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Abstract -

| The Whitewater-Mojikit Lakes study-area forms part of a large area of

orthopyroxene-gone, high-grade metamorphic rocks, located within the
English River Subprovince of the Superior Province, northern Ontario. %, The
area is underlain by Archean metasedimentary rock, primarily metagreywacke
containing thin metapelite layers as well as mafic hornblende gneiss layers
of unknown origin Pre-metamorphic grey, hornblende- biotite metatonalite
plutonu are intrusive into the metasedimentary rock.

Late Archean Metamorphism is within the orthopyroxene-zone of hign- grade
motamorphism throughout most of the study-area, as defined by thé presence
of o:;pnpvroxene in mafic hornblende gneiss layers. Cordierite-garnet-K
feldépar-zone high-grade assemblages in metapelite persist into the
orthepyroxene-zone. Metagreywacke is comprised of the simple assemblage,
biotite-garnet-plagioclase-quartz-dlmenite, regardless of metamorphic
grade. Metamorphic grade decreases in the extreme southeastern portion of
the study-area, with sillimanite-K feldspar-zone high-grade and muscovite-
quartz-zone medium-grade assemblages recognized in metapelite.

Moetamorphism has resulted in two phases of mnigmatization in metapelite and
metagreywacke: 1) an early phase of internal (in eitu) migmatization, and
2) a later phase of external migmatites which is responsible for most of
the migmatitic leucosome in the study-area. The early phase is believed to
have been derived by partial melting at or near the granite solidus,
although a subsolidus. origin can not be ruled out. The leucosome of the
later phase of migmatization has been derived by partial melting of
primarily metagreywacke at'ﬁapth. and was subsequently emplaced at the
level presently exposed. Late, white, biotite pegmatite dikes intrude the
metasedimentary rocks, and may represent the latest crystallized melts of
external migmatization.

Key words: Canadian Shield, cordierife-garnet—x feldspar—zone. English
River Subprovince, high-grade metamorphism, metagreywacke, metapelite,
nigmatization, muscovite-quartz-zone, orthopyroxene-zone, Superior Province
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1. INTRODUCTION

1.1 Location and Expoéure

The study-area is in northwestern Ontario, approximately 210 km north
of Thunder Bay. It is iocated uithin sheet 511 of the Cunadlaq NTS syastenm.
The area is bounded by the lakes Whitewater (NW), Smoothrock (SW), and
MoJikif {SE), and by the Ogoki Reservolir (NE).

Mapping was restricted ~ to shoreline outcroppingas given the
considerable sle of the study-area and the \kenaral lack of exposure
inland. Access is limited to canoe and float piane as there are no roada
of any type within the study-area.  The rellef i¥ generally low and

drainage is poor.

1.2 Previous Work :

The most extensive geological investigations in the English River
Subprovince were undertaken by the Ontario Geological Survey as a regional
mapping project in the mid 1970's (summarized in Breaks et al. 1978). The
0GS study however, includes only the extreme western-moat portion of the
present study-area.

Previous geological work in the study-area includes reconnaissance-
scale mapping by the 068 (Pye and Harris 1965, Davies et al. 1966, Sage et
al. 1974) and a compilation map {(Stott 1984). The most recent work was
regional-scale shorelihe mapping in a portion of the area by the Geo}og]cal

Survey of Canada in 1982 {Percival 1983a).



1.3 Reglonal Geological Setting

The English River Subprovince (ERSp), within which the study-area
lies, s located within the Superior Province of the Canadian Shield.

Until recently the ERSp was defined to include a northern metasedimentary

domain and a southern plutonic domaln (Beakhousel1977. Breaks et al. 1978).

Card and Cicéielski {19868) have redefined the ERSp to represent only the
previously deflined northern metasedimentary domain. The southern plutonic
domaln has been subdivided into two separate subprovinces, namely the Bird
River and Winnipeg Q}ver Subprovinces (figure 1.1). This represents a
logical separation as there are no strong lithologic, .structural. or
chronological similarities to 1link together the northern and southern
domains (cf. Krogh et al. 1976, Breaks et al. 1978). The Superior Province

subdlvisions of Card and Cileslelskl {1986) will be adopted in this study.

SACHIQD

[ 100 300 300
Kilomelers

Fiﬁure 1.1. Subdivision of the Superior Province of the Canadian
Precambrian Shield., proposed by Card and Ciesielski (1986). Includes the
location of the present study-area.

-+
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The English River Subprovince is. dominated by hlgﬁ-grade biotite and
garnet-bearing metasedimentary rocks of pfadoninnntly greywacke composition
with smaller amounts of rock of pelitic composition, and exhibits varying
degrees of migmatization. The only other mappable rock types are pre-
-etauorphic granitold plutons of dominantly tonalite qco-pusltion. and
younger, Proterozolic gubbro- dikes and sills (Breaks et al. 1978}).
Radiometric dating indicates that all rocks, with the exception of the late
gabbro dikes and sills, were emplaced and/or metamorphosed during the late
Archean (Krogh et al. 1978).

Directly north of the ERSp lies the Uchi Subprovince which 1is a
volcano-plutonic terrain. To the south the ERSp is in contact with three
.gubprovinces which, from west to east are: the Bird River, the Winnipeg
River, and the Wabigoon. The Bird River and Wablgoon Subprovinces are
volcano-plutonic ter}aina ;hile the WinniPeg River Subprovince 1is a
plutonic terrain. The ERSp is distinguished from the adjoining belts by

{:;, its paucity of uetavolqanic and post-metamorphic felsic plutons.

Metamorphic grade throughout most of the ERSp 1s high-grade, with
several large areas of orthopyroxene-zone high-grade metamorphiem (grade
clagsification after Winkler 1978). _A thin discontinuous area of medium-
grade mefamofphism is locqlly observed at the margins of the Subprovince
(Breaks et al. 1978). However, there is generally an abrupt ilncrease from
Jnedium and low grades in adjoining aubproﬁinces to high-grade conditions
within the ERSp. The abrupt transition in metamorphic grade is caused by
post metamorphic faults which appéar to be guided by the interface batween
the English River and the adjolning.aubprovinces. Exceptions to this trend
include the contact of the ERSp with: 1) thelulnnipez River Subprovince,
which is fault bounded but which has also beenhietannrphosad to generally

¢

high-grade conditions, and 2) small portions of the contact with the Uchi
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Subprovince, in which the progressive metamorphic zonation from low grade

=

conditions in the Uchi Subprovince to high-grade conditions in the ERSp is

still intact (Breaks et al. 1978).

-

1.4- Scope of the Present Study

The Whitewater-Mojikit Lakes study-area is a high-grade migmatite
terrain underlain dominantly by netagreywécke. containing layers of
metupelite. It therefore provides an excellent opportunity to study and
contrast the metamorphism and migmatization of pelite and greywacke.
Pfevioua studies in the Engliah River subprovince have attributed migmatite
generation to melting of metasedimentary rock without éiving much thought
to the nature of the protolith nor the different behaviour of pelite and
greywacke compoaitions to migmatization (Harris 1976, Harris ;nd Goodwin
1078, Breaks et al. 1978). In addition at least two generations of
migmatite can be recognized in the study-area. Much of the leucosome for
the later generation of migmatite appears to have been generated at depth
and alpla:ed at the levei of exposure which is now exposed at the surface.
The origin aﬁd generation of these granitoid rocks will be investigated.
Subsolidus and melting phase equilibria in model systems of compositions
appropriate to the metasediuantafy rocks will be discussed.

In chapter 2 some ternlnolqu and theory concerning llgnatiteé will
be discussed. Chapter 3 describes the general geology and petrology of the
main rock types in the study-area. The chemical composition of the
migmatitic letnsedinenturﬁ rocks and their constituent minerals is
discussed in chapter 4. Chapter 5 describes the metamorphism and early
migmatite generation, with emphasis on phase equilibria 1in the

metasedimentary rocks. The pressure teaperature conditions ‘deduced by

geothermometry and geobarometry are dinbusaed in chapter 6. Thé structural

0
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geology 1s deacribed in chapter 7. The later generation of migmatite is

discussed in detail in chapter 8, and a model for the developlont of

migmatite is presented.

study and points to areas where more research is needed.

1.5 Symbols

The follow

Mineral ab

Pl

ing is a list of symbols uséd within the thesis.

And - Andalusite
Ap - hpatite

Bt - Biotite
Cdt - Cordierite
Co - Corundum
Grt - Garnet

Gph - Graphite
Ilm - Ilmenite

Kfs - K feldspar

breviathns
Mgt -
Ms -
opx -
Pl -
Qtz -
511 -
Sp -

Trm -

Model Geochemical Systems

Magnetite

Muscovite
Orthoﬁ;roxene;
Plagioclase feldspar
Quartz

Silliﬁanite

Spinel

Tourmal ine

KFmASH (Fm) - Kao—(Fe0+HgO)—A1203~310 -H,0

KMASE (M) -
KPASH  (F) -
KMPASH (MF) -

KNMFASH (NMF)

Reactions

KZO-HgO-AIZOS—SIO

22

2 H,y0

K20-FeO-A1203-810 -H,0

2 2

KZO-MgO-FeO-A1203~SIO ~H,0

2 2

K20-N320~M20—F80—A1203-8102-HZO

-

in model systems are coded to the model system

numbered. The model system codes are listed above in parentheses.

reactions and reaction numbers are listed in tables 5.1 through 5.3,

Chapter 9 summarizes the major findings of this

and

The
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Example: MF-1 is a reaction in the system KNFASH. NMF-1 is a reaction in

+

the system KNMFASH.

Other Abbreviations

P - Total lithostatic pressure (= Ptotal)

T ~ Temperature }
aHaO - Actlvity of water

PH20 ~ Hydrostatic preaaurf "

xcP - Mole fraction of component C in mineral phase P

or -~ Orthoclase component

Ab - Albite component

An ~ Anorthite .component
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2. TERNINOLOGY OF NIGMATITES

2.1 Definition of a Migmatite

There 18 no unilversally ‘accepted definition of a migmatite or
classification of migmatite structures. Por this reason a classification
of ﬁignatite structures is discussed which is broadly enough defined to be
applicable to any migmatite complex. N

Before ahﬁ migmatite classification éan be considered it is important
that the term migmatite be clearly and unanbiguoual§ defined. The
followiAg definition of a migmatite is proposed which 1n: this author's
opinion is consistent with the common usage of the term fin recent

-
literature. In order to term a rock a migmatite it must satisfy the

\

1) it must be a composite metamorphic rock comprising at least

following criteria:

two parts; a uafic'rich (compared to other part) pari and a
leucocratic part which 1s composed predominantly of guartz and
feldspar. The leucocratic portion of a migmatite is referred
to as the leucosome (Mehnert 1968). The lorgfmafic part of a
migmatite 1is referred as either; the nesosone1 if it does not
appear to have been depleted in felsic minerals during
/nigmatization, or the melanosome 1f it does appear to have been

\depleted during migmatization (Johannes i983).
The different portions of the rock must be intermixed such

L\‘_‘
that the rock mass cannot be properly described by considering

Paleosone refers the the unmigmatized equivalent of aunlzluthed rock.
it differs from mesosome in that mesosome is an unmigmatized portion of a
migmatized rock. The paleosome refers to the rock before migmatization.
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* the leucosome and mesosome and/or melanosome portions as
- separate rock units, and sdép that the leucosome does not form
discrete intrusive bodies (e.g. dikes, sills, and plutons).
Por'exalple. a biotite schist crosscut by pegmatite ‘dikes would
not constitute a migmatite.
Gf The composite nature of the rock must not simply refléct an
'origlnal inhomogeneous protolith, rather i{t must be the result
of some pmetemorphic, metasomatic, or igneous process which has
changed the rock either by the introduction of new material or
by the re-arrangement of the existing chemical constituents.
For example, a rock conprising metamorphosed finely

interlayered basalt and rhyolite is not a migmatite, although

it may satisfy the first two criteria.

There are two parts to the description of a migmatite; the first -part
lnvolve; a description based on ppe—niguatitlc.rock composition or rock
type (e§k>—gaggg§ipiotite migmatite), much in the way that non;ﬁignatitic
metamorphic rocks are described; thie second part involves a description of
the megascopic structure of the migmatite (i.e. contact relations between
leucosome . aﬁd mesosome and/or nelanos;le fractions: e.g. stromatic
migmatite). Many terms presently used to describe migmatite also imply the
process by which the migmatite formed (efg. anptexlte. diatexite}.

—
Interpretation of the origin of a migmatite requires detailed petrological
study and even then one indisputable process may not be proven. Genetic
terms should therefore be avoided in migmatite description. If further
detailed study allows interpretation of the origin of the mnigmatite then a
genetic qualifier may be added to the name. This approach will be taken in

this study.

(2]
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Mehnert (1968, chapter 2) has  proposed a useful deaorlptlve
classification .of ligﬂétita structures, of which a alightly modifled
Jersioﬁ will be wused In this study. Mehnert's classification was
gimplified in an attempt to make it more universally applicable., Soxe of

" Mehnert's terms were tholight (by this author) to be too nurr;nly de}lned.
The tedrms agna;itic. stromatic, phlebitic, augen, schollen, schlleren. and
nebulosér are retained, as defined by Mehnert. Diktyonitic and ptygmatic
atruc;urea‘are considered to be variations of a phlebitic (Yain) str%cture
and are not included. Sticteolithic (fleqy) structure describes the
distribution of mafiocs within the leucosome aﬁd not ;he structure of the
migmatite and therefore is not included. A folded structure is a

_miodification of ;.pre—exiazing migmatite structure and since any migmatite
structure may be modified by deformation the term does not define a unique
migmatite structure. Dilation (Surreitic structure) is a genetic term and
therefore is not included. Podiform, a new migmatite structural term, is
introduced to describe nignatiteiin which the leucosome oécurs aB inoléted

pods and patches within the migmatite. This classification of =migmatite

structures is summarized in table 2.1, and will be used in this study.

2,2 Mechanisma of Migmatization

After having described a migmatite the next logical step is to
investigate the origin of the migmatite or the mechanism(s) of
mipmatization. Migmatization is defined as any process which results in
the formation of a liglatitef The different chhﬂﬂiSlB‘Df migmatization
have been discussed previously, however the classification scheme, based on
the conservation of matter during migmatization (i.e. open versus closed

system migmatization) (e.g. Whit€ 1066, Misch 1968, Mehnert 1868, Yardley
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Classification of mesoscopic migmatite structures {(slightly
modified after Mehnert, 1968) .

Structure Deacription

.

a) Structures in which mesosome (paleosome) 13 commonly preserved

Augen Mehnert suggests that "augen" shaped aggregates
of more than one mineral are not true augen,
which is followed here.
Rock haa a breccliated appearadce with leucosome filling the
space between angular mesosome/melancsome fragments. The
Agmatitic rock will have the appearance that if the leucosome was
removed the fragments of mesosome/melanosome would fit back
together. -
% A structure in which the leucosome forms veins
Phlebltlg) within the leucoscme. The definition of this
- term has been expanded to include ptygmatic and
diktyonic (net-like) structures from Mehnert's
original classification.
The leucosome forms lsolated pods or patches within the
mesosome/melanosome. The "pods” may be regular or
Podiform irregular, and may form in the heterokinetic spaces in
' boudinage rocks thus encompassing the surreitic or
dilation structure of Mehnert's classification.
. A layered structure defined by alternating layers
Stromatic of mesosome/melanosome and leucosome. Layering is
generally parallel to the foliation produced by
the stress field at the time of migmatization.
Mesosome/melanosome form somewhat rounded rafts within the
leucoacme. Thls structure requires a relatively high
Schollic proportion of Jeucosoma. Deformation structures within the

The leucosome forms eye shaped lenses, which
constitute a single graln, commonly a feldspar.

rafts (Schollen) may be common but interaction of mesocsome

with the leucosome is by definition minor.
-

. .
b} Structures in uhicﬁ/:ésoaone (paleogsome) is generally not preserved.

~

Schlieric structures differ from schollic structures in

that by definition there has been considerable interaction

Schlieric between the leucosome and aschollen with are therefore

Nebulitic

termed schlieren. Schlieren migmatites are very
heterogeneous and "turbulent” in appearance.

-

Melanosome and leucosome portions are longer readily

ished by slight variations in mineral content.

of the migmatization may allow their recognition.

identifjéd. Instead they form diffuse portions of the rock

ose migmatites are rather homogeneous al&pough small
scale clustering of mafic minerals may he common. Nebulose
migmatites resemble igneous rocks and only a regional view
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1978) has limited application for most migmatite dtruoturqa which are not
alendﬁle to lnsé balance calculations. A more universally applicable
clasaiticatlon of migmatite mechanisms 1s.prqnpaed.

There are two broad categories of migmatization processes, which
include; igneous (magmatic) processes, and letalo;phlc {subsolidun}
prode;ses {summarized in Yardley 1678). Each process may take b]aca either

by:

1) The Iintroduction of matter i(usually components of the
leucosome) into the rockrnasa, which will be called "External
migmatization”.

2) The rearrangement of the existing chemicﬁl conatituents into
separate leucosome and melanosome—-fractiona, which will be

called "Internal migmatization"”.

v

This results i{n four distian\ migmatization mechanisms, exterpal and
Baternal igneous migmatization, ' and external and internal subsolidus

migmatization, as summarized in table 2.2.

Table 2.2. Matrix showing the different mechanisms of migmatization

Migmatization-process ' ..

IGNEOUS METAMORPHIC

Origin of leucosome
forming material
INTERNAL Partial melting " Metamorphic
{anatectic) D&!tarentintlon

EXTERNAL Igneous injection ’ External metasomationm
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Internal anatectic migmatization or paftial naltinz. 1pvolves the
prétarehtiul melting, segregation, and subsequent crystallization of a
portion of a rock mass to form an igneﬁus leucosome. The solid portion ;r
the'rock depleted in the leucosome-forming components forms the melanosome.
Internal metamorphic migmatization or metamorphic di(gerentiation also -
involves the Qegregation of a mesoscme Into separate leucosome and
melanosome fractions, however, segregation results from metamorphic rather
than melting processesi§

External igneous migmatization, more commonly refepred to as igneous

injection, involves the introduction of a leucosome into a rock mass as a

'4
magma. External solid state migmatization or external metasomatism

lndolves the infiltration of materials into the rock mass to form a
leucosome by metamorphic processes (Yardley, 19878). ° In contrast to
internal migmatization, with external migmatization the cheaical and

mineralogical composition of the mesosome may rema;n unchanged.

The concepts of external aqd'inte;kal migmatization are used instead

r

of the commonly used concepts of 6pen and ciosad system2 migmatization
(e:g. Olsen 1983 and 1985) because the latter are more restrictive in their
acope. For example, the internal migmatization of a volume of rock in
which some of the segregated leucosqde migrates out of the rock is open
system -lglatiéation. but 1is véry different from open system 1gneous
injection. Also ln_nany migmatite terrains it may be wmuch éasier to

establish an internal or external source for the leucosome, than it is to

2 The "system"” refers the largest volume of rock undergoing migmatization

which is undergeing the same migmatization process and resulting in the
formation of the same migmatite leucosome. In a finely layered rock the
size of the system for internal migmatization will be quite small
{restricted to individual layersa), whereas for external migmatization of
the same rock the size of the syastem may be guite large.
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perform mass balance calculations {which are applicable-only to certaln
liglatifg structures) to establish whether liglntizntio; fook place in an
open pr closed system. The concepts of open and closed system
niglaiization_nay still be applied to ;nternal and external nignati;uiion.
when the question can be answered. ‘

By definition external migmatization is an open system process. The
external leucosome componenta may however react with or assimilate some of
the mesosome, resulting in an internal component to the leucosome and the
development of geparate mesosome, melanosome, and leucosome fractlons.
Internai migmatization may take place in a closed ayaté; if there has been
no loss of matter during segregation, or In an open aystem 4! matter

{usually leucosome constituents), migrates out of the system during

migmatization. ' e/

2.3 Distinction Between Different Migmatization Mechanisms

2.3.1 Distinction Between Internal and External Migmatites

An , ilmportant task ﬂpen studying migmatite 1is to determine whether
migmatization has resulted from internal and external or external
processes. Petrologists typically rely on mass balance calculations to
answer this question. A detailed description of mass balance procedures is
given in Olsen (1983 and 1985}7 Unfortunately mass balance calculations
are suitable only to a limited number of migmatites which contain mesosome,
melanosome, and leucosome fractions, and which hdbe a sgiaple .liglatite
structure. There is also the problem that the rock may be layered and that
the protolith of the leucosome + melanosome fraction may not be the
observed mesosome composition. Mass balance calculations performed on a

migmatite derived from a layered protolith in which on!y layers of suitable
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composition were migmatized will yield anomalous ‘reaults. Strictly
" speaking any mignmatite containing mesosome, leucosome, and melanosome
fractions must contain some heterogeneity which leads to the preferential
llziatization of certain layers or zones while others remain unaffected.
Mass 1alanc§ calculations are useful only for migmatites in which the
mineral phases were distributed homogeneously throughout the paleosome.
For such a rock to un&erzo nignafization and preserve leucosome, melanosome
and mesosome requires that the paleosome contained textural or structuéal
haterogendfties, or that the distribution and/or composition of volatile
components in the paleosome waa- heterogeneous (ie. something to cause
preferential migmatization of some layers while others remain unaffected).

Unfortunately we can only reasonably assume to know the nature of the

protolith heterogeneity for migmatite which mass balance calculations

<

indicate were derived in a closed system. When mass balance calculations
indicate that there are excess components, then migmatization may in fact
have opérated in an open system, or migmatization may have occurred
prefereﬁtially in certain layers or zones of én originally heterogeneous
protolith. |

Other .ractora such as the presence of characteristic migmatite
gtructures, leucosome chemical compositions, or leucosome mineral
assemblages may provide evidence of an internal component to migmatization.
Alternatively constancy of mescaome composition, in areas with different
preportions ahd/or compositions of' leucosome may Iindicate a largely
extérnul source for the leucosome. Comparing the composition of leucosoame
plus mescosome and/or melanosome with equivalent unmigmatized rockslfron

’ . Y
lower grades may also provi information, although quantitative mass

balance estimations would be incorrect.
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2.3.2 Distinction Between Anatectic and Subsolidus Migmatite

o
Are there unigue textural or chemical features of anitectic migmatite

and internal subsolidus migmatite which allow them to be,dlsflngulnhad?

.Some features which may be useful include; plagioclase composition,

leucosome composition, syn-migmatitic fold structures, and leucosome
textures. A good recent d}scuaaion'of the pfﬁblen ia found in Ashworth
(1985).

It has been very well established that during anatexis the albite
component of plagioclase feldspar Is satrongly fractionated into the melt
phase (see Bowen 1913, Johannes 1978). Only with extensive internal
partial melting will the composition of the plagioclase crystallized from
the melt phase approach that in the remaining solid rock. The melting
phenomenon of _plagioclase has been used as a criteria’' to reject an
anatectic brigjn for internal ﬁignatite in which plagioclase composition
does not differ between coexisting leucosome and lelaqosone fractions
{Kretz 1966, Misch 1968).

Therefore with internai anatectic migmatite the leucosome should be
significantly more sodic than paleosome or melanosome plagioclase unless

one of the following conditiens is true (cf. Yardley 1978):

r

1) élagioclase underwent néhrly complete melting, which Iis
probablyg'not possible at temperatures and pressureé present
within the crust (Wyllie 1977). |

2) Segregation of the melt phase and reaiduul\plaziocluae was
negligible, allowing re-equilibraticn during crystalilzutlon
{Ashworth 1985).

3) Plagioclase conpositioné underwent subsolidus re-

equilibration throughout the migmatite. The common occcurrence
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of widely varlable plagloclaae co-positiona in coexisting
layers in rany,netauorphic rocks suggests that re—equilibration

does not take place {Yardiey 1978}.

Obviously there {8 not necessarily any 'relutionéhlp in plagioclase
composition between leucosome and mesosome in external migmatite.

The gllilarlty of many leucosome conpoéipﬁons to experimental
'mputectic granite or tonalite melt compoeitions has been used as a.criteria
for an antatectic origin to migmatite (5ee ﬁinkler 1979). Houpver in the
absence of evidence that subsolidu; migmatization can not form leucosome of
similar compositions, leucosome composition cannot be used as a definitive
criteria. Migmatite leucosome whose colposilions .depart strongly from
experimental melt compoaitions may argue against an anatectic origin.
However the influence of additional components not included in experimental
studiee, and the possibility that the leucosome was only partially molten
should be considered. Experimental studies in the granite and.tonalite
systems, may not provide an accurate estimation of melt compositions
produced by complex melting reactions in natﬁral rocks.

McLellan (1984) compatréd-the davelgpnent of syn-migmatitic folde in
anatectic and subsolidus'lignatite. She found that aubeolidué iignatite
formed harlo;ic fold structures, while apatectic migmatite formed
disharmonic structures. McLellan concluded that in the presence of greater
than about 30% melt phase a rock will de}orl as a "melt dominated” asystem,
and thdgt the deformation of a melt doninatgd migmatite will produce
disharmonic fold structures in response to the strong cnmpeéency contrast
between the solid and molten portions of the rock. The presence of

disharmonic fold structures in migmatite may therefore indicate that the

leucosome was partially molten at the time of deformation.
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A discussion of the textur#l properties of migmatite, which may help
distinguish between anatectic and subsolidus migmatite may be found in
Ashworth and McLellan (19856).

The mechanisms of subsolidus migmatization ﬁre not well understood,
and perhaps partly tor‘thia reason* most high grade migmatite terrains are
discussed in terms of anate?tic migmatization (Lindh and Wahlgren 1985).
There is however internal migmatite formed in areas where metamorphic
temperatures were never high enough to form granitic melts and therefore
must have formed by aubaollaus processes (e.g. Sawyer and Robin 1986).

Even in most high grade migmatite terrains, it can seldom be shown-
conclusively that conditions were suitable for anatexis, since the\
requirements for fusion vary not only as a function of pressure nnd’
' temperature but also as a function of Buag® and the composition of the

paleosome. Any thofough discussion of the migmatization of a metamorphlc

terrain should therg§ﬁn% inciude some consideration of both anatectic and

subsolidus niguatization/
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3. GENERAL GEOLOGY

3.1 Introduction

»

The litholoéy of the Whitewater-Mojikit Lakes study-area (figure 3.1)
is dominated by migmatite, gneiss, and schist in whicﬁ biotite and g#rnet
are the major mafic minerals. Concordant Iayé}a of mafic gneiss, are ;inor
but nldeapreadf\\ Intrusive into thﬁ_ migmatite and gneiss are early.
foliatad—to—zneiasic. grey biotite-hornblende metatonalite plutons. Syn-
latunorphig. bloti%e—garnet granitoid rock forms a network of layers and
masses in migmatite and gneiss. Late, post-metamorphic, massive, white,
biotite granite pegmatite dykes crosscut migmatite and gneiss and biotite-
garnet granitoid rock. Massive pink, bilotite leucogranite dykes intrude
metatonalite plutons. Un-metamorphosed gabbro dykes. and sills intrude all
rock units. The relptive timing of emplacement/deposition égg' the
estimated overall proportions of the main lithologic components are
sumsmarized in table 3.1. Sample locations referred to in the text are
shown In figure 3.2. |

Four metamorphic zones were -mapped (metamorphic classification is

pdapted from Winkler 1979}, they are:

High-Grade .
1} Orthopyroxene-zone (granulite): Most of the study-area
experlenced orthopyroxene-zone, high-grade metamorphic

conditions, based on the widespread occurrence of'-atalurphic
orthopyéoxene in mafic gneiss and locailly in metatonalite.

2) Cordierite-garnet-K feldspar-zone: A small ar;a in the most
northern part of the atudy-area contains cordierite-garnet-K

feldspar in association with biotite and gquartz. Orthopyroxene
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is absent in assoclated mafic gneiss. Cordierite-garnet-K

féldspar—zone assemblages, in compositionally suitable rock

layers, persist into the orthopyroxene-zone.
38) Sillimanite-K feldspar-zone: Sillimanite-K feldspar-zone

assemblages occur in a small area in the southern part of the

study—afea.

Medium-Grade

4} Huscovite~&uartz—zbna: Muscovite-quartz-zone assemblages
are restricted te a small area, within 2 km of the southern

subprovince boundary in the southeastern part of the satudy-

area.

e 3.1 Relative timing of deposition/emplacement of main -
clogic components (oldest to youngest) in the Whitewater-

Mojikit Lakes study-area

Age Lithologib Unit Estimated Overall
Proportion

A MGI Migmatite and Gnelss B55%

z Grey metatonalite 5%

: MG2 Leucosome 30%

: .Hhite Bt Pegmatite and <1%

Prot

Pink Bt Granite

erozolc Gabbro Dykes and Silis 10%

19

The distfibution of metamorphic zones in the study-area is shown in

figure 3.1.

The boundary between metamorphic zones is approximate due to

the patchy distribution of rock layers containing the appropriate index
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Figure 3.1, Geologicai compilation map of the Whitewate?-
Mojikit Lakes area. Geology after Pye and Harris (1965),°
Davies et al. (1966), Sage et al. (1977}, Percival (1983},

Digel in Percival et al. [1984), Stott (1984}, Digel (present
study). ' \_”

~/
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Archean:
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Gabbro (Logan Sills)

Ms-Bt Granite and Pegmatite

a) Foliated Hbl-Bt metatonalite
b) Layered metatonalite gneiss

Leucocratic Bt-Grt-Kfs gneiss

Migmatized Bt-Grt metagreywacke with minor
metapelite and mafic gneiss
a) mainly stromatic structures
b) mainly schlleren structures
c¢) mainly nebulose structures
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IV

Ms-Qtz
Sil-Kfs
Cdt-Grt-Kfs

Opx

Structural Data:

~ Foliation

~ Lineatlion

E Mylonite zone

Other Data:

N/O

No outcroppings









LAY

dew uorieno] wrdues 2'g adnArg

0058

SF.0%




N
minerals. Since the major part of the study-area underwent orthopyroxene-

zone Igtanorphisiﬁ this chapter will focus on the orthﬁpyroxene—zoae roocks.
The metamorphism is discussed further in chapter 8.°' In the remainder of
this chapter the field description, petrography, distribution, and contact
ﬁglationghipa of each lithologic unit will be discussed. Assemblages for

all rock types present are listed in table 38.2.

3.2 Migmatite and Gneiss (Map unit 3, tigure 3.1)

-y . ’

Biotite-- and garnet-bearing migmatite and gnelss oconatitute the
dominant mappable unit in the study—araulﬂ They are interpreted to bhe
derived from a sedimentary protolith, based on.the recognition of relict
aed;ientary structures in lower grade portions of the ERSp }Breaka et Al.‘
1975) and by their chemical similarity to sadinentury(rock types. The
metasedimentary rocks comprise two main compositions: 1). greywacke
composition, with biotite and garnet as the main mafic minerals, and 2)
pe;ite composition containing biotite, garnet, and one or more of’
auscovite, cordierite, and sillimanite. The te;;a letazreynacke (1) and
metapelite (2) will be used to describe these rock types. Minor rock units-
include; 1leucocratic biotite-garnet-K feldspar gneiss, mafic hornblende
gnelss, and garnet—cTIEapyroxene-lagnétite layered gneiss.

No clearly recognizable primary sedimentary structures are preaarved
1; the study-area, although possible relict graded bedding was observed at
location 1567 in figure 3.2. At this location 0.2 to 1.0 m wide layers of
metapelite in metagreywacke exhibit a gradational and conslstent increase
in aluminous minerals (garnet and cordierite) across the layers (plate

3.1). iayer!ng.‘parallel to the alignment of biotite graine, defined by

subtle but abrupt variations in grain size, as observed in some
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Table 3.2. Observed mineral assemblages

-+ - .
Rock Type Ne. che1 Assemblage
M62 migmatite leucoaome A-1 mtoo Pl Qtz Kfs Bt Grt Ilm (Sdt) (Trm)
MG1 Metapellte melanoscome  A-2a c.o 7 Bt Cdt &rt Sil Pl (Kfs}~ Ilm (Sp)
{Qtz absent)

MGI Metapelite melanosome A-2b c¢.0 Bt Cdt Grt Pl Qtz (Kfs)3 Ilm (Gph}

' (Qtz bearing)
MG1 Metapelite me lanosome A-2c c Bt Cdt Grt Pl Qtz Sil Kfs Iim
MGl metapellite leucosome A-2d c.o Kfs Qtz
Metapelfte A-3 s Bt P! Si1 Qtz Kfs Opq
Metapelite A-4 m Bt P1 Qtz Si] Ms Opg )
Metagreywacke mesocsome A-Sa m to o Pl Qtz Bt Grt [lm
MG1 metagreywacke leucosome A-5b 02 Pl Qtz Kfs Bt .
Mafic Hbl Gnelss A-8 3 Pl Hb} Qﬁz Opq (Cpx) (Bt-rare}
Mafic Hbl Gneiss A-T\ - ¢ Pl Hbl Opx Cpx Opq (Qtz)
Maflc Hbl Gnelss A-8 Yo Pl Hbl Opx Grt Opg (Qtz) (Bt-rare}
Mafic Hbl Gneiss A-9 o] Pl Hbl Grt Opx Cpx Opq (Qtz)

-~

Mafic Hbl Gneiss A-10 o Pl Hbl Opx (Qtz)
Bt-Grt-Kfs leucocratic A-1177 0@ Pl Qtz Bt Grt Kfs Ilm
gneiss
Grey metatonalite A-12 o2 Pl (Hpl) Bt Qtz Ilm (Opx Cpx) (Opx Grt)
White Bt pegmatite & A-13 02 Kfs P1 Qtz Bt Ilm
Pink Bt granite
Smoothrock lake pluton A-14 m,s Pl Qtz Kfs Bt Ms (Grt)

L N o~

Metamorphic zones: m = Ms-Qtz

Mineral or mineral pairs not present in all samples examined.

» 8 = S1l-Kfs, ¢ = Cdt-Grt-Kfs , o = Opx

Rock type not observed at other metamorphic grades.

minor Kfs was present [n.approximetely 1/3 of the sanp%es examined.

23
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Plate 3.1. Relict sedimentary structures in metasedimentary rock.
(a)Interlayered metagreywacke and metapelite, showing evidence of possible
relict graded bedding in metapelite. The increase in grainsize across
metapelite layers corresponds to an increase in aluminous minerals. This
may be a relic of the upwarding fining sequence of 'a graded bed. (b)
Intersection of lithologic layering (SO) with metamorphic foliation (Sl)'

24
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metagreywacke thin sections. The alignment of biotit l"gt_-aina (sl) !as ‘
loc,a.lly_ observed to intersect the lithologic layering at a low angle, which
may represent anjoriginal bedding (SO) surface. In general however, all
contacts between subracrustal rocks are sharp and conforlable.J

) Metagreywacke constitutes about 85% of the migmatite and gneiss and
commonly comprises entire large :outcropplngs and _outcfapﬁlng areas.
Metapelite makes up about 10% of the migmatite and gneisa. Metapelite
forms layers within metagreywacke, which are wusually less thaq 2 m in
width, and although widespread they are patchy in fhelr dlatributipn. A
variety of minor rock types, constituting less than 5% of the migmatite and
gnelss unit, are associated with metagreywacke and metapelite. Mafic
hornblende gnelss occurs as 1 to 10 m wide discontinuous layers and blocks
within metagreywacke. Layered garnet-clinopyroxene-magnetite gneiss occurs j//
as elongate blocks which are typically highly folded. Leucocratic blotite-
garnet-K feldspar gneiss occurs as concordant layers within metasedimentary
rock or as larger pluton-like bodies. The origin of the mafic gneliss and
leucocratic biotite-garnet-K feldspar gneiss 1is problematic and will be
discussed later.

Within the cordierite-garnet-K feldspar- and orthopyroxene-zones most
outcrops of metapelite and some outcrops of metagreywacke are migmatite in
that nesdsone/nelanosone fractions are interlayered with a granltoidl
leucosome, in a manner satisfying the criteria cutlined in chapter 2. Two

distinct generations of migmatite were recognised in the metasedimentary

rock. An earlier generation of internal (in situ} leucosome, referred as

1 "Granitold” refers to rocks which fall within the IUGS gquartz-alkali

. feldspar-plagioclase (QAP)} ternary diagram of Streckeisen (1976).
"Granitic" refers to rocks which fall within the granite fleild of the QAP
diagram. Simtlarly, "tonalitic" refers to rocks which fall within the
tonalite field.
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the HG1 event, is recognised in metapelite and locallj in metagreywacke. A

later generation of externally derived leucosone.‘referrad to as the HGz
event, has invaded the study-area. The mineral assemblage, mineral’
proportions and migmatitic structure of H61 leucosome, in metapelite and
metagreywacke, are distinct from one another. Furthermore HGI leucosome is
distinct in wmigmatitic structure, mineral assemblage, and mineral

proportions, compared to MG, leucosome. In contrast to MG, leucosonme,

1

which is restricted to individual lithologic layers, MG2 leucosome forns

larger bodies, uhicq commonly cross lithologic boundaries. Wherever

crosscutting relationships are observed, HGz leucosome crosscuts HG1

migmatite leucosome, indicating that HG1 leucosome predates, at least in
part, MG, leucosome.

HG1 leucosome will be described with in the sections on metagreywacke
and metapelite., Because MGz leucosqu6'is not restricted to any one rock

type, it will be discuased separéﬁely. Modal estimates of migmatite-and

gneisa components are presented in tables 4.1-4.4.

3.2.1 Contact Relationships Between White, Biotite-Garnet Granite (MG
2
Leucosome), and H61 Migmatite

Cross-cutting relationships between MG, leucosome, and HG1 migmatite

2

are usually only developed where the proportion of granite exceeds” about
30x. Where the proportion Is Jlower H62 leucosome generally forms
conformable layers and lensea within the HG1 migmatite and gneiss, ranging

from several mm to sevaral m in width {plate 3.2a&b). Bven where the
a
2

be present., Instead, contacts between MG

4 [
proportion of MG._ is high, evidence of an intrusive relationships may not

2 leucosome and HG1 metagreywacke

and metapelite migmatites are often diffuse or schlieric (plate 3.2e).



Plate 3.2. Variations in MG2 migmatite structurqa In
metasedimentary rock. (a) Stromatic structures in metagreywacke
with a very low proportion of leucosome. {b) Stromatic struc

tures in metagreywacke with a higher proportion of leucosome.
Note the subordinate development of schlieren structures. (c)
Veln structure In metagreywacke. (d) Schollen structures in
m?tagreywacke. {e} Schlieren structures in‘metagreywacke with
minor metapelite. (f) Biotite-and garnet-rich clot in schlleren
migmatite.
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Relationships between HGa . leucosome, + and metagreywacke and

metapelite can pe more appropriately describad‘ualng'nlc-atite terminology,
than with intrusive terminology. H02 leucosome is therefore considered as
a separate génerafion of migmatite leucosome rather ;han distinct intrusive
bodies, and will be described as such.

The presence of M02 leucosome 1s persistent thfoughout the atﬁdy—
area. H62 leucosonme nake;\:B\aan{eraga Qf 30% of ;he M02 migmatite and
gneliss, alfhough at indlvidual outcrops the proportion varies from 0 to

95%. The migmatite structure develobed 1; directly related to tﬂp
proportion of MG2 leucosome present. Stromatic structures are predominant
where the proportion of MG2 leucosome 1s low (plates 3.2a,b), with vein
sg}uctures developed locally (plate 3.2c). With an increasing proportion
of MG2 leucosome stromatic structures give way to schollen and schllieren
structures (pljkes 3.2d,e). Schollen are angular to rounded l&BOBOIB
inclusions within the leucosome, and retain their pre-migmatitic appearance
and composition, and exhibit sharp contacts with leucosome, Where
schlieren‘atructures_are developed, metasedimentary inclusions {(schlieren)
-!are either: 1)} 1irregular sub-m scale 1inclusions of wmore or less
fecognizable metasedimentary rock, exhibiting diffuse aﬁd gradational
contacts with the leucosome, or 2) clots and lenses ric? in blotite and

garnet (with or without cordierite and/or sillimanite), with only minor

plagioclase and/or quartz (plate 3.2f).

The mesosome of the MGZ leucosome 1is either MG, migmatite or non-

1
migmatitic metasedimentary rock. Stromatic and schollen migmatites contain
mesosome whose mineral assemblage, appearance, and chemical composition

(discussed in chapter 4} do not differ from mesosome where MG2 migmatites
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A

are not present. Where stromatic and schollen structures are developed,

the voluﬁe of HGz leucosome 18 clearly too large to have been derived from
the included mesosome, except where the proportion of HGa ‘leucosome 1is

2

the mesoscme to leucosome ratio and in the mesosome-leucosome contact

very low., MG atronatio and schollen pigﬁatite structures differ only in

relationships. fﬂ )

Schlieren migmatite differs from ;tronatic gnd schollen migmatite in
that, by definition, there has been lnteraétion between the leucosome and
mesosome, which has altered the composition and appearance of the mesosome.
Although M02 schlieren migmatite is inhomogeneous on too large a scale to
.allow quantitative mass balance estimation or to determine schlieren or

leucosome coipoaitions. the schlieren plus leucosome composaition is clearly
too felsic to represent a metagreywacke. There must, therefore, be a
considerable external component to the leucosome of schlieren migmatite.
Stromatic, schollen, and schlieren structurgs are ravely completely
isolated at any cutcropping. Rather thes? terms represent ideal endmember
atructures which occur in vafﬁable proportions in natural Tiguatites. For
example, plate 3.2b shows HG2 nigmatite with a p;;dOlinant stromatic
structure, but with eome schlieren structure developed. In the central

portion of the ERSp the propertion of MG, leucosome seems to increase

2
towards the east iIn éha study-area, with stromatic Iiélatite predominant in
the west, and a higher proportion of schollen and schlieren migmatite in
the east.

Breaks et a&. (1978) described similar migmatite to the west. HGI
migmatite and stromatic Hﬁz lignatite correspond to thé metatexite in the
classification scheme used by Breaks et al., while schollen and schlieren

nignut@te correspond to diatexite. They did not d@istinguish between -

different generations of migmatite leucosome.

—r
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H62 leucosome is present in metasedimentary rocks of all metamotphic
zones observed. However,.with decreasing grade, Hﬁé leucosome forms larger
and more recognizable intrusive layers which commonly form small stocks and
layers up to gseveral tens of meters wide. In areas of muscovite-quartz-
zone and sillimanite-K feldspar-zone la‘t;orphlsn the description of «he
rocks as migmatite becomes tenuous, and intrusive terminology becomes more

appropriate. ‘Schlieren structures were only observed 1n’99rd1erite—gnrnet—

K feldspar-zone and orthopyroxene-zone M62 migmatite.

3.2.2 MGa Leucosome
4

M82 leucospnes vary from granite to tonalite in composition although
most are granite. HG2 leucosome 1s chufacterized by aasenplaze A-1 (table
3.2), and all white in colour. Cordierite is present as a mindér phase in
HG2 leucosome in many sanpies. Orthopyroxene was observed In HG2
leucosome at two locations in the field (statlons 17 and 188 In {n figure
3.2), but was not observed in thin section. Percival (1983&} élso reportadj
the rare ‘occurrence of orthopyroxene in white grag}told rock.

The texture of M62 leucosome 1s generali; éllotriouorphic sarlate]
The one notable exception to this general rule 1is tonalitic H62 leucosome,
in which minerals more commonly exhibjt lgranoblastic textures. The
proportion of wmafic minerals in MGa leucosome varies considerably,
although most contain less than 5% (see table 4.1).

Plagioclase, which rarely occurs as coarse euhedral negacr%:iiy is
oligoclase in composition and exhibits weak normal zoning. Aligned biotite
grains are cbnnonly clustered with garnet. Isolated biotite grains and
biotite clusters however, generally shonﬂho preferred orientation, except

[

where the leucosome has been deformed. Garnets are nediunL to coarse-
!

grained rounded anhedral, and are commonly cut by chlorite- pnd biotite-

- |

3 o
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filled tructurea; Rare inclusions of quartz, plagioclése. sillimanite, and
green epinel were observed in generally 1nc1usi§n free garnet.

Cordierite is a minor phase {<1%) in HGz.leucosone, occurring ﬁs
conrke euhedral to subhedral tabular grains, randonl% distributed
throughout the rock (plate 3.3). Concentrations o; cordierite (up to 20% of
the rock) are locally present, in H02 leucosome, near the contact with
nétapelite_uhere schollen and schileren structures are developed and rarely
adjacent to stromatic structures, Cordierite is variably altered toc a
fine-grained mixture of chlerite and white wmica, \howaver pristine
cordie;ite is common. |

| Muscovite is present locally as a secondarﬁ mineral iq MG2 leucosome,
generaily croascutfing the pre—exlat@ng biotiE::foliation. Muscovite which

may be primary was.-observed locally in M62 leucosome in the muscovite-

’ quartz-zone. Subhedqﬁl andalusite was observed in one sample (Station 64).

' £
" 8.2.3 Nebulose Migmatite s

s
Migmatite with nebulose structure was recognized in a small area of °
- less than 2 km square at the north end of Mojikit Lake (see figure 3;1).
The overall appzarance of the nebulvse migmatite, is that of a foliated
pafic granitoid rock in which small clots of fine- to medium-grained
biotite and garnet occur as, evenly distributed, oriented inclusions,
within a matrix of medium- tec coarse-grained plagioclase {often as euhedral
‘megacrysts), quartz, fine- to medium-grained garnet, and oriented biotite
(plate 3.4). NMedium- to coarsa—grained\gnhedral microcline is developed in
nebulose migmatite only at the margins o{’-etapelite inclusions, or where

neﬁalose migmatite is gradational into MG, schlieren migmatite,

2

)
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Plate 3.4. MG2 nebulose migmatite developed in metagreywacke.

— b
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Mﬁz nebulose llgnatitg'contains rounded inclusloya of netasedilentary_
rock and pﬁtic gneiss. Discordant contacts between nebulose migmatite and
H(iz' stroiatic lqtagreywncke migmatite were observed at one outcroppiné
(Station 3 1in 'rlgure 3.2). However, more typically, nebulose migmatite

grades into schlieren migmatite, suggesting that nebulose niglatiﬁe may be
—

-

a varfety of HGa migmatite,
3.2.4 Muscovite-Quartz-~ and Sillimanite-K feldspar-Zone Métapelite

Huacovtte-quar&z-zone -etapellte.'charaé£éfizeh'5y aséelblage A-1, is
fine- to medium-grained and schiétose. Medium—graingd biotite and
muscovite grains are aligned forming the foliation in the rock. Fine-
grained sillimanite is usually present, and is oriented parallel to the
mica alignment.

Sillimanite-K feldspar-zone metapelite, characterized by assemblage
A-2, 18 medium-grained schistoaé. Sm:-1]1 lenses of plagloclase and quartz
were obaerved, although the rock is characteristically mesosbopica}ly
homogeneous. Sillimanite-K feldspar-zone metapelite differs from
muscovite-quartz-zone metapelite by the absence of wmuscovite and the
presence of K feldspar. The isograd separating the muscovite—quartz- and
sillimanite-K feldspar-zones is only approximate, due to the patchy
distribution of the metapelite layers.

3.2.5 Cordierite-Garnet-K feldspar-zone Metapelite
Vs ,

Cordierite-garnet-K feldspar-zone and orthopyroxene-zone metapelite

contains 5 to 25% of isolated lenses and pods of granitoid HG1 leucosome.

The dominant migmatite structures are podiform and stromatic {(plate 3.5)

{Note: this discussion is exclusive of MGz migmatization)., Melanosome of



Plate 3.5. MG, migmatite structures _in metapelite, (a)} Stromatic. K
feldspar in lel}cosome stalned orange. (b) Podiform. Leucosome concentrated
in area between metapelite boudins.

~ -~
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cordierite-garnet-K feldspar-zone and orthopyroxene-zone metapelite consist
of either assemblage A-2a or A-2b. Assemblage A-2c was observed at one
location only (Stationm 134 in figure 3.2). Accessory zircon- and ilmenite

1
consists of the simple asselblaée. microcline-quartz (A-2d). Blotite and

ére common to all nmetapelite melanosome. - MG metapelite IBUCOBOIB‘

plaglioclase are'nihor phases which together make up less than 5% of the
leucosonme.

Melanosome is medium- to coarse-grained iLequigranu]ar; only biotite
and rare garnet exhibit subhigpal to euhedra} boundaries. Clustering into
cordlerite-rich and biotlte—rlch'lensés gives the metapelite melanosome a
gnelesic texture. The alignment of bilotite is much better developed 1n‘
biotite-rich zones than iﬁ cordierite-rich zones.

HGI metapelite leucosome is nédiﬂm—gpalned. equigranular, and
allotriomorphic granular. Minor myrmekite is common at K feldspar-quartz
contacta._,ﬂ(?or biotite in the leucosome is generally aligned parallel to

the follation'in the melanosome. Contacts between melanosome and leucosome

A}

are generélly sharp but irregular,

Garnat s nediun—gralned {0.8-2.5mm) Iirregular in shape, and 1is
qpnerally free of inclusions, although some oriented inclusions of biotite,
sillimanite, and green spinel are -present. Garnet is commonly completely
or partially surrounded by cordierite.

Biotite occurs é; fine- to medium-grained oriented plates which
define the foliation in the rock. Biotite grains are commonly concentrated
in decussate clusters in which grain boundaries are rational. Decussate
biotite grains are much coarser !ave 4 mm) than isolated grains in centact

with other phases (ave 0.5,&-). Grain boundaries and cleavage planes of

{
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Plate 3.8. Sillimanite inclusions in cordierite 1n metapellte melanosocmes.
® (a) " Abundant fine-grained gillimanite needles as swirled and convoluted
inclusion tralls In cordierite from quartz-absent melanoscme. (b) Minor
fine-grained sillimanite inclusions restricted to the cores of cordlerjtie
grains in quartz-bearing melanosome. Bar =.25mm.
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biotite grains are commonly coated with a‘thin.fill of - opaque minerals.
.\Very—flne—grained 'huloed zircon inclusfions 1in biotite are common.
Secondary muscovite locally cuts the earlier biotite tﬁliation.

Cordierite occurs as irregular grains (0.2-3 =mm), which commonly
exhibit polysynthétic twinning. In quartz-free metapelite, cordierite
invariably contains abundant swirled and convéluted inclusion trails of
fine-grained oriented sillimanite (plate 3.6a). In quartz-bearing
metapelite sillimanite is restricted to cores of cordierite grains (plate
3.6b}. Pine-grained criented sillimanite oécura interleaved with bilotite
and in contact with plagioclase and garnet only in quartz-free metapeiite.
Cordierite is variably altered to a very fine—grained mixture of chlorite
and white mica. Fine-grained anhedral green spinel is a common accessory
mineral associated with cordierite in quartz-free metapelite.

Plagioclase and guartz g{nins are fine- to medium-grained and equant.
Plagioclase exhibits weak, normal zoning and polyaynthetlc: twinning is
common. Quartz invariably has undulose extinctilon.

The alkali-feldspar granite nineral asaenﬁlage of MG1 metapelite

leucosome 1s very different from that of any other granitold rock in the

study-area. Where MG1 metapelite leucosome and MG2 leucosome were
observed together, MG2 leucosome is always distinctly more plagioclase- "’
rich. : “ -

’,_‘_,Y/// Q\i\f\ Metagreywacke ~

ywaekq 13‘?he douinant lithologic unit in the study area, and

-
di lqy/ﬂilgp sane mine)

grade. sory zircon an

\gsaelblage {A-8a) regardless of metamorphic

ilmenite are common to all samples. ‘Hinor K
feldspar was served ip” one sample, without garnet (sample 05-58).

MNetagreywacke 1s sachistose apd fine-grained, except for garnet which



Plate 3.7. Typical example of

metagreywacke mesosome. Bar « 1 mm.
!

fine- ined histose exture
ne-graine sc Av/”i_x ure
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’ : .
‘cbnnonly forms rounded to 1r:egular pofkiloblasts and ranges from 6.5 to 3
~mm in grain size (ave l-ll) {spe plqte 3.7). Garnet greater thﬁn 1 mm iﬁ
diameter is usually highly irregular in éhape anq polkiloblastic, whereas
finer-grained garnet is commonly rounded. All other phases range from 0.3
to 0.6 me In average grain-size. Quartz invariably shows undulose
extinction. Plagioclase exhibits weak normal zoning. Plagioclase amd-
qua}tz grains are anhedral and equant. The strong planar orient&tion of
biotite plages defines the follation in fhe rock. 1

The large proportion of M62 leucosome in th stud;iarea makes the
recognition of MG1 leucosome difficult. Inumetapelite. HGl.leucosone can
Ye recognized by itsm 1solat9d nature and radically different conpositioﬁ'
compared to the HG2 leucosbne. To a ceftain extent this criterion may ﬁe
applied to helplldentify possible H61 migmatite in metagreywacke. Small
isolated pods and lenses of ledlun—éﬁalned. white. massive - granitold
leucosome were recognized locally in metagreywacke (plate 3.8). They are
generally tonalite to‘grahodlorlte in composition and are free of garnet,
in contrast to generally granitic M82 leucosome, which do contain garnet.
'?Melanosoie. only rarely developed around HGa mefagrewacke
leucosome, consists of thin (<4mm) manties of decuasate blotite grﬁins (see
plate 3.8), Contacts between mesosome and leﬁcosone are sharp to diffuse,
and are irregular in shape. In some examples, small lsolated pods of
leucosome are rimmed with poikiloblastic cordierite, containing rounded
inclusions of quartz.

A thin 1layer of blotite-orthopyroxene schist, interlayered with
normal bhilotite-garnet metagreywacke, was observed at a single outcrop

{Station 95’3n}figure 3.2). The mesoscopic appearance of this layer is

gimilar to met gpeynacke. although orthopyroxene 1s present and garnet is

-



Plate 3.8. Sromatic MG
grained leucosome rimmed1 b

migmatite structures in metagreywacke.
y biotite rich melanosome. Bar = | mm.
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absent. The brigln of biotlte—orthopyroxéne‘schint is eniggatic.

3.2.7 Mafic Hornblende Gnelss

<

‘Haflc hornblende gneiss, a minor but widespread rock unit, occurs

" within metasedimentary rock as either discontlnqous layers, 1 to 8 m wide,

where stromatic ch migmatite structures predominate, or as 9ngu1ar blocks,
0.5 to 3 m wide, where schollen, schlieren, or nebulose MG, migmatite
structures are predominant. The sub-orthopyroxene-zone metamorphic
assemblage 1s A-6.. The appearance of orthopyroxene 1in mafic hornblende
gneiss defines the ldwer boundary of orthopyroxene-zone in the study-area.
Several orthopyroxene-zone metamorphic assemblages were observed including;
A-7, A-8, A-9, and A-10. Minor cummingtonite 1s present ir many
orthopyroxene-zone samples. Accessory magnetite and llmenite are common to
mafic 'gnéias. Mineralogical variations .in orthopyroxene-zone mafic
éneissea reflect compositional variations, rather than grade variations, as
mafic layers containing different assemblages were found at single
outcroppings.

The gneissosity results from thin (<1 cm)} concordant leucocratic
layera of blagloclase and quartz (plus orthopyroxene in orthopyroxene-zone
gneiss). Mafic gnelss is lediun—graihed. granoblastic, and granular. A
thin marginal zone depleted in hornblende and enrifhed in pyéoxene and/ar
garnet is common in the margins of orthopypoxen:—zone mafic gneiss in
contact with metagreywacke (plate 3.9). .

The origin of the mafic gneiss is not clear. Its mineralogy and’ field
relationships suggests that it could have originated as mafic volcanic rock
or as intrusive dykes or sills. Intercalated mafic volcanic rock and
metagreywacke are reported further west in the lower grade portions of the

ERSp (Breaks et al 1978).
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Plate 3.9. Orthopyroxene enriched margin in Hbl-Opx mafic gneiss at the

-

contact with metagreywacke.
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Plate 3.10. Layered Grt-Cpx-Mgt gneiss.
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3.2.8 Layered Garnot-Cllndpyroxgne-Nagnetita Gneinn

Rare, thin (<im wide) discontinﬁous and commonly tightly folded
layers of layered garnet~c1lnopyroxene-nagnetite guelss (A-11) ﬁre belleved
" to represent i?talorphoaed bandgd iron formation (Percival 1983&). The
rock is comprised of alternating garnet-rich and cllnopyroxene—iagnetite-
rich layers (plate 3.10).

3.2.9 Leucocratic Blotite-Garnet-K feldspar Gnelss (Map unit 4, minor in
aap unit 3) .
£

Fine-grained leucocratic biotite-garnet-K feldspar greliss displays
assemblage A-12. Microcline is a ubiquitous but minor (<5%) phase., The
gneisaogity is defined by biotite-rich layers (plate 3.11}. Biotite-
garnet-K feldspar gneiss occurs as 1 to 10 n‘ concordant layers within
motagreywacke ranging from 1 to 3 m in thickness. It also rarely forms
elongate, pluton-like bodies, up to several kilometers in width. Some
concordant layers can commonly be traced for distances of ééverﬁl
kilometres. Features of this blotite-garnet-K feldspar gneiss which
distinguish it from netagréyuacke include; leuCOCrat{c c;nposition. layered
structure, and the presence of K feldspar.

The origin of leucccratic biotite-garnet-K feldspar gneiss Iis
enigmatic. The ghelss is finer-grained than any recognizable intrusive
rock, uifh grain sizes comparable to thosé of the metagreywacke, and may
therefore represent metamorphosed arkosic sedimentary rocks. Alternatively

the gneiss may represent pre-metamorphic felsic volcanic or intrusive rock.

3.3 Intrusive Rocks

Recognizable intrusive rocks (exclusive of NGz leucosome} are all

granitoid in composition, with the exception of Proterozoic gabbroic dykes

¢



Plate 3.11. Leucocratic Bt-Grt-Kfs gnelss.
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and qllls. They may be broadly divided into: 1) pre--etaiorphlc.

foliated, grey biotite—hornblende tonalite plutons, 2) pnat—netanorphic
dykes including pink, blotite granite and white, blotifa granite pegmatite,

and 3) the Smoothrock Lake Pluton.
A

3.3.1 Qrey Metatonalite (Map unit 6, figure 3.1)

Plutons of foliated to gneissic, grey piotite—hornblende tonalite are

elongated parallel to the reglonal metamorphic fabric. Mineral follations

‘ and lineations, defined by biotite and hqgnblende respectively, are

parallel to those in surrounding metasedimentary rocks, and contacts are

" conformable. They range from several km to 10's of km in length;

Metatonalite consists of assemblage A-12. Accessory zircon and
l;gnetita_are present in all samples. Metatonalite is fine- to medium-
grailned and allofqlolorphic granular. Most of the plutons are composed
entirely of tonalite, although the largest of the plutons, the Whitewater
Lake pluton, is dominantly tonalite, but alse contains hornblendite,
clinopyroxenite, hornblende-clinopyroxene gabbfd, anorthosite, and
hornblende<zbiotite syenite. .

Orthopyroxene and clinopyroxene are generally restricted to mafic
diorite xenoliths. However, metatonalite at Mojikit Lake contains

'
orthopyroxenefgnrnet or orthopyroxene-clinopyroxene throughout the plutans.
Discordant and isolated pods of leucocratic tonalitic pegmatite within
metatonalite at Mojikit Lake, also contain coarse-grained orthopyrokene and
cllnopyroxéne {plate 3.12).
Hornblende, although common in most metatonalite plutons, is absent

from more leucocratic compositions and is minor in orthopyroxene-bearing

netntonni:iijl Biotite is present as a stable phase in most metatonalite.

»
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Plate 3.12. Isolated patches of Opx-Plag-Qtz pegmatite in Bt-Hbl-Opx-Cpx
grey metatonalite.
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Plate 3.13. Late white Bt pegmatite dike intrusive into M62 migmatite.
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Secondary bilotite grains, cross-cutting garnet and orthopyroxene, do
however occur in 'orthopyrbxene~garnet bearing metatonalite at Mojikit

+

Laké. Orthopyroxene-bearing metatonalite contains a lower proportion of
hornbiende and a higher proportion of naénetite. thaﬁ orthnpyroxeﬂe:absent
metatonalite. Garnet was observed only fn one pluton (étation 1) as fine
aubhedéal grains assoclated with nagpetite anﬁ orthop;roxene. Minor,
ragged grains of cugyingtonite are common, and are usuaily associated with
hornblende and orthopyroxene. . S

Metasedimentary xenoliths are‘ locally present in metatonalite,
indicating that  intrusfon post-dated deposltioqébf the sedilenta;y rocks.
The concordant orieptation of the plutons and their fnlintéd,

allotriomorphic granular texture indicéte that intrusion predated the main

tectono-metamorphic évent(s}.

: /
3.3.2 white, Blotite Granite Fegmatite Dykes

Discordant), white, biotite granite pegmatite dykes are intrusive into
the metasedimentary migmatite, and clearly post—@ate migmatitic layering
{plate 3.13). The dykes are up to several metres wide, and dyke” margins
are straight to Irregular.-. White pegmatite displays assemblage A-13.
Garnet and nnéalﬁhite are CORROnD éccesénrv minerals. Tourealine was
observed in one dyke. Grain size in typically extremely variabie, with K
feldspar gralhe up to 30cm long-bhaerved locally (station 170, figure 3.2).

Plagioclase 18 generally unzoned and unhtwinned. K feldspar is
generally not perthitic. Garnet is medium- to coarse-grained, rounded, and
is present as an aécessory phase. Andalusite is coarse-grained, anhedral

to tabular euhedral., and is present in about one third oft the dykes

examined.



Plate 3.14..Pink Bt granite in grey metatonalite,
Concordant layers. -
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(a) Intrusive dikes.
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3.3.3 Pink, Blotite Granite R ) N

- i N ' ) : /
Pink, biotite granite occurs. as discordant dykes and concordant
layers within grey metatonalite plutoﬁa (plate 3.14). It also consists of

'asaenblage.g—ls. na-doea white, biotite heg-atite._ Apatite -is a common

accessory- phase. The granite is medium-grained, masalve, and
-allotriomorphic irregular. The proportion of pink granite commonly
increases towards the margins of grey metatonalite plutons. At one

locatiop. grey metatonalite contains concordant layers of foliated, pink,

blotite granite, and is highly folded. :
3.3.4 Smoothrock Lake Pluton (Map unit 6, figure 3.1)

The Smoothrock Lake Pluton is an irregularly sha;ed pluton of w@ite.
biotite-muscovite granite to pegmatite with assemblage A-14. It 1is
lnﬁnhaive into the Winnipeg River Subprovince immediately south of the ERSp
at Smoothrock Lake. The piuton is massive suggesting post-tectonié

r
intrusion.

N
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4.1 Introduction .-

e

Whole rock and mineral chemical analyses ;ere obtuiﬁed for selected
specimens from the nain roé% types 1in the studétarea. Whole rock
. geochemistry and linefal chemistry focus mainly on:rook types involved in
the migmatitic evolution oﬁ the study-area, namely the metasedimentary and

granitoid rocks. A discussion of analytical methods and uncertainties 1ia

given in appendix A.

4.2 Whole Rock Chemical Analysis

X-ray fluorescence analyses of major and selected minor elements were .
obtained for the following rock types (br?ckated valu?s indicate number of
analyses); metagreywacke mesosome (11). metapelite paleosome/melanosome
(B); MGI and M62 leuccsomes (39), white blotite granitic pegmatite (4),
pink blotite granite (2), grey metatonalite (4), and leucocratic blotite-

P

garnet-K feldspar gneiss (2). ;

4.2.1 MG2 Leucosome

In the H62 migmatite leucdsﬁme in this study and in granitoid rocks
in general it is the proportions of feldspars and guarfz which exhibi£ the
greatest variation. The relative variations of K feldspar, p]égioclase. and
biotite proportions with the eleleﬁt concentrations can be examined from
the whole rock chemical data. A modified é;;w normative calculation was

performed on the major .element analyses of the leucosomes, to estimate the

volume proportions of minerals present. All Fe and Mg is assumed to be
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prﬁsént in biotite, in leuconsomes (see appendix B: Metanorm calculation for
procedures and justifications). Results are presented in table 4.1l

’ i i content: ylagioclase (X, /()

The normat1ue.anorth1te C et of plag ] { An"‘An+xAb)} for

M02 -lcucuaome ranges from 16 to 26 mele %, with a mean 22 mole %.

Normatlve K feldspar vartles from 2.7-29.8 volyme %. Normative mineral

" volume percentages were plotted on a quartz-alkali feldspar-plagioclase

(QAP) diagram In figure 4.1, with subdivisions from Streckéigen {1976)

1
M02 leucosomes range from monzogranite to tonalite, with most in in the

QUARTZ

monzogranlte Ffileld.

1 \

A/

K FELOSPAR ' PLAGIOCLASE
Figure 4.1. Normative QAP (Qtz Kfs -Plag) diagram, with subdivisions from
Streckelsen (1976). Circles: leucosome, squares: MG1 metagreywacke
leucosome, triangles: MG1 metapeli%e leucosome . '

Plagioclase is the only leucosome phase which incorporates Ca into

ity structure {except for minor Ca in garnet) and therefore variations in

| S . . . .
T'wo sumples 243cd and 159 contain cordierite as the main ferromagnesian
phase and were excluded from the biotite norm calculations
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Table 4.1. Chemical analyses and volume norms of MG | leucosime .
R -
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W%
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Zr 100 240 140 240 170 130 1680 114} at 1w 140 4u FEL 1au
§r 140 270 180 a10 00 420 80 aa0 330 kL)) Ao a0 FLIH ERIT
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) Y g 20 10 <10 20 <10 <10 <10 <10 to <10 <10 10 n
Nb <10 <10 <10 <io <10 <10 <10 <10 <4y <1p <ip o1 o (BT}
in 80 ¢ j0 30 30 30 -1¢] o0 20 10 i1 an RIH ™ L1u
N1 20, <l0 <10 <10 L43] 20 <10 <in <10 10 <F0 La L] 40 L
v a0 10 <10 <10 10 40 20 <10 <10 n 1o <10 an 0
Volume Norm
. .
Pl 16 8 23 23 28 208 an a0 " X kY R X 1M
Hfn an <L a8 kb Ll 29 Jn n 24 X 27 on X &2
k Qtz 18 28 a3 a7 a3 34 2y 3] 13 X a8 18 L 1
i1 7 ] 4 3 L] ? 4 2 2 x 3 H X ]
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Fable 4.1, continued
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the concentration of Ca will reflect vaplafldns'in plagioclase content or
variatiuns in the anorthite content of the plagioclase. Biotite and K
feldspar both contain Klaa an essential structural cunstituaht. however
since K feldspar is volumetrically dominant over biofite. variations 1an
concentrations should reflect donzhﬁntly a change 1n K' rg.,spar
concentration in the rock. Biotiée is the dominant Mg-bearing phase; minor
garnet contains a much lower proportion of Mg than bilotite. Variations in
Mg concentration, thgfefore. should reflect dominantly changes in biotite

~

concentration. !

The elements fall into five groups. (1) Elements which do not ahow
correlative variations in concentration with other elements (ie scattered).
This group includes Al, Si, Mn, Y, 2r, Zn, Cr, and Nb. (2) Elements which
show a positive near linear variation in concentratiocn withéﬁg. Thia group
includes Fe, Ti, Ni, and V. (3) Elements which show a negative near linear
variation in concentrahion with K. This group includes Na and Ca. (4)
Elements which show a positive near linear variation in concentration with
K. This group includes Ba and Rb. {3) Elements which show a positive
correlation with Ca. Sr is the only element in this group. The
correlations present in groups 2,32 4, and 5 are shown in figure 4.2 and
the corresponding linear regression equation and correlation coefficients
are given in table 4.2. |
| Elementa which show a positive correlation with Mg, reflect thelir
incorporation into biotite either as part of the biotite structure or in
ilmenite inclusions which are ubiquitous in biotite.

The negative correlation of Ca and Na with K fis simply a result of
closure as plagioclase, K feldspar, and guartz together comprise >95 volume

% of Hﬁz leucosonme. Quartz does not vary appreciably between different



Table 4.2. Linear regression equations and correlation
coefficients (r”) of inter-element correlations.
Oxides/Elements Equation r2 :
Fe0 vs. MgO FeD = 2.42(Mg0) - 0.28 0.98
Ti.O2 ve. Mg0 T102 = 0.28(Mg0) - 0.02 0.77
Ni vs. MgO Ni = 26.1(Mg0} - 10.2 0.85
V vs. MgC V =-38.2(Mg0) - 6.7 0.61
Naao vs. K20 - Nazo - -0.37(!(20) + 5.18 0.41
CaQ vs. K20 Ca0 = -'-D.40(K20) + 3.81 0.86
Rb vs. Kzo Rb = 25.9(!(20) ~ 3.0 0.78
Ba va. K,0 Ba = 220.6(K,0) + 37.83 0.79

57



Figure 4.2. Element correlations in H82 leucosome., (a) Element
{(weight percent element oxide or parts per mlillion) plotted
verses weight percent MgO. (b} Element versus weight percent

K20. (c) ppm Sr versus weight percent Ca0: Bars represent 95X
confidence interval. i
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Figure 4.2b.
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samples, therefore increases 1n.K feldspar content (K} reflect decreases in
" plagioclase content (Nﬁ and ca).

Ba, Rb, and Sr Are llpnrtéht trace elements in that they are
incorporated differently into the structures of plagioclase, K feldspar and
biotite, which with quartz comprise greater’than 99 volume % of moat MG2
leucosome. Ba 1is prjfe;éntially and approximately equally 1ncorpornted:
into biotite and‘_K fqldgpar. Rb 1s preferentially incorporated into
biotite and t; a lesser Gxéent K fel&spar. Sr is preferentially
incorporated into "plagloclase {Hanson 1978). This distribution of trace
elements is confirmed by analysis of mineral separates (see section 4.3).

Ba and Rb show strong positive coprelapions with K, indicating_that
Ba and Rb are indeed concentrated in biotite and/or K feldspar.- Ba and Rb
do not, however, show any correlation with Mg indfcating that inter-sample
variations in Ba and Rb are not controllad by varfationa .in biotite
concentration, which is not aurprising‘giﬁen that K feldspar 1; present in
much higher proportions than blotite. Sr does not exhibit a correlative

variation with xao. but doeéHEhow a poaitive correlation with Ca0 (figure

4.2c}.
' T
4.2.2 Metapelite Paleosome and Melanosome

Five samples of cordierite-garnet-K feldspar-zone netapelita and one
sample of muscovite-quartz-zone metapelite were analyzed (table 4.3). 1In
the small area of nuscoéfte~quartz— and sillimanite-K feldspar-zone
letalorpﬁic rockg. metapelite 1s scarce and normally restricted to thin
dfscontinuous layers. Only one sample of metapelite suitable for whole
rock analysis was found. The chemical coaposition of that sample is
‘houéver ﬁery similar to the mean paleosqle composition of latapéllte from

further west in the ERSp (Breaks et al. 1978) (table 4.3).
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Analyses and wvolume norms
melanosome, mesosome and paleosome.
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" Cordierite-garnet-K teldapar—zohellelanonOlé is cheiipallyNdlnﬁlnct
from luscovite-quartz-ioné metapelite and  §uleoaole compositions for
severa! elements (aee | table 4.3). Cordierite-garnet-X feldspar-zone
" melanosome is enriched in Mg, Fe, Al; Ti, Na, and Ca and is dépleted 1ﬁ'si
relative to paléosone compositions. These differences can be accountad fer
by the removal of an alkall feldspar granite fraction with the composition
of H81 metapelite leucosome from sillimanite-K feldspar-zone letapdilte
'(DEIGOBOIG). as shown in figure 4.3. With the exception of melanosome
sample no: 147 for the. Naao + Ca0 vs, 8102 ‘d!agrnn. ﬁulaosone element
concentrations fall Intermediate between leucosome and melanosome
coipositiona. approximately on a straight line. Sample no. 147 contains

" very low concentration of Nazo. and pao which represents -either orlgiﬁal
compositional differences or the removal of plagioclase, MG leucasOle

1
qbéerved in this sample contains no plagioclase.

4.2.3 MG, Metapelite Leucosome

1

Four metapelite samples showing evidence of Hﬂl nigmatization were
gelected for leucosome sepdration and analysis (tablé 4.4). All leucosome
samples contain greafer than 97'v01uqe % quartz and K reldspar{ulth only
minor plagloclase. and >biot1te (<3 volume % total).. The proport]on of
guartz and K feldspar e*hibit considerable variation among Qhe 4 samples,
which 1s reflected in the whole rock analyaes.‘ Volune.noruat!ve quartz and’

| orthoclase were calculated for metapelite leucosomes (table 4.4). Three of

the leucosomes have normative compositions which are similar to common
granitoid compositions, while ang.hanple (206B1) is anomalously rich in

quértz, containing 64 volume X quartz, while the maximum quartz content for

o . normél granitoid rocka:is 46 volg;e X (étreckeisen 1978). Excluding sample

20881, metapelite leucosome is syenogranite or quartz syenite. -

[

- [
. 0 . ;
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Figure 4.3. Element variation diagrams showing compositional
differences among leucosome and melanosome fractions of MG1
metapelite migmatite and metapelite paleosome. a) TiO2 vs. FeO
+ MgO b) A1203 Vs, SIO2 c) K20 vs. SiO2 d) Nazo + Ca0 vs. Si0,.

2
X-symbols: melanosome, pluses: paleosome, diamonds: leucosome.
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‘Table.4.4. Chemical analyses and volume norms of MG

Bt pegmatite.

3

leucosome and white

Metapellte Leucosome

Metagreywacke Leucosome

157EL 203L 208BL  240L 111CL 1231AL 135AL 219EL 2438BL
Wy, X

sio, 71.5 82.9 81.9 68.8 74.5 74.7 73.5 71.9 o 73.3

ﬂo; 0.17 0.11 0.10 _ 0.03 0.186 0.03 0.11 0.10 0.18

Aly0, 15.2 18.8 8.0 * 7.1 14.2 15.0 14.7 15.0 13.6

Pa0 0.97 0.58 1.6¢ 0.23 1.57 0.25 ¢.90 2.19 1.91

MgO 0.83 0.18 1.19 0.19 0.74 0.25 0.60 1.21 0.93

Hno 0.01 0.00 0.01 0.00 0.02 0.01 0.01 0.03 0.05

Ca0 0.33 0.44 0.28 0.37 2,08 2.91 2.54 1.91 2.11

Ne,0 2.50 2.34 0.89 2.08 4.19 4.79 4.49 3.52 4.01

K,0 v.24 12.04 3,20 8,94 t.91 1.28 1.73 2.44 1.684

P, U 0.14 0.19 0.08 0.15 0.06 0.03 0.00 0.04 0.20

Total 100.74 87.27 87.27 99.62 38,35 99.25 98.83 98.34 98.00

ppe Ba 2580 4860 970 2840 450 400 410 520 870

cr 40 a0 40 20 10 20 C 20 30 60

Zr 80 70 20 90 30 40 70 70 80

Sr . 400 790 170 460 320 390 370 310 410

Rb 180 180 80 180 50 ao 30 50 50

Y <10 <10 <10 10 10 <10 <10 10 10

Nb <10 10 <10 <19 <10 <10 <10 <10 <10

In a0 10 50 20 80 30 40 10 40

Nt <10 <10 40 <10 30 10 20 40 20

v a0 <10 10 20 <10 <10 20 10 30

Volume Nora -

Pl 2 1 4 1 45 54 50 as 44

Kes 72 93 19 83 9 8 9 10 5

qtz 21 87 13 a9 as 36 39 41

Bt 5 9 1 7 2 5 10 9
Grt
cde

And ad

[la n a o n

Ca 0.3 1.0 1.4 0.8 0.8 0.9 0.4 1.7 0.9

Ap 0.3 0.4 .1 0.3 0.1 0.1 0.0 0.1 0.4

m - present in minor amcunts (<1X), but not included in normative calculation.

“
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Trace element concentrations also reflect the variable gquartz/K
feldspaf ratio within leucosomes. This is particularly true for Ba, Rb,

and Sr which would be incorporated almost totally within the K feldapar

structure. )/

4.2.4 Metagreywacke Mesosome and Hﬁl_Leuoosone

Variations in major and trace element content of lignntit;c
metagreywacke do not exceed the standard deviution.of the non-migmatitic
metagreywacke (see table 4.3). This indicates that the chemical composition
of metagreywacke mesosome does not differ significantly from the
composition of non migmatitic wmetagreywacke. - The mean major element
composition of metagreywacke in this study is very similar to metagreywacke
compositions from further uest‘in the ERSp (see table 4.3).

HG1 netagreywacke leucosome ranges from tonalite to granodiorite (seg
table 4:4). Normative anorthite content in the plagioclase fop the
leucosomes ranges from 19 to 26 mole %. Normative orthoclase varies from

4.9 to 15.8 volume X,
4.2.6 White Pegmatite Dikes

Late white pegmatite dikes are syenogranite (table 4.5). Normative
anorthite content in plagioclase ranges from 3 to 16 mole X. Norlatiye

orthoclase varies from 35.0 to 48.0 volume X.
A
4.2.8 Congarison of HG1 and HGZ Leucosome
Element oxjides and trace élements which show a correlation in
_concentration for the uoz leucosomes were plotted in figure<4.4 for all
leucosome types, and white pegmatite. Major element oxide and trace

element concentration variatio?p for "01 metagreywacke leucosome and white



&

Figure 4.4. Conparisoh of element correlations 1in H61
leucosome, white Bt pegmatite, and pink Bt leucogranite with
M62 leucosome. (a) Element (weight percent element oxide or
parts per million) element plotted verses weight percent MgO0.
(b) Element verses weight percent Kao. {c) ppm Sr verses‘weighy
percent CaQd. Diamonds: HG1 metagreywacke leucosome, x-symbols:
HGI metapelite leucosome, pluses: white Bt pegmatite,
triangles: pink Bt leucogranite. Bars represent 95% confidence
interval. ‘
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Table 4

.5. Chemical analyses of other rock types.
. ‘ . Pink O Leucogratic
fieny Metntonsiite Granlite Br-Gri-Kfs Gacles White Bt pepgmattte
LLI ¥ 1A U4A 2154 43 198 (21 1041 108 1700 112b 19ar 138
S0 na 7 LT | 7 a4.3 -1 ) .3 74.2 72.2 ae.7 131 12.3 71.8
I'Hl: g N [(IEN T ] g 3 Q.34 0.20 G. 24 o.10 0.07 0.07 Q14 ¢ 21 [«L)
'\I.:tl.l [N 1T 2 17T 0 13 2 18 4 4.9 14.1 16. 4 1.2 - 12.0 130 149
Fun) 7 %8 300 3 02 4.81 1 g 204 1.27 1.39 0.4l 0.70 0.94 0.2
Mgn [ 1 1 S un 1.03 Q.14 [ FRE) 0 v 0.5) 0.23 0 42 0. 3¢ n.2u
Mnt) noan 00y o oy Q.07 0.0 0. 02 0 o4 0.0 0.01 LIV} ¢.out o0
fLal} 1 4 94 .70 4 01 2.00 1.84 2.44 J.on 0.33 a.27 1.02 0
Hu 1) 3 a2 4.14 4.20 3. 82 3.48 4.01 q.28 4.74 3.50 2.02 a.98 3.7
h:(] 1.0n Vot 2.0 *1.fig 4 90 3.2 1.483 [} T.480 7.2 g.34 5.66
I'.:th‘5 utT 0.un ¢.22 Q.08 0.0 0.01 0.00 0.08 g.lo 0.08 u.a7t o.0u
Totat wh He a8 76 ug. 22 0s- B0 9 07 Dﬂl.OO uQ.i0 0. 87 08.41 ve. 11 .77 uir il
rpm Ia an 400 380 330 1380 380 700 clo 1400 2040 1300 1560
ur 3] B34 220 200 <10 40 20 30 10 Jo <10 1]
ir 240 [RE)] 120 (X 11] o 210 a0 0 ic 390 300 120
L14 Ly 330 eJ0 410 460 J20 260 120 340 ato 0 no
kb a0 4 00 70 130 507 H 3o 100 170 180 110
Y i 10 20 a0 <10 <10 <10 0 <10 <t 0 <1Q
b <|jg <14 <]0 <i0 <l0 <10 <10 <10 <10 <10 (a1 <10
An 120 40 T0 80 30 80 a5 40 40 20 Jo 20
HI <10 M 1+] 40 <14 19 <10 (314 <10 20 <10 <10
v 30 0 1o 110 <10 10 <i0 <10 <10 20 <10 <10
Aznenblagrg Roda
#l X X X X X X X X 23 1 4 10
Kra X X ] x 33 19 43 a9
otz % " % X X X X X 1o as B 29
L ) X x x X x x X 2 a 1 2
trt LY x x x 3
And 'l
[L33] 2 X X '
IN! ] Upx x x 0
Cpx x
Lum x - H x
I1m Myt = x X X A X x 3 x x X x
Lo 0.2 0.1 o1 a
Ap x x x x 1.0 Q4 0.0 u.t

X and x repreaent sodal percentngen of > 3% and < 3% respectively.
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pegmatite overlép with and follow the pattern of element concentration
variations of the MG2 leucosomes, discussed in sectioh 4.2.1. NG,

metapelite leucosome compositions do not seem to follow the eleieht

concentration var_intioxi patterna of Hﬁz for the element variations Na,o and
Ca0 vs. Kzo'. and Rb vs. K,0.

mj1 metapelite leucosome and white "pagnutite dikes are similar in
that bof.h are K feldspar-rich, and have low normative anorthite contenta in®
'conp‘ariéon to MG2 1leucosome and MG1 metagreywacke lgucoaone. They differ

however, in ‘:hatkll‘lG1 metapelite leucoscmes have higher proportions of K

feldspar, and lower proportions of quartz.

4.3 Mineral Analyses

Energy dispersive electron microprobe analyses were obtained for
minerals from selected specimens of metagreywacke mesosome and leucosc;le.
metapelite melanosome, M62 leucosome, grey metatonalite, and garnet-
-orthopyroxene mafic hornblende gnelss. X-ray fluorescence analyses for
major and selected trace elements were obtained fur mineral aep::rntea from

selected specimens of metagreywacke mesosome, metapelite melanosome and

leucosome, and HGZ leucosome.

4.3.1 Biotlte/~.,< \\‘

Analyses of biotite from metapelite, metagreywacke, HGa leucoaonme,

and garnet-orthopyroxene grey metakonalite, are summarized in table 4.6.
Biotite from all rocks analyzeq do not differ sjgnificantly ';in chemical
composition except for biq};te in the garnet-orthopyroxene metatonalite
which iu significantly l:ore Pe-rich. Biotites from metagreywscke,
sbtapelite, and MG2 leucosome contain 44 and 55 mole X of the magnesium

4
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Table 4

G Averayge biotite analyses. a} Microprobe’ _b) Mineral Separates.
) -0t —Gpx-Abl
w0, Levcorose Metatonalite
" . ec 1834 . 200 14
' T Core 2dge Core e Cote Bdge Core
no, 1.3 3.7 8.4 3. LR . 3.3 5. ETH
Tio, 1.63 1.¢7 2.02 3.40 ,5; 3.0 3,07 1.00 tm 90
LI 9.8 .3 ML . TN [T ] 16.4 0.7 1.1
cry0y 0.07 o.cs | 0.00 0.t 0,07 0.08 o.ov 0.08 0.00
ren 0.2 168 4.7 1.1 17.8 170 t9.2 ie.0 18,1
*g0 s L 138 1.8 10.0 to.m 10,8 10.7 5.0
LA .2 "3 (N ) [ ] LN LN} 9.1 0,8 a,8
torsl 9852 #A.T0 .43 .08 03,93 04,77 6,13 Pe.p) on, a1
»
Mo. af cations on the besla af 12 O
LY} p.1m 310 5.4 B33 8,31 5.3 5.33 838 5.48
131 6.3 0.38 v.32 [ %1 ] [ 3 1] o.41 0.3 0.23 0.84
Al 3.00 147 n 1 L1 3.17 LI ] a1 %00
cr 0.0l .08 1.00 .00 0,0 0.0 0.01 0.0t .00
Peze 1.43 237 18y -2.00 .25 1.23 .44 t,37 1.713
"y t.14 ' rB .o 2.0 1.3 1.48 1.40 -1 ] 1.3t
[ 1.4 £ (1) .17 1. 1.90 £t 187 1.74
Tatal 1884 18.38 17.88  18.%4 18.08 15.03 15.80  13.81 18_61
: Fe/iPushg) 0.3 [ -} 0.3 0.4t a.40 0.49 %, 30 Q.00 0.1Ta
Wi reeng) 1 8) 1.03 1.94 .33 N .43 t.2a 1.1 1.04
ne of [ 2 1 [ 4 3 1 1 ]
Ane|yase
N
u-huleo‘
wetapalfte Netsgraywachs Meaosons .« Nigmatits
“ 147 103 tne 187A
w'ow Cate Rdgse Care Edgw Caore Rdge Core Ldgw Core Ldgw Core Rdgw
g, 4.0 . 1.3 3.0 3.0 18,0 ELI .3 0.8 FEW Y 38.0
tig a8 448 3,90 e o8 3.10 1,10 1.0 3. 1.7 7.7
Al 0, 1.4 11.8 8.1 .1 1.4 17,0 17 17.3 1.2 17.7 .2
crof, o.1e 0.18 0.4 a. 5t 0.0 v.13 B.1) [ BT G.13 0.11 0.1
Feo 1. " 10.3 .8 1.7 18.1 18.1 18.9 0.9 1.4 1.
wao 1.3 1.4 0.1 10.0 e 1.8 1.3 13.8 13.4 t2.4 1.8
3,0 [N " 0.3 e i 1.0 [N [N [N [N 0.2
Total w74 98.B0 00,31 w.M o046 a3 ve.1T 84, m3 pe.09  De. I8 .1 440
Wo of calleas o the besiz af 22 0 -
1] b2 5.38 B.31 5. 5,31 8.33 543 b4z 3.40 841 . 3.38
T o0.a2 0.80 0.4 0.47 0.41 0,47 0,37 0.38 0.44 6.43 a3 0.3t
Al 7.08 3.10 3z 118 314 a.13 I.08 1.60 3.01 3.00 .14 1.10
cr 0.08 0.01 0.01 0.01 0.0l 0.01 0.01 0.01 0.02 0.01 0.01 0,03
re® a.08 £.04 1.44 n ENT 1.00 T.30 1.3 t.ae 1.88 8T 118
e 1.9 1.54 1.48 1.1 114 1.13 1.0 1.0 z.90 1.0 1.1 1.0
o
[ 1. 1.0 1.1 1. R 1.0 1.0 1.90 .88 1,87 1.78 1,74
Total 15.48 15,48 18.81 18,48 1808 16.00 165,00 13.84 15.08  15.08 [T H 18.81
FPa/{Puepg) a.d8 0.44 0,82 0.8) 0.53 0’.!1 o.47 0.47 a.m g.3 0.4 043
IRL/EPR ) 1,38 1,33 1.0 1.40 1] 182 T 1.23 1. 1.19 1.24 1.18 1.28
#e of » 1 3 3 ] 3 . [ . . N '
Anslywan -

r



Table d.6b.

Total

ppm Ba
Cr
Zr

Sr |

Rb

Nb
Zn
N1

Hetapellté

‘Metagreywacke
Mesosome Melanosome . ) ‘MGB Leucosome
61B" 157A 64B 102 188b 220A
36.5 40.1 37.3 36.2 36.5 35.9
3.25 3.34 v 4.04 3.09 2.64 3.07
17.9 17.9 19.1 20.4 20.0 18.6
17.4 14.2 16.5 17.3 18.2 18.6
12.4 11.7 11.2 10.4 10.3  11:1
0.25 0.47 0.09 0.18 0.59. 0.44
0.18 0.45 0.14 0.05 0.18 0.11
9.2 8.7 9.3 8.9 8.5 8.2
0.04 0.02 0.02 , 0.08 0.10 " 0.05
97.10 96, 88 97.63 96 .49 97.01 96.11
2040 1670 910 . 450 " 490 500
730 780 980 . 530 150 490
60 110 90 60 30 50
10 40 10 10 20 20
420 440 - 550 540 410 640
20 20 30 20 20 30
40 40 50 ‘ 50 50 30
320 400 460, - 410 360 430
210 150 210 190 30 140
580 510 ' 880 460 360 420




LA
end-member and have a high Al content indicating a lidorODlellto
composition. Zoning was nof,detected.

XRF analyses were obtained for selected blotite alneral se?arates
from metagreywacke, metapelite, and MG, leucosome (table 4.6). Bilotite
from HGa leucoséle have signif!cantly lower coﬁcentrations of Ba, cénparad
to bilotite in metagreywacke and metapelite. The Ba concentrations In
biotite separates are as follcows: letagreyuﬁcke. 1870 and 23050 ppm (2
analyses); letapell£e 910 ppm (1 analysie); HGa leucosome, 450-500 ppm . (3
;nalyaea). Otherwise the major and trace element concentrations in biotite
from the different rock types do not differ systematically. The

concentration of Ba, Rb, and Sr of biotite, K feldspar, and plagloclase

amongy the various rock types is shown in figure 4.5.

4.3.2 Garnet

Micraprobe anal&ses were obtained for garnet from metagreywacke,'
metapelite, MG2 leucosome, garnet—orthopyroxsn; metatonalite, and garnet-
orthopyroxene -éflc hornblende gnelss (tabie 4.7). The are no
distinguishable différencea in major elélant chemistry of ‘gurnetl from
metapelite, metagreywacke, and MGz leucosome. Garnet from all 3 rock types
is Fe-rich, with subordinate Mg, and minor Mn and Ca. Zoning ls réatricted
to a thin zone at the edge of the grains (< 1/6 grain diuleter).'which is
relatively enriched in Mg and Mn, and depleted in Pe. |

Garnet from grey metatonalite and mafic hornblende gneiss is richer
+in Pe and Ca (and consequently depleted in Mg) than garnet |in
netagragﬁacke. metapelite, and HGz leucosome. Mn concpntration is similar

in garnet from all rock types. BRI S
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Table 4.8. Average cordierite analyses (microaprobel.

2 _ Metapelite ¥elanosomé - ' . MG2 Leucoasome
. -
64B 147‘ 203 200
Wwt, % Core Edge Core Edge Edge Core Edge
5102 47.1 47.3 48.6 47.2 46.4 46.9 47.58
TiO2 0.08 0.08 0.08 0.07 0.05 0.08 U.04
A1203 33.9 34.1 33.8 34.0 33.8 33.9 34.1
Cr203 0.04 0.03 0.07 0.04 O.Dq ’0.03_ 0.02
FeQ T.39 7.01 7.89 7.40 7.3 % - 7.87 7.32
Mno 0.09 0.08 0.08 0.09  0.18 0.09 0.1%,
_Mgo 9.30 9.70 8.74 8§.97 9.19 9.07 9.12
Ca0 ,0.00 0.02 ¢.02 0.01 c.03 0.02 0.01
"Naao 0.03 0.14 0.13 0.10 1,05 0.12 0.19
@ap 0.04 0.08 0.05 0.05 0.07 0.04 0.24
. .
Total . 97.95 98.48 g7.51 97.92 97.90 98.03 98 .48

No. of cations on the basis of 24 0

si .88 4.85

q 4.85 4.87 4.82 4.85 4.87
T1 0.00 0.00 0.01 ¢.01 0.00 0.00 0.00
Al 4.12 4.12 4.15 4.14 - 4.08 4.13 1.13
cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00

pe2* 0.64 0.80 0.89 0.64 0.6a 0.688 0.83
Mn 0.01 0.01 0.01 0,01 0.02 0.01 0.01
Mg 1.43 1.48 ( 1.35 1.38 1.42 1.40 1.39
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.01 0.03 0.03 0.02 0,21 0.02 0.04

K 0.01 0.01 0.01 = 0.01 0.01 0.00 0.03

Total 11.08 11.10 11.09 11.07 11.21 11.10 | 11.10

Pe/(Fe+Mg) 0.31 0.29 0.34 0.32 0.a1 0.33 0.31

No. of 3 3 . 3 . 4 2 4 3

Analyses ‘ x
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4.3.3 Cordierite

cordierite occuras in cordierite-garnet-K feldspar-zone metapelite, in
Hﬁz léucosona. and rurqu in thin lenses with quartz in metagreywacke.
chrop;;be-analysea were obtained for cofdierlte in metapelite neianoaoue
and Hﬁa leucosone‘ (table 4.8). Cordierite from metapelite and HGz
l;ucoaone is similar in gcomposition. The average Fe/(Fe+Mg) ratio of

cordierite is about 0.3. Cordierite is weakly zoned with thin rins

anr{gped in Mg, and depleted in Pe.

//:}§.4 Aluminosilicate Hinefala :

f’ Sillimanite, the main. aluminosilicate mineral, 13\ regtricted

Y

. ] .
primarily to metapelite, but is also found rarely as inclttusions in M >

leucosome garnet. Andalusite is present in late white pegmatite dikes, and

t o .
. wase observed in cne sample of HGz leucosonme.
# .
4.3.8 Peldspars
“ Plagioclase ta present in all rock ‘types. except HG1 letapeiite

laucouo!a and metamorphosed banded iron formation. Hicrbprobe analyses of

plagioclase, and XRF analyses of plagloclase separates are summarized 1#

table 4.9, Differences in anorthite content among the various rock types

have been summarized previously. A plagioclase separate from netapelité

melanosome contains an anomalously hi%? Ba conéentration (640 ppm), which
— 18 due to the presence of K faldspar in tﬁe separate.

K feldspar is present in Mﬁl metapelite leucosome, MG_ leucosome, and

2
leucocratic biotite-garnet-K feldspar gnelss,. Nicroprobe analyses of K

feldapar in H02 leucosnme, and XRF analyses of K feldspar separates fron'

H02 leucosome and Hﬁl metapelite leucosome are listed in table 4.10

»
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Tabie 4.9Db.
‘ Metagreywacke . Metapelite
Mesosame Melanosome HGa Leucosome
wt, % 618 157A 64B 1024 188b 223Q\¢\¥
. . ‘ .
5102 ' 60.4 59.9 61.8 60.7 61.3 61.2
T1i0, 0.03 0.08 0.02 0.05 0.02 0.02
A1203 24.5 25.0 23.5 24.7 24.3 24.2
FeO,, 0.24 0.34 0.1a 0.47 0.20 0.45
Mg0 0.40 0.38 0.21 0.57 0.33 0.42
cao 6.00 6.10 ‘4.56 4.26 4.69 4.49
« Na,0 7.67 7.74 7.44 8.10 8.24 8.33
K,0 0.78 0.47 2.29 1.17 0.87 0.83
Mno 0.00. _ 0.00 0.02 0.00 0.02 0.00
Total 100 100 100 100 100 100
.ppm Ba 370 340 840 280 250 280
Cr 30 50 <10 50 50 30
ir 150 220 120 220 80 210
Sr 680 640 700 710 580 490
Rb <10 T <10 40 20 20 .30
Y 10 <10 <10 20 <10 20
. Nb 10 20 <10 20 20 40
" Zn 10 40 10 70 30 40
N1 <10 10 <10 <10 <10 <10

v <10 10 <10 <10 <10 <10

Plagioclase composition recalculated from XRF analyses of Pl-Qtz
mixture obtalined by mineral separation. Qtz assumed to be pure S10

. . 2’
(See appendix A for recalculatlion scheme)
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Table 4,110,
Suparates.

..

Average K feldspar

i)

weL, %

5102
A1203
FnQ
Cal
Na_ 0
. K20

Total

200 84C
Care Edge Core
as.0 45.8 . 84.8
19.4 1.2 16.4
0.01 0.023 0.30
0.23 0.18 0.20°
1.38 1.33 1.55
13.0 13.1 14.2
100. 14 99. 80 100.25

No. of cations on the basis 4f 32 0

31
Al
Ca
Na

X

Total
An
Ab

Or

No.

11.98 11,89 [1.87
4.8 4.13 4.18
.03 0.03 0.04
0,558 0.54 0.53
3.02 3.03 3.33
19.74 19.72 19.98
0.01 0.01 0,01
0.13 Q.15 .14
0.84 0.84 0.85

2 2 1

Table 4.11. Spinel analyses

AMetapellts
aglancanme

puaal -1534°

-t % fure rdge
o, o AT 0.8
'I'l(]J o0 0.43

LIPS 4.0 341

ce,0, 1.40 149
feQ nt n.2
LETY a o7 Q.04
LT J < 118
Cat . a7 0 07
Ino 7 4 03

\Jus 0.39 ¢.8

Total w6l L1

Unpublished apinel anniynen
nipdly provided by
Or J A, Parcival

L&
analyses. a) Microprobe, b) Mineral
b) :
wt. % 1024 1888 2204
\ sig, ~83.4 62.8 84.4
7102 0.02 0.12 0.01
AL, 0, 18.7 20.4 18.0
Ped 0.11 0.22 0.08
Mn0 g.al1 0.00 0.00
Hgo 0.17 0.78 0.17
CaC 0.38 0.28 0.29
Na, 0 1.68 1.80 1.80
KZO 13.2 14.8 13.4 -
P, 0f 0.02 6.00 0.10
Total 97.78 100,88 99.27
An .08 0.qa 0.03
Ab 0.15 0.15 0.17
or 0.78 0.82 0.80
- ppe Ba 3830 3830 3410
el cr 10 90 20
Ir 80 azo 20
sr 780 720 880 _
Rb 220 210 270
¥ 10 50 20
Nb 10 90 - <10
Zn 10 30 <10
H <D <10 , <10
v <10 <10 <10

(microprobe) .

r‘:.
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regpectively. K feldspar 1in H62 leucosome (xAbKrs - 0.09—0.18) is
significantly less sodic than K feldspar in HGl metapelite leucosome

Kfs ' ‘ '
(xAb = 0,23-0.32).

-4.3.8 Spinel .

~Green spinel 18 restricted to cordierite-garnet-K feldspar-zone
uetapelfﬁd melanosome, and rarely occurs as inclusions in garnet in MGa
leucosome. Microprobe analyses of spinel from one metapelite sample are

listed in table 4.11. Green spinel 1is & zinc-rich hercynite; containing
r Y
about 8 welght % ZnO.
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5. METAMORPHISN AMD IGI (INTERNAL) NIGMATIZATION

5.1 Introduction

X
b

A rigorous approach to the discusaion of metamorphism and internal
("01) migmatization of metagreywacke and metapelite in t;e study-area will'
be attempted in this chapter. In order to adconpllsh this, phase relations
will be discussed iﬁ terms of model systems, which closely approach the
actual cAgpical constitution of the rocks studied. The system KMPASH will
be used fof subsolidua phase relations and éhe sﬁatal KNMFASH for phase
relations with melt considered as an additional phaae;‘ The development of

the model systems will be discussed, followed by a discussion of their

suitability and application to the rocks in this study.

5.2 Model Systems for the Phase Relations of the Metasedimentary Rocks

5.2.1 General Discussion

Any rock system 1s composed of a finite number of phases (denoted by
"p") and a finite number of components (denoted by "n"). Schreinemakers
(1915-1925) developed a set of rules by which the relative ordef of
univariant reactions may be deterllged around an invariant point composed
of n+2 mineral phases. Zen (1966) provides an excellent summary of.
Schreinemakers rules. In a given afea subject to a range of metasorphic
conditions, the total number of phases (p) for a given rock type, will
commonly exceed n+2, although not within a slhgle sample. Korzinksii
{1959) designated such systems as flultiayatels". For a given multisystem
the total number of possible invariant points can be determined by the

following equation:
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number of invariant pts. = ------—- ———— {by combinatorial
(n+2) 1 {p-n-2)! mathematics)

Phase relations in multisystems, therefore, form a series of invariant

points connected by univariant reactions, to form a petrogenetic grid.

o
5.2.2 Phase Relationa in the System KMFASH

Vielzeuf and Boivin (1984) have developed an ‘algorithm for
multisystems based on Schireinemakers rules which arranges the uniﬁuripnt
reactions around invariant points and then arranges the invarlaht pointa in
P-T space to form a petrogenetic grid. They qpﬁlied their algorithms to
the systems K20‘H20-A1203-3102"320 (KMASHI._Kzo—FeO~A1203—81oa-H20 (KFASH) .
and KaO—HgO—FeO~A1203~8102-H20 (KMEASH). for the phases blotite, garnet,
cordlerite..orthopyroxene, muscovite, sillimanite, K feldspar, quartz and
water. A complete petrogenetic grid would contain 36 invariant points for
KMASH and KPFASH, and 9 invariant points for KMFASH. To make the
calculations more manageable Vielzeuf and Boivin (1984) considered only
quartz and water present equilibria. This reduces the total number of
invariant points to 21 and 6 respectively. Pefroganetic griqa for KMASH or

KPASH (a’partialiﬁrld only), and KMFASH are shown in figures 5.1 and 5.6

respectively. Reactions in KMASH/KFASH and KMFASH are listed in tables 5.1
and 5.2.. The interested reader is referred to Vielzeuf and Boivin (1984)
for a complete explanation of the construction of the grids.

The more complex system Kzo;HgO-FeO—Alzos-SIOZ—Hzo (KMPASH) provides

a more realistj}”iodel for subsolidus phase equilibria in natural systenms,
1

than do KMASH oy’ KFASH.



KFASH/ KMASH

T —

Flgure 5.1. Schematic phase relations in the system KFASH or KMASH for the
phases shown. ~
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)

The most significant difference for phase relations lﬁ the system-

KMFASH compared to those in KMASH or KFASH-13 that univariant reactions

‘luot have balanced Fe-Mg ratios betwean ferromagnesian phases on both sides

of the reaction. Univariant reactions in the system KFASH and KMASH.become

divariant fields in the system KMFASH.

Equilibria in the systems KFASH and KMASH may be integrated into the

| system KMFASH in the following manner. In the aystem KMFASH.: the two end-

) 3
points of non-degenerate univariant equilibria are constrained by the

position of tpe.KFASH and KMASH end-member invariant po!nta.ébﬂtalning the
same phases as those found in the univériant equilibria. The end-member
invariant points in KMASH and KFASH will contain the same phases and ndang;.;
of phases as univariant qqull@béia in KMFASH, and one less phase than
KMPASH invariant pointa, since the end-!elber syste;s contain one less
conponent. either Mg0 or FeO. For PFe-Mg phases the position of a
univariant reaction in KMFASH is constrained by the intersection of any two
of the divariant reactiqns at equal xng isopleths for‘ a common
ferromagnesian phase (cf. Holdaway and Lee 1977).

As~an example we wlil examine univariant reaction MF-1. Equilibria

;

involving the breakdown of sillimanite, biotite, and quartz are important
indicators of metamorphic grade in the pgedent study-area and in many high-
géade .letanorphic terrains. Reaction MP-1 {8 constrained by the
intersection of the Fe and Mg end-member reactions: M-1, M-5, M-6, and HLB.
as shown in figure 5.2. The reaction HF-f is also constréined by the’

intersection of 1lines of equni cordierite composition for end-member

IS

-reactlons N-1 and M-8 or by the intersection of lines of equal garnet

composition for the end-member reactions N-5 and M-6 (figure 5.3). The

relative atability of end-member réactioﬁs M-5 and M-1 1s considered to be

x
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T - ' ) ;

Pigure 5.2. Schematic topology of reaction MF-1. constratned by the Fe and
Mg endmember invariants containing thef,,-Mases Qtz-Kfs-Alg Bt (5r“t Gt -H O,
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Flpure 5.3. Schematic topology of reaction MF-1, constrained by the
the divariant fields of:; (a) reactions Bt-Sil-Qtz=Kfg+
compositions: or (b

intersection of
Cdt+H20 and Cdt=Grt+Sil+Qtz+H20 at equal cordierite
reactions Bt«$il+Quz=Kfs+Grt+H20 and Cdt=Grt+Sil+Qtz+H20 at equal garnet

compositions.
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Figure 5.4. Schematic T-X section for divariant reactions emangt ing

from univariant beactlonFef§%;Sil+Qtz=Kf3+Cdt*Grt+H2%}“F (after Thompson
1976) . )



KMFASH

T o~

Figure 5.5. Partial Schematic P-T grid of phaég relations in the system
KMFASH for the phases Qtz—Kfs—Ms—Ms—Bt—Grt~Cdt—0px--H20. After Vielzeuf
and Boivin (1984). ®

N\
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a function of the Fe/l& ratio of the rock (Thompson 1976). Thia can be
shown graphicully' by aﬁ isobaric T-X section for continuous reactions
emanating from the discontinuous reaction NF-1 (éigure 5.4). .
Hess (1969) derived a grid similar to tﬁe grid derived by Vielzeuf
and Boivin (1984), but which differs in the position of theg [HS]MF
invariant point. The diacpepancy arises because Hess did not consider the
full extent of reaction MF-6. Thé'partial P-T grid shown in figure 5.5 is
consistent with phase re}Ltions deduced by Relﬁhardt (1968) .for
‘ methmorphism of pelitic rocks in the Frontenac Axis of Ontario, and by
Grant (1973). Grant (1873) was able to show that equilibria radiating from
the invariant points [Hs]MF; [Bt]NF' and [Opx]"F are compatible with a
consllderable_ amount of natural data.h
At conditions of 8yaq DEar unity the invariant [OPXJHF will lie bhelow
the stablility of the assemblage Fe-garnet-sillimanite-quartz-water and is

therefore metastable (cf. Holdaway and Lee 1877, Grant 1985).
5.2.3 Phase Relations in the System KNMFASH

Supersolidus phase relations (above the granite solidus) of the
metasedimentary rock types in the present study will be treated in the
system KNNPASH, and will include all of the phases considered for the
system KMFASH, plus plagioclase (albite) and granite melt. K feldspar in
the system KNMFASH contains an albite component. A partial, schematic P-T
_gfld. consistent with Schreinemakers analysis, haas been developed by Grant
(1885) for ‘univariant curves radiating' from the invariant points
[HB.Opx]N“F and [la.su]Num (figure 5.68), Upivariant curves radiating from
the [Opx.Cdt]NKF invariant point are also included iﬁ.tigure 5.6. The

tonalite solidus is incliuded in figure 5.6 for the consideration of‘Hao-



phzme1 present melting of, plag‘loclaae-qﬁurtz (no K feldspar) ﬁuenhlﬁoa.
Reactiona in KNNFASH are listed ln table 5.3, |

- The position of the [Ns.Sll] invariant point from Grant (10885)
requires that i.:he nelt composition prdduced by npltlnz reactions NMF-7 .apd
m-a be granitic. Haowever, axper.iuental studies have indicated that the

melt produced may be granodioritic in composition for H,O-phase-present

2
melting (Knabe- 1970a and 1970b). Percival (1983) deduced the
formation of granodioritic melts for Hao-phase—nbaent' melting,
based on natural observations. Percival (1983) positions reaction
Btﬂ’].ﬂ)tz:-=0px+!klelt2 at the intersection of the tonalite solidus curve {(NMF-
14) and .aubsolidus reaction Bt+Qtz-Kfs+0px+H20 {equivalent to NMF-3)
(figure 5.7). \
. llzo—phase-abeent melting according to.reuction Bt+P1+Qtz~0Opx+Melt
(H20 in melt is derived from biotite breakdbwn) results in Hao contents }n
the melt of 1.1 wt. % for a granodioritic melt composition and 1.8 wt. %
for a granitic melt conpoaitiona. Both melts are extx:enely “20
undersaturated. Wyllle:(lsaa) estimates that for melting of crustal gneiss

containing 2 wt. % water temperatures in excess of 900° C are required to:

form granodioritic melts. . Calculations of the H20 content of granjtic

In natural rock systems, water that {8 not an essential structural
constituent of minerals may form part of a discrete vapour phase, or part
of a disordered grain-boundary/channel phase. To keep the discussion
consistent with both possibilities, non-structural water will be referred
to as the "Hao—phaae". unless a discrete "vapour"” phase is implied.

2 Reaction Bt+P1+Qtz=0Opx+Granodiorite Melt from Percival (1983b) would be
equivalent to Bt+Pl+Qtz+Grt=0px+Cdt+GBranodiorite Melt in the system
KNMFASH, assuming that all K feldspar produced 1is incorporated into the
melt, and that the Pe/Mg ratio in blotite and orthopyroxene are equal.

3 Calculations are based on the simplified reaction Bt + 3Qtz = Kfs + 30px

+ H,0, with all Kfs and H,0 entering the melt. Granodioritic and granitic
nel@a represent average ll& leucoaom compositions from this astudy.
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Figure 5.7. Topology oftvapour absent melting for the assemblage Bt-Pl-Qtz

proposed by Percival (1983). .

(1979) and presented in .Johannes

melts based on the equations of . Burnham
indicate that granitic melts with equilibrium Hzo contents of less

{1985)
less than about 875

than 2 wt. % will not form at temperatures C.

Therefore, at temperatures of about 700 °c strongly undersaturated melts
Percival's

in the presence ‘of plagioclase,

will not form. -Furthermore,

reaction Bt+Qtz¥0px+Kfs+H20 should produce a granite melt at conditions

exceeding the granlite solidus. Hao—phase—absent melting reactions must,

therefore, produce K feldspar in excess of‘that which could b2 incorporated

into the melt (cf. Thompson 1982, Grant 1985), to allow for higher H 0

contents in the melt, resulting in the formation of granitic melts {lie

Pl
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reaction Bt+Pl+Qtz=0Opx+Cdt+NMelt should in fact be NHF—G}} The lnterpreted.
position of reaction Bt+P1+Qtz=0Opx+Melt of Percival (1983b) is not
reasonable and that of Grant (1988) which shows fhd correct form of the
reaction (NMF-6) will be aQopted in this study.

. Reaction NMF-7 does not share the "20 content restriction of
reaction, NMF-6. For reacticn NMPF-7 or other Hao—phaso—preaant;

-~

incong' nt, biotite melting-reactions melts may in fact be granodioritic,
partidularly at higher pressures where reaction NMF-7 moves further away
from the granite aolldus.h . It is also worth noting that. at pressures
greater than the intersection of reaction NMP-7 with the tonalite solidus,
initial Hzo—phase saturated melting of assemblages of Biotite-Plagioclase-
Quartz (no aluminosilicate) will produce tonalitic melts (see figure 5.8).
It is glear from figure 5.6 that different P-T paths during netano;Lhisu
will result in very different melting patterns for a rock.

During prograde metamorphism, liao~phnaarpreaent melting reactions
will lower thelproportion of Hzp .u@ the remaining solid rock. Therefore
during metamorphism, initial melting of the rock maas is likely to be the
result of H20~ﬁhaae—present melting reactions, and later melting the result
of Hao-phaae-abaent melting reactions (Thompson 1982). Natural high-grade
metamorphic rocks probably contain a very small amount of Hzo not tied up
in the crystal structure of minerals in the rack. The amount ?f this
“free" water would in fact be buffered internally by the hydrated minerals
(Powell 1983). Only a small amount of melt could probably be formed by
Hzo—phaae-present melting reaction of natural high-grade metamorphic
rocks,  without an influx of water inte the systenm. JF much larger
proportion of melt could be formed by Hzo—phasa—absent melting reactions,

in which Hao relensed from the hydrated mineral goes directly into the

undersaturated melt (Thompson 1982}).
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Flgure 5.8. Intersection of reactions NMF-1 and NMF-4 (granite solidus) in
P-T space at varlable ratios of PH20/P otal’ Metastable sections of
reactions are shown as dashed lines. ﬁbsf&ion of reaction NMF-1 from
Holdaway and Lee (1977}, reaction NMF-4 from Johannes (1985).
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A degrqa of freedom is gained for Hao-phaae-p;‘aaent reactions by

conalderlhg variations in the 820" In general, dﬁcreaainz the a will

H20

ahlfg subsolidus dehydration reactions towards lower temperatures and Hao—

‘phase~-present leltiné‘reactioﬂ towards higher temperatures. H,_0-phase-

2
absent leltiﬁé reactions are not shifted by varfations in the Bya0- The
net result of the shifts in univariant curves is that decreaalgg the ﬁnao
will shift fhe invariant points in figure 5.6 towards higher preasurea‘
along the Héo-phase—absent melting curves.
The position of the invariant [Ms.Opx]NHF

aﬁd reactions lnvglwing the
breakdown of biotite, sillimanite, and quartz are of ;articular importance
in this study and will be considered further.  Experimental patudies by
Holdaway and Lee (1977) and Hoffer and Grant (1980} ﬂnve indicated that at
8520 = 1 the subsolidus reaction NMF-1 is metastable, nn&ﬁiglting reaction
NMF-9 wfll occur instead. However, for the lower values of Byo0 8 porflon
of the subsolidus reaction becomes stable. The Intersection of reaction
NMF-1 from Holdaﬁay and Lee (1977) with the granite solidua (NMF-4) from
Johannes (1985), - at different ratlos of PHZO/Ptotal (1'aH20) is shown in
figure -5.8. This Intersection defines the posltion of the Invariant

[HB.Opx]NHF. The lower stability limit of NMF-1 is constrained by the

reaction:
Fe-cordierite = Pe-garnet + Alumincsilicate + Quartz + Water.

The upper stability limit of NMF-1 is constrained by the granite solidus. )

From figure 5.8, reaction NMF-1 will be stable at values of aHao < 1.
While there is considerable uncertainty in the absolute boqltlon of
reactiona NMF-1 .and NMF-4 due to the combined uncertainties 1in the

experimental data and thermodynamic 'calculations (see Holdaway and Lee
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(1977) and Johannes (1986) for a discussion of errors), the relative

ﬁoaitiona are valid.

5.3 The Activity of HEO
. * \- |
5.3.1 A General Discussion of the Behaviour of uzo in High-grade

Hetagubphic Rocks'

There are at least two ways in which water within a rock during H?zh—
zraqe letalogphisl may be viewed. A common assumption used by trologlists
is Qhat water, poasibly combined ﬁith other volatile components, ekists as
a dlécrete fluid phase in a metamorphic rock system. A second-pdssibility
is that within medium- to'high—grada letanafphic racks, water laf exist in
a solid grqln-hpﬁndarylbhannel phase as adsorbed molecules at grain

~

boundaries, and/or as nolepu]ér H,0 in cavities ‘and channels within a

2
cation-oxygen framework, somewhat analogous to the zeolite structure
{Ranbarg 1952, Kretz Personal Communication). Water present in this manner
in a rock will be referred to as part of a grain—ﬁoundary/channel'phase.
which clearly can not be viewed as a fluid. With this second view of the

behaviour of water in a high-grade metamorphic rock, the activity of water

may be altered in two ways:

1) Dilution of water with another volatile component (eg.

co by the 1influx of the volatile component or by

2)'
devolatization reactions other than dehydration reactions
occurring within the rock (eg. decarbonation reactions).

2) Removal of water from the system, with or without the

presence of another voiziile component. The progressive

removal of water from the system would decrease the mole
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fraction = of inter in the grain-boundary/channel phase,
.resuiling in a lowering of the 8420 within tha rock. |
If the wvolatile conpohenté are viewed to occupy -u dlnérete fluid
phase, thep only dilution wifh another vapour phase can briné the 8420
beiow unity. In the presence of a pure water vapour phase, the a must

H20

) ez?e unity, and‘will be independent of the amount of water present. If water

- in some metamorphic rocks does indeed exist within a disordered grain-

boundary/cﬁannel phase 1t could account for reduced activities of H20. aven

when water is the only volatile component present. The two cases need not

be mutually exclusive. If the amount of water and other volatile

components within a rock was in excess of that uhfch could'belincorporated

into the grain-boundary/channel phase, then water could exist as a part of

a' fluid phase. This might be the case during dehydration reactions 1if

excess water,coulﬁ‘not be transported out of the rock as guickily as it is

being produced. The amount of water present in ; ‘rock is equélly as
important as the activity but is commonly not considered.

For experimental studies of dehydration reactions at values of aH20'<

1, 1t ig necessary to consider water as a component of a discrete fluid

phasé. These studies léy provide a reasonable approximation fér"natural

rock systems where a discrete fluid phaée may not exist (Kretz Unpubl.

Manuscript).

5.3.2 Activity of Hao in the Study-area

LS

In the study-area there are several features which suggeast that the
activity of water was less than unity:

1) The development of dehydration rims in mafic gneiss at the

contact with -etagreynacke‘ 1ndiéutes a lower auzo in the

metagreywacke relative to the mafic gnelss.
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2) The coexistance of sodic plagloclase, gquartz, and K
feldspar in leucocratic bilotite-garnet-K feldspar gnelss with
metamorphic textures at P-T conditions (from zeotherl;netry and
geoharometry) in eicess of those required for melting with Ayag
= 1 {(refer to section 5.4.2 for a more detaliled discussion}).

3) Orthopyroxene is present in =mafic gneisa,aﬁd locally in
metatonalite, which is though to require values of 820 of less
than unity to roru'at geologically reasonable P-T conditions i{n

the crust (Winkler 1878, Turner 1981).

There 18 no evidence for the presence or absence of volatile
conponentsrother than water in the rocks in the study-area. However, if
water, under metamorphic conditions, existed as pnrtt of a grain-
boundary/channel phase, then the presence of additional volatile components
ts not a prerequisite for reduced values of 300" The p;oduction of water
by metamorphlic reaction, followed by escape of the uzo produced,‘could
conceivably result in reduced activities of Hao. as could partial melting.
This point will be discussed further, in secpion 5.4.

5.4 Metamorphism and MG, (Internal) Migmatization of Metasedimentary rocks
in _the Study-area °

5.4.1 Application of Model Systems to the Present Study

In the present study, the chemical system for the letaaedilqﬁtary
rocks (metapelite and metagreywacke) may be expressed by the 'components

Kao—Feo—HgO-Al203-s102-HnO—FeT!Oa-CaO-Nazo—H204. By applying the following

4 Water is treated as a discrete phase although it is recognized that

water may not form a discrete phase or may only exist as a discrete phase
’pariodically ag dehydration reactions occur. ¥

l

ey
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simplifying assumptions the system can be simplified to KNFASH for
subsolidus phase relations and to KNMPASH for phase relations involving a

melt phase:

X

1) Ilmenite is present in excess‘gnd does not'react. fixing the
chemical potential of PeTiOs. -
2) MnO present in minor anaunts in garnet, can be neglected.

3) All FPe is assumed t6 be In the ferrous state.

4)‘Piagioclus§ of constant composition does not participate in
subsolidus reactions Qndlls present Iin excess which fixes the
chemical potential of Ca0 and Na,0 in KNMPASH. n KNHPASH, T

~~

only the albite component of plagioclase is modeled.

3

v

L

Mineral phases present in metapelite in the study-area includ?:
biotite, garnet, cordierite, sillimanite, muscovite, K feldspar, and quartz
(plus plagioclase and ilmenite). Gahnite, and graphite are present in
minute amounts in some samples, but are not considered as part of the model
gysten. The components T102I and MnCG, present in minor amounts 1in
metapelite and metagreywacke, will affect the atability of biotite and ~
garnet respectively. - » |

Ca0, contained predominantly in plagicclase, does not introduce‘;ny
new phases, thereby increasing the variance of plagioclase present
reactions in KNH#ASH by one, and extending the stability field of
plagloclase bearing assemblages to higher temperatures. The system KNMFASH
does however provide useful constraints on the melting (solidus behaviour)
of rocks containing sodic¢ rich plagloclase. Johannes (1984) has shown
experimentally that the granite solidus curve in the system quartz-
orthoclasa—alblte-anorthite—uao at 5 kbars varies by less than ;00 C for

plagioclase compositions more sodic than An4o. Therefore, it is reasonable
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to negleoct the influence of anorthite on granite solidus telperatures;

Similarly, for plagioclase more sodic than An tonalite solidus

25
temperatures differ by less than 15° ¢ (Johannes 1985},

Johannes (1988) has evaluated many of the existing studies, related

to the influence of excess FeO, MgO, ‘Al 0 and Mn0O on leltihg

23’ 2’
temperatures and concluded that it 1s unlikely'that the excess solubility

T10

of any of these components will significantly reduce solidus temperatures

in granitic and tonalitic systems.

5.4.2 Metapelite
- - ~

Hetupellté in the study-area is characterized by four assemblages,
which define a pfograde t:anaition from medium- to hlgh:grade metamorphism.
Muscovite-quartz nadiun—grade assemblages (A-4) are the lowest grade
nssemblage observed }n the study-area. Assemblage A-3 is characteristlg‘of
the s8illimanite-K feldspar zone of high-grade metamorphism. g A-2
assemblages are characteriatic of the cordierite-garnet-K feldspar-zone. A

coexisting MG, leucoscme (assemblage A-1) is associated with cordierite-

1 ’

garnet-K feldspar-zone metapelite. K\Fel&spar 1s present in the melanosome
of cordierite-garnet-K feldspar-zone ietapelite in about 1/3 of the samples
examined, but 1is invariably present in the coexisting H61 leucosomes
observed with both quartz-bearing Qnd quartz-absent melancsome assemblages.
Cordierite-garnet-K feldspar-zone metapelite persists into the
orthopyroxenelzone of high-grade netanorphlan; defined by the presence of
orthopyroxene.in hornblende-bearing rocks.

Muscovite-quartz-zone and sillimanite-K feldspar-zone metapelite is
resyricted in occurrence to the southeast corner of the study-area, near

Hollingsworth Lake, within 5 km of the southern subprovince boundary.

le}anorphic grade decreases towards the southern subprovince boundary. The

T

.
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sequence of isograds is shown in figure. 3.1, although the patchy
distribution of metapelite has allowed .for only the approximate placement
of the lsograds. -The sequence of isograds is similar to those observed by
Breaks et. al (1978) in the Lake St. Joseph area, near the northern

subprovince boundary, although they observed lower grade, ataurolite-

-

bearing assemblages.

West of Hollingsworth Lake (see figure 8.1), the isograd sequence is
disrupted by the Pashkokogan Lake-Kenojl Lake mylonite zone. This mylonite
zone separates orthopyroxene-zone and cord!erite-garnét—K feldspar-zone
rocks to the north, from the Smoothrock Lake pluton to the south, which
contains rafts . and sacreens of muscovite-quartz-bearing medium-grade
schists,

The univariant assemblage (in KMFASH and KNMFASH) blotite-
gillimanite-cordierite-garnet-quartz-K feldspar-plagioclase (A-2c) was
observed in the northern-most portion of the study-area at Whiteclay Lake,
and may represent the northern limit of cordlerlte—gafnat—x feldspar-zone
ﬁetanorphic conditions (see figure 3.1). This ;aselblnge would 1lie
directly on the univariant reaction NMF-1 (or NMF-1) in figure 5.5 (or
figure 5.6). All other metapelite assemblages cbserved are divariant and
would lie in the‘dlvarlant fields separating univariant reactions.

The absence of any evidence of internal migmatization associated with
the transition from assemblage A-4 to assemblage A-3 metapellte, indicates
it formed by subsolidus reaction MF-2 (or NMF-2). The P-T path of

metamorphism must, therefore, have passed below the {[Opx,Cdt] invariant

NMF
peint in figure 5.6.

The transition from assemblage A-3 to A-2a,b or c is coincident with
the first appearance of Hﬂl leucosome in metapelite, in “accord with

observations elsewhere +in the ERSp'(cf.‘Harrla 1976, Breaks et al. 1978).
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Several observations indlcaﬁe this leucosome formed by internal

-

llgnatizntion of metapelite:

1) The lel;noéone of HGl metapelite nigngtite is clearly
depleted in certain elements apd‘enriched in otﬁgrs relative to
paleosoig compositions from lower grade portions of the ERSp.
The differences in element oxXide concentrations between MGI
metapelite qignatite melanosome and metapelite paleosome, can
be attributed to the removal of a quartz-K feldspar leucosome
(see figure 4.3).

2) Thq alkali feldspar granite to quartz syenite composition
of MGl.latapelite leucosome is unique to metapelite layers.

*3) MG1 leucosome forms isolated lenses and pods within the

&

coexisting melanosome.

The transition from assemblage A-3 to assemblages A-2a, A-2b, and A-
2c will result from reaction HF—i {or NMF-1) ressures less than the
invariant point [Ms.Opx]NHF. and from one of the eguivalent meltiné
reactions, NMF;IO or NNF-9, atrhressures greater than the invariant point.

lgnoring, for a moment, the guestion of whether or not the reaction
involved the generation of a melt phasqgk there are several lines of
ovidence to aupport'the forlation of cordierite, K feldspar, and garnet

from the prograde metamorphic reactloh of biotite, sillimanite, and quartz:

~
1) The ‘instability of coexisting biotite, sillimgnite, and
‘ A\

-~

* 1
quartz under cordierite-garnet-K reldspaﬁ:zone conditions 1is
L
indicated by the two different stable asgsemblages found at this

grade, as shown below:

o+



Inferred partial reaction:

Bt + $§i1 + Qtz = CdL + Grt + Kfa (NMF-1, NMF-9, or NMF-10)

8
Stable Cdt-Kfs-zone sub-assemblages:
Bt, Sil, Cdt, o6rt, Kfs (Qtz-absent A-2a)
Bt, Qtz, Cdt, Grt, Kfs (Sil absent,

Qtz-bearing A-2b)

Quarfz-bearlng netapelite\(A-zb) contains sillimanite owly as
minor inclusions restricted to the cores of cordlerite grains
{see plate 3.6b). Quartz-absent metapelite (A-2a) contains
gsillimanite in contact with all other phases and as abundant

inclusion trails throughout cordierite grains (see plate 3.6a).

Reaction of biotite, sillimanite and¥uartz to produce K

feldespar, cordierite, and garnet continued until one or more of
the reactants was consumed, which in guartz-bearing metapelite
was silliman‘te, and in quartz-absent metapelite was/guartz.
Biotite which is much more abundant than sillimanite or quartz,
was therefore not consumed {ie. present In excess).

2) The transition from A-3 to A-2 assemblages has been found
to approximately coincide with the prograde appearance og
orthopyroxene 1nrhornblende-bear1ng mafic rocks, which is in

agreement with other studies (eg. Waters and Whales 1984).

110

i
If it can be shown that the reaction to form K feldspar, cordierite,

and garnet did involve the formation of a granitic melt, then migmatization

would necessarily have been a melting process. If however the reaction was

in fact a subsolidus reaction thén migmatization would have been a

subsolidus process. Therefore consideration of the possibility that HG1
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Figure 5.9. Stable portions of reaction NHF-I superimposed on an inferred
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leucosome rorlgd from a melt may shed lizﬁtjon the nature of the reaction .
to form K feldspar, cordierite, and garnet. ‘
The alternatives for the generation or.ﬂﬁl metapelite laucoaole'nre;
1)} metamorphic differentiation fﬁ‘:he-presence of a mixed vaolatile phase,
2) metamorphic differentiatiqn in the absence of a free-vapour-phase, or 3)
partial -eltlﬁg.
An inferred geothermal grudient5 for the study—afeu is shown with the
position of the invariant [Ns.Opx]NMF at different values of 8420 in fig&ro
5.9. Prom figure 5.9, the reaction forming K feldspar, cordierite, and

garnet in metapelite may have been a subaolidué‘reactlon if the a were

Hao
leas than about 0.7 and a melting reaction for higher values of LS
Melting of metapelite is #hererore reasonable at high values of quo}

The chemical composition of NG1 metapelite Jleucosome differs
significantly from experimentally determined eutectic and cotectic granite
compositions. The gornative ratio of quartz-orthoclase-albite for
metapelite leucosome is compared with the experimentally determined
eutectic and cotectic compositions for granitic melts fgbl Tuttle and Bowen

(1958) and Luth et al. (1864) in figure 5.10. Metapelite leucosomes lie
:;Eiarda either the orthoclase or quartz apex away fTom eutectic
compositions. Equilibrium partial melts from metapelite should produce
initial eutectic melts. If at some point In the melting of metapelite,
elither K feldspar or quartz was consumed, the melt composition would ahirt'
along the quartz-albite or albite-orthoclase cotectic lines, consequently

becoming more enriched in albite, or albite and quartz. To produce melts

orthoclase= or quartz-rich than eutectic -élts. would require the

|

5 Eatlnateﬂogeothmr-al gradient %P'conatructed by joining a strajght line
between 25 C, 0 Kbars, and 700 "€, 4 Kbars. Conclusions-are still valid
however for lower geothermal gradients.

T
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%onlunption of plhgloclate before K feldspar or quartz. This 1s clearly

not poésible because; plagioclase is present in metapelite elanosome and

"{s not present in metapelite leucosome. The chemical compogition of H01

metapelite }ehcoaone is inconsistent with the formation of netapelite
migmatite by internal anatectic migmatization, based on éxiating
experiiﬁntal data. Howaver, there is no existing experimental data on melt
compositions derived from melting of pelitic conpésitions. and the
application of haplogranite eutectic melt compositions na§ Qg e;roneous to
melting in small closed systems (cf. Ashworth 1976, 1986).

) For metamorphic differentiation, during subsolidus reaction MF-1 (or
NMF-1), to be a reasonable ﬁrocess. ;t- temperatures above the vapour
saturated gpanite solidus, some account must be made of the H20 produced by
this reaction. If this water exists as a relativelﬁ pﬁ}e agueous vapour
phase, then melting would occur. Tiarefore. dilution with another vapour
phase is required to allow reaction MF-1 (or NMF-1) to occur. There is no
indirect petrographic evidence, for the presence of a vapour phase other
than water in metapelite. ) -

HGl metapelite leucosomeés lgck the zoning whicli characterizes
subsolidus segreéatlond described by Sawyer {(1986) in the d;9tico Belt.
Furthermore quartz is consumed- by reaction ﬁF—l {or NMF-1), making it
difficult to understand the mechanism, which would result in the diffusion
of quartz into the leucoabla. during this reaction. Saywer (1986) noted
this problem and attributed hresshre solution a; the main source of Bilica
for segregation veins, but at lower metamorphic grades. If pressure
aolutlﬁn has acted in HGI metapelite migmatites, tyén plagioclase should
also be present in the leucosome (qf. Sawyer 1988). ;

In some metapelite layers the proportion oi leucosome is insufficient
to account for the depletion of the lplanosOle. This suggests that

4 . —

.

"
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Qtz

e

Flgure 5.10.° Weight percent Qtz-Or-Ab diagram showing  the -uxpérimentul
determined position of- the water saturated eutectic compositions from
Tuttle and Bowen (1958), Luth et al. (1964}, and the posltion of MG

metapellite leucosome. !

leucosome has moved out of these metapelite layers during migmatizatton.
For example, sample 147 contains 26 vol. % cordierl;; and oﬁly about 2 vol.
% K feldspar. The breakdown‘of biotite to form 26 val. % cordierite wlll
pi?duce about 10 wvol. % K feldspar, of which only about 1/5 is stll}
present in the rock. : -

The absence of K feldspar and in some cases quartz in the melanosome
and thelir preéence in the leucosome of many MG1 metapelite migmatftes
1néicates that these phases have been efféctively partitioned into the
leucosome during internal migmatization. Direct eviden;e of the movemenE
of K feldspar, comes from an outcropping in which thin ({<im} boudinaged
metapelite layers occur in metagreywacke. MG1 leucosome is found in the

low pressure zones separating hbudins {see Plate 3.5b). In some linstances,

K feldspar and quartz have moved at least I m from the site of reaction In
1]
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the melancsome. In contrast, fn thlcker"netapellte layers, HGI leucosome
- is genernlli evenly distributed throughout the rock, with the distancq of .
movement in the order of several cm (see ?laté 3.8). Leucosome in thinner

ietapoltte layers has apparently migrated in response to ldcal pressure

! -
v
4

gradients.

There 1s no clear resolution to the mechanism of MG, migmatization of

1
metapelite. Examination of the chemical ‘data does. not help resolve tﬁe
problem. Partial lel%ing is the logical choice givan the high metamorphic
grade, dlstanées of leucoao;e movement in the order of 1 m in some’ layers,
and coincidence of migmatization with a K feldspéf producing dehydration
réactlon. The absence of plagioclase from the leucosome can not be

’ . . * ' \
explained by existing experimental studies in the granite system. However,
the absence of plagloclase is ﬁa difficult to explain if one turns to
metamorphic differentiation as iéchanism\ Sawyer (1986) has noted the
preaenée of plagioclase in all vein segregations in Quetico rocks, except
for low-grade veins (lower grégﬁbchist). Metamorphic differentiation in
metapelite in this study, further requires the Pr;sence of vapour phase (f
other that H20.

The presence of quartz-bearing leucosoné in quartz-absent metapelite
melanosome (A-2a) would at%first glance seem to represent a clear case of
non-equilibrium. Closer examination. of coexisting phases however reveals
that quartz in the leucosome 18 always isolated from sillimanite and
biotite, by a thin rim af plaéioclase, cordierite, and garnet around the
margin of the leucosome, | N

Quartz-bearing metapelite !elanosonea preserve localized equilibrium
in the form of sillimanite inclusions in the cores of cordierite and garnet

éraina. Sillimanite may 'persist as inclusions as long as it remains

isolated from quartz and biotite. The extent of equilibrium within the
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metapelite, at least for univariant reactions appears to be in the order of.
several lillinate;p in apale. A single thin section contains a collection
of isolated local édhilibrlun‘ﬁbstens rather than one pervasive equilibrium
systén.
A zinc-rich hercynite spinel ié present aa'a minor phase in quartz-
absent metapelite. It is suggested that tﬁe abseﬁ;e of quartz and the In-
rizh composition of the spinel are the determining factors in allowing it

to form. A possible reaction for the formation of spinel is:

sillimanite + biotite + In = cordierite + K feldspar {R-1)}
‘ ‘ + spinel
In the presernice of quarfz. reaction (R-l)dhoﬁld not occur, and reagtion MF-
1 (or NHF—i) would occur instead. Zn ih the spinel may have ﬁn j:ﬁQuence
on the stability of spinel, aniyogous t?/ the effect of Mn on garnet -
stability, such that Zn-rich spinel forns at lower metamorphic ggades, than
Zn-abseﬁt hercynite spinel. The amount of spinel! would be controlled by
the amount of Zn available. Blotite breakdown according to reaction MP-1
{or NMF-1) represents the most likely 3ourcé of Zn, as biotite contains up
to 550 ppm Zn. These conclusions are 1in agreement with the intérpreted
stability of similar Spinels in pelitic .rocks in southueét Finland

(Dietvorst 1980).

-

5.4.3 Metagreywacke and Leucocratic Garnet-K feldspar Gnelss

+  Metagreywacke {A-5) and leucocratic garnet-K feldspar gnelss (A-11)
differ in mineral assemblage only by the absence of K _feld;par in
metagreywacke. No mineralogical variations are observed over the range of
metamorphic conditiohs observed within the study-area. The -pegk

metamorphic conditions experienced by these rocka are defined by divariant
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. reaction MF;B (or NHF—G). since orthopyroxene is absent from both rock
types. e

-

A small proporfgan of ligiatitic leucosome (< b6%), with in sitmn

bhafacteriaxlca is present locally in cordierite-garnet-K feldspar-zone
natagreynagke. Honever; tﬂe evidence of an internal derivation for these
leucosomes is not conclusive. The leuéosonea occur as isolated lenses and
poda within natagreywacke.' Melanosomes are only rarely developed (2 of 20
samples observed). Mesosome fractions of HG1 migmatitic metagreywacke do
not differ - in chemical conpsgltlon from ﬁnnwnignégitlc metagreywacke,
beyond what can be attributed to original compositional vafiability (see
table 4.3). Chemical analyses of leucosome pevqgled that MG1 metagreywacke
IQLCOSOIG is generally granodioritic in composition. If leucogone formed
by internal migmatization, there is the problem of the source of K
feldspar, which is not observea within non-migmatitic metagreywacke or in
metagreywacke mesogome. The breakdown of blut te does not represent a
reasonable source of K feldspar, because no suitab;s reaction products (eg.
orthopyroxene and cordierite) are present. One possibility is that only
metagreywacke originally containing small amounts of K feldspar underwent

anatectic migmatization at the granite solidus, which effectively

gsegregated K feldspar into the leucosome.

The low proportion of HG] leucosome, and its localized occurrence
lndlcagea that 1If MG1 {internal’) nignatizntio; of metagreywacke did occur
it was a minoer process. Significant  }h£erna1 migmatization of
metagreywacke would probably not have occurred until the breakdown of
biotite + plagioclase + quartz occurred, which would likely be a melting
reaction (ie. NHF—ﬁ?.,

Leucocratic biotite-garnet-K feldspar gneiss is not migmatitic. This

is significant because it contains plagloclase, quartz, and K feldspar
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which would produce .zranitic melts at temperatures exce ”blnz the g_ranl‘t"a_
solidus, in the presence of an aqueous vapour. The absence of evidence of
melting in leucoc%atic biotite-garnet-K feldspar gnelss indicates that the-
8420 in ' leucocratic gneiss was less than one, because penk;;atanorphlc
conditions lie above the granite solidus (see chapter 6) at Aen " 1 (see
figure 5.9). Given ;he- very low proportion of hydrouad minerals in
leucocratic Bt—é;t—Kfs gnelss, it is is reasonable that the LI and/or
amount of Hao is lower than in metapelite or metagreywacke.

5.4.4 Grey Metatonalite

Throughout most of the study-area, grey metatonalite contains
hornblende, biotite, an& minor cummingtonite in the orthopyroxane-zoné.
Orthopyroxene is generally restricted to mafic metadiorite xenoliths within ///
metatonalite. Cummingtonite is secondary after orthopyroxene and is not
part of the stable peak metamorphic assemblage. No grey. metatonalite
plutons were observed outside of the orthopyroxene-zone.

Grey metatonalite plutons at Mojikit Lake differ from those elsewhere
in the study-area, in that they contain orthopyroxene throughout and not
"only in mafic xenoliths. Two different assemblages, A-12a and A-12b, were
observed in metatonalite ap‘Mojikit Lake.

Ther; is no evidence based on phase equilibria of other rock types or
geothermometry or geobarometry (see chapter 6) that this area was exposed
fo a higher grade of metemorphism than elsewhere In the atudy—arear A
lower activity of water at Mojikit Lake during metamorphism could explain
the stabilization of orthopyroxene throughout the plutons, however this is
impossible to verify.

The absence of K feldspar in grey metatonalite would suggest that

orthopyroxene has formed from hornblende and not biotite. This 1s in
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agreement with the petrogenetic grid of Froese and Jen (1978) which shows
that hornblende breakdown reactions forming orthopyroxene occur at lower

temperatures than biotite breakdown reactions forming orthopﬁroxene.
5.4.5 Mafic Horhblende Gneiss

Mafic hornblende gneiss, although highly variable in wmineralogy,
invariably contalns a high propdrtion of hornblende. The appe;rance of
orthopyroxene in these rocks (assélblages A-6 to A-10) defines the prograde
transition 1into the, orthopyroxene-zone from the .cordierite-garnet-K
feldspar-zone, which is defined by metapelite assemblages. -

The ' variation in mineral assemblages found in orthopyroxene-zone
mafic hornblende gneiss is thé result of variations in bulk composition and
not the result of varlations in metamorphic grgde. because as many as three
different assemblages were observed in mafic hornblende gneiss at a single

outcropping.

5.5 Summary of Metamorphic Conditiong

Metamorphic conditions in the study-area have been qualitatively
constrained, in the system KNMFASH, from phase asséublage data. The
highest metmmorphic grade observed, which may be defined by phase relations
in the cordierite-garnet-K feldspar—ione metapelite and metagreywacke, must
lie within fha space bounded by reactions NMF-1, NMF-3, NMF-7, and NMF-9
(see rigur; 5.6). The appearance of orthopyroxene in mafic-hornblende
gnelss defines the lower limit of the ‘orthopyroxene-zone, which is not
recognised 1in the system KNNPASH In the study-area. Sillimanite-K
feidspar—zone and nuscovite-ﬁuartz-zone metamorphic assemblages are present
only within 5 km of the southern subprovince boundary in the southeast

[}
corner of the study-area.
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FGI‘(lnternaiz'niklatization of‘letapelite and notngrayﬁacke is best
explained by partial melting. However, the unusual alkali-feldspar
composition of HG1 metapelite leucosome remains an uqreaolVed problenm.

The mineral assemblages observed in the study-area are consistent
with'areas of orthopyroxene-zone metamorphism studied further west in the
English River Subprovince (Harris 1976, Breaks et. al 1978, Pérkins and
Chippera 1985). There ia petrographic evidence that the activity of Hao
was less thap onte in some rock types, namely mafic hornblénde gneiss and
leucocratic Bt—Grthfs gneisg. at ofthopyroxene—zone and cordierite-garnet-
K feldspaé-zone metamorphic conditions. |

The study-area aqp the English River subprovince as a whole is a
transitional granulite terrain within the five-fold granulite
classification scheme proposed by Newton and Perkins {1982). Tr;nsitlonal
granulite terrains are typified by pressures of less than about 6.5 kbars,
and temperatures of less than 750 DC. which are lower than those found in
massif granulite terrains, the other major grougf1Newton and.Perkins 1982).

T/<
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6.1 Introduction

Metapelite, netﬁgrayuacke. nafic- hornblende gneisa; and locally
metatonalite contain nlneral‘aa%elblazes suitable for geothermometry and
geobarometry. Temperature estimates are based on Fe-Mg exchange between
coexlisting ferromagnesian phaées which have been shown to be sensitive to
changes in temperature and only slightly pressure dependent. Coexisting
biotite and garnet in metapelite, metagreywacke and grey metatonalite were
used to eatinu@e metamorphic temperatures, based on the calibrations of
Perry and Spear (1978) and Perckuck and Lav'entera (1883). Coexisting
orthopyroxene and garnet in mafic hornblende gneiss and grey metatonalite
were used to estimate temperature, based on the calibration of Sen and
Bhattacharya {(19884).

Geobarometers based on equilibria among coexisting ﬁlagioclase—
garnet-aluminosilicate-quartz and plagioclase-garnet-orthopyroxene~quartz
are sensitive to changes in pressure and relatively insensitive to changes
in temperature. Pressures based on coexisting plagioclase¥garnet-
orthopyroxene—quarté in hornblende mafic gneiss and grey metatonalite was
calculated using Perkins and Newton (19881) geobarometer. Coexisting
plagioclase-garnet-aluminosilicate-quartz was used to calculate pressures
based on the geobarometer of Newton and Haselton (1981).

All Fe was assumed to be 1In the ferrous state for the purposes of
geothermometry. Activity models for components in plagloclase, garnet, and
orthopyroxene are those used in the calibretions, except that the activity
model of anorthite in plagioclase from Newton and Perkins (1982) is used

for the Newton and Haselton (1981) plagioclase-garnet-aluminosilicate-
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quartz geobarometer. A temperature or.700 ?c ua; assumed for géobarolatry
and a pressure of 4 kbﬁrs was-.assumed for geothermometry, based on the
results of geothernoyetry and geobarometry in a study rurthér west in'thé
ERSp (Perkins and Chippera 1985).

The plagioclase-garnet-sillimanite-quartz geobarometer for metapelite
melanosome, was used, aespite the absence of elther one of quartz or
sillimanite. Within the study-area plagioclase, garnet, aluminosilicate,
Qﬁd quartz do not coexist. Reaction MF-1 (or NMP-1) resuited in the
conplete‘consunption of either quartz or sillimanite from the letnpe]ife.
All four phases did however coexist (presunébly in eqguilibrium) up until
the point at which either duartz or sillimanite was completely consumed by

; .
reaction NP-1.

At metamorphic conditions greafer than reaction MF-1, divariant
reaction R-1 would continue towards the right in metapelite, bgiﬁyse

plagioclase, the only reactant, is still present:

Anorthite = Sillimanite + Grossular + Quartz {R-1}
(In P1) (In Grt)
The garhet-silllnanife—plagioclase-quartz geobarometer 1s wvalid for
cordiqrite—K feldspar netapélite {free of elther quartz or sillimanite) if
the follqwing conditions are met: 1) the mole fractions of grossular in
garnet and anorthite in plagioclase are not affected by divarianf renc%ions
other than R-5, and 2) the pressure is increasing. If pressure |is
decreasing then the pressure recorded sﬁou}d represent the pressure at
which reaction MF-1 was crosa;%;-/,
Univariant reaction MF-1 contains garnet as a product, and may

therefore change the mole fraction of Ca in the garnet by diluting the

garnet with Fe and Mg. However, reactions MF-1 and R-5 shouid behave in a

+
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1

coupled manmer until either quartz or sillimanite was consumed by reaction
MF-1, at which point only reaction R-B controls the ‘mole fractions of

grpnsular and anorthite.

6.2 Microprobe Strategy

%
Minerals were checked for zoning. It was found that zonation was

restricted to a thin zone at the edge of garnet and orthopyroxene grains
enriched in PFe relative to core analyses. No zdning was detected in
biotite and plagioclase. In order to minimize the effects of ré— .
equilibration rim analyses were avoided. All samples analyzed are from the
orthopyroxene-zone,

Two strategies were followedH?h\the selection ;f éoexisting minerals
for analysia:'

i) Analysis of coexistigg minerals in direct contact

2) Analgais of lineralg in close proximity but not in direct

contact.

This selection strategy follows the stud f Indares and Martingole

{1985), which suggests that the selection pairs not in direct

contact may minimize the effects of re-equilibration during cooling. No

8

-

syastematic differences were noted between tenperatu%ea and pressures based

on strategies 1 and 2.

6.3 Results of Geothermometry

Garnet-biotite temperature estimates using the calibration of
Perchuck and Lav'entera (1983) yield an overall temperature range of 570-
710 °C and a mean temperature of 870 o (table 6.1). The results of the
.Ferry and Spear (1978) garnet-biotite calibration show an' overall

temperature range of 550-820 °c and a mean value of 720 °C (table 6.1).
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Table 6.1. Results of Grt-Bt and Grt-0px geothermometry.

—

:
t

Grt-Bt

. Grt-By
" Perchuck and Lav'entera

Ferry and Spear

Grt-0px
Sen and Bhattacharyn

Sample

Rock

Range

Menn Number of

ﬁenn Number of

Range Ronge Mean Number ul
No. Type °cy t°c) Estimntes %) 1°C) Estimates (°cy 19C) Estimates
848 p 610-680 . 860 4 581-7%0 880 4 840-890 a80 3
147 p 870-730 700 2 720-840 780 2 ’
203 p 680-710 700 3 740-810 780 3 .
. ap N 590-630 800 4 560-630 580 N
111¢ w B80-120 690 3 720-620 180 5
1574 w B840-670 850 5 §50-700 870° 5
28 1 640-850 640 3 850-700 860 3
84C 1 880 1 800 1
1534 1 840-880 850 2 860-680 , 670 .oz
200 1 720 2 s10-830 820 2
5&\ t 870-T10 680 2 730-820 780 2
1398 " 840-750 860 3
1984 m 820-710 #70 2

Rock Types: p = Metopelite Melnnosome, w = Metagreywacke Mesosome, | - MG2 Migmnt!ite Leucosomn,
t = Grey Metatonalite, m = Mafi{c Gneiss

-

Table 6.2. Results /of Grt-Sil-Pl1-Qtz and Grt-Opx-Pl-Qtz geobarometry.
Gre-0px~Pl-Qtz Gre-S1l-Pl-Qtz
NHewton and Perkins Newton and Hawselton
Somple Rock Ronge Mean Number of Ronge Meon Number of
No. Type {kb) (kb) Estimates {kb) [kb) Eatimates
} 848 P 3.8-5.0 4.3 a
147 P 3.5-4.0 3.8 2
203 p 3.0 2
28 11 5.3 1
1A t. 4.3-4.8 4.5 3
138D m 3.7-4.8 4.1 3
198A m J3.4-4.7 4 3

Rock Types: p = Metapellte Melanosome, t = Grey Metntonalite,
a = Mafic Gnelss, 1{ = Metapelite Inclusion in MG2 Migmatite Leucosome

+
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The Garéet—orthopvroxene ;hefnoneter yields an overall temperature
. range of 8167TQ9°c. and a mean value of 670°C (table 6.1).

There Ba good agreenent,ﬁetnéen the garnet-biotite geothermometer of
Perchuck and Lav'entera and the garnet-orfhopyroxene geothermometer of Sen
and Bhattachaéya. both yielding mean values of 670°C. The Perry and Spear
calibration nyelda' higher average teiéératurean Several samples vyield
temperatures of grqater than 800 0C. using the Ferry and Spear calibration,
which is anomoloualy high given the absénce of orthopyroxene in metapelite
and metagreywacke. A garnet-clinopyroxene temperature of 730°C was

obtained for a rock from within the study-area using the calibration of

Ellis and Grken (1979) (Percival et al. 1885).

By

8.4 Results of Geobarometry

Garnet-orthopyroxene pressure estimates yields a overa!l pressure
range of 3.4-4.8 kbaras, and a mean préssure of 42 kbars {table 6.2).
Gnrnet—éillinanite geobarometry yields a overall pressure range of 3.0-5.3
kbars, and a mean pressure of 4.4 kbars (table 6.2}. - .

There is good agreement between the two gepbarometers used with

cumulative mean pressures of 4.2 and 4.4 kbars. The results are in general

agreement with those of‘Perkins and Chippera (1985).

6.5 Regional Temperature and Pressure Variations

The mean value, calibration uncertainty, and the 95% confidence

-

1nterva11 for the pressure and temperature estimates are given in table

6.3. . '

o

1 98% confidence interval = 1.96 x (sample standard deviation) / (square
root of sample size). _ .
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Table 6.3. Summary of means, calibration uncertainties and 835x A
~ confidence intervals for pressure and temperatures estimates
Calibration : . Mean Calibration 88% confid.
Uncertainty  interval
Perchuck and Lav'entera (1983): Grt-Bt *o °% 50 20
Ferry and Spear (1978): Grt-Bt 720 °C 50 50
Sen and Bhattacharya: Grt-0px 870 °c 60 1
Newton and Haselton (1981): Grt-Als-Pl1-Qtz 4.4 kb 1.6 - 1
[-- 0.5
Perkins and Newton {1982): Grt-Opx-Pl1-Qtz 4.2 kb 1.8 -
1 Calculated for combined pressure estimates to cobtain an adequate
sample size.
1 Insufficient sample size.. ' "
In each case the 95% confidence interval for the mean pressu or

temperature estimate, based on natural varia}lon. is less  than \the
calibration uncertainty, except for the Perry and Spear calibration where
they are equal. This analysis indicates that there is no statistically
valid temperature or pressure variation (grdhient) within the

orthopyroxene-zone, in the study-area.

e
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' 7. STRUCTURE

Schistosity and gneihsoaity of all Lro'ck types strike east to

southeast and dip zenerhlly steeply north, suggesting an overall monoformal
. .

étructure. Biotite foliations, present fn most neéﬁnorphic rocks.ldeflne
an .S1 surface parallel to lithologic contacts, including those between
supracrustal rock types. - Hence, the S0 surface parallels the S1 surface,

or has been rotated into parallelism, to form a composite 30/81 surface,
.

although low angle 30-81 intersections were observed locally. Hornblende

are, developed ‘on the blotite foliatiohﬁ hlane in grey

5

. lineations (L

r

1)
LN
>, metatonalite. A lack of distinctive marker horizons makes it impossible to
S "

5

evaluate the extent of isoclinal folding and/or faulting (Df)- Fault

ant
s indicators (shearing.‘gploritized zones, and pseudotachylite (Station 22§

!
i

in figure 3.2)) were ob?Brved locally, and minor folding of S1 layering is

CORmON , 1

»
.

A ! Lithologic contacts and foliations parallel t?e southern and northern
gubprovince boundaries. Bast of Smoothrock Lake the southern aubprovince
boundary is the Pashkokogan Luke—KenoJi Lake mylonite zcne (PKmz), an
easterly trending, verticaliy dipﬁing zone, averaging 0.5 ka in width. The

well deﬁeloped foliation in the mylonite zone forms the S_ surface. Here,

3
Fhe éKlz separates metasedimentary and white granitoid rocks of the ERSp to
the north f om dominantly intermediate to mafic metavolcanic rock of the
Wabigoon subprovince to the south (see figure 3.1). At Hollingsworth Lake,
where the mylonite zone is well exposed.\there is a northward yransition
from relatively undeformed metavolcanic rock. into mafic mylonite (probably

\\\J lylonﬂ$1zad mafic netﬁvolcnnic rock} into felgic mylonite and protomylonite

% {white granite and metagreywacke equivalents) and finally into non-

mylonitic metasedimentary and white granitoid rock.
N \ t
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West of Hollingsworth Lake, at Smoothrock Lake, the PKmz bifurcates
into two zones. The northern splay of the PKEg swings north 1irnto tha ERSp,

N whereas the sduthe[? splay follows the southern subprovince boundary. The

+f : . )
point at which the fault bifurcates is the eastern-most extent of the

Hlnnipeg;Rlvef Subprovinge {(cf. Card and Cieslelskl 1884). Weat of this

intersection, the northers splay of the PKmz separates orthopyroxene-zone

_ rocks to the north, /from medium grade rocks of the Winnipeg River

Subprovince fo the south.

scale disharmonic folding and ductile shearing (Da) are Gommon

structures in metasedimentary rock exposures containing a significant

proportion of intrusive migmatite leucosome. Small scale fold axes show no

preferred brientation. The widespread appearance of disharmonic folding

indicates that a strong competency contrast existed between M62 leucosome

and the metasedimentary mesosome at the time of deformation, with the
leucosome behaving in a less co-pgtent manner.

Ewide ca of a late shearing 1s preserved locally as C and 8 fabrics
in metasedimentary rock, cutting the S1 fabric. The late shearing and

faulting may\ or may not be related to faulting at the subprovince boundary.

-

Convolited and swirled inclusion trails of acicular sillimanite

needles in dordierite of quartz-free metapelite, may record a deformation
earlier tﬂﬁn Dl' Alternatively they may simply represent disruption of the
sillimanite lineation by the nucleation and growth of the
cord erite. The latter interpretation is favoured because there 18 no
apparent pattern to the convelution of the inclusion trails.

!
he relative timing of deformation events 'recognizad within the

study-area is summarized in Table 7.1. Deformation events correlate well

with, and represent a subset of those recognized by Thurston and Breaks
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(1978), within a large portion of thb weatern English ‘River and Uchi

Subprovinces,

Table 7.1. Relative timing of deformation eveﬁ}a in the Whitewater-Mojikit
Lakes study-area. -

o

Detornation Follation

80/81 Lithologic contacts between supracrustal
units, which paraliels biotite foliation

surface. (80 & 51)

D Isoclinal folding and or faulting not
recognized, but inferred to be presqpt.

(D) -

D, % Disharmonic folding associated with emplacement
CL of intrusive migmatite leucosome. (Dz)

D 8 Late development of mylonite in major fault

- zone at southern boundary of- ERSp. Possibly
' synchronous development of late shearing.
(04 and Sh)

1 values in parentheses represent corresponding deformation events of
Thurston and Breaks {(1878)
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8. Iﬁa (BXTERNAL) MIGNATIZATION

8.1 Introduction -

4

The evidence of an external source for HGa.leucosone was -discussed in

Cod

chaptér 3. Cheuicﬁl data, presented in. chapter 4, showed tﬁat. at the
;evel of exposure in the study-area, coexisting metagreywacke and
metapelite could not represent tﬁe source of MG !eucoaone. Metagreywacke,
the dominant rock type, has the same chemical conp;altion throughout the
study-area regardless of metamorphic wgrade, and there is no evidence of
significant " depletion of any elements, with respect to lower grade
eduivalents. Cordierite-garnet-K feldspar- and orthopyroxene-zone meta-
pelite melanosomes have been depleted in certain elements, however, these

depletions are accounted for in the coexisting HG1 leucosome. . Purthermore,

the composition of MG1 metapelite leucosome differs from Mﬁz leucosome.

HGz leucosome must, therefore, have been derived from a source at depth and

»
emplaced at the level of exposure.

, \
. v .
The source of and process(es} which gave rise to MGz leucosome arek\\\

S——

examined in this chapter. A model for the origin of HGz migmatite s

proposed which 1s consistent with the”‘méianorphlc and Mﬂl migmatitic

-

history of the study-area, and phase relations in the system KNMFASH..

.

8.2 The HGa {External) Migmatization Process

leucosome compositione are common igneous granitoid
compositicns gg e figure 4.1), lacking the unusual chemical compositions of
HG1 metapelite leucoaole.' The majority are granites, with a smaller number

of tonalites. Granodiorites are less common.
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Discordant contacts between Hﬁé leucosome’ and‘,letasedjlentary
mesosome are.common. Deformation of MG, migmatite with 1euco§one/nesosone
ratios of greater than about 1/3, ha? resulted in the formation of
disharmonic convolute folds in which there is not ‘a consistent origntation
of the axial aufface of the foldﬁ. The deveiopneﬁt of disharmonic fold
- 2 hiélatite suggests that’ deformation occurred while the
leucosome was less competent than the metasedimentary rock {neso;::e).

gtructures in MG

The available evidence léﬁéonsiatent with an igneous origin for MBZ
leucosome. . The style of f?ldlﬁg 18 inconsistent with -a subaolidus origin
for ”Mez leucosome. The abundance of- outcrop scale disharmonic folds
associated w;th M02 leucqsome (see plate -6.1) would be a logical
consequence of the syntectonic intrusion of magma into a solid rock, which
would greatly decrease the strength of the ;esdltlng rock-pagma ni;ture (cf
McLellan 1984). Hollister and Crawford (1986) have argued that melt
enhanced defufi%tion is a donnon feature in many high-grade metamorphic
terrains.

Althoﬁgh necedaari}y biased by the lack of understaﬁding of

subsolidus migmatization processes, the available evidence leads to the

conclusion that MGz leuccsome was enplaéed as magma.
8.3 Possible and Probable Origins of M02 {Bxternal) Migmatite Leucosome

The source reglpn iﬁdwhich the' parental melts of Hﬁz leucosome formed
luat.lla at some depth belou_that presently exposed in.the study-area.
Posaible source rocks would - include; metasedimentary rock, grey
netatonalltef:aﬁd deep crustal or mantle rock.

The absence of other gy —HGz leucosome plutonic rocks from which M62
leucosome could have evolved, would argue against the formation of Mﬁz
leucosome from nmantle derived melts. For example, if.the origin of Hﬁa
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leucosome were calc-alkaline érc type magma, then one would expect a
-variety_of syn—uGa plutonic rocks and not only éranitoid M02 leucosome
compositions as observed. The only plutonic rocks which may be syn—HG2
leucosome are the pink granite dykes, intrusive into grey netatoﬂa!ita.
The cheyical composition of these dykes is similar to that of granitic HG2
leucosome. However, it is unlikely, for several reasons, that pink granite
and MGz leucosome share a common parent, with assimilation of
netasediuéntary rock responsible for the differences between thenm. For
one, pink granite is restricted to granite in conposition.‘ and it lis -
unlikely that an originally granitic melt couldl assimilate enough
p]agiociaae and quartz {which would raise the solidus temperature) to
produce the va?iabllitv of H62 leucosome observed. Even if it were
possible, assimilation would alsc be expected In pink granite.réaulting in
more tonalitic variants.

Partial melting of grey metatonalite 1? also a possible aource
material for HGai_lgquéone' {and perhaps a prﬁbable source for pink
granite}. However, if metatonalite underwent partial melting at depth,
then the much more abundant metasedimentary rock should also have partielly
melted. Unleas the proportion of grey metatonalite or similar rock la much
greater at depth than at thq leﬁel of exposure, the proportion -of grey
-etatonnllye is insufficient to account for the large quantity of HGz
leucosome. Based on gravity modeling further west in the ERSp, Gupta and
Barlow (1983) have estimated that metagreywacke, with smaller amounts of
interlayéred metapelite, e;tenda to a depth of about 10 km below the level
presently exposed.

“ There are several features of Hﬂz leucosome that are commonly

associated with S-type granitoid rocks, interpreted to form by the partial



133
:fltinz of metasedimentary rock (cf. Chapple and White 1972). Tﬁeae
/fééturen fhclude:
1) The mafic minerals present in HGz leucosome are also presen;
in the metasedimentary rock In the study-area and thelir
chemical compositions are the same.

2) The white colour of MG, leucosome and the presence of ilmen-

2
ite aé opposed tc magnetite or hematite ﬁs the opaque mineral.

3) The An content of plagioclase in Hﬁa leucosome is less than

'or equal to that of plagloclase in metasedimentary mesosomes.

Partial melting of the abundant metasedimentary rock at depth 1s the
most logical source for M02 leucosome. At the level of exposure in the.
study~-area, significant néltipg has not occurred in metagreywacke, but may
have in metapelite. Aside from the difference in composition between HG1
metapelite leucosome and HG2 leucosome, the proportion of leucosome which
could be produced from metapelite is insufficient to account for the

proportion of MG leugosone in the study-area. The proportion of

2
motapelite is, in total, only about 10%, which is approximately one-third ¢

on the proportion of MGz leucosome. Metagreywacke, which constitutes

approximately 65% of the study-area, represents the most probable source at

depth, of H82 leucosome, with metapelite and leucocratic Bt-Grt-Kfs gneiss

making contributions. “ -

#//P“\“’)///,—Hk\ Depending on the A4a0 and the P-T bath’ of _IeténorﬁhISl. initial

selting of metagreywacke could occur either at the tonalite solidus or

reactign' "“Tﬁ:gﬁd tion, a significant proportion of melt could be

)
7 L) Y

prodﬁqgg by H/O-phase absenAh}alting of metagreywacke by the reaction NMF-
6. A reaction>similar to NNF-8 has been infgrred in other metasedimentary
terraing in the er{gifz; vince exposed to somewhat higher metamorphic

grades (Percival 1983b and personal communication 1987).
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Initial Hzo-phaae present melting of lptagppyuacke may tha:etore
producé vapour-saturated tonalitic melts (cf. Aéhworth 1976, 1985, Percival
1983b). With increaaiﬁg temperature, blotite begins to break down by
reaction(ﬂMF-T or NMF-6, and melts produced nill:be.granltic; Partial
melting of qétupelite ard leucocratic Bt-Grt-Kfs gnéisa will prﬁduca
granitic melts. Partial nalflng and mixing of melts from metagreywacke,
metapelite, and leucocratic Bt-Grt-Kfs gneiss could produce the variability
in HG2 leucosome compositions observed in the study-area.

8.4 A Model of the Origin of M62 (external) Migmatite in the Whitewater-
Mojikit Lakes Study-area

A model will be developed for the origin of H02 {external) migmatite
in the study-area, which is consiste;f with phase and melting relations
discussed in chapter 5 and with metamorphic conditions in the study-area.
The phase relations in the system KNMPASH are shown in figure 8.1, along
with an inferr# geothermal gradient for the stydy-area. The model' is
outlined in flgure 8.2 and is keyed te the reactions in figure 8.1. The
model is consistent with or without melting haqing occqrred in the
metapelite at the present level of exposure, The absence of algniflcant
melting in metagreywacke is critical to the model.

Partial melting occurrgd at some depth below that uhidh«fglpresently
exposed 1in theqﬁtudy-area. Metapelite and leucocratic biotite-garnet-K
feldspar gneisi ue;e the first rocki to melt at temperatures qxceadlng
reaction NMF-9 and the granite solidus respectively. Melting in metapelite
probably occurred at the level presently exposed. Melting of leucocratic
Bt-Grt-Kfs gneiss occurred at deeper levels, because 1t contained & lower
8pag OF @ lower absolute abundance of Hzo. Migration of the nelt_nas

o
limited by the surrounding metagreywacke, which was still solid. .
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Figure 8.1. Schematic phase relations in the system KNMFASH, resulting in a
topology consistent with the internal (MGI) and external (M62) migmatiz-
atlon of the study area.

Emplacement of
MG2 leucosaome

Generation of
nebulose
mlgmatite {(n)

Generation of

MG2 leucosome

l .
Figure 8.2. Schematic model cross section, for the generation of migmatites
in the Whitewater-Mojikit Lakes area.
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Initial melting of metagreywacke occurred at coﬁditlons exceeding the
tonalite solidus (NMPF-14) yielding tonalitic melts. Additional melting may
have occurred as temperature exceeded reaction NMF-7. Subsequent melting

occurred by reaction NMF-6 (Hao—phase-ubsent). resultant in the formation

of granitic melts.

Melting would éontinue without significant ‘segregation or migration
of the melt until some critical vélune of melt was produced In
n;tagreywucke {(cf. van der Molen and Paterson 1879). Once this critical
proportion of lelt-was achieved the rock would respond to stress in a melt
doninat?d system, and partial melts from all rock types would begin to
separate from the residual crystals, and to rise and coalesce. Tonalitic
to granitic _netagreywacke partiali melts and granitic metapelite and
leucocratic bilotite-garnet-K feldspar gnelss partial melts would mix {in
variabig proportions depending on their relative abundance in the a;urce
reglon. Granodioritic and tonalitic magmas would also assimilate MG

1
netaﬁélite and metagreywacke leucosome as they rose through the rock

column.

#
Emplacement of these magmas at the present level of exposure resulted

in the MG2 migmatization of -the study-area. The introduction of magma into
metagreywacke and metapelite host rock under orthopyroxene-zone conditicns

could result {n the partial assimilation of the host rock into:the HGz
leucosome, modifying leucosome and host rock compositions. This would

explain the development of schlieric migmatite in exposures where, the

proportion of Hﬂz leucosome is high. Deformation would be facilitated by

the intrusion of HBZ leucosome magma, giving rise to the abundant small
scale deformatjion atructufea, which are most common when HG2 leucosome s

present in large amounts.
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Where the proportlon' of external leucosome is low, the extent of
assimilation would be low, since the mesosome would-not be heated to the
s&ma exteﬁ;. and the intrusive magma would cool more rapidly. Where the

proportion of MG, leucosome jis low, evidence of assimilation of MG

2 2
stromatic lignatite external leucosome is limited to the local development

of thin melanoscome rims a few nillllbtars wide, at the leucosome-mesosome
contacts;

The thermal contribution of H62 migmatfzation is not prinﬁrily

1 1

predates MGz uiguatizution. 'HG1 migmatization is therefore inferred to be

a2 consequence of the asame regional thermal event which gave rise to MG

responsible for MG .iignatization in metapelite, because MG, migmatization

2
magma production at depth.

Further modification of MG2 leucosome compositions towards more
tonalitic compositions could result from the extraction of eutectic or near
eutectic granitic melts during the final stages of crystallization of

granodioritic to tonalitic MG, leucosome. These granitic melts could give

2
rise to the late white biotite pegmatite dykes and possibly some of the

more potassic MG, leucosome found throughout much of the study-area. This

2
would accoun; for the close chemical similarity of white biotite pegmatite
and MGz leucosome (see figure 4.4). The granoblastic texture o( tonalitic
Mﬂa leucosome 18 consistent with early emplacement and crystallization,
followed by solid state adjustment of g;aln boundaries.

The virtual absence of orthopyroxene froa H02 leucosome is likely a
combination of residual orthopyroxene belng separated from the melt dd:ing
ascension of the magma and complete reaction of the remailning orthopyroxene

with the melt during crystallization, to form biotite (c¢f. Clemens and Wall

1981).
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The ‘occurrence and habit of cordierite in NG‘&‘ leuoﬁaone is very
similar to that rei)orted by Phillips et al. (1981) l;or the Stra;:ht;ogle
batholith in Audtralia. These authors 1ntafpreted the cfya;allizntion of
the melt to have begun at a temperature of 750-850 °C and a pressure of
greater than 4 Kkbars. Cordjerite was interpreted to be a late
crystallizing phase. An experimental study by Clemens and Wall (1981)} has
shown that cordierite is a near solidus phase at pressures near § kbars.
Cordierite in MGa leucosome, produced by reaction NMF-8 nnd/or NMF-7 In
metagreywacke, wou{g be 1incorporated into thﬁL melt, and cordiarite
subsequentlﬁ crystallized as tabular euhedral crystals.

The nebulose nig‘matite‘ at Mojlkit lake, which has the same bulk
chemical and mineralogical composition as metagreywacke mesosome, can not
be explained simply by assiniiation of metasedimentary rock Into HGz
leucosome. The nebulose mignat;te may have formed by Hzo—phésefprasent
partial melting of metagreywacke, at the tonalite aoliqu, followed by
empiacement, without significant liquid-crystal segregation, at a higher
level as a crystal mush. Spatial variations in the asz in metagreywacke
may be responsible for the localized occurrence of nebulose migmatite. It
is possible that some of schlieric migmatite may also have formed in a
gsimilar manner, but underwent a higher degree of liquid-crystal segregation
prior‘to emplacement.

Rather than a simple process of emplacement of Felts derived by
partial melting at depth, external ("02) migmatization in the Whitewater-
Mojikit Lakes study-area was a complex and dynamic process involving the
step-wise melting of several rock types at depth, combined with the
processes of -assimilation, magma mixing, and variable degrees of liquid-

crystal segregation.
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9. CONCLUSIORS

The 1lithology of Whitewater-Mojikit Lakes study-area is dominated by

"migmatitic metasedimentary roc;t mainly letagreywaake. with suborqinate

metapelite, and minor metamorphosed banded iron formation and mafic

hornblende gnelss. 5'F31]Etﬂd grey metatonalite representas the only
recognizable pre-metamorphic intrusive rock type.

Metnuorphié grade is in the orthopyroxene-zone, except for a small

#

decreases to muscovite-quartz 2zone, wmedium-grade conditions, near the

area in the southern part of the study-area,, where metamorphic grade

aouthern subprovince boundary. Geothermometry and geobarometry indicates
dM—ma't.';l.morphic' conditions reached at least 870i:50° C and 4% 1.5 kbars.

Progressivﬁ netanofphlsu has resulted in two phases of migmatization.
Early (HGI) internal migmatization is recognized within metapelite and
possibly within metagreywacke. MG1 migmatites are believed to have formed
by partial melting, although the evidence is equivocal. Migmatization is
absent in leucocratic Bt-Grt-Kfs gnelss, indicating that the Buag Was less
than unity in this rock type and/or had a low abundance of H20.

Later M82 {external) migmatization occurred as* a result of the
intrusion of iagla generated by melting of the crust at depth, and was
respongible for most df the migmatite leucoéone in the study-area. Partial
melting of metagreywacke by reactions NMF-14 (tonalite solidus), NMF-7, and
NMF-6 represents the most likely source of external (MGa) leucosome, with a
contribution from metapelite and leucovratic Bt-Grt-Kfs gneiss. Melting of
letagrayuﬁcke- can result 1in the generation of melts of granitic to
tonalitic composition, whereas melting of metapelite should produce only

granitic melts (for the P-T path inferred). Melting of metasedimentary

rock, primarily metagreywacke, can produce the chemical variability of Hﬂé

&
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‘leucosomes observed. The removal of water enrlched. near-eutectic melts

during the final stages of crystgllization of KGz'laucoaone magma may have

' further modified MGz iagna compositions and may have given rise to the

late, white blotite pegmatite dikes common in the study-area. Textural
evideﬁce. comparison with existing experimental studiea, and 'old
aobservations indicate khiir cordierite crystallized in a melt in "02
leucosomes. ‘

The metamorphism and migmatization of the‘ metagreywacke and
netﬁpelite could be treated in the system KMFASH for melt-absent equilibria
and in the system KNMFASH for melt-preseqt equilibria. Quantification of
the equilibria in  these systems awalts nore. gonpletq and consistent
thermodynamic data, an area in which rapid progreaé is being made.

“The litholbgy and di?tributlon of metamorphic =zones in the
Whitewater-Mojikit Lakes study-area ia_characteristlcgof the English River
Subprovince (cf. Breaks et al. 1978, Thurston and Breaks 1978), and
therefore the conclusions reached in this study should be applicable to the
metamorphlsme and migmatization of the English River Subprgvlgqb as a whole.

Purther research is required in the areas surrounding the present
study-area, to delimit the full extent of orthopyroxene-zone high-grade

metamorphism. Further petrographic and chemical data on MG, migmatites

1
would aid in identifying the mechanism of migmatization more conclusively,
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APPENDIX A

Analytical Methods, Accuracy, and Precision

Whole Rock Analysis

Thin aectionshof samples chosen for whole rock analysis were examined
to ensure that samples were essentially unaltered. - Sample size collected

varicd according to the grain size and heterogeneity of the rock being

sampled.
Rock Type Min. Diam. of Sample
Metagreywacke Mesbsome 10 cm
Metapellte Melanosome ) 10 cm

Leucocratic biotite-

garnet-K feldspar Gneiss 15 cnm
Grey Metatonalite 10 ‘cm
M02 Migmatite Leucosome : 15-20 cm
MG1 Migmatite 15-20 c¢m
White blotite pegmatite 15-20 cnm

For MGI metapelite and metagreywacke migmatite samples the

coexisting melanosome/mesosome and leucosome fractions were separated.
4 .

These samples were cut into 1 cm thick slices, from which the leucosome and

melnnésome/mesosome fractions were separat%d by cutting out the leucosome
fraction. o

Samples were broken into fragments of less -than 1.5 cm in a Jaw
crusher. The sample was then mixed and then'split in half repeatedly until
the sample was reduced to about 40 cma. This amount of sample waé crushed
to a fine powder (< 200 mesh) in a shatterbox. The powdered sample was

submitted to Mr. R. Hartree at the University of oMawa, for X-ray

Fluor%acence Analysis of major and selected trace elements.



152

Mineral Separation

Biotite, K feldspar, and piagiociase were sepérated from seiccted
sampies of metagreywacke mesosome, metapelite melauosomg. and M02 migmatite
leucosome. Small chips of sample were powdered by hand in a‘mortur and
bestle. The pow;er was sieved and the 60 to 170 mesh fraction'was retained -
for separation. |

Magnetite was removed from the sample by hand with a hand magnet,
N h]

" Biotite, garnet, ilmenite, and cordierite (when present) were geparated

'3
r

from feldspars and quartz usingﬂix Franz isomagnetic separator, -on high
amperage. Garnét was séparated from biotite and cordierite with“the Franz.

Final separation was performed by heavy liquid separation. Methylene
lodide ($.G6. 3.3} diluted with ethanol was used to produce the following
separates; K feldspar, plagioclase-quartz, and garnet-ilmenite. Garnet and
ilmeﬁite were separated using Clericli's solution (S.G. 4.3). Plugljéluse
(5.6. 2.63-2.66) could not be separated from gquartz (5.G. 2.65), so the two
were analyzed together and the analyses recalculated assuming quartz ls
pure 8102. At least two passes weré made with each separate fraction to
ensure purity.

The resulting separates werey checked fpr purlty by examinlng
approxfﬁately 400 grains of each sample under a binocuiar microscope. The
K feldspar and plagloclase-quartz fractions were etched in HF and stained
with sodium cobaltnitrate prior to examination. Greater than ©9% purlty
was achieved for biotite, garnet, and K feldspar fractions. Greater than
95% purity” was obtained for plagioclase-quartz fractions except for sample
84B (metapelite melanoscome) for which only 90% purity could be obtained,
despite repeated passes through the heavy liquid. d

The separates were crushed to a fine powder and submitted for X-ray

fluorescence analysis.
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Precision and accuracy of X-ray Fluorescence Analysis

X-ray fluorescence analysis was carried out at the University of

.

Ottawa, by Mr. Ron Hartree, using a Philips PW 1410/20 AHP instrument. All

4

Fe-wua;Briglnally calculated as Feaos and was recalculated into FeO by thé
author. |

Accuracy was determined;by co-analyzing natural rock standard DR/N,
and little If any systematic error was detected. The standard accuracy of
the XRF method may be represented by 95% confidence liagts of the precision
data (1.96 x Wt % {or ppm) x COV). Estimates of the standard precision of

the whole rock chemical analyses (XRF) 1is given in table A.1, and were

determined by repeat analysis {(including fusion) of natural rock standards.

Table A.1. Precision of chemical analysesl

Oxide/Element cov
510 0.9
Al 83 0.8
Ti%2 c.8
FeO 0.8
Mg0 1.0
MnO 4.0
. Ca0 0.8
Na_D 2.0
xzﬁ 1.2
P205 4.0

Ba 10

ir 10

Sr 4

Rb 40

Y 20

Ni ) 30

v 20

1 Expressed as coefficient of variation,
{(COV) = 100(standard deviation/mean}
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Precisjon and atcuracy of Electron Microprobe Analysis

Electron microprobe analyses were berformed. by the author, at thé
Geolog{cal Survey of Canada, Ottawa. Thé'analyscs were obtalned using a
Material Analysis Company {MAC) electron microprobe, edulppgd with a Kevex
energy dispersive spectrometer, énd automated to produce ‘simultaneous
multi-element analysis and data Eeduction {(Plant and Lachance 1973).

i
Operating conditions were as follows: 20KV acceleration voltuge, specimen
current of 10 ranoamperes measured on a standard Kaersutite and a counting
time of 100 seconds. The feldspars were analyzed for Na, Al, Si, K, Ca,
Fe; all other minerals were analyzed for the following 10 elements: Si, TI,
Al, Cr, Fe, Mn, Mg, Ca, Na, K. '

Under the above conditions o{ analysis, the determinattons have a
relative accuracy of 1 to 2% for majop)elements and up to 10% for minor

elements. The relative'accuracies/ﬁé;e determined using natural standards

(M. Bonardi, personal commuhicétion 1987} .
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' ' ~ APPENDIX B
METANORN: A volume normative calculation
\. Point count estimates of IIG1 and HGz leucosomes and metapelite
\j\lﬂlﬂnGSOIGS ylelded Jnconaistent and unsatisfactory results. For

uﬂ,letapellta nelanoao;e the difficulties were due to the conplgx and variable

texture and intergrowth pattern and the difficulty in distinguishing

.curdlerite and plggioclaae. Por leTcoaones the coarse grain size would

"< require the examination of a great number of thin sections per sample and

the resources. were not available to produce the number of sections

4 required. Point counting of stained slabs was ﬁerforled gor so;e M02
leucosome samples but again the resuita were unsatisfactory.

To overcome these problems, a voiune nermative calculation was
applied to the rocks. The calculation coined NETANORM here was developed
by the author, and is loosely bnased on‘ the the normative calculation
PERANORM {lUsdansky 1988). However, METANORM differs markedly from PERANORM
in the treatment of the phases biotite, garnet, qordierite. and
sillimanite. The calculation can be summarized in the following steps.

(1) conversion of weight percent oxides to mole perceht oxides.

(2) Conversion of all Fe to Fe2+.

(3) FeO, Mg0, and MnO were combined to form FMMO.

Oxldes were combined to form minerals in the following order. Oxides in
parentheses represent the oxide uhiﬁh déterlines' the proporfion of the
mineral torﬁed.

(4) Apatite Cas(PO4)s(0H) (Paos)

(3) Albite NaAlSlaoa (Hazo)

(6) Blotite (Kzo) To account for Al substitution in natural biotite

compoaitions the formula of the bilotite by microprobe analysis was used.
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For' samples for which biotite analyses are not available, the average

-

available biotite composition for that rock type was used.

(7) Orfhoclaae KAISisoa (excess KQO: if present)

(8) Garnet.(Ca.Fe.Hg.Hn)sAla(Slod)s {excess FMMO: if present)
(9) Anorthite Caﬁlasiaoa (exéess Ca0)

(10) Cordierite (Fe.Hg)2A14815018 {excess FMHO. 8102. or Alzoaz ir

-

present)

(11a) For metapelite melanosome only

Sill#lanite A128i05 (A1203)

(11b) For granitoid rocks and metagreywacke mesosoms

Corundum (Alzoa)

(12) Garnet was combined with 8102 and Al 03 te form additional

2
cordiefite until one is consumed B

{13) Quartz (excess 8102: if presént)‘ i

(14) Ilmenite FeTiO3 (excess T102: if present)

(15) Magnetite FeQ (excess FMMO)

(18} Orthoclase and Albite were combined to form K feldspar, using K
feldspar compositions determined by XRF analysis of mineral separates.- For
sanple; with no mineral data, an average value from the same rock type was
used.

(17) Plagioclase was formed by combining Anorthite and 'reualning
Albite.

(18) Ho{e préportions were converted to volume proportions using the
following molar volume data (Robie et al. 1978, Helgeson et al. 1978) and

specific gravities.
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Albite
Almandine
Annite
Anorihite
Apatite
Fe-Cordierite
Mg-Cordierite
Corundum
Grossular
Ilmenite-~/
Magnetite
Orthoclase
Phlogopite

~ Pyrope
Quartz
Sillimanite
Spessartine
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Molar Volume (g/mole)

100.
c . 118,

A
184,

07
28
32

100.7%
159,86

233.
232,

25.
125.
.89
.52
108.
149.
113.

22.

44.
117,

31
44

22
08
58
3

72

91 -

27
89
9
9

\ . R

Fe, Hg.,nn; and Ca ratics used for blotite, garnet, and cordierite

are from probe data. Assumptions include; ideal mixing of endmembers in

so]id'éolutions. and that the molar volume of nnturai biotite is equal to

that of ideal biotite.

(16) Volume proportions were recalculated to 100%. -

o

i

The Hqtdngpn calculations were performed by a Microsoft Basica

- . P o c |
program, written by the author. A working, but not toc elegant, copy of
o

the program is available from the author on fequéat.

The caloculation produced the tollowiné normative asseiblagés:

Granitoids (HG% and MG

2

leucosome and white pegmatite)

Normative Assemblage: Pl Kfs Qtz Bt, minor Ap Co

Actug} Asaenblage:. PHKta Qtz Bt, minor Grt il-

.

B - .'J Y
% The inclusion of all Pe and Mg into biotite does not introduce

qlgnltlcant errors for most granitoid rocks, because the other Fe-Mg phases

-

7
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(garnet and ilmenite) are present in minor amounts. The Metanorm
calculaiion was not appliqd ‘to  rocks with greater than about 3%
garnet+ilmenite (estimated visually or from point coﬁntlnﬁ of thin sections

or stained slabs).

Hetaﬁelite Melanosome

Normative Assemblage: Pl Bt Cdt Grt, minor Ap Co +S11 +Qtz

Actual Assemblage: @ Pl Bt Cdt Grt, minor Ilm +Sil +Qtz +minor Kfs

The calgulatlon for metapelite is very sensitive to the.proportion of
Al in the biotite, since excess Alao3 will be combined with garnet and 810a
_ to form cordierite. Therefore the calculation was applied only te the 2
aahples for which ;hole rock and ninerallannlyéea'nere obtained. When the
calculation was applied to other metapelite samples using a mean blotite

conpoéition the absence or presence of quartz or sillimanite was correctly-

determined, but the proportions garnet and cordierite did not always agree

with visual estimates.

Metagreywacke Mesosome

Normative Assemblage: Pl Qtz Bt Grt, minor Ap Co

Actual Assemblage: Pl Qtz Bt Grt, ﬁinor 1lm

~7 Metagreywacke samples are very homogeneous, and have simple textures
a;lowing for good modal estimates from point counting. Point -counted modal
estimates may be compared to calculated volume norls‘ror 3 metagreywacke
samples in table B.1, to provide to test of the &ccuracy of the normative
calculation. In each case there is eﬁcellant agfeelent between the point

counted and normative mode.

-
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Table B.1. Comparison df volume norms and point counted modes
for -etugreyuacke nesOAOme '

18%7a . 61b_ . 132a
; ¢
N P N P N P
Pl 42.7 48.2 46.9 46.9 42.1 37.8
v Kfa 0.0 - 0.0 -- 0.0 -
Qtz - 34.9 32.6 29.6 31.8 34.1 35.3
Bt 15.1 16.1 = 18,9 16.3 21.4 22.0
Grt 6.5 5.3 3.7 + 5.8 1.5 4.0
cdt -— - - -- - -
8il11 - - - - - -
Mg _ -~ -- -- - - -
™ .
Ilm | -- 0.7 - 0.2 - 1.0
Co 0.6 - 0.6 - 0.9 = -- e
Ap 0.3 - 0.2 - 0.1 ——

N = Volume norm, P = Point counted mode
A comparison of modes determined by point counting of stained slabs
is compared with volume norms in table B.2. There is good agreement

between estimates in most cases.
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Table B.2., Comparison of 'volume norms and point counted modes. lar MG,
leucosome and white Bt pegmatite. <

84c 140 158¢ 188b 194¢ 2¢0a
P N P N P N P N p N P N
Pl 50,7 38.3 40.8 37.9 23.5 30.3 58.7 5a.7 20.2 231.8 25.4 27.9
Kfs 24.2 26.0 18.2 22.1 50.0 38.48 3.8 4.1 48.1 43.2 34.6 0.7
Qtz 22.8 31.2 32.8 31.2 25.1 25.8 28.8 30.9 28.2 28 .1 3.2 2.8
Bt 1.0 3.5 8.0 7.8 1.4 1.8 8.1 9.7 3.3 4.2 5.7 9.3
Ms
Grt 1.3 0.2 x 0.7 0.3 1.2
cdt X x
Mgt
Ilm X x X X X . x
Co 0.9 0.9 0.8 1.8 0.8 0.3
Ap 0.1 0.1 0.2 0 0.1 0.1

P = point counted mode, N = volume norm. x = mineral present in minor amounts [<1%)



APPENDIX C

Table €. 1, Averhge Orthopyroxene Analyses (microprobe).
Gt-Opx-Bt-ibl

Gt-Opx=-Hbl Maflc Gnelss Metatonallte

199A . 1390 1A
L ]

wt. % Core Edpe Core Edpe Core Edpe
510, 19.5 18,86 50. 1 49,9 47.4 47.3
Tlo, 0.12 0,13 0.12 0.15 0.17 0.14
M"B'; .23 1.25 1.50 1.58 0.99 0.83
“'"20‘3 .06 .06 0.06 0.07 0.09 0.06
Feo 34.8 . 34.7 32.2 32.3 40,1 40,8
Mno 0.67 0.67 0.40 0.43 1.14 1.09

Miz0 13.3 13.3 15.4 15.1 4 9,
Cad 0.43 0.44 0.23 0.24 0.78 0.58

o~
Totn} 100,10 100.12 100.13 94, 66 100.00 100,10
Nu. of catlons op the baals of 6 0
|9

Ch 1.96 1.96 1.96 1.96 1,94 1.94
~ Ti 0.00 0.00 0.00 0.00 0.01 0.00
Al 0.06 0.06 0.07 0.07 0.05 0.05
'cs 0.00 0,00 0.00 0. 00 0.00 0.00
Fe” 1.15 1.15 1.05 1.06 1.38 1.40
Mt 0.02 0. 02 0.01 0.01 0.04  0.04
Np 0,78 0.79 0.89 0.88 0.58 0.57
ta 0.02 Tg.02 0.0t 0.01 1/\0.03 0.03
Totul 4.00 4,00 4.00 4.00 4.02 4,09
Fu 0.59 0.59 0.54 0.54 0.69 0.70
En 0.4y 0.40 0.46 0.45 0.29 29
Wo 0.01 0.01 0.00 0.01 0.02 0.01
No. of 5 4 . 5 6 ] 3

Anilyaes
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