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ABSTRACT

The Precambrian (Aphebian) Boundary intrusions are a set

of dike-like or lensoid, ultramafic to felsic intrusions that

occur in a linear zone centred on the town of Flin Flon,

Manitoba. The intrusions are emplaced in Amisk metavolcanic

rocks and Missi metasedimentary rocks.

Cross-cuttin� relationships, petrography, and chemical

features of Boundary rocks indicate the intrusions are comprised

of three compositionally distinct, sequentially emplaced rock

�roups. The mafic (mela-dioritic) �roup is the oldest; early,

melanocratic, augite- and biotite-bearin� members of this �roup

were intruded and brecciated by successive differentiates

containing augite and, eventually, hornblende. Crystallization

at relatively high fH20
and

f02 produced an unusual differen

tiation trend in which successive differentiates became slightly

enriched in MgO relative to FeO. Crystal fractionation of

augite, possibly subordinate olivine, and minor magnetite from

a tholeiitic olivine basalt magma accounts for the observed

chemical variation in the mafic eroup.

Felsic �roup rocks (lellco-diorite to �ranodiorite) cut

and brecciate all mafic group rock types. Members of the

felsic �roup are chemically similar to post-Missi granodiorite

plutons, and do .!l2.! represent Si02-rich residual liquids

produced by fractionation of augite and olivine from a mafic

Boundary mao;ma.

The youn�est Boundary rocks are members of the olivine-
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bearin� group (wehrlite to olivine gabbro). The major occur

rence of wehrlite is in the core of a large mafic Boundary

intrusion, with which wehrlite is in intrusive contact.

Crystal fractionation of subequal amounts of olivine and

clinopyroxene, and minor maGnetite, from a tholeiitic olivine

basalt magma accounts for the observed chemical variation in

the olivine-bearin� �roup. A re�ular increase in the amount

of intercumulus hornblende in wehrlite, from the centre to the

mar�ins of the body, indicates that there was a �reater water

content in the mar;inal zones of the intrusion.

Folding and faul tin� of the Amisk and �1issi ''}roups occurred

durin� the Hudsonlan Orogeny, and involved three separate phases

of deformation. S2 axial-plane foliations (produced during the

second phase of deformation) are developed only in the older

members of the Boundary mafic group. All Boundary rock types

contain structures produced during the third phase of deforma

tion. Emplacement of the intrusions occurred during the

interval late-P2 to late-P3.

- i1 -
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INTRODUCTION

Objectives of the research

The Boundary intrusions were defined by Stockwell (1946,

1960) as a (�roup of post-tectonic intrusions, z-ang i.n.: from

ultramafic to felsic in composition, which crop out along the

Saskatchewan-Manitoba interprovincial boundary in the vicinity

of Flin Flon, Manitoba. They were characterised by Byers

et ale (1965, p.38) as "a group of related intrusions",

although the relative ages of the many rock types were not

established. The objectives of this study are to (1) determine

whether the intrusions are indeed related, and if so, how they

are related. (2) determine the sequence of intrusion, (3) deter

mine the age of the Boundary intrusions relative to the three

phases of deformation recognized in the Flin Flon area (Stauffer

and Mukherjee. 1971), and (4) determine the mechanism(s) of

differentiation which may have produced the observed composi

tional variation.

During this study most of the Boundary intrusions were

mapped at a scale of 1 inchl500 feet (1 cml60 m). Two hundred

and thirty samples were collected. of which 174 were selected

for petrographic study and 25 for whole-rock chemical analysis.

Partial analyses of olivine, clinopyroxene, and plagioclase

were obtained for 9 samples on the x-ray microprobe annlyser.

Location and :;eneral �eolo;.;y

The town of Plin Flon is located approximately 430 km

- 1 -
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northwerlt of Saskatoon, Saskatchewan, on the Saskatchewan-

Manitoba interprovincial boundary. The map area (Fig, 1)

lies within the Churchill (structural) province of the Canadian

Shield, only a few kilometres north of the Paleozoic-Precambrian

contact.

Detailed geological investi<sations were first carried

out in the Flin Flon re�ion by Bruce (1918), Since then a

Precembrian rocks in the Flin Flon area are comprised

m!mbcr of people have worked in the area, notably Stockwell

(19l}6, 1960), Byers et ale (1965), and Stauffer and Mukherjee

(1971). A complete biblio�raphy of the work done to 1965

is �iven by Byers et all (1965).

of the Amisk Group (metavolcanic rocks), Missi Group (meta-

sedimentary rocks), and a variety of pre- to syn-or-ogerri.c

intrusive rocks (Fig. 2; see also Figs ), 4, and 5). All are

probably Aphebian in a�e (Mukherjee et al., 1971; Stauffer, 1974).

The Amisk �roup is at least 9000 m thick, although the

base is not exposed. Lava flows (and associated breccias)

of mafic to intermediate composition predominate; pillow

lava is the most common rock type. Felsic volcanoclastic

material and flows, and minor intercalated beds of volcano-

�enic sediment, occur in lesser amount. Volcanic rocks of

the Amisk .troup outline a thole ii tic differentiation trend.

'l'he Missi :;roup iR compriRed of 2700 m of subarkosic

sandstones and polymictic pebble-to-boulder conglomerates,

minor �reywacke, �nd very minor quartzite (Stauffer, 1974).

It lies with apparent disconformity on the Amisk Group, and
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in places a zone of pre-Missi subaerial weathering occurs

at the contact between the two Groups. The Missi Group most

probably represents alluvial fan to alluvial plain deposits.

The source area was composed primarily of Amisk volcanic

rocks, but also included a variety of felsic plutonic and

metamorphic rocks.

Four groups of intrusive rocks are recop;nized in the

area (Stauffer, 1974). Listed in order from oldest to young

est, these arel

(1) Small irregular stocks of gabbro to tonalite,

which intrude the Amisk volcanic rocks.

(2) Hypabyssal (mainly diabase) intrusions, which

cut both the stocks and the Arnisk Group.

(3) A heterogeneous granitoid complex, which cuts

the hypabyssal rocks and is nonconformably overlain by the

Miss i '}roup.

(4) All post-Missi intrusive rocks. most of which

are �ranodioritic plutons. The Boundary intrusions of Stock

well (1960) and the Phantom Lake porphyritic granodiorite

stock (Fig. 2) are included in this group.

Minor faulting, tilting, and possibly folding of the

Amisk rocks occurred prior to the deposition of the Missi

Group. The majority of the folding and faulting, and all of

the metamorphism, occurred after deposition of the Missi

lroup, during the Hudsonian orogeny (Mukherjee II al., 1971).

Deformation in the Flin Flon area can be divided into three

- 4 -

\



phases (Stauffer and Mukherjee, 1971; Mukherjee. 1971), and

each phase is characterised by a particular structural stylet

(1) Phase 1 (PI; the earliest) - tightly closed

to isoclinal, V- to box-shaped folds (Fl) which origiY�lly

trended approximately east-west. No axial-plane schistosity

or metamorphic effects are observed.

(2) Phase 2 (P2) - tightly closed, asymmetric,

v- to box-shaped folds (F2), with well developed axial-plane

schistosity (S2) and lineation (L2). Fold orientations were

originally approximately north-south, but they now vary some

what due to re-folding. Folding was accompanied by regional

metamorphism (M2) largely within the greenschist facies, and

by intrusion of syntectonic plutons.

(3) Phase 3 (P) - one large, moderately closed

fold (F3) that distorts earlier folds. Shearing along north

westerly-trending faults was accompanied by retrograde meta

morphism (M), monoclinal "drag" folds, kink folds, crenul

ation cleavage, and fracture cleavage. Shear foliations

associated with P) faulting locally obscure the S2 foliation.

The first three instrusive groups of Stauffer (1974)

are pre-P2, and contain S2 foliations. The fourth group,

including the Boundary intrusions, is in part syn-P2 and in

part post-P2.

- 5 -
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SHAPE AND CONTACT RELATIONSHIPS

The Boundary intrusions crop out in a north-northwest

trending zone, 10.5 km long by 4 km wide, centred on the

town of F1in Flon. Individual intrusive bodies are elongate

parallel to this zone (Fig. 2).

Irregular, dike-like shapes and ellipsoidal forms are

most common, but the intrusions do not have the very high

length to width ratios of "normal" dikes. Instead, lengths

of the intrusions are generally 5 to 10 times the maximum

widths. By contrast, porphyritic granitoid dikes in the

area, not related to the Boundary group, are in the order

of 100 times longer than they are wide.

Tvlost of the intrusions are small, ranging in length

from 150 m to 900 m. The largest member of the group is a

compound intrusion on Phantom Lake, measuring 3.6 km in

length by 0.9 km in maximum width.

In detail, most of the larger intrusions have irregular

contacts with the enclosing country rocks. Apophyses from

an intrusive mass are generally aligned parallel to the over

all trend of the intrusion.

The intrusions are generally discordant, although a few

of the very small intrusions have their long axes parallel

to bedding. Both the zone of Boundary intrusion, and indi

vidual intrusive bodies, cut across the trend of regional

foliation at a shallow angle (Fig. 2).

Contacts between the intrusive bodies and country rocks
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are sharp, and no obvious mesoscopic contact metamorphic

effects were observed. Chilled margins are absent. At most,

there is a slight reduction in the size of mafic phenocrysts

in a narrow zone adjacent to the contact. Some contacts are

brecciated, the degree of disruption of the country rocks

ranging from incorporation of a few xenoliths along intrusion

mar6ins to intense veinin� and brecciation of the enclosing

rocks for several metres. The large compound intrusion on

�hantom Lake contains a number of large stoped blocks of

volcanic country rock. Some contacts are sheared. and drag

folds alon� the shears were noted in both country rocks and

intrusive bodies.

Intrusive contacts are seldom exposed in the third

dimension. Where the attitudes of the contacts could be

measured, they were found to dip 650 to 850 east, cutting the

local foliation.
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\



ROCK TYPES

The Boundary intrusions have been given rock names

according to the system of nomenclature recommended by the

lUGS Subcommission on the Systematics of I�neous Rocks

(Streckeisen, 1973). Classification is necessary in order

to correlate mappable rock units with their modal mineralogy.

but the resulting abundance of rock names obscures the funda-

mental relationships between rock types.

For the purpose of discussion. the Boundary intrusions

can be treated in terms of three major groups, based on the

mineralogy, texture, alteration. relative age, and mode of

occurrence of the constituent rock types. The three groups

are as follows.

(1) Olivine-bearing rocks, including ultramafic

and gabbroic varieties.

(2) Mafic rocks; including diorites rich in mafic

minerals. and some ultramafic or monomineralic rock types

lacking olivine.

() Felsic rocks, including all feldspar-rich rock

types.

The majority of the mafic rocks have colour indices of

approximately 65 (Fie. 6). By contrast, the felsic group

rocks are much richer in feldspar and quartz. There are no

intermediate rock types between the mafic and felsic groups.

By definition, mafic group rocks do not contain modal

olivine. Olivine-bearing rocks that most closely approach

- 8 -
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l�i(�. 6. 'I'ernar-y dia,cr:rams d e p ict i.nz ; the modal m i ne r-aLor-y of

the mafic and felsic ,a;roups of the Boundary intrusions.

Areas of low and high point density were outlined "by eye".

(a) mafics - feldspar - quartz. P represents the average

of 17 modes in the Phantom Lake area, C represents the average

of >} modes in the Club Lake area. (b) quartz - K - feldspar -

p La=; ioclase •
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the mafic group with respect to mineralogy and chemistry

contain 20 percent olivine; rocks intermediate between the

olivine-free mafic group and olivine-rich gabbros are lack-

Olivine-bearing rocks

All rocks that originally contained modal olivine are

included in this group. Mappable rock units within the group

are (hornblende) wehrlite. olivine gabbro, and serpentinized

ultramafic rocks.

Wehrlite crops out on the shores and islands of Phantom

Lake. It forms a long, narrow body or string of lensoid

masses, for the most part completely enclosed by mafic intru-

sive rocks comprising the greater part of a large Boundary

intrusion centred on Phantom Lake (Fig. 3). The long axis of

the belt of wehrlite is conformable with the trend of the

enclosing intrusion. Small bodies of relatively fresh ultra-

mafic rock also occur within the largest Boundary intrusion

in the Club Lake area (Fig. 4).

Figure 7 depicts the proportions of the major phases

occurring in hornblende wehrlite. The rocks have cumulate

texturesl 1 to 3 mm oval olivine (Fo79 to F072)l and 1 to

2 mm clinopyroxene (Ca46Mg50Fe4 to Ca4lMg47Fel2) occur as

cumulus phases throughout the entire exposed portion of the

1. Miner�l compositions determined by x-ray microprobe unless

otherwise noted. "Optical" denotes a plagioclase composi
tion determined by standard optical methods.
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Fis. 7. Ternary diagram depicting the modal mineralogy of

the wehrlite mass on Phantom Lake. The margins of the ultra-

ma7ic body are much richer in hornblende than the core.
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ultramafic body. No si�nificant adcumulus growth of olivine

is observed, while adcumulus additions to clinopyroxene have

produced irres-ular, interlocking �rain boundaries between

adjacent pyroxene crystals (Plate la). Adcumulus clinopyroxene

is unzoned, and is indistin�uishable in optical properties

from the cumulus phase.

'rhe hornblende is pleochroic (li�ht brown to brown), and

is anhedral in form. Larr�e hornblende erains commonly poikili-

tically enclose small olivine or clinopyroxene crystals

(Plate lb). From textural relationships it is clear that

brown hornblende is a late stage primary phase, in part replac

in� clinopyroxene and in part the product of crystallization

of intercumulus liquid. Hornblende comprises from 5 to 40

volume percent of the wehrlite - it is least abundant in the

core of the ultramafic intrusion, and increases in amount

toward the mar�ins of the body (Fig. 7). In addition, there

is an inverse relation between the abundance of hornblende

and of biotite. Even though biotite is a minor phase, rocks

relatively rich in this mineral are poor in hornblende, and

vice versa.

The pleochroic, pale brown biotite (phlogopite?) occurs

as rather large, poikilitic, intercumulus flakes. Plagioclase

(An6G, optical) is rare; it too has in intercumulus mode of

occurrence. Primary opaque oxides are usually recognized as

inclusions in olivine.

Rhythmic layer Ln: (Wa'-�er and Brown, 1967) and phase

Laye r i rv; ('less, 19()O) are not developed in wehrlite, aLt.hough
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there is a slight, gradual decrease in the modal abundance

of olivine going from the centre of the body (50 to 55 percent

olivine) to the margins (40 percent olivine). Cryptic varia

tion (Wager and Brown, 1967) may be present; a sample contain

in� abundant olivine and very little hornblende has olivine

F079
and clinopyroxene Ca46Mg50Fe4. whereas a sample contain

ing much less olivine, and significant hornblende and plagio-

clase, has olivine F072 and clinopyroxene Ca4lMg47Fel2.

Wehrlite is variably altered, with olivine in part re

placed by serpentine, bowlingite, magnetite, and iddingsite.

Clinopyroxene is in part replaced by amphibole and opaques.

The typically incomplete alteration exhibited in the main

ultramafic mass on Phantom Lake is in vivid contrast to the

almost complete serpentinization of small, elliptical ultra-

mafic bodies in the same area.

Olivine gabbro forms a discontinuous rim 30 to 70 m wide

around the northern margins of the Phantom Lake wehrlite

body (Fig. J). Olivine-bearing gabbroic rocks also occur

as dikes cutting the ultramafic mass, and in the Flin Flon

Lake area similar dikes cut members of the mafic intrusive

There are two distinct varieties of olivine gabbro.

biotite-olivine gabbro and hornblende-olivine gabbro. both

biotite and hornblende are primary phases, and an olivine

gabbro containing one of these minerals does not contain the

other.

- 15 -
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Briefly, these rocks are fine srained, melanocratic

(Fir,;. R), with hypidiomorphic-granular or porphyritic tex

turn��. 3ubhedral, 1 to 2.5 mm olivine (F072 to F068) and

subhedral, 0.2 to 1.5 mm clinopyroxene (Ca4l��47Fe12 to

Ca4oM�45Fe15) are the phenocryst phases, set in a matrix of

subhedral pla�ioclase (An58-49) and clinopyroxene. Pleochroic

red or brown biotite and pleochroic brown hornblende are

anhedral, and completely or partially enclose clinopyroxene,

01 ivine, and p Lag ioc Las e , Subhedral clinopyroxene is rounded

and embayed against biotite and hornblende, demonstratine a

reaction relation between pyroxene and the residual liquid

from which these two late magmatic minerals crystallized

(Plates z«, 2b).

Olivine phenocrysts typically have partial or complete

rims of �ranul�r clinopyroxene. Rarely, clinopyroxene

phenocrysts display discontinuous, concentric zonin�, and

pl8.:�ioclase exhibits weak normal zoning, from An49-58 in

cores to A"44-55 at crystal mar��in8. Apatite and opaque

oxides 8.re accessory phases.

Alteration of these rocks is weak; most of the alter

ation features observed are probably deuteric in oriGin.

Mafic rocks

Rocks rich in mafic minerals comprise the vast majority

of exposed Boundary intrusions. Individual rock types vary

considerably in mineralo�y. texture. alteration, and defor-

mation texture. Cross-cuttin� relationships between types

- 16 -
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Fig. 8. Ternary diagrams depicting the modal mineralogy of

Boundary olivine gabbro. (a) hornblende or biotite - olivine -

clinopyroxene (b) plagioclase - olivine - clinopyroxene +

hornblende + biotite.
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are more common than easily recognizable gradations of one

type to another. Nevertheless, the mafic rocks share funda

mental petrographic and chemical characteristics, and it is

likely that most if not all of the mafic rock units described

in the Appendix are related to a common parent magma.

The essential features of mafic group mineralogy can be

shown on a ternary diagram depicting modal mafics, feldspar,

and quartz (Fig. 6).

Of all mafic rocks, porphyritic biotite-augite mela

diorite is the most common. This rock contains abundant

pseudomorphs after primary clinopyroxene phenocrysts (relics

are Ca42Mg44Fe14) 2 to 4 mm in diameter. Clinopyroxene has

been replaced in a two-stage process. (1) rimming and partial

to complete replacement by pleochroic green hornblende, and

(2) a metamorphic event which reduced most or all of the

pyroxene, and some hornblende, to an actinolitic assemblage.

The development of hornblende at the expense of pyroxene is

very likely due to the reaction of the pyroxene with late

ma0matic fluids (Naldrett et al., 1970). Pleochroic brown

biotite typically has a poikilitic habiti and, as in the

biotite-olivine gabbros, appears to have a reaction relation

with clinopyroxene, Plagioclase is subhedral, with an anorthite

content often An3
to

An7 (optical). Less altered crystals are

unzoned, with maximums of An44 in cores and ATI43 in rims.

Euhedral apatite, opaque oxides, and interstitial quartz are

accessory phases. In the field, the terms leucocratic and

- 20 -
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melanocratic were used to distinguish between different

phases of this rock type. Petrographic study has confirmed

that the rocks have varying proportions of mafic phenocrysts

to felsic components.

Mafic-rich dioritic rocks exist which have phenocrysts

of both hornblende and pseudomorphs after pyroxene. Typically,

these rocks are poor in primary biotite. Mineralo�ically and

texturally these rocks are intermediate between the biotite

augite diorites and a group of hornblende-rich dioritic types.

The hornblende-bearing diorites form small bodies satel

litic to larger, dominantly pyroxene-bearing mafic Boundary

intrusions, or occur as dikes, as the matrices of intrusive

breccias, or as plugs in the pyroxene diorites. They all

contain appreciable (40 to 60 volume percent) subhedral to

euhedral hornblende, and have been classified on the basis of

quartz and potassium feldspar content (Appendix B). The

amphibole phenocrysts occasionally display features indicative

of zoning and reaction with a liquid phase (Plate 3b). Pla�io

clase is usually subhedral and normally zoned (An37-An30.

optical), but tends more to anhedral forms, which partially

or completely enclose hornblende, with increasing quartz and

microcline content of the rock. Microcline is anhedral, and

often encloses hornblende. Quartz is anhedral. Apatite,

sphene, and opaques are accessory phases. The textures suggest

the rocks formed by relatively rapid congelation of a liquid

char�ed with amphibole phenocrystso
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�afic rocks unusually rich in pyrox8ne and amphibole

occur s po r-ad ically throu <hout th(� larr:er Boundary Ln tr-u.: i o nn
,

anct, rnrely, nccur a8 small satellitic bodie�J. The meta

pyroxenites, coarse-�rained porphyritic mela-�abbros, horn

blende pyroxenites, and hornblenc1ites all fall into this

';roup (Append ix A). All are probably cumulate rocks (see

below), formed from the crystal fractionation of pyroxene

or, more rarely, amphibole. Intercumulus phases include

p Larr Lo c Lase
, biotite, and hornblende. While the hornblendi ter;

are only moderately altered, the other three rock types gener

ally display a high degree of metamorphic alteration.

Also displaying a very high degree of metamorphic alter

ation is a pyroxene (pseudomorph)-porphyritic gabbroid in

the Club Lake area (Fig. 4 and Appendix A). This rock has

suffered a rather stron� penetrative deformation. Due to

these marked dissimilarities with "normal" biotite-augite

diorites, this gabbroid is classed as a separate rock type.

Occasionally, members of the mafic �roup exhibit phase

Layer inr; (Plate 4), indicating that conditions appropriate

for the differential movement between crystals and liquid

prevailed during some periods of mafic Boundary emplacement.

Layerino:; is usually local in extent, oriented parallel to

intrusion margins, and steeply dipping. Small-scale mono

mineralic layers are absent, the layering instead produced

by variation in the proportion of mafic to felsic phases in

the rock. Occasionally, some differential in mafic grain
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size is observed between upper and lower layer margins.

The monomineralic and very melanocratic, porphyritic

mafic rock types probably represent the result of crystal

fractionation on a somewhat larger scale. These rocks are

local accumulations of pyroxene or hornblende crystals,

derived from liquids which crystallized to produce the porphy

ritic pyroxene and hornblende diorites, respectively. The

overwhelming majority of mafic cumulates contain pyroxene,

rather than hornblende, as the cumulus phase (hornblendite

is a very rare rock type).

Felsic rocks

Rocks poor in mafic minerals and rich in felsic compo

nents comprise the felsic group of Boundary intrusions (Fig. 6).

Felsic intrusions typically form dikes or small, irregular

bodies containing abundant xenoliths, cutting mafic Boundary

intrusions.

Members of the felsic group display a wide range of

compositions and textures (see Appendix A for petrographic

descriptions of the various rock types). In general, however,

they are characterized by the presence of abundant subhedral

plagioclase crystals and phenocrysts, and lesser amounts of

anhedral strained quartz. Microcline is common in some; it

occurs as anhedral interstitial grains or as patchy replace

ments in the rims of plagioclase crystals. Primary mafic

minerals include rare augite (Ca4lMg46FelJ)' subhedral to

euhedral prismatic hornblende, and anhedral brown biotite.
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These mafic phases are often altered to chlorite, biotite,

and actinolite.

Plagioclase commonly exhibits normal zoning, with cores

in the andesine range and rims of calcic oligoclase.

Oscillatory zoning is common in the larger, euhedral

phenocrysts.

Plagioclase phenocrysts in sample 112, a porphyritic

leuco-diorite, were analysed by x-ray microprobe. The euhedral

plagioclase crystals are zoned from An39 in cores to An35 just

inside the outermost rim. The rim is composed of plagioclase

(Anll)' with fairly abundant blebs of microcline. This feature

is probably igneous in origina introduction of andesine

crystals into an alkali-rich liquid with which they are not

in equilibrium could produce mantles of one-phase alkali

feldspar on the plagioclase. Subsequent cooling, accompanied

by exsolution of K-feldspar from the dominantly sodic alkali

feldspar, could produce the observed texture.

How much of the "patchy replacement" of plagioclase by

microcline is due to igneous processes is uncertain, for only

rarely are the textures as clear-cut as in sample 112. More

often the irregular occurrence of microcline in plagioclase

has the appearance of a replacement texture, possibly produced

by late magmatic or deuteric K-metasomatism.

The larger felsic dikes are medium grained and coarsely

porphyritic, while the smaller dikes and irregular intrusive

breccia bodies are fine grained with hypidiomorphic-eguigranular
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textures.

A concentrically zoned felsic intrusion occurs on the

peninsula in Phantom Lake (Fi�. 3). A narrow chill phase

of fine '�rained hornblende quartz diorite (sample C12) is

present onJy locally. It �rades over about 1 m to a much

coarser, more mafic border facies quartz diorite (sample Cll)

7 to 20 m thick, which in turn �rades (over a width of less

than 1 m) to a core fac Le s
,

med ium )r:r,rained quartz monzodiorite

(sample CIO) very poor in mafic minerals.
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lVlETAMORPH t �_;l\'i

Two phases of metamorphism (M2 and M3) have affected

the Amisk and Missi Groups in the Flin F10n area (Stauffer

and Mukherjee, 1971, Koo, 1973). The first (M2) was a re

gionally progressive phase, which occurred concomitant with

the development of axial plane schistosity, during the second

phase of deformation (P2). Ambrose (1936) recognized three

metamorphic zones in the Missi Group which developed during

progressive metamorphism. chlorite zone in the south, biotite

zone in the centre, and garnet zone in the northwest. The

first two zones are the lower and upper parts, respectively,

of Turner's (1968) greenschist facies, while the garnet zone

corresponds to Turner's (1968) greenschist-amphibolite transi

tional facies. The" isograds" are shown in Fig. 2. The

second phase of metamorphism (M3) is a retrograde phase,

locallized along faults, equivalent in grade to the lower

greenschist facies. It appears to be a result of P3 shearing

(Stauffer and Mukherjee, 1971).

The majority of the Boundary intrusions are emplaced in

rocks lying within the chlorite zone, only those intrusions

in the Club Lake area are north of the so-called biotite

isograd (Fig. 2). There are only minor differences in meta

morphic mineralogy for equivalent Boundary rock types in the

two zones.

The metamorphic mineral assemblages present in Boundary

rocks (Table 1) are consistent with those expected in Turner's
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Table 1. Metamorphic mineral assemblages in Boundary

intrusions.

1 ? 1 4 6

Serpentine X Xm

Bowlingite X Xm

Magnetite X X X X Xm

Iddingsite X

Actinolite X (X)m X X X (X)m

Biotite X X (X) (X)

Chlorite (X) (X)m X X X X

Albite X (X) (X) (X)

Epidote (X)m (X)m (X) X X

Sericite (X) X X

Carbonate (X)m X Xm Xm (X)m

Sphene (X)m (X)m (X)m Xm

Hematite (X) (X)m X

Quartz (X)m (X) (X)

Talc (X)m (X)m

Tremolite (X)m

X = present

(X) = present in some samples but not in others

m :: less than 1 percent

1 Ultramafic rocks

2 Olivine gabbro

J Foliated mafic rocks

4 Biotite-augite mela-diorite

5 Hornblende mela-diorites

6 Felsic rocks
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(1968) greenschist facies. Pertinent features of the meta

morphism in the three Boundary rock groups are discussed

below.

Olivine-bearing rocks

Metamorphism of the ultramafic rocks has resulted in

the production of serpentine rather than talc, magnesite.

and carbonate, demonstrating that the fluid phase present

during alteration must have had XC02 less than 10 mole per

cent (Johannes, 1969). These rocks contain less than 0.4

percent C02 (Fig. 12). Sheared ultramafic rocks, on the

other hand, contain appreciable amounts of carbonate and

talc, establishing that the fluids associated with P) faulting

had a significantly greater XC02'

Alteration of the olivine gabbros is slight, and in

most cases is probably deuteric in origin. Relict olivine.

clinopyroxene, hornblende. biotite, and plagioclase are also

common in the wehrlites (Appendix B), indicating that the

metamorphic hydration reactions did not go to completion.

In contrast, the small ultramafic bodies in the Phantom Lake

Boundary intrusion (Fig. 3) are almost completely serpentinized.

Mafic rocks

Melanocratic mafic rock types represent the closest

approach of any Boundary rock type to mineralogical and

textural equilibriu. within the lower greenschist facies.

These rocks, which cross-cutting relationships show to be

-
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the oldest Boundary rock types, commonly have a �ood S2

schistosity. Palimpsest textures in some samples indicate

that they were originally pyroxene-rich (pyroxenites and

gabbros).

The biotite-pyroxene diorites have retained primary

igneous textures and some relict primary phases. Clino

pyroxene is commonly replaced by actinolite + chlorite +

biotite ± opaques + epidote, but primary hornblende and

biotite are somewhat more resistant to alteration. Plagio

clase may be replaced by albite + epidote-group minerals,

althou�h primary, weakly zoned plagioclases are not uncommon

(Table 6 lists compositions of some analysed grains). Non

albitic plagioclase ranges in composition from An25 to An44,

and all have been altered in some degree to saussurite and

sericite. The more sodic plagioclases are almost certainly

the result of metamorphic degradation of originally more

calcic plagioclase.

Hornblende-rich diorites, quartz diorites, and tonalites

display the least alteration of all mafic rock types.

Koo (1973) reported the association paragonite + quartz

+ calcite + 2Ml phen�ite in the unsheared volcanic wall rocks

of the Flin Flon mine, and demonstrated that this association

is restricted to the lower greenschist facies. Mafic Boundary

intrusions emplaced in these rocks commonly contain up to 5

volume percent pleochroic green biotite, associated with

actinolite and chlorite, as an alteration product of pyroxene
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or amphibole. Biotite is not stable in the lower greenschist

facies according to Turner (1968), so the appearance of this

phase in the intrusive rocks seems anomalous. The early

appearance of biotite would be favoured in rocks with bulk

compositions relatively poor in A120) and rich in alkalis - a

condition prevailing in most mafic rock types.

The green metamorphic biotite that occurs in Boundary

rocks within the chlorite zone is not present north of Ambrose's

(1936) biotite isograd. In the Club Lake area, the metamorphic

biotite is a dark, pleochroic brown colour. The green biotite

presumably has a greater Fe3+/Fe2+ ratio than the brown variety

(Rimsaite, 1967; primary biotite in the Phantom Lake diorites

is a brown colour as well). The colour of metamorphic bi.otite

is essentially the only feature that distinguishes between

Boundary rocks from the chlorite zone and those from the

biotite zone (see Appendix B for a comparison of avera�e

Phantom Lake and Club Lake diorites).

In most mafic rocks, actinolite and chlorite coexist in

the approximate proportion 75125. Some samples, however,

contain chlorite to the virtual exclusion of actinolite

(for example, sample CIl, Appendix B). Almost invariably

these chlorite-rich rocks contain more than "usual" amounts

of carbonate (5 percent in Cll). Miyashiro (1968) notes

that with increasing PC02' Ca-bearing silicates (for example,

actinolite) tend to be decomposed to form calcites

J Ca2(Mg,Fe)5Sis022(OH)2 + 6 C02
actinolite

5 (M�,Fe)3Si205(OH)4 + 14 8i02 +

chlorite quartz

+ 2 H20 � 6 CaCOJ
+

calcIte
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This is very likely the reaction which occurred to produce

the chlorite-rich mafic rocks. In most cases the chlorite

rich rocks display features indicative of weak shearing or

stronger than normal hydrothermal activity (for example, the

presence of significant pyrite), and PJ shears cutting Amisk

3roup and Boundary rocks are characterized by the presence

of chlorite and carbonate. Clearly, then, the fluids asso

ciated with PJ fracturing contained more C02 than the fluids

associated with M2.

Felsic rocks

Felsic Boundary intrusions are characterised by good

preservation of primary igneous textures, partially seri

citized and saussuritized plagioclase, and mafic minerals

largely replaced by chlorite, biotite, and occasionally

minor actinolite.

The plagioclase is usually oligoclase or andesine, but

complete replacement by albite has occurred in some samples.

Patchy blebs of microcline in some plagioclase crystal

rims may be the result of late magmatic or deuteric K-meta

somatism.

As in the mafic rocks, metamorphic biotite in the

Phantom Lake area is green, whereas in the Club Lake area

it is pleochroic brown.

P) faultins or shearin� of felsic rocks resulted in

the production of large amounts of sericite, complete

chloritization of mafic silicates, addition of carbonate,
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and occasionally bent and fractured plagioclase crystals

(Plate 5 ).

Discussion

The widespread occurrence of palimpsest textures and

relict igneous phases is evidence that the Boundary intrusions

did not attain equilibrium during metamorphism. One or both

of the following factors are probably responsible for the

non-attainment of equilibriums

(1) Intrusion of the Boundary magmas during late

P2, such that crystallized Boundary rocks were not subjected

to peak metamorphic temperatures and tectonic pressures.

Support for this hypothesis lies in the fact that the oldest

Boundary rocks display the greatest degree of textural and

mineralogical equilibrium within the greenschist facies, and

successively younger intrusions show increasing preservation

of igneous textures and phases.

(2) The absence. or presence in only very minute

quantities, of a fluid phase in the crystalline intrusive

rocks would inhibit metamorphic reactions and tend to pre

serve primary textures and phases (Spry, 1969. p.273).
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STRUCTURAL RELATIONSHIPS

The Boundary intrusions are emplaced in rocks that have

been complexly folded and faulted. To determine the age of

the Boundary intrusions relative to the three deformational

phases proposed by Stauffer and Mukherjee (1971), foliations

were recorded whenever they occurred in the intrusive rocks

and enclosing country rocks. An attempt was made to distin

�uish between S2 axial plane foliations, P) shear foliations,

and PJ fracture cleavage.

The three deformational phases recognized in the Flin

Flon area are defined and summarised in the Introduction,

under Location and general geology.

Relation to PI structures

The east-west trending, tightly-closed Fl folds do not

have an associated axial-plane foliation (Stauffer and

Mukherjee, 1971). The zone of Boundary igneous intrusion,

as well as individual intrusive bodies, cut Fl folds at a

high angle (Fig. 2) but nevertheless are not deflected in

any way by the Fl folds. Consequently, the intrusions are

certainly post-PI in age.

Relation to P2 structures

Axial-plane foliations (S2) are not developed to the

same degree throughout the entire map-area. In the southern

part of the area (Phantom Lake), S2 foliations are absent or

very poorly developed in all rock types. Foliations increase
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in strength to the north of Phantom Lake, so that immediately

south of the town of Creighton the Amisk volcanic rocks are

well foliated. Amisk and Missi Jroup rocks are well foliated

in the entire northern part of the map-area.

Within the Boundary intrusions, the only rock types

found to contain S2 foliations are members of the mafic group.

The degree of deformation which any particular mafic rock

type displays is dependent upon the composition and relative

age of that rock type, this aspect will be discussed further

under Age Relationships.

The relationship between foliations developed in Boundary

intrusions and those found in the enclosing country rocks

will be discussed according to five separate, internally

homogeneous sub-areas (Figs. 9-12). All strikes and dips

reported are averages.

In subarea I, 32 foliations are too weakly developed

in Amisk rocks and Boundary intrusions to permit a firm

interpretation. A possible S2 foliation in the intrusive

rocks strikes 1440 and dips 580 southwest.

Amisk volcanic rocks are well foliated in subarea 2,

but the Boundary intrusions are only weakly foliated. The

Amisk rocks have two foliations. one strikes 02)0 and dips

30° east, and is nearly parallel to the axial plane of the

F2 Beaver Road Anticline as defined by Mukherjee (1971),

the second foliation strikes 1040 and dips 29° south. Normally

these two foliations are not developed together in the same
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Fir�. 10. Equal-area plots of lineations and poles to regional

foliations, shear foliations, and fracture cleavage.

(a) Subarea 1, Amisk Group, 6 poles to regional

foliations, 7 poles to shear foliations, 2 poles to fracture

cleavaGe. Possible S2 foliation strikes 175°, dips 48° E.

(b) Subarea 1, Boundary intrusions. 9 poles to

re�ional foliations, 19 poles to shear foliations, 3 lineations

Possible S2 strikes 144°, dips 58° SW. Average P3 shear

foliation strikes 002°, dips 770 E.
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outcrop, but some exposures were found to contain both.

Unfortunately, it was impossible to determine the relative

ages of the foliations when they did occur together. Boundary

intrusions in subarea 2 have only one. weakly developed

foliation, parallel to the east-west trending foliation

in the Amisk rocks.

Foliations are well developed in both Amisk rocks and

some Boundary intrusions in subarea 3. The volcanic rocks

have three foliations, although this is not obvious from the

stereogram (Fi�. 11). The strongest foliation is very likely

the S2 schistosity for that area - it strikes 0460 and dips

JOo southeast. Apart from this strong foliation there are

two sporadically developed. somewhat weaker foliations which

in some instances are seen to be cross-cutting. The earlier

strikes OOJo and dips 400 east, while the later strikes 0880

and dips JOo south. The exact relationship between these

minor foliations and the major S2 foliation is unknown. The

north-south trending schistosity may reflect a later P2 stress

orientation and therefore be a true S2 axial plane foliation,

or alternatively, it may be a PJ foliation associated with

the Flin Flon Lake fault. The east-west trending foliation

was not observed to cut the main S2 foliation. The folia

tions developed in Boundary intrusions correspond exactly to

the three foliations present in the enclosing Amisk volcanic

rocks.

Although on the stereograms for subarea 3 (Fig. 11)
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Fi�. 11. Equal-area plots of lineations and poles to regional

foliations and shear foliations. Symbols as in Fig. 10.

(a) Subarea 2, Amisk l]roup I 28 poles to regional

foliations, 17 poles to shear foliations, 2 lineations.

Avera�e S2 strikes 023°, dips 30° E. Average EW foliation

strikes 104°, dips 29° S. Average PJ shear foliation strikes

169°, dips 68° E.

(b) Subarea 2, Boundary intrusionsl 6 poles to

re�ional foliations, 6 poles to shear foliations, 4 lineations.

Avera�e EW foliation strikes 10Jo, dips 32° S. Avera�e P3

shear foliation strikes 166°, dips 70° E.

(c) Subarea J. Amisk Groups 55 poles to regional

foliations, 12 poles to shear foliations, 2 lineations.

Average S2 strikes 046°, dips )0° SEt Average EW foliation

strikes 088°, dips JOo S. Average NS foliation strikes OOJo,

dips 40° E. Average P3 shear foliation strikes 148o� dips

63° NE. See text for discussion.

(d) Subarea 3, Boundary intrusionss 29 poles to

rerr,ional f'o L iations, 6 poles to shear foliations. Averar';e

�2 strikes 038°, dips 34° SEt Average EW foliation strikes

()()9° d· 32°'"()
, 1ps o • Average P3 shear foliation strikes 153°,

dips 70° NE. See text for discussion.
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the poles to foliations may appear to form one population

with a fairly large degree of sampling variation, the fact

that cross-cutting relationships do occur, and consistently

show an east-west foliation cuttin� a north-south foliation,

strongly suggests that the observed variation is due to at

least two populations. Inasmuch as the strongest foliation

is never observed to be cut by other foliations, it has been

classed as the third, and major. schistosity (S2).

Missi Group rocks north of the Club Lake Fault (sub

area 4) are well foliated and lineated. The S2 axial-plane

foliation is the only foliation presentr it strikes 0280

and dips 260 southeast. Boundary intrusions cutting the

Missi metasandstones have two foliations. The main foliation

is weak to moderate in strength, and corresponds to the S2

foliation in the Missi. The second foliation is almost

always very weak and occurs only in rocks which do not con

tain the stronger S2 foliation; this weak foliation strikes

0900 and dips 370 south. While again it can be argued that

all the foliations recorded may belong to one population,

in the field there appeared to be significant differences

between the well developed, northeast-southwest trending

S2 schistosity and the very weak, east-west trending folia

tion.

In the Louis Lake area (subarea 5), an S2 foliation

is developed only in Amisk and Missi Group rocks, and then

only in exposures removed from the shearing effects of the

Carlisle Lake fault (Fig. 5).
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Fi�. 12. Equal-area plots of lineations and poles to re�ional

foliations, shear foliations, and fracture cleavage. Symbols

as in Fi,;. 10.

(a) Subarea 4, Missi �roupl 39 poles to 32, 19

lineations. Avera\e S2 strikes 02Ro, dips 26° SEe Avera�e

lineation plun�es 28° to 122° azimuth.

(b) Subarea 4, Boundary intrusions: 62 poles to

re�ional foliations, 7 poles to shear foliations, 18 linea

tions. Avera�e S2 strikes 033°, dips 27° SEe Average EW

foliation strikes 090°, dips 27° S. AveraGe lineation plunges

26° to 12Jo azimuth.

(c) Subarea 5, Amisk and Missi Groupsc 14 poles

to S2, 9 poles to shear foliations, 1 pole to fracture cleavage.

Avera�c S2 strikes 162°, dips J8° E. Avera�e PJ shear folia

tion strikes 169°, dips 62° E.

Cd) Subarea 5. Boundary intrusions: 16 poles to

shear foliations, 4 poles to fracture cleava�ec Avera�e PJ

shear foliation strikes 156°, dips 62° E. Avcra:r,e fracture

cleava�c strikes 110°, dips 660 N.
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Throughout the entire Flin Flon area, the Boundary

intrusions almost always have a less distinct S2 foliation

than enclosing country rocks, and foliations are not present

everywhere within a homogeneous intrusive body that presum

ably is of one age throughout. This suggests that the P2

stresses operative during Boundary emplacement may have been

weaker than the maximum P2 stresses. Also, the intrusive

rocks may have undergone less penetrative deformation than

the enclosin� fine grained volcanic rocks because of their

greater competence.

The weak east-west trending foliation is a complicating

factor to the present knowledge of the deformational history

of the Flin Flon area. This foliation is constant in orienta

tion throughout the map-area, striking approximately 0900

and dipping 290 to 370 south. It is found in both Amisk and

Boundary rocks, but almost always in rocks which are other

wise unfoliated. This, plus the fact that it is seen (rarely)

to cut S2 foliations suggests that the weak foliation is

post-P2 in age. The stress regime which produced the foliation

was for the most part too weak to impose a second foliation

across an already existing schistosity, but strong enough

to locally produce penetrative deformation in unfoliated

rocks. The origin of this foliation may be related to phase

3 deformation, or a new, late P2 direction of maximum stress.

Evidence supplied by analysis of foliation orientation

is clearl the majority of foliations displayed by mafic

Boundary intrusions are parallel to S2 schistosity trends
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in the enclosing country rocks, establishing that most mem

bers of this group were emplaced prior to the end of phase 2

deformation.

On a regional scale, inspection of Stockwell's (1960)

map shows that the majority of the large Boundary intrusions

emplaced into Amisk Group rocks occur in the core area of

a large F2 fold - the Beaver Road Anticline (Fig. 2). The

axial plane of this fold dips 350 east (Mukherjee, 1971), but

unfortunately the attitudes of the intrusion margins in that

area are unknown. Thus, even though the zone of Boundary

igneous intrusion cuts S2 schistosity trends at a shallow

angle (Fig. 2), large P2 folds may have had some effect on

determining the locus of intrusion.

Relation to P) structures

All three major rock groups comprising the Boundary

intrusions display features which can be attributed to P3

deformation. The most common structures developed are shear

foliations (foliations produced by faulting), fractures

(simple breaks in the rock), and faults. Folds and fracture

cleava�e (closely spaced parallel surfaces of fracture) are

less common.

In any given area there can be a wide range in the

orientation of shear foliations, but usually one or two

dominant directions exist. Shear foliations in the Boundary

intrusions are parallel to those found in the enclosing

country rocks (Figs. 10-12). However, some shear zones in
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the country rocks end at the contact with an intrusive body,

others die out shortly after entering the intrusion, whereas

still others continue on uninterupted from country rock

through Boundary rock.

The large, compound Boundary intrusion on Phantom Lake

has a well-developed fracture system developed in the north

ern part of the body. The fractures are spaced about 5 cm

apart, striking approximately north-south and dipping 700

to 770 east. The horizontal displacement on these fractures

in consistantly right-lateral, with apparent displacements

in the order of 2 to 5 cm. This fracture system is parallel

to more pronounced shear zones cutting Amisk and intrusive

rocks.

Serpentine-filled fractures are common in the olivine

bearing rocks on Phantom Lake. There are four directions of

fracturing, forming two fracture groups whose members inter

sect at about 90°. One group has fracture sets trending 0160

and 1100, with the north-south direction being the earliest

and dominant one, the other group has sets striking 060° and

150°. Fracturing in the olivine-bearing rocks probably

originated during or prior to serpentinization of the wehrlite

mass, with fracture orientations controlled in part by the

P) stress field.

All the faults in the Flin Flon area are associated with

P) deformation, but "individual faults were initiated at

different times and movement may have been nearly complete
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on one fault before movement began on another" (Stauffer

and Mukherjee, 1971, p.236). An investigation of the rela-

tionships between Boundary intrusions and some major faults

can help to determine the relative ages of both intrusions

and faults.

Both Byers et ale (1965) and Stockwell (1960) state

that the Phantom Lake fault (Fig. 3) cuts the large Boundary

intrusion on Phantom Lake. Although the actual fault plane

was not located during this study, shear foliations in nearby

mafic rock types indicate that the fault does cut the mafic

portion of the intrusion. However, a distinctive felsic

dike, which cuts the mafic rocks, can be traced across the

fault with no apparent offset. The Phantom Lake fault, then,

at least in part post-dates the mafic intrusive, but pre-dates

the felsic one.

It is impossible to determine whether or not there is

a relationship between the Flin Flon Lake fault (Fig. 3;

Stockwell, 1960) and the large Boundary intrusion at the

north end of Phantom Lake. Along strike with the fault to

the south, a shear zone is intermlttantly exposed in mafic

Boundary intrusions on the west shore of Phantom Lake. This

zone curves as it passes through the intrusion (Fig. 3) and

may be a shear related to the Flin Flon Lake fault.

In the Louis Lake area (Fig. 5), the Carlisle Lake fault

is Baid to have controlled the emplacement of some Boundary

intrusions, though intersecting others (Byers et al •• 1965).
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Early movement and consequent intrusion along this fault

may in fact explain the alignment of small intrusions em

placed close to and parallel to the fault (Fig. 5). The

only foliations exhibited by Boundary intrusions in this

region, however. are parallel to the fault (Fig. 12), and

every intrusive body has foliated portions. In some of the

larger intrusions, foliations are present only close to the

fault. If the Carlisle Lake fault did control the emplace

ment of some of the intrusions, then post-intrusion movement

is necessary to explain the shear foliations within the

intrusive rocks.

The age of the Club Lake fault (Fig. 4) has been a

matter of some controversy. Stauffer and Mukherjee (1971)

feel it is a PJ structure, while Price (pers. comm.) believes

it to be an older structure, produced during thrusting from

the south during east-west (Pl) folding. Byers � ale (1965)

show the Club Lake fault cutting a Boundary intrusion, but

Stockwell (1960) does not.

During this study, only one exposure of Boundary rocks

was located along strike from known exposures of the Club

Lake fault. In that outcrop, a porphyritic member of the

mafic group contains a 15 m wide zone of intense shearing

with an orientation parallel to that of the Club Lake fault.

The complete lack of apparent offset (Fig. 4) in an

intrusion which is cut by a fault with a net slip in the

order of 1500 m (Stauffer and Mukherjee, 1971) is puzzling.

The Club Lake fault is probably a thrust fault, and the
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block of Amisk volcanic rocks in the southeast has been

moved up and northwest over the Miss! metasedimentary rocks

(Stauffer and Mukherjee, 1971). Stauffer (pers. corom.) has

sug�ested that since the direction of net slip is nearly

parallel to the strike of the long, dike-like Boundary intru

sion intersected by the fault, a vertical, upward-widening,

pre-fault intrusion may not show any apparent offset after

faulting.

An alternative explanation requires that the fault have

a history of movement which spans the period of mafic Boundary

intrusion emplacement. If igneous intrusion occurred after

nearly all fault movement had been accomplished, then final,

small displacements could have sheared the mafic rocks in

the fault zone without producing significant offsets.

A Boundary hornblende tonalite dike occurs at the south

western end of Club Lake (Fig. 4), exactly where Stockwell

(1960) and Byers et ale (1965) place the position of the

Club Lake fault. This very distinctive felsic rock occurs

on both sides of the fault without displaying any offset

or foliation. It is almost certainly post-fault in age,

but the intrusive magma may have used the fault zone as a

locus of emplacement.

Small-scale P3 structures, such as folds associated with

faults, and fracture cleavage, are not common in the Boundary

intrusions. Folds, where they do occur, commonly have axial

planes parallel to the dominant local shear planes. Fracture
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cleavages are variable in orientation, and do not appear to

be related to the dominant shear directions.

In summary, the period of Boundary igneous intrusion

in part overlapped with the period of faulting. Major PJ

faults locally have an expression in mafic Boundary rock

types, whereas felsic rock types mayor may not be affected

by those same structures. Minor PJ structures, including

small shears, fractures, and fracture cleavage, are common

in all Boundary rock types. A feature pointed out by Muk

herjee (1971), and confirmed during this study, is that in

any given area the Boundary intrusions as a whole tend to

be aligned parallel to PJ fracture planes. Phase) deforma

tion, then, probably had a role in determining the style of

intrusion of rocks in the Boundary group, and had a history

which extended past the end of Boundary emplacement.

P2 and PJ foliations in Boundary intrusions indicate

that most if not all members of the mafic group were emplaced

prior to the end of P2 deformation, and all Boundary rock

types were emplaced prior to the end of PJ deformation. The

total period of Boundary igneous intrusion extends from late

P2 to late P).
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AGE RELATIONSHIPS

Jeneral

The Boundary intrusions were observed to cut Amisk

volcanic rocks and Missi metasedimentary rocks. Byers et ale

(1965) reported that members of the Boundary intrusions also

cut some granodiorite plutons. The zone of Boundary igneous

intrusion, and individual intrusive bodies, cuts across PI

structures and S2 schistosity trends (Fig. 2), but mafic

intrusions frequently display S2 foliations. All Boundary

rock types are cut by P3 structures.

The period of Boundary igneous intrusion postdates the

cessation of Amisk volcanism, the erosion and weathering of

the volcanic rocks, the deposition of the alluvial Missi

sediments, and a major portion of the deformational history

of the volcanic and sedimentary rocks. Intrusion occurred

during the period late P2 to late P3.

Sequence of intrusion

Cross-cutting relations between different Boundary

intrusion rock types are the rule rather than the exception;

consequently, the sequence of intrusion can be determined.

The two most common intrusive structures developed are

intrusive breccias and dikes.

Intrusive breccias are composed of fragments of country

rock enclosed in an intrusive matrix. The xenolith population

in Boundary intrusive breccias is comprised of earlier crystal

lized phases of Boundary rock types, and, commonly, numerous
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fragments of volcanic ori�in. The matrix may be felsic,

mafic, or ultramafic in composition. The intrusive breccia

bodies ran�e in size from only a few metres to several hundred

metres, and contacts with unbrecciated wall rocks are typically

poorly defined.

Intrusive breccias attain their most wide-spread develop

ment in the larger, dominantly mafic Boundary intrusions.

The mafic intrusions are heterogeneous, the products of

multiple intrusion and much brecciation of earlier members

by later mafic magmas. The fragments in mafic intrusive

breccias are in almost every case more melanocratic than the

matrix (Plate 6). Felsic and olivine-bearing Boundary rock

types never occur in the xenolith population. Rarely, rounded

granodiorite xenoliths do occur, but these are probably

related to syntectonic plutons underlying and intrusive into

the Amisk rocks. Xenoliths of volcanic wall rock are rela

tively common. In general, most of the fragments in mafic

intrusive breccias are in the 5 to 30 em size range. Shapes

are subangular to rounded.

Intrusive breccias with a felsic matrix are very distinc

tive in outcrop (Plates 7 & 8). The breccias are polylitho

lo�ic. including xenoliths of every mafic Boundary rock type,

and Borne volcanic varieties. No olivine-bearing rock types

are included in the xenolith population. Xenoliths are more

angular than those in the mafic breccias, and are commonly

less than 10 em in maximum dimension. Some breccias are

choked with fragments, with the matrix comprising little
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more than 20 percent of the breccia body. Felsic intrusive

breccias occur as isolated, irregular or dike-like bodies

within a larger mafic intrusion, or as xenolith-rich zones

along the margins of larger felsic dikes.

Intrusive breccias with an ultramafic matrix are re

stricted to the marginal zone of the wehrlite mass on Phantom

Lake (Fig. J). The breccia zone is not always developed, and

is probably nowhere more than about 10 metres wide. Where the

olivine gabbro border zone of the wehrlite body is narrow or

absent, hornblende-rich rocks of ultramafic composition can

be seen to vein, dike, and brecciate the biotite-pyroxene

diorite wall rocks. In addition, diorite and andesite xeno

liths are fairly common in the massive hornblende wehrlite

of the marginal zone. The xenoliths are typically small

(less than )0 em) and subrounded to subangular in outline

(Plate 9). In places where the olivine gabbro border zone

is present, the contact between hornblende-olivine gabbro

and hornblende wehrlite is a complex zone with structures

suggestive of mixing of semi-consolidated gabbroic and ultra

mafic crystal mushes (Plate 10). Definite xenoliths of

olivine gabbro are observed in ultramafic rook, and on occa

aion ultramafic schlieren and poorly defined oval ultramafic

xenoliths occur in olivine gabbro. Also, biotite-olivine

gabbro dikes were observed to cut wehrlite in the central

portions of the ultramafic mass. These relationships suggest

contemporanaity for the ultramafic rocks and olivine gabbro.
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The marginal portions, at least, of the ultramafic body were

sufficiently mobile to vein and breooiate crystallized mafic

wall rocks, and to mix with the partially crystallized olivine

gabbro border zone.

The small, completely serpentinized ultramafic bodies

which are located in the large compound Boundary intrusion

on Phantom Lake are brecciated in a �uite different manner.

These dun-weathering serpentinites are finely veined and

brecciated throughout their entire exposure by dark grey

green, medium grained pyroxenite. The volume of matrix

pyroxenite is small compared to the volume of host serpenti

nite, so rotation or complete engulfment of fragments is not

common. The highly altered nature of these ultramafic rocks,

the absence of mafic xenoliths, and the distinctive net

veining by pyroxenite - features not shared by the main

wehrlite body - suggest that the serpentinites are of a

different age or origin than the main ultramarlc mass on

Phantom Lake. In fact, evidence discussed in a later section

shows that the serpentinites may be related to the mafic

group rocks and not to the wehrlite-olivine gabbro association.

Intrusive breccia also occurs at the contact between

the Phantom Lake porphyritic granodiorite and Boundary

biotite-augite diorite. Large foundered blocks and smaller

xenoliths of the mafic intrusive rock are common in the

granodiorite. Smaller xenoliths of other mafic Boundary

rock types are also present, but no ultramafic or felsic
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Boundary intrusion rock types were observed.

The 'cross-cutting relations observed in the field are

summarized in Table 2. The relative ages of individual rock

types can be correlated with the degree of metamorphic

alteration and penetrative deformation displayed by those

rocks. Wehrlite and olivine gabbro are not cut by any

members of the mafic or felsic groups, and these olivine

bearing rocks are completely unfoliated and only moderately

altered. Unfoliated to weakly foliated mafic group rocks

are cut by unfoliated felsic and olivine-bearing rocks; mafic

and felsic types contain relict primary phases as well as

metamorphic mineral assemblages. A group of completely

altered, moderately to well foliated mafic rocks are cut by

mafic, felsic, and olivine-bearing intrusives.

In summary, cross-cutting relationships and intensity

of alteration and deformation indicate that the oldest Boundary

rock types are melanocratic and ultramafic members of the

mafic group. In successively younger mafic rocks, hornblende

replaces pyroxene and biotite as the dominant mafic phase,

plagioclase increases in modal abundance and soda content,

quartz appears, and, ultimately, rnicrocline appears. The

entire mafic group is older than the felsic dike rocks. The

olivine-bearing rocks are younger than at least some mafic

rock types, and are probably younger than the felsic dikes.

Olivine gabbro and wehrlite are closely related in both

time and space.
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Table 2. Summary of Boundary intrusion relative age relation

ships. Rock units (numbered 1 to 11) are listed in the left-

hand vertical column. Xenoliths of these rock units are

designated X under the appropriate column of host country

rocks (numbers 1 to 6). Dikes of units 1 to 6 cut various

rock units, and are designated D in the row appropriate to

the country rock they cut.

Xenoliths

Dikes

4 5 61 2 3

Unfoliated,

incompletely

altered.

Unfoliated

(4 - 6) to

weakly foliat-

ed (6 - 8),

incompletely

altered.

Vlell foliated,

completely

altered.

1. Wehrlite

2. Olivine X

gabbro

3. Felsic

4. Hornblende

mela-monzo

diorite

5. Hornblende

diorites

6. Biotite- X

augite dior

ite

7. Hornblendite

8. Hornblende

pyroxenite

9. Coarse

porphyitic
mela-gabbro

10. Foliated

porphyritic

gabbro

11. Meta

pyroxenite
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The relative ages of the Boundary rock types suggest

the sequence of intrusion to be (1) emplacement of a mafic

magma during late P2, differentiation and crystallization

of the magma produced the mafic group rocks, (2) intrusion

of the felsic dikes. and (3) intrusion of another mafic

magma into the already crystallized mafic group rocks;

crystallization of this second mafic magma produced the

olivine-bearing rocks. Emplacement and crystallization of

all Boundary intrusions was completed prior to the end of P).
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PETROCHEMISTRY

The twenty-five samples selected for whole rock major

element analysis represent essentially the entire composi

tional variation exhibited by the Boundary intrusions (Table

3). Only a few rare or severely altered rock types are not

represented.

Effect of alteration

The Boundary intrusions have undergone some degree of

alteration, so the possibility of chemical changes due to

metamorphism or deuteric alteration must be considered.

Major redistribution of elements is unlikely, due to the

absence of complete recrystallization or' shearing in the

analysed samples. The effects of oxidation and introduction

of volatiles can be assessed quantitatively, but redistribu

tion of alkalis, the only other significant chemical change

likely to have occurred, is more difficult to define. Irvine

and Baragar (1971) recommend that adjustment of the Fe20)/FeO

ratio and recalculation of the analyses to 100 percent without

H20 or C02 should be considered for altered rocks, assuming

data for severely altered rocks are rejected.

The Fe20)/FeO ratio can appreciably affect the norm

and is important in determining differentiation mechanisms.

Chayes (1966) rejected analyses with Fe20)/Feo ratios greater

than 0.6, a value equivalent to an oxidation ratio (mol.

2 Fe203 x 100/2 Fe20)+FeO, Chinner, 1960) of approximately 37.

Glen Clova pelitic gneisses characterized by ilmenite-ma�netite
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Table 3. Chemical compositions (oxides, weight percent) and

molecular norms of Boundary intrusions, and comparative analyses

with CIPW norms.

Table )a.

Si02

A120)
Fe20)
PeO

M�O
CaO

Na20

K20
H20

CO2
Ti02

P20S
MnO

S

CIO

68.40

16.04

1.13

1. 34
o.RR

1.12

4.80

3.68
1.21

0.89

0.08

0.13

0.00

0.184

0.09

99.79

Less O=S

Total

Felsic

C4

68.50

14.86

1.65

0.94

1.55

2.43
5.27

3.00

0.64

0.35

0.24

0.21

0.04

0.007

0.00

99.69

C18

fS6.1S
15.89

2.13

1.26

1.50

3.26

4.56

3.53

0.72

0.17

0.51

0.27

0.04

0.006

0.00

99.99

C15

64.80

14.93

1.53

1.54

2.93

2.72

5.32

3.53

0.84

0.85

0.42

0.32

0.04

0.000

0.00

99.77

Analyst. Mr. K. Ramla1, University of Manitoba, Winnipeg

Q

or

ab

an

Ie

ne

di{:�fs
hY{��

OI{��
mt

il

ap

ee

20.85

22.13

43.93
4.84

2.48

1.78

0.92

0.11

0.27

18.43

17.92

47.85

8.1)

1.07

0.94

0.13

3.38
0.46

0.91

0.33
0.44

15.89

20.99

41.21

12.55

0.79

0.54

0.25

3.62

1.70

1.18

0.71

0.56
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20.94

47.92

6.47

1.97

1.60

0.38

6.53

1.54

1.04

0 • .59

0.68

C14

64.10

1 S. 98

2.17

1.30

2.31

2.91

5.07

3.91

0.80

0.79

0.47

0.26

0.03

0.001

0.00

100.10

9.56

23.1R

45.70

9.31

1.39

1.04

0.35

5.34

1.77

1.16

0.66

0.54



Table 3b.

Felsic

166 C19 112 C12 Cl1
SiO 60.90 58.35 59.35 56.45 54.25

A12�3 14.19 16.34 16.28 15.96 17.02

Fe503
2.81 2.87 2.33 3.55 3.01

Fe 3. 57 2.66 3.26 4.9R 4.51
M,c;O 5.30 3.25 3.45 3.07 2.83
CaO 3.96 3.41 3.63 6.45 7.4D

Na50
5.06 4.84 4.94 4.02 4.46

K2 0.84 J.77 4.03 1.21 0.86
H 0 1.85 2.77 1.10 2.41 2.61

C�2 0.38 0.16 0.37 0.44 1.42

Ti02 0.45 0.74 0.66 0.85 0.78

P205 0.28 0.57 0.54 0.45 0.51
MnO 0.09 0.08 0.10 0.11 0.08
S 0.068 0.004 0.015 0.212 0 .. 500
Less o=s 0.03 0.00 0.01 0.11 0.25

Total 99.71 99.81 100.04 100.05 99.99

Q 10.62 3.58 2.64 9.59 5.72
or 5.03 22.73 23.86 7.40 5.29
ab 46.11 44.40 44.42 37.46 41.89
an 13.72 11.97 10.35 22.78 24.95
Ie

ne

ro
1.71 0.62 1.65 2.96 3.97

di en 1.32 0.46 1.21 1.81 2.48
fs 0.39 0.35 0.43 1.15 1.48

h {en
13.51 8.69 8.33 6.97 5.68

Y
fs 3.94 1.77 2.98 4.41 3.39

oltofa
mt ).27 2.02 2.06 3.27 2.90
il 1.22 1.05 0.92 0.97 1.13
ap 0.97 1.20 1.14 1.22 1.12

ce 0.03
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Table 3c.

Mafic

168 170 51 C7 e21
SiO 55.05 53.15 52.45 50.75 51.60

A12O) 11.)6 9.24 12.46 11.)6 1).74

Fe�o)
2.80 3.2) 2.)9 3.25 2.40

Fe 5.44 6.25 6.06 5.92 6.)0
MgO 9.90 1).90 10.90 11.10 10.63
CaO 6.54 6.72 6 .. 93 8.18 6.94
Na20 4.58 2.)6 3.)7 ).56 3.98
K20 0.48 0.63 o e 51 1.78 0.65

HbO
1.99 3.14 3.11 2.29 1.71

C 2 0.72 0.21 0.60 0.56 0.05
Ti02 0.81 0.62 0.49 0.76 0.91

P20S 0.20 0.28 0.)7 0.38 0.50
MnO 0.14 0.18 0.14 0.16 0.17
s 0.066 0.016 0.003 0.028 0.114

Less 0-'"' 0.0) 0.01 0.00 0.01 0.06=.::>

Total 100.04 99.92 99.78 100.07 99.63

Q 0.24 2.90 0.06
or 2.84 3.78 3.07 10.60 3.82
ab 41.3) 21.58 30.94 )2.19 35.72
an 9.11 1).04 17.74 9.84 17.75
Ie

ne 0.02

r
8.71 7.59 5.95 11.35 S.)8

di en 7.2) 6.44 4.79 9.47 4.33
fs 1.47 1.15 1.16 1.88 1.05

h �en
20.27 32.70 25.97 12.40

Y
fs 4.13 5.84 6.27 2.99

Oln�
16.08 9.46

).20 2.28
mt 2.95 3.44 2.56 3.42 2. 51
il 1.1) 0.88 0.70 1.07 1.27

ap 0.43 0.60 0.80 0.80 1.05
cc 0.17 0.05 0.07
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Table 3d.

Mafic

c16 2S C20 C6 C17
SiO 50.90 48.25 46.65 46.35 38.15

A12b3 12.89 11.74 12.61 ).87 9.98

Feto)
).68 ).88 ).76 7.)3 7.91

Fe 5.42 6.66 7.)8 6.90 8.72
M�O 9.95 11.97 11.71 18.95 �_4.20
CaO 7.4) 9.25 9.28 10.82 12.65
Na20 ).12 2.24 2.29 0.60 1.94
K20 1.96 1.4) 1.45 0.18 1.21
J-i 0 2.)8 2.)1 2.64 2.41 2 .. 05
Cb 0.52 0.47 0.35 1.44 1.4)
Tib2 0.81 0.73 0.93 0.36 0.75

P205 0.45 0.45 0.51 0.15 0.64
MnO 0.19 0.21 0.21 0.23 0.13
s 0.005 0.012 0.015 0.021 0.092

Less O=S 0.00 0.01 0.01 0.01 O.OS

Total 99.70 99.80 99.77 99.60 99.80

Q

or 11.77 8.60 8.78 1.12
ab 28.52 20.54 21.08 5.62
an 15.71 18.13 20.27 7.59 15.48
Ie 5.94
ne

10.79

r
7.56 10.28 9.37 18.84 12.02

di en 5.95 8.50 7.54
15.�9

9.18
fs 1.61 1.78 1.83 3. 5 2.84

hy{en
9.45 10.41 2.82 21.98

fs 2.57 2.18 0.69 4.92

01 {��
9.45 11.12 17.05 12.71 23 • .52
2.57 2.33 4.14 2.85 7.26

mt 2.73 4.14 4.02 4.69 5.98
il 1.15 1.03 1.32 0.53 1.08

ap 0.95 0.95 1.10 0.33 1.38
ee
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Table 3e.

Olivine-bearing

102 C8 C8d 24 157 124

Si02 46.05 46.95 46.95 43.75 45.35 41.85

A1203 12.23 10.62 10.72 6.73 6.19 2.62

Pe203 2.89
1.8,

1.86 4.80 3.41 8.12
FeO 8.78 8.) 8.22 8.76 7.46 4.74
M�O 12.93 16.15 15.4) 18.40 22.05 26.85
CaO 11.16 9.56 10.56 12.70 8.73 8.01

Ha20 2.16 1.97 1.89 0.64 1.08 0.29

K20 0.36 0.99 1.02 0.02 1.01 0.22

H2O 1.28 1.67 1.21 3.08 2.83 5.89
CO2 0.33 0.30 0.38 0.13 0.50 0.41

Ti02 0.71 0.72 0.82 0.47 0.49 0.32

P205 0.53 0.42 0.40 0.17 0.26 0.13
MnO 0.25 0.22 0.21 0.24 0.22 0.20
s 0.023 0.023 0.016 0.014 0.010 0.095

Less O:S 0.01 0.01 0.01 0.00 0.00 0.05

Total 99.67 99.76 99.70 99.90 99.59 99.70

Q

or 2.16 5.82 6.01 0.12 5.98 1.36
ab 19.54 17.60 16.05 5.86 9.69 2.68
an 22.82 17.19 17.69 15.79 9.08 5.33
Ie

ne

r
11.82 10.95 12.76 18.95 13.04 13.87

di en 9.04 8.79 10.22 15.85 11.38 12.32
fs 2.78 2.16 2.54 3.10 1.65 1.54

h {en
0.71 1.18 5.96 6.23 12.34

Y
fs 0.22 0.29 1.17 0.90 1.54

01{fO
19.69 25.86 24.24 22.59 32.52 38.68

fa 6.06 6.37 6.03 4.42 4.72 4.84
mt 3.05 1.91 1.94- 5.12 ).57 4.76
il 0.99 1.01 1.14 0.67 0.68 0.46

ap 1.12 0.88 0.84 0.37 0.54 0.28
ee 0.2
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Table 3f.

A B

Si02 47.01 49.99

A1203 15.57 11.52

Fe203 2.32 1.42
FeO 11.57 9.26
MgO 5.25 10.60
CaO 9.77 10.35

Na20 3.00 2.50

K20 0.31 0.76

�5° 1.64 0.85

0.29

Ti52 3.20 0.83

P205 0.32
0.2�MnO 0.20 0.1

S 1.14

Less O=S

Total 100.16 100.00*

*ineludes Cr203
= 0.0810,

V203
= 0.0410

Q

or 1.87 4.98
ab 25.39 21.40
an 28.10 17.93
Ie

ne

rodi en 15.17 24.80
. fs

{en 11.92
10.07

hy
fs 4.69

{fO 5.93
5.93

01
fa 3.07

mt 3.36 2.08

il 6.08 1.60

ap 0.76 0.50

ee 0.67
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Table 3g.

Explanation of column headings

CIO Quartz monzodiorite

C4 Hornblende granodiorite
C18 Phantom Lake porphyritic granodiorite

CIS Hornblende quartz monzodiorite

C14 Hornblende quartz diorite

166 Hornblende tonalite

C19 Porphyritic 1euco-diorite

112 Porphyritic leuco-diorite

C12 Hornblende quartz diorite (chill)
Cll Hornblende quartz diorite (border)
168 Hornblende mela-quartz diorite

170 Hornblende mela-quartz diorite

S1 Hornblende mela-quartz diorite

C7 Hornblende mela-diorite

��� I
Bioti te-augi te mela-diori te

C20 J
C6 Hornblende pyroxenite
Cl7 Hornblendite

102 Hornblende-olivine mela-gabbro
C8 Biotite-olivine mela-gabbro
C8d Duplicate analysis of C8

24 Hornblende wehrlite

lS7 Plagioclase biotite olivine clinopyroxenite
124 Wehrlite

A Olivine tholeiite, Albemarle Island, Galapagos (McBirney
and Williams, 1969, p. 121, no. 63)

B Fine-grained hornblende gabbro, northern margin of Quetico

body II, Ontario (Watkinson and Irvine, 1964. p. 69,
no. 160 - 114).
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assemblages have oxidation ratios ranging from ° to 37, those

with ilmenite-magnetite-hematite assemblages have an oxida

tion ratio of 40. and those with magnetite-hematite assemblages

have oxidation ratios of 43 or �reater (Chinner, 1960).

Most mafic and olivine-bearin� Boundary rocks have oxidation

ratios of less than 37 (Fig. 13), and therefore require no

adjustment of the Fe203/Feo ratio (that is, little or no

oxidation has occurred). The Fe203/Feo ratios of rocks having

oxidation ratios �eater than 37 were adjusted (on a constant

total iron basis) to (1) the Fe20)/Feo ratios of equivalent

rock types listed by Nockolds (1954), or (2) the Fe20)/FeO

ratio in unoxidized Boundary intrusions of similar bulk

composition. The resulting adjusted Fe20)/FeO ratio is the

same regardless of whether method (1) or method (2) is used.

Norms for oxidized samples were calculated twice. once

with the original proportions of FeO and Fe20) and once usin�

the corrected proportions. The effects on the norm of cor

rectin� for oxidation are (1) in felsic rocks. to decrease

quartz and magnetite, and increase hypersthene and diopside,

(2) in mafic rocks. to decrease magnetite and increase hypers

thene. diopside, forsterite. and fayalite. and ()) in wehrlite,

to decrease magnetite and hypersthene, and increase diopside,

forsterite. and fayalite, relative to norms calculated from

the uncorrected analyses.

It is worth noting that all of the felsic samples have

been oxidized (Fig. I)). In outcrop, nearly all felsic
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Fi�. 13. Total iron (expressed as FeO) versus oxidation

ratio (mol. 2 Fe20J x 100/2 Fe20J+Feo) for Boundary intru

sions. Rocks plotting to the left of the dashed line are

essentially unoxidized; rocks plotting to the ri�ht of the

dashed line have suffered more extreme oxidation. See text

for discussion.
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rock types are pink to brick red in colour, even though

potash feldspar is not common. Petrographic study of the

felsic rocks has shown that pla�ioclase crystals (especially

cores) often have a very fine red dusting of hematite. This

hematite undoubtedly imparts the red colouration to the rocks

and contributes to the high Fe2o)/FeO ratios. Smith (1974),

in a review of the literature on the subject of red-clouded

feldspar, suggests that more than one mechanism may be res

ponsible for the red c010uration. One mechanism (Boone,

1969) involves reaction between plagioclase, a vapour phase,

and primary ferromagnesian minerals to produce hematiferous

albite, sericite, and chloritized mafic silicates. Inasmuch

as felsic Boundary rock types are characterized by sericitized

plagioclase and chloritized biotite and hornblende, the above

mechanism appears to explain the widespread presence of

hematite in the felsic rocks. The calcium component removed

from plagioclase during the reaction is represented in

ubiquitous fine grained epidote or saussurite.

Nearly all rock types display some degree of hydration

relative to an assumed datum (Fig. 14). However, the only

significantly hydrated rock is a partially serpentinized

wehrlite, which contains almost 6 percent combined H20.

Replacement of olivine by hydrous phases was nQ! on a volume

for-volume basis, since through-going serpentine-bearing

fractures are common in wehrlite and olivine gabbro. Conse

quently, in recalculating the analyses to 100 percent without

- 77 -



6 •

o.

-e
-

0

� 4 ..

�
00

� •
•

0 x
x

0
pO 0 <9

x

N2 � oh 0 x

:r: HB
• 0

- - .. -

GB-GD
)(

x
I-

_u +_- --

x

0
I I J J J I

-e b.0

� oh op

�
1 I-

XX
x

N
0

0
• 0 � 0

X•

.0. X x x

U
•

I

0 X
1

+

0
I I 0 I I

35 40 45 50 55 60 65 70

Si02 I WT.°/o

Fig. 14. Volatiles versus Si02 for Boundary intrusion�.

(a) Total H2v (H20+ and H20-) versus Si02• Dashed lines nre

avera�e H20+ values for Nockold's (1954) avera�e hornblende

o;abbro and hornblendite (HB). and average gabbro and grano

diorite (,-m - (;0). (b) C02 versus Si02' The average CO2
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H20 and C02' it was assumed that serpentinization caused no

major compositional changes other than the addition of H20,

02' and C02. This assumption is supported by the work of

Watkinson and Irvine (1964).

The C02 content in Boundary rocks is remarkably con

stant at about 0.4 percent (see Fig. 14b).

Recalculation of the analyses on an H20- and C02-free

basis allows all comparisons to be on an equal footing, and

is required because a volatile content of more than about

) percent affects the other constituents through dilution

(Irvine and Baragar, 1971). In all diagrams involving chemical

analyses, the Boundary analyses have been recalculated

volatile-free, unless otherwise noted.

The volatile contents of the Boundary samples are not

uncommonly high for partially metamorphosed rocks. Fe20)/FeO

ratios can be realistically adjusted, where necessary, to

values approaching primary values. The only other components

likely to have been changed are the alkalis. By inspection

and comparison with similar rock types, it is possible that

the K20/Na20 ratio has been reduced in samples ell, 51, C2l,

166, and 168.

Bulk chemical characteristics

The most common Boundary rock type (biotite-augite

mela-diorite) contains less A120j and Ti02, and more M�O

and K20, than a tholeiitic olivine basalt (Table ). The

mafic group rocks are in fact unusually rich in MgO relative
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to "normal" basalts, gabbros, and diorites.

Almost every Boundary rock type plota in the Bubalkaline

field on an alkali-silica plot (Fig. 15), and most of the

Boundary norms contain appreciable hypersthene (Table J).

The one mafic sample which plots in the alkaline field (Fig.

15) is a hornblendite, containing normative nepheline and

leucite. The two felsic rocks which plot just inside the

alkaline field are rich in oligoclase phenocrysts (and conse

quently Na20). both have hypersthene in the norm and are

therefore more properly classified as subalkaline. Olivine

gabbro contains only minor hy, indicating a near-a.lkaline

bulk composition for these biotite- and hornblende-bearing

rocks.

The felsic rocks have low normative colour indices

(Fig. 16), in agreement with the low mafic modes established

for the group, while mafic and olivine-bearing rocks are

rich in normative pyroxene and olivine.

On an AFM diagram (Fig. 17) analyses of felsic Boundary

intrusions plot in the calc-alkaline field, within a trend

established by several post-Missi felsic plutons which occur

in the Flin Flon - Amisk Lake area. Analyses of mafic group

rocks plot in a restricted field straddling the line sepa

rating the tholeiitic and calc-alkaline fields, and no common

intermediate rock types occur between the fields of mafic and

felsic rocks. In contrast, a complete range of compositions

is expected if rocks of a given suite are related by typical
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Fi�. 17. AFM diagram for various rocks in the Flin F�on -

Amisk Lake area. Boundary intrusion symbols as in Fig. 13.

o denotes post-Missi felsic plutonic rocks: 1, Phanto�

Lake porphyritic granodiorite; 2, Phantom Lake porphyritic

granodiorite dike (R. MacQuarrie, pers. comm.); 3, Annabel

Lake hornblende Granodiorite CR. MacQuarrie, pers. comma);

l�, Snake Rapids pluton (Eastwood, 1949). 6 denotes average

Gabbro (�) and diorite (D) compositions (Nockolds, 1954).

Amisk }roup differentiation trend is approximate, based on

analyses from Koo (1973), Mukherjee (1971), and Stauffer

(pers. comm.).
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calc-alkali differentiation (Carmichael, 1964, Fig. 3). For

the Boundary intrusions, the virtual absence of intermediate

rock types strongly suggests that the mafic and felsic groups

are .!12.! related.

Analyses of Amisk volcanic rocks establish a tholeiitic

differentiation trend on the AFM diagram (Fig. 17). Consi

dering the difference in age between the volcanic rocks and

the Boundary intrusions, and the difference in differentia

tion trends (the Boundary mafic trend is discussed at length

in a later section). there is no compelling reason to believe

that the Boundary intrusions represent an Amisk sub-volcanic

magma reservoir.

Two major points are made from a consideration of the

bulk chemical compositions of the Boundary intrusions I

(1) almost all rock types are subalkaline.

(2) felsic Boundary intrusions are chemically

similar to post-Missi felsic plutons, and may not be related

in any way other than physical setting to the mafic Boundary

rock types.

Harker diagrams

Figures 18, 19. and 20 are Harker-type variation diagrams,

in which the weight percent oxide components of the chemical

analyses are plotted against weight percent Si02' Diagrams

of this type are often used to indicate the trend of magmatic

evolution. Although these diagrams serve to pOint out the
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ri�. 19. Variation diagrams for the Boundary intrusions.

Symbols as in Fig. 13.
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�eneral variation in chemistry of a rock series, they are

of limited use in determining the exact processes which

produced the variation.

The major limitations inherent in Harker diagrams are

as follows {Pearce, 1968)1

(1) A Harker diagram of one oxide plotted against

another purports to show a relationship between the two

variables. In fact, all variables are represented. For

example, a rock containing (by weight) 10 percent Al203 and

45 percent Si02 necessarily contains 45 percent other oxides.

A Harker diagram of A120) versus Si02 is actually part of the

ternary diagram A1203-Si02-all other oxides. If an oxide

other than Al20J or Si02 is added to, or subtracted from,

the system, the weight percents of Al203 and Si02 must change.

'rhus on the Harker diagram, there will be a linear relation

ship between A1203 and Si02 even though the absolute amounts

of these oxides in the system is unchanged.

(2) The slope of the relationship between two

variables on a Harker diagram is usually not the true slope

as deduced from the variation in absolute amounts of the

variables. Not only the magnitude but also the sign of the

slope may be incorrect. Pearce (1968) demonstrates this

point with several examples.

(3) The equation of a straight line on a Harker

dia�ram is such that the slope of the fractionation line

depends on both the mechanism of fractionation and the compo-
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sition of the starting material. A slope dependent solely

upon the mechanism of fractionation is required if the exact

mechanism is to be independently determined.

With these limitations in mind, conventional Harker

diagrams of Boundary analyses can be used to display only

the bulk chemical characteristics of the suite. Many of the

rocks do not represent liquids (for example, the cumulate

textured ultramafic rocks and the highly porphyritic mafic

rocks), so the curves do not correspond exactly to liquid

lines of descent.

Linear relationships are obtained within each of the

three major rock groups (see Figs. 18, 19, and 20), and can

be taken as evidence that the members of a given group are

related (Pearce, 1968). Between groups, however, major gaps

or discontinuities occur on several of the diagrams. On

the MgO versus Si02 dia�ram (Fig. lRc), a major change in

slope occurs between the olivine-bearing and mafic rocks,

and a significant gap separates the mafic and felsic groups.

These relationships are also evident on the A1203 versus

Si02 plot (Fig. 18a). Less pronounced discontinuities occur

between groups on the CaO, K20. Ti02' and P20S versus Si02

diagrams (Figs. 19a, 19c. 20a, 20b). Relatively smooth

curves can be drawn connecting all groups on the FeOT' NaZO,

and MnO versus Si02 diagrams (Figs. 18b, 19b, a.nd ZOe).

These relationships indicate that, although the olivine

bearinrs and mafic rock groups could conceivably be related

(as no gaps appear between them), it is very unlikely that

-
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the felsic rocks are the products of extreme differentiation

of a Boundary mafic magma (because major gaps do exist).

The analysis of the Phantom Lake porphyritic granodiorite

plots within the trend established by the felsic Boundary

intrusions on all the Harker diagrams. This is further

evidence linking felsic Boundary intrusions with post-Missi

granodioritic plutonism.

Considering the petrography of the olivine-bearing and

mafic rocks, and the trends exhibited by these groups on the

Harker diagrams, a plausible working hypothesis is that frac

tionation of olivine is responsible for the chemical variation

exhibited by the olivine-bearing rocks. Fractionation of

pyroxene may be responsible for the mafic trend. It is im

possible to define the role, if any, of pyroxene fractionation

in the production of the olivine-bearing rocks. Further

interpretation of differentiation processes is unwarranted in

light of the deficiencies inherent in Harker diagrams.

Differentiation trends

Figure 21 contrasts the two major subalkaline differen

tiation trends. Analyses of olivine-bearing Boundary rocks

plot vaguely around an iron-enrichment trend, suggesting

tholeiitic affinities for these rocks. The difference in

Si02 content between wehrlite and olivine gabbro is slight.

No differentiation trend is apparent on Fig. 21 for the

felsic rocks, although the calc-alkaline affinities of this

group are evident on Figs. 17 and 21.
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FiG' 21. FeOT/FeOT+MgO versus Si02• Total iron as FeO

(FeOT). Trends of Skaer�aard liquids and Cascade volcanic

rocks are after Carmichael (1964). B = basalt; BA = basaltic

andesite, A = andesite, D = dacite; R = rhyolite. Unlabeled

solid line represents the trend defined by mafic Boundary

intrusions, dashed line represents the trend outlined by

olivine-bearing rocks. Note that the mafic rocks define a

trend of decreasing FeoT/FeoT+MgO with increasing Si02_

Symbols as in Fig. 13.
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1-

The analyses of mafic Boundary intrusions define a trend

of decreasing FeOT/FeOT+MgO ratio with rapidly increasing

Si02 content (Fig. 21). The unusual nature of the mafic trend

is further illustrated in Figs. 22 and 2), during differen

tiation, FeO became slightly depleted relative to MgO. This

mafic trend stands in marked contrast to the common case, in

both tholeiitic and calc-alkaline suites, of FeO-enrichment

(relative to MgO) in successive differentiates. As will be

shown, the MgO-enrichment trend established by the mafic

Boundary intrusions is an example of an extreme type of calc

alkaline differentiation, produced by relatively high fugacities

of water and oxygen.

Effect of f02

Osborn (1959. 1962) suggested that f02 plays a critical

role in the differentiation of a basaltic liquid. Fractional

crystallization at constant total composition (decreasing f02)

results in the tholeiitic trend to FeO-rich residual liquids,

and approximately constant SiOZ contents during differentiation.

Fractional crystallization at constant or increasing f02

produces the calc-alkaline trend to Si02-rich residual liquids,

without iron enrichment.

The stabilites and compositions of iron-bearing silicates

are directly related to fOz• Wones and Eugster (1965) have

shown that the Fe/Fe+Mg ratio of biotite coexisting with

magnetite, quartz, and sanidine decreases with decreasing

temperature, if the
f02

of the system is constant or increas-
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ing. For a given temperature, biotite becomes more Mg-rich

with increasing f02•

Natural examples of Mg-enrichment of ferromagnesian

phases during differentiation are cited by Haslam (1968)

for the Ben Nevis igneous complex, and by Czamanske and

Wones (1973) for an intrusion at Finnmarka, Norway. In both

cases Fe/Fe+Mg ratios decrease in biotites, amphiboles, and

pyroxenes from progressively more felsic rock types. The

authors attribute the Mg-enrichment trends to constant or

rapidly increasing f02 during crystallization (at Finnmarka

f02 increased rapidly, from approximately 10-16 to 10-13, at

a crystallization temperature of 7000 C).

Clinopyroxenes from successive Boundary olivine-bearing

differentiates are enriched in FeO relative to MgO, but the

rate of iron enrichment decreases going from wehrlite to

olivine gabbro (Fig. 24). Notably, clinopyroxenes from mafic

rocks have a constant FeOT/FeOT+MgO ratio.

No hornblendes were analysed during this studYI however,

inasmuch as the FeOT/FeoT+MgO ratio for mafic whole rocks

decreases in successive differentiates, it is possible that

successive hornblendes do become slightly enriched in MgO

relative to FeO. Hornblende is essentially the only mafic

phase present in the youngest mela-diorites, commonly comprising

50 volume percent of the rock. Fe/Mg ratios in hornblende

then must significantly affect the Fe/Mg ratio in the whole

rock.

The whole-rock mafic differentiation trend of rapidly
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increasing Si02 content unaccompanied by iron-enrichment,

the absence of iron-enrichment in augites, and the possibility

of Mg-enrichment in hornblendes from successive differentiates

all stron�ly suggest that relatively high, constant or in

creasing values of f02 characterized the mafic magma during

differentiation. For the olivine-bearing rocks, Fe-enrichment

in clinopyroxenes and whole rocks implies somewhat lower or

decreasing values of f02•

Presnall (1966) and Osborn (1962) show that at high and

constant f02 spinel has a large primary phase volume in the

system Mg2Si04-Feo-CaSiOJ-Si02. The presence of this spinel

volume prevents a liquid from moving to high iron oxide

contents during crystallization. The Boundary mafic trend

of Si02 enrichment without iron enrichment then is in part

due to (1) lack of iron enrichment in successive ferromagnesian

phenocryst phases, particularly augite, and (2) crystallization

of magnetite. Both processes are due to relatively high and

constant (or increasing) f02
in the differentiating mafic

magma.

Effect of fH20

Some olivine-bearing and mafic Boundary intrusions are

rich in hornblende, so it is instructive to consider the

effect of water on differentiation and ferromagnesian phase

relationships.

Yoder and Tilley (1962) demonstrated the reaction of

liquid and gas with olivine and clinopyroxene to form amphibole
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at 2 to 10 Kb (PH20
= PTotal)' Intercumulus brown hornblende

in the marginal zones of the Boundary wehrlite mass appears

to demonstrate this reaction. The hornblende is poikilitic,

and has in part replaced clinopyroxene (Plate Ib). The

regular increase in modal hornblende from the centre to the

margins of the wehr1ite body (Fig. 7) indicates a greater

water content in the intercumulus liquid at the margins,

Kennedy (1955) suggested that water, in order to maintain

a uniform partial pressure throughout a melt, will migrate

to portions of the magma which are coolest and under the

lowest confining pressure, that is. the marginal and upper

parts of a magma chamber. Intrusion of a dry magma into cool

wet country rocks also results in the concentration of water

at intrusion margins. Clearly both these mechanisms may have

contributed to the inferred high water content in the inter

cumulus liquid of the wehrlite marginal zone,

Best (1963) and Best and Mercy (1967) analysed the effect

of fH20
on the differentiation of the Guadalupe igneous

complex in California. a complex which is analagous in some

ways to the Boundary intrusions. Rock types in the complex

range from troctolite to granophyre, the products of differ

entiation of a basaltic magma, Hornblende appears early in

the crystallization sequence, and biotite appears in the more

iron-rich gabbros. Hornblende and biotite take the place of

clinopyroxene in intermediate differentiates. and biotite is

the sole ferromagnesian mineral in the late felsic differen-
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tiates. Pyroxene, hornblende, and biotite from successive

differentiates show enrichment of Fe relative to Mg. A high

fH20
is indicated by the abundance of hornblende and biotite.

while the f02 (estimated on the basis of Fe-Ti oxide composi

tions) was low - 10-10 to 10-15 bars at crystallization

temperatures of 11000 to 9000 C - and remained at low values

during crystallization. The Guadalupe complex displays a

typical calc-alkaline differentiation trend. Considering the

low f02 determined for the magma, the authors question

Osborn's (1959, 1962) hypothesis that a relatively high or

constant f02 is required to produce the calc-alkaline trend.

Rather, the trend is produced by a high fH20, which allows

the crystallization of hornblende in place of clinopyroxene

for much of the differentiation sequence. Hornblende is

rich in Fe and poor in Si relative to clinopyroxene; frac-

tionation of hornblende would deplete a liquid in FeO and

enrich it in Si02 relative to fractionation of clinopyroxene.

Early crystallization of biotite would enhance this "horn

blende effect". High values of fH20, the authors conclude,

lead to Si02-rich, FeO-poor differentiates, while low
fH20

prohibits the crystallization of hornblende and leads to the

tholeiitic trend of Fe-enrichment.

Hydrous phases (hornblende and biotite) are conspicuous

primary phases in Boundary olivine gabbros. In mafic Boundary

intrusions, augite and biotite are the main ferromagnesian

phases in the older mela-diorites, which comprise approximately

80 percent of exposed mafic group rocks (Figs. ),4, and 5).
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Later mafic differentiates contain increasing amounts of

hornblende and decreasing amounts of augite and biotite,

until finally hornblende is the only mafic phase present in

the rocks. The abundance of hydrous mafic phases in all

mafic group rocks and in olivine gabbro establishes high

fH20 values for the magma(s) which produced these rocks.

The mafic differentiation trend, in which successive differ

entiates are enriched in Si02 and depleted in FeO (Figs. 22

and 23), is due in part to the "hornblende effect", crystal

lization of hornblende during the latter portion of the

crystallization history of the mafic magma, and crystallization

of biotite (with augite) for the major portion.

In summary, the combined effects of a high fH20 and

relatively high or increasing f02 in the magma which crystal

lized the mafic group rocks produced the unusual mafic trend

of slight MgO-enrichment in successive differentiates. The

hi�h fH20 allowed the crystallization of biotite and horn

blende early in the differentiation sequence. A relatively

high or increasing f02 prohibited Fe-enrichment in augite,

possibly produced weak Mg-enrichment in hornblende, and

probably resulted in the precipitation of some magnetite.
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FRACTIONAL CRYSTALLIZATION MODEL

Introduction

Pearce (1968) devised a method of plotting chemical

analyses which provides much more information on processes

of fractional crystallization than conventional variation

diagrams. The method was used to substantiate the model of

olivine and clinopyroxene fractionation proposed by Naldrett

and Mason (1968) for the Dundonald sill (Pearce, 1969), as

well as to demonstrate that the chemical variation in the

Palisade sill is consistent with fractionation of olivine

and pyroxene from a single, relatively homogeneous parent

magma (Pearce, 1970). Murray (1972) used the Pearce method

to support the theory that the sequence of rock types exposed

in the Tulameen zoned ultramafic complex of British Columbia

originated by fractionation of olivine and pyroxene from a

basaltic liquid.

It can be shown mathematically that dividing a set of

variables by a constant does not change the slope of the

relationship between the variables. An element or combination

of elements (oxides, sulphides. etc.) is constant, in this

context, if it has been neither added to, nor subtracted

from, the system. A variation diagram of Y/Z plotted against

X/Z will show the true variation of Y with respect to X if

Z is known to be a constant. If Z is suspected of being a

constant, this type of plot will test the validity of the

assumption.
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For example, fractionation of olivine from a mafic

liquid removes MgO, FeO, and Si02 from the system. All other

components in the system remain constant in absolute amounts

(moles, grams, litres of Al203' Na20, K20, etc.), even though

their concentrations by weight may change during the fractiona

tion process. A molar ratio plot of MgO/Al203 versus Si02/Al20J

produces the same relationship as between the number of moles

of MgO and Si02. If olivine is the only fractionating phase.

the slope of the relationship between the molar ratios MgO/Al20)

and Si02/A1203 will be the same as the molar MgO/Si02 ratio of

the fractionating olivine.

Molar ratio diagrams can be used to determine the exact

mechanism(s) which produced the observed chemical variation

in a rock suite. Unlike Harker diagrams, there is no distortion

of the relationship between variables since absolute, equiva

lent amounts of variants are compared. The slope of the re

lationship between variables is dependent solely upon the

compositions of fractionating phases, and thus is independent

of the composition of the parent material. If compositions of

cumulus phases are known or assumed, the proportion of the

total chemical variation produced by the fractionation of a

particular phase can be calculated.

Conditions which have to be met prior to the application

of the molar ratio technique to rock systems are as follows

(Pearce, 1968),

(1) The variant rock types must be related to a

common parent. If this condition is assumed, and a coherent
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pattern is obtained in the diagrams, then the presence of

the pattern is taken to substantiate the assumption. If the

variants are not related, a coherent pattern will not be ob

tained.

(2) The process must not have gone to completion

(that is, intermediate rock types must be available for

sampling).

(3) There must be no significant alteration of the

rocks. Any chemical variation present must be due only to

the process to be investigated.

(4) There must be at least three independent variables.

(5) At least one component must have been constant

in absolute amounts during fractionation. If a constant is

not known, but is inferred from other data, the presence of

a coherent pattern in the molar ratio plots substantiates the

assumption.

The necessary conditions are met by the olivine-bearing

and mafic groups of the Boundary intrusions.

(1) Petrography, field relationships, age rela

tionships, and major element variation (Figs. 16 to 22)

indicate that some process of differentiation occurred to

produce the variant rock types. It is necessary to assume

that parent magmas for the olivine-bearing group and mafic

group did exist. it is not necessary that both groups had

one and the same parent.

(2) The only alteration effects exhibited by

Boundary rocks are addition of H20 and C02. oxidation of
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iron in some samples, and possibly redistribution of alkalis.

Oxidation ratios were adjusted to realistic primary values

for two samples (c6 and 124), and all analyses and ratios

are compared on a volatile-free basis. Minor redistribution

of alkalis would not significantly affect the results.

(3) No component is known to have been constant

in absolute amounts during differentiation. However, a

constant can be inferred from petrographic and chemical data.

The olivine-bearing rocks and most of the mafic rocks contain

olivine and/or clinopyroxene, so a reasonable trial hypothesis

is that fractionation of one or both of these phases is res

ponsible for the variation. Fractionation of olivine and

Clinopyroxene removes MgO, FeO, CaO, and Si02 from the liquid,

while other components remain constant in absolute amounts.

On this basis the choice of A1203 as a constant appears

justified, because Na20 and K20 may have been redistributed

and Ti02' P205' and MnO are only minor constituents in all

Boundary rock types.

Molar ratio diagrams

Figures 25 to 32 are A1203 molar ratio plots of Boundary

analyses. Linear trends are obtained, lending support to

(1) the choice of A1203 as a constant, (2) the assumption

that members of the olivine-bearing group are related to a

common parent, and (3) the assumption that the mafic variants

are related to a common parent. The inset vector diagrams on

Figs. 27 to 32 represent the trends expected by crystal
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fractionation of the indicated phases, the compositions of

which were determined by x-ray microprobe and are listed

in Tables 4, 5, and 6.

The lines on Figs. 25 to 32 were fitted to the data

points by linear regression (the linear regression coeffi

cients are listed in Tables 7 and 8). Sample C17. a horn

blende cumulate, was not included in the calculations of the

mafic linear regression lines, inasmuch as this very rare

rock type clearly was not produced by the hypothesis under

consideration. Hornblende cumulates were produced locally,

only in the very latest stages of mafic differentiation.

(1) Fi�s. 25 and 26. SME/A1203 versus Sio2/Al203

Pearce (1972) devised the "silica mafic equivalent"

function (SME = It CaO + ! MgO + t FeO, in moles) as a

critical test for the common case of olivine and/or clino

pyroxene fractionation. The plot, which assumes ideal

clinopyroxene and olivine formulae, produces a slope of +1

only if olivine and/or clinopyroxene are responsible for the

variation. The observed slopes, for both olivine-bearing

and mafic rocks, are approximately 0.9 (the departure of

fractionating clinopyroxenes from ideal compositions would

result in slightly lower slopes). Thus this critical test

makes it clear that fractionation of olivine and/or clino

pyroxene is responsible for the chemical variation in the

Boundary rocks. Fractionation of any other Ca, Mg, or Fe

bearing phases is inconsitent with the observed trends.
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Table 4. Olivine partial analyses, weight percent.

Sample

124 157 24 C8 102

FeO 20.73 19.99 26.86 25.35 28.97

MgO 42.33 41.67 39.60 36.83 34.20

CaO 0.04 0.11 0.06 0.07 0.05

MnO 0.08 0.49 0.37 0.29 0.49

124 wehrli te

157 plagioclase-biotite olivine clinopyroxenite
24 hornblende wehrlite

C8 biotite-olivine mela-gabbro
102 hornblende-olivine mela-gabbro

Table 5. Clinopyroxene partial analyses, weight percent.

Sampie

124 157 24 C8 102 25 123 c16 112

!'"'eO 2.78 5.78 7.39 7.46 8.91 R.12 8.26 R.33 7.90

M�O 17.40 16.35 15.92 15.16 15.23 14.65 14.93 14.57 14.65

CaO 22.37 19.16 19.60 18.98 18.87 19.52 18.96 19.30 18.22

A1203 nd nd nd 2.78 nd nd 3.04 nd 2.32

Ti02 nd nd nd 0.92 nd nd 0.79 nd 0.65

MnO 0.20 0.05 0.20 0.20 0.12 0.00 0.18 0.18 0.27

nd = not determined

124, 157. 24, C8, 102 as in Table 4

25. 123, c16 biotite-augite mela-diorite

112 porphyritic 1euco-diorite
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Table 6. Phase compositionsl olivine (100 Mg/Mg + Fe,

atomic percent), clinopyroxene (atomic percent Ca, Mg, and

Fe), and plagioclase (molecular percent anorthite).

Sample Olivine Clinopyroxene Plagioclase

Ca Mg Fe core rim

124 78.6 45.9 49.7 4.5

157 78.8 41.3 49.0 9.7 51 (opt. )

24 72.4 41.3 46.6 12.1 66 ( opt. )

C8 72.1 41.3 46.6 12.7 49 44

102 67.7 40.1 45.1 14.8 58 55

25 42.2 44.1 13.7 44 43

123 41.0 45.0 14.0 38 35

C16 41.9 44.0 14.1 25 24

112 40.7 45.5 13.8 39 35 (11)

opt. = optical determination

Sample numbers as for Tables 4 and 5.
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Table 7. Linear regression coefficients for molar ratio

diagrams (olivine-bearing rocks).

b m r2

Si02/A120) va. SME/A12O) -1.)7 0.90 0.99

II

va. MgO/A120) -4.87 1.1) 1.00

It
vs. CaO/A120) 0.55 0.19 0.92

I.
VS. FeO/A12O) (0 ) 0.72 0.07 0.89

I.

vs. FeO/A120) (x) 0.11 0.14- 0.88

..
vs. FeO/A12O) (c) -0.10 0.16 0.99

It
vs. Fe20)/A12O) (0) -0.60 0.09 0.97

"
vs. Fe20)/A12O) (x) -0.19 0.05 0.75

It
vs. Fe2O)/A12O) (c) -0.10 0.04 0.95

It

vs. FeO + MgO/A12O) (0 ) -4.15 1.20 1.00

"
vs. FeO + MgO/A12O) (c) -4.97 1.29 1.00

It
vs. Na20/A120) 0.29 -0.004 0.26

..
vs. K20/A120) 0.08 0.001 0.01

..
VS. Ti02/A120) 0.05 0.004 0.97

b =: Y-intercept

m =: slope of the relationship

r2 � "goodness of fit", r2 =: 1 represents a perfect fit

o =: original proportions of FeO and Fe20) in sample 124 used.

x =: oxidized sample (124) excluded from calculation.

c = corrected proportions of FeO and FeZO) in sample 124 used.
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Table 8. Linear regression coefficients for molar ratio

dia�rams (mafic rocks).

b m r2

Si02/A1203 VB. SME/A1203 -2.98 0.86 0.96

..

VB. MgO/A1203 -3.02 0.74 0.98

It

vs. CaO/A1203 -0.90 0.28 0.94

If
vs. FeO/A12oJ (0) -0.22 O.lJ 0.96

It
vs. FeO/A120J (c) -0.75 0.20 0.96

II
vs. Fe20J/A120J (0) -0.38 0.08 0.96

I.
vs. Fe20J/A120J (c) -0.12 0.04 0.95

II
vs. FeO + MgO/A1203 (0) -;.24 0.87 0.98

tt
vs. FeO + MgO/A1203 (c) -3.78 0.95 0.98

..
vs. Na20/A1203 0.51 -0,01 0.15

II

vs. K2O/A1203 0.14 -0.005 0.14

"

vs. Ti02!A1203 0.05 0.004 0.98

b = Y-intercept

m = slope of the relationship

r2 E "goodness of fit", r2 = 1 represents a perfect fit

o = original proportions of FeO and Fe20J in oxidized samples

used.

c = corrected proportions of FeO and Fe20; in oxidized samples

used.
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(2) Fig. 271 MgO/Al20J versus Si02/Al20J

}ood linear trends are established by both groups of

rocks on this plot. The observed slopes are intermediate

between those expected by fractionation of either olivine

or clinopyroxene alone, so clearly some combination of both

has produced the variation. The slope of the trend established

by olivine-bearing rocks is steeper than the mafic trend,

indicating a greater proportion of fractionating olivine

durins crystallization of wehrlite and olivine gabbro than

during crystallization of the mela-diorites.

(J) Fig. 28. CaO/Al203 versus Si02/A1203

On this diagram, olivine cumulates and olivine-derived

liquids must plot on a line with slope zero. Observed slopes

are not zero, which establishes that fractionation of a

Ca-bearing phase must have occurred. Again, the observed

slopes are intermediate between trends expected by fractiona

tion of either olivine or clinopyroxene alone.

(4) Fi�. 29& Feo/Al203 versus Si02/Al203

This plot is extremely sensitive to the compositions of

the fractionating Fe-bearing phases (inset vector diagram).

The Fe203/FeO ratio also has a direct affect on the slopes

of the lines. For the olivine-bearing rocks. the slope of

the linear regression line is 0.16 when the corrected Fe203/

FeO ratio in sample 124 is used, 0.07 when the original

Fe203/Feo ratio is used, and 0.14 when sample 124 is excluded

completely. Thus, correction of the Fe203/Feo ratio produces

realistic slopes consistent with trends established by unoxi

dized samples.
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Fi'S. 27. MgO/A120) versus Si02/A120). moleso. The olivine

bearine rocks and mafic rocks define separate trends. The

inset vector diagram shows the trends expected by fraction

ation of the indicated phases. for the range of compositions

present in Boundary rocks (Table 6). Symbols as in Fig. 13.
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bearins rocks and mafic rocks define separate trends. The

inset vector diagram shows the trends expected by fraction

ation of the indicated phases, for the range of compositions

present in Boundary rocks (Table 6). Symbols as in Fig. 13.
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Fig. 29. Feo/A1203 versus Si02/A1203, moleso. The olivine

bearing rocks and mafic rocks define similar trends. The

inset vector diagram shows the trends expected by fraction

ation of the indicated phases, for the range of compositions

present in Boundary rocks (Table 6). Symbols as in Fig. 13.

The Fe2o)/Feo ratios in samples 124 and C6 were corrected

for oxidation.
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(5) Fig. 301 FeO + MgO/Al203 versus Si02/Al20J

The slopes on this dia�ram are essentially the sums of

the slopes on Figs. 27 and 29. The trend established by

olivine fractionation (inset vector diagram) is independent

of olivine composition. olivine stoichiometry fixes the

slope at +2. This diagram is especially valuable in deter

minin� proportions of fractionating phases, because the effect

of variable olivine composition during fractional crystal-

lization is removed.

Analyses of felsic Boundary intrusions plot well off

the trends established by the olivine-bearing and mafic rocks,

demonstrating conclusively that the felsic dikes do not

represent final, Si02-rich liquids produced by fractionation

of olivine and pyroxene.

(6) Fi�s. 3la and 32as Fe203/A1203 versus Si02/Al203

The slopes for the olivine-bearing rocks and the mafic

rocks are identical (0.04). Neither olivine nor clinopyroxene

can be expected to incorporate enough Fe3+ to produce the

observed variation. The most likely explanation of the non

zero trends is fractionation of small amounts of magnetite.

(7) Figs. JIb and 32bl Na20/Al203 versus Si02/A1203

The variation of Na20/A120) with respect to Si02/A1203

is very important to the hypothesis of olivine and clino-

pyroxene fractionation, for removal of these two phases from

a liquid requires that no change occur in the absolute amount

of Na20 in the liquid. Fractionation of plagioclase would
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Fig. )0. Feo+MgO/AI203 versus Si02/AI20). moleso• The

olivine-bearing rocks and mafic rocks define separate trends.

Note that the felsic Boundary intrusives do not lie along the

trends established by the other two rock groups. The inset

vector diagram shows the trends expected by fractionation of

the indicated phases, for the range of compositions present

in Boundary rocks (Table 6). Olivine stoichiometry fixes the

olivine fractionation line at a slope of +2 for all olivine

compositions. Symbols as in Fig. 13.
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Fig. Jl. Molar ratio d ia.jr'ams for the olivine-bearing rocks.

(a) Fe203/A12oJ versus Si02/A1203' moleso. The non-zero

slope suggests fractionation of magnetite. The Fe2oJ/FeO

ratio in sample 124 was corrected for oxidation. (b) Na20/

A1203 versus Si02/A1203' moleso. The observed slope is

essentially zero. (c) K20/A120J versus Si02/A1203' moleso.

The observed slope is essentially zero. (d) Ti02/A1203

versus Si02/A1203' moleso• The slope of the trend is con

sistent with fractionation of olivine and Ti-bearinq; au�ite.

The inset vector diagram shows the trends expected by fraction

ation of the indicqted phases, for the compositions present

in Boundary rocks (Table 6).
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Fi�. )2. Molar ratio diagrams for the mafic rocks. (a) Fe20/

Al20 J
versus S i02/Al20), mole SO • The non-zero slope sUf�p;ests

fractionation of ma�netite. (b) Na2o/A120J versus Si02/AI20).

mo I e ri'", The trend of the f,;roup as a whole has a very low

slope, but the scatter at the "felsic" end of the line (to

the left) is pronounced. See text for discussion. (c) K20/

A120) versus Si02/AI20). moleso• The slope is very close to

zero. (d) Ti02/AI20) versus Si02/Al20). moleso• The slope

of the trend is consistent with fractionation of olivine and

Ti-bearin� augite. The inset vector diagram shows the trends

expected by fractionation of the indicated phases, for the

compositions present in Boundary rocks (Table 6).
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produce a trend with a definite non-zero slope. The observed

slope for the olivine-bearing rocks is essentially zero

(-0.004), and is therefore consistent with olivine and clino

pyroxene fractionation. The observed slope for the mafic

rocks (-0.01) is also close to zero, but the degree of

scatter at the "felsic" end of the line is pronounced. There

may be several explanations for this scatters fractionation

of Na-bearing hornblende at the "felsic" end, redistribution

of Na during metamorphism, or non-constancy of A120) in later

mafic rocks.

(8) Fi�. 31c and )2cl K20/Al20) versus Si02/Al203

Fractionation of olivine and/or clinopyroxene requires

that the absolute amount of K20 in the liquid remain constant.

Observed slopes for both groups of rocks are very close to

zero. Minor redistribution of K20 during metamorphism may

have occurred, but the fact that the trends are essentially

horizontal suggests that large-scale removal or addition of

K20 did not occur.

(9) Figs. )ld and 32d& Ti02/Al20J versus Si02/Al203

Fractionation of phases lacking Ti02 must produce trends

with slopes of zero. Observed trends have slopes of 0.004,

and r2 = 0.97 and 0.63 respectively (Tables 7 and 8). Analyses

of three pyroxenes for Ti02, one from each rock group, show

that the augites contain small but significant amounts of

Ti02 (Table 5). The observed variation is consistent with

the fractionation of Ti-bearing augite. Evidently, little

if any Ti02 was incorporated into fractionating magnetite.
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The molar ratio diagrams clearly indicate that the

chemical variation in both the olivine-bearing rocks and the

mafic rocks can be explained only by fractionation of olivine,

clinopyroxene, and minor magnetite. Fractionation of plagio

clase, major amounts of Fe-Ti oxides, or major amounts of

hornblende is inconsistent with the observed trends.

Discussion

In drawing the A120) molar ratio diagrams, it was assumed

that A120) was neither added to, nor subtracted from, the

system during the differentiation process. This assumption

was substantiated by the fact that linear trends were obtained.

However, Boundary augites contain about) weight percent Al20)

(Table 5), so fractionation of clinopyroxene would remove

small amounts of AIZO) from the system. The effect of non

constancy of the denominator of a ratio can be calculated,

and a correction factor applied to the observed slopes

(Pearce, 1969).

If a linear relationship is observed between ratios of

three components, X, Y, and Z, in the form

Y/Z = m(X/Z) + b (l)

where m = slope of the relationship

and b = Y intercept

then Y = mX+ sz , (2 )

Differentiating with respect to X

dY/dX = m + b(dZ/dX) ( 3)

so dY/dX -+ m as dZ � ° (i.e. Z = a constant).
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If Z is not a constant, dY/dX may be calculated from the

slope m and Y-intercept b, if dZ/dX is known from other data.

For example, substituting MgO for Y, Si02 for X, and

A120) for Z, equation (3) becomes

d MgO/d Si02
== m + bed A120)/d Si02).

From the clinopyroxene analyses (Table 5)

d AI20)/d Si02
= (2.9/101.96) moles .. (5).5/60.08) mo Le.

== 0.0) moleso•

The corrected variation of MgO with respect to Si02 for the

olivine-bearing rocks (with m and b from Table 7) is

d MgO/d Si02 = 1.13 - 4.87 (0.0)

= 0.98 moleso•

Corrected slopes for the AI20) molar ratio diagrams are

listed in Table 9.

Quantitative information on the relative amounts of

fractionating olivine and clinopyroxene can be obtained from

the Al20) ratio diagrams. Only the slopes, and not the

positions, of the trend lines on Figures 2) to 30 are fixed

by the compositions of the fractionating phases. Therefore,

the trends extablished by whole rock analyses, and the

trends established by analysed olivine and clinopyroxene

(inset diagrams on Figures 2) to )0) can be considered as

vectors. For each olivine-bearing sample a composite vector

diagram can be drawn, using the olivine and clinopyroxene

compositions determined for that sample and the trend esta

blished for the group as a whole. The proportion of the
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Table 9. Olivine,clinopyroxene fractionation ratios for olivine-bearing and mafic rocks,

calculated from the observed and corrected slopes obtained from the indicated molar ratio

diagrams. Olivine and clinopyroxene compositions used in the calculation are from Table 6,

olivine assumed to be F068 for mafic rocks. The observed and corrected slopes listed

below are for the olivine-bearing rocks only.

Olivine-bearing rocks Mafic rocks

124 157 24 C8 102

Modal (estimated)

f-J

N

.....,

MgO/A1203
observed slope 1.13
corrected slope 0.98

CaO/A1201
obser�ed slope 0.19

corrected slope 0.21

FeO/A1203
observed slope 0.16

corrected slope 0.16

FeO + MgO/A120,
observed s16pe 1.29

corrected slope 1.14

57143

73127

57143

60.40

53,47

32168

67133

53147

37163

75125

57143

60140

48152

20180

65135
49151

46154

79121

64,36

59141
48152

10190

65135
49.51

52,48

79121

64:36

59:41
48152

10190

65.35
491.51

47153

85115

68132

56:44

58.42

3.97

6513.5
49.51

31169

38:62

12188

30.70



variation due to fractionation of olivine and due to frac

tionation of pyroxene are calculated from the vector diagram

(Fig. JJ).

Very good agreement is obtained between the modal olivinel

clinopyroxene ratios in the olivine-bearing rocks and the

ratios calculated from most of the corrected A120J molar ratio

diagrams (Table 9). The ratios obtained from the FeO/A120J

versus Si02/Al20J diagram do not a.gree with the ratios

obtained from the other dia.grams, probably because the slope

of this trend is low, and minor changes in the compositions

of fractionating phases produce large changes in the phase

vectors (inset dia�rams. Fi�. 29).

The molar volume (yO, cm}) of olivine is approximately

45, while the molar volume of diopside is 66 (Robie and

Waldbaum, 1968). Consequently, the molar proportion of

olivinelclinopyroxene that is calculated to have produced

the observed chemical variation (Table 9) is not exactly

equivalent to the volume (modal) proportion of olivineaclino

pyroxene that fractionated from the liquid. For example, an

olivinetclinopyroxene ratio of 50150 (molesO) is equivalent

to a volume ratio of 41159, and a molar ratio of 30.70 is

equivalent to a volume ratio of 23177. It must be noted that

the mOdal ratios listed in Table 9 are based on visual estimates

and not point countsl also, small changes in the slopes of

any of the trend lines on Figs. 25 to 32 directly affect the

calculated molar olivinelclinopyroxene ratios. Obviously,

then, the difference between molar and volume olivinetclino-
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Fig. 33. Method of calculating the proportion of observed

chemical variation produced by crystal fractionation of a

particular phase. Fractionation of phase A produced

100 x a/a+b percent of the variation. Fractionation of A

and B in the proportion (in molesO) AlB = 100 x a/a+btlOO x

b/a+b accounts for the observed chemical variation.
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pyroxene ratios does not si�nificantly affect the interpreta

tion.

The calculated olivinelclinopyroxene fractionation ratios

demonstrate that subequal amounts of olivine and clinopyroxene

were fractionated from the magma during the entire crystalliza

tion interval of wehrlite to olivine gabbro. Also. inasmuch

as the olivine-bearing rocks contain olivine and clinopyroxene

in the proportion that has been determined by theory to be

fractionating from the magma. it is clear that these rocks

are cumulates and do not represent derived liquids. Cumulate

textures are present in all olivine-bearing rocks (Plate la).

Olivine is not present in the mafic rocks, so direct

calculation of the olivine,clinopyroxene fractionation ratio

is impossible. Using an assumed olivine composition of

F068 and the compositions of the analysed augites (Table 4).

the ratio of olivine:clinopyroxene (molesO) which fraction

ated from the mafic liquid is determined to be approximately

30170 (Table 9). If a more magnesian olivine composition

is assumed. the olivine,clinopyroxene ratio will be even

smaller.

The slope of the mafic trend lines on Figs. 25 to 32

is strongly dependent on the position of sample C6, a clino

pyroxene cumulate with abundant intercumulus hornblende.

This rock is severely altered, with no relict pyroxene. No

olivine or serpentine is present. If this sample is excluded

from the calculation of the mafic linear re�ression lines.
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the slopes on most of the molar ratio diagrams more closely

approach the trends expected by fractionation of augite alone.

The olivinelclinopyroxene ratios calculated for the trends

as drawn (that is, including sample C6) are therefore the

limiting, maximum values. In fact� the augite-porphyritic

nature of most of the mafic rocks, and the complete absence

of olivine phenocrysts, strongly suggests that fractionation

of au�ite alone was the mechanism responsible for the observed

chemical variation.

In summary, molar ratio dia�rams indicate that the

olivine-bearing and mafic rocks were formed from different

fractionation processes. Wehrlite and olivine gabbro are

cumulate rock types, produced by the fractionation of sub

equal amounts of olivine and clinopyroxene, and minor mag

netite. Crystal fractionation of clinopyroxene, possibly

subordinate olivine, and minor magnetite produced the major

portion of the mafic trend.

The augite-bearing mafic rocks represent liquids derived

from fractional crystallization, plus a significant propor

tion of suspended pyroxene crystals. Mafic cumulates are

represented by the scattered occurrences of altered pyroxenite

and hornblende pyroxenite. The group of small, highly ser

pentinized ultramafic masses in the large Phantom Lake

Boundary intrusion may represent local accumulations of

olivine and clinopyroxene from the crystallizing mafic magma,

explaining the absence of olivine in other mafic rock types.
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Comparison of Pearce and Harker diagrams

The contrasts between A1203 molar ratio diagrams and

the Harker diagrams are worth noting.

(1) On the Harker diagram (Fig. 19), weight percent

Na20 and K20 are seen to increase steadily with increasir�

5i02• Actually. Na20 and K20 remain nearly constant in

absolute amount during differentiation (Figs. 31 and 32).

(2) Weight percent Ti02 increases rapidly with

increase in Si02 for the olivine-bearing rocks, and decreases

slightly with increasing Si02 for the mafic rocks (Fig. 20a).

In fact. Ti02 was removed from the system in a remarkably

regular fashion (Figs. 3ld and 32d). due to fractionation of

Ti-bearing clinopyroxene.

(3) On the A1203 versus S102 diagram (Fig. 18)

the olivine-bearing rocks outline a trend with a very steep

slope. This trend is an artifact, produced by the removal

of other oxide components from the system through fraction

ation of olivine and clinopyroxene. The molar ratio diagrams

show that the A1203 content of the liquid was approximately

constant in absolute amounts during differentiation.

(4) All trends on the Harker diagrams are distorted

with respect to the variations in absolute amounts of oxides.
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ORIGIN

In considering an origin for the Boundary intrusions,

the most important problem to be resolved is the relation

ship between the olivine-bearin� and mafic group rocks.

Several lines of evidence indicate that the olivine-clino

pyroxene cumulates are youn�er than the mafic rocksl

(1) Diorite xenoliths occur in the marginal zones

of the wehrlite mass, and hornblende-rich ultramafic dikes

(of limited extent) cut the mafic rocks bordering the ultra

mafic mass.

(2) Many mafic rocks display S2 foliations, whereas

no olivine-bearing rocks are foliated. In the Club Lake

area, fresh olivine gabbro dikes cut severely altered mafic

rocks. Obviously the mafic rocks were subjected to a greater

degree of P2 deformation and metamorphism than were the

olivine-bearing rocks.

(3) Felsic dikes are common in mafic group rocks

but are completely absent in wehrlite and olivine gabbro.

The field relationships demonstrate that the mafic

intrusions were emplaced, partially metamorphosed, in part

deformed, and injected by felsic melts prior to the emplace

ment of the magma which produced the olivine-bearing rocks.

The two groups must have crystallized from separate batches

of subalkaline magma, and considering the relatively high

MgO contents of the rocks, the most probable composition of

both parent magmas is tholeiitic olivine basalt. The bulk
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composition of biotite-augite mela-diorite (the most common

mafic rock type) is similar to a possible chilled margin on

a Quetico, Ontario, ultramafic-mafic intrusion (Table 3;

Watkinson and Irvine, 1964).

The postulated sequence of events set o�t below explains

the major features of the Boundary intrusions&

(1) Intrusion of a high-MgO tholeiitic olivine

basalt magma, possibly containin� suspended crystals of

ausite and minor olivine, durin� the latter part of phase

2 deformation. Intrusion was localized in a zone marked

by large anticlinal F2 folds and the forerunners of PJ

faults.

(2) Dikes from the main magma chamber cut the

Amisk and Missi Groups, and crystallized to form the melano

cratic mafic rocks. Cumulates of pyroxene (and olivine?)

formed locally. These early crystalline Boundary intrusions

were foliated and completely altered during the waning stages

of P2.

(3) Differentiation of the main mass of mafic

magma occurred at a high fH20
and relatively high or increas

ing f02•
The relatively high water content of the magma

may have been a primary feature, or alternatively the water

may have been incorporated into the magma from water-bearing

sediments and volcanic rocks undergoing metamorphism. The

high fH20 allowed the crystallization of biotite and horn

blende at a relatively early stage of differentiation.

(4) The differentiating mafic magma was tapped
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repeatedly during the waning stages of P2 deformation,

resultin� in the brecciation and diking of earlier crystal

lized pyroxene diorites by later pyroxene, and eventually

hornblende, diorites. Successive differentiates, carryin�

significant amounts of suspended ferromagnesian phenocrysts,

each in turn cut and brecciated earlier differentiates.

Complete consolidation of all mafic rocks was accomplished

prior to the end of P2 and M2.

(5) Intrusion of calc-alkaline felsic melts was

localized in the zone of early P3 fracturing (zone of mafic

Boundary intrusion), resulting in the diking and brecciation

of mafic group rocks. Emplacement of the Phantom Lake

porphyritic granodiorite stock occurred at about the same

time (1835 m.Y.1 R. MacQuarrie, pers. comm.).

(6) Intrusion of a second batch of high-MgO

tholeiitic olivine basalt magma, which may have contained

suspended clinopyroxene and olivine crystals. Minor stoping

of the country rocks during emplacement of the magma resulted

in the incorporation of diorite and Amisk Group xenoliths

into the marginal zones of the intrusion.

(7) Water became concentrated at the margins of

the intrusion, possibly resulting in crystallization from

the centre outwards (Kennedy, 1955). Fractionation of sub

equal amounts of olivine and clinopyroxene produced the

cumulate wehrlites, and marginal cumulates crystallized

abundant intercumulus hornblende. Batches of intercumulus

liquid that were squeezed out of the crystal mush produced
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hornblende-rich dikes in the diorites bordering the ultra

mafic mass.

(8) A thin, local layer of olivine gabbro was

produced on top of the olivine-clinopyroxene cumulate mush.

Crystal movements related to final P2 deformation or P)

faulting produced a zone of mixing between the partially

consolidated olivine gabbro and wehrlite crystal mush. P3

fractures may have localized the few olivine gabbro dikes

found in wehrlite and mafic �oup rocks.

(9) The remaining gabbroic liquid may have been

emplaced at higher levels, and was therefore removed by

subsequent erosion.

(10) Gentle arching of the intrusion, and sub

sequent erosion, resulted in the present configuration of

olivine gabbro at the margins of the wehrlite mass.

(11) P3 faulting continued, to produce P3 structures

in all Boundary rock types.
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COMPARISON WITH SIMILAR INTRUSIVES

The Boundary intrusions have some features in common

with Alaskan-type zoned ultramafic intrusions and a group

of intrusions in the Quetico area of northern Ontario, notably

the abundance of hornblende in the marginal zones of the

ultramafic bodies and the concentric arrangement of rock

units. The major features of the three intrusive associa

tions are compared in Table 10.

It is clear that while the Boundary and Quetico intru

sions resemble some aspects of the zoned ultramafic complexes,

major differences do existl

(1) The Alaskan intrusions are all distinctly

alkaline, Irvine (1973) considers the most probable parent

composition of the Duke Island complex to be water-rich

picritic ankaramite. The Boundary intrusions are clearly

subalkaline (Fig. 15), and are probably related to an MgO

rich, aqueous olivine tholeiite parent. Watkinson and

Irvine (1964) have suggested that the Quetico intrusions

are the products of fractional crystallization of an aqueous

tholeiitic olivine basalt liquid.

(2) Boundary clinopyroxenes exhibit a trend of

limited iron enrichment accompanied by decrease in Ca during

differentiation (Table 6, Fig. 34). They have compositions

similar to tholeiitic clinopyroxenes (Fig. 34), and must be

very close to the Ca-rich pyroxene-Ca-poor pyroxene solvus.

Al203 contents of Boundary augites (2.8 percent) are consistent
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Fig. 34. Compositions of analysed Boundary clinopyroxenes

compared to pyroxenes from selected igneous associations.

Orthopyroxene is very rare in Boundary rocks, and none were

analysed during this study. Data are from Watkinson and

Irvine (1964)1 Deer, Howie, and Zussman (1962); Best and

Mercy (1967), Wager and Brown (1967), and Irvine (1973).
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with tholeiitic parentage (Challis, 1965, Fig. 6). In marked

contrast, clinopyroxenes from zoned ultramafic intrusions

have high contents of Ca (Fig. 34) and A1203' which are

consistent with the bulk alkaline character of the complexes.

The Quetico clinopyroxene composition, while apparently lying

further from the two-pyroxene solvus than the Boundary augites.

nevertheless is not marked by an extremely high Ca content.

(3) Alaskan-type zoned ultramafic complexes are

characterized by cotectic precipitates of olivine and chromite

(019SChr2)' olivine and clinopyroxene (0120CpxSO)' and clino

pyroxene and magnetite (CpxS5Mt15' Irvine, J97h). Rock types

corresponding to these cotectic precipitates are completely

lacking in the Quetico and Boundary intrusions. Differentia

tion paths for the parent liquids of the Alaskan and the

Precambrian intrusions must have been radically different.

Clearly, the Boundary and the Quetico intrusions are

not equivalent to the younger Alaskan-type zoned ultramafic

complexesl the magma compositions, differentiation paths,

and mineralogy are quite different. The Boundary and Quetico

intrusions, however, are similar in most general aspects

(Table 10). An analysis of a possible Quetico chilled margin

(Table 3, analysis B) compares closely with Boundary biotite

augite mela-diorite - note especially the low A1203 and high

MgO contents of both rock types. These intrusions do not

fit into any of the three classes of Archean ultramafic rocks

described by Naldrett (1972)' (1) large (30 to 80 km long)
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dominantly mafic igneous complexes, (2) smaller (2 to 16 km

long, up to 1 km thick) gravity stratified sills, and (3)

small peridotite-pyroxenite lenses (lacking gravity strati

fication) characterized by skeletal, acicular crystals of

olivine and/or pyroxene. At least some of the small lenses

represent ultramafic lava flows (Pyke et al., 1973).

The Boundary and Quetico intrusions represent a distinct

class of small, lensoid, syn- to post-tectonic intrusions

characterized by low contents of Al203' and high contents

of MgO and, to a lesser extent, alkalis. Their bulk compo

sitions are subalkaline. The variant rock types were produced

by crystal fractionation of olivine and clinopyroxene from

an olivine tholeiite parent magma, a high water content for

which is evidenced by the crystallization of hydrous phases

for a large part of the differentiation history of the magma.
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Table 10. Comparison of Alaskan zoned ultramafic intrusions, Boundary intrusions, and Quetico

intrusions. Data for the zoned ultramafic complexes are from Jackson and Thayer (1972), Irvine

(1967, 1973, 1974), Taylor (1967), Murray (1972), Ruckmick and Noble (1959), and Findlay (1969).

Data for the Quetico intrusions are from Watkinson and Irvine (1964).
- -- -- - -- -- -------- - - --

ZONED ULTR�\UFIC INTRUSIONS BOUNDARY INTRJSIONS QUETICO

MAJOR ROCK TYPES olivine clinopyroxenite, biotite-augite diorite, hornblende peridotite,

(in order of de- hornblende-magnetite clino- hornblende diorite, wehr- peridotitic hornblendite,

creasing abundance) pyroxenite, wehrlite, dunite, lite, hornblende wehrlite, hornblendite, feldspathic

hornblendite. olivine gabbro. hornblendite, hornblende

.rsabbro.

AGE early Late Cretaceous Aphebian. Archean (?).

(Alaskan intrusions).

STRUCTURAL SETTING Intrusive into metamo�phic Intrusive into metamorphic Intrusive into meta�orphic

country rocks, usually meta- country rocks. Chilled country rocks (paragneiss).

gabbro. Chilled borders borders absent. Ultramafic Chilled borders rare.

t rare to absent. rocks emplaced into meta- Syn- to post-tectonic.

Locallized in eugeosynclinal diorite.

orogenic b�lts. Late tectonic.

SHAPE Cylindrical, with roughly Lensoid to dike-like. Lensoid.

concentric map units.

SIZE 1 to 10 km in diameter 100 x 450 m to 60 x 400 m to

900 x 3600 m 460 x 760 m

TEXTURE Cumulus Cumulus (ultramafic rocks) Cumulus

Mush-flow Porphyritic (mafic rocks)

CROSS-CTJTTING hornblende-anorthite pegmatite Rare in ultramafic rocks, Absent?

ST�'JCTURES dikes and veins, clinopyro- olivine gabbro dikes in Local hornblende pegrnatiti

xenite veins. wehrlite, olivine gabbro se�re.g'ations.

xenoliths in marginal

__J
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ZONED ULTRk�FIC INTRUSIONS
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BOUNDARY I��RUSIONS QUETICO

portions of wehrlite.

Common in mafic rocksJ

intrusive breccias and

dikes of hornblende

diorite. quartz diorite,

grandodiorite.

THERMAL EFFECTS None detected.Very strong contact meta

morphism over large

distances.

No visible effects.

LAYER IN::;

......

�

\..J

Rhythmic layering, graded

bedding of olivine and

pyroxene crystals, sedi

mentation structures,

liquidus temperatures of

phases decrease outward

through successive zones.

Absent in ultramafic rocks. I Absent.

Steeply dipping phase

layering present locally

in mafic rocks •

MINERA�OGICAL ZONIN::;IDunite core, with successive

shells of wehrlite, olivine

clinopyro�enitet magnetite

cl inopyroxeni te, and· horn

blende clinopyroxenite.

Wehrlite core, grading

outward to hornblende

wehrli te.

Central peridotite,

grading to marginal

hornblendite.

CRYSTALLIZATION

SEQUENCE

Olivine + chromite, olivine

+ clinopyroxene, clinopyro

xene + magnetite, with

gradual increasing crystal

lization of post-cumulus

hornblende.

Olivine + clinopyroxene

with gradually increasing

olivine, olivine + clino

pyroxene, clinopyroxene +

crystallization of post-

I
hornblende, hornblende,

cumulus hornblende. Cpx + hornblende + plagioclase.

plag + bi, cpx + hb + plag,

hb + plag + qtz + micro-

cline.



ZONED ULTRM�FIC INTRUSIONS BOU��ARY INTRUSIONS

MINERALOGY

(1) OLIVINE

QUETICO

(2) CLINOPYROXENE

(Fig. )2)

() HORNBLENDE

r-'

�

�

(4) PLAGIOCLASE

(5) MAGNETITE

ILMENITE

(6) ORTHOPYROXENE

F090 (dunite) to F078

(olivine clinopyroxenite)

Ca45Mg48Fe7 to Ca50Mg)8Fel2

4 to 7 percent Al20)

14.5 - 17.0 percent A1203'

Postcumulus, in part a re

placement of clinopyroxene.

Abundance demonstrates that

the intercumulus liquid was

H20-rich.

anorthite pegmatites.

Abundant magnetite (15-20

volume percent) is typical

of pyroxenite and hornblende

pyroxenite.

Very rare, En74-93

F079 (wehrlite) to

F068 (olivine gabbro)

Ca46Mg50Fe4 (wehrlite) to

Ca4oMg45Fel5 (olivine

gabbro)

2.8 percent A1203 in augite

from olivine gabbro.

F080_8) (hornblende

peridotite and perido

titic hornblendite)

Ca4sMg46?e9' does not

change defectably

throughout the body.

�

7.2 - 13.0 percent Al203'
Postcumulus, in part re- Late magmatic, poikilitic.

placing clinopyroxene. Increases in abundance

Increases in abundance from centre to margins of

from 5 volume percent in the intrusion.

centre of ultramafic mass

to 40 volume percent at the

margins.

An58-49 (olivine gabbro)

Primary oxides present but

not abundant (1 percent).

Absent to very rare

An)O_40 (feldspathic

hornblendite).

Rare

Rare, En?8

Rare, A�0_98' An66in the peripheral

Present only in peripheral portions of the wehrlite

hornblendites and hornblende- mass.

RELATIONSHI? TO

ASSot(l)
Ultramafic intrusion

CIATED ��FIC ROCKS emplaced into older gabbros.

uabbro is intensely amphibo-

(I) Ultramafic rocks are

youn�er than the enclosing

mela-diorites.

Co-genetic.

Associated mafic rocks are

typically hornblende



l
!

ZONED ULTRAMAFIC INTRUSIONS BOUNDARY INTRUSIONS QUETICO

litized around margins of

intrusion, and permeated by

highly aluminous hornblende

anorthite pegmatite.

(2) }abbros are tholeiitic,

with high A120) contents

(17-20 percent).

() Ultramafic and gabbroic

rocks are unrelated in other

than physical setting

(Irvine, 1967).

(4) Gabbros are genetically

,_.

I
related to the ul traroafic

I I� rocks (Murray, 1972).

r---

WHOLE-ROCK CHEMISTRYI{l) Ultramafic rocks have

fairly high A120), CaO, Na20,

and K20 relative to tholeii

tic intrusions. Almost all

rocks show nepheline in the

norm, and'most show.leucite

and larnite as well. The

alkaline affinities of the

intrusions are clear.

(2) Associated gabbros show

normative hypersthene.

(2) Mafic rocks have calc

alkaline affinities, with

low AI20) contents (12-l4

percent).

All rocks have low
AI20)

contents, and high MgO and

K20, relative to Nockold's

(1954) averages. All are

hypersthene normative

(subalkaline).

gabbros.

Relatively high MgO con

tents. Almost all are

hypersthene normativeJ

subalkaline.

O;U';IN (l) Sequence of multiple in- I Fractionation of olivine

trusions of ultramafic magma

I
and clinopyroxene in sub

produced by progressive frac- equal amounts from a thol-

tional meltinG of the mantle

(Ruckmick and Noble, 1959).

eiitic olivine basalt

liquid, to form the ultra-

Fractional crY8talliza

tion of tholeiitic

olivine basalt liquid,

possibly carry1ns

suspended ollvlne and
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(2) Fractional crystalliza

tion of a single ultramafic

magma (Findlay, 1969).

() Fractional crystal

lization and flow differen

tiation of basaltic magma in

the feeder pipes of volca

noes (Murray, 1972).

(4) Combi�tion of fraction

al crystallization and multi

ple intrusion of several

ultramafic magmas (Taylor,

1967).

(5) Fractional crystalliza

tion of a critically under

saturated (alkaline) magma,

most probably picritic an

karamite. Formed in a sub

volcanic magma reservoir

(Irvine; 197), 1974).

mafic rocks and olivine

gabbros. Fractionation of

augite, possibly minor

olivine, and minor horn

blende (in later stages)

to form the mafic rocks.

Relatively high fH20 and

f02 values in the crystal

lizing mafic magma are

responsible for the mafic

differentiation trend.

The mafic and olivine

bearing rocks crystallized

from separate batches of

magma.

clinopyroxene when

emplaced. Crystalliza

tion at a PH20 of at

least 2500 bars at the

time hornblende began to

crystallize.



CONCLUSIONS

The following conclusions can be made from a study of

the field relationships, petrography, and chemistry of the

Boundary intrusions I

(1) The Boundary intrusions are comprised of three

compositionally distinct, sequentially emplaced rock groupsc

mafic (oldest, mela-diorite to mela-tonalite), felsic (leuco

diorite to granodiorite), and olivine-bearing (youngest,

wehrlite to olivine gabbro). Each group was produced from

a separate ma�a.

(2) The majority of the exposed Boundary intrusions

are members of the mafic group. Crystallization of a tho

leiitic olivine basalt magma at relatively high fH20 and f02

produced the unusual mafic differentiation trend of slight

MgO-enrichment. Fractionation of augite, minor magnetite.

and possibly minor olivine accounts for the observed chemical

variation in the group.

() The leucocratic felsic dikes, which cut all

mafic group rocks, are probably related to the magma(s) which

produced the post-Missi felsic plutons in the Flin Flon-Amisk

Lake area. The dikes do not represent Si02-rich residual

liquids produced by fractionation of pyroxene and/or olivine

from the magmas which crystallized to form the mafic and

olivine-bearing Boundary intrusions.

(4) The olivine-bearing rocks were produced by

fractionation of subequal amounts of olivine and clinopyroxene,

and minor magnetite, from a tholeiitic olivine basalt magma ,
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(5) Emplacement of the Boundary intrusions occurred

durin� the period late P2 to late P). A large F2 anticline

and P) shear planes may have had some effect on localising

intrusion.
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APPENDIX A

PETRO�RAPHIC DESCRIPTIONS OF BOUNDARY ROCK TYPES

Wehrlite

Olivine (1 to 3 rom) is oval in shape, partially replaced

by serpentine, bowlingite, magnetite, iddingsite, chlorite,

and rarely, talc. Serpentine fills a network of fractures.

Clinopyroxene (1 to 2 mm) is rectangular to squarish in out

line, with some adcumulus overgrowths, patchy alteration to

brown hornblende, minor replacement by actinolite and biotite.

Brown hornblende (to 3 rom) is postcumulus, poikilitic, parti

ally replacing clinopyroxene. Biotite (phlogopite?) is 0.5

to 2 mm, pleochroic from very pale brown to light reddish

brown, interstitial, altered to opaques, with sagenitic rutile.

Plagioclase (0.3 to 2 mm) is anhedral, interstitial or poiki

litic, An66 to AnSI (opt.). Orthopyroxene (0.5 to 1.5 mrn)

is anhedral, very rare. Trace euhedral apatite in some samples.

Cumulus texture.

Olivine gabbro

Olivine (1 to 2.S rom) is oval, subhedral, with 0.1 to

0.2 rom thick rims of anhedral clinopyroxene; replaced along

fractures by serpentine and magnetite. Clinopyroxene (0.2

to 1.S rom) is subhedral to euhedral, twinned, with patchy

alteration to brown hornblende, biotite, and opaques. Biotite

(0.3 to 3 rom) is anhedral, poikilitic, pleochroic from pale

yellow-brown to deep red. Hornblende (0.5 to 2 mm) is an-
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hedral, interstitial, pleochroic from yellow-brown to brown.

Clinopyroxene is resorbed and embayed against both biotite

and hornblende. Plagioclase (0.2 to 1 mm) is A�9 to AnSR

(microprobe), subhedral to anhedral interstitial, enclosed

by hornblende and biotite. Most crystals are unzoned (Table

6), with distict albite twinning, minor sericitization and

sau88uritization. Apatite forms euhedral inclusions in pla

gioclase. Textures hypidiomorphic-inequigranular to por

phyritic.

Serpentinized ultramafic rocks

Mineralo�y similar to wehrlite, except olivine is com

pletely replaced by serpentine, magnetite, and minor talc,

tremolite-actmolite, and iddingsite. No bowlingite. Clino

pyroxene is extensively altered to actinolite, magnetite,

minor chlorite and serpentine.

Meta-pyroxenite(?)

Actinolite (0.) to 1 mm), is fibrous to coarsely bladed;

biotite (0.1 to 0.5 mm) is interstitial to actinolite, yellow

green; chlorite (0.2 mm) is pale green. Heteroblastic texture.

Coarse-grained porphyritic mela-gabbro

Actinolite + biotite + chlorite pseudomorphs after 1 to

6 rnm subhedral to euhedral pyroxene. Pyroxene originally

comprised 70 to 80 percent of the rock. Plagioclase (0.) to

0.5 mrn) is interstitial, anhedral to roughly subhedral, An7

(opt.) altered to carbonate and saussurite. Green hornblende
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rimmed and replaced original pyroxene, and is partly replaced

by actinolite, biotite. Biotite (01. to 1 mm) is yellow-brown;

some may be primary, poikilitic. Coarsely porphyritic texture.

Foliated porphyritic gabbro

Resembles the coarsely porphyritic mela-gabbros in miner

alo�y and degree of alteration, but the actinolite + biotite +

chlorite pseudomorphs after pyroxene are only 2 mm in diameter

and comprise 60 percent of the rock. Foliation (poorly defined)

is formed by parallelism of biotite flakes and actinolite prisms.

Hornblende pyroxenite

Hornblende (2 to 12 mm in diameter) is pleochroic from

yellow-brown to brown (or green), anhedral; roughly circular

oikocrysts contain sharply bounded, often oval or square areas

of actinolite + chlorite ± opaques alteration after primary

clinopyroxene. Rare relict clinopyroxene. Hornblende itself

is extensively replaced by actinolite. Rare, interstitial

pla�ioclase (AnS' opt.), heavily epidotized. Texture is

poikiliticl subhedral cumulus pyroxene with abundant inter

cumulus hornblende.

Hornblendite

Hornblende (0.5 to 2 mm) is pleochroic from pale yellow

to green or greenish brown, often twinned, roughly 8ubhedral,

partially replaced by green biotite, actinolite, chlorite,

opaques, carbonate. Sphene is associated with chlorite.

Plagioclase (0.2 to 1 mm) is anhedral, interstitial, heavily
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altered to sericite and epidote. Apatite (0.1 to 0.2 mm)

and opaques (0.1 to 0.2 mm) are subhedral inclusions in

hornblende. Hypidiomorphic-interlocking texture.

Biotite-augite diorite

See text, p , 20.

Hornblende mela-diorite

Hornblende (0.5 to 6 mm) is subhedral to euhedral,

pleochroic from pale yellow to greenish brown, often twinned,

with patchy alteration to actinolite, biotite, chlorite,

opaques, and sphene. Pla�ioclase (0.5 to 2.5 mm) is usually

anhedral, enclosing hornblende, altered to sericite, car

bona�e, saussurite. Quartz (0.3 mm) is anhedral, intersti

tial. Biotite (0.1 to 0.5 mm) is green (alteration of horn

blende) or brown (alteration of hornblende, and primary

phase). Apatite (0.1 to 1 mm) is euhedral, often with

opaques as inclusions in hornblende. Texture is porphyritic.

Some have to 20 percent pseudomorphs after pyroxene pheno

crysts.

Hornblende mela-quartz diorite

Hornblende (0.5 to 2 mm) is subhedral to euhedral,

usually pleochroic from pale yellow-brown to brown, with

green rims, apatite and opaque inclusions. Patchy to almost

complete replacement by actinolite, chlorite, biotite, sphene,

carbonate, epidote. Plagioclase (0.3 to 2 mm) is subhedral

to anhedral, usually about An7 (opt.) but unaltered cores
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are An)l (opt.). Large anhedral plagioclase grains partially

enclose hornblende. Variably saussuritized, sericitized.

replaced by carbonate, occasionally in a fine, met�norphic

intergrowth with quartz. Quartz (0.2 to 0.5 mm) is intersti

tial to plagioclase, hornblende. Biotite (less than 0.5 mm)

is an alteration of amphibole, pleochroic brown, in part

altered to chlorite.

Hornblende mela-tonalite

These rocks differ from mela-quartz diorite only in the

amount of quartz present. Subhedral to euhedral hornblende

phenocrysts to 2 mm typically comprise nearly 50 percent of

the rock.

Hornblende mela-monzodiorite

Hornblende (1 to 5 mm) is subhedral to euhedral, pleo

chroic, zoned from yellow-brown to tan-brown in cores to

green at the rims, with patchy, weak replacement by actino

lite, chlorite, biotite, epidote, sphene, carbonate, opaques.

Apatite and opaque inclusions. Some partially resorbed horn

blende crystal mar�ins. Plagioclase (1 to ) mm) is anhedral

to (rarely) subhedral, interstitial or poikilitic to hornblende,

Anl to An? (opt.), altered to sericite, saussurite, epidote,

some heavily hematized. Microcline (0.3 to 2 mm) is anhedral,

interstitial to hornblende and subhedral plagioclase, with

light sericite and hematite alteration. Quartz (0.2 to 0.5

mm) is anhedral, interstitial, weakly strained. Biotite

(0.2 mm) is pleochroic from pale yellow-brown to brownish-
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green, metamorphic, in part altered to chlorite. Porphyritic

texture.

Porphyritic leuco-diorite

Plagioclase phenocrysts (2 to 8 rnm) are euhedral, zoned

from An)9 in cores to An35 just inside outermost rim (micro

probe). Rim is Anll (microprobe), with blebs of microcline.

Usually a sharp contact exists between sodic rim and andesine

core. Some plagioclase has oscillatory zoning, all are in

part altered to saussurite. sericite, hematite. �roundmass

pla�ioclase (0.2 to 1 rom) is subhedral. Microcline occurs

in plagioclase crystal rims and as anhedral interstitial

grains. Quartz (0.2 to 0.5 mm) is anhedral. Biotite (0.4 mm)

occurs as anhedral flakes. pleochroic from pale yellow-brown

to dark brown, in part altered to chlorite, sagenitic rutile.

�reen biotite replaces clinopyroxene. Hornblende (0.5 to

2.5 mm) is anhedral to subhedral, green, with apatite inclu

sions. Clinopyroxene (rare, 1 to 2 mm) is rimmed by hornblende,

and replaced by actinolite, chlorite, biotite, opaques.

Porphyritic texture.

Andesinite (?)

Composed almost entirely of subhedral plagioclase (0.1

to 4 mm), An) (opt.). Quartz (0.2 to 0.3 mm) is interstitial.

Biotite, pleochroic from yellow to greenish brown, and green

chlorite occur as fine shreds between plagioclase crystals.

Texture is hypidiomorphic-granular.
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Quartz diorite

These rocks vary considerably in �rain size, tex�ure,

alterationf and mineralogy. Some are clearly varietjes 0:

other felsic rock units. In general, the texture is hypi

diomorphic-granular, dominated by subhedral �reen or brown

hornblende (0.5 to 2 mm) and subhedral plagioclase (0. c, to

3 mm) An? or An30 to An55 (opt.). Hornblende i s replc�cer1

by actinolite, chlorite, biotite, carbonate, epidote, sphene,

opaques. Plagioclase is variably sericitized, saussuritized,

hematized. Quartz is anhedral, interstitial; microcline is

usually absent. Opaques, apatite and sphene are accessory

phases.

Hornblende tonalite

The dike-forming tonalites in the Club Lake area have

subhedral plagioclase (0.5 to 1 mm) with rims An)l (opt.)

and heavily saussuritized cores. Quartz (0.2 to 0.8 mm)

is anhedral, strained. Hornblende (0.8 to 2.5 mm) is sub

hedral to euhedral, pleochroic from yellow-green to bluish

sreen, commonly twinned, occasionally zoned. variably altered

to brown biotite, minor actinolite, chlorite. "Mafic clots"

(altered hornblende glomerocrysts?) of hornblende, biotite,

actinolite, chlorite, and opaques are common.

The intrusive breccia-forming tonalites in the Phantom

Lake area have subhedral plagioclase (0.2 to 0.5 mm, pheno

crysts to 1.5 mm) with strong normal zoning. ATI42 in cores

to An29 at rims (opt.). Cores are heavily saussuritized.
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�uartz is interstitial, very fine ;f3rained. Eornblend t: ,,-'- to

4 mm) is euhedral, sometime� acicular, pleochroic yel:ow

green to �recn, weakly altered to �reen biotite, chlorjte.

epidote, actinolite.

Quartz monzodiorite

Pla�ioclase (0.5 to 2 mm) is subhedral, with irre'�ular

resorbed rnar.r:;ins; rims are An)O (opt.), cores heavily S:::t1J.S

sur i t Lz ed
, hematized. Some sericite. Quartz (0.) to 2 mm)

is anhedral, interstitial. Microcline (0.5 to ) mm) is

anhedral, interstitial to plagioclase and mafics. weakly

sericitized and hematized. Mafic minerals are not abunrlantt

shreddy chlorite and biotitR, sphene, opaques; some samples

have ra'�ged hornblende (1 to 2 mm) ,
which is pleochroic ':reer"

replaced by actinolite, biotite, chlorite. Euhedral sphene

(to 0.5 mm) is common in some samples, alters to fine opaques.

Hypidiomorphic-granular texture.

Xornblende granodiorite

Pla�ioclase (0.5 to 1 mm) is subhedral, with irre,;ular

resorbed borders; zoned, with cores An32
and rims An26 (opt.),

weak to moderate alteration to saussurite, sericite, hematite.

Patchy replacement of plagioclase crystal rims by microcline.

i'wo-pha�:;e alkali (?) feldspar (0.5 to 2 mm) is anhedral, ''lith

neither albite nor scotch-plaid twinning. Quartz (0.2 to 1 mm)

is interstitial to plagioclase. Hornblende (0.2 to 1 mm) is

subhedral, ragged, pleochroic yellow-green to green, weakly

altered to actinolite, sphene, epidote, chlorite. Hypidiomorphic

granular texture.
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Phantom Lake porphyritic �ranodiorite

Distinctly porphyritic, with phenocrysts of microcline.

plagioclase, quartz, hornblende, and biotite in a very fine

�rained �roundmass of quartz, plagioclase, and microcline.

Microcline phenocrysts (to 1 em) have inclusions of horn

blende, plagioclase, sphene. magnetite, and apatite, alter

ation to sericite and hematite is very weak. Plagioclase

phenocrysts (1 to 2 rom) have oscillatory zoning, An28 in

cores and An21 at rims (opt.). Concentric shells of ser

icite, saussurite alteration. Quartz phenocrysts (0.5 to

1 mm) are rounded to subhedral, sometimes deeply embayed.

Subhedral hornblende (to 1.5 mm) is pleochroic yellow-green

to �reen, variably altered to greenish-brown biotite, epidote,

chlorite, sphene, actinolite. Primary biotite (to 1 mm) is

subhedral. pleochroic pale brown to brown, partly altered

to chlorite, sphene. Euhedral sphene (0.5 mm) is a common

accessory. The groundmass comprises 15 percent of the rock.
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APPENDIX B

ESTIMATED MODES OF BOUNDARY ROCKS

Numbered samples have chemical analyses; see Table J for

the correspondin� rock names. Lettered columns (A to H) are

avera�ed compositions of Boundary rock types for which there

are no chemical analyses I

B

Serpentinized ultramafic rocks

Meta-pyroxenite

Coarse-grained porphyritic mela-gabbro

Foliated porphyritic gabbro

A

C

D

E Hornblende mela-tonalite

F Hornblende mela-monzodiorite

Andesinite

H Hornblende tonalite (Phantom Lake type)

Lettered columns I and J are the average compositions

of pyroxene diorites in the Phantom Lake and Club Lake areas,

respectively. I is an average of 17 modes, J is an average of

6 modes.

Primary biotite is designated "P", metamorphic biotite

is designated "M". An X in the mode columns denotes presence

of that mineral, but no estimate was made of its abundance.
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124 157 2L� e8 102 C17 c6 ?S c ;>(,

Olivine IS 20 20 20 15

Clinopyroxene 37 48 40 25 20 )0

Orthopyroxene tr? 1 tr? tr

Hornblende 5 2 20 20 80 25 5 20

Biotite (?) 2 10 tr 15 tr 15 5

Biotite (M) 5 1 4

Plagioclase 5 2 )0 40 tr 40 35

rv�icrocl ine

Quartz

Apatite tr tr tr 1 2 tr tr

Opaques 15 2 7 5 2 7 6 ) 1

Sphene tr tr

Serpentine 10 1 2 1 tr

Bowlingite 5 ) 5 1 1 tr

Iddin"Ssite tr 2

Talc tr 5 2

Actinolite tr tr 2 2 1 5 65 5 )0

Chlorite 10 3 tr tr 1 2 J

Epidote
tr tr tr tr X 2

Sericite X

Carbonate --- tr tr 2 tr tr

Hematite tr
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C16 C21 170 51 168 C7 Cll C12 112

Olivine

Clinopyroxene 7 tr

Orthopyroxene

Hornblende 10 35 25 20 30 40 15 7

Biotite (p) 10 2 2

10 10

Biotite (M) 2 5 8 7 5

Pla.�ioclase 40 45 25 40 40 44 53 48 70

I'I1icrocl ine tr tr 3

Quartz J 5 10 tr 10 10 3

Apatite
1 1 tr tr tr 1 tr tr 1

Opaques J 2 tr tr 1 tr 1 1 1

Sphene
tr tr tr tr 1 2 1 tr

Serpentine
---

Bowlingite

Iddingsite

Talc

Actinolite 25 10 25 25 10 5 tr 2

Chlorite
2 1 10 8 1 3 20 5 1

Epidote
X X X X X 10 10 3

Sericite
X X X X

Carbonate
tr tr 1 1 1 5 tr tr

Hematite
X
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checked for homogeneity prior to data collection, and all

plagioclase grains were analysed in cores and rims separately.

The standards employed include Amelia albite, anorthite

glass, Adularia, and the Ca-amphibole hastingsite R16l5. The

compositions used for the EMPADR program werea (1) for Amelia

albite, that determined by Smith and Ribbe (1966), (2) for the

synthetic anorthite glass, the stoichiometric anorthite compo

sition, (3) for Adularia, that determined at the University of

Manitoba by a combination of wet chemical and x-ray fluorescence

techniques, and (4) for the Ca-amphibole R1615, that determined

at the �niversity of Minnesota by wet chemical techniques.
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