion of the complen (Fig 1)
It consists of leucocratic alkali feldspar granite (nomenclatwre of Sticchersen 1970)
Outcrops are typically of "pavement” type. Mactoscopreally. this medimm-gramed rock
is tan to pale green. and 1s chatactenized by 1) an even disttibution of by edsonite
grains  from <1 to 10 mm actoss. and 2) the prominence of  mesopetthite
Mineralogically. this rock scems invanant, on the other hand, textutal vanations are
common. [t is hypidiomorphic, equigranular o shghily porphyritic, with phenocrysts
of perthite, quartz and, less commonly, artyedsonite

A mesoperthitic alkali feldspar (50 to 70%) dominates this granite (Fig. 2a). Fhese
grains are cuhedral to subbedral. and up to 12 mm across. They are tmbid owmg to
myriads of mictoscopic inclusions of artvedsontte needles. acnigmatte, astrophythite and
minor albite laths The acicular crystals may well be the result of "reworkig™ ol non
formerly in the structure of the primary (magmatic) feldspar, released  dunmg s
exsolution. Iu fact, the iron content of the K- and Na-rich feldspars 1s found to deercase
as they approach end-member compositions (Chapter 3). The exsolution testure seems
to have developed prior to the appearance of these acicular inclusions, which cut across
the lamcllac.

The mesoperthite grains display Mancbach, Baveno and Carlshad growth twins
Some grains display a "herring-bone” texture of albite lamcllac owing 1o the
combination of Mancbach and Carlsbad twins. Regular lIenticular lamellac of albite

attributed to exsolution attain 50 pum across. Patch-type perthite also 15 common, the




Figure 2. Photomicrographs of representative samples from the different units of the
Strange Lake complex. a. Hypersolvus granite, with mesoperthitic alkali feldspar.
guartz and poikilitic amphibole. Note the swapped margins of alkali feldspar and
arfvedsonite b Close-up of the swapped margins of perthite and arfvedsonitc in the
hypersolvus  granite. The arfvedsonite invariably is intergrown with the albite
lamellac. ¢. I'ranssolvus granite, with microperthitic phenoctyst in a subsolvus two-
feldspar matrix. The edges of the phenocrysts are almost devoid of albite. marking
the transition from a hypersolvus to subsolvus crystallization. d. Subsolvus granite,
with carly-formed grains of quartz. arfvedsonite and isolated laths of albite and K-
feldspar. ¢ Magmatic quartz with grains of K- and Na-feldspar delineating a
pscudohexagonal core. ' Pegmatite with carly-formed crystals of o-quartz and
sprays of hematite-stained acgirine. Scale bars indicated at the lower right of cach

photomicrograph.
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albitc occurring as films. veins, patches. and blebs that seem randomly oriented
throughout the K-feldspar host.

Quarts. the second most abundant nuneral. constitutes 135 1o 25% of the roch. It
crystalhizes tolowing the alkali feldspar as mterstutial, anhedral grains that mold earlier
phases (Fig 2a) Where formed carly. its habit is typical of f-quartz. The quartz
displays uniform extinction. attesting to a strain-free tegime during and following
crystalhization of the pluton

Sodic amphibole (10-15%) 15 the dominant mafic mineral. In some samples. the
subhedral crystals display a colour sonation in plane hght from core to margin. this
optical variation reflects the gradation from a feriorichteritic core to an arfvedsonitic
margin (Pillet 1989)  These grains are devord of perthite inclusions, but do contain
blebs of clear fluorite up to 200 pm across in the Ca-rich core. The fluorite contains
what 15 interpreted to be devitrified melt inclusions (S. Salvi. pers. comm. 1992). These
two observations are consistent with a magmatic origin for the fluorite. In other
samples. the unzoned arfvedsenite oceurs interstiially, and molds the carlier felsic
minerals Such grams may be poikilitiz. enclosing quarts and alkali feldspar. as well as
primaty zircon, thorte, acmgmatite. and astrophylhte

Subsohidus features are common but subtle in the hypersolvus granite. Albite
commonly forms a syntactic overgrowth on the perthite grains. The coarse twin-
lamellae (Albite Taw) in the overgrowth parallel the finer (010) twin-lamellac in albite
formed by ~ solution in the host Also. late-forming interstitial clpidite. narsarsukite.

as well as acmgmatite and astrophy thite, are contemporancous with the late arfvedsonitic
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amphibole. Perthite grains in contact with such arfiedsonite are coated with albite,
presumably depostted from a late pore tluid. Artvedsontte "iskinds” tesult fiom the
highly dentate mterfaces (swapped margins) with pethite (Lig 2b) Fhe ey stallization
of much of the arfvedsonite in such samples scems o postdate the exsolution in the
feldspar.

On the basis of the prominence of perthite and the fack of discrete grans of primary
albite. crystallization occurred under hy persohvus condittions (Tuttle & Bowen 1958),
ie, above the crest of the solvus in the system Ab-Or. Zircon, pyrochloe. and thotite
scem 1o have preceded or cocrystallized with a homogeneous primary feldspar (sanidine
solid-solution) necar the liquidus. Fluorite aystallized near the ligudus  Quarts
crystallized prior to the appearance of the fentorichteritic core of” the amphubole  The
amphibele incorporated these cather-formed nunerals. Below the sohdus, the samdine
grains underwent exsolution. Narsarsukite and clpidite also seem to have crystathzed
at a subsolidus temperature  Arfvedsonite crystallized as a mantie on the amphibole
grains. along with acnmigmatite and astrophytlite. "The arfvedsonite-albiie mtergiowth
along grain margins is attributed to late codeposition from an intergranular 1laid phasce
This relationship. the appearance of arfvedsonite needles in the perthite. and the
coarsening and modification of the exsolution texture. are the product of nteraction of
the primary minerals with a peralkaline hydrothermal pore-fluid  Another result of this

interaction is the conversion of a monoclinic K-feldspar to microchine (Chapter 3).




Transsolvus gzranite

Fhe term "transsolvus”, initially coined by Bonin (1972) and later described by
Martin & Bonin (1976). refers (o rocks that  are texturally intermediate between
hypersolvus and subsolvus granites. Thrs texture illustrates a transition  from early
aystallization  as a hy persolvus rock and late cry stallization as a subsolvus roch (see
below) This unit occurs in the southeastern portion of the complex as wisps and
isolated lenses up to one meter across within the hypersolvus granite. Such lenticular
senoliths scem to have behaved plastically. This rock 15 fine-grained. grey to gieenish
grey, hypidiomorphic., and slightly porphyritic. with phenoaysts  of cuhedratl perthite,
subhedial to cuhedral quartz, and  less abundant prisms of  alvedsonite. The
melanocratic appearance of the granite is entirely due to the fine-grained nature of
arfvedsonite grams distributed  within - the matrix and not to an increase in modal
arfvedsonite. In fact. the bulk composition of the transsolvus granite is simila to that
of the hypersolvus granite (Table 1), as confimed by Pillet ¢f af. (1992: Table 3. his
"chilled margin" and "feldspathic" facies. 1espectively).

I he ttanssolvus granite also oceurs  as em-sized. roundish enclaves or xenoliths
thioughout the subsoly us granite. Such enclaves commonly possess a thin rim of felsic
material devoid of matic constituents  Such a rim probably arose as a result of rapid
nucleation o feldspar and quartz on the xenoliths upon their incorporation  in the melt,
and may be taken to indicate that these xenoliths  were relatively cool when they were
incorporated.

I'he transsolvus  granite shares  mineralogical characteristics with  both  the



hypersolv-us and subsolvus  granites. Ttis porpharitic. with phenoensts of mesopetthite
up to 12 mm actoss in a matriy of diserete mucrocline and albute grns (g 2¢) that
thus is subsolvus. The microcline 1s prid-tw inned, subhedral. and 0 3 mm across on
average. Subhedral Taths of” albite 1 the matrix arely exeeed 0.2 mm Both microcline
and albite laths are found as inclusions m grams o merstitial sy edsonite, wiieh

average 0.2 mm across. The anhedral quartz grams display a sharp extinetion

Subsolvus  granite

This unit delines an arcuate pattern (Fig. 1) that almost completely wiaps airound
the hypersolvus granite. It more or less coincides with Currie’s (1983) and Pillet’s
(1989) quartz-rich facics and with the alteted gramte ot Salvi & Williams-Jones ¢ 1990)
Outerops oceur on ridges patly concealed by moraine deposits Macroscopically, the
granite ty pically 1s cream to reddish biown, hypdiomorphic. and mequigranular — Two
feldspars and quarts comprise the matrin ot this unit; (wo types of arfvedsonite we
present. cuhedral phenocrysts and fine-grained crystals i the matix. Inclusions of line-
grained transsolvus granite are ubiquitous

Quartz (30 to 40%) is more abundant here than m the  hypersolvus granate, |
appears earlicr in the sequence of erystallization, as cuhedral to subhedial crystals up
to 4 mm across (Fig 2d). Girains have acore generally devord of mclusions, and aim
that is marked by the presence of fluid and minaal (albite and K-feldspar) inclusions,
These may delineate an mtemal pscudohexagonal to subcrreular core (g 2c¢). ‘The

presence of discrete albite and K-feldspar trapped in magmatic quattz shows that both
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mincrals are magmatic in origin. Quartz also is entrapped in arfvedsonite,

The feldspar fraction consists of isolated subhedral grains of K-rich feldspar and
albite (I'ig. 2d) Grrowth twins are rare. The grid-twinned grains of microcline perthite
(20 t0 35%) attain 2.5 mm. Albite oceurs as an exsolved phase (less than 5%) in the
host microchne. and less commonly ., as an overgrowth. The presence of limpid laths of
primary albite (10 to 15 vol%: up to 0.3 mm) distinguishes this unit from the
hypasolvus rochs. The albite is found especially at quartz and arfvcedsonite grain
margins and as inclusions in these munerals. It cocrystallized with K-feldspar following
the appearance of cuhedral quarts and arfvedsonite phenocry sts.

Atfvedsonite amounts to 10% of the rock unit, on average. It occurs as subhedral
to cubedral phenocrysts whose grain margins are irregular. These crystals attain 1 em
across. Inclusions  of quartz, K-feldspar, and albite  awe typical in the arfvedsonite,
mostly near grain boundaries. The arlvedsonite grains are not zoned and lack a calcic
core. In certain arcas, near the contact with hypersolvus granite. this unit contains rocks
with up to 50% modal arfvedsonite, Lacroix (1923) first described such a rock in the
Ivisu Complex, Corsica, as "lindinosite”. A second generation of arfvedsonite, generally
monocrystalline. occeupies interstices among the felsic minerals in the subsolvus granite.
I hese arfvedsonite oihoery sts contain quartz, microcline and albite laths as inclusions.
Atlvedsonite, theretore. seems to have cerystallized ove the entire interval between
liqudus and extending below the solidus. first as cuhedral phenocrysts incorporating
inclusions at grain edges. and subscquently at the end stage of crystllization, as

interstitial grams that mold and envelop previously formed phascs.



Aegirine (0 to 10%) occurs as primary grains miterstitial to the telsic munerals and
as a replacement of arfyedsonite at grain margins and along cleavage traces. Such
acgirine commonly is associated with a ferruginous stam and poly civstatline quartz 1
hydrothermally altered granite. A possible reaction that accounts for this teplacement

(Bonin 1986) is:

3 Na,Fe? i’ Si,0p(OH), + 5/2 0, = 9 Nale" $i,0, 1 2 Fe,0, + 6 Si0, 1 3 11,0

arfvedsonite + oxygen = acgirine | ironoxide t oquartz t water

The degree of such oxidation-induced replacement increases toward the petiphery of the
complex.

As inhe hypersolvus granite, the accessory minctal phases in this unit are late to
crystallize, and occur interstitially. Those found in the aitered subsolvus granite mclude
calcite, prehnite, hainosite. and purple fluorite, which are @l calerferous. Zucon oceurs
as radiating fibres in "hematized™ aggregates and is closely associated with gitinsite,
CaZrSi,0,, which occurs as isolated rosettes that are pmttally mtergrown with heraatrte

The presence of isolated microcline and albite lTaths shows that the magma that
produced this unit crystallized under subsolvus  conditons (Tuttle & Bowen 1958)
Because of their ongimal composition and the relatively  low temperature of mitial
formation, the two separate feldspars later underwent mmmal exsolution (i the case
of albite, probably none). Quarts crystallized as a hqudus phase Arfvedsonite appears

throughout the course of crystallization. as phenocrysts and oikocrysts  The aceessory
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mincrals scem to have appearcd largely at the subsolidus stage. although some authors

have concluded otherwise (Birkett ef al 1992).

Pegmatite bodies

The bodies of granitic pegmatite are the latest to crystallize in the Strange Lakc
complex. An exceptional 12-cm-wide hypersolvus pegmatitic lens was found in the
southern part of the hypersolvus granite unit. It shows no signs of hydrothermal
alteration. Arfvedsomite crystals free of acgirine coexist with perthite and a quartz-rich
corc. On the other hand, numerous small bodies of subsolvus granitic pegmatite occur,
mostly in the subsolvus granite and as dykes intruding the Aphcebian gneisses to the
north. Pegmatite badies in the subsolvus granite are subvertical, and trend cast-west.
They appear as pods and irregular fenses up to 40 em wide Their mineralogy is similar
to that of the host granite, i.c , they are essentially composed of only slightly perthitic
K-rich feldspar. quartz, arfvedsonite £ acgirine. Miarolitic cavities are associated with
the pegmatite pods: they are are lined with the same minerals.

Most of the quarts is cuhedral, its habit is typical of the low-temperature
modification (lhg 2f). Quartz also occurs as a product of the oxidation-induced
breakdown of arfvedsonite to aegirine. T'he K-rich feldspar is prominently grid-twinned,
consistent with its highly ordered state (Chapter 3): the albite and pericline twin-
lamellae coarsen toward the grain boundaries. Discrete laths of albite are rare, ranging
from 0 to 5 volume % of the pegmatites

I'he replacement of arfvedsonite by aegirine in subsolvus-granite-hosted pegmatites
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is extensive. The arfvedsonite in the host granite adjacent to these pegmatites also is
replaced by acgirine. at grain margins and along cleavage traces. Non-pseudomorphic
aegirine forms sprays  of hematite-stained  erystals  (Fig. 2D associated  with
polycrystalline quartz.

The accessory munerals that give Strange Lake its economie potential are associated
with these pegmatites' gittinsite. monasite, zircon, kainostte and pyiochlore In the ore
zone, pegmatite bodies are associated with aplite. which form the lower part of
pegmatite-aplite sheets The aplite is chatacterized by the presence of, in order of
decreasing abundance. quartz, gittinstte, K-feldspar. albite, acgimne, arfvedsontte, and
narsarsukite. Both massive and lincated vanants occur in the ore sone The hneated
aplite is characterized by albite, narsarsukite, and acgitie, which define a lincation
Albite accounts for a maximum of 15 vol.% of total feldspar 1in the aplite (Miller 1990)
Thus. we may conclude that the albite component "missing” i the subsolvus gramtic

pegmatites is not accounted for in an aphtic fraction (¢f Jahns & Tutde 1963)

Analytical Methods
Representative samples of the units, devoid of inclusions, wete analyzed for majo
elements, Zn, Rb, Sr. Nb. Zr and Y by X-1ay fluorescence (XRI9) at McGill Hintversity
The analyses were performed with a Philips PW 1400 using fused dises and an o-
coefficient technique (Ahmedali 1983). Fe* was determined by titation Concentiations
of the rarc carths, la, Hf. Th. and U were determined by instrumental neutron

activation analysis (INAA) at Ecole Polytechnigue, as described by Boily ef «f (1989)




Geochemistry

Muajor-element chemistry

In addition to the representative samples chosen for study, a representative cross-
section of the pegmatite bodies was sampled to avoid any heterogeneity in composition
that could be caused by unrepresentative abundances of the minerals. Average whole-
rock compositions and nommative mineralogy are presented in Table | The full data-set
on fifteen samples of hypasolvus, four of transsolvus. three of fresh subsolvus, twenty-
onc of altered subsolvus, and four of pegmatites is provided in Appendix I. Chemical
trends of the different units are illustrated in plots of selected major clements versus
A1LQ, from this data-set in Figure 3.

The sthea content in the different units shows little variation (70.3 to 71.0 wt.%
SiOL), with the exception of the pegmatites (65.1 wt.% SiO,). The concentration of Al
remains constant in the hypersolvus, transsolvus and fresh subsolvus granites (11.5 to
11.9 wt.% AlLO,). There is a markedly lower level of Al in the altered subsolvus
granites and pegmatites (8 7 and 5.8 wt% ALO;. respectively), due to the appearance
ol" Al-tree phases. Na/K 15 greater than unity tn the first four units, ranging from 1.20
to 161, the pegmatites. however, show a marked decrease in Na/K. with a value of
0.53. Also. the Strange Lake units arce highly enriched in 1ron. the proportion of ferric
iton increasing with degree  of evolution  The first threc units have values of
Fe ' /(Fe™ tFe’™) ranging fiom 070 to 0.76, as expected in unaltered A-type granites
(Whalen er al 1987) whereas the altered subsolvus granites and pegmatites have values

of 044 and 0 13. respectively. The concentration of Ti is fairly constant in the four



TABLE 1. AVERAGE COMPOSITION AND NORMATIVE MINEFRALOGY OF THFE
STRANGE LAKE UNITIS.

unit hyp(15)  =1lo trans(d) 4 1o  fsub(3)  Lla asub2D) e pegeh Lo

SiQ,wt % 70.50 148 70 66 0.60 7027 084 THO0 0065 o5 1 I 86

Tio, 030 009 0.24 008 021 008 032 010 28 122

AlLQ, 11.55 0.03 11 86 045 1154 105 8§67 0.5 77 01s

Fe,O, 2063 096 254 033 205 047 413 116 R 178

FeO 277 128 271 058 287 0N 147 088 02 021

MnO 011 0.03 .11 002 010 001 014 003 01 008

MgO 0.02 004 001 000 VI 000 023 018 073 030

Ca0 0064 0.34 054 0.17 077 004 1 56 070 057 352

Na,0 5.08 060 480 034 449 088 3196 047 130 097

K.,0 481 0.26 503 0.19 570 211 3 88 018 396 040

P,O, 0.02 002 001 0.00 002 00! 002 001 00l 001

F 056 018 062 012 n70 002 () ded 0206 042 0Jo

LOI 048 023 047 002 041 002 08 031 210 060
9947 99.59 99 14 96 68 9284

O=F 0.23 026 029 018 018

Total' 99 24 9933 98 85 96 50 9217

Q 2291 23.01 23.34 32138 3434

Z 068 (89 1) 65 2.04 245

Or 28.43 29.73 3369 22.93 2341

Ab 32,63 33.00 2763 2300 763

Ac 761 0.70 3.93 926 164

Ns 0.40 000 085 0.00 000

Di 0.64 0.00 025 433 392

Wo 0.00 0.00 0.00 0.17 7 60

Hy 451 462 500 0.00 000

Mt 000 0.32 100 | 38 000

Hm 000 0.00 000 000 267

Tn 0.00 000 000 000 500

11 057 046 040 00l 078

Ap 0.05 002 00s (.05 (002

Fl 197 254 287 180 172

Total 100.38 101 30 100 65 98 54 9125

(NatK)/Al 117 1.13 117 124 113

Na/K 161 1.45 120 I35 053

Fe* [(Fe* +Ic¢™") 070 0.70 076 (44 013

Abbreviations used hyp, hypersolvus gramte, trans, transsolvus granite, fsub, fresh subsolvas gramie,
asub, altered subsolvus gramite, peg, pegmatite, £ 1o, 4 once standard deviation Numbers in brackets reler
to number of analyses

' The low totals for the compositions are aresult of the enrichment of trace clements (see Table 2)
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Figure 3. Sclected major clements (expressed as oxides) versus AlLO; (wt.%) for the
different units in the Strange Lake complex. Symbols wused: open squares,
hypersolvus granite: sohid squares. transsolvus granite; open circles. fresh subsolvus

granite: solid circles, altered subsolvus granite; triangles, pegmatites.
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carlicr units (0.21 to 0.30 wt.% Ti0,), and shows a large incrcase in the pegmatites
(245 wt% Ti0,). Mg is a trace clement in the early units (<0.02 wt.% Mg0). but
fevels increase in the altered subsolvus granites (0 23 wt.% MgO) and the pegmatites
(0.73 wt% MgQ). Similaily. Ca increases from 0.54 - 0.77 wt.% CaO in the three
carlicr units to 1,56 and 657 wt% Ca0O m the altered subsolvus granites and
pegmatites, tespectively. These elevated values are most unusual for highly cvolved
peralkaline granite lFor example. Whalen et af (1987) reported 0.75 wt.% CaO for the
average A-type gramte.

All units arc paalkaline, with an agpaitic index in the range 1.13 - 124, The
peralkaline nature of the Strange Lake alkali feldspar granites is consistent  with their
mincralogy (i ¢.. presence of arfvedsonite, acgirine. astiophy llite. aenigmatite. and exotic
alkah Zirconosilicates). and is expressed by the amount of normative acmite (3.64 to
9.26%. ‘lable 1) and sodium disilicate (up to 0.85%).

Quauty, orthoclase and albite are the dominant normative minerals. In a Qtz-Ab-Or
disgram  (Fig. ). the hypersolvus ganites we located in the feldspar field of the
haplogramte sy stem shown for a P(H,0) of 1 kbar. Most samples plot along the
predicted "liguid Tine of deseent”  from the Ab-Or join toward the minimum along the
quartz-feldspar cotectic (g, 4) The initial progression of liquids towward the mirimums-
melt composttion was clearly the result of fractionation of alkali feldspar (samidine
sold-solutony  Pillet er al (1992 Fig. 9) also showed this by plotting bulk-composition
data for these units i a diagrame of S1-Al-(Na+K). Sanidine fractionation caused the

granitic magma o increase in agpaitic  index as it approached the minimum The



Figure 4. The composition of the different units in terms of normative Qtz-Ab-Or  1he
0.5 and 1 kbar quartz-feldspar cotecties also are shown (Futtle & Bowen 1938) [he
plus signs represent thermal minima of the haplogramite system (0 wit "o I,
Tuttle & Bowen 1958). with 1. 2 and 4 wt% F (Manning 1981) added to the
haplogranite system. The thermal mimimum of the haplogranite system ay with 4 5%
acmite and 4 5% sodium disilicate added. and b) with 8 5% acmute and 8 5% sodum
disihcate added (Carmichael & MacKenzie 1963) 1s progiessively  shifted (m
projection) toward the Qt/-Or sidchine Symbols used are the sume as those

Figure 3.
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transsolvus granitc and fresh subsolvus granite plot near the cluster of pomts tor
hypersolvus granite. confirming thewr very similar compostion m terms of majon
clements. In projection. the compositions of the granttes shift progressively towad the
Qt7-Or join. Samples of altered subsolvus granite, clustered dat the grantte mmmum (1 0
kbar). also show a shift away fiom the Ab apex  [hey are posttioned closet to the
minimum 1 the haplogranite system plus 4 3% cach of we t v (Carnnchael &

"

MacKenzie 1963) shown as "a" on Figure 4 he pegmatites plot neanr the Qtz-On jomn,
indicative of their albite-poor mincralogy. The shift of compositions away from the
haplogranite mummum toward the Qt7-Or jomn 1s not an artifact of allotment of the
alkalis in the norm calculation: the recasting of all sodic notmative mincrals to the Ab
apex of the Quz-Ab-Or plot does not remove this shift.

What Iittle Ca is in the rochs is expressed in the norm as fluorite and diopside 1ather
than anorthite. [he diopside component expresses the presence of fenionichtenie cores
of arfvedsonite (Pillet 1989) m the hy petsolvus granite, and gittinsite, caleite, and other
minor Ca-bearing phases in the subsolvus unit  The late bulldup m normative diopside,
up to 6.0 wt.% m altered subsolvus granite (Appendix 1), clearly 1s highly anomalous
in such an evolved granite.

The average levels of IF in the complex gradually increase from hypersolvus granste
(0.56 wt.% I) to transsolvus granite (0 62 wt.%) to fresh subsolvus gramites (070 wt %
F). However. in the altered subsolvus granmites (0 44 wt % I) and pegmatites (0 42 wt.%

F) this pattern of enrichment with evolution 15 reversed
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Trace-clement chemistry

Average concentrations of trace clements are presented for each unit in Table 2. An
enrichment in Zn, Rb. Ta, Nb, Hf. Zr, Y, Th and U characterizes the sequence
hypersolvus granite (least evolved) to subsolvus granitic pegmatites (most evolved) (Fig.
5). This pattern ol enrichment is characteristic of peralkaline granites (Tauson 1967,
Harris & Marrmer 1980). The presence of F and the peralkalinity of the melt promote
the formation of alkali-fluoride complexes, which are considered essential to concentrate
these elements in the melt (Watson 1979, Collins ¢f al 1982).

I he carlier units contain low levels of Sr (15-35 ppm Sr). as is typical of peralkaline
gramites, it is noteworthy that Sr is enriched in the altered subsolvus granite (79 ppm
Sty and pegmattes (294 ppm Sr) (Fig. 5). Sr thus follows both Ca and Mg in their
pattern of late enrichment (Table 1). Perhaps as a ieflection of the same phenomenon,
a Be-bearg minetal (gadolinite) is present in the more altered rocks and the ore zone.
Also, Pillet (1989) noted higher concentrations of Ba (754-2079 ppm) n his "quartz-
rich" facies (subsolvus granite) relative to his "feldspar-rich" facies (hypersolvus granite;

344-1309 ppm).

he rare-carth clements

The Strange Lake granites and pegmatites are highly enriched in REE. Their total
concentration  increases from 1733 ppm in hypersolvus granite to 7650 ppm in the
pegmatites (Fable 2). Chondrite-normalized patterns (Fig. 6. chondrite values after

Evensen er af 1978) graphically demonstrate this enrichment. as well as the marked
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TABLE 2. AVERAGE CONCENTRATIONS OF SELLCTID
TRACE ELEMENTS IN THE STRANGE LAKEF GRANIIY

unit hyp trans fsub asub peg.
Zn ppm 442 465 552 1022 -
Rb 600 666 1067 995 1109
Sr 35 15 30 79 294
Ta 18 9 26 25 127
Nb 356 333 327 926 1631
Hf 20 109 113 429 031
Zr 3456 4408 3214 13115 12171
Y 445 574 705 1373 3091
Th 82 46 63 252 689
U 10 101 6 36 100
La 414 6 3525 736 0 831.2 12639
Ce 749.5 6715 1278.0 15111 28720
Nd 310.5 277 1 5156 6529 1244 5
Sm 72.8 69.4 1185 174 4 2000
Eu 3.7 42 58 9.4 204
Gd 64.7 68 2 958 2073 573 4
Tb 10.5 12.2 149 577 1016
Dy 49.2 71.7 924 166 0 636 6
Tm 6.0 62 67 23.9 76 7
Yb 47.2 44.4 52.6 183 7 5909
Lu 4.5 5.8 68 23.0 703
IREE 1733 1583 2923 3841 7650
Ew/Eu’ 016 0.18 0.16 015 017
(La/Yb), 5.8 52 92 30 1 4

Concentrations of Zn, Rb, Sr, Nb, Zr, and Y determmed by
XRF. Concentrations of Ta, Hf, Th, U, and REFEs determined
by INAA. Raw data arc provided in Appendin 1.
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Figure 5. Sclected trace clement versus Al for the different units of the Strange Lake

complex. Symbols used are the same as those in Figure 3.
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Figure 6. R chondrite-normalized plots of the different units of the Strange Lake

complex. Chondrite values are from Evensen ef al (1978).
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mcerease i [RELE with evolution: (LLa/Yb),, decreases from 9.2 to a value of 1 4 in the
pegmatites  All units possess a significant Fu anomaly. Euw/EEu” ranging from 0.15 to
0.18. With these clevated absolute concentrations. relatively flat patterns and negative
l.u anomalics, the units possess REL trends typical of A-type granites (Collins er al

1982, Jackson ¢f al 1984, Whalen er al 1987).

Discussion

Pressure of ervstallization

According to Tuttle & Bowen (1958). a water-saturated haplogranitic melt can be
eapected to crystallize with a hypersolvus mineralogy at a confining pressure less than
approximately 3.5 Kbar. whereas a subsolvus mineralogy 1s expected above this
pressure. Martin & Bonin (1976) proposed that a P(1H,0) = Ptotal greater or equal to
2.5 kbar, instead of 3 5 kbar, was required for a metaluminous haplogranitic liguid to
yicld a subsolvus mumeralogy In addition. a number of 1gneous complexes have been
found to show evidence ol a transition from hypersolvus to subsolvus granites (Bonin
1972, 1973, Kamer & Berttaam 19720 Martin & Bonin 1976, Martin 1977, Jackson et
al 1985) Confining pressure in these mstances can be assumed to have been constant
durmg crystallization, suggesting that factors other than pressure aie important. In cach
case above, the hypersolvus variant was considered to have crystallized {rom a 11,0-
undersaturated - gramtic melt, resulting i the presence of a single alkali feldspar,
whereas the subsohvus granite erystallized fiom a lower-temperatue melt that had

become entiched i L0, the solidus of which had intersected the alkali feldspar critical



curve (crest of the solvus). resulting in the cocrystallization of two distinet alkal
feldspars. The Strange Lake mtrusive complex is considered to have been emplaced at
a shallow crustal level: a senmuquantitative estimate of 0 7 hbar s based on ielustons
of aqueous fluid in quartz in the minetatized pegmatite (Salvi & Wilhams-Jones 1992)
Even 1if a confining pressure double theit inferred value 1s proposed. it seems elear that
confining pressute at the time of erystallization was more ot less constant, and likely
less than 2.5 kbar Thus, variables other than total and 2(H.0) are requued to lower

the field of stability of subsolvus granite in terms ol Ptotal and |

Constrarnts tmposed by felsie nunerals present

The assemblage of felsic mincials in the different units places constiamts on the
solidus temperatures of the granitic melts from which they crystallized  In teims ol
pressurc and temperature (Fig 7). relevant solidi are shown, along with the entical
curve for alkali feldspar (Luth er o/ 1974) and the cuwve for the displacive
transformation of u quartz to § quarts (Ghiorso ¢f al 1979)

In the case of the hypersolvus granite at Strange Lake, the presence of a single
mesoperthitic feldspar and of "drop" quarts (3-quarly morphology) places its solidus
field H (>650°C, 0.7 Kbar: -662°C, 15 kbar) The transsolvus gramite. with carly-
formed mesoperthite in a two-feldspar groundmass, has 1ts solidus m field 1, which
intersects the alkali feldspar solvus (at the temperatures and pressures guoted above)
The similarity i bulk composition and the degree of AL-Sy order of perthite grams from

these two units (Chapter 3) suggests that the transsolvus  granite  represents

39




Figure 7. Pressure (kbar) versus temperature (°C) diagram showing the likely
focations of the solidi for the different units of the Strange Lake pluton Fields are
consttamned by isobars of 0 7 and 1.5 kbar. The position of these fields is based on
the textures of the felsic minerals i the different units: H. hy persolvus granite; T,
transsolvus granite: S, subsolvus granite, P. pegmatite. Other symbols include. AFec.
alkali feldspar eritical curve. «Q/BQ, o quartz - } quartz displacive transformation.
Solidus for the haplogranite system. Hap; the Kiingndt ricbeckite granite, # : the St.
Austell pluton, SA, proposed solidus for the Strange Lake pegmatites. SL, and an
ongonite with 1 67% I, &, are provided for comparison. Liquidi for the haplogranite
system plus 4 5% ac + 4.5% ns. v, plus 4.5% ns. @ also are shown; the solidi for
these composttions were not provided by Carmichael & MacKenzie (1963). Note
that the Liquidi for the haplogranite system with excess alkalis are even lower than

the solidus of the haplogranite system. References are cited in the text.
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the apical portion of the body of hypersolvus granite, The difference in texture of the
two units may be explamed by considering the path of crystallization of a granitic melt
with incieasing volatle content (Whitney 1988) In the case of the coarse-grained
hypersolvus gramite. a 11 O-undersaturated  melt crystallized over a relatinvely arge
interval of temperature Volatiles. including fluorine in this case. migrated to the upper
portion of the magma chamber, conttibuted to a lowering of the solidus, and promoted
the arystallization of the fine-grained  transsolvus granite over a short interval of
temperature Most of the fluorime secems to have escaped upon crystallization. Next, the
subsolvus granite. with its two primary feldspars and B-quarts, has a solidus in field S.
which 1s bounded by the alkah feldspar critical curve and «-f3 quart/ reaction. Finally.
the assemblage two-feldspar + a-quartz typical of the pegmatite places its sohdus within

ficld P ( 590°C, 0.7 kbar, <615°C, 1.5 Kkbar).

The role of excess alkalis

Uaperimental studies on peralkaline granitic systems have demonstrated that the
temperatwie of the liquidus surface (Carmichael & MacKenzie 1963. Thompson &
MacKenzie 1967) and of the solidus (McDowell & Wyllic 1971) of these melts are
lower than those of the haplogranite system. Caimichael & MacKenzie (1963)
detctmimed a mmimum liquidus temperature of 715°C for the haplogranite system with
4 5% NabeSt.0, (ae) + 4 5% Na,Si0, (1) added at a P(H,0) of 1 kbar (Fig. 7) and
noted a progressive shift of the minima towards the Qtz-Or join ("a" in Fig. 4).

thompson & MacKenzie (1967) determined a liquidus minimum of 693°C for the



haplogranite system with 3% v added at the same presswe (g 7)) (haplogranite
liquidus  mmimum  730°C. thbar). NMcDowell & Wallie (1970 deternuned  the
following solidus temperatures for the Kingndt nebeekite gramte 700°C at 1 kbar.
650°C at 2 kbar, and 640°C at 3 kbar (Lig 7 (haplogranite solidus 713°C, 1 Kkban
These expermments demonstrate that the presence of exeess alkalis o a gramtie melt
extends the course of erystallization to lower temperatwes (Badey & Schairer 19663 by
promoting the formation of non-buidgine bonds in the gramtic melt (Onotato e af
1985) Conscquently. higher diffusivities of cations 1esult and account, i part, for the
higher levels of //FSEs and L11 < in the more evolved melts

The addition of alkalis to the granite system also enhances the solubility of water
in the liquid and the proportion of dissolved sihicates i a coexisting vapour (I uth &
Tuttle 1969, Mustart 1972) such that a continuous transitton from peralhaline magma
to a hydrothermal solution may exist in some natural systems Fhis increased solubility
between liquid and vapour phases suggest reduced temperatures of solidi for peralkaline
systems (L.uth 1976) [his relationship may ensure that the gramitic hiquid remins

undersaturated in 1,0 until close to the solidus

Constramnts 1mposed hy mafic nuneralogy

Relative temperatures of formation and f0O,) conditions for the different gramtic
magmas may be inferred from the experimentally determined ficlds of stabihity of mafic
minerals In a plot of {0O,) versus temperature (kig 8) for a P(H Oy of 1 kbar, stabiliy

ficlds of end-member ferrorichterite (Charles 1975) and end-member arfvedsonite (Lanst
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Figure 8 Log fO,) versus temperature (°C) diagram showing the stability fields of

ferrorichterite (Charles 1975) and arfvedsonite (Ernst 1962). Symbols used:
Rbk. ricbeckite;  Rbk-Arf,  riebeckite-arfvedsonite  solid  solution: Fe Rt
ferronichterite, Fe Pa. ferropargasite Symbols for oxygen fugacity buffers: HM,
hematite-magnetite,  NNO. nickel-nickel oxide. QFM. quartz-fayalite-magnetite;
MW, magnetite-wiistite: TW, rron-wuistite: MI, magnetite-iron, and FQI. fayalite-

quart/-iron.
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1962) arc shown.

In the hypersolvus  granite, the amphibole has a ferrorichteritic core and an
arfvedsonitic rim (Pillet 1989). This vonation is marked by a decrease in Ca, an inciease
tin Na and Si, and an mferred increase in Fe' . The sequential aystallization of the Na-
Ca (ferrorichterite) and Na (arfvedsonite) amphiboles inthe hypersolvus granite reflects
mostly the progressive depletion of caleium in the melt and is consistent with a decrease
m temperatwe  An increase in Fe® would normally indicate an increase rather than a
decrease inoxygen fugacity, but the amphibole assemblage suggests the latter. Thornber
¢t al (1980) have shown that Fe' activity increases with the peralkalinity of a magma.
Insuch a case, IF'¢'™ may increase as oxygen fugacity falls.

At 1 kbar, the upper stability-iimit of end-member ferrorichterite is 535°C and
760°C for the QIM and MW  buffers. respectiv ely (Charles 1975). Riebeckite-
arfvedsonite solid solutions are stable up to 650°C and 695°C for the QFM and MW
huffer,  respectively (Ernst 1962). On the assumption that the arfvedsonite rims
crystatlized at a lower temperature than the ferrorichterite cores, they would have
cystatlized closer to the MW buffer than to QFM. As for the associated aenigmatite,
it has a lower stability limut of 700°C at 22(11,0) of 0.7 kbar at the magnetite-wiistite
hulfer (Fanst 1962), the feldspar, having crystallized prior to much of the amphibole
and acnigmatite. would therefore have formed at least above 700°C. which 1s consistent
with its hypersolvus character.  The albite-atfvedsonite "swapped margins”, albite
overgrowths and  secondary mafic minerals. ate indicative of subsolidus circulation of

sodium- and iron-bearing mtergranular pore fluids.
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Arfvedsonite and aegirine oceur as both carly phenocrysts and late grams m the
subsolvus granite. The absence of albite and microcline in the cores of these
phenocrysts suggests that the mafic minerals ery stallized, in pat, prior © the leldspans,
Although the presence of near-end-member arfv edsonite (Salvi & Willams-Jones 1990,
Pillet 1989) is consistent with low AO.) conditions, the late appeatance of quenched
crystals of aegiline coexising with  hematite  (Fig. 20, and  the eplacement  of
arfvedsonitc by acgirine, are consistent with the stribing late inctease of the fugacity ol
oxygen. One mechanism that could explain this phenomenon is sudden degassing upon
saturation of the magmatic system in waler, with preferentil loss of hy drogen ove

oxygen.

The role of F°

The progressive dccrease in solidus temperatures of the granitic units and  the
pegmatites may be ascribed mostly to the I enrichment in the Strange | ake complex,
Experimental work has shown that addition of I to water-saturated gramtic melts
reduces their solidus to atemperae below 570°C at low piessure (Koster van Groos
& Wiyllie 1968, Anfilogov ef «/ 1973, Kovalenko 1977, Maming & Henderson 1981,
Webster ¢f a/ 1987). Manning (1981) obtained a minimum hquidus tempeature ol
630°C and detected the coexistence of two separate alkali feldspars, quarts, glass, and
vapour at temperatures as low as 550°C at | kbar for the haplogranitic sy stem with 4
wt.% Fadded. Other studies demonstrated significant fowering of the solidus 10 663°(

for natural systems containing 1.15 wt% F (Fig. 7) (¢f Wedner & Martin 1987)
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Fluorine depolymerizes the silicate network of gramitic melts. As a result, liquidus
and solidus temperatures are reduced. and the lquidus field of quartz expands at the
expense of that of feldspar (Manning 1981, Dingwell 1988), Iuorine also reduces melt
viscosity, enhances the diffusivity of cations, and thus favours the concentration of HFS
clements in granitic systems

Based on the I and Zr content of unaltered hypersolvus granite at Strange Lake and
the positive correlation of I and Zr in pantelleritic obsidians (Bailey & Macdonald
[975). Buily & Wilhams-Jones (pers. comm., 1992) extrapolated a fluorine content of
37 wi% for the subsolvus gramtic melt, This value is close to the predicted amount
of I requited 1o lower the granite mmimum to 630°C (Maming 1981) assuming that
only I (and notother fluxing agents like excess Na and K) is icsponsible for the lower
solidus This would resultin the intersection of the solidus and solvus. and the ensuing
crystallization of two separate feldspars fiom a melt. It is interesting to note that both
the Slip Nuorite granite (115 wt% IF; Weidner & Martin 1987) and a topaz-bearing
ongonite (2 25 wt% F. Kovalenko er af 1971) also contain asubsolvus assemblage (K-
leldspar and albite)

L he "hy persolvus™ and "transsolvus' granitic melts crystallized in the field of alkali
feldspa, whereas the melts that gave the subsolvus granites crystallized in the field of
quartz. This transiion is ascribed to the evolution along a liquid line of descent as alkali
feldspar ery stallized. "1 he ery stallization of quartz as a liquidus phase in the subsolvus
pranite altests to the expansion of the primary  field of quartz owing to increased F

content of the evolving melt (much of” it ultimately lost during degassing).
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The HREE enrichment in the altered subsolvus granite and pegmatites reflects 1) the
tendency for /IREE to form more stable alkali-REFE-fluonde  compleses than [ REFF
(Herrmann 1969, Christiansen ef af 1983) and 2) the interaction of these tocks with o

subsolidus F-cnriched fluid (Kontak 1990) released upon degassing

Origin of the enrichment in K in the pegmatites

The clevated K/Na values of the pegmatites (able 1) aie consistent with the
clevated Or content of the bulk feldspar sepatates of the pegmatites (Chapter 3) FHhe
sodium in the pegmatites 1s mostly incorporated m arfvedsontte and acginne, not albite
Even by assigning all normative sodium mmerals to Ab, the bulk compositions of the
pegmatites plot away from the granite mimmum toward the Qt/-Or jomn in the
haplogranite system. What causes such a shift?

Jahns & Burnham (1969) suggested that a water-saturated melt was tequued to
crystallize cocxisting albite-cnriched aplite and K-feldspar-entiched pegmatite. the bulk
composition of which corresponds to the pseudoternary mmimum i the granite system
(Jahns & Tuttle 1963). In their model, any K-enriched pegmatite, usually near the
hanging wall. is "matched” by an albite-rich aplite, near the footwall contact “1hey
proposed that circulating bubbles could redistribute the alkalis m the melt and therehy
cause its ficezing (by so-called compositional quenching) London ef al (1989) and
London (1992). on the other hand, contended that an mitially vapour-undersaturated
melt can crystallize K-cenriched pegmatite under discqulibrium conditions  Tondon

(1992) suggested that the decreasing density of K-feldspar nucler and the increasing
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concentrations of melt-interactive, crystal-incompatible components like fluorine seem
to be the key to pegmatite formation. The experiments fiom which these models were
formulated were performed in the presence of thermal gradients  London (1992)
reasoned  that the evidence for carly saturation m an aqucous fluid in most granitic
pegmatites 15 weak, and that no role should thus be attributed to the flnd phase to
explain cither textural features of the pegmatites or, in this context. their anomalous
enrichment in K The peralkalinity of the system is another reason to discount the
hypothesis of carly saturation in a free aqueous phase,

The dilemma s perhaps resolvable, in the case of Strange Lake at least, by
proposing that although carly saturation (i e., in hypersolvus granite) in a free aqucous
phase likely did not occur. saturation must have occurred once the solidus of the most
evolved granitic liquid was intersected. possibly at 575°C or so (Fig. 7). In view of the
melt’s perathalinity and neat-surface emplacement. large volumes of water must neve
been expelled upon saturation.  probably eaplosively, leading to breeciation and
Nuidization along the main fractures. One 1s tempted to atuibute to this event of
catasttophie degassing the important loss of Na (and F?) from the bulk composition of
the final products of magmatic crystallization. The hypothesis of massive degassing of
the magma chamber could be tested by an mvestigation of the stable isotope
geochemistry of the comples

Salvi & Wilhams-Jones (1992) have demonstrated the presence of what was
constdered to be inclustons of the primary orthomagmatic fluid in quaitz from the

pegmatites. They repoited salinities ranging from 23 to 27 wt. % NaCl ¢q., the presence
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of NaCl as the only solid phase in the dectepitated primiany inclusions. and mfetied .
trapping temperature of appronmately 600°C With the solidus temperature ot the
pegmatite-forming melt constrained to just below 600°C, vapour satwation may ndeed
have begun to occur above the sohidus. as tecorded by the presence of muolitie
cavities.

This fluid, coexisting initrally with Na- and K-nieh feldspars, is known to be veny
sodic [i e., Na/(Na+K) = 0.95 at | kbar, 500°C] in the presence of luonde (Pichayant
1983). This Na enrichment conlirms the emprrical data of Salvi & Williams-Jones
(1992). The alkali feldspar in equilibrium with this sodie lwd remans very K-nieh (up
to 90 mol.% Or; Pichavant 1983). In hght of these expernmmental results, the quantitative
evacuation of the system near its solidus could thus lead to massive loss of Na and V.
and explain the anomalous buildup i K in the final products ol magsatic

crystallization.

Conclusions
The Strange Lake peralkaline complex offers an example of the miluence of
chemical composition on granitic textures. The granites have crystallized at a shallow
depth, possibly fess than 5 km (1¢ . 1.5 kbar), and yet the most evolved subsolvus
granite possesses a two-feldspar magmatic assemblage  In the haplogrante system. a
P(H,0) of 2.5 kbar is required to crystallize two separate alkaly feldspars (Tuttle &
Bowen 1958, Luth 1976). The addition of fluorme and excess alkalis to the water-

saturated melt has lowered the liquidus and solidus, thereby extending the course of
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crystallization  for the subsolvus granite to lower-than-expected temperatures. The
additive effects of these extra components promoted the intersection of the solidus and
the alkali feldspar solvus at relatively low confining pressures. The solidus temperature
for the subsolvus peralkaline granite probably was lowered to temperatures below
600°C By comparison, the least evolved hypersolvus granite crystallized from a water-
undersaturated melt at temperatures in the vicinity of 700°C.

The presence of miarolite cavities in the subsolvus granites and the pegmatites
shows that the graniic magma at Stiange Lake did reach water saturation at the latest
stages of magmatic crystallization, m spite of enhanced  solubility of 1,0 in a
peralkaline melt. Alicration haloes as well as pervasive alteration of entire outcrops in
the form ol "hematization™ and "acginnization” (Salvi & Williams-Jones 1990) also
suggest the involvement of an oxygenated (owing to the loss of hydrogen during
degassing) and alkaline fluid. Evacuation of the system at this stage can explain the
anomalous butldup in K over Na in the granitic pegmatites The alkaline fluid probably
is tesponsible for the efficient redistribution of the ore constituents within the complex.
and may well have promoted efficient reerystallization (fenitization?) in the more calcic
and magnestan walliochs The Ca. Mg, Sr, Ba and Be(?) so released were reintroduced
at low temperature into the pluton by circulation along fiactures expected by thermal
contraction  I'hus proposal successtully accounts for the anomalous buildup in Ca and
Mg in the most evelved granites. and seems much more plausible than the pattern of

magmatic enrichment in Ca and Mg expressed by Birkett er a/ (1992).
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CHAPTER 3

Feldspar Mineralogy and Geochemistry
of the Strange Lake Peralkaline Complex
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Abstiact

The structural state and geochemustry of the alkah feldspars fiom the vartous
intrusive units of the Strange lake peralkaline complen (Quebee-1 abtador) were
investigated.  The high degree of order of the feldspars. ¢ . low mictochne and low
albite (1,0 > 0.98). is attnibuted to the presence of an alkaline Tutd phase m the cooling
pluton. Near-end-member compositions ol the feldspars (albite, V0 03, nuerochne,
No, > 0.96). consistent with compositions obtamed from election-microprobe analy sis,
indicate temperatures of equilibration below 300°C The Ca content of the feldspars 18
extremely low. Anomalously high » unit-cell dimensions in K-feldspar are consistent
with the incorporation of Rb and Ic¢’ in the sttucture  The mol % Or of the bulk
feldspar increases with cvolution, this triend can be explained by degassing of the
magma near or at the sohidus, and ensuing forced crystallization upon massive loss of
Na to the fluid phase The incompatible clements Li, Rb, Cs and 11 in the feldspa
fraction show marked increases from hypersolvus to pegmatitic samples (Li, 1 to 45
ppm: Rb, 500 to 4600; Cs. 1 to 6.5, Tl 26 to 15), which 15 consistent with the
fractionation of a single batch of magma. The concentration of the compatible clements
(Ba, Sr) in general decreases (Ba, 99 to 18 ppm, Sr, 29 5 to 0). with minor exceeptions
due to late-stage alteration. By and large, the rare-carth elements are not stiuctwally
bound in the feldspar. Most of the Ca in the most evolved rocks was mtroduced at the

hydrothermal stage. presumably as a result of contamination from the wall rocks
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Introduction

I'he Strange Lake anorogenic granitic pluton, of Middle Proterozoic age, is located
on the Labrador-Québec border 250 km north of Schefferville (Fig. 1). The pluton has
strategic importance, in view of the signtficant levels of Zr. Y, and REL mincralization
near ats centre ("Ore zone”, Fig 1), A lively debate has developed recently over the
timing ol the muerahzatton  Proponents of a magmatic process of 7Zr, Y. REE
cniichment in the ore zone (Birkett ¢f «f 1992) claim that crystallization of primary
alkalt zirconosiheates ke dalynte, viasovite and clpidite efficiently led to an increase
in the content and activity of calctum in the residual magma. to the extent that
calciferous  zirconosihicates  like armstrongite. and possibly calcium  cataplente and
nittinsite as well. were stabilized instead of the alkali-bearing zirconosilicates (Birkett
ef al 1992, p. 201). Protagonists of a metasomatic model of mineralization (Salvi &
Wilhams-Jones 1990, 1991) contend that the Strange Lake pluton. though indeed
strange, most hkely followed a normal path of igncous fractionation, and that calcium
was antrodaced, possibly from the countty rocks wa an aqueous phase at a low
subsohdus temperature The latter view is well documented by evidence from fluid
inclusions trapped in quartz that accompanied the formation of gittinsite (CaZrS1,0,)
and other ore mincrals - This mvestigation of the feldspar mineralogy of representative
ftesh and hydrothermally altered samples ot the Strange Lake granitic complex was
undertaken to characterize the compositional and structural evolution of the dominant
tock-forming muneral in the pluton Along with the textural descriptions provided in

Chapter 2. thus mtormation allows an evaluation of the conditions of magmatic crystallization.



Figure 1. Geological map of the Strange Lake peratkaline complex, astide the Quebece-
Labrador border, showing the major intrusive phases and the countiy rocks. |he
map units are modified from Miller (1986) and Salvi & Williams Jones (1990) | he

B

granite classification is based on the petrographic descriptions given in Chapter 2

The location of the samples sclected for this study 15 shown,
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and the subscquent postmagmatic evolution of the Strange 1 ake complen Our results
allow a definitive statement to be made concerning the behaviour of caleium throughout

the evolution of the complex.

Details About the Intrusive Umts

This study of the detailed muneralogy of feldspar-group phases at Strange 1 ake
builds on the detailed textural and composttional charactenization that allows the
distinction of the various intrusive units (Chapter 2) ‘The Inypersolvus granite 1 exposed
in the southeastern portion of the complex (Fig 1) It wepresents the carhiest and
geochemically least evolved intrusive phase When the magma fioze, the tesulting
granite consisted of a single alkali feldspar (now mesoperthutic), as well as quartz, and
late sodic-calcic to sodic amphibole. The transsolvuy granie, found only at the
periphery of the hypersolvus granite. represents the apical portion of this unit 1t is
characterized by the former presence of single-phase feldspar (now mesoperthitic) as
phenocrysts in a subsolvus matrix, as well as quartz and amphibole ‘The subsolvus
gramite, exposed in an arcuatc unit that almost completely girds the complex (Fig. 1),
is geochemically the most evolved main unit It is charactetized by carly arfvedsonite

+ aegirine, quartz, and disciete laths of magmatic albite and K-feldspar — This unit

possesses fresh and altered variants, the latter charactenized by the replacement of
arfvedsonite by aegirine + hematite  Gramitic pegmatite is found as lenses m o the
subsolvus granite and as dykes i the country rocks Pegmatitic and associated minot

aplitic facies occupy the ore sone. The pegmatites consist of coarse-grained K-feldspar,
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minor albite. arfvedsonite. acgirine, and exotic Zi-. Y- and REE-bearing minerals.

Figure 1 shows the distribution of the samples selected for study.

Previous Work

In addition to the detailed petrographic descriptions reported in Chapter 2. other
deseriptions have been provided by Miller (1986). Pillet (1989). Pillet et al (1989).
Salvi & Williams-Jones (1990) and Birkett ¢f al (1992) Only Pillet (1989) provided
composttional mformation on the feldspars. obtained by wavelength-dispersion electron-
mictoptobe analysis. He reported compostuons in terms of Ab. Or and An (over 200
determmations), and provided concentrations of Ba. Sr and Fe for about one-quarter of
these On the whole, the albite was found to contain less than 0.5 mol.% An (maximum
recorded. 1.2 mol % An). Pillet (1989) found discrete grains of the two feldspars in the
subsolvus gramte to be close to end-member composttions (Ab,,,Or, to Aby,Or, for the
albite. and Ab.Or,, to AbOr,, for the K-feldspar). In perthitic grains typical of the
hypersolvus granite. he found a greater spread in composition. between Ab,,,Or, and
Ab,Or, for the sodic phase, and between Ab,Oryg and Ab,,Ors, for the potassic phase.
Fhe latter tanges of composition are not confirmed in this investigation (see below). He
found the e content of the K-feldspar to be highest (in excess of 11wt % Fe,04) in
the subsolvus rochs (s "quattz-rich" facies). Ba and St concentrations are both

invartably less than 0.5 wt.% BaO or SrO, and generally below the limits of detection.

66




Analytical Methods

Electron-microprobe analyses

Some of the feldspar grains analyzed in S4 representatine samples are vanably
turbid, with microinclusions of alkali amphibole and accessory munerals, With the use
of the clectton mictoprobe. it was possible to position the election beam (diameter S

m) away from these heterogenerties Coneentrations ol Na, K. Ca. St Aland Fe were

recorded using wavelength-dispersion spectrometry (Cameca CAMEBAN nucioprobe
instrument, accelerating voltage 15 KV, beam cunient 8 nA) Albite (Na). orthoclase (K.
Al S1) and andradite (Ca, Fe) were used as standards Alkali Toss was mmimized by
using a 5-pum beam and a counting time of 25 <. Spot analyses were repeated at feast
once to ensure representative results for cach grain analyzed. The ZAL data-reduction
package (Goldstein e «f 1992) was utilized. The concentiations  deternuned e

considered accurate to approximately 3% of the amount present

Mineral separation

Representative samples were separated from cach umt for ttace-clement analysis
Rocks were initially crushed to a 0.5-cm grain size with a BICO jaw crusher Samples
were ground and sieved; material was then hand-picked  from the 160, -16 mesh
fraction. Grams were observed in denatured alcohol, which allowed the <election of
grains devoid of micro-inclusions A 75-mg feldspar separate for cach sample was
pulverized in an agate mortar, then rinsed in distilled water and denatured alcohol

before digestion prior to analysis.
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Perthite grains were sampled from four samples of hypersolvus granite. Only the
perthite phenocrysts were separated from the three samples of transsolvus granite. The
scparates of subsolvus granite contam discrete grains of both feldspars. Discrete grains
ol albite are rarc in the pegmatites, so that the data reported pertain to the K-feldspar

megacrysts, which may or may not be shghtly perthitic.

Atonue absorption spectroscopy

Part of the separated feldspar (50 mg) was digested with 2.5 ml. of nitric, 2.5 mL
of hydrofluoric. and 0 5 mlL of perchloric acid, and analyzed for Na and K by atomic
absorption spectroscopy. using the method of Abbey (1965) with matrix-matched
standards The results, recast in terms of mol % Or. provide a bulk composition of the

feldspar m the various units,

Inductively coupled plasma - mass spectrometry

The remaining 25 mg of the same separates were analyzed for their trace-element
content using the Sciex ELAN model 250 inductively coupled plasma - mass
specttometer (1CP-MS) at the Department of Earth Sciences, Memorial University of
Newloundland, This material was digested in HEF + HINO,. and the solution was
analyzed using the method of standard addition to correct for matrix effects (Jenner et

al 1990).
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Xeray diffraction

A powder X-ray-diffraction pattern was recorded for cach separate and of selected
other samples using a Guinier-Hagg focusing camera (Cuha, 1adiation, synthetic spinel
internal standard. « = 8 0833 A at room temperature)  The cell parameters were refined

using the program of Appleman & Evans (1973), as modified by Gavey (1986)

Degree of Al-Si Order of the Feldspars

The unit-cell parameters of 28 samples of alkali feldspar are reported m Appendin
II. The data are plotted in terms of b versus ¢ (Fig 2) and o versus ¥ (g, 3).

All samples encountered 1 this investigation contain very well-ordered mictocline
and albite Also, the two feldspars have near-end-member compositions ¢ Fables 1, 2)
Figure 2a shows that most samples have h and ¢ cell dimensions gieater than those of
ideal low microcline (Kroll & Ribbe 1983, Table 4), and thus plot outside the h-¢
quadrilateral. Similarly. most of the albite data-points in Figute 2b have shghtly Luper
h and ¢ dimensions than expected for end-member, fully ordered albite  1he anomatous
positions of the microcline data-points in Figute 2a may be explamed by an entichment
of the microcline in F¢* and Rb. vectors for which are shown. based on the cell
dimensions of KFeS1,0, (Wones & Appleman 1963) and RbAISHO, (Pentinghaus &
Henderson 1979) If these two clements are indeed the only two "contammants”, then
it seems clear that the resultant vector expressing enrichment m both clements must
have as its origin a point consistent with a less-than-perfect degree of Al-Si order than

fully ordered microcline. The data points for albite (Fig. 2b) are shifted along a different
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Figure 2. Plot of b versus ¢ cell dimensions of feldspar samples X-rayed in this study.
The coordinates for low microcline and low albite were obtained from Kroll &
Ribbe (1983). Symbols used: open square, hypersolvus granite; grey square, feldspar
phenocryst, transsolvus granite; filled square. matrix. transsolvus granite; open
cirele, subsolvus granite; and triangle. pegmatite. (a) Portion of the plot showing the
location of the miciocline data-points. The Rb vector was derived from cell
dimensions ol Rb-end-member microcline (Pentinghaus & Henderson 1979); each
tick mark on the Rb vector represents the incorporation of 10 mol.% Rb in K-
feldspar. The Fe' vector was derived from cell dimensions of Fe’ -end-member
microcline (Wones & Appleman 1963); each tick mark on the Fe’* vector represents
2 mol % KFeSiy04 0 = maximum error (ac, = + 0.0030, ac, = = 0.0018), 8 =
minimum ertor (8, = £ 0.0010, a8, = # 0.0006), in A. (b) Portion of the plot
showing the location of the albite data-points. ¢ = maximum error (ac, = + 0.0030,

ac, =+ 0.0019), 8 = minimum error (8, = + 0.0010, ad, = + 0.0007), in A.
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Figure 3. Plot of «" versus y" cell dimensions of feldspar samples X-rayed in this study.
The coordmates of low microcline and low albite were obtained from Kroll & Ribbe
(1983). Symbols are the same as those m Figure 2 ¢a) Portion of the plot showing
the location of the mucrocline data-points with respect to the LM corner. ¢ =
maximum crror (as, = + 0.030, ac, = £ 0.027). § = minimum error (5, = + 0.010,
ad, £ 0.008). in degrees (b) Portion of the plot showing the location of the albite
data-points with respecet to the LA corner. ¢ = maximum error (ac, = + 0.030, AC,

1 0.023), & = minimum error (§, = + 0.010. a8, = £ 0.007). in degrees.
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TABLL | COMPOSITION AND DEGREE OF Al-S: ORDER
IN K-T ELDSPAR

N 1,0+H,m 1,O-1m 1,0
Hypersolvus granite
1A 1 00 1.020 0.975 1.00
1883 (96 0.984 1 001 0.99
48A 1 0.99 1014 1.005 101
48G 1 1.00 0985 1.016 1.00
S7C1 i 00 0.997 1 010 1.00
Transsolvus, phenocrysts
17A4 098 1.031 0.986 101
47IATA 097 (0973 1.030 1.00
58C71 099 1.004 1.003 1 00
Transsolvus, matrix
36133 0.99 0980 0.992 099
J7A4 (.99 0971 1.010 0.99
17D 1 0.96 0.985 0 967 098
47TATA 0.99 0973 0.995 0.98
58C1 0.97 0.996 1.015 1.01
Subsolvus granite
3I8A3 1.00 0968 1.026 1.00
46A3 096 0.984 0.980 098
46A4 100 1015 1.000 1.01
Pegmatite
34C2 097 09¢9 1 000 0.98
1683 0.99 1004 1.006 1.01
3716 099 0997 0 998 100
13C1 101 1.021 0.997 1.01
416G 1 1 00 0.989 0 981 009
4ol 0.99 0970 0 996 098
0383 101 0989 1.007 1.00
03C 1 100 0995 I 002 1.00
SLit3 099 0981 0 975 (98
SLT20 1 06 993 0 994 0.99

Composttion 15 caleulated from cell volume usimg the equation of Kroll
& Rabbe (1983) Degree of Al-Si order, expressed as 70,15 calenlated
using the expressions of Blast (1977)
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TABLE 2 COMPOSHION AND DREGREE OF Al-St ORDER
IN Na-FELDSPAR

Ny, r,Qtym 1,0-f,m 1o
Hypersolvus granite
37A1 0.2 1.004 1005 100
3883 0.00 1.000 0993 100
48A1 0.01 KON 0991 ()
48G1 0 01 1.0t 1006 101
S7CI 001 1 008 1005 101
Transsolvus, phenocrysts
37A4 0.01 1015 0998 101
47A1A 0.00 0988 0999 099
S8CI 0.01 1015 1998 101
Transsolvus, matrix
37A4 00l 1014 1018 102
37Dl 0.01 .04 1010 10l
46A4 Q.62 1021 1 001 101
47A1A 0.01 1022 1003 101
58CI 002 1015 1001 101
Subsolvus granite
38A3 0.02 1 004 1001 1 00
46A3 —-e- 0997 0006 100
40A4 0 0l 1026 1 004 [
Pegmatite
34C2 0 0l 1007 0674 099
46A4 0 0l 0994 0977 9y
46Gl —-en [ 035 FO2 10
4614 0 0l 0977 0981 098
63B3 003 1007 1005 1O

Composition is calculated from cell volume using the equation of Kioll
& Ribbe (1983) Degree of Al-St arder. expressed as 1,03, 1 caleulated
using the expressions of Blasi (1977)
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veetor than in the case for microcling, consistent with the presence of structurally bound
Fe" but not Rb. Values of 1,0, the proportion of Al in the 7,0 position, have been
inferred from the cell dimensions A, c. " and B’ (Blasi 1977) Both the microcline and
albite arce highly ordered, with 7,03 values close to 1.00 (I'ables 1. 2). Note. however,
that the 10 value 1s shightly Targer than it should be. possibly on account of the
expansion of the unit cell by Rb in the alkali position and Fe¢' in the tetrahedrally
coordinated posttion Iwo samples of hypersolvus gramite. 47A1A and 48A1 (Fig. 1),
were found to contam a small propottion of orthoclase along with the microcline, which
1s consistent with the proposal that the coexisting microcline is less well ordered that
would appear from Figure 2a

Values of N, are based on unit-cell volume of the feldspars. They were obtained
with the polynomuial of Kroll & Ribbe (1983) for the series low albite - low microcline
(Fables 1.2). The albite has an infened composition N, in the range 0 to 0.03. with
most of” the values bemg 001 (Table 2) In view of the asymmetry of the solvus (the
albite Timb s vertical at N, 0 below the solidus of these granites: see, ¢ ¢ . Smith &
Brown 1988, Fig 1.2). it seems clear that I) the N, of the albite really is 0, as
indicated by the election-miicroprobe data (see below), and 2) the expansion of the unit-
cell volume teflects the structural meorporation of Fe®', as documented above. By the
same token, a negative correcion of 0,01 to 0.02 should be applied to the N,,, data for
the microchne (‘Table D). because of the incorporation of Rb and Fe' . which brings the
compositions - lable | into close agicement with the electron-microprobe results (see

below).
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Chemical Composition of the Feldspars

Major elements electron-microprobe  data

Results of clectron-microprobe analyses were recaleulated  on the basis of ¢ight
atoms of oxygen. and expressed in terms of molar proportions of the end members Or,
Ab. FcOr and FeAb (Table 3). These results indicate that both feldspars are even close
to their end-member compositions than claimed by Pillet (1989) In patticular, the
intermediate compositions that he repotted in some samples of hy petsols as pranttes can
now be attributed to intersection of exsolution-related domams of nucrochne and albite
by the electron beam ‘The compositions encountered here, i the range Ory,,, (F
arbitrarily assigned to the Ksp end-member), arc m close agreement with corrected
values of N, daived fiom the XRD data.

The albite has a composition between Abyg, and Ab,, , (Fe'' abitrarily assigned to
the Ab end-member). in agreement with corrected values of N, based on XRD data
In the albite as well as the mircrocline, the concentiation of calcium 15 very low (0 12
wt.% Ca0 1s a maximum), as is typical of Na- und K-feldspars from other peralkalme
complexes (Carmichael 1962, Noble er af 1971, Mahood & Stimac 1990) [here 1sa
hint that the amount of Ca is margimally higher i the Tatest units of the complex o
crystallize. The non content of both feldspars attams up to 072 wit % 1 ¢.O, onaverage.
it seems to vary by a factor of two among grams ol a given spectmen [he nghest non
contents arc in matertal from the altered subsolvus granite (Appendis ), as noted by
Pillet (1989). The concentrations of T ¢™ attained are typrcal of feldspar found in rapidly

quenched peralkaline systems [0.96 wt% Fe, O, in sodic santdine from type-locahty
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TABLL 3 AVLERAGE CONCENTRATIONS OF Fe, Ca, Na AND K IN
MICROCLINE AND ALBITL, STRANGE ' KE COMPLEX.

Microctine Albite

ave + lo ave + lo
Hypersolvus granite
Fe,00, wt.% 045 025 051 0.30
('a0) 000 000 0.01 001
Na,() 044 021 11.41 023
K,0 16.36 054 0.16 016
Or  mol% 94 49 0.95
Ab 397 9730
leOw 1 54 -
FeAb -—-- 1.75
Transsolvus porphyritic granite
l¢, 0y, 0.62 012 0.72 0.32
CaO) 0 60 000 001 0.01
Na,() 056 015 11.41 014
K,O 16 25 051 0.13 G 02
Or 92 89 075
Ab 4 99 96.81
leOr 2.12 e
I'cAb -—— 2,44
Fresh subsolvus granite
l-e, ), 0.61 0.37 0.71 033
CaO 000 000 000 0 01
Na,() 0.46 0.13 1135 020
K,O 16 32 017 0.14 006
M 93.73 081
Ab 415 96.79
FeOn 212 ————
FeAb — 241
Altered subsolvus granite
le, O, 0.72 031 055 0.21
CaO 000 00l 001 0.01
Na, O 0.48 0.13 11.41 0.12
K.O 16 31 035 017 005
M 93 21 0.87
Ab 429 97 45
I'eOr 250 e
leAb - 1.69
Pegmatite
I'e, O, 0.36 014 0.58 0.24
CaQ) 001 003 0.01 0.01
Na,O 0353 0 31 11.37 0.23
K,O 16.17 0.48 0.23 0.04
Or 94 02 1.31
Ab 474 96.76
FeOr 124 -
FeAb 1.94

Symbols used  Or, orthoctase  Ab, alite, FeOr, iton-orthoclase, FeAb, iron-albite,
Pe' was atbitrauly assigned to TeOn end-member i microchne and FeAb end-
member i atbite: Number of  analvses  petformed on mucrochine and  albite,
tespectively  hiy persobvus, 31, 16, transsolvus, 10, 6, fresh subsolvus, 15, 9, altered
subsolhvus, 13,9, pegmatate, 19 7
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pantellerite: Mahood & Stimac (1990); 0 68 wt.?o Fe,0, m sanidine from comendite
from the Great Basin of the western United States Noble ¢ o/ (1971)] The stiuctural
mcorporation of Fe™ is responsible for a homogencous bright red cathodolummescence

in both Na- and K-feldspar

Na and K m the feldspar separates A4S data

The proportion of Or in the feldspar scpaates ranges frtom 41 2 w0 48 4% m low
samples of hypersolvus granite  (Table 4). In the tanssolvus granite, the perthite
cortains between 45.0 and 53.9% Or. 1t was impossible 1o obtamn a clean sepatate of
the groundmass assemblage in these porphyntic 10cks. One sample of fresh subsolvus
gianite contains two feldspars of” aggiegate composttion of 63 1% Or, wheteas m two
altered samples of the same unit. the total feldspar fraction contams 59.3 and 63 3% O
In the samples of pegmatite, the easiest to sumple, the total [eldspar fraction contims
between 75.4 and 98 0% Or. As these data indicate, some samiples of micirochine consist
almost completely of a single phase: as a result, some entries describing miciochine m
Table 1 do not have a correspondmg cntry for albite in lable 2 The progiessive
increase in potassium in these four units constitutes a recurrent theme i studies ol

granitic pegmatites, and will be addiessed 1n the Discussion section

The trace elements 1CP-MS dara
Of the trace clements detected 1n the purified concentiates submitted for analysis by

ICP-MS, some (¢ g. Rb, Cs 1) are expected 1o occupy the alkali site, whereas others
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IABLE 42 ERACL-LLIMENT CONCLNTRATIONS IN FELDSPAR SEPARATES

Sample  37A1  38B3  48A1 48Gl  37A4  47A1  S8CI 38A3 27A4  46A3
unit hyp hyp hyp hyp trans trans  trans fsub  asub  asub

mol% Or 412 438 468 484 450 539 498 631 633 593
Trace clements (ppm)

[ 54 20 206 08 13 09 12 22 217 55
Rb 5613 8157 8400 12819 16097 9059 6965 18024 18548 13275
St 54 103 66 17 79 20 19 4.8 83 40
Cs 09 14 63 26 16 19 19 16 09 19
Ba 360 316 263 98 6 530 312 750 235 551 603
11 28 26 45 60 72 47 76 86 4.1 55
Pb 57 IS 654 843 1124 235 526 306 1081 329
th 63 24 102 472 103 64 232 93 57 223
U 07 04 58 62 82 07 2.2 27 18 24
Y 214 168 1221 971 1803 342 226 625 646 1213
/r 668 297 4405 4993 43812 1020 1092 3452 J4483 1715
Rare-carth clements (ppm)

ba 8§36  S49 3334 2559 25417 1208 1614 3160 8756 188l
Ce 1789 1211 11405 7625 47098 2816 3651 6951 19712 4335
Pi 219 144 1307 795 5585 405 428 761 2085 491
Nd 754 530 4368 2704 19299 1864 1392 26,13 6659 1995
Sm 208 P13 1265 8§07 3893 541 317 695 1403 891
Iu 020 029 069 054 223 037 024 049 063 077
Gd 247 122 1310 937 3503 557 250 791 1405 1479
Ib 056 025 2902 261 501 093 0535 159 219 295
Dy 363 204 2328 2223 2940 603 434 1179 1297 1939
Ho 081 016 575 540 587 130 099 240 2061 407
It 2706 162 2173 1982 1653 390 354 787 769 1106
Im Y40 030 414 343 236 059 060 P18 106 146
Yh 248 186 3032 2228 1382 3 81 354 7 96 656 905
lu 020 022 431 258 173 044 045 106 095 114

K'Rb 105 ] 749 833 529 392 853 1050 496 390 396
YRET S1O6 3379 33302 23336112552 9127 9077 18404 43484 16060
(Ta¥by 223 1 9s 094 076 1213 209 301 2062 881 137
Fultu* 027 070 01lo 019 018 020 025 020 014 020

brace-clement and rate-carth-clement analyses by 1CP-MS, Or mol %« determined by
atomie absorption

80



TABLE 4b. TRACE-ELEMENT CONCENIRATIONS IN IFFL DSPAR SEFPARNLES

Sample  34C2  36B3 3716
unit peg pee peg
mol% Ot 754 946 980
Trace clements (ppm)

L1 18 10 111
Rb 27329 30473 21163
Sr mn 05
Cs 19 17 10
Ba 177 253 235
Tl 7.0 81 47
Pb 246 80 168
Th 28 4 62
U 05 04 08
Y 72 18 63
Zr 222 141 83
Rare-carth clements (ppm)

La 190 946 339
Ce 508 2046 779
Pr (55 194 088
Nd 202 594 312
Sm 062 100 065
Eu 005 004 004
Gd 072 060 070
Tb 016 008 015
Dy 120 Q41 114
Ho 028 009 027
Er 090 035 100
Tm 014 007 014
Yb 079 046 094
Lu 011 005 010
K/Rb 375 394 0635
EREE 1451 4095 2030
(LaYb), 159 1366 239
EwEu* 023 015 017

1301
peg

820

167
25099
25
12
287
61
03
13
05
143

220

338
810
110
573
1 86
012
213
041
284
055
| 49
020
106
013

433
2909
210
018

46Ad J0GH
peg peg
836 870
07 87
19427 36522
12 ----
17 3
578 642
63 98
170 189
22 20
05 09
258 21
o6 §2
532 1 08
1237 233
145 029
541 085
1 82 042
017 002
274 031
055 007
392 0ol
079 009
2.12 037
021 008
102 049
010 0006
574 307
3799 706
343 145
024 016

Jold 6333
peg pee
801 892
59 12
23518 L83 9
0.1 04
31 27
398 18 3
74 63
168 193
04 03
09 02
28 20
162 24
099 1 61
539 514
039 043
[IRE} 147
037 030
002 002
038 031
006 0035
0 44 031
010 007
0133 016
005 002
030 01t
004 00l
44 5 250
1020 7 98
221 1o
014 019

03¢

peg

DNV

(I
8944 S
RE§
RN
92
76
05
[t
i
148 3

g 0Y
RS
| 69
591
bIsS
005
1 06
019
1416
0306
118
20
| 6O
026

262
3702
134
014

SIS
peg

870

249
470060
173
00
109 0
118
793
|7
327
1398
191

7191
3 1s
I3 88
J8 3
13513
6L
i1 0?
338
R}
5482
1662
215
1075
117

257
254 45
441
015

NER
peg

91 3

307
3943 7
29
15
S8 2
1?2
177
02
006
109
47

1317
985S
176
509
(49
005
091
00
| 57
040
| 31
018
() 87
01

bl
36 35
996
015

Trace-clement and rare-carth-clement analyses by 1CP-MS, Or o

absorption
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(¢ g. 7r. U, Thy, smaller and more highly charged. arc largely held in unavoidable
microinclusions, as reviewed below

Lithium, because of its small ronie radius (0.92 A for YWLi), normally does not
constitute an important occupant of the alkalr site ‘Tens of ppm commonly are found.
especially inalbite (Lagache & Sebastian 1991), with higher concentrations in feldspar
formed from late soluttons (Smith 1974) At Strange Lake. the feldspar concentrates
contan from less than T to 31 ppm (g 4). These values are well within the levels of
concentrations documented in evolved granitic systems (e g. 200 ppm: Cerny ef al.
19850). The highest concentrations of L1 are indeed found in the latest unit to
crystallize, but the mportant host myneral is K-feldspar, not albite Note, however, the
vittual absence of Liin the feldspar of some samples of pegmatite

Rubrelum. with its relatively large jonic radius (1.61 A) and unit valence. follows
K mthe feldspar stiucture  Concentrations range from 560 ppm in the feldspar fraction
of the hy persolvus giamte 37A1 (K/Rb = 105: Table 4a) to 4700 ppm 1n microcline in
the pegmatte SE0 (K/Rb = 31 Table 4b). The data pomts (Iig. 4) indicate
progiessive butldup of Rb with meveasing proportion of K-feldspar in the felsic rocks.
I'he diop i K'Rb ratio over the transition hypersolvus = transsolvus — subsolvus —
subsolvus pegmatite (Frg ) to a value of 25 in pegmatite 63B3. 15 progressive. which
indicates that the samples e interrelated by an efticient process ol fractionation. Fhete
15 thus no evidence m this suite tor the late injection of an unrelated batch of magma
Note that the level of enrichment 1in Rb is much greater 1in some peralumimnous rare-

clement-cnriched  granitic pegmatites. Cerny et «f. (1985b) found microchine with up



Figure 4. Concentration (ppm) of Li, Rb and Cs, and ratio K/Rb versus Or mol Yo o
alkali feldspar bulk separates. Symbols used: open squate, hypersolvus pranite, Gilled
square, transsolvus granite; open cirele, fresh subsolvus granite: filled circle, altered

subsolvus granite: and trtangle, pegmatite.
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49800 ppm Rb at Red Cross Lake. in northeastern Manitoba

Concentrations of cestum in the feldspar concentrates tange from fess than 1 to 6 6
ppm (Fig. 4). The progressive increase i Cs concentrations with factionation 1s less
regular than that of Rb. possibly in part owing to the very low levels of Cs o ths
complex  Cemny ef al (1984 documented a progressine inctease o 08 ppm an the
feldspar fraction from Vernd. Czechoslovakia (on-nucroprobe data)  Shiakm ¢r af
(1975) recorded up to 1.5 wt% Cs i K-feldspar from a pollucite-bearing pegmatite

Thallium (1.59 A) is of the same size and valence as Rb. but because of its greater
electroncgativity. it should form stronger. moire covalent bonds with osvgen  As a
result, T1. like Cs, 15 most concentrated in the latest-formed units The teldspar frachon
at Sttange Lake ranges from 2 to 15 ppm (I1g. 5) Concentiations at Stange | ake are
much lower than in the feldspar fraction of some Notwegian granitic pegmatites
(maximum of 140 ppm. e & Taylot 1959)

At Strange [ake. the concenttation of serostiun in feldspar 1s very Tow (below Tt
of detection to a maximum of 30 ppm), as is usually the case i evolved anoropente
felsic complexes. The proportion of St gencerally decreases with mcreasing degiee ol
fractionation (I'ig. 5) "Contamination” with radiogenie Stois expected m the evolved,
Rb-11ich rocks (Clark & C‘cm)'/ 1987), in other words, the very small amounts recorded
thus have to be reduced further to take mto account the propertion o V'St produced m
situsince the time of intruston It seems clear that the process of magmatic hactionation
led to the very cfficient remeval of almost all the Srowa the carly-formed magmatic

minerals, and that the removal was otill proceeding to bring the gramitic melt from




Figure 5. Concentration (ppm) of Tl Sr. Ba, and Pb versus Or mol% for alkah
feldspar bulk scparates. Symbols used: open square, hypersolvus  grmite; filled
square, transsolvus granite; open circle, fresh subsolvus gramite: fitled encle, altered

subsolvus granite; and triangle. pegmatite.
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the "hypersolvus granite” stage to the "subsolus granite” stage. Fhe pattern of
behaviour of calcium can be eypected to have been identical to that of nomadiogenie
Sr. Both elements evidently weie progressively  depleted in the Stange T ake pramitie
system at the magmatic stage.

The pattern of behaviour of harrmn: in evolyved granitic systems s gencrally one ol
efficient removal wiar carly-formed K-rich feldspar. At Strange 1 ake, the concentration
of Bais lowest in the feldspar fiaction of some pegmatite samples, but thete s much
overlap with the more primitive granites of the suite Concentrations tange hom 18 (o
109 ppm; the most entiched feldspar separate was ahen from a pegmatite The Strange
Lake granites arc barium-poor. as is ty pical of evolved peralkaline granmtes (Whalen of
al. 1987). The scatter in the data points in Figure 5 may well indicate that some ot the
barium was added to these rocks at the hydiothermmal stage fiom outside the system o
was remobilized internally.

In a sulphur-deficient environment like at Strange Lake, lead enters the structure ol
both K-rich and Na-rich feldspars (Stevenson & Martin 1986), where it occupies the
alkali sitc. The feldspar concentrates at Strange  Lake contain between 6 and 112 ppm,
in general. the feldspar fraction in the pegmatitic samiples contams less Ph than that
from the other units. The distribution of data pomts 15 less erratic than that of barium
(Fig. 5). possibly owing to greater mobility of the lead. part of which can be expected
to be radiogenic. As the pegmuatite-bearing ore zone has anomalous levels of uranium
and thorium [up to 2570 ppm Th, 212 ppm U in Miller’s "exotic nch” facies (19806)),

one might expect the pegmatites to be the most enriched in fead 1f the scale of
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mobilization was strictly local.

Neither 2eramum nor thorium can be aceepted in the feldspar structure. Instead. the
small concentrations of U and Th likely we held in grains of impurity phases (e g,
thorite), the piesence of which could not be avoided in spite  of painstaking hand-
picking Typical ranges of concentration in petrthite from the hypersolvus granites
(lTable 4a) arc fiom 04 to S & ppm Ul and from 2.4 to 47 ppm Th. The average
concentrations decrease with increasing grain-size of the feldspar separate. as would be
expected of elements hosted by accessory phases.

Zircomunt and yrrrinm also can not be accepted by the feldspar structure. Measured
concenttations are erratic. and as for U and Th. highest in the fine-grained separatcs
(lable 4). As the Strange Lake pluton 1s 7r- and  Y-mineralized. it is not surprising that
submicioscopic impuritics rich in these elements abound in the feldspar host, which
develops secondaty  pore-space as a result of subsolidus recrystallization (see below).

Concentrations of rare-carth-clements in the bulk feldspar separates of the Strange
Lake pluton are presented in 1 ables 4a and b. Chondrite-normalized concentrations  are
illustiated in Figure 6, along with average patterns for cach unit (data from Chapter 2).
The sum ot REE concentrations in the feldspar scparates decreases with an increase in
mol.’s Or. hypetsolvus feldspas. 33.8-333.0  ppm: transsolvus, 91.3-1125.5 ppm;
subsolvus, 160.6-434.8 ppm: pegmatite. 7.1-254.5 ppm. All separates show a negative
Fu anomaly . with Fu/Iu’ ranging fiom 0.14 to 0.27 except for 38B3. where it is 0.76.
A slight decrease in Eu/Eu’ values is noted in the pegmatite separates. On average. the

feldspar fraction becomes [/R EE-depleted |ie., increases in (La/Yb),] with evolution:
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Figure 6. Range of chondrite-normalized plots for the rare carth clement concentrations
(ppm) of the alkali feldspar bulk separates from the different units, Number of
samples. n, in cach plot is given. Average chondrite-normalized pattemn lor cach unit
is provided. Chondrite values are fiom Evensen ef of (1978). Note Sample SIS
was not plotted in view of the elevated concentiations of REE relative to other

pegmatite separatcs.
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hypersolvus feldspars, 0.9-2.2: transsolvus, 2.1-12 12 subsolvus, L4-8 8, pegmatite. | 3-
13.7. In view of published partition coeflicients and the lTow levels of the rare carths
typical of clean separates of feldspar (¢ g . Kontak er o/ 1991, the hugh concentrations
of rarc earths recorded here largely restde m the micro-inclusions ather than in the

feldspar structure.

Discussion & Conclusions

The feldspar minerals of the Stiange Lake granite retain an excellent record of a
magmatic trend of crystallization, followed by extensive reerystallization duting, then
cooling. In terms of their chemical composition (Table 3). the samples now contam
whatever the unit. almost pure microchne (95% Or + FeOr) and virtually pure albite
These compositions indicate a low temperature near 300°C on the basis of the phase
diagram of Brown & Parsons (1989). A significantly lower temperatuie of cquilibration
(~100°C) is indicated, however, if the values of N, ¢aleulated from unit-cell volume
(Table 1) arc taken at face value. The two values ol N, can be partly (but not
completely) reconciled if it is assumed that the unit-cell volume of the coenisting
feldspars are reduced to compensate for the structurally bound Fe' and Rb - A reduction
of 0.01 or 0.02 in N, would bring the mierred value of Ny, of albite (Table 2) to the
expected value of 0. An equivalent correction must be applied to the K-feldspar data,
as well as an additional correction to reflect the amount of Rb present in the stiucture
(Fig. 4). For some rcason. perhaps attributable to the level of Cs, 11 Phe Ba and Sr

(Fig. 5). the departure of the microcline data-points from the expected location of pure
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microcline exceeds that expected for the amounts of Fe*' and Rb recorded (see tick
marks on the vecters in Fig, 2a). Although it is not possible to be more specific about
the closure temperature of the two-feldspar system. it probably was close to 200°C.
Such values arc consistent with fluid-inclusion data obtained on quartz (Salvi &
Wilhlam-Jones 1990)

One important aspecet of the compositional data obtained on the feldspar separates
relates to the progressive increase of the K/Na value from least evolved to most evolved
unit. ‘The bulk composition of the perthite in the hypersolvus granite falls in the range
Or,, - Ory, very close to the composition expected from a haplogranitic composition
at the pscudoternary mimmum at 1 kbar P(11,0) (Tuttle & Bowen 1958). One might
predict, on the basis of contours on the quarts-feldspar cotectic, that the liquid will
remain at the minimum until crystallization is complete. The location of the isobaric
pscudoternaty minimum will shift slightly in response to the buildup in dissolved water
until the point of saturation in H,O (e g, Steiner ef a/ 1975, Holtz & Johannes 1991),
and possibly drift in the direction of the Ab corner owing to progressive buildup of F
in the system. Instead, the feldspar separates dicate a striking increase in K-feldspar,
to the pomt that some samples ol pegmatite are devoid of coexisting albite. At Strange
Lake, this enrichment in K-feldspar does not seem matched by the development of
complementary  albite-entiched aplitic rocks, such as are encountered in some zoned
bodies of granitic pegmatite (¢ ¢ . Jahns & Tuttle 1963).

Fhe progressive builldup in K without Na is not easy to explain. It may be a

reflection of the phase equilibria in a haplogranite system with excess alkalis.

93



Carmichacl & MacK:azie (1963) tound that the addition of 45 Wi cach of
NaFeSi,0, and Na,SiO; shifts the mummum and the "thermal valley ™ measurably toward
the Qtz-Or sideline. in projection Also, the feldspar coexisting with the peralkaline melt
is consistently more potassic than the melt. as noted i experuments by Bailey &
Schairer (1964) and in nature by Mahood & Stimac (1990) Hlowever, the shift to the
Or-Qtz sideline is more extreme m the Strange  Lake pluton than predicted
experimentally: furthermote, the agpaitic mdex of the melt s less than that modeled
experimentally, and it does not scem to have mercased markedhy with hactionation, 1
avetage bulk compositions of the four units are compared (Chapter 2, Lable 1),
Another mechanism that explains the progressive entrchment m K over Na mvolves
the preferential loss of Na by degassing 1t seems clear that satwation of the melt i a
strongly peralkaline {luid began to occur before the sohdr of the transsolvus gramite, the
subsolvus granite, and the pegmatite were teached In view of 1) the shatlow level ol
emplacement of this pluton. 2) an inttial period of erystallization of the peralkaline melt
in an H,O-undersatwated state. abetted by the enhanced solubihty of water due to
peralkalinity, 3) the etficient fractionation of anhydrous muncrals (quantz, K-feldspar,
albite). and 4) the rapid growth of these minerals toward the end stage of consohdation,
the magma at Strange Lake likely vesiculated and lost ats flnd phase  This fluid.
coexisting initially with Na- and K-feldspars. 15 inferred to have been very sodic lor
example. the Na/(Na+K) value of such a flurd would be 095 at | kbar, S007C 1 the
presence of fluoride (Pichavant 1983). T'he high degree of Na enrichment matches the

fluid-inclusion compositions inferred to be samples of orthomagmatic flnd by Salvi &
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Williams-Jones (1992): loss of such a fluid could account for the levelling off in
agpaitic index and fluorine content in the most evolved rocks. and for the local
metastable preservation of disordered K-feldspar (orthoclase) in a sample of hypersolvus
granite and another ol transsotvus granite. The possibility of massive degassing and the
ensuing "composiional quenchimg” of the magma (Jahns & Tuttle 1963) could be tested
by stable 1s0tope geochemistry  of this plutonic suite. especially by monitoring the ratio
D/ (Taylor 1988)

I'he successtul conversion of orthoclase-bearing assemblages to the assemblage low
alhite 1 low mucrocline. except m the two samples mentioned carher. indicates that an
alkalme Twd later re-entered the system and catalyzed the ordering of the K-feldspar
to low microchne, stable below 450°C or so (Brown & Parsons 1989) A high degrec
ol order of the sodic and potassic feldspars is found regardless of the unit sampled. This
linding is not at all surprising in the case of albite, but is worthy of discussion in the
case ol the K-feldspar. Well-ordered mictoelie is prevalent in this pluton, in spite of
its small size, relatively shallow level of emplacement, and inferred rapid rate of
cooling There is no evidence of mild 1eheating i the arca. nor of deformation. two
factors known to promote the tanstormation  Instead 1t 1s the alkalinity of the fluid
phase that scems to have promoted the successful conversion of a monoclinic K-
leldspar to muctochine  Although ordermg took place over the interval 450°-100°C (?),
the reaction did not quite reach completion. This can be secen by correction of the
mictocline data-points for e’ and Rb 1n Figure 2.

Fhe geochemical evolution of the K-feldspar separated from the various samples




(Fig. 4, 5) is consistent with efficient fractionation of a single batch of evolvad gramiue
magma. The Ca content of the albite and K-teldspar is extremely low (Table 3), as
consistent with the efficient carly fractonation ot sodic-calere amphibole and Nuonte
at the hypersolvus granite stage, and ol plagioclase and otha matic nimerals at an even
earlier stage. which resulted in the development of a negatinve F'u anomaly - 1t thus seems
clear that the important butldup in Ca and Siorccorded m the most evolved 1ocks
occurred entircly at the subsolidue stage. as proposed by Salvi & Wilhamis-Jones (1990
on the basis of fluid-inclusion data.

Mineralization in the complex is attributed to the late redistribution of ore
constituents wa a contaminated peralkaline {luid. which gained Ca, St and My by
interaction with country rocks. The fluid phase became satwmated ma suite of accessory
minerals, including some rich in Ca, and deposited these along cleavages and
vacuoles in the shrinking feldspar minerals. ‘The resultant chondite-normalized profile
of the perthite in the hypersolvus granite resembles the profile of the altered subsolvus
granite (relatively flat. I/IRFEE enrichment) Residence time of the late flaid phase m the
hypersolvus granite probably was brief, as the microcline m the perthite did not
recrystallize to visibly grid-twinned microcline, in spite of deuteric coarsenmg (Parsons

1978). Residence time must have been much greater m the core of the complex

96




References

Abbey. & (1965) Determination of potassium, sodium and calcium in feldspars. Can
Mincral 8, 347-353

Appleman, Do & Bvans, [T 1.0 Ju (1973): Job 9214: indexing and least-squaies
refinement of powder diffraction data. .S Geol. Surv., Comput  Contrih 20 (NTIS
Doc PB2-16188).

Baley, DK & Schairer, LF. (1964) Feldspar-liquid equilibria in peralkaline liquids -
the orthoclase eftect Am J Scr 262, 1198-1206.

Yirkett, 1 C . Miller. R R Robests, A Co & Mariano. AN, (1992): Zirconium-bearing
minctals of the Strange Lake mtrusive complex. Quebece-Labrador. Can Mmeral
30, 191-205

Blasi, A (1977) Caleulation ot T-site occupancies n alkali feldspar from refined
latuce constants Mmeral Mag 41, 525-526.

Biown. WL & Parsons, 1. (1989): Alkali feldspars: ordering rates, phase

transformations and behaviour diagrams for igneous rocks. Mmeral Mag 53, 25-42.

Carmichacl. LSE (1962): Pantelleritic liquids and their phenocrysts. AMineral Mag. 33,
86-113.

& MacKenzie, WS, (1963): Feldspar-liquid equilibria in pantellerites: an
cexpermmental study. dm. J Sci 261, 382-396.

Cerny. P . Smuth. JV.. Mason. R.A. & Delaney, [S. (1984). Geochemistry and

petrology of feldspar cerystallization in the Vézna pegmatite, Czechoslovakia. Can
Mmeral 22, 631-651

. Memtzer, RE & Anderson, A, (1985a). Extreme fractionation in rare-

clement granite pegmatites.  Selected examples of data and mechanisms. Can.
Mmeral 23, 381-421.

97



Pentinghaus, 11 & Macek. JT1 (1985b)  Rubidian muctochine rom Red

Cross Lake, northeastern Manitoba Ball Geol Soc Finland 87, pt 1-2, 217730

Clark. G.S. & Cemny. P. (1987) Radiogenie (87)Sr, s mobility . and the mterpretation
of Rb-8r fractionation mn rare-clement gramitic pegmatites  Geoclum Cosmodhum

Acta 51, 1011-1018.

Evensen, N.M |, THamilton, P.J & O'Nions. R (1978) Rare-catth abundances m

chondritic meteorites Geaclum  Cosmochim . tcta 42, 1199-1212

Garvey. R. (1986): LSUCRIPC, least squates umit-cell refinement with mdexmg on the

personal computer Powd Diff 1(1), 114

Goldstein. J .. Newbury. D L., Echling P Joy, D.C L Ronug, A D J Tyman, C 1 Fior,
C. & Lifshin, ¥ (1992). Scanning clectron microscopy and X-ray microanalysis o
text for biologists. material scientists and geologists 2nd ed Plenum Press, New

York, 820 pp.

Heier, K.S. & Taylor, S.R. (1959) Distribution of L1, Na. K, Rb, Cs, Ph, and |1 in
southern Norwegian pre-Cambrian alkali feldspars. Geoclum Cosmochim et 15,
284-304.

Holtz, . & Johannes, W. (1991): Genesis of peralumimous pranttes 1T Ixpernmental
investigation of melt compositions at 3 and 5 kbar and varrous 11,0 activities ./
Petrol 32, 935-958.

Jahns, R & Tuttle, O.F. (1963) Laycered pegmatitc-aplhite mtrusives  Mmeral  Soc
Am Spee Pap 1, 78-92

Jenner, G.A.. Longerich. TP, lackson, Sk & Fryer, B (1990) 1CP - MS - a
powerful tool for high precision trace element analysis in carth sciences  evidence

from analysis of selected USGS reference samples. Chem Gieol 83, 133-148

Kontak, D J., Kerrich, R., & Strong, DI (1991)* The iole of flutds i the Tate-stage
evolution of the South Mountain Bathohth., Nova Scota further geochemical and

98




oxygen isotopic studies Atlant Geol 27, 29-47.

Kroll, T & Ribbe, P H. (1983): Lattice parameters. composition and Al-Si order in
alkah feldspars  fn Feldspar Mineralogy (P.H. Ribbe. ed.). Mineral Soc. Am.,
Rev Mweral 2, 57-99,

lLagache. M. & Scbastian, A (1991): Lxperimental study of Li-rich granitic pegmatites.

I1. Spodumene + albite 4 quarts equilibrium. Am Mmeral 76, 611-616.

Mahood, G. & Stimac. J.A. (1990): Trace-clement partitioning in pantellerites and
trachytes Geoclum  Cosmochim  Acta 54, 2257-2276.

Miller, R R, (1986): Geology of the Strange Lake alkalic complex and the associated
71-Y-Nb-Be-REE mineralization. Newfoundland Dep Mines and Energy, Mineral
Developmene Dy, Rep 86-1, 11-19,

Noble, D € Korringa, MK, & Haffty. J. (1971): Distribution of calcium between alkali
feldspar and glass in some highly differentiated silicic volcanic rocks. Am. Mineral.
56, 2088-2097.

Parsons, I (1978): Feldspars and fluids in cooling plutons. Mineral Mag 42, 1-17.

Pentinghaus, 1 & Henderson, C.M B. (1979): Rubidium-aluminosilikat-feldspat
(Rb(AISI;0,): stabilitat strukturelle Zustande und Schmelzverhalten: chemische und
thermicche Ausdehnung des (AlSi,0,)-Gerustes. Fortschr Mineral 57, Beiheft 1,
119-120

Pichavant, M (1983). (Na, K) exchange between alkali feldspars and aqueous solutions
contaming borate and fluonde anions: experimental results at P = 1 kbar. 3 NATO
advanced study institute on feldspars, feldspathoids and their paragenesis, Rennes,
France. 102, (abstr.)

Pilet. D (1989) Le gramite peralealin du Lac Brisson, Labrador Central (province du

Qucbee, Canada): pétrologic. géochronologie, et relations avec les minéralisations
internes 8 Zr, Y. Nb. These de doctorat, Université Claude Bernard-Lyon 1, Lyon,

99



l France.

. Bonhomme, M.G.. Duthou, JL. & Chenevoy. M. (1989): Chronologic
Rb/Sr et K/Ar du granite peralcalin du lac Brisson. 1 abrador central. Nouveau-
Québec. Can J Earth Sci 26, 328-332.

Salvi, S. & Williams-Jones. A.L. (1990): The tole of hydrothermal processes i the
granite-hosted Zr, Y, REE deposit at Strange 1ake, Quebec/Labrador: evidencee from
fluid inclusions Geochim Cosmochim  Acta 54, 2403-2418.

& (1991): Reply to comment by T.C. Bitkett and R.R. Miller on "The
role of hydrothermal processes in the granite-hosted Zr, Y, RFE deposit at Strange

Lake, Quebec/Labrador: evidence from fluid inclusions" Geoclum  Cosmochim
Acta 55, 3447-3449.

& (1992). Reduced orthomagmatic C-O-H-NaCl flwds in the Strange
Lake rare-metal granitic complex, Qucbec/Labrador, Canada. FEwr J AMmeral 4,
1155-1174.

Shmakin, B.M. (1979): Composition and structural statc of K-feldspars from some ULS,
pegmatites. Am Mineral. 64, 49-56.

Smith, J.V. (1974): Feldspar mincrals. 1. Crystal structure and physical propertics
Springer-Verlag, Heidelberg, 627 pp.

& Brown, W.L. (1988): Feldspar Minerals. 1. Crystal structures, physical,

chemical, and microtextural properties (sccond ed.). Springer-Verlag, Berlin, 828 pp.

Steiner, J.C., Jahns, R.H. & Luth, W.C. (1975). Crystalhzation of alkali feldspar and
quartz in the haplogranite system NaAlSi,;0,-KAISt,0,-SiO0.-11,0 at 4 kb Geol Soc
Am. Bull 86, 83-98.

Stevenson, R.K. & Martin, R.FF. (1986): Implications of the presence of amavonite in
the Broken Hill and Geco metamorphosed sulfide deposits. Can Mineral 24,
729-745.

‘ 100




Taylor, B.L5. (1988): Decgassing of rhyolitic magmas: hydrogen isotope evidence and
implications for magmatic-hydrothermal ore deposits. /n Recent Advances in the
Geology of Granite-Related Mineral Deposits (R.P. Taylor & D.F. Strong, eds.).
Cuan Inst Min Metall, Spec Vol 39, 33-49.

lTuttle, O. F. & Bowen, N. L. (1958): Origin of granite in light of experimental
studies in the system NaAlSi;O4-KAIS1;04-S10,-H,0. Geol Soc. Amer Mem. 74.

Whalen, 1.B.. Curric, K.I.. & Chappell, B.W. (1987): A-type granites: geochemical
characteristics, discrimination and petrogenesis. Contrib. Mineral. Petrol 95, 407-
419.

Wones, D.R. & Appleman. D.E. (1963): Properties of synthetic Triclinic KFeSi,O,,

iron-microcline, with some observations on the iron-microcline = iron-sanidine
transition. .J. Petrol. 4, 131-137.

101



CHAPTER 4

Conclusions

102



Conclusions
. The following are the principal conclusions derived from this research:

1) The Strange Lake granite complex may be subdivided into different petrogenetic
units based on its feldspar petrography: hypersolvus granite, a single mesoperthitic
alkali feldspar; transsolvus  granite, mesoperthitic alkali feldspar set in a matrix of
discrete microchine and albite grains: subsolvus granite, isolated grains of microcline

and albite; and pegmatite, K-feldspar megacrysts with rare albite.

2) The temperature of crystallization of the least evolved hypersolvus granite through
pegmatite units can be monitored via the assemblage of felsic minerals and of mafic
munerals. There 18 a progressive decrease in temperature of the respective solidus for

cach unit. The depth of emplacement is considered to have been less than 4 km.

3) The transition from the least cvolved hypersolvus granite through pegmatite is
explained by the progressive buildup of added components to the haplogranite system.
Progressive ncreases in excess alkalis (peralkalinity) and volatiles (F, H,0) with
evolution of the Strange Lake system enables the more evolved melts to crystallize at
temperatures lower than the haplogranite system. The hypersolvus granite crystallized
at a temperature above 650°C, 0.7 kbar: the pegmatites crystallized below 590°C. 0.7

kbar.



4) The XRD data on the alkali feldspars of the different umits tetleet then highly
ordered nature as well as their near-end-member compositions, s suggests that the
feldspars have equilibrated over the interval between 300° to 100°C in the presence of

a peralkaline fluid.

5) Bulk feldspar compositions (and granitic pegmatites) document an increase m On
mol.% with the evolution of the units. This can best be explamed by degassing ol the
magma ncar or at the solidus, and ensuing forced crystallization of the magma upon

massive loss of Na to the fluid phasc.

6) Electron microprobe data indicate that Fe'' enters the feldspar structure (up to |
wt.% Fe,0,). reflecting the peralkaline nature of the parent melt. Very hittle to no Ca
was present in the alkali feldspar at the magmatic stage. Lhe striking buildup in Ca seen

in the most evolved parts of the complex occurred at the subsolvus stage.

7) The trace element content of feldspar separates from the different units 1s typical of
evolved peralkaline systems. Li, Rb, Cs and 1 increase, which 1s consistent with the
fractionation of a single batch of magma; the increased Ba and St contents ol some
feldspar scparates from pegmatites are conststent with Jate-stage  hydrothermal
mobilization, even in the most actionated pegmatites Mmeralization i the complex is
attributed to the late redistribution of ore constituents via a contaminated  peralkaline

fluid, which gained Ca, Sr and Mg by interaction with country rocks.
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APPENDIX 1

WHOLE-ROCK GEOCHEMISTRY
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WHOLE-ROCK GEOCHEMISTRY
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Unit-cell parameters of K- and Na-feldspars in representative
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APPENDIX 1]
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APPENDIX II (cont'd)

UNIT-CELL PARAMETERS OF Na-FELDSPAR(S) IN REPRESENTATIVE SAMPLES OF I'1IE
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APPENDIX I

Results of electron-microprobe analyses, K- and Na-feldspar
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APPENDIX HI1
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APPENDIX TR (cont'd)

K-FELDSPAR ELECTRON-MICROPROBLSPOT ANALYSES
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APPENDIX Il (cont'd)

K-FELDSPAR ELECTRON-MICROPROBE SPOTAN ALYSES
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APPENDIX HI (cont'd)
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APPENDIX 1V

Mol. % Or and trace-clement concentrations
in bulk feldspar separates
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APPENDIX V

Location of chemically analyzed samples
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APPENDIX V . L B
LLOCATION OF CHEMICALLY ANALYZED SAMPLES = .
Sample  Gndno v 3 Sample Gndno Vv Sample Gndno
I8 AL 8 29 S711 57 11 IB13D8 24 9
JO AL 406 1 2 S8C4 58 4 4 I.BI1SDI6 33 8
46133 4G 2 2 S8D1 S8 82 LB54D29 26 5
401 46 2 3 37\d 37 3 2 I BS4DW 26 5
46171 46 I 3 841 38 19 L.B7D14 45 0
47 \1 47 4 7 S7D! 57 7 2 SL.16oD2 67 9
48\2 48 8§ 3 2581 25 6 6 S1.183D1 S5 2
48.\3 48 8 3 25C1 25 4 1 SI 3813 6S 9
48 AR 48 g 3 25T 25 32 SI SD36 64 9
BORN] 49 2 7 2774 27 23 SISDY o4 9
S7CIC 87 g 2 2781 27 4 8 SL8&D13 46 4
I BIODIR 47 0 0 2715 27 4 8 JIre 37 2
FRIODY 47 0 0 46G3 46 7 2 63C1 63 2
I BOD 47 1 8 I BUDI7 27 00 I B13Di2 24 9
S 66 R IBIIDG 24 9 3 IB13D43 24 9
S7A\2 57 8 9 ST 81 46 402
Samples trom outerops are marked wath* « " (oumbered samples) and those from dnll core are

'

1

Wt s DO e L 6 = D NN N W

marked with " @ " (1 Band S samples) Foreach sample. s (honzontal) and v (vertical)
coordmates (etween 0 and 10) gnve the Tocation wathan the eell
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