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PSTRACT 

... 
The Devonian MCGerri'qle- compl'ex 1s a ahallow pluton dominatad 

c 

" by qran~te, with leaser volumas of quart,z monzonit.,' aY.nits, 
• 9 -" • • 

gabbro, monzodiorite, and nepheline syenit.. Ths gabbro 

crys~allized at low to moderata ~conditions Cbelow th. Ni-
-

~iO buffer); titansalite and labradorite a~a tha~only liquidua 

phases.· 'The syenites are genetieally distinct from moat 
-

granites.' In these felsic rock types ~he f(02) was internally 
J. 

buffered at relatively hiqh values (near the Ni-NiO butter) 1 
~ 

evidence fo~ maqmatic oxidation is restricted to the more . . 
evolved samples. The nepheline syenite. eryatallized under a , 

'wide range of magmatic conditions; tlleir obaerved mineraloqy 

depends 'principally on the agpaitie index and t(02' ot the 

magma. 

Xenocrysts, ~ypically derived from more primitive material, 
. 

'are observed in all roek types. contaminati,on ot th. telaie 

rqçks ia interpreted to,have oècurred predominantly throuqh 

hybridization, rather than magma mixinq. 
"': • J 

The oDservad/range i~ 61So(whOle-roek) ia '5.6 to 9.3%0 wit~ . . . 
° all roçk types typically exhibitinq low value. (6.0-7.0 100). 

Quartz (6.4-S.10/00) and teldspar J (5.9-7.4%0) typically 

ach~eved approximate sucsolidus o"i.otopic equilibriWll. Tu 
, ~ 

. predominant~y low 8180 valu.s exhibited by th. tel.ie rock. and . . 

their transitional A- to I-tYPe charactar'ara con.istent vith 
, . 

an origin· in the lower'cruet from ~.otopically primitive ., 

6180 values probably retlect interaction • material. The hiqher 

vith upper crustal materials at a late (subsolidus?) staqe • 

( 
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RESUME 

n 
1 

"'. 
Le complexe de McG.:u:rigle, un Plu~pn polyphas~ d'age 

1 , \ , 
devonien, mis en place a faible profondeur, est constitue '1 

, .. ,,\. 
principa~ment de granite et de ,quantites m~ins importantes de 

, , 
monzonite quartzique, syenite, gabbro, monzodiorite et syenite ' 
, , , Ci 

a nepheline. 
J , " • , \ \ 

Le . 9abbro~a c:,'cistallise a des fugacites d'oxygene faibl_es( a 
, , .' , 

modereas (en-dessous d~ tampon Ni-NiO); léS seuls m~ner~ux 
, 

presents sur' le liquidus sont la tit~nsalite et la labradorite. 
, , , , 

. Les syenites sont qenetiquement distinctes de la plupart des 

9J::..lni tes. Durant la cristalliE?ation des roches fels1ques; la 
, , , , \ 

(ugacite d'oxygene a ete maintenue a un niveau relativement 
, , \ 

eleve (pres du tampon Ni-NiO) ; les signes d'oxydation, 
, . , , , 

m~qmatique sont limites aux echantillons les plus evolues. 
, , , , 

Les syenites nepheliniques ont ,pristallise sous des .. ., ' \ 

conditions variables; leur miheralogie reflete principalement 

", " leur index af1paitique et la fugacite d'oxygene du magma pendant 
. , .... 
la cristallisation. . , 

Tous les type'B de roches contiennent des , 
, 

xenocristaux, 
, , 

typiquement derives de source(s) plus 'primitive(~). La 

contamination des· roches felsiques semble avoir 'pris place 

principàlement par " hybridation. plutot que 
. 

par . brassage et 
.,. 

"1Ilelal\q. de magmas. 
, \ 

qes roch,es totaleSJ s' echelonnént de 5.6 a Lea valeurs d8'6186 
~. 3°/00. 

\ 

'Dans 1 "ensemble, tous les facies montrent des valeurs 

" 'plutot basses (6.0-7.0%0). La composit~on is~topique du 
~ 

quartz' (6.4-8.1°/00) ~t des feldspaths (5.9-7.4%0) refl~te 
, , .. 

leur reequilJbration subsolidus. Les valeurs de 
• 

ii 
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qeneralement 

trailsl tionnel 
, 

bassès 

(type 
( 

des 
\ 

A a 

... .. ' , 
roches felsi9Ues et lèur caracter. 

, , 

>.C 
1) ~"/accordent 

-
isotopiQ\1ement primltive'- dans la' partié 
, , '" 

avec. une .ource 
t 

inf .. ~ieure cle la 

" 'cX'oute. Les valeurs, . les 
, , 
elevees de 

, , 
refletent 

probablement l'int~raction tàrdive (sQus le so~idus?) du pl~ton 
, ~ , " 

avec la'partie superieure~de da croute. 
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CBAftB. 1. IlrrRODUCTIOH 

OBJECTIVES 

t 
Th~ thesis presents data on the field 

i ,,' ,'1 " ,,-
and, minëraloqy, as weIl as a prelimin~ 

lation" p~tro9raphy 

study o~ the oxyqen 

i~~to~e geochemistry, of the McGerrigl Complex, a 

'polyphase intrusive body located in the north-central zone of 
,\, .. 

the Gaspe p:ninsula, Qu~bec. This work was carried out as part 

of a broader project undertaken by the Geological Survey of 

Canada on the "\ petroqenesis of the major granites in 
, 

Ga.pe. 

Related studies of the whole-rock major- and trace-element 

qeochemistry, lead isotope qeochemistry and qeochronology (X-Ar 

àating of biotite ~nd amphibole separates, U-Pb datinq of 

accessory mineraIs) are still in progress at the time of 
, 

writing (cf. Whalen and GariftPy 1986,' Whalen and ROddick 1987}-

Field, petrOqraPh~ and mineralogical da~a (Chapt.r. 2-5) are 
1 - \,~ 

presented in order ta: 1) describe the principa~ rock types of 

the and' their relation.hip., , 2) document the 
<!) 

compositional" textural and, in some cases, structural 

variations of the major rock-forminq minerals (matie min.~als 

and feldspar), 3) identify the ace ••• ory minerals, e.pecially 

\ 

in the nephe,line syenites,l and 4) int_grata the available data ;fi 

to . gairi insight into the petroqen.tJ.c proc..... that have 
~ 

contributed to 

Oxygen isotope 

'" the oriqin and evolution of 

data '(Chapter, 6) w.re 

.ach rock 
\. 

obtalnad 

type. 

tor 

representative' sampI •• (includinq .av~al,quartz and t.ld.par 

pairs) to iurther ~.train the magmatlc and subsolldus 

_ histories of the principal rock typa •• 

1 

." 'H_"._.,~.f,. '" ~ ____ J •. _,,<_.~_~,,! ~ .. l.,_.'>. ~. ... ~.~ ... ~:-:~~! .. _.\.. .~r,~;L . .J-.~';> • " ..• '. , 
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LOCATION AMD AceRSS 
t 

Tha pluton' occup~es a region of Gaspe known as the monts 
o , 

McGer~i9le, w~iQh insludes mOR~ Jacques-Cartier'(124S'm),' .~ne 

.highest peak 'of the Canadian Appalachians. It is located in the 
. , 

north-central part of the Gaspe peninsula, approximately 40 km 
• 

ESE of Sainte-Anne-des-Monts (Fig. i .1) • Ex~pt for it~ 
~ 

northeasternmost portion, the pluton °lles en~,trely within 
, 

Gaspe Provincial Park. It is nearly completely encircled by La" 
v 

Rue de Ce inture , which cross-cuts the pluton at its NE corner. 
o • 

Access onto the plateau on which the bulk of the pluton 

outcrops is largely restricted to thé northern half of the 

pluton and, even there, ls difficult by car. The main access 

routes are: 1) the trail that climbs up mont·Jacques-Cartier on 

the w~t side, 2) a dirt road that starts from the Madeleine 

mine on the east side, 3) an old,prospec'or's road that climbs 

toward mont Auclair on the nortb side, and 4) old prospector's 

roads that lead towird the top of montÎRichardson nea~ lac aux 
, " Americains (2!. de Romer 1977). 

DATA BASI 

The pluton was mapped dur1nq the summer of 1984 by the author 
A 

and Dr. ,J. B. Whalen of the Geoloqical Survey" of Canadil. The 

rasults ot thi. Projact are pUblished a~ a 1:25 000 map (Whalen 

1986) • Within 
) 

variable, being 

Richardson and . 

the pluton, tha proportion 'of outcrop is 

high in soma areas ( e. g. , north of mont 
'\ 

a10n9 the t~ail up mont Jacqu~s-Cartier) but 

generaliy ia poor to maderate. Mountain tops are typically bare . 
of treea and are commdnly covared by large field~ of '" blacks 

( fel.an.ar) rather than \so1id outcrop. These blocks 

2 

.' 
< 

\ ~., 

.j 

; 

, 
". 

1 .. t\ 

; 
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~ 0 50 km 
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! 

o _ o.vonl.n Felsl,: 
Intruslonl 

.~ Pb;Zn or Cu O.pOIIt 

._-- Plult 

L --------. .. titl • ..a 
~M1'CUMOR''',.. ~ 

••• 

, 
Fiqure 1.1. setting ot the McGerrigle.Plutonic complex in the , , 
Gaspe Peninsula. H.P.C.: McGerriqle Plutonic Compl.x~ MPditied .... 
trom,Van Bosse (1985) • 
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commo'nly form st ripes (on slopes) or ~olygonal patterns and 

are assumed to be approximately in ~ (cf. Payette and 

Boud~eau 1984). Some areas, such as around mont Auclair in the 

northern part of the pluton, are notable for their qeneral lack 

of outcrop. The uneven quality of exposure and the complex 
) 

relationships between many rock ~ypes complicates the 

sepa):'ation of different_units; Therf§!fore, for ,the purpose of 

th!s study, the pluton has been roughly divided into two suites 

(Fig. 1.2, see below). 
~ . 

Over 300 hand specimens were collected, from which more than 

200 thin sections were studied. 83 "chemical samples" , e.ach 
, 

several kilograms in.weight, were collected from the freshest 

material available to document the compositionaI.variability of 

the pluton. 

sample (80), 

~ 

Polished thin section~ wer~ made of nearly .• everY 
. l. 

and mo~al analyses were carried out on 39 samples 

(J. Whalen, pers. comm. 1985). Major-'and tra~e-element 

the chemical 
, 

analyses were carried out by C. ,Gariepy on all 

samples. A subset of a~proximately 40 chemical samples were 

selected for more detailed study, including lead-isotope, rare-

earth and oxyqen-isotope geochemistry. This . thesis presents 

mineral ohemi~try data \for,. 35 of these samples. 'oxyqen-isotope 

data were obtained for 18 whole-rock (plus four replicate) 
• 

· samples and .four' pair'à" of 

a.parates. 

quartz and feldspar mineraI 

PRIVIOU8 .ORK 

The first àurveys ôf the monts KcGerriqle region to describ~ 
~ , 

briefly the iqneous' rocks present were carried ·out by 

Richardson (1859) and Low (1885). Syatematic mapping of the 
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Fi9'\lre ~. 2. General geoloqical Ilap of the McGerriqle Plutonic· 
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~omplex. Modifled from Whelan (1985a). 
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region, however, did not t~ke p1ace until the 1920s and 1930s . ' 

5-.9., Jones 1933) 'when Tegional mappinq at a scale of 1:63· 360 

was carried out. Even thO~9h several different rock types 

, (granite, granodiorite, syen'ite, diorite, felsite and 

peqmatite) were recognized, :heir ~stri\ution was not shown on 

the map. 

During the sixties and ea~ly sev~nties, a detailed 
\ 

(1:12,000) mapping program of the area~was éarr~ed out by t,e 
, , . 

Quabec Department of Natural Resources (Robert 1960, 1967, 
Il 

Girard 1967, Lachance and Duquette 1917, de Romer 1977), 

inspired in part by the discovery of the Madeleine ~ines copp~r 

deposit in 1964, after the park had been opened to prpspecting 
,q • 

in the fall of 1963. 

" Of these studies, de Romer's (1914, 1977) provided the most 

complete desc~iption of the pluton and its metamorphic aure~le. , 

" De Romer. conc1uded . tha~ tlje. Plu:pn represents a· polyphase 

intruaive complex th~t could be subdivided into an early hybrid 

su,ite consiating of xenoliths o~ gabbro, nepheline syenite, 

hornt_la and metavoleanics within quartz-poor felsic rocks 

(.y.nit~, qranodiorite and monzonite) and a later granite 
-

suite. He interpreted the quartz-poor felsie.rocks of the 

hybrid suite to result trom the larqe-scale incorpora1;ion . and 

a.similation of x~noiiths. De R~mer deduced that the pluton was 

torc~bly intruded-at a depth corresponding to 2 kbar and that 

, the pre.ently expoàe9 surface is the,roof portion. 

'Wanle.s et al. (1973) obtained a -358±16 Ma date for a biotite 

concentra te trom a'qranite as well as a date of 342±14 Ma from 

"' De Bomer 
. 

(1974, • hornblende •• parata troa quartz diorite. .. 
6 
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1977) obtained three whole-rock K-Ar date. tor the pluton1 two -. 
were interpreted to represent a minimum age of cryatallilation 

(3,56±4 Ma for a porphyritic granite and 346±7 Ma for a biotite . 

granodiorite) . 

, ~ Rocque (1986) oarried out a combined Rb-Sr and geochemical 

I.st_~y of 

) Complex. 

a Middle 

, . 
the Gaspe granites, includi~ the cGerr~gla Plutonio 

Sh'e dâted the hybrid suite er (1974, 1977) at 

Devonian age Qf 380±5 Ma, and the granite suite at a 

Late Devonian to early Carboniferous age, ranging from 362+5 Ma 

to 356±8 Ma. She ~lso concluded that the granites display a 

transitional A- to I- type cha~acter and t~t they were either 
. 

derived by partial melting of different crustal source. or had 

been contaminated by a fluid ~ich in radiogenic strontium. The 

quartz-bearing rocks of the hy~rid suite are attribute~ to 
" 

heteroge~eous crustal contamination ot a 'mantla-derived magma; 
. 

howèver, this primary magma does no~ corres~ond to the gabbro 

observed in the intrus ive complexe 

Other studies of interest include a ~etailed study ot the 

metamorphic aureole ot the pluton by Van Boe.8 (1985), -who 

inferred that the aureole equilibrated at a maximum temperature 

of approximately 6100 C and a lithoetatic p~ee.ur. ot ~ kbar. 

Conductive heat transter was deduced to have predom1.nated .a.t 

of the pluton, , . 
, 

the aureole,' 

whereas in the we.tern and southern portions of 
",. 

heat ia intarpreted ta have' been partly 

transterred py infiltrating fluide,,_ Van so ••• also c!ocument.d 

the occurrence ot a second phase ot prograde .etamorphi.. in 

the pelitic horntel. in th,.outhern haIt ot th. pluton, 
- . consistent with the hypothesized yOUDger intrua1ve pha •• of La 
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Rocque (1986). P. Girard (1969, 1971) studied the Madeleine 

copper deposit, work which is being continued today by A~ 
~ 

E. 

Williams-Jones and co-workers (1986).' 

~ REGIONAL G~OLOGY 

The MCGerriqle plutonic Complex intrudes an ENE-trendin9 belt 

of sedimentary and volcanic rocks (Fig. 1.1, 1.2) from the 

cambro-Ordov~cian ,Shickshock Group, -- .. and the Middle Ordovlclan 
~ \ 

,Deslandes and Lower Ordo~ician (and 'olger) Cap-des-Rosiers 

formations of 
, " . 

the Quebec Group (de Romer 1977, Lachance and 

ouquette 1977, Islam et al. 1982): st. -Julien and Hubert (1975) 

subdivided the Cambro-Ordovician rocks of 
, 

the Quebec 
'" . . " Appalachians into three ~ajor tectonic domains; the Shickshock 

Group was 

oeslândes 

included in the internal domain, 
D ~ 

and Cap-des-Rosiers formations f~ 
whereas the 

part of the 

allochthonous nappes of the external domai~~ In thelr maps of 

the tectonio lithofacies for the Appalachian Orogen, Williams 

(1979) and williams and Hatcher (1983J included these units 
, 

within tha st. Lawrence Terrane that makes up part of the 
\ 0 

~ ~"" l 

Humber zona. 
? 

The Shickshock Group represents sedimentary , volcanic and 
-

rare plutonic rocks formed at a continental slope and rise 

(GagnoA and Jamieson 1985). Several ultramafic bodies' including 
-'" 

the mont Alb.~ peridotite, a layarad harzburqite, are observed 

in the Shi~kahock Group and are interpreted to re~res~t 

tranaported alpine peridotita (Beaudin 1980, Gagnon ana 

Jamie.on 1985). "In the MCGerrigle area th. Shickshock Group 

forma an E- ta SNE trendinq, 2.5 to 4 km wide belt that i5 

8 
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cross-cut by the southern half of the pluton and is bounded 'by 
, ~ 

rocks of the Quebec Group both to the north and south (Fig-

" 1.2; de Romer 1977). In this area the helt consista of 

sandstone, shale, slate, limestone and basaIt as weIl as their 
Il 

contact-metamorphosed equivalents (de Romer 1977). The nature 
, 

of the contact between the Shickshock Gro~p and the Quebec 

" Group is unclear; de Romer. (1977) reported examples of both 

faulted and conformable contacts in the McGerrigle region. 

The Deslandes and Cap-des-Rosiers formations . '" represent 

allochthonous deep-water se~iments that were deposited on the .. 
, ) 

continental, slope and rise' (R. Hesse, pers. comm. 1987). Flysch 
• • 10 

sequences dominate both format'ions, with shales, siltstones, 
'. '0 

slates,p phyllites l sandstone, conglomerate and limestone bains 
n 

present in the McGerrigle area- (de Romer 1917, Lachance and 
• • 1 

Duquette 1977). within the Cap-de~-Rosiers Formation, a band 

1(1.5 to 3 km wide and 25 km long) of massive or amydaloidal . 
" basalt and asso~ tuff (Fig. 2.1~ de Romer 1977, Lachance 

and Duquette 1977) ia cross-eut by the northern half of the 

pluton. 
' .. 

Geophysical data have been interpreted to indicate the 

presence of Precambrian (Grenville?) basement underlyinq the 
, 7 

Quebec and Shickshock groups (Sequin 1982). ~ . 
Immediately to the south of the pl~ton, s1luro-Devonian 

sequences 

(Duquet~e 

, 
unconformably overlie the 

; 

et al. 1984) within 

cambr0}prdovician rocks , 
the Connecticut-Ga.p. 

Synclinor1um (Fi9. 1.~). The Siluro-Devonian s.quenc •• eonsiat 

of a wide ranqe of predom1nantly •• dimentary rock tYP.sl 

includinq sand.tona, r •• t-bearinq' li ••• ton., calearaoua 
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siltstone and con9~merates (de Romer 1977, Duquette et 'al. 
l , 

the Lower Devonian a transition from a shallow ... 
1984). Durinq , , 
marind (Lower and Upper Gaspe Limestone groups) to a non-marine 

, 
environment (Ga~pe Sandstone Group) ocçurred (de " Romer 1977, 

, . 
Rust 1981). The York River Formation of the Gaspe Sandstone 

~ ,Group contains . a bimodal vo1eanic, 'sequence of si1ica-
• 

undersaturated .alka1i basa1t Yand oversaturated rhyolite tuffs 

w~th a1kaline tendeneles, dat~d at 380+3 Ma .. (La Rocque and Doig 

1984, La Rocque 1986). 
r 

The McGerrig1e P1utonic Complex is one of several major' 

intrusive bodies loeated within the north-central zone of the 
l 

Gasp~ Peninsula (Fig. 1~1, McGerrigle and Ski~te 1967, d~ 
" Romer 1974, La Rocque 1986). Severa1 plutOfis (e.g., mont 

, , 
Hogsback, mont Va11ieres-de-Saint-R~a1) cut the Siluro-Oevonian ~ .' . 
sediments south of the ~cGer~igle Plutonie Comp1ex and 

, . 

,-----.-" 
eonslst 

of various types of fe1sic porphyry (Duquette et al. 1984, La 

Rocque 1986). A sma11 inclusion of medium-grained gabbro oeeurs 
\ , 

within the quartz monzonite at mont Va11ieres-de-Saint-Real 
c' 

(Duquette et al. 1984). ~umerous felsie and mafie dykes and 

si1-1s are a1so observed cross-cutting the Si1uro-Oevoniàn rocks 

(Wares 1983',\ Duquette et al. 

manuscript). Both Ouquette et·al. 

1984, unpubl. 

l " (1984) and de Romer (1973, 

1971)' concluded that the southern plutons -intruding the Si1urOr -
Devonian rocks and the McGerrigle P1utonie Comp1ex are probably -
contemporaneous and that at least in sorne cases the plutons may 

.-J 

belonq the same igneous mass at depth. However, 
\ 

La 'Rocque (1986) indicate a ranqe of ages from 

ta data 

obtained by 
, 

3!1±4 to 338±6 Ma for the sQuthern p1utons~ 

10 
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One of the principal "s~ructures of the Gasp~ peninsula\ the 

South Shickshock fault (Fig. 1.1). Is .located within 

kilometres of' the southern contact of the pluton. This tauit 

can be followed from Matapedia Lake to just east ot the 

McGerrigle Plutonic Complexe Some authors (e.g.~ Lachance and 

'Duqu~te 1977) have speculated that the fault may extend as far 
, ~ 

·as the eastern end of the Gaspe Peninsula. To the west of the 

pluton the fauit defines the boundary ~~tween th~ 'Silura­

Devoniqn and Cambro-Ordovician sediments: nPwever, ta the east 
, 

the 
J fault apparently.continues within the Quebec Group (de 

" Romer 1977, W~res 1983). A long history Qf fault movement which 

may have. spanned most of the paleozoic, has been inferred by 

manyauthors (e.g., Beaudin 1980, Duquette et al. 1984) but the 

exact amount of displacement is unkno~n. Recent studies (e.g., 

Lebel and Hubert 1986, Berger and Hubert, unpubl. manuscript) 
d' 

suggest that it may represent a major, dextral wrench fauit. 

TECTONlC HlSTORY OF THB GASPB PBNINSULA 

Theo northern Appalachians have been affeeted by several 

orogenies ·(e.g., Avalonian, Ta'conian, Acadian a\d Alleghanian: .-, , 
St.-Julien and Beland 1982) ; in the Gaspe area, however, 

\ 
widespread evidence has only been reparted for the Taconie and 

Acadian Orogenies. ~ 

The Ordoviciart Taconic Oroqeny atteeted the ~oeks ot the 
, 

Quebec and Shickshock groups, resulting in polyphase 

deformation, de~eIopment of noithwest~rly-vergent napp.. and 

thrust fauIts, emplacement ot' ophiolit.. and reqional 
, ~ , -

metamorphi~m (Beland 196.9, 1974".'. st.-J.ulien and Hubert 1975.1 
• • ,- 1 

Gagnon and Jamieson 1985). The môa€'commonlY -.ugg •• ted-- model 

11 
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for the Taconic Orogeny involves a collision between North 
/ 

America and either an island arc or a microcontinent (e.g., 

Bird and Dewey 1970, Osberg 1978, Williams and Hatcher 1983). 1 

The Lower to Middle DevoniJ~ (Keppie e~ al. 1983) Acadian 
, 

orogeny resulted in mild to moderate deformation in the Gaspe 
, 

area (Beland 1969, 1982). Acadian deformation of the Siluro-
, 

Devonian rocks of Gaspe resulted in tight to broad, upright, 
, 

generally northeasterly-trending folds (Beland 1969, 1982, de 

" . Romer 1977, Duquette et al. 19~4). In the Qbebec Appalachians, 
-' 

the Acadian deformation did not involve transport of nappes and 

imbrication of slices as was the case for the Taconian episode 
, 

(Beland 1982). Recent studies (e.g., Bourque et al. 1985, Lebel ... 
and Hubert 1986) indicate that wrench tectonics involving major 

~displacements along strike-slip faults (e.g., South Shickshock 

Faul t) occurred during the A~adian ,orogeny . MajorjAcadian flJlt 

thrusting haiS also been inferr~d from seismvrofiles near 
, 

Anticosti Island, located to the'~orth-east of the Gaspe 
, 

Peninsula (Roksandic and Granger 1981, Beland 1982). 

Whereas most authe~s relate t~e Acadi~n Orogeny to closure of 

an oceanic basin culmin~ting in a éontinent-continent collision 
\ \ 

(e.g., Bird and Dewey 1970, Bradley 1983, W~lliams and Hatcher 

1983), any such collision must have oècurred far to the south, 

of the ~dy area (e.g., Williams 1979). Futhermore, a ~ecent 
, 

study· (Bedard 1986) of the Si~uro-DeYonian volcanic and 
, 

intruslve rocks in the southern half of the Gaspe indicates 
\ 

• 1 

that they are not directly associated with subduction. His' 

preterred model for the qeneration ofJthes~ magmas ealls for 

local \ensional environments in an orogenie foreland or a wide 

12 
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intraconti~ntal shear •. Ther~fore, thera appeara to J. littl. 
( basis for the 'existence of a subduction zone dipping 

~~~sp~ during the Siluro-Devonian (cf. Bradley 1983). 

" MCGB~IGLB PLU'l'ONIC COMP~ 

ben.ath 

r .. -::- " 

The McGefrigle Pluto~c,Complex forms an elongate body whose ) 

axis trends appr~ximately north-south (perpendicular to the 

regional structural 

approximately 
r--

130 

grain) and iS'exposed over 

Jan 
2 (Figs. 1.1, 1.2). The 

an area 

pluton 

of 

is 
.. 

surrounded by a prominent 1. 5- to 3-km wide aureole of 

hornfeJs " and skarn (de Rome~ 1977, Van Bosse 1985). A much 
( . . 

epimetamorphic halo was identified by Islam et al. broader 

(1982) using illite crystallinity and asphaltie pyro~itumen • 
• 

This was interpreted to indieate that the intrusion extends 
t1 

over a mueh larger area at relatively shallow depths than is 

exposed at the surface. The isotropie fabric and lack of 

deformational structures withln the pluton lndieate that the 
.("J' 

pluton postdated the Aeadian Orogeny. 

The pluton can be roughly subdivided into two suites; the 

granite suite is concentrated in the southern haIt of the 

pluton, whereas the hybrid suite dominates the northern half 
fi 

1986) .~mall (Fig. 1.2, de Ramer 19~7, Whalen areas of rocks 

mapped as part of the hybrid suite occur in the southern half 

of the pluton, speeifically to the north and southeast of mont 

" Richardson and to the east of Les Canes. Areas ot granite 

mapped as part of the granite suite are also present w~thin the 

northern hal! of the pluton1 the y occur both marginal ta and 

within the hybrid suite. Granite containing a large aJDount of 

mafie or intermediate inclusions was mapped a. ~ part of the 
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hybrid suite" The granites in the hybrid and granite suites are 

litholoqically similar fexcePt for the prese:ce or absence of 
l ' , 

inclusions. The contact relationships between the two types are 

generaYÎy ambiguous an~ probably in part gradational. 

The dominant characteristic of the hybrid suite là its 

heterogeneous appearanee on both the outcrop and regional 

SC;ales. This resul ta from the presence of inclusions of 

intermediate to mafie composition (only very rare felsic 
, 

inclusions were observed). Relative to the granite suite, t~e 

evolved rock types in the hybrid suite are commonly quartz-poor 

«10%), though many excep~ions existe A wide variety of rdCk 
......, 

types are observed in the hybrid suite,· including monzonite 

(quartz) , syent te ' (quartz), alkali-feldspar syenite, 

monzodiarite (quartz), granite, granodiorite, diorite, and 
, 1 

• gabbro (Whalen and .Gariepy 1986". Xenoliths of Quebec, Group 

metasedimentary (p~incipally hornfels) and metavolcanic rock 

types derived from the country rock (de " Romer 1977) are 
f 

occasionally observed in the hybrid rocks. These xenoliths vary 
6-

in size from,several square metres t~rge_patches_up to 

metres in length and 300 met~es in width, . int~rpreted to 

600 

-
represent'roof pendants (e.g., 

. presence ofthese country-rock 

S an~E of mont AUclair).. The 

xenoliths. and the distribution 

, ~ 

" and typically fine-qraine~ nature of th~hYbrid rocks 

that the hybrid rocks represent the !roof' f~cies 
Il 

intrus ive complex (de Rom~r 1971). 

suqgest 

of the 

The 9ranite'suite fs relatively homogen~ous relative ta the 
• ~ ." -< 

hybrid suite. -Ita rocks make up approximately 75' of ~e total 

outcrop area ,ot the pluton. Typically,- the granites are medium-
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ta coarse-grained,- equigranular to porphyritic and plot in the 

granite field ot the IUGS classification schema for plutonic 
. 

rocks (streckeisen 1976) • Mafic inclusions ara typically 

unco~on, rarely exceeding 2 cm in size. 

The pluton ia also 'cros~cut by several gener~tion. ot matie 

and felsic dykes; these qenerally trfnd in a nprthwesterly 

direction within the pluton, 
Il 

joints in the area (de Romer 
» 

followinq the prevalent system of 
r 

1977). The mafie dykes (up to 4 m 

wide) are typieally alkaline and, tollowing Irvina and Baragar ..,. 

(1971) , they are claasified as alkali basaltic or hawaiitic , . 
(C. Gariepy, pers. comm. 1985). The latter type aee~B ~ore 

abundant, espeeially in the southern half of the pluton (a.g., 

'" south of Les Cones). Aplite dykes, rhyolite porphyry ~dyk •• 
\ 

(commonly exhibtting a micrographie texture) and~rare pégmatite 

dykes are the felsie varieties observed. Field evideJ,'Ce 

V indicates that the emplacement of fhe hawaiitio 'dyk •• postdated 

Lat least in part that of the rhyolite porphyry dyk~ •• Tinguaite 

" dykes and sills (S~rensen 1974a, b) ~s well as rare poda(?) ot 

miaskitic nepheline syenûte are obaerved in the northarn halt 
, 

of the pluton (g!. Whalen ~986) •. Quartz veina, commonly wlth a .. ..... 
metasomatized (bleached) halo,%.e pradominantly tound in the . " southern halt of the pluton (21. da Romar 1977). 

100.0_%0 aBOLOGY 
~ 

There are thre. mineral deposita located within the. Immediate 
l , . 

vicinity of the McGarrigle Pluton!c Complexe The'Can4aqo aina, 

located approximately 6 'km northwe.t of tha pluton, i. a le.d­

zine-silver deposit (62 000 tonn ••• in.et betwean 1948 anet 

1954). Mlneralization OCCUIT8 1n quartz-carbonate vain. 8101'9 or 
1 
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n~ar a schistose zone (the Candego Fault; Lachance and Duquette 
\ 

1977). In the nprthwestem part of the aureole, the Madeleine 
\ . 

mine eontained \. approxilllate.ly 8.7 x 10 6 ~onnes of ore grading 
\ L' • 

1.15' Cu and 7 gft Ag and was mined from 1969 until 1982. The 
, ~ 

ore oeeurs in an .!!! echelon array of five steeply' plunqing, 

~himney-shaped, zoned bodi~s (bornite core," chaleopyrtte and 

pyrrhetite toward the rim) consistinq of closely spaced sulfide 

and quartz-sulfide veins and'strinqers loeated within pelitie 
,., 

~ornfels (Williams-Jones et al. 1986). Mineralization in the 
1 
to deposits has been related fluids Candego and Madeleine 

derived 'from~the MeGerriqle Plutonic Complex (Lachanee and 

Williams-àone~ et al. , . Duquette 1977, 1986). However, the 

detailed meehanism and sourcè of the sulfur and metals 

still .poorl;~erstood. The third deposit, Sullipek, 

are 

ls 

_ loeatad 2.5 km south of the soutl?-ern lim~t of the pluton, 
, 

withtn the Siluro-Devonian rocks of the Saint-Leon Formation. 

fjIt contains approximately 509 000 tonnes ~f ore qrading 1.35% 

CU~Duquette et al. 1984). The deposit is formed in skarn, 
~ 

which appears to be,associated with dacite porphyry dykes 'that 

may or ~ not be ralated to the McGerrigle Plutonic 'complex 
, 

(W~r •• 1983). Many other occurrences of mineralization have 

, b •• n 

(1977) 

Il 
reported, the prlncipal ones beinq described by de Romer , ' 

of 
Ilnd Lachance and nuque;e (1977) • Apart from rare 

mOlybd~ni~ flakes, minerali%ation was not observed in the 

pluton it •• lf. 

o - .-

16 
1 

, 
~ 

" 

" 

,~" 



o 

.. 

" 

CllAP'l'BR 2. JlIBLD RBLA'l'IOlf8RIPS, PBt'ROGRAPRY UID IIlnbLOGY 0' 

TU 1IB80CRA'l'IC IftllUlBDIA'l'. TO MUle ROCK 'l'y ••• 

IftRODUC'l'IOlf 
, 

.A wide range of mafic ~o mesocratic lntermediate rock typ •• 

(characterized Dy 5i02 contents of 45 to 60 wt. ',and celor 

indices greater than 30) are observed within the MOGerrlgle 

Plutonic Complexe They make up less than 5 , of th. expoaure of 

the plutonic complex (cf... Whalen 1986'). The samples ' studied .. -. ~ 

(Fig •. 2.1) are subdivided into four'groups on the ba"ia ot­

~ compositional and texturaI Characteristics:~abbro, 2) tine­

grafned mafic inclusions, 3) mesocratid intermediate rock 

types, and 4) endoskarn. 

JlIBLD RBLA'l'ION8RIP8 AND PBTROGRAPRY 

Gabbro 

Gabbro forms small scattered bodies up to 1500 m in langth in 

the northern half of the pluton (Whalen 1986). 
, 

It i8 typically 

black, equigranular 

were also sampled). 

-Fine-grained. mafic 

and massive (rare porphyritic varietie. 
~ , 

Grain size varies trom tine to coar ••• 
t 

(likely cognate) inClusion" and rare 

miar61itic cav~ties were observèd. ,. 
-

Min~raloqical, texturaI and 

emplacement of most, it not aIl, 

o 
field evidance indicate. that 

\ .. 
gabbro predated that ot the 

surro~nding more evolved host lithologies (e.q., .yenite, 

... granite, etc.). However, the presence of tine-qrained 

inclusions of alkali basalt tbat exhib~t texturaI evidence of 

coexistence as a Iiquid vith tbe ho.t- ~elt (Whalen 198!Sa, ••• 

below) as weIl ~s th. cro •• -outtinq ot typical tel.ie rock. 

trom the by~rid suite (e.g., quartz monzonite and whi~ 
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~ ~ Figur. 2. f. Sample location map showing the distributiçm of 

.,mpl •• tor which electron microprobe data were obtained. Open .,. -

cirol •• : matie and m.socratic intermediate rock types, ftlled 

cirol •• : oompound .amp~e. o~ granite and tine-grained mafie 

inclulions, open triangle.: qpartz'monzonite, closed triangles: ~ 

Iy.nit •• , .guar •• : granit •• , hexagons: nepheline syenites. 

Rafer to Figure 1.2 for detinitibn ot the map units. 
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1 

granodiorite east -O~h~ Madeleine min;) by .. alkali basaltic 

dykes (up té l m across) also indicate that the basaltié 

magmatism was in part e~ntemporaneous with, and m~y even have 

out~asted, fel~ic magmatism. Some louterops o( m~dium-grained 

-qabbro show a~parent ehilled margins near felsie veins, 

indicating that\ the gabbro must have been at least, partly 
\ 

liqùid at the time it pame in contaét with the félsie magma. 

Plaqioclas~ forms a~dral to eUhedral, unzoned to weakly 

zoned (normal, tare os~illatory) laths or phenoerysts up to 1.2 
1 

cm. I<-feldspar is rare, oecurring as weakly perthitic, 

interstitial grains or lining fractÜres. 

Amphibole is the dominant mafie mineraI in aIl sampI es 

studied, wi th subordlnate amounts of 'biotite and clinopyroxene 

also present. The alkali Dasaltie dyke (MG61) contains mafic 

p~udomorphs, possibly after olivin~ phenocrysts: if olivine 

was present this is the only sample in whieh it was tentatively 

identitied. primary accessory mineraIs are magnetite, ilmenite, 

pyrite, chalcopyrite, pyrrhotite, apatite and zircon. The 
. ~ 

alkali basaltic dyke ia also exceptional in that sulfides 

(dominantly pyrit~) are the only opaque phases present. 
t 

Fine-grained Mafie Inclusions 

Fine-grained matie inclusions are relatively common in a wide 

range ct rock typ~s at scattered localities, prineipally in the 
'-, 

northern haIt ot the eomptex (e.q., trail up mont Jacques 

Cartier," mont Ste~Anne). They are typi~ally black, porphyritic 

and amyqdaloidal, range trom less than one centimetre to 

.avaral matres in size, and exhibit a wide range of shapes, 
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includinq pil.lows (Figs. 2.2.1, 2.'2. 2) and irregular "blebby" 

inclusions (Fiq. 2.3~1). The rine-grained. incluaion. commonly 

occur in swarms: a~onqate inclusions may èxhibit a preferr.d 

orientation. . Linear arrays of iriclusiona could repre •• nt , 
disrupted dykes (2!. Whalen 1985a). 

Many inclusions axhibit texturaI evid~ of coexi.tence •• a 

mafic ltquid with an at l,ast partly liquid ho st (Wha1en 

1985a). This evidance include. the p~ ••• nce ot chillea margina 

e Fig.' . 2 ;-3.2), crenulatad irreqular contacts (Figs. 2.3.1, 

2.4.8), breadcrust structures (round inclusion ~ith contraction 

cracks visible in the chilled margin; ct. Whalen 1985a), net-
! 'f~. 

vein textures (irregular matie bleba aeparated by thin tel.ie 

veinlets or veins) ~- and pillow shapes. 0 Similar texture. have 

been described by numerous authora (e.g., Walker and Sk.lhorn 
I/Ifl e 

1966, Reid et al. 1983, Brown and Becker 1986) • 
. 

Contacts between the fine-grained matie inclusions and th.ir 

hosts are typically sharp. contamineted·taci •• . , 
betw •• n the 

host and inclusion (Chaptera 3, 4) are typically re.tr!cted to 
~ 

a hand specimen or outcrop scala., 

Plagioclase forms anh.dral to auhedral, ~ypically unzoned to 

weakly zoned (normal, oacillato~) latha or phenoery.t. u~ to 8 

mm. Perthitic K-feldspar is observed in the more talaie 

inclusions, occurring aa interatitial qrain., pa~tial rima on 
.. 

plagioclase laths or partly intilling amygdule •• 

Amphibole and biotite, 

commonly heterogeneoualy 

the dominant matie minerals, are 
. (~ 

di.tribut.cS even on a thin-s.~t1on . 
scala. Phenocry.ts or xenocryst. (.e. below) ot' clinopyroxene 

are common in _ca •• amples. Ob.erved primary acce •• ory minerals 
« 
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THE OUALITY or THIS MICROFICHE 
IS BBAVILY DEPENDENT UPON THE 
OUALITt OP THE TBESIS SUBMITTED 
fieR PlICROPILMIRG. 

'UNrORTOIATBLY TBB COLOURED 
ILLUSTRATIOJS OF THIS THESIS 
CAR ORLY fIBLD DIFrBREN'l' TORES 
OF GRBY. 
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LA QUALITE DE CETTE MICROFIC~E 

DEPEND GRANDEMENT DE LA QUALITE DE LA 
TH,SE SOUMISE AU "I~~OFILMAG~. 

MALHEURBUSEMENT, LES DIFFERENTES 
ILLUSTRATIONS BN COULEURS DE CETTE 
TBESI RE PEUVENT DONNER OUE DES 
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Figure 2.2.1. Fine-grained mafie pillows in white qranodiorite~ 

Mont Ste-Anne. 

4 • 

Figure 2.2:2~ Fine-grained matie pillowa in K-teld.par-dominant 
• 

" qranite. Northeast of Les Cones • 
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Figure 2.3.1. Irreqularly-shaped fine-grained mafie inclusions 

exhibitinq crenulated and ehilled 

qranodiorita. Mont Auelair. 

margins 

" '\ 

in white 

rigure 2..3.2. rine-qrained matie inclusion exhibitinq a . wel.l- ... 
~ • 1' 

developed chilled marqin, ergsa.-eut by a felsie veine Mont 

pa •• e. 

,\ 
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'PIGOU 2 • 4. 'PINB-GRA:INBD D7IC :INCLUSIONS 

1. Traln of apatite gr;ins cross-cuttinq botp plagioclase latha 
and tit~nite (T). Apatite apparently cryst~llizëd along lat.­
stage microfractures. Scale bar • 0.15 Mm. Fine- to m.dlu~­
qrained mafie inclusion (MG24); part ot chilled pillow in 
qranite. 

2. Garnet(?) (v) and fibrous,\ pale brown to blue-green 
pleochroic pumpellyite(?) (p) alonq cleavages in biotite (8) 
with titanite (T) and chlorite (c: after biotite) al~o present. 
Scale bar = 0.15 mm. Same sample as Fig. 2.4.1 (MG24). 

3. Resorbed oscillatory zoned grain of plagioclase (c) that 
varies in composition from andesine (An3J ) near the core to 
caleic 01iqoc1ase (An ) at the rim, with an optical1y 
diseontinuous rim (R)26f 01iqoe1ase (An2a ). Crossed polars. 
Scale bar = 0.15 mm. Porphyritic fine-sralned matie inclusion 
(MG6) • 

4. A compound xenocryst of titansalite (P) and labradorite (L; 
An56_57)~ The titansa1ite ~xhibits alteration to amphibole and 
minor biotite, mostly along its margine Under crossed polars 
the titansa1fte exhibits1patchy cross-hatched polysynthetic 
twinninq( ,In the upper 1eft-hand part ot the grain a slightly 
dee,Per-colorEM zone ls visible along an irregular ourved 
contact. Scale bar - J mm. Same samp1e as Fig. 2.4.3 (MG6). 

5. Corona texture. A core of pale yellow-green to blue-green 
pleochrolc silicic amphibole (A) plus minor amounts ot Fe-~i 
oxidel$ and titanite rimmed by biotite Cb)- plus minor amounts of 
amphibole. possible pseudomorph after pyroxene.- A similar 
texture ls observed in the white qranodiorite hosto Crossed 
polars. Scale bar = 1 mm. porphyritic fine-qrained matie 
inclusion (MG68). ~ 

6. Infilled amygdule containing concentrically zoned radiating 
fibrous agqregates of chlorite (c), amphibole (A), titanite 
(T), pyrite (p), zoned epidote (a), plagioclase (P) as wall as 
calcite. Crossad polars.' Scale bar - 1 mm. Fine- to medlum­
qrained mafic inclusion (MG26). 

~ 
7. Chilled contact between a porphyritic fine-qrained mafic 
inclusiol1'" CMG97) and white granodiorite CG)" The chilled marqin 
is chv-acterized by the presence of prismatic grains of salit. 
(P) an~platy iron oxides (dominantly ilmenite). Biotite (b) i. 
the dominant mafic mineraI on the inclusion side ot the 
contact. Scale bar - 0.15 mm. 

8. Chilled, cuspate contact betw •• n a porphyr1tic ~in.-qrained 
mafie inclusion and white qranodiorite. Rand speci.en obtained 
fram the same locality a8 MG97. 
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are magnetite, ilm~nite, pyrite, 

apatite, zircon and .llanite(?). 
1 

, 

... 

" chalcopyrite, 

l 

. 
pyrrhotit., 

The oval to round or elong~te amygdules (Fig. 2.4.6) contain 

coa rser-gra ined mineraIs than the surrounding groundmaaa 

including K-feldspar, titanite, ,calcite, epidote, chlorit., 
c, to, 

apatite, allanite, oxides, pyrite, quartz, plagioclase, zircon, 

amphibole and biotite. ~The apyqdules may be surrounded by an 

Alteration ~lo in which the plagioclase ls highly altered 
. 

telative to grains farther from the amyqdule. 

Chilled margirrs are characterized by a well-defined dac'rea •• 

in grain size (from fine- ~ô medium-grained interiors to fine-
,-

to very fine-grained margins), an abundance of plat y oxides and 

acicular apatite, an increase of biotite relative to amphibole, 

and a zone of prismatic clinopyroxene crystals at the, host­

inclusion contact (Fig. 2.~.7). 

The Mesocratic Intermediate Rock types 

'" The mesocratiç interrnediate rock ~pes predominantly consiat 

of monzodiorite, though diorite and quartz monzodiorita are 

also observed. Field relàtionships and petrography suggest that 

they;:-epresent inclusions, .... vaiying tram Iess ~han one metre to 
l' .. 

several tens of metres in size, within a ~ore evolved hosto A 

wide range of text~compositional variations may oeeur 
---

.. 

over short distances. The inclusions range trom tine- to 

coarse-grained, equigranular to PO~hyritie or aven peqmatitic, "--­

and are uypically grey in color. Some samples contain amyqdul •• 

and miarolitic cavities . 

Fine-grained rounded mafie inclusions or "qhosts" ot 
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inclusions are observed in some sample' (e.9-t Fig.- 2.5.8) • 
• "i"'-

These samples are typieally fine- to medium-qrai~ed and exhibit 

a heteroqeneous oolQr index. Contacts between the mesocratic 

intermediate rock types and their felsic hosts are ~ypic~ly 

aharp, but qradational contacts may occur • 
• 

1 
, Plaqioclase -typically Occurs as anhedral to subhedral, 

r . ~, 

unzonad to w~akly zoned (no~~l)-laths or phenoerysts. In the 

more felaie samples (monzodiorites, etc.), K-fel~spar typlcally 

forma weakly perthltie, dominantly anhedral grains; it is 
J 

commonly intersti~Ja~ _~o plaqioclase and, in some samples, 
,y' 

mantles the plagioclase laths. Interlocking eon~cts between 

the mantl~n9 K-feldSpar and plaqioclas~ are Qnly rarely 
} , 

obaerved (e.q., Fig. 2.5.4). Quartz is presen~ in Most samples, 
\ 101 • 1 ; 

typio~lly as i~terstitial grains. Minor amounts of interstitial 
v r 

nephaline are observed in a sample of diorite (MG9). 
l 

The samples atudied ean be roughly divided into two groups 
• 

accordinq to their mafie mineraloqy: 1) diorite to monzodfbrite - ' 

dominated by'biotite, with sUbordinate amounts of clinopyroxene 
. ' 

and typically minor amounts ot amphibole (e.g., MG9, 90, 29), 
• 

and 2) aonzodiorite to quartz monzodior~te or monzonite in 

whieh amphibole ia typicallY the dominant mafic mineraI' , vith 

subordinata amount. ot biOtite and elinopyroxene (~q. " -MG23, 
, .' 

53, 84-556). Identified primary acee •• ory minerals include 
, 

Magnetite, 11aenite, pyrite, pyr~hotite, chalcopyrite, apatite, 

lircon and allantt.(?). 

lncloaJtarn 

Tha hybrid Ion.. in the aouthern half ot' the pluton '.- (e.9-, , 
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1.' Secon ry colorless pyroxene .(C1 white) and chlorite, 
interqrown and in optical continuity with pink-brown primary 
pyroxene (r black). Primary pyroxene ls rimmed by amphibole 
(A) which is· 10cal1y interqrown with W biotite and containa 
anhedra1 grains of colorless pyroxene. Cros.ed polar.. Scale 
bar 7' o'f mm. Medium- xo coarse-grained .onzodiorita (MG23). 
, ,-

2. Ske1etal ilmenit~. Scale bar - 0.5 mm. Same sample as !ig. 
2. 5 ~l (MG23). 

3. Sector-zoned clinopyrôxene (P). Crossed polars. Scale bar-
0.1 mm. Fine- to medium-grained biotit'e-pyroxene monzodiorite 
(MG29) • 

4. Plagiôc1ase phenocryst exhibitinq evidence of 
recrystal1ization ,(predominantly along its margin; ,fading of 
twin lame1lae, development of patchy extinction), and mantled 
by perthitic X-feldspar (k), along a locally inter10ckinq 
contact ~.q., ,below k). Secondary ~licic amphibole (A) with 
minor amounts of biotite infill fractures in the phenocryst. 
Some of the ~ hibole May have formed after prima~ pyrox.ne. 
Crossed polar. Scale bar - 1.0 mm. Medium- to coarse-qrained 

,(sliqhtly por hyritic) quartz monzodiorite (84-561). 

S. Ex of coexistinq qrains of both prowniah prima y' (p) 
and pale green secondary (S) clin<?pyroxeilj'. PriJllary pyro la'" 

, rimmed and partly replaeed by' amphibole (a) as weIl • 
subordinate amounts of biotite (minor amounts of .econd,ary pale 
green pyroxene are visible at the marqin of th.' primary 
,pyroxene). The secondary pyroxène partially encloses. a euhedral 
lath of biotite (b) with no visible evidence of interaction 
between the two minerals. Scale bar • 0.5 mm. Fine- to medium­
grai~ed porphyritic monzodiorite (84-~56). 

6. Plat y_ oxides (dark grey or black) as well as acicular 
apatite (bare1y visible) in nonturbld, <l untwinned aeeondary 
plagioclase (R; white) surroundinq remnants o( the primary 
plagioclase (P; dark gray). The primart plagioclase i. 
alterated to ~aussurite(?) alpnq fracture.. Cro •• ad polars. 
Scale bar - 0.15 mm. Fine-qrained monzodiorite. (84-541). 

7. Abundant acicular apatite needles concantratad 1n a 
nonturbid ~im of secondary plagioclase CS 1 l-ight qray) 
surroundïng~nzoned, weak1y turbid primary plagioclase (PI 
'black) • Some ... serIci tization ot the primary plagioo~ase is 
,visible predominantly along fractures. Cros •• d polars. Scale 
bar = 0.15 mm. Same sample as Fig. 2.5.5 (84-556). 

li U, 

o 

8. Rounded, fine-qrained biotita-àmphibole-pyroxena, highly 
recrystallized mafic inclusion (I) in tine- to .adium-grained 
amphibole (only rare biotite or pyroxene) monzod!orlte ,(G) (84-" ~ 
424). Scal.e bar - 0.5 cm. l, 

. ....,. 
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north of mont Richardson, 'east of Lea Conea: Fig. 1.2), looated 

close ta the contact with the country ~ock,~ oo~tain~afio and 

mesocratic intermediate inclusions (Fig. 2.6.1) that exhibit 
'\ 

-evidenee of metasomatism by a fluid that was not in equilibrium 

with the host granite (see below). These ineluaions are 

therefore elassified as endoskarn (Einaudi and Burt 1982). 

The inclusions vary from green to brown and trom fine- to 

eoarse-grained. At sorne outcrops, lenses of relatively pristine 

rock are still pr~~~~ed within the endoskarn (Fig. 2.6.2) • .. 
Sorne highly metasomatized inc'lusions are oross-out by veins ot 

pink or white albite(?) (plus quartz) , elinopyroxene 
,r 

<±feldspar), and of granite. However, the metasomatism does not 

app~ar to be direotly related to the granite veins. 
1 

Pla~ioclase is the dominant roek-forming mineraI; it oeeurs 

as anhedral, rarely subhedral, typieally unzoned grains. None 

of the samples studied show K-feldspar or quartz, though both 
. 

m'inerals are relatively common in the unmetasQll\atized 

inclusions located in the same area. Clinopyroxene ia the on1y 

mafie mineral observed in Most of the samples atudied • 

Identified aeeessory mineraIs are titanite, 

zircon and, exceptionally, oxide phases. 

MAJOR-BLBHBNT GBOCHIHISTRY 

apatite, 
" 

.'t 

rutile, 

Representative modes, whole-rock composition. and nora, are 

given in Tables A3.1 and A4.1. The ~nt.rpr.tation of th. whol.­

rock epemistry la complicated, as many samplesVexhibit textural 
, 1 

and mineralogieal evidence of variable deqre.. of meta.omatism 

and recryst~llizatiqn (8ea below). Another potential 

complication ie the pos.ible pra •• nce ot a cumulat. compone nt , 
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Figure 2.6.1. Inclusions of endoskarn in K-feldspar-domifiant 

'" granite. East of Les Cones . 

. . , 

Figura 

metaaomatiam to form endoskarn. North of mont Richardson. 

" .' 
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espeeially in the coarser-qralned rOCks (e.q., M(;64). Mo.t 

samples are tharefore unlikely to have pr •• erved their primary 

composition, thouqh some samples of the mafic rock., 

particularly the dykes, 
... 

probably come close. Any detailed 

qaochemical study will have to sort the effect ot the •• 

-----proeesses on different elements in order to determine tho •• 

most likely to reflect oriqinal maqmatio abundanees. 

With the exception of the endoskarn (e.g., MG88) ,. which falla 

in the subalkaline field, and quartz monzodiorite (e.g., MG87), 

which plots riqht on the boundary, the samples studied plot in 

the alkaline field on a plot of Na20+K20 versus S102 (Whalan 
, 

and Gariepy. 1986). 
t 

Most mafie samples are Si02-undersaturated, with uV to 6 wt. 

% .normative nepheline. Some of the fine-grained mafic 

inclusions (e.g., MG6) conta in a small amount ot normative 

hypersthene, indicating ·silica saturation. However, the.e . 
samples show eviden,::e of metasomatism and oxida~n. 

The biotite-pyro~ene diorites and monzodiorites (a.g., MG29, 
, , 

90) are all 8i02 -unde~saturated, wheraas tha amphibole-dominant 

monzodiorites (MG23, 84-556) ara all oversaturated and éontain 

minor amounts of quartz. Relative to the matie sample., bath 

types ·~re eharacterized by lower Fe, Mg and Ca and higher 

alkali cOQtents (Table A4.1). Ti and P abundances ot the more 

primitive amphibole-dominant monzodiorites are initially al 

hiqh or higher than thos,e in the matie samples but d.cr.a~e ln 

the more evol vad samples (e. 9'., MGS 7) • 

The endoskarn (e.g., MGsS) ~a characterized by hiqhar Ca, 

and lover K, ,.3+ and~F.2+ (C. Gari~py, pers. comm. 1985) then 
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unmetasomatized inclusions in the same area (e.g., MG87: Table , 

A4.1~. However, in the absence o~ systema:ic analyses~of 

samples exhibiting ditfering degreas of metasomatism, the 

actual extent o~ the chemical chanqes is poorly constrained. 
r 

VBLSle MINBRALOGY 

Plagioclase 

Plagioclase ranges trom whitè to grey to dark brown and 

almost invariably exhibits evidence of recrystalliza~ion, 

principally along grain margins and fractures. 

Recrystallizatiôn results in fading and, ultimately, 

disappearancb of ~ twinning and primary ·zoning, development 

of an anhedral shape, appearance of inclusions of K-feldspar, 

mafic and accessory mineraIs, formation of myrmekite and 

replacement by untwinned, more sodic plagioclase. Extensive 

recrystallization of the plagioclase within the biotite-

pyroxene diorites (e.g., MG90) and the endoskarn (e.g., 83-

109) has resulted in nearly complete destruction of the primary 

igneous textures (i.e., zoning, subhedral shape). 

The degree of alteration is variable, 
\ 

with sericitization 

most commonly observed. The - recrystallized" areas of the 

plagioclase grains typica11y exhibit little or no altération. 
. , 

Labradorita- (An61- 67 : Table'AS.1) is the primary feldspar in 

the gabbro studied (MG64). The recrystallized rim exhibits a 

aodic andesine composition (An3~:-33). A mineraI separate of the 

low •• t-density feldspar fraction of the rock has a 

composition, estimated from its cell parameters, of sodic 

01igoolase (An17 ' Table A6.2). 

In the fine-grained ma~ic inclusion studied (MG6), an unzoned 
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phenocryst ot labradorite (AnS6- S7) torma a compound qrain vith 

titansalite (Fig. 2.4.4). other phenocrysts çontain a r •• orbed, 

osci1latory-zoned core (Fig. " 2.4.3) that vari.. trdm Oale1a 

andesine in its center to sodic 01igo01as •. (.A~23-4S) outward • 
. 

The }core~ àre ~ompositional1Y and petrographically similar to 

the zoned grains in the white qranodiorite that is fiost to the 

mafic inclusion. Such resorbed cores may tharafora repre •• nt 

xenocrysts derived from the qranodiorite (a.g., Didiar 1987). 

The discontinuous rim surrounding t~e·ra.orbed core exhibit. a 

sodic 01iqoc18se (An19 ) composition similar te that of the 

qroundmass plaqioclase (An2l). 

J In the mesocratié intermediate inclusions, core compositions 

are typically more An-rich in the amphibo1e-dominated 

amonzodiorites (e.q., MG23, 53, 84-556),· ranginq up to An
S3 . 

(labradorite) , than in th, biotite-pyroxene diorite. or 

monzodiorites (e.q., MG90, 83-77), which at'e invariably below 

~30 (calcic 01iqoc1ase). This may ret1ect' the more highly 

rfcrystallized character of the biotite-pyroxane 

thouqh more sOdjc primary core compositions may 

sample., 

hava b.en 

typical of some' of the biotite-pyroxene monzodiorite •• ) A 

rounded, resorbed core was anly obs.rved in plagiocla.. trom 
• J 

, one sample ot thia rock group (MG87); the core i. eommonly 

unzoned and more hlqhly altered than the rime 
'~ -

In all mesoeratic inte~ediat. inclu.ions th. plagiocla •• rim 

invariably shows evidence ot .xtensive r.crystal11zati~n. It is 

characterized bY,a more r •• tricted-range ot composition. than 

the core, trOll albite to s04ic 01i90 cla.. (AnS-20)' Acicular 

apatite or even skaletal oxide ph~ •• s (Fig.. 2.5.6, 2.5.7) ara 
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ob •• rvad in th. recryatallized margin ot some grains, implying 

tbat dissolution ~ ot the, primary plagioclase pree~ed_ 

precipitation ot the seeondary ~.ldspar, as it ia unlikely that 
-

such~ rap~d-gr~h textures could develop in a ~olid medium 

(Vernon 1983; ••• ·below). 

X-Feldspar 

x-teld.par i. typically pinkiah or brownish, weakly to 

~derately turbid and microperthitic. In thin section the K­

teldspar eommonly exhibits textural characteristics similar to _ 

those described in Chapter 3. In some samples (e.g., MG90), the 

X-teldapar ia commonly intergrown with and replaces plagioclase 

and may be pa~tly or completely seconda~. 

Grid ,twinning is rare ~nd its occurrence is similar to that 

ob.erved in more falaie rocks (Chaptar 3). Its scareity ia 

con.istent with the x-ray data (Table A6.~); the X-feldspar of 

all the analyzed samples is monoclinic (orthoclase) to X rays. 

The lamples exhibit a restricted-range of Al-si orderinq (2t1 
betw.en 0.79 and 0.82; Table A6.1, Fig- 2.7) anQ Or-content 

(O~90-98) that ov.rlap that ot most ot the more evolved samples 

studied and tharetore can b. interpreted in a similar way 
1 

(Chapter 3). Th~ composition ot the albite component ot the K~ 

f.l~.par .eparata (.stimated trom lits cell parameters) variés 

- trom An3 to An14 ('l'able A6. 2) and probably reflects the 

pre •• nc~ ot a plaqioclase contaminant in the separate ~nalyzed. 

MUle 1I1DItlLOGY 

Pyroxene 

'rVo texturally and eo.poaitionafy distinct varlet! •• of 
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clinopyroxene are 

commonly rimmed 

recognized. One is brownish in color 1 

. ,~ 
and olten partly (or complete1y) replaced by 

• • 
a.phibole or biotite; it ia considered to represent the primary 

maqmatic pyrox,ne. The second 'variety, ·typically greenish, 

commonly appears more pr~stine than its brownish counterpar 

and is interpreted to be seçondary. 

Primary Clinopyroxene 

The primary clinopyroxene typically exhibits a pale brown to 

pink-brown pleochroism whose intensity increases with Ti 

content. The pyroxene exhibits' a subophitic texture in the 

.coarser-grained samales (e.g.,. MG23, MG64); it also oceurs as 

phenocryats (xenocrysts) .in the fine-grained mafie inclusions 

or aa rare grains mantled by kaersutite in the groundmass of an 

alkali basaltic dyke (MG61). In some samples (e.g.~ MG25, 84-

556), only remnants of the primary clinopyroxene are preserved. 

The graina can be subdivided into two groups; those that 

appear to' preserve a primary magmatic composition and those 

'that appefr to 

recrystalli~ation. 

haye been eodified through subsolidus 

Recrystallization is suggested by the wide 

ranqe Qt Ti contents within or between grains in the same 

aample. The distribution of values does not appear to 
i' 

correspond to any primary zonation. Ti is assumed to be a qood 

indicator of the degree ot recrystallization, as the sOlubility 

ot Ti in clinopyroxene inèreases with increasi~g temperature 
1 . • 

(Verhoogen 1962, Akella and Boyd 1973, otten 1985). In MG23, Ti .. 
contenta vary Jrom 0.7 to 2.2 wt. ,~~o~ : ~ Al (predominantly 

ivA1 ) tend. to increa •• vith Ti content, whereas si and, in 
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sorne samples, Mg decrease. The compositional trends re •• mble 
- ~ 

those in unrecrystallized clinopyroxene, 8uqqe.tinq that the 
D 

same schemes of substitution apply to both cas •• ( ••• below). 

Na, total Fe and Mn appear to remain constant, whereas th. 
o 

behavior of Ca is irregular. Bleaching of the pyrox.ne 1 •. 

observed with increasing deqree of recrystallization. Th ••• 

changes are similar to those observed by. Smith (1970) ln 

recrystallized augite from an olivine diabase .ill. In sampI •• 

(e.g., MG23 , 87 and 84-556) in which it was impos.ible to 

separate recrystallized from unrecrystallized grains usine:; 

texturaI characteristics (e.g., homoqeneous extinction, ab.ence 

of secondary alterat~on, etc.), pompositions that axhibit the 

highest Ti and Al contents were intarpreted to most likely 

approximate the primary composition. 

In the pyroxene quadrilateral (Ca-Mg-FeTotal+Mn) , the 

"maqmatic" compositions dominantly fall within the salite and 

augite fields (Fig. 2.8.1) and would be classitied either as 

titansalite (augite) or titaniterous salite (auqite). In 
" Il 

,general they (Table A7.1) are charaeterized by high Al, Ti, Na 

and inferred Fe3+, implyinq the presence of a large percentag. 

(up to 35.6 ') of nonquadrilateral components (Cameron and 

papike 1981). Cr contents are typieally less than 0.05 wt. , 

Cr 2°3' These characteristies are._ typical of 

has crystallized l-rom alkaline mafie magmas 
r 

clinopyroxen_ that 
( 

(e.g./ wilkinson 

1956, Kushiro 1960, Fodor et al. 1975, Schweitzer et al._1979). 

Seetor (hourqlass) zoning was ob •• rved in on. sample of 

gabbro (MG64 , Fiq~ 2.9.1). In the two grain. anaayaed the 
• 

deeper-eolored sectora are cbaracterize4 by hiqber Al (both 
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Figure 2.8. Pyroxene compositions plotted in terms of cationic 

Ca-Mg- (Fe+Mn) in the "pyroxene quadrilateral ,~. Nomenclature is 
, t' 

that proposed by Poldervaart & Hess (1951): a: diopside, b: 
v 

salite~ c: ferrosalite, d: bedenbergite, e: endiopside, f: 

augite, q: ferroaugite, h: ferrohedenbergite. 2.8.1. Selected 
, 

average çompositi,ons of "primary" clinopyroxene. star: gabbro 

and fine-qrained matie inclusions, open circle: monzodiQrite. 

2.8.2. Selacted average compositions of secondary 

clinopyroxene. Filled circle: matie and,mesocratic interm~diate 

rock type. (with the exception of the endoskarn), triangle: 

endoakarn. Lines join irrequlary zoned grains. 
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1. Hourg1a.. zoning --in titallllalite. Racrystallization ta' 
colorl ••• pyroxen. CR) intergrown·witb kaarsutite is visible on 
the right-han4 of t~. grain. The titansalite a1so contains 
•• vera1 1ath. of plagioclase (e.q., Pl. Crossad polars. Scale 
bAr • 0.5 mm. Medium-qrained ~abbro (MG64). 

2. Overqrowth of kaersutite CE) on titansalite (P). The 
titansalite appears to have been partial1y recrystallized to 
form .a1ite (ap; No. 6, Table A7.2). Secondary salite is 
intergrown with kaerautite. Scale+bar - 0.5 mm. Same sample as 
Fiq. 2.9.1 (MG64). ' ________ 

3. Irreqular pale qreen intergrowths of sod'1an salite (light 
grey, No. 3, Table A 7 • 2) in a grain of colorless C.sal i te (P 1 No. 
4, Tabla A7.2). Croa.ed polars. Scala bar • 0.1 mm. Medium- to 
coar.e-qrairieJ gabbro (MG25). < 

4. Iron oxide (blaOk) interstitial ta plagioclase laths that 
has underqona replacement· by chlorite le), epidote (E) and 
titanite CT). Apparent collapse ot one oxide fragment (f) to 
the bottom of the cavity formed during its partial replacement 
(the fIat tace ot the oxide apparently waa oriqinally in 
contact with the plagioclas. laths). This implies the presence 
ot a time gap betwe.n dissolution ot the oxide and daposition 
ot the epidota. Soala bar - 0.5 mm. Medium-grainad gabbro (84-

. 37) • 

5. Patchy replacement ot amphibole (A) by pyroxene (p) along 
cleavagas and fractures. Scale bar • 0.15' mm. partly 
meta.omatized fine- to medium-grained mafie inclusion (84-571). 

6. Vainl.t ot diop.ide (P). Crossed polars. Scale bar = 1 
M.dium-qrained endo.karn (83-110). 

o 

7. \Radial aqqregate of diop.ide MI.). Scale ,bar - 0.5 
Med um-q nad endo.karn (84-564). ~ 

"8. Rad interqrowth of diop.ide (p; light grey) 
p1agiocla •• Cf) black) •. Cro ••• d polars. Scale bar - 1.5 
Medium- to ooarae-qrained endo8karn (83-150). 
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tatrahedrally and octahedrally coordinated), Tl and Fe, while 

the liqhter-colored sectors have hiqher Si and Mq (Nos. 8, 9' , , 

Table A7.1). These variations are similar tQ those reported by 
" . 

others (e.g., Hollister and Gancarz 1971, Downes 19~4, Leung 
. o 

1974). Sector zonlnq is interpreted ~result from metastable 

(nonequilibrium) ~ 

qrowt!'t that"'\ is favored 

cryst~llization (e.9'>," Hollister and Gancarz 1971, 

Dowt~1976). No evidence of primary concentric 

observed in Any of the samples studied·. 

by rapid 

Wass 1973, 

zoning was 

The alkali basaltic dyke studied contains by far the Most. Ti-

enriched titansalite. The titansalite is also the Most Al-rich ~ 
, 

and Si-p~or pyroxene analyzed. The Most likely explanation for 
. 

the enrichment in Ti is the lack of Ti-rich oxides within the 

dyke. ether contrlbuting factDrs rOUld be the low aS~02 of the 

maqma (Kushiro 1960, Le Bas 1962, Gupta e~ al. '1973) indicated 

by the relatively larqe amount of normative nepheline (6.03 wt 

%: Table A4.1), hiqh temperature (Verhoogen 1962) or 

f(H20) of the magma (DOlf~ and Trigila 1983)~ or 

Crystalliza;ion (Dowty l~'O~h an~=:y;or 1979»). 

The Al-rich cl~roxe~e of the alkali basaltic 
;; , 

dyke 

contains the highest amount of tetrahedrally co-ordinated 

aluminum (0.356), but a normal amount ofo octahedrally. co­

ordinated aluminu~ (0~036). However, the average viAl-content 
o 1 

/ 

of the pyroxene phenoerysts in th& fine;qrained mafie 

fnclusions ia hiqh (0.054-0.121). Many investiqators ~~ 
8as 1962, Kushiro 1969, Thompson 1974,. Wass 1979) have Sh~ 
that tor similar magma compositions the amount of viAl . 
incr.a •• s vith pressure. The relatively hiqh average Cr content 
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(0.28 to 0.32 wt. , cr203) of many of the.. phenocrylts ia 
~ , 

consis·tent with early crystalliza~ion trom a relatively 

primitive· magma, as Cr is highly compatible and commonly 
• 
b~es depleted at a very early stage of magma Bvolution 

(e. g. t Gibb 1973, Campbell and Borley 1'974~. 

The wide range of temporal relationships observed with the 

felsic rocks (see above) as well as the dichotomy between Si02-

undersaturated mafic samples and Si02-oversat~rat.d mesocratic 

intermediate rocks, make it unlikely that theae rock typas 
. 

represent different fractions of the same fractionating magma 

(see below). Therefore, correlations among clinopyroxena 

compositions of different rocks ara more likely the consequence 
"", 

of the limi ted number of poss'ible chemical sub ..... itutions. 

This is we~llustrated by a plot of Ti versus iVAl (Fig. 

2.10.1). A general trend of increasing iYAl ~ith increasinq Ti 

ls compatible with the occurrence of Il couplad substitution 

lnvolving exchange of TiAl2 for (Mg,Fe2+)Si2 (e, g., Tracy and 

Robinson 1977, Schweitzer et al. 1979). Howevat] 'the lack of a 

single trend reflects the variable importance of other schemes 

involving ivAl • The average Ti/ivAl ratio varies from 1/2.4 

(MG61) to~i/6.9 (MG6), reflecting caAl2Si06 (Ca-Tschermak) and . 
caFe3+AlSi06 (Fe3+-Al Tschermak) substitutions CAka.aka and 

Onuma 1~80), particularily in phenocrysta from the tine-grained 

mafic inclusions. (see Aboye). In general, aB Ti incr.as •• Mg 

'decreases (Fig. The variation in total Fe lB 

complicated by its occurrence in two valence states who.e 
... 

proportions have only been estimated. A trend of incr.a.i~9 

total Fe with increasinq Ti, however, i. ob •• rved (119-
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Figure 2.10.- Relations between various cations and Ti in 
. ~ . 

"primary" clinopyroxen., ba •• d on a stoichiometric formula of 

tour' cation. and six oxygen atoms. stAr: gabbro and fine­

vrained mafic inclusions, open circle: monzodio~ites. 2.10.1. 

Ti versus tetrahedral Al, 2.10.~. Mg versua Ti, 2.10.3 Total Fe 

v_nus Ti. 
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2.10.3>-. Cl inopyroxene from ove?saturated rocks tend. to be 

rieher i~ Fe "'for a qiven iVAI or Ti, content, lik.ly rafleetinq 

the lower XMq of the maqmas from which it ~rystalllz.d. The.e 

results, consistent with the couplinq of Fe2+ for Mg'and T!Al
2 

!or MqSi2 substitutions, retiect the ·increa.ad stabilization of 

Ti in the clinopyroxene by Fé2+-Ti4+ intervalenoe oharge­

transfer interactions (Baek and c~rmichael 1984). Na remains 

approximately constant, indicat!nq that the NaTiAlSi06 

component is not important here. 

Seeondary clinopyroxene 

The seeondary clinopyroxene typieally oocurs as pale gr •• n 

(rarely weakly pleochroic), anhedral, commonly interstitial 

grains that often are intergrown with othèr mafie mineraIs. In 

some s~mples where both the brqwnish and pale 9r •• n 

cljnopyroxenes eoexist (e·9· , MG23, 64) , the pale green 

clinopyroxene forms intergrowths or a rim in optical continuity 

with the primary clinopyroxene ~Fiq. 2.5.1) and anhedrai 

granules in amphibole that incipiently replace the brownish 

clinopyroxene along' its margine In other samples (8.g., 84-556) 

the green 

that show 

elinopyroxene predominantly forms discret. graina , 
no obvious relationship to brownish clinopyroxane 

(Fi9. 2.5.5). In 84-556, the 9rains of pale green clinopyroxene 

commonly contain acicular, needles of apatite, which are ab •• nt 

in the brownish clinopyroxene but are commonly ob •• rved in 
"-seoondarY plagioclase that replace. the_ primary pIaqiocla.8 

(Fi<J • _2.5.7) , indieating "that both probably formed 

simultaneously. 
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Tb. ..c~ndary Cli~;X~, c~itions plot alaoat ent~ 
within the .alit. t e of the pyroxen. quadrilateral (Fig. 

2.8.2). The exception., from a'sample of monzodiorite (83-77), 

ara grains ot ~ale green sodian ferroauqite that commonly have 

irregular patche. of yellow-green to bright green pleoehroie 

Na-rich sodian terroaugite. 

In sample. where both the brownish and pale green 

, clinopy~qxen.s were analyzed (e.g., MG64, 84-556), the latter 

contains more Si, Fe, Mn and Ca, and less Al, Ti, ealeulated 

,.3+, Mg and nonquadrilateral eomponents (Tables A7.1, A7.2). 
, 

The green clinopyroxene also eommonly shows' high average Na 

contents (up to 2.0 wt. % Na
2
0) , whieh likely refleet the 

alkali-rieh environment in whieh it formed. These results are 

con8i8te~t with those reported tram other loealities whera two 

clinopyroxenes eoexist, (Smith 1970, Walker et al. 1973, 

Gi~ard.au and Mevel 1982, Manning and Bird 1986). 

The pale green elinopyroxene grains are commonly irreqularly 

zoned (in-rare cases seetor-zoned; Fig. 2.5.3) or oeeur as an 

intergrowth ot two eompositionally distinct phases (Fig. 

2.9.3). Typically, the colorless to pale green zones are 

I.n~ichad in Si, Mg and Ca and depleted in Al, Fe3+, Ti, Fe and 

, Na (compare ~ps. 3 and 4, 7 and 8, 9 and 10, 13 and 14; Table 

A7.2) relative' to the deepar green zones. This zonation is 
, 
" " attributed to progressive reerystallization of the 

cl inopyroxene. ' 

Pale qreen slightly pleoehroic salite is observe~ alonq the 

-chilled margin of a tine-qrained mat inclusion (Fig. 2.4.7) 
" 

in a white granodiorite (MG97),. The esence of similar 'qrains 
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of salite in the granodiorite indicates tha~ the clinopyroxene 

probably formed in equilibrium with the granocllorit.. X't has a 

similar chemical composition to the secondary salite in the 

inclusions (pi9h Si 1 moderately hiqh Ca ancl low Ti and Al ... 

contents: Table A7.2). 

The above texturaI and compositional data are consistant with 
~ 

a subsolidus oriqin for the pale green clinopyroxene, due to 

high-temperature recrystallization and metasomatiam ot the 

inclusion by the host magma or fluids at equilibrium with the 

same. Similar conclusions have been reached where 

clinopyroxenes coexist at other loc~lities (e.g., Smith 1970, 

Walker et al. 1973, Manninq and Bird 1986). Howéver, in 

consideration of the field evidence that the biotite-pyroxene 

monzodiorites ~.g., 

poasibility that the 

~ .. 
83-77, MG29) are hybrid rocks, the 

Na-rich sodian ferroaugite 
, l 

repreaents 

variably recrystallized xenocrysts (derived from the felsic end 

member involved in magma mixinq?) cannot bé ruled out. 

The inclusions of endoskarn in the aouthern half ot the 

pluton conta in a textural1y and compositionally distinct 

variety 

mineral 

of clinopyroxene, which is the only stable matie 

present. The clinopyroxene is colorleas \or, rarely, 

pale qreen, and its ca1cium-rich co~ition plots within or 

slightly ab ove the diopside field in the pyroxepè quadrilateral 

(Fig. 2.8.2). S!mllar clinopyroxene 1. a1so ob •• rvad in a 

bleached halo around quartz vèins that cro.s-eut granita in the 

southern half of the pluton, in alteracl dyka. and in soma 

samples of plagioclase-dominant granite (Chapter 4); it i. 

almost invariably the only mafic mineraI pre.ent. Where the 
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original mineraloqy ot the inclùsion Is still partly preserved 

(Fi~ '2.6.~), the clinopyroxene occ~s as irreqular blebs 

within amphiDole (Fig. 2.9.5), giving the mistaken impression 

that the pyroxene rather than the amphibole ls undergoing 
1 

replacement. In samples where it is the only mafic mineraI, the 

seoondary clinopyroxene typically forms anhedral, commonly 

interstitial or ragqed, gr~ins. Distinctive textures include 

rnonornineralic veinlets or veins (Fig. 2.9.6), radial aggregates 

,Fig. 2.9.7), or intergrowths with plagioclase (Fig. 2.9.8). 

The two first textures are characteristic of a hydrothermal 

origin (e.g., Bird et at. 1984). The inter~rowths of 

plagioclase and clinopyro~ne are morphologically similar to 

other examples interpreted to be primary (e.g., ,MacKenzie et 

al. 1984); here, however, the texture appears to develop 

progressively during recrystallizat~on and replacement of \ the 

primary plagioclase. ' . 

The secondary clinopyroxene from the endoskarn generally 

contains higher amounts of Si, Mg and Ca, and lower Al, Ti, Fe, 

Mn and Na (Table A7.2) than those trom the mafie and mesocratie 

intermediate inclusions. It is oomposit~onally similar to the 

olinopyroxene from the highest-temperature zones of ae~ive 

qeothermal systems (e.g., Cavarretta et al. 1982) or from other 

endoakarns (a.g., Harris and Einaudi 1982). TexturaI, field and 

compositional da~a are theretore eonsisten~with precipitation 

-of the clinopyroxene trom a hydrothermal fluid that infilèrated 

the inclusions at mOderately high temperatures (likely above 

300oC: Bird et al. 1984). 
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AmPhibO~ . { 
Pale yellow-brown 

2.11.1, Table, H.1) 
·V •• 0/' . ' 

, . , 

to rad-brown plaochroic kaarautit. (F19. 

is commonly oba.rved in th. Qabbro .a 

anhedral, principally interstitial grains that rlm and replace 

titansalite (Fig., 2.9.2~ Raersutite alao occura ~n a compound 

xe~ocryst in a plagioclase-phyric syenite,(Chapter 3). In aIl 

cases, 'kaersutite has undergone some recrystalliz~tion to gre.n 

calcie amphibole. 

The interpretation of the compositional variations of the 

kaersutite is hampered by the small number ot analy •• s obtained 

(Table AS.l), the diverse pafageneses" of the sampl.s,and the 

possiblity of partial recrystallization. The high •• t Ti and Al, 

and lowest si and K contents are observed in the kaersutite 

trom the alkali basaltic dyke (MG61>', in agreemant with the 
1 

clinopyro~ene (see above). The composition of a kaerlutite 

xenocryst observed in a plagioclasa-phyric ayenite (MGIO) falla 

in the range of those trom the matie aamples and tharetore 

could have been derived from a matie source. , 

Pale yeilow-brown to brownish green pleochroic magn •• io- to 

actinolitie hornblende (Fig. 2.11.2, Table A8.2) i. the main 

type of amphibole observed in the fine-grain.d .atic and 

meso~ic' intermediate incluaionsv 
subhedral, commoniy interstitial, 

whara it torma anhedral to 
• 

grains. In on. tina-qrainjd 

mafic inclusion (MG97), 0 composition. alao rang. from magne.ian 

hast!ngsite to edenitie hornblande (Fig. 2.11.3). Subh.dral to 

euhedral and eommonly oscillatory-zoned grain. of m.gn •• l0. to 
a~tinolitic hornblende partly infill amyqdul •• in.oma tine­

qrained matie inelu.ions. 

45 

"' 



F1qu~. 2.11. Selected average amphibole compositions from the 

matie and m •• oeratic intermedia~e rock types plotted in the 

classitication 4i~qrams Showi~q XMg (Mq/(Mq+Fe2+» versus si 

(in atoms par 23 oxyqen atoms) from Leake (1978). star: qabbro 

and tine-grained mafie inclusions, open circle: mesocratic 

intermediate roek types, X: syenite. 2.11.1. Caleic amphiboles 

in whieh: 1) (Ca+Na)M4~1.34, 2) N~4<O.67 and 3) Ti~O.5. a.f.u. 

a: kaarsutite, b: ferr~-kaerlbtite. 2.11.2. Caleie amphiboles 

in whieh: 1) (Ca+Na)M4~1 .. 34, 2)N~<O.67, 3) (Na+K)A<b.s, and 

4) Ti<o.5 a.f.u. Line delimits the range of average 

compositions of hornblende from felsic rock types (Chapters 3, 

~ 4) • straight lines join extreme compositions in oscillatory 

zoned grains. a: tremolite, b: tremolitic hornblende, e: 

aetinolita, d: aetinolitie hornblende, e: maqnesio-hornblende, 

f: tsehermakitie hornblende, q: tsehermakite, h: ferro-

aetinolite, 

hornblende, 

tsehermakite. 

i: ferro-actinolitie hornblende, j: ferro-

k: ferro-tsehermakitie hornblende, 1: derro-

2.11.3. Caleie amphiboles in WhiCh~) 
(Ca+Na)M4>1.34, 2) N~4<o.67, 3) (Na+K)A~o.5, 4) Ti<O.5 a.f.u., 

and 5) F.3+>VIAI • a: silieic edenite, b: adenite, e: edenitie 

hornbl.nda~ d: magnesio-hastinqsitie hornblende, e: magnesio-
CI 

hastingaita, t: 8ilieie terro-edenit., g: ferro-edenite, h: 

terro-edenitic bornbl~nd., 

hornblende, j: magne.fan 

hornblende, 1: hastingsita. 

i: magne.ian 

hasting.ita, k: 

hastingsitic 

hastingsitie 

o 
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The compositional range of the green amphibole in the 

inclusions is very similar to that in the more felsic rocks 

(Fig. 2.11.2; 0.3-2.2 versus 0.6-2.1 wt. % Ti02, 0.34-0.51 

versus 0.35-0.66 XFe). ThtoXFe3+ (Fe3+/(Fe3++Fe2+) of magnesio­

hornblende from a sample of monzodiorite (MG53) is between 0.19 

and 0.22 (Table 2.1), ln the range exhibited by the felsic 

rocks. Trends of decreasing Ti, Al (predominantly in terms of 

iVAI ) , Fe, K, A-site occupancy and Na, and increasing Mg with 

increasing Si are observed (Fig. 2.12). other elements do not 

" show ObVio?s trends, except in amphiboles from MG97, where 

there are slight increases in Ca and Mn with increasing Si 

(Figs. 2.12.5, 2.12.6). These trends are probably related to 

the progressive recrystallization of the amphibole to 

compositions in equilibrium with its more voluminous felsic 

host, under subs~lidus ~onditions of decreasing temperature and 

increasing f(02) (Helz 1973, Spear 1981). 

The oscillatory-zoned amphiboles within the amygdules of the 

fine-grained mafic inclusions exhibit the same general trends 
• • Q 

as the groundmass amphiboles. The oscilla tory zoning is 

probably related ta small changes in the conditions of 

crystallization [e:g., T, f(02)' f(H20)] in the subsoiidus 

environment and indicates a more complex subsolidus history' 

than would be inferred from the groundmass amphibole alone. 

F and Cl'contents of the kaersutite are low, with less than 

0.1 wt. , F and 0.05 wt. , Cl, respectively. The green 
, 

amphiboles exhibit slightly higher halogen contents, especially 
~ , 

~l (average. vary from 0.06 to 0.24 wt. , Cl; Table AS.2). 
, 

The interpretation of the substitut.s in c;:omplex phases 
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-------------------------------- -----------r -------------------------------------------------------------------
SMIpl. Iock rwe Iti ..... el FeDltl F eOII2 F e203tIl F e2OlIt2 F.on reOT2 F.oTAvg FeOProb. HFe3t 1 XFe3+2 HF.l" 

--t--:---....-----~-----------------------------------------------------
.. SYDI ~ 15.2 15.3 1.2 1.1 1'J.8 18.9 19.8 18.1 8.199 8.191 8.196 
.. 16 lilAS Bio 16.3 16.2 6.8 6,.1 22.1 22.8 22.2 22.3 8.273 8.262 8.267 
lIRa ltZDl 110 c 18.' 1'.1 2.8 3.3 21.1 22.1 21.1 28.5 8.118 8.135 8.128 
.... PSYII AIIph 28.2 28.1 1.1 1.1 21.1 21.1 21.1 21.2 (1.161 1.165 8.161 
... PSYM 110 22.1 3.3 25.6 25.6 27.8 8.116 8.113 
...... ClTIIZ ftIIph 19.8 21.1 1.8 2.2 28.7 23.1 22.1 21.8 8.8?9 8.8es 8 •• 3 
.... PDIR fIIIph 11.2 11.2 1.1 1.5 1?9 18.3 18.1 17.9 8.286 8.222 8.216 
.... PDIR Bio 18.8 11.3 1.2 5.1 21.8 21.9 21.8 22.3 8.171 8.Zl8 8.111 
_1 • AIIph 18.' li.? 1.' 5.9 1'.1 21.1 28.1 19.8 &.218 8.253 8.219 
_1 .. Bio 18.1 11.6 '1.1 1.1 22.1 22.5 22.3 22.1 8.lU 8.1?6 8.111 
.., IIZDI RRph 11.& 11.2 1.6 3.& 18.? 17.6 18.2 17.9 8.222 8.1CH- 8.212 
..., IIZDI Bio 19.1 11.1 3.3 3.3 22.1 21.6 21.9 21.1 8.135 '.J5' 1.131 
MA 111IZ RItph' 12.1 12.5 3.9 1.1 16.2 US.8 16.8 15.2 8.211 8.226 8.219 
.... _ Il. 11.8 11.3 2.1 2.' 17.1 16.1 16.8 16.' G.12? 1. J" 8. US 
... G11IZ RRph U.8 US.I 1.7 1.8 28.3 28.2 28.2 1,.7 8.289 8.218 8.218 
M66 ClntZ Bio 15.8 18.6 7.3 1.6 22.1 22.& 22.6 23.1 8.291/ 8.182 &.Ie 
..., lCFP8 RRph 17.8 16.' . 15.8 &.6 21.15 22.8 ?1 ;: 21.8 8.2ft '.238 8.2J' 
MA ICFN Bio 19.5 11.3 5..3 7.1 21.3 21.' 21 .. 6 -. 21.3 1.191 1.26i' _1.1" 
..,. DI" Bio 19.2 1'.1 3.' 3.5 22.7 22.5 22.6 22.1 &.1!55 8.1" 8.14 
IIBM I"N Bio 21.1 5.' 26.511 26.5 38.1 8.281 8.281 

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

~ab~.1. Ferrous-ferric value~ deterained by wet cbe.istry for biotite and aapbibole. 
FeOM FeOII2: F80 deterained by vet cheaistry. FeOTl, FeOT2: Total Fe expressed as FeO. 
Pe203 , Pe203112: Pe20

3 
_ deterained by the difference between FeOT and PeON,. FeOTAvg: average 

of F and Pe0T2. FêOProbe: average tota1 iron detera!~ed bJ+ e1ec1ion !.jcroprObe ana~yses 
expressed as FeO. XFe3+1, XFe3+2: aolar fraction of Fe (Fe /(Fe +Fe )). XFe3+*: Xi'eJ+ 
used to recalculate the electron aicroprobe analyses. SYEH: syenite, MIAS: aiask1t:.ic 
nepheline syenite, DD:!: aonz.odiorite, PSYH: p1aqioc1ase-phyric syenite, Q'l"IIZ: quartz 
ItOIlzonite, PDGR: p1agioc1ase-doainant-granite, GP: granite porphyry, GABB: gabbro, KFPG: K­
teldapar poq,byritio granite, DIOR: diorite, ITIN: interaediate tinquaite. *: the large 
difference observed betveen the FeoT and FeoProbe probably reflects the prescence of feisic 
inclusions in the biotite separate; however, their presence sbou1d not affect the Xpe3+. 
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Figure 2.12. C011lpositional variations of green ealcie 

amphiboles with Si content (in atoms per 23 oxygen atoms). 

Cross: fina-grainad matie inclusion (MG97), star: oscillatory­

zonad amp~iboles present in amygdules ot fine-grained mafie 

inclusions (MG6, 68), hyphan: other green amphiboles from mafie 

and m •• ocratio intarmadiate rock types. 2.12.1. Total ,Al versus 

si. 2.12.2. Ti versus si. 2.12.3. Mg versus si. 2.12~4. Total 

Fe versus Si. 2.12.5. Mn versus si. 2.12.6. Ca versus si. 

2.12.7. Na versus si. 2.12.8. K versus si. 2.12.9. A-site 

occupancy versus si. 
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such as amphibole and "biotite, for which only partial analyses 

are ~enerally available, i8 difficult and commonly ambiguous 

(Hewitt and Abrecht 1986) • A list of sorne of the coupled . 
substitutions believed to oceur in amphiboles is given in Table 

2.2. The kaersutite data are scattered and too few, but good 

correlations between several elements are observed in the green 

amphibol~. Both A-site minus NaM4 (to remove the effects of any 

richterite sUbstitution; Czamanske and Wones 1973) and Ti 
. ( 

(F1g5. 2.13.1, 2.13.2) are weIl ~orrelated with l.VAl , 

indieating that the edenite and Ti-tschermakite coupled 

substitutions probably are important. No other significant 

oorrelation is observed; however, compositional variations 

imply that other substitutions such as tsehermaki te, 

ferritsch~~akite and those involving Na in the M4 site (e.g., 

glaueopha~ or riebeckite) must oceur (Chapter 3, Sp~ar 1981). 

Biotite 

Llght tan âo dark brQwn or red-brown pleochroie titaniferous 

biotite or titanbiotite forms anhedral, commonly interstitial, 

to 5ubhedral 9r~Ùns in both the mafic and mesocratic 

1ntermediate rock types. Biotite in many samples is at least in 

part 8econdary (e.g., Fig. 2.4.5). Grains are relatively free 

of inclusions,' but apatite, oxide phases and, in some samples, 
-

zircon are observed. Alteration to ehlorite, tit~ite, epidote . . 
and, in rare cases, green biotité oceurs to varying degrees. 

The biotite compositionSl (Table A9.1) are generally similar 
--

to those obtained trom the more felaie rock types; they plot 

close ta the phlogopite-annite join (Fig- .2.14) and exhibit a 
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SUGGISTID SC8BHIS O~ (COUPLID SUBSTITUTION Il 
1 o M'HlBOLI UID TD:ER SOURCIS 

--I~--~---~-~-I--------~----~~I----------------~------~--------1. (Na,K) + vAl for AC ) + VS! (ed.nite) Czamanaka & Won •• 

1973 

2a.M1- M3Al + iVAl for Ml-M3M9 + iVSi (Tschermakite) Ibid. 

2b.Ml-M3Fe3+ + iVA1 for M1-M3Mq +' iVSi (Ferritschermakit.) Ibid. 

3a_ M4Na + M1-M3Al for M4ca + M1-~3Mg (Glaucophane) Ibid. 

3b. M4Na + M1-M3Fe3+ for M4Ca + M1-M3Mg (Riebeckite) Ibid. 

4. ~a + M4Na for AC ) + M4Ca (Richterite) Ibid. 

Spear 1981 

, , 
Fabri •• 8. 

et al. 1984 

9. M4Na + ivS! for M4ca + iVA1 Giret et al. 1980 .. 

o 12.A( ) + "l-MlTi for ~a + Hl-MlAi Ibid. ----------_ .... _---~_ .. --_ ..... _--...... _--.. ~., .... --.",~-------,-----_._------. 
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Figure 2.13. compositionall ralations indicative ot possible 

,couplad substitution. in th. green amphiboles of! the fine-
1 

grained mafic inclu.ion.. Cro •• : tine-grain.d maf!ic inclusion 

(MC97), star: oscillatory-zonad amphibol •• pre •• nt in the 

amygdula. of the fine-grained matie inclusions (MG6, 68). 

2.13.~ Total A-sita cations 1 ••• Na in the M4 site versus 

tetrahedral Al. Line repra.ents a least-squares regreesion of 

the data repra •• nted by tha cro •••• , 

2 • 13.2 • Ti versus tatraWedral' Al. 
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XFe 

ANNITE 
1 

0.8 ~ 

0.6 

0.4 

0.2 

\ SIOEROPHYLLITE 

o~--------~--------~--------~--------~ 2 2.5 
PHLOGOPITE 

3 

Al/220 
3.5 4 

EASTONITE 
Figure 2.14. Averaq_ biotite composition. trom the matie and 

mesocratic' intermediata rock typa. projacted into the 

phlogopite-annite-eastonite-sid.rophyllit.'co~po.itional field. 

XFe : Fe/(Fe+Mq). Top su~divi.ion: biotite, bottom .ubdivision: 
-' 

phloqopite; the division betw.en the two i. arbitrarl1y cho.en 

at Mg:Fe - 2:1 (D.er et al. 1975). Symbola are,the sam. as in 

Figure 2.10. Line delimit. th. ranq. of the averaqe biotite 

compositions trom the tel.ie rock typa .. (Chapters 3, 4) 1 
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~imilar , ~anqe in XFe (0.42-0.63 versus 0.44-0.69). The 

similarity i8 especially evident if biotite compositions from 

the ~atic inclusion a~e compared with those from the adjacent 

white qranodior.ite host (cf. No. 8, Table A9.1 with No-. 8, 

Table A9.3). These data suggest that in most instances biotite 

has re-equilibrated with the felsie hosto 

One possible exception is the biotite from a gabbro (MG64) 

that exhibits a lower XFe (0.37-0.38), K (8.14-8.79 wt. % K20) 

and hiqher Na (0.65-0.96 wt. % Na20) than that of the ether 

samples. Of aIl the mafic samples studied, this one exhibits 

the least texturaI evidence of having undergone 

recrystallization. 

XFe3+ in biotite (ineluding duplicates) varies from 0.12 to 

0.16 (Table 2.1). f(02) can be qualitatively estimated by 

plottinq the average biotite compositions in a 

dlagram (Wones and Eugster 1965, Speer 1984)4 

-2lot slightly. above and parallel to the Ni-Nia 
• 

2.15) i~dicating a moderately high t(~2). 

The biotite qenerally contains less than 0.4 wt. 

3+ 2+ Fe -Fe -Mg 

AlI the data 

0.4 

wt. % Cl, with tbe lowest abundances observed in biotite rom 

the gabbro and the inclusions in the white qranodiorite. F 
-

contents are lower than those trom the more felsic rocks (with 

thè excep~ion of the white granodiorite), whereas Cl contents 

(apart trom the gabbro) are similar (Table A9.1-3). 

Interrelations of the Mafic silicates . 
The distribution coefficients (RnS) among clinopyroxene, 

'amphibole and biotite have been calculated ~ Fe-Mg, Mn and Tl 
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, 

Fe3+ 

Fe2+ Mg 
Figure 2.15. The composition of biotite in tarm. ot Fe3+ _,F. 2+ -

Mg- Oxygen fuqacity curves are trom Won •• and Euqster (1965). 

MH: magnetite-hematite, NNO: nickel-nickel oxids, QFM: quartz­

fa~alite-maqnetit.. star: matie and me.pcratic intermediate 

rock types., open circle: sy.nits, filled c1~cle: quartz 

monzonite, cross:, granite, open box: nepheline .yenite. 
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.(Table 2.3). The values are commonly used to identify whethet 
. '--' \ 

thé miner~ls present are in equilibrium or not (e.g., Czamànskel 

et al. 197-7, Anderson 1980). Interpretation is complicated by 

Many factors, including the presence of Fe3+, the control 

exerted by the bulk c.omposition of the mineraI (s) , and the 

exact scale over which equilibrium can be expected (e.g., Kretz 

1960, Helz 1973, Anderson 1980). 

The distribution of Fe, Mg ~nd the other elements has been 
-

shown to be principally controlled by the composition of the 

am~hibole (Kretz 1960, Gorbatschev 1977, ste~henson 1977). The 

- fa ct that, in gabbro (MG64), the RoFe-Mg between kaersutite and 

biotit~ (0.71) falls within the range of KoS between biotite 

and the compositionally distinct green amphiboles (0.63-0.75) 

,seems fortuitous. Significantly, if XFe biotite is plotted 

versus that of amphibole (Fig. 2.16.1), the green amphibole 

compositions plot on the extension of a trend formed by the 

compositionally similar amphiboles from the felslc rocks, 

whereas MG64 plots ~ell away from this trend. Fur~hermore, the 

distribution of Ti (see below) suggests that the kaersutite ànd 

biotite in the gabbro are probably not in equilibrium. 

On the basis of their crystal stru~tures, Czamanske and Wones 

(1973) concluded that Ti should increase from clinopyroxene to ~ 

amphibole to biotite where those phases are in equilibrium. The 
< 

Ti content, lower for biotite than for amphibole in the gabbro 

(KoTiamph/blo-l.6) SUqq8stS disequilibrium, consistent with the 

texturaI évidence that the biotite may have formed later than 

1;he amphibole. In other mafie samples 

amphibole the arder la as predlcted: 
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_____ -.1... _____ ---;-__________________________________________ ..;_ - tIRFI ..... -hW. 1." 2.~ 1.25 8 • .,2 8.36 ., IIZDI Ret. -.I. a.69 2.21 8.2S 
~~ 

8.~ .... ltIIF1 • 1." 63.2 .... tIF! Aci. -.I. a.71 3.61 8." 8. 9 8.18 
ilia ttIDI fteg.-hW. 1.i'S 2.11 8.38 8.S' 8.58 _1 

teW ~. 1.25 1.' 1.32 
_1 - K...-• 1.S? a.71 1.12 a.92 1.55 2.22 1.78 1.31 3.28 8.21 ... ltIIFJ Ret. hIal. '.61 2.91 8.31 l.n 8.32 
a-n. IIZDI '.S! 18.19 -
lS-1i'b ltIDI 8.31 18.19 .... DIOR '.66 11." .... œ • 8.1i" . 51 •• 
leV ltIIFJ Ret. hIal. 8.91 a.15 8.53 a.21 2.25 2 •• 18 •• 8.12 8.13 8." "-SI'. tIZDI neg. hbl. 1.12 1.68 1.71 I.n 1.11 2.'1 11.18 8.26 8.71 8." 
...... tIZDI ......... 8.11 8.61 1.33 18.6? "1.88 

--
Table 2.3. Distribution coefficiepts ,(~) representinq the co-distribution of Fe-Kg, Mn, 
F and Cl. betveen the aafic aillerals of t!be JIélfic and aesocratic interllediate rock types. 
Mg distribution coefficient calculated usinq the foraula: 

ILPe-IICJ-JPel (Fe+IIq)} X ~ (Fe+Kg) r ,__ ~ 
--0 llig/ (Pe+JIg) l . el (Fe+JIg) J 2 -- ( 

Ti, 
Fe-

other distribution coefficients are sillply the ratio of the particular eleaent betveen the 
tvo pba_ iD question. KAFI: fine-grained aafic inclusions. MDYK: alJtal.i basa:ltic dylœ. 
other rock types aB in -rable -2 .1. Clinopyroxene COIIpOSitions used in the calculations are aa 
folte_1f 1m24:' Alite, 1IG6l: titansalite, 1IG64: titansalite (average of bath bigb- ando lov­
~1 aectors), 83-7.7a: sodian ferroaugite (bright green zones). 83-77b: sodi'an ferroauqite 
(pal.. green~onea), 1IG90a:- sodian &alite (pal.e green zone), JlG90b: sal.ite (co.l.orless zone), 

- ---"7: -SOdian &alite, 84-556a: &alite (colorless zone), 84-556b: sodian salite (pale green 
aone). 
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Fi9U~. 2.16. Relationships between amphibole and biotite. 

Symbols are the sam. as in Figure 2.15. 2.16.1. 

(Fe/(Fe+Mg)) of biot~t. versua Xpe of amphibole. Line has a 

.lope _of 1:1. 2.16.2 KDTi (TlamPhib~l·/Titiioti~e) versus the 

content of tetrahedral Al in amphibole. 
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coefficients exhibit a limited range ot low .value. 

0.12-0.31) that overlaps the range obaerved in 

the felsic samples -(Chapters 3, 4). The rough correlation 
~ 

between the KoTi and the amount of tetrahedral aluminum in the 

green amphiboles of the pluton (Fig. 2.16.2) suggests that the 

partitianing of Ti between biotite and amphibole seems to be 

influenced by the coupled substitutions involvinq Ti. 

Furthermore, the charge and size of Ti do not allow it ta 

substitute as readily for Fe as Mn (Czamanske et al. 1981). 

The arder of increasing Mn should be the reverse ot that 

shown by Ti (Czamansk~ and Wones 1973). The distribution of Mn 

between titansalite and kaersutite (KoTiamph/cpx or 1.0 or 

implies that these two minerals may not be et 

equilibrium. This inference is consistent with the low Fe-Mq 

(amph/cpx) distribution coefficients (1.25 or 1.37, cf. Helz 

1973) and the occurrence of kaersutite as a rim or replacinq 

titansalite. The distribution of Mn between amphibole and 

biotite has been related to temperature, Mn-content ot the 

minerals and the degree of subsolidus re-equilibration 

(Greenland et al~ 1968, stephenson 1977). Distribution 

, 

coefficients from green amphibole-biotite pairs in marie rocks 

span a relatively wide range (KD~namph/bio 1.84-3.64) similar 

ta that from the felsie rocks (Chaptera)? 4). wheraas the 

kaersutite-biotite pair in the gabbro exhibits a lower value 

of 1.55. 

ACCBSSORY KIRBRALOGY 

Oxide Minerals 

Magnetite typically fotma anhedral to subhedral, ~partly 
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intersti tial, \ or skel~ta.l grains. In the fine-grained mafie 

inclusions, maqnetite may occur as anhedral to subhedral, in 

sorne cases possibly resorbed, phenocrysts. Ilmenite is commonly 

associated with magnetite in sandwich intergrowths, or internal 

~ or external granules (terminoloqy of Buddington and Lindsley 

1964). Ilmenite also forms discrete, anhedral ta euhedral, 

partly interstitial, or skeletal' grai~s (e.g., Fig. 2.5.2). 

Bath primary magnetite and ilmenite generally appear ta have 

crystallized near the solïdus . 
. 

The deqree of al teration of the oxide mineraIs is variable.' 
Q , 

Alteration of ilmenite ta titanite is most common, but 

alteration of magnetite to hematite or titanite also oeeurs. 

Only remnants o~ the originàl ilmenite are preserved in some 

samples (e.g., MG90). In the endoskarn, the oxides have 

typically been completely replaced by titanite (in sorne cases 

wi th, rutile) . 

the presence of granular "exsolved" ilmenite and the low Ti 

(0.0-1.1 wt. 'Ti02) and Mn contents (0.0-0.13, wt. % MnO) ,of 

the magnetite (Table A10.1), ~.indica·te that the original 
,. 

titaniferous magnétite underwent extensive subsol4l.dus oxidation 

and diffusion 1 ( Buddington and Lindsley 1964) , a common 
,; , J 

observation in plutonic bodies (e.g., HinuneU:ferg and Ford 
" 

197~). Magnetite, therefore, cannot be used for qeot~ermometry 
ft • 

(oxybarometry). A high initial ulvospinel (Fe2~iO~) content can 

be . inferrad, however, from the high proPQrtion of ilmenite 
1 -

relative t9/magnetite in composite grains (up to about 50 , or 
< 

In contrast to the ilmenite from the more feisic rock 
1 

type., . (Chapter. 3)" ,there are no distinctive 'chemical 
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differenees (Table A10.1) between the ilmenite intergrown with 

maqnetite and that oeeurrinq as discrete grains. 

other Aceessory MineraIs 

Abundant apatite oeeurs as prismatic or acicular grains up to 

4 mm long in aIl mafie and mesocratic inte~iate samples. The 

presence of abundant acicular grains, eommonly skeletal, partly 

hollow or containing elongate fluid and mineral inclusions 

implies rapid qrowth of the apatite (Wyllie et al.' 1962). This 

is consistent with its late-stage ctystallization, retlectinqJ 

the high solubility of phosphorus in high-tèmperature, 

poor magmas (Watson 1979a) • 

8iO -2 

In a fine-grained mafic inclusion (MG24), apatite also forma 

linear trains of grains (Fig. 2.4.1) or parallel sheavea of 

aeicular crystals that may exhibit a herring-bone texturaI 

these textures result trom crystallization of apatite along 

mierofraetures. As noted ab ove , abundant acicular apatita 
. -

oceurs within secondary plagioclase and pyraxene in several 

samples of monzodiorite (e.g.; 84-556, Fig. 2.5.7). Thes. 

textures imply that apatite crystallized in part undar 

subsolidus conditions from deuteric fluids. 

Zircon (No. 2, Table A1l.1), rare or absent in the gabbro, 1. 

common in the more intermediate rock type. (e.g., MG23, 53). It 
, 

forma intersti tial to euhedral, in 80ma case. .keletal, grains 

that may be zoned. In soma '.ample. (e.g., ~G6, 24, 53) 

allanite, a lata-stage ( •• conclary?) mineral, ,ooeur. a. rare 
. 

brOWQish, commonly hydrated qrains either interstitially, alon9 

mlcrofractures, or in a.ygdul~ •• 
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,other accessory mineraIs are secondary: titanite, epidote and 

chlorite (e.g'., No. 3, Table All.l) result trom the breakdown 

of ferromagnesian and oxide mineraIs (Fig. 2.9.4). Titanite is 

especially abundant in samples of biotite-pyroxene diorite and 

endoskarn (e.g., MG88, 90; Table A3.1) that exhibit evidence of 

the most intense metasomatism and recrystallization. 
1 

In many samples, biotite contains pods or lenses of secondqry~ 

mineraIs along its cleavage (Fiq~ 2.4.2). One secondary mineraI 

ls generally colorless to pale brown and fibrous with a low 

birefringence. Analyses (No. l, Table All.l) from this mineral 
1) 

are similar to those from analogous bodies in biotite from 

granites (Tulloch 1979). TUlloch identified the mineraI as a 

grossular-andradite garnet (grandite). The McGerrigle rnaterial 

is characterized. by high Ti (3.76-4.13 wt. % Ti02) and, 

surprisingly, contains between 0.88 to 1.31 wt. % F. An 

alternative possibility is that such lenses consist of 

vesuviani te ca19.(Al, Fe) 10 (Mg, Fe) 3 [5i207 ] 4 [SiOll ] 10 (0, OH, F) 10' No 

def~nitive identification can be maje on the basis of ,the 

avai1able data. 

The occurrence of secondary Ca-Al silicates is relatively 

common a10ng biotite cleav8ges (e.g., PhiIIips and Rickwood 
• 

1975, Tulloch 1979). These mineraIs are generally interpreted 

to represent a sink for elements derived through the 
L 

hydrothermal alteration of primary mineraIs (e.g., Ca-rich to 

Ca-poor plagioclase, biotite to chlorite, etc.). 

DISCUSSION 

The presence of alkali basaltic dykes demonstrates 

c,onclusively the existence of an alkali basaltic maqma", It is 

62 

.' 



o 

, " 
~.~ci~ .. ~ . ~.~' _,~ - ,~:;._ , .. 

therefore unlikely that the mineralogioally similar gabbro 

represents simple eumulates derived from more evolved rock 
, 

types (cf. Bonin and Giret 1984, Bedard et al. 1987). Aeeording 

to most investigators, alkali basalts are formad at high 

pressures, deeper in the upper mantle and by a smaller àegree 

of partial' melting than the melts that crystallize as 

tholeiitic rocks (Sprensen 1986). 

The presence of amygdules within the fine-grained matie 

inclusions indie~~es vesieulation of the mafie magma as it 

crystallized, probably as it chilled against a larger volume o~ 
, 

cooler s11ieie magma (Eiehelberger 1980, Huppert et al. 1982,' 
1> 

Reid et al. 1983). Mafie magmas are commonly denser than felaie 

ones (e.g., McBirney et al. 1985). However, vesiculation lowere 

the bulk density of the mafie liquid (Eichelberger 1980, 

Huppert et' al. 1982) and may thereby . facilitate its rise 

through mueh more felsie liquids to the roof zone of the pluton 

. (cf. campbell and Turner 1986). 

petrographie àata indieate ~at plagioclase ,and clinopyroxene 

were the liquldus or near-liquidua phases in the alkali 

,basaltic ma,sma. However, the presence of possible pseucSomorphs 
" ' 

of olivi~e phenocrysts in the alkali basaltic dyke (MG61), the 

most primitive sample studied, indicates that the possibllity 

that olivine may have been a liquidu8 phase in aoma of the 

mafie magmas eannot be ruled out. Fraetionation of labradorite 

would drive the mafic compositions ta mora silica-

undersaturated compositions, whereas fractionation of the 

cllnopyroxene could result in si1iea over- or undersaturated 

residua dependinq on its Al content. Ther. is no petrographie 

63 



~~ 

' .. 

o 

evidence that kaersutite was ever a phase, and 

therefore ther'e is no direct evidence 

lilidUS 

that tH fractionation of 

calcic amphibole from the mafic magmas could have resulted in 

the formation of the oversaturated felsie rock types (e.g., 

Cawthorn 1976, Boni~ and Giret 1984). However, this does not 

rule out the possibility that aIl these mineraIs were 

fractionated at much deeper levels in the crust. 

The origin of the viAl-rich clinopyroxene phenocrysts'in the 

fine-grained mafie inclusions is unelear. The presence of a 

composite labrddgrite-clinopyroxene grain (Fig. 2.3.4) ln MG6 . 
probably in part suggests that they are . xenocrysts that 

crystallized at higher pressures f~om â magma of similar bût 

generally more primitive composition (see above). ~ontamination 

presumably occurred when the liquld that formed the fine­

grained inclusions rose through and was'contaminated by a pre-

- exist~ng gabbroic body (cumulates). 

The presence of primary kaersutite in the mafic rocks implies 

that they-crystallized from magmas with a relatively high water 

content COtten 1984), at temp~ratu!es greater tha~ '9500 C and 

under moderate to low f(02) conditio~s (probably below the Ni­

Nio butfer; Helz 1973, Otten 1984, Neumann et al. 1985). This 

f(02) is lower than that inferred from the Fe3+ content of the 

biotite (above the Ni-Nio buffer), indicating either that 

biotite crystallized at a l~te stage under a higher f(02) than 

kaersutite (see above) or that the estimate obtained from the 

biotite is too hiqh. The absence of oxides in the alkali 

basaltie d~e (MG61) reflects its crystallization at a lower 

f(02)' probably below the QFM buffer, and ~he low aSi02 of the' 
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magma (Carmichael et al. 1974). The lower calculated XFe3+ of 

titansalite in the alkali basaltic dyke (0.26-0·.29) relative ~o 

the gabbro (0.34-0.57) is also consistent· with lower t(02) 

conditions (e.g., Neumann et al. 19'85). 

All mafic and ~esoé~atic' intermediate sam~~died have 

undergone varying degrees' of . rec;rystallization and 

metasomatism. These changes are reflected in the ra-

equilibration of biotite and a~phibole, replacement ot Ca-rich , . \ 

b~ Na-rich plagioclase, dëvelôpment of secondary clinopyroxene, 
J 

replacement of oxide phases by titanite, and the precipitation 

of secondary apatite alonq micro fractures and in secondary 

minerals. . mineralogical a These changes resuU:ed in 

redistribution of elements both within and between inclusions 

and the enclosing rocks. For example, the, occurrence of', 

bio~ite-rich zones toward the margin of fine-grained màfic:' 

inclusions implies K migration from the felsic host into the 

mafic ~nclusion. Though no detailed attempt was made to 

quantify the extent of metasomatism, the mineralogieal changea 

suggest a~ increase in Si and alkalis and a deerease in Ca in 
-the inclusion. The presence of secondary accessory minerals 

~uch as apatite, titanite, epidote and allanits(?), which 

contain a ,large proportion of the whol .... rock 

incompatible trace elements, "indicates that trace elementa May 

also 'have been remobj.lized (e.g. " Exley 1980). 

The chemical and mineralogical changes observed in th. 

endoskarn are distinct from, èhose observed in the other 
r 

inclusions. Some samples of granite show minara1ogica1 change • 

similar to those in the endoskarn: th!. imp1ies that th. 
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metasomatizing fluids were not in equilibrium with the granite 

either. Ca appears to be the principal element enriched in the 

endoskarn durinq metasomatism, dominantly through the formation 

of titanite and diopside. An obvious Ca source would be' the 

cale-silicate rocks located within the aureole of the intrusion 

" (de Rome~ 1977). Van Bosse (1985), in her stUdy of the aureole, 
• 

identified metasomatie diopside-anorthite±garnet±titanite 
î 

~ 

skarns in the hiqhest-grade c~lcareous rocks. She inferred that 
1" ' 

these rocks formed at minimum temperatures between 500 and 

550°C and that metasomatism by infiltrati~g fluids involved an 

increase in Ca and a decrease in Na and K; ~imilar to the 

chemical changes observed in the endoskarn. The high initial 

87sr/86sr values (0.7068-0.'7093 depending on the model age 

used1 La Rocque 1986) of 'the endoskarn are consistent with 

interaction with fluide that partly originated in the aureole. 

The daterminetion of the' origin of the mesocratic 

intermediate rock types is complicated b~ the variable degrees 

of recrysta11ization and metasomatism of the samples studied. 
. 

Tha biotite-pyroxena monzodiorites and diorites appear to be 
.... 

more high1y reerystal1ized than their amphibole-dominated 

oountarparts. The presence of a biotite-pyroxene assemblage 

probably refleets recrystallization under drier conditions than 
'f 
j, those samp1es that a1so contain abundant amphibole (Naney 

1983). The samp1es of biotite-py~~ene diorite (e.g. , MG90) 

appear to represent recrystallized equivalents of the gabbro, 

though none df ,the primary minera10gy ls preserved, except 

perhaps for the accessory phases. 

The overaaturated amphibo1e-dominated monzodiorites are by 
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far the most abundant mesocratic lntermediate rock type 

coqeneMo sampled. Geochemical data do not support a 

relationship with the gabbros usinq a simple fractional 
~; 

crystallization model (La Rocque 1986). However, the intimata 

fi~ld association (includinq apparent gradational contacts) . 
doea indicate a clos~ relationship. The presence of primary Ti­

rich clinopyroxene in both types also confirms their shared 

alkaline character. A major problem with a simple model ot 

fractional crystallization ia the existence of a low-pre •• ura 
e;:, 

thermal barrier be~ween undersaturated and oversaturated malts 

(Yoder and Tilley 1962). possible mechanisms by which this 

thermal barrier could be croased include: 1) fractionation at 
, 

high pressure or high f(H20) of phases such as aluminou. 

clinopyroxene or amphibole (Cawthorn 1976, Presnall at al. 

1978~ Bonin and Giret 1984), 2) contamination by crustal rocks 
, 

(e.g., Barker et al. 1975, Bedard et al. 1987) and 3) magma 

mixing (e.g., Brow~ and Becker 1986). 

Clear evidence of a hybrid origin throuqh magma mixinq (i.e., 

textu~l heterogenei ty , variable color index, etc. ) is weIl 
, . 

developed only in a few monzodiorite sample. (e.g., MG29). 
" 

Therefore, an}' mixinq must have occurre~ at an early stage, 

when both maqmas were dominantly or completely liquide One 
\ .... 

problem with a mixing model is the similar Ti and P contents of 

-the gabbro and more primitive monzodiorites (à.g., MG23; 21. 
Vogel 1982, Marshall ahd Sparks 1984). If the monzodiorite. 

cannot be derived through simple fractionation of an alkali 

basal tic magma, a model of combined assimilation - fractional 

crystallization (e.g., Taylor 1980) may be more appropriate. 
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CHA",BR 3. J'IBLD RBLATIOlfSHIPS 1 PETROGRAPHY AND MlNERALOGY OF 
• 

( TD QUARTZ-POOR J'ELSIC ROCK TY~BS OF THE HYBRID SUITE 

XII'lIAlDUCTIOM ( 

, The quartz-poor felsic roek types\ (5i02 typieally between 60 

and 68 wt. %) make up a large part of. the hybrid suite (cf~ 
• 

Whalen 1986). -Included in this eategory ~re alkali syenite, 

alkali-feld~par syenite, syenite, quartz syenite, monzonite and 

quartz monzonite. Like the granitic rock types assoeiated with 

the hybrid suite, they commonly contain inclusions. 

For the purpose of this thesis, the quartz-poor felsie rocks , 
ot the hybrid suite are subdivided into two groups. The first 

consists of predominantly syeni tic rocks characteriz,ed by less 

" than 5 'quartz; the sècond consists dominantly of quartz 

monzonites, i.e., with higher amounts of quartz (5-15 'l. 
WXILD RlLATIOHSBIPS AND PBTROGRlPHY. 

Syenites 

The syenitic rocks seem restricted ta the northern half of 

the pluton. They are concentrated north and west of mont 

Jacques-cartier; the most alkaline samples are found northwest 

of mont Passe (e.g., 84-23, MG8; Fig. 2.1). They are typically 

reddish or brownish and fine- to medium-grained, and vary from 

equiqranu1ar to porphyritie. The color index is variable, 

hlghest (up to 11.4) in the plagioclase-phyric syenites and 

lowest in the alkali-feldspar syenites. The fine-grained 

nature of many of the samples limited the collection of 

representative modal data; however, combined visual and modal 

data indicate 'a range of composition from monzonite and syenite 

to alkali-feldspar syenite. Several samples conta in a Na-rich 
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mafic mineral and tharefore are classified as alkali .y.nit •• 

(Streckeisen 1976). In one case (84-23), the alkali ayanit. i. 

a texturally heteroganeous, fin~- to medibm-grained, gr •• ni.h 

grey and relatively mafic "hybrld"-looking rock. 
\ 

The contacts between ~he syenitic rock types and other 

evolved members of the hybrid suite ara generally ambiguoui. In 

some ca~es the alkali-~eldspar syenite appeara to grade into 

alkali-feldspar granite (ê~pter ~). Th. petrographie 
~ 

' .. '" similarities and field association suqga.t gradational contacta 

between plagioclase-phyrie and equigranular syenitea. Sharp 
t 

intrusive(?) contacts between ayenite and granite, and ay.nits 

and other quartz-poor telsic rocks are also observed. 

Inc~usions ara locally prominent and range from la •• than ona 

. centimetre ta several tens of métre. acro... Rock type. 'tound 

as· inclusions includa fine- to 1 medium-~rain.d .y.n~te or 

monzonite (possibJy cognate), monzodiorite, diorit. and gabbro. 

Fine-grained matie inclusions ~ay exhibit textural evidanee 

" " that they coex~sted as a liquid with ~he syenitio m.l~ (Chapter 

2) •. Limited contamination by mafic inclusions i. ob •• rved in 

some samples (Fig. 3.1.~~; however, inclusion-hoat contacta ara 

typically sharp. 
:'\. In the .alkali-feldspa~ and alkali sy.nitea, K-teld.par torm. ' 

predominantly equiqranular anhedral to subhedral grain. or 

tabular laths (up to 8 mm), and typically exhibitl a 

mesoperthitic texture. In the plagioclase-phyric .ysnits. and 

monzonites, X-feldspar typically oceurs a. anhsdral to 

subhedral, weakly to strongly perthitic CJrain~ an 

allotriomorphic~9ranular groundmass. 
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WIGURI 3.1. 8YIIŒTI 

1. untz~ plagioclase phenocryst (P) mant~ by perthitic K­
teld.pa (k). X-teld.par i8 intergrown_with plagioclase in 
plac •• along th. phenocryst margine Crossed polars. Scale bar -
0.5 mm. Plagiocla8~-phyric syenite (MG14). 

2. Zoned clinopyroxene con~istlng of an augite core (white) and 
an aegirine-augite rim (dark gray). Replacement of the augite 
along fractures by aegirine-augite is visible. Crossed polars. 
Scale-bar· 0.1 mm. Alkali syenite (84-23). 1 , 
3. Oscillatory-zoned clinopy~oxene,grain (P; ~os. 3-7, Table 
A7.3), rimmed and partly replaced by amphibole (A). Crossed 
polar •• 80al. bar. 0.1 mm., Plagioolas.-phyric syenite (MG10). 

4., Fina- to medium-qrained syenite (83-98) of heterogeneous 
color index is undergoinq contamination by finer-grained mafic 
inolusions. Matie inolusions (dark areas) are surrounded by a 
halo with a composition and grain size intermediate between the 
syenite and the matie inclusions. 

5. Clot of medium- to coarse-grained plagioclase laths (P), 
kaersutite (a; No. 1, Table A8.1), pyroxene remnants (p) and 
maqnetlte (m) ln a flne-grained groundmass (G). Clot is mantled 
by 'perthitic K-feldspar (k). Plagioclase laths exhibit 
o.cillatory zoninq and have, underqone , partial 
recrystallization. (lighter zones in the laths). The maqnetite 
is partly rimmed by biotite. Crossed polars. Scale bar - 1 mm. 
Sama sample as Fig. 3.1.3 (MG10). 

6. A mafio clot consisting of biotite (predominant), amphibole, 
apatite and iron oxides. The clot is attached to a mantled, 
weakly zoned, fractured plagioclase phenocryst (P) and occurs 
in a fine-grained groundmass (G). Bleached zones in amphibole 
(a) indicate that it probably formed after pyroxene. probable 
pseudomorph after clinopyroxene. Scale bar = 0.5 mm. 
Plagioclase-phyric syenite (MG40). 

7. Mantled plagioclase phenocryst (P) apparently 
recrystallized, resulting in the formation of X-feldspar (k, 
dark grey) - plagioclase intergrowths. Inclusions in 
plagioclase include clinopyroxe~è (p), biotite, iron oxides and 
apatite. Crossed polars. Scale bar - l,mm. Plagioclase-phyric 
syenite (MG38). \ J 

8. Recryatallized marqin ot a mantled plagioclase phenocryst 
(P) r •• ulting in th~ formation of perthitic K-feldspar (k1 dark 
gr.y) - .o4io plagioclas. (white) interqrowths. Phenocryst la 
pr ••• nt vithin a tin.-qrainid qroundaas~ (G). Soale bar - 0.5 
mm. Plaqloola •• -phyrio .onlonite (84-40). ' 
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Plagioclase either 'forms twinned, weakly zoned to unzoned, 

anhedral to subhedral grains concentrated in the groundmass of 

plagioclase-phyric samples, or anhedral to subhedral, unzoned 

to strongly zoned (normal, oscillatory) phenocrysts (up to 1 

cm) that are commonly mantled by K-feldspar (Fig. 3.1.1). In 

one sample of monzonite, a preferred orientation of the 

plagioclase laths is evident. Quartz typiaally forms anhedral 

and interstitial grains. 
. 

Clinopyroxene is the dominant mafia mineraI observed in the 

alkali syenite (84-23), with subordinate amounts of amphibole 

and biotite. In most samples, however, amphibole predominates 

over biotite and clipopyroxene •. Observed primary accessory 

mineraIs include maqnetite, ilmenite, pyrite, pyrrhotite, 

apatite, 'zircon, titanite, allanite and chevkinite(?). 

Quartz Monz~ites 
This compositionally and texturally variable group of rocks 

, 

la taken, here to include quartz monzonite proper as weIl as 

small volumes of quartz syenite and monzonite. The rocks make 

up a large proportion of the hybrid suite, both in the southern 

and northern hybrid zones (cf. Whalen 1986). They are typically 

medium- to coarse-grained and vary from equigranular to 

porphyritic, white and pink to reddish, brown or, in rare 

cases, grey. The color index of samples from whieh modal ~a 

weri\ obtained varies from 5 to 18 (J. Whalen; pers. comm. 

1986). Where the mafic index is higher than 10, the mafie 

minerals are commonly heteroqeneously distributed ~~lrœay form 

bands (e.g., Fig. 3.2.6). 
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PIGURS 3.2. QUARTS KO.IONIT. 

1. Grain of perthitic K-feldspar (K) exhibiting local relict 
concentric zoning. Crossed polars. Scale bar • 0.5 mm. Quartz 
monzonite (MG63). 

2. Amphibole (a~ and biotite (b) in a recryatallized zone 
(along a fracture?) in unzoned plagioclase. CP). Perthitic K­
feldspa~ (R) forms a rlm around the plagioelase. Croa.ad 
polars. Scale bar = 0.5 mm. Quartz monzonite'(MG66). 

3. Euhedral amphibole crystal exhibiting oscillatory zoning. 
Crossed polars. Scale bar - 0.5 mm. Quartz monzonite (MG44). 

. , 

4. Clot of partly recrystallized plagioclase laths (P) with 
interstitial clinopyroxene Cp) that is mantled by perthitic R­
feldspar (k). 1 Clinopyroxene ià undergoing replacement by 
amphibole along\ its margins. Biotite and apatite are observed 
rD the recrystallized areaa of th. plagioclase. Relict normal 
ospillatory zoning is preserved in one lath of plagioclase. 
Crossed polars. Scale bar • l mm. Plagioclaae-phyric quartz 
monzonite (MG52). 

5. Perthitic K-feldsFar CR) .xhibiting a rapakivi textùre. 
Mantlinq plAgioclase (P) ia untwinned though so •• twinning is 
observed in plagioclase laths (e.g., p) included in the rime 
The patchy extinction and fading of twin lamella. in the 
mantling plagioclase ia a sign of recrystallization. A 
discontinu~us thin rim of quartz lines the ~ontact between the 
K-felds~ar and mantlinq plagioclase. Crossed ~olars. Scale bar 
:= 1 mm; Quartz monzonite porphyry (83-97)., ' 

6 •. sarltple of banded contaminated ,_ K-feldspar-porphyritic 
granite(?) containing phenocryats of pé~thitic X-reldspar 
eXhibiting a well-developed rapakivi t.xtur.; plagioclas., 
quartz and amphibole in a groundmas. of qbartz, plagioclase, K­
feldspar, amphibole, biotite and iron oxides. Quartz monzonite 
porphyry (83-61). 

7. Recrystallized remnants of K-feldspar (k) rimmad by· and 
intergrown with plagioclase (P). Mantling plagioclas. a180' 
exhibits evidence of recrystallization. Cross.d.polars. Scala 
bar = 1 mm. Same sample as Fig. 3.2.6 (83-61). ~ 

8. Plagioclase phenocryst (p) containinq an unzoned, roundad; 
apparently resorbed core. Crossed polars. Scala bar - 0.5 mm. 
Same sample as Fig. 3.2.6 (83-61). . . 
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In the field, thE!. qu,artz monzonites are commonly closely .,. 

-associated with the granitic rocks. Both gradatio,nal and 
\. 

intrus ive contacts ar-e observed. In some areas (e.g.,~ along the 

northern slope of mont Jacques-Cart~er), the granite contains 
. 

inclusions of both mesocratic and leucocratic quartz monzonîte 

(whieh may in turn conta in fine-grained mafic inclusions). The 

reverse relationship (inclusions of granite within quartz 
1 , 

1'I\onzonite) is found at one loeal'ilty (Chapter 41. 

. The more mafie' inclusions within the quartz monzoni tes 

exh~ "the s'ame petrographie and fie,ld characteristics as 
. '~ç , 

those observed in the g~anitie' rocks (Chapter 4) . 
• 

The . quartz monzonite varies from being plagioclase- to K-

feldspar-dominant. Flagioclase forms dominantly subhedra"l, 

un~oned to strongly zoned (normal, oseillatory) laths or 

~ phenoerysts. Mantled plagioclase phenocrysts (up to 5 mm) are 

common in some samples of plagioclase-phyric quartz monzonite 

(e.g., MG52). Anhedral to sUbhedral, do~inantly unzoned 9rains 
~ "-

oof plagioclase are common in the allotriomorphic- or.-

hypidiomorphic-granular groundmass of many of the porphyritic' 
1 

samples. 

l(-keldspar forms anhedral ,to subhedral, ~ eommonly . 
interstitif' weakly to strongly perthit~ 

porphyriti samples, K-feldspar may forro subhedral 
~ . 

grains. In 

phenocrysts 

(up to 8 mm), and' is the dominant mineral in the groundmass. 

Apparent 
; 

zon1ng of the X-feldspar i8 observed in one sample 

(MG63, Fiq_ 3.2.1). Some 8amples of porphyrLtie , quartz 

1l\onzonite -exhibit a well-developed rapakiv1 textur'e (F1q8. 

3 • 2 • 5 , 3 • 2. 7: Chapter 4) • 
. , 
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Quartz forms anhedral, typisally interstitial grains. Some of 
, 

the porphyritie sam~les eontain anhedral to rare subhedral 

phenoerysts of quar~.' 

Amphibole almost invariably predominates over biotite. 

Cl inopyroxene is restricted to the more mafie, typically 

porphyritie saTQples (e.g. , MG52) • Observed primary accessory 
• 

mineraIs are magnetite, Ilmenite, pyrite, chalcopyrite, 
.. 0 

apatite, z,~rcon, titanite (secondary?) and allanite. 

MAJOR-ELEMENT GEOCHEMISTRY 

Representative modes, whole-rock compositions and norms are~ , 

given in Tables A3.2 and A4.2. No data are available for the 

alkali syenite. AlI the leueocratic intermediate rock types 

plot within the alkaline field of a Na 20 + K20 versus S102 , . 
diagram _(Whalen and Gariepy 1986). Bath the syenitic and quartz 

\.,. 

monzonitic samp~es are predominantly metalumi~ous (A/CNK-0.93-
, 

1.03; C., Gariepy, pers. comm. 1985), exceptions being MG20 and 
,\ 

MG63 , whieh are slig~tly peraluminous (Table A4.2). The 

agpaitic index of the syenitic rocks varies from 0~.83 to 0.95, 

wherea~ that of the qua~tz monzonites varies ~rom 0.75 to 0~91. 

The PlagioClase-Ph)f!C quartz monzonitic and syenitic samples 

(e.g., MG40, 52) are generally characterized by hiqher amounts 

of Ti, Fe, Mn, Mg, Ca and P, and lower si and tbtal alkalis 
" 

than their nonporphyritic, more leucoc~atic counterparts (e.g., 

MG8, 44) • / 
FBLSIC HIRERAL9GY 

Plagioclase 

The plagioclase , of th~ syenitic and quartz'monzonitic rock . 
types i8 typica1ly white or qrey and exhibits on1y minor-

~ 
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a~teration to sericite. Detailed study was limited pr±marily to 

the moderately to strongly zoned laths and mantled~phenocysts, . 

as these are the grain~ most lik~lY tô bé xenocrystic or 
<J 

conta in a xenocrystic component (e.g., Pibbard 1981, Kuo and 

Kirkpatri~k 1982). ( 
Unmantled Zoned Laths of Plagioclase 

The most complex--' zoning- sequence is observed, in the quartz 
~ 

monzonites; the most highly zon~d grains commonly contain: 1) a 

relatively homogeneous core; 2} a zone exhibiting well-

developed oscillatory zoning, and 3) a weak~y zoned or unzoned 

rima 

Core.~ compositions of thèse làths (Table A5.2) are relatively 

calcie, ranging up to An49 (calcic and~sine)., ~he core is 

. typically anhedral, untwinned and sometimes shows slight 

diffuse zonation. Sorne grains contain a subhedral or euhedral 
. 

core with diffuse ,r~mnant twinning. Alteration and fractures 
, . ~ 

(often associated) are typically concentrated in the core. The 
-

core zone commonly is patchy (e.g., Vance 1965) and exhibits. 
( 

• evidence- of part~al recrystal,lization (Chapter 2). 
4 

(commonly 
... 

. 
~ 

Evidènce ,'of . partial 'resorption of the core 

includlng the surrounding' oscillatory-zon~d area) is 
" oS ~ 

widespread, resulting in the development of rounded or oval 
~ \ 

shapes (Fig. 3.2.8; in some grains the rim of the core may be 
f 

Iess calcic than the outer rim). Resorption results from the 

raaction of plagioclase that is in compositional disequilibrium 

with the m&lt to form a mantle of plagioclase .that ,is. in 

equilibrium (Ts~iyama 1985). simple dissolution of the 
/ 
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plagioclase may also have occurred in some cases. -.-
The unzoned to weakly ~zoned rim of th~~e laths variés trom 

albite to sodic oligoclase (An7_19 : Table A5.2). 

\ 
Mantled Phenocry,sts of Plagioclase 

In many of the s~enitic and s~me ct the quartz monzonitic 

satnPles (e.g., MG40, '52), mantlea- phenocrysts (x~nocrysts; see 

below) are common. Point counting of a plagioclase-phyric 

syenite (MG40, Table A3.1) indicates that 17% of this sample . 

.... 

and 
,(' 

60 % of the total plagioclase content conaist of mantled-

,plagioclase phenocr1sts. Mantled phenocrysts typic~lly lack the , 

unzoned or weakly zoned rim observed in unmantled 

Analyses of mantled phenocrysts indicate 'Te~atively 

ones"â. 
, \ ......... 

sodic " 

compositions for the core, ranging UR to An31 (sodic andesine; 

Table A5.2). This may indicate that they were derived from a 

more evolved source th an that of the An-rich cor.es of the 

highly zoned plagioclase ,grains or that partial 

, 
compound grains (Figs. 3.1.5, ~3.2.4), in sorne cases with weakly 

to hiqhly recrystallized mafic'minerais or pseudo~orphs that 
, 

are themselves interpreted to have a xenocrystic origin (s~e 

..... below), and 2) common evidence of partial or complete 

recrystallization (e.g., F.igs. 3.1.7, 3.1.8) and, thereiore, 
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disequilibrium with the ho st magma, contrasting with the 
<Ii . , 

dominantly unrecrys€allized groundmass pla~ioclase. 

Whether mantling of the plagiocla~e occurs or not depends on 

whether one or two ~eldspars are on ~he liquidus during 

contamination by the plagioclase xenocrysts (e.g., Tuttle' and 

Bowen 1958,. MCBirney 19.79). The sole' presence' of K-feldspar on 

the liquldus ls môst L;kely in syenitic (or granitic) melts 

that are characterized by K-rich, An-po~r_compositions. 

K-Feldspar 
• 

The K:feldspar of the syenites and quartz monzonites studied 
r 

is- typicall'y reddish or brownish in col or , weakly to' strongly 

turbid ~nd microperthitic. It predominantly .dçcurs as vein 
, , ..... 

perthite, but patch, interlocking, bleb, flame and rare braid 

perthite are also observed (terminology foll~ws smith 1974). 

Turbidity generally' i~creases with degree and coarseness of 

perthite developlÎ\ent. Nonturbid areas conta in 

crystallographically-oriented rods and string& (S~ith 1974) or 

are crypto~erthitio. Contacts between ~eldspats are ~ommonly v 

irregular, with many grains ~! K-feldspar, especially in the 

alkali '"syenite (84-23)" exhibiting a rim of myrmekite or albite 

(may exhibit c~essboard twinning). 

Perthitic textures the oriqinaÎ 

homogeneous feldspar 

solvus (Tuttle 1952). cryptoperthite develops upon 

simple cooling, the formation of microperthite requires the ., 
:,) 

presence of a catalyst, usually assumed to be a water-rich 
~ volatile phase (Parsons 1978, 1980). Turbidity, due to a myriad .. 

Il 
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of sUbmicr?scopic fluid -inclusions, also develops throu9h 
" 

u int~raction of the -feldspar with a fluid (Folk 1955,' Lalonde 

and Martin 1983). 
9 . 

Hematite flakas on the wâ'lls 'of these fluid 

inclusions are probably r~~nsible for the reddish color of 

the feldspar and indicate that th~' fluid' c~usin9 
). 

recrystallization was oxidizinq (Lalonde and Martin 1983)7 th!s 

is consistent with ·the oxidation'of ~aqnetite to hematite 

observed in many samples (e.g., MG10, 83-16, MG66). 
\ 

1 Grid twinning is rare in the K-f.eldspar. It is prèdomi~antly 

developed around fractures, 'along coarse vein albite, grain 
., 

margins or near sodium-metasomatized zones (i.e., where the 
J 

feldspar has undergone the most extensive interaction with 

hydrothermal fluides)]. The scarcity of qrid twinning i~. 

consistent with the cell-dimension data 'of the K-feldsp~r 
J 

(Table' A6.4) . With the excep~ion of the two most alkaline 
""-

syenites (MG8, 84-23) ,!) the K-feldspar is monoclinic 

(orthoclase) to X rays. It exhibits'a relatively wide range of 
l 

Al-si order ,f2t1 varies between 0.8,1 and 0.91; Tabiè 1\6.1, Fiq. 

3.3). Refinements of both orthoclasa and intermediate 

microcline were ,obtained for MG8 (t10-O.46 and 0.87) and 
) 

84-23 

(t
1

0=0.42 and 0.78, respecti~ely). The two different st~uctures 

were refined usinq data from the sarne separate in the case ot 

M~8 .. However,' in the case of 84-23, two separat.es were 

analxzed, one being dominated by intermediate-'microcline and 

the' otfter, by orthoclase, with only a trace of microcline. This 

suggests a heteroqeneity in the deqree ot ~l-Si order in this 

sample. The finer-grained areas, of the sample 8eems to have 

undergone more extensf~e interacti~h a fluid ph~se. The 

, , 
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g~neral scarcity .. of grid twinning ,and - the p~edominaht . .. 
monoclinic symmetrr" of K-feld:spar indica~e tl1at ,il,'lteraction 

, 
with a must have occurred predominantly, ab6ve the 

stability field of microcline.(i.e., qreater than 4ÔOoC; R. F. 

~a+tin, pers. comm. 1987). 

Th~ h~gh Or content (Or92 - 98 ) 
. 

.. 
confirma 

<. 

exsolution, 

possibly~accornpanied by alkali'exchange with a vapor ph~se, ha~ 

oceurred (e'. g. , Orville' 19'63) • The An content of the eXBolved 
~ 4 • , 

albit~ of the apparEHl:t,;I.y hype:rsolvus syenites' (e.g., MG8, 84-", 

23: Table~A6.2) varies from Ano, for the albite coexisting with_ 

intermediate micrqcline (84"'23}~/ to An) for that with 

orthoclase (84-23)" a,~~ AnI fQr jthat determined wit~both (MG8). 

This may indlcate t~at sorne Ca lOBS from the perthite" i.e., . 
albitizati~n, oecurred with orderinq of the K-~eldspar: 

MAtIe MlNERALOGY 
" 

, 

pyz:oxene :J 
Clinopyrqxene typically forms anhedral té subhedral 'prismàtic 

grë\ins that are commonly rimmed (e.q., Fiq. 3',1.3) and, in some 
., 

cases~. completely with or, without 

biotite. Many grains exhibit texturaI 
, , t -

reci:ystallization (e.g., interqrowth with·-(,ther 
_ • n, 1 • • 

uneven color, l>atchy éxtinction). ln many 

, 
evidence of 

mafie mineraIs, 

of the' - qul!lrt~ 
. 

monzonites and some of the syeni~es, clinopyroxene is absent or 

oecurs as rare colorléss or pale green remnants • 
. 

, "Most, ,if nct; a1l, of the colorless, ' pale brown or pinkish ',' 
~ 

bro~ an~ slightly pleochroic grains of (sodian) auqite (Fig-

3~4; Table A7.3), that are most common within" plaqioclasa- , 
\ 

phyric syerlites or quart~ monzonites (e.g., MG10, 40, 52), 
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. Fiqure 3.4., Selected average pyroxene compositions of the 

quartz~poor felsic rock types plotted in terms ~f cationic Ca-

Mq-(Fe+Mn) in the "pyroxene quadrilateral". compositional field . " , 

are ~. ~m8 as in Fiqu~e 2.8.' Filled square: monzodiorite, 

quartz @onzonite. Lines, 

compositions from the same sample; when 1Present, arrow 

open circle: syenite, filled circle: 

join 
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appear to"be xenocrys~s. Many form anhed~l grains.attachad to 
1 . . 

,the mantled plagioclase xenocrysts or occur aé interstitial 
• 

grains within mantleq clots of plagioclasè laths also 
~ 1' 

3.2.4). Relative to the interpretèd to be xenocr~g. 

"primary" clinopyroxene of the mafic and mesocratic 

intermediate rock types}, (Table tA7 .1) , the xen:crysts are. 
, ~ , ~ 

character~zed. by a lower average Al (0.85-1.2' versus 3,5-8.? 

wt. % A1 20'3) and Ti (0"~-0.58 versus 1.3-$.2 wt .. ~ Ti02) and a 

generally "lower ~g (0'f4-0.69 yersus 0.67-0.78). Therefore, 

the ,pyroxene xenocrysts are either derived from more evolved , 

c~mpositions ~han the' primitive rocks from which pyroxene 
J 

analyses were obtained (see below), or more likely, the 

pyroxene compositions have,at lsast partly re~equilibrated with 

their hosto 
1 

o. Èxdept ing the alkali sypnit~e (see be'low)" zoning was \ otlly 
: . 

observed in one pyroxene grain, from 'a, plagioclase-phyrïo 
. 

syenite (MG10; Fig. 3.1.3). This oolorless g~ain .~s not 
, , 

attached to any plagioclase xenocrysts, in .,contrast, to other 
• 1 .. .\ / ' .. 

\ 

colorless 'grains in the same sample. Significantly, the core 

(ca45.2M935.1CFe+Mn) {g.s] of the zon,d grain ~Xhib~ts the most 
, . 

evolved composition obtained from'this sample. The concentric 
, . 

zones around the core exhibit much more ~rimitiv@ compositions . . l . ' 
(ca42.3-42.gMg40.6-43.0(Fe+Mil)14.7·-16.sJ as weIl, as" hig",er Al 

(1.8,1-2.52 versus. 1.47 wt. % Al203) and Ti (0.49-0.64 'versus 
. , 

0.3.7 wt-. %1 Ti02) ; these are th. most' primitive compositions 

obtained from any' o( tee leucoc:r;atic intermediate ayenitic 

samples studied. After an initial large i,nc;reas. ~ in the zc9ne• 
~ 

immediately adjacent to rthe core, ""M9' Ti a'nd Al. concentrations 
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display an i,rreqular and less abrupt decrease toward the ' rim 
\ t" 

(Table A7.3)., Although these compositional variation~ are 
, 

interpreted to be primary, SOllle recrystallization of the 
tI • 

clinopyroxene (which is rimmed by amphibole) capnot be totally .. 
_ ' l 
discounted. Examples of reversely zoneèi cl inopyroxene 

(increa&ing XMg from cor~ to rim) have been reported from 

se~eral localitie~ (e.g., Hewin~ 1974, Mprk 1984). Mprk (1984) 
c 

attributed the increase' in XMg of microphellQcrysts from 
. 

rhyotite to chemical contamination of tbe rhyolitic magma by 
. " 
basaIt. As ''the plagioclase-phyric syenites exhibi t abundan1: 'V 

mi~er~logidal~ and texturaI evidence of contamination by more 
, . 

primitive material at a relatively stage, a similar 

explanation may account for the ~observed composi t-itOnal 

variation within the zoned augite. 

Within 'the' alkali syenite (84-23), yellow-green to bright 

green pleochroic aegirine-augite commonly contains a colorless 

... core of. sodian augite. The augite exhicits an intermediate x._ ' . -~g 

(Table A7.3) and typically shows extensive replaèement along . 
the margin, fractures and cleavages by aegirine-augite (Fig. 

3 .• 1.2) • The augite co~e may h'ave un.dergone partial 
~ f 

recry~tallizàt~on, a~ indicated by its low Ti-and proportf 

others components. .. 

A sample ,of .onzonite (MG20) contains grains of pale 

pleochroic salite that exhibits a composition similar 
" , 

-to'the salite observed in the white granodiorite (No. 11, Table 

A7.2). 

'l'he 

'. 

'" most evolved 

't 

average, magmatic composition ls 

for pa~e green to briqht 
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pleochroic sodian ferroaugite fram syenite (MG8). The .sodian 

ferroaugite is one of ~he few clinopyroxenes analyzed that 

definitively crystallized in equilibri~m with its hosto 

Relative to the other clinopyroxenes (excluding the probably 

subsolidus aegirine-augite), the sodian ferroaugite is 

relatively·rich in sodium (Fig. 3.5), consistent w~th the high 
" agpaitic ~~ of the whole rock (Table A4.2). ~ . 

In the ~oxene qu~i~ateral (Fig. 3.4), the clinopyroxene 

composition~from aIl the Sio2-oversaturated rock types plot .in 

a trend par~~l to th~ diopside-hedenbergite join. However, as 

rnariy of the samples show evidence of contamination and because 

many clinopyroxene grains are probably xenocrysts, the 

compositions cannot be considered to belong to a simple . 
fractionation sequence. Instead they only demonstrate a general 

/ 

trend of clinopyroxene evolution. Ti and Al tend to be lower in 

the ~st evolved clinopyroxene, whereas Mn tends te be higher 
1 

(with the notable excep.tion of .the salite in MG20). 

A gener~ trend of initially 
~ 

increasing hedenberg i te 

component befere. subsequen~ acmite enrichment is typical of 

rnany silica-oversaturated alkaline complexes (Fig. 3.5; 

stephenson and Upton 1982). However, t~~ incipient sodium 
.. 

enrichment observed in the sedian ferroauqite suggests that it 

is unlikely that clinopyroxene in the McGerrigle suite reac~ed 

hedenbergitic eampo~itions. Further werk will have te be 

carried out on the olinopyroxene ot tfi. 
granites ta show this c6~clusively. 
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Mg 
.Figure 3.~: Selected pyroxene compositions plotted in terms of 

Na-Mg-Fe2++Mn. Same legend as Figure 3.4. Pyroxene 

compositional 

1,21 Mulanje 

trends from other oversaturated a~kaline'suites: 
1 

complex (Platt & Woolley· 19Q6), 3) C~well 
t:> 

A. " terroaugite syenites (Mitchell & Platt~ 1978), 4) Kungnat . 
Complex (Stephenson <'& Upton 19â~)'"' Linas join compositions from 

zoned grains with arrow pointing toward the rime 
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Amphibole Il 

'In the syenites, amphibole preg~~inantly ocçurs as anhedra1, 
• • f-

I ..... + •• 
c~nlY interstitial, pale yellow-brown ~o brownish green 

pl:eochroic mmgnesio-hornblende (83-31) , ferro-hornblende 
" 

(MG40), actinolite and actinolitic hornblende (MG8) or ferro-

actinolitic hornblende (MG10) [Table A8.3, Fig. 3.6.1]. Rare 

grains exhibit weak patchy or "sector" zoning or rims of 

slightly different composition; in aIl cases, however, 

compositional variations between zones are minore 

• A plagioclase-phyric syenite (MG10) contains a subhedral 

grain of red-brown kaersutite (Chapter 2) that is underqoing 

recrystallization to green amphibole along its margina The 

kaersutite 15 'part of a mantled compound xenocryst with 

plag ioclase , luagnetite and recrystallized remnants of 

clinopyroxene (Fig. 3.1.5). 

The alkali syenite (84-23) contains interstiti~l,;: .pale 
r' 4 <) ~ , ,.. 

greenish brown to olive ,gre~1). pleachroic and, in some ~ases, 
, '~IIt 

weàkly ~oned a~tinolite to winchite" (Fiqs. 3.6~1, 3.~.3). ~ 

The samples of quartz monzonite typically conta in subhedral, 
• 

pale yellow-br.own to brownish green' pl$oohroic grains that vary 
. 

in composition fro~ actinolitic hornblende (MG63), magne~io-
'\ 

hornblende (MG52 , MG66) , to ferro-edenite (MG44) [Figs. 3 .. 6.1, 
• 

3.6.2) • with the exception of MG44, where grains 
. ~, 

exhibit well-defined concentric zoning (Fig. 3.2.3), zoning' 18 

rarely'observed and weakly developed. 

~ 
inclusion content in the amphibole grains ia variable; 

4 \ 

opaqu ox~des and apatite are most common. Minor alteration to 

• si1icio amphibole, ~tanite or biotite 18 common, typically 
~ \ ~ 
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Figure 3.6: ~ 
Selected average amphibole compositions from the 

qu~z-poor felaic 

diagrama from Leake 

rock types plptted in the classification 

(~978). Onen circle: syenite, fil~ed ~~ 
r , - J ....:;; 

circle: quartz monzonite, ,st~r: alkali syenite. 3.6.1. calci~ 

amphiboles i'Tl which: .. (Ca+Na)M4>1.34, 2) NaM4 <o.67, 3) 

(Na+X)A<o.s and 4) Ti<O.5 a.f.u. Comp'ositional fields are the 

sam~as in Figure 2.11.2. 3.6.2. Calcic amphiboles in which: 1) 

(C8+N8)M4>1.34, 2) NaM4 <o.67, 3) (Na+K)A>~.5, 4) Ti<o.5 ~.f.u., 

and 5) Fe3+>ViAl ., Compositional fields are the same as in 

Figure 2.11.1: Arrow points to rime 3.6.3. Sodic-calcic' 
, 

amphiboles in which: 1) (Ca+Na)M4~1.34, 2) o.67<NaM4 <1.34 and 
1 

3) (Na+K)A<o.S. a.f.u. a: winchite, b: barroisite, c: ferro­

winbhita, d: ferro-barroisite. 

. ' 
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along g~ain margins or fractures. 

The composit:~ona~, var~ati~ns, in a~phib<;?~e amol)g t,h~'syenites. J. g. 

(Table A8 .3) are complicated, and for the most '-rt do not 

corre;Late with any . parameter 
r; 

(e.g., Si) . 

determinations by wet chemistry indicate a XFe3+ (Table 2.1) of 

~O.16 for the ferro-hornblende from a plagioclase-phyric syenite 

(MG40) and one of 0.19 ta 0.20 for actinolite from a syenite 

(MG8). The va-riation in Ti [which is a function of T and f(02) i. 

Hélz 1973, Spear 1981] is complicated, being lower in Mg-rich 

than in Fe-rich aalcic amphibole, -and apparently independent of 
.~ 

si content. 

The sodic-calcic 'amphibole winchite observed in the alkali 

syenite displays 
\ 

a low Ai 
~ 
content and A-site occupancY1 

consistent with a low tempe rature of formation 
, ~ 

(Ernst 1968, 
\ 

Charles 1975). 

The magnesio- and 

monzonites resembles 
, 

., 

actinoliti~ hornblende tf the 

that ~bserved in the syenites 

\ ' 

quartz 

and" thè 

plagioclase-dominant granites (Chapter 4). XFe3+ varies from 

0.21 to 0.23 (including dupiicate analyses) for the two ~amples 

analyzed~(MG63, 66; Table 2.1). 
" 

- Relative to the other feisic amphiboles the highly zoned 

ferroedenite of MG44.exhibits high Ti (1.4-2.1 wt. % Ti02), Na 

(2.3-2.6 wt. % Na20) and A-site occupancy (0.534-0.705), a 
À, ~ 

moderately high Al (6.1-7.1 wt. % A1203), K (0~7-0.93 wt. % 
. 

K20) ,and XFe ~0.549-0.631), and a low measured XFe3+ (0.08: 

Tablè 2.1). General trends of increasing Al, .. Ti, Mn, Fe., K and 

A-site occupancy. and deC~;Sinq Mq and si, are ~bserved fr~m 
core to rlm (Fig. 3.7.1-3.7.6). These trends, significantly 
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o different from those observed in other zoned amphiboles (e.g., 

MG42, MG97), could be p~oduced by either increasing temperatureJ 

or decreasing fè02) (Helz 1973, Spear 1981). The latter 
, 

explanation is considered more probable given the limited 

evidence of mixing with a more mafic magma- (rare fine-grained 

mafie clots up to 1 cm in size) in MG4~. 

F and Cl contents of amphibole are quite variable with 
< 

average values ranging from 0.37 to 1.25 wt. % F and <from 0.03 
• to 0.30 wt. % Cl, respectively (Table A8.3). No simple 

correlations~among XFe , rock type and F- or Cl-content can be 

made; however, a good correlation between Cl and Si content is 
1 "-

obse;-ved for the syenites (Fig. 3.8: s~ below). 

Only A-site minu~ NaM4 versus iVAl exhibits a significant . ~ 
i:. • 'V. 

correlation in the hornblefdes from the syenites (implying that 

edenite substitution is-important). In aIl the'hornblenpes for 
. 3+ 

which Fe was determined, including the granitespnd a sample 
. 

of monzodiarite (Tables A8.2, AS.3, A8.4), a significant 

imbalance (i.e, 0.21-0.48) between the amount of Na plus K in 

the A-site and R3+ plus Ti in the octahedral site on one hand, 
o , 

and the amount of Al (plus Fe3+) in the tetrahedral site on the 

other is obserVed. Substitutions invalving NaM4 (e.g., 

riebeckite" gl,aucaphane or richterite; Table 2.2) may be 

chiefly responsible for balancing the excess charge; however, 

without H20 determinations the possible s~gnificance of oxy-

components (e,g., substitution Il, Tabl~ 2.2) cannat be 

evaluated. The high NaM4 values and low Al, Ti 'and A-site 

occupancies suggest that the winchite in the alkali syeni~e 

'" (84-23) cantains a significant riebeckite component. Reasanably 

90 \., 
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good correlations between A-site minus NaM4 versus iVA1 and 

NaM4 versus viAl (Fige. 3.9.1, 3.9.2) s~ggest that~oth edenite 

and glaueophane substitutions oceur ln the zoned ferroedenit~ 

of MG44. 

Biotite 

Titaniferous biotite or titanbiotite occurs as light tan to 

dark brown ~leochroic, anhedral or 1nterstitial to ~ubhedral 
, 

grains. Inclusions are 'less abund~nt than in amphiboles, with 

apatite, opaque oxides and ~ircon most eommonly ~bserved. Minor 
r' 

incip!ent alteration to chlorite with or w~thout ti~anite ·is 

visible in many sàmples. 

The compositioris (Table'A9.2) plot ~lose to the phlogopite-
-

annite join (Fig. 3.10). Si+AI is almost invariably less than 

four ,requiring the presence of tetrahedral Fe3+. rr\he biotite 

fr~m the qpartz mo~onit~~ 'and especially from the syenites 

spans a larg~ range in XF (0.47-0.69). Though other elernental e, , 
variations are/observed (e.g., Ti, Al), no simple correlation 

\~ 

with any single parameter ~s evident, p~obably reflecting thl 

similar paragenesis (e.g., Czamanske et al. -1977) as weIl fs 

the complex magmatic histories of the biQtite population.. \' 

The measured XFé3+ (Table 2.1) varies from 0.12 for iron-rich 

biotite frpm a plagioclase-phyric syenite (MG40) ,to 0.18 for a 

.sample of quartz monzonite (MG66) (a duplicate of the MG66 

biotite exhiqits an unrealis~ically high value of 0.29; Chapter 

4) • 
2+ 3~ a Fe -Fe -Mg diagram (Fig. - , 

MG40 plots' just In 2.15) , 

above the Ni-Nio buffer, whereas MG66 plots further toward the 

H-M butfer. 
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Figure 3.9. eomposi tional variations indicative ot pos.ible 

coupled' 
- ~ 

substitutions occurring in..~the zoneeS grainà ot 
> 

amphibole in M<;;44. Symbols are th. sam. as in Figure 3.1. 

3 .9 • 1. ~ Total A-site occupancy lesa Na in th. M4 site versus 

tetrahedral Al. 3.9.2. Octahedral Al 
J, 

varsus Na in th. M4 site. 
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Average F " anc.~. Cl "'-contents for 
... 

biotite range f~om 0.67 to 1.64 

wt. -' F and 0.07 to 0.46 wt. ~ Cl~~Table A7.2) and, in as , 
\ 

amph~bole, overlap the range exhibited by the granites (Chapter 

4) • 

Interrelations of .he Mafie Silicate~ 
'-" 1 

The Fe-Mg distributidh coefficient between elinopyroxene and 

amp'hibole ~aries between'.2.07 and 3.87 (Table 3.1) fot the 

pyroxene within the plagioclase-phyric syenites (MG10, 40). 

Whereas these high ~vàlues do not in themselves demonstrate .. 
disequilibrium (cf. Herz 1973), the Mn partitioninq between the 

\1 

two mi~era1s does. ~s noted in Chapter ~, clinopyroxene should ) 

conta in more Mn than amphibole; however, the KoMnamph/cpx ratio 

is typically greater than one (0.87:':-3.21) • The Fe"'Mg 

distribution 
, 1 

~oefficient s~ggests disequilibr-ium ;between the 

early-formed sodian ferroaug~te and the interstitial 

actinolite in the ,most evolved syenite studied (MG8); the 

Ko~e-Mg ~or 0.7~,'depending on whe~her Fe3+ is included or 

not) is weIl below the values expected in igneous rock. (Helz 

1973). 

The Ko values between hornblende and biotite for Fe-Mg, Mn 

and Ti vary from 0.66 to ~.94, 2.53 ~o 3.52 ani 0.26 to 0.38 

for the syenites, and 0.70 to 0.91J 2.19 to 2.69 and 0.23 to 
o' 

0.50 for the quartz monzonites, respectively. Similar values 
1 > 

have been reported from other studies of felsie plutonic suites 

(e.g., Czamanske et al. 1977, Anderson 1980,' Whalen 1985b). 

The correlation between Cl and si content ot the amphibole ia 
> 

~lso ~efleeted in the Cla~ph/Clbid r4tio, which ia lower tor 
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Table 3.,1. Distribution coefficients <RD> representing the co-distribution of Fe-Mg, Mn, Ti, 
\D 
~'F and Cl between the mafic mineraIs of the quartz-poor felsic rock types. Refer to--Table 2.3 

rr' ~ " 
tor the method of calculation. ~~: alkali syenite, PQMZ: ~l~gioclase-phyric quartz 

aonzonite. Other rock- types as in Table 2.1. Clinopyroxene compositions us~d in the 

calculations are as fOlIOW~~ MG8a: sodian ferrOaugite) MG8b: sodian augite (xenocryst)·, 

MGIoa:~odian salite (core of zoned grain), MGIOb: augite (toward"rim of zoned grain), 84-

23a: sodian auqite (colorleas core), 84-23b: aegirine-augite (bright green rim), MG40a: 

sodian auqite (xenocrYst), MG40b: sodian augite (partly recrystallized xenocryst?). * . . 
average of ~ am.~ibole analyses used in the calculation. 
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the Sili~~ amphibole$ (0.,,26-0.29) than tor \sub-ailicaous 

amPhib~l~ ~0.46-0.71). The onë exception, 84-23' (0.43) 

contain~ biotite that exhibits an exceptioo~lly low Cl content 

(0.07 wt. % Cl). This implies that Cl has been preterentially 

lost by the siliceous amphiboles, most likely to a volatile 
.. 

phase (e.g., Chivas 1981), and that amphibole is more likely to 

lose Cl than biotite. In general the Famph/Fbio ratio ia les* 
.. \ 

than one, in agreement with the expected relationahip (Troll 
L~' 

. and Gilbert 1972, Wones 1981); the actinolite obaerved in MG8 
..J 

is a possible exception (Famph/Fbio-l.2) and could have been 

enriched in F under subsolidus conditions. 

ACCESSORY MlNERALOGY 

Oxide Mineral~ 

Magnetite forms anhedral to subhedral, partly interstitial, 

grains. Ilmenite commonly associated with Magnetite (ct. 

Chapter 2) or fo s discrete anhedral to euhedral, raraly 

interstitial, that May exhibit alteration to titanite 

or, in rare cases, hematite. 

As in 

(Chapter 

the meso~ratic intermediate\ and 

2), aIl the magn~tite grai~s of 

. . 
matie lithologies 

the leucocratic 

intermediate and syenitic rocks have undergone extensive 
, 

subsolidus oxidation and diffusion~ The primary and "exsolyed" 
• J. 

ilmenite commonly exhibits distinct chemical compositions 
,4 . 

(Table A10.2). In agreement with other studies (e.g., Neumann 

1974, Mathison 1975), the 11exsolved" ~lmenite ls enriched in Mn 
. "\ \ 

relative to the discret;.e "pX'imarY" grains. Thi. occurs becau •• 

down to about 600°C, Mn' i~ partitioned among magnetite and both 

types of ilmenite. However, below thi. temperature, Mn i. 
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preterentially partitioned into the "exsolved" phase that is in 

contact with the magnetite (D.H. Lindsley, pers. comm., 1986). 

Compositions of i~enite and;magnetite from mafic clots do 

not differ significantly from those obtained' elsewhere in the 
, 

sample. This May indicate that partial re-equilibration of the \ 

oxides has occurred or that they formed in equilibrium with 

their host during the breakdown of the primary mafic xenocryst. 

The range of Mn content in primary ilmenite is limited (2.3-

6.0 wt. % MnO) and none exhibits the extreme enrichment in the 
, # 

PYfophanite (MnTi03 ) component reported from some other felsic 

intrusive bodies [up to 3b.l wt % MnO is reported for ilmenite 
, 

from granites of tbe Finnmarka Complex by Czamanske and Mihalik 

(1972)]. 

other Accessory MineraIs \ 

Apatite is ubiquitous and 
/ 

most a~ in the plagioclase-

phyric samples (e.g.; MG40, 52). It typically forms aoicular or 

pri~matic grains (up to 0.6 mm long) 

core. Coarser, more 

\ also present i~ Many 

represent xenocrysts; 

1 

equant grains 

samples (e.g. , 

in one case, a 
, , 

Table A11.2) is rimmed by colorless 

, 
that May exhibit a hollow 

(up to 0.6 x 0.4 mm)' are 

MG8, 10, 52) and May 

brown turbid core (No. 1, 

apatite (No. ,2, Table 

All.2) that also infills fractures within the coré'. 
1 

Zircon (NO: 4, Table Allo 2J is also ubiquitous, forminq 

anhedral to euhedral, in some cases interstitial or skeletal, 

grai1B that May exhibit zonin~ (rarely with a meta~ict core) • 

. A11anite (N~s. 3, 6; Table Al1.2) is observed in many samples 

(e_g_, MG8, 
Olt. 

63), forminq subhedral to euhedral, pale brewn te 
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dark brown pleochroic grains that are commonly zoned. Hydration 

of the alIan1te to a pale yellow-brown to a ~laSSY brown 

material is common . 
. 

1 Chev~inite (p~rriérite?) 1s observed (No. 5, Table A11.2) in 

several syenitic samples (e.g., MG40) that do not contain 

allanite. rt forms red-brown pleochrolc grains that, in sorne 

cases, are rimmed by a- pale yellow alteration product, ,and rnay 

contain apatite inclusions. Chevkinite la chemically and 

structurally very ~imilar to perrierite (Ito 1967, Calvo and 

Faggiani 1974), and.the two mineraIs cannot be distinguishad 

using the available data. 

Titanite forms inte}stitial grains in some syenites 
-fi 

(e.g. , 

MG8, 84-23) and many quartz rnonzonites (e.g:, MG44, 66). In 

many cases it results from alteration of oxide and mafic 

minerals and could be cornpletely ~condary (e.g., MG66). 

.. DISCUSSION 

sye~ites 

W1th the exception of the alkali-feldspar granites, the, field 

rela tionships between the syenitic and granitic ( quartz 

monzonitic) r'i)Cks are ambigU~. Relative 

monzonites and the two-feldspar granites that 

to the quartz 

d~inate the 

pluton, the syenites show a high Na content .(..pommonly qreater 
.... 

than 6 wt.< % Na20) and agpa1ti9 index (O.83-0.95). 

If the mantled xenocrysts observed in aIl syÈmites studied 
o 

were ignored, manl' syeni tes (e. g. , MG8) would be - cons ider.-

i. e., they would contsin no discrete grains 
~ 

of , 

plagioclase (TUttle and Bowen 1958). Subsolvus syenites 

{i. e., containing dis(;r~te grains of albite and l<-feldapar; 
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e. g. 1 MG10, évidence of 

contamination 

4'> commonly exhiblt abundant 

by more primitive material (see below) that 

~ndoubtedly resulted in Ca enrichment of the magma1 an increase 

in Ca will result in the intersection of the fei~s~ solvus 

with the solidus and thereby result in ttie crystallization of 

two feldspars ~Martin and Bonin 1976). 

A hypersolvus -mineralogy implies that the melt was Ca-peor 

[James and Hamilton (1~69) concluded that at P(H20):1 kbar, 

qranitic liquids containinq 3 wt. % or more normative An will 
1 

precipitate two feldspars], relatively dry and crystfllized ijt 

~ a low P(total) (Martin and Bonin 1976). It is interesting to 

note that the ca-poor granites of the southern half of the 
, 

pluton (C. Gariepy, pers. comm. 1985) are aIl subsolvus. This 

may ref~ect a lower w~ter content of the syenitic mag~a (cf. ~ 

Bonin and Ma~tin 1976) as indi6ated by the late crystallization 
-J 

of amphiDole, contrasting with the early crystallization of 

amphibole ~of similar composition in the granites (cf. Naney 

1983). A more p~bable explanation, considering the shallow 

depth 

" -RQmer 

of intrusion (corresponding ta approximately 2 kbari de 
~ 

1977, Van Bosse 1985), may lie- in the F-enriched 

èha~t~r of the ~ranites (Chapter 4); F lowers the pressure of 

intersection of "the alkali feldspar solvus with' the granite 

solidus by lowering the solidus (wèidn~r and Martin 1987). 

Interpretation of the conditions of crystallization of the 

syenites ie difficult owing to the limited data and the 

_ (,idespread ev1dence of extensive subso'11dùs rec;rystall1zation. 

Th1s la esp~c1ally ev1dent in MG8, a syentte, where the s11icic 

·nature of the amphibole (e.g.', Leake 1971) as well-as tts low 
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Cl ~ontent, the presence of significant al'llounts of microcl in~ 

K-feî(f;par, " within the and the disequi1ibrium among oxygen 

isotopes be~ween quartz and K-fe1dspar (Chapter 6) a11 suggest 

that many of tQe constituent minera1s ha~e recrystallized 
1 

ta 

l~w temperatures~in ~e presence of a deut~tic fluide t' 

There is no evidence of a correlation between XF e, 

'1 

oi the 

biotite or amphibole and,that of the who1e rock 
• l ' 

(Fig. 3.11). 

This i5 consistent w~~h the crysta11izationtor equilibration of , 

these minerals<under variable f(02) conditions (Czamanske and 

Wones 1973, Chivas 1981, La10nde and Martin 1983). For example 

MG40, a plagiocl.âse-phyric syenite, contains, biptite and 

amphibole with higher XFe (0.68 and 0.64) and lower XFe3+ (0.11 

and 0:16, respeetively) than a11 other syenites. -However, in 

MG8, a syenite charaeterized by a higher whole-rock XFe than 

MG40, the biotite and amphibole have a lower XFe (~.57 and 

0.47) , and amphibole exhibits a higher XFe3+ (0.19 to 0.20) . 

These data, a10ng with thé l presence of int~rstitia1 titanite 
'Ill, 

(e.g., Haggerty 1976) in MG8 but not MG40, and the higher XFe3+ 

Of the who1e roek (0.51) versus MG40 (0.26), suggest that the 

. amphibole and biotite ,in MG8 crysta11ized or equilibrated under .. 
conditions of a higher f(~ than MG40. 

The iron-rich nature if the ,ear1y-forming c1inopyroxene 

(XFe=0.54) in MG8 suggê.sts that the high f(02) indica~ed b~ the 

1ate-crysta11izing biotite and amphibole may have developed at 
. 

a 1ate stage during this samp1e's magmatic history or even 

ref1èct subso1idus conditions. An apparent incre~in the 
r-7 -" 

at which the mafie mineraIs crystallized 18 common1y 

loss of H2 via d~uteric fluids at a 
1 

magmatic attributed to 
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3.11. The 

+ 

0.67 

+ + 

0.7 
XFeWR 

Q.73 

relation of whole-rock 

+ 

+ +1 ~ 

'-.. 

0 

0.76 

o 
... 

1. 

0.7&~ 

and mineral 

compositions in terms of XFe (Fe/('e.Mg». S~ols are the same 

aa---±n 'Figure 2.15~ 3.11.1. X,eAmphibole versus--JCFeWhole Rock. 

Lina joins zoned grains, arrow poip~ to" the rima 3.11.2. 

X,.Biotite versus x,.Whole Rock. 

102 

, , 

'-\. 

( 

». 



o· 
J 

( 

... 

o 

... --~----------_:__-----o:__---------------_ 
1 

stage (e.g., Czamanske and Wones 1973) or lre)crystallization 

under subsolidus condi~ons,in the presence of a fluid (Chivas 

1981). 

The 
Si ,. v 

composition of biotite in MG40 indicates a lower f(02) 

than in the granites (Chapter 4) but similar to that observed 
• e 

in the more mafic samples (Chapter 2) and still above the Ni-

Nio buffer. Another suggestion that the syenites were in . 
. general characterized by a rela~vely hlgh intrinsic f(02) (at 

least a~ove the QFM bUffer) is the ~k of evidence that 

olivine was ever a stable phase. T~degree of hedenbsrgite 
. 

enrichment in the clinopyroxene is commonly relâted to o~yqen 

fugacity, (e.g., Larsen 1976, Stephenson and Upton 1982) r the 

apparent lack of hedenbergite in the McGerrigle syenits. is . 

also consrsten~ with their crystallization under a higher 

,intrinsic f(02) than Many other silica-oversaturated alkaline~ 

suites (cf~ Mitchell and Platt 1978, Stephenson and Upton 1982, 

Platt and Woolley 1986). ~ 
1 

The texturaI and. mineralogic\l evidence is Most consistent 

, with a hydrothermal rather thap magmatic oriqin for the sodium­

rich mineraIs of the-alkali syenite (à4-23).~ This evidence 
\ includes: 1) the control exerte~ by tractures and cleavaq •• ... , 

over the replacement of augite cores by aegirine-augite, 2) 

widespread texturaI evidence of albitization of K-teldspar 

along its margin, 

aeqirine-auqite and 

3) heterogeneous development ot both 

intermediate microcline, with Many 

inclusions of clinopyroxene within K-teldspar exhibitin~ littl. 

or no evidence of being replaced by aeqirine-augita, and 4) 

highly sil·iceous nature and low A-ai te occupan~y ot tb.' 
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amphibole. The actual source of the metasomatizing fluid is 

unclear, as none of the other highly evolved syenites (e.g., 

MG8, 83-31) exhibits evidence of having generated an alkali-~ 

rich fluide However, the similar texturaI and mineralogical 

characteristics of a suspected inclusion of alkali syen~te 

within the miaskitic nephelin~ syenite (Chapter 5), suggest 

that a logical source of the metasomatizing flûids may ~e the 

miaskHic nePhetine syenite. As 84-23 OCéur~ on a"riaqrWest of 

~ that on which ~he miaskitic, nepheline syenit~ was mapped (Fig. 

2.1),' this could indicate a wider distribution of this type of 

ne~heline syenite. 

.. .. 

'The relatively fine-grained texture of the majority of 

syenite~ indicates. that - they are unlikely tO" represent 'f 

cumulates related to the granites. As syenitic ~lts occupy a 

thermal 'maximum relative to granitic melts (Morse 196B), they 

cannot be derived by fractionation of the latter. It is thus 
... 

unlikely that the syenites and the volumetrically much more 

abundant quartz monzonites and two-feldspar granites are 
& 

directly related. However, the small amounts of hypersol~us 

alkal i~eldsp~r 

fractionation of 

granite cpuld have been 

a syenitic liquid (e.g., 

derived through 

Abdel-Rahman ~ 
Martin 1987a), especially considering the close association of 

syenite and hypersolvus granite and their - apparently 

gradational contacts. 

Quartz Morizonites 

In general the quartz monzonites commonly exhibit field, 

chemical and mineraloqical evidence that they represent quartz-
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poor or contaminated granites (see above~ . Chapter 
. 

Mineralogical compositions of the quartz ~qnzonites and 

associated granites are typically very similar. For example, 
,-

the magnesiuw-rich compositions of the mafic silicates ,in MG63, 
-

a white quartz monzonite (Tables AS.3, A9.2), are similar to 
.r 

.those of the granodiorite (MG3, 68, 91; Table A8.4, A9.3) ln 

gradational contact contact with MG63. 

The e~act relation~hip~etween the Fe3+-content of amphibole 
\, 

and" ,the f(02) of the melt from which it crystallized, as weIl 

as th~ importance of other factors (e.g., 
\ 

T, comp~sition), are 

not weIl understood (Gilbert et al.' 198~)~ However, the 

agreement between the relative f(02) indicate~by the XFe3+ of 

the amphibole from the two,syenites analyzed eMG8, 40) and th&t 

indicated by other data. (see above) indicatés that XFe3+ can be 

'" qualitativély related to the f(02)~ The limited experimental 
t r 

data availatile are consistent with this conclusion (e.g., Spear 
-)- j 

II:! 

1'981, Thomas 1982). Two samples of quartz monzonite (MG63, 66) 

contain amphibole that exhibits similar XFe3+ to those of the 

granites (0.21-0.23 versus 0.21-0.25; Table 2.1), consistent 
j 

with thelr crystallization o~ equilibration under analogous 

f(02) cohditions. ·The XFe3+ of the biotite :t'rom MG66 a1so 

indicates a similar f(02) as those in the granites (Fig. 2.15), 

i.e., between the Si-Nio and H-M butters. 

The composition [high Ti, Al, alkalis, A-site occupancy, Xpe 

and low Xpe3+ (0.08)] of the ferroedenite in quartz monzonite 

(MG44) are consistent with crystallization at a lower f(02) 

than the other felsie rocks studied (Helz 1973, , Spear '1981, 
. 

Thomas 1982). A 10w f(02) May also explain why a hastingsitic 
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amphibole is more stable in this sample than 'in the more 

alkali-rich syenites (e.g., MG8, 83-31; Thomas 1982). 

,,1 

contamin~tion of Syenites and Quartz Monzonites j 

Most ~artz-poor felsic samples exhibit the following field, 
\ 

texturaI \ and mineralogicai evidence of ·varying degrees of 

contamination: 1) texturaI- heterogenei~y and variable color 

index (e.g., 84-23, MG40, 52, 66), 2) the presence of mantlèd 
-~ " . 

pIagi6clase xenocrysts (McBirney 1979, Hibbard 1981: e.g., MG8, 

10/ 83-16, MG40, 52) or moderately to strongly zoned laths with8 

a resorbed or recrystallizeg core that may be An-rich (e.g., 

MG44, 63, 66), 3) occurrence of variably "recrystallized, 

medium- to coarse-gra ined felsic clots dominated by 

plagioclase, or fine-grained mafic inclusions (e.g., MG8, 10, 

83-16, 84-23, MG4~, 44) 52), 4) occurrence of rare mafic 
, 

xenocrysts that are"typically attached to plagioclase or part 

of a felsic clot (e.g., MG8, 10, 40, 52), 5) presence of mafic 

pseudomorphs (e.g., MG10, 83-16, M~40, 52), and 6) presence of 

apparent apatite xenocrysts'(e.g., MG8). These features. tend to 

be best 

exhibit 

salllPles 

example, 

developed in the plagioclase-phyric samples 

the ~ost primitive whole-rock ~~itions. 
- ( 

the degree of contamination can~e quite 

as noted above,f1\i of MG40 is made up' 

plagioclase xenoerysts. 

that also 

In these 

high; ,Jor:; 

of . mantled ~ 

Contamination of ; magma may oeeur either by m~ng of solid 

màterials with the magma (hybridization) or-by mixing of magmas 

(s!. Whalen and Currie 1984). Several lines of evidence suggest 

tha~ in most cases the source of the xenoerysts was hlghly 
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crystallized 

\ 
so that hybridization appears to hava been ,more 

important than mfxing: 1) ,abundanee ot xenoeryats or 

pseudo~orphs after xenocrysts,in Many sampIes, 2) the presence 
St 

of polycrystalline xenocrysts that may eontain interstitial' 

maf~c 

zones • 

minerals, and 3) the absence of d~dritie or skelet~l 

within or aroynd plagïo~lase xenocr}sts (2!. Hibbard 
~ 

1981, Kuo and Kirkpatrick 1982). However,; it, is clear' on the 

'-basis of field evidence that some màqma mixing did oeeur (see 

above, Chapter 4). 

The identity of the source of the contamination ot the 
~ . 

quartz,-poor felsie rocks is still unclear. The limited tield, 

minera~ogicai and petrographie data suggest that'more than one 
Q 

contaminant was.probably involved, and the type of inclusions 

that occur in a specifie area may be a clue to their ~dentity. 

Unfortunately, in m~y~ses the xenocrysts have at laast 

partly re-equilibrated with their ,post. However, the presence 

of ~aersutite xenocrysts (MGIO) and the An-rich'(up to An49 ) 

co?e of sorne plagioclase grains àuggest that in many casea the 

contaminant was relatively primitive (e.g., gabbro or 

monzodiorÜ:.e, cf. Chapter' 2). On the other hand, the relat~veiy 

evolved cQmpositions of some apparently unrecrystallized augite 
\ 

xenocrysts (No. 12, Table A7~3) and ~antled plagioclas. r 

. f ' 
xenocrysts in a pla9ioclase-phyric syenite (MG40) suggeat that 

\ 

less primitive rocks have also been the source ot some ot th. 

observed coptamination (e.g., Sparks and Mars~all 1986). 

FUrther work on the suspeèted xenocrfsts is required to better 

constrain the identity of their Bource(s). 
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Chapter ... :rIILD RBLATIOHSBIPS, PBTROGRAPBY ,AND H:INB",LO~ OP 

THI GRAHITIC ROCKS 

III'1'RODUCTIOH 

- This chapter presents a synthesis of the, data obtained from 

all the granitic (quartz>20%) samples studied. Most of these 

were mapped as part of the ~ranite suite (Fig. 2.1) • The 

granites of the hytrid suite are included in view of the'ir 

similarity to those in the granite suite as weIl as the 

generally ambiguous contact.' relationships between the two 

(Chapter 1). (' 

Three major subdivisions were recognized in the field: 1) 

plagioclase-dominant granite (Unit 3a; Whalen 1986), 2) K­

. taldspar porphyritic g'~nite (Uni,t 3c), > 3) K-feldspar-dominant 

granite (Unit 3b). 

:rIBLD RBLATIOHSBIPS AND PBTROGRAPHY 

plagioclase-dominant Granite 

The plagioc~ase-dominant granite occurs both in the northern 

and southern halves of the pluton (Whalen 1986). This unit ~s . 
~ 

partly equivalent to the quartz monzonite, and granodiorite 
. , " 

"facies" of the granites, ,described by de Romer ,(1977). The 

plagioclase-dominant granite exhibits a relatively broad range 

of compositional and texturaI variations, and the following. 

s~mmarizes description its general 
o 

characteristics. Two 

texturally or compositionally distinct varieties are recognize~ 

that were not distinquished in the field and are described 

separately: 1) white granodiorite, and 2) granite porphyry 

(i~cluded in both units 3a and 3c of Whalen 1986). 

Samples of plagioclase-dominant granite vary from jine- to 
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coarse-grained with a~ranUlar, seriate or porphyritic 

texture. Contacts with other types of 9ranite in the southern 

half of ,the pluton seem gradational: ho.wever, the relativ* 

sharp lithological changes observed on some traverses indicate 

that sorne' 'intrusive contacts, especially with the K-fel.dspar-

\ . 
dominant granite, are possible as weIl. 

Plagioclase typically forms subhedral, unzoned to moderately 

~oned laths or phenocrysts (up to l cm) whiêh, in many cases, 

are highly recrystallized (Fig. 4.1.4). Sorne plagioclase 
) 

form glomeropor~yritic phe!l0crysts clots. K-feldspar forms 
/ 

typically anhedrai to subhedral, partly interstitial, grains ' 

that exhibit a weakly to wéll-developed perthitic teKt~e. Rare. 

rapakivi ~in some cases as an internaI rim of plagioclase) ~nd 

granophyric textures are observ~d in 'sorne samples. Quartz forms 
"\ 

anhedral to subhedral, commonly interstitial, grains. 

Biotif~ 

present. 

is typically 

pyroxene may 

the dominant 'ferromagnesian 

occur as remnants in the 

mineraI 

core Of) 

am~hibble grains. In one area (ridge east of mont McWh~rter, 

sI. Whalen 1986), anhedral grains of pyroxene a~ the on1y 

ferromagnesian phase present: however, the pyroxene ia not 

i'nter~reted to be primary (Chapter 2)\ Primary accessory 
i" ") 

miner ls observed include~aqnetite, ilmenite, 'pyrite, zircon, 

apa~ite, titanite (secondary?) and allanite. 

White Granodiorite 

The white (occasionally pink or brownish) ~ra~od~ori~e 1s 

restricted to the northern half ot the pluton (e.g., near the . 
'Mage~eine mine and at mont ste-Anne) and fs typically tine- to 

, \ 
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FIGvaB 4.1. GRlRITB 
, .,. 

1. X-teldspar ' (l(') exhibitinq a well,-developed perthitic 
texture. 80th crY8tallographi~ally oriented string/rod and 
noncrystalloqraphically oriented vein perthites are visible. 
Crossed polars. Scale bar - 0.5 mm. X-feldspar-dominant qranite 
(84-526). '\.\ 

2. Bioti~e (B) torminq pseudomo~hs after amphibole. Scale bar 
- 0.5 mm. K-feldspar porphyritic gr~nite (84-79). 

3. Rapakivi tèldspar with apparent replacement of 'perthitic K­
teldspar ~) at it. margins by plagioclase CP). Crossed poIàrs. 
Scale bar .~1 mm. Same sample as Fig. 4.1.2 (84-79). . 

4. Highly reçrystallized plagioclase lath (P) characterized by 
patchy extinction, fading or k!nking of twin lamellae. Quartz 
(Q1 white) and plagioclase Cp) are present as inclusions in the . 
lath. Crossed polars. Scale bar - l mm. Plagioclase-dominant~ 
granite (M'G46). .. 1 -4 . . 
5. C~ystallographically-oriented inclusions ,of biotite 
outlininq hexagonal growth-taces in quartz (Q). Crossed polars. 
Scale bar • 0.5 mm. White granodiorite (MG3). . 

{. 

6. X-teldspar porphyritic granite Und$rgoint conta~ination by 
fine-grained mafic inclusions (M; black)'resulting in .the 
formation ot a zone (gray) ot intermediate' grain size and 
composition. Dark zo~e at middle is a rust stain • 

• 7. Complexly (oscillatory) zoned phenocryst of plagioclase Cp). 
Alteration preferentially affects certain zones • 

. Recrystallization resulting in the fading of twin lamellae and 
déstruction of the primary zonation is concentrated in the 
core. Abrupt terminations of certain zones indicate: partial 
reaction or resorption of the phenocryst. Crossed polars. Scale 
bar • 0,.5 mm. Granite porphyry (MG51). ," 

8. Fractured, weakly zoned plagioclase phenocryst CP) with a 
partially sericitized core and a recrystallized rime The two 
halvas of the phenocryst are separated by a second plagioclase 
lath (p). Crossed polars. Scale bar - 0.5 mm. Granite porphyry 
(MG42) • 
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rnedium-grained and equigranular. Although most samples plot 

within the granodiorite ~ield (streekeisen 1976) sorne fal! 

with,in ,the granite or tona1ite fields. The re1ationship between 

'this rock type and the other types of granite is ambiguous; the 

granodiorite appears to be cross-eut in places by the K­

fe1dspar-dorninant granite, but gradationa1 contacts are aiso 

possible (cf. Girard _1971) . 

The granodiorite, in many areas, contains a large nurnber of 

i~clusions (e.g., 
-

north" of mont Ste-Anne) and, in such cases ,l. 

was rnapped as part of the hybrid suite (Unit 2c, Whalen 1986). 

Plagioclase forms dominantly sUbhedral, weakly to strongly 

zoned laths. K-feldspar is typically anhedral and commonly 

in~erstitial to plagi~lase. Most samples studied are only 

weakly perthitic but exceptions are observed. Quartz forms 

anhedral to rare sUbhedral, partly interstitial, grains. In 

sorne sarnples, rna~y of the quartz and plag~ains contain 

-cryatallographically-oriented biotite and apatite (?) inclus/ions 

(Fig. 4.1.5). 

Biotite is general1y the dominant (and in some samp1es the 
" only) ferromagnesian mineraI present. Biotite ia subordinat~ to 

,amphibole only in white granodiorite samples that contain 

~ abundant' fine-grained, chilled mafic inclusions (e.g., MG97). 

Clinopyroxen'e ls r~str::ieted tq those samples that . contain a 
, 1 

high proportion of such inclusions and i~ commonlY'concentrated 

a10ng the marqin "of the inclusion (Fig. 2.4.7). The pyrox,ene 

grains commonly exhibit varying-degrees of replacement 1 by 
) 

amphibole, especially away trom the inclusion margine Observed 
1 

minerals inc~ude magnettte, ilmenite, pyrite, primary aceessory . 
. 111 
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apàtite, zircon and aIIanite. Several samples (a_g., MG3) lack 

oxide mineraIs completely. 

Granite Porphyry 

A texturally distinèt but volumetrically un important granite 
e> ~ 

type is granite porphyry, whic'h oceurs in both the northern and 

southern halves~ of the pluton (e.g., , " eastern' Cone) It is 

char~terized by the presence of phenocrysts of teldspar, 

quartz and mafie mineraIs in a fine-qrained matrix. Limited .. 
<1 

field data indicate that inclusions are not eommon: however, 

sorne outerops exhibit evidenee of eontamin~tion (~.e., texturaI 

heterogeneity, fine-grained mafie streaks; see below). This 

granite type is interRreted to represent either contaminated 

(e.g., MG42) or quenched (MG51) granite. 

In the samples s"tudied plagioclase is typically the dominant 
t:t 

phenocryst,phase, whereas K-feldspar dominates the generally 

allotriomorphic 
l 

Plagioclase phenocrysts are 

predominantly subhedral, unzoned to strongly zoned (4.1.7), and 

fractured in rare cases (Fig. 

anhedral to 
l' 

:if nearly auhedral, 

'" 4.1. 8). K-feldspar occurs as 
. 

typically strongly perthitic 

phenocrysts that ,may exhibit ~ rapakivi texture. Quartz 

Phenocrys~ral to, subhedral and in some cases app:ar 

to exhibi t a skeletal shape. 1:n MG5,]. the quartz phenocrysts 

have undergone polygoniza~on. Some samples (e.g., MG42) are 

Qeterogeneous, with clots of medium-sized grains (predominantly 

plagioclase) occurring without any interstitial qroundmass 

present. 
. 

Amphibole and biot,ite occur mainly as phenocrysts, thouqh 
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mino~ ,amounts also occur 
't 

in the' groundmass. Remnants of 

pyroxene were observed at the core of rare amphibole grains in 
! , 

one sample (MG42). 

magnetite, ilmenite, 
1 

and allani te. 

! 

primary accessory fuinerals 

pyrite, chalcopyrite(?), zircon, 
• 

include 
10 

apatite 
1 

" 

K-Feldspar Porphyritic Granite 
\-

The K-feldspar porphyritic granite is â relatively widespread 

unit. It occurs in both the rlorthern and southern halves of the 

pluton (cf. Whalen 1986). This lithology can be considered to 

be partly equivalent to the granodiorite ~orphyry of de " Romer 

(197'7). It is typically medium- to 0 c~arSe-grainE\d and eXhihit1' ' 

a well-developed porphyritic tex~re, with phenocrysts of i- ~ 
frldspàr up to at least 1.5 cm. In most cases, the K-feldspar 

porphyritic granite would he modally classified as a 

plagioclase-dominant granite; , howevet, K-feldspar-dominant .. 
samp~es are also observed. c~ta~ts hetween the K-feldspar 

porphyritic granite and K-feldspar-dominaRt granites appear to 

be generally gradational. HowQVer, apparent intrus ive contacts 
, 

with the K-feldspar-dominant granite were also observed (e.g., 

northeast of ,the summit of mont' Jacques-Cartier; cf. Whalen 
• 

\...!l 
1986). Most outcrop~ show no or few inclusio~s except in areas 

close to the hybrid ,suite (e.g., north side of mont Jacques­

Cartier) . 

Plagi~çlase forms predominantly unzoned to weakly zoned 

subhedr,l laths. R-feldspar typically forms anhedral, commonly 

porphyritic, grains that exhibit a well-developed perthitic .. 
and, locally, rapakivi texture. Qua~z forms anhedral to rare , r 
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subhedral or euhedral, predominan~ly interstitial"qrains. 

" Biotite and amphibole typically ~ccur in approximately squal 

amounts. Amphibole i~ absent from only one sample, thouqh 

pseudpmorphs (Fig. 4.~.2) indicate that it was oriqinally 

pre~ent. primary accessory minerals observed are magnetite, 
, 

ilmenite, pyrite, zircon, apatite, .titanite (secondary?), 

allanite and chevkinite(?). 

K-Feldspar-Dominant Granite 

K-feldspar-dominant granite is the most, abundant rock type in 

the pluton (cf. WhaJen 1986). A modally and mineralogically 

distinct variant that was not distinguished in the, field la 

lkali-feldspar granite (Streckeisen 1976), \ to be dis~ussed 
\ 

separately" (see below). The K-feldsp r-dominant 9ranite ie 
. 

generally equigranular; the fine to 

medium in the northern half (especia~iy where associa~ed WÎ)h 
hybrid rOCkS)' and in scattered areas in tlie sout~~rn ilf 
(typically close to the contact with the country rocks), to 

generally medium to coarse in the southern half. The coarser~ 

grained rocks may_exhibit a seriate texture, with crystals of 
, 

K-feldspar up to 1.5 cm. At sorne outcrops miarolitic cavities, ; . 
typically several centimetres'across, are observed. 

The K~ldspar-dominant granite ls very abundant within the 
, 

"hybrid" areas (included in Unit 2c, Wh~len 1986) of the' p.luton 

where it contains numerous inclusions. At only one locaiity, 

north of mont Richardson, was the reverse relationship' 

.. 

observed; there, oval inclusions ot.granite odcur in a more .­

mafia quartz monzonite, which also containe inclusions ot lees 

./ 

1.14 
/' 

1 
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evolved rock types. 

K-feldspar oceurs as anhedral to sUbhedral, locally partly 
~ 

interstitial, grains that commonly exhibit a well-developed 

perthitic texture. It may be mantled by or conta in internaI 

rims of plaqioela,sè (t~akiVi texture) or fo.rm a granophyric 

intergrowth with quartz. .Plagioclase forms anhedral to 

sub~edral laths that are typically unzoned to ~eakly zoned. 

Quartz forms anhedral to rarely sUbhedral, typically 

interstitial grains. 

Biotite is present in aIl the samples studied and is commonly 

the dominant ferromagnesian m~neral. In approximately one third 

of the '"samples, biotite is the à~IY 

however, the presence of 

ferromagnesian mineraI 

present; amphibole pseudomorphs 

indicates that, in at least sorne samples, the primary 

crystallization of· amphibole was followed by its replacement by 
- ~ \., ~ 

biotite. The primary accessory mineraIs present are magnetite, 

ilmenite, zircon, apatite'- titan"ite, allanite and rare 

fluorite. 

Alkali-Feldspar Granite 

Areas of alkali-feldspar granite, (forming bodies up to at 
(' 

least 100 by 500 m; Whalen 1986) have been identified in tPe 

northern half of the pluton (e.~g., on ridge north of mont 

Passe). This rock type could only be dist±nquished from the~­

feldspar-dominant qranite 'in thin section or by ~ining, and 

its abtindance may have been siqnificantly underestimated ~n the 

present study. It is generally medium-qrain~, equigranular and 

exhi~ts the character.istics of a typical hypersolvus granite. 
~ j 
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The alkali-feldspar granite and syenite show both 
~ '" 

gradational 
• and intrus ive contacts. 

The K-feldspar is typicâlly subhedràl and exhibits a 

mesèperthitic texture. Plaqio'clase ls relatively rare, 

occurring as anhedral, recrystalllzed, unzoned xenocrystic / 

grains that are invariably mantled ~nd replaced by K-feldspar. 

Quartz forms anhedral, typically interstitial grains. 
~ 

Amphibole is the dominant ferromagnesian phase present~ 

Clinopyroxene is o~erved in two of the three samples studied. 

Biotite, p~esent in two samples, is subordinate to the other 

mafic minetais. Accessory mineraIs observed are opaque phases, 
.... . 

1> -

apatite, zircon, titanite and allanite(?). No sample of this 
, 1 

rock type was selected for detailed study. 

Relationship Between Granite and its Inclusions 

Inclusion .types observed in the granites include monzoAite' 

• (quartz), monzodiorite (quartz), diorite, gabbro, endoskarn 

(Fig. 2.6.1) and fine-g~ined matic inclusions (Fig. 2.2.1, 

2.2.2, 2.3.1). In the hYb;td zones where they are abundant,'the 

inclusions are,generaIIy Iess than 1 ID across, b~ some exceed 

severai tens of metres. Outside the hybrid areas of the pluton, 

especially within its southern haIt, inclusions are typically 

~ rare and less than two centimetres across. Sorne areas (a.g., 

north of mont Richardson) are dominated by a specifie type of 

p,nclusion, 

cartier) 

... 
whereas others (e.g., trail up 

1 

are characterized by a large variety. 

/ 

mont Jacques-
~ 

In Many cases 

the inclusions. appear to represent older intrusive phases 

broken up almost in !.ill by the intruding grani tic magma. On 
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the other hand, the fine-qrained mafie inclusions exhibit both 

texturaI and ?ield 'evidence that they eoexisted as liquids 'with 

the granite melt (Chapter 2: Whalen 1985a). 
"" 

Where the inclusion content is h~qh, the quartz content . of 

tQe granite commonly appears to deorease, so that it beeomes 

more syenitic or monzonitie (probably reflecting the loss of Si 

to the inclusions; Chapter 2). However, contacts betweeri- <the 

inclusion and the enclosing' granite are typieally sqarp, with 

little or no visible evidence of contamination. Exceptions 
, 

oceur in hybrid zones of the pluton, where contamination of the 

grànite is visible on a hand-specimen (Fig. 4.1.6) or outcrop . 
scale, typica11y resulting in the formation of granite porphyry 

or porphyritic quartz monzonite. In situ contamination is 

visible where fine-grained mafic inclusions have gradational 
1 

contacts with grani~ (Fig. 4.1.6) or where large fine-grained 

inclusions have disaggregated into smaller ones. 

MAJOR-ELEMENT GEOCHEMISTRY 

Selected modes, major-element compositions and norms are 

qiven in Tables A3.3 and A4.3. They- are aIl marginally 

peraluminous, with A/CNK ra~ios between 1.0 and 1.05 and less 

than one weight per cent of normative corundum. Agpaitic 

indices vary from 0.57 to 0.85. In a Na20+K20 versus 5i02 
diaqram, the sample of white granodiorite (MG3) and one samp1e 

of gran~te porphyry (MG42) fall within the subalkaline field, 

while other granite samples plot in the alkaline field (cf. 
, 

Whalen and Gariepy 19B6). General trends of decrèasing Al, T~, 

Mg, Ca and Fe and increasing K, si and XFe are found with 
, 

increasing differentiation index (cf. Whalen and Gariepy 1986). 
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PELSXC MINBRALOGY 

Plagioclase .. 
Plagioclase is typically white or gray and predominantly 

unaltered, exeept for minor sericitization of 
/ . sorne gralns. 

Laths exhibit variable degrees of recrystallization. Strongly 

zoned laths (e.g., Fig. 4.1.7) exhibit a similar sequence of 

zonation to those in quartz monzonite (cf. Chapter 3 for their 

detailed petrographie description). 

AlI analyses of highly zoned plagioclase grains indicate a 

core more calcic than the rime In the white granodiorite 

(MG3)- , core compositions range from sodic andesine to 

labradorite (An
36

_
59

;'Table AS.3) whereas the rim is 01iqoc1ase 

(An
19

- 21) . In the plagioclase-dominant granite (MG46) , the 

core radges from s~dic andesine to labradorite (An39- 52 ), with 

a rim of sodic 01i90clase (An12- 14 ). In the granite porphyry 

(MG42) 1 the core ranges from calcic o1iqC3ooe1ase to labradorite 
r 

with 
... 

feldspar porphy.ritic granite ,(MG83) contains a cdre of 

a, rîm of sodic 01igoc1ase (An13- 14 ). The 1< ... 

calcic 

oligoclase (An23 - 24 ) and a rim of sodic 01190c1ase (Anll- 12 ). 

The dominant1y unzoned grains of the alka11 feldspar granites 
.. 
~ere not ana1ysed but limited optical 4ata indicate an albite 

" composition. 

Several oriqins have been suqqested for h1qhly caleic 

plagioclase cores. They could represent: 1) residual grains 

derived from the source region of the granite (White and 
, 

Chappel:l 1977, Scambos et al. 1986), 2) plagioclase 
... 

crystallized under different physical conditions (e.q., higher 

T, P) or from a more primitive parental magma, ~roJll which the 
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· , granite was deri~ed by fractional crystallization (Tuttle and 

11 Bowen 1958, MeDowell 1978, Loomis and Welber 1982), 3) relict 

phenocrysts derived from a mafie end-member involved in magma 

mixing (Vernon 19~3, Tsùchiyama 1985), 0~4) xenoerysts derived 

through assimilation of mafic iqneous rocks (McBirney 1979). 

The origin of the highly calcie plaqioclase cores (An greater, 

than 40) can~ot be determined on the basis of texturaI evidence 

alone. However, the presence o~ rare subhedral to euhedral 
!J cores, the preservation of relict twinning and zoning (Chapter 

3) , ,the high anorthite contents (up to AnS9 ) and the 

identificat~ of p~agioclase xenocrysts in both the fine­

grained mafic inclusions and the quartz-poor felsic rock types, 

are most compatible with either the third or fourth h~othesis 

(cf. Vernon 1983). 

K-Feldspar 

, , 

X-feldspar is typically brownish or reddish (rarely white), 

moderately to stronqly turbid and microperthitic. It exhibits 

the same range of perthitic and other textures (e.g., Fig. 

4.1.1) as the quartz-poor felsie samples~(Chapter 3). 

Ex~ensive grid twinninq in K-felspar is qenerally restricted 

to samples close to thè outer contact of the pluton. In most 

samples grid twinninq is relatively scarce (Chapter 3). This i~ 

consistent with the cell-dimension data for the K-feldspar 

(Table A6.5), as aIl the analyzed samples are monoclinic 

(orthoclase) to X rays. Traces of microcline were identified in 

some samples (e.g., MG57). The samples exhibit a relatively 

wide range in d~gree of Al-si order (2t1 ls between 0.78 and 
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0.88: Table A6.l, Fig. 4.2) that is similar to the range 

e~hibited by K-feldspar in the quartz-poor felsie samples 

(Chapter 3). The high Or content (or91- 9S ) of the R-feldspar 

and the low An eonten~ of the exsolved albite (AnO_4 ' Table 

~A6.2) are#also analogous to those observed in the quartz-poor 

felsie rocks. f 

The petrographio, structural and compositional similarities 

of the K-feldspar in the grani~e and the quartz-peor falsle 

samples imply that the conclusions reaehed in Chapter 3 equal~~ 
,apply to the K-feldspar in the grani tes, -i. e. , they ahow 

evidenee of widespread interaction with an oxidizing fluid at 

temperatures predominantly above 400oC. 

Rapakivi textures (Figs. 4.1.3) are best developed within 

the K-feldspar-porphyritic granite and its centaminated 

equivi!ent. In the K-feldspar-porphyritie granite, few K-
f 

felàspar phenocrysts are mantled with sedie plagioclase, but 

typically' all phenocrysts 
.... 

are mantled in the contaminated 

facies. 

Generally the contact between the mantling plaqioblase and 

the K-feldspar core is .irre~lar and shows partial. replacement 

of the K-feldspar (Fig. 4.1.3). This texture is especially weIl 

developed 
~ 

feldspar 

in 

also 

contaminated 

seems to . 
granite: 

have recrystallized 

CJr~ins 

to a 

the K-

complex 

intergrowth of K-feldspar and albite (Fi~. 3.2.7). The absence 

or patchy development of twinning in the mantling plagioclase, , 

especially in these samples of contaminated granite, also 

sugqests recrystallization. In some cases the K-feldspar core 

is anhedral, exhibits pl anar contacts vith the mantling 
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plagioclase and may have a intervening partial rim of quartz 

(Fig. 3.2.5). This texture is interpreted to represQnt partial 
, 

\. resorption, of the core, 
. 

followed by later orystallization of . ~. 

the sodic plagioclase, possibly preceded by preoipitation of 

quartz. 
1 

The most common model invoked to explain the origin of 

rapakivi te~tures involves changes in the physioal conditions 

during crystallization [P, T, f(H2 0)] so that alkali feldspar 

is resorbed or replaced and overgrown by plagioclase '(Tuttle 
<, • 

, 0 

and Bowen 1958, McDowell 1978, Cherry and Trembath. 1978). Magma 

mixing (Hibbard 1981) is the mechanism favored to account for 

~he rapakivi tex in the MCGerrigle rocks as it best 

explains; 1) its some samples of contaminated 

granit€" (e.g., 61) , and 2) the variable extent of 

recrystall!zation 
" 

mantling plagioclase. of the 

Recrystallization could reflect progressive destabilization of 

the plagioclase 

(possibly due to 

mantle, as magma temperat.ure 
) 

mixing in of larger amounts of 

component?) during contamipation. 

HAFIC MINERALOGY 

Amphibole _ 

increased , 

the mafic 

Where pres1nt, 

prismatic, pale 

amphibole typically oceurs as subhedr~l, 

yellow-brown to brownish green or dark green 

pleoehroic gra~ns. Optical zonation is only rarely observed and 

typicaIIy weakly de~loped (darker rim than core) • One 

exception is a sample of granite porphyry (MG42) in whieh 

Phe+rysts are commonly zoned fro~ale yellow-brown ta 

brown. 1 oehroie J core to a brownish green rime Inclusions (most 
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o commollly biotite, oxides, apatite and zircon} are ~generally 

abundant. Most grains show minor-alteration along fract 

at grain margins to actin<?,lite, titanite and biotite. 

The zoned phenocrysts in MG42 range from an itic 

hornblende core (Fig. 4.3.1) to a magnesio-hornDlende ri 

4.3.2); sliqhtly more iron-rich magnesio-hornblende occurs 

interstitially (Table A8 .4) • Amphibole from the white 

granodiorite (MG97), close to the contact of a chilled mafic 

inclusion, is dominantly actinolitic hornblende or actinolite, 
. 

b'ut one grain contains a core of magnesio-hornblende. Magnesio-

hornblende i8 also pres-ent in samples of pliagioclase-dominant 

. granite (MG46) and granite porphyry , (MG51). The "K-feldspar 

porphyritic granite .(MG83) contains ferro-hornblende, whereas 

ferro-hornblende and ferro-edenite occur in~ the K-feldspar­

dominant granites (MG57, 83-55). Fe3+ determinations (Table 

2.1) indicate a restricted range in XFe3+ values (0.21 to 

0.25) • 

Thl;'ee distinct "treAds" of amphibole composition are 

~qserved. ~e first trend, ,considered to reflect· the general 

maqmatic evolution of the granites, ls defined by unzoned 

amphibole (i. e. , MG46, 51, 57, 83). Trends of increasing Mn, K . 
éI 

, and-A-site occupancy with increasing XFe amphibole arelobserved 

(Figs. 4.4.1-4.4.3). Theae parallel the change in amphibole 

composition from magnesio-hornblende to ferro-hornblende a.nd, , " . 
finally, ferro-edenite. .. 

, , 

The second trend is observed· in the zoned ph~nocrysts and 

interstitial amphibole of MG42. The two ,zoned phenocrysts 

analyzed show a clear compositional gap between the brown 
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~iqure 4.3. Selected average amphibole compo.ition. trom the 

grànites plotted in the claèsitication diaqram. trom 'Leake 
" , 

1978. 4.3.1. Calcic amphiboles in which: 1) (Ca+Na)M4~1.34, 

2)N~4<O.67, 3) (~a+K)M4<O.5 and 4) Ti<O.5 a~t:u. èompoait1onal 

fields are the sam. as in F~qur. 2.11.2. Line. j01n zoned 

grains wi th rim indicated by an arrow. ·4. 3 • 2 • Cale1e Ulph1bole •. 
1 

in "which: 1) (Ca+Na)M4>1.34, 2) Na,c4<O.67 , 3) (Na+K) ~O.5, 

4)Ti<O.5 a.t.u. and 5)Fe3+>viAl • compo.itional tielda are the , 
. sam. as 1n Figure 2.11.3. 
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" , 
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edenitie hornblende core 

magnesio-hornblende. This 

and 

gap 

the immediately surrounding 

is widest (XFe-O.08) in the 

phenocryst with}he best developed zoning and without texturaI , 
evidence of core reerystallization. Signifieant gaps in Mn, K, 

Al) Cl, Si, Ti, NaA and A-site occupancy are also observad. 

This grain shows oseillatory zoning for some elements (e.g., 

Ti, Si: Table A8.4): however, general trends of increasing Mn, 

K, Cl and Si, and decreasing Ti, Al (both iVAl and viAl), N8A 
and A-site oceupancy with increasing XFe amphibo1e are observed 

(Fig. 4.5.~ 4.5.9). ~ 

The origin of the core of edenitic hornblende is uncleat. 

Chemically it is characterizéd by the highest Al and lowest Mn, 

K and XFe of aIl the amphibole grains analyzed trom the 
" vi granites (Table A8.4). It also coutains a high Al content and 

its XFe lies within the range exhibited by kaersutite of the 

mafic e" '"' rock types (Chapter 2). These primitive chemical. 

characteristies suggest a xenoerystic origin for the brown 
, 

cores (e.g., Didier 1973, Vernon 1983)"possibly derived trom 

an int~rmediate magma. unfortunately, aIl the amphibole grains 

in the intermediate inclusions (Chapter 2) have re-equilibrated 

with their more felsie hosts. o 

The third trend for amphiboles from the granites is best 
" developed in a large grain from the white granodiorite (MG97~., 

T~ere is no optical evidence of zonation, but weII-detined 

compositionai variations occur from core to rime The.e 

variations can be correlated with increasinq silica and 

parallel a compositional,chanqe trom maqnesio-hornblende (core) 

to actinolite (rim) (Table A8.4),. Trencis of. decreasing Ti , Al 
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4.5. Compositional variations of the amphibole from MG42 
~ 

(granite porphyry) with XFe Cin aûoms per 23 oxyqen atoms). 

Crosa: brown core of zone~ grains, star: green amphibole. 
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(principally iVA1 ) , Fe, K, Na and A-site occupaney, and 

increasing Mg with increasing Si are probably the 'result of 

progressive re-equilibration of the amph~bole at lower 

temperatures . and higher f (02) 0 ).spear 1981). The trends are 

similar to those observed from zoned crystals that partly fill 
"'\ 

amygdular cavities and from the recrystallized groundmass 

amphibole 

'~Similar 
in 

trends 

th~ fine-grained ~afic inclusions ( Chapter 2). 

have also been reported from other fels.i,.c 

intrusive bodies (e.g., Czamanske and Wones 1973, Mason 1978, 

Chivas 1981). The siliceous character of the amphibole, is 

unlikely to be of maqmatic origin (Leake 1971, Gilbert et al. 

1982) . and probably re~ult's from progressive recrysta11ization 

under subsolidus condit~ons in the presence of a fluid phase. 

The amphiboles generally conta in more than 0'.6 wt. % F" and 

0.15 wt. % Cl (Table A8.4). The highest values (averaging 1.69 

wt. % F and 0.28 wt. % Cl)' are found in a sample of K-feldspar-

dominant granite (MG57): 

granodiorite (MG97). 

the lowest values )re fOUfd in . white 

AlI three amphibole groups exhibit correlations between A­

site minus NaM4 versus iVAl (Fig. 4.6.1), indicating that"the 

edenite substitution ls important. ~nalyses from MG42 show 

correlations between Ti and iVAI (Ti-tschermakite: Fig. 4.6.2) 

. o~~d viAl versu~ iVAl (tschermakit~; Fig. 4.6.3), suggesting 

that these substitutions also oceur. Substitutions involving Na 

in the M4 site (e.g., riebeekite and richterite) probablyalso 

oceur (Chapter 3). 
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( 
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tetrahedral Al. 4.6.3. Ti versus tetrahedral A~. 

129 

, 
" , 

, , 
--~; 

1\;>; <, 
" 
~ 

./ 

" 



-
4 

"- -~-.~ ~~ ~'~G.~, , 

Biotite 

Titaniferous biotite or titanbiotite typically forms anhedra1 
1 

to subhedral, commonly interstitial, light tan to dark brown 

pleochroi~ flakes. A sample of white granodiorite (MG3) a1so 

containe pale yellow to green pleochroic grains of biotite 

that, along with brown biotite, form crystallographical1y-
, 

oriented inclusions in quar~z and plagio~lase (Fig. 4.2.5). 

Inclusion content is variable, with oxides, ap~tite and zircon 
. 

most commonly observed. Very minor incipient alteratton to 

chlorite, w1th or without titanite or epidote, is common. 

The qomposi tions plot close to the' phlogopi te-anni te j oin 

(Fig. 4.7) and span a relatively wide range of XFe content 

(0.42-0.60). As with the syenites and the quartz monzonites, 

si+Al in biotite is commonly less than four. Although Al and Ti 

are genera1ly lower and Mn is generally higher in the K­

feldspar-dominant and K-feldspar porphyritic granites than in 

the plagioclase-dominant granites (Table A9~3), 

disp1ays no clear trend. 

the data 

The occurrence of the highest Al contents in the biotite from --
MG3 (white granodiorite), the only granitic sample analyzed in 

which no other mafic phases are present, is consistent with the 

observations of Nockolds (1947). These biotites a1so 
/ 

the lowest Ti contents (2.4-2.94 for the brown and 

exhibit 

0.44-1. 26 

wt. , Ti02 for the green) of aIl the grains analyzed and are 

" probably not saturated with Ti. The absence of any Ti-rich 
l'; 

phase such as i1menite or titanite in this samp1e is consistent 

with this inference. The green color' probably reflects both 

the low Ti content and a moderate to high Fe3+ content (Deer et 
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al. 1975). Relative to the brown biotite, the green variety is 

characterized by lower Ti, Mn and Fe, and higher Mg, Al and Si 

contents. \Its oriÇJin is unclear~ however, the :more abundant 

bro~n biotite is likely to represent the equilibrium 

composition. 

The XFe3+ obtained from different fractions of the sarne 

b~otite separate may be very different (Table 2.1). When large 

discrepancies between the two determinations from the same 

separate are present, the higher value was discount'ed on the 

assumption that the ~e3+ of hornplende should be greater than 

Ithat of the coexisting biotite (Doage ànd Ross 1971, Stephen~on 

1977). Apart from minor amounts of chlorite, epidote and green 

bioti te (adding to less than 5%)', brown biotite is the only 

ferromagnesian cmineral present in the white, granodiorite 

studied (MG3); th~ XFe3+ o~ the biotite (0.19) is therefore 

taken to be that of the whole rock. The observed range of XFe3+ 

(0.17 to 0.20) is consistent with the limited range exhibited 

by the amphiboles (Table 2.1). In a plot of Fe2+-Fe3+-Mg (Wones 

and Euqster 1965), the compositions plot parallel to and about 

h~lfway between the Ni-Nio and H-M buffer curves (Fig. 2.15),' 

~~ggesting a relative~y high internally buffered f(02)' Biotite 
" 
fr~R {I-type intrusive bodies of the Sierra Nevada batholith 

"", \ 

4._. 

deCifie a similar trend (Dodge et al. 1969). 
\ 

Average F values are generally g~eater than 1.3 wt. % (Table 

A9.3) and exhibit a distribution similar to amphibole, i.e., 

highest in a sample of K-feld ar-dominant granite (MG57, 3.1 

wt. %) and lowest in the white' ranodiorite (MG3, 68; 0.11-0.24 .. 
wt. % F). Average Cl contents are much less variable (0.34 to 
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0.44 wt. , Cl). , 
The most important controls of the halogen content of biotite, 

are: 1) the activity of the halogen ion or acid present durinq 

crystallization, 2) the composition of the biot~te, 3) the 

tempe rature of hydroxyl-halogen exchange, and 4) the effecta ot . ' 
subsolidus leaching or enrichm~t due to hydrothermal fluid~ 

.~ 

lMunoz 1984). The most important compositional control on the 

F-content is XFè , as Fe2+ prefers to form bonds with OH over F 

(Fe-F avoidance; Ros,enberg and Foit, 1977). Cl exhibits the 

reverse relationship, being concentrated in biotite with 
~ 

increasinq XFe (Volfinger et al. 198~). 
" 

There is no evidence of a correiati~n between XFe and ~-

content (Fig. 4.8.1). This may reflect the importance ot other 

factors [e.g., increasing feHF)]' or the large amount ot . 
analytical error inherent in the determination of F (Appendix 

1). The occurrence o,f highly F-enriched biotite (and amphibole) 

and the presence of fluorite in h~ghly evolved samples of K­

feldspar-dominant granite is consistent with a high feHF), 

either in the magma or in the' fluids derived from ·the magma 

(e.g., Munoz and Ludington 1974). The ~stricted variation ~ 

exhibite~ by Cl with increasin~e (Fig. 40\.2) indicate. that 

f(HCI) did not vary much and may even have decreased. 

Interrelations of Ma~ic Silicates 

Values of KD between amphibole and biotite for bath XFe and 
, / 

Mn are quite variable, ranging from 0.72 to 1.25 and 1.95 to 

~.27 respectively (Table 3.1), whereas those for Ti 'exhibit a 

more limited range (0.30-0F39). These ranges overlap those 
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0.06 

Cl 
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0.51 

0.51 

0.54 0.57 0.6 0.63 
XFe 

+ 

+ 

ta 

• 
0.54 0.57 0.6 '0.63-

XFe 
Variation of halogen content ot~biotite with XFe (in atoms 

23 oxygen 'toms). star: granite porphyry (MG42, 51), 

circle: plagioclase-dominant granite (MGi6), X: K-

reldapar-porphyritic granite (MG83), cross: K-feldspar-dominant 

granite (83-55, MG57). 4.8.1. F versus XFe" 4.8.2. Cl versus 
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observed in the quartz-poor felsie rocks (Chapter ~). The 

Famph/Fbio values~are aIl less than one, as expeeted, and fall 

\within the range seen in the quartz-poor felsic roek types. A 

limited range of Clamph/Clbio values are observed, similar to 

those exhibited by quartz-poor felsic samptes 

nonsilieic amp~ibole. 

ACCBSSORY HIHB~LOGY 
Oxide MineraIs 

containing 

Both Magnetite and ilmenite exhibit the same general texturaI 

and 
> ? 

compositional characteristics as in the quartz-po~r felsie 

~Ck types (Chapter 3). The primary ilmenite exhibits a range 

of\Mn contents similar but even more restrieted (3.9-5.2 wt. % 

MnO) than ,that of the quartz-poor felsie samples. 
\ 

Other Aeeessory Minerals 

Traces of apatite and subhedrai to euhedral zircon (in some 

cases zoned) are ubiquitous, and are commonly associated with 

the mafie minerals. Allanite is ohserved in most samples (e.g., 
? 

MG46, 51), f~rming anhedral or inter~tial to subhedral, 
-------

commonly ~oned, pale yellow to dark brown pleochroic grains. 

With one exception (MG3), . interstitial or rare subhedral 

ti.tanite is observed in aIl the granitic samples d'""Studied. In 
most cases, however, the titanite appears to he secondary; 

resultinq from the breakdown of mafic and oxide minerals. 

DISCUSSION 
-

'The matie silicates, especially amphibole, can be used to aid 

in the clàsaification ot ~ranites (e.q., cpappell and White 

1974~ Wone. and Gilbert 1982). In A-type plutons, amphibole is 
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commonly alkali- and iron-rich, with the calcic amphibol •• 

typically ranging from ferro-edenibe to hastingsitic hornblende 

in composition (czamanske et al. 1977, Anderson 1983) " The 

observed compositional range of the amphibole within the 

McGerrigle granites (magnesio-hornblende to ferro-edenite) ia 

more typical of I-type granite (e.g., Czamanske et al. 1981) 

and is consistent with the subalkaline to mildly alkaline 

whole-rock compositions. 

On the other hand, the high F contents of the biotite and 

amphibole and the occurrence of minor accessory fluorite in the 

McGerrig1e granites are more typical of A-type magmas, which 

are characterized by re1ative1y high activities of fluorine 
1 

(Loise11e and Wones 1979, Collins et al. 1982, Clemens et a~. 

" and Fluorine chemical the physical affects both .1986) • 

properties of the melt as weIl as its evolution, by decreasing 

viscosity (Burnham 1979), and by increasing the stability of 

, amphibole and the ability of the melt ta retain large, highiy 

charged cations such as Ga, Nb, Zr and REE (Collins et al. 

1982) • The F-enriched character of the granites may be 

in . ed from their source, but could also be enhanced through 
'-

magmatic evolution (e.g., Pichavant and Manning 1984). 

In samples the biotite and amphibole 

limited range in XFe3+ that correlates poorly ~ith 

4.9). However, a general~trend of 

(amphibole or biotite) versus Xpewhole rock 1. 

observed (Fig. 3.11). These granites theretore "tollow· "Trend 
l" , 

If'" 1 

J II'' çf Wones and Eugster (1965), indicating that the t(02) ot 

the magma was internally buftered, probably by tbe oxide 

137 

• 1 

! ,. 



C' 

. 

i . 
0.26 

l l 0.22 l l 1 
0 

0.18 

XFe3+AMPH 0 

0.14 

0.1 

( • / 
0.06 
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4.9. œhe relation of whole-rock ~nd ~ineral composition~ in 

terme of XFe3+ (Fe3+/(Fe3++Fe2Y». Symbols are the same as in 

Figure 2.15. Lines join duplicate analyses of the same sample. 

XF.3+biotite versus XFe3+whole rock. 
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mineraIs. 

Data from the K-feldspar-dominant granite are more limitecl, 

as the generally poor condition of the mafie silieattts in these 

rocks discouraged determination of redox ra~ios • The 

compositionally most èvolved sample of K-feldspar-dom1nant 

granite studied (MG57) contains amphibole that plots on the 

continuation of the trend 

(Fig. 3.11.1). 4iotite, 

expected. signiflcantlY, 

of the plagioclase-dominant granite 

however, shows a lower X[e than 
<> 

the subhedral to nearly euhed~al 

amphibole in this sample appears to have crystallized earlier" 

than biotite, which is interstitial. This may indicate an 

increase in f(02) between crystallization of amphibole and that 

of biotite (e.g., Wones and Eugster 1965, Czamanske and Wones 

1973). The increase in f(02) may reflect an increase ,in f(H20) 

or loss of H2 via a fluid phase during the crysta~lization ~ 

history of this sample (e.g., Whitney 1972, Czamanske and Wones 

1973). The limited evidence of local saturation by a fluid 

phase in the more evolved granites (e.g., miarolitic cavities, 
, "-..... 

rare pegmatites) is also consistent with the latter possibil1ty 
D 

(e.g., J~hns and Burnham 1969). A more detailed study of the K-
, 

feldspar-dominant granite would be required to fully evaluate 

the role of fluid satu~ation during its crystallization. 

No attempt has been made to quantify the conditions under 

which the granites crystallized. The XFe3+ of the biotite 

implies relatively oxidizing con~tions, between the NNO and HM 
r""" 

buffers (see above). surpri.~glY, the XFe3+ ot biotite trom 
, 

the white 9ranodiorit~ (MG3), t,{hich containe no oxide minerals, 

plots parallel to that fram the other granites (Fig. 2.15'" 
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indicating that it crystallized at a similar f(02) • 

The occurrence of interstitial titanite in many samples also 

indicates a relatively high f(02) [Chapter 5], at least during 

late crystallization and early postmagmafic stages (Carmichael 

ana Nicholls 1967, Czamanske and Wones 1973). The stability 

curve calculated for the assemblage titanite-magnetite-quartz-

amphibole by Noyes ~t al. (1983) lies between the NNO and HM 

buffers. 

The chemical characteristics (low K, Ti and Fe3+, and high Mg 

and Ca) of the white granodiorite (MG3) are distinctive arnong 

the granites. These chemical characteristics, as weIl as trace-
, 

elernent data (c. Gariepy, unpubl. data), are consistent with 

large-scale exchange of chemical components between MG3 and the --
fine-grained mafic inclusions which represented coexisting 

mafic liquid (Chapter 2), found at the same outcrop. s~rnilar 

associations have been ascribed to liquid immiscibility (e.g., 

Bender et al. 1982); though this is not considered to be the 

case in the McGerrigle Plutonic Complex, it is clear that the 

distribution of elements between the two liquids was in part 

controlled by liquid-liquid distribution coefficient~ a~alogous 

to those determined for immiscible liquids (Watson 1976, 

Ryerson and Hess 1978). For example, the lack of oxide~ within 

MG3 ptobably reflects the low Ti and Fe3+ content of the whole 

rock (cf. Carmichael et al. 1974). However, the composition of 

biotite indieates an f(02) similar to that of the other 

granites (see above). Another possible explanation for the low 

abundanee ~f these elements is the preferential partitioning of 

Fe (Fe3+) and Ti into the mafie inclusion (liquids) through 
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diffusion (Yoder 1973, Ryerson and Hess' 1978). The pres,ence of 

ilmenite and magnetite in white granodiorite from the sarna 

outcrop but close to the contact with a chilled mafie inclusion 

ia consistent with such a hypothesis. 

The occurrence of highly recrystallized laths of plagioclase 

(MG42, 46,51, 57, 83),'zoned plagioclase with an An-rieh core 

(MG3, 42, 46), rapakivi texture (MG83), rare mafie clots (MG42, 

51) and amphibole xenocryscs (MG42) is consistent with variable 

amounts of contamination of the granitic liquid. These features 

are typically best developed 
( 

in the plagioclaae-dominated 
, 

samples (e.g., MG42, 46, 51). 

Apparent xenoerysts, especially of mafic mineraIs, are 

generally lesa abundant in the granites than the quartz-poor 
~ 

felsie rocks. The An-rich core compositions (up to An59 ) of 

sorne of the zoned plagioclase laths from the plaqioclase­

dominant granites and the relat1vely primitive composition of 

the apparently xenoerystic brown amphibole (edenitic 

hornblende) of MG42 sugqest relatively primitive source(s) of 
, 

contamination (e.g., gabbro or monzodiorite, cf. Chapter 2). 

The exact mechanism by which the contamination occurred is 

unclear. The rapakivi-textured grains are interpreted to result 
-

from magma mixing (see ~bove, Hibbard 1981). However, samples 

containing abundant plagioclase xenocrysts, especially wh~n 

present in compound grains, could just as eas!ly he explained . 
by contamination hy previously erystallized material (i .'e., 

hybridization). The predominance of p agioclase xenocrysts may 

,reflect the settlinq out of matie x 

owing to their higher de~sity 
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'.rU IIIPBlLJ:NI 8YB1fX'lS 

ZNTRODUCTIOlf 

The occurrence of small amounts of falsic undaraaturated 

alkaline rocks in the McGerrigle Plutonic Complex is unique in 
, 

the Gaspe area. This rock type was first identified by de 
.. 

Romer (1974, 1977), who interpreted it either as a recent 

hypabyssal intrusion or as xenoliths in granitic or syenitic 

" hosts. De Romer (1977) also reported the existance of a 

relatively large area of nepheline syenite cross-cutting t~e 

" granite and hybrid rocks just east of Les Cones in the southern 

part of the complexe This was not substantiated in this study. 

A whole-rock chemical composition of such nepheline syenita 
.. 

(Anal. 99, Table 4; de Romer 1977) is almost identical to 
-I:j 

compositions of inclusions of endo~karn (Chapter 2), which ara 

common in the same area (cf. Anal. 55, Table 2; Whalan and 
, 

Gariepy 1986). 

The Inepheline syenites can be fj,sUbdivided into two groupa on 

the basis of, differinq chemical, mineralogical and field 

characteristics: 1) tinquaite dykes or sills (Sprensen 1974a, 

b), and 2) pods (7) of miaskitic nepheline syenite (that can 

also be classified as pulaskite). Together,' both types of 

nepheline syenite make up less than l'of the exposed part of 

the complexe K-Ar dating carried out on a biotite separata from 

the miaskitic nepheline syenite (Whalen and Roddick 1987) 
1 

indicates an age of 377±9 Ma, similar to that obtained from 

silica-oversaturated rocks ôf the hybrid suite, , 
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FIELD RBLATIONSHIPS AND PBTROGRAPHY 

Tipguaite 

Tinguaite dykes and sills, up to 3 m across, -were mapped at 
1 '-, 

several localities in the northern half of the complex (cf. 

Whalen 1986). 

porphyritic, 

They are grey or dark green,Q typically 

with a very fine-grained to medium~grained 

groundmass. The tinguaite dykes or sills (occurring in pairs in 

sorne areas) typically cross-eut leucocratic intermediate rock 

types (syenites, quartz monzonites, ~tc.) and, at one 
.-

loeality, plagioclase-dominant granite (Whalen 1986). Chilled 

margins are cornmonly observed, with little or no evidence of 

metasomatism of the host rock at the contact. 

The inclusions present in sev~ral of the .tinguaites can be 

sUbdivided into two different types: 1) xenoliths, and 2) 

cognatè inclusions. The first type occurs as rare angular to 

subangular metasomatized xenoliths of typically intermediate 

composition, up to 4 cm. These inclusions are more mafie than 

. the wall rocks observed at the present level of exposure. The 

cognate inclusi~ps oceur as white to grey, fine- to coarse-

grained, equigranular -to porphyritie, round to elongate 

inclusions (e.g., MG98) ranging from less than one 'Ço over ten 

centimetres in size. Some of the larger cogna te inclusions 

appear to be caught· in the process of breaking up along their 

margins. 

Withih the bodies of tinguaite, K-feldspar oceurs as 

subhedral to euhedral, pristine to moderately turbld perthi tic 

laths or phenoerysts • Some phenocrysts exhlbit a 

glomeroporphyritic te~ture (Fig. 5.1.1). The laths (both 
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fIGURE 5.1. TINGUAITBS 

1. Glomeroporphyritic perthitic X-teldspar phenocrysts in a 
tine-grained qroundmass. Crossed polars. Scale bar - 0.5 mm. 
Sample from a peralkaline tinguaite sill (MG39). 

\ 
2. Trachytic (pilotaxitic) texture formed by laths _ and 
phenocrysts of perthi tic R-feldspar. ~ Crossed polars. Scale bar 
= 0.5 mm. sa~ple from a tinguaite dyke (84-162). 

3. A phenocryst of turbid perthitic K-feldspar (1<) has 
undergone recrystallization (albitization?) to nonturbid 
secondary feldspar (r; light gray) principally along its 
margine The phenocryst is eharacterized by a very patchy 
extinction. Scale bar • 1 mm. Sample from a peralkaline 
tinguaite dyke (84-10~). 

4. Recrystallized remnants (P) of teldspar (plagioclase?) at 
the core of a perthitic I<-feldspar phenocryst (R). Crossed 
polars. Scale bar = 0.5 mm. Same sample as Fig. 5.1.1 (MG39). 

5. Euhedral zoned ae9.irine crystal (Ae) containing a grass­
green core and a blue-green titanian aegirine rime Grain is 
cross-eut by fluorite (F). $cale bar. 0.1 mm. Sample trom a 
peralkaline tinqualte dyke (MG3?). , 
6. Euhedral phenocryst of arfvedsonite (A) coexisting with a 
pnenocryst of aegirine (Ae). Scale bar - 0.25 mm. Same sample 
as Fig. 5.1.5 (MG37). 

7. Remnants of sodie pyroxene (Ae) at the core of sodie 
amphibole (A). Crossed polars. Scale bar - 0.15 mm. Sample from 
a tinguaite dyke (84-149). 

8. Zone dominated by grains of sodie ~pyroxene (Ae) is 
surrounded by grains of poikilitic amphibole CA) plus biotite 
whieh dominate the rest of the slide (with rare grains or 
remnants of a~kali pyroxene). Scale bar - l mm. Sama sam~l. as 
5.1. 7 (84-149). 

,-
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phenocrysts and in the groundmass) exhibit"a weak to strong 

trachytic (pilotaxitic) texture (Fig. 5.1.2) that is typically 

best developed near the margin of the dyke (sill). In moat 

samples the groundmass also contains (and in some cases is 

dominated by) allotriomorphic-granular, fine-grained patches of 

K-feldspar. Minor amounts of anhedral to subhedral albite are 

observed in the groundmass or as inclusions within K-feldspar 

phenocrysts. In one sample (MG39), highly recrystallized 

remnants of plagioclase(?) arè visible in the core of sorne K-

feldspar phenocrysts (Fig. 5.1.4). 

~epheline occurs in all samples as anhedral, commonly , 

interstitial grains or, rarely, as anhedral to subhedral 

phenocrysts • 

Clinopyroxene is the dominant mafic mineraI in aIl the 

samp~es stùdied but one (84-149), in which amphibole is 

prominent. Biotite is ubiquitous, while amphibole occurs 

sporadically. The accessory mineralogy varies from dyka to 

dyke. Accessory mineraIs identified, some of which are 

secondary, include magnetite, ilmenite, pyrophanite, hematite, 

zircon, aenigmatite, sOdalite, fluorite, pectolite, 

astrophyl1ite, apatite, titanite, pyrochlore, wohlerite and 

probable members of the eudialyte~eucolite(?) and rosenbushite­

gotzenite(?) sol id-solution series. 

A ,white cognate inclusion (MG98) consist~ of an equigranular 

framework of moderately to strongly turbi4 perthitic laths of 

K-féldspar, with the rest of the minerals predominantly 

occurring as interstitial graine. Nepheline has apparently been 

completely replaced by secondary alteration products. Biotite 
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and clinopyroxene are the dominant mafie sili~ef' with 

subordinate amounts of amphibole a1so present. The aJeessory 
\ 

mineraIs identified, some of which are seeondary, inelude 

maqnetite, 

calcite, 

hematite, sodalite, apatite, titanite, zircon,. 

fluorite, astrophy11 i te, pectolite(?) ~and 

cancrinite(?) • 

\ 

Miaskitic Nepheline syenite 

Pods(?) of miaskitic nepheline syenite are observed north of 

Mont Passe (cf. Whalen 1986). The poor outcrop coverage 

obscures the exact nature of the contact between the. nepheline 

o syenite and the surroundinq rock types; however, it appears to 

intrude plagioclase-phyric syenite. The miaskitic nepheline 

syenite is grey, porphyritic with medium- to coarse-grained 

phenocrysts in a fine- to medium-qrained groundmass. A hiqhly 

metasomatized, irreqularly-shaped mafic inclusion (approx. 10 
o 

cm long) was observed at one outcrop " whereas fine-grained 

coqnate a~d possibly medium-grained alkali syenite inclusions 

oocur at others. Beiqe or 'white, leucocratic "aplitic" rocks or 
\ 

veins cross-eut or are c~osely associated with the ~Pheline, 

syenite at several outcrops./ _ . \\ 

K-feldspar forms anhedral to subhedral, prist~OnglY 

turbid, highly perthitic qrains or phenocrysts. The elonqate , 

laths (either in groundmass or phenocrysts) commo~ly exhibit a 

trachytic texture. Rare anhedral to subhedral, twinned laths of 

albite are observed in the qroundmass. 

Nepheline forms anhedral, predominantly intersti tial 

(occasionally poikilitic) to rare subhedral grains. It may be 
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intergrown with or included in K-feldspar phenocrysts. 
, 

Biotite i9 the ~ominant malic mineral; it coexista with 

subordinaté amounts of pyroxene. The accessory mineraIs are 

magnetite, apatite, zircon and titanite. 

The \ "apli tic" samples exhibi t an allotr iomorphlo-granular 

te~ture and consist almost entirely of mesoperthitic K­

feldspar. Minor amounts of quartz (or, in sorne sampIea, 

nepheline), as well as titanite, pyroxene, biotite and opaque 

mineraIs are also present. 

MAJOR-ELEMENT GEOCHEMISTRY 

Selected modes, major-element compositions and norma are 

given in Tables A3.4 and A4.4. The miaskitic nepheline syenite 

has an agpaitic index (AI) of 0.93. The tinguaite dykes (sills) 
. ~ 

have an agpait~c index between 0.97 and 1.06 (C. Gariepy, pers. 

comm. 1985). Following Sprensen (1974b), the tin~uaites would 

be classified as either intermediate (AI approximately equal to 

1) or peralkaline (AI greater than 1). 

Relative to the miaskitic nepheline syenite, the tinguaitea 

contain greater amounts of Al, Fe, Mn, Na and incompatible 
r 

trace elements (e.g., Zr, Nb, etc.) '.'!\d lower amounta ot Si, 

Ti, Mg, Ca, K, P and compatible trace elements (e.g., Sr, Ba, 
, 

etc.; cf. Whalen and Gariepy 1986). Elemental variations 

between ~he different tinguaites do not reveal a simple 

relationship between chemical composition and agpaitic index. 

The- intermediate tinguaite (MG9~)· studied ls characterized by 

Ti, Fe, Mg, Ca, P and K contents neaDiy identical to thOS8 of 

the peralkal!ne tinguaites (Table 5.1). When the compatible 

trace elements are compared, MG94 contains lower amounts ot Sr, 
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TOU 5.1. A COMPUlSO.. 0., TJIB CBBMICAL COMPOSITION OF TBRBB 

TlNGUAlTBS 
" 

---~-----------------------------~-------------~-----------Sample MG37 MG39 MG94 
, /'~ - '. 

---~-----------~----------~-------------------~--~--------
Si02 wt. % 59'.56 (59.58 ) 59.97 (59.23) 60.77 (60.19) 
Ti02 0.29 (0.29) 0.30 (0.23) 0.30 (0.30) 
A1203 19.70 (19.31) 19.69 (19.33) 20.06 (19.70) 
Fe203 3.05 (2.98) 3.64 (3.53) 2.51 (2.42) 
FeO 0.90 (0.90) 0.40 (0.40) 1.40 (1.40) 

, FeOT 3.64 (3.58) 3.68 (3.57) 3.66 (3.58 ) 
MqO 0.0 (0.07) 0.04 (0.03) 0.03 (0.04) 
MnO 0.27 0.27 0.24 
CaO 0.86 (0.90) 0.78 (0.78) 0.77 (0.78) 
Na20 9.35 (9.21) 9.28 (9.07) 8.78 (~.62) 
K20 5.05 (4.99) 5.13 (5.06) 5.05 (4.94) 
P205 0.04 (0.09) 0.04 (0.08) 0.03 (0.09') 
(Na+K)/Al 1.06 1.06 0.99 

--~-------------------------------------------------------Rb ppm 186 183 175 
Sr 27 71 9 
Ba 70 87 71 
Y 61 65 47 
Pb 31 30 " 22 
Zr 

Cl 
1803 17076 1348 

Nb. 332 335 250 
Ta. - 17.9 16.2 
Th. 59.4 61.0 35.2 
La. 155.1 149.4 
Ce. 248.5 233.7 
Nd. 54.0 0_ 50.3 
sm. 9.39 8.47 
Eu. 0.63 0.54 
Tb. 1.38 1.16 
Yb. 7.25 5.94 
Lu 1.2,2 1.03 

-----------~---------~--------------~---------------------. , 

Values in b~acket~ and those marked by an asterisk were 

determined by Dr. C. 
, 

Gariepy by XRF and neutron activation. 

other values were determined at McGill University by XRF on a 

Philips PW1400 X-Ray spectrometer unit using either a fused 
f " \ 

pellet (predominantly major elements) or dry-pressed 'pellet 

(most trace elements). 
, ' 
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similar Ba and lower amounts of Eu than thé peralkaline 

tinguaites. Most incompatible elements (e.g., Zr, Nb, Y, Pb, Th 

and REE) are more abundant in the peralkaline ting~~ite8, • 

whereas similar amounts of U, Rb and Ta ~e present in aIl 

three samples. 

FELSXC MINERALOGY 

K-feldspar 

The K-feldspar ~s microperthitic; it varies from being weakly 

perthitic to mesoperthitic. The exsolved albite forms blebs, 

flames, patches, rims, braids or veins. 

As in the other rock types gr id twinning is only rarely 

developed and aIl the samples are monoclinic to X raya (Tabl~ 

A6.6). However, traces of microcline were identified in all 

spectra. The miaskitic nepheline syenite (MG16) contains 

o.rthoclase with the most ordered structure (2tl.0~89). The 

tinguaites (MG37 , 94) conta in thè:most disordered K-feldspàr 
1 

sampled frofu the pluton, ranging from low sanidine to 

orthoclase (2t1=O.72 to 0.79; Table A6.1). Bath phenocrystic 

and groundmass K-feldspar were analyzed in MG94; the 

phenocrysts -exhibit a lower degree of order. The data from the 
J 

tinguaites are consistent with their occurrence as thin late-

stage dyke~ that presumably cooled relatively rapidly, and 

experie~ced limited interaction with deuteric tluids. 

In a È versus ~ plot (Fig. 5.2) , 
~ 

the K-teldspar trom the 

miaskitic nepheline syenite plots outaide .the quadrilateral ot 

ideal cell-diménsions (Kroll and Ribbe 1983) for the alkali 

feldspars. Such deviations may result from the substitution of 

imperfectly-sized cations such 
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Figure 5.2. Plot of b versus c unit-cell dimensions for K-

teldspar trom the nepheline syenites. LM: low microcline, HS: 

'high sanidine. Filled 0 circld; ~iaskitic nepheline syenite, 

star: tinguaite'. 
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strUcture (e.q., stevenson and Martin 1986). 

Compositionally, the K-feldspar varies from or94-100 (Table 

A6.1) indicating that extensive exsolut~ ot albite has 

occurred. The exsolved albite ~n every sample has an estimated 

composi tian of Ano (Table A6. 2). The lower proportion of 

diffraction ~ines assigned unambiguously to K-feldspar than to 

albite (13 to 19 versus 31 to 54) suqqests ~pat the original 
~ 

homogeneous feldspar was albite-rich (e.g., White and Martin 

1980). Although the feldspar in hypersolvus rocks commonly 

exhibits an Ab-rich bulk composition (or25_45Ab70_50AnO_5' 

SpSrensen 1974b) , possible albi te enrichment through 

metasomatism by a Na-rich fruid must also be considered. 
, 

Petrographic evidence for such metasomatism is observed in sorne . 
samples (Fig. 5.1.3). Such interaction must have occurred above 

the stability 0 field of. microcline (>4000 C) and probably 

involved deuteric fluids qenerated during crystallization of , 

the nepheline syenite. The presence of late-stage \teinlets and 

veins cross-cutting the miaskitic nepheline syenites and some.A 

of the tinquaites (e.g., 

generation of such a fluide 

Feldspathoids 

~ 

MG39) is consistent with the 
) -

. . -

Nepheline is the most abundant feldspathoid. Average analyses 

(Table A5.4) exhibit low to ,moderate Ca (0-0.24 wt 'CaO) and 

average Fe (0.19-0.72 wt. 'Fe20
3
). The observed ~iscrepancies_ 

between Na+K+ica and Al+Fe3+ (cation proportions) suggest some 
l 

volatilization of the alkalis under the probe beam. The average 
o - l' () 

nepheline compositions in the system nepheline-kalsilite-silica 
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(Table A5.4) plot near the ideal composition for plutonic 

nepheline (Ne74.0Ks22.IQtz3.9; Edgar 1984). 

Sodalite is common in the peralkal ine tinguai tes, as 

interstitial grains or as"anhedral to subhedral and, in sorne 

samples, possibly resorbed phenocrysts. However, it is 

typically absent or extremely rare in th~miaskitic nepheline . 

syenite and the intermediate tinguaites. The analyses of 

sodalite (Nos. 4, 7; -Table AII.3) all indicate the ideal 

formula Na8(A16Si6024)Cl2' though the. low Na contents (16.8-

20.8 wt. % Na20) imply that significant loss of Na occurred 

during analysis. The composition~~re characterized by low K 

and Ca and high cl relative to sod~ite da\a rep'orted by Deer , 

et al. (1963). 

The agpai tic . index of the magma does not appear- to be a 

significant factor in determining sodalite stability as it is 

commonly repo~ted from miaskitic rocks (e.g., sprensen 1974b). 

stormer- and Carmichael (1971) conclud,d that the stability of 

sodalite is predominantly a function of silica activitYi 

however, there is no evidence that the intermediate tinguaites 

were characterized by significantIy higher activities of silica • • 

than the peralkaline ones. Rather, the sca~city of sodalite in 

the intermediate tinquaite studied (MG94) implies that other 

factors such as a lower Cl activity (e.g., wellmaq 1970, Sood 

and Edgar 1970) were probably more important. 

MArIe MINERALOGY 

Pyroxene 

In the sample of miaskitic nepheline syenite studied, yellow-

green to apple green pleochrofc aegirine-augite (Table' A7. 4) 
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forms anhedral to subhedral, rarely interstitlal, gràins or 

phenQcrysts. Rare grains exhibit slight normal or oseillatory 

zoning, with a rim typically darker than the core. In rare 
. 

cases, remnants of colorless pyroxene are observed in the core. 

The grains that were analyzed, howev.er, show an essentially 

uniform composition. 

The tinguaites contain anhedral to euhedral, rarely 

interstitial prismatic grains or phenoerysts that vary tram 

yellow~brewn to deep green pleochroic aegirine-a~gite in the 

intermediate _tinquaite- (MG9"4), and yellow-green to grâss green 

or deep green pleoehroic aegirine in the peralkaline tinguaites 

(MG37,39) and the white cognate inclusion (MG98). In the r 

peralkaline tinguaites, some grains have blue-green zones or, 

more typically, a rim of titanian aegirine (Fig. 5.1.5). A rare 

late-stage pale brown, sl!ghtly pleoehroie rim of aegirine (No. 

4, Table A7.4) ls also observed on some grains of aegirine in 
... 

one of the peralkaline tinguai~es (MG37). In one sample (MG39), 

aegirine forms a mafic clot (Fig. 5.3;3) of nearly equig~anular 

grains with minor amounts of biotite, magnetite and K-teldspar 

that may represent a pseudomorph. 

Relative to sodic pyroxene compositions -reported tram 
, 

alkallne undersaturated suites in the reeent literature (e.g., 

Gomes et al. 1970, Larsen 1976, B~ooks et al. 1982, Brousse and 

Rancon 1984), the McGerrigle pyroxenes are characterized by 

normal to moderately high Al contents (0.89-2.3 wt. 'Al203), 

'. average ta high Ti contents (0.36-4.0 wt. , T!02) 1 low to 

moderately high Zr contents (0-1.8 wt. 'zr02) and average to 

moderately high Mn contents (0.30-2.4 wt. , MnO) 
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1. Poikilitic lepidomelane (b). Scale bar - 0.5 mm. Sample from 
an intermediata tinquaite dyke (MG94). . 
2. Remnants of Mq-rich biotite (b) at the core of an aeqirine 
phenocryst (As). 'Scala bar - 0.15 mm. Sample from a peralkaline 
tinguaita sill (MG39). , 

3. Matie clot èonsistinq of approximately equiqranular grains 
ot aegirine (Ae) plus minor amounts of biotite, K-feldspar and 
maqnetit~. Scale bar • 0.5 mm. Same sample as Fiq. 5.3.2 
(MG39). ' 

4. Pseudomorph atter amphibole consistinq of arfvedsonite (A), 
aegirine (Ae) , 0 pectolite (p) and minor fluorite. Scale bar = 
0.5 mm. Sample trom a peralkaline tinquaite dyke (Mq37). . 

5. Fibrous clump of astrophyllite (a), probably a pseudomorph 
atter biotite; the black areas are aeniqmatite. Scale bar - 0.5 
mm. Sampl~ fram a peralkaline tinquaite dyke (84-105). 

6. Zoned tluorite crystal (F). Scale b~r = 0.1 mm. Medium­
- graineâ white cognate inclusion in a tinquaite dyke (MG98) • 

. 
7. Wohlerite (w) . Scale bar - 0.1 mm. Same sample as Fig. 
5.3.i. 

8 •. Pyrochlore (p) • Scale bar - 0.1 mm. Same sample as Ficj. 
5.3.1. 
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The sodic pyroxene from the tinguaites is essentially silica­

saturated (Si approximatly equal to 2.0); therefore, the 

majority of the aluminum is octahedrally coordinated, resulting 

in the presence of up to 10.1 mol. % jadeite component. 

Significant amounts of jadeite in low-pressure sodie pyroxenes 

are not uncommon in silica-under~aturated rock ~ypes (e.g., 
~ 

Popp and Gilbert 1972). The pale brown late-stage (possibly 
~-

postmagmatic) aegirine overgrowths are the most enriched in the 

jadeite component, probably reflecting the increased" stability ~ 
of jade;te relative to nepheline and albite with deereasing 

. 
temperature (Popp and Gilbert 1972, Rpnsbo et al. 1977). 

Whereas the Ti contents of the aegirine-augite in the 

miaskitie 

un1formly 

peraikaline 

nephelin~,syenite and the intermed~te tinguàite 
\ 

low (0.38-0.55 wt. % TiO~), the a~?i1ine in 
. . 

tinguaites exhibits a wide range of values. 

are 

the 

The 

highest values are obtaineft from the blue-~reén rim, and thè 

lowest are typically from the greenish core of both the 

groundmass and phenocrystic aegirine. ,Similar- Ti-enriehed 

aegirin~ ... in silica-undersaturated alkaline rocks has been 

reported at severai other loealities (e.g., RpSnsbo e't al. 1977, 

Ferguson 1977, Nielsen 1979). Sinee the aegirine is 

approximately siliea-saturated, the component çaTiA1 20 6, whieh 
, 

contraIs titanium substitution in titansalite (Chapter 2), is 
. 

• not important in these pyroxenes. Rather, Ti incorporation is 

probably the result of the substitution of a NaFMo.sTio.sSi206 
')+ 

component (where FM=Fe N 

1 Mg or Mn) into the pyroxene 

et al. 1977, Ferguson 1977). The chief divalent cation 

is Fe2+, as Mg and Mn are low in aIl cases and remain 

1 
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or increase only slightly from the Ti-poor ~ore.to the Ti-rich 

rim in zoned aegirine (cf. Nos. 2, 3; Table A7.4). The presence 

of excess Na over car~ulated Fe3+ (or even total Fle) in aIl the 

grains analyzed from the tinguaites (but not in the miaskitic 

nepheline syenite) indieates that other Na-bearing eomponents, 

such as jadeit~ and NaFMO.5Tio.sSi206' must be present. 

As Ti, Zr is coneentrated in the blue-green rim of the 

titanian - aegirine, even though both cations eompete for the 

same,site (Ml; Larsen 1~76). Zr probably enters the aegirine by 

substituting ·for Ti to form a NaFMo.sZro.sSi206 eomponent 

(Ferguson 1977, Jones and peekett 1980). Paradoxically, the 
i 

lowest Zr values in the sodie pyroxene analyzed (commonly less 

than 0.1 wt. %. Zro2 ) are also found in the peralkaline 

tinguai tes, typieally in cores of both groundmass and 

phenoerystie aegirin~. The low Zr content of the core likely 

reflects the high solubility of zirconium ,in peralkaline melts 

(watson 1979b). Zr enrichment in the pyroxene is therefore only 

'observed wqen it cry.stallizes from late-stage residual liquids 

that are enriched in Zr (relative to the bulk rock) • 

i ·2+ The behavior of Mn m rrors that of Fe ; both elements are 

most abundant in -the aegirine-augite of the intermediate 

tinguaite. 
, .... 
\ 

Unlike biotite, the aegirine in MG39 is not highly 

enriched in Mg relat~ve to that in'MG37 (0.29-0.75 versus 0.23-

o . 47 wt . % MgO). 

The compositional variation in sodic pyroxene can be 

illustrated in. a plot of Na-Mq-Fe2+ +Mn (Fig. 5.4) • The data 

points do not fall on a smooth trend, as has been reported for 
-

numerous other undersaturated alkaline complexes (e.g., Tyler 
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Figure 5.4. Selected pyroxene compositions plotted in terms of 
1 

.. l 

1 Na-Mq-Fe2++Mn. Symbols are the same as Figu~~: 5.2. Pyroxene 

compositional trends from other silica-unde~saturated alkaline 

suites: 1) Itapirapua (Gomes et al. 1970), 2) Uganda (Tyler and 
/\ 

King 1967), 3) South Qoroq (Stephenson 1972), 4) Coldwell 

nepheline syenites (Mitchell ~ Pla~t 1982), 5) 

(Larsen 1976). 
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and King 1967, stephenson 1972). The reason is that the 

aegirine-augite from the miask;tic nepheline syenite is 

character1zed .by a much higher XMg than the aegirine~auqite 

from the intermediate tinquaite dyke. A 'continuous 

compositional trend in this diagram is commonly interpreted in 

terms of consanguinity of the alkaline maqmas from which the, 

pyroxenes crystallized (e.g., stephenson 1972, Nielsen 1979). 

The apparent lack of a smooth trend in the MCGerriqle rocks 

does not disprove a genetic link between the tinquaites and the 

miaskitic nepheline syenites but indieates that processes or 

factors other than closed-system fractionation [e.q., 
-

vari~tions of f~02)' P(H20)] must be partly responsible for the 

1 observed cornpositional variation. 

Amphibole 
, 

Amphibole oceurs in a minority of the tinguaites as anhed~al 

to subhedr~l (rarely euhedral), eommonly interstitial or 

poikilitic, unzoned grains or phenocrysts that exhibit a 

yellow-brown or browniah green to black or deep blue-green 
1 • 

pleochro~srn. In 
1 \ 

one of 
. 

the peralkaline tinquaites (MG37), 

amphibole also oecurs in searee fine-qrained clots; it 

constitutes, with other mineraIs, an apparent pseudomorph after 

an amphibole xenocryst (Fig. 5.3.4). 

Analyses from a peralkaline tinguaite (MG37) reveal a 

composition of manganoan potassian arfvedsonite (Table AS.S). 

Relative to arfvedsonite from other nepheline syenites (e.g., 

Larsen 1976, Ferguson 1977, Brooks er al. 1982) this one is 

characterized by high Mn (2.5-3.4 wt. ~~~ and K (2.1-3.3 wt. 

~59 
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'K20), and low Al (0.9-1.5 wt. % A120 3), Mg (1.1-2.4 wt. % 

MgO) and Ca (0.7-1.7 wt. % CaO). Arfvedsonite is characteristic 

of the most highly evolved peralkaline rocks of alkaline 

undersaturated suites (Mitchell and Platt 1982). 
< 

Variable relationships between amphibole and sodïc 

clinopyroxene are observed from one tinguaite to the next and 

even in thin section. In some cases one phase partly replaces 

the other·(Fig. 5.1.7); however, examples where both appear to 

be'at equilibrium are also observed (Fig. 5.1.6). 

Biotite 
, 

Biotite is present in aIl the nepheline syenite samples 

studied; it· is most abundant in the miaskitic nepheline 

syenite, where it torms light tan to dark greenish brown 
, 

pleochroie, anhedral to euhedral, , partly interstitial, flakes, 

(up to 3 mm across), of manganiferous titaniferous biotite (Fig. 
, 

5.5; Table A9.4). It is less abundant in the tinguaite dykes. 

With one exception, these rocks eontain anhedral 

subhedral or euhedral, commonly interstitial or 

to sc\trce 

poikilhic 

(Fig. 5.3.1) yellow-brown or orange, to dark brown or black 

pleochroie manganiferous titaniferous lepidomelane. The 

exception, a peral~aline tinguaite from a sill (MG39), contains 

anhedral, partly interst~tial, flakes of pale ~rown to brown 
\ , , 

pleochroie manganiferous titaniferous Mg-rich biotite. In this 

samp~e, as weIl as in the white cognate inclusion· studied 
,\ 
J 

(MG98), biotite also occurs as remnants in the core of aegirine 

grains (Fig. 5.3.2). 

Relative to -biotite compositions -reported from other 
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nepheline syenite suites (e.q., Rock 1978, Mitchell and Platt 

1982, Brooks et al. 1982), the MCGerriqle examples are 

characterized by hiqh Mn (1.~-4.8 wt. % MnO), mQderate Ti (1.4-

4.0 wt. % Ti02 ) and low Na (0.03-0.18 wt. % Na 20). 

Biotite displays a larqe deqree of compositional variation 

amonq the different samples of nepheline syenite. However, 

apart from a qeneral trend of decreasinq iVAI with increasing 

agpaitic index (Fig. 5.6.1) , the observed compositional 

variations do not conform to a simple evolutionary sequence. 

'Therefore, each type of biotite will be described separately. 

The biotite from the miaskitic nepheline syenite is Mg-rich 
, 

anp Mn-poor relative" to the lepidomelane of the tinguaites 

(Table A9.4). The lepidomelane is characterized by high Mn, 

variable Ti, low F and approximately constant XF • The X-sites 

are~PiCallY completely filled in lepidomelane. ;he proportion 

of viAl ls very low in both the miaskitic biotite as weIl as 

the lepidomelanes, with Fe3+ required to occupy the tetrahedral 

site in some samples (e.q., MG94 , 98). 

The Mg-rich biotite observed in ,MG39' is characterized by a 

low XFe , high Mn and t~e presence of large amounts of viAl. The 

low totals (91.6-94.0 wt. %) may indicate the presence of large 

amounts of Li; the high octahedral Al contents may reflect the 

substitution of LiviAl for 2(Mg,Fe2+) (Vlasov 1966, Burt and 

Burton 1984). 

The XFe3+ (Table 2.1) of the biotite from the miaskitic 

nepheline syenite (MG16) varies between 0.26 ~~0.27, whereas 

one determination on lepidomelane (MG94) indicates an XFe3+ of 

0.20. In terms of the Fe2+-Fe3+-Mq diagram (Fig. 2.15), th~ 
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biotite from the miaskitic nepheline syenite indicates f(02) 

conditionJbove the hemati te-magnetite buffer, whereas biotite 

from the ntermediate tinguaite indicates a value between the 
o 

Ni-NiO and Fe3 0
4

-Fe
2

0 3 buffers. However, the actual values are 

l ikely much lower, especially i~ the intermediate tinguaite, 

where the high Fe 2 + (and Mn) and low Mg contents of the mica 

require the presence of app~eciable a~ounts of Fe3 + ~o 

stabil~e the structure even at low f(02) conditions (Hazen and 

Wones 1972, Hewitt and Wones 1984). 

The Mg-rich nature of the -biotite from the miaskitic 

nepheline syenite' and the peralkaline tinguaite (MG39) is 

(". consistent with a high f(02) (cf. Wones and Eugster 1965). The 

presence of Mg-rich biotite is esp.ecially surprising in the 

peralkali~e tinguaite where the whole-rock composition is 
u 

very 
, 

Mg-pool; (0.04 wt. % MgO). The fact,.that the Mn content of the 
r 

Mg-rie}}. biotite of MG39 is almost identical 1 to that of 
. 

lepidomelane from" another peralkaline tinguaite (MG37) of 

nearly, identical whole-roc~ composition (cf. Table 

indicates a 

biotite. The 

close relâtionship between the two types 
h .. 

shortage of Fe in the biotite can be related 

5.1) 

of 

to 

the' predominance,of ferric over ferrQus iron in the malt, as 

indicated by the high XFe3+ of the who!e rock (Table A4. 4) • 

\. 

A decrease of F w~th increasing XFe (bioti~e) ,is oes,!Irved ~ " 
• • .. ~ n • - ,,). • .., '11' 

5.6.3) • Sodic amphibole in MG37 partitions'" F 

preferentially over biotite; this is the reverse of the typicai 
1 . 

relationship (e.g., Wones 1981). Both relationships reflect the 
2+ 4 -

Fe -F avoidal'fce rule (Chapter 4). Though the .. amphibole has a 

similar Fe content to the biotite,' a large p.!oportion ot th. 
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lron 18 probably located within the M2 site, which does not 

form dlreet bonds wlth an OH-site, unlike the Ml apd M3 sites, 

or the Ml and M2 sites of biotite (Rosenberg and Foit 1977). 

ACCBSSORY MlNERALOGY 

Aenigmati te 
. , 

Aenigmati te is observed' in most peralkaline tinguaites 

studied (e.g., MG37); it forms red-brown t~ black pleochroic, 

i anhedral to euhedral, partly interstitial, prismatic grains. 

The aenigmati te (e. g., No. 2; Table Allo 3) is character ized 

by low Al, Mg, 3-H.t Ca and calculated Fe .- "",,-Xhe- composition is 

therefore similar to that of end-member Ti-aenigrnatite 

2+ Na2Fe STiSi6 0 20 

5 • 9 wt. 'MnO). 

except for an extreme-enrichment in Mn (4.6-

The most Mn-enr~ed aenigrnatite recorded so 
... 

far (4.4 wt. 'MnO) has been deseribed from foyaite by Marsh 

(1915) • The 3+ Fe -poor nature of the aenigmatite is 

charactel;i~tic of that coexisting with arfvedsonite "and 

aegirine, 
""" 

relatively 

whereas its Ca- and Al-poor nature may reflect a 

low tempe rature of crystallization (Larsen 1977). 

J The 
1'b 

lack of coexisting Fe-Ti oxide mineraIs is consistent with 

~ the existence of a no-oxide field where sodie pyroxene and 
~ , 

aeniqmatite coexist (Marsh 1975). 

) ~ 
Oxide MineraIs • 

L • ,~ • 
'" .. , ' , , 1) 

The miiskitic nepheline~syenite co~taint~~~edral grains ot 

>-- }!~q!!~ti te that, 

(Table AIO. 4) • 

in some cases, contain lamQllae of pyrophani te . 

The intermediate ,tinguai te (MG94) contains' 

lnhedral ~ ra re- subnèdral, commonly intersti tial, grains of , , 
, 

maqnatite as weIl as subhedral grains of ilmenite, that may • 

." 
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form ~1~~~. Magnetite in MG94 invariably contalns fine-tr.l~ 

or sandwich' .inter~rowths-of Mn-rich ilmenite or pyroPhanit~ 
(tlle "ldth :.t.411!Ie'lamellae iB smaller than the diameter o t': th. 
probe'eam used) • 

The 'aenigmatite-free pera1kaline tinguaites (e.g., MG39) 

contain predominantly anbedral, in part interstitial, graina,of 
. 

magnetite that commonly exhibit replacement by hematite, 

pyrophanite or titanite. 

The oxide mineraIs in the nepheline syenites are 

characterized by a high Mn content, as is commonly observed in 
, 

other a1kaline complexes (Neumann 1974, Brooks et al. 1982). 

The Mn enrichment of i1menite lamellae or the presence of 

pyrophanite 1ame11ae in magnetite reflect the preference of 

for the rhombohedral 0ler th~ spinel phase. under 

Mn " 

low-
;-

temperatu;-e conditions subsolidus "oxidation-ex~olution" of 

(e.g., Haggerty 1976). The Mn-rich compositions probably 

ref1ect the high Mn/Fe2+ ratio (0.112-0.667) of the parental 

magma, again reflecting their high XFe3+ values (Tabl~ A4. 4) . 

Ilmenite is commonly absent trom undersatur~ted rocks and 

magnetite is " depleted in the ulvospinel component (Haggerty 
' ... 

1976). In ~ndersaturated magmas where a5i02 la d~fl~e~ ~the 

alkali feldspar - nepheline buffer (Carmlçlrael et", al. 1970) 
" . ' : ~' 

tftanite 1$' commonly the ·stab!"'e ,Ti-containinq mineral. The 
. ( . 

'stability of tit~nite can be related to ~(02) and 8 5i02 as 

illustrated by thr followinq reaction: 

3caFe5i206 + ?FeTi03 + 02 - 3caTi8105 + 2Fe30 4 + 38102 (D. R. 

Wones, unpubl. manuscript) 

that can be described by the ~ollowinq expression: 
~ 

166 

'r 

\ 



c 

( 

, • J 
10~(02) = GO/RT + 310gaoaTidi05 ~'21ogaFe304 + 310ga5i02 

310gaC~Fesi206 - 310gaFeTi03 

this reaction it can be seen that titanite and magnetite 

wou1d be favored by high f{02' and 10w (5i02 cat 1east above 

titanit~-p~rovskite buffer) if the activities of ~he other 

From 

the 

components are assumed to be constant. ,?" 
In one of the peralka11l}-e tinguaites (MG39),' Magnetite is not 

accompanied by an ear1y~~~rming Ti-rich phase. The Magnetite in , 
these samples is characterized by exceptiona11y high Mn (8.3-

9.3 wt .. % MnO) and low Ti (0.06-0.16 wt. % Ti02) and exhibits 

no petrographie evidence of having undergone, "oxidation-

exsolution" resulting in the formation of lamellae of a 

rhombohedral phase. As Mn " should have been parti tioned 

.. 

preferentially into any such lamellae t it appears unlikely that 

any. major amounts of ilmenite was evk"exsolved ll (though sorne "­

Ti ,possibly diffused to the grain boundaries and formed 

secondary . titanite during rela~y high-tempèrature 

interaction with deuteric fluids; D. H. Lindsley, pers. comm. 

1987). Therefore, the Magnetite was probably initiàlly highly 
( 

depieted in'. t.itanium. Instead 'of forming a separate Ti-rich 

phase, 'the Ti a~pears to have been concentrated in ,aegirine 

(e.g., No.' 5, Table A7.4) a situation consistent with à 

1 relatively high f(02) in this tinquaite [e.g., Verhoogen 1962, 

HagqertY·1976]. The lack of~rimary(titanite in these rocks May 

refléct a lower acao in the tinguaites relativl to the 

miaskitic r.epheline syenite. 
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, , ;/ 
other Accessory Minerals 

The nepheline syenites, and especially the tinguaites,. are , 
characterized by a btoad range of diff~~nt accQ~sory minerals, 

some ef which have rarely been reported before in Canada (e.g., 

Traill1980). 

Titanite (No. 1, 
~ 

miaskitic nepheline 

Table A1!.3) cryst'allized~early 
.., 

syeni t:,e where ft "commonly forms 
, . 

in tpe 
rhomb-

shaped or aci~ular grains, sometimes with a hollow core. In 

contrast, it commonly appears to be secondary in the tinguaites ~ 

(wtth the possible ex~~ption pf"the white cognate inclus~n), 

forming by deuteric alter~tion of the oxide phases. 

zircon is common in the miask~tic 'nepheline syenite and 

intermediate tinguaites, and typically exhibits textural , 

evidence of a late' crystallization . \ 

. 
sh~pe [skeletal 

.(poikilitic) or interstitial to K-feldspar]. zircon is scarce 

or absent in the pera~kaline tinguaites (MG39: ~o. ci Table 

A11.3). ~ ..... 

The zircon-free peralkaline tinguaites (e.g., MG3'7) contain 

a Na-zr/silicate (No. 
\ 

5, Table Ai1.3) that forms predominantly 
,(' 

interstitial, colorless to pale pink-brown, low-birefringent 
, 

grains. This mineral is aikely a member of the eudialyte~ 

eucolite 
, . 2+ . . 

series (Na,Ca,REE)5(Fe ,Mn) (Zr,Ti) [(Si309)2](OH,Cl). 

The pale pink-brown zones may result from incipient Alteration 
. 

of thedeudialyte-eucolite, as totals of analyses are invariably 
. 

lower' in' those than in the colorless zones. The chief 
~ 

differenc~ with previously reported compo,iti~ns of eudialyte-

eucolite minerals is the high si (53.8-56.8 versus 46.1-53.~ 

wt. % S~02) and low Na (1.1-3.4 versus 11.4-15.7 wt. t Na201 
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Oeer et al. 1986). These discrepancies probably reflect Na loss, 

thrà~gh~ -~ vO~,atil iz"{i:on unèie~ 
similâr' -analy~~al \ pro,Él,ems 

the probe beam during 

were reported by Carr 

analysis; . 

~t al. 

(1976)., ' ) 

The presence of zircon rather than a'Na-Zr ai~icat~in. MG39 

May appear anomalous as MG39 and MG37 are characterized by the 

same agpaitic ~nde~ and near-identical whole~rock compositions 
1 .: 

(Table 5.1). Since MG39 expibits 
, 

petrographie evidenge of 
o 

contamination (e. g. , Figs. 5.1. 4, 5.3.3) 'i - the zircon could 

represent a xenocryst; however, no stgn of resoi:;'p,tion is 
. 

visibl~~ -Since the formation of Na:Zr minerais depends'on an , 

excess of alkalis (curri&"1976), the presence of 
\ ,-

zircon'_ in MG39" 
• 

- May be related 
/ 

." ... , 
to the higher F,eJ*'lre2~ ~ratio of thls rock. 

.. 3+ 
Watson (~9~9b) 8Ugges~ed that alkali c9mp~e~i~g with Fe . (and 

Al) takes piace in preférence to alkàli-zirconium silic~te' 

cO~Pl.e~illg; J'l'therefcfre,' ~ncrea~ing t~e amount of Feb+, in a melt 

will deçrease -the amount.of alkalis available to complex with 

zirconium. r.~ 

Tbe intermediate tinguaite (MG94) als~ contains two other . -.'~' ... {" 
... \ . '" 

~irconium~rich mineraIs. The first occurs as colorless to 

yellow pleochroic, interstitial tô rare sùbheQral grains (Fig. 

5.3.7), some'of wh~ch exhibit complex'polysynthetic twinning. 

Its chemical composition (No. 10, 

that of wohlerite 

\ 

Table ~11.3) ls similar to 
/ 

[Si20 7 ~ F: 1966) ... ' 

ntly interstitial grains ,Colorless, low-birefringent, 

. show a ~ilt\ilar ca~a ratio, but .lower' t,otals (86.9-87.5 versuf? 

92.3-93.5 wt. t; Table'A1l.3). They also show higher amounts of 
• 

Ti (6.8-7.6 versus 1.1-1.2 wt.( % Ti02) and rare earths (e.g., 
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0.73-1.0 versus O.1~O.24 wt. % ce'203)' and lower Zr '(7.5-8.3 

"'velsus 13.7-14.'2 wt. %, zro2) an.d Nb (1.2-1.5 versus 1100-11.4 
f 

wt. % Nb;03). This mineral may be a member of the ros~nbu~hite-: 

gotzeni~ series (Ca2Na4Zt;Ti) [.Si207 ] (O,OH,F)2; Oeer et al. J 

1986) but this could not.pe·~pntirm~d by the available.data.' 
f : ~ -- ., . 

The intermediate tinguaite,also contains relatively rare pale 

yellow-9reen cub~s of pyrochlore (Fig. 5.3.8; olassified after 

Hogarth 1~77), for which partial analytical data are given (No. 
~ 

~ 

9, Table Al1.3). The occurrence 'of pyrochlore ia probably the 

resul~ of bot~ the high whole-rock Nb (250 ppm) and Ta (16.2 
- -'ppm) contents and the absence of large amounts of Ti- ,or Na-Zr-

phases such as titanite, into which Nb and Ta could substitute 

.(Gerasimovsky 1974). 

Astrophyllite, 

, 
~ . 

prismatic or fibroua grains in many samp1es of pera1kaline ~ 

, ' 

tinguaite (e.g., MG3?). Incipient ~ltera~on of biotite to 

1 astrophY~lite, main1y' a10ng c1~avage planes, is o~served in 

so~e samp\es. In one samp1e astrophy11ite forms round, fibro{s 

c1umps lFig. S.3.5} that appear to represent pseudomorphs a~ter 

biotite. Biotite ëéing an aluminous minera1 (Al greater,' or 

. equal to Na+K) , it ls not surprising that it ~ woul~ b,ecome 
". 

) 

unstab1e in increasing1y" pera1ka1ine mel ts and · al ter to 
~~ ~ . 

. astrophyllite, whose structure exhibits several s1mlllarities 
. 

with that of the trioctahedral ~icas (Woodrow 1967). The 
, ~. .. 

absence of '.astrophyllite, in MG39 is consistent wlth the 
. " 

apparent a~tipathetic r$~ationship bétween .a.troPbYllit~ 'and 
, 

Fe-Ti oxides phase~ reported by Marsh. (1975), and' implies that, 
• 

of the 'magma 
1 

influences in part the atability of .-

~ 

"'.:J.d>· ... .;"'1~.:': ..... 
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astrophyllite. The astroP311i~\e compositions are similar ta-

• 1\ 
those reported from other u ersaturated s~4tes (MacOona~d and 

Saunders 1973); they Ca, Al and Mn contents. 

pectoiite, .ca2NaH[Si03 ]3' rma anhedral to euhedral b1aded 

gr;ins in aIl the peralkaline t{ng~~ites studied. It appears t; 

be predominantly primary, b~t may be du~ to a1teration of 
'1 

nepheiine in the white cognate inclusion (MG98). The pectolite 

i h t i ~d b 1 ti 1 h' h M t t ( 4 w(t % s c arac er ze y re a ve y ~g n con en s 3.38-5.6 
,1:1 (é, 

MnO) (Oeer et al. 1978). 
. 

. Li~e ."sodalite, fluorite is predominantly r~stricted to the 

peralkaline 

occurring 
• 

tinguaites, typicallY as a 

either interstitially or 

l~te-forming minerai 

infilling late-stage , 
microfractures. Rare subhedral zoned grains (Fig. 5.3 •. 6) were 

:;: 

~lso .observed in the white cognate inclusion (MG98). The 
o _ 

presenc~ of fludrite indicates the importance of fluorine among 
o 

~he volatile constituents in the peralkaline tinguaites. 

DISCUSSION 
y 

In general, the mineralogy of the different typé~ of . 
nepheline ,syeni~e indicatès that they are unlikely to be 

-related by simple closed-system fractionation, .as the physical . . 
• 1 

conditi~ns of crystallization [principally f(02) and probably 

P(H20)] vary from sample to sample. 

.... The miaskitic nepheline syenite (~G16). appea:r;s to have 

crystallized under relatively hi9~lY'OXftidi~inq ,conditions, as 

inàicated, 'by the Mq-rlch eomp~sition of both its biotite and 

: clinopyroxene, the high F;,e3+ content of the biotite, the lack 

Z-

of sodie amphibole and ~he presente o~ e~~ly-forming 
t 

titanite t 

cgexistinq with maqnetite (Carmichael and Nicholls~ f967, 
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Haggerty ~76). The- best availàble restimate of f(02\ . (trom ~he 
(~ 

\ Fe3+ content of the biotite) indicates conditions above the 

ttagnetite-hematite buffer,. However, the presence af abun~ant . -

ma9netite implies that ~his estimate is higher than the ~ctua(' 
value. The occurrence of metasomatized inclusions~ abundant . 
late-stage veins and aplite indicate that farge amounts of 

deuteric ffUid were probably evolved from the nepheline syenit, 
, . , 

at a late stage; this implies a relatively hig~ initial P(H20j. 

The conditions under which the'intermedi~te tinguaite (MG94) 

crystallize~ are poorly- Gonstrained. As for the miaskitie 

nepheline syenite, estimates of f(02) from the Fe3+ content of , 
.. , 

the biotite are likely grossly exaggerated. The occurrence -of 
. 

both ilmenite and mag~étite, the late crystallization ~f both 
... "" ...,. 

biotite and'magnetite; and, the-more Fe-rich nature of- the mafie . 
silicates in the intermediate tinguaite are consistent with a 

~ 
• 

lower f(02{ and probably P(H20) t?an the miaskitic nepheline 

·syenite. i On the basis of experimental data, Bailey (1969) .. 
maximum... concluded that the pres~nce of arfvedson~te indicates a 

temperature of 7000c and a f(02) in the range defined by the 
" " , , wustite-magpetite and QFM buffers.'Therefore, the lack 

.. 
of sedie 

~mphibole in MG94 probably implie~ an f(02) above the QFM 

buffer. The relatively disordere~. K-fel:spar ~n this sample 
. * ' indicates limited interaction with deuteric fluids • . 

The assemblage~ in - the peralkaline tinguaites conta in 

aen~gmatite and' arfvedsonïte (e.g., MG37). probably place, t è 

tightest constraints on the conditions o,f' crystallization. 

'Curtis and Cur.r:ie (1981)' concluded, on the basis of available ~ 

"thermodynamic data for ~he fCP2) buffering reac~: 
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1/202 + Na3Fe5Si8~22{OH)2' + 2/3KAlSi3~8 + NaAl~~o4 = 3NaFeSi266 
+ 2/3KAIFe3S13010 (OH)2 + NaAlSi308 + 1/3H20 

that peralkaline magmas that coprecipitated sod~c pyroxene and 

arfvedsoni~ic amphibole crystallized at temperatures that could 

not have been much above 650°C. They'also concluded lhat these 

mineraIs indicate an oxygen fugacity weIl below the quartz-

" fayalite-magnetite buffer. Furthermore, end-member aenigmatlte 
,"-

has been shown to be ~table at temperature~ below 8000 C along 
~ 

the QFM butfer at P(ff20) above 1 kbar; the maximum stability of 

aenigmatite' là probably limited to f(02) values 1 log unit at' 
... 

most above the QFM buffer (D. -H. Linds.ley, per:;. comm .. 1987). 

} MG37 and MG39, which exhibit nearly identical whole-rock 

compositions (Table 5.1)\and are closely associated in the 

field (Fig. 2.1) , are probably derivpd rrom the same magma. . ' 
However, their respective Mineralogies are very different. The 

extreme Mg enrichment of the biotite, lack of sodic amphibole, 
\.-1 

prÉtsence of Ti-poor, Mn-rich magnetite rather than aenigm~tite, "'--, 

lack of astrophyllite and Na-Zr silicates (and presence of 

. zircon) " as well as the high whole-rock XFe3+ of MG39 indicate 

that ~f.crystallized under much more oxidized_conditions, than 

. . ... '.. ., ~-, 

MG37. - 1 _ ~ 
The development of-more oxi~zing conditio~s in MG39 probably 

reflects thé breakdown of the aegirine-arfvedsonite butter 

(Lar.sen 1977, curtis and Currie 1981) that May have contralled_~ 
'" " ~ 

the f(~2) in MG37. If the f~02) of MG39 was internally buffered 

(Carmichael and Nicholls 1967)- it would have ta involV~ 

.,..'-
equilibria between magnetite-biotite-acmite. Possible bUffering 

reactions wauld ne: .. ' 
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1) 

6NaFeSi206 ' } 

2) 2KAlFe3Si3010 (OH) 2 + 3Na2Si 20 5 (liquid) + 

+ 

. , 

• 

~ 1.502 = 6NaFeSi20 6 '+ 2KAlSi30a + 2H20, 

or a combination of the two. There is texturaI evidence (~iq. 

5.3.2) for the second reaction. No field, 

evidence is found for sat~ation with 
" 1 

Rather, the presence of abunda'nt 

chemical or texturaI 
~ 

a volatile phase. 

fluori te-bearing' 

microfractures ,in MG39 indicates that the volatiles remained in 
p -

solution unt~l the very late stages of ,crystallization, an 

inference consistent with the high solubilty rof volatiles in 

alkaline magmas' (Kogarko 1974, Burnham 1979). Therefore, there 

1 is no direct evidence that the f(02) was externally controlled 

• 

by the exsolution of a fluid phase (e.g., Larsen 1977). If the 
. 

breakdown of the arfvedsonite-acmite buffer reflects an 

increa$e in f(02)' it could have ~eert caused by.the loss of H~' 

from the thin sill (les~ than 2 ml, presumably by diffusion. 

The occurrence of Ti-rich aegirine in the two 
, . peralkaline 

• 
tinguait~ indicates that it can form under ~elY, wid~ 

range of oxygen fugacities, and does not necessarily imply a 

highly oxidizing environment (e.g., Czamanske and Atkin 1985). 

The absence of a significant Na~gO~5Tio,5Si206 compone nt in the 

titanium-rich aegirine from MG39 is probably related to the low 
~ 

activity of MgO in the ma~ ~ather than low t(02) [~. Niel •• n 

1979J. Ti-enrichment of aegirine is aependent on the 

composition of 
• 

,) 

aTio2 or aNa20~ 

the magma from which it crystallized (e.~, ~ 

1': 
Nielsen 1979>.,: which d~pends itselt in part on 

the type and abundance of Ti-mineraIs that crystallized tram 

174 

, 1 



1 

l, 

- "Il) 

, , 

the m~ma. sinee titanian aegirine typieally oecurs as a late-
, 

on Ti-poor aèqirine, erystallizing stage rim any early or 

coprecipitating Ti~rieh phase can only deplete the amount of Ti 
<, 

available to/enter the ~eqirine. The stability and abundai"lce of 

any Ti-mineraI (e.g., titanite, ael1igmat;i te) .are partIy 
--

dependent 
,j. 

but the activities of other components 

( e . g., S 10
2

, "CaO, FeO) J.n the'-magma are also important. 

Felsib undersaturated aikaline. magmatism, esp~cially 
C " 

involving agpaitic rock types in a continental setbdng, is 

typicaIIy assoeiated with a tensional environment (e.g., 

'sprensen 1986). Éxamples inciude the Gardar Province (Upton 

1974), the Oslo Alkaline Province (Neumann 1980) and the 
~ 

Montereqian Province of southe~n Quebec (Eby 1984, 

• 
1985). The 

alkallne maqmatism within these provinces is attributed té 
, 

riftinO (e.g., ~umarapeli and SaulI 1966, Bailey 1974) and is 
. , 

eommonly localized a~ound faults or areas of structural 
1 weakness (Kumarapeli 1970, Upton 1974, Bedard 1985) • 

Tne origin of fe1sie undersaturated rock types is generally . 
ascrlbed to one of two models~ The first involves 

" differentiation of a1kali basa1tic, basanitic or nephelinitic 

. magmas 

Priee 

at 

et 

low to high p~essures (Coombs and Wi1kinson~ 

al. 19.85, Sprensen 1986), whereas' th: ~econ~ 

1 

attributes their origin to partial me~ting of lower brustal . . . 
rocks that may Havefundergone metàsomatism py alkali- anâ rare 

element-riCù1 volatiles derived from the mantle (Bailey 1974 , 

Marsh 1987). 

Severai lives ot evidence are consistent with the derivation 

of ~he McGerrigle nepheline syenites through differentiation of 
" 
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• 
a mafic par~nt. The analy~ed alkallne mafic rocks ot the pluton 

~ 

conta in up ta 6 wt. % normative nepheline (Chapter 2) and 

therefore could be representative of the parental magmas trom 
• 

which the nepheline syenites were derived (e.g., Kyle 198IT. 

The observedodepletion of Ca, Sr and Ba and well-developed Eu 
, 

anomalies .(Whalen and Gariepy 1986) are consistent with the 

occurrence of sfgnifieant amounts of feldspar fractionation. 

Depletion of cr~i, Se and Mg indieates that fraetionation of 

a mafie minera~) [clinopyroxene?: Chapter 2) probably also 

oecurred. The observed enrichment in incompatible elements 
. , 

(e.g., Rb, Zr,""1fu, Th, u.., etc.; Whalen and Gariepy 1986) 

especiall'y in the tinguaites, is consistent with their 

"-
..) . 

formation from highly fractionated residual liquids. Th~ 

limited amounts of nepheline syenite observed is also 

consistent with a residual charaeter. 

The isotopie data, on the other hand, indicate a more complex. 

picture, as the different samples:é~ibit a wide range of Pb 
, 

isotopie ~alues (C. Gariepy 1. pers. ,comm. 1985) and a moderate 

range of oxygen isotopie values (Chapter 6); in both cases the 

peralkaline tinguaites exhibit the highest values. La Rocque 

(1986) obtained a high initial 87sr/86sr ratio (between 0.7109 , 
to 0.7115 depending on the model age used) for a tinquaite 

.... 

sample 
\ 

from the same locality and exhibitinq a similar 

mineraloqy to MG39. Sueh a high value indicates at least sorne 

\ interaction of the,'nepheline syeni~es with cru.tal rock •• 

Significantly, th~ presence of matie ~eUdomorp~., 
recrystallized . ~emna~ts of ''''plagioclase at the core of 1(-

, 
feldspar phenocrysts\ and rare xenoliths (of basement?) 
~ 1 

also 

\ ~76 

" 

1 
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suggest relatively late-stage contamination of the peralkaline 

tinguaites. Blaxland et al. (1978) attributed the 87sr/86sr 

enrichment 
, 7 ~ 

of agpaitic sy~nites from the Ilimauss~'complex te. 

preferential 
87 -leaching of Sr from the MalIs and roof of the 

magma chamber by highly reactive volatile-rich agpaitic magmas. 

Another problem with ·a model involving fractional 

crystallization is the lack of observed intermediate members 

between the alkaline mafic and nepheline syenitio compositions.~ 

This may'reflect the mechanism by which differentiation teok 

place or the higher viscosity of the intermèdiate magmas 

relative to the high-temperature mafic and volatile-rich felsie 

magmas (e.g., MacDonald 1974, Philpotts 1982). 

The miaskitic nepheline syenite is enricbed in compatible 

el~ments (e.g., Ca, Mg, Sr, Ba, etc.) and depleted in 

incompatible elements (e.g., Zr, Nb, Th, etc.; Whalen and 
, 

. Gariepy 1986) relative to the tinguaites and could 

theoretically represent the paren1al magma from which they were 

derived. since the molar fractions of 2caO+K20+N20 exceed that 

of Al 203 in the rniaskitic nepheline syenite, it 60uld aet as 

parent to peralkaline residual magmas through the "plagioclase 

effect" (the inability of pure albite to crystallize from ~ 

liquid containing Ca; Bowen 1945, Bailey and Schair~r 1966). f 

However, no anorthite component was identlfied in the~4K­

feldspar. Rather, the Ca of the mia~kitie, n~Pheline syenites 

. appears to be predominantly concentrated in the aegirine-augite 
. ~ 

(3.0 , of the rock, ave~9inq 17 ~. , CaO) and titanite (1.9 % 

ot thè rock, 26 wt. "Cao). It therefore appears unl;kely that-
1 

the tinguaites formed throuqh fractionation of the miaskitic 
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nepheline syenite . unless the rniaskitic nephelina syenite 

fractionated under different physicochemical conditions, for 

examp.le at lower f ,-°2 ), which eould ~.t~yor the inéorporation of 

Ca ~o the! feldspar over titanite. 

The dhemical similarities of the tinguaites indicate that 
• 

they are probably closely related and derlved from the sarna 

parent. At leastfs.?me of the' interrnediate tinguaites (e.g., 

MG94) exhibit compositions as evolved, or m'ore so, than the 
. 

peralkaline tinguaites with respect to many elements (e.g., Sr, 

Ba, Mg and Ca; Table 5.1). Therefore, the observed variai ion in 

agpaitic index (0.97-1.06) cannot be explained by a simple 

process of fractional crystallization. An alternative mechanism 

involves the loss of a Na-, Zr- and rare-element-rich volatile 

phase from an originally peralkaline magma (e.g., Larsen and 

Steenfelt ~974). This could explain why elements such as Na, 

tr, Nb and REE, which would complex with volatile eomponent~, 
,J 

principally f and Cl, are depleted" ln MG94, 
1 

wher~ 'others 

(e.g., Ti, . Mg ,. K), remain unëhang~d. The sqarci ty or abSJElnce of 
r; .' .-

sodalite and fluorite within the intermediate tinguaites 

relative to the peralkaline ones, as weIl as their more 
r. 

primitive isotopie eharaeter, are also consistent with thair 

formation from magmas' characteriz\ed by a lower volatile' 

content. 

The abo\1e considerations. suggest that although the 'nepheline 

syenites are probably derived from the same ~r very similar 

parents, t~eir evolution cannot be explained in terms of a 

simp~el of closed-system fractionation. Rather, proe.aaes 

invo1vinq crustal contami1atio~ and 10ss ot volatiles must a1so 
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be responsible , for the observed chemical, mineralogical and 
\ 

isotopie variations. 

The most plausible model involves differentiation of 

. undersaturated alkali basal tic or basanitic magma(s) at 

moderate pressures (i.e., within the crust but significantly 

belQw the eurrent level of exposure) to form undersaturated 

felaie residua. During their rise to the present erustal level, 

the nepheline syenitid magmas were variablY contaminated by 

~, 

(

cru8tal ma~erial~and, in sorne cases, probably lost volatiles 

(po8sibly owing to dee~pre8sion, due to a rapid rise toward / . 
\ 

" the surface). Crustal contamination prineipally resulted ih 

changes of the isotopie composition of the ~agma,-

108a of volatiles can a6count for at least sorne of 

-
wherea." ~e 

the obs~ed 
chemical 'variations between the different tinguaites. other 

hypothe~es, such as par~ia1 melting of metasomatized lower 

4Crust, cannot totally be discounted by the current data, but 
a 

seern unnecessary to explain the· observed cornpositional 1 

\ variations '1 (. 

j 
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CDAPTER 6. PRBLIKlNARY STUDY OP THI OXYGIN XSOTOPI GIOCHBMI8TRY 

OF TRB MCGBRRIGLB SUITB 

INTRODUCTION 

• oxygen isotopes / hav~ hecome most important tocls . ~ 

,~ya~lable to an igneous petrologist (c • Valley et al. 1986). . . 
Th~s approach has been used alone combination with other 

types of isotopie and geochemical data to determine: 1) the 

char~cteris~ics 
derived (e.g., 

of the source from whieh the igneous magma was 

o 'Neil et al. 
"\ 

1977, O'Neil and Chappell 1977), 

2) the degree to which crustal contamination of the melt has 

ocèurred , (e.g., Taylor 1980, James 1981) , and 3) ~the 

significance ot fluid-rock interactions (e.g., Taylor 1977, 

Taylor and Forester 1979). 

Mineral phases in isotopie equilibrium concent~ate 180 to 

varying degrees. The extênt of f·raeti"onation is princiP~ly 
controlled br temperature and the chemical composition of the 

phases (o'Neil 19~6); the~grlee of fraetionation generally 

decreases with inc~easinq ~perature. In a, common igneous 

rninera~ assemblage at equilibrium, quartz exhibits the highest 

180 ' content 

1962). The 

. , 
and magnet! te, tha lowest (Taylor and Epstein 

1 ------

~primary whole-roek ô180 value of an igneous rock , " 

will reflect the isotopie composition of the parent melt, that c 

1 

of the oxygen ~eservoir(s) that the melt was derived from or 

interacted with, the temperature at which the melt e~ilibrated ( 
. ... 

with a given oxygen reservoir, and the extent to which igneous 
• 1. 

processes (such as crystal fractionation) have moditied the 
, , " 

value of the original magma (Taylor 1968). Secondary processes 

(e.9., interaction wl th hydrothermal fluids) taking place below \ 

180 



\ 

the so11dus may result in isotopie exchange that modifies the 

prim,ary tJ80 value of an igneous rock. 
\ 

In plutonic rocks,._ th~, interpretation is complicated by ~'the· 

question of how clos'ely the [,180 of the whole rock reflects 

that of the magma from rwhich it crystàl1ized. Possible 

deviations may reflect the presence cumulate 

component and the probability that a se was evol ved 

during crystallization (e.g., Taylor 1 lamarides 1984); 

In this thesis, v the ô180 of the whole rock is assumed to 

approximate that of the magma from whicn it crystallized. 

ANAL~ICAL RESULTS 

Whole-rock oxygen isotope data were ol;>tained for ~ 

representative samples of aIl the major rock types. observed 

within the MCGerrigle Plutonic Complex (Figs., 6.1, 6.2; Table 

. Ô18 0 6.1). The observed 0 .(whole rock) ranwes from 5.6 to 7.9 /00 
\ 

for the mafie and mesocrati~ intermediate samples, 5.8 to 

for the syenites, 6.6 ta 1.5%0 for the quart~ 

monzonites,· 6.0 and 9.3%0 for the granites and 6.6 and 

7.7%0 for the nepheline sYenites.' 
,p 

Data were also obtained for a limited number of quartz and K- , 

feldspar sep~ates (Table 6.1) • The ô180 value for quartz 18 

lowest (6.4%0) in the syenite (MGSf, highest (S.10
/00) in the 

monzodiorite (MG23), and generally greater than 7.5%0. K-
~ 

feldspar, on the other hand, ls lowest (5.9%0) in the 

plaqioclase-phyric syenite, (MG40) and highest (7.4%0) in the . 
< monzodiorite (MG23). The correspondin9âQ_~ range (Ô1SOQuartz' 

Ô
1S 

- O~eldspar) 
for the quartz 

( 

varies from -O:?, for the 

monzonite (MG44)~\ 
181 
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Oxyqen zsotop~ Co.position of the KCG.rriql. Plu~onl0 coapl •• 

---------------~-----~---__________ ~ _ _r ____________ ~~ ________ 
Sample" Rock Type " ti80 7 . a1S0 â tSo 0/00 Q F Q~ ~ 

-~---~----------------------------------------------~-----~---MG8 SYEN 6.4 6.5 -0.1 6.3 
MG9 DIOR ' 5.9 
MG16 MIAS 6.7 
MG23 MZDI 8.1 ?4 . 0.7 5.9 
MG24 MAFI 7.9 
MG28 KFDG 6.5 
MG36 QTMZ 7.5 
MG3.? PrIN 7.7 
MG40 PSYN 7.0 5.9 1.1 5.9 

, MG44 QTMZ 8.0 6.'"9 ,~3 6.6 
MG46 PDGR 6.0 
MG51 GP 9.3 
MG60 KFDG 6.9 
MG63 QTMZ 6.6 
MG64 GABB 5.6 
MG66 QTMZ ..... 7.4 
MG83 KFPG 7.6 7.0 0.6 6.7 
MG94. ITIN 6.' 
MG28. KFDG 6.6 
MG16. 

, 
MIAS 6.7 

MG83. . KFPG • 6.8 
MG83 KFPG 6.4 

, 

-----------------~-----------------------~--------------------

*: Replicate analyses., Q: quartz, F: 
..J.8 . 18 

rock. ~Q-F = 0 °quartz-Ô 0K-feldspar' 

K-feldspar, WR: whol • 

AlI values in permi1 

-relative ta SMOW. SYEN~ syenite, DIOR:' diorite'; MIAS: miaskitic 

nepheline syenite, MZDX: monzodiorite, MAFI: fine-grained matie 

inclusion, KFDG: K-,feldspar-dominant granite, QTMZ: quartz .. 
monzonite, 4PTIN: peralkaline tinquaite, PSYN: plagioclas.-

- .ri 

phyric syenite, PDGR: plagioclase-dominant granite, GP: granite 

porphyry, GABB: gabbro, 'ITIN: intermediate tinguaite. 

r 
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Figure 6.1. Sampre location map showing the distribution of 
~ 

whole-rock lf80 values. .Symbols same as in Figure 2 •. 1. Refer to 

Figure 1.2 for ~ef~inition of the map !1llits. 
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MAFIC ROCK TYPES ' 1 1 1 ) , 
.e- ~ 

MONZODIORITE 1 .. 
SYENITE 1 1 

'., "" ~ 

" 
QUARTZ MONZONITE 1 Il 

" 

GRANITE 1 1 Il 1 ~ 
:/ 0> 

.' 

<Sil 

NEPHEllNE ~Y~NITE 1 Il 1 
l' " 5.5 6.5 7.5 8.5 9.5 ·10.5%. 
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SIGNIPICANC2 OP SUBSOLIDUS PROC2SSBS 
) # 

An important consideration 

whole~rock ~80 values is Jthe de4ree to 

'prooesses have affeeted the primary values of 
!:I 

'degree of preservation of the primary ,~80 of 

, ,. 

of 

subsolidus 

mineraIs. The 
. 

e whole rock is 
, , 

especially diffieult to a9sess in granites as .they commonl~ . . 
exhibit evidence of a cQmpIex subsolidus history (e.g., Tuttle 

1952) • S~bsolidus isotopie excfange will npt affect the whole 
~ 

rock {)180 if it oeeurs in a closed sys,tem and simply represents ... 
re-èquilibration of the constituent mineraIs with each other 

w.:lth dee~easirrgo tempe rature .(e.g., Giletti 1986,). HoweVÏr, 

signifieant deviations of the whole-rock '{)180 value may o~eur 

tf the rock interaets'as a syste~-epen to an external isotopie 
1 . / 

reservoir (e.g., Taylor 1968, 1977). 

,Jo 
One of the most sensitive tools available to judg~\ the 

1> 

impor~ance of open-system-beha~ior is the fractionation factor 
1\ ' 

bet'ween two ditferent minerlls (ë.~., 'Gregory and Criss 1986). 

Nhen isotopie ;exchange occurs under subsolidu's conditions: 

different mineraIs are characteri~ed by differing 

sueeptibil!ties to isotopie re-equilibration (cf. Cole and 

Ohmoto 1986). When a mineraI resistant td isotopie exchange 

(e·9· , quartz or pyroxene) i5 -eompared to one of similar grain 
~ 

size and more '" susceptible to exchange (e. g. , feldspar) , 
.... 

nonequilibrium values commonly result if 
. 

the rocks have 
• r-

undergone extensive interaction with an external reservoir of 
f • 

1 oxygen under subsolidus conditions. For example;- abnormally 
" 

ri~e_ ÀQ_F valuep (4 to 10°/90 in granites at Skye, Mull and 
\ 

--Ardnamurchan; Taylor 1968, Taylor and Forester 1971) have been 
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observed in epizon~l granites that.apparen;ly exchange~ with' 

""-.r • 
m~teor1C waters at- moderate to high temperatures. . 8180 

en~chment of feldspar relàtive to quartz may occur if the rock 

interacts with fluids characterized by a high ô180 (e.g., 

"metûmorphicl'" waters derived by devolatilization of 

_. isotopical1y heavy metasedime ~mble et al. 1986) at 

moderate to high temperatures r with meteoric water at low 

temperatures (e.g;, Wenner and 
~--

Interpretation of -isotopie data is complicated by factors 
" 

such as cooling rate, grain size and temperature which will 

determine for how long equilibrium betwe~ different minerals 1 

is maintained in t~e subsolidus environment (e.g., Gilebti' 

1986). Under certain condit"iGns (e.g •. , long cooling hiatory or 

fine ~rain-size), ,isotopie equilibrium may be maintained 

through~ut exte~sive subsolidus re-equilibration (e.g., Taylor 
1 , 

1971, 'Rumble et al. 1986). Therefore., it la premature to assume 

tnat no isotopie exchange has occurred wlth a fluid solely on 

the basis of the ÂO-F value. Furttermore, it shoutèi be noted 

that it is by no means clear that the normal range of ÂO~F in 

granites (i.e., between '0.8 and 1.5 Q/oo; Criss and, Taylor 

~983) represents magmatic values. Fo~ example, the equâtions of 
" . 

- 1 

Matsuhisa et al. (197~) auggested tnat these values correspond 
, . 

~to a temperature rarrge of approximately 40~ to 500
0
Ci whe,.reas 

those of Bottinga and Javoy (1973) suggest a'.range of - 500 ta 
o 800 C+~ , 

.... . 

Mineralogical Evidence of Fluid-Rock Interactions 

Taylor and Forester (1971), ~ri.8 ancf Taylor (1983), 'j"Ferry 

J 
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(1985a,b) and Rumble et al. (1986), among others, have shown 

/ that mineralogical Alteration of the granites is commonly 

accompanied by isotopie Alteration. 
~ 

~ The McGerrigle samples exhibit 

evidence of varying degree~ of 

abundant mineralog ica'l 

recrystallization and 

• interaction with a hydrothermal fluid phase (Chapters 2-5). 

" , Possible fluids include deuterie f1uids released during 

"closed-sy.atem" 'crystallization of the magma (e.g., Jahns \and 
~ 

Burnham 1969, Parsons 198,0) or an ~xterna11t derived fluid 

torming part of an open system (e.g., Taylor 1968, Rumble et 

al. 1986) • 

In agreement ~ith the observations of Ferry (1985b) , K­

teldspar appears to have been the phase most susceptible to 

m.i~eralogical ,Alteration. Evidence of K-feldspar 
-

reerystallization in the presence of a fluid ineludes: 1) the 

predominantly turbid appearance of the K-rich phase (Folk 1955, 
, " 

, ,'>, 

Lalo~e ana Martin 1983t~~ 2) the predominance of microperthite 

over cryptoperthite (Pa~sons 1978, 1980) , and 3) the moderate . 
dagrae 1 of order of the K-riçh phase (orthoclase or, rarely 

intarmadiate microclinel, as indicat~d by the X-ray data 

(€hapters 2-5). Ordering in K-feldspar requires the presence of 

wat~r as a oatalyst (Martin 1974) and pr~bably occUrs by the 

sam. mechanism as oxygen isotope exchange between feldspar and 

water (O'Nei.! and Taylor': 1967) 1 Le., by very local steps of 

.olution and reprecipitation. Sinee K-feldspar domin~tes many 
1 

of th.~alsic samples analyzed, Any isotopie exchange linked to 

it. altaration should also bè refleeted in the whole-rock 

value. 

187 . 



• 

o 

1 

\ 

• 

o 

"-The exact tempe rature at which recrystallization ot the 1(-

,feldspar occurred is poorly constrained: however, 
• 

aa the .. . 
majority of samples are.monoclinic (ort~oclase) to X rays, this 

suggests that temperatures were above 4bOoc (Chapters 2-5). The 
"\ 

general lack of low-temperature alteration minerals (e.g. , 

chlorite and uralitic amphibole) also suggest~ that the tluid­

rock interactions oCdur~~d at relatively high temperatures 
Il 

(e.g., Taylor and Forester 1979)~ à 

Though 
. . .. / 

quartz shows no direct evidence of recrystallization, 

many grains contain ab~dan~ fluid inclusions, . ~ - ~ , 

microfractureà. If qu~~tz diG exchange 
, 

commonly along, 

oxygen w i th a 

hydrotherm~l fluid, lthese microfractures ~ay have lowered the 

effective' grain size o~ the quartz, thereby tacilitating the 

exch~nge (Forester and Taylor 1980, Cole et al. 1981). 

'In some 'samples (e.g, MG8, 63)r the amphibole - exhlbita 

compositional evide~ee (including a high si1ica ~nd (10w cr_ 
contents; Chapters 2-4) of- having undergone recryatallization 

in the presence of a fluid phase. 

Isot~ic Ev~nce of Fluid-Rock Interactions 

Within the estimated analytieal precision 

Appendix 1), four of the f~ve quartz-feldspar pairs fall within 
.... 

or close to the r1lnge (Fig. 6,. 3) expected for "norm~l" plutonic 
. ! 

~ 

rocks. However, isotopie equilibrati?n of the K-feldspar must 

have oecurred'concurrently with subsolidus reerystallization. 
1 

This should be true even it recrystallization oecurred in a 

closed system, as the subsolidu8 environment is eharacterized 
.~ . , 
b~ower temperatures than a magmatic one. If it .1a accepted 
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fill.d circl.: quartz monzonite (MG44~ 66), X:' K-feldspar 

porphyritic granita (MG83). Estimated analy~ical precision 
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that K-feldspar did undergo recrystallization in the 

subsolidus, t~_ l~. 'or ne9ati~e ~Q-F ,values ot sorne s~mples 

(e.g., MG8, 83)<-~ic~e that enrichment in 180 of the feldspar 

relative to quartz -must have occurred. As the mineralogical 

data suggest that this exchange occurred at mode-rately high / 

tempe ratures (predominantly greater than 400oC), the process 
~ t8 probably involved relatively O-enriched fluids, au ch as 

deuteD~,~·t:metamorphic waters (e.g., Sheppard 1986) . 
. ... 

Sinee a~l ~he whole-rock Ô18
0 ~~es fall within the range 

typicaJ ot "normal" igneous rocks (Le., 5.~to 11.0 0/00 : 

Taylor and Sheppard 1986) and K-feldspar exhibits no evidence 
/, 

of depletion relative to quartz, it is considered unlikely th~t 

interactions with meteoric waters were important in determining 

the wholè-rock ~180. 

There is little compelling evidence ta indicate for major re­

~ Jequilibration of quartz, in agreement with,other studies (e.g., 
• 

Taylo~ 1968, Forester and Taylor 1980, Criss and Taylor 1983, 

Ferry 1985b). 
<> 

rock using 

Temperatures calculated from the ~quartz-whole 
~. 

simplified modes (quartz, feldspar, "-.=bloti te, 

amphibole, + pyroxene, + magnetit~ and the equations 

Bottinga and Javoy (1973, 1975) \define a range tram 600 

of 

to 

7000 C. One 

r anomalously 

exception, 
.' 

the jlyenite (MG8) , exhibtts an 
'0 

small 
J. 

that prabably reflects the ':~~SO 
, 

enrichment of/the K-feldspar, by far the mast abundant minéral 

in this sample. 

A_ as 
-cJ-WR 

weIl as 

An alternative explanation for the 

the low t}80 value ot the 

the low 

late-stage 

interstitial quartz may be 10S8 of a 'tlu1d phase ,at .the 
, 

magmatic stage (at high temperatures a tluid pha.. 'will be 
,1/-
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richer in 180 than the coexisting melt, 'l'aylor 
/ 

1968) . 

Furthermore, amphibole and biotite are late-stage mineraIs in 

this sample and show evidence that magmatic oxidation h~s 
u 

occurred, possibly reflect'ng loss of hydrogen via a fluid 

phase (Chapter J). 

In conclusion, while the mineralogical data are consistent 

with significant amounts of recrystallization of K-feldspar 

and probably other miner~ls under subsolidus conditions in the 

presence of a fluid, the separates analysed do not show large-

scale isotopie disequilibrium (with the one exception of MG8). 

However, ~the data do suggest that the "normal" ~Q-F range of 

granites reflects subsolidus rather than.magmatic conditions . 
. 

Sorne of the low ~Q-F values of the MCGerrigle rocks may, 

however, 

but not 

phase. 

simply be an artifact of 180 enrichment of 

through subsolidus interactio~with 
is no evidence that the PI~ has 

quartz 

There 

'" 

feldspar 

a lluid 

undergone 

extensive interaction with meteoric fluids. However, the 

possibility of limited interaction with 180-enriched fluids 

(possibly 

discouQted 

derived from 

(see below). 

the 
l 

If 

auréole) cannot totally be 

such open-system fluid-rock 

interactions h'ave taken place, they must have occurred at 

relatively high temperatures, under conditions'that enabled 

Î quartz and feldspar to remain approximately in equilibriu~ (cf. 

Rumble et al. 19S6}. 

DISCUSSION 

Mafie and Mesocratie Intermediate Rock Types 1 
With nne exception th~ mafie and mesocr'tic intermediate 

". 8 ' . 
roek types have ~ 0 whole-rock values that range trom 5.6 to 
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5.9%0 (Fig. 6.2). They plot at the lower end of the range of 

values 

alkali 

reported from uncontaminated and unal tered conttnenta~ 

basalts (Kyser 1986), consistent with a proposal\ that 

they represent mantle-derived magmas, or"their fractionation 

productst- that have ùndergone little or no contamination by 

c;ptrstal materials that once resided on or near the Earth' s 

surface (Taylor and Sheppard 1986). The exception (MG24), a 

value of 7.90
/00 fro~ a chilled mafic pillow, may indicat~ 

contamination by such material though the process remains 

unclear. However, as MG24 cornes from a small mafic inclusion, 

the high 018
0 may simply reflect equilibration of the inclusion 

wi th i,.ts felsic host and a~so,ciated fluids, as has been 

"reported in the qase of dykes (e.g., Shieh and Taylor 1969, 

Tur i and Taylor 1971). 
2 

The low values of the 

monzodiorites suggest that if they formed from alkali basalt 

through coupled fractionation and crustal-'" assimilation (Chapter 

2) or through magma mixing, the contaminant itself must have 

exhibited a low xalue of Ô18
0 (see below). 

Syenites 

The whole-rock 

6.2) are assumed 

ôLto val~s obtained ~om the syeni tes 

to ap~ro mate those of the mel ts from 
~ 

( Fig. 

~!üch 

they crystallized, even though both analysed sample~ e~(hibit 

~ineralogical and texturaI evidence of variable degrees of 

'" contamination by less evolved rock types (Chapter 3) that were 

presumably characterized by low values of ô1S0 (pro~bly 

between 5.6 and 6.0° /00 

mineralogical data indicate that 
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interaction with hydrothermal fluids (see above, 

which apparently resulted in an increase of the 

Chapter 3), 

18 . 
Ô 0 of the K-

feldspar (forming 60-70 % of the rock), and a parallel increase 

of the whole-r"'ock Ô1S0. However, bath samples exhibit ô1S
0 . . 

values at .the low end of thl "normal" values, within tlie ~e 
"-

reported for syenites from other localities (Taylor and 

Sheppard 1986). 

Interpretation of f~lsic rocks eXhibiting a "normal" 15180 
i 

value is less straightforward than for more extreme 

compoa i t ions (e.g. , than 

6.0% 0; Taylor 1978). Possible models for the formation! of 

f~sic rocks at the - lS low- ,,0 end of the spectrum 

S.o%o) include: 1) differentiation from mantle-derived, mafie 

magmas' with little or no erustal assimilation (e.g., Taylor 
) 1> 

1965, Foland et al. 19S5), 2) partial melting of mantle-derived 
h 

material '(e.g., O'Neil and Chappe111977) and 3) partial 

melting of dyep-seated rocks of the lower crust (~aylor. 1978) . 

A more detailed study that couples other isotopie and 

géochemical ,data from the ~ samples will be required to 

evaluate which lnodel is m~st appropriate for t~ MCGerrigle 

syenites. 
\ 

Granites and Quartz Monzonites 

Both . ~ i . f1eld and petrograph c eV1dence (Chapter 3) indicates 

that the quartz monzonites are c~osely related ~o,the granites; 

therefore, both l-ithologies are dis9ussed together. The samples 

analyzed exhibit a larger range in ô1S0 than aIl the other rock 
l .< 

types put together (Fig. 6.2). The majôrity belong t9 Taylor's 

(1968) low-1S
0 group (5.5 to 6. g, 0/00) ; however, samples 
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belonging ~ the intermediate- (7.0 to 7.1 0/00) and high- (7.8 

to 10.2- 0/00) 180 groups are aJ.so present (e.g., MG66, 51). A 

similarly wide_ range of isotopic values has been reported for 
, 

Pb (Whalen and Gariepy 1986) and Sr (La RocqUe 1986). The 

limited data available 'indicate no correlat'!~n l' between the 

whole-rock geochemistry and isotopic composition 1 ttl,e granites 

ô180 values exhibiting the highest (MG51) and lowest (MG46) 

are both of the' plagioclase-dominant variety, exhiitit similar 
, " 

\ 

differentiation indices (Table A4.3) and are found within the ~ 
.." 

southern half of the pluton. 

As noted above, (}80 values greater 
1 

require contamination by 180-enriched 

mechanism would be interaction with the 

or equaI to 7.5 0/00 

material. A' 10g1ca1 

"-shallow crust that 

overiies the \ Grenvi1lian basement and is represented by the 
, 

Quebec and Shickshock groups at the levei of intrusion (ct .• 

Seguin 1982). A wide variety of sedimentary rocks or the1r 
1 

metamorphic equivaients (includ~g shales, 
, .ta 

slates, sandstone 

" and limestone; de ~r 1971\ Van Bosse 1985) are observed in. 

the aureole of th~ pluton. Therefore, the possibility that 

contamination occurred at the leve1 o~ ~P1acement shou1d a180 

be considered as sedimentary rocks are' characterlzed by 

generally high values of ô180~ ~o 40 0/00 ; Lonqstaffe 1981). , 
This contamination may occur through assimilation ot the 

-7 

... country rocks (or ,exchange,' without assimilation) (e.go, 'l'aylor 

1980), or through subsolidus interaction with hydrotherma1 

fluids derived by' devolati1ization of isotopically heavy 

metasediments (e.g., Turi and Taylor 1971, RUmbie et al. 1986k; 

Field evidence for assimilation ia limited to rare country-rock 
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~enoliths that ~re up to several tens of metres in size and 

predomi~antly occur close to the margin of the PlutÂn (this is 

especially true in the southern half of the pluton, where the 
\ , . 

largest isotopie variations are observed). No xenolith 

present in any of/the high-Ô180 rocks analyzed. Therefore, 

ls 
<! 
lf 

'î contamination occurred at~ maqmatic stage by assimila~on or 

~xchenge with the country rocks, it must have occurred below 
. 

the current level of emplacement. 
-. 

" Whether or' net the enrichment could have occurred through 
, 

subsolidus interaction with 180-enriched fluids is u~clear. As 

concluded a~ove, the available mineralogical' data indicates , 

that .high-temperatur~ 'fluid-rock interactions did oeeur. 

Contamination of the margin of granitie plutons by fluids 

derived from the country 'rocks has been described by many 

authors (e.g., Shieh and Taylor 1969, Turi and Taylor 1971, 

siseon 1984, Hilr et: al. 1986, Rumble et al. 1986). Evidence 
.' 

that sueh a fluid may have ~ntered the pluton include: 1) the 

~ation of an endoskarn (Chapter 2) that apparently uncterwent 
8~ 86' 

SrI Sr enrichment during metasomatism by fluids enriehed in 

radiogenic strontium (La Rocque 1986), 2) mineralogieal 

évidence that similar but less pronouneed metasomatism has 

affected some granite samples, particularly around late-stage 

qua:tz veins (Chapter 2), and 3) the anomalO~SlY .high bl4s 

(27.~/O~ exhibited by a sample of low- 8180 granite (MG46), a 

fi~ding that ia best interpreted in terms of interaction with 

8l4S-rich fluids derived from the metasedimentary rocks of the 

aureole (Ô34S between 14.8 to 22.9% 0; A. E •. Williams-Jones, 

pera. comm. 1987). 
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The limited data from quartz monzonite and granite do not 

show a simple correlation between the ô180 values and distance 

from the contact (Fig. 6.~. This lack of correlation may 

reflect the polyphase nature of 'the pluton, as well as the 
)""<i 

possibili~y that the exposed outcrop represents its roof zone 
Il 

~ (de Romer 1977). It may also be the result of prefereptiàl 

movement of hydrothermal fluids along fracture zones of limited 

width (e.g., criss and Ta~lor 1~86). _ . 
The" low a180 values are assumed~o and are 

~ interpreted to reflect the source from 

be primary 

wh~the bulk of the 

... 

granite~ were derived, though sorne may in part reflect 

contamination by more primitive material (see above, Chapter ~ 

4) . Even though sorne of the ~0~_~80 samples may have 

interacted with fluids derived f~om t~e c~untry :.~cks (e.g., 
, 

MG46) , the oxygen in 'these fluids had presumably equilibrated 
. , 

with the granites ,and, therefore, would not affect the primary 

a180 value (Turi and Taylor 1971). As previously no~ed, such 

values can be explained by several models. 
\. 

Neph~line Syenites 

Although no data on mineral separates were obtained for the 

nepheiine syenites, the Ô180 values of the whole irock are 

interpreted ~o approximate those of the magmas from which they 

crystallized. All values fall within the range expected of 

IInormalu igneous rocks (Fig. 6.2). 

~he relatively low values (6.6%0), of the miaskit1c 

nepheline syenite and intermedlate tinqualte (Chapter 5) are 

consistent with derivation through fractionation of mantle-
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derived alkali basal tic or basanitic magmas without 

contamination py 180-rich crust~l rocks. 

T6e value of the peralkaline tinguaite (7~7o/00) is slightly 

\ higher than expected for a magma -derived si~ply through 

fractionation of a mantle-derived magma, and may indicate some 

contamination. petrographie evidence (Chapter 5) and the high 
" 

initial 87 sr/86sr value obtained from a tinguaite, (0.7107-

-0.7115 depending on what age is assumed: La ~ocque 1986) ar\ 

consistent with ",this conclusion. The degr~e, of co~tamination/ 

apparently extensive according to the Sr data, and relatively , 

, limited according to the oxygen data, can he explained in terms 

of the \elative abundance of these elements. There is a very 

low concentration of Sr in the peralkaline ti~guaites (27
o
to 7Y 

ppm) and, therefore, the ratio of the amount of Sr in the melt 

to that present in any crustal contaminant is likely to he very 

small. On the other hand, almost all the rock-forming mineraIs 

and silicate melts have similar oxygen contents (45--50 wt. % 0: 

Taylor 1980). Therefore, if the peralkaline tinguaite melt had 
<S' 

interacted with a ~ Sr-rich contaminant with a' high initial 

87sr/86sr val~e (old continental crUst?), a large change in 

ini~ial ra~ of the tinguaite could be accompanied by a 

r~tively limited change in 'Q180 (cf. Jàmès 1981). 
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CIIA"BR 7. SUMKARY AND CONCLUSIONS 

SIGNIPICANCE OF MAGMA MIXING 
.. ' 

, ... 
While evidence for the coexistence of mafic and felaie magmas 

. 
is well developed in the MCGerrigle ~luto~ic, Complex 

• la! • 
(Chapter 

Whalen 1985a), the exact extent to which mixing 2, occurred 
"-....­

between these magmas is uncl~ar. Many factors affect the degree 

to whieh magmas can mix:' the physical and chemical properties 

.-. of the magmas involved (e.g_,r T, latent heat of fusion, water 
, 

content, etc. ) , their vis.cosity the extent of 

erystallization at' the temperature at which thermal 

equilibration . occurred, the relative amounts and total volume 

of the magmas, and the cooling rate (Turner ~ Campbell 1986, 

Sparks and Marshall 1986, Frost and Mahood 1987). In gener~l, 

magmas that have large compositional and temperature contrasts 

(e.g., basalti~ and granitic magmas) are· less likely to m~x 

thbn those thatihave similar physical and chemical properties 
, , 

(Campbell and Turner 1986, Sparks and Marshall 198\6). 

The generally sharp contacts observed between mafie ~n9 

mesocrat~c intermediate inclusions and their felsic' hosts 

indicate tha~ large-scale mixing did not oceur at.the present 

levei of exposure. However, aIl rock types, inciuding the fine­

grained mafic inclusions, conta in xenocrysts (Chapters 2-5), 

indicaûinq varyinq amounts of contamination. The composition of 

'" 
mo~t xenocrysts suggest that the contaminant was either a mafic 

or a relatively primitive intermediate (monzodiorite?), rock 

type or magma, though the possibility that some samples (e.g., , 

MG40) may have undergone contamination by more evolved 

material cannot he ruled ou~ (Chapters 2-4). Tbe»r ... nce ot 
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abundant xenoerysts " implies that 1) l~rge-seale mix.i,.ng took 

place below the eurrent level bf exposure, in a zone where the 
r 1 

proP?s0ion of mafie_, contaminant magma to sil~cie m~gm~ was high 

(Spar s and Marshall 1986) and in whieh the fluid dynamies 
\ ' 

favored mixinq (e.g., close to a fèeder of mafic"magma; Turner 

hybridization 
l' 

campbell or that 2) (i. e. '. and 1986), 

contamination of a magma by solid'material) raëher than magma 
1 

mixing was the dominant proeess responsible for the presence of 
\ 

t 
xenocrysts. 

As diseussed in Chapter 3, mueh of the texturaI evidence from 

the highly eontaminated quartz-poor felsie rock types favors 

the latter mechanism. The wide range of rock types observed 

within the MeGerrigle Plutonie Complex suqgests a very complex 

system of magmatie plumbing. It is not unlikely that later 

pulses of magma rose through and were eontaminated by products 

of previous ones (eumulates?). Signifieantly, thé field and 

mineralogical data indicate that the most likely magma 

eontaminants, i.e. the eoarser-grained mafie and mesocratic 

intermediate rO\k ,types, 

f_lsic hosts. ~esiduai 

typieally predate their eontaminated 

liquids may have been present within .... 
• 

these eontaminants~ faeilitating their assi~ation and 

availabl~ to mix with the hast felsic maqfa~~en so, 

being 

the 

chemical changes in the magma resulting from cont~mination may 

depend more on th~ ability of the host magma to reaet and , 
equllibrate with xenocrysts derived from the contaminant (e.g., 

(, 

MCBirney 1919) than on the efficiency of magma mixing. 

In conclusion, ividence of small-~pale mixing bètween ~agmas 
~ 

of different composition is not uncommon and may be(' important 
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in the genesis of small amounts of predominantly quartz 

monzonitic magmas (Chapters 3, 4). However, evidence tor larqe-
1 

scale mixing (leadinq to forma~ion qf the monzodiorites?) ia 

typically absent. If such mixinq did occur, it must have taken 

place be'ow the current level of exposure (e.g., Vernon 1983). 

,If this was the case the chemical effecta of ~~er ~as~a 

(e.g., fractional crystal}ization,' assimilation)~ave probably 

bee~ superimposed on any such hybrid magmas (e.g., "Whalen and 

curr.i.e 1984). 

THE ORIGIN OF THB SYBNITBS AND GRANITBS 

One of the principal models sugqested for the derivation of 

ineermedi~te and felsic rocks in some anorogenic complexes is 

simple fra~ional crystallization of a'mafic magma (e.g., Upton 
\) 

and Thomas 1980, Neumann 1980, Foland et al. 1985}. Though the 

0180 values of syenites and most granites of the McGerrigle 
• 

plutonic complex do not rule ~this model (Chapter 6), such a 

scheme of fractionation ia unlikely tO,have occurred without 

crustal assimilation because: 1) aIl the relatively' pristine 

mafic ~ocks observed in the pluton are silica-undersaturated, 

requiring that the thermal barrier separatinq 8i1ica-

undersaturated '1 from silica-'oversaturated melts he crossed 

(Chapter 2), 2) fractionation of the apparent 1iquidus or near­

liquidus phases (plagioclase and c1inopyroxene) of these matie 
~ ~ 

magmas "i8 more likely to result in the formation ot 8i1ica-

undersaturated residua '(Chapters 2, 5) , 3) it the hiqher tr80 

values exhibited by some granites accurately refl.ct tho.. ot 
~ 

the magma from which they ery8ta'llized (2!. Chapt.r 6), th •• _ 

magmas must have und_rqone contamination by 18o-rich cru.ta1 
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material, and 4) the wide range in initial Pb-isotope 

compositions of clear K-feldspar grain~ also indicàtes varia~e te 
, 

degrees of crustal involvement (Co Gariepy, pers. comm. 1987). 

Therefore, a more comp~ex model, such as the reaction-melting 

mode~ of Barker et al. (1975), is probabl~ more appropr~ate. In 
, 

this model, an alkali basaltic magma collects at or near thè 

base of the cru st , where it begins to crystallize, releasing 

heat that causes partial melting of the lower-erust granulites, 

resulting in contamination of the mafi~maqma and, ultimately, ., 
formation of a syenitic fraction. Further differentiation (in 

part by "classieal" crystal fraetionation), partiàl melting and 

èontamination at higher levels in the crust result in the 

formation of the granites (e\g., Collerson 1982). This scenario 

can be further compllcated ~f contamination bf the individual 

magmas through magma mixing or hybridization oceurs (e.g., 

Whalen and Currie 1984). 

A similar model eould account for the close relâtionship 

between felsic 'and mafic maqmatism in the. McGerrigle plutonie 

.complex" reflected in the complicatad field relationships; 
~ 

. 
thase indicate 

• 
that mafic magmatism pre'dated, was 

'. 
contemporaneous with and, in part, postdated felsie magmatlsm 

J Chapter 2). Furthermore, the presence of syenites and 
) -

intermediate 'rock types (i.e., monzodiorite and 'quartz 

moqzodiorite: Chapter 2) is consistent with the above 

ttreaction-melting"-fractionation model. 

Untortunately, it is impossible, on the basis of the 

available data, to evaluate ~e ~, .. relative importance of 

cont~mination of a fraetionating mantle-derived magma (e.g., 
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in which 

• 

1981) and simple partial mellin~ of a erustal 

the mafic liquids act only as a heat source 

source 

,.(e.g., 1" 

Clemens et al. 1986). However, àome constraints can ba placed 

on the poéslble crustal sources ~VOlved. The low values of 

ô18
0 exhibited ~y the syenites a- most granites (Chapter 6) 

~nd the low i~itial,87sr/86sr rat 0 (down to as low as 0.7031) 
, 

obtained for many of the felsie samples studied by La Rocque 

(1986) suggest that any crustal material involved was 

geochemically ~ primitive and most likely mantle-derived. 

"" Considerin~ the present knowledg~ of the crustal section 
1 

beneath the MCGerrigle Plutonic co~plex (Chapter 1; cf. Seguin 

1982), thié source most likely lies within the Precambrian' 

basement. The low initial 87sr/86sr values" imply that the 

source must have been depÎeted in Rb, rulin~ out the 

possibility of major involvement of the upper erust in the 

generation of these magmas (R. Doig, pers. comm. 1987). 

Possible Rb-;ePleted sources inelude mafie or felsic granulites 

(e.g., Leeman et al. 1985). 

The relatively F-enriehed (Chapter 4) and transitlonal e 

, 
anoroqenic eharaeter (La Rocque 1986, Whalen and Gariepy 1986) , 

of ~the granitie magmas (Chapter 4) presumably reflects 
04 

interacti~n with. or derivation from aJcrustal source (e~g., 
, 

Christiansen & Lee 1986), and mày further constrain the type ol 

crust invo1ved. -Clemens et al. (1986) eoncluded that A-type 

magmas are derived from an anhydrous but not neeessarily P-

.. enriched lower crustal source, where mel ting most {l ikel~ 

involves fluid-absent breàkdown of residual, halogen-enriched . 
micas and amphiboles.~ Hypothesized lower C1Ustal sourc.s 
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include fels}c granulite that has undergonr a previous melting 
4 

event (e.g., Collins et al. 1982) or a tonalitic to 

granodioritiq meta-igneous source (Anderson 1983). Note that 

lower ta middle crustal Grenville granulites' exposed north of 

the study area (across the st. Lawrence River) do conta in F-

" enriched biotite (Perrault 1986). An alternative model for the 

generation of A-type magmas invokes enrichment in F and other 

trace elements of the lower crust by metasomatism (e.g., A~del­

Rahman and Martin 1987b). An explanation of the intermediate I­

to A-type character of the McGerriqle pluton (La Rocque 1986) 

\, may lie in the lack of evJ.dence for a previous meltinq event of .. 
the lower-crust source; most A-type igneous rocks oceur late fn 
the intrus ive cycle, after the generation of an I.-type granitic 

malt (Collins et al. 1982). " 
The high values of ô18

0 exhibited by sorne granites and quartz 

monzonites are consistent with contamination by or derivation 

trom 180-enriched crustal material (Chapter 6). Similarly," high 

values of 87sr/86sr initial ~atio (up to 0.7143) were obtained 

for many of the samples df southern granites analyzed by La 

Rocque (1986). Unfortunately, 
J' 

it is not clear at whicA stage 

the contamination occurred. The po~correlation among 180 , 

geochemical and, Pb- isotope data from the same samples (C. 
, 

Gariepy, pers. comm. 1~7) may reflect the role of late-stage, 

(i.e., subsolidus) processes in the development of these high 

values (cf. Chapter 6) • 

In conclusion, a model of simple fractionation of mantle-
j. , 

derlved magmas ta torm the syenites and granites appears ta be ~ 

ruled out by the available data. A more complicated model, such 
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as the reaetion-melting model of Barker et al. (1975), appears 

to be more appropriate and better explains the wide Vrang8 of 
l " 

rock types observed in the,McGerrigle Plutonie Complexe The 

bulk of the available isotopie data and the relatively F-

enriehed naturê of the ~agmas appears to favor the lower erust 

ras a source or contaminant (e.g., Collins et al. 1982, Ander~ 

1983, Clemens et al. 1986). The relative importance of mantle-

and crust-derived components within these magmas may be in part 

., resolved by geochemical and isotopie studies presently under 

" 

, 
way (cf. Wha~n and Gariepy 1986). 

GENERAL CONCLUSIONS 

This project was carried out to identify and characterize the 

rock types present within the MCGerrigle Plutonie Complex, to 

de~ermine their interrelationships and to establish constraints 

on their petrogenesis. This was done using field relations, 

petrography, mineraI chemist~y, degree of Al-Si order of the 

feldspars and oxygen isotope geochemistry. The major findings 

of this study can ~e summarized as follows: 

1. Labradorite (up to An 67 ) is the most primitive plagioclase 

composition found in the complexe The plagioclase of the mafic 

and mesocratfc intermediate rock types is variabÏy 
<l, 

recrystallized to a more sodic composition; recrystallization 

~ in sorne samples has almost destroyed the primary ·plagioclase. 

The more felsic rock types commonly contain recrystallized 

lath~, an An-rich core (up to An59 ) or ~ntled Plagi~ 
phenocrysts that are interpreted to be xenocrysts. Whereas most 

oversaturated felsie magmas crystallized both plagioclase and 
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K-feldspar (i.e, were subsolvus or were genera~ly too calci~ t~ 

be otherwise), some low-Ca syenitic and granitic magmas, are 
B 

interpreted to have crystallized only one feldspar (i.e, are 

hypersol vu:;) . 

/Ill 2.' The K-keldspar is predominantly orthoclase in all rock 

types; it exhibits a limited compositional range (i.e., orgO _ 

100) that is consi~tent with the presence of an exsolved 

albitic phase. Its variably turbid nature and the ,non-

crystallographica11y oriented perthitic lamellae indicate that 
..-. 

th~ K-feldspar underwent recrystailization in the presence of a 

fluid phase. The characteristic reddish color of the K-feldspar 

in the oversaturated felsic rock types indieates that these 

rocks interacted with an.oxidizing fluid. The predominance of 

orthoclase over microcline ,-- especially in the volumetrically 

dominant granites, is anomalous for a pluton this size. The 

fluid-rock interactions that are responsible fo~ K-feldspar 

ordering predominantly occurred above the stability field of 

microcline (i.e., 

the circulation 

above 4.QOoCJ. This may ind~ that most of 

of hydrothermai fluids tPrough t~ granites 

occurred at relatively high temperatures, as suggested by the 

generally pristine condi~ion of the mafic mineraIs and the low. 

abundance of secondary mineraIs (e.g., Taylor and Forester 

~ 1979, Norton and Taylor 1979). A rapakivl texture observed in 

some granites and their contaminated equivalents is interpreted 

to result from magma mixing. 

3,. The primary cl inopyroxene of the mafie and mesocratic 
~ 

'" intermediate rock type,s 'is Ti-rich [Le., titaniferous salite 
) 

or titansalite (auqite)] consistent with the alkaline character 
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of these rocks. The principal substitution of TiAl

2 
for 

(Mg,Fe2+)5i 2 is coupled with the substitution of Fe2~ for Mg. 

Secondary (sodian) salite commonly coexists with (or results 

from the recrystallization of) the primary clinopyroxene in the 

mafic and mesocratic intermediate inclusions. 
1-

Among the oversaturated felsic rock types clinopyroxene is 

relatively commoJ). in sorne syenites but is ra're in the granites 

and mqst quartz monzonites. ~odian ferroaugite ia the most 
v 

evolved clinopyroxene th~t crystallized from an oversaturated 

felsic mélt. Grains of (sodian) augite in the quartz-poor 
" 

felsic rock types, commonly are interpreted to represent 
," 

xenocrysts derived from more primitive rock types. 
\ 

Compositional zoning in one grain of augite from a plagioclase-

phyric syenite may record the effect of magma mixing on the 

composition of the syenitic meltJ 
-

The clinopyroxene from the nepheline syenites varies from 

aegirine-augite to \egirin~ titanian aegirine occurs as a 
, 

late;-stage rim in the peralkaline tinguaites and reflects the ~ 

buildup of th~ component NaFe
2

+ 0 .... 5 Tio. 55i06 into the 

clinopyroxene. Whetfter~i-enrichment of aegirine occurs or not 
\ 

depends 6n the type, sequence of crystallization and abundance 

of Ti-bearing miner~ that precipitated from the maqma. In the -----
peralkaline tinguaites studied, Ti-rich aegirine appeà~s to 

have formed both under conditions~ r~lativelY low (MG37) and 

high (MG39) f(02)' 

4. primary kaersutite oceurs as a relatively late-stage m4neral 

in the mafic rock types. In the fine-grained mafie, and 

mesocratic:: intermediate inclusions, hornblende ha. ra-
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equilibrated with the more 'felsie hosts. ~ne 

chilled fine-grained mafie inclusion (MG97) in 

exception, a 
'~ ... ~ 

contact -with) 

white granodiorite, still preserves remnants of magnesian 

hastingsite, apparently rUling out the possibility that the • 

mafie inclusion and granodio+ite represent tmmiscible liquids. 
1 

Compositional 
1 

trends of the recrystallized amphiboles 

inclusions 

i?î the ~ 
~ 

can be explained in terms of recr~allization at a 

subsolidus stage, presumably in the presence of a fluid, under 

conditions of generally deereasin~ temperature and increasing 

~ (02 ) • 

In the oversaturated syenites, amphibole is predominantly 

interstitial and varies from hornblende to actinolite in 

composition; alkali syenite (84-23) eon~ain~ winchite./The more 

silicie amphiboles tend to be depleted in Cl relative to their 
( . 

Iess silieic counterparts. One plagioelase-phyric syenite 

(MG10) contains a compound xenpcryst ~ith kaersuti te. 

Hornblende/is also char~cteristic of the qûartz monzoni~s. The 
, 

one exception (MG44) contains zoned ferroedeni te that 

apparently crystallized under conditions of low and decreasing 

f (0
2

) • 

In grapite, the magmatic evolutionary trend of amphibole 

appears to be: mag~esio-h?rnblende ~ f~.J'ro-horni::>lende ~ 

ferroedenite, paralleling the progressively more evolved 

~ chemical characteristics of their hosts. Brown cores of ., 
edenitiç hornblende observed in thê granite porphyry (MG42) are 

interpreted ·te>::. be xenocryst:s, possibly derived from a 

mesocratie intermediate rock type. Grains of amphibole zoned 
, 

from maqnesio-hornblende to actinolit~ in 

207 

\ 

white granodiorite 
, , \ 

/~.-

l ' .. \ 

, 



o , 

" 

, 

0 

, r 
, , 

, i (. ,Ji ',1" .... 

are in the ~ame way as the recrystall i zed 

amphiboles of t~ mafie r~erystallized i~clusions~ 

Manganoat:' potassium arfvedsonite .J.s present in a minority of 

the tinguaite dykes. 

Many different types of eoup1ed substitutions appear to be ~ 

ôperating in the amphiboles of the Mc rigle Plutonio Complex. 

Direct evidence is most commonly d for the edenite 

subst i tut ion ; however, evidence for the Ti-tschermak, 

tschermak, glaucophane and riebeckite s bstitutions is a1so 

observed. 

..,p. with the exception of the nepheline syenitea, titaniferous 
q 

biotite or titanbiotite is present in all of the rock types 

studied. Biotite has re-equi1ibrated in most of the mafie and 

mesocratic lntermediate inclusions with ~eir m~r~ fdsic 

hosts. The biotite of the felaic rock types s~ wide range 

in XFe (0.44-0.69) and is typically charaeteéized by relatively 

high F contents (up to 3.1 wt.~). Manganiferous t1taniferous 

biotite (lepidomelane) is present in the nepheline syenites. 

Fe3+ determinations à1l indicate an f(02) higher than the Ni­

Nio buffer for aIl rock types (hi,gher th~e MH b~ffer for 

the miaskitic nepheline syenite). The presence ot kaersutite in 
~ " 

the gabbro (MG64) and magnetite in the miaskitic nepheline 

srnite (MG16)~U9'gests that the maqmatie t (02) may have baan 

lower than indioated by the biotite. The anomalo~sly Mq-rich 
1 

nature of the biotite in a highly evolved paralkaline tinguaite 

(MG39) ls interpreted te- 'reflect the \li9~ t(02) of the magma 

from which it orystallized. 
-

6. The distribution ooefficients CK],) for Fe-Hg, Mn and. Mg 
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between primary elinopyroxene and amphibole suggest that these 

mineraIs never crystallized in equilibrium, consistent with the 
--", texturaI data. Kaersutite and biotite in the gabbro (MG64) are 

also not in equilibrium. The'Ko values of amphibole and biotite 

in the felsie rock types exhibit a range similar to that 

reported from other fe1s!c suites. The range in KO values for 

Fe-Mg, Mn and Ti shown by hornblende and biotite in the màfic 

and mesocratic intermediate inclusions overlap those observed 

in the felsic rock types. In samples wherë siliceous amphIbole 

is present, their Cl clepletion relative to biotite, suggests 

that amphibole may be more susceptible to recrystallization in 

the presence of a fluid th an biotite. 

7. Wi th and ilmenite are 

ubiquitous. 

rare· exceptions, 
• Magnetite has 

magnetfe 

invariably undergone granular 

exsolution in the subsolidus and, therefore, cannot be used 

directly for geothermome~ry (oxybarometry). In the felsic rock 
~ 

types, primary ilmenite cëlh be 'distinguished from "exsolved" 

ilmenite by its lower Mn content: however, this distinction 

disappears in the more mafie rocks, probably because of the 

lower initial Mn content of their titaniferous magnetite. The 

Mn-contents of magnetite and ilmenite are highest in the 

n~~eline syenite~, reflecting the high values of the Mn/Fe2+ 

ratit, of this rock type; pyrophanite., is observed as lamellae 

irt maqnetite and apparently as a secondary mineraI. 

Instead of Fe-Ti oxides, aeniqmatite is present in the 
,;-

majority Qf the peralkaline tinquaites, consistent with the 
1 

presence of a no-oxide field in which aenigmatite and sodie 

pyroxene coexiste The aenigmatite exhibits a composition that, 
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apart " . from l.ts h~9~ Mn-content, la near end-member Ti-

aenigmati te. , 
8. Primary accessory mineraIs in the mafie and mesocratic 

iritermedia te rock types include pyrite, 
, , chalcopyrite, 

pyrrhotite, apatite, zircon, and allanite (7) • The siliea-

oversatura ted feisie roek types contain pyrite, pyrrhoti te, 

chalcopyrite, apatite, zircon, ~itanite, allanite, 

ehevkinite(?) and fluorite. Fluorite ia restricted to the most 

evolved granite samples. Some of the apatite in the felsie 

sampI es appears to be xenocrystic. Titanite commonly appears to 

be secondary; primary titanite was only positively identified 

in some of the more evolved feisie samples. 

The widest variety of accessory mineraIs is observed in the 
1 

nephei ine syeni tes: apatite, zircon, titanite, sodalite, 

aenigmatite, fluorite, astrophyllite, pyrochlore, wohlerite, 

pectolite and probable members of the eudialyte-eucolite and 

rosenbushite-gotzenite series were identified. The assemblage 
• 
of accessory mineraIs varies from sam~le to sampIe; in addition 

to a dependence on whole-rock chemistry, it appears to be 

strongly affected by the t(02) of the magma. For exemple, the 
. .J' 

presence of Na-Zr silicates and astrophyllite in one 

peralkaline tinquaite (MG37) but not in another that has a 

identical agpaitic index and a similar whole-rock composition 

(MG39) (and which contàins zircon] is consistent with the 

higher f(02) inferred for the latter. 

9. Th~ observed range in Ù'80 (whole Fock) 

for the matie and mesocratic intermec!iate 

-of 

la 5.6 to 
-

samples, 5.8 to 

6.3%0 for the syenites, 6.0 to 9.3%0 tor the quartz 
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JDonzonites and granites, and 6.6 to 7.7°/,00 for the nepheline 

syenites. The tractionation values for quartz - K-feldspar (~) 

suqgest that in some samples K-feldspar has been e~iched in 

180 relative to quartz; however, for the most part, equilibrium 
""' 

between the two mineraIs is approximately preserved. 

Mineralogical evidence sugqests that this equilibrium reflects 

subsolidus rather than magmatic conditions. Therefore, the 

possibility that some of the higher ô180 values (whole rock) 

reflèct fluid-rock interactions cannot be ruled out on the 

basis of the available data. However, there is no evidence of 

extensive interaction with meteoric water. Most of the samples 

analyzed exhibit low ô180 values, 
) 0 , 

which suggest little pr no 

contamination by crustal materials that once resided on or near 

the Earth's surface. The samp1es exhibitinq values greater than 

7. So /00 re,quire contamination by such materia1. The exact 

source and timing of this --6ontamination are unc1ear; however 1 

the presence of abundant metasedimentary rocks in the aureo1e 

ot the pluton, the limited development of endoskarn and the 

anomalously high Ô34-8 exhibi ted by one granite (MG4 6) suggèst 

that this contamination may have oecurred at a 1ate; possibly 

lubaolidus stage. , . 

10. silica-undersaturated mafic maqmatism preceded, was 

contemporaneous with and, in pa~t, postdated felsie maqmatism • 

The mafic rocks contain primary mineraIs (Le., 1. labradorite, 

titansalite and kaersutite) that are characteristic of alka1i 

basaltic rocks. Labradorite and titansa1ite are the on1y 

liquidus or 

tractionation 

~near-liquidUs phases positively identified; 

of these phases would most likely result in 1 the 
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formation of a more silica-undersaturated residua (represented 

by the nepheline syenites?). Sorne of the fine-grained mafic 

inclusions contain apparent xenocrysts of labradorite and . , 
titansalite (titaniferous salite) that, st least in sorne cases, 

crystallized at relatively high pressures and were probably , 

derived 
J 

studied 

from cumulates'formed at greater depths. The gabbro 
-

in detail erystallized at a temperature greater than 

950oC, at moderate f(02) (i.e., between the QFM and Ni-Nio 

buffers), and at a relatively high f(H20). The alkali basaltie 

dyke studied probably crystallized at a lower f(02) [possibly 
~ 
below the QFM buffer]. 

11. Mesqc~atic intermediate rock types, ineluding diorite, 

7onzodiorite 

witQin more 

and quartz monzodiorite, oeeur as tnclusions 

felsie hosts. Of the mafie minerals present in 

these rocks, only rare grains of elinopyroxene have not 

undergoné 

diorites 

re-equilibration with their more felsie hosto The 
o probably represent recrystallized equ~lents of the 

gabbros. A few monzodiorites exhibit excellent evidence that 
\ 

they crystallized from hybrid magmas; however, in ~eneral 

evidence of an origin throuqh magma mixinq is laekinq. An 
. 

equally attractive model for many of the samples involves 
\ , 

assimilation eoupled with fractional erystallization of an 

alkali basal tic magma. 
~ 

12. Inclusions of endoskarn are observed in hybrid zones close 

to the contact with the country rocks in the southern halt ot 

the pluton. Endoskarn material generally representstmafie or 

mesocratic intermediate ~ock ',types that hava underqone Ca­

metasomatism, resulting in the formation of a plaqioclase-
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diopside-titanite C±rutile) assemblage. The major chemical 
, 

changes during metasomatism include a large increase in Ca and 

deéreases in K, Fe3+ and- Fe2+. Similar chémical changes at 

tempe ratures greater than 500-S50oC affect the highest-grade 

calcareous rocks of the aureole '(Van Bcfsse 1985). The 

metasomatizing fluid is believed to have passed through part of 

the aureole before circulating back into the pluton. 

13. The suite ~f syenitic rocks is interpreted 'to have an 

origin distinct from that of the ~ two-feldspar granites 

(including a .majority of the K-feldspar-dominant granites). 

They are cijaracterized by lowamounts of quartz (less than 5%), 
~ 

a generally high Na content and a~aitic index, presence of 
1 1 

interstitial amphibole, and a hypersolvus character in the more 

evolved samples. Rare samples contain alkali amphibole 

(w~nchite) and clinopyroxene (aegirine-augite); however, these 
\ 

mineraIs are interpreted to have formed in the subsolidus as a 

result of the interaction of the host rock with hydrothermal 

fluids that were possibly derived from the miaskitic nepheline. 

syenite. AlI 'the ·samples studied exhibit varying degrees of 

contamination by more primitive material, mqst likely through 

hybridization. Mineralogical c evidence suggests that the 

syenites aIl crystallized at. ·relatively high f(02) [Le., above 

the QFM buffer] and that the f(02) varied from sample to 

sampie. Sorne samples (e.g., "MG8, 83-31) may have undergone 

maqmatic oxidation, reflecting the loss of H2 via a fluid phase 

during the final stages· of, erystallization. The available' 

isotopie and geochemical data suggest that the syenites' were 

formed from a mantle-derived magma that underwent fractional 
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crystallization - assimilation in the lower crust. However, a 

model for their derivation through simple melting of a 

(m~tasomatized?) lower crust material, as proposed by ~oro9an & 

Martin (1985), cannot be ruled out on the basis of the 

available data. 

14. The quartz nonzonites appear to be closely related to the 

granites. Sorne samples (e.g., MG52) apparently result~ from 

contamination of a gran~tic magma by more primitive material: 
~ 

others may be "cumulates" derived from, a grani tic mel t or as a 

result of the· loss of Si from the granitic magma to the 

abundant mafic and mesocratic intermediate inclusions that are 

typically present in the hybrid zones of the pluton. With one 

exception (MG44), the mineraI chemistry of t~~ -quartz 

4monzonites is consistent with their cry~tallization under 

conditions similar to those that governed the two-feldspar 

granites. 

15. A' relatively large range~of compositionally or texturally 

(but not necessarily genetically) distinot varieties of granite 

are recognized in the pluton: K-feldspar-dominant granit~, 

alkali-feldspar (hypersolvus) granite, K-feldspar porphyritic 

granite, plagioclase-dominan~ granite, white granodior~te and 

granite porPhY~. AlI granitic samples studied contain a 

xenocrystic component (principally plagioclase) derived trom 

more primi~ive rock types; xenocrysts are Most common in the , 

least evolved granites (e_g_, HG3, 42, 46). The granites 

studied crystalliz~d at a relatively high, internally b~ffered 
1 

f(02) [probably above the Ni-Nio buffer]., However 1 limited 

evidence from thè K-feldspar-dominant granites SU998sts that 
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maqmatic oxidation, , possib1y due to the 10ss of ~2 via a fluid 

phase, may have ~een at 1east 10cally importatt (in this iOCk 

type. The mirleralogy of the granites is consistent with the 

transitional I- to A-type character indicated by the whole-rock 

qeochemistry fLa Rocque 1986). The 1 • • 

d~st1nct chemical 

characteristics of some samples of white.granodioritê may in 

part reflect the partitioning of elements betweeh the 

qranodio~itic melt and coexisting mafic liquids. The majority 

of the available data could be explained by contamination of a 

mantle-derived magma by materia1 from the lower crust or by 

direct derivation of the granite through partial melting of 
~ 

isotopically primitive lower crust., The presence of granites 

(and quartz monzonites) that do exhibit relatively high Ô180 

• values (up to 9.3 0/00) requires thatfsome 180-enriched material 
. 

be involved in their genesis; however, the exact stage at which 

the granites acquired these high values ls not clear. The small 

16. 

northern 

of 'alka1i-feldspar (hypersolvus) granite were probably 

through fractionation of a syenitic magma . 
... 

variet~es of n~pheline syenite are recognized in the 

half of the MCGerrigle plutonic complex: pods(?) of 

miaskitic nepheline syenite and intermediate to peralkaline 

tinguaite dykes or sills. The variability in the mineraI 

assemblages exhibited by the different nepheline syenites . 
indicates that the physical conditions of crystallization 

(e.g.,'\ T, f(02)"') varièd from sample ta sampie. The miaskitic 

nepheline syenite crystallized under relatively high f(02) 

c~~ditions (possibly close to the lH buffer). The tinguaites 

appear to have crystallized under range of. f(02) conditions 
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(probably both belo~ and above the QFM bufter) and, at Ieast in 

some cases, at temperatures around 650°C. The t(02) _of one 

sample of peralkaline tinguaite (MG37) was probably buftered by 

the aegirlne-arfvedsonite assemblage, whereas that of the other 

(MG39) was probably buffered by one or more reaction(s) 
<f <l. 

involving Magnetite, biotite and aegirine. Sorne tinquaites 

exhibit texturaI evidence of contami~ation , includinq 

pseudomorphs ,of mafic phases, feldspar remnants and rare 
'fi 

country-roc~ ':icèliioliths. The nepheline syenites most likely 

represent re~idua derived through fractionation of , . an alkali 
,-

basaltic ma~a(s). Their whole-rock isotopie variations are 
81 -

attributed to varying degrees of crustal contamination as the 

magma~ rose to the lev emplacement. The mineralogical 

data indicate that the ski tic nepheline syenite is unlikely 

to represent the parent 0 the more evolved tinguaites. The 

chemical similarities between the intermediate and peralkaline 
" 

tinguaites studied are considered principaIly'to reflect their 

derivation from the same magma; their differences may retlect 
\ 

the loss of an Na-, Zr- and rare-element-rich volatile phase. 

,"-

~ 

, . 
,-' 
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APPBJlDIX 1. AlfALYTICAL PROCBDURBS 

Ilaotron Kioroprob. analysis ( 
l 

Analyses of minerals mounted on polished th!n sections were 

made on a Cameca Microbeam Madel MB-l electron microprobe with 

four wavelength-disperslve sequential spectrorneters. An 

accelerating voltage of 15 kV and a current of 7 nA were used. 

Countinq times of 25 seconds were used for aIl elements with 

the exception of Fe, for which a period of 35 secends was used. 

Different standards were used for different mineraIs. For 

clinopyroxene, olivine (Fe), diopside (Si, Ca, Mg), MnTi03 (Mn, 

Ti), albite (Na, Al), cr203 (Cr), spessartine. (Mn) and zircon 

(Zr) were used. For the feldspars and feldspathoids, andradite 

(Fe, Ca), albite (Na), orthoclase (si, Al, K), MnTio3 (Ti) and 

MgO (Mg) were used. For amphibble and biotite, andradite (~ 

. MnTi03 (Mn, Ti), LiF (F), vanadinite (Cl), orthoclase (Si, Al, 

K), diopside (Ca, Mg) and albite (Na) were used. For the iron .,. 

oxides, MnTio3 (Mn, Ti), hematite (Fe), MgO (Mg), Al203 (Al), 

vanadinite (V), Nio (Ni) and cr20 3 (Cr) were used. For the 

accessory mineraIs, andradite (Fe, Ca), MnTi03 (Mn, Ti), albite 

(Na), orthoclase (Si, Al, K), radinite (Cl), MgO (Mg), LiF 

(F), celestite .(Sr), zircon (Z~Nb, apatite CP) and a rare­

earth glass standard (Ce, La) were used. An example of the 

calculated analytical precision based on counting statistics 

for different elements from an amphibole analysis is given 

below. The results should be considered to represent the 

minimum value for most elernents as ~any 0ther factors must be 

considered such as deqree of polish, quality of standards used, 

volatilization, etc. 
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-----------~----~-~-------~~----Element wt. t Precision 
-----------------------------~--

Cl 
Fe 
F 
Na 
K 

Jl.n 
si 
Al 
Mg 
Ca 
Ti 

o 

0.34 
17.38 
1.24 
1.40 
0.85 
0.84 

20.96 
3.01 
4.94 
7.50 
0.69 

0.02 
0.08 
0.59 
0.04 
0.02 
0.06 
0.02 
0.02 
0.02 
0.02 
0.08 

--------------------------------
X-Ray Diffraotion 

X-ray diffraction patterns were'obtained using a Guinier-Haqq 

focusing camera (CuKQ radiation). The data were tranaformed to 

O 2'9 by referring to an internal spinel standard admixed vi th 

... ~ 1,( -". ,~ , 

'- ' 

~ Y 
the sample. The data wer~then indexed and used as input to the 

cell-refinement program of App1eman If Evans (1973). The mole 

fraction of Or was ca1culated from the ce1l volume using th~ 

equation of Kroll & Ribbe (1983). The degree of order, 

expressed by t 1o, vas ca1culated usinq the e~pressions ot B1asi 

(1977). An content of albite or plagioclase was estimated using 

a . {3*-'t plot (Smith 1974, Fig. 7-44). Error in Nor and t 10 ls 

estimated to be ±O.015. The samples used were either mineral 
.., 

separates obtained by C. Gariepy or chip samples ot K-feldapar 

from a hand specimen. 

Kineral sepa!ate. 

Whole-rock samples were crushed u.ing a jaw crusher with 

porcelain plates and an agate cone qrinder. The tineat-grained 

• fraction was then r.moved by repeated1y fillinq a~ emptyinq 
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water from a beaker containing the crushed rock. The coarser 
1 

cjr~ins were cleaned with acetone and sieved throug!1 n10n 

screens in plastic containers to obtain a size fraction between 
\ 

-
100 and 250 ume Magnetite was removed using a magnet, and mafic 

and felsic grains were separated using a Frantz magnetic 

separator. A plastic "Teflon" overlay stuck to a board was used 

to separate biotite from other mafic minerals, as biotite 

tended to "stick" to the board. Purification of the mineraI 

. . separates was achieved using the heavy liquids brornoform (s.G. 

2.8899) and methylene iodide (S.G. 3.325), which in some cases 
.' "1' 

were diluted by Acetone (S.G. 0.792). Finally, sample~ were 

o ha9r-picked for further purity. 

we3+ Determinations and oxygan Isotopes , > 

F.3+ determinations"by wet chemistry were carried out by J.­

~. 'Bouvier of the Geo~ogical Survey of Canada using the 

modified Pratt method fO t FeO and total Fe20 3. Oxygen isotope 

analyses were carried out by Dr. K. Muehlenbachs of the 

uni\ersity of Alberta. Oxygen was extracted from rock and 

m~neral samples by the BrFs method (Clay ton and Mayeda 1963), 

and analyzed as CO2 using a dual-collector mass spectr~ter. 

Analytical precision (1er), as reported by sturch~and 

Muehlenbachs (1985), is 0.14%0- (SMOW). Th,.;:e~f four 

replicate analyses 

ranqe (Table 6.1). 

of the MCGerrigle rocks fall within this 
1 
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APPBNDIX ZI. SAKPLB OBSCRIPTIONS 

Sample descriptions are given for aIl samples trom which 
, 

electron microprobe data were obtained. More detailed sample 

descriptions are available from the author. Chemical analyses 

are avai1rble for aIl samples with the prefix 

fci110wing \descriptions, * indicates that the 

MG. In the 

mineral ia 

secondary or has completely recrystallized, ** indicates that 

the mineraI' is at least in part s~condary or has partly 

recrysta11ized, and *** lndicates that the mineraI is also 

present in the groundmass. 

Mafio and Masooratio Interme4iat. Rock typ •• 

MG': Fine-grained,mafic inclusion; porphyritie [plagioclase** 
(labradorite (An56-57) forma a compound grain with titansalite, 
calcic 01igoclase to andesine (An23-45) for reaorbed cora 
surro.unded by a rim àf oligoelase (An20», augite to' 
titansalite**, pseudomorphs (after clinopyroxene?) ,wlth an 
amphibole core and biotite rim, and magnetite**,*** 
(resorbed?)], groundmass [calcic 01igoc18se* (An21), magnesio­
hornblende*, titaniferous biotite*, ilmenite**, hem~tite*,-
pyrite, apatite, zircon, chlorite*, titanite*, and epidote*], 
abundant amygdules [amphibole (osc~llatory zoned from 
actinolitic hornblende to magnesio-hornblende)~ titanite, 
calcite, chlorite, apatite, K-feldspar, allanite, and 
ilmepite]. 

MG9: Biotite-pY?oxene diorite; fine- to medium-grained, from 
inclusion exhibiting a chilled marqin with a syenita (MG8) , 
plagioclase**, minor parthitic K-felaspar, rare intarstitial 
nepheline, pale green sodian aalite*, biotite*, minor green 
amphibole*, magnetite**, ilmenite**, pyrite, pyrrhotite, 
chalcopyrite, apatite, zircon, titanite*, chlorite*, epidote*. 

MG23: Amphibole-dominant monzodiorite; medium- to coarse­
qrained, appears in tha field to be gradational with gabbro 
(MG25), sodic oligoclase to sodie andesine**(AnlO-38), 
perthitic K-feldspar (Or98), quartz, subophitie titaniterous 
augite to titanaugite**, pale green clinopyroxene*, aetinolitic 
hornblende*, titaniferoua biotite*, magnetite**, ilmanite**, 
pyrite, . pyrrhotite, chaldopyrita, apatita, zircon, titanite*, 
calcite*, chlorite*, epidote*, rare se~ondary bodies (ot 
qarnet?) may be present Along biotite cleavages. 

KG24: Fine-qrained mafie inclusion; tine- to medium-grained, 
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trom a chilled pillow in granite, ~ plagioclase**, minor 
parthitic K-teldspar, pale green salite*, kaersutite**, green 
amphibole*, titanbiotite*, magnetlte**, ilmenite**, pyrite, 
pyrrhotite, chalcopyrite, apatite** (may occur in 1inear trains 
or parallel sheaves of needles) , .' zircon, allanite 
(secondary?),titanite*, chlorite*, epidote*, calcite*, elongate 
pods or 1enses of garnet(?)* and pumpellyite(?)* are observed 
along biotite cleavages. ~ ~ 

.. rwl
' 

H(I25: Gabbro; medlum- to coarse-grained, plagioclase**, rare 
pink-brown pyroxene.*, colorless or pale green (sodian) salite* 
(aome grains exhibit intergrowths of clinopyroxenes of slightly 
ditterent <composition), red brown amphibole**, g~een 
amphibo1e*, biotite*, magnetite**, ilmenite**, pyrite, 
pyrrhotite, chalcopyrite, apatite, zircon, titanite*, 
chlorite*, epidote*, elongate bodies May be present along 
biotite cleavaqes (garnet?*). 

HQ21: Amphibole-dominant diorité or monzodiorite; fine- to 
medium-grained, part of an inclusion with a cuspate margin in 
K-teldspar-dominant qranite, porphyritic [plagioclase (highly 
serieitized»), g~oundmass (plagioclase**, perthitic K-feldspar, 
minor pale green clinopyroxene*, magnesio-hornblende to 
actinolitic hornblende*, titaniferous biotite*, magnetite**, 
ilmenite**, . pyrite, chalcopyrite, apatite, zircon, titanite*, 
epidote*, ehlorite*), abundant amygdules [chlorite, K-feldspar, 
amphibole (some oscillatory zonin~), sodie plagioclase, 
epidote, calcite; zircon, titanite, pyrite, Fe-Ti oxides]. , 

KG21: Biotite-pyroxene monzodiorite; fine- to medium-grained, 
sample egntains common fine-grained mafic inclusions and 
exhibits a heter09.eneous color index, plagioclase**, perthitic 
X-teldspar (coarser-grained concentration of K-feldspar May 
rapresent an infilled miarolitic cavity), colorless to pale 
green sodian sa1ite** (sorne grains exhibit sector or irregular 
zoninq), titaniferous biotite, very minor green amphibole*, 
maqnetite**, ilmenite**, pyrite, apatite, zircon" titanite*, 
calcite*, ~hlorite*. 

KG53: Amphibole-dominant monzodiorite; fine- to medium-grained, 
sodic 01iqocla8e to calcic andesine** (AnlS-41), perthitic K­
teldspar (Or92) , quartz, co10rless to pale brqwn 
clinopyroxane**, pale, green clinopyroxene*, ,magnesio­
hornblende*, titaniferous biotite*, magnetite**, i1menite**, 
pyrite, apatite, zircon, titanite*, a1lanite (secondary?), 
chiorite*. 

IiGI1: Alkali. basaltic dyke; porphyritic (plagioclase**,***, 
qlobular aqqreqates of secondary minerals (pseudomorphs after 
olivine or clinopyroxene?)], rare titansalite cores to 
kaerautite**, green amphibo1e*, biotite.*, pyrite, 
chalcopyrite, apatite, titanite*, epidote*, chlorite*, 
calcite*. 

KGI.: Gabbro: medium-qrained, labradorite (An62-67), ahdesine* 
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(An32-33), titansalite** (subophitic, hourglas. loning), 
colorless sodian salite*, kaersutite** (overgrowtha on or 
replaeing titansalite, interatitial), gr •• n amphibol.*, 
titaniferous biotite** (may contain secondary il •• nit.), 
magnetite**, ilmenite**, pyrite, chalcopyrite, pyrrhotit.,­
apatite, chlorite* (including diabantite), elongate bodies 
(garnet?*) are observed Along biotite cleavages. 

- 1" 
KG68: Fine-grained mafic inclusion, porphyritic 
[plagioclase**,***, sodian salite to titaniferous diop.ide 
(augite)**, pseudomorphs (after clinopyroxene?) that have a 
core of amphibole, titanite and Fe-Ti 'oxides and a rim ot 
biotite, magnetite**, ***], groundmass [magnesio-hornblende., 
titaniferous biotite* (dominant mineraI Along contact with 
granodiorite), ilmenite**, hematite*, pyrite, apatite, zircon, 
caleite*, titanite*, ehlorite*, epidote*), abundant amygdules 
[sodie plagioclase, K-feldspar, chlorite, allanite(?) 1 biotite, 
zircon, titanite, Fe-Ti oxides, quartz, amphibole (oscillatory 
zoned from magnesio-hornblende to actinolitic hornblende), 
epidote, calcite, apatite], garnet(?) forming due to Alteration 
of biotite. 

83-77: Biotite-pyroxene monzodiorite; fine- to medi~m-grained, 
albite to sodic andesine (AnS-30**), perthitic K-feldspar, pale 
green to bright green sodian ferroaug}te** (sorne grains exhibit 
sector or irregular zoning), --minor green amphibol.*, 
titanbiotite, magnetite**, ilmenite**, pyrite, pyrrhotite, 
apatite, zircon, titanite*, allanite(?), hematite*. 

KG87: Amphibole-dominant quartz monzodiorite; medium-grained; 
plagioclase** (rounded resorbed cores observed in sorne latha), 
perthitic K-feldspar (Or90), quartz, auqite to titaniferous 
auqite**, green amphibole*, very minor biotite*, magne~ite**, , 
ilmenite**, pyrite, chalcopyrite, apatite, zircon, titanite*, 
hematite*. 

MG90: Biotite-pyroxene diorite; medium- to coarsa-grained, 
sodic to ca1cic 01igoc1ase** (An14-27), perthitic K-feldspar**, 
sodian salite* (irreqular intergrowths of clinopyroxene of 
slightly diff~rent composition), minor green amphibole*, 
titaniferous bio~ite* (forms apparent pseudomorphs with salite 
and titanite), magnetite**, ilme?ite**, pyrite, apatite, 
titanite*, chlorite*. / 

MG97: Fine-grained mafic inclu~ion; ehilled margin with'white 
qranodiorite, ~orphyritic (plagioclase**,* •• , pseudomorphs 
after clinopyroxene? that are cored by amphibole! titanite and 
color1ess clinopyroxene and rimmed by biotite (may form 
compound grains with plagioôlase)], sodian salite* 
(concentrated Along chilled margin), groundmass [actinolitic 
hornblende to maqnesian hastingsite**, titaniterous biotite* 
(dominant mafic mineraI at the chilled margin), maqnetite**, 
ilmenite**, pyrite," apatite, chlorite*, titanite*], rat'e 
amygdules (titanite, ilmenite, apatite, amphibol.e, pyrite and 
plagi~clase). 
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',83-109: Endoskarn;~ medium- to coarse-grained, plagioclase**,' 
colorless dfopside* (fills micro fractures or forms intergrowth 
with plagioclase), extremely rare oxide remnants (hematite?), 
apatite, titanite*, rutile*. 

84~556: Amphibole-dominant monzodiorite; fine- to medium­
grained, slightly porphyritic [sodic 01igoc1ase to 
labradorite**,*** (An14-S3»), perthitic K-fe1dspar, quartz, 
pale brown titaniferous augite**, pale green (sodian) salite* 
(may exhibit irregular zoning or intergrowths of c1inopyroxene 
of slightly different composition), magnesio-hornb1ende*, 
titaniferous biotite*, magnetite**, ilmenite**, pyrite, zircon, 
apatite** (concentrated in secondary plagioclase and 
clinopyroxene), allanite(?), titanite*, ch10rite*, possible 
infi1led miarolitic cavity (K-feldspar, quartz and amphibole). 

Quartz-poor relaie Rock Type. 

MG8: syenite; fine- to medium~grained, slightly porphyri~ic 
_[mantled albite to sodic oligoelase** (An3-18), medium-grained 
~e1sieoclot (plagioclase, subhedral grain of sodian augite*»), 
perthitic K-feldspar (Or97-98), quartz, sodian ferroaugite, 
interetitial actinolitic hornblende to actino1ite (rare patchy 
zoning), minor tita~iferous biotite, magnetite**, ilmenite**, 
pyrite, pyrrhotite~ apat~te (including possible xenocrysts), 
zircon, allanit~~itanite**. ~ , 

HG10: plagioc1ase-phyric syenite; fine- to medium-grained, 
porphyritic [partly mantled p1agioclase**, medium-grained 
felsie clots (plagioclase**, clinop~roxene**, kaersutite**, 
magnetite** 1 apatite) , mafie clots (c1inopyroxene 
pseudomorphs?)] , perthitic K-feldspar, unzoned plagioclase, 
quartz, sodian' salite to augite** (rare oscillatory zoned 
qrains), interstitial aetinolitic or ferro-actinolitic 
hornblende, titanbiotite, magnetite**, ilmenite**, hematite*, 
apatite, zircon, allanite(?), titanite*, chlor~te*. 

83-16: Plagioclas~-phyrie quartz monzonite; fine- to coarse­
grained, porphyritic [partly mantled plagioclase** that may 
form compound grainè (plagioclase, augite**), rare perthltic K­
feldspar***], mafie clots (pseudomorphs), ~nzoned plagioclase, 
quartz, ~agnesio-hornblende, titaniferous biotite, magnetite**, 
ilm.enite**, hematite*, apatite, ,; zircon, allanite, titanite*, 
chlorite·. . 

< 

KG20: syenite to monzonite; fine- to medium-grained, slightly 
porphyritie (mantled plagioclase**, perthitic K-feldspar***), 
unzoned plagioclase, quartz, minor salite, interstitial g~een 
amphibole, biotite, magnetite*., ilmenite**, pyrite, apatite, 
zircon,_chevkinite(?), chlorite*. 

84-23: Alkali syenite; fine- to medium-grained, fine-qraine~ 
xenolith (plagioclase**, " biotite., apatite, 'opf#.que mineraIs),. 
perth,itic K-feldspar (Or93-94: may exhibit well-developed rim 
of ser:;ondary a,lbite), mantled plaqioclase**, quart~, aegirirle-
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augite c~mmonly with (replacing Along cleavages and fractura.) 
a core of sodian augite (aElgirine-augite rima are not visible 
on grains included in K-fe1dspar), winchite or actinoli te (weak 
zoning may be present), minor titaniferous biotite, 
magnetite**, ilmenite**, pyrite, pyrrhotite(?), apatite, 
zircon, allanite(?), titanite**. 

83-31: Alkali-feldspar syenite: medium-grained, perthitic K­
feldspar, mantled plagioclase**, quartz, intersti tial magnesio­
hornblende (some grains exhibit patchy zoning), minor biotite, 
magnetite**, i~meni~e**, hematite*, apatite, zircon. 

HG40: Plagioclase-phyric syenite: fine- to medium-grained, 
porphyritic [mantled albite to calcic 01igoc1ase** (An3-31) 
that may form compound grains (plagioclas.e, clinopyroxene) , 
mafie clots (pseudomorphs of clinopyroxege?) ), , unzoned 
plagioclase, perthitic K-feldspar (Or94), quartz, sodian 
augite**, interstitial ferro-hornblende (some grains exhibit 
slight zonation), titaniferous biotite, magnetita.*, 
ilmenite**, pyrite(?), pyrrhoti~e(?), apatite, zircon, 
chevkinite(?) • 

HG4": Quartz monzonite: medium- to coarse-grained, 
plagioclase** (may accur in a clot of highly recrystallized 
grains), perthitic K-feldspar (Or93; may contain an internaI 
rim of plagioclase), quartz, ,rare remnants of e1inop'yroxene**, 
euhedral ferroedenite (some grains exhibit well-developed 
concentric zoninq), titaniferous biotite.*, magqetite**, 
ilmenite**, pyrite; apatite, zircon, allanite, titanite**, 
chlorite*. ' 

HGS2: Plagioclase-phyric quartz monzonite; medi~m- to coarse­
qrained, porphyritic [mantled plagioclase** that may form elots 
(plagioclase, clinopyroxene**, oxide mineraIs, apatite»)' 
unzoned plagioclase, perthitic K-feldspar (Or94;fl may conta in an 
internal rim of plagioc1ase)~ quartz, augite**, subhedral 
magnesio-hornblende, titaniferous biotite, magnetite**, 
ilmenite**, pyrite, chalcopyri~patite, zircon, allanite. 

HG63: Quartz monzonite; medium-grained, sodie oligoclase to 
sodic andesine** (AnlO-34:' some laths are higbly 
recrystallized), pertbitie K-feldspar (Or95, rare grains 
exhibit zoning), quartz,· subhedral aetinolitic hornblende, 
titaniferous biotite, magnetite**, ilmenite**, pyrite, apatite, • 
zircon, allanite, titanite (secondary?), chlorite*. 

KG66: Quartz monzolJ~te; fine- to medium-grained, matie minerals 
heterogeneously dfi5tributed forming slight banding, albite to 
calcie andesine** (An7-49: some grains mantled by K-feldspar,· 
others high~y recrystallized), perthitic K-feldspar (Or92), 
quartz, rare remnants of clinopyroxene •• , "ubhedral magne.io­
hornblende, titaniferous biotite, magnetite**, ilmenite**, 
pyrite, apatite, zircon, allanite, titanite*, hematite*, 
chlorite* • ' 

D 
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Granit •• 

MG3: White granodiorite; fine- to medium-grained, oriented 
inclusions of green and brown biotite plus apatite(?) in quartz 
and plagioclase** (sodic oligoclase to labradorite; An19-59), 
minor K-feldspar, titaniferous biotite, apatite, zircon, 
chlorite*, epidote*, qarnet(?)* forms bodies along biotite 
cleavages. 

XG42: Granite.porphyry, fine- to medium-qrained, porphyritic 
[sodic oligoclase to labradorite** (An14-50; sorne phenocrysts 
~ractured or highly recrystallized), perthitic K-feldspar***, 
quartz*** (may exhibit a skeletal shape), magnesio­
hornblende*** (may contain a cQre of edenitic hornblende or 

'clinopyroxene** remnants), titaniterous biotite***, rare mafic 
clots], unzoned plagioclase, magnetite**, ilmenite**, 
hematite*, pyrite(?), apatite, zircon, allanite, tit~nite 
(secondary?), chlorite*, epidote*_ 

MG46: Plagioclase-dominant granite; medium- to coarse-grained, 
slightly porphyritic [sodic oligoclase to labradorite*** (An12-
52; Many laths are highly recrystallized)], perthitic K­
fel~spar (Or93), quartz (may exhibit a skeletal shape), 
magnesio-hornblende, titaniferous biotite, magnetite**, 
ilmenite**, hematite*, pyrite, apatite, zircon,' allanite, 
titanite (secondary?), chlorite*_ 

NGS1: Granite porphyry; fine- to coarse-qrained, porphyritic 
[plagioclase** (some laths are highly recrystallized) , 
perthitic K-feldspar (Or94***), quartz*** (apparently underwent 
pOlygonization), titaniferous biotite***, magnesio­
hornble~de***], unzoned plagioclase, magnetite**, ilmenite**, 
pyrite(?), apatite, zircon, allanite, titanite*, chlorite* __ 

83-55: K-feldspar-dominant granite; medium- to coarse-grained, 
perthitic K-feldspar, plagioclase** (some laths are highly 
recrystallized), quartz, titaniferous biotite, ferro­
hornblende, magnetite**, ilmenite**, hematite*, zircon, 
apatite. 

KGS7: K-feldspar-dominant granite; medium- to -coarse-grained; 
"perthitic K-feldspar (Or93; may contain an intern'al. rim of 
plagioclase) , plagioclase** (some laths are highly 
recryatallized), quartz, ferro-hornblende to ferro-edenite, 
titanif~rous biotite, magnetite**, ilmenite**, hematite*, 
apatite, zircon, titanite**:: ' 

MGI8: White', granodioritè coexists with a fine-grained mafic 
inclusion, fine- to medium-grained, plagioclase** (sorne laths 
are highly recrystallized), perthitic, K-feldspar, quartz, 
titanbiotite, rare green amphibole en.a.), magnetite**, 
ilmenite**, hematite*, apatite, zircon, titanite*, chlorite*, 
epidote*, calcite*, - gamet(?)* forms bodies Along biotite 
cleavages. 

~ 
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o M083: ~-feldspar-porphyritic granite; medium- to coarse­
grained, porphyritic [perthitic R-feldspar*** (Or941 may 
exhibit a rapakivi texture»), oligoclase** (An~~-24; some laths 
are highly recrystallized) , quartz, ferro-hornblende, 
titaniferou~ biotite, magnetite**, ilmenite**, pyr1te, apatite, 
zircon, allanite, titanite (secondary?), chlorite*. 

M097: White granodiorite coexists with a chilled ,matie 
inclusion, fine- to medium-grained, plagioclase**, perthitic R­
feldspar, quartz, sodian salite, magnesio-hornblende to 
actinolite, rare biotite (n.a.), magnetite**, ilmenite**l 
pyrite, apatite, zircon, allanite, titanite*, epidote*. 

Nepheline syenites 

M016: Miaskitic nepheline syenite: fine- to coarse-grained, 
trachytie texture, porphyritic [perthitic K-feldspar*** 
(OrlOO)" manganiferous titaniferous biotite***, aegirine­
augite***), albite, nepheline (Ne73.7Rs20.8Qtz5.5), magnetite** 
(may have pyrophanite lamellae), titanite**, zircon, apatite~ 

MG37: peralkaline tinguaite; fine- to medium-grained, 
subtrachytic texture, slightly porphyritic [perthit!c K­
feldspar (Or96»), minor albite, nepheline (Ne73.3Ks23.7Qtz3.0), 
zoned aegirine to titanian aegirine (rare glomeroporphyritic 
texture) , manganoan potassium arfvedsonite [forms a fine­
qrained mafie elot as weIl as an amphibole pseudomorph (with 
peetolite, aegirine and fluorite»), manganiferous t!taniferous 
~epidomelane, sOdalite, aeniqmatite, astrophyllite, 
pectolite**, eucolite-eud~alyte(?), fluorite**. 

MG39: Peralkaline tinguaite; fine- to medium-grained, 
traehytic, texture, po~phyritic [perthitie K-feldspar*** 
(glomeroporphyritic texture, recrystallized remnants of 
plagioclase), nepheline*** (Ne72.3Ks21.0QtZ6.7) , aegirine*** 
(weak zoning, forms à mafie clot), sodalit~***), manganiferous 
titaniferous Mg-rich biotite (also remnants in aegirine), minor 
albite, magnetite, hematite*, pyrophanite*, apatite, zircon, 
fluorite**, peetolite(?), titanite*. 

KG94: Intermediate, tinquaite, 'fine- ta medium-grained, 
subtrachytic texture, porphyritie (perthitic K-feldspar (Or96; 
glomeroporphyritic texture), aegirine-auglte***l, perthitic K­
feldspar (Or94), minor albite, nephéline' (Ne74.0Ks21.7Qtz4.3), 
manganiferous titani~rous lepidomelane, magnetite**, 
ilmenite**, very minor so~alite(?), apatite, zircon, wohlerite, 
pyroehlôre, r~enbUShite-gotzenite(?), titanite*. 

KG98: White cognate inclusi.on; medium-grained; perthitic 1(­

feldspar (glomeroporphyritic texture), minor albite, nepheline 
~ 1s replaeed by secondary cancrinite(?)' and pectolite(?) , 
aegirine (some patehy zoninq), manganiferous titaniferous 
lepidomelane (may be rimmed by aeqirine), sodie amphibole, 
magnetite**, hematite*, apatite, zircon, fluorite, sodalite, 
a~trophyllite (inclusions in biotite), titanite**, calcite*. ' 
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APPBlfDIX III. MODAL COHPOSITIOR 01' SBLBCTBD SMPLES 

With the exception of MG40, the modes were determined by J. 

Whalen and are derived from 2000 point counts on a 16 by 10 cm 

stained slab and 1200 points on a thin section. The mode for 

MG40, determined by the author, is derived from 2246 point 
6 

counts on a thin section. Results expressed as volume .t. 

Abbreviations for rock types listed in th~ appendices are as 

follows. DIOR: diorite, MZDI: monzodiorite, GABB: gabbro, ENDO: 

endoskarn, QMOI: quartz monzodiorite, MAFI: fine-grained mafic 

inclusion, MDYK: alkali basaltic dyke, SYEN: syenite, PSYN: 

plagioclase-phyric syenite, AFSY: alkali-feldspar syenite, 

MONZ: monzonite, ALKS: alkali syenite, QTMZ: quartz monzonite, 

P.QMZ: plagioclase-phyric quartz monzonite, PDGR: plagioclase-

dominant granite, GP: granite porphyry, KFDG: K-feldspar-

dominant granite, WTGD: white granodiorite, KFPG~ K-feldspar , 

porphyritic granite, MIAS: miaskitic nepheline syenite, ITIN: 

intermediate tinguaite, PTIN: peralkaline tinguaite, WINC: 

white cognate inclusion. 
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Rock Type 
s-pl. 

liIuIrtz 
HllpMlin. 
K-Feldspr 
Plilgioc:l .. 
Biotite 
Allphibol. 
Cli~ 
Tit.\ite 
Zircon 
Rpatite 
fUl ... it.e 
~ .. 
Rut.il. 

~~, ... _ .. _ •• '~ ,..... 'k-"," 

• 

1 
DIOR 
ttS9 

8.8 
8.3 
8.2 

, 63.7 
29.8 
1.4 
1.6 
2.7 
8.1 
1.8 
8.8 
tr 
8.B 

2 
HZDI 
HS23 

1.8 
8.B 

15.B 
~.1 
6.9 

IB.7 
3.4 
1.8 
tr 
1.~ 
8.B 
~.6 
B.B 

3 
Gf&l 
~ 

B.B 
B.B 
8.B 

61.1 
9.7 

21.2 
3.2 
8.7 
tr 
8.8 
·8.8 
3.4 
B.8 

------ -------------
4 :; 6 7 8 

ttZOl EtOl GABB QItlI DIOR 
ttG29 ~ tt;64 HS97 tt;g9 

. ------ -------.:' 

B.B 8.8 B.B B.l B.B 
B.8 B.8 8.B B.B B.B 

28.3 8.8 B.8 21.~ 3.2 
42.7 64.9 52.1 49.2 38.3 
23.1 8.8 12.4 8.1 42.1 
8.7 8.8 ~.3 14.2 8.~ 
8.4 25.1 6.1 2.2 84 4 
8.9 7.3 9.e 9.9 2.8 
8.1 8.1 8.8 8.1 B.B 
1.4 2.6 B.9 8.6 l.~ 
8.B B.B B.B B.B 8.B 
2.4 B.8 3.2 2.9 - 3.2) 
8.a tr 8.8 8.8 8.B 

" • • ï 
7 

1> 

~ 
~ 

~ 

o 
;t 

-\1 
"J 
, 1 

-' 

, " 

~'l~ 

~ ~" .. 

~ 

~ , 
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--------~-----~---~---------------~-----~----------------

*: 17.1 % of'the plaqioola$e ooeurs -as mantled, eomm9n1y 
partially reerystallized phenoerysts while 10.7 % ooours within 
the groundmass as unzoned, twinned grains. 

'l'ABLE A3. 3. MODAL COMPOSITION OF SELECTED SAMPLES OF GRANITE 

-----------------~----------~------~---~-~--~---Numba!:' 1 2 3 4 
Rock Type PDGR GP KFDG KFPG 
Sample MG46 MG5l. MG57 MG83 

------~.----~---~---------~---------------------Quartz 27.2 8.2 27.4 27.1 
K-Faldspar 25.4 10.2 ' 42.4 33.5 
Plaqioelase 40.3 27.7 25.7 35.3 
Biotite' - 4.0 2.5 2.3 2.0 
Amphibole 2.3 1.7 ' l.. 0 1.7 
Matrix 0.0 48.5 0.0 ' 0.0 
'l'itanite tr 0.1 tr 0.2 
Zircon tr 0.1 tr tr 
Apatite tr tr 0.1 tr 
Allanite tr tr 0.0 tr, 
Opaques 0.9 1.0 1.2 0.2 

--------------~---------------------~--~------~~ 
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0 TABLE AJ.4. MODAL COMPOSITION OF TWQ SAMPLES OF NEPHEL~NE 

SYENITE • 

--~------------------------~~--~~ 
Number l ,2 
Rock Type MIAS PTIN 
Sample MG16 MGJ7 

---------------~----------------~ 

Nepheline 9.2 19. J 
K-Feldspar 78.3 61. 8 
Sodalite 0:0 2.8 
Biotite 4.6 0.2 
Amphibole 0.0 3.5 
Clinopyroxene 3.0 11.9 
Astrophyllite 0.0 tr 
Aenigmati te 0.0 0.6 
Titanite , 1.9 0.0 
Zircon 2.2 0.0 
Eucolite (?) 0.0 tr 
Apatite tr tr 
Opaques 0.8 0_0 
Fluorite 0.0 tr / 

1 

Pectolite 0.0 tr 

--~-~---------.~-~---~------~----

, , . , 
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APPBIfDIJ IV. CHBMICAL COHPOSrTION UD NORkATIVB MlNERALOGY or 

SBLBCTBD SAMPLBS 
, J 

*: analysis supplied by Or. C. Gariepy, **f analysis earried , 
J , 

out at MeGill University by XRF on a Phil~ps PW1400 X-ray 
If 
" spectrometer unit using fused pellets by IMr. T. Ahmedali. 

Normative mineralogy ealculated by Dr. C. 
, 

Gariepy. Rock types 

defined~in Appendix III. T: total iron, expressed as Fe or as 

FeO. D. 1. (differentiation index) is equal to normative 

Q+Or+Ab+Ne+Ks+Lc. 

" 

, ' 

, -
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TABLE A4.1. CHEMICAL COMPOSITION AND NORMATIVE MINERALOGY OF SELECTED MAFle AND MESOCRATIC 
'INTERMEDIATE SAMPLES 

---------------------------------------------------------~----------~--------------.---------------------------------------------""r 1 01: . , .. ~ 6 7 e 9 18 11 12 1:5 11 
Itoc:k r .... ,....1 DIOR nzox nAP'I ..... ,....1 nzDI nzOI nD'I'IC li ... raDI GrmI ENDO DI ott 
s-pl. ftG6- ft69at tC2~ ~. ~ lIG26II 1IG29M. nG~ nG61- nG6 ...... 1!G71. nG87 •• t1G .... t1GM .... 

-----------------------------.----------------------------------------------------
Si02 Mt:. Z !U.96 !51.91 ~.45 47.57 4'1.96 !U.?? ".69 ~.2:S 45.!59 4a.19 !51.83 68.69 !5:5.1? e53.1? 
n02 1 .... 1.98 2.89 2.74 2.2!:! 2.36 8.93 2._ 2.23 1 •• 1._ 1.14 1.66 2.'1 
R1203 16.82 1?6e 16.14 16.81 17.<J 16.16 18.11 16.82 17 .... 1 17." 17.52 16.39 19.1' 17.71 
l'.zoos 2._ 2.?6 3.12 1.28 3.28 2.29 1.81 2.13 1.17 2.68 2.6ri 2.lJ 1." 2.1' ,..,.... 6 •• !5." 5." 7.51 7.- ?- 3.51 5 •• 7.U 6.98 1.68 3.38 :1,.11 5 ..... , .. , 8.S? ?ge 8.21 11.35 9.95 8. ote ~.11 7.22 9.915 9.21 6.9(1 s.a 2.:59 7.9? 
l'InO '.l? 8.18 '.17 8.1a '.1'1 '.17 '.16 '.1? '.19 '.11 8.12 a.l' .. ., '.18 

~ 5.156 :s.~ 2.71 s. t5 5.29 1.12 1.~ 2.69 6.042 6.1S 2 .... 2.3? 4.29 2.65 
?~ 15.11 5.29 6.96 0.71 15." 2.157 15 .... 11.12 0.11 1. !:Ml! 15.9? 11.18 5.52 

M.zo 1.61 S.~ "'.16 '.715 3.1S 1.29 7.83 1.78 3.31 3." 1 ..... ~.9'" 3.50 5.11 
lC20 1 •• 2.504 3.85 2.3' I.M 2.61 .3.61 3.19 1.3. 1.72 3.39 :S.8!5 '.9- 2.'6 
nos- 1.71 1." I.M I.O? 1.1'4 8.?e 8.1D 8.67 1.68 8.69 8.68 8.27 8.29 1.'9 
eraos 1.82 '.8 ••• 1.11 '.'1 8.81 8.8 8.8 8.81 8.'1 8.8 8.e S.fI ••• 

--------------------------------------- -------------------~-... ---.._--
To~ù. 98.81 91.39 919.86 97.815 97.91 97.51 99.2!S M.91 M.21 98.71 91.37 99.33 99.~ 99.82 
~ 1 •• '.M 1.61 1.55 1.42 1.152 1).45 8.50 2.11 1.33 8.86 8.!50 1.15 8.7' coa- I.l? 1.14 8.12 1.16 8.15 8.28 8.11 8 •• '.28 8.1S e.~ 8.&4 8.15 8.S9 

-------- ---- ----------
li.) ..,,~ ... n 1.504 '."13 1 .. 37 '.15 '.19 1.1D S.32 .... '.!53 '.51 8.~ 8.1!5 8.75 '.37 . 
Ut a...lOm .... 1.67 '.69 '.tU .... 8.M 1 •• 8.6? 1.41 8.18 8.6! 8.61 '.34 '.71 CJ\ l'.StIl'.r 1.25 1.31 1.31 1.31 '.!II 8.22 S.32 '.27 8.29 8.25 8.25 e.36 8.19 '.32 

-----------------
rr~·· .. , I.e 2.69 .... ••• 8.1 e •• 2.615 ••• 1.' 2.9"1 11." 1.16 1.' ••• 1.8 ••• 1.' ••• 8.8 8.8 8.8 1.' f '.1 13.11 8.8 •• e. s .• 

1I.N IS.11 18.16 13." 9.es us ... 21.63 19 .... '.29 1'.27' 28.31 18.13 3.158 S7.'3 
, ... 89.66 «1.62 ".!!Ie _.ft 29.86 37.18 5? .. 53 •. u 17.58 26.97 3?~ 33.53 38.11 42.646 .. U' .. ?!5 11.15 13.1'7 22." 26.14 18.39 7.23 15.53 27.79 21.93 18.61' 18.13 34.11 11.22 
~ ••• 8.71 1.1 1.79 1.a 8.' 1.2'" 1 •• 6.13 3.69 8.S 8.e 8.8 3." .... ••• • •• 1.' 1.' ••• • •• 1.8 • •• ••• S.I 8.' I.e 1 • .n '.1 
:.':= S.32 1.16 3 •• 1." 8.24 3.33 1.23 2.63 11.83 7.56 8.8 5.86 23.1" ..... 

3.65 '.M 2._ 2.'" 3.78 2.12 1.19 1.7'1 15.42 2.99 8.' 2.27 1 .... 2.11 

::: lI.M 1 .. 71 1S.86 1'." 11.94 5.«1 2.42 4.31 19.15 11.155 1.1 8.13 ~.:59 6.52 
'.87 '.1 5 .... '.1 1.1 ....... I.e 5.~ 1.' 1.' 7.16 3.22 .... ••• l'.el ..... '.8 3.11 ••• ••• 3.153 1.8 4.15 ••• 8.S 3.153 1.13 •• e ••• :: '.11 ••• '.18 ••• ••• _o.38 I.e 9.69 '.8 ••• 1'.99 1.6!S '.8 '.1 
1 ... S.49 ••• 7.S? 6. ?S --- 2.89 1.94 1.' 6.13 9.63 8.a 8.8 '.8 3.33 

l'. ~ ... ::1.55 '.1 ~.96 ~.a ,2.32- 2.38 ••• 3.33 .... 1 8.e •• & &.e 2.~1 

01. J.8." 9.es ••• 11.53 J.8.e7 5.21 ".31 '.& 18.16 11.-43 a •• fI.a '.fI S.e5 

~ ~~:n 1.23 4.56 6.31 ".85 3.27 2.61 :s.~ ".67 3.'1 1.82 3." ••• 1.1e 
s.a 3 .. e7 1 .. ' e.u 1.16 1." 1.18 5." 1.:sa 3.61 1.16 2.18 3.17 3 •• 

~ 1.81' 2.SII 2.13 1." 1 •• 1.73 1.89 1.63 1.66 1.68 1.61' 8.65 8.11 2.16 .... .. , .... '.11 '.'1 8.a s .• B.' '.82 8.'1 e.8 8.e 8.el a •• 
D.t. Ga .... 61.17 61.15 4.62 ".'?1 !52.ge 88.1 61.85 31.9 .... 93 61.83 63.1'" 3!5.8? 63." 

------
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A4.2. CHEMICAL COMPOSITION AND NORMATIVE MIHERALOGY OF SELECTED QUARTZ-POOR FELSIC 
SAMPLES 

~ ......,. 1 2 S .. 5 6 7 8 
Rode TW- SVEN PSYH l'tDNZ PSYH Q11'IZ PCII'IZ QTI'IZ QTI'IZ 
s-p1. ..... Ml'" ~ M18 •• 1t6.1 .. l'652tJ ft663* PI666** 

5102 ~. ~ 68.22 63.156 65.8 64.39 66.89 ~.68 67.48 68.82 
Ti02 8.153 8.61 8.4 8~69 8.52 1.94 8.38 8."2 
"1205 11' .... 1 17.~ 17.?!5 17.28 16.54 ,16.66, 16.97 16.t2 
F~ 1. ?'8 1 .• 81 1._ l.ee 1.13 1.47 1.86 8.81 F.,.... 1.158 2.18 1.68 2.68 2.88 3.28 1.28 1. i'"8 
F.oT S.18 3.73 3.31 S.58 3.82 4.52 2.15 2."3 
lInO, 8.12 8.12 8.86 8.14 8.ee 8.11 8.&4 8.86 
1IgO' 8.51 8.89 8.52 8.69 8.51 1.25 8.1-5 8.66 
c..o 1.11 1.71 1.21 1.64 1."2 2.i'"8 1.98 2.&4 
"-20 6.71 6.28 5.51 6.28 5.58 4.58 5.29 5.28 
K20 !S. 14 4.91 !S.51 4.&4 5.se 4.72 4.18 3.92 
P205 8.16 8.27 8.12 8.19 8.14 8.32 8.12 8.12 

-----------------
Tœ.Î1 188.19 99.!i 9,9.38 99.7" 99.36 ~.62 99.87 99.87 
H20tt 1 8.16 8.36 8.18 8.15 8.16 8.S!) 8.15 8.21 
1:02.21 8.11 8.16 8.11 .,.86 8.87 8.18 8.ee 8.ee 

---- -----------------------------------------l'tgI' (1'Ig+F. T). 8.3 8.31 8.15 8.27 8.24 8.33 8.27 8.3't 
FVHèK 8.93 8.93 1.83 8.93 8.94 8.96 1.81 8.98 
CHe+K)/'Al 8.95 8.98 8.85 8._ 8.91 8.75 8.77 8.79 4!> 

FeS+lFeT 8.51 8.44 8.52 8.26 8.34 8.29 8."4 8.38 

-------------CIPW ~. ~ 
Qt:.z ... '" 4 .. es 8.81 '\.33 9.21 18.37 16.24 17.71 
Cor 8.8 8.8 8.81 8.8 8.8 8.81 8.52 8.a 
Or- SB.Sl 29. JI 32.76 28.63 31.78 28.27 24 ... 5 23.17 
Ma 56.66 !52.6" 46.99 53.19 .. 7 ... 7 38.59 "5.17 ..... al 
Fln 2.28 4.~ 5.2t5 4.67 ".31 11."6 9.12 9.87 

~ l1gDi 1.27 1.82 8.8 8.83 8.71 8.8 8.B 8.2 
F.oi 8.!5S 8.6S 8.8 1.29 8.99 8.B B.B B.2 
Augt., 1.82 1.65 8.8 2.12 1.78 8.a 8.a 8 .... 
Ensi:. . 8.68 1.1'5 8.8 1.3't 8.9f5 3.16 1.13 1.55 
F_l 8.54 1.25 8.83 2.39 1.-51 3.21 8.79 1.77 

'Hw 1.82 3. es 1.63 3.72 2."6 6.36 1.92 3.32 
"-;a 2.58 2.63 2.77 1. '\5 1.65 2.16 1.55 1.17 
Ue J._ 1.16 8.76 1.31 8.99 2.ee 8.73 8.98 
Apft 8.38 a.65 8.29 8."6 8.S4 8.78 8.29_ 8.29 

. 0.1. 91.B 85.e3 88~"7 86.15 88."6 77.23 85.86 8 ... 89 

------------------------------------------------------------------------------------
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TABLE A4 .. 3 .. CHEMICAL COMPOSITION AND NORMATIVE MINERALOGY OF 

SELECTED SAMPLES OF GRANITE 

------------------------------------------------------------~~ 
Number 1 2 3 4 5 6 
Rock Type WTGD GP PDGR GP KFDG KFPG 
Sample MG3* MG42* MG46** MG51* MG57* MG83·· 

) " 

-------------------------------------~---------~-------------~ si02 wt. % 70.05 72.05 72.02 72.70 72.40 73.02 
Ti02 0.20 0.34 0.36 0.35 0.29 0.25 
Al203 ' 16.2~ 14.89 14.49 14.33 13.66 14.03 
Fe203 0.35 1.12 0.9"1 0.70 0.82 0.83 
FeO*** 1.40 1. 30 1.50 1.50 1. 00 1,.00 
FeÔT 1. 71 2.31 2.37 2.13 1. 74 1.75 
MnO 0.04 0.05 0.05 0.05 0.05 0.05 
MgO 0.96 0.61 0.50 0.48 0.32 0.29 
CaO 3 .. 43 2.11 1.94 1.51 1. 01 1.28 
Na20 4.54 4.13 4.06 3.77 3.88 4.24 
1<20 1.61 3.37 3.97 4.53 4.78 4.33 
P205 /0.10 0.13 0.10 0.14 0.11 0.06 

---------~-------------------------~--------------------------
Total 98.96 100.10 99.96 100.06 98.32 99.38 
H20* 0.41 0.22 0.21 0.20 0.20 0.22 
C02* 0.25 0.09 0.07 0.10 0.16 0.16 

--------------------------------------------------------------
FeTj (FeT+Mg) ., 0.50 0.68 0.71 0.71 0.75 0.75 
A/CNK 1.05 1. 04 1.00 1.03 1. 02 1.00 
(Na+K)jAl 0.57 0.70 0.76 c 0.77 0.85 0.83 
Fe3+/FeT 0.19 0.44 0.37 0.30 0.43 0.43 

-----------------------------------~--------~----------~---~--
CIPW wt. % 
Qtz 28.35 29.58 27.84 29.08 29.34 28.49 
Cor 1.08 0.92 0.16 0.81 0.54 0.13 
Or 9.61 19.89 23.45 26.75 28.72 25.73 
Ab 38.81 34.90 34.34 31.87 33.38 36.08 
IAn 16.53 9.61 9.14 6.57 4.36 6.14 
Enst 2.42 1.52 1.2.5 1.19, 0.81 . 0.73 

'. 1I'e81 2.05 1.00 1.45 1.70 0.79 0~83 

Hy 4.47 2.52 2.70 2.89 1. 61 1.56 
Mag 0.51 1.62 1.41 1.01 1.21 1.21 
Ilm 0.38 0.64 0.68 0.66 0.56 0.48 
Apat 0.24 0.31 0.24 . 0.34 0.27 0.15 
0.1. 76.77 84.37 85.63 87.70 91.44 90.30 

~--~----~----~------~-~---~--~-~----~---------~---~-~~--------
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TABLE A4.4. CHEMICAL COMPOSITION AND NORMATIVE MINERALOGY OF 
SELECTEO SAMPLES OF NEPHELINE SYENITE 

-~-----------------------------------------------
Humber 1 2 3 4 
Rock Type MIAS PTIN PTIN ITIN 
Sample MG16** MG39** MG94** 

----~------------~-------- -~-----------~------
Si02 wt. , 61.24. 59.97 60.77 
Ti02 0.67 0.30 0.30 
A120J 19.04 19.69 20.06 
Fe203 1.87 3.64 2.51 
FeO 1.40 0.90 0.40- 1.40 
FeOT 3.08 3.64 3.68 3.66 
MnO 0.16 0.27 0.27 0.24 
MgO 0.44 0.0 0.04 0.03 
CaO 1.28 0.86 0.78 0.77 
Na20 7.09 9.35 9.28 8.78' 
K20- 5.58 5.05 5.13 5.05 
P205 0.14 0.04' 0.04 0.03 
Zr02 0.10 0.24 0.24 0.18 

-------------------------------------------------Total 
H20 
C02 

99.01 
0.60 
0.13 

99.31 
0.75 
0.08 

99.78100.12 
0.50 0.29 
0.09 0.03 

------~--------------------------------------~---CIPW wt. % 
~0;45 or 33.28 30.04 29.80 

Ab 51.77 42.78 44.23 50.58 
An 3.68 0.0 0.0 0.41 
Neph 4.76 16.75 15.61 12-.79 
Aom 0.0 5.23 5.14 0.0 
Wo 0.0 1.13 1.40 0.87 
MqDi 1.34 0.0 0.22 0.16 
FaDi 0.23 1.21 0.0 0.84 
Augt 1.57 1.21 0.22 1.00 
Fo 0.34 0.0 0.0 0.0 
Fa 0.07 0.0 0.0 0.0 
01 0.42- 0.0 0.0 0.0 
Maq 2.74 1.83 1.31 3.63 
Hm 0.0 0.0 0.98 0.0 ~ 

Ilm 1.28 0.55 0.57 0.57 
Zlr 0.16 0.37 0.37 0.27 

1 .~ 
1, 

Ap 0.34 0.10 0.10 0.07 
~ 0.1. 89.81 89.57 90.29 93.17 

. ---....... --...... __ .. _-..... -------------------------... --..... 
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APPBNDIX V. SELECTED COMPOSITIONS OF PLAGIOCLASB AND NBPHBLIHI 

Both minerals are recalculated on the basis of 32 oxygen atoms. 

Endmembers for plagioclase (in mole %) are Ab: albite, An: 

anorthite, Or: orthoclase. Endmembers for nepheline (in wt. ,> 
are Ne: ~epheline, Ks: kalsifite, FaNe: ferri-nepheline, An: 

anorthite, Qtz: quartz. Rock types ara defined in Appendix III. 

See Appendix l for analytical conditions. 
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TABLE AS.l. SELECTED COMPOSITIONS OF PLAGIOCLASE FROM MAFIC AND MESOCRATIC INTERMEDIATE 
, SAMPLES 

---------------------~--.-~~~--------------------------------------------------------------------------------------------------------------
tIuItber 
RocIc Tt,Fe 
s-ple 

l' 
tMFl-
1166-1 

2 3 1 
IMFI ltAF'I ttAFl 
1t&6-3c: .... -31- Ifi6-Z 

5 6 7' 8 9 18 11 12 13 11 1~ 16 
ttZOl I12m PI2Dl "ZDI .... 9 GAB8 1'1201 t1201 DIOR DIOR ttZDI l'I2DJ 
1tG23-1c tS23-lr tt653-3c "653-1r ttG6'1-lc tt66'1-r 83-77c 83-77,. nG98-1c 11G'J8-lr 8"-566<; 81-5!56r 

--------------------t-------------------------------------------------------------------------------------------------------------------------Si02 Mt. 1 53.W 57.18 61.11 62.W 58.815 66.18 56.87 65.13 52.28 68.53 68.72 607.79 61.72 65.91 51.28 ..... u 
111203 28." 21'.ltS 21.19 23.16 25.98 21.29 26.78 21.86 39.51 25.98 21.78 28.62 21.15 22.13 Z8.11 22.33 
Ti 02 8.85 8.17 8.8 9.8 9.9 8.a2 8.8 8.8 9.89 8.9 8.9 8.8 8.8 8.91 8.98 8.17 
F.o 1.23 1.15 8.89 8.2? 8.l? 1.23 8.15 8.28 8.13 8.17 a.18 8.86 9.12 9.19 9.17 8.19 
ltgO 1.8 1.1 1.1 Il.8 8.11 8.8 8.25 a.8 9.8 9.9 8~9 8.8 9.9 9.9 9.9 8.(1 
c.o 11.56 9.1'9 5.6? 1.16 7.62 2.21 8.81 2.91 13.31 6.16 5.91 8.96 5.59 _ 2.7~ 19.19 3.17 
MII20 1.61- 5.~ 7.68 8." 6.83 9.38 5.61 9.18 3.71 7.38 7.67 9.13 7.9'9 8.67 5.lS 8.32 
K20 8.21 1.2t5 1.51 9.27 8.23 8.39 1.28 8.Z1 à.9 9.1J3 8.21 8.91 8.5e 9.5E. (1.19. 9.22 '. 

\. Totel / ~.5S 99.65 99.la 99.31 98.88 99.62 98.98 99.19 99.98 99.57 99.12 99.77' 188.96 188.25 99.33 99.(11 

~ ~-----___;:~_;-~;:;;~~~-~~~-_;~;-;~;;;_~~-~:~11 -;'-586 -_;;~~ -;;:;;;~~:;;;-- 18:;;;-~~.7;;---;~~-~~~--~ 
\.!Il 6.198 5.777 5.126 't.... 5.529 1.166 5.n1 1.591 6.519 5.ZCl8 5.223 1.316 5.965 1.631 6."'1 1.711 
~~._ Il.1 8.8 8.8 8.8 a.I 9.-' 8.9 8.8 8.8 8.8 9.8 9.8 8.9 8.8 8.8 9.8 

Ti ~'....... 1._ 8.818 1.1 1.8 1.1 8.893 8.9 8.9 1.812 8..8 9.8 8.9 8.9 8.885 8.811 9.~ ., 
~ Fe2+ 8.838 8.818 8.811 8.118 8.826 8.831 8.823 8.812 8.828 8.826 9.827 8.989 8.818 8.828 9.826 8.829 
0\ ltIJ 8.8 8.8 8.8 8.8 8.8 8.8 8.868 8.8 8.8 8.8 9.9 8.9 8.8 9.8 9.8 9.9 
~ Ce 2.2S1 1.7?8 1.992 8.798 1.1?9 8.121 1.567 8.556 2.683 1.213 1.112 8.183 1.861 8.517 2.118 9.612 

• 

M. 1.621 2.1?9 2.619 2.913 2.399 3.289 1.9?8 3.116 1.318 2.569 2.668 3.217 2.757 2.981 1.825 2.986 
K 1.156 1.858 1.1?1 1.162 1.153 9.889 8.297 8.818 8.8 8.887 9.818 8.286 8.111 8.127 8.811 9.~1 

.. .-1. a: .. 
Or 

11.32 
S1.~ 

1.12 

53.12 
15.11 

1.'17 

6'9.19 
2t.~ 

1.86 

77." 
28 •• 

1.62 

61.82 
'51.62 

1.315 

86.~ 

11.33 
2.38 

51.19 
".78 

t'.?3 

13.'J8 
11.83 

1.27 

33." 
66.52 
9.8 

67.28 
32.5't 
8'.18 

69.16 
29.68 

1.25 

89.31 
5.82 
5.67 

71.87 
27.81 
2.89 

82.25 
11.2t 

3.5(1 

15.53 
53.38 

1.18 

1: labradorite (foras a coapound xenocryst? vith titansalite), 2: calcic andesine (core of 
oscillatory zoned~ resorbed grain), 3: calcic oligoclase (ria of the same resorbed grain as 
2), 4: ca1cic oligoc1ase (groundaass), 5: sodic andesine (partially recrysta1lized core), 6: 
sOOie oligoclase (recrystallized rUa), 7: calcic andesine (partially recrystallized core), 
8: sadie oligoc1ase (recrystallized ria), 9: labradorite (core), 10: sodic andesine 
(recrysta1lized ra), 11: calcic o1igoclase (partially recrystallized core), 12: a1bite 
(recrystallized ria), 13: ca1cic oligoclase (partially recryst;allized core), 14: sadic 
oligoclase (recrystallized ria), 15: labradorite (partially recrystallized core), 16: sadie 
oligoclase (recrystallized ria) • 

81.11 
17.15 
1.12 
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'MaLE AS.2. SELECTED COMPOSITIONS OF PLAGIOCLASE -FROM QUARTZ-POOR FELSIC SAKPLES 

........ 1 2 3 4 5 ., 7 8 9 
8Ddc T .... - SYEH 5YEH SVEN P5YN P5VN QTZJ1 ~ QTZI1 QTZI1 .-
Sallpl. ttG8-2c f'lG8-2r ttG8-3 tG48-2c tG48-3r l1S63-4e ~ ttS66-3c: t1S66-3r 

" - ---------------------~---------
Si02 -4. ~.; 64.86 69.8!5 18.16 61.-t8 66.79 !59.72 6.5.48 56.12 66.52 
R1203 . 22.66 28.83 28.19 24.86 21.~ 2!i.es 22.38 27.68 29.:58 
Ti02 8.8 8.83 8.82 8.8 8.&:5 8.83 8.89 B.87 B.a. 
,F.o 8.~ 8.11 '"' 8.8 8.84 8.f15 8.14 8.19 8.B 8.14 
ttgO 8.81 8.8 1 8.8 8~8 B.B B.8l 9.B 8.19 9.9 
c.o 3.<t2 8.S 8.8 6.27 - 1.43 6.42 2.76 9.88 1.62 
lU20 9.87 18.QS 18.BIl5 7.!59 9.38 7.?i7 8.74 :5.~ 18.23 
ta) 8.39 8.17 8.87 8.27 EW8 8.38 8.36 8.18 8.24 
Total .. 188.46 188.62 188.48 lae.~i 99.66 99.94 99.82 99.64 99.37 

Si ;'ll.~ 12.887 12t379 18.921 Il.~ IB.~ 11.669 18.1-48 ll.~_ 
Al ). 4.712 4.132 4.177 ~.28!5 4.~ ~.322 4.663 ~.9BB 4.381 
Fe3+ 8.8 8.8 '8.8 9.8 B.8 B.8 B.B 8.8 -B.B 
Ti -'. 9.9 9.984 B.983 8.8 8.887 8.894 8.812 8.818 8:885 
Fe2+ ' ,8.887 B.B16 B.B 9.886 9.887 9.821 9.B28 8.8 8.821 
ttg 8.883 8.8 8.8 8.8 8.8 8.8B3 8.8 9.~1' Pl. 8 
Ca 8.~ 8.189 8.8 1.193 8.272 1.248 8.~ 1.914 

~ Na 3.182 3.614 3.435 2.614 3.233 2.!576 3.828 1.935 .:5 
K 8. Bal 8.838 8.816 8.861 8.868 8.869 8.B82 8.8-42 8. , ... 

<fi .. ----------------------------------
Ab .-01. % 88.86 96.18 gg.!54 67.!57 98.47 66.31 83.22 49.74 98.67 
Rn ;:.{. 16. BIl5 2.89 B.B 38.8:5 7.62 31. '32 1~.~ 49.29 7.93 
Or- 2.29 1.81 8.46 1.!58 1.98 1.7B 2.26 1.97 1.48 

"" --_-.-..-- -------------------------------------------------------------
l:sodic oliqoclase (partially recrystallized core of a partly mantled grain), 2: albite (rim 
of the saae grain as 1), 3: albite (exsolved from K-feldspar), 4: sodie andesine (partially 
recrystallized corè of a mantled phenocryst), 5: albite (recrystallized rim of a mantled 
phenoeryst), 6: 1 sadie andesine (partially reerystallized core), 7: sodic oligoclase 
(recrystallized rim) , 8: caleie andesine (partially recrystallized core), 9: albite 
(recry!;tallized rim). 

__ ---'~____ _ .f 
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TABLE AS. 3. SELECTED COMPO$TIONS OF PLAGIOCLASE FROM SAMPLES OF GRANITE 

-.... 
--~------------.--------------------------------------------------------------
"'-br 
Rock T..,. 
s...pl. 

Si02 .. : ~ 
Rl203 . , 
T-i02 
F.o .. 
ttgO . 

123 4 ~ 6 7 8 
WTGO WTGO SIl SIl TFSR TFGR KFPG KFPG 
ttS3-1c: HS3-1r 1'1S42-4c 1'IG42-4r- 1'IG46-.c HS46-.r HS83-2c HG83-3r-

------ -..-_--~--------------------
~.68 63.19 55.&7 &5.15 !5S.4(5 65.4(1 63.91 65.71..,-
29.26 23.36 27.91 21. !5!5 29.33 21.97 23.33 21.21 
8.89 8.17 8.9 8.8 9.12 8.Eri 8.B9 8.8 
8.86 8.1!5 8.1!5 . 8.28 8.23 8.87 8.13 8.12 
8.8 8.8 8.8 8.8 8.8 8.8 8.8 B.B 

-c.o 11.72 4.-48 18.15 2.82 18.47 2.69 "'.79 2.36 
tt.2O 4.48 7.99 :5.~ 9.76 :5.31 8.9B 8.5<4 9.:52 
K2D 8.16 8;28 8.1. 8.26 8.1B 8.29 8.~ 8.!51 
Tob1 gg.e 99.37 99.~ 99.7'" 188.99 99.37 188.23 99 .... 3 

-------- 11.171 Si li '3._ 11.334 18.879 1l.~ 18.883 11.691 11.687 
RI . - 6.28& •. ge !5.9!5G •• 496 6.824 4(.628 .... ~ 4.~ 

-Fa3+ ... 8.8 8.8 9.8 9.8 9.9 8.9 9.9 9.8 
Ti 8.812 8.823 9.8 9.8 9.816 9.897 8.812 9.8 
F.z+ 8.889 8~823 8.823 8.838 8.~ 8.818 8.p19 8.818 
fig EI.8 8.8 8.8 8.8 8.8 8.8 8.8 8.8 
c.. 2.299 8.84-7 1.9169 8.~ 2.82. 8.513 9.989 8.4!59 
Ma 1.583 2.783 1.941 3.349 1.857 3.984 2.~ 3.283 
li:: 1t.837 8.&t6 8.832 8.8!59 ' 8.EMI 8.866 8.879 B.116 ., 

i 
Rb .01. X 48.~ 7:5.71 049.24 84.95 147.~ 84.19 7"'.83 85.31 
An ~.~ 23.84- 49.94 13.~ ~1.~ 14.81. 23.1~ 11.69 
Or 8.9!5. 1.25 8.82 1 •• 9 1.86 1.89 2.82 3.81 

----

~ 

o 

\ 

l:labradorite (partially recrystallized 'core), 2: calcic oligoclase (recrystallized ~t.), 3~ 
-calcic andesine (partially.~ecrystallized core), 4: sodie oligoclase (ria), 5: labradorite 
(partially recrystallized core), 6: sodic oligoclase (recrystaliized ria), 7: calcic 
oligoclase (partially recrystallizeà core), 8: sodic oligoclase (ri.).' 
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TABLE A5. 4 • s'ELECTED CO~POSITIONS OF NEPHELINE FROM SAMPtES OF 

NEPHELINE SYENITE 

----~----------------------------------------
Number 

o Rock Type 
Analysls 

1 
MIAS 
MG16 
AV(4) 

---+- • 

2 / 
PTIN 
MG37 
AV(4) 

3 
PTIN 
MG39 
AV(2) 

4 
ITIN 
MG94-1 
Av(3) 

---------------------------------------------
S102 wt. % 
Al203 
'Tl02 
Fe203 
MgO 
CaO 
Na20 
K20 
Tetal 

45.53 
34 •. 01 
0.04 

, -, '- 0.46, 
0.0 
0.24 

14.96 
5.70 

100.94 

43.52 
34.25 

0.01 
0.19 
0.01 
0.0 

15.80 
6.93 

100.71 

46.05 
33.30' 
0.02 
0.38 
0.0 
0.14 

15.45 
6.06 

101.'40 

44.90 
34.22 
0.0 
0'.72 
0.01 
0.03 

15.21 
5.97 

101. 06 

---------------------------------------------$1 8.562 8.311 8.647 8.466 
Al 7.538 '\ 7.709 7.370 7.605 
T1 0.006 0.001 0.003 0.0 
F.3+ 0.064 0.027 0.053 0.102 
Mg 0.0 0.003 0.0 0.003 
Ca 0.048 0.0 0.028 0.006 
Na 5.455 5.850 5.625 5.560 
K 1.367 1.688 1.452 1. 436 

---------------------------------------------, 
Ne wt. , 87.76 72.09 70.15 68.43 
Ka 19.14 23.27 20.35 20.05 
FaNa 0.98 0.40 0.81 1.55 
An 1.19 0.0 0.69 0'.15 
Qtz* 5.10 Te 01 6.52 4.02 

.. - . , 

,----_._-.------------~~---~------------------. 

~~ 

( 

The 'amount ofaxeass 8i02 i. calculated by subtr~cting the 
• 3+ -

amount at-Al plus Fa from S1. 

T ' 

.. 
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APPBNDIX VI. X-RAY DIFI'RACTION DIUL!I POR K-I'ILOIIO AND 

PLAGIOCUSB 

Analytical procedures and methods are described in Appendix I. 
~ 

*: reciprocal ~ell, **: traces of microcline pres~nt. Pt 

phenocryst, M: matrix, Pl:. plagioclase, Or: orthocla,e, Mi: , 
" microcline, Ab: alb~~e lamellae in K-feldspar. 

, .~" -
Units: ~, ~ and ~ ih angstrom units (i), 'unit-cell vo~umr ~ i~ 

13 , ~*, b* and ~* in i~l, and interaxial angles in degrees. 
~ 

Rock types are def1ned in Appendix III. 

\~ 

<) 
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TABLE A6.1 •. APPROXIMATE COMPOSITION AND DEGREE OF Al-si OROER 

IN ~K-fELDSPAR 
~-------~--------~--------------~------~----------~-------Sample Rock Typé'~or\t t 1o+t1m t 1o-t1m t 10 

----------------------------------~----------~------------
MG80r SYEN 0.979 0.912 0 0.46 
MG8Mi SYEN 0.971 1.014 0.720 0.87 
MG16 MIAS 1.014 0.893 0 0.45 
MG23 MZOI 0.979 0.818 0 0.41 
84-230r ALKS 0.936 0.83k 0 0.42 
84-23Mi ALKS 0.928 0.891 0.676 0.7S 
MG28 KFDG 0.951 0.884 0 0.44 
MG36 QTMZ 0.918 0:842 0 0.42 
MG37 PTIN 0.956 0.739 0 0.37 
MG40 PSYN 0.936 0.805 0 0.40 
MG44 QTMZ 0.933 0.8,9'9 0 0.45 
MG46 PDGR 0.927 0".777 0 0.39 
MG47 KFDG 0.911 0.848 0 0.42 
MGSf GP 0.942 0.797 ,0 0.40 
MG52 PQMZ 0.942 0.808 0 0.40 
MG53"'" MZOI 0.918 0.788 0 0.39 
MG57 KFDG 0.927 0.806 0 0.40 
MG6e KFDG 0.927 0.855 0 0.43 
'MG62 QTMZ 0.93'7 0.866 0 0.43 
MG63 QTMZ 0.946 0.863 0 0.43 
~G66 QTMZ 0.91'7 0.838 t 0 0.42 

G71 . MZDI 0.946 0.802 0 0.40 
MG73 QTMZ 0.922 0.859 0 0.43 
MG83 KFPG 0.935 0.866 .0 0.43 
MG87 QMOI 0.899 0.804 0 0.40 
MG94P ITIN 0.960 0.724 0 0.36 
MG94M ITIN 0.938 0.789 0 0.40 

~ 

---~----------------------------------------~-----~-----~-
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TABLE A6. 2. APPROX1:MATE COMPOSITION AND DEGREE OF Al-Si OROER 

1 YOF PLAGIOCLAS, . • " 

~---~-------------~-~-~----------------------------Sample 
1 

RScia Type An Degree of arder 
~~ ______ -L _________ ~_~ ___________________________ ~_ 

, . / 

MG8 SYEN l ordered 
M'G9Pl DIOR 18 ordered~ 
MG16 MIAS 0 slight1y disordered 
MG23 MZDI -5 sI iqhtly 'disordered 
MG23Pl MZDI 14 sliqht1y disordered 

1 84-230r ALKS 3 ordered 
84-23Mi ALKS 0; ordered 
MG28 KFOG 0 ordered 
MG36 QTttZ 4 sl-iqht1y disordered 

- MG37 PTIN 0 ordered 
MG40 PSYN 2 ordered 
MG44 QTMZ 4' ordered 
MG46 PDGR 2 sliqhtly disordered 
MG47 KFDG 2 ordered 
MG51 GP ,,4 sliqhtly 'disordered 
MG52 PQMZ ' 4 ordered 
MG53 MZDI 13 ." ordered 
MG57 KFDG ,3 ordared 
MG60 KFDG 3 ordereQ 
MG62 Q~Z 2 ordered . 
MG63 QTMZ' 0 ordered 
MG63Pl QTMZ 15 ordered 
MG64Pl GABB 17 sliqhtly disordereà 
MG66 QTMZ !) 2 ordered 
MG71 MZDI 14 ordered 
MG73 QTMZ 11 ordered 
MG83 KFPG 0 ordered 
MG83P1 KFPG 14 sliqhtly disardered' 
MG87 QMDI 3 ordered 
MG94P ITIN 0 ordered 
MG94M ITIN 0 ordered 

~------------~---~--~~-~~--------------~-~----------

• 

~ 
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TABLE, A6~3. UNIT-CELL PARAMETERS OF K-FELDSPAR AND PlAGIOCLASE FROM 
MESOCRATIC IHTERMEDIATE SAMPLES 

S~LECTED -MAFIC f.ND 

i. 

" 

1> 

Il 

1 
5-.1- Itock T .. ~ Il "~ 

10 
*' JIll ~. 

-----{'---,.. .I!-J' Jl oc: s· ~ 

L-. --------------- ---- -----------
~ .m. 
lBl3I'1 ltZDI 

lII23Dr ltZDI 

• ...... ltZDI 

• 
....-.rI &Me 

~ 

""101'" flZDl 

• -
...... CItDI 

• 

~ 

~ 

.. 
) 

'.1525 J2.R2e 01' .. 1381 93.'83 116 • ...,.1 88.673 666.51 8.1SI'832 8.1?81?8 8.l!56.t13 _.211 ~.555 ".S118 
8."12 ... 8123 8."12 8 •• 19 8.811 8.8l? •• 11 8.888821 8 ..... 15 8.818121 ••• 18 ••• 11 •• 816 
•• 1112 12. __ 01'.1582 .... 113 116.&89 ... ~ 661.21 •• 1~1iI' ... ~ 8.~ _.136 ~ ..... ".$89 
8.1821 •• _ .... 15 '.121 8.818 8.125 a.68 a.liu ...... 11 '.8IIII3l L825 8.11' a.122 
..... 12._ 01'.2861 ,. 115.929 98 01'22.16 a.~l '.1W7I!5I5 '.l51S2iI' 98 '61.""1 98 
•• ..,. •• tU1 .... 17 a.829 1.11 1.888836 '._15 I • ...-.s a.82'9 
'.1111 12.'U5 01'.1&81 91.189 116.599 88.&18 661.32 •• 15"12 8.87832 8.1156?8 _.34S ~.52t5 98.232 ~ 
8.1822 ...... 8.8817 8.828 a •• 18 •• 826 8.69 
•• 57+t 12.9818 01'.1989 98 116.836 .. ?1'91.~ 8.l2W99 8.~ -8.151599 CJ8" 6l.96198 
.... 12 ' •• 1' .... 11" 8.812 ~ 11 '."1' 8 .... 11 1.818821 .... 12 
'.1"'" 12 .... 3 1.1451 91.179 116.181 88.36!5 665.56 1.1S'89? 8.8?8W 8.156?19 _.115 ~.!S61 ".?1!5 
8.1887 .... 12 •• 1886 8.818 8 •• 18 ••• 12 9.89 8.81i118811 8._ 8.888821 8.818 a •• 18 •• 812 
8.1181 12 • ...,. 7.1389 93.891 116.15i"9 88.728 661.16 9.137371 •• 87821'J 8.'1&6961 _.2tr.5 ~.111 89.1?S 
1 ... 17 1.182?~.181l 1.119 8.817 1.819 g.l? 8.111818 1.811116 '.881123 8.a19 8.117 1.819 '.5863 12.9818 7.2186 98 116.818 98 ne." a.l29632 8.877112 8.1515"9 98 " 6l.CJ52 98 
'.1822 a.l83! '.1817 . a.119 8.23 8.188139 ..... 19 '8.811851 8.819 
8.1"'" 12.7t"68 7.1181 91.219 116.5115 88.3i'7 663.17 8.137177 '.878189 8.115692') -._1 ~.see ".693 
8.1823 8.8833 8.1823 8.813 8.812 8.136 8.37 8._5 8.188821 8.888876 8.851 8.812 8.815 
'.1611 12._1601'.2811 " 1~6.8162 98 11'.21 8.l29W8 1.W1832 8.151581 " 63."' 98 /~ 
'.1821 1.1128 1.1115 9.128 (1.22 (1 ..... 1 8."11 8.aeae32 8.828 _- ~:-'.UM 12.78H 1.11528 91.213 116 .... 8OI'.'JI8 663.62 8.137119 8.87&426 8.1156511 _.333 6:s.!58?-98.2~ 
'.1821 ' 8.8851 .... 18 8.rgs 'i.,8.82!5 1.811 8.21 8.888836 8 ..... ue 8.818831 8.828 8.821 a.-a3!5 

----------------------~--------------------------
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~ABLE A6.4. UNIT-CELL 
~ . 

PARAMETERS OF K-FELDSPAR AND PLAGIOCLASE" FROM SELECTED QUARTZ-POOR 
FELSIC SAMPLES ' 

-~--------.-------------------------------------------------------------------------------------------,---------------
s-pl. aock r...... lt !&. ~ ~ l !!. !! ~ ~ ~ ~ l! 

-----------------------------------------------------------------------------------------------------------------------tI680r SYElt 

tu .. 
..... 23Or fIUCS 

lib 

lU 

lib 

lI6360r aT1lZ 

lib ....... PSYM. 

",. 
lI&11Dr arnz 

.-
lM2Dr PCIIZ .. .... Drnz .. 
talP1 arnz 

Or .. 
lIM6Gr ansz .. 

8.!S9~9 12.9658 7.2186 ,. l1S.'J62 98 ?22.16 1J.129153 8.877131 9.1S1ZS8 9EI 61.938198 
'.8a2!t 8.eIl? 1.8828 8.131 9.36,8.881859 8.1881J22 8.988868 8.931 
8.5?W 12.9689 7.2236 91.582 Ù5.~ 88.321 121.87 8.J29691 8.8f7189 1.153W8 98.259 61.939 'H.622 
8.182(, 8-._5 8.8827 8.135 8.826 '.826 8.15 8 ..... 1 8.188133 8.818851 8.831 8.~6 '.a11 
8.1389 12.?e62 ~.1591 .... ~ 116.592 87.1'SS 66.1.31 •• IS'18!S 1 •• ?fM2"J 8.1!S652!S 86.3'13 63:193 98.371 " 
..8818 •• 8815 .... 12 ••• 17 8.1112 ••• 11 9.12 8.888821 ...... 18 •• 988826 8.917 8.811 8.811 
8.15756 12.,.11 7.2859 ,. 116.~ 98 729.61 8.)29883 8.8~ •• IH176 98 i3.91l 98 
'.8816 8.8833 1.1812 8.115 8.28 8.88IQ38 ..... 19 1.818829 8.915 
8.1332 12.i"81 7.1~ "'.183 116.597 8?87CJ 66".11 9.13?s85 8.878»3 8.~ 86.382 63.188 98.288 
8.'111 '.1811 1.1I8? '.811 9.889 8.118 8.89 9.8ilG18 1.888887 8.pII811 8.911 9.888 8.'19 
'.!5i"'1!5 12.9613 ('.2186 98.""" 115.931 88.378 729.33 9.129739 9.'??191 8.1512U 98.26!S 61.871 91.582 • 
.... 19 •• 8833 8.88~3 8.821 8.821 8.838 8.23 8.888832 8.888828 8.888811 8.823 8.821 •• 831 
8.1$"6 12.186' 7.1581 91.187 116.621 87.?38 661.89 8.137163 8.8?&t16 8.156567 86.153 63.165 91.113 
'.1811 8.1812 1.8118 1.115 8.811 8.889 Q.12 8.888821 8.818898 8.988829 B.916 8.815 8.818 
8.5717 12.97'69 7.2851 91 116.859 98 719.97 9.129865 8.87?868 8.1151197 CJ8 63.911 98 
'.8817 8.1821 1.8111 8.'15 Q.te a.88I931 8.888812 1.a18826 8.815 
8.1112 12.7896 7.1!556 91.212 116.621 87.893 661.17 9.137352 8.878"181 8.156651 86.318 63.152 98.233 
..... 8.8111 I.III? '.8U a.1Ii" 8.818 8.88 8.8.'Ul 8.8I888i' 8."15 8.818' 8.887 '.889 
8.15n"9 12. CJè32 7.2822 'JI 116..... 98 729.62 8. 1Z9?68 8.877823 8.15151S 98 ~. 951 98 
8.8815 8.1116 8.1818 Q.I12 Q.13 8.898921 a.888889 a."18 9.112 
'.1131 12.7873 7.15?1 91.2Q15 116.598 87.891 661.65 8.137331 8.878115 8.1565!S1 86.395 "'.192 ,..~ 
8.1186 a.llli ...... 8.'11 a.'11 '.888 8.18 a.88I816 I.eeeae. 8.881825 9.812 ~811 '.198 
1.S?78 12.~12 7.2885 91 -11S.993 98 728.53 8.1Z9?81 1.177135 8.15133? 98 61.886 98 ~ 
.... 12 8.1819 I."U 8.'16 8.15 8.888828 8.888811 8.888829 8.816 
'.l~ 12.;731 7.153<) 91.215 116.G87 87 .... 663.61 8.13nZ8 8.~ 8.15663Z 86.~ 63.~ 98.236 
'.1811 8.8831 .... 12 '.&21 a.&21 a.&21 8.28 8.881131 8._18 8.888837 8.921 8.821 '.825 
'.&811 12. CJiI"91 i' .2811 ,. 116.815 ,. 728.81 9.129663 '.8??81!5 8.l51561 98 63. _ ,. !Jo 

.... 16 8.8825 .... 13 8.'19 1.28 8.888826 ..... 15 8.888833 8.819 
1.113& 13.1122 7.1133 93.615 lUo.51I 88.193 6?5.~!~.137262 8.877887 8. ~l 86.82<) 63.516 ".an 
...... 8.8825 1.8115 '.&21 a.'ll '.122 8.~.888828 8.888816 8.818818 8.819 8.811 1 •• 18. 
a.tPW 12. W32 7.281'1 ,.. lUo.e12 .. 728." 1.l29?18 1.177'182 Î.l514S2' 98 63.958'" 
..... '.881' ...... .... 1.89 8._15 ........ 8 .... 15 9 .... 
8.11"t1 12.?"JW i'.I51t .... 213 116.~ 17.1t41 661.68 a.~ 8.W8l9& 8.~ 86.367 63.172 98." 
• ... " 1.882? 1.8811 1.116 1.115 I.IJI 1.17 8.88I8l6 ..... 16 '.881833 8.817· 8.815 ••• " •. 1...., 12.&219 i".~ M.e61 116.536 88.549 665.~ 8.l37286 •• 878198 8.156911 86.181 '''.198 89.593 
'.1828 •• ~ .... 17 '.825 8.'19 8.826 8.28 8.888837 ...... ua '.1iI88836 8.822 8.'19 '.1121 
I.~ 12.W'I1 7.2fI8? 98 116.115' .. 728.98 8.J29n1 '.87?1151 8.151391 98 \ 63.963 98 
1 •• 11 1.1816 1._ 8.118 8.11 a._18 '._18 .... 17 ~ 9.811 
'.1161 12.i"M9 1:1&52 94.192 116.189 17.919 661." a.83?2? 1.17815 8.15668 86.~ 63.526 91.163 
8.8129 8.1121 8.1823 8.t:!6 a.826 '.82? 1.83 ,'" 
'.V 12 12 • .nl ".2e13 98 116 .... 1 98 719.92 8. lZ9853 8.877865 8. 1.511'JIQ 98 63.-959 98 
.... 16 '.1821 8."12 a.'14 '.17 '.888829 '._11 8.188821 8.111 
1.l2&S 12.2'W3 i". me. 94.892 1 Uo.59I w."" 643.13 8. ~ '.8783'55 8.156697 86.172 63.17? 98.2')5 
..... '.8121 ..... 16 '.831 8.824 •• 821 '" 8.22 8.888836 ...... 15 8.818831 8.828 8.121 8.821 
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TABLÈ A6.5. Ûlfl:T-CELL 
( -' ~" 

PARAMETERS OF K-FE~PAR AND PLAGIOClASE FR(>M SELECTED SAMPLES 
GRllHITE 

j 

------------------------------~------------ -----------------------------5-.1. Iode r.... .!. .!!. 5. ec JI 1 " ~ ~. ~ '!Û' ~. fi 
----~~ t. ,; ____ --.a.-_____________ _ 

iWiWt - ICFDI .. 
lI8"IMr PD8It .. 
~ KFDI 

, .. 
"!Ir &r .. 
...... -1CFD6 .. 

-1I&68Or PD6It .. 
~ . ..,. 

ICFN 

Or .. 

'.Me) 12.,... 7.2861 98 116.R5 ,. nl.17 8.129519 8.8?71~ 8'.1151121 98 '3. 'Ji"5 98 t 

8.1833 '.8842 ' .. 8l12li 8.831 8.31' 8.8888&6 8.M1825 8 • ....., • 8.831 
•• 1 .... 12.'" 7.lSZ9 91.181 116.528 W .. ?6S' 662.99 •• 137243 ...... 13 8.1I6RJ8 86.1l1 63.!Ia 98.112 
1 •• 13 •• _ 1 •• 12 '.821 •• 82e '.828 •• 23 •• eeaa38 •• 1I8IIBe 8.aa.25 8.823 8.Ra 8.Rl , 
•• 1788 12.9818 .... 1W5 ,. 116.818 ,.. ne.a 8.12W23 •• 8?i"tBl 8.l51683 98 63.4J82 ,. 
.... 15 •• eaa 1._12 .. 813 •• 16 •• a.824 1._12 8.88eII2? ••• 13 
•• 1-" 12.1111 7.16S1 91.169 116.656 17.1'82 661.18 •• I3t'S36 •• 8781a 8.U6S89 86.1"7 63 .. 127 98.3.U 
..... '.8813 ..... fI._ ...... 811 1.3!5 1.aa.52 •• ..a2I •• IIIIM 1.158 1.811 •• 112 
1.1i'23 12.WM 7.2836 ,. 1l6.112t 98 \ 719.72 1.l29823 •• 8t78917 8.15'N9 98 63 .. 911 98 
1.8125 '.e133 1 •• 16 •• 828 1.25 ........ 1._19 •• iIIa3! 8.828, 
'.1365 12.i'8M .... 1536 91.217 116.96 W.i'99 663.63 9.l37158 a.8?e12? 8.1156649 86.3S2 ~ .... 98.~ 
• •• 13 '.1822 .... 13 8.819 8.815 a.8l? 8.15 8.188826 •• ia8e11 •• 8818S2 a.818 a.al5 a.116 
8.5825 12 •• 21 7.~ .. 116.111 ,. ne.81 8.129688 8.1?1R9 8.151568 98 6l.M " 
1.1817 8.1817 .... U 8-•• 13 1.1' a • ..a27 8._11 1.811821 8.al3, 
'.1" 12.~ 1.15S2 91.289 116.613 8?938 661.28 a.l3?395 '.8783'98 8.1&6611 86.~5 ~.168 98.288 
..8822 •• 8111!;18 1."11 a.822 8.831· 8.821 8.21 8.888liW.l 8.1188821 a.818853 8.822 8.838, 8.121 
•• se. 12. W13 1.1'" ,. 116.112 98 728.:31 8.l29661 '.171'8i"S 8.1H5&5 98 63."' .. 
1.8811 a •• 19 '.8813 1 •• 13 '8.1' a.818828 8._11 1.88IIl8 8.8l3 
8.1]91 12.?W' 7.1513 91.182 116.521 8?181 661.21 a.137lIMo a.8?8111 a.l!5659i" 86.~1 63.552 '98.288 
8.8822 8.8829 8.8819 8.833 8.822 8.~ 8.22 ........... 8. __ 17 8.888812 8.832 8.822 8.126 
8.5?52 12.W39 f'.2859 98 116.811 98 728.29 8.129?92 .a.1?7W8 a.U51156 98 63.959 98 
..... • ... 11 ..... a._ . '.18 ..... 12 ........... 15 a.818 
8.1391 12.7986 1.1!S63 91.285 116.598 17.873 661.31 a.13n96 '.W8183 a.156595 86 • .272 63.188 98.2:56 
a.Ml? 8.1839 '.8822 '.851 8.8211 a.1I29 •• ~ ~~ 8.818826 a.888866 8.QI5!5 8.1128 '.832 
•• I52e 12.8197 7.1122 'M.", 116.516 88.~1 666.81 8.137129 a.8?8281 8~l568t5S 86.218 63.189 ".625 
.... 16 .... 18 1."I! '.121 ••• 11 a.'19 1.15 a • ..-.z? ...... 12 8.818827 8.818 8.811 8.816 
1.17?9 12.9i"18 1.2863 98 t 116 •• 11 98 ne.59 8.12WJ1 a.17789& 8.15118e 98 63..989 98 
.... 19 '.8121 '.1eU 1.1l? I.U 8.II1II31" 8._13 8."38 8.819 
8.1"" 12 •• 18 1'.1529 91.229 U6.631 8?8!5? "'.9i" a.l3111 8.~ 8. 156?1 86.329 63.526 98.-t63 

, 8."16 .... 61 .... 12 a.81' 8.'11 8.818 - 8.!PI 

-----.,---------- --------------------------------_!_-----_:.._--------
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TABLE A6.6. 
) 

UHIT-CELL 
, 

PARAMETERS OF K-FELDSPAR AND PLAGIOCLASE FROM SELECTED SAMPLES 
NEPHELINE SYENITE 

/ 

~ 

..... 
-----_.-----..-.---.....------------------------------------------------------------------

s..l. Itock T.... ~- R. 50 oc. ~ .l ~ !! ~ cft ct. ~ lI! 
---------------....,----------------------------------------.16Ora lilAS 

> .. 
~I!TJ" 

" 
.. 

.... , ... n .. 

fIIIIP ...... ..... 

•• ..,. 12. telS? ? .215? te 116.183 ,. 723.39 8.1295H 8.87?e88 1.151133 98 ~. 817 98 
8.8851 •• ..,. '.8825 1.831, 1.36 1.888865 '.8888Zl 1.8188152 CIl. 13 1 
'.1~ 12,"'" 1.1681 M.B 116.61'9 1fI'..fi'S 661." 1.151513 I.~ 1.156633 ".286 63.'" 98.""1 
~.1I ••• " ••• 12 ' •• 17' ••• 14 '.'12 •• 15 •• ~ •• _11 •• l1li31 '.CIII' a.'14 I.'~ 

•• .., 13.1M9 ?2812 ,. \116.268 ,. i"21.34 CII.~ •• ~ 1.1IHM8 ,. 63.i"" 98 
'.8852 I.~ I~'" ..... CII.11 8. __ •• .....a e....... 8.... ' 
'.1'" 12.l"I33 ?1IS1 M.z.. IH." W.662 6Q." '.IS'111 ......... '.116683 "-'12' 63 • ..,1 ".491 
••• 12 '._3 ••• 14 1.'18 ••• 19 1.'13 '.19 •• ~ 1._14 ........ 1 a:'lM'" a.'l' ••• 11 
•• s .. J2.~ 1.1"" ,. 116.122 ,. 721." •• J2t6ll 1.W695S ... 1!Hi"6O' ,. 63.W8 ,. 
.... .... ..... 1." 1,,5" 1 .... 1 •• -. '.811162 ..... 
1.1_ 12.18'H 1.1611 M._ 116.Q.1 1fI'.a2 "4.68 1.1S'111 1 ...... 13 '.116&28 ".34' 63.46' 98.ES? 
•• ..., .... t? .... 12 '.'19 8.112 8.'11 8.13 ...... 1 • ...... t? 8.811826 a.818 CII.812 ' •• 11 
1.15181 12.w.z i'.1'J81 te 116.W? ,. 728.18 a.1296V 1.8i7817 a ... 1&1661 ,. 63.923 98 

.1.1121 '.1ISl .... 8.122' I.~ ..... 1 I.~ 1.'" 1.122 
1.1M 12.?8M 1.1_ 91.2S7 116.'1& 11._ 663 •• '.13i'SII 1.m131 1.1I65I5? •• 397 63.460? 91.451 
• • ..., .... u 1.""" '.IU ••• 18 ..... a.ft ...... 18 •• .....a7 ...... u.. a.811 CII.818 1.889 

• 
--------------_.~------,-- ------.----- ----------------
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A'nIfDII VII. SBLBC'l'ID COJlPOSl:TIOlfS or CLIlfOPYROXIlII 

F.20~ and formula calculated by normal izing to 4 cations 
3+ . -

then adjustinq the Fe gontent so that the'total number 
.-

and 

of 

oxyqen atoms is equal to six, following the recommendations of 

Robinson (1980). " 

Nomenclature after PoldervaS!rt and Hess (1951), Deel:{ et al. .. 
( (1978), Rock (1982) and CUrtis and Currie (1981). Titanian 

a.CJiri~es are defined as aegirines containing more than 0.1 , 
atoma of Ti per fQrmula unit (Rpnsbo et al. 1977). 

Rock. types defined in Appendix III. Av(n): average ,-of n 

analyses. T: total iron, expressed as Fe or as FeO. % others is 

.qual to the largest of three para~ters: 1) (Na per six oxygen 

atoma) x 100, 2) iivA1 per 6 0xYgen atoms) x 100, and 3) (viÂl 

+ viFe3+ + vier + viTi par 6 oxygen atoms) x 100 (Cameron and 

.Papike. 1981). Sea Appandix l for analytical conditions. 
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1:titansalit~ (forma a compound xenocryst(?) with labradorita: 

Fig. 2.4.4Tr

J
2: titani;erous salite (partially recrystalliz~d. 

xenocryst?), : auqite (partially recrystallized xenocryst?), 

4: titaniferous auqite (~rtiallY recrystallized qrain), 

titaniferous ~uqite (partially recrystallized grain), 

5: 

6: 

titan~ugite (partially recrystallized grain), 5: titaniferous 

augite (partially recrystallized grain), 6: titanaugite 

(partially recrystallized,. grain), t: titansalite (groundmass ot 

dyke), 8: Low-Ti sector of ~oned titansalite (Fig. 2.9.1), 9: 

hiqh-Ti sector of zoned titansalite (same grain aa 8), 10: 
? 

titaniferous augite (partially recrystallized xenocryst?), 11: 

titaniferous diopside (partially recrystallized xenocryst?), 

12: ~odian salite (parti~11y recrystallized xenocryst?), 13: 

augite (partially recrystallized grain), 14: auqite (partially 

recrystallized grain), 

recrystalllzed grain), 

recrystallized 'grain) • 

15: titaniterous 

16: titaniteroU8 

,~ 

r ' 

augite 

augite 

" 

~ 
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(partially 

(partially 
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'l'ABLE A7.1. SELECTED COMPOSITIONS OF "PRIMARY" CLINOPYROXENE FROM MAFIC AND MESOCRATIC 
INTERMEDIATE SAMPLES 

-------------------------------_ ... _-----------
~ 1 2 :5 .. 56? 8 9 18 11 12 13 11 15 16 
aodc" r... ta:J MFI IIIIFJ IIZDI IIZDI tIZDI fIIMC ..... 61MB IIIIFJ ttRF1 ttIFl III'IDI cnJI GttDI l'IZDI s..a. .....1 .... 2 .... 3, Im3-l M23-3 tt623-5 ... 1 ...... :s. 1tG61-3b tl668-2 1'568-3 tI668-1 n&e7-1 tt687-2 n68?-3 8+-5!S6 

.0 .W .w .w .œ ~w ~w .ro ~w ~œ ~~ ~ru ~œ ~w ~~ ~œ 

---------"------------------------
St02 lit. Za 17.82 17.26 ~.. _.63 51.82 ".91 13.82 ~.58 .... 51 58.58 1'J.15 51.27 51.76 51.93 19.9") 58.63 
.. 205 6.26 .... 5.72 2.15 2.53 1.13 .... 1.16 6.11 1.a1 6.. 1.l6 1.91 2.78 3.15 '.'1 ,.ms 3.68 3.28 3.. 1.26 2.71 3.12 2.'5 3.28 1.27 2.19 2.33 1.29 1.51 1.!U -'3.f.3 1." 
TiOZ 2.16 1.?1 '.'1 1.... 1.32 2.. 5.1? 1.?1 2.67 1.23 1.86 1.61 8.13 a.v 1.'1 I.P 
Cr2DS .... 1 '.21 1.' 1.13 1.1 1.13 n.d. a.1!5 a.83 8.83 8.52 g'.28 , 8.82 g.81 8.... n.d. 
..... 15 •• ' 12.13 15.16 1S.91 1&.22 13.56 II.," 11.152 12.8? 13.91 11.96 13.11 U5.89 16.11 U5." 11.31 
,... 1._ 3.71 .... 1.al 5." / 5.92 6.88 1.lI 1.11 6.17 3.28 2.56 7.78 6.. 5.16 5.81 
,ftIIr 1.12 '.59 '.12 8.61 8.17 8.63 9.51 7.18 7.86 S..... 5.31 6.12 9.81 7.36 8.n 7." ... '.11 1.13 1.13 1.29 1.3?.>----..e-..2S 1.21 8.15 1.11 8.:!? 8.12 8.8(. 8.32 1.28 8.11 8.38 
c.a 21.1' 21.21 28.17 19.91 28.28 28.?8 21.99 21.99 22.88 28.19 21.81 21.16 19.22 29.l? 28.15 2I.n 
lI.zo r '.?? - ..... 1.52 1.153 a.M 1."'" a.75 a.58 8.59 8.96 8.78 1.68 9.31 ~.35 8.36 8.82 
___ r _~ __ . • ____ _ ______________________________________________________________ _ 

• Tote! ".61 99.73 99.4Z 99.89 188.. 99.~1 1 •• 66 1 •• 16 9").91 9").76 ".9!5 1 •• 88 CJ(jI.16 -'111i18.~1 188.26 ".92 
~ w __________________________________________________________ _ 

;;: SI 1._ 1.""1 1.... !.1i7 1.... 1.828 1...... 1.~ 1.736 .. "" 1.8" 1.... 1..... ~~ 1..... 1 .... 
11I1ET '.221 '.219, '.171 '.1W '.189 I.ln '.3156 '.166 8.261 8.122 9.188 8.115 8.873 .8'"' I.lse '.125 
aUICT .... '.121 .... '.1 ' •• 1 Il.823 '.as. 1.116 1.136 1.1!53 1.116 8.Q?1 8.113 .823-- 1 •• 1 a.81!5 
,.,. • '.181 '.819 .... '.119 1.1n' 1._ a.883 1.889 1.128 8.861 g.861 8.119 8.8"B 8.112 8.1a1 8.852 
ri ..... ...... '.825 '.129 a.837 1.858 1.116 1.818 8.175 1.831 8.829 1.81? 1.828 8.827 8.136 8.811 
Cr •• _ .... .._ ' •• 1 •• _ 1 •• 1 a." 1."1 8.881 8.891 9." 8.888 1.811 1 8 •• 1 Il.''' "' '.?11 1.118 I~'" 1.181 '.811 1.755 1.613 8.811 8.716 I.??1 Il.8~ I.13? 1.882 1.899 8.858 I.?9I 
,e2t 1.133 '.115 1.126 '.149 1.1. 8.185 ~.21' 1.133 1.12!5 1.291 8.188 8.aM I.~ 8.181 8.16' 8.181 
Mft '.181 ...... °1.811 a.189 a.a12 8.881 8.888 1.885 1.881 8.812 8.881 a.8I2 a.81a 8.886 8.885 8.889 
Ca . 1.112 '.843 8.811 8.791 8.eae 8.832 1.81' 8.872 8.888 a.~ 8.826 8.815 8.767 8.793 a.811 8.822 
"- '.856 '.861 I.as? '.838 1.812 1 I.~ 1.855 1.136 1.813 a.862 8.158 8.128 ~.12S 8.825 8.126 1.859 

IIVCJI9t,.n •• ~p a:n;--;.?98 --;:;;;-;:-~---;:;;---;:;;;--;~--~;--;;;-:-;:;;;--;:;;;---;:;;;---;:;;;--;:;;--;:;;;---
Il ou..-. 22.' 26.6t 18.6 11.9 11.5 17.2 !S.6 16.6 26.1 11.9 21.8 21.8 7.7 9.1 15.8 11.1 
T'~i~ a.271 1.119 '.111 1.271 1.319 1.337 1.118 1.289 8.281 8.276 9.151 8.11' 8.271 8.28~ 8.218 9.352 ,.,./F.r 8.132 •• "" ..!.~ ........ 8.291 8.315 8.218 8.181 8.198 8.233 9.398' 9.681 8.152 8.1~.; 8.37" 1.221 

- , __ .. ______________________________________________________ ----..a.-.------------------------------
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TABLE A7.2. SELECTEO COMPOSITIONS OF SECONOARY CLINOPYROXENE FROM MAFIC AND MESOCRATIC 
INTERMEDIATE SAMPLES 

~ 

~ 
Iode T.,. 
s...l-

1 
DIOR 

"" AIr (1) 

2 
tIFl 
tm1 
AIr CS) 

3 -1 ,~ 5 
6... 6A88 ItZDl 
1t8ê!5-1. l'IG25-lb. lt62'9 
IIvCl) ..... (2) ""'(2) 

6 
GM8 
t561 

""'~ 

? 
HZDI 
83-77 
fhrCZ) 

8 
. "lDI 

83-17 
,""(2) 

9 18 11 12 13 11 
DIOR Dl OR 11ftF'1 EItDO "ZDI ItZOI • 
1tG'J8-1. tI&'J8-'1b 11697 83-)8C) 556-sh"56-5b 
fhr~ fhr~ fhr~~fhr~ ~(24~~ .' .. "" 

---------------------------------------------------------------------------------------------------------------------------SiR lit .. 1 
Rl20S 
Fe20S 
TiR 
Cr2U3 

~ 
F.eT .... 
c.o 
IWO. 
T.t~ 

52.32 ... " 
2.9& 
'.'11 
1.1 

U.15i' 
'.54 

11.19 
' •• 1 22." 
1.19 

l''.H 

53.1? ,51 •• 1 
•• 12 1 •• 1 
1.31 3.12 .... _,.38 
1.11 1.1 

12. i" 1 11.28 
8.16 8.55 

18.... 11.36 
8.55 8.31 

22 .. U 21 •• 
••• " 1.11 

181.58 99.19 

53.V" 
'.S" 
•• 15 
8 .... 
1.1 

13.23 
?55 
7.'9& 
8.l!5 

2'." 1.33 
99.56 

58.71 
•• 81 
2.55 
8.51 
8,,8 
9.89 

12 •• 
11.3? 
125 

21:. 
'.?I 

99.?5 

52.91 
1.31 
1.81 
8.53 
1.8 

l".1? 
5.9"1 
7.S? 
8.33 

22.1$ 
'.81 

01 •• 89 

51.76 
1.15 
3.11 
8.22 
n.d. , .. 

16.63 
19.73 

1.53 
18.31 

1.95 
188.69 

62.R 
8.61 
1.98 
8.26 
n.d. 
8.82 

11.88 
1!5.?CJ 
1.58 

28.7S 
1.96 

181.81 

58.61 
1.95 
1.15 
8.36 
8.81 

18.21 
8.31 

12.W 
8.75 

22 •• 
1.11 

99.58 

51.97 
8.91 
2.56 
8.15 
8.8 

11.27 
8.78 

11.81 
8.88 

22.n 
I.?? 

99.86 

52.28 
8.11 
2.31 
8.17 
8.8 

12 •• 
9.13 

11.Z1 
8.66 

21.62 
1.68 

99.51 

53.67 
8.31 
8.33 
1.83 
8.8 

15.18 
1.28 
..... 9 
8.11 

25.82 
8.28 

98.99 

53.23 
8.5S 
8.19 
8." 
n.d. 

12.53 
9.13 
9.68 
8.61 

22.59 
1.52 

"9.71 

51.78 
1.18 
8.73 
8.l6 
".d. 

11.11 11._ 
11."1 
8.71 

21.28 
8.78 
~,~8 

" ---------------------------------------------------------r~-----Si 
.. ru 
:S-. 
Ti 
Cr .. F.z 
"­
Ce .. 

1."2 .... ..... 
8.885 ..... 
1 .. -.. ..., 
'.2IM 8.a. 
8.911 
•. w 

~ 

1._ 
8.8" .... 
8.837 
'.882 1.-
8.?te 
8.2i?' 
8.ea 
8.~a 

1.8.35 

1 .... 
'.836~ 
8.889 
8.889 
8.'11 1.-
1.63? 
8.271 
1.8U 1.­. ..... 

1."" ..... 
..813 . 
8.813 
• ... 1 .. -•• ?39 
8.2SI" •. '11 .. ~ 
1.121 

1.958 1.'" ..837 ..... 8,.- 8 •• 18 
8.871 •• _ 
1.816 8 •• 15 1.- 1._ 
•• 523 I.n? 
Il.Ma •• UM 
..... 1 8.1118-
1.W1 lt.887 
I.~?, 1.158 

Z.816 
8.8 
8.821 
8.188 
1.816 1.-
1.3?8 
8.539 
8.858 
8.?68 
1.117 

1.986 
1.81" 
' •• 15 
1.8155 
8.88? 

1 .. -1.582 
1.1158 
8.8151 
1.819 
'.171 

1.928 
8.en 
8.816 
8.119 
1.818 8._ 
1.581 
8.~ 
8.824 
8.981 
8 .... 

, fIT 
...,QletFen 8.... ....6" •. ~ '.19 '1.5318 -~8.7(.9 8.~ ,.19'31 8.681 
• ...... 9.1 1.5 11.9 2.? 1.5 8.3 1 ... 7 7.7 11.5 
~1F.r •• 235 1.111 1.24? 1.152 1.159 1.214 8.~ '.189 8.389 

~'\. ,,---------.--,--

1.967 
8.833 
8." 
8.873 
8 .... 
1.-
1.636 
8.2?!5 
8.a26 
1.921 
8.857 

8.616 
8.5 

8.Z18 

1.977 
8.828 
'.888 .... 
8.885 8._ 
1.691 
8.289 
'.821 
'.877 
1.858 

1.,,", 
8.886 
'.189 '.889 
1.181 
..... J 
1.836 
1.138 
'.883 
1.996 
1.111 

2.882 
8 •• 
8.82"1 
8.885 
8.883 
1.-
8.782 
8.296 
8.819 
8.91' 
8. III 

1.662 8.857 8.781 
6.8' 1.' 3.' 

1.18fo 8.65' 8.817 

1.974 
8.126 
8.837 
8.82J 
8.818 8._ 
8.632 
8.354 
8.824 
8 .. 118 
1.1152 

8.~ 

6.' 
8.1&6 

fi' 

1: sadian .. lite, 2: salite, 3: sedian salite (pale qreen zone), 4: salite (colorIes. zone 
of the BaH grain as 3), 5: sodian sa;Lite, 6:' sodian sallte (apparent inclusion in 
titansa11te: Fig. 2.9.2). 7: soeiian ferroaugite (bright green zone). 8: sedian ferroaugite 
(pa1.e green zone) 9: soeiian salite (pa1.e 'green zone), 10: sodian salite (colorless zone of 
the saae grain as 9), 1.1:' sadian salite (at cbilled aarqin with white qranodiorite), 12: 
diopside # 13: ~lite, (colorless zone), ~4: sodian salite (green zone of the sa.e grain as 
1.3) • fi ~ 1 -

... 

.. /. 

0( 

" 

" ... 
C 
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'l'ABLE A7. 3. SELECTED COMPOSITIONS OF CLINOPYROXENE FROM QUARTZ-POOR FELSIC SAMPLES 

....... 
-.cie T ... 
s-.a • 

SiIl2 lit. Z _. ,.., 
TiR 
Cr203 =. ,.or ... ' 
c.D .... 
rote! 

Si 
.TET _ocr ',., 
Ti 
Cr 
lit 
FeZ .. 
c. 
lia 

1 
SfEII ...... 
""(3) 

51.22 
1.311 
4.11 ••• ••• '.11 

13.12 

l l1·l1 
1.39 
1~ •• 
1.61 ".", 
1." 1.'''' .. -8.122 a._ 
a ... 
a.113 .. -.... 
I.?te 
~.1211 

315 6 7 • " ~ 
2 

$VEIl __ 1 PSYII PSWI PSW PSYIt PSYII PSYII 

.~ 
..~.~a .. ~M.a.~~~~ 
.(1) "(1) "CI) .... (0 fW(O .(1) 

52.85 !S1.Z? 
1.21 1.11 
1.' ~ 3.13 
I.M '.P 
It·· •.• 

12.11 n." 
Il.t! •• .., 
11.'1 Il.SI 
1._ 1.i'8 

211.71 21.11 
1.72- 1 •• 

•• 12 ~ ".19 

1." 
'.112 
1.843 a._ 
1.'16 1.-
1.613 
1.343 
1.12S 
1.836 
'.81153 

1.911 
.~., 

'.Iei' .. .., 
1.'11 1.­'.6?1 
1.26' 
1.122 
.... 9 
1.1159 

.. 
M •• 
2.S 
3.'1 

. a.Q 
1.11 

11.73 
5.21 
8.&? 
1.51 

28.35 
a.62 

tI.83 

1.89i" 
1.183 
1.M2 
1.118 
1.819 .... 
1.125 
1.165 
1.117 
1.119 
1.115 

..61 
2.52 
2.~1 

'.61 .." 
13."" 
1.19 ,."" 
a.~1 

28.12 
1.67 ... " 

1.912 1.­
Il.824 
I.w-. 
1.ll~ 
a.881 
1.7715 
1.224 
1.121 
1.811 
1.119 

51." 
Z.33 
'.21 
'.62 ••• 11.13 
5.81 
8.71 
'.11 

21.1' .. " 99.15 

1.911 .. .,. 
I.'U' 
'.191 
'.117 .. -8.au 
8.182 
8'.111 .. .., 
8 ..... 

s..12 
1.81 
1.13 
1.19 .... 

11.17 
5.92 
~.63 
1.71 

28.31 
1.73 
".ft 
1.911 .... .... 
'.111' 
a.al1 .... 
8.?98 
1.186 
'.823 
'.822 
'.853 

52.17 
'.,15 
a.?? 
1.32 
1.1 

12.98 , ..... 
11.13 
".95 

28.?9 
'.5" ,..1ft 

1.982 
1.'18 ~ 
1.128 
•• 122 
1.819 .. .. 
I.na 
1.388 
8.831 
8.816 
8.812 

9 18 
IUIZ NJCS 
tIG28 11-23 
.(1) ""(2) 

u 
NJCS 
84-23 
fW(2) 

12 13 11 
PSYM PSYII PCIIZ 
11&11-] 1t&1e-2 1tG52-1 
IWO) fIy(J) .(2) 

~ ------------
52.36-

8.13 
1._ 
a.la 
8.83 . Il.'' 

18.n' 
11.?!5 

, 1.32 
21.68 
8." 

99." 

1.992 .... 
1.'11 
1.'31 

'" I.ee:!! 
1.881 

'1.617 
1.313 
8.813 
".881 
8.811 
• 

53.11 
1.29 
1.18 
a.815 
n.d. 

U.?! 
12.33 
12.69 
a.78 

21.61 
I.n 

181.!8 

2.111 8._ 
a.a13 
I."U 

..... 1 ...­a.668 
8.389 
1.122 
8.833 
1.856 

52.81 
1.29 
7 •• 
8.12 
n.d. 
7.62 

11.'5 
18 ..... 

1.19 
16.79 
3.31 

188.87 

2."11 a._ 
8.813 
8.282 
".883 8._ 
'.1:52 
Q.3?l 
8.838 
9.68S .. ~ 

51.61' 
1.16 
2.17 
8.!S1 
1.1 

12.Sa 
9.3~ 

11.32 
a.95 

28.61 
a.78 

99.63 

1.951 
a.916 
1.886 
".862 
1.lnS 
1.888 
i.?l5 
1.296 
8.&38 
1.8315 
8.851 

S'.16 
1.19 
2.~ 
8.33 
".11 
9.83 

12.5'9 
11.95 

1 •• 
1'.9~ 
a.77 

99.13 

1.956 
8.811 
a.186 
'.876 
'.11" ........ 
8.568 .... 
8.816 
8.829 
8.8!58 

S2.~ 
8.19 
'.1 
8.21 
n.d • 

J8.11 
J1.1? 
11.11 

1.18 
21.1i" 
8.52 

188.?I 

2.1tR 
8.8. 
8.122 , .... 
j • ..,. 

8." 
8.573 
'.168 
.... 38 
".859 
'.838 

--.--.. ______ La ..... ___ .... ___________________ ~-... ----------------------------------

""~'.T) a.1I9 1.666 1.613 1.?S2 8.?22 1.?S3 8.723 ,.~ 8.633 8.623 9.138 a.663 8.619 8.!S55 
• 0tNrs 12.' 5.9 18.8 12.9 . 11.8 12.8 13.1 5.1 ~.6 !S.6 21.1 8.3 9.2 3.8 F.,.".T . 8.219 a.... 8.251 '.396. 8.218 9.331 a.586 8.868 ~.883 8.828 8.353 8.173 '.157 8.8" 

/ . -
--------------------------------------------------------------------------------------------------------------------~-------

1: sodian ferroaugite, 2: sodian augite (recrystallized xenocryst at tîe core of a compound 
xenocryst dominated b~ plagioclase) 3: sodian sal~te (core" of ospillat ry zoned grain; F~g. 
3.r.3), 4-7: augite (sucessive zones from core to ~im of the same gra n as 3), 8: augite 
(partial~y recrystallized xenocryst?), 9: salite, 10: sodi~ augite (colorless core), Il: 
aegiriné-augite (green ria of the ~ame g~n as 10) 12: sodian augite (att~ched to a mantled 
pla9iocl~se xenocryst)," 13:· sodian augite (partially recrystallized), 14: augite 
(reérystallized grain) 
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TABLE A7.4. SELECTED COMPOSITIONS OF CLINOPYROXENE FROM SAMPLES O~ NEPHELINE SYENITE 
~ 

----------------------------~----------------------------------------------...... 
Iode r .. 
SeIIpl. 

1 2 3"'" 1 
tUfIS ,nll P"" ,nll 
,.16 fI8S"-JA l1637-lb lt637 
"" (18) ""(1) ""(1) ,., (1) 

S 
pn" 
~ 
~l) 

, ? 8 ~ 18 Il 12 13 11 
.PTIM PTUI '"" ,n" pn" HI" ln" Ifl" _MUte 
tt63'9-;" ~3b n&l9-1. 1IG39-lb /tG" tt691-b 11&~-2b m;c}1-1 ttG98 
!W(l) ~(1) ""(1) ""(1) ""Cl) !W<2> rwCl> Av(U RY(l) 

------ ._-----------------------;-------------------------
SiG2 1I't.. 1 SI." 52.72 52.39 53.31 52.17 52.11 52.88 52.31 152.88 52.69 SI.31 58.'8 58.96" 53.11 
Maas 1.151 1.36 1.12 2.28 1.22 1.32 1.82 1.11 1.81 1.... 1.2:9 1.18 1.18 8." 
,..., 11.11 26.47 21.2S 21.. 22.$4 ZI5.59 23r1? 28.n 2S.81 25.. 11.12 17.21 18.75 25.78 
Ti 02 .... 1." :S.51 1.W 3..... 1.61 1.51 1.63 1.19 1.16 1.12 1.43 1.58 '4 1.16 
..... 6." '.21' •. ~ 2.n 8.29 8.11 8.11 •• 151 •• 1fI 1.SI 2.13 1.61 1.33 8.151 
,. 6.ft 2.1'5 5.52 2._ 1.86 4.15 4.95 1.21 3.S? 1.97 9.18 7.29 7.12 3.62 
F.vr 16." a.v 21.... 21." 21.16 Z?1I5 215.71 27.. 26.82 21.11 22.16 22.78 23.99, 26.7S 
... 1." 1." I.I? 1.11 1.65 1.55 1.. 1.53 1.61 2.61 2.31 2.82 2.. 8.sa 
lr02 ' .. 2tIl . '.12 1." 8.12 ft.d. 1.11 li.cI. 1.28 1.. '.16 8.18 n.d. n.d. ~ n.d. 
M 16.61 1.18 1.. - 1._ ,..2.5'1 2.77 3.13 2.158 2.77 5.21 12.19 18.92 9.78 3.31 
....., .. 4.11 12.71. 12.78 I •• ns - 12.29 11.66 11.66 12.36 12.1. 18.59 6.315 7.58 8.... li." 
Totel 181.6e 99.V lM.V 188.31 99.88 99.91 99.49 188.22 188.68 181.... 9'9.63 99.22 - 9'J12 1.1.16 

~'._~ .. ~ .. ~--~---- . ---~ ---- -------------
Si 
MIEl' 
"OCT fIlS 
Tt' 

:!z 
11ft 
lr­
e. ... " 

1.911 ..... 
•• 111 
I.!!l 
1.'11 
I.S'S 
•• as' 
... .a .. -a..". 

r 1.321""" 

..,CJlttf.n .'.113 
lIgIawf.) '.MI 
, .. A.T '.62e 

2 •• 11 
1 .. -'.861 '.nI .. "" 1 •• 15 1.­
'.113 ... .... 
1.'" 
'.Il? 
'.1'" 1.'" 

2 ..... 
1.­.... 
1.612 
'.182 
1.821 
'.Ji'6 •••• 1."" . .... 
'.Ml 

1.­'.lW 
8.777 

2 •• 11 1-­
'.111 1.­.... 
1.131 
'.a.3 
1.1!56 
1.112 
'.191 
1.785 

2 .... ..... 
1.-
1.'" 
'.UI 
••• 17 
1.131 
1.121 .. -1.'. 
1.'17 

2 •• 13 a._ ..... 
1.111 
8.111 
a.123 
1.112 
8.'18 
8.1a 
1.111 .... 

2.853 .. -1.816 
1.668 ..... 
'.825 '.1&9 '.126· 1.-
1.129 1.'" 

1.9W 
•• 1183 .."' 
1.125 
• •• 18 
•• 829 
1.'" 
'.117 ...... 
'.1115 
1.915 

2.889 .. -•• 1Hi" 
1.1" 
1.813 
'.122 
I.U1 
1.821 
1 •• 1 
..113 
1.", 

1.992 • 
8._ .... 
1.111 1.­. ....., 
1.8f02 .. -1.883 
•• 211 
'.i76 

I~i.t --.~~1---1.125--_.:az9---.:~--•. 12S 1.183 
•• 1f1 1.113 1.112 •• ~ '.129 •• 1~ •• 581 
8.155 •• 832 8.839 8.... 1.955 8.867 1.9a8 

~ 

1.9i"3 
8.827 
1.133 
1.126 
••• 12 
•• 112 
•• 381 
1'.8?8 
8.IU 
•• 512 
8.183 

8.163 
•• 321 
8.586 

1.99-4 
8.816 

1."' '.se? 
1.913 
•• 891 
•• 259 
1.167 .... 
'.158-
•• 575 

1.112 
8.~ 
8.6f!i8 

1."" 
1.813 
1.111 
1.558 
8 •• 15 
-I.e?? 
1.232 ..... 1.­.. .., 
I.~ .... 
8.258 
1.783 

2.821 .. -..... .. ~ 
'.es 

' •• 829 
8.1115 
1.'19 ••• 1.131 
1.879 

a.m 
'.281 
".M1 

----------------------
J 

*: average of 4p8halyses. 
1: aegirine-augite, 2: aegirine (core), 3: titanian aegirine (ra of tIle saae qrain as 2), 
4:r"'aegirine (~ate-stage pa~e bravo ra), 5: Ti-rien aeqirine, 6: aeqirine (core of 
pbenocryst), 7: aegirine (ria of the sa.e phenocryst as 6), 8: aeqirine (core of cp;OÙndIIass 
grain). 9: aeqirine (riA of the SéDle grain as 8), ,10: aeqirine-augite (recrystallized 
grain) • 11: aegirine-augite (~igbter zone), 12: aegirï.ne-augite (darker zone of the sa.e 
grain as ~~), 13: aeqirine-augîte, 14: aegirine. 

--' 
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~ --APPBIDIJ VIII. SILBCTBD COXPOSITIOBœIOP AMPHIB9LE 

*. , . calculated by the method of Laird and Albee (1981) 
• .. ~. ~... Ir!;' .. 

usinq a computer proqram written by Dr. A.' Hynes. For other 

composit\ons ye203 was obtained or estimated from wet chemical 

data (Table 2.1). Formula in each case is based on 23 oxyqen 

atoms. 

Nomenclature after Leake (1978). 

Roc:ç,k types defined in Appendix Il!. Av(n): average of n 

analyses. T: total Iron, expressed as Fe or as FeO. Ch. Excess: 

2Ti + viAl + viFe3+ (from wet chemistry) + NaA + K - iv (Al 

+ Fe3+). See Appendix l for analytical methods and conditions. 
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TABLE A8.l. SELECTED COMPOSITIONS OF KAERSUTITE 

---~----------~-----~--~-----------------NUllIl:)er 
Rock Type 
_Sample 

1 2 
PSYN MAFI 
MG10-5 MG24 
Av(2) Av(2) 

3 
MDYK 
MG61 
Av(4) 

4 
GABB 
MG64 
Av(6) 

-------------------------------------------~-Si02 wt. % 41. 74 41. 9'8 39.91 41.59 
A1203 ~ 10.90 10.02 12.66 11.99 
Ti02 5.70 4.41 6.83 5.04 
FeOT 15.19 17.47 12.53 11.58 
FeO 14.16* 15.21* 11.89* 10.06* 
Fe203 1.14 2.52 O. 'u 1.69 
MnO 0.50 0"?49 Q.~5 0~22 

MgO 10.23 9.73 11.58 13. 21 ~ 
CaO 10.26 10.90 10.79 11.24 
Na20 ~.68 2.22 2.84 2.82 
K20 1.01 1.04 0.85 1.03 
F' 0.33 0.06 0.10 0.16 
Cl ..... 0.07 0.07 0.01 0.04 
Total 98.46 98.35 98.31 98.84 
O-F,Cl 0.15 0.04 0.04 0.08 

---------------------------------------------Si 6.219 6.299 • 5.901 6.0,70 
AlZ 1.1~1 1.701 2.099 1.930 
Fe3Z 0.0 0.0- 0.0 0.0 
AlY 0.133 0.071 0.108 0.133 
Ti 0.639 0.498 0.759 0.553 
Fe2 , 1.765 1.9080 1.471 1.227 
Fe3Y 0.128 0.284 0.079 0.186 
Mn ,. 0.063 0.062 0.031 0.027 
Mg ~2.272 2.176. 2.552 2.874 
XOct "- 0.0 0.0 0.0 ~ 0.0 
Ca 1.638 1.752 1. 709 1. 758 
NaM4 0.362 0.248 0.291 0.242 
NaA 

~ 
0.412 0.398 0.524 0.556 

K 0.192 0.199 0.160 0.192 
F 0.156 0.028 0.047 0.074 
tl 0.018 0.018 0.003 0.010 

-~-------------------------------------------NaA+K 0.604 
Mq/(Hg+Fe2+) 0.563 
P~T/(F.T+Hq) 0.454 
Pe3+/FeT 0.068 

0.597 0.684 
0.533 0.634 
0.502 "0.378 
0.130 0.051 

0.747 
0.701 
0.330 
0.132 

-----~---~---------------------~-------------

" 

~ 

1:part pt a compound xenocry.t doainated by plagiocla.. ('19. 
3.1.5), 3: pre •• nt in the groundaa •• ot an alkali b ••• ltic 
cSyke. 
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l:magnesio-hornblende (groundmass), 2: magnesio-hornblende 

(oscillatory-zoned grain inside an amygdule)"', 3: aq~inolitic 

hornblende (same grain as 2), 4: actinolitié hornblende, 5: 

magnesio-hornblende, 6: magnesio-hornblende,- 7: actinolitic 
~ ) 

hornblende (qroundmass), 8: .m'qnesio-hornblende (osciliatory-' 
~ f' ~Qo 

zoned grain inaide an amyqdule), 9: magnesio-hornblende (same 

qrain as 8), 10: magnesian hastinqs!te (g~oundmass), 11: 

edenitic hornblende (qroundmass), 12: magnesio-hornblende 

(qroundmas.), 13: actinolitic hornblende (groundmass), 14: 

. magnesio-hornblende • 
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TABLE A8.2. SELECTED COMPOSITIONS Of GREEN AMPHIBOLE FROM MAFIC AND MESOCRATIC INTERMEDIATE 
SAMPLES 

----.:"'- ------ -------------------------------...... 1 2 3 .. S , ? 8 9 18 11 12 13 11 

t 
'Iode r...,. ~ tw='I lWl lIZ8I lIfIFI • ttZOJ tIRFI fIFI lIfIFI tW'I ttAFI tIIFI lW1 ltZDl 
s..l. ...., ...... ...... tIG2, lIi26 rt&S3 ""'-3 ............... .,.,. tt&W ttIiW lt69? ~ 

""(1) "(1) ""(1) .(1) "(9) ""(8) ,..,0> ..... (1) .,(U "(1) "(1) "(1) '. ,,,,(1) Av(') 

" - - -. -----------------saOZ 1IIt •• 19.~ ...... 2e M.2$ 19.W 19.63 ... 29 •• I? 'V'.,. SI.W' 11.68 115.12 "'~158 51.61 "".U' Il_ 
1.25 ?Il 1.73 1.51 1.6"1 5.lS 1.'5 '.11 5 •• 11.62 '.73 '.81 1.1' 5.315 

fUR 1 •• ' 1._ ••• 1 .... · 1~16 1.22 1.12 1.81 8.W 2.18 1.61 '.3? '.56 1.86-,.., 1".1'1 11.76 11 .... 16.29 U'.2'" 1?85 1".59 '''.R 15.16 18.3't 1!5.62 1".93 13.18 1 ... 89 
\., F" U.M 12.0 11." I2.W 13.61 l"'.W 11.153 11.35 12.81 1 ... 1? 12.38 11.78 18.3'9 JI.?1 ,.., . 3.1 3.7 3.1 3.' 1.' • 1.2 '.1 3.3 3.5 1.3 3.' 3.5 3.1 3.5 ... .." J:S' 1.29 8.11 ••• '.13 '.15 '.23 '.+1 '.li '.31 '.3? '.37 _ 8.115 

.- ...., 13.66 .78 11.89 12.91 12.&2 n.n 13." 11.~ 13.92 9.98 11.66 13.26 11.n 13.315 
Ce8 11.9 11.13 11." 18.12 11.81 11 •• 11.25 18.78 11.28 11.33 11.81 11.96 12~28 Il.3'9 ... ••• 1.i9 1.'1 1.R 1.16 1 •• 8.92 1.?3 1.16 2.28 1.87 1.1 8." 1.26 
128 ••• '.71 '.19 '.1i" '.17 ••• 1.11 1.86 1.51 1.81 1 •• 1.11 1.28 1 •• 
F •. u ••• I.IS 8.21 '.16 '.15 '.12 1.15 •• 1 '.35 .... 1.' 1.' 1.29 
Cl '.11 '.22 '.18 8.U' •. u '.2'" '.13. 8.28 8.21 8 •• 8.13 ,'." '.tJ3 .,..11 
reUl ".19 •• 92 ,. .. ••• "."Ji' ".n W." ".?6 ..90" 99 ..... 98.52 99 .... 98.85 ••• 

N o=t'.Cl ••• •. v .. - a.13 '.18 '.21 ••• '.87 8 •• 8.17 8.28 8.12 8.81 8. tG 

" 
. 

~ *11 • , .. ---- . . , ---st 1'.2!P , ... 7 .. ~ 1'.312 1'.211 7.m 7.298 '.959 1.212 6.211 !. ..... 7.11~ 1.13? 7.1" 
M. '.?63 1."1 '.1W '.6. •• 151 8.1Mo? '.718 1.811 8. ?!Je 1.t'86 1.292 8 •• 1 •• 563 '.8W 
FeR ••• •• a ••• ... ' ••• a: • 1.' '.8 8.' • •• 8.8 8.a •• a ••• ., I.W '.1V' .. - I.R ..... 1.'" 1.- .... ,."" '.251" 8.221 1.273 '.1. '.US 
Tl ! I.UI '.1. ..... 1.111 '.121 '.Ui '.123 '.IP '.186- 1.211 a.179 ...... ,1.'" '.1U' 
Fel 1.117 1.119 1.M3 1.1n 1.666 1. ?!II 1 .... 1.57 1.153 1 ..... 1.529 1.1!? 1.2If1 1.136 
hW '.5'2 •• 1W '.5'1 '.118 ...... .. "'" '.5'3 .... '.381 '.182 8 .... 8.5'9 ..336 .. ~ .- .. "" ...... .... '.Ml' ".162 .... .. - '.828 ..... .... '.831 '.815 ..... 0'.8156 
~ 2."1 2.f1'16 3." 2.'12 2.1215 2.~ 5.'" S.1I9 3 •• 1 2.2J8 2.!561 2.842 3 ..... 2.'" 

'.1151" 1.113 ...... '.162 .... •• MS . ... '.112 .. -. .... -a.1M ........ .... 828 '.1211 
C. 1.?I1' l.n? 1.773 1.'91" 1.7211 1.78 1.1W 1.6?6 1.?S 1.'. 1.869 J.843 t.eP 1.715 ..... •• 162 • .228 '.11'1 '.211 ...... '.286 8.»9 '.IR '.17'0 '.116 8.131 8.1W '.117 '.191 .... .-- • .2159 '.118 '.1318 '.1215 '.166 ..• ,. ...... '.1.., •• 513 a ..... ·8.zn •• 123 '.163 
1 .. .., 1.1S2 1 • .,1 1.- 1.- .. .., 1.112 '.181 .~- '.192 8.151 1 •• 1 '.8$' 1.-
F ... 1 t.1IS '.121 .... '.111 1.211 .. - '.123 ••• '.166 '.1&? a.' '.1 1.131 
Cl .... - ..... _ ...... '.112 1.137 .... '.852 •• 849 ' •• 1 1.828 8.835 8.822 .. .,. •• eu 

"'"" ...... 1.V't '.Ml •• al '.218 '.212 Lzn '.In ..... '.219t 8.785 8.555 a.311 .. ~ '.267 _ ..,Chit • .., "Q"5 .. "" .. '" ..... 1 '.621 .... 1.," '.691 '.671 '.551 1.627 '.661' '.716 •• ue ""CF.r..., .. S? 1.1J8 1.3Q '.115 ..... • ... 1 1..JId '.lI58 '.319 '.s. '.129 '.387 '.331 '.le-
~A.T La. '.211 '.2. '.2. ·1.2Ift '.212 8.218 '.2117 '.zee '.211 8.2117 8.211 8.212 '.212 
Ch.. EMc.a ... ..... 

-------
.... 

i: 

lIr- " ..... :~' ~ ! 
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1:. actinolit., 2: lerro-actinolitic hornblende, 3~ winchite, 4: 

actinolita; 5: magn •• io-hornblande, 6: ferro-hornblende,'?: 

ferro-ad.nit. (core ot zoned grains), 8: ferroedenite (rim of 
\ '" 

th •• am. graina a. 7), 9: magnesio-hornblende, 10: actinolitlc 
tI 

nornblende, 11: magneà!o-hornblende' (core of weakly zoned 

grain), 12: magrie.io-hornblende (rim of same grain as l~). , -

if • 

, , 

• 

) 

o 

o 
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TAiJ,E AS.J. SELECTED COMPOSITIONS OF AMPHIBOLE FROM QUARTZ-POOR FELSIC SAMPLES' . , 
----------------......,... 1 2 S 4 15 6 7' 8 9 18 Il 12 

RDoIc T..- !MEN PSVN ALICS ALKS, PFSY PSVN QTftZ Qntz PCIII2 QlltZ QTf2 QT'IZ 
IMpte Me .. 18 e 94-25 94-2S fB-SI l't648 1'54+-10 f'l&4+-1 r 1'16!52 PWli6:5 '~-lc 1'I666-1r,/ 

AY(5) .w_'?) AYCS) Av(2) AYUl> AY(6) AYCS) . AY(4) RYC?) RY(7') Av(S) !lv(2) 

----------------5i02 wt. ~ t58._ 't9.515 152."lS f52.<f9 "11'.86 "16.1'8 46.27' 4"1.7'7' "KI.E !Se. 14 49.47 48.12 ~ .U20S 2,1IS S.16 1.615 2.SS 4.66 15.13 6.28 6.93 5.18 4.69 5.29 5.22 
Tt02 1."1"1 1.38 1.19 8.86 8.99 1.<te 1.58 1.91 1. ~21 8.91 1.13 8.99 
FIlOT 1 •• "12 22.3"'t 18.7'l5 Ui._ 28.92 2't.l!5 28."12 23.82 19.93 15.21 18.39 18.93 ,..., 14.112 18.29 ll.lS. 11.~ 17'.14 28.19 18.7'1 21.13 15.7'8 l1.ee 1".43 1".88 
F.zos ..... 4.15 8."17 4.61 4.2 4."1 1.9 2.1 4.7 :5.7 ..... ".5 ." 

RnO~ 1._ 1. "Il B._ 8.61 1.21 1.21 • a.6B a.68 8.98 8.63 8.59 8.159 
ltgD 11.86 9.84 11._ 1:5.58 9.91 7'.69 9.3!5 7.79 18.58 13.85 11.86 18.57 .. c.o 8.69 8.7'6 7'.82 • 9.~ 9.81 9."3 9.96 18.87' 18.58 18.99 18.39 18."2 
tt.2O 2.21 1.SS 3.31 2. 1.99- 2.16 2."12 2.59 1.67 1.69 1.84 1._ 
lC20 8.78 •• Sot 8. Ils a."l7' a.69 8.71 8.?6 a.98 a.64 80:; 8.154 8.62 
F 1.25 a.37' 8.94 a.7'i' a.99 8.83 1.11 1.18 a.7'8 8. 1'.83 8.7'7 
Cl .. - 8.18 8.83 8.8& • 8.11' 8.19 8.28 8.31 8.21 8.89 8.16 8.18 
T-.l ... - M.52 98.SS 98.87' 98.57 99.75 98.69 99.7!5 99.73 98.68 98.7'7' 98.11 
O=F.Cl •• IM •• 18 ..... 8.34 8.46 8.39 8.153 lR'!!53 8.34 8.37 8."7 8.315 

N , . ~ 
CD , " 0 Si 7'.15IP 7.37'3 7'.627 7'.57'4 7'.148 7.891 ?813 6.838 7.11~J87' ?195 

IUZ .. ~ 8. A?' .. .., 8.42& a.BSS a.989 a.987 1.17'8 a.881 8.688 8.813 8.885 
F.s+ ".1 J •• 1128 .... a.a a.av a.e a.e a.a a.8 • a.a _ a.e'O 
'Uy e •• 8 •• • ••• a ... • •• a." a.l54 8.87'6 8.889 8.119' 8.896 8.115 
Tt a.l25 .8.1151 . 8.138 8.895 8.113 8.168 ::ir: 8.219 a.l35 a.l_ 8.126 a.ll1 
Fe2+ 1.829 2.27'6 I.SSS 1."'" 2.17'l5 2.568 2.696 1.94"1 1.449 1.798 1.861 
fI.sv ........ • .. 4et 8.837' 8 ..... 8.45S 8.582 - 8.217 8.24J 8.!52"t 8.486 8.491 8. a. 

"" 8.1315 8.118 8.121 •• 81'S 8.1815 8.1e1S 8.87? 8.888 8.11S 8.81'B a.8?4 a.81S ... 2 .. a. 2.1.:2 2.5158 2 .. ~1 2.2"tl 1.738 2.112- 1.771 2.335 2.837 2 ....... 2.511 
MI)c4 a.l42 •• 271 ••• 8 •• 8.137 8.122 8.892 8.891 8.868 -e.812 8.821 -e.821 
Ca 0 l.SM 1.5S? _ 1.1194 1.167' 1.1!1915 1.552 1.61" 1.616 1.679 1.;oJ7 1.651 J.669 ...... 8.4et 8.$52 8 .. 986 8.1SS3 8.269 8.5"16 8.2'11 8.263 8.261 "8.28:5 8.SZ9 8.331 
Mill' a.l18 ... lfi 8.828 8.181 a.:517' 8.289 8."28' 8.!583 8.218 8.J?8 8.288 8.21" 
r:: •• 132 8.81& 8.U54 8.887 8.154 8.137' 8.1"17 '8.1 ?'!5 a.121 a.lee a.l82 8.118 
fi a .. sas •• I?"t 8 .. "152 a.551 8 ... 7'5 8.3'98 8.!532 . 8 .. 1531 8.329 8.378 8.483 8 .... ~ 

, 

Cl •. aus •• 1125 •• a.? 8 •• 15 8.8't't 8.849 8 •• 72 ...... 8.853 8.822 8.8'f9 8.825 

IWM« ..... a.l?"t a.l82 ... 26? 8.458 8.426 8. 56? 8.6?8 8.339 8.278 8.383 8.S33 
'-'(~e2+) a._ ........ •• US4 a.67'S 8. SB'? 8."'" li> - 8.471 8.397 8.!516 8.662 8.!57? 8.!I!H 
F.T'< .T ...... ) ....... .... .... 71 .. ~ 8.M2 8.65B 8 .. !5!!51 8.62"t 8.5J" 8.395 8.483 8.!i86 
F.:s+H.T •• 1_ •• 194 8.1S7' 8.262 8.197 8.164 8 .... 8.882 8.212'0 8.219 8.215 8.21" 
Ch. E~ 8.185 8.317' 8.291 ,8 .. 263 8.387 8.329 8.3?8 .. 

~ 
2 
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1: maqnesio-hornblende (interstitial qrain), 2: edenitic 

"'" hornblende (brown core ot a zoned phenocryst), 3: magnesio-

hornblende (intermedlate zonè of same qrain as 2), 4: maqnesio­

hornblende (rim ot same qrain as 2), 5: maqnesio-hornblende, 6: 

" maqn •• io-hornb1ande, 7: ferro-hornblende, 8: ferro-hornblende, 

9: terro-edenite, 10~· ·terro-hornblende, 11: magnesio-hornblende , . 
J • 

(core of compos!tionally zoned grain), . . 12: actinolite (rim of 

the same grain as 11) •. 
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TABLE A7.4 • S~LECT~MPOSITIONS OF AMPHIBOLE FROM SAMPLES OF GRANITE 

-- • -------------------------------1 2 3 .... 5 " ? " . B 9 lB 11 12 
6P 6P "~ GP P06R GP KF06 KFD6 KFOG KFP6 ... TGO ... T60 

J 
-----.--- - .... 2-1 .... 2-SC ~3i f'l642-s.- l'I&t6 1'S51 93-55 l'B57 H6!57-2 t1S8S r1B97-....c H697-f .. 

AY(S) AY(S) Av<S) AY(2) Av(C) RY(?) AY(8) ,Av(?) , RY(2) Av(6) Av(I) Av(2) 

----------------------------Si02 wt.. ~ 47.74 46.29 18.38 47.2S "?11 46.69 46ë"f2 46.'tB 1-5.68 %.68 "8.'M 52:. 
Al2œ 8.1!115 9.29 6.29 6.19 6.29 6.41 5.74 5._ 6.24 6.-19 ..... 86 3.28 
TiGa 1._ 1.72 1.19 • 1.41 1.33 1.43 1.15 1.89 1.32 -t89 8.91 8.69 
~.., 19._ Il.98 '16.21 IB.48 17.93 t'·M 21.78' 22.89 . 23.1" 2 .Bl 115.61 1 ..... 61 -" 
tr.o US.S 9.16 12.79 1".5S 1".86 5.78 17.81 1?22 18.81 1?&t 12.19 11.37 
tr.aos 4.6 2.8 3.8 4.3 4.3' 4.6 !S.3 !S.4 !S.7, 5.S 3.9 3.6 

4 
~ 1.1'8 1.26 1.69 1.1!5 8.63 8.87 8.99 1.19 B.94 1.84 B.64 8.62 .. 18.38 14.315 12.86 18.se 11.152 lB. 1 .. 8.ge 8.S? ?9!5 B.151 13.39 14.S5 
c.D . 1 •• _ Il...32 18.a 11.81 18.59 IB.89 1B.25 18.68 IB.94 IB.52 lB. '73 18.8'7 
tt.2O 1.52 2.&4 2.88 1.&4 1.8:5 1.S6 1.93 2 .. 18 1.89 2.85 l.&t 1.86 
lC20 8.67 8.34 1.!5't 1.72 1.65 8.?? 8.76 8.91 1.89 8.88 8.S? 8.33 
II' 1.?15 - a.94 8.72 a." 1.67 8.79 8.79 1.63 1.92 1.13 8.49 8.13 
Cl 1.19 8.89 a. us -. •• 22 •• 28 B.23 •• 21 8.-26 8.32 8.18 B.89 8.ee 
Tot.al 98._ 99._ 99.68 99 .... 98.76 188._ 99.11 188.3!5 181.12 188._ 97.87 '3&. !SI 
O=F.Cl 8.S .... 2 •• 3't ...... B ... 33 B.38 8.38 8.7!5 8.ee 8.52 8.19 8.a? 

II) 1 

CD ------- -------------... Si ?11a 6.689 7.849 7.828 6.989 6.928 ? ... 6.983 6.8?'? 6.995 1 ?28'? 7.589 
fUZ .... 1.311 a.9I51 a.988 1.811 1.872 8.996 1.817 1. ur? 1.885 8.'?93 8.'t91 
tr.sz a.8 •• a a •• •• a 8.a •• a a •• 8.a 8.815 8.8 8.8 8.a 
A1V ...... a.271 a.l38 a.1M a •• 73 •• 849 8.82!!i 8.838 8.B .. 8.888 8.8!5lo 8.853 
Tl 8.112 8.187 a.l38 a .. usa a .. l48 a.l68 •• 15 8.123 •• 149 8.122 8.181 8.875 
F~ 1.'IS l.~~ 1.!5!59 1.886 1.71!5 1.918 2.147 2.167 2.268 2.135 1.581 ,1.371 <> 

Fe'SV 8.S16 •• a.41? a.181 8.488 8.51" a.682 8.612 8.638 8.598 8.421 8.591 

---
a._ a.832 a." a • .,... 8.11'?'9 a.l89 •• 125 8.152 8.128 8.132 8.88B 8.876 

ftg 2." S .. .,1 2 .. 728 2.S3i' 2.547 ~~3 2.113 i .87'8 1.78't 1.981 2.939 3.127 
HOM p a.al? 8.828 a .... -a. 819 1.875 a.823 8 .... 2 -8.839 _ -6\. 849 -B.82!5 8.893 8.892 , 
C. I.?SS 1.752 1.6'1 1. ?!53 1.685 1.731 1.65'7 1.789 1.76!5 1.689 1.69:5 1.679 ....... a.2a 8.228 •• 261 -8.247 8.244 8.216 08.381 8.291 8.23I!S 8.311 8.21" a.229 

-"-" 8.1- 8.11528 a.»'f 8.226 a.282 8.298 a.26S 8.322 8.316 8.2&t 8.226 8.867 
le: 8.121' 8.e&S a.l_ l'OIS? 8.125 a.l46 8.146 8.175 8.~ 9.153 9.187, 8.16l 
F a.~ a .. 438 a.SS2 8.4S? 8.314 8.371 •• S7? 8.776 8.91" 8.536 8.U16 8.8159 
Cl ...... •• 822 •• 837' 8.8!515 a." 8.8!i8 8.85'1 8.866 8.882 8.6H6 8.822 8.828 . 

" ~ 8 .. 316 8 .. &82 ....... a.~ a~4e e."~ a."18 8.44)7 :e 8.437 8.'33 8.128 
",,(=e2+) a. fJ16 1.738 a.636 8.564 1.594 8.535 8 .... 8.464 9.4?1 8.662 •• 695 
F.T' .T~) 8.81S 8.519 .... 31 8.4915 8.466 8.523 a.!57'? 8.!59? 8.598 8.391!5 8.368 
tr~.T 8.212 8.218 8.211 8.218 8.216 8.289 8.219 8.22B 8.232 8.219 8.219 8.222- ---O\.~ ".. 8.243 8.24? 8.362 

-------------- ------
,. 
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" \ TABL~ A8.S. , SELECTEO COMPOSITION OF AMPHIBOLE 

PERALKAL~NE TINGUAITE 

;~~;;-~------î---i---;------
Rock Type PTIN PT~N 
Sample ~G37-I MG37-P 

8i02 . 
AI203 
Ti02 

1 FeOT 
FeO 
F8203 

"MnO 
MqO 
CaO 
Na20 
K20 
F 
Cl 
Total 
O-F,Cl 

Si 
AlZ 
Fe3"Z 
AlY 
Ti 
Fe2 
Fe3Y 
Mn 
Mg 
XOct 
Ca 
NaH4 

"\NaA 
J( 

F 
Cl 

\ 

Av(6) Av(5) 

59·57 
1.29 
0.98 

29.57 
28.7* 
1.0 
3.14 
1.24 
1.48 
7.84 
2.48 
0.89· 
0.02. 

99.15 
0.38 

8.0'11 
0.0 
0.0 . 
0.241 
0.117 
3.803 
0.114 
0.421 
0.293 
0.0 
0.251 
1.749 
0.659 
0.501 
0.446 
0.005 

50.96 
0.96 
0.91 

27.97 
25.S* 

2.4 
2.66 
2.12 
0.82 
7.71 
3.20 
1.06 
0.01 

97.92 
0.45 

8.121 
0.0 
0.0 
0.180 
0.109 
3.438 
0.289 
0.359 
0.504 
0.0 
0.140 
1.860 
0.5221 
0.650 
0.534 
0.003 

-------------------------~---N&A+K 1.160 1.173 
Ng/CMg+F.2+) 0.071 0.128 
r./CPe+Mg) 0.930 0.881 
Fe3+/FeT 0.029 0.07~ 

---~------~---------~-------. 

FROM 

1: .anganoan pota.sium artvedSonite (interstitial qralns), 
aang&noan pota •• iua arfVedsonite (phenocrysts). 

If' . 
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APPBNDIX IX. SBLBCTBD COMPOSITIONS OP 8IOTIT. 

*: aIl Fe treated as FeO. For other compositions '82°3 wa. 

obtained or estimated from wet chemical data (Table 2.1). In 

both cases the formula is based on 11 oxygen atoms. 

Nomenclature after Deer et al. (1975) and Rock (1982). 
e 

Rock types defined in Appendix III. Av(n): average of n 

analyses. T: total iron, expressed as Fe or as FeO. See 

Appendix l for analytical methods and conditions. 

\ 
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TA6LE A9.1~ SELECTED COMPOSITIONS OF BIOTITE FROM MAFIC AND KESOCRATIC INTERMEDIATE SAMPLES 

'\ .------ ------ -----------------------------......... 1 2 3 1 5 6 7 8 9 18 11 12 
ltoc:Ic r..- ttfIFI lI2DI IIRFI ew:t IIZDI tIZDJ ..- lW"t tlZDI DIOR ttRFI fQOI 

s-.l- "" 11825 11&21 tIG26 lt629 tt6t53 11661 ltG68 83-?? lI6ge tl6W' 81-556 
...,(6)' ,.,(8) "'(1) Av (1) "'(5) "'(6) ,.,(6) IWW .(3) fW(6) "'(1) "'(5) 

-- ._~ --- -- ------------
SiR Nt. z 5'.19 37.'1 37.12 S".21 36.21 37.11 37.98 37.31 37.8(. 35.9"1 S'." 37.25 
111203 13.98 13.89 12." 13 ...... 12.52 12.98 1~.6S 1~.2'9 12.2'9 13.?3 1".86 13.57 
Ti 02 ~.26 ".18 S.P 3.43 ~.27 ".et' 3.85 3.63 ~.38 ~_2!5 3.15 1.18 ç~ 

f.oT 19.11 28 •• 18 •• ZI.21 21.25 ZI.8!5 16.12 l'.S" 2l.'1 Z2.~ 17.12 1'.&1 
F. .16.92 17 .... 16.16 18.15 28.i'<'t 18.17 13." 1'.85 28." 19.11 US •• 16.52 
fe203 2.8 2.' 2.' l.1 3.9 3.2 2.1 2.8 3.9 3.6- 2.6 2.8 
lInO 1.16 8.25 8.18 8.14 8.19 8.22 8.11 8.115 9.52 . i 8.19 8.16- 8.25 

~ 
11.?S 11.19 12.~ 18.92 ~: 18 •• 11.81 11.81 8.n 9.58 13.15 1.1.67 
8.12 8.81 8.83 8.81 1.81 1.81 1.12 8.11 a.81 8.&1 8.81 

lW8 '.13 '.12 '.18 .... 8.11 I.e,? I.e? 1.7' I.la a." a.86 8.13 '.18 
K20 '.lS 9.66 9.36 9.72 18.26 '.77 8.11 '.22 9.68 18.12 9.52 9.13 
F ~. 1.12 8.13 8.22 a."l 8.31 8.79 8.815 ..... 1.83 8.17 8.16 8.11 
Cl 8.12 8.31S '.22 8.32 8.27 .... •• 17 .... 8.31 8.31 ..1? •• 28 
T~ü 97.58 _.77 97.63 97.8!$ 97.23 96.;0& 97.16 '6.56 97." 97.15 'J!5.77 _.115 
o:F,Cl '.lS '.2& 1.11 a.21 8.28 1.11 8.16 1.12 8.~ 8.1!! 8.11 I.Z1 

------------- -------------------------------------
N si 2._ 2.811 2,.818 2 •• 21 2. 2.788 2.886 2.8. 2.758 2.829 2.819 
CD "12 1.288 1.172 1.1~ 1.176 1.111 1.228 1.191 1.118 1.Z~ 1.171 1.181 .. F.3Z 8.1 8.81? 1 .... 8.1 1.858 8.a 8.8 1.- 8.ln 9.8 a.a "-

fU" 8.123 8.8 '.8 I.~ 1.8 9.1 8.1M1 8.971 a.8 8.8 a.a?" 8.929 " 

TiV , 8.239 8.239 '.291 I.l~ 8.218 8.231 1.212 '.285 1.2152 8.21& 8.178 8.233 
Fe3Y 8.lS? 8.1 .... '.183 8.177' 8.169 8.182 8.132 •• US8 8.1?1 8.1'Ji6 9.117 9.159 
YI 1.428 8.387 ' 8.397 1.3" 8."17 8.1115 8.388 '.13!5 8."IV 8 .... 9.3" 8.122 , 

~ 1.'" 1.267 1.36S 1.Z31 8.963 1.185 1.616 1.l2l 1.9~ 1.~3 1.172 1.!U6 
.. - 1.1S? 1.133 1.823 1.178 1.512 1.161 8." 1.8159 1.381" 1.223 8.917 1.&16 

" .... " 8.111 8.816 '.8n 1.889 8.132 8.'11 .. ., '.818 '.'31 8.832 9.'1' 8.816 
NaY 8 •• 8.8 '.8 8.8 8.818 8.9" •• 8 •• 8 8.' ••• 9.8 8.8 

~ Y2 2.:w'S 2.116 2.~ 2.111 2.317 2.~ 2.173 2."1 2.3:5? 2.317 2.438 2.S'$ ., le 8.92t 1.", .. ...,. 1.'" 1.812 '.952 8.785 8.881 8.'38 8.978 9.912 a.'ne 
l" IWC 1,.11' 1.818 '.811 8.816 8.' 8.818 8.112 8.115 8.813 8.899 a.819 a.al5 

~ 8.812 . 8 •• 1 8.812. '.881" '.882 8.181 8.881 8.88Z 8.881 8.881 a.883 8.181 ... 
ft 8.919 8'9&1 8.981 8.915i' 1.811 8.961 8.898 8.988 '.953 8.988 8.931 8.926 
F .8.828 8'~183 •• 8&2 ...... 8.883 8.191 8.812 8.817 8.281 8.811 9.838 8.&9' 
Cl 8.~ 8.81S 8.828 /. 1.811 8.8l5 8.86Z 8.821 8.8!51 8.818 8.811 8.922 8.836 

-------------------------------------------------------------------------------------------------------------F.r/(F.r.~ 8.181 a.sa6 8.16l. 8.15l2 8.628 9.1532 8.37' 8.1?9 8.61f. 8.567 9.126 9.178 
Fe3+/F.r 8.138 8.128 8.1" 8.131 8.115 9.137 9.135 9.138 8.117 8.115 9.131 9.132 
"'" <ItcJ+ FeZ. ) 8. '" 8.1528 8.5n 8.1513 8.118 9.585 8.6156 8.555 8.132 8.172 8.688 8 • .s!57 

-------------------------------------------------------------------------------------------------------------
'1-2: titaniferous biotite; 3 : titanbiotite, 4-8: titaniferous biotite, 9: titanbiotite, 10-
12: titaniferous biotite 
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TABLE A9.2. SELECTED COMPOSITIONS OF BIOTITE FROM QUARTZ-POOR FELSIC SAMPLES 
\ 

---------- ---------------------
> "\ 

......,.,.. 1 2 S 4 
ailPl 

6.. /7 e 
Rock T...,e SVEN PSYN ALKS PSVH PQfIIZ aTZ" arZ" 

Î s-pl • ... PlSle 100<25* t1G48 t1G44 t16!52 I1G6S 1"1666 
Av(7) ,",(4) Av(4) AvCS) AvC?) AY(6) AvC?) Av(6) " 

--- ------- - ._------------------5102 wt.. ~ S6.4!5 S6.~ se. es 36.92 37.38 36.68 37.89 36.69 " Al203 13.11' 12.26 1I.es l1.e 11.9S 12.154 IS._ 12.6? 
Tl02 4.1S 5.11 4.86 S.64 S.S9 4.89 ... 4.82 S.79 
F.oT 22.7:5 2!5.29 28.18 2?82 24.!52 2S.26 l~.lS 23.815 
F.o ".SI 21.151 28.18 2S.96 28.83 19;21 115.62 18.82 

~ S.8 4.2 8.e S.4 ~1 4.15 S.9 4.7 
8.39 8.48 1.39 8.41' .215 8.34 8.21- 8.21' 

~ 9.69 7.98 1I.S? 7.19 S.1'4 9.62" 11.62 9.!54 
8.8 8.84 ./ 8.1a 8.el 8.81 8.82 8.81 a.a 

Na20 8.!8 8.84 8.12 8.89 B.e? 8.12 8.ee. B.18 
K20 11.86 9.42 9.9? 9.72 9.1'9 9.68 le. a-. 9.75 
F 1.84 8.67 1.12 1.64 1. ?15 1.29 1.28 1.41 
Cl 8.!! 8.~ a.8? B.SS a.42 a.16 8.33 8.29 
Toul 97. 97.S? 97.82 98.44 9?83 W.915 W.Sl 9? 3"? 
O=F.Cl a. 8.3"? a.49\ 8.71' 8.83 8.61 8.61 8.66 . 

----------- -- ----------
t.) 51 2."" 2.789 2.9!M 2.8i"8 2 .... 2.88? 2.846 ~ 2.al? 
CD fUZ 1.1915 1.11S a.99S 1.894 1.88!5 1.1S1 1.1!54 1.1<'t6 
Ut FeS2 8.8S3 a.89f3 a.8!5S 9.846 la. est 8.863 a.8 8.83? 

Al ... 8.a 8.a 8.8 8.8 B.8 . 8.8 8.8 8.1 
} TiV 8.237 8.296 8.232 8.213 8.197 8.~ 8.228 8.219 

FeSV 8.U15 1.1115 . 8.8 8.152 e.2fIi' 8.196 8.221 8.2S!5 
VI B.422 8.441 8.232 8.S6e 8.484 8.432 8.+t8 8.'f!S3 
"'SJV 1.182 &.916 1.S46 8.8$5 1.88!5 " 1.89? 1.~ 1.892 
F .... 

..". 
1.2$5 1.~ 1.226 1.15158 1.S+t 1.229 8.98"t 1.289 

~- ,,",V Il.82!5 8.826 81182!5 8.831 8 .. 816 8.822· 8.8US 8.818 ,. 
,; 

"'V 8.8 e.e 8.e B.e B.e 8.8 8 •• B •• 
't2 2.368 2.~ 2.159? 2.422 2.566 2.348 2.5BS 2.SJ? ~ 

./ K --:.9?'9 8. 8.9!58 8 .... ~ 8.96"t 8.94!5 8.964 8.ge15 
MW< .8US 8.886 a.ale 8.a14 a.818 8.818 8.889 8.8J5 
c.K 8.a a.ees 8.a 8._1 a._l S.882 S._1 B.S 
H 8.994 e.931 8.976 8.918 8.9?'!5 S.964 S.9?"t 8.978 
F 8.251 8.163 B.269 8.48S 8.420" 8.298 B.S8!5 - B.542 
Cl 8.82? a.eeIB 8.889 8.84S B.8!!!i 8.868 8.842 8.~ 

t, ....... , 

~ ( F.~(F.T~) 8.568 8.618 a.487 8.6i"8 8.612 S.!51'6 s .... B.51!5 
-.' FeS+/F.r a.lee 8.149 S.841 8.113 B.Use e.l?-t 8.,183 8.183 

RQ.r(ftQ+Fe2+) 8.~"12 8.S98 8.!523 8.S48 B.429 8.4'12 8.578 8.47!5 

.. 
1 

titaniferous biotite 1: titaniferous biotite, 2: titanbiotite, J-8: 
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'TABLE A9. 3.. SELECTED COMPOSITIONS OF BIOTITE FROM SAMPLES OF GRANITE 

"'~-----i----~; .. .!5 6 7 8 9 
... TW- ..,.., WT8O.'6P PDBR ~ KFD6 t::FD6 WT&O KFP6 

. s..pl. l'ISSe ~ 1'1642 1'1616 ~ 8S-eG f'I68? tt668 l'E83 ,...,<.) ,...,(~ ,...,(6) ,...,(15) ~(7) Av(?) Av(S) Av(6) AY(8) 
\ 

;0 

s,oz ut.. ~ 31'.56 38.59 ""31'.48 36.16 37'.74 37~i9'--se=-67' :57.'f!5 :57 ..... 
1112DS 14.1S? ~ US.66 12.-99 12.87 12.S8 .. 1.1.a2 11.71 IS.62 12.18 
TlG2 2.7'2 a._ 4.16 4.al S.66 S.62 S.f52 4.!58 3.6~ 
~.sr 19.12 rr.":5 28.S 22.~, 22.7:J :M. 1.. 22.38 19.'U :M.28 
~.o us. '1 14.28 16.87 18.45 18.86 18.51' "'.89 US.98 H~.51 
F.œDS S.9 .. S.5 S.9 4.5 4.S S.S 4.9 v 5.9 S;5 
lInO 8.SS B.2!5 a.5? B.28 8.59 8.158 B."IfS 8.19 8.48 
fIgI:) 12.8 lS.77 11. US 1 •• 35 1 •• 58 8.96 -18. S:J 11.64 9.85 
CiO •• et" •• a ••• 1 •• 82 •• 82 ••• 1 8 •• 1 •• 8 , •• 82 
"-20 •• 12' •• e? •• 89 •• 15 8.89 •• 11 8.89 8.12 8.88 
tt;2D 8.98 8.81 9.1S? 9.84 9. ?8 9.64 9.84 9.87. 9.68 
~ a.ll 8.21 1.39 1.36 I.R I.SI S.11 8.2't 1.4S 
Cl 8.41 a.59 a.59 a.59 a.42 a.59 B..... a.~, a.54 
Tot;el -'.89., -'.51 97.7'8 97.7'2 98." 97.69 99.e15 91'.69" 98.69 
O=F,Cl 8.1" 8.18 8.61' •• 66 •• 7.5 •• 12 1.41 •• 18 8.68 

Si 
fllZ ,.sz 
'UY 
T"V 
rr.sv 
YI = ..,V ...... 
"t2 
le 

*" CeH 
Je 
rr 
Cl 

2._1 
1.199 a., 
•• 882 
•• urs 
a."219 
B. "'""" 1 .... 
8.974 

# 8.821 
a.a 
2 .... 1 
8.8II!K 
8.81?· 8._ 
•• 877 
a.826 
.~8152 

2.&e6 
1.1'" a.a 
•• 222 
•. ees 
ah 915 
a .... 1'8 
1.tS19 
8 .... 
8.816 
a.a 
2.419 
•• 852 
8.81a 
••• a.842 
a.849 .. ..., 

2.827 
1.1e15 
a.118 
8.8 
a.236 
a.~ 
a.439 
1-.2I!K 
1.864 
8.824 
a.a . 
2.-542 
8.921 
•• 11:5 
.... 1 
a.95e 
a.5S2 
8.8œ 

2. 7815 2.847 
1.159 1.181 
a.a&; a.815S 
8.8 .. 8 •• 
a.2S8 a.2aI 
a.191 a.l92 
a.421 a.S99 
1.178; J l~lel 
1 • .,7 1.1_ 
a.alS a.82!!5 
a.B a.a 
2.5$9 2.S9& 
8.9159 8.941 
a.822 8 •• 15 
8.882 8.882 
a.985 - a. ge6 
B.S29 a.S6S 
8.ae& 8.8f54 

-----------------------------------------~------~.T/(F.T~) a.459 
rr.s+/F.T 8A 184 
f'tQr(~e2+) a.591 

8.41S 
a.181 
a.6S2 

a.!5e6 
a.l72 
8.M1 

a.S47 a.S48 
a.174 a.l78 
a.!5ee ~ 8.498 

2.862 
1.872 
8.866 
8.e 
a...289 
a.241 a • ...,. 
1.829 
1.241' 
a.83S 
a.a 
2.387 
8.946 
8.816-
8 •• 81 
a.964 
a'~7 
8.8!58 

2.914 
1.848 
8.M6 
8.e 
a.l99 
a.2S2 
r.431 
1.168 
1.127 
a.B29 
a.8 
2.516 
8.946 
8.alS 
a._1 
8.968 
8.741 
8.856 

2.7'9S-
1.197 
8.81a 
8.e 
a.257 
a.289 
8.166 
1.294 
8.992 
a.812 
a.a 
2.298 
8.9S9 
8.811 
a.a 
a.9!56 
a.BS? 
8.8't6 

2.845 
1.117 
8.'839 
8.81' 
8.2aI 
8.264 
a.471 
1.824 
1.239 
a.851 • a.a . 
2.29f5 

8.~~ 8.a12 
a.882 
8.M 
8.54S 
8."" 

- --------------a.6e2 -
a.l98 
8.482 

8.S18 
a.l98 
8.ee7 

a.485 
a.181 
8.!566 

8.681 
8.196 
8.4e3 

-----_. _--._----------------------------------------------------
1-7: titaniferous .biotite, 8: titanbiotite, 9: titaniferous biotite 
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1: manganiferous titaniferous 

ti tani,ferous lepidomelane 

biotite, 2: 

(interstitial 

, 

manganiterous 
~ . 

qrain) , 3: 

manganiferous titaniferous lepidomelanè (interstitiai grain), 
, . 

4: manqanif~rous,titaniferous Mg-biotite (inclusion in aeqirine 

phenocryst: Fig. 5.3.2), 5-6: manqaniferous titaniferoua Mq-

biotite (qroundmass) , 7: manganiferous 

lepidomelane, 8: manganifereus titaniferous .. 
aeqirine phenqcryst) , (inclusion in 9: 

ti~aniferous lepidomelane (interstitial qrain) • 

.. 
1 

( 

.:_'; -.J1>.~'... .. . .t},> ... $ .... . :i!.. ~ .... ~':~t:ol"~::'!:, - 1 ~ 

"­
titaniteroU8 

lepidomelané 

Mangani terous , . 

-: ... ":- ..... ' 

---
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;~, ~ '!ABLE M.4. SELEC'l'ED COMPOSI'l'IONS OP BIOTITE FROM SAMPLES OP NEPHELINE SYENITE 
,- / 

".~r 1 2 5 lIodc T __ 
"1115 PTIN PTIN 

..... 1. ..16 MBS7-2 l'tSS?-4 , - fii,(S) *"'(2) Av(·f) 

(' -Si02 ut. ~ 57.59 38._ 5?~ "1._ ...... 7 18.78 315.67 57." 36.86 
fll2DS 12.G 18.78 1 •• 61 12._ 15 .... 1 .... 1 Il.SI 18.~ 19.38 
T1GZ 2.71 1.77 2.86 2.86 S.2!5 1.86 S.1""t S' ... 2 S."" 
FfIIlIr 22.28 'Z".t57 SB.la 9.18 9.3S 9.28 se.S? 26.79 29. US 
P.o 16.54 21.99 25.98 9.18 9.35 9.29 21.16 21.!18 25.21 

'" Pe2IDS 6.6 6.2 6.8 8.8 8.8 8.8 6.9 6.1 6.6 " 

" 

..,., 1.77 ".21 5.17 • 4.28 ".69 4.85 S.a? 4.45 4.a 

~ 9.16 s._ 2._ 14._ 12.51 14.74 2.ee 15.38 2.68 
•• &1 a •• a.. , 8.81 a.al a.8 8.a 8.al a •• 

Ne2D 8.15 •• IIS •• 86 •• 16 8.17 a.88 8 9 111' a.88 a.86 
lC2ID 9.1e 9._ 9.62 9.54 8._ 9.1a 9.?'!5 la.17 1 ••• 
If 1.215 •• us 8.16 5.17 2.12 2._ 1.15 8.25 •• 16 
Cl •• 82 •• 82 •• 82 a.al ..... a.a 8.82 a.8 8.al 
Tot.al 97.115 96.79 96.26 96.157 93.71 94.66 97.48 97.88 96.68 
G=F'.Cl a.55 8.a? 8.a? 1.54 8._ 8 .... 8.86 8.18 8.a? 

-------------~-------~----~------~--------- ----- ------
III Si 2.882 S.814 S.88" s ... S .... ::5.83'\ ~.84!5 2.998 2.967 • ..., .IlZ 1.118 a.986 8.999 a.9US a.954 a.966- 1._1 • a.966 a.898 

PaR •••• ••• a.a a.a a.a a.& a.8?<t a.!ft a.l"S 
AIY ..... 8.821 a.886 a.l77 8.2S8 a.261!!5 a.a a.a a •• 
T'Y a.l_ •• 1_ 8.1~ a.l"2 a.l815 a.ee? a.~ 8.284 8.226 
Ife'!!IV •• 5?'9 •• 5?'8 a.411 a.8 a.a a.a a.548 a.519 a.2!57 
YI a.ss •• 497 a.542 a.518 .... US 8.~ a.1564 a.!S25 s ...... ~ 

~ 1.8?'!5 •• 419 a.299 1.6::56 1.415 1.651 a.297 a.589 a.522 
1 .... 2 1.159 1.612 •• 1561 a.Hl a.e7'9 1.611 1."la ~ ftn"t a.ll" a.285 a.216 S.262 a.581 8.2t54 a.287 8.298 .275 . JWt ••• 8.889 a •• 8.8 8 •• 8.8 8.887 8 •• 12 •• 889 

"- Y2 2.252 2.199 2.127 " 2.458 2.5815 2.471 2.123 2.11a 2.166 
te a.e9S 1 .... a.986 a.87'8 a.868 8.8615 8.992 1.827 1.8::52 
"-M a •• 19 •• a a.889 a.825 a.82!5 a.812 a .... 8.a 8.a "\. 
CeK 8._1 8 •• 8.8 8.881 &.881 8.a a.8 8.881 8.8 
H 8.915 1 •• 8.9915 8.981 a.aM a.81'7 - 1.8 1.828 1.8::52 
II' a.382 a.838 a .... l ·a.~ 8.see 8.472 8.833 8.a158 8 .... 1 
Cl a.ees a.ees a.ees 8.881 8.88!5 8.8 a.ees a.a 8.881" ') -------------------- . -----
F.T'(F.T+ftg) a.569 8.ees 8.871 8.2!5Il5 B.29!5 8.261 B.9n B.B29 B.B!59 ~ 

F.s+~.T • 8.267 8.282 B.28::5 9.284 8.2815 8.284 
"'SI/'(,....,e2+) a.!JE a.~ 8.157 8.71!5 a.?8!5 8.739 8.US6 8.216 8.171 

" -- ------------------~--------------------------------------------------
." 
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APPJl1IDIX lI:. SBLJlC'OD C0J008I'l':r0lt8 O. OXIDI XIHlau.a 

Fe20 3 was cal~lated fQr both ilm.n~t. and maqn~~ite following 

the procedure of Carmichael (1967). Formula ba.ad on 40xygen 
)-9 

for maqnetite and 3 oxyqen for ilmenita. 

Rock types defined in Appendix III. Av(n)~ average ot n 
o 

analyses. Endmembers are qiven in weiqht par cent. See Appendix ~ 

l for analytical conditions • 
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TAB~O .1. SELECTED c6IPoSITIONS OF OXIDE' MINERALS FROM MAFIC AND KESOCRATIC INTERMEDIATE 
SAMPLES 

,. 
~ ':":1 2 !I 4 5 6 7'_ 8 
Rock T .... l'IfFl r2D1 r1ZD1 r2D1 6RBB EHI8 GM8 
SMple tt86-tf f'l66-2 l'IB23-<ta t.s2~ tt823-1 ..a6+-1a Pl664-1b 1'IB6+-2 

Av(2) Av(2) Av(1) RY(I) RY(3) RY(l) RY(3) RY(3) 

Al205 wE.. ~ 8.83 8.82 B.ee '8.81 8.8 8.25 8.82 8.81 
TiQ2 8.82 48~S 8.?6 "t9. IS "9.83 8.2S !Se._ !58.61 
F.o 98.'" "".33 91. ?!5 -.5.61 "16.86 92.'" "16._ "16._ 
f'InO 8 .... 2.6!5 B.a& 2.86 2.94 a.a 2.11 2._ 
PtgO 8.8 8.BS 8.es 8.87' 8.87' 8.a!5 8.28 8.5 
M10 8.a!5 8.BS a.82 8.8 8.ers 8.8 a.a& a.82 
Y203 8.8 8.61 B.1? 8.8 B.33 8.S? 8.25 8.22 
Cr2œ 8.92 8.81 8.8 B.8 B.83 8.82 B.86 a.a 

------.,.-
F~ 67'.32 7'.33 66.91 4.93 !S. 67 68.21 ' !S .... ".SI 
FeO 38.27 18. ?<t SI.s.. 11.1" 11. ?'6 SI.16 12.2" "2.82 
ToUl 9".?<t 99.7'9 99.89 98.19 189.58 1~.81 laa.as 188.!5!5 

------
RI a.881 B.881 B .... &.a 8.a B.a11 8.881 8.a 
Ti a.881 8.921 8.822 8.952 8.913 8.98" 8.919 8.955 ... FeS. 1.~ 8.l..a 1.949 B.896 B.1B? 1.9159 B.B96 B.8815 
Fe2+ 8.998 B.866 1.B17 8.887 8.879 1 .... 8.892 8.899 
l'In B.881 8.8!5?' 8.882 8.862 8.861 ,8.a 8.845 B .... 3' 
l't9 8.8 8.881 8.883 8.883 8.883 8.883 8.8U 8.813 
Ni 8.882 8.881 8.881 8.8 8.881 8.8 &.881 8.8 
Y 8.8 8.818 8.812 B.B 8.Ba5 8.814 8.884 8 .... 
Cr 8.881 8.8 9.8 8." 8.BB1 B.981 9.981~ B.B 

--- ----- - --------------------------------F.zTi01 8.8 1.86 B.56 
F.s04 9".48 97.81 98.98 
ftn2Ti04 8.B a.B9 8.9 
1'InFe204 B.13 a.B B.B 
F.Ti03 86.1iH 86.96 Be. 28 89.2? 98 ..... 

- ..... TiOS !.. - 15.63 6.89 6.e-t 4.19 4.2!5 
ItgTiOS 8.99 B.21 8.21 8.94 1.8? 

------------.----_._----
1,3,6: maqnetite; 2,5,8: discrete grains of ilmenfte; 4,7: ilmenite granules associated with 
m~qnetite . 
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" 'l'ABLE AIO.2. SELECTED COMPOSITIONS OF OXIDE MINERALS FROM QUARTZ-POOR FELSIC SAMPLES 

~~-- , . - ---------.,..-_____ ~-----------------------------------'L-------...... _ 
~ 1 2' 3 1 56? 8 9 18 11 12 13 11 

Rode r..,. MW PSYII PSYtl flUCS . fILKS ALICS PSYtI PSYM PSYN PQZI1 PGZI1 PG2JI aTZlt an" 
s-.I. _18-t. "18-lb 1t818-2 1OC23-2 1OC23-1. 1oGC23-lb .... --.. tt&18-"1b 1t&48-3 1tG&2-~ tt6S2-1b ft652-3 tlG66-z. ttG66-2b 

""(1). ""(1) Av(1) Av(U Av(1) Alfa) AIf(2) Av (2) .' AY(1) Av(!) fhr(2) AIf(2) Aveu. Av(1) 

--------------------------------------------------"'------
RlZ03 .rt.. X 8.lf. e.el 8.e 8.11S 8.92 8.8 8.13 8.83 8.a 8.28 8.82 8.81 8.12 8.8 
TiR 8.n 52.69 18."15 8.11 53.98 18.97 8.69 51.51 ~.11 8.68 51.81 58 .. 98 8.15 58.19 
F4IO 98.19 13.19 11.76 ft.93 ".i"8 13.63 91.51 11.53 11." 98.?<f "!i 115 16.19 98.67 11.36 
ltnO i.W 1.63 2.9? li. 82 5.96 5.82 8." S.I? 2.58 8 .. 86 3.81 2.35 8.12 3.?8 
"tG '.81 '.83 8 •• 8.8 I.e! 8.82 8.81 8.12 9.81 8.82 8.85 8.l3 8.82 8 •• 
MiO 8.1. 8.1 8.81 •• 82 ••• 1 8.8 8.8 e.8 8.8 •• 83 • a." 8.86 ..... 

• ••• wœ 8.21 8.13 a.8 8.12 8.8 8.13 8.23 8.33 a.a 8.28 8.21 8.23 8.8 a." 
er2œ 8.81 8.13 8.81 8.8 8.83 8.81 •• 8 8.81 8.82 8.81 '.81 8.8 8.81 8.82 

---------------------------------------------------~--------
Fe203 66.28 1.2. 4.87 66.36 8.8 6.14 66.85 8.59 9.22 66.32 8.59 3.35 66.27 3.11 
F4IO :51.15 12.61 18.38 38.22 18.?8 38.18 31.39 11 •• 11.39 31 •• 12.62 13.17 31.81 11.29 
Totù ".72 111.11 4J6 •• 9?Zt 1 •• 61 0 99.28 99.39 98.6<) 99.6' 98.61 ".li 188.29 98;13 99.11 

~---------------~---- --
RI 8 • ..., '.8 8.8 .... 882 8 •• 1 8.8 8.886 8 •• 1 8.' 8.889 8.881 8.8 8.886' 8.1 
Ti a.Rl 8.9186 8.')G2 8.M3 1.8U 8.918 8.828 '.')91 8.'" 8.818 8.992 8.'" 8.822 '.963 
F.:st 1.911 1.821 .... 1.98;1 '.1 '.118 1 .. 918 1.811 8 ..... 1.917 8.'11 8.861 1.919 '.165 
Fe2t 1 .. 815 1.818 8.882 .1.M2 .. ..., 8.813 1.81? 8.8i"? 8.918 1.811 9.988 8.91.\ 1.815 • ... 1 

• 8.882 8.898 8.866 .... 1 8.126 8.126 8.883 •• 118 •• 155 '.882 8.883 •• 8158 •• 881 ..... 
Itg 8.881 '.881 8.883 8.8 8.882 •• 881 8._1 8.815 '.883 8.881 8.881 a.aH 8.881 a.182 '. 
Mi 8.e8S 8.8 8.881 .... 1 a •• ••• •• 8 8.8 1.8 8.881 8 •• 1 8.881 8.182 ..... 
~ 8.8815 1.882 '.8 '.811 •• 1 8.112 8.886 8.816 8.8 .... 8." 8.881 '.8 ...... 

atr t.' ,1.111 8.8 8.' 8 •• 1 8.8 8.8 '.1 1.8 8.881 a.a' 8.a 8 •• 1 a.' 

Fe2Ti01 l.n 8.Z5 1.?ft 1.18 1.7'5 
F .... "16.18 96.22 96.92 .. ~ 96.16 96.11 
"'Ti 01 t.ll '.83 J8.11 - 8.89 - 1.1' ,.n01 ".85 8!5.28 89.11 88." 1 86.59 98.81 91.18 1 fJi" .22 
.n03 '.81 6.32 12.60" 12.38 18.i"8 5.'" 8.11' - 5._ ? .. fJi" 
ItgTi03 .. .., 8.21 8.15 8.- ..... 8.36 8.21 8.89 8.:J9 8.15 

-------------------_. 
-- , 

1,4,7,10,13: magnet~te;- 2,5~8,11,14: ilmenite granules associated.with aaqnetite: 3,6.9.1~: 
discrete grains of ilaenite • 
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TABLE AIO.3. SELECTED COMPOSITIONS OF OXIDE MlNERALS FROM SAMPLES O~ GRANITE· 

~ 
Rock T..,. 
s-pl. 

R1203 wt.. ~ 
Ti02 
FeO 
fInO 
ftgO 
N10 
Y20s 
Cr203 

Fe203 
FeO 
Tot.. 1 

123 4 5 6 
P08R, PD6R P06R lŒ'06 KFD6 KFD6 
11646-~ 11IEi46-2b 11646-1" tIB57-~ f'I65?-2b M65?-3 
RY(2) RY(l> RY(5) RY(l) RY(l) Av(3) 

----
a.89 a.8 8.81 8.12 8.8 8.81 
1.81 51.86 51. SJ B.31 58.3!5 58.71 

91.17 43.72 43.51 89.77 ·U.76 43.23 
. 8.86 4.83 .... 22 8.89 6.14 4.ns 

8.a 8.M 8.85 a.al a.82 8.85 
8.81 a.88 ... 8.al a.a a.8 a.al 
8.34 a.a a.26 a.8 8.8 8.86 
8.83 9.1 ... 9.B 9~el B.9!5 a.92 

789 
KFP6 KFP6 KFP6 
1'IS83-1. 1'IEi8:5-1 b 1'1683-2 
Av(l) .fly(l) RY(l) 

8.15 8.82 8.83 
B.29 58.47 !58.91 

98.89 "'1.87 43.76 
a.18 6.1S 4.47 
a.a a.M a.82 
a.a 8.al a.M 
8.9 9.56< 9.85 
a.a B.a a.B ~ 

------- ----------------------.-
66.18 3.16 1.95 66.11 3.84 2.98 66.35 3.89 2.87 
31.69 48.87 41.76 SJ.28, 39.92 48.71 38.38 39.89 'tl.18 
99.33 188.19 99.55 ~.93 98.63 99.19 97.27 99.41 99.57 

l , --------------- - ~--""ë:e_-_;_;---_;_;._;_--;~;.-;- a.881 Al 8.884 8.a 8.a 
Ti 8.929 9.969 a.979 8.889, 9.979 9.972 9.899 9.~ 9.972 
F.S+ 1.927 8.868 a.83? 1.976 9.959 B.9!54 1.976 B.85"3I a.85fS 
F~ 1.827 a.862 a.896 1.,886 a.836 a.868 1.885 a.8S2 a.874 , ' 

"" a.882 a.la3 8.891 8.ees a.l33 8.182 8.ees 8.132 8.896 . 
ttg 9.8 8.882 9.882 9.eel 9.881 a.Be2 a.B a.882 9.891 
Ni a.a B.882 a.a B.a a.B 9.,9 a.9 a.B 9.891 

" 8.889 8.9 9.884 9.9 9.9 8.881 8.9 8.889 ' 8.881 
Cr 8.881 8.883 8.8 8.8 8.881 a.8 a.8 8.8 8.8 

--------------------------------------------------...---Fe2Ti04 2.72 a.7a a.65 
Fe3CM 95.94 95.86 96.2B 
l'h2Ti04 a.89 8.14 8.16 
PlnFe204 8.8 8.8 a.8 
F.TiQ3 86.33 se. 19 82.41 85.98 82.57 96.97 
l'inTi 03 '" 18.27 8.97 13.96 18.96 13,,93 9.58 
""JTi03 8.12 8.15 a.86 8.15 9.12 9.86 

-------~------------------------------------------~---~-~---~--------~-------

y 

" 

'" 

? 

... 

.. 
1,4,7: magnetite; 2,5,8: ilmenite granules associated with magnetite; 3,6,9: discrete grains 
of ilmenite 
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_ TABLE AI0. 4. SELECTED COMPOSIT.IONS OF OXIDE MINERAIS FROM 

SAMPLES OF NEPHELINE,SYENITE \ 

-----------------~-------~------------~------~-------~~------Number 1 1 2 3 4 5 6 
Rock Type MIAS MIAS PTIN PTIN PTIN PTIN 
sample MG16 MG16-2 MG39 MG39 MG94 MG94-4 ~ 

Av(8) Av(3) Av(6) AV(l) Av(3) Av(3) 

-~--------------------------------~----~---------------
A1203 wt. % } 0.11 0.50 0.05 0.0 0.06 0.0 
Ti02 0.29 49.86 0.11 52.65 0.J4 50.78 
FeO 91.36 5.23 83.38 3.40 90.94 32.28 
MnO 1.23 41.48 8.71 41.53 0.72 14.45 
MgO 0.01 0.01 0.05 0.10 0.01 0.03 
NiO 0.05 0.02 0.0 0.0 0.03 0.02 
V203 0.20 0.34 0~08 0.0 0.02 0.34 
Cr203 O. 02 0.0 0.0 0.0 0 . 0" 0.0 

l 

---------------------------------------~-~-----------------~-
. Fe203 68.15~. 2.72 68.18 0.0 66.93 1.47 
~ FeO 30.04 2.79 22.03 3.40 30.72 30.95 

Total 100.10 97.71 99.21 97.68 99.22 98.05 

• 

----------------------------------------------------------~--
Al 0.005 0.015 0.002 0.0 0.003 0.0 
Ti 0.008 0.963 0.003 1.012 0.022 0.983 
Fe3+ 1.973 0.053 1.989 0.0 1.954 0.029 
Fe2+ 0.9~ O. 060 0.714 0.073 0.996 0.666 
Mn 0.040 0.903 0.286 0.899 O. 024 0.315 
Mg 0.001 0.0 0.003 0.004 0.001 0.001 
Ni 0.002 0.0 0.0 0.0 0.001 0.0 
V 0.005 O. 006 0.002 0.0 0.0 0.006 
Cr O. 001 0.0 0.0 0.0 0.0 0.0 

------------------------------------------------------------~ 
Fe2Ti04 0.0 0.0 0.86 
F~304 96.27 70.78 97.04 
Mn2Ti04 0.70' 0.17 1.13 . -
MnFe204 2.54 27.97 0.0 
FeTi03 5.88 10.78 65.38 
MnTi03 88.20 88.31 30.73 
MgTi03 0.03 0.30 0.09 

D 

------------------------------------~--------------------~~-~ 

1: maqnetite, 2: pyrophanite lamellae in Magnetite, 3: Mn-rich 
magnetite, 4: secondary pyrophanit~, 5: magnetite, 6: Mn-rich 
ilmepite. 
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APPIRDII I~. SBLBCTBD COMPOSITIONS ,OF ACCESS,.y ~BRALS 

'Recalculation method' inaicated in brackets with the mineraI 

description below the table. 

Rock types defined in Appendix III. Av(n): average of n 

analYSe~ee Appendix l for analytical conditions . 

.. 
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TABLE All.!. SELECTED COMPOSITIONS OF ACCESSORY MINERALS FROM 

MAFIC AND MESOCRATIC INTERMEDIATE SAMPL1!:S 
... 

-------------------------------------
Humber 1 2' 3 

t' 

Rock Type MAFI GABB GABB 
Sample MG24 MG25 MG64 

Av(3) Av(l) Av(l) 

--------------------------~----------
Si02 wt. % 33.85 33.17 34.07' 
Al203 8.23 0.01 13.55 
Tio2 3.89 0.05 0.0 
Zro2 0.0 64.62 0.0 
Nb203 0.0 0.0 1.61 
MgO 0.12 0.02 14.58 
FeO 15.35 Q.03 23.90 
MnO 0.13 p.O 0.0 
CaO 34.73 (0.0 1.02 

~ Na20 0.02 0.0 0.04 
K20 0.02 0.0 0.09 
La203 n.d. 0.02 0.0 
Ce203 n.d. 0.08 0.0 
P205 n.cl. 0.35 0.0 
Cl 0.03 n.d. n.d. 
F 1. 09 n.d. n.d. 
Total 97.00 98.35 88.86 
O=F,Cl 0.47 0.0 0.0 

i' \ 'i-----------;~;~~---~~~;;---;~~~;---
) Al 0.801 0.001 3.286 

Ti 0.242 0.005 0.0 
1 Zr 0.0 3.869 0.0 

Nb 0.0 0.0 0.150 
Mg 0.015 0.004 4.471 
Fe 1.060 0.003 4.112 
Mn 0.009 0.0 0.0 
Ca 3.073 0.0 0.225 
Na 0.003 0.0 0.016 
K 0.002 0.0 .J f).024 
La 0.001 0.0 --J Ce 0.004 p.O 
P 0.036 0.0 
Cl 0.004 
F 0.285 

----------------------------------~--( 1 \. 1 

1: secondary garnet{?) located Along biotite cleavage. (8 
cat~ons), 2: zircon (16 oxygen atoms) , 3: diabantite (28 oxygen 
atoms) • 

• ~94 
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TABLE A11.2. SELECTED COMPO~TIONS OF ACCESSORY MINERALS FROM , 

QUARTZ-POOR FELSIC SAMPLES 

~-------------------------------------------------------------
Humber 1 2 3 4 5 6 
Rock Type SYEN SYEN SYEN PSYN PSYN QTMZ 

o Sample MG8-1c MG8-1r MG8-2 MG40-1 MG40-2 MG63 
AV,,( 1) Av(l) Av(2) Av(2) Av (2) Av(2) 

~ .-.-.... 
-----------------~-- ----------------------------------------
Si02 wt. , 0.16 0.78 30.73 33.17 20.26 31.55 
A1203 0.06 Or. 01 9.25 O.~ 0.52 Il.95 
Ti02 0.0 0.0 3.09 O. 16.40 2.27 
Zr02 0.0 0.0 n.d. 62.29 on. d. n. d. 
Nb203 0.17 0:13 n.d. 1.64 n.d. n. d. 
MgO 0.0 0.0 0.52 0.01 0.29 1.50 
F.O 0.02 0.0 16.30 0.10 10.14 15.84 
MnO 0.09 0.09 0.97 0.0 0.30 0.45 
CaO 54.93 53.93 9.25 0.01 3.92 1 9.26 

~a20 
1 

0.22 0.26 0.16 0.0 0.01 0.05 
1(20 0.04 0.02 0.20 0.09 O.@ 0.0 
La203 0.19 0.60 8.88 0.03 13.39 9.26 fi 

Ce203 0.48 1.15 11.26 0.04 20.74 12.68 
Y203, n.d. n.d. 0.02 n.d. 0.48 0.01 
Th02 n.d. n.d. 0.66 n.d. 0.98 0.64 
P205 42.63 41.77 0.01 0.39 0.08 0.03 
Total 98.99 98.74 91.26 97.74 87.49 95.47 

.\ 

-----~-------~-----------------------------------------------
si 0.013 0.066 3.184 4.108 4.414 3.099 
Al 0.006 0.001 1.130 0.0 0.134 1.383 
Ti 0.0 0.0 0.241 0.0 2.689 0.168 
Zr 0.0 0.0 3.761 
Nb 0.006 0.005 ~ 0.091 
Mg 0..0 0.0 0.080 -0.002 0.093 0.220 • F. 0.001 0.0 1.412 0.010 1.849 1.302 

'Mn 0.006 0.006 0.085 0.0 0.055 '0.037 
Ca 4.901 4.853 1.027 0.001 0.913 0.9,74' 0 

Na 0.036 0.042 0.031 0.0 0.004 o.o~ 1( 0.004 0.002 0.026 0.014 0.0 0.0 
La 0.006 0.019 0.339 0.001 1.076 0.33 
c. 0.015 0.035 0.427 0.002 1.656 0.456 
Y 

. 
0.001 0.055 0.0 .,. 

Th 0.016 0.048 0.014 
P 3.005 2.970 0.001 0.041 0.014 0.003 

~-----~~---------~-----------------------------------~-------

la brown core of apatita xenocryst(?) (8 cations) , 2: clear rim 
of apetite xenocryat(?) (8 cations)~ ~, 6: alianite (8 
cation.), ,,: 'Iirc~n (16 oxygan atoms), 5: chevlçJ.ni te (?) (13 

C cation.) 
'" 
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1: titanite (12 cations), 2: aeniqmatite (14 cations and 20 

~)cygen atoms)', 3: astrophyllite (28 oxygen atoms), 4: sodalite 

~ (12 cations in Si-Al framework), 5: eucolite-eudialyte(?) (18.5 

oxygen atoms), 6: pectolite (6 cations), 7: sodallte (12 

cations in Si-Al framework), 8: zircon (16 oxyqen atoms)~ 9: 

pyrochlore (4 cations), 10: wohlerite (6 cations), 11: 

RosenbUschite-Gftzenite(?) (6 cations). 
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TABLE A11. 3 • SELECTED COMPOSITIONS OF ACCESSORY MINERALS FROM.SAMPLES OF NEPHELIN& SYENITE 
~, 

---------------".Ier. 1 2 . 3 4 !5 6 7 8 9 lB 11 
Itock-TW- "tAS PTtN PTtH PTtN PTtH PTIN PTIN PTtN Ç.. ITtN ITIN nu .. 
s-pl. 1'1816 1'I83i". PI63?b l'I837c l'I837d l't63? ..s39a ~ 1"I69't. ~ ttS9'tc: " 

Av('t) Av(4) Av(5) Av(4) Av(2) Av(3) Av(2) Av<I) Av(2) Av(2) Av(2) 

-------
Si02 wt.. ~ 58.85 42.49 315.87 18.19 56. ?"5 52.91 38.41 34.82 a.a 38.41 31.21 
fU20s "8.72 8.54 1.19 S't.24 B._ B.Bl 31.11' B.82 B.a a.B1 B.B 
Ti02 35.48 9.17 11.85 8.81 a.51 B.81 B.~ a.8 9.22 1.12 7.19 
Zr02 '8.59 8.8 8.54 -.=->n.d. 12.69 B.8 n.d. 62.23 a.34 IS.9& 7.89 
fI:I205 . 1.58 1.23 1.23 n.d. 1.83 8j!.B n.d. B .. '8 ,,'3. !54 11.19 1.36 ~~ 
ftgO 8.8 1.29 ,'8.68 I.B I.B1 B.al a.a 81.8 8.81 8.87 e.e 
F.o 1.56 34.54 26.42 8.18 5.57 1. 14 a.21 a.14 a.19 a.39 8.14 "-
ttnO 8.11 5.2S 7.97 . 8.82 2.l5B 4.29 B.82 B.82 B.89 1.24 8.i"6 
CaO 215. ?8 8.85 1.89 8.a 12.29 26.19 B.a? B.a 16.9't 26.12 28.92 
tt.2O 8.'U 7.6S 2." l? .... 2.9't Eh ?l 28.~ 8.81 4.98 ?94 8.3!5 
K2CI ~ 8.81 ' 8.8 6.6-'t 1.8<t B.31 B.94 B.B2 . a.96 8.8<t B.94 B.83 
La205 8.SB n.d. n.d. n.d. 1 n.d~ 8.82 n.d. n.d. 8.66 a." a.3G 

~ =5 /' 
8.82 n.d n.d. n.cd. n.d. B." n.d. n.d. 1. !5!5 B.22 B.87 
8.86 n.d. n.d. n.d • n.d. 8.81 n.d. n.d. a.89 8.12 8.1!5 .., Cl n.d. 8.18 1.82 8.2<'t 8.76 n.d. 8 ..... 8.16 rv- d. n. d. n.d. ": 

~ F n.d. 8.81 1.4~ B.14 B.22 n.d. 9.16 9.a ri. d. n. d. n.d. Ol Tot:.al 9'?4!5 99.85 96.11 ge.!59 95.27 93.48 96.96 91'.42 76.63 92.96 é7.21 
O=f".Cl 8.as a.62 1.92 B.26 1.97 B.EH 

. , --------------------------------------------------------------------------' Si 4.8!58 6.1!5e ??49 5.97? 6.982 ' 3. BCJ5 6.119 4.1?"5 B.B 2.868 2.898 
.U a. lUS a.8I5?' 8.S83 6.881 a~B12 B.eel 5.9!5S B.119 a.a 9.a a.a 
Fe3 a.a a.822 - a.a27 
Ti 3.686 a.982 1. ?9!5 B.eel B.M7 8.e B.ee5 B.a B.449. B.eS7 B.362 
Zr B9859 8.8 B.B36 -- 8.761 .. 8.B 3.72't v8. Bl~ 8.,463 8.257 
Nb, B.e97 B.8US B.l29 8.8!5? B.B· B.8 '-1.431 B.3"4 B.841 
Jtg a •• B.862 B.I93 B.a B.881 B.ee1 a.a B.a B.9al a.887 a.a 
F .. a.l7'6 4.773 a.573 8.B!56 B.B14 B.au B.a22 B.BBe 
Fe2 4.889 .... B.IUS 8.631 1.4f59 8.882 8.26e 8.212 B.ee2 8.ee2 B.B86 8.B?1 8."S 
c- S.7'21 8.ees 9.436- 8.8 1.688 1.6"1 B.911 B.B 1.319 1.994 2.B7" 
He a.l97 2.186 B.8!56 15.829 B.'?8B 9.99B 6.299 9.882 9.782 1.a47 1.ée-t, 
K a;8B2 a.B 1.B38 e-.ee7 9.~9 a.8B3 a.ee-. 9.a89 9.Be-o. i 9.883 8.883 

"-~ lA a.819 8.981 B.e18 8.882 B.889 
Cr 8.,"1 8.eBI 8.841 8.Bes 8.~1 
p B.88? B.a 9.B86 9.ee7 B.ees 
C'l a.824 9.ees 2.a76 B.l58 2.279 9.933 
F a.8815 1.882 B.867 9.BB6 B.aee a.B 

-----------------------------------------------------------------------------------------------------
;~ 
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