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ABSTRACT

Ttre Aulneau batholith is an Early Precanbrian, conposite,

gp¡¡itic pluton whictr is elçosed over an area of 1100 square kilo-

metefs in the Lake of the t{oods area of northwestern Ontafio. The

batholith intrudes east trending Keewatin metavolcanic and ¡neta-

sedi¡rentary rocks of the Kenora block of the Superior Province.

Nineteen najor intnrsive phases that range from gabbro to quartz

monzonite have been identified; the average conrposition of the

batholith is that of a granodiorite.

the geochenistry of -the batholith is based on 43 whole rock

major and trace elenent analyses. Major elements dete¡mined include

Sioz, 41203, Fe20r, Fe0, Cao, Mgo, Na20, KzD, Ti0z, Pzos, Mno, Ht0,

S and C02. Trace elenents dete:míned include Li, Pb, Ni, Cu, Co, Zn,

Rb, Sn and Cs,

The batholith is characterized by a telatively consta¡rt Feo/

Mgo ratio with respect to increasing total alkalies and increasing

si02, low total alkalies' Ðd an increasing Kr0/Nar0 ratio with

respect to increasing SiO, content. Ttrese characteristics indicate

the calc-alkaline natu¡e of the batholith.

Ttre trace element behaviour within the batholith is generally

consistent with the behavi.our of the najor elements with which the

trace elements are ass.ociated. Li, Co, Ni, Cu ar¡d Zn decrease in

concentfation with increasing differentiati.on. Pb and Rb increase

viii



in concentration with increasing differentiation.

Ttre origin of the Aulneau batholith ¡n¿gnas, when considered

in the light of theories for the origin of calc-alkaline igneous

rock suites, ale best e:çlained by the partial nelting of quartz

eclogite rmder wet conditions (P'ZO< Pto"¿) at' 27 to 36 kilobars.

Ttre rnajor evidence in suprport of this interaretation are the low

K20lNa20 ratios obsen¡ed in the Aulneau batholith.

1X



I¡ITRODUCTION

Statenent of the Proble¡r

Geologic napping by geologists of the Centre for Precanbria¡r

Studies, Uníversity of Manitoba, has shown that the Aulneau batholith

is a cornplex conposite granitic intn¡sion composed of at least nine-

teen najor phases ranging in composition fron gabbro to quartz

nonzonite

Geochenical investigations of the Early Precanbrian rocks of

the western part of the Superior Province of the Canadian Shield have

focuseô nainly on the ¡netavolcanic rocks 'of the "greenitone belts't to

the partial exclusion of the granitic batholiths which intn¡de them.

Ttre object of this prelÍninary geochenical investigation is

to document the najor and trace elenent conposition of the batholith

and to intetpret the conrpositional variations nith respect to possible

necha¡risns of origin of the batholith.

Area of Investigation

The area of investigation in which the Aulneau granitic bath-

olith rests includes the Aulneau Peninsula in the Lake of the Woods,

District of Kenora, Ontario. The batholith underlies l'100 squafe

kiloneters of the peninsula and surrounding islands, and is located

between 49o11f and 4go}gr north latitude, and 94o02r and 94o43t west

longitude (Figure 1).
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Previous Geological l{ork

The first detailed geological investigations of the Lake of

the l{oods area were nade by A.C. Lawson between 1883 and 1885 (Lawson,

lggs). He obsen¡ed that the line of contact between the hornblende-

schists and the granitoíd gneiss was that of an extensive ellipse

which outlined the Ar¡lneau Peninsula which was then known as Grande

Presqurisle. Larson states that:

¡r... This encircling zone of schists enbraces within
it a great central area of coarse, granitoid gneiss,
well ãisplayed on the shores and islands of tt¡hite-
fish Bay, on the shores of the Grande Presqurisle,
and on lhe inlets and lakes which extend into itsr
interio¡. Tl¡e whole strnrcture is that of an innense
a¡rticlínal done of upheaved gneiss, upon which are
arranged, concentrically to Ìtst outlines, the
hornbiende-schists of the higher seties'rr

Lawson made no atterdpt to.subditiide the granitoíd gneiss of

Grande Presqurisle.

The northwestern edge of the Ar¡lneau Peninsula was described

by J.E. Tt¡omson (Thomson, 1936). He recognized that variations in

cornposition, structure and textule occurted within the granitoid

rocks but ¡nade no attenPt to ¡nap out the intnrsive phases'

N.H.c. Fraser mapped the ttlhitefish Bay area of Lake of the

l{oods in 1937 (Fraser, 1943). Fraser recognized that the Aulneau

Peninsula vfas col¡Prised of granite and porph¡rritic granite but nade

no attenpt to outline the different phases'

Ttre first detailed geological investigations of the Aulneau

batholith were condrrcted by D.V. Ziehlke of the Centre for Pre-

cambrian studies, university of Manitoba, during the 1972, 1973 and

1974 field seasons. Nineteen intnrsive phases ranging in conrposition

fronr gabbfit to quartz nonzonite have been identified (Ziehlke, 1974) '



Method of Investigation

This study of the Aulneau bathotith is a reconnaissance geo-

chenical investigation based on forty-three whole rock najor and

trace elenent chemical analyses. The sanples were col.lected by Mr.

D.V. Ziehlke during field napping in the 1972 and 1973 field seasons.

The sanples were selected for che¡nical analysis by Mr. Ziehlke on the

basis that they were thought to be representative of the phases as

identified by field criteria. Reclassification of the analysed

samples, based on laboratory investigations by the Centre for Pre-

cambrian Studies, tesulted in an unequal distribution of sanples with

regard to the number of sanples in each intrusive phase. The sample

population is comprised of 7 early intrusive phase samples, 15 middle

intrusive phase sarnples and 2L late intrusive phase sanples.

Approximately one kilogram of each sanple was crushed during

sanple preparation to mininize the effect of large phenocrysts and

porphyritic textures. The samples were analysed by Mr. K. Ranlal and

Mr. R. Chaprnan of the Departnent of Earth Sciences, University of

Manitoba. SiO2, A12OS, total iron as FeO, lr{g0, CaO, KrO, TiO, and

IfrrO were determined by X-ray fluorescence spectronetry. NarO, low

MgO, Li, Pb, Ni, Cu, Co, Zn, Rb, Sn and Cs were deter¡nineil by atonic

absorption spectrophotometry. ,FeO and S were determined by titration,

P205 was deternined colorimetrically, and H2O and CO, were determined

by loss on ignition. The analytical nethods, precision and accuracy

are sunmarized in Appendix 1. The chemical analyses are listed in

Appendix 2.

Slabbed and stained hand specirnens of the samples selected for

chemical analysis were point counted for quartz, plagioclase,

4
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5

pot¿uisium feldspar, and nafic a¡rd accessory ninerals. Thin sections

were point counted to detennine the relative abrmdances of the ¡rafic

and accessory ninerals. Ttre thin sections were also exa¡nined to

deternine textural and stnrctural characteristics of the sarnples, the

tyrye and degree of alteration, and plagioclase conPosition. The

nrodal nineralogy of the samples is tabulated in Appendix 3. Twenty

of the nodal analyses based on slabbed and stained hand speci¡rens

were s¡¡pplied by the Centre for Ptecanbrian Studies.

The chemical data was analysed to determine geochenical trends

and interelenent relationships. C.I.P.W. normative nineralogies were

calculated to facilitate contparison with published data. The C.I.P.t{.

noñlative mineralogy of the thesis sanrples is tabulated in Appendix 4.
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GEOLOGY OF THE AUI,NEAU BATTNIITH

', ,.,., ,¡, ,". ,, .- ,'

Regional Setting

Tfte Aulneau batholith is an Early Precanbrian, oval-shaped,

granitic intnrsion whiclr r¡nderlies 1,100 square kilo¡reters of the , ,,,
.t':;,:'.'.'.,,',, 

"Kenora block of the Superior Province in the Lake of the ltloods area ' ' :

(FigUre f). The najor axis of the batholith iS 48 kilo¡neters long ,,,,,,,,,,,,,..,',

and trends northwesterly, the ninor axis of the batholith is 50 kilo-

neters in length and trends southwesterly. The batholith intnrdes

isoclinally foldedr.steepl)t dipping Keewatin Group mafic to inter-

nediate metavolcanic rocks and ninor interbedded metasedÍnentary rocks. )

The general geology of the Keewatin Gror¡P ín the Lake of the Woods -

Manitou Lake - Wabígoon region of the Kenora block was described by 
I

Goodwin (1965). The cnrstal stnrcture and Early Precambrian geology

i,n the Lake of the t{oods atea was stmnarized by Wilson et. al. (1972).
'-, :':.-:.:.;t-:-r:

Hall et. al. (1974) established that the Aulneau batholith has a ',"',;,"',,,";,","r'

thickness of 16 kiloneters t 2 kiloneters to the Riel l discontínuity. ' '','.,''.,',1.',

This thickness coÍrelates with a 16 kilometer compensation level in-

dicated by gravity studies (Brisbin, 1974)

--.:..!. :-..;:.;.

Geology of the Batholith .,"' .,,'' ,,'r',,','

The geology of the Aulneau batholith was described by Ziehlke

(1972, L973, lg74) and is shom in Figure 2. The batholith is cotnPos-

ed of nineteen rnajor intrusive phases and several ninor aplitic and

pegnatitic phases. Tlre phases fange from gabbro to quartz monzonite ',, ," .'

:{
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in conposition. The phases wete identified by Ziehlke on the basis

of mineralogical co¡rposition, grain size, color, texture, structure

and field relationships. For a description of the intn¡sive phases

the reader is referred to Zíekfke (1974). '

Ziehlke (f974) divided the phases of the Aulneau batholith

into early mignatitic phases, interrnediate intrusive phases and late

intn¡sive phases. In this study the te¡ms early intrusive phases,

niddle intnrsive phases and late intrusive phases have been adopted

to renove st:tt¡ctufal and compositional connotations. Intn¡sive

relationships and distribution of the individual phases are su¡unariz-

ed in Appendix 5.

Ttre early intrr¡sive phases include Ziehlkes' (1974) phases 1,

2 and, 4. Phase I is subdivided into subphases la - 1g. Phases la

and ld are intnrsive biotite trondhjenite complexes and hornblende -

biotite trondhjernite complexes respectively that are characterized by

a high degree of inhonogåneity. Phases Ib, lc, le and 1g are biotite

trondhjenites, phase lf is a hornblende - biotite trondhjenite phase.

phase 2 ís a biotite trondhjenite. Phase 4 is subdivided into phases

4a - 4g which range from gabblo to diorite in conposition. The

niddle intn¡sive phases includes phases 3, 5, 6, 7,8, 9, 10, 11, 12,

13 and 14. Phases 3, 5, 9, 10, 11, !2, 13 and 14 are biotite trondh-

nenites and gra¡rodiorites, phases 6, 7 and I are hornblende - biotite

trondhjenites. The late intrusive phases include phases 15, 16, L7,

18a, l8b and 19. Phases 15 and 16 are biotite trondhjenites and

granodiorites, phases 17 and 19 are biotite granodiorites, phase 18a

tanges in composition fron granodiorite to quartz monzonite and phase

18b are diorites.



Ttre batholith intnrded nafic netavolcanic rocks except in the

Miles Bay area where it is in contact with plutonic rocks of the

Painted Rock Island pluton (Figure 2)' The contact between the

netavolcanic cormtry rocks and the batholith Ís generally sharp,

although ¡rest of the Miles Bay area the contact is gtadational over

several hrmdred meters of injected gneiss. A zone of hornblende

hornfels facies contect meta.norphisn up to several hundred neters

wide is developed in the ¡netavolcanic rocks adjacent to the batholíth.

Foliation in the metavolcaníc rocks adjacent to the batholith is

generally steeply dipping away from the batholith. Foliation within

the granitic rocks adjacent to the metavolcanic rocks is generally

parallel to the contact between the batholith and the netavolcanic

rocks. Within the batholith a,conplex foliation pattern, aPParently

related to emplacement, is developed.



PETROGRAPHY

Descriptions of the rocks of the early, niddle and late ín-

t¡t¡sive phases of the Aulneau batholith are presented to illustrate

the general petrographic character of the bathotith, aBd to provide a

basis for conpatison with other granitic batholiths.

Early Intrusive Phases

Rocks of the early intn¡sive phase are weakly foliated, leuco-

cratic and nedir¡n grained, and possess a h¡pidionorphic-granular

texture. The samples are trondhjemites in cornposition (Figure 3) and

contain 23.0 to 32.2 percent quattz, 55.4 to 63.5 percent plagioclase'

0.0 to 6.3 percent potassiun feldspar and 2.9 to 17.2 percent combined

nafic and accessory minerals.

Quartz occurs as anhedral crystals ranging in grain size from

approxinately 1.0 to 1.7 m, ninor amotmts of quartz occur as finer

grained interstitial rnaterial. Quartz crystals are generally free of

inclusions and extribit a slightly tmdulose extinction.

Plagioclase (Anrr-lnr.) occurs_ as nediu¡n grained (1.4 n¡r-

2.5n¡r), equant to subsequant subhedral crystals. Sone intelstitial

grains occur as'small as 0.3 m and sorne phenocrysts occur np to 7.0

mm in síze. Plagioclase cÌystals are gene¡ally cloudy and weakly to

noderately saussuritized. Zoned plagioclase crystals show preferren-

tielly altered cores. Identified deuteric alte¡ation Ptoducts include

very fine grained sericite, epidote and calcite.
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EARLY INTRUSIVE PHASES

MIDDLE INTRUSIVE PHASES

LATE INTRUSIVE PHASES

:;: l::

PLAGIOCLASE POTASSIUM FELDSPAR

Figure 5. Modal quartz-plagioclase-potassiua feldspar ternary diagran.

fvr'tt
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Potassir¡¡n feldspar occurs as interstitial anhedral grains ,rp

to 0.4 m.

Biotite, the nain nafic accessotT rnineral, ranges fron 1.9 to

9.3 percent and occurs as fine to nedir.m grained, light brown to

olive green laths. A¡lproxinately 2.0 percent of the biotite is

altered to chlorite.

Hornblende conprises up to 5.9 percent of the rocks and occuts

in less than half of the sarnples. The hornblende is generally light

to dark green and occu¡s as neditrn grained er¡hedral to subhedral

ctystals;

Epidote occurs as nediun sized, euhedral to subhedral crystals

associated with aggregates of biotite laths. Fine grained epidote

occanrs as a deuteric altetation product of plagioclase. Epidote con-

prises 0.5 to 1.8 percent of the samples.

Sphene and iron-titaniun oxides occur as fine to medir¡n grain-

ed, er¡hedral to subhedral crystals which comprise 0.0 to 0.7 percent

and 0.1 to 0.5 percent of the sanples lespectively.

Allanite, apatite and zircon occur in trace a¡nounts which

range from 0.0 to 0.1 percent. Allanite is generally surrounded by a

cotone of epidote. Apatite and zircon ar'e generally found as very

fine grained euhedral cr1¡stals in the biotite laths.

Middle Intn¡sive Phases

Rocks of the rníddle intn¡sive phase are trondhjemites and

granodiorites in conrposition (FigUre 3) and contaín 18.2 to 32.7 pev

cent quettz, 48.4 to 66.7 percent plagioclase, 1.5 to 13.7 percent

potassir.m feldspar and 3.9 to 25.7 percent conbined nafic and

l':j.::ir'::: '
f1 .r:.r, .:i



accessory minerals. The sanples are leucocratic and nedir¡ur grained

with a hlpidionotphic-granular texture. The samples exhibit a weak

to noderate foliation. Henatite staining iurparts a pinkish cast to

sone of the sanples.

The majority of the quartz occurs as anhedral phenocrysts

which rafige from 1.5 to 2.0 mt, ninor amounts of quartz occr¡rs as

very fine interstitial naterial. The quartz is weakly to moderately

undulose and generally free of inclusions.

Plagioclase phenocrysts (Anrr-Anr') occur as equant to sube-

quant, subhedral crystals which range in size fro¡n 1.5 to 3.0 tm.

Compositionally zoned plagioclase phenocrysts show weak to noderate

selective deuteric alteration of the nore calcic plagioclase cores.

Alteration products include very fine grained laths of sericite and

fine grained epidote.

Potassirm feldspar generally occufs as anhedral interstitial

crystals ranging in size fron 0.3 to 1.0 mn, however subhedral clys-

tels rangíng fron 1.0 to 2.0 m occur in so¡ne samples.

tight brown to olive green biotite comprises 0.8 to 14.3 per-

cent of the samples and occurs as fine to ¡nedir¡n grained subhedral

laths and aggregates of laths. In the majority of the sarnples bio-

tite is not altered, in the altered samples less than 10 percent of

the bíotite has been chloritized.

Hornblende occurs in a few sarnples and can constitute uP to

1.3 percent of the sanple. Hornblende varies from dark green to

bluish green and occurs as fine to nedium grained, ragged, anhedral

to subhedral plates. Mínor amounts of hornblende are altered to

biotite.

:rJr::ri:. !i:::ì'j:::'i-:-:;:r::::::=Ìa::'::r:r:'i ::i,:l-'::.i::.r:.:::.:ri,r:ji:-:ij:-til:t:-::: t_,,-::,::.r"-- _.-:--'t:: . : . , ":. r :.
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Fine to nediun grained epidote conprises 0.9 to 7.0 percent

of the sanples and occu:rs as euhedral to subhedral' sponge-like crystals.

Sphene a¡rd i¡on-titanir¡n oxides occur as fine to medium grain-

ed, erfiedral to subhedral clystals which cmprise 0.1 to 1.8 and 0.1

to 1.1 percent of the sarnples respectively.

Fine grained, euhedral to sr¡bhedratr apatíte and zircon o""tri

in trace rmortrrts. Allanite occuts as fine grained, euhedral to sub-

hedral ctystals which comprise up to 0,3 percent of the sanrples.

Late Intnrsive Phases

Rocks of the late intnrsive phase are granodiorites (FígUre

3) with the exception of two trondhjenites which have'textural char-

acteristics and cornpositions similar to the trondtljenites of the

early intr¡sive phases. The granodiorites occur as h¡ryidiomorphic-

granular and porphyritic varieties. The h¡pidiomorphic-granular

granodiorites are leucocratic, generally rnediun grained and have a

weak to noderate foliation. The porph¡nitic granodiorites are gen-

etally massive, leucoctatic and nediu¡n to coalse grained. The grano-

diorítes contain 13.7 to 31.7 percent quartz,42.4 to 63.2 percent

plagioclase, T.l to 22.1 percent Potassium feldspar and 4.3 to 20.3

percent conbined nafic and accessoty rninerals.

Quartz occurs as anhedral interstitial clystals in the

hlpidiomorphic-granular and porphyrític granodiorites. The quartz is

generally free of inclusions and has a weak to noderate undulose ex-

tinction. In the h1çidiornorphic-granular granodiorites quartz rÍrnges

fron approxinately 0.5 mt to 2.3 tut, in the porphyritic variety the

quartz ranges fron 1.3 to 3.3 m in grain size.
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Plagioclase occurs as anhedral to subhedral phenocrysts in

the hlpidiornorphic-granular and porph¡rritic granodiorites. Plagio-

clase phenocrysts range fron 1.3 to 2.9 nm in the hlpidionorphic-

granular gtariodiorites and fron 1.7 to 9.0 run in the porph¡rritic

granodiorites. Plagioclase conpositions range fron An 12 to An 20 in

the hlTidiomorphic-granular gmnodiorites and fro¡n An ' 8 to An 19 in

the potahyritic granodiorites. In both vatieties of granodiorite the

plagioclase phenocrysts ate zoned. Selectively altered zones suggest

that the zoning is oscillatory. The degree of alteration ranges frorn

weak to noderate with the developnent of very fine laths of sericite

a¡rd fine grained epidote.

potassir¡r feldspar occurs as anhedral interstitial crystals

in the hlpidiomorphic-granular granodiorites and as subhedral

poikilitic phenocrysts in the.porphyritic granodiorites. In the

h¡pidionorphic-granular g3anodiorites the potassiun feldsPar ranges

fro¡n 0.5 to 2.2 nun, in the porphyritic gfanodio¡ites the phenoct7sts

range fro¡r 1.9 to 15.0 nr¡n. The poikititic potassir.un feldspar pheno-

crysts enclose subhedral phenocrysts of plagíoclase. String perthite

is conmon in the potassiun feldspar phenocrysts.

Biotite is the ¡rain mafic nineral in the late intrusive phases

and ranges from 2.8 to 6.7 percent. It occurs as interstitial laths

and aggregates of interstitial laths associated with epidote.

Individual bíotite laths are genefally less than 1.0 mn in length'

Minor anolmts of biotite are alteted to chlorite-

Hornblende occt¡f,s in five of the twenty-one late in-

tn¡sive phase samples, in which it varies fro¡¡ 0.2 to 8.0 percent'

Ttre hornblende generally occurs in the porphyritic granodiorites with



the welt developed potassiun feldspar phenocr:fsts. The light brown

to bluish gleen hornblende crystals occur as fine grained subhedral

plates and as fine to medium grained aggregates of subhedral plates.

Minor anouilrts of hornblende are altered to biotite.

Epidote generally occuts as sPonge-like, fine to medium

graíned, subhedral crystals associated with agglegetes of biotite

andlot hornblende. Epidote also occurs as a fine grained alteration

product of plagíoclase. Epidote comprises fron 0.7 to 3.7 percent of

the samples.

Sphene and iron-titanir¡n oxides conPose fron 0.0 to 1.9 and

0.1 to 1.2 percent of,the sanples respectively, both ninerals occur

as fine to medir¡¡n grained, er¡hedral to subhedral crystels.

.Al.lanite, apatite and zircon occur as fine grained, euhedral,

tò subhedral crystals. The ¡ninerals are present in trace amotmts uP

to a naxinuxn of 0.3, 0.2 and 0.1 percent fespectively.

Mineralogical Variation

The relationships a^mong the major rnineralogical conponents of

the Aulneau batholith samples are shown in Figure'3, the ¡rodal quartz-

plagioclase-potassir¡rn feldsPar ternary diagran and Figure 4, the

nodal quartz-feldspar-nafic ternary diagran. Figure 3 illustrates

that the conpositional fields of the early, middle and late intnrsive

phases overlap, and that the corçositional field taken as a whole

reptesents a normal differentiation trend of increasing potassiu¡n

feldspar/plagioclase ratio at a relatively constant quattz/ total

feldspar ratio. Taken independently, the trend of the quartz/

potassitüt feldspar ratio decreases fron approximately 3:1 in the

,l'. . r
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QUARTZ

EARLY INTRUSIVE PHASES

MIDDLE INTRUSIVE FHASES

LATÊ INTRUSIVE PHASES

Figure 4. Modal quartz-feldspar-mafic nrineral ternary diagran.



early intnrsíve phases to 1:1 in the niddle intrusive phases and to

1:2 in the late intrusive phases. Figure 4 illustrates that the

conpositional fields of the early, rniddle and late intrusive phases

overlap in a restricted field. No diagnostic trends can be identified

in Figure 4.

Figure 5, the noñrative quaritz-plagioclase-potassirm feldspar

tetnary diagram illustrates that the range in nornative conpositions

is linited and is characterized by a trend of increasing quartz and

potassinn feldspar between the early, middle and late intrusive

phases. Figure 6, the normative quartz-plagioclase-potassitrn feldspar

te¡inaty diagram i.llustrates the conparison between the .d,ulneau

batholith and other granttic bodies. The average noflnative ¡níneral'

t rend of the Aulneau bathotith is not identical to any particular

batholith but it is. generally sirnilar to the trend of the South'ern

Califo¡nia batholith, the Bald Mormtain batholith and the Mount

Garibaldi atea.
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Figure 5. Nornrative quaÌtz-plagioclase-Potassir¡m feldspar temary
. diagra,n.
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STATISTICAT DISTRIBT'TION OF THE EI,EMENTS

This section presents a statistical exanination of the distri-

bution of the elenents with the objective of identifying any features

of the sanple population which could be applied to a geologíc inter-

pretation of the data.

The size of the sanple population, range, arithnetic nean and

standard deviation of the najor and trace elenents used in this study

are collated in Table l, histograms of the major and trace elenents

are shown in Figures 7, 8 and 9. The sample population incl.udes 7

samples fron the early.intrusive phases, trS sanpfe, eron the niddle

irrt"*iu" phases and 21 saurples fron the late intn¡sive phases.

Inspection of the histograrns of the major el.enents reveals

that SiO, has a uninodal distribution characterized by negative

skewness, Ðd that 4120r, Fe2OS, FeO, Ca0, MgO, Nat0, K20, Ti0t, Mn0,

H20 and C02 have rmimodal distributions characterized by positive

skewness. Histograms of the tface elements illust¡ate that Li' Pb,

Ni, Cu, Co, Rb and Zn have tminodal distribr¡tions characterized by

positive skewness. Histograms of S, Sn and Cs are not presented due

to lack of data.

Major and trace elenent distribution data for the elenents

used in this study, with the exception of H20, S, COZ, Zn and Sn

distributions, were pf,esented by Ahrens (1966). The najor and trace

elenent distributions of the data used in this study are in general
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Table 1. Major and trace elenent ranges, avefages and standard
distributions.

2l

E lenent Nt¡¡nber Elenent
of .Detected

Sa¡nple! In
sioz T --

Range

64.ó5 - 73.L0

14.14 - 17.09

0.26 - 1.80

0.40 - 2.s2

1.66 - 4.52

0.41 - 1.54

4"67 - 6.90

0.85 - 2.61

0"L7 - 0.43

0.05 - 0.27

0.02 - 0.06

0.04 - 1.46

0.00 - 0.01

0.00 - 0.70

15-58

1-52
0-38
2-29
0-14

29-64

24-75

0-21
0-t2

Arith¡netic Standard
Mean Deviation

Na20 43 43

A1203 43

Fe20f' 43

FeO 43

CaO 43

MgO 4s

43

43

43

43

43

43 43

43 43

43 
.4s

43 43

43

43

43

14

43 42

70.80

15. 87

0.82

1.02

2.6t

0.78

5.43

1.57

0.26

.0.11

0.03

0.59

0.00

0.10

33

13

10

l2

6

48

43

3

1.9ó

0.59

0.41

0.37

0.55

0.33

0.50

0.48

0.07

0.04

0.02

0.23

0.00

o.t2

9

1l

I

7

4

7

L2

5

Kzo

T i02

Peos

Mn0

Hzo

s

coz

ri
Pb

Ni

Cu

Co

Zn

Rb

43

43

43

43

43

40

43 43

43 38

43 43

43 43

Sn

Cs

31

3l

13

1

Major ele¡nents in weight Percent
Trace elenents in parts per nillion
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Figuie 7. Si02, 4120g, Cao, Mgo, Naro, Kto and C0, histograns'
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agteerdent nith the distríbution data conpiled by Ahrens with the ex-

ception of K20. According to Ahrens KrO shows a distinct tendency

for negative skeuness, as opposed to the positive skewness obsen¡ed

in this study. The positive skewness in the KrO distribution nay be

due to the larger sub-population of higher K20 contents in the late

intnrsive phases as coÍrpared to the lower KrO values of the early and

niddle intnrsive phases.

Ahrens (f966) suggested that the distribution of the natural

logarithns of the najor and trace elenent concentrations are normal,

and that skewed uninodal distributions of the arithmetic values of

the elemental concentrations are lognormal.

Ttre Kolmogorov-smirnov statistic provides'a neans of testing

whether a set of obsen¡ations are fron sone conpletely specified

continuous distribution (Lílliefors, 1967), ild is particularily use-

ful in testing small populations. In a sample of N obse¡vations, one

deterrnines D = naxx lt',*r-sNG)l , *n"t" sN(x) is the cr¡nulative

distribution fimction and F*(X) is the cum¡lative notmal distribution

yrith p = x, the sarnple nean, and n2 = s2, the sample variance,

defined with denoninator n - l. If the value of D exceeds the

critical value of D, the hypothesis that the obsewations are fro¡n a

normal population is rejected.

The distributions of the naturel logarithrnic transfor'nations

of the nrajor and trace elenent concentrations were tested by the

Kolmogorov-snirnov test (Appendix 5). At the 90% confidence level

the distiibutions of Pr0r, Mn0, C02, Ni and Co are rejected as log-

no¡rnal. Application of the Kolnogorov-Snirnov test to'the arithnetic

najor and trace elenent concentration distributions indicates that
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the distributions of Fer0r, FeO, MgO, TiOZ, p20S, MnO, COr, pb, Ni

and.cu are rejected as normal at the 90"/" confidence level.

Irrespective of the irregular distribution of sanples r+ith

regard to the nunber of samples fron the early, niddle and late in-

trusive phases, the distribution of the elenents represent uninodal

distributions. The nutual exclusion of frou, MnO, c0, and Ni from

either normal or lognormal distributions indicates that they represent

some unspeeified uninodal distributions. The distribution of the

other ele¡nents studies appears lognormal. The distribution data of

the sample population suggests that the Aulneau batholith is amenable -

to interpretation as a single che¡nical systen.
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MA.'OR ETEMENT GEOCHEÎI{ISTRY

Relationships between the major elenents of a granitic body

sertre to establish the chenical affinity of that body. Establishing

the nature of the chenical affinity puts inportant petrochenical con-

straints upon the nechanis¡ns which nay be employed to derive the

Perental nagma.

The subalkaline character of the Aulneau batholith is illus-

t¡ated in Figure 10, the total Nar0,+ KrO - Si02 diagram. The

sanples are well within the subalkaline field as defined by lwine

and Baragar (197f). The early and niddle intrusive phases show an

increase in Nar0 + KrO with increasing Si02, and a considerable over-

lap in their compositíonal fields. The late intn¡sive phases show a

greater total Na20 + KrO content than the early and niddle intn¡sive

phases, and a decrease in the total Nar0 + KrO nith increasing SÍ0r.

Figure 11, the Nar0 + KZO - FeO - MgO teraary diagran is used

in this study to distinguish between the two subalkaline igneous

series; the tholeiitic and calc-alkaline rock series. The early,

niddle and late intrusive phases exhibit a strong collinear relation-

ship and show a trend of increasing Nar0 + KrO at a constant Fe0/MgO

fatio, this relationship is characteristic of subalkaline rocks of

the calc-alkal.ine series. In Figure 12 the trend of Aulneau batholith

illustrated in Figure 11 is compared with trends fron other calc-

alkaline batholiths, a tholeiitic trend, and the field boundary
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between the tholeiitic and calc-alkaline series as established by

In¡ine and Baragar (1971). Figure 12 illustrates that the Aulneau

batholith has a trend sinilar to the trends of other calc-alkaline

batholiths, but that it is linited to a smaller compositional field.

In Figtrre 13, the Na20 - KZO - CaO ternary diagran, the NaZO/

CaO ratios of the early intrusive phase samp'les define a trend of in-

creasing Nar0 at a relatively constant K20 content. The Nar0/Ca0

ratios of the niddle Íntrr¡síve phase samples weakly define a trend of

inc¡easíng Na20 with a corresponding increase in the KZO/Nat0 ratio.

The Kr0/Nar0 ratios of the late intrusive phase samples show a trend

of increasing KrO at a relatively constant Nar0/Ca0 ratio.

The KrO/NarO ratios of the batholith range between 0.18 and

0.24 ín the early intn¡sive phase, 0.20 and 0.45 in the middle in-

trusive phase and 0.14 and 0.52 in the late intn¡sive phase. The

average RrO/NatO ratio is 0.29.

The major elenent geochernistry indicates that the Aulneau

batholith is subalkaline and that it is characterized by a relatively

constant fe0/Mg0 ratÍo with respect to increasing total alkalies and

increasing Si02, ûld an increasing Kt0/NarO ratio with resPect to in-

creasing Si0r:.ca¡¡g¡¡. These features índicate that the Aulneau

batholith is of calc-alkaline affinity.
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Figure 13. Nar0 - KZO - CaO ternàry diagran.
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LARSEN VARIATION DIAGRAMS

The chemical analyses of the Aulneau batholith samples are

plotted on Larsen variation diagrams in Figures 14, lS, 16, 17, lg

and 19. The Larsen differentiation index is (1/3 Si02 + KrO)

(Total Fe as FeO + caO + MgO) and was proposed by Larsen (193g) to

show the correlation of chernistry with the presuned order of rnagnatic

evolution (carmichael, Turner and verhoogen, Lg74). Larsen differen-

tiation indices in this study vary fron L4.s to zs.s, the samples

from the early, middle and late intrusive phases show a considerable

overlap in their Larsen differentiation indices. The average Larsen

differentiation indices for the early, niddle and late intrusive

phases shoru a progressive increase from,18.s to 19.4 and 20.8 respec-

tively. Treatment of the data by Larsen variation diagrams may mask

possible revèrsals in magrna evolution within the early, middle and

late intrusive phases, however, the data base is not sufficiently

complete to investigate the chenistry of the individual intrusive

phases

Due to the fact that the samples have a narrow range of

Larsen differentiation indices the trends of the major and trace

elements are amenable to treatment as a straight line. Linear re-

gression analysis of the early, middle and late i,ntrusive phases in

addition to the total sample population hras perforned. Numerical

parameters of the regression lines are contained in Appendix 7.
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Si02 (Fígure 14) and KrO (Figure 15) both show trends of in-

creasing concentration with increasing Larsen differentiation indices.

lfithin the Si02 and KrO variation diagranrs the earl.y, middle and late

intrusive phases all illustrate trends of increasing concentration.

Na20 (Figure 15) shows a very weak overall trend of decreas-

ing concentration rrith increasing Larsen differentiation indices.

The early and niddle intnrsive phases exhibit a trend of increasing

concentration with increasing Larsen dífferentiation indices. The

late intrusive phases illustrate a well defined trend of decreasing

Nar0 concentration with increasing Larsen differentiation indices,

Ã1203, FetO, and FeO (Figure t4), CaO and MgO (Figure l5),

Ti02, MnO, Pt0, and HrO (Figure 16) show overall trends of decreasing

concentration with increasing Larsen differentiation indices. The

overall trends aie consistent with trends of decreasing concentration

exhibited by the early, ¡riddle and late intrusive phases.

The overall trends of Li and Co (Figure l7), Ni, Cu and Zn

(Figure 18) all indicate decreasing concentration with increasing

Larsen differentiation indices. The early and middle intn¡sive phase

lithiun concentrations show trends of decreasing concentration with

increasing Larsen differentiation indíces, late intrusive phase

lithiun values show a trend of increasing concentration with increas-

ing Larsen differentiation indices. Ni, Cu, Co and Zn all show

trends of decreasing concentration with increasing Larsen differen-

tiation indices with respect to the trends by the early, middle and

late intn¡sive phases.

Pb (Figure 17) shows an overall trend of increasing concen-

tration with increasing tarsen differentiation indlces. In the early
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and late intrusive phases Pb shows a trend of decreasing concentration

with increasing Larsen differentiation indices. Rb shows a trend of

increasing concentration with Larsen differentiation indices in the

early and late intrusive phases (Figure 19), in the niddle intrusive

phases the Rb trend decreases. The overall Rb trend increases with

Larsen differentiation indices

Nockolds and Allen (tgSS) investigared the behaviour of

selected major and trace elenents in calc-alkaline igneous rock

series; najor and trace ele¡nent data r¿ere .prgsented in-parts per

million and a nodified Larsen differentiation index (r/3 si + K)

(Ca + Mg) was used. The overall trends they observed are conparable

with the trends observed in this study, however the former did not

present data for manganese, water, phosphorus, copper and zinc.

Nockolds and Allen (1953) observed that silicon and potassiun

both increased in abundance with increasing positive values of the

modified Larsen differentiation index, and that alurninum, calcium,

magnesium, titanium and iron decrease in abundance with increasing

positive values of the ¡nodified Larsen differentiation indices. They

also observed that in some calc-alkaline igneous rock series sodium'

increased in concentration until it reached a feeble naximum in the

intermediate members of a series, whereas in some series characteriz-

ed by lower potassiun content the sodium sholved a srnall but steady

rise throughout the series. The overall trend of Nar0 in the Aulneau

batholith is one of increasing concentration with increasing Larsen

differentiation indices, horvever the early and middle intrusive

phases show a trend of increasing concentration of Nar0 and the Jate

intrusive phases shorv a trend of decreasing Nar0. The behaviour of
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Na20 in this study rnay be analogous to the behaviour cited by

Nockolds and Allen for sodir¡¡r in calc-al.kaline igneous rock series

that are characterized by higher potassiun contents regardless of the

low potassir¡n content of the Aulneau batholith.

Nockolds and Allen (1955) obsen¡ed that Ni and Co decreased

in concentration and that Li, Rb and Pb increased in concentration

with increasing positive values of the Larsen differentiation indices.

Similar relationships for the trace elenents are obsenred in this

study with the exception of Li which shows a ver1y weakly defined

trend of decreasing concenttation

The presumed order of magnatic evolution as shown by an in-

ctease in Larsen differentiation indices is obscured in this study

because the three najor phases embody' nineteen. individual phases

which overlap in conrposition and show reversals in composition.

However, if the Larsen variation diagrans are considered in te:ms of

a general differentiation trend, the variations in individual najor

and trace elenents are conpatible with the calc-alkaline character

of the batholith.



TRACE EI.EMENT GEOCHEMISTRY

Erperical n¡les for the distribution of trace elernents during

magnatic activity were formulated by Goldschmidt (1937). Based on a

siurple ionic model he suggested that: (1) if tno ions have the sa¡ne

ionic radius and the same charge, they will enter into solid solu-

tions in a given nineral in a¡notmts roughly ptoportional to their

abr¡nda¡rces, (2) if the two ions have sinilar radii and the same

charge, the snaller ion will be preferentially concentrated in the

solid phase, (3) if.two ions have si¡nilar ionic radii but different

charges, the ion with the higher charge will enter the crystal

structure preferentially. Exceptions to these rules were attributed

to the effects of covalent bonding.

Ringwood (1955) nrodified Goldschnidtsr n¡les by consÍdering

the influence of el.ectronegativity. He suggested that for two ions

with si¡rilar charges and ionic radii, the ion with the lower electro-

negativity will be prefetentially incorporated into the crystal

structure because of the stlonger and ¡nore ionic bond.

Nockolds (1966) considering bond energy criteria proposed

that: (1) when two cations of the sane valency are capable of sub-

stitution in a crystal lattíce, the cation having the greater relative

total bonding enelgy will be incorporated preferentially, (2) when

two cations of different valency, involving coupled substitution in a

crTstal lattíce, that substÌtution will take place preferentially
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whose su¡n of relative bonding energies is the greatet.

Burns and Fyfe (L967) reviewed the preceeding rules used to

explain the distribution of trace elenents. They presented convincing

arguments based on consideration of honogeneity, phase equilibria,

thermodynamic factors, ionic radii, electronegativity, melting points

and heats of formation, that these rules.are inadequate to explain

the distribution of all elementlr especially the transition netals.

Although there is considerable debate as to the factors

which control trace element distribution during rnagmatic activity,
the data of the present study rdere considered in terrns of the

Goldschmidt and Ringr,rood rules.

Lithium

The snall ionic radius of ti+ (0.68 A) with respect to the

ionic radii of other alkali elements (Na*, 0.97 A; K+, l.SS A) pre-

vents it fron occupying sinilar lattice positions and as a result Li+

enters six-fold co-ordination positions (Taylor, 1965). The sinilar-
ity in ionic radii betrveen Li+ and tfg2+ (0.66 A) suggests trrat Lr may

substitute for Mgz+ (Taylor, 1965).

The relationship bett^¡een Li and MgO in the Aulneau batholith

is illustrated in Figure 20. Linear regression analysis of Li and

I'lg0 indicates that there is negligible correlation (r = 0.094) be-

tween the trvo components.

The distribution of lithium was investigated by Horstman

(1957), average lithium contents for granitic rocks and diorites tr'ere

reported as 40 anð 24 parts per million respectively. The average

lithiun concentration of the Aulneau batholíth of 33 parts per
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nrillion is inte:mediate between the values rePorted by Horstnan for

granitic rocks and diorites.

Lead

As a result of its' higher charge Pb2+ should be concentrated

relative to K+ in early potassi¡rm-bearing ninerals, however the Pb-0

bond is more covalent than the K-0 bond and therefore Pb2+ tends to

be concentrated in tesidual nagnas (Ringwood, 1955).

Tþe Íonic radius of Pbz+ (1.2 A) is intermediate between the

ionic radii of ca2+ (0.99 A) and K+ (1.33 A) and can be expected to

occr¡r in potassir¡¡n feldspars and nicas substituting for K+, and for

Ca2* in plagioclase, apatite and other ninerals containing large

lattice sites (Taylor, 1965). Taylor also suggested that Pbz+ should

enter late Ca2+ lattice positions because of the larger size of the

Pb2+ ion and the more covalent character of the Pb-0 bond as opposed

to the Ca-0 bond.

The relationship between Pb and KrO in the Aulneau batholith

is shown in Figure 20. Tl¡e correlation coefficient for Pb and K20 is

low (r = 0.352)

The average Pb content of the saurples analyzed for this study

is l5 parts per million. The Openrisca pluton granodiorites (Wolhuter,

197f) and the Lake St. Jose¡h granodiorites (Vollrath, 1964) contain

10 and 13 parts per million Pb respectively. Comparison of the

Aulneau bathol.ith with these other Early Preca¡nbrian plutonic rocks

o f the Canadian Shield illustrates that they are characterized by

sinilar Pb concenttations. The average Pb content of the Aulneau

batholith sarnples is generally lower than the Pb values reported in

:::r::;:;;;...:j!:it:iJ_a:t ::i-a:t;.r;.::it:-:
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Table 2. The low Pb concentration of the Aulneau batholith in compar-

ison with the other values reported in Table 2 is attributed to the

lower KrO content of the Aulneau batholith in comparison to the K20

contents of the other exanples listed in Table 2.

.l

Nickel

Based on rh; ionic radii of Ni2+ (0.69 A), Mgz* (0.ó6 A) and
1tFe'- (0.75 A), and their respective oxide melting points (NiO, lggoo 

:,,
c; MgO, 28000 c; FeO, 14200 c), the sequence of entrance of these .

elernents into crystal. lattices should be Mg, Ni and Fe. Ringwood 
,,1,,.

(1955) suggested that Ni enters early Fe positions rather than Mg

positions because of the relationship between their respective

electronegativities (Ni2+, 1.g; Mg2*, 1.2; Fe2+, 1.6)

In the Aulneau batholith Ni shows its greatest correlation i

with MgO (r = 0.476). The MgO and Ni relationship is illustrated in :

Figure 20.

The average Ni content of the Aulneau batholith is generally

similar to the values reported for other granitic rocks in Table 2.

'lit,",ì,,Copper ':::::::

:-... Ì

The sinilarity in size betleen cu+ ions (0.96 A) and Na* ions :':::::

(0.97 A), and C,r2* ions (0.72 A) and F"2* ions (0.7S A) suggesrs that,

according to GoLdschmidt's rules, coDper shourd be concentrated in

early forming phases of crystallization of a basaltic magma (Taylor 
, ,,j

1965) ' It has been shown hoi+ever that copper is concentrated in

residual magmas (lrtager and l'{itchell, l951).

The nagnatic behaviour of copper was explained by Ringwood

(1955) as due to the relative weakness of the cu+-0 and cu2+-0 bonds
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Table 2. Comparison of the Aulneau batholith chernistry with other
granitic ¡ocks.

si02

A1203

Fe0

Ca0

Mgo

Naro

Kzo

Ti02

Pzos

lftr0

Li

Pb

Ni

Cu

Co

LN

Rb

l.
70.8

15.9

1.8

2.6

0.8

5.4

1.6

0.3

0.1

0. 1*

JJ

13

l0'

12

6

48

43

2.

7L.6

ts.7

1.8

2.3

0.7

s.2

2.5

0.3

0.1*

13

7

5

4

31

3.

67.8

16. ó

3.2

J.5

2.t

4.8

2.9

0.3

0.1

0.1

l0

11

4

4

11

4.

67.2

15.5

3.8

3.5

1.6

3.8

3.0

0.6

0.2

0.1

24

15

15

30

7

60

110

5.

68.4

15. 3

2.7

3.2

1.2

3.4

3,6

0"4

0"1

0.1

20

10

20

l0

118

1. Aulneau bathol.ith, average of 17 trondhjemites and 26 granodiorites.

2. Average of 508 Early Precanbrian grandiorites. (Vollrath, f964)

3. Early Precambrian Openrisca granodiorites. (Iilolhuter, 1971)

4. High calciran granitic rocks. (Turekian and Wedepohl, 1961)

5. Average of 193 plutonic rocks f¡on the Sierra Nevada batholith.
(Dodge , 1972).

* Less than
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ín conparison with the Na-O and Fe-0 bonds. The weakness of the Cu-O

bonds was attributed to the electronegativity differences between Cu+

(t.B) and Na+ (0.9), and cu2* (2.0) and Fe2* (1.65).

The relationship between Cu and FeO in the Aulneau batholith

is shown in Figure 20. The correlation coefficient for the Cu and FeO

relationship is very low (r = 0.289).

The average Cu content of the Aulneau batholith is 12 parts

per rnillion. Conparison of the Aulneau batholith with other granitic

rocks indicates that the Aulneau batholith has a Cu content higher

than other Early Precarnbrian plutons and a lower Cu content than

granitic rocks characterized by higher FeO contents (Table 2).

Cobalt

The ionic radius of co2+ (0.72 
^) 

is interrnediate between the

ionic radii of Mg2* (0.66 A) and Fe2+ (0.75 A) (Taylor, 1965)"

The effective ionic radÌus-of Co2+ is sonewhat less than the

accepted value and therefore is rather close to thet of Mgz+ and as a

result tends to show a gleater affinity for Mgz* than for FeZ+ (Mason,

196ó, p. 136).

In a study of the geochemistry of cobalt Carr and Turekian

(196f) suggested that in granitic rocks Co2* is strongly coherent with

MgZ*.

Linear cotrelation of Co and MgO is low (r = 0.350). The

relationship between Co and MgO ís shovm in Figure 20.

The average Co concentration of the Aulneau batholith is 6

parts per million a¡rd is generally similar to the average Co concen-

trations reported for other granitic rocks in Table 2.
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rn accordance with Goldschmidtis rules, the similarity be-

tween the ionic radii of znZ+ (o.74 A) and Fe2+ (0.7s A) suggests

that zn?+ should be canouflaged in Fe2+ positions . zn-o bonds are

more covalent than Fe-0 bonds and therefore znz* will enter late FeZ+

positions, as a result the znz+/ Fe2+ ratio will tend to increase

during- fractionation in silicate ¡nelts (Tay1or, fg65).

Figure 2l illustrates the relationship between Zn and FeO.

The correlation coefficíent for the relationship between Zn and Feo

is moderately high (r = 0.610).

The average zn content of the Aulneau batholith is 4g parts

per nillion. In comparison rr'ith other Early precambrian granitic

rocks the Aulneau batholith has a significantly higher Zn concentra-

tion (Table 2). In comparison with high calcium granitic rocks
:'(Tabfe 2) the Aulneau batholith has a sinilar Zn content.

Rubidium

The þeoche¡nical behaviour of rubidiurn and potassium are close-

ly linked because of the sinilarity betr+een their ionic radii (Rb*,

1.44 A; K*, l.s3 A), electronegativities (Rb*, 0.g; K*, 0.g) and

ionization potentials. (Rb+, 4.1gi K*, 4.34). Rubidiun tends to be

slightly concentrated relative to potassium under conditions of ex-

tleme fractionation where size differences become significant (Taylor,

ie6s).

The relationship betr{een Rb and KrO is shown in Figure 21.

The comelation coefficient between Rb and KrO is moderately high

(r = 0.512).
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The average Rb content of the Aulneau batholith is 45 parts

per nillion. Comparison of the Aulneau batholith with other granitic

rocks listed in Table 2 illustrates that the Aulneau batholith has a

significantly lower Rb concentration. when considered in Light of

the higher KrO contents of the other granitic rocks listed in Table 2

the low Rb concentration of the Aulneau batholith loses its signifi-
cance.

Shaw (J968), in a review of K-Rb fractionation trends as

deterrnined by covariance analysis determined that the nain pattern of

K/Rb variation is that shown by a variety of continental and oceanic

rock types. The nain trend is based on a linear trend on a log-log

plot and is described by the equation log (ppn Rb) = l.ll5 log

(percent K) + I .597. 
¿

The average K/Rb ratios of the early, niddle and late in-

trusive phases of the Aulneau batholith are 268, 26s and 328 respec-

tively, the average K/Rb ratio of the Aulneau batholith is 30S.

comparison ol the Aulneau batholith samples with shawsr main trend

(Figure 22) illustrates that the Aulneau batholith samples show a

trend of increasing K/Rb ratios whereas the K/Rb ratios of the main

trend decrease with increasing absolute K and Rb concentrations.

This study illustrates that the concentrations of trace ele-

ments invedtigated are generally similar to those feported for other

granitic rocks of similar najor elernent chemistry. The generally lorv

correlation between trace elements and major elements is due possibly

to the internal complexity of the phases within the batholith.
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ORIGIN OF THE AUINEAU BATHOIITH

Ttre origin of the Aulneau batholith nay be conside¡ed in light

of the four nain theories for the origin of granitic rocks; solid-

state replacement or granitization, anatexis of quartzose-feldspathic

nat€rial during high grade regional netanorphisn, fractional crystal-

lization of a basaltic nagna, and partÍal nelting of arçhibolite or

eclogite.

Origin of the Aulneau batholith by solid-state replacenent is

not consistent with the magnatic features of the batholith. Field

evidence for magnatic enplacenent at the present crustal level in-

cludes; generally sharp intrusive contacts between the batholith and

the netavolcanic country rock, displacernent of the cotmtry rock by

the batholith, contact metanoryhism of the netavolcaníc country rock

by the batholith, complex intrusive pattern within the batholith as

evídenced by contact relationships and distribution of the individual

phases. Petrographic evidence for a rnagmatic origin include; cotll-

plexly zoned and twinned plagioclase crystals, well developed grano-

phyric textures and the absence of neta¡norphic ¡ninerals indicative of

granitization such as garriet or sillimanite.

Origin of the Aulneau batholith by the anatexis of previously

existing quartzose-feldspathic rnaterial during regional high grade

metanorphis¡n is not considered to be a viable nechanisn for the gen-

eration of the Aulneau batholith because it can not account for the
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gabbroic and dioritic phases of the batholith. In addition there is

no stratigraphic evidence to suggest that there was a previously ex-

isting quartzose-feldspathic naterial which could act as a parental

material.

The calc-alkaline character of the Aulneau batholith reduces

the problen of the origin of the batholith to that of the origin of

the calc-alkaline -igneous -rock suite. Fractíonal crystallization of

a basaltic mag¡na and partial melting of amphibolite or eclogite have

been investigated as possible nechanisms for the origin of calc-

alkaline igneous rocks by Green and Ringrvood (196S).

The fractional crystallization of a hydrous magma of basaltic

composition at 30 to 40 kilometers depth can produce rnagmas of the

calc-alkaline series (Green and Ringwood, l96S). High degrees of

fractional crystallization produces a dacitic or rhyodacitic com-

þosition with high K/Na ratios. Tfre low Kr)/Nar} ratios reported in

this study suggest that the Aulneau batholith magmas rvere not produced

by the fractional crystallization of a hydrous basaltic nagna.

Green and Ringwood (1968) proposed that partial melting of

anphibolite at 30 to 40 kilometers depth under wet conditions

(PHZO.Plo"d) could produce calc-alkaline nagrnas. Under these con-

ditions plagioclase dóminates as the melting phase and the K/Na ratios

of the magmas produced would decrease rvith increasing degrees of

partial melting. Magmas more acid than andesite would be character-

ized by a sharp increase in the Kr\/Nar} ratio. The low Kr0/Nar0

ratios and lack of evidence of a sharp increase in them suggests that

the Aulneau batholith did not originate by the partial melting of

amphibolite.
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Green and Ringwood (1968) suggested that calc-alkaline magnas

could be produced by the partial nelting of quartz eclogite at depths

ranging fron 100 to 150 kiloneters. Under these conditions calc-

alkaline andesitic nagna could be produced, nagnas more acid than

andesite could only be derived by the fractionation of the andesitic

Dagnas in shallow nagna ihambers (30 to 40 kilometers depth). Under

wet conditions (PHeOa Oto"d) at 27 to 36 kilobars, nagmas of dacitic

or granodioritic conrposition with R20/Nar0 ratios less than unity

could be produced. The low Kr}/Nar0 ratios of the Aulneau batholith

suggest that this process nay have been the nechanisn by which the

parent magnas r.rere generated.
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APPE¡IÐIX 1

Analytlcal methods, precisLon and accuracy'
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ST'MMARY OF METHODS

DEPT. OF EARTH

USED IN THE A¡.¡AIYTICAL TABORATORY

SCIENCES. UNWERSTTY OF MANITOBA

Elenent

Nar0, MgO (Lorf)

Curco rNirPb,
Cs,Zn,Li,Rb

Pzos

Fe0

Sn

H20 Total

Method

si
AI
Fe (Total)
Mg
Ca
K
Ti
Mn

X-ray fluorescence Spectrometry:
l{eighted sample plus [itB407 plus La20,
heated in graphite crucible at about 1100uC for
l/2 hour. Resulting glass bead with HgBOg

(Total weight = 2.1000 grans) ground to -200 ¡nesh
and then conpressed to 50,000 p.s.i. Elenents
then sÌmultaneously analyzed on ¡rulti channel
ARf, X-ray Spectroneter.

Atonic Absorption Spectrophotonetr¡r:
Rock dissolved with HF, H2S04r HN03 in platinum
cn¡cibles - Perkin Elmer 303. A.A.S.

Colorimetry: solution as for Na20 above. The
absorption at 430 nr¡r of rnolybdiianadophosphoric
acid complex - Unicam sp 500 spectrophotoneteî.

Rock deconposed with HF and 1:4 H'S0O, solution
titrated with K2Cr207 using sodium diphenylanine
sulfonate as indicator.

Fusion of sanple with NH4I at 650oC. SnI dissolved
in 25% HCl. A.A.S.

Deternined by heating sarnple in a stream of^dry
oxygen in an induction furnace (Temp. 1100'C).
HrO collected on Anhydrone and weighêd.

Dete¡mined by heating sanrples in an induction
furnace wíth oxygen flowing through combustion
cha¡nber. S02 evolved is then titrated. Leco
Induction futnace and autonatic titrator.

Sample deconposed by HCI and heat. CO2 evolved
passed through drying train and collected on Ascarite.

Ðete¡mined sinultaneously with HtO (Total). COZ
collected on Ascarite.

s

coz

C0., (low So 
sanrples)
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PRECISTOI{ AI.ID ACCI'RACY OF MA.'OR ETEMENTS

Constituent

si02

A1203

Fer0, (fotal)

Mgo

Ca0

Kzo

Mn0

Ti02

Naro

Hro (Total)

coz

Pzos

Fe0

s

Concentration
%

59.60

9.34

10.08

4.04

10.22

2.69

.41

.48

4.20

1. 60

l. 15

0.20

10.92

0.185

Instnrnent
Precision

.12

.05

.0L7

.04

.02

.01

.01

.02

.01

.03

.05

.01

0.003

Accuracy of
Replicates

STD. DEV.

.20

.13

.03

.10

.07

.01

.01

.02

.05

.06

.t2

.01

0.04

0.005
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PRECISION A¡¡D ACCURACY OF TRACE ETEMENTS

Instfl¡ment Accuracy of
Constituenl Concentration Precision Replicates

STD. DEV.

820 ppm 5.0 t5.OCs

Co

Cu

ti
Ni

Pb

Rb

Zn

53 ppn 1.0 2.0

40 ppn 1..0 2.0

l0 ppn .04 .05

77 ppn 1.0 3.0

34 ppn 2.0 3.0

228 ppn 1.0. 2.0

108 ppm 1.0 2.0
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APPENDIX 2

Chesrical Analyses

MaJor elenent,s ln weight percent

Trace elements in parts per nillion

- Not detected

Iil.D. Not deterrnined

i ',;:. .t1
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11
z8L 290

7L.25 69.45

L5.75 15.79

0.57 1.04

1.16 . L.64

2.50 3.L4

0.73 1.06

5.67 5.53

t.26 1.15

0.28 0.26

o.1o 0.12

.0.02 0.05

0.18 0.72

0.01 0.00

0.07 0.11

99.55 100.05

23 39

L73
61

15 10

2L4
51 56

27 33

2L

Early Intnrsf.ve Phases

z9L 297

71.50 68.10

L6.02 15.92

0.32 I .16

1.00 1.gg

2.61 4.L5

0.68 L.24

5.62 4.67

L.29 1.11

0.17 0.41

0.09 0.14

o.o2 0.05

0.45 0.63

0.01 0.01

0.06 0.09

99.84 99.45

30 35

111
298 ZLLz ZLL6

70.55 73.50 67.70

15.90 14.89 15.56

0.65 0.50 0.93

1.28 L.O4 2.32

2.92 2.14 4.52

0.98 0.59 L.4g

5.73 5.22 4.79

1.06 0.96 1.06

o .29 o.1g o'.49

0.15 0.08 0,1s

0.02 0.09 0.05

0.58 0.43 0.65

- 0.01 0.01 0.01

o.o1 0,09 0.0g

99 .92 99.95 99 .64

20 29 s3

5623
7L42L

227L4
9Lt2

53 53 51

30 24 58

66

Phase No.

Saople No.

SiO2

Aleo¡

Fe2O3

FeO

CaO

Mgo

Na20

Keo

TfO2

P205

lfn0

flzo

s

coz

lTTAL

Ii

Pb

Ni

Cu

Co

Za

Rb

Sn

Cs

9

9

I

5

L4

19

76

49 62

42 33

L2
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Phase No.

Sanple No.

Si02

41203

Fe203

Fe0

Ca0

Irg0

Na20

_Kzo

Ti02

Pzos

ìCn0

Hzo

s

coz

T TAL

Li

Pb

Nf

Cu

Co

Zrt

Rb

Sn

Cs

66

zL2 ZL4

68.75 70.25

L6.O2 15.98

1 .15 0.96

0.96 1.00

2.95 2.55

1.07 0.73

5.04 5.24

L.42 L.45

0.34 0.29

0.10 0.11.

0.03 0.02

0.86 0.49

0.00 0.00

0.19 ó.oo

98.76 99 .03

58 37

109

132

11 10

56

55 48

65 58

N.D. N.D.

N.D. N.D.

Middle Intrusive Phases

3L4
z5L 285

72,65 73.05

L5.75 L5.42

0.39 0.36

13 L4

296 ZL00

69.80 72.80

L6.L7 L5.26

o,26 0.67

1.00 0.80

2.go 2.36

0.68 0.49

5.86 5.52

1,48 1.13

0.26 _ 0.22

0.10 0.09

o.o2 0.03

0.46 0.54

0.01. 0.00

0. 12 0 .L2

99.L2 100.03

3s 43

7L9

11 10

10 13

67

45 44

4s 37

-L¿

0.60

2.t2

0,80

L.97

0.46 0.42

4.97 5.08

1.65 2.27

0.23 0.18

0.07 0.07

0.03 0 .02

o.49 0.43

0.00 0.00

0.08 0.01

99.49 100.08

35 18

11 52

76
3L7
24

37 29

49 54

13

288

69.90

16 .09

0,74

1.04

2.69

0.86

5.53

L.62

o.26

0.L2

0.03

0.72

0.00

0,06

99.64

37

30

13

11

I

s3

38
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Phase No.

Sample No.

S102

41203

Fe203

Fe0

Ca0

Mgo

Ne20

Keo

ri02

Pzos

I{n0

Ezo

s

coz

TCrTAL

Lf

Pb

N1

Cu

Co

Zd

Rb

Sn

Cs

3

z t04

69.55

L5.76

0.79

L.52

3.09

1.04

4.gg

L.75

0.31

0.13

0.0:

0.70

0.00

0.50

100.1.7

38

19

t6

20

3

52

46

7

7

z 108

69.25

16.13

1.39

1 .48

3 .15

L.2L

5.08

L.23

0.24

0.15

0,04

0.72

0.00

o.L7

100.æ

25

2

29

11

5

52

36

2

6

r 1()0

68.35

L6.L2

0.87

L.L2

2_.go

0.91

5.24

1.35

0.32

0.11

0.03

0.55

0.00

0.21

98.08

44

6

I

23

7

49

61

N,D.

N.D.

I
z 472

7L.25

L4.L4

I .59

0.92

2.95

0.94

4.gg

0.99

0.35

0.12

0.03

0.85

0.00

0.10

99.01

20

7

2

2L

6

49

26

N.D.

N.D.

7

z 2364

69.45

15.80

1.30

0.92

2.62

0.93

5.16

L.62

0.31

o.L2

0.04

0. 55

0.00

0.04

98 .99

41

2

13

r.4

L2

52

49

- 
N.D.

N.D.

7

z 2366

ó8.25

L5,96

1. 70

0.84

2.88

1. 16

5.32

L.4g

0.32

0. 13

0.04

o.73

0.00

0.00

98 .82

31

2

13

24

11

s5

48

N.D.

N.D.

Middle InËrusfve PLrases

88
z 473 z 479

68.90 70,40

L5.20 L5.62

1.35 1.07

L.44 0.88

3.O4 2.5g

L.23 0.67

5.32 5.68

L.zL L.22

0.39 0.28

0.13 0.09

0.q4 o.o3

0.53 0.56

0,00 0.01

0.03 0.02

98.81 99 .L2

35 25

77
84

19 29

11 10

55 47

48 26

N.D. N.D.

N.D. N.D.
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Phase No.

Sample l$o.

Si02

A1eOg

Fe203

Fe0

Ca0

MFo

Na20

Kzo

Ti02

Peos

Mn0

E2o

s

coz

TqTAL

ti

Pb

N1

Cu

Co

Za

Rb

Sn

Cs

18 15

29 zL3

67 .85 71.10

16.65 16.55

o.72 0.49

r.52 ' O.72

2.69 2.50

L.28 0.54

5.92 6.15

L.77 L.28

0.31 0.21

o.22 0.09

0.06 ô.03

o.69 0.46

o.oo 0.00

o.o8 o.o4

99.25 100.16

15 30

24 L4

9-

L73

2-

54 45

40 26

Late IntrusÍve Phases

ls L7

zL5 ZL9

71.10 70.40

L6.35 L6.54

0.33 0.75

o.72 0.96

2.00 2.50

0.41 0.72

5.82 5.92

L.64 1.19

0.23 0.24

0.08 0.09

.0.02 0.03

0.37 L.46

0.00 0.0¿

0,03 o.og

99.10 100.89

36 37

209
1-
42
9-

4L 50

45 33

L7

222

69.35

L7.09

0.94

0.92

3.2I

1.06

6 .90

0.89

o.2j

0.11

0.05

0.66

0.00

0.10

101.55

4L

t4

9

6

8

64

31

18

224

70.50

L6.20

1.80

0.60

2.0s

0.60

5.53

1.78

o.22

0.08

0.03

0.72

0.00

0.15

100.26

32

28

8

l7

18

260

72.65

L5.62

o,47

o.72

2.20

0.47

5.20

1 .93

0.19

0.07

o:02

0.59

0.00

0.04

100.1 7

31

2T

L7

5

I

42

37

2

4L

43
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Phase No.

Sanple No.

Si02

41203

Fe203

Fe0

Ca0

l.fg0

Na20

Keo

Tf02

Pzos

¡erO

Hzo

s

coe

1Û14Ë

LI

Pb

N1

Cu

Co

Za

Rb

Sn

Cs

18 L7

263 264

64.6j 72.55

L6.62 15.36

L.62 0,79

L.64 0.69

3.08 2.22

_1.54 0.57

6.09 5.05

L.74 2.L6

0.36 o.1g

0.27 0.09

0.05 0.03

'1.01 0,54

0.00 0.01

0.07 0.07

98.73 100.31

2t 40

31 33

L98
510

i¡8
58 4s

30 44

Late Intrusive Phases

L7 L7

266 270

71.50 7L.65

16.09 L5.44

0.34 0. 70

0.84 1.00

2.L2 2.44

0.53 0.61

5.00 5.20

2.6L 1. gg

0.2L O,24

0.08 0.10

0.03 0.02

0.45 0.59

0.00 0.01 
-

0.09 0.07

99.89 100.05

40 28

22
154
102
12 13

43 44

53 31

75

L7 L7

272 273

72.45 72.60

14.gg 15.56

0.6L 0.40

0.68 0.64

2.04 2.2L

0.48 0.47

4.99 5.09

2.53 1.91

-/o,zL 0.19

0.09 0.07

.0.02 0.03

o.57 0.50

0.00 0.01

0.12 0.05

99.78 99.77

26 ¿ß

L97
107
92
45

40 4L

47 4s

7L4

l7

283

70.90

16.06

0.42

0.84

2.59

0.43

5.56

L.57

o.24

0.09

0.02

0.93

0.00

0.01

99.75

2L

L2

5

56

28
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L¿te InËn¡sive Pheseg

16 15 L7 L6 16

z89 2110 zL20 zL45 ZL50

71.90 71.60 70.95 7L.95 73.10

15.89 L5.42 .L4.78 L5.64 L5.42

0.27. o.57 L.Lz 0.74 0.56

0.94 0.76 1.20 0.76 0.40

1.85 2,60 2.84 2.08 L.66

o.42 0.64 L.Ol 0.58 0.31

5.30 5.2g 4.gL 6.L2 5.52

2.49 1. 71 1.83 0.85 L.97

0.19 0.22 0.29 0.22 0.17

o.o9 o.o9 0.12 0.07 0.05

o.o2 9,ot o.o4 o.o2 o.o2

0.40 0.43 0.68 0,45 0.35

o.oo o.o0 o.o1 0.01 0.00

0.07 0,70 0.08 0,05 0.01

99.73 100.06 99.92 100.13 99.85

30 27 28 44 33

101419t7
433848

10118L47
3-310s

46 43 45 sO 37

75 49 43 45 60

- 10 2 N.D. N.D.

N.D. N.D.

"/.':.:.':1'
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Ptrase No.

Sample No.

s102

41203

Fe203

Fe0

Ca0

!.f90

Na20

Keo

Tf:O2

Peos

¡{n0

Eeo

s

coz

TOTÁL

L1

Pb

N1

Cu

Co

Zn

Rb

Sn

Cs

18

z L94

71.05

16.13

0.69

0.68

2.05

0.52

5.52

L.95

0.24

0.09

0.02

0.33

0.00

0.03

99.82

26

13

I
I
4

43

51

N.D.

N.D.

18

z 2L90

66.70

L6.47

L.44

1.16

2.30

1.14

5.68

2.37

0.33

0.20 .

0.05.

0.58

0.00

0,07

gg.6g

4t

16

I

14

6

55

66

N.D.

N.D r
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APPENDIX 3

Modal MlneraLogy
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1

z9L

27.5

61.8

3.7

5.3

0.0

0.0

0.9

0.1

0.1 .

0.1

0.3

0.2

73

EarLy Int¡r¡sive Phases

Phase No.

Sample No.

Quartz

Plagloclase

K Feldspar

Blotitc

EornbLendc

Chlorite

Epldote

ApaÈ1te

Zircon

Allanite

Sphene

Opaque

1

z8L

28.6

55.4

6.3

6.6

0.0

0.0

L.7

0.1

tf

0.1

0.6

0.5

1

z.90

28.3

58.7

2.L

7.9

0.0

0.2

1.8

0.1

tr
0.1

0.5

0.3

1

297

29.6

60.4

2.6

5.0

0.9

0.0

L.6

0.1

0.1

0.1

o.2

0.1

1

298

23.O

63 .5

4.5

5.8

0.3

0.2

L,7

0.1

0.1

0.1

0.5

0.2

11

Z LLz Z LL6

32.2 23.0

60.8 59.g

4.L 0.0

1.9 9.3

0.0 5.6

0.1 0.1

0.5 1.0

0.1 0.3

tr 0.1

0.0 0.0

0.0 0.7

0.3 0.1
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6

zL4

29.g

53.4

5.0

6,9

0.0

0.0

3.8

0.1

0.1

0.3

0.3

0.3

74

Mlddle Intrusive Phases

Phase No.

Sanple No.

Quartz

Plagloclase

'K Fcldspar

Bfotite

Hornblende

Chlorftc

Epidotc

Apatlte

Zircon

AllanÍte

Sphcne

Opaquc

0.0 0.0

0.0 0.6

1.2 1.4

0.1 0.1

tr 0.1

0.2 0.3

0.1 0.2

6

zL2

2g,g

55.9

5.2

5.0

0.0

0.7

3.6

0.2

tr
0.1

0.3

0.1

13

288

26.8

56.0

8;6

4.2

o.4

0,4

1.9

Ër

tr
tr

0.8

0.9

L4

z5L 285

3L.2 25.4

50.6 57 .O

L2.3 13.7

4.2 0.8

13 L4

296 ZL00

zL.g 32.7

63.4 52.9

7.O 7.9

6.1 3.5

0.0 0,0

0.0 0.0

0.9 1.9

0.1 0.1

tr tr
0.2 0.1

0.2 0.4

0.1 0.60.1 0.3
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Mfddle Intrusive Phases

PhaecNo. 3 7 6 I I I 7 7

SamplcNo. ZL04 ZL08 2399 2472 2473 2479 22364 22366

þartz 30.8 25 .8 28.9 25 .5 25.L 22.7 2L .g lg .2

Plagloclase l+8.4 59.5 55.8 58.3 58.9 66.7 54.5 51.6

K Feldspar 8.8 5.0 3.5 1.5 3.4 3.1 4.5 4.5

Blotite 8.4 6.4 5.9 9.1 8.1 4.g 10.3 14.5

Ilornblende 0.0 0.4 0.0 0.0 1.3 0.0 1,0 0.3

Chlorlte 0.0 0.0 O.2 0.0 0.0 0.7 0.1 0.6

Epldote 2.9 1.8 4.7 4.1 2,O 0.7 5,9 '7.0

apatite 0.1 0.1 0.1 tr O.i 0.1 0.I 0.1

Zircon tr 0.1 0.1 tr 0.1 tr 0.1 tr
AllanÍte 0.1 O,2 0.1 0.0 O .2 0.1 0.1 O .2

Sphene 0.4 0.3 0.4 0.8 0.3 0.7 0.4 1.8

Opaque 0.1 0.4 0.3 0.3 0.3 0.3 1..1 1.0



Phase Ho.

Sample I{o,

Quartz

Plagfoctasc

K Fcldspar

Blotfte

Ilornblende

Chlorlte

Epfdote.

Apattte

Zfrcon

AlLenite

Sphene

Opaque

)::1t . ::::;i" :îl ::,:

Late Intnrslve Phases

':!.::.-i .::.:.:,I 
:. .'.:::
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18

2,9

2L.3

42.4

2L.5

4.L

8.0

0.0

1.0

. o.2

ür

o.2

0.9

0.1

t5

zL3

24,3

54.2

14.3

3.0

0.7

0.2

2.5

0.1

tr
'0.1

0.3

0.3

L7

zt9
26.5

56.1

8.4

5.7

0.0

0.0

2.4

0.1

tr
0.0

0.4

0.4

L7

222

21.8

68 .1

0.0

5.7

0.0

0.0

3.7

0.1

0.1

0.0

0.3

0.2

15

zt5
27.9

56.0

10.6

3.5

0.0

0.2

1.1

tr
tr.-

0.1

o.3

0.3

18 18

224 260

27.0 28.5

56.9 49.6

9.0 L5.2

4.9 4,6

0.0 0.0

0.0 0.0

1.6 1.4

0.1 o.t

0.1 0.1

0.1 Er

o.2 0.2

0.2 0.3



77

Late IntrusÍve Pheses

Ptrase No.

Sarnpl e No.

Quartz

Plagloclase

K Feldapar

Bfotite

Bornblende

ChlorlËe

Epidote

Apatlte

Zlrcon

Allanlte

Sphenc

Opaquc

18

263

19.0

47.4

13.3

6.3

6.3

1.0

3.4

tr
0.1

0.1

1.9

L.2

L7

264

23.9

57.0

14.9

2.8

0.0

0.0

1.1

0.0

tr.

0.1

0.2

o.2

L7

266

26.4

52.O

L4.4

4.3

0.0

0.2

2.L

0.1

tr
tr

0,3

0.2

L7

270

29.4

49.g

16.0

4.1

0.0

0,0

0.7

Ër

tr
-0. 

L

0.6

0.2

L7

272

27.6

50.6

16.0

3.3

0.0

0.0

0.7

Èr

tr
0.0

0.4

o.4

L7 L7

273 283

29.7 22.4

44.L 63.2

19.1 10.0

4.3 3.1

0.0 0,0

0.0 0.0

2.L 0.7

0.1 0.1

tr tr
tr Cr

o.4 0.3

a,2 0.2



18 18

z L94 2 2L90

31 .5 13 .7

56.0 50.5

7.L 22.L

4.3 3.7

0.0 6.7

0.1 0.0

0.6 1.5

Er 0.1

0.0 tr
Er 0.3

0.2 0.9

o.z 0.5
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Phase No.

Sample No.

Qgartz

Plagloclase

K Fcldspar

Blotite

Hornbleade

Chlorlte

EpldoÈc

Apatlte

Zlrcon

Allanite

Sphene

Opaquc

16

289

23.9

55.0

14.4

3.9

0.0

0.3

2.1

0.1

tr
tr

o.2

0.2

Late Intrusf.ve Phases

15 L7 16 16

z LLO Z L20 z L45 Z LsO

24.2 26.9 25.4 25.L

56.5 50.3 64.6 58.0

11.6 11.8 0.0 L2.6

4.7 6.5 6. 7 2.8

0.0 0.0 0.2 0.0

o.2 0,3 0.1 0.1

- 1.5'' 3.5 1.5 1.3

0.1 Ër 0.1 tr
0.1 0. 1 Er 0.0

0.1 0.0 0.0 0.0

0.6 0.3 0.7 0.0

o.4 0.3 0.7 0.1
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APPENDIX 4

Nor¡ratLve Mineralogy
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11

z LLz 2 tL6

30.94 22.30

47.O8 43.43

11.07 18.01

5.70 6.33

0.00 1.56

1.06 2,o5

1.66 3 .37

0,53 0.gg

0.00 0'.95

0 .25 0.61

0.17 0 .32

1.37 0.00

0.21 0.19

0.00 0.00

0.00 0.00
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Phase No.

Sample No.

Quartz

Alblte

Anorthfte

OrthocLase

Diopside

Ferrosf.lLge

Enstetlte

ltrgneË1te

Hypersthene

Ilmenfte

Apatlte

Corundum

Calcite

þrlte
Henatfte

Early Intruelve Phases

11
z9L 297

25.O5 24.6L

50.39 42.49

TL.97 L9.L9

7 .62 6.65

0.00 0.13

L.L2 1.60

1.88 3.40

0.33 L.23

0.00 0.06

o.z4 0.59

0.19 0.30

1.08 0.00

0.14 0.18

0.00 0.00

0.00 0.00

1

z8L

24.92

50.90

11.31

7.45

0.00

1. 04

- 2.OZ

0.60

0.00

0.39

0.21

1.00

0. 16

0.00

0,00

I

z, go

22,6L

49.7L

L4.L2

6.91

0.00

1 -93

2,93

1.09

.0.00

0.36

a.25

0.30

o.25

0.00

0.00

t

298

23.96

5L.42

L2.37

6.27

0.00

1.16

2.43

0.68

0.00

0.40

0.31

o.75

o,23

0.00

0.00
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!4iddIe Int¡r¡.rsive Phases

Phase No.

Sample No.

Quartz

Albtte

Anorthite

Orthoclase

Dlopside

Ferroeillte

EnstatfËe

Þlagnetlte

Hypersthene

Ilnenite

Apatite

Conrndr.¡m

Calcfte

$rlte
llenatf te

3

z5L

L4

285

30.26 27,60

44.99 45.65

9.64 9.26

g .94 L3.44

0.00 0.00

0.39 0.77

L.28 1.16

0.41 0.39

0.00 0.00

9.32 0.25

0.15 0.15

2.52 1.33

0.18 0.02

0.00 0.00

0.00 0.00

13 t4

296 ZL00

2L.23 28.65

52.73 49,64

13.01 10.39

8.77 6.69

0.00 0.00

L.O4 0.51

1.88 1.36

o.27 0. 70

0.00 0.00

. 0.36 0.31

0.2L 0.19

o. 19 L.2.7

0.29 0.29

0.00 0.00

0.00 0.00

6

z-L2

25.37

46.O3

L2.56

9.54

0.00

0.26

3.01

L,22

0.00

0.49

0.21.

1.95

0.42

0.00

0.00

6

zL4

26,O5

47,56

11 .68

8.67

0.00

0.58

2.04

0.91

0.00

0.41

o,23

L.72

0.14

0.00

0.00

13

288

22.94

49.81

L2.L7

9.61

0.00

0.78

2.39

0.78

0.00

0.36

0.2s

0.86

0.14

0.00

0.00
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Phase No.

Sample No.

Quartz

Albite

Anorthite

Orthoclase

Diopelde

Ferrosflite

Enstatite

Magnetite

Eypersthene

ILmenite

Apatlte

Corunduo

Calcfte

lyrÍte

Heoatlte

3

z Loâ

27.73

44.78

LL.34

L0.37

0.00

L.45

2.88

0.83

0.00

o.43

0.27

L.67

1.16

0.00

0.00

l{lddle Int,rusive Phaseg

7688

z Lo$ z 399 Z 472 Z 473

24.84 24..L9 30.49 23.47

45.72 47.95 44.90 tß.44

13.61 L2.58 13.01 L4.22

7.29 9.14 5.99 7.26

0.00 0.00 0.00 0.01

1.06 0,74 0.00 0.82

3.35 2.56 2.65 3.44

L.45 0.93 1.51 L.43

0.00 0.00 0.00 0.00

0.34 0.45 0.50 0.55

o.32 0.24 0.26 0.28

1.61 L,6g 0.42 0.00

0.39 0.49 0.23 0.07

0.00 0.00 0.00 0.00

0.00 0.00 0.13 0.00

I
z 479

24.59

51 .43

L2.24

7.28

0.00

0.26

L.g7

1 .13

0.00

0.39

0.,19

0.56

0.05

0.03

0.00

7

z 2364

24.97

46.96

L2.L3

9,7L

0.00

0. ls

2.60

1.38

0.00

0.44

0.26

1.30

0.09

0.00

0.00

7

z 2366

22.61

49.44

13 .63

8.94

0.00

0.00

3.2s

L,40

o.oo

0.45

0.28

o.74

0.00

0.00

0.27
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Late Intrusive Phases

Phaee No.

Sample No.

Quartz

AIbire

Anorthlte

Orthãc1ase

Dlopelde

FerrosLllte

Eastatite

lfagnetf te

Hyperetheae

Ilmenfte

Apatfte

Corundum

Calcite

Srf te

llenatite

18

z9

L7.54

52.95

11.31

L0.43

0.00

1.51

3.52

0.75

0.00

0.43

0.46

0. gl

0.19

0.00

0.00

15

zL3

22.35

54.73

11 .46

7.50

0.00

o.52

1.49

0. 51

0.00

o,2g

0.19

0.gg

0.09

0.00

0.00

t5

zL5

24.20

52.4L

9.24

9.73

0.00

0.60

I .14

0.3 5

0.00

o.32

o.L7

1..79

0.07

0.00

0.00

L7

zL9

23.L4

52.94

TL.27

7.OL

0.00

o.67

I .98

0. 7g

0.00

0.33

. 0.L7

l.4g

0.2L

0.00

0.00

L7

222

L6.23

60.27

'12.69

5.12

1.03

0.38

2.33

0.96

o.!7

0.3 7

0.22

0.00

0.23

0.00

o.ôo

18 18

224 Z6A

24.89 27.44

49.63 46.72

8.70 10.21

10.53 LL.42

0.00 0.00

0.00 0.56

L,66 I .30

1.01 0.49

0.00 0.00

0.31 0.27

0.17 0.15

2.L7 1.35

434 0.09

0.00 0.00

0.58 0.00
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Late Intn¡sive Phases

Phege No.

Saople No.

Quartz

Albite

Anorthite

Orthoclaee

Dfopslde

Ferrosilite

Enstttfte

Magnetite

Ilypersthene

IlmenLte

Apat{te

Corundr¡m

Calclte

$rÍte
He¡natlte

L7 t7

273 283

28.27 24.66

45.82 50.16

LO.24 11.69

11.35 9.33

0.00 0.00

0.47 0,71

1.30 1..19

0.48 0.44

0.00 0.00

0.25 0.34

0.15 0,19

1.54 1.05

0.12 0.23

0.00 0.00

0.00 0.00

18

263

L3.24

55.04

13 .03

10.39

0.10

0.99

4.24

1.71

0.02

0.51

0.57

0.00

0.16

o.0o

0.00

L7

264

27.4L

45.35

9.99

L2.78

0.00

o.2g

1.57

0.93

0.00

o.2i

0.19

1.15

0.16

0.00

0.00

L7

266

25.L3

44.93

9.43

L5.45

0.00

0.82

L.46

0.36

0.00

o,29

0.17

L.73

0.21

0.00

0.00

L7

270

25.76

46.79

11.04

TL.74

0.00

0.76

L.69

o.73

0.00

0.34

o.2L

o.77

0. L6

0.00

0.00

t7

272

27.O4

45,05

9.82

1.5.05

0.00

o.37

1,33

o.64

0.00

o.2g

0.19

0.91.

o.28

0.00

0.00



Late Intnrsl.ve Phases

Is L7 r.6 16

z LLo z L20 z L45 Z L50

27.38 26.00 25.86 27.47

47.37 44.4L 5r+.96 49.69

7.q7 L2.90 9.55 7.97

10.09 10.90 5.03 11.69

0.00 0.00 0.00 0.00

o.52 0.74 0.37 0.02

L.76 2.98 1.60 0.g6

0.59 1.18 0,77 o.5g

0.00 0.00 0.00 0.00

0.31 0.41 0.31 0.24

0.19 0.25 0.15 0.11

2.15 0.03 L.26 L.46

L.62 0.1.8 0. L2 0.03

0.00 0.00 0.03 0.00

0.00 0.00 0.00 0.00
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Phase No.

Sæple No.

Quartz

Alblte

Anorthite

Orthoclase

Dlopslde

Ferrosillte

Etrstatite

Magnetlte

Hypersthene

Ilmenite

ApatiËe

Corundr¡m

Calcite

þrlte
H€naËite

16

289

24.94

47.60

8.15

L4.73

0.00

0.98

1.16

0.28

0.00

o.27

0.lg

1 .63

0.16

0.00

0.00

18

z L94

24.62

49.72

g,42

LL.57

0.00

o.27

L.44

0.72

0.00

0.34

0.19

L,64

0.07

0.00

0.00

18

z 2190

L7.29

5L.49

9.76

L4.L5

0.00

0.42

3.18

L.52

0.00

o.46

o.42

L.L2

0.16

0.00

0.00
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APPENDIX 5

Age relationships and distribution of the phases

within the Aulneau Batholith (after Ziehlke,. L974)
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APPENDIX 6

Ko lno gorov-Smi rnov Statist ics



ûEI'íENF

sf02

Aleog

F"203

Fe0

Ca0

Mso

Nar0

*zo

T102

tros

l{n0

Ezo

s

coz

Li

Pb

Nt

Cu

Co

Z¡

Rb

Sn

Cs

Ð VALT¡E Î{IIEN
ARTTAMETIC
VALT'ES TESTED
AS NOR!,ÍÄL

0.098

0.076

0.136

0.L78

0.107

0.153

o.L22

0.109

0.145

0.170

0.254

o,L44

0.431

0.302

0.058

0.L38

0.153

0.143

0.079

0,083

0.100

0.382

0.538

D VALT'E WHEN

LOGAR.IÎHMIC
VALTIES TESTED
AS NORMAT

0.102

0.075

0.06L

0.107

0.075

0.115

.0.109

0.083

0.108

0.L52

0.222

0,104

0.431

0.416

0.064

0.099

0.452

0.116

0.483

0.o77

0.100

o.442

0.538

90

CRTÏIEAL VALI'ES OF D A1 VARTOUS
LEVETS OF SIGNIETCANCE

0.20 0.10

0.112 0 .L23

0.112 0.123

0.112 0 .L23

0.112 0.123

0.112 0.123

o.LLz 0.L23

0.112 0.123

0. 112 0 ,L23

0.112 0 .123

0.112 0.123

0.1I2 0,L23

0.112 0.123

0.112 0.123

0.112 0.123

0.1r.2 0 .L23

0.112 0.123

0.1.1.2 0.123

0.112 0.1æ

0.112 0.123

0.112 0.t 23

0.112 0.123

0.132 0.145

0.05

0.135

0.135

0.135

0.L35

0.135

0.135

0.13 5

0.135

0.135

0.135

0.13s

0.135

0.13 5

0.135

0.13s

0. 135

0.135

0.135

0.135

0.135

0. L35

0.159

o .L32 0.145 0 . 159
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APPENDIX 7

Linear Regression Analysis of

Major and Trace Elements with

Larsen Differentiation Indices



ELEMENT

S102

41203

Fe203

Fe0

Ca0

Mgo

Na20

Kzo

TLO2

Pzaj

ìÍn0

fleo

L1

Pb

N1

Cu

Co

Zn

Rb

0.L2_5

L.434

95.116

25.647

32.685

30 .21L

28.77L

69.022

98.481

0.632

0.698

o.779

0..295

o.470

0.408

0.615

o.493

0.638

EARTY

SLOIE

o.772

-0.02

-0.096

-0.L92

-0.325

-0.128

0.130

0.010

-0.036

-0.005

-0.050

-3.413

-0.871

-L.225

-0.910

-1 .175

-0.845

-2.909

INTRUSIVE PHASES

Y
INTERCEPT

56.t76

L6.O2

2.479

4.995

9.111

3.293

2.94L

0.944

0.946

CORREI"ATION
COEFEI,CIENT

0.956

0.02

0.808

0.985

0.980

0.994

0.756

0.228

0.945



o?

EtE}IElrT

Sf02

41203

Fe203

Fe0

Ca0

ugo

Na20

Kzo

TtO2

Peos

¡trO

Hzo

L1

Pb

N1

Cu

Co

2n

Rb

-0.003

-o.047

-1 .131

5.L92

-L.664

-1.515

-0.754

-3,849

0.355

0.19 7

0,5g5

0.190

0.670

0,424

0.376

o.427

0.913

0.052

MIDDLE

SLOPE

0.808

-0.025

-0.202

-0.108

-0.188

-0.150

0.011

0.100

-0.025

II{TRUSI'IIE PHASES

Y
INTERCEPT

54.499

L6.L7g

4.994

3.116

6.350

3.763

5.046

-0.481

0.77L

0.090

1.523

56.747

-88.062

42.6L4

45.L24

2L.494

L22.903

38.842

CORREI.ATION
COEFETCTENT

0.874

0.o77

o.777

0.697

0.940

0.959

0.070

0. 554

0.841



ELEMEI|'r

St02

41203

Fe203

Fe0

Ca0

Dtg0

Na20

Keo

TtO2

Pzos

¡erp

Hzo

LI

Pb

Nf

Cu

Co

Zn

Rb

I,ATE

SLOPE

o.949

-0.1 73

-o.L44

-0.1,24

-0.L64

-0.154

-0.L54

0.107

-0.022

-o.022

-0.005

-0.07L

1.040

-L.729

-1.108

-o.278

-0.200

-2.790

2.752

CORRETATTON

COEFSTCIENT

0.900

0.571

0.687

0.828

0.830

0.934

0.6L2

0.440

0.997

0.870

0.470

0.545

0,248

0.377

o..256

0.118

0.089

0.796

0.435

94

IbTTRUSIVE PHASES

Y
IT,IIERCEPT

51.023

19.548

3.752

3.452

5.758

3.892

8.765

-0.41L

0.694

0.564

. 0.134

2.086

10.478

51.046

3L.644

13.836

9.545

1 04.907

-t3.392



95

EARLY,

EI.EMEIiI'I

S102

AL2Og

Fe203

Fe0

Ca0

Mgo

Na20

Kzo

Tf02 l

Pzos

I'fr¡0

Hzo

Lt

Pb

Nt

Cu

Co

Zn

Rb

AND LATE IÌi¡TRUSTVE

Y
INTERCEPT

55.616

16 .886

3.292

3 .988

7.L74

2.322

5,574

-0.790

0.780

0,388

0.091'

1.451

45.346

1 .106

32,996

35.843

18.73s

69.268

22.51L

PIIASES

CORRST.ATION

COEFntCIEI.¡T

0.854

o.2L2

0.649

0.850

0.893

0.207

0.031

0.560

0.9L7

0.828

0.384

0.446

0.142

o.L27

0.340

0.398

0.339

0.762

0.183

MIDDLE

SLOPE

o.747

-0.054

-O.L24

-0.149

-0.229

-0.063

-0.008

0. 119

-0.026

-0.014

-0.003

-0.043

-0.612

0.615

-1. ,184

-L,2L6

-0.629

-L,A47

1.036










