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ABSTRACT,
J
‘ .
In the Sagiek Fiord area, northern Labrador, sediments of the Lower

Proterozoic Ramah Group occur as a north-trending fold belt which

N Y

ovérlies the bgundatr between .the Nain Province to the east and the
C.hurcﬁill Province to the west. The Nain !;rovince ,“ a polycyclic
Archaean gr;eiss complex, consisting of tonalitic- to granédiorit.;c
gneisse.s‘ with remnants of supracrustal sequences. Thé metamorphic grade
.varies from amphibolite to granulite fac'ies. In the Saglek area, rocks
in ;he Chur;c.hill Province are mainly Archaean gneisses thoroughly
reworked in a major north—-south oriented transcurrent sinistral shear
~zone., Three tectonically juktapo(ged north:trending lithotectonic
terranes can be diqtinguiahed in the Churchill P;'c;vinee (from east to
west): the Amphibolite Facles Terrane‘(AFT), the 'Gfanulite Facft.a
Terrane (GFT), and the Tasi.uyak Terrane (TT).

The sediments of the Ramah Group were deposited unconformably on

6
&

the pene_plained Archaean basement, as evidenced by a well preserved
regolith and basal conglomierate.: Subsequengly, thé Hudsonian Orogeny
rcaused deformation and metamorphism of the Ramah Group.

Two thermotectonic events of Proterozoic agé can be distinguished )
in the Saglek area. Using Proterozoic dykes (2300-2400 Ma) as time |

markers, the structural evolution can be subdivided into “Early

Proterw%c" and "Hudsonian” orogenic evénts,. The Early Proterozoic
vy 1

orogen characterized by transcurrent .shearing and counterclockwise -




rotation o.f .structures into pétalleliem with the north-sputh oriented ‘
‘sinlltta"l sfneu; zone. Prptérozolc dykes clearly demonstrate the
- rotation; these ar._'e east-yéet oz;lefxtéd in the Na; Province, and rotate
towards a n?rth-south orientation in the AF_’P an& GgFT. The GFT, TT and
.mos;: of the AFT are ldcar.ed within the s.hear zone, anci are |
L S characterlzid by weli developed subhorizontal mineral(lineations and
steeply west~dipping 'planér (mylonitic) £6liations. Rocks in 'the GFT
and IT 'a;e Ain granulilte'facie's\and are interpreted to correspond to
B the deeper levels of a major ’shé’;r__ zone, while the AFT, imr amphibolite
facles, feprqse;xts a higher 1eveq.. The Ramah Group does not posses any
structural ovgrpr'ints attributable to thé transcurrent shearing, and
deﬁogition {s thus believed f:o post-;date Early Préterc;zoic‘ ' '

N
thermotectonism,

During the subsequent Hudsonian Orogeny, which is characterized by

: - . an east-west oriented compressive tectonic regime, east-directed
: R .

thrusting caused a reversal of the metambrphic sequence established in

the Early Proterozoic shear zone. Rocks of the GFT and TT were thrust
A - ~ o :
eastwards over the AFT, which in turn was thrust over the Ramah Group

causing deformation and metamorphism of the sedimentary sequence.
B’etrographic and thermobarometric studies of Early Proterozoic

. 4 nineul' au'eqtblagéa in the GFT and TT show that evidente of both peak

) . - ’
metanmorphic conditions and subsequent decompression reactions is pre-—

-~

° \  served, Highest P and T (10 kbar and 800°C) are recorded by cores of
. . . . N -
,coexil.ting minerals in equigranular aggregates, whereas rims record va-.
N . N — . - .
1?‘(1{3 degrees of post-peak re-equilibration. Substantial decompression

accompanied by only minor cooling (10 to 5 kbar and 800 to 650°C) is '

shown by symplectites developed at garmet rims and between garnets a‘nd (




- ' ‘ ’ . iv

clinopyroxenes. These~synplectites‘developed during erosfon and uplift

inmediately following the tatly Proterozo}c tectonothermal event.
Hudsonian metamorphic effects are restricted to the‘rockl of the
Ramah Group and to minor retrogresaiop;qg assemblages in the AFTi
Microstructural ev;dence suggests ;hat the metamopphic pafageneses
observed in the Ramah Group formed d;ring § single ﬁe:ghorphié event.

Hence the variations along the present erosional level represent a
. ’

"me tamorphic field gtadiént"; H;tamorphic grade in the Ramah Group

increases from east to west and from north to south; the highest grade
L] .

1s recorded south of Saglek Fiord and corresponds to ca. 6509C/6.5

kbar. - _ , : '

t

Key words: Labrador; Saglek areg; Archaéan-Pro{erozoic boundary; Early

.Proterozoic transcurrent shear zone; Hudsonian Orogeny; granulite

faciesr'amphtbol{té‘faciesr"geothermdmetry;‘geqbarometry; decoméresaion

reactions; symplectites; Ramah Group - o (
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CHAPTER 1

"INTRODUCTI ON.

1.1 PURPOSE AND SCOPE

The Archaean-Proterozoic boundary throughout the world i{s characterized
by dramatic contrasts of a lithological nature. For instance,
platformal and continental margin sedimentation becage widespread in
the Lowef Proterozoic, implying the existence of major continental
masses for the first time, stromatolite reefs fringed many of these

continents, and lagoonal deposition of limestone was widespread (e.g.

Windley, 1977). Differences between the chemistry of Archaean and

Proterozolc clastic sediments have been interpreted to r;fleét
differences in the conpogitgon of the exposed crust (e,g. Taylor &
Mclennan, 1985). Major changes in orogenic style also occurred at the
end of the Archaean.-eon, and several authors are of the opfnion that
many Proterozoic orogens can be interpreted in terms of modern plate
tectonic models, in contrast to those in tse Archaean (e.g. reviews in

Windley, 1983; Kroner, 1983, 1984). For instance, the development of




numerous Proterozoic "straight belts” (Watsonm, 1973) is believed to
reflect the relative motions of large scale crugta! plateé; and current
models for several Lower Proterozoic belts in Canada (e:g.,{he Wopmay
— Orogen (Hoffman, 1973), the Labrador Trough (Wardle & Bailey, 1981))
imply that these are collisional orogens. Based on arguments of

decreasing radiogenic heat-production (Lambert, 1976), increasing size

of convection cFlls (Fyfe, 1976), and a declining geothermal gradient \\h
(Tarling, 1980), the Archaean-Proterozoic boundary }s believed to mark

a change in global tectonic regimes characterized by the stabilization ) ‘ﬁ\f“
of large segments 6} sialic crust in the Proterozoic in contrast to s

much smaller crustal segments in thg‘Archaean.

The present study is concerned with the Archaean-Proterozoic
boundary in the Saglek Fiord area, northern‘Labrador, where the
abundant outcrop has been utilized to study structural and particularly

metamorphic variations ‘across the transition.

When my fleldwork started in 1983, the distribution of the
dominant lithological units in‘the inner parts of Saglek Fiord areal;as
well-known fromrthé mapping of e.g. Morgan (1975), Ryan et al. (1983)
nnd_wardlé (1983) (see also section 1.4). The 1:50000 geological map
1478A Bears Gut - Saglek Fiord (Morgan, 1978a) pubiished by the
Geological Survey of Canada covers the area north of Saglek Fiord And
provided an excellent basis for part of the present study.

At the ?tatt of this study, the ingention was to study the
ltruéturnl‘and metamorphic nature of the Archaean-Proterozoic boundary

"in the Saglek Fiord area. Most previous workers believed the area to

represent the eastern margin of the Hudsonian Orogen, characteriz;d by .

a structural and metamorphic gradient increasing from east to west.

\




with this background, several structural and metamorphic aspects were

selected for more detailed sfudy in the field (see Fig: 1.2.1 for

geographic references). These included:

1) the regional structural ;nd metamorphic variation in the Ramah
Group and adjacent gneisses., These studles were to be carried
out in key cross-sections north and scuth of Saglek Fiord.

2) the nature of the relationship.between amphibolite facies and
granulite facies gneisses of the Churchill Province. The

sections exposed along the shores of Saglek Flord were selected
. e

~

<
for these investigations.

3) the counterclockwise rotation of Proterozoic dykes in the
Nain/Churchill boundary region. This rotation, which 1s clearly
displayad on the map of Morgan (1978a), is well developed in
the amphibolite facles gneisses in the Lake Kiki area, north of
Saglek Fiord. The deformation episode responsible for this
rotation ﬁae believed to have played an important role in the
tectonic history of the area.

As a result of the very short field seasouns (section 1.2), the
struct;ral agpects of the Archaean-Proterozoic b;undary were not
examined in as much detail as hoped and antic%pated, and hence
me tamorphic aspects take up yost of thi; thesig. The structural
framework and chronology set up in éhapter-3, although not as well
documented as intended or desired, nevertheless provides a framework .

necessary for the establiehment of the metamorphic history, described

~ in chapters 4 to 6.
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Fig. 1.2.1 Geoclogical and geographical indekx map of the Nachvak
Flord-Hebron Fiord area, northern Labrador, showing
localities mentioned, in text. The Box shows the location
of Fig. 2.1.1. The areas where work was concentrated
in this study are also shown. "MZ72" indicates the loca-
tion of the cross-section sampled by W. C. Morgan
(GSC) in 1972. Geology compiled from Morgan (1975, 1978),
Taylor (1979), Ryan et al. (1983), Wardle (1983) and
Ryan et al. (1984). ) .
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The focus of the study is ;hus on the establishment and
characterization of lithotectonic terranes in the Saglek area,
fncluding their structural and metamorphic (pressure-temperature-time)

% evolution.

In conclusion, the geologic history thus derived 1s_‘compared with

suggested models for the Proterozoic evolution in Labrador and the

North Atlantic Craton. v |

1.2 LOCATION,‘ RCCESS, AND DESCRIPTION OI: STUDY AREA

<

The study area 1s lTcated near Saglek Flord (Fig. 1.2.'1,) and 1is
a'pproximate],\y bounded by 58°18°N and 58942°N ‘and 63°25‘.U and

.6‘3910"1. Emphasis was‘plicéd on transects of the Archaean-Proterozolc
boundary locadted at Lake Kiki, along the shores of Saglek Fiord, and SW
of Pangertok Inlet (Fig. 1,2.1), Furthermore, I had accessAto a series
of samples collected in 1972 by W. C: Morgan of the Geological Survey
of Canada (GSC) from an east-west transect in Churchill Province |
gneisses situated 5 km north of Saglek Fiord (Fig. 1.2.1) and to a
number of samples from the Ramah Group collected south of Saglék Flord
by Bruce Ryan and Yvon Martineau in 1982 aqd 1983,

The tépography in the area lsjquite varied., I;x the Archaean
goneisses of the Nain Province (Fig. 1.2.1) alpine peaks ({n.excess of
1000 m) and cirques are common, vhereas the local relfef is more

- subdued in areas underlain by meta'sedimeﬁts of the Ramah Group. West of
the Ra.nah Gtéup, 1n‘ the Churchill Province, topography is ‘sttongly;

controlled by the structural grain of the rocks, and is dominated by

o




large north-south valleys and rldges. Felsenmeer commonly occurs on
flat mountain tops 1n all 14ithological units.

The study area 18 located almost 200 km north of the tree-line and
there is general.ly abundant outcrop. East-west tremding flords
(especially Saglek Fiord with ca. 1000 m cliffs) provide excellent
thi-e/;s‘-dimensional cross—sectioné of the Archaean-Proterozoic transition
zone, -

The summer in northern-Labrador is short, and fog, rain, snow, and
strong winds can occur thoughoﬁt the field season. In 1983 fce
conditions in Saglek Fiord delayed the start of the field s~eason‘~unt11
late July, and a total of only 29 days were wérkable during the summer. -
In 1984, work éot underway July 10,‘ but due to poor weather and minor
logisgical problems it was only possible to do 28 days of field work.

Transport to the area was provided by floatplane from Goose Bay.

Camp moves were accomplished by hellcopter (1983) and floatplane

‘(1984).

1.3 REGIONAL SETTING

Fig. 1.3.1 18 a simplified geological map of northern Labrador. The

Lower Proterozoic Ramah Group is predominantly of sedimentary origin
[9S —
(Morgan, 1975; Knight & Morgan, 1981) and occurs as a north trending

fold belt between Nachvak and Hebron Fiords. Along its eastern margin,
the Ramah Group is in unconformable contact with Archaesn gneisses of

the Nain Province; these gneisses are ano-ng the oldest known on Earth,

”—' ﬁ&jﬂa&(\'re a long and complex history (see section 2.2). Gneisses west of

4
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the Ramah Group belong to the Churchill Province, and are 1.n tectonic
coritact with the Ramah Group supracrustals. Churchill Provioce rocka {in
the study area are chiefly of Archaean age, strongly overprinted and
reworked along with the Ramah Group during Proterozoic tectonothermal

W
events.

1.4 PREVIOﬁS WORK

e
The first reference to the geology in this area was made by Steinhauer
(1814), who reported some o;setvations on the Ramah Group made by
Moravian missionaries, Bell (1884, 1895; in-Morgan (1975)) of the

Geological Survey of Canada reported on the geology around Ramah Bay

o
(Fig. 1.2.1) (known as "Slate Bay™ or “"Nulletartok Bay" prior to the

[

establishment of the Moravian mission at Ramah in 1871 (Morgam, 19J5)).
Daly (1902) described the g;ology around Nachvak Filord, and was the
first to name the Ramah Group (“the Ramah Sedi‘mentary Series”).
Delabarre (1902), a member of the same expedition, traversed the
country from Hebron to Nachvak Flord, and outlined the extent of the
Ramah Group. |

Coleman (1921) and Odell (1933, 19'38) produce‘d detailed
stratigraphic sections and descriptions of the Ramah Group and adjacent
gneisses, and they also mentioned fh&xcurrence of mylonites and
pseudotachylytes. Christie (1952) made brief examinations at points

\
along the Labrador coast, anid neakuted detailed stratigraphic sections

around Ramah Bay. He observed Ramah Group rocks south of Saglek Fiord

-

and believed the western margin of the group to be a fault.|Christie

Py
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(op. cit.) also recorded significant differences between gneisses west
-

and east of the Ramah Group.

MacLean (in Douglas, 1953) described graphite occurrences in the
inner part of Saglek Fiord, probably located in supracrustal enclaves
in the reworked gneisses. Milligan and Goodman (in Dougiias, 1953)
produced detailed maps and .ctoss sections of the Ramah Group around
Ramah Bay, and described thruat slices of Archaean gneisses intetleav.ed
with Ramah rocks, as well as other west dipping thrusts.l

Operation Torngat (Taylor, 1969, 1970, 1979) was a comprehensive
regional reconnaissance mapping program, covering 168,000’km2 in
northeastern Q\uebec and northern Labrador in 1967, 1969, and 1971, The

-applqg resulted in 17 geological maps at a scale of 1:250,000 (GSC

maps 1428A to 1444A).

The Ramah ;}toup and the adjacent gneisses were mapped by ﬁorga;x
(l9z2, 1973, 1975) and Knight (1973).- Knight & Morgan (1?77, 1981)
treated stratigraphic and sediientolqgicél aspects of the Ramah Group
in great detyil, and sdbdivi@ed it into six formations (see section ‘

-

2.3). The detailed work of Morgan and Knight resulted in the

publitation of two 1:50,000 map sheets, of which one, Map 1478A Bears
~

Gut-Saglek Fiord (Morgan, 1978a), covered the area examined in this

study,

Regional mapping-and associated studies by Morgan (1975), Ryan et
al, (1983, 1984), and Wardle (1983, 1984) in the Saglek Fiord and
Nachvak Fiord areas revealed the monocyclic character of the Ramah
éroub, which contrasts strongly with the adjacent polycyclic Nain and
Churchill Provinces; and the lethorphic grade .of the Ramah Gt.o;lp was

fournd to increase from north to south as well as ftbl east to west.
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West of the Ramah Gtoup: polycjclic gneisses in t\{e Churchill Province -

are in amphibolite and granulite facles. -

The possible exist‘ence of a "mid-Aphebian. orogeny”™ was suggested
by Jackson & Taylor (1972) in a study of Lower Proterozoic rocks units
in the northwestern Canadian Shield.. Strongly deformed amphibolite to
granulite facles gneisses from ?affin Islsnd and Melville Peninaula
yielded whole rock Rb-Sr isochron ‘ages of 1970 Ma +/- 98 Ma and 2134 Ma
+/- 145 Ma (87rb decay constaﬁt =1.47 x 10-11 yr"'i) which along
wlith structural data were presented as evidence for an orogeny
affecting much of this region prior to the Hudsonian Orogeny.

' The ‘position of the Nain-Churchill boundary has been the subject
of some debate, Stockwell (1963) based the boundary on K-Ar 'ages and
'placed it well west of the -Ramah Group (Fig. 1.3.1), but later
(Stockwell, 1964; Taylor, 1971) it was moved farther east (Fig. 1.3.1).
Recently Ryan et al. (1983, 1984) and Wardle (1983, 1984) have
described the "boundary” as a zone of progressive Proterozoic
réworking, and ,following Morgan (1975), havejlocated ‘the Nain-Churchill
boundary at the eastern limit.of recognizable penetrative reworking
(see also Korstgaard et al., 1987).

Preliminary results of mapping by the author in 1983 and 1984 were

reported in Mengel (1984, 1985) and are incorporated in this work.

1.5 V\FIELD WORK, SAMPLINGy=AND ANALYTICAL WORK
\
In the first summer (1983) emphasis was pliced on detailed mapplng of

the Ramah Group just south of Saglek Fiord and southwest of Pangertok

11
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Inlet (Fig, 1.2.1). During the 1984'field season,a work was concentrated

on Belected east-west transects in order to elucidate the character of
the Hudsonign froqt fo the Ramah Group (Lake Kiki transect, Saglek
.Ff.ord section) and the relationship between the Ramah Groﬁ and the
underlying reworked gneisses of the Churchiil Pr.oviuce‘(Saglek Fiord
section). The cliff sections*along the north and south shores of 4Sag1ek
Flord proved espelially illustrative in this respect,

All work was based on foot traverses, except for the last days of
Ithe 1984 season, in which a rubber boat greatly facilitated the study
of the Saglek Fiord sectior;.

Samples co_llécted for petrography and subsequent microprobe work

were selected so that a wide range of bulk compositions was

brepreaented. Maps 1-4 (in pocket) show sample locations.




"tectonic implications.

CHAPTER 2

LITHOTECTONTIC UNITS

2.1 INTRODUCTION

-

On the basis of structural and metamorphic characteristics, the rocks’
of the Sagfek area are considered in terms of six lithotectonic, units,
the first five of which form areally distinct terranes. Theae are, from
east to west (Figs, 1.2.1, 2.1.1), (1) Archaean gneisses of the Nain
Province (Nain terrane, NT); (2) metasediments of the Ramah Group
(quah terrane, RT); (3) amshibolite facies gneisses of the Chu;chill
Province (Amphibolite Fagies Terrane, AFT); (4) granulite facies
gneisses of the Churchill Province (Granulite Faéies Terrane, GFT); (5)
thg Tasiuyak gnelss (Tasiuyak Terrane, TT); and (6) Protefrozoic dykes.
The term terrane (Coney et al., 1980; Williams §& Hatcher, 1982) is used
to describe crustal units ;Lich genétally are tectonically bounded and

.

are distinctly different in age, strultural Qevelopﬁenb, metamorphic

r

history and geological signature from their neighbours. It has no plate

-
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General field relations and characteristics of these llthotectonié
units ‘are outlined in this ch;pter, and more detailed 'structural
chronology and petrographic 1nfo?matibu is given in chapters 3 and 4.
The brief descriptions of the magnetic charactetigtics of each terrane

are based on GSC Map NO-20-M, Torngat Mountains.

2,2 NAIN TERRANE EAST OF RAMAH GROUE\ )

Archaean gneisses of the Nain Province have a lofg and complex
history dating back to ca. 3.8 Ga (Table 2.2.1) (e.g. Morgan, 1975;

Vo Bridgwater et al., 1975; Collerson et al., 1976; Collerson &

Bridgwater, 1979; Ryan et al., 1983, 1984). The predominant.rock types
are bapded quartzofeldspathic gneisses of tonaljtic to granodioritic
composition, which contain {nclusions bf.tuo suptacrugtal s;quencea aﬁd
a number of discrete plutonic units. The grade of metamorphism 1s -
amphibolite to grgnulite facies. .

During Early Proterozoid time the Archaean basement was intruded
by a mafic dyke swarm (see section 2.7) and unconformably overlain by
rocks of the Ramsh Group. Effects of later Proterozoic metamorphism and

tectonism are restricted to a zone a few km wide east of the Ramah’

‘s

Group (Ryan et al., 1983).

The magnetic signature'of the Nain Terrane is irregular, but it {is

characterized'by local highs (up to 300 nanoteslas) that can to be

correlated with the abundance of mafic rocks. The general variation is

¢
from 0 to 200 nanoteslas,




Table 2.2.1 Simplifieéd-geological history of the Nain
Provioce in the Saglek area, northern Labtador

{from Ryan et al., 1984)

Ma - Ewvent

2300-2400 Emplacement of naf&c dyke swarm

2500 Emplacement of Iguishuak granite

2700-2800 Emplacement of late syn- to post-kinematic
Saglek sheets and Ikarut tonalite

2800 Faplacement of synkinematic éranites‘.

2800 Reworking of Uivak gneisses to give Kiyuktok
goeisses and lterungnek gneisses -, granulfte
facies metamorphism

Intercalation of Upernavik supracrustals and
Ulvak goelsses

Deposition of Upernmavik supracrustals
~ 3200-3400 ;ntrusion of Saglek dykes
Deformation and metémorphsim
ca. 34007 Intrusifon of protoliths for Uivak II gneisses
- Deformation ang me;amorphism
ca, 3800?. Intrusion of protoliths for Ulvak I gneisses

pre-3800 Deposition of Nulliak assemblage




" 2.3 RAMAH TERRANE

Rocks of the Ramah Group are predominantly of sedimentary origin and
occupy a north trending, doubiy plunging terrane straddling the
boundary between the Archaean Nain Province and, the Proterozoic
Churchill Province. The Ramah Grodp unconformably overlies the gneissic
Arghfean basement containing the Early Proterozoic dyke sﬁarm. ?he
contact 18 marked by a regolith (average thickness ! - 8 m, maximum 12
m; Knight & Morgan, 1981). North of Saglek Fiord the-regolitﬂ is
commonly preserved along the eastern boundary of the Ramah Group,
whereas 1t has been obliterated by later thrusting at many locations
south of Saglek Fiord.

Based on stratigraphic and sedimentological studies, mainly
between Nachvak and Saglek Fiords (Fig. 1.2.1), Knight (1973), Morgan
(1975: 1978a), and Knight & Morgan (1977, 1981) subdivided the éamah
Group into six formations. Table 2.3.1 is a simplified version of the
“Table of Formations™ in Knight & Morgan (1981). :

An Rb/Sr age of 1892 +/- 92 Ma was obfained on a thin volcanic
horizon in the lowest parti of the Ramah Group (Morgan, 1978b) and was
interpiéted to represent the metamorphic effects of the Hudsonian
Orogeny. . - | t

In this study, rocks of the Ramah Group were mainly examined east .,
of Lake‘Kiki, along the shores and immediately south of Saglek Fiord
and 1in a; drea southwest of Pangertok In{gt, where rocks of the Rowsell
Harbour, Reddick Bight, and Nullataktok Formations are predominant. In

addition, minor. amounts'of Warspite Formation were encountered

northeast of Lake- Kik{.

17




Table: 2.3.1 Table of Formations ip Ramah Group (simplified from
Knight & Morgan, 19319 .

Diabase ;1113 (locally crosscut bedding)
[greenschist, amphibolite]

Ramah Group.{Lower Proterozoic):

Cameroon Brook Formation {graywackes)
‘Typhoon Peak Formation (slates)

Warspite Forﬁa;ion (dolomitic breccias, 2imestones)

Nullataktok’ Formation (graphitic, pyritic mudstones and shales)
[pelitic slates and schists)

Redd{ck Bight Formation (quartzites, laminites, dolomite unit)
’ [quartzites, pelitic schists]

Rowsell Harbour Formation (white quartzites, mudstones, tholeiitic

basalt flow, basal pebble conglomerate) \
[quartzites, pelitic schists]

Unconformitx
-Regolith

Basic dyke swarm (Lower Proterozoic)

Gneissic complex (Archaean)

) A
Lithologies in [square brackets] are metamorphic equivalents of the
sedimentary lfthologies (in round brackets).
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. ]
The diabase intrusions (Table 2.3.1) occur in all ghree areas and

generally form concordant siils that locally crosscdi bedding. The
diabase displays the same folding patterg as the adjacent sediments and
is thus interpreted to have been intruded after the deposition, but
before the deformation and metamorphism of the Ramah Group.

Gradlients of iﬁéteasing metamorphism and tectonism are observed

from east to west and from north to south throughout the Ramah Térrane.
X
In the eastern half of gge terrane chloritoid is present in Al-rich’
\.
units north and immediately south of Saglek Fiord, where highest

metamorphic grade 18 recorded by kyanite, staurolite and andalusite

bearing assemblages in mica schists. Further south, highest grades are
\
recorded by garnet, stauroclite and sillimanite bearing assemblages in

lithologies of suitable composition.
AN

The metamorphic zonation in thé Ramah Group is telescoped by
eastward directed thrusting along west dipping surYaces, which has

resulted in changes in metamorghic parageneses across the width of the

e

terrane. A more graﬁual southerly increase in metamorphic grade along

the length¢9£ the terrane is also apparent,
Qﬁgfj)
The % Terrane has a distinct magnetic signature north -of

Saglek Fiord (range from -100 to -200 nanoteslas); which becomes less

1y

evident further south, probably as a result‘of the gradual thinning of

the Ramah Group.
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2.4 AMPHIBOLITE FACIES TERRANE : £

-
~

This terranev is up to 5 ka wide and bccﬁrs immediatély west of the
Mgnﬁah Group (Figs. 1.2.1, 2.1.1). Its western 1limit is defined by a
major thrust hez;ein referred to as the Nachvak Brook Thrust, along
which granuliie chies gneisses were thrust eastwards ‘over the

Anphibolite Facies Terrane. North of Lake Kiki and south of Saglek

Al
Flord the unit. wedges out and is overthrust by the Granulite Facies

Terrane to the west.

*» The amphibolite facies unit comprises variably reworked Archaean .

P

gneisses of tonalitic to dioritic composition. Relict Archaean fabrics
-

and mineral as'semblages are preserved locally just west of the Ramah

Groﬁp, wvhereas farther west Proterozoic metamorphism and tectonism has
resulted in obliteration of these‘ earliqer features. o

. Touar&s the west and the south, planar and linear structures are -
progressively rotated (counterclockwise) int-o patallelism with the-
pidmln;nt north-nort_hweat striking, west-southwest dlpping structural
—tun§ ;'(see later, section 3,2). Mylonite and pseudotachylyte iones,
gen“erally (sub)parailel to ﬁhe Nachvak Brook Thrust, occur thoughout,

and less steep shear zones and pseudotachylytes often truncate the

steeper gneissic fabric with the subhorizontal 1linestion.

-

»
2'.5 GRANULITE FACIES TERRANE

This is a north-northwest treading elongate terrane of straight'
gneisses (e.g. Hepworth, 1967; im Watson, 1973) with granulite facles

~ miperal assemblages (Figs. 1.2.1, 2.1.1), which is separated from the

]
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Amphibolite Facles Terrane to the east by the Nachvak Brook Thrust and
from the Tasiuyak Terrane to the west by another west dipping thrust

her_ein referred to as the "North Arm Thrust™. West of Lake Kikl the

terrane is aboyt 10 km wide; it wedges out southw_grds and disappears at
Hebron Fiord (Fig. 1.2.1).

The granulite facies gneisses are of tonalitic to granodiorfitic
composition, similar to the amphibolite facies rocks described above,
and are also considered to be reworked equivalents of Archaean gneisses
in the Nain Province. Taylor-(1979) reported two Rb/Sr ages of 1865 Ma
and 2640 Ma from granulites in the Churchill Province. The 1865 Ma age
was consldered to be a metamorphlc: age, vhereas the older age of 2640
Ma was thdught to represent pre-Hudsonian components. However, the
gnelsses record evidence of a sin.gle me tamor phism only, which is
interpreted to be Proterozoic in age. Pervasive north-northwest
§tr1king west-southwest dipping planar fabrics and subhorizontal
north-northwest trending linear fabrics characterize the terrane, which
'has many of the characteristics of a large scale transcurrent shear
zone. Orthopyroxene occurs im lithologies of suitable composition, and
frequently defipes the subhorizoatal mineral lineation, indicating that
the teworkling occurred under granulite facies conditions.

The Granulite and Amphibolite Facles Terranes have magnetic
signatures similar to the Nain Terrane described earlier. AFT may show
slightly lower values (0-200 nanoteslas) than the NT and GPT (0-300

nanoteslas), but the scale of GSC Map NO-20-M (1:1,000,000) does not

allow detailed distinctions to bé made,




2.6 TASIUYAK TERRANE

The Tasiuyak gneiss, named. by Wardle (1983), forms a north-northwest
trending belt varying in width from 5 to 25 km between Nachvak and
Hebron Fiords (Fig., 1.2.1). It is dominated by a pervasively lineated
quartzofeldspathic garnet-biotite (+/- sillimanite, graphite) gneiss
with highly atteouated quartz st;'ingera and a well developed
subhorf{zontal mineral lineation. Isoclinal folds on a m to dm scale
oceur in layers of rusty metasediments and garnet-bearing mafic: and
ultramafic granulites (Wardle, 1983, 1984; Ryan et al., 1983, 1984),
The Tasiuyak gneisses contalnl similarly orientated planar and liﬁeat
" structures to the rocks of the Granulite Facies Terrame and also |

contain evidence for a single metamorphism in uppermost amphibolite to

granulite facies, 7

The origin of the unit is somewhat enigmatic. Wardle (1983)
considered it to be a diatexite, pgsslibly derived from am aluminous
Archaéan sedimentary protolith, pei-haps combined with thorough
leucogranite injection. R):an et al. (1983, 1984) suggested a similar
origin, but noted that Tasiuysk gneiss intrudes neighbouring rocks,
thus implying tha® it was sufficiently remobilized to display magmatic
characteristics.

The magnetic signature of the Tasiuyak Terrane 18 characterized by

-distinctly low values (=200 to -300 nanoteslas) and shows sharp

boundaries towards granulite facies rocks to the east and west.




2.7 PROTEROZOIC DYKES

Prior to deposition of the Ramah Group, the basement rocks of the
Saglek area were intruded by a generally east-west trending mafic dyke
swarm (Figs, 1.2.1, 2.1.1). Available age data suggest that the swarm
intruded 2300-2400 Ma ago (Fahrig, 1970; Taylor, 1974).

Proterozoic metamorphic and d:formational effects are well
displayed by the dykes. In the eastern part of the Nain Terrane ophitic
microstructures are preserved in most dykgs. but farther west the
igneous minerals become‘ increasingly replaced by lower grade hydrous
'assemblages. Immediately east of the Ramah Térrane .dykes are converted
to amphibolites with a variably developed schistosity. West )of" the
Ramah Terrane the Proterozoic metamorphic and tectonic imprint 1s more
profound., Within the Amphibolite Facles Terrane, the dykes are
amphibolites and arfe progressively rotated into parallelism with the
*iorth-porthwest trending structural grain. Farther west in the
Granulite Facies Terrane, the dykes are generally thin concordant

garnet-two pyroxene-bearing mafic granulites.

.

2,8 TECTONIC SETTING OF THE RAMAH GROUP r

In a compilation of seventy nine worldwide Early to Middle Proterozoic
supracrustal sequences, Condie (1982) established three grougs ba.sed on
" lithological c_ha%terie'tics and tectonic settings. Group 1 comprised

quartzite—carbonate—ahhle lithologies, which were assumed to reflect

stﬁble continental margins or intracratonic basins. Groups II and III

&
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were dominantly volcanic and were suggested to be related to R
1ithosphere and/or :antle activated continerntal rifts or.basins related
to convergent p}ate boundaries, The Ramah Group was not included in
this compilation, but clearly belongs t; group I. This interpretation
18 in accord with the ptop6331 of Knight & Morgan (19§1), who suggested
that deposition took place {in an environment characterized by the
change from shallow siliciclastic shelf to deep basinﬁl conditions. )
The Hugf;ard (Smytt;, 1976)¢and Snyder (Speer, 1976) Groups occur on
the Labrador coast ca. 75 and 150 ka, respectively, south-southeast of
F‘aglek, and were deposited af approximately the same time as the Ramah
Grbup. The Mugford Group (1800 m+) is composed of a lower silicicléastic
sequence and thick upper units of basaltic flows and breccias. The
preserved parts of the Snyder Group (300 m) are equivalent to the
siliciclagtic sequences of the_Hugford‘Group (Smyth & Knight, 1978).

The Snyder Group and the lower par-t'of the Mugford Group are

lith'ologically similar to the Ramah Group, whéreas lithologies in the

.

upper parts of the Hug‘fﬁrd Group suggest affinities with groups II and

III settings described above.
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CHAPTER 3

STRUCTURAL FRAMEWORK

3.1 INTRODUCTION

-

The subdivision of polydeformed basement Terranes into structural
domains based on/chatacteristic tectonic style and chronology of
different gener:tions of structures provides a necessary au.d useful
descriptiv; framework for further studies, be they structural or
me tamorphic (Lugeon, in Turner & Ut;.iaa, 1963; Hobbs et &l., 1976).
Each of the lithotectonic units introduced in chapter 2 posseses
distinctive structures a‘nd me tamorphic mineral assemblages, from which
two temporally distinct thermotectonic events of P;otetozoic age are
inferred. Thé older event recognized in this study is informally
referred to as "Early Proterozoic transcurrent shearing”; ‘the younger
is the well established "Hudsonian Orogeny"_. Separation of the two
events is achieve.d on the basis of a macroacopié structural chronology,

details of which are diséu-aed below.

~
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This chapter emphasizes elements of structural geology which are v
relevant to the recognition and separation of the two Proterozolc
thermotectonic events and provides a structural framework for
AN . "

discussion of the métanorphic data (chapters 4 and 5).

3.2 EARLY PROTEROZOIC DEFORMATION

Cneisses in the Churchill Province display evidence of progressive
rotation of planar fabrics and dykes into parallellism w&th a major
north-northwest-stt;king, steeply west-dipping transcurrent shear zone
(Fig._2.1.1), that 1s characterized by penetrative subhori?ontal
lineations and steeply west-dipping foliations. This rotation is well
demonstrated in the amphibolite facies gneisses around Lake Kiki (Fig.
3.2.1), where east-northeast-striking planar fabrice immediately west
of the Ramah Group are rotated counterclockwise into approximately
north-striking orientations. In contrast, the Ramah Group contains no
Jatructural evidence for this rotation. Fig. 3.2.2 shows the general
orientation and rotation of gneissic foliations in the Lake Kiki area.
The rotation is clearly demonstrated by the Protetqzoic dyke swarm ' \
(Figs. 3.2.1 and 3.2.3), Rotation is not homogeneous, but tends to be
;oncentrated in discrete north-striking zones (Fig. 3.2.1).

AFT, GFT and TT together comprise a “straigh? belt” (Hepworth,

1967, in Uation, 1973) that is characterized by well-developed penetra-

tive vertical to steeply west—dipping foliations (Figs. 2,1.1, 3.2.1,

3.2.2) and subhorizontal to gentli north-northwest-plunging mineral and

——

5
mineral aggregate lineations. The gneisses are very fine grained
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structural orientation data have been oaitted {n the Ramah
Group and only traces of F; folds are shown. (a), (b) and

(c) show the location of cross sections in Fig. 3.3.4.

Fig. 3.2.1 Geological map of the area 3tound Lake Kiki. For clarity,







ORIENTATION OF PROTEROZOIC
DYKES IN THE LAKE KIKI AREA

+ Dykes in amphibolite facies terrane
O Dykes in granulite facies terrane
Counterclockwise rotation

Fig. 3.2.3 Orientation of Proterozoic dykes {n the Lake Kik! area
(plotted as poles to dyke boundaries). The diagraa shows
A the varying orientations of dykes {n the APFT, which are
interpreted to be due to progressive anticlockwise rotation
as indicated by large arrow (see also text). Lower
hemisphere equal area projection.
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and _in the field appear to have a mylonitic fabric. Evide;ce of
recrystallization of this fabric is uidesp;ead in thin section,rin

" which 1t can be seen that the fine tectonic layering is marked by
bllltoiylonitic bands of equigranular, strainiftee aggregates. Both the
structural} and metamorphic character of this large scale shear zone 18
similar to that described from Proterozoic shear zo;es in West
Greenland (e.g. Bak et al., 197Sa,b).-

As noted previously, the Amphibolite and Granulite Facies Terranes

v

are composed of variably reworked Archaean rocks. The similarities in
3

atructures in these two terranes coupled with the difference in

metamorphic grade between chem'suggest that they were formed during

linilﬁr processes but at different crustal depths. It is likely that

“this was accomplished at different levels in a majof shear zone, that

subsequently was cut by a gseries of thrusts resulting in tectonic

-

juxtaposition of the Amphibolite and Granulite Facies Terranes observed

tﬁ the surface.
The timing of the large scale transcurrent movement can only be
estimated relative to otﬁet evenéé in the area. The
north-northwest—trending shear zone fabricé with associated
subhorizontal llneatfons occur in both the reworked Archaean gneisses
(AFT, GPf} TT, cf. eec;ion 2.1) and the Proterozoic dyke swarm, b9£ are
absent {in the Ramah Groyp. A Lower Proterozoic age (i.e: post dyke
emplacement, but p;e Remgh Group deposition) 1is thus likely for the
transcurrent shearing. Metamorphism associated with Early Pfoterq;oic
transcurrent shearing in the AFT, GPT and TT was synkinematic, as

evidenced by the subhorizontal nineral lineations defined by -

4 .
hgrnblende, orthopyroxene and sillimanite in various lithologies.
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' North of the’study.area, the Tasiuyak férran; has a marked
S-shaped curVatﬁre (e.g. Fig. 1.3.1), and.ita outcrop width thins
markedly from 25 to ébout 5 km. This may be due to bifé??ation of the
shear zone, a common phenomenon in transcurrent shear zones (e.g. Hobbs
et al., 1976). The general northward thinning of the shear zone -

suggests that higher crustal levels are exposed farther north.

3.3 HUDSONIAN DEFORMATION

The\Hudsbnian.orogeny‘affected all the 11thotecton1c terranes {n the
study area; its structural signature_ia consistent with eagtfdirected
thrusting along west-dipping planes. Hqst rocks were trénsported
eagtwards toﬁards and over the Nain Province “foreland”. Hudsonian
thrusting is interpreted to have brought the Granulite Facies T;rraue
over the Amphibolite Facies Terrane, thus inverting and telescoping the
sequence established during Early'Proterozolc sheafing and reworking.

L4

3.3.1 Hudsonian structures in the Ramah Terrane
The Ramah Group is a QPnocyclic cover sequence that i1s characterized by
east-west oriented shortening which was accommodated by east-directed
thrusting. Primary structures {im the eastern part of the Ramah Grohp
have been thoroughly described by Morgan (1975) and Knight & Morgan

{

(1981), and emphasis here igs on those of tectonic oriéinﬁ

.
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Bedding (Sg) is preserved throughout, and occurs as
compositional layering, often highlighted by color differences.

Sedimentary structures sugh ag current bedding and ripple marks are -

commonly .observed.
»

In the field S; is defined by the parallel alignment of micas
and opaques in slaty and schistose lithologies (Fig. 3.3.1). It
generally appears to be parallel to beddlng, but in thin section §;
can coimonly be seen to be slightly oblique to éO (Fig. 3.3.1). Fj
folds are oniy observed locally,;gnd appear as inérafolial folds of
quartzite layers in slates. Neither a consistent sense of intersection
between Sg and S;, nor a consistent sense of asymmetry of F)
folds has been observed, and large scale F; foids have not been

found. Data to further substantiate the nature of D; are not

-
available, but it is likely that the S; cleavage formed during a

simple shearing event that may havé involved overthrusting and/or fold
nappe formation.

S9 is‘a steeply west-dipping crenulation cleavage.
Microstructural relationships indicate that ‘highest gr#de assemblages'
formed syn-D;. North of Sdglek Flord the intensity of S, varies

frqﬁ weak in the east to moderate in the west (Fig. 3.3.2). Farther

south, especially in the area southwest of Pangertok Inlet, S; is
]

e atronély developed. Ly is defined by intersection of S; and

Sp//S) snd by F; crenulation fold axes. Fig. 3.3.3 shows the
distribution and orientation of Sy//S;, Sz, and Ly in Ramah

Gtouﬁ rocks east of Lake Kiki.
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g Orientation of structures in Ramah Group,  east of Lake Kiki

100 poles to planar structures N6 poles to planar structures . 58 1inear structures
Contours at 1157 per urit arep Contours st 1,3 9:7% per urit area Contours &t 1 3 1014% per unil area
s
Fig. 3.3.3 Orientation of planar and liuear structures in the Ramah o
Croup east of Lake Kiki. $0/Sj, Sy and Ly are ‘

defined in-the text. Ly-diagram includes fold axes from
Dy—crenulations. Lower hemisphere equal area projection.
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Fy folds dominate the map pattern (e.g. Fig. 3.2.1), and are

characteristically opeﬁ folds with subhorizontal north-trending fold

. axes aad vertical to west-dipping axial plane-s (S2), The—intensi't/y of
bz increases taowards the south, so that south of Saglek Fiord thé
Sy fabric {s dominant.

Weakly developed F3 folds occur locally south' of Saglek Flord.
These are characterized by gentle warps of Sy, forming open
asymmetric southuest.-verglng. folds wibth northwest—trending
subhorizontal axes. No axial planar cleavage 18 associated with these

late cross folds,

Cross-sectiot;s in the western part of the Ramah Terrane (Figs.
3.3.4, 3.3.%) show the general orientation of Dy struct:res and
positions of assumed thrust faults. East-dipping t;ack—thr'usts, combined
with west-dipping thrusts, form ”pop-u‘p"-structures (Butler, 1982),
which can[be demonstrated in the Ramah Group along Saglek Fiord (Fig.
3.3.5). Similar structures are recognized in Archaean gneisses
inmediately underlying the Ramah Group along its eastern margin (Flig.
3.3.6). In the Ramah Terrane south of Saglek Flord changes in
metamorphic assemblages occur across n_orth-striking, steeply »
west~dipping faults, suggesting that these locally were sites of
aignificanf movement, East-directed, west-dipping Hudsonian thrusts
also occur well within the Nain Province, and have been- observed as far

as 20 km east of the Ramah Group (B, Ryan, A, Nut:ﬁan, pers. comm.,,

1984).
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1] Diabase ( €
2] Quartzite (with minor pelite units) . .
, Bl Major pelite unit o “R: Regolith

Gneisses in Nain Province (with Proterozoic dyke)
—— = Churchill Province

500m
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t

Fig. 3.3.5 East-we;t cross section in the Ramah Group and  adjacent
gneisses along the north shore of Saglek Fiord.
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conglomerate
and regolith : -,
Quartzile " INTERPRE TATION
diabase
Archaean gneiss

tault / thrust

Fig. 3.3.6 East-west cross section across the eastern margin of the
Ramah Group ca. 5 km north of Saglek Fiord (see Fig.
2.1.1). Inset shows a structural interpretation involving
thrusting and backthrusting {n the Archaean basement.

»
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3.3.2 Hudsonian structures in the gneissic terranes
an

Hudsonian thrusts {n the éﬁeisses west of the Ramah Terrane are
characteristically brittle fault zones, generally less steep than, and
truncating the older shear zoné&fabtiqs uitﬁ high grade metamorphic
assemblages. They are easily racognizabfe in the field by thelir rusty
Heatherihg and gravelly texture. iast-verging asymmetric folds In dykes ,
assumed to belong to the Proterozoic dyke swarm, suggest that early
phases of east-directed Hudsonian thrusting took place under ductile

conditions, whereas faults offgsetting the folded dykes and adjacent

gneisses indizﬁte that later phases of the deformational continuum took

-
place under brittle conditions. Immediately west of the Ramah Group,
Hudsonian thrusts trufftate Amphibolite facies gneisses that lack
typical Early Proterozoic shear zone fabrics; these rocks are

{nterpreted to be structurdl "augen” that preserve relict Archaean

- structures and minersl assemblages (see also chapter 4).

3.4 CHRONOLOGY AND DISCUSSION

Due to the absence of pracise radiometric age dates on Proterozoic
rocks from the Saglek area, the attempt in this chapter has.been to

establish a structural chronology based on simple overprinting and

other relative criteria, ) t

Field studies have established that east-directed thrusting
postdated formation of the straight gneisses with their subhorizoantal

extension lgna.tions, and that the thrusting also affected

¢
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(1.e. postdated the deposition of) the Ramah Group. &he thrusting and

assoclated deformation are therefore the youngest tectonic;featurq and
are congidered to be part of the Hudsonian orogenic event ({.e. ca,
1800 Ma, e.g. Lewry (1987)). ‘ |

The timinngf deposition of the-Ramah Group 1; poorly conéttainedn
Morgan (1978) reported an Rb-Sr age of>1892 Ma, obtained on the
volcanic horizon at the base of the Group, but suggested it represented
a ﬁetamorphic (Hudsonian) overprint. The key problem is to determine
whe;het the deposition of the Ramah Group occurred before or after the
Early Proterozoic shear zone deformation. As noted above, the absence
of shear zone related faBrics in the Ramah Group has been taken as an
indication that depoé;tlon postdated shearing. Another line of
reasoning, albeit also based on negative arguments, similarly implies a
ﬁost-shearing age for the deposition of the Ramah Group. If deposition
was pre-shearing, the vertical distance between the unconformabl}\
overlying sediments and Archaean rocks which were subsequently reworked
in the amphlbolise facies, would have been about 15-20 ka (see pressure
egtimates, chapter ?). Since the Ramah and Amphibolite Facies Terranes
are pregeutly juxtaposed; a pre-shearing age of deposition of the Ramah
Group would imply that there has been negligible erosion and uplift of
Ramah Terrane since Early Proterozoic times, whereas the presently
adjacent Amphibolite Facles Terrane would have experienced ca; 15-20 km
uplift. Although it 18 possible that_uplift of this magnitude could
have occurred dﬁring the ensuing Hudsonlan Orogeny, the absence of a

strong Hudsonian fabric and metamorphic imprint in the AFT suggests

that this i{s unlikely.

In conclusion, although radiometric dating and further field work

4l




may modify the chronology suggested above, the following sequence of

Proterozoic events, diagrammatically sqqnarized in Fig. 3.4.1, 15~

consiatent with the present database:

1 - Early Proterozoic dyke swarm intruded into polyecyclic
Archaean basement rocks with a long and complex s

ﬁte-?roterbzoic tectonothermél history (Fig. 3.4.1A)

Early Proterozoic transcurrent shearing event. Development of a

north-northwest-trending shear zone in Archaean gneisses, resulted

in major reworking at depth and the formation of Early Proterozoic

granufite and amphibolite faclies gneisses; rotation, deformation

and recrystallization of Early Proterozoic dykes (Fig. 3.4.1B)

Erosion and uplift (not shown in figure)

D!positio? 9f Ramah Group (Fig. 3.4.iC)

Hudsonian Orogeny‘teflggping a éeherally east-west

oriented compressive tectonic regime, Crustal

thickening achieved by east-directed thrusting led

to tectonic burial, éeformatioq and metamorphism of the

Ramah Group. Thrusting also causes faversion of

aétamorphlc sequence established deep in the Early

Proterozoic shear zone (Fig. 3.4.1D)

6 - Erosion and uplift (not shown in figure)

It 13 suggested here that this event constitutes an orogeny on the
grounds that it has resulted in a major tectonometamorphic feature of
orogenic proportions (it extends'fton Ungava Bay in the north to the

Grenville Froat in the%;outh, impiying a minimum length of 400 km). It ~
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Fig. 3.4.1 Proterozoic structural evolutiom in the Saglek area (see
also text). (A) Intrusion of Early Proterozoic "dyke swarm
in polycyclic Archaean basement. (B) Transcurrent sinistral
shearing causes rotation of planar structures and reworking
of Archaean gneisses. Box shows approximate location of
block diagram C, (C) Deposition of sediments of the Ramah
Group. (D) East-directed thrusting during the Hudsonfan
Orogeny causes-defornation and metamorphisa of the Ramah
Group. Abbreviations: (A/G - a-phibolite/gtanulltg facles).




has a distinct tectonic fabrmfc (steep nor th-northwest-trending

follations and subhorizontal stretching lineations), and associated
o kinematic signature (transcurrent shearing with sinistral sttike-slip‘
' movement)vthat was devéloped 1; rocks undergoing granulite facies (GFT)
and-apphibolite facies (AFT) metamorphic conditions.
This 1n£etpretation is in accord with the suggestion of a
"mid-Apheblan orogeny™ by Jackson & Ta;lor (1972)7(section 1.4), and
- has rgspd@iy received support from U-Pb zircon dating on gneisses from
the southward extension of GFT west of Naln (about 150 km south of the
southern boundary of Fig. 1.2.1). These gnel;ses have ylelded an age of
1909 Ma (U, Scharer, unpublished; B. Ryan, pers. comm., 1987) that is

herein interpreted to date the Early Proterozoic shearing event.

If the existente of this event is substantiated by additional

geochrenologic studies, the orogeny should be renamed in the
conventional manner after a geographic feature - the name "Torngat

Orogeny” 1is herein suggested.

3.5 PROTEROZOIC/ARCHAEAN RELATIONS IN CANADA AND GREENLAND: COMPARISONS

The Saglek area forms the eastern part of the Labrador segmentnof the
Trans-Hudson orogen (Lewry, 1981). The Labrador segment has been
subdivided into western, central and eastern divisions (Wardle et al,,
in pre}i).
Thg western division comprises rocks of the Labrador Trough, ) 5\
unconformably overlying basement rocks of the Archaean Ashuanipt P .

Al

Metamorphic Complex. Based on the presence of voluminous turbidites and



.

tholeiitic basalts, Wardle & Bailey (1981) interpreted the western -
division t% represent an east-deepening continental matgin.sequence
formed during rifljng 2f the Superior Craton. Structurally, the
division ia a west-verging thrust stack;

The central division 18 composed of amphibolite to granulite .
facies tonalitic to gr&nodioritic gneisses and numerous concordant

mafic units. Broad linear belts occurring in the western part of the

central division are interpreted to have formed by west-directed

thrusting and dextral shearing (Wardle et al., in prep.). Radiometrik

dating in the central part of this division has yielded Archaean ages
(e.g. Krogh, 1986), but supracrustals of Lower Proterozoic age are also
known (e.g. Owen, 1984). Structurally, the central part of the central -
division i{s dominated by steep, north-trending fabrics, locally folded
into large-scale ope; structures. The eastern parf of the central
division 1is composed of granulite facles rocks with a strong
north-northwest;trending structural grain, The Tasiuyak Terrane {called
"the Ab19viak shear zﬁng" by Korstgard et al. (1987) and Wardle et al.
(in prép;)) forms the easternmost part of the central division.

The eastern division qpmpéiags the Granulite Facles, Amphibolite

Facies, Ramah and Nain Terranes, as defined in this study. The GFT and

AFT comprise "“the Komaktorvik Zone" as defined by Korstgard et al.
(1987) and Wardle et al. (in prep.). '

The Labrado; segment of the Trana-é;dson orogen 1is thus a
tHO?;ided asymmetric orogen with a continental margin seqahnce
preherved in the west and a shelf-sequence preserved in the east.

Y
During its devclopment, the western division 1s interpreted to have

chlanged from & passive margin to a foredeep environment as the central
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division (m¥croplate?) approached from the east (Wardle ;t al,, 1in

prep.). The Abloviak shear zone (Tasiuyak fetrane) separating the

central and eastern divisions may be located along a plate boundary,

but there 1s presently no evidence to determine whether it separates to

distinctly different units or wheter it is an intracratonic feature.
The Archaean/Proterozolc boundary in West Greenland was first

defined by Ramberg (1948). It is marked by the dextral rotation of the

_ Rangamiut dyke Swarm, and the structural event responsible for this

reorientation was termed the Nagssugtoqidian. Subsequent work has led
to subdivision of this event (see e.g. Escher et al., 1976; Korstgaard, -
1979; Myers, 1984).

Vertica}, transcurrent east-striking shear zones in the
Archaean/Proterozoic boundary reglon were referred to as “Nag. 1" by
Bridgwater et al. (1973), and were later dated at 2500*2650’Ha
(Ralsbeek & Zeck, 1978; Hickman, 1979; Kalsbeek, 1979). The Proterozoic
Kangamiut dyke swarm, which crosécuts the "Nag.\{: gneisses, was dated -
at 1950 Ma (Kalsbeek et al., 1978). Kangamiut dyk;:\bnrevdeformed in
the main Nagssuétoqidian deformation ("Nag. 2"), which 1p cha?acterized
by steeply dipping northeast-trending shear zénes in the céntral
Nagssugtoqidian mobile belt, and southeast directed thrusting in the
southern boundary region. Nag. 2 is assumed to have taken place
1800-2000 Ma ago (Kalsbeek et al., 1978; Kalsbeek, 1979), the upper age
limits being defined by K-Ar (biotite) ages of 1600-1800 Ma (Larsen &
Hﬁller, 1968) and a whole-rock Rb-Sr age of 1670 Ma (Hickman, 1979).
Siﬁce'che tectonic processes responsible for the formation of Nag. 1
and Nag. 2 structures are probably unrelated (and separated by at least

500 Ma), the terms "Early Prowerozoic” and "Nagssugtoqidian~ are

brefetred (e.g. Kalsbeek, 1978) and will be used in the following.

«




Early Proterozoic and. Nagssugtoqidian events have also been

»
recognized in East Greenland, where Early Proterozoic deformation

~

occurs in approximately east-west trending sieep shear zones, into

'

which dykes and Archaean structures were rotated into parallelism.
Y

Postdating this deformation, a major swarm of basic dykes, the Charcot
Pjelde dykes (Myers et al., 1979; Myers, 19813 was intruded, which
truncates Farly Proterozo.icr shear zones, Nagssugti-qidian deformation
varies in character from north-dipping shear zones in the south, to
open folds in the north. Myers (1984) suggested that Jdeeper crustal
levels are exposed towards :he nor‘th. Recent work in East Gree_nland
v/(qusbeek & Nielsen, 1987) indicates, however, that the similarities
with the West Gfeenlanq Nagssugtéqidian Hébi_le Belt are less pronounced

than previously believed.

-

Archaean gneisses in Labrador and Southwest Greenland have

experienced very similar histories (e.g. Bridgﬁatet et al., 1975;

Bridgwater et 31., 1978); it 1is shown below that the Proterozolc

tectonothermal events, althougil showing broad similarities, took place
at very different times an;i cannot be cgrtelated.

Early Ptotetozoic transcurrent shearing in Labrador has its
counterpart in Late Archaean/Early Proterozoic ("Nag. 1") deformation
in West and East Greenland; and east-directed Hudsonian thrusting in
.the Saglek area appears equivalent to at least some manifestations of
Nagssugtoqidian deformation _iti West and East Greenland. However, the
sti:at}igraphic posith‘m of the Proterozoic dykes in Labrador differs
ftonf that of the Kangamiut dykes 1n.Hest Greenland. Data from the

Saglek area suggest that dyke intrusion pre—dated Early Proterozoic

shearing, whereas in West Greenland it occurred between Early
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Proterozoic and Nagssugtoqidian deformations. This difference is

substantiated by their very different radiometric ages of 1950 Ma in
Wesat Greenland and 2500—2400 Ma in Labrador.

Comparisons of the tectonic evolution of the Archaean/Proterozoic
boundary in West Greenland and Labrador were first made by Bridgwater
et al. (1973), who suggested'that the boundary in Greenland was the
result of frontal colliston of crustal blocks, whereas transcurrent
shearing was dominant in Labrador. Watterson (1978) proposed a large
scale "ind;:ntation" model- to explain the distribution of Proterozoic
structures io South and West Greenland. The model involved a rigid
"1ndentef", a large crustal plate, which pushed South Greenland
nortﬁ‘wards, thereby setting up a uniform regional stress system which
is in accord with the orientad'on of Early Proterozoic and
Nagssugtoqidian structures. —

If this model is modified to include Labrador (Mengel, 1985;
Korstgaard et al., 1987) {t successfully predicts the orientation and
direction of shearing and thruéting, but does not satisfactorily
account for either the time differences between similar eveats in
Greenland and Labrgddr or for the time gap separatlitplg the shearing and
thrusting. Early Proterozofc (Nag. 1) shearing and Nagssugtoqidian
(Nag. 2) deformation in Greenland may be separated by as much as 800 Ma
(see above), and the difference in timing of transcurrent shearing in «
Greenland (2500-2650 Ma) and Labrédor (eétimat.ed relatively as
;Sostdat_ing intrusion of 2300-2400 Ma dykes and absolutely as 1909 Ma
(U. Scharer, unpublished; B. Ryén, pers. comm., 1987)) is at }east 100

\
Ma and may be as much 740 Ma.
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/‘
In summary, although the Proterozoic crustal evolution in both

Labrador and Greenland is characterized by intrusion of dyke swarms aand
by two distinct tectonic regimes (early transcurrent shearing, and |

.later thrusting approximately pe}pendicular'- to the shearing direction),
all are are demonstrably separated in time. Both tectonic events can be
described by interactgms between crustal plates, but the change from

traﬁscurrent shearing'to collision tectonics reflec'tsidramatic changes
in the arrangement and rel;tive movements of the crustal segments, and
cannot be explained {n terms of the essentially synchronous development

* proposed by the previous models.

o
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CHAPTER 4
i -METAMORPHISHM AND .
MINERAL CHEMISTRY . ¢

4.1 INTRODUCTION . : -
Petrographic observations of reaction relationships and the relative
chronology of mineral growth, when combined with the chemical analyses

of coexisting minerals, can provide important information about (parts

of) the P~T path experienced by a metamorphic rock. '1;th chaptex:: will
deal mainly with reaction microstructures, mineral zoning and element
distribution between coexiating minerals and with any information about
the metamorphic episode(s) that can be extracted therefrom. The
estim;ation of P-T conditions based on temperature aund pressure

sensitive mineral equilfibria s covered in chapter 5.

P .




4.2 RAMAH GROUP
4.2.1 Introduction

Pelitic rocks of the Ramah Group have been examined in three traverses:
near Lake Kiki, along Saglsk Fiord,_ and west of Pangertok Inlet (see
Fig. 1.2.1). Mineral assemblages indicate that, from north to south,i
there 18 a ‘general increase in metamorphic grade from greenschist to
middle amphibolite facies. Within each traverse, an east to west ‘
increa“u is also recorded. Mineral assemblages and sele-cted mineral
analyses from Ramah Group rocks on whichAthls section is largely based ~

! ~

can be found in Appendices 2 and 3.

-
—

4.2.2. Bulk chemistry of Ramah Group rocks.

It 1s necessary to consider compositional variations among the pelitic
rocks of the Ramah Group as a prelude to discussion and interpretation
of mineral anaiyses andr paragenetic data. To this end,(lylk chemical
analyses of twenty samples of pelitic schists from the Lake Kiki (n =
14), Saglek Flord (n = 3), and Pangertok W (n = 3) traverses were
performed. !;nalyges (Table 4.2.1) were obtained by atomic absorption
(for analytical details see Appendix 1). The Lake Kiki traverse is ’
particularly amenable to such a study because the Rowsell Harbqur,_
Reddick Bight, and Nullataktok Formations are all represented in the
cross-section, although as can be seen from Fig. 3.2.1 aﬂout three

quarters of the cross-section is underlain by Nullataktok Formation.

Samples froa the two other tt%verses have not been assigned to any’
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Jable 4.2.1 Major element chemlstry of Ramah Group pelites.

[ 3
Sample: F84-86 F84-28 F84-88 F84-149 F84-150 F84-151 FB84-153 .
Area:  Kiki E Kiki E Kiki E Kiki E Kiki E Kiki E Kiki E
Form.:  RBRH  RBRH  RBRH  RBRH  RBRH  RBRH  RBRH
10, 58.1p 51.80 77.3) 50.40 58.20 59.40  62.00 .
T10, 0.32  1.04 0.1 0.96 0.72  0.92  0.24
A1,03 21,40 18.90  9.82 22.60 20.20 13.30  16.00
Ped 4.35  9.17 2,30 1.76  4.07  2.55  3.79
Fe 03 2.59  4.23  2.38  11.06  4.37 15.31  6.63
#n0 0.03 ' 0.09  0.03  0.02 0.04 0.0l  0.04
MgO 2.88  4.44 1,60  1.27 2,02 -1.09  2.54 ,
a0 0.10 2.00 0.52  0.54 0.28  0.26  0.26
Na 20 0.69 0.72  0.35 1.43  0.70  0.66 0.4l
K0 4.47  1.57  1.94  4.25  4.27 2,85  3.55
P20s 0.05 0.04  0.02  0.33 0.12  0.17  0.12
LOI 4.38  4.99 2,25  4.17  3.88  2.41  3.39
SUM 99.36 98.99 98.67 98.79 98.87 98.93  98.97
FeOT 6.68 12.98  4.44. 11.71  8.00 16.33  9.76
Fe,03T 7.42  14.41 4,93 13.01  8.89 18.14 10.84
ox-ratio  .349  .239  .482  .850  .491 844  .612

Sample: F84-211 F84-145. F84-38 F84-170 F84-168 F84-157 F84-160

Area: Kiki E Kiki E. Kiki E Kiki E Kik{ E Kiki E Kiki E
Form. : RBRH NULL NULL NULL NULL NULL NULL
5109 59.10 58.10 68.80 57.20 62.70 52.10 53.80
T10, 1.20 03780 0.56 0.88 0.96 2.12 1.76
Al 504 17.10 14.30 15.40 11,10 13.30 18.80 18.60
FeO . 6.93 9.31 1.47 8.28 8.11 11.83 10,90
Fe,04 2.89 1.26 1.46 0.95 1.24 1.91 2.39
MnO 0.02 0.08 0.04 0.09 0.04 0.07 0.05
MgO0 '2.68 .45 2.70 4.89 4,28 | 2.44 2.08
Ca0 0.14 2.16 0.24 5.66 1.00 0.38 0.24
Nao0 " 2,05 2 1.49 0.62 1.76 1.06 1.33
K90 3.14 4,\39 _3.60 2.76 2.98 4.91 3.85
P05 0.00 0:00 0.00 0.03 0.02 0.03 0.05
LOI . 5.23 2.10 4.33 8.19 4.09 4.32 4.62 )
SUM 100.48 98.67 100.09. 100.65 100.48 99.97 99,67
FeOT - 9.53 10.44 2.78 9.14 9.23 13,55 13.05

Fe,03T 10.58 11.59 3.09 10.14 10.24 15.04 14.49
Ox-ratio .273 .109 L472 .094 121 .127 .165

Samples on ihi_s page are arranged so that left fto right {n table
(from F84-86 to F84-160) corresponds to west to east in Lake Kiki
section (see text). . ) :
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Table 4.2.1 (continued)

Sample: F83-44 F83-66 F83-124 FP83-139 E83-155 F83-160
Area: Sagl F Sagl F Sagl F Pan SW Pan SW Pan SW : -

Form. : NULL ? NULL ? ? ?

§107 . 63.00 58.20 63.50 67.90 65.20 63.30
T107. 0.80  1.04 0.84 0.68 0.56 0.84
Al;03 18.40 11,20 17.90 16.30 18.30 18.50
Fe)03* 5.43 12.85 « 6.17 4.59 3.79 6.06
MnO 0.08 0.11 0.07 0.02 0.03 0.05
Mgo 1.92 9,99 2.13 \.71 1.90 1.91
ca0 0.18 0.40 0.16 0.28 1.04 0.12
Nao0. 1.01 0.06 1.07 1.08 1.72 0.50
K90 6.07 2.31 6.05 . 5.70  5.01 —6.05
P05 0.00 0.14 0.92 0.00 0.00 0.05
LOI 2.22 3/92 ., 2,56 1.90 1.97 2.39
SUM 99.11 100.22 _100.47 100.16  99.52 99,77

*) Total iron expressed as Fe,03
Area: Kiki E - rocks from transect east of Lake Kiki
Sagl F - rocks from area aouth of Saglek Flord
Pan SW - rocks from area southwest of Pangertok Inlet
Lith: RBRH - Reddick Bight or Rowsell Harbour Formations
NULL - Nullataktok Formation
? - unkriown origin
FeOT = FeO + 0.9Fe303 and ¥e203T = Feg03 + 1.1Fe0
"Oxk-ratio 18 the oxidation ratifo calculated as
2[Fe203])/2[Fey03]+[FeO], where [] fndicates molecular
proportions of oxides.
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particular formation, except for F83-44 and -124 which are considered
to be part of the Nullataktok Formation. K

Fig. 4.2.1 shows tbat in the western part of the Lake Kiki{ section
there is substantial chemical variation ;nong samples of the Rowsell
Harbour and Reddick Bight Formations (most oxides); whereas in the
eastern part of the section, apart from a rather etfatic westward
increase in $107 (which 1is in accord with the change from
sand—dominated clastics in the west to shales and mudstones in t.he east

(Knight & Morgan, 1981)), the Nullataktok Formation displays somewhat

greater homogeneity. With the exception of F83-66, samples from the.

Saglek Flord and Pangertok‘w traverses are similar to those from the

Lake Kik{ section and are not portrayed diagrammatically. F83-66 is the
only sample from the upper part of the Nullataktok Formation, which may
account for its different chemistry. v
Compared to analyses of "average"” sediments from the literature

(e.g. Pettijohn et al., 1972; Potter et al., 1980), a strong similarity
between the Ramah Group rocks and "shalg" analyses is apparent,
although some (e.g. F84-88, F84-38)‘ have affinities towards more
arkosic compositions.

' Variations in the ratios between MgO, FeQ, K20, and Al§03 are”
imp&;rtant in metapelites and can be shown diagrammatically in the
AFM—diagraﬁ (Thompson, 1957). Since -Fe3* (and hence Felt/Felt)
was not determined on rocks from the Saglek Fiord and Pangertok SW
sections, the following observations gpp}y only to samples from the
Lake Kik{ transect, A;though AFPM diagta-ms (with projectior; from

muscovite) are. not designed for whole rock analyses without certain

corrections (e.g. Winkler, 1974), the Ramah .Group metasediments have







been plotted in this diagram (Fig. 4.2.2 - A, F and M values calculated

according to Winkler (1974, p50)) 1in order to compare them with the
classification in Powell (1978, Fig. 9.10(b)). According to Powell-“s ’
diagram the Ramah Group rocks range from "Al~-rich" to "Fe-rich” and

“normal” pelites, The distribution clearly reflects the differences

betweemn the western (Reddick Bight and Rowsell Harbour Formations) and
)

eastern (Nullataktok Formation) parts of the Lake Kikl transect.

f\

Similar differences are shown by the oxidation raFiq (see Table 4.2.1).
Reddick Bight and Rowsell Harbour Formations are strongly oxidized,
whereas samples ffom the Nullataktok Formatioq are strongly reduced.
The above differences suggest that care should be taken when compaflng
mineral assemblages from different formations.

A similar distinction can be seen im the AKF diagram (Fig. 4.2.3 - _
A, K and F values calculated according to Winkler (1974, p4l)), in
which the samples display a considerable range in A/F ratio, with

‘higher values (> 0.6) in Reddick Bight and Rowsell Harbour Formation

samples than in those from the Nullataktok Formation. ' h
As also demonstrated in subsequent sections, there is generally
good first order correlation between bulk chemistry and mineralogy.

Examples include: .

A

/
1) samples with high Ca0 contain epidote (F84-28 and ~145) or

carbonate (F84-171).
2) Al-rich samples contain andalusite, kyanite or chloritoid

(F84-86, -149, and_ -150).
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4.2.3 Paragenetic variations.

Hinerai assemblages in Ramah Group pelitic rocks are listed in Appendix

2 and are herein compared to the AFM topologies from a -
well-characterized suite of metamorphosed pelites from Vermont

described by Albee (1972, Fig. 13, here reproduced as Flg. 4.2.4).

Albee assumed that the Mg/Fe distribufion between coexisting phases was

as follows: garnet < staurolite < chloritoild < biotite < chlorife <‘

L]

muscovite; an assumption which has been generally accepted and verified

in subsequent work.-In the treatment which follows it has been assumed

that the chlorite-garnet tie line became uns\iile before chloritoid was ’
replaced by staurolite (a point about which twére {s no petrographic

4

information), but the alternate sequence in which garnet and chlor{ite

remained stable after formation of staurolite, would not significantly

alter the conclusions. i
In Table 4.2.2 the assemblages have been arranged into seven
groups based on compatibility with topologies (a)-(1) in Pig. 4.2.4,

which qualitatively represent an increasing temperature scale (Albee,

1972). Several assemblages are stable over a wide temperature range

(over17p assemblages in the terminology of Schreinemakers (Zen, 1966)),
and are thus of less diagnostic value, but nevertheless it is clear
that there 1is a general southfg{; increase in metamorphic grade.
Bepresentative analyses of minerals from each of the seven
assemblage groups described below are given in Appendix 3.

\

i

(a) Group l: Chl-bio

The ¢hl-bio assemblage (mineral abbreviations listed page xix), which
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Table 4.2.2 List of assemblage groups in Ramah Group pelites.

GROUP ASSEMBLAGE SAMPLES ’ »

1 chl-bio F84-130, -141, 157, -160, -168,
' . -171, -196, -201, -211
2A—~<kya-ctd-chl F83-61, ~62, F84-150, YM-188
B ctd-chl F84-86, -232, -233, -354, -356,
R -361, Mz-120-1, -414, MZIC-374
3 sta-kya-ctd=chl F84-377
4A kya-sta-chl F83-3, -20, -21, -100, -111,
— F84-429, -448, —451
B sta-chl F83-7, -25, -115
C sta-chl-bio F83-22, -24, ~-26, ~78, =81
5 sta-kya-blo-chl F83-79, BR-133
6A kya-chl-bio F83-76, -85 -
B sil-blo F83-150, BR-269 ;
C kya-blo BR-275
D sta-kya/sil-blo BR-277
E gont-sta-bio . BR-169
. : . ]
7 gnt-bio F83-131, -138, -141, ~160, YM-199

. All assemblages contain muscovite and quart:z N




occurs exclusively in Nullataktok Formation [tjocka in the eastern part
of the Lake Kiki transect, has been placed in the “lowest grade” (group.
1), .aithqugh it is theoreat'ically stable over a wider range ;af s
netano:;phlé‘conditions. The assemblage 13 assigned to group 1 for the
following reasons:
(1) As note& ab;ve, most bulk compositions of Nullataktok Formation
rocks plot in the field of “normal.pelites” in an AFM diagram and would ‘
thus be expected to be garmet-bearing at temperatures cor;:parable to
théie in which the kya-, and-, ctd- and chl-bearing assemblages formed
in Al-rich rocks. Thus in the absence of a compositional explanation
‘For the lack ,°f, garnet, it is concvlud'ed that temperatures vwere lower in
the east of the transect than the west.
(2) Récks ino the western part of the tr’az;sect display evidence of
: stron'ger deformation and recrystallization than Nullataktok Formation
rocks, which suggests, but does not prove, that 'tectonothermal effects
- were more intense in the western than the eastern part of the section.
Compositio;ls of coexisting chlorite, biotite and muscovite are
porttayedv diagrammatically in an AKF diagram (Fig. 4.2.5) (winkle.r,
:1576). Variation in the amount of celadonite substitution in muscovite
(e;cchange ve;:t.or (MgFe)SiAl4_1Al6_1) 18 showntEy the approximately
iO.mo_l! range in A/F ratios of this mineral. In contrast, A/F range of
coexisting biotité and ghlorite is sl;lail (< 5 moll), suggesting the

ope_r;atiori of a continuous resaction such as:

[4.2.1] wmusl +chl == nus2 + blo + qz + Hy0

where musl is celadonite rich and mus2 1s closer f.o *{deal” muscovite.




Fig. 4.2.5 AKF dlagram showing the compositions of coexisting minerals
in group 1 assemblages. Circled areas show intra sample
variations; each area encloses 5-10 analyses. "mus”
and "cel” indicate the compositions of 1deal muscovite and
celadonite, respectively. All sample numbers have the
prefix "F84~-",

Fig. 4.2.6 AFM diagram showing the compositions of coexisting minerals
in group 1 assemblages. Circled areas shown intra sample
variations; each’area encloses 5-10 analyses. All sample
numbers have the prefix “F84-".







65

This interpretation is reinforced by many petrographic obser.vatlons of
biotite replafing chlorite and By the presence <;f crossing tie-lines in
Fig. 4.2.5 (mus-chl cros.;xing mus-blo) gnd variable modal ratios of
chlorite/bilotite. Progress of thi..s reaction would thus result in
progressively Al-richer compositions becoming bioti@e bearing, which 1is
in accord with field observations that bioﬂte occurs firat in Al-poor
rocks. Significant Fe-Mg variations occur in c&existing chlorite and
biotite (see AFH-diagraﬁ, Fig. 4.2.6), bﬁt aﬁ indicated by the genen‘al
parallelism of tie lines, this variation is a reflectfon of bulk
compositional differences. The mor; Fe-rich chlorites coexisting with
biotites imply low temperature conditions as these rocks would pe

garuet~bearing in upper greenschist facies. This is consistent with the

separation of group 1 into a distinct lower temperature group.

(b) Group 2: Ctd—chl+/-{kya, and)

These assemblages, which are located in the western part of‘ the Lake

Kiki section and on the north and south shores of Saglek Fiord, occur

in rocks from the Reddick Bight and Rowsell Harbour Formations. D_ue to
their Al-richer bulk compositions (compeféd'tb—Nullataktok Pormatipn

rocks) they do not contain biotite. Tl;; reason for. this is clear in the
AKF—diagran) (Flg. 4.2.7) where it can be seen that the

chloritoid~bearing assemblages are located at or above the

muscovite-chlorite tie line and hence contain one or more Al-rich

phase(s) rather than biotite. Similar observations concerning the

compositional control on biotite formation were made by Wang et a%. _
(1986), who found that biot‘ite appeared in pelitee at lower metamorphic .

grade than in psammites. However, E. D. Ghent (pers. comm., 1987) has
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noted that thib may not be universally true, The influence of Fe/Hg'

ratio on the stability of chloritoid is illustrated in the AFM diagras
(Fig. 4.2.8) in which it can be seen that chloritoid only.occurs in
_Fe-rich compositions with l;é-rich chlorite and kyanite. In more Mg-rich
compositions the stable assemblage 1s kya-chl. It i{s clear that these

two assemblages are related by the divariant reaction
[4.2.2] ectd = kya + chl ¢

which takes place as the kya-chl tie line sweeps to more Fe-rich

compositions across the kya-chl-ctd subtriangle.

-

(c) Group 3: Sta-kya-ctd-chl

‘This univariant assemblage, which represents the discontinuous reaction

[4.2.3] ctd + kya = sta + chl + qtz + H,0,

marks thefransition between groups 2 and 4. It was found only 1in one
sample (F84-377) on the norfh shore of Saglek Fiord ca. 500 m from t_he
western boundary of the Ramah Group. In thin section, equilibrium
microstructures between coexisting staurolite and chlorite are
apparent, whereas chloritoid and kyanite rarely touch (Fig. 4.2.9).
Andalusite 1s also present, but represents ;;att of an earlier
assemblage and is partly replaced by kyanite, The compositions §f the
coexisting phases in AFM space are shown im Fig. 4.2.10; in which tie

ines between both kya-ctd and sta-chl are shown. The thin shape of the

kya-sta-ctd subtriangle reflects the close similarltfy of Pe/Mg for
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staurolite and chloritoid, as noted by other authors.

The relations of divariant reactions around the discontinuous
reaction [4,2.3) are shown in a pseudbbinaty T-XMg diagram (Thompson,
1976a) tn Pig. 4.2.11. Two divarfant assemblages, represented by groups
2A and 4A, occur at lower and higher temperatures, respectively, than

the discontinuous reaction [4.2.3].

(d) Group 4: Sta—chl with kya or bio

The assemblages sta—chl-kya, sta-chl, and sta-chl-bio (T;ble 4.2.2)
occur south of Saglek Fiord, predominantly in the central and eastern
part of the outcrop of Ramah Group (formations not known). Fié. 4.2,12
shows the location of the assemblages in AFM space, and.it is clear
that the three Pssemblages reflect varylng whole rock A/F+M ra‘ios. The

spread in F/M in chlorite and biotite in the two assemblager indicates

that the divariant reactions

[4.2.4] kya + chl = sta + qtz + H0

[4.2,5] chl + mus = sta + bio 4 qtz + Ho0

have taken place (see also T-XMg diagram, Fig. 4.2.11).

(e) Group 5: Sta-chl-kya-bio

This univariant assemblage, which marks the instability of the sta~chl
tie line with respect to the kya-bio tie line (Fig. 4.2.13), was found '
1n two samples (F83-79 and BR-133) from the westetﬁ part of the Ramah

Group south of Saglek Fiord, The complete discontinucus resction ‘is:

\













’
[4.2.6} sta + chl + mus == kya + blo + qtz + H90

Modal proportions of minerals fun the two samples indicate that they
have slightly different bulk compositidns; in F83-79 only a few kyanite
grains are found, whereas BR-133 {s kyanite rich, but contains only a

. few staurolite grains. However, in both.specimens, equilibrium
coexistence of kya and bio i{s indicated by mutually stable gr;{n
boundaries, whereas sta and chl were not observed in contact.

The relations of the divariant reactions discussed above arohng
the discontinuous equilibrium [4.2.6] are shown in the pseudobinary
T-XMg dlagram (Fig. 4.2.11, Thompson, 1976a). It is encouraging to note
that no overlaps occur between the compositions of minerals in groups 4
an&rg; and ‘only slight overlap occurs between groups 4A and 4C. This
distribution {mplies that group 4A represents slightly lower
temperatures than 4C (only F83-20 deviates from this pattern) as
predicted by Albee (1972). Groups 6A and 6D represent metamorphic

conditions above reaction [4.2.6], and are discussed below.

(f) Group 6: Kya-bio—chl/sil-blo/kya~bio/sta-sil-kya-bio/

gnt-sta-bio
The assemblages kya-blo-chl, sil-bio, kya-bio, and sta-kya-sil-b19 are
stable at metamorphic grades aﬁove the breakdown of the sta-chl tie
1ine. The stability of the assemblage gnt-sta-bio, which 18 not .
affected by the sta-chl tie line, spans a range of T in which group 4
aad group 6 assemblages are stable. It 1s included here in group 6 for

convenience. The assemblage kya-bio-chl occurs in samples from the

western part of the Rasah Group south of Saglek Fiord, whereas the

13
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rézainlng assemblages are from the area southwest of Pangertok Inlet

(1n neither location has -the Ramah Group been subdivided into
formations).

r Three parsgenétic changes which take place between the Saglek and
Pangertok areas are important. IQ Pangertok (1) chlorite is absent, (2)

sillimanite (generally the fibrolitic variety), with or without

kyanite, is the stable aluminosilicate and (3) garnet appears,
Pig. 4.2.14 shows the various group 6 and 7 assemblages in AFM
space. Staurolite in BR-169 occur as relics included in garnet,

implying operation of the continuous reaction

H

[4.2.7] s8ta + blo + qtz == gnt + mus + Ho0

Fresh muscovite coexists with biotite throughout the thin section, and
the operation of [4.2.7] 1s further reinforced by the crossing tie
lipes in Fig. 4.2.14, indicating that the phases gnt, sta and bio were
not in equilibrium at the same T conditions as group 7. Evidently

-~

staurolite is preserved in the rocks due to armouring by garnet, so

that it remained out of chemica} communication with biotite.

, /

This assemblage 18 common among pelites in the Pangertok SW area.

(g) Group 7: Gnt-bio

Garnet and biotite can coexist over a wide range of metamorphic
conditions and the assemblage is thus “non-diagnostic”. However, the
suee; of the égt-bio t{e line towards the M apex of thq\cFH diagram
(Fig. 4.2.14) suggests operation of [4.2.7] (see above) implying

metamorphic grades higher than group 6E,







This is thé-highest grade assemblage observed in the samples

collected from thé‘R'amah Group. Thus it is not clear from the
assemblages if the upper stability of staurolite in the presence of

muscovite and quartz was exceeded by the well-known rTeaction

[4.2.8] sta+ mus + qtz = 811 + gnt + bio +_HéO

‘or not. The garnet-bioti te assemblages 1in group- 7 are not diagnostic of
‘this reaction as they octur in too Fe-rich a composition to be affected
by 1t,

The pa\ir garnet-biotite is a useful geothermometer and {s further .

discussed in sec'tion 5.2. .

-

4.2.4 Phase relations in P-T space

(a) Model phase relations,

One way of qualifying the metamorphic congitions in a sui;;e c;f
metapelites iy to compare the o‘bserved. mi‘;neral assemblages and inferred
‘reactions to reactions in the model “peliitié:" system ’
K?S—Feo;ugo-u,oysioz-ﬂzo_,(xn‘msa_) (Thompson, 1957), or in

the simpier end member systems KFASH or KMASH. If 8104 (-quaftz),

Hy0 ("tﬁe fluiq phase™) and muscovitl:e afe_ agssumed to be present in

excess, five phases will coexist at an invariant point from which five

univariant reaction curves, separating five divariant fields, will

i - e

radiate (following the phase rule and the princiblea of Schréinemakera,

(Zen, 1966)).' {our phAas’sa will be in equilibrium along each of thea\

univariant curves.




N

Signlfiéant amounts of additional coﬁbonent_s, e.g. Mn0, Zno, Ca0,
or Najs0 may stabilize extra phases (MnO: garnet, ZnO: s;aurolite, Cap
or. Nazbz plagioclu'se,‘ ebl‘dote), at‘:lower or bighér me tamorphic grades
than bin the "pure;' KFMASH ajstem. However, niineral analyses uill,"
normally reveal whether neglecting these components i1s justified. In
the case of the Ramah Group rocks none of the above components are
consiaered to 'cause complications. Pl‘agioclaae is frequently present,
and clearly some partitioning of Na between pla_gioélaae and muscovite
and Ca between plagioc-lase and garnet will occur: However. these .-
rea_lcr.ioné are considered to have a minimal effect on th;a predominaat
reactions which take place .in- AFM spacé, and so the extra phase-

(plagioclase) and components CaO and Nap0 have been neglected 1n the

discusseion which follows.

Fig. 4.2.15 shows a ;;artial P-T net (based on Albee (1965), here |,

_taken'from Labotka (1981)) for ‘mine1:81 reactions in the model system
" "KFMASH using the idealized mineta'l‘ compositloﬁs given in Table 4.2.3..
XMg. values of the minerals are ‘gener'avlrly within the compositqn#l range
of those encountered in the [;tesent study, and so the net is expected
to tepreseht the proposed reactione'[ rfairly well. The criteria and
assumptions on which the net is based are outlined 1in Albee (1965) and"
Labotka (1981). Furtber" considerations concerning petrogenetic nets of
" the peiitic gystea can be found in Hatte & Hudson (1979), Droop (1981),
Triboulet (1983) a'ud Koons & Thompson (1985). Fig. 4.2.15 {8 very

: >

similar to the petrogenetic grid of Harte & Hudson ¢1979), except for

the slope of the reactions 1 and 2.°

LN
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Fig. 4.2.15 Schematic P-T net in the KFMASH system (from Albee, 1965;

' Abotka, 1981). The relative positions of discontinuous
reaction are based on ideal mineral compositions given in Table 4.2.3.
Curve (1) 1s shown with an orientation intermediate between that .
suggested by Harte & Hudson.(1979) (negative slope) and Albee (1965)
and Labotka (1981) (positive slope). The slope of curve (2) is from
Harte & Hudson (1979). (C) represents a complex area of invariant ,
points involving cordierite, ( : -

— , t
. . : .







‘Table 4. 2.3 IdeaMzed nineral compositions used in the con=-
struction of Fig. 4.2.15 (from Labotka, 1981)

. Phase XHJ Composition : . S 1
M - Ha0 ] . .
qtz - - 810, . ' g
mus - KAlz(AlSig)Olo(OH)2 hal . -
als - AleiOs . i N
gnt W12 (Fez 65Hg 35)A125i3012 : { R

~sta . +.18- ° (Feyp, s7Mg, 35)A18 67814022(0H)2 T :

_Ctd .22 (Fel 57Mg 43 1201 (OH)

bio .50 K(Fel 3Mg; ., AAl All 4812 6)010(0H)2
chl .1 (Fezﬂgz 5All 5 All 5517 5 Olo(OH)a
crd .70 (Fe ¢Mgy . 4)A14815018

Y )
Table 4.2.4 Stability flelds .of assemblage groups 1-7
g . with respect to reaction curves in KFHASH
_ net (Fig. l; 2, 15)
delimited by .
- - ) Assemblage groups v reaction curves
1 . (chl-bio) - 6
2A  (kya-ctd-chl) ‘ <2 -9~ 12 "
2B (ctd-chl)’ ) <2~-9 ' :
3 (sta-ctd-chl-kya) | on 10
4A (kya-sta-chl) 10 -3-7-12
4B (sta—chl) 10 - 3 -7
4C (sta-chl-bio) - 8 -7
) <+ 5 (kya-sta-chl-bio) © ., 7~ 12 -
t . :
6A (kya-chl-bio) 4-7-6-12,
6B (sil-bio) - ) 12 . . . . h
6C (kya-bio) : 12 ot
6D .(sta-si1-bio) - : 7-6-12
6E - (gnt-sta-blo) . . , 8~-5 .
7 : - J _ ' not delimited | v




‘The maximum stability fields of groups 1-7 wit}’n’ respect to
reactipns in the KFMASH net (Fig. 4.2.15) are listed in Table 4.2.4.

«

_ The curves ;m Fig. 4.?.15 repres'ent maximum stabi—iity fields for the
give:{ assemblages because the net does not include continuous rea::tiona
which operate within the divax;'i,ant fields at temperatures below the

relevant diucontim':o_us equilibria. Thus while the univériant,equilibria
on che‘net do not necessarily accurately represent the reactior;s which
took place in all the r:o'cks, they serve to delimit 'th.e relative P-T
;pace of the var;oua assemblaggs. Figux;e 4,2,16 1s the s;‘n‘é grid as .
that in Fig. 4.2.15, upt;n which h‘as been superimposed a broad belt

" which 1; cons;atent witfx the stability fields of the assemblages 1iséed

in Table 4.2.4. Microstructural observations such as andalusite

) overgrown by kyanite, chloritoid replaced by staurolite and kyanite

replaced by afllimanite imply that the observed assemblages developed

during a single metamorbhic event and thus that the present erosion

gurface of the Ramah Group is a "metamorphic field gradieht" (Spear et

~al, ,-: 1984) in which the peak metamorphic (i.e. temperatite (England &

_Richardson, 1977)) conditions experienced by roc.ks ;re recorded. N

(b) P~T ‘Erida

Coaparisons with experimentélly investigated reactions can yield
seni-quan‘titative infornatiq"n about tbé metanorphic conditiond under
which a given suite of rocks developed. In P;g. 4.2.17, ‘mineral
S assemblages in Ramah group .metabelites are compared to a numbér of
experimentally determined e@ilibrium curves. The metamorphic
P .

conditions represented by the assénblage@'oups are based on I:..he~

following assumptions and considerations.. . }




.
i
i
i
1

Fig. 4.2.16 . '

Schematic P-T net in the KFMASH . -

system showing the reaction curves ' . _
relevant for the assemblages : -
observed fn the Ramah Group
metasediments (see Fig. 4.2.15 for
details). The broad belt is
.consistent with the stability
fields of assemblages listed in
Table 4.2.4, and microstructural
observations indicate that it
‘represents a "metamorphic field ]
gradient™ (Spear et al., 1984) (see
text). \

>
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(1) Assemblages in group 1 nust resresent highet temperaturen than
Vthe "blotite + museoeite'in"- and “p;;ophyllite out;;eutveq. However,
pressureeuare not constrained by the net at these‘tenperatu;es..(Z)
-Group 2 assemblages indicade pressures slightly above the
3yanite/endalusite transition (3 - 4 kbar) atrtemperatures higher than
the curves reptesenting the appearance of chloritoid and diteppearanee
of.pyrophyllise, but lower than the stability flelds ot\;taurolitel+
'quarti and sillimhnite. (3) The upper- temperature llmit of Greﬁp-d
&gocks ié.defined by the staurolite + muscovite +‘quertz reaction in the

~~

stabilitx field of kyanite and by the terminal reaction of Mg-chlorite

in the pgesence of muscovite (ca. 650°C). The stability of staurolite - =~ _

and/or kyanite marks the lower teﬁﬁerature limit (ca. 500°C).,(4)

Group 6 rocks contain kyanite and/or sillimanite as the stabdble
-aluminosilicate, and must be in the upper part of the staurolite + .
quartz stability field as suggested by the advanced breakdown of
staurolite (ca. 650-700°C and 7 kbar).

In summary, the two approaches used in this section, i.e..
comparisons of natural assemblages with model systems and with
experime;tal betrogenetic grids, have both yiéldéd qualitative evidence
of a metamorphic field gradient in pelites of tﬁe Ramah Groep. fhis
conclusion ‘will be incorporated into later discussions ;t the P-T path
experienced by rocks in the Saglek Fiord crea. Furthermore, in section
5. 2, geobarometry/thermometry based on the assemblages - .

biotite—chlorite—nuscovite-quartz and ‘garoet-biotite will be applied in

an attempt to obtain quantitative P-T estimates to compare with the P-T

net 1n Flg. 4.2.17. /‘5
L
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4,2,5 Mineral cheaistry.

In this section, variations in the compositions of certain coexisting

minerals across the P-T gradient--in the Ramah Group are considered,

_together with zoning patterns in individual minerals. These data

provide additionai'évidence o8 the T gradient withio tp? Ramah Group,

and also are a neceasar?:prgfac; to the application of

geothermobarometric calculations,

.

(a) Fe-Hg'diqtribuilon between coexisting minerals

Fig. 4.2.18, which is based on the séyen assemblage grouﬁs established
i{n section 4.2.3, shows Mg/Mg+Fe (XMg) of coexisting minerals along
with additional.parageﬁetic information. In most respect;‘these results

[y

are im accord with the accepted pattern of XMg (i.e. gnt < ctd < sta ¢

‘blo < chl). However, there are some differerces, particularly with

~ respect to muscovite, which should be treated as a ferromagnesian phase
{e.g. Thompson, 1982). In the discussion which follows all Fe has been

treated as Felt, the'effect of'neglecting the possible presence of\

Fe3* is assessed below.

In group 1 the'iﬂg sequence is bio <= chl < mus (Fig. 4.2.18).
This relative sequence is maintained -despite significant absolute
variations probably caused by bulk cémpositibnalfdiff;;ences. However,

between groyp 1 and groups 2 to 6 the pattern changes, In groups 2-6

: although<XHg(bio) is still slightly smaller than XMg(chl), both are

significamtly larger than XMg(mus). In group 2A (lacking biotite)
_ . R ) .
patterns are erratic; XMg(mus) 18 less than XMg(ctd) in some samples,

but greater in others and the ratio XMg(mus)/XMg(chl) varies
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Fig. 4.2.18 XMg 3f ferromagnesian minerals vs, assemblage group;. Each
\ﬁ point is the average of 3-10 analyses; for garnet the range
of XMg 1is shown. The presence. of aluminosilicates and
plagioclase (with An content) {s also indicated.
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considerably, though cblorite 1s alvays more Hg—rich thnn coexisting
- ‘ :
muscovite. From groups 2B to 6D the telative XMg disttibution is

G
constant, with' XMg sta < c¢td X mus < bLo < chl.rIn grOups 6E and 7,

A Y

-

*. ,.which also contain garnet, ﬁhere is a ﬁarked jecrease in XMg(hio) sc 1t .
approximates XMg(ﬁus)Z . : ““ N\ : ;
Thus it appears from Fig. 4.2:18 that sfgnificant revefsals of

Fe-Mgedistribution between muscovite and coexi%ting miherals

-

(esbecially'biotlte, chlor{te: and possibly chloritoid) oécur between )

~ groups 1 and 24 and again between 6D and 65. dhese'aré cdnsisbent both

within samples and between sample groups and in most cases are of too

»

-, .
great a magniiute to be attrlbutable to analytical error.

" Before attemptingfﬁo explain the relative XHg'dlstributloas
descfibed'aboge, the problem’ of distinguishing Fe3t and Fe?* must

béJadresseﬁ. ’ ' ) } ‘ -" . ®

!

\

x. In group 1 assemblages graphite is ubiquitgus; the Fe203

. i - . L :
dontent of muscovite 1s thus expected to be low (e.g. Miyashiro, 1964;
French, 1966).7Groups 2 to 6 do not contain graphite; hence, muscovite

and Ehlorite in these assemblages may contain significant amounts of

. ’ o . v.‘ L4
Fe3*, and.XMg (= Mg/Mg+Fe'ot) will accordinglybe smaller tham

Mh/Mg+Fe2+. In order to asaess»the‘pdssible effects of Fel+ on-

minerals:E’ these groups, recalculations‘:;;;?153+Fe2+ were cggried

=~ 3

out assuming that OZ 25% and 50% of the lyzed Fe was Pe3+. Musco—
vite/Pll and chlorite/PS from sample F83-3, vhich are typical of groups
2A-6 (Fig. 4.2.18) were used in the calculations (see Appendix 3, Table'
A3. 2). .Calculated - Hg/Hg+Fe2?)vﬁlues are .247y .301 and 393 for the

muscovite, and 611, .676 and .758 for the chlorite, respectively. It
& - . . - .- :

is thus clear for thiskaample that high Fe 3+ contents, either in -
. ., . : . B . v o




one or both of the mine;als, will not change the pattern 6f‘XHg(chl) >

XMg(mus). If this conclusion is extended to all samples in groups 2-6
it‘-can 4be concluded that although vary.\ing amounts of' Fe3+ willl change
the absolute valu‘es of XHg,-the rel;tive Fe-Mg distribuéiou patfern,
lnciudiné reversals, 18 not an artlfac'tl of ignoring ferric {iron. The' -
patterns described above are thus considered to be real.

L I , ) .
Mg relations between coexi‘sting muscovite, biotite and chlorite

in i:elitic rocks have frequently been reported in the literaFute. Velde
(4965) and Butler (1967) suggested that Mg is distributed in f;avout of
muscovite rather than biotite. Albee k1965, '1972) found that"'...uiﬁth

. few exceptions...” XMg(bio) < XMg(chl) < XMg(mus) and used these
_ S . ’
#elations in his widely used sequences of AFM topologles. RaEhay (1973)

" and R%lmsay & Kamlneni (1977) found. the same relationship, but noted
that values for muscovite and chlorite overlapped a great deal. .
Guidotti (1974) also showed that XMg(I;io) was smaller than XMg of both-
chlorite and muscovi'te, and Gﬁent (1975) presented (but did not
discuss) d‘ata .(his Fig. 2) shouiqé that XMg(bio) 1is consistently
snalle; than XMg(chl), whereas values for muscovite are erratic.’
Thom'pson (1976a) similarly considered that XMg(bio) < XMg(chl), but did
not treat muscovite as a ferromagnesian phase. In Dalradian pelites,
Hudson (1980) found.xrig(bio) < XHg(ch\l) '< XMg(mus), and similgar. results
were preaente.d by Yardley et:‘al. (1980) and Hoi‘pkes (1981), although
Lh§ latter authors notéd considerable scatter ?f the muscovite
analyaes'. In psammitic rocks, containing de;rif.gil K-feldspar, Uané et
al. (1986) also foond XMg(bio) < XMg(chl) < XMg(mus), but noted that

these vsiues converged with the transition from "chlorite” to

“chlorite-biotite™ zones.
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The abave selection represents a wide range of bulk compositions

and metamorphic grades, but {t is clear that the Fe-Mg distribution is

_generally the same, i.B XMg(bio) <= XMg(chl) < XMg(mus). However,

reversals in Fe-Mg distribu_tioh between a number of coexisting phases
have been teported' in the literaiure, although they appear to be
retatively rare. The best -documenfed are those of Ghent (1975) 6n the
Fe-Mg distribution between muscovite-biotite and mu;covi te-chlorite
pairs; the descr;ption by Green (1977) of reversaslg in the Fe-Ng
partitioning between garnet-and 1liquid in é)cperir;:}'al-charges, a.nd the

reversals in Fe-Mg distribution betueen'coexisting chloritoid and

staurolite reported by Grambling (1983).

A reversal of a given distribution pattern, répresenting an
"extremal state” corresfponding to ; maximum or a minimum on binary
T-XMg o;: P-XMg diagrams, 1is not possible among ’ideal solutions ‘. N
(Korzhinskii (1963) {n Albee (1972)). r'rhompscm (1976a) argued that
reversals are unlikely because of the 'near—ideality of the .Fe-Hg
substitution in most fe‘rron;agnesia'n,fficatea, but that non-ideality,
caused for instance by significant Fe-Mg ordering in dlstinct
crystallorgn.aphic'sites, cc;uld lead to reversals. - |

In his study of Fe-Mg reversals between chlorftold and staurol{te,
Grambling (1983) investigated the role of ferric iron, but found no
relation between the reversals and Fe3t/Felt, He’ suggested three
po>ssible explanations for the reversals: (1) Fe and Mg mix on more than
one site in one or both minerals; (2) some Mg is not interchangeable
with Fe; and (3) there is non-ideal zixing between Fe .and Mg in one or
both phases. However, he was notr able to distinguish between thele_

possibilities,




In the case of the Ramah Group, defining "normal” qistribution as
i

j . ‘
XMg(bio) < XMg(chl) < XMg(mus) and "reverse” distribution as XMg(mus) < -

xMg(bio) < XMg(chl), it is clear from Fig. 4.2.18 :hat","‘only pelites
from g'n;up 1 systematically show "normal” distributioni Groups 2 to 6D
show a consistent “reverse” distribution, whereas grou;pz_s 6E and 7, ih
which XMg(mus) = XMg(bio), show both patterns. | i

~ A bulk compositional control is suggested by the fact that the
“normal” pattern is ah.oun by metapeli‘tes of the Nullétaktoi& Formation
(gfoup 1 from the western part of the Lake Kik{ section, and some group
7 samples from the Pangertok SW area), whereas "reverse” patterns are
displayed by &amples from the Reddick Blght;/Rowsell Harbour Formatioas
V(groupa 2A and 2B from’the western part of the Lake Kiki s\e’ction,
groups 3 to 6C north and south of Saglek Fiord).

It api:ears likely that these Fe-Mg reversals are cg_\:xg*ed'by changes
in the chemistry of muscovite. In the paragraphs which follow, possible
artifacts of muscovite crystal chemistry which may be correlated with
the reversals are irvestigated. The uncertainty associated with
Si-determination on the microprobe, and heunce calculat.ion of Al4 and
Al6 In min;erala, 13 discussed later in-this section. Ti contenté are
small &{ld could not contribute significantly to vari:stiqn tn the '
Al4/A16 ratio.

Total alumina contents (= Al6 + Al4) are significantly higher for
muscovi fes from assemblagesi showing reverse Fe-Mg distribution than for
these showing normal distribution; and in Pigs.. 4.2.19 and 4.2.20 1t
can l;e seen that although the distribution of Al between octahedtal‘ and

tetrahedral sites is similar in Loth groups, there 1is a slight, but

systematic tendency for Al6 and Al4 to be higher in muscovites shoﬁing
L
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reverse distribution. (Fe + Mg), Mg, anq to a lesser exteat Fe, in

muscovites display a strong negative correlation with Alé conteats in -

both groups (Figs. 4.2.20, 4.2.2iA,B), from which it can also be seen
that the sum (Al6 + ‘Fe + Mg) is approximately constant (ca. 2) as A/
‘required by t.he muscovite formula. Tﬁus muscovites frc;m ro\ck.s with a
reverse Fe-Mg distribution have lower total (Fe + ﬁg) (Fig. 4.2.22?,
lover Xﬁg and higher Al6, and are in addit_ion characterized by large
decreases 'in Mg and moderate decreases in Fe relative to muscovites
from rocks with the normal Fe-Mg distribution. It is clear that th-e
more aluminous (reverse diftribution) muscovites occur in the more
al'ﬁminous rocks (Rowse.ll Harbour and Reddi(:'k Bight Formatious),
démomttating a bulk\compositiongl contt§1 on muscovite composition,
The reverse distribution‘is therefore referred' to as Al-satu:"ated,
following the terminoloﬁgy of Guid.otti (1984). The effects of assuming
0, 25% and 50% Fe3* are shown in Fig. 4.2.20 - 2.2.22, from which 1t
18 clear that ignoring potential Fe3* does not bias the conclusionsv

4

above.

Consi;iering the formulae for ideal .muscovite 4nd celadonite to be
KAl7(A15130;0)(OH) 7 and K(Fe,Mg),(S140;0)(OH) 7,
respec;:ively (both written for half the unit cell), it is clear that =«
there {8 one tetrahedrally coordinated (T) si'te on which Si can
substitute for Al, and tufo octahedrally coordinated (M) sites in which
(Fe,Mg) can subatitute for Al, (Assu;ling {deal muscovite as t-he
additive component, this exchange cgan be pteciaeiy written in vector
notation as Alel(Fe,H.g)-'ZSL.l, folgldwing Thompson et al.
(1982)). In this analysis we will be concerned primarily with the

Al;(Fe,Mg).7 substitution which occurs on the two M-sites, as it
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in natural muscovites Al6 is preferentialiy_lodatgd i

_blotite and/or chlorite, and possibly also low An in plagioclase in

96

involves Fe and Mg. The two M sites (M1 and M2) are nog identical, ‘and
3Lhe M2-site

-

(é‘owe}l, 1978,> p. 80). The distribution battern of Fe and Mg in Ramah

Group quscovites may be’explained if Fe a'nd Mg sl;noé a distinct site

prefereﬁce between the Ml- and H2—s'1tes, specifically 1f Mg _pregera the 3
M2-site and Fe gthe Ml-site. This {s consistent with ‘the noted inverse
relationship between Al6 and FetMg (Figs. 4.2.20 and'.4.2.21), and

implies that both are competing for the same site (M), which

preferentially accepts Al6. As a consequence of this relationship,

reverse muscovi)tea (with high Al6 (M2-site)) tend to have low Mg and

hence high Fe/Mg (Fig. 4.2.21A). A ramification ;>f this model. is t;mt .

in muscovites with the normal Fe-Mg distribution, there is apperently

insufficient octahedral Al to fill the ¥g-site, and that Mg(M2) >
Fe(Ml) (see Fig. 4.2.21).

Figure 4.2.18 shows that the presence of Al-silicate in the

pelitic assemblages is generally correlated with high XMg of c'oexlsting

addition to the low XMg(mus) discussed above., This suggests that these
phases participated 'in Al-silicate forming reactions; in biotite-free -
rocks this could have been accomplished by the reaction

[6.2.91 chll + musl + qtz == chl2 + mus2 + als + H,0

where XMg decreases from musl to nuszn(showu by Pigs. 4.2.18, 4.2.21) s
and increases from chll to chl2. Concomi taptly, the Al content of chl
and/or mus decreases as a result of this reaction.
J
. / 1 ‘




In biotite-beaning rocks,lthe XMg variations are in accord with a

reaction such as
. - iy
[4.2.10] chl + musl + qtz == 'bio + mus2 + als + Hy0

) *

where chl has slightly higher XMg than bio, whereas mus2 has lower XMg
than musl$ Chl 1s Al-richer than b{5 (ca. 22 and 18 w€¥ Al,03,

respectively), thus accounting for Al in _Al-silicate. Both the above

reactions may decrease Mg relative to Fe in muscovites and thus

. complement the mechanisms previously suggeéteq,to cause ghe regional

Fe~-Mg varlations. Naj0 released from muscovite may enter into

“plagioclase and thus cause a reductlon in An Iin Al-silicate bearing

~

rocks as noted above.

- N |

(b) Compositional variations in response to metamorphic

- . ‘ |

conditions
Many of the mineral chemical changes d;scribed in the previous section .
were attributed to bulk compositional variations. Héwever, some _
minerals are known .to display systematic chemical variations that can
be related to metamorphic grade - muscovite 18 a good example of this

-

(;ee the é;mﬁtehensive review bynGuidotti (1984)). In this éection,
variations of selected mineral chemical pataﬁeter;rzg-mqscovite from
‘Einqh Group peiites are presented,iand attempts are made to distinguish
metamorphic (f{.e. P,T) from bulk chemical effects.

The theoretical framework necessary for dealing with phase
f:iatlons of muscovites ("white micas™) has been given by Guidotti &

Sassi (1976) and Guidotti (1984) and is briefly repeated below. Fig.
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4.2.23 shows the AKNa projection (fig. 1 in Guidotti & Sassi, 1976),
suggested by these authors to best represent the chemical variatibq of
muscovite in metamorﬁhié rocks. Tyo'concepts are of impOttancei
“limiting assemblages"‘éﬂa‘“éaturating phases™, In limiting éﬁaembla%ea.
the number of phases 1s equal to the:ﬂﬁmber of components (three in the
AKNé'projection); and folloﬁing the phase rule, compositiops of phases
in such assemglagés will depend on P and Tlgnly. Compoaigz;na of phases
"o non—limitiﬁg assémblages (2 phéses or lgsa) will be é function of P,
T and bulk composition.*Only\limiting assemblages can thu;Jbe uged to
quaAtify me tamor phic variations. Saturating bhases are phases rich in a
particular component (e.g. T{0, - rutile, i{lmenite; Alo05 -
Al-silicates, staurolite, chloritoid). The presence of such phases b
ensures that coexisting phases in the ideal system c;ntgin the maximum
Amount possible (for given metamorﬁhi? conditions) of the glven
component. AsSsemblages with Al-silicates (and/or staurolite,
chloritoid) will thus be Al-saturated, and muscovite will contain the
maximum amount of Al,03 for the prevailing metamorphic conditions.

In the Ramah Group pelites only a few assemblages are limiting,
whereas most are Al-saturated (Fig. 4.2.23B), Staufolltt and chloritoid
are both_Al-rich; snd are treated as Al-saturating phases here,
'Variations of different compositional par;meters in muscovites of the
Ramah Group, are considered below.

The tenpera{:re aéﬁsitivitl of Na/Na+K in muscovite has bgﬁﬁ
demonstrated by several autﬁors {e.g. Evauns & Guidottﬂ (l§66), Thompson )

(1974) and Guidotti & Sassi (1976)), and has been interbreted with
reference to pseudobinary T-XNa diagrnﬁs of the Hu-ﬁg join in the AKNa

system (Guidotri & Sassi, 1976, Pigs. 6 and 7). Thermodynamic analysis

»







and several field based studies sh;u that Na/Na+K>(- XNa) in muscovite

} -
increases with increasing temperature in limitfng assemblages up to the

- ’
transition between staurolite and sillimanite zones, Abovg this zone
the fatio declines abruptly. The temperature at which the\maximum X&
occurs has been positively correlated with-lithostatic p;egsure
(Guidotti & Sassi, 1976).

XNa variationé in Ramah Group muscovites (here expreased as th; _
proportion of the paragonite molecule - NaAlj5130;4(OH),) are
shown in Fig. 4.2.24A. The scarcity of limiting assemblages severely
limits the use of XNa as a metamorphic indicator, althougﬁ the
predicted deétease of XNa {in thgostaurolite‘gtability range (gféups 3,
4A-C) seems to occur.

Celadonite conténés.of muscovite wére shown by Guidotti & Sassli
(1976) to increase with increasing pressure of formation and be less

influenced by temperature. Other workers have noted, fowever, that

increasing temperature tends to decrease the celadonite content of _

muscovite (revﬁgw in Guidotti & Sassi, 1976). With increasing grade,

(Fe+Mg)-celadonite contents of Ramah Group muscovites in limifing
\ - -

assemblages show a significant increase from groups 4 to 6 (Fig.

4.2.24B). Rocks of groups 2 to € (all Al-saturated) have broadly
similar bulk chemistry and the observed celadonite incrgfse 18 belleved
té priqarily reflect increasing pressure of metamorphiam.

Increase of T1 in blotite and muscovite with increasing
metamorphic grade has been frequently reported (e.g. review in
Guidotti?‘l984). Due to the restricted number of limiﬁing assemblages

{n the Ramah Group pelites (of vhich only two contain biotite), and -

lack of information about Ti-saturating phases (ilmenite, rutile), Ti

i
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~ will not be considered further.

shape and do not display consistent zoning patterns. Staurolite

. inclusions occur in one garnet (BR-169), suggesting that garnet v

content.,
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It is concluded that-bulk composi tional differences between

samples from the Rowsell Harbour/Reddick Bight Formationa.(assembluge
groups 2 to 6) and the Nullataktok Fornation (asaemblege groups 1 and

. 7), especially the higher A1203 content of the former, exert /7_ /

substantial control on mineral chemical parameters io muscovi‘e.~
14
However, between groups 2 to 6 mineral'chemistry generally conforms to

variations expected with increasing metamorphic grade._

1

(¢) Mineral zoning in the Rahah Terrane

" (1) Garnet. The me tamorphig a‘d bulk compositionel conditions necessary
for the formation of garnet were only reached in the Pangertok Sd\‘}ea
Fe, Mg, and ‘Mn variations in fourteen garnets from s8ix samples are

shown in Fig. 4.2.25A,B. Grains in BR-169 and F83-138 are irregular.in

replaced staurolite, which may also explain ita relatively low MnO

Fe and Mg show a broad negative correlation, but closer fnspection

reveals two distinct groups (Fig. "4.2]25A). High-Mn samples (F83-131
and -160) show Mn-increase and Fe-decrease from core, Eo rim, whereas

both elements increase rimwards in F83-14] and YM-199, The first group

(1) 18 characterized by very small (Fe+Mn) variations, while Mn/Fe {8

nearly constant in the second group (I1I).
- .

The same two groups can also be distinguished in Fig. 4.2.25B.
LI . ’ .
1

Group 1 garnets show Pe-increase and Mg-decrease from core to rim,
while gge+Hg) resains approximately constant; whereas in group II

YN

garnets both elements decrease towards the riam.







Ca0 in these garnets varies between 1 and 2 wtX Ca0 (ca. 3 to 7

mol% grossular), but do not show any systematic zonal varfation. It is
well known that {n the presence of plagioclase, Al-silicate and quartz,
the Ca-content of garnet is strongly pressure dependent (e.g. Ghent,
1975; Martignole & Nantel, 1982). In the garnet bearing rocks from the
Ramah Group, the lack of Al-silicates and the low modal amount of
plagioclase coexisting with groups I and II garnets may explain the
unsystematic variation.

The Fe-, Mg-, and Mn-zoning patterns described above do not
resemble the “"normal™ or "growth” zoning patterns which have b?en
yidely discussed in the literature (revie.w.s in e.g., Tracy, 198_1; Cygan
§ Lasaga, 1982; Loomis, 1983), suggesting that element redistribution
during or after the peak of methmorphism may have caused the observed
zof:ing. Fur thermore the pattern in group 1 garnets (Fe and Mg
decreasing and Mn increasing from core to rim) is similar to “inverse”
or diffusion zoning, particularly with respect to the Fe-Mn
relationship (e.g. reviaw in Karabinos‘, 1484). Constant (Fe+Mn) coupled
with core to rim increase in Mn/Fgeis interpreted to result from
diffusion and elementaliredistribution within the garnet grain during
retrograde metamorphisnm, _fhus overprinting earlier prograde patterns.
In contrast, group II garnets show increasing Fe and Mn,'and decreasing
Mg from core tc; rim, a pattern which is also believed to have developed
during rexrograde element redistribution, but in this case the
increasing (Fe+Mn) from core to rim suggests that sources external td
the garnets were involved, (Fe+Mg) i{s constant, hence these elements

weregredistributed internally, whereas the additional Mn must have been

derived from the matrix (e.g. ilmenite, biotite). .
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These variations in zoning patterns do not seem to be correlaﬁed
with mineral assemblages nor with geographic locatfon. All garnets
coexist with biotite, muscovite, quartz, tourmaline and minor opaques
(see also Appendix 2), and samples from both groups occur in
ilme.diately adjacent outcrops-. Although the number of sambles {8 small
(8ix samples with about ten well-zoned garhets), the variety of
patterns observed rsuggests that one or more diffusion enhancing factors

(e.g. temperature, activity and/or availability of flulds) were

operational during post peak metamorphic conditfons.

~

(11) Staurolite. Fe-Mg exchange is very limited in the analyzed
lstaurolites, and core to rim variations of XMg are small and
unsystematic, However Mn and T{ generally increase towards the rim.
Twenty three grains in eleven samples were a’na-lyzed for Zn. Zn0
contents vaty'from below the detection limit (LLD) to 2.2]1 wtX, and
there is a strong antithetic relationship between modall staurolite and
wtX Zn0, confirming ‘that staurolite 18 the only Zn-bearing phase in
these rocks. Intra-grain and intra-sample ZnO-zoning 1s variable: 48%
of the grains sh-ow rimward ZnO-incre‘as.e, 17% show the opposite trend,
ar:d 352 show no measurable varistion. Schumacher (1985) suggested that
Zn-enrichment in staurolite rims was the result of preferential removal

of the Fe-staurclite component during incipient breakdown of

staurolite,
y

(111) Chloritoid. Most chloritoid grains were too small to obtain

proper core and rim analyses, so the following is based on the only two
- ~”

samples with suitable grains (YM-188 from south of Saglek Fiord and

F84-86 from east of Lake Kiki).‘ In these samples, chloritoids are

Lo




unzoned with Irespect to Mg and Fe., However they are strongly zoned u‘ith
respect to Mn, which despite MnO contents of less than 1 wtX displays
very systematic rimward d;zcrease. This pattefn is consistent with
“"normal” or "growth” zoning. Mn is strongly partitioned into
chloritold, so'during prograde growth Mn is progressively depleted fr:'om
the "reservoir" (= matr_:ix), r‘esulting in a rimward deotrease. The
preservation of growth zoning suggests that retrograde effects are

minor in these chloritoid bearing assemblages.

(iv) Feldspdrs. Plagioclase is the only feldapar {j pelites from the
areas .south <;f Saglék fiord, whereas K-feldspar and plagi.oclase occur
in samples in the Pangertok SW area.

Average An-content of plagioclase in kyanite-bearing assemblages
©
1s An26 (n = 75 analyses, range Anl8 - An29.7),- and “normal” z'oning
(1.e. Na-;.'iél rims, Ca-rich cores) 1s developed in many grains. Typlcaln
core-rim variations are"AnZS—AnZO. Plagloclases from kyanite-free
assemblages have higher An-copntents around‘An4l (average of sixt:

analyses, rahge An34.7 - An45.9) and display minor normal or reverse

zoning. An-contents (averages'or ranges) of analyzed plagioclased are
~

shown in Fig. 4,2.18. These differences between kyanite~bearing and

kyanite-free assemblages were discussed in an earlier section (4.2.3‘),
1p which it was suggested that kyanite-forming reactions were

responsible for thé An variations. Cont‘inubus reactions in the limiting
assemblages (1) muscovite—plagiociase—Al-silicate—quattz or (2)

muscovite-plagioclase~-K-feldspar-quartz (see Pig. 4.2.23) may also

exert some control on the composi'ttons of feldspar (and muscovite).




Plagioclase and K-feldspar from the Pangertok SW area are not

systematically zoned.
. \J

-

4.3 AMPRIBOLITE FACIES TERRANE WEST OF RAMAH GROUP

!

4.3.1. Introduction

Aaphibolite facies goeisses occur in a generally west dipping thrust
slice in the eute.rn Churchill Province between the structurally
o;lerlying GFT to the west and the structurally qnderlyi;lg Ramah Terrane
* to the ;ast\(Fig. 2.l.i). The lithologies: in' the AFT are primarily
leucocratic tonalitic biotite (+/- hornblende) gneisses and more

melanocratic dioritic hornblende biotite gneisses. Mafic layers and

lenses, some probably derived from the Proterozoic d«i*e swarm (section

2.7), are widespread. Dlscordanc'u be tween iecognizab.l:l dykes and the
gneissic foliation were foun;i around’ Lake Kiki, but are rare elsewhere.
Matamorphic grade i{s in amphibolite facies ’throughoﬁt; and ;noat

rocks display a well developed penetrative planar fabric define.d 5y the -
preferred orientation of elong:te hornblende /- biotit.e and <
plagioclase aggregates, wvhich in the southwestern part of the
Amphibolite Faclies Terrane give rise to a ptc'mincnt synkinemdtic
subhorizontal lineation (see chapter 3).

- A more complicated metamorphic history c;n be discerned in some
samples inglower strain augen lacking the strong L-fabric, in which

relict orthopyroxenes and/or amphiboles indicate the presence of

earlier (hornblende)-granulite facies assemblages that partially
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escaped the generally thorough amphibolite ntiel overprint. The tieing ’ \¥

of this earl} (hornblende)-granulite faciqa_p tamorphism is not tightly

constrained but is.probably Archaean in age. -

4.3.2 Mineral parageneseg and reactioans
]

(a) Metamorphic mineral assemblages

The dominant typomorphic (Spry, 1974) assembla;e in the amphibolite
facies g#eis;::\end amphiboliteg (s.8) 18 amphibole + biotite +
plagioclase + quartz (+/- epidote, sphene) (see Appendix 2). The
micrﬁstructure is characterized by the pr!fgrrea shape orientation of
synkinematic Q?tnblende, biotite an&/or vaq}ahl; recrystallized
Quartz-feldspar aggregates which also define the L fabric. Biotite
oc;ufs in a variety of microstructural settings, closely associated
with amphibolee, ilmenite, and/or sphene.

However there is also some evidence to suggest that these )
amphibolite facies a;semblages may be retrograde, as in a few na;plen
traces of earlier microstructyres are preserved, which indirectly
suggest that these ate_reuorked granulite facies rocks. For iustance,
numerous quartz inclusions in some hornblendes (Fig. 4.3.1A),vvh1ch
give rise to a sieve—like‘micrqstructute (formed as 8 result of slower
diffusion of Si relative to Fe, Mg, Ca, etc., e.g. Mongkoltip & |
Ashwotth (1986)), aﬁggest that these hornblendes téplaced pyroxenes, a;
dé “"blebby” aggregates of hornblende, biotite and quartz in the least
deformed gneisses.

~ , '
Additionally "old” hornblende/grains (Fig. 4.3.1A), here defined

as dark green hornblendes with numerous ilmemite inclusions, are










(

-

present in some samples and appear to have escaped complete
-recrystsllization during the subsequent amphlbblite facies overprint,
Both "sieved” and “01d” hornblendes chdaracteristically have narrow
retrograde rims. Rims on "old” hornblendes are composed of bright green

’

or blue-green anbhtbole, and frequently also contain a second fnner rim
?
of colorless amphibole, whereas sieved hornblendes are often riqmed by

colorless to green ;-phlbole (Fig. 4.3.1A,C).
XMg varistions (Fig. 4.3.2) suggest that two differeat reactions
were responsible for these two rim-types. Rims on "o0ld” hornblendes

>

(amphl) may have formed according to:

-

[4.3.1] amphl + plpgl == anphé + plag2 + ilm-

where amph2 (fii) is Ti-poor ind has_higher XMg than amphl, thus
accounting for the presence of ilmenite in the product assemﬁlage.
Small amounts of H,0 may occur on the reactant side as amph2 appears
to be HyO-richer than amphl. Amphl has higher Na/Na+Ca than amph2

(see Fig. 4.3.7A), suggesting that plag2 should have the lower
An-content, which is indeed in accord with aqplysea (see section *
4.3.3). | .

Rims on hornblendes sieved with quartz inclusions probably formed

via a similar reaction, such as:

-

(4.3.2] amphl + plagl + Fe-oxide == amph2 + plag2 + qtz

where amphl has higher XMg than amph2 and Ti is low in both. XNa and Si

appear to be similar in both amphl and amph2 in this case. Judging from

.







: ]
the microstructure and crystal chemistry, Fe-oxides (e.g. magnetite)

may be required to balance the proposed reaction. On account of the
small Na/Na+Ca variation in .these amphiboles, {t is likely that the

accompanying An variation in coexisting plagioclase was negligible.
. : -

Epidote occurs in amphibolites as well as in leucocratic to mafic

tonalites. It is closely associated with hornblende, biotite and opaque
minerals, and 18 commonly situated.at hornblende-plagioclase interfaces

(replacing plagloclase) and may locaily form a partial rim on
¢

_hornblénde. Plagioclase is the obvious source of Ca, Al and Si for the

formation of ebidote, and Fe may come from either amphibole or

-

Fe-oxides., Combining the microstructural observations with these

~

considerations, epidote formation may occur according.to

[4.3.3]) amphl + plagl + Hy0 == ep + amph2 + plag?

where plag2 would be Ca-poorer than plagl and amph2 Fe—poorer than

amphl. The metamotphic fluid must either donate oxygﬁr to or remove Fe
from the reaction site to account for the ferric iron Ln epidote. -

Sphene coronas on i{ilmenite are very common in amphibolite faciles

gneisses near Lake Kiki (Pig. 4.3.1D). Various stages of {lmenite
topluc;leqt by sphene can be observed in these rocks, whereas grﬁnulite
facies gneillel,‘uith no or negligible lou;r grade .overprint, do not
contsin this feature, Breakdown o: {lgenite to form sphene thus seems
to have been synchronous vith the hydration and b;eakdoun of gtanulité
facies nllolblngeq} and sphene co:onaa may be a useful pettogiaphic

indicator of retrogression of earlier granulite facies asseamblages, in

the absénce of other ditect_evid;nce. This correlation has also been

~
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observed in high grade rocks from Séuthwest Greenland (A. P. Nutman,

.y
pers. comm., 1986). ‘

Ilmenite breakdown may occur by a reaction such as:

[4.3.4] {lm + plagl + fluid - sph + plag? + mt

where plagl is Ca-richer than plag2. This type of reaction {8 in accord
with observations of Moody et al. (1983), who found, in an experimental ‘
study of ‘the greénschist to amphibolite facies transition in

metabasites, that'aphene was replaced by ilmenite above 500~550°C,
regardless og oxygen fugacity. These reactions are further disc‘ﬁ:ea in
section 4.3.5.

Although sphene coronas on ilmenite are common around'Lake.Klki,
amphibolite facles gneisses near Saglek Fioéd contain {lmenite without
coronas, spggesting a reglonal variation in.tye driving mechaqism for

. .
the sphéhe formation. A flight southward increase in the T at which
peak re-equilibration and mineral growth occurred could account for the
absence of sphene.lVariations in XC02 of the fluid attending -

-

metamorphism are not considered to be important, because although
experiments and thermodyhamic calculations by Schuiling & Venk (1967)
and Ernst (1972) show that the stability field of spheﬁ; is attongiy
dependent on the XCOy of the fluid, especially a£>1;w values, the
product assemblage of rutile + calcite + Huartz has not been observed!
Els?uhere in the amphibolite facles terrane, evidence of an e;rlfir

granulite'facies me tamorphism 18 less ceyptic. Near Lake Kiki, where -

. \
the L fabric 1s less strongly developed, AFT gneisses can be seen to

contain éelict orthqpyioxene in thin section, and except for variable




hydration, they exhibit equilibrium picrostructures. The granulite

facies assemblages consist of orthopyroxene which is present in all
samples, together iith'clinépxroxene, garnet, plagioclage and quartz.
Pyroxenes show various‘stagesrof alteration to amphiboles. c
Orthopyroxene is 19vatiably partly replaced by cuiiingtonite and/or a
pale green to colorless amphibole (Fig. 4.3.3A,B). Sﬁme 6rihopyroxenes
oniy have a8 parrow ris of amphibole (Fig. 4.3.3C), whereas others are
50-90X replaced (Fig. 4.3.3B). A green _to da¥k green amphibole glways
forms an outer narrow rim.(Fig. 4.3.38). Clinopyroxenes are relatively
fresh, and only a narro? rim of green amphibﬁle, identical to the
outermosé tiﬁ on ofthopyroxene, igdica;es that hydration has taken
placé {Pig. 4.3.3C). Opaque minerals (maiﬁly ilmenite) may have eithe;
a narrow biotite rim or the green amphibole ri& mentioned above.

Incipient development of sphene coronas on ilmenite, so typical of

’ amphibolite facies goneisses elsewhere, was found in only one sample

(F84-20).

The presence of cummingtonite suggests that orthopyroxene

decomposad according to

[4.3.5] opx + qtz + Hy0 + O == cum + Fe-oxide

where the Fe-oxfde, although only directly obse;vedain the rim of few

of the lamplga‘(e.g. F84-58), 1s necessuéb to account for XMg being
systenatically higher in cummingtonite th;n in orthopyroxene (Fig.
4.3.4). .

The p;lo green to coloriess Ca-amphibole rias surrounding

cummingtonite and orthopytoxéne proﬂably formed by the reaction between










cummingtonite and adjacent plagloclase:

\
(4.3.6] cum + plagl + H,0 + Fe-oxide == Ca-amph + plag2

+qtz + 0

where plag2 (rims against amphibolgs) is Ca-poorer than plagl (cores).
XMg 6‘f Ce-amphibole rims ies always lower than that of both
cummingtonite and orthopyroxene, thua suggesting that the Fe-oxide
produced in [4.3.5] was subsequently consumed in [4.3.6].

In cases where thére i{s no cummingtonite rim, [4.3.6] may have
gone to completion, or'Ca-amphit?ole formed directly from otthopyroxer{e

via

{4.3.7] opx + plagl + Hzo' == Ca-amph + plag2 + qtz

where plag2 is Ca-poor. The product Ca—anpbiboie has Xngslightly
smaller than orthopyroxene, so an Fe-phase (e.g. ilmenite) may have
participated on thg reactant side, thus accounting for T{ {n amphibole.
({4.3.7] could also have been obtairied by "adding” reactions [4.3.5)
and [4.3.6]).

Ca-amphibole rims on clinopyroxenes are generally narrow and have

lower XMg than the host grain., They may have formed according to

»

(4.3.8] cpx + plagl + Fe-oxide + H90 == amph + plag2 + 0

where plag2, occurring in rimes adjacent to amphiboles, would be .

enriched in Ca teiative_to cores (plagl).
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A major unit of garnet'a-phibolite just south of Lake Kiki .

displays spectacular symplectites of plagloclase and orthopyroxene

JRSEERSIE . .

developed batween garnet and clinopyroxene (Fig. 4.3.5).

The reaction which‘ best accounts for the microstructure is
“[4.3.9] epx + gnt + qtz == opx + plag ) \

1o which, {n accordance with observations, plag is Ca-rich, According

to e.g. Wells (1979), [4.3.9] will pz:oceed during decompression.
Subsequent hydration (Early Proterozoic?) caused partial to total
replacement of ortﬂopytoxene “worms” (see Fig. 4.3.,5) by cummingtonite

acd colorless amphibole (see-reactions above).

(b) Ages of metamorphisms -

Although the relict (hornblende )-granulite facies rocks described
earlier are similar in several respects to those of the Early
Proterozoic granulite lfacies metamorpbism described beiow (section
4.4), they are considered to belong to a distinctly older (Archaean?)
metamorphic event for the foilowing ;enaox;a: ‘
(a) Gram‘nl»ite facies rocks of Early Proterozoic age;occur‘ in
"straight belts” and have a pronouncve:d subhotizbntal L-fabric (this
characteristic was used in chapters 2 and 3 as a "fingerprint” for
ttanvavcun‘ent aheating)., whereas the older Archaean? relics are
edulgranular and weakly foliated. .
(b) In the relict granulite facies rocks, a conplei:ewrunge of

teirbgtuaion from fncipient to total replacement of the granulite

facies _uaenblngel 18 preserved, wvhereas Eerly Proterozoic granulite

.







»
facies rocks consistently exhibit only minor retrograde rims on
pyroxenes,

" These and otHlr features are summarizéd in Table 4.3.1.
’

-’

4.3.3 Mineral chemistry, .zoning

Rzpr%untative chelical analyses of hinerals discussed.in this section

are given in Appendix 3.

.z
. ¢
(a) Amphidolité faclee assemdlages

(1) Plagioclase. The An content of plagiociase displays a wide
variation (An24 - 56) (Fig. 4.3.6), for which two factors can be¢
singled out, Plagiotlases from amphibolites and mafic gnelsses

generally have higher An contents than plagioclases from leucogratic

gneisses, reflecting bulk congpositi?mal differences. In Figs. 4.3.2 and

4.3.6, rocks fron'the Lake Kiki area have been divided into “gneisses™ -
and “amphibolites” to provide more control’ on bulk compositional
effects. The second(?bitor, pointed out earlier, cogcetn?a-phibole
forming react'ions which influence the An ;:onten_t of coexisting
plagioalase. Progress of reactions such as [4.3.7], in which calcic
anphibole is formed, clearly results in a decre.nse of the An.content of
the participating plagioclase. The degree of An reduction is dependent
on the initial modal ratio of th;a reactants pyroxene and amphibole to
product plagioclase. Hence.a larger range of An content fin plégioclas'es
from amphibolites (high modal amphibole + pyroxene) than in I‘e:icoc.ratic-
<

gneisses (low modal contents of mafic ninerais) would be expected. This

is 1n sccord with the observatfons illustrated in Fig. 4.3.6, in which

0




Tahle 4.3.1 Summary of ages of metamorphic assemblages in the AFT

Tectonothermal event

122

Metamorphic development

Archaean

Early Proterozoic

-

Hudsonian

- Granulite facles mineral assemblages

(extent unknown). Formation of sym-
plectites as a result of decompres- .
sion reactions.

Generalty thorough reworking in

amphibolite facies and formation of

dominant typomorphic assemblages in AFT.
Archaean granulite facies assemblages .
survive in restricted low strain augen and

aré¢ variably hydrated/retrogressed as
indicated by amphibole rims on pyroxenes.

Typomorphic amphibolite facies assemblages
in the AFT suffer minor hydration. Epidote
and sphene may form in this period.
Possibly minor hydration of the relict

: granulite facles assemblages.
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it can be seen that plagioclages in amphibolites (e.g. F84-41, -70,
-94) shgw core to rim variations of An38 f.26, 56 - 45, and-SAI— jﬁ,‘
respectively. Plagioclases fnhleucocratic gﬁeisses (e.g. F8A13, -9,
-118) on the other hand, have lower An values and show n; Qignificaht

intra-grain variation (values of 24, 28, and 25, respectively),

(11) Epidote. The dominant compositional variation seen in epidote 1s
in the Fe3t/Al ratio. The pr&étess of this exchange can be expressed
in terms of the étoportion of the Fe3+-enA member Pistacite (usfng
the ratio Fe3+/Fe3++A1, where all analyzéd Fe 18 assumed to be

ferric). The Ps content varies from 11 to 24% in analyzed samples, but

-1s fairly constant within each sample (e.g. MZ-153a: range Ps2l -~ Ps24

o

in 9 analyses). The presence and composition‘of epidotes are a complex
function of bulk rock.compoéition as well as P and T (e;g. Moody Ai
al., 1983), and Liou (1973) also demonstrated that Ps-content generally
increases with oxygen fugacity. Two samples siqdied here (MZ-153a and
MZ-158a) from the amphibolite facles area north'of Saglek Fiord about !
kn west of Ramah Group may reflect the above conclusions. The rocks »
havé’similar bulk compositions (both are amphibolites aqdlcontain the
same minefal assemblages), are sepa;ated by only ca. 1.5 km and are
believed to have experienqed identical P-T conditi?ns. However; there'
is a large diffe%ence in Ps~content between them (Ps23 and Psll,
respectively) which could therefore indicate varfations in oxygen-

: N
fugacity on a km—-scale.

(L11) Bidéite. This mineral 1s a minorgcomponent in all samples and

displays a narrow range of XMg (0.43-0.67). Biotites in leucocratic
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rocks (e.g. F§4-3, -9) have slightly higher XMg value;.th;n those in
amphibolites (e.g. F84-41, MZ-158a). Ti contents of biotites vary
significantly (1.39 = 3.72 wtZ Ti0,) and this may re{}ect either bulk
coaﬁouiﬁional differences or formation v;a differeﬁt reactions.,

(b) Relict granulite facies assemblages.

Flg. 4.3.4 shows the-Ca-Mg-Fe variations among pyroxenes, amphiboles,

garnet and cuhmingtonite.

(1) Pyroxenes. Accordlng to the classification in Deer et al. (1974,
Fig. 33), the cluster of clinopyroxene analyses straddles the boundary

between the “salite” and "augite” fields with about 502 1o each.

Orthopyroxenes have XMg between 0.45 and 0.55, thus belonging to the

“ferro-hypersthene” and "hypersthene” groups. Ca0 in orthopyroxene

never exceeds 1 wtz,,ana i1s typically around 0.5 wt. Al1203 varies.

-

between 1 aﬁd 2 wtX in orthopyroxene and 15 somewhat higher in
clipopyroxene {2 to 4 wtX). Nay0 is remarkably constant in
W] - .

clinopyroxenes (ca. 0.5 wtX), but below the detection limit in

»

orthopyroxenes,
Zoning is preseht io many pyroxenes, XMg in clinopyroxene

invariably increases from core to rim, whereas the opposiie trend is

-~

‘most comaon in orthopyroxene. Al decreases from core to ria in

clinopyroxene, but is not systematically distributed in orthopyroxene,
Most other elements may show either rimward decrease or increase in
pyroxenes, the controlling factor probably being the neighbouring

mineral.




(11) - Plagioclase. In the gneissic rockl; plagioclases are fairly -
ﬁo-ogeneous with An from 25 to 30 and are not sigﬁiflcantly zoned. In

. “the two hibolitea (F84-83, -84) An content of plagioclase is higher,
and sign::f:;ai vafiations (AnS50 to 70) occur (Fig. 4.3.6). This is
partly dué to Sulk conpo;itional differences, but also to the
gecomptesgioﬁ reaction described earli;; ([4.3.9)). This reaction .

produces An-rich plagioclase, which is locally preserved. The

pronounced homogenization. of most plagioclases took place during the

retrogression and amphibolitization of the granulite facies -
~ . )
assemblages. Amphibole production from orthopyroxene, the most common

reaction in these rocks, results in a reduction of An of coexiaiing
plagloclase (see amphibole producing reactions in previous section) and
the observ;d An var€ations ptobably refl;ct in part the extent of this
retrogression, |
-

(111) Garnmet, FP84-84 1s the only sample with garng(, iut it s
considered important because of the preservation Qf the decbmpression
reaction between clinopyroxene and'gatnet. If thiﬁ assemblage and
reaction is indeed A;chaean in age, it can provide information about
the P-T-t evolution prior to fhe Early Proterozoic tectonothermal event
(discussed further in section 5.3).

" The average garnet composition 1s Almgs, Pyraz4, Grogpg,
Sp:z. The core is Fe-poorer and Mg-richer, with a composition of
Almsgy, Pyrag, Groig_s, Spe) ,s. Between garnet and
clinopyroxene, and surrounding clinopyroxene igcluaions in garnet,

symplectites of plagioclase and orthopyroxepe frequently occur.




4.3.4 Amphibole chemistry. _
L} i '\\/—

In this section, all amphibole analyses have been normalized according
to the "13exCNK" —lchene outlined in tobinson:t al. (19212). Amphibole
nonenc}atute and tetninolo;y used below follows Leake (1978) and
_Robinson et al. (1982). |
In terms of the classification of Leake (1978), -the analyses span
the range from calclc a;phiboles (actinolite through hormblende to
tachermakite for (Na + K)s< 0.5), and sodic-calcic inphibo;es (ftom
edenite to pargasite for (Na + K)A>‘0.5). )
Several workers have 1nvestigated, described, and attempted to
quantify the relationship between metamorphic conditions and chemistry ‘
of calcic amphiboles (e.g. Leake, 1965; Bard, 1970; Graham, 1974;
Ra#se; 1974; Brown, 1977; Fleet & Barnett, 1978; Holland)& Richardson,
1979; Spear, 1980, 1981a,b; Laird & Albee, 198la,b; Hynes, 1982). These
attempts have met with varlable degrees of success, and many of the
- suggested relationships are only applicable within narrow compositional
and/or metamorphic ranges. However, most authors agree on the
relationships between types of sﬁbstitutlon and metamorphic grade. The. -

/

_relevant types of substitution are: .
Tschermakite (TSCH):
[AL6+Fe3++Ti+Cr, Al4] replacing [Felt+Mg+Mn, Si]

Glaucophane (GLAU):

[Napg, A16+Fe3++T1yCr] replacing [Ca, Pe2++Hg+M£]

Edenite (EDEN):

[Nay+K,, Al4] replacing [[ ], Si]
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In exchange vector C;ation (e.g. Thompson, 1982) these

. substitutions may be written as -

TSCH: Al Mg.1Siy
»
© GLAU: NaAlCa_jMg.;

EDEN: NaAl[ J_;si_;.

¢

The authors referred to above found thatsthe amount of TSCH and
GLAU substitutions increase with metamorphic ;;ade, whereas EDEN
substitution inc;eaaea and then decreases. GLAU substitutioh_&a most
inportaﬁt in high-pressure facles aefiea, whereas TSCH and EDEN
;ubatitutiona dominate the lower pressure eeriea;‘ i

Laird & Albee (1981a,b) showed that these substitutions could:
conveniently be diatingulshed in several X-Y plots, which were designed

so that temperature and pfessu:e sensitive variables plotted.along the

X- and Y-axes, respectively.

Alﬁhibolea from the relict granulite facies isaemblngea and from
tﬁe typomorphic assemblages of the Amphibolite Facies Terrane display
many similarities ;nd are considergd together below. Laird (1980) and

. Laird & Albee (1981a,b) noted that variations in amphibole chemistry
can only be interpreted.in terns of P-T variations wvhen the amphiboles
belong to identica‘ assemblages ('cf. discussion of "limiting
aase-blaqes" and "saturating phasga' id'aecti?n 4.2.5.b). A; can be
seen in Appendix 2.2 this is lhe case in the AFT; the majority of
amphibole~bearing assemblages contain quartz, ;lagioclaae, SIP;ILOLC,

’

biotite, opaque oxides (ilmenite, where analyzed). Epidote, sphene and -

zircon are coamon accessories. Appendix 2.2 also shows that the

’
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amphibole-bearing assemblages in the relict granulite facies rocks are

brosdly similar. )

!
Figures 4, 3 7A-D and 4.3.8A-D show anphibolea from amphiboiite

fnciel gneisses and anphibolitea and from relict granulfte facifs

,rocks..In all diagrams “the scatter of pointe indicates a P~ as ﬂell as

\
\

T—sensitive variation This is 1o accord with microstructural \
observations (section 4.3.2) of . several generations of anphiboleaJ
replacing earlier higher grade minerals..Ihe variation in Eigs;‘asq.7i
and 4.3.8A (Na/Na+Ca vs. Al/Al+Si, which is independent of the
normalization scheme used for the‘a-pﬁibole structural formula) can
result fron_eitber TSCH + EDEN and/or EDEN + GLAU substitutions. Figs.
4,3,7B,C and 4.3.8B,C show that GLAU substitution is of less importance
than TSCH and EDEN and Figs. 4.3.7D and 4,3.8D show that TSCH is the
dominant mechaniém. '

In Fig. 4.3.7A the amphibole compositions representing the
contiﬁued breakdown and replacement of oider hornblende and pyroxene
grnins’define a trend which initially records:Na/Na+Ca decrease at
approximately constant Al/Al+Si, and later shows dec;ease in both
“values, Interpreted in terms of P and T, these trends record initial -
approxirately 1sothermal dé:;mpression, followed by subsequent decrease
of both P and T.‘Compared to th? pressure fields given in Laird & Albee

(1981a,b), these amphiboles plot in areas where the high,'nediun and

low pressure fields overlap, which does not provide any'adgitional .

information. ‘ R

The T{ countent of amphiboles (Fig. 4.3.9) is generally low (range:

0 - 0.3 Ti/230x, average: ca. 0.03 T1/230x). Highest values are

recorded by "old" hornblende grains, which contain abundant opaque













blt.lclusionl_(ilnenite where analyzed). Comparison between 743'.‘&.3.“
and Fig. 4.4.7A does indeed suggest that the above "old" h;rnblendea
r.ogained granulite.t'acles chemiau'"y.

_ Ca-Mg-Fe variations in amphiboles f;om' amphibolite facieyo@ks
are shown lp‘l'ig. 4.3.2'. The large pig range is partly due to bulk rock
variations, as amphiboles from amphibolites generally have lover XMg
than those from the more leucocratic gneisses. However, the relative
XHg'vatiation, both bet;weenudifferent amphibole~types and. with respect
to the relict gr.a‘nulite. facies minerals (see below), is quite V
consistent., The clear or li’ght green amphibole rims on "old”
hornblendes always have higher XMg than their host, aﬁd sieved
hornblende aggrengates', probabiy reptesenting replaced pyroxenes, have
°hi.gher XMg than "old™ hornblende. Sieved hornblendes <of ten have a clear
amphibole rim with a lquer XMg. These XMg relationships suggest that
several reactions can lead to formation of amphibole rims, ss discussed
in section 4.3.2. In addition to varistion in XMg, Fig. 4.3.2 shows
that Cal increases slightly as XMg decreases from 0.76 to 0.38, possibly
reflecting slight coupling of Na-Ca and Mg-Fe exchange.

Ca-Mg-Fe variations among amphiboles from relict granulite facies
assemblages (Fig. 4.3.2‘) ar; similar to patter;la displayed by
amphibolea described above. XMg varies from 0.64 to 0.38 and the
relative Fe-Mg digtribu_tion (in order of decreasing XMg) in the relict
_'granulite facles minerals 1s: clinopyroxene > cummingtonite (after opx)
>= hornblende >= orthopyrqxen? > amphibole rim on cummingtonite (and

opx) > amphibole rim on clinopyroxene > garnet (core) > garnet (rim).

This sequence is composite, 1.e. combined from several san.ples.

N

L]
-
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4.3.5 Model phase relations, P-T grids.

In this sectipn an; attempt is made to assess the P-T c¢onditiona of
formation of the amphibolite facies assenblages. The complexity
introduced by the variety of amphiboles produced duhng amphibolite
facies metamorphiss gﬁaj\tetrog:esaion of granulite t'aci:el assemblages |

renders simple graphical depiction diff{cult. Apart from P and T, the

A
nature and composition of amphiboles is controlled by bulk rock

. composition, fluid composition, oxygen fugacity etec.

| Following from the conclusion of s'eciion 4.3.2 that all

amphibolite facles roc?s formed by retrogressfon of earlier granulite

facies assemblages,ilh.e reactions and mineralogical changes thaé are \

important for the qualitative determinatfon of P and T are:

- amphibole rims on "old" hor{nblénde v
- cumming;on‘ite r{;s on orthopyroxene
. - ob‘uter amphibole rims (20d generation) on pyroxenes

~ epidote formation

- {phene éoronas on ilmenite
- / \\

Most of the anphiboli/te facies assemblages contain amphiboles,

epidote, sphene along with plagioclasé, quartz and opaques. Epidote and
sphene are not part of the relict granulite facies assemblages, F84(-20
{8 an exception, as it contains epidote along with relict granulite
facies clinopy_;:oxenes, but no orthopyroxene.

-

Numerous experimental and field based studies of basic rocks have

dealt with the greenschist to amphibolfite facies transition and the




Y

. . .
Ol,ineral chenical changes dssociated with it (e.g. Liou et al., 1971

(ref. in Lfou, 1974); Liou, 1974; Laird, 1980; Laird & Albee, 1981a,b;
Spear, 1981b; Sbear & Gilbert, 1982; Maruyama et al., 1983; Moody et
.1.“' 1983). In the P-T diagraam (Fig‘. 4,3.10) a selection of curves and
stability flelds relevant to this‘ etud;' a::e'shown. Most
experimentali'nta carry out runs with different buf>fe_rs to vafy and
‘control oxygen fugacity. The majori'ty of metamorphic reactions seem to
take plaée vithin the f0,-T atabﬂ;: field of magnetite (Eugsater,
1959, ref. in Liou, 1974). "rhe quaftz4fayalite-magnet1te (QFM) and
N;-Nio {NNO) buffers are bot): situated 1in the central part of the
ngnet'ite stability field with respect to f0,-T. On the other har:d,
the prel;nce of epidoté 1o %he assemblaggs suggests oxygen fugacity
conditions between the NNO and H’ (hematite-magnetite) buffers (Moody
et al., 1983). Experiments carried out at oxygen fugacities between QFM
_and HM buffers will tﬁua approximate conditions of the amphibolite
facies rocks in this study,. |
I‘he- high T limit of sphene is located around 500°C (Liou et al.,

1974; Maruysma et al., 1983; Moody et al., 1983). The "sphene-in"
curves of Spear (-1981b) are located_at significantly higl;er T (650 -
800°C at 3 kbar), but are considered by Moody et al, (1983) to be

less reliable, because experiments were not reversed, and SEM studies
of run products were not carried out.

The upper stability of epidote is 600 - 650°C (Liou, 1973;

Maruyama et al., 1983) for Ps25, whiich ia comparable to the composition
of epidotes of this study (see section 4.3.3). Un-reversed experiments

by Apted & Liou (1983) placed the epidote-out reaction at ca. 700°C/7

kbar; hence th'u would be a maximum for the upper stability limit.

)




Fig. 4.3.10 P-T grid showing the location of selected reaction curves
based on experiments in rocks of basaltic compositions
carried out with under different oxygen fugacities, |,
Sources: (1)-(5) - Spear (1981b), (6) - Binns (1968), (7) -
Moody et al. (1983) (stability of sphene in presence of
epidote), (8) - reaction: epi(ps35) = gnt + pla + FeO + qtz
+ v, (Liou, 1973), (9) - reaction: epi + chl + alb + qtz = -
01% + tsch-component in amphibole (QFM-buffer) (Liou,
1973), (10) - Liou et al, (1974), (11) - Maruysma et al,
(1983), (12) and (13) - Apted & Liou (1983). Buffers are:
NNO -~ Ni~N1O, QFM - quartz-fayalite-magnetite, HM -
hematite-magnetite.




137

({22 ST Y3 ¥

'

(puny

WOW - PISIDAIL JOU)

v .

n
Z
o

<

- .
-
L S .
- .

. . + S3OVI .-
* *31N08BIHdWY ., .
e T - 31003 - .,

. . .. * ONN

(eg)d |




[

- . 138

. o
- -

The absence of chlorite in the lowest gtadé assemblages suggests
that re-equilibration and mineral growth d;d ;ot pcéur ﬁelow 500°¢
(Liou‘et al., 1974; Apted & Liou, 1983; Maruyama et al., 1983; Moody et
al., 1983). This limit i{s the same as the uppe} limit for séhene, and
this represeuté an apparent contradiction, since sphene, but no
chlorite; occurs in the Saglek amp?}bolite facies assemblages. At the
physical and chemical conditions attending £he amphibblite faclies
metamorphlism in the present study area, the upper stability limit of
sphene was obviously at'higher T than that of éhlorite; Bulk
compositionai differences probably do not account for this difference,
because both amphibolites and quartzofeldspathic gneisses contain
sphene in the rocks studied. Increasing oxygén fugacity lowers the
upper stability 1imlt of chlorite (Apted & Liou, 1963), whereas the
stability of sphene 1is belifeved to be Independent ok oxygen fugacity
(Moody et al., 1983). Apted & Liou (1983) further noted that du;ing
prograde metamorphism, the chlorite-out reaction, because of 1\{
multivariant nature in basaltic bulk compositions, cannot be limited to
a fleldlless than ca. 50° wide. Hence it 1aapossip1e for the
amphibolite facles assemblages to have formed above chlorite stability
but below sphene-éut conditions. It is thus éstimated that temperatures
were about 550°C (fleld liﬁited by chlorite out and epidofe out
curves).

Pressures of formation of thé amphihbolite facies assemblages are
more difficult to estimate. The‘chlorite-out curve (curve 13, Fig,

. A73.10) is steéeper than the epidoté—out curve (curve 12, Fig. 4.3.10) .

and {8 located at lower T, so that thé width of the epidote-amphibolfite

facies field increases with increasing pressiure. The curves intersect
’ .
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around 3 = 4 kbar, but due to the uncertainties fintroduced by these

poorlj copstrained dehydration curves,/this pressure estimate probably »

has little significance,

4.4 GRANULITE FACIES TERRANE WEST OF RAMAH GROUR

4.4.1 Introduction

Granulite facies rocks (including garnet + clinopyroxene bearing rfocks)
. in the Churchill Province have beeﬂ studied in two areas located (a)
weat of Lake, Kik{ %Pptoximately 20 km nortﬁ of Saglek Fiord, and (b)
along and up to 4.5 km north of the shores of the inner pért of Saglek
Flord, along West Arm and Ugjuktok Fiord (Figs. 1.2.1, 2.l.i). The
granulite fadles rocks are bounded to the east by the west dipping
Nachvak Brook thrust which separates them from the structurally
underlying amphibolite facies gneisses, and to the west are
.structurally overlain by the Tasiuyak gneiss (see section 4.5). There
are no major differences between the lithologies and structures in the
two areas examined, and they will be consldered together in the

following.

Tonalitic to granodioritic gnelss 18 the dominant rock type.

H

Orthopyroxene occurs throughout in rocks of suitable bulk composition.
Mafic layers (of either dyke or supracruétal origin) occur throughout
the gneisses, along with minor remnants of garnet bearing supracrustal

rocks., These latter occur as 10-30 m thick layers that can be traced

.several hundreds of meters along strike. Concordant ultramafic

“ - s

.
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lenses up to 20 x 100 m also occur in the gneisses. Proterozoic dykes, -

generally concerdant, are widespread throughout.

4.4.2. Microétructures and reactions

The mic;oséructures are typicaily equigranular with uideqpread triple
peint junctions. In mafic layers the fabric is defined b; elongate
orthopyroxene, clinopyroxene, hognbleudé and/or biotite, which occur
either as indi;idual grains or as recrystallized aggregates with
preferred shape brieutation. Recrystallized ﬁggregateshof plagloclase
+/- quartz-make up the felsic layers. Highly elongate grains oﬁ
orthopyroxene commonly define a lineation, indicating that the
deformation took place under granulite facles conditions.

These equilibpiumsmiérostrdctures between the minerals noted above
are stable, and there 1s no evidence of prograde dehydration reactions
involving progressive decomposition and replacement of hornblende-or
biotd te. }

However there is evidénce that continued equilibration outlast;d
the peak of metamorphism, in the form of various deéompression
reactions-between garnet and clinopyroxene and sliéht retrogressfion
(hydration) of pyroxenes to hornblende.

Mineral aasemplages in the granulite facies rocks are given in
Appendix 2, and.representative miheral analyses are shown in Appendix

3. Amphiboles in this section are referred to as "hornblendes”

following the élassification of Leake (1978), q1st1nguishing them from

the lower grade.amphiboles described in the previous sections.
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(a) Decoqprecsion.reactioﬁs

Garnet bearing rocks display evidence of three mineral reactions
indicative of re-equilibration during decompression. Symplectites
formed at garpet-clinopyroxene interfaces contain plagioclase.with .

Qrthdbyroxene or hornblende, ingica;lng that'theifollowing reactions

1

have taken place:
[4.4.1] gnt + cpx + Ho0 == plag + hbl + qtz + Fe-oxide

(see Fig. 4.4.1A,B) or: ' .

LN
¢

{4.4.2) gnt + cpx + qtz == opx + plag

(Fig. 4.4.1C), where i{n both cases plag is An—fiqh. In one Sample An
content 18 between B5 and 90 for symplectic plagioclase; and ca. An 50
outside these domains.

In some tocks, petrographic observations suggest that both
reactions have occurred. Iq quartz-free domains where H,0 is present,
[4.4.1) may occur, and the quartz produce& by this reaction may allow
[4.4:2] to proceed. Thus temporal variations in activities of silica
and water are implied by the presence of both assemblages. Fig,
4,4.1A~C shows the symplectites formed by both teﬁctions,;and fig.
4.4.2‘showz the limited progress of [4;4.}] where clinopyroxene is

-

completely enclosed by garnet.

Symplectitic intergrowths of hornblende and plagioclase surround

some garnets that are not closely associated with clinopyroxene. This

suggests that a reaction such as:
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'
[4.4.3] garnet + Hy0 + qtz + plagl == plag2 + hbl

haa.taken‘place. In this case plagl supplied Na and K(?) for hbl, and

plag2 is very Ca-rich. Hbl has higher XMg than gnt, hence garnets

-develop zoning with XMg decreasing towards the rim. T1 in hbl could be

accounted for by ilmenite ‘on the reactant side and an Fe-oxide

: (magneglte) on the product side. As opaques are commonly associated

with these symplectites, this seems reasonable. An alternative
nech;nisn, in which distal clinopyroxene and garnet participated in the
hornblende~plagioclase forming Teaction [4.4.1] via high nobility of
fonic species as suggested b} Csrmichael.(1969) for pelitic rockg is
not constdered-ligely.

In one sample (MZ-72-172) orthopyroxene-plagioclase symplectites

surround garnet in microstructural domains with no clinopyroxene. The

likely relation is
3

[4.4.4] gnt + qtz + plagl == opx”+ plag2

7

vhere plag2 is Anrich.
The positions in P=T space of the above reactions, and the
implications for the P-T path follcwed by the rocks, are discussed in

section 4.4.5.

~ (b) Hydration reactions.

Hydration of pyroxenes resulted in the forsation of ﬁartow partial to

L4

complete hornbiendp rims. Mineral chemical and microstructural evidence




N

suggest that orthopyroxene broke down according to

[4.4.5) opx + pllagl + Ho0 + {lm == hbl + plag?

where plagl (represented Sy cores of adjacent plagioclase) 1is Ca-ficher
than plag? (adjacemt rims). ;Hg in orttx(ppyroxene 1s generally similar‘
to or slightly higher _tﬁan XMg in hornblende so small amounts of an
Fe-phase such as _ilnenite may be involved on the‘reactﬁnt‘side, which
would silultancoull-y account for the Ti in hornblende. Hornblende rims
.on orthopyroxene may be Qynplec’tic and"contain cjuaftz, suggestiqg that{’
& slightly modified version of regction [{5.4.5] with quartz on the
product side, may haye been opera'tlve ioc;lly. - _ ' '

Hydration rims .on' ¢linopyroxenes are normally symplectic
quartz-hornblende aggregates., A possible reaction, aimilar to reaction
(4.4.5]; 18 |

3

(4.4.6] cpx + plagl + 1lm + Hy0 == hbl + plag2 + qtz

exc‘ept that in this case plagl is Ca—poorer than plag2. Ilmenite is
suggested on the reactant ;ide because XMg iun clinopyroxen.g. always 1is
greater than XMg of coexisting hornblende, and because it also pro?ides ’
the T{ for hornblende.

Microstructural evidence shows that some hornblende grains were
stable with orthopytoi:ene at the peak of me tamorphism ("old"” horﬂﬁlende
in theAfonoving). Where "oi'd" hombleﬁdq_ is. in contact: with Qrtho_
and/or clinopyroxene, reaction rias with “"new”™ hornblende have

developed (Fig. 4.4.3). The probable relation (with orthopyroxene) is
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[4.4.7] opx + hbll + Hy0 + plagl == plag2 + hbl2 + qtz + {lm

e

‘ ‘a
where hbll (old horanblende) has lower XMg and higher Ti than hbl2, thus

suggesting 1lm as a product, A similar reaction is likely for
clinopyroxene. Plagl 1s slightly more calcic than plag2, and hbl2 has
lower Na/Na+Ca (and to a lesser degree: Al/Al+S51) va_lues than hbll,
fur;'ther suggesting development of the "new" hornblende at lower,
post-peak metamorphic conditions. Assuming all amphiboles containjOH in

the hydroxyl site (a point not {nvestigated) the importance of

HoO-avallability for reaction {4.4.7]) is underscored by the
“observation of many apparently stable orthopx;o_x/ene-"old" hornblende'
interfaces., "01d”™ hornblendes ﬁormally contain'numeroue inciusions_ of
ilmenite, probably exsolved during post-peak re-equilibration and
reflect‘ing the decreased solubility of Ti0O, with decreasing

[)
temperature (e.g. Raase, 1974). “New" hosnblendes on the other hand,

are devoid of opaque inclusions,
4,4.3. Mineral chemistry, zoning,

Representative chemical analyses of nir;etals from granulite facles

rocks discussed in this section-are given in Appendix 3. Chemistry of

coexisting amphiboles 18 covered in more detall in section 4.4.4. -
The granulite facies rocks are subdivided into five groups to

exah:ine possible relations between mineral chemistry and regional and

lithological variations:_supr’agrustal ;ocku west of Lake Kiki, garnet

pyribolites west of Lske Kiki, gneisses west of Lake Kiki, gnelsses
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from an area 4-5 km north of Saglek Flord, and gnelsses along Saglek

and Ugjuktok Flords. ' .
Pyroxenes, .hornblendea', and garnets ’(uhic'h are commonly zoned, see .

below) show considerable Pe-Mg variation (Fig. 4.4.4). While some of

the compositional variations between samples 1s undoubtedly due to the

influence of variable bulk composition, the relative Fe-Mg distribution

between coexisting minerals is consistent. In order of decreasing XMg

the sequence 1is:

= cpx - where rima have higher XMg than cores, and cpx
included in gnt has higher XMg than cpx ex-
t?rnal to gnt.
- hbl - in ‘symplectitea with plag between cpx and gnt. .
- opx - where épx in symplectites with plag has higher
: -
XMg thao opx coexisting with cpx. -

— gnt - where cores have higher XMg than rims.

/\(a) Pyroxenes. ) )

Compositionally clinopyroxenes are salites and augites (Deer et al.
1974, Fig. 33), with an XMg range of ca. 0.6 - OA.8. In zoned grains,
XMg increases towards the rin. Al703 varies between ] and 5 wtZ

'with a poorly defined maximum around 3 wtX. Al703 generally

decreases towards the rim, Nay0 18 always <1 wtZ, with an average of
ca. 0.5 wtX. Xwo (Ca/Ca+Fe+Mg) varies between 0.4 and 0.5, and shoﬁs.
greater spread in gneisses than in pyribolivtes. Grains that are zoned
with respect to Ca, show tilwatd increase of Xwo. Clinopyroxenes

_1ocluded in garnets display systematically higher Al503 than grainms

- —
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external to garnets, suggesting thai they are relics which reflect an
earlier (higﬁer pressure?) history (see chapter 5).
L —

Most ortho?yroxenes are hypersthenes (after Deer et al. 197?, Fif.
41), with a few (ca. 10X¥) of the more Fe-rich being ferro-i’:yper.thenu
(Fig. 4.6.‘0). XMg ranges fr;om 0.4 to 0.65, and grains are oot
sysgenaticdlly zoued. Al,03 varies from ca. 0.5 to 2 wtX (4
analyses gave ca. 3 wtl), and averages ca. 1 wti; Ca0 ranges from 0 t&
1.6 wt¥ and in orthopyztoxene; f'rom tonalitic to qafic guelsses showe a

L

reasonable negative correlation with XMg. This correlation is not

apparent in pyribolites or quartzofeldspathic supracrustal rocks.

As can be seen in Fig. 4.4.4A-FE the compositions of clino- and
orthopyroxene do not vary significantly in terms of Ca:Mg:Fe
proportions between tonalitic gneisses, supracrustal gneisses and

garhe t pyribolites.

(b) Garnet.
Garnets in tonalitic gneisses‘ and pyribolites (Fig. 4.4.4A-E) have
approximately constant XCa (ca. 0.2), whereas XMg varies considerably
between 0.2 and 0.45. Garnets in K-feldspar bearing gdeiases and
supracrustal gneissés have lower XCa (arqun'd 0.1), but‘ XMg similar to
the above rocks.

Zoned -grains, which are widespread, consistently show XMg
decreasing from core to rim. With respect to Ca, these grains have
either \é‘o detectable- zoning or they show a slight rimward {ocrease; and

Mn contents, though generally low, systematically increase htouards the

rim (Pig. 4.4.5) in all groups.
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(c) Plagioclase.

Plagioclases in the granulite facies rocks commonlx‘occdr in two
distinctly different microstructural settings within individual

samples. The majority of grains, which compose parts of equigranular
aggregates where plagioclase displays equilibrium grain boundaries with
pyroxenes and/or garnet, have an An content from ca. 30 to 50
(andeéine) (Fig. 4.4.6). The subordinate type occurs in the svmplectic
aggregates with orthopyroxene or hornblende (described above), in which
An'cohtent is elevated, rgnglng from 65 to 92 (Fig. 4.4.6A,B).

. ) Plagioclases from two pyroxene bearing amphibolites (F84-115A and

- F84-115P) are compositionally quite different from either of the above,
having An contents of 21-24 (Fig. 4.4.6D). It is perhaps significant
that these two samples both contain a dense network of thin

pseudotachylyte veins overprinting the strong Early Proterozoic planar -

fabric. B

i ‘The two groups of plagioclases from sﬁpracrustais (An ca. 30 and
45, Fig. 4.4,.6E) are assumed to reflect bulk compositional differences.
The samples with low An (F84-106 .and -=111) are garnet-biotite rich
quartzofgfdapathic gnelisses with little or no pyroxene, whereas the
An—riche; sanle (F84-110) contains substantial amounts of

orthopyroxene,
4.4.4, Amphibole chemistry.

. . : 4
In the following all amphibole analyses have been converted to formula
proportions by the "13exCNK" normalization-scheie {(Robinson et al.

'1982) on the basis of 23 oxygens. All are calcic amphiboles, and are

1







. k . » '
réferred to as “hornblendes”™ (Leake, 1978).
In Fig. 4.4.7 the hornblende analyses clearly display a P~ rather
thgn T—sensitive'variation. In the A1/A1+Si vi. Na/Na+Ca diagram (A)'.
‘the.amount of‘conbined EDEN + GLAU substitution varies significantly
qoré than the combined EDEN + TSCH substitution. Figs. 4.4,7B, C, and ﬁ
fyrther show that tﬁg amou;t of TSCH substitution 1e fairly constant,
thg; indicating that the sca;tet of points is largely due to varying )
, EDENK and to a lesser.degree GLAU, substitutions in the hornblendes.
V \Fhe average Ti conggnt of ca. 0.22 (based on 23 oxygens and

)
. 3\ , L
lBexCﬁx) (Fig. 4.4.8) 18'in the range of “typical” granulite facies. f’//

\ .
hornblendes (Raase, 1974} Stephemson, 1977).
XMg ranges from 0.45 to 0.7 with an average slightly above 0.5.

With increysing XMg there is‘'a tendency for a slight Ca 1ncrease'(F1gs.

4.4.4B-E).

The XMg yariation among different microstructural types of

t

hornblende is (airly systematic and is summarized in the composite list

beiow. Mg decr :sqs from (1)-(5):

1) hbl riﬁ ing cpx

2) hbl in s}vplectitea-between hbl and plag

3) hbl incluggd in garnet

4a) hbl rimminglopx

b) hbl rimming cpx

5) hbl in matrix (i.e. with plagioclase)
Type 1 1s a pale hornblen&@ with the same XMg as the cpx it replaces,
and 18 probably deriVédvby imple nydration. Typg 4a has XMg similar to

or slightly lower than the okthopyroxene it replaces, thus {ndicating
- - \

only minor involvement of Fe-Bhases (e.g. iinenite); whereas type 4b
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has XMg significantly smaller than the clinopyroxené it is rimning,
implying that an Fe-oxide phase was tuvolved in h nblende formation.
Pqssible reactions were. discussed in section 4,442. The low XMg of

“matrix”~hbl (type 5) probably results from re-equilibration following -

"peak of metamorphism,
4.%.5 Phase relations in ?—T gpace.

Most of the reactions observed and deécribed in this section can be
* !

schematically expressed in terms of the model '

Ca0-MgO~A1,03-5S102-Ho0 (CMAS(H), CMAS in the following) system,

Assuming’Hzo and 5109 in excess, the five solid phases
clinopyroxene, orthopyroxene, garnet, hornblende and piagioclase will

v

coexist at an invarfant point, from which five univariant reaction

f curves radiate (Wells, 1979). Fig. 4.4.9 shows the distribution of the

univariant curves and Al703-Ca0-MgO triangular dfagrams 11lustrate

! at;ple mineral parageneses in each divariant field (after Wells, 1979).,
Adéi;iﬁn of Fe to the system will chagge univariant curves to divariant

: flields and u£11.;ause reaction (hbl) to take place at lower }ressures.

Decreased activity of HZQ will cause all dehydration reactions to

take place at lower temperatures, whereas decreased S;Oz activity

will shift the reaction curves towards higher temperatures. Addition of

'Nazo to the system will shift (hbl) to higher pressures. Uellé (1979)

.goted\that (hbl) will occqf at 1-2 kbar higher pressure for plagioclasg

] s —
~ with a composition®of An50" than for pure anorthite in the CMAS model

~ systeam,

It is not clear to what extent the addition of these “extra”







components. causes modif{cations to the slopes (rather than the relative
positions) of the univarlant curves. For -P"e-Hg substitutions this is
not a problem, but the much more complex substitutions in. amphiboles, -
ir;vgiving variable coordination of Al, Ti substitution for §1 etc,, are
likely to. have Aa .significant effect on molar V, H, and S of ampi\ibole.
In this respect the model amphiboie (CagMg,Al2817097(0H),)
uaed by Uella (1979) 1is reasonably close to the compositions of
granulite facies amphibclea in thisb atudy, and the alopes involving
"hbl” in Fig. 4.4.9 are not believed to be'grosa_ly in error. H'owever,
despite the\“"u’ncertainties mentioned above, it 1is considered that the
schematic relations in Fig. 4.4. 9 are broadly correct ia that they
- Acorreapond to the anticipated distribution of "amphibolite"
“granulite” and eclogite“ facies (Wells, 1979).
Fig. &.4. 10 shows the relationship between bulk-* chemistry (here
) expressed by XMg in garnet) and expe-rimentally and thermodynamically
‘determined locati'ons of reaction (hbl). The two symplecltitef forming
reactions described ‘earlier correspond to (opx) and (hbl) in 'the CMAS
net i{n Fig.. ‘4.4.9. Microstructural evidence indicates that the ‘
hornbleade—plagioclase and orthopyroxene-plagioclase symplectites are
"the products, so0 the reactions thus occurred during decreasing
pressure. ~
. In Fig. 4 4.9 1t can be seen that the (opx) and (hbl) reactions—
occur on the low and high temperature sides, respectively, of the
invariant point, indicating ‘that at a given activity of silica and
HZO, the two reactions will take place at different temperatures.

Most rocks contain either orthopyroxene and plagioclase or hornblende,

plagioclase and quartz consistent with this interpretation, implying

that the decompression occurred at different temperatures" io different







rocks. ﬁouever microstructural evidence for both rea_ctioﬁs has been
noted in some thin sectic;ns (e.g. F84-246, ;-248), suggesting that
ag{oz and/or ‘HZO: fluctuations occurred on the crystalline scale
and vere of s sufficient magnitude to allow the two reactions to occur
simultaneously in some rocks. |

A number of divarianf reactions (in CMAS) were also desc-fibed and
quantified by Wells (1979). In the Saglek granulites the
\plagioclase—hornblende and plagicclase-orthopyroxene symple;ctites
surrounding garnet éould» have formed 'by garnet reacting with quartz and
vapour ([4.4.3]), and hornblende rims on pyroxenes may have formed by
reaction bei_ueen ‘pyroxene, plagiocla.ae and vapour ([4.4.4) and

[4.4.5]). In the CMAS system the reactions [4.4.3]-[4.4.5] become
[4.4.8] gnt + gtz + Hy0 == hbl 4—\plag

. w

[4.4.9] = gnt + qtz == opx + plag

[4.4.10] opx + plag + Hy0 == hbl + qtz

The hydratio;n of clinopyroxene ([4.4.6]) 18 considered to be in

principle similar to the orthopyroxene reaction ([4.4.5] and [4.4.10}). .

In P-T space the approx.imate slopes of these model reactions are

" =0.2 to =1.0 Kkbar/100°C, 1.1 kbar/100°C, and 3 kbar/100°C,

respectively (Wells, 1979) (Fig. 4.4.10). For the reactions to occur

simultaneously, P must decrease whereas T can remain constatit or

decrease only slightly (see arrov in Fig. 4.4.10). Incresse in the

activity of H;0 would drive [4.4.8] and [4.4.10] to the right and




this may be an important part of the mechanism driving the reactions.

4.5 TASIUYAK TERRANE
'4.5.1 Introduction

The Tasiuyak Terrane occupies a north-trending 5 to 25 km wide belt
. between Nachvak and Hebron Fiords. The eastern boundary is the
west-dipping Nofth Arm Th;:ust, separating the Tasiuyak Terrane from the
structurally underlying Granulite Faciés Terrane described in section
4.4, The westexzn boundary is not exposed in ehe study area, but has '
béen described as a steeply east dipping tectonic contact by Wardle
(1984) from an east—ﬁest cross section in the inner parts of Nach;rak
Flord (see Fig. 1.2.1). The present study is based.on samples collected
along the inner part of Saglek Fiord, i.e. West Arm and'Ugjuktoii Fib;'d
(see Figs. 1.2.1, 2.1.1). Regional aspects of the unit are descﬂbed in
section 2.6 and in Taylor (1979), Wardle (1983, 1984) and Ryan'et. al,
(1983, '1984). i

The dominant unit in the Tasiuyak Terra'ne i3 a migmatitic L-S
tectonite with a subhorizontal extension lipeation, and is

characterizebd by a cm- to m-scale compositional layering defined by
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alternating thicker layers of leucosome (quartz, feldspars) and thinper

layers of melanosome (rich in biotite, garnet) (see P1g. 4.5.1). Wardle
(1984) found (by staining) the gneiss to comprise leucogranitic and
leucotonalitic layers alternating on a cm scale. "In| the field the

rock is easily distinguished b'?' the characteristic/white color of
‘ » ‘ |







the leucosome and the brownish garnet-biotiteArich la}'ers, vhich are

sometimes rusty due to the presence of sulfides.

Garnet is ubiquitous whereas sillimanite is less common, its
presence prqbably controlled by slight variations in bulk chniatrf.
Layérs of mafic gneisses ranging in width from tens >to hundreds §f
‘meters occur widely in the Tasiuyak Terrane. The layers are concordant,
locally with iscclinal fold hinges preserved, and are characterized by
the pervasive subhorizontal extensionﬁ lineation found in the rest of
the Tasiuyak Terrane. Orthopyroxene and garnet occur in most of these
mafic units. They display microstructures identical to those of thé
more abundant biotite-garnet—siilimanite gneisses. Both are interpreted
‘to have undergone granulite facies metamorphism and deformstion, during
uhic;h ‘all-earlier assemblages aqd microstructures were obliterated.

The lack of relict fabrics and mineral assemblages, together with
the‘subhor‘i-zontal extension lineation and associated mylonitic :fsbricul,
are also characteristic of rogks in the Granulite Facies Terrane
described previously (section 4.4), suggesting that both experienced

tbe same granulite facies tectonothermal event (of Early Proterozoic

age). ‘ ’ | ) . ;/

‘Mineral assemhlages found in the investigated samples of Tasiuyak

gneiss are summarized in Appendix 2.

4.5.2. Mineral reactfons.
Equilibrium microstructures predominate in the samples studied. The
strongly lineated fabric (L>>S, (Flimn, 1962)), so conspicuous in. the

field, 1s seen in thin section to be composed of totally recrystallized
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grains. Only the shspe asnd distribution of monomineralic, strainfree,
equigranular aggregates preserve evidence of the penetrative
deformation. Along with biotite thc;.se ribbons define the pronounced
L>>S fabrie, 7

The samples analysed falfuintosthree groups definéd'by
lithélogical differences and characteristic assemblages: (1) garnet +
biotite + silltmanite bearing leucocratic gneisses; (2) garnet +
biotite bearing gneisses, and (3) orthopyroxene + garnet bearing mafic
gneisses. The first two groups consgtitute the main body of Tasi‘:yak
gneiss, while (3) représents the mafic layers mentioned‘ earlier, B

In sillimanite bearing gneisses, retrograde reactions in\‘rolving
garnet are locally ?re‘se;rved. In embayments and/oF along cracks, garnet
i1s seen to be replaced by siilimanite, biotite a_nd quartz (Fig.
4,5.24). VSImilar microstructures were observed by S'chenk (1984) in -

granulite facies rocks from southern Italy, and may be caused by the

continuous reaction‘
[4.5.1] gnt{c) + kfsp + Hy0 == -gnt(r). + blo + 8ill + qtz

in which the higher entropy assemblage is written on the left hand side
of the reaction, and 1o which gnt(c=core) has higher Mg/Fe than
gnt(r=rim), in' accord with the present observations.

The teaétion boundar.y has a positive slope in P-T space (Thon;pson,
1976a), véuggeat:lng that the reaction i)rogressed during P-increase
and/or T-decrease, although vari'ations in agyp cannot be ruled out.

In an AFM-diagram (after Reinhard, 1968), garnet and biotite show

considerable F/M variation (f‘ig. 4.5.3), as a result of Fe-Mg éxchange.

|
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Garnet cores have higher M/F+M than rims. Biotites includediin or
1nnediat§1y‘adjacent to garnets have higher M/F+M than biotites away
from garnmet (= "matrix biotites”). Assuming that garnet cores and
matrix biotites equilibrated at higher temperature than garnet rims‘and'
adjacent biotites (furthgr‘discussed in chapter 5), fhe 6bserved
yatiations indicate that the equilibrium composition of garnet moved
tﬁwatdu the F-corner and that of coexisting biotite towards the
M-corner implying decreasing temperature.

( Thg mafic layers in the Tasiuyak gneiss display a range of
microstructuresg. Orthopyroxenes commonlysexhibit a well.developed
preferred shape orientation; either as individual (ofteh strained)
grains or recrystallizéd aggregates. These otthopytoxeneaAhave suffered
little or no hydrati{on, suggesting that they were stable
synkinematically and subsequently remained in a "dry” environment.

Any evidence of prograde mineral reactions was obliterated through
pervasive synkinematic recrystallization, probably at or near the
metamorphic peak. However, microstructural evideﬁce of various mineral -
reactions caused by decombfession and/or hydration following thé peak
of metamorphism 1s preserved. These niﬁeral reactions are‘similar to
the ones occurring in the granulite facies rocké in seection 4.2.2., and 3
will only be briefly described here.

Symplectic i{ntergrowths of orthopjroxene and plagioclase occur at
garnet-ciinopyroxene interfaées; garnet fimé and hbrnblende rims. They

- all reflect decompression according to the discontinuous reaction

[4.4.2) gat + cpx-+ qtz == opx + plag
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or the continuous reactions "

[4.4.9]) > gnt + qtz == opx + plag

K}

[4.4.10] hbl + qtz == opx + plag + H,0

described in the previous séection. Figures 4,5,2B-D show examples of

the three reactious.

4.5.3. Mineral chemistry, zoning. -

Iﬁ.pgrt (a) of this section, important minerals from the predominant
garnet-biotite (+/f sillimanite) bearing component of the Tasiuyak
gnelsses are desctiﬁed,'while (B) covers the main minerals 1n-
garnet*pjrqxene bearing gnelsses from the mafic layers. Representative.
mineral analyses may be found in Appendix 5.

¢

(a) Garnet - biotite (+/~ siliimanite)-gneisses.

(1) Garnet. In terms@¥f the four end-members almandine, grossular,

pyrope and spessartfne, the chemical varyation is:

Almsg,2-66.7PYT25,4-41,56002,4-9.15P€0, 4-1,8
As shown previously (Fig. 4.5.3) XMg in garpets decreases markedly from
core to rim, but Mn and Ca zoning (Fig. 4.5.4) is less pronounced. Ca

is constant or may display a slight increase towards the rim, whereas
. A

Mn is not systematically distributed. Bearing in mind that the garnet
i in equilibrium with plagioclase and biotite, these zoning trends are

interpreted to indicate re-equilibration during cooling and




decompression (Martignole & Nantel, 1982).
h . .

- -

'(11) Biotite. 'The XMg range for all biotitea is 0. 71 - 0. 83, uith
matrix biotites having lower values than biotites adjacent to or"
1nc1u§ed in garnet (Fig. 4.5.3). Al is approximately constant, whereas
Ti increases ;ntithetically‘;ith decreasing XMg, implying tﬁat matrix
biotites equilibtatéd at higher temperatures than those in or adjacent

to garnet (Fig. 4.5.5).

7(111) Plagioclase. Plagioclase from sillimanite bearing garnet biotite
gneiase; is oligoclaée (Ao-range 26.0 - 30.1), Hhereas siliimanite free
gneisses carry oligoclase to andesine (An~-range 27 8 - 41. 6, gee Fig
4.5.7). Zoning 1n plagioclase is minor and unsystematic,

(b) Mafic gnelsses

o

(1) Pyroxenes and hornblende. The élust;r of cligopyroxeue analyses
(Pig. 4.5.6) straddles the boundary between thé salite and augite
fields (from Deer et al., 1974, Fig. 33), while all orthopyroxenes are
hypersthenes (op. cit:, Flg. 41). Average Al,03 contents aré ca, -

2.5 wtX 1in clinopyroxenés (range 1.2 - 3.6) and ca. 1.0 wtZ in
orthopyroxene (rangE .6 - 1,2), Ca0 in orthopyroxene never exceeds 1.0
wtX and averages ca. 0.5 wtZX. . .

Hornblende is only a minor éonstitu;nt in these rocks. ng. 4.5.6

shows Ca-Fe-Mg relations of a few analysed grains.

(11) Garoet. The compositional range is:

Alass, 3-61.2Pyr)8.3-25,560017,7-21. 25080, 7-2. 3 -
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'Rims generally have lower XMg and higher XCa than cores, whereas Mn

_ appears to be unsystematically distributed (Fig. 4.5.6).

(~iii) ‘—Plagiocl;se. Plagiociases thﬁt'are part of the sté'ble granulite
facies assemblage are characterized by straight polygonal grain
_bosndaries,—and-generally have An-contents around 50 (;ange 41.8 -
63.0). However, plagidclases in sympl’ect:l:es formed by thg previously
mentioned decompression react,j.ohs are veryvAn-ric‘n (see Fig‘.. 4.5.7). In
| one thin section (F84-266),_ An—-content of plaglioclase varies from 53.4

in equigranular micreostructural domains to 84.8 in symplectites with i ‘ N

&
4

orthopyroxene adjacent to garnets.

4.5.4 Model .phase relations

None of the r;lineral assemblages observed in the bio{ite - garnet (+/-
¢ ,
sillimanite) gnelsses is particulgrly suitable for qualitatively
| specifying the peak metlamor;;hici conditions or for outlining the P-T n-
path e‘xperieﬁced i)y the ruockﬁ on a petrogenetic grid.

The absence of muscovite provides a lower limit (e.g. Winicler,
1974), and the ubiquitous presence of an anatectic compon.e'nt in these
-rocks obviously shows that >the granite minimum melting curve was
excéeded,.but‘ since assemblages capable of indicating the fluid
com I - r activity have not ll‘;;_en observed, the melting curve
‘cannot be precisely located. »

The retrograde continu;nus’ feactionl [/:4).5;1] (.see section 4.5.2)

observed Around somesgarnets took place as a result of T-decrease
. )

and/or P-increase following the beak of metamorphism, but could also
: . :




4 - . B ) . - \ 17’5
"—'_‘—g—‘——\_'A_B - '~ R
rrrrlhave proceeded via local increase in apszq. }ience, this reaction does R
: \‘ ) ) -

g

not provide tight constrai,nt.\or.\ the metamorphic tonditions. )

. -
Compositionally, the garnet-pyroxene bearing mafic layers in the

Tasiuyak gnelss are much better suited to}provide'information about the

metamorphism. The CMAS model system was described previously and

important reactions were.’ discussed in section 4.4.5, The significance

of t d6minan£ mineral reactions observed in miafic rocks of 'the

Tasluyak gneiss (reactiovns [64.4.2], [4.4.‘,9], and [4.4.10] in sect.:l%'

.10.5.2) 15 discussed with reference to Fig. 4.4.12. The reactions and .
the interpretations are the same as for the 'granulite facies gneisses,

1.e. that P-decrease and/or constant or falling T are the only"‘ . -
conditions under whic¢h all three reactions‘ could“h:‘ave taken place .
similtaneously (see arrow in Fig. 4.4.12). Howevgr, as mentioned ~ -

-

earlier, local .diAfferences in fluid composition\and activity and silica -

-

activity may also have driven reactions, either alone or in conjunction “

~

with P-T changes.

oo~ » N L »
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CHAPTER 5

\CEOTHERHO‘HETRY/GEOBARVOME_TRY

5.1 INTRODUCTION

-

Pfeseu}es and temperatures experienced by individual toch during <

metamorphiem and subaequent synmetamorphic cooling and/or decompression

'(the P-T path) can be estimated by ditect and indirect methoda
Indirect\methods_‘\ employed in sectious 4 2.5, 4.3.9, 4.4.5, and
4.5.5, Involve comparisons of observed mineral assemblages with
thgotetical ot.experimentally determined equilibria (petrogenetic
gl‘ids). When combined with pétrographic recognition of the relative

tining of mineral growth and reactions in individual samples, (parts

of) a P-T-t path can bq qualitatively outlined. - » <

This chapter deals with quantitative nethode, in which the

A ‘

. - .
locations of mineral equilibria in P-T space are calculated using -
compositional and thermodynanic data of participating phases. A large

v

number of continuous equilibria have been calibrated for
4 !

4o )
geothernometry/geobarometry (e.g. reviews in Essene, 1982; Newton,
X hY
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1983), which can be subdivided into two groups: exchange 'react.iona and
net transfer reactions. ‘F;xchange reactions ‘involve the interchange of
two similar atoms (e.g. Fe, Hg) between two or more sites in one’ 61: two

minerals (1ntr;a‘—Avs.‘ 1ntercrystalline‘ exchange). These reactions

involve small or negligible .modil changes of participating minerals.

«

Exchange reactions genérally have small dP/dT (=AS/ AV,_following the

Clausius-Clapeyron equation) and are temperature sensitive, and hence
good -ge;)thermométers. } -~ H

Net transfer reactions, ;m ths other hand, which involve
prrogr:essive modal reduction of reactapts at the expense of products
ge‘nerally have a larggr AV, and are tilus p;:es'sure‘ sensitive. B

- A wide range of geothermometers and geobaroﬁete:s are amicable
to the rocks in the present study (listed in .A‘ppendix- 4).
Representat_ivé mineral analyse'é,- carried out with the eiectron
microprobe, are inc;]'.l.;dea.in A;fpe,ndix 3, and details about analytical

pfocedureé are given in Appendix 1.

’

5.1.1 Geothermobarometers: thermodynanmic background, data and

unce-r tainties

«The baslc equilibrium thermodynamic concepts emplbyed in

thermobarometry (e.g. reviews by Wood & Fraser (1976)4 Powell (19.73_))

™

are discussed. in this‘ seétion. - . . . - -
. For solid-solid reactions, the equilib’rium condition ‘can be o
_'written: : ) : K A
’ © A +RTlnK = 0 : (Eq. 5.1)
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where - - B AGS = AHO ~,. T AS© +° (P—l)“AV°- -
»

and where AG®, AH?, AS® and AVO are the free energy,
enthglpy, entropy a.nd volume char‘lg_es ‘a‘ssociated uit‘h the reaction at 1
bar/29«8°K, respectively, R is ‘the gas constant and T 1s the

- ‘ temperature 1in °K.. The equiiibrium constant, K, 1is a function of the*

stoichiometry of the teéction, the compositions of participating

-

' _miner%ﬁ gnd (tf the minerals are tteateq as n‘on*-ideal solutious)voff T.

The expression abovg"is a simplification in that it is assumed that . ‘

-
-

- - ) .Aﬂzgs, AS29g*and AV1;298 a}:g equal to AHp, AST and
AVp 1, respectively. This is not strict‘l'y correct; however the . o
errors introduced are negligible at crustal P and .T (e.g. Wood &

Fraser, 19%6, p.29). , ) » ’

By rearrangement of Eq. 5.1, the «basic ‘barometric and thermometric

- ' expressions .can be obtained: o : .

-~ I S O U

P=(T AS - AR - RT ln K)/ AV : e . (Eq. .5.2)

. Te(- oH-(P-1) AV/(R1n K- AS)

\ - . 3 - T ‘ ’

v

(Eqs 5.3)

_Calibration of a mineral reaction as wa.geothermobarometer requires
the determination of AG and/or AS, AH, AV of "the-reaction, and a -

knowledge of the a-X reltions of the participating minerals.

w<h

Thermodynamic data ne-éessary for the formulation of
geothernobaronetewan\.obtained either b§ "directly c'alibrated

P ' methods™ or by utiiizing "internally consistent data sets” (Powe1'1,

/ - ' : a : .' ' 5.
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1985). Directly calibrated methods are based on the experimental

‘,cal.ibration of a particular end member reaction (e.g. !

garnet-clinopyroxene “or garoet-blotite 'Fe-Hg exchange) which 1s then
applied to rocks. Several thermometers and.barometers used in this
study vere formulated by direct calibration based on expdriments (see

also Appendix 4).

Internally counsistent thermodynamic ‘data sets are generated by

\ combining calorimetric measurements with results fromg directly

ca’librated me thods. The advantag:a of thiis approach {8 that all possib}e
~reactlons b‘etween end-mehbers {n-the data set can be used to estimate
thé metamorphiq_. conditiona. '1"_his method has been described by e.g.
;P}owellA. (1978)*; Hodges & Crowley (1985),. Hollan:d & Powell (1985), Powell
(19857, Powell & Holland (1/85). An example of this meth‘odl Iis the
biotite-muscovite—-chlorite—quartz calibration o‘f'Pouell & Evans (1983)

{see Appendix '4), used yn this study.

- ‘ . .

At ‘equilibrium the equilibrium constant, K, for the reaction

aA + bB == cC + dD

is defined by ot )
acc aDd e ‘\\\ .
S ) h
aAB AaBb

wher_e'- the a”s represent the activities of the end-members C, D, A and B

' )
(e.g. activity of anorthite in plagioclase, almandine'in garnet, ...).

. ' The activity of a component is related,to Its concentration by the

<!




expression ; . . »

JTRETE ST
. ¢
where ajp and Xj, represent the activity and concentration of
end-member 1 in phase A, tespectively, a“d'XIA 18 the corresponding

L] -

activity coefficient. ’

Mixing or solution models -describe the activity\coefficient,‘and
thus the telatioc bé%ween‘a and'X, as a function of P, T and
composgition in a given phase. For a numbe; of silicate mineralc tﬁe
assumption of ideal solution glves reasonable results, and the
~distribution coefficient, K, can be calculated assuming that X 1 and

thus a = X. For these cases calculation schemes for X ("ideal

activities” or mcl fractions) in a number oﬁ-minerals have been .
suggested by e.g. Powell (1978, Chap. 4). In non-ideal mixtutes the
’interactionvqr Margules” parameter, W, is introduced. It is a function

of P and T, and 1s a measure of the difference between properties of

the end-members being mixed in the phase }n question. In multicomponent

~

solutions, each end*member_bair contributes agﬁintefaction parametcr
(e.g. upéng, WreCas WFeMn» WCaMn» etc. in garnet); clthough : /
some of‘these are very small ?nd are effectively 0 (e.g. Wpeyn),
others are certainly non~zero (e.g. erCa);ﬁThe mixin; models and
‘ intecaction parameters employed in thcrmobarometric calculations in
this study are.iisted 15 Appendiirb. - |
anertaiﬁties in thernobaronettic estimates stem from three
sources: (1) uncertainties in mineral anélyses; (2) dncertainties in

thermodynamic data and models on which calibrations are baseds and_(3)
* '
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‘unceteginty as a result of extrapolation from thermodynamic data to

- .

actual mineral compositions and P-T conditions. Powell (1985) grouped
- - . rS

these three sources of uncertainty into two groups:_ (a) model

-

uncertainties on thermobarometric results, which are quantifiéble and

’

" assoclated with variables in the calibration in question. The magnitude

: - ; A '
of these uncertainties can be estimate!i?htough error propagation

techniques{ and (b) systemhatic er:ors,'which are errois'that cannot be

‘directly quantified (e.g. solutionm mod&1 aséumptions (these are
a .. .

bhrticularly important for phases 4in which consfderable a-X

“extrapolation is required), approximations (/\H, .\S, .\V do not change

.

over ;he P and T range of intéétation), etc.).l
Concerning the model uncertaintieﬁ (a), the preg}sion'and‘aqcurad&
assoclated with the cﬁemical gnalyses of minerals 1£ th1s study are
btieflf desFribed’in Appendix 1 (section Al.2). The errors associated
with the ihermodynamic data, whéther the latt?t were obtainédlby direct

experimental or 1ﬁtetnally céﬂsistént data set methods, are normally
well kno;;;"and tend to be larger by the latter met;od (e.g.,Hodges &
Créulgy, 1985). g a

Thus the errors associated with the first category of
uncettéinéies ((a) above) can be quantified for eﬁgh‘calibfgtion (e,g.
givén as +/- 50°C or. +/- 1.5 kbar, see Appendix 4), s

Systematic errors ((b) above) are leass easily quantified and are
sest evaluated through “...géological reasonaﬁleness..." (Powéil,,d985,

p.29) and by comparison with well-constrained thermobarometers and P-T

Etids; . . - - } g%

N .
.

The accuracy, precisfon and internal }onsistency of various ,

geothermometers/geobarometers have been tested in numerous recent




N . " ,
papét; and it 1s clear that at the present "state of the art”, there

are many discrépaﬁéies between them. However, in this study more '

s 1 ~emphasii 18 placed on the.télative changes in P-T (i.e. the P-T vectdr)
/
on the grain, outcrop, and lithotectonic unit scale);that can be .

discerned using geothermobarometry,’ rather than on discussing the
absolute pressures an@ temperétufes‘obtained.iBy emphasizing the P-T
vector aspect, the problem of the conclusions being invalidated by new ‘ -

calibration of thermometers and barometers is diminished, as the vector

will change'only in magnitude, not direction. . - 4

o~

-~

. 5.1.2 Attainment of chemical equilibriuﬁ

.3
Before performing geothé?mometrtc and geobarometric calculations, there

must be justification that' the minerals involved were in chemical -
N ) .
equilibrium. Pressures and temperatures obtained from minerals in

\ ‘ A disequilibrium have no geoiogical'meaning pnd are mere’computationél

\
, &

\\3 " artifacts unrelated to the P-T path experienced by the rock. Once
X h - .
equilibrium is assumed, it becomes equally important to consider at

what point in the P-T-t history of the rock this equilibrium was

attained. . . i .
. ‘ S
‘In-the ideal case, if minerals are unzoned and chemically )
[ S . h
homogeneous throughout a thin section, the assumption of equilibrium is

generally justified and jddicious simultaneous application of

geothetmometefs;hnd geobarometers should yield a point on the-rock’s

\L’hrgh_

P-T path ﬂé,g: Lasaga, 1983).'Houever, if minerals are zoned the b

’ -
finterpretatipu of equilibrium i{s more complicated.
V4 . . - -

: JErbgrade;growih zoning is rarely preserved in rocks that have '




‘¢

183

’,
PN

" experienced granulite facies conditions, as thorough homogenization at
B ‘ . M

s the metamorphic peak generally obliteratgﬁ ev{dénce of earlier history.

Thus Eﬁalpatterné observed are almost exclusigsiz/}ue to diffuslonla )

-

‘zoning (e.g. Tracy, 1982; Lodmis,~1983) devéloped durin

- . .
re-equilibration accompanying post-peak synmetamorphlic cooling and/or

’

decompreésion: In this case, in examples where there ts evidence of

?

reactions, .microstructural characteristics of the overprinted and "

‘overprinting assemblages must be established by careful petrography

- / - ‘-

before assumptions can be made about which mrinerals (rims or cores) in
. >

which microstructural domains are in equilibrium.

In seveE?l studies, it has been shown that cores of min?rals that
are widely séparated on thin section scale'yield the higheet

temperatures. This has been attributed to the strong temperature

Y
- °

dependence of diffusion rates and is based on the assumption that

chemical équilibrium_at the me tamorphic peak existed throughout the ‘ ’.

thin section sized volume of rock examfned'(e.é. Téacy et al., 1976;
Dempster, 1985; Indares & Martignole, 1985a,b). Upon cooling, chemical

R \ :
communication (equilibration) ceased first (i.e. at higher
temperatures) between widely separated minerals, whereas it contfnued

to lower temperatures between adjacent minerals. This method has
’ N :
successfully been used to quantify peak metamorphic and subsequent &

synmetamorphic retrograde conditfons in high grade rocks (e.g.

Ouzegahe, 1980 (ref. in Touret,\{983), Dempster, 1985; and Indares &
< \ -
" Martignole, 1985a) _ F

In areas where rocks experienced the same tectonothermal ' -

eﬁolutlon, but responded differéntly du;;ng pos&gpeak re-equilLbration,

thermometry and barometry can outline parts of the P-T path followed

—




]

 durfng erosion and uplift. Baqdd-én these consideraiipns Hodges & .
Royden (1984) and Ré}den & quges (1984) pfeseﬁted an uplift.curve; N
based on 7 sapbles: which.recd}ded decompression through ca. 10 kbar |
durfng ca. 2509C cooling; Highest tempetétbres and pressures wgqe"
obtained from unzoned grains showing no signs‘of retr;gression, whereas
rims of.?rains zoned dur1£; retrogression gave 16weét values. They
noted that in some cases adjacent samplss ylelded ;idély separated
points on thé P-T cung, which they interpreted to be due to
hetérogeneous distribution of flﬁids and other faétors cohtrollihg'
retrograde mineral reactiodsv ‘

Availab1§ diffusion rate data for miherals_ﬁsed in thermobarometry -«
shodld also be considered wheﬂ attempting to establish equilibrium
criteria‘(e.g. revieus in Loomis, 1983; Lasaga, 1983). In m;nerélhpairs
in whicﬁ there are significantly different diffusion Eharacteristics,
gdjacent Tims are most likely.to;be in equilibrium. Howevér, cores may

’still be in bquilibriém, but before this c;h'be assumed, the likely

penetration depth {profile) of diffusion zoning processes must be’

‘assessed (é.g. Lasaga, 1983). Idea%ly, equilibriu; between cores of . .

- ﬁineral puiés can onky be expected when the phase;\Have.similar R

diffusion rates and grain size. Diffusion‘ratgs in many minerals are

notAwell constrained (Lasaga, i983), but 1t is kﬁown thai garnets,

pyroxeneb, and biotites have significantly different diffusion : -

characteristics. It has furthermore been pointed out by e.g. Lasaga

(1983), that the critical nineral in a geothermometer i{s the one with : .

s

the slower diffusion rate; it is the chéracteristics of this mineral
'whicp control the distribution coefficlent and thus the thermometer.

‘Although similar arguments and conclusions, regarding the

-
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- > o « .
establgfhment of P-T-t paths, were deemed "..convimcing hut no more

than semi-quantitative." by Powellrﬂl985, p-29), coﬁsiderations similor

v o - : I

to the above have ylelded rather consistent results in';he pr%fent -~

sgudy,‘eSpecially where reactantsAahd products of decoﬁpresaion

react{ons could be identified. Thur 1t 18 considered tha; while the
Y - .

absolute numbers may be revised by improved thermodynamic daﬁllanq‘

thermobarometric calibrations, the general trend of P-T vectors.
» . : g '
obtained In this study are realistic and-are gnlikely to be changed.

5.2 RAMAH GROUP : RN ‘ .

e O

Metamorphic conditioqs and bulk rock compositions of ‘Ramah Group rocks
have not led to the formation of- very many assempleggs suitqble:for.

. géotheémooaromotry. Coéxisting biotite, muscovite, cﬁrorfie::and quérﬁz'
oocur in aosemblage groups 1 (Lake Kiki transect) AHFS, and 6 (area #

just south of Saglek Fiord), and garnet o/ﬁ biotite coexist in a few

the Pangertok SW area, .

v

& 5.2%1 Biotlte—muscovite—chlotité—quartz (BﬁCQ) barometer -

hd

Details about the BMCQ barometer are given in Appendix 4,‘section A4, 2.

~ 4

uGeven samples from the Lake Kiki transect contain the appropriate

assemblage and relevant compositional patametets for these samples ate

given in Taple 5.2.1(A).. Bulk compositiohal variations among samples

. -

are retlected by significopt‘variations inh mooal biotite and muscovite.

Microstructural information consistent with the ope;a;ioh of this




Table 5.2.1 Compositional parameters a"nd pressure qeterminatious‘
in Ramah Group pelites determined with the biotite-
- muscovite~-chlorite-quartz barometer (Powell & Evans,
* 1983). — - .

(A) Ramah Group pelites from the Lake Kiki area:

Sam'pl’e (bi/mu/ch) Xmus Xphl Xcel Xcli In K

F84=-130 1 5 3  .7507 .0062 .0395 .0002 5.997
2 613  .7202 .0069 .0465 .0002 5.603
9 11 10 -.6866 .0084 .0582 .0007 3.959
‘1 3°S  .6866 .0065 .0609 .0013 2.375
2 3 5 .6866 .0057 .0609 .0013 1.99%h
11 7 8 .6847 .0063 .0576 .0009 2.915
1110 8  .6946 .0063 .0635 .0009 2.537
F84-160 17 18 14  .7351 .0052 .0597 « .0007 2.378
819 7 .6639 .0037 .0477 .0007  2.237

F84-168 17 14 15  .6468 .0349 .1058 .0195 . 2.419
8 18 15 .5669 .0459 .1067 -.0195 3..074
11383  .6073 .0589 .1379 .0326 2.358
210 &4+ 46279 .0617 .1068 .0293 3.653
7 9 .6373 .1397 .1349. .1052 3.911

3 7 1. .6373 .1575 .1349 .0920 4.405
17 12 18 .6647 .1458 .1402 .0908 4.074
2
5

F&4-157

F84-171 .

F8 4-201

S

F84-211 1611 .6628 .0314 .0751 .0031 5.335

14 11 .3748 .0278 .0693 .0031 4.721

(B) Ramah Group'pelites from south of Saglek Flord:

Sample (bi/mu/ch‘) Xmus Xphl  Xcel Xcli In K

F83-1 913 15 .7278 .0383 .0303 .0401 7-100
: 20 18 19 .7239 .0773 .0251 .0349 10.087
F83-22 3 1 6 .7453 .0892 .0323 .0738 8.797
: 912 8 .7096  .0779 .0136 .0632 11.966
F83-24 29 16 3 .7091 .1240 .0250 .0705 10.808
FB3-26 2 5 3 .6881 .0B49 .0323 .0670 8.656
20 19 18 .7393 .0876 .0213 .0640 10.535

: 20 22 21 .7003 .0876 .0273 .0628 -9.508
F83~76 24 28 27 .6434 .2654 .0431 .2217 9.667
37 36M\35 .6643 .2310 .0350 .2221 10.105

F83-78. 31 32 36 ° .6734 .1394 -.0496 .1165 7.855
- F83-79 14 9 31 .6569 .1424 .0266 .1580 10.08!
F83-81 39 35 32 ~.7244 .1106 .0165 .0946 11.854
F83-85 1 710 «5744 .2263 .0601 .2083 7.804
20 16 13 .6424 " .1845° .0355 .2037 9.433

BR-133 1l 2 3 .6398 .1613 .0300 - .1488 10.007
13 14 d2 6727 .1741 .0243 .0938 11.589




Table 5.2.1 (continued)

(bi/mu/ch) refer to identification numbers of analyzed grains. X’'s

refer to mol fractions of ideal muscovite in muscovite, phlogopite in

biotite, Mg-celadopite in muscovite, and clinochlore in chlorite,
ghression for K i1s given in Appendix 4, section

respectively. The |
A4.2. ]
Notes: 1) bilotite occur as porphyroblasts
 2) sample 1s chlorite poor e
* 3) sample is muscovite poor
4) blotite-chlorite intergrowths, biotite replacing chlorite
5) sample is biotite rich
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equilibrium includes the observation that 1imn several sampleg there 1s
evidet{ce of biotite replacing chlorite. In two samples biot—ite occurs
as a porphyroblastic phase, but inA ﬁhis case there .are no srignificant
differences in composition between porphyroblastic and matrix bio;ite.
However, considering all the results, there is no apparent correlation
between ln K and modal mineralogy or with position within the east-west
gsection. P-T conditions corresponding to the ln K-values In Table
5.2.1(A) are shown‘ in Fig. 5.2.1; the results are rclearly unrealistic
and show large variations (5 - 9 kbar at 4000C).

Application of the BMCO barometer to ten pelites from the area
south of Saglek Fiord (Table 5.2.1(B)) also ylelds a wide range of P-T
cond-ition:, but in this case the average 1is more reasonable, (F‘ig.
5.2.1). ilowever, the range of P-T variation Is too large to be
acceptable, especially with respect to the Al;810g triple polint,
since all samples are from, or occur adjacent to, kyanite bearing
rocks.

In both the Lake Kik! and Sa:glek Filord areas, there are
substantial within-sample va'tiations in minera‘1 compositions, .perhaps
due to post-pgak re-equiiihration, (see e.g. section 4.2.4) that likely
cause a spread in P-T estimates. However, other poséible problems with
thl BMCQ baromeier should also be considered. The calibration 1s based
oh Mg-end members, but it can be seen that both biotites and especilally
¢chlorites {n this:study have very’low Mg contents (Table 5.2.1). This
suggests that the extrapolation to actual -phase compos‘itions using the
'assumption of ideal mixing may be {acorrect. Powell & Evans (1983)
found the barometer to be Insensitive to Fe2*/Fe3* ratios and since

these likely do not vary greatly in the analyzed samples this is not

188
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considered to be the cause of the observed variation.

However, the systematic differences in pressure estimates between
samples from Lake Kiki and those from Saglek Flord needs to be

explained, Moles (1985) suggésted that BMCQ isopleths may be displaced

to ressures and lower temperatures by t_h; pr%sence of
;om:nents other than H,0 in ﬁhe fluid attending-metamorphism: As
carbonate~-bearing rocks occur throughout tr;e Lake Kiki area and
graphite {8 a common accessory, C0; may well be an important
congtituent of the fluid phase there, causing the isopleths to be.‘

displaced to unrealistically high pressures.

’ . \
"5.2.2 Garnet-biotite thermometer
Coeiiating garnet and biotite have beén analyzed in six samples from

Pangertok SW (Table 5.2.2). Garnets vary in size from <0.1 to 3 mm and

L 4

Ain shape from round to highlf irregular, but where possible, cores and
' rims were»analyze’a; Blotites from two microstructural settings were
analyzed: "rim-biotites™ adjacent to garngts,' and "matrix-biotites”
~ away (several millimeters) from garnets visible im the thin section.
Table 5.2.2 showé compositional parameters and temperatures ]

obtained using two' different garnet-biotite thermometers (see Appendix

4, section A4.1 for detalls about {ndividual calibrationg). In general

the same relative temperature sequence between samples is obtained with.
each calibration, and so, for simplicity, the following discusaion is
based on the Ferry & Spear (1978) ¢alibration.

Temperatures from garnet ccores and matrix biotites are

systematically higher than estimates from rims of adjacent minerals
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Table 5.2.2 Compositional parameters and temperature estimates In
Ramah Group pelitic .rocks southwest of Pangertok Inlet
determined with garnet-biotite thermometry.

Samplé (gt/bi) Alm Pyr Gro -Spe XMg XTi XAl K T1 T2

F83-131 8c lla .738 .070 .037 .156 .389 .031 .133 .148 525 539
10r 11a .720 .075 .031 .174 .389 .031 .133 .164 555 568
18¢c 20a .714 .081 .035 .170 .411 .0Q36 -.197 .164 555 569
17r 20a .712 .067 .037 .185 .411 .036 .197 .134 496 511
26r 27a .714 .085 .038 .162 .394 .033 .174s.184 595 610

9% 4m .715 .094 .032 .159 .399 .034 .142 .198 621 634 .

F83-138 5r 6a..760 .091 .028 .121 .448 .022 .132 .147 522 533 )

5 7a .760 .091 .028 .121 .405 .027 .286 .176 578 590 ‘ -

-4 18m .741 .096 .035 .128 .430 .029 .173 .172 572 586
F83-141 4c 17m .756 .125 .022-.096 .443 .024 .,182 .208 640 650
26c 34m .768 .100 .022 .110 .443 .032 .169 .165 557 566
F83-160 1lsm 6a .725 .064 .021 .191 .403 .026 .160 .131 489 497
Ism 9m .725 .064 .021 .191 .372 .042 .145 .149 526 3534
: lsmllm .725 .064 .021 .191 .382 .032 .159 .143 "513 521
BR~169 5c 4a .866 .093 .021 .020 .342 .033 .143 .208 640 648
}IOE 9a .816 .089 .,018,.018 .374 .030 .171 .170 567 574
~1l4c 11a .857 .097 .025 .022 .385 .033 .204 .180 587 597
YM-199 26r 24a .739 .109 .042 .110 .449 .036 .161 .181 589 606
29r 28a .748 .104 .034 .114 .437 .030 .336 .179 584 598

" (gt/bl) refer to identification numbers of analyzed grains, and letter

codes are: r - rim, ¢ - core, sm - small unzoned grain, a - bilotite

adjacent t& garnet, no code - unzoned garnet. Alm, pyr, gro, aéd spe

refer to mol fractions of almandine, pyrope, grossular, and spessartine

in garnet. X“s refer to Mg/Mg+Fe, T1/Mg+Fe+Al6+T1, and Al6/Mg+Fe+Al6+TH

in blotite. K = (Mg/Fe)80t/(Mg/Fe)P1O, T’s are temperaturgs (in

OC) obtained with the calibration of Ferry & Spear (1978) (Tl at 6 i
kbar) and Hodges & Spear (1982) (T2 at 6 kbar). For further details

about the garnet-biotite thermometer, see Appendix 4, section A4.l,

J/
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(Table 5.2.2), with differences of up to ca. 120°C (F84~131). The

highest temperature obtained 1d 640°C (F83-14l, BR—16b); which whe
( ) - ' -
considered together with the coexistence of kyanite and sillimanite in

some Pingertok SW rocks, suggests pressures of 6-7 kbar (with respect
to the Al7S10g triple poia} of Holdaway {1971)) assuming both
reactions occurred eimultaneously. Rims of adjacent garnet and biotite i

grains fecord temperatures down to 489°C,» indicating significant .

. .
- a

re—equilibration during cooling folloﬁing the metamorphic peak. Further

- -

“cooling is recorded by coexisting K-feldspar and plagioclase Usample

.

"F84-134), Using the Stormer & Whitney (1977) ty0°fé1dspar calibration,
. - ’ * '

temperatures of 412°C and 381°C were..obtained from cores and

1l

adjacent rims, respectively. .

The calculated garnet-biotite temperatures show no systematig

[ ] - .
geographic distribution, and are thus assumed to reflect variable

~ degrees of post-peak re-equilibration, rather than ;egional differences
in peak metamorphic temperFtures.

The garnet—siotite te;peratures do not seem to be correlated with

the ioning patterns in the garnets, which were described in section |

4.2.4, Possible factors which may be responsible for the observed

zoning profiles were discussed in section 4.2.4,

5.2.3 Discussion ) ‘ ' -

The geothermobarometric results calculated for the Ramah Group samples
’ Pl

do not add significantly to the qualitative outline of metémorphic

conditions in the Ramah Group presented in section 4.2.5. The results

.
~

of biotite-muscovite-chlorite-quartz barometry suggest a metamorphic
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field giadient broadly in the kyanite atabilﬁty field, and
gérhet-biotite thermometry combined with the coexistence of kyanite and

sillimanite transition indicate peak metamorphic conditions around

-

640°C/6-7 kbar.

.

Zoning patterns in garnet from the Pangertok SW area indicate that
re—equilibration continued after the metamorphic peak. In contrast,
staurolites and chloritoids from the Lake Kiki and Saglek Fiord areas

are unzoned or record prograde growth zoning, but show no evidence of

post-peak re—equilibration. This implies that s+gnificant

v .
synmetamorphic retrograde zoning was restricted to the higher grade

rocks in the Pangertok SW area.

5.3 AMPHIBOLITE FACIES TERRANE ‘M. ‘. .

Mineral assemblages in the Amphibolite Faclies Terrane élong the ca. 20
km north-south section between Lake Kiki and Saglek Fio;d do not
display ldrge lithological variations (Appendix 2) and the assemblages
useful fdr thermébatometry are limited to: (1) amphibole-plagioclase- -
quartz as calibrated by Spear (1980, 1981s8); and (2)'amph1bole—plagio—
clase-epidote-quartz following the calibration of Plyusnina (1982) (sce
Apééndix 4, section A4.9 for getails'about these calibrations). In all

calculations, the calcic amphibole nnalyseé were recalculated according

to the "13exCNK”-scheme of Robinson et al. (1982). .

&
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5.3.1 Amphibole-plagioclase-(epidote~quartz) thermometry and batomeify

. ~

The fwo'amphlbole—plagloclase thermometers of Spear (1980, 198la) yleld
widely disparate results (Table 5.3.1,'F1g. 5.3.1). The net-transfer
reaction (Spear, 198la) gives a range of temperatures varying

unrealistically betufen 136 and 12419C; whereas the exchange reaction

‘(Spear, 1980) shows a more restricted range with a reasonable average

between 500 and 600°C. The experimentally calibrated

- - N

geothermobarometer of Plyusnina (1982) gives reasonable temperatures
: ‘ N

simllar'io those obtained with the exchange reactfon of Spear (1980),

“and a range of pressures with a mode between 5 and 6 kbar (Table 5.3.1,

Fig. 5.3.2). There aépear to be.no significant differences in pressures
and tempefatures between the thfee subareasllisted in Table 5.3.1.

The highly.scattered results obtained *with the net-trandfer
reaction of Spear (1981&) may imply tbat the calibration is sensitive
to factors not taken into-account heri. Cholce ?f amphibole
normalization procedure can probably be ruléd oﬁt however, as thé
recalculation used by Spear (léala), origlq911;>ngggesiéd by.Stout .

T~ “"

(1972), 1s essentially the same as the "13exCNK"—scﬂ¥me used here.
Phases or elements not accounted for may influence the element traqsfer
between amphibole and plagioclase, but the wide ;%mperature range of
the estimates'is not considered to fesulx from disequilibrium as the
same analyses were used with the exchange thermometer which yields'much‘
“less scattered results (Fig. 5.3.1).

Discounting the results from the net transfer reaction, the two
remaining calibrations both yield tenperatu::s averaging ca. 550°C,

and pressures (from Plyu?nlna (1982)) of 5-6 kbars. These estimates are
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Table 5.3.1 Compositional parameters and P-T estimates in roéks

from the Amphibolite Facies Terrane determined by
amphibole~plaglioclase thernometry.

Amphibole-plagioclase thermometers of Spear (1980, 198la): -

g

(A) Rocks from Lake Kikl area:

sample (am/pl) Na,A K,A CaM4 NaM4 Ca Na KL Tl K2 T2

\
-

F84-3 8a 7c .077 .057 1.830 .170 .263 .794 .126 371 .031 536
F84-9. 3r 2r .163 .041 1.821 .179 .301 .752 .299 491 .039 550 -
) x1lr 10r .425 .056 1.341 .000 .301 .752 1.215 820 - -
F84-11 3r 2r .380 .307 1.963 .037 .436 .607 3,100 1241 .014 493
o’7r 6a .088 .014 1.823 .025 .409 .583 .169 408 - .010 476
_ l4r 13r ,Q87 ,050 1.742 ,258 .423 .645 .176 413 .,097 605
F84-41 12¢ 5¢ .I27..379 1.823 .177° .395 .626 .675 653 .06l 576 -
T l4r 16r .262 .155 1.843 .157 .251 .695 .725 670 .031 S36
F84-70 1l4r 11r .065 .054 1.848 .182 .439 .481 ~.149 392 ,075 588
T 7t 1r .080 .102 1.838 .162 .476 .570 .200 490 .074 587
F84-94 11r 12r ,266 .095 1.980-.020 .325 .668 .6B4 656 .005 4&46
" 3r 6r .214 .092 1.773 .227 .327 .678 .503 587 .062° 576
F84-118 4r 5r .176 .230 1.836 .164 .266 .768 .518 593 .031 536
F84~125 9r 8r .144 .078 1.859 .141 ,257 .740 .270 475 .026 527
1lr l4r .003 .120 1.679 .321 .259 .767 .005 136 .065 579
F84-186 4r 6r .143 .044 1.819 .181 .295 .751 .256 466 ,039 549
F84-216 9 8 -.030 .056 1.635 .365 .284 .768 .048 - 275 .083 594
12 13 .204 .058 1.746 .254 .298 .792 . .404 543 .055 569

(B) Rocks from transect 2-10 km north of Saglek Flord:

Sample (am/pl) Na,A K,A CaM4 NaM4 Ca’ Na Kl Tl K2 T2

J .

MZ-153 33r 34r .019 .215 1.666 .334 .394 .678% ,050 279 .117 617
MZ-156 9 11 .128 .061 1.902 .098 .337 .691 .250 462 .025 525 /

14 12 .108 .055 1.960 .040 .610 .404 ,341 513 .031 536

! 1 2 .183 .054 1.904 .096 .537 .502 .525 596 .054 568

16 11 .124 ,048 1.965 .035 .556 .441 .,356 521 .022 519

MZ-158 1 2 .264 .117 1.906 .100 .395 .640 .2B§ 683 .032 5319

T 16 - 15 .090 .141 1.788 .212 .346 .724 .201 431 .057 571

MZB-188 11 12 .176 .106 1.736 .264 .428 .548 ,488 581 .119 618

200 21 .120 .184 1.786 .214 .455 .520 " .3%6 540 .105 610




)

Table 5.3.1 ~(continued)

(C) Rocks from north shore of Saglek Fiord:

Sample (am/pl) Na,A K,A CaM4 NaM4 Ca Na Kl Tl K2 T2

F84-223 1 2 .269 .080 1.857 .143 .325 .63241.716 667 .046 558
T 11 10 - .127 .092 1.852 .148 .411 .650 .292 487 .051 564
F84-274 1 2 .329 .194 1.947 .053..315 .724 1.2287 823 .012 486
TS b .235.207 1.981 .019 .309 .745 .751 679 .004L 437
F84=2758 9  ,230 .179 1.782 .218 .275 .716 .656 646 .047 560
T3 5 .254 .179 I.765 .235 .289 .759 .753 680 .051 564 .
F84-293 4 5 .323 .112 1.871 ,129 .389 .669 1.018 764 .040 551
) 7 .6

266 ,108 1.876 .124 .307 .706 .684 656 .029 532

Thermobarometer of Plyusaina (1982):

sample (am/pl) Ca(pla) Al(hbl)  P3 kbar T3°C

(A) F84-3 8 7 .263 .862 €2 520
F84-9 3 2 .301 1.650 4’ 540
11 19  .301 1.915 5 540
F84-41 12 15 .395 2.236 5 580
.14 16,251  1.969 6 530
F84-70 14 11  .439  1.308 <2 600
7 1 .476 1.971 3 640
F84-94 11 12 .325 2.352 6.5 540
' 3 6 .327 2.778 8 540
(B) M2-153 33 34 .394 2.170 5 580
M2-158 1 2 .395 2.363 5.5 580
16 15  .345 2.227 6 550
(C) F84-223 1 2 .325 2.330 7 540
F84-274 1 -2 .315 1.844 5 =~ 590
5 6  .309 1.999 5 540
8 9 .319 2,035 5 545
F84-275 8 9 .275 2.120 6.5 530
3 5 .289 2.049 4 " 530

[}

(am/pl) refer to identification numbers of analyzed grains, and letter
codes are: r - rim, ¢ - core, a - small grains in aggregate, oo code -.

\\gTall or unzoned grains. Underlined samples are epidote bearing.
ompfositional parameters in amphiboles (NaAy KA, CaM{, and NaM4) are
obtained via normalizdtion and site distribution according to the
"13exCaNaK"-scheme in Robinson et al. (1982), except: x - normalization
according to "15exNaK"-scheme in Robinson et al, (1982), o - no :
normalization. "Ca" and "Na" refer to Ca/Ca+Nat+K and Na/Ca+Na+K in
plagioclase. K“s are the equilibrium constants for the net transfer
(K1) and exchange reaction (K2) described in Appendix 4 (section A4.9).

- T”s are’ temperatures (in °C) obtained with the net transfer (Tl -
Spear, 1981a) and exchange thermometers (T2 - Spear, 1980)) described
in Appendix 4, section A4.9. Ca(pla) is Ca in plagioclase (based on 8
oxygens ), and Al(hbl) 18 Al in hornblende (based on 23 oxygens). P3 and
T3 were~obtained from from Fig. 5.3.2 (Fig. 5 in Plyusnina, 1982). -

4
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Hornblende-plagioclase thermobarometry
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Fig. 5.3.1 Histograms of temperature estimates obtained with the ther-
mometers of Spear (1980, 1981a) and Plyusnina (1982) on
rocks in the AFT. In the data obtained with the calibration

" of Spear (1981a) five estimates < 400°C and two estimates
» > 900°C have been oamitted.
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>

\ . . . [N .
gratifyingly similar to the qualftative findlngs discussed in section
4.3.5, based on comparisons of observed assemblages with experimental

phase relations. . -

The amphibole rims on relict granulite facles assemblages (see

below) have been 1nvestiggted using the exchange calibratign of Spear,
(1980). Temperature esi(mates’based on hgrnblendes and p19§19c1use§

L v
rimming rellct py{oxeﬁes (Ta§le{5.3.2) range from 485 tqsGSSOC and
are thus indistinguishable from those obtained from the surrounding

/‘

amphibolite facles rocks.

5.3.2 Relict %ranulite facies assemblages

s
The relict granulite facles assemblages locally p$eserved withig the

Amphibolite Facies Terrane around Lake Kikl (see Fig. 2.1.1) are

described in section 2.4 where 1t is argued that they are probably

.. Archaean In age. The assemblages (see Appendix 2) are generaily

suf{table fo; thermometry and bnrométry, although the lack of garnot‘fa
most samples limits }he,numher of applicablé calibrations. Individual P
and T determinations are p?e;ented in.Table 5.3.3, and.the results are
discussed briefly below.’

The two-pyroxene thermométer of Wood & Banno (1973) pives falrly
consistent temperatures between 820 and 900°C ﬂb£ sixteen mineral

pairs; rim temperatureé are lower than or similar to core.estimates,

indicaiing that re-equilibration affected some rocks subsequent to the

~metamorphic peak. The tendency for this calibration to overestimate

temperatures 13 discussed in Appendix 4,
. 3

Clinopyroxene~garnet thermometry (dne sample with clinopyroxene

YN
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Table 5.3.2 Compositional parameters and temperature estimates in
relict granulite facies rocks from the Amphibolite Facies , .
Terrane near Lake Kiki determined by amphibole-plagloclase

thermonetry,
[ v .
Sample (am/pl) Na,A K,A CaM4 NaM4 Ca Na K1 Tl K2 T2

F84=20 2rp l'a .000 .145 1.679 .295 .270 .764 . - - .062 577

» 7rp 9a  .000 .041 1.852 .115 .271..749 - - - .022 519
: 8rp 9a 114 ,200 1,754 .246 .271 ,749 < 482 .051 565
F84~58 18 17  .000 .138 1.864 .128 .344 ,557 -£- = .042 554

-

F84-84 6 7 ~000 .354 1.711 .289 .556 .469 1 6 985 .200 655
F84-93 8 9 .228 ,194 1.952 .048 .315 .675 (718 668 .011 485

26 27 136 .359 1.845 .155 .297 .721 .593 623 .Q35 542

. b N \
(am/pl) refer to identification numbers of analyzed gralnms, and letter
codes are: rp - rim on pyroxene, ¢ - core, a -.plagioclase adjacent to
amphibole, no code - small or unzoned grains. Compositional parameters
in amphiboles (NaA, KA, CaM4, and NaM4) are obtained via normalization
and site distribution according to the "l3exCaNaK”-scheme in Robinson
et al. (1987). "Ca" and "Na" refer to Ca/CatNa+K and Na/Ca+Na+K in
plagioclase. K”s are the equilibrium constants for the net transfer
(K1) and exchange reaction (K2) described in Appendix 4, section A4.9,.
y T°8 are temperatures (in ©C) obtained with the met transfer (T1 -
Spear, 198la) and exchange thermometers (T2 - \Spear, 1980)) described
‘ in Appendix 4, section A4.9. ' ‘

. \




Table 5.3.3 Compositional
facles relics
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arameters and P-T estimates from granulite

around Lake Kiki.

Orthopyroxene—clinopyroxene:

n Amphibolite Facles Terrane in area

Sample (opx/cpx) a(en,cpx) a(en,opx) K Tl T2 Point{
F84-19 6c 2¢ . 040 .239 . 166 838 887 55
7r 3r .051 247 . 208 870 934 56
12¢ l4c . 049 +252 .193 867 925 57
F84-58 3¢ 6¢c 047 . 260 .180 863 916 59
4  Sr . 055 . 260 .211 876 940 58
12¢ l4c .065 .284 .229 901 970 61
11r 13r .056 .281 . 200 879 939 60
F84-83 2 4r .055 . .239 .230 B8O 952 62
3 4r . 055 - <224 .246 879 955 )
7 8r . 044 .208 .211 849 914 63
13c 15c .033 .239 . 140 818 857 64
F84-84 2c 4 .043 .252 172 850 901 65 .
32r 35r . Q35 . 263 .133 826 860
F84-93 4a Sr . 046 .207 o 222 856 925 69
20c 18¢ . 036 .228 ©.158 823 869 -
F84-217 2r 4r . 046 .258 .178 856 909 70
Clinopyroxene-garnet:

Sample (gnt/cpx) XMg,gnt XCa,gnt XMg,cpx K Té T10 Ptd
F84-84 '12r llr .303 .179 .694 5.200 755 767 66
lér 174 .308 .180 .671 4.590 793 806
2lr 191 .321 171 .706 5.092 754 766

22c 201 .328 .168 -.696 4.697 776 788 68
" 37r 3s5r .302 .176 .653 4.357 806 819
Orthopyretene-garnet : . N
Sample (gnt/opx) XMg,gnt XCa,gnt XMg,opx K T1(6/10) T2(6/10) Pt#
F84-84 25r 3la ~.183 °  .189 . 545 .351 845/873 750/773 68
<
5??//
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Table 5.3.3 (continued)

Cl ibopyroxene-plagi oclase-quartz:

Sample (cpx/pla) Al6  XCaTs XAn K600 K900 P600 P900 Pt#

F84-19 2¢ 5¢ .037 .032 .306 .063  .089 7.2 7.3 551
3r 4r .076 .061 .291 126 .179 9,8 11.2 56
lic 16¢ .067 .054 .282 115 .164 9.5 10.8 57
13r 158, .066 .054 .304 107 .152 9.1 10.2
F84~58 6¢c 8c .065 .055 .315 L1046 147 9.0 10.0 59
sr 7r .032 .027 .325° .050 .071 6.2 5.9 58
lic l6c  .048  .038 314 .073 .103 7.7 8.1 61
' 13¢ 15 .053  .043  .337 .077  .108 7.9 8.3 60
F84-83 4r 6r .049 .p40  .508 .054  .068 6.2 5.4 62
8cr 10r .054 .046  .S507 .061 .078 6.7 6.1 63
9 1llc .073 .063 .529 .082 .104 1.7 7.5
15c l6c .086 .073 .503 .09 .126 8.3 8.6 64 .
F84-84 8r 7r .073 .061 .540 .080 100 7.6 7.2 66
13r l4r .085 .067 .607 .086  .102 1.9 7.4 65
FP84-93 Sr 9r .046 .038 .315 .073  .103 7.7 8.1 69
7c 10¢  .077 .063 .295 _..129 .184 9,8 11.3
FB84-217 4r B8r .043 .037 .352 .063  .088 7.0 7.1 70

Or thopyroxene-garné t-plagloclase-quartz:

Sample (opx/gnt/pla) XMg,opx XMg,gnt XAn K(600/900) P(600/900) Pt#

F84~-84 3lr 25r 26r .545 .270 .793 .090/.075 8.0/8.7 67,68

Or thopyroxene-clinopyroxene: (opx/cpx) are identification numbers of

analyses used in calculation and letter codes are: r - rim, ¢ - core,
no code - small and/or unzoned grains, a - opx in amphibole aggregate.
a(er;tpx) and a(en,opx) refer to activities of MgsSi,04 in
clinopyroxene and orthopyroxene, respectively. (see Appendix 4, section
A4.3, for activity calculations). K is the equilibrium constant,
described in Appendix 4, section A4.3. Tl and T2 are temperatures (in
°C) obtained with the calibrations of Wood & Baono (1973) and Wells
(1977). Thermometric expresgions are given in Appendix 4, section A4.3.
Clinopyroxene-garnet: (gnt/cpx) are identification numbers of analyses

used {n calculation, and letter codes are: r - rim, ¢ - core, 1 -
clinopyroxene included in garmet. X“s réfer to Mg/Mg+Fe+Ca and
Ca/Mg+Fe+Ca in garnet and Mg/Mg+Fe in clinopyroxene, respectively. K is
the equilibrium constant, described in Appendix 4, sectlon A4.4, T6 and
T1O are temperatures (at 6 and 10 kbar) obtained with the calibration
of Ellis & Green (1979), described in Appendix 4, section A4.4.
Orthopytoxenegatnet: (gnt/opx) are identification numbers of analyses

used i{n calculations, and letter codes are: r - rim, a - orthopyroxene
in amphibole aggregate. X“s refer to'Mg/Mg+Fe+Ca and Ca/Mg+Fe+Ca in .
garnet and Mg/Mg+Fe in orthopyroxene, respectively. K is the
equilibrium constant, described in Appendix 4, section A4.5. Tl and T2
are temperstures (at 6 and 10 kbar)#btained with the calibrations of
Sen § Bhattacharya (1984) and Harley (1984a), respectively. For detalls
about these calibrations, ?bKAppendix 4, section A4.5.

2Q2
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Table 5.3.3 (continued) 4

Clinopyroxene-plagioclase-quartz: (cpx/pla) are identification numbers
of analyses used in calculations and letter codes are: r - riam, ¢ -
core, Al6 in clinopyroxene is calculated as Al-2+51, XCaTs, the mol
fraction of the Ca-Tschermak component in clinopyroxene, {s calculated
as Al6*Ca, and XAn is the anorthite mol fraction-in plagloclase. K's
are the equilibrium constants at 600 and 900°C, and P”s sre preasures
(at 600 and 900°C) calculated via the barometer of Ellis (1980).
Details about this barometer are given in Appendix 4, section A4.7.
Orthopyroxene-garnet-plagioclase-quartz: (opx/gnt/pla) are
identification numbers of analyses used in calculations and letter
codes are: r - rim, XMg“s are Mg/Mg+Fe in orthopyroxene and Mg/Mg+Fe+Ca
in garnet, respectively. XAn is the mol"Traction of anorthite in
plagioclase, K“s are the equilibrium constant (at 600 and 900°C)
described in Appendix 4, section A4.6, and P°s are pressure estimates
(at 600 and 900°C) obtained with the calibration of Newton & Perkins
(1982).

. "
In all calibrations, "Point#"” or "Pt#" refer to the P-T point
identification number used in text and dlagrams. '

J §




had
.

: 1nc1usions‘ in garnet) éivgs temperatures between 760 and 800°C; one
determination b&®sed on'tﬁe orthopyroxene~garnet thermometer gives a
comparaple result. '

The temperatures. presented above are assumed to represent
conditions at or 1mmehia;ely following the péak of metamorphism. The
relatively na;row range suggests that post-peak equilibration was
limited,-especially compared to the Early Proterozoic granulite facl
assemblages described later (section Sfﬁ). ,

Pressure variations are fairly systematic, based on results ftog
core and rim estimates using the cl1nopyroxene-plagioclaée-quartz

‘baromq&er (Table 5.3.3). Cores generally reflect higher pressures than

rims (8-£0 kbar ﬁ; opposed to 6.5-8 kbar), although some grains sho; no

difference. One comparable pressure determination was obtained with the
orthopyroxene—garnft-blagioclase-quartz calibration,

Considering 6n1y the core compositions, as X\t 18 not clear to what

extent the rims may have re-equilibrated during the subsequent

superimposed metamorphism, simultaneous application of geobatoﬁeters

. N
and géothetnometera to the relict granulite facies mineralogy (Fig. ‘

5.3.3) ylelds an array of P-T points, which is dominantly based on the

»

twvo-pyroxene thermometer ombined with the cL;popyroxehe—plagioclase-,

-quartz barometer (14 of 16 points) (Table 5.3.4).

It 1s debatable whether or not these samples together define a

~-

retrograde P-T path. If thé results are taken at face vglue,'the narrow
range of recorded tenpetutdres would imply “"closure™ of the
two-pyroxene and garnet-clinopyroxene thermometers at or near peak
temperatures; wﬁefeaa the clinopyroxene-plagioclase-quartz baromete;

4

- must have closed in some samples at P cond1 tions corresponding to the

9
.o
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Table 5.3.4 P-T points obtained via simultaneous application of geo-
thermometers and barometers in relict granulite facles
rocks in the Amphibolite Facigs Terrane around Lake Kiki.

Point# Sample Data Pl P2 TI T2 T3
55 F84-19 ¢ - 7.4 838 o |
56 r 11.0 870 - -
57 c 10.6 867 N .
58 .F84~58 r 5.9 876
59 . ' c 9.9 863
60 r 8.3 879
61 c 8.2 901
62 F84-83 r 5.2 880
63 r "6.2 849
64 c 8.5 © 818
65 F84-84 r 7.4 850
66 r 7.7 760
67 c 7.9 776
68 r 8.0 - 850
69 F84-93 r 8.2 856
r 7.1 856 . -

70 F84-217

Point# is an identification number used in P-T diagrams and in the
text. Data-codes are: ¢ - core, r - rim. Calibrations: Pl - Ellis
(1980), P2 - Newton & Perkins (1982), Tl - Wood & Banno (1973), T2 -
Ellis & Green (1979), T3 - Sen & Bhattacharya (1984). P 1is in kbar and
T in ©°C. Details about calibrations can be found in Appendix 4.
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* temperature peak, whilst in others it remalined “open”™ during

slgnlficant decompression., An alternative explanation, which cannot be
dlscounted until realistic error deterninations are available for the
clinopyroxene- \\hgioclese -quartz barometer, is that the range of
pressures obtained ;epreaents the deviations about a}mean of about 8
kbar. It is known that this 'barometer 18 sensitive t% S1 determinations
(and ‘hence Al4/Al6) ‘m clinopyroxene. This {s furth;r digcussed in

section 5.7, in chapter 6 and in Appendix 4.
5.3.3 Discussion

Considering the size of the area occupied by the ax'nphibolite éacies
gnelsdes, the consistency of “T- (and to a lesser extent, P-) data
presented above (excluding those calculéted with the net transfer
reaction of Spear (198la)) suggests that the amphibolite facles
\‘ metaporphiﬂm was not merely a cooling and retrogression event, but a
_thermal event that lasted long enough to thoroughly homog‘enize and
equilibrate éssembiages. This observation is 1& accord with the X . .
interpretation that therrelict granulite facies assemblages (described .
10 section 4.3) represent an earlier, unrelated metamorphic event,
although the time span, between the two events can only be indirectly

assessed és no radiometric dates are available (see chapter 6).

5.4 GRANULITE FACIES TERRANE '

Tonalitic gneisses and pyribolites are the major rock types occurring




~

o the Granulite Facigs Terrane between Lak; Kiki and Ugjuktok Fiord,
with subordinate amounts of garnet-bearing supracrustals, These
lithological variations resu}t in a rangehof mineral assemblages in the
‘gnei{sses, many of which are sultable fér géothermometry and
geobarometry., A discu;sion of a selection of calibrations from amongst
the large érray presently available 1s given invAppendix 4, along with
descriptions of.those used in this study.

IndividdaL Pand T &eterminationg, as well as simu}taneous
appllcatién of P- and T-dependent calibrations on assemblages in the
microstructural domains assgmeq to be_in-chemical equilibrium have been
carried out on most samples. In order to detect possible'variations
along the ca. 25 km north-south stretech from Lake Kiki to Ugjuktok
Flord, the granulite, facies rocks fro; three subareas (west of Lake
Kiki, ca. 5 km north of Saglek Fiord,.and along the shores of Saglek
Flord (Fig. 2.1.1)) are plotte& separately in fhe following sectipqs;

.

but for the most part sre discussed together. The P-T data are

presented in Tables 5.4.1-7, and are discussed briefly %elow.

5.4.1 Two-pyroxene, pyroxene-garnet, and garnet-biotite

thermome try '
Coexis@ing orthopyroxene and clinopyroxene occur in various types of .
domaizf in numerous thin sections. Both commonly have narrow ri;s of |
amphibole, formed primarily by Te'trograde reactions involving |
plagioclase (see sectfon 4.4.2), The two minerals also coexist, as

product and reactant, respectively, in symplectites between. garnet and

clinopyroxene. The folloying considerations are based on the

\
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caiibfation of Wood & Banhoh(1973); the calibration of Wells (l9f7)
glves systematically higher temperatures, but displays the same sense
of variation. The recently developed pyroxene thermometer of Davidsaqn &
Lindsley (1985) was also employed. This calibration and results of 1its
application to rocks of the GFT are further discussed in section A4.3
of Appendix 4; ) '
‘ Cores of fresh coexisting orthopyroxéhes and clinopyroxenes
generally yield the highest temperatures (Table 514‘1)’ ranging from. -’
81b to 890°C, with two determinations ian excess of 900°C (906°C
from west of Lake Kiki; 926°C from Saglek Filord). Rims of coexlsting
adjacent grains sﬁou a much larger variation, ranging from 740 to
8909C, suggesting that post-peak re-equilibration was significant in
some microstructural domalns, whereas negligible readjustments occurred
ia others. Intra-sample variations of rim temperature estimates (e.g.
FB4-16) are‘sufficiently iarge to substantiate the existence of domains
variably affected by te-eqdilibpgtion ("reaction domains” of Loomis
(1983)).
- . .
Carnet and clinopyr?xene cgexist in a variety of mic;qgtructural
settings..CIInopyroxene occurs as inclusions in large garnets and
coexists with ga:ﬁetﬂin equigranular aggregateé, two microstructutes
which are thought to represent peak metamorphic conditions, Conéinued
post-peak equilibration 1is indic:}ed by replacement of
garnei—clinopytox;ne interfaces by symplectites of plagieclase,
orthopyroxene and/or hornblende. ) .

Determinations based on.clinopyroxene grains included in garnet

give fairly consistent ‘values ranging from 710 to 780°C (Table

5.4.2). The highedt temperatures are recorded by cores of clinopyroxene
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Table 5.4.1 Compositionsi”parameters and P-T estimates from Granulite
Pacies Terrane determined by two-pyroxene thermometry

(A) Rocks from area west of Lake Kiki:

Sample (opx/cpx) a(en,cpx) a(en,opx) K T1 T2 Polnté#

F84-16 8r Ir .037 .226 .162 824 872 1
9r 7r .037 .214 .172 829 880
16r lar .028 .218 .127 791 825
17¢ 15¢ .041 .229 179 835 889
22r 23r .064 .236 .271 895 979
2lc 24c .05 .232 .239 875 949
40c 4lr .01 .221 .079 747 758
46 43 .036 .220 - .163 821 870
F84-61 9r 6c¢ .053 .262 .202 868 929
.16r 13r .037 .238 L1564 825 870
F84-74 15r 17c .037 .208 .180 840 895
~ 16r 18 .041 .230 .180 840 894
F84-75 -« 6r 2r . .068 .310 .211 908 973
12r 8r L0457 7 L330 .136 859 889
16r l4s .039 .300 .128 836 _ 866
21r 18s .044 .297 .148 861 899
F84~108 1r. 3r .040 L2707 .150 836 878
12¢ 15c .028 .274 .103 796" 817
13r l4r .033 .263 .125 817 848
F84~126 23c 18c .035 .254 .136 816 853
31r 29r 044 .236 . .187 853 910
MZE-21 24 25 .019 .301 .064 759 756
35 36 .039 .274 .141 834 871
48 49 .037 - .300 .123 826 854
51 50 .045 .283 .159 852 897
MZE-25 13r lar .022 .298 .073 770 773
‘ 17 151 .027 . .282 N 791 807
18r 19r .019 .287 . 066 757 757
273 268 .015 .312 .048 743 720
44T 45c .030 .284 .107 808 830

47c 48r .019 . 284 .066 56 756
(B) Rocks from transect ca. 5 km north of Saglek™Riord:

Sample (opx/cpx) a(en,cpx) a{en,opx) K Tl ‘\\\TZ

MZ-194c 26ry 27r  .042 .331 845 872
26r 2r .046 .331 859 892
MZB-184a l4a l6a  .024 . 286 776 786
, 12n 130, .033 .279 - 818 845
MZ-200a 3n 50  .048 .280 - 859 910
7r 6r 024 ° .261 777 793
46r 44r  ,032 y - 278 - 806 = 832
MZ-200d 46r 43t .030 . 256 798 827
MZ-201b 1w 4a  .03S .290 827 855
{7 2w 58 .042 .297 843 880
" 21s 20a  .034 _ .295 815 840

57w S8a 045 274 852 899

~




Table 5.4.1 (continued)

(C) Rocks from shores of inner Saglek Fiord:

Sample (opx/cpx) a(en,cpx) a(en,opx) K Tl T2 Point#
F84-240 8a 9r .024 .366 . 066 791 782
2la 20r .056 .315 .178 881 931
F84-247 5S¢ 6c .029 .337 .085. 807 812
9r Ir .038 .344 110 835 853 47
lic 17c .027 , .323 .085 815 818
F84-248 3ag 2ag .07l .329 .216 926 986
3ag lag  .029 .329 .088 812 » 819 48
, 27h 26ag  .056 2338 .166 893 934
F84-280 9¢ 6¢ - .029 .234 .123 802 833
F84-285 7r 9r .021 .253 .082 767 . 778
20c 2le - .024 .196 .121 790 822 51
F84-327 1sm 2sm  .021 g .175 .119 763 793 54
7sm 8sm  ,023 . .167 .137 778 815

(opx/cpx) are identification numbers of analyses used in calculations
and letter codes are: r - rim, ¢ ~ core, gﬁ - small, unzoned grains, a
~ opx adjacent to cpx rim, ag - grain occur in monomineralic aggregate
of small grains, w - worm-shaped opx, n - grains not touching, h - opx
occurs in hbl aggregates, no code — grains found to .be unzoned,
a(en,cpx) and a(en,opx) refer to activities of Mg,Si,0¢ in
clinopyroxene and orthopyroxene, respectively (see Appendix 4, section
A4.3, for activity calculations). K is the equilibrium constant,
described in Appendix 4, section A4.3. Tl and T2 are temperatures (in
OC) obtained with the calibrations of Wood & Banno {1973) and Wells
(1977). Thermometric expressions are given in Appendix 4, section A4.3.
Point# is the P-T point identification number used in text and

diagrams.
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Table 5.4.2 Compoéltlonal parameters and temperature estimates in
Granulite Facies Terrane determined by garnet-clino-

pyroxene thetmometry. :

r

(A) Rocks from aréa“uest of Lake Kik{:

L

Sample (gnt/cpx) XMg,gnt XCa,gnt XMg,cpx K T6

F84-63 5¢ 10c . 209 .194 .587 5.381 758
20¢c 2le .207 7 .185 .646 7.011 680
F84-76 Irs 7re .231 .193 .661 6.500 705
20r I'9r . 280 .193 665 5.103 ‘772
25r 26r  .312 .184 .703 5.223 758
28rc 27r .215 .192 716 9.162 623

MZE-25 50n 49n  .279 .183 .678 5.445 745

(B) Rocks from transect ca., 5 km north of Saglek Fiord:

Sample (gnt/cpx) XMgsgnt XCa,gnt XMg,cpx K Té Point#

MZ-172 17r lé6r .219 . 200 724
MZ-194c 17r 161  .410 .151 .835
19r 181  .316 .168 = .785

39r 371 .305 175 .736

40r 411,387 .160 .756

50r 48r  .339 .164 .780

s0r 49r  ,339 . 164 .757

MZ-200a 29r 271 ,275 177 .691
M2-200d 8r 9ir .274 .182 697
8r 10ic .274 .182 .664

18r 174 .266 .182 .701

21lr 191c  .254 .173 .704

2lr 204r .254 .173 .701

30r 28ic .272 ..182 .643

30r 29ir .272 182 .669

MZ-201b 8s 58  .247 .172 .733
198 208 .254 .181 710

278 298,218 .184 .700

288 298  ,206 .172 .700

328 313 .218 | .149 L714

328 358 .218 .149 .652

“5lr 52r  .255 174 686

. 64r 62r  .257 .173 .681
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Table 5.4.2 (continued) \\ \

(¢) Rocks from shores of inner géglek Flord:

Sample (gnt/cpx) XMg,gnt XCa,gnt XMg,cpx K T6 °  TI0O Pointd

F84-240 5Sr 4ic .337 .167 .736 .479 729 741

15¢ 20c .303 .169 .716 792 716 728
F84-247 4c 6¢ <454 .181 .713 .989 947 961
F84-285 12r 10r . 242 .190 .699 . 248 676 687

13¢ 1lle¢ .273 175 .665 .277 747 760 48

18¢c 19¢ .282 .182 .657 .875 777 789

17r 15r .246 .182 .675 .372 702 713 49

(gnt/cpx) are identification numbers of analyses used in calculations,
and letter codes are: r - rim, ¢ - core, 1 - clinopyroxene included in
garnet, 1c - core of clinopyroxene included in garnet, ir - rim of
clinopyrdxene included in garnmet, s - analyses from symplectic domaln.
X“s refer to Hgéﬂg+Fe+Ca and Ca/Mg+Fe+Ca 1in garnet and Hg/Hg+Fe/1n
clinopyroxene,“respectively. K is the equilibrium constant, degcribed
in Appendix 4, section A4.4. T6 and T10 are temperatures (at 6 and 10
kbar) obtained with the calibration of Ellis & Green (1979), described
in Appendix 4, section A4.4. Point# is the P-T point identification
number used in text ‘ynd diagrams. -

A\
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inclusio’ns, ‘and sre believed to closely represent peak metamorphic
cqndit'ioﬁs.-Subsequent re-equilibrgvtion .is recorded By rims of adjacent
garnet and clinopyroxene. In-these pairs temperatures down to 640°C
have been obtalned on outermost rims of coexisting minerals in
aggregates and in symplecﬁite domains. Garnets and clinopyroxepes

;eparatéd by opx~plag symplectites were not employed for thermometfy as
they may ftiot have eQuilibratéd with each other, but rather with the
cqﬁatituent-s of thea symplectite separating them (plagioclase,
hornblende and/or orthopyroxene), Thermometry based on contiguous
grains (e.g. gafne;:-orthopyroxene) is better suited to these

- microstructures.

- (;oexiéting garnet t;nd orthopyroxene occur in two distinct
microatruc'tural domains: in equigranular aggregates and in
symplectites; ’As with the garnet—clit;opyroxene assémblage; coexisting
garnet and orthopyroxene are capable of recording the effects of |
bost-peak re-equilibration over a fairly wide range °,f, temperatures.,
Table 5.4.3 shows a variation from ca. ;00 to 590°C recorded by pairs
in various microstructural settiﬁgs. Cores of coexisting graios
generally yield the highest temperatures, but in some cases even cores
have been effected by later re-eqtrilibration (e.g. F84-288).

Garnet-orthopyroxene pairs in symplectite domains record temperatures

from 630 to 730°C, but intra-sample variations (e.g. M2-20la) are

very small,

» Gartiet-biqtite thermometry in granulite facies rock-s is known to
be ‘p;ob_lematic (e.lg. Essene,"719‘82), and: the results obta}ned will
geuerglly, at best, reflect condit—ions during post-peak equilibration.
A fairly wide range of tempefatures is ;hoﬁ in Table 5.4,4, and even

intra-saaple variations are substantial. Rims of adjacent garnets and
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Table 5.4.3 Compositional parameters and temperature estimates {n the
GFT obtained with garget-orthopyroxece thermometry,

(A) Rocks from area west of Lake Kik{i:

Sample (gnt/opx) XMg,gnt XCa,gnt XMg,opx K T1(6/10) T2(6/10) Point#

F84-60 3r 11 .326 .073 .605 .317 716/744 664/686 5

7c 2 .337 .094 . .600 - .339 771/800 703/725 6

7c 12¢ .337 .0%4 .565 .381 876/907 774/798
F84-110b 6r 7r -338 .118 .630 .300 706/733 655/676 '
\ 22¢ 24c .340 .102 625 .309 716/743 664/685 18
33r 30r .322  .097 .626 .283 664/690 625/645 19

F84-111c 10r 15r .183 .13l .508 .216  567/58% 5397557 20
8¢ 2lc .218 .108 .511 +267 649/673 605/625
MZE-25 30s 27s «284 174 +585 <281 707/728 647/667

‘ (B) Rocks from transect ca. 5 km north of Saglek Flord:

Sample (gnt/opx) XMg,gnt XCa,gnt XMg, opx K T1(6/10) T2(6/10) Point#

MZ-172 7r 8r .225 182 574 585/607 551/589
10r 11r .252  .186 .541 .286 722/747 658/678 25
19r 18r .239 .186 557 .249 652/675 603/623 26
23r 21r .233  .204 .532 .266  693/717 634/653 27
MZ-194c 3s 8s .398 171 647 .360 847/861 759/782 18

128 9s 401 154 .651 .356 834/863 751/773 29
2ls 22s «339 .163 .643 .285 701/725 648/669 30

MZ-200a 18r 17sm .226 .165 .549 .240 625/648 584/603 34
38 36 .227 .173 .539 .250 648/671 601/621
M2-201lb 8s 1s <247 172 .569 .248 642/665 597/617
27s 26s .218 .184 .549 .228 613/635 572/590
45s 42s .249 .178 .565 .256 660/684 611/630

465 42s .257  .172 «565 .266 677/101 624/644

(C) Rocks- from shores of inner Saglek Fiord:

Sample (gnt/opx) XMg,gnt XCa,gnt XMg,opx K T1(6/10) T2(6/10) Pointd

. F84-240 6r 8r  .347 .168 635 .305 742/768 679/700 45
23r 21r .270 .168 .583 .266 672/696 622/642 46
F84-248 2lr 18s .368" 167 .629 .541 1233/1272 1019/1048

F84-285 4c lc  .278 .183 .524  .349 842/870 747/769
3r 2r .263  .,181 .523  .326 797/824 714/735 *
F84-288 3¢ lc  .265 .096 .529  .321 743/771 678/700

7c  8c .237 .107 .526 .280 672/697 624/644- 52
T3k 9% .265 .096 .553 .291 685/711 636/657
F84-298 lé6r 13r .219 .096 .544 .236 5B4/608 558/577 53
17c 13¢ .199 .102 .544 .208 536/558 519/537

(gnt/opx) are identification numbers of analyses used in calculations,
and letter codes are: r - rim, ¢ - C - graina in symplectic
domain, sm - small, unzoned graing; 1 - opx cluded in garnet, no code
- unzoned or irregular gralus. ¥'s refer to MgyMg+Fe and Ca/Mg+Fe+Ca in
garnet and Mg/Mg+Fe in orthopyrbxene, respectively. K is the .
equilibrium constant, described in Appendix 4, |sectfon A4.5. Tl and T2
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Table 5.4.3 (continued)

are temperatures (at 6 and 10 kbar) obtained with the calibrations of
Sen &  Bhattacharya (1984) and Harley (1984a), respectively. Point# is
the P-T point {dentification number used in text and diagrams. For
details about these calibrations, see Appendix 4, section A4.S.




217
Table 5.4.4 Compositional parameters and temperat\ére estimates in rocks
from the Granulite Facles Terrane determined with garnet-
biotite thermometry. . )
(A) Rocks from area west of Lake Kiki:
Sample (gt/bi) Alm Pyr Gro Spe XMg' XT1 XAl K T1(4/8).T2(8)
F84-60 9r 15¢r .623 .277 .082 .018 .664 .104 .014 .225 663/680 713
' 7c 17w .5%0 .300 .094 .016 .620 .105 .017 .312 819/839 877
F84-106 Ir 4r ,656 .278 .053 .013 .674 .089 .078 .205 626/642, 664
3c Sm .621 .309 .058 .013 .672 .079 .094 .262 730/748 771
1lr 12r .688 .247 ,051..013 ,688 .080 .082 .163 547/562 582
6c 15m .604 .317 .068 .0l1 .65 .078 .055 .276 754/773 B0l
F84-110b 1r 3r .568 .301 .117 .01l5 .709 .074 .025 .217 649/665 711
12b 11b{ .580 .307 .101 .012 .731 .084 .030 .194 606/622 662
17c¢ 15ic .528 .347 .117 .008 .778 .056 .059 .188 593/609 655
20r 19+ .609 .275 .099 .017 .682 .087 .026 .210 636/652 691
27c 25ic .588 .295 .101 .015 .681 .082 .031 .235 681/699- 739
F84-11llc 3r 6r .701 .184 .089 .026 .596 .091 .Q43 .178 575/590 625
- 8¢ 7ic .680 .190 .108 .023 .612 .104 .013 .177 574/589 631
MZE-21 9 10 .563 .250 .169 .019 .598 .115 .003 .298 - 794/813 881
lér 15ir .572 .208 .187 .033 ,585 .119 .007 .259 724/742 816
MZE-25 35r 36r .566 .211 .180 .044 .649 .100 .009 .201 618/634 704 »
(B) Rocks from transect 5 km north of Saglek Flord:
Sample (gt/bl) Alm Pyr Cro Spe XMg XTL XAl K T1(4/8) T2(8)
MZ-172 le 2ic .620 .214 .144 .022 .662 .066 .054 .176 572/587 643
5r 6ir .618 .178 .177 .026 .715 .047 .042 .115 449/462 525
. MZ-173  6r 5ir .646 .287 .052 .015 .748 .069 .044 .149 520/534 540
10c  8ic .617 .291 .078 .0l4 .747 .077 .021 .160 S541/55 586
MZ-200a 20r 19ir .595 .194 .168 .043 .676 .091 .016 .156 534/548 612
33r 34r .578 .196 .179 .047 .607 .100 .025 .220 653/670 739
MZ-201b 38c 39ic .637 .172 .178 .013 .684 .088 .041 .125 470/483 548
40r 41r .618 .196 .171 .015 .660 .Q87 .024 .164 548/563 628
MZ-20le 9c 15 .626 .214 .144 .016 .595 .(85 .074 .233 677/695 752 .
: 8 61 .674 .185 .132 .009 .577 .OR8 .075 .201 618/634 686
. 33r 3Ir .671 .185 .133 .01l .564 ,094 .061 .213 641/657 710

(C) Rocks from shores of inner Saglek Fiord:"
P

sample (gt/bi) Alm Pyr Gro Spe XMg XT{ XAl K  T1(4/8) T2(8)

F84-240 23r 24r .592 .219 .168 .021 .677 .085 .019 .177 574/589 653

F84-283 2r Ir .736 .141 .042 .082 ,516 .073° .101 .179 577/592 609
11r 13r .720 .148 .051 ,080 .518 .075 .101 .192 602/617 638

F84-298 9¢ 7Tm .599 .281 .102 .018 .639 .070 .075 .265 736/754 795+ -
11b 10b ,648 .231 .100 ,021 .676 .052 .071 .171 562/577 616

s 17¢ 15 .700 .174 .102 .024 .614 .068 .075 .156 533/547 587




Table 5.4.4 (continued)

(gt/bl) refer to i{dentification numbers of analyzed grains, and letter
codes are: r - rim, ¢ - code, ir/ic - biotite included in garnet
rim/core, b - biotite inclusion occurring between .garnet core and rim,
1 - blotite it’cluded in garnet, m - bfotite occurring in matrix, no
code - unzoned grain. Alm, p\r, gro, and spe refer to mol fractions of
almandine, pyrope, grossular, and spessartine in garnet. X“s refer to
Mg/Mg+Feé, Ti/Hg+Fe+A16+T1, and Al16/Mg+Fe+Al16+Ti {n biotite.

K = (Mg/Pe)80t/(Mg/Fe)P1O, T-5 refer to temperatures (in ©C)

obtained with the calibration of Ferry & Spear (1978) (Tl at 4/8 kbar)
and Hodges & Spear (1982) (T2 at 8 kbar). For further details about the
gsarnet-biotite thermometer, see Appendix &4, section A4,].
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biotites record temperatures, down to 450°C, whereas garnet coges and
matrix>biotites yield kemperatures up to 700°b. Biotites lncluéed in
cores of garnet also give higher temperatures than biotites included in
garnet margins in accordance with re-equilibration during development
of retrograde diffusion zonlng in garnet. Gatnetvcores and biotites )
isolated in the matrix record thg'highestjtemperaEQ:es, but this
approach can only be justified where garnet and bilotite are the only
fefromégnesian phases (cf. discussion in section 5.1.?). fhis_is the. *
vcase in a supracrustal gneiés (M2-201¢), thre garnet core and matrix
biétite gives ca. 6§O°C, whereas adjacent rims are ca. 70° lower.

—

5.4.2 Net transfer barometry .-
»

The assemblage garnet-orthopyroxene-plagioclase-quartz occurs commonly
in the granulite facles gneissés in both equigranular aggregates and
symplécttfes. Where orthopyroxepe and plqgioclase cpexist in
symplectites édj;cent to garnet, they are belie;ed to be ip equilibrium
with the outermost rim of garnet. However, in equigranular aggregates
1t s often difficult on microstructural gtounngto justify that *
plagioclase is in equilibrium with the other phases. Rims-of coexisting
minerals always give lower pressures than eores (Table 5.4.5)
suggesting that rims re-equilibrated during uplift.

:Garnet, clinopyroxene, plagioclase, ahd quartz common}y coexist in
the granulite facies gneisses, botﬁ in equigranular aggregates and in

symplectites, those in the latter setting posing similar problemq\?f

equilibrium to those in the c11nop§roxenewgarnet and plagioclase

bearing symplectites mentioned above. Thus plagiociases from

). - *

L]
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Table 5.4.5 Compositional parameters and pressure estimates from rocks
in the Granulite Facies Terrane obtained by garnet-
~ orthopyroxene-plagioclase-quartz barometry. *

(A) Rocks from area west of Lake Kiki: \ X ’

Sample (ogx/gnt/pla) XMg,opx XHg,gr;t XAn - K(600/900) P(600/900) Point#

F84-60 lIr " 3r 13r .605 .302 .291 .070/.082 7.2/9.0 5 $.
2¢c 7c l4e  .600 .305 - .288 .099/.115 8.2/10.4 6
F84-110b -24c 27c 18c .625 .300 .450 °.064/.069 7.0/8.3 18
30r 33r 32r .626 .290 .,440 .056/.061 6.6/7.8 19
F84-1l1lc 15r 10r 13r .508 158 4333 .042/.049 5.7/6.9 20
’ 16¢ 12¢ 2¢  .505 .166 °.325 .053/.061 6.4/1.8
. MZE-21 20r 19r 34Ar .566 .218  .360 .096/.105 8.2/10.0

. /
(B) Rocks from transect ca. 5 ki north of Saglek Fiord:

Sample (opx[gnt/play XMg,opx XMg,gnt XAn - K(600/900) P(600/900) Point#

Mz-172 1lr 10r 12r .54l .204- .410 .081/.087 7.7/9.2 25

18r 19r 22r. .557 193 .520 .057 6.6/7.5 26

21r 23r 22r .532 .184 .520 .069 6.9/7.9 27

MZ-194c 8s- 3s 4s  .647 .328 .880 .105/.084 8.5/9.1 28

9s 128 4a& .651 * .,338 .880 .096/.077 8.2/8.7 29

22s 21s 23s  .643° .283 .510 .087/.088 7.9/9.3 .30

MZ-200a 17r 18r llr .549 .187 .370 .063/.069 6.9/8.3 3%
M2-201b 57s 518 54s .550 .210  .460 .070/.073 7.2/8.5

(C) Rocks from shores of inner Saglek Flord:

. _ - 7
Sample (opx/gnt/pla) XMg,opx XMg,ght XAn K(600/900) P(600/900) Point#

F84-240 8r 6r 7r .635 .288 .514 .093 8.1/9.5 45
2lr 23r 22r  .583 .224  .562 .061/.060 6.8/7.7 46
F84-248 18c 22c 20 .629 .398 .518 .192/.187 = 10.3/12.4
F84-288 8c 7c 6¢c «526 .210  .365 .053/.061 6.4/7.7 52
F84-298 13r 16r 19r  .544 .198  ,359 .037/.044 5.3/6.4 53

(opx/gnt/pla) are identificationt numbers of analyses used in «
calculations and letter codes are: r - rim, ¢ - core, s - grains in

symplectic domains., XMg”s are Mg/Mg+Fe {n orthopyroxene and MgyMg+Fe+Ca

in garmet, respectively. XAn is the mol fraction of anorthite in

plagloclase. K“s are equilibrium coastants (at 600 and 900°C)

described in Appendix 4, section A4.6, and P“s are pressure estimates

(at 600 and 900°C) obtained with the calibration of Newton & Perkins

(1982). Pointf is the P-T point {dentific®t{fon number used in text and
diagranms,
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symplectites are assume&‘to be in"equilibrium with thg_ou‘termoat Lrims
of adjacent garmets and clino‘b'yrc;xenes. The pressures obtained from all ,
samples (6~9 kbar for cores, 4-7 kbar for rims (botlh 'at,900°C)) T ~
(Tablé 5.4.6) seem reasonable and are similar to estimates obtained “
. with the garnet-orthopyroxene-plagi6clase—quartz batometer; In
equigtanulat aggregates cores. of coexisting minerals give higher ..
pressures than rin‘as, and both are generally.h.igher than estimates from
. symplectite domains.

The as;embiage clinopyroxene-plagioclase-quartz 1s very common,
and although the -calibration is sensitive to Si-determination (and thus
Al4-A16 distribution) in clinopyroxene,‘it ylelds’consiatent and~
comparable results in these rocks (Table 5.4.}). Rim determinations on
coexisting grains iﬂ equ-igranular aggregates are sim'ilar to or smaller
than those for cores, but determinations based on grains in symplectite

settings generally give the lowest pressures (ca. 5-7 kbar).

[3

}
5.4.3 Simultaneous application of geobarometers and —-thermometers

- establishment of the P-T path

Many of. the assemblages ‘in the Granulite Facles Terrane allow thg . p
simultangous application of temperature and pressure sensitive

calibrations. The P-T point thus obtained by 1ntetsectior} (graphically

or mathematically) will lie'on the P-T path only 1f 1t can be justified

that the two calibrations "set™ at the same time. Problems arise when

for 1;18tance the thermometer records a temperature uellvbelou that

corresponding to the cllosu'r:e temperature of the barometer. Another

problem occurs when a mineral (e.g. gat, cpx, opx) is involved in both
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Table 5.4.6 Compositional parameters and pressure estimates from rocks
in the Granulite Facies Terrane obtained by garnmet-

clinopyroxene-plagidclase~quartz barometry.

- (A) Rocks from area weat of Lake Kiki:

Sample (cpx]gnt/pla) XMg,cpx XMg,gnt XAn

K(600/900) P(600/900) Point#

10¢
8r-
24¢
22r
F84-76 jr
MZE-25 49r

FB4-63

Se 13¢
6r 12r
20c 26¢
17r 23r
It  4r
50r-41r

.587
.657
.610
.631
.661
.678

<414
-398
<460
<449
.690
460

".167 -
.156
.167
.165
.186
.226

.041/.044
.025/.028
. .033/.035
.031/.034
©.028/.025
.038

5.6/7.17
4.1/5.7
5.0/6.7
4.8/6.5
4.5/5.3
5.4/7.1

<

8
9

15
24

(B) Rocks from transect ca. 5 km north of Saglek Fiord:

K(600/900) P(600/900) Point#

Sampld (cpx/gnt/pla) Xﬂé,cpx XMg,gnt XAn

MZ-172 16r 17r 13r .724 ".175 .430 .031/.033 4.8/6.4

MZ-194c 45¢
MZ=200a 271
MZ-200d 17r
28¢
MZ-201b 5s
358
52s
62r

47c 44c
29r 28r
18 32
30¢ 32
8s 7s
328 368
Sls S4s
64r 61r

. 746
.691
.701
.643
.733
.652
.686
.681

«500
.430
.330
.330
.850
.450
.460

322
0225
.216
.221
.204
174
.210
.212

.052/.048
.034/.035
.050/.054
.059/.064
.021/.017
.036/.038

031/.032
37/.040

6.4/8.1
5.0/6.7
6.2/8.5
6.8/9.3
3.6/3.7
5.2/7.0
4.8/6.3
5.4/7.2

.370

(C) Rocks from shores of innernSaglek Floreé”

Sample (cpx/gnt/pla) XMg,cpx XMg,gnt XAn K(600/900) P(600/900) Point#

5.2/6.5
5.1/6.4
3.7/3.8
4.6/6.1
4.6/6.1

.035/.033
.035/.033
.022/.017
.030
029/ .030

514
.514
.915
~ 464
.450

.288
. 280
211
L2264
.200

.751
.736
716
.665
.675

F84-240 9r or 7
4 5¢ 7
208 l6s8 17s

F84-285 llc 13c lé4e
15¢ 17r lé6r

(cpx/gnt/pla) are identification numbers of analyses used in
¢talculations and letter codes are: r - rim, ¢ - core, s - grains in
symplectic domains. XMg“s are Mg/Mg+Fe in cl{inopyroxene and Mg/Mg+Fe+Ca
in garnet, respectively. XAn is the mol fraction of anorthite in
plagioclase. K“s are equilibrium constants (at 600 and 900°C)

described {nM$ippendix 4, section A4.6, and P“s are pressure estimates
(at 600 and “900°C) obtained with gthe calibration of Newton & Perkins
(1982)}{ Pointf is the P-T point identification number. used in- text and

diagrams.
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Table 5.4.7 Compositional parameters and pressure estimates in rocks
from the Granulite Facles Terrane determined by clino-

pyroxene-plagioclase-quartz barometry.

(A) Rocks from the area west of Lake Kiki:

(B) Rocks from traansect

.

ca. 5 km north of Saglek Filord:

" P600

Sample (cpx/pla) Al6 XCaTs  XAn K600 K900 P600 P900 Pointd
F84-16 5r 10r .062 ' .052 .314 .099 .140 8.8 9.7 1
14 18 .039 .035 .324 .065 ..092 7.2 7.4 3
15 18 1068 .055 .324 .101  .143 8.8 9.8 2
26r 30 , .056 .049 .288 .103  .147 9.1 10.1 4
F84-61 1lr l2r .040 .035 .392 .055 °.075 6.4 6.1
. 13r I4r .037 .032 . .364 .053 .074 6.3 6.0 7
F84-63 10c 13¢ .054 .041  .412 .061  .082 6.7 6.5
" 8r l2r .033 .029  .395 .045 .062 5.6 5.0
22r 23r .051 .043  :447  .062  .082: 6.7 6.4
24c 26c .128 .105  .458  .148  .194 9.6 10.7
F84-M 17¢ 19r .051  .044 .473 .061 - .080 . 6.7 6.3 10
©22r 23r .073 .062 .453 .087  .l115° 7.9 8.2 ™
25c 26r  .072 .061  .455 .086  .1l4 7.9 8.1 -
F84-75 2r 3r .055 .044 .305 .086 .122 8.4 9.1 11
' 8 9 .056 .048 .314 .09} .129 8.6 9.4 12
18 19 .054 .047  .300 .093  .133 8.7 9.5 14
14 17  .064 .0S55 .297 = .110  .157 9.3 10.4 13
F84-76. 7 4 .048 .043  .691 .054 .06l 6.4 4.8
9 10 .049 .043  .549 .056  .069 6.4 5.5
16° .10 .046 .040  .549  .053  .065 6.1 5.1
lac 15¢ .043 .038 .512 .051  .064 6.0 5.0
F84-108 4r 6r .066 . .054 .373 .088 .121 8.1 8.7 16
8r 10r .061 .052 .367 .084 .117 8.0 8.5
l4r 17r .058 .051 .390 .080 .109 7.8 8.1 17
' 15r 17t .072 .064 .390 .099  .136 8.5 9.2
F84-126 21r 22r ,036 .032 .316 .060  .085 6.9 7.0 21
29r 33r .032 .028 .307 .054 .076 6.5 6.4
MZE-21 32r 34r .048 .040 .350 .069  .096 7.4 7.6 22
36r 34Ar .039 .034 .356 .058  .080 6.7 6.6
39r 40r _ .049 .043. .323 .080 .113 8.0 8.5
. MZE-25 26s 28s .033 .032 .389 .049  .067 6.0 5.5 23
43s 41s .053 .048  .453 ¢ .068  .089 7.1 6.9 '

Pontd 1 <:/'

Sample (cpx/pla) Al6 XCaTs  XAn K600 K900 P900
M2-172 1l6r 13r .055 .04% .426 .072 .096 7.3 7.3
MZ-194c 27a 258 .082 .07l .528 .094 .118 8.1 8.2 3l
3lr 32r .122 .097 .496 .131 .168 9.2 9.9
37s 36s .110 .091 .B88S .106 .108 8.8 7.7 ,
46r 44r .093 .061 .499 .082 .105 7.7 7.7
MZB-184a 13r 23r .043 .038 .332 .069  .097 7.4° 7.7 32
l6c 24c .036 .033 303 .065 .093 7.3 1.6




Table 5.4.7 (continued)

Sample (cpx/pla) Al6 XCaTs XAn K600 . Pointf#
MZ-200d 28z 32rt .090 .070 ~.326 .128 ?
29c 31rt .097 074 .336 .13]
40cr 39r .042 .037 .349  .063
‘ 43 44,074 .064  .331 115
MZ-201b 58 78 .043 .038 .843 .0
35 36r .093 . .078  .445 .11l
62r 61rt .078 = .070  .361  .117

(C) Rocks from shores of inner Saglek Fiord: .

8l
QO .
(=3
o

Sample (cpx/pla) Al6 XCaTs  XAn K600 K900

F84-240 9r 7r .058 .054 .510 .072 .091
. 13r l4r .063 .057 .443 ..081 .108
F84-247 7r 8r .063 -.055 .439 .079 .106
*19¢ 20r .200 .168  .437  .243  .324
F84=248 2¢ S¢ .080 .063 «.446 .090 .120
6r 7r .079 .073 .436 .105 .14l

F84-285 10r 14 .044 .041  .460 .058 .076
.+ 15r ¥6r .025 .025 .446  .034  .045
22r 25r .,037 .033  .4l10 .050  .068

2lc 24c .068 .061  .395 ,095 .129

F84-327 2 3 .028 .026 .285 .054 _.077

—
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(cpx/pla) are identification numbers of analyses used in ¢alculatfons
and letter codes are: r - rim, ¢ - core, {1 - plagioclase‘iQd
clinopyroxene are included in garnet, s - grains im symplectic domain,
no code - small, unzoned grains, * - anomalously high A1,03 (7.97
wtl). Al6 in clinopyroxene is calculated as Al-2+Si, XCaTs, the mol
fraction of the Ca~-Tschermak component in clinopyroxene, is calculated
as Al6%Ca, and XAn {8 the anorthite mol fraction in plagioclase. K’s
refer to the eﬁuilibrium constant at 600 and 900°C, and P”s are
pressures (at 600 and 9009C) calculated via the barometer of Ellfs
(1979). Details about this barometer are given in Appendix 4, section
A4.7. :




a p;essure and a temperature sensitive ;quilibrium. Although in general
the mineral in uhich‘diffusion is slowest controls the rate of
re-equilibration (and hence the K)fin a given equilibrium (Lasaga,
1983), comparisons between more than one equilibrium involving the same
phase must take 1nto/consider$tion the different rates of diffusion of
the specific elements involved in the reactionv(e.g. rates of‘diffuslon‘

of Hg'énd Fe in garnet in the T-semsitive gnt-cpx exchange reactlon,

-

¥

compared with the rate of diffusion of Ca in garnet in the P-sensitive
plag-opx-gnt ﬁet\transfer reaction). Quglitative aspects of such
effects can often be argued, whereas tﬁgig magnitudes remain
speculative (see also section 5.1.1).

—

Despite the inaccuracles and errors inherent in geothermo~
barometry, the P-T vectors obtained in the following are {nterpreted to
be real for the reasons outlined beldw.

Firstly, the vectors have a consistent orientation even though

‘they are based on a‘variety of baroﬁeter—thermometer gombinations.'lf
all P-T points were based oﬁ the same barometer-thermometer pais one
could indeed argue that‘yrientations of resultant P-T vectors could be
.affected by errorsAin‘thermobarometers. However, this does not apply in
the present case. Secondly, the P-T path obtalned compares well‘dith
results from similar terraﬁes, in which significant decompression
accompanied cooling subsgquent to crustal thickening (e.gﬁ Hollister,
1985; Droop & Bucher-Nurmiueh, 1984; H9dges & Royden, 1984; Patunc &
Baer, 1986; Ell1s, 1987). Thirdly, similar P-T pathslhave been obtained
from model calculations simulating crustal thickening {e.g. Englénd &

Thompson, 1984; Thompson & England, 1984). Fourthly, mostjof the P-T

vectors shown in the following are significant, even with a +/- 50°
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and +/- 1.5 kbar error assoclated with each point.

Fié. S.4.1 shows P-T data from selected GFT saﬁples in which
estimates were made in v;ribus microstructural settings, For the
reasons noted above, the pattern of P-T vectors in this figure is
1nterprete& to show that th;.temporélly younger microstructural domains
(i.e. rims and various symplectites) were formed subsequent to the peak'

‘ '
of granulite facles metamorphism in an event characterized by moderate
cooling and substantial decompression. It is considered that the gange
of P-f conditionsﬁtecérded by zoned grains (Fig. 5.4,1) closely;
rebresents the P-T péth experienced by the Granulite Facies Terrane.
~ In .order to further examine -the detalls of the P-T paths ; number
of P-T points have been determined from samples iw each of the three
g;anullte facies gnelss subareas, Pressures, temperatures, and the
calibrations used are listed in Table 5.4.8. Inspection of F%%s.
5.4.2A,B,C reveals that P-T arrays from.the three granulite facies
‘subareas are very similar and display P-T variations parallel to P-T
vectors from the zoned grains in Fig. 5.4.1; temperatures vary from ca.
850-900°C to 600°C, whilst P estimates drop from 10 to 5 kkar. The
area along Saglek Flord (Fig, 5.4.2C) records a slightly smaller
pteééure interval (5-9 kbar), but this result is based on fewer
. e¥mples, and i{s not considered to be significantly different from the
other areas.

The previously mentioned problem with barometers and thermometers

not setting at the same time (= temperature) 1s exemplified in Fig.

*
5.4.3. Most pojints for which pressure was estimated using the
- 3 : g

clinopyroxene-p{qgioclase-quartz assemblage occur on the high-T, low-P

side of the array; Temperature for all theée points was determined with







Table 5.4.8 P-T points obtained via aimultaneous application of geo-
_ thermometers and barometers in rocks from Granullte
Facles Terrane. .

. (A) P-T points from rocks in area west of Lake Kiki:

Point#* Sample Dats Pl P2 P3 - TL° T2 T3

<~ F84-16

—
—

(=2}
.
[

1
2
3
4
5
6
7
8

9
10
11
12
13
14
15 F84-76
16  F84-108
17 . I
18 F84~-110b
19
20 F84-111c\
21 F84-126 .
.22 MZE-21 834
23 MZE-25 . 743
2% 7.8 750
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(B) P-T points from transect ca. 5 km north of Saglek Fiord:

Point#  Sample Data Pl P2 P3 Tl T2 T3

25 MZ-172
26
27
28 MZ-194c
29 -

30

31

32 MZB-184a
=33

34 MZ-200a
35

36

37 M2-200d
38

39 .
40 MZ-201b
4l

42
43

44




Table 5.4.8 (continued)

0

(€) P-T points from rocks from shores of inner Saglek Fiord:

Point# Sample Data P1 P2 P3 Tl T2 T3

45 F84-240 r 8.3
46 . r 6.5 .
47 F84-247 835
48 F84-248 A 812
49 F84-285 ’
50
51 .71 . 790
52 F84-288 675
53 F84-298 . 572
54 F84-327 6.6 763 -

Point# is an {dentification number used in P-T diagrams and In the
text, Data-codes are: c - core, r - rim, ri - clinopyroxene included in
garnet rim, 1 - clinopyroxene included 1n garnet, s - grains in
symplectic domain;, rl - garnet included in orthopyroxene, no code -
small and/or unzoned grains. Calibrations: Pl - Ellis (1980), P2 -
opx—calibration of Newton & Perkins (1982), P3 — cpx—calibration of
Newton & Perkins (1982), Tl ~ Wood & Banno (1973), T2 - Ellis & Green
(1979), T3 - Sen & Bhattacharya (1984). P is in kbar and T in °C.
Details about calibrations can be found im Appendix 4,
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Fig. 5.4.2 A: P-T data from GF7. Granulite facies rocks from the area
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5.4.2 B: P-T data from GPT. Granulite facles rocks from the
trangsect 5 km north of Saglek Fiord.
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Fig. 5.4.2 C: P-T data from GFT. Granulite\facies rocks from the shores

of inner Saglek Fiord. : .

o




- . : ' 233
. . ) . ‘/
12r P(kbar)
4 s
10} [PT-DATA FROM 20 4
GRANULITE-FACIES | ) ) ’
| |TERRANE L%, ‘
. . b oD o : »
8k o, , oo %
&
’ ' . oo-c%.'
o .. - - ° .
6F o * | oq . g
’ Y ° - ‘
{ N o P from ¢px-pla-q
: barometry
2k
T(°C) ,
1 1 1 I 8 ) | 1 [
400 600 800 . 1000

Fig. 5.4.3 All P-T data from GFT. Circles indicate P-T peints where
-pressures were obtained with the cpx-plag-q barometer

of F111s (1980). Pressures were calculated with the
opx-plag-gnt and cpx-plag-gnt barometers for the remaining
points (small dots).
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the two-pyrdxene thermometer, and is thus based on Fe-Mg exchange,

vhereas pressure 1s based on Al (Ca-tschermakite molecule) entering

clinopyroxene, It‘ia likely that the diffusion characteristics of these

two elements are different, and thué that the two sy’tems may close at

different temperatutes.{lternative explanations for the slight
P

deviation of these P-T intg include: (1) variations 1in silica
activity may have '.occurped. The })ressure calculation assumes a silica
activity of unity; if the activity is smaller in some microstructural .
domains than'othets, the equilibrium constgnt and hence the calculated
pressure, will decrease, causing the determinations to be minimum
estimates; (2) the two-‘pytoxene thermometer, which was used in
conjunction with the ¢linopyroxene-plagioclase-quartz barometer, may
overesﬁimate the temperature by 50-100°C, (see e.g. Bohl\en & Essene,
1979). If thisﬂlattek point 18 taken into consideration, many of the

’
P-T points in question will no longer be “anomalous”,

s

The pattern of rims recording lower P and T than cores, although
evident in inc;ividual grains (Fig. 5.4.1) is less than evident when all
results from granulite facles gneisses are considered together (Fig.
5.&.6'), in which-it is clear that cores and rims-sp;n approximately the
same range of P-T conditions. Thus high pressure estimates are recorded

.by some mineral rims and lower estimates from cores in other

asae.mbl_ages, which must indicate that retrogression and retrograde

. re-~equilibration were heterogeneous processes within the granulite

facies area investigated. This observation underscores the importance
of obtaining P-T vectors for segments of the P-T path from well
characterized samples with zoned minerals and clear reaction

.

relationahips before averaging regional results.
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Fig. 5.4.4 All P-T data from GFT plotted according to microstructural .
setting of assemblages used in thermobarometry.




5.5 TASIUYAK TERRANE
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P-T determinations have been carried out on assemblages from the
'tonalitic.to granodioritic leucocratic garnet mylonite, as uellras oﬁ
those occurring in interlayers of pyroxene and garnet bearing mafic
gneisses, Assemblages in the garnet mylonite only allow the application
of garunet-biotite and garnet-plagioclase-sillimanite-quartz
calibrations, whéreas the garnet and two pyroxene bearing assemblages
in the mafic rocks can be inQestiggted with a wide vqriety of
barometers gud thermometers. The interbanded lithologies obviously
experienced an Identical metamorphic evolution sé any variations
between them will reflect the combined effects of the different

L 4
calibrations used and differences in patterns of retrograde

-

re-equilibration. )

4 o
5.5.1 Garnet ~ biotite (+/- sillimanite) gneiss

Garnet-biotite thermometry (Table 5.5.1(A)) ylelds a wide range of
temperatures, but the pattern 1s quite consisteat. Garnet cores coupled
with distal matrix biotiteg glve temperatures ranging from ca. 630 to
7800C, of whicﬁ the higher éstimates reptéfent reasonable granullten
facied temperatures, whereaé the lower ones must represent various“
stages of retrograde re-~equilibration. Palrs from biotites included in
garnets ?Eores or rims) or touchin& garnet rims give lower temperatures
ranging from ca. XOO to 550°C. Assuming that these pairs a;e in
~quilibriun, they record substantial re—gquilibration dﬁriug at least

300°C cooling following the peak of metamorphism.

I

(W ' -
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Table 5.5.1 Compositional parameters and P-T estiﬁaﬁes in rocks from
Tasiuyak Terrane. ’

(A) Garnet myloaite: ,

" Garnet-biotite thermometry:

Sample (gt/bf) Alm Pyr Gro Spe XMg XTL XAl K -T1(4/8) T2(8) pt#

F84-256 2r 3r .591 .351 .050 .008 .821 .074 .026 .129 479/493 - 512
) le 5m. .566 .375 .050 .008 .716 .092 .051 .263 732/750 771
8r 9ir .596 .351 .046 .007 .801 .087 .052 .146 514/528 546
7c - 6lc .581 .365 .047 .008 .815 .077 .043 .142 605/520 538
7c 1lm ,581 .365 .047 .008 .749 .089 .039 .210 636/652 671
F84-257 5r 4ir .585 .361°.048 .006 .817 .077 .042 .139 505/512 531
9r 8r .606 .339 .049 .006 .792 .096 .027 .147 516/530 549
i0c 7m .568 .389 .038 .005 .706 .104 .050 .286 773/792 808

F84-301 7c¢ 1m .569 .390 .035 .006 .720 .096 .018 .267 739/757 771 . 84
F84-302 3¢ 1m .562 .399 .033 .006 .775 .088 .035 .206 628/645 658

5c 7m .560 .401 .034 .006 .763 .091 .032 .222 657/673 687 85

F84-306 4r 5r .621 .341 .033 .004 .812 .079 .024 .128 476/489 502 87

le 14m .574 .385 .037 .005 .767 .098 .015 .204- 623/640 655 '

. 13¢ 15w .565 .394 .035 .006 .762 .088 .030 .218 649/666 680 - 86
F84~321 5c 8m .576 . -014 .693 .104 .028 .249 706/724 759
lic 18m .581 .014 .698 .089 .029 .237 685/702 737
17r 18r .635 . .018 .698 .089 .029 .173 565/580 617

MZ-241a 13r l4r .654 .008 .787 .069 .059 .125 471/484 497 88
16r 15ir .667 .006 .784 .086 .055 .119 459/472 486
18c 17ic .573 .007 .866 .057 .049 .104 425/438 451
MZ-241b 5c  4ic .553 . .004 .876 .064 .055 .105 427/440 453
MZ-244b 3r 2ir .567 . .008 .811 .066 .079 .062 545/560 572

MZB~170b 2r 1Ir .595 .006 .833 .084 .043 .124 46B/482 493 89

5c 4r  .591 .008 .869 .077 .039 .095 404/417 427 )

7r 6r .591 .368 .034 .007 .845 .073 .040 .114° 447/460 473 90

10r 9r .625 .336 .031 .007 ,819 .078 .039 .119 457/470 482 :
15 l4r .584 .375 .035 .006 .857 .074 .045 .107 432/445 457

J

Garnet-sillimanite~plagioclase~quartz barometry:
: ) ,
“sample (gnt/pla) XCa,gnt XAn -1nK(600/800) P1(600/800) P2(600/800) Pt#

F84-301 7c¢ 3¢ .035 .268 6.348/5.348 4.5/7.8 5.2/8.1 84
F84-302 3c, 2m .033 .259 6.313/5.927 4.5/7.8 5.2/8.1

) ©5¢ 9m .034 .261 6.307/5.924 4.5/17.8 5.2/8.1 85
F84-306 1c 7m .037. .269 6.182/5.785 4.7/8.1 5.4/8.3

13¢ 1l6m .035 .247 6.004/5.607 4.9/8.3 5.6/8.5 86

4t 6r .033 .273 6.724/6.288 4.0/7.2 4.7/7.5 87

MZ-241a 10r 1llr .037 .301 6.575/6.204 4.2/7.4 5.0/7.8 88
MZ-241b 13r 12r .035 .287 6.825/6.356 3.8/7.1 4.6/7.5
MZ-244b l4r 15r .038 .278 6.243/5.833 4.6/8.0 5.4/8.3
19¢ 17¢ .031 .287 6.851/6.851 3.8/6.9 4.6/7.3

: " 23 2lc .037 .280 6.299/5.920 4.5/7.9 5.3/8.2 .
' MZB-170b 2 3 .031  .248 6.478/6.057 4.3/7.6 5.0/7.8 89
7 8 .035 .270 6.458/6.045 4.3/7.6 5.1/7.9 90

- * N
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Table 5.5.1 (contiéuéd)

(B) Mafic gneisses:

Or thopyroxene-clinopyroxene thermoﬁetry:

Sample (opx/cpx) a(en,cpx) a(en,opx) K T2 Point#

F84-266 3c 2c  .034 . 243 115 844
4r 1t .030 °  .332 .091 815
F84-319 20c 22c 049 .26 .183 915 80

Clinopytoxene-garn;t thérmometry:

Sample (gnt/cpx) XMg,gnt XCa,gnt XMg,cpx T10 Point#

FB4~266 27t 23t  ,287 .178 703 ' 733 72
30c 20c <296 .185 710 741
F84~312 8r 7r .298 .176 673 785 76
10c  9¢ .291 .181 724 éll
13 11 .253 .187 .732 60 79
15r l4r  .278 .179 _.687 742 78
F84-313 4r 2r .261 .206 679 750 82
l1ir lor .252 ~ .210 676 743 83
13 12 .237 .211 641 766
F84-319 3r 1lr  .234 .130 .700 674 81

,'Orthopyroxene-garnét thermometry:

Sample (gnt/opx) XMg,gnt XCa,gnt XMg,opx K T1(6/10) T2(6/10) Point#

F84-266 8s 58  .304 177 .621 -266 674/698 625/645 75
l4s 168  .269 .187 .387  .259 670/693 619/638 ~ 74
19c 18¢ .314 .182 .564  .354 B48/876 753/376 71
30c 29%¢ . 296 .185 .587  .297 738/763 675’%53 13
F84-312 4r 3 .268 - -178 .558 - .289 723/748 rﬁﬂ /680 77

Orthopyroxene-garnet~plagloclase-quartz barometry:

Sample (opx/gnt/pla) XMg,opx XMg,gnt XAn K(600/900) P(600/900) Point#

F84-266 58 8s 7s .621 +249  .852 .071/.058 7.2/7.6 75
16s 148 13s .587 .218 804 .061/.051 6.8/7.0 « 74
18c 19c 15¢ .564 .256  .542 .103/.100 8.4/9.8 71
29c 30c 26c  .587 . 241 -824 .072/.060 7.3/7.7 .73
F84-312 3r 4r 5c  .558 <216 .579 '.067/.065 7.1/8.0 77
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Table 5.5.1 (continued)

Clinopyroxene-garhet-plagiociése-quartz barometry:

Sample (cpx/gnt/pla) XMg,cpx XMg,gnt XAn K(600/900)2P(600/900) Pointf#

F84-266 23r 27r 26r .703 .235 .824 .029/.023 4.5/50 72
F84-312 7 8r 6. ..673 <244 .641 .037/.033 5.3/6.4 76
11 13 12 .732 . 205 .517 .028 4.4/5.7 79

. l4r 15r 17r .687 .228 .560 .032/.030 4.8/6.1 78
F84-319 lr 3r 2r .700  .189  .426 .030/.032 4.7/6.3 . 81

Cliﬁbpyroxene-plagioclase:quattz barometry:

Sample (cpx/pla) Al6 XCaTs XAn K600 K900 P600 P900 Point#
F84-266 20c 26 072 .063 .821 077 .081 7.8 6.3
. 23r 26 .036 .033 .821 040 042 S.4 2.8
F84-312 7 6 .048 .039 .630 .050 .059 . 6.0 4.5
. 14r 17r .019 .016 . 556 .021 .026 2.4 -0.2
F84-313 2r 3r .048 .042 .529 .055 .069 6.3 5.4 - 82
8r 9r .059° .052 525 .068 .086 7.0 6.6 83
F84-319 1 2 .044 .042 .418 .062 .083 6.8 6.6 81
4c 6¢c  .042 .039 .438 .055 .074 6.4 5.9 ¢
11 13 .025 .023 421 .034 .046 4.5 3.3
22¢ 23¢  .051 044 410 .066 .089 7.0 7.0 80

.

Garnet-biotite: (gt/bi) refer to fdentification numbers of analyzed grains,
and letter codes are: r - rim, ¢ - code, ir/ic - biotite included in garnet
rim/core, b - biotite inclusion occurring between garnet core and rim, { =~
biotite included in.garnet, m - biotite occurring in matrix, no code -
unzoned grain. Alm, pyr, gro, and spe refer to mol fractions of almandine,
pyrope, grosasular, and spessartine in garnet. X"s refer to Mg/Mg+Fe,
Ti/Mg+Fe+Al16+T1, and A16/Mg+Fe+Al6+Ti in biotite. K =
(Mg/Fe)Sﬂt/(Hg[Fe)b1°. T"s refer to temperatures (in 9C) obtained with

the calibration of Ferry & Spear (1978) (Tl at 4/8 kbar) and Hodges & Spear
(1982) (T2 at 8 kbar). For further details about the garnet ~biotite
thermometer, see Appendix 4, sectionm A4.1. .
Garnet-sillimanite-plagioclase-quartz: (gnt/pla) are identification numbers

of analyzed grains, and letter codes are: r - rim, ¢ - core, m - grain in
matrix, no code ¢— small and/or unzoned grains. XCa,gnt is Ca/CatMg+Fe in
garnet, and XAn {s the mol fraction of anorthite in plagioclase. .
-1nK(600/800) are the values of the equilibrium constants (described in
Appendix 4, section A4.8) at 600 and 800°C. P“s are pressures (in kbar) at
600/800°C obtained with the barometers of Newton & Haselton (1981) (P1)
and Hodges & Royden (1984) (P2).

Orthopyroxene—clinopyroxene: (opx/cpx) are identification numbers of

analyses used in calculation and letter codes are: r - rim, ¢ - core.
a(en,cpx) and a(en,opx) pefer to activities of Mg,S1,0¢ in

clinopyroxene and orthopyroxene, respectively. (see Appendix 4, section
A4.3, for activity calculations). K is the equilibriym constant, described
" in Appendix 4, section A4.3. Tl and T2 are temperatures (in -0C) obtained
‘with the calibrations of Wood & Banno (1973) and Wells (1977). Thermo-




Table 5.5.1 (continued)

metric expressions are given in Appendix 4, section A4.3,
Clinopyroxene-garnet: (gnt/cpx) are identification numbers of analyses
used in calculation, and letter codes are: r - rim, ¢ - core, no code -
emall and/or unzoned grain. X“s refer to Mg/Mg+Fe+Ca and Ca/Hg+Fe+Ca in
garanet and Mg/Mg+Fe in clinopyroxene, respectively. K 18 the
equYlibrium constant, described in Appendix 4, section A4.4. T6 and TI10
are . temperatures {(at 6 and 10 kbar) obtained with the calibration of
Ellis & Green (1979), described in Appendix 4, section A4.4.
Orthopyroxene-garnet: (got/opx) are identification numbers of analyses
used in calculations, and letter codes are: r - rim, ¢ - core, s -
grains in symplectic domain, no code - small and/or unzoned grain. X“s
refer to Mg/Mg+Fe+Ca and Ca/Mg+Fe+Ca in garnet and Mg/Mg+Fe in
orthopyroxene, respectively. K is the equilibrium constant, described
in Appendix 4, section A4.5. Tl and T2 are temperatures (at 6 and 10
kbar) obtained with the calibrations of Sen & Bhattacharya (1984) and
Harley (1984a), respectively. For details about these calibrations, see
Appendix 4, section A4.5.

Or thopyroxene-garnet-plagioclase-quartz: (opx/gnt/pla) are
identificatidn numbers of analyses used in calculations and letter
codes are: r - rim, ¢ - core, 3 - grains in symplectic domains. XMg“s
are Mg/Mg+Fe+Ca {n garnet and Mg/Mg+Fe in orthopyroxene, respectively.
XAn 18 the mol fraction of anorthite in plagioclase. K”s are the
equilibrium constants (at 600 and 900°C) described in Appendix 4,
gsection A4.6, and P°s are pressure estimates (at 600 and 900°C)
obtained with the calibration of Newton & Perkins (1982).
Clinopyroxene-garnet-plagioclase-quartz: (cpx/gnt/pla) are
identification numbers of analyses used in calculations and letter
codes are: r - rim, ¢ - core, 8 — grains in symplectic domains. XMg~’s
are Mg/Mg+Fe+Ca in garnet and Mg/Mg+Fe in clinopyroxene, respectively.
XAn is the mdl fraction of anorthite in plagioclase. K's are the
equilibrium constant (at 600 and 900°C) described in Appendix 4,
section A4.6, and P“s are pressure estimates (at 600 and 900°C)
obtained with the calibration of Newton & Perkins (1982).
.C1inopyioxene—plagioclase-quartz: (cpx/pla) Zre identification numbers
of analyses used in calculations and letter lodes are: r - rim, c -
core. Al6 in clinopyroxene is calculated as Al-2+Si, XCaTs, the mol-

" fraction of the Ca-Tschermak component in clinopyroxeme, is 'calculated
as Al6*Ca, and XAn 18 the anorthite mol fraction in plagioclase. K”s
refer to the equilibrium constant at 600 and 900°C, and P’s are
pressures (at 600 and 900°C) calculated via-the barometer of Ellis
(1980). Details about this barometer are given in Appendix 4, section
A§.7.

In all calibrations, "Point#" or "Pt#" refer to the P-T point
identification number used in text and diagrams.

s
[
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. ' The garnet-plagioclase-silliﬁanite—quartz barometer (Table
5.5.1(A)) cpnsistgntly yields pr?ssures~between 4 and 5 kbar at 600°C
and between 7 and 8 kbar at 800°C, tegardle;s of whether cores, rims
or non-touching grains are used. This could suggest .thorough

homogenization of participating grains, but large temperature

varfations estimaﬁed from coexisting garnet and biotite argue against
i: this.-Rathe;, the consistency i1s believed to reflect synmetamorphic
decompression and cooling gfter the peak of metamorphism, which
followed a path close to the garnet-plagioclase-siil1manite-quartz
equilibrium curve for a Kd of 5.6-6.4. The general trend outlined by

| the P-T points (Fig. 5.5.1) supports this interpretation.

N

5.5.2 Mafic gnelsses

Calibrations based on coexisting pyroxenes and garnets yleld
‘temperatures (Table 5.5.1(B)) ranging from ca. 650°C (in
symplectites) to 860°C (cbres of coexisting pyroxenes). The spread in

temperatures reflects varlable re-equilibration during retrogression

with symplectite domains and rims of adjacent minerals yielding the
lowesttemperatures, and cores of grains in eduigranular aggregates
giving T.eétimates of 800°C and above.

The variation in pressures obtained using assembléges with garnet,
pyroxenes, plagloclase and quartz (Table 5.5.1(B)) correlates with the
different microstructural se;ting of the assemblages. Cores of grain;

give higher pressures, whereas symplectite domains yleld lowest values,

determinations based on small grains or rihs of‘larger grains fall in !

between.







|«

. 243

5.5.3 Simultaneous application of geobarometers and geothermometers

P- and T estimates from individual zoned grains are sy:stematically
distributed (Table 5.5.1): cores tepresent‘highes't P and T, vhereas
lower P-T conditions are recorded t;y assemblages in symplectites or
derived from mineral rims. Thus individual samples from the Tasiuyak
terrane record evidence of synmetamorphic cooling and uplift following .
ﬁhe peal: of metamorphism, similar to those of the adjacent GFT.

’ Considering now all the P-Tjestlmates for the Tasiuyak terrane
together, regardless of whether they are core or rim estimates {Table
5.5.2), the data define two groups (Fig. 5.5.1). Garnet-pyroxene based
tilermometers and barometers and some of the P~T estimates from the
garnet-biotite—sillimanite~plagioclase asse_mblaggs‘define a cluster at
6-8 kbar and 650-750°C; and a sec;nd cluster,' at much iouer grades (2
kbar/450-500°C), is def 1ned by rims of minerals in
garget-blotite~sillimanite-plagioclase assemblages; Taken together
these aata record almost 300°C coolin.g'along with decompression of
6-_7 kbar. However the location of the ﬁlouer érade cluster 1is
problematical since It is situated well within the andalusite stat::llity
fleld (using the Al,S105 trig;le boint of Holdaway (1971)), and
sillimanite 1s ‘the only al[xminosilicate present. Assumlag from the
consistency of the results (points 87-90) that they are meaningful, the »
low pressures may be explained if the thermometer and barometer used
did not "close™ at the same time, but rather thag temperatures
corréspond to at least 100°C cooling subsequent to barometer closure.

Similarly the location of point 80 (Fig. 5.5.1) may reflect

polychroni'c closure of barometers and thermometers. The pressure is




244
Table 5.5.2 P-T points obtained vi:a simultaneous application of geo-

thermometers and barometers in rocks from the Tasluyak
Terrane.

(A) Garnet mylonite:

Point#  Sample Data  P(N+H) T(F+S) ~

84 F84-301 em 6.8 752
85 ce 5.5 662
86 F84-306 cm 5.9 557 .
87 r 2.0 472 : :
88 MZ-24la ¢ 2.1 465
89 MZB-170b r 2.3 465
90 r 2.0 445

(B) Mafic gheisses:

Point# Sample Data Pl . P2 P3 Tl T2 T3

71 F84-266

c 9.1 , 870
72 r 6.2 720
73 c 7.0 : 740
74 8 6.4 680
75 s 6.9 680
76 F84-312 r 7.5 . 768

77 I - 7.0 730
78 r 6.8 725 :
79 8 6.1 650

80  F84-319 ¢ 7.0 861
81 r . 6.5 663

82 . F84-313 r 5.9 740

83 r 6.8 730

Point# {s the P-T point identification number used in text and
diagrams. Data-codes are: ¢ - core, r - rim, cm - garnet core and
biotite in matrix, s ~ grains in symplectic domain. Calibrations:
P(N+H) - Newton & Haselton (1981), T(F+S) - Ferry & Spear (1918),' Pl -
Ellis (1980), P2 - opx—calibration of Newton & Perkins (1982), P3 -
cpx-calibration of Newton & Perkins (1982), Tl - Ellis & Green (1979),
T2 - Sen & Bhattacharya (1984), T3 - Wood & Banno (1973), P is in kbar
and T in ©°C. Details about these calibrations can be found in
Appendix 4, ' ’
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determined from coéxisting cllnopyr;)xene-plagioclase-quartz and 1is ‘at.
least 1 kbar below (and/or 100°C above) the trend outlined by the /
remaining points. Assuming that the temperature calculated withe the two
pyroxene thermometer may be overestinmated by as much as 50-100°C

“(e.g. Bohlen & Essene, 1979), this adjustment would bring point 80
significantly clpser to the trend outlined by the array.

From the above it is clear that gafnet—biotlte palrs record
re-equilibration to much lower temperatures than the other thermomaters
enployed. The importance of the microstructural setting of .the
garnet-biotit‘e palrs 1s also well demonstrated by the two P-T
determinations in sample F84-306 (polnts 86 and 87 in Fig. 5.5.1). The
location of the former is based on cores of separated grains, whereas

the latter represents rims of adjacent grains,

5.6 CHOICE OF GEOTHERMOMETERS AND THEIR INFLUENCE ON THE P-T PATH -

DISCUSSION ' ' ‘

From the preceeding sections it has become increasingly apparent that
the cholce of thermobarometric calibrations - especlally thermomet\ef.s -
has some control on the location and shape of the cluster of P-T points
in P-T space. 1In other uor:\ds, tﬁermometera close at different
temperatures and thus record different temporal events during cOOli[;g.

¥ .

The different barometers used give more or less the same pressures (+/~
¢ 2

1 kbar) for a given assemblage, so the cholce of a pressure sensitive

¢alibration only has a minor effect on which part on the P-T path is

recorded.
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The three groups of granulite facles rocks described in section
5.4 offer a good opportunity to study the influence-of thermometric
calibrations in some detail. The assemblages (Appendix 2) repﬂresent 8
wide variety of lithélogies, and despite the range of post-peak
re-equilibration and microstructural development, the rocks have been
shown to have experienced the same P-T path subsequent to peak
granulite faclies metamorphism.

The ranges of temperatures recorded by various thermometers are
shown in Fig. 5.6.1, Two-pyroxene determinations give the highest
temperatures, whereas garnet-blotite temperatures are systematically
lower. Garnet—climopyroxene and garnet-orthopyroxene temperatureé fall
between these two extremes. Even if the reported 50-100°C
overestimation by the two-pyroxene thermometer of Wood & ‘Banno (1973)
(Bohlen & Essene, 1979) 1is taken into account, the above distribution
is not ch‘anged.

‘ Assuming that the temperatures in Fig. 5.6.1 are from equilibrium
pairs, t.he distribution reflects the different "closure-temperatures"”
of the calibration_s. A similar sequence of closure temperatures was
postulated by several authors (e?‘g. Dahl, 1979), and ehphasizes the
extra .1nformation gained by us‘ing a range of calibrations to record as
much of the P-T path as possible. Two-pyroxene thermometry will never
record gooiing much below 700-750°C, just as garmet-biotite pairs

" only rarely will preserve peak granulite facles conditions.

-J
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5.7 SUMMARY AND CONCLUSIONS

The simultaneous use of geothermometers and geobarometers on chemically
zoned minerals has allowed the determination of P-T vectors In rocks
with appropriate assemblages.' These vectors record the pressure and
temperature differences between c;)tes and rims of coexiéting grains and

in symplectites between grains, and correspond to the P-T path

experienced during synmetamorphic re-equilibration. P-T vectors derived-

"from tndividual samples are generally shorter, but were in this study
consistently of similar orientation to P-T arrays obtained by taking
all P-T points (regardless of the microstructural setting in which they
.uere obtained) tog~ether'. The distribution of data imply that the amount
of synmetamorphic re-equilibration is very heterogeneously distributed;
even on thin section scale it was found -that colres of some grains had
reset more than r!.m.s of others.

P-T vectors from rocks in the Granulite Facies and the Tasiuyak
) Terrane;s indicate that both experienced substantial decomprc::sion (ca.
6 kbar) a}id minor cooling (150-206°C) 'sub.seque:‘;t to the peak »
conditions of 10 kbar/800-850°C during the Early Protérozoic
granulite faﬁies me tamorphism. ) , !

In contrast, assemblages from the Amphibolite Facles Terrane
suggest that these rocks were thoroughly reuofked and homogenized‘ under
amphibolite facies conditions during the samé tectonothermal event.
Thermobarometry agrees well Hitl"; petrogenetic grid considerations, and
ﬁ'ields P-T estimates of 5-6 kbg;/550—600°c.

Locally granulite facles relics occur in the Amphibplite ‘Facles

A .
Terrane. Microstructural evidence suggests that these assemblages

.- : ' a
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predate the Early Proterozdic metamorphic event and they are thus

likely to be Archaean in age. Satisfactory P-T ve7tors could not be

obtained from these assemblages, although the array of P-T points is
brqadly similar to arrays from the Granulite Facles and Tasigyak
Terranes. The relict granul{te facles assemblagés are variably
retrogressed (e.g. amphibole rims on pyroxenes), but ft has not been
determined whether this retrogression is an Archdean‘or Early
Proterozolc feature. .

Metamorphism of the Ramah Group, believed to be Hudsonian in age
(chapter 3), was id;estigated by combining information from
petrogenetic grids and thermobarometry. In-the Ramah Group mineral
assemblages recgrding iacreasing metamorphism define a me tamor phic
field gradient in P-T space. The highest P and T recorded by Ramah
Group rocks in the study area is 6-7 kbar/650°C as determined by
"garnet-biotite ﬁhermometty and the coexistence of kyanite and
sillimanite.

In the following chapter the P-T data calculated in this chapter
will be combined with struFturgl information (chapter 3) tp outline

part of the geological evolution of rocks in the Saglek Flord area.
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CHAPTER 6

P-T-t-d RELATIONSHIPS .AND

GEOLOGICAL EVOLUTION

f
6.1 INTRODUCTION

By combining information fram mineral assemblages, geothermobarometry,
and micro-, meso-~, and macro-scale structural géolog&, constraints caﬁ
be put on possible tectonic models applicable to the me tamorphic and
structural evolutfion of any crustal segment, so that
pressufe—temperatu:g-time-deformatign (P-f-t-d) paths may be outlined.
PfT patﬁs result from the interaction between erosion rétes
thickened crust and thermal relaxation in.the crust towards a stea&&
state geotherm. England & Richardson (197}j'éhoued that nearly-
lsothermal.uplift paths may, be generated in met;morphic belés formed by
continental collision or overthrusting processes. In these environmenté
relatively rapid erosion rates of the keqtonically thickened ﬁile

dominate the P-T path. In contrast, isobaric or ﬂeatly isobaric,

cooling paths will develop in metamorphic belts formed in crust




thickened by voluminous addition of magma, assuming that conductive

thermal relaxation dominates over erosion rates (op. cit.).
The forwer scenarlo is qlearly applicable to the P-T paths obtained
from the high grade rocks in the present study (chapter.S).

" There are several modelsldescribing the formation and P-T
evolution of thickened crust in the literature (e.g. Oxburgh &
Turcotte, 1974; England & Richardson, 1977, Richérdsoh & England,
1979). However, as pointed out by England & Thompson (1984), these
models all addressed speqiiic geological areas, hence limiting their
general applicability. In an attempt to circumvent these limitations,
England & Thompson (1984) and Thompson & England (1984) constructed a
model system where most variables canibe adjusted to suit the relevant
geological conditions. In the text which follows, their models
predicting the P-T path experienced by rocke during uplift folloQing
crustal thickening (as a result of contineatal collision and
thrusting), are compared with the P-T results obtained 1in the preqént
sﬁudy and, in conjunction with the structgral cﬁronology (from chapter
3), a tectonic model that accounts for the Proterozolc thermotectonic

evolution in the Saglek area 'is presented.

6.2 EARLY PROTEROZOIC DEFORMATION AND METAMORPHISM -

It has previously been argued that the assemblages in the GFT, AFT, and
TT are Early Proterozoic in age, and are interpreted to have formed
"from reworking of Archaean rocks in a large scale transcurrent

t
sinistral shear zone. Reworking produced a distinct structural
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overprint, thcb 1s characterized by steep planar shear zZone fabrics

* and NNU—trendiné; subhorizontal extension lineations (chapter 3), and
led to the formation of amphibolite facies‘and granulite facles
gnelsses at diffe;ent de;kh;. The subsequent subséantial structural
overprint og Hudsonian age (structural telescoping as a result of east
directed thrusting) makes attempts to reconstruct the detailed
three-dimensional morphology of the Early Proterozolc shear zone
impractical; thus in the following paiagraphs a shear zone geometry
similar to that successfully applied in Greenland (e.g. Bak et al.,
1975a,b; Korstgard, 1979; Grocott; 1979; Soremsen, 1983) is asgumed. .
P-T paths deduced from mineral assemblages in the granulite facles
rocks (GFT and TT) (chapters 4 and 5) recerd substantial uplift (ca. S
kbars decompression accompanied by only minor cooling (Fig. 6.2.1)).
Hence, crustal thickening by thrusting must ﬁave predated or
accompanied the Ear1y>éroterozoic shear zone deformation. A scenario of
oblique crustal collision, in which initial ;ollision and thickening
was followed (and overptinted) b} transcurrent shearing, would
encompasg the oﬂserved features and wéulﬁ also explain why no -~
structural evidence for the initial thickening is preserved. In Fig;
6.2.1, P-T poiats for GFT are combared with two theoretical uplift
curves (England & Thompson, 1984). Assuming realistic m;ximum
~ temperatures of ca. 860°C (see chapter 5), the cluster of P-T points
is bracketed well by the two calculated model curves in Fig. 6.2.1. The
major differeﬁqe between the two curves is the assumed thermal
conductivity (K) of the rocks favolved 'in crustai thickening. Curve 1
1s calculated assuming K = 2.25 W/t/%K, whereas curve 2 is based on a

lower conductivity of 1.5 W/m/9K. Inspection-of the diagrams in

3
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All P-T points from GFT. The. two superimposed uplift curves
bracketing the P-T points are theoretical curves from
England & Thompson 51984) and Thompson & England (1984).
Curve (1) shows the uplift path followed by rocks with a
thermal codductivity (K) of 2.25 W/a/K initially buried 50
km; curve (2) is for rocks with K = 1.5 W/m/K buried

at 40 km. Both curves are based on Heat Distribution
pattern II of ‘England & Thompson (1984),
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England & Thompson (1984) reveals that rocks which experience slower
uplift attain higher temperaturesg during metamorphism. Thus if some
lnaébendent estimate of the thermal conductlvity during an orogeny is
~ .
avallable, the P-T curve can be used to constrain the rate of uplift,
Alternatively, if sqfficient radiometric data are available to
constrain the P-T ﬁurve in terms ofAtime, then the thermal conductivity
may be estimated. In the present case, unfortunately, geochrqnologicA
data in the study area‘are insufficient to d&élitatively bracket the
P-T curve. It is relatively ﬂracketed by the age of the lower
Proterozoic dykes (2300-2400 Ma, Fahrig (1970), Taylor (1974)) and the,
time of deposition of the Ramah Group, which as discussed previously,
is not dated radiometrically. In additiom, there have been very few
constralnts on the time duration between Early Proterozoic shearing and
Hudsonian thrusting until very recently (see below). The minimum
estimate is th;t they are separated by 20-40 Ma (assuming uplift rates‘
of‘l and 0.5 mm/yr, respectively, of the Early Proterozoic granulites);
but they may have occurred as much as ca. 500 Ma apart, 1f it is

»
assumed that Early Proterozoic shearing occurred immediately after dyke

emplaceﬁent (2300-2400 Ma) and that the Hudsonian orogeny took place

ca. 1800 Ma ago. Furthermore, there are no specific data available for . v
the thermal conductivity, so the rate of uplift is limited by the two

curves in Fig. 6.2.1, implying a value between 0.3 and 0.4 mn/yr.

Alte