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. allochthonous units, respectively, which are two regional .

- subdivisions‘of thé Grenville Province in Labrador.

ABSTRACT

~f

, / . , . , ) > *
Three major lithotectonic units have recently been defined in the
: ]

Grenville Province of eastern Labrador on the basis of contrasting

11 thologic associatf.ons', struct)ral styl'e and metamorphic grade. Two

of these units, the Groswater Bay and Lake Melyille Terranes are -

- int'erpretedk to represent parts of the parautochthonous and ra

Geothermometry and geobarometry estimates derived from garnqt -

biotite - plagiocﬁase - Al 5105 - quartz and garnet - orthopyroxene -

clinopyroxene - plagioclase - quartz equilibria of selected

paragneiss and mafic~.11tholog1es in the Sandwich Bay area suggest '
contrasting metamorphic pP-T conditions of "the two terranes. Estimates

determined f?‘m the Groswater Bay Terrane range from 615°C to 850°C /Q'\_\
3 : B

and 10 - 17 kbar, suggeating derivation from depths. on the order of

30 to 40 km. In contrast estimates from the Lake Melville Terrane

-~

range from 650°C to'900°C and 6 - 10 kbar implying crustal derivation
from 20 to 30 km. Microstructural relationships and mineral chemistry

of the assergblages‘ in each terrane suggest that the P{T estimates

-
‘

obtained from each terrane are representative of Grenvillian

';ne tamorphic conditions.

X

. ~_ Equilibrium P-T paths conastructed from the geothermobarometry

estimates are interpreted to represent a portion of the uplift

trajectory for both the Grosvater Bay and Lake Melville Terranes.

These paths suggest that both terranes followed & near isothermal

“
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uplift path, iiplyiqg rapid decompression du_rhig cooling.
l‘oAr/39At incremental rel.ease radiometric dating of hornblende

coficentrates fron ofthogneiss and assoclated mafic dikes from the

K

study area reveal contrasting ages from both terranes. Age spectra .
from~the Groavater Bay Terrane are generally discordant and are
interpreted to resylt fron a combination of the presence of excess

' argon components and partial gas losds as a result of thermal

. -——— .

resetting of the argoi: .7stem. One sample from the Groswater Bay
Terrane yields a reasonably defined plateau age of 1260 +7— 5Ma. A
similar plateau age of 1241 +/- 3 Ma is obtained from a sample

1mmediate1y south of the Rigolet thrust zone in the Lake Helville

Terrane. The significance of these pte-‘Grenvillian ages is at present

not understood since they do not correlate wi'th any major event I

(thermal or cooling) previcusly known in the Grenville Province.

_However, they are Lenmiulyimmm_daucmutgoa———-———

in hornblende at ca. 1250 Ma. Spectra obtained from -samples- 'from—the"
southern Lake Melville Terrane record reasonably well defined
AoAt/”At plnteaug. One sample yieldg a plat;?ﬁ age of 1070 +/~ 50
Ha‘, which is in' broad agreement with the 1030 Ha_a_ge suggeéted for
the culmination of Grenvillian metamorphism in the Lake Hel*ille
Terrane and.is thus intefﬁréted toe represent the very rapid uplift
follov;i.ng .‘érenv.illian‘ thegmal ov‘erprinting.' Thé most southerl ﬁ
’sanple; yiei_d younger ages of 1020 +/- 8 Ma and 980 Ma +/- 12 Ma and
':ére interpret:ed to results froﬁ,alpwer post-Grenvillian uplift and ’

’ subiequent cooling through the retention temperature required for

' sxgon ia the hornblende crystal lattice.

.
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CHAPTER 1.

" INTRODUCTION

1.1 Scope and Purpose

This thesis project is a contribution to the regional study of the
Grenville Province in eastern Labrador, which is being conducted by
C.F. Gower, and uas‘ln‘itiated when the author was e-mployed as a
genior éssistant vith the Newfoundl‘ar;d Department of Mines and Energy
during tpe 1984 and 1985 field seasons. The study involves an
examination of parts of two lithotectonic terranes, the Groe\;latet Bay
and i,ake Melville Terranes Iin the Sandwich Bay area, eastern Labrador
(Figure 1).

The first purpose of the study is to outl:lne t.he tectono -
métamogphic evolution of the two terranes in terma of preLGtenviillin

) .

and Grenvillian histories, in particular with regard to the
conditions and timing o_f metamorphism within and at the boundary of
the t;rrapes. Emphasis 18 placed on the quanti;ative determination of
pressure and temperature condition; with the application of recently
calibrated geothermobarometers derived for both pelitic and basic
. assemblages. Estisates are used to interpret P-T gradients in an
attempt to dis tinguish pre~Grenvillian froa Gre‘nvillian me tamor phic

y £ Y
conditions. .

’

A second aspect of this a.tudy involves 405r-39Af incremental
release radiometric dating of hornblende concentrates separated from
several sanples collected within the map erea. These data are used to

supplement previous geochronology in the eastern Grenville Prpvince

- ’







"segment of %e Canadian Shield vas in general poorly Understood.

q ! ‘ 3

in an attempt to interpret the thermal and uplift history in the n

' region. . ‘ : +

i Laboratory analyses involved extensive petrography and¢ the
. | .t

acquisition of mineral chemistry using the electron probe.
microanalyzer. Radiometric dating {nvolved isotopic analysera'of argon

in.hornblende concentrates using the incremental step~wise heating

me thodv.‘ . i

'

The Sandwich Bay region in eastern Labrador (Figure 1) 11eu o

entirely within the Grenville Pbovince and straddles a major th}ust

fault, known as the Rigolet thrust zone (Gower and Owen,. 1984), which

_has been defined as the boundary between the Croswater Bay and lLake

Melville Terranes. Field work for the project involved assisting in
l‘:lO0,000 scale geological mapping of N.T.S map sheets 13H/3,4,5,6
(Gower et al.,1985) and 13H/1,2,7,8 (Gower et al.,1986). %mpleu for

microprobe and geochronological analyses were collected from the

-above areas, and in addition from 13H/11,12,14,15,16 (Gower et

al.,1982).

1.2 The Grenville Province
v

Ay

Knowledge of the-geology of the Grenville Province in hsrador prior
. /
to 1977 was based largely on 1:250 000 scale reconnainu‘nce mapping

/

completéd by the Geological Survey of Canada during the early 19707s,

(sumnatized by Greene, 1972) and the geologicnl evolut‘lon pf this
7

!
/

Accordi{ng to Uynne-!ldwatds (1972), who summarized thb state of

knowledge at that time, wuch of the eastern and cen‘trnl Grenville

& h
' | : )

LY




‘gabbroic and anorthositic plutonic suites, thought to be v

. the supracrustal sequences and of the metamorphic, plutonic and

L ¢
Province is underlain by quartzofeldspathic gneisses, of both

granitic and sedimentary protolith, which range from Archean to .
Mid-Proterozoic in age. 'Thgse gneisses were considered to be, as//z
least in part, originally part of ‘the adjacent -older tectonic
provinces which were subsequently incorporated end revor“ked during
the Grenvillian Orogeny. Before their reworking, these rocks ihad
acted as a basement for ,Lower and Middle i’roterozoic supracrus;JI
siquences, ren.mantsr of which were ;.e'cognilzed across the orogen,

Additionally, plutonism was known to be extensive in thé‘ Grenville

Province of Labrador with the intrusion of a variety of granitic,

predominantly of Mddle Proteto_z_oic age, At thaﬁ time, however,
l1ithologic, structual, metamorphic and age relationships between the
various units.wvere largely upknown and nuch of the interpretation '
with respect to ptc; Grenvillian and Grenvilliaﬁ tectonic evelets was
speéulativg.
In 1977 howvever, the ‘Newfoundland Departmen.t of Mines and Energy, - .

in cooperation u;th the Geological Survey of Canada, began the .
process of remapping the Grenville Province in Labrador at 1:100 000
and 1:50 000 scales, And as-aociated studies have included
comprehensive geo;hronological and bedrock geochenmical analyses; The
objective of th;u work has been to develop a better understanding of
. ‘ .
tectonic historyrand mineral poténtial of the belt as a whole.

_Recent work has shown tha‘t the Grenville Province is composed of
a collage of lithotectonic tercanes with both pre-Grenvillian and

Grenvillian histories, which can be distinguished on the basis of




the character aqd age of the rocks, togéther with their structural

[y

>

" style and metamorphic grade. These terranes were emplaced together

during the Grenvilliag Orogeny along major thrust faults (Gower and

Owen}. 1984) ..

rs

. 1:5 Subdivisions of the Grenville Brovince

1.371 Western Labrador

In weséern Labradof, Rivers and Nunn (1985), Rivers and tho&n (1986;
.%ave proposed a subdivision of the Grenville Province, vhich 18

putély tectonic in concept. The orogen is divided into tgree tectonic
units: an autochthoq, a parautochthon and sevgfai allochthoﬁs (Figure

2). The autochthton, which lies immediately south of tﬁe'Grenville
Front,-is composed primarily of the reworked equivalents of older,
adjacent provinces and i{s interpreted to have been' deformed "in situ”
during the Grenvillian Orogehy (Rivers and Nunn, 1985). Purther
south, towards ‘the interior of the-Gr;nville Province, a
parautochthonous unit has been defined 'which is underlain by several
major thrust faults, aﬁd interpreted 'to be composed of imbricate
thrust nappes. Structural and l{ithological continuity suggests that
overall movemént a;ong these thrust faufta was not extensive,
although érustal thickening was éonsiderable. Structurally overlying,
and in thrust contact with the paradtochthon .-e a series of
allochthonous units, ;nterpreted to be féctonically emplaced thrust .
nappe structures. Lack of structural, lithologtcaliapd metamorphic
correlation suggests a aigﬁiflcant amount of transport along the

)

thrhst faults bdbounding the allochthons.
¢ :
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The structural, lithologic and metamorphic relationships between -

the autochthon,"parauto&ﬁfhon and a;iochshonk are well developed in
western Labrador, énd may be used as a model of the tectonic style in
the eastern Grenville Province. In western Labrador, the western part
of the foreland is composed of Archean gneissea of the Superior
Province which form the basement to an unmetamorphosed to greenschist
facies, lower Proterozoic 'platformal gupracrustal sequence known és
the Knob Lake Group (élvera and Nunn, 1985). The 'autochthon, to the
"south of the Grenville Front, represents the continuation of these
rocks where they‘display a well developed Grenvillian overprint
(generall& a cleavage or schistos{;y ),<but no‘evidence of
translation by thrugtlng.

The parautochthon comprises rocks with distinct pre-Grenvillian
historles which were subsequently overprinted by Grenvillian .
métamorphism and tectonism. In the west, ihe previously
unmetamorphose& southerly extension of the lower Proterozoic Knob
Lake Group was metamorphosed during the Grenvillian Orogen} resulting
in the develop@ent of a progressive metamorphic‘sequence from
greenhchist facies in the north to %pper amphibolite facies in the

south (Rivers, 1983a). In the eastern portion of the parautochthon,

P

<in Figure 2, high gfade gnelsses and granitoid rocks which were
formed andreﬁplaced-during the recently defined Labradorian Orogeny

at 1650 Ma (Nunn and Christopher, 1983), were reworked under

amphibolite facies conditions during the Grenvillian Orogeny. Thus

the Grefivillian metamorphic overprint was at amphibolite facies in
most of the parautochthon, and was associated with regional

imbrication by thrusting, giving rise to extensive crustal

S——a
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thickening.

g

Structurally overlying, and ;n thrust contact with the
pérautochthon are rocks interpreted to be allochthonous, termed the
Lac Joeepﬁ Aildchthon, in western Labrador (Rivers and Nunn, 1985).
Presentlx available evideqce suége$ts that thié unit has a negligible
Grenvillian metamorphic overprint; Rivers and Nunn noted that the

\

progressive metamorpﬁic sequence present in the parautochthon 1s

truncated by the allochthon. Lithologic units which can be correlated

. .
from the autochthon into the parautochthon cannot be traced across

€ . .
the parautochthon-allochthon boundary. Radiometric U-Pb dating of

zircon and mpnazlte within the allochéhon ylelds cousistent;ages of
about 1650 Ma. This implies that the last significant therhél event
experienced by the allechthon was at 1650 Ma aﬁd suggests that
Grenvillian reworking was minor. Rivers and Nun;;considered that
structural emplacement of the allochthon occurred during the
Grenvillian Orogeny and that .although the interfor of the allocﬁzhon
may ‘ave‘a negligible metamorphic overpriat, the bas;1 portion may fn
fact have been cousi&erably_revorked during the Greavillian Orogeny
' L] .

(Rivers and Nunn, 1985;.

This regional subqlvision, established in western
Labrador,(Rivers and Nunn,1985) has been shown to be compatible uifh
divisions throughéut the entire Grenvi}le Province in Labrador

(Figure 3) and 1into Quebec (Rivers and Chown, 1986).

1.3.2 Central Labrador

: \
In central Labrader, middle Proterozoic greenschist facies







supracrustal add granitold rockg with minor>femnants of amphibolité
facies Hudsonian gneisses define the parautochthonous unit (Thomas, .
’1985). The southern‘liqit of the parautochthon is markea by hajor
south-dipéing thrust zones. The pa}autochthoé contains greenschist to
upper hmphiboiite facies 1ithologies of predominantly calé-alkaliue
gtanito’hs a;d'semi—pelitic ﬁigmatitic paragneiss. The allochthon to
the south, known as the Wilson Lake Allochthon (Figure, 3) 1s composed
of quartzs8feldspathic paragneiss containing hypersthene, sapphirine

and sillimanite, and i1s interpreted to be a deep-seated crustal

fragment, tectonically emplaceahover the parautochthon as a klippe.

1.3.3 Eastern Labrador

In eastgrn Labrador, the Grenville‘Province is ' divided ihto three
major lithotectonic terranes, (Gower, 1981; Gower and Owen, 1984),
defined on the baais of distinct iithologicllﬂ structural and
metnmorphlc'characteristics (Figure 1). Although the subdivision of
the three terranes 1s based primarily on li;hological.hnd metamor phic
distinctions, a partial correlation can be made with the tectonic
division proposed by Rivers and Chown in western Labrador. '

The,nofé?ern most terrane, the Traqs~Labrador Baihollth is a.

major belt 6f post-orogenic granitoid rocks assoflated with the newly

. L
defined Labradorian OroReny (Thomas et al., 1985; Rivers and Nunoe,

1985) which extends'along the morthern margin of the Grenville
Province in Labrador. U-Pb and Rb-Sr dating yields 1650 ma. to 1600
. mA. ages, the U-Pb agéu being almost concordant. Variably deformed:

granodiorite, granite, quartz monzonite and quartz syenite are the




- correlation with the 3—fold)§ubd1vision of the Grenville Province ink//
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pre&ominant llthologiés and are characterized by éreenséjjgl facies

sub assemblage offchlorite,-albite and epidote. - '
South of the Trang-Laﬁrador Batholith;’co;er (1981) aﬁd Fdwer and

Owen (1984) describe a major litéotectonic.unit, the Groswqtér Bay

Terrane, uhick is a large arcuh%e belf/extending 3SQ km through

eastern Labrador. Its northan_extent 1s defined as the southern ~

boundary of the Trans-Labrador Batholith. Rock types include |

predominantly tonalitic to granodioritic orthogneiss, mafit

1ntrusions,‘various granitoid rocks and minor pelitic paragnéiai.

Metamorphic grade s at middle to upper amphibolite(facies with local

retrogression to greenschist facles. Radiometric age Jates imply that

the reglion underwent a major tectonothermal event at 1650 Ma. and a

weaker Grenvillian event at 1100 Ha;:(Gouer and Owen, 1984) .- Regional

Labrador discussed previously &uggests that the Groswater Bay Terrane
is’part of thé Grenvi}lan parautochthon,

A third lithotectonic unit,akhe'Lake Melville Terrane, recently
defined in the Grenville Province ofréastern Labquor 18 a 60 km wide ‘
and 250 km long crustal segment which is bounded in the norEh by the
Groswatér'Bay Terrane and 1in bart by the Mealy Mountains Terrane to
the south. Major rock types include pelitic and'semi—pelitic
paragneiss, K feldspar megacrystic and non-megacrystic granodiogate
a;d layered mafié complexes. Metamorphic grad; is at upper
ampi{bolite to granulite facies, with the development of greenschist
facie; assemblages along fault zones. Field evidence suggests that
the Lake Melville Terrane is alloqhthoﬁoua and has boekaigjﬁﬁpically

‘.

Jjuxtaposed upon the Groswater Bay Terrane along the Rigolet thrust
. &~
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zone, during the Grenvillian Orogeny (Gower "and Owen, 1984)
The 1ithologic agsociation, metanorphic grade and tectonic nature

. of both thg Groswater Bay and Lake Melville: Terranés in eastern

Labrador 'auggests a st‘rong correlation with the parau tochthc;u -

alloch.thonous units respectively in western and central Labrador. The

Groswater Ba.y Terrane comprises rocks with distinct pre-GrenviilQau

histories which have been overprinted by widéspread Grenvillian

amphibolite facies metamorphism and associated tectonism.
Structurally overlying and {n thrust contact wi tk; the’Groga;ater Bay

_ Terrane, the Lake Melville Terrane is interpretéd by Gower and Owen

(1984) to represent an allochthonous segment, whith was transported .

northiard during the Grenvillian Orogeny. - /

#




CHAPTER 2

LITHOLOGIC UNITS

2.1 Introduction

The delineation of the parautochthon and the allochthon in eastern
Labrador is reflected in a contrast in lithologic associations.
Although some similtarities in the compositions of 1ithologies exist
between the Groswater Bay and the Lake Melville Terranes, relative
proportions and field characteristics are used as a basis to classify
rock tfpes into thelr respective terranes (Gower a;d Owen, 1984). The
Groswater Bay 'ferrane is comﬁosed predominantly of granitic
'orthogneiss, foliated grani to-ida and mafic rocks,h with semi-pelitic
paragneiss being a minor rock type, whereas in the Lake Melville
Tet.'rane, pelit.ic and semi-pelitic paragngiss, layered mafic
intrusions and foliated éranitoids are wthe major lrthologies.

2.2 Groswater Bay Terrane

Major rock typeé occurring within the Groswater Bay Terrane inélude
granodiorité to tonalite orthogneiss, diorite to quartz diorite, K
feldspar megacrystic and non-megacrystic granodiorite, .
ﬁyroxene-bearfng granitoids, wvarious mafic 1iihologies and pelfitic .
and semi-pelitic paf?gneias (Figure 4). Field relationships between
the orthogneiss and the follated granitoid rocks in some areas -

indicate that the gneisses are basement rocks occurring as enclaves

vithin the granitoids, which are themselves intruded by Helikisn
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gabbros. In other hreas, a gradational contact between the gnelsses

-~

and the granitoids implies a variation in the Grenvillian .
deformational overprint (Gower‘énd Owen 1984). Younger granitcids are
interpreted as having been emplaced partly coeval with and partly

postdating the 1650 Ma thermotectonism in the suprac;:ustal-tockg ¢

which were deposited on or adjacent to thj inferred gnelasic
y basement. \

The orthogneiss is characterized by well develope.d migmatitic
banding, locally grading into strongly foliated gtar;odiorite and
tdnalite. Biétite is the dominant mafip phase al‘though hornblende and -
, garnet are common, ‘ '

Paragneisses in the Groswater.l?ay T;rtane are divided into 2'major
groups by Gower and Owen (1?84). Thesé are medium{d high gra‘de
n“pelitic paragngiu and low grade metasedimentary roc.ks with
recognizable primary' structures. Medium to high grade metasedimepts
(v:hatacteristicallir contain biotite-garnet-quart;-plagioclase-l(
feldspar with kyanite as the alumino-silicate polymorph, 1o::ally
; ‘partially r_etrogréssed to m:scovite. Migmatitic fabr'ica are
widegpread and th unit displays a range from schistose to gneissic
.fabtics. In many areas, concordant a>p11tic dikes and enclaves enhanée
the gneissic appearance. The restite is composed of finé-graine_d
aggregates of kyanrit_.e, biotite and nggnétite. The leucosome component
is comp9sed of recrystalliﬂed quartg, plagiocla;e and K feldspar,
‘ - Hil_'xor biotite and magnetite are commonly present, The low grade
netasediments are dominantly gte'yuack} ansl siltstone and although a

- strong tracture-cleavage is devsloped, primary sedimentary bedding is

commonly preserved. Gower and Owen (1984) consider that the low grade




metasediments post-date the regional med;:; to high g;ade
metamorphism of Labradorian (1650 Ma) age. |

| Dioritic to quartz monzonitic rocks are predominant in.the
south:éa;tern portion of the Groswater Bay Terrane (Figure 4). The\
major rock type is a medium to coarsé-grained diorite to quartz
diorite cha;actérized by_a.u;akly foliated to gneissic fabric,
Hornblende and biotite are ubiquitous and loéally t?f }ock contains K
féIdspar megacrysts. Assoctated with the quartz diorite unit are
iﬂégusions of medium-grained‘Zommonly megacryétic biotite
granodiorite, which in some areas appear to be gradational with the
quartz diorizé. The d}orite to quartz diorite and associated blotite
granodicdrite éré col;ectively grouped into a majof intrusive body
which occupies the Earl Island Domain (Gower, 1981).

Mafic rocks comprise a significant proporliou of the Groswater Bay
Terrane. Gower and Owen (1984) subdivi@e them into 2 distinct suites,
the older consisting predominantly of layered.intrusiona,‘the younger
composed of'mafic dikes, The.older suite includes olivine gabbro,
anorthosite, l;ucogabbro, pyroxeyite and associated monzonites and
syenites. These rocks are comparabie bosh in age and 1ithologic
affinity to the Adlavik Intrusive Suite of the Makkovik Province
dated at 1650 to.1600 Ma and Gower and Owen (1984) and have
fentatively correlated them with 1t, The younger sui;e of mafic
intfusions whichzis composed of olivine~bearing ophitic to corona
texéured metagabbros, has been assigned to the 1400 HMa Michael éabbro
{(Gower and Owen, 1984). Other mafic rocks ipcluae several suites of

o
dikes which pre-date intrusion of the 1400 Ma gabbro and post-date

eanl;xﬂelikian,granitoids (Gower et, al.,1982). Two generations of

/




disbase dikes of Phanerozoic age have also been recognized.

. . -
. .

2.3 Lake Melville Terrane

In contrast to the Groswater Bay Terrane, the Lake Melville Terrane T
1s dominated by pelitic and semi-pelitic paragneiss, fqliated

. ' ! S . -
granitoids and layered mafic intrusions; granitic orthogneiss is a

relatively minor rock type. : , -

- Supracrustal rocks in the Lske Melville Terrane compr{se 5
distinct compositional groups; these are pelitic to semi-pelitic
gneiss, psammitic guneiss, ‘qﬁartzite, calc-silicate rocks and m;af.ic
goeiss. (1) Semi-pelitic schlieric banded paragneiss is the dominant
rock typ; and is characterized by sillimanite + K feldspar
subassemblages. Layering is .defined by segregation of'leucoaome and
mafic restite components. Tranqus’iton of these layers {8 common and
in some areas extremely complex. 'Diatexites, interpreted as strongly o
mignatized equivﬁlents of the semi-pelitic gneisses.,' occur as large
bodies intercalated with the pelitic rocks. (2) Psammitic gneiss is
eommonly pyfitic with a diutinct rusﬁy"-brown weathering color, Garnet

and biotite are uidespz:ead and sillimanite and mu\scovite occur

. :
‘locally. Where not associated uith_other suprac.rustql rock§ the
distinction between paammiti& gﬁeiss and- granodiori t"ic ‘orthogneiss
may be difficuit. (‘3), Calé-silicat‘e bzones witlhin pelitic and <\ ) / .
"psamm'itic gnelss range from-layers of 10 c;n up to'300 m wide an .
" contain diopal?e + grossular + amphibole + plagloclase as constituent

phases. (4) Quartzite _fs a miror toék type, although layers up to _56

m wide occur in a few localities. Mineral assemblages include: quartz

¢ -
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+ plagioclase + mggnetite +'garnet'+ graphite + diopside + biotite.
(5)‘Hat1c rocks 1nterl§yered within the supracrustal sequence are
pr;sent in a few areas. They‘contafﬁ‘é}idote‘+ diopaide + grossular +
plagioclase + calcite as characteristic mineral phases and are
iﬁterpré!ed\to be strongly deformed pillow basalts.

~ The predominant comppsition of the orthogneiss is granodiorite.
These rocks are varlably migmatitic with the fabric rangigg t;d;
atroﬂgly foliated to a well.developed banding. In some areas the
presence of flagtengd enclaves and dikes enhances the overall
gneissic texture. Bioiite, hoinblende and garnet are the common mafic
phases and locally o;thoeroxene 1s developed in the leucosome, In
some areas the fabric 18 weak to ﬁoderately foliated with local
gradations to strongly follated and gneiésic; Gradational contact:\
betwefn strongly tectonized and more massive granodiorite suggest:

that the -variation is a result of strain heteroggneitiés during

deformation.

v

Mafic intrusive rocks occur predominantly in the Mount Gnat
Granuligz Belt.(Gower et al,,1981) and the White Bear Arm Complex
(Figure 4). These récks'are interpreted to be large fractionated
xlayered mafic intrusions of gabbro - leucogabbro - lggcondrite -

'anOtthosité'; mo;zonite and granite, Locally .igneous layering is

preserved; however layerihg.as a resylt of metamorphic

differentiation‘ia more fommon. Gabbros with both single and double

coronas of olivine-orthopyroxene and ol1v1ne-orthopynoxene-amﬁhibole
occur throughout both units. Minor fine-grained leucogabbro-norite
which occurs in 1solated and discontinuous outcropshndy be dikes

- ‘A
related to the layered complexif,




CHAPTER

STRUCTURAL GEOLOGY

‘ 311 Introduction
¢

In this section the structural development of the Groswater Bay and

the Lake ﬁglville Terranes will be considered within the framework of
the tectonic m?del for the Gr;nville Province presented 1n_Chapter f.
A regional 1nterpretation‘of structqées in eastern Labrador 1is given
by Gower ‘and Owen (1984) and Gower et al. (1985, 1986). These authors
have interpreted the ;;mplex to be due to a combination of ‘
pre-existing Labradorian features widely overprinted by Gremvillian
trends.'(At the time of writing, Gower and Owen, 1984 were not really
aware of the Labradorian Orogeny, and interpreted pre-Grenvillian
féatufés to be Makkovikian, however, we now know they are

lLabradorian), The majority of this section is a summary of this work

to which the author contributed. ’ ) -

'
-

3.2 Groswater Bay Terrane

~ B )
The regional structural pattern in the eastern Groswater Bay Terrane

1 4

is shown in Figure 5. Foliations trend northwesterly in the Sandwich

Bay area and swing towards the northeast in the Groswater Bay area.

»

Dips are towards the southwest near Sandwich Bay and generally

[]
. northweat north of Groswater Bay.

Owen and Rivers (1§83); Gower and Owen (1984) and Owen (1985)

8

‘have described the progressive ovetpfinting and obliteration of NE
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trending Makkovik fabrics in the Smokey Archipelago, just to the
south of the Grenville‘Front on the coast of Labrador (Figure 5) and

on this basis interpret the present structural pattern to be a result

of the overpfinctng and re-orientation of pre-existing Makkovik NNE

trending fabrics by yidespread EH Grenyillian fabrics, ‘However, in a
small structural domain on the south shore of Groswater Bay (Figqre
5) fabrics trend north to_north-easi and are interpreted to be_relict
Makkovikian fegtures which were essentially unaffected by Crenvillian
deformation (Gower and Owen, 1984).

Fabrics in the Groswater Bay Terrane are representéd by well
developed foliations in éaragneiss and ortﬂogneiaa and moderately

——

developed fabrics in granitoid and mafic rocks. Migmatitic banding in
semi-pelitic paragneiss is well developed and defined by layers of :
graniti¢ leucosome alternating with restite layers consisfing of -
kyanite - biotige -~ garnet - muscovite. Pabrics in granitoid and
mafic.rocks are defined by elongate-;ggregates of biotite and
hornblende. Down dip mineral lineations, defined by the preferred
orientation of inequant ;lnerala and elongate.mineral aggregates, are
;ell developedrin paragneiss and orthogneiss, partlcufariy in zones

of ahearinng; intense deformation.

Numerous faults are present in the Groswater Bay Terrane, the
majority of the%p being intérpr:ted as britt}g strike-slip faults.
They have been mapped on the basis of fault breccia, extreme
altetat{on and on aerial photograph'llnaeménts. Only.rarely is there
evideuce of displaced litholoéic coantacts. Thrust faults in thé
region are reéogﬁized by their well developed pylonitic faprigs and

iotense recrystallization. Rotated K-feldspar megacrysts are common,




their sense of rotation combined with lineation orientations suggest

a general north to north-east directed transport direction,

1

3.3 Lake Melville Terrane

The regional strucural pattern in the Lake Melville Terra;e 18 more
complex than that in the Groswater Bay Terrane (Figurejs). In the
southeast part of the Lake Melville Terrane, foliatténs trend
bredominantly south-east, and dip towards the north-east, In some
areas, this fabric is interpreted to have beén,deflectéd a§ a result °
of deformation along Grenvillian shear zones (Goﬁer and Owen, 1984;
Figure 6). In the central Lake Melville Terrane, west of Sandwich
Bay, variablz foliation trends and dip directions reflect a cdmpleg
structural pattern. In the western portion §f the terrane, east of
Lake Melville, foliations trend eésentially east-west and dip
consistently towards the north to north-east. The variablity of
.follations and‘dip d}gections in the Lake Melville Terrane ggpea;;‘tg
be consi;tent with a model of pre-Grenvillian (ﬁ;bradorian).fabrics
variably modified during the Grenvillian orogeny.~Nea; the kigolét
thrust zone, folds with axesrpnrallel to the fault are considered to

*

be of Grenvillian age, although elsewhere, relationships are more
1

difficult to establish.
- » . .
Planar fabrics in the lLake Melville Terrane range from gneissic
layering developed in most paragneiss and orthogneiss lithologies to

weakly developed foliatfions in granitolds and mafic rocks. In some

areas, planar fabrics are genmerally absent in plutonicqtocks which

are characterized by primary igoneous textures. Gneissic fabrics are
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‘generally defined by.alternatlng leucosomevlaygra consisting of
plagioclase - K f;;dspar - quértz'with minér nafic phases and restite
layers c;nsistlng of various combinations of sillimanite - biotite --
magnetite - garnet ~‘cordierite - corthopyroxene ;n paragneiss.aﬁd‘
Biotite ~ lornblende -~ orthopyroxene - clinopyroxene - garnet -
magnetite in orthogneiss. Hinér folds associated with the migmatitic
fabric are tight %o isoclinal:and indicate extensive transpositioq
. and tight folding. . |
Granitoid rocks are Wharacterized by a strong to‘ueakly developed
foliation defined by alignment vf biotite + hornblende selvages. and
cqmmonly K feldspar megacrysts. Strongly foliated granitold rocks
locally become gneissic‘near'ehear zones and th;uats. Mafic
lithglégies are commonly moderately to strongly foliated, althoﬁgh in
general, grgndliée facies rocks have a granoblastic fabric implying

subsequent recrystallization. Linear*fabrict are well developed in

paragneiss, orthognelss and granitoid rocks, altholugh are rare in

mafic lithologles. Mineral stretching lineations and rodding

structures are generally down dip and parallel to the orientations of
fold axes, suggesting an exiehsiohal strain regime in which

-1ineations were rotated into pa;allelism with fold axes duriné.
i - [ 2 ) .o

Jdeformation. ; ' s .
' Hylonite'zones in the L;ke Helvil}e Terrane are characterized by
variably recrystallized mylonitic foliatioqs. Quarii&f?ldapathic'
mylonites commonly eihiﬁit ribbon.texnures.uhere quarﬁi grains reach
aspeéf ratlos of—30{1 implying no‘annééllng aftér their formation.
Thin pseudoiachylite z&h&s,}which cross—cut_ the mylonitic fabélc )

occur loéally in areas of intense shearing. Rotated K feldspar

L4
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-cgacryl'/tl in granitoid rocks together with down dip mineral

lineas.fonl indicate northfeast to north-west transport direction,.
Hylonitea in mafic rocks exhibit e:;trene recrystaliization with fln‘e
de\iélopment of. blastomylonitic textures. All these mylomites, which . ’
range from less than lm up to 100m wide, are 1ntevr‘preted to be
moderate to shallowly dipping thrust faults Ain"which the hanging wall
has bgen transpor ted nor thward. A

Y !

3.4 Rigolet Thrust Zone

3
A proﬁlinent structural feature in the area is a major east to '

aoufh-east trending thrust fault which extends from thé north west

shore of Lake Helvill‘e to the south-éast coast of Labrador. (Figure

6) This feature, termed the Rigolet thrust zone (Gower et al.,lv982)

.defiﬁes the boundary between the Groswa;etéBay Terrane and the Lake ,
H_elville Terrane. Where exposed, .the’ Rigolet thrust is defined by .

shallow ;outh to south-east dipping zones of mylonite, »
pseudotachylite and cataclasite. Vh‘ére exposure 1s lacking the thrust

"has bgén extrapolgted on the basis of its linear negative |

aeronign;iic signature. The morphology and inferred kinemat‘lc

ligngture of the Rigolet thrust zone vary along 1its ie’ngth (-Figure 6,

inset).sIn .the Doub]-.e Mer-White hills region, near Rigolet, ‘where
there is an extension of the Lake Helvili.e,\'l‘ettane in the forrfx of a

‘thrust l‘o&. it 18 characterized by multiple thrust faults with down

dip (south-east plunging) extension mineral lineations. In this-area,

Gower and Owen (1984) propose s northward translation of the Lake

Melville Terrane over the GrosvateriBayl Terrane. Purther to the

o




south—east the Rigolet thrust zone is interpreted to be a

. predominantly striké-slip fault with only a minor thrust component ..

region (Figure 6), the Rigolet thrust zone is in the form of a.thrust

(Figure 6, Gowex_'__et.al., 1985.).
=-S5
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(Gower et al.,1985). East of Sandwich Bay, the extension of the
Rigolet thrust zone is predominantly an Iintrusive contact between the
Earl Island Pomain and the Paradise Metasedimentary Belt (Gower et

al., 1985) qnd the structural significance of the zone in thig area

{5 at present uncertain.

Gower et al. (1985) have proposed that the Lake Melville Terrane

was transported in a northwest to north-northwest direction along the

Rigolet thrust zone (Figu;e (;). The kinematic 1nterpretétion (Figure
6, 1n-ser.), shows that east to north-east trending portions of éhe

Rigolet. thrust zone have a major thrust component, whereas n'o.rth-west
striking structures are essentially right lateral strike-slip faul tsv

with only a minot thrust component. In the Double Mer=White Hills

lobe, which is comparable in 1ithologic association, structural style

and me tamorphic grade to the Lac-Joseph, Wilson Lake and Cape Caribou

a

-allochthons to the west (Figure 3).

Within the Lake Melville Terrane, several northwest facing frontal
thrust;;vith marginal strike-slip faults are de_{reloped. South-west of
Sandwich Bay, these thrusts are interpreted to be a result of a
combinatlion of right lateral movement along the‘En)glish River faulE,
which bounds the north-east side of the Mealy Mountains Terrane and

movement along the northeastern margin of the Lake Melville Terrane
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" 3.5 Grenvillian Effects R

-

The most obvious effect of the Grenvillian Orogeny in eastern
Labrador was the reglonal slicing and stacking of pre-Grenvillian

rocks into major thrust bound crustal segments along the Rigolet

thrust zone a1\1d other minor intra-terrane mylonites. The regional
strucfural patterd suggests a north to north-west transport of an
exhumed deep level allochthon (Lake Melville Ter;ane.) over a
parautochthonous unit (Groswater Bay Terrane). .
‘ On a gsmaller scale, there 1>s evidence that Grenvillian de%ormatiou
was polyphase. Owen (1985), describes 3 phases'of,deformagiou
attributed to the Grenvillian Orogeny in the Smokey Archipelago just
south of the Grénville Front in eastern Labrador. The first peribd of
| Grenvillian 'deformatior: (GDl) resulted in the deveprment of east
treading inclined folds which are seen to deform pre-Grenvillian
fabrics. Gower (1981) describes a'regional west plunging GF1 - antiforn
with an east-west trending axial trace passing thtough Grosuater Bay,
which {8 considered to be a major'structural feature of the Groswater
‘Bay Terrane; and Owen (1983) describes the development of GS1 fabric
aiong the limbs of GFl fol'ds. Several major GF1 folds have been

’“ 'interpretgd to ‘o\c*eur west of Sandwich Bay in the Lake Melville .
Terrane (Figure 6). A regional synform has been interpreted to extend

*from south of Sandwich Bay to uést of Rigolet, the axisl trace of

which 1s d;fined by folded quartz diorite bodies in some ar‘eas

fr——fPfgure 6). To the west and sourth of this Synfo}:m, a large domal
y.

structure defined by antiforms is oqutlined by Apara)\eias. A second




period of Grenvillian deformation produced SE to SSW plunging GF2
folds, which locally are seen to deform GFl ‘folds. GPR2 Folding was
acéompanied by the developrgent of a south dipping axial planar
foliation. GD2 deformation associated with no:thues;t transport of thg
Mealy Mountains terran.e, resulted in tighteniﬁg of the northwest -end
of the domal structure into north verging fodds and refolding of the
r:gional synform in the Paradise River area into minor open Z folds
(Gower et al., 1985). . . .
GD3 15 represented by local deformation of GS2 fabrics giving rise
to SSW pluuglﬁg fold;.' Owen (1985) sug\'gesta a NNW-SSE orien’ted
direction of.maximum compresqioﬁ duri;lg GDl and GD2 in ‘the Grenville

Front region, which culminated in north-directed thrusting along the

Benedict and Cut Thr;mt fsland Faults near Smokey (Figure 5 ). A

" similar kinematic interpretation appears applicable for -the western

Rigolet thrust zone, in the Double-Mer White Hills area, where a
frontal lobe of the Lake Melville Terrane is thrust onto the
Groswater Bay Terrane.

~

3.6 Pre-Grenvillian Effects

-3

.

The recognition of distinct older fabrics in the Groswater Eay and

£

Lake Melville Terranes is generally difficult, although locally in
the Groswatér Bay Terrane, a NNE trending Makkovikian fabric is .
pregerved in gnelssic rocks, uh_ich aye essentially ;Jnnffecud by
GrenvilNan déformation. Elsewhere, relict Makkovikian trends are

interpreted by Gower and Owen (1984) to have been deflected towards 'Y

northeast directio)&as a result of translation along Grenvillian

L3
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strike-slip taulls. : ¢

This interpretation inplying\ widespread Grenvillian structural
overprint in both the Groswater Bay and Lake Helvillé Terranes in

eastern Labrador differs from the structural relationships in the
. N N . i

pa?autochthon—allochthon units in western Labrador. Rivers and Chown
(1986) and Rivers and Nunn (1985). noted that although the degree of
Grenviliia.n structural rewerking of the allochthon was largely .
unknown the preservation of 16_50 Ma U/Pb ages on or almost on

concordia suggested that Grenv.illian ou\'r“erprinting was likely minimal

there.

In summary, the’regional structural lpattern of fhe Grenville
‘Province 1in eastern Lahrador suggests widespread Grgnvlllian‘
over;;r,inting of older cFustal se/gm'ents with pre-existing structural
histories. Strong Grenvillian reworking of older Hakkovikian_ang
Labradorian fabrics resulting in a variably trending Grenvillian
overprint is evidéﬁih both the Groswater Bay and Lake\Melville
Terranes. The kinematic framework in'e‘;;tern Labrador is based on
regional ductil;e thrusting of a seriés of nappe‘ st’,’l‘ucture?' with both
pre-Grgnvillian and Grenvillian histories. In the Sandwich:Bay area,

this thrusting 1is represented by transport of the allochthonous Lake

. ,
Melville Terrane onto the parautochthonous Groswater Bay Terrane and

-~

- thrusting of both the Mealy Mountains Terrane and the White Bear Arm

. P < P
Complex over.the Lake Melville Terranme.

-




" CHAPTER 4
METAMORPHI SM

4.1 Introduction

' . {
Distinction between the Groswater Bay and Lake Melville 'I‘ert.nne-s in
" eastern Labrador 1is basé"d in batt_on the variation in metamorphic
grade across the Rigolet thtu's&zone, which separates the two
terrénes. ‘Mineral assemblaggs in the G-toswat/;e\t, Bay 'I‘ertan-e show

i:iddle. to upper amphibolite faéies\cnﬁditions, :hereu upper ,
amqhibolite to granuli’te facies is recorded in the Lake Melville ’
Terrane. 'I'l'i'%.s chapter describes mine?;l assem‘blages’in paragneisses
and granitoid and basic rocks of both terranes,.In addition,

metamorphic conditions in both terranes are estimated qualitatively

on the basis of ?ﬁrifons with e‘xperimentally investigated

geaction; in petrogenetic grids.

s e
4.2 Mineral Assemblages in the Groswater Bay Terrane

Complete mineral assemblages for samples used in this study are

listed in‘ Appendix 1. Mineral assemblages in paragneiséic.. granitoid
.and F:afic lithologie? in the Groswater Bay Tetrane ind.icate that the
prevailing grade of metamorphism is middle to upper amphibolite
facies. There 18 also evidence of p'artial tetrogl.:enion under lower \
amphibolite facies conditions, particularly the de;elopment of
muscovite and—epld:ote in paragneissic and granitoid rocks
érespecu‘l}' anq.a-*ocally, along zones of duct’ilg thrusting and




faulting, chlor‘ite and hen'atite are .exL‘ensively developed.

The anenblqge plagioclase + K feldspar + qu'ar'tz + bilotite +
kyanite + garnet+ granitic veh}m is common in semi-pelitic gneiss. In
some qanple;, -‘inor retrogression iq indicated by the presence of
muscovite and/or by the local alteration of kyanite an&‘l( feldspar
auelblage's to produce'nuscovite + quari;. Parfial melting of pelitic
gneiss formed granitic veins, resulting in the developﬁent of

widespread intense migmatitic schlieric banding which locally is

accentuated by the intrusion of minor aplitic veins, parallel to the
*banding. . |
- -

Orthogneiss and foliated granitoid rocks typically contain biotite
+ hornblende + garnmet sub.asselblages. Retrzgrade 'epido.te ‘is
ﬁ_,ubiquitous and occurs throughout granitoid rocks in the Groswater Bay
Terra‘ne. East of‘Ca'rturight, monzonitic to syenitic r'ocks contain
metamorpilic subaséenblages of clinopyroxene + hornblende + garnet.

Mafic rocks in the Groswater Bay Terrane are characterized by

 hornblende + plagioclase + garnet + biotite subassemblages, although

metdmorphic orthopyroxene and clinépyroxene have been found locally.

\

B

4.3 Mineral Assemblages in the Lake Melville Terrane

T -
Mineral assemblages im -the Lake Melville Terrane suggest that

metamorphic grades of upper amphibolite to lower granulite faclies

wvere attained.” Locally retr@rade greenschist facies assemblages

occur along fault zones, The most significanthgontrast in metamorphic
parageneses occurs within the paragneiss lithologlea. As opposed to

the kyanite + K teldspar-bearlng pelites in the Groswater Bay

o -

'/




Terrane, paragheisses in the Lske Melville Terrame are ché}acterized
by K feldspar + sillimanite + biotite + garnet + granitic liquid ’
subassemblages.
In the Paradise metasedimentéry gneiss belt (PMGB, Gower et al.,
1986), a zone of predominantly pelitjc and éeii-pelitic.pa:sgneié;
' ixtendiﬂg from west of Sandwgfh‘Bay to the coast of Labrador (Figure
4), pelitic rocks containing subassemblages of stable:muscovite +
biotite + garnet and cordierite + sillf;;nite + graniti€ liquid

occur, -

In the Sand Hill River area, adjacent to the Sandhill Big Pond

gabbro-norite complex (SHBP, Figure 4), (Gower et al., 1986), a
sarrov zone of paragneiss 18 characterized by.fhe high grade
subassemblage sillimanite + orthopyroxene + sapphirine + osuﬁilite
(C.?.Gower personal-communication, 1986).vThin assemblage is
interpreted to be a result of locsi contact metamorphism due to the
igtruéion*Ef the SHBP gabbro-norite bod;. [R;cent work by Valley et
al. (1986) in the Adirondacks has shown that mineral aséemblages in
the contact metam:rphié aureole of the Marcy anorthosite remalned
stable ddring subsequent Grenvillian granulite facies metamorphism,
because fluid activity was close to 0 during the latter event (i.e.
it was completely driven off during contact netanoiphlsn). Th;s model
may also be applicable to the osumilité-beating assemblages present
in paragneiss adjacent to the SHBP gabbro-norite].
~

Coexisting kyanite‘and 8111limanite have been discovered_lﬂ.u few

localities ;mmediately south of the Rigélet thrust zone, on the White
. .

Be:r River. PEtrogfaphic inspection reveals ;pji kyanite is being

replaced by stable slllinanite, and the reaction is thus prograde,
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The location of the kyanite-sillimanite isograd thus apptdximately ‘ .
coincides with the boundary between the Groswater Bay Tfrrane and the
Lake Melville Terrane,
Evidence of partial melting in paragneisses from the Lake ‘Melville
Terrane is widely developed, with migmatization ranging from 20 to 70

~

volume % in the-rock. Mineral assemblakes developed in orihogneiss

and foliated granitoid tocks.contafn biotite + hornblende + garmet;
partial retrogression to cPlorite occurs locally. In the ceﬁtral Lake
Melville Terrane, large intrdgions of hornblende + pyroxene-bearing
granodI;:rt!~(Gower and Owen, 1984) are commonly highly strained and

mlgmatized, implying that conditions required for ba:tial melting
were reached. '

Mafic lithologieé‘éﬂ the Lake Melville Terrane are characterized
. by rather variable assemblages.‘Gabbroic and anorthositic rocks
commonly contain relict ;rfnary igneous mineralogies along with i N
metamorphic amphibole-bearing assemblages in which pargial
'recrystallization of igneous phases 15 widespread. In the Mount Gnat
Granulite Belt (Gower et. al., 1981) and the White Bear Arm Complex
(Gower et. al,, £985, Figure 4) igneous 611v1ne is p;eser;éd in Ed}es
of coronas with rims of'eitﬁer amphibole or hypersthene + amphibole.
H?quqf, tﬁe signlficance of these coronas is not cleaf, as it is not
known vhether.the coroﬁas are a metamorphic or subsolidus cooling
fea;ure. Elgewhere in éhe Lake Melville Terrang granulite fgcies
assemblages of hyperﬁchene + diopside + garnet + hornblende occur
’ throughout in mafic lithélogies. | : _' ) '

In suniary, the development of sillimanite + K feldspar + melt and

kyanite + K feldsbar + melt assemblages in paragneisses in the Lake




# Melville anerroswater Bay Terraﬁea, respectively, suggests a

distinct variation in metamorphic conditions across the Rigolet
e .

thrust zone.

4.4 The Petrogenetic Grid

Metamorphic pres;ure and temperature conditions can be approxidated
witﬁin th; study area on the'basis'of comparison;‘uith experimentally
determined equilibria. In this section petrogenetic P=T grid; with
relevant equilibria for pelitic and basic rqcks in the Gros;ater Bay

and Lake Melville Terrames are presented.

4.4.1 Paragneiss Assemblages

s
Figure 7 shows various reactions relevant for pelitic rocks in the
study area. Reactions representing formation of minimum melt;ﬁ?ay be

modelled in the eight component model pelitic system §10, - A1203 -

Ky0 - Mg0 - FeO - H,0 - Ca0 - Na,0 (Thompson & Algor, 1977; St. Onge,

1981). These authors have demonstrated the existence of several

melting reactions in theamodel sysien radiating from an invariant

point defined by the intersection of the granite minimum melt curve

& - . _
and the curve rePtesenting breakdown of muscovite in the presence of

quartz, ]

A number of these reactions have been investigated at various
values of aH,0 by several authors, including, Kerrick (1972) and
Thompson (1974). Experimental work on the muscovite + quartz =

&
Al,510 + K feldspar + H,0 reaction {n the K,0 - Al,0; - 510, - H,0

i




'

- y

Pigure 7. Petrogenetic grid with apprepriate reaétions for paragneiss
in the Groswater Bay and Lake Hel{ille Terranes.

Cross~hatched area - minimum P-T conditions in the
Grogwater Bay Terrane.

Dotted area - minimum P-T conditions fn the Lake Melville
Terrane, ’ . :

Arrow represents progreésive metamorphic iequende in the
Paradise Metasedimentary Gneiss Belt (LMT).

Curves 1 and 2 (for aH,0 = 0.5) after Kerrick (1972).
"Curve 3 (for ng fo cor8. = 0,71) .after Newton (1972).

Curves 4, S and 6 (for ng in cord. = 0.71) after Newton
et al.: (1974).

Al,5105 triple-point after Holdaway (1971). -

| .
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(KASH) systen has shown that the position of the reaction in P-T
spac!’migratea touarda lower temperatures and pressures with a

dectease 1in aHZO.

]
The granite minimum melting curve has been studied by Piwinski

(1968) and Boettcher and Wyllie (1968) for various values of aH,0.
Experimental evidence shoﬁs that this reaction migrates to higher P-T
conditions with gidegrease in PH,0. Kerrick (1972) summarized the

effect of variable values of aH,0 on-both the granite minimum melt

and K fe;dpsir - AIZSiOS forming reactions in.the KASH systenm.

In the study area, it is most likely that anatexis occurred under

[

water undersaturated conditions (i.e. Pﬂéo < < Ptotal). This

assumption is supported by thé‘anhydrous nature of paragneissesiin

soﬁe areas.‘To approximate this assumption conditions of aH20 = 0.5 .

are used for the positions of ‘'reactions involg}ng the generaE}on of
-— granitic melts and the upper stability limit’gf muscovite 1? Figure
-7. The absence of muscovite in‘the éaragneisées, (except as lécally
developed ietrograde phasges), indIEates that metaﬁorphism occurred
above the stabilit; limit of muscovite.

In paragneisses of the Groswater Bay }errane, coexistence of N

kyanite + K-feldspar in the restite component, 1is 1nferred to result

4 from the vapour absent dehydration melting reaction, which can be

modelled in the KASH system as:

. muscovite + quartz = K feldspar + kyanite + liquid o Rl

. or in the eight component model system (reaction 2 in Figure 7):




muscovite + biotite + albite + quartz = A128105 + K feldspag
«

‘

~

+1liquid - R2

‘

Since this reaction has taken place within the stability field of

ky;nite, ninimum metamorphic conditions in the order of 7 kbar and
650°C are implied (assuming aH20 = 0.5). |

In the Lake He;Ville Terrane, more vartabie metamorphic ﬁineral
assemblages in patagneiagea allow a more detailed'intefprétation'of
P—;ﬁsonditionsﬂ The charagteriatic association of»silximanite +
garnet + biqtiié + melt in these paragnéisseé implies (1) tﬁat the
stabiiitxtfield of staurolite has been exceeded, and (2) that

< . . . .
anatexis has occurred. The coexistence of sillimanite + K feldspar 1in

c' - “ i -

the restite component of the rock suggests that the reaction:
muscovite + quartz = K feldspar + sillimanite + melt

has occurred., This 1s the same dehydration.melfing reaction as

{“;, inferréd for the Groswater Bay Terrane, except. that the stable
. - ‘

§128105 1s sillimanite rather-thau kyanité. In a féu'localitiea
immediately ;outh of the Rigolet thrust zoné, relict kyanite occurs
~ . )

in additiop to sillimanite + K feldspar + melt. The intersection of
‘the kyanife = gillimanite _and the K feldspar + melt iaogradslimplieﬁ
) minimum>?—T condigions on the order of 650°C and 7 kbar for aH,0 =
.0.5. It 18 clear from Figure 7 Fﬁa; for a fixed value of aH,0, the
silliiaﬁite bearing aséemblages infﬁhé Lake Melville Terrane formed

. &t either lower pressure or higher temp%tatutt”thxq their kyanite

bearing'counterpitta in the Croswater 3ay Terrane.
R - . r-2
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v s One localit} (CG81-170B) 1in the Paradise Metasedimentary Belt, on

‘the Eagle River (Figure 4), contains the assemblage sillimanite +
_ ééénet# biotite + rmel.t + cor;'dierite + (kyanife) + (muscovite),
,(lfliinerall in brackei:a fndicate unstable phas.es). In this sample,
kyanite and biotite, occur as inciusiona within cordierite
porphyrobl‘aste'(l’igure 8a). The resorbed na'kur:_e of the inclusion
- L ‘

phases, and the stable appearance of the cordierite suggests ‘that the -

>

continuous reaction:

v

y . .
kyanfte + biotite = cordierite + K feldspar + H,0 R4

- has occu(rrd (after Newton, 1972). - "\A\

Y

The coexistence of -cordierite, sfllimanite, garr;eﬁ and quartz in
CG81-170B (Figures Ba and b) supports the operation of the net

transfer reaction:

. \
cordierite = s{llimanite + almandine + quartz + H,0 RS
. ’ ) _ The development of this prograde metamorphic sequence allows
!’ estimation of P-T conditions within a petrogegetic grid. In Figure 7,
Ll .’ the cordierite = almandine + sillimanite + quartz reaction is plofted )

(following Newton, 1980) for XMg in anllydrous. cordierite of 0.71,
obtained frqm microprobe analysis of cordierite in sample CG81-170B
(Appendix 8). Since the assemblage represents the intersection of the

kyanite = s111imanite equilibrium as well as the cordierite breakdown
4 ’ .

reaction, P-T conditions on the order of 775°C and > 8 kbar are

“




Figure 8a: Relict kyanite and stab cordierite in garnet -
sillimanite-biotite paragneiss 1in the upper. Eagle .
River area, Lake Melville Terrane (Sample CG81-170B).

" Figure 8b: Relict kyanite and altered cordierite in garnet-
sillimanite-biotite paragneiss, upper Eagle River
area, Lake Melville Terrane (Sample CG81-170B).

Figure 9: Orthopyroxene - sillimanite bearing paragneiss in the

-upper Eagle River area, Lake Melville Terrane
(Sample CG81-235B).

Scale bar - 2 mm -







\ i _
implied for af,0 = 0.5 (Figure 7). Sample CG81-285B, located -

immediately west 3f c681-170 (see sanple location map in Appendix 2),

contains the assemblage sillimani e+ hypersthene + melt (Figure 9).

Although cordierite was not identified in this thin section, the
¥
similarity of the r6[\\type and the ptoximity to sample CG81-170B,

which does contain’relict cordierite, suggests that the reaction:
’

.

cordierite = enstatite + sillimariite + quartz

after Newton (1972)

may ha.ve occurred (Figure 7). Since cordierite 1s absent, the
composition of cordtsgite for_ this reaction is unknown, however, it
hals beian assumed to be XMg = 0.71 as in sample CG81-1708. The.
\

position of this reaction in the petrogenetic grid implies
metamori)hic conditions in the order of 875°C and 8. kbar.

Adjacen‘t to the Sand H1ll Big Pond gabbro~norite, paragneisses in
the Paradise Metasedimentary Belt contain the assemblage sillimanite
+ hyper&thene + gapphirine +/~ osumilite + i]ﬁartz (Cy_Gower, personal

]

communication, 1986). Although these assembldges result trom local

i
, contact metamoz'[;hism (Se_c,'/tion 4,3) and are unrelated to the regional
metamo'tphic gradient in the Lake Melville Terramne, reactions
involving the formation of some of these assemblages have been
included £n Figure 7. Tﬁe development of sapphirine + quartz is
_ pfgﬂl‘mably a result of the reaction:

enstatite + siliimanite = sapphirine + quartz

after Newton (1372).
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In Figure 7, this reaction has been plotted for the Mg system ({i.e.
xng.(opx) = 1.0, and suggests th'at- metamorphic .condftions exceeded
900°C and 8 kbar. Newton (1982) notes th;t the assemblage hypersthene
+‘31111man1te + quartz is stabilized at pressures <;f about 10 kbar in.
the Mg system and that the association a.apphirine + quartz indicates
pres;urea greater than 8 kbar. ) v

. The reactions which occurred within the Paradise Metasedimentary -
Belt:of t)he-Lake Melville Terrane repregent a netanorphilc field L
gradien;: shown by the ér‘qu in Figu;e 7. in the Eagle River ar:a
(Appeﬁdix 2), cordierite appears to ha\&;e been formed at the expense ’ ;-
of kyani‘t"e and biotite. At higher pressures, cordierite breaks down
to produce enstatite + sillimanite + quartz. In the Sandbzul ‘Big

Bend ares, An increase in temperature results in the formation of
"sapphirine + quartz at the expense of epstatite + sillimanite.

The latter reaction, however, is restricted to a narrow zone

adjacent to the Sand Hill Big Pond gabbro—ﬁorite cémple;. The
1 L4
/ﬁp“catlc[ns' of these assemblages with respect to the regional
metamorphic gradient are discussed in the Section 4.2 )

4.4.2 Mafic Assemblages . ¢

Reactions in mafic rocks in amphibolite , granulite and eclogite -
‘facies rocks in the Ca0.- Mg0 - Al,05 - 510, sy.st‘e‘n are shown in
Figure 10 (after Uella,Al979). The relationships in this syat'en can
‘be extended into complex natural systems by considering variations in

aH,0, XMg and XNa. For a given value of al,0 all of the reactions . -

J
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must pass through one‘nnVatiant point which, with dec'tea‘ing

temperature traces out a univariant curve along the hornblende absent
(hbl) reaction. The invariapt point is sﬁown at values of 1.0 and 0.5
aH,0. Hensen (1976) ngted that the (hbl) reaction is sensitive to
chiynges in Fe/Fe+Mg ratios. This reaction has been plotted at XMg 1in
garnet of 0,22 (af;er Glassley and Sorensen, ‘198‘0). The Feffect of Na
on the (hbI) reaction is to shift the reacfion's to-higher pressures
(e.g 1-2 kbar for Xan = 0.5, Wells, 1979).

Alt'hougﬁ{;ei ther of these reactions have been observed in the
Groswater Bay or‘ Lake Melville Terranes,’the presence of
orthopyroxene + garnet + clinopyroxene +/- hornblende assemblages

. allows a qugliiat?ve est'uinat;.on of P~T conditions within the a.tudf
area. Since aHZO previously was assumed to be 0.5 (Section 4.4.1\), a
Vsimilat assumption 18 made for mafic assemblages (tt_:e ;ralue of aH,0
t'ort assemblages in the study atf;a is further discussed folloﬁing the
results of the geotb'evrm;)barometry estimqt;zs, seé Section 5.3.3.2).
The average composition of garnmet in garnet - élinopyroxéne -
orthopyroxene - hornblende assemblages for both Grosm;ter Bay and
Lake Melville Terranes ranges from 0.20 to 0.30 molé ‘fraction ;af

‘vpyrope. Thus the position of the (hbl) reaction for the study area is
approximated at 0.22 usiné the curve_of Glassley and Sorensen (1980).’
Combined with the assumption of 8326 = 0,5 ﬁhe position qf the |
ix;variant point and fhe (hbl), (cpx) and (ga) te‘actions ‘for:‘mafic
rocks in both the Groawatét Bay and Lake Melville Terranes are shown
in Pigure 10. .

The coexistence of orthopyroxene + clinopyroxeme + plagioclasé in L

2 .
“the Groswater Bay Terrane -1s represented by the (ga) reaction:




hornblende = vrthopyroxene + clinopyroxene + plagioclase

A second assemblage_obéerved-ip the Groswater Bay Terrane is
garnet + orthopyroxene + clinopyroxene and 1s te&t;aented in Figure
10 by the equilibrium:

v

hornblende = garnet + orthopyréxene + clinopyroxene

From Figure 19, the.coexistence of these assemblagea, implies
conditions on the order of 900°C and 7 kbar. Hgwever, 'this estimate
is highly generalized, ain:! Wells (19?9) ﬁéted that ;f al,0 ;emaihl
constant, the effect of addition of Pe to the system Is to mak§ the
univatiant reactions divariant fiel&s and the invarfant point traces
out a univariagt curve. Thus both-the (hbl) and (ga) reactions would
occur over a wider range of P-T estimates than depicted by the
univariant curve in Figure 10. Secondly, the assumption of aH,0 = 0.5
in these assemblages 1s highly speculative, and if this value is
different from 0.5 the positions of the various reactions in P-T
space would change considetablx. ‘

v

In the Lake Melville Terrane the assemblage orthopyroxene +

clinopyroxene + garmet + plagioclase + quartz, is observed in mafic

~ rocks, and is represented by the reaction:

~

orthopyroxene + plagioclase = clinopyroxene.+ garnet

If the stability of hornblende-bearing assemblages has been

2
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! E - excqeded (i.e. to the high temperature side of the (cpx) and (ga)
reactions) then metamorphic conditions in the order of 900°C and 7
kbar are implied (Figure 30). However, as noted above, since the

variables which control the positions of the reactions (i.e. al,0 and -

‘//// ' XFe) are only apprqxfmate the implled'condltiona'can only be regarded

as speculative.
L N

¢ : In summary, mineral equilibria in the Groswater Bay Terrane
suggest that meia;orphic grade'is predominantly a§ middle to upper
! | amphibolite facfes with local develo;ment of retrograde lower
anphiboli;e‘facie: assemblages. Pressures and temperatures on the
orger of 8 kbar. ‘and 750°C indicate crustal thicknesses of_28 km,
C;extsting minerals in the Lake Melville Terrane indicate upper
v amphiboliie’to granulite facies metamorphism. Sillimanite + K
feldspar assemblages imply minimum conditigg! of 650°C and 7 kbar,
within the Paradise Metasedimentary Belt, and adjacent to the .Sand
Hill Big Pond gabbro-norite, the developmert of orthopyroxene +
alllimaﬁlte + sapphirine assemﬁlagea suggests températures and

pressures in the order of 850°C and 7 to 9 kbar. P-T estimates from

mafic assemblages suggest conditions in the order of 900°C and 7

kbar.




4.4.3 Microstructural Relationahips

When accempting quahtitative P-T studies of mineral equilibria, the

evaluation of textural as well as chemical relationships is

essential, particularly with respect to equilibrium / disequilibrium

criteria, and the distinction of the relative ages of assemblages in
polyorogenic terranes. In this section, the mineral“éﬁuilibrin of the
Groswater Bay akd Lake Melville Terranes are discussed 1in term? of
microstructural relationships and chemical signatures, both within
and beiween mineral phases. The purpose is to distinguish; (1)
equilibrium and disequiiibtium assemblages; and (2) whether the
investigated assemblages represent pre—étenvillian or Grenvillian
signatures for each of the geothermometric and geobarometric

equilibria. More generalized descriptions of the assemblages are

given 1in Appendix 1.

Garnet-Biotite:

In_ihe Groswater Bay Terrane, biotite in garmet- biotite palrs occurs

in two dfstincf textural habits: (1) wﬁgfh fine-grained‘biotite

inclusions occur within garnet porphyroblasts; and (2) where fine to.

medium grained,,subidioblastic_biotite laths wrap around pre-existing
' garnets. In tﬁe latter case, grain boundaries are sharp and straight,

and the two nineralﬁ are interpreted to be in equilibrium (Figure

11). Grain contacts of biotite inclusions within host garnets,

however, are generally irregular and serrated (Figure‘li' and imply \\\\/

! »




Figure 11: Equilibrium textural relationships between garnet and

o biotite in the Groswater Bay Terrane (Sample CG81-299A).

&

Figure 12: Pisequilibrium textural relationships between garnet and
bfoitite in Groswater Bay Terrane paragneiss
(Sample GF81-21).

Figure 13: Coarse biotite grainas truncated by garmet porphyroblasts
in Lake Melville Terrane paragneiss (Sample GF81-16).

B o 'y

Scale bar - 2 mm







garnet growth at the expense of biotite. Microprobe analyses of
matrix biotites display a relatively cbnsisteni composition but
biotite inclusions in garnet-have a wide compositional range. This
variation is probably a result of local re-equilibration of the
biotite with adjacent garnet. Both textural and chemical evidence
suggest -that the matrix biotites are in equilibrium Qith other phases
in the assemblage, whereas biotites, which occur as faclusions within.
garnet porphyroblasts appear .to be unstable. Only one generation of

h

garnet has been identified in the Groswater Bay Terrane paragneisses,

in appearance these are'fine-grained, locally fragmented,

AY

subidioblastic porphyroblasts. Microprobe gnaiyses of several graiﬁs
within any one ;;mple reveais a very consistent composition, imﬁlying
that the single"garnet geveration.is stable. Extensive microprobe
analyses of 12 garnets from 5 samples from the Groswater Bay Terrane
reveals no ‘systematic zoning or inhomogeneity.

Textural relationships between garmet and biotite mineral pairs in
thewLnke Melville Terrane are more variable than in the Gro;water Bay
Terrane, in part due to the more extensive development of garnet -
blotite assemblages. Two distinct blotite gemerations are préseht in
the parégneisses, an earlier generation of coarse grained crystals
which pre-dates garnet growth and.a later fine - to medium grained

-

phase defining a well developed fabzic, which post-dates the garmet )

< Ly

porphyroblasts. Only one geaeration of garnet has been identified,

. - . ) 7
which occurs as subidioblastic to {dioblastic, locally fragme;ted

porphyroblasts as in the Groswater Bay Terrane.
The predominant textural relationship between biotite—garnet'

mineral pafru is where subidioblastic to idioblastic garnets truncate
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a well déveloped gneissic fabric Aefihed by the earlier:coarsé
biotité gr#ins (figure_13), suggesting garnet post-dates blotite
growth. In some samples, the maindfapric, defined by fine-grained
biotite, wraps .around subidioblastic, inclusion free, commonly '
Aﬁragmented garnet porphyroblasts (Figure 14), implying both the
biotite and the fabric éost-date garnet gtowth: A third textural
relationship, exhibited in two samples, shows subidioblastic, garnet
porphytoblastk with fiﬁe—gtalned magnetite inclusfion trails,
suggesting syn-tectonic garhét growth, Straight grafn boundaries of
garnet and other ;o-existing phaseﬁ, lack of alteration rims, and
coﬁéisteht c;mposition 6f several gaﬁnet grains uithin any one'sample;
suggests that garmnet ié a stable phase in ali.samples analyzed.
Microprobe analyses of several blotites ffomﬂthe same sample, in
which biotite post-dates garnet growth feveal a very consistent
Fompositional rangé; suggesfing ‘that the'younger biotites are in
equilibrium w{th the older garnet.bhase. Biotites which pre-date
garnet growth, however, reve;1 a wide range of composition between
several‘gtaina.within the same sample, suggesting that the older
biotite generatlon is ﬁot in chemical equilibrium-with the younger
garnet phase. Texturally, however, both the earlier and later biotite
pﬁéses'exhibit wed developed decussate aggregates in addition to
sharp and-straight grain boundaries where in contactrwith the gat;et
porphyroblasts. |

¢

‘ Garnet-Plagioclase-Al28105-Quattz

. 4
-

In the Croswater hay Te?iﬁﬁi, pelitic gneisses exhibit two dominant

>




Figure 14: Pre-tectonic gérnet porphyroblasts wrapped by main
gneissic fabric in Groswater Bay Terrane paragneiss

(Sample GF81-18).

: Bquilibrium textural relationships between kyanite and
muscovite in Groswater Bay Terrane paragnelss
(Sample GF81-16).

4

Figure 16: Disequilibrium textural relationships between kyanite and
' muscovite ino Groswater Bay Terrane paragneiss
(Sample GF81-21). h . . )

~

Scale bar - 2 mm
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minervalvauemblages: (1) kyanite + garnet + K feldspar + melt and (2)

Y

kyanite + garnet + muscovite + nelt.yln the former case, all phases .
are texturau-y stable where in coantact with one another. The resEite
'compone.nt comprises fine-grained kyanite aggregates, along with
fine-to medium grained garnét porph&roblaste and abunda;xt fine
biotite laths. Thg leucosome component copsists of strongly
recrystallized, polygonal grainé of K feldspar,'-plagioclas'e and
quartz, uhic‘h exh-ibi_t ‘well developed triple-points and strqight grain
contacts.

In the latter assemblage, textural felat‘ionships, p'articularly
between kyanite and tl;uscovite, are variable. In some samples both
kyanite andfmuscovit:e appear to be texturally stable with both garmet
and biotiée in the same thin section (‘;Figure 15). In other samples,
mu;covige is ;etrograde, and 1is either partially'or totally
pse'udon_:orpl;ing kyanite (Figure 16). In some samples in which
muscovite is present in thé. fabric, either as a stable phase or a
pseudou;orph of kyani_te, it has developed a st-r.ong tight to open

-
crenulation (Figure 17), suggesting that following its formation,

. -

- muscovite has undergone small scale folding.

’ On the basis of the microstructural relatio;xships. descibed above,
two interpretations of the relative age/s of the kyanite - garpnet - K
feldspar asen;blages are proposed. Since the muscovite-bearing
asdemblage 18 reirogressed from. the kyauite + garnet + .K feldspar
assgmblage, the latter assemblage may be (1) a Grenviilian
equilibrium with the develoélent of retrograde muscovizie, uhi‘c_:h is

locally §fenu1ated, is a result of poﬁt-crenvillian uplift and

assoclated tectonisi; or (2) a pre-Grenvillian assemblagé, with the
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development of puscovite + quartz being an effect of Grenvillian
retrogression. However, the former interpretation’ appears to tge more
‘reagonable since the-main gnelssic fabric which is defined by the
kyanite + K fsldspdr'assemblsge is at least in part a Grenvillisn
feature, since as discussed in Chapter 3 (Structure) the regional
structural pattern in the Groswater Bay Terrane 1is foterpreted io be
‘a result of a strong Grenvillian overprint of pre-existing (i.e.
>pre~Gten\’rillian) fabrics. Thus the kyanite + K feldspar assemblage is
tentatively interpreted to be a Grenvillian feature with the
development of retrograde muscovite + quartz being a resuft of
post-Grenvillfian uplift.

In the Lake Hslville Te;.'rane, the predominant assemblage in
paragneiss 1is: sillimanite + garnet + K feldspar + biotite + melt. In
. contrast to the Groswater Bay Terrane, muscovite 1s generally absent,
although some paragneiss zones in the Lake Helville Terrane are
locally characterized by muscovite-bearing assemblages. In a few
localities immediately south of the Rigolet thrust zome, prismatic
sillimanite grains are observed oyergroﬁing relict kyanite aggregates
(Figure 18). On the basis of this observation, two interpretations
can be proposed: (1)?the overgrowth’ of kyanite by sillimanite is a -
result of decompression during late— or post Grenvillian uplife, (2)
44r.h,e overgrowth of kyanite by si{llimanite is a GCrenvillian nstsmorphic
feature, which occurred prior to the replacement of kyanite by
retrograde muscovite in'the Grosuater Bsy Terrane during
post-Grenvillfan ﬁplfft, and thus the sillimanite + K feldspar

assemblage 18 2 Grenvillian feature develope\d‘j ifor to uplift., In.

view of previous diséussions of the effect of the Grenvillian Orogeny




Figure 17: Crenulation of fabric defined by muscovite in Groswater
. Bay Terrane paragneiss (Sample 6GI1-756).

T
¥

Figure 18: Overgrowth of kyanite by sillimanite in paragneiss,
immediately south of the Rigolet thrust zone (Sample
CG81-170B). ‘

Flgure 19: Retrograde hornblende rims on grandblastic orthopyroxene
and clinopyroxene grains in Lake Melville Terrane mafic

granulite (Sample VN84-431).

Scale bar - 2 mn
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in eastern Labrador, the latter interpretation appears to be more
reasonai)le. The overgrowth of sillimanite on kyénl te in K feldspar
bearing paragneis;es in the Lake Melville Terrane, suggests elther aﬁ
inrcrease in teperaturg or a decrease in pres;ure; which of these two

' possibilities occurred cannot be evaluated without additional

information.

Garnet - Plagioclase - Opx - Cpx - Quartz

In the Groswater Bay Terrane, samples of metabasic rocks containing
garnet + orthopyroxene + clinopyrozténe assemblages, ex.hibit
gr:_anot;lastié textures in which all phases appear to be texturally
stable. Microprobe analyses of several grains within any one tﬁin
section reveal a c'onsilstent: composition, implying' that chemical

equilibrium was‘attained. In some samples, retrograde h’ornblende is

: pfesedt as thin fibrous rims surrounding granoblastic pyroxene gralans g
(Flgqte 19) pres'umably a ;.'esult of the breakdown of orthopyroxene + .
clinopyroxene in the presence of H20 In these Bsamples, garnet,
orthopyroxene and clinopyroxene exhibit serrated boundaries and
vév'nbayed structures where in contact with hornblende, In addition,
systematic microprobe analyses of pyroxenes within the same thin
section reveals inconsistent compositions, {mplying diaequiliprium.
relationships, although garnets yield reasonably consistent analyses.
The dgyelopne;xt of hornblende in‘ lafic rocks in the Grt;suater Bay
Terrane is pre,sumab1y> the equivalent retrograde reaction to the )

formation of muscovite via the breakdown of kyanite observed in

pelitic assemblages, Thus the formation of hornblende in mafic rocks
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'is inierpreted to be a‘reflection of post-GrenQillian uplift and
equilibrium whereas assemblages of gernet + opx + ¢px are considered
to be Crenvillian equilibria.

In the Lake Melville Terrane, einilar textural and chemical
relationships are‘obsetved in gatnet + orthopyroxene + elinopyroxene
assemblages, in uhich all phases appear to be in equilibrium (Figure
20). Houevet, in contreet to 'the Groswater Bay Tertane, retrograde
hornblende 1is not developed with the exception of local
rettogression in late shear zones. The lack of tettograde hornblende
in mafic rocks from the Lake Melville Terrane correlates with the
‘absence of muscovite in pelitic assemblages, supporting the
interpretetion that retrogression due to Grenvillian uplift in the
Lake Melville Terrane was minimal.

In summary, microstructural and chemical relationsﬁips reveal: (1)
in the Groswater Bay Terrane the kyanite + K feldspat and garnet +
orthopyroxene + clinopyroxene as!”blages in paragneiss and mafic
rocks are interpreted to be Grenvillian equilibria. The development
of retrograde muscovite via the breakdown of kyanite in. paragneiss
and the presence,ofihornblende-as a result of pyroxene breakdownlin
maficlroeks are interpreted to be a result of post-Grenvillian
retrogression and subsequentﬂre-equilibiation; (z)lin the Lake

Melville Terrane the sillimanite + K feldspar and garnet +
orthoéyroxene + clinopyroxene assémbieges in paragneiss and mafic
rocks represent Grenvillian metamorphism, but appear to have been
-minimally affected by Grenvillian uplift as evidenced.by the lack of

retrograde phases in either assemblage.

Geothermometry and geobarometry estimates obtainedxin this study
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uqing kygnite + K feldspar and siliinanlte + K feldspar asasemblages
;iu paragnelss and orthopyroxeﬁe + clinopyroxene + garnet +
plaglioclase + quartz assemblages in mafic rocks are thus ;nterpreted

. to be Grenvillian metamorphic conditions. This interpretation |
supports the regional framewoyk proposed for the Grénville Province
in eéstern.Labraddr, in whigh the math affect of thg Gredvlllian.
Orogeny was the overprinting and subseqﬁent {mbrication of

contrastingly older crustal slices with preLGrenvilllan higtories.




GHAPTER 5

GEbTHERHOHETRY-GEOBAROHET&Y

5.1 Introduction

One of the principal objectives of this study 13(;0 egtiméte
metamorphic pressures and temperatures from the composition of
co-existing winerals utilizing experimenfally and empirically
cal?btated thermobérometyic exptessionﬁ. Thé purpose is tuo;folq: ¢
firstly to contribute to the understanding of metémorphic conditions
in the Sandwich Bay a;éa, eastern Labrador, in particular to ‘71
determine the presence or absénce of significant differences in the
conditions of metamqrphism bi;veen the Groswater Bay and Lsake°
Melville Térranea;'secondly, to investigate the consistencies of the
calibrated geother;obarometera. Since several d%fferent metﬁods have
beea employed, comparisons of ihdependently calculated pressures and
temper;tures c#n,be made with the ailg of evaluating the merits of
individual calibﬁ%tions. The geothermobarometeés employed are
applicable to assemblages in pelitic and basic rocks. For pelitic
7 éneiaaes. biotitg - garmet énq gﬁrnec - plagloclase - Al,S10q -
‘quartz assemblages were used. The following assemblages:
orthopyroxene - ?llnopyroxene; garnet - clinopyroxeme; garnet -
orthopyroxéne; gﬁrnet - clinopyroxene - plagioclase - quartz; and
garnet - orthopyroxene - plagioclase - Quartz, were used for basic
rocks. These various methods have allowed the estimation of P~T ‘

conditfons throughout the Sandwich Bay area.

Metamorphic pressures and temperatures have been.esiinatgd for 37

samples in the Fandwich Bay area. Appendix 2 shows sample localities.




5.2 Methods

¢

For paragpeiss litho%ogies, temperatures and pressures have been }
calculated on the basis of the Ee - Mg exchange between biotite and
garnet mineral pairs, using the thermometers of Thompson (i976),

Perry and Spear (1978), Pigage :and Greenwood (1982), Hodges and Spear
(1982) and Indares and Martignole (1984), in conjunction with the

arnet - plagioclase - Al,Si0c — quartz geobarometers of Ghent
g 2 S :

(1976), Ghent et al. (1979) and Newton and Haselton (1981).

For basic rocks temperatures and pressures were calculated using
the orthobyroxene - clinepyroxene therqometéra of Wood and Banno
(1973) and Wells (1977), the garnmet - clinopyroxene thermometers of
Wells (1979) and Ellis and Green (1979) and the garmet -
_orthopyroxene thermometer of Sen and Bhattacharya (1984), in
conjunction with the garnet - clinopyroxene - orthopyroxene -
plagioclase ~ quartz barométets of Newton aﬁd Perkins (1982). A
detailed discussion of the above geothermometers and geobarometers is

presented in Appendix 5.

5.3 , Geothermometry - Geobarometry Results

5.3.1 Calculation of Pressures and temperatures

Metamorphic temperature and preséure estimates were obtained from

- both pelitic and basié assenblages using the various mineral pairs

discussed in the previous gection., For each assemblage, temperature

.
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dependent curves vere generated frqp geothermometry calibrations by
solving the exprea:;ons for two "model” pressures (8 and 10 kbar),
and using thehupproprlate value of the‘distgibution coefficient (KD)
derived from gompositional and thermodynamic data. Similarly,
pressure dependent curves were generated from geébarometry
calibrations by solving the barometric expr;ssions for two sephr;te
temperatures (600°C 'and 800°C). The intersection of each‘tharmomgter
and barometer in P-T space_ihus ylelds a unique P-T point. All P-T
estima;es are based on rim compositions of coe#isting mineral phases,
because cores may not be in equilibrium in all cases (see sectiom
4.3.3). The procedures and methods used during microprobe analysis -
and acquisition of éhemical data for each min;ral assemblage are
given in Appendix 6; Complete analyses are given in Appendix 8.5 and
compositional parameters of the:various mineral phases are giveﬁa}n
Appendices 8.1 and 8.2.

The folléuing section presents the resu;ts of the
geothérmobarometric calculations and agsesses the reliability of each
thermometer and barometer used in terms of treatment 6f-non-ideal
solutions in mineral phases, comparisons with other.calibrations and
distribution of P-T estimates witﬁ re%é%ct to experimentally derived
pelitic and mafic reactions, | .

. \

5.3.2 Geothermometry Results

'

5.3.2.1 Garpet =_Biotite ) :

Temperature réaults'fron the five different.thernémetera are listed
s . . p _
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in Table 1.

Estimates determined from the callbrations of Thonpson»(1976)'and
Ferry and Speaf (1978) yleld comparable ;emperatﬁres (+/- 25°C)
ranging from §00°C to '770°C. The generally good agreement between
.thesé two thermometers has been observed by other authors, notably
Bohlen and E}seue‘(1981), St Onge (1981), and Ghent et al. (1582).
The Hodges and Spear (1982) thermoa;ter, which explicitly accounts
for the Ca and Mn content in garnet fhtion..;ields a comparable
temperature range of 150°C 4/- 25°C, but slightly higher estﬁgates
ranging from 630°C to 850°C than the Thompson and.Ferry and Spear
thermometers which do not specifically account for the effects of
components other than Fe and Mg, The Indares and Martignole
calibration ylelds estimates which aré comparable to the Thompson and
Ferry & Spear estimates for samples with low Mn garsets, but yields
aignlficantly highei temperatures for samples in which garnets
contain more than 10 Z spessartine com;onent. The Ferry & Spear
calibration with the corrections of Pigage and:Gteénuood (1982),
ylelds sSmthat anpmalous results iq-uhich temperatures are in the
ordet‘of 100°C to 150°C higher than estimites detergined from any of
the other thermometers, although, sinilar estimates are obtained from
the Indares and Martignole calibration for Mn-rich garnets.

This discrepancy between the various thermometers, particularly
between the Thompson, Ferry and. Spear, Hodéea aﬁd Spear and Indares
and Martignole calibration;, appears £o réflect how Mn substitutién
in the garnmet solid solution is dealt_with.xThe maghitude of the
effects of non-ideality with respect to the spessartine couponent~éan

be examined by considering the interaction parameters for a
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multi—component system. Newton and Haselton (1981) took account of
the HC&-Hg binary, which was related to temperature by the

expression:

H(ba_ng) - 3300 - 1.5T(K) . ‘b\“‘“ . N

. Due to the lack of thérmodynamié data the interactions involving

Mn were neglected, resulting in the simplified expression
v 3%, y9
1n( Yo/ Ywg ) = -(3300 = 1.5T) X /RT

However,rin a recent thermodynamic study of compositions of natural
minerals, Ganguly and Saxena. (1984) derived mixing parameters for
other 'binaries in garnet solid solutions, and they suggestedr‘ that the

interaction or Hé_rgules parameters for mixing of Ca and Mn with Fe-Mg '

solutions were equal to 3000 +/- 500 cal/mole, The expression for the

non-ideal mixing of Ca and Mo with the binary Fe-Mg system is

therefore modified to:

RTln( Y}?: / Y,?:) = =3000(Xcy +Xy,)

From the ?revious equations, it s élea‘r that disregarding the
effects of Ca and Mn in garnet-biotite thermome try results in an
“underest‘ination of temperatures. This 1is consistent with the data in
Table 1, in which the temperature eat!mates by the method of Ferry

and Spear (1978) are generaily lower than those of other ler.hods.

However, Indares and Martignole (1984), in their discussion of this

-




e .
problem, note that corrections for the effedts of Ca and Mn'in

garnets (using their calib}ration), actually increase the discrepancy
between tem;eratures obtained from Thompson“s and Ferry and Spear~”s
calibrations.

The a‘nomalously high temperature estimates o!:tained from the Ferry
and Spear calibration as modified by Pigage and Greenwood (1982)
(which empirically account for Ca and Mn substitution in garnet) may
suggest- that 1ts use should be restricted to a limited compositional

range of garnet,

The Ferry and Spear (1978) thernometer as modified by Hodges and

Spear (1982) is based on a consisr_ént set of solution models which
explicitly account for affects of addition of Ca and Mn in the garmet
solid solution. A consi:stent range of temper"at,ures is obtained from
variable compositions (particularly samples ’with variable XCa and XMn
in garnet), whereas the Indares & Martignole (1984) and Pigage &
VGreenwood (1982) thermometers, which also account for addition of Ca
and Mo, yleld significantly different temperatures for wvariable |
garnet compositions. In addition, estimates obtained from the Hodges
and Spear thermometer, compare reasoﬁably well with the other
thermometers. Thus on the basis of these results, the thernometer

proposed by Hodges and Spear (1982) is most applicable to rocks

examined in this study.

5.3.2.2 Garnet - clinopyroxene - orthopyroxene

Temperatures were obtained from basic rocks by applying the two -

pyroxene thermometers of Wood and Baano (1973) and Wells (1977), the
: 5




garnet - clinopytoxene thermometers of Ellis and Gl:een (1979) and:
Dahl (1980) and the garnéx - orthopyroiene thermometer of Sen and
Battacharya (1984). Along with the garnet - clinopyroxene -
orthopyroxene - plagioclase -quartz barometer of Newton and Perkins
(1982), unique P-T estimates were obtained by graphical solution’
(Section 5.3.1).

Metamorphic temperatures obtained from basic rocks are listed in
Table 2. The orthopyroxene ~ clinopyroxene thermometers of Wood and
Banno (1973) and Wells (1977) (T2 and T3 in Table 2) yield results

differing by only +/- 30°C, which is well within the accuracy .range

. \
of +/- 60°C and +/- 70°C respectively, suggeated for both

calibrations.

Cfmpatison of temperatures obtained from the Ellis ar}d Green
(1977) and Dahl (1980) thermometers (T4 and 15 in Table 2) ,
indicates a .relatively large discrepaﬁcy (up to 100°C) for some
samples with the garnet - climopyroxene thermometers. The calibration
of Dahl (1980) ylelds the least consistent range of estimates
ébanning 611°C to 916°C. Estimates derived from the F.llis/ and Green -
(1979) thermometer yield a more reasonable range of 710°C to 960°C.
According to Johnson et al. (1983).uho tested various garnet -
clinopyroxene thermometers in six separate granulite facles terrsnes,
the Ellis and Green calibration yields the most satisfactory results
whereas Aothe; garnet - clinopyroxene thermometers give highly erratic
~and generally unreasonable temperatures. The relatively consistent
;'esults obtained with the Ellis and Green thérnoneter are in accord

with the above study and are considered to be the more reasonable

temperature estimates for the garmet - clinopyroxene auenblagél. :




Table 2. Temperature estimates obtained from garnet-
opx, garnet-cpx and opx-cpx thermometers in
the Sandwich Bay area, solved graphically
with the garnet-cpx-opx~plag-quartz barometers
of Newton and Perkins (1982). Error range of
eatimates +/- 70°C.

Sample # TI T2 . T3 T4

CG81-366 - - -
CG81-488A - - - 756
CG81-641 765 743 712
CG81-811B - - -
CG84~362 501 879
GF81-222 - -
GF81-244A 1058 1072
GF81-246A 862 845

V081-894A - -
vo81-188 877 879

VN84~-229 870 839
VANB4-431 868 830

Gr8l-121 - 816 822
CG84-100 . 889 862
VN84-19 826 815
VN84-534 902 895

-~

Tl-Sen and Battacharya (1984) : garnet-opx
T2-Wells (1977) : opx-cpx

T3-Wood and Banno (1973) : opx-cpx
T4-Ellis and Green (1979) : garnet-cpx
T5-Dahl (1980) : garnmet—cpx
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The Sen and Bhattachar);a (1984) garm‘at - or}éhopyroxene thermometer
yields a wide range ol'f temperatures (636°C toj’/1015°C).. and in no}it
cases agreement with other thermometers is pg‘jor, sugges.ting that it
is of limited use in this s tudy. Apat-t from %amples CG81-811B and
VO81-89A which contain only garnet - orthopy{t‘okene, temperature

estimates by other methods are pr:ef'erred.

5.3.3 Geobarometry Results -

5.3.3.1 Garpet - plagioclase - Al,Si0g - quartz

various parameters neceSsaf—y for geobardmetric calculations using the
garnet - plagioclase - A12S1i05 ~ quartz barometer are listed i Table
3. The complete mineral analyae§ are given in Appendix 8.5 anud
composit!onal patam'et.ers required for pressure calculations are given
in Appendi;( 8.1. Using temperatures de-rived. from garnet -‘btotite
assemblages from the aame sample, pressure estimates from the '
polybaric, ‘polythermal expressions of Ghent (1976), Ghent et al.
(1979) and Newton and Haselton (1981) are listed in T‘abrle 3.

Table 3 shows that the three geobarometers yleld a wide range pf
pressurés .between 6 and 12 kbar; h.ouevet, iiithin_ sample variations
are less than 1.5 kbar. The calibrations of Ghent (1976) and Chent et
al. (i979) incorporate -only‘ an approximation of the non-ideal
componeﬁt. in garnet and plagloclase solutions, 'and' in addition assume
end-member volume change of phases. The Newton and He;selton (1981)

calibration, however, explicitly defines and determines both the

non-ideality of garnet and plagioclase solid solution and takes' into




" Table 3. Temperature and pressure estimates obtained from paragneiss
using the garpet-biotite thermometer of Hodges and Spear
(1982) and the garnet - A128105 ~plagioclase - quartz
barometers of Newton and Haselton (1981) [P1], Ghent et al.

(1979) (P2] and Ghent (1976) [P3] Error range of pressure
estimates +/- 1.5 kbar

-

\.

agr" activity of grossular coniponent in garnet

a,,~ activity of anorthite component fn plagioclase
' V-' Qolume change (cm3)

loK= ln[(aan)al(a ))

logks= (Xg,)3/(x,,)3

logkd= 3[1og(Xy *Y, 8] - 3[ios(xan*Ym)pl ]
A = aluminum silicate polymorph

S = Sillimanite

K = Kyanite: (K) = unstable




_Sample # T1 a " a,n VY 1ok 1logRs  logkd Pl P2 P3 A

gr an
CG81 148 780 .0469  .5249 56.9 7.24 2.80 3.15. 5.9 5.7 5.9 S
CG81-155 695 .0481 .6355 56.2 7.74 3.02 3.36 7.5 7.3 7.8 S
CG81-170B 765 .0373 .5776 56.9 8.24 3.44 3.56 7.0 6.5 7.2 S/(K)
CG81-239 711 .0598 .3254 56.1 5.30 2.14 2.29 10.1. 9.9 10.3 S .
CG81-299A 874 .0496 .4678 66.7 ‘4.70 2.38 2.41 11.7 " 11.4 11.3 K
CG81-476 740 .1061  .5408 54.6 4.88 1.98 2,41 9.2 8.9 9.2 §
: CG81-479 639 .0622 .6375 56.0 6.98 ..2.89 3.03 6.1 5.2 6.3 S
' CG81-749A 663 .0412 .3137 67.2 4.44 1.83 1.93 12.2 9.9 11.9 K
CG81-756 614 .0628 .5009 - 66.1 6.22 2.57 2.71 8.6 6.8 8.9 K »

' , GF81-16 667 .0623  .3265 67.0 4.91 2.13 2.15 10.5 10.3 11.3 K
1 GF81-18 630 .0673 .4236 66.8 5.40 2.13 3.39 . 10.1 9.2 9,5 K
GF81-23 684 .0557 .3698 66.7 5.Y3 2.4l 2.46 10.9 9.2 10.3 K
GF81-141 663 .0391  .5106 56.5 7Y.70 3.l4 3.34 7.8 6.5 7.9 S
GF81-235B 796 .0421 .4314 56.0 6.97 2.86 3.03 9.6 7.4 9.2 S
VAN84-12H 695 .0591 .3324 56.1 7.43 ’/2¢99 3.14 7.3 5.9 5.7  S/(K)
VAN84-12N 683 ..0418 .5221 55.8 7.55 ~ 3.07 3.29 7.1 6.8 7.4 S
; ) VAN84-16E 673 .0639 .2897 67.2 4.53 1.97 1.96 12.5 10.1 12.1 K
| : VANB4~34A 839 .0361 .4394 56.6 7.41 - 3.16 3.24 9.0 8.5 9.2 s
VAN84-35B 656 .0552 .5724 56.4 5.53 2.58 2.39 7.1 6.9 7.1 S
VAN8A-36 777 .0499 .5230 56.2 7.05 2.99 3.06 9.0 7.5 8.7 S
VAN84-102 758 .0398 .5724 56.9 5.84 2.78 2.70 7.8 7.3 7.8 S
VAN84-150 770 .0321 . .5502 57.1 6.28 2.76 2.85 8.7 8.3 8.5 S .
VAN84-338 760 .0318 .5796 57.1 6.21 2.76 2.69 8.5 7.3 7.2 S
VO81-77A 792 .1032 .2798 66.8 4.52 1.16 1.29 12.9 11.8 13.0 K ’ ,
‘5.3 7.0 7.2

vo81-518 692 .0468  .3368 56.8 5.90 2.45 2.57

14
L)
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account the volume change with compssition of phases (this 1is
: |

pAtticuiarly‘significant for garnet which showslexcess molar volume
ip thé.compésitional fange encountered in most peiitic rocks). Taking
thil {nto account the Newton and Haselton (1981) calibration is
preferred.’ , )

To assess the validity of temperatures and pressures obtained from’
paragneiss assemblageé, estimates were plotted.on a P-T grid_along
with appropriate reaction; for each terrane. Figure 21 shows P;T
estimates obtained from paragneiss assemblages along with the kyanite

- sillimanite and Al,510g5 + K feldspar + melt reactions, This diagram
r;vealn that all thswater Bay paragﬁeiss containing kyanite + K
feldspar + melt plot within the kyaﬁite field. However, the majority
of eetimateavplot to the left of the kyanite K feldspar + melt
reaction. Bearing in mind_that this reaction is arbitrarily plotted
at aH20 = 0.5 in Figure 21, the distribution suggesta that the
assumption of ai,0 = 0.5 ﬁay not be valid in all rocks.'ln Figure 21,
the kyanite + K feldspar + melt reaction 1; also plotted at aH,0 =
0.3, which 1s consistent with the distribution of P-T points. With
the exception'of two samples; all sillimanite + K feldspar + melt
bearing paragneiss (Lake ﬁelville Terrane) plot in the sillimanite
field. The two samples which contain relict kyanite in addition to
- 8illiranite are'1n&1cat§d;1ndﬁijure’21;“one plots very close to the
kyanite - sillimanite transition, the other lies well Within the
siliimanite field. In addition, all but two samples are consistent
with the position of the sillimanite + K fgldaéar + melt curve as

plotted at aH,0 = 0.5. Allowing for slight AHZO variations, the P-T

estimates obtained from paragneiss assemblages are in gbod’agreeleni

~—a




Figure 21. Plot of P-T estimates obtained from paragneiss
assemblages together with the Al1,S10¢"+ K feldspar
+ melt curve for al,0 = 0.5-(1) and 8.3 (2), (after

Rerrick, 1972) and the kyanite - sillimanite boundary (3)
(after Holdaway,'l97}). :

( O ) Groswater Bay Terrane paragneisé.

( O/) Lake Melville Terrane paragneiss.
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with the petrogenetic grid for paragneiss in the study area.

5.3.3.2 Garnet - plagioclase - orthopyroxene -~ clinopyroxene -

quartz

Metamorphic pressures for basic rocks were determined by applying
the orthopyroxene - clinopyroxene -~ plagioclase ~ quartz barometers .
of Newton and Perkins (1982) in conjunctan with the thermometers of
Hel;s (1977), Ellis and Green (1979) and Sen and Bhattachatya (1984).

The results are listed in Table 4. The pressure estimates obtained

with the garnet - clinopyroxene =- plagioc}ase - quartz barometer in

]Eombination with the Ellis and Green thermometer range from 6.4 to

12.1 kbar. These two extreme values, however, are anomalous, “the
rémainder of estimates show a narrow range of 8.4 to 10.6 kbar.
 Pressures obtained from combining the temperature estimates of Hell?
(1977) with the same barometer yield similar results ranging from 9,4
to 10.8 kbar , excluding two extreme values of 7 and 12.4 kbar.
Similar estimates are obtained when combining the Sen and
Bhattacharya temperatures with the garnet - orthopyroxene -
Plagloclase - quartz barometer (8.4 to 11.5 kbar). Figure 22 shows a
petrogenetic grid with reactions appFopriate to mafic assemblages

(af ter Wells, 1979) along‘with calculated PfT estimates. Although the
positions of these reactions are sonewhat arbitrary (sinée aH,0 s
unknown), the distribution of calculated pressures and temperatures
may be used to partially constrain the P-T range of mafic equilibria
within the study area. The erratic diatributfon of P-T estimates with

respect ‘to mafic stability fields suggests that al,0 in maftc
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Table 4 . Temperature and pressure estimates obtained from garnet
—Cpx, garnet-opx and opxycpx thermometers with the opx—cpx
thermometers. with the'opx—cpx-plagioclase-quartz barometer.

L Error range of T estimates +/- 70°C, of pressure estimates
+/~ 1.5 kbar.,

Sample # T1, T2 T3 Pl P2 P3

CG81-366 716 - - 10.6 ~ -
CG81-488A 756 - - -
CG81-641 712 635 765 12.1 11.4 12.4
cG81-8118B - 852 - - 10.7 -

CG84-362 745 747 901 8.7 9.3 9.7 "

GF81-222 -958 - - - 10.6 -
GF81-244A 973 1016 1058 10.2 10.5 10.9
GFB1-246A 797 746 862 10.4 9.1 10.8

VOB1-89A - 705 - - 1.6 -
V081-188 857 848 877 9.2 11.5 9.4

VN81-229 870 - - 9
VN81-431 721 754 868 6

Tl= Ellis and Green : garnet-cpx (1979)

T2= Sen and Battacharya :garnmet-opx (1984)

T3= Wells : opx—cpx (1977) |

Pl= Perkins and Newton (1982) (cpx-garnet-plag) with Tl
P2= Perkins and Newton (1982)(opx-garnet-plag) with T2
P3= Perkins and Newton (1982)(cpx~garnet-plag) with T3







assemblages in the study area is quite variable as shown by the wide

spread across several‘reacﬂon boundaries for samples which contain

only one assemblage. Thi§ dis;ribution implies that ,aHZO may range
from as low as 0.1 1n the Groswater Bay 'I‘errane and as high as 0.5 1n J :

the Lake Melville Terrane.

«

5.3.4 Comparison of P-T results from basic rocks and paragneliss

.Geothermobarometry results from paragne_iss and mafic rocks are in
rea\s\onable agreement, and also with m‘ineral‘ equilibria as de ;ermined
qualitati'vely with ‘the petrogenetic{ grid. For the .pelites,- pié;gure
estimates for the Groswater Bay Terrane are consistently higher than
those” for the Lake Melville Terrane (10 13 kb)ar and 6-9.5 kbar, «
respéctively), with the temperature range {(650°C-900°C) being
approximately similar in both cases (though average temperature in

the Lake Helville Terrane is higher than in the Groswater Bay A -
Terrane). For mafic rocks, pressu;e and temperature estimates for the
two terranes overlap somew!_mt (Groswater Bay Terrane: 8 - 12 kbar /

700 - 850°C and Lake Melville Terrane: 6 - 10 kbar / 750 - 9509C.)
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5.4 -Interpretation of Geothermobarometry Results

- .
T6 develop a consistent interpretation of the geothermobarometry

data, the P-T e;};mates are assesged In 'three geparate ways. First'ly,
the regional distribution of P-T estimates obtained from garnet -
biotite ~-.plagioclase - Al,5104 - quartz equilibria in paragneisses
"are independently asséssed; segondly, P-T estimates derived from
garnet - clidopyroxene - orthc;pyroxene - plag.i.oclase = quartz
assemblages in basic rocks are considered; and lastly, an

interpretation of all data with respeclt to the regional

" tectono-metamorphic framework 1is made as an attempt to construct

e -

equilibrium P-T paths for each terraune. Escimateé obtained from basic
ro“cks are initially interpreted separately from those derived from
" paragneliss assémblages since the results of the different equilibriaA

may not be diréctly correlatable.

1

5.4.1 Garne t—t;ioti te-plagioclase-Al 2Si.05—quar:tz

The regional dist}ibut'ion of pressure and temperature estimates

obtained from'paragneiss assemblages is shown in a 1ocaiity map of

&<

the study.' area in Figures 23 and 24, In the.Grosuater Béy Terrane,
there 1_s'a general increase in ‘temperature from west to east. In the
»Ca.pe Porcupline ares, 6 t.emperature.s estimates are very consistent
ranging from 614°C to 684°C. Two higher estimates of 792°C and 875°C
are located further to the souﬁh east 1,6 the Curlew Harbour area.
Températureq obtained from paragneipses in the Lake Melville
Terrane show a similar range of 639°C to 839°C. However, the ﬁaajority

™~

.of estimates lie within the range of 700°C to 780°C, whieh suggests

L
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Figure 23. Distribution o’fj temperature estimates in the Sandwich
T Bay area, ’ ’

( AY) estimates obtained from the garnet-biotite
thermometer of Hodges and Spear (1982).

(+) estinates obtéined from the-garnet - cpx.
thermometer of Ellis and Green (1979).
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Flgure 24. Distribution of pressure-estimates in the Sandwich
Bay area.
(A ) estimates obtained from the garnet-plagioclase
. —Al Sios-quartz barometer of Newton and Haselton . ‘
(1952) ) R . -
/ ' ’ R ’ a :
.~ (4 ) estimates obtained from the garnmet - cpx- .
. plagioc’lase barometer of Newtén and Perkins (1982).
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tﬁat_the thermal gradientlufthin_the Lake N;lyiile Terrane 1qj
relatively shallow. o ' : d
A more'significan; contrast in the metamorphic conditions
'determined from paragneiss agsembldges is shown in Figure 24, in
wbi¢p it can be seen that consistently highe; pressures prevail in

' the Groswater Bay Terrane (8.6 to 12.9 kbaf) than the Lakg‘Melvflle

- —

b . -

Terrane (6.4 to,10.6 kbar). >y . L !

'
5.4.2 Garnet-plagloclase-orthopyroxene-clinopyroxene-quartz . :

Temperatures and préﬁsures obtained from basic assemblages using the ° | -

, garnet - clinopyroxene aif,garnet - orthépyroxene thermometers of

’

Ellis and Green (1979) and Sen and Bhattacharya (1984) and the
garnet - clinopyroxenq - 6rthopy;oxeneA- plagioclase - quartz

barometer of Newton and Perkins (1582) are shown in Figures 23 and

24, . ’ ' _

. , . . . .
. In the Lake Melvidle Terrane, estimates are rather variable, with

_temperatures ranging from 721°C to 973°C, and pressure estimates
) I N - ) . " . "
ranging from §;4 o 10.6 Kbar.. In the Groswater Bay Terrane,

temperatures range from 705°C to 852°C. However, the latter value,

- which occurs in the west, 1s obtained‘from ortﬁopypoxene - garnet

assemblageé, whereas the remainder of estimates derived from “_
. - .

clinopyroxene - garnetassemblages yleld a more consigfén{\:gpge of i
. 1 _ ' L
705°C to 716°L. Pressures in the Groswater Bay-Terrane vary from 8.4

to 12.9 kbar. Figure 24 reveals that pressure estimates in basic : :

1Y
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rocks are considerably lower than those in paragneiss near Curlew

Harbour whereas the inverse is true in the Lakenﬂelville Terrane.

Temperature estimates in basic rocks generélly are slightly higher

than those in adjacent paragneiss.

.
¢

5.4.3 Regional Interpretation of Geothermqhﬁfémetry Data

.

- oS
Al
LN . .
.Figure 25, which represents 4 compilation of all geothermometry -

geobarometry data on a P-T-diagram, reveals a clear contrast in
metamorphic qugitiona between the G;oshater Béy and Lake ﬂelvifie
Terranes. Temperature estimates, ranging from about 630°C to 980°c,
are obtained fqém both terranes, suggesting a similar thermal
;raéient across the Rigolet thrust zone. The most obv?ous

distinction in metamorphic conditions is the pressure gradient

between the two terranes (9 to 12 kbar for the Groswater Bay-Terrane

and 6 to 10 kbar in the Lake Melville Terrane). fhe:results of both

temperature“and pressure estimates should be viewed in the context of

-’

the mineral assémblages described earlier, wHich-suggest that

L

'gfanulite facies metamorphism prevailed in the Lake Helvil}e Terrane

as oppoqed\to upper anphibo‘ite facies,condifions in the‘agoswater
\ .
Bay Terrane.
A major effect of the Gremvillian Orogeny in eas;érn LabRads} was

the juxtaposition of lower crustal rocks against higher crustal

assemblages along major reglonal thrusts (i{.e upper amph.bolite to

“ granulite facies rodks_against'piddle to upper amphibolite facles

rocks). . The crustal blocks bounded by these'ﬁhtusts (L.e. the

Groswater Bay and Lake Melville Terranes) are interpreted to be




»

Figurme 25. Plot of P-T estimates obtained from paragneiss and mafic
assemblages. v

Groswater Bay Terrane

£

——
.
.

(0 ) garnet-biotite-plagioclase-kyanite-duartz

(A) garnet—clinopyroxene-plagloéﬁlase—qu'artz

.
-

Lake Melville Terrah; : ‘

(‘ ) garnet-biotité;plagioclase-sill1man1te‘-quartz

-

{ &4 ) garnet-clinopyroxene-plagioclase~quartz
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deep-seated equivalents to rocks which occur to the north of the

-
e

Grenville:Province, in the Makkoévik Province (Gower and Ryan, 1986).
. - . B /

This dinterpretation is partislly supported by the results of this

study in which the quantitative metamorphic estimates obtained from

the geothermobarometers in both the Groswater Bay and Lake Melville

Terranes are interpreted to retord Grenvillian conditions (Séctlon
4 .
‘4.3.3)7 ?ollouing the regional tectonic framework, the distinctive

-

- . .
contrast in metamorphic conditions, particularly pressures between

.

the two terranes, appears to be largely a result of the pépitioning

.

of the terranes within a major imbricate thru;t stack4durfng the
Grenvillian Otogeny. However, two éfoﬁlems arise: (i) in the~régional
structural fegﬁework it was proposea that the Groswater ?ay gnd Lake
’Helville Terranes_represent part of an Imbricate atack'derivéd from
intermediate and deep crustal leve;s, respectively., However, in

\ . )
contrast, the geqthermobarometry estimates imply that the Groswater

.

\ .- :
" Bay Terrane was derived from deeper crustal levels (25 to 30 km)-than

+
*

the intermediate depths (18 to 25 km) for ‘the Lake Melville Terrane;
(2) since the estimates obtained from bdth terranes are interpre;ed

to be a signature of the same metamorphic event (1.e the Grenvillisn

‘ 4

orogeny), then it becomes crucial to éxplain the large temperature

and pressure variations betuegg'thg two terranes. These two problems
‘ . . \

will now be discussed separately.

The first problem invdlves the discrepancy between the regional

‘tectonic framework, which guggests the juxtapgﬁitibn of a deep level

terrane (Lake Melville Tertané) against a higher level terrane
(Groswater Bay Terrane), and the geothermobafghetry results which in

contrast imply that the Groswater Bay Terrane was derived fto& deeper

.y -




crustal levels than the Lake Melville Terrane. Four poséible
explanations for tbis'dlécrepancy dre discussed beloﬁ;

(1) ;ne interpretation to explain the pressure contrast is éﬁat'
ihe-net transfer barometers may record post—emélacément conditions of
the Gtoswntét Bay and Lake Melville Terrames. Thus the pressures
recorded in both terranes would reflect the positions‘of theT;:;pes
After emplacement, and not the positions that they were derived from. -
'This would imply Fbét ;he more deeply derivéd Lake Hel;ille Terrane
vas emplaced as a "hot"” nappe, on top of the relatively "?gld",
intermediate level Groswater Baf Terrane. Thus if the Lake Melville
Terrane rémainéd hotter, for a sufficient period.of time (1.e at
lower pressure than ﬁaximum.burial) then the net transfer barometers
@ould continue to re—eqﬁilibrate after emplacement, and may even have
‘conéinUed-toAre-;quilibrate duriné subsequent erosion and uplift.
Thus the pressures recorded in the Lake Melville Terrame (6 to 10

) kﬁat) probaﬁly.do not represent fhe‘ofiginal depth of exhuﬁation but
tathetvthe depth it attained fplldﬁing gmplgcement; Similarly, if
barometers in the GtosQater Béy Terrane, re—equiiibrated followiﬁg
thrusting then ihe additio;al crd;tal thicknega due to the overriding
Lake Melville Tetréne would result in burial of the Groswater Bay
Terrane wh&ch'would subsequently record higher pressures than the
L;ke Melville Terrane, ‘ -

(2) an alternative viewpoint is that the coﬁtrasting pressufes may
be a.tesult of an origina} difference in crustal thickness between

the Groawater Bay Terrane and the Lake Melville Terrane dating from

early Grenvillian metamorphism. This could indicate differential

crustal thickening prior to or during Grenvillian metamorphism, The




Melville Terranes.

terranes reflect their positions pr;or'to empIACeﬁeni,'is based on

' Subsequent to burfal by overthusting of a 50 km thrust sheet, rocks .

A ,: -- ’ .o . " ‘ N v 94‘
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differences in crustal thickness may have been enhanced.py &%5- or
poét—metamo;phic erosion and could-have pereiste& until the ' L

termination of the Grenvillian drogeny. Wells (1979) épgéested that’
erosion du;ing metamorphism reduEes differences in bressures!betueen

areas where thefe'is initlal diiference in crustal thickness so that
4

the difference recorded by the exposed mineral assemblage is less
L)

than the primary difference. Thus, in this case there uould?‘ave been

a minimum difference of 10 km between the Grosﬁater Bay and Lake

.
)

-(3) A third explanati&n, which would assume that pressures in both

»

studies of pressure - temperature - £ime paths discusged by England . s
. N . v ’ | . - '
and Thompson (1984) and{Thompson and England (1984) 2 Fignre

26,(f1gure_Sa in England “an ompson , 1984) shows temperature -

time paths constructed for rocks bu d j} variable depths._

v

[

experienced 20 Ma of isobaric heeting and were then eroded and
. ¥

uplifted 50 km in the" follouing 200 Ma. Uslng these curves England

- L.

and Thompson (1984) propose that depending on the closure temperature

for a particular system, and assuminhg ‘that televant minerdls grow

°

below (and never pass above) the closure conditions, it,is possible
. . \‘_ B i .
for shallowly buried rocks to record highér pressures than rocks

which were deeply bur%ed. Fof example,- the composition of 1 cm gfafhs -

. ) N - » ]
. groyn during prograde meﬁamorphism on path C could reflect pressures

in the depth fange.bf 50 km to 35 km, while a mineral with the same .

" slze growing on paths C'tohA would record burial depths on the order

- of about 30 km. Therefore'depending on the initial depths of burial

Y

g
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of the Grosuaﬁer Bay and Lake Hglville "rerranes, and assuming that
the garnet - biﬁite - plagloclase - quartz’and gérnet - opx - Cpx -
plagioclase — quartz assefiblages did n.ot pass above the closure’
temperatures for these equilibria, {t woWd seem reasonable that the
shallow-level Groswater Bay Terrane may record higher pressures than
those recorded by the deep-level Lake Melville Terrane. .

(4) a more generalized explanation {s that the regional kinematic

framework is variable along the length of the Rigolet thrust zone.

" Thus, structural relationships between the, eastern Groswater Bay .and

Lake Melville Terranes are not comparable with relatlonships further

<
to the west. Gower et al. (1985) noted that ,'east of the Double Mer

White Hills region, the Rigolet thrust zone was predominantly a

strike-slip fault with only a minor thrust component (see Figure *6),
:;nd that east of Sandwich Bay the structufal signific—ance of the '
extension of the Rigolet thrust: zonk was at present;un.certain. In
view of this, the "i‘nverse"' tectonic framework within tt‘{e study area,

based on the results of geothermobarometry estimates, suggests that

the contrast in pressures between the Groswater Bay and Lake Melville

P .
Terranes may not be a result of the respective positioning in an

imbricate thtust stack, as is proposed for the terranes fu'ther to

1
the west.

The former problem of large temperature and pressure variations
within each terrane may be somewhat resolved by c'onsider:ing four
possible causes; (l)‘the presence of significant temperature and
pressure gradients ‘uithin the Groswater Bay and Lake Meldille

Terranes; (2) different closure conditions of the various

geothermometers and geobarometers; (3) error propogation in

3\
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calibrated geothermobarometry expressions; and (4) re—equilipration
of mineral components during regional upiift- and cooling. .

(1) In the Groswater Bay Terrane thé large range of
geothermobarometry eatimat: may be a reflection of signifjicant
met'amorphic gradients. The consistent temperatures obtained in the
Cape Povrcupine area ranging from 614°C to 673°C (Figurp 23) impiies a
relatively low temperature zone. Further to the east, slightly higher
estimates of 705°C to 874°cC suggest anllncrease in the thermal
gradient. However, the somewhat erratic pressure dlstributio'n, in
patrticular for adjacent gample'locali.ties, suggt.es'ts that a systematic
pressure gradlent is not. pre-sent. In the Lake Melville Terrane, some
of the appar.ent anomalous temperature and pressur® estimates >nay be a
result of local thermal highs adjacent to large intrusive bodies.
However, the rather erratic distributiotffof the estimates suggests
that .this is not the major cause of the large P-T variation.

(2) When applying geott_xermometers and géobarometers tqget‘her, the
sensitivity of the two genéral types of reactions: exchange reactions
(for temperature) and net transfer reactions (for pressure) to
changes 1in P-T cond’itions, must be considered. The assumption madé
u)her_l applyling Both exchange and’r‘let transfer r::actions to
'geothermobaroTnfetric studies in metamorphic terranes is that both
types of regctions closed and thygs re_cord at the same P and T
conditions,. Ellis and Green (1985) studied various exchange and net‘
transfer reaction thermot-mrometers in mafié granulites from Enderby
Land, Antarct'ica and concluded that closure temperaturés for
re-equilibration are lower for transfer reactions than for e‘xchange

reactions. The results in Figure 25, hay similarly be interpret‘ed to




imply that re-equilibration cc;nditms for different mineral
equilibl_:i.'; are ‘different. In general, maflic 'assemblages in both
terranes yleld higher metamorphic.conditions than those recorded by
paragneliss assemblages. This distribution suggests that closure
conditions for opx—cpx-plagioclase.as;emblag'es in mafic rocks are
higher thaa tlhe clo;ur.e conditions for garnet—plagfoclat;e-k;iotl£e
assemblages. Although different closure conditions may explain the
variable range of estimates obtained from mafic and paragneiss

(

assemblages, they do not explain the variation between estimates
!

obtal@ed from the same assemblage.
. vt
(3) Large discrepancies in caiculated estimates may be a result
of the propogation of errors associated with the calibration Qqf
geothermobarometers. In general,‘errors- in the determinatior; of
th-ermodynamic parameters of end-member equilibria, 1n addition‘to
analytical uncertainty, result In errors on the order og +/- 50°cC and

+/- 70°C (Ferry and Sﬁear, 1978) for garne-t - biotite and pyroxene

" thermometers (Ellis and Gréen, 1979), respectively. Errors arising

from the calibration of garnet - plagioclése - 1\125105 - quartz and -

garnet = plagioclase - orthopyroxene - clinopyroxene - quartz

barometers are on the order of 1 to 1.5 kbar (Newtog and Ha'seiton,~
1981 and Newton and Perkins, 1982). However, since these formulation
errors assoclated with thermobarometers would apply to estimates in

both terranes, then any inaccuracies of the pressures .and

-

temperatdrés would be relative and thus would not jéxplain the large

.

“variation in recorded pressures and temperatures between the two

terranes.

(4) Hény applications of element partitioning geothermometers and

.




geoﬁaronetérs have been aimed at estimating "peak" metamorphic

pressures and temperatures. However, many therm&barometegs are

susceptible to-retrograde re-equilibration during uplift and

subsequent c‘ooling (Bohlen and Essene, 1980). Hodges and Royden
(1984) suggested that if different samples from a single metamorphic
terrane equilibrated at different times during uplift then
empirically derived P-T estimates would reflect this asa range of.
pressure and temperatuté estimates in P-T space (P-T-t path), Thus
the apparent anomalous “spread” of es;im‘ates'in both terranes ma; bg
a reflection of variable equilibration conditions du.ring uplift an;i
- gubsequent cooling. To fur;her examine vthis pogsiblility, an attempt

) is made in this study to con‘sti'uct equil%btium P-T curves for both
the Groswater Bay and. Lake Melville Terranes on the basis of

-

geothermometry and geobarometry estimates.

5.4.4 Equilibrium P-T Paths

On the basis of the distribution of geothermobarometry estimates, two
separate equilibrium P-T paths have been constructed. An assumpthon
made is that the highest pressure and t;mpetature estimates recorded
in both terranes represent peak metamorphic conditions during the
Grenvilliaq Orogeny. The P-T e-stimatea in both the Groswater Ba)} and
. ‘ . s

Lake Melville Terranmes define trends in P-T space) and it is
interpreted that. thé paths in I"igl.rr; 25 reflect a portio;l of the P-T
trajectory assumed by the ‘Sandwich Bay area during uplift, This

interpretation is based on the Aata presented and can be defended on

the following grounds:
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(1) the variation in pressures and temperatures is probably not
due to metamorphic gradients within each terrane, nor to 1naccurac1‘a

in the calibrations used (Section 5.4.3); .

- ) [4
- (2) there i{s no_evidence that the scatter in P-T estimates
' ' -

reflects disequilibrium {n the majority of samples, as’ discussed In

.Section 4.3.3;

. (3) graphical analyses of phase equilibria in both the Groswater

.

Bay and Lake :Melville Terranes (Figure 27a and 27b')'strongly suggest
that paragnei;s samples did not finallyiequilibra\te under unif‘orm
pressure and temperature, 8 coanclusion which 1s. consiatent gith the
P-T variation recorded in both Eerranes; )

(4) clalculated pressures and temperatures are in excellent _
agreementrwith experimeftally determined étability fields (Section.
5.3.4);

(5) since there is evidence that subsequent to the mqﬂmorphic
peak, the terranes were subjected to rettc:;grade metamorphism during
uplift (Section 4.3.3), the range of pressure and temperature
estimates in both terranes may be a result o_f different samples
équilibrating at different times during metamorphic u,pli:ft.

On the basis of thﬁese observations 1; i1s suggested that the range
of P-T estimates exhibited:b‘; the saﬁ;@es\is a reflectibn of similar
equilibria "blocking™ at (‘:Iierrent times and/or temperé;tures and
pressures du;'ing Grenvillian uplift and cooling. : )

To 'keep a consistent data set, only paragneiss sam%les, containing
the ass‘emblage ga,rnet + biotite + kyanite/aillimani;b + plagioclase
were applied. The omiésion of mafic equilibria in this co;lstruction

4

px:evecnts any 1ncor§'sistensie‘s which may arise from differences in




Figure 27a: AFM plot projected through K feldspar for
ggarnet-biotite-sillimanite bearing paragneiss in the Lake Helville
Terrane.

Flgure 27b: AFM plot projected through K feldspar for
garnet-biotite-kyanite bearing paragneiss in the Groswater Bay

Terrane.







_blockihg temperatures Setween paragneiss and mafic assemblagés. In
order to construct reasonable equilibrium P-T curves for each
terrane, some of the more anomalous estimates have been omitteq. The
basis for omission is that the majority of ecamples which fall at the

extremes of the P-T point clusters in Figure 25, exhibit the highest

potential for textural disequilibrium. Whereas this is evidently a

subjective criterion, the omission of "anomalous"” samples in the
construction of equilibrium P-T paths is nonetheless not entirely
atbifrary. .

On the basis of the criteria discussed above, Figure 28 shows the

suggested equilibrium pressure-~temperature paths for both the

Groswater Bay and Lake Melville Terranes. The P-T curve constructed

. - A

from the Groswater Bay Terrane samples demonstrates a nearly

fsothermal upli¥t path dufing which..decompression from ca. 40 km to°
30 km was accompanied b; only ca. 100°C cooligg. This steep portion

of the P-T curve suggests that during early uplift, decg@pression was
accompanied by only ca. 100°C cooling, and that major cooling of the

Groswater Bay Terrane did not occur until the later stages of uplift/
(1.e. above about 30 km).

The wide'range of pressure and_teﬁperature estimates in the Lake
Melville Terrane prohibits the assignmént of all of these estimates

to one specific eduilibrium P-T path., With the exception of one

\

potehtial disequilibrium sample, all of the calculated pressure and
temperature estimates are derived from samples which appear to be

both texturally and chemically in equilibrfum. Thus with the

r

exception of ome estimate, none of the pressures and temperatures can

\

be discounted from a potential P-T path, A possible interpretation to

¥

©
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Figure 28. Equilibrium pressure-temperature paths for the Groswater
Bay Terrane (GET) and the Lake Melville Terrane (LMT).
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consider is that a P-T "belt™ may be constructed which encompasses
ihe eniire range of estimates, as shown in Fighre 28. In this case a

—~
similar, near isothermal uplift trajectory is constructed, which

suggests that ca. 4 kbar of decompression was accompanied by only
. . ’ . 8
about 100°C cooling, similar to the Groswater Bay Terrane. The lack

of time constraints with respect to initlation and termination of

——
- —

~uplift prevents any interpretation of possible uplift rates. However,
although the uplift trajectories of the two terranes are highly
speculative, the results demonstrate that the Grenvillian Orogeny
resulted in significant crustallthickening; The near isothermal
nature of thefuplift paéhs implies thag thickening of the crust

occured by thrusting as ‘opposed to addition of magma in the lower
crust. |

In summary, the results of -the geothermobarometry estimates reveal
a distinct contrast in metamorphic conditions Betueen the Croswater
Bay and Lake Melville Terranes. Temperatures on the order of 630°C to
950°C in_each terrane 1ﬁp1¥ a negligibley thermal gradient across tﬁe

Rigolet thrust zone, whereas pressures on the order of 10-12 kbar and

LN

6-10 kbar in the Groswater Bay and Lake Melville Terranes,
‘ ' 3
respectively, suggest a sharp pressure gradient. However, the

respective pressure ranges implying derivation from depths on the
order of 28-35 km for the Groswater Bay Terrane and 18-28 km for the
Lake Melville Terrane disagree with the presently accepted regional

tectono-me tamorphic framework which proposes that the Lake Melville
Terrane represents a deep-seated allochthon which was juxtaposed

agsinst higher crustal assemblages in the Groswater Bay Terrane. This

discrepancy suggests that P-T estimates recorded in the two terranes

a

N\
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reflect post-emplacement metamorphic conditions and not lhe depths

from which they were derived. However, the effect of initial
differerces in crustal thicknesses of the two tegr&nes prior to or
during empiacement and the effect of metamorphic closure conditions -

on reRorded pressures and temperatures for rocks buried at different

crustal levels may also be partially responsible for the contrast in

metamorphic pressures.

The range of temperatures and pressures within each terrane is
interpreted to be predominantly a reflection of the re-equilibration
of samples at different stages durlng Grenvillian uplift and

. <
subsequent cooling. The range of estimates thus represents a portion

‘of the equilibrium P-T trajectory of the two terranes'during uplife,
The path from the Groswate} Bay ferfane sampies suggest near
isothermal cooling, with only minor temperature, change (ca. IOO?C)
during uplift from appr;ximately 40 km to 30 km. A similar P-T path
constructed for the Lake Melville Terrane implies thét decompression
of ca. 4 kbar was accompanied by ca. 100°C cooling. These results
impdy that cgustal thickening du;ing the Grenvillian Orogeny occurr?d

by thrusting as opposed to magma additlon at lower crustal levels,

which supports the regional structural framework of transport by

regional thrusting of the Lake Melville Terrane over the Groswater
\

Bay Terrane.




CHAPTER 6

40,r/39% ¢ DATING

6.1 Introduction

The aoAr/39Ar dating technique i{s a recently developed variation

based on the conventional K/Ar method. First described by \\ 
Sng?éeirséon (1962) and more‘fuliy discussed by Merrihue and Turner
(1966) and Mitchell (1968), the AOAE/39Ar method can overcome some of
the lihitations posed by the K/Ar method, since it is possible to
dlstlhguish”betbeen; (1) samples which have remained clgged systeﬁs
with respect to potassium and argon sincé initial -closure; (2)
-samples whiqh contain a component of exfraneouf non-atmospheric argon
of 4OAr/39Ar rallo In addition‘to radiogenic argon;vand (3) samples
which have undergone a post-crystallization thermal event and thus

lost sa component of their original argon. The additional capabilities

of the AOAr/39

Ar method are often very advantageous when dealing with
mgtamorphlc terranes with complex therméﬁ'histories. |

The primary difference between K/Ar and 40Ar/39Ar geochronology 1is
that in the latter method, no direck chemical analyéis éf potassium
is requ}red. The amount of potassium 1s calculated indirectly from
measurementa pf the amount of 39%r which 1s produced ﬁrom 39 by
neutron activation. The ratio of the radlogenic 40ar to neutron
bémbardment fnduced 3%ar ts required for age getermlnatlons. This is
of advantage because mass spectrometers can measure isotoplc ratios ‘

very precisely, but absolute abundances are less easily determined.

However, the greatest pbtential of the AOAr/39Ar technique 1is
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through the subsequent incremental (step-wise) héating method of . -
treating irradiated.sampies.‘ln this méthod, first describea by.
Merrihue and Turner (1966) the sémple is gradually ﬁeagggpthrough a
number of temperature increments chosen by the operatgr.vafter each
of which -the argon is released Anto the mass spectromefer and N

analyzed isotopically for it”s AOAr/39Ar ratio, from which an age may

be calculated. A serles of ages, each coFreéponding to a different

" temperature fraction is thus generated for an individual sample,

These;incremental ages Are plotted as a function of temperature
y

(exprésseq as an accumulative percent of 3¢ relaased) giving an age

spectrum for the sample. Such age spectra allow t?e evaluation of the

behaviour of argon within the mineral samples and tEerefore permit a
more thorough understanding -of the sigpificance of the resﬁlts than
can be obtained from conventional K/Ar dating.

_ .

. o | )

. 6.2 Previous Geochronology >

?reviously reported radiometric dates in the Grenville Province of

eastern Labrador are shown ig Fipures 29 and 30, after Gower and Ryan
(1986). Figure 30 is a compilation of U~Pb, Rb-Sr and Nd-Sm ages
which date pre-Grenvillian events, including Lower Proterdzoic (1700
to 1906 Ma) ages 1n the Makkovik subbrovince,.ﬂiddle Proterozoic
(1600 to 1650 Ma) ages which represent the newly defined Labradorian
Orogeny.and various post-orogenic plutons éanging ftom 1500 to 1270
Ma. N

éFigute 29 shows previous K-Ar and hoAr/39Ar dates which record

pre-Grenvillian (Labradorian and Makkovikian) ages nQBPhQS& the

N A - ~ ‘
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Crenville Front Zone. South of the Grenville Front, which marks the
northern limit of 950 +/- 75 Ma K/Ar ages (Gower et al,, 1982), ages
ranging from 1200 to 950 Ma are recorded. Po.st-Grenvilldian K-Ar ages !
of circa 550 H._a are recorded for lower Phanerozoic diabase dikes
which are rela?ed‘to the development of the Sandwich Bay graben
(Gower et al., 1983a, 1985 and 1986).

In the Smokey area (Figure 29) approximately 100 km to the north
of theﬁstudy area, K-Ar whole-rock agés of the Michael gabbro of 1348
Ma and 1325 Ma ha;re been reported by Wanless et\al.(1972, 1973), and
are interpreted to date the intrusion of this unit by Emslie (1983).

U-Pb dates on zircon, titanite and monézite in the Groswater Bay
and Lake Melville Terranes in eastern Labraflor have recently been
reported by Scharer et al. (1986). U/Pb zircon dates record similar
1600 to 1650 Ma concordant ages for both the Groswater Bay and Lake
Melville Terranevs, indicating that both have experienced Labradorian
plutonism and metamorphism. However, these authors show that analyses
of titanite and monazite yield ages of 940 to 970 Ma in the Groswater
~Bdy Terrane and 1026 to 1038 Ma 1in the Lake Melville Terrane
(coﬁcordant with U/Pb zircom lower intercepts on concordia.) The
implication of these ages is that the culmination of Grenvillian
anatexis and metamorph@sm in the Groswater Bay Terrane was attai.ned
appro‘ximately 60 Ma later than in the Lake Melville Terrane.

Hithi:\x‘the siudy a:a,- t-;o K-Ar analyses of blotite from the
Groswater Bay and Lake Melville Terra‘nes yleld ages of 944 Ma and

1105 Ma, respectively (Wanless et al? 1970). The age from the

Groswater Bay Terrane may date rnlosure of the biotite lattice to

argon during post-Grenvillian uplift and cooling. The K/Ar age from




the [;ake Melville Terrane, however, is not compatible with the
interpretation of the onset of the culmination of Grénvilliian
me tamorphism at circa 1030 Ma. Since the latter age is not in accord
with avpllable U/Pb ages, which are considered more reliable, both-

] .
K/ Ar ages should be interpreted with caution.

6.3 “O4r/3%r Problem

-

In recent years, radiometric age dg'E;ln-g‘ ir\x‘pol‘yorogenic terranes has
proved to be an invaluable analytical tool in determin‘ing the timing
of metamorphic events. With the advent of U/Pb, Nd/Sm and other
dating techniques, it has become possible in some casel:s to determine
not only the age of the last metamorphic episode, but also to “see
t'hrgjgh" that event to earlier stages of a rock”s history. with
respect to 4'OAr\/3,9Ar dating, the followi:ng events in a rocks history
may in favourable cases be determined: (1) the absolute t,iming of a
me tamorphic event, which could only be determined Lf uplift was very
rapid; (2) the tiwming of post-metamorphic uplift and coo'lingk; (3)
distinction between those samples which contain extraneous argon
compenents and those which do not; and (4) ihhe recognition of
themally overprinted samples which have been partially degassed as a
result of geologic reheating,
l Appl\ication of the I‘OAt/39Ar method in eastern Labrador was |
intended to answer the following question: 1:8 there a diffekence in
the Greanvillian metamorpl\ic imprint between the Croswater .Bay and

Lake Melville Terranes ? With the distinction of the two

-

lithotectonic terranes in edstern Labrador, which exhibit contrasting
. v .

4
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variance. Where the variance is expressed as: ° .

113

lithologic, structural and metamorphic characteristics in addition to

)
a prolonged tectonometamorphic history, there 1s clearly an

Bpportunity to apply and evaluate the potential of the 4OAr/39Ar

method in a polyorogenic terrane,.

Seven hornblende-bearing samples were collectéd from the Sandwich
Bay area in eastern Labrador; three from the Groswater Bay Terrfine

and fourhfrom the Lake Melville Terrane (Table 5)

-

]
6.4 4OAr/39Ar Results

6.4.1 lIntroduction

40pr-394r incremeéntal release ages have been determined for seven
hornblende concentrates separated from rocks collected from' the

Groswater Bay and kake Melville Terranes. Results of analyses are
—
presented in Table 6 and shown as age spectra in Pigure 31. The

majority of samples analyzed, record internally discordant age

-

spectra, generally with anomalous ages recorded in the low
temperature fractions. As a result, several of the total gas - ages are

meaningless. However, plateau ages can be calculated for some of the
* - )
spectra. A plateau age is defined as the apparent age recorded from

that portion of a spectrum in which contiguous gas fractions
(togethe; constituting more than 507 of all the gas evolved from a
sample) have apparent ages which are not different at a two signma
level of uncertainty (Fl\fk et al., 1977), Plateau data were averaged -
by caiculating 8 welghted mean (with respect to the I of gas .

released), in which each datum was weighted by the the inverse of its
é

4




VAN84-17D:

v

VAN84-18A:

[

VAN84-14B:

VANB4-32A:

VANB4-23B:.

VANB4-22B:

VAN84-21A:

X

Table 5. Lithologles used 15‘*0Ar/39Ar dnalyses,

-
-

Groswater Bay Terrane

deformed fine-grained amphibolite dike which 1ntrudes\we11
banded tonalitic gneiss, Double Islands. ' .

wéll banded horablende - biotite quartz diorite gnelss,
Hare Harbour.\ |

fine-grained amphibolite dike which f{ntrudes hornblende - -
biotite quartz diorite orthogaeiss, East Arm, éanduiéh Bay

[

Lake Melville Terrane

medium grained hornblende - biotite quartz diorite

orthogneliss, south end of Sandwich Bay.

fine-grained amphibolite éike which intrudes migmatitic
biotite - Hornblende granodiorite to quart:z diorite'
drthognelss, upper Eagle River.

fine-grained amphfﬁdiite enclave within fine-g;ained
biotite - hornblende granodiorite orthogheiss, Second
Choice Lake,

fine-grained biotite -hornblende granodiorit; érthogneiss,

west of Camel Lake,
















n -

2)(1..1 = (xi _5nx2) / (n"l)’ ] .

where X; = {ncrement age

\X2 = average mean

n = number of ages used in mean calculation,

# . " “The yéighted mean is pteferfed since 4t takes into consideration the
‘quantity of gas evolved in each increment. (Dalrymple and Lanphere,
f§74). The plateau ages are taken to be the best approximation of the
time of cooling through the argon closure temperature for hornblende,
For the slow cooling rates generally encountered in regional
megamorphic’terranes the closure temperature for hornblende 1% ﬁ?OOC
to 500°C'(Ha;rison 1981},

In this section an attempt is made to interpret the aoAr/39Ar

results in terms of the presence of excess argon components and the 3

timing of resetting episodes.

6.4.2 “Oar/3%;¢ Spectra in the Groswater Bay Terrane

- _

Iwo samples of amphibolite dikéd dnd one sample of a hornblende N
bearing orthogneiss collected from the Groswater Bay Terrane were
dateqé All samples recora a discordant age spectra. Since each sample
exhibits a dlffereAt type of age spectrum, they will now be
cdnsidered indiviéually.' ; 5 | .
- _ VAN84-17D was collected from a relativel} ﬁndeformed amphibolite
dike, which intrudes strongly déformed,'well band;d orthogneiss. A

- .

hornblende concentrate prepared from this sample ylelds a discordant
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age spectrum in which an anomalously high aéé 1s recorded in the low
temperature increment (350°C-850°C) with a slightly séddle-shaped
spectrum in intermediate temperature increments (Figure 31). The highxb\‘
age recorded in the first heating incremeét is the “classic”

signature of excess (non-radiogenic) argon and suggests the presence
of loosely boundéd excess “YAr located in hornblende sites with
relatively low activation energles, since the excess components are
liberated at low experimental temperatures. The rapid and systematic
age decrease in the low temperature increments implies that the

excess “Oar compoﬁents are\mainly concentrated in the margins of
hornblende grains and that the ratio of excess / rqdiogenic‘aOAr
decreases rapidly to insignificant levels in.the grain interior.
Harrison and McDougall (1981) considered that this type of profile
developed when excess argon components diffuséd from an intergranular-
vapour phase into hornblende crystals after they had cooled below
intercrystalline retention temperatures. Since excess argon is

interpreted to be present, the total gas age of 1337 +/- 6 Ma

.

recorded by the spectrum 1s geologically meaningless. However,'}Jnce
80% of the gas evélved from the sample record/ apparent ages uhich\ate
not different at a two sigma level of Gﬁcertainty, a'relatively well
~defined pla;eau“;;é of 1260 +/- 5 Ma is interpreted. The wide .
saddle-shaped spectrum recorded in the intermediate tempera}ure

fractions suggests that the system has experienced a partial gas loss

L]
as a result of a thermal resetting event at about 1260 Ma.

VAN84-18A, was collected from a moderatglyvfoliated hornblende -

biotite quartz diorite. A hornblende concentrate prepared from this
. ]

sample'displays a very discordant 4OAr/39Ar age spectrum (Pigure 31),

[y
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which records a systematic decrease in age throughout the entire

heating analyses. Similar patterns of discordance in hornblende age
spectra have been interpeted by Dallmeyer (1975) and Harrison and

13

McDougall (1981), who considered that the systematic age decrease at

higher temperatures reflects the presence of excess 4OAr components

relative to radiogenic 40pr 1n both grain margins and interiors. The
| ¢ .
: ~
total gas age of 1853 +/- 12 Ma, for VAN84-18A is therefore : '

considere; to be a result of radiogeniq.and non-radiogenic argon and
thus geologically meaningless, In addition, the highly discordant
'speZtrum prévents any interpretation'of crystallization or
post-crystallization events, A ‘

VANB4-14B was collected from a moderately deformed amphibolite

‘

dike ﬁpich intrudes the Earl Island quartz diorite unit (Gower et
al., 1981, 19845. This samplg’yields a discordant spectrum which
records a total gas age of 1382 +/- 8 Ma. The low tempergture
{ncrement (200°C-850°C) records an age of 1012 Ma., Ages B
systematically increase in the intermediate temperature }ncrements
and appear to level out to about 1400 Ma in the high temperature
f;actions (Figure 31). The regular increase in apparent age from low
to high temperature fractions may be interpréted as a result of a
thetﬁal overprfnt, in which the outer part of thé grains (i.e. early
release increments) are more sﬁrongly affected than the.more'tightly
bound gas in the grain interiors., The low temperature fraétion age
may be a reflection of a Grenvillian overprint at 1012 Ma, with the

increasing ages in the intermediate fractions suggesting a decrease

in the Grenvillian thermal overpvint. The apparent levelling off of

the spectrum at about 1400 Ma may lndicate that the high temperature




fractions of' gas were not affected by Grenvillian overpfintlng and
that this age approdches the time of crystallfzation of hornblende in

this rock or the time at which hornblende cooled through the blocking

temperature.

6.4.3 AoAr/39Ar Spectra in the Lake Melville Terrane

The four sampl%g collected from the Lake Melville Terrane yleld more
consistent results than those from the Groswater Bay Terrane. Three
of the samples (VAN8<—21A, 22B and 32A) record very;uﬂl defined age

-

spectra, ylelding total gas sges ranging from 982 to 1241 Ma; the
fourth (VAN84-23B) has a disturbed spectrum but yields a—zat;l gas
age in the same range (Fngfe 31).

VANB4~-23B was collected from a concordant amphibolite dike, which
intrudes a well-banded migmatitic granodlorite orthogneiss. 7The
sample ylelds a discordant age spsctrum in which an anomalously old
age of l41§ +{- 353 Ma is recorded in thé low temperature incremeq}

(200-850°C), and a saddle-shaped pattern is displayed in the

intermediate fractions. The systematic decrease in ages In the low

wa

temperatuté ftac}i i;ﬁ%¢ﬁl;es the presence of excess argon compone&is
in the grain‘matgins rrth less significant levels in the grain
intefiots. Ihe saddle~shaped spect;um'is Antirpt;ted to redprd a
parfial los; of radiqgenlc 40Ar as a result of a post crystallization
event. The plateau defined by 70 Z of the total'gasriu the
intermediata fractions suggests a closure of the argon in hornblende
at ca. 1070 Ma (Figu;e 31). ' o : .

VAN84-22B, which was collected from an amphibolite enclave-within
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a granodforite orthogneiss, records a Ueil defined age spectrum‘
yieiding a total .gas age of 1020 Ma. An anomalously low age of 860 Ma
is recorded in the low temperature lncrement (3Q0-850°C); howgver,
this fraction represents oﬁly 2 % of the total gas liberated. ;I‘he
femalning gas released records an es:sentially undisturbed spectrum
and the 1020 Ma age is interpreted to represent ther"true age" at
which the hornblende lattice began to retain radiogenic argon (i.e.
at a temperature of approximately 500°C).

‘ .
A similar spectrum is displayed by VAN84-32A, which was collected

from a moderately deformed quartz diorite, in which the ldw
tegperature fraction (300°C-850°C) ylelds an age of 1080 +/- 12 Ma,
representing only 2% of the total gas released, thus no significance
can be placed on this age. With the exception of thi~s increment, a
véry well defined, undisturbed age spectrum is recorded, yielding a
plateau age of 1241 +/- 3 Ma. This age is similarly 1nter_preted to
represent the true age of ‘argon retentio; in the hornblende lattice.
VAN84-21A, which was collected from a strongly follated -
granodiorite gneiss, records a reasonably well defined plateau, with
the development of a shallow “"saddle” in the {ntermediate tempe?ature
.fra_ctions. This pattern is Iinterpreted to be the result of a |
combination of excess argon along the grain margin (i.e. low
temperature increqzents) and a partial gas loss. due to a thermal
reset®ing, resylting in the saddle-shaped spectrum. ~Howev‘ér, the
excess argon accounts —fqr 1ess" than 10 % of the gotal gas released,

and therefore a concordant plateau defined by 80 % of the total gas

is recorded. The similarity of the total gas age. (982 Ma) and the

plateau age (980 Ma) coupled with the shallow saddle-shaped spectrum




in the intermediate fractions, suggests .a retention of radiogenic

argon in hornblende took place at ca. 980 Mar—

6.5 Interpretation of 40/3%r Results

6.5.1 Introduction

40

The maln purpose of the Ar/39Ar analyses was to attempt a

determination of the extent of Grenvillian metamorphic effects in tt;e
Sandwich Bay area, in addition to an interpretation of the uplift and
subsequent cooling histories of the Groswater Bay and Lake Melville \
Terranes. Of the seven hornblende concentrates analyzed, samples from
the Groswater Bay Terrane yield the most discordant age spectra,
interpreted to be due to a combination of excess argon components in
hornblende and to a variable thermal o;le;:print. Sample VAN84-17D,
however yilelds a plateau (80%Z of total gas ) age of 1260 +/- 5 Ma,
suggesting a resetting of the argon system at this time.

In the Lake Melville Terrane the well defined plateaux displayed
by 32A and 22B, record essentially undisturbed spectra, ylelding
plateau ages of 1241 +/- 3 Ma and 1020 +/- 5 Ma respectively.
Sllgh;ly discordant, saddle shaped spectra recorded by samples 23B
and 21&A suggest some subsequent gas loss after the main closure of

the system ylelding plateau ages of 1070 Ma and 980 Ma respectively.

In the following section the geological implications of the

l‘oAt/.39Ar dates in each terrane are giiscussed in order to assess the

ages with respect to significance and timing of metamorphic and

post-me tamorphic. events.
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6.5.2 l"OAr/39Ar Ages In the Groswater Bay Terrane

The geological significance of the l'oAr/3—-9Ar results in the Groswater

Bay Terrane is not immediately apparent.

A
S

Sample VAN84-18A is interpreted to contain a substantial excess
argon component, whereas the spectrum in sample VAN84-14B has been
disturbed by a post-closur: thermal event. In both cases the total
gas ages are cbnrsidered to be geologically nmeaningless, It is unclear
whether any 'siguificance should be attached to the ages derived from
the highest temperature gas fractions, which in sonme circufmstancés
may be used as an indication of the time of initial closu;.-e of the
crystal lattice to argon. Although the spectrum in 'sample VAN84-17D
18 also discordant, a plateau defined by 80 % of the total gas in the
intermediate temperature fractions,‘yields an age of 1260 +/- 6 Ma.
However, the "saddle-shape" of the spectrum again indicates a
post—losure thermal disturbance.

U-Pb dates on ;1rc6n, titanite and monazite, rep‘orted by Scharer
et al—. (1986) suégest that the two widespread. thermal event; which
affected,the Groswater Bay Terrane were ‘the Labradorian Orogeny at
about 1650 Ma and the subsequent Grenvillian Orogeny at 970 Ma. Since
the discordant épectra_ recorded by 18A and 14B, are interpreted to be
a reflection of excess arg‘on components, a correlation with eithef: of
these two events 1s deemed impossible. Houeve'.r, sample VAN84-17D,
which yielded a'plateau age of 1260 +/~ 6 Ma was collected from the

same amphibolite dike dated by U/Pb methods by Scharer et al. (1986).

Their sample (CG-172E), when regressed with ‘_the 978 +/- 4 Ma titanite




age obtained from a granodiorite to tonalite gneiss host rock,

ylelded an upper intercept age of 1426 +/- 6 Ma, interpreted tq date

emplacement of the gabbro. At present the implication of the of the

-

1260 Ma aée 1s not uystood, since it does not correspond with

tafned from U/Pb analyses. Although no other

3

either of the dates
majcr event (thermal.or ¢ooling) on the order of 1260 Ma has
previously been established,” Gower and Ryan (1986) noted emplac;:ment
0£ the upper North River quartz syenite at'1273 Ma (thur.e 29). The
relationship, {f any between .these ages 1s at présent unknown.

-

6.5.3 40Ar/39Af Ages In the Lake Melville Terrane

N
!
Samples from the Lake Melville Terrane generally yic;ld more
internally concordant spectra than those from the Groswater Bay
Terrane. Sample VAN84-32A, collected from the no;thern margin of the
Lake Melville Terrane, displays a very well-defined total gas plateau-
age of 1241 +/- 3 Ma. The similarity of this date to the platesu age
of 1260 Ma recorded by VAN84-17D in the Groswater Bay Terrane 15
intriguing. Furthermore, a plateau age of 1240 +/- 17 Ma Dhas recently
been obtained from a”mafic dike in Fhe Mealy Mountains Terrane to the
west CF'. the study area (P. Reynolds, pez.‘eonal‘ .communication, 1986).
The similarity of these three ages sugge;ts the existence of a
widespread resetting of the argon system at about 1240 to 1260 Ma.

The implications of these pre-—Grenvillian ages within the study area
. ~ ’ 4.

L] +

are at present not understood. However,' they suggést that these rocks
remainsd above 500°C, (or cooled ag:ere reheated above 500°C),

until about 1240 to 1260 Ma, and subsequently cooled below the gas

-
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retention temperature to close.the argon system in hornblende,
Furthermore tﬂey fmply that. these rocks were not heated above 5po°c
during the Grenvillian Orog(}y, which 1is in conflict with the’

* interpretation of Grenvillian metamorphfsm at upper amphibolite to

i ) granuiite facies. ’ \
: * An alternative, although 1nt§1t1ve1y less reasonable,
interpretation for the pre-Grenvillian ages recorded by l'oAr/39Ar
’ platea't;x, is that all ggs fractions liberated from the samples
confain the same prbportior.l of excess. l‘oAr relative to radiogenic
40r. Pankhurst et ¥1.(1973) and Réddick et al. (1980) have reported -
internally concordar;; 4°Ar/39Ar bior;ite- age spectra from samples

-

known to contath excesd argon compoments., Pank}hurst et al. suggested
. . (
that the concordant spectra resulted from homogenization ¢f excess

and radiogenic 40y p components ’during irradiation. Tl'ley argued
however, that both cémponents were indistinguishable befo;'e i
irradiation. These factors seggest that detection of the distribution
of excess and é ‘dgenic argon components is not pa?slble through
(/ . l'oAr/39Ar analysis in the study afea; Thus the aquisition of excess
argon in sami)les from the Groswater Bay Terrane aﬁd no(r"thern Lake
“Q Melville Terrane samples has not been resolved, and it remains a

possible explanation for the pre~Grenvillian plateau ages. ) 5
’ ’ f

Samples VAN84-22B, 23B and 21A from the Lake &e1v111e Terrane

i ) yleld l'oAr/39Ar spectra which are relatively well defined with only a
¢ minor component (< 5%) of exceescargon in low temperature -fractions
e 4
’ Plateau ages determined from the specft‘a of‘these samples record ages
of 1670 +/- \50 Ha,rleZO +/-» 5 Ma and 980 +/- 4 Ma respe.ctively, which T ,
o - ’ -

" a though broadly “"Grenvillian" are nevertheless distinctly different,

L]
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The error‘tange of +£- 50 ﬁ; for the 1070 Ma age suggest; that this
age 1s in "broad™ agreement with the 1030 Ma age sugge;ted fot
culmination of G;;uvillian metamorphism in the Lake Melville Terrane,
and may represent very rapid uplift following Grenvilliaﬁ rthermal

overprinting. Although an alternative viewpoint is tMat the age

reptesents thermal heating during the Gfenvilliaq Orogeny, However,

the large error range limits the implications of this agé.

? LR
The relatively well-defined plateau ages recorded by 22B and 21A
N \
. ] | .
imply complete Grenvillian resetting and in addition these ages are

younger éhan the 1030 Ma age suggested for culmination of Gremvillian
. L] "\ A .
metamorphism in the Lake Melville Terrane (Scharer et al., 1986).

: e
Thus the 1020 Ma and 980 Ma ages ard interpreteds to record

post-Grenvillian uplift and subsequent co®ing through the retention

* temperature of hornblende.

-

A xentatiiiﬁ:;}grprétation of the Grenviiliap cooling history of

the Groswater,Bay and Lake Melville Tetténes, based on the 40A;/39At
ages determined in this study along with U-Pb ages of Schirer et al.
may be proposed-for the Sandwich Bay area.

Since 4Qar/”At ages recorded by 184 and 14B are a ref}ection of
excess afgon compdnents; no inference qf Grenvillian cobling can be

agsessed. The relatively well defined plateau age recorded by 17D

~
~

suggests the Groswater B;y Tetranémﬁay have been pertiélly reheated
and subsequently eooled through the retention temperature of
hornblende at about 1260 Ma. The data of Schérer et al. suggest that
Grenvillian anatexis and metamo;phlém culminated at about 970 Ma in
the Groswatgt Bay Terrane.

A} —

In the Lake Melville Terrane, the very well defined total gas age

P .
e ¥ | '
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of 1241 +/- 3 Ma suggests that the northern Lake Melville Terrane may

have been affected by the same thermgl overprint recorded by

~—

VANB4-17D in the Groswater Bay Terrane. thﬁrer et .al, propose that

Grenvillian inetamorphism in the Lake Melville Terrane culminated -
be tween 1026 and 1038 Ma. *
. The implications of the 1260 to 1240' Ma ages are at present not
‘:.

fully uaderstood. As mentlioned above, these -ages do not correspond

with any major thermal or cooling evet:t in eastern Labrad‘or.. Although
the ages are tentatively interpreted to date thermal resetting of the
argon at this time, the present data'do not provide an explanation to
suggest why‘theae pre—-Grenvillian ages were ;lot reget during anatexis

at ca. 970 My and 030 Ma in the Groswater Bay and Lake Melville

Terranes, respectively: Ho'wever, the "preservation” of these ages may

“t‘e\n'tative'ly suggest that the effects of the rate and timing of

!/

heating in the two terranes may have been quite variable during the
Grenvillian Orogeny. ' 7 .

The data from this study suggest that post—Grenvillian uplift and
subsgequent cooling through the retention temperature required for
h(IJrnblende in the Lake Melville Jerrane was attained immediately
following Grenvillian metamo;phism and anatexis at ca. 1030 Ma\aﬁd
continued until ca. 980 Ma, which 1s in accord with the\éta of
Scharer et al, However, the ages from this study iimply that the 'rates

of uplift and cooling were variable throug"f\out the Lake Melville

Terrane,




 6.5.4 Implications for Geothermobarometry

These results support the 1nterpretation!propoéed in Sectlion 4.4.3,
%n which-it haslbeen suggestea that geothermometry and geobarometry
estimates reflect the Grenvillian‘Orogeny. the ages recorded by
samples in the Lake Melville Terrane imply that these rocks were
heated above 500°C during the Grenvillian Orogeny. ,

Equilibration and resetting.;;mpef;tures of'severai of the mineral
phases and mineral pairs used in the geothermqbarometry calculations
have been studied by various authors. Tracéy et al. ¢1976), noté that
garnets which\are heated to temperatdres near or above the
sillimanite + K feldspar 1sograd (approximately 650°C) are
homogenized by volume diffusion which obliterates any pre-existing
c?mpositional zoning. Lasaga et al. (1971) suggested that the
temperatures of cation exchange of Fe and Mg between biotite and
garnet t%nge from 700°C down to 500°C. Plagloclase and alkali
feldspar homogenization is reported by Bohlen and Essene (1982) to
occur at temperatures of approximately 500°C. Essene (1981) notes
that the cation exchange in pyroxenes on the M1 and M2 structural
sites occurs rapidly above 600°C so that all information about prior

states (i.e. higher “temperatures) is lost. -

Thus equilibration.(or resetting) temperatures of several of the

minéral phases used in ‘the geothermobarometry analyses are in the

range of that requirqg to reset the "argon clock™ in horableande, so
it appears likely that the thermometry and barometry asseablages were
s - T ) ’

similarly reset during Grenvillian metamorphism (i.e T > 500°C)‘
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However, evidence of a 1260 to 1240 Ma thermal event, dmplied by two
isaqples from the study area in addition to eges recorded in the Mealy
Hoﬁntains‘(P.H.R Reynolds, persgnal comm., 1986) suggests that thi's
event was not effaced in parts of both theﬂGroguatef Bay and Lake

Helyilie Terranes during the Grenvillian Orogeny.

6.5.5 Origin of Extraneous Argon Components

Excess argén compopents in hoénblende appear to be present to some
degree 1in the majorityaof samples analyzed in the study area. Sample
VAﬁEZ’+&A‘;ecords a strongly discordant spectrum in which incremetal
dates systematically decrease during analyses, suggesting that exce;s
argon -components are inhomogeneously distributed ihroughout the
hornblende gtains.NSample VAN84~14B, howgver, displays a less

discordant spectrum in which incremental ages 1nc;ease{during the low

end intermediate temperature fractions with an apparent levelling-out

of the spectrum in the high temperature fractions. This suggests that

excess argon componeﬁts may only be present in the marginal zones of
the hornblende, and the core zones may contain only negligble
amounts. ;n sémples 17D, 23B, 22B and 21A teiativgly small amoants of
excess argon are present, on the order of 5 to lOZ,‘implie& by the
anemalous age‘ recorded in only ghe the lowest temperature
Tracg}on(s)o The very well defined total gas spectrum displayed by
.VAN84-32A suggests that the excess components are not ptgzent.

The source of the extraneous argon is not directly known. However,
Dallmeyer and Rivers (1983), whn recognized extraneous ;tgon

components in biotite and hornblende in gnelisses across the




Grenvillian.metamorphic gradient in western Labrador, note that
structural 1mbr1catio; during the Grenvillian Orogeny, was
accopplished while the allochthons ;ere maintained at elevated
temperatures. They Suggested that evolved 40,, mig;ated upward during
post-metamorphic'cooling, thus producing large and variable 40’.\1‘/36At
ratios uithin the intetétanuiar vapour phase, which subsequently
infiltra;ed biotite and hornblende lattices in structurally higher
(cooler) leveis of the nappe stack. A similar interpretation may be
applic;ble to the excess argon cpmpogsnfﬁwssgtiyed in the Sandwich

- Bay area. F?llowing the model of Dallmeyér and Rivérs, an& noting
that the effects of excess‘argon are most noticable in the Groswater
Bay Terrane,'it is possible that the Apheblan or Archean gneissic

basement, which is inferred to udderly the lithotectonic terranes in

eastern Labrador (Gpuét and Owen, 1984) evolved radiogenic aoAr

during Gtenviliéaﬁ uplift and imbrication. This evolved argon may
»

have migtated upwafd thus producing variable 4OAr/36Ar__tatios within
the intergranular phase. However, since no direct evidenc@‘nf this
basement has yet been foupd in the region; the interpretation for the )
origin of excess argon-proposed here is highly speculative.

In summary, 40Ar/39Ar ages recorded by samples VAN84~14B and 18A
atelinterpreted to besa,result of the presenc<¥9f largg quantities’bf
excess 40Ar‘components in h&rnblende. The strongly discordant Sp;ctra
displayed by.V{Naa-laA and 14B are the "classic” signature of large
excess argon components. The spectra of VANB4-17D and 32A are
tentatively interpreted to represent a th;rmal disturbance at 1260 to
1240 Ma, which is d}splay;d as a complete resetting by the very well

defined plateau of 32A and as a.partial resetting which is "masked”
4 ’ e
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by minor excess argon components in 17D. The implications of a 1260

to 1240 Ma thermal event in the Gremville Province, which is
evidenced by these age spectra In additf%n to similar ages obtained
in the Healy’Hounthiné ié at present not understood and additional
age dating appears to be required bgforé’any interpretation of suEh )
an event could be eﬁtaplished.‘ﬂodever, tentatively thé record of
these well-defined pre-Grenvilllgn'ages suggests that thermal
rewérking during the Grenvillian Orogen may haye been variable in the

Groswater hay and Lake Melvi{lle Terranes. Ages from the southern Lake

Melville Terrane suggest that post-Grgnvillién uplift and subsequent.

cooling ranged from immediately followiqg'Grenvillian metamorphism at

ca. 1030 Ma until ca. 980 Ma.
[
The origin of excess argon components in some ofv the analyzed
samples 18 interpreted to be a result of evolution and migration of

4OAr from the inferred gneissic basement during Greavillian uplift

and imbrication. €
.




CHAPTER 7

SUMMARY AND CONCLUSIONS

Recent improvements im understanding of Grenvillian geology in
Labradéf have largely been a result of the distinction betueen-theA
effects of pre~-Grenvillian and Grenviliian‘orogenic events. Previous
studies involved with the analysis of ﬁrenvillian features, 1in
particular metamorphic and structural relationships , were largely
speculative. - .

This study which focusses on the interpretation of the metamorphic
conditions ln.fe}ation to the Grenvillian and pre-Grenvillian
Orogenies in eastern Labrador, has involved principally; (1) the
determination of qqfntitative metamorphic P-T conditions on the basié
of co-existing mineral assemblages and'element”partitioning between
experimentally and empirically calibrated minefal equfliﬁria; and (2)
4OAr/39Ar fadiométric déting of hornblende concentrates with an

'
attempt at interpreting the extent of Grenvillian effects and the

metamorphic cooling history. .

The marked contrast in lithologic association, structural s{yle
and metamorphic grade‘bekween two recently defined iithotectonic
terraJLs in eastern Labrador has been:used és'a basis to distinguish
these terranes as parapgtochthonous and allochthonous units.

The northern terrane,;Groswater Bay Terrane, is characterized by
granodioritic to ;onhlif&c orthogneiss, diorite to quartz diorite, K

’

feldspar megacrystic and non-megacrystic granodiorite,

pyroxene-bearing granitoids, various mafic lithologies and minor
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gemi-pelitic paragneiss. The southern terrane, the Lake Melville
Tertane, is underlain by semi-pelitic p;tagdeiss and associated
sbpracruet;1 rocks, K feldspgr megacrystic granitoids, hornblende and
‘pyroxene-bearing granitoids, layered mafic 1;trusions and
I
granodiorite orthogneiss.
.The structural evolution of these two terranes centers on the

‘ . >
effects. of Grenvillian metamorphism and tectonism on pre-Grenvillian

features. A d;jot effect of the Grenvillian Orogeny in ea;tern
Labrador was to uplift and sI;ce,contrastingly older crustal blocks
with‘pre—crenv?llian histories into thrust _bounded units. Structures
in thé Groswater Bay Tefrane define a relativelyfsimple north-west to
east;west regional trend in which Labradorian fabricé-have be;n
variably reworked by Grenvillian deformation. In some areas NNE
trending fabrics, interpreted to be a rélict Labradorian feature,
have been preserved in a structurall} unmodified region zpereas‘
elsewhere Gremvillian fabrics predominate. In the Lake Melville
Terrane, a more complex sttuc;ural pattern 1s déveloped in which
pre-existing (Labradorian) fabrics have been sirongly reworked by
Grenvillian folding.

‘The Groswater Bay Terrame, 1s cha;agterized by the dévelopment of
upper amp?ibol%te facies metamorphic mineral assemblages of kyanite +
garnet + blotite + muscovite + plagloclase + K feldspar + quartz +

magnetite in pelitic rocks. Basic lithologies commonly contain garne}
T R

+ orthopyroxene + clinopyroxepne. A later post~Grenvillian lowest

amphibolite facles overprint of muscovite + quartz and hornblende +

chlorite + epidote assemblages is developed in paragneiss and mafic

rocks, respectively.




. i . ) [y
In the Lake Melville Terrane, paragneisses are charactertzed by

upper amphibolite to granulite facies assemblages of sillimanite +
o ] , .
garnet + biotite + ecordier{te. §hpphirine + osumilite + orthopyroxene .

-

assemblages are developed in contact metamorphic zones. Granitoid and

orthognesisses are characterized by biotite + garnet + hornblende +

orthopyroxene assemblages. Garnet + orthopyroxene + ciinopyroxene +
(hornblende) assem;lages are present in mafic lithologles.
Temperatures obtained from éarnet - blotite, clingpyr;xene -
5 orthopyroxene,vclinopyroxené - garnet and orthopyroxene - garnet - -
thermometers yleld estimates of 615°C to 874°C in the Groswater Bay
Terrane and.639°C to 973°C in the Lake Melville Terrane. Pressures .
dekiveq from garnet - plagloclase - A128105 - quartz, garnet -
¢linopyroxene - plagioclase - quartz and gatnet -.orthopyroxene - N

plagioclase - quarEz barometers are in the range of 9 to 12 kbar for
. o o
" the Groswater Bay Terrane and 6 to 10 kbar for the Lake Melville

Terrane, implying derivation from depths on the order of 30 to 35 km P

e

and 18 to 25 km, respectively., These estimates, on the basls of
microstructural and chemical relationships {n mineral assemblages,
are.interpreted to be a reflection of GrenvilliaqVmetamorphism. The ¢
pressure estimates are in disagreement with tﬁe regioﬁbl tectonic
framewprk proposed for the Grenville Province 1in eastern Labrador in
which the Lake Melville Terrane represents an exhumed deep level
allochthon which was transported northward over a higher crustal

level parautochthonous unit, the Groswater Bay Terrane.

Geothermobarometry estimates suggests that the Groswater Bay Terrane

was deriv;d from deeper crustal levels than the Lake Melville

- Terrane.
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The most-1likely explanation for this apparent “reversal™ of the
reglional tectonic framework as well as the distinct contrast in

me tamorphic pressures between the two terranes is that the relatively

. "low"™ pressures recorded in the granulite facies Lake Helviile
Terrane, reflect a later (1.e. lower pressure) re—equilibration of
barometers than in the Groswater Bay Tetrane. If thé Lake Melville
Terrane was emplaced-as a “hot" nappe than net tra.nsfer barometers
may have been ablé to re-equilibraht:e after thrust emplacement and in
‘fact to continue re-equilibrating during subsequent uplift, thus

o recording lower pressures than the maximum pressures attalned at

lower crustal depths prior tolemplacement. Similarly, 1f barometers .
in-the Groswater Bay Terrane reflect re-equilibration after
emplacement, than the relatively higher pressures record crustal
thickening <\iue to the overridring Lake Melville Terrane. ) -

On the basis of the geothermobarometry results, equilibrium
pressure-temperature paths have been constructed for the two
terranes. These curves are interpreted to represent a portion of the
re-equilibration path followed by both the Groswater Bay and Lake
Hel;rille terranes during Grenvillian uplift.

The P-T path for the Groswater Bay Terrane, implies that uplift
was nearly isothermal, and that decompression vwas accompanied by
minimal cooling during the early stages.'A similar P-T path is
i_nterpreted from the.Lake Melville Terrane, suggesting that

decompression and cooling in the Lake Melville Terrane followed a

similar path to that of the Groswater Bay Terrane.

These results imply that crustai thickening during the Grenvillian

Orogeny occurred by thrusting as opposed to magma addition at lower

-




138

crustal levels, which supports the regional structuyral framework of
transport by regional thrusting of the Lake Melville Terrane over -the
Groswater Bay Terrane. “

4oAr:/39Ar incremental rele.ase dating of hornblende concentrates
from the Groswater Bay and Lake Melville Terranes yieldeda variable
results in which ages range from pre- to post-Granvillian. Total gas
ages obtalned from discordant age spectra in the Groswater Bay
Tefrane are interpreted to be a result of significant components of

40,p,

excess A plateau age of 1260 +/-12 Ma recorded by one sample

from the Groéwa’ter Bay Terrane and‘a well-defined total gas age of

1241 +/- 3 Ma obtained from the northern Lake Melville Terrane
implies a resetting of the argon system in these samples at ca. 1250
Ma. However, this age does not correlate with any ‘previously known

event (tﬁermal or cooling) in the Grenville Province. In addition, if

*
0

the blocking temperature of hornblende ‘is ca. 500°C, 1t 18 not clear
why older Ar is retainre_ad in some samples 1{f the regional metamorphic
temperature estimates have a mi‘,nimum of"615°C. The significance of
these ages {s at pqtesen,t‘ not unders\tood, although the presence of
these ages suggests that thermal reworking during the Grenvillian
Orog;zny may have been quite variable, * ki
Samplles from the southern Lake Melville Terrane display relatively
well-defined age spectra ylelding plateau ages of 1070, 1020‘ and 980
) Ma'. These ages are.interpreted to‘ represent post-Grenvillian uplift
and subsequent cooling Follouing anatexis and metamorphism at ca.
1030 Ma. Although the first age 18 in excess of 1030 Ma, thé& iarge

error of +/- 50 Ma, suggests that it is within "btroad agreement” with

this age and is thus 1ntérpreted “to represent very rapid uplift




following Grenvillian anatexis and metamorphism. The southern most
samples which yleld the 1020 and 980 Ma are interpreted to result -
from slower post-G;gnvillian uplift and cooling through the retention
tempetature required for argon in the hornblende lattice.-

Alth;ugh a tentative Interpretation of the ext?_nf aud timing of
the, post-Grenvillian upli1ft and cooling history in the Sandwich Bay
" .area is proposed h'ere, 1t 15 'a;;parent the incorporation of additional

l‘oAr/”Ar dates on both hornblende and biotite 1s required In order

to more fully elucidate the timing of Grenvillian thermal and cooling

events,
»

These ' features indicate that the Grenville Province within the
study area has undergone an extensive l’netamorphiec and struct.ural
eyolution inv'olving uplift and subsequent imbrication of

* . -

pre-Grenvillian crust during the Grenvillian Qrogeny, The
implications of the tectonic framework and estimation of metamorphic
P-T conditions, together with‘the recent identification of

allochthons in west and central Labrador provides evidence of

slgnificant crpstal thickening during the Grenvillian Orogeny. Such

features have long been recognized as being a major component of

Phanerozolc orogenles and recently-appear to be applied to

evolutionary plate tectonic models of Precambrian orogenic belts.
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APPENDIX 1
PETROGRAPHY

Paragneiss

.
Groswater Bay Terrane

Paragneisses in the Groswater Bay Terrane are characterized by Lﬁe
assemblage: kyanite + biotite + garnet + muscovite + plégioclase + K
feldspar + quartz + opaéue (magnetite). Kyanite generally forms - 4
fine-grained aggregates which locally are pseudomorphed by retrograde
muscovite. In some samples botp kyanite and muscovite appear to

cd;exist, with no evidence for retrogression. Grain size varies from

0.1 to 0.75 mm, for relict kyanite and retrograde muscovite,

Secondary muscovites are generally larger in grain size ranging up to
3 mm in size.

In some areas, the main fabric, defined by muscovite, Is
crenulated, resultiﬁg in tﬂe development of a secondary foliation
axial planar to the crenulations. |

Garnets are characteristically subidioblastic, mauve to pink 1in
color and are u;ually specked with fine magnetite inclusions. Grain
size of garnets vary from 0.5 to 4 mm. Alteration is évident by the
development of chlorite along boundaries and within fractures,
usually associated with the breakdown of kyanite to muscovi;e.

Blotite occurs both as fine-grained inclusions within the larger
garnet porphyroblasts, and as fine - to medium grained subidfoblastic
Vlaths which define the dominant gneissic fabric. The latter biot{tes

are typically pre-garnet growth, although one sample exhibits
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pott-garnei blotite growth. Local alteration to chlorite along
cleavage planes and grain boundaries occurs.
K feldspar occurs as polygonal recry;tallized grains both in the .
restite and leucosome components. Grain size ranges-from 0.5 to 2 mm
in the leucosome and 0.3 to 1.0 mm in the restite. In retrogressed
assemblages, K.feldspar is locally'replaced by secondary muscovite.,
Plagioclase, 18 generally fipe-grained (0.5-2 mm) and strongly -
recrystallized with the dévelopment of straight boundaries and
triple-point textures. | ‘

Quartz occurs as 0.5 to 2.5 mm polygonal grains along with

plagioclase and K feldspar in the leucosome component.,

Lake Melville Terrane

ParAgneissea in the Lake Helvilie Terrane exhibit a more variable
mineralogy compa?ed to those in the Groswater Bay Terrane.
Sillimanite + K feldspar + biotite + éarnet + plagloclase + quartz +
opaque (magnetite) is the typical assemblage but cordierite +V
saﬁphirine + hypersthene + sillimanite assemblages occur in
anhydrous, granulite facles paragneiss.

Sillimanite is present both as medium grained prismatic grains and
as fine Eo very fine grained fibrolitic aggregates. Three samples
immediatgly south of the Rigolet thrust zone exhibit relict kyanite
grains pseudomorphed by later prlsmatic sillimanite.

Garnets in psammitic gneiss are characteristically mauvé in color

in hand ‘specimen, in pelitic and semi-pelitic gneilss the color ranges

from colorless to light pink. Grain size varies from fine-grained
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idioblastiq phases, ranging from 0.5 to 2 mm, to large porphyroblasts
up to 5 mm in diameter. Loéally alteré;ion to chlorite occurs,
specifically where gnelsses are associated with fault zénes.

Biotite ramges from light to reddish ‘brown in color and varies
from very fine-grained (< 0.3 mm) up té 1.0 cm, Chloritization occurs
ln zones of faultiné and thrusting.Biotite forms a major coméonent in
restite layers and less significant in leucosome, possibly as a
xenocrystic phase. .

Cordierite occurs as porphyrobla;ts up to 4 mm in size and is
characterized by abunq?nt.inclusions of sillimanite, biotite and
magnetitg.

K feldspar occurs both as fine polygonal grains in restite layers

along with sillimanite, biotite, garnet and magnetite and as fine to

-medium grained polygonal aggregates in the leucosome component.

The leucosome phases quartz, plagioclase and K feldspar occur
predominantly as strongly recrystaliized subgrains with well
developed equilibrium textures, Relict porphyroclasts of these phases
are common and generally exhibit serrate grain boundaries with mortar

texture development.

4
Mineral Assemblages in Paragneisé Samples

Groswater Bay Terrane

CG81-749B gar+bio+kyn+musc+plag+ksp+qtz+z1r+tour+sph+mag.
CG81-756 blotgar+kyn+plag+ksp+qtz+chl+mag.

GF81-16 gar+bilotkyntmusc+chl+plag+ksp+qtz+mag. ‘

GF81-18  gar+bio+kyn+musc+chl+plag+ksp+qtzimag.




GF81-23 gar+blo+kyn+(musc)+plag+usp+qtz+mag.

<

VOB1-77A blo+gar+kyn+(musc)+plag+ksp+qtz+mag.

. VAN84-16E gar+blot+kyntmusc+ksp+qtz+plag+mag

~ Lake Melville Terrane

VAN84-12N ga.:+hio+sill+plag+kap+qtzmég.
VAN84-12H gar+blo+sill+(chl)+plag+ksp+qtz+mag.
VAN84-34A gar+b.1.o+sill+plag+l.<sp+qtzmaé. )
VAN84-36 grar+bio+sill+(musc)+p1ag+ksp+qtz.
VN84;35B gar+bio+silll+p1ag+ksp+qtz+mag.
VNB84-102 ga‘;:+bio+sill+plag+ksp+q tz+mag.,
VNB4-150 gar+blo+sill+plag+ksp+qtz+mag.:
VN84-338 ‘gar+bgo+sill4plag+ksp+qtz-hnag.
CG81-~148 ) gar+f>io+sill+plag+ksp+q tz+mag.
CG81-155 gar+bio+sill+piag+ksp+qtz-Hnag.\
CG81-1708B gar+blo+sill+[kyn]+[cord]+plag+ksptqtz+mag.
CGB1-239 gaf+b16+sill+[kyn]+p1ag+ksp+qtz
CG81-285 gar+bio+sill-'l-opx+plag+ksp+qtz+mag.‘
CG81-476 bio+gar+sill+plag+ksp+qtz+zir+mag.
ACGS'1-479 bi(.>+gar+sill+plag+ksp+q tz%-mag.
GF81-141 gar+blo+sill+plag+ksp+qtz+mag+sph.

GF81-235B gar+bio+sill+plag+ksp+qtz+mag.

VOB1-518 blotgar+sill+plag+ksp+q tz+nag.

] - metastable phases

) - retrograde bhases




Mafic rocks

Groswater Bay Terrane

v

Mafic rocks and assoclated 1ithologies {n the GBT are characterized
by garnet + clinopyroxene + orthopyroxene assemblages. Amphibole

(hornblende) locally occurs as retrograde. subidioblastic

e ‘
po;phyroblasts as well as thin coronas around cpx and opx grainms.

Garnet 1s generally fine-grained (6.2 to Imm) with xenoblast1c~ grain
shapes. Cpx and/op/x commanly eihibit moderate to strong o
recystallization textures although large relict crystals partially
altered to hornblende do occur. Plagioclase and quartz occur both as
relict porphyroclasts and moderately rec‘rystallized subgrains in the
matrix. Opaque minerals generally occur‘ as small (0.2um) xenoblastic
grains assoclated with orthopyroxene and clinopyroxene

Lake Melville Terrane

In the Lake ﬁelville Terrane clinopyroxene + orthopyroxene + garnet
assemblages are predominant."Cpx_ and opx gfains are generally
strongly recrystallized to fiﬁe subgrains with weil developed
equilibrium textures. Garnets OCCUL.' as porphyroblasts up to 3 mm as
well as r;ecrystallized subgrains associated with cpx and opx.
Hornblende 1s a relatively minor mafic phase which occurs
predominantly as fine recrystallized grains and as thin alteration
rims arouﬁd ¢px and opxr.Plagioclase aﬁd quartz occur as relict

porphyroclasts and as fine subg:alns. Opaque phases occur as fine
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xenoblastic grain’s commonly as inclusions within orthopyroxene and

clinopyrotene

v

Mineral Assemblages in Mafic Lithologies

Groswater Bay Terrane _ e

V081-89A opx+gar+(hbl)+bio+plag+qtz.

CG81-366 cpx+(hbl)+gar+blotplag+qtz.

CG81~641 opx+cpx+gar+plag+qtz.

CG81-811B opx+gar+(hbl)+biot+plag+qtz.
" Lake Melville Terrane

7

CG84-362 opx+cpx+gar+(hbl )+pla§+q tz+mag.

CQBA-lOb opx+cpx+(hbl)+plag+qtz+mag.
CpBl;foBBA cpx+gar+hbl+plag+qtz,
GF81-121 opx+cpx+hb1.+bio+plag+qtz
GF81-222 gar+cpx+hbl+olv+plag+qtz. -
GF81-244A gar+opx+cpx+plag+qtz. |
GF81-21;6A gar+cpx+biotplag+qtz. ' ’ /‘

vo81-188 opx+cpx+gar+hbl+piag+qtzk

VANB4-19 opx+cpx+plag+k sp+qtz+hbl

VANB4-431 opx+cpx+gar+blo+plag+qtz

VN84~229 cpx+gar+plag+qtz+mag. ‘ - §

VN84=534 opx+c px+p1‘ag +qQ t z+mag.

( ) - retrograde phases













APPENDIX 4

ACTIVITY-COMPOSITION RELATIONS
Activity-composition relationships for garnet, plagioclase,
orthopyroxene ‘and clinopyroxene solid solutions presented below were
used in all thermobarometric calculations and can be referred to for

the following discussion of geothermometers and geobarometers in

Appendix A.4
GARNET

2 3
Ypy = exp ((3300-1.5Tp) * (Xg, X )Xo +X, X,) / RTy ]

_ + 3
Xgr = exp ((3300-1.5Ty) * (Xpy Xa1Xpy+Xp Xoo) / RTy ]
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Xpy.* ¥ py)

3

(ge * Y gr)
Ca/Fe+Mg+Ca+Mn garnet

Fe/Mg+Ca+Fe+Mn garnet

Mg/ F"e+ Ca+Mg+Mn garnet

Hn/Hg+Fe+Mn+C§ ga:né t




PLAGIOCLASE

an = €xpl(Xop? (2025 + 9442%,.) / RT¢ |

E 2
3gn = (Xgp(1+Xg,)* / 4 * Yan

X . =+Ca/Na+Ca+K in plégioclase

/A

an

ab = Na/Ca+Na+K in plagloclase

PYROXENE

XHS * ng in opx \

Xyg * Xea in cpx

B

Mg/Mg+Fe

Ca/Ca+FetMg




APPENDIX 5

GEOTHERMOMETRY - GEOBAROMETRY METHODS

A.5.1 Exchange Thermometers

A.5.1.1 Garnet - Biotite }

Experlmental and theoretical calibrations imply that the Fe~Mg
distribution between garnet and biotite, expressed as
Kp=(Mg/Fe)ga/(Mg/Fe)bi, 1is a temperature sensitive equilibrium
affected only to a slight degree by pressure (Saxena, 1969; Thompson
1976; Goldman and Albee 1977; Holdaway and Lee 1977; Ferry and Spear
1978). This expression of the distribution coeff;cient applies to
solid solutions which are.ideal. In natural rocks, however, the .
presence of other elements commonly results in a departure from
fdeality in both garnet and biotite solutions. In recent years,
detailed thermochemical work has led to the derivation.of activity -

’
conposition relationdhips in solid solutions, allowing geothermometry

-
calibrations to approximate more closely the thermodynamics of
. naturai systems (Plgage and éreenwood 1982; Hodges and $pear, 1982
Indares and Ma;tignole, 1984 and Hodges and Royden, 1984).

The exchange reactidn is:

. bear /

Thompson“s (1976) caliﬁration 1s based on empirical derivation from
independent teméerature estimates of natural assemblages. He combined
compositional data on AFM assemblages with avallable experimental and

thermochemical data la order to provide a pressure-temperature




calibration of continuofs reactions. The derived equilibrium

expression {s:

\

0 = S444.2 - 3.100T(°K) + .0465P(bars) + RTlnK

where K = (Fe/Mg)garnet / (Fe/Mg)blotite

Although the effects of non-ideality are not specifically

accounted for in this model, since the calibration is based on
natural assemblages the effects of additional components i{s probably
minimized. Thompson- notes a +/- 50°C error with the use of the
calibration.

The Ferry and Spear (1978)>ca11bration is based on experimental
work in the purely binary Fe-Mg system between synthetic
anni te-phlogopite and almandine-pyrope. The distribution of Mg and
Fe, 1Is therefore taken to be ideal. Thelir caliBration 1s expressed

as.

0 = 12454 - 4.662T(°K) + .057P(bars) + RT(K)1nK

a

where K = (Fe/Mg)garnet / (Fe/Mg)biotite

' The ‘applicaticn of this calibration to natural systems is limited
in that the compositions of natural ‘garnet and biotite deviate
significantly from the model binary Fe-Mg solutions. As a result of
this restriction this calibration has been criticized in the

literature, in particular for not'taking {nto account the




substitution of Ca and Mn in the garnet structure, hepce ylelding

systematically low tempeatlares. The authotg state fhat the
thermometer has a ani@um practical resolukion of approximately +/-
50°C, which corresponds to the error in temperature that results when
+/- 0.01 errors in the determination of molar compositions of
components in garnet and biotite are propagated thropgh the equétion.
Hodges_andASpear (1982) preseunted an improved calibration i{n which
a consistent set of solution models were derived. In their approach
they applied the Ferry and Spear (1978) thermometer to gafnet -!
biotite - plagioclase - Al,8i05 - quartz bearing assemblages near the
A125105 tr}ple point, to derive activity - composition félationships
to account for the.non—ideality in garnet and plagioclase solid
solutions. The results of’;heir study concludéd that only pyrope -
grossular mixing in the quaternary gdtnet system fs significantly ‘
non-ideal at triple point conditions. Applying the non-ideal

solutions, the equilibrium constant for the garnmet-biotite

thermometer becomes:

R =[x, 003 (%,,00 3] % [Y,,13

(o) (X131 % [ Y4103

where xpy = Mg/Mg+Fe+Ca+Mn and Xg1 = Fe/FetMg+Ca+Mn
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They state that there 13 a close agreement betyeen calculated an:i
observed temperatures (+/—>70°C) and in addition the- caleu‘at
equilibration t,emperat:ures are 1independent of ‘composition

Uells {‘1979 calibration is a semi-empirical formulation .derived
from avallable experimental data for the diopside - enstatite

miscibility gap. The solubllity of Fe?* 1o the pyroxene solution has

been calibrated empirically using experimental data for

-multicomponent pyroxenes. The derived equation which reproduces the
miscibility gap over a wide range of temperatures i{s apparently .
applicable to aluminous pyroxenes with A1203 up to 1{0 weight per

cent. The equation is expressed as:

T. 7341

©3.355 + 2.44Xp, - 1n(ayfy / ayf)

Hells noted that providing the composition and equilibration
conditions lie within the calibration range, his calibratidn should

produce tesults uhich are accurate to within 70°cC.

_A.5.1.3 Garnet - Clinopyroxene

.

,

" The temperature dependence of Hg -Fe exchange between garnet and
clinopyroxene has long been recognlzed as a poteatial geothermometer.
Several workers (Bymo and Hatsui 1965; Essene and Fyfe 1967; Banno
1970; Mysen and Heler 1972) noted the correlation between the

distribution coefficient (KD) for the exchange re,action'

.




Hg3Al 2812012 + 3CaFeSiZO6 = Fe3AIZSi3012 + 3CaH381206~

In recent years, additional studies have béen conducted to
evaluate the importance of various compositional pa;-afneters to Ky and
to experimentally formulate garnet - clinopyroxene thermometers over
;1 wide range of P-T-X conditions. Ellis and Green (1979)
experimentally calibrated the effect of Ca on the distribution
coefficient basedv on crystalilzation oflgarnet - clinopyroxene
assemblages in the system CaQ0 - MgO - FeQ - Al,0y - 510,. They noted
that the effect of the Ca component 1is due r.‘o ‘a combination of
non~ideal Ca-Mg substitution between garnet énd clinopyroxene. .Fhe

expression they derived is:

T = [3104)(1;e + 3030 + 10.86P(kbar)]

In{ (Fe/Mg)ga/ (Fe/Mg)epx] + 1.9034
where Xp, = Fe / Fe+Mg in cpx.

A.5.1.4 Garnet - Orthopyroxene

The exchange of Fe and Mg between garnet and orthopyroxene has heen
recently calibrated by Sen and Bhattacharya (1984) based on the

reactlon :

3MgS105 + FejAl,5130;, = 3FeS10; + MgqAl,S130,,

In this application, the brthopyroxené solution {s- taken to b@

]

e

























APPENDIX 6

MICROPROBE ANALYTICAL PROCEDURE

'

All mineral analyses used in geothermobarometry calculations were
conducted at the Department of Earth Sciences, Memorial University
of Nfld, using a fully automated JEOL JXA-50A wavelength dispersive
electron microprobe with Krisel control, equiped with three

spectrometers and a Digital Equipment Corporation PDP-11 computer

with teleprinter. The microprobe was operated with a beam current of

22 nanoamps and an accelerating voltage of 15 kv. Counts were made
for.30 seconds or ti a maximum of 60,000. Beam diameter was set for .,
1-2 micrometé:sﬂ Bence-Albee corrections were employed in data
reduétion, and analyses were performed using a vartety of calibration
standérds. The majority of analysés were calibrated with the "FCPX"
clinopyroxene standard. This standard, among others, was analyzed
routineiy during operation of the microprobe. Since microprobe
analyses are unable to distingdish ferric from ferrous iron, total
iron in all analyses is expressed as FeO. |
For each geothermometry - geobarometry assemblage, between '3 and 6

analyses of each mineral phase was perfqrmed to assess the
compositional consistency of co-existing phases.‘within each polished.
thin section, ;nalyses were carried out both on mineral phases in

" contact as well as. grains which were.sgp;rated generally by 2 - 3
grains, to assess possible discrepencies due to local retrograde

re-equilibration between minerals in contact. Each grain was analysed
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an average of 4 times, genérally performed as 2 core and 2 - 3 rim

spot analyses. Point analyses were performed on mineral grains and

" mineral pairs which exhibited both textural andcchemical equilibrium
to minimize possible analyses of disequilibrium relationshipsﬁ
Analyses from each assemblage, using rim analyses, were utiliz;d to

compute P-T estimates for each sample
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APPENDIX 7
) ' ‘ .

40,r /392 r RADIOMETRIC DATING PROCEDURE

AoAr/39Ar radiometric dating analyses were carried out in the
Department of Physics at Dalhousie University under the aupervision_
of Dr. P. Reynolds and Mr. K. Taylor. Irradlations were performed 1;§
the McMaster University nuclear reactqr. Samples were wrapped
individually in aluminum foll and arranged in a vertical ‘stack inside
a cadmium shield with an aluminum irradfation cannister.
Interdispersed among the samples were 9 standards, either the
laboratory standard NS 231/232 (Reynglds et. al.,1973) or the widely
distributed hornblende standard MM Hb-1 (Alexander et.al.,l1978). The
J vaiue appropriate for a given sample was interpolated from values
obtained from the standards.

Samples were outgassed in a step-wlse fashion in a quartz tube
placed inside a Lindberg tube-type furnace, which is connected
on-line to the mass spectrometer. Temperatures were precisely and
;ccurately maintained by a thermocouple-controlled regu}ator. Heating
steps were approxlmately 1 hour in duration. Extrécted gases cleaned
by means of a titanium "getter™ operated at 600°C were subsequently
analyzed by a substantially modified MS 10 mass spectromeier
(operated in the static mode). Data aquisition and sabsequent
analyges were carried out automatically under the control of‘an Apple -
Ile computer. Decay and isotopic constants are those suggested by

Steiger and\Jaget (.1977). Correcticns for interferring isotopes were

”




S

made on the basis of correction factors determined for the McMaster

University reactor by York (personal communication to P.H.Reynolds,

1984).
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APPENDIX 8.1. Compositional parameters of garnet-biotite and
plagloclase rims {n paragneiss.

Garnet Biotite Piggioclaae

2

Sample # Mg/Mg+Fe XCa XMn XFe Mg/Mg+Fe Xan Xab

CG81 148 . 1648 .0432 .6634 L4775 .3719 .6254
CG81-155 . 2655 .0418 .6003 .6178 .4246 .5698
CG81-170B .2919 .0323 .6523 .6009 © . 4537 .5410
CG81-239 .2301 .0517 L4778 <3717 .3835 .6129
CG81-299A .1547 .0759 - .5891 .4385 .3182 .6789
CG81-476 .1826 .0923 . .7050 .5033 .4238 .5712
CG81-479 .3159, .054y . ' .7209 .5302 .4996  .5003
CG81-749A .1661 .0661- 6472 .4435 .2656 .7213
CG&1-756 . 1808 .0546 .5898 . 5544 .3913 .5998

GF81-16 . 2662 .0593. .3837 .6426 - .3045 .6846
GF81-18 L2144 .0639 <4412 .5983 .3287 ".6698
GF81-23 .3199 - .0522 .3967 .6863 .3312 .670%
GF81-~141 .2014 .0345 .7635 . 4903 .3855 .6102
GF81%235B .1506 .0386 .7562  .3893 .4379 . .5587

VAN84-12H ~ .1228 .0591 .6288 .4015 .3818 .6133
VANB4-12N .1999 .0376 : .6782 .5348 .3994  .5987
VANB4~16E. . 2205 .0610 7204 .3968 .5976 .2605 .7320
VANB4-34A .2965 .0325 .5864 .5809 .3676 .6310
VAN84-35B ,3510 .0439 <3295 .6498 +3200 .6720
VANB4-36 .2927 7 .0421 .5499 L6115 .4194  .5710
VN84-102 .3014 L0134 .5890 .6569 <4145 .5745
VN84-150  .1437 .0242 g .4270 .3867 .2020 .7898
VN84-338 . 3316 .0236 L4263 .6942 .1963 .7984 -

VO81-77A  .2460 .0896 L4862 .5509 L2193 ,7765
V0o81-518  .1475 ° .0392 L7131 L4356 \ 2571 .7410

X;(garnet) = {/Mgt+FetCatin
Xi(plagioclase) = 1/Ca+Na+K




T
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APPENDIX 8.2 Compositional parameters of garnet - orthopyroxene - clinopyroxene
) /and plagioclase in mafic rocks.

)

Sample # "Garnet . ' ) " Cpx Plagioclase

Xal Xpy , Xgr XMg XFe Xan Xab

CG81-366 .5398 .1637 . -.0153 .5928 .3021
CG81-488A .6257 .1694 . .0494  .5399 L3724
CG81-641 .6487 .0447 . . - "}.0061 .2871 .0646
CG81-811B .5074 .2871 - - .3545
CG84-362 .5269 ..2901 . 011 . L0448 .S?AS . 3888

GF81-222 .3913 .3933 . . - . .0426 5138 .6532
CF81-244A .3893 .4423 . . . .0996. .5813 .7046
GF81-246A .5292 .2696 . .l ‘ . . .0324 ° . 4802 .3969

- VO81-89A .5119. .2790 . - - '\ .2719
VO81-188 .4599 .3844 4 . > . .0024 .5299 4827

VNB4-229 .6858 .0892 . . 4¢ .2598 .0346 .5178 . 4387
VN84-431 .5848 . . . . . .0323  .5222 .3663

CG84-100 - : . . - .0468 .5662  .4563
Grgl-121 - . . 0263 .5093 . .4760
VANB4-19 - - . . +.0319 .5210  .4044
VNB4-534 - ' - . . .0471 5399 .4567

Xi(garnet) = i1/Mg+Fe+Ma+Ca
X (opx) = 1/Mg+Fe
Xi(cpx) = 1/Mg+Fe
Xi(plagioclase) = {/Ca+Na+K




APPERDIX 8.3 Activities of garnet - plagioclase - clfnopyroxene -~ orthopyroxene
-and plagfoclase in mafic rocks. .

Garnet . Plag

Sanple f . asr ﬂpy aan . adl ﬂfs aen afs

TG81-366  .2926 .3419 .4951 .5928 0025 . - -
CG81-488A .2013 .2994 .4752 .5399 .0083 - -

CG81-641 .2502 .0582 .0588 .2871 -0197 .0568 .4717
CG81-811B .2197 .3152 .4523 3605 .1343

CGBA-§§2 1967 .3336 .4951 .5945 .0051 .4063 .1183

GF81-222  .2596 .4331 .7083 .5138 .0043 - -
GF81-244A .2059 .4688 .7171 .5813 .0035 .6119 .0311
GF81-246A  .2127 .2976 .5091 .4802 -0067 .3588 .2601

VO81-89A  .1979 .3066 .3375 - - .3601 .1161
vo81-188  .2031 ° .4199 .4790 .5299 .0003 .4536 .0885

VN84-229 .2410 .2571 .3529 .5397 .0064 - -
VN84-431 .2076 .2295 .4591 .5222 . .0070 . .1827

CG84-100 - - - .5662 - .0078 .2164
GF8l-121 - =~ - .5093 .0084 .2357
VN84-19 -- .5210 .0094 .2333
VN84-534 : .5399 .0058 - .1289

: -
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APPENDIX E‘ls\-gqmpoéition of hornblende samples used in AoAr/”Ar '
dating. Hornblende structural formula calculhted on the
basis of 23 oxygen atoms. . .

. —

L
'

17D 184 . 148 324 ° 23B 22" 21A

Na,0 1.72 1.43 175" 1.82 1.54  1.64 1.53
n35 11.46 10.53  9.07 10.27 12.84 10.82 11.36
Al,0; 11.04 10.95 11.16  11.65 9.84 10.22 10.53
10,7 . 42,12 42,617 . 41.90  42.13  43.69  42.64  43.23 .
K,0 1.43 1.52 « 1.05 -1.38 1.19 1.07 1.10
caQ .11793 12,01 11.69 11.78  11.59 '11.35 —11,67
10, ¥ .58 .65 .73 .92 1.04 .89
cr.by . .07 _ .03 .04 .05 .09 01 .03
¥n .21 - .30 .20 .18 .19 .33 .27
FeO 14.63 15.75 18.51 14.35 13.20 16.52 15.35

\

T‘otal' 95.14 96.00 95.73 94.29 95.41 95.56 +96.07

Y : .
Na,0 451 .40 \.427 436 .534° 456  .472
Mg% 2.625 - 2.432 2.097 2.298 _2.901 2.479 2,620
AL,0; 1.999  1.876 2038 2.132 I.757 1.851- 1.934
s16,"  6.474  6.576 6.497 6.489  6.625 6.562  6.583
k0T . .279 .285 .205  .267°. .227  .208  .214
¢a0 1.962  1.993 1.938 1.952. 1.882  1.896 1.932
740, .08l .069 .073  .086  .102 - .117  .095
o .004 .002  .004  .005  .009 - .003
Mn .027 .032 .022 .020 .022 ,022 .019
FeO - 1.876 2.101 2.397 1.832 1.673 2,122 1.974

Total '15.779 15.797 15.699 15.517 15.731 15,704 15.846

~—
-
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Minerals: GNT

—&xygen Basis:

APPENDIX 8.5  MICROPROBE ANALYSES

Garnet

Biotite

Plagioglase o — : :
Cordierite . L'"\: £
Or thopyroxeme ° - P .
Clinopyroxéne o .

Rim of grain
Core of grain,

Average of several grains
S sret L

Garnet -~ 12

Biotite - 22 ) -
Plagioclase - 8

Cordierite = 18

Orthopyrioxene - 6

Clinopyroxene - 6

¢ - 182
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