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Abstract 

A field, metamorphic and U-Pb geochronologic study in the Central Gneiss Belt 

between Huntsville and Haliburton yields important constraints on the timing of accretion 

of the -1350-1100 Ma old magmatic arc(s) of the Central Metasedimentary Belt onto the 

pre-Grenvillian Laurentian craton, and thus on a tectonometamorphic model for the 

southwestern Grenville Province of Ontario. 

The study area includes the Muskoka domain in the immediate footwall of the 

Central Metasedimentary Belt boundary thrust zone, the crustal-scale thrust zone along 

which the Central Metasedimentary Belt was emplaced onto the Central Gneiss Belt, and 

the structurally underlying gneiss assemblages of the Kawagama zone and Algonquin 

domain. The Pre-Grenvillian evolution is characterised by juvenile plutonism from 1457 

Ma to 13 94 Ma, that gave rise to the predominant granodioritic to granitic orthogneisses 

of the Muskoka domain. High-grade granulite facies metamorphism during the Pinwarian 

orogeny at ca. 1420 to 1430 Ma affected both the gneisses in the western Muskoka 

domain and in the structurally underlying Algonquin domain. 

The Grenvillian orogeny is characterised in the study area, as in the rest of the 

Central Gneiss Belt, by the northwest-directed emplacement of lithologically and 

structurally different thrust sheets accompanied by intense progressive homogeneous 

deformation. Regional high-grade metamorphism, resulting in both granulite and 

amphibolite facies assemblages, was dated from ca. 1 079 to 1 063 Ma in the Muskoka 

domain. As there is no earlier, Elzevirian tectonometamorphic event recorded in the study 

area, these data are interpreted to reflect the accretion of the Central Metasedimentary 

Belt onto the Central Gneiss Belt shortly before 1 080 Ma. 

Near isothermal decompression P-T -t paths from the study area are consistent 

with field evidence reflecting continental thickening and later extension in part along 

XJV 



reactivated thrust structures. Initial fairly rapid cooling contrasts with previously proposed 

models of slow cooling from peak metamorphic conditions for the Algonquin domain. The 

timing of extension in the study area is interpreted to have happened at approximately the 

same time as extension in other areas of the Central Gneiss Belt in the range of ca. 1 040 to 

1020 Ma, and predated late-stage thrusting in the Grenville Front Tectonic Zone. 

In conclusion, the tectonic evolution in the study area is consistent with the 

previously proposed tectonic model of the normal northward propagation of the orogen 

into its foreland . This and the contemporaneous extension within the orogen during the 

later stages of the Grenvillian orogeny suggests that tectonic processes during the mid

Proterozoic operated similarly to those in modem collisional orogens such as the 

Himalayas. 
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1. Introduction 

1.1 Introduction 

The southwestern Grenville Province (Gill 1948) in eastern Canada is part of the 

mid-Proterozoic Grenville orogen (Rivers et al. 1989) that stretches from Labrador 

through Quebec and Ontario to parts ofthe United States and Mexico (Fig.1 .1). The 

Grenville Province developed during the Grenvillian orogeny (Stockwell 1982), the 

youngest of the four major Proterozoic orogenies (including the Penokean, Labradorian, 

Pinwarian, and Grenvillian orogeny; e.g., Gower 1992), that built up the Laurentian and 

Baltic cratons on the northern hemisphere. On the Canadian Shield, the Grenvillian 

orogenic cycle lasted from ca. 1190 to 980 Ma (e. g., McEachern and van Breemen 1993, 

Culshaw et al . 1994, 1997, Davidson 1995), as a result of the collision of the Laurentian 

craton with a continent and/or magmatic arc to the southeast. Crustal thickening due to 

overthrusting of the allochthon thrust sheets towards the northwest (e.g., Davidson et al. 

1982) was accompanied by strong ductile deformation and high-grade metamorphism in 

the older Laurentian footwall. 

The Grenville Province is often compared with large modern collisional orogens, in 

particular the Himalayas (e.g., Dewey and Burke 1973, Irving et al. 1974, Windley 1986), 

in which the lower continental crust is deeply buried and not accessible for studies of 

tectonometamorphic processes associated with collision. Therefore, the deeply eroded 

Grenville Province, exposing the mid- to deep crustal levels of a collisional orogen, gives 

us a unique opportunity to study the development and .evolution of continental crust and 

the tectonic processes that operated in the late Proterozoic. 

However, in order to compare the Grenville orogen with modern analogies, it is 

necessary to first establish a tectonometamorphic model for the Grenville Province in 
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Fig. 1.1. Map showing the location of the Grenville Province in North America and 
adjacent lithotectonic units of the late Mesoproterozoic Laurentia (after Rivers 1997). 
Archean = random dash pattern; Proterozoic = see inset~ MCR = Mid-continental rift . 
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Fig. 1.2. Major tectonic subdivisions of the southwestern Grenville Province, Ontario, 
Canada; A = Wynne-Edwards ( 1972), B = Rivers et al. ( 1989). fv1od ified after Davidson 
( 1991 ) . 
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eastern Canada. Current interpretations of the tectonic style and the timing of Grenvillian 

metamorphism and ductile deformation vary and are partly inconsistent. This problem is 

especially evident in the southwestern Grenville Province of Ontario. This study aims 

therefore to constrain a tectonometamorphic model for this area, that can be used for 

comparisons with other collisional orogens. 

1.2 Geological setting 

3 

After early studies in the southwestern Grenville Province of Ontario (e.g., Logan 

1847, Wilson 1925, Gill1948, Derry 1950, Stockwell1961, Lumbers 1975), 

reconnaissance studies starting in the early 1980's (Davidson and Morgan 1981, Davidson 

et al. 1982, Culshaw et al. 1983) initiated a more modem approach of analysing and 

understanding the very complex gneisses and their origin and modification during the 

Grenvillian orogeny. The new knowledge that resulted from mapping of traverses from 

Georgian Bay to Algonquin Park (Davidson and Morgan 1981, Davidson et al. 1982, 

Culshaw et al. 1983) and the improvement of isotopic techniques initiated numerous 

follow-up studies, especially along Georgian Bay and near the Grenville Front (e.g., van 

Breemen et al. 1986, Culshaw et al. 1988, 1989, 1990, 1991, 1994, 1997, Davidson and 

van Breemen 1988, Bethune 1989, 1991, Rivers et al. 1989, Nadeau 1990, van Breemen 

and Davidson 1990, Schwerdtner and van Berkel 1991, Hanmer and McEachern 1992, 

Jamieson et al. 1992, 1995, Nadeau and Hanmer 1992, Tuccillo et al. 1992, Haggart et al. 

1993, McEachern and van Breemen 1993, Mezger 1993, Corrigan et al. 1994, Ketchum et 

al. 1994, Wodicka 1994, Bussy et al. 1995, Ketchum 1995, Wodicka et al. 1996, 

Timmermann et al. 1997). These studies illuminated the complexity of rocks and 

structures associated with the Grenvillian orogeny. 



4 

In this study the nomenclature of Wynne-Edwards (1972) will be used to refer to 

the three major tectonic units that build up the southwestern part of the Grenville Province 

of Ontario (Fig.l .2). Wynne-Edwards ( 1972) established the Grenville Front Tectonic 

Zone ( GFTZ) as the northwestern boundary of the Grenville Province. The Grenville 

Front Tectonic Zone comprises an approximately I 0 to 40 km wide, major shear zone, 

that truncates rocks of the structurally underlying Paleoproterozoic to Archean Provinces 

(e.g., Easton 1992). The structurally overlying Central Gneiss Belt (CGB, Wynne

Edwards 1972) was recognised to be mainly part of the pre-Grenvillian Laurentian craton 

(Rivers et al. 1989) that consists of reworked pre-13 50 Ma old gneisses and migmatites. 

The third major tectonic unit comprises the Central Metasedimentary Belt (C.MB, 

Wynne-Edwards 1972) in the southeast, and is interpreted as one or more ca. 13 50-1100 

Ma old magmatic arc( s) that collided with the Central Gneiss Belt during the Grenvillian 

orogeny (e.g., Easton 1992). The Central Metasedimentary Belt is separated from the 

Central Gneiss Belt by the Central Metasedimentary Belt boundary thrust zone 

(C.MBbtz~ van Breemen & Hanmer 1986), a major, northwesterly-directed crustal-scale 

thrust zone, that exposes highly deformed rocks on a km scale. All the individual domains 

within the different structural levels are separated from each other by deep crustal ductile 

shear zones that were claimed to have developed during northwest-directed thrusting of 

the individual thrust sheets during the Grenvillian orogeny (e.g., Davidson et al. 1982, 

Culshaw et al. 1983 ). 

A later subdivision was proposed by Rivers et al. ( 1989~ Fig.l.2) based on studies 

from the entire Grenville Province of eastern Canada, but needs revision for the study area 

in the southwestern Grenville Province (e .g., Ketchum 1995). Using their nomenclature, 

the Central Metasedimentary Belt is referred to as the Allochthonous Monocyclic Belt 

(AMB), representing an allochthonous unit that experienced only the 
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Fig. 1.3. Lithotectonic domains in the southwestern Grenville Province of Ontario (after 
Culshaw et al. 1990). Abbreviations in Appendix A. 
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6 

Grenvillian orogenic cycle. The Allochthonous Polycyclic Belt (APB) includes the upper 

structural levels of the Central Gneiss Belt, that were interpreted to consist of 

allochthonous rocks that experienced more than one orogenic cycle (Rivers et al. 1989). 

The Parautochthonous Belt (PB) corresponds to the Grenville Front Tectonic Zone and 

parts of the lower structural levels of the Central Gneiss Belt of Wynne Edwards (1972), 

and comprises reworked, polyorogenic rocks of the pre-1400 Ma old Laurentian craton. 

Figure 1. 3 shows the different lithotectonic domains, distinguished by their 

individual lithologies, structural styles and metamorphic grades (e.g., Davidson and 

Morgan 1981, Davidson et al. 1982, Culshaw et al. 1983 ), and structural levels of the 

Central Gneiss Belt (e.g., Culshaw et al. 1990). The lowest structural level ( 1) comprises 

the entire Parautochthonous Belt of Rivers et al. ( 1989), and is overlain by the 

allochthonous Shawanaga domain (structural level 2), part of the Rosseau and Go Home 

subdomains (structural level 2) and the Parry Sound domain (structural level 3). The upper 

structural levels ( 4) of the Central Gneiss Belt include the Moon River, Seguin and 

Muskoka domains. Structural level 2 to 4 correspond to the Allochthonous Polycyclic Belt 

ofRivers et al. (1989), however, Culshaw et al. (1994) and Ketchum (1995) established a 

monocyclic history for the rocks of the Shawanaga domain. The highest structural level 

(5) is the Central Metasedimentary Belt (Crvffi, Wynne-Edwards 1972), that was 

emplaced onto the Central Gneiss Belt along the Central Metasedimentary Belt boundary 

thrust zone (Hanmer and McEachern 1992). 

Since there are no large Grenvillian plutons associated with the southwestern 

Grenville Province at present level of exposure, it is generally assumed that Grenvillian 

deformation and high grade metamorphism were caused by the northwest-directed crustal 

thickening that followed the collision of the Central Metasedimentary Belt with the Central 

Gneiss Belt. Thrusting and metamorphic ages combined with structural and geophysical 
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data from the western Central Gneiss Belt along Georgian Bay imply that the Grenvillian 

tectonometamorphic event affected Laurentian rocks from 1080 to 980 Ma (e.g., Jamieson 

et al. 1992, 1995, Culshaw et al. 1994, 1997, White et al. 1994). The ages range from 

southeast to northwest from 1045-1065 Main the Moon River domain (e.g., Bussy et al. 

1995), 1080-1160 Main the Parry Sound domain (e.g., van Breemen et al. 1986; Tuccillo 

et al. 1992; Wodicka 1994), 1050-1080 Main the Shawanaga domain (e.g., Ketchum 

1995), 1015-1062 Main the Britt domain (e.g., Corrigan et al. 1994), and 1032-985 Ma 

in the Grenville Front Tectonic Zone (e.g., Haggart et al. 1993, Mezger et al. 1993, Krogh 

1994, Dudas et al. 1994). With exception of the allochthonous Shawanaga and Parry 

Sound domains, the thrusting and the metamorphic ages become younger towards the 

northwest, which was interpreted to reflect an in-sequence northward propagation of the 

orogen from the hinterland toward the foreland (e.g., Culshaw et al. 1994, 1997, Jamieson 

et al. 1995). For the Parry Sound domain, geophysical and structural data, as well as 

lithology and ages for upper amphibolite to granulite facies metamorphism and tectonism 

around 1160 Ma (van Breemen et al. 1986, Tuccillo et al. 1992, White et al. 1994, 

W odicka 1994 ), indicate an origin somewhere within the Central Metasedimentary Belt 

and transport of this domain into its present position between 1120 and 1080 Ma (e.g., 

Wodicka 1994, Wodicka et al. 1996). 

However, syntectonic intrusions within Central Metasedimentary Belt boundary 

thrust zone in the range of 1190-1170 Ma and 1080-1050 Ma (e.g., van Breemen and 

Hanmer 1986; McEachern and van Breemen 1993; Burr and Carr 1994) were interpreted 

to reflect early collision of the Central Metasedimentary Belt with the Central Gneiss Belt 

around 1190 Ma and later reactivation and widespread metamorphic overprinting at ca. 

1080 Ma (e.g., McEachern and van Breemen 1993, Nadeau and Hanmer 1992). 

Considering the later age range of 1080-1050 Ma from the Central Metasedimentary Belt 
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boundary thrust zone, the ca. 11 00 Ma ages from the syntectonic pegmatites at the base of 

structural level 4 in the Moon River and Seguin thrust zones (van Breemen and Davidson 

1990, Nadeau 1990), and the ages for tectonism and granulite-facies metamorphism at the 

base of the allochthonous Parry Sound domain around 1160 Ma (van Breemen et al. 1986, 

Tuccillo et al. 1992, Wodicka 1994), Nadeau & Hanmer 1992 postulated the tectonic 

model of break-back thrusting for the eastern Central Gneiss Belt in Ontario, in which the 

thrust zones are younging towards the southeastern interior of the orogen. 

1.3 Objectives of present study 

The ~bove review elucidates two different tectonic models, based on structural, 

metamorphic, and geochronological data for the western (Georgian Bay area) and the 

eastern (Algonquin area) Grenville Province of Ontario. 

Assuming that the collision of the Central Metasedimentary Belt with the 

Laurentian craton happened around 1190 Ma, as suggested by the workers in the eastern 

Central Gneiss Belt of Ontario, deformation and high-grade metamorphism should have 

followed in the footwall within 10 to 40 million years, according to thermal models for 

collisional tectonic settings (e.g., England and Thompson 1984, Jamieson et al. 1998). 

However, the metamorphic and thrusting ages from the Georgian Bay transect indicate 

that the Central Gneiss Belt in this area was not affected by either deformation or high

grade metamorphism at this time. 

In order to evaluate the current tectonometamorphic models for the southwestern 

Grenville Province, it is necessary to examine the critical area in the footwall of the 

Central Metasedimentary Belt boundary thrust zone: if the Central Metasedimentary Belt 

was thrust onto the Central Gneiss Belt at ca. 1190 Ma, a metamorphic overprint would 

be expected in the range of ca. 1190-1150 Ma~ on the other hand, if accretion of the 



Central Metasedimentary Belt happened around 1 080 Ma, metamorphism in the footwall 

should have proceeded from ca. 1 080-1 040 Ma. Discrimination between the two models 

also requires the examination of previously poorly known areas in the Central Gneiss Belt 

to act as a basis of comparison with similar structural levels in the previously studied 

western and eastern Grenville Province of Ontario. 
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The study area critical for solving the above problem includes the Muskoka 

domain, the structurally overlying Kawagama zone, and parts of the Huntsville and 

McClintock subdomains ofthe Algonquin domain (Fig.2.1). The Muskoka domain, which 

occupies the immediate footwall of the Central Metasedimentary Belt boundary thrust 

zone, was previously only studied at a reconnaissance level (chapter 2.2), including sparse 

data about the field relationships and the P-T -history, and no geochronologic data. 

The objectives of this thesis were therefore defined as follows: 

( 1) to examine the field relationships and variations in lithology and metamorphic grade in 

the domains of the study area, 

(2) to investigate the structural relations and fabric orientations in the different domains to 

evaluate the significance of previously inferred thrust sheets in the study area, 

(3) to document mineral assemblages and reaction textures to identify possible pre

Grenvillian metamorphic events, the Grenvillian metamorphic history, and the processes of 

granulite formation, 

( 4) to constrain peak metamorphic conditions and P-T paths for the different domains to 

evaluate the tectonic processes that were effective, and provide a basis of comparison 

between the various structural levels, 

( 5) to determine proto lith ages and the timing of Grenvillian high grade metamorphism in 

the footwall of the Central Metasedimentary Belt, 



(6) to document the pre-Grenvillian history of the gneisses in the study area and to 

compare it to the one of the parautochthon along Georgian Bay, and 

(7) to propose a tectonometamorphic model for the southwestern Grenville Province in 

Ontario. 
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In order to achieve these objectives, two field seasons in the Central Gneiss Belt 

between Huntsville and Haliburton were carried out (chapter 2) starting in summer 1994. 

Subsequently, thin section microscopy, electron microprobe analysis, and 

thermo barometry was used to determine the metamorphic histories for the rocks of the 

study area (chapter 3). Finally, U-Pb geochronology (chapter 4) yielded the metamorphic 

and protolith ages and time constraints for a tectonometamorphic model of the study area. 



2. Geology of the Central Gneiss Belt between Huntsville and Haliburton 

2.1 Introduction 

The field work for this study was undertaken during the summer of 1994 and 1995 

in the Central Gneiss Belt of the southwestern Grenville Province of Ontario (Fig. 1.3). 

The study area defines a rectangular region between Huntsville in the northwest and 

Haliburton in the southeast, in the immediate footwall of the Central Metasedimentary 

Belt boundary thrust zone (Fig. 2.1 ). The study area includes at least three different 

structural levels (e.g., Culshaw et al. 1990): the Algonquin domain (structural level 1) in 

the northern study area, the overlying Muskoka domain (structural level 4 ), the 

Kawagama zone (structural level 4 ?) that separates the Algonquin domain from the 

Muskoka domain in the eastern study area, and in the southeast, a small area of structural 

level 5, the Central Metasedimentary Belt boundary thrust zone (Fig. 1.3). 

Physiographically, the study area is part of a hilly region that is covered with 

extensive forests and remnant glacial lakes. Since the forested areas between the roads are 

generally very poorly exposed, the best outcrops of the gneisses are found in the road cuts 

of the major highways in this area, especially along Highway 3 5 from Dwight to 

Carnarvon, along Highway 118 West from Carnarvon to Bracebridge, and along Highway 

11 7 from Dorset to Baysville. Smaller outcrops exposing more weathered surfaces were 

examined along the lake shores and on cottage roads, or on snowmobile trails. Due to the 

size and complexity of the study area in proportion to the time available for fieldwork, 

detailed mapping focused on the areas critical for interpretation. 

This chapter presents detailed descriptions of the lithologies, field relationships and 

structures observed in the different structural levels of the study area, as part of a 

comprehensive study that aims to establish or modify the existing tectonometamorphic 

1 1 
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MUSKOKA 

I 

i 

Fig. 2.1. Simplified geological map of the study area in the Central Gneiss Belt of Ontario 
(after Davidson et al. 1984a~ Culshaw et al. 1990). GFTZ =Grenville Front Tectonic 
Zone~ CMB = Central Metasedimentary Belt ~ Crvffibtz = Central Metasedimentary Belt 
boundary thrust zone, B = Britt domain, PS = Parry Sound domain, ~ = Moon River 
subdomain, S = Seguin subdomain, H = Huntsville subdomain, MCl = McClintock 
subdomain, M = Muskoka domain. Bold dashed lines: inferred major thrust zones and 
domain boundaries, dashed lines: minor thrust sheets. 



13 

models for the southwestern Grenville Province of Ontario (see chapter 1 ). 

2. 2 Previous work 

A tectono-metamorphic framework for the Grenville Province in Ontario was first 

established by the reconnaissance mapping of Davidson and Morgan ( 1981 ), Davidson et 

al. (1982) and Culshaw et al. (1983). These workers recognised different lithotectonic 

domains that are separated by highly tectonised ductile shear zones. The shear zones were 

postulated to have accommodated the northwest-directed thrusting of thrust sheets during 

the Grenvillian orogeny. 

During the reconnaissance work in the early 1980's, the Muskoka domain was 

defined as the entire area southwest of the Parry Sound domain (e.g., Davidson et al. 

1982) and the rocks were described as 'northwest-trending belts of relatively straight

layered, migmatitic gneisses in amphibolite facies that are separated by terranes with less 

regular structure of higher metamorphic grade, including chamockitic orthogneisses' (e.g., 

Davidson and Morgan 1981 ). At the same time Schwerdtner and Mawer ( 1982) examined 

parts of the Muskoka domain in the Gravenhurst region in the southwestern study area, 

describing the rocks exposed on Highway 118 West as undivided ortho-and paragneisses 

associated with the Algonquin domain. Subsequent work by Culshaw et al. ( 1983) and 

Davidson ( 1984b) further east in the Central Gneiss Belt towards Algonquin Provincial 

Park established the tectonic boundaries that are currently used for this part of the Central 

Gneiss Belt (Fig. 2.2) and that were adopted for this field study. In these later studies the 

amphibolite facies Moon River and Seguin subdomains, both recognised as synforms, 

were suggested to merge into a root zone (Muskoka domain) of retrogressed granulites. 

In contrast, the Go Home domain and the Rosseau domain were recognised to belong to a 

different structural level and to be of different lithotectonic affiliation from the Muskoka 
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domain In a detailed study by Nadeau ( 1990), part of the Muskoka domain, the Seguin 

subdomain, was described as a southeast-plunging synformal structure of mainly 

migmatitic granodioritic gneisses, that was emplaced together with the remaining 

Muskoka domain over the already deformed lower structural levels as a break-back thrust 

sheet 

The Kawagama zone was first recognised by Cui shaw et al. ( 1983) as a highly 

tectoni sed zone that separates the northeastern extension of the Muskoka domain from the 

structurally underlying Algonquin domain. Later, Rivers et al. (1989) and Nadeau (1990) 

postulated the Kawagama zone to be the eastern extension of the Seguin domain. 
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Fig. 2.2. Lithostructural subdivisions in the \vestern Algonquin region after Cutshaw et al. 
( 1983) C:vt:Bbtz = Central ~1etasedimentary Belt boundary thrust zone. 
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In the course of the reconnaissance studies the Algonquin domain was divided 

into several subdomains on grounds of differing lithology and structural pattern (Fig. 2.2~ 

Culshaw et al . 1983, Davidson 1984b). The Huntsville subdomain was observed to contain 

mainly shallow south- to east-dipping metasediments, granulites and highly flattened 

granitoid orthogneisses, in the eastern part charnockitic with metagabbro inclusions 

(Culshaw et al. 1983). The less detailed studied McClintock subdomain was interpreted in 

the Algonquin region by Schwerdtner and Lumbers ( 1980) as the 'Algonquin batholith', a 

suite of co genetic plutonic rocks. However, later work by Culshaw et al. (1983) showed 

that these rocks consist mainly of thin layers of metasedimentary gneisses in granulite 

facies in addition to charnockitic orthogneisses. 

Later studies in the southwestern Central Gneiss Belt (see chapter 1) concentrated 

mainly on the domains along Georgian Bay (e.g., Hanmer 1984, Davidson et al. 1985, 

Davidson 1986, 1991, van Breemen et al. 1986, Davidson and van Breemen 1988, Dickin 

andMcNutt 1989, 1991,Culshawetal. 1989,1990,1994, Tuccilloetal.1992,Jamieson 

et al. 1992, 1995~ Wodicka 1994, Corrigan et al. 1994, Bussy et al. 1995, Ketchum 1995). 

Considerable emphasis has been placed on the Parry Sound domain because of its 

distinctive allochthonous nature and granulite facies assemblages. 

Within the eastern Central Gneiss Belt of Ontario, follow-up studies have been 

rather sparse. Apart from a detailed study in the Seguin subdomain of structural level 4 

and in the Huntsville subdomain of the Algonquin thrust stack in structural level 1 by 

Nadeau (1990; referred to in section 2.5), the study area has not been studied in great 

detail since the reconnaissance mapping projects that started in 1980. 

The main purpose of this study, the first one of its kind in this area, is thus to 

examine the highest structural level of the Central Gneiss Belt, the Muskoka domain in the 

immediate footwall of the Central Metasedimentary Belt boundary thrust zone, and the 
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bounding Kawagama zone to the northeast . An important goal of this chapter is to 

document the lithological and structural differences within these units, in order to shed 

some light on the following questions: (1) Is the Muskoka domain in this part of the 

Central Gneiss Belt composed solely of migmatitic orthogneisses? (2) Does the Muskoka 

domain host different types of migmatites and/or leucosomes? (3) Are there different types 

of granulites present in the Muskoka domain and can different processes of granulite 

formation be identified? ( 4) What constitutes the Kawagama zone? ( 5) What are the 

lithological and structural differences between the Kawagama zone and the domains it 

separates? 

In addition, parts of the Algonquin domain, the southern Huntsville subdomain and 

the southwestern McClintock subdomain, are investigated in order to ( 6) infer differences 

and/or similarities between the rock packages in the different thrust sheets in the 

Algonquin domain, (7) re-examine their internal boundaries, and (8) compare their 

geological histories with that of the structurally overlying Muskoka domain. 

Since several detailed studies have been done in the Central Metasedimentary Belt 

and the Central Metasedimentary Belt boundary thrust zone (e.g., Davidson et al. 1984, 

Hanmer 1988, Hanmer and McEachern 1992), these rocks were examined for purposes of 

comparison only. 

In the following sections of this chapter, the results of the fieldwork, including the 

lithologies, field relationships, metamorphic grade, and structure of the rocks in the 

Central Gneiss Belt between Huntsville and Haliburton (Fig. 2.1 ), are presented . The 

nomenclature of structures and terms related to the interpretation of structures, that are 

used in sections 2.3 to 2.6 are defined in section 2.7.1. A geological map of the study area 

can be found in the back cover of the thesis, and a cross-section through the study area is 

shown in Fig. 2.19. 



17 

2. 3 Geology of the Muskoka domain 

Previous workers in the Central Gneiss Belt (e.g ., Davidson et al. 1982, Culshaw 

et al. 1983) equated the Muskoka domain with the entire structural level 4, including the 

Seguin- and Moon River subdomains in the western Central Gneiss Belt (Fig. 2.2) . In this 

study, the Muskoka domain is referred to as the region between the Kawagama zone and 

the Central Metasedimentary Belt boundary thrust zone in the eastern study area and the 

Huntsville subdomain and the Central Metasedimentary Belt boundary thrust zone in the 

western study area (Fig. 2.1 ). The western study area also includes the southeastern part 

of the Seguin subdomain that merges into the central Muskoka domain (Fig. 2.2) . 

However, the remaining part of the Seguin subdomain and the entire Moon River 

subdomain were studied previously (e.g., Nadeau 1990, Culshaw et al. 1990, Schwerdtner 

and van Berkel 1991 ), and are thus excluded from this study. 

2. 3.1 Lithology and field relationships 

The dominant rock type of the Muskoka domain is a pink to grey, medium

grained, migmatitic orthogneiss (Qtz-Kfs-Pl-Hbl-Bt) in amphibolite facies (Fig. 2.3a) . 

The rock type was previously described by Nadeau (1990) to underlie most of the adjacent 

Seguin subdomain. The migmatite has a variable granodioritic composition (on average 

15-25% Hbl+Bio ), which is reflected in the respectively darker grey or lighter grey color 

of the gneiss . At the base of the Muskoka domain, the migmatitic orthogneisses are 

remarkably amphibole-rich. The plutonic origin of the migmatitic gneisses is indicated by 

the generally uniform composition of the gneisses over a wide area, and the streaky 

texture of the gneiss, that can be observed in less strained areas. The streaky texture is 

defined by flattened feldspar augen, interpreted as deformed and recrystallised igneous 

feldspar grains, and locally by hornblende augen . The granodioritic orthogneisses typically 



contain leucosomes (e.g., Fig. 2.3a) that locally comprise up to 35o/o or more of the 

outcrop. In general, the darker, more mafic gneisses are less migmatitic, however, 

variations in the amount of leucosome are also observed in compositionally similar 

orthogneisses. The leucosomes are discussed below (section 2.3.2). 
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Compositionally different migmatites are locally interlayered on an outcrop-scale 

with gradual or sharp transitions from one type to the other. In the central parts of the 

Muskoka domain, subparallel apophyses of a darker grey, more mafic migmatite are 

observed within a light grey, more felsic granodiorite (Fig. 2.3b). The gneissic layering 

defined by compositionally different layers is prominent in the western Muskoka domain 

east of Bracebridge, where it varies on a scale from < 1 to 10 m thick layers. Here, mafic, 

hornblende-rich migmatite with isoclinally folded leucosomes is interlayered with straight 

migmatitic pink granitoid rocks. Meter-scale strain gradients, reflected by a contrasting 

foliation intensity, are also common in the western Muskoka domain. 

Associated with the migmatitic orthogneisses, but much less abundant, are fine- to 

coarse-grained pink granitoids (Kfs-PJ-Qtz-Bt±Hbl) and associated charnockitic 

granulites (section 2.3.3). The pink granitoids locally contain irregular patches or cross

cutting greenish veins containing orthopyroxene (Fig. 2.3c). The pink granitoids and 

associated charnockitic granulites form meso- to macroscale sheets, or in the western 

Muskoka domain, lenses within foliated migmatitic gneisses. The cores of these bodies 

display relatively coarse grain sizes, a weak foliation, thick leucosomes or none at all, in 

comparison to the strongly deformed margins. These are defined by a strong foliation that 

is concordant to the one in the surrounding migmatitic gneisses, finer grain sizes and 

(locally two generations of) thin, attenuated leucosomes. These similarities suggest that 

both rock types experienced the same deformation and metamorphism. 
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Fig. 2.3. Orthogneisses in the Muskoka domain. a) Amphibolite facies migmatitic 
orthogneiss with two generations of pink leucosomes, near Baysville. b) Foliation-parallel 
apophyse (arrow )of darker migmatite within interlayered more felsic migmatite, Highway 
35. c) Cross-cutting leucocratic granulite vein with orthopyroxene porphyroblasts in pink 
granitoid, Highway 35, St Nora's Lake. d) Cross-cutting pegmatite cut off by tectonic 
marble melange (arrow) in migmatitic orthogneisses, Highway 118. 
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Another kind of pink granitoid generally forms concordant, more rarely discordant, 

weakly to non-foliated layers (> 1 m to 2-3 m), and migmatitic packages (few dm). The 

pink granitic layers are especially common in shear zones (described below) and within the 

western Muskoka domain east of Bracebridge. 

Metasedimentary gneisses are rare in most of the Muskoka domain and were 

mainly observed within shear zones. An example is a mesoscale shear zone south of 

Dorset along Highway 35, which contains a fine-grained, mylonitic aluminous metapelite 

with pink garnet porphyroblasts and grossular-bearing calc-silicate lenses. In the western 

Muskoka domain, Schwerdtner and Mawer ( 1982), who also examined the rocks along 

Highway 118 West, mapped extensive units as paragneisses. On re-examination, large 

tracts of these rocks could not be identified as metasediments~ these are rather similar in 

composition and fabric to the orthogneisses elsewhere in the Muskoka domain. However, 

gneisses of possible metasedimentary origin are locally interlayered with amphibolite- and 

granulite facies orthogneisses. These are pink, felsic, garnet-bearing gneisses (Fsp-Qtz

Bt±Grt±Hbl), classified as meta-arkosic by Schwerdtner and Mawer ( 1982), and 

associated leucocratic granulites with highly attenuated and isoclinally folded mafic bands 

and local biotite-rich layers. In the same region, a tectonic marble melange with calc

silicate (Grt-Di) lenses occurs within a shear zone of straight migmatitic orthogneisses. 

Late, steep, cross-cutting pegmatites that are cut off by the tectonic marble melange (Fig. 

2. 3d), indicate plastic flow in the marble layers until late in the Grenvillian orogenic 

history. 

A rock package atypical of the Muskoka domain crops out a few lOO's of meters 

between Dorset and St. Nora's Lake on Highway 35, comprising a locally migmatitic grey 

gneiss with pyroxene-bearing leucosomes and disrupted attenuated amphibolite bands. 

Interlayered porphyroclastic gneiss surrounds and cuts off layers of the grey gneiss and 
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amphibolite. The grey gneiss also includes lenses and bands of retrogressed, migmatitic 

two-pyroxene granulite. This granulite is interpreted as youngest rock type of this package 

since it includes both layers of porphyroclastic grey gneiss and a lens of the grey host 

gneiss with disrupted, thin amphibolite bands (Fig. 2.3e). 

The rocks of the Muskoka domain contain numerous mafic enclaves, generally as 

lenses from less than 1 meter up to 50 meters in size (Fig. 2.3f). The mafic enclaves 

include amphibolites, coronitic metagabbros, mafic granulites, and ultramafic rocks, that 

are usually less deformed than the host rocks. The mafic inclusions/bodies may have an 

internal foliation which is different in orientation from the foliation of the host rock. In 

general the foliation at the margins of the mafic bodies curves into the foliation of the host 

rock. Rare exceptions are some of the granulite inclusions, porphyroblastic mafic bodies, 

or anorthosite lenses, in which the internal foliation is cut off by the foliation of the 

surrounding host (Fig. 2.3g). Rarely, granulite lenses exhibit overprinting relationships, for 

example, rod-like leucosomes that cross-cut an earlier foliation and/or lineation (e.g., Fig. 

2.3h) . 

The grain size variation within the different mafic bodies is large~ porphyroblastic 

granulites and coronitic metagabbros are coarse-grained, while the numerous garnet

granulites of the western Muskoka domain are fine-grained . Within individual bodies, 

grain size usually decreases towards the amphibolitised and strongly foliated contact with 

the host (Fig. 2.3i). Trains of mafic lenses are especially common in or near shear zones 

where they are interpreted as boudins, indicating disruption of competent dykes or sills. 

The migmatitic host rocks are commonly mylonitic (section 2. 7.1) at the contact with the 

tectonic metagabbro enclaves and coarsely recrystallised within boudin necks. 

Mafic, mostly amphibolite (±Grt-Pl-Qtz-Hbl-Cum/Ged-Bt±Opx±Cpx) bands and 

lenses in different states of deformation are the most common of the mafic enclaves 
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Fig. 2.3. continued. Mafic enclaves in the Muskoka domain. e) Grey gneiss with disrupted 
mafic layer surrounded by granulite (dark), Highway 3 5. f) Mafic lens in migmatitic 
orthogneiss, Highway 11 7 near Baysville. g) Foliation in mafic lens (top) discordant to 
host rock foliation, Highway 117 near Baysville. h) Leu co somes in mafic granulite lens are 
perpendicular to an earlier foliation, Highway 118 West. 
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within the Muskoka domain . Where the amphibolite bands crosscut the foliation of the 

host rock, these are interpreted as dykes. Within shear zones, the amphibolite layers are 

thin and may be isoclinally to tightly folded, boudinaged, and disrupted (Fig. 2.3j) . The 

amphibolite bands or lenses typically show the same foliation as the host rock and a 

limited degree of migmatisation (different from host due to different composition). The 

leucosomes may be isoclinally folded as in the host rock, or the leucosomes of the host 

may cut the mafic enclave. These types of amphibolites are interpreted as pre-Grenvillian. 

Exceptions, especially along Highway 117 and along Highway 118 West, are syn

Grenvillian amphibolite dykes that are nonmigmatitic, only weakly foliated, and cut the 

foliation and leucosomes of the host rocks at varying angles (Fig. 2.3k). The later dykes, 

that may branch into the adjacent host, intruded prior to the termination of deformation 

and prior to the development of late shear bands. These later amphibolites may be part of 

the syn- to post-1170 Ma (Davidson and van Breemen 1988) amphibolite generation of 

rare, foliated, fine-grained, amphibolite layers or lenses that intruded into coronitic 

metagabbro or that cut the net veins in mafic granulite enclaves but not those in the 

migmatitic orthogneisses (Fig. 2.31). 

Bodies of coronitic metagabbros (Pl-Grt-Cpx-Hbl-Opx±Bt) occur throughout 

most parts of the Central Gneiss Belt, except in the Grenville Front Tectonic Zone, Britt 

domain and within the Parry Sound domain. The 'coronites' were described in detail by 

Davidson ( 1991 ), who noticed coronas of secondary, granulite facies minerals including 

orthopyroxene, clinopyroxene, pargasite and garnet around primary igneous olivine, 

augite, Fe-Ti-oxide and ophitic plagioclase. Primary igneous baddeleyites that crystallised 

at ca. 1170 Ma were replaced by metamorphic, columnar zircons at ca. 1045 Ma 

(Davidson & van Breemen 1988). The latter age has been interpreted as the age of 

Grenvillian high-grade metamorphism (e.g. , Davidson 1991 ). 
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Fig. 2.3. continued. Mafic enclaves in the Muskoka domain. i) Grain size reduction from 
core to rim in coronitic metagabbro enclave, Highway 2. j) Folding and subsequent 
boudinage of amphibolite layers in migmatitic orthogneiss, Highway 3 5. k) Weakly 
foliated amphibolite dykes cross-cutting foliation and leucosomes of migmatitic 
orthogneiss, highway 117, southwest ofBaysville. I) Fine grained mafic layer (arrow) 
cutting leucocratic vein network in mafic granulite enclaves, Highway 118 West. 
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Within the study area, variously deformed and recrystallised coronitic metagabbros 

occur as blobs and lenses from 1 meter up to several decameters in size. The cores of the 

metagabbro bodies are generally coarse-grained, weak- to non-foliated, and have a relict 

igneous texture. In contrast, the grain size decreases towards the generally more strongly 

foliated and amphibolitised margins (e.g., Fig. 2.3i), which may reflect a relict fine-grained 

intrusive margin that survived subsequent deformation and metamorphism (Davidson et al 

1984 ), or may only result from solid state recrystallisation during shearing. Especially 

common near or in the bounding shear zones of the Muskoka domain are chains of small, 

rotated coronite bodies, that may represent trains ofboudins. Previous studies interpreted 

small coronite bodies in clusters as originally part of a larger mass (e.g., Davidson and 

Grant 1986, Grant 1987). The strain shadow ofthe rotated bodies commonly hosts a 

wedge of nondeformed country rock, that has been argued to reflect coarse 

recrystallisation ofthe country rock during deformation (Davidson et al. 1984). The same 

interpretation is made in this study, as these strain shadows generally contain material that 

is coarser and more felsic than the more strongly deformed host, which indicates 

crystallisation of locally derived or migrated partial melt . 

Rarely anorthosite (Pl±Hbl±Scap±Carb±Chl) and retrograde eclogite lenses (Grt

Cpx-Opx-Spl-Pl±Hbl) are present within high strain gneisses of the Muskoka domain. In 

the western Central Gneiss Belt this kind of ultramafic enclave is mostly found in or near 

major tectonic boundary zones (e.g., Davidson 1990). U-Pb zircon dates (Ketchum and 

Krogh 1997) for retrograde eclogites in the Central Gneiss Belt range from 1120 to 1085 

Ma, and are interpreted as the age of high-pressure metamorphism that locally preceded 

the main Grenvillian granulite- and amphibolite facies metamorphism. 

Syntectonic and post-tectonic pegmatites are characteristic and very common in 

the Muskoka domain. These cut the foliation of the migmatitic host rocks but experienced 
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varying degrees of deformation. Late syntectonic pegmatites typically intruded into cross

cutting extensional shear zones (e.g., Fig. 2.14d) or at the contact between sheared mafic 

lenses and host rock. Syntectonic pegmatites are more common within amphibolite facies 

migmatites than in granulite facies rocks of the Muskoka domain. 

2.3.2 Leucoson1es 

The orthogneisses and associated rocks of the Muskoka domain experienced a 

high-grade regional metamorphism and associated anatexis that resulted in extensive 

rnigmatisation of the entire domain. Most of the migmatites in the Muskoka domain are in 

upper amphibolite facies, however migmatitic granulites and leucosomes with hornblende

rimmed orthopyroxene and clinopyroxene porphyroblasts are also found . The different 

types of leucosomes in the Muskoka domain are described below. 

Amphibolite facies leucosomes 

Within the amphibolite facies migmatites, up to three different generations of 

amphibolite facies leucosomes can be observed. Rare thin (mm-cm thick), streaky 

leucosomes (La) parallel to a strong foliation are interpreted to represent the earliest 

generation. A second generation of concordant, coarse-grained, thicker (up to 5 em) 

leucosomes (Lb) locally overprints the thin leucosomes, and a third generation consists of 

coarse-grained, discordant leucosomes (Lc). This relationship is mainly found in the 

western Muskoka domain along Highway 1 18 West. Most areas of the Muskoka domain 

only exhibit the second (Lb) and third (Lc) leucosome generations, which from now on are 

referred to as early and late(r) generation, respectively. The early generation (Lb) is 

represented by concordant leucosomes that may be openly, tightly or isoclinally folded 

(e.g., Fig. 2.3a). The later generation (Lc) is characterised by thick (>Scm), coarse-
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grained, and discordant leucosomes (e.g., Fig. 2.3a, Fig. 2.4a). These are commonly found 

as irregular patches of several em in diameter with irregular contacts with the host (e.g., 

Fig. 2.4a), or in- later -structurally weak zones, for example axial planes, boudin necks, 

small extensional shear bands, or around boudinaged lenses (Fig. 2.4b ). Both generations 

of leucosome (Lb, Lc) are often remarkably 'wet', which means they contain up to em 

size, coarse hornblende porphyroblasts (Fig. 2.4.a), and more rarely biotite. In unusually 

mafic hosts, or hosts rich in amphibolite layers, the amount of hornblende within the 

coarse matrix of plagioclase, quartz and K-feldspar can exceed 40%. In the absence of 

amphibole porphyroblasts within the leucosomes, small selvages of melanosome may 

locally rim the concordant leucosomes, though the later generations of leucosomes usually 

do not have melanosomes. 

The different generations of leucosomes (Lb, Lc) locally contain ortho- or 

clinopyroxene porphyroblasts that are commonly rimmed by hornblende or biotite (Fig. 

2.4c) . 

The amount of leucosome within the migmatitic orthogneisses ranges from less 

than 3o/o to 35%, in rare cases even up to 50%. Rare sites of 'in situ' leucosome formation 

contain leucosome-free orthogneisses that grade into migmatites with up to 25-35% 

leucosomes over a short distance of only a few meters. Within the zone of gradual 

transition, small blebby leucosome pockets (e.g., Fig. 4.2a, left) progressively develop into 

thick (up to Scm wide), concordant leucosomes (e.g., Fig. 4.2a, right). Within the more 

leucosome-rich areas, the leucosomes appear to feed into narrow felsic veins that lead to 

the upper structural levels (Fig. 2.4d) . 



Fig. 2.4. Amphibolite facies leucosomes in the Muskoka domain. a) Irregular, cross
cutting, late generation leucosome with abundant hornblende porphyroblasts, and, in the 
center, hornblende-rimmed orthopyroxenes, Highway 3 5. b) Late generation leucosome 
that accumulated around boudinaged mafic layer, Highway 35. c) Biotite-rimmed 
pyroxene porphyroblast (top middle) in leucosome of amphibolite facies migmatitic 
orthogneiss, Highway 3 5. d) Cross-cutting felsic vein in migmatite with concordant 
leu co somes, Highway 117, southwest of Baysville. 
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Granulite facies leucosomes 

Different types of granulite facies leucosomes are present in the different granulite 

host lithologies: 

a) Within the intermediate granulites (section 2.3.3), the leucosomes are similar to the 

ones in the amphibolite-facies migmatites they are associated with. The leucosomes have a 

·greasy' appearance and generally contain orthopyroxene porphyroblasts that may be 

surrounded by thin rims of hornblende or biotite (Fig. 2.4e). They appear similar to the 

leucosomes in the amphibolite-facies migmatites with two generations (Fig. 2.4£), of which 

the first generation is concordant and locally folded and the second generation cross

cutting and/or trending parallel to the fold axis of the earlier generation. 

b) In contrast, the mafic granulite enclaves (section 2.3.3), including garnet-granulites, 

two-pyroxene granulites and coronitic metagabbros, contain a light colored network of 

veins (e.g., Fig. 2.31) . The leucosome veins mainly consist of brownish-green plagioclase 

and orthopyroxene and/or clinopyroxene porphyroblasts up to several em in diameter. 

Except for the outer rims of mafic granulite enclaves, where this kind of leucosome is 

common, leucosomes in mafic granulites are sparse. The light vein network in the mafic 

granulite enclaves is cut by the later leucosome generation of the amphibolite facies 

migmatitic host. 

c) A third type of granulite facies leucosome is late-generation leucosomes or veins (Pl

Kfs-Qtz-Bt±Opx±Cpx±Hbl) that cut the structures of the host (e.g., Fig. 2.3c, Fig. 2.4g, 

Fig. 4.5a). For example, irregular patches of 'greasy' green leucosomes, similar in type to 

the latest generation of the amphibolite-facies leucosomes, may occur within the 

amphibolite-facies migmatitic orthogneisses (Fig. 2.4g) . The patchy leucosomes preferably 

occur in areas in which the migmatites are patchily associated with granulite-facies 

assemblages (e.g., along Highway 118 West, western Muskoka domain). 



Fig. 2.4. continued. Granulite facies leucosomes in the Muskoka domain, Highway 118 
West. e) Irregular granulite facies leucosome with hornblende-rimmed orthopyroxene 
porphyroblasts. f) Concordant and cross-cutting leucosomes in intermediate granulites 
associated with amphibolite facies migmatitic orthogneisses. g) Irregular granulite facies 
leucosome overprinting amphibolite facies migmatitic orthogneiss. 
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In addition, prominent, cross-cutting leucocratic granulite veins (20-30 em wide) are 

observed that truncate the different amphibolite-facies leucosome generations as well as 

concordant amphibolite bands within the migmatitic orthogneisses (e.g., Fig. 2.3c). The 

veins may have an internal foliation that is parallel to the margins of the vein, but 

discordant to that in the host (e.g., Fig. 4.5a). 

2. 3. 3 Granulites 
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Patches and enclaves of granulite facies rocks that appear within the predominantly 

amphibolite facies rocks indicate an apparent higher grade of metamorphism in parts of the 

Muskoka domain . The gneisses containing granulite-facies assemblages are present 

throughout the Muskoka domain, but are especially common in the western Muskoka 

domain. In contrast, the northwestern Muskoka domain around Baysville and the 

hangingwall and footwall of the bounding shear zones rarely host granulite facies 

assemblages within orthogneisses, although granulite facies assemblages occur within 

mafic enclaves. This rarity of granulites may either be due to more complete retrogression 

related to proximity to a shear zone, or these gneisses may never have experienced a 

granulite facies metamorphism in contrast to elsewhere in the Muskoka domain. In the 

field, several different types of granulite facies rocks were distinguished: 

a) Yellow-green, leucocratic charnockites (Kfs-Pl±Cpx-Opx-Hbl-Qtz) are 

distributed as irregular patches (several meter to decameter) with gradational contacts 

within amphibolite facies pink granitoids (section 2.3 .1 ). This type of granulite is usually 

medium to coarse grained, weakly foliated and may contain a single generation of sparse 

leucosome. The charnockites locally include coarse-grained 'greasy' leucosomes or veins 

with hornblende-rimmed orthopyroxene and/or hornblende porphyroblasts. Alternatively, 

some leucocratic granulites contain pink, amphibolite facies leucosomes. The features of 



32 

the leucocratic charnockites are very similar to the ones of the pink granitoids, except for 

locally more diffuse leucosomes or veins in the charnockitic granulites. These features and 

the absence of any sharp contacts with the pink granitoid host are thus interpreted to 

indicate a common protolith of both rock types. The wall rocks adjacent to fractures 

within the charnockites are generally retrograded to amphibolite facies assemblages. 

This type of granulite appears dominantly in the southern and southwestern parts 

of the Muskoka domain, for example on Highway 3 5 close to the Central 

Metasedimentary Belt boundary thrust zone and along Highway 118 West (Fig. 2.1 ). 

b) Granulite facies assemblages in migmatitic orthogneisses (intermediate 

granulites~ Pl-Kfs-Qtz-Opx-Hbl-Bt±Cpx) are patchy and sparse in most of the Muskoka 

domain, but are very common in the western part of the Muskoka domain, along Highway 

1 18 West, where they contain numerous mafic granulite facies layers and lenses (Fig. 

2. Sa) . These intermediate granulites exhibit similar structures to the associated amphibolite 

facies migmatitic gneisses, including the same foliations, two generations of leucosome 

(e.g., Fig. 2.4e), and folding ofleucosomes and amphibolite lenses. A streaky texture 

similar to the one observed in the amphibolite facies migmatites indicates a plutonic origin. 

The contact between these intermediate granulites and the amphibolite facies migmatites is 

gradational and independent of the gneissic layering. The striking similarities between 

those granulites and the associated amphibolite facies migmatites are interpreted to mean 

that both rock types are part of the same package that shared a common history. Late 

generation granulite facies leucosomes and veins that cut earlier amphibolite facies 

leu co somes (section 2. 3. 2c) are especially common within areas of intermediate-granulite

amphibolite facies migmatite association. This suggests that the intermediate granulites 

could also have formed by overprinting of the amphibolite-facies gneisses. 
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c) Two-pyroxene granulites (Pl-Opx-Cpx-Hbl-Bt±Kfs±Qtz) contain a variable 

amount of ortho-and clinopyroxene and more hornblende than the charnockitic granulites. 

The two-pyroxene granulites are distributed in the western Muskoka domain where they 

are commonly associated with both amphibolite-facies and granulite-facies migmatitic 

orthogneisses, in which they form meter-sized layers or lenses (Fig. 2. Sa), and also more 

extensive bodies. In contrast to the intermediate granulites, the two-pyroxene granulites 

show different leucosome patterns, such as a light-colored network ofveins (e.g., Fig. 

2. Sb) or no leucosomes at all. In addition, the two-pyroxene granulites are slightly more 

mafic, have generally finer grain sizes, and locally have tectonic contacts with the 

surrounding host rocks. Due to these features, the two-pyroxene granulites are interpreted 

to have a different origin than the intermediate granulites. The granulites were locally 

retrogressed to amphibolites late in the tectonic history, as for example in wallrocks of late 

pegmatites or within narrow shear zones. 

c) Other mafic to ultramafic (mostly granulite) enclaves (Pl±Grt±Cpx-Opx

Hbl±Qtz±Bt) ofvarious sizes(< 1-50m) occur everywhere in the Muskoka domain, but 

are especially common in the western study area. These include: coronitic metagabbros, 

fine-grained garnet-granulite, garnet-amphibolite, and anorthosite. The mafic granulites 

generally occur as lenses that are strongly foliated at the contact with the host. In places, 

trains of lenses are suggested to represent former competent layers or dykes that were 

boudinaged during ductile deformation. Mafic inclusions with the same foliation as the 

host are interpreted as relatively young intrusions, for example members of the 1170 Ma 

old coronitic metagabbro suite (Davidson and van Breemen 1988). Enclaves with 

overprinting fabrics (e.g., Fig. 2.3h) or oblique foliations that are truncated at the contact 

with the host (e.g., Fig. 2.3g), may be older, may contain a fabric that is lost in the host 

rock, or may be due to (late?) syn-deformational rotation of the lenses. The mafic 



Fig. 2.5. Mafic granulite enclaves in the Muskoka domain, Highway 118 West. a) Mafic 
granulite lens in intermediate granulites and associated atnphibolite facies migmatites. b) 
Extensive network of leucocratic veins in mafic granulite. 
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enclaves mostly retain granulite facies assemblages, although plagioclase rims around 

garnet porphyroblasts and increased amphibole and/or biotite content towards the margins 

indicates partial retrogression. In contrast, the surrounding host often exhibits lower

grade, amphibolite facies mineral assemblages. 

2.3.4 Boundaries 

The tectonic boundaries between the different domains in the Central Gneiss Belt 

have been described previously as 'continuous belts of layered high strain gneisses' and 

have been interpreted as 'ductile shear zones through otherwise less regularly structured 

terranes, whereby the structural trends of adjacent domains swing into parallelism or are 

truncated by the shear zones' (e. g., Davidson and Morgan 1981, Davidson et al. 1982, 

Culshaw et al. 1983, Davidson 1984b ). For the study area, which was studied previously 

only on a reconnaissance level, the boundary zones were partly mapped and extrapolated 

by tracing structural trends from air photographs (Culshaw, pers. comm. 1998). 

However, the different domains and subdomains in the Central Gneiss Belt were 

not only subdivided by mapping the highly strained boundary zones, but also by 

establishing distinctive lithologies, structural styles and metamorphic grades (e.g., 

Davidson and Morgan 1981, Davidson et al. 1982, Culshaw et al. 1983 ). In this study, 

distinction between the different domains and gneiss assemblages is made on the grounds 

of lithostratigraphy (section 2.3 to 2.6). This has proved to be the most successful 

approach in determining the locations of major boundaries (e.g., Culshaw et al. 1994) in 

the study area. 

In the area immediately west of Dorset, the boundary between the Muskoka 

domain and the structurally lower McClintock assemblage is defined by a lithological 

change from moderately deformed migmatitic orthogneisses overlying highly strained 
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ortho- and paragneisses of the McClintock assemblage. East of Dorset, the Muskoka 

domain is separated from the gneisses of the McClintock assemblage by the Kawagama 

zone. Here, the base of the Muskoka domain is characterised by hornblende-rich 

migmatites that locally contain pyroxene porphyroblasts within their leucosomes. The 

mafic enclaves, which in most other areas of the Muskoka domain exhibit granulite-facies 

assemblages, are thoroughly recrystallised to amphibolite facies . 

In the western part of the study area, the migmatitic gneisses of the Muskoka 

domain are separated from the garnet-bearing, grey-pink migmatitic orthogneisses and 

interlayered amphibolite-facies metapelites of the Southern Huntsville assemblage by a 

several decameter wide shear zone. The shear zone contains strongly foliated, interlayered 

grey-pink migmatitic orthogneisses, mafic migmatites, pink granitoids, granulites, mafic 

bands with coarse garnet porphyroblasts, and compositionally variable metaplutonic bands 

including pink granitic layers and numerous amphibolite layers. The base of the Muskoka 

domain in this part of the study area contains trains of rotated coronitic metagabbro lenses 

that are interpreted as boudins. The surrounding host is highly sheared with rotated 

feldspar porphyroclasts (from leucosome or pegmatite) in a fine-grained, mylonitic matrix. 

The boundary between the Southern Huntsville assemblage and the Muskoka domain west 

of~ake of Bays has been adopted more or less without change from Nadeau (1990). 

The boundary between the Muskoka domain and the Central Metasedimentary 

Belt boundary thrust zone in the southern part ofthe study area (e.g., Fig. 1.3, Fig. 2.1, 

map) has been determined by previous workers on structural grounds and is consistent 

with geophysical data (e.g., Davidson et al. 1982, 1984b, Culshaw et al. 1983, Hanmer 

1988, White et al. 1994). Here, the Muskoka domain is overlain by strongly foliated and 

thinly layered rocks, previously determined as 'straight gneisses' of the Central 

Metasedimentary Belt boundary thrust zone (e.g., Hanmer 1988). The Muskoka domain in 



37 

the immediate footwall is part of a high to very high strain zone with strongly foliated and 

penetratively migmatised orthogneisses . The migmatites contain concordant 

porphyroclastic pegmatites and leucosomes, flattened amphibolite lenses and amphibolite 

bands, boudinaged mafic lenses and tectonic biotite schists. Kinematic indicators, for 

example pegmatites in small extensional shear zones or bands and rotated feldspar 

porphyroclasts in mylonitic shear zones, indicate an important component of later 

extension within this package. Incorporated within this high strain zone are granitoid 

sheets, that exhibit similarly highly deformed margins with strong foliation and thin 

gneissic layering in contrast to the coarser, more weakly foliated cores. 

The boundary between the Central Metasedimentary Belt boundary thrust zone 

and the Muskoka domain along Highway 118 West is characterised by interlayered 

straight and porphyroclastic gneiss and what has been termed 'irregular gneiss' by Hanmer 

( 1988), which means a gneiss with low-angle discordant features, as well as slivers of 

migmatitic orthogneisses similar to those in the Muskoka domain. Easton ( 1992) 

postulated that the tectonites of the Central Metasedimentary Belt boundary thrust zone in 

this area were derived from the Fishog domain (e.g., Easton 1983), an area with an intense 

aeromagnetic high, that consists of tonalitic to dioritic gneisses and magnetite-bearing 

granite- and monzonite plutons, in the area of the western Central Metasedimentary Belt 

boundary thrust zone. In this study, lithological differences between the gneisses in the 

western Central Metasedimentary Belt boundary thrust zone along Highway 118 West 

were not obvious enough to distinguish a separate Fishog domain. The boundary between 

the Central Metasedimentary Belt boundary thrust zone and the Muskoka domain is 

further discussed in section 2.6.2. 
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2.3.5 Summary 

The main rock types in the Muskoka domain in the highest structural level of the 

Central Gneiss Belt are granitic to granodioritic migmatitic orthogneisses that contain 

numerous mafic enclaves. Regional high-grade metamorphism resulted in upper 

amphibolite facies assemblages, extensive migmatisation, and a great volume of 

particularly wet leu co somes of several generations. At least two generations of coarse

grained, concordant and cross-cutting or irregular leucosomes are present throughout the 

Muskoka domain. Several different types of granulites and granulite-facies leucosomes are 

especially abundant in western Muskoka domain. Most of the granulite facies rocks are 

associated with amphibolite-facies host rocks, for example mafic granulite enclaves that 

are enclosed by amphibolite-facies gneisses. Leucocratic granulite veins that cut the 

structures of the host indicate a late phase of Grenvillian granulite facies metamorphism, 

that may also have lead to the formation of irregular patches of charnockitic granulites and 

migmatitic granulite in amphibolite facies migmatitic orthogneisses. 

2. 4 Geology of the Kawaganta zone 

The Kawagama zone, separating the Muskoka Domain in the highest structural 

level of the Central Gneiss Belt from the structurally lower McClintock subdomain of the 

Algonquin domain (Fig. 2. 1) east of Dorset, was first described by Culshaw et al. ( 1983) 

as "a planar zone of gneissic tectonites". It was later suggested by Rivers et al. (1989) and 

Nadeau (1990) that the Kawagama zone is part of the eastward extension of the Seguin 

thrust zone. 

In this study, the Kawagama zone is suggested to represent a package of gneisses 

that does not seem to extend very far into the western part of the study area (map) . These 

gneisses are lithologically different from both the migmatitic orthogneisses of the Muskoka 
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domain (section 2.3) and the heterogeneous successions of orthogneisses and paragneisses 

in the structurally lower McClintock subdomain (section 2. 5. 3). In the field, two different 

lithological units, that are termed 'gneiss associations' (e.g., Culshaw et al. 1988, 1989, 

1990), are distinguished. These include the felsic gneiss association and the intermediate to 

mafic gneiss association, both of which are mainly in amphibolite facies, though granulites 

and apparently retrogressed granulites are present. The felsic gneiss association and the 

intermediate to mafic gneiss association are combined into the 'Kawagama assemblage'. 

The term 'gneiss assemblage' was defined by Culshaw et al. (1988, 1989, 1990, 1994) as a 

package of gneiss associations that shared a common geological history, that is separated 

from adjacent assemblages by thrusts, and that behaved as a coherent tectonic unit during 

the Grenvillian orogeny. 

2. 4.1 F elsie gneiss association 

The most common and conspicuous rock type of the Kawagama zone is a fine

grained, yellow to pink felsic gneiss (Kfs-Pl-Qtz±Grt-Bt±Hbl±Px), that contains no more 

than 1 0 o/o mafic minerals, mainly biotite. The more felsic packages of the pink gneiss 

commonly contain small garnets, scattered or in clusters with biotite, or relict garnet 

porphyroclasts up to em in size. Coarser patches within the yellow-pink gneiss may 

contain relict pyroxene. In places, the locally quartz-poor pink felsic gneiss grades into 

more quartz-rich, fine- to medium-grained felsic to intermediate migmatites (Kfs-Qtz

Pl±Grt-Bt-Hbl). Leucosomes locally represent two generations, with the younger one 

cutting the foliation of the older, concordant one at a shallow angle. Interlayered with both 

rock types are felsic, pink megacrystic orthogneisses (Kfs-Qtz-Pl-Bt±Grt±Opx±Cpx

Hbl) with coarse (em-size), flattened K-feldspar augen that are surrounded by thin, fine

grained layers of biotite and quartz. All ofthe above, distinctly pink (to orange) rock types 
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reflect a predominance of K-feldspar in their assemblages, thus suggesting a syenogranitic 

composition of the entire felsic gneiss association. Close to the northern boundary of the 

Kawagama zone, the felsic gneisses are interlayered with gneisses of possible sedimentary 

origin, for example with dark, rusty brown weathering gneisses and biotite schist zones, or 

with felsic, quartz-rich layers that contain pink to mauve garnet porphyroblasts. The rocks 

of the felsic gneiss association are usually very strongly foliated and often include flattened 

mafic lenses or concordant, isoclinally folded amphibolite bands ( < 1m thick) . 

Relict granulite facies grade is suggested by the locally green or yellow appearance 

of the felsic gneisses and by the association in places with a massive, felsic to intermediate, 

fine to medium-grained, granulite (Fsp-Hbl-Px-Bt-Qtz), that may in part be migmatitic. 

Leucosomes (Fsp±Bt-HbVPx) within the granulite may be both thin and concordant, or 

slightly irregular (few em thick). The leucosome may contain either orthopyroxene or 

hornblende porphyroblasts. 

2. 4. 2 lnternzediate to nzafic gneiss association 

Intermediate to mafic, grey-pink to dark grey, medium-grained migmatitic 

orthogneisses (Fsp-Qtz-Hbl-Bt) crop out in the area east and south ofKawagama Lake. 

The composition of the migmatites varies from granodioritic to dioritic and they generally 

contain pink leucosomes, locally of two generations. In less deformed areas the more 

intermediate varieties of migmatites exhibit a streaky texture, locally with flattened 

hornblende porphyroblasts, indicating the plutonic origin of this assemblage. The mainly 

amphibolite facies migmatitic orthogneisses alternate with patchy granulites (Fig. 2.6a), or 

contain granulite facies leucosomes (e.g., with pyroxene porphyroblasts) . The migmatitic 

orthogneisses of the Kawagama zone appear in the field most similar to the migmatitic 

orthogneisses of the Muskoka domain, however, in contrast to the Muskoka migmatites, 



they commonly exhibit a more mafic matrix . In addition, leucosomes, which are mostly 

thin and concordant, are more sparse and contain fewer amphibole porphyroblasts. 
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Closely associated with the intermediate to mafic migmatites is another 

conspicuous rock type of the Kawagama zone, the tonalitic hornblende-feldspar-(Hbi

Fsp) gneiss (PI 35-40%-Qtz-Kfs-Hbl-Opx). The (fine to) medium-grained Hbl-Fsp gneiss 

mainly consists of equigranular plagioclase and hornblende grains, resulting in a 'salt and 

pepper' appearance of the gneiss. The Hbl-Fsp gneiss is often migmatitic, with white 

leu co somes that contain hornblende or relict clinopyroxene porphyroblasts (Fig. 2. 6b). 

The Hbl-Fsp gneiss is usually less foliated than the interlayered gneisses. Fine- to medium

grained, locally migmatitic, biotite-rich gneisses (Fsp-Qtz-Bt-Hbl) may be associated 

with the above described gneisses, possibly representing a retrograde equivalent . 

The gneisses of the felsic and intermediate to mafic gneiss associations are 

interlayered on a varying scale. Sheets of either gneiss association may be less than 1 0 m 

thick, usually with sheared tectonic margins, though sheets of several decameter width 

exist. Locally, boudins or flattened bands ofHbl-Fsp gneiss are present within the pink 

felsic gneisses. 

Numerous, mostly fine-grained, upper amphibolite facies to granulite facies mafic 

lenses (±Grt) are typical of the southern boundary of the Kawagama zone. These are of at 

least a few meter size, similar to the ones observed within the Muskoka domain 

orthogneisses. A prominent feature is a layer of gabbroic anorthosite that can be traced 

along strike in the western Kawagama Lake. As previously mentioned, anorthosite layers 

or lenses in other parts of the Central Gneiss Belt are associated with major tectonic 

zones. 

Syn- and post-tectonic pegmatites are present in various stages of deformation. 

Along the southern boundary of the Kawagama zone, the pegmatites commonly represent 
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Fig. 2.6. Intermediate to mafic gneiss association, l(awagama zone, south Kawagama. a) 
Patchy association of granulite (upper left corner) and amphibolite facies assemblages in 
migmatitic orthogneisses. b) Hornblende-rimmed clinopyroxene porphyroblasts in 
leucosome ofHbl-Fsp gneiss. c) Strongly foliated and leucosome-layered grey-pink 
migmatites at southern l(awagama zone boundary. 



concordant porphyroclastic layers, internally deformed, cross-cutting veins or intrusions 

within extensional shear bands. Weakly deformed layers of pink granitoid are also very 

common within the orthogneisses along the southern boundary of the Kawagama zone. 

2.4.3 Boundaries 

The boundary between the Kawagama zone and the structurally underlying 

McClintock assemblage east of Dorset (map) is characterised by a few meter thick, very 

strongly foliated, thinly layered, and fine-grained zone that separates granulite-facies 

megacrystic granitoids and associated mafic granulites and metasediments of the 

McClintock assemblage from interlayered, strongly foliated, felsic garnet-gneisses and 

felsic megacrystic granitoids of the Kawagama assemblage. 
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At the southern boundary of the Kawagama zone, the interlayered felsic and 

intermediate to mafic gneisses of the Kawagama assemblage are separated from the typical 

migmatitic gneisses of the Muskoka domain by a broad, very high strain zone (map). This 

very high strain zone consists of strongly foliated, thinly layered, fine- to medium-grained 

grey-to pink intermediate migmatites (Fig. 2.6c), that are interpreted to represent the 

highly sheared base of the Muskoka domain. The southwestern extension of this boundary 

is incompletely mapped and thus extrapolated following the strike of the structures that 

are apparent on the map and on air photographs. 

The eastern and the western boundaries of the Kawagama zone remain unclear and 

further work in these areas is needed. This study, however, revealed that boundaries 

drawn previously during the reconnaissance mapping (e.g., Culshaw et al. 1983) need 

reassessment. The major concordant shear zone defined as the southern boundary can be 

traced along strike for several kilometers in the eastern Kawagama zone, where it passes 

through the felsic gneiss association of the Kawagama assemblage. This mylonite zone, 



which contains minerals showing top-to-the-northwest rotation, was previously 

interpreted as the southern boundary of the Kawagama zone. However, interlayered 

gneisses with lithologies similar to the ones within the Kawagama assemblage persist 
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south of the mylonite zone. These lithologies include the felsic pink gneisses, locally 

migmatitic Hbl-Fsp gneisses with relict orthogneiss texture, granodioritic amphibolite

facies megacrystic orthogneisses, and metagabbroic gneisses, that towards the south 

alternate with the typical migmatitic orthogneisses of the Muskoka domain. The boundary 

between the eastern Kawagama assemblage and the Muskoka domain has been determined 

to lie south of Havelock Lake (map), where the migmatitic orthogneisses typical of the 

Muskoka domain are the dominant lithology, and where interlayering with the gneiss 

associations of the Kawagama assemblage ceases. 

In the western Kawagama zone southeast of Dorset, the planar fabric of the 

interlayered felsic and intermediate to mafic gneiss associations changes strike parallel to 

the southeastern arm of Raven Lake (map), and is interpreted to be cut off in the south by 

the migmatitic orthogneisses of the Muskoka domain . West of Dorset near Paint Lake, a 

thin sliver of the felsic gneiss assemblage of the Kawagama assemblage may separate the 

highly sheared megacrystic gneisses of the McClintock subdomain from the structurally 

overlying migmatitic gneisses of the Muskoka domain. However, west of Paint Lake 

towards the extension of the Seguin subdomain, the lithologies of the Kawagama 

assemblage are absent. 

2. 4. 4 Suntmary 

The Kawagama zone, separating the Muskoka domain from the structurally 

underlying McClintock subdomain of structural level 1, consists of a distinctive gneiss 

assemblage (Kawagama assemblage) of interlayered felsic gneisses and intermediate to 
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mafic gneisses. The felsic gneiss association includes a variety of fine.: grained, strongly 

foliated pink gneisses with possible syenitic affinities, in contrast to the medium-grained, 

predominantly granodioritic and tonalitic orthogneisses of the intermediate to mafic gneiss 

assemblage. Patchy granulite-facies assemblages and pyroxene-bearing leucosomes are 

present within the mainly amphibolite facies gneisses of both gneiss associations. 

2. 5 Lithology and field relationships of the Algonquin domain 

The Algonquin domain comprises structural level 1, or the Parautochthonous Belt 

of Rivers et al. ( 1989), in the eastern Central Gneiss Belt of Ontario. Several different 

subdomains. make up the Algonquin domain, including the Kiosk-, Novar-, McCraney-, 

Huntsville- and McClintock subdomains (Fig. 2. 7). These mainly consist of strongly 

attenuated and foliated, fine grained granulite facies rocks although retrograde amphibolite 

facies rocks are present (Culshaw et al. 1983, Davidson 1984a). The subdomains were 

suggested to be separated from each other by ductile shear zones that developed either 

during northwest-directed thrusting or during later southeast-directed extension (e.g., 

Davidson et al. 1982, Culshaw et al. 1983, Nadeau 1990). Nadeau (1990) interpreted the 

subdomains as thrust sheets and introduced the term 'Algonquin thrust stack'. Nadeau 

( 1990) inferred the sequence of thrusting between the thrust sheets as younging from 

north to south (break-back thrusting), with movement in the bounding thrust zones of the 

McClintock subdomain in the south being the latest (Fig. 2. 7) . However, re-examination 

of the southern Huntsville subdomain and the southwestern McClintock subdomain has 

raised questions concerning the validity of those boundaries as will be discussed in section 

2.8. In addition, the Huntsville- and McClintock subdomains are found to be structurally 

very similar. Thus the approach in this study is to distinguish different lithological 

packages and their distribution within the examined subdomains of the Algonquin domain. 
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Mapping of different lithological groupings as ·gneiss associations', with combination of 

those sharing a common geological history to ·gneiss assemblages', is an approach that 

has been proven successful already by Cutshaw et al. (1988, 1989, 1990, 1994) for the 

Central Gneiss Belt in the Georgian Bay region . Within the studied part of the Algonquin 

domain, the following gneiss assemblages are distinguished and are described below: the 

Southern Huntsville assemblage, the Birkendale assemblage, and the McClintock 

assemblage However, since mapping of this area was not the aim of this study, the 

regional extent of the different gneiss assemblages is not known. 

25KM 

Fig. 2. 7. Structural divisions and interpretation of thrust sheets in the Algonquin domain 
after Nadeau ( 1990). 
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2.5.1 Southern Huntsville assemblage 

During an earlier study by Nadeau (1990), the entire Huntsville subdomain was 

interpreted as a thrust sheet that overlies the Navar subdomain, but is truncated by the 

structurally overlying McCraney- and McClintock thrust sheets (Fig. 2. 7). The 

interpretation of the Huntsville subdomain as a thrust sheet relies on the study of Davidson 

et al. ( 1985), in which the Huntsville subdomain was mapped as a sequence of stacked 

sheets of interleaved ortho- and paragneissic tectonites. As a result, the rocks of the 

Huntsville subdomain were classified on structural grounds into straight gneisses, 

represented by annealed S>L mylonites with tectonic layering (Davidson et al. 1982), 

mylonitic granitoid orthogneiss sheets, and pelitic and semi-pelitic tectonites that are 

interleaved with the mylonitic orthogneiss sheets and straight gneisses (Nadeau 1990). 

The southern Huntsville subdomain, which in this study is termed the Southern 

Huntsville assemblage, was described by Davidson et al. (1985) to consist of 

'unsubdivided interlayered metasedimentary gneiss and granitoid orthogneiss' . The 

plutonic and metasedimentary gneisses of the Southern Huntsville assemblage are 

characterised by the thin gneissic layering, strong foliation, fine- to medium-grained, 

equigranular matrix, fine- to medium-grained leucosomes and the continuity of attenuated 

mafic layers, resulting in a 'straight' (e.g., Davidson et al. 1982) appearance of most of 

this assemblage (e.g., Fig. 2.8a). 

Felsic to intermediate, fine- (to medium-)grained, green, quartzo-feldspathic 

granulites (±Grt) with a thin gneissic layering and strong foliation (Fig. 2.8a), are well 

exposed along Highway 60 from Huntsville to Dwight. Previous workers (Schau et al. 

1986) interpreted the quartzofeldspathic granulites near Dwight as part of a meta-quartz 

monzonite body that is underlain by granulites and mafic orthogneisses and overlain by 

granulite facies paragneisses. The granulites may contain tight to isoclinally folded, thin, 

fine- (to medium-)grained leucosomes with orthopyroxene and more rarely garnet 



porphyroblasts. Two generations of leucosomes are rare. The dominantly homogeneous 

composition of the granulites indicates an igneous origin~ however, locally extremely 

garnet-rich layers may suggest interlayering with metasedimentary gneisses. 
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Interlayered metasedimentary gneisses and garnet-bearing, intermediate 

orthogneisses are typical of the northern Lake of Bays area in the southeastern Huntsville 

subdomain. The metasedimentary gneisses include pelites and semipelites. Metapelites 

are easily distinguished in the field by pink or orange garnet porphyroblasts, by distinct 

compositional layering, by a greater variety of grain sizes in different layers~ and the rusty, 

brownish weathering color due to enrichment of pyrite in darker layers. A common 

mineral assemblage within the metapelites is Kfs-Pl-Qtz-Grt-Bt-Sil-Gr-Py. Leucosomes, 

often in two generations, are common. Calc-silicates are present in layers and lenses within 

some of the metapelites and sernipelites. 

The grey-pink to yellow-green, garnet-bearing, granitic to granodioritic 

orthogneisses can vary in mineral assemblage (Pl-Qtz±Kfs-Grt-Hbl-Bt±Opx±Cpx) 

depending on composition and/or metamorphic grade. The grain size varies from fine to 

medium. Garnets mainly form small ( 1-2 mm), scattered, abundant grains, reflecting 

thorough recrystallisation of former porphyroblasts. Locally, the orthogneisses are 

migmatitic with (relict?) orthopyroxene and locally garnet, or coarse amphibole grains, 

within the leucosomes. 

A more mafic orthogneiss within the Southern Huntsville assemblage is a locally 

migmatitic, grey pyroxene granulite (Pl±Opx-Cpx-Hbl±Bt) with a streaky texture, 

exhibiting a relict igneous texture in rare weak to undeformed areas. In retrogressed areas 

the orthogneiss may be rich in hornblende (-augen) that replace the pyroxene. This rock 

appears close to the Huntsville subdomain-Muskoka domain boundary west and east of 

Lake of Bays and may be present in layers within adjacent intermediate migmatitic 
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Fig. 2.8. Gneisses in the Southern Huntsville assemblage. a) Strongly foliated granulite 
with attenuated mafic layers. Biotite-rich layer shows discordant foliation, Highway 60. b) 
Pyroxene granulite with cross-cutting, tightly folded vein, Highway 117. c) Rotated 
coronitic metagabbro body in strongly foliated granulite host, Highway 3 5. d) 
Remobilised host rock intrusion into coronite body; containing reworked coronite . 
xenoliths (arrows), Highway 3 5. 
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orthogneisses (east of Lake of Bays). East of Lake ofBays the granulite is cut by fine

grained, dark-grey veins (Pl-Cpx-Hbl±Bt~ Fig. 2.8b ), that may be isoclinally folded, or 

disrupted . Different types of intermediate granulites that are interlayered with the gneisses 

of the Southern Huntsville assemblage in the study area may be variably retrogressed 

and/or deformed varieties of this type. 

Interlayered, but subordinate orthogneisses include leucocratic to intermediate 

megacrystic granitoids (Kfs-Qtz-Pl-Grt-Bt, in granulites with Px) that might be similar to 

the megacrystic granitoids within the McClintock package (section 2.5.3), leucocratic, 

pink granitoids with attenuated amphibolite layers that are interlayered with straight 

granulite gneisses, and grey, biotite-rich gneisses (±Grt) and grey-pink migmatitic 

orthogneisses. Any primary intrusive relationships between the different orthogneisses 

have apparently been completely obliterated by the strong deformation in the Huntsville 

domain. 

Mafic pods and layers within the gneisses of the study area include coronitic 

metagabbros, and garnet-rich mafic (Pl-Grt-Opx-Cpx-Hbl±Spl) and ultramafic (Grt-Opx

Cpx-01-Pl±Spl±Ged±Qtz±Hbl) rocks. Some of the mafic lenses, which vary from meter 

up to decameter in size, may comprise less deformed lenses of the stronger deformed host. 

Within rotated coronite lenses, syn- to post-tectonic remobilisation led to recrystallisation 

of the quartzofeldspathic host in the necks (Fig. 2.8c), or to the intrusion of the 

remobilised, now unfoliated, medium- to coarse-grained host within the mafic body (Fig. 

2.8d). Locally the mafic lenses have small, internal shear bands and exhibit light colored 

net veining (e.g., Fig. 2.5b). 

In addition to the larger mafic bodies, the gneisses of the Southern Huntsville 

assemblage commonly contain smaller ( < 1 m), concordant, mafic lenses and bands The 

mafic bands and lenses are typically continuous and attenuated, with 10' s of em to mm-



width, and locally isoclinally folded . The foliation, especially in retrogressed, biotite-rich 

bands, may locally differ from the host rock foliation (Fig. 2.8a), and could represent an 

earlier foliation. 
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Pegmatites (Kfs-Pl-Qtz±Bt±Hbl±Grt) intruded the rocks of the Southern 

Huntsville assemblage throughout the entire deformation history. Concordant, attenuated 

and porphyroclastic pegmatites are interpreted as pre-tectonic or early syn-tectonic. 

Pegmatites crosscutting the foliation of amphibolite facies and granulite facies host rocks, 

and that display deformational features ranging from an internal foliation to disruption and 

folding, are suggested to represent syntectonic pegmatites that intruded during the various 

stages of the Grenvillian deformational event. Late syntectonic pegmatites intruded into 

extensional shear zones and narrow shear bands. Post-tectonic pegmatites are coarse

grained, undeformed and cut the foliation of the host. Post-tectonic pegmatites and also 

late syntectonic pegmatites can be up to 5-6 m wide, whereas pre- and early syn-tectonic 

pegmatites are usually thinned to em-width. Leucocratic granitoid layers also occur, but 

are less common than in the Muskoka domain (section 2.3). 

Metamorphic grade 

The interlayered ortho- and paragneisses in the southeastern Southern Huntsville 

assemblage in the northern Lake of Bays area are mainly in granulite facies but amphibolite 

facies gneisses also exist. The amphibolites are particularly common in shear zones 

immediately structurally below the southern subdomain boundary with the overlying 

Muskoka domain. Garnet porphyroblasts within amphibolite facies gneisses are usually 

replaced from the rim to the core by foliated biotite. Resembling the migmatites of the 

Muskoka domain, the amphibolite facies gneisses of the Southern Huntsville assemblage 

locally contain orthopyroxenes, some of them rimmed by hornblende. In addition, 
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granulite facies gneisses may be patchily distributed within and show gradational 

transitions to the amphibolite facies equivalents. Small-scale retrogression from granulite

to amphibolite facies is commonly found at strongly deformed margins of mafic boudins, 

along late shear bands, or at the contact with late pegmatites, indicating post-metamorphic 

deformation and hydration of the granulites. 

The amphibolite facies metamorphism was accompanied by the formation of 

granitic leucosomes in most of the para- and orthogneisses of the Southern Huntsville 

assemblage. Locally, two generations of mostly coarse-grained leucosomes were 

observed, a common feature also in the migmatites of the Muskoka domain. The younger 

leucosome formed parallel to the axial plane of the folded older, concordant leucosome 

generation and cuts the foliation of the host rock. Very thin concordant felsic bands might 

be either the equivalent of the earlier concordant leucosome in a very high strain zone or 

an even older (pre-Grenvillian?) leucosome. Thin fine-grained leucosomes within some of 

the granulites may be expressions of the older metamorphic event. However, granulites 

with two generations of leucosomes as in the younger leucosomes within the amphibolite 

facies gneisses, or leucosomes in the vein networks, are more likely Grenvillian in age. 

2. 5. 2 Birkendale assemblage 

Along Highway 3 5 from northwest to southeast the straight, green granulites of 

the Southern Huntsville assemblage are structurally overlain by the Birkendale assemblage 

(map). The Birkendale assemblage is characterised by the interlayering of mainly 

amphibolite facies felsic granitoids and metasediments (Fig. 2. 9a). 

Variably highly deformed, homogeneous, fine to medium-grained grey to pink 

granitoids (Qtz-Kfs-Pl-Bt±Hbl±Px) are distinctive of the Birkendale assemblage (Fig. 

2. 9b ). Rarely, the pink granitoids contain quartz-rich leucosomes. Attenuated, isoclinally 
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folded and disrupted mafic layers (Fsp-Hbl-Opx-Cpx) are common (Fig. 2.9a,b). 

Associated yellow to green granitoids, especially in the westernmost Birkendale 

assemblage, suggest an earlier granulite facies metamorphism within these rocks. The 

structurally higher units west of Birkendale mainly consist of leucocratic granulites with 

mafic layers. Medium-grained mafic granulite facies dykes (Fsp-Hbl-Bt-Opx-Cpx) cut the 

foliation of the host at a very shallow angle and locally have a low angle discordant 

internal foliation . 

Almost everywhere the pink granitoid gneisses are associated with layered pink 

gneisses that are locally garnet-rich and contain calc-silicate lenses (Fig. 2.9c), consistent 

with granite or rhyolite intrusion into sediments, although the strong deformation and 

metamorphism obliterated any primary lithological contacts. In addition to these pink, in 

places migmatitic metasediments (Qtz-Kfs-Pl-Bt-Grt±Opx), amphibolite facies aluminous 

metapelites (Pl-Kfs-Qtz-Grt-Bt-Sil) with pink garnets and rusty weathering layers are an 

important constituent of the Birkendale assemblage. The metapelites are associated with 

felsic granulites and are interpreted to be part of the metasedimentary assemblage. 

Except for rare greenish, granulitic patches, most of the felsic rock types exhibit 

amphibolite facies assemblages. In contrast dark green metabasites (Pl-Grt-Opx-Cpx

Hbl-Bt) within the Birkendale assemblage retained a granulite facies mineral assemblage, a 

feature that is discussed in the following chapter (section 3. 8). 

Subordinate in the Birkendale assemblage, some of which may be varieties of the 

above described rock types, are: green granulite gneisses (Pl-Opx-Cpx-Hbl±Grt) with rare 

concordant leucosomes (Fsp-Opx-Cpx), grey-pink felsic migmatite, grey, formerly 

megacrystic orthogneisses (±Grt), more or less garnet-rich mafic bodies with 

orthopyroxene-bearing leucosomes, which include a coronitic metagabbro in an advanced 

stage of retrogression to amphibolite facies, mafic dykes and lenses, and variably deformed 
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Fig. 2.9. Gneisses in the Birkendale assemblage, Highway 35, Birkendale. a) Interlayered 
felsic granitoids and metasediments in Birkendale with isoclinally folded and disrupted 
mafic layer ("dragon"). b) Pink granitoid with attenuated, isoclinally folded and 
subsequently disrupted mafic layers. c) Calc-silicate lens in pink granitoid. 
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pegmatites, that locally contain foliated xenoliths of the host rock. 

A concordant foliated amphibolite dyke that contains concordant and cross-cutting 

leucocratic veins of remobilised host with orthopyroxene indicates a pre-granulite-facies 

dyke history. 

2. 5. 3 McClintock assemblage 

The McClintock subdomain was interpreted by Nadeau ( 1990) as the structurally 

highest thrust sheet of the Algonquin thrust stack (Fig. 2. 7). As field work revealed a 

succession of different gneiss associations in the southeastern McClintock subdomain, the 

term McClintock subdomain as used by previous workers (e.g., Davidson et al. 1982, 

Culshaw et al. 1983, Nadeau 1990), has been changed to McClintock assemblage. 

The gneiss associations can be followed along strike in the area north and west of 

Dorset that is suggested to represent the northwestern limb of a regional-scale fold 

(section 2.7.4; map). In the area ofDorset, within the interpreted core ofthe apparent 

fold, interlayered metasediments, granulites and pink granitoids comprise the MCI-1 

gneiss association. MCI-1 is consistently surrounded by a zone of interlayered megacrystic 

granitoids and subordinate garnet-granulites (MCI-2 gneiss association) . A shear zone 

comprising a package of mostly straight migmatitic orthogneisses (e.g., Fig. 2.1 Oa) makes 

up the MCI-3 gneiss association. The underlying gneiss association MCI-4 consists of 

grey garnet-gneisses, metapelites and grey megacrystic gneisses, whereas the structurally 

lowest gneiss association MCI-5 comprises dominantly straight orthogneisses. 

The common rock type within the shear zones and surrounding the gneiss 

associations of the McClintock assemblage is a dominantly straight, pink to grey 

quartzofeldspathic migmatitic orthogneiss of varying granodioritic composition (PI

Kfs-Qtz-Hbl-Bt±Grt) in amphibolite facies (Fig. 2. 1 Oa,b ). The migmatitic orthogneisses 
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Fig. 2.10. Gneisses in the McClintock assemblage, Highway 35, north(west) of Dorset. a) 
Strongly foliated and layered, amphibolite facies migmatitic orthogneisses with isoclinally 
folded leucosomes and mafic layers, MCl-3 gneiss association. b) Amphibolite facies 
migmatitic orthogneiss with two generations ofleucosomes. c) Megacrystic granitoid with 
recrystallised feldspar augen. d) Progressive recrystallisation and deformation of 
megacrystic granitoid towards the top of picture. 



contain amphibolite lenses and bands that are extremely attenuated, isoclinally folded 

and/or disrupted . Concordant porphyroclastic layers are rare, and may represent 

disintegrated former leucosomes or pegmatites. The migmatites of the McClintock 

assemblage resemble the ones in the Muskoka domain in composition and appearance. 

Both migmatites contain two generations of leucosome with the younger one cutting the 

foliation of the host rock or oriented parallel to the axial planes of earlier, folded 

leucosomes (Fig. 2.1 Ob ). 
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Very characteristic ofthe McClintock assemblage, especially ofthe MCl-2 and 

MCl-4 gneiss associations, are two types of megacrystic granitoids, a light to medium 

grey megacrystic granitoid (Pl-Kfs-Qtz-Grt-Bt±Px±Hbl) with white feldspar megacrysts 

(Fig. 2.1 Oc), and a darker grey megacrystic granitoid (Kfs-Pl-Qtz-Grt-Bt-Opx-Cpx±Hbl) 

with pink K-feldspar megacrysts in a more hornblende- and biotite-rich matrix. The grey 

megacrystic granitoid contains fewer mafic minerals and little to no pyroxene, however, 

both types exhibit the same microstructures (chapter 3 ). With increasing strain the 

originally em-size feldspar megacrysts (Fig. 2.1 Oc) are progressively flattened and 

recrystallised, or stretched out as lineations, until in very high strain zones the original 

texture is completely obliterated (Fig. 2.1 Od). The grey granitoid locally contains felsic 

grey bands or irregular lenses that locally cut the texture of the host and are therefore 

interpreted as dykes, possibly similar to the grey dykes within the pink granitoids 

(described below). The two granitoid types are often interlayered with each other, and 

almost everywhere interlayered with metasediments. 

Less commonly, the megacrystic granitoids and metasediments are associated with 

massive, non-megacrystic, green-to brown orthopyroxene-bearing garnet-granulites 

(Pl±Qtz-Cpx±Opx-Hbl-Grt±Bt). The granulites may contain leucosomes with 

orthopyroxene, clinopyroxene, hornblende, and locally garnet porphyroblasts, that are 
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replaced by deformed biotite. 

Metapelitic and semipelitic migmatitic gneisses, commonly enclosing calc

silicate lenses, constitute an important component of the McClintock assemblage. 

Aluminous metapelites (Qtz-Pl-Kfs-Grt-Bt-Sil-Gr) contain mauve garnets and sillimanite, 

the latter aligned with the foliation surfaces, and may contain rusty, graphite-rich or 

biotite-rich platy layers. Typical for the metasediments is a marked variation in 

composition and grain size in different layers. Mafic layers and lenses (up to 2 m width) 

are commonly boudinaged, rotated and isoclinally folded . 

Associated with the metapelites are medium-grained, felsic to intermediate grey 

garnet-gnei.sses. The grey gneisses are commonly migmatitic with orthopyroxene 

porphyroblasts within the leucosome that are rimmed by amphibole or both clinopyroxene 

and amphibole. The grey garnet-gneisses could have originated either as part of the 

metasedimentary package, or since the metasedimentary rocks are generally interlayered 

with variously deformed megacrystic granitoids, as a completely recrystallised variety of 

megacrystic granitoid. 

Within the McClintock assemblage, characteristic features in metapelites and their 

associated rocks are white to grey, leucocratic granites (Kfs-Pl-Qtz-Bt-Chl±Grt) which 

form as irregular and nonfoliated intrusions up to meter-width, but also as thinner ( dm 

width), internally deformed veins that exhibit a different internal foliation than the host 

(Fig. 2.1 Oe). The white granitic intrusions cut the host rock at high angles and may 

contain xenoliths of the host. The granites crosscut younger leu co somes and syntectonic 

pegmatites but are cut by later syntectonic- and post-tectonic pegmatites. Locally the 

white granitic veins fill extensional shear bands. Nadeau and Hanmer ( 1992) suggested a 

local origin for the cross cutting granitic veins. Similarly, this study interprets these veins 

as recrystallised partial melt of the metapelitic country rock during Grenvillian high-grade 



Fig. 2.10. continued. Gneisses in the McClintock assemblage. e) Cross-cutting white to 
grey leucocratic granite intrusions within grey garnet-gneiss, foliated (left) and irregular 
(right), Highway 35. f) Grey, foliated dyke cutting leucosomes of pink granitoid, Dorset. 
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metamorphism. 

Massive, leucocratic pink to grey granitoid gneisses in amphibolite facies (Fsp

Qtz-Bt-Hbl) are commonly interlayered with pink, migmatitic metapelites (Kfs-Pl-Qtz Grt

Bt-Sil), for example around Dorset. The granitoids are migmatitic in places. Like in the 

Birkendale assemblage, these granitoids also contain continuous, mafic, amphibole-rich 

layers, that are highly attenuated, and locally isoclinally folded or disrupted. Possible 

evidence for a complex pre-Grenvillian history is reflected by foliated, felsic, grey dykes 

(Qtz-Pl-Kfs-Bt±Hbl) that cut the leucosome of the granitoids (Fig. 2.1 Of) . Similar 

relationships in similar lithologies are known from the Britt domain, the parautochthon 

along Georgian Bay (N. Cutshaw, pers. comm. 1994), where leucosomes of a ca. 1680 

Ma granite are cut by ca. 1450 Ma old megacrystic granites (e.g., Corrigan 1990). 

As in the Southern Huntsville assemblage (section 2. 5. 1) mafic bodies in various 

sizes (up to 10-15 m), compositions, and shapes are present within the rocks of the 

McClintock assemblage, especially in shear zones. Examples are mafic granulites, 

coronitic metagabbros, and amphibolites that form attenuated bands, disrupted layers, 

boudins, or lenses. Rare mafic layers cut the foliation of the host at a shallow angle (ca. 

1 0°), and are interpreted to represent dykes that intruded prior to the latest (Grenvillian) 

deformational and metamorphic event. However, most of the mafic bands are concordant. 

The mafic inclusions commonly exhibit a granulite facies mineralogy within the 

retrogressed, amphibolite facies host rocks. At the margins with the host rock the mafic 

inclusions are strongly foliated, fine-grained and retrogressed to hornblende- and biotite

rich mineralogies. In extremely high strain zones, the surrounding layers of host are 

straight, porphyroclastic or mylonitic. 

Post-Grenvillian, undeformed intrusions include a northeast-trending undeformed 
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mafic dyke with relict ophitic texture. The dark brown diabase may be part of the 

generally east-trending Grenville swarm that intruded at 590 +
2

/_ 1 Ma (Kamo et al. 1995). 

Pegmatites are common and occur in all stages of deformation (compare section 

2.5.1) . Concordant pink granitic layers are most common within the highly deformed 

amphibolite facies straight migmatitic gneisses and are probably the result of granite 

injection. 

Metamorphic grade 

Most of the McClintock assemblage rocks in the study area are interpreted as 

thoroughly retrogressed granulites that now exhibit amphibolite facies mineral 

assemblages. In the field, the predominant amphibolite facies grade is reflected in the grey 

to pink colour of the gneisses, in contrast to the mostly green to yellow granulite facies 

rocks of the Southern Huntsville assemblage. The amphibolite facies rocks of the 

McClintock assemblage locally expose (relict?) granulite facies assemblages, for example 

orthopyroxenes or clinopyroxenes in leucosomes. However, most granulites of the 

McClintock assemblage do not exhibit the same leucosome patterns as in the amphibolite 

facies equivalents described below. In general, the distribution of granulites in the 

Algonquin domain is not patchy on an outcrop-scale like within the orthogneisses of the 

Muskoka domain, but rather on a map-scale with amphibolite facies gneisses mainly in or 

close to major shear zones. 

The amphibolite-facies gneisses of the McClintock assemblage generally contain 

felsic leucosomes, which indicates anatexis during high grade metamorphism. Two 

generations of leucosomes may be present, especially within the more felsic and 

intermediate gneisses. The cross-cutting younger leucosomes typically "develop in the 

hinge areas of tight to isoclinally folded earlier leucosomes (Fig. 2. 1 Ob ), indicating that 
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leucosome formation persisted during and after the latest deformational event. However, 

the origin of the thin and concordant older leucosomes is not known. These may have 

formed during the early stages of protracted Grenvillian deformation, or may be related to 

a separate (pre-Grenvillian?) granulite facies event. 

Some of the coarse leucosomes contain numerous amphibole porphyroblasts, 

similar to the leucosomes of the Muskoka domain. In places the amphiboles form augen, 

indicating that deformation persisted after leucosome formation. Most gneisses that 

contain leu co somes with garnet porphyroblasts show a deformed rim of biotite around the 

garnets. This feature, also observed in the gneisses of the Southern Huntsville assemblage, 

shows that the retrogression to amphibolite facies was associated with deformation. 

Garnets in leucosomes may be rimmed by plagioclase. A second, later stage of garnet 

growth is indicated by garnet rims around dark cores and by garnet recrystallisation within 

the leucosomes that crystallised in the pressure shadows of rotated feldspar augen within 

megacrystic granitoids. 

2. 5. 4 Boundaries 

The Algonquin domain was interpreted by Nadeau ( 1990) as a thrust stack 

composed of several thrust sheets that are separated by ductile thrust zones. However, re

examination of some of the subdomain boundaries in the Algonquin domain has raised 

questions concerning the validity of the boundaries that were determined by the previous 

workers (e.g., Davidson et al. 1985, Nadeau 1990). 

The southeastern boundary between the Huntsville subdomain and the McClintock 

subdomain as determined by Davidson et al. (1985) and Nadeau (1990) requires some 

modifications based on the present study. According to Davidson et al. (1985), the 

separating tectonic thrust zone cuts through Highway 3 5 in the northern Birkendale area, 
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where an amphibolite-facies shear zone is exposed in a spectacular roadcut at Birkendale 

on Highway 35 (e.g., Fig. 2.9a~ Baer et al. 1972, Davidson et al. 1984a). Leucocratic pink 

to grey granitoid gneisses in amphibolite-facies are underlain by interlayered pink 

metasedimentary gneisses, mafic and leucocratic granulites, and grey-pink migmatites, the 

whole package interpreted as Birkendale assemblage (see section 2.5.2). Strong 

deformation is reflected in the highly attenuated, locally disrupted, and isoclinally folded 

mafic layers (e.g., Fig. 2. 9a,b ). Though the gneisses at Birkendale are interpreted to be 

part of a high to very high strain zone, ductile shear zones also pass through the adjacent 

rock packages to the south and north. In addition, the boundary of Davidson et al. (1985) 

would cut across strike of rock types that can actually be followed along strike across the 

most northern bay of Lake ofBays (map). However, the leucocratic granulites in this area 

are overlain by intermediate hornblende-rich gneisses that cannot be traced into the 

Birkendale assemblage and probably represent part of a different rock package. 

In light of these observations, the boundary in this area has been chosen to 

coincide with the lithological break from the typical straight granulite facies gneisses of the 

Southern Huntsville assemblage to the more varied, mostly amphibolite facies rock types 

of the Birkendale assemblage, a few km south ofDwight (map). 

The shear zone separating the gneiss associations of the McClintock assemblage 

from the Birkendale assemblage north of Dorset is characterised by discrete extensional 

shear bands filled with pegmatitic material. Extensional shear bands and top-to-the

southeast rotated feldspar porphyroclasts also occur within the high strain zones, 

commonly occupied by quartzofeldspathic migmatite, that separate the different gneiss 

associations within the McClintock assemblage, although rare top-to-the-northwest 

indicators were observed here as well. 
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2. 5. 5 Summary 

In this study, the southern Algonquin domain in structural level 1 was found to 

consist of several different gneiss assemblages including the Southern Huntsville 

assemblage, the Birkendale assemblage, and the McClintock assemblage. All three gneiss 

assemblages consist of distinct successions of rock types that reflect a lithological diversity 

contrasting to the prevailing monotonous migmatitic orthogneisses of the Muskoka 

domain. Rock types in all of the Algonquin gneiss assemblage includes both ortho-and 

paragneisses, though paragneisses seem to dominate within the Birkendale assemblage. 

The characteristically 'straight' appearance of the gneiss assemblages is expressed by a 

thin gneissic layering, strong foliation, typical attenuation of continuous mafic layers and a 

fine grained matrix. 

The gneiss assemblages of the Algonquin domain exhibit varying metamorphic 

grades. Whereas the rocks of the Southern Huntsville assemblage mainly consist of 

granulite facies rocks, the Birkendale and McClintock assemblages mostly contain 

retrogressed upper amphibolite facies and associated relict granulite facies assemblages. 

The variable retrograde overprint may be due to the location of the individual packages at 

different crustal levels during the Grenvillian orogeny, or to the proximity to ductile shear 

zones. The early pre-Grenvillian geological histories of the gneiss assemblages are 

apparently similar, including early sedimentation and intrusion of granitic to granodioritic 

magmas and mafic dykes. This was followed by granulite facies metamorphism and, 

probably, deformation. Subsequent ductile deformation was accompanied in parts by 

retrogression to amphibolite facies. 



2. 6 Geology of the Central Metasedimentary Belt boundary thrust zone 

2. 6.1 Lithologies 

The Central Metasedimentary Belt boundary thrust zone (e.g., Hanmer and 

McEachern 1992), one of the major thrust zones in the southwestern Grenville Province 

of Ontario, separates the Central Gneiss Belt from the structurally overlying Central 

Metasedimentary Belt (structural level 5, Fig. 1.3). 
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The Central Metasedimentary Belt boundary thrust zone was mapped (Fig. 2. 11) 

and examined by previous workers (e. g. Culshaw 1983, Cui shaw et al. 1983, Davidson et 

al. 1984b, Hanmer 1988, Hanmer and McEachern 1992). For this study, parts of the 

Central Metasedimentary Belt boundary thrust zone between Kushog Lake and Haliburton 

as well as along Highway 118 west of Carnarvon (map) were examined to compare the 

gneisses of this large-scale shear zone with those in the structurally lower levels of the 

study area and to verify the results of previous investigations. The results are summarised 

below. 

The structurally lowest unit of the Central Metasedimentary Belt boundary thrust 

zone directly overlies the migmatitic orthogneisses of the Muskoka domain and comprises 

strongly deformed, tectonically layered, straight gneisses (Fig. 2 . 12a~ e.g., Davidson et al. 

1982, Hanmer 1988). The pink to grey, felsic to intermediate gneisses are in amphibolite 

facies, and are locally migmatitic with two generations of leucosomes. The migmatitic 

orthogneisses include less deformed rock packages that have a strong resemblance to 

some of the amphibolite facies gneisses of the Muskoka domain. For example, weakly 

deformed pink granitoids with concordant amphibolite sheets and coarse orthopyroxene 

grains within leucosomes are similar to the granitoids immediately below the Central 

Metasedimentary Belt boundary thrust zone. Locally, the straight gneisses contain a great 

number of concordant amphibolite layers and pink granitic layers. 



66 

Another rock type of the strongly deformed, ductile Central Metasedimentary Belt 

boundary thrust zone is the porphyroclastic gneiss (Culshaw et al. 1983, Hanmer 1988), 

a strongly foliated tectonite that is characterised by boudinaged and disaggregated 

pegmatites, leucosomes, and rotated feldspar porphyroclasts (Fig. 2.12b). The 

porphyroclastic gneiss (Qtz--Fsp-Bt-Hbl) is biotite- and amphibole-rich and therefore is 

darker in colour. Leucosomes are present but are more common in less strained zones. 

Rarely, the leucosomes contain granulite facies assemblages. Pink granitic layers are 

concordant or cut the foliation at a shallow angle. The straight and porphyroclastic 

gneisses may be interlayered and exhibit a patchy distribution of granulite facies 

assemblages. 

In the area around Haliburton, four different thrust sheets, in outcrop of several 

km-width, consist of tonalitic to syenitic orthogneisses. These thrust sheets are interleaved 

with the highly deformed gneisses of the thrust zone (Hanmer 1988). The study area 

includes the Redstone and the Dysart thrust sheets (Fig. 2_ 1, Fig. 2.11 ). 

The structurally lowest Redstone gneiss is exposed south of Kennisis Lake and is 

over- and underlain by narrow belts of straight and porphyroclastic gneisses. The 

Redstone Gneiss is a grey, medium-grained, homogeneous, tonalitic gneiss in amphibolite 

facies, that contains amphibolite bands and layers and numerous pegmatites. The Redstone 

gneiss may be migmatitic, locally with amphibole-rimmed orthopyroxene porphyroblasts 

within the leucosomes. A patchy granulite distribution within the Redstone gneiss is 

reminiscent of chamockites associated with the pink granitoids of the Muskoka domain 

immediately below the Central Metasedimentary Belt boundary thrust zone. Zircon ages 

from a tonalite gneiss from the Redstone thrust sheet range from 13 70 to 13 50 Ma 

(Lumbers et al. 1990). 
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Fig. 2.11. Geological map of the Central Metasedimentary Belt boundary thrust zone in 
the study area as in Hanmer ( 1988). Heavy lines are faults. 

Fig. 2.12. Gneisses of the Central Metasedimentary Belt boundary thrust zone, Highway 
35. a) Strongly foliated and layered 'straight' gneiss. b) Porphyroclastic straight gneiss. 
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A thin belt of tectonic marble melange or marble mylonite crops out between the 

Redstone Gneiss and the structurally overlying Dysart thrust sheet. The coarse-grained 

(em-size) marble melange has a varying composition of mainly carbonates and silicates 

(Phl-Di-Srp-Chn-Hbl-Tr-Fsp-Py-Gr-Ap ). The marble melange contains numerous 

xenoliths of irregular size ( cm-m size) and distribution, including quartzite, graphitic K

feldspar gneiss, plagioclase gneiss, syenitic gneiss, calc-silicate, foliated granite, and 

granitic and syenitic pegmatite (e.g., Hanmer 1988). The inclusions are locally disrupted 

or boudinaged and may contain fractures that were refilled with the marble. 

Two narrow belts of metapelites flank the sides of the marble melange between 

the Redstone and the Dysart thrust sheet. The metapelites contain sillimanite, mauve 

garnet, and blue cordierite. They are associated with a dark, biotite-rich package north of 

West Guilford that contains layers with abundant, big (up to a few em) orthoamphiboles 

( Ged) and lilac cordierites, and strongly deformed, very biotite-rich layers with big ( 1-3 

em) pink to mauve colored garnet porphyroblasts. The lithological contact between the 

metapelite and the marble is concordant and sheared. 

North of Haliburton, the mainly amphibolite facies Dysart gneiss (Culshaw 1983, 

1986) is exposed. The thrust sheet consists of grey, homogeneous, medium-grained, 

commonly migmatitic, tonalitic orthogneisses (Fsp-Bt-Hbl-Qtz). Similar to the Redstone 

gneiss, some leucosomes contain orthopyroxene porphyroblasts, indicating local granulite 

facies conditions. In places the Dysart Gneiss is a straight gneiss, owing to the numerous, 

mostly concordant amphibolite layers alternating with pink granitic layers. Hanmer ( 1988) 

pointed out that small apophyses which branch at a high angle off the amphibolite sheets, 

indicate that these sheets intruded as mafic sills. Rarely, the Dysart Gneiss contains calc

silicate layers or packages. The Dysart gneiss yielded U-Pb zircon ages of 1344 +
93 

/.32 Ma 

(van Breemen and Hanmer 1986). 
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Mafic enclaves, usually as layers or lenses in amphibolite facies, are common 

especially within the straight and porphyroclastic gneisses of the Central Metasedimentary 

Belt boundary thrust zone. Characteristic for these packages are layers, lenses and slivers 

of anorthositic rocks associated with major shear zones. 

Pegmatites are especially common within the amphibolite-facies straight gneisses 

of the Central Metasedimentary Belt boundary thrust zone. The pegmatites are present in 

various stages of deformation, from porphyroclastic, concordant layers to cross-cutting, 

internally foliated pegmatites up to post-tectonic, nondeformed pegmatites which cut the 

foliation at a very high angle. 

2. 6. 2 Boundaries 

The boundary between the Muskoka domain and the Central Metasedimentary 

Belt boundary thrust zone was determined by previous workers on structural grounds and 

is consistent with geophysical data (section 2.3.4). In this study, however, the major 

boundaries, which usually coincide with high to very high strain zones (section 2. 7), were 

determined on lithological grounds. The straight and porphyroclastic gneiss of the Central 

Metasedimentary Belt boundary thrust zone (Fig. 2.11, section 2.3.4 and 2.6.1) are 

lithologically very similar to the orthogneisses of the Muskoka domain. Thus, the 

lithological boundary between the Muskoka domain and the Central Metasedimentary Belt 

boundary thrust zone would have to be located further to the southeast, and include the 

straight and porphyroclastic gneiss and the tonalitic straight gneiss on figure 2.11. 

However, geophysical reflection data reveal a major, crustal-scale structure (White et al. 

1994) in the area of the currently accepted boundary of the Central Metasedimentary Belt 

boundary thrust zone with the Muskoka domain. For this reason, and because the Central 

Metasedimentary belt boundary thrust zone was not examined in as much detail as the 



other domains of the study area, the boundary as described by previous workers, is 

adopted also in this study (map). 

2. 7 Structural features of the study area 

2. 7.1 Structural terminology 
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The purpose of this section is to define and explain the structural terminology used 

in this chapter and particularly this section. 

The term fabric is defined by Hobbs et al. ( 1976) as 'the complete spatial and 

geometrical configuration of all those components that make up the rock. It covers the 

terms texture, structure and preferred orientation, and describes the shapes and characters 

of individual parts of a rock mass and the manner in which these parts are distributed and 

oriented in space'. Contributing to the fabric are penetrative features or fabric elements, 

which are those occurring in a reproducible manner from one sample of the rock to 

another (Paterson and Weiss 1961, Turner and Weiss 1963). 

The gneissic fabric in the study area is a composite of planar and linear fabric 

elements. These include (definitions after Hobbs et al. 1976): 

-the foliation: pervasive surfaces defined by discontinuities, preferred orientation of 

inequant minerals, laminar mineral aggregates, or some combination of these, that develop 

due to the deformation in metamorphic rocks; 

-the gneissic layering: defined by alternating layers of variable composition, mainly mafic 

and felsic layers; 

-the lineation: any linear structure that occurs repetitively within a rock, for example 

mineral lineations, elongate leucosomes, intersections of two foliations, fold hinges, 

boudins etc. Stretching lineations, in the study area mostly defined by stretched out 



mineral aggregates, are generally interpreted to have formed parallel to the long axis (Z) 

of the finite strain ellipsoid. 
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To analyse the type of deformation experienced by a rock, the shape and size of an 

imaginary initial sphere within an undeformed rock is compared with the shape and size of 

the resulting ellipsoid after deformation. For every point in any deformed body, there is an 

imaginary ellipsoid that represents the strain at that point, which is called the strain 

ellipsoid. In progressive deformation, the 'original sphere within a rock changes 

progressively through a series of ellipsoids and varies continuously in shape until 

deformation ceases' (Flinn 1962). Ifthe deformation is homogeneous, the strain ellipsoid 

has the same shape and orientation in all parts of the deformed body (Hobbs et al. 1976). 

In contrast, in heterogeneous deformation, the displacement vectors that connect material 

points in an undeformed body to material points in deformed bodies are not constant. 

Thus, the strain represented by the strain ellipsoid applies only to a single point in a 

deformed body, as for example in a fold (Hobbs et al. 1976). 

The major axes of the strain ellipsoid are X>Y>Z with a=X/Y and b=Y/Z. The 

strain ellipsoid is usefully described by the parameter k (alb), which is used to indicate 

whether prolate (k>l or L>S), oblate (k<l or S>L), or plane (k=l or S=L) strain 

ellipsoids were formed by the deformation (e.g., Flinn 1962, Watterson 1968). 

Not only the type but also the magnitude of deformation is important in high grade 

terranes, for example for the recognition of shear zones. In this study, the intensity of 

deformation experienced by the gneisses in the study area is qualitatively classified after 

Myers (1978) and Passchier et al. (1990) as (I) low strain or no/weak deformation, (2) 

medium strain or moderate deformation, (3) high strain or strong deformation, and ( 4) 

very high strain or intense deformation. With increasing strain, structures in S>L 

tectonites -viewed on both the ZY and ZX plane- that are initially at high angles to each 
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other, are progressively attenuated and rotated into parallelism (Fig. 2.13). At very high 

strain this results in parallel gneissic layering and increasing grain size reduction. In 

contrast, L>S tectonites will be progressively stretched along the X-axis of the finite strain 

ellipsoid, but structures viewed in the ZY -plane may still remain at high angles even at 

high and very high strain. Within L-S tectonites, both the flattening of structures viewed in 

the ZY- and ZX-plane and the stretching along the X-axis will increase with increasing 

strain (Fig. 2.13). 

The high and very high strain rocks in the study area are interpreted to be part of a 

shear zone. Shear zones are generally defined as 'relatively narrow planar zones of high 

ductile strain between less deformed wall rocks, across which markers, such as layers or 

veins, are displaced' (e.g., Passchier et al. 1990). They are recognised where the foliation 

of weakly deformed wall rocks bends into the strongly deformed centre of the zone (e.g., 

Watterson 1968, Ramsay and Graham 1970, Ramsay 1980, Passchier et al. 1990). 

Increasing grain size reduction in very high strain zones leads to the formation of 

mylonites (e.g., Myers 1978), which are defined as 'cohesive, foliated and usually lineated 

rock produced by tectonic grain-size reduction via crystal-plastic processes in narrow 

zones of intense deformation' (Barker 1990). 

In the study area, the shear zones are characterised by a strong foliation and/or 

lineation, relative grain size reduction, thin (mm-thick), regular gneissic layering, thin 

attenuated leucosomes and/or veins, and locally the presence of kinematic indicators, and 

isoclinal and sheath folds with fold axes subparallel to the lineation. 

Although the (lithological) domain boundaries within the study area generally 

coincide with shear zones, the high and very high strain gneisses are not confined to them. 

In fact, high and very high strain rocks and thus shear zones are widespread in the study 

area, especially in the gneiss assemblages of the Algonquin domain. Therefore, it appears 
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Fig. 2.13. Schematic illustration of the relationship between the type and the magnitude 
of homogeneous deformation in high-grade gneisses Structures in original cube cross-cut 
each other at high angles. \\'ith increasing strain the structures are progressi,·ely flattened 
(k=O), stretched (k=infinite), or both (k= 1) Thus, the planes which show progressi' ely 
reoriented structures depend on the shape of the strain ellipse. Further discussion in text . 



to be more useful to describe the general strain state of the gneisses in the different 

domains than to depict individual shear zones 

2. 7.2 Muskoka domain 
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The planar fabric of the granitic to granodioritic orthogneisses of the Muskoka 

domain dips shallowly to moderately (-20 to 40--o) to the southeast (map). The structural 

trend varies slightly in the western Muskoka domain with dips from northeast to east and 

southeast, and near the Huntsville subdomain boundary where the dip of the planar fabric 

turns toward the southwest (map) . 

The lineations plunge mostly to the southeast or east, only rarely to the northeast 

or southwest (map). The lineations are mainly downdip stretching lineations that are 

defined by drawn out feldspar or quartz aggregates. In addition, elongate biotite 

aggregates and hornblendes, rod-like leucosomes (Fig. 2.14a) or leucosome intersections 

with the foliation surface make up the lineations. West ofBaysville, east-plunging rod-like 

leucosomes of the granodioritic matrix overprint a south-southeast-plunging earlier (pre

Grenvillian?) lineation within granulite inclusions in the migmatitic orthogneisses. The 

east- to southeast-plunging leucosome lineations in this area are cut by patchy young 

leucosomes or by late, narrow, northeast-southwest trending ductile shear zones. 

The majority of the gneisses in the central Muskoka domain are S>L types with 

k<l (e.g., Flinn 1958, 1965), in which the planar fabric, represented by the foliation, 

gneissic layering, and by sheet-like leucosomes, is more pronounced than the linear fabric 

(Fig. 2.14b ), or L-S tectonites with k= 1 (Fig. 2. 14c ), which are characterised by the 

development of both foliation and lineation. Locally, for example north and west of 

Baysville or in the western Muskoka domain along Highway 118 West, rod-like 

leucosomes indicate a strong linear fabric (L>S type or k> 1 ~ Fig. 2. 14a). 
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Most of the migmatitic orthogneisses in the Muskoka domain are medium-grained 

and display a well developed foliation with sub-parallel to parallel gneissic layering or 

concordant foliated leucosomes (e.g., Fig. 2.3a,b,j,). Using the qualitative assessment of 

deformation intensity of Myers ( 1978), the majority of gneisses in the Muskoka domain 

are thus interpreted to have experienced medium to high strain. Low strain zones, for 

example around Baysville, and in the cores of the pink granitoid sheets, are rare and 

defined by weakly to nonfoliated medium- to coarse-grained gneisses with irregular 

orientations of leucosomes. 

However, several amphibolite-facies shear zones and mylonite zones occur, 

ranging from a few meters to decameters wide. These high to very high strain zones 

consist of strongly foliated, fine- to medium-grained gneisses with parallel, thin gneissic 

layering (Fig. 2.14b,d) and locally porphyroclastic layers consisting of disrupted 

pegmatites or leucosomes. In addition, isoclinally folded and attenuated, locally disrupted 

or boudinaged amphibolite layers with recrystallised leucosomes in the boudin necks, 

sheath folds, kinematic indicators such as rotated lenses or feldspar porphyroclasts (Fig. 

2. 14e ), and pegmatite-filled extensional shear bands (Fig. 2. 14t) may be present within the 

shear zones. The high to very high strain zones occur at or close to the lithological 

boundaries with the over- and underlying domains. However, shear zones are not confined 

to the boundaries, and also occur in various areas within the Muskoka domain, where the 

strike of the planar fabric within the shear zones is concordant with the strike of the planar 

fabric in the wall rocks. 

The distribution of folds is heterogeneous within the Muskoka domain. Open to 

tight folding of the foliation (F') and gneissic layering, such as the concordant leucosomes 

becomes isoclinal within high strain zones (Fl ). Fold hinges of tightly folded leucosomes 

are coaxial to the generally southeast dipping downdip lineation (e.g., Fig. 2.14c). F l folds 
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have east-west trending fold axes in the area west of Baysville and are also parallel to the 

local trend of stretching lineations. 

Mainly observed in the western Muskoka domain close to some of the bounding 

shear zones and more rarely within internal shear zones, are tight folds (F2) with hinges 

within the foliation, that refold earlier folded leucosomes (Fig. 2.14d,g). F2 may also 

incorporate inclined, west- to northwest-verging tight to open folds along Highway 118 

West. 

Along Highway 35, mesoscale open to tight folding (F2/3?) of the gneissic fabric 

(F') produced northeast-southwest trending fold axes. Mesoscale, upright gentle folding 

(F2/3 ?) is observed in strongly foliated gneisses in shear zones displaying extensional 

kinematic indicators. 

Kinematic indicators that show the direction of tectonic transport are present 

within high strain areas throughout the Muskoka domain, but are not restricted to the 

bounding shear zones. Shear sense indicators that show displacement towards the 

northwest or west (map) include rotated 8 - and cr -feldspar porphyroclasts and lenses 

(Fig. 2.14e). However, west- or northwest-directed indicators are outnumbered by 

indicators showing southeastward displacement, such as rotated feldspar porphyroblasts. 

The bounding shear zones, more rarely the internal shear zones, generally contain a 

greater amount of southeast-directed indicators in comparison to the northwest-directed 

indicators. In contrast, shear zones only displaying southeast-directed kinematic indicators 

are widely distributed within the Muskoka domain . Common are discrete shear bands, 

most of which are filled with pegmatites (Fig. 2.14f), that crosscut the foliation, and may 

displace structures by up to 50 em. 

Concordant biotite schist zones, derived from amphibole-rich layers, are found at 

some locations within high strain zones. These biotite schists generally form at the contact 
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Fig. 2~14. Structural features in the Muskoka domain. a) Strongly lineated (L>S), shallow 
east-southeast-plunging leu co somes near Baysville. b) Concordant amphibolite layers in 
grey-pink migmatite in high strain zone with k<l (S>L), southwest ofBaysville. c) Tightly 
folded, blade-like leucosomes (L=S) in western Muskoka domain, Highway 118. Fold 
hinges are parallel to regional, southeast-plunging down dip lineation (F 1 ). d) Very high 
strain zone showing folded leucosomes within intrafolial, mesoscale tight folds (F2), 
western Muskoka domain, below CMBbtz, Highway 118 West. 
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Fig. 2.14. continued. Structural features in the Muskoka domain. e) Amphibolite-rich 
layer with rotated leucosome lenses in migmatitic orthogneiss, indicating top to the 
northwest sense of shear, western Muskoka domain, Highway 118 West. Hammer points 
NW. f) Cross-cutting extensional shear zone filled with pegmatite, near Cl\1Bbtz, Highway 
3 5. g) Shallow northeast plunging fold axis of asymmetric tight fold (F2) in very high 
strain zone at Muskoka domain-C:MBbtz boundary, Highway 118 West. h) Late, steep 
brittle fracture zone in migmatite, Highway 3 5. 
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between layers of different competency. Biotite schists are especially common within the 

higher crustal levels of the study area, for example within the Central Metasedimentary 

Belt boundary thrust zone (Fig. 2. 18b ), where they have been proposed to accompany 

extension (e.g., Culshaw 1983), and in the Muskoka domain. 

Late structures are rare, fine-grained mylonite zones containing chlorite, and steep, 

brittle fracture zones ( 10 em to 4 m wide; Fig. 2.14h) containing biotite schists and locally 

epidote. 

The microstructure of the migmatitic orthogneisses of the Muskoka domain is 

characterised by a medium-grained, mainly subpolygonal matrix. Minor recrystallisation to 

subgrains and to new, strain-free, fine and very fine grains occurs at the grain boundaries 

of the felsic minerals. These kinds of recrystallisation features are indicators 

that recovery and recrystallisation processes have operated in response to progressive 

ductile shearing (e.g., Barker 1990). 

2. 7.3 Kawagama zone 

The planar fabric of the gneisses in the Kawagama zone (e.g., Fig. 2.6c) dips 

shallowly to moderately to the southeast (map). In the western Kawagama zone southeast 

of Dorset, the planar fabric of the interlayered felsic and intermediate to mafic gneiss 

associations changes strike parallel with the southeastern arm of Raven Lake, and may 

possibly represent a regional-scale fold that is cut off in the south by the migmatitic 

orthogneisses of the Muskoka domain. 

Stretching lineations defined by drawn-out feldspar and quartz aggregates 

generally dip southeast, similar to the rest of the study area. These are especially common 

close to or at the southern boundary of the Kawagama zone. A second set of mineral 

lineations is characterised by subhorizontal, northeast-plunging lineations that may consist 
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of elongate hornblende (Fig. 2. 15a), biotite, or feldspar aggregates. The felsic gneiss 

association contains both the strike-parallel, northeast- or southwest-trending lineations 

and the southeast-trending stretching lineations. In one outcrop, the strike-parallel 

lineations within the felsic gneiss association are exposed close to the contact with the 

interlayered intermediate to mafic gneiss association, but not a few meters away from the 

margins. In contrast, the intermediate to mafic gneiss association generally exhibits only 

the southeast-trending lineations. 

The Kawagama assemblage consists of fine- to medium-grained gneisses. The 

planar fabric (e.g., Fig. 2.6c, Fig. 2.15b ), characterised by strong foliation, thin gneissic 

layering, isoclinal folding, attenuation of mafic layers, is usually more pronounced than the 

linear fabric. Recrystallised feldspar megacrysts within the megacrystic granitoids of the 

felsic gneiss association reflect major shortening parallel the Y -axis, but less stretching 

parallel the X-axis ofthe finite strain ellipsoid (Fig. 2.15b). The majority ofthe Kawagama 

zone is thus interpreted to comprise S>L tectonites with a k-value between 0 and 1 (e.g., 

Flinn 1962, 1965, Watterson 1968). 

As the majority of gneisses in the Kawagama zone are strongly flattened and 

display (sub )parallel gneissic layering on both the ZY- and ZX-plane, the strain intensity, 

in contrast to the gneisses of the Muskoka domain, is classified to be high in general 

(Myers 1978). Locally medium or very highly strained gneisses occur. The latter are very 

common within or close to the bounding shear zones and display a very thin gneissic 

layering and progressive grain size reduction (e.g. , Fig. 2.6c). 

Folds within the Kawagama zone are rare. The observed folds differ from each 

other in scale and profile, however, their fold axes are parallel to each other, to the 

regional trend of southeast-plunging stretching lineations, and to the X-axis of the finite 

strain ellipsoid. Isoclinal folds (F 1) of leucosomes and mafic layers are coplanar to the 
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Fig. 2.15. Structural features in the Kawagama zone, I<awagama Lake. a) Subhorizontal, 
northeast-trending amphibole lineation in felsic gneiss (parallel hammer). b) Strongly 
flattened megacrystic granitoid of felsic gneiss association. c) Intrafolial isoclinal folding of 
mafic layer in intermediate to mafic gneiss association near Muskoka domain boundary. d) 
Tight folds in felsic gneiss association. Fold axes parallel to southeast-plunging stretching 
lineation. 
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strong foliation (S 1) within the intermediate to mafic gneiss assemblage (Fig. 2.15c) . 

Within the felsic gneiss assemblage, tight to isoclinally folds of amphibolite layers have 

southeast-plunging fold hinges that are parallel to a downdip stret_ching lineation (Fig. 

2.15d), as for example close to the northern boundary of the Kawagama zone. Mesoscale 

tight folds with approximately southeast-plunging fold axes (Fl ?) are present within the 

mafic to intermediate gneiss association at the northeastern region of the Kawagama zone. 

The fold axes are parallel to the local southeast-trending mineral and stretching lineations . 

On a regional scale, the strike variation in the area of Raven Lake could possibly represent 

a reclined open fold with a south-southeast-plunging axis (map). 

Kinematic indicators are limited within the Kawagama zone. Feldspar megacrysts 

or lenses within the host gneisses are commonly strongly flattened and therefore 

ambiguous. Poorly defined northwest-directed shear sense indicators are only observed 

near/at the southern boundary of the Kawagama zone. In contrast, small-scale shear zones 

filled with pegmatitic material, which indicate southeast shear sense, are more common. 

The microstructure within the gneisses of the felsic gneiss association is 

characterised by a strongly foliated, fine- to medium-grained matrix. Euhedral, fine

grained feldspar inclusions within the matrix minerals indicates initial dynamic 

recrystallisation to larger grain sizes. The grain boundaries of the medium- (rarely coarse) 

grained feldspar porphyroblasts of the matrix subsequently recrystallised to fine and very 

fine sub and new grains and/or myrmekites. As not all of the felsic gneisses experienced 

partial melting, the formation of myrmekites within these rocks is interpreted to result 

from deformation, as replacement of the dominant K-feldspar within these rocks by 

plagioclase and quartz leads to a decrease in volume (e.g., Simpson and Wintsch 1989). 

The strong recrystallisation gives rise to irregular grain boundaries in contrast to the rare 

(sub )polygonal fabric in less strongly foliated varieties. 
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A grain flattening fabric is characterised by mono- to polycrystalline quartz 

ribbons, that truncate the matrix fabric . The quartz ribbons are generally foliation-parallel. 

The polycrystalline quartz ribbons from the Grenville Province have been variously 

interpreted as a result of Grenvillian high strain (Culshaw and Fyson 1984) or to represent 

quartz filled fractures that formed in a low strain regime during late Grenvillian extensional 

shearing (MacKinnon and Fueten 1997). Within the gneisses of the study area, the quartz 

ribbons are interpreted to have developed during the la~est stages of the tectonic history . 

Thin shear bands, referred to as C-planes (e.g. Berthe et al. 1979), which cut the matrix at 

an angle of approximately 45° to the foliation, are also filled by quartz ribbons or by 

recrystallised, fine-grained, felsic matrix minerals" 

The intermediate to mafic gneiss assemblage generally displays a subpolygonal 

texture with less recrystallisation to fine sub- and new grains at the grain boundaries of the 

felsic minerals. Quartz ribbons are present within strongly deformed samples. 

2. 7. 4 Algonquin dontain 

Southern Huntsville assemblage 

The planar fabric of the southeastern part of the Southern Huntsville assemblage 

dips shallowly (to moderately) to the southeast. Towards the west of the study area, the 

strike changes from south to southwest (map). 

The lineations in the Southern Huntsville assemblage may vary from layer to layer 

on outcrop-scale with plunges mainly to the southeast and south but also to the northeast 

and southwest (map). 

The fabric of the gneisses in the Southern Huntsville assemblage, but also in the 

Birkendale and McClintock assemblages of the Algonquin domain, reflect the extreme end 

members of strain ellipsoid shape and deformation intensity as illustrated in figure 2. 13 . 
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Both ZY and ZX planes show a very strong foliation, a regular, thin gneissic layering, and 

a remarkable continuity of mafic layers within the fine- to medium-grained gneisses (e .g ., 

Fig. 2.8a, 2.16a). This fabric indicates an oblate shape of the finite strain ellipse with k 

close to 0 (S- or S>L type, e.g., Flinn 1962, Watterson 1968). In most of the gneisses, 

layers, veins, and other structures are completely parallel when viewed in the ZY and ZX 

planes. On a qualitative scale, these gneisses are therefore interpreted to have experienced 

high to very high strain (Myers 1978). 

Exceptions from this type are rare, but occur, for example, near Dwight. Here, the 

foliation is weaker and the layering is less distinct, therefore retaining information of more 

complex deformation features . Davidson et al. ( 1984a) described transposed mafic lenses 

that are now oriented approximately perpendicular to an older foliation, that are still 

present in the host rock. The younger southeast-dipping mineral foliation and southwest

dipping lineation are not widely developed in this area (Davidson et al. 1984a). 

Folding is not observed everywhere in the Southern Huntsville assemblage. Most 

common are recumbent isoclinal folds (F 1) of leucosomes or mafic layers (Fig. 2.16a). In 

the northern Lake of Bays area tight to isoclinal folds (F 1 ?~ Fig. 2. 16b) within straight 

gneisses have southeast-plunging fold axes and subparallel mineral lineations, whereas 

structurally overlying straight gneisses dip to the south with south-plunging lineations. 

Northwest ofDwight, outcrop-scale, tight to isoclinal folding of folded leucosomes is 

associated with strike-parallel, southwest-plunging intersection lineations (F2~ Fig. 2. 16c ), 

and top-side-down rotated feldspar-porphyroblasts. In the southeastern part of the 

Southern Huntsville assemblage, the straight planar fabric is folded into mesoscopic, 

gentle to open folds with northeast-trending axes (F2 or F3?), for example in the 

granulites near Dwight. 
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Fig. 2.16. Structural features in the Southern Huntsville assemblage. a) Isoclinally folded 
attenuated mafic layers in layered garnet-granulite near Dwight (Fl), Highway 60. b) 
Tight folds in garnet-granulite associated with shallow southeast-plunging mineral 
lineation (Fl ?), Lake of Bays. c) Tightly refolded leucosomes (F2?) associated with 
southwest-plunging intersection lineation, northwest of Dwight. 
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Shear sense indicators, such as rotated feldspar porphyroclasts indicating both 

northwest-directed and southeast-directed shear sense are rare. Overprinting shear bands 

or zones that are filled with felsic veins or pegmatites, distinctly indicate later southeast

directed extension. 

In thin section the gneisses of the Southern Huntsville assemblage display a 

strongly annealed, (sub )polygonal texture in a mostly fine- but also medium-grained 

matrix. Gneisses from high and very high strain zones exhibit a grain-flattening fabric with 

polycrystalline quartz ribbons, rarely also K-feldspar ribbons, that truncate the fine to very 

fine, flattened and more equidimensional grains of the matrix, similar to those described 

from the felsic gneiss association of the Kawagama assemblage. Mafic minerals are 

segregated into foliation-parallel layers. 

Birkendale assemblage 

Generally, the structures within the Birkendale assemblage are similar to the ones 

observed in the Southern Huntsville assemblage. The planar fabric dominantly dips to the 

southeast (map). Locally well developed stretching lineations in the gneisses may vary in 

trend from layer to layer (Fig. 2.17a) from northeast and southwest to southeast. 

The fine- to medium-grained gneisses of the Birkendale assemblage show a strong 

foliation and parallel gneissic layering on both the ZY and ZX plane, as well as continuous 

attenuated mafic layers, indicating an oblate strain ellipsoid for the majority of the 

Birkendale assemblage with k approaching 0 (e.g., Flinn 1962). Similar to the gneisses in 

the Southern Huntsville assemblage, these mostly lie in areas of high to very high strain 

that were interpreted as shear zones. In between the ductile shear zones, more massive 

gneisses with the same, but less flattened fabric, experienced medium strain. 



Fig. 2.17. Structural features in the Birkendale assemblage. a) Orientation of stretching 
lineation differs from layer to layer in granitoid at Birkendale. b) F2 folds refolding 
isoclinally folded mafic layers, Birkendale. 
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Isoclinal folds (Fl ; e.g., Fig. 2.9a,b) are refolded into inclined northwest-verging 

folds with north-northeast-plunging axes (F2; Fig. 2.17b ). The second generation of fold 

axes (F2) is warped (Davidson et al. 1984a), with south-southwest-plunging fold axes in 

the structurally lowest level ofthe Birkendale assemblage. The changing strike and small

scale northeast-trending fold axes in the area west ofBirkendale may indicate a 

macroscopic, reclined, open fold with a shallow southeast-dipping axial plane, in which 

case the Birkendale assemblage might be part of the original Huntsville subdomain. 

Kinematic indicators such as rotated feldspar porphyroclasts are limited within the 

Birkendale assemblage. In contrast, extensional small-scale shear zones and bands filled 

with pegmatites are numerous, especially within the metasedimentary rock package in the 

uppermost structural level of the Birkendale assemblage. These discrete shear zones also 

exist in the western extension of the Birkendale assemblage. 

The microstructure in the more massive gneisses is reflected by a fine- to 

medium-grained matrix with a polygonal texture, in contrast to the grain flattening fabric 

that is exhibited by the gneisses that originate from the shear zones. The microstructure of 

the granitoid gneisses in the western Birkendale assemblage also exhibits a strong grain 

flattening fabric with foliation-parallel coarse quartz and K-feldspar ribbons that truncate 

the fine to medium grains of the matrix. Recrystallisation of felsic minerals to sub grains 

and new grains at polygonal grain boundaries leads to partly irregular grain boundaries. 

McClintock assemblage 

The structures within the McClintock ·assemblage are very similar to the ones 

described previously for the Birkendale and Southern Huntsville assemblage. The planar 

fabric dips shallowly to moderately to the southeast (map). Rarely, the gneisses of the 

McClintock assemblage also show a distinct linear fabric . The lineations mostly plunge to 
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the southeast or to the northeast, but may also dip to the north, south or southwest (map) . 

The prominent southeast-dipping lineations are stretching lineations. These are commonly 

present in shear zones that only or dominantly display top-side down kinematic indicators, 

possibly indicating their development during later Grenvillian extension. The orientation of 

stretching lineations may also vary on different layers within the same outcrop (map) . 

Similar to the other gneiss assemblages of the Algonquin domain, the majority of 

gneisses in the McClintock assemblage are interpreted to lie in high to very high strain 

zones (e.g., Myers 1978). This is reflected in a strong foliation, thin to very thin parallel 

gneissic layering viewed on both ZY and ZX plane, and fine- to medium grain sizes (e.g ., 

Fig. 2.1 Oa) . The gneisses are generally interpreted to represent S>L tectonites with k 

values between 1 and 0. 

The folding history of the McClintock assemblage resembles that of the Birkendale 

assemblage. Isoclinal folds (F1 ?) in shear zones (e.g., Fig. 2.1 Oa) are coaxial to the down

dip southeast-plunging stretching lineations. The strong planar fabric (S 1) is locally 

refolded into inclined northwest-verging mesoscopic folds (F2?). Gentle to open folding 

can be observed in most outcrops (F2 or F3 ?). 

Within the McClintock assemblage, different gneiss associations that crop out on 

Highway 3 5 can be followed along strike to the southwest, and, turning around, parallel to 

the southern boundary of this assemblage (map). Although no fold closure could be 

observed, the repetition of gneiss associations and the changing strike is suggested to 

represent a regional-scale, reclined, tight to isoclinal fold with a shallow southeast

plunging fold axis (map). The upper limb in the south is extremely attenuated against the 

highly deformed gneiss assemblage of the structurally overlying Kawagama zone. The core 

of the fold (MCl-1) is interpreted to lie in the area of Dorset, whereas the northwestern 

fold limb (MCl-2 to MCI-5) is suggested to be exposed in the area north and west of 
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Dorset. The different gneiss associations of the northwestern limb are separated by or 

occupy ductile shear zones (map). Kinematic indicators such as rotated 8- and cr -feldspar 

porphyroblasts or lenses rarely indicate northwest-directed shear~ most of them reflect 

southeast-directed shear, especially within internal high strain zones. Common are 

. crosscutting small-scale shear zones or shear bands indicating later extension. 

Chloritisation, and fine- to very fine-grained, dark mylonitic gneisses with top-side 

down rotated feldspar porphyroclasts in steeply dipping ( -60-70°) zones, indicate late 

extension at lower temperatures. This later extension may be responsible for the local 

decimeter-scale separation of structures and for the formation of biotite schist zones, latter 

ones locally found at the contact between the mylonite and the host rock. The locally 

lensoid biotite schist zones contain a different internal foliation than the host. The biotite 

schists are most common within the core of the regional-scale fold . Other late structures in 

the study area are steep brittle shear zones. 

The microstructure in many of the rocks from the McClintock assemblage shows a 

grain flattening fabric that commonly includes quartz-ribbons. The grain boundaries are 

sutured due to strain-induced boundary migration. Less deformed or more annealed 

gneisses exhibit a subpolygonal fabric, although recrystallisation to fine, new and subgrains 

at the grain boundaries of the medium grained felsic minerals is common within all of the 

rocks. 

2. 7. 5 Central Metasedimentary Belt boundary thrust zone 

The strong planar fabric of the straight gneisses (e.g., Fig. 2.12a) in the Central 

Metasedimentary Belt boundary thrust zone dips moderately to shallowly to the east to 

southeast . This planar fabric is more or less concordant to the slightly more southerly 



dipping migmatites of the Muskoka domain. The mainly southeasterly dipping stretching 

lineations also have a similar trend to the ones in the underlying Muskoka domain. 
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The gneisses of the Central Metasedimentary belt boundary thrust zone were 

previously classified as S>L tectonites (e.g., Hanmer 1988), with a k-value between 0 and 

1. This is reflected by the strong flattening of structures viewed in both the ZY and ZX 

plane. However, in contrast to the gneisses in the Algonquin domain, a certain amount of 

stretching ~long the X-axis of the finite strain ellipsoid is reflected less oblate shape 

fabrics, such as feldspar porphyroblasts, for example within the 'porphyroclastic straight 

gneiss', and the common disruption of mafic layers. 

Most of the gneisses of the Central Metasedimentary Belt boundary thrust zone 

show the typical features for high and very high strain zones, although the included 

Redstone and Dysart thrust sheets are internally less deformed. Deformation features 

include a strong foliation (e.g., Fig. 2.12a), millimeter-scale gneissic layering of the 

gneisses, boudinage of more mafic, competent layers, deformed calcsilicate- and marble 

layers, porphyroclastic, concordant and variably deformed crosscutting pegmatites, 

isoclinal folds, sheets of straight gneiss that truncate other sheets of straight gneiss within 

the porphyroclastic and straight gneiss package, and late shear bands. 

Numerous kinematic indicators, such as rotated 8-feldspar porphyroclasts, indicate 

both northwestward (Fig. 2.18a) and southeastward shear, suggested to indicate early 

thrusting and later extension, respectively (e.g., Culshaw 1983). 

Concordant or slightly discordant layers of tectonic biotite schist (Fig. 2. 18b) are 

very common within the Central Metasedimentary Belt boundary thrust zone (e .g., 

Culshaw 1983, 1986). The biotite schists, locally as lenses between the hangingwall and 

the footwall, were derived from amphibolites in zones of localised movement between 

layers of different competency within a shear zone. Fluid migration along the shear zone 



Fig. 2.18. Structural features in straight gneisses of the Central Metasedimentary Belt 
boundary thrust zone. a) Rotated 8-feldspar porphyroclast in mafic layer indicates 
northwest-directed movement, Highway 35. b) Top-side down rotated a-feldspar 
porphyroclasts in biotite schist, Highway 3 5. 
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may have enhanced the retrogression to biotite. The tectonic biotite schist zones formed 

syntectonically with respect to the later stages of Grenvillian deformation, since kinematic 

indicators within them like rotated feldspar porphyroclasts indicate extension (Fig. 2. 18b~ 

e.g., Culshaw 1983). The biotite schists cross-cut discordant pegmatites, may contain flat 

boudins of leucosomes or pegmatites, and are cut by late cross-cutting pegmatite veins . 

2. 8 Summary and discussion 

Field work in three different structural levels of the Central Gneiss Belt established 

differences in lithology, metamorphic grade, and structure between the subdomains of the 

Algonquin thrust stack in structural level 1, the Muskoka domain in structural level 4, and 

the intervening Kawagama zone (Fig. 2.1). 

2.8.1 Muskoka domain 

The lithological variation in the Muskoka domain is minimal~ the dominant rock 

types are thoroughly recrystallised, medium-grained granitic to granodioritic, migmatitic 

orthogneisses. Regional high-grade metamorphism resulted in upper amphibolite facies 

metamorphism and widespread anatexis that produced migmatites containing a great 

amount of leucosomes (up to 3 5 volo/o) rich in hydrous minerals. 

Amphibolite facies leucosomes. Within the amphibolite facies migmatites, up to 

three different generations ofleucosomes can be observed. Early, thin (few nun), 

concordant leucosomes could be pre-Grenvillian in age, and could have been deformed by 

early Grenvillian high or very high strain. At least two generations of coarse-grained 

leucosomes occur. Concordant leucosomes formed before and/or during deformation and 

migrated into the developing foliation planes (e.g., Cesare et al. 1997). The later, cross

cutting or irregular leucosomes migrated into the later, often extension-related structures. 
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The two generations of coarse grained leu co somes are interpreted to have formed during 

progressive Grenvillian high-grade metamorphism. 

The variable amount ofleucosomes (3-50%) within and between different 

outcrops may be the result of (or of combinations of) i) different degrees of anatexis due 

to differences in fluid distribution, ii) differences in composition of the orthogneisses, or 

iii) different degrees of leucosome expulsion and migration from some ofthe areas 

The last possibility is suggested to have played an important role in areas in which 

leucocratic veins transported newly formed leucosomes into higher structural levels, where 

they may have recrystallised as one of the numerous syntectonic pegmatites observed in 

the study area (e.g., Carson et al. 1997). This interpretation is supported by the fact that 

syntectonic pegmatites are more widespread within amphibolite facies migmatites 

compared to the granulite facies rocks of the Muskoka domain, and by U-Pb isotope 

studies on Grenvillian pegmatites from the Central Gneiss Belt further west of the study 

area (e.g., Corrigan et al. 1994, Ketchum 1995, Ketchum et al. in press), which indicate 

their formation as a result of Grenvillian reworking of the host rock. 

Granulite facies leucosomes. Leucosomes in amphibolite-facies migmatites 

locally contain ortho- or clinopyroxene porphyroblasts that are commonly rimmed by 

hornblende. These porphyroblasts were previously interpreted as a relict of an early 

granulite facies metamorphism (e.g. Culshaw et al. 1983). 

Another type of granulite-facies leucosomes (Pl-Opx-Cpx) occurs within mafic 

granulites as a light colored network of veins. These net veins have been examined by 

Pattison (1991) within a coronite ofthe ca. 1170 Ma coronitic metagabbro suite (e.g., 

Davidson and van Breemen 1988) within the Central Gneiss Belt. Pattison ( 1991) 

postulated their formation to result from progressive, two-stage low-aH2o metasomatism 

during Grenvillian high-grade metamorphism at ca. 700°C and ca. 8 kbar. The initial phase 
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was characterised by channeled Si+Na+Ba+Sr±K±Al-enriched, low-aH2o fluid infiltration 

that produced fine-grained, diffuse veins and patches that show a gradational contact with 

the host. During this stage hornblende and garnet in the host rock broke down to produce 

pyroxenes and plagioclase within the veins. The second stage was the local, internally 

derived anatexis, in which additional K in the infiltrating fluid produced coarse tonalitic 

(Qtz-antiperthitic Pl-Opx) leucosomes and intermediate veins with sharp contacts with the 

surrounding metagabbro. The source of the infiltrating fluid is unknown (Pattison 1991). 

Late-generation granulite-facies leucosomes or veins that cut the structures of the 

amphibolite-facies host are similarly interpreted to result from fluid infiltration, which must 

have happened in the later stages of the Grenvillian history. The distribution and the field 

relationships of these veins closely resemble the ones described from southern India where 

charnockitic gneisses or veins form as a result of the infiltration of low a H2o fluids and 

possible metasomatism (e.g., Newton 1992). In this case the charnockitic alteration was 

probably not only caused by the infiltration of fluids but also by partial melting, as COr 

rich fluids in amphibolite facies rocks may cause partial melting. The occurrence of distinct 

charnockitic veins and leucosomes, and euhedral orthopyroxene porphyroblasts within 

them support this interpretation, as these features are typical of partial melting (e .g., 

Newton 1992). 

In the light of this evidence the granulite facies assemblages observed within the 

leucosomes of the amphibolite facies migmatites may not have formed during a pre

Grenvillian or early Grenvillian granulite facies metamorphism, as proposed by previous 

workers in this area (e.g., Cutshaw et al. 1983). Instead the processes postulated by 

Pattison ( 1991) to have formed net veins in the coronitic metagabbros of the Central 

Gneiss Belt, could also be responsible for the formation of the granulite-facies leucosomes 

or veins within the surrounding amphibolite-facies orthogneisses. In this case, the 
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retrograde biotite or hornblende rims around the pyroxene porphyroblasts in the 

leucosomes may be due to retrograde hydration after hydrous fluid release at the time of 

leucosome crystallisation. 

Granulites . Several different types of granulites were distinguished in the 

Muskoka domain. 

These include yellow-green, leucocratic charnockites, that occur in patchy 

association with amphibolite-facies pink granitoids. The gradual transition between these 

two rock types indicates the participation of fluids in their formation. Both of the 

associated rock types host the above described cross-cutting granulite-facies leucosomes 

or veins. This suggests that patchy charnockitic granulites were formed in a similar way, 

by the infiltration of COr rich fluids. If low aH20-fluids migrated through the coronitic 

metagabbros and if they also led to the formation of the cross-cutting leucocratic granulite 

veins, they would probably migrate through the surrounding host rocks as well . 

Another case for the possible infiltration of low aH20-fluids are the intermediate 

granulites that are associated with the amphibolite facies migmatitic orthogneisses. The 

striking similarities between those granulites and the associated migmatites are interpreted 

to result from the fact that both rock types are part of the same package that shared a 

common history, but that the granulite facies assemblages were formed later as described 

above. 

In contrast, numerous mafic and ultramafic granulite enclaves within the 

Muskoka domain probably have a different origin. The cores of the enclaves exhibit 

granulite facies assemblages, compared to the partly retrogressed, sheared margins, and 

the mostly lower-grade, amphibolite-facies hosts. Possible explanations for this feature 

are: ( 1) Age differences: The mafic, granulite facies enclaves are older than the 

surrounding amphibolite facies migmatites, i.e., they experienced a high-grade granulite 
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facies metamorphism whereas the migmatitic orthogneisses did not. The mafic granulites 

could either come from a different location where they experienced a higher grade 

metamorphism, and were subsequently tectonically emplaced into the lower grade host, or 

they are xenoliths of a granulite mass intruded by the precursor of the migmatitic 

orthogneisses. An older origin of some of the mafic inclusions is supported by field 

relationships that show older or more complicated textures than the surrounding host. 

Examples are: i) rare granulite lenses with crenulation cleavage, showing a later fabric that 

is perpendicular to the earlier foliation. Though the early fabric could have been 

. completely transposed in the softer country rock, it would be expected that most of the 

other mafic enclaves would also show an early fabric . ii) A foliated, fine-grained mafic lens 

that cuts the leucosomes within the mafic bodies but not those in the migmatitic 

orthogneisses. iii) An older foliation that differs in orientation from the one of the host 

rock, although this may be simply due to rotation. 

However, age differences cannot exclusively be the reason for the differences in 

metamorphic grade since it is known that coronitic metagabbros throughout the Central 

Gneiss Belt did not intrude before II70 Ma and were metamorphosed under granulite 

facies conditions at ca. I 045 Ma (e.g., Davidson and van Breemen I988) . Thus, at least 

some of the mafic enclaves could not have experienced an older metamorphic event than 

the surrounding amphibolite facies gneisses. In the case of the II 70 Ma old coronitic 

metagabbros, which throughout the Central Gneiss Belt exhibit granulite facies 

assemblages in a lower grade host, the following explanations are more likely: (2) 

Different degree of retrogression: Both the mafic inclusions and the quartzofeldspathic 

host experienced a granulite facies metamorphism. Subsequently the quartzofeldspathic 

gneisses were retrogressed to upper amphibolite facies whereas the mafic inclusions 

remained in granulite facies due to their different composition and rheology, latter 
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preventing H20 penetration. (3) During high-grade metamorphism, the quartzofeldspathic 

gneisses experienced partial melting due to higher initial water content whereas the mafic 

enclaves were relatively anhydrous even before metamorphism. Due to their low H20 

content, the mafic enclaves were metamorphosed to granulites. Following peak

metamorphism and melting, the infiltration of low a H2o fluids caused patchy granulitisation 

within the quartzo-feldspathic gneisses and net veining in the mafic enclaves. The different 

possibilities for granulite formation in the study area will be further examined in chapter 3. 

2.8.2 Kawagama zone 

Th.is study interprets the shallowly to moderately southeast dipping Kawagama 

zone, that separates the Muskoka domain in the south from the structurally underlying 

McClintock assemblage in the north, as a distinctive rock package. The rock package, 

termed Kawagama assemblage, consists of a felsic, possibly syenitic gneiss association that 

is interlayered with an intermediate to mafic gneiss association. The metamorphic grade is 

predominantly amphibolite facies, although subordinate granulite-facies assemblages 

indicate retrogression of a former higher grade assemblage. 

The boundaries of the Kawagama zone are redefined in this study because 

structural trends change the western margin in the area of Raven Lake, possibly outlining a 

regional-scale open fold with a southeast-plunging fold axis. An extension of the 

intermediate to mafic gneiss association in the eastern part of the thrust sheets, previously 

assigned to the Muskoka domain, has been reassigned to the Kawagama assemblage. 

2. 8. 3 Algonquin donzain 

In the Algonquin domain, the lithological diversity, with several varieties of both 

ortho-and paragneisses, is much greater than in the Muskoka domain. In the study area, 
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the Algonquin domain consists of distinct successions of rock types that were subdivided 

into the Southern Huntsville assemblage, Birkendale assemblage, and McClintock 

assemblage. 

The early geological histories of the examined gneiss assemblages of the Algonquin 

domain show a great resemblance, consistent with an interpretation of their pre

Grenvillian spatial association. Early sediments are associated with granitic and 

granodioritic magmas and mafic dykes. The plutonic suite includes two types of 

megacrystic granitoids, which are often interlayered with each other. This indicates that 

they intruded approximately at the same time or that one granitoid formed by 

differentiation from the other. In addition, migmatitic orthogneisses similar to the ones in 

the Muskoka domain are common within the McClintock assemblage, suggesting that a 

similar plutonic event affected both areas. 

The three gneiss assemblages exhibit varying metamorphic grades. The interlayered 

ortho- and paragneisses in the southeastern Southern Huntsville assemblage in the 

northern Lake of Bays area are mainly in granulite facies but amphibolite facies gneisses 

also exist. Gamet porphyroblasts within amphibolite facies gneisses are replaced from rim 

to core by syn-deformational biotite. Resembling the migmatites of the Muskoka domain, 

the amphibolites of the Southern Huntsville assemblage exhibit orthopyroxenes, some of 

them rimmed by hornblende, as well as a meso- to macroscale patchy distribution of 

granulite facies equivalents with gradational transition to the amphibolite facies gneisses. 

These features were previously interpreted as relicts of an older granulite facies 

metamorphism (e.g. Culshaw et al. 1983, Nadeau 1990). In the Muskoka domain similar 

features are suggested to possibly result from post peak metamorphic infiltration of low 

aH2o fluids. 



101 

In contrast to the Southern Huntsville assemblage, the Birkendale and McClintock 

assemblages mostly contain upper amphibolite facies assemblages, although granulite 

facies assemblages are also present. Similarly, this could indicate retrogression from an 

earlier granulite facies metamorphism, or a Grenvillian post-peak metamorphic overprint 

due to the infiltration of low aH2o fluids. 

The main contrast to the Muskoka domain is, that granulite facies assemblages in 

the Algonquin domain do not solely occur on outcrop-scale in patchy distribution with 

amphibolite facies rocks. In contrast, it is typical for these gneiss assemblages to comprise 

much larger, mappable tracts of granulites. An example are the megacrystic granitoids of 

the McClintock assemblage that occur both in amphibolite facies and in granulite facies, 

but generally only in one grade at any one outcrop. Infiltration of low aH2o fluids is an 

unlikely mechanism to form these extensive, regionally distributed granulites (e.g., 

Clemens 1981, Clemens et al. 1997), which are thus suggested to be the products of either 

pre-Grenvillian or early Grenvillian granulite facies metamorphism. In addition, most 

granulites in the Algonquin domain do not exhibit the same structures and leucosome 

patterns as described for the intermediate granulites of the Muskoka domain, which makes 

a later overprint due to fluid infiltration more unlikely. With respect to that hypothesis, 

some of the outcrop-scale, patchy occurrences of granulite facies assemblages within 

amphibolite facies host rocks may also be relicts of the earlier granulite facies 

metamorphism. 

The variable distribution of (retrograde?) amphibolite facies assemblages may be 

due to the location of the individual packages at different crustal levels during the 

Grenvillian orogeny or alternatively, due to the proximity of major shear zones. The latter 

interpretation is favoured as amphibolite facies grade in the Algonquin domain is 

particularly common in high to very high strain areas, especially immediately structurally 
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below the boundary with the overlying Kawagama zone and Muskoka domain. For . 

example, not only are most of the amphibolite facies gneisses of the McClintock 

assemblage located structurally immediately below the Kawagama zone, these are also the 

ones that experienced the highest amount of strain. Further structurally below the 

Kawagama zone, e.g., along Highway 60 near Algonquin Provincial Park or along 

Livingstone Lake Road, most of the rocks of the McClintock assemblage exhibit granulite 

facies assemblages. This indicates that juxtaposition of the Kawagama assemblage with the 

McClintock assemblage occurred at amphibolite-facies conditions, with the retrogression 

possibly enhanced by fluid influx during shearing. 

2.8.4 Structures 

The structures in the study area are interpreted as a result of progressive 

deformation during the Grenvillian orogeny. 

Fabric trends. In most of the study area the generally well to very well developed 

planar fabric dips dominantly to the southeast with moderate to shallow angles. Lineations 

are generally downdip with a southeastern plunge. Similar to the observations of previous 

workers in this area (e.g., Davidson et al. 1982, Culshaw et al. 1983, Davidson et al. 1985, 

Nadeau 1990), the south- and southeast-trending lineations are suggested to result from 

Grenvillian northwestward thrusting and/or later southeastward extension. 

A second set of northeast-southwest-trending lineations appears within the 

Algonquin domain. Within high and very high strain zones, lineations may also vary from 

layer to layer. This could be due to deformation partitioning between the different layers, 

which is typical for ductile shear zones (e.g ., Chadwick 1968, Tobisch and Paterson 

1988). During continuous progressive deformation, slightly shifting movement directions 

can produce multiple generations of contemporaneous structures (Tobisch and Paterson 
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1988). Alternatively, the northeast-southwest-trending lineations were postulated by 

Nadeau ( 1990) to result from transpressive flow during northwestward thrusting over a 

culmination in the footwall of the Huntsville subdomain. In contrast, northeast-southwest 

trending lineations within the parautochthon of Georgian Bay are interpreted to have 

formed during an earlier Grenvillian event (e.g., Culshaw et al. 1994, Ketchum 1995) . 

Within the Kawagama zone, two types of lineations are present as well. 

Southwest-trending stretching lineations may be related to extension, as these are common 

in areas with top-side down kinematic indicators. Northeast-trending mineral lineations are 

present only within the felsic gneiss association, especially close to the contact with the 

intermediate to mafic gneiss association. The northeast-trending mineral lineations within 

the felsic gneiss association may be the result of deformation during intrusion of the 

syenitic granitoid suite into an already existing basement consisting of the intermediate to 

mafic gneiss association. 

On the other hand, strain partitioning during shearing may account for the different 

lineations. Strain partitioning is particularly common in shear zones that contain 

heterogeneous material (e. g., Lister and Williams 1983 ), which in the Kawagama zone is 

represented by the interlayered felsic and intermediate to mafic gneiss association. 

Alternatively, lineations subparallel to orogenic belts have been suggested to result from 

orogen-parallel extension after oblique continental collision (Ellis and Watkinson 1987). 

Deformation. Each of the analysed domains/gneiss assemblages shows a 

distinctive structural pattern that is the result of variations in the shapes of the finite strain 

ellipsoids and variations in strain intensity. The majority of the gneisses in the Muskoka 

domain are classified as S>L and L-S types with a k-value between 0 to 1, with local 

exceptions ofL>S tectonites with k> 1 (e.g., Flinn 1962, Watterson 1968). The majority of 

the gneisses in the Muskoka domain experienced medium to high finite strain (Myers 
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1978). In contrast, the gneisses of the Kawagama assemblage are more highly strained, 

and comprise S>L tectonites with k between 0 and 1. Exceptional in the study area are the 

high to very high strain gneisses of the Algonquin domain that display strongly developed 

planar fabrics. These gneisses apparently have not experienced greater amounts of 

stretching along the X-ax.is than along the Y -axis of the finite strain ellipsoid. Thus, the 

shape of the strain ellipsoids for the S>L to S-type gneisses in the Algonquin domain is 

oblate and produced by flattening-type deformation with k-values close to 0. 

Because the fabrics reflecting the shape of the finite strain ellipsoid and the 

deformation intensity are so similar within the individual domains, the strain experienced 

by these gneisses during the Grenvillian orogeny is suggested to have been homogenous 

on domain-scale. The only exception is the western Muskoka domain, where the shape of 

the finite strain ellipsoid varies more readily, which is reflected by alternating S>L to S-L 

and L>S type gneisses in this area. 

Furthermore, the similarity in structural pattern within and the structural and 

lithological differences between the individual gneiss assemblages and domains in the 

study area supports the assumptions of previous workers that these represent different 

thrust sheets. The most obvious difference in finite strain is reflected by the extreme 

flattening of the gneiss assemblages of the Algonquin domain compared to the S>L and to 

the S-L tectonites in the structurally overlying gneisses, latter of which are typical for 

simple shear zones (e.g., Sanderson 1982, Means 1990). The high and very high finite 

strains in the gneisses of the Algonquin domain may be due to accumulation of strain 

during several episodes of deformation in contrast to the monocyclic Muskoka domain. In 

addition, the oblate shape of the strain ellipsoid with k approaching 0 may be due to a 

large component of pure shear in the Algonquin domain . Pure shear in a weak lower crust 
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has been proposed by Culshaw et al. ( 1997) for the Central Gneiss Belt further west along 

Georgian Bay to have been associated with extension. 

Folding history. Deformation that produced the predominant gneissic fabrics in 

the study area was preceded and/or accompanied by folding. With exception of the 

Kawagama assemblage, at least two different phases of folding were established for the 

study area. 

The fold axes of the isoclinal to tight folds of Fl are coaxial with the local trends 

of the southeast-plunging stretching lineations. These stretching lineations, which reflect 

the X-axis of the finite strain ellipsoid, are interpreted to have formed during Grenvillian 

thrusting and/or later extension. Formation ofFl-folds during later extension is indicated 

in the McClintock assemblage, where these commonly occur in shear zones displaying 

top-to-the-southeast kinematic indicators. However, earlier thrusting indicators may have 

been completely transposed during intense homogeneous deformation, or may not have 

been present due to a large component of irrotational pure shear in the Algonquin domain. 

F1 folds may thus have been generated either during Grenvillian thrusting and/or later 

extension. Alternatively, F 1 folds may include (several and/or earlier?) folding episodes 

that were reoriented into parallelism and tightened during intense Grenvillian 

homogeneous deformation (e.g., Flinn 1962, Watterson 1968). Intense homogeneous 

deformation paradoxically gives rise to an 'apparent structural simplicity' (Watterson 

1968), which is particularly true for the gneiss assemblages in the Algonquin domain. 

These rocks probably have more complex deformation histories than it is reflected within 

them, which can be observed in rare outcrops that experienced less flattening strain. 

On a regional scale, the change in structural trend and the repetition of gneiss 

associations in the McClintock assemblage is suggested to represent a regional-scale tight 

fold with a shallowly southeast-plunging fold axis that is coaxial with the smaller-scale F 1 
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folds . More speculative are the regional-scale open folds proposed for the Birkendale and 

Kawagama assemblage with approximately southeast-plunging fold axes, that would also 

be (sub) parallel to the X-axis ofthe finite strain ellipsoid. All ofthese (inferred) regional

scale folds are cut off in the south by the overlying domains and are thus interpreted to 

have formed prior to the final emplacement of the domains. Stretching lineations and 

(±reoriented) fold axes that are transverse to the deformation boundary and parallel to the 

direction of maximum horizontal shortening are common in Precambrian orogenic belts, 

and are generally suggested to be the result of regional homogeneous simple shear 

deformation (e.g., Escher and Watterson 1974). Regional-scale, but upright open folds 

with fold axes parallel to the regional stretching lineation were described further west of 

the study area along Georgian Bay, where they are linked to extension (e.g., Culshaw et 

al. 1994). 

Gentle to open to tight, reclined to upright folds of F2 are coaxial to the strike of 

the foliation and perpendicular to the regional stretching direction. These occur in most of 

the study area, but were not observed in the Kawagama assemblage. Northeast-southwest 

trending fold axes of the F2 in the Southern Huntsville assemblage may be associated with 

the southwest-plunging intersection lineations, thus suggesting their later development. 

East to northeast-trending open to close folds were also described by Schwerdtner and 

Mawer ( 1982) and Schwerdtner ( 1987) in parts of the study area to overprint earlier 

isoclinal to tight folds that are parallel to the regional stretching direction. The F2 folds are 

interpreted to predate the late extension as these commonly occur in zones that are cross

cut by late extensional shear bands. 

Kinematics of shear zones. In most of the bounding shear zones of the study 

area, southeast-directed kinematic indicators predominate over northwest-directed ones. 

This feature has been shown for shear zones in the Central Gneiss Belt along Georgian 
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Bay to reflect early northwest-directed thrusting, which has been penetratively overprinted 

by later southeast-directed extension (e.g., Culshaw et al. 1994, 1997). With the exception 

of discrete, small, cross-cutting shear zones, most thrust- and extension-related structures 

show the same orientations. It is thus concluded either that later extension happened along 

reactivated thrust structures, or that the extension-related deformation was strong enough 

to reorient all earlier structures. In any case, the extensional overprint obliterates the 

extent of the earlier thrusting event. 

Some of the shear zones in the study area, especially within the internal 

McClintock assemblage and within the Muskoka domain only exhibit apparent extensional 

kinematic indicators. This may suggest that some of the shear zones in the study area 

result from extension only. 

All the major shear zones in the study area are amphibolite facies grade, indicating 

that at least the extension took place under amphibolite facies conditions. Cross-cutting 

small-scale shear zones and lower temperature extensional mylonite zones indicate that 

extension proceeded throughout the early cooling history, or that extension occurred in 

two stages. 

2. 9 Conclusions 

( 1) The Muskoka domain predominantly comprises medium-grained amphibolite 

facies migmatitic orthogneisses and less commonly, several different types of granulites. 

At least two different generations of amphibolite facies leucosomes are interpreted to have 

formed during progressive Grenvillian deformation. Granulite facies leucosomes or veins 

within amphibolite facies host rocks, and possibly also intermediate granulites in patchy 

association with amphibolite facies migmatites, are suggested to have formed during 
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Grenvillian post-peak metamorphism by low-aH2o fluid infiltration. In contrast, some mafic 

and ultramafic granulite enclaves could have an early Grenvillian or pre-Grenvillian age. 

(2) The Kawagama zone, separating the Muskoka domain from the structurally 

underlying Algonquin domain, consists of two distinct, predominantly amphibolite facies 

gneiss associations : the felsic (syenogranitic) gneiss association and the intermediate to 

mafic gneiss association. The boundaries with the over- and underlying domains are re

defined as outlined on the map, however, further studies in this area are needed . 

(3) The Algonquin domain hosts a variety of ortho- and paragneisses, that show 

similar early geological histories, indicating their common origin. Early sediments coexist 

with granitoid plutons, all of which experienced an early granulite facies metamorphism 

and probably an early (pre-Grenvillian) deformation. Intrusion of mafic dykes preceded 

retrogression to amphibolite facies and associated strong ductile deformation during the 

Grenvillian orogenic event. 

( 4) The planar and linear fabrics in the study area generally dip/plunge moderately 

to shallowly to the southeast and are interpreted to result from northwestward thrusting 

and/or later southeastward extension during the Grenvillian orogeny. Northeast

southwest-trending lineations in the Algonquin domain and Kawagama zone are 

interpreted to result from local transpressive flow. 

(5) Lithologically different domains and gneiss assemblages of the study area also 

show individual structural patterns. S>L and L-S tectonites in the Muskoka domain 

experienced medium to high strain, compared to the dominantly high strain S>L gneisses 

in the Kawagama zone. In contrast, the gneiss assemblages of the Algonquin domain 

experienced high to very high flattening strain that resulted in S-tectonites with k-values 

close to 0. The lithological and structural differences between the individual domains 

support the previous assumption of different thrust sheets in this area. 
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(6) At least two different phases of folding were established for most ofthe study 

area. F 1 folds are coaxial with the regional trend of the stretching lineations and parallel to 

the X-axis ofthe finite strain ellipsoid . These are interpreted to have formed during intense 

Grenvillian homogeneous deformation, and to possibly include earlier fold episodes that 

were reoriented into parallelism. F2 folds, perpendicular to the regional trend of the 

stretching lineations, overprint F 1 folds but predate late extension. 

(7) Southeast-directed kinematic indicators in the study area generally predominate 

over northwest-directed ones, which is interpreted to reflect later extension along 

reactivated thrust structures, especially along the bounding shear zones. Internal shear 

zones within McClintock assemblage and Muskoka domain may result from extension 

only. Late extensional cross-cutting structures indicate progressive extension or extension 

in two stages. 

(8) The structures in the study area are interpreted to result from intense 

progressive homogeneous deformation during the Grenvillian orogeny that led to the 

reorientation and transposition of early structures. 



3. Metamorphism in the Central Gneiss Belt between Huntsville and Haliburton 

3.1 Introduction 

The mid-Proterozoic Grenville Province in eastern Canada (Fig.1.1) exposes the 

mid to deep crustal levels of a collisional orogen, that were metamorphosed and deformed 

during the Grenvillian orogenic cycle from ca. 1190 to 980 Ma (e.g., McEachern and van 

Breemen 1993, Culshaw et al. 1994, Jamieson et al. 1995). Although coeval anorthosite

granite-charnockite-mangerite (AGCM) plutonism from 1160 Ma to 1120 Main the 

central and eastern parts of the Canadian Grenville Province is proposed to be partly 

responsible for the thermal overprint (e.g., Martignole 1986, Emslie and Hunt 1990), the 

scarcity of related plutonism in the western orogen suggests that high-grade 

metamorphism during the Grenvillian orogeny was mainly the result of crustal thickening 

during northwest-directed thrusting (e.g., Davidson et al. 1982, Culshaw et al. 1983). 

However, controversy exists between two tectonometamorphic models for the 

southwestern Grenville Province of Ontario . One model, derived from structural, seismic 

and chronological data of the Central Gneiss Belt along Georgian Bay, envisions the in

sequence northward propagation of the Grenville orogen into the northwestern foreland, 

after collision of the pre-Grenvillian Laurentian craton with the ca. 13 50-1100 Ma 

magmatic arc(s) ofthe Central Metasedimentary Belt (e.g., Wynne-Edwards 1972, Easton 

1992) to the southeast, shortly before 1080 Ma (e.g., Jamieson et al. 1992, 1995, Culshaw 

et al. 1997, Timmermann et al. 1997). In contrast, a model ofbreak-back thrusting was 

proposed for the eastern Grenville Province of Ontario, in which the break-back thrusting 

was initiated by accretion of the Central Metasedimentary Belt to the Central Gneiss Belt 

as early as ca. 1190 Ma (e.g., Nadeau and Hanmer 1992, McEachern and van Breemen 

1993). 
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The purpose of this study is to test the above described models for this area 

and thus to establish, refine, or support a tectonometamorphic model for the southwestern 

Grenville Province of Ontario. However, in order to infer the tectonic processes that 

operate during a major collisional event, the P-T history of the affected area must be well 

constrained. Consequently, this chapter is intended to constrain the metamorphic histories 

of parts of the Central Gneiss Belt, that are critical with respect to the current 

tectonometamorphic models. Firstly, the area chosen has not been studied in detail before 

and lacks important data concerning the metamorphic evolution and P-T -conditions that 

are needed to compare the current tectonometamorphic models. Secondly, the study area 

immediately underlies the thrust front of the Central Metasedimentary Belt, thus the 

metamorphic histories of these rocks should reflect the tectonic processes that operated in 

the hangingwall. 

The first few sections document the mineral assemblages, mineral textures and 

mineral chemistry of the different rock types in the study area. These data are essential for 

the subsequent calculation of pressures and temperatures for peak metamorphism and 

initial cooling, as well as for the synthesis of pressure (P)- temperature (T) paths for the 

study area. Finally, this chapter discusses the problems of migmatite and granulite 

formation that were highlighted in chapter 2. 

3. 2 Metamorphic setting and previous work 

3.2.1 Metamorphic evolution in the Central Gneiss Belt 

The Central Gneiss Belt in Ontario comprises gneisses and migmatites in both 

granulite facies and upper amphibolite facies . The metamorphic evolution of the 

Algonquin domain is in part similar to that of the parautochthon of Georgian Bay west of 

the study area (Table 3.1 ). Along Georgian Bay, granulite facies metamorphism from 



Table 3.1. High-grade metamorphism in the Central Gneiss Belt, southwestern Grenville Province, Ontario. 

Georgian Bay Pall)' SoWld domain Algonquin domain 
Pre- high-grade metamorphism 

(i'ren•ille and anatexis pre-1694 Ma (Corrigan et at. 1994) 

granulite-facies 1450- 1430 Ma ( Tucillo et at. 1992, 1432 +54/-98 Ma (Nadeau 1990) 
Ketchum et at. I 994) ca. 1425 Ma (Timmermann et al. 1997a) 

(iren••ille 

Flzevirian granulite-facies 1161 - 1114 Ma (van Breemen et at. 
1986, Tucillo et at. 1992, Wodicka 
1994, Hussy ct at . 1995) 

eclogite facies I I 20 - I OXS Ma (Ketchum and 
Krogh 1 997) 

Ottawan granulite-facies and 1080- 1015 Ma (Davidson & van 1080 - 1024 Ma (Tucillo et at. 198 1080-1018 Ma (van Breemen et at . 
amphiholite-f~tcies Breemen 19X8, van Rreemen & Wodicka 1994) 1986, van Breemen & Davidson 1990, 

Davidson 1990, Corrigan et at. Nadeau 1990, Timmermann et at. 1997a) 
1994, Hussy ct al . 1995, Ketchum 

1995) 
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1450 Ma to 1430 Ma is known from the Britt domain (Tuccillo et al. 1992, Ketchum 

et al. 1994 ), following a pre-1680 Ma metamorphic and anatectic episode (e. g., Corrigan 

et al. 1994) in this area. In the present study area, pre-Grenvillian granulite facies 

metamorphism at 1432 +
54

/_98 Ma (Nadeau 1990) in the Huntsville subdomain and around 

1425 Ma (chapter 4) in the McClintock subdomain was recognised. Within the Central 

Gneiss Belt early Grenvillian, pre-1 080 Ma granulite facies and amphibolite facies 

metamorphism has so far only been detected in the allochthonous Parry Sound domain and 

in the Opeongo domain to the east of the Algonquin domain. Granulite and upper 

amphibolite facies metamorphism from 1161 Ma to 1114 Ma (e.g., van Breemen et al. 

1986, Tuccillo et al. 1992, Wodicka 1994, Bussy et al. 1995) in the Parry Sound domain is 

suggested to have happened as part of a high-grade metamorphic event within the Central 

Metasedimentary Belt (e.g., Wodicka 1994, Wodicka et al. 1996, Culshaw et al. 1997). In 

contrast, the nature of the 114 5 to 11 00 Ma metamorphism in the Opeongo domain (Carr 

and Berman 1997, Mezger et al. 1993) in the footwall of the Central Metasedimentary 

Belt boundary thrust zone is not well constrained. The main Grenvillian amphibolite- and 

granulite facies metamorphism is recorded by metamorphic ages that range from ca. 1 080 

Ma to 1 015 Ma in various locations throughout the southwestern Central Gneiss Belt in 

Ontario (e.g., van Breemen et al. 1986, Davidson and van Breemen 1988, Nadeau 1990, 

van Breemen and Davidson 1990, Tuccillo et al. 1992, Wodicka 1994, Corrigan et al. 

1994, Bussy et al. 1995, Ketchum 1995, Timmermann et al. 1997). Preceding the main 

Grenvillian metamorphic event was a local high-pressure metamorphism (> 12 kbar, Grant 

1987) at around 1120 Ma and 1085 Ma (Ketchum and Krogh 1997), represented as rare 

eclogitic pods, mostly close to or within major tectonic zones (e.g., Davidson 1990, 

1991 ). 
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Fig. 3.1. Distribution of granulites (stripes) in the southwestern Grenville Pro,·ince, 
Ontario (after Davidson 1991 ). Abbreviations in Appendix A. 
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3.2.2 Metamorphic grade of the study area 

The study area is located in the footwall of the Central Metasedimentary Belt 

boundary thrust zone, a major, northwesterly directed crustal-scale thrust zone, which 

emplaced the Central Metasedimentary Belt onto the CentralGneiss Belt (e.g., Hanmer 

and McEachern 1992). The footwall includes the structurally immediately underlying 

Muskoka domain, the Kawagama zone that separates the Muskoka domain from the 

structurally underlying parautochthon, and parts of the Huntsville and McClintock 

subdomains of the Algonquin domain (Fig. 2.1 ). Like elsewhere in the Central Gneiss Belt 

in Ontario, the study area comprises both granulite facies and upper amphibolite facies 

gneisses and granulites (Fig. 3.1 ). The dominantly quartzofeldspathic orthogneisses of the 

Muskoka domain in the highest structural level of the Central Gneiss Belt experienced a 

regional upper amphibolite facies metamorphism accompanied by penetrative 

migmatisation. However, irregular patches of associated leucocratic granulite, 

intermediate migmatitic granulite, and mafic granulite enclaves, exhibit apparently higher 

grade. Some of the granulites are suggested to result from post-peak metamorphic 

infiltration of low aH2o fluids (chapter 2). Similar to the Muskoka domain, the highly 

strained gneisses of the felsic and intermediate to mafic gneiss association in the 

Kawagama zone are mainly in amphibolite facies . In contrast, granulite facies ortho- and 

paragneisses are more widely distributed in the structurally underlying Algonquin domain, 

part of the polycyclic, parautochthonous belt of Rivers et al. (1989). This is especially true 

for the Huntsville subdomain in which granulite facies rocks predominate. However, the 

Birkendale and McClintock assemblages, both part of the McClintock subdomain of 

Culshaw et al. ( 1983 ), mostly exhibit retrogressed upper amphibolite facies and associated 

(relict?) granulite facies assemblages. The increased retrogression of the gneisses in the 

structurally highest unit of the Algonquin thrust stack may either be the result of its 
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location at higher crustal levels during the Grenvillian orogeny, or to overprinting 

during amphibolite grade ductile shear within one of the numerous ductile shear zones in 

this area (chapter 2). Alternatively, granulite facies metamorphism could have overprinted 

amphibolite facies gneisses, similarly to some granulites in the Muskoka domain. 

3.2.3 Previous geothermobarometric work 

Previous work on high-grade metamorphism in the study area includes a regional 

thermo barometry study of the entire Grenville Province of Ontario by Anovitz ( 1989) and 

Anovitz and Essene ( 1990). These authors determined peak metamorphic conditions of 9 

to 10.5 kbar and 680 to 840°C for the Muskoka domain, 8.5 to 11 kbar and 670 to 830°C 

for the McClintock subdomain, and 8.5 to 11 kbar and 680 to 830°C for the Huntsville 

subdomain, respectively. The P-T paths deduced by Anovitz and Essene (1990), which do 

not distinguish between pre-Grenvillian and Grenvillian mineral assemblages, show cooling 

accompanied by decompression (Fig. 3 .2a). The peak-metamorphic data for the Algonquin 

domain, however, lie within the kyanite stability field, whereas field observations only 

reveal sillimanite. 

The data from Anovitz ( 1989) and Anovitz and Essene ( 1990), however, are 

similar to peak-metamorphic conditions from 7.5 to 9.5 kbar and 650 to 750 °C (e.g., 

Grant 1987) determined for the 1170 Ma coronitic metagabbro suite that occurs 

throughout the higher structural levels of the Central Gneiss Belt, excluding the 

allochthonous Parry Sound domain and the parautochthon of the Britt domain and the 

Grenville Front Tectonic Zone. Granulite facies assemblages in the coronitic metagabbros 

were assigned to Grenvillian high-grade metamorphism at 1060- 1030 Ma (e.g., Davidson 

and van Breemen 1988, van Breemen and Davidson 1990). 



a) 

Fig. 3.2. Previous P-T paths for the study area. a) Lake of Bays (Anovitz and Essene 
1990). b) Algonquin domain (Nadeau (1990). 
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Fig. 3.3. Nomenclature of migmatites (Mehnert 1968)~ the term 'mesosome' after Henkes 
and Johannes ( 1981 ). 
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In contrast to the Anovitz ( 1989) and Anovitz and Essene ( 1990) P-T -paths, 

Nadeau ( 1990) established a retrograde P-T path from pelites of the Huntsville subdomain 

that traverses the sillimanite stability field (Fig. 3 .2b ), which is consistent with the 

observations in the field. The retrograde path shows initial very slow cooling from peak 

metamorphic conditions(> 1100 Ma) to 700-725°C (assumed blocking temperature of 

monazite) at 1067 Ma, followed by more rapid cooling and decompression, with cooling 

rates in excess of 1 0°C/Ma, three times faster than the ones derived from an Ar/ Ar study 

by Cosca et al. ( 1990). The P-T -t path was interpreted to reflect crustal thickening due to 

accretion of the Central Metasedimentary Belt prior to 1170 Ma. Slow cooling until 1067 

Ma was attributed to subsequent break-back thrusting (Nadeau & Hanmer 1992), whereby 

thrusting of the allochthonous thrust sheets proceeded towards the southeast, the interior 

of the orogen. 

3.3 Methods 

During fieldwork, a variety of rock types were collected from the gneiss 

assemblages in the study area. Samples with suitable mineral assemblages that can be used 

to infer the metamorphic history and the P-T -conditions were preferred. Suitable rock 

types for geothermobarometry, for example, are garnet-bearing metabasites and 

metapelites; unfortunately the latter are rare in most of the study area. In addition, the 

main rock types in the Muskoka domain were collected despite their assemblage or 

textures, to establish a metamorphic database for this area and to support the 

interpretations made in the field by petrographic data. 

Thin section microscopy was carried out on 166 samples from at least three 

different structural levels in the southwestern Grenville Province of Ontario between 

Huntsville and Haliburton, in order to 1) identify the mineral assemblages, 2) document 



the metamorphic textures and overprinting relationships, and 3) select the samples for 

microprobe analyses and subsequent geothermobarometry. 
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Analyses ofthe rock-forming minerals from 37 polished samples were carried out 

with the JEOL 733 superprobe at the Dalhousie University electron microprobe 

laboratory. The Oxford Link eXL energy dispersive system (EDS) was used for all 

elements. The standard operating conditions for 40 seconds of counting time were 15 k V 

accelerating voltage, and I5nA probe current. Most minerals were analysed using a -1 J..lm 

beam diameter, with the exception of plagioclase, where a defocussed beam was used in 

order to minimise the loss ofNa. The resulting raw data were reduced with Link's ZAF 

correction program. The instrument calibration performed on cobalt metal has a precision 

of± 0.5% at I standard deviation, and the accuracy for major elements is± 1.5 to 2.0o/o. 

The detection limits for most elements using EDS range from 0.1 to 0.3% (MacKay, 

pers.comm. I998). 

From the 3 7 samples, I 0 to I20 quantitative analyses in 2-6 different areas within 

each polished section were obtained. This has been done to compare the compositions of 

minerals in different microdomains within one sample, and thus to infer if the sample 

underwent homogeneous equilibration, a major assumption if one is to calculate the 

pressure (P) and temperature (T)-conditions at the time of equilibration. The computer 

program Min pet 2. 0 (Richard I994) was used for recalculating the mineral formulae in 

order to classify the minerals. For classification, Fe3+ in garnets was calculated by 

stoichiometry after Droop ( I987) . However, as this method is generally very sensitive to 

probe errors, some garnet data were recalculated after the method of Knowles (1987) . 

Gamet end members were determined after Deer et al. ( I992), except where Min pet 

recognised erroneous end-member calculations, end members were calculated after 

Rickwood ( 1968). Pyroxene analyses were recalculated after Yoder and Tilley ( I962), 
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with F eJ+ estimation by charge balance. Pyroxene endmembers were recalculated after 

Cawthorn and Collerson (1974) . Hornblende data were calculated after Richard and 

Clarke (1990), with FeJ+ estimation by averaging the results of the 15-NK and 13-CNK 

method (after Robinson et al. 1981 ), and classification according to Hawthorne ( 1981). 

Feldspars were calculated after Deer et al. ( 1966). The methods and mineral calculations 

for thermobarometry are described in section 3. 7. 1 and the mineral analyses used are listed 

in the appendix (B). 

3. 4 Mineral assemblages, metamorphic textures, and mineral chemistry of the 

orthogneisses in the Muskoka domain 

The Muskoka domain comprises the highest structural level (structural level 4) of 

the Central Gneiss Belt in southwestern Ontario and immediately underlies the Central 

Metasedimentary Belt boundary thrust zone (Fig 2.1 ). The geology in the Muskoka 

domain is described in section 2.3, and the main rock types and their mineral assemblages 

are listed in Table 3.2. This section presents a detailed description ofthe metamorphic 

textures and mineral assemblages of the predominant rock types in the Muskoka domain, 

including the amphibolite facies orthogneisses and their leucosomes and the different types 

of granulites, in order to determine and compare the processes of migmatite and granulite 

formation. For rock types analysed with the electron microprobe, a summary of the 

compositions of the major rock forming minerals is given. For detailed analyses of the 

rocks described in this and the following sections, the reader is referred to the appendix 

(B). The nomenclature used for the migmatites is mainly adapted from the genetic 

classification of Mehnert (1968), with the 'neosome' as the newly formed part of a 

migmatite that is further subdivided into the light, felsic 'leucosome' and the dark, mafic 

'melanosome' (Fig. 3.3). For the matrix of the migmatite, the term 'mesosome' is 



Table 3.2. Rock types and mineral assemblages in the Muskoka domain 

No. rock type assemblage 
A AMPHIROIJ11~·-F.4CIE1\' 

Ia migmatitic orthogneiss PI-Qtz-Kfs-Hbi-Bt-Op-Ttn-Aln-Ap-Zm and late ±Carb 

and leucosome Kfs-Qtz-PI-Hbi-Bt-Op-Zm-Ain-Ap± Ttn and late ±Carb±Chi±Scp±Ms 

lb Hbi-Fsp-gneiss 

lc felsic migmatite 

2 pink granitoid Kfs-Qtz-PI-Hbi-Bt-Op-Ain-Zm-Ap 

3 metasediments Qtz-PI-Kfs-Bt±Grt±Hbi±Cpx± Ttn-Op-Ap 
B ( IRANlJ/.111~·-FA('/FS 

I fi:lsic granulites : 

4a leucocratic granulites Kfs-PI-Qtz-Cpx±Opx-Hbi-Op-Zm-Ain± Ttn±Bt and late Carb 

4b leucocratic granulite veins Kfs-Pl-Qtz-Opx-Hbi-Bt-Op-Ain-Ttn-Zm and late Carb 

II [granulite-facies assemblages in 

5 intermediate migmatitic orthogneisses Kfs-PI-Qtz-Opx-Hbi-Bt±Cpx-Op-Ap-Ain-Zm and late ±Ms 

granulite-facies matrix PI-Kfs-Qtz-Cpx-Hbi-Opx±Bt-Op-Ap 

granulite-facies leucosomes Kfs-PI-Qtz-Opx-Hbi-Bt±Cpx-Op-Ap-Ain-Zm and late ±Ms±Carb 

Ill mafic to ultramafic enclaves : 

6a mafic granulites: 

two-pyroxene granulites PI-Opx-Cpx-Hbi-Bt±Kfs±Qtz-Ait-Op-Ap-Zm and late Qtz±Carb±Ms 

garnet-granulites PI-Grt±Cpx -Opx-Hbi±Qtz±Bt 

6b amphibolites ±Grt-PI-Qtz-Hbi-Cum/Ged-Bt±Opx±Cpx 

6c coronitic metagabbros PI-Grt-Cpx-Hbi-Opx-Bt-Op 

6d anorthosite PI± H bi±Scp±C arb± Chi 

6e retrogressed eclogite Grt -Cpx -Opx -Spl-PI±Hbl 
()f ultramafics 

Mineral abbre\ iat1ons 111 appendix A. N 



used, after the nomenclature of Henkes and Johannes (1981 ), as this term avoids the 

interpretation of the matrix as parent rock ('palaeosome', Mehnert 1968; 'protolith', 

Henkes and Johannes 1981) or as 'restite' (e.g., Mehnert 1968). 

3. 4.1 Amphibolite facies gneisses 

Pink to grey, migmatitic orthogneiss 
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Metamorphic textures and mineral assemblages: The predominant rock type of 

the Muskoka domain, the amphibolite facies, pink to grey migmatitic orthogneiss, is 

generally weakly foliated, due to moderate deformation in most parts of the Muskoka 

domain. The microstructure reveals a medium-grained, mainly subpolygonal matrix. Minor 

recrystallisation to fine and very fine new and subgrains occurs at the grain boundaries of 

the felsic minerals. Depending on the amount of deformation experienced by the 

migmatites, the mafic minerals are more or less segregated into hornblende-rich layers that 

alternate with the felsic leucosomes. Within non-migmatitic areas of the orthogneisses, the 

mafic minerals are homogeneously distributed within the matrix. In some samples, 

however, the matrix is characterised by felsic patches (Qtz-Pl±Kfs) that alternate with 

more mafic, hornblende-rich patches (Fig. 3 .4a). In strongly foliated samples, layers 

dominated by very finely recrystallised biotite and felsic minerals cut through the 

hornblende-rich layers or wrap around them. 

The mesosome of the typical migmatitic orthogneiss has a varying granodioritic 

composition with the mineral assemblage Pl-Qtz-Kfs-Hbl-Bt-Op-Ttn-Aln-Ap-Zrn and late 

carbonate. The felsic matrix is dominated by medium-grained, polygonal plagioclase with 

both polysynthetic and deformation twinning. Locally, plagioclase grains overgrow the 

matrix minerals (Fig.3.4b) and may grow into porphyroblasts, possibly due to Ostwald 

ripening. Medium to fine-grained K-feldspar is generally present in low quantities, whereas 
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quartz occurs in varying amounts, mainly as fine to medium matrix grains or as very 

fine interstitial grains. Thin quartz films may be observed between hornblende and the 

biotite replacing it (Fig. 3. 4c ), between biotite and opaque minerals, or between the two 

hornblende generations described below. 

The mafic minerals within the mesosome typically comprise 10 - 15 vol% of the 

matrix, although some samples may contain up to 40 vol o/o. The main mafic mineral is a 

medium-grained, olive-green to blue-green hornblende, which dominates over biotite with 

an average ratio ofHbl:Bt- 75:25 . Hornblende commonly clusters in patches or foliation

parallel layers. Inclusions within hornblende are opaque minerals, felsic matrix minerals, 

biotite, zircon, allanite and apatite. Earlier, partly resorbed, medium-grained hornblende 

(Hbl 1) is surrounded by fine, recrystallised hornblende grains (Hbl 2), that may also rim 

or overgrow other minerals as for example, if present K-feldspar, and biotite: 

Hbl1 ~ Hbl2 

Kfs or Bt ~ Hbl 2. 

At the base of the Muskoka domain, hornblende is rimmed by retrograde chlorite and 

epidote. Rare, colourless amphibole forms thin rims around allanite. Most of the typical 

amphibolite facies migmatitic orthogneisses contain neither pyroxene nor any relicts that 

could have formerly been pyroxene within the matrix. Exceptions are yellow alteration 

products or blue-green hornblende (Hbl 3) intergrown with drop like quartz, both of which 

are interpreted as replacements of former pyroxenes. Brown to dark-brown biotite is 

typically closely associated with hornblende, as it occurs at its grain boundaries or grows 

through it. Most biotites are foliation-parallel, though some late biotites are randomly 

oriented. Accessory minerals include opaque minerals, titanite, both euhedral and anhedral 

allanites, and zircons. All of the accessory minerals are commonly associated 
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Fig. 3.4. Textures in amphibolite facies gneisses, Muskoka domain. Sample number and 
field of view in brackets. a) to d) migmatitic orthogneiss; e),f) pink granitoid. a) Felsic and 
mafic patches (194-G1, 4x7 mm). b) Plagioclase (center) overgrowing matrix hornblende 
(194-G1, 2x4 mm). c) Biotite laths surrounded by quartz film overgrowing hornblende 
(194-G 1, 1x2 mm). d) Recrystallising grain boundaries ofK-feldspar porphyroblast in 
leucosome (194-G3, 4x7 mm). e) K-feldspar porphyroblast in fine grained Kfs-Pl-Qtz 
matrix ( 60-G2, 2x4 mm). f) Fine-grained idiomorphic plagioclase in matrix hornblende 
(60-G2, 1x2 mm). Sample localities in Fig.3 .12. 
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with hornblende or biotite. Allanites are typical accessories in amphibolite facies 

gneisses and their leucosomes, however, not in granulite facies leucosomes. Titanite rims 

or grows over opaque minerals, hornblende, biotite, and more rarely feldspar. 

The amount of leucosome that alternates with the mesosome varies considerably 

and may increase from 0 to 25 vol% over only a few meters within an outcrop. The 

minerals in the leucosomes (Kfs-Qtz-Pl-Hbl-Bt-Op-Zrn-Aln-Ap±Ttn and late 

±Carb±Chl±Scp±Ms) are coarser grained than the ones in the mesosome, with medium to 

coarse grains ofK-feldspar, quartz, and plagioclase. The grain boundaries of the felsic 

porphyroblasts are recrystallised into fine and very fine new and subgrains or into 

myrmekitic intergrowths, or into a subpolygonal medium to fine-grained matrix (Fig.3 .4d). 

Melanosomes at the transition between leucosome and mesosome are typically absent. 

Locally, however, leucosomes are bounded by melanosomes rich in hornblende and/or 

biotite, and opaque minerals, or by biotite (and ±micro cline) enriched layers. More 

commonly, quartz ribbons of the leucosome truncate and branch directly into the matrix of 

the mesosome, which is finer grained and more strongly recrystallised adjacent to the 

leucosome. 

The leucosomes are dominated by coarse K-feldspar porphyroblasts (Fig.3 .4d) 

with perthite or microcline exsolution, and recrystallised, fine-grained microcline (Kfs -

60 vol%). Resorbed biotites with K-feldspar rims that are included within the 

porphyroblasts, are remnants of an early assemblage. Similarly, rounded quartz and 

plagioclase inclusions within the porphyroblasts indicate their formation in a metamorphic 

environment (e.g., Vernon, in press). Quartz generally appears as coarse, foliation-parallel 

orCS fabric-defining ribbons (e.g., Berthe et al. 1979), reflecting ductile deformation 

during and after leucosome formation in most parts of the Muskoka domain. In addition, 

fine-grained quartz with irregular grain boundaries occurs within the recrystallised matrix . 
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Quartz truncates both the matrix of the orthogneiss and the feldspar porphyroblasts of 

the leucosome, thus is interpreted as the last mineral to crystallise. Plagioclase is present as 

medium to coarse porphyroblasts and within the recrystallised fine-grained matrix. In a 

minority of migmatites within the Muskoka domain, mainly the ones resembling Hbl-Fsp 

gneisses described below, plagioclase is the dominent feldspar within the leucosome. 

Medium- to coarse-grained and commonly strongly resorbed hornblende, generally 

surrounded by a fine to very fine recrystallised felsic matrix, is the most prominent mafic 

mineral ( 1 to 5 vol%) in the leucosome. Inclusions in hornblende are quartz and opaque 

minerals. Coarse, brown to red-brown biotite is randomly oriented, and commonly 

replaces hornblende. The biotites of the leucosomes are characteristically 'skeletal' due to 

very fine intergrowth with quartz. Accessory minerals appear as in the mesosome. 

Mineral chemistry: The compositions of the major rock forming minerals in the 

mesosome and the leucosome of the pink to grey migmatitic orthogneiss are remarkably 

similar with no or only weak zoning, as are the compositions of the minerals in the felsic 

and in the more mafic patches of the mesosome. Plagioclases in the mesosome are 

oligoclase with An23.5 to An26.9, whereas the oligoclases of the leucosome have slightly 

lower anorthite contents from An18.9 to An24.1. Antiperthite exsolution lamellae in the 

leucosome have Or85.3 . Minor increases in anorthite content can be observed from cores 

to rims in both mesosome and leucosome. K-feldspar varies from Or 86.9 to Or 90.5 within 

the mesosome, with lower orthoclase contents in the recrystallised fine grains within the 

more mafic hornblende clusters. The K-feldspar composition does not vary between cores 

and rims. In the leucosome, the K-feldspar composition varies from Or80.8 to Or90.7, due to 

strong perthitic and microscale microcline exsolution. Re-integration ofboth exsolutions 

(technique after Anovitz and Essene 1990) yields an average K-feldspar composition of 

Abt4.3 An2 Or83.7· Perthite exsolution beads inK-feldspar porphyroblasts have an anorthite 
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content from An19.6 to An24.s, whereas albite with Ab97.5 exsolves in rods at the rims of 

the same grain. Hornblende in both mesosome and leucosome can be classified as ferroan 

pargasitic hornblende to magnesian hastingsite (Hawthorne 1981 ). Within the mesosome, 

the cores of medium grains and resorbed grains within the hornblende cluster may be 

slightly richer in magnesium, whereas the leucosomes show no variations in hornblende 

composition from core to rim. Within the leucosome, the Fe content may be higher in 

smaller, recrystallised grains. Biotites in the mesosome have an XFe of0.44 to 0.47, with 

X Fe increasing in fine recrystallised biotite laths, and high Ti-contents from 0. 51 to 0. 58 

mol<%. Biotites replacing hornblende in the leucosomes have an XFe from 0.43 to 0.49, and 

lower Ti-contents than the matrix biotites from 0.45 to 0.53 molo/o . Within both matrix 

and leucosome biotites, a higher Ti-content is coupled with a higher XFe · This is consistent 

with experiments from Spear ( 1981) and observations of Guidotti et al. ( 1977), which 

suggest that though the amount of titanium in amphiboles and biotites increases with 

increasing metamorphic grade, biotites and amphiboles with higher XFe also have a higher 

Ti-content. The opaque minerals analysed in the mesosome are iron-rich Fe-Ti-oxides that 

exsolve ilmenite, whereas the ones in the leucosome are homogeneous ilmenite and Fe

oxide intergrown with Fe-Ti-oxide. In general, Fe-Ti-oxides form two solid solution 

series, which are the magnetite-ulvospinel and the hematite-ilmenite series. In amphibolite 

facies gneisses, Fe-oxides and Fe-Ti-oxides are mainly hematite and ilmenite and solid 

solutions thereof, with compositions mainly a function off 02 and T (e.g., Buddington and 

Lindsley 1964, Spencer & Lindsley 1981 ). Intergrowths of different compositions of Fe

Ti-oxides and lamellae of one oxide within another are caused by exsolution due to a 

miscibility gap between hematite and ilmenite (e. g. Lindsley 1973, Burton 1991) or by 

ilmenite 'exsolution' from magnetite via subsolidus oxidation of the ulvospinel component 

in magnetite (Buddington and Lindsley 1964). Lamellar exsolution and granule exsolution 
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of ilmenite and other Fe-Ti solid solutions in Fe-oxide, observed microscopically in the 

orthogneisses of the Muskoka domain was interpreted by Bohlen and Essene ( 1977) in 

granulites from the Adirondacks to have resulted from the latter, subsolidus exsolution 

type. A primary magnetite would also be expected in high-grade terranes as with 

progressing metamorphic grade, hematite would be replaced by magnetite and oxygen 

(e.g, Spear 1993). 

Hornblende (Hbl)-feldspar(Fsp) gneiss and quartz-syenitic migmatite 

The above described migmatites are typical for most of the Muskoka domain. 

However, minor occurrences of different types of migmatite are suggested to be part of a 

hornblende (Hbl)-feldspar(Fsp) gneiss (metatonalite/metadiorite) and a felsic to 

intemediate migmatite (quartz-syenite?). Both of these rock types are typical of the 

Kawagama gneiss assemblage, and are described below (section 3.5). The Hbl-Fsp gneiss 

of the Muskoka domain occurs at its eastern base, close to the boundary with the 

Kawagama zone. The felsic to intermediate, quartz-syenitic migmatite was observed in the 

vicinity of the base of the central Muskoka domain. It is therefore concluded that the two 

different migmatite varieties are slivers related to the bounding shear zones rather than 

representing a typical migmatite of the Muskoka domain. However, transitions between 

the Hbl-Fsp gneiss and the typical migmatitic orthogneiss of the Muskoka domain were 

observed, thus indicating, as discussed below, that both of these rock types may be part of 

the same original rock package. 

Pink granitoids 

Metamorphic textures and mineral assemblages: Subordinate, fine- to coarse

grained, locally migmatitic pink granitoids are associated with the migmatitic 
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orthogneisses of the Muskoka domain (section 2.3). The mineral assemblage Kfs-Qtz

Pl-Hbl-Bt-Op-Aln-Zrn-Ap contains 3 to 5 volo/o of mafic minerals. The granitoids have a 

porphyroclastic texture defined by perthitic, coarse K-feldspar porphyroblasts with fine 

hornblende inclusions, and coarse, truncating quartz grains, in a fine-grained, subpolygonal 

matrix ofK-feldspar, plagioclase, and quartz (Fig.3.4e) . Recrystallisation at the grain 

boundaries of the K-feldspar porphyroblasts is common. The main mafic mineral in the 

granitoids is hornblende. (Hyp-) idiomorphic olive-green hornblende (Hbl 1) that is part of 

the polygonal felsic matrix, contains inclusions of euhedral fine plagioclase laths indicating 

its igneous origin (Fig.3 .4f). The matrix is overgrown by a larger blue-green to green 

hornblende (Hbl 2) that may have grown during leucosome formation. Inclusions are 

euhedral zircons, opaque minerals, and fine-grained olive-green hornblende. Late blue-

~ green hornblende (Hbl 3 ?), which may be intergrown with quartz, typically indicates 

replacement of clinopyroxene. The accessory minerals, including biotite, opaque oxides, 

allanite and zircon, are mainly associated with hornblende. In summary, relicts of the 

metamorphic history of the granitoids are represented by: 

1) igneous: PI 1 

2) metamorphic: olive-green Hbl 1 ( - Px ?) 

3) (leucosome ?): (blue-)green Hbl 2 - Kfs - Qtz 

4) retrograde: Hbl 3 (?) + Qtz 

Mineral chemistry: K-feldspar compositions with Or_91 are similar in both the 

coarse perthites and in the recrystallised fine matrix grains, though one matrix grain with 

Orsu was analysed. The perthite rods within the K-feldspar porphyroblasts exsolved as 

Ab91 .5 . The fine-grained matrix plagioclases within the pink granitoids are exclusively 

albites with Ab9o.2 to Abn. With the albitic perthite composition in mind, this suggests that 

a former matrix dominated by perthitic K-feldspar porphyroblasts, of which some are still 
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present, recrystallised completely into fine-grained microcline and albite. The anhedral, 

resorbed hornblende grains in the matrix and finely recrystallised hornblende grains have 

the same hastingsite composition (Hawthorne 1981 ), which is distinctly more Fe-rich than 

the one in the migmatitic orthogneisses. Opaque minerals are F e-oxides, possibly former 

magnetite, associated with hornblende or in the felsic matrix associated with, and 

exsolving Fe-Ti oxide. There is no homogeneous (primary) ilmenite. In conclusion, the 

differing mineral assemblages and textures as well as the the different compositions of the 

minerals in the pink granitoid suggests a different protolith compared to the grey-pink 

migmatitic orthogneisses. 

3. 4. 2 F elsie gneisses with granulite facies assemblages 

Leucocratic granulites 

Metamorphic textures and mineral assemblages. Yellow-green, generally 

weakly foliated, leucocratic granulites (Kfs-Pl-Qtz-Cpx±Opx-Hbl-Op-Zrn-

Aln± Ttn±Bt+late Carb) are associated with the above described pink granitoids. Similar to 

the pink granitoids, the leucocratic granulites contain medium- to coarse-grained perthitic 

K-feldspar porphyroblasts, with inclusions of clinopyroxene, hornblende, orthopyroxene 

and allanite, in a recrystallised fine-grained, subpolygonal matrix ofK-feldspar, 

plagioclase, and quartz. Quartz can also be found as thin films around matrix 

clinopyroxene. Mafic minerals comprise approximately 10 vol% of the matrix. Light-green 

clinopyroxenes with exsolution lamellae and very fine oxide inclusions along the cleavage 

are associated with and locally overgrown by orthopyroxenes, latter of which may contain 

fine-grained, perthitic K-feldspar inclusions: 

Cpx 1 - Kfs ~ Opx ~ Cpx 2 (rim) . 

Early olive-green hornblende (Hbl 1 ), is embayed by clinopyroxene and recrystallised 
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hornblende (Fig. 3. 4g) or surrounded by fine-grained, blue-green hornblende (Hbl 3) 

that is intergrown with quartz. Secondary medium-grained, dark-green hornblende grows 

at the margins of the pyroxenes (Hbl 2). All hornblende generations may be associated 

with opaque minerals or quartz rims. 

Hbl 1 (olive-green) ~ Cpx 1 ~ Hbl 2 (dark-green) or Hbl 3 (blue-green) ±Qtz. 

Late biotite rims hornblende and is finely intergrown with quartz. Accessory minerals are 

opaque minerals, euhedral zircons that locally overgrow clinopyroxene and vice versa, 

titanite rimmed by hornblende, and allanite. 

Locally the leucocratic granulites are migmatitic with leucosomes that contain 

coarse K-feldspar porphyroblasts and quartz grains as well as quartz and hornblende

rimmed coarse orthopyroxene porphyroblasts or clinopyroxene porphyroblasts in a matrix 

of plagioclase, K-feldspar, quartz, and locally hornblende. 

The above described mineral textures suggest the following sequence of 

crystallisation: 1) Hbl 1 (olive-green) 

2) Cpx 1 - Kfs (±Opx) (onset of leucosome formation) 

3) Opx- Op (-Ttn?) -Kfs 

4) Hbl 2 (dark-green)± Qtz -Op- Cpx 2 (rim) 

5) Hbl 3 (blue-green) - Qtz - Bt 

Mineral chemistry. Within the analysed, nonmigmatitic leucocratic granulites, K

feldspar ranges in composition from Or88.1 to Or95 .8 . The K-feldspar porphyroblast rims 

may have a lower orthoclase content, but generally no major compositional variation 

exists between the perthitic porphyroblasts and the recrystallised fine matrix grains. 

Perthite lamellae in K-feldspar porphyroblasts have an albite composition similar to the 

fine-grained matrix plagioclases that vary slightly from Ab86.6 to Ab98.8 . Of these 

plagioclase compositions, plagioclase lamellae in K-feldspar are generally anorthite-richer 
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than plagioclase rims or very finely recrystallised grains. The anorthite content in 

plagioclase varies from 1 to 12 mol% with a tendency to higher values in matrix 

plagioclase cores. Orthopyroxenes are ferrosilites (Fs 89-91.4 mol%) with slightly 

decreasing Fe-content within orthopyroxene rims around opaque Fe-oxides. Similarly, 

clinopyroxenes have a Fe-rich hedenbergite composition (Fs 41.5-50.7 mol%). Medium to 

coarse clinopyroxene in the mesosomes and leucosomes of orthopyroxene-free samples 

have a relict augite composition that changes with recrystallisation towards a more Ca-rich 

hedenbergite composition. Hornblende is ferroan edenitic hornblende (Hawthorne 1981) 

with Ti-contents from 0.13 to 0.25 mol%. Opaque minerals are ilmenite, Fe-oxide and 

small amounts ofF e-sulphide. 

Leucocratic granulite veins 

Metamorphic textures and mineral assemblages. In the field, leucocratic 

granulite veins (Kfs-Pl-Qtz±Cpx±Opx-Hbl-Bt-Op-Ap-Aln-Ttn-Zrn+late Carb) cut the 

leucosomes of the migmatitic orthogneisses of the Muskoka domain. The thin section 

textures are similar to those of the leucocratic granulites described above. The 

porphyroclastic leucocratic veins contain coarse perthitic K-feldspar, plagioclase 

(±antiperthite), and quartz grains that are surrounded by a fine-grained, subpolygonal 

matrix ofK-feldspar (microcline), plagioclase and quartz, that recrystallised from the 

coarse porphyroblasts. Generally, K-feldspar dominates over plagioclase. The amount of 

mafic minerals ranges from 3 to 15 vol%. Orthopyroxene alters to yellow-brown or green 

alteration products and is rimmed by blue-green hornblende. Within some of the veins, 

titanite comprises one of the major mafic minerals. 

Mineral chemistry. Crosscutting leucocratic granulite veins within the pink 

granitoids have similar mineral compositions to the leucocratic granulites described above. 
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In contrast, granulitic veins that cut the grey-pink migmatitic orthogneisses differ 

significantly in composition. Plagioclases have compositions of An24.3 to An26.5 . K-feldspar 

compositions are similar with Or89 to Or91 . Clinopyroxenes areNa-free diopsides. Major 

compositional differences are displayed in fine-grained magnesia-hornblende associated 

with quartz that forms rims around clinopyroxene, and magnesian hastingsitic hornblende 

intergrown with biotite. Orthopyroxene porphyroblasts occur mainly in veins that crosscut 

the pink granitoid. Here, they alter to ferroan tschermakitic hornblende and are 

surrounded by ferroan edenitic hornblende. Biotite ranges in XFe from 0.41 to 0.45 with 

higher values for unaltered matrix biotites, and Ti contents from 0.36 to 0.44 molo/o, with 

higher values for unaltered matrix biotites. Opaque minerals are Fe-Ti-oxides and Fe

sulphides. 

3.4.3 Intermediate gneisses with granulite facies assemblages 

Metamorphic textures and mineral assemblages. Granulite facies assemblages 

in the intermediate migmatitic orthogneisses (Kfs-Pl-Qtz-Opx-Hbl-Bt±Cpx-Op-Ap-Aln

Zrn±late Ms) occur as patches within amphibolite facies migmatitic orthogneisses or 

within the leucosomes of the amphibolite facies migmatites. These 'transitional granulites' 

are especially common in distinct areas along Highway 118 West, where pyroxene-bearing 

leucosomes appear within 'greasy' greenish host rocks that show the same textures as the 

typical amphibolite facies orthogneiss host. The medium-grained mesosome of these 

gneisses with up to 20 volo/o of mafic minerals is generally the same as in the amphibolite 

facies grey-pink migmatite (section 3 .4.1 ). The difference within a granulite facies matrix 

(Pl-Kfs-Qtz-Cpx-Hbl-Opx±Bt-Op-Ap) is the occurrence of pyroxenes. Clinopyroxene, 

with orthopyroxene exsolution lamellae, contains both inclusions and rims of hornblende 

(Fig. 3 .4h) or is overgrown by hornblende and quartz: 



Hbl 1 ~ Cpx 1 ~ Hbl 2 or Hbl 3 + Qtz. 

Orthopyroxene alters to a yellow-brown alteration product, locally with calcite, that is 

rimmed by hornblende or clinopyroxene. The alteration product may also appear at 

clinopyroxene rims. 

Cpx 1- Opx 1 (~ Alt ±Cal)~ Hbl2 or Cpx 2. 
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The regular granulite facies leucosomes within these gneisses consist mainly of 

coarse K-feldspar porphyroblasts (50-90%), generally with perthite or microcline lamellae, 

that are recrystallised to very fine and fine new and subgrains and myrmekites at the grain 

boundaries. Inclusions in the porphyroblasts are fine-grained K-feldspar, biotite, quartz 

and plagioclase. Minor plagioclase occurs as medium-grained porphyroblasts or in the 

recrystallised matrix, and quartz as coarse grains truncating the other minerals. Prominent 

within the leucosomes are pink orthopyroxene porphyroblasts, locally with opaque 

inclusions, surrounded by myrmekites and recrystallised quartz grains. The porphyroblasts 

are commonly resorbed and converted to a dark or yellow-brown high-relief alteration 

product, which may be rimmed by hornblende or fine-grained, recrystallised 

orthopyroxene (Opx 3 ?). Orthopyroxene may be replaced by a fine intergrowth ofBt

Qtz-Op±Hbl±Opx that is surrounded by an olive-green (Hbl 2) to blue-green (Hbl 3) 

hornblende rim or by fine-grained orthopyroxene (Opx 3): 

Opx 1 (~ alt) ~ Bt 2- Qtz- Op ± Hbl2* (olive-green)± Opx 2 ~ 

Hbl 3 (blue-green) ± Qtz - Opx 3 

(* Hbl 1 is represented by hornblende in the matrix) 

Locally, fine-grained clinopyroxene occurs between the K-feldspar porphyroblasts. 

Abundant coarse brown biotite is mostly intergrown with fine quartz, and grows 

perpendicular to the foliation across orthopyroxene or hornblende: 

Opx - Hbl ~ Bt ± Qtz 



Accessory minerals are opaques, apatite and zircon, the latter oval to round with 

cores. 
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The leucosome - mesosome transition is characterised by the absence of a 

melanosome. Coarse- to medium-grained K-feldspar porphyroblasts of the leucosome are 

adjacent to or may truncate the medium-grained plagioclase and hornblende of the matrix. 

The coarse to medium grains of the leucosomes decrease slightly in size towards the 

neighbouring mesosome. Leucosome margins may display increasing amounts of allanite. 

Less common within granulite facies migm~tites are plagioclase and pyroxene-rich 

leucosomes (section 3.4.4). 

The sequence of mineral crystallisation within the granulite facies migmatites is 

summarised as follows: 

I) Hbl 1 - PI I - Kfs - Bt I - Qtz - Op (matrix+ inclusions in Kfs porph) 

2) Kfs- Opx I ( ~ Alt ±Cal)- Cpx I (leucosome) 

3) ± Opx 2- Hbl2- Cpx 2- Bt 2 ± Qtz ± Op 

4) ± Opx 3 - Hbl 3 ± Qtz 

3. 4. 4 Mafic and ultramafic granulite enclaves 

Mafic and ultramafic granulite enclaves are common within the gneisses of the 

Muskoka domain and include two-pyroxene-granulites, garnet-granulites, amphibolites, 

coronitic metagabbros, anorthosites, retrograde metaeclogites and ultramafics. 

Mafic enclaves 

Metamorphic textures and mineral assemblages. Mafic granulite enclaves (Pl

Hbl-Grt-Cpx±Opx±Qtz±Kfs±Bt-Op-Ap±Zm± Ttn±late Carb±late Chi) are among the most 

remarkable rock types in the study area as they commonly contain granulite facies 
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Fig. 3.4. continued. Textures in granulite facies gneisses, Muskoka domain. Sample 
number and field of view in brackets. g) Hbl 1 surrounded and em bayed by clinopyroxene 
and recrystallised, fine-grained Hbl2/3, leucocratic granulite (52b-1, 1x2 mm). h) 

· Clinopyroxene overgrowing hornblende, intermediate granulite (149a-l, 4x7 mm). i) 
Pyroxene-plagioclase patch (upper right) in hornblende-rich matrix, mafic enclave ( 48a-1, 
4x7 mm). j) Clinopyroxene inclusion in matrix hornblende, two-pyroxene granulite ( 47b-
1, 1x2 mm). k) Hornblende inclusions in clinopyroxene, felsic patch of two-pyroxene 
granulite (132b-G2, 1x2 mm). I) Ore-:-clouded, igneous clinopyroxene surrounded by 
symplectitic hornblende and plagioclase. Fine garnet grows in cores of relict igneous 
plagioclase laths, coronitic metagabbro (156h-2, 5x8 mm). Sample localities in Fig.3. 12. 
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assemblages within mostly amphibolite facies host rocks. In the field, most of the 

granulite enclaves exhibit, especially at their margins, a network of light coloured veins. 

The vein network is characterised by distinct felsic leucosomes that show an increase in 

grain size and sharp boundaries to the matrix, and of diffuse felsic patches with transitional 

boundaries to the matrix (Fig. 3 .4i). In comparison to the typicalleucosomes, the diffuse 

felsic patches do not show any changes in grain size, although they may be less well 

foliated than the matrix. The diffuse patches and felsic leucosomes are characterised by an 

enrichment in plagioclase and pyroxene (Fig.3.4i) as opposed to the hornblende-rich and 

commonly also garnet-rich matrix. In thin section, the weakly to nonfoliated granulites are 

very fine-, fine- and rarely medium-grained, with a (sub )polygonal texture. 

The two-pyroxene granulites (Pl-Opx-Cpx-Hbl-Bt±Kfs±Qtz-Alt-Op-Ap-Zrn and 

late Qtz±Carb±Ms) with up to 50 vol% of mafic minerals, are commonly characterised by 

the above described vein network. Within the matrix/mesosome, fine- to medium

grained, polygonal plagioclase with polysynthetic and deformation twins and some 

zoning, is the main and generally the only felsic mineral. Finer-grained plagioclase 

inclusions within the larger grains indicate dynamic recrystallisation to larger grain sizes. 

Quartz, if present, is a minor constituent. As a late phase, it overgrows both hornblende 

and plagioclase. Early quartz may occur as inclusions within plagioclase: 

Qtz 1 -PI 1 ~PI 2 (medium) 

Green to olive-green, (sub )polygonal hornblende, the main mafic mineral within the 

matrix/mesosome (-70% of the mafic minerals), generally forms clusters parallel to the 

foliation . Relict, medium- to coarse-grained, resorbed, and inclusion-free porphyroblasts 

indicate formerly larger hornblendes (Hbl 1 ). Inclusions within hornblende are mostly 

opaque minerals, more rarely clinopyroxene (Fig. 3 .4j), orthopyroxene, plagioclase, rare 

quartz, rare biotite, and late carbonate. Late, very fine, euhedral hornblende grows 



within the polygonal plagioclase matrix. 

Cpx 1 - Opx 1 - PI 1 - Qtz 1 - Bt 1 ~ Hbl 1 

In orthopyroxene-free samples, clusters of hornblende grains may be separated by 

symplectitic intergrowth of clinopyroxene and plagioclase: 

Hbl 1 ~ Cpx 2/3 - PI 2/3 
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Within granulite facies mafic enclaves, clinopyroxene and orthopyroxene grow within or at 

the margin of the hornblende cluster, generally in grain sizes smaller than the surrounding 

minerals. Pyroxenes the same size as the matrix minerals exhibit both hornblende 

inclusions and thin hornblende rims. Former coarse-grained (Px 2), now granular 

pyroxenes (Px 3) that are intergrown with very fine plagioclase, are located at the margins 

of coarse hornblende grains (Hbl 1 ), and surrounded by recrystallised fine-grained 

hornblende (Hbl 2) and in places opaque minerals. Fine-grained pyroxenes (Px 3) rim 

earlier ones (Px 2) and overgrow hornblende-replacing biotite (Bt 2). 

Hbl 1 ~ Cpx/Opx 2 - Bt 2 ~ Cpx/Opx 3 - PI 3 - Hbl 2 ± Op. 

Orthopyroxene and its yellow-brown alteration product may be rimmed by clinopyroxene 

or embayed by plagioclase or associated with biotite and quartz intergrowths: 

Opx 2 ( ~ Alt) ~ Cpx 3 or PI 3 or Bt 3? + Qtz 3? 

Minor biotite is associated with, and replaces hornblende. Accessory minerals include 

opaque minerals, commonly rimmed by a thin felsic film that suggests the former presence 

of melt. Locally, the opaque minerals overgrow orthopyroxene or form opaque-quartz 

symplectites. Round to oval zircons may exhibit zoned cores and thick anhedral rims. In 

some garnet-free samples, titanite forms thin rims around opaque minerals and hornblende: 

Op- Hbl ~ Ttn 

The felsic patches and leucosomes (Pl-Cpx-Opx-Op-Bt±Hbl-Qtz±Kfs-Ap-Zrn) of 

the two-pyroxene-granulites contain mainly plagioclase, pyroxenes, and opaque minerals. 
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Medium- to coarse-grained, locally antiperthitic plagioclase (up to 95 vol%) contains 

polysynthetic twins that may be overprinted by perpendicular deformation twins. Perthitic 

K-feldspar porphyroblasts are restricted to distinct leucosomes, in which they may be the 

most common felsic mineral. Myrmekitic intergrowth and recrystallisation at the grain 

boundaries is common in both felsic patches and leucosomes. Accessory quartz is more 

common inK-feldspar-present or K-feldspar-rich leucosomes, where coarse grains 

truncate the remaining minerals. In leucosomes, quartz occurs as films around 

clinopyroxene (especially where in contact with biotite) or around the larger plagioclase 

grains . Clinopyroxene is the main mafic mineral within the felsic patches. It contains 

inclusions of hornblende (Fig. 3 .4k), plagioclase, quartz, apatite, opaque minerals, and 

orthopyroxene. Clinopyroxene is associated with or rims plagioclase and is overgrown by 

late biotite, opaque minerals and apatite. 

Hbl 1 - Pl 1 + 2 - Qtz 1 - Ap 1 - Op 1- Opx 1 or 2 (- Alt) ~ 

Cpx 2 * or Cpx/Opx 3 ± Pl 3 

Cpx 2 ~ Bt 3 - Op 2 - Ap 2 

(* Cpx/Opx 1 refers to pyroxene inclusions within hornblende matrix grains). 

Orthopyroxene commonly alters to a yellow-brown alteration product. It is observed to be 

rimmed by clinopyroxene, though fine-grained, later orthopyroxene may embay 

clinopyroxene: 

Opx 2 ~ Cpx 3 (rim) 

Cpx 2 ~ Opx 3 

Some ortho- and clinopyroxenes are poikilitic with plagioclase inclusions. Within distinct 

leucosomes, orthopyroxene may be the only pyroxene present. Opaque minerals are fairly 

common within the felsic patches and preferentially associated with the pyroxenes, for 

example rimming clinopyroxene. Hornblende is a rare late phase overgrowing the 



pyroxenes and is associated with biotite-quartz intergrowths. Blue-green hornblende 

intergrown with fine quartz, replaces former pyroxene and is rimmed by biotite and 

homogeneous olive-green hornblende : 

Opx/Cpx2 ~ Bt - Hbl 2 (olive-green) 

Opx/Cpx 2 ~ Hbl 3 (blue-green) + Qtz. 

Bt 2 - Qtz 2 ~ Hbl 2 ~ Bt 3 - Qtz 3 

Randomly oriented, coarse, b.rown to red-brown biotite is characteristically intergrown 

with very fine-grained quartz. 

In summary, the following crystallisation sequence is suggested for the two-

pyroxene granulites: 

I) Qtz I - PI I - Cpx I - Opx I - Bt I - Ap I - Op I 

2) Hbl I - PI 2 (- Bt I) 

3) Opx 2 ( ~ Alt) - Cpx 2 - Pl3 - Bt 2 - Qtz 2 
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4) Cpx 3 - Opx 3 - Hbl 2 (olive-green)± Op 2 - Bt 3 ± Qtz 3 -PI 4 - Ap 2 

5) Hbl 3 (blue-green) + Qtz 4 - Ttn? 

Garnet-granulites (Pl-Grt±Cpx-Opx-Hbl±Qtz±Bt-Op-Ap-Zrn)" are very similar to 

the two-pyroxene granulites except for the presence of garnet. Coarse granulites in the 

process of recrystallisation to fine grains contain relict coarse (up to 5-I Omm~ Fig. 3. Sa), 

in some samples poikilitic, and resorbed garnet porphyroblasts (Grt I). Inclusions within 

the garnet porphyroblasts are strongly zoned, idiomorphic plagioclase, clinopyroxene, 

orthopyroxene, quartz, ortho- and clinopyroxene surrounded by plagioclase, 

clinopyroxene surrounded by hornblende, apatite, opaque minerals, biotite and titanite. 

Pyroxenes exsolving plagioclase may cluster around the relict garnets with orthopyroxenes 

in the centre of the cluster. The garnet porphyroblasts are surrounded by recrystallised 

plagioclase, rarely also quartz and biotite, in a granular hornblende-and pyroxene-rich 
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matrix or by plagioclase and subsequent rims of (±hornblende and) orthopyroxene. 

Within most garnet-bearing granulites and amphibolites, however, garnets are fine

grained, inclusion-poor, anhedral to (hyp )idiomorphic (Grt 2) within the plagioclase matrix 

or associated with hornblende. These garnets may be equivalent to the inclusion-poor rims 

of the relict garnet porphyroblasts. Inclusions in hypidiomorphic garnets are mainly felsic 

minerals. The fine-grained garnets may grow together due to Ostwald ripening. Rarely, 

garnet (Grt 2/3?) forms a thin corona around opaque minerals. 

I) PI I ( ± Qtz ± Cpx I ± Opx I ± Bt I ± Ttn I ± Op I ± Ap I) 

2) Grt I 

3) Pl2- Opx 2- Cpx 2 ± Bt ± Hbl 

4) Grt 2 

? 5) Grt 3 

Amphibolites in layers or boudinaged lenses (Pl±Qtz-Hbl±Grt±Cum±Bt±Opx± 

Cpx-Op-Ap and late ±Carb±Url/Chl±Ms) have similar textures and mineral assemblages as 

the two-pyroxene granulites, except for the absence of net veining and the scarcity of 

pyroxenes. Clinopyroxene may occur as relict grains that are clouded with opaque 

minerals, and rimmed by small recrystallised hornblende grains: 

Cpx I ~ Hbl I (±Grt). 

Fine-grained orthopyroxene grows at the margins of or within the hornblende cluster. 

Metasomatic alteration of hornblende to cummingtonite, pyroxene and/or plagioclase? to 

carbonate can be observed along diffuse veins that may represent former fluid channels. 

Coronitic metagabbros or coronites (Davidson et al. I982) were studied in detail 

by previous workers (e.g, Grant I987, Davidson 1991). The coronites are abundant in the 

Central Gneiss Belt, but have not been observed yet in the Grenville Front Tectonic Zone 

and Britt domain (structural level I of the Central Gneiss Belt) in the north of the 
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Grenville Province and within the allochthonous Parry Sound domain (structural level 

3). Coronites of various sizes, shapes, stages of deformation and stages of recrystallisation 

have also been observed within the entire study area, except for the Central 

Metasedimentary Belt boundary thrust zone. The field relationships of the coronites and 

other mafic and ultramafic enclaves are described in chapter 2. 

Coronitic metagabbro bodies are olivine-gabbros that were overprinted by 

granulite facies metamorphism, which resulted in a qistinct corona texture. The coronitic 

metagabbros may exhibit net veining as described above. The primary mineral assemblage 

in the cores of the coronitic metagabbros that still display a relict igneous ( ophitic) texture, 

includes olivine, augite, Fe-Ti-oxides, plagioclase laths, and apatite (Davidson 1991 ). 

Where olivine and the Fe-Ti-oxides are in contact with plagioclase, coronas of secondary, 

granulite facies minerals are present. Olivine is successively surrounded by orthopyroxene, 

clinopyroxene, pargasite and garnet whereas the Fe-Ti-oxides are surrounded by Ti

biotite, kaersutitic pargasite, and garnet (Davidson 1991 ). Igneous baddeleyite commonly 

has a corona of metamorphic zircon (e.g., Davidson and van Breemen 1988, Davidson 

1991 ). 

Within the coronitic metagabbros of the study area, igneous olivine is completely 

replaced by clusters of fine-grained, recrystallised ortho-and clinopyroxenes. The only 

igneous relicts within some coronites are coarse (em-size), highly altered, oxide-clouded, 

and resorbed clinopyroxene porphyroblasts (Fig. 3 .41), and coarse plagioclase laths with 

oscillatory zoning. Clinopyroxene is rimmed by recrystallised or symplectitic fine-grained 

brown hornblende and plagioclase, and recrystallises to fine ortho- and clinopyroxene. 

Within the cores of the ophitic plagioclase laths, chains of fine idiomorphic garnet grains 

nucleate (Fig.3 .4m), wheras at the rims, fine metamorphic plagioclase recrystallises . 

Gamet also forms coronas around plagioclase-rimmed pyroxene clusters. Relict igneous 
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opaque minerals are surrounded by brown hornblende. Rare biotite grows along and 

perpendicular to the twin lamellae in plagioclase and may be surrounded by hornblende 

cluster. However, most of the coronitic metagabbros within the Muskoka domain are in 

very advanced stages of recrystallisation and amphibolitisation, displaying a fine grain size 

throughout, with no igneous relicts and major amounts of olive-green hornblende. 

Mineral chemistry. In general, mineral compositions within individual samples of 

mafic granulites are homogeneous. Most of the compositional ranges reported below 

reflect different bulk compositions of the rock types. 

Plagioclases in two-pyroxene-granulites are homogeneous andesines in the range 

An36.9 to Ar40.2, with slightly higher anorthite contents in very fine grains within areas of 

strong recrystallisation and slightly lower anorthite contents within plagioclases of the 

matrix. Plagioclases in garnet granulites show a much wider compositional range, from 

An28.2 to An 57 . Lower anorthite contents are found in slightly zoned and slightly larger 

plagioclases, commonly near pyroxene clusters, within the fine plagioclase blebs in 

clinopyroxene or associated with late calcite (An28_2), whereas the recrystallised 

plagioclase matrix around the resorbed garnet porphyroblasts has higher anorthite 

contents. Plagioclase inclusions in garnet have the highest anorthite contents (An50 to 

An76.1) . The compositional variation in the amphibolites ranges from An26.0 to An51.9. 

Higher anorthite contents occur in the exsolution blebs in clinopyroxene and as 

recrystallised plagioclase at the hornblende cluster or in the recrystallised felsic matrix in 

which garnet grows. Low anorthite contents can be found in relict larger grains in the 

felsic matrix in which the anorthite content increases from An26 in the core to An37.8, at the 

rims, or in plagioclases near relict clinopyroxenes. In contrast, minor zonation in 

recrystallised fine plagioclases is expressed by slight decreases of anorthite content from 

core to rim. Fine-grained albite may occur at the rim of relict clinopyroxenes or in 
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Fig. 3.5. a) Poikilitic and strongly resorbed garnet porphyroblast, garnet granulite, 
Muskoka domain (194j-l, field of view 10xl4 mm). b) Complementary compositional 
garnet profile. Fe3+ calculation after Droop (1987), garnet end member calculation after 
Rickwood (1968). Sample locality in Fig.3.12. Discussion in text. 
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antiperthite exsolutions of larger plagioclase. Antiperthite exsolution lamellae may also 

consist ofK-feldspar (Or96.6). Minute plagioclase inclusions in garnet have similar 

compositions as the recrystallised plagioclases surrounding them. In the coronites, the 

plagioclase composition varies from An57.2 in the least altered, coarse igneous plagioclase 

to An35 7 in the recrystallised fine grains and in plagioclase-hornblende symplectites around 

clinopyroxene. 

The pyroxenes within the two-pyroxene granulites have remarkably uniform 

diopside and hypersthene compositions despite different locations, for example, in felsic 

patches or in the matrix. Exsolution lamellae in clinopyroxenes are orthopyroxenes with 

matrix compositions. Orthopyroxenes in garnet granulites have homogeneous hypersthene 

to ferrohypersthene composition (Fs 41-55.3 mol%). However, hypersthene inclusions in 

garnet, surrounded by plagioclase, are significantly lower in XFe than the matrix ones 

clustering with clinopyroxene. The Ah03 content in orthopyroxene is low (0.85 to 1.8 wt 

o/o) with the slightly higher values within the recrystallised orthopyroxenes that cluster 

with clinopyroxene. Clinopyroxene (Fs 15 .5-19.6 mol%) in garnet is slightly richer in Mg 

than clinopyroxene in the matrix of garnet granulites, probably due to retrograde Fe-Mg 

exchange, similar to the orthopyroxene-inclusions within garnet. Relict augite is rare and 

restricted to samples with relict coarse gamet-porphyroblasts. Within amphibolites, the 

recrystallised rims of the relict porphyroblasts have the same diopside compositions as the 

mafic granulites, although the unaltered core may still have a relict augite composition. In 

the coronites, recrystallised, fine-grained clinopyroxenes have the typical diopside 

composition, whereas the relict coarse oxide-clouded grains with exsolution lamellae of 

orthopyroxene have a relict augite composition. 

The matrix hornblende grains have a ferroan pargasitic hornblende to magnesian 

hastingsitic hornblende composition (Hawthorne 1981 ). Most hornblende inclusions within 
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garnet have the same ferroan pargasitic hornblende composition as the matrix 

hornblende in garnet-granulites. This suggests that hornblende in garnet and in the matrix 

formed at the same time, probably from former pyroxene. Rarely, magnesia-hornblende 

inclusions in coarse garnet porphyroblasts indicate an earlier generation than the ferroan 

pargasite at the garnet rims. Amphibole in coronites is ferroan pargasite, except for the 

hornblende in the hornblende-plagioclase-symplectite around relict clinopyroxene, and the 

hornblende that recrystallises from relict clinopyroxene, both of which become 

progressively richer in Mg towards an edenitic hornblende composition. In amphibolites, 

hornblende recrystallising from clinopyroxene tend towards a Mg-richer, edenite 

composition. Magnesio-cummingtonite develops from hornblende in areas of metasomatic 

alteration associated with ferroan dolomite. 

Biotites within the two-pyroxene granulites range in XFe from 0.36 to 0.38 with Ti 

contents from 0.56 to 0.59 mol%. In the coronites, minor late biotites have an XFe of0.43 

to 0.46 and high Ti-contents (0.55 to 0. 79 mol%). 

Within the garnet granulites, the analysed garnets are pyrope- and grossular-rich 

almandines with minor spessartine. XFe increases slightly from the core to the rims of 

resorbed fine to medium grains from 0.503 to 0.599, or from 0.605 to 0.633 in Fe-rich, 

clinopyroxene-free samples. In general, XMg decreases and Xca may increase towards the 

rim. Stronger compositional variations are preserved within coarse, poikilitic 

porphyroblasts (Grt I; Fig. 3. 5b ), especially in the vicinity of inclusions that enhance 

retrograde exchange reactions. Profiles through a porphyroblast show a trend towards 

. concentration plateaus of almandine and pyrope, whereas the grossular content varies 

significantly in parts of the core. The outer rims of the coarse garnets are characterised by 

an increase in F e-content and strong variations in compositions of the other components. 

Fine-grained, anhedral to hypidiomorphic garnet ( Grt 2) associated with hornblende has 
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similar compositions to the resorbed garnet porphyroblast-rims. Within the coronites, 

the fine-grained almandine-rich garnets show minor compositional variations with XFe in 

the range 0.543 to 0.585. In amphibolites with relict clinopyroxene porphyroblasts, 

almandine-rich garnets range in X Fe from 0. 5 81 to 0. 614. The highest almandine 

component can be found in the smallest garnets or the ones growing at hornblende 

margins, indicating later growth. 

Opaque minerals are Fe-Ti-oxides, mainly of ilmenite composition, F e-o xi des and 

F e-sulphides. 

Other enclaves 

Metamorphic textures and mineral assemblages. Rare anorthosite lenses (Pl

Hbl±Op±Bt±Ttn±Aln±Zrn±Scp±Carb±Chl±Ms±Sct) within the migmatitic orthogneisses 

consist mainly of polygonal, medium- to coarse-grained plagioclase (90-97 vol%) with, 

locally two perpendicular sets of polysynthetic twins, and relict oscillatory zoning. Minor 

anhedral mafic minerals scattered in the plagioclase matrix include relict orthopyroxene 

replaced by green to yellow-green hornblende. 

Retrograde eclogitic lenses (Hbl-Pl-Grt-Qtz-Cpx-Opx-Op±Spl) associated with 

corundum-bearing meta-anorthosites have been described from various locations in the 

Central Gneiss Belt (e.g., Davidson 1991). Similar mafic gneisses in small tectonic lenses 

are spatially associated with the anorthosite lenses within straight migmatitic gneisses in 

the Muskoka domain. The rocks are garnet- and clinopyroxene-rich, similar to the ones 

described by Davidson ( 1991 ), but highly retrogressed with areas and layers rich in 

hornblende. The corundum and sapphirine-bearing symplectites around kyanite described 

by Davidson ( 1991) are not present within the retrograde metaeclogites of the Muskoka 

domain, nor is corundum present within the anorthosites of the study area. The absence of 



148 
both is attributed to a less aluminous bulk composition of the enclaves in this part of 

the Central Gneiss Belt. Resorbed garnet porphyroblasts may have coronas of a brown, 

high-relief alteration product, possibly a relict symplectite of altered orthopyroxene and 

calcic plagioclase described by Davidson ( 1991) for a similar rock interpreted as 

retrogressed eclogite. The garnets are surrounded by fine-grained, polygonal plagioclase 

and hornblende clusters. Patches rich in clinopyroxene and poor in garnet and hornblende 

may represent former very coarse grains of clinopyroxene (with quartz inclusions), that 

now mainly consist of recrystallised granular clinopyroxene exsolving plagioclase and 

quartz, rimmed by recrystallised fine-grained orthopyroxene. 

Rare fine- to medium-grained ultramafic enclaves (Opx±Cpx-Grt-Hbl-Op-Pl-Spl) 

may contain 80 - 90 vol% mafic minerals, mainly pyroxenes, hornblende, and garnet in 

varying proportions. In hornblende-rich ultramafic samples, idiomorphic medium-grained 

orthopyroxene exsolves vermicular hornblende or recrystallises into fine-grained 

aggregates of orthopyroxene and light-brown to greenish-brown hornblende. The 

hornblende and orthopyroxene clusters are surrounded by plagioclase and a garnet corona, 

with hornblende inclusions within the garnet. Hornblende commonly surrounds associated 

opaque minerals and green spinel. Fine-grained garnets in layers are with plagioclase. 

Spinel may also be present as very fine grains within the plagioclase matrix. 

1) Op -Spl- Opx 1 

2) Opx 2 - Hbl 1- PI 

3) Grt 1 

Ultramafic rocks may also contain resorbed garnet porphyroblasts that are 

surrounded by a clinopyroxene-plagioclase±quartz? symplectite in a hornblende- and 

clinopyroxene-rich matrix. Inclusions in garnet are rutile needles, clinopyroxene, 

hornblende, altered orthopyroxene, and plagioclase. Formerly medium-grained 
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orthopyroxene is recrystallised to small grains, and overgrown and rimmed by light-

green clinopyroxene. Both clinopyroxene and orthopyroxene are rimmed by light greenish

brown hornblende. Clinopyroxene may exsolve plagioclase along the cleavage planes. 

1 ) Rt - Cpx 1 - Hbl 1 - Opx 1 - PI 1 - Grt 1 

2) Cpx 2 - PI 2 - Qtz - Hbl 2 

3) Hbl 3 -PI 3 

3.4.5 Summary 

The predominant amphibolite facies grey-pink migmatitic orthogneisses of the 

Muskoka domain mainly have a granodioritic composition with hornblende as the main 

mafic mineral. The compositions of the main rockforming minerals in the mesosome and in 

the K-feldspar porphyroblast- and quartz-rich leucosomes do not vary significantly, which 

indicates thorough (re)equilibration of the minerals in the mesosome and leucosome 

during and after migmatisation. Subordinate K-feldspar-rich pink granitoids and associated 

charnockitic granulites exhibit different textures, mineral assemblages and compositions 

(relatively K-and Fe-rich) from the predominant migmatitic orthogneisses. This indicates a 

different protolith for these rocks, which are more similar in texture and composition to 

the felsic gneiss association from the Kawagama zone (described below). Within the 

charnockitic granulites, early hornblende recrystallises to pyroxenes. 

Cross-cutting leucocratic granulite veins differ from each other in composition, 

depending on the host rock they cross-cut. This indicates their formation as a result of 

reworking of the adjacent host rock, possibly associated with fluid infiltration and/or 

metasomatism. 

Within the intermediate granulites that are patchily associated with the 

predominant amphibolite facies migmatites, pyroxenes both replace and are replaced by 



hornblende. This is interpreted to reflect a granulite facies overprint onto the 

amphibolite facies migmatites and later rehydration. 
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Mafic granulite enclaves within amphibolite facies host rocks commonly exhibit a 

network of light coloured veins in which ortho- and clinopyroxene formed after 

hornblende. The crystallisation sequence: 

(granulite 1) PI 1 + Cpx 1 + Opx 1 ~ Hbl 1 ± PI 2 (amphibolite I) 

(amphibolite 1) Hbl 1 ±PI 2 ~ Opx 2 ± Cpx 2 ±PI 3 (granulite 2) 

(granulite 2) Opx 2 ± Cpx 2 ±PI 3 ~ Cpx 3 ± Opx 3 ±PI 4 (granulite 3) 

and/or Hbl 2/3 ± Qtz (amphibolite2/3), 

indicates a complex, possibly pre-Grenvillian metamorphic history with an early granulite 

facies metamorphism followed by amphibolite facies metamorphism, a secondary granulite 

facies metamorphism and finally rehydration. Garnet-bearing mafic and ultramafic enclaves 

indicate garnet growth until late in the (Grenvillian) metamorphic history. Coronitic 

metagabbros are variably recrystallised to granulite facies and amphibolite facies 

assemblages. Igneous clinopyroxene porphyroblasts underwent complete reequilibration, 

that included the exsolution of orthopyroxene lamellae with the same composition as the 

other recrystallised orthopyroxene grains. Gamet grew within former plagioclase .laths, 

that also experienced progressive recrystallisation towards rim of relict laths. Hornblende 

surrounding the big opaque grains and recrystallised hornblende grains have similar 

compositions, thus must have grown at same time during recrystallisation of igneous 

minerals. 

3. 5 Petrography of the KawaganJa assenJblage 

The Kawagama zone comprises a lithologically and structurally distinct rock 

package, the Kawagama assemblage, that separates the Muskoka domain from the 
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underlying Algonquin domain (structural level 1, parautochthon of Rivers et al. 1989). 

The lithologies of the Kawagama assemblage include the felsic gneiss association and the 

intermediate to mafic gneiss association (Table 3 .3). 

3. 5.1 F elsie gneiss association 

Metamorphic textures and mineral assemblages. Different rock types in the 

felsic gneiss association include pink to yellow, locally migmatitic felsic gneisses (Kfs-Pl

Qtz±Grt-Hbl-Bt±Cpx±Opx-Op-Zm-Aln-Ap-Rt?± Ttn and late ±Chl±Alt±Ms±Carb ), 

interlayered felsic megacrystic orthogneisses (Kfs-Qtz-Pl-Hbl-Bt±Grt-Op-Zm-Aln-Ap

Alt) with coarse, flattened K-feldspar augen, and more rarely, migmatitic granulites (Pl

Qtz-Kfs±Grt-Opx-Cpx±Bt-Op-Zm-All-Ap and late ±Alt±Carb~ Table 3.3). The 

microstructures and the mineral assemblages of these rock types are remarkably similar 

and therefore described together. 

The microstructure of the felsic gneisses reflects intense ductile deformation, 

expressed by the strong tectonic layering (Fig.3.6a). Euhedral, fine-grained inclusions, 

mostly of feldspar, within the generally medium-grained matrix indicate· initial 

recrystallisation to larger grain sizes. The medium- (rarely coarse-) grained porphyroblasts 

of the matrix subsequently recrystallised to fine and very fine new and subgrains and/or 

myrmekites at the grain boundaries of the felsic minerals. The strong recrystallisation gave 

rise to irregular grain boundaries in contrast to the rare (sub )polygonal fabric in less 

strongly foliated varieties. A grain flattening fabric is characterised by mono- to 

polycrystalline quartz ribbons, that truncate the matrix fabric (Fig.3.6b). The quartz 

ribbons are typically foliation parallel. Locally, thin shear bands that define a CS fabric cut 

the recrystallised, felsic matrix. 



Table 3.3: Main rock tyllcs and mineral assemblages in the Kawagama zone 

rock type PI Qtz Kfs Grt Cpx Opx Uri Hbl Bt 

fel.~ic gneiu a.uemblage 

pink felsic gneiss X X X ± ± ± ± ± ± 

felsic to intermediate 

migmatites X X X ± ±It X X 

megacrystic orthogneisses X X X ± X X 

granulite X X X ± X X X ± 

itrternrediate to mafic gtrei!ts a.uemblage 

migmatitic orthogneisses X X X ± ± X X 

Hbi-Fsp-gnciss X X X ± ± X X 

mafic etrdat•e.~ X ±It') ±? X X X X ±It 

Mineral abbre\'iations in appendix A. It= late. 

Op Zrn Rt Ttn Aln 

X X ? ± X 

X X ? X 

X X X 

X X X 

X X ? ± 

X X ± ± 

X ± 

Ap Ms Chi 

X ±It 

X ±It J:lt 

X 

X 

X ±It ±It 

X 

± 

Set A It 

±/±It 

±It 

±It 

±It 

±It ±It 

±It 

Carb 

±It 

±It 

±It 

±It 

±It 

'Jl 
t.) 
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Fig. 3.6. Textures in the Kawagama assemblage. Sample number and field of view in 
brackets. a) Fine-grained, foliated matrix (215c, 2x4 mm), b) with strongly recrystallised 
grain boundaries and truncating, late quartz ribbons, felsic gneiss (91 a-1, 4x7mm). c), d), 
e) next page. f) Felsic and mafic patches in Hbl-Fsp gneiss (20lk-l, 2x4 mm). g) 
Plagioclase porphyroblast overgrowing smaller matrix grains, Hbl-Fsp gneiss (20lk-l, 2x4 
mm). Sample localities in Fig. 3.12. 
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Fig. 3.6. continued. Textures in the Kawagama assemblage. Sample number and field of 
view in brackets. c) Hypidiomorphic garnets (center) with poikilitic rims, and garnet 
coronas around opaque minerals, felsic gneiss association (200g-1, 2x4 mm), d) Strongly 
resorbed garnet and typical yellow-brown alteration product in felsic gneiss (87c, 2x4 
mm). e) Titanite rims around opaque minerals associated with blue-green hornblende 
(220c, 2x4 mm). Sample localities in Fig. 3.12. 
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The felsic matrix of the pink gneisses consists ofK-feldspar, quartz and 

plagioclase with perthite or microcline as the dominant mineral. Medium-, rarely coarse

grained, perthitic K-feldspar porphyroblasts or locally antiperthitic plagioclase 

porphyroblasts are surrounded by recrystallised fine grains and myrmekite. This type of 

texture is especially distinct in flattened megacrystic granitoids, which contain mafic 

minerals warping around relict and now recrystallised feldspar augen, indicating that most 

or maybe even all of the felsic gneisses were once derived from them. Within the 

migmatites, thin felsic films around opaque minerals, hornblende, or clinopyroxene 

indicate the former presence of melt. The locally migmatitic pink felsic gneiss contains ca. 

5 to 10% mafic minerals, which are segregated into foliation-parallel layers . Pink-orange 

garnet may be present, as resorbed and embayed, coarse- to medium-grained 

porphyroblasts (Grt 1 ~ Fig.3. 7a). The garnet porphyroblasts are inclusion-free or may 

contain minor inclusions of idiomorphic K-feldspar, clinopyroxene, hornblende, opaques, 

plagioclase, and zircon. Within hornblende-rich migmatites, the garnet porphyroblasts 

locally overgrow olive-green hornblende. 

Hbl1 ~ Grt 1 

Gamet porphyroblast rims may be poikilitic (Grt 2) with very fine, worm or needle-like, 

felsic or more rarely opaque inclusions. Poikilitic garnet is also represented by medium to 

fine-grained porphyroblasts and by variably symplectitic rims (Grt-Qtz) around opaque 

minerals (Fig.3.6c), and around hornblende, or clinopyroxene: 

Op ± Cpx 1 ± Hbl 1 ~ Grt 2 ± Qtz. 

The garnet porphyroblasts may be surrounded by late hornblende, biotite, and quartz. 

Late, very fine- to fine-grained euhedral garnet grew within the felsic matrix (Grt 3 ). 

Scattered, olive-green to blue-green hornblende, the dominant mafic mineral in 

amphibolite facies gneisses (Hbl:Bt-75 :25), occurs as elongate grains, with inclusions of 
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Fig. 3. 7. a) Poikilitic and strongly resorbed garnet porphyroblast, felsic gneiss association, 
Kawagama zone (196g, field ofview 4x7 mm). b) Complementary compositional garnet 
profile. Fe3+ calculation after l(nowles (1987), garnet end member calculation after 
Rickwood (1968). Sample locality in Fig. 3 .12. Discussion in text. 
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opaque or felsic minerals, parallel to the foliation . Hornblende may rim K-feldspar, and 

is commonly overgrown by biotite or matrix K-feldspar. Within the felsic pink gneisses 

and within the felsic granulites, light-green clinopyroxene and/or more rarely green to pink 

orthopyroxene occur. Orthopyroxene is generally more altered than clinopyroxene and 

may be embayed by it: 

Opx 1 ~ Cpx 2. 

Both pyroxenes may alter to a yellow-brown alteration product (Fig.3 .6d), that in the final 

stages may easily be mistaken for red-brown allanite. Orthopyroxene may be rimmed by 

recrystallised orthopyroxene, allanite, intergrown biotite and quartz or the yellow-brown 

alteration product: 

Opx 1 ~ Opx 2 - Aln - Bt + Qtz - Alt. 

Clinopyroxenes typically have exsolution lamellae. In domains of a or within different 

samples clinopyroxene does generally not coexist with garnet or vice versa, possibly 

indicating a reaction in which one replaces the other. Secondary hornblende forms rims 

around the pyroxenes : 

Grt 1 ± Opx ± Cpx ± Hbl I ~ Hbl 2 ± Qtz. 

Late clinopyroxene may be symplectitic with quartz, surrounding opaque minerals. Matrix 

clinopyroxene is replaced by blue-green hornblende with droplike quartz. 

Op ~ Grt ± Qtz - Cpx 2 ± Qtz 

Cpx I ~ Hbl 3 + Qtz. 

Brown to red-brown biotite is characteristically intergrown with fine- to very fine-grained 

quartz ± orthopyroxene. The post-deformational biotite growth is indicated by radiating 

growth around opaque minerals, garnet, or hornblende. Characteristic of the felsic gneiss 

association is also the abundance of accessory minerals. Fine- to medium-grained, anhedral 

allanite is associated with opaques, hornblende, and biotite, both as inclusions as well as 
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overgrowing these minerals. Coarse, (relict) igneous allanite grains with internal 

zonation are found within the felsic matrix, producing concentric radiation fractures . 

Anhedral titanite is included within clinopyroxene, or forms rims around opaque minerals, 

clinopyroxene, hornblende, biotite or zircon, indicating late stage growth (Fig. 3. 6e) . 

Opaque minerals may be very abundant, and are rimmed by Grt 2, clinopyroxene, or 

hornblende. Zircons are commonly euhedral with some inclusions that indicate an igneous 

origin (Fig. 3.8). However, zoned igneous cores may be surrounded by thick metamict 

(possibly metamorphic?) rims. Late alteration products are chlorite replacing hornblende 

or biotite, muscovite, sericite, and carbonate minerals. 

Similar to the felsic matrix of the granitoids, the leucosontes (Kfs-Qtz-Pl-Op

Zrn±Bt±Hbl±Grt±Opx±Aln) of the felsic migmatites consist of coarse- to medium-grained 

perthitic K-feldspar porphyroblasts that may be zoned and that recrystallise new and 

subgrains or myrmekites at the grain boundaries. The fine- to medium-grained matrix of 

K-feldspar, commonly as microcline, plagioclase, and quartz is commonly overprinted by 

coarse, foliation-parallel polycrystalline quartz ribbons. Coarse biotite or blue-green 

hornblende both may be 'shredded', i.e., intergrown with droplike quartz. Leucosomes of 

granulites may contain orthopyroxene or hornblende. 

In conclusion, the abundance of K-feldspar and the abundance of these types of 

accessory minerals suggests a quartz-syenitic protolith for the felsic gneiss association. 

The sequence of recrystallisation within the felsic gneiss association can be summarised as 

follows : 

1) igneous: Zrn - Aln 

2) Kfs 1 - Hbl 1- Op 1- PI 1 - Grt 1- Cpx 1- Opx 1 (some or all igneous?) 

3) .Grt 2 ± Qtz- Cpx 2 ± Qtz- Opx 2- Aln -Bt ± Qtz - Hbl2 ± Qtz, 

4) Hbl 3 + Qtz. 
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Fig. 3.8. Backscatter image of representative euhedral zircon in felsic gneiss ( 196g) of the 
Kawagama assemblage, showing igneous zoning and some inclusions. Sample locality in 
Fig. 3.12. 



Mineral chemistry. Despite different morphological types of garnets in the 

felsic gneisses, the compositions are remarkably similar. This is especially obvious in 

garnet profiles that show plateaus indicating complete homogenisation (Fig. 3. 7b ). The 
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Fe-rich garnets have an almandine component from 63.4 to 66 mol%, with minor increases 

in the rims. Noteworthy are grossular contents from 15 .7 to 18.8 mot«%, slightly increasing 

in the rims (Grt 2), and spessartine components of 8.8 to 10.8 mol%, slightly higher within 

the porphyroblast plateaus. The pyrope component is consistently low with up to 4. 7 

molo/o, but decreases at garnet porphyroblast rims. In contrast, scattered, very fine 

hypidiomorphic garnet within felsic migmatites is Mn-rich with a spessartine component of 

33.1 to 3? mol%, whereas almandine ranges from 27.5 to 36.5 mol% and grossular from 

21 to 27 .1 mol%. The hedenbergite-rich (Fs 37.3-42.6 mol%) clinopyroxene is richer in Fe 

within matrix grains and richer in Mg within the rims. Exsolution lamellae in matrix 

clinopyroxene recrystallise towards an Fe-rich orthopyroxene composition. Aegirine 

components in clinopyroxene range from 2.1 to 5.6 mol% with the highest values for 

matrix clinopyroxenes. Plagioclase inclusions within garnet porphyroblasts, plagioclases 

surrounding resorbed garnet porphyroblasts, and fine matrix plagioclases are oligoclase 

with An18.4_20.5. Plagioclase exsolution lamellae inK-feldspar are slightly less calcic (An17.3_ 

18.6), though fine-grained, recrystallised plagioclase are least calcic (An15.3_18.8). K-feldspar 

shows a range in orthoclase content from Or78.8- 93 .5, generally increasing from the core to 

the rim of perthitic matrix grains and in very fine, recrystallised grains, though some of the 

latter may be very low in orthoclase. Reintegrated perthitic K-feldspar in felsic migmatites 

has a composition of Ab 11.6 AnuOr s7.J· Biotites in felsic migmatites are Fe-rich with XFe 

of0.60 and a Ti content of0.47 to 0.57 mol%. Mica within the felsic garnet-bearing 
I 

gneisses is stilpnomelane with X Fe of 0. 69. Amphibole in the migmatites is ferro an 

pargasitic hornblende. Opaque minerals are Fe-oxides with exsolution lamellae ofTi-Fe-
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oxide. Zircons are generally euhedral with inclusions and show igneous zonation in 

backscatter images (Fig. 3.8), though some zircons with overgrown rims may be observed. 

3. 5. 2 Intermediate to mafic gneiss association 

The main rock types of the intermediate to mafic gneiss association are 

migmatitic orthogneisses and hornblende-feldspar (Hbl-Fsp) gneisses, which may display 

only subtle differences. 

Migmatitic orthogneisses 

Metamorphic textures and mineral assemblages. The foliated, intermediate to 

mafic migmatitic orthogneisses (Pl-Qtz-Kfs-Hbl-Bt-Op-Zrn-Ap±Cpx±Opx-Ttn?±Aln and 

late ±Ms±Chl±Sct±Alt±Carb) contain 30 to 40 % mafic minerals. The mesosome is 

dominated by (sub )polygonal plagioclase, minor quartz and K-feldspar. Recrystallisation 

to fine new and sub grains at the grain boundaries of the felsic minerals is common. Quartz 

ribbons may occur in strongly deformed samples. Thin felsic films between hornblende and 

biotite or between opaque minerals and orthopyroxene indicate the former presence of 

melt. Olive-green to blue-green hornblende is the main mafic mineral (Hbl:Bt-3 : 1) with 

inclusions of opaque minerals, brown alteration products, plagioclase, and zircon. 

Hornblende may be overgrown by biotite or more rarely by K-feldspar. Locally, fine

grained, idiomorphic K-feldspar inclusions indicate an original fine grain size before 

recrystallisation to medium or coarse grains. Hornblende may alter to a brown alteration 

product or is finely intergrown with drop like quartz. The amount of brown biotite 

drastically increases in sheared margins towards compositionally or texturally different 

layers, suggesting an enhanced influx of fluids at these sites. Clinopyroxene and 

orthopyroxene occur, not necessarily together, mainly within leucosomes, rarely within the 
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matrix of the migmatites. Inclusions are hornblende, plagioclase, K-feldspar, biotite, 

apatite, and opaque minerals, indicating an overprinting granulite facies event. In contrast, 

hornblende rims and fine grains of pyroxene around the coarser pyroxene porphyroblasts 

indicate subsequent hydration and recrystallisation: 

Hbl 1- Fsp 1~ Cpx 1/0px 1 ~ Cpx 2 /Opx 2- Hbl 2- Bt -Op. 

Accessory minerals are zircon and allanite, less abundant than in the felsic gneiss 

association, and opaque minerals. 

The /eucosomes consist of coarse K-feldspar porphyroblasts and more rarely of 

antiperthitic plagioclase porphyroblasts, that are recrystallised or developed myrmekites at 

the grain boundaries, in a matrix of very fine- to medium-grained plagioclase, quartz, and 

K-feldspar. Mafic minerals include biotite, hornblende, clinopyroxene porphyroblasts, and 

altered orthopyroxene porphyroblasts. Late, coarse quartz ribbons are common within the 

leucosome and may truncate all the other fabrics within the sample. The leucosomes are 

commonly bounded by melanosome layers. Within amphibole-dominated melanosomes, 

the medium to coarse hornblende grains are associated with biotite, allanite and uralite 

(fibrous, light blue-green alteration product of pyroxene), whereas in pyroxene-dominated 

melanosomes, coarse clinopyroxene grains are partly replaced by hornblende and biotite. 

Hornblende (Hbi)-Feldspar(Fsp )-gneiss 

Metamorphic textures and mineral assemblages. The closely associated 

medium-grained Hbl-Fsp-gneiss (Pl-Qtz-Kfs-Hbl-Bt-Op-Zrn±Cpx±Opx-Ap± Ttn-Aln and 

late ±Alt±Carb) has a very similar texture and composition to the migmatitic orthogneiss, 

however, a few differences were observed in thin section. 

Within the medium (to coarse) grained, subpolygonal mesosome, the dominant 

felsic mineral is plagioclase, up to 3 5 to 40 vol%. Less deformed samples exhibit relict 
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coarse plagioclase pophyroblasts, or recrystallised felsic patches around which the 

mafic mineral foliation is warped to outline former feldspar augen. Several samples 

(Fig. 3. Sf) exhibit felsic (Pl±Qtz±Hbl±Bt±Op) and mafic, hornblende-rich patches ( 50-80 

volo/o mafics~ Hbl±Pl-Qtz) similar to the migmatites of the Muskoka domain, which may 

represent former melt pockets. Within the felsic patches, coarse, zoned plagioclase 

porphyroblasts overprint smaller grains (Fig.3. Sg), which is similar to the migmatites of 

the Muskoka domain. In addition, the mafic patches may be remarkably quartz-rich, with 

quartz-films around hornblende or quartz grains at the grain junctions. This may indicate 

that the quartz-poor felsic patches may have been depleted in quartz (and K-feldspar) due 

to melt extraction. Texturally more unlikely is the replacement of clinopyroxene by 

hornblende and quartz. In general, quartz occurs more rarely than within the migmatites, 

as recrystallised small grains or as thin films around and between biotite and hornblende. 

The mesosome contains up to 50°/o mafic minerals, mainly elongate, commonly 

resorbed, olive-green to blue-green hornblende in clusters. Inclusions within hornblende 

are opaque minerals, apatite, biotite, plagioclase, and quartz. Rarely, hornblende

plagioclase symplectites are observed around hornblende grains. Biotite replaces 

hornblende or grows post-kinematically, perpendicular to the foliation. In more biotite

rich areas the hornblende/biotite ratio may exceed 65 :3 5. Biotite tends to be more 

common in felsic patches than in mafic patches. Rare hornblende overgrowing biotite 

indicates that biotite also grew at the same time as hornblende. Ortho- and clinopyroxene 

within hornblende clusters may exhibit both inclusions and rims of hornblende: 

Hbl 1- Op ~ Cpx 1~ Opx 1 - Pl/Qtz ~ Hbl2 

The Hbl-Fsp gneiss generally contains a smaller amount of leucosome (Kfs-Pl

Qtz±Hbl±Opx-Op±late Carb) than the above described migmatitic orthogneisses. The 

leucosomes are more plagioclase-rich with zoned plagioclases. Some leucosomes only 



consist of coarse quartz ribbons that truncate the matrix. The quartz ribbons 

recrystallise to fine and very fine grains at their margins. 
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Possible explanations for the observed differences between the two rock types are: 

1) the precursor of the Hbl-Fsp-gneiss is different from the precursor of the migmatitic 

orthogneisses, or 2) the precursor of both rock types is the same and the Hbl-Fsp-gneiss is 

the leucosome- (Kfs-Qtz) depleted restite of the migmatitic orthogneiss. 

3.5.3 Summary 

The felsic gneiss association of the Kawagama assemblage consists of strongly 

deformed and recrystallised K-feldspar-rich rocks. The mineral assemblages, including 

abundant accessory minerals such as allanite, zircon and titanite, and the K-, Fe- and Mn

rich mineral compositions suggests a quartz-syenitic proto lith of the felsic gneiss 

association. 

The intermediate to mafic gneiss association includes granodioritic to tonalitic 

migmatitic orthogneisses with textures and compositions similar to the amphibolite facies 

migmatites of the Muskoka domain. Local pyroxene-bearing members of the intermediate 

to mafic gneiss association display both inclusions and rims of hornblende, which indicates 

a granulite facies overprint on amphibolite facies gneisses and later rehydration. 

3. 6 Petrography and selected mineral chemistry of the para- and orthogneisses in the 

Algonquin domain 

The Algonquin domain in the eastern Central Gneiss Belt of Ontario includes 

several subdomains that were interpreted as thrust sheets (Nadeau 1990~ Fig. 2. 7) . The 

structurally highest thrust sheets include the Huntsville subdomain and the McClintock 

subdomains, that are here subdivided based on lithostratigraphy into the Southern 
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Huntsville assemblage, the Birkendale assemblage, and the McClintock assemblage 

(see section 2.5) . This section describes the petrography, and, where available, the mineral 

chemistry of the strongly deformed, granulite facies and upper amphibolite facies ortho

and paragneisses ofthe gneiss assemblages ofthe Algonquin domain (Fig. 2.1) . These data 

are needed to establish a metamorphic database for the study area, to determine 

thermobarometric differences between the polycyclic parautochthon ofRivers et al. (1989) 

and the monocyclic Muskoka domain, and to compare with Nadeau's (1990) study of the 

Huntsville area. The petrographic descriptions focus on the rock types that are most useful 

in unravelling the metamorphic history of the study area. Special emphasis is placed on the 

metasediments, which contain minerals that are particularly sensitive to varying 

metamorphic pressures and temperatures. 

A list of the dominant rock types and mineral assemblages in the part of the 

Algonquin domain comprising the study area can be found in Tables 3.4, 3.5, and 3.6. For 

a detailed description of all the rock types and their field relationships, the reader is 

referred to section 2. 5. 

3.6.1 Southern Huntsville assemblage 

The Southern Huntsville assemblage consists predominantly of granulite facies 

rocks~ however, the highest structural level that immediately underlies the Muskoka 

domain mainly consists of amphibolite facies rocks. 

Metasediments 

Metamorphic textures and mineral assemblages. Metapelites, semipelites and 

associated calcsilicate layers are commonly. interlayered with the granitic to granodioritic 

orthogneisses of the Southern Huntsville assemblage. The metapelitic and semi pelitic 
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mineral assemblage (Pl-Qtz-Kfs-Grt±Sil±Opx±Hbl-Bt±Mnz-Op(Gr) ±Zrn±Rt±Ap and 

late Chl-Ms-Carb-Sct) includes up to I5°/o mafic minerals. The composition, texture, and 

grain size commonly varies within < I em thick layers within the metasediments, probably 

due to the original sedimentary layering. The metapelites may exhibit a grain flattening 

fabric, depending on the amount of strain experienced. In general, the texture is defined by 

relict, up to 2 em size, resorbed garnet porphyroblasts (Grt I; Fig. 3. 9a) that are 

surrounded by a recrystallised, fine- to medium-grained, (sub )polygonal matrix. The early 

garnet porphyroblasts (Grt I) are generally inclusion-free, suggesting slow initial garnet 

growth. However, some samples include poikilitic, coarse- to medium-grained, anhedral to 

hypidiomorphic garnet porphyroblasts, though poikilitic garnet rims of early 

porphyroblasts suggests a later, faster stage of garnet growth (Grt 2). Inclusions are 

feldspars, quartz, biotite, opaque minerals, and monazite. During a third stage that was 

syntectonic with respect to the latest, Grenvillian metamorphic event, fine-grained 

idiomorphic garnet (Grt 3) nucleated within the recrystallised felsic matrix. Sillimanite 

occurs in thin foliation-parallel layers that overprint the earlier garnet porphyroblasts, and 

seem to cut an earlier biotite foliation at a shallow angle, or is associated with biotite at 

garnet porphyroblast rims. The red-brown biotite is dominantly present within the matrix 

and at garnet rims. Coarse grains may show vermicular intergrowth with quartz within the 

resorbed margins. Biotite commonly exhibits rutile needles parallel to the cleavage or as 

anhedral inclusions. Common alteration products of garnet include chlorite, muscovite, 

sericite and carbonate, whereas biotite alters to chlorite. 

Mineral chemistry. Two perpendicular profiles (Fig.3. 9b) crossing an iron-rich, 

resorbed garnet porphyroblast, show very little zonation with X Fe ranging from 0. 66 to 

0. 72. The almandine content increases and the pyrope content decreases within at least 0.3 

mm of garnet rims in contact with biotite, reflecting retrograde Fe-Mg exchange between 



T able 3.4. Main rock types and mineral assemblages in the Southern Huntsville assemblage 

rock type PI Qtz Kfs Scp Grt Sil 01 Cpx lapx Hbl Bt Ep Mnz lOp Spl Zm Rt Ttn A In Ap Chi Ms Srp Car Set 

metapelite and semipelite X X X ± X ± ± ± X ± X ± ± ± ±It ±It ±It 

calcsilicate X X X X X X X X X ±It 

amph.-facies granitic to 

granodioritic orthogneiss X X ± ± ± ± ± ± X X ± ± ± ±It ±It ±It ±It 

intermediate granulite X ± ± ±It ± X ± X ± X ± ± ± ±It 

leucocratic to intermediate 

megacrystic granitoid X X X X ± ± X X X X ± ±It 

metabasic enclave X X X X X ± X ± X 

ultramafitite ± X ± X X ± ± X X ±It 

Table 3.5. Main rock types and mineral assemblages in the Birkendale assemblage 

rock type PI Qtz Kfs Scp Grt Sil 01 Cpx Opx Uri Hbl Bt Mnz Op Spl Zm Rt Ttn A In Ap Ms Carb 

grey to pink, felsic granitoids 

ca. 5% mafic minerals X X X ±It ± ± ± ± ± ± X ? X ? ± ± ±It ±It 

metasediments X X X ±It X ± X ± X ± X ± X ±It ±It 

calcsi I icates X X ± X ± ± ± ± ±It 

felsic granulites X X X X X ± X X ± 

metabasites X ± ± X ? X X ± X X X ± 

Table 3.6. Main rock types and mineral assemblages in the McClintock assemblaJ! e 

rock type PI Qtz Kfs IScp Grt Sil Cpx Opx Uri Hbl Bt Mnz lOp Spl Zm Rt Ttn Aln Ap Ms Chi Set Carb 

metasediment X X X ± X ± X ± X ± ± ±? X ±It ±It ±It 

ass. layer/calcsilicates X ± ± X ± ± ± ±It X ± ± ± ±It ±It 

megacrystic granitoid X X ± X ± ± ± ± X X X ± ± ± ± ±It ±It ±It 

quartzofeldspathic, migrnatitic 

orthogneiss X X X ± ± X X X X ±? X ± X ±It 

[grcv garnet-gneiss X X X :\ ± X X X ±? X 

metahasites (incl endaves) X ±/±It ± ± X ± ± ±It ±/±It ±/±It X ± ± ± X ±It ±It ±It 

Mineral ahhrcvwtions in appendix A It= late. 
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these minerals. The grossular content is low to nonexistent, except within parts of the 

outer core. The variation in grossular component does not seem to be coupled to 

variations in Fe and Mg, however, one of the grossular peaks coincides with a slight drop 

in almandine component. This feature is interpreted to reflect differences in diffusion or 

reaction patterns between Ca and Mg/Fe (e.g., Spear and Florence 1992, Chernoff and 

Carlson 1997). The well developed garnet plateau is interpreted to reflect complete 

homogenisation of Fe and Mg during the latest, Grenvillian, high-grade metamorphic 

event that produced the main fabric. Homogenisation of garnet by volume diffusion 

generally occurs above 650°C (e.g, Tracy 1982) and eradicates growth zoning. The slight 

increase in grossular component might reflect an earlier stage in the garnet porphyroblast 

history. The recrystallised fine- to medium-grained plagioclases are unzoned oligoclases 

(An....29) whereas medium-grained K-feldspar grains within a fine-grained matrix show a 

slight decrease in albite component from core to rim (Ab 11 .8 to Ab10.2). Biotites have a XFe 

from 0.5 to 0.54 and Ti-contents from 0.39 to 0.48 mol'%. 

Granitic to granodioritic orthogneisses 

Metamorphic textures and mineral assemblages. The amphibolite facies, 

variably migmatitic, granitic to granodioritic orthogneisses ( < 5% to 15% mafic minerals) 

have the mineral assemblage Pl-Qtz±Kfs±Grt±Opx±Cpx±Hbl±Bt-Op-Zrn±Ttn±Aln±Ap 

with rare late Chl-Ms-Carb-Sct. The garnet-bearing varieties generally exhibit similar 

textures to the porphyroclastic metapelites: early, relict garnet porphyroblasts (Grt 1) of at 

least em size, now highly resorbed and embayed, are surrounded by a (sub )polygonal, 

recrystallised, fine- to medium-grained matrix that locally exhibits a grain flattening fabric 

and quartz ribbons. Some varieties contain only poikilitic garnet porphyroblasts with 

inclusions ofPl-Qtz-Bt-Hbl-Op, indicating that the early, slow garnet growth stage within 
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Fig. 3.9. a) Garnet porphyroblast in metapelite, Southern Huntsville assemblage (98b-1, 
field ofview 2x4 mm). b) Complementary compositional garnet profiles. Fe3+ calculation 
after Knowles (1987), garnet end member calculation after Deer et al. (1992). Sample 
locality in Fig. 3 .12. Discussion in text. 
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the metapelites is absent here. However, other samples show the whole range of early 

inclusion-free porphyroblasts (Grt 1 ), medium-grained poikilitic garnets (Grt 2) and the 

late, small, fine-grained, idiomorphic garnet grains (Grt 3). The latter ones may have 

recrystallised from the early porphyroblasts as they are commonly found in their vicinity: 

Grt 1/2 (+Hbl 1 ?) +PI~ Grt 3 

Dark-green to olive-green hornblende (Hbl 1) is an important constituent in most of the 

orthogneisses, where they appear in the vicinity of the early garnet porphyroblasts. In 

granulite facies felsic orthogneisses that do not contain any hornblende, highly altered 

orthopyroxene and garnet porphyroblasts are rimmed by clinopyroxene: 

Grt 1/2- Opx ~ Cpx 

Amphibolite facies, hornblende-bearing orthogneisses also exhibit relicts of former 

granulite facies assemblages. The light-green alteration product uralite (after 

clinopyroxene) is locally included within the garnet, or is replaced by biotite or hornblende 

at garnet rims. Rarely, relict orthopyroxene is associated with early garnet porphyroblasts. 

A typical breakdown product of clinopyroxene is the secondary, blue-green hornblende 

(Hbl 2) that exsolves droplets of Qtz. Dark-brown biotite commonly grew in the later 

stages, replacing hornblende and garnet. Accessory minerals include highly altered 

allanites, of which the idiomorphic shape indicates a plutonic origin. Zircon grains exhibit 

igneous zoned cores and thick unzoned, metamorphic rims, or are small and multifaceted, 

which indicates that high-grade metamorphism followed the crystallisation of a plutonic 

precursor. 

Leucosomes consist mainly of plagioclase and K-feldspar megacrysts, and coarse, 

mono - to polycrystalline quartz ribbons that truncate the recrystallised matrix and locally 

define a CS fabric . 
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Intermediate granulites 

Metamorphic textures and mineral assemblages. The metaplutonic, 

intermediate granulites (Pl±Qtz±Kfs±Grt-Cpx±Opx-Hbl±Bt-Op±Zrn±Aln±Ap and rare 

late±Carb-Scp) have a fine- to medium-grained (sub )polygonal matrix with 25 to SOo/o of 

mafic minerals, which are segregated into layers that define the foliation. Leucosomes with 

rare pyroxene, plagioclase, perthite, and coarse quartz ribbons that truncate the matrix and 

wrap around the feldspar porphyroblasts are similar to the ones in the amphibolite facies 

orthogneisses. Thin mafic layers may represent earlier dykes that are now thoroughly 

recrystallised in amphibolite facies . 

'Primary' Granulites: Within the upper structural levels of the Southern Huntsville 

assemblage, metagabbroic gneisses exhibit a coarse, relict igneous texture, that includes 

recrystallised, medium-grained plagioclase, with some cores showing relict igneous 

oscillatory zoning, and igneous clinopyroxene megacrysts. The cores of the igneous 

clinopyroxenes are typically clouded with tiny grains of opaque minerals and show 

exsolution lamellae, whereas the margins are recrystallised to fine grained pyroxene (M 1) 

and subsequently to olive-green to blue-green hornblende with intergrown droplike quartz 

(M2). Crosscutting, syntectonic, foliated and tightly folded amphibolite dykes thoroughly 

recrystallised under upper amphibolite facies conditions and exhibit a fine-grained 

polygonal texture. 

Ortho-and clinopyroxene inclusions (Ml) within hornblende porphyroblasts (M2) 

in more thoroughly recrystallised gneisses also indicate an early granulite facies 

metamorphism that was overprinted by later amphibolite/granulite facies metamorphism 

(Fig. 3.1 Oa). 

'Secondary' granulites: In the field some ofthe patchy granulites, from areas of 

mostly amphibolite facies grade, were interpreted to owe their higher grade to Grenvillian 
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syntectonic dehydration melting. In thin section, this is supported by textures that 

show early hornblende (Hbl 1) with clino- and/or orthopyroxene rims or hornblende 

inclusions within the pyroxenes (Fig. 3.1 Ob~ M3). 'Later rehydration resulted in retrograde 

hornblende (Hbl 2) that replaced the pyroxene, or that occurs as bluish-green grains with 

droplike quartz-exsolutions. Secondary dehydration melting can also be observed in 

samples that experienced an earlier granulite facies metamorphism, indicated by early 

orthopyroxenes that contain (igneous?) clinopyroxene inclusions. Where garnet is present, 

it grew syn-metamorphic at the expense of orthopyroxene as fine- to medium-grained 

hypidiomorphic to idiomorphic new grains, that nucleate within the plagioclase matrix 

(M2): 

Opx + PI ~ Grt + Hbl 

That melting did occur is supported by the occurrence of thin felsic films, for example 

between opaques and pyroxene, indicating the former presence of melt within these rocks. 

Mineral chemistry. Within a 'secondary' medium-grained garnet granulite, fine

to medium-grained, hypidiomorphic to idiomorphic pyrope- and grossular-bearing 

almandine garnets are compositionally very similar with an XFe from 0.562 to 0.588. XFe 

increases slightly in smaller grains that are in contact with hornblende, due to retrograde 

Fe-Mg exchange. Plagioclase is andesine (Ar44.3 to Ar47.s). The anorthite content 

increases slightly from the cores towards the rims and in recrystallised fine grains. 

Clinopyroxenes are homogeneous diopsides and orthopyroxenes are hypersthenes. 

Amphiboles are homogeneous ferroan pargasitic hornblendes. Rare biotites have an XFe 

from 0.35 to 0.47 and a Ti-content from 0.483 to 0.698 mol%. Opaque minerals are Fe

oxides and ilmenite. The compositions of the minerals in this sample indicate complete 

equilibration and if textures in thin section can really be attributed to a complex 



metamorphic history, then subsequent equilibration eradicated any compositional 

differences or relicts. 

Mafic enclaves 
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Mineral chemistry. The mafic enclaves examined in thin section are coronitic 

metagabbros and net veined garnet-granulites, similar to those described previously for the 

Muskoka domain (section 3.4.4). The garnets ofthe coronite are pyrope-rich almandines 

with X Fe ranging from 0. 416 to 0. 4 7. Plagioclase ranges from andesine to labradorite 

(Ar42.3 to Anss.2). The anorthite content increases from the core to the rim of medium

grained matrix grains, though the highest anorthite contents are in the plagioclase near or 

around the pyroxene clusters. Recrystallised pyroxenes are homogeneous diopside (Fs 

12.8-13.9 mol%) and hypersthene (Fs 31.8-34.4 mol%), whereas hornblende is 

homogeneous ferro an pargasite. Opaque minerals are Fe-Ti-oxides. 

The net veined garnet-granulite contains fairly homogeneous pyrope- and 

grossular containing almandine garnets in the garnet-hornblende-rich areas with XFe from 

0.526 to 0.568 with slight increases from core to rim of fine- to medium grains. 

Plagioclases are andesines ranging from An33 to Ar42.9 . The plagioclases with lowest 

anorthite contents are the ones in the felsic, pyroxene-rich patches (An33 to An38_4). The 

anorthite content increases slightly from the core to rim. Clinopyroxenes and 

orthopyroxenes are homogeneous diopside (Fs 15.7-18.1 mol%) and hypersthene (Fs 

41.1-43.1 molo/o ), respectively, despite different locations in felsic patches or hornblende

garnet-rich areas. Hornblendes are ferroan pargasite. Opaque minerals are Fe-Ti-oxides 

and F e-oxides. 
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·Fig. 3.10. Textures in granulites of the Southern Huntsville assemblage. Sample number 
and field of view in brackets. a) Ortho- and clinopyroxene inclusions in hornblende 
porphyroblast, surrounded by recrystallised hornblende and pyroxene (104c-13, 2x4 mm). 
b) Hornblende (olive-green) replaced by ortho- and clinopyroxene (light-green), 
'secondary granulite' (112b-1, 2x4 mm). c) Corona texture in ultramafic enclave: relict 
Cpx-porphyroblast (center) surrounded by recrystallised Cpx-Opx-Pl-Grt; Spinel (dark
green) and plagioclase surrounded by plagioclase corona or as inclusions in Cpx (1 04b-l, 
2x4 mm). Sample localities in Fig. 3 .12. 



Ultramafic enclaves 

Metamorphic textures and mineral assemblages. Porphyroclastic ultramafic 

enclaves (Grt±Ol-Opx-Cpx-Hbl-Op-Pl and late Bt) exhibit relict igneous ortho- and 

clinopyroxene porphyroclasts that recrystallised to polygonal orthopyroxene, 

clinopyroxene, hornblende, and locally biotite: 

1) Cpx 1 (ign) - Opx 1 (ign) 

2) Opx 2 - Cpx 2 - Hbl 1 ± Bt 

Porphyroclastic garnet-rich ultramafic rocks (Grt-Cpx-Hbl-Opx-Pl-Spl-Op) contain 
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coarse garnet porphyroblasts that are poikilitic in patches with inclusions of the remaining 

matrix minerals. The inclusion-poor garnet rim, surrounded by radiating intergrowth of 

plagioclase and hornblende, may be equivalent to inclusion-poor fine-grained matrix 

garnet. Clinopyroxene is intergrown with very fine hornblende or is surrounded by 

hornblende and orthopyroxene. Orthopyroxene may have clinopyroxene inclusions and 

forms rims around hornblende. Spinel within garnet porphyroblasts is rimmed by very fine

grained plagioclase. 

1)Cpx-Grt 1 

2) PI - Hbl - Grt 2 (matrix) - Opx. 

Very fine-grained ultramafic rocks with relict clinopyroxene porphyroblasts (Pl

Opx-Cpx-Grt-Amph?-Spl-Op) may be the strongly recrystallised equivalents of the above. 

Gamet occurs as fine to medium grains in distinct layers that may be recrystallised from 

former porphyroblasts. Light-green spinel occurs in very fine grains, in places symplectitic 

with plagioclase within the recrystallised plagioclase matrix or within clinopyroxene (Fig. 

3. 1 Oc) . Recrystallised fine-grained ortho-and clinopyroxene develop from the former 

porphyroblasts. The new pyroxenes exsolve plagioclase parallel to the cleavages. 

1) Grt - Cpx - PI 



2) Grt- Cpx- Opx- Spl- Pl. 

Ultramafics in the Southern Huntsville assemblage include metamorphosed 

peridotites (01-0px-Cpx-Op-Spl-Srp) in which the fayalite-rich olivines are strongly 

serpentinised. Coarse orthopyroxenes with olivine inclusions recrystallise to fine grains: 

01 ~ Opx + Hbl 

Spinel occurs as inclusions within pyroxenes. 
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Mineral chemistry. Pyrope- and almandine-rich poikilitic garnet porphyroblasts 

have a XFe from 0.38 to 0.426. The almandine content decreases from the core to the rim 

towards strongly resorbed finer garnet matrix grains. Grossular ranges from 9.2 to 14.3 

molo/o. Plagioclases in the matrix around garnet and around spinel inclusions in garnet are 

calcic bytownites with An84.3· to Ans8.9 . In contrast, plagioclases intergrown with 

hornblende at the garnet porphyroblast rims are labradorites with An52.9 to An54.6 . Matrix 

clinopyroxenes are diopsides; relict larger clinopyroxenes, however, are augites with an 

Ah03 content of 6. 7 weight%. The matrix orthopyroxenes are bronzites, similar to the 

orthopyroxene inclusions, which are slightly lower in F e-content. Amphiboles are 

pargasites and opaque minerals are F e-sulphides. 

3.6.2 Birkendale assemblage 

Grey to pink granitoids 

Metamorphic textures and mineral assemblages. Typical rocks of the 

Birkendale assemblage are strongly foliated grey to pink granitoids with the assemblage 

Kfs-Pl-Qtz±Grt±Opx±Url±Hbl±Bt-Ap±Aln±Rt±Spl?±Mnz and late±Scp±Ms±Carb. The 

granitoids may be interlayered with metasediments (on small scales with layers less than a 

em thick), and are therefore often misinterpreted as such. The contact between both rock 

types was observed to consist of a thin leucosome layer of (sub )polygonal felsic minerals, 



177 
that reflects syntectonic remobilisation and recrystallisation of felsic minerals in weak 

zones such as lithological contacts between two different rock types. In thin section the 

pink felsic gneisses, with ca. 5o/o or less of mafic minerals, are fine- to medium-grained and 

exhibit a (sub )polygonal to mylonitic texture. The generally elongate grains define a grain 

flattening fabric, including quartz ribbons that may truncate the remaining minerals. 

Crystallisation of very fine, new and sub grains can be observed along and within the grain 

boundaries of medium-sized grains. The deformational textures described above are not 

confined to this particular rock type, but interpreted to result from the strong ductile 

deformation that is typical for the whole area comprising the Birkendale assemblage. 

In thin section, several of the examined samples taken from the pink fe~sic 

granitoid, exhibit similarities to the felsic gneiss association described from the Kawagama 

assemblage. K-feldspar, as microcline or as perthite exsolving albite rods and beads, 

commonly the dominant felsic mineral, recrystallised to plagioclase at the rims. Plagioclase 

may show exsolution beads of albite. Rare samples have textures that indicate replacement 

of plagioclase by K-feldspar. Thin felsic films around opaque grains indicate the former 

presence of melt. 

Mafic minerals are mainly biotite and opaque minerals, in addition to a yellow

brown alteration product of unknown origin. This particular yellow-brown alteration is 

also very typical for the felsic gneiss association in the Kawagama assemblage, where it 

was identified as highly altered allanite or orthopyroxene. Locally the yellow-brown 

alteration is replaced by opaque and biotite. Brown to beige-yellow-brown allanite 

commonly occurs in highly altered, but idiomorphic and zoned grains, consistent with the 

former igneous origin of the granitoids. Uralite replacing blue-green clinopyroxene could 

either indicate a former granulite facies grade or it could be part of the former igneous 

assemblage. However, an earlier granulite facies assemblage is also suggested by the rare 
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occurrence of orthopyroxene, especially in the area west of Birkendale. Here, the 

orthopyroxene alters to a brown alteration product or to a symplectite including opaque 

minerals. If garnet is present, it occurs only as small scattered grains that grew late within 

the foliation, or also in three stages including medium-grained, inclusion-free 

porphyroblasts (Grtl) that show overgrowth at the rim (Grt 2), and small idiomorphic 

grains that overgrow biotite (Grt 3). Zircons are idiomorphic and may have inclusions, 

which indicates an igneous origin. However, zircons with at least 2 growth stages 

including an igneous, zoned core surrounded by a thick metamorphic rim, and round, 

resorbed zircons are also common. Late alteration products include muscovite, carbonate, 

and more rarely scapolite. 

Rare leucosomes consist of coarse porphyroblasts of locally rotated, deformed K

feldspar and plagioclase, locally of hornblende, surrounded by coarse quartz ribbons and a 

very fine-grained felsic matrix. The feldspar porphyroblasts exhibit growth of new and 

subgrains as well as myrmekites along the grain boundaries. 

Metasediments 

Metamorphic textures and mineral assemblages. The pink granitoid gneisses 

are commonly associated with felsic, variably migmatitic metasediments (Pl-Qtz-Kfs-Grt

Bt±Sil±Opx±Spl-Op-Zm±Rt-Ap±Mnz-and late±Ms±Scp±Carb) that may contain calc

silicate lenses (Pl-Qtz±Scp-Grt±Cpx±Op±Ttn±Aln±Carb). The metasedimentary gneisses 

exhibit a layering that is defined by compositional and textural variations originating from 

sedimentary layering. The gneisses are fine- to medium-grained and either exhibit a 

porphyroclastic texture in which garnet porphyroblasts may be fractured parallel to the 

foliation, or a (sub )polygonal texure. Polycrystalline quartz ribbons locally define a grain 
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flattening fabric. Leucosomes are coarse-grained with quartz nbbons truncating matrix 

minerals, and biotite locally defines a CS fabric. 

The stable aluminosilicate is sillimanite, growing parallel to the foliation. Gamet 

occurs in three stages, as inclusion-free or inclusion-poor, resorbed porphyroblasts (Grt 1) 

that commonly are surrounded by biotite, as anhedral poikilitic garnet grains or garnet 

rims (Grt 2), and as small inclusion-free grains within the felsic matrix (Grt 3). The late 

garnet ( Grt 3) overgrows or rims even biotite or still nucleates as tiny idiomorphic grains 

within the plagioclase matrix. In fact, the new garnet growth may be so large that the new 

garnet cluster that may form elongate porphyroblasts (Ostwald ripening). Inclusions 

comprise plagioclase, quartz, biotite, opaques, and tiny rutile needles. The resorbed rims 

of the early garnet porphyroblasts are locally surrounded by a mixture of white mica 

(sericite or pinite) and carbonate, possibly indicating the former stability of cordierite. Late 

rutile may occur at or within garnet rims, as symplectite or associated with dark-brown to 

red-brown biotite. 

More mafic metasedimentary layers contain dark-green, anhedral spinel associated 

with opaque minerals and locally allanite, that surrounds dark -brown biotite, or overgrows 

garnet: 

Grt +PI + Bt ~ Spl + Op. 

Late growth of individual medium to coarse grains of aluminosilicate within micro-scale 

shear bands oblique to the foliation was observed. 

Late phases within the metasediments include minor muscovite, variably associated 

with carbonate, possibly formed by the reaction 

Kfs + Sil + H20 ~ Ms + Qtz. 

However, in thin section retrogression is characterised by the replacement of biotite by 

muscovite. 
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Assemblages within generally medium-grained, polygonal calcsilicates are Pl

Grs-Scp-Qtz-Ttn or Pl-Qtz±Scp-Cpx-Grs-Op-Aln±Ttn. In the latter assemblage blue

green clinopyroxene and more rarely opaque minerals or scapolite, are rimmed by bright 

orange grossular, or by symplectites of grossular and Qtz. Grossular itself is commonly 

associated with or rimmed by titanite. 

1) Cpx - Op - Scp 

2) Grs- Qtz 

3) Ttn 

Mineral chemistry. Garnet porphyroblasts in metape/ites exhibit increasing XFe 

from the core to the rim of pyrope-rich (XPrp = 24.2 to 20. 1 mol%) almandines (X Aim -71 . 5 

mol%) from 0.714 to 0.73 molo/o in small matrix garnets. The grossular component 

increases from 2 mol% in the cores of porphyroblasts to 4. 5 molo/o in the rims and 7 molo/o 

in the fine-grained matrix garnet. Plagioclase porphyroblasts and matrix plagioclases are 

An27.8 to An29, slightly higher within the porphyroblast core. Fine-grained K-feldspar near 

the garnet porphyroblast rim has an orthoclase content of91.9 mol%. Matrix biotite has 

an XFeof0.47 with a Ti content of0.52 mol%. 

Within ca/csi/icates, garnets are grossular-rich with 45.6 to 34.1 molo/o grossular, 

increasing from the cores to the rims of medium grains towards the highest grossular 

component within garnet coronas around opaques or clinopyroxene. The almandine 

component ranges from 22.8 to 36.4 mol% and andradite from 15 to 34.2 mol%. 

Plagioclases are andesines to labradorites with Ar47.3 to Ans0.9 . Clinopyroxenes are 

hedenbergites with a low jadeite component of -1 .4 mol%. Scapolites are solid solutions 

between meionite (Ca-endmember) and mizzonite (Ca-Na-scapolite). Analysed opaque 

minerals are F e-oxides. 
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Felsic granulites 

Metamorphic textures and mineral assemblages. Felsic granulites with the 

assemblage Pl-Qtz-Kfs-Grt-Opx-Bt-Op (5-10o/o mafic minerals in segregated mafic layers) 

are associated with the metapelites and are possibly of sedimentary origin. The granulites 

can contain the three generations of garnet and two generations of orthopyroxene. 

Orthopyroxene porphyroblasts ( Opx I), probably stable at the same time as garnet 

porphyroblasts (Grt I, Grt 2?), are rimmed by fine-grained new garnet (Grt 3) and fine 

orthopyroxene ( Opx 2): 

Opx 1 ~ Opx 2 + Grt 3 + Bt. 

Some felsic granulites, however, only contain fine-grained garnet that grew at the same 

time as orthopyroxene and that rims earlier biotite laths, to form garnet-rich chains or 

layers. This indicates that new garnet grew in this area until late in metamorphic history. 

Mineral chemistry. The XFe of the pyrope-rich almandine garnets ranges from , 

0. 519 to 0. 613 molo/o, with the highest F e-content in garnets in contact with 

orthopyroxene (Grt I/2 as inclusions in Opx, Grt 3) that underwent -retrograde Fe-Mg

exchange. The lowest almandine and the highest pyrope content can be found in resorbed 

relicts of former larger garnet grains that are not in contact with orthopyroxene (Grt I). 

Plagioclases are oligoclase with An1s.o to An18.9 . The anorthite content increases slightly 

from the core to the rim of fine matrix grains. The different orthopyroxene generations are 

homogeneous hypersthenes (Fs -35.5mol%). Biotite ranges in XFe from 0.2I to 0.31, 

generally with the higher values for matrix biotites as opposed to the ones associated with 

orthopyroxene. High XFe values are coupled with higher Ti-contents, that in general, range 

from 0.2I7 to 0.526. Opaque minerals are Fe-sulphides. 
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Metabasites 

Metamorphic textures and mineral assemblages. Metabasites of the Birkendale 

assemblage occur in association with metasediments and felsic granitoids or as enclaves, 

including coronitic metagabbros (section 3. 4. 4 ), within the host rocks of this area. In 

contrast to the mainly amphibolite facies felsic gneisses, these rocks mostly exhibit 

granulite facies assemblages (Pl±Qtz±Kfs-Grt±Cpx-Opx±Hbl±Bt-Op-Zrn±Ap±Ttn±Rt). In 

thin section the commonly foliated metabasites are thoroughly recrystallised with a fine- to 

medium-grained, equigranular, subpolygonal texture. Both the mafic gneisses and the 

mafic enclaves may be net veined (section 3. 4. 4 ), which in thin section is reflected by 

garnet- and hornblende- and/or pyroxene-rich areas that alternate with plagioclase- and 

pyroxene-rich areas, more rarely with K-feldspar-plagioclase-quartz patches. Quartz only 

occurs in the felsic areas, within skeletal biotite, and as inclusions in garnet. This suggests 

that at peak conditions (formation of garnet granulite), quartz was unstable except in areas 

with more felsic bulk composition. Garnets are generally hypidiomorphic and fine-grained . 

More rare are resorbed, poikilitic, medium-grained porphyroblasts associated with 

hornblende and/ or pyroxene. A three-stage garnet history as observed in the granitoids 

and the metasediments seems to be confined to the more felsic rock types, either due to a 

more complex and longer metamorphic history or due to different growth patterns of 

garnets in metabasites. Inclusions in garnet are plagioclase, orthopyroxene, clinopyroxene, 

hornblende, quartz, titanite, rutile and opaque minerals, indicating development from two

pyroxene granulite to garnet granulite as observed, for example in some of the mafic 

enclaves of the Muskoka domain: 

Opx 1 - Cpx 1 - PI 1 ~ Grt 1, 

but also indicating garnet growth until the late stages of the metamorphic history. 

Pyroxenes appear as fine to medium, anhedral grains, with orthopyroxene generally being 



fairly altered, associated with hornblende or garnet. Altered clinopyroxene is 

represented by blue-green hornblende intergrown with droplike quartz. Orthopyroxene 

rims around clinopyroxene inclusions within garnet indicate: 

Grt 1 + Cpx 1 ~Opx 2 (+PI?) 
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Hornblende locally replaces the pyroxenes, especially orthopyroxene, but may also 

overgrow garnet and opaque minerals. Late biotite replaces garnet, pyroxenes, and 

hornblende, or as laths finely intergrown with quartz. Accessory minerals include opaques, 

commonly surrounded by hornblende, titanite and rutile in garnet, apatite, and carbonate. 

Leucosomes in metabasites mostly consist of a medium-grained polygonal 

plagioclase matrix and minor clinopyroxene, blue-green hornblende and locally 

orthopyroxene and, garnet. 

Mineral chemistry. Within net veined metabasites, the pyrope- and grossular 

containing almandine garnets are homogeneous. Variations in almandine component from 

60 to 64.3 mol% depend on the amount of retrograde Fe-Mg exchange. Plagioclase is 

andesine ranging from An3t. 5 to Ar40.3 . The anorthite content is slightly higher within the 

garnet- and hornblende-rich areas (An39.5 - Ar40.3) and within garnet inclusions (An31.3 -

An39.6). In contrast, anorthite contents are lower within the pyroxene-rich areas (An34_5 -

An39.3, with the highest anorthite content at recrystallised plagioclase rims) and in the 

felsic areas (An3 t.5-An38). Clinopyroxenes of diopside composition (Fs 16.9-23.1 mol%) 

have a tendency into the augite field. Exsolution lamellae evolve towards orthopyroxene 

compositions. Orthopyroxenes have hypersthene to ferrohypersthene composition (Fs 

44. 7-5 3. 6mol%). Hornblende locally varies from ferro an pargasitic hornblende to edenitic 

hornblende. Clinopyroxene alters to magnesio-hornblende plus quartz. Generally skeletal 

biotites range in XFe from 0.46 to 0.51 and in Ti-content from 0.48 to 0.61 molo/o. Opaque 

minerals are Fe-Ti oxides (ilmenite) and pyrrhotite. 



3.6.3 McClintock assemblage 

Meta petites 
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Metamorphic textures and mineral assemblages. The metasedimentary gneisses 

of the McClintock assemblage include metapelites with the mineral assemblage Pl-Qtz

Kfs-Grt±Sil-Bt-Op(Gr)-Ap±Rt-Mnz±Zrn±Scp and late Chl-Ms-Sct-Carb, and associated 

mafic layers and calcsilicate lenses (Pl±Qtz±Kfs-Grt±Cpx±Opx±Hbl-Op± Ttn±Aln±Ap and 

late±Bt±Sct±Carb ). 

In thin section, the metapelites exhibit similar textures to the ones examined from 

the Southern Huntsville assemblage and the Birkendale assemblage (section 3.6.1 and 

3.6.2). The foliated metapelites consist oftexturally and compositionally different layers 

that may represent the former sedimentary layering. Within the porphyroclastic matrix, 

coarse garnet porphyroclasts (up to a few em; Fig. 3.11a) are surrounded by a fine- to 

medium-grained matrix (Fig. 3.10d). The strong ductile deformation in many parts ofthe 

McClintock subdomain is reflected by a grain flattening fabric including quartz-ribbo~s. 

The grain boundaries are sutured due to strain-induced boundary migration. Less 

deformed metapelites exhibit a subpolygonal fabric. 

Felsic minerals include medium-grained perthitic K-feldspar and quartz, as well as 

locally highly sericitised plagioclase. Sillimanite was the stable aluminosilicate throughout 

most of the metamorphic history. Early sillimanite needles (Sil 1) and prisms (Sil2) occur 

in the outer cores of the garnet porphyroblasts (Fig. 3.10e). Rare fibrolite (Sil 3) 

intergrown with biotite resorbs the garnet porphyroblast rims and thin, foliation-parallel 

layers of syntectonic, elongate sillimanite prisms (Sil4) grow through garnet and/or biotite 

(Fig. 3.1 Of). 

The metapelites generally contain 5 to 15 o/o of mafic minerals, which are mostly 

garnet, biotite, and opaque minerals. Early garnet growth is represented by the cores of 
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Fig. 3.10. continued. Textures in metapelites of the McClintock assemblage. Sample 
number and field of view in brackets. d) Recrystallised Pl-Kfs-Qtz-Grt-Bt-Sil-Op matrix 
with sillimanite and biotite defining the foliation (64b-4, 2x4 mm). e) Sillimanite needles 
and felsic minerals included in garnet porphyroblast (64b-4, 4x7 mm). f) Sillimanite (and 
biotite) growing through garnet porphyroblast (64b-4, 2x4 mm). g) Medium-grained 
garnet porphyroblast (-0. 7 mm) with sillimanite needles in core (Grt 2) and inclusion-free 
rim ( Grt 3; 64b-4) h) Resorbed, very fine-grained, relict sillimanite (center) within 
plagioclase inclusion in leucosome (64b-l, 2x4 mm). Sample localities in Fig. 3.12. 
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coarse-grained, resorbed and embayed garnet porphyroclasts ( Grt 1 ~ Fig. 3. 11 a) that 

include fine-grained, anhedral K-feldspar, quartz, plagioclase, and opaque minerals. The 

outer core of the garnet porphyroclasts (Grt 2) contains inclusions of sillimanite needles, 

biotite, and more rarely, sillimanite prisms (Sil 2): 

Grt 1 + Kfs 1 + H20 ~ Sil 1 + Bt 1 + Qtz 2 ~ Grt 2 

The second stage of garnet growth is also represented by hypidiomorphic medium-grained 

garnets, that are partly resorbed and include sillimanite needles within their cores (Fig. 

3.1 Og). The sillimanite needles have a different orientation, from shallow angle to 

perpendicular to the present foliation, which indicates their pre- to syntectonic growth. 

The angle of the sillimanite foliation to the present foliation is interpreted to reflect the 

amount of rotation undergone by the garnet porphyroblast. The amount of rotation seems 

greatest in the largest porphyroblasts, as within some of the medium-grained 

porphyroblasts the sillimanite needles are approximately parallel to the present foliation . 

The third stage of garnet growth (Grt 3) is reflected by the mostly inclusion-free rims of 

the large and the medium-grained garnet porphyroblasts . The resorbed garnet rims are 

surrounded by intergrown red-brown biotite and fibrolite, probably after the reaction: 

Grt 3 + Kfs + H20 ~ Sil 3/4 + Bt 2 + Qtz 3 

or by biotite, intergrown rutile needles, and wormlike quartz intergrowth. The reaction 

products may be overgrown by anhedral rutile, that also occurs within the outer rim of the 

garnet porphyroblasts. Inclusion-free, resorbed to hypidiomorphic fine-grained garnets 

( Grt 3 or Grt 4 ?) occur in the felsic matrix, in which they may have grown at the same 

stage or later than the outer rims of the porphyroblasts. Red-brown biotite, in many places 

associated with sillimanite, grows through garnet or at its rims. Some aluminosilicate-free 

metasedimentary gneisses or layers contain fine- to medium-grained orthopyroxene that is 

altered to hornblende. Accessory minerals are mainly opaque minerals, most of them laths 
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of graphite, and monazite, in garnet rims or in the matrix overgrowing sillimanite and 

biotite. Late alteration products are chlorite, muscovite and carbonate. Melting within the 

metapelites is indicated by thin rims of felsic material around some of the medium-grained 

garnet porphyroblasts and around the foliation-parallel sillimanite layers (Sil 4) . 

Coarse leucosomes (Kfs-Qtz-Pl-Grt±Sil-Bt) contain perthite or microcline 

porphyroblasts with inclusions of opaque minerals, fine-grained garnet (resorbed?) or 

resorbed sillimanite trapped in plagioclase (Fig.3 .1 Oh), indicating the reaction: 

Grt + Sil + Qtz ~PI (GASP), 

before leucosome formation. Coarse, monocrystalline ribbons of quartz truncate the 

remaining matrix or wrap around feldspar porphyroblasts. Medium-grained, 

polysynthetically twinned plagioclase occurs within the K-feldspar- and quartz-rich matrix 

(Kfs ~ Qtz >PI), and may include remnants of rounded, former prismatic, sillimanite 

crystals, indicating that the GASP reaction went nearly to completion. Recrystallisation of 

the coarse porphyroblasts to very fine new grains and subgrains or to myrmekitic 

intergrowth at the grain boundaries, yields a fine- to medium-grained matrix ofK-feldspar, 

quartz and minor plagioclase. Leucosomes may contain highly resorbed garnet 

porphyroblasts that are embayed by biotite and may have a thin rim of plagioclase. Coarse, 

randomly oriented, red-brown biotite appears typically 'unhappy' due to wormlike 

intergrowth with very fine-grained quartz. Biotite replaces garnet and may overgrow 

graphite. The transition between the mesosome and the leucosome is commonly 

characterised by truncating quartz ribbons. Early, thin leucosomes may be represented by 

flattened perthitic K-feldspar augen within the recrystallised fine-grained mesosome. 

In summary, the metamorphic history of the aluminous metapelites is reflected by 

the progressing mineral assemblages: 

1) Grt 1 - Kfs 1 - PI 1 - Qtz 1 - Op 1 
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D1 2) Sil 1 (needles) - Bt 1 - Qtz 2 

3) Grt 2 ± Sil 2 (prisms) 

4) Grt 3 - Kfs - Mnz 1 

D2 5) Sil 3/4 + Bt 2 + Qtz 3 

6) Grt 4- Sil4 (prisms)- Rt- Mnz 2 

Mineral chemistry. The garnet compositions in the metapelites are pyrope-

containing almandines. The almandine component ranges from 55.9 to 71.4 molo/o and the 

pyrope component from 16.4 to 38 mol%. Coarse garnet porphyroblasts within medium

to coarse-grained felsic layers reflect a diffusion history in which the almandine component 

constantly increases and the pyrope component constantly decreases towards the rim (Fig. 

3. 11 b). In contrast, the grossular and spessartine components are very similar in 

composition from core to rim. This suggests thorough homogenisation of the garnet 

porphyroblast, obliterating the early history of the metapelites, and retrograde Fe-Mg 

exchange at the rims. Within some of the metapelites fine-grained garnets may have grown 

together due to Ostwald ripening. Porphyroblasts formed that way are generally not 

zoned, except minor retrograde Fe-Mg exchange at the outer rims. The almandine 

component within garnet porphyroclasts varies from 56 to 71.5 mol%, which may be up to 

I 0 mol% lower than that in the fine matrix garnet grains in the same sample. Plagioclases 

are mainly andesines with An_30 . However, plagioclases within the analysed metapelites 

range from oligoclase with An24.4 to labradorite with An53 .8, latter ones confined to the 

orthopyroxene-bearing layers. Plagioclase inclusions within garnet porphyroblasts that 

formed due to Ostwald ripening have a lower anorthite content than the rest. Similarly, 

the K-feldspar composition (Or 86.9 1 ) is very homogeneous, despite differing locations, 

within the fine recrystallised matrix of the mesosome, at the rims of resorbed garnet 

porphyroblasts, within the medium to coarse matrix around the garnet porphyroblast, or 
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Fig. 3.11. a) Garnet porphyroblast in metapelite, McClintock assemblage (64b-4, field of 
view 10x14 mm). b) Complementary compositional garnet profiles. Fe3+calculation after 
Droop (1987), garnet end tnember calculation after Rickwood (1968). Sample locality in 
Fig. 3 .12. Discussion in text. 
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within the leucosomes. Grains of different size generally do not display compositional 

variations, and no zoning occurs. This feature is interpreted to indicate that the feldspar 

around and in the bays of the garnet porphyroblasts equilibrated at the same time as that in 

the recrystallised matrix and could reflect remobilised host material that recrystallised in 

the pressure shadows of the porphyroblast. K-feldspar inclusions within garnet 

porphyroblasts were not analysed. Biotites have an XFe from 0.29 to 0.51 with the most 

Fe-rich biotites in the recrystallised fine-grained matrix/mesosome or within garnet 

inclusions. The Ti-content in biotite ranges from 0.39 to 0.63 mol%. Biotites with the 

higher Ti-contents are the ones included in garnet, and some medium-grained biotite in the 

medium- to coarse-grained matrix surrounding the garnet porphyroblast. Orthopyroxene, 

where present, is hypersthene (Fs -35 mol%) that is altered to magnesio-hornblende. 

Opaque minerals are mainly graphite, rutile or F e-sulphides. 

Grey garnet-gneiss 

Metamorphic textures and mineral assemblages. Grey garnet-gneisses (Pl-Qtz

Kfs-Grt-Bt-Op) associated with metapelites and possibly of metasedimentary· origin, 

contain very coarse garnet porphyroblasts with inclusion-poor cores (Grt 1 ). Within the 

outer rims of the porphyroblasts (Grt 2), biotite laths define a different foliation from the 

matrix, indicating an earlier stage in the deformation history. This stage of deformation 

could be coeval with D 1 in the metapelites that is characterised by the oriented sillimanite 

needles (Sil 1) within garnet 2. 

Megacrystic granitoid 

Metamorphic textures and mineral assemblages. Megacrystic granitoids (Pl

Qtz±Kfs-Grt-Bt±Opx±Cpx±Hbl±Url-Op-Zrn±Ap±Aln± Ttn±Rt and late±Ms±Chl±Carb) 
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contain both granulite facies and amphibolite facies mineral assemblages with 5 to 

> 15o/o mafic minerals. Coarse, flattened K-feldspar and plagioclase megacrysts/augen are 

mostly recrystallised to medium or coarse grains of plagioclase, K-feldspar and some 

quartz. The grain boundaries of the remnant megacrysts or of the coarse recrystallised 

grains exhibit newly formed very fine grains and/or myrmekitic intergrowth. Textures 

indicating the former existence of melt, such as thin felsic films around garnet 

porphyroblasts, are rare. Perthitic K-feldspar megacrysts may exhibit an internal layering 

of oval to elongate albite exsolution beads that are oriented in different directions. Mono

to polycrystalline quartz ribbons commonly truncate the matrix minerals, though finely 

recrystallised felsic minerals and biotites grow parallel along the ribbons, indicating their 

late syn-tectonic formation. 

The fine- to medium-grained matrix around the feldspar porphyroblasts is 

characterised by biotites in foliation-parallel layers that wrap around the former 

megacrysts (Fig. 3.1 Oi) and locally outline a CS fabric . Early, medium-grained dark-brown 

to red-brown biotite (Bt 1) defines the foliation (Fig. 3.1 Oj). Secondary, medium-grained 

biotite (Bt 2) is intergrown with fine to very fine quartz, and late fine-grained biotite (Bt 

3) may cut through the earlier biotite foliation or grow along the quartz ribbons. Gamet is 

mostly present as strongly resorbed, fine- to medium-grained, formerly idiomorphic 

porphyroblasts that overgrow biotite (Fig. 3.1 Oj) : 

Bt 1 ~ Grt 1 

The cores of the porphyroblasts are generally inclusion-free ( Grt 1 ), though rims and later 

porphyroblasts are poikilitic (Grt 2), with wormlike/symplectitic inclusions of felsic 

minerals, or of biotite and opaque minerals. Very fine to fine idiomorphic to 

hypidiomorphic garnet grains nucleated within the felsic matrix until late in the 

metamorphic history (Grt 3). Within granulite facies megacrystic granitoids, both ortho-
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Fig. 3.10. continued. Textures in megacrystic granitoids (ito k) and metabasites (l,m) of 
the McClintock assemblage. Sample number and field of view in brackets. i) Biotite ( ±Grt) 
wrap around former feldspar megacrysts (33c-3, 10x14 mm). j) (Hyp)idiomorphic garnets 
with ±inclusion-rich rims overgrow early, foliation-parallel biotites (25-7, 4x7 mm). k) 
Clinopyroxene (center left, light-green) rimmed by orthopyroxene (lower right), 
hornblende (lower right, green) and garnet (upper right; 25-7, lx2 mm). I) Garnet and 
clinopyroxene (light-green) overgrown by hornblende (upper right; 43-4, 4x7 mm). 
Sample localities in Fig. 3 .12. 



and clinopyroxene are present, both of which may exhibit very fine felsic inclusions. 

Medium-grained clinopyroxene (Cpx 1) with orthopyroxene exsolution lamellae is 

surrounded by recrystallised fine clinopyroxene (Cpx 2). Clinopyroxenes are associated 

with orthopyroxene, hornblende, and biotite, and may grow at the margins of garnet. 

Medium-grained orthopyroxene (Opx 1) with inclusions of clinopyroxene also 

recrystallises to finer grains (Opx 2). Orthopyroxene and its yellow-brown alteration 

product may replace or rim clinopyroxene (Fig. 3.1 Ok), biotite and garnet: 

Cpx 1 ~ Opx 1 - Cpx 2 

Grt 1/2? ~ Cpx 2 - Bt 

Bt 1 - Grt 1 - Cpx 1 ~ Opx 1 

Bt 2 ± Qtz ~ Opx 2 

Cpx/Opx ~ Hbl 
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Light -green uralite, also an alteration product of pyroxene, is especially common in altered 

or retrograded megacrystic granitoids where the pyroxenes are no longer stable. Minor 

olive-green to blue-green hornblende occurs in amphibolite facies megacrystic granitoids, 

here replacing uralite or rimming relict pyroxene. Blue-green hornblende exsolving 

droplike quartz replaces former clinopyroxene. Accessory minerals are opaque 

minerals, commonly surrounded by hornblende, apatite, zircon, titanite, allanite, and rutile, 

the latter as symplectite around resorbed garnet. 

Rare leucosomes in megacrystic granulites contain clinopyroxene, orthopyroxene, 

hornblende, and garnet porphyroblasts surrounded by deformed biotite. 

The sequence of mineral crystallisation in the analysed megacrystic granitoids is 

summarised as follows: 

1) igneous: Pl 1 - Kfs 1 (porph) (Bt ?) (Cpx 1 ?) 

2) metamorph: Pl 2 (recr) - Kfs 2 (recr) - Bt 1 - Cpx 1 - Grt 1 
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3) Grt 2? - Cpx 2 - Opx I - Bt 2 ± Qtz 

4) Grt 3 - Opx 2 

5) Hbl ± Qtz- Qtz (ribbons)- Bt 3 

Mineral chemistry. The medium-grained, resorbed hypidiomorphic garnets within 

the megacrystic granitoids are homogeneous grossular- and pyrope-rich almandines. The 

almandine component ranges from 61.8 to 65.9 molo/o, grossular from 10.1 to 20.8 molo/o, 

pyrope from 9.2 to 14.4 mol%, and spessartine is low with 2.5 to 5 mol%. Garnets are 

essentially unzoned, and show negligible composition variations between the different 

morphologies. There is, however, a trend towards a slightly higher pyrope content and 

decreasing grossular content within garnet cores ( Grt I) as opposed to the rims and to the 

poikilitic garnet 2. Gamet 3 may have a lower grossular/almandine and higher pyrope 

content, which may indicate that garnet 3 grew at the same time as garnet 1. However, 

garnet I is always in contact with the mafic minerals and thus probably experienced 

retrograde F e-Mg-exchange. Garnets in retrogressed amphibolite facies megacrystic 

granitoids may have a higher almandine component. The different kinds of biotites have 

very homogeneous compositions with X Fe from 0. 51 to 0. 61 and Ti-contc:mts from 0. 4 7 to 

0. 69 mol% in different samples. Biotite I and biotite inclusions in garnet have the highest, 

whereas recrystallised biotites have the lowest Ti-contents. Matrix biotites have the 

highest XFe· Plagioclases are andesines ranging from An31 to An39.1 in different samples. 

Recrystallised former megacrysts have slightly higher anorthite content compared to finely 

recrystallised plagioclases associated with the mafic minerals. Rare variations between 

core and rim compositions are expressed by slightly higher anorthite contents at the rim of 

fine grains and vice versa for recrystallised former megacrysts. Antiperthite exsolution 

lamellae in medium to coarse plagioclase are Or_93 . K-feldspars have orthoclase contents 

from 85 .8 to 94.6 molo/o with the lowest orthoclase contents in the cores ofrecrystallised 
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former megacrysts that exsolve andesines and the highest orthoclase contents in 

recrystallised very fine interstitial grains. Early clinopyroxenes are diopside (F s 20. 7-24.7 

mol%) with a slight tendency into the augite field, indicating possibly an igneous origin. 

Variations in composition are rare, though Ah03 contents are locally higher within the 

cores. Exsolution lamellae in clinopyroxene are ferrohypersthene. Orthopyroxenes, if 

present, are homogeneous ferrohypersthene (Fs 54.3-59 mol%), and amphiboles are 

homogeneous ferroan pargasitic hornblende. Opaque minerals are Ti-Fe-oxides and 

pyrrhotite. The above mineral data are derived from the two different types of megacrystic 

granitoids. 

Pink to grey quartzofeldspathic migmatitic orthogneisses 

Metamorphic textures and mineral assemblages. The pink to grey 

quartzofeldspathic migmatitic orthogneisses (Pl-Qtz-Kfs±Cpx±Opx-Hbl-Bt-Op-Zrn±Rt

Ttn±Aln-Ap and late±Chl) of the McClintock subdomain are remarkably similar to the 

grey-pink migmatitic orthogneisses of the Muskoka domain. In the subpolygonal matrix, 

recrystallisation to fine, new and sub grains at the grain boundaries of the medium-grained 

felsic minerals is common. The migmatites contain approximately 15°/o mafic minerals with 

green to olive-green hornblende dominating. Brown biotite replaces hornblende or may, 

along with some hornblende grains, be intergrown with fine quartz. Whereas plagioclase 

and K-feldspar occur in roughly equal amounts within the mesosome, the leucosomes (ex

megacrysts?) are dominated by very coarse plagioclase porphyroblasts that exsolve K

feldspar, in a plagioclase-quartz-K-feldspar matrix. Pyroxenes only occur within a thin 

layer of hornblende-dominated melanosome around the leucosome. Textures within the 

melanosome suggest that ortho- and clinopyroxene overgrew former hornblende 

porphyroblasts, but were later surrounded or replaced by blue-green hornblende: 
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Hbl 1 ~ Opx + Cpx ~ Hbl 2 + Qtz 

Metabasites 

Metamorphic textures and mineral assemblages. Metabasic gneisses · 

(Pl±Qtz±Kfs-Grt±Cpx±Opx±Url±Hbl±Bt-Op±Spl±Zrn± Ttn-Ap±Scp and late 

±Qtz±Hbl±Bt±Ms±Chl±Carb), with ca. 30 to 50% mafic minerals, are commonly 

associated with the megacrystic granitoids and metasediments or occur as enclaves within 

the host rocks of the McClintock subdomain. The metabasites mostly exhibit granulite 

facies assemblages, though within shear zones these rocks are mainly garnet-amphibolites 

with garnet and hornblende as the main mafic minerals. Many of the metabasites, in 

particular the mafic enclaves, are thoroughly recrystallised and have a polygonal fabric 

with equigranular grains that do not show complex histories. A common assemblage 

within polygonal garnet-granulites is Pl-Cpx±Opx-Grt-Hbl-Op with hornblende 

overgrowing pyroxenes that cluster around garnet (Fig. 3 .I 01): 

Grt ~ Cpx (+ Opx) ~ Hbl. 

In contrast, some of the mafic enclaves or mafic dykes suggest recrystallisation from 

amphibolite facies to granulite facies conditions and later retrograde amphibolitisation: 

(PI+) Hbl (- Grt) ~ Px (- Grt) ~ Hbl, 

and Hbl ~ Kfs + ?, 

and Cpx (inclusion) ~ Opx (rim). 

The later metamorphic stages are reflected by blue-green hornblende that exsolves 

droplike quartz after clinopyroxene, or by skeletal biotites that are finely intergrown with 

quartz. 

The metabasites locally contain /eucosomes that consist mainly of coarse 

plagioclase, quartz and in places K-feldspar. Mafic minerals within the leucosomes are 
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orthopyroxene, and/or clinopyroxene, and/or hornblende, and locally garnet 

porphyroblasts, that are surrounded by foliated biotite. Orthopyroxene within the 

leucosome includes rare idiomorphic plagioclase grains. The pyroxene commonly alters to 

hornblende, biotite, or an alteration product with relict pyroxene cleavage. A garnet

amphibolite exhibits overgrowth of the alteration product by biotite and opaque minerals, 

that are surrounded by garnet filled with wormlike felsic inclusions similar to a 

syrnplectite: 

Opx ~Alt ~ Bt + Op ~ Grt + Qtz? 

Mineral chemistry. Mineral data on metabasic gneisses from the McClintock 

assemblage only exist from one sample, thus may not be representitive for the entire range 

within this gneiss assemblage. The analysed metabasite is a granoblastic garnet bearing 

granulite with the assemblage Pl-Grt-Cpx-Hbl-Op. Garnets are homogeneous in 

composition with almandine ranging from 55.5 to 58.9 mol%, pyrope from 13.7 to 17.1 

mol% and grossular from 12.3 to 19.6 mol%. Retrograde Fe-Mg exchange towards the 

rims of the fine to medium grains accounts for the variations in almandine and pyrope 

contents. Plagioclases are andesine with Al4 1 to Al43 and labradorite with Al49 to An55 . 

Andesines can be found as inclusions within resorbed, inclusion-rich garnet porphyroblasts 

or surrounding these garnets whereas labradorites are associated with 

hornblende/clinopyroxene clusters, or included within hypidiomorphic fine-grained garnet

hornblende-clinopyroxene clusters, where the anorthite content decreases slightly from 

core to rim. Clinopyroxenes are diopside with a trend towards augite, especially within 

clinopyroxene inclusions in garnet. Amphiboles are homogeneous ferroan pargasites. 

Opaque minerals are Fe-oxides, Fe-Ti-oxides (ilmenite), Ti-oxides, and Fe-sulphides, the 

latter mainly as inclusions within garnet and hornblende. 
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3.6.4 Summary 

Metapelites from the gneiss assemblages of the Algonquin domain reflect a 

complex metamorphic history that includes at least three stages of garnet growth. 

Compositional profiles through garnet porphyroblasts, however, yield well developed 

plateaus due to thorough homogenisation during Grenvillian high-grade metamorphism. 

Sillimanite was also present throughout most of the metamorphic history. The early 

generations are found as inclusions within garnet porphyroblasts whereas later sillimanite 

occurs in foliation-parallel layers or locally in oblique late shear bands that cut through the 

matrix minerals. 

Multi-stage garnet and early pyroxene growth is also observed within some 

amphibolite facies orthogneisses, though some of them display the same textures, mineral 

assemblages and compositions as the predominant migmatitic orthogneisses of the 

Muskoka domain. 

Two types of megacrystic granitoids show similar, but less complex metamorphic 

histories compared to the metasediments. This implies, similar to the amphibolite facies 

orthogneisses, a younger age or a stronger obliteration of earlier structures during 

Grenvillian equilibration. The mineral compositions are similar in the different types of 

megacrystic granitoids that were recognised in the field, thus suggesting their common 

ongm. 

Pink granitoids commonly found in the Birkendale assemblage exhibit remarkably 

similar textures, minerals assemblages and compositions to the felsic gneiss association of 

the Kawagama assemblage. 

Most of the metabasic rocks in the examined part of the Algonquin domain are 

comparable to the ones in the Muskoka domain. These indicate following metamorphic 

events: 



Igneous precursor: Cpx ± Opx- PI 

M1 (primary): (±Cpx 1) Opx 1 -PI 1 ± Hbl (granulite facies) 

M2 (if Grt-present): Grt 1 - Hbl 

or Hbl- Pl2 (amphibolite facies) 

M3 (dehydration): Opx 2 ± Hbl (granulite facies) 

M4 (retrograde): Bt- Qtz. 

M1 to M4 may all have happened during progressive Grenvillian metamorphism, 

alternatively~ M 1 could possibly be pre-Grenvillian in age. 

3. 7 Thermobarontetry 
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The purpose of this section is 1) to determine the peak-metamorphic pressures (P) 

and temperatures (T) experienced by the rocks of the study area during the main 

Grenvillian metamorphic event, 2) to determine the retrograde P-T -paths for the gneisses 

of the different domains and gneiss assemblages studied, 3) to establish similarities and 

differences in P-T -conditions and P-T -paths between the different domains and gneiss 

assemblages, and 4) to compare the results of this study with the ones from previous 

workers in this area (e.g., Anovitz and Essene 1990, Nadeau 1990). The locations of the 

samples used for thermo barometry are shown in Fig. 3. 12. 

3. 7.1 Methods 

Thermobarometry in migmatites 

The predominant rock types in the study area, the migmatitic orthogneisses of the 

Muskoka domain, have mineral assemblages relatively unsuitable for thermobarometric 

evaluations. The major rock-forming minerals such as Fsp-Qtz-Hbl±Bt are stable over a 

wide variety of P-T -conditions, so that in order to determine the pressure and 
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temperature range at which these minerals equilibrated, geothermobarometry must be 

employed. The obstacle in geothermobarometry in these rocks, however, is the scarcity of 

reliable calibrations for barometers for the orthogneiss assemblage Fsp-Qtz-Hbl±Bt. 

Temperatures for the migmatitic orthogneisses in the Muskoka domain were calculated 

using the Hbl-Pl thermometer of Holland and Blundy ( 1994). In addition, the two-feldspar 

thermometer of Haselton et al ( 1983 ), that was previously used by Anovitz and Essene 

( 1990) for gneisses throughout the Central Gneiss Belt including the study area, was 

applied in order to compare the results with those of the Anovitz and Essene ( 1990) study. 

The Hbl-Pl thermometer ofHolland and Blundy (1994) uses two equilibria: 

A) edenite + 4 quartz ~ tremolite + albite, 

based on the edenite exchange vector (NaAl)(D D Si)_1, and 

B) edenite + albite ~ richterite + anorthite, 

based on the plagioclase exchange vector (NaSi)(CaA1)_1, in which non-ideal mixing was 

taken into account for both amphibole and plagioclase (Holland and Blundy 1994). The 

thermometer has an uncertainty of± 3 5 to 40°C . 

The two-feldspar thermometer of Haselton et al. ( 1983) is based on the 

distribution of albite component between coexisting alkali feldspars and plagioclase. The 

albite component decreases in the the alkali feldspar relative to the plagioclase with 

decreasing temperature (Haselton et al. 1983). To obtain the temperatures of the original 

feldspar composition at the time of peak metamorphism, homogeneous plagioclases were 

analysed by defocussing the microprobe beam to 10 J.Lm whereas the beam for 

homogeneous K-feldspar was set to 20 J.Lm to include possible microcline exsolution on a 

micrometer scale. The problem, however, within the leucosomes of the migmatitic 

orthogneisses is the exsolution of bead- and rodlike plagioclase and micrometer-scale 

strings of albite in K-feldspars. In order to obtain the original K-feldspar composition, the 
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194-Gl to 03 

ltkm 

Fig. 3.12. Simplified map of the study area showing thin section and thermo barometry 
sample localities. SHA = Southern Huntsville assemblage, BA = Birkendale assemblage, 
MCl = McClintock assemblage, KZ = Kawagama zone, MD = Muskoka domain, R = 

Rosseau domain, Cl\ffibtz = Central Metasedimentary Belt boundary thrust zone. 
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microprobe beam was defocussed to 50 J.!m to yield analyses of the core area of the K-

feldspars that would include the microscale albite exsolution. Several core analyses were 

averaged to estimate a mean composition of the K-feldspar host. In addition, point 

analyses with a 1 Jlm wide beam were performed on the plagioclase exsolution beads in 

the K-feldspar and averaged. Subsequent reintegration of plagioclase beads inK-feldspar 

was carried out by image analysis, which included the determination of the percentage of 

the K-feldspar host and of the plagioclase lamellae and subsequent recalculation of the 

original composition. 

Thermobarometry in metabasites and metapelites 

Though numerous petrogenetic grids have been developed for metapelites (e.g., 

Thompson 1976, Harte and Hudson 1979, Bohlen et al. 1983, Pattison and Harte 1985, 

Spear and Cheney 1989, Powell and Holland 1990), experimentally calibrated and 

thermodynamically modeled thermobarometers represent today the most precise technique 

for determining pressure- and temperature conditions during metamorphism. This is 

especially true for the study area, where metapelites are sparse and the major rock-forming 

minerals of most of the remaining gneisses are stable over a wide variety of P-T 

conditions. 

For this study, pressure- and temperature calculations on metapelites, metabasites, 

and other granulites within the study area were carried out using the TWEEQU 

(Thermo barometry With Estimation of EQuilibrium state) method of Berman ( 1991). 

TWEEQU uses the computer program TWQ that includes an internally consistent 

thermodynamic dataset (Berman 1988) for the major rock-forming minerals. Temperature

dependent exchange reactions and pressure-dependent net transfer reactions were 

calibrated by numerous authors (in Essene 1982, 1989). In order to determine absolute P-
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T values, at least one pair of temperature-dependent and pressure-dependent, 

univariant reaction equilibria must intersect in P-T space (e.g., Carswell and Harley 1989). 

However, if using separately calibrated thermo- and barometers, these may be based on 

different thermodynamic data, such as entropy, enthalpy or volume, and thus the resulting 

P-T data may be inaccurate (e.g., Essene 1989). For that reason, modem 

thermobarometry often relies on P-T calculations that use a single, internally consistent set 

ofthermodynamic data (e.g., Berman 1988, 1991, Holland and Powell1990), which is 

calibrated by analyses of experimental and natural data. In addition, calculations with 

internally consistent datasets may determine the degree of equilibration. The program 

TWQ, used in this study, calculates all stable and metastable equilibria for a mineral 

assemblage that is interpreted microscopically to have equilibrated under the same P-T

conditions. If the assumption of equilibrium is true, all univariant reaction curves should 

intersect at one point in P-T space that reflects the P-T -conditions at the time of 

equilibration. TWQ calculations were performed using the solution models of Berman 

( 1990) and Berman and Koziol ( 1991) for garnet, Fuhrman and Lindsley ( 1988) for 

plagioclase, McMullin et al. ( 1991) for biotite, Newton ( 1983) for pyroxene, and Mader et 

al. (1994) for amphibole. Fe3+ in garnet, biotite and pyroxene was calculated by 

stoichiometry. 

As the accuracy of some solid solution data in TWQ is limited, the revised 

TWQ2. 02b version (Berman and Aranovich 1996, Aranovich and Berman 1996) was used 

to compare the calculated pressures and temperatures with the ones calculated with the 

earlier TWQ version. TWQ2.02b uses the same thermodynamic data for K-Na-CASH 

phases as the earlier TWQ version (Berman 1988). However, TWQ2.02b incorporates 

numerous new experimental data that were produced since the creation of the early 

dataset (Berman 1988). Refined are the standard and mixing properties for anthophyllite, 
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talc, rutile, olivine (Fo, Fa), orthopyroxene (En, Fs, Al-Opx), cordierite, garnet, (Aim, 

Prp), ilmenite, and Mg-Fe spinel. Additionally, TWQ2.02b uses new mixing properties of 

hedenbergite and Mg-Fe-Al (M1) clinopyroxene, and provisional properties for biotite 

endmembers (Berman and Aranovich 1996, Aranovich and Berman 1996, Berman et al. 

1995). As TWQ2.02b does not include thermodynamic properties for amphiboles, 

TWQ2.02b calculations could only be carried out on equilibria that do not involve 

hornblende. 

Error estimation 

There are several sources of error that influence the precision of the data produced 

with geothermobarometry (e.g., Spear 1993). The most important error sources include 1) 

the thermometer/barometer calibrations, which are generally calculated by the calibrating 

author and quoted with the results, 2) the microprobe analyses, for which the standard 

errors are listed in section 3. 3, 3) the activity-composition relationships, and 4) the 

geological errors, which include for example the selection of a mineral assemblages that 

are not in equilibrium, compositional heterogeneities in minerals, or the decoupled 

retrograde equilibration of exchange equilibria and net transfer equilibria. Possible error 

sources are discussed, where necessary, below. 

3. 7. 2 P-T-conditions in the Muskoka domain 

The pressure- and temperature-conditions experienced by the migmatites and 

granulites ofthe Muskoka domain are summarised in Table 3.7. 

Migmatitic orthogneisses 

The Hbl-Pl thermometer of Holland and Blundy (1994) yields temperatures in 
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the range ca. 73 3 to 780 oc for core compositions of hornblende and neighboring 

plagioclase in the precursor of the migmati tic orthogneisses ( 194-G 1 ), assuming pressures 

between 7.5 and 10 kbar, which are typical for upper amphibolite facies and granulite 

facies terranes. In contrast, temperatures from ca. 850 to 880 oc were obtained with the 

two-feldspar thennometer of Haselton et al. (1983) for averaged plagioclase (Ab73 .6, 

An24.25, Or2.15) and K-feldspar compositions (Ab 10. 7, Ano.8, Or88.6). The temperatures 

calculated with TWQ (4 Ann +3 Parg ~ 3 FePa + 4 Phi) give very low temperatures 

between 500 and 550 oc in the above pressure range and are interpreted to be influenced 

by retrograde Fe-Mg exchange between biotite and hornblende (Fig. 3.13a). 

For the leucosomes (194-G2, 194-G3), the same TWQ reaction gives temperatures 

between 720 and 750 °C for core compositions of coarse-grained hornblende and 

associated biotite, similar to the Hbl-Pl thennometer of Holland and Blundy ( 1994) which 

yields temperatures from 745 to 755 °C and from 720 to 738 °C for core compositons of 

hornblende and plagioclase porphyroblasts. Plagioclase rim compositions and 

recrystallised fine hornblende or hornblende rims within the leucosomes yield temperatures 

between 720 - 73 5 oc and 712 - 719 °C in the same pressure range between 7. 5 and 1 0 

kbar. In contrast, the two-feldspar thennometer of Haselton et al. ( 1983) yields much 

higher temperatures from ca. 950 to 980 °C (Fig. 3.13b,c). Since this temperature 

completely disagrees with the other temperatures calculated, it is interpreted to result from 

inaccurate reintegration ofK-feldspar compositions (Ab14.26' An2.04, Ors3.72). 

The pink granitoid (60-G2) gneisses yielded temperatures between 741 to 802 °C 

(Fig. 3.13d) with the Hbl-Pl thennometer of Holland and Blundy (1994), though caution is 

advised by the authors at X An < 0. 1, which is true for the plagioclases of this rock with 

XAn from 0.08 to 0.09. 



Table 3.7. Thermobaromctr~· results for the Muskoka domain and Kawagama zone 

M' tgmat1t1c ort h ognetsses, M k k d us 0 a om am 
rock ty~ samplt: no . equilibrium assemblagt: Hbl-Pl (H&B 94) 2-Fsp (H et al. 83) 

1(7 5- 10 kbar) (7 5- 10 kbar) 
pr~ursor migmatltt: 194-GI Hbl-Pl (cort:s) 733- 780 ""C 

PI-K.fs 850- 880 cc 
Bt-Hbl 

kucosomt: 194-G2G3 Hbi-Pl (cores) 745- 755 ;;C: 720- 738 °( 

Hbl-Pl (rims J 720-735 "C: 7I2- 7I9 °( 

Pl-K.fs 950- 980 oc 
Hbl-Bt (cores) 

pink eranitoid 60e-2 Hbi-PI 74I-80'2cc 
fels1c migmat1te 74-2 Hbi-Pl (matri:-.:) 698- 708 ~c 

PI-Kfs (a\eraee) 823- 854 oc 
leucocratic granulite 52b-1.60c-3 PI-Qtz-Cp:-.:=Op:-.: 

cores ofmatri:-.: grains 

Metabasites, Muskoka domain 
rock ty~ sample no. equilibrium assanblage rw·o-result rn·Q2 .02b-result 

& interpreted aee 
Grl-granulite 77-4 Pl-Grl-Cpx-Opx-Hbl IO .S ± 0 .5 kbar 

Grenvillian 780 = 35 : c 
Grl-granulite 77g Pl-Grl-Cp:-.:-Opx-Hbl I0 .3 = 1.1 kbar 

Grenvillian 850 = 40 :c 
Grl-granulite 150h-2 Pl-Grl-Op-.-Hbl 10 .2 = 0 01 kbar 

Grenvillian 755 = 1 :c 
Grl-granuhte I94j-I Pl-Grl-Cp:-.:-Hbl-Qtz 

Pre. Earh··)-Grenvillian" - 820 .oc 
amphibolite 42a-I Pl-Grt-Cpx-Hbl I0 .5 z 0.3 kbar 

Grenvillian 820 ± 12 cc - 800 :c 
amphibolite 70a-2 Pl-Hbi-Cp:-.: 

Grenvillian - 750 ~c (at 10 kbar) 
coronitt: I44a-2 .-\) Pl-Grl-Cp:-.:-Op:-.:-Hbl I 0 . 8 = 0. 9 k bar 

Grcnvillian 760 = 50 c 
B) Pl-Grl-Cp:-.:-Op:-.:-Hbl 10.8 = 0.8 kbar 
Grenvillian 77o = 40 oc 

coronitt: I56h-2 :\) Pl-Grl-Cp'-:-Opx-Hbl II .2 = 0.02 kbar 
Grenvillian 800 = I :c 
B) II .3 = 1.0 kbar 

8oo = 40 -c 

K awagama zone 
rock IYJX! sampk no . t:quiiibrium assemblage rn·o-result TWQ2 02b-rt:sult 

& interpreted aec 
coromte 88c-4 PI-Grt-Cp:-.:-Op'-:-Hbl I 0 . 6 = 0 8 k bar 

795 = 60 ' C 
Grt-~aring felsic I%g Grt-Cp:-.: 850- 864 ' C (at 9.8 kbar) 784- 795 "C 
I pink eneiss (at 935 kbar) 
H&B 94 =Holland and Blund~ (1994). H. et al. 83 ,_ Haselton -:ta l. (1983-) \lmeral abbre\1at1ons 
m apJX!ndix .-\. 
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TWQ-result 
1(7 5- 10 !\bar) 

soo- sso ·c 

720- 750 ' C 

...- 700 °C. 
(at 10 kbar) 
T\VQ2 .02b 
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Legend: 

core 
rimlrecr 

(Haselton et al. 1983) 

core (Holland and Blundy 
rim/recr 1994; ed-ri) 

core (Holland and Blundy 
rim/recr 1994; ed-tr) 

TWQ (Berman 1991) 

Fig. 3.13. P-T diagrams showing thermometry results from amphibolite facies 
orthogneisses of the Muskoka domain. a) 194-G 1, nonmigmatitic precursor of migmatitic 
orthogneiss~ b,c) 194-G2 and 194-G3, leucosome in migmatitic orthogneiss~ d) 60-G2, 
pink granitoid~ e) 72-4, felsic migmatite. Sample localities in Fig. 3 .12. Discussion in text. 
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A migmatite (74-2) in the base of the central Muskoka domain, similar to the 

felsic gneiss association of the Kawagama shear zone, yielded temperatures from 698 to 

708 °C in the range 7. 5 to 10 kbar with the Hbl-Pl thermometer of Holland and Blundy 

( 1994) for matrix hornblende and matrix or averaged plagioclase compositions. Using the 

two-feldspar thermometer of Haselton et al. (1983), average plagioclase (Ab80, An18.98, 

Or1.02) and reintegrated, average K-feldspar compositions (Ab11 .s6, An1. 15, Or87.29) yield 

much higher temperatures from 823 to 854 oc in the same pressure range (Fig. 3.13e) . 

For the leucocratic granulites (52b-1, 60c-3), the TWQ2.02b equilibria 

aOp + Hd + bQtz ~ Fs +An 

bQtz + Di + aOp ~ An + En 

En+ Hd ~ Di + Fs 

yielded pressures of ca 10 kbar and temperatures of ca. 700 °C using core compositions of 

neighbouring matrix plagioclase and matrix pyroxenes. 

Metabasites 

In order to determine the P-T -conditions for the Muskoka domain, garnet-bearing 

mafic enclaves proved to be the most suitable rock types for geothermobarometry, as 

several calibrations for their equilibrium assemblages exist. For this study, eight mafic 

enclaves, most of which were interpreted to have originated as dykes which were 

subsequently boudinaged, disrupted and metamorphosed, were sampled. The sample 

locations cover the entire examined part of the Muskoka domain in the footwall of the 

Central Metasedimentary Belt boundary thrust zone (Fig. 3.12). 

The samples include garnet-granulites, amphibolites, and coronitic metagabbros 

with the metamorphic assemblage Grt±Opx±Cpx-Pl-Hbl. As the coronites have igneous 
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crystallisation ages of ca. 1170 Ma (Davidson & van Breemen 1988), the resulting 

peak P-T -conditions are interpreted to represent peak Grenvillian metamorphic conditions. 

In thin section, the majority of the analysed samples are thoroughly recrystallised, 

with a granoblastic, (sub )polygonal texture, which indicates thorough equilibration during 

the latest metamorphic event. 

Garnet-granulites. A garnet-granulite (77-4) within migmatitic orthogneisses near 

Baysville with the equilibrium assemblage Pl-Grt-Cpx-Opx-Hbl was chosen to determine 

Grenvillian peak-metamorphic P-T -conditions. Within the granulite, quartz only occurs in 

certain areas as large fabric-truncating grains that were interpreted to have crystallised late 

in the metamorphic history; quartz was therefore not incorporated in the calculations. The 

compositional variations within the sample are minor with no systematic patterns, thus the 

average compositions of the minerals Pl-Grt-Cpx-Opx-Hbl was used in the calculations. 

The resulting TWQ equilibrium pressures and temperatures are 10.5 ± 0.5 kbar and 780 ± 

35 °C (Fig. 3.14). 

Matrix minerals (Pl-Grt-Hbl-Cpx-Opx) in a sample from the same outcrop (77 -G), 

that have the least contact with other Fe-Mg-minerals, yield 10.3 ± 1.1 kbar and 850 ± 

40°C (Fig. 3.14) using the TWQ database. Compared to 77-4, the results yield similar 

pressures but different temperatures, which is probably the result of minimal retrograde 

Fe-Mg exchange. 

A mafic boudin (150h-2) within pink granitoids along Highway 118 West contains 

the equilibrium assemblage Pl-Grt-Opx-Hbl, all very homogeneous in composition. Core 

compositions of variably sized neighbouring matrix minerals yield similar TWQ results of 

10.25 ± 0.01 kbar and 753 ± 1 °C (Fig. 3.14). 
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Coarse garnet porphyroblasts within a garnet-granulite (Pl-Grt-Cpx-Opx-Hbl-

Qtz~ 194j-1) have inclusions of quartz, ilmenite, calcic plagioclase, clinopyroxene, and 

Mg-rich hornblende. The garnet porphyroblast is surrounded by a matrix rich in granular 

ortho- and clinopyroxene and hornblende. TWQ calculations using compositions of the 

earlier assemblage Pl-Grt-Cpx-Hbl-Qtz from garnet inclusions or garnet embayments yield 

a narrow temperature range of ca. 820 °C at ca. 10 kbar. TWQ calculations using the 

compositions of the later assemblage Pl-Grt-Cpx-Opx-Hbl-Qtz yield scattered 

intersections that indicate disequilibrium. 

Amphibolites. A mafic body ( 42a-1) within migmatitic orthogneisses along 

Highway 35 with the assemblage Pl-Grt-Cpx-Hbl, contains relict, now altered and 

recrystallised clinopyroxene porphyroblasts that within their cores locally contain relict 

augite. This mafic enclave is interpreted as pre-Grenvillian dyke that was metamorphosed 

during the Grenvillian metamorphic event. For the TWQ calculations, the recrystallised 

diopside compositions were combined with neighbouring matrix minerals (Pl-Grt-Hbl), 

which yields 1 0. 5 ± 0. 3 kbar and 820 ± 12 °C (Fig. 3. 14). Similar temperatures of ca. 800 

°C result from using the Grt-Cpx exchange thermometer Aim+ 3 Di ~ Py + 3 Hed of 

TWQ2.02b . 

An amphibolite (70a-2) with the assemblage Pl-Hbl-Cpx yields TWQ temperatures 

of ca. 750 °C at ca. 10 kbar (Parg + 2 Fsl ~ 2 En+ FePa). 

Coronitic metagabbros. Calculations on neighbouring, fine-grained minerals (Pl

Grt-Opx-Cpx-Hbl) in a strongly recrystallised coronitic metagabbro ( 144a-2) yield TWQ 

intersections of 10.8 ± 0.9 kbar and 760 ±50 oc and 10.8 ± 0.8 kbar and 770 ± 40 oc 
(Fig. 3.14). 

Calculations with the compositions of the secondary minerals in a coronite ( 156h-

2) with relict igneous textures yield similar P-T conditions. A clinopyroxene-hornblende 
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cluster surrounded by recrystallised plagioclase and a garnet corona yielded 11 .2 ± 

0.02 kbar and 800 ± 1 °C, whereas taking into account a narrow orthopyroxene rim around 

the clinopyroxene-hornblende cluster, yielded a less precise estimate for the assemblage 

Pl-Grt-Opx-Cpx-Hbl of 11.3 ± 1 kbar and 800 ± 40 °C (Fig. 3.14). Late retrogression 

probably influenced the exchange between Fe-Mg minerals, since some of the Fe-Mg

minerals are in contact with each other everywhere in the section. 

The TWQ and TWQ2. 02b calculations for the Muskoka domain are summarised in 

figure 3. 15. 

3. 7. 3 P-T-conditions in the Kawagama zone 

Coronite. A strongly recrystallised coronitic metagabbro (88c-4) from the 

Kawagama zone west of Kawagama Lake, contains the secondary metamorphic 

assemblage Pl-Grt-Opx-Cpx-Hbl. Compositions of matrix minerals that seem to be least 

influenced by retrograde Fe-Mg-exchange were chosen for TWQ calculations, and yield 

pressures of 10.6 ± 0.8 kbar and temperatures of795 ± 60 °C (Fig. 3.14). The moderately 

high errors can be accounted for by some Fe-Mg exchange, as most Fe-Mg-minerals are in 

contact with each other within the recrystallised coronitic metagabbros. These P-T

conditions are interpreted as Grenvillian peak-metamorphic conditions, as coronitic 

metagabbros were intruded at ca. 1170 Ma (e.g., Davidson and van Breemen 1988). 

Felsic gneiss association. A garnet-bearing sample from the felsic gneiss 

association ( 196g) contains the mineral assemblage Kfs-Qtz-Pl-Grt-Cpx, in which all 

mineral compositions are remarkably homogeneous. The Grt-Cpx exchange thermometer 

Aim + 3 Di ~ Py + 3 Hed, calculated with the database of TWQ (Berman 1988) yielded 

850 to 865 oc at ca. 9.8 kbar, whereas TWQ2.02b (Berman and Aranovich 1996, 

Aranovich and Berman 1996) calculations yield lower temperatures of 784 to 795 oc at 
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ca. 9.35 kbar (Fig. 3.14). The slightly lower temperatures derived from the TWQ2.02b 

database are in better accordance with the ones derived from the coronitic metagabbro 

88c-4, and are regarded as more reliable. 

3. 7. 4 P-T-conditions in the Algonquin domain 

The pressure- and temperature-calculations for the gneisses of the Algonquin 

domain are listed in Table 3. 8 and shown in figure 3. 15 . 

Southern Huntsville assemblage 

Metapelite. A migmatitic metapelite (98b-l) immediately below the amphibolite 

facies shear zone that separates the Southern Huntsville assemblage in structural level 1 

from the overlying Muskoka domain in structural level 4 has the assemblage Kfs-Pl-Qtz

Grt-Bt-Sil. Medium-grained resorbed garnet porphyroblasts are surrounded by a fine

grained, foliated matrix in which foliation-parallel sillimanite laths cut the remaining matrix 

minerals. Microprobe traverses across the garnet porphyroblasts (Fig. 3. 9b) display 

concentration plateaus that indicates thorough equilibration during the latest metamorphic 

event. Minor changes in XFe are due to retrograde Fe-Mg exchange between garnet and 

biotite in contact with each other. The recrystallised fine-grained matrix that includes fine 

garnet grains at the rims of the medium-grained porphyroblasts yields equilibrium 

intersections with both the TWQ and the TWQ2.02b database of 4. 7 ± 0.5 kbar and 620 ± 

35 oc and 6.3 ± 0.4 kbar and 680 ± 45 °C, respectively (Fig. 3.14). The TWQ2.02b 

database again yields distinctly higher pressures but only slightly higher temperatures. 

Intersections using core compositions of the analysed garnet porphyroblast indicate 

disequilibrium with the surrounding fine-grained matrix. 
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McClint k bl oc us em age 
rock type sample no. equilibrium assemblage 1WQ- result TWQ2.02b- results 

metapelite 64t>-4 A) PI-Kfs-Qt:z-Grt-Bt-Sil 4.6 ~ 0.1 Iebar 7.2 ± 1.6 Iebar 
(recryst. matrix) 650%:2 oc 730 ±55 °C 
B) PI-Kfs-Qt:z-Grt-Bt-Sil 9.8 ± 1.6 Iebar 
1 c:oarse layer) 810 ± 160 oc 

metapelite 186f-G2 A) recr. matrix: PI-Qt:z-Grt-Bt-Sil 8.0 Iebar, 725 oc 
B) same, but PI incl. in garnet 8.9 Iebar, 730 oc 

megacrystic granitoid 186f-G1 A) P1-Kfs-Qt:z-Grt-Bt 6.7 ± 0.1 kbar 
(recryst. matrix) 710± 10°C -780 °C (at 9.5 Iebar) 
B) same but PI from recryst. 7.7 ± 0.1 Iebar 
megacryst 770 ± 10 oc - 780 OC (at 9.0 Iebar) 

megacrystic granitoid 25-7 Pl-Grt-Cpx-Bt-Qt:z 8.0 ± 1.4 Iebar 
780 ± 200C 

megacrystic granitoid 64b-8 Pl-Grt-Cpx-Bt-Qt:z-Kfs 7.0 ± 0.4 Iebar 9.6 ± 1 Iebar 
750 ± 20 oc 800 ±55 oc 

garnet granulite 43-4 A) matrix: PI-Grt-Cpx-Hbl 10.0 ± 0.2 Iebar 
780 ± 25 oc - 800 OC (at 10 Iebar) 

B) "felsic" area: Grt-Cpx -830 °C (at 10 Iebar - 820 °C (at 10 Iebar) 

B' k d I bl tr en a e usem age 
rock type sample no. equilibrium assemblage 1WQ- result TWQ2.02b- results 

metapelite 16-4 A) Pl-Kfs..Qtz .. Bt-Grt 7.4 ± 0.9 Iebar 9.1 ± 1.3 kbar 
(recryst. matrix) 640 ± 20 oc 685 ±53 oc 
B) matrix: Pl-Kfs-Qtz-Bt 6.9 ± 0.4 Iebar 8.7 ± 1.5 Iebar 
Grt: porph. rim 650 ± 33 °C 705 ±55 oc 

felsic granulite 17d-1 A) Pl-Qtz-Grt-Opx-Bt 5.6 ± 0.5 Iebar 7.3 ± 1.3 Iebar 
(recryst. matrix) 580 ± 40 oc 666 ± 70 oc 
B) Pl-Qtz-Grt-Opx-Bt 8.9 ± 0.1 Iebar 10.1 ± 0.6 Iebar 
!(earlier) 685%: 2 oc 735 ± 30 oc 

net veined metabasite 15-2 A) PI-Grt-Cpx-Hbl 9.9 ± 0.5 Iebar 
710±60°C 

B) PI-Grt-Opx-Hbl 10 ± 0.35 Iebar 
700 ± 30 oc 

PI-Grt-Opx-Cpx-Hbl 10 ± 1.3 Iebar 
720 ± 94 oc 

Grt-Cpx-Opx - 830 OC (at 10 Iebar) 
metabasite 17-1 PI-Grt-Opx-Hbl 9.2 ± 0.3 Iebar 

680 ± 25 oc 
Grt-Opx - 760 OC (at 10 Iebar) 

So h ut em H untsv ill eauem bl •le 
rock type sample no. equilibrium assemblage TWQ- result TWQ2.02b- results 

metapelite 98b-l recr. matrix: Kfs-Pl-Qtz-Grt-Bt-Sil 4.7 ± 0.5 kbar 6.3 ± 0.4 Iebar 
620 ± 35 oc 680 ± 45 oc 

net veined Grt-granulite lOOd-1 Pl-Grt-Opx-Cpx-Hbl 11 .7 ± 0.7 kbar 
830 ±so oc 

coronitic metagabbro 12-S A) Pl-Grt-Cpx-Opx 727 ± 3°C (at 7 Iebar F)> 700 OC 
B) PI-Grt-Cpx-Opx-Hbl 12.9 ± 1.7 Iebar 

750 ± 125 oc 
C) Pl-Grt-Cpx-Opx-Hbl 13.5 ± 2.7 kbar 

760 ~ 135 ·=c 
D) Pl-Grt-Cpx-Hbl 12.3 ± 0.5 Iebar 

910±600C 
E) Pl-Grt-Opx-Hbl 12.1 ± 0.07 Iebar 

850± IOOC 
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Granulites. The equigranular, subpolygonal matrix of an intermediate granulite 

( 112d-1) contains the assemblage Pl-Kfs±Qtz(late?)-Grt-Opx-Cpx-Hbl, in which the 

pyroxenes grow over and around hornblende. The compositions of the minerals are very 

homogeneous~ however, since the Fe-Mg-minerals are associated in layers, retrograde 

exchange reactions have obliterated the real peak metamorphic conditions. 

A net veined garnet-granulite ( 1 OOd-1) with garnet and hornblende-rich areas and 

plagioclase and pyroxene-rich areas contains the assemblage Pl-Grt-Opx-Cpx-Hbl. 

TWQ calculations on this assemblage using core compositions of minerals in the 

hornblende-rich matrix, with the Fe-Mg minerals with least/no contact to each other, yield 

11.7 ± 0.7 kbar and 830 ±50 °C (Fig. 3.14). 

Coronitic metagabbro. A coronitic metagabbro (12-5) with the recrystallised 

equilibrium assemblage Pl-Grt-Cpx-Opx yields TWQ2. 02b temperatures in excess of 700 

oc which coincides with an average temperature of 727 ± 3°C at 7 kbar using TWQ. 

TWQ-calculations including hornblende in the equilibrium assemblage yield average 

intersections of 12.9 ± 1.7 kbar and 750 ± 125 °C and 13.5 ± 2.7 kbar and 760 ± 135 oc 
(Fig. 3. 14). These results have very high errors, however, agree within error with 

separately calculated Pl-Grt-Cpx-Hbl (12.3 ± 0.5 kbar and 910 ± 60 °C) and Pl-Grt-Opx

Hbl (12.1 ± 0.07 kbar and 850 ± 10 °C). 

Birkendale assemblage 

Metasediments. The recrystallised matrix (Pl-Kfs-Qtz-Bt-Grt) surrounding garnet 

porphyroblasts in a metapelite (16-4) yields 7.4 ± 0.9 kbar and 640 ± 20 °C, and 9.1 ± 1.3 

kbar and 685 ±53 °C with TWQ and TWQ2.02b, respectively, using the composition of 

newly grown, fine-grained matrix garnet (Fig. 3 .14). In contrast, the P-T -conditions (Fig. 



224 
3.14) range from 6 .9 ± 0.4 kbar and 650 ± 33 oc (TWQ) and 8.7 ± 1.5 kbar and 705 ± 

55 °C (TWQ2.02b) during the earlier stage of garnet growth at the porphyroblast rim. 

Felsic granulite. A felsic granulite (17d-1) with the assemblage Pl-Qtz-Grt-Opx

Bt contains at least two generations of both garnet and orthopyroxene, including early 

porphyroblasts and late, fine-grained mantle or matrix grains. Compositional variations are 

present within garnet, but mainly reflect retrograde Fe-Mg-exchange at contacts with 

orthopyroxene. In general, the early resorbed garnet porphyroblasts have a lower XFe than 

the second generation surrounding orthopyroxene. TWQ2.02b calculations compared with 

TWQ calculations on the early assemblage Grt-Pl-Opx-Bt including the porphyroblasts 

and on the retrograde matrix Grt-Pl-Opx-Bt, yield in average 1.3 kbar and 60 °C higher 

pressures and temperatures. The recrystallised matrix yields 5.6 ± 0.5 kbar and 580 ± 40 

°C (TWQ) and 7.3 ± 1.3 kbar and 666 ± 70 °C (TWQ2.02b; Fig. 3.14). In contrast, by 

combining the compositions of resorbed garnet porphyroblasts, the cores of the 

orthopyroxene porphyroblasts, matrix plagioclase, and the core of medium-grained matrix 

biotite, pressures and temperatures yield higher results with 8. 9 ± 0.1 kbar and 685 ± 2 °C 

(TWQ) and 10.1 ± 0.6 kbar and 735 ± 30 °C (Fig. 3.14). 

Metabasites. Most TWQ calculations within a net veined metabasite (15-2) reflect 

retrograde exchange between Fe-Mg minerals. Compositions of garnet cores and 

neighbouring plagioclase, clinopyroxene, and hornblende yield 9 .9 ± 0.5 kbar and 710 ± 

60 °C, similar to the assemblage Grt-Pl-Opx-Hbl with 10 ± 0.35 kbar and 700 ± 30 oc 
(Fig. 3.14). Temperatures for the assemblage Grt-Cpx-Opx are as high as- 830 °C (at-

10 kbar) using TWQ2.02b (Fig. 3.14). 

Within a foliated metabasite ( 1 7-1) underlying pink gneisses in the Birkendale area, 

the Fe-Mg-minerals are in contact and therefore affected by retrograde Fe-Mg-exchange. 

Compositions of a fine-grained garnet and neighbouring orthopyroxene, plagioclase, and 
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hornblende with the least retrograde Fe-Mg-exchange give TWQ intersections at 9.2 ± 

0.3 kbar and 680 ± 25 °C, whereas the Grt-Opx exchange thermometer in the TWQ2 .02b 

database yields ca. 760°C at 10 kbar (Fig. 3.14). 

McClintock assemblage 

Metapelites. Fine-grained recrystallised layers in a metapelite ( 64b-4) with the 

assemblage Pl-Kfs-Qtz-Grt-Bt-Sil give pressures of 4.6 ± 0.1 kbar and temperatures of 

650 ± 2 oc with TWQ, using compositions ofFe-Mg minerals that are not in contact with 

each other. A higher metamorphic grade with 7.2 ± 1.6 kbar and 730 ±55 oc is given for 

the same assemblage by the TWQ2.02b database (Fig. 3.14). In comparison, a coarser 

layer with compositions from the cores of garnet porphyroblasts, matrix biotite cores and 

plagioclase in the vicinity of the garnet, yields 9. 8 ± I. 6 kbar and 81 0 ± 160 oc with 

TWQ2.02b (Fig. 314). 

A metapelite ( 186f-G2) that originates from an amphibolite facies shear zone in the 

McClintock subdomain consists of recrystallised, fine-grained minerals in textural 

equilibrium. Two equilibria were calculated with the TWQ database of Berman (1988): 

Grs + Qtz + 2 Sil ~ 3 An (GASP), and 

Aim + Phi ~ Py + Ann. 

The mineral compositions of matrix biotite and garnet, which forms porphyroblasts due to 

Ostwald ripening, are homogeneous except for minor Fe-Mg-exchange at the rims and at 

mutual contacts. For the TWQ calculations data from the sites of possible Fe-Mg

exchange were avoided. Using plagioclase compositions (An31.3) from inclusions in garnet 

porphyroblasts, the two equilibria intersect at 8.9 kbar and 730 °C (Fig. 3.14). In contrast, 

using the slightly more calcic plagioclase (An 37.5) in the matrix around the garnet 

porphyroblast, the two equilibria intersect at 8.0 kbar and 725 °C (Fig. 3.14). Using the 
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refined TWQ2.02b database, the GASP reaction is shifted to the far left, whereas the 

Bt-Grt-exchange equilibria does not even plot in the relevant P-T -range. In comparison 

with the other P-T -conditions determined for this area and considering the obvious 

textural equilibrium in thin section, the TWQ-calculations are interpreted to reflect the 

most reasonable P-T -conditions experienced during the latest phase of ductile deformation 

and accompanying metamorphism, whereas the P-T estimates obtained from TWQ2. 02b 

appears to be unreasonable. 

Megacrystic granitoids. Within felsic megacrystic granitoids ( 186f-G 1) from the 

same site as the metapelite 186f-G2, an amphibolite facies shear zone in one of the higher 

structural levels of the McClintock subdomain, former feldspar megacrysts (mainly 

plagioclase), now recrystallised to medium and coarse grains, are surrounded by a fine

grained, foliated matrix ofPl-Kfs-Qtz-Grt-Bt. The compositionally very homogeneous 

minerals ofthe fine-grained matrix yield 6.7 ± 0.1 kbar and 710 ± 10 oc (TWQ~ Fig. 

3.14)), using Fe-Mg-minerals with no mutual contact. In comparison, plagioclases within 

the recrystallised former megacrysts, having a slightly higher anorthite content, combined 

with matrix compositions yield 7.7 ± 0.1 kbar and 770 ± 10 °C (TWQ~ Fig. 3.14). Again, 

TWQ2.02b calculations do not give reasonable results, which is in contrast to the very 

homogeneous, equilibrated minerals in the finely recrystallised matrix that surround the 

former megacrysts. The only equilibrium plotted: 

2 Aim + Grs + 2 Kfs ---) 3 Qtz + 3 An + 2 Ann 

yields ca. 780 °C at 9 to 9. 5 kbar (Fig. 3. 14) for both the plagioclase matrix and the 

plagioclase megacryst composition. 

From a granulite facies megacrystic granitoid (25-7), the neighbouring, fairly 

homogeneous matrix minerals Pl-Grt-Cpx-Bt-Qtz yield pressures with relatively high 

errors of 8. 0 ± 1.4 kbar and temperatures of 780 ± 20°C using the TWQ database (Fig. 
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3.14). No clear intersections were yielded using the same compositions with the 

TWQ2.02b database. However, neighbouring domains in the megacrystic granitoid 

contain altered orthopyroxene, hornblende, and K-feldspar recrystallised from the former 

megacrysts. Some of these minerals may be in equilibrium with the above calculated 

assemblage, which would explain the relatively high error in pressure, although in thin 

section, orthopyroxene grows over clinopyroxene and hornblende replaces both pyroxens. 

A similar, but slightly more recrystallised megacrystic granitoid (64b-8) contains 

fine-grained clinopyroxene that overgrows hypidiomorphic garnet, but no orthopyroxene. 

The mineral compositions are homogenous, indicating thorough equilibration during the 

latest metamorphic overprint. TWQ calculations on the assemblage Pl-Grt-Cpx-Bt-Qtz

Kfs, with neighbouring Fe-Mg minerals that are not in contact with each other, yield 7.0 ± 

0.4 kbar and 750 ±20 °C (Fig. 3.14). In contrast, TWQ2.02b calculations yield 9.6 ± 

1 kbar and 800 ± 55 °C discarding intersections outside 1. 5 sigma (Fig. 3. 14). 

Garnet-granulite. A net veined garnet-granulite (43-4) has a granoblastic, 

polygonal matrix in which the minerals of the assemblage Pl-Grt-Cpx-Hbl seem in textural 

equilibrium. This interpretation is supported by homogeneous mineral compositions, with 

the exception of plagioclase that is more calcic in the hornblende-rich matrix and more 

sadie inagioclase and pyroxene-rich felsic patches. Neighbouring Pl-Grt-Cpx-Hbl within 

the hornblende-rich matrix give 10.1 ± 0.2 kbar and 780 ± 25 °C with TWQ and 

temperatures close to 800 °C (at 10 kbar) with TWQ2.02b (Fig. 3.14). Temperatures from 

minerals in the more felsic areas (Pl-Cpx ±Grt) are higher, at 830 °C (at 10 kbar~ TWQ) 

and 820 °C (at 10 kbar; TWQ2.02b; Fig. 3.14). 



3. 7.5 Interpretation of P-T data and P-T paths 

The P-T conditions and resulting P-T paths for the Muskoka domain and the 

gneiss assemblages of the Kawagama zone and Algonquin domain are shown in figures 

3.15, 3.16, and 3.17. 
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In the Muskoka domain, pressures and temperatures derived from mafic enclaves 

throughout the domain show a remarkably narrow range from 10.2 to 11.2 kbar and 750 

to 850 °C (Fig. 3 .15a). Although pressures are not available for the host migmatitic 

orthogneisses, temperatures span a much wider range from 550 to 980 °C (at 10 kbar) . 

The lowest temperatures of ca. 550°C were obtained from the Hbl-Bt exchange 

thermometer (TWQ), and probably reflect the temperature at which the retrograde Fe-Mg 

exchange between those minerals ceased. Temperatures in the range 680 to 740°C were 

calculated by Anovitz and Essene ( 1990) for the same structural level in the Central 

Gneiss Belt of Ontario using the two-feldspar thermometer of Haselton et al. (1983). 

These were interpreted by Anovitz and Essene (1990) as minimum temperatures, in 

comparison with other thermometers used, due to variable resetting of feldspars during 

cooling as a result of variable strain and cooling rates. In this study, however, the two

feldspar thermometer of Haselton et al. (1983) yields consistently higher temperatures 

(850 to 980 oc at 10 kbar) than the Hbl-Pl thermometer ofHolland and Blundy (1994) 

with 689- 802 °C. This is interpreted to reflect spurious feldspar compositions resulting 

from extensive exsolution of micro scale albite- and plagioclase inK-feldspar and/or 

inaccurate reintegration of the exsolved feldspars. In contrast, the Hbl-Pl thermometer of 

Holland and Blundy ( 1994) yields the most consistent results in samples from the same 

locations, the narrowest range of temperatures, and is most compatible with the 

temperatures derived from TWQ calculations on the mafic enclaves. The slightly lower 
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Fig. 3.15. P-T diagrams summarising the results of the TWQ and TWQ2.02b calculations 
for a) the Muskoka domain, b) the Kawagama zone, c) McClintock assemblage, d) 
Birkendale assemblage, and e) Southern Huntsville assemblage. Discussion in text. 



temperature range given by the Hbl-Pl thermometer could be due to a stronger 

resetting of the more felsic, hydrated gneisses in comparison to the mostly anhydrous 

enclaves. 
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These pressures and temperatures agree with the determined P-T -conditions of 

8.5-11 kbar and 730-840 oc from Anovitz & Essene (1990) for the central and western 

part of the Muskoka domain, although this study yielded a narrower pressure range and a 

slightly higher pressure and temperature limit. 

The regionally consistent peak-metamorphic P-T -conditions (Fig. 3 .16) imply a 

penetrative thermal overprint and equilibration of mineral assemblages throughout the 

entire Muskoka domain. Included in the mafic enclaves were two coronitic metagabbros 

that are interpreted to be part of the suite of coronites that intruded into the upper 

structural levels of the Central Gneiss Belt at ca. 1170 Ma and were metamorphosed 

during Grenvillian high-grade metamorphism at ca. 1030 to 1060 Ma (Davidson and van 

Breemen 1988, van Breemen and Davidson 1990). Thus, P-T estimates from the 

coronites, and other mafic enclaves that yielded very similar results, are suggested to 

reflect peak-metamorphic conditions during Grenvillian high-grade metamorphism. These 

peak P-T conditions affected not only the - mainly granulite facies - mafic inclusions, but 

also the surrounding amphibolite facies orthogneisses, which implies a higher aH2o in the 

latter. 

Figure 3 .17a shows the TWQ-results in relation to the experimentally determined 

melting reactions. Peak P-T conditions in the Muskoka domain distinctly exceeded water 

saturated melting curves. However, the limited experimental data on hornblende 

breakdown due to dehydration melting indicate that temperatures in the study area were 

too low for fluid-absent dehydration melting of amphibolite-rich gneisses. Fluid-present 

versus fluid-absent melting is discussed below (section 3.8). 



a) 231 

111111 

Fig. 3.16. Simplified map of the study area showing P-T estimates (kbarfOC) determined 
with thermobarometry (see Table 3.7 and 3.8). a) Results ofTWQ calculations. b) Results 
ofTWQ2.02b calculations, and of thermometry on amphibolite facies orthogneisses of the 
Muskoka domain. 
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The limited thermo barometric data derived from samples of the Kawagama 

zone with pressures of ca. I 0. 6 kbar and temperatures from 780 to 864 °C (Fig. 3. 15b) 

are similar to those in the Muskoka domain. These P-T conditions, partly derived from a 

coronitic metagabbro, also lie within the close P-T range derived from the mafic enclaves 

of the Muskoka domain, and are interpreted to reflect Grenvillian peak metamorphic 

conditions. 

The gneisses of the McClintock assemblage yield a wide range ofP-T conditions 

from 4.6- 10.1 kbar and 650- 820 °C (Fig. 3.15c). The results indicate a trend that 1) 

relatively mafic samples and 2) calculations with the refined TWQ2.02b database generally 

yield higher temperatures and pressures. In case of the garnet-granulite 43-4, the P-T 

conditions estimated from both databases TWQ and TWQ2. 02b yield a relatively close 

range with temperatures around 800 °C at ca. 1 0 kbar. These pressures and temperatures 

are interpreted as peak-metamorphic conditions, whereas the lower P-T results are 

ascribed to variable retrograde equilibration in different types of rocks. For example, the 

least retrograded layers in metapelite 64b-4 and the matrix minerals of a granulite facies 

megacrystic granitoid (64b-8) from the same location, yield TWQ2.02b results of9.8 kbar 

and 810 °C, and 9.6 kbar and 800°C, respectively. These P-T conditions agree with the 

peak-metamorphic conditions of the mafic granulites not only in this assemblage but also 

of the Muskoka domain and the Kawagama zone. In contrast, the TWQ calculations yield 

not only lower pressures and temperatures but also major differences in P-T conditions 

from samples from the same locations ( 64, 17-1, 1 7 d-1, below). The TWQ calculations 

seem relatively inaccurate in metapelites and the more felsic gneisses, but appear more 

reliable in mafic, anhydrous rocks. This is suggested to mainly result from the improved 

properties for the biotite endmembers (e.g., phlogopite, annite) in the TWQ2.02b database 

compared with the TWQ database. 
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Fig. 3.17. Summary ofthermobarometry and P-T paths. a) P-T diagram showing P-T 
estimates interpreted to reflect the most reasonable conditions (see discussion in text for 
details) in relation to experimentally detennined melting reactions. Alumosilicate 
transitions after Holdaway ( 1971 ). Wet granite solidus after Thompson and Tracy ( 1979). 
Vapour-absent dehydration melting reactions in metapelites: ( 1) Ms+Pl+Qtz-+AS+Kfs 
+LN and (2) Bt+AS+Pl+Qtz-+Grt+Kfs+UV (LeBreton and Thompson 1988), (3) 
Bt+Pl+Qtz-+Opx+Kfs+L (Clemens and Walll981). Hornblende breakdown reactions: (4) 
Hbl+Pl+Cpx+Qtz+V-+L (Yoder and Tilley 1962), (5) Pl±Hbl+Qtz+~O-+L (Piwinskii 
1968, Johannes 1978 for An30), (6) melting interval Hbl+Pl+Qtz-+Opx+Cpx+L at 3 kbar 
(Beard and Lofgren 1989), (7) Tschermakitic amphibole-+An100+Qtz+Opx+Cpx+L (Ellis 
and Thompson 1986), (8) melting interval Hbl+Qtz in tonalite at 10 kbar (Rutter and 
Wyllie 1988), (9) breakdown ofHbl to Cpx in Qtz-free amphibolite (Wyllie 1977). b) P-T 
paths: A= Muskoka domain, B = Kawagama zone, C =McClintock assemblage, D = 
Birkendale assemblage, E = Southern Huntsville assemblage. Discussion in text. 
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TWQ calculations on associated strongly deformed metapelite and megacrystic 

granitoid ( 186f) show a temperature range from 710 to 770 °C at pressures from 6. 7 to 

7. 7 kbar. The higher temperatur~ estimate derived from TWQ2. 02b calculations of ca. 780 

°C (at 9 to 9.5 kbar) agrees with the peak-temperature range, but is slightly lower 

compared to the ones from the garnet granulite ( 43-4) . This slightly lower temperature 

could reflect retrograde Fe-Mg exchange decoupled from and proceeding at lower 

temperatures than net transfer reactions (e.g., GASP in the metapelite), the latter of which 

were arrested somewhere on the retrograde path. It is possible that the high strain typical 

of this sample location may have enhanced retrograde Fe-Mg exchange. 

The P-T estimates from the less deformed, granulite facies megacrystic granitoid 

(25-7) fall on a retrograde P-T path (Fig. 3 .17, path C), that is constrained in part by the 

recrystallised matrix in strongly deformed metapelites ( 64b-4 ), and is interpreted to reflect 

real P-T conditions during decompression. The retrograde P-T path is characterised by 

decompression from 10 to 7.2 kbar accompanied by slight cooling from 820 to ca. 700°C. 

This path is consistent with the occurrence of sillimanite as the stable aluminosilicate in 

metapelites in this region, in particular with the late sillimanite overgrowt~ in the 

metapelites of the gneiss assemblages from the Algonquin domain. 

Peak-metamorphic conditions in the Birkendale assemblage are reflected by a net 

veined metabasite with temperatures up to 830°C at 10 kbar (TWQ and TWQ2 . 02b~ Fig. 

3 .15d). These P-T conditions are similar to the ones from the other gneiss assemblages 

and domains of the study area, and support the hypothesis that TWQ calculations seem to 

be more reliable in mafic (anhydrous?) rocks than in metapelites and associated felsic 

gneisses. TWQ2. 02b calculations in biotite-bearing gneisses yield consistently higher 

pressures and temperatures in comparison to the older TWQ data set. 
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In contrast to the McClintock assemblage, the gneisses of the Birkendale 

assemblage apparently did not experience decompression during initial cooling. The 

resulting retrograde P-T path (Fig. 3 .17, path D) thus has an apparent 'anti-clockwise' 

(e.g., Bohlen 1987) form, that would have major implications for the tectonic history. 

Alternatively, the effect of different closure temperatures for net transfer and exchange 

reactions (e.g., Frost and Chacko 1989), as discussed above for the McClintock 

assemblage, could have been enhanced in the samples from the Birkendale assemblage. 

The enhanced diffusion could be due to the more felsic compositions of the samples from 

the Birkendale assemblage, or to the high strain experienced by most of the samples 

(chapter 2). Decoupling of net transfer and exchange reactions is supported by the direct 

comparison of the P-T data with the ones from the McClintock assemblage (Fig. 3.17, 

path C). Following the apparent initial isbaric cooling, the samples of the Birkendale 

assemblage (Fig. 3.17, path D) reflect a similar retrograde P-T path, only shifted slightly 

to the left due to consistently lower temperatures. Further evidence for nonexistent initial 

isobaric cooling comes from the aluminous metapelites of the Birkendale assemblage, that 

contain sillimanite defining the dominant foliation within those rocks. In contrast, if the 

determined P-T -path for the Birkendale assemblage (Fig. 3 .17, path D) would be correct, 

kyanite should be the stable aluminosilicate. 

Only a limited amount of data is available from the Southern Huntsville 

assemblage. High pressures from 11.7 to 13.5 kbar at 750 to 910 oc (Fig. 3.15e) are 

recorded by a net veined garnet granulite (lOOd-1) and a coronitic metagabbro (12-5) . 

Though the equilibrium assemblage within coronitic metagabbros is interpreted from thin 

sections as Pl-Grt-Opx-Cpx-Hbl, the pressures and temperatures calculated using this 

assemblage are associated with high errors. In contrast, calculations with either one 

pyroxene result in pressures and temperatures more similar to those determined for sample 
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I OOd-1, and both pressures and temperatures are associated with lower errors. Thus, 

the pressure and temperature range from 11.7 to 12.3 kbar and 830 to 910 °C is regarded 

as the most reliable estimate of Grenvillian peak metamorphic conditions. 

Retrograde P-T conditions that indicate decompression accompanied by slight 

cooling were derived from a metapelite (98b-l) close to the boundary with the overlying 

Muskoka domain. Again TWQ2.02b calculations yield higher results of6.3 kbar and 680 

°C. The retrograde nature of the analysed assemblage is reflected by the finely 

recrystallised matrix, that surrounds an early homogeneous garnet porphyroblast, which is 

now in disequilibrium with the re-equilibrated and recrystallised matrix. 

The P-T conditions of the gneiss assemblages in the Algonquin domain are 

presented in figure 3 .16. Peak-metamorphic conditions are in the pressure and temperature 

range where fluid-absent dehydration starts. Fluid-absent dehydration melting is the typical 

melting process in pelites, in contrast to the less likely process of fluid-present melting 

(e. g., Clemens and Wall 1981, Thompson 1982, Clemens 1984, Clemens and Vielzeuf 

1987, LeBreton and Thompson 1988), and must thus also be considered to be responsible 

for melting of pelites in the study area. 

The P-T estimates for the examined gneiss assemblages are in broad accordance 

with those of previous workers of the Algonquin domain, for example 700-830 oc and 8-

1 0. 5 kbar for peak metamorphism ( Anovitz & Essene 1990). Pelitic gneisses analysed by 

Nadeau ( 1990) yielded pressures and temperatures in the range 4. 3-7.5 kbar and 5 61-

7460C for retrograde equilibration that agree with those obtained here. 

As shown above, a range of pressures and temperatures given for a specific area 

does not represent local differences in peak-metamorphic conditions. Instead, varying 

pressures and temperatures are interpreted to reflect variable retrogression, for example in 

shear zones, or in samples with different bulk compositions and mineral assemblages. In 
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addition, the choice of thermobarometer strongly influences P-T results, although 

Anovitz and Essene ( 1990), who used intersections from independently calibrated thermo

and barometers, yielded remarkably similar results to the ones in this study. After 

assessment of the thermobarometric results, it is concluded that peak-metamorphic 

conditions in the study area define a much closer range than previously suggested, from 

ca. 10 - II kbar and ca. 750 to 850 °C, with higher P-T estimates only in the Southern 

Huntsville assemblage. Data from the 1I 70 Ma old coronitic metagabbro suite indicate the 

same peak pressures and temperatures, and as only homogeneously equilibrated and 

recrystallised samples could be used for thermo barometry, these P-T estimates are 

interpreted to reflect only the Grenvillian high-grade metamorphic event. The complex 

metamorphic histories, detected in some of the mafic enclaves of the Muskoka domain or 

within some of the samples ofthe Algonquin domain, are apparently not reflected in the P

T paths. 

3. 8 Migmatite formation 

3. 8.1 Origin of leucosomes 

Migmatites may be formed by a variety of different processes and reactions. 

Different processes in open systems include magmatic injection and metasomatism, 

whereas in closed systems anatexis or metamorphic differentiation could be responsible for 

the formation of migmatites (Ashworth I985). The field relationships described in chapter 

2.3 indicate that the amphibolite facies leucosomes in the orthogneisses of the Muskoka 

domain formed by partial melting. The criteria used to suggest partial melting as the 

mechanism of leucosome formation (e.g., Ashworth I985) in the Muskoka domain are: 

I) The peak P-T conditions of 10 to 11 kbar and 750 to 850 oc exceeded the fluid 

saturated melting curves for both granites and for amphibolites (Fig. 3 .17a). 
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2) Partially molten and subsequently crystallised leucosomes originally have 

larger grain sizes than the matrix, however, the grain size contrast may be erased by 

recrystallisation (Ashworth and McLellan 1985). Although the majority of migmatites in 

the study area experienced medium to high strain during and after leucosome formation 

(chapter 2. 7), most of their leucosomes have still larger grain sizes than their mesosome. 

However, the subgrain boundaries and new strain free grains around the coarse 

porphyroblasts, and the undulose extinction within the quartz grains is attributed to the 

Grenvillian syn- and post-anatectic strain. Exceptions are plagioclase- and pyroxene-rich 

leucosomes in metabasites and mafic enclaves, which are discussed below. 

3) Minerals in late, irregular leucosomes are oriented randomly, non-parallel to the 

matrix foliation (Ashworth and McLellan 1985). However, field observations (section 2. 7) 

indicate that most parts of the study area experienced at least moderate degrees of ductile 

deformation. Deformation was synchronous with, and in some areas outlasted, leucosome 

formation. Thus, the minerals of the leucosomes, even if they had crystallised randomly at 

first, would be aligned parallel to the latest foliation. 

4) Similarity ofbulk composition to expected melt compositions (e.g, Ashworth 

1985), which means, leucosomes should have the minimum melt composition of Qtz-Ab

Or (e.g., Tuttle and Bowen 1958, Johannes 1985~ Fig. 3.18a). However, this may not 

always be a valid criteria as in some migmatite areas anatectic and subsolidus 

seggregations may overlap in composition (e.g., Sawyer and Barnes 1988). In the 

Muskoka domain, most leucosomes of the predominant migmatitic orthogneisses are rich 

inK-feldspar and quartz. Additionally, plagioclase is almost always present, together with 

subordinate hornblende and/or biotite porphyroblasts. A pure minimum melt composition, 

however, is rare in migmatites generally, and has been ascribed to i) advanced melting, 

where the melt evolves from granite towards diorite with increasing degree of melting 
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(e.g. Brown and Fyfe 1972). Further possibilities for deviations from the minimum 

melt composition are ii) mixing of leucosomes with residual minerals from the mesosome 

(e.g., Winkler and Breitbart 1978), or iii) the scarcity or absence ofK-feldspar in the 

parent rock (Ashworth 1985). Although all ofthese explanations could be applied 

somewhere in the study area, the first explanation is preferred for most leucosomes, as 

plagioclase and hornblende porphyroblasts generally do not show the same textures and 

grain sizes as the residual minerals of the mesosome, latter of which almost always 

includes variable amounts ofK-feldspar. 

5) 'Primary replacement textures' such as myrmekites and other symplectitic 

intergrowths in migmatites have been attributed to retrograde dehydration reactions when 

the cooling melt reacts with the crystals (e.g., Ashworth and McLellan 1985). Within 

closed systems, the melts store fluid; however, on cooling the fluid is released, which 

drives retrograde reactions (e.g. Kohn et al. 1997). Alternatively, some or all myrmekites 

within the leucosomes may have formed in response to strain (e.g., Simpson and Wintsch 

1989). This would be supported, for example, by some of the highly strained felsic 

gneisses in the Kawagama zone, that did not experience partial melting but display 

myrmekitic intergrowth. An argument for anatexis, however, is the occurrence of skeletal 

biotite, finely intergrown with quartz, within the leucosomes of the study area, that is not 

found in the surrounding mesosomes, and is thus interpreted as a cooling feature from a 

melt. 

6) Interstitial quartz or quartz films, especially common within the migmatitic 

orthogneisses of the Muskoka domain, are generally interpreted as magmatic, mimicking 

melt pockets between solid grains (e.g., Pattison and Harte 1988, Vernon and Collins 

1988, Grant and Frost 1990, Harte et al. 1991 ). This is supported by experimental work 



that established interstitial quartz and plagioclase + quartz films to be associated with 

partial melting (e.g., Mehnert et al. 1973, Wolf and Wyllie 1991). 
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6) Feldspar compositions in leucosomes are expected to be different from the ones 

in the mesosome (e.g., Yoder et al. 1957, Drake 1976), because sodium and potassium are 

strongly fractionated into the melt. The migmatites analysed from the Muskoka domain, 

however, do not show major compositional differences between the leucosome and 

mesosome compositions. This suggests that 'the leucocsome underwent complete 

subsolidus re-equilibration with the restite from which it derived' (Yardley 1978). 

7) Leucosome-free orthogneisses, interpreted as precursor of the migmatitic 

orthogneiss, exhibit felsic patches that alternate with more mafic patches. Despite the 

possibility that the felsic patches could have originated as igneous feldspar megacrysts, 

they are proposed to represent the sites of initial melt formation. In the field, the 

nonmigmatitic orthogneisses are located adjacent to areas in which small blebs of 

leucocratic material develop into foliation-parallelleucosomes. This is interpreted as initial 

melt developing from former megacrysts or filling small pockets until the amount of 

leucosome is high enough to segregate into foliation-parallel layers. Finally, the 

leucosomes are extracted through felsic veins that lead to the upper structural levels. In 

thin section, the quartz-rich felsic patches are in contrast to the more hornblende-rich 

matrix. F elsie films around the mafic minerals in the matrix indicate the former presence of 

melt. Resorbed remnants of mafic minerals are locally present in the felsic patches, which 

is unlikely if the patch represents a recrystallised feldspar megacryst. Some areas 

containing feldspars with larger grain sizes than the other matrix minerals may be 

aphtha/mites (McLellan 1983). Ophthalmites are unsegregated, initialleucosomes with 

feldspar porphyroblasts that develop due to feldspar porphyroblastesis by grain boundary 



melting (Ostwald ripening~ McLellan 1983). Similarly, samples from the study area 

show plagioclase porphyroblasts in the felsic patches that truncate matrix biotites. 

3.8.2 Fluid-present melting in the study area? 
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Fluid-present melting. Melting reactions are controlled by the amount of water 

that is present within the rock. Most of the early experimental studies concerned with 

partial melting (e.g., Tuttle and Bowen 1958, Luth et al. 1964, Winkler 1979, Johannes 

1978, 1984) assumed that granitic melts are water-saturated. If the water activity is high, 

at PH2o=P1otah melting will occur around 600 to 650°C (Fig. 3 .18b ). The melting reaction 

at the 'granite minimum' (Fig. 3.18a) is: 

Ab + Or + Qtz + H20 ~ L, 

whereas other melting reactions, for example: 

Ab + Qtz + H20 ~ L 

Or + Qtz + H20 ~ L 

An + Qtz + H20 ~ L 

Or ±Ab/An + Ms + Qtz + H20 ~ L 

occur at higher temperatures (e.g., Thompson and Tracy 1979). If the granodioritic 

orthogneisses of the Muskoka domain had melted in the presence of water, it could be 

assumed that these melting reactions would have started in domains of the rock 

representing the minimum melt compositions. These could include the 'felsic patches' 

within the precursor migmatite (section 3. 4. 1 ), that mainly consist of Qtz-Pl±Kfs. Melting 

proceeded to a fairly high degree, with an average maximum of 3 5o/o in many areas of the 

Muskoka domain, and with many leucosomes evolving towards a granodioritic 

composition (e.g, Ashworth 1985) with newly formed coarse hornblende and/or biotite. 
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Fluid-absent melting. It is, however, widely recognised that melting in the 

mid- to deep crust, especially within pelites, is unlikely to happen under fluid-present 

conditions (e.g., Clemens and Wall 1981, Thompson 1982, Clemens 1984, Clemens and 

Vielzeuf 1987, LeBreton and Thompson 1988). High-grade minerals that are typically 

observed in migmatite terranes (especially in petites) could not form if fluid-present 

melting started at 600-650°C. Furthermore, pore spaces in the mid to deep crustal levels 

are limited (e.g., Etheridge et al. 1984 ), so that PH2o<Ptotal in most of the continental crust. 

With lower aH2o, the water consuming melting curves shift to higher temperatures. If 

melting would occur, the available H20 quickly dissolves into the melt, reducing aH2o even 

more and melting ceases. In conclusion, only limited amounts of melts will be produced by 

fluid-present melting reactions. 

Dehydration melting. In nature, the amount of water in lower crustal rocks is 

predominantly controlled externally, by infiltration of water-rich fluids, or internally, by the 

breakdown of hydrous minerals (e.g., Pichavant and Mantel 1988). Dehydration of 

minerals such as muscovite, biotite and amphibole at low water activities leads to 

'dehydration melting' (e.g. Thompson and Tracy 1979, Thompson 1982), which may 

produce significant volumes of melt at PH2o<Ptotal (e.g., Brown and Fyfe 1970, Vielzeuf 

and Holloway 1985, LeBreton and Thompson 1988). With the realisation that high grade 

metamorphism and partial melting in the crust generally take place under fluid-absent 

conditions (e.g., Powell 1983, Thompson 1983, Clemens and Vielzeuf 1987) numerous 

studies of dehydration melting were undertaken (e.g., Thompson and Tracy (1979), 

Thompson 1982, Grant 1985, Clemens and Vielzeuf 1987, Vielzeuf and Holloway 1988, 

LeBreton and Thompson 1988, Whitney 1988). Most of these only considered the 

dehydration melting reactions in metapelites. 
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Fig. 3.18. a) Minimum (or eutectic) composition in the system Qtz-Ab-Or-H20-C02 for 
water saturated (black dots) and water undersaturated conditions (open dots, triangle) at 
2, 5, and 1 0 kbar (as in Johannes and Holtz 1990). b) Solidus curves of the system Qtz
Ab-Or-H20-C02 for aH2o = 1.0 to aH2o = 0.0 (as in Johannes and Holtz 1990). 
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Johannes and Holtz ( 1990) proposed that granitic melts can form at granulite 

facies conditions, similar to the ones in the study area, at aH2o as low as 0.25 (Fig. 3 .18b) 

At low aH2o, the initial melt composition in the Ab-Or-Qtz system is richer in Or than in 

water-saturated systems (Fig. 3.18a), but the melt only dissolves up to 5% ofFe-Mg 

minerals (Johannes and Holtz 1990). For the Muskoka migmatites, this would mean that 

the abundant hornblende porphyroblasts within the leucosomes are restite minerals from 

the mesosome. Compositionally, this is difficult to assess, as hornblende compositions are 

similar in both leucosomes and melt. However, the coarser grain size of hornblende within 

the leucosome, compared to that one in the mesosome, suggests their crystallisation from 

a partial melt, although there is the possibility of overgrowth on inherited grains. 

Fluid-present melting in the study area? Johannes and Holtz (1990) also 

showed that at high temperatures only small amounts of water, present or bound in 

hydrous minerals, are needed to produce relatively large amounts of melt. This is 

consistent with the studies of Clemens and Vielzeuf ( 1987), who propose intermediate and 

mafic rocks as highly 'fertile' magma sources, if temperatures are high enough for 

breakdown of hornblende and biotite. However, several experimental and modeling 

studies of dehydration melting (e.g., Rutter and Wyllie 1988, Clemens and Vielzeuf 1987, 

Vielzeuf and Holloway 1988, Patino Douce and Johnston 1991, Skjerlie and Johnston 

1993, Gardien et al. 1995) revealed that the amount of melt produced by fluid-absent 

melting in most crustal rock types is very small at temperatures ( < 850 °C) typical of 

tectonically thickened crust (e.g, England and Thompson 1984, 1986). Thus, for the 

temperatures obtained during crustal orogenesis, to produce large volumes of melt, either 

H20 must be introduced or additional heat input from mantle sources is necessary (e.g., 

England and Thompson 1986, Thompson and Connolly 1995). 
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The temperatures at which dehydration melting takes place in different rock 

types increase from biotite-rich rocks (870 to 880 oc in quartzofeldspathic and 

intermediate rocks~ e.g., Hoschek 1976, Clemens and Wall 1981, Rutter and Wyllie 1987) 

to hornblende-rich rocks (900 to 920 °C in quartzofeldspathic and intermediate gneisses~ 

e.g., Clemens and Vielzeuf 1987). The resulting peak temperatures of< 850°C for most 

gneisses ofthe study area (e.g., Fig.3.17), are not high enough to produce substantial 

amounts of leu co somes under fluid-absent conditions. Considering the extensive 

migmatisation of different types of orthogneisses in the study area with leucosome 

amounts up to 3 5 vol%, it is thus suggested that the amphibolite facies orthogneisses of 

the Muskoka domain melted under fluid-present conditions, possibly with a high aH2o, 

although infiltration of low aH2o fluids could also trigger widespread melting. Leucosome 

formation in granulites due to the infiltration of a low aH2o fluid is discussed below. 

Although the quartzofeldspathic to intermediate migmatitic orthogneisses of the 

Muskoka domain seem to have formed under fluid-present conditions, mass balance of all 

major and trace elements (e.g., Olsen 1977, 1982, 1984), as well as further geochemical, 

isotopic, or fluid inclusion studies are needed in order to distinguish between closed 

system- and open system melting. 

Melt segregation and extraction. Earlier literature concerned with melt 

segregation and extraction proposed that in migmatites with 25-SOo/o leucosome, the 

mechanical properties change so that large amounts of leucosomes should segregate from 

their host to form large granite bodies (e.g., Arzi 1978, van der Molen & Paterson 1979, 

Wickham 1987, Miller et al. 1988). However, the more recent literature puts more 

emphasis on the rate of deformation, melting reactions, and the rate and depth of melting 

as the factors controlling melt extraction and segregation (e.g., Sawyer 1994, Brown et al, 

1995). 
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An important factor enhancing melt segregation is deformation (e.g., Hutton 

1988, Sawyer 1994, Brown et al. 1995, Rutter and Neumann 1995). In the study area this 

is reflected by the location of different generations of leucosomes in progressively younger 

structural sites (chapter 2~ e.g., Sawyer 1994). Small-scale melt extraction is reflected by 

rare narrow veins that transport leucosomes to the next structural level, and syn-tectonic 

pegmatites. However, the migmatites in the Muskoka domain locally contain up to 3 5o/o of 

leu co somes and thus reflect apparent melt retention. Melt retention may be caused if the 

melt generation rate is greater than the melt extraction rate, which leads to melt 

accumulation in the source rock (Sawyer 1994). In addition, high water activities as 

proposed for the Muskoka domain migmatites contribute to melt retention, as the resulting 

volume reduction associated with aH2o melting aggravates the extraction (e.g. , Sawyer 

1994, Brown et al. 1995). In contrast, low aH2o melting increases the volume, and 

enhances melt extraction (e.g., Sawyer 1994, Brown et al. 1995). 

3. 9 High-grade metamorphism and granulite formation in the study area 

The results of detailed petrography (section 3. 4 to 3. 6) and thermo barometry 

(section 3. 7) suggest that an early (pre-Grenvillian?) granulite facies metamorphism in the 

Algonquin domain and in some of the mafic enclaves of the Muskoka domain was 

followed by Grenvillian high grade metamorphism that resulted in both granulite and upper 

amphibolite facies assemblages. In addition, field relationships in the Muskoka domain 

indicate a Grenvillian post-peak granulite facies overprint on amphibolite facies mineral 

assemblages. 
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3. 9.1 Models of granulite formation 

Granulites are common in areas of high-grade regional metamorphism, where they 

form at high temperatures, medium to high pressures and low aH2o (e.g., Powell 1983). 

The origin of granulites has long been discussed in the literature (e.g., Brown and Fyfe 

1970, Fyfe 1973, Chappell et al. 1987, Newton et al. 1980, Powell1983, Lamb and Valley 

1985). Most models for granulite formation suggest melting of a precursor and subsequent 

extraction of the leucocratic melt, leaving behind dehydrated granulitic restite (e.g., Brown 

and Fyfe 1970, Fyfe 1973, Powell 1983, Powers and Bohlen 1985). This model is 

supported by the depletion in radioactive heat producing elements observed in some 

granulite terranes (e.g., Tarney and Windley 1977, Janardhan et al. 1982) and the 

formation of many granite batholiths associated with granulite facies metamorphism (e.g., 

Fyfe 1973, Clemens and Wall 1981, Bebout and Carlson 1986). 

Dehydration reactions are important in granulite formation (e.g., Thompson 1982, 

Powell 1983, Grant 1985, Waters 1988, Pattison 1991, Hansen and Stuk 1993, Gardien et 

al. 1995, Hartel and Pattison 1996, Kohn et al.1997). In nature, these involve mostly fluid

absent (described above) reactions in which hydrous minerals such as amphibole, biotite, 

or muscovite form anhydrous granulite ~ies mineral assemblages plus a melt. Some 

dehydration melting reactions involving hornblende or biotite are: 

Bt + Qtz +PI~ Opx/Cpx ± Grt/Crd + Kfs + L (e.g., Vielzeuf and Montel 1994) 

Hbl ~ PI + Qtz + Opx + Cpx + L (Clemens and Vielzeuf 1987) 

Hbl + Qtz ~ Opx + Cpx +PI+ L 

or Hbl + Qtz ~ Grt + Cpx + Qtz + L (Percival 1983) 

Hbl + PI + Qtz ~ Grt + Cpx + Ttn + L (Hartel and Pattison 1996). 

Dehydration reactions proceed at lower temperatures with decreasing aH2o, which means 

they intersect the solidus at relatively low temperatures, whereas fluid-present melting 



reactions proceed at relatively higher temperatures as a H2o decreases (e.g., Powell 

1983~ Fig. 3.19a). 
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External buffering by infiltration of a low a H2o fluid was proposed to have caused 

prograde granulite formation in amphibolite facies host rocks under amphibolite facies 

conditions ('charnockitisation') in southern India (e.g., Newton et al. 1980, Friend 1983, 

Hansen et al. 1984). This mechanism is supported by geochemical data that suggest trace 

element depletion due to flushing of a carbonic fluid phase (Weaver and Tarney 1983) and 

studies by Touret ( 1971 ), showing that C02-rich fluid inclusions are common in 

granulites. However, experimental work suggests that carbonic fluids are not pervasive 

and thus may not produce homogeneously metamorphosed, regional-scale granulite 

terranes (e.g., Clemens 1981, Clemens et al. 1997). In addition, granulites have been 

suggested to have formed from initially dry precursors in vapour-free environments (e.g., 

Lamb and Valley 1984, 1985). 

3. 9. 2 Granulites in the Muskoka domain 

Pre-Grenvillian granulite facies metamorphism? In the Muskoka domain, 

several different types of granulites are present (see chapter 2.3). In some of the mafic 

granulite enclaves, pyroxene inclusions within matrix hornblende indicate an early (pre

Grenvillian?) granulite facies event that was thoroughly overprinted by Grenvillian upper 

amphibolite facies metamorphism. Second generation pyroxenes rim or replace the matrix 

hornblende, suggesting granulite formation subsequent to the amphibolite facies 

metamorphism. Late hornblendes and recrystallised pyroxenes replace matrix pyroxenes, 

and are interpreted to reflect deformation induced recrystallisation and retrograde 

rehydration. 
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Fig. 3.19. Schematic a) P-T diagram and b) T-aH2o diagram showing relationships 
between melting and dehydration reactions in gneisses with Hbl-Qtz-Cpx-Opx-Pl-L-V (as 
in Pattison 1991 ). Dotted line = vapour-absent dehydration melting. Dashed line in b) = 

vapour always present, becomes C02 richer as a H2o decreases. T -a H2o diagram shows that 
initial Hbl-Qtz amphibolite (open dot with cross) will melt by temperature increase, aH2o is 
buffered along the melting curve until invariant point is reached where dehydration melting 
starts. Alternatively, subsolidus dehydration occurs by the introduction of a low a H2o fluid 
(black dot). If fluid infiltration ceases before Hbl+Qtz are consumed, increase in 
temperature buffers aH2o along dehydration curve until at invariant point dehydration 
melting occurs. 
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Grenvillian high-grade metamorphism. Garnet granulite enclaves with the 

assemblage Grt-Pl-Cpx±Opx±Qtz are the high-pressure equivalents of the two-pyroxene 

granulites with the assemblage Pl-Cpx-Opx±Qtz (e.g. Ringwood 1975). The reaction, 

enhanced by a pressure increase, is: 

Opx + Pl~ Grt + Cpx + Qtz, 

and marks the beginning of the transition from granulite facies to eclogite facies (e. g., 

Ringwood 1975). The decrease in anorthite content in plagioclase in garnet-granulites 

from labradorite inclusions in garnet to andesine in the matrix is a typical result for 

pressure increase linked to formation of garnet (e.g, Spear 1993). Gamet forms at higher 

pressures in silica-saturated rocks (Qtz-present~ Spear 1993) like those in the study area, 

although an Fe-rich bulk composition lowers the pressure. At the same time, 

orthopyroxene in the granulites of the Muskoka domain recrystallises towards a higher X Fe 

within the garnet granulites, changing from hypersthene to ferrohypersthene, and towards 

a slightly higher Ah03 content, which also reflects a pressure increase within the garnet 

granulites. In conclusion, there are two possible interpretations for the garnet granulites: 

1) As discussed in section 3. 7. 5, thoroughly recrystallised assemblages within the 

various gneisses of the study area are interpreted to only reflect the Grenvillian high-grade 

metamorphic event. If the pressure increase indicated by the recrystallised assemblages 

and compositions in the garnet granulites is real, it is suggested that the Grenvillian high

grade metamorphism took place at higher pressures than the early (pre-Grenvillian?) high

grade (granulite facies) metamorphism. 

2) Alternatively, the granulites in the study area could be interpreted to owe the 

presence or absence of garnet to different bulk compositions. 

Amphibolites. Most of the amphibolites do not reflect as complex metamorphic 

histories as the mafic granulites. Resorbed clinopyroxenes, clouded with tiny opaque 
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minerals, are rimmed by small recrystallised hornblende grains, and are interpreted as 

igneous relicts. The lack of evidence for granulite facies metamorphism within the 

amphibolites is interpreted to indicate that the amphibolites did not experience and must 

thus be younger than the early (pre-Grenvillian?) granulite facies metamorphism. 

Coronites. U-Pb data from igneous baddeleyites from coronitic metagabbros 

indicate a crystallisation age of ca. 1170 Ma (Davidson & van Breemen 1988). In the 

study area, coronitic metagabbros with igneous textures were variably recrystallised under 

granulite facies conditions to form the metamorphic assemblage Grt-Pl-Cpx-Opx-Hbl-Op, 

although some samples are strongly amphibolitised. U-Pb geochronology on secondary, 

metamorphic zircons from the coronites revealed ages around 1060 to 1030 Ma (e.g., 

Davidson & van Breemen 1988), which was interpreted as the age of granulite facies 

metamorphism (Davidson 1991 ). 

The distinct granulite facies assemblages in coronitic metagabbros is in accordance 

with the P-T estimates determined with thermo barometry (section 3. 7). Although the 

surrounding, mostly amphibolite facies host rocks of the Muskoka domain must have 

experienced the same P-T conditions as the coronites, at least some of the amphibolite 

facies migmatites are suggested to never have contained granulite facies assemblages (see 

chapter 4). The difference in apparent metamorphic grade must thus be the result of fluid

present conditions within the amphibolite facies migmatites (section 3.8.). In the originally 

anhydrous coronites, however, rheology contrasts may have denied the influx of water

rich fluid. This interpretation is supported by the mineralogy of, and absence of 

leucosomes in the coronites, except for the ones proposed to result from channelised 

infiltration of a low aH2o fluid (below). 

Retrogressed eclogites. Clinopyroxene- and garnet-rich mafic enclaves represent 

possible retrogressed eclogites (see section 2.3 and 3 .4.4), that were described by previous 
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workers in the Central Gneiss Belt to be mainly associated with major tectonic zones. 

High-pressure metamorphism has been dated at 1120 to 1085 Ma (Ketchum and Krogh 

1997). During the high-grade metamorphism experienced by the host rocks that now 

surround lenses of retrogressed metaeclogite in the study area, garnet and clinopyroxene 

recrystallise according to the common decompression reactions in metabasites : 

Grt + Cpx + Qtz ~ Opx +PI 

Grt + Hbl ± Cpx ~ Opx + PI + LN (Harley 1988, 1989). 

3. 9.3 Polystage metamorphism in the Algonquin domain 

A polystage metamorphic history in the Algonquin domain is petrographically best 

constrained by the metape/ites. These show at least three generations of garnet, all of 

which show signs of resorption due to different garnet-consuming reactions. Early, 

inclusion-poor garnet porphyroblast cores (Grt 1) are progressively overgrown by outer 

cores in which garnet 2 includes sillimanite needles and biotite that formed by breakdown 

of garnet 1. Garnet 3 is reflected by an inclusion-poor porphyroblast rim, that 

subsequently recrystallised to form sillimanite and biotite. Finally, fine (hyp )idiomorphic 

garnets ( Grt 4) grew within the felsic recrystallised matrix. Monazite grows within garnet 

porphyroblast rims and also in the finer grained matrix, which indicates 1) two different 

phases of high grade metamorphism, or 2) that porphyroblast rims are coeval with the 

matrix. 

Although the different garnet and sillimanite generations clearly reflect complex, 

polystage metamorphism, thermo barometry could only retrieve retrograde P-T conditions 

(section 3.7). These are as low as 6.3 kbar and 680 °C for the Southern Huntsville 

assemblage, in which late garnet and sillimanite formed during decompression and slight 

cooling via the reverse GASP reaction: 



An~ Grs + AhSi05 + Qtz (GASP) . 

Similar conditions are derived from metapelites of the McClintock assemblage (section 

3 .7) . 
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Within migmatitic metapelites, inclusions of resorbed, fine-grained garnet and 

resorbed sillimanite trapped in plagioclase within K-feldspar porphyroblasts, plagioclase 

films around garnet, and plagioclase films around sillimanite inclusions within garnets in 

migmatitic metapelites of the McClintock subdomain, indicate the GASP reaction before 

leucosome formation : 

Grs + AhSi05 + Qtz ~An (GASP). 

During melting, new garnet grew, possibly via the reaction (section 3.6): 

Bt + Sil + PI + Qtz ~ Grt + Kfs + melt (Le Breton and Thompson 198 7) 

Since biotite and sillimanite are rare within the migmatitic metapelites, the above reaction 

was probably close to completion. In addition, plagioclase is sparse, smaller thanK

feldspar and quartz, and resorbed, whereas new K-feldspar was formed and the small 

hypidiomorphic new garnets within the felsic matrix could be reaction products. 

Some amphibolite facies orthogneisses in the Algonquin domain show similar 

complex metamorphic histories indicated by multi-stage garnet growth and signs of an 

early granulite facies metamorphism that was associated with growth of pyroxene and 

garnet. However, others, especially in the McClintock assemblage, may have the same 

textures and composition as the ones in the Muskoka domain. This could be due to 

complete retrograde overprinting, as most of them are located in ductile shear zones. 

Alternatively, these could be younger and have experienced the same metamorphic history 

as the Muskoka migmatites. 

Megacrystic granitoids show less complex metamorphic histories compared to the 

metasediments. This implies a younger age or transposition of earlier structures during the 
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Grenvillian orogeny. Rounded, coarse felsic minerals are interpreted as recrystallised 

former igneous K-feldspar or plagioclase megacrysts (e.g., Vernon, in press). During 

subsequent deformation and metamorphism, the recrystallised feldspar megacrysts were 

flattened and deformed into augen. 

Both granulite facies and amphibolite facies megacrystic granitoids are present in 

the Algonquin domain. The granulites show little or no variation in mineral compositions, 

suggesting that the rock equilibrated to granulite facies mineralogies while retaining some 

of the relict megacrystic texture. Orthopyroxenes are present only in granulite facies 

megacrystic granitoids and apparently never grew within the amphibolite facies ones. 

However, both granulite and amphibolite facies granitoids may contain early 

clinopyroxenes with relict augite cores, which are interpreted to indicate their igneous 

origin, variably recrystallised to metamorphic diopside. 

The mineral compositions are similar in the different types of megacrystic 

granitoids that were recognised in the field, suggesting a common metamorphic history. 

The megacrystic granitoids, generally very closely interlayered with the commonly 

migmatitic metasedimentary gneisses, are characterised by the scarcity of leucosomes. This 

feature may be due to the different bulk composition or to different water content of these 

two rock types. 

Metabasic rocks in the Algonquin domain are similar to the ones in the Muskoka 

domain. They reflect an early (possibly pre-Grenvillian) granulite facies metamorphism, 

overprinting by amphibolite facies assemblages and locally by a second granulite facies 

event, and finally local rehydration (section 3. 6). 

In summary, the gneisses of the Algonquin domain are interpreted to have 

experienced an early, possibly pre-Grenvillian granulite facies metamorphism. Subsequent 

Grenvillian high-grade metamorphism took place under similar P-T conditions to those in 
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the Muskoka domain. Anhydrous rocks, for example the early granulites and the 

coronites, recrystallised with granulite facies assemblages. In contrast, gneisses located in 

or close to shear zones were retrogressed to upper amphibolite facies, possibly due to an 

enhanced influx of water. As discussed below for the Muskoka domain (section 3.9.4), a 

late granulite facies overprint on some of the amphibolite facies assemblages may have 

been caused by limited infiltration of a low aH2o fluid. 

3.9.4 Grenvillian post-peak low a82ofluid infiltration? 

Granulite facies leucosomes overprinting amphibolite facies migmatites as well as 

leucocratic granulite veins that cut the amphibolite facies migmatitic orthogneisses of the 

Muskoka domain indicate that at least some of the granulites in the study area formed 

after the main, upper amphibolite facies metamorphism. Secondary granulite formation 

due to the infiltration of C02- rich fluids has been proposed for southern India, where 

Newton ( 1992) described diffuse charnockitic alteration overprinting amphibolite facies 

granites. Charnockitic patches could form as a result of dehydration and metasomatism 

caused by COrrich fluids (e.g., Friend 1981, 1983, Newton 1992). During the process the 

fluids would absorb K and H20, which enhances further anatexis (e.g., Johannes 1988) 

and produces quartzofeldspathic segregations (e.g, Friend 1981, 1983, Pattison 1991 ). In 

the Muskoka domain, this could be reflected in the late, irregular granulite facies 

leucosomes and veins that overprint the amphibolite-facies host . 

The predominant amphibolite facies migmatitic orthogneisses in the Muskoka 

domain locally contain anhydrous granulite facies leucosomes or are associated with 

patches of intermediate migmatitic granulite (see section 2. 3 ). The crystallisation 

sequence of the mafic minerals (see section 3. 4) reflects a granulite facies overprint 

following amphibolite facies metamorphism: early hornblende (matrix or inclusion) was 
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replaced by pyroxene (leucosome or matrix), and during later rehydration the 

pyroxenes were replaced by hornblende. Rehydration is commonly caused by fluid release 

during melt crystallisation in a closed system. 

The formation of anhydrous granulites from hydrous precursor rocks may be 

explained by fluid-absent dehydration melting. At any given aH2o, heating inevitably leads 

to dehydration melting (Fig. 3 .18b, Fig. 3 .19a). However, as discussed above, the 

temperatures necessary for fluid-absent dehydration melting in quartzofeldspathic and 

hornblende-bearing rocks were probably not reached in the study area. Alternatively, the 

infiltration of low a H2o fluids rna y also trigger dehydration melting, for example produce 

plagioclase-pyroxene assemblages from hornblende and quartz-bearing rocks (Fig. 3 .19b ). 

The patchy distribution of the granulite facies assemblages in the study area certainly 

suggests local differences in anuid (e.g., Valley and O'Neil 1984, Bhattacharya and Sen 

1986), which would have had a great effect on the position of dehydration and melting 

curves (e.g., Powell 1983). The proposed post-peak low aH2o fluids would have migrated 

through the orthogneisses after the main Grenvillian fluid-present leucosome formation, 

and could have produced the pyroxene porphyroblasts in some of the leucosomes of the 

predominant amphibolite facies migmatite. 

Most of the mafic granulites contain leucosomes or other evidence of melting, for 

example, thin quartz or quartz+plagioclase films around mafic minerals and plagioclase, 

skeletal biotite intergrown with quartz, plagioclase-pyroxene-rich areas coexisting with 

hornblende-biotite-rich areas, and some myrmekites at grain boundaries of plagioclase in 

felsic patches. Quartz (±PI) as thin films and as small interstitial or truncating grains in 

migmatites have been interpreted by previous authors (e.g. Pattison and Harte 1988, 

Vernon and Collins 1988, Grant and Frost 1990, Harte et al. 1991, Hartel and Pattison 

1996) as initial partial melt in pockets between solid grains. The quartz films were not 



solid at the time of peak-metamorphism and precipitated from a trondjhemitic melt 

phase on cooling (Hartel and Pattison 1996) . 
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Net veining is characteristic of the margins of most mafic granulites, but is not 

observed within the amphibolites. Pattison ( 1991) examined a network of diffuse felsic 

patches and discrete leucosomes within a coronitic metagabbro near the study area, and 

proposed formation by progressive low aH2o metasomatism in two stages. Initial 

sub solidus dehydration by channelised infiltration of a low aH2o fluid was suggested to 

have produced fine-grained diffuse veins with minerals of similar grain sizes to and with 

gradational contacts to the host (Pattison 1991 ). During this stage hornblende and locally 

garnet broke down to produce pyroxenes and plagioclase within the veins. During the 

second stage, termed 'local, internally derived anatexis', addition ofK or Na and Si and 

removal of Ca to the infiltrating fluid produced coarse tonalitic (Qtz-antiperthitic Pl-Opx) 

leucosomes and intermediate veins with sharp contacts against the surrounding 

metagabbro (Pattison 1991 ). By analogy with the vein networks described by Pattison 

( 1991 ), the net veining in most of the mafic granulite enclaves of the study area is 

interpreted to result from syn-metamorphic low aH2o fluid infiltration. Furthermore it is 

argued that low aH2o fluid infiltration was not only experienced by mafic enclaves but also 

by the surrounding host rocks. Thus, fluid infiltration and subsequent dehydration melting 

are interpreted to be responsible for the formation of crosscutting leucocratic granulites 

and veins in the Muskoka domain and possibly also for the irregular granulite facies 

patches associated with amphibolite facies hosts. 

Most of the amphibolites in the study area neither show a granulite facies overprint 

nor net veining as in the granulite enclaves. This indicates that the amphibolites did not 

experience the post-peak dehydration melting, and thus can not be the retrograde 
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equivalents of the mafic granulites. This also suggests that the infiltrating fluids, which 

caused the later granulite formation, did not penetrate the entire study area. 

If an infiltrating low aH2o fluid is responsible for the formation of the felsic 

crosscutting leucosomes and veins and/ or the intermediate migmatitic granulites, a source 

for C02 is needed. Coincidentally, the western Muskoka domain, in which patchy granulite 

facies assemblages in amphibolite facies host rocks are particularly common, hosts 

deformed marble layers intercalated with migmatitic orthogneisses (see section 2.3). In 

addition, large volumes of carbonate rocks in the hangingwall, the Central 

Metasedimentary Belt (e.g., Easton 1992), may be a possible C02 source. 

3.10 Conclusions 

( 1) The amphibolite facies leucosomes in the orthogneisses of the Muskoka 

domain are interpreted to have formed during Grenvillian high-grade metamorphism by 

partial melting under high aH2o fluid-present conditions. The mineral compositions in both 

mesosome and leucosome of the amphibolite facies, granodioritic migmatitic orthogneisses 

of the Muskoka domain are similar, indicating thorough (re)equilibration of the minerals in 

the mesosome and leucosome during and after migmatisation. The predominant migmatitic 

orthogneisses are different in texture, minerals assemblage and composition from 

subordinate K-feldspar-rich pink granitoids and associated charnockitic granulites, which 

show more similarities with the felsic gneiss association of the Kawagama zone. 

(2) Several different types of granulites occur in the Muskoka domain. Mineral 

assemblages and textures in mafic granulite enclaves suggest an early (pre-Grenvillian?) 

granulite facies metamorphism. Furthermore, intermediate and mafic granulites contain 

(±secondary) pyroxenes that replace hornblende, which suggests a granulite facies 

Grenvillian overprint onto amphibolite facies gneisses. 
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(3) Abundant accessory minerals (e.g., allanite, zircon, titanite), and the K-, 

Fe- and Mn-rich mineral compositions within the strongly deformed and recrystallised K

feldspar-rich rocks of the felsic gneiss association in the Kawagama zone suggest a quartz

syenitic protolith. Locally, a granulite facies overprint onto amphibolite facies gneisses and 

later rehydration is suggested for the intermediate to mafic gneiss association, that exhibits 

textures and compositions similar to the amphibolite facies migmatites of ~he Muskoka 

domain. 

(4) Textures in metapelites from the Algonquin domain document a complex 

metamorphic history although zoning profiles from garnet porphyroblasts reflect thorough 

homogenisation during Grenvillian high-grade metamorphism. Mineral assemblages and 

reaction textures in metabasites from the Algonquin domain indicate an early (pre

Grenvillian) granulite facies metamorphism, and a Grenvillian amphibolite facies 

metamorphism, locally overprinted by a secondary granulite facies event, and later 

rehydration. 

(5) Peak-P-T conditions derived from mafic enclaves in the Muskoka domain 

range from 10.2 to 11.2 kbar and 750 to 850 °C, whereas thermometry on amphibolite 

facies hosts yield 550 to 980 °C (at 10 kbar). These P-T estimates are interpreted to 

reflect penetrative reworking during the Grenvillian high-grade metamorphism, which 

yielded similar P-T estimates of ca. 1 0. 6 kbar and 780 to 864 °C for the Kawagama zone, 

4.6- 10.1 kbar and 650- 820 °C for the McClintock assemblage, 7.3 to 10.1 kbar and 670 

to 830°C for the Birkendale assemblage, and 6.3 to 12.3 kbar and 680 to 910 oc for the 

Southern Huntsville assemblage. The retrograde P-T paths are characterised by 

decompression accompanied by slight cooling, and consistent with the occurrence of 

sillimanite as the stable aluminosilicate in the metapelites of the study area. The apparent 

'anti-clockwise' P-T path for the Birkendale assemblage is interpreted as a result of 
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decoupled net transfer and exchange reactions, enhanced by the high strain 

experienced by the gneisses of this assemblage. 

(6) The metamorphic history of the study area is summarised as follows: An early 

(pre-Grenvillian?) granulite facies metamorphism in the Algonquin domain and in some of 

the mafic enclaves of the Muskoka domain was followed by Grenvillian high grade 

metamorphism that resulted in both granulite and upper amphibolite facies assemblages . 

Field relationships, mineral assemblages and texures in cross-cutting granulite 

veinslleucosomes and intermediate granulites in the Muskoka domain suggest a 

Grenvillian post-peak granulite facies overprint due to the infiltration of low aH2o fluids on 

Grenvillian amphibolite facies mineral assemblages. 



4. U-Pb Geochronology within the Central Gneiss Belt between Huntsville and 

Haliburton 

4.1 Introduction 

U-Pb geochronology on U-bearing accessory minerals is a means to determine the 

ages of geological events that have taken place in the middle to lower crust. U-Pb 

geochronology can be used to infer crystallisation ages of magmatic protoliths of gneisses, 

as well as ages of high-grade metamorphism and initial cooling, which need to be known if 

one is to establish tectonometamorphic models in complex mountain belts. 

This study examines the mid-Proterozoic, high grade metamorphic Grenville 

Province in southeastern Canada, that exposes the mid- to deep levels of a collisional 

orogen. The U-Pb geochronology presented here is part of a comprehensive study that 

aims to test the current tectonometamorphic models for the southwestern Grenville 

Province of Ontario and to constrain the timing of accretion of the Central 

Metasedimentary Belt onto the Central Gneiss Belt. This is done in order to establish a 

basis for comparison of the Grenvillian orogen architecture and orogenic processes with 

those of modem collisional orogens (e.g. Himalayas), where such crustal depths are 

inaccessible. 

The study area encompasses the Central Gneiss Belt in the immediate footwall of 

the Central Metasedimentary Belt boundary thrust zone, a crustal scale thrust zone that 

separates the pre-1400 Ma Laurentian craton (Rivers et al. 1989) in the northwest from 

the ca. 1350-1100 Ma magmatic arc(s) of the Central Metasedimentary Belt (Fig. 1.3) in 

the southeast. The problems that arose from previous studies in this part of the Grenville 

Province, and the questions that are attempted to be answered in this study, are outlined in 

chapter 4.2. 
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This chapter presents new U-Pb data on zircons, monazites, titanites, and allanites 

from seven samples of the Muskoka domain and from two samples of the McClintock 

assemblage of the Algonquin domain, that yielded both proto lith ages and ages for pre

Grenvillian and Grenvillian high-grade metamorphism in the study area. 

4. 2 Previous geochronological work in the study area and objectives 

4. 2.1 Pre-Grenvillian ages 

The southwestern Grenville Province in Ontario consists of five different structural 

levels (chapter 1). The four lowest structural levels are part ofthe Central Gneiss Belt, 

comprising rocks of the Laurentian craton that were reworked during the Grenvillian 

orogeny, whereas the allochthonous Central Metasedimentary Belt boundary thrust zone 

in the southeast comprises structural level 5 (Fig. 1.3). 

Multiple geochronological studies carried out in the westernmost part of the 

Grenville Province in Ontario along a transect along Georgian Bay (references below) 

revealed a complex geological history in this area. Late Archean plutonic and metamorphic 

ages in the range of2740 to 2560 (e.g., Krogh 1989, Ashwal and Wooden 1989, Chen et 

al. 1993) are confined to local areas in the Grenville Front Tectonic Zone, the 

northwestern boundary of the Grenville Province. The structurally overlying 

parautochthon (Rivers et al. 1989), or structural level 1, reflects a bimodal age distribution 

with plutonism at 17 50-1600 Ma (e.g., Krogh 1989, 1991, Davidson et al. 1992) 

following sedimentation and high-grade metamorphism at ca. 1800 Ma (e.g., Krogh and 

Davis 1971), and a second phase of plutonism at 1500-1340 Ma (e.g., van Breemen et al. 

1986, Davidson and van Breemen 1988, van Breemen and Davidson 1988, 1990, Krogh et 

al. 1992, Corrigan et al. 1994). The Mesoproterozoic plutonism was accompanied by 

high-grade metamorphism from 1454 to 1420 Ma (Krogh 1989, Bethune et al. 1990, 
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Tucillo et al. 1992, Haggart et al . 1993, Krogh et al. 1992, 1993, Ketchum et al . 1994, 

Ketchum 1995). In comparison, the geological events in the allochthonous Parry Sound 

domain happened from 1360 to 1280 Ma (e.g., van Breemen et al . 1986, Wodicka 1994, 

Wodicka et al. 1996), which is chronologically similar to the events in the Central 

Metasedimentary Belt to the southeast (Wodicka et al. 1996). 

In contrast to the Georgian Bay transect, geochronology within the eastern part of 

the Central Gneiss Belt of Ontario is sparse. Early granitoid crystallization in the 

Algonquin domain occurred at 1714+123
/.71 Ma (Nadeau 1990), whereas plutonism around 

1450 Ma was widespread in both the structurally lowest Algonquin domain (1465 ± 65 to 

1442 +9
/_8 Ma, Nadeau 1990) and in the Seguin domain ofstructurallevel4 (1453 ± 6 Ma 

to 13 82 ± 50 Ma, Nadeau 1990). However, megacrystic granitoids, similar to the ca. 1450 

Ma suite found along Georgian Bay (e.g. van Breemen et al. 1986), are found only in the 

Algonquin domain (chapter 2), whereas the ca. 1450 Ma plutonism in the Seguin domain 

only produced felsic to intermediate granitoids that later developed into migmatites. 

According to Nadeau's data, bimodal plutonism in the parautochthon of the Algonquin 

domain can possibly be compared to the Georgian Bay area further west. In addition, pre

Grenvillian high-grade metamorphism in the Huntsville subdomain that is chronologically 

similar to the parautochthon along Georgian Bay is indicated by a lower intercept age 

1432+54
/.98 Ma from a mylonitic orthogneiss (Nadeau 1990). These common features to 

both areas interpreted previously as parautochthon (e.g. , Rivers et al. 1989), could prove 

to be the evidence for a common origin of the lowest structural levels in both areas. 

This study aims to test the hypothesis of a common geological history of both 

parautochthons, along Georgian Bay and in the Algonquin domain. One reason for this 

test is the recently discussed uncertainty of the location of the parautochthon-allochthon 

boundary within the Central Gneiss Belt (e.g., Ketchum 1995). According to Rivers et al . 
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( 1989), the parautochthon includes both the Britt domain at Georgian Bay and the 

Algonquin domain further east (e.g., Fig. 1.3). However, Ketchum (1995) suggested that 

the parautochthon-allochthon boundary is located north of the Algonquin domain, as 

coronitic metagabbros occur in the structurally lower levels of the Central Gneiss Belt, for 

example within the subdomains of the Algonquin domain, but not within the Britt domain. 

In the case of a more northern location for the boundary, the Algonquin domain would not 

occupy the same structural level as the Britt domain in the parautochthon of Georgian 

Bay. In order to locate the parautochthon-allochthon-boundary in the eastern Central 

Gneiss Belt of Ontario, this area must be characterised and compared to the well-studied 

parautochthon of the western Central Gneiss Belt to determine the distribution of 

parautochthonous rocks throughout the Central Gneiss Belt. For comparison of the 

parautochthons, this part of the study aims to determine the ages of the main geological 

events in the Algonquin domain, an approach already used by Nadeau (1990). However, 

Nadeau's (1990) data are sparse and in many cases have large errors, so that more precise 

data are needed to evaluate Nadeau's findings and to compare the ages in the Algonquin 

domain with the ones from the Georgian Bay transect. 

In addition, this study aims to determine similarities or differences in protolith ages 

and in the timing of high-grade metamorphism between the structurally low subdomains of 

the Algonquin domain and the Muskoka domain in structural level 4, which immediately 

underlies the Central Metasedimentary Belt boundary thrust zone. One important question 

is, did the structurally lower Algonquin domain and the Muskoka domain experience the 

same granulite facies metamorphism? As described in chapter 2, the Muskoka domain 

contains a variety of granulite-facies gneisses, some of which may be pre-Grenvillian in 

age and which may have formed during ca. 1450 Ma high-grade metamorphism that is 



known from the parautochthon from Georgian Bay and the Algonquin domain (e.g., 

Nadeau 1990, Ketchum et al. 1994). 

4. 2. 2 Grenvillian ages 
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Several geochronological studies (e.g., Davidson and van Breemen 1988, Corrigan 

1990, Nadeau 1990, Tuccillo et al. 1992, Mezger et al. 1993, Corrigan et al. 1994, 

Wodicka 1994, Bussy et al. 1995) have been undertaken, to constrain the timing of 

Grenvillian high-grade metamorphism and deformation with the aim to establish a 

tectonometamorphic model for the southwestern Grenville Province of Ontario. However, 

differing results in different parts of the Grenville Province, as well as the lack of sufficient 

metamorphic and geochronological data in the footwall of the Central Metasedimentary 

Belt boundary thrust zone, have led to controversy concerning the timing of the major 

tectonic processes that happened during the Grenvillian collision of allochthons from the 

southeast with the Laurentian craton. 

Grenvillian metamorphic and thrusting ages in the western Central Gneiss Belt of 

Ontario along Georgian Bay range from 1080-1030 Ma (e.g. Davidson and van Breemen 

1988, Corrigan 1990, Tuccillo et al. 1992, Mezger et al. 1993, Corrigan et al. 1994, Bussy 

et al. 1995, Cutshaw et al. 1997). Together with structural, metamorphic, and geophysical 

data, these ages were interpreted to reflect a 'normal' northward progression of the 

Grenville orogen into its foreland with the main phases of deformation and metamorphism 

occurring during the interval 1080-980 Ma (e.g., Jamieson et al. 1992, 1995, Culshaw et 

al. 1997). An exception within the Georgian Bay transect is the Parry Sound domain that 

experienced upper amphibolite to granulite facies metamorphism and thrusting around 

1160 Ma (van Breemen et al. 1986, Tuccillo et al. 1992, Wodicka 1994).. However, 

structural and seismic data from this transect (e.g., Cutshaw et al . 1994), as well as close 
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lithological and age affinities with the Central Metasedimentary Belt (W odicka 1994 ), 

indicate that the 1160 Ma high grade metamorphism in the Parry Sound domain happened 

at a different location and that the Parry Sound domain was transported over the Central 

Gneiss Belt into its present position between 1120 Ma and 1 080 Ma (W odicka et al. 

1996). 

In the eastern part of the Central Gneiss Belt of Ontario, age determinations of 

Grenvillian tectonic processes mainly rely on pegmatites that were interpreted to have 

synkinematically intruded into the major tectonic boundaries. Synkinematic and 

postkinematic pegmatites within the Central Metasedimentary Belt boundary thrust zone, 

the crustal-scale thrust zone along which the Central Metasedimentary Belt was emplaced 

onto the Central Gneiss Belt, revealed movement within this zone in two phases: at 1190-

1180 Ma and at 1080-1050 Ma (e.g. van Breemen and Hanmer 1986, McEachern and van 

Breemen 1993, Burr and Carr 1994). These ages were interpreted to reflect collision of 

the Central Metasedimentary Belt with Laurentia at 1190-1180 Ma, and later reactivation 

of the Central Metasedimentary Belt boundary thrust zone at 1080-1050 Ma (e.g. 

McEachern and van Breemen 1993, Nadeau and Hanmer 1992). In addition, two 

individual synkinematic pegmatites in thrust zones at the base of structurallevel4 (Seguin 

thrust zone, 1097 ±3 Ma, Nadeau 1990; base ofMoon River domain, 1103 +
6

/_4 Ma, van 

Breemen and Davidson 1990) indicate thrusting at ca. 1100 Ma. Together with 1160 Ma 

thrusting ages at the base of the Parry Sound domain, the thrust zones in the eastern 

Central Gneiss Belt appear to be younging towards the southeast, which led to the break

back thrusting model ofNadeau and Hanmer (1992). 

Though most of the above ages very probably reflect major geological events in 

the history of the Grenvillian orogeny, ages of syntectonic pegmatites have to be 

interpreted with caution (e.g., Gower 1993, Ketchum 1995). Syntectonic pegmatites can 
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only reflect a phase of movement within a thrust zone, during which pegmatites have easy 

access to intrude and crystallise, but do not yield any constraints on the tectonic processes 

that led to the movement, and their scale. Therefore, ages of syntectonic pegmatites 

cannot automatically be linked with major thrusting events. In the case of the Central 

Metasedimentary Belt boundary thrust zone, early movement and a secondary re

activatio~ the latter one generally very common in shear zones, only indicate a multiple 

thrusting history, but neither the intensity of the thrusting nor its location. Thus, additional 

geochronological information is required to interpret synkinematic data from shear zones. 

The approach in this study is to determine the timing of high-grade metamorphism in the 

footwall of major thrust zones, such as the Central Metasedimentary Belt boundary thrust 

zone, where geochronological data in general and metamorphic ages in particular are not 

available. Metamorphic ages reflect the thermal response that should follow the accretion 

of the Central Metasedimentary Belt over the Central Gneiss Belt within 20 to 40 My 

(e.g., England and Thompson 1984), or where thickening preferentially affects crustal 

material enriched in heat-producing elements, within I 0-15 My (Jamieson et al. 1998). 

The aim of this part of the study is therefore to obtain ages for Grenvillian high-grade 

metamorphism in the Muskoka domain in the immediate footwall of the Central 

Metasedimentary Belt boundary thrust zone in order to constrain the timing of accretion 

of the Central Metasedimentary Belt onto the Central Gneiss Belt. 

4.3 Methodology 

Sample selection and analytical procedure. Nine fresh samples, weighing up to 

50 kg, were collected from the study area for U-Pb geochronology. Seven evenly 

distributed samples were chosen from the Muskoka domain, from immediately below the 

Central Metasedimentary Belt boundary thrust zone to the structurally lower levels of this 
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domain (Fig. 4.1 ). These were used to determine protolith ages, the timing of Grenvillian 

high-grade metamorphism, and to look for possible pre-Grenvillian granulite-facies 

metamorphism. In addition, two samples were collected from the McClintock subdomain 

of the Algonquin domain (Fig. 4.1) in order to determine the ages for megacrystic 

granitoid crystallisation and for the different phases of high-grade metamorphism. 

Of the nine collected samples, the U- and Ph-bearing accessory minerals zircon, 

monazite, titanite, and allanite were analysed for U-Pb geochronology at the 

geochronology laboratory of the Geological Survey of Canada. The analytical procedure is 

listed in the appendix (Appendix C). The analytical data are presented in Table 4.1, results 

are summarised in Table 4.2, and the isotopic ratios are plotted with error ellipses that 

reflect 2cr (95o/o confidence level) uncertainty (Fig. 4.4.1 to 4.4.13). 

U-bearing accessory minerals. Zircon is one of the most suitable U-bearing 

accessory mineral that is used in U-Pb geochronology as it grows in a wide variety of 

igneous and metamorphic rocks (e.g, Heaman and Parrish 1991, Lee et al. 1997). The high 

closure temperature of zircon of> 900 oc (Lee et al. 1997), makes it the most useful 

mineral to determine crystallisation ages. In addition, zircon has the ability to remain 

isotopically closed even during extended periods of high-grade metamorphism and partial 

melting (Lee et al. 1997), and is thus widely used to constrain the timing of high-grade 

metamorphism. 

Within metasedimentary gneisses, zircons are not the most suitable U-bearing 

accessory minerals to analyse, as their inherited cores may reflect histories too complex to 

decipher with U-Pb geochronology. In contrast, monazite, a phosphate containing light 

rare earth elements, not only crystallises from granitic rocks but also grows in 

metasedimentary rocks during amphibolite-facies metamorphism and upon cooling from 

granulite-facies conditions (e.g., Overstreet 1967, Parrish 1990). With a closure 
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Fig. 4.1. Simplified map ofthe study area showing sample localities for U-Pb 
geochronology. SHA = Southern Huntsville assemblage, BA = Birkendale assemblage, 
MCI = McClintock assemblage, KZ = Kawagama zone, :MD = Muskoka domain, Crvffibtz 
= Central Metasedimentary Belt boundary thrust zone, R = Rosseau domain. 
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temperature of > 750 °C (Spear and Parrish 1996), the generally U-rich monazites ( 1000-

4000 ppm) can be used to infer ages for high-grade metamorphism and ages for the initial 

cooling history. 

With Tc of 600 ± 25 °C and ca. 650 ± 25 °C, respectively, (e.g., Heaman and 

Parrish 1991, Mezger et al. 1993, Spear and Parrish 1996), titanite and allanite are used 

in U-Pb geochronology to determine the post-peak cooling history. However, recent 

studies propose closure temperatures for crystalline titanite in excess of 650 °C, especially 

for high cooling rates (e.g., Cherniak 1993, Scott and StOnge 1995, Pidgeon et al1996, 

Zhang and Scharer 1996). Titanite usually only contains low amounts ofU (10 to 60 

ppm), however a brown to dark-brown colour indicates a higher U-content. Titanite and 

allanite often have higher amounts of common Pb, and Th-rich allanite may have excess 

206Pb, that may result in large errors or reversely discordant analyses, respectively. 

Methods of dating. There are four natural lead (Pb) isotopes, of which 208Pb, 

207Pb, 206Pb result from Uranium- (U) and Thorium (Th)- decay, involving several 

intermediate daughter products, 

In contrast, 204Pb is non-radiogenic and used as stable reference isotope in geochronology, 

whereas the decay of 238U to 206Pb and 235U to 207Pb is used as geochronometer (e.g., 

Faure 1986). The isotopic composition ofPb in U- or Th-bearing minerals is calculated as 

follows: 

206Pb 
= (206Pb ) 238u 

( e~~ -1 ) 204Pb 204Pb . i + 204pt) -

201Pb 
= (~'p~- ) + 

23su 
( e~' -1 ) 204Pb 204

Pb i 204Pb --
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where i =initial isotope ratio, A.= decay constant (A.1(238t:) = I ,55I25 x I Q-I<>yr1, ~(235L·) = 

9,8485 x 1 0- 10yr 1 ~ Steiger & Jager I977) and t =time since closure of minerals to loss of 

U, Th, and Pb (Faure 1986). 

Each U-Pb analysis yields two ages: 206PbP38U and 207PbP35U. The above 

equations are rewritten to describe the decay of 238U to 206Pb and 235U to 207Pb as a 

function of time (Faure 1986): 

206Pb* e..._!t -1 
238u = 

201Pb* 
eA..:t -1 

235u 
= 

with: 

2o6 Pb c06Pb) 
206 Pb * 204 Pb 204 Pb i 

= -- --

238 u 238 u 
- -

204 Pb 

201 Pb c07Pb) 
201 Pb * 204 Pb 204 Pb i 

= · ·--------

235 u 235 u 
---
204 Pb 

The 206Pb/238U and 207PbP35U ratios can be calculated for given values for t. 

Plotted on a 206Pb/238U (ordinate) versus 207Pb/235U (abscissa), the locus of points for t=O 

to t=age of the earth yield a concordia curve (Wetherill 1956). In a closed system, in 

which the minerals neither lost nor gained parent and/or daughter isotopes, both U-Pb 

systems e06PbP38U and 207PbP35U) should record the same age. This age is referred to as 

a concordant analysis, and can be directly read from the position on the concordia. 
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Discordant analyses. Metamorphism or chemical weathering enhances gain or 

loss of parent or daughter isotopes within a mineral. This changes the U/Pb ratios and thus 

the coordinates of the analyses, which are now discordant and ideally located somewhere 

on a discordia cord that extends from a point on the concordia curve to the origin. 

Whereas the upper intercept of the discordia with the concordia is widely accepted to 

represent the time of growth of the U-bearing mineral or closure of the isotope system 

following initial crystallisation, a controversy surrounds the interpretation of the lower 

intercept (e.g., Mezger and Krogstad 1997). 

The lower intercept age is widely interpreted to reflect the event that caused the 

loss of the daughter isotopes, such as high-grade metamorphism or chemical weathering 

(e.g., Faure 1986), or as the time of overgrowth around older cores of the U-bearing 

mineral. Loss of radiogenic Pb depends on the grain size, the U concentration and the 

radiation damage. In general, the U-bearing minerals analysed in this study, zircon, 

monazite, and titanite only lose a small fraction of their radiogenic Pb during 

metamorphism, with zircons typically losing varying fractions at the same conditions 

(Faure 1986). However, several studies suggest that zircons may lose Pb at low 

temperatures (e.g., 300°, Steiger and Wasserburg 1969), even without a geological event, 

und thus may yield meaningless lower intercept ages. Mezger and Krogstad ( 1997) 

proposed that partial Pb-loss may only occur in strongly metamict zircons, via diffusion, 

leaching or recrystallisation, whereas complete resetting of the U-Pb system in zircon can 

only happen through dissolution above 1 000°C and reprecipitation. They concluded that 

lower intercept ages are significant only if the U-content is below 100 ppm or if the 

intercept is confirmed by other geochronological data. The latter requirement is applicable 

to this study. 
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Reverse discordancy. The U/Pb ratios of reversely discordant analyses, which 

means analyses that plot above the concordia, may be caused by analytical problems. 

These include high U/Pb blanks, poor mass spectrometer analyses, incomplete 

equilibration of sample and spike, incomplete dissolution of the mineral or contamination 

of solutions during the chemistry procedure (Parrish, pers. comm. 1996). Alternatively, 

reverse discordance may be a consequence of laboratory abrasion of crystals with some 

internal redistrubution of Pb (e. g., Mattinson et al. 1994). For example, a secondary rim 

grown over an earlier core within aU-bearing accessory mineral may have a higher U

concentration than the core. In time, the excess radiogenic Pb from the rim may migrate 

into the core and change its original U/Pb composition. After abrasion of the rim, the 

additional Pb in the core alters the age so that the error ellipse lies above the concordia. A 

third possibility for reverse discordancy is a relatively high Th/U ratio, which is especially 

commo'n in monazite and allanite fractions (Table 4.1 ). Th yields excess 206Pb and thus 

increases the ratio 206PbP38U, resulting in error ellipses that are located above the 

concordia (e.g., Scharer 1984, Parrish 1990). 

207Pbf06Pb ages. In addition, the U-Pb systems can be interpreted by 207PbP0'1>b 

and 206PbP0'1>b ratios that give rise to the 207PbP06Pb ages. The precision of Pb/Pb ages is 

high, as these are not affected by recent losses ofU or Pb. However, it is necessary that 

the age of analysed samples must be similar, that samples have the same initial Pb ratios, 

and that the minerals remained closed to diffusion until exposed to chemical weathering 

(Faure 1986). Thus, Pb/Pb ages are most meaningful for concordant analyses, in which the 

minerals were not affected by a secondary Pb loss or U gain event. 

Common Pb. Common Pb is the initial amount ofPb in the rock before radiogenic 

decay. This amount is often difficult to estimate, but needs to be known for precise Pb 

corrections. Common Pb corrections were made using the two-stage model of Stacey and 
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Kramers (1975). The model assumes a change in U/Pb and Th!Pb ratios at about 3.7 Ga, 

due to the geochemical differentiation of the earth. However, some analyses in this study 

yielded better results assuming that the common Pb in the fraction comes from the blank 

analyses (inevitable laboratory contamination; Appendix C) and not from the sample, as 

most of the analysed zircon fractions, for example, have very low common Pb values. In 

this case Pb/Pb ratios derived from average blank analyses from the laboratory (Appendix 

C) were used in the calculations. 

4.4 U-Pb Geochronology of the Muskoka domain 

The Muskoka domain (Davidson and Morgan 1981) comprises the highest 

structural level of the Central Gneiss Belt in the immediate footwall of the Central 

Metasedimentary Belt boundary thrust zone (Fig. 1.3, Fig. 4.1). Kinematic indicators 

throughout the study area suggest that the moderate to strong deformation in the study 

area was initiated by northwestward thrusting and later extension, which resulted in gentle 

to moderate planar and linear southeast dipping fabrics . The predominant rock type in the 

Muskoka domain is a medium grained granodioritic, migmatitic orthogneiss. Subordinate 

rock types are granitic gneisses and associated leucocratic chamockites. Regional high

grade metamorphism in upper amphibolite-facies was accompanied by widespread anatexis 

and leucosome formation. Several generations of coarse grained, granitic leucosomes with 

prominent hornblende porphyroblasts are present, and may comprise up to 3 5 vol o/o of the 

outcrop. The early generations are concordant to the foliation, and locally folded. The 

later generations form parallel to the axial planes of the folds that deform the early 

leucosomes, or occur as irregular patches that crosscut the main fabric. The different 

generations of leucosomes are interpreted to have formed during progressive Grenvillian 

high-grade metamorphism and deformation. Patchy granulite-facies assemblages occur 
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within leucocratic, charnockitic granulites, intermediate two-pyroxene-granulites, and in 

mafic to ultramafic enclaves within the host rock. Parts of the granulites are interpreted to 

result from infiltration of low a H2o fluids and dehydration melting during Grenvillian high

grade metamorphism, and other parts as possible relicts of an early, pre-Grenvillian 

granulite-facies metamorphism. The detailed geology and the field relationships are 

described in chapter 2, and chapter 3 discusses the metamorphic history of the study area. 

4.4.1 Migmatitic orthogneiss and leucosome (194-G1, 194-G2) 

A road cut along Highway 117 near Baysville (Fig. 4. I), ca. I 0 km structurally 

below the Central Metasedimentary Belt boundary thrust front, was sampled for the 

predominant rock type of the Muskoka domain, that is the medium grained, amphibolite 

facies, grey-pink migmatitic orthogneiss. In addition, this outcrop exhibits, adjacent to the 

migmatite, a leucosome-free orthogneiss, that is interpreted as the precursor of the 

migmatite. In between the leucosome-free precursor and the migmatite, small blebby melt 

pockets developed progressively into thick (up to 5 em wide) and characteristically 'wet', 

concordant leucosomes, until the amount of leucosome reached up to 20o/o (Fig. 4.2a). 

Both the proto lith age of the migmatite and the timing of leucosome formation in the 

Muskoka domain are unknown, though plutonic upper intercept ages of1453 ± Ma and 

I427 +
16

/_ 13 Ma exist for the northwestern extension of the Muskoka domain, the Seguin 

domain (Nadeau I990). To determine the protolith age of the migmatite, as well as the 

timing of 'in situ' leucosome formation in the Muskoka domain, this site was chosen for 

U-Pb geochronology. 
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Zircon 

Sample 194-Gl, the leucosome-free, grey orthogneiss (Fig. 4.2b; Pl-Qtz-Kfs-Hbl

Bt) was chosen to indicate the protolith age of the major rock type in the Muskoka 

domain. Three zircon populations were selected for U-Pb geochronology: a fragment of 

an elongate, euhedral prism with some fractures (Z 1 ), elongate euhedral prisms 

(length:width = 3:1 to 4 :1 ~fractions Z2 and Z2B), and more equant, subhedral grains 

(fractions Z3 and Z3 B). The U-Pb analysis of fraction Z 1 is 1. 8% reversely discordant 

(Table 4.1) and thus not included in the regression. However, it yields low error U/Pb and -

207PbP06Pb ages from 1465 to 1442 Ma that are in accordance with the upper intercept 

ages described below. 

The discordant analyses of the four fractions Z2, Z2B, Z3 and Z3B, of which only 

fraction Z3B was corrected using a default U fractionation value, define a linear regression 

line (Fig. 4.2d) with an upper intercept (UI) of 1458 +
12

/_9 Ma and a lower intercept (LI) 

of 1072 +
42

/ 44 Ma and a MSWD (Mean Standard Weighted Deviates, York 1969) of0.32. 

Backscatter images taken with the scanning electron microscope (SEM) from polished 

grain mounts show homogeneous zircon grains with weak igneous zoning and very 

little/no metamorphic overgrowth (Fig. 4.2h), features expected of zircons that crystallised 

from a magma. In consideration of the backscatter images, the upper intercept (UI) of 

1458 +
12

/_9 Ma is interpreted as the crystallisati<?n age of the orthogneiss, and the lower 

intercept (LI) of 1 072 +
42 I 44 Ma as the Grenvillian high-grade metamorphic event that led 

to up to 30% Pb loss within the analysed zircons. 

Sample 194-Gl (Kfs-Qtz-Pl-Hbl-Bt) originates just a few meters away from 194-

G 1, where 'in situ' leucosome formation had begun, resulting in hornblende- and biotite

bearing leucosomes of up to 5 em width that are concordant to the foliation of the host 

rock (Fig. 4.2c). Zircons from this sample include three main morphologies: euhedral, 



Table 4.1. U-Pb anal}:tical data 

Sample, Wt.b u Pbc 206Pbd Pbc Th 206PJI 207pt/ 207PJI 206fb8 207pt,g Corr. 207Pb8 disc.h 
fractiona (mg) (ppm) (ppm) 204J>b (pg) u 238U 23su 206Pb 238U(Ma) 23SU(Ma) Coeff. 206Pb(Ma) (o/o) 

HT-95-194-G1~ ~recursor ofmigmatitic orthogneiss~ Muskoka domain (liTM: 5000200N, 647550E) 
Zl,e,l,f 0.064 321.1 104.5 31226 10.6 1.313 0.2552±.25% 3.195±.10% 0.0908±.03% 1465±2.2 1456±1.5 0.96 1442±1.1 ( -1.8) 
Zl,e,l 0.075 174.4 45.45 17535 11.0 0.6952 0.2338±.09o/o 2.838±.01o/o 0.0881±.03% 1354±2.1 1366±1.5 0.96 1384±1.1 (2.4) 
Z2B,e,l 0.011 101.7 26.5 940.03 17.9 0.6478 0.2361±.65% 2.899±.5~/o 0.0890±.57% 1367±16.0 1382±9.0 0.58 1405±22.1 (3 .0) 
ZJ,q,s 0.050 158.4 44.48 7457.7 16.2 0.8464 0.2430±.08% 3.008±.10% 0.0897±.03% 1402±2.1 1409±1.5 0.95 1420±1.2 (1.4) 
ZJB,q,s 0.002 694 177.5 2864 7.09 0.6894 0.2298±.52% 2.770±.44% 0.0874±.38% 1334±12.5 1347±6.6 0.70 1370±14.7 (2.9) 
Tl,o-y,f 0.415 161.5 26.02 981.53 728 0.1903 0.1658±.10% 1.650±.1~/o 0.0722±.13% 989±1.9 990±2.4 0.74 991±5.5 (0.2) 
T2,o-y,f 0.207 139.7 23.81 928.12 332 0.4126 0.1654±.09% 1.642±.1 ~lo 0.0720±.14% 987±1.6 987±2.3 0.72 987±5.6 (0.0) 
All,b,f 0.151 114.2 38.14 136.29 1520 4.067 0.1674±.49% 1.660±1.4% 0.0719±1.1% 998±9.1 993±17.7 0.65 983±46 (-1.5) 
All,b,f 0.192 114.6 35.27 154.41 1750 3.213 0.1738±.92% 1.717±1.4o/o 0.0717±. 93% 1033±17.5 1015±18.2 0.76 976±38 (~. 2) 

HT-95-194-G2~ leucosome ofmigmatitic orthogneiss~ Muskoka domain (liTM: 5000200N, 647550E) 
ZlA,e,l 0.007 195.2 44.02 2498.7 6.91 0.5427 0.2103±.0~/o 2.414±.13% 0.0832± .0~/o 1230±2.1 1247±1.9 0.75 1275±3.4 (3.9) 
ZlD,e,l 0.012 68.78 18.42 753.97 15.8 0.8257 0.2331±1.1% 2.828±.9~/o 0.0880±. 92o/o 1351±27.5 1363±14.9 0.63 1382±35.4 (2.5) 
Z2A,q,e,±c 0.005 109.3 29.48 1082.5 7.3 0.741 0.2391±.23% 2. 951±.2~/o 0.0895±.22% 1382±5.8 1395±4.4 0.65 1415±8.6 (2.6) 
Z2B,q,e,±c 0.008 339.8 77.91 2026.7 17.8 0.4279 0.2196±.43% 2.601±.94% 0.0859±.86% 1280±10.1 1301±13.8 0.41 1337±33.2 (4.7) 
ZJA,q,r 0.011 282.3 63.99 3651.9 11.4 0.5413 0.2115±.18o/o 2.424±.15% 0.0831±.16o/o 1237±4.0 1250±2.2 0.54 1272±6.2 (3.0) 
ZJB,q,r 0.007 415.9 82.1 2551.0 14.6 0.2078 0.2008±.33% 2.231±.32o/o 0.0806±.21% 1180±7.2 1191±4.5 0.80 1211±8.3 (2.8) 
Tl,o-y,f 0.071 215.6 37.16 1322.9 126 0.2983 0.1722±.56o/o 1.723±.57% 0.0725±.06% 1024±10.6 1017±7.2 0.99 1001±2.6 (-2.5) 
Tl,y,f 0.114 173.0 28.67 969.19 217 0.2774 0.1665±.15o/o 1.667±.18o/o 0. 0726±. 08o/o 993±2.8 996±2.3 0.90 1004±3.3 ( 1.2) 

HT-95-77-G~ mafic enclave in migmatitic orthogneiss~ Muskoka domain (liTM: 5003850N, 649700E) 
Zl,e,rs 0.037 88.09 14.88 6425.1 5.95 0.0130 0.1820±.13% 1.892±.13% 0.0754±.07% 1078±2.6 1078±1.8 0.86 1079±2.8 (0.0) 
Z2B,e,l 0.011 74.57 12.73 556.48 17.3 0.0241 0.1834±.14% 1.915±.2~/o 0.0757±.24% 1086±2.8 1086±3.9 0.59 1087±9.5 (0.1) 
ZJA,r,m 0.009 83.39 14.16 1002.8 8.93 0.0061 0.1834±.34% 1.910±.32% 0.0756±.28o/o 1085±6.9 1085±4.3 0.65 1083±11.3 (-0.2) 
ZJB,r,m 0.029 86.59 14.65 2996.6 9.76 0.0255 0.1818±.34% 1.886±.33% 0.0752±.17% 1077±6.8 1076±4.4 0.87 1075±7.0 (-0.2) 
ZJC,r,m 0.042 83 .67 14.0 4880.3 8.2 0.0315 0.1794±.37% 1.864±.35o/o 0.0752±.20% 1064±7.3 1068±4.7 0.85 1077±8.0 ( 1.3) 

HT-95-60-G_Lieucoccratic granulite vein in ~ink granitoid. Muskoka domain (UTM: 4998160N, 671670E) 
N 

Zl.q,e 0.022 1592.8 272 .9 117360 3.36 0.095 0.1805±.07% 1.876±.09% 0.0754±.03% 1070±1.5 1073± 1.2 0.95 I 078± 1.1 (0.9 ::j 



Table 4.1. continued. U-Pb anaiitical data 

Sample, Wt.b u fbC 206Pbd Pbe Th 206pt/ 207pt/ 207pt/ 206pt,g 207pt,g Corr. 207fb8 di h sc. 
fiaction3 (mg) (ppm) (ppm) 204Pb (pg) u 2Jsu 2Jsu 206Pb 238U(Ma) 23SU(Ma) Coeff. 206Pb(Ma) (o/o) 

Z2,q,e 0.016 634.5 Ill. I 37498 3.0 0.2122 0.1787±.07% 1.845±.090/o 0.0749±.03% 1060±1.5 1062±1.2 0.94 1066±1.2 (0.6) 
ZJ,e,l 0.017 242.9 50.17 6591.7 7.85 0.3538 0.2022±.08% 2. 256±. 090/o 0.0809±.04% 1187±1.7 1199±1.3 0.89 1219±1.7 (2.8) 
ZJB,e,l 0.006 259.2 57.68 279.85 81.7 0.3528 0.2174±.30% 2.525± .6~/o 0.0843±.61% 1268±7.0 1279±10.1 0.47 1299±23.8 (2.6) 
ZJC,e,l 0.006 561 .8 96.17 2669.2 15.3 0.0834 0.1809±.08o/o 1.880±.11% 0.0753±.06o/o 1072±1.7 1074±1.5 0.86 1078±2.3 (0.5) 
ZJD,eJ 0.010 203.7 46.29 4011 7.12 0.4155 0. 2186±. 09o/o . 2.538±.10% 0.0842±.05% 1274±2.0 1283±1.5 0.88 1298±1.9 (2.0) 
Z4,co,f 0.078 1468 254.6 89001 14.8 0.1259 0.1812±.08% l. 880±. 090/o 0.0753±.03% 1074±1.6 1074±1.2 0.96 1075±1.1 (0.2) 
Tl,db,f 0.312 3341 555.5 60690 190 0.0961 0.1750±.21% l.807±.21o/o 0.0749±.03% 1040±4.0 1048±2.8 0.99 1065±1.1 (2.6) 
T2,b,f 0.145 2877 474.1 35350 129 0.1018 0.1731±.12o/o 1.785±.13% 0.0748±.03o/o 1029±2.3 1040±1.7 0.98 1063± 1.1 (3.4) 
T3,1b,f 0.395 2164 145.0 169600 53.9 0.101 0.1786±.29o/o 1.856±.290/o 0.0754±.03o/o 1059±5.6 1066±3.8 0.99 1079±1.1 (1.9) 

IIT-95-60-G2. ~ink granitoid. Muskoka domain (UTM: 4998160N,671670E) 
Zl,t,r 0.010 38.17 8.834 839.98 6.25 0.4316 0.2216±.24% 2.606±.31% 0.0853±.23% 1290±5.5 1302±4.6 0.68 1323±9.0 (2 .6) 
ZlB,t,r 0.015 80.27 19.02 1242.2 13.9 0.4587 0.2252±.45% 2.662± .4~/o 0.0857±.42o/o 1309±10.6 1318±7.2 0.60 1332±16.2 (1.9) 
Z2,e 0.009 53.12 11.17 712.87 8.68 0.2959 0.2086±.33% 2.383±.44% 0.0828±.32o/o 1221±7.4 1237±6.2 0.67 1266±12.7 (3.8) 
Z2B,e 0.01 112.5 26.44 2618.5 6.26 0.3635 0.2287±.51% 2.723±.35% 0. 0863±. 40o/o 1328±12.2 1335±5.2 0.61 1346±15.6 (1.5) 
ZJ,I 0.011 74.63 16.53 2842.9 3.97 0.3632 0.2158±.14% 2.497±.15% 0.0839±.11% 1260±3.3 1271±2.2 0.72 1291±4.3 (2.6) 
ZJB,e,l, i 0.016 68.35 15.07 749.5 20.7 0.4035 0.2124±.1.2% 2.513±.1.2% 0.0858±.81% 1242±27 1276±17.7 0.77 1334±31.5 (7.6) 

50d-G2. 1eucocratic granulite vein crosscutting migmatitic orthognei~. Muskoka domain (UTM: 5006280N,668090E) 
Zl,q,e, 0.008 129.1 27.13 1015 13.4 0.4714 0.2001±.31% 2.148±.30% 0.0779±25% 1176±6.6 1165±4.1 0.67 1143±9.9 (-2.9) 
Z2,co,f,cl 0.024 85.79 17.55 952.06 25.1 0.8594 0.1779±.300/o 1.835±.35% 0.0748±.31% 1056±5.8 1058±4.6 0.54 1063±12.7 (0.8) 
ZJ,e,p 0.018 118.7 21.4 1209.6 20.7 0.3444 0.1778±.190/o 1.833±.22% 0.0748±.14% 1055±3.7 1057±2.9 0.77 1062±5.8 (0.7) 
Z4,1,p,e 0.010 147.8 28.75 1343.6 12.7 0.5913 0.1802±.50% 1.849±.4~/o 0.0744±.290/o 1068±9.8 1063±6.4 0.82 1052±11.8 (-1.7) 
ZS,q,e 0.028 275.69 47.7 7252.7 12.3 0.2307 0.1758±.24% 1.804±.25o/o 0.0744±.05% 1044±4.6 1047±3.2 0.98 1053±2.1 (0.9) 
Tl,db,a 0.097 293.2 122.9 1218.3 281 4.938 0.1885±.14% 1. 935±.17o/o 0.074±.07% 1113±2.9 1093±2.2 0.91 1053±2.7 (-6.3) 
n,yb,a 0.095 271.8 108.6 985.97 295 5.097 0.1763±.28% 1.801±.30o/o 0.074±.08o/o 1047±5.5 1046±3.9 0.96 1044±3.2 (-0.3) 

132b-G2. gnmulite. Muskoka domain (UTM: 4988490N,659430E) 
ZlB,e,±r 0.028 129.4 31.5 8066.6 6.64 0.4803 0.2300±.08% 2.773±.09% 0.087±.0.4o/o 1334±1.9 1348±1.4 0.92 1370±1.4 (2.9N 
Z2A,r,m 0.030 121.1 31.4 3787 14.7 0.5232 0.2419±.14o/o 2.995±.14°/o 0.090±.11o/o 1397±3.5 1406±2.2 0.67 1421±4.4 (1 .9 --...J 

00 



Table 4.1. continued. U-Pb anal):tical data 

Sample, wt.b u Pbc 206Pbd Pbe Th 206pt/ 207pt/ 207pt/ 206fb8 207p~ Corr. 207Pb8 eli h sc. 
fraction3 (mg) (ppm) (ppm) 204Pb (pg) u 2Jsu 2Jsu 206Pb 238U(Ma) l3SU(Ma) Coeff. 206Pb(Ma) (o/o) 

Z2B,r,m 0.030 114.4 29.95 6360.6 8.25 0.5079 0.2450±.17% 3.048±.14o/o 0.090±.12o/o 1413±4.3 1420±2.2 0.74 1430±4.4 ( 1.3) 
Z2C,r,m 0.021 113.8 29.73 2918.7 12.9 0.5333 0.2431±.20o/o 3.013±.23% 0.090±.15% 1403±5.0 1411±3.5 0.74 1423±5.9 ( 1.6) 
Z2D,r,m 0.034 102.5 26.38 16027 3.39 0.4579 0.2438±.08% 3.022±.10% 0.090±.04% 1407±2.1 1413±1.5 0.92 1423±1.5 ( 1.3) 
ZlA,l,p 0.024 156.5 40.48 6696 8.48 0.5819 0.2383±.28% 2.900±.26% 0.088±.15% 1378±6.9 1382±4.0 0.85 1388±5.8 (0.8) 
Zlil,l,p 0.026 130.9 29.41 3360.5 13.6 0.5242 0.2105±1.3o/o 2.408±1.1o/o 0.083±.89% 1232±29 1245±16.5 0.74 1268±34.7 (3.1) 
ZlC,l,p 0.013 174.4 44 .63 1126.9 31 0.4997 0.2398±.84% 3.027±.70% 0.091±. 73o/o 1386±21 1414±10.7 0.57 1458±27. 7 (5.5) 
ZJD,l,p 0.075 125.8 32.05 39506 3.56 0.5477 0.2366±.07o/o 2. 890±. OCJO/o 0.089±.03% 

186f-QI. megacastic grnnitoid. McClintock subdomain (liTM: 5013250N,663270E) 
Zl B,fl,p,±r 0.005 1109.9 312.9 8557 10.4 0.606 0.2576±.12o/o 3.266±.13% 0.092±.04% 
Z2,1,p,±i,±cr 0.151 536.7 137.3 27217 4.65 0.3885 0.2466±.08% 3. 090±. OCJO/o 0.091±.03% 
Zl,q-p,±i 0.015 509.5 132.2 34929 3.48 0.3416 0.2528±.08% 3.205±.0CJOio 0.092±.03% 
ZJB,q-p,±i 0.017 145.8 38.25 1442.1 27.3 0.474 0.2477±.19o/o 3.074±.24% 0.090±.11% 
ZJC,q-p,±i 0.011 131.9 32.66 3027.6 7.35 0.2719 0.2475±.10o/o 3.102±.11% 0.091±.06% 

186f-G2. metapelite. McClintock subdomain (UTM: 5013300N,663170E) 
Ml,a,y-g 0.022 1211.4 2270 14290 25.2 30.01 0.2148±.10% 2.508±.11°/o 0.085±.03% 
MJ,a,y-g 0.009 2262.1 3419 4099.8 72.2 21.94 0.2287±.21% 2.775±.22% 0.088±.05% 
M4,a,y-g 0.02 2585.1 3091 62382 12.3 16.16 0.2339±.0CJOio 2.858±.10°/o 0.089±.03% 
M5,a,y-g 0.011 1301.9 3734 13907 14.6 44.23 0.2318±.0CJOio 2.809±.10o/o 0.088±.03% 

1369±1.8 1379±1.3 0.95 1396±1.1 

1477±3.1 1473±2.0 0.96 1466±1.4 
1421±2.1 1430±1.4 0.94 1444±1.2 
1453±2.1 1458±1.5 0.95 1466±1.1 
1427±5 1426±3.8 0.89 1426±4.4 
1425±2.5 1433±1.7 0.87 1445±2.1 

1254.2±2.3 1274.5±1.6 0.97 1309±1.2 
1327.8±4.9 1348.7±3.2 0.98 1382±1.8 
1355.0±2.3 1370.9±1.6 0.97 1396±1.1 
1343.9±2.1 1357.9±1.5 0.95 1380±1.2 

M6A,a,y-g 0.0 I 1175.1 2205 11010 16.1 26.88 0.2383±.54o/o 2.948±.55% 0.090±.07°/o 1378.1± 13 1394.4±8.4 0.99 1420±2.5 
M6B,a,y-g 0.011 715.3 2104 6876.1 14.9 52.84 0.1998±.28o/o 2.231±.28o/o 0.081±.08% 1174.5±5.9 1190.9±3.9 0.95 1221±3.3 
a) bold: Z= zircon abraded by the method of Krogh ( 1982), T= titanite, M=unabraded monazite, except for M6A, M6B. 

normal: a=anl\Cdr"al, b=brown. :tc=-some with cores, cl=extremely clear, co=-coaJ'"St, :tcr=some cracb, cd=dark brown. e=euhedral, f=ftagments, fl=flat. i=inclusions,l=elongate, 
lb=lighl brown. m=multifaceted, O=-()("ange, o-y=orange-yellow, p=prismatic, q=equant. r=round, rs=resorption, s=-subhedral, t=tabular, y=yellow, y-g=yellow-green. 

b) weighing error= O.OOlmg. 
c) radiogenic Ph. 
d) measured ratio. conroed for spike and Ph fra'-1ionation of0.09%t:0.03%' AMl I 
e) total common Pb in analyses conected for fractionation and spike. 
f) corrected for hlank Pb and U, and conunon Pb (Stacey and Knmers ( 197S) model Pb composition equivalent to the interpreted age of the 
individual zircons); errors are I standard error of the mean in percent for ratios, and 2 standard errors of the mean when expressed in Ma. 
g) corrected tor blank and conunon Pb; errors are 2 standard errors of the mean when expressed in Ma. h) discordance in percent. 

(2.1) 

(-0.9) 
( 1.8) 
(1.0) 
(-0.1) 
(1.5) 

(4.6) 
(4.3) 
(3.2) 
(2.9) 
(3 .2) 
(4.2) 



elongate prisms (3: 1 ~ Z 1 ~ Z 1D)~ approximately equant, euhedral zircons, some with 

cores (Z2~ Z2B)~ and equant, slightly rounded zircons (Z3~ Z3B). 
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The analyses of the I94-G2 zircon fractions are more discordant than the zircons 

of the proto lith I94-G I . A regression line including the six zircon fractions from I94-G2 

intercepts the concordia at I498 +
48

/ -4I Ma (UI) and at I 093 +
26 

/_32 Ma (MSWD = 1.I6 ~ 

Fig. 4.2e). The resulting intercept ages are the same as the ages derived from the protolith, 

and are similarly interpreted as crystallisation age (UI) of the protolith and as Grenvillian 

high-grade metamorphism during which these leucosomes formed (LI) . In addition, 

backscatter images of zircons from the leucosome show a similar homogeneous core to 

zircons from sample I94-G I, but also show embayment at its rim with subsequent, darker, 

U-richer growth zonation at the grain margins (Fig. 4.2i). This feature indicates 

dissolution during anatexis and subsequent igneous overgrowth of a more U-rich 

composition during leucosome crystallisation. This led to the stronger discordance of the 

zircons in the leucosome than in the precursor orthogneiss, where resetting involved only 

Pb loss. 

Since both samples I94-G I and 194-G2 come from the same outcrop and the 

zircon morphologies are generally similar, all the above analyses, except the reversely 

discordant analyses Z 1 from sample I94-G I, were included in one regression curve (Fig. 

4.2f) that yields a more precise upper intercept of I458 ± 6 Ma and a lower intercept of 

1067 ± I7 Ma (MSWD = I.22). These data are interpreted to reflect the most precise ages 

for both the plutonic event during which the protoliths of the migmatitic orthogneisses of 

the Muskoka domain crystallised, and the Grenvillian high-grade metamorphism and 

associated leucosome formation, Pb loss in older zircon, and new overgrowth on igneous 

crystals in leucosomes. 
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Fig. 4.2. Orthogneisses from the Muskoka domain dated by U-Pb geochronology. a) 
Leucosome-free precursor of migmatitic orthogneiss (left) progressively develops blebby 
leucosome pockets (middle) and concordant leucosomes (right). b) Non-migmatitic 
precursor of migmatitic orthogneiss ( 194-G 1) and c) leucosome from migmatitic 
orthogneiss ( 194-G2). Sample locations are shown in Fig. 4 .I and listed in Table 4 .1. 
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Fig. 4.2. continued. U-Pb concordia diagrams showing d) zircon data from precursor of 
migmatitic orthogneiss ( 194-G 1 ), and e) migmatite leucosome ( 194-G2). f) Regression 
curve calculated by combining zircon analyses of both samples 194-G 1 and 194-G2. g) 
Titanite and allanite analyses for 194-Gl (IT, lAl) and 194-G2 (2T). UI =upper 
intercept, LI = lower intercept. 
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Fig. 4.2. continued. Backscatter SEM image on polished grain mounts h) from sample 
194-G 1 (precursor of migmatitic orthogneiss) and i) from sample 194-G2 (leucosome of 
migmatitic orthogneiss). For discussion see text. 
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Titanite and allanite 

Sample 194-G 1, the precursor of the migmatitic orthogneiss, contains bright pink, 

yellow, and orange titanites. Two fractions of the orange yellow, xenomorphic titanite 

grains (<0.4 mm) with some fractures, yield concordant ages from 991 ± 5 Ma (Tl) to 

987 ± 6 Ma (T2~ Table 4.1). In contrast, two fractions ofbrown allanite (grain size up to 

1. 5 mm) yield slightly reverse discordant ( -1. 5%, -6.2o/o ), high error analyses with 

207Pb/206Pb ages of983 ± 46 Ma (All) and 976 ± 38 Ma (A12). Although Stacey and 

Kramer's (1975) model Pb age at ca. 1000 Ma was used to correct for common Pb, the 

reverse discordance could be the result of either incorrect composition of common Pb or 

large Th!U ratios (Table 4.1) producing excess 206Pb. If the latter is correct, the age range 

of 10 15 ± 18 Ma to 993 ± 18 Ma given by the 207PbP35U ratios is interpreted to most 

precisely reflect the allanite crystallisation ages, as these ratios are not affected by the 

excess 206Pb. 

Sample 194-G2, the leucosome within a migmatitic orthogneiss, contains two 

varieties of xenomorphic titanites, a light yellow (T2) and a slightly darker, orange-yellow 

variety (T 1 ). The 
207

PbP06Pb age of titanite fraction T 1 is 1001 ± 3 Ma, with the error 

ellipse located significantly above the concordia (Fig. 4.2g). Titanite fraction T2 is 1.2°/o 

discordant with a 
207

PbP
06

Pb age of 1 004 ± 3 Ma. The resulting titanite ages are slightly 

older, but in the same age range, as the ones determined from the titanite and allanite 

analyses in sample 194-G 1. The interpretation of the titanite and allanite data from this 

study is presented below (section 4.6.2). 

4. 4. 2 Mafic enclave in migmatitic orthogneiss (77-G) 

The migmatitic orthogneisses in the Muskoka domain contain numerous mafic 

granulite facies and amphibolite facies enclaves, typically in boudinaged tectonic layers or 

as lenses. In the vicinity of the migmatite locality 194-G (section 4. 4. 1 ), trains of mafic, 
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Fig. 4.3. a) Mafic enclave (77 -G) within migmatitic orthogneisses, Muskoka domain. 
b) SEM backscatter image of zircons from sample 77-G. c) U-Pb concordia diagram 
showing concordant zircon analyses of sample 77 -G. Sample locations are shown in Fig. 
4.1 and listed in Table 4.1. For discussion see text. 
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mostly amphibolite lenses within the migmatitic orthogneisses are interpreted to have been 

deformed and metamorphosed during the latest (Grenvillian) orogenic event. Samples 

were taken from centre of a ca. 50 m wide mafic enclave (77-G, Fig. 4.3a) from a roadcut 

along Highway 117 (Fig. 4.1 ), in order to determine the timing of high-grade 

metamorphism that produced the granulite facies assemblage Grt-Pl-Opx-Cpx-Hbl. 

Three different zircon morphologies were hand-picked: clear, euhedral ·prisms 

(max. 2: 1) with resorbed exteriors (Z 1 ); clear, euhedral, elongate prisms (3 : 1; Z2B ); and 

clear, approximately round, multifaceted zircons (Z3A, Z3B, Z3C). 

SEM backscatter images on polished grain mounts show that all of these 

morphologies consist ofU-poor, homogeneous, round to oval grains with no visible 

zonation (Fig. 4.3b ). These zircons are interpreted to have grown during metamorphism, 

which is supported by the low U content, the very low Th/U ratios ( -0.03 ), and the 

absence of older, inherited zircons in this sample. In addition, the morphologies of the 

zircons, most of which are round and multifaceted, very clear and inclusion-free, also 

indicate metamorphic growth (e.g., van Breemen et al. 1986). 

For each of the five zircon fractions, the U/Pb ages are concordant (Fig. 4.3c), 

with a weighted mean of 1079 ± 3 Ma (MSWD = 1.26). The minor scatter in the ages may 

be due to Pb loss, or growth over several million years of time. Together with the zircon 

images from the backscatter analyses, the mean age of 1079 Ma is interpreted to reflect 

zircon growth during Grenvillian high-grade metamorphism. 

4.4.3 Leucocratic granulite vein in pink granitoid (60-Gl, 60-G2) 

Beneath the thrust front of the Central Metasedimentary Belt boundary thrust 

zone in the structurally highest level of the Muskoka domain, amphibolite facies pink 

granitoid gneisses are associated with patchy yellow-green chamockitic orthogneisses. In 
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the cores of the granitoid body, the pink gneiss is medium to coarse grained and shows a 

less complex structure in comparison to the surrounding, strongly deformed migmatitic 

orthogneisses. That is, the granitoid exhibits only weak foliation and one leucosome 

generation, or is non-migmatitic. In addition to the foliation-parallel amphibolite-facies 

granitic leucosomes, irregular patches of orthopyroxene-bearing granulite-facies 

leucosomes and/ or small veins are present and cut the structures within the pink granitoid 

(e.g., Fig. 2.3c) . At the margins of the granitoid body adjacent to the straight migmatites, 

the pink gneisses are similarly highly deformed, indicating that both orthogneisses 

experienced the same deformational events. In order to determine the proto lith ages of the 

pink granitoids, the timing of the deformational events, and the formation of. the 

leucocratic granulite veins, the pink granitoid ( 60-G2) and a crosscutting leucocratic 

granulite vein ( 60-G 1) were collected from a road cut along Highway 3 5. 

Zircon 

Sample 60-G 1, an undeformed coarse granulitic leucosome (Kfs-Pl-Qtz-Opx-Hbl) 

cutting the pink granitoid (Fig. 4.4a), contains four different zircon populations: coarse, 

equant, euhedral zircons with some cracks (Z 1 )~ smaller, equant, euhedral zircons with 

fewer cracks (Z2)~ elongate, euhedral prisms (2: 1 to 5:1 ~ Z3, Z3B, Z3C, Z3D)~ and coarse 

fragments of extremely clear zircons (Z4 ). 

The single zircon grain fractions Z 1, Z3C and Z4 give similar, near concordant 

data~ the 207PbP06Pb ages are 1078 ± 1 Ma, 1078 ± 2 Ma and 1075 ± 1 Ma (0.9%, 0.5o/o 

and 0.2% discordant), respectively (Fig. 4.4c, Fig. 4.4d). In contrast, fraction Z2 yield 

slightly younger U/Pb and 
207

PbP
06

Pb ages from 1060 to 1066 Ma. The presence of cracks 

in fractions Z 1 and Z2 most likely led to increased recent lead loss and therefore these 

fractions are more discordant than fractions Z3C and Z4. The three oldest, most 
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Fig. 4.4e a) U ndeformed coarse granulitic leucosome ( 60-G 1) cutting pink granitoid host, 
Muskoka domain. b) Sample site of pink granitoid ( 60-G2). Sample locations are shown 
in Fig. 4.1 and listed in Table 4.1. 
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concordant analyses (Zl, Z3C and Z4) were forced through the zero age, resulting in a 

regression curve with an upper intercept of 1077 ± 2 Ma (MSWD = 7.41), which is 

interpreted as the mean age for the early zircon growth in the granulitic leucocratic veins 

that developed during Grenvillian high-grade metamorphism. 

In contrast to the above fractions, the analyses of the multigrain fractions Z3, Z3D, 

and single grain fraction Z3B are discordant and have older 207PbP06Pb ages, which 

indicates a component of inherited Pb. This interpretation is supported by SEM analyses 

that show distinct, small, homogeneous cores that may be a relict from the host rock 

zircons, surrounded by U-enriched, zoned rims. On some grains, discordant zonation 

suggests several igneous growth stages (Fig. 4.4g). Some igneous zoned grains show a 

thin metamorphic rim, which would have been abraded after the average 30 h abrasion 

procedure (Appendix C), and thus is not reflected within the analyses. 

From sample 60-G2, the pink granitoid gneiss (Kfs-Pl-Qtz-Hbl-Bt; Fig. 4.4b ), 

three different zircon populations were selected: tabular, slightly rounded prisms ( ~ 2: 1; 

Z1, Z1B); approximately euhedral prisms (~2: 1; Z2, Z2B); and elongate prisms (3: 1 to 

4:1; Z3, Z3B). All six zircon fractions are discordant. Even omitting the high error analysis 

Z3B, the regression curve yields high error intercept ages (Fig. 4.4e): 1390 +85
/_43 Ma (UI) 

and 1022 +
109

/_ 144 Ma (LI). SEM backscatter images taken on polished grain mounts show 

homogeneous, weakly zoned grains with no or little metamorphic overgrowth (Fig. 4.4h). 

The upper intercept is interpreted as granitoid crystallisation, whereas the lower intercept 

reflects Pb loss, amounting up to 50%, during Grenvillian high-grade metamorphism and 

deformation. 

However, since both samples 60-G 1 and 60-G2 come from the same location, the 

more precise age for Grenvillian high-grade metamorphism, which is constrained by the 

concordant analyses from sample 60-G 1, can be used to obtain a more accurate age for 
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Fig. 4.4. continued. U-Pb concordia diagrams showing c) zircon and titanite analyses from 
the granulitic leucosome (60-Gl) . d) Enlargement of Grenvillian age analyses (60-Gl) . e) 
U-Pb zircon data from pink granitoid host (60-G2). f) Regression curve calculated by 
combining zircon analyses of 60-G 1 and 60-G2. See text for discussion. U1 = upper 
intercept, LI = lower intercept. 
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Fig. 4.4. continued. Backscatter SEM image of zircon g) from sample 60-G 1 (leucocratic 
granulite vein) and h) from sample 60-G2 (pink granitoid), Muskoka domain. For 
discussion see text. 
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protolith crystallisation at this location . Thus, the zircon fractions Z3, Z3B and Zi3D 

from sample 60-G 1 containing an inherited component of Pb, and the discordant analyses 

from 60-G2, except the high error fraction Z3B, were regressed together with the most 

concordant fraction Z4 from sample 60-G 1. This regression yields more precise upper and 

lower intercept ages of 1393 ± 13 Ma and 1068 ± 7 Ma (MSWD = 2.24~ Fig. 4.4f) for 

granitoid crystallisation and for Grenvillian high-grade metamorphism at this location. 

Titanite 

Titanites were chosen from sample 60-G 1, the undeformed coarse granulitic 

leucosome cutting the pink granitoid, to determine the minimum age of the vein formation 

in support of the above described zircon analyses. Three fractions of different coloured, 

large (0 .2-1 mm size), anhedral, brown titanite fragments were analysed, all of which are 

discordant. The dark brown titanite fraction T 1 yielded a 207PbP06Pb age of 1065 ± 1 Ma, 

which is similar to the 207PbP06Pb age of 1063 ± 1 Ma, determined from the brown 

titanites ofT2. As the ages ofboth titanite fractions (Tl, T2) agree with the age of 1066 

± 1 Ma determined by zircon fraction Z2 of this sample (Fig. 4.4d), all three fractions were 

forced through the zero age, resulting in a weighted mean of 1 065 ± 2 Ma (MSWD = 

1 0.17). The position of the error ellipses below concordia probably represents the artifacts 

of more complex Pb loss. 

In contrast, titanite fraction T3, the lightest brown fragments, yields an older age 

of 1079 ± 1 Ma for vein formation, which is in complete accordance with the mean age for 

the vein formation determined by the zircon analyses Z 1, Z3 C, and Z4 from this sample 

(Fig. 4.4d). Including titanite fraction T3, the weighted mean still is 1077 ± 2 Ma (MSWD 

= 5.91) . In summary, zircons and titanites ofthis sample grew at the same time and in two 

stages at ca . 1077 ± Ma and at ca. 1065 Ma. 
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4. 4. 4 Leucocratic granulite vein cutting migmatitic orthogneiss (50d-G2) 

Field relationships similar to those in the pink granitoid gneiss described in section 

4.4 . 3, were observed within migmatitic onhogneisses only a few km structurally below the 

Central Metasedimentary Belt boundary thrust zone. Leucocratic granulite veins (Qtz-Kfs

Pl-Cpx-Hbl-Bt) of ca. 20-30 em width, cut the fabric of the host migmatites . The internal 

foliation within the granulite vein is parallel to the margins of the vein, but different from 

the one in the migmatitic orthogneisses (Fig. 4.5a) . This and similar veins are interpreted 

to result from fluid flow late in the metamorphic history (chapter 2 and 3) . A sample ofthe 

leucocratic granulite vein that crosscuts the leucosomes of the migmatite host was chosen 

for U-Pb geochronology to determine a minimum age for leucosome formation in the 

migmatitic orthogneisses. This was done in order to test the age of leucosome formation 

based on samples 194-G 1 and 194-G2. In addition, the aim is to determine the timing of 

the late Grenvillian fluid flow that produced the crosscutting leucocratic granulite veins. 

Zircon 

Sample 50d-G2 originates from a roadcut along Highway 35 between the thrust 

front of the Central Metasedimentary Belt boundary thrust zone in the south, and the 

Kawagama zone at Dorset in the north (Fig. 4.1 ). Four different zircon populationsv were 

selected : equant (-100~m), euhedral, clear zircons (Z1, ZS); coarse fragments (up to 

300~m) of inclusion- and fractureless, extremely clear zircons (Z2); euhedral, prismatic 

(2 :1) grains (Z3); and elongate, prismatic (3 :1 to 4 :1), euhedral zircons (70-120~m) with 

few inclusions and fractures (Z4). 

The analyses of two zircon fractions are concordant within error with similar 

207
PbP06Pb ages of 1063 ± 13 Ma (Z2), and 1062 ± 6 Ma (Z3 ; Fig. 4. 5b ). The analyses of 

fraction Z5 yield younger U/Pb and 207PbP06Pb ages in the range 1044 to 1053 Ma (0 .9% 
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discordant) . In contrast, the error ellipse for fraction Z4 lies slightly above the concordia 

e07PbP06Pb age : 1052 ± 12 Ma) . The age range from 1063 ± 13 Ma to 1052 ± 12 Ma is 

interpreted to represent the time of zircon growth during vein formation after the 

leucosomes formed within the migmatitic orthogneisses. 

Unusual among these analysed fractions is the reversely discordant fraction Z 1 

with a 207PbP06pb age of 1144 ± I 0 Ma. SEM backscatter images of polished grain 

mounts from this sample show zircons (possibly similar to Z 1) with homogeneous, 

approximately euhedral, U-poor cores, that display a more U-rich, discordant overgrowth 

at the margin, as well as thin metamorphic outer rims (Fig. 4. 5c ), which were removed by 

abrasion . Similar to the zircons from the leucosome 194-G2, the homogeneous cores may 

represent relict igneous zircons from the host, that were subsequently overgrown during 

leucocratic vein crystallisation. The U-enriched rim around the inherited core, abraded 

during sample preparation, could also account for the reverse discordancy of analysis Z 1. 

Titanite 

In thin section, medium grained, anhedral titanites constitute a common accessory 

mineral within sample 50d-G2. For U-Pb geochronology, two fractions of yellow-brown, 

clear titanites up to 0.3 mm size (T2) and dark red-brown, clear, larger grains up to 0.5 

mm size (T1) were analysed . Both titanite fractions contain moderate amounts of common 

Pb, but in addition unusually high amounts of Th. 

Titanite fraction T1 shows a reverse discordancy (-6 .3%) with a 
207

PbP06Pb age of 

206 238 207 235 . 1053 ± 2.7 Ma. The Pb/ U and Pb/ U ages wtth 1113 ± 3 Ma and 1093 ± 2 Ma, 

respectively, reflect a much older age. However, the position of the error ellipse (Fig. 

4. 5b) is a result of the reverse discordancy, which may, apart from high amounts of 

common Pb and Th, also be due to analytical problems. 
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Fig. 4.5. a) Leucocratic granulite vein (50d-G2) with internal foliation cuts amphibolite 
facies migmatitic host rocks, Muskoka domain. b) U-Pb concordia diagram showing 
zircon and titanite analyses of sample 50d-G2. c) SEM backscatter image of zircon from 
sample 50d-G2. Sample locations are shown in Fig. 4.1 and listed in Table 4.1 . For 
discussion see text. 
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In contrast, the near concordant, lighter coloured titanite fraction T2 has a 

207PbP06pb age of 1 044 ± 3 Ma, and similar U/Pb ages. This age is interpreted to reflect 

cooling after the late Grenvillian event that produced the leucocratic crosscutting granulite 

veins within the migmatitic gneisses of the Muskoka domain. 

4. 4. 5 Granulite (132b-G2) 

In the western Muskoka domain between Carnarvon and Bracebridge, intermediate 

migmatitic granulites with some mafic and ultramafic granulite enclaves are commonly 

associated with the amphibolite facies migmatitic orthogneisses. The intermediate 

granulites have similar structures to the surrounding amphibolite-facies migmatitic 

gneisses, including the same foliations, two generations of leucosome, isoclinal folding of 

leucosomes, and mafic enclaves. Thus, the intermediate granulites are interpreted to be 

part of the same package as the amphibolite-facies migmatites, and to have formed during 

the main Grenvillian metamorphic and deformational event (chapter 2). In contrast, fairly 

large occurrences of more mafic two-pyroxene granulites (Pl±Qtz-Opx-Cpx-Hbl-Bt), 

which locally exhibit tectonic contacts with the surrounding host rock, may have had a 

different origin. Instead of several leucosome generations, these granulites locally contain 

a network of light coloured, pyroxene- and plagioclase-bearing leucosomes, similar to the 

vein network in other mafic enclaves such as coronitic metagabbros. In order to determine 

the timing of the granulite-facies metamorphism that produced the two-pyroxene 

granulites, and thus to determine if the gneisses of the Muskoka domain experienced more 

than one high grade metamorphic event, a sample was chosen for U-Pb geochronology. 

Sample 132b-G2, a nonmigmatitic two-pyroxene granulite (Fig. 4.6a), originates 

from a roadcut along Highway 118 West between Carnavon and Bracebridge. Three 

different zircon morphologies were analysed: clear, euhedral, but slightly rounded zircons 
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with inclusions (Z 1 B)~ clear, round, inclusion-free and unfractured, multifaceted zircons 

(Z2A>200!lm, Z2B= 150-2001lm, Z2C-1 OOJ.lm, Z2D-1 00-200J.1m)~ and elongate, 

prismatic (3: 1 ), approximately euhedral zircons with colourless inclusions (Z3A, Z3B, 

Z3C, Z3D). SEM backscatter images on polished grain mounts (Fig. 4.6b) show oval, 

homogeneous zircons with no zoning and no metamorphic overgrowth, but resorption 

instead. 

Zircon fractions Z2A, Z2B, Z2C, and Z2D yield slightly discordant, low error 

analyses with 207PbP06Pb ages between 1420 Ma and 1430 Ma (Table 4.1, Fig. 4.6c), and 

similar, but in general slightly lower U/Pb ages (up to 25 My younger) . As the round, 

multifaceted, inclusion-free morphologies of these zircons strongly indicate metamorphic 

growth, and older inherited cores could not be detected in polished grain mounts, the age 

data are interpreted to reflect a pre-Grenvillian granulite-facies metamorphism around 

1430 Ma. The slight discordancy ofthe analyses is suggested to represent limited Pb loss 

during the Grenvillian orogenic event. This high-grade metamorphic event is not recorded 

in the other areas of the Muskoka domain and suggests a more complex history of this 

package. 

A single grain fraction Z I B, which consists of euhedral, prismatic but slightly 

rounded zircon with inclusions, is interpreted as an initially igneous zircon surrounded by a 

multifaceted metamorphic rim. Fractions Z3A, Z3B, Z3C, and Z3D contain elongate 

prismatic zircon(s) with inclusions, which are also slightly rounded, probably due to 

resorption during high-grade metamorphism. The most concordant (0.8% disc.) fraction 

Z3A has a 207PbP06Pb age of 1388 ± 6 Ma and similar U/Pb ages. Slightly younger and 

older 207PbP06Pb ages were determined for the igneous fractions Z1B and Z3D of ca. 

1370 Ma and 1396 Ma, respectively (Fig. 4.6c) . Exceptions from the 1370 to 1396 Ma 

207PbP06Pb age range derived from the igneous zircons, are the analyses of fraction Z3C 
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Fig. 4.6. a) Sample site oftwo-pyroxene granulite (132b-G2), Muskoka domain. b) SEM 
backscatter image of zircons from sample 132b-G2. c) U-Pb concordia diagram showing 
zircon analyses of sample 132b-G2. Sample locations are show·n in Fig. 4.1 and listed in 
Table 4.1. For discussion see text. 
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( 14 58 ± 28 Ma, 5. 5°/o discordant), and the high error analyses Z3 B ( 1268 ± 3 5 Ma, 3. 1 o/o 

discordant). 

A regression curve that includes all of the analysed fractions for the sample, yields 

an upper intercept of 1456 +
16

/_ 12 Ma and a lower intercept of 1052 +
521_55 Ma (MSWD = 

3 . 25~ Fig. 4.6c) . Both intercept ages are within error ofthe age ranges described above for 

the major events that happened within the study area. The above described igneous zircons 

may have grown at 1456 +
16

/_ 12 Ma, the time indicated by the upper intercept, which 

would be consistent with igneous zircon growth at 1458 ± 6 Ma at sample locality 194-G 

(section 4.4 .1 ). These igneous zircons may subsequently have lost Pb during the 

Grenvillian high-grade metamorphism. Alternatively, the igneous zircons could be 

xenocrysts from an adjacent granitoid, although the process of contamination is not 

constrained . 

The analysis of fraction Z3C lies to the right of the discordia chord . This single 

grain fraction, consisting of an elongate, prismatic zircon fragment that experienced later 

resorption, also yields the oldest 
207

PbP06Pb age of 1458 ± 28 Ma, and may have grown at 

the time represented by the upper intercept age. Large errors may be due to incorrect 

estimation of common Pb, whereas recent Pb loss could have moved the error ellipse off 

the discordia. Alternatively, if the analysis of Z3B is forced through a lower intercept of 

1 070 Ma, the average age of Grenvillian high-grade metamorphism in this area that is 

interpreted as the latest event experienced by these gneisses, a regression line would yield 

an upper intercept of 1613 +
123

/_ 119 Ma. Though this upper intercept age is very imprecise 

and highly speculative, it opens the possibility that some igneous zircon grew during a pre-

1450 Ma plutonic event, and was subsequently reset during the pre-Grenvillian granulite

facies metamorphism at ca. 1430 Ma and during the later Grenvillian high-grade 

metamorphic event . 
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4. 5 Geochronology of the Algonquin domain 

The examined gneiss assemblages of the Algonquin domain in structural level I 

(Fig . 1.3), host a much larger variety of rock types than the Muskoka domain, including 

both ortho- and paragneisses (chapter 2) . The metamorphic grade is mostly in granulite

facies. However parts of the Southern Huntsville assemblage, the Birkendale assemblage, 

and the McClintock assemblage that directly underlie the Kawagama zone, predominantly 

comprise retrogressed amphibolite facies rocks . Similar to the Muskoka domain, patchy 

granulite-facies assemblages occur within amphibolite-facies gneisses . 

Strong to intense ductile deformation in the Algonquin domain, due to 

northwestward thrusting and later southeastward extension, resulted in recrystallised, fine

grained S>L gneisses. The planar fabric dips shallowly to the southwest to southeast, 

whereas the lineations vary in dip from northeast to southeast, and in the Southern 

Huntsville assemblage also to the southwest. 

Field relationships indicate similar geological histories for the gneiss assemblages 

in the southern Algonquin domain. Early sediments are interlayered by granitic and 

granodioritic magmas and mafic dykes, followed by an early granulite-facies 

metamorphism and probably an early deformation. Subsequent strong to intense ductile 

deformation was accompanied by retrogression to amphibolite-facies during the 

Grenvillian orogenic event. In order to test this geological history, and to answer the 

questions outlined in section 4.2.1, two samples from the McClintock assemblage in the 

McClintock subdomain (Fig. 4.1) were chosen for U-Pb geochronology. 

4.5.1 Megacrystic granitoid (186f-G1) 

The site chosen for U-Pb geochronology is located in the McClintock subdomain, 

structurally below the Kawagama zone, in a zone of strongly foliated , tectonically 
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interlayered megacrystic granitoids and metasediments. A foliated, grey, megacrystic 

granitoid (Pl-Kfs-Qtz-Grt-Bt) in amphibolite facies (Fig 4. 7a), was analysed to determine 

the timing of granitoid crystallisation. The sampled granitoid represents the more felsic, 

lighter grey variety of megacrystic granitoid (chapter 2. 5 ), in which the feldspar 

megacrysts are thoroughly deformed and recrystallised into augen . 

Sample 186f-G 1, the megacrystic granitoid (Fig. 4. 7a), originates from a fresh 

roadcut on the extension of Sea Breeze Road, ca. I km northwest of Dorset (Fig. 4.I ). 

Three different zircon morphologies were analysed : flat, slightly rounded prisms (-2: I ; ca. 

200!lm) with some inclusions and very fine cracks (Z IB); elongate, prismatic (3: I to 6:1) 

zircons (70-I OOj.!m) with some inclusions and cracks (Z2); and equant to prismatic (up to 

2: I), clear zircons (max. I OOj.!m) with very few colourless inclusions and hardly any 

cracks (Z3, Z3B, Z3C). 

The analyses of fractions Z 1 B, Z2, Z3, and Z3C are all <2o/o discordant, with 

207PbP06Pb ages between 1444 and 1466 Ma (Table 4.1, Fig. 4.7b). The error elFpse of 

fraction Z 1 B lies slightly above concordia ( -0. 9o/o disc.), which may be due to excess Pb in 

the abraded rim that migrated into the core of the minerals. Fraction Z3B yielded a 

concordant age of 1426 ± 4 Ma. 

The SEM backscatter images of zircons in a polished grain mount display 

euhedral, elongate, strongly zoned prisms that are typical for igneous growth (Fig. 4. 7c). 

Equally common, however, are zircon grains with a zoned core, but a thick metamorphic 

overgrowth at the rim (Fig. 4. 7d), which is typical for growth during granulite-facies 

metamorphism, as zircon morphologies do not change significantly under amphibolite

facies conditions (e.g., Schi0tte et al. 1989, Vavra and Hansen 1991). 

The above ages are interpreted to indicate granitoid crystallisation at < 1466 Ma. 

However, the concordant analysis of fraction Z3B, a 6-grain fraction of clear, 
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Fig. 4. 7. a) Sample site of megacrystic granitoid ( 186f-G 1 ), McClintock assemblage. b) 
U-Pb concordia diagram showing zircon analyses of sample 186f-G 1. Sample locations are 
shown in Fig. 4.1 and listed in Table 4.1. VI= upper intercept, LI =lower intercept. 
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Fig. 4. 7. continued . Backscatter SEM image on polished grain mounts from sample 186f
G 1 (megacrystic granitoid), McClintock assemblage. c) Euhedral zircon showing igneous 
zoning. d) Zircon with zoned core and thick metamorphic rim. For discussion see text. 
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approximately equant prisms ( -1 OOJ.lm) that are slightly rounded, could reflect a ca. 1425 

Ma pre-Grenvillian, granulite facies metamorphism, which produced the thick 

metamorphic rims around the zoned zircons. 

A regression curve, including the analyses of fractions Z2, Z3, and Z3C, yields an 

upper intercept of 1489 ~ 24/_ 13 Ma and a lower intercept age of 1069 +
69

/_70 Ma (MSWD = 

3 .24; Fig. 4. 7b ). The upper intercept represents a slightly older age for megacrystic 

granitoid crystallisation in the McClintock subdomain than the range derived from the 

206PbP07Pb (minimum) ages of this sample. As the regression curve only includes three 

zircon analyses, the ages from 1466 to 1444 Ma for megacrystic granitoid crystallisation 

are preferred. The lower intercept age is highly imprecise, but interpreted to reflect the 

timing of Grenvillian upper amphibolite-facies metamorphism in the McClintock 

subdomain, during which the granitoid experienced minor Pb loss (max .. 25% ). A granulite 

facies metamorphism during the Grenvillian orogeny, instead of at ca. 1425 Ma as 

suggested above, is quite unlikely, as the Pb loss would have been much higher (e.g., 

Lancelot et al. 1983, Peucat et al. 1985). 

4. 5.2 Metapelite (186f-G2) 

The strongly deformed, amphibolite-facies aluminous metapelite (Fig. 4.8a) 

sampled for U-Pb geochronology is part of the McClintock assemblage and originates 

from the vicinity (<1OOm) of the megacrystic granitoid described above. In this area, 

structurally below the Kawagama zone, strongly foliated metasedimentary gneisses are 

closely interlayered with megacrystic granitoids. The metapelite was sampled to determine 

the timing of high-grade metamorphism in the McClintock subdomain. 
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Monazite 

Monazites chosen in sample 186f-G2, an aluminous metapelite (Pl-Qtz-Kfs-Grt

Bt±Sil±Opx±Hbl), are transparent, yellow to green, anhedral grains (M1 , M3, M4, M5, 

M6A, M6B) with the least inclusions and fractures . Mostly single grain fractions were 

prepared, in which the monazites preferably consist of a thick core that becomes thinner 

towards the rim, a feature that indicates overgrowth onto an earlier grain. In order to 

remove a possible overgrowth, monazite fractions M6A and M6B were abraded for ca. 

6h. 

The resulting monazite analyses are discordant with 
207

PbP
35

U ages in the range 

from 1394 ± 8 Ma to 1191 ± 4 Ma (Table 4.1 ). All monazite fractions have high Th/U 

ratios, because 230Th is part of the initial crystal structure of monazites . Upon closure of 

the system, 'excess' 
206

Pb produced by the 
230

Th decay, accumulates in and changes the 

206PbP38U and 207PbP06Pb ratios (e .g., Scharer 1984, Parrish 1990), which may result in 

error ellipses that lie above the concordia. Though the role of excess Pb decreases with 

increasing geological age, the 
207

PbP35U age, which is not affected by the 
230

Th decay, is 

suggested to be the most reliable one (Parrish 1990). As the geological age of this rock 

type is rather old, and as none of the monazite analyses are reversely discordant, the effect 

of 'excess Pb' in this sample is interpreted to be relatively small. 

A regression line including all monazite fractions yields an upper intercept of 14 78 

+
34

/_27 Ma and a lower intercept of 1041 +
55

/_61 Ma (MSWD = 15 . 82~ Fig. 4 .8b) . Even 

though somewhat imprecise, the upper intercept age agrees with the one from the 

megacrystic granitoid . Thus, monazites could have started to grow coeval with granitoid 

crystallisation around 1466 Ma, possibly until initial cooling from granulite facies 

conditions during the high-grade metamorphism at ca. 1425 Ma detennined from sample 

186f-G 1. The lower intercept age agrees within error with the imprecise lower intercept 
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Fig. 4.8. a) Sample site of aluminous metapelite ( 186f-G2), McClintock assemblage. b) 
U-Pb concordia diagram showing ·discordant monazite analyses of sample 186f-G2. UI = 
upper intercept, LI = lower intercept. Sample locations are shown in Fig. 4.1 and listed in 
Table 4.1. For discussion see text. 



Table 4.2 Summary ofU-Pb gef>ehronology results 

sample no. sample description domain northing easting age (Ma) age description 

194-01 leucosome-free protolith MD 5000200 647550 Ul: 1458 ± 6 (Zm) protolith crystallisation 

of migmatitic orthogneiss LI : 1067 ± 17 (Zm) Ph loss in protolith 

991 - 987 titanite (207Pb/206Pb) 

lOIS- 993 allanite (207Pb/235U) 

194-02 leucosome of migmatite MD 5000200 647550 UI 1458 ± 6 (Zm)) protolith crystallisation 

Ll: 1067 ± 17 (Zm) leucosome formation, 

ca. 1004 titanite (2071206Pb) 

77-0 mafic enclave in migmatite MD 5003850 649700 1079 ± 3 (Zm) metamorphism 

60-01 leucocratic granulite vein MD 4998160 671670 1077 ± 2 (Zm, Ttn) zircon growth during 

cross-cutting granitoid 1065 ± 2 (Zm, Ttn) vein formation 

60-02 pink granitoid MD 4998160 671670 Ul: 1393 ± 13 (Zm) granitoid crystallisation 

LI: 1068 ±7 (Zm) metamorphism 
50d-02 leucocratic granulite vein MD 5006280 668090 <1061 ± 11 (Zm) vein formation 

cross-cutting migmatite ca. I 044 ::t; 3 (Ttn) cooling 
132b-02 two-pyroxene granulite MD 4988490 659430 1613 +123/-119 (Zm) crystallisation? 

UI: 1456 +16/-12 (Zm) 

1420 - 1430 (Zm) metamorphism 
~1390 (Zm) crystallisation? 

Ll: 1052 +52/-55 (Zm) Ph loss (metamorphism) 
186f-G I megacrystic granitoid MCI 5013250 663270 Ul : 1489 +24/-13 (Zm) 

1444 - 1466 (Zm) granitoid crysta11isation 
1426 ± 5 (Zm) metamorphism 

Ll : 1069 +69/-70 (Zm) Pb loss (metamorphism) 
186f-02 aluminous metapelite MCI 5013300 663170 UI: 1478 + 34/-27 (Mnz) crystallisation/metamorphism 

LI : I 041 +55/-61 (Mnz) metamorphism 
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age of 1 069 ~9 1. 70 Ma derived from the analyses of the megacrystic granitoid . Thus, the 

lower intercept is interpreted to represent a Grenvillian metamorphic event that produced 

diffusional Pb loss in the early monazites in the range 20 to 70 %, and/or secondary 

metamorphic growth over earlier cores. Grenvillian metamorphic overgrowth is indicated 

by the morphologies of the analysed monazites. One of the two abraded monazite 

fractions (M6B) did not yield old U/Pb and Pb/Pb ages as would be expected if the 

assumed overgrowth had been removed, though the abraded fraction M6A yields the 

oldest ages of all monazite analyses. 

Monazites in granulite facies gneisses commonly reflect substantial diffusional loss 

of radiogenic Pb (e.g., Parrish 1990), thus the system is typically reset to a greater extent 

than displayed by the position of this study's monazite analyses on the discordia. This is in 

further support for a pre-Grenvillian - not Grenvillian - age for the granulite-facies 

metamorphism experienced by the gneisses in this area. 

4. 6 Discussion 

Five samples from the Muskoka domain, the immediate footwall of the C!\1Bbtz, 

Ontario, and two samples from the structurally underlying parautochthon of the Algonquin 

domain were analysed for U-Pb geochronology to determine and compare the protolith 

ages and metamorphic ages for the different structural levels in the study area. 

4. 6.1 Plutonisnz in the Muskoka domain 

The protolith age for the predominant rock type in the Muskoka domain, the grey

pink migmatitic orthogneiss, is determined to be 1458 ± 6 Ma, whereas subordinate 

occurrences of pink granitoid gneisses, found structurally directly below the Central 

Metasedimentary Belt boundary thrust zone, crystallised slightly later at 1393 ± 13 Ma. 
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Both protolith ages are derived from upper intercepts, but each one includes several zircon 

analyses from two spatially associated samples. Possible inheritance of pre- ca. 1450 Ma 

old zircon is restricted to an area of granulites in the western Muskoka domain, that in the 

field was interpreted as potential tectonic enclave within the migmatitic orthogneisses that 

comprise most of this domain . Similar U-Pb zircon ages of 1453 ± 6 Ma and 1427 +
16

/_ 13 

Ma for orthogneiss crystallisation (Nadeau 1990) exist for the northwestern extension of 

the Muskoka domain, the Seguin domain. In summary, the orthogneisses that comprise 

most of the Muskoka domain have no apparent pre-1460 Ma history, which is in contrast 

to the bimodal proto lith age distribution of 1750-1600 and 1500-1340 Ma (e.g. van 

Breemen et al. 1986, Davidson and van Breemen 1988, Corrigan 1990, Nadeau 1990) in 

the structurally underlying parautochthon (Rivers et al. 1989) to the north and the 

northwest of the study area. Though future geochronology on the granulites of the 

western Muskoka domain may prove a different, older origin of this rock package in 

comparison to the migmatitic orthogneisses, Sm-Nd model ages of ca. 1550 Ma from the 

Muskoka domain, including Moon River and Seguin domain, (Dickin and McNutt 1991 ), 

support the juvenile origin of most of the gneisses in the structurally highest level of the 

Central Gneiss Belt. Coeval plutonism around 1400 Ma is also known from the eastern 

Grenville Province in Labrador (e.g., Gower 1996), in the mid continental and western 

USA (e.g., Nelson and De Paolo 1985, van Schmus et al. 1987, Bickford 1988) and in 

Baltica (e.g., Tucker et al. 1987) and has been variously interpreted to result from 

anorogenic plutonism (e.g., Windley 1993), arc magmatism over a northward-dipping 

subduction zone (e.g., Davidson and van Breemen 1988, Dickin and McNutt 1991 , Gower 

1996), or as a result of compressional-transpressional plate margin tectonism (e.g ., Nyman 

et al . 1994). The tectonic setting envisioned for the study area is discussed in chapter 5. 



4. 6. 2 Grenvillian metamorphism in the Muskoka domain 

Zircon ages 
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In this study, the timing of Grenvillian high-grade metamorphism in the Muskoka 

domain is constrained to have started at 1 079 Ma and to have lasted until at least 1 063 

Ma. The most precise ages are represented by the concordant analyses from a mafic 

enclave within migmatitic orthogneisses, that reflect metamorphic zircon growth at 1 079 ± 

3 Ma, and by two concordant sets of zircon that indicate formation of discordant granulite 

veins at 1 077 ± 2 Ma and at ~ 1 063 Ma. The latter age, derived from a crosscutting 

granulite vein, also yields the minimum age for leucosome formation and deformation 

within the pink granitoid . The age range documented above includes the slightly less 

precise lower intercept ages of 1068 ± 7 Ma for Pb loss during Grenvillian high-grade 

metamorphism and 1 06 7 ± 1 7 Ma for concordant leucosome formation in the migmatitic 

orthogneisses, the latter one indicating that deformation accomp·anied Grenvillian high

grade metamorphism in this area at least until this time. The slight scatter in ages is 

probably real, reflecting multistage zircon growth during the interval 1 079 to I 063 Ma. 

This is supported by secondary zircon growth within a leucocratic granulite vein at 1065 ± 

Ma, after the crystallisation of the early zircon generation at 1 077 ± 2 Ma. 

Similar metamorphic ages are known from the same structural level outside the 

study area. Zircons from a ca. I450 Ma old granitoid from the Seguin thrust sheet 

produced a lower intercept age of I 043 ± 42 Ma (Nadeau I990), that lies within error of 

metamorphic zircon ages of I 080 ± 4 Ma from a coronitic metagabbro and associated 

1058 +&; -4 Ma crosscutting syenite dyke, also in the Seguin domain (van Breemen and 

Davidson 1990). Further west, in the Moon River subdomain near Georgian Bay, 

metamorphic zircon ages from 104 7 to 1064 Ma (Bussy et al. 1995) are only slightly 

younger than the ones reported in this study. 
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In contrast to all of the above ages for metamorphism in the footwall of the Central 

Metasedimentary Belt boundary thrust zone, are a) a zircon age of 1133 Ma and b) 

monazite ages of 1145 Ma and II 00 Ma from paragneisses east of the study area in the 

Opeongo domain (Carr and Berman 1997, Mezger et al. 1993). The Opeongo domain, 

consisting mainly ofinterlayered monzonites and paragneisses (e.g., Lumbers 1982, 

Davidson and Grant 1986 ), was previously assigned to as the same structural level as the 

Algonquin domain, however, remains poorly understood. Lithologies and 

geochronological signatures indicate a different origin to the Muskoka domain, thus the 

Opeongo domain probably had a different geological history than the one of structural 

level4 . 

All the above metamorphic ages from structural level 4 in the study area and also 

further west towards Georgian Bay reflect high-grade metamorphism that started at ca. 

1 080 Ma. Thus, the above age range for Grenvillian high-grade metamorphism is 

interpreted to reflect accretion of the Central Metasedimentary Belt onto the Central 

Gneiss Belt along the Central Metasedimantary Belt boundary thrust zone shortly before 

1080 Ma. Crustal thickening, the initiator for Grenvillian high-grade metamorphism, 

should have a thermal response in the footwall within 1 0 to 40 million years later (e .g., 

Englanc;i and Thompson 1984, Jamieson et al. 1998). Except for one reverse discordant 

zircon 
207PbP06Pb age of 1144 ± 1 0 Ma, which is interpreted to reflect a mixed age signal 

due to inheritance of ca 1450 Ma old zircons from the migmatite host, no other U-Pb 

zircon data in this study indicate an earlier metamorphic overprint in the age range 1190 to 

1160 Ma (cf., Nadeau and Hanmer 1992, McEachern and van Breemen 1993). Therefore, 

the early tectonic movement from ca. 1190 to 1170 Ma (e.g., McEachern and van 

Breemen 1993, Burr and Carr 1994) in the hangingwall, the Central Metasedimentary Belt 

boundary thrust zone, is interpreted to have happened in a different location. A scenario 
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like this is comparable to the one for the allochthonous Parry Sound domain . These rocks 

experienced an upper amphibolite-facies to granulite-facies metamorphism and 

deformation at ca. 1160 Ma somewhere to the southeast, before being transported over 

the Central Gneiss Belt into their present position between 1120 and 1080 Ma (e.g ., 

Wodicka et al. 1996, Cutshaw et al. 1997). Similarly, early Grenvillian tectonism 

("Elzevirian"~ e.g., Moore and Thompson, 1980) in the Central Metasedimentary Belt 

boundary thrust zone - and possibly also in the Opeongo domain - could have happened 

somewhere to the southeast of its current location, whereas the main collision with the 

Laurentian craton only happened at some time between 1120 and 1080 Ma ("Ottawan"; 

e.g ., Moore and Thompson, 1980), causing high-grade metamorphism in the footwall 

from 1 079 to 1 062 Ma. 

Titanite and allanite ages 

Titanite analyses from Muskoka domain samples reflect a multistage growth 

history. Early two-stage titanite growth at ca. 1077 and at ca. 1065 Ma in sample 60-G 1, a 

leucocratic granulite vein, is coeval with multi-stage zircon growth at the same time in the 

same sample. This indicates that there was no major time lag between zircon and titanite 

formation, probably due to growth of both minerals at the same time, following 

overthrusting of the Central Metasedimentary Belt at or shortly before 1080 Ma. 

Alternatively, the similar zircon and titanite ages could reflect very rapid cooling to at least 

- 600 °C . In any case, the similarity of zircon and titanite data from the vein studied ( 60-

G 1) support the precision of the ages that reflect mineral growth at 1077 and at 1065 Ma. 

Two titanite generations are also present within the leucocratic granulite vein 50d

G2, yielding Pb/Pb ages of 1048 to 1044 Ma. Compared with the slightly older zircon 

fractions of this sample, the titanite data are interpreted to reflect cooling from Grenvillian 
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peak-metamorphic temperatures. Field relationships for this and other crosscutting 

leucocratic granulite veins in the Muskoka domain indicate post-peak Grenvillian granulite 

formation caused by the infiltration of low a H2o fluids (chapter 2 and 3) into amphibolite

facies host rocks . This may explain the slightly younger zircon (1 063 to 1052 Ma) and 

titanite ages compared to the other samples from the Muskoka domain yielding Grenvillian 

metamorphic ages, as the vein cuts the structures and leucosomes in the amphibolite facies 

migmatitic host. 

An even later generation of titanites, in thin section recognised as late coronas, 

especially around Fe-Ti-oxides, or as overgrowths on mafic minerals (chapter 3 ), formed 

between 1004 Ma and 987 Ma, which is supported by coeval allanite growth at 1015 to 

993 Ma. Though several interpretations concerning the process that initiated the late 

titanite and allanite growth are possible, an important point is the local character of titanite 

and allanite growth, as, for example, titanite analyses from the crosscutting granulite veins 

in the structurally higher levels of the Muskoka domain show no evidence for titanite 

growth at ca. 1 000 Ma. 

This last growth stage of titanite and allanite could reflect a late thermal event in 

the Muskoka domain at ca. 1 Ga, that was coeval with late stage thrusting in the Grenville 

Front Tectonic Zone. However, reheating to > 600 oc would be expected to be of more 

than local distribution. 

Alternatively, titanites may easily form during low-temperature processes (e.g. 

Krogh 1993, Corfu 1996), that have no regional significance. This problem is reflected in 

titanite data from the Britt domain at Georgian Bay. Two late stages of titanite growth 

from 1008 to 1000 Ma (Corrigan et al. 1994, Ketchum 1995), and from 967 to 956 Ma 

(Ketchum 1995, Ketchum et al. in press), have been interpreted to result from local 

recrystallisation in shear zones or due to fluid influx below titanite closure temperatures 
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(Ketchum 1995). The hosts of the analysed late titanites in this study, however, are not 

part of a strongly sheared zone, even though the precursor of the migmatitic orthogneiss 

( 194-G 1) experienced thorough recrystallisation that resulted in annealed textures and 

uniform grain size. The 967 to 956 Ma titanites from the Georgian Bay transect, that also 

appear as rims around oxides in host rocks of similar texture to the ones in this study, 

were suggested to have formed during the process of grain boundary migration (Ketchum 

1995), which may liberate radiogenic daughter products below their closure temperature 

and reset the isotopic system ( Gromet 1991 ) . The latter interpretation is worth 

considering, as titanite and host textures in both areas are comparable and development of 

fine (new- and) subgrains at grain boundaries a common feature in most gneisses and 

leucosomes ofthe Muskoka domain (chapter 3). 

4. 6. 3 Pre-Grenvillian metamorphism in the Muskoka domain 

Zircon analyses from a granulite in the western Muskoka domain document a 

complex age pattern that is in marked contrast to the analyses derived from the remaining 

rock samples from this structural level. Zircons with a distinct metamorphic origin (section 

4.4.5) reflect a granulite-facies metamorphism around 1430 Ma, which is the first reported 

pre-Grenvillian metamorphic age for this structural level. Though several zircon fractions 

indicate crystallisation at ca. 1390 Ma, the proto lith age of the granulite, which is 

unknown, must predate 1430 Ma. The two possibilities are: 

(I) The precursor may have crystallised contemporaneously with the plutonic event at ca. 

1450 Ma in the Muskoka domain and must have experienced a granulite-facies 

metamorphism shortly afterward . This would mean that the amphibolite-facies 

orthogneisses were subsequently retrogressed ~ the granulites, however, were not. 



Considering the different zircon populations and the resulting U/Pb analyses, it is very 

unlikely that the migmatites ever experienced a granulite facies metamorphism. 
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(2) At the sample site, the analysed two-pyroxene granulite is associated with the 

migmatitic orthogneisses, though local tectonic contacts indicate juxtaposition of two 

different rock packages. Thus, the granulite could be part of an older rock package, for 

example, part of the 1750 to 1600 Ma plutonic suite that is also known from the 

parautochthon (Rivers et al. 1989) along Georgian Bay or from the Algonquin domain . 

Subsequently, during the mid-Proterozoic, the migmatite protolith intruded and the 

precursor granulites experienced a high-grade, granulite-facies metamorphism at ca. 1450 

to 1430 Ma, as it is also known from the lower structural levels ofthe Central Gneiss Belt, 

such as the Grenville Front Tectonic Zone (Bethune et al. 1993, Haggart et al . 1993), the 

Britt domain along Georgian Bay (Tuccillo et al. 1992, Ketchum et al. 1994 ), and the 

Algonquin domain (Nadeau 1990, this study) . 

A pre-Grenvillian metamorphism is supported by microscopic textures that indicate 

two generations of granulite-facies assemblages, of which the latter one is proposed to 

have formed by dehydration melting (chapter 3). The evolution of these granulites is only 

partly constrained by the above U-Pb geochronology. Addit~onal interpretation of internal 

textures with polished grain mounts is generally useful for interpretating U-Pb analytical 

results. Due to a low U content, however, zoning within the zircon grains was not 

displayed by the HF -etching procedure. Two features of the backscatter images may still 

be of use for the interpretation of this sample: (1 ), the low U-content, and the oval shapes 

indicate metamorphic growth~ (2) the latest morphological evolution of the zircon grains 

seems to be resorption. Resorption of zircon grains is a common feature in granulite-facies 

gneisses, and has been interpreted by Vavra et al. (1996) to result from partial dissolution 

of crystals within anatectic melts . This happened in the Ivrea Zone in the southern Alps, 
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where dehydration melting produced anatectic melt, which was successively extracted to 

produce non-migmatitic restitic granulites (Vavra et al. 1996). With progressive partial 

melting, mafic melts dissolve large amounts of zirconium, which quickly leads to 

undersaturation of the melt and subsequently to redissolution of zircons that are in contact 

with it. Likewise, Vavra et al. 's (1996) model could explain resorption of the ca. 1430 Ma 

old metamorphic zircons from the two-pyroxene granulite of this study, supported by field 

and petrographic interpretations that propose dehydration melting as responsible for 

Grenvillian granulite formation in the Muskoka domain . 

4. 6. 4 Plutonic and ntetamorphic ages in the Algonquin domain 

U-Pb analyses from zircons and monazites from a megacrystic granitoid and a 

closely interlayered aluminous metapelite from the McClintock assemblage yielded an age 

distribution similar to that in the structurally overlying Muskoka domain. The megacrystic 

granitoids crystallised sometime between 1466 to 1444 Ma, shortly before both granitoids 

and metasediments were reworked by a pre-Grenvillian granulite-facies metamorphism at 

ca. 1425 Ma. The early high-grade metamorphism is not only recorded by the two phases 

of monazite growth within the metapelites, but also reflected in thick metamorphic zircon 

rims around igneous zoned cores within the megacrystic granitoids. 

The age of the second stage of monazite growth during the Grenvillian orogeny is 

poorly constrained by a lower intercept age of 1041 +
55 

/_61 Ma, however, this age is still in 

accordance with Grenvillian ages determined by earlier workers. Synthrusting pegmatites 

from the subdomains of the Algonquin domain with U-Pb zircon ages from 1080 Ma to 

1027 Ma (Nadeau 1990) are in accordance with metamorphic zircon ages of 1030 ... 50
/.20 

Ma (van Breemen et al. 1986) and 1018 ± 45 Ma from orthogneisses of the Huntsville 

subdomain (Nadeau 1990). In addition, a monazite cooling age of 1068 +
51 

/_ 12 Ma for an 
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orthogneiss of the Huntsville subdomain is similar to the lower intercept age determined 

from the monazites in this study. 

Previous workers determined similar protolith ages for the same structural level in 

the Algonquin domain. U-Pb zircon data from Nadeau ( 1990) revealed ages of 1465 ± 65 

Main the McClintock subdomain and 1444 +
12

/_8 Main in the Novar subdomain, whereas 

the Huntsville subdomain yielded a bimodal age distribution with crystallisation ages of 

1714 +
123 

/_71 Ma and 1461 +
34

/_30 Ma to 1442 +
9 

/_8 Ma (van Breemen et al. 1986, Nadeau 

1990). In addition, pre-Grenvillian metamorphism in the Huntsville subdomain was dated 

at 1432 +
54

/_98 Ma (Nadeau 1990). Even though most ofthese ages have high errors, the 

overall trend is similar to the one documented in this study. Plutonism in the 

parautochthon along Georgian Bay occurred from ca. 1750 Ma to 1600 Ma and from ca. 

1500 Ma to 1340 Ma. The sparse data indicating a bimodal age distribution also in the 

Algonquin domain are supported by Sm-Nd model ages from 1. 76 to 1. 71 Ga for the 

Algonquin domain (Dickin and McNutt 1991 ). Sm-Nd model ages for the Britt and Kiosk 

domains at Georgian Bay indicate an even older history starting at 1. 9 Ga. However, at 

least from the mid-Proterozoic, similarities in geological histories between the Algonquin 

domain and the parautochthon at Georgian Bay become obvious. Similar megacrystic 

granitoids crystallised in the Britt domain at ca. 1450 Ma (e.g., van Breemen et al. 1986, 

Corrigan et al. 1994 ), contemporaneous with the megacrystic granitoid crystallisation 

from 1466 to 1444 Main the study area. Similarly, pre-Grenvillian ca. 1420- 1430 Ma 

granulite-facies metamorphism in the McClintock and Huntsville subdomains was coeval 

with the ca. 1450 Ma old granulite-facies metamorphism in the Britt domain at Georgian 

Bay. 
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4. 7 Conclusions 

(I) The granodioritic to granitic, migmatitic orthogneisses of the Muskoka domain in the 

southwestern Grenville Province of Ontario reflect juvenile Laurentian crust that 

crystallised between I458 Ma and I393 Ma. 

(2) The orthogneisses of the Muskoka domain experienced Grenvillian peak

metamorphism from I 079 Ma to I 063 Ma As there is no evidence of ca. 1I60 Ma events 

in the study area, the metamorphic ages are interpreted to represent the metamorphic 

response after the accretion of the Central Metasedimentary Belt onto the Central Gneiss 

Belt shortly before 1 080 Ma. 

(3) Multiple titanite generations represent: a) 2-stage growth contemporary with zircon 

during the main Grenvillian high-grade metamorphism at I 077 and at 1065 Ma~ b) cooling 

from peak-metamorphic temperatures at ca. 1044 Ma~ and c) local allanite and titanite 

growth, possibly due to grain boundary migration caused by late fluid influx, at 1 0 I5 -

993 Ma and at 99I to 98 7 Ma, respectively. 

(4) Pre-Grenvillian granulite-facies metamorphism at ca. 1420 to 1430 Ma is reported for 

the first time for the western part of the Muskoka domain. Proto lith ages for the granulite 

may be similar to the ones from the gneisses of the lower structural levels, suggesting 

possible differences between some of the granulites and the predominant amphibolite

facies orthogneisses of the Muskoka domain. 

( 5) In the Algonquin domain, megacrystic granitoids crystallised at 1444 to 1466 Ma, 

which is coeval with the megacrystic granitoid crystallisation in the Britt domain at 

Georgian Bay. Pre-Grenvillian granulite-facies metamorphism at 1425 Ma is indicated in 

the McClintock assemblage and is comparable in age with the granulite-facies 

metamorphism at 1420 to I430 Main the western Muskoka domain, and at ca. 1450 Ma 

in the parautochthon along Georgian Bay. This study supports evidence that the 
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parautochthon along Georgian Bay and gneisses of the Algonquin domain shared similar 

geological histories since at least the mid-Proterozoic. 



5. Metamorphic and tectonic evolution of the study area 

5.1 Introduction 

The mid-Proterozoic Grenville orogen in eastern Canada provides the rare 

opportunity to study the mid to deep crustal levels of a collisional orogen, that formed at 

ca. 3 5-40 km depth. Such deep crustal levels are buried in modern orogens and therefore 

inaccessible for studies of the evolution of the lower crust. A comprehensive field (chapter 

2), metamorphic (chapter 3), and geochronologic (chapter 4) study was carried out in the 

southwestern Grenville Province in Ontario, in order to examine the tectonometamorphic 

history of the southwestern Grenville Province in Ontario and to test the two currently 

existing tectonometamorphic models for this area (chapter 1) : 

(1) Early Grenvillian emplacement (ca. 1190-1160 Ma) of the Central 

Metasedimentary Belt over the Central Gneiss Belt and later reactivation at ca. 1 080 Ma 

(e.g., McEachern and van Breemen 1993, Nadeau and Hanmer 1992) was suggested 

based on synkinematic pegmatites within the Central Metasedimentary Belt boundary 

thrust zone, that yielded U-Pb dates of 1190-1170 Ma and 1080-1050 Ma (e.g., van 

Breemen and Hanmer 1986~ McEachern and van Breemen 1993~ Burr and Carr 1994). 

Furthermore these data, together with the ca. 1160 Ma metamorphic and thrusting ages of 

the allochthonous Parry Sound domain (van Breemen et al. 1986~ Tuccillo et al. 1992; 

W odicka 1994 ), and thrusting ages from syntectonic pegmatites at the base of structural 

level 4 of ca. 1100 Ma (van Breemen and Davidson 1990, Nadeau 1990), were interpreted 

to reflect break-back thrusting in the eastern Grenville Province of Ontario . 

(2) In contrast, metamorphic and thrusting ages from the western Central Gneiss 

Belt in the range 1080-1040 Ma (e.g., Davidson and van Breemen 1988, Mezger et al 

1993 ; Corrigan et al. 1994, Bussy et al. 1995) have been suggested to mean that the 

320 
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Central Gneiss Belt, with the exception of the Parry Sound domain, was not strongly 

affected by Grenvillian tectonism prior to ca. I 080 Ma (Jamieson et al. 1995~ Culshaw et 

al. 1997) . Furthermore, thrusting and the metamorphic ages become younger towards the 

northwest, which was interpreted to reflect a 'normal' northward propagation of the 

orogen into the foreland (e.g., Culshaw et al. 1994, 1997, Jamieson et al. 1995). 

This chapter will first summarise the pre-Grenvillian and Grenvillian events in the 

study area and finally outline the tectonic evolution of the southwestern Grenville Province 

of Ontario. 

5. 2 Pre-Grenvillian events 

5. 2.1 Algonquin domain 

The gneiss assemblages ofthe Algonquin domain (structural level I, Fig. I .3, Fig. 

2. I) comprise the lowest structural level in the study area, suggested by Rivers et al. 

(1989) to be part of the Parautochthonous Belt. 

Plutonism. The earliest plutonism in the Huntsville subdomain was dated by 

Nadeau (1990) at I7I4 +
123

/_71 Ma. Sm-Nd model ages in the Huntsville and McClintock 

sub domains range from I. 76 to I. 7I Ga, and were interpreted to reflect a crust-forming 

event at this time (Dickin and McNutt I990). 

Subsequent granitoid plutonism in the Algonquin domain in the range I466 Ma to 

1442 Ma (van Breemen et al. I986, Nadeau I990, this study) included the crystallisation 

of megacrystic granitoids in the study area. It is not known if some of the numerous 

metasedimentary gneisses in the Algonquin domain were deposited prior to the ca. 1700 

Ma plutonism. However, sedimentation is interpreted to predate ca. I450 Ma plutonism, 

as paragneisses that are closely interlayered with megacrystic granitoids experienced a pre

Grenvillian granulite facies metamorphism at ca. 1425 Ma (chapter 4 ). 
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Metamorphism. Field observations (chapter 2) led to the distinction between 

different types of granulites in the study area. Petrography (chapter 3) on samples from the 

Algonquin domain revealed an early granulite facies metamorphism followed by 

amphibolite facies and/or a secondary granulite facies metamorphism. These observations 

are supported by the ages for high-grade metamorphism from two samples from the 

McClintock assemblage of the Algonquin domain (chapter 4). A concordant 1426 ± 5 Ma 

zircon fraction is interpreted to represent the age of an early granulite facies 

metamorphism in the megacrystic granitoids. In support of this, an upper intercept age of 

1478 ± 30 Ma from discordant monazites in an adjacent metapelite is interpreted to reflect 

the ca. 1466 Ma crystallisation age of the megacrystic granitoids and subsequent granulite 

facies metamorphism. An early granulite facies metamorphism in the Algonquin domain is 

also supported by a lower intercept age of 1453 +
54

/-98 Ma from a mylonitic orthogneiss in 

the Huntsville thrust zone (Nadeau 1990). 

Comparison with Georgian Bay. The pre-Grenvillian geological evolution of the 

Algonquin domain resembles that of the parautochthon of Georgian Bay (chapter 4 ), 

which may be at the same structural level. In the Britt domain, the oldest rocks were 

intruded by 1800-1600 Ma old plutons (e.g., Corrigan et al. 1994, Easton 1992) with Sm

Nd model ages from 2.8 to 1.8 Ga (Dickin and McNutt 1989, 1990). Granitoids intruded 

during a plutonic event around 1500-1400 Ma that affected the entire southeastern margin 

ofLaurentia (e.g., Easton 1992, Gower 1990). During that time, at ca. 1450 Ma, K

feldspar rich megacrystic granitoids similar to those in the McClintock assemblage, 

intruded into older plutonic and metasedimentary host rocks in the Britt domain (e.g., van 

Breemen et al. 1986, Corrigan et al. 1994). At about the same time, granulite facies 

metamorphism affected the Grenville Front Tectonic Zone (e.g., Krogh 1994) and the 

Britt domain (e.g ., Tucillo et al. 1992, Ketchum et al. 1994). 
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The similarity in crystallisation ages of the megacrystic granitoids in both areas 

supports previous assumptions that these may belong to the same suite and thus that the 

Algonquin domain and the parautochthon along Georgian Bay were spatially associated at 

that time (e.g ., Cutshaw et al. 1983, Rivers et al. 1989). Similarly, the early granulite facies 

assemblages in the gneisses of the subdomains of the Algonquin domain could be the 

result of the same pre-Grenvillian, ca. 1450 to 1425 Ma granulite facies metamorphism, 

that affected the gneisses along Georgian Bay. 

5. 2. 2 Muskoka donzain 

Structurally overlying the Algonquin domain is the Muskoka domain (structural 

level 4, Fig. 1.3, Fig. 2.1) in the immediate footwall of the Central Metasedimentary Belt 

boundary thrust zone. The Muskoka domain consists predominantly of amphibolite-facies 

granitoid migmatitic orthogneisses that are associated with subordinate granulite facies 

rocks. The mineral assemblages and mineral compositions within these orthogneisses are 

typical for calc-alkaline rock types found in collisional tectonic settings. 

Plutonism. U-Pb geochronology on the orthogneisses reveals plutonic ages 

between 1458 ± 6 Ma and 1393 ± 13 Ma in the Muskoka domain. The similarity of 

lithology and plutonic ages with the ones from the Sequin domain (1453 to 1427 Ma, 

Nadeau 1990), and the absence of any major boundaries between these two areas, 

supports the original interpretation that the Seguin domain and the Muskoka domain in 

fact are part of the same domain and structural level. Sm-Nd model ages from the 

Muskoka domain and Seguin domain lie in the range around 1.55 Ga (D:. kin and McNutt 

1990), that together with the above U-Pb ages for plutonism was interpreted to reflect 

relatively juvenile Laurentian crust in structural level 4 (Timmermann et al. 1997). 
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Metamorphism. In the western part of the structurally overlying Muskoka 

domain, mafic granulites surrounded by amphibolite facies gneisses are also interpreted to 

have experienced granulite facies metamorphism at ca. 1430 Ma (chapter 4). Possible 

inheritance of 1613 + 
123

/. 119 Ma zircons indicates an even older age of this package, 

possibly coeval with the ca. 1700 Ma plutons in the Algonquin domain. 

Since Grenvillian deformation and high-grade metamorphism resulted in extensive 

recrystallisation and reequilibration of mineral compositions, the detailed P-T conditions of 

the early ca. 1430 Ma granulite facies metamorphism in the study area are not known. 

However, granulite facies metamorphism at the same time (ca. 1450 Ma) took place at 7.2 

to 8.4 kbar and 625 to 700 °C in the Britt domain along Georgian Bay (Ketchum et al. 

1994 ), at lower pressures than the subsequent Grenvillian high-grade metamorphism. 

5.3 Grenvillian events 

The Grenvillian orogenic cycle of Moore and Thompson ( 1980) spans about 250 

Ma and includes both the earlier 'Elzevirian orogeny' ( -1250 Ma to 1190 Ma) and the ca. 

1 080 Ma 'Ottawan orogeny'. With the exception of members of the 1170-1150 Ma 

coronitic metagabbro suite (e.g., Davidson and van Breemen 1988), Elzevirian age rocks 

or events were not detected in the study area. 

5. 3.1 Muskoka donzain 

Metamorphism. Regional high-grade metamorphism in mainly upper amphibolite 

facies, associated anatexis, and moderate to strong ductile deformation affected the 

Muskoka from 1079 Ma to 1063 Ma (chapter 4) . 

The peak P-T conditions, determined with thermo barometry on mafic, mostly 

granulite facies enclaves within amphibolite-facies gneisses, were 10.25 to 11 .2 kbar and 
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750 to 850 °C. As the mafic enclaves include members of the 1170- 1150 Ma coronitic 

metagabbro suite, these P-T conditions are interpreted to reflect the Grenvillian peak

metamorphic conditions. Temperatures calculated from hornblende and feldspar 

compositions of the surrounding amphibolite facies migmatitic orthogneisses range from 

550 to 980 °C at 10 kbar, overlapping with the above peak metamorphic conditions. 

Differences between amphibolite facies and granulite facies assemblages are therefore 

attributed to differing aH2o within the rocks, rather than differing P-T conditions. 

Partial melting. Grenvillian high-grade metamorphism was associated with 

extensive partial melting in the Muskoka domain. The formation of the earlier Grenvillian 

concordant leucosome generation was dated at 1 06 7 ± 1 7 Ma, more or less coeval with 

the onset of high-grade metamorphism that followed crustal thickening (chapter 4 ). 

Grenvillian deformation outlasted early leucosome formation, as the early generation can 

be observed in the field to be deformed and flattened in a solid state. However, leucosome 

formation continued until late in the Grenvillian history. This is indicated by the late 

generation, crosscutting and/or irregular leucosomes that occur in later structural zones 

such as cross-cutting late extensional shear bands (chapter 2). 

As discussed in chapter 3, the typical amphibolite-facies migmatites of the 

Muskoka domain must have formed under high aH20-fluid present conditions. Thermal 

relaxation after crustal thickening may lead to temperatures up to 800 to 850°C in the 

lower parts ofthe thickened continental crust (e.g., England and Thompson 1984, 

Thompson and Connolly 1995). Under these conditions, most recent experimental studies 

reveal that fluid-absent melting will only produce a small amount of melt in most crustal 

rock types (e.g., Rutter and Wyllie 1988, Vielzeuf and Holloway 1 988, Patino Douce and 

Johnston 1991, Skjerlie and Johnston 1993, Gardien et al. 1995). Peak-temperatures in the 

study area generally did not exceed 850°C. However, since the gneisses of the Muskoka 
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domain are penetratively migmatised, the introduction of H20 must have been required for 

large amounts of melt generation (Thompson and Connolly 1995). Sources for hydrous 

fluids might include the dewatering of the structurally lower nappes. It is likely, however, 

that the gneisses of the Algonquin domain were dried out already by the 1450 Ma high

grade metamorphism. 

Granulite formation. Local pre-Grenvillian granulite facies metamorphism is 

documented in the western Muskoka domain (see above) . However, some of the 

granulites are suggested to have formed during or after the penetrative migmatisation in 

the Muskoka domain, possibly by the infiltration of a low a H2o fluid (chapter 3 ). Members 

of the 1170-1150 Ma coronitic metagabbro suite contain granulite facies assemblages 

dated at ca. 1 060 to 1 03 0 Ma, and thus formed during the Grenvillian high-grade 

metamorphism. In addition, field relationships show that leucocratic granulite facies veins 

or leucosomes cut amphibolite facies host rocks (chapter 2) . Channelised infiltration of a 

low a H2o fluid infiltration was proposed by Pattison ( 1991) to account for dehydration 

melting in netveined gabbros in the Central Gneiss Belt. The same process was proposed 

by Clemens and Vielzeuf ( 1987) to account for differences in granulite facies distribution 

in high-grade areas . Similarly, ortho- or clinopyroxene porphyroblasts within amphibolite 

facies leucosomes and irregular patches of intermediate granulite associated with 

amphibolite facies migmatitic orthogneisses, previously interpreted as relicts of an early 

granulite facies metamorphism (e.g. Culshaw et al. 1983 ), could have formed by post-peak 

dehydration melting. Chamockitic patches could form as a result of initial dehydration and 

metasomatism caused by C02-rich fluids (e.g., Friend 1981, 1983, Newton 1992). During 

the process the fluids would absorb K20 and H20, which enhances further anatexis (e .g. , 

Johannes 1988) and produces quartzofeldspathic segregations (e.g, Friend 1981, 1983, 

Pattison 1991 ). Metasomatic alteration under granulite facies conditions (>800°C) caused 
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by the influx of externally derived fluids with low aH2o was also suggested for the 

Limpopo Belt in South Africa (Smit and Van Reenen 1 997), based on both petrologic data 

and oxygen isotope studies. Thus, in order to test the hypothesis of low aH2o fluid 

infiltration in the study area, it is necessary to carry out oxygen isotope- and fluid inclusion 

studies on the granulites suggested to have formed by this process. If a low aH2o fluid was 

present in the study area, a possible source for C02 may be the tectonic marble layers that 

locally occur in the western Muskoka domain, or the large volumes of carbonate rocks in 

the structurally overlying Central Metasedimentary Belt (e.g., Easton 1 992). 

Based on currently available data, two possibilities for the granulite distribution in 

the Muskoka domain are proposed: 

( 1) The gneisses of the Muskoka domain are all part of a ca. 1450 Ma magmatic arc. 

Amphibolite facies migmatites represent retrogressed granulites. Retrogression was minor 

in the western Muskoka domain, thus granulite facies assemblages are common in this 

area. However, in light of the U-Pb data and different zircon morphologies (chapter 4 ), 

this possibility is unlikely. For example, sample 194, a typical amphibolite facies 

migmatitic orthogneiss of the Muskoka domain, never experienced a high-grade granulite 

facies metamorphism. 

(2) Alternatively, the early pre-Grenvillian granulite facies metamorphism in the Muskoka 

domain did not affect the majority of orthogneisses, as the granulites are possibly part of 

an even older package, associated with the ca. 1. 7 Ga gneisses of the Algonquin domain. 

Subsequent Grenvillian high-grade metamorphism resulted in upper amphibolite facies 

metamorphism and partial melting in the orthogneisses, whereas the mafic enclaves 

developed granulite facies assemblages under the same P-T conditions but at lower a H2o. 

Granulite facies assemblages overprinting the amphibolite facies ones and granulite facies 
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leucosomes within the mafic granulite enclaves are interpreted to result from dehydration, 

possibly due to the infiltration of a low aH2o fluid . 

5. 3. 2 Algonquin domain 

The only age determination in this study for Grenvillian high-grade metamorphism 

in the Algonquin domain comes from a lower intercept age of 1041 ± 58 Ma, derived from 

monazites from a strongly deformed metapelite in the McClintock assemblage (chapter 4 ). 

Grenvillian metamorphism in the Algonquin doma-in was also dated by several authors to 

be in the range 1074- 1018 Ma (van Breemen et al. 1986, van Breemen and Davidson 

1990, Nadeau 1990, Mezger et al. 1993 ). Although the range of metamorphic ages in the 

Algonquin domain is fairly high, there is no evidence for an Elzevirian metamorphic event 

in this area. 

Grenvillian high-grade metamorphism, with P-T conditions (chapter 3) in the range 

from 4.6- 10.1 kbar and 650- 820 °C (McClintock assemblage), 7.3 to 10.1 kbar and 670 

to 830°C (Birkendale assemblage), and 6.3 to 12.3 kbar and 680 to 910 oc (Southern 

Huntsville assemblage) did not lead to retrogression in most areas as the precursors were 

anhydrous granulites. Only the gneisses located in or close to shear zones were 

retrogressed to upper amphibolite facies, probably due to an enhanced influx of water. 

Alternatively, late orogenic extension (below) could be responsible for the retrograde 

overprint . Patchy granulite facies assemblages within amphibolite facies gneisses, similar 

to those in the Muskoka domain, may be due to the infiltration of a low aH20-fluid . 

Grenvillian high-grade metamorphism was associated with partial melting in 

metapelites and granodioritic orthogneisses. Leucosomes are common within metapelites 

and quartzofeldspathic gneisses; however they are absent or rare within other rock types 

such as megacrystic granitoids. Peak P-T conditions in the gneiss assemblages of the 
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Algonquin domain range from 10 to 12.3 kbar and 820 to 910 °C, although the latter 

temperature estimate was only determined for the mafic enclaves within the Southern 

Huntsville assemblage. However, even peak temperatures of 820 °C distinctly exceed the 

fluid-saturated melting curves for both granites and amphibolites (e.g ., Fig. 3.17a) . Thus, 

under fluid-present conditions, as suggested for the Muskoka domain, melting would have 

been less restricted. In contrast, under fluid-absent conditions, metapelites would melt at 

ca. 750 oc (e .g., LeBreton and Thompson 1988, Clemens and Wall 1981, Vielzeuf and 

Holloway 1988, Patino Douce and Johnston 1991 ), but intermediate and mafic gneisses 

would not (e .g., Clemens and Vielzeuf 1987). In addition, the gneisses in the Algonquin 

domain could have been geochemically less fertile, as these were reworked - and granites 

may have been extracted, during an earlier orogenic event (e.g ., Vielzeuf et al. 1990, 

Skjerlie et al. 1993 ). 

5.4 A-type granites in the Kawaganza zone? 

The intermediate to mafic gneiss association in the Kawagama zone is suggested to 

be part of the same suite as the migmatitic orthogneisses in the Muskoka domain, but with 

greater variations in rock type (chapter 2, chapter 3). In contrast, the syenitic to 

syenogranitic rocks of the felsic gneiss association could be part of a suite of A-type 

granitoids (Loiselle and Wones 1979~ A= anorogenic or anhydrous) . Although extensive 

geochemical analyses are needed to prove this hypothesis, the mineral assemblages and 

compositions of the major rock forming minerals are characteristic for A-type granites 

(e .g ., Loiselle and Wones 1979, Anderson and Morrison 1992). These are: 

- alkaline compositions with the enrichment in large ion lithophile elements, reflected in 

the large amount ofK-feldspar within the pink felsic gneisses of the Kawagama zone; 

- enrichment in rare earth elements (REE), reflected especially by the abundant allanites; 
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- enrichment in high field strength elements (HFSE), that include Ti and Zr, reflected by 

the abundance of accessory minerals such as titanite and zircon~ 

-high Fe/Fe+Mg ratios, reflected in the Fe-rich compositions ofFe-Mg minerals, such as 

garnet, biotite, and pyroxenes. 

A-type granites are usually interpreted to be associated with anorogenic 

magmatism, proposed to have taken place on the mid-Proterozoic Laurentian craton from 

1.5 to 1.3 Ga (e.g., Anderson and Morrison 1992). This includes, for example, the granite

rhyolite Province of the middle and southern midcontinent (e .g., Bickford 1981, Thomas 

et al . 1984, Bickford et al. 1986, Van Schmus et al. 1987). However, the range of tectonic 

settings proposed for the formation of A-type granites includes oceanic islands, 

continental rift environments, attenuated crust, intra-continental ring complexes, and 

postorogenic environments involving arc-arc or arc-continent collision (Sylvester 1989, 

Eby 1990). The age of the felsic gneisses in the Kawagama zone and possibly similar rocks 

in the Birkendale and McClintock assemblage is not known. However, subordinate pink 

granitoids from the Muskoka domain with similar characteristics as the syenogranitic 

gneisses of the Kawagama assemblage (chapter 3) have a proto lith age of 13 93 ± 13 Ma 

(chapter 4) . These granitoids were emplaced during the Mesoproterozoic tectono

magmatic event that affected not only the Grenville Province but most of mid-continental 

North America (e.g., Hoffman, 1989); they are, however, distinctly younger than the main 

ca. 1450 Ma plutons in the Central Gneiss Belt (e.g., van Breemen et al. 1986, Nadeau 

1990, Krogh 1991, Corrigan et al. 1994, this study). Ifthe pink granitoids in the Muskoka 

domain are part of the same suite as the felsic gneiss association in the Kawagama zone, 

and possibly as the pink granitoid gneisses in the Birkendale and McClintock assemblage, 

these may have formed subsequently to the ca. 1450 Ma collisional event that was 
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associated with calc-alkaline plutonism and high grade metamorphism in a post-collisional 

tectonic setting. 

A-type granites are suggested to originate from fractionation of a mantle-derived 

basaltic magma (Loiselle and Wones 1979), late stage metasomatism (e.g., Taylor et al. 

1981, Harris et al. 1986 ), or melting of high-grade metamorphic rocks (e.g., Collins et al. 

1982, Clemens et al. 1986). Partial melting of a tonalitic to granodioritic crustal source, 

possibly of granulites, yielding A-type granites is also suggested by Anderson and Cullers 

(1978), Condie (1978, 1991 ), and Cullers et al. (1981, 1991 ). The generally low water 

content of these melts is proposed to be due to the low a H2o in the precursor where the 

only water was bound in the hydrous minerals, whereas the high amount of K, Rb, Ba, 

REE, HFSE, F and the high Fe/Fe+Mg ratio is suggested to result from the low degree of 

melting (Anderson and Morrison 1992). Considering the tectonic environment at ca. 1400 

Ma, granulites in the parautochthon of Georgian Bay, in the Algonquin domain, or in parts 

ofthe Muskoka domain that were formed at ca. 1450 to 1425 Ma, could represent a 

possible source for the A-type granites at that time. 

Alternatively, members of the anorthosite-mangerite-charnockite-granite suite, that 

crystallised throughout the Grenville Province of eastern Canada in three episodes at ca. 

1. 64 Ga, ca. 1. 3 6 Ga, and 1. 16-1. 13 Ga, also have chemical and mineralogical 

characteristics of A-type granites (e.g., Emslie 1987, Emslie and Hunt 1989). 

5. 5 Tectonic evolution 

5. 5.1 Pre-Grenvillian tectonic evolution 

Numerous studies undertaken in the Grenville Province of eastern Canada revealed 

an active continental margin rimming the southeastern Laurentian craton from the Late 

Paleoproterozoic to the late Mesoproterozoic, with several episodes of convergence (e .g. , 



332 

Gower 1990, Rivers 1997, and references therein) . The early, ca. 1700 Ma gneisses in the 

Algonquin domain and similar aged rocks in the parautochthon along Georgian Bay were 

previously suggested to have formed by a similar or the same accretionary event that 

formed the ca. 1.8 to 1.6 Ga Yavapai and Central Plains orogens in the western to mid

western United States ( Fig. 1.1 ~ e.g., Hoffinan 1989, van Breemen and Davidson 1988, 

Gower 1990, Corrigan et al. 1994, Ketchum 1995). In Labrador, back-arc magmatism at 

1 . 71 to 1 . 6 Ga accompanied by ductile deformation and low pressure metamorphism has 

been attributed to the 'Labradorian orogeny' (e.g., Gower et al. 1 992). Sm-Nd model ages 

for the gneisses in the Algonquin domain range from 1. 76 to 1. 71 Ga, and were 

interpreted to result from juvenile, arc-related magmatism at this time (Dickin and McNutt 

1990). Northward subduction at ca. 1.76 Ga would thus account for the formation of the 

older gneisses in the Algonquin domain and plutonism in the more distal parautochton 

along Georgian Bay (Fig. 5.1 a, Dickin and McNutt 1 990). 

Widespread juvenile granitoid plutonism at ca. 1450 Ma in the study area is 

interpreted to be related to the Mesoproterozoic tectono-magmatic event that affected 

much of mid-continental North America (e.g., Hoffman, 1989). Plutonism ofthis age in 

the Grenville Province is often compared, for example, to the ca. 1450 Ma granite-rhyolite 

province in the midwestern United States (e.g., van Breemen and Davidson 1988, Gower 

1996). Though previously interpreted as anorogenic, rift-related plutonism (e.g., Anderson 

1983, Bickford 1988, Hoffman 1989, Windley 1 993), more recent studies indicate a 

compressional or transpressional environment at that time (e.g., Nyman et al. 1994, 

Duebendorfer and Christensen 1995, Kirby et al. 1 995) . Supporting the contractional 

tectonic setting is the accompanying high-grade metamorphism at ca. 1450 to 1430 Ma. 

This 'Pinwarian orogeny' (Krogh et al. 1996) is known from the Britt domain (Tuccillo et 

al 1992, Ketchum et al. 1994, Dudas et al. 1994), the Grenville Front Tectonic Zone 
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(Krogh 1994), the Algonquin and parts ofthe Muskoka domain (this study) and from 

several locations in the Grenville Province in Quebec and Labrador (e.g. , Scott and Hynes 

1994, Clark and Machado 1994, Krogh et al. 1996, Wasteneys et al. 1997). In this case, 

the granite-rhyolite province may not be related to the 1450 Ma plutonism in the Grenville 

Province. This is supported by the much older Sm-Nd model ages for the granite-rhyolite 

province that range from 1. 8 to 1. 7 Ga, suggesting its derivation by crustal anatexis 

(Nelson and DePaolo 1985), in contrast to the ca. 1.55 Ga model ages for the Muskoka 

domain (Dickin and McNutt 1990). 

The episodic convergence during the Paleo- and Mesoproterozoic between the 

Laurentian continent and magmatic arcs towards the southeast was proposed to be 

associated with a northward-dipping subduction zone under the Laurentian plate (Fig. 5.1 ~ 

e.g., Dickin and McNutt 1990, Rivers 1997). Orthogneisses similar to the ca. 1450 to 

1400 Ma suites of the Muskoka domain are also found to the northwest in the Kawagama 

zone and, more rarely, within the gneiss assemblages of the Algonquin domain. Field 

relationships indicate these are at least partly of the same origin (chapter 2) . This supports 

the scenario of a north (northwest?) dipping subduction zone at ca. 1450 Ma with the 

members of the orthogneiss suites in the nortwestem parts of the study area being distal 

intrusions of the main magmatic arc that is now represented by the Muskoka domain (Fig. 

5.1 b~ e.g ., Dickin and McNutt 1990, Culshaw et al. 1997). 

The Pinwarian orogeny, characterised by an Andean-type magmatic arc along the 

entire southern Laurentian margin, is associated with only limited backarc extension (e.g., 

Rivers 1997). Thus, extensive supracrustal sequences could not accumulate, which 

explains the absence of metasediments in the Muskoka domain . 

After the Pinwarian orogeny, calc-alkaline plutonism resulting from continued 

northwest-dipping subduction beneath the southeastern margin of Laurentia continued 
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from ca. 1.37 to 1.31 Gain the Central Metasedimentary Belt boundary thrust zone 

(Redstone and Dysart gneiss) and the Parry Sound domain (e.g., van Breemen et al. 1986, 

Lumbers et al . 1990, McEachern et al. 1992, McEachern and van Breemen 1993, 

Wodicka 1994), at that time to the south of the Muskoka domain. To the north of the 

study area, the restricted emplacement of the Sudbury dyke swann at ca. 123 5 Ma in the 

Britt domain and Grenville Front Tectonic Zone was interpreted to reflect continental 

rifting with a back-arc basin somewhere between the Britt domain and the domains south 

of it, including the domains of the study area (e .g., Wodicka 1994, Rivers 1 997). At the 

same time a marginal back-arc setting is proposed for the Elzevier terrane in the Central 

Metasedimentary Belt 

5. 5. 2 Grenvillian tectonic evolution 

Elzevirian. The Grenvillian orogenic cycle is generally interpreted to have started 

with the closure of a back-arc basin in the Central Metasedimentary Belt and its 

subsequent accretion to the Laurentian craton (e.g., Windley 1986, McLelland et al. 1988, 

Gower et al. 1990, Hanmer and McEachern 1992, McEachern and van Breemen 1993 ), 

which is tenned the 'Elzevirian orogeny' after Moore and Thompson (1980). High-grade 

metamorphism from 1250 to 1190 Ma is known from the southern Central 

Metasedimentary Belt (e.g., Easton 1992), and from 1190-1160 Main the Adirondack 

Highlands (e.g ., McLelland et al.1997) . 

However, geochronological data from the study area and other areas in the 

footwall of the Central Metasedimentary Belt do not indicate any tectono-metamorphic 

event within the Central Gneiss Belt during or shortly after the Elzevirian stage at ca. 1190 

to 1160 Ma. The only areas in the Central Gneiss Belt reflecting high-grade 

metamorphism shortly after ca. 1 190 Ma are the allochthonous Parry Sound domain, and 
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the poorly known Opeongo domain east of the study area (e.g ., van Breemen et al. 1986, 

Tuccillo et al. 1992, Mezger et al. 1993, Wodicka 1994, Carr and Berman 1997). 

Geochronologic, metamorphic and structural data, however, indicate that the 1160 Ma 

high-grade metamorphism and deformation in the Parry Sound domain happened at a 

different location somewhere to the southeast, probably in the Central Metasedimentary 

Belt (Fig. 5 . 1c~ e.g., Cutshaw et al. 1994, Wodicka et al. 1996~ Cutshaw et al. 1997). The 

Parry Sound domain and underlying allochthonous rocks were transported into their 

present position between 1120 and 1080 Ma (Fig. 5.1 d~ Wodicka et. al. 1996~ Culshaw et 

al . 1997). Similarly, early Grenvillian tectonism and resulting metamorphism in the 

Opeongo· domain could have happened somewhere to the southeast of its current location. 

The above evidence suggests that the Elzevirian event only affected rocks southeast of the 

Central Metasedimentary Belt boundary thrust zone. 

Main Grenvillian event. The main Grenvillian orogeny is generally assumed to 

have been caused by the accretion of the Laurentian craton with a continent towards the 

southeast (e.g., Davidson 1994, Green et al. 1988, Rivers et al. 1989, Forsyth et al. 1994, 

Eaton et al. 1995, Rivers 1997), and subsequent imbrication of thrust sheets towards the 

northwest (e.g., Davidson et al. 1982). The increased crustal thickness caused strong 

ductile deformation and high-grade metamorphism of the Laurentian craton in the footwall 

of the accretionary zone. High-grade metamorphism is recorded in the Muskoka domain, 

the immediate footwall of the Central Metasedimentary belt boundary thrust zone from 

1079 Ma to 1063 Ma (chapter 4) . Thermal modeling predicts thermal relaxation after 

crustal thickening within 20 to 40 My (e.g., England and Thompson 1984), however 

within crusts enriched in radioactive heat-producing elements, a thermal response can be 

expected within 10-15 My (Jamieson et al. 1998) . Therefore, the geochronological data of 

this study, linked with field observations and petrology, are interpreted to reflect 
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Fig. 5.1. Schematic cross-section showing tectonic evolution of the study area. a,b) late 
Paleoproterozoic to mid-Proterozoic (modified after Dickin and McNutt 1990). c,d,e) 
Grenvillian tectonic evolution (modified after Culshaw et al. 1997 and Wodicka 1994). B 
= parauthochthon, Georgian Bay~ AD = Algonquin domain~ rviD = Muskoka domain and 
Kawagama zone; PS = Parry Sound domain ; 0 = Opeongo domain; CGB = Central 
Gneiss Belt~ C:MB = Central Metasedimentary Belt~ CI\1Bbtz = Central Metasedimentary 
Belt boundary thrust zone. Discussion in text . 
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Grenvillian high-grade metamorphism as a result of accretion of the Central 

Metasedimentary Belt onto the Central Gneiss Belt during the 'Ottawan' orogeny (Moore 

and Thompson 1980) shortly before or at 1080 Ma (Fig. 5.1 d). In the model illustrated in 

Fig. 5. I d, the accretion involved overthrusting of the Parry Sound domain into its present 

position (e.g., Wodicka 1994, Wodicka et al. 1994, Cutshaw et al. 1997). Similarly, rocks 

in the present Central Gneiss Belt that reflect the earlier Elzevirian event, possibly the 

Opeongo domain, could have been transported into their present position at that time from 

a location somewhere to the southeast where the Elzevirian orogeny actually happened. 

The model further suggests that the straight and porphyroclastic gneisses of the Central 

Metasedimentary Belt boundary thrust zone from the study area were part of the pre

Grenvillian Laurentian margin, and represent the highly sheared top of the Muskoka 

domain. This suggestion is made on the basis of field evidence (chapter 2) and on 

syntectonic pegmatite ages in this area from 1080 to 1060 Ma. Older 1190 to 1170 Ma 

Ma syntectonic pegmatites in the Central Metasedimentary Belt boundary thrust zone 

occur further east of the study area within lithologically different rock packages (Hanmer 

and McEachern 1992, Burr and Carr 1994). 

However, there is no widespread Ottawan tectono-metamorphic event recorded in 

the Central Metasedimentary Belt. Based on thermal-mechanical models of convergent 

orogens (Beaumont et al. 1994 ), this was previously interpreted to reflE : concentration of 

deformation in the high strain zones at the margins of the orogen (Timmermann et al . 

1997). Tectonism would thus only be recorded within the Central Metasedimentary Belt 

boundary thrust zone, but not in the entire Central Metasedimentary Belt. 

Normal northward propagation. In conclusion, the earlier Elzevirian 

tectonometamorphic event was confined to the southern parts of the Grenville orogen, 

namely the Central Metasedimentary Belt and the Adirondacks. In addition, this study 
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proposes the accretion of the Central Metasedimentary Belt onto the Central Gneiss Belt 

at or shortly before 1080 Ma (chapter 4, above) . Finally, a late Grenvillian phase of 

tectonism is recorded at 1000-980 Ma in the Grenville Front Tectonic Zone (Fig. 5.1 e~ 

e.g., Haggart et al. 1993, Mezger et al. 1993, Krogh 1989, 1 994). This sequence of 

thrusting and metamorphism is in accordance with the normal northward propagation of 

the orogen into its foreland, as proposed previously by Haggart et al. (1993 ), Jamieson et 

al. (1995), and Culshaw et al. (1997) . 

In contrast, the break-back thrusting model for the eastern Grenville Province of 

Ontario proposed by Nadeau and Hanmer ( 1992) is inconsistent with currently available 

data . Firstly, the break-back model envisions the accretion of the Central Metasedimentary 

Belt to the Central Gneiss Belt at ca. 1190 Ma, the age of the oldest syntectonic 

pegmatites. As discussed above, this is not true for the study area, where accretion is 

reflected by high-grade metamorphism at < 1 080 Ma in the footwall of the Central 

Metasedimentary Belt boundary thrust zone. In the break-back model, thrusting is 

proposed to young from the northwest, the foreland of the orogen, to the southeast, the 

interior of the orogen, using the 1160 Ma deformation age in the Parry Sound domain as 

major evidence. However, as discussed above, this did not occur at its present position but 

somewhere to the southeast~ the Parry Sound domain was not transported into its present 

position before ca. 1120 Ma. This leaves two syntectonic pegmatite ages around 11 00 Ma, 

interpreted to reflect thrusting ages from the basal Moon River and Seguin domains (van 

Breemen and Davidson 1990, Nadeau 1990). Given the wealth of <1 080 Ma metamorphic 

and thrusting ages in this part of the Central Gneiss Belt, the significance of these ages is 

yet unclear. Alternatively, the initiation of overthrusting of the Parry Sound domain at 

approximately that time could have affected the lower structural boundaries of these 

domains . 
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5. 5. 3 Late Grenvillian extension 

Extensional fabrics penetratively overprint and locally obliterate earlier thrust

related fabrics, which is interpreted to indicate later extension under amphibolite facies 

conditions along reactivated thrust structures (chapter 2). However, extension is not only 

associated with the bounding shear zones but also internal shear zones, especially within 

the McClintock assemblage and Muskoka domain. Field evidence suggests that the latter 

ones may have resulted from extension only. 

Regional upright transverse folds in the Georgian Bay area were proposed to result 

from ductile extensional flow (e.g., Culshaw et al. 1994, 1997). Regional-scale, transverse, 

but reclined folds are suggested in the McClintock assemblage and possibly also the 

Birkendale- and Kawagama assemblage (chapter 2). These, however, differ in style from 

those along Georgian Bay. In contrast, the transverse Moon River and Seguin synforms 

have been previously associated with the transverse folds along Georgian Bay, and thus 

may also have formed by extension (e.g., Culshaw et al. 1983, 1997). The transverse folds 

in the Georgian Bay area are associated with a large component of 'pure shear' during 

extensional flow in and extremely weak lower crust, which is reflected in the Shawanaga 

shear zone (Cui shaw et al. 1997). An important component of pure shear is also proposed 

in the Algonquin domain to have produced extremely flattened S-tectonites. 

Extensional kinematic indicators in the study area are both concordant and 

discordant. This could be interpreted in terms of early homogeneous extension that 

progressively changes with cooling to heterogeneous deformation, giving rise to the later 

discordant shear zones. No data on the timing of the extensional fabrics are available for 

the study area. However, discordant extensional pegmatites from the Huntsville 

subdomain have a U-Pb zircon age of 1039 +
4

/_2 Ma (Nadeau 1990). 
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Extension parallel to earlier thrust-related structures is documented in the Central 

Metasedimentary Belt boundary thrust zone and the Central Metasedimentary Belt (e.g., 

Culshaw 1983, Carlson et al. 1990). Here, sphene ages from 1046 to 1032 Ma have been 

attributed to syn-orogenic collapse (Mezger et al. 1991 ). In addition, later Grenvillian 

extension has been suggested in several studies from Georgian Bay (e.g., Cutshaw et al. 

1994, Ketchum 1995, Ketchum et al. in press), with extension in the Shawanaga shear 

zone from ca. 1030 - 1020 Ma (Ketchum 1995). Extension in both the Algonquin domain 

and along Georgian Bay post-dated the peak of Grenvillian high-grade metamorphism for 

at least 30 My. This has been interpreted to reflect thermally activated extension following 

weakening of the lower crust (e.g., Dewey 1988, England and Houseman 1989, 

Malavieille 1993) in combination with a decreasing rate of convergence (e. g., Willett 

1993, Ketchum 1995, Culshaw et al. 1997, Ketchum et al. in press) . 

In the absence of direct determination of the age of extension in the Muskoka 

domain, the time span from ca. 1 040 to 1 020 Ma for extension in the southwestern 

Central Gneiss Belt is also suggested to apply in the study area (Fig. 5.1e). 

5. 5. 4 P-T-t paths and cooling 

The P-T conditions determined for the gneisses of the study area are interpreted to 

represent only Grenvillian age peak-metamorphic and retrograde conditions (chapter 3). 

Peak-metamorphic conditions of 10.25-11.2 kbar and 750-850 oc in the Muskoka 

domain (Fig. 5 .2, A) were derived from mafic, mostly granulite facies enclaves that 

include members of the 1170-1150 Ma coronitic metagabbro suite, and are thus 

interpreted to have formed during Grenvillian high-grade metamorphism. Both zircon and 

titanite growth ages in the Muskoka domain indicate that peak metamorphic conditions 

lasted at least 15 ~1y, from 1079 to ~1063 Ma (Fig. 5.3.a) . 
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Data from titanite reflects cooling through ca. 600°C at ca. 1 044 Ma (chapter 4 ), 

however, cooling then delayed for at least another 40 to 50 My (Fig. 5 .3a), which has 

been attributed to either extreme crustal thickness, additional mantle heat, sedimentary 

basins or renewed crustal thickening during late stage thrusting in the Grenville Front 

Tectonic Zone (e.g., Reynolds et al . 1995, Culshaw et al . 1997). Local allanite and titanite 

growth from 1015 to 987 Ma (e.g., Fig. 5.3a), interpreted to result from late fluid influx 

(chapter 4), is coeval with late stage thrusting in the Grenville Front Tectonic Zone. 

40 Arl9 Ar hornblende ages (Tc -480 °C, Harrison 1981) that range from 948 ± 8 

Ma and 1001 ± 9 Ma in the Muskoka domain (Cosca et al. 1991, Gesner 1997) could 

reflect protracted extensional unroofing of the Central Metasedimentary Belt boundary 

thrust zone. K-feldspar ages (Tc-350 °C) indicate slow cooling from ca. 500 to 350 oc 
from 0.1 to 2.4 °C!My in the Muskoka domain compared to 0.2 to 5.3°C!My in the 

McClintock assemblage (Gesner 1997). The slower cooling rate in the Muskoka domain 

was interpreted to reflect differential unroofing between the McClintock subdomain and 

the Muskoka domain between -970 Ma and -900 Ma, possibly somewhere along the 

Kawagama zone (Gesner 1997). Similar 40 Arl9 Ar hornblende age patterns in the Central 

Metasedimentary Belt were interpreted to reflect a metamorphic core complex (Cosca et 

al. 1995), in which the footwall experiences significant rotation after removal of the 

overlying crust (e.g., Spencer 1984, Wernicke and Axen 1988). 

Coronitic metagabbros in the Kawagama zone experienced the same peak-

metamorphic conditions as the ones in the Muskoka domain (Fig. 5.2, B). Felsic gneisses 

recording early retrogression indicate initial isothermal decompression, which is consistent 

with evidence for extension in the Kawagama zone. Except for an 40 ArP9 Ar hornblende 

age of 991 ± 6 Ma (Gesner 1997), no age determinations exist for the Kawagama zone ~ 
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Fig. 5.2. P-T -t paths for the domains and gneiss assemblages in the study area. 
Alumosilicate transitions after Holdaway (1971). Tc of titanite= 600 ± 25 °C (Heaman 
and Parrish 1991 ). P-T -t paths: A= Muskoka domain, B = Kawagama zone, C = 

McClintock assemblage, D = Birkendale assemblage, E = Southern Huntsville assemblage. 
Discussion in text . 



however, Grenvillian processes are suggested to have a similar age to the ones in the 

Muskoka domain . 

343 

The structurally underlying McClintock assemblage records peak P-T conditions 

of ca. 1 0 kbar and 820 oc with pressures that are slightly lower than in the Muskoka 

domain. These peak-P-T conditions are derived from recrystallised mafic granulites that 

not only exhibit an equigranular, polygonal texture, but also homogeneous mineral 

compositions and no zonation. These granulites are interpreted to have equilibrated during 

Grenvillian high-grade metamorphism, and thus the peak P-T conditions are interpreted to 

be of Grenvillian age. The retrograde path shows initial isothermal decompression that is 

later accompanied by slight cooling (Fig. 5.2) . As a whole, the retrograde P-T path is 

characterised by decompression from 10 to 7.2 kbar that was accompanied by slight 

cooling from 820 to ca. 700°C. The monazite lower intercept age of 1041 +
55 

/.61 Main this 

study indicates cooling to 750-700°C at that time (Fig. 5.3.b), although the age has a 

moderately high error. Monazite ages of 1074 ± 2 Ma were interpreted as cooling ages in 

the adjacent Opeongo domain (Mezger et al. 1993 ), however, these may also reflect 

growth ofmonazite (e.g., Hawkins et al. 1996, Spear and Parrish 1996). Later cooling 

from hornblende closure temperatures ( -500°C) to K-feldspar closure temperatures ( -350 

°C) at 995 ± 9 Ma to 890 ± 8 Ma was faster than in the Muskoka domain (Gesner 1997; 

Fig. 5.3.b). 

The P-T -t path for the McClintock assemblage (Fig. 5 .2, path C) suggests 

Grenvillian (near) isothermal decompression accompanied by slight cooling. Isothermal 

decompression paths usually reflect thickened orogenic crust that is exhumed by syn

orogenic erosion or tectonic denudation (e.g., England and Richardson 1977, England and 

Thompson 1984, Thompson and England 1984, Jamieson and Beaumont 1989). In the 

study area, thrusting and high-grade metamorphism were interpreted as a result of 



Grenvillian crustal thickening. Later extension is widespread in the study area and 

penetratively overprinted the early thrust-related structures (chapter 2). Thus, the field 

observations are consistent with the resulting decompressional P-T -t path. 
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Although the gneisses of the Birkendale assemblage yield similar peak

metamorphic conditions (830°C at 10 kbar), that are interpreted to reflect Grenvillian 

high-grade metamorphism, the retrograde P-T path (Fig. 5.2, path D) initially displays 

isobaric cooling before turning into a near-isothermal decompression path. As discussed in 

chapter 3. 7, the apparent initial isobaric cooling of these gneisses is probably spurious due 

to decoupled retrograde exchange and net transfer reactions (e.g ., Frost and Chacko 1987, 

Harley 1989, Spear and Florence 1991 ). The decoupling of net transfer and exchange 

reactions is favoured by slow cooling (e.g., Pattison & Begin 1994 ). Geochronological 

data are lacking for the Birkendale assemblage, however, Grenvillian peak-metamorphism 

and later extension are interpreted as temporally similar to the over- and underlying gneiss 

assemblages. 

Peak-metamorphic conditions with 11.7 to 12.3 kbar and 830 to 910 oc in the 

Southern Huntsville assemblage exceeded those of the other examined gneiss 

assemblages and domains. As these conditions were in part derived from a member of the 

1170 Ma coronitic metagabbro suite, the P-T data are interpreted to reflect Grenvillian 

peak-metamorphic conditions in the Southern Huntsville assemblage. Grenvillian 

metamorphism in the Algonquin domain was dated at 1074- 1018 Ma (van Breemen et al. 

1986, van Breemen and Davidson 1990, Nadeau 1990, Mezger et al. 1993), which is 

consistent with the ages for high-grade metamorphism in the Muskoka domain . Monazite 

ages of ca. 1068 Ma were interpreted by Nadeau (1990) to reflect cooling through 700°C, 

although recent studies - proposing much higher closure temperatures for monazite of> 

750°C - (e.g ., Hawkins at al . 1996, Lanzarotti and Hanson 1996, Spear and Parrish 1996) 
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Fig. 5.3. a) T -t diagram for the Muskoka domain. Grenvillian peak metamorphism and 
associated zircon and titanite gro'Wth lasted from 1079 -1063 Ma, i.e., for at least 15 My. 
1048-1044 Ma titanite ages are interpreted to reflect cooling at 600 ± 25 oc (Heaman and 
Parrish 1991 ), although closure temperatures for titanite are currently only poorly 
constrained. The relatively rapid cooling is contemporaneous with beginning extension in 
the Central Metasedimentary Belt and the Central Gneiss Belt . Local allanite and titanite 
gro'Wth happened at 1015-993 Ma and 1004-987 Ma, respectively, and is coeval to late 
stage thrusting in the Grenville Front Tectonic Zone. Contemporaneous hornblende 
grov.1h starting at 1001-948 Ma is followed by slow cooling to ca 3 50 oc (Tc of K
feldspar) until 821-807 Ma (Hbl and Kfs data from Gesner 1997 and Cosca et a. 1991 ). 
Further discussion in text . 
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Fig. 5.3. b) T -t diagram for the Algonquin domain. The timing of Grenvillian peak 
metamorphism is poorly constrained with zircon ages from 1080-1030 Ma and monazite 
ages from 1068-1041 Ma (references in chapter 4, this study). The youngest zircon and 
monazite ages are contemporaneous with extension in the Algonquin domain. Hornblende 
growth at ca. 1000 Ma is followed by slow cooling to ca. 350 oc (Tc ofK-feldspar) until 
ca. 900 Ma (Hbl and Kfs data from Gesner 1997 and Cosca et a. 1991 ), that is faster than 
cooling in the Muskoka domain. Further discussion in text. 
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show that these ages may also reflect growth of monazite. However, supporting Nadeau's 

( 1990) interpretation are monazite ages of 1063 Ma, that postdated I 080 Ma 

metamorphic zircon growth within the same syn-tectonic pegmatite. Thus, the 1 063 ± 3 

Ma monazite age ofNadeau (1990) is interpreted to reflect fairly rapid cooling (Fig. 5.3b) 

during decompression from 830 to 910 °C to -700 to 750°C in the Southern Huntsville 

assemblage. This contrasts with the slow cooling proposed by Nadeau (I990) in the 

interval > 1100 Ma to 1067 Ma, and the assumption that rocks in the Central Gneiss Belt 

were buried after reaching peak metamorphic conditions prior to 1I70 Ma. As discussed 

above, accretion of the Central Metasedimentary Belt onto the Central Gneiss Belt shortly 

before 1 080 Ma initiated high-grade metamorphism at ca. I 080 Ma, which is inconsistent 

with the time frame suggested by Nadeau (1990). 

The P-T -t paths suggested for the study area are consistent with the ones 

determined previously for this area (e.g., Anovitz and Essene 1990), showing 

decompression accompanied by slight cooling. Anovitz and Essene ( 1990) did not 

distinguish between pre-Grenvillian and Grenvillian assemblages. Thus their samples must 

have all been equilibrated during the Grenvillian metamorphic event, or pre-Grenvillian 

metamorphic conditions must have been similar to the Grenvillian ones. 

Isothermal decompression paths have also been established for several other 

domains in the Central Gneiss Belt, for example for the parautochthon at Georgian Bay 

(e.g. Jamiesqn et al. 1995, Ketchum et al. 1994, Anovitz & Essene 1990)~ these were 

interpreted to reflect crustal thickening and rapid exhumation. 

5. 5. 5 Himalayas a ntodern analogue to the Grenville orogen? 

The mid-Proterozoic Grenville orogen in eastern Canada is often compared with 

large modem collisional orogens such as the Himalayas (e.g., Dewey and Burke 1973, 
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Irving et al. 1974, Windley 1986, van der Pluijm and Carlson 1989, Jamieson et al. 1992, 

Wodicka 1994, Rivers 1994). 

The Grenvillian orogeny was initiated by the convergence and accretion of 

composite arcs within the Central Gneiss Belt (Elzevirian orogeny). However, the study 

area to the northwest was only affected by the accretion of the Central Metasedimentary 

Belt onto the Central Gneiss Belt shortly before 1080 Ma during the Ottawan orogeny. 

Crustal thickening was immediately followed by high-grade metamorphism and associated 

partial melting, which led to the weakening of the lower crust (e.g., Culshaw et al. 1997). 

This and the decrease in convergence enhanced tectonic collapse within approximately 20 

to 30 My after crustal thickening (e.g., Nadeau 1990, Ketchum 1995, Ketchum et al. in 

press), before the latest stage of thrusting from ca. 1 000 to 980 Ma in the northern part of 

the orogen, in the Grenville Front Tectonic Zone. This sequence was proposed by workers 

(e.g., Jamieson et al. 1992, 1995, Culshaw et al. 1997) to reflect a normal progression of 

crustal thickening from the interior into the foreland of the orogen, which is supported by 

the data of this study. 

In comparison, the young Himalayan mountain belt formed as a result of collision 

and southward subduction of the Indian plate under Asia at ca. 45 Ma (e.g., Burchfiel and 

Royden 1985). Southward overthrusting is bound by the Main Boundary thrust, which is 

generally accepted as the equivalent of the Grenville Front Tectonic Zone (e.g., Rivers 

1994 ). While convergence continued in the lower structural levels, gravitational collapse 

led to low angle normal faulting and dextral strike-slip along and structurally above the 

South Tibetan detachment system around 20 Ma (STDS; e.g., Pecher et al. 1991, 

Burchfiel and Royden 1985, Burchfiel et al. 1992, Gapais et al. 1992, Hodges et al. 1992). 

Melting and subsequent leucogranite emplacement is generally interpreted as the result of 

decompression caused by extension (e .g., Scaillet et al. 1995, Guillot et al. 1994, Inger 
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1994, Winslow et al. 1994 ). However, Burchfiel et al. (1992) suggested that melting in the 

hanging wall triggered extensional collapse, which is supported by a layer of partially 

molten middle crust beneath southern Tibet (e.g., Nelson et al. 1996). 

In comparison of the mid-Proterozoic Grenville Province and the Mesozoic to 

recent Himalayas, both orogens reflect a normal, in-sequence- propagation of crustal 

thickening into the foreland. Similarly, late orogenic extension is contemporaneous with 

convergence, in both orogenic belts initiated ca. 20 to 30 My after the collision. Orogen

parallel extension by spreading of the hot basement, as proposed for the Himalayas (e.g., 

Gapais et al. 1992), was also suggested to have happened in the Parry Sound domain 

(Wodicka 1994). The rest of the Central Gneiss Belt generally records southeast-directed 

extension along the same structures formed by the earlier thrusting. The timing of the 

onset of melting, however, may have differed. Melting in the Himalayas is generally 

interpreted as a consequence of extension, although some workers proposed that melting 

enhanced extension along the STDS (e.g., Burchfiel et al. 1992). Within the Grenville 

Province, partial melting was the immediate response after crustal thickening, which 

influenced the tectonic style and subsequent orogenic collapse (e.g., Culshaw et al. 1997). 

However, a resolution to the different effects in both orogens is beyond the scope of this 

study. In conclusion, the similar tectonic styles of the Grenville orogen and the Himalayas 

are interpreted to mean that similar tectonic processes operated since at least the mid

Proterozoic (e.g., Jamieson et al. 1992, Wodicka 1994, Rivers 1994). 

5. 6 Conclusions 

( 1) The pre-Grenvillian tectonic evolution in the southwestern Grenville Province of 

Ontario involved northwestward subduction beneath the southern Laurentian margin 

Juvenile Laurentian crust at that time included the granodioritic to granitic orthogneisses 
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ofthe Muskoka domain that crystallised between 1457 Ma and 1394 Ma and their distal 

equivalents in the Algonquin domain. 

(2) The accretionary event (Pinwarian orogeny) at ca. 1.45 Ga involved high-grade 

granulite facies metamorphism at ca. 1430 to 1420 Main the Algonquin domain and in the 

western Muskoka domain. 

(3) Except for the crystallisation of ca. 1170 Ma coronitic metagabbros, no Elzevirian 

tectonic or metamorphic events are recorded in the footwall of the Central 

Metasedimentary Belt boundary thrust zone in the study area, indicating that a tectono

metamophic overprint was only experienced by the rocks to the south of the study area. 

( 4) Grenvillian high-grade metamorphism in the study area from I 079 to I 063 Ma resulted 

in both granulite facies assemblages and amphibolite facies assemblages and anatexis . 

These data are interpreted to reflect the accretion of the Central Metasedimentary Belt 

onto the Central Gneiss Belt shortly before I 080 Ma. 

(5) Late Grenvillian extension in the study area is interpreted to have happened at 

approximately the same time as extension in other areas of the Central Gneiss Belt in the 

range of ca. 1040 to I 020 Ma, predating late-stage thrusting in the Grenville Front 

Tectonic Zone. 

(6) Near isothermal decompression P-T -t paths from the study area are consistent with 

field evidence reflecting continental thickening and later extension along reactivated thrust 

structures. Initial fairly rapid cooling contrasts with previously proposed models of slow 

cooling from peak metamorphic conditions for the Algonquin domain. 

(7) The tectonic evolution in the study area is consistent with the previously proposed 

normal northward propagation of the orogen into its foreland . This and the 

contemporaneous extension within the orogen during the later stages of the Grenvillian 
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orogeny suggests that tectonic processes during the mid-Proterozoic operated similarly to 

those in modem collisional orogens such as the Himalayas. 



APPENDIX A 

Abbreviations used in text and diagrams 

Table Al. Mineral abbreviations (mainly after Kretz 1983) 

Ab albite Grt garnet 

Adr andradite Hbl hornblende 

Aln allanite Hd hedenbergite 

Aim almandine Kfs K-feldspar 

Alt alteration product Ky kyanite 

Am ph amphibole Mnz monazite 

An anorthite Ms muscovite 

And andalusite 01 olivine 

Ann annite Op opaque minerals 

Ap apatite Opx orthopyroxene 

Bt biotite Or orthoclase 

Cal calcite Parg pargasite 

Carb carbonate Phi phlogopite 

Chi chlorite PI plagioclase 

Chn chondrodite Prp pyrope 

Cpx clinopyroxene Px pyroxene 

Crd cordierite Qtz quartz 

Cum cummingtonite Rt rutile 

Di diopside Scp scapolite 

En orthoenstatite Set sericite 

Ep epidote Sil sillimanite 

Fa fayalite sps spessartine 

FePa ferropargasite Spl spinel 

Fo forsterite Srp serpentine 

Fs ferrosilite Stp stilpnomelane 

Fsp feldspar Ttn titanite 

Ged gedrite Uri uralite 

Gr graphite Zrn ztrcon 

Grs grossular 

352 
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Table A2. Other abbreviations 

A 

B 

BA 

CGB 

C:MB 

C:MBbtz 

GFTZ 

H 

K 

KZ 

MCl 

MCr 

MD 

MR 

N 

0 

PS 

R 

s 
SH 

SHA 

T 

Ahmic domain 

Britt domain 

Birkendale assemblage 

Central Gneiss Belt 

Central Metasedimentary Belt 

Central Metasedimentary Belt boundary thrust zone 

Grenville Front Tectonic Zone 

Huntsville subdomain 

Kiosk subdomain 

Kawagama zone 

McClintock assemblage 

McCraney subdomain 

Muskoka domain 

Moon River subdomain 

Navar subdomain 

Opeongo domain 

Parry Sound domain 

Rosseau domain 

Seguin domain 

Shawanaga domain 

Southern Huntsville assemblage 

Tomiko domain 



APPENDIX B 

Mineral compositions used in thermobarometry 

Table headings: 

Sample = sample location is shown in Fig. 3. 12 

Analysis number refers to probe spot where analysis was obtained 

Location = matrix: matrix phase · 

nm: analysis at rim of mineral 

nm. op: rimming opaque mineral 

core: analysis in core of mineral 

recryst.: recrystallised 

porph.: porphyroblast 

exs. Cpx: exsolution lamellae in Cpx 

repl.: replacing mineral 

1n: inclusion 

Domain = abbreviations as in appendix A 
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Table Bl. Gamet compositions used in thermobarometry. Formulae 355 
calculated on the basis of 12 oxygens. 

Sample 77-4 77-G 150h-2 42a-l 144a-2 144a-2 156h-2 88c-4 
Analysis 24 12 45 94 8 29 48 41 
Location nm near nm 
Domain MD MD MD MD MD MD MD KZ 

Si02 38.62 38.58 38.23 38 .53 38 .49 38.16 38.30 38 .15 

Al203 21.24 21 .10 20.97 21 .29 21 .95 22.06 21.63 21 .34 

FeO 27.45 27.26 29.23 26.96 26.93 26.87 27.79 27.48 

MnO 1.15 1.48 1.18 1.52 1.78 1.48 0.78 1.05 

MgO 5.47 5.59 4.15 5.14 5.83 5.95 5.42 5.29 

CaO 6.67 6.91 6.87 6.47 6.51 6.33 6.69 6.44 

Na20 0.15 0.13 0.25 0.15 0.25 0.04 0.14 0.16 

Total 100.75 101.04 100.88 100.05 101.73 100.89 100.74 99.91 

FeOcalc · 26.12 25 .31 27.24 26.48 24.45 25 .34 26.25 26.23 

F e20 3calc 1. 48 2.17 2.20 0.53 2.76 1.70 1.72 1.39 

Si 3.00 2.98 2.99 3.01 2.95 2.95 2.97 2.99 

AI 1.94 1.92 1.93 1.96 1.98 2.01 1.98 1.97 

Fe3• 0.09 0.13 0.13 0.03 0.16 0.10 0.10 0.08 

Fe2• 1.69 1.64 1.78 1.73 1.57 1.64 1.70 1.72 

Mg 0.63 0.64 0.48 0.60 0.67 0.69 0.63 0.62 

Mn 0.08 0.10 0.08 0.10 0.12 0.10 0.05 0.07 

Ca 0.55 0.57 0.58 0.54 0.53 0.52 0.56 0.54 

Na 0.02 0.02 0.04 0.02 0.04 0.01 0.02 0.02 

Sum 8 8 8 8 8 8 8 8 

Aim 57.32 55.48 61.03 58.23 54.34 55 .63 57 .99 58 .32 

Adr 4.39 6.42 6.66 1.56 8.27 5.04 5.13 4.16 

Grs 14.36 12.98 13.07 16.67 10.28 12.76 13 .81 14.17 

Prp 21.39 21.83 16.56 20.16 23 .09 23 .27 21 .33 20 .98 

Sps 2.55 3.30 2.68 3.38 4.0 l 3.30 1.75 2.37 

Xc.,Grt 0.19 0.19 0.20 0.18 0.19 0.18 0.19 0.18 

XFeGrt 0.57 0.56 0.61 0.58 0.54 0.56 0.58 0 .58 

XMgGrt 0.21 0.22 0.17 0.20 0.23 0.23 0.21 0.21 

Fe M~Grt 2.68 2.54 3.69 2.89 2.35 2.39 2.72 2.78 



Table Bl. continued 356 

Sample l96g-a 64b-4 186f-G2 186f-G 1 186f-G 1 25-7 64b-8 43-4 
Analysis 23 110 34 7 18 3 46 11 
Location core core core small near run core 
Domain KZ MCL MCL MCL MCL MCL MCL MCL 

Si02 37.20 38.29 38 .04 37.10 37.38 38 .38 37.73 37.79 

AJ203 20.51 21 .79 21 .12 20 .88 20.98 21.37 21.10 20 .88 

FeO 29.30 31 .79 32 .09 30.81 30.59 28.60 29.94 27 .05 

MnO 4.67 0.68 1.20 2.20 1.91 1.40 1.61 2.36 

MgO 0.90 6.99 5.68 2.29 2.52 3.62 3.32 4 .28 

CaO 7.40 1.31 2.71 7.31 7.89 7.13 6.72 7.24 

Na20 0.27 0.30 0 .10 0.20 0.16 0.16 0 .15 

Total 99 .98 101.13 101.14 100.80 I 01.57 100.66 100.58 99 .74 

FeOcalc 27.84 29.78 29.39 28.42 27 .39 28.23 28 .30 25 .29 

Fe20 3calc 1.63 2.23 3.00 2.66 3.55 0.41 1.83 1.95 

Si 3.00 2.96 2.96 2.94 2.93 3.01 2.98 2.98 

AJ 1.95 1.99 1.94 1.95 1.94 1.97 1.96 1.94 

Fe3+ 0.10 0.13 0.18 0.16 0.21 0.02 0.11 0 .12 

F~+ 1.88 1.93 1.91 1.89 1.80 1.85 1.87 1.67 

Mg 0.11 0.81 0 66 0 .27 0.30 0.42 0.39 0.50 

Mn 0.32 0.05 0.08 0.15 0 .13 0.09 0.11 0 .16 

Ca 0.64 0.11 0.23 0 .62 0 .66 0.60 0.57 0 .61 

Na 0.00 0.04 0.05 0 .02 0.03 0.02 0.02 0.02 

Sum 8 8 8 8 8 8 8 8 

Alm 63.77 66.77 66 .50 64 .47 62.35 62.39 63 .65 56.74 

Adr 5.03 3.77 7.84 8.13 10.92 1.23 5.56 5.90 

Grs 16.69 0.00 0.00 13.10 12.10 18.97 13.81 14 .91 

Prp 3.68 27.92 22 .91 9.25 10.24 14 .27 13 .32 17.10 

Sps 10.84 1.54 2.75 5.05 4 .40 3.14 3.66 5.36 

XcaGrt 0.22 0 .04 0.08 0 .21 0 .23 0.20 0 .19 0.21 

XFeGrt 0.64 0 .67 0.67 0.65 0.62 0.62 0 .64 0 .57 

XMgGrt 0.04 0.28 0.23 0 .09 0 .10 0.14 0.13 0.17 

Fe MgGrt 17.41 2.39 2 90 6 98 6 09 4.38 4 .77 3 32 



Table 81. continued 357 

Sample 43-4 16-4 16-4 17d-1 17d-l 15-2 17-1 98b-l 
Analysis 26 2 3 23 46 71 1 31 
Location nm recryst . recryst . 
Domain MCL BA BA BA BA BA BA SHA 

Si02 37.54 38.30 38 .39 39.28 38 .70 38 .38 38.03 37 .91 

Al 20 3 20.62 21 .19 21.15 21 .98 21 .77 21 .46 21.24 21 .61 

FeO 26.81 33 .17 32.56 26.45 28.53 28.88 29.38 33 .15 

MnO 2.25 1.07 0.86 1.46 1.44 0.99 1.80 3.56 

MgO 4 .24 5.13 4.54 9.98 8.58 4.81 3.88 3.65 

CaO 7.76 2.11 2.43 1.34 1.14 6.32 6.22 1.61 

Na20 0.11 0.05 0.17 0.01 0.15 0.19 0.23 

Total 99.33 101.02 100.10 100.49 100.30 101.16 100.77 101.49 

Fe0ca1c 24.68 32 .72 32.56 26.02 27.47 27.55 27.79 31.49 

F~03calc 2.38 0.50 0.00 0.48 1.18 1.47 1.76 1.84 

Si 2.97 3.01 3.04 3.00 2.99 2.98 2.98 3.00 

AI 1.92 1.96 1.97 1.98 1.98 1.96 1.96 2.01 

Fe3+ 0.14 0.03 0.00 0 .03 0.07 0.09 0.10 0 .11 

Fe2 ... 1.64 2.15 2.16 1.66 1.77 1.79 1.82 2.08 

Mg 0.50 0.60 0.54 1.14 0.99 0.56 0.45 0.43 

Mn 0.15 0.07 0.06 0.09 0.09 0.07 0.12 0.24 

Ca 0 .66 0.18 0.21 0.11 0.09 0.53 0.52 0.14 

Na 0.02 0.01 0.03 0.00 0.02 0.03 0.04 0 .00 

Sum 8 8 8 8 8 8 8 8 

Aim 55.52 71.56 72 .94 45 .38 60.14 60.93 62 .45 72.12 

Adr 7.22 1.47 0.00 1.68 3.20 4.39 5.35 4 .72 

Grs 15.15 4.47 6.97 2.79 0.00 13 .51 12 .57 0 .00 

Prp 16.99 20.11 18.13 46.30 33.48 18 .96 15 .54 14.90 

Sps 5.13 2.38 1.95 3.85 3.18 2.22 4.09 8 26 

XcaGrt 0.22 0.06 0.07 0.04 0.03 0.18 0.18 0.05 

XFcGrt 0.56 0.72 0.73 0.55 0.60 0.61 0.63 0 .72 

XMgGrt 0 .17 0.20 0.18 0.38 0.34 0.19 0.16 0 .15 

Fe MgGrt 3.27 3.58 4.03 1.46 1.80 3.22 4.02 4.84 



Table B 1. continued 358 

Sample 1 OOd-1 12-5 12-5 12-5 12-5 
Analysis 43 3 37 38 
Location 
Domain SHA SHA SHA SHA SHA 

Si02 38.70 39.30 39.27 39.41 39.37 

Al203 21.67 21.99 21.99 22.15 21 .84 

FeO 25.42 23.36 23.67 22.17 22.39 
MnO 0.90 0.76 0.64 0.66 0.52 
MgO 6.86 9.55 9.31 10.21 10.01 
CaO 6.32 5.96 5.96 6.04 5.85 

Na20 0.17 0.25 0.30 0.37 0.22 

Total 100.05 101.17 101.14 101.01 I 00.21 

FeOcalc 24 .33 20.49 20.78 18.92 20.28 

Fe20 3calc 1.21 3.19 3.22 3.61 2.34 

Si 2.99 2.95 2.95 2.95 2.98 
AI 1.97 1.95 1.95 1.95 1.94 

Fe3+ 0.07 0.18 0.18 0.20 0.13 

Fe2+ 1.57 1.29 1.31 1.18 1' .28 

Mg 0.79 1.07 1.04 1.14 1.13 
Mn 0.06 0.05 0.04 0.04 0.03 
Ca 0.52 0.48 0.48 0.48 0.47 
Na 0.03 0.04 0.04 0.05 0 03 

Sum 8 8 8 8 8 

Aim 53.39 44.63 45.50 41.57 43.93 
Adr 3.58 9.36 9.51 10.72 6.85 
Grs 14.19 7.27 7.21 6.29 9.39 
Prp 26.83 37.06 36.36 39.97 38 .67 
Sps 2.01 1.68 1.43 1.46 1.15 

XuGrt 0.18 0.17 0.17 0.17 0.16 

XFeGrt 0.53 0.45 0.46 0.42 0.44 

XMgGrt 0.27 0.37 0.36 0.40 0.39 
Fe MgGrt 1. 99 1.21 1.25 104 114 



Table B2. Plagioclase compositions used in thermobarometry. 359 

Formulae calculated on the basis of 32 oxygens. 

Sample 194-Gl 194-G 1 194-G 1 194G-2 194G-2 194-G3 194-G3 194-G3 
Analysis 15 19 21 16 17 8 14 15 
Location core core nrn core core core 
Domain MD MD MD MD MD MD MD MD 

Si02 62.77 62.52 62.25 62.72 62.77 64.46 64.12 64.16 

Al 20 3 24.01 24.00 23.89 23.48 23.75 22.83 22.88 22.65 

FeO 0.19 0.14 0.12 0.00 0.00 0.04 0.20 0.05 
CaO 5.15 5.24 5.27 4.36 4.75 4.09 4.22 3.99 

Na20 8.71 8.70 8.48 8.99 8.77 9.51 9.38 9.19 

K20 0.38 0.40 0.28 0.18 0.35 0.10 0.34 0.41 

BaO 0.25 0.16 0.18 0.14 0.06 0.00 0.10 0.00 
Total 101.46 101.16 100.47 99.87 100.45 101.03 101.24 100.45 

Si 11.01 11.00 11.01 11.12 11.08 11.27 11.23 11 .29 
AI 4.96 4.97 4.98 4.90 4.94 4.70 4.72 4.69 

Fe2
+ 0.03 0.02 0.02 0.00 0.00 0.01 0.03 0.01 

Ba 0.02 0.01 0.01 0.01 0.00 0.00 0.01 0.00 
Ca 0.97 0.99 1.00 0.83 0.90 0.77 0.79 0.75 
Na 2.96 2.97 2.91 3.09 3.00 3.23 3.19 3.14 
K 0.09 0.09 0.06 0.04 0.08 0.02 0.08 0.09 
Ba 0.02 0.01 0.01 0.01 0.00 0.00 0.01 0.00 

Cations 20.05 20.05 19.99 20.00 20.00 19.99 20.04 19.97 
X 15.97 15.97 15.98 16.02 16.01 15 .97 15.95 15.98 
z 4.06 4.08 4.00 3.97 3.98 4.02 4.09 3.99 

Ab 73.80 73.40 73 .30 78.10 75.40 80.40 78.60 78.80 
An 24.10 24.40 25.10 20.90 22.60 19.10 19.50 18.90 
Or 2.10 2.20 1.60 1.00 2.00 0.50 1.90 2.30 



Table Bl. continued 360 

Sample 60-G2 60-G2 52b-l 60c-3 74-2 77-g 42a-l 70a-2 
Analysis 19 24 14 17 26 18 91 13 
Location recryst. core incl. 
Domain MD MD MD MD MD MD MD MD 

Si02 66.96 66.76 67.90 65.50 64.57 56.28 57.72 54.99 

Al20 3 20.79 20.78 20.65 21.54 23.21 27.52 27.10 28 .39 

FeO 0.00 0.00 0.00 0.00 0.05 0.06 0.32 0.00 
CaO 1.75 1.70 1.06 2.44 4.06 9.92 8.57 10.52 

Na20 9.71 10.07 11.01 9.45 9.30 5.84 6.41 5.33 

K20 0.13 0.10 0.18 0.18 0.20 0.18 0.30 0.00 

BaO 0.05 0.00 0.03 0.09 0.00 
Total 99.39 99.41 100.85 99.12 101.48 99.81 100.43 99.23 

Si 11.77 11.74 11.79 11 .58 11.25 10.14 10.31 9.96 
AI 4.30 4.30 4.22 4.49 4.76 5.84 5.70 6.06 

Fe2
+ 0.00 0.00 0.00 0.00 0.01 0.01 0.05 0.00 

Ba 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Ca 0.33 0.32 0.20 0.46 0.76 1.91 1.64 2.04 
Na 3.31 3.44 3.71 3.24 3.14 2.04 2.22 1.87 
K 0.03 0.02 0.04 0.04 0.04 0.04 0.07 0.00 
Ba 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 

Cations 19.75 19.83 19.97 19.81 19.97 19.98 19.98 19.93 
X 16.07 16.05 16.02 16.07 16.01 15.97 16.01 16.02 
z 3.67 3.78 3.95 3.74 3.96 4.01 3.98 3.91 

Ab 90.20 90.90 94.00 86.60 79.70 51.10 56.50 47.80 
An 9.00 8.50 5.00 12.30 19.20 47.90 41 .80 52 .20 
Or 0.80 0.60 1.00 1.10 1.10 1.10 1.80 0.00 



Table 82. continued 361 

Sample l44a-2 144a-2 l56h-2 88c-4 196g-a 186f-G2 l86f-G2 186f-G I 
Analysis 9 30 46 36 28 37 40 5 
Location recryst. porph. inGrt core 
Domain MD MD MD KZ KZ MCI MCI MCI 

Si02 56.72 57.08 59.10 58.20 64.38 59.12 60.21 59.78 

Al20 3 27.86 27.73 26.04 26.59 23 .73 25.95 24.79 25 07 

FeO 0.08 0.13 0.04 0.00 0.02 0.12 0.57 0.08 
CaO 9.21 9.08 7.60 8.12 4.42 7.88 6.63 6.88 
Na20 6.10 6.24 7.18 6.73 9.34 7.20 7.79 7.71 

K20 0.25 0.20 0.22 0.15 0.22 0.10 0.40 0.20 

BaO 0.08 0.22 
Total 100.23 100.46 100.19 99.78 102.19 100.45 100.39 99.94 

Si 10.16 10.19 10.53 10.42 11.15 10.52 10.73 10.69 
AI 5.87 5.83 5.47 5.61 4.84 5.44 5.20 5.28 
Fe2

+ 0.01 0.02 0.01 0.00 0.00 0.02 0.09 0.01 
Ba 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 
Ca 1.77 1.74 1.45 1.56 0.82 1.50 1.27 1.32 
Na 2.12 2.16 2.48 2.34 3.14 2.48 2.69 2.67 
K 0.06 0.05 0.05 0.03 0.05 0.02 0.09 0.05 
Ba 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 

Cations 19.99 19.99 19.99 19.95 20.02 20.01 20.06 20.04 
X 16.03 16.02 16.00 16.03 16.00 15 .96 15 .93 15.96 
z 3.96 3.96 3.99 3.93 4.02 4.05 4.13 4.06 

Ab 53.70 54.80 62.30 59.50 78.30 61.90 66.50 66.20 
An 44.80 44.10 36.40 39.70 20.50 37.50 31.30 32.70 
Or 1.40 1.20 1.30 0.90 1.20 0.60 2.20 1.20 



Table 82. continued 362 

Sample 186f-G 1 186f-G 1 25-7 64b-8 43-4 16-4 17d-1 17d-1 
Analysis 15 20 45 17 83 6 29 42 
Location core Grt bay next Qtz near Grt recryst. run 
Domain MCI MCI MCI MCI MCI BA BA BA 

Si02 59.30 60.47 58.33 59.65 54.74 63.16 64.46 64.03 

Ah03 25 .69 25 .21 26.02 25.59 29.25 24.22 22.27 22 .58 

FeO 0.09 0.05 0.20 0.00 0.12 0.00 0.05 0.06 
CaO 7.59 . 7.03 7.97 7.54 11.02 5.59 3.20 3.92 

Na20 7.16 7.92 6.92 7.16 5.06 7.88 9.81 9.11 

K20 0.37 0.13 0.22 0.22 0.30 0.23 0.36 0.31 

BaO 0.04 0.04 0.00 0.00 0.20 
Total 100.24 100.84 99.64 100.17 100.36 101.28 100.14 100.00 

Si 10.58 10.70 10.47 10.62 9.83 11.04 11.37 11.30 
AI 5.40 5.25 5.50 5.37 6 . .19 4.99 4.62 4.69 

Fe2
• 0.01 0.01 0.03 0.00 0.02 0.00 0.01 0.01 

Ba 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Ca 1.45 1.33 1.53 1.44 2.12 1.05 0.60 0.74 
Na 2.48 2.72 2.41 2.47 1.76 2.67 3.35 3.12 
K 0.08 0.03 0.05 0.05 0.07 0.05 0.08 0.07 
Ba 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 

Cations 20.00 20.04 20.00 19.95 19.98 19.83 20.04 19.94 
X 15.97 15.95 15.98 15 .99 16.02 16.03 15.99 16.00 
z 4.03 4.09 4.02 3.96 3.97 3.78 4.05 3.94 

Ab 61.70 66.60 60.30 62.40 44.60 70.90 83 .00 79.30 
An 36.20 32.70 38.40 36.30 53 .70 27.80 15.00 18.90 
Or 2.10 0.70 1.30 1.30 1.70 1.40 2.00 1.80 



Table 82. continued 363 

Sample 15-2 17-1 98b-1 12-5 12-5 
Analysis 69 6 35 40 41 
Location reel)' st. 
Domain BA BA SHA SHA SHA 

Si02 57.99 59.17 62.26 56.27 55.69 

Al20 3 26.76 26.01 24.88 28 .00 28.28 

FeO 0.07 0.08 0.00 0.00 0.00 
CaO 8.10 7.16 6.05 9.58 10.17 
Na20 6.57 7.26 8.33 5.86 5.63 

K20 0.16 0.31 0.19 0.26 0.17 

BaO 0.06 0.00 
Total 99.65 100.04 101.71 99.97 99.93 

Si 10.40 10.56 10.88 10.11 10.02 
AI 5.65 5.47 5.12 5.92 5.99 
Fe2+ 0.01 0.01 0.00 0.00 0.00 
Ba 0.00 0.00 0.00 0.00 0.00 
Ca 1.56 1.37 1.13 1.84 1.96 
Na 2.29 2.51 2.82 2.04 1.96 
K 0.04 0.07 0.04 0.06 0.04 
Ba 0.00 0.00 0.00 0.00 0.00 

Cations 19.93 20.00 19.99 19.97 19.98 
X 16.04 16.03 15.99 16.03 16.01 
z 3.89 3.97 4.00 3.95 3.96 

Ab 58 .90 63.60 70.60 51 .80 49.60 
An 40.10 34.60 28.30 46.70 49.50 
Or 1.00 1.80 1.10 1.50 1.00 



Table BJ. Ortho- and clinopyroxene compositions used in thermobaromet.ry. 364 
Formulae calculated on the basis of 6 oxygens. 

Sample 52b-1 52b-I 60c-3 77~ 77~ 77-G 77-G 150h-2 42a-I 
Analysis 1 Cpx 60px 45 Cpx 33 Opx 40 Cpx 27 Opx 290px 50 Opx 52 Cpx 
Location exs. Cpx run 
Domain MD MD MD MD MD MD MD MD MD 

Si02 48.89 46.54 49.88 51.50 51.68 50.98 50.95 51.04 51.60 

Ti02 0.00 0.00 0.00 0.05 0.37 0.05 0.06 0.00 0.17 

Al203 0 63 0.08 0.87 1.82 2.99 1.72 1.33 0.94 2.00 

FeO 27.29 48.08 23 .35 28 .59 10.79 27.70 30.85 32 .79 11.17 
MnO 1.13 2.49 1.22 0.45 0.16 0.53 0.54 0.38 0.28 
MgO 1.77 2.08 4.14 17.74 12.31 15.11 17.21 14.94 11.78 
CaO 19.73 0.77 19.93 0.49 21.80 6.20 0.39 0.51 21 .56 

Na20 1.01 0.38 1.00 0.31 0.59 0.39 0.26 0.35 0.67 

Total 100.45 100.42 100.39 100.96 100.71 102.69 101.60 100.96 99.23 

Si 1.97 1.99 1.98 1.95 1.92 1. 91 1. 93 1.97 1. 95 
A} IV 0.03 0.00 0.02 0.05 0.08 0.08 0.06 0.03 0.05 
AlVl 0.00 0.00 0.02 0.03 0.05 0.00 0.00 0.02 0.04 
Ti 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 

FeJ.+ 0 .10 0.04 0.08 0.04 0.05 0.11 0.08 0.04 0.04 

Fe
2
• 0.82 1.67 0.69 0.87 0.29 0.75 0.89 1.03 0.31 

Mg 0.11 0.13 0.25 1.00 0.68 0.85 0.97 0.86 0.67 
Mn 0.04 0.09 0.04 0.01 0.01 0.02 0.02 0.01 0.01 
Ca 0.85 0.04 0.85 0.02 0.87 0.25 0.02 0.02 0.88 
Na 0.08 0.03 0.08 0.02 0.04 0.03 0.02 0.03 0.05 

Sum 4 4 4 4 4 4 4 4 4 

wo 44.45 1.77 44.40 1.03 45 .91 12.59 0.80 1.08 45 .98 
EN 5.55 6.71 12 .84 51.58 36.08 42 .67 49.02 44 .05 34 .96 
FS 50.00 91.51 42 .76 47.38 18.02 44.74 50.18 54.86 19.06 

WEF 91.98 96 .87 92.24 97.65 95 .59 97.02 98.04 97.32 94 .96 
JD 0.17 0.00 1.38 1.14 2.42 0.00 0.00 0.89 2.55 
AE 7.85 3.13 6.39 1.21 2.00 2.98 1.97 1.79 2.48 



Table 83. continued 365 

Sample 70a-2 144a-2 144a-2 144a-2 144a-2 156h-2 156h-2 88c-4 88c-4 
Analysis 21 Opx 4 Cpx 12 Opx 360px 43 Cpx 37 Cpx 400px 9 Opx 26 Cpx 
Location early recryst. run early recryst. recryst. 
Domain MD MD MD MD MD MD MD KZ KZ 

Si02 51.13 51.11 51.19 51.05 51.52 52 .03 51.20 51.61 52.01 

Ti02 0.00 0.50 0.21 0.05 0.37 0.29 0.00 0.06 0.29 

A1203 2.20 3.50 1.74 1.73 3.56 2.22 0.95 0.77 2.42 

FeO 25.35 10.92 27 .26 27 .44 10.02 11.04 29 .82 29.61 10 .88 
MnO 0.84 0.32 0.56 0.41 0.15 0.05 0.27 0.29 0.12 
MgO 19.72 12.64 19.18 19.20 12.82 12.30 17.60 17.47 12 .16 
CaO 0.26 20.54 0.42 0.40 21.77 21.85 0.51 0.40 21.75 

Na20 0.23 0.74 0.32 0.37 0.77 0.73 0.36 0.30 0.88 

Total 99.73 100.27 100.87 100.65 100.97 100.58 100.72 100.51 100.51 

Si 1.93 1.91 1.93 1.92 1.90 1.94 1.95 1.97 1.94 
A} IV 0 .07 0.10 0.07 0.08 0.10 0.06 0.04 0.03 0.06 
AlYl 0.03 0.06 0.00 0.00 0.06 0.04 0.00 0.01 0.04 

Ti 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.01 

FeJ+ 0.05 0.06 0.08 0.10 0.08 0.06 0.08 0.04 0.07 

Fe2 .. 0.75 0.28 0.78 0.76 0.23 0.28 0.87 0.91 0.27 

Mg 1. 11 0.70 1.08 1.08 0.71 0.68 1.00 1.00 0.68 

Mn 0.03 0.01 0.02 0.01 0.01 · 0 .00 0.01 0.01 0.00 

Ca 0.01 0.82 0.02 0.02 0.86 0.87 0.02 0.02 0.87 

Na 0.02 0.05 0.02 0.03 0.06 0.05 0.03 0.02 0.06 

Sum 4 4 4 4 4 4 4 4 4 

WO 0.54 43.79 0.87 0.83 45 .80 45.89 1.06 0.84 46 03 
EN 56.99 37.50 54.65 54.68 37.51 35 .94 50.50 50.58 35 .81 
FS 42 .47 18.71 44 .49 44 .49 16.70 18.17 48.44 48 .58 18.16 

WEF 98.23 94.39 97.61 97.22 94 .24 94 .58 97.25 97.77 93 .45 
JD 0.67 2.76 0.08 0.00 2.39 2.04 0.00 0.38 2.54 

AE 1.10 2.84 2.31 2.78 3.37 3.38 2.75 1.85 4 01 



Table 83. continued 366 

Sample 196g-a 196g-a 25-7 64b-8 43-4 43-4 17d-1 17d-1 15-2 
Analysis 11 Cpx 12 Cpx 32 Cpx 58 Cpx 8 Cpx 27 Cpx 70px 18 Opx 74 Cpx 
Location matrix matrix core 
Domain KZ KZ MCl MCl MC1 MCl BA BA BA 

Si02 50.08 49.69 51.38 51.18 50.86 50.43 51.18 51.17 51.42 

TiO~ 0.25 0.04 0.35 0 .31 0.20 0.39 0.00 0.00 0 .39 

A1~03 1.10 0.86 1.87 1.76 2.90 3.38 4.85 3.92 2.43 

FeO 23 .74 23.20 13 .06 14.36 13 .18 12 .04 21.49 21 .86 11.88 
MnO 1.08 1.08 0.18 0 .27 0.50 0.29 0.32 0.40 0 .13 

MgO 4.30 4.13 10.67 10.01 11.16 11.20 22.44 22.61 11 .82 
CaO 20.08 20.48 21.53 20.99 20.82 21.69 0.00 0.00 21 .26 

Na20 0.80 0.57 0.65 0.61 0 .85 0.62 0.31 0.22 0.70 

Total 101.43 100.05 99.69 99 .49 100.47 100.05 100.59 100.20 100.01 

Si 1.97 1.98 1.95 1.96 1.91 1.90 1.88 1.89 1.93 
A} IV 0.03 0.02 0.05 0.04 0.09 0.10 0.13 0.11 0 07 
A} VI 0.02 0.02 0.04 0.04 0 .04 0.05 0.08 0.06 0.04 

Ti 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0 .00 0.01 

FeJ+ 0.06 0.04 0.04 0.02 0.10 0.07 0.06 0.07 0.05 

Fe
2
• 0.72 0.74 0.38 0.44 0.31 0.31 0.60 0.60 0 .32 

Mg 0.25 0.25 0 .61 0 .57 0.63 0.63 1.23 1.24 0.66 

Mn 0.04 0.04 0 .01 0.01 0.02 0.01 0.01 0.01 0 .00 

Ca 0.85 0.88 0.88 0 .86 0.84 0.88 0.00 0 .00 0.86 

Na 0.06 0.04 . 0 .05 0.05 0.06 0.05 0 .02 0.02 0 .05 

Sum 4 4 4 4 4 4 4 4 4 

WO 44 .18 45.32 46 .08 45 .30 44 .27 46.24 0.00 0.00 45 .15 

EN 13.17 12 .72 31 .78 30.06 33 .03 33 .22 64 .72 64 .41 34 .94 

FS 42.65 41.96 22.14 24 .64 22.71 20.53 35 .28 35.59 19.91 

WEF 93 .83 95 .55 95 .11 95.40 93 .52 95.28 97.67 98.30 94 .78 

m 1.46 1.73 2.54 2.96 1.81 l. 93 1.34 0.73 2.27 

AE 4 .71 2.72 2.35 1.64 4 .67 2.79 0.99 0 .97 2.95 



Table BJ. continued 367 

Sample 17-1 1 OOd-1 100d-1 12-5 12-5 12-5 
Analysis 2 Opx 22 Opx 58 Cpx 46 Opx 52 Opx 53 Cpx 
Location 
Domain BA SHA SHA SHA SHA SHA 

Si02 51.11 5175 52 .03 52.15 51 .70 50 .69 

Ti02 0.13 0.08 0.24 0.01 0 .10 0.54 

A1203 0.55 1.79 2.76 2.92 3.19 4.64 

FeO 32 .04 25 .79 9.32 20 .13 21 .11 7.80 
MnO 0.57 0.41 0.21 0.26 0 .24 0.21 
MgO 15.85 20.46 12 .67 24.12 22 .93 13 .00 
CaO 0.54 0.32 21 .80 0.52 0.48 22.39 

Na20 0.31 0.35 0.79 0.46 0.33 0.99 

Total 101.11 100.95 99.82 100.58 100.09 100.27 

Si 1.97 1.93 1.94 1.90 1.90 1.87 
A} IV 0.03 0.07 0.06 0.11 0 .10 0.13 
A} VI 0 .00 0.01 0.06 0.02 0 .04 0.07 
Ti 0.00 0.00 0.01 0.00 0 .00 0.02 

FeJ.+ 0.05 0.09 0.04 0.12 0.08 0.10 

Fe2
• 0 .97 0.72 0.25 0.50 0.57 0.14 

Mg 0.91 1.14 0.71 1.31 1.26 0 .71 
Mn 0.02 0.01 0.01 0.01 0 .01 . 0.01 

Ca 0.02 0.01 0.87 0.02 0 .02 0.88 
Na 0.02 0.03 0.06 0.03 0.02 0.07 

Swn 4 4 4 4 4 4 

WO 1.12 0.65 46 .52 1.04 0.97 47 .91 
EN 45.90 57.81 37.61 67.12 65.05 38 .71 
FS 52 .98 41.54 15 .88 31 .84 33.98 13.38 

WEF 97.64 97 .41 94 .16 96.56 97.53 92.52 
JD 0.00 0.19 3.60 0.52 0.86 3.02 
AE 2.36 2.40 2.23 2.93 1.61 4 .46 



Table 84. Amphibole compositions used in thermobarometry. 368 

Formulae calculated on the basis of 23 oxygens. 

Sample 194-G1 194-G1 194-G2 194-G2 194-G2 60-G2 60-G2 
Analysis 8 4 18 25 15 17 
Location core recryst. core 
Domain MD MD MD MD MD MD MD 

Si02 42.88 42.90 42.13 43.16 41.64 39.69 40.01 

Ti02 1.83 1.78 1.36 1.72 1.64 1.46 1.84 

Al203 10.71 10.64 10.66 10.32 10.67 9.03 9.13 

FeO 17.66 17.44 17.45 17.34 17.16 29.75 29.95 
MnO 0.46 0.36 1.00 0.90 0.82 0.93 0.96 
MgO 10.66 10.63 10.20 10.24 10.05 2.68 2.57 
CaO 11 .98 12.04 11.47 11 .68 11.28 10.29 10.49 

Na20 1.76 1.59 1.62 1.69 1.75 2.21 2.02 

K20 1.46 1.43 1.43 1.30 1.42 1.53 1.56 

Total 99.40 98.81 97.32 98.35 96.43 97.89 99.17 

Si 6.36 6.39 6.37 6.47 6.37 0.00 0.34 
Alrv 1.64 1.61 1.63 1.53 1.63 6.41 6.40 
AIVI 0.23 0.26 0.27 0.29 0.29 8.00 8.00 
Ti 0.20 0.20 0.16 0.19 0.19 0.34 0.32 
Fe3+ 0.32 0.31 0.44 0.25 0.33 1.59 1.60 
Fe2+ 1.88 1.87 1.77 1.92 1.87 0.69 0.64 
Cr 0.00 0.00 0.00 0.00 0.00 0.13 0.12 
Mn 0.06 0.04 0.12 0.12 0.10 3.70 3.73 
Mg 2.36 2.36 2.30 2.29 2.29 0.18 0.22 
Ca 1.90 1.92 1.86 1.88 1.85 1.78 1.80 
Na 0.51 0.46 0.48 0.50 0.52 0.70 0.63 
K 0.28 0.27 0.28 0.25 0.28 0.32 0.32 

Sum 15.73 15.69 15.68 15.67 15.72 15.89 15.84 



Table 84. continued 369 

Sample 74-2 60c-3 194-G3 194-G3 194-G3 77-4 77-G 
Analysis 23 47 2 4 30 30 
Location core nm 
Domain MD MD MD MD MD MD MD 

Si02 42.23 40.56 42.54 42.66 42.80 42.34 42.74 

Ti02 1.08 1.09 1.86 2.22 1.95 1.60 1.44 

Al203 10.40 9.41 10.00 9.91 9.91 12.31 11.58 

FeO 19.97 28.71 18.46 18.34 18.40 16.43 17.76 
MnO 1.30 0.73 0.79 0.89 0.79 0.06 
MgO 8.10 3.10 9.16 9.05 9.16 10.02 10.24 
CaO 11.27 10.73 11.09 11 .08 11.26 11 .64 11.83 

Na20 1.69 1.80 2.00 1.83 1.83 1.31 1.57 

K20 1.35 1.41 1.38 1.41 1.41 1.35 1.26 

Total 97.39 96.80 97.28 97.39 97.51 97.00 98.43 

Si 6.48 6.49 6.51 6.52 6.53 6.37 6.37 

AliV 1.52 1.51 1.49 1.48 1.47 1.63 1.63 
AlVI 0.36 0.26 0.32 0.31 0.32 0.55 0.40 
Ti 0.13 0.13 0.21 0.26 0.22 0.18 0.16 

Fe3+ 0.30 0.31 0.19 0.17 0.16 0.20 0.33 

Fe2+ 2.26 3.54 2.17 2.18 2.19 1.86 1.88 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.17 0.10 0.10 0.12 0.10 0.00 0.00 
Mg 1.85 0.74 2.09 2.06 2.08 2.25 2.28 

Ca 1.85 1.84 1.82 1.82 1.84 1.88 1.89 

Na 0.50 0.56 0.60 0.54 0.54 0.39 0.45 

K 0.26 0.29 0.27 0.28 0.28 0.26 0.24 

Sum 15 .69 15.76 15 .77 15 .72 15.73 15 .58 15 .64 



Table 84. continued 370 

Sample 150h-2 42a-1 70a-2 144a-2 144a-2 156h-2 88 c-4 
Analysis 53 96 20 3 38 38 47 
Location core nm.op recryst. 
Domain MD :MD MD MD MD MD KZ 

Si02 41.25 40.18 43.28 40.31 40.88 40.89 40.67 

Ti02 2.62 2.23 1.80 2.40 2.21 2.28 2.41 

A1203 11 .69 13 .53 11.90 13 .44 13.27 12.60 13.18 

FeO 17.95 17.59 13.63 16.09 15.84 17.56 16.44 
MnO 0.07 0.23 0.07 0.18 
MgO 9.22 8.77 12.15 10.17 10.13 9.64 9.56 
CaO 11 .42 11.10 10.73 11.24 11.41 11.49 11.38 

Na20 2.29 1. 71 2.28 1.60 1.42 2.11 1.92 

K20 1.31 1.68 0.49 2.02 2.02 1.26 1.46 

Total 97.75 96.84 96.49 97.27 97.18 98.02 97.19 

Si 0.00 6.14 6.44 6.09 6.18 6.17 6.17 

AliV 6.29 1.86 1.57 1.91 1.82 1.83 1.83 
A} VI 8.00 0.58 0.52 0.49 0.54 0.41 0.53 
Ti 0.09 0.26 0.20 0.27 0.25 0.26 0.28 

Fe3+ 1.72 0.22 0.34 0.25 0.20 0.20 0.16 

Fe2 ... 2.16 2.03 1.35 1.78 1.81 2.02 1.93 
Cr 0.38 0.00 0.00 0.00 0.00 0.01 0.00 

Mn 2.14 0.00 0.02 0.00 0.00 0.00 0.02 
Mg 0.30 2.00 2.69 2.29 2.28 2.17 2.16 

Ca 1.86 1.82 1. 71 1.82 1.85 1.86 1.85 
Na 0.67 0.51 0.66 0.47 0.42 0.62 0.57 

K 0.26 0.33 0.09 0.39 0.39 0.24 0.28 

Sum 15.86 15 .74 15 .60 15 .76 15 .73 15.79 15 .77 



Table 84. continued 371 

Sample 43-4 15-2 17-1 100d-l 12-5 
Analysis 25 68 13 42 47 
Location 
Domain MCl BA BA SHA SHA 

Si02 40.16 41.93 43.61 40.92 41.18 

Ti02 2.28 2.22 1.59 2.44 2.70 

Al203 12.75 12.25 10.83 12.71 13.51 

FeO 17.98 16.27 17.42 15.47 12.85 
MnO 0.10 0.04 0.09 
MgO 8.75 10.44 10.16 10.91 11.73 
CaO 11.04 11. 11 10.99 11.50 11 .80 

Na20 1.54 1.62 1.82 1.75 2.00 

K20 1.97 1.73 0.93 1.46 1.27 

Total 96.47 97.57 97.39 97.15 97.14 

Si 6.18 6.30 6.55 6.15 6.15 
AIIV 1.82 1.70 1.45 1.85 1.85 
AIVI 0.49 0.47 0.46 0.40 0.52 
Ti 0.26 0.25 0.18 0.28 0.30 

Fe3
+ 0.22 0.25 0.28 0.26 0.10 

Fe2 ... 2.09 1.80 1.92 1.69 1. 51 
Cr 0.00 0.00 0.00 0.00 0.00 
Mn 0.02 0.00 0.00 0.00 0.02 
Mg 2.01 2.34 2.27 2.45 2.61 
Ca 1.82 1.79 1.77 1.85 1.89 
Na 0.46 0.47 0.53 0.51 0.58 
K 0.39 0.33 0.18 0.28 0.24 

Sum 15.75 15 .69 15.58 15.71 15 .76 



Table 85. Biotite compositions used in thermobarometry. 372 

Formulae calculated on the basis of 24 oxygens. 

Sample 194-G1 194-G2 196g-a 64b-4 186f-G2 186f-G 1 
Analysis 10 22 25 120 38 3 
Location repl. Hbl Stp? 
Domain MD MD KZ MCI MCI MCI 

Si02 37.04 37.09 47 .20 36.59 35.98 35 .82 

Ti02 4.96 3.76 0.00 4.05 4.14 4.91 

Al203 14.34 14.12 8.74 17.44 15.69 14.27 

FeO 18.07 17.52 23.76 13.83 17.11 23.50 
MnO 0.33 0.36 0.00 0.00 0.00 0.05 
MgO 12.56 13.25 6.33 13.14 12.36 8.64 
BaO 0.13 0.00 0.12 0.00 0.24 0.12 
CaO 0.00 0.00 1.18 0.00 0.00 0.00 

Na20 0.13 0.17 0.31 0.14 0.29 0.13 

K20 9.79 9.11 0.26 10.02 9.55 9.62 

Total 97.35 95.38 88.13 95.20 95.57 97.05 

Si 5.78 5.86 0.23 5.69 5.70 5.76 
AJIV 2.22 2.14 7.68 2.31 2.30 2.24 
AJVI 0.41 0.49 0.32 0.89 0.62 0.46 
Ti 0.58 0.45 1.35 0.47 0.49 0.59 

Fe2
+ 2.36 2.32 3.23 1.80 2.27 3.16 

Mn 0.04 0.05 0.00 0.00 0.00 0.01 
Mg 2.92 3.12 1.54 3.05 2.92 2.07 
Ba 0.01 0.00 0.01 0.00 0.02 0.01 
Ca 0.00 0.00 0.21 0.00 0.00 0.00 
Na 0.04 0.05 0.10 0.04 0.09 0.04 
K 1.95 1.84 0.05 1.99 1.93 1.97 

Sum 16.31 16.32 14.48 16.24 16.33 16.30 

Fe/(Fe+Mg) 0.45 0.43 0.32 0.37 0.44 0.60 
Mgi(Fe+Ms) 0.55 0.57 0.68 0.63 0.56 0.40 



Table 85. continued 373 

Sample 186f-G 1 25-7 16-4 17d-1 17d-1 98b-1 
.Analysis 8 21 5 40 50 33 
Location in PI near Grt matrix recryst . 
Domain MCI MCI BA BA BA SHA 

Si02 35 .60 36.32 36.64 37.98 37.60 35 .71 

Ti02 4.78 5.23 4.43 3.67 3.49 4.06 

A1203 14.31 13 .70 16.96 15.34 15.48 17.83 

FeO 23.51 20.36 16.95 10.40 10.92 18.73 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 9.01 10.31 10.86 17.14 17.49 9.12 
BaO 0.15 0.92 0.00 0.69 0.77 0.00 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 

Na20 0.23 0.24 0.21 0.11 0.05 0.26 

K20 9.78 9.30 9.68 10.11 10.01 9.72 

Total 97.39 96.56 95 .73 95.45 95.80 95.43 

Si 5.71 5.82 5.75 5.84 5.77 5.67 
Alrv 2.29 2.19 2.26 2.17 2.23 2.33 
AIVI 0.42 . 0.40 0.88 0.61 0.57 1.01 
Ti 0.58 0.63 0.52 0.42 0.40 0.49 
Fe2

+ 3.16 2.73 2.22 1.34 1.40 2.49 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 2.16 2.46 2.54 3.93 4.01 2.16 
Ba 0.01 0.06 0.00 0.04 0.05 0.00 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.07 0.08 0.06 0.03 0.02 0.08 
K 2.00 1.90 1.94 1.98 1.96 1.97 

Sum 16.39 16.25 16.16 16.36 16.41 16.19 

Fe/(Fe+Mg) 0.59 0.53 0.47 0.25 0.26 0.54 
Mgi(Fe+Mg) 0.41 0.47 0.53 0.75 0.74 0.46 



APPENDIX C 

Analytical procedure for U-Pb geochronology 

The Uranium (U) - Lead (Pb) geochronology was carried out in the 

geochronology laboratory ofthe Geological Survey of Canada (GSC) and in the crushing 

laboratory of Carleton University in Ottawa. The analytical procedures for zircon and 

monazite are described below, whereas the procedures for titanite and allanite are outlined 

in Parrish et al. ( 1992). 

Sample preparation (Carleton University, Ottawa). Nine samples (5 to 50 kg) 

from the study area underwent several crushing and grinding cycles until grain size 

fractions of ca. 250J..Lm were obtained. The heavy minerals zircon, titanite, monazite, and 

allanite were concentrated from the rock powder with the use of the Rogers table. 

Subsequent sieving of heavy minerals resulted in grain size fractions <250J..Lm. Further 

separation was carried out with heavy liquids (Methyleniodide, 3.32g/cm3
), in which the 

heavy minerals sink to the bottom whereas the rockforming silicate minerals float on the 

liquid surface. The heavy concentrate was then leached in 3N HN03 in an ultrasonic bath. 

Magnetic separation.Heavy minerals were separated using a Frantz magnetic 

separator. The fractions were poured on an aluminium chute with an initial side tilt of 1 0° 

and forward tilt of 15°. A magnet in the middle of the chute separated the sample in 

magnetic and nonmagnetic fractions, of which the nonmagnetic fractions contain the best 

zircons. An increasing electric current and a decreasing slope of the chute in each cycle 

yielded different fractions: 0-0,3 amp for allanite, 0,2-0,S,amp for monazite, 0,6-1,8 amp 

for titanite, and 1,8 amp with side slopes between 5° und 2° for zircon. After magnetic 

separation, the separates were sieved to yield grain size fractions >149J..Lm, 149-IOSJ..lm 

and <105J..Lm. 

374 
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Mineral selection. Using a binocular microscope, the minerals of interest were 

handpicked from a petrie dish filled with ethyl alcohol. Criteria for mineral selection were 

clarity, colour (colourless for zircons), transparency, and the absence of inclusions, 

fractures, and inherited cores. Different morphologies of the same mineral were picked to 

examine possible age differences. 

Abrasion. Zircons were abraded after the method of Krogh (1982). The fractions 

of interest and some pyrite grains were transfered into a hollow brass abrader that is 

attached to an air hose. The compressed air current tumbles the minerals within the 

abrader and abrasion happens when the minerals are in contact with the walls of the 

abrader, with each other, or with the pyrite. Abrasion is used to remove the exterior 

surface of the crystals to limit the effects of recent Pb loss, which is experienced by all 

minerals > 1 00 Ma. In addition, abrasion removes metamorphic rims, which in the ideal 

case results in concordant crystallisation age data. As the samples from the study area 

experienced at least one major orogenesis, the zircon fractions were abraded in average 3 0 

h, whereas the titanite fractions were abraded for an average of 1 h. Allanites were not 

abraded. Photomicrographs of the fractions were taken before and after abrasion. Before 

transfer of fractions into small sterile beaker, the abraded minerals were leached with 

HN03 under a heat lamp for 15 minutes. 

Isotope chemistry. Zircon fractions were washed in warm 3N HN03 for 

approximately 20 min and subsequently rinsed with destilled water. The mineral fractions 

were weighed and loaded into small teflon capsules ( 4 ml) that were cleaned in 3 to 4 

cycles with HF- ( 1. and 3. cycle) and with HCl (2. cycle) at 240°C for 48 h and at 21 ooc 

for 14 h, respectively. The fractions were spiked with a weighed amount of exactly 

calibrated 233U-, 235U- und 205Pb-bearing tracer. The spike is added to enable the 

calculations of Pb and U concentrations in the sample. Mass spectrometers do not 
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measure the individual concentration of the Pb isotopes but isotope ratios. After adding a 

calibrated amount of205Pb, which is absent in the original sample, the isotope ratios 

measured by the mass spectrometer can be corrected since the sample weight for 205Pb is 

known. The mineral fractions were dissolved in HF and HCL by adding ca. 0.5 ml 48o/o 

HF and 0. 0 I ml 70% HN03 to the zircon teflon microcapsules, and 12N HCl to the 

monazite teflon capsules. Eight teflon microcapsules are transfered into a larger teflon cup 

and a steel-jacketed metal container (bomb). The bombs are heated for 30 to 60 h at 240 

oc (zircon) and at 210 oc (monazite) . The solutions were subsequently dried on a hot 

plate, then 1 N HCl was added to each teflon microcapsule (zircon and monazite) and 

heated for another 14 h at 21 0 °C. U und Pb were isolated with the anion exchange 

chromatography after the method of Roddick et al. ( 198 7) and Krogh (1973 ), described in 

Parrish et al. (1987). Pb was extracted with 6.2N HCl~ U with H20. 

Mass spectrometry. The U-Pb isotope ratios of each U- and Pb- fraction were 

measured with a mass spectrometer equipped with a variable multi collector. Pb and U 

fractions were loaded with Si-gel, and U fractions were loaded as nitrates onto rhenium 

filaments and measured as U02. The faraday cups in the mass spectrometer were 

positioned to simultaneously collect the ion beams of the Pb isotopes (206, 207, 208, and 

205 from 'spike') and of the U isotopes (233, 235, 238). The quantitatively smallest 204pb 

isotope, however, was collected with a secondary electron multiplier (SEM). Detailed 

techniques are outlined in Roddick et al. (1987) and Parrish et al. (1987). 

Error calculation. The resulting mass spectrometry data were processed using the 

HTB data reduction program of Roddick ( 1988) with modifications from Villeneuve 

( 1990). The HTB program uses the numerical error propagation procedure developed by 

Roddick et al (1987), which considers the propagation of errors of all components 

relevant to the analyses. The U and Pb blanks, representing the mean and standard 
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deviation of the isotopic composition, were calculated from blank analyses, and range 

from 0.2 to 4 pg and from 7 to 20 pg, respectively. The U-Pb data were corrected after 

the two-stage evolutionary model of Stacey and Kramers (1975) for common Pb. Where 

the Stacey and Kramers ( 1975) corrections yielded unsatisfactory results, analyses were 

recalculated using a default common Pb composition derived from averaged laboratory 

data e06PbP0'1>b = 17.92 ± 2.0, 207PbP0'1>b = 15.37 ± 0.4, 208PbP0'1>b = 37.98). Where 

the sample/spike ratio was >40, which means the sample was underspiked, recalculations 

were made using a default fractionation value of0.74% for 233UP35U. Samples with 

discordant analyses yielded concordia intercepts after a modified York ( 1969) regression, 

which is described in Parrish et al. ( 1987). The error ellipses on the concordia diagrams 

correspond to 2 sigma (2 standard errors), whereas the errors in U/Pb ratio correspond to 

one standard error (1 sigma). The U decay constants used are listed in Steiger and Jager 

( 1977). 

Polished grain mounts . Polished grain mounts were made by embedding them in 

a teflon film that was subsequently ground and polished. The internal structures such as 

zoning are emphasised by etching the polished surface with HF fumes . Backscatter images 

of the zircons were made with the scanning electron microprobe (SEM) to detect zoning, 

cores, and fractures within the zircons. 
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