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Abstract

The Muskoka and Shawanaga domains in the Central Gneiss Belt, southwestern
Grenville Province, Ontario comprise ca. 1500-1350 Ma migmatitic orthogneisses and
volumetrically minor paragneisses that were deformed and metamorphosed under upper
amphibolite- to granulite-facies conditions during the Grenvillian orogeny between ca.
1090 and 1050 Ma. The objectives of this study are: i) to determine the tectonic setting
and petrogenesis of the protoliths to the high-grade gneisses; and ii) to investigate the
petrogenesis of the migmatites and its possible relationship to deformation. The new
field, geochemical, petrographic, and geochronological data is used to test and further
constrain current models for the evolution of the Laurentian margin between ca. 1500 and
1000 Ma.

The geochemical and geochronological data show that volumetrically dominant
calc-alkaline rocks in the Muskoka domain, shown earlier to range in age from ca. 1480
to 1450 Ma, are spatially and temporally associated with A-type granite and charnockite.
The calc-alkaline rocks probably formed in a juvenile continental arc at the southeastern
(present-day coordinates) Laurentian margin, and the association with A-type rocks is
interpreted to reflect intra-arc extension. Granulite-facies metamorphism in the Central
Gneiss Belt was coeval with or slightly post-dated emplacement of the calc-alkaline and
A-type rocks. The high-grade metamorphism could reflect increased heat flow resulting
from arc/back-arc extension or the waning stages of voluminous arc magmatism, or from
arc-continent collision, for which there is little direct evidence.

Petrographic observations from two types of migmatite in the Muskoka domain
suggest that the large proportion of leucosome (up to 40-50 vol.%) is unlikely to have
formed by dehydration melting alone, suggesting that partial melting took place in
response to influx of externally derived fluids. The two types of migmatite contain
leucosomes that, based on whole-rock geochemical data, are interpreted to represent
disequilibrium and equilibrium melts. The disequilibrium melts formed in strongly
migmatitic, granodioritic host rocks that display evidence of syn-melting deformation,
whereas the equilibrium melts formed in less migmatitic, dioritic host rocks that lack
evidence of syn-melting deformation. Based on field observations, geochemical data,
and experimental studies by others, the disequilibrium melts are interpreted to have
formed as a result of rapid, deformation-enhanced melt segregation. The less migmatitic
dioritic host rocks were stronger, effectively shielding the melts from deformation, and
the resulting slow melt segregation rates resulted in melts with equilibrium compositions.

Leucosome in the Muskoka and Shawanaga domains, dated at ca. 1068 and 1055
Ma, respectively, is typically associated with southeast-directed, normal-sense shear
bands. The geochronological data, however, suggest that the orogen was undergoing
northwest-directed convergence at those times. One interpretation is that the Muskoka
and Shawanaga domains represent mid-crustal zones of channel flow in which ductile
material was transported from the core toward the exterior of the orogen.
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1. Introduction

1.1. Introduction

The Grenville Province in eastern Canada is part of the middle to late
Mesoproterozoic Grenville orogen, extending across the North American continent from
Mexico and Texas in the southwest to Labrador and Greenland in the northeast (Fig.
1.1a). The orogen is further represented by inliers in the Paleozoic Appalachian and
Caledonian orogens, and the Sveconorwegian Province in southern Norway and Sweden
is believed to represent its continuation into northern Europe (e.g., Gower ef al., 1990;
Cosca et al., 1998; Fig. 1.1b). In addition, reconstructions of Rodinia (e.g., Dalziel,

1991; Hoffmann, 1991; Moores, 1991; Borg and DePaolo, 1994; Weil er al., 1998)
suggest a further continuation of the belt from Central America through Antarctica and
eastern India to Australia. The Grenville orogen, and coeval orogens elsewhere in the
world, appear to have been part of a worldwide orogenic system formed during assembly
of a late Mesoproterozoic to early Neoproterozoic supercontinent, generally referred to as
Rodinia (McMenamih and McMenamin, 1990). The term 'Grenville orogen' is used here
to denote the entire orogen as outlined above, whereas 'Grenville Province' is used
specifically to denote the part of the Grenville orogen exposed in eastern Canada (Fig. 1.2

inset).

The Grenville orogen is generally believed fo have formed as a result of continent-
continent and/or continent-arc collision(s) (e.g., Rivers, 1997). The southwestern
Grenville Province in Ontario, which is the area of study (Fig. 1.2), exposes mid- to
lower-crustal levels (Culshaw ef al., 1997) of what is believed to have been a Himalayan-
scale orogen (e.g., Dewey and Burke, 1973; Windley, 1986; Hanmer, 1988), formed '
between ca. 1.2-1.0 Ga. The Grenville Province is underlain by high-grade gneisses and
migmatites, ranging in age from Archean to Mesoproterozoic (Rivers, 1997), that
probably formed in continental/island arc and back-arc settings (e.g., Rivers and
Corrigan, 2000). Older rocks, confined to the western parts of the Province close to the

foreland, are interpreted to represent the reworked pre-Grenvillian margin of Laurentia,

1
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Fig. 1.1 (a) Precambrian geology of North America, from Rivers (1997), modified after
Hoffman (1989). MCR (black fill)- Mid-continent rift (1.1-1.09 Ga). Present-day
coastline of North America shown for reference. Patterns, names, age ranges, and
abbreviations explained in the legend, except ‘a’ - accretionary and ‘¢’ collisional orogen,
respectively. (b) Map showing the extent of the Grenville orogen (gray fill) in North
America and the North Atlantic region. From Davidson (1998). Abbreviations: N=Nain,
K=Ketilidian orogen, SN=Sveconorwegian province, SF=Svecofennian province.
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CMB=Central Metasedimentary Belt, CMBBZ=Central Metasedimentary Belt boundary
thrust zone .



whereas younger rocks, dominantly located to the southeast, are believed to be
allochthonous with regard to Laurentia (e.g., Carr et al., 2000). The Grenville Province,
therefore, not only offers an opportunity to study mid- to lower-crustal processes in large
orogens, but can also provide information about the preceding geological history of the

southeastern margin of Laurentia.

This thesis reports the results of two seasons of field work along and east of
Georgian Bay in Ontario, including geochemical, petrological, and geochronological
investigations of high-grade, mostly migmatitic, gneisses in the Muskoka and Shawanaga
domains, Central Gneiss Belt (CGB), Ontario. The Muskoka domain constitutes the
immediate footwall to the Central Metasediméntary Belt boundary thrust zone, a crustal-
scale shear zone marking the boundary between allochthonous rocks with Laurentian
affinities and allochthonous rocks lacking clear evidence of contiguity to Laurentia. The
Shawanaga domain forms the hanging wall to the Shawanaga shear zone, marking the
boundary between allochthonous rocks with Laurentian affinities and parautochthonous
rocks. The structural settings of the Muskoka and Shawanaga domains make them
important targets for investigations of Grenvillian and pre-Grenvillian orogenic processes

and evolution.

Although the large geochronological database for the CGB in Ontario suggests a
‘major crustal forming event at ca. 1450 Ma, little is known about the tectonic setting and
evolution of the CGB at this time. The geochemical data presented in Chapter 2,
combined with new geochronological data presented in Chapter 5, allow current tectonic
models for the pre-Grenvillian evolution of the CGB to be refined and demonstrate the
importance of considering geochemistry in addition to geochronology when undertaking

investigations of high-grade terranes.

Evidence of partial melting in the form of migmatites is common in the CGB.
Earlier petrographic investigations of the migmatites provide some information about -
their petrogenesis (Timmermann et al., 2002); however, the relatively simple mineralogy
of the migmatites limits our understanding of partial melting reactions in these rocks.

The geochemical and petrographic data presented in Chapter 3 allow new interpretations



to be made regarding the relationship between partial melting and deformation and of the
role of fluids during melting. Combined with new field observations presented in

Chapter 4, and geochronological data discussed in Chapter 5, inferences can also be made
regarding the temporal and mechanical relationship between partial melting and orogenic

evolution.

1.2. Geological background

1.2.1. Pre-Grenvillian tectonic evolution of the southeastern margin of Laurentia

Following the amalgamation of Archean microcontinents or nuclei, the geological
evolution of the North American craton spanned almost a billion years, ending with the
Grenvillian orogeny at approximately 1.0 Ga (Fig. 1.1). Van Schmus et a/. (1993) and
Davidson (1998) presented extensive reviews of the late Paleoproterozoic and
Mesoproterozoic evolution of Laurentia and the Grenville Province, and only a brief
overview is presented here with emphasis on the Mesoproterozoic era. In recent years it
has become clear that the geological evolution of Baltica during this time period was
closely linked to that of Laurentia (Gower et al., 1990; Gower, 1992); however, for the

sake of brevity, the Laurentia-Baltica connection is referred to only in passing.
Late Paleoproterozoic evolution

Amalgamation of the proto-North American craton by collisions between Archean
microcontinents in the period 1.9-1.8 Ga formed orogens, such as the Trans-Hudson
orogen (Lewry and Stauffer, 1990), that are now internal to Laurentia (Hoffmann, 1989)
(Fig. 1.1b). Coeval arc accretion and orogenesis took blace along the southeastern
margin of the craton, represénted by the ca. 1.9-1.8 Ga Penokean, Makkovikian, and
Ketilidian orogens in North America and Greenland, and the Svecofennian orogen in
Baltica (Gower et al., 1990 and references therein). Continued crustal growth between
ca. 1.8-1.6 Ga is represented by the Central Plains orogen (Sims and Peterman, 1986),
which consists of the ca. 1.8-1.7 Ga Yavapai, and the ca. 1.7-1.6 Ga Mazatzal orogens
(e.g., Van Schmus ef al., 1996). The Yavapai-Mazatzal orogens are considered to

represent accreted arc terranes (e.g., Condie, 1986; Condie and Chomiak, 1996), whereas



rocks of similar age to the northeast along the Laurentia-Baltica margin have anorogenic
characteristics, e.g. the Killarney Complex in Southern Ontario (van Breemen and
Davidson, 1988; Clifford, 1990) and the Transscandinavian Igneous Belt in Sweden and
central Norway (Lindh and Persson, 1990; Roberts er al., 1999). Thus, the tectonic
regime along the Laurentia-Baltica margin at this time is not entirely clear, and may have

varied along its length (cf., Gower, 1992).
Early Mesoproterozoic evolution

The first 100 My of the Mesoproterozoic era, between 1.6 and 1.5 Ga, was a period
of relative quiescence, followed by two periods of widespread granitic and rhyolitic
magmatism in the midcontinental USA, forming the Eastern (ca. 1470+30 Ma) and
Southern (ca. 1370430 Ma) granite-rhyolite provinces (e.g., Van Schmus et al., 1996).
The Central Plains orogen was intruded by abundant granite plutons during the same time
periods, in particular during formation of the Eastern granite-rhyolite province. The
granite-rhyolite provinces are generally buried by younger strata, with only a few known
exposures; thus, the study of these provinces has relied heavily on subsurface drill-cores

and some seismic data.

The granite-rhyolite provinces dominantly comprise rhyolites and epizonal and
mesozonal granite plutons that are lithologically and chemically similar in both
provinces. Other rock types are subordinate and in many cases younger. The tectonic
setting of these provinces is debated. The granites and rhyolites have A-type
geochemical characteristics (e.g., Anderson, 1983; Lidiak, 1996), and are largely
undeformed and unmetamorphosed. Based on these characteristics, a number of authors
(e.g., Anderson, 1983; Hoffmann, 1989; Kisvarsanyi and Kisvarsanyi, 1990; Windley,
1993) have inferred an anorogenic setting related to continental rifting or supercontinent
break-up. Other interpretations recognize that ca. 1.4 Ga granite plutons intruded older
crust north and northwest of the granite-rhyolite provinces during regional contractional
deformation (Kirby et al., 1995; Nyman and Karlstrom, 1997), suggesting an active
margin setting. Bowring et al. (1991) observed that some of the rocks in the St. Francois

Mountains, Missouri, have relatively juvenile Nd isotopic compositions and argued for



partial melting of an accreted arc terrane formed at ca. 1.5 Ga. Kay et al. (1989)
proposed a similar model by analogy with the Paleozoic to Mesozoic rhyolite provinces
in southern South America. Later, Van Schmus et a/. (1996) identified a relatively sharp
Nd model age boundary within the granite-rhyolite provinces. North and northwest of
this boundary the rocks have Paleoproterozoic model ages (>1.55 Ga) whereas rocks to
the south and southeast have early Mesoproterozoic (<1.55 Ga) model ages. Recognizing
that the granites and rhyolites probably represent crustal melts, Van Schmus et al. (1996)
suggested that the rocks with the youngest model ages formed by partial melting of
juvenile assemblages that were accreted onto the continental margin shortly before the
melting event. Menuge et al. (2002) proposed a similar model, involving a juvenile, calc-
alkaline, arc-related source. A significant problem with all of these models is, however,

_the lack of identifiable source rocks in the midcontinental United States.

1.2.2. The Grenville Province

In the beginning of the last century, Wilson (1918, 1925) recognized the Grenville
Province as different from the rest of the Canadian Shield and separated from rocks to the
northwest by “...an extended belt of banded gneisses...”. Derry (1950) later recognized
this “extended belt of banded gneisses” as the northwest boundary of the Grenville
Province, and referred to it as the “Grenville Front”. This term is still widely used by
workers in the Grenville Province. Davidson (1998) presents a more detailed discussion

on the history of geological investigations in the Grenville Province.

Over the last decade or so, several papers have summarized the available geological
data for the Grenville Province in Ontario (e.g., Riveré et al., 1989; Easton, 1992;
Davidson, 1995; Culshaw ei al.; 1997; Rivers, 1997; Carr et al., 2000; Ketchum and
Davidson, 2000). The ensuing discussion is only intended to summarize the data relevant

for the thesis.
Alternative subdivisions of the Grenville Province

Various workers have proposed different subdivisions of the Grenville Province.
The subdivisions differ in detail, and it is necessary to select the subdivision best suited

for the problem at hand, depending, for example, on whether investigations are conducted



on a province-wide, regional, or local scale. The subdivisions are presented

chronologically according 16 publication year.

Wynne-Edwards (1972). The subdivision most commonly employed by workers in
the southwestern Grenville Province is the one proposed by Wynne-Edwards (1972) (Fig.
1.2). He described the Grenville Province in Ontario in terms of three major divisions: (i)
The Grenville Front Tectonic Zone (GFTZ) is a crustal-scale shear zone marking the
northwestern boundary of the orogen. Thrusting along this shear zone occurred late in
the Grenvillian orogeny, at ca. 990 Ma (Haggart er al. , 1993; Krogh, 1994). (ii)
Overlying the GFTZ is the Central Gneiss Belt (CGB) which dominantly comprises rocks
of the Laurentian craton (pre-1400 Ma) and younger supracrustal sequences deposited
along its margin, reworked at high-grade during Grenvillian orogenesis. (iii) To the
southeast, overlying the CGB, is the Central Metasedimentary Belt (CMB) which
consists of post-1400 Ma magmatic arcs and marginal basins (Easton, 1992; Davidson,
1995; Carr ef al., 2000), accreted to Laurentia during the Grenvillian orogeny.

Separating the CGB and CMB is the crustal-scale Central Metasedimentary Belt
boundary thrust zone (CMBBZ, Hanmer and McEachern, 1992). Although there is
general agreement that emplacement of the CMB over the CGB took place along the
CMBBZ, the timing of this event is debated. Hanmer and McEachern (1992) and
Corriveau and van Breemen (2000) argued, based on dating of syntectonic pegmatite
dikes in the CMBBZ, that the CMB was emplaced onto the Laurentian margin at ca. 1190
Ma, and that the shear zone was reactivated at ca. 1080-1060 Ma. In contrast,
Timmermann et al. (1997) and Culshaw et al. (1997) pointed out that the Laurentian
footwall in Ontario did not undergo high-grade metamorphism until ca. 1080 Ma, and
that the only Grenville-age tectonic activity in the Laurentian craton preceding the 1080
Ma metamorphism was the intrusion of coronitic gabbro at 1170-1150 Ma (Davidson and
van Breemen, 1988; Heaman and LeCheminant, 1993). They suggested that the early
phase of deformation and metamorphism in the CMBBZ was a result of offshore
tectonism prior to emplacement of the CMB onto the Laurentian craton. Timmermann

(1998) discussed this controversy in greater detail.



Rivers et al. (1989). Rivers et al. (1989) divided the Grenville Province into three
major units (Fig. 1.3): (i) the Parautochthonous Belt closest to the Grenville Front,
comprising variably reworked and displaced equivalents of older shield provinces to the
northwest; (ii) the Allochthonous Polycyclic Belt, comprising rocks with a pre-
Grenvillian history of deformation and metamorphism, but which cannot be correlated
with rocks outside the province; (iii) the Allochthonous Monocyclic Belt, dominated by
supracrustal rocks which experienced only Grenvillian deformation, metamorphism, and
plutonism. The Shawanaga and Muskoka domains (Fig. 1.2), which are the focus of this
thesis, were assigned to the Allochthonous Polycyclic Belt. Field and geochronological
work, however, has not revealed any evidence of pre-Grenvillian deformation or
metamorphism in these units (Culshaw et al., 1994; Ketchum, 1995; Timmermann,
1998). Thus, they are not ‘polycyclic’ but rather ‘monocyclic’, as defined by Rivers et
al. (1989), and the subdivision of Rivers et al. (1989) is not directly applicable to the
investigated érea. Hoffman (1989) proposed the terms northwestern zone, central zone,
and southeastern terranes, that differ slightly, but encompass the same elements as the

subdivision proposed by Rivers et al. (1989).

Culshaw et al. (1997). Culshaw et al. (1997) proposed a detailed subdivision for
the CGB east of Georgian Bay, based on the present-day structural distribution of
- domains (Fig. 1.4). Structural level 1 (Britt domain) (structural levels after Culshaw er
al. (1983) and Ketchum and Davidson (2000)) is the lowermost structural level and
corresponds to the Parautochthonous Belt of Rivers ef al. (1989), comprising Archean
and late Paleoproterozoic to early Mesoproterozoic orthogneisses with a pre-Grenvillian
history of deformation and metamorphism. Structural level 2 is the lowermost
allochthonous level and forms the hanging wall to the Allochthon Boundary Thrust
(ABT) (Ketchum and Davidson, 2000). Domains in structural level 2 include the
Algonquin, Lower Rosseau, and Lower Go Home domains, comprising late
Paleoproterozoic and early Mesoproterozoic orthogneissés that yield pre-Grenvillian
metamorphic ages, but, in contrast to structural level 1, lack evidence of an Archean
geological history. Structural level 3 includes the Shawanaga, Upper Rosseau, and Upper

Go Home domains, which appear to lack late Paleoproterozoic rocks as well as a pre-
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and Ketchum and Davidson (2000). Seismic interpretation after White et al. (2000).

SL 1: Britt and Nepewassi domains, SL 2: Algonquin, Lower Rosseau (LLRA), and Lower
Go Home (LGH) domains, SL 3: Shawanaga (SH), Ahmic, Upper Rosseau, and Upper Go
Home (UGH) domains, SL 4: Parry Sound (PS) domain, SL 5: Muskoka (MS) domain,
Seguin and Moon River (MR) subdomains. Other abbreviations: GFTZ=Grenville Front
Tectonic Zone, ABT=Allochthon Boundary Thrust, CMBBZ=Central Metasedimentary
Belt boundary thrust zone, CMB=Central Metasedimentary Belt
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Grenvillian metamorphic history. Structurally upper and lower bounding shear zones of
Structural level 3 commonly contain pods or lenses of retrogressed eclogites and
anorthosites (e.g., Davidson, 1990; Ketchum and Krogh, 1997). Structural level 4
consists of the Parry Sound domain, which comprises granulites and anorthosites dated at
ca. 1425-1315 and 1163 Ma, metamorphosed at ca. 1160 and 1120 Ma (van Breemen er
al., 1986; Wodicka, 1994; Wodicka er al., 1996). The Parry Sound domain represents
somewhat of an anomaly in the CGB in terms of plutonic and metamorphic ages, and has
been interpreted to represent an allochthonous slice (Davidson et al., 1982) from the
CMBBZ or Adirondack Highlands to the southeast (Wodicka et al., 1996). Structural
level 5 is the uppermost structural level in the CGB, in the immediate footwall to the
CMBBZ, and consists of the Muskoka domain and contiguous Seguin and Moon River
‘subdomains, apparently lacking late Paleoproterozoic rocks or evidence of a pre-

Grenvillian metamorphic history.

Carr et al. (2000). The most recent subdivision proposed for the southwestern
Grenville Province is that of Carr et al. (2000). They proposed a tripartite subdivision
into (Fig. 1.5): (i) Pre-Grenvillian Laurentia and its margin, comprising ca. 1740 and
1450 Ma continental arc plutons and associated supracrustal rocks, corresponding to the
Grenvillian foreland or Southern Province and CGB of Wynne-Edwards (1972), (i1)
Composite Arc Belt comprising allochthonous ca. 1300-1250 Ma volcanic arcs and
sedimentary rocks, corresponding to the CMB of Wynne-Edwards (1972), (iii)
Frontenac-Adirondack Belt, comprising supracrustal and granitoid rocks and

anorthosites, corresponding to the Central Granulite Terrane of Wynne-Edwards (1972).

The two subdivisions used in this thesis will be the ones proposed by Wynne-
Edwards (1972) and Culshaw et al. (1997). The former is particularly useful as a
reference frame for discussing pre-Grenvillian events, whereas the latter is preferred

when discussing Grenvillian tectonic events and evolution.
Late Paleoproterozoic and early Mesoproterozoic rocks in Ontario

Geochronological work has shown that much of the CGB formed during two major



e sprojiueis oJe [eIUSUNIUOD BIA OSH] "B A §)001 [estuoeldns eI 0891-0081 (€T ‘suomid B 0S1 PUB 0L Yum
™ 1snio uBoUOIY (77 UOL] SJJIAULID) S} JO ISIMUMOU puepalo) ueyuaneT (1T (0007) v 42 me) Aq pasodoid uorsiapgns §°1 814

QLB BYET

Aeg
ugibices

L 4

ARDUNR LUK,
SRBPLNOY WHEINE RIS
B 0001081 AURURLOQ mwmu

Hog YIRPUOAPY-IBUR IO 4

wiieyy usljuaine

2 08 L-006 L AUBUILGG '
BN D04 L 00LE Ariguiuog

B

G OZELOEEL ARuBULLGY

yog oy aitsodwion

BLRUSINET




14

magmatic episodes at 1750-1600 and 1470-1350 Ma. Van Breemen and Davidson
(1988) and Corrigan et al. (1994) obtained ages falling in both age intervals from
orthogneisses in the western part of the CGB and the adjacent foreland, and pointed out
that the older and younger age intervals coincide with the Central Plains orogeny and
formation of the midcontinental granite-rhyolite provinces, respectively. Culshaw and
Dostal (1997, 2002) and Rivers and Corrigan (2000) suggested a tectonic setting
involving continental arc and back-arc magmatism for the late Paleoproterozoic and early
Mesoproterozoic Laurentian margin represented in the Grenville Province, and Culshaw
and Dostal (2002) presented data suggesting that rifting may have been complete,
forming a new ocean of unknown extent southeast of Laurentia, possibly represented by

the CMB.
Tectonic models for Grenvillian orogenesis

As discussed above, the Grenvillian orogeny appears to have been the result of
continent-continent and/or continent-arc collisions that formed the supercontinent
Rodinia. Comparisons have been made to the Himalayas, and most models propose
collision and subduction of the pre-Grenvillian Laurentia.n margin beneath arc terranes
and/or continents (unidentified) to the southeast (e.g., Carr et al., 2000). The ensuing
discussion focuses on tectonic processes relevant to the study area in the southwestern

Grenville Province.

The southwestern Grenville Province is often described as a collage of tectonically
stacked units or domains. Separating the domains are high-strain zones interpreted to
represent ductile shear zones along which the domains or thrust sheets were emplaced
(e.g., Davidson et al., 1982; Culshaw ef al., 1983). Over the last 5-10 years, however, it
has become increasingly clear that the processes by which the domains were assembled
may havé varied significantly between different areas. As a result, controversies have
arisen between groups working in different areas of the southwestern Grenville Province.
Jamieson ef al. (1992, 1995), Bussey ef al. (1995), Wodicka et al. (1996), Timmermann
et al. (1997), and Culshaw et al. (1997) suggested, based on field and geochronological

data, that the domains along Georgian Bay were assembled by dominantly forward-
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propagating, piggyback thrusting, with intermittent out-of-sequence thrusting. An
important corollary of this model is that events identified from geochronology need not
have taken place in situ. In contrast, Nadeau and Hanmer (1992), working in the
Huntsville area, proposed a break-back model for assembly of the Seguin subdomain and
underlying Algonquin domain. In an attempt to recdncile these apparently mutually
exclusive models, Ketchum and Davidson (2000) noted that tectonic assembly was
dominated by transport of structural levels rather than individual domains. They
furthermore noted that tectonic assembly of the Algonquin domain may have taken placé
before ca. 1100 Ma (Nadeau, 1990; Nadeau and Hanmer, 1992), prior to thrusting on the
CMBBZ at 1080-1040 Ma. Ketchum and Davidson (2000), therefore, proposed that
assembly of the Algonquin domain could represent a period of orogenic construction
within structural level 2, preceding the larger scale forward-propagating sequence
proposed by Culshaw ef al. (1997) in which each structural level behaved essentially as a
single entity. The two models differ in both timing and scale, and thus cannot be

compared directly.

1.2.3. Geology of the Muskoka and Shawanaga domains

Pre-Grenvillian history (protoliths)

The main lithology of the Muskoka domain is gray orthogneiss raﬁging in
composition from gabbro and diorite to granite (Culshaw ez al., 1983; Timmermann,
1998). U-Pb zircon dates from the gray gneisses in the Muskoka domain and contiguous
Seguin subdomain suggest that they formed in the interval 1480-1430 Ma (Timmermann
et al., 1997, Nadeau and van Breémen, 1998; McMullén, 1999). In addition, a small
granite body yielded a younger age of ca. 1390 Ma (Timmermann ef al., 1997), which,
based on data presented in Chapter 5, may have to be revised. The 1480-1430 Ma gray
gneisses are generally assumed to have formed along the active Laurentian continental

margin (e.g., Nadeau and van Breemen, 1998; Rivers and Corrigan, 2000).

Culshaw et al. (1988, 1989, 1994) divided the Shawanaga domain into five units or
gneiss associations: the Shawanaga pluton, Ojibway, Sand Bay, and Lighthouse gneiss

associations, and the 'marginal orthogneiss'. The granodioritic Shawanaga pluton and
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gray orthogneisses of the Ojibway gneiss association have yielded protolith ages of ca.
1460 Ma (T. E. Krogh, unpublished data), similar to the Muskoka domain. The overlying
Sand Bay gneiss association comprises interlayered pink rhyolitic and gray
quartzofeldspathic gneisses with an age of ca. 1360 Ma, inferred from dating of detrital
zircons (T. E. Krogh, unpublished data). Culshaw and Dostal (1997) and Rivers and
Corrigan (2000) suggested that the Sand Bay gneiss association may represent rocks
deposited in an ensialic back-arc basin, behind an arc situated at the Laurentian margin.
The identity of the proposed arc is unknown. Recent dating of detrital zircons suggests
that the lower unit of the Lighthouse gneiss association (cf., Culshaw ahd Dostal, 2002)
may be considered part of the Sand Bay gneiss association, whereas the upper unit
appears to have a different, uncertain affinity (Raistrick, 2003). The 'marginal
orthogneiss' is a megacrystic granitoid orthogneiss dated at 1346+69/-39 Ma (van
Breemen et al., 1986), however, the large error in the age of this unit makes

interpretations regarding its tectonic significance uncertain.
Grenvillian metamorphism

Timmermann (1998) and Timmermann ef al. (2002) documented widespread
Grenvillian upper amphibolite-facies metamorphism and partial melting, with local
coeval granulite-facies metamorphism, and determined peak metamorphic conditions in
the Muskoka domain to 750-850°C and 1000-1150 MPa during the interval 1080-1060
Ma. Ketchum and Krogh (1997) obtained ages of 1120 to 1090 Ma from retrogressed
eclogite bodies in the Shawanaga domain, and Bussey ef al. (1995) reported metamorphic
ages in the interval 1080-1070 Ma from the Ahmic dofnain, at the same structural leve] as
the Shawanaga domain. These data suggest that high-pressure metamorphism in the
Shawanaga domain preceded metamorphism in the Muskoka domain, but that peak
conditions persisted and overlapped in the two domains, consistent with the tectonic
model of Culshaw et al. (1997). P-T estimates of peak metamorphism are 1050-1100
MPa and 830°C for the uppermost structural level of the Shawanaga domain (Lighthouse
gneiss association), and 750-850 MPa and 685-700°C for the structurally lower Ojibway

gneiss association (Wodicka e al., 2000).
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1.3. Objectives

The thesis involves investigations of ca. 1.48-1.36 Ga gneisses in the Muskoka and
Shawanaga domains (Fig. 1.2), metamorphosed under upper amphibolite- to locally
granulite-facies conditions during Grenvillian orogenesis, using a combination of
geochemical, geochronological, and petrographic techniques. The techniques include, in
addition to field work and petrography, XRF and ICP-MS whole rock geochemical
analysis, and TIMS and SHRIMP U-Pb zircon dating.

1.3.1. Pre-Grenvillian events

As discussed above, the investigated rocks probably formed at or close to the
Laurentian margin between ca. 1.48 and 1.36 Ga, coeval with magmatic activity along
- the paleomargin of Laurentia from Labrador through the midcontinental USA. One of
the main objectives of the thesis is to determine the petrogenesis and tectonic significance:
of the protoliths to the investigated gneisses using a combination of geochemical and
geochronological techniques. Recent models of the tectonic evolution of Laurentia
during this interval suggest an active continental margin (Rivers and Corrigan, 2000);
however, few geochemical data are available to support this model (Culshaw and Dostal,
1997, 2002). This thesis represents the first extensive geochemical investigation of the
area and is intended to test and refine the proposed model. The results also have

implications for the applicability of geochemical data to high-grade terranes.

1.3.2. Grenvillian events

Grenvillian overprinting involved moderate to strong ductile deformation and
moderate to extensive partial melting over much of the investigated area. In recent years
it has become increasingly clear that partially molten rocks may influence the way
orogens evolve by lowering the strength of the rocks (e.g., Hollister and Crawford, 1986;
Rutter, 1997). An important objective of the thesis is to determine how the migmatites
formed (partial melting processes) and the relationship between migmatization and

tectonic processes or events.

In summary, the main objectives are to:
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e Determine the petrogenesis of the protoliths to high-grade gneisses in the Muskoka
and Shawanaga domains and their significance for the tectonic evolution of Laurentia

between ca. 1.5 and 1.35 Ga.

e Determine how the migmatites formed and their relationship to Grenvillian

tectonism.

1.4. Thesis structure and organization

1.4.1. Relationship to published work

The chapters in this thesis are written as independent but complementary

manuscripts. Some repetition of background material is, therefore, unavoidable.

Chapter 2 presents geochemical data from protoliths to high-grade gneisses in the
Muskoka and Shawanaga domains and discusses the pre-Grenvillian tectonic evolution of
the southwestern Grenville Province. This chapter is written as a journal manuscript and
has been accepted for publication in Proterozoic Evolution of the Grenville Orogen in
North America, GSA Special Paper. Co-authors are Nick Culshaw, Rebecca Jamieson,
and John Ketchum. The paper includes geochronological data from one sample
(charnockitic gneiss) that for the purpose of thesis organization are discussed in Chapter
5 along with the other geochronological data. I have interpreted the geochemical data
and done the trace element modeling myself, with helpful suggestions from Barrie
Clarke. Nick Culshaw and Rebecca Jamieson contributed significantly to the ideas and
interpretations regarding tectonic evolution. John Ketchum conducted the

geochronological analyses (TIMS).

Chapter 3 discusses the petrogenesis of migmatites in the Muskoka domain, and
shows that deformation may influence the compositions of partial melts at mid-crustal
levels. This chapter represents a manuscript in preparation intended for publication in
The Journal of Petrology, co-authored by Rebecca Jamieson and Nick Culshaw. The
paper will cdntain mineral compositional data from SEM analyses currently underway at
the Geological Survey of Norway (NGU). I have interpreted the geochemical data and

done the trace element modeling myself, whereas interpretations regarding the role of
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fluids, in particular the possible presence of low-aH,O fluids, and tectonic significance of

partial melting have benefited greatly from discussions with the co-authors.

Chapter 4 describes field relationships, pétrography, geochemistry, and
petrogenesis of leucosome-rich metatexite, diatexite, granite, and pegmatite in the
southern Shawanaga domain, immediately below the Parry Sound domain: Barrie Clarke
and Rune Larsen at NGU have both been a great help in the work with this chapter; in
particular, the interpretations of the granite-pegmatite relationship have benefited greatly
from discussions with Clarke and Larsen. In addition, this chapter relies on previous
mapping conducted by Nick Culshaw and co-workers (Culshaw et al., 1988, 1989, 1990)

as well as more detailed mapping in a limited area conducted by myself.

Chapter 5 presents and discusses SHRIMP and ID-TIMS U-Pb zircon
geochronological data from the Muskoka and Shawanaga domains. The results from the
TIMS analyses have already been published (see above). This chapter is written as a
manuscript, albeit in greater detail than will be possible in a journal paper. Mike
Hamilton, Rebecca Jamieson, and Nick Culshaw will be co-authors on the planned paper.
Mike Hamilton conducted the SHRIMP analyses, but I have for the most part interpreted

the results myself with helpful input from the co-authors and Bernard Bingen at NGU.

1.4.2. Originality

I have for the most part interpreted the field, petrographic, geochemical, and
geochronological data myself, but with important input from the thesis committee as well
as other collaborators mentioned in the Acknowledgements. I have done most of the
writing, with minor corrections or revisions done by others (thesis committee).
Analytical work was conducted at St. Mary’s University, Halifax (XRF by David
Slauenwhite), Memorial Univérsity of Newfoundland (ICP-MS by Pam King), SHRIMP
geochronology at the GSC in Ottawa by Mike Hamilton, and ID-TIMS geochronology at
the Royal Ontario Museum in Tofonto by John Ketchum. I mainly did the sample
preparation and zircon separation myself, with some help mentioned in the
Acknowledgements. Much of the work presented herein is based on mapping conducted

in the 1980’s and early 1990°s by Nick Culshaw, Tony Davidson, and co-workers



20

(Culshaw er al., 1983, 1988, 1989, 1990, 1994; Davidson and Morgan, 1980; Davidson et
al., 1982, 1985).



2. Protolith geochemistry, Muskoka and Shawanaga domains

2.1, Introduction

Continental growth processes include formation of juvenile magmatic crust at or
near the continental margin, accretion of outboard terranes (Bickford, 1988; Condie and
Chomiak, 1996), and continental collision (e.g., Yin and Harrison, 2000 and references
therein). Where these processes are superimposed, evidence of successive continental
growth is likely to be obscured by subsequent accretionary or collisional orogenesis.
Unraveling the pre-orogenic history of strongly deformed, metamorphosed, and
dismembered rocks in accretionary and collisional orogenic belts, ancient as well as
recent, is a daunting task (cf., van Staal et al,, 1998). In addition to the effects imposed
by accretion and continental collision, rocks incorporated in orogenic belts typically span
several hundred million years in age, come from a variety of tectonic settings and
geographical locations, and may have been involved in several orogenic cycles. This
problem, inherent in most large orogenic belts, may be nowhere better illustrated than in
the pervasively deformed Central Gneiss Belt (CGB) of the southwestern Grenville

Province in Ontario.

The CGB 1s commonly described as a collage of tectonically stacked lithotectonic
units or domains, assembled by northwest-directed thrusting during Grenvillian
orogenesis (Davidson ef al., 1982; Rivers ef al., 1989; Nadeau and Hanmer, 1992;
Culshaw et al., 1997). Discrete domains, identified based on contrasting lithologies,
structural style, metamorphic history, and in some cases geophysical properties, are
separated by zones of straight gneisses (S tectonites with a pronounced layering, after
Davidson et al., 1982) interpreted to represent ductile shear zones (Davidson et al., 1982;
Culshaw er al., 1983, 1997). The CGB exposes high-grade gneisses with protolith ages
ranging from Archean to late Mesoproterozoic (Ketchum and Davidson, 2000), which
include reworked continuations of Archean, early and mid Paleoproterozoic, and
Mesoproterozoic orogens (Rivers, 1997 and references therein), representing a variety of

probably arc-related tectonic settings, from continental and island arc to intra-arc and

21
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back-arc (Culshaw and Dostal, 1997, 2002; Rivers, 1997; Carr et al., 2000; Rivers and
Corrigan, 2000). Some units are clearly allochthonous with respect to the surrounding
units (Wodicka et al., 1996), and some protoliths were strongly deformed and

metamorphosed prior to Grenvillian orogenesis (Corrigan et al., 1994; Ketchum ef al.,

1994).

Studies of the pre-orogenic history of rocks in orogenic belts rely heavily on
geochronology (e.g., Ketchum et al., 1997; Gebauer, 1999; Soderlund er al., 2002).
Geochronological data are necessary in order to identify the sequence of events and
correlate rocks that may have formed during the same geological event, and in many
cases, the robust U-Pb zircon system preserves evidence of several past tectonic events.
However, in most cases determining the petrogenesis and tectonic significance of a rock

‘requires information about its composition, in addition to its age. Here, we present new
geochemical and geochronological data from a variety of rock types from the CGB in
order to constrain their petrogenesis and tectonic setting, and discuss likely tectonic

models for the pre-Grenvillian evolution of the area between ca. 1500 and 1350 Ma.

Apart from the detailed studies of Culshaw and Dostal (1997, 2002), proposed
tectonic models for the early Mesoproterozoic evolution of the Grenville Province are
typically relatively broad in scope. For example, Rivers and Corrigan (2000) proposed
an ‘Andean’-type model involving continuous subduction of oceanic crust beneath the
Laurentian margin, with alternating periods of back-arc extension and compression.
Although we agree with their general interpretation, the data presented here suggest
differences in detail, and have different implications for the early Mesoproterozoic

geological and magmatic evolution of the North American midcontinent region.

The main contributions of this paper are to: (i) demonstrate the robustness of the
geochemical system in strongly deformed and metamorphosed rocks, (ii) show that in
addition to geochronology, geochemistry should be considered in studies of pre-orogenic
history, (iii) propose a detailed model for the pre-Grenvillian, early Mesoproterozoic
tectonic history of the southwestern Grenville Province, and (iv) add to the understanding

of the evolution of the Laurentian margin during the Mesoproterozoic. Coupled with
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relatively good exposure, simple logistics, a relatively well-understood Grenvillian
history, and large geochronological database, the selected study area (Fig. 2.1) is well

suited for studies aimed at understanding the pre-Grenvillian history of the CGB.
2.2. Regional geology

Wynne-Edwards (1972) described the Grenville Province in Ontario in terms of three
major divisions (Fig. 2.1): the Grenville Front Tectonic Zone, Central Gneiss Belt (CGB),
and Central Metasedimentary Belt (CMB), the latter two separated by the Central
Metasedimentary Belt boundary thrust zone (CMBBZ). The Grenville Front Tectonic
Zone is a southeast-dipping crustal-scale thrust zone, active at ca. 1.0 Ga (Haggart et al.,
1993; Krogh, 1994), that marks the northwestern limit of Grenvillian deformation and
metamorphism. The CGB structurally overlies the Grenville Front Tectonic Zone and
comprises late Paleoproterozoic to early Mesoproterozoic high-grade gneisses that
formed along the southeastern margin of the pre-Grenvillian Laurentian craton and were
penetratively deformed and tectonically stacked during Grenvillian orogenesis (Culshaw
et al., 1997). The CMB structurally overlies the CGB and comprises post-1.4 Ga arc and
back-arc assemblages interpreted to have formed outboard of the southeastern margin of
Laurentia (Carr ef al., 2000 and references therein). Emplacement of the CMB onto the
CGB took place by thrusting along the CMBBZ during Grenvillian orogenesis, although
the timing of this event is debated. McEachern and van Breemen (1993) and Corriveau
and van Breemen (2000) suggested that collision started around 1.2 Ga, whereas Culshaw
et al. (1997) and Timmermann et al. (1997), citing the lack of geochronological evidence
for metamorphism prior to ca. 1080 Ma in the CGB in Ontario, argued for continental
collision at ca. 1090-1080 Ma. The Parry Sound domain (Fig. 2.1) is now located within
the CGB, but is interpreted to represent a thrust-slice originating within the CMBBZ or
correlative rocks to the southeast (Wodicka etal., 1996).

The CGB can be divided into two parts, separated by the Allochthon Boundary
Thrust (Fig. 2.1). Northwest of the Allochthon Boundary Thrust, the CGB comprises

orthogneisses and minor paragneisses, the protoliths of which formed during two major
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magmatic episodes at ca. 1750-1600 and 1470-1340 Ma (e.g., Rivers, 1997; Ketchum and
Davidson, 2000). Despite extensive reworking during Grenvillian metamorphism and
deformation, evidence for multiple phases of pre-Grenvillian tectonism, including
significant >1700 Ma and ca. 1450-1350 Ma events, is locally preserved (van Breemen
and Davidson, 1988; Tuccillo et al., 1992; Corrigan et al., 1994; Dudas et al., 1994,
Ketchum et al., 1994; Jamieson et al., 2001). Krogh et al. (1996) proposed the term
Pinwarian orogeny for the ca. 1450 Ma event. In contrast, southeast of the Allochthon
Boundary Thrust, Culshaw ef al. (1997) and Timmermann ef al. (1997) found no clear
evidence for a pre-Grenvillian metamorphic history in the Shawanaga and Muskoka
domains, hence they are ‘monocyclic’ according to the terminology of Rivers ef al.
(1989). Following Rivers et al. (1989), we define Grenvillian orogenesis to include
tectonic, metamorphic, and plutonic events that took place at or outboard of the
Laurentian margin between ca. 1190 and 970 Ma. The distribution of lithological units,
structures, and metamorphic grades in the investigated area is largely the result of

Grenvillian tectonic processes (e.g., Culshaw et al., 1997; Timmermann ef al., 1997; Carr

et al., 2000).

The times of protolith formation in the CGB coincided with major crustal-forming
events in the North American midcontinent (Condie, 1986; Bickford, 1988; Van Schmus
et al., 1996), and several authors have proposed that events in the CGB and adjacent
foreland can be correlated with events in the midcontinent region (Davidson, 1986;
Easton, 1986; Bickford, 1988; van Breemen and Davidson, 1988; Rivers and Corrigan,
2000; Culshaw and Dostal, 2002). The ca. 1.9-1.6 Ga Penokean, Yavapai-Mazatzal,
Killarnean, and Makkovikian orogenies involved formation and accretion of juvenile
crust along the southeastern margin of Laurentia (Condie, 1986; Dickin and McNutt,
1990; Davidson ef al., 1992; Culshaw et a/., 2000). Subsequently, in the intervals 1500-
1440 and 1400-1340 Ma, the Eastern and Southern granite-rhyolite province, |
respectively, formed along the southeastern margin of Laurentia (Bickford, 1988; Van
Schmus ef al., 1996). The tectonic setting of the granite-rhyolite provinces is debated.

Early models focused on the A-type composition of the rocks and their relative lack of
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deformation, suggesting an anorogenic setting (e.g., Anderson, 1983; Hoffmann, 1989;
Kisvarsanyi and Kisvarsanyi, 1990; Windley, 1993). More recent models, however,
emphasize that many of the granites and rhyolites have Nd model ages that are only
slightly older than their crystallization ages, suggesting derivation from juvenile
continental crust (e.g., Van Schmus er al., 1996, Menuge et al., 2002). The latter authors
suggested that the granites and rhyolites most likely formed in an ensialic back-arc
setting following accretion of juvenile crust to the Laurentian margin. A problem with
this model, however, is that the substrate (i.e., potential source) to the granites and
rhyolites is unexposed in the midcontinent region. As pointed out by Culshaw and Dostal
(2002), the CGB may represent the reworked and telescoped continuation of the
midcontinental granite-rhyolite provinces; work in this area may, therefore, contribute to

understanding the Mesoproterozoic evolution of the Laurentian margin as a whole.

2.3. Geology of the study area

The term domain is widely used in Grenville literature for segments of crust that,
on the basis of lithology, structure, metamorphic grade, geological history, and
geophysical signature, are sufficiently distinct to set them apart from adjacent segments
(Davidson, 1995). Domain is preferred over terrane because some tectonic connotations
of the latter do not apply in the area; for example, most domains are not bounded by
sutures (cf., Coney et al., 1980), and on palinspastic reconstruction many Grenville

domains restore together as a single entity (Culshaw ez al., 1997).

The investigated rocks were strongly deformed under upper amphibolite-to
granulite-facies conditions during Grenvillian orogenesis and generally form layered
gneisses lacking primary igneous or sedimentary structures, although some rocks contain
primary megacrystic K-feldspar. For simplicity, we generally omit the prefix "meta” and
the generic term "gneiss", and instead use protolith names as defined by modal
compositions. The only exception is the ‘gray gneiss’ described below that warrants a
distinct grouping because it encompasses a range of protolith compositions with similar

geochemical characteristics.
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2.3.1. Muskoka and Seguin domains

Gray gneiss

The Muskoka domain and contiguous Seguin subdomain (Fig. 2.2, hereafter
collectively referred to as the Muskoka domain) constitute the uppermost structural level
(level 5, Ketchum and Davidson, 2000) of the CGB, in the immediate footwall to the
CMBBZ (Fig. 2.2). The Muskoka domain is dominated by moderately east- to southeast-
dipping, gray, migrﬁaﬁtic orthogneisses that range in composition from gabbro and
diorite through granodiorite to volumetrically subordinate granite (Table 2.1, Fig. 2.3).
Granodioritic, dioritic, and/or granitic orthogneisses are locally interlayered, imparting
the gneisses with a cm-scale banded appearance. By analogy with other gneiss terranes
(e.g., Passchier et al., 1990), the interlayering is most likely the result of ductile

~deformation of igneous features. Protolith ages for the gray gneisses range from ca. 1480
to 1430 Ma (Timmermann ef al., 1997; Nadeau and van Breemen, 1998; McMullen, |
1999), but most ages cluster around 1450 to 1460 Ma. The gneisses were
metamorphosed under upper amphibolite- to local granulite-facies conditions during
Grenvillian orogenesis (Timmermann ef al., 2002), and typically include 30-40 vol.%
leucosome measured on a series of vertical cross-sections (Slagstad, unpublished data).
The leucosomes appear to be in situ at the outcrop scale, indicated by ubiquitous,

spatially associated melanosomes.

Maﬁc enclaves. Elongaté mafic enclaves (boudins), ranging in size from a few
decimeters up to several meters and concordant with the Grenvillian fabric are common
throughout the Muskoka domain. Nadeau (1990) and Timmermann (2002) interpreted
the mafic enclaves to represént disrupted and boudinaged dikes, however, they do not
appear to cut any preexisting fabrics or layering and an origin as xenoliths or cognate
inclusions (e.g., Dorais et al., 1990; Kay et al., 1990) cannot be discounted.  The
composition of the mafic enclaves is unlike that of the Sudbury metadiabase (ca. 1.24 Ga,
" Dudés et al., 1994) as summarized by Ketchum and Davidson (2000), compatible with
the hypéthesis that Sudbury metadiabase is restricted to rocks in the footwall of the
Allochthon Boundary Thrust (Culshaw et al., 1997; Ketchum and Davidson, 2000).
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towns, and lakes are included as geographical reference. UTM coordinates {zone 17) for
dated charnockite sample: 640 050E 4980 550N. The ca. 1427 Ma monzodioritic
orthogneiss is the youngest protolith age obtained from the Muskoka domain (Nadeau

and van Breemen (1998).
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Table 2.1 Modes of representative protolith samples.
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Gray gneiss
M100716  M2707-11  M10075-1 MO03083B-M M03083-M M2707-16 M2707-10
n 400 500 500 500 500 400 400
Qtz 16.7 24.0 9.6 15.0 6.4 23.2
P 63.5 52.6 72.2 53.8 69.4 28.3 46.3
Kfs 11.0 8.0 40.0
Hbl 7.8 16.6 44 11.6 7.0 375
Bt 8.6 54 11.6 6.8 7.0 57 8.0
Opx : '
Cpx
Grt
Ttn
Opag 24 0.8 1.6 1.2 2.8 8.2
Ap acc. acc. acc. acc. acc.
Zm acc. acc. acc. acc.
Aln
Granitic gneiss Charnockite Rhyolite
M100710-2 M150712 M150724 M080721-1 M18072 802063
n 510 500 500 500 500 400
Qtz 324 41.8 17.6 5.4 20.6 37.3
Pl 21.8 7.0 25.0 23.0 15.6 21.3
Kfs 396 -50.8 55.0 63.2 53.2 41.0
Hbi 24 0.6 acc. '
Bt 14 : 1.4 acc.
Opx acc. 0.8
Cpx 2.0 3.2
Grt acc. 1.0 acc.
Tin
Opaq 2 acc. acc. 42 34 acc. -
Ap acc. acc. acc. acc.
Zm acc. acc. acc. acc.
Aln acc.
Unknown 3

Determined by point-counting (n denotes number or points). acc.=accessory phase (<0.25 vol.%).



Charnockitic gneiss

Dark green, two-pyroxene charnockitic gneiss constitutes a volumetrically minor
part of the Muskoka domain (Fig. 2.2). The charnockitic gneiss typically forms relatively
small bodies, up to a few hundred meters across, that may extend along strike for several
kilometers, although there is insufficient outcrop to map out individual bodies for more
than a few hundred meters. The charnockitic gneisses are recognized in the field based
on their green color and textural homogeneity. Leucosome is generally absent, in marked
contrast to surrounding rocks. Their modal mineralogy corresponds to two- pyroxene
granite to quartz syenite (Fig. 2.3), but for simplicity, they are referred to as charnockite.
In one outcrop, the charnockite contains a 0.5 m thick mafic sheet that is geochemically
indistinguishable from the mafic enclaves. As discussed in Chapter 5, the age of the
charnockite is relatively poorly constrained at 1449+20/-17 Ma., i.e.., similar to the gray

gneisses.
Granitic gneiss

Pink to orange, granitic (granite to quartz syenite, Fig. 2.3) orthogneiss forms
bodies similar in size and distribution to the charnockites (Fig. 2.2), but does not contain
pyroxene. The granites are sparsely migmatitic, with significantly less leucosome than
the surrounding gray gneisses. Timmermann et al. (1997) dated one granite body at
1394413 Ma, however, recent SHRIMP data from a different, but geochemically similar

granite elsewhere in the Muskoka domain yielded an age of ca. 1470440 Ma (M.

Hamilton, pers. comm., 2002), similar to the gray gneiss and charnockite.

2.3.2. Megacrystic orthogneiss
Lake of Bays suite

A unit of K-feldspar megacrystic granitoid orthogneiss, several hundred meters
thick and traceable for several tens of kilometers, separates the Upper Rosseau and
Muskoka domains from the underlying domains (Fig. 2.2). Similar megacrystic
orthogneisses do not appear to be present in the Upper Rosseau domain, and they are

sparse in the Muskoka and Shawanaga domains. Where dated, the megacrystic
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orthogneisses have yielded ages similar to the gray gneisses (Nadeau and van Breemen,
1998; Timmermann, 1998; McMullen, 1999). In this papér, we refer to these

megacrystic orthogneisses as the Lake of Bays suite.
Mann Island granodiorite and Britt pluton

Megacrystic orthogneisses are common at lower structural levels of the CGB in
Ontario (Carr et al., 2000). For comparative purposes, we sampled several megacrystic
granitoid plutons outside the main study area. In the Britt domain, we sampled the Britt
pluton (1456.5+8.5/-5.9 Ma; van Breemen et al., 1986) and Mann Island granodiorite
(1442+7/-6 Ma; Corrigan et al., 1994). Both of these plutons intruded older, ca. 1.7 Ga,

Laurentian continental crust (Culshaw ef al., 1988; Corrigan et al., 1994).
‘Marginal orthogneiss’

In the Shawanaga domain (discussed below), a megacrystic orthogneiss commonly
referred to as 'marginal orthogneiss' (van Breemen et al., 1986) was sampled. The
‘marginal orthogneiss’ immediately underlies the Parry Sound shear zone, and has

vielded an imprecise age of 1346+69/-39 Ma (van Breemen et al., 1986).

2.3.3. Shawanaga domain

The Shawanaga domain is situated in the hanging wall to the Shawanaga shear zone
(Figs. 2.1, 2.4) (Culshaw et al., 1994; Ketchum, 1995), which in this area is interpreted to
represent an extension of the province-wide Allochthon Boundary Thrust (Ketchum and
Davidson, 2000). Culshaw er al. (1988, 1989, 1994, 1997) divided the Shawanaga
domain into five units or gneiss associations: the Shawanaga pluton, Ojibway gneiss
association, Sand Bay gneiss association, Lighthouse gneiss assoctation, and the
'marginal orthogneiss' noted above. The Sand Bay gneiss association was the main target
of study in the Shawanaga domain, whereas the Ojibway gneiss association and
Shawanaga pluton were only investigated on a reconnaissance level (two samples from

each).
Shawanaga pluton

The Shawanaga pluton (Davidson ez al., 1982; Culshaw et al., 1994), dated at 1460



+12/-8 Ma (T. E. Krogh, unpublished data), is a migmatitic, garnet-amphibole-biotite
granodiorite with minor granite and leucogranite, that lies within the Shawanaga shear

zone (Ketchum, 1995).
Ojibway gneiss association

The Oj ibway gneiss association structurally overlies the Shawanaga pluton and
extends southeastward to within a few kilometers of the Parry Sound domain (Culshaw et
al., 1994). Like the Muskoka domain, it is dominated by gray, migmatitic, upper
amphibolite-facies dioritic to granodioritic orthogneiss (Culshaw er al., 1994), with a
protolith age of 1466+11 Ma (T. E. Krogh, unpublished data). The OjibWay gneiss
association also contains small granite and megacrystic granitoid bodies, similar to those

in the Muskoka domain.
Sand Bay gneiss association.

The Sand Bay gneiss association (Culshaw et al., 1989) comprises a supracrustal
assemblage, dominated by fine-grained, pink, migmatitic, quartzofeldspathic gneisses
interpreted to be of volcanic (rhyolitic) origin based on compositional data (Culshaw and
Dostal, 1997). Gray quartzofeldspathic gneiss, plagioclase-quartz-biotite schist (Dillon
schist, Culshaw ef al., 1989) and minor calc-silicate, quartzite, and amphibolite are
interlayered with the rhyolites. The contact with the Ojibway gneiss association is
isoclinally folded and may be a deformed unconformity or décollement (Culshaw et al.,
1994). Detrital zircons from quartzites within the Sand Bay gneiss association yielded
ages ranging from >2000-1382 Ma (T. E. Krogh, unpublished data), indicating a
Laurentian source. The mineralogical and chemical composition of the Dillon schist
suggests derivation from an immature, calcareous, epiclastic sediment (Culshaw and
Dostal, 1997), and detrital zircons suggest a contribution from a proximal volcanic source
at ca. 1364 Ma (T. E. Krogh, unpublished data). Thin megacrystic granitoid orthogneiss
sheets, found in a few places in the Sand Bay gneiss association, are considered with the

'marginal orthogneiss' in the following discussion.
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Amphibolite. Culshaw and Dostal (1997) interpreted the amphibolites in the Sand
Bay gneiss association to represent basaltic extrusions, coeval with the rhyolites in the
Sand Bay gneiss association. The amphibolites are compositionally similar to the mafic
enclaves in the Muskoka domain and they are referred to collectively as metabasites -

below.
Lighthouse gneiss association.

The Lighthouse gneiss association (Culshaw and Dostal, 2002), in the immediate
tootwall to the Parry Sound shear zone, is the structurally uppermost supracrustal unit of
the Shawanaga domain. It includes interlayered pelitic and psammitic gneiss,
quartzofeldspathic gneiss, and amphibolite (Wodicka er al., 2000; Culshaw and Dostal,
2002).

Geochemical investigations of the Sand Bay and Lighthouse gneiss associations by
Culshaw and Dostal (1997, 2002) suggested the presence of a bimodal suite of
continental tholeiitic basalts and rhyolites in the Sand Bay gneiss association, and a
progression toward more ocean-floor-like (N- to E-type MORB) compositions in the
lower and upper Lighthouse gneiss association. Culshaw and Dostal (1997, 2002)
interpreted this progression to be compatible with progressive rifting in or behind a
continental margin arc, however, it has not yet been established that the Sand Bay and
Lighthouse gneiss associations are genetically related. Recent dating of detrital zircons
from the Lighthouse gneiss association suggests that the lower unit is related to the Sand

Bay gneiss association, whereas the upper unit is distinct (Raistrick, 2003).

2.4. Geochemistry

2.4.1. Analytical and sampling procedures

Major and trace elements were determined on fused glass beads and pressed
powder pellets, respectively, using standard X-ray fluorescence (XRF) techniques at St.
Mary's University, Halifax. Rare earth elements (REEs), Hf, and Th were determined at
Memorial University, Newfoundland, by inductively coupled plasma-mass spectrometry

(ICP-MS) using a Na,O; sintering technique. Dostal er al. (1986) and Longerich e al.
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(1990) discussed the analytical procedures, uncertainties, and precision of the XRF and
[CP-MS analyses, respectively (see also Appendix A). Analytical results are presented in

Appendix B.

Samples were collected from variably migmatitic outcrops. We have no field,
petrographic, or geochemical data to suggest that sparsely migmatitic outcrops lost melt;
in particular, the compositions of these rocks are not residual (cf., Solar and Brown,
2001). The more typical, strongly migmatitic outcrops present a greater challenge,
because the bulk compositions may have been affected by gain or loss of melt. Samples
from these outcrops lack leucosome on the hand sample scale, although they generally
show grain-scale evidence (cf., Sawyer, 1999) of melting (Timmermann et al., 2002). On
the basis of textural evidence, Timmermann et a/. (2002) concluded that partial melting
in these rocks involved incongruent breakdown of biotite, producing abundant new
hornblende. Evidence of this process is lacking from the sampled rocks (Slagstad,
unpublished data) suggesting that they did not undergo significant melting. We conclude
that only small amounts of melt, if any, were added to or segregated from the sampled

rocks, and that they therefore represent a good approximation to protolith compositions.

2.4.2. Element mobility

The chemical compositions of highly metamorphosed orthogneiss'es have been used
to determine petrogenesis and paleotectonic setting of their igneous protoliths, based on
the assumption that the concentrations of the elements under consideration remained
essentially unchanged during metamorphism and deformation. In general, low-field-
strength elements (Sr, K, Rb, and Ba) are considered mobile, whereas high-field-strength
elements (REEs, Y, Th, Zr, Hf, Ti, Nb, and P) and some transition metals (Ni, V, and Cr)
are considered immobile (Rollinson, 1993). Element mobility should produce widely
scattered patterns in normalized-element plots; however, most elements display no such
scatter in the primitive mantle-normalized diagrams presented here, and the rocks have
compositions similar to fresh, unmetamorphosed rocks (see following sections). Notable
exceptions are Th in the gray gneisses and Ba in the metabasites that display significant

variation, possibly because of mobilization. In addition, the distinct differences between
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suites of rocks in these diagrams indicate only limited element mobility. Another way to
assess whether or not a suite of rocks shows a coherent relationship that can be
interpreted in terms of magmatic evolution is to use Pearce element ratios (Pearce, 1968),
in which the molar ratios of compatible/incompatible elements are plotted against each
other. Pearce element ratio diagrams for the gray gneisses and metabasites indicate that
the major element variation within these two suites is similar to that expected for a
related suite of magmatic rocks, and the same conclusion can be drawn from Harker

variation diagrams (see following sections).

Despite the potential problems associated with both migmatization and element
mobility, the consistency of the geochemical data and similarity to unmetamorphosed
magmatic rocks suggest a reasonable approximation to original protolith compositions,

therefore allowing for a plausible interpretation of petrogenesis and paleotectonic setting.

2.4.3. Muskoka and Seguin domains
Gray gneiss

The gray gneisses range in SiO; from 46.7 to 71.3 wt.%. They follow a calc-
alkaline trend on the AFM diagram of Irvine and Baragar (1971) and have
FeOy/(FeO,+MgO) ratios <0.80 (Fig. 2.5a), typical of calc-alkaline rocks (Frost et al.,
2001). In the alumina-saturation diagram, the rocks straddle the boundary between
metaluminous and slightly peraluminous compositions (Fig. 2.5d), with A/ CNK<1 .1, and
A/NK>1.2. Harker diagrams (Fig. 2.6) display relatively well defined negative trends for
most major elements (positive for K,0), although there is some scatter in K,O and Al,O3
values and substantial scatter in Na,O values. The scatter in K>O and Na,O may reflect
mobilization by secondary processes, although the preservation of a clear positive trend
for K,O suggests limited mobility. Similar scatter in Al;O3 was noted by Clynne (1990)
in fresh, mafic to intermediate lavas from the Lassen Volcanic Center in California, and
may, thus, be a magmatic feature rather than a result of element mobility. Fig. 2.7 shows
Pearce element ratio diagrams of AVK vs. (2Ca+Na)/K and Ti/K vs. P/K; we chose K as

the conserved element in the denominator because it is incompatible in the fractionating
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Fig. 2.6 Selected Harker diagrams for the gray gneisses in Muskoka domain, Shawanaga
pluton, and Ojibway gneiss association, showing relatively well defined trends with Si0,.
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Fig. 2.7 (a) Pearce element ratio diagram of mole AUK vs. (2Ca+Na)/K for the gray
gneisses (Muskoka domain) yielding a slope of 1.29, suggesting fractionation of plagio-
clase and clinopyroxene in a ratio of (mole PI/P1+Cpx) 3:4 (Russell and Nicholls, 1988).
The dashed line encloses samples used as the starting composition (<55 wt.% Si0O,) for
trace element modeling (stage 1, Fig. 2.14a); the solid line encloses samples representing
the most felsic gray gneisses (avg. Si0,=70 wt.%) (stage 2, Fig. 2.14b). (b) Pearce
element ratio diagram of mole Ti/K vs. P/K, suggesting fractionation of apatite and Fe-Ti
oxides.
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assemblage (increases with increasing SiO,) and appears not to be strongly affected by
mobilization. The linear trends displayed in these diagrams are compatible with the gray
gneisses being part of the same suite of magmatic rocks, and suggest that the
geochemical variation within the suite is related to magmatic evolution rather than
element mobility. Trace elements such as Sr and V (compatible in plagioclase and Fe-Ti
oxides, respectively) show negative trends with SiO,, whereas Rb increases with
increasing Si0;.

The REE patterns (Fig. 2.8a inset) are moderately fractionated, with small to
moderate negative Eu anomalies (Ew/Eu*)n=0.54-0.80) that display a shallow negative
trend with increasing Si0,. Rare earth fractionation ((La/Yb)y) increases from 5.4 to
12.7 and (La/Sm)y from 1.8 to 4.8 with increasing SiO,. Light (L)REEs are not
correlated with SiO,, whereas heavy (H)REEs and particularly middle (M)REEs show
well defined negative trends. The primitive mantle-normalized variation diagram (Fig.
~ 2.8a) shows that the rocks have trace element abundances typical of magmatic arcs (e.g.,
Brown et al., 1984), with distinct negative Nb, and small negative P and Ti anomalies.
However, Zr values range from 200 to 400 ppm, significantly higher than most arc-
related rocks. The rocks plot in the magmatic arc field in the Y+Nb vs. Rb fectonic
discrimination diagram of Pearce et al. (1984) (Fig. 2.9a), consistent with their calc-

alkaline character and trace element composition.
Charnockites

The charnockites range in Si0, from 62 to 68 wt.%, and are high in alkalis (Na,O +
K;0=98-11.4) and iron (FeOt/(FeOtJngO)r-O.86-0.97) (Fig. 2.5c). Total REE contents
are high and the REE patterns are moderately fractionated ((La/Yb)x=4.2 to 15.8) with a
large scatter of Eu anomalies ((EwEu*)y=0.3-1.5) (Fig. 2.10a inset). Barium also shows
significant scatter, which could reflect element mobility. However, Ba and (EwEu™)n
display a well defined linear trend, and the scatter in Ba and Eu anomalies may be beﬁer
explained by K-feldspar accumulation than by element mobility. In the primitive mantle-
normalized diagram (Fig. 2.10a), the charnockites are depleted in Th and Nb relative to

the LREEs, and have large negative Sr, P, and Ti anomalies. Exéept for one sample, the
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charnockites plot in the field of within-plate granites in tectonic discrimination diagrams

(Fig. 2.9¢).

Granites

The granités range in Si0; from 64 to 76 wt.% and are, like the chamockites, high
in alkalis (Na;O + K0 = 8.6-10.6) and iron (FeOy/FeO+Mg0=0.77-0.98 (Fig. 2.5¢).
They have moderately fractionated REE patterns with (La/Yb)ny= 9.5-16.4, and large
negative Eu anomalies ((EwEu*)y=0.23-0.56) (Fig. 2.10b inset). Total REE contents are
high and comparable to the charnockites, whereas other incompatible elements
(particularly Zr, Y, and Hf) are lower. In the primitive mantle-normalized diagram (Fig.
2.10b), the granites are characterized by negative Nb and Eu, and large, negative Sr, P
and Ti anomalies. In tectonic discrimination diagrams, the granites straddle the boundary

between within-plate and arc settings (Fig. 2.9¢).

2.4.4. Megacrystic orthogneiss

Lake of Bays suite and 'marginal orthogneiss’

Samples from the Lake of Bays suite range in SiO; from 59 to 70 wt.%, and the
'marginal orthogneiss' and associated megacrystic sheets in the Sand Bay gneiss
association range from 64 to 67 wt.%. Despite the apparent age difference between the
Lake of Bays suite and the 'marginal orthogneiss', their major and trace element
compositions are indistinguishable from each other and from the gray gneisses (Figs. 2.5,
2.8, 2.9). One sample of a megacrystic orthogneiss from the Ojibway gneiss association

is also geochemically similar to the Lake of Bays suite.
Mann Island granodiorite and Britt pluton

The Mann Island granodiorite and Britt pluton range in SiO; from 62 to 73 wt.%
Si0, and are enriched in iron (FeOy/(FeO+Mg0)=0.83-0.85) relative to the Lake of Bays
suite and 'marginal orthogneiss' that have (FeOy/(FeO,+MgO) ratios between 0.74 and
0.77, typical of calc-alkaline rocks (Fig. 2.5b). The Mann Island granodiorite and Britt
pluton are enriched in incompatible elements relative to the Lake of Bays suite and

'marginal orthogneiss' (Fig. 2.8¢); they plot in the field of within-plate granites or straddle
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Fig. 2.9 Y+Nb vs. Rb tectonic discrimination diagram {Pearce et al., 1984) for (a) gray
gneisses in Muskoka domain, Shawanaga pluton, and Ojibway gneiss association;

(b) megacrystic granitoid orthogneisses; and (c) charnockite, granite, and rhyolite.

(d) Zr vs. Zr/Y tectonic discrimination diagram (Pearce and Cann, 1973) for the
metabasites.



'(6861) Y3nouo( oA pue ung I9je s10J0€J UONEZI[BWION "SAI[OAYL (0) pue ‘UONEId0sSe SSIOUS Aemqif() pue urewiop eyoysnq
‘sonueld (q) seooureyd (B) 10j SWeIdeip UOIBLIBA JUIWIS[D 90R1) (JASUL) PAZI[RULIOU-J]LIPUOYD PUR -d[juew SANIWLL] ¢I'Z ‘Si4
M A WLOH 4L N3 d 4H IS B yl ea
9A 1 43 AQ PO WS JZ PN ®0 AN M a¥

0 B Dt e e B 0 e e e B
- 6 .
L AOV o_._xoosmsmwﬂu 4
- 3 o0
F - L
E EN .w
- I
- ] 9
3 3
~ J0 =
L 1 @
i 3
7 e
3 =
3 001 @
ayiohuy e .
L et 119129 ggg
A WLod gL n3 d JH IS el Yyl eg oA WLoH al N3 d JH ig el yi eg
GA 1L ‘3 AQ PO WS JZ PN 23 OGN M 9 ) GA- WL 13 AQ PO WS JZ PN 8D OGN M Ay
RS B Bt B e e e g e e e e e o e SRS :__._Tﬂ&;.&a_w;.r_&;._______Po
L ssoub . B | {9 g po ws ud =1 ]
IAQV “ :Amv M R ot g
o 3 [42] - : - Nepipuoys 19 N [¥)
C 3 jsV] = 5, ferdues . o
E. =N 3 £ g 3
° 5]
3 4 ® - 8 @
S~ S
r 7] U - 7] 0
L 3 =2 » . =,
3 3 3 E 3 3
=N =01 1N.... == 3 0. =
| 3 i ] >
. = - . =3
] ] o 3 [y
3 = E 3 =
3 00l & E. H3 001 @
auueD o o - JjoouIBY S x ] m
Lt ¥ 1.3 o009 SBR[ v



45

600 F P ' U O B A Y B A A Y N B A ]
o I St. Francois Mts. - -
= 100 £ rhyolite =
© : s 3
E C 5 ]
E
o r 1
K] L .
£ 1k E
5] F 3
» f ]
- 4 (a) ]
01 | S VU U N TS N U SN NG [N SO N S G SN S AU N N OO ! oy |
Rb K’ NbCeNd ZrSmGdDy Er Ti Yb
BaThlLa Sr Hf P Eu Tb HoTm Y Lu
600 F Ty T Trrrr1rr 17 rrrrrTrrrrirrTrTrT
L %
o
€ 100
@©
= -
Qo
2 i 1
E 0¢E E
e :
@ L i
Q 3
E.. 1F ’ . E
8 E s Oherman batholith - 3
- reduced rapakivi-type granite (b) ]
[N 0 TOOR SO S W TS OO VU VO O O TN N D S TN YO T NS O O WO

Rb K Nb CeNd ZrSmGd Dy Er Ti Yb
Ba ThLa Sr Hf P Eu Tb HoTm Y Lu

Fig. 2.11 (a) Trace element composition of Sand Bay rhyolite compared to that of ,
rhyolite from the Eastern granite-rhyolite province, St. Francois Mountains (Menuge et al.,
2002). (b) Trace element composition of the charnockite compared to that of the Sherman
batholith (Frost ef al., 1999).



46

the boundary between within-plate and arc settings in tectonic discrimination diagrams

(Fig. 2.9b).

2.4.5. Shawanaga domain

Shawanaga pluton and Ojibway gneiss association ‘

The four samples of Shawanaga pluton and Ojibway gneiss association contain 61-
66 wt.% SiO, and resemble the gray gneisses in terms of major and trace element
concentrations (Figs. 2.5, 2.6, 2.8, 2.9). The REE patterns are moderately fractionated
((La/Yb)n=6.7-9.6) with negative to positive Eu-anomalies ((EwEu*)y=0.4-1.3).

Sand Bay rhyolites

The rhyolites range from 67 to 79 wt.% Si0O;,; all but one sample have SiO,>75
wt.% (Fig. 2.5¢). The very high Si0; could reflect silicification, however, we note that
the composition of the rhyolites is comparable to little altered, non-metamorphosed
rhyolites elsewhere (cf., Menuge et al., 2002) (Fig. 2.11a). Like the charnockites and
granites in Muskoka domain, the rhyolites are high in iron (FeO/(FeO+MgO) typically
>0.85) and alkalis (Na;O + K,0 = 7.5-9.5). The REE patterns are weakly to moderately
fractionated ((La/Yb)n=2.3-8.3), with large, negative Eu anomalies (Ew/Eu*)y=0.02-0.64)
(Fig. 2.10c inset). Two of the rhyolite samples (S30051 and S02063) have birdwing-
shaped REE patterns with strongly negatively sloping LREEs and positively sloping
HREESs, whereas other element abundances are similar to the other rhyolites. The
geological significance, if any, of these two samples is unknown. A possible
interpretation is that they are related to severe hydrothérmal alteration (Blein et al., in
press), but this possibility has not been investigated in detail here. In the primitive
mantle-normalized diagram (Fig. 2.10c¢), the rhyolites are characterized by strong Th
enrichment (significantly higher than for the charnockites and granites), moderately
negative Nb, and large negative Sr, P and Ti anomalies. The rocks straddle the boundary

between arc and within-plate settings in tectonic discrimination diagrams (Fig. 2.9¢).

2.4.6. Metabasites

The mafic enclaves from the Muskoka domain and amphibolites from the Sand Bay
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gneiss association are geochemically indistinguishable, and they are, therefore,
considered together. However, we emphasize that the geochemical similarity does not

necessarily mean that they are the same age.

’The metabasites range in SiO; from 44.8 to 51.0 wt.% with Mg# (mole
MgO/(MgO+FeOy)) generally between 0.40 and 0.60, and can be classified as subalkaline
basalt to basaltic andesite (Winchester and Floyd, 1977). Titanium, Fe;O;, and V
increase with decreasing Mg#, whereas Ni and Cr decrease (Fig. 2.12a). Elements such
as Rb, Ba, and Sr show significant scatter (Fig. 2.13), suggesting secondary alteration.
The FeOy/(FeO+MgO) vs. Si0; (Fig. 2.5¢) and FeOyMgO vs. TiO, diagrams (Miyashiro,
1974) clearly illustrate the tholeiitic nature of the metabasites. The Si/Ti vs.
0.5*(Mg+Fe)/Ti Pearce element ratio diagram is consistent with fractionation of phases

- such as pyroxenes and olivine (cf., Russell and Nicholls, 1988) (Fig. 2.12b).

The metabasites have weakly fractionated REE patterns with (La/Yb)N=2.3-4.9,
similar to'continental flood basalts (Fig. 2.13a). Th/La ratios are low, averaging 0.09,
arguing against significant crustal contamination; however, evidence of Th mobility in
some rocks makes this intérpretation highly uncertain. Total REE contents increase and
(EwEu*)y decreases slightly with decreasing Mg# (Fig. 2.12¢), whereas (La/Yb)n
remains constant. In the MORB-normalized diagram '(Fig. 2.13), most samples display
enrichment in all elements from Th to Sm, and depletion in'Y, Yb, and Cr. Most samples
have a negative Nb anomaly. In tectonic discrimination diagrams the majority of
metabasites plot in the field of within-plate basalts (Fig. 2.9d). One distinct sample
(520066-2) from the Sand Bay gneiss association has a slightly LREE-depleted pattern,
similar to ocean floor basalts; however, the geological significance of this sample is

unknown.

2.5. Petrogenesis

It is convenient to divide the discussion of petrogenesis into three parts, based on
geochemical composition: i) rocks with typical arc geochemical characteristics (gray

gneiss); ii) rocks with A-type (defined below) geochemical characteristics (charnockite,
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granite, and rhyolite); and iii) metabasites (mafic enclaves from Muskoka domain and
amphibolites from Shawanaga domain). The megacrystic orthogneisses, Shawanaga
pluton, and Ojibway gneiss association were investigated only on a reconnaissance level

and a detailed treatment of their petrogenesis is not warranted.

2.5.1. Gray gneiss

A positive correlation between MgO and CaO and decreasing Ni and Sr with
decreasing MgO indicates fractionation of plagioclase and clinopyroxene (cf., Devine,
1995). Russell and Nicholls (1988) proposed that the molar proportions of plagioclase to
clinopyroxene could be determined from the slope in the AIVK vs. (2Ca+Na)/K diagram.
The slope for the gray gneisses in this diagram is 1.29 (Fig. 2.7a), which corresponds to a
(molar) plagioclase/(plagioclase+clinopyroxene) ratio of ca. 3:4. Alternatively, Ti and P
can be used as the conserved element (denominator) if Fe-Ti oxides and apatite are absent
from the fractionating assemblage, in which case Ti/K vs. P/K will define a tight cluster,
or ideally apoint (Russell and Nicholls, 1988). Plotting Ti/K vs. P/K yields a well
defined linear trend for the gray gneisses (Fig. 2.7b), suggesting that Ti and P were
compatible. We therefore assume that Fe-Ti oxides and apatite, in addition to plagioclase
and clinopyroxene, were part of the fractionating assemblage. Increasing (La/Yb)y and
(La/Sm)y with increasing SiO, may indicate fractionation of hornblende (cf., Arth and
Barker, 1976).

Europium anomalies normally become more negative with increasing fractionation
if plagioclaSe is involved and could be used as an argument against the model proposed
above. However, Gertisser and Keller (2000) did not observe well developed negative
Eu anomalies in the calc-alkaline Aeolian Arc, where it can be shown petrographically
that plagioclase was the dominant fractionating phase. They interpreted the lack of

negative Eu anomalies to reflect relatively high oxygen fugacities during differentiation.

To test whether fractional crystallization of plagioclase, clinopyroxene, Fe-Ti
oxides, hornblende, and apatite can explain the gray gneiss compositions, we modeled
changes in REEs, Rb, and Sr concentrations assuming Rayleigh fractional crystallization

in which cumulate phases are immediately removed from interaction with the melt after



they form (e.g., Hanson, 1978). Table 2.2 presents the partition coefficients and
Appendix F the equations used in the modeling. Appendix F also discusses the effects of
analytical error and partition coefficients on the petrogenetic interpretations made herein.
Rubidium and Sr were included because they are important petrogenetic indicators and
show relatively well defined trends in bivariate diagrams, suggesting limited mobility. In
contrast, Ba shows significant scatter, possibly indicating secondary mobilization, and

was not included.

Trace element modeling presents a number of uncertainties (see Rollinson, 1993 for
areview). One of the most obvious is probably the mineral/melt partition coefficient
used in the modeling. Melt composition is the most important single factor controlling
partition coefficients. Available data permitting, we took melt composition (assumed
similar to rock composition) into account when selecting a partition coefficient; for
example, the fractional crystallization modeling for the gray gneisses is done in two
stages to account for evolving melt composition. However, the partition coefficients also
depend on a number of other factors on which we have few constraints, including
temperature, pressure, oxygen activity, crystal chemistry, and water content. An
additional complexity is that most of the investigated rocks are plutonic, thus, their
composition probably does not represent melt composition but rather magma composition
(melt plus entrained cumulate and/or residual minerals). Despite these uncertainties,
trace element modeling is useful for assessing and in some cases refining petrogenetic

models based on major element geochemistry, field observations, and experimental data.

Fractional crystallization modeling of the gray gneisses was performed in two
stages to account for changing partition coefficients between mafic/intermediate and
felsic compositions. The average composition of the most mafic gray gneisses (all
samples with <55 wt.% SiO,, see Fig. 2.7a) was used as the starting composition for
stage 1 whereas the daughter composition was taken to be intermediate gray gneiss with
average 59 wt.% SiO,. A good fit between model melt and intermediate gray gneiss was
achieved after ca. 30% crystallization (fractionating assemblage and abundances given in

Fig. 2.14). The model melt after 30% crystallization in stage 1 was taken to be the
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Table 2.3 Partition coefficients used in modeling equilibrium partial melting of
gray gneiss producing granite and rhyolite.

Pl Cpx Opx Mag Ap Zm Aln
Ref. 1 2 2 2 3 3 4
Rb 0.09 0.0019 0.001 0.01
Sr 4.5 [33] 0.12 0.02 0.01
La 0.38 0.16 0.016 0.01 20" 2) 2827
Ce 0.27 0.21 0.019 0.01 347 2.64 2494
Nd 0.21 0.45 0.03 0.01 571 2.2 1840
Sm 0.13 0.8 0.042 0.01 62.8 3.14 977
Eu 2.151[7.9] 0.85 0.052 0.01 304 3.14 100
Gd 0.1 1.1 0.066 0.01 56.3 12 440°
Tb 0.095 1.3 0.08 0.01 (55) (30) 311
Dy 0.064 1.45 0.12 0.01 50.7 457 160
Ho (0.06) 14 0.16 0.01 (40) (100) (100)
Er 0.0588° 1.3 0.2 0.01 37.2 135 (60)
Tm (0.055) 1.2 0.25 0.01 (30) (200) (50)
Yb 0.049 1.1 0.36 0.01 23.9 270 37
Lu (0.045) 1 0.45 0.01 202 323 44

References: 1) 1) Barbey et al. (1989); 2) Borg and Clynne (1998); 3) Arth and Hanson (1975); 4) Mahood
and Hildreth (1983); 5) Arth and Barker (1976). Values in parentheses are assumed by extrapolation.
Values in brackets from Nash and Crecraft (1985), used in modeling rhyolite (Fig. 2.15c¢).



54

“Buijapouw 3y} ut pasn ade sanjea loq ‘asedoiderd ul ng 1o} s1usIOK309 uoned paystignd ur a3ueJ seyessuOWIAp
sjxoriq Ul anjep “uonejodenxa Aq pawnsse dse sasayjuated ul sanjeA (8661) 2uuAlD pue Siog (¢ {(£861) UIR (Z (8661) suyduingy pue yuwg (| :$30uala)oy

820°0 90 €200 (¥°0) 9 (zo'0) (§90°0) n
6700 90 ¥20°0 €%°0 '8 €200 0,000 aA
(¥0'0) (90) 200 (v°0) (01) (to'0) (52070 wi
0£0°0 90 9200 0.8¢€°0 43 06000 6,000 i3
(€00) (69°0) £0°0 (+:0) (z1) (L000) (580°0) oH
2200 L0 LEOO Zrro el 0%00°'0 06000 Aa
6100 L0 L€0°0 (¥'0) bl -9100°0 (1t0°0) aL
9100 L0 ¥0'0 or'0 0l 21000 2100 PO
€L00 90 € SE0 4% §60000  [,SLZls9L0 n3
0100 90 500 01620 LLL L0000 L2100 ws
89000 70 .00 €810 9Ty £0000°0° €200 PN
L10°0 A 0¢ £8TL0 ze00 0£00°0 L9l s
€000 z0 L0 85800 2§l 100000 /62070 ad
2000 L0 €10 9€60°0 v.'0 £00000°0 SL¥0°0 e

4 Z L Z L b oy

xdO xdD id xdD IaH 10 Id

buijjew erued

uoljezijjeiskio jeuoioel

“p04 pue vwidew spjeseq ¢ Jo Suypw epaed pur uonezir)sA1d [RucdLL) SUIPPOW Ul PIsN SPUSIYJI0D UORIIB] T IqE

3InpoouIByd supnpold ‘ApAndadsas



55

starting composition for stage 2 modeling and the daughter for stage 2 was represented by
the felsic gray gneisses (avg. 70 wt.% Si10,, see Fig. 2.7b). A good fit between model
melt and felsic gray gneiss was achieved after 30-50% crystallization (see Fig. 2.14 for

details). Total fractionation for stage 1 and 2 was 50-65%.

Both stages are dominated by plagioclase, clinopyroxene, and Fe-Ti oxide
(magnetite). Hornblende constitutes a minor part of the model fractionating assemblage,
and apatite occurs in trace amounts. Minor zircon was included in stage 2 to account for
the depletion in HREEs. The results of the modeling are compatible with the major
element data (Pearce element ratios) suggesting that the gray gneisses may have evolved
from the dioritic members of the suite by fractional crystallization of plagioclase,
clinopyroxene, Fe-Ti oxides, minor hornblende, and trace amounts of apatite. Minor

zircon fractionation appears to have affected the most felsic samples.

2.5.2. A-type granites (charnockite, granite) and rhyolite

The charnockites, granites, and rhyolites have high FeO/(FeO, + MgO), high
alkalis decreasing with SiO,, high Zr, Y, Hf, REEs (except Eu), and Ga/Al, and low
MgO, CaO, and Sr, characteristic of A-type granites (Loiselle and Wones, 1979; Whalen
et al., 1987; Eby, 1990). A-type granites are typically interpreted to have been emplaced
at middle to upper crustal levels in extensional tectonic settings, and are characterized by
high magmatic temperatures (Clemens ef al., 1986; Creaser ef al., 1991) and low fH,O
and fO,. It is not possible to determine primary fH,O or fO, values for the upper
amphibolite- to granulite-facies rocks described here, however, abundant pyroxene in the
charnockites, the scarcity of hydrous minerals in general, and the paucity of leucosome
by comparison with the adjacent gray gneisses, suggests that their protoliths were H,O-
deficient. Both the charnockites and granites form discrete bodies and are
petrographically and geochemically distinct from the surrounding gray gneisses,
suggesting that their petrological and geochemical features are unlikely to result from
Grenvillian metamorphic processes. Magmatic temperatures can be estimated using the
zircon saturation thermometer of Watson and Harrison (1983). As discussed in the

Geochronology section, the charnockites contain abundant euhedral zircons that lack
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distinct inherited cores or metamorphic overgrowths; it is, therefore, possible that they
crystallized from the charnockite magma, meaning that the calculated temperatures may
reflect the liquidus temperature of the magma. Temperatures fall in a narrow range
between 931 and 968°C, consistent with the magmatic temperatures associated with A-
type granites (e.g., Creaser and White, 1991). Zircon saturation temperatures for the
granites range from 866-964°C, with an average of 904°C, whereas the rhyolites yield
temperatures in the range 755-891°C, with an average of 819°C.

High magmatic temperatures of A-type granites can be explained by intrusion and
crystallization of mantle-derived mafic magmas (e.g., Creaser et al., 1991), by high
geothermal gradients characteristic of areas undergoing crustal extension (e.g., Sandiford
and Powell, 1986), or by a combination of both. Commonly invoked petrogenetic models
 for A-type granites include partial melting of a residual granulitic source that has _
previously generated an I-type granite (Collins ef al., 1982; Clemens et al.; 1986), partial
melting of crustal igneous rocks of tonalitic to granodioritic composition (Cullers et al.,
1981; Anderson, 1983; Creaser et al., 1991; Patifio Douce, 1997), and extreme
differentiation (with or without assimilation) or partial melting of underplated tholeiitic
basalts (Turner et al., 1992; Frost et al., 1999). A short review of the various models and
a discussion on their applicability to the investigated charnockite, granite, and rhyolite

follows.
Partial melting of a residual source

Clemens et al. (1986), Whalen et al. (1987), and Landenberger and Collins (1996)
proposed that A-type granites form by partial melting of a granulite-facies meta-igneous
source that has previously yielded a hydrous, I-type granitic melt. The model was
proposed to explain the low magmatic water activity and high magmatic temperatures of
"A-type granites, but has been disputed by several authors, based on the chemical
composition of A-type granites and experimental data (e.g., Creaser ef al., 1991; Cullers
et al., 1993; Patifio Douce, 1997). For example, strong iron enrichment appears to be
characteristic of A-type granites (e.g., Frost ef al., 2001). However, as pointed out by
Creaser et al. (1991), partial melts invariably have higher Fe/Mg ratios than the mafic
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silicates with which they are in equilibrium. Thus, mafic residual silicates such as
pyroxene and amphibole shiould become enriched in Mg after extraction of an I-type
melt. Such aresidue is unlikely to subsequently yield melts with higher Fe/Mg ratios
than that of the I-type melt produced during the first melting episode (Creaser er al.,
1991). Following these authors, we consider granulite-facies, residual rocks an unlikely

source for the charnockite, granite, and rhyolite.
Partial melting of a tonalitic to granodioritic source (gray gneiss)

Several authors have suggested that granites and rhyolites with A-type
characteristics may form by 10-40% partial melting of a tonalitic to granodioritic, calk-
alkaline source (Anderson and Cullers, 1978; Anderson, 1983; Creaser et al., 1991;
Patifio Douce, 1997; Menuge ef al., 2002). These granites and rhyolites typically have
Si0;>70 wt.% and FeO<4 wt.%. In contrast, A-type granites with inferred mantle-
derived sources (e.g., Nédélec et al., 1995; Frost et al., 1999) typically have SiO,<70
wt.% and FeO, >6 wt.%. The granites and rhyolites, but not the charnockites, are
compositionally similar to A-type granites inferred to have formed by partial melting of a
tonalitic or granodioritic source (Fig. 2.11A). To test whether this model is feasible, we
used the average gray gneiss (57% Si0;) as the starting composition for petrogenetic
modeling. The modeling assumed equilibrium batch melting, i.e., the melt and residue
remained in equilibrium as melting proceeded (e.g., Hanson, 1978). Fig. 2.15 presents
the results and details of the modeling, Table 2.3 the partition coefficients, and Appendix
F the equations. A good fit between model melt and observed compositions, except Eu in
rthyolite and Sr in rhyolite and granite, was obtained by 10-40% partial melting, leaving a
granulitic residue consisting of quartz, plagioclase, pyroxenes, and Fe-Ti oxide. Minor
apatite and zircon were included in the residue for the granites, and apatite, zircon, and
allanite for the rhyolites. These are common accessory minerals in granitic systems, and
partition coefficients of otherwise incompatible elements (e.g., REEs) may be extremely
high in these phases (Tindle et al., 1988; Wark and Miller, 1993; Bea, 1996). Thus,
although they have little petrogenetic significance, they may effectively determine the

trace element composition of a magma. The above results must, therefore, be treated
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Fig. 2.15 Modeling results for equilibrium partial melting of intermediate gray gneiss.

(a) the model melt obtained by 10-40% partial melting is similar to the granites for the
REEs but enriched in Sr and Rb. (b) the model melt obtained by 10-40% partial melting
is similar to the rhyolites for most trace elements except for enrichment in Eu and Sr. The
results presented in (a) and (b) were obtained using partition coefficients appropriate for
felsic systems. (c) identical to (b) except for significantly higher partition coefficients for
Eu and Sr in plagioclase, probably more appropriate for high-silica rhyolites (Nash and
Crecraft, 1985). The model melt thus obtained is compositionally similar to the rhyolites.
Abundances of crystallizing phases given as weight proportions.
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with caution. The model results shown in Figs. 2.15a, b are based on partition
coefficients appropriate for granitic systems (i.e., Si0,~70 wt.%) (Table 2.3). However,
some studies have shown that partition coefficients for Sr and Eu in plagioclase can be
significantly higher in high-silica (i.e., Si0,~75 wt.%) rhyolites (e.g., Nash and Crecraft,
1985). The rhyolites investigated here can be regarded as high-silica rhyolites and
employing partition coefficients from Nash and Crecraft (1985) (Table 2.3) yields a good
fit between model melt and rhyolite (Fig. 2.15¢). In summary, partial melting of an
intermediate calc-alkaline source is not feasible for producing the charnockites, but
remains a possibility for the granites and appears likely for the rhyolites. A likely source
of the granites and rhyolites is the abundant gray gneiss in the Muskoka domain and
Ojibway gneiss association, although other, similar sources are equally possible. Isotopic

data are needed to determine the nature of the source of the granites and rhyolites.
Differentiation from, or partial melting of, a mafic source

A-type granites, similar in composition to the charnockites, have been described
from Madagascar (Nédélec et al., 1995) and Wyoming (Frost et al., 1999). In the
Madagascar example, Nédélec ef al. (1995) proposed that A-type granites (syenites)
formed from a mantle-derived mafic magma by fractional crystallization, with
hornblende as a major fractionating phase. Frost et al. (1999) proposed partial melting of
pre-existing tholeiites or more probably their differentiates as the most feasible
petrogenetic model for the Sherman batholith in Wyoming. We interpret the
charnockites to have formed in a similar way to the Sherman batholith, based on their
similar composition (Fig. 2.11b). The metabasites have compositions compatible with an
origin as underplated basaltic magmas, discussed-further below. Although the
amphibolites in the Sand Bay gneiss association are interpreted to be coeval with the
rhyolites and, thus, significantly younger than the charnockites, the mafic enclaves in.
Muskoka domain may represent a potehtial source. This model is tested using trace

element modeling; partition coefficients are given in Table 2.3.

The modeling yields interesting but inconclusive results (Fig. 2.16). The

charnockites could have formed by 80-90% Rayleigh fractional crystallization of a mafic



61

magma, fractionating plagioclase, olivine, clinopyroxene, and minor hornblende (Fig.
2.16a). Equilibrium partial melting of a mafic enclave yields a model melt composition
that is depleted in REEs relative to the average vchamockite (Fig. 2.16b). Alternatively,
the charnockites could have formed via a two-stage process involving fractional
crystallization of a mafic magma, followed by partial melting of the fractionated rock,
i.e., similar to the model proposed by Frost et al. (1999) for the Sherman batholith. This
alternative was modeled in two stages (Fig. 2.16¢): stage 1 involved 40% Rayleigh
fractional crystallization of a mafic magma, fractionating the same minerals in similar
proportions as shown in Fig. 2.16a. The model melt composition thus obtained was used
as the starting composition for partial melting calculations; the results show that 10-30%
partial melting’of the fractionated rock, leaving a residue comprising plagioclase,
clinopyroxene, and orthopyroxene, produces model melts similar to the charnockites.
The degree of fractionation during stage 1, arbitrarily set at 40%, determines the REE
contents but not the REE pattern used as the starting composition for stage 2. Selecting a
different value, for example 20%, gives similar results but requires lower degrees of
partial melting (<10%). Thus, the fractionating assemblage during stage 1 and the
residue during stage 2 are the main controlling factors on the model resuits, not the
degree of fractionation. In contrast to the model proposed by Nédélec et al. (1995),
hornblende appears to have been relatively insignificant, consistent with the anhydrous -

nature of these rocks.

Frost et al. (1999) cited the lack of intermediate compositions between mafic rocks
and granites as evidence against a fractional crystallization model for the Sherman
batholith. Grove and Donnelly-Nolan (1986) suggested that compositional gaps could
result from shallow temperature vs. composition slopes on liquidus surfaces, allowing
large degrees of crystallization and compositional change over small temperature
intervals. Turner et al. (1992) suggested that the gap between basaltic magmas and A-
type granites could be explained by this mechanism. However, the mechanism was
originally proposed to explain the commonly observed gap between andesitic and silicic
lavas (~60-70% Si10,) from a single calc-alkaline volcano (e.g., Hildreth, 1981; Bacon

and Druitt, 1988), and is not necessarily applicable to A-type granites in general. We
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Fig. 2.16 Three possible models for relating the mafic enclaves and the charnockites. (a)
Rayleigh fractional crystallization of a basaltic magma (mafic enclave). The fit between
model melt and charnockite is good for most elements after 80-90% fractional
crystallization, whereas the fit for Eu depends on the partition coefficient for Eu in
plagioclase. A partition coefficient of 0.168 (Smith and Humpbhris, 1998) produces a
model melt that is too high in Eu, whereas a partition coefficient of 2.15 (Martin, 1987)
produces a model melt depleted in Eu. Both partition coefficients were reported to be
appropriate for mafic systems and exemplify some of the inherent problems in trace
element modeling. (b) Equilibrium partial melting of a basaltic source (mafic enclave).
The modeling shows that low-degrees of partial melting (10-20%) of a basaltic source
produces model melts that are depleted in REEs relative to the charnockites.
(¢) equilibrium partial melting of a fractionated mafic enclave. The source for this
model was taken to be the model melt obtained after 40% Rayleigh fractional
“crystallization of a basaltic magma (mafic enclave), fractionating the same phases and in
similar proportions as in (a). Low degrees (10-30%) of partial melting of this fractionated
source, leaving a residue similar to (b), yielded a model melt similar to the charnockites.
Abundances of crystallizing and residual phases given as weight proportions.
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therefore conclude that partial melting of underplated tholeiitic basaltic rocks or their

fractionated derivatives is the most likely petrogenetic model for the charnockites.

Eby (1990) proposed that the source of A-type granites could be identified as
having a composition similar to oceanic island basalts or island arc and continental arc
basalts, based on Y/Nb ratios <1.2 and >1.2, respectively. With a few exceptions, the
charnockites, granites, and rhyolites have Y/Nb ratios >1.2, consistent with derivation
from a subduction-influenced source such as the mafic enclaves (see below) or gray

gneisses. Isotopic data would help to refine the petrogenetic model(s) for these rocks.
Metabasites

The geochemistry of the metabasites, particularly decreasing Ni and Cr, and
increasing total REE contents and constant (La/Yb)y with decreasing Mg#, is consistent
with low-pressure fractionation of phases such as olivine and pyroxene that do not
fractionate the REESs significantly (e.g., Rollinson, 1993). Shallowly decreasing Al,O3,
Ca0, and (Ew/Eu*)y with decreasing Mg# suggests limited plagioclase fractionation.
Incréasing Ti, Fe, and V, and constant (La/Yb)y with decreasing Mg#, indicate a lack of
Fe-Ti oxides and amphibole in the fractionating assemblage. This result is consistent

with the results from the Pearce element ratio diagram (Fig. 2.12b).

The metabasites are enriched in incompatible elements relative to MORB (Fig.
2.13), except Y, Yb, and Cr, typical of within-plate basalts, and have a distinct negative
Nb anomaly, characteristic of arc settings. At least three models can account for the low
Nb contents: 1) the metabasites are arc-related (Pearce and Peate, 1995), 2) their
composition was influenced by crustal assimilation (Davidson et al., 1987), or 3) they
were derived from previously subduction-influenced mantle (Barnes et al., 1999). An arc
setting cannot be discounted for the mafic enclaves in the Muskoka domain based on
composition, in contrast, amphibolites ;(metamorphosed basalt flows) of similar
composition in the supracrustal Sand Bay gneiss association are more likely to have
formed in a back-arc rather than an arc setting (Culshaw and Dostal, 1997). Assimilation

of crustal rocks into mafic magma should be accompanied by fractional crystallization
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(e.g., DePaolo, 1981). As argued above, the metabasites did not fractionate Fe-Ti oxides,
thus Nb should have been incompatible in any fractionating assemblage. We conclude
that crustal assimilation cannot explain either the low Nb contents or the low Th/La ratios
observed in these rocks. Instead, we suggest that the source of the metabasites was
previously subduction-influenced mantle, enriched by fertile asthenospheric mantle
invading the mantle wedge as a result of extension and rifting (cf., Gill, 1984;

Hochstaedter et al., 1990).

2.6. Tectonic significance

2.6.1. Gray gneiss

Calc-alkaline rocks are characteristic products of magmatism at convergent plate
‘boundaries, and an arc origin for the gray gneisses in the Muskoka domain is supported
by their trace element compositions. We suggest that the Shawanaga pluton and Ojibway
gneiss association also formed part of the 'Muskoka-Ojibway' arc, based on similarities in
composition and age. The proposed proximity of the Muskoka and Shawanaga domains
prior to Grenvillian orogenesis is compatible with the restored, pre-Grenvillian cross
section of Culshaw ez al. (1997). Whether the rocks formed in an evolved island arc, on a
rifted continental fragment, or in a continental arc is not easily discerned from the
geochemical data. Some constraints are: 1) Nd model ages in the Muskoka domain and
Ojibway gneiss association (Dickin and McNutt, 1990) are similar to or slightly older
than crystallization ages, suggesting a setting where the magma interacted with older
continental crust, consistent with a continental arc or rifted continental fragment setting.;
2) there are no clear indicators of an intervening ocean or back-arc basin between the arc
and older Laurentian crust (cf., Saunders et al., 1979), which appears to support a
continental arc setting; and 3) éxtension-related magmatism at, or inboard of; the
Laurentian margin, simultaneous with formation of the "Muskoka-Ojibway' arc, is
indicated by the ca. 1450 Ma Britt pluton and Mann Island granodiorite (see below)
intruding older continental crust in the CGB and Grenville foreland, favoring a
continental arc setting. We note, however, that one amphibolite from the Sand Bay

gneiss association has a composition compatible with an oceanic setting, and that the
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geological and tectonic significance of the Lighthouse gneiss association in the footwall
of the Parry Sound domain is as yet poorly understood. We conclude that the 'Muskoka-
Ojibway' arc, with associated ensialic back-arc extension, was located at the southeastern
margin of Laurentia at ca. 1480-1430 Ma, although we cannot exclude a more distal
position, for example on a fragment of rifted continental crust (e.g., Okamura et al.,

1998).

2.6.2. Megacrystic orthogneiss
Lake of Bays suite

The Lake of Bays suite is interpreted to have formed in a continental magmatic arc,
coevally with the gray gneisses in the Muskoka domain and Ojibway gneiss association.
Culshaw et al. (1989) also identified megacrystic orthogneisses of similar age (ca. 1460
Ma, Krogh, 1991) in the Go Home domain (Fig. 2.1), contiguous with the Muskoka and
Shawanaga domains on restored, pre-Grenvillian cross sections (Culshaw ef al., 1997).
The 'marginal orthogneiss', including thin sheets of megacrystic orthogneiss in the Sand
Bay gneiss association, is compositionally indistinguishable from the Lake of Bays suite.
However, the lack of a precise age from the ‘marginal orthogneiss’ makes it difficult to

correlate these units.
Mann Island granodiorite and Britt pluton

Despite their similar age, the Mann Island granodiorite and Britt pluton have
within-plate characteristics and intruded pre-1450 Ma continental crust, in contrast to the
arc-related signature and lack of older crust typical of the Lake of Bays suite. Following
Culshaw et al. (2002), we consider the most likely tectonic setting for the Mann Island
granodiorite and Britt pluton to be the back-arc region of the postulated ca. 1480-1430

Ma continental arc.

2.6.3. A-type granites (charnockite, granite) and rhyolite
Although the charnockite and granite are geochemically distinct from the
surrounding gray gneisses, the imprecise geochronological data suggest that they formed

at about the same time and the lack of any evidence for tectonic contacts suggests that
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they formed in the same general setting. The charnockites have geochemical
characteristics indicating derivation from mantle-derived underplated magmas or rocks.
Although the geochemical data do not clearly distinguish the process by which they
formed, the apparent lack of intermediate precursors to the charnockites favors partial
melting rather than fractional crystallization. Lithospheric thinning associated with
continued underplating may have provided the heat necessary to melt the previously
underplated rocks (e.g., Frost and Frost, 1997). The granites formed at the same time as
the charnockites, apparently by partial melting of a crustal source. Although the Sherman
batholith (Frost et al., 1999) is about the same age as the charnockite and granite from the
Muskoka domain, there is no evidence that its emplacement was spatially or temporally
associated with arc magmatism, and Frost ez al. (1999) interpreted it to be related to
continental rifting. The model proposed for the Muskoka charnockite and granite implies
the presence of a tholeiitic basaltic underplate to provide source material and, possibly,
heat. The mafic enclaves in the Muskoka domain have the appropriate composition to be
related to the postulated underplating magmas; however, they may also be younger. The
most likely tectonic setting for such an undérplate is in an extensional tectonic fegirne,
suggesting that in addition to extension in the back-arc region (Britt pluton and Mann
Island granodiorite), the arc itself may have undergone extension at ca. 1450 Ma.
Unfortunately, the timing of arc-related and A-type magmatism are relatively poorly

constrained, making it difficult to propose more detailed tectonic models.

The Sand Bay rhyolites probably formed by partial melting of intermediate calc-
alkaline rocks, and lithospheric thinning and associated basaltic underplating, represented
by the coeval amphibolites, is considered the most likely heat source for crustal melting.
Our data support the conclusions of previous workers (e.g., Culshaw and Dostal, 1997;
Rivers and Corrigan, 2000) that the Sand Bay rhyolites formed in an extensional, back-
arc setting at ca. 1360 Ma.

2.6.4. Metabasites
Bruhn ef al. (1978) described basaltic rocks from southernmost South America with

a similar combination of within-plate and arc characteristics and interpreted them to be
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related to initial stages of back-arc rifting. A significant finding of this study is the
complete compositional overlap between mafic enclaves in the Muskoka domain and
amphibolites in the Sand Bay gneiss association. The interlayering of rhyolites and
amphibolites in the Sand Bay gneiss association (Culshaw and Dostal, 1997) suggests an
age of ca. 1360 Ma for the amphibolites. In the absence of radiometric dates from mafic
enclaves in the Muskoka domain, the overlap in composition between mafic enclaves and
amphibolites could be interpreted in one of two ways: either the mafic enclaves and
amphibolites represent two temporally distinct, but tectonically similar, events, or, they |

formed during the same event at ca. 1360 Ma.

2.7. Discussion

The geochemical data presented here, coupled with previously obtained
geochronological data, suggest the following tectonic evolution for this part of the

southeastern Laurentian margin:

2.7.1. 1480-1430 Ma

Arc-related magmatic activity at around 1450 Ma in the Muskoka domain, most
likely at the Laurentian continental margin, is relatively well established based on
abundant geochronological data (e.g., Timmermann ef al., 1997; Nadeau and van
Breemen, 1998; McMullen, 1999) and recent geochemical data (McMullen, 1999; this
study). Protolith ageé of orthogneisses in the Muskoka domain range from ca. 1480 to
1430 Ma, it is, however,kworth noting that the younger age limit comes from a
“monzodioritic orthogneiss” dated at ca. 1427 Ma by Nadeau and van Breemen (1998)
(Fig. 2), whereas other published protolith ages are >1450 Ma. The monzodioritic
orthogneiss contains orthopyroxene and clinopyroxene, unlike the arc-related rocks
described herein that lack pyroxene. Thus, the tectonic significance of the monzodioritic

orthogneiss and the duration of arc magmatism are currently uncertain.

A new finding of this study is that the arc-related rocks may be temporally and
spatially related to A-type granites, suggesting intra-arc extension during all or part of

this stage of its evolution. In addition to intra-arc extension, the new geochemical data,
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coupled with published geochronological data, suggest that back-arc magmatism affected
the Britt domain at ca. 1450 Ma (van Breemen et al., 1986; Corrigan et al., 1994).
Furthermore, Nadeau and van Breemen (1998) suggested that the Algonquin domain was
situated in the back-arc of the Muskoka arc. We conclude that a broad, arc-related
extensional regime, for example related to slab roll-back, dominated the southeastern

Laurentian margin at ca. 1450 Ma.

Between ca. 1450 and 1430 Ma, the Britt domain, and possibly Algonquin domain,
underwent granulite-facies metamorphism (Ketchum ez al., 1994; Nadeau and van
Breemen, 1998; Timmermann, 1998) followed by an apparent hiatus in magmatic activity
in the CGB. As noted below, the tectonic setting of the high-grade metamorphism is not

clear at present.

2.7.2. 1430-1360 Ma

Evidence of geologic activity between ca. 1430 and 1360 Ma in the CGB is sparse.
Carr et al. (2000) and Culshaw et al. (2002) suggested that magmatism may have
migrated to a more outboard position of the Laurentian margin at this time. Arc
magmatism at this time may be represented by orthogneisses of varied composition in the
Parry Sound domain and CMBBZ. For example, magmatism in the Parry Sound domain,
which began at ca. 1425 Ma (van Breemen et al., 1986) and continued until ca. 1160 Ma
(van Breemen et al., 1986; Wodicka, 1994; Wodicka et al., 1996), produced rocks
ranging from granite to anorthosite. The magmatic evolution in the Parry Sound domain
has not been studied in detail, but the nearly continuous record of granitoid magmatism
with intermittent anorthositic magmatism may point td an evolving arc involving several
phases of extension. The reiationshjp, if any, between Laurentia and the Parry Sound
domain is unknown, but dating of detrital zircons from a quartzite (<1436 Ma) in the
basal Parry Sound assemblage is compatible with a Laurentian source for some of the

clastic sediments (Wodicka et al., 1996).

2.7.3. <1360 Ma

The Sand Bay gneiss association is widely regarded to have formed at ca. 1360 Ma

in a back-arc setting at or near the outermost edge of the Laurentian margin (Culshaw and
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Dostal, 1997; Rivers and Corrigan, 2000; this study).

2.7.4. Qutstanding problems and suggestions for further work

Although the points listed above are compatible with a wide range of data, and are

broadly consistent with "continental arc" models proposed previously (e.g., Rivers and

Corrigan, 2000), we regard detailed tectonic models for the late Paleoproterozoic to early

Mesoproterozoic evolution of the CGB as premature. Instead, we point out some

outstanding problems and discuss ways to test them. The main unresolved issues raised

by this work are:

1y

2)

Relationship between arc—related and A-type rocks in Muskoka domain. The
timing of arc and A-type magmatism in the Muskoka domain is only loosely
constrained to between 1480 and 1430 Ma, The lack of precise age constraints on
the duration of arc magmatism and the temporal relationship between arc and A-

type magmatism makes models for this time period highly speculative.

Significance of granulite-facies metamorphism between 1430 and 1430 Ma.
Ketchum et al. (1994) suggested that granulite-facies metamorphism at 1450-
1430 Ma may have resulted from accretion of a juvenile arc at this time, however,
other interpretations are also possible. For example, Sandiford and Powell (1986)
suggested that rocks at lower crustal levels in regions characterized by extension
and thinning of the continental crust can undergo granulite-facies metamorphism
as a result of the high heat flow associated with such tectonic settings. Dunphy
and Ludden (1998) and St-Onge et al. (2000) argued that granulite-facies
metamorphism in the Trans-Hudson orogen in northern Québec resulted from heat
related to arc plutonism, an interpretation that may also be applicable in the CGB
considering the apparent overlap in magmatic and metamorphic ages. A fourth
possible interpretation, essentially a modification of the accretion medel proposed
by Ketchum ef al. (1994), involves a change in tectonic regime from extension to
convergence leading to crustal thickening and granulite-facies metamorphism in
the former back-arc region (cf., Collins, 2002). In this case, the change from

extension to contraction could have been controlled by a number of factors
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including the age of the subducting oceanic crust (e.g., old, dense crust favoring
slab roll-back and extension, Molnar and Atwater, 1978), subduction of oceanic
plateaus or seamounts inducing shortening (Gutscher et al., 2000), and changes in
the rate and/or angle of convergence (Royden, 1993; Waschbusch and Beaumont,
1996; Pope and Willett, 1998). The 1450-1430 Ma granulite-facies
metamorphism in the Britt and Algonquin domains can, therefore, be interpreted
in a number of ways with very different tectonic implications, including
accretion/convergence, extension, and arc magmatism, all compatible with the

“continental arc” model proposed by Rivers and Corrigan (2000).

3) Relationship between Parry Sound domain/CMBBZ and the Laurentian margin.
The Parry Sound domain and CMBBZ may represent magmatic activity along the
Laurentian margin following arc magmatism and high-grade metamorphism
between 1480 and 1430 Ma. However, the magmatic evolution and
paleogeographic location of the Parry Sound domain and CMBBZ, and their
relationship with Laurentia, are relatively unconstrained, which makes
interpretations of the evolution along the Laurentian margin between 1430 and

1360 Ma uncertain.

4) Significance of back-arc magmatism in Sand Bay gneiss association. The Sand
Bay gneiss association appears to have formed in a back-arc setting at the
Laurentian margin. The identity of the active arc at that time is unknown;
possibilities include the Parry Sound domain, CMBBZ, or another, unidentified
arc. In the latter case it is possible that the arc rifted from the Laurentian margin

(e.g., Culshaw and Dostal, 1997) but was not subsequently re-accreted.

This paper and the work of Culshaw and Dostal (1997, 2002) have shown that
geochemical data from high-grade metamorphic rocks can yield significant information
about the petrogenesis and tectonic setting of their protoliths that cannot be obtained in
any other way. In principle, therefore, answers to several of the problems outlined above

could be obtained by further geochemical and associated geochronological work.

1) The temporal relationship between arc-related and A-type plutonic rocks in the
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Muskoka domain could be better constrained with further geochronological work,
provided that geochemical data are used to determine the tectonic significance of
the dated rocks. The results from integrated geochemical/geochronological
studies are likely to improve our understanding of arc evolution significantly. A
similar approach should be applied to the Parry Sound domain and CMBBZ in
order to address the tectonic significance of the meta-igneous rocks in these areas.
Furthermore, additional Sm-Nd isotopic data from the rocks described in this
paper, and those in the Parry Sound domain and CMBBZ, could yield information
about the source to the A-type granites and the substrate upon which the Muskoka
arc and Parry Sound/CMBBZ (arcs?) formed. Information about the substrate to
the arc-related rocks is important for relating the rocks to the Laurentian margin
or to more outboard, possibly oceanic settings, and similar information could
come from dating of detrital or inherited zircons. Evidence for spatial separation
between Laurentia and the inferred arcs may come from the identification of
accretion-related structures or lithological assemblages (e.g., ophiolites)

characteristic of suture zones.

Granulite-facies metamorphism in the Britt and Algonquin domains between 1450
and 1430 Ma is compatible with a range of tectonic models, including
accretion/convergence, extension, and arc magmatism. The most reliable test for
distinguishing between accretion/convergence and extension is to determine the
P-T-t path for the metamorphic event. The predicted P-T-t paths for extension-
related metamorphism involve heating to granulite-facies conditions at constant or
decreasing pressure, followed by cooling at constant or increasing pressure
(Sandiford and Powell, 1986), in contrast to P-T-t paths from metamorphic belts
formed during crustal thickening (England and Thompson, 1984). However,
superimposed high-grade Grenvillian metamorphism makes extracting pre-
Grenvillian P-T information difficult, if not impoSsible (e.g., Ketchum et al.,
1994). Determining if granulite-facies assemblages formed in response to arc
magmatism requires better constraints on both the age of granulite-facies

metamorphism and the duration of arc magmatism. If arc magmatism ceased
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prior to granulite-facies metamorphism any connection between arc magmatism

and granulite-facies metamorphism can be discounted.

Our interpretation is generally similar to the model proposed by Rivers and
Corrigan (2000), but differs in detail. For example, our data indicate that some of their
“arc-related” plutons in the CGB actually formed in a back-arc setting, and we have also
identified A-type metaplutonic rocks that may have formed in extensional intra-arc
settings (e.g., charnockite and granite in the Muskoka domain). Following Kay ef al.
(1989) and Menuge et al. (2002), we prefer a back-arc setting for the granite-rhyolite
provinces in the midcontinent region, in contrast to the "continental arc" interpretation
proposed by Rivers and Corrigan (2000). The substrate to the granite-rhyolite provinces
is not exposed, and hence the source regions of the magmas have not been positively
identified, although they are inferred to have been previously accreted juvenile arcs (e.g.,
Kay et al., 1989; Van Schmus et al, 1996; Menuge et al., 2002). Based on the temporal,
spatial, and petrogenetic links between arc-related and A-type rocks identified in this
study, we suggest that rocks exposed in the CGB, for instance in the Muskoka domain,
could represent good analogues for the hidden substrate that was the source(s) of A-type
silicic rocks in the granite-rhyolite provinces. Our data support a correlation between the
CGB and granite-rhyolite provinces, and we agree with Culshaw and Dostal (2002) that
the CGB represents the tectonically reworked and stacked equivalent of the Proterozoic
midcontinental USA. We suggest that further efforts to resolve the Mesoproterozoic
evolution of the midcontinent region could benefit from including CGB rocks in future

investigations.



3. Migmatite petrogenesis, Muskoka domain

3.1. Introduction

The Muskoka domain in the southwestern Grenville Province comprises
orthogneisses whose protoliths range in composition from gabbroic to granitic (Chapter
2). The orthogneisses are highly migmatitic with apparently in situ leucosome-
abundances locally exceeding 40-50 vol.%. Most of the migmatites are deformed and
many outcrops display features, such as leucosome-filled shear bands and leucosome
patches in boudin necks, that suggest melting coeval with deformation. These
observations pose two questions: i) why was so much leucosome produced? (i.e., melting
reaction), and i1} what was the relationship between partial melting and deformation?
Question ii) can be further subdivided into two questions: a) how did deformation affect
migmatite petrogenesis?, and b) how did the presence of partial melt affect the
deformational behavior of the rocks?. Question a) is dealt with in this chapter, which

focuses on migmatite petrogenesis, whereas b) is discussed in detail in Chapter 6.

Nearly all migmatites are characterized by some degree of segregation of melts
from their residues (e.g., Brown et al., 1995; Sawyer, 1996). Up until recently,
separation of felsic melt from its source was widely believed to occur when the
proportion of melt exceeded some critical threshold causing loss of cohesion along grain-
grain contacts in the source, resulting in diapiric rise of the low-density, low-viscosity
melt (Wickham, 1987b; Rutter and Wyllie, 1988; Fountain ef al., 1989; Harris et al.,
1993). This threshold has been variably referred to as ‘rheologic critical melt percentage’
(RCMP, Arzi, 1978) or ‘critical melt fraction’ (CMF, van der Molen and Paterson, 1979).
The RCMP/CMF concept has recently been disputed on experimental grounds, and in
many high-grade rocks, field observations and geochemical and petrographic data argue
against wholesale diapiric rise of large melt volumes. For example, some granulites
preserve textural, structural, and geochemical evidence suggesting that melts segregated
without disruption of the lithological layering (e.g., Brown and Earle, 1983; Clemens,

1989). Field and geochronological data from many high-grade gneiss terranes show that
73
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partial melting accompanied deformation; observations relevant to the present study
include the close association between leucosomes and structures such as fold axial
planes, boudin necks, and shear bands. As a result of these observations, deformation-
driven melt segregation has gained widespread acceptance as an alternative segregation
mechanism (e.g., Sawyer, 1994; Brown et al., 1995; Watt et al., 1996; Sawyer, 2001),
and deformation 1s now believed to be one of the key factors controlling the separation of

melt from its residue in migmatites.

In principle, the idea of deformation-driven melt segregation is simple.
Deformation of an anisotropic rock with competency contrasts produces mechanical
instabilities because the various layers or structures deform at different rates (Stromgard,
1973). These mechanical instabilities create pressure gradients that act as a driving force
- for melt segregation, and lead to the formation of dilational structures, such as shear
bands and boudin necks, that act as sinks into which melts can migrate (Sawyer, 1994).
Field evidence of deformation-driven melt segregation in the Muskoka domain is

presented below.

The rate of melt segregation is one of several factors controlling the degree of
equilibrium between a melt and its residue. If the rate of segregation is greater than the
rate of diffusion in the residual minerals, trace elements hosted by major phases involved
in the melting reaction, e.g., Ba, Rb, and Sr in feldspars and biotite, will be depleted in
the melt relative to that expected for an equilibrium melt. Other elements, for example
the rare earth elements, show a more complex behavior. These elements are commonly
hosted by accessory phases, e.g., zircon, allanite, and zipatite, which means that in
addition to the rate of segregation, their behavior also depends on factors such as the rate
of dissolution (in turn controlled by temperature, composition, and water content of the
melt, e.g., Watson and Harrison, 1984) and armoring by residual minerals s:uch as biotite,

hornblende, and pyroxenes (Bea ef al., 1994; Nabelek and Glascock, 1995).

The above discussion shows that melts formed in rocks undergoing deformation
may be expected to have disequilibrium compositions whereas the slower melt

segregation rates anticipated in rocks not undergoing deformation could result in melts
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‘with equilibriufn compositions. Here, we present field, petrographic, and geochemical
data from two types of migmatite that are interpreted to demonstrate the effects of
deformation-driven melt segregation on the composition of partial melts. Leucosome
compositions are inferred to represent melt compositions, with some exceptions as
discussed further below. Based cn field observations, one type of migmatite is
interpreted to have formed during syn-melting deformation, and appears to preserve
leucosomes with disequilibrium compositions. The other type of migmatite formed in
more mafic host rocks that were stronger and, therefore, less affected by deformation
during melting; this type contains leucosomes that preserve equilibrium compositions and
appear to have undergone significant fractional crystallization. We ascribe the
differences in leucosome compositions between these two types of migmatite to rapid,

deformation-driven melt segregation and lack of it, respectively.

3.2. Geological setting

The Mesoproterozoic Grenville Province in Ontario exposes large tracts of upper
amphibolite- to granulite-facies migmatitic gneisses of dominantly Laurentian affinity. It
is widely accepted that deformation, high-grade metamorphism, and reworking of the
Laurentian margin during the Grenvillian orogeny resulted from continent-arc(s) and/or
continent-continent collision(s) along the southeastern margin of Laurentia between 1200
and 1000 Ma (e.g., Rivers, 1997; Carr ef al., 2000). At the western end of the orogen
(Fig. 3.1), the Central Gneiss Belt (CGB; Wynne-Edwards, 1972) comprises pre-1350
Ma high-grade gneisses, formed along the active southeastern margin of the pre-
Grenvillian Laurentian craton (Culshaw and Dostal, 1997; Rivers, 1997; Rivers and
Corrigan, 2000; Culshaw and Dostal, 2002; Chapter 2). In the study area the CGB
consists of discrete lithotectonic domains assembled during multiple stages of northwest-
directed convergence and now recognized as lithologically distinct domains separated by
strongly sheared boundaries interpreted as thrust zones (e.g., Davidson et al., 1982;
Culshaw et al., 1997). The earliest stage of convergence, termed the ‘Elzevirian

orogeny’ (ca. 1200-1160 Ma; Moore and Thompson, 1980), involved assembly of arc
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Fig. 3.1 (a) Location and geology of the study area. Heavy barbed lines indicate major
thrust-boundaries and heavy non-barbed lines indicate other important structural contacts.
Thin lines represent domain boundaries after Culshaw et al. (1983, 1988, 1989), Davidson
(1984), and Davidson and van Breemen (1988), with minor modifications by Culshaw et
al. (1997). (b) Seismic interpretationafter White ez al. (2000).

Abbreviations: GFTZ=Grenville Front Tectonic Zone, SSZ=Shawanaga Shear Zone,
PSSZ=Parry Sound Shear Zone, URA=Upper Rosseau domain, LRA=Lower Rosseau
domain, UGH=Upper Go Home domain, LGH=Lower Go Home domain,
CMBBZ=Central Metasedimentary Belt boundary thrust zone, CMB=Central Meta-
sedimentary Belt, PS=Parry Sound domain.
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terranes offshore from, or at the distal southeastern edge of, Laurentia (e.g., Carret al.,
2000). In the study area, the main collisional event, termed the ‘Ottawan orogeny’
(Moore and Thompson, 1980), began sometime between 1120 and 1080 Ma with
emplacement of post-1400 Ma arc and back-arc assemblages of the Central
Metasedimentary Belt (CMB) over the CGB along a crustal-scale shear zone termed the
Central Metasedimentary Belt boundary thrust zone (CMBBZ, Hanmer and McEachern,
1992). The Ottawan orogeny was associated with foreland-propagating convergence and
widespread upper amphibolite- to granulite-facies metamorphism at 1085-1035 Ma (e. g‘.,
Culshaw er al., 1997, Timmermann ef al., 1997, McMullen, 1999; Carr ef al., 2000;
Wodicka et al., 2000), followed by a regionally significant phase of ductile extension at
ca. 1020 Ma (Culshaw et al., 1994; Ketchum et al., 1998). There is evidence for both
earlier and later extensional deformation in some parts of the region (Culshaw, 1986; van
der Pluijm and Carlson, 1989; Timmermann et al., 2002). A final stage of orogen-wide
convergence affected the Grenville Front Tectonic Zone at ca. 1000 Ma (e.g., Haggart et
al., 1993).

3.3. Study area

The Muskoka domain (Figs. 3.1 and 3.2) lies immediately beneath the CMBBZ,
close to the boundary between polycyclic Laurentian rocks and monocyclic rocks that do
not record evidence of pre-Grenvillian high-grade metamorphism (e.g., Culshaw ef al.,
1997; Ketchum and Davidson, 2000). The Muskoka domain is characterized by highly
migmatitic orthogneisses the protoliths of which formed during a regionally signiﬁcant
episode of arc magmatism at ca. 1450 Ma (é.g., Carr et al., 2000; Chapter 2). Peak
metamorphic conditions of 750-850°C at 0.9-1.15 GPa (Fig. 3.3) were attained at ca.
1080-1060 Ma (Timmermann, 1998; Timmermann ef al., 2002; S. Gagné and J. Hawken,
unpublished data). Timmermann ef al. (1997) dated a foliation-parallel leucosome in the
Muskoka domain at 1064 + 18 Ma, and this agé has been confirmed by recent SHRIMP
dating (Chapter 5) Northwest-directed, thrust-sense shear zbnes along the northwestern

margin of the CMBBZ cut Muskoka domain migmatites, and within the Muskoka domain
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Muskoka & Seguin domains
Undifferentiated gray gneiss and migmatite
BB Granitic gneiss
Charnockitic gneiss
Granulite

Upper Rosseau domain
Gray gneiss, variably garnetiferous with minor calc-silicate

BB Granitic gneiss, fine-grained

BEE Megacrystic granitoid orthogneiss
EZ3 High-strain zone

"’ Hi le
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Fig. 3.2 Geological map of the Muskoka domain showing dominant lithological units
(see Chapter 2) and the location of the investigated outcrops. UTM coordinates (UTM
zone 17) of the investigated outcrops: o/c M03083 (Parkersville): 632 700E 5002 400N,
o/c M30072 (Bonnie Lake): 636 S00E 4995 500N, o/c M2707 (Wren Lake): 668 550E

5005 430N.
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Fig. 3.3 P-T diagram summarizing some relevant melting reactions and results from
experimental melting studies. For clarity, divariant reactions are illustrated using a single
line. Solid lines denote fluid-absent melting reactions, dashed lines denote fluid-present
reactions. (1a) and (1b) illustrate the reaction Qtz+Pl+Kfs+FI=M in the presence of a
pervasive H,O-rich (aH,0=1) and CO,-rich (aH,0=0.1) fluid, respectively (Stevens and
Clemens, 1993). (2) Water-saturated melting of tonalite Bt+Pl+Qtz+F1 (water-rich)=Hbl+M
(Busch et al., 1974). (3) Partial melting of a biotite-plagioclase-quartz gneiss

(Gardien et al., 2000). (3a) Biotite-out with no H,O added to the system. At pressures
between 1 and 2 GPa and no H,0 added, <4 vol.% melt was produced at T=900°C.

(3b) Biotite-out with >2 wt.% H,0 added. At pressures between 1 and 2 GPa and 4 wt.%
H,0O added, between 50 and 60 vol.% melt was produced at T as low as 800°C. (4) Fluid-
absent melting Bt+P1+Qtz=Opx+Kfs+M (Stevens and Clemens, 1993). (5) Fluid-absent
biotite dehydration melting of a tonalite at 1 GPa (Rutter and Wyllie, 1988). Between 825
and 900°C (indicated by double-pointed arrow) the biotite melting reaction produced 20%
melt. (6) Partial melting of dacite at 1 GPa (Conrad ef al., 1988). Boxes with vertical (6a),
diagonal (6b), and horizontal (6¢) lines represent the solidus at 1 GPa with aH,0=0.75, 0.5,
and 0.25, respectively. (7) Beginning of biotite dehydration melting in a bidtite gneiss
according to the reaction Bt+PI+Qtz=M+Opx+Ox (Patifio Douce and Beard, 1995).

(8a) Bt+Qtz+Kfs=Opx+M (reaction [V] of Peterson and Newton (1989)), and (8b)
Bt+Qtz+Kfs+F1 (water-rich)=M (reaction [O] of Peterson and Newton (1989)). (9) Wet
basalt solidus (Green 1982). Boxes A (shaded) and B (white) indicate range of P-T
conditions in the Muskoka domain determined by Timmermann ez al. (2002) and S. Gagné
and J. Hawken (unpublished data, 2002), respectively. Abbreviations: minerals after Kretz
(1983), M=melt, Fl=fluid, Ox=oxides. Note that in Fig. 3.3 and later in the text we use the

term 'fluid’ to describe phases such as H,0 and CO,, whereas 'melt' (s..) is used to describe
melts and magmas.
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field evidence suggests that leucosome was present during southeast-directed shear
(Timmermann et al., 2002): Rocks at both higher and lower structural levels are
significantly less migmatitic (Fig. 3.1), leading Jamieson et al. (1992) and Culshaw ez al.
(1997) to speculate that the presence of these highly migmatitic rocks may have

influenced the rheology and tectonic evolution of the western part of the orogen.

3.4. Migmatites

The dominant lithology in the Muskoka domain is gray, migmatitic orthogneiss,
ranging in composition from gabbro to granite, although quartz monzodiorite and
granodiorite predominate (Timmermann, 1998; Timmermann ef a/., 2002; Chapter 2).
We have identified two main types of migmatite based on leucosome morphology and
type of protolith, referred to as stromatic and patchy migmatite. The stromatic
migmatites typically have light gray, quartz monzodioritic to granodioritic mesosomes,
and are by far the dominant type of migmatite in the Muskoka domain. The patchy

migmatites have dioritic mesosomes.

Three representative outcrops were investigated in detail (Fig. 3.2). The first two
outcrops are located south of Parkersville (o/c M03083) and Bonnie Lake (o/c M30072),
respectively, in the western part of the Muskoka domain. The Parkersville and Bonnie
Lake outcrops display stromatic and patchy migmatites, respectively. The third outcrop
is located at Wren Lake (o/c M2707) in the eastern part of the Muskoka domain and
comprises both stromatic and patchy migmatites separated by sharp, foliation-parallel
contacts. All the investigated migmatites preserve pre;migmatite compositional banding
and foliation, and can, therefore, be classified as metatexite (Brown, 1973). Although
‘leucosome abundances locally exceed 40-50 vol.%, no diatexites, in which pre-migmatite
structures are largely destroyed (Brown, 1973; Sawyer, 1998), are present in this area.
The migmatite terminology used herein is after Ashworth (1985).

3.4.1. Stromatic migmatite

Leucosome in the stromatic migmatites at Parkersville and Wren Lake is granitic

and concordant to slightly discordant to the host-rock foliation (Fig. 3.4a); for
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convenience it is referred to here as concordant leucosome. The concordant leucosomes
constitute 20-30 vol.%, and rarely up to 40-50 vol.%, of the stromatic migmatites,
measured on a series of vertical cross-sections through the outcrops at high angles to the
gently southeast-dipping foliation. The leucosomes are fine- to medium-grained, forming
0.5-5 cm thick layers a few meters long, and are generally rimmed by thin, discontinuous
melanosomes, referred to as concordant melanosome below. - The concordant leucosomes
are variably deformed and in places younger leucosomes cut older, deformed
leucosomes; thus, the estimate of 20-50 vol.% leucosome does not represent the amount
of melt present in these rocks at any one time. The concordant leucosomes are
commonly associated with small shear bands that generally display top-to-southeast,
normal-sense displacement (Timmermann ef al., 2002). Locally, the melts appear to have
migrated along the foliation and accumulated within the shear bands (Fig. 3.4b) or in
larger melt collection zones (Fig. 3.4¢) that are locally associated with boudin necks (Fig.

3.4d). These observations suggest that melt was present during deformation.

3.4.2. Patchy migmatite

The patchy migmatites range from small, irregular patches, <10-20 cm across, to
dikes or dike/fracture networks, 30-40 cm across and 3-4 m long (Fig. 3.5a). For clarity,
we refer to these morphological end-members as patches and dikes, respectively, but
emphasize that the field, petrographic, and geochemical data strongly suggest that they
are part of a continuum. The patches typically contain coarse-grained granitic to
pegmatitic leucosome, with up to 5 cm subhedral to euhedral, poikilitic hornblende (Fig.
3.5b, ¢). The mineralogy of the patches varies from homblende-dominated, with seam-
like networks of granitic material, to leucosome-dominated, with little or no hornblende.
The dikes are pegmatitic and typically zoned, with quartz-rich cores, resembling typical
pegmatite zonation suggesting crystallization from relatively water-rich melts (e.g., Jahns
and Burnham, 1969). Large hornblende crystals, resembling those in the patches, are
common along the dike margins (Fig. 3.5d) or form locai accumulations within the dikes.
Commonly, patches and dikes are connected by thin seams of granitic material.

Immediately adjacent to the patches, and locally to the dikes, the host rock is enriched in
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Fig. 3.4 (a) Concordant leucosome in stromatic migmatite; lens cap for scale ca. 5 cm
across. From Parkersville outcrop. (b) Top-to-southeast directed shear band containing
leucosome. From Hw 117, ca. 5 km east of Dorset. {(c¢) Concordant leucosome apparently
feeding into a larger leucosome patch, interpreted to represent a melt collection zone; lens
cap for scale ca. 5 cm across. From Parkersville outcrop. (d) Small leucosome paich in
boudin neck; pen for scale ca. 13 cm long. From Hw 117, ca. 5 km north-northeast of
Baysville. (¢) Large Hbl porphyroblast in stromatic migmatite, Parkersville outcrop.



Fig. 3.5 (a) Network of dikes and patches in a patchy mi gmatite; hammer for scale ¢a. 30
cm long. (b) Hornblende-rich patch comprising subequal amounts of granitic leucosome
and coarse hornblende; coin for scale ca. 2 cm across. (¢ Close-up of hornblende-rich patch
showing coarse, subhedral, poikiloblastic homblende and leucosome; scale-bar is 5 cm long.
(d) Close-up of pegmatite dike showing how homblende porphyroblasts, similar to those
depicted in (b) and {(c), concentrate along the margins of the dikes; coin for scale ca. 2 om
across. (€) Photo showing the foliation in the stromatic migmatites wrapping around an
enclave of patchy migmatite, forming a pinch-and-swell structure; photo ca. 5 m across.

All photos from Wren Lake outcrop.
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subhedral, medium-grained (ca. 0.5 cm) hornblende, interpreted as melanosome (referred
to as patchy melanosome below). Despite clear petrographic and geochemical
differences, discussed below, the patchy melanosomes are difficult to distinguish from
the dioritic mesosome in the field. The distribution of melanosome is, therefore, unclear;
in particular, some of the dikes appear to be locally (meter-scale or less) intrusive and
may lack associated melanosomes. We note, however, that several of the patchy
melanosome samples were taken immediately adjacent to the dikes, thus, melanosome is
associated with both dikes and patches. Leucosome abundances are difficult to estimate
in the patchy migmatites as a result of their irregular distribution, but appear to be lower

than in the stromatic migmatites.

3.4.3. Structural relationship between stromatic and patchy migmatite

In outcrops containing both stromatic and patchy migmatites (e.g., Wren Lake
outcrop), the foliation in the former wraps around the latter, forming a pinch-and-swell
structure (Fig. 3.5e). Furthermore, unlike in the stromatic migmatites, there is no
evidence that the location of leucosomes in the patchy migmatites is structurally
controlled. These observations suggest significant rheological contrast between the two
types of migmatite. Whether the difference in strength results from the proportion of
mélt present in the rocks or the type of host rock (mesosome) is not clear. Available
experimental data show that granitic rocks are generally weaker than dioritic rocks
(Hansen and Carter, 1982; Kirby, 1983), and it appears likely that, for similar degrees of
partial melting, the dioritic mesosomes (patchy migmatites) would have been stronger
than the granodioritic mesosomes (stromatic migmatités). As discussed in the
Introduction (seétion 3.1.2), the higher degree of partial melting in the stromatic
migmatites probably would have enhanced the difference in strength, but this cannot be
demonstrated. None of the patches or dikes cuts the patchy-stromatic migmatite contact,
thus, the relative age of and relationship between stromatic and patchy migmatite is not

known.
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3.5. Petrography and geochemistry

3.5.1. Analytical procedures

Major and trace elements were determined on fused glass beads and pressed
powder pellets, respectively, using standard X-ray fluorescence (XRF) techniques at St.
Mary's University, Halifax, Nova Scotia. Rare earth elements (REEs), Hf, and Th were
determined by inductively coupled plasma-mass spectrometry (ICP-MS) using a Na,O,
sintering technique at Memorial University, St. John's, Newfoundland. Dostal ef al.

- (1986) and Longerich et al. (1990) discussed the analytical procedures, accuracy, and
precision of the XRF and ICP-MS analyses, respectively (see also Appendix A). The
geochemical and mineral compositional data are presented in Appendix C. Mineral

abbreviations used in the text and figures are from Kretz (1983).

3.5.2. Stromatic migmatites

The concordant leucosomes and granodioritic mesosomes were sampled by serial
cutting of large slabs. The concordant melanosomes were too thin to be sampled for
geochemical analysis. Timmermann (1998) and Timmermann et al. (2002) described the
petrography of the stromatic migmatites in the Muskoka domain in detail, and the
petrographic description of these migmatites, therefore, focuses on the points pertinent to

their petrogenesis.
Granodioritic mesosome

The granodioritic to quartz monzodioritic mesosome (for simplicity referred to as
granodioritic) is fine- to medium-grained and moderately foliated. The modes of
representative samples are given in Table 3.1. Minor ‘melt” films (cf., Sawyer, 2001)
along some grain boundaries (Fig. 3.6a) and rare, small (<1 cm) quartz-feldspar patchgs,
interpreted to represent former melt pockets, suggest some melting in the mesosome;
there are, however, no indications (petrographic or geochemical) that melts were
extracted from the mesosome. The proportion of melt films in the granodioritic
mesosome was estimated by point counting of 2000 points as < 0.5 vol.%e, thus, they are

volumetrically insignificant. Apatite, zircon, and allanite are common accessory phases.
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Fig. 3.6 (a) 'Melt' films along K-feldspar grain boundaries in granodlontlc mesosome.
Similar 'melt’ films have been observed in the dioritic mesosome. (b) Coarse homblende
with rounded inclusions of plagioclase, biotite, and quartz from the concordant
melanosome. Notice also coarse biotite on the right-hand side of the photo, apparently in
equilibrium with the homblende. (c) Typical hornblende and biotite texture in the
granodioritic mesosome, shown for comparison; note that scale is similar in (b) and (c).
(d) Two small carbonate grains associated with biotite; from the granodioritic mesosome,
(¢) Coarse, subhedral homblende (black) in hornblende-rich patch, mterpreted tobea
cumulate phase. The hornblende is optically continuous. White/gray phase is plagioclase.
Scale bar in (a) is 0.1 mm, in (b) and (c) 1 mm; in (d) 0.5 mm, and in (e) 5 mm. All
photos from Parkersville outcrop except (¢) from Wren Lake outcrop
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The granodioritic mesosome ranges from 65 to 68 wt.% Si0,. Samples from the
two investigated outcrops at Parkersville and Wren Lake have essentially similar major
and trace element contents (Figs. 3.7 and 3.8). The granodioritic mesosome from Wren
Lake is slightly higher in total REE content with more pronounced negative Eu anomalies
((EwEu*)=0.40-0.45) than mesosome from Parkersville ((EwEu*)y=0.58), but the REE
patterns are similarly fractionated ((La/Yb)n=5-12) ‘(Fig. 3.8).

Concordant leucosome

The concordant leucosomes are medium- to coarse-grained and granitic (Table 3.1),
with small amounts (ca. 1-5 vol.%) of hornblende porphyroblasts and flakes of biotite.
The hornblende in the leucosomes is texturally similar to that in the associated
concordant melanosomes (see below), and probably represents residual hornblende that

was mechanically incorporated into the melt.

The concordant leucosomes range in SiO; from 70 to 73 wt.%, and most major
elements decrease with increasing Si0O,, whereas K;O and most trace elements show little
systematic variation and tend to plot in clusters. The REE patterns (Fig. 3.8) are
moderately fractionated, with (La/Yb)y increasing from 8 to 24 with increasing SiO»
(Fig. 3.7f). Total REE contents and Eu anomalies ((Euw/Eu*)y=0.7-1.3) are not correlated
with Si0;.

Relative to the granodioritic mesosome, the concordant leucosomes are depleted in
all major elements except SiO; and K;0. Barium, Rb, and Sr are enriched in the
leucosomes. Yttrium, Zr, Hf, and Nb are lower in the leucosomes and Th is similar in
leucosomes and granodioritic mesosomes. Total REE contents are lower, REE patterns
more fractionated, and Eu anomalies are more positive in the leucosomes than in the

mesosomes (Fig. 3.8).
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Concordant melanosome

The concordant melanosomes are generally <5-10 mm thick and consist of
plagioclase, hornblende, and biotite. Accessory minerals include apatite, zircon, allanite,
and titanite. Much of the hornblende in the concordant melanosome is similar to
hornblende in the granodioritic mesosome (Fig. 3.6¢), however, a significant portion is
coarser-grained with rounded inclusions of plagioclase, quartz, and biotite (Fig. 3.6b).
Similar coarse hornblende is generally absent from the granodioritic mesosome and is
considered related to formation of the concordant leucbsomes, probably through a
reaction involving biotite, plagioclase, and quartz, discussed further below. Biotite in the
concordant melanosome is compositionally similar to biotite in the granodioritic
mesosome (Appendix C); however, melanosome biotite is coarser, and forms clusters
intergrown and apparently in equilibrium with hornblende (Fig. 3.6b). However, the P-T
conditions experienced by these rocks (Timmermann et al., 2002; S. Gagné and J.
Hawken, unpublished data) suggest that biotite is unlikely to have been stable during
peak metamorphism (Fig. 3.3). In addition, the marked Rb enrichment in the concordant
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leucosomes relative to the granodioritic mesosome is at variance with a significant
proportion of biotite in the residue. It seems more likely that the biotite in the concordant

melanosomes grew as result of back-reaction as the melts crystallized.

The major element composition of the concordant melanosomes was estimated
using modal analysis and anhydrous mineral compositions (cf., Olsen, 1982). The
calculated composition is plotted in Figs. 3.7a, b. The granodioritic mesosome,
concordant leucosome, and concordant melanosome define a roughly straight line with
melanosome and leucosome plotting at lower and higher Si0O, respectively, relative to
the mesosome. This observation is consistent with the concordant melanosomes
representing the residue after extraction of granitic melt (~concordant leucosome) from

the granodioritic mesosome.

'3.5.3. Patchy migmatite

Dioritic mesosome

The dioritic mesosome is fine-grained and weakly foliated relative to the
granodioritic mesosome. The modes of representative samples are given in Table 3.1.
The dioritic mesosome has a recrystallized granoblastic texture, dominantly comprising
hornblende and plagioclase with minor biotite and quartz. Biotite needles or laths,
typically 1-3 mm long, define a weak foliation. Apatite and zircon are the main

accessory minerals; allanite was not observed.

The dioritic mesosome ranges from 47.7 to 54.2 wt.% Si0; (Fig. 3.9). Chondrite-
normalized REE patterns (Fig. 3.10) are slightly fractionated with (La/Yb)n between 2.5
and 5.8, and (EwEu*)y between 0.56 and 0.79.

Patches

We analyzed bulk hornblende-rich patches (granitic material with variable, but
generally large, proportions of hornblende), as well as the granitic portions of the patches,
separated using a rock-saw. The patches can be separated into two components: a
granitic component referred to as patchy leucosome, and a mafic component made up of

large, euhedral to subhedral hornblende referred to as hornblende-rich patches. The
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samples of hornblende-rich patches contain small amounts of granitic material

(leucosome) that could not be separated.

Hornblende-rich patches. The homblende-rich patches are distinguished by large,
typically 5 cm long, randomly oriented, euhedral to subhedral, strongly poikilitic or
skeletal hornblendes (Fig. 3.6d). The inclusions in these hornblendes are dominantly
plagioclase, with minor quartz and biotite, and, unlike inclusions in homblende from the
concordant and patchy melanosomes, are irregular and oriented parallel to the cleavage of

the homnblende.

The hornblende-rich patches are slightly more silicic than the dioritic mesosome,
with SiO; ranging from 50.3 to 58.4 wt.% (Fig. 3.9). The matfic components (TiO»,
Fe,03, MnO, MgO) are similar to or slightly lower than the dioritic mesosome, whereas
CaO and Na,O are lower and K,O higher. Trace elements are generally similar in the
hornblende-rich patches and dioritic mesosome (Fig. 3.9), except V and Th that are lower
and slightly higher, respectively, in the patches. The REE patterns (Fig. 3.10) are more
strongly fractionated ((La/Yb)n=5.2-12.7) than that of the dioritic mesosome, whereas

total REE contents and Eu anomalies are similar to the mesosome.

Patchy leucosomes. The patchy leucosomes are medium- to coarse-grained,
comprising dominantly K-feldspar, plagioclase, and quartz (Table 3.1). The patchy
leucosomes contain between 64.3 and 73.8 wt.% SiO; (Fig. 3.9). Total REE contents
decrease with increasing SiO,, whereas REE fractionation increases ((La/Yb)y=6-13) and

Eu anomalies (Euw/Eu*)y=0.8-1.8) become more positive (Fig. 3.9e, f).

Relative to the dioritic mesosome, the patchy leucosomes are depleted in all major
elements except Si0, and K,O; Ba is significantly higher in the patchy leucosomes, and
Rb and Sr slightly higher. Other trace elements (including the REEs) are lower in the

patchy leucosomes than in the dioritic mesosome (Fig. 3.10).
Dikes

The dikes are pegmatitic but otherwise petrographically similar to the patchy

leucosomes. Along the margins, the dikes contain significant amounts of hornblende,
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some of which is texturally similar to the large, cumulate hornblendes in the patches, and

some which is similar to hornblende in the patchy melanosome (described below).

Samples from the dikes include the hornblende-rich margins as well as more
central, pegmatitic portions. The quartz-dominated centers of the dikes were not
sampled. The homblende-free portions of the dikes are similar to the patchy leucosomes
for most major and trace elements, although generally slightly more silicic (Fig. 3.9).

The REE patterns (Fig. 3.10), however, display much greater variation in terms of
fractionation ((La/Yb)n=8.5-88.8) and Eu anomalies ((EwWEu*)y=1.4-19.7). Although we
collected relatively large samples of pegmatite to ensure that the samples were
representative of the dike composition, it is likely that the two samples with the most
extreme Eu anomalies (2M0506-6 and 2M0506-12A) are biased toward K-feldspar. This
interpretation is corroborated by the very high K,O content of these samples (~9.1 wt.%),
significantly higher than most granitic rocks. We therefore regard these samples as
unrepresentative of the dike composition and they are not included in the ensuing
discussion on migmatite petrogenesis. The hornblende-rich margins of the dikes display
a range of compositions from similar to hornblende-rich patches to compositions that are
more similar to the patchy leucosomes, reflecting the amount of hornblende in the

samples.
Patchy melanosome

The hornblende-rich patches typically grade into melanosome comprising medium-
grained (~0.5 cm) hornblende, plagioclase, and biotite:(Table 3.1). This type of
melanosome is referred to as patchy melanosome to distinguish it from the concordant
melanosome in the stromatic migmatites. Hornblende in the patchy melanosome is
texturally similar to that in the concordant melanosome, typically containing rounded
inclusions of plagioclase, biotite, and quartz. Biotite typically occurs as dark red to
nearly opaque, irregular grains, in contrast to the more needle-like biotite in the dioritic
mesosome. The patchy melanosomes typically contain a small proportion of granitic

material, interpreted as representing unsegregated melt.
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The patchy melanosome is somewhat higher in Fe;03, MgO, MnO, Ca0, Y, Nb,
Zn, Ni, Cr, and Th, and slightly lower in Rb and Ba than the dioritic mesosome, but with
essentially similar Si0O,, TiO,, Al,Os, and Na;O content (Fig. 3.9). Total REE contents
are higher than in the dioritic mesosome, with larger negative Eu anomalies
((EwEu*)y=0.43-0.55), and similar or slightly higher (La/Yb)y between 4.5-6.8 (Fig.
3.10). The higher (La/Yb)y of the melanosome is caused by enrichment in LREEs.

3.6. Migmatite petrogenesis

3.6.1. Incongruent biotite breakdown

Based on petrographic evidence, Timmermann et al. (2002) proposed that
formation of voluminous leucosome in the Muskoka domain took place by incongruent,
fluid-absent biotite melting, producing granitic melt and residual hornblende, according

to reaction (3. D).
Bt + Pl + Qtz = Hbl + Granitic melt 3.D

The petrographic observations described above are similar to those of Timmermann
et al. (2002) and support their interpretation that biotite reacted with plagioclase and
quartz to produce granitic melt and residual hornblende. However, instead of, or perhaps
in addition to, the fluid-absent reaction proposed by Timmermann et al. (2002), we
suggest that partial melting took place under fluid-present conditions, according to

reaction (3.2).
Bt + PI(I) + Qtz’ + Fluid = Hbl + P1(II) + Granitic melt (3.2)

Some of the concordant leucosomes may also have formed by eutectic melting of

plagioclase, quartz, and K-feldspar (reaction (3.3)), probably in addition to reaction (3.2).
Qtz + Pl + Kfs + Fluid = Granitic melt (3.3)

Our reasons for invoking fluid-present partial melting are explained below, and we also

attempt to place some constraints on the composition of the hypothesized fluid.

3.6.2. The role of fluids
As shown above, partial melting in both stromatic and patchy migmatite was
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associated with growth of new hornblende. Some experimental studies (e.g., Naney,
1983; Gardien et al., 2000) have shown that the stabilization and growth of new
hormblende during partial melting of a biotite-plagioclase-quartz assemblage requires
addition of at least 3-4 wt.% H,O. Other experimental studies found that new hornblende
can form by biotite dehydration melting under fluid-absent conditions (e.g., Skjerlie and
Johnston, 1996); however, in the case described by Skjerlie and Johnston (op. cit.), the
breakdown of biotite to form hornblende produced insignificant amounts of melt (<5
vol.%) at 850°C. Significant melting took place only at higher temperatures when
hornblende reacted to form melt and residual pyroxene. Pyroxene is generally absent in

the investigated rocks (Timmermann et al., 2002; this study).

In order to determine if biotite dehydration melting (reaction 3.1) can solely
account for formation of the observed leucosomes, we made some simple calculations. If
the granodioritic and dioritic mesosomes are representative of the mineralogy of the
source to the concordant and patchy leucosomes, respectively, the relatively low
abundance of biotite (<10 vol.%) is insufficient to produce significant amounts of melts.
For example, if the mode of biotite (with 3.9 wt.% H,0, Clemens and Vielzeuf, 1987) is
10 vol.%, and assuming that the specific gravity of biotite is 3.0, and that of the source
rock is 2.7; 0.4 wt.% H,0 can be made available to the melting reaction by biotite
breakdown. According to Clemens and Vielzeuf (1987), this amount of H,O can produce
ca. 10 vol.% melt in a quartzofeldspathic source rock at 1 GPa at temperatures between
800 and 850°C. In fact, this number is an upper estimate of the amount of melt that could
have been produced by biotite dehydration melting in the investigated rocks because in
the calculations of Clemens and Vielzeuf (1987) all the fluid liberated by hydrous phase
breakdown entered the melt (i.e., the residue was anhydrous). In contrast, partial melting
in the Muskoka domain involved growth of a new hydrous phase (hornblende), thus
significantly reduéing the amount of fluid available to the melt. Fluid-absent, biotite
dehydration melting, therefore, is unlikely to produce large amounts of melt if a new
water-rich phase such as hornblende is a dominant residual phase (cf., Conrad et al.,

1988; Skjerlie and Johnston, 1996). Biotite dehydratioﬂ melting to produce an anhydrous

residual phase (e.g., orthopyroxene) would be more efficient for producing significant
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amounts of melt, and the calculations above suggest that in this case ca. 10 vol.% melt
could be produced from a source with 10 vol.% biotite. However, the lack of
orthopyroxene and the peak temperatures estiméted from Muskoka domain rocks (cf. Fig.
3.3) argue against a leucosome-forming reaction producing residual orthopyroxene. We
therefore believe that partial melting took place in the presence of a H,O-bearing fluid
(cf., (6¢) and (3b) in Fig. 3.3), with further melting at progressively lower aH,O or ’
possibly fluid-absent conditions (cf., Sawyer, 1998). A similar model to that proposed
here was invoked by McMullen (1999) for the eastern Muskoka domain and has also
been proposed to account for partial melting of similar lithologies elsewhere (e.g., Lappin
and Hollister, 1980; Kenah and Hollister, 1983; McLellan, 1988; Mogk, 1992; Nédélec et
al:, 1993; Sawyer, 1998; Escuder Viruete, 1999).

The composition of the initial fluid is impossible to constrain without isotopic
and/or fluid inclusion data. Phase equilibrium evidence from high-grade metamorphic
rocks suggests that pure aqueous fluids are generally not present in excess (see Stevens
and Clemens, 1993 and references therein), thus, aH,O was most likely <1 during
migmatization. This interpretation is also consistent with the lack of leucosome in
common metabasites in the area (cf., (9) in Fig. 3.3). The two most likely scenarios for
achieving aH,0<1 are (Clemens and Watkins, 2001) (i) that the system initially
contained an H,O-rich fluid, but in insufficient quantities to saturate the melt, or, (i1) that
the fluid was a mix of H>O and another component such as CO; (e.g., Newton et al.,
1980). Several features argue for the latter case. For example, some of the migmatites
contain small amounts of carbonate associated with skeletal biotite and biotite-
hornblende intergtowths that appear to have been involved in melting (Fig. 3.6¢;
Jamieson, unpublished data). In addition, patches of greenish granulite, also containing
small amounts of carbonate (Slagstad, unpublished data), are common in parts of the
Muskoka domain, and were interpreted by Timmermann ef al. (2002) to have formed by
influx of low-aH,0, CO,-rich fluids coeval with formation of the migmatites, although:
new field and geochronological data, discussed in Chapter 5, may argue against this
interpretation. Recent work on fluid inclusions in garnet in a paragneiss from the

Algonquin domain, immediately underlying the Muskoka domain, identified single-phase
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inclusions consisting of nearly pure CO; (Layman et al., 2003). Although the source of
this COs-rich fluid and its relationship to the migmatization is unknown it demonstrates
local presence of CO,-rich fluid at high metamorphic grade. Infiltration of similar fluids
was also invoked by Pattison (1991) to explain the development of light-colored veins
(net veins) rich in pyroxene, plagioclase, and locally quartz, in small metagabbro boudins
in the Seguin subdomain, contiguous with the Muskoka domain (Fig. 3.2). It is possible
that influx of a mixed HO-CO fluid during high-grade Grenvillian metamorphism can
account for both extensive partial melting (cf., Giorgetti et al., 1996) as well as local
development of granulite-facies assemblages. In this model, H,O would have been
partitioned into the melts, whereas most of the CO, would have remained in the rocks
(cf., Clemens, 1993), forming the patchy granulites and small accumulations of
carbonate. During cooling and melt crystallization, back-reaction between H,O and
orthopyroxene could have formed the hornblende-rimmed orthopyroxenes typically
observed in the patchy granulites (Timmermann et al., 2002). Detailed isotopic énd fluid
inclusion analysis on both migmatites and patchy granulites is needed in order to

determine the role and nature of fluids during high-grade metamorphism in these rocks.

3.6.3. Mesosome: a good approximation te protolith composition?

In contrast to hornblende in the melanosome, hornblende in the mésosome
generally lacks textural evidence of having formed by incongruent breakdown of biotite,
although in rare samples such textures are associated with tiny pockets of leucosome,
generally <1 cm long and unnoticeable in the field. These minuscule leucosomes, along
with thin ‘melt’ films suggest the retention of small amounts of melt in the mesosome.
However, these melt pockets and films are volumetrically insignificant (<0.5 vol.%o), and
the petrographic and geochemical data suggest that these melts were segregated on a mm-
scale at most, and were not extracted from the mesosomes. We therefore conclude that
the mineralogical and chemical composition of the mesosomes approximates the |

composition of the source to the leucosomes.

3.6.4. Trace element modeling

Trace element modeling of magmatic processes was first applied to mantle-related
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systems, where it has found undeniable success (e.g., Bédard, 2001). It was then applied
to crustal systems, where it is used for studying the petrogenesis of migmatites (e.g.,
Sawyer, 1987, 1991; Barbey ef al., 1989). A well known problem, however, in applying
trace element modeling to crustal rocks is the common presence of accessory phases such
as apatite, zircon, allanite, and monazite. These phases are extremely rich in certain trace
elements (e.g., LREESs in allanite and monazite, HREEs in zircon) and in many czises can
obscure the effects produced by major phases during partial melting and fractional
crystallization (e.g., Bea, 1996 and references therein). All of the rocks investigated here
contain accessory phases, in particular zircon, apatite, allanite, and titanite. For this
reason, elements such as Ba, Rb, and Sr that are hosted by the major phases involved in
partial melting may be better indicators of petrogenesis. There are, however, significant
problems inherent in modeling these elements as well. One problem is the large variation
in measured partition coefficients, in some cases varying by an order of magnitude (see
Appendix F). As summarized by Solar and Brown (2001), this variation reflects a
number of important controls on partition coefficients, for example structure and
composition of the melt (e.g., Mahood and Hildreth, 1983; Nash and Crecraft, 1985),
mineral composition (e.g., Blundy and Wood, 1991; Icenhower and London, 1996),
temperature (Icenhower and London, 1995; Chappell, 1996), and water content (Mahood
and Hildreth, 1983). Assuming that the leucosomes, mesosomes, and melanosomes
represent melt, source, and residue, respectively, another potential problem is to what
degree the measured compositions reflect the compositions at the time of migmatization.
Fourcade et al. (1992) and Berger and Rosenberg (2003) argued that the trace element
distribution between leucosome and melanosome in some migmatites reflects mineral-
mineral equilibrium rather than melt-mineral equilibrium, which they ascribed to
reequilibration by diffusion during cooling of the migmatite terrane. The prolonged
thermal history of the Grenville Province, followed by protracted cooling (Reynolds ef
al., 1995), may, therefore, present a problem. Along the same lines, Nabelek (1999)
suggested that migmatites in the Black Hills, South Dakota, have trace element
distributions compatible with solid-solid kequilibrium because the melt and residue

maintained equilibrium during crystallization and subsolidus cooling.
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In the succeeding sections the concentrations of Ba, Rb, Sr, and REEs in the
leucosomes are modeled. Despite the inherent problems discussed above, Ba, Rb, and Sr
appear to be relatively good indicators of various partial melting reactions (equilibrium

vs. disequilibrium), whereas the REEs appear to be controlled by accessory phases.

Two types of melting reaction are modeled: batch equilibrium and disequilibrium
melting (see Appendix F for equations and a discussion of the robustness of the model
results). Equilibrium partial melting requires that the melt and the solid from which it
was derived maintained thermodynamic and compositional equilibrium, and that the
partitioning of trace elements between the melt and the solid followed Henry's law, i.e.,
can be described by an equilibrium partition coefficient (e.g., Hanson, 1978). Maaloe
(1 98’2) described three types of equilibrium partial melting: batch melting, where batches

- of magma segregate when the permeability threshold is reached; perfect fractional
melting, where infinitesimally small amounts of melt leave the system immediately after
they are formed; and an intermediate case referred to as critical melting. Sawyer (1991)
pointed out that for small degrees of partial melting (F<0.4), these melting models yield
comparable results; thus, only batch melting is considered here. During disequilibrium
partial melting, equilibrium is not maintained between the melt and the solid residue, and
the concentration of an element in the melt is proportional to the concentrations in and
proportions of phases entering the melt (Allégre and Minster, 1978; Prinzhofer and
Allégre, 1985; Barbey et al., 1989). Strictly, solid-solid partition coefficients should be
used in the disequilibrium modeling. The solid-solid partition coefficients are not
known; however, Barbey et al. (1989) suggested that they can be estimated from solid-
melt partition coefficients (see Barbey et al., 1989 for derivation). Although many
workers, dealing with similar problemé as those described here, have used this
approximation (Sawyer, 1991; Chavagnac et al., 1999; Jung et al., 1999), it introduces an
undetermined level of uncertainty. Uncertainties related to analytical error and the use of
different partition coefficients are discussed in Appendix F. Partition coefficients used

here are given in Table 3.2.
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3.6.5. Stromatic migmatites

Trace element modeling

The stromatic migmatites at Parkersville and Wren Lake are compositionally
similar, and yield similar trace element model results. Therefore, only the Parkersville
outcrop is considered here. The field observations and petrographic data suggest that the
concordant leucosomes formed by partial melting of granodioritic mesosome by
incongruent breakdown of biotite, reacting with quartz, plagioclase, and probably K-
feldspat, leaving a hornblende-plagioclase-dominafed residue. The average geochemical
and mineralogical composition of the granodioritic mesosome is used as the source in the

modeling.

Table 3.2 Partition coefficients used in trace element modeling of migmatite

petrogenesis.

Plagioclase  K-feldspar  Hornblende  Biotite Apatite Allanite Zircon
Ba 0.36 6.12 0.044 6.36 n.d. n.d. n.d.
Rb 0.048 0.34 0.014 3.26 n.d. n.d. n.d.
Sr 2.84 3.87 0.022 0.120 n.d. n.d. n.d.
La 0.26 n.d. 0.74% (0.6) 0.328 208 960 n.d.
Ce 0.24 0.044 1.52 (0.9) 0.32 347 940 264
Nd 0.17 0.025 4.26 (2.8) 0.29 57.1 750 2.2
Sm 0.13 0.018 7.77 (4) 0.26 62.8 620 3.14
Eu 0.814 1.13 5.14 (3.5) 0.24 304 56 3.14
Gd 0.09 0.011 10 (5) 0.28 56.3 440 12
Tb 0.09* 0.009* 12* (6) 0.29* 54* 270 25*
Dy 0.086 0.006 13(6.2) 0.29 50.7 200 457
Ho 0.085* 0.006* 12* (6.1) 0.33* 45* n.d. 100*
Er 0.084 0.006 12 (6) 0.35 37.2 100 135
Tm 0.08* 0.009* 10" (6) 0.39* 30* 75*% 200*
Yb 0.077 0.012 8.38 (3.7) 0.44 23.9 54 270
Lu 0.082 0.006 5.5 (3) 0.33 20 41 323

Data from Arth (1976) and Arth and Barker (1976), except *determined by extrapolation and *Barbey et al.
(1989). Allanite data from Martin (1987), zircon data from Arth and Hanson (1975). Hornblende data in
parentheses used in section 3.8 Alternative interpretation of migmatite petrogenesis, compiled by Borg and
Clynne (1998).n.d.=no data.

Equilibrium melting. The modeled composition of a melt formed by 10 to 50%

partial melting of the average granodioritic mesosome at the Parkersville outcrop, in
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equilibrium with a plagioclase-dominated residue (PlsgHbl30Qtzs) as indicated by the
petrography, is shown in Fig. 3.11a. The large proportion of plagioclase in the residue
yields model melts that are strongly depleted in Sr relative to the concordant leucosome,
and the lack of a Rb-bearing phase (biotite) in the residue results in strong Rb enrichment
in the model melt. The Ba contents of the model melts are similar to the concordant
leucosome, but the resulting Ba/Rb and Rb/Sr ratios differ significantly from the
leucosomes. Reducing the proportion of plagioclase and adding biotite to the residue
yields model melts that have Sr and Rb contents similar to those observed in the
leucosomes; however, the presence of biotite in the residue produces model melts that are
strongly depleted in Ba relative to the leucosomes. The model melts have moderately
negative Eu anomalies, controlled by the proportion of plagioclase in the residue, in
contrast to the predominantly positive Eu anomalies observed in the leucosomes. The
other MREESs are similar between the model melts and leucosomes. The LREEs are
controlled by the proportion of allanite in the residue; for example, adding 0.1 wt.%
allanite reduces the concentration of La in the model melt from 98 to 35 ppm. The
modeling results are, therefore, interpreted to suggest that the concordant leucosomes did

not form by equilibrium melting of the granodioritic mesosome.

Disequilibrium melting. The results of the disequilibrium melting models are
shown in Fig. 3.11b. The model melt has similar Ba, Rb, and Sr contents to the ‘
concordant leucosome if the dominant phase entering the melt is plagioclase, followed by
K-feldspar, quartz, and biotite (Model melt 1; details given in Fig. 3.11b and caption).
The model melt is strongly depleted in REEs relative to the concordant leucosomes, and
has a much larger, positive Eu anomaly. However, adding 0.8 wt.% apatite to the model
melt produces MREE and HREE contents similar to the leucosomes (Model melt 2, Fig.
3.11b). The LREE contents of the model melt are too high, but adding 0.04 wt.% allanite
to the source produces a good fit. Although involvement of accessory minerals is
feasible considering the petrographic data, for example as residual phases or entering the
melt by melting or dissolution or as xenocrysts, it is clear that the REEs are poor
indicators of petrogenesis in these rocks as they probably do not reflect the behavior of

the major phases. In contrast, the modeled Ba, Rb, and Sr contents are consistent with
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Fig. 3.11 Trace element modeling of stromatic migmatite. (a) Equilibrium melting of
average granodioritic mesosome, Parkersville outcrop; model residue: P1 (56 wt.%)

Hbl (39 wt.%), and Qtz (5 wt.%). (b) Disequilibrium melting of average granodioritic
mesosome. The mode of the mesosome is Qtz (15 vol.%), P1 (55 vol.%), Kfs (11 vol.%),
Hbl (12 vol.%), and Bt (7 vol.%). Model melt 1 does not take accessory phases into
account; phases and their weight proportions entering the melt are Pl (45 wt.%),

Kfs (26 wt.%), Qtz (18 wt.%), Bt (11 wt.%). Model melt 2 is similar to model melt 1
except that 0.8 wt.% apatite is added to the melt and 0.04 wt.% allanite is added to the
residue, in order to demonstrate the effects of accessory phases on the model result.
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the petrographic observations. We therefore interpret the concordant leucosomes to have

formed by disequilibrium partial melting of granodioritic mesosome.

With the composition of the source (granodioritic mesosome), residue (calculated
concordant melanosome) and melt (concordant leucosome) known, it is possible to
calculate the degree of melting using the mass-balance calculation C=FC,+(1-F)C,,
where C; is the composition of the source, Cy, is the composition of the melt, and C; is the
composition of the residue (Sawyer; 1991). An alternative approach is to use only
elements that are strongly partitioned into the residue, reducing the mass-balance
equation to F=(C,-C,)/C, (Sawyer, 1991). For the mafic oxides (TiO,, Fe;03, MnO, and
MgO) this method yields estimates of F between 0.33 and 0.64. If the melt is
contaminated by residual phases, as indicated by the petrography, F is overestimated

(Sawyer, 1991). In addition, the accuracy of the calculated melanosome composition is
unknown.

3.6.6. Patchy migmatites

The patches are typically randomly distributed, have complex shapes (cf.,
McLellan, 1988) with associated melanosomes, and lack evidence of feeder dikes or
shear bands that could have acted as conduits for externally derived melts. We therefore
conclude that the leucosomes most likely represent in situ (on the outcrop scale) melts.
Field and petrographic observations from the patchy migmatites provide some clues as to
their petrogenesis. The patchy leucosomes appear to represent locally derived melts that
formed by partial melting of dioritic mesosome, leaving a residue (patchy melanosome)
comprising hornblende, plagioclase, and biotite. Much of the biotite is probably
retrograde. The coarse, sﬁbhedral to euhedral hornblendes in the patches are interpreted
to have crystallized from a melt, and, because the hornblendes contain a significant
proportion of plagioclase (+some biotite), evolved melts and cumulates should have
compositions compatible with removal and accumulation of
homblende+plagioclasetbiotite, respectively. Thin seams of granitic material typically
connect the patches and dikes. We interpret these seams to represent former melt

conduits along which granitic melts migrated from the patches, leaving melt-depleted
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homblende-rich patches (cumulates). Melt migration distances are inferred to have been
short, on the order of a few dm to 1-2 m. In this interpretation, the dikes represent the
evolved melts expelled from the patches. The zoning in the dikes, with quartz-rich
centers, probably implies that none of the samples from the dikes represents melt
compositions. Although we have not investigated the process by which the zoning
developed, we can make some generalizations as to the geochemical effects. The most
obvious effect is that, because most of the quartz is concentrated in the center, the
surrounding, feldspar-rich material will be depleted in SiO; and enriched in other major
elements relative to the original melt. In addition, because the partition coefficients for
trace elements in quartz are exceedingly small, the surrounding pegmatitic material is
probably enriched in trace elements relative to the original melts. In contrast, trace
_element ratios will be less affected and the shape of the REE pattern is probably

representative of the original melt composition.
Major elements

The major elements are presented in a (Na+Ca)-(Fe+Mg+Ti)-(K*10) ternary
diagram (Fig. 3.12) (cf., Solar and Brown, 2001; Barnes ef al., 2002). K*10 is used in
order to bring the points toward the center of the triangle to increase the legibility. Note
that although this does not alter the relative position of the points (cf., Pearce and Cann,
1973) it affects the distance between them, in particular, points plotting close to the
(Na+Ca)-(Fe+Mg+Ti) tie-line will move significantly toward the K*10 corner whereas
points with high K contents (i.e., leucosomes) are less affected. The petrography of the
patchy melanosomes suggests that hornblende and, to a lesser degree, plagioclase were
the dominant residual minerals. The residue, source, and granitic melts should form a
straight line with the residue displaced toward the hornblende-plagioclase tie-line and the
granitic melts plotting close to the K*10 corner. The results from this diag{am are,
therefore, consistent with the model proposed above. The hornblende/plagioclase ratio of
the residue can be estimated by extending the straight line so that it intersects the
hornblende-plagioclase tie-line. From this procedure we estimate that the residue

comprised between 80 and 85 wt.% hornblende and 15 to 20 wt.% plagioclase, which is
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Fig. 3.12 Patchy migmatite components plotted in a molar (Fe+Mg+Ti)-(Na+Ca)-(K*10)
ternary diagram (modified after Solar and Brown, 2001). The hornblende composition was
measured on a grain in a Hbl-rich patch (Appendix C).
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significantly lower than the plagioclase/hormnblende ratio determined from the
petrography (Table 3.1). The lack of significant scatter in any of the major elements used
argues against secondary element mobilization, and the reason for the discrepancy
between major elements and petrography remains unclear. The hornblende-rich patches
plot on a line connecting the most felsic patchy leucosomes+dikes and hornblende+minor
plagioclase, suggesting that they represent a mix of hornblende, some plagioclase, and
melt, as indicated by the field and petrographic observations. The hornblende-rich
patches plot close to the center of this line, suggesting that the patches constitute
subequal amounts of hornblende+plagioclase and melt; however, this is a result of using
K*10 rather than K in the lower right-hand corner as discussed above. Inreality, the
hornblende-rich patches plot close to the hornblende-plagioclase tie-line and the
estimated proportion of melt is only 10-20 wt.%, consistent with the field and

petrographic observations.
Trace element modeling

The patchy leucosomes show a greater range in composition than the concordant
leucosomes, interpreted to reflect a greater inﬂuénce of fractional crystallization in the
former. Here, we take the average of the three most felsic patchy leucosomes to
represent the closest approximation to the primary melt composition. The average

dioritic mesosome is taken to represent the composition of the source.

Estimates of the degree of melting, using the same method as described for the
stromatic migmatites, and taking the average dioritic mesosome to represent the source
and the most mafic patchy melanosome to represent the residue, yield values of F
between 0.27 and 0.34 for Fe;O3, MgO, and MnO.

Equilibrium melting. 10 to 50% partial melting of dioritic mesosome, leaving a
residue comprising 85 wt.% hornblende and 15 wt.% plagioclase, as indicated by Fig.
3.12, yields model melts that are strongly enriched in Sr,. but similar in Ba and Rb,
relative to the most felsic patchy leucosomes (Fig. 3.13a). A more plagioclase-rich

residue comprising 69 wt.% hornblende and 31 wt.% plagioclase, more in line with the
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petrographic observations from the patchy melanosomes, shows that the Ba, Rb, and Sr
composition of the patchy leucosomes could have resulted from 30% equilibrium partial
melting (Fig. 3.13b). The MREE contents of the model melt are similar to the patchy
leucosomes, except that the modeled Eu anomalies are less positive than those observed
in the leucosomes. The modeled LREE contents are significantly higher than observed in
the leucosomes and the HREE pattern is positively sloping, in contrast to the flat HREE
patterns of the leucosomes. However, as was the case with the concordant leucosomes,
taking accessory phases into account produces a model melt (30% melting) that perfectly
matches the observed leucosome composition (Fig. 3.13b). The resulting model melt has
a positive Eu anomaly (1.33 at 30% melting), similar to patchy leucosomes. In contrast,
the modeled MREE contents are little influenced by accessory phases; adding as much as
5 wt.% apatite to the residue does not significantly affect the MREE contents of the
model melt. Thus, the modeled MREE contents are determined dominantly by the
proportion of hornblende and, to a lesser degree, plagioclase in the residue. The trace
element modeling shows that the patchy leucosomes could have formed by 30% partial

melting of dioritic mesosome.

Disequilibrium melting. The patchy leucosomes probably formed by a melting
reaction involving plagioclase, biotite, and quartz as reactants. Assuming that the degree
of melting was ca. 30%, as estimated above, the modal composition of the dioritic
mesosome imposes some constraints on the weight proportions of these phases entering
the melt. Quartz constitutes ca. 2 wt.% of the source, thus, quartz cannot constitute more
than 6 wt.% of the assemblage entering the melt or the source will become exhausted in
quartz at <30% melting. Similarly, the proportion of biotite entering the melt is limited
to 25 wt.%. Thus, plagioclase must constitute at least 69 wt.% of the phases entering the
melt, producing model melts that are strongly enriched in Sr relatiVe to the patchy
leucosomes (Fig. 3.13c). The modeled REE contents are much lower than in the
leucosomes, and the Eu anomaly is much more positive, but as above, taking accessory

phases into account produces a better fit.
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Fig. 3.13 Trace element modeling of patchy migmatite. (a) Equilibrium melting of average
dioritic mesosome; model residue (wt.%): Hbl (85 wt.%) and P1 (15 wt.%). (b) Same as

(a) but with different proportions of hornblende and plagioclase in the model residue, Hbl
(69 wt.%) and P1 (31 wt.%). Also shown is the model melt produced by 30% partial
melting, with a small amount of zircon (0.8 wt.%) and allanite (0.3 wt.%) in the residue

in addition to hornblende and plagioclase; apatite has little impact on the REE pattern.

(c) Disequilibrium melting of average dioritic mesosome. The mode of the mesosome is
Qtz (2 vol.%), P1 (45 vol.%), Hbl (37 vol.%), Bt (8 vol.%), and Mag (8 vol.%). Phases

and weight proportions entering the melt are Pl (69 wt.%), Bt (25 wt.%), and Qtz (6 wt.%).
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Although the results of the trace element modeling do not exclude disequilibrium
melting, the trace element composition of the patchy leucosomes appears to fit the
equilibrium model more closely. Based on the available geochemical data, we interpret
the patchy leucosomes to have formed by equilibrium partial melting, in contrast to the

concordant leucosomes that probably formed by disequilibrium melting.
Effects of fractional crystallization

Sawyer (1987) showed that fractional crystallization can have a great impact on
leucosome compositions. In the case investigated by Sawyer (1987), feldspar-dominated
fractionation produced fractionated liquids with higher REE abundances and greater
negative Eu anomalies than the unfractionated melt, and cumulates with lower REE

~abundances and more positive Eu anomalies. However, if the compositional variation in
the patchy leucosomes is a result of fractionation, several lines of evidence suggest that
feldspar was not the dominant fractionating phase. For example, total REE contents
decrease whereas (La/Yb)n increases and (Ew/Eu*)n becomes more positive with
increasing SiO,, suggesting fractionation of a REE-rich phase with an affinity for HREESs
and a negative Eu anomaly. Given the petrographic evidence for cumulate hornblende
with inclusions of plagioclase and biotite in the hornblende-rich patches, we believe that
the patchy leucosomes evolved by fractional crystallization of these phases and that the
hornblende-rich patches represent cumulates mixed with variable proportions of
interstitial melt. The complementary evolved melt must have been felsic, with a low total
REE content, a large positive Eu anomaly, and high (La/Yb)n. The best candidate for
this melt is the pegmatitic material in the dikes; if so, the dikes probably represent melt

collection zones.

3.7. Discussion

There are a number of sources of uncertainty in the above interpretations. Textures
indicating that a small amount of melt was retained in the mesosomes lead to some
uncertainty as to whether the mineralogical and geochemical composition of the

mesosome represents a good approximation to the protolith composition. Small amounts
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of residual matérial, mechanically incorporated into the leucosomes, would affect their
composition to various degrees. Small amounts of remaining interstitial melt in the
melanosomes, and problems related to the physical separation of melanosome from
mesosome and leucosome, means that the composition of the melanosome is somewhat
removed from true residual compositions. In addition, primary processes such as melt
loss/gain and secondary processes such as element mobility are difficult to quantify and
add to the overall uncertainties. Despite these complexities, which are inherent in most
studies of migmatites, a combination of field observations, geochemistry, and
petrography has proven fruitful in constraining leucosome-forming processes (e.g.,
Sawyer, 1987, 1991; Jung et al., 1999; Mengel et al., 2001; Otamendi and Patifio Douce,
2001).

3.7.1. Role of fluid during melting

Several lines of evidence argue for the involvement of a mixed H;O-CO; fluid in
the formation of the Muskoka migmatites. Calculations on the availability of water
through biotite breakdown and experimental evidence (Conrad et al., 1988; Skjerlie and
Johnston, 1996) show that incongruent, fluid-absent biotite melting is an inefficient melt-
producing reaction when a hydrous residual phase is produced. This is because a
significant proportion of the released water enters the new phase rather than partaking in
the melting reaction. In addition, observations in the Muskoka domain such as net-
veining in some gabbroic bodies (Pattison, 1991), and patchy granulites possibly coeval
with the migmatites (Timmermann et al., 2002) have been ascribed to the presence of a
relatively low-aH,O fluid. The presence of small amounts of carbonate associated with
the migmatites may also be the result of a CO;-bearing fluid, and is supported by the
recent identification of fluid inclusions consisting of nearly pure CO; in garnet in the
Algonquin domain (Layman ef al., 2003). Further field, petrographic, geochemical, and
isotopic work is needed in order to answer questions such as source, composition, fluid-

rock ratio, and mode of migration of the fluid.

3.7.2. Effects of deformation on petrogenesis

Deformation can significantly enhance melt segregation rates (e.g., Brown et al.,
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1995; Watt et al., 1996), and the presence of melt weakens rocks and, thus, affects their
deformation behavior (van der Molen and Paterson, 1979; Rutter, 1997; Rushmer, 2001).
Rushmer (1996) and Rosenberg (2001) present recent summaries of the deformation of

partially molten rocks, and parts of the following section are based on these publications.

The first experimental investigations of deformation of partially molten gfanite
were those of Murrel and Chakravarty (1973) and Murrel and Ismail (1976). These
workers showed that partial melting dramatically reduces the strength of a rock; however,
the melt fractions in the experiments were poorly constrained. Later work by Arzi (1978)
and van der Molen and Paterson (1979) on deformation of water-saturated, partially
molten granite at temperatures between 860 and 1020°C and a pressure of 200 MPa,
showed a sharp drop in strength at melt fractions between 10 and 35 vol.% (Fig. 3.14).

| Arzi (1978) suggested that the sharp drop in strength represents the transition between a
flow regime controlled by the solid to a flow regime controlled by the melt, and termed
this transition the rheologic critical melt fraction (RCMP). Van der Molen and Paterson
(1979) termed the point of maximum rate of strength reduction, i.e., the inflection point
of the melt fraction vs. viscosity curve in Fig. 3.14, the critical melt fraction (CMF).
Because of the low melt fractions used in the experiments of Arzi (1978) and van der
Molen and Paterson (1979), the upper boundary (i.e., highest melt fraction) of the RCMP
and the CMF had to be estimated by semi-empirical laws that describe the viscosity of
suspensions at different solid fractions (Roscoe, 1952) (Fig. 3.14). More recently, Rutter
and Neumann (1995) reinvestigated the mechanical behavior of partially molten granite
as a function of melt fraction for melt fractions up to ca. 50 vol.%, under similar P-T
conditions and strain rates as those used by Arzi (1978). In contrast to the results of Arzi
(1978) and van der Molen and Paterson (1979), Rutter and Neumann (1995) found a

nearly linear relationship between melt fraction and effective viscosity (Fig. 3.14).

As pointed out by Rutter and Neumann (1995), melt viscosity may also influence
the rate at which a partially molten rock weakens. In the experiments conducted by Arzi
(1978) and van der Molen and Paterson (1979), the melt fraction was controlled by

adding water to the experimental charge; in contrast, Rutter and Neumann (1995)
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increased the melt fraction by increasing the temperature. The experiments of Arzi
(1978) and van der Molen and Paterson (1979) therefore simulate fluid-present melting,
whereas the experiments of Rutter and Neumann (1995) simulate fluid-absent melting.
In the experiments of van der Molen and Paterson (1979), the viscosity of the water-rich
melt dropped by almost four orders of magnitude by 20 vol.% melt, which could account
for the observed sharp decrease in strength (Rutter and Neumann, 1995). Experimental
work by Lejenue and Richet (1995) appears to support the existence of an RCMP, but at
higher melt fractions (40-60 vol.%) than found by earlier workers. In summary, the
experimental conditions (i.e., ‘wet’ or ‘dry’ melting) determine whether an abrupt loss of
strength (RCMP or CMF) or a gradual decrease in effective viscosity is observed in the
experiments. In either case, the experimental investigations show that the strength of
rocks ranging in composition from amphibolite to granite decreases with increasing melt
fractions; the decrease is >2 orders of magnitude for melt fractions between 0 and 40
vol.% (Fig. 3.14).

RCMP CMF
o S, ot

Rutter and
~.. Neumann (1995)

and

log & (MPa)

] N Modified afier Rosenberg (2001)'
0.0 0.2 04 0.6 0.8 1.0
Melt fraction (vol.%)

Fig. 3.14 Melt fraction vs. log strength.

Field observations from the stromatic migmatites, such as melt collection zones in
boudin necks and syn-melting shear bands, suggest that melt was present during
deformation (Timmermann et al., 2002). In contrast, the patchy migmatites lack

evidence of syn-melting deformation although undulose extinction of quartz and feldspar
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suggests some post-crystallization strain. Their host rocks are typically dioritic and
would have been stronger, and would also have yielded less melt at a given temperature,
than the granodioritic rocks that host the stromatic migmatites. Thus, the lower strain of
the patchy migmatites may have resulted from both different host rocks as well as lower
melt proportions. Several papers have emphasized the importance of deformation as a
driving mechanism for melt segregation and migration (e.g., Sawyer, 1994; Brown et al.,
1995; Watt et al., 1996), and differences in strain may have had a significant influence on
melting processes in the Muskoka migmatites. We hypothesize that rapid, deformation-
enhanced melt segregation in the stromatic migmatites resulted in melts with
disequilibrium compositions. In contrast, lack of significant deformation in the patchy
migmatites may have caused lower melt segregation rates, thus allowing a greater degree
of equilibrium to be attained. The evidence of fractional crystallization in the patchy
migmatites is also consistent with equilibrium melting (Brown, 1979; Sawyer, 1987;
Sawyer and Barnes, 1988). The fracture-like geometry of the pegmatite dikes in the
patchy migmatites could be a result of melt-enhanced embrittlement (Davidson ef al.,

1994).

Although our interpretations regarding the relationship between petrogenesis and
deformation appear to make sense intuitively, inherent problems such as post-
migmatization deformation, influence of accessory phases, element mobility, variable
gain/loss of melt, and the potential for solid state equilibrium make quantitative

interpretation of partial melting reactions in these migmatites difficult.

3.8. An alternative interpretation of migmatite petrogenesis

The petrogenetic model presented above is appealing because of the apparent link
between geochemical data and field observations. However, some of the interpretations,
particularly for the stromatic migmatites, are clearly speculative. Here, we discuss the
discrepancies between the petrogenetic model proposed above and the field and

geochemical observations.
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3.8.1. Stromatic migmatites - evidence of open-system processes?

The common occurrence of melanosome in the stromatic migmatites and the near-
linear compositional relationship between concordant leucosome-granodioritic
mesosome-concordant melanosome (Fig. 3.7) was interpreted above to suggest that the
concordant leucosomes represent in situ melts formed by partial melting of the
granedioritic mesosome, leaving a residue represented by the concordant melanosome.
However, a mass balance calculation (Table 3.3) shows that this interpretation is unlikely
to be correct. In particular, the sum of concordant leucosome/melanosome, assuming
thicknesses of 2 and 0.2 cm, respectively, is too low in ferromagnesian components and
too high in K,0. Similarly, plotting the calculated concordant melanosome composition
in Harker diagrams along with the granodioritic mesosome and concordant leucosome
.shows that the leucosomes fall below a line extending from the calculated melanosome-
granodioritic mesosome composition with respect to the ferromagnesian components, and
above the line with respect to K,O. In the Qz-Ab-Or normative diagram (Fig. 3.16) the
leucosomes (both concordant and patchy) are displaced toward the Qz-Or line relative to
the eutectic composition.

Table 3.3 Mass balance calculation, stromatic migmatite.
SIOQ TlOz A'203 F6203 MnO MgO Ca0 NagO Kzo
Granodioritic mesosome 666 0.7 152 4.5 0.1 1.6 3.2 4.0 3.5

Concordant melanosome. 57.3 0.9 18.8 6.1 0.1 34 52 55 2.1
Thickness 0.2 cm

Concordant ieucosome 716 0.2 14.4 1.5 002 04 1.5 2.8 7.0
Thickness 2 cm

Sum, leucosome+melanosome 70.3 0.3 14.8 1.9 0.0 08 1.8 3.1 6.5

Sum-granodioritic mesosome 36 -04 -04 26 00 -0 -13 -09 30

. % , 5 -58 -3 -57 60 -60 42  -22 84
Mode of concordant melanosome from Table 3.1 (average of two samples); mineral chemical data given in
Appendix C.

The very high-leucosome proportions observed in some stromatic migmatites (e.g.,
in the Parkersville outcrop) can be interpreted in terms of injection of granitic melts from

an external source, and this interpretation is consistent with the mass balance calculation
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in Table 3.3. An unresolved problem with this interpretation is that despité analyzing a
relatively large number of samples, no rocks with apparent residual compositions have
been identified. A possible solution is that some of the externally derived melts came

from sources outside the Muskoka domain or unexposed parts of the Muskoka domain.

Q

Concordant leucosome
O Parkersville
<& Wren Lake

Contours are compositions of 571
plutonic granites from Tuttie and
Bowen (1958).

Ab Or
Fig. 3.16 Qz-Ab-An normative diagram.

Judging from the mass balance calculation in Table 3.3 and a comparison with ihe
composition of 571 plutonic granites (Fig. 3.16, from Tuttle and Bowen, 1958, compiled
by Herzberg, 1995) the leucosomes are enriched in K,O relative to most granites. It was
argued above that partial melting took place in response to influx of externally derived
fluids, but apart from discussing whether the fluids were water-rich vs. mixed H,O0-CO»,
their possible composition was not discussed. Similar excess in K,O and deficiency of
ferromagnesian components was reported by Olsen (1984) for migmatites from the
Colorado Front Range, near Denver. Olsen (1984) attributed the chemical characteristics
of the migmatites to result from metasomatism and partial melting initiated by infiltrating

fluids, and a similar interpretation appears feasible for the Muskoka migmatites.



119

3.8.2. Equilibrium or disequilibrium melting?

Based on experimental work, Watson and Harrison (1983) and Harrison and
Watson (1984) derived mathematical expressions for calculating the solubility of Zr as a
function of temperature and composition of the melt. Assuming that the concordant and
patchy leucosomes represent melts saturated in Zr, it is possible to calculate the
temperature of crystallization. The concordant leucosomes yield Zr saturation
temperatures between 751 and 808°C, whereas the patchy leucosomes yield slightly
lower temperatures between 721 and 774°C (4 of 5 patchy leucosomes yield temperaturés
between 742 and 774°C) (Appendix C). The calculated temperatures are within error of
the peak metamorphic temperatures in the area (Timmermann, 1998; Timmermann e al.,
2002; S. Gagné and J. Hawken, unpublished data), indicating that both types of

leucosome may be in equilibrium with respect to Zr.

The interpretation of disequilibrium melting in the stromatic migmatites was based
on the Sr and Rb concentrations of the concordant leucosomes. The apparent
disagreement between the Sr, Rb, and Zr contents is difficult to explain by geological
processes because Sr and Rb, being large ion lithophile elements, have higher diffusion
rates than Zr, which is a high field-strength element. Thus, equilibrium between melt and
residue should have been attained relatively rapidly with respect to Sr and Rb, but would
have taken longer for Zr. The apparent disagreement is, therefore, opposite to what

would be expected for disequilibrium melting.

3.8.3. Petrogenesis of the patchy migmatites

The patchy migmatites are much less deformed than the stromatic migmatites and
are, therefore, preferred targéts for investigating migmatite petrogenesis. The
petrographic and field observations suggest that the patchy migmatites formed by fluid-
present, equilibrium partial melting of plagioclase+quartz+biotite, leaving a residue
dominated by hornblende and plagioclase. The melts in the patchy migmatites apparently
underwent fractional crystallization of hornblende+plagioclase+biotite, with the
hornblende-rich patches and dikes representing accumulations of these phases and

fractionated melts, respectively. In addition, the zoning in the dikes with feldspar-rich
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rims and quartz-rich centers suggest that the melts underwent fractional crystallization of
feldspar after separation from the patches. This interpretation is tested in Fig. 3.17 using
trace element modeling. The modeling is done in three stages: stage 1 models partial
melting of the dioritic mesosome leaving a hornblende-plagioclase dominated residue,
producing the ‘original’ melt (30% melting); stage 2 models fractional crystallization in
the patches and involves fractional crystallization of the ‘original’ melt with hornblende
and plagioclase as the main fractionating phases; stage 3 models fractional crystallization
of the melt after it has separated from the patches and collected in the dikes. Partition
coefficients are given in Table 3.2; note that the partition coefficients for REEs in
homblende are 19-56% smaller than used in the previous modeling in this chapter. The
reason for using a different set of partition coefficients is that although a difference of 19-
56% does not significantly influence the results for each stage of the model, the
accumulated effects are significant for the second and third stage. Both sets of partition

coefficients are appropriate for granitic melts.
Stage 1 - Equilibrium melting of dioritic mesosome

The first stage of the model involves equilibrium batch melting of the average
dioritic mesosome. Model melts produced by 10, 30, and 50% partial melting, and model
restites produced by 30 and 50% partial melting are compared to the compositions of the
patchy leucosomes and patchy melanosomes, respectively (Fig. 3.17a). The resite
consists dominantly of hornblende and plagioclase, with small amounts of biotite and
trace amounts of zircon and allanite (see Fig. 3.17 for details). The model melts resemble
the least silicic, most REE-rich patchy leucosomes with the exception that the model
melts have slighﬂy positive Eu anomalies in conﬁast to the slightly negative Eu
anomalies observed in the leucosomes. The model restite is similar to the patchy
melanosome in composition, except for the modeled Eu anomalies, which are slightly
less negative in the model restite. The modeled Eu anomalies are strongly dependent on
the Eu anomaly of the source. The dioritic mesosome has an average (Eu/Eu*)N 0f 0.73,
but ranges between 0.56 and 0.79, and seleéting a starting composition with a lower

(EwEu*)y would produce a better fit between model melt/resite and patchy
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leucosome/melanosome. The calculation presented in Fig. 3.18 shows that the major
element composition of the model restite is similar to the patchy melanosomes. The

model melt produced by 30% partial melting was used as the ‘original’ melt in stage 2.
Stage 2 - Fractional crystallization in the patches

Stage 2 models equilibrium fractional crystallization of the ‘original” melt produced
in stage 1, fractionating hornblende and plagioclase along with small amounts of biotite
and trace amounts of zircon and allanite (Fig. 3.17b). The model melts produced by 10-
60% fractional crystallization resemble the silicic patchy leucosomes; in particular, the
total REE contents decrease with increasing fractionation, Eu anomalies become more
positive, and Ba and Rb increase. Thus, many of the patchy leucosomes appear to
represent fractionated melts, rather than melts formed directly by partial melting of the

“dioritic mesosome. The model cumulates are compositionally similar to the hornblende-
rich patches, except for the negative Eu anomaly of the patches that is not réproduced in
the model. Selecting a different starting composition in stage 1 would have yielded a
better fit for Eu, but is unlikely to be the sole reason for the observed discrepancy. The
LREE and HREE contents of the model cumulate depend largely on the amount of
allanite and zircon in the fractionating assemblage; in contrast, the MREE contents are
largely determined by the major phases, and suggest that the hornblende-rich patches
represent accumulations of hornblende-+plagioclase+biotite mixed with 10-50% melt.
The calculation in Fig. 3.19 is consistent with the trace element modeling and field
observations, suggesting that the hornblende-rich patches consist of accumulations of
cumulate hornblende+plagioclase+biotite mixed with ca. 40-50 wt.% melt (patchy

leucosome).
Stage 3 - Fractional crystallization in the dikes

The third stage of the model simulates fractional crystallization of the*'melt in the
dikes, after it separated from the patches. The field observations and petrographic data
suggest fractionation of feldspar; samples with strongly positive Eu anomalies are
enriched in K,O and depleted in Na,O+CaO relative to other dike samples, suggesting

accumulation of K-feldspar and lesser amounts of plagioclase. The starting composition
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in stage 3 is the fractionated melt from stage 2, formed by 30% fractional crystallization.

The dominant fractionating phases are K-feldspar and plagioclase, with minor biotite and

trace amounts of allanite (Fig. 3.17¢). The model cumulates produced by 10-60%

fractional crystallization are similar to the samples from the dikes with the lowest REE

contents and most positive Eu anomalies, whereas the model melts are similar to the

samples with higher REE contents and straighter REE patterns. This result is consistent

with feldspar-dominated fractional crystallization in the dikes.

3.9. Conclusions

The following conclusions can be made based on the field, petrographic, and

geochemical data presented above:

The Muskoka domain migmatites appear to display a relationship between
leucosome morphology, leucosome composition, and deformation. The patch-like
geometry and random distribution of leucosomes in the patchy migmatites and the
observation that stromatic migmatites wrap around smaller bodies of patchy
migmatite are compatible with the interpretation that their dioritic host rocks were

stronger than the surrounding highly migmatitic granodiorites.

The concordant leucosomes in the granodioritic gneisses may represent
disequilibrium melts, although the evidence for disequilibrium melting is debatable.
In contrast, the patchy migmatites in the dioritic gneisses probably formed by
equilibrium melting and were later modified by fractional crystallization of
hornblende and feldspars. We ascribe the apparent differences in melting reaction to
different degrees of syn-melting deformation; the rate of deformation-induced melt
segregation in the stromatic migmatifes outpaced the rate of diffusion in the residue,

producing disequilibrium melts, and vice versa for the patchy migmatites.

Melting in both types of migmatite probably involved incongruent, fluid-present

biotite breakdown. The composition of the hypothetical fluid is unconstrained in the
absence of isotopic and fluid-inclusion data, but a mixed H,O-CO, fluid appears

most likely. The fluids may have been K,O-rich, possibly explaining the large
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excess of K;O suggested by mass balance calculations.



4. Migmatites and granite-pegmatite in the Shawanaga domain

4.1. Introduction and geological background

. Previous mapping along the shores of Georgian Bay by Culshaw et al. (1988, 1989,
1990) identified extensive areas of migmatitic ortho- and paragneisses, with highly
migmatitic rocks predominating in the southern Shawanaga domain, close to the
overlying Parry Sound domain (Figs. 4.1 and 4.2). -Culshaw e a/. (1988, 1989, 1994) and
Culshaw and Dostal (1997, 2002) divided the Shawanaga domain into five units or gneiss
associations (Fig 4.1). The lowermost unit is the Shawanaga pluton, lying partly within
the Shawanaga shear zone. Overlying the Shawanaga pluton are the Ojibway and Sand
Bay gneiss associations, comprising dominantly ortho- and paragneisses, respectively.
The ages of the Ojibway and Sand Bay gneiss associations have been determined at ca.
1460 and 1360 Ma, respectively (T. E. Krogh, unpublished data), and Culshaw ef al.
(1994) interpreted the contact to represent a deformed unconformity or décollement. The
two uppermost units of the Shawanaga domain are the Lighthouse gneiss association,
comprising dominantly pelitic/psammitic gneisses and amphibolites (Culshaw and
Dostal, 2002), and the ‘marginal orthogneiss’, a megacrystic granitoid orthogneiss dated
at 1346+69/-39 Ma (van Breemen et al., 1986). Of these five units, only the Ojibway and
Sand Bay gneiss associations are considered in detail here. The ‘marginal orthogneiss’

and Shawanaga pluton were discussed briefly in Chapter 2.

The Shawanaga domain is bounded below and above by ductile shear zones. The
lower boundary against the Britt domain is marked by the shallow to moderately dipping
Shawanaga shear zone (Culshaw ef al., 1994; Ketchum er al., 1998). The Shawanaga
shear zone contains dominantly top-to-southeast extensional kinematic indicators, and
dating of pre- or syn-kinematic (1042 Ma), late syn-kinematic (1019 Ma), and post-
kinematic (988 Ma) pegmatite dikes (Ketchum ef al., 1998) suggests extensional shear at
ca. 1020 Ma. Thus extension on the Shawanaga shear zone post-dated peak
metamorphism (at ca. 1090-1050 Ma, see below) by 10-30 My (cf., Tuccillo et al., 1992).

Evidence of thrusting along the Shawanaga shear zone comes from thrust-sense

127
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kinematic indicators preserved along strike further inland where extensional shear fabrics
are less penetrative (Ketchum, 1995), and from tectonostratigraphic evidence such as
absence/presence of mafic dikes and ages of metaigneous rocks and metamorphism
(Culshaw et al., 1994). The age of thrusting on the Shawanaga shear zone is unknown
but geochronological data discussed in Chapter 5 may indicate thrusting at ca. 1090 Ma.
The upper boundary, between the Shawanaga and Parry Sound domains, is marked by the
basal Parry Sound shear zone, which is a very wide (several hundred meters thick) zone
of high strain fabric. The basal Parry Sound shear zone was interpreted by Culshaw et al.
(1994) and Wodicka (1994) as a cryptic thrust overprinted by a discrete extensional shear
zone. Thrusting on the basal Parry Sound shear zone probably took place at ca. 1120 Ma
(Wodicka, 1994; Krogh, 1997), whereas the timing of extension may be similar to
extension on the Shawanaga shear zone, indicated by titanite cooling ages in the footwall

(Wodicka, 1994; Ketchum, 1995).

Although there is tenuous evidence for a ca. 1120 Ma event in the Shawanaga
domain (Tuccillo er al., 1992; Wodicka, 1994; Bussey et al., 1995), the main phase of
metamorphism and deformation took place between ca. 1090 and 1050 Ma (Krogh et al.,
1993a; T. E. Krogh, unpublished data; Wodicka et a/., 2000; Chapter 5), and involved
partial melting at ca. 1082 Ma (T. E. Krogh, uhpublished data). P-T estimates for this
stage of metamorphism are 1050-1100 MPa and 830°C for the uppermost structural level
of the Shawanaga domain (Lighthouse gneiss association), and 750-850 MPa and 685-
700°C for the structurally lower Ojibway gneiss association (Wodicka ez al., 2000).
Sillimanite-grade conditions were maintained until at least ca. 1020 Ma (Wodicka et al.,
2000). Ketchum et af. (1998) obtained U-Pb titanite ages of 1028-1018 Ma from the
Shawanaga domain, and, because metamorphic temperatures in the Shawanaga domain
exceeded the closure temperature of titanite, Wodicka et al. (2000) argued that the initial
stages of decompression and cooling must have occurred prior to extensional
displacement along the Shawanaga shear zone at 1020 Ma. This interpretation requires-
that extension on the Shawanaga shear zone did not commence until ca. 1020 Ma, which

cannot be excluded based on the existing data (Ketchum ef al., 1998).
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Culshaw ef al. (1989, 1994) interpreted the highly migmatitic rocks in southern
Shawanaga domain to represent orthogneisses of the Ojibway gneiss association, and the
contact with less migmatitic Sand Bay gneisses was interpreted to define the closure of a
large, early fold, refolded about northwest-trending axes (Fig. 4.1). Culshaw et al. (1989,
1994) suggested that the early fold formed as a result of early orogenic convergence,

whereas the refold was related to late-orogenic extensional shear.

4.2. Geology of the southern Shawanaga domain

4.2.1. Sand Bay gneiss association

In the investigated area (Fig. 4.2), the Sand Bay gneiss association consists of a
layered assemblage, with variable proportions of fine-grained, pink rhyolitic and gray
quartzofeldspathic gneisses (Fig. 4.3a). Culshaw and Dostal (1997) interpreted the
former to represent rhyolites based on compositional data (see Chapter 2). Geochemical
data, discussed below, and geochronological data, discussed in Chapter 5, suggest that the
gray quartzofeldspathic gneisses could represent detritus from the protoliths to the
Ojibway gneiss association. The present thickness of individual pink and gray layers
varies from several hundred meters to less than a meter, but, considering the large
amounts of strain recorded in the investigated rocks (Culshaw et a/., 1994), original
stratigraphic thicknesses must have been significantly greater. Detailed mapping in well
exposed areas reveals that much of the original stratigraphy is affected by isoclinal
folding (Fig. 4.2 inset). In addition to pink rhyolitic and gray quartzofeldspathic
gneisses, the Sand Bay gneiss association comprises lesser amounts of gray plagioclase-
quartz-biotite gneiss (Dillon schist, Culshaw ef af., 1989) and minor calc-silicate,
quartzite, and amphibolite. Outside the main study area, for example on Killbear
Peninsula (Fig. 4.2) and south of Point-au-Baril (Fig. 4.1) (Culshaw and Dostal, 1997),

pink rhyolitic gneiss predominates.

Detrital zircons from quartzites in the Sand Bay gneiss association yield ages
ranging from >2000-1382 Ma (T. E. Krogh, unpublished data), indicating a Laurentian

source. Recent work in the lower Lighthouse gneiss association reached a similar



conclusion (Raistrick, 2003). Detrital zircons from the Dillon schist suggest that a
proximal, ca. 1364 Ma, volcanic source contributed some of the detritus (T. E. Krogh,
unpublished data); Culshaw and Dostal (1997) inferred a depositional age of ca. 1360 Ma

for the Sand Bay gneiss association.

4.2.2. Ojibway gneiss association

The Ojibway gneiss association was not a primary target of this study and is
discussed only briefly. The Ojibway gneiss association is dominated by gray, migmatitic,
upper amphibolite-facies dioritic to granodioritic orfhogneiss (Culshaw er al., 1994;
Chapter 2) and extends southeastward to within a few kilometers of the Parry Sound
domain (Culshaw er al., 1994). Petrographically, geochemically, and in terms of
migmatite morphology, the Ojibway gneiss association is similar to the Muskoka domain,
as described in Chapters 2 and 3. The migmatites are generally stromatic and leucosome
abundances range between 15 and 35 vol.%. However, the general increase in leucosome
abundance within the Ojibway gneiss association from northwest to southeast suggested

by Culshaw et al. (1989) was not confirmed during this study.

4.3. Migmatite, granite, and pegmatite in southern Shawanaga domain

The focus of the work in this area was a distinct, spatially associated group of
highly migmatitic gneisses (metatexites and diatexites), granite, and pegmatite. The
terminology used below to describe the migmatites is after Ashworth (1985). Metatexite
and diatexite were defined by Brown (1973) as migmatites that do and do not,

respectively, preserve pre-migmatite layering, foliation, and/or banding.

4.3.1. Metatexites

In most places, the metatexites contain high proportions of white to pink,
hornblende-rich leucosome, typically strongly deformed (Fig. 4.3b, ¢). The metatexites
generally cannot be separated into leucosome-mesosome-melanosome components, and
the proportion of leucosome in the metatexites is difficult to estimate because of high,
post- and syn-crystallization strain and generally large leucosome abundances. A rough

estimate of leucosome proportions suggests in excess of 40-50 vol.% leucosome, and



locally the metatexites grade into hornblende-rich diatexite (see below).

- Strongly deformed rocks on Pancake Island (Fig. 4.2), immediately above the
Shawanaga shear zone, show a nearly complete transition from sparsely to moderately
migmatitic, interlayered pink and gray Sand Bay gneisses, to metatexite, the latter locally
preserving a strongly disrupted, pink and gray lavering (Fig. 4.3¢), and rare; rotated calc-
silicate fragments (Fig. 4.3d). In several other localities, enclaves that can be correlated
with Sand Bay gneiss association lithologies. in particular the interlayered pink and gray
quartzofeldspathic gneiss. are associated with the metatexites. The protolith to the
metatexites is, therefore, interpreted as Sand Bay gneiss, in particular the gray
quartzofeldspathic gneiss. SHRIMP dating of a hornblende-rich leucosome from the
north end of Pleasant Island (Fig. 4.2) (Chapter 5) revealed a dominant population of
inherited cores with an age of ca. 1450 Ma, and two younger cores at ca. 1410 and 1350
Ma. These geochronological data are consistent with the geochemical data, discussed
below, suggesting that the ca. 1450 Ma protoliths of gray orthogneisses of the Ojibway
gneiss association could have been the main source of the gray quartzofeldspathic Sand
Bay gneiss. The younger cores probably reflect minor input from younger volcanic

SOUrces.

In some outcrops, the hornblende-rich leucosomes are folded by open to tight folds
with southeast-plunging axes. Associated with many of these folds are small, axial- |
planar top-to-southeast, leucosome-bearing shear bands (Fig. 4.3e). Similar leucosome-
bearing shear-bands have commonly been reported from other migmatite terranes, and
are generally interpreted to represent melt migration structures (Brown, 1994b; Oliver ef
al., 1999; Chapter 3). On Beatty Island (Fig. 4.2), these shear bands end in discordant,
meter-sized patches of medium- to coarse-grained granite with very little hornblende. I
interpret this observation to suggest that melts segregated from the hornblende-rich
leucosomes, migrated along the shear bands, and collected in the hornblende-poor
granitic patches. The relatively low hornblende content in the granitic patches contrasts
with its abundance in the associated hornblende- rich leucosomes, suggesting that melt-

residue separation was highly effective. It is commonly held that differential stress is an
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Fig. 4.3 (a) Interlayered pink and gray Sand Bay gneiss, Franklin Island. (b) Metatexite
with abundant horblende-rich leucosome, Richard’s Bay. (c) Metatexite, preserving
strongly distupted pink and gray layering, Pancake Island. (d) Rotated calc-silicate
fragment in metatexite, Pancake Island. (e) Leucosome-filled shear band or vein,

possibly indicating syn-tectonic melt migration, Beatty Island. (f) Raft of metatexite

.

‘floating’ in homblende-rich diatexite, Beatty Island.
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Fig. 4.3 continued. (g) Granite sheets, cutfing strong fabric and older leucosome in Sand
Bay gneiss, Partridge Bay. (h) Example of disaggregation of enclave into pegmatite,
Crow Island. (i) Schlieren in pegmatite, Pleasant Island. (j) Folded and boudinaged
pegmatite dikes cutting relatively strong fabric in Sand Bay gneiss, Gowar Bay.
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important driving force for melt segregation and that heterogeneous deformation,
indicated for example by the development of boudins and shear bands, can provide low-
pressure sinks into which melts can flow (Sawyer, 1994; Brown et al., 1995; Rutter and
Neumann, 1995). Brown (1994a) considered this process to be highly effective in
producing leucosomes with little restite component, consistent with the above

observations.

Hornblende in the leucosomes defines a weak lineation parallel to the southeast-
plunging fold axes, suggesting that deformation continued beyond leucosome formation
and crystallization. Similar metatexites south of the Parry Sound domain, in the Upper
Go Home domain (Culshaw ez al., 1990; this study), suggest that highly migmatitic rocks

extend beneath the Parry Sound domain.

4.3.2. Hornblende-rich diatexite

Hornblende-rich diatexites are locally intimately associated with the metatexites.
The hornblende-rich diatexites are relatively rare and appear to be confined to random
'patches’ or small bodies ranging from a few meters up to several tens of meters across,
too small to be mapped on the scale of this study (Fig. 4.2). The transition from
metatexite to hornblende-rich diatexite takes place over a few decimeters and appears to
be related to an increasing melt proportion in the latter. Locally, rafts of metatexite
appear to 'float" in the hornblende-rich diatexite (Fig. 4.3f) and the diatexites typically cut
across hornblende-rich leucosome in the metatexite, suggesting that the diatexite behaved

as a magma.

4.3‘.3. Granite

The granites are medium- to coarse-grained and contain significantly fewer, but
similar, enclaves and schlieren than the pegmatites (discussed below). Although
relatively homogeneous, they locally contain scattered pegmatitic K-feldspar crystals (5-
10 ¢cm) and pegmatitic pockets (<1 m). Granite predominates in the northern part of the
investigated area where it forms an irregular body or pluton several kilometers across. In

addition, several smaller, irregular bodies or patches of granite grade into the pegmatites



in areas where the latter predominate.

The transition between pegmatite and granite takes place over a few meters, with
decreasing proportions of pegmatitic K-feldspar crystals in the granite, rather than a
gradual decrease in overall grain size. Placing the contact between pegmatite and granite

on the basis of grain size is, theretore, subjective.

The contact between the granites and the Sand Bay gneiss association is poorly
exposed. Granite dikes or sheets locally cut the same early fabric in pink and gray Sand

Bay gneisses (Fig. 4.3g) that is cut by the pegmatites (see below).

4.3.4. Pegmatite

Heterogeneous pegmatite forms relatively large bodies and irregular sheets
throughout the investigated area. The pegmatites comprise coarse-grained, K-feldspar-
rich bodies with significant proportions of variably disaggregated enclaves and schlieren
(Figs. 4.3h, i). The contact between sparsely to moderately migmatitic Sand Bay
gneisses and pegmatite is well exposed along the shores of Gowar Bay (Fig. 4.2), where
it is characterized by increasing proportions of pegmatitic dikes or sheets (Fig. 4.3)) over
a distance of a few hundred meters, to the point where Sand Bay gneisses form small
enclaves or disappear entirely. The pegmatite sheets typically cut an older fabric in the
Sand Bay gneisses. The fabric is isoclinally folded and contains small amounts of
leucosome, however, due to the sparsity of observable cross-cutting relationships
between this fabric and the pegmatite and granite it is not clear whether the isoclinal folds
and leucosomes formed prior to or after intrusions of the pegmatite and granite. Locally,
within the early fabric, rotated pegmatite fragments (probably from an earlier generation
of pegmatite) show a top-to-northeast sense of shear (Fig. 4.3k). The pegmatites
generally carry a weak, shallow, southeasf—plunging lineation, and are locally folded by
southeast-trending isoclinal folds. Although there is a close spatial relationship between
the metatexites and pegmatites, the latter do not appear to cut the metatexites, but rafher
form deformed sheets within them. Close to the Shawanaga shear zone, the pegmatites
were strongly deformed in a solid state, indicated by the development of augen textures;

thus, they crystallized prior to ca. 1020 Ma deformation along this shear zone.



The source to the granite and pegmatite could not be determined in the field.
Enclaves and schlieren are common, particularly in the pegmatite, and in many cases are
identifiable as Sand Bay gneiss (pink-gray layering + calc-silicate/quartzite layers). I
regard the enclaves as variably disaggregated and assimilated xenoliths rather than
remnants of unmelted protolith, based on textural evidence discussed below. Evidence of
disaggregation and assimilation of the enclaves and schlieren is ubiquitous (Fig. 4.3h). In
less deformed pegmatites and granites, the schlieren are locally at high angles to the

regional foliation, suggesting magmatic flow.

4.3.5. Woodall Island pegmatite dikes

A number of pegmatite dikes on Woodall Island (Fig. 4.2). in the southern part of
the study area, display field characteristics similar to the pegmatite dikes in Gowar Bay.
In order to distinguish these dikes from the pegmatites located between Bateau Island and
Gowar Bay (Fig. 4.2), they are referred to as Woodall Island pegmatite dikes. The
Woodall Island pegmatite dikes cut an older fabric containing sparse leucosome in the
Sand Bay gneisses (Figs. 4.31, m) and were boudinaged and later folded by tight to
isoclinal, southeast-trending folds (Fig. 4.3n). The age of the Woodall Island pegmatite
dikes is unconstrained, but is inferred to be similar to the pegmatites elsewhere in the area

based on structural similarities to the pegmatite dikes in Gowar Bay.

4.4. Petrography and geochemistry

4.4.1. Analytical procedure

Major and trace elements were determined on fused glass beads and pressed
powder pellets, respectively, using standard X-ray fluorescence (XRF) techniques at St.
Mary's University, Halifax, Nova Scotia. Rare earth elements (REEs), Hf, and Th were
determined by inductively coupled plasma-mass spectrometry (ICP-MS) usipg aNayO,
sintering technique at Memorial University, St. John's, Newfoundland. Dostal et al.
(1986) and Longerich et al. (1990) discussed the analytical procedures, uncertainties, and
precision of the XRF and ICP-MS analyses, respectively (see also Appendix A). The

geochemical data are presented in Appendix D. Mineral abbreviations used in the text
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and figures are from Kretz (1983).

4.4.2. Ojibway and Sand Bay gneiss associations

The petrography and geochemistry of the orthogneisses in the Ojibway gneiss
association and the pink rhyolitic gneisses in the Sand Bay gneiss association were
briefly outlined in Chapter 2. This section is limited to discussing the gray

quartzofeldspathic gneisses in the Sand Bay gneiss association.

The fine-grained, gray quartzofeldspathic gneisses in the Sand Bay gneiss
association consist of plagioclase, K-feldspar, quarti, and biotite, with little or no
hornblende (Table 4.1). Irregular muscovite and euhedral to subhedral epidote, typically
associated with biotite, are common in small amounts (1-3 vol.%). Epidote is commonly
cored by allanite. Other accessory phases include titanite, apatite. zircon, and rare
carbonate. The gray quartzofeldspathic gneisses range in composition from 64 to 70
wt.% Si0, and resemble the gray orthogneisses in the Ojibway gneiss association and
Muskoka domain with respect to most major and trace elements. Exceptions include Zr,
Hf, and the MREEs and HREEs, which are lower in the gray quartzofeldspathic gneisses
(Fig. 4.4). The REE patterns are moderately fractionated, with (La/Yb)y between 7.4 and
13.3, and moderately negative Eu anomalies ((EwWEu*)x=0.6-0.8). The compositional
similarities between the gray orthogneisses in the Ojibway gneiss association and the
gray quartzofeldspathic paragneisses could indicate that the latter represent detrital
material derived from the protolith to the Ojibway gneisses. This interpretation is

supported by the geochronological results (Chapter 5).

4.4.3. Metatexites

The hornblende-rich leucosomes are medium- to coarse-grained and comprise
plagioclase, quartz, K-feldspar, and >20 vol.% hornblende. Biotite is rare. The mode of
some representative samples is given in Table 4.1. Equant to slightly elongate, anhedral
to subhedral hornblende defines a weak, shallowly southeast-plunging lineation.
Plagioclase, biotite, and Jocally abundant euhedral to subhedral titanite are commonly
included in the hornblende. Smaller amounts of titanite are also present in the leucosome

matrix. Subhedral to euhedral epidote is common although volumetrically insignificant,
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and mostly occurs as inclusions in hornblende. The epidote is typically cored by allanite,

and allanite also occurs alone as inclusions in hornblende.
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Fig. 4.4 Primitive mantle-normalized diagram comparing the composition of the gray,
quartzofeldspathic Sand Bay gneiss with the Ojibway gneiss association.

The hornblende-rich leucosomes range in SiO; from 61 to 70 wt.%, and most major
elements decrease with increasing SiO,, except K,O, which increases. Barium and Rb
are also positively correlated with SiO-, whereas the other trace elements are independent
of Si0, (Fig. 4.5a-d). The REE patterns (Fig. 4.5f) are variable, ranging from slightly
LREE-depleted to LREE-enriched ((La/Yb)y=0.2-2.6), with small to moderate negative
Eu anomalies ((Ew/Eu*)x=0.5-0.9). The variation in REE fractionation is not correlated
with any major or trace elements, whereas Eu anomalies become more negative with
increasing K,O, Ba, and Rb, and broadly more positive with increasing CaO. Total REE
contents increase with increasing P,0s, Y, Zr, Nb, Th, and Hf (Fig. 4.5¢), suggesting that
the REEs are hosted by accessory phases such as zircon, allanite, and apatite. Several of
the hornblende-rich leucosomes are enriched in MREES, a feature compatible with

accumulation of hornblende (cf., Arth and Barker, 1976).

The granitic patches on Beatty Island are medium- to coarse-grained, comprising
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K-feldspar, quartz, and plagioclase with minor hornblende, biotite, and epidote.
Accessory phases include titanite, apatite, zircon, and allanite. The granitic patches are
slightly more silicic than the most silicic homjblende-rich leucosomes and hornblende-
rich diatexites (Fig. 4.5), with highly variable. REE contents (Fig. 4.5g) apparently

controlled by accessory phases.

4.4.4. Hornblende-rich diatexite

A close association between the metatexites and hornblende-rich diatexite is
apparent from the field observations, and is corroborated by the petrographic and
geochemical data. Petrographically, the hornblende-rich diatexites are slightly coarser-
grained, with overlapping to slightly lower proportions of hornblende than the
hornblende-rich leucosomes (Table 4.1). Hornblende is texturally similar in the two rock
types. Geochemically, the hornblende-rich diatexites are similar to and span the same
range as the hornblende-rich leucosdmes, although the hornblende-rich diatexites are
generally more silicic than the hornblende-rich leucosomes (Fig. 4.5), interpreted to

indicate slightly higher melt proportions in the diatexites.

4.4.5. Granite

The granites are generally coarse- to medium-grained, and consist of K-feldspar,
quartz, and plagioclase. Mafic phases are sparse and include magnetite ér magnetite-
ilmenite intergrowths, biotite, and titanite. Other accessory phases include muscovite,
zircon, and apatite. The granites typically carry a weak fabric defined in the field by

biotite-rich schlieren; no fabric could be discerned petrographically.

The granites contain between 71 and 79 wt.% Si0O,, and most major and trace
elements plot in a cluster or display broad néga,ti‘ve trends with increasing SiO,. The
AJCNK ratios (mole ALO/(CaO+Na,0+K;0)) range from 1.00 to 1.09. Total REE
contents are variable, ranging from 6 to 204 ppm (Fig. 4.6a), (La/Yb)y ranges from 1-10,
and total REE contents correlate positively with Fe; O3, P,Os, Y, Zr, Th, and Hf (Fig.
4.6e, f). A number of the samples have non-parallel, crossing REE patterns. Europium
anomalies are moderately to strongly negative ((EwEu*)y=0.3-0.7), except for sample
2819063, which has a positive Eu anomaly (Fig. 4.6d). In the Y+Nb vs. Rb
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discrimination diagram of Pearce e al. (1984), the granites straddle the boundary

between volcanic arc and syn-collision granite compositions.

4.4.6. Pegmatite

The pegmatites vary in grain size from 2 to 20 cm, but do not display any
systematic spatial variation in grain size. The pegmatites classify as ‘simple’, dominated
by K-feldspar, plagioclase, and quartz, with no discernible zoning on the scale of the
granite-pegmatite pluton. Biotite is the dominant mafic phase, forming small clusters of
needle- or lath-shaped grains reminiscent of textures in the gray quartzofeldspathic Sand
Bay gneiss. Field evidence and textures suggest that the biotite may represent xenocrysts
formed by disaggregation of enclaves of gray quartzofeldspathic Sand Bay gneiss.
Consequently, biotite contents vary widely from 10-20 vol.% near former enclaves to
accessory amounts in areas lacking enclaves and schlieren. These observations suggest
that assimilation of country rocks took place by fracturing and digestion (e.g., Marsh,
1982) rather than by partial melting of the country rocks and incorporation of the melt
into the magma. Titanite occurs in trace amounts and hornblende is generally lacking.

Muscovite, apatite, and zircon occur as accessory phases; allanite was not observed.

The pegmatites display a narrow range in SiO; from 71.4 to 74.8 wt.%. Most major
elements display no or broadly negative trends against Si0,. A/CNK ratios range from
0.98 to 1.05, i.e., slightly lower than the granite. Total REE contents are low (<61 ppm)
(Fig. 4.6b) and correlate positively with P,Os, Y, Zr, Th, and TiO; (Fig. 4.6¢, f). Six of
the 10 samples have no or a positive Eu anomaly ((Ew/Eu*)5>0.99), whereas the other
four have (Ew/Eu*)y between 0.64 and 0.70 (Fig. 4.6d). I will refer to these two groups
of pegmatite as the positive and negative Eu anomaly-group, respectively. The two
groups of pegmatite have indistinguishable major element compositions, however, the
negative Eu anomaly-group has slightly lower K,0O z/md higher total REE contents and Y,
very similar to the granite. Like the granites, both groups of pegmatite are characterized

by crossing REE patterns.
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on Beatty Island. Chondrite normalization factors from Sun and McDonough (1989).
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4.4.71. Woodall Island pegmatite dikes

The Woodall Island pegmatite dikes are petrographically similar to the pegmatites
but are enriched in Rb, Y, Nb, Th, Pb, U, and HREESs, and depleted in CaO, Ba, Sr, and
Zr relative to the pegmatite and granite (Fig. 4.6). The A/CNK ratios display a narrow
range between 0.99 and 1.01. The Eu anomalies are strongly negative ((Ew/Eu*)y=0.15-
0.24).

4.5. Petrogenesis

4.5.1. Hornblende-rich leucosomes

The field observations suggest that the hornblende-rich leucosomes formed by
partial melting of gray quartzofeldspathic Sand Bay gneiés. The large variation in
leucosome abundance in these gneisses, from ca. 10-15 vol.% to ca. 50 vol.%, indicates
significant differences in fertility. The gray quartzofeldspathic gneisses typically contain
ca. 10 vol.% biotite and trace amounts of hornblende and titanite. In contrast, the
hornblende-rich leucosomes contain only trace amounts of biotite, but significant
proportions of hornblende and titanite (Table 4.1). Similar to the migmatites in the
Muskoka domain (Chapter 3), rounded inclusions of biotite, plagioclase, and quartz are
common in the hornblende. A possible interpretation is that the hornblende and titanite
are residual after incongruent breakdown of biotite. Field observations and geochemical
data (discussed below) indicate that the hornblende-rich leucosomes lost granitic melt
and may be considered residual. The petrographic observations, therefore, suggest a
melting reaction involving biotite, plagioclase, and possibly quartz, to produce granitic
melt, hornblende, and titanite. Subsequent deformation-induced melt loss then formed

leucosomes enriched in residual and cumulate phases, particularly hornblende.

4.5.2. Transition from metatexite to hornblende-rich diatexite

The transition from metatexite to hornblende-rich diatexite is well exposed on
Beatty Island. Here, the metatexites grade into hornblende-rich diatexite containing rafts
of the former, suggesting that the metatexites and diatexites behaved as rock and magma,

respectively. The higher melt fraction in the diatexites may have resulted from either
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higher degrees of partial melting (Brown, 1973), local redistribution of melts (Sawyer,
1998), or injection of externally derived melts (Greenfield er al., 1996). Field evidence
of melt extraction and local redistribution is common, and the extracted melt is probably
best represented by the granitic patches on Beatty Island. The gray quartzofeldspathic |
Sand Bay gneisses, hornblende-rich leucosomes, hornblende-rich diatexites, and granite
patches display linear relationships on major element variation diagrams, suggesting that
they cbuld represent protolith, melt-depleted magmas, melt-enriched magmas, and melt,
respectively (Fig. 4.5). The straight, relatively well defined linear arrays are consistent
with closed system (except for fluid) partial melting on the scale of the outcrop. Most
hornblende-rich leucosomes plot on the low-SiO; side of the protolith, whereas most
hornblende-rich diatexites have major element compositions similar to, but slightly more
silicic than, the protolith. Thus, the field observations and geochemical data suggest that
the hornblende-rich leucosomes formed by partial melting of gray quartzofeldspathic
Sand Bay gneiss but lost much of their melt, probably as a result of deformation-assisted
segregation. The hornblende-rich diatexites formed where the melt proportion were
higher than in the metatexites, possibly exceeding the critical melt fraction (cf., Brown,
1994a; see also Chapter 3), probably as a result of melt injection from nearby

hornblende-rich leucosomes (akin to 'closed-system melt redistribution’ of Sawyer, 1998).

4.5.3. Pegmatite-granite relationship

Fractional crystallization

One of the most commonly proposed mechanisms to explain the origin of the
parental liquids to granitic pegmatites is fractionation 6f less evolved granitic melts (e.g.,
Jahns and Burnham, 1969, Simmons et al., 1987; Walker et al., 1989). This model is
based on the common spatial association between pegmatites and granites and on the
observation that trace elements that are incompatible in granitic assemblages are
commonly enriched in the pegmatites (Walker et al., 1989). In the study area, the field
observations suggest an intimate relationship between the granites and pegmatites,
corroborated by the geochronological data (Chapter 5). However, the geochemical data

are not compatible with formation of the pegmatites by fractional crystallization of a
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granitic magma. Differentiation of granitic magmas typically involves fractional
crystallization of feldspars. Barium and Sr partition into feldspar whereas elements that
are incompatible in feldspar such as Rb, Pb, and Ga become enriched in the melt (e.g.,
Icenhower and London, 1996; Larsen, 2002). In contrast to this predicted evolution, the
pegmatites are enriched in Ba and Sr relative to the granites, Rb is similar, and Pb and Ga
are higher in the granites. Ratios between aésumed compatible and incompatible
elements display the same inconsistency with respect to the predicted variation between
primitive and evolved melts; for example, Ba/Rb and K/Rb are higher in the pegmatite
than in the granite, and Rb/Sr is lower (Figs. 4.7a, b), opposite to the expected evolution

of a granitic magma (e.g., Shaw, 1968).

In contrast to the pegmatites, the Woodall Island pegmatite dikes have
compositions that can be interpreted as reflecting derivation from the granitic magma.
For example, Ba/Rb and K/Rb ratios are lower and Rb/Sr ratios are higher in the Woodall
Island pegmatite dikes than in the granite (Figs. 4.7a, b), Rb, Ga, Pb, and Nb are higher
and Sr and Ba lower, consistent with the effects of alkali-feldspar fractionation.- In order
to test the effects of feldspar fractionation, the Ba, Rb, Sr, and REE compositions were
modeled using the equation for equilibrium fractional crystallization (Appendix F);
partition coefficients are presented in Table 4.2. The Ba, Rb, and Sr contents of the
starting composition (i.e., ‘least evolved melt’) were taken to be similar to the granite
with the highest Ba/Rb ratio (5.88, sample S02065-2); however, because REE
concentrations are unavailable for this sample, the REE content of the starting
composition was taken to be similar to the sample with the second highest Ba/Rb ratio
(5.53; sample S13066). The modeling shows that the Ba, Rb, and Sr contents of the
granites (excluding one outlier; sample S08067) are consistent with fractional
crystallization of K-feldspar (Fig. 4.7c). The partition coefficient for Ba in plagioclase is
more than an order of magnitude smaller than in K-feldspar, thus, adding plagioclase to
the fractionating assemblage lowers the rate at which Ba is removed, producing a
trajectory in the Rb/Sr vs. Ba/Rb diagram with a shallower slope than if K-feldspar is the
only fractionating phase. The Woodall Island pegmatite dikes have Rb/Sr ratios similar
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Table 4.2 Partition coefficients used in modeling fractional crystallization of a
granitic magma.
Plagioclase  K-feldspar - Allanite

Ba 0.36 6.12 n.d.
Rb 0.048 0.34 n.d.
Sr 2.84 3.87 n.d.
La 0.26 0.05 960
Ce 0.24 0.044 940
Nd 0.17 0.025 750
Sm 0.13 0.018 620
Eu 0.814 1.13 56
Gd 0.09 0.011 440
Tb 0.09* 0.009* 270
Dy 0.086 0.006 200
Ho 0.085* 0.006* 150*
Er 0.084 0.006 100
Tm 0.08* 0.009* 75*
Yb 0.077 0.012 - 54
Lu 0.062 0.006 41

Data from Arth (1976) and Arth and Barker (1976),
except *determined by extrapolation. Allanite data
from Martin (1987). n.d.=no data.

to those produced by 50-60% fractional crystallization of K-feldspar. Fig. 4.7d shows
modeled Ba/Rb ratios vs. modeled (EwEu*)y. Europium anomalies in the granites are
not correlated with Ba/Rb, at odds with a model involving fractional crystallization of
feldspar. The Woodall Island pegmatite dikes have compositions compatible with ca. 70-
80% fractional crystallization of K-feldspar. The distinct HREE-enriched pattern of the
Woodall Island pegmatite dikes, however, cannot be produced by fractional
crystallization of K-feldspar alone (Fig. 4.7¢). Only if a LREE-enriched phase such as
allanite is added to the fractionating assemblage does the modeled REE pattern resemble

the observed pattern.

Zircon morphology

As discussed in Chapter 5, the zircons in the granite and pegmatite are typically metamict
and appear to have reacted with U-rich fluids (M. Hamilton, personal communication;
2002). The similarities in morphology of zircons from the granite and pegmatite support
a genetic relationship. The dominant population of zircon in the pegmatites is metamict,
with high-U+Th cores yielding an age of ca. 1090 Ma. Compositionally similar cores in

the granite yield a similar age, but in addition, the granite contains medium-U+Th zircons
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and medium-U+Th rims on high-U+Th cores that also yield an age of ca. 1090 Ma (Fig.
4.8a). The most likely interpretation is that the high-U+Th cores in the granite grew from
a magma rich in both elements. As fractional crystallization progressed, the evolved melt
became enriched in U, Th, and other incompatible elements, and further zircon growth in
the more primitive granitic melt produced medium-U+Th zircon rims and new cores.

Fig. 4.8b (steps 1-3) illustrates this evolution schematically.
Open-system processes

Open-system processes during fractional crystallization, including magma
replenishment, magma tapping, and assimilation, can produce magmas with compositions
that deviate significantly from those expected from fractional crystallization processes

“alone (e.g., O'Hara and Mathews, 1981; Norman and Leeman, 1990). Numerous
schlieren in the pegmatites and, to a lesser extent, in the granites suggest significant
assimilation of country rocks. The country rocks (Sand Bay gneiss association) have
higher REE contents than the pegmatites and the majority of granites; if assimilation
were the only open-system process operating along with feldspar fractionation, the

pegmatites should be enriched in REEs relative to the granites.

Interestingly, the Woodall Island pegmatite dikes show a nearly complementary
relationship to the other pegmatites for a number of elements (Figs. 4.6 and 4.7). For
example, the pegmatites are enriched in Sr and Ba and have positive Eu anomalies,
whereas the Woodall Island pegmatite dikes display the opposite effects relative to the
granites. Furthermore, the Woodall Island pegmatite dikes are enriched in Rb, Y, Nb, Pb,
Ga, Th, U, Th/U, and HREE:s relative to the granites, whereas the pegmatites are depleted
in these elements. Relatively late removal of U and Th from the pegmatites, most likely
in exsolving fluids, explains why they have U+Th contents similar to or lower than the
granites, yet did not grow medium U+Th zircon (Fig. 4.8b step 4). Notably, the elements
enriched in the pegmatites are compatible in feldspar, whereas the elements enriched in
the Woodall Island pegmatite dikes are incompatible in feldspar (Table 4.2). It is,
therefore, possible that the Woodall Island pegmatite dikes represent evolved melts

extracted from the pegmatites, and intruded the roof above the granite-pegmatite pluton.
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Fig. 4.8 (a) Illustration demonstrating the zircon morphological differences between the
granite and pegmatite. (b) Cartoon illustrating how the ‘cores’ and ‘rims’ in the granite
may have developed. See text for details.



156

According to this interpretation, the pegmatites (the positive-Eu-anomaly group at least)

are accumulations mainly of K-feldspar.

4.6. Discussion

Culshaw ef al. (1994) interpreted the metatexite protolith to be Ojibway
orthogneiss, whereas [ interpret it to be the gray quartzofeldspathic Sand Bay gneiss. It
is, however, possible that both of these hypotheses are partly correct. In many outcrops a
Sand Bay protolith is positively identified, particularly where the migmatites are
associated with the characteristic interlayered pink and gray assemblage or contain
fragments, such as calc-silicate, typical of the Sand Bay gneiss association.
Geochronological data from a hornblende-rich leucosome from the north end yof Pleasant
Island (Chapter 5) are also interpreted in terms of a Sand Bay protolith. Elsewhere, an
Ojibway protolith can be inferred based on petrographic evidence; in particular, the
presence of hornblende with biotite is characteristic of the OjibWay gneiss association, in
contrast to the gray quartzofeldspathic Sand Bay gneisses that lack significant
horblende. In general, metatexites with a Sand Bay protolith appear to contain a larger
proportion of hornblende-rich leucosome. Using this distinction, metatexites with a Sand
Bay protolith appear to dominate. The field evidence, therefore, suggests that the Sand

Bay and Ojibway gneiss associations are tectonically interlayered in the study area.

The pegmatite and granite cut an older fabric in the Sand Bay gneiss association,
and their ages provide a minimum estimate for the onset of Grenvillian orogenesis in the
Sand Bay gneiss association. The fabric contains kinematic indicators suggesting top-to-
northwest movement, given present-day orientations, that could be interpreted to reflect
northwest-directed thrusting. This interpretation is, however, uncertain considering that
the amount of post-shear folding is unconstrained. Culshaw et al. (1989, 1994) inferred
the presence of a large, refolded fold in the study area, interpreted to have formed during
early convergence. If this interpretation is correct, the intrusive contacts between the
pegmatite/granite and Sand Bay gneiss association suggest that the pegmatite/granite

transects this early fold, and, therefore, post-dates early thrusting and folding in the Sand
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Bay gneiss association. Together with geochronological data from the pegmatite and
granite (Chapter 5), these observations suggest that early fabric development and folding
in the Sand Bay gneiss association took place >1090 Ma, thus supporting the possibility
of a cryptic event at ca. 1120 Ma as proposed by Tuccillo et al. (1992), Wodicka (1994),
and Bussey et al. (1995).

Judging from the geochronological data in Chapter 5, the granite and pegmatite had
solidified by the time the metatexites formed. This interpretation is consistent with
several observations; for example, the pegmatites and granite are clearly intrusive but do
not cut the metatexites, and the pegmatites contain a number of enclaves and schlieren of

Sand Bay gneiss, but no enclaves of metatexites.

4.7. Conclusions

o In several localities, the metatexites appear to have formed by partial melting of gray
quartzofeldspathic Sand Bay gneiss, whereas in others the metatexites may have
formed by partial melting of Ojibway orthogneiss. Distinguishing between the two is

difficult in the absence of characteristic marker lithologies.

e The metatexites formed syn-tectonically, evident from melt migration along shear

bands and geochronological data.

o The Sand Bay gneiss association already carried a relatively strong, possibly thrust-

related fabric when the granite and pegmatite were intruded.

e Based on field observations and geochronological data, the investigated granites and
pegmatites appear to be related. Their cbmpositions are incompatible with fractional
crystallization processes alone, which may indicate that open-system processes
including assimilation and tapping of evolved, probably water-rich, melts were

involved.



5. Geochronology, Muskoka and Shawanaga domains

5.1. Introduction

Conventional TIMS U-Pb ages on zircon and other U-bearing minerals from
migmatitic orthogneisses in the Central Gneiss Belt suggest that the protoliths formed
between 1480 and 1350 Ma, with high-grade Grenvillian (Ottawan) metamorphism at
1080-1040 Ma (see Table 5.2 for summary). However, the TIMS data are generally
discordant, with large errors (typically on the order of £10-30 My) on both upper and
lower intercepts. The discordance may result from complex zoning in the dated minerals,
Pb loss during high-grade metamorphism, or both, and represents a major impediment in
our understanding of the timing and tectonic processes related to (1) protolith formation

and (2) Grenvillian metamorphism.

As discussed in Chapter 2, the geochemical data indicate that most orthogneisses in
the Muskoka and Shawanaga domains have protoliths with calc-alkaline affinities and
probably formed in one or more continental arcs at ca. 1450 Ma. In contrast, a smaller
group of orthogneiss bodies, including A-type granitic and charnockitic gneiss in the
Muskoka domain and rhyolitic gneiss in the Shawanaga domain, have protolith
compositions indicative of an extensional setting such as an ensialic back-arc or rifted
arc. Conventional TIMS dating of an A-type granitic gneiss in the Muskoka domain
yielded a strongly discordant age of 1394 * 13 Ma, interpreted to represent the age of
- crystallization (Timmermann et al., 1997), and dating of detrital zircons from
paragneisses interlayered with the rhyolitic gneiss suggested an age of ca. 1360 Ma for
the rhyolite (T. E. Krogh, uhpublished data). However, no other data have been acquired
from A-type granitoid rocks in the region, including the charnockitic gneiss. Based on
the geochemical data in Chapter 2 and previously published geochronological data, the
calc-alkaline and A-type rocks may be interpreted to represent two distinct tectono-
magmatic events. However, taking the scarcity and discordance of the available
geochronological data from the A-type rocks into account, a continuous evolution from

calc-alkaline to A-type magmatism cannot be discounted; it is also possible that the calc-
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alkaline and A-type rocks are coeval. Here, we present new geochronological data from
the A-type granitic and charnockitic gneiss in the Muskoka domain that shed new light on
the tectonic evolution of the southeastern Laurentian margin between ca. 1480 and 1400
Ma.

As discussed in the introduction to this thesis, the Muskoka and Shawanaga
domains occupy structural positions within the Central Gneiss Belt that make them
primary targets for investigations of Grenvillian orogenesis. Grenvillian metamorphic
ages in the Muskoka and Shawanaga domains typically range from ca. 1080-1040 Ma,
with associated errors of £10-50 My. Zircons in the migmatites are typically strongly
zoned due to a combination of inheritance, dissolution during partial melting, and new
growth during crystallization. A key question is whether the large range in metamorphic

- ages reflects a single protracted metamorphic episode, or multiple events that are masked
by the discordant data? Crustal weakening associated with partial melting ¢an have a
profound effect on tectonic style on timescales of <20 My (e.g., Jamieson et al., 2002).
In order to develop and test quantitative tectonic models for the southwestern part of the
Grenville orogen, times of leucosome formation within the Muskoka and Shawanaga
domains, and any differences in the ages of migmatite between the two domains, must be
known more precisely than is possible with existing TIMS data. The spatial resolution of
the SHRIMP allows us to separate multiple zircon-forming episodes, which in turn
allows us to refine our understanding of the timing and duration of pre-Grenvillian and

Grenvillian magmatic and tectonic processes.

Nine samples from the Muskoka and Shawanagd domains were selected for
geochronological analysis. Mike Hamilton analyzed eight samples on the Sensitive
High-Resolution Ion Microprobe (SHRIMP) at the Geological Survey of Canada in
Ottawa, and John Ketchum analyzed one sample by Isotope Dilution-Thermal Ionization
Mass Spectrometry (ID-TIMS) at the Royal Ontario Museum in Toronto. The majority
of the samples were selected to constrain the Grenvillian evolution of the area (Chapters
3 and 4); only two protolith samples, the charnockitic and granitic gneiss in the Muskoka

domain (Chapter 2), were analyzed. In addition, zircon cores from in situ leucosomes
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were expected to yield information about the age of the migmatite protolith. The
geochronological methods are discussed in Appendix E. Sample locations are shown in
Fig. 5.1, and UTM coordinates for each sample are given in Table 5.1. The complete
dataset is presented in Appendix E (Tables E.1-E.9). The SHRIMP data are presented
first by a regression through or weighted meaﬁ 207pp2%PpY, of all the data points obtained
from each sample. Next, morphological and compositional data are used to identify
different populations of cores and/or rims. Numbers in the text referring to specific
SHRIMP spot analyses are in italics; spot locations-and the 2“’Pb/*"°Pb age of each spot

analysis are shown in Appendix E.
5.2. Sample preparation

Large samples (5-30 kg) were cut and crushed in jaw crusher. The sample material
was reduced to sand-sized particles in a disk mill. Zircons were separated using standard
separation techniques, including Wilfley water-table and heavy liquids. Zircons used for
dating were immersed in alcohol and hand-picked with tweezers under a binocular
microscope from the least paramagnetic fraction at 1.7 A, 15° forward slope, and 0° side
tilt on a Frantz isodynamic separator. Mounting of zircons for SHRIMP analysis and
sample preparation for ID-TIMS analysis were performed by Mike Hamilton and John
Ketchum, respectively. All back-scatter electron and cathodoluminescence images (Figs.

E.3-E.10) were taken by Mike Hamilton.

5.3. Sample descriptions and results

5.3.1. M300617 — charnockitic gneiss, Muskoka domain (ID-TIMS)

This sample of charnockitic gneiss was collected along Hw 118, west of
Mathiasville (Figs. 5.1a, 5.2a). The charnockitic gneiss was described in Chapter 2. This
rock type was previously undated, and the geochemistry suggests that its petrogenesis
differed significantly from that of the ca. 1450 Ma gray gneisses that dominate in the
area. The purpose of dating this rock type was to determine its crystallization age and
thereby better constrain its tectonic significance, specifically, the goal was to determine

whether or not it represents a stage of magmatism distinct from that forming the gray
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Muskoka & Seguin domains
[ZZ] Undifferentiated gray gneiss and migmatite

BEFE  Granitic gneiss
, EE8 Charnockitic gneiss
AN Mafic encalves

FFEA  Upper Rosseau domain

Megacrystic: granitoid orthogneiss

A Bl B % High-strain zone

Fig. 5.1a Sample locations for geochronology, Muskoka domain. UTM coordinates
given in Table 5.1. The three unframed dates refer to Timmermann et al. (1997).
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Fig. 5.1b Sample locations for geochronology, Shawanaga domain. UTM coordinates
given in Table 5.1. Dates from retrogressed eclogites from Ketchum and Krogh (1998)
‘and J. Ketchum, pers. comm., 2002).
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Fig. 5.2 (a) Charnockitic gneiss (M300617), Hw 118 Mathiasville. (b) Granitic gneiss
(M100723-1), Hw 118 Wood Lake. (c) Pegmatitic infill in boudin neck (2M02061-5),
Parkersville outcrop. (d) Orthopyroxene-bearing pegmatitic syenite (2M0606-25), Black
River. (e) Post-tectonic granite dike cutting fabric in high-strain zone between Muskoka
and Upper Rosseau domains (2M1406-2), Hw 11 south of Bracebridge. (f) Pegmatite
(250207-2), Reid Island, Georgian Bay. (g) Granite with biotite-rich schlieren (2S0507),
Killbear Marina.
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gneisses.

Preliminary observations suggested that the zircons in this sample lacked distinct
cores and rims, resembling primary, igneous zircons (e.g., Poldervaart, 1956); ID-TIMS
therefore seemed suited for obtaining a precise crystallization age for the charnockitic

gneiss.

The Pb and U isotopic compositions of four colorless, subhedral to euhedral,
prismatic grains (Z1-Z4, single-grain analyses), a fraction consisting of 3 colorless,
euhedral grains (Z5), and a fraction consisting of two pristine zircons following HF acid
treatment (Z6) are shown in Fig. 5.3a. The HF acid treatment was performed by placing
a large number of grains in a dissolution capsule with concentrated HF for four hours at

195°C. The six analyses are between 1.8 and 3.4% discordant. and a regression (York,
1969) through the six points yields an upper intercept age of 1449+20/-17 Ma and a
lower intercept age of 1072+28/-31 Ma, interpreted to represent the ages of
crystallization of the charnockitic magma and Grenvillian metamorphic overprinting,
respectively. Itis ndt clear whether the discordance is due to Pb loss during Grenvillian
metamorphism or to mixtures of primary and metamorphic (recrystallized?) zircon within
individual grains. Both the upper and lower intercept age are similar to previously
reported crystallization and metamorphic ages from the surrounding gray gneisses (e.g.,

Timmermann et al., 1997).

5.3.2. M100723-1 — granitic gneiss, Muskoka domain

This sample is from a fine- to medium-grained, sparsely migmatitic granitic gneiss,
described in detail in Chapter 2. The sample was collected from a small outcrop along
Hw 118, south of‘Wood Lake (Figs. 5.1a, 5.2b). Earlier TIMS dating of granitic gneiss in
the Muskoka domain (Timmermann ef al., 1997) (Fig. 5.1a) yielded a strongly discordant
ége of 1394 + 13 Ma, interpreted to represent the age of crystallization. Sarflple
M100723-1 is from a different locality than the granitic gneiss dated by Timmermann et
al. (1997) (Fig. 5.1a), but is petrographically and geochemically similar.

Images of the analyzed grains are shown in Fig. E.3. A regression through all 32
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(a) M300617 Charnockitic gneiss
24
1350 z6
(HF etched)
23t
=
2
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o
8
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21r Upper intercept age: 1449 +20/-17 Ma
(interpreted crystallization age of protolith)
Lower intercept age: 1072+28/-31 Ma
(interpreted age of metamorphic overprint)
20 t
23 24 25 26 2.7 28 29
207Pb /235 U
0.27 — -
(b) M100723-1 Granitic gneiss
0.25+4
—— Oscillatory-zoned cores
A

Upper intercept age: 1470240 Ma
(interpreted crystallization age of protolith)

017+ Lower intercept age: 982445 Ma

(geologiocal significance unclear)

A
e

14 1.8 2.2 26 30 34

2°7Pb/235U

Fig. 5.3 Concordia diagrams, (a) sample M300617 (charnockitic gneiss) and (b) sample
M100723-1 (granitic gneiss).
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data points (Table E.2) yields an upper intercept of 1471140 Ma and a lower intercept of
1000440 Ma (MSWD=0.55, p=0.98). See Appendix E for definitions of MSWD and
probability (p). Two types of core appear to be present in the zircons from this sample.
The first type iS unzoned and characterized by very low U, appearing bright white in -
cathodoluminescent (CL) images (e.g., grains 14 and 24). Three such cores (5.1, 16.2,
20.1) yielded strongly discordant and reversely discordant ages between ca. 1537 and
1112 Ma with large errors. This type of core is referred to as low-U core below. The
other type of core shows generally well-developed oscillatory zoning (e.g., grains 7 and
17) and yields 2.7-6.4% discordant *’Pb/*%Pb ages between 1130 and 1450 Ma. This

type of core is referred to as oscillatory-zoned core below.

The low-U cores typically have thick oscillatory-zoned rims which yielded slightly
discordant ages between 1420 and 1090 Ma, i.e., similar to the oscillatory-zoned cores.
The oscillatory-zoned rims are compositionally and morphologically indistinguishable
from the oscillatory-zoned cores. Furthermore, the ages of the oscillatory-zoned cores
and rims are similar. The oscillatory-zoned cores generally do not have significant rims.
Two exceptions may be grains 2 and 4 where the cores yield a discordant ca. 1130 Ma
age, and the unzoned rims yield ages of ca. 991 Ma (2.2) and 1073 Ma (4.2). These

unzoned rims are compositionally similar to the oscillatory-zoned cores.

Based on the above observations, a likely hypothesis is that the low-U cores
represent inherited zircon, and the oscillatory-zoned rims and cores represent new zircon
that grew during crystallization of the granite. A regression through the oscillatory-zoned
cores and rims yields an upper intercept age of 1475+50 Ma and a lower intercept age of
979452 Ma (MSWD=0.38, p=0.98). Including the unzoned rims in the regression yields
essentially similar results with an upper intercept of 1470440 Ma and a lower intercept of
982445 Ma (MSWD=0.43, p=0.99) (Fig. 5.3b), interpreted to represent the age of
crystallization of the granitic magma and Pb-loss, respectively. Eleven analyses (3.2, 5./,
91,101, 12.1, 13.1,13.2,15.1, 16.2, 20.1, 20.2) with imprecise 2*’Pb counts and a high
proportion of common Pb were excluded from the regression; all other analyses were

included.
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The upper intercept age of ca. 1470 Ma falls in the range of the gray orthogneisses
that dominate the Muskoka domain (Chapter 2), and, therefore, appears to be
geologically reasonable, although not in agreement with the earlier work of Timmermann
et al. (1997). The lower intercept age of ca. 980 Ma is younger than any reported zircon
age from the Muskoka domain (Timmermann, 1998; McMullen, 1999), but is comparable
to allanite and titanite ages from elsewhere in the Muskoka domain (1015 to 987 Ma;
Timmermann, 1998), interpreted to reflect late fluid influx, and to zircon and titanite ages
from lower structural levels in the Central Gneiss Belt (e.g., Ketchum ef al., 1998). |
Given the large error, the lower intercept age may represent the combined effects of

several processes of broadly similar age.

An important question is whether or not the SHRIMP data from the granitic gneiss
exclude crystallization at ca. 1400 Ma, as previously suggested by Timmermann et al.
(1997). Two analyses, 5.3 (oscillatdry-zoned rim) and 22./ (unzoned rim) yield
concordant ages of 1404 and 1413 Ma, respectively, and are the only analyses that could
be taken to indicate crystallization at ca. 1400 Ma. Analysis 5.2, from the same rim as
analysis, 5.3 yielded a 6% discordant age of ca. 1333 Ma, suggesting relatively complex
age systematics. Thus, the new SHRIMP data do not exclude crystallization at ca. 1400
Ma, but are interpreted here to reflect crystallization sometime between 1430 and 1500

Ma.

5.3.3. 2M02061-9 — concordant leucosome, Muskoka domain

This sample is from a fine- to medium-grained granitic leucosome with abundant
homblende and lesser amounts of biotite. The sample corresponds to the concordant
leucosomes described in Chépter 3 (see photo Fig. 3.4a), and was collected from the
Parkersville outcrop (o/c M03083). The purpose of dating this sample is to determine the
age of migmatization in the Muskoka domain, in order to establish the relationship to
migmatization in other parts of the southwestern Grenville Province (e.g., Shawanaga
domain, Chapter 4) and orogenic evolution. Dating of apparently in situ leucosome can
also be expected to yield information about the age of the protolith in the form of

inherited grains or cores.
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Most of the zircons in this sample contain small- to medium-sized, rounded to
irregular cores, mantled by higher-U, relatively thick and delicately oscillatory-zoned
rims (Fig. E.4). A regression through all 18 data points (Table E.3), yields an upper
intercept of 1460161 Ma and a lower intercept of 1038+59 Ma (MSWD=3.7, p=0.000).
The cores typically contain numerous cracks and inclusions of apatite, plagioclase,
quartz, Ti-magnetite (?), and biotite, whereas the rims contain few or no inclusions or

cracks. Some grains (e.g., grain 6) show signs of a late metamorphic dvergrowth.
Cores

The age of the cores is discussed below, along with the cores from sample

2M02061-5, which is from the same outcrop as sample 2M02061-9.
Rims

The 10 analyses from the thick, oscillatory-zoned rims yield a weighted mean
207pp/2%ph age of 1068+10 Ma (MSWD=1.6, p=0.097) (Fig. 5.4a). Two of the analyses
(5.1, 6.1) yield significantly older ages than the other rims, and excluding these two
analyses yields a slightly younger age of 1062+8 Ma. There is, however, no textural or
compositional basis for excluding these two analyses, and 1068+10 Ma is therefore

considered the best estimate for the age of leucosome crystallization.

Late overgrowth. One metamorphic overgrowth (6.2) was analyzed and yielded a
207pp/206pY, age of 1059411 Ma. This metamorphic overgrowth may have formed during
the same metamorphic event that led to partial melting, and may be taken to indicate

protracted high-temperature conditions.

5.3.4. 2M02061-5 — pegmatitic infill in boudin neck, Muskoka domain

A small patch of pegmatitic material, located in a boudin neck (Fig. 5.2c) was
sampled in order to determine the age of boudinage. The boudinaged layer is an
amphibolite, compositionally similar to the mafic enclaves described in Chapter 2, and
the boudins are concordant to the Grenvillian fabric. Like the concordant leucosome
(2M02061-9), this sample is from the Parkersville outcrop; however, no clear relationship

to the concordant leucosomes could be established based on petrography, geochemistry,
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or field relations.

The zircons comprise broad, oscillatory-zoned cores, surrounded by higher-U thin
to thick, apparently metamorphic, overgrowths (Fig. E.5). A regression through all 22
data points (Table E.4) yields an upper intercept of 1537£41 Ma and a lower intercept of
1041+35 Ma (MSWD=2 4, p=0.001). The overgrowths or rims locally embay cores (e.g.,
grain 3). Inclusions, restricted to the cores, are dominated by quartz, plagioclase, and

apatite.
Cores

Samples 2ZM02061-9 and -5 are from the same outcrop and their inherited cores can
be expected to have come from the same source. The core analyses in these two samples
are, therefore, combined. Analyses 3.2 and /2. (sample 2M02061-9) have unusually
high U+Th and were excluded. In addition, analyses that are >4% discordant were
excluded (1.2, /1.1 from sample 2M02061-9 and 4.1, 9.1, 10.1 from sample 2M02061-5).
The remaining 11 analyses yield a weighted mean *“"Pb/*®Pb age of 1442+10 Ma
(MSWD=1.02, p=0.43) (Fig. 5.4b), interpreted to represent the crystallization age of the
protolith to the gray orthogneiss host rock.

An interesting relationship is observed in grain 1 (sample 2M02061-5), where a ca.
1440 Ma oscillatory-zoned core is overgrown and truncated by what appears to be a
metamorphic rim of similar age. This relationship may indicate that the ca. 1440 Ma
orthogneisses were metamorphosed shortly after they formed; a similar idea was hinted at
by Timmermann (1998). Previous ID-TIMS dating has typically yielded upper intercept
ages with large errors, which can be explained if the rocks experiehced a phase of
metamorphism just after crystallization. Alternatively, the large errors associated with
the protolith ages could reflect protracted and variable Grenvillian Pb loss. Without the
ability to relate age with Zircon texture, previous geochronological work may have
missed this inferred early, pre-Grenvillian phase of metamorphism. An alternative
explanation to the observed core-rim relationship in grain 1 is that the oscillatory zoned

core was corroded by the magma and the ‘rim’ grew from a slightly more evolved
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magma with a different composition; i.e., they may both be magmatic.
Rims

Excluding the three most discordant analyses (3.2, 5.2, 11.1), the overgrowths
range in age (**'Pb/*"Pb) from 107849 Ma (7.2) to 1029+11 Ma (/3.1) (Fig. 5.4c). The
overgrowths apparently cannot be subdivided into distinct populations based on texture
or composition, meaning that none of the analyses can be interpreted to represent the age
of crystallization of the pegmatite. The most likely interpretation appears to be that the
boudin neck and pegmatitic infill formed at the onset of ductile deformation, probably
around ca. 1080 Ma (Timmermann et al., 1997) and remained a low-pressure sink from
that time. Therefore, whenever fluids were generated in the surrounding rocks, the
boudin neck was a favored location for continued zircon growth during high-grade
metamorphism. The results are therefore compatible with previous geochronology from
the area (e.g., Timmermann ef al., 1997, McMullen, 1999; Timmermann et al., 2002),

suggesting a long-lived high-temperature Grenvillian metamorphic history.

5.3.5. 2M0606-25 — pegmatitic syenite, Muskoka domain

Pegmatitic syenite bodies and dikes, typically <lm up to a few meters across, are
common in the eastern Muskoka domain and appear to be spatially associated (Slagstad,
unpublished field data) with patchily developed granulites (Timmermann et al., 2002).
The pegmatitic syenites are characterized by coarse orthopyroxene (Fig. 5.2d), suggesting
that they were ‘dry’, in contrast to most other pegmatites in the Muskoka domain that
typically have retrogressed margins. Timmermann ef al. (2002) suggested that the patchy
granulites formed in response to influx of COs-rich fluids dufing Grenvillian
metamorphism, derived from rare marble layers intercalated with the Muskoka
orthogneisses or from more voiuniinous marble in the overlying Central Metasedimentary
Belt boundary thrust zone (CMBBZ) and Bancroft terrane (Fig. 1.5). However, the
recognition that the patchy granulites ére spatially associated with pegmatitic syenites
raises the possibility that the CO,-rich fluids that produced the patches were transported

from relatively deep crustal levels by magmatic processes (cf., Frost and Frost, 1987).

The dated sample is from a pegmatitic syenite at the intersection between Hw 118
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and Black River (Fig. 5.1a), dominantly comprising K-feldspar, with variably, but
generally large (2-30 cm), equant to elongate orthopyroxene (Fig. 5.2d). A similar
pegmatite from a different locality (Fig. 5.1a) yielded a zircon age of 10772 Ma and
titanites ranging in age from 1063 to 1079 Ma (Timmermann et al., 1997).

Zircons from the pegmatitic syenite are coarse and typically irregular and angular,
possibly as a result of crushing during separation (Fig. E.6). The zircons show faint,
broad zoning and are inclusion-free. The weighted mean 2’Pb/”%Pb age of the 18 data
points (Table E.5) is 1033£9 Ma (MSWD=1.5, p=0.079). In most grains, no core-rim
relationship was apparent, a possible exception being grain 2 with a faintly oscillatory-
zoned core, and a higher-U, apparently unzoned rim. The age of core and rim are the
same within error (analyses 2.7 and 2.2). There is no basis for dividing the zircons into
more than one population. Excluding the 5 most discordant analyses (>2.4%; 3.1, /2.1,
13.1, 14.1, 16.1) the remaining 12 aﬁalyses (<2.1% discordant) yield a weighted mean
207pb/2%pPb age of 103627 Ma (MSWD=0.26, p=0.992) (Fig. 5.5a), taken to represent the
crystallizaﬁon age of the pegmatitic syenite. This pegmatite is ca. 30-40 My younger

than the apparently similar pegmatite dated by Timmermann et a/. (1997).

5.3.6. 2M1406-2 — post-tectonic granite dike, Muskoka domain

This sample is from a large (>10 m), apparently undeformed granite dike a few
kilometers south of Bracebridge along Hw 11 (Fig. 5.1a). The dike cuts the foliation and
concordant leucosomes in a high-strain shear zone marking the boundary between the
Muskoka domain and underlying Upper Rosseau domain (Fig. 5.2¢). The age of the
granite provides a minimum estimate of the age of movement along this shear zone, and
thus asSembly of this part of the orogen. Similar, émaﬁer bodies have been observed
elsewhere in thé Muskoka domain. Geochemically, the granite is distinct from any of the
surrounding leucoSomes; in particular the REE pattern is more strongly fractionated with
(La/Yb)n>28. The high (La/Yb)n suggests that a phase incorporating HREESs, e.g.,
garnet, may have been present in the source, indicating a source outside the Muskoka

domain where garnet is generally absent.
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The zircons from this granite are generally large and prismatic, dominantly showing
magmatic, oscillatory zoning (Fig. E.7). The weighted mean **’Pb/*%Pb age of the 15
data points (Table E.6) is 1049+6 Ma (MSWD=0.58, p=0.88). A few grains show
relatively thin rims that give the grains a somewhat rounded appearance and suggest
oifergromh or recrystallization; it is, however, possible that the rims are magmatic.

Apart from these rims, which were too thin to analyze, distinct rims and cores could not
be identified. There are no morphological or compositional characteristics that allow the

zircons to be subdivided into more than one population.

Two of the analyses (6.1, 12.1) are moderately discordant (3.3-3.4%), whereas the
other analyses are <2% discordant. Excluding 6.7 and /2.7, the remaining 13 analyses
yield a weighted mean 2°"Pb/”%Pb age of 1047+7 Ma (MSWD=0.75, p=0.70) (Fig. 5.5b),

taken to represent the crystallization age of the granite.

5.3.7. 2S0207-2 — pegmatite, Shawanaga domain

This sample is from pegmatite on Reid Island, a few kilometers northeast of Bateau
Island (Figs. 5.1b, 5.2f) on Georgian Bay. The island is composed almost entirely of
pegmatite. The sample was collected in an area where schlieren are comparatively rare,
in order to minimize the effects of inherited or xenocrystic zircon. Field relationships,
petrography, and geochemistry of the pegmatites were described in Chapter 4. The
purpose of dating this sample is to determine the age of crystallization and to establish
the age relationship to migmatites and granite in and around Parry Sound, as outlined in
Chapter 4, and elsewhere in the southWestern Grenville Province (e.g., Muskoka domain,
Chapter 3). The age of }h@ pegmatite also represents a minimum age for the development
of an older, isoclinally folded fabric in the Sand Bay gneisses (Chapter 4).

Zircons are predominantly large prismatic or needle-like (Fig. E.8). The weighted
mean 2’Pb/2%Pb age of the 16 data points (Table E.7) is 1079+14 Ma (MSWD=17,
p=0.000). The grains are typically altered and cracked, and appear metamict, consistent
with the generally very high U concentrations (up to 9000 ppm). The zircons can
generally be subdivided into distinct populations on the basis of morphology. A useful
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subdivision for interpreting the age systematics of this sample is one group comprising

magmatic cores (3.7, 6.2, 7.7, 9.1, 9.2, 13.1, 13.2), non-rimmed grains (2./, 10.]),and a
magmatic overgrowth (4.7), and a second group of metamorphic overgrowths, typically
zircon tips (/.1, 5.1, 6.1, 8.1, 11.1, 12.1). The two groups are referred to as ‘cores’ and

‘rims’, respectively.
Cores

The cores are high in U (1300-5000 ppm) and Th (12-80 ppm), and, excluding
analyses 9.7 (3.6% discordant) and /3.2 (27% discdtdam), yield a weighted mean
207pp2%ph age of 1086+7 Ma (MSWD=2.0, p=0.053). The two youngest analyses (4. ],
10.1) are significantly lower in U and Th than the other cores (similar to the rims). The
remaining 6 analyses yield a weighted mean 207pp,206p, age of 1088+7 Ma (MSWD=1.7,
p=0.14) (Fig. 5.6a), which is considered to be the best estimate of the age of pegmatite

crystallization.

The moderately discordant analysis 9./ yields a **’Pb/%Pb age of 112646 Ma. In
light of the discordance, the significance of this age is unclear. However, the age is
similar to the suggested age (ca. 1120 Ma) of initial thrusting in the basal Parry Sound
domain (Tuccillo et al., 1992; Wodicka, 1994), immediately overlying the Shawanaga

domain.
Rims

The metamorphic rims are typically lower in U and Th than the cores; an exception
is analysis 5./ which is an ‘overgrowth’ truncating the internal oscillatory-zoning of a
magmatic core. Analysis 5.1 is discussed separately below. Excluding analysis /7.1,
which is 3.2% discordant, the weighted mean **’Pb/?%Pb age of the rims is 107248 Ma
(MSWD=0.111, p=0.95) (Fig. 5.6a). This age is taken to represent the age of

metamorphism of the pegmatites; including the two cores (4.7, 10.7) that are

compositionally similar to the rims yields the same result.

Analysis 5.1 yields a 1.8% reversely discordant **’Pb/*%Pb age of 105144 Ma.

Compositionally, 3.1 is characterized by high U+Th, similar to the cores, thus it is
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possible that the ‘overgrowth’ represents recrystallization of a magmatic core, induced
for example by fluid influx along a crack. Similar features may be present in some of the
other zircons from this sample, e.g., the grain to the left of grain 13 and in the core of the
equant grain to the right of grain 3 (Fig. E.8). The age of 105114 Ma overlaps with the
crystallization age of the spatially associated hornblende-rich leucosomes (252006-3)
discussed below, and 1s therefore considered to represent a geologically significant

metamorphic event or part of an extended period of continuous metamorphism.

5.3.8. 2850507 —granite, Shawanaga domain

This sample is from a homogeneous granite body in the Shawanaga domain (Figs.
5.1b, 5.2g), described in Chapter 4. The sample was collected just north of Killbear
Marina, in the central part of the granite. The purpose of dating this granite is to establish
the relationship to the pegmatite and surrounding migmatites as well as to constrain the

age of deformation in the Sand Bay gneiss association (cf., Chapter 4).

The zircons from this sample are morphologically and texturally similar to those in
the pegmatite (2800207-2) (Fig. E.9). The weighted mean *”’Pb/**Pb age of all of the 22
obtained data points (Table E.8) is 1084+18 Ma (MSWD=37, p=0.000). Generally,
elongate prisms predominate, and the grains, though commonly displaying delicate
oscillatory zoning, are pervasively altered and cracked. Local replacement, possibly to
uraninite, is visible, and a few grains show synneusis twins. Inclusions are K-feldspar,

magnetite or hematite, biotite, apatite, and sodic plagioclase.

Zircons in the granite and pegmatite (2S0207-2) have several morphological
features in common. The granite can be considered in terms of one group encompassing
cores and non-rimmed grains on the one hand, and metamorphic overgrowths on the

other.
Cores

The cores and non-rimmed grains are characterized by variable U and Th contents,
and may be subdivided into two populations based on composition. One group of cores

(1.1, 7.1, 9.1, 10.1, 13.1)is characterized by very high U (3700-9000 ppm) and Th (27-
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200 ppm), and yields relative strong reversely discordant results. The other group (2.7,
4.1, 12.1, 13.2, 14.1) is lower in U (800-2100 ppm) and Th (3-26 ppm) and yields near-
concordant results. The age of the high-U cores is difficult to determine because of the
large discordance; excluding analyses /.1 and 9.7 with >5% discordance yields a
weighted mean **’Pb/*%Pb age of 109146 Ma (MSWD=0.104, p=0.90) (Fig. 5.6b). The
lower-U cores yield a similar weighted mean 207p,2%py, age of 1090+12 Ma
(MSWD=1.5, p=0.2) (Fig. 5.6b). Here, 1090£12 Ma is considered to represent the
crystallization age of the granite, which is essentially identical to the pegmatite. The
high-U cores from the granite, in addition to being similar in age to the zircons from the

pegmatite, are also compositionally and texturally similar.

Analysis 4.2 targeted an oscillatory-zoned core characterized by low U (490 ppm)
but high Th (200 ppm) that yielded a 7% discordant weighted mean 207pp/2%ph age of ca.
1347 Ma. The age of this core is similar to an inherited core in the hornblende-rich
leucosome (2S2006-3) from the same area (discussed below), and may represent an

inherited or xenocrystic core from the Sand Bay gneiss association.

Analysis /7.1 targeted a core characterized by high U (3400 ppm) and Th (2200
ppm), and yielded an 8% reversely discordant weighted mean 297pb/2%ph age of ca. 1291
Ma. This analysis is high in common lead ***Pb=250 ppb) and the age is considered

geologically meaningless.
Rims

Most metamorphic overgrowths or rims yield near-concordant results (<2.5%); two
analyses (1.2, 5. I) yielding more discordant results (3.7-6.6%) were excluded. Most of
the rims fall within a relatively restricted range of **’Pb/*”°Pb ages from 1059 to 1078 Ma
(3.1, 5.1, 6.1, 81, 11.1, 16.1), yielding a weighted mean **’Pb/***Pb age of 10636 Ma

(MSWD=0.44, p=0.82) (Fig. 5.6b inset). This age is interpreted as the age of
metamorphism of the granite.

Two rims yield significantly younger ages at 1042+7 Ma (3.2) and 1032+13 Ma

(7.2). Ketchum et al. (1998) showed that tectonism related to extensional movement
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along the Shawanaga shear zone lasted until at least 1020 Ma, thus, it is possible that the
two younger ages represent geologically significant events or part of a continuum of

high-grade metamorphism.

5.3.9. 2S2006-3 — hornblende-rich leucosome, Shawanaga domain

This sample is from a hornblende-rich leucosome on Pleasant Island, Georgian Bay
(Fig. 5.1b), as described in Chapter 4 (see photo Fig. 4.3b). The hornblende-rich
leucosomes are spatially associated with the pegmatites and less commonly with the
granite. The purpose of dating the hornblende-rich leucosome is to determine the age of
leucosome formation, to establish whether or not there is an age relationship between
these metatexites and the pegmatitic/granite in the Shawanaga domain, and to determine

the timing of migmatization in the Shawanaga and Muskoka domains.

The zircons from this sample are generally slightly to moderately prismatic with
abundant low-U cores surrounded by high-U mantles or rims (Fig. E.10). A regression
through the 31 data points (Table E.9) yields an upper intercept of 1486131 Ma and a
lower intercept of 1070£31 Ma (MSWD=1.6, p=0.029). The cores are typically
oscillatory-zoned and may be either irregular or prismatic, and are normally rich in
inclusions (quartz, biotite, K-feldspar, plagioclase, and unidentified silicate) and cracks.
Although the rims appear relatively structureless in CL images, back-scatter electron

(BSE) images reveal delicate oscillatory zoning, suggesting precipitation from a melt.
Cores

Fourteen analyses from the oscillatory-zoned cores yiclded near-concordant results.
Although no distinction between different populations of cores could be made based on
morphology and composition, there appears to be a dominant population of old cores and

two significantly younger cores.

“*

Fourteen analyses targeted the older population of cores, two of which (/.3 and 6.1)
were 4-5% discordant. Excluding these two analyses yields a weighted mean *”’Pb/**Pb
age of 1452110 Ma (MSWD=1’.4, p=0.15) (Fig. 5.6c). The two younger cores yielded
concordant ages of ca. 1410 Ma (5.7) and 1350 Ma '(12. I (Fig. 5.6¢).



Rims

Fifteen rims were anaiyzed. Excluding the three most discordant analyses (>2.8%,

spots 2.1, 3.2, 9.2) the weighted mean **’Pb/*®Pb age is 1055+6 Ma (MSWD=0.70,

p=0.74) (Fig. 5.6¢), taken to be the crystallization age of the hornblende-rich leucosomes.

Table 5.1 Summary table of geochronological data, Muskoka domain.

Sample # Rock type Domain/UTM Age interpretation
M300617 Charnockitic Muskoka 1449+20/-17 Ma (Ul)  Crystallization of
gneiss 640050 E charnockite
4980 550 N
1072+28/-31 Ma (Ll) Metamorphism
M100723-1  Granitic gneiss  Muskoka 1470+40 Ma (Ul) Crystallization of
651650 E granite
4984 450 N
982+45 Ma (LD Metamorphism?/
' Pb-loss?
2M02061-9 Concordant Muskoka 1440+10 Ma Age of host rock
leucosome 668 550 E
5002 400 N 1068+10 Ma Partial meiting/
metamorphism
1059+11 Ma Metamorphism
2M02061-5  Leucosome, Muskoka 1440+10 Ma Age of host rock
boudin neck 668 550 E
5002 400 N 1080-1030 Ma Protracted, near-
continuous high-grade
metamorphism
2M0606-25 = Pegmatitic Muskoka 103617 Ma Crystallization of
syenite 658 200 N ' pegmatitic syenite
4988 250 E
2M1406-2 Post-tectonic =~ Muskoka 1047+7 Ma Crystallization of
granite dike 634 150 E granite

4985 550 N
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Table 5.1 cont. Summary table of geochronological data, Shawanaga domain.

250207-2 Pegmatite Shawanaga  1088+7 Ma Crystallization of
556 900 E pegmatite
5018 700 N
107248 Ma Metamorphism
1051+4 Ma Metamorphism
250507 Granite Shawanaga ~1347 Ma Inherited core
559 500 E
5023 450 N 1090112 Ma Crystallization of
granite
106346 Ma
Metamorphism
1042+7 Ma
1032+13 Ma Metamorphism
252006-3 Hornblende- Shawanaga 1452+10 Ma Inherited cores from
rich leucosome 557 880 E ~1410 Ma protolith
5022 280N ~1350 Ma
1055+6 Ma Crystallization of

leucosome

Coordinates apply to UTM zone 17.

5.4. Discussion

5.4.1. Implications for the pre-Grenvillian evelution of the Laurentian margin

The dates for the charnockitic and granitic gneiss were incorporated in the

discussion in Chapter 2, and their significance is therefore not discussed further here.

5.4.2. Early Grenvillian tectonic evolution

The earliest recorded Grenvillian metamorphism in the CGB took place in the Parry

Sound domain at ca. 1160 Ma (van Breemen et al., 1986; Tuccillo et al., 1992; Wodicka,

1994). There is, however, compelling evidence that the earliest phase of metamorphism

in the Parry Sound domain took place offshore of the Laurentian margin (Wodicka et al.,

1996), thus, the earliest recorded metamorphic overprint of the Laurentian margin post-

dates 1160 Ma. The oldest ‘Grenvillian’ dates obtained in this study come from the

pegmatite (sample 2S02072) and granite (sample 2S0507) in the Shawanaga domain,

both dating at ca. 1090 Ma. The ages of the granite and pegmatite are important because

1) they provide a minimum age for deformation and metamorphism of the Sand Bay

gneiss association, as discussed in Chapter 4, and 2) they are similar to metamorphic ages
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from garnet-clinopyroxene-rich rocks, interpreted to represent retrogressed eclogite
(referred to as r-eclogite below), in the interior Shawanaga domain and its bounding shear
zones (Ketchum and Krogh, 1997; J. Ketchum, pers. comm., 2002). Ketchum and Krogh
(1997, 1998) interpreted the 1085-1100 Ma ages from the r-eclogites to reflect high-
pressure metamorphism, whereas Jamieson ef al. (2003) interpreted the ages to represent

later, high-temperature metamorphic overprinting.
Deformation and metamorphism at ca. 1120 Ma?

Geochronological data from the uppermost Shawanaga domain and basal Parry
Sound assemblage suggest that an early phase of deformation and metamorphism in the
Shawanaga domain may have taken place at ca. 1120 Ma (Tuccillo ez al., 1992; Wodicka,
1994; Bussey ef al., 1995). One zircon from the pegmatite yielded an age of ca. 1126
Ma, and may represent an inherited grain that formed during the postulated tectonic event
at ca. 1120 Ma. However, the new geochronological data presented herein show no
indications of a strong metamorphic overprint at ca. 1120 Ma. The data do, however,
suggest a éigniﬁcant tectonic event in the Sand Bay gneiss association sometime before
1090 Ma. Although we have no constraints for an upper age limit, it is possible that the
pre-1090 Ma fabric in the Sand Bay gneiss association is related to the postulated event at
ca. 1120 Ma. This interpretation is also consistent with the tectonic reconstruction of
Culshaw et al. (1997), who placed the Shawanaga domain at the outermost margin of
Laurentia at ca. 1120 Ma. The Sand Bay gneiss association, in particular leucosome
associated with the pre-1090 Ma fabric, is a key target for further work aimed at

constraining the early Grenvillian evolution of the CGB.
Intrusion of granite-pegmatite coeval with or after high-pressure metamorphism?

The majority of the r-eclogites are associated with high-strain zones, interpreted to
represent shear zones (Davidson er al., 1982; Culshaw et al., 1983), and it is possible that
many of them represent tectonically incorporated fragments from deeper crustal levels
However, on Beatty Is. (see Chapter 4 and Fig. 5.1b), a ca. 15 m wide pod of r-eclogite
(Jamieson et al., 2003) dated at 1087+£2 Ma (J. Ketchum, pers. comm., 2002) is closely

associated with pegmatite and migmatite. Although the pegmatite and gabbro are not in
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direct contact, it is clear that they are not separated by a shear zone. If the ages from the
r-eclogites reflect high-pressure metamorphism, as suggested by Ketchum and Krogh
(1997), and the ca. 1090 Ma age from the granite-pegmatite reflects intrusion of the
granite-pegmatite magma, this observation means that the pegmatite-granite intruded
crust that was either undergoing eclogite-facies metamorphism, or had done so within
error of the geochronological data. Gebauer (1999) showed that high-pressure and ultra-
high pressure metamorphism in the central and western Alps preceded granitoid
magmatism by only ca. 5 My, after a phase of very rapid exhumation, and a similar
interpretation is possible for the r-eclogite-granite-pegmatite relationship in the
Shawanaga domain. Recent results from numerical modeling show that exhumation of
rocks from peak pressure (ca. 1.9 GPa) to mid-crustal levels (35-40 km, 1-1.1 GPa) can
take less than 10 My in entirely convergent orogens (R. A. Jamieson, pers. comm., 2003).
In the models, the rocks spend ca. 5-15 My in the eclogite field and end up as high-P
granulites (800-900°C, 1-1.2 GPa), apparently similar to the rocks investigated here.

An alternative interpretation of the metamorphic ages from the r-eclogites is that
only the older metamorphic ages (1093-1101 Ma, Hooper Is. Fig. 5.1b) obtained by
Ketchum and Krogh (1997) reflect high-pressure metamorphism whereas the younger
ages (1085-1090 Ma) represent high-temperature metamorphism (Jamieson et al.,
submitted). According to this interpretation, intrusion of the granite-pegmatite magma
was unrelated to high-pressure metamorphism. Distinguishing between these two
interpretations requires further investigations into the significance of the ca. 1085-1100
Ma metamorphic ages obtained from the r-eclogites and better constraints on the age of
granite-pegmatite magmatism.

5.4.3. Main phase of Grenvillian metamorphism

A number of geochronological analyses, summarized in Table 5.2, show that by ca.
1080 Ma, high-grade metamorphism had affected all the domains in the hanging wall to
the Allochthon Boundary Thrust (ABT) (e.g., Shawanaga, Algonquin, Muskoka). In

contrast, the earliest recorded Grenvillian metamorphism in the Britt domain, in the

immediate footwall to the ABT, was at <1060 Ma (van Breemen and Davidson, 1990;
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Krogh er al., 1993a).

An important question is whether high-grade Grenvillian metamorphism in the
CGB was continuous or episodic. Table 5.2 presents a summary of available
geochronological data from the CGB, and Fig. 5.7 presents metamorphic (zircon) age
data for the Muskoka and Shawanaga domains, suggesting one, protracted Grenvillian
event between ca. 1080 and 1050 Ma in the Muskoka domain and 1080 and 1040 Ma in
the Shawanaga domain. No distinct episodes of metamorphism can be distinguished
within error of the data, suggesting that the rocks remained in the middle crust for more
than 30 My, and possibly as long as 50 My (e.g., sample 2M02061-5). The slightly
longer duration of metamorphism in the Shawanaga domain is consistent with forward

(northwest) propagation of the orogen (Jamieson ef al., 1992).

In the Muskoka domain, the main phase of melting appears to have taken place at
ca. 1065 Ma (Fig. 5.7a), indicated both in this study (106810 Ma, sample 2M02061~9)
and by Timmermann ef al. (1997), who obtained an age of 1064+18/-19 Ma from a
concordant leucosome in a different part of the Muskoka domain (Fig. 5.1a). McMullen
(1999) obtained an age of 1046+34/-39 Ma for partial melting in the eastern Muskoka
domain (Fig. 5.7a), which may indicate a somewhat younger partial melting event,
although the age is within error of those noted above. In the Shawanaga domain, T. E.
Krogh (unpublished data) dated a leucosome in a boudin neck in the Ojibway gneiss
association at ca, 1082 Ma (Fig. 5.7b), and a later age of partial melting at ca. 1055 Ma
was obtained in this study (Fig. 5.7b) (sample 252006-2) from the Sand Bay gneiss
association. These data suggest: 1) that partial melting in the Muskoka domain probably
succeeded the onset of highﬁgrade metamorphism at ca. 1080 Ma by several million
years, and, 2) that melting may have been episodic. Both of these observations are
consistent with partial melting as a result of pulses of fluid influx, as sugges}ed in
Chapter 3. However, several studies (e.g., Zeitler and Chamberlain, 1991; Vance and
O'Nions, 1992) have shown that discrete events may form part of a continuous process
within the crust. Brown et al. (1995) suggested that melt segregation probably takes

place on timescales of <1 My, even though the source rocks on a regional scale are at
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near-peak metamorphic conditions for several tens of millions of years. Thus,
considering the field evidence for several generations of leucosome (Timmermann ef al.,
2002; Chapter 3), it is conceivable that further geochronological work will reveal a more
continuous record of partial melting. It is nevertheless clear that melt was present
throughout much of the Grenvillian history of the CGB, although the amount and
potential effect on crustal strength (cf., van der Molen and Paterson, 1979; Rutter, 1997;
Rushmer, 2001) are difficult to estimate. The potential significance of partial melting on
the orogenic evolution in this area is discussed further in Chapter 6.

1090 Muskoka

1080 - § T T
1070 i % {

1060 t {
1050 (
1040

1030 ® Partial melting -
1020

Age (Ma)

Shawanaga
1090

1080 ® g {

b)

1070

B
1060 - {
1050 '% T 4 { {
1040 - {
1030 1 B Partial melting
1020

Age (Ma)

Fig. 5.7 Metamorphic ages from the Muskoka and Shawanaga domains.

Thrust assembly along the Muskoka-Upper Rosseau domain boundary apparently
ceased at ca. 1047 Ma, indicated by the age of the late- or post-tectonic granite dike at the
boundary (sample 2M1406-2), however, high-grade metamorphic conditions persisted
until ca. 1030 Ma. In the eastern Muskoka domain, deformation persisted until ca. 1036
Ma (McMullen, 1999). It follows from these interpretaﬁons that significant orogenic
extension at ca. 1020 Ma, recorded in structurally lower parts of the CGB (e.g.,
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Shawanaga shear zone, Ketchum er al., 1998), did not include reworking of the
Muskoka-Upper Rosseau boundary or the interior Muskoka domain. Unfortunately,
kinematic indicators are scarce in the high-strain zone separating the Muskoka and Upper

Rosseau domains, thus, the kinematic significance of this zone is unclear.

The pegmatitic syenite, dated at ca. 1036 Ma (sample 2M0606-25), is neafly 40 My
younger than an apparently similar pegmatite dike from a different part of the Muskoka
domain (Fig. 5.1a) (Timmermann ef al., 1997). This study suggests that these very
distinct pegmatites are related to the development of patchy granulites in the eastern
Muskoka domain. However, further work including field work and stable isotope and
fluid inclusion analysis is needed in order to determine the significance of these

pegmatites and their relationship, if any, to the patchy granulites.
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6. Discussion and conclusions

This chapter is intended to place the results of the thesis in a broader tectonic
framework than was done in previous chapters, and to propose topics for further research.
The focus is on geodynamic processes; other important topics such as protolith and
migmatite petrogenesis were discussed in detail in the respective chapters and are not

repeated here

6.1. Pre-Grenvillian evolution of the southwestern Grenville Province

6.1.1. Main new result

The main new result from this work relevant to the pre-Grenvillian evolution of the
Grenville Province is that orthogneisses with apparent arc-related, ca. 1450 Ma protoliths
in the Central Gneiss Belt are spatially and temporally associated with A-type granitic

and charnockitic rocks.

6.1.2. Tectonic evolution

The pre-Grenvillian Paleo- and Mesoproterozoic evolution of the Grenville
Province is commonly described in terms of an ‘Andean’ model (e.g., Rivers and
Corrigan, 2000). Although this model may be correct in a broad sense, it is based on
comparison with one of the most tectonically complex and varied settings in the world,
and is, therefore, of limited practical value for understanding the evolution of and
similarities/differences between different parts of the province. One of the main
contributions of this thesis, building on the work of Cﬁlshaw and Dostal (1997, 2002), is
to show that despite high-gréde météfnbrphic and deformational overprint, the rocks
retain significant geochemical information about how and in what tectonic setting their
protoliths formed (Chapter 2). As stated in Chapter 2, tectonic models for the Grenville
Province need to incorporate geochemical data, as well as the geochronological data that

have provided most of the basis for developing tectonic models up until now.

Detailed tectonic interpretations for the late Paleoproterozoic to early

Mesoproterozoic evolution of the CGB are probably premature, and at the present time,
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several models are feasible. Fig. 6.1 presents a cartoon summarizing the tectonic
evolution of the Laurentian margin (L) between ca. 1450 and 1350 Ma, as described in
Chapter 2. The conceptual model in Fig. 6.1 extends until ca. 1150 Ma in order to show
that the processes operating between ca. 1450 and 1350 Ma may have continued outboard

of the Laurentian margin until the onset of Grenvillian orogenesis at ca. 1200 Ma.

Arc-related magmatic activity in the Muskoka domain (M) at ca. 1450 Ma, most
likely on the Laurentian margin, is relatively well established based on abundant
geochronological data (e.g., Timmermann et a/., 1997; Nadeau and van Breemen, 1998;
McMullen, 1999; Chapter 5) and recent geochemical data (McMullen, 1999; Chapter 2).
A new finding of this study, discussed in Chapter 2, is that the arc-related rocks are
temporally and spatially related to A-type granites and charnockites, interpreted to
‘suggest that the arc underwent intra-arc extension during all or part of its evolution.
Anorthosite is commonly spatially and temporally associated with A-type granites (e.g.,
Frost et al., 2002), but has so far not been identified in the Muskoka domain. Itis
possible, however, that ca. 1450 Ma anorthosites may be identified during future
investigations. In addition to intra-arc extension, the new geochemical data, coupled with
published geochronological data, suggest back-arc magmatism in the Britt domain (B) at
ca. 1450 Ma (van Breemen ef al., 1986; Corrigan et al., 1994). Furthermore, Nadeau and
van Breemen (1998) suggested, based on geochronological and Sm-Nd isotopic data, that
the Algonquin domain (AL) was situated in the ensialic back-arc region of the Muskoka
arc, thus, a broad extensional tectonic regime, for example related to slab roll-back,

appears to have dominated at ca. 1450 Ma.

Between ca. 1450 and 1430 Ma, the Britt domain, and possibly Algonquin domain,
underwent granulite-facies metamorphism. Ketchum et al. (1994) suggested that
metamorphism may have been related to accretion of a juvenile arc at this time.
Alternatively, the granulite-facies assemblage may have formed in response.to slab roll-
back resulting in intra-arc/back-arc extension and associated high heat flow (Sandiford
and Powell, 1986; Collins, 2002), or from convergence related to flat subduction or

subduction advance with heat derived from coeval arc magmatism and/or crustal
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thickening (e.g., Ross, 1985). The range of possible tectonic settings for this granulite-
facies event, all consistent with an *Andean’ model, exemplifies the inherent problems in
developing a tectonic model for this area. Fig. 6.1 illustrates two of the three possible
interpretations; granulite-facies metamorphism as a result of accretion of a juvenile arc,
as suggested by Ketchum et al. (1994), is not discussed further. Alternatives 1 and 2 in
Fig. 6.1 illustrate granulite-facies metamorphism in response to convergence related to
flat subduction or subduction advance and slab roll-back, respectively. Although the
geodynamic implications of the two alternatives differ significantly, distinguishing
between them is difficult. Both alternatives predict coeval arc magmatism and
metamorphism, consistent with the geochronological data from the Muskoka domain,
although the younger limit of arc magmatism (ca. 1430 Ma) is open to debate (Chapter
2). Distinction between the two interpretations can be made on the basis of further
geochronological and petrographic work. Alternative 1 (convergence) implies 1) that A-
type magmatism, interpreted to reflect extension, ceased prior to metamorphism, and ii)
that granulite-facies conditions were associated with an increase in pressure. In contrast,
Alternative 2 (extension) implies i) that A-type magmatism may have been coeval with
metamorphism, and ii) that granulite-facies conditions occurred at constant or decreasing
pressure. Thus, better constraints on the timing of A-type magmatism and development
of P-T-t paths for granulite-facies metamorphism may help distinguish between the two -

alternatives.

Magmatism in the Parry Sound domain (PS) began at 1425175 Ma (van Breemen ez
al., 1986) and may represent continuation of magmatiém in the CGB (Culshaw er al.,
2002), or a new arc system developed outboard of the Laurentian margin or elsewhere.
The former interpretation is preferred here (Fig. 6.1), based on dating of detrital zircons
suggesting a Laurentian source for some of the metasedimentary rocks in the Parry Sound
domain (Wodicka et al., 1996). The magmatic evolution in the Parry Sound domain has
not been studied in detail, but includes granitoid magmatism and intermittent anorthositic
magmatism at ca. 1350 Ma, possibly at ca. 1280 Ma, and at ca. 1160 Ma (Table 5.2).

The Sand Bay gneiss association formed at ca. 1360 Ma, possibly related to back-arc
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extension during magmatism in the Parry Sound domain (Culshaw ez al., 2002), and
dating of detrital zircons in the Sand Bay gneiss association suggests sediment input from
a Laurentian source (T. E. Krogh, unpublished data; M. Raistrick, 2003). Anorthositic
magmatism in the Parry Sound domain and rhyolitic volcanism in the Sand Bay gneiss
association suggests intra-arc and’/or back-arc magmatism at ca. 1350 Ma, i.e., similar to

the geodynamic setting at ca. 1450 Ma.

Wodicka et al. (1996) interpreted the Parry Sound domain to represent a far-
traveled allochthon that originated within the Central Metasedimentary Belt (CMB) or
Central Metasedimentary Belt boundary thrust zone (CMBBZ). Magmatism in the CMB
commenced later than in the Parry Sound domain, and involved intrusion of gabbro and
anorthosite at 1280-1230 Ma, tonalite at 1280-1250 Ma, and 1250-1240 Ma leucogranite
(Carr et dl., 2000 and references therein). Easton (1992) interpreted the CMB to
represent arcs, rifted arcs, and continental fragments, and in Fig. 6.1 magmatism in the
Parry Sound domain, CMB and CMBBZ is shown to be continuous with magmatism in
the CGB. Magmatism in the Frontenac-Adirondack Belt (FAB) (see Carr et al., 2000 for
a review) is indicated in Fig. 6.1 to represent the last stage of outward growth of the
Laurentian margin before and possibly overlapping with the onset of the Grenvillian

orogeny.

Between ca. 1280 and 1235 Ma, the Sudbury diabase and A-type Powassan and
Mulock batholiths intruded rocks now situated below the Allochthon Boundary Thrust
(ABT) (Lumbers et al., 1991; Dudas er al., 1994; Davidson and van Breemen, 2001).
Later, at ca. 1170-1150 Ma, podiform gabbro intruded rocks above the ABT (Davidson
and van Breemen, 1988; Heaman and LeCheminant, 1993)." The tectonic significance of
these magmatic suites is unclear, although the available geochemical data (e.g., Ketchum
and Davidson, 2000) suggest an extensional, continental setting. Their identification is,
however, important for understanding the preceding geological history of the area |
because, as pointed out by Culshaw et al. (1997) and Ketchum and Davidson (2000),
their apparent mutually exclusive presence in rocks above and below the ABT indicates

significant original separation of terranes now juxtaposed along the ABT. Sudbury
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metadiabase and coronitic metagabbro have not been identified in the Parry Sound

domain or in units within and above the CMBBZ, however, mafic dikes in the Parry

Sound domain, dated at between 1151 and 1163 Ma (Wodicka ef al., 1996), may

represent the same phase of magmatism that produced the coronitic metagabbros.

6.1.3. Suggestions for further work

Further geochronological and geochemical work, as outlined in Chapter 2, is needed
to place tighter constraints on the timing and duration of arc magmatism in the
Muskoka domain and to establish the temporal relationship between arc-related and

A-type rocks.

Petrographic work is needed to constrain the tectonic significance of granulite-facies
metamorphism between ca. 1450 and 1430 Ma. In particular, determining the P-T-t
path of metamorphism would be helpful, but may prove difficult (cf., Ketchum er al.,
1994).

Sm-Nd isotopic analysis of the rocks investigated in Chapter 2 is needed to constrain
the proportion of juvenile and older crust in the various lithologies. The isotopic data
will have implications for petrogenetic as well as tectonic models, and can be used to
establish the relationship (e.g., parent-daughter) between different rock types and to
make inferences about the substrate to the magmatic arcs. An isotopic study of this

sort is currently underway in the Shawanaga domain (Raistrick, 2003).

Further geochemical work on rocks that were not targeted or only studied on a
reconnaissance level here; e.g., the Mann Island granodiorite, Britt pluton, Parry
Sound domain, CMB, FAB is needed to constrain the tectonic evolution of the

Grenville Province between ca. 1400.and 1200 Ma.

6.2. Grenvillian tectonic evolution, 1100-1000 Ma

6.2.1. Main new results

The main new results from this work relevant to the Grenvillian evolution of the

study area are that i) granite and pegmatite, dated at ca. 1090 Ma, cut what appears to be
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a strong, leucosome-bearing fabric in the Sand Bay gneiss association, suggesting a pre-
1090 Ma early Grenvillian history of deformation and high-grade metamorphism (but see
cautionary note in Chapter 4), ii) partial melting in the CGB may represent discrete
events, possibly related to fluid influx, although continuous, protracted partial melting is
not ruled out, ii1) improved constraints on the age of partial melting in the Muskoka
domain, temporally and spatially associated with southeast-directed shear bands, allow

new interpretations of Grenvillian geodynamic evolution.

6.2.2. Initial encounter between CGB and CMB

It is widely agreed that Grenvillian deformation in the CGB resulted from
overthrusting of arc terranes now represented by the CMB (e.g.. Carr er al.,, 2000). As
discussed in Chapter 1, however, there is significant controversy as to when the CMB

" was thrust onto the CGB. Hanmer and McEachern (1992) argued. based on dating of
allegedly syntectonic pegmatite dikes in the CMBBZ, that the CMB was emplaced onto
the Laurentian margin at ca. 1190 Ma, and that the shear zone was reactivated at ca.
1080-1060 Ma. This interpretation was disputed by Timmermann et al. (1997) who
found no evidence of pre-1080 Ma metamorphism in the Muskoka domain in the
immediate footwall to the CMBBZ. The results of Timmermann et al. (1997) are
confirmed by this study. One aspect that should be kept in mind, however, is that
although the Muskoka domain forms the immediate footwall to the CMBBZ at the
present time, its structural position has been interpreted to be a result of relatively late
(<1080 Ma) out-of sequence thrusting (Culshaw et al., 1997; Nadeau and van Breemen,
1998). According to the reconstruction of Culshaw et al. (1997) and the conceptual
model presented in Fig. 6.1, the Shawanaga domain (or Sand Bay gneiss association) and
Parry Sound domain probably lay outboard of the Muskoka domain, consistent with
geochronological data from the basal Parry Sound domain and Shawanaga domain,
éuggesting that the earliest recorded Grenvillian tectonic overprint was between 1160 and
1120 Ma (van Breemen et al., 1986; Tuccillo et al., 1992; Wodicka, 1994). The
identification of a strong fabric in the Sand Bay gneiss association, cut by ca. 1090 Ma

granite and pegmatite, supports the previously reported geochronological data. Thus,
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although the new geochronological data from the Muskoka domain agree with
Timmermann et al. (1997) that the onset of high-temperature metamorphism in the
Muskoka domain was at ca. 1080 Ma, this age may record a stage of propagation of the

orogen rather than initiation of Grenvillian orogenesis at the Laurentian margin.

6.2.3. Main phase of Grenvillian high-grade metamorphism and deformation

There is mounting evidence that succeeding an initial phase of high-pressure
metamorphism, a prolonged history of high-grade metamorphism ensued in the CGB
(Chapter 5). The main anatectic event in the Muskoka domain probably took place at ca.
1065 Ma (Timmermann ef al., 1997; Chapter 5), and a younger phase of anatexis may
have taken place at ca. 1046 Ma in the eastern Muskoka domain (McMullen, 1999).
Anatexis in the Shawanaga domain at ca. 1082 Ma (T. E. Krogh, unpublished data) and at
ca. 1055 Ma (Chapter 5) suggests either several episodes of crustal melting throughout
the study area, possibly related to pulses of fluid influx (e.g., Chapter, 3), or continuous,
protracted melting. Deformation along the Muskoka-Upper Rosseau domain boundary
appears to have ceased at ca. 104717 Ma, the age of undeformed granite dikes cutting the
main Grenvillian foliation (Chapter 5). In contrast, deformation in the eastern Muskoka
domain may have operated until at least 1036+10/-2.5 Ma (McMullen, 1999), as
indicated by the age of a syn-tectonic pegmatite dike. These data suggest that significant
late-tectonic extension at lower structural levels at ca. 1020 Ma (Ketchum ez al., 1998)
did not affect the Upper Rosseau and Muskoka domains, i.¢., the latter domains may have

been carried along passively in the hangingwall to deeper structures.

6.2.4. Effects of melting on regional tectonic evolutibn

o ‘Mélt wéakening at mid-crustal orogenic levels may result in large-scale decoupling
and localization of deformation (Hollister and Crawford, 1986; Royden, 1996; Clark and
Royden, 2000). Beaumont et al. (2001b) and Jamieson et al. (2002) used numerical
models to investigate the effects of melt weakening on crustal-scale deformation in large
collisional orogens. Given a pressure gradient resulting from variation in crustal
thickness, and a decrease in mid-crustal viscosity by a factor of <10 (Beaumont e? al.,

2001b) resulting, for example, from incipient partial melting, narrow zones of gravity-



206

driven, outward-directed channel flow will develop in the mid-orogenic crust. Jamieson
et al. (2002) speculated that the Muskoka domain could represent an example of mid-

crustal channel flow.

The presence of melt in the Muskoka and Shawanaga domain migmatites must
have reduced their strength, and would, therefore, have affected the deformation behavior
of the migmatites both locally and regionally. Local differences in host rock
composition, volume of leucosome, and strain are obvious in outcrop (Chapter 3). More
mafic bulk compositions (metagabbros, dioritic mesosomes) contain less leucosome and
the leucosome is less intensely deformed than in rocks of intermediate and felsic
composition. The mafic lithologies typically form boudins or pinch-and-swell structures.
These observations are compatible with the higher melting temperatures and higher
mechanical strength of the metagabbros and diorites (Chapter 3). Once melting had
begun, strain would have been strongly partitioned into the relatively weaker rocks with
higher melt fractions. On a regional scale, the dominance of granodioritic compositions
and leucosome-rich stromatic migmatites must have contributed to a significantly lower
bulk effective viscosity for the Muskoka domain by comparison with rocks at both lower
and higher structural levels, which contain significant volumes of mafic to intermediate

granulite and typically have lower proportions of leucosome.

The effects of the inferred melt weakening on the local and regional structural
evolution would have depended on the amount of melt present in the rocks at any one
time, the duration of the melt-weakened state, and the regional tectonic regime at the time
of melting (Beaumont ef al., 2001a). As noted above, butcrop proportions of leucosome
range up to 40-50 vol.%. Although it seems unlikely that all the leucosome in these
outcrops was molten at the same time, melt volumes of 10-20% are quite likely. At
present, we have no constraints on the longevity of melting in these rocks. The
observation that some leucosomes are strongly folded, others less folded, and yet others
undeformed, suggests that leucosomes were present throughout much of the deformation

history of the Muskoka domain, although not necessarily for a long time in any one place.

There is clear field evidence from the Muskoka and Shawanaga domains that melt



207

was present during top-to-southeast, normal-sense shear, as indicated by leucosomes in
shear bands displaying southeast-directed displacement (Timmermann ef al., 2002;
Chapters 3 and 4). At least three interpretations of this relationship are possible,
depending on the tectonic regime associated with the top-to-southeast fabrics: i) the’
southeast-directed fabrics could be related to southeast-directed shear, syn-convergent
extension. In this case, the extensional fabrics should be asymmetrical and demonsifébly
coeval with convergence, but could be either widely distributed or related to a specific
shear zone (e.g., Shawanaga shear zone, Ketchum et al., 1998); i) the southeast—difécted
fabrics could be related to ductile thinning (flattening), in which case the fabrics should
be symmetrical on a regional scale (but could be asymmetrical on a local scale), should
post-date regibnal convergence (but could drive short-lived convergence at the margiﬁs
of the orogen) and not restricted to a channel; iii) the southeast-directed fabrics courl‘d be
related to channel flow (Beaumont ef al., 2001b; Jamieson et al., 2002). In this case the
fabrics should be restricted to a relatively thin but laterally extensive zone that had a
lower viscosity than overlying and underlying regions, ductile flow would be
concentrated in this zone and the flow direction in the upper part of the channel would
appear to be opposite to the general transport direction. Fabrics related to éhannel flow
should be demonstrably synchronous with convergent structures at lower structural |

levels:

Alternative i) is difficult to reconcile with the observation that the southeast-
directed movement in the Muskoka domain coincides temporally with thrusting near the
base of the CMBBZ at ca. 1060 Ma (van Breemen and Hanmer, 1986). The available
geochronological data from the Muskoka and Shawanaga domains suggest that partial
melting and southeast-directed, normal-sense shear was syn—com?ergent, and appeaf to
rule out alternative ’ii) above that implies a post-orogenic age of fabric formation. -
Alternative ii) is also ruled out because the predicted symmetric structural pattern 1s hot
observed (i.e., there are no observations suggesting northwest-directed, normal-sen’ée
shear in the CGB). In contrast, a number of observations appear to support the -
suggestion by Jamieson et al. (2002) that the Muskoka (and Shawanaga?) domain ‘

represents a zone of Grenvillian channel flow. These domains are thin but lateraIIY' |
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extensive; the high degree of melting is likely to have reduced the viscosity ‘of the rocks
and the flow direction in these domains appears to have been opposite to the general
transport direction in the CGB at the time of partial melting; flow was syn-tectonic. The
study of channel flow in the Muskoka and Shawanaga domains has not been the focus of
this thesis, however, as a tentative conclusion, based on results obtained here and from
previous studies and following Jamieson ef al. (2002), I suggest that the Muskoka and

Shawanaga domains may represent zone(s) of Grenvillian channel flow.

6.2.5. Did partial melting facilitate thrusting in the study area?

Jamieson ef al. (1992) suggested that partially molten rocks (migmatites) may have
facilitated transport of allochthonous units in the study area by acting as thin, extremely
weak, intra-crustal décollements. The geochronological data from the Shawanaga and
Muskoka domains suggest that in many cases, partial melting took place several million
years after peak metamorphic conditions had been attained, thus, partial melting probably
did not facilitate early Grenvillian thrusting. However, as discussed above, leucosome-
structure relationships and geochronological data suggest that partial melting in the
Muskoka and Shawanaga domains may have been associated with channel flow. Thus,
partial melting may have facilitated the assembly of the orogen into its present

configuration, as discussed above.

6.2.6. Suggestions for further work

e  Further detailed field, geochemical, and petrographic work is needed to understand
the apparent differences in petrogenesis and possible relationship to deformation of

the stromatic and patchy migmatites, as described in Chapter 3.

e Further field and geochronological work is needed to determine whether melting was
episodic or continuous. This information is necessary in order to estimate the
amount of melt present in these rocks at any one time, which has significance for the

applicability of some tectonic models (for example channel flow).
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6.3. The role of fluids in the middle crust during orogenesis

Fluids are powerful agents of metamorphism and their compositions, quantities,
and modes of transport exert a fundamental control on melting, mineral stability, mass
transport, deformation style, and heat flow. However, despite their potential effects on
metamorphic and orogenic processes, the presence, nature, and role of fluids in the
orogenic crust, particularly at mid- to lower crustal levels, are debated. Some authors
have argued that massive, pervasive influx of CO,-rich fluids can lead to formation of
granulite-facies rocks (Touret, 1971; Jackson and Santosh, 1992), others have argued that
flow of aqueous fluids may be important in the formation of greenschist- and
amphibolite-facies rocks (Etheridge ef al., 1983; Ferry, 1986), and yet others have argued
that pervasive influx of fluids at mid- to lower crustal levels is nearly impossible (Stevens

“and Clemens, 1993).

The southwestern Grenville Province in Ontario exposes large tracts éf upper
amphibolite- to granulite-facies gneisses and migmatite. During the last five years, new
field, petrographic, geochemical, and geochronological data have been obtained from the
southwestern Grenville Province that provide some insight into the nature and role of
fluids in the mid- to lower orogenic crust (Timmermann, 1998; Timmermann ef al., 2002;
Layman et al., 2003; this study). Although many more detailed studies on fluid activity
during high-grade metamorphism have been conducted in other orogens e.g., the
Reynolds Range, Australia (Vry et al., 1996; Williams et al., 1996), Deep Freeze Range,
Antarctica (Giorgetti ef al., 1996), Bamble Province, Norway (Touret, 1981), and the
Limpopo belt, South Africa (Hoernes et al., 1995), the' southwestern Grenville Province
has the advantagehthat its métamorphic and deformational history is well constrained after
more than 20 years of field, petrographic, and geochronological work (see recent reviews
by Culshaw et al., 1997 and Carr et al., 2000, and references therein). This means that
processes (e.g., partial melting and associated decrease in viscosity) related to the
presence of fluids can be related to the tectonic and metamorphic history of the area to
yield a better understanding of the role of fluids during high-grade metamorphism in the

mid- to lower orogenic crust. Here, I review field observations, petrographic,
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geochemical, and geochronological data from the southwestem Grenville Province that
can be interpreted in terms of presence of fluids, and discuss the implications for the role
of fluids during high-grade metamorphism in general. In particular, I will point out

questions that have arisen from recent work (including this study) in the area.

6.3.1. Evidence of the presence of fluids in the CGB

Petrographic observations from the Muskoka domain suggest that partial melting
took place under fluid-present conditions (Chapter 3), although breakdown of biotite
probably also contributed to melting (Timmermanri et al., 2002). Petrographic
observations from the migmatites (metatexites) in the Shawanaga domain (Chapter 4), in
particular the relative scarcity of biotite in the host rocks (Sand Bay gneiss) and coarse
hornblende in the leucosomes, suggest a similar petrogenesis to the migmatites in the
Muskoka domain. In addition to apparent fluid-present melting in the Muskoka and
Shawanaga domainé, the heterogeneous development of migmatite in the Britt domain
may be related to influx of externally derived fluids (N. G. Culshaw, pers. comm., 2003).
The compositions, sources, and transport mechanisms of the hypothesized fluids are,
however, poorly constrained. The identification of small amounts of carbonate
associated with the Muskoka migmatites (Chapter 3), and the interpretation by
Timmermann ef al. (2002) that some patchy granulites formed at the same time as the
migmatites may indicate a mixed H,0-CO; fluid. However, the age and possible genetic
relations between migmatite and patchy granulite are not fully resolved, and it is possible
that they formed at different times and/or were related to more than one influx of fluid.
The geochemical data in Chapter 6 suggest that the hypothesized fluids present during

partial melting contained K,O.

Large mafic bodies, locally identifiable as coronitic metagabbro, are common in the
Muskoka domain (see Fig. 2 in Ketchum and Davidson, 2000). A transect across a 45 m
wide coronitic metagabbro located ca. 5 km north-northeast of Baysville along Hw 117,
shows that the leucosome abundances in the granodioritic host rocks decrease from 39-50
vol.% at distances between 10 and 50 m from the metagabbro to <15 vol.% at distances

<10 m from the granodiorite-metagabbro contact. The center of the metagabbro is
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granulitic, whereas the outermost 5-8 m of the metagabbro are amphibolitized. Similar
features are common elsewhere in the Muskoka domain (Timmermann et a/., 2002) and
in the Britt domain (N. G. Culshaw, pers. comm., 2003). [ interpret this observation to
suggest that externally derived fluids were partitioned into the ‘dry’ mafic rocks where
they caused retrogression rather than induce partial melting in the country rocks. In
contrast, fluids derived by dehydration of hydrous phases in the country rocks would
have caused partial melting at the site of dehydration, and would therefore not have

caused retrogression of the metagabbro.

Granulites in the Parry Sound domain are retrogressed to amphibolite-facies toward
the southern and southwestern margins (Culshaw et af., 1989; Wodicka er al., 2000). The
retrogression is patchy in the more interior parts of the affected zone but becomes
pervasive toward the margin (N. G. Culshaw, pers. comm., 2003) suggesting that
retrogression resulted from influx of aqueous fluids. Similar examples of retrogression
from granulite- to amphibolite-facies have been reported from a number of high-grade
terranes e.g., the Scourie terrane, Scotland (Beach, 1976), the Fiskefjord region,
Greenland (Garde, 1990), and the Limpopo belt, South Africa (van Reenen, 1986), and
are generally interpreted to result from influx of externally derived fluids. The
- retrogressive fluids are typically interpreted to have been water-rich (e.g., Beach, 1976;
Garde, 1990), but in some cases CO,-rich fluids (van Reenen, 1986) or no fluids at all

(Vennemann and Smith, 1992) are invoked.

6.3.2. Discussion

Although a few investigations targeting the nature and role of fluids in high-grade
metamorphic rocks of the CGB have been undertaken in the study area (Pattison, 1991;
Layman et al., 2003), the observations summarized above suggest that a more systematic

study could offer considerable insight on the role of fluid in the lower orogenic crust.

The results of the present study suggest that aqueous or mixed H>0-CO; fluids can
migrate through the mid-crustal levels (30-35 km depth) of large collisional orogens. In
some migmatite terranes, formed at relatively shallow crustal levels (10-15 km depth), a

meteoric fluid has been invoked (e.g., Wickham, 1987a). An atmospheric source is
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extremely unlikely in the middle to lower crust, and dehydration of underlying rocks (cf.,
Le Fort, 1975) may be a more likely source. The Algonquin domain, immediately
underlying the Muskoka domain, consists largely of granulites (Culshaw et a/., 1983) and
may represent a possible source. However, at least some of these granulites formed prior
to Grenvillian orogenesis (Nadeau, 1990) and are ruled out as a potential source, and it is
not clear that the Algonquin domain was situated underneath the Muskoka domain at the
time of partial melting in the latter. The mode of fluid transport also is not clear; for
example, did dehydration of the Algonquin domain (or another source) involve partial
melting and upward migration of hydrous melts, or were the fluids derived by subsolidus
dehydration reactions and then rﬁigrated to higher structural levels where they induced
partial melting? Was fluid transport pervasive or channelized, and what was the

composition of the fluid?

Timmermann ef al. (2002) suggested that patchy granulites in the eastern Muskoka
domain formed in response to influx of low ay,o-fluids during peak metamorphism.
Their intérpretation follows a large body of literature on apparently similar granulites in
southern India (typically referred to as "arrested charnockite" Newton, 1992, and
references therein). However, the observation that the patchy granulites are spatially
related to orthopyroxene-bearing pegmatitic syenites (Chapter 5) allows-an alternativc
petrogenetic interpretation to that proposed by Timmermann et al. (2002). Frost and
Frost (1987) suggested that mantle-derived magmas could transport large amounts of
CO, into the lower and middle crust to form granulite-facies assemblages, and
experimental results by Peterson and Newton (1990) suggest that syenitic melts may
dissolve relatively large amounts of CO,. The spatial relationship between pegmatitic
syenites and patchy granulite in the Muskoka domain may therefore indicate that the
syenites transported CO; into the Muskoka domain, causing dehydration and formation of
granulite-facies assemblages. The tectonic setting and evolution of the southern India
“arrested charnockites” is poorly known. In contrast, the tectonic history of the Grenville
Province is comparatively well known and may allow the formation of the patchy
granulites to be linked with the tectonic evolution of the area. Several questions need to

be answered first. In particular, did the patchy granulites form by influx of a CO,-rich
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fluid, and if so, what was the source of CO,? Is the relationship between pegmatitic
syenite and patchy granulite genetic as well as spatial? Were the pegmatites (and the
CO, they may have contained) mantle-derived or did they contain a significant crustal
component in the form of assimilated rock+associated fluids? If the pegmatites and CO,

are mantle-derived, how did the mantle get involved?

Although the role of fluids during Grenvillian orogenesis has not been the focus of
the present study, this work has highlighted the importance of the problem and has
identified a number of specific targets for further study. Stable isotope (O, C, H) and
fluid inclusion investigations of the migmatites, patchy granulites, and pegmatitic
syenites could yield information about the compositions and sources of fluids during
migmatization and formation of the patchy granulites (Hansen er al., 1984; Jackson ef al.,
1988). Such data are also needed to test the proposed genetic connection between patchy
granulites and pegmatitic syenites. Geochemical and petrographic data are needed to test
whether the formation of the patchy granulites was associated with compositional
changes; for example, Powell (1983) and Clemens (1992) suggest that granulite may
form by partial melting and extraction of the hydrous melt. This process should be
possible to identify geochemically and petrographically in the patchy granulites.
Combined with the large geochronological database from the CGB, further studies in this
area, as briefly outlined above, presents an opportunity to relate the presence of fluids to

the tectonic and metamorphic evolution of large orogenic systems.

6.4. Conclusions

e  Calc-alkaline rocks in the Muskoka domain, probably formed in a continental
magmatic arc, are spatially and temporally associated with A-type granites. Both
suites of rock intruded at ca. 1450 Ma, and may have overlapped in age with

granulite-facies metamorphism in the area.

e  Partial melting in the Muskoka and Shawanaga domains may have been episodic,
although continuous, protracted melting cannot be ruled out. The petrographic data

suggest that partial melting may have taken place in response to influx of externally
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derived fluids.

Partial melting in the Muskoka and Shawanaga domains was coeval with the
formation of southeast-directed structures. At the same time, the orogen as a whole
was undergoing northwest-directed shortening. This relationship may indicate
channel flow within the Muskoka and Shawanaga domains during Grenvillian

orogenesis.

Granite and pegmatite in the Shawanaga domain intruded at ca. 1090 Ma, cutting an
older fabric in the Sand Bay gneiss association. The age of granite-pegmatite
intrusion is similar to metamorphic ages from nearby retrogressed eclogites, which
could represent either the time of high-pressure metamorphism or the high-
temperature overprint. The field and geochronological data suggest that the Sand
Bay gneiss association underwent Grenvillian deformation and metamorphism at

least 10 My before the Muskoka domain.
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APPENDIX A. Geochemistry, precision and accuracy

A.1. Introduction

Precision. Precision refers to the repeatability of a measurement. Itis a measure of
the reproducibility of the method and is determined by making replicate measurements on
the same sample. The limiting factor on precision is the counting statistics of the
measuring device used (i.e., instrumental performance). Other important factors
determining the precision are the homogeneity of the original sample material and the
ability (for XRF analyses) to make homogenous beads. Precision can be defined by the
coefficient of variation (c), also known as relative standard deviation, which is 100 times

the standard deviation (c) divided by the mean (u):

c=100*2
T

Accuracy. The accuracy is an estimate of how close the measured values is to the
true value. Unlike precision, a definitive measure of the accuracy of geologic samples is
not possible because the ‘true value’ is unknown. Therefore, determining the accuracy of
an analysis is normally done by reference to a geochemical reference standard (e.g.,
Govindaraju, 1994), the value of which has been established by numerous analyses, using
a variety of techniques, in a number of different labs. The accuracy is defined as the

measured value relative to the standard or true value, given in percent.

A.2. Precision and accuracy

A.2.1. XRF analyses

The major elements and the following trace elements were analyzed by XRF: Ba,
Rb, Sr, Y, Zr, Nb, V, Cr, Co, Ni, Cu, Zn, Ga, Pb, U. The precision and accuracy of the
XRF analyses were determined by multiple analyses of published standards (AGV-1 and
BE-N, Govindaraju, 1994), and one in-house standard (HFL-1). The results with

calculated precision and accuracy are shown in Table A.1. The precision of the major
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elements is better than 2%, and mostly better than 1%. The accuracy is generally better
than 3% on average, with some exceptions: accuracy of Na,O and P,Os is 10% and 8%,
respectively, in HFL-1, and accuracy of MnO is 7% in AGV-1. The precision for the
trace elements is generally better than 16%, except for U with a precision of 23% and
29% in HFL-1 and BE-N, respectively. The accuracy is better than 15% on average for
most trace elements. The accuracy of Zr and Rb is 24% and 33%, respectively, in BE-N;
the accuracy of U is poorer than 25% in all three standards, and Pb is poorer than 35% in
AGV-1 and BE-N.

A.2.2. ICP-MS analyses

The following elements were determined using ICP-MS: La, Ce, Pr, Nd, Sm, Eu,
Gd. Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, and Th. Similar to the XRF analyses, the precision
and accuracy of the ICP-MS analyses were determined by multiple analyses of published
and unpublished standards (MRG-1 and BR-688). The results with calculated precision
and accuracy are shown in Table A.2. On average, the precision of the ICP-MS analyses
is better that 10% and 12% for MRG-1 and BR-688, respectively, whereas the accuracy is
better than 12% and 13% for MRG-1 and BR-688, respectively. For reasons unknown,
these results are poorer than those obtained by Longerich er al. (1990) who reported
precision between 2 and 4% and accuracy between 6 and 10% using the same Na,O,

sintering technique that was used here.
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Standard Sept. 2000 Accuracy Nov. 2000 Accuracy Jan. 2001 Accuracy

HFL-1 HFL-1 HFL-1 HFL-1 HFL-1 HFL-1 HFL-1
SiO, 59.86 60.25 0.65 60.17 0.52 60.25 0.65
TiO, 0.96 0.97 1.04 0.97 0.52 0.97 1.04
AlbO; 21.89 22.06 0.78 22.00 0.50 22.08 0.78
Fe 03 7.07 7.11 0.57 7.08 0.28 7.1 0.57
MnO 0.08 0.08 0.00 0.07 1.33 0.08 0.00
MgO 1.70 1.73 1.76 1.76 3.53 1.73 1.76
Ca0 0.29 0.28 3.45 0.28 3.45 0.28 3.45
Na,O 1.38 1.50 7.91 1.55 11.51 1.50 7.91
K,0 4.37 438 0.23 4.37 0.00 4.38 0.23
P05 0.12 0.13 7.50 0.13 5.83 0.13 7.50
L.O.L - - - - - - -
Vv 120 126 5 129 8 126 5
Cr 85 88 4 82 4 88 4
Co 37 34 8 35 5 34 8
Zr 181 184 2 178 2 184 2
Ba 900 984 9 921 2 984 9
Ni 40 40 0 45 13 40 0
Cu 32 37 16 33 3 37 16
Zn 106 108 3 107 1 109 3
Ga 31 33 6 27 13 33 6
Rb 178 180 1 179 1 180 1
Sr 211 215 2 213 1 215 2
Y 35 42 20 35 0 42 20
Nb 20 19 5 21 5 19 5
Pb 35 28 20 34 3 28 20
U 2 3 50 2 0 3 50
Max - major 8 12 8
Avg. - major 2 3 2
Max - trace 50 13 50
Avg. - trace 10 4 10




Table A.1 continued.
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HFL-1 overall
Feb. 2001 Accuracy Accuracy Mean St dev. Precision

HFL-1 HFL-1 Max  Mean HFL-1 HFL-1 HFL-1
SiO, 60.08 0.38 0.65 0.55 60.19 0.08 0.13
TiO, 0.96 .10 1.04 068 0.97 0.00 0.45
Al,Os 22.02 0.59 078 0.66 22.04 0.03 0.14
Fe 0, 7.08 0.14 0.57 0.39 7.10 0.01 0.21
MnO 0.07 1.33 1.33  0.67 0.07 0.00 0.77
MgO 1.78 4.71 4.71 2.94 1.75 0.02 1.40
Ca0 0.29 0.00 345 259 028 0.00 1.77
Na,O 1.57 12.95 12.95 1007 1.53 0.04 2.33
K0 4.38 0.23 0.23 0.17 4.38 0.01 0.11
P,0s 0.13 9.17 9.17 7.50 0.13 0.00 1.27
L.O.1. - - - - - - -
A 132 10 10 7 128 3 2
Cr 80 6 4 85 4 5
Co 33 11 11 8 34 1 2
Zr 179 1 2 2 181 3 2
Ba 956 6 9 7 961 30 3
Ni 42 5 13 4 42 2 6
Cu 35 9 16 11 36 2 5
Zn 107 1 3 2 108 1 1
Ga 29 6 13 8 31 3 10
Rb 180 1 1 1 180 1 0
Sr 212 0 2 1 214 2 1
Y 42 20 20 15 40 4 9
Nb 21 5 5 5 20 1 6
Pb 34 3 20 11 31 3 11
U 2 0 50 25 3 1 23
Max - major 13 2
Avg. - major 3 1
Max - trace 20 23
Avg. - trace 6 6
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Table A.1 continued.

Standard Sept. 2000 Accuracy Nov. 2000 Accuracy
AGV-1 AGV-1 AGV-2  AGV-3 AGV-4

SiO, 58.84 59.06 0.37 58.81 0.05
TiO, 1.08 1.05 0.38 1.05 0.48
AlLCs 17.18 17.09 0.35 17.03 0.70
FeyOs 8.77 8.75 0.30 6.73 0.59
MnO 0.09 0.10 6.67 0.10 6.67
MgO 1.53 1.53 0.00 1.56 1.96
Ca0 4.94 492 0.40 490 0.81
Na,0 4.26 4.25 0.23 4.36 2.35
K0 2.92 2.92 0.00 2.91 0.34
P05 0.49 0.50 2.04 0.50 1.63
LOL 1.20 1.20 0.00 1.20 0.00
Vv 121 143 18 146 21
Cr 10 9 11 10 1
Co 18 20 31 20 31
Zr 227 245 8 239 5
Ba 1226 1339 9 1133 8
Ni 13 13 0 17 31
Cu 60 57 5 60 0
Zn 88 88 0 92 5
Ga 20 22 10 22 10
Rb 67 65 3 62 8
Sr 663 666 0 665 0
Y 20 16 20 20 0
Nb 15 14 7 12 20
Pb 36 21 42 18 50
U 2 1 48 1 48
Max - major

Avg. - major 1 1
Max - trace ) 48 50

Avg. -trace 14 16




Table A.1 continued.

Jan. 2001 Accuracy Feb. 2001 Accuracy Sept. 2001 Accuracy

AGV-5 AGV-6 AGV-7 AGV-8 AGV-9 AGV-10

SiO, 58.06 0.37 58.75 0.15 59.82 1.67
TiO, 1.05 0.38 1.04 0.86 1.07 1.71
AlLO; 17.09 0.35 17.03 0.70 17.24 0.52
Fe,Os 6.75 0.30 6.69 1.18 86.85 1.18
MnO 0.10 6.67 0.10 6.67 0.10 8.89
MgO 1.53 0.00 1.56 1.96 1.56 1.96
Ca0 492 0.40 4.91 0.61 4.98 0.81
Na,O 4.25 0.23 4.28 0.47 4.32 1.41
K,O 2.92 0.00 2.91 0.34 2.95 1.03
P,0s 0.50 2.04 0.50 2.45 0.51 3.27
LOIL 1.20 0.00 1.20 0.00 1.20 0.00
\YJ 143 18 147 21 143 18
Cr 9 11 12 19 10 1
Co 20 31 17 11 19 24
Zr 245 8 241 6 253 11
Ba 1339 9 1278 4 1122 8
Ni 13 0 17 31 15 15
Cu 57 5 61 2 73 22
Zn 88 0 86 2 94 7
Ga 22 10 20 0 19 5
Rb 65 3 61 9 60 11
Sr 666 0 664 0 682 3
Y 16 20 21 5 21 5
Nb 14 7 13 13 11 27
Pb 21 42 21 42 15 58
U 1 48 <1 - 1 48
Max - major 7 -7 9
Avg. - major 1 1 2
Max - trace 48 42 58
Avg. - trace 14 12 18
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Table A.1 continued.

AGV-1 overail
Accuracy Mean St. dev. Precision
Max Mean AGV-11 AGV-12 AGV-13

SiO, 1.67 0.52 58.10 0.43 0.72
TiO, 171 076 1.05 0.01 0.99
Al,O; 070 0852 17.10 0.08 0.50
Fe,0s 1.18 071 6.75 0.06 0.87
MnO 889 7.11 0.10 0.00 0.93
MgO 196 1.18 1.55 0.02 1.06
Ca0 0.81 061 493 0.03 0.64
Na,O 235 094 4.29 0.05 1.1
K,O 1.03 034 292 0.02 0.56
P,0s 327 229 0.50 0.00 0.61
LOL 0.00 0.00 1.20 0.00 0.00
\Y 21 18 144 2 1
Cr 19 9 10 1 12
Co 31 25 19 1 7
Zr 11 8 245 5 2
Ba 9 8 1242 108 9
Ni 31 15 15. 2 13
Cu 22 7 62 7 11
Zn 7 3 90 3 4
Ga 10 7 21 1 7
Rb 11 7 63 2 4
Sr 3 1 669 8 1
Y 20 10 19 3 14
Nb 27 15 13 1 10
Pb 58 47 19 3 14
U 48 48 1 0 0
Max - major 1
Avg. - major 1
Max - trace 14
Avg, - trace 7
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Table A.1 continued.

Standard Sept. 2000 Accuracy Nov. 2000 Accuracy

BE-N BE-N BE-N BE-N BE-N

SiO, 38.20 38.36 0.42 38.36 0.42
TiO, 2.61 2.66 1.80 2.62 0.42
ALO; 10.07 10.08 0.10 9.98 0.89
Fe, 05 12.84 12.94 0.78 12.79 0.39
MnQC 0.20 0.20 0.00 0.20 0.50
MgO 13.15 13.28 0.99 13.17 0.15
Ca0 13.87 13.95 0.58 13.86 0.07
Na,O 3.18 3.32 4.40 3.18 0.00
K0 1.39 1.40 0.72 1.38 0.72
P,0s 1.05 1.06 0.76 1.05 0.19
L.O.L 2.45 2.45 0.00 245 0.00
\Y 235 318 35 319 36
Cr 360 359 0 335 7
Co 60 54 10 54 10
Zr 260 323 24 318 22
Ba 1025 1127 10 1025 0
Ni 267 270 1 260 3
Cu 72 68 6 63 13
Zn 120 101 16 112 7
Ga 17 16 6 17 0
Rb 47 26 45 36 23
Sr 1370 1387 1 1376 0
Y 30 30 0 30 0
Nb 105 104 1 105 0
Pb 4 6 50 5 25
U 2 2 17 1 58
Max - major 4 1
Avg. - major 1

Max - trace 50 58
Avg. - trace 15 14
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Table A.1 continued.

Jan. 2001 Accuracy Feb. 2001 Accuracy Sepi. 2001 Accuracy

BE-N BE-N BE-N BE-N BE-N BE-N
SiO; 38.36 0.42 38.28 0.24 38.14 0.18
TiO, 2.66 1.80 2.62 0.42 2.62 0.19
AlLO; 10.08 0.10 10.00 0.70 10.02 0.50
Fe 05 12.94 0.78 12.71 1.01 12.73 0.86
MnO 0.20 0.00 0.20 0.50 0.20 1.00
MgO 13.28 0.99 13.21 0.46 13.16 0.08
Cal 13.95 0.58 13.85 0.14 13.75 0.87
Na,0 3.32 4.40 3.18 0.00 3.24 1.89
K0 1.40 0.72 1.39 0.00 1.38 0.72
P05 1.06 0.76 1.04 0.76 1.04 0.76
LO.L 2.45 0.00 2.45 0.00 2.45 0.00
vV 318 35 314 34 301 28
Cr 359 0 338 6 349 3
Co 54 10 53 12 56 7
Zr 323 24 320 23 322 24
Ba 1127 10 1150 12 784 24
Ni 270 1 257 4 266 0
Cu 68 8 63 13 64 11
Zn 101 16 113 6 114 5
Ga 16 6 16 6 19 12
Rb 26 45 36 23 34 28
Sr 1387 1 1375 0 1338 2
Y 30 0 23 23 24 20
Nb 104 1 106 1 102 3
Pb ¢} 50 5 25 5 25
U 2 17 2 17 <1 -
Max - major 4 1 2
Avg. - major 1 0 1
Max - trace 50 34 28
Avg. - trace 15 14 14
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Table A.1 continued.

BE-N overall
Accuracy Mean St dev. Precision

Max Mean BE-N BE-N BE-N
Sio, 042 033 38.30 0.10 0.25
TiO, 1.80 0.83 2.63 0.02 0.80
AlLOs 0.89 046 10.03 0.05 0.46
Fe, 0, 1.01  0.76 12.82 0.11 087
MnO 100 040 0.20 0.00 042
MgO 0.89 0.53 13.22 0.06 0.44
Ca0o 0.87 045 13.87 0.08 0.60
Na,0 4.40 214 325 0.07 2.16
K0 072 058 1.39 0.01 072
P05 076 065 1.05 0.01 077
LO.L 0.00 0.00 2.45 0.00 0.00
A 36 34 314 8 2
Cr 7 3 348 11 3
Co 12 10 54 1 2
Zr 24 24 321 2 1
Ba 24 11 1043 152 15
Ni 4 2 265 6 2
Cu 13 9 65 3 4
Zn 16 10 108 7 6
Ga 12 6 17 1 8
Rb 45 33 32 5 16
Sr 2 1 1373 20 1
Y 23 g 27 4 13
Nb 3 1 104 1 1
Pb 50 35 5 1 10
U 58 27 2 1 29
Max - major 2
Avg. - major 1
Max - trace 29
Avg. - trace 8

251



252

z ] 9 9 abelany

Vi A 6¢ 8L Xep
e} 180 898 SL0 £9¢ 8.0 ¥9°8 SL0 _ 280 yL
192 66 9672 vl LY'6€ ev'g 6281 09'v 68'¢ iH
680 b0 c8'lL L0 £6°0 Lo 8604 oLo Lie nm
G6°¢C 180 09'L 080 GlLc 180 69¢ GL0 640 aA
2671 ¥L0 4 SL0 297 510 81¢ ¥L'0 vio Wi
0¢ oZ't 0eeL 0L c60L 62t 9zt \Z'L 9L°L i3
8470 6%°0 8Lg LG'0 68t 050 or'y Ly 0 6v°0 OH
0L0 0o¢ 6% 0 66'C 0¢3¢ €6°¢ cL6 14¢C 00°¢ Aqg
90/ 86’0 928 9G'0 £8v GG0 XA LG°0 £8°0 ql
g2z 90"y 66¢ 1588 4 60¢ 60V 98¢ 28'¢ " L8'¢ PO
go'L 6E’L G6'Y Syl 66t 1 g9 Vel 8¢L n3g
o'l ge'Py 8r'e vy gLy (AR % €8¢ iy ye'y wg
96°¢ s0glL g00 661 8c0 L9/ 88'r .9l 0%°lL PN
8c0 [ 96°¢ AR L4l GOt L9 8v'e LLe id
8e’L 4 TA g2r 692 G6°'L 0gse 6.9 SO'¥C 08's¢ 80
8.°¢ oL's i 0.8 el 128 9L¢ G8'8 £8°8 e
L-O4HW  CE-1-OuIN  [-DHN  L-L-OHUIN  [-D4A  €-1-ONIN  [-98W  L-L-O¥IN  (801-8Z Uni NN L-DHIA

Aoeinooy 100z Ainf Aoeunooy 00T ‘994 Aoeinooy L00Z ‘994 A%einddy L00Z ‘a94 piepuels

'sasAjeue S-JDJ JO AOrINIdE PUE UOISIIIJ 7'V d[qe



253

0L Lh 6 0L 3 abeieny
81 61 0e £z / Xep
696 060 6¢°€ 680 99°% LL0 P6°LL 260 bl £8°0 ul
162 6E ¥ reEL Ly ZLGL 8py 178 YA #90 98'¢ H
8reL zLo 65/ ZLo 082 210 9661 €10 960 Lo n
66741 £6°0 9e2l 680 162 LL0 090 6.0 8y 28°0 aA
£8°G) 910 ZL 04 GL'0 LLO pL'0 6G ¥ GL°0 12€ v1°0 wy
G9°€L ze'L 09°LL 62’} 9L/ vzl 1224 9e'L 650 GL'L 3
GSLL 650 GELL §5°0 2eZ 8p'0 A £5°0 rh 0 650 OH
062 60°€ S0Th 9e'e £0'6 Lzt 6LLL vE'E 191 G6'Z Aa
0641 850 0984 290 €002 290 £Lee ¥9°0 126 650 aL
Z6€ ELy L6GL 65V £9°€!l AR 2 9464 SL'Y G668 Ly PO
956 LG'L 616 LS'L €224 951 GG 9L L9t LEG Shi ng
106 €Ly yri 99y 8811 98’y 0z ri 96t 98¢ LSy ws
8r'6 126l x4 v8'61 orp £8°91 80°0 191 0L'S 058l PN
g6t 68°€ 288 (%% 089 ap'e 82°9 8r'e A4 /8°€ id
09t 6692 68°€ 0892 29/ £8'€Z 629 874 29¢ v.92 Clo)
608 ¥G'6 PE 0L V.6 Ly or'g 62 29’8 L€ 8v'6 el
L-OUN 6E-L-OHIN  L-OMN  LE-L-DHIN L-O8N LE-L-DHN [-O8AN Se-1-OdN  [-O8A  Le-L-O9n

Aoeinoay L0z Aing Aoeunoay  L00z Aint Aoeunooy  Looz Ainp Aoeinooy 100z Aint Aoeunooy Loz Aine

‘panunu0d 7'y 3[qe,



254

Ll v 9 6 / abesony
8l vL Gt 81 gL xep
/871 /90 €2z ¥8°0 rr9 110 6281 190 6e8 680 ui
949 g9t 86°¢L Ev'y 121 ¥6'E a4 zLe 8L°¢ L0'Y H
v6°L LLo A L0 0EF L0 £9°9 0L0 Gr'e L0 n
1821 690 ¥8¢ 180 1£8 ZL0 196 L0 ¥6°'LL 880 aA
661 ZLo 8zt 710 086 €L'0 1291 ZLo 0S'LL oL0 wyp
£EEL L0') r8°L 8Ll 6£€L 00'} £EGL 860 999 9z'L 13
Gzl Zro 640 60 62°G4 Zro 6181 oro 089 Z50 OH
9e€c oL'e €61 G6'C 0.6 L2 8% 68T 209 8L Ag
2604 860 80/ 960 06t LG0 PG #5°0 LOEL 650 qL
066 9¢ P 0L'G Ly 09t 6L€ 062 G8'e 6Lk vo'v PO
8y Ze'L LY gL €82 2L £6¢ ve'L A 6v°L n3
¥9'G OL'¥ ZLe 8y'y £rz Sr'p e A 68 6S P ws
2 006Gl A 0081 LLE v0'LL £8°04 69°GL ¥6'8 LL6L PN
0r 9L oL 0L} 19°¢ #L0 > v.'8 6'€ Zr9 G6'¢€ Id
€121 £T'Le 298¢ 28'pe 122 (1] T4 pL2h 19722 zet 68'92 Clo)
98°LL 8L lE0 98'8 €0°s 126 §9°G £€'8 678 856 e
O €L-0-O8IN L-DHIN LL-L-DUIN 1O 69-L-OHIN L-D8A 19 L-OUN  L-D8SW 1 L-OuI

Aoeinody ZOOZ uer Aoeinody zOOZ uer Aoeinaoy ZoOz uer Aoeinaoy zooz uep Aoeindoy  Looz Ainp

"panuBu0d 7'y Aqe]



255

9 ¥ G LL abelany
ot [ 24 Iy 61 Xen
866 800 6.0 8 8! ll¢ 080 6r €L R 0084 190 UL
2801 gro AN 4 Zl 6¢ ¥9°02 69'v P9 iy 606! €9’y iH
989 00 O 9 9i 89¢ ¢l'o v6'c LLO £.9 A1) n
0cg 200 080 9 8l Lo 6.0 08¢ 280 {A] L0 aA
9.8 100 ¥LO Z gL 0L 710 8Ll 710 0c6 €Lo Wi
1001 ZLo 8Lt 6 L el 14N 14 A el 8r0l y0°'L 3
968 vo'o 8Y 0 Z 81 A 80 AN 8’0 620! 144l OH
¥Z'9 6L0 | (INN g ch ece oL'e 05t 96°¢ GEVY gl'e Aa
L¥9 ¥00 50 0l XA Srel 660 XA 690 tANAS 650 gL
£L9 820 ocv Vi 61 ere 6Ly 169 vy TV 99’y kO
£€q 800 GrlL 9 L L [A-h L0 - BEL 90, eyl n3
VA4 YA 0s v g vi oLz evry Lyo FAN4 909 09'% ws
96, FA A Gyl 9 1 2670 eVl 809 €691 ¢l ol LLGL PN
oLZ 9c0 09t 9 91 Lg¢ lo'e 6901 (AN £Lcl ST id
£6°9 LLE £9'%¢ 9 gl ore ze've VAR 89'ce 997¢! £6°2C 80
089 090 188 9 Zl 1872 806 L6 L6'L LE6 00’8 e7
L-OMIN L-DMN L-DHIN uesiy  xew O 08-L-O"IN D8I LL--9¥IN L-OMW SL-L-OYIN
uosinald  Asp IS ueayy Aoeinooy Aoeindoy  zooz uer  Aoeindoy  zZoOz uer  Aoeindoy  ZoOgZ uer

j{ei8A0 L-OHIN

"PONuUnUOd 7'y IqEL



256

¥ P o) 9 abeleny
YA Gc 8¢ £g Xew
144 S€0 o &) £e0 gL ceo AR £€0 v £€°0 Ul
£9¢ 0s'L 9g'sc €6'1L £E8¢ glLe Lgee v0°¢C 122 iH
98¢ AN 152 Le0 Zro 0€0 808 820 0e0 n
£9v 60°¢C 880 10T 68°¢ 6L ge08 12 002 gA
¥4 l€0 Lea Le0 £€9°0 0g'0 60t 620 g0 wi
68°0 44 G6'8 6Z¢ G9'/ TAYA 0.0 60°¢C 0L’z i3
L27¢ cL0 18T 2.0 020 0L°0 0cs 990 0L0 CH
0.6 62°¢ g8ly re'e LEL sZ'e £6'9 a0t ige Ag
L2€ 060 292 6%'0 PLO 8¥0 209 Gv0 8¥°0 alL
66°€ 66¢C [ YA ¥6'¢ 29t £8'¢ L0'9 LLe 882 18]
189 00'1L vo'v 860 8re 960 880 €60 ¥6'0 n3
vLG ev'e AN 2 ov'e 29} ve'e byl L2 0¢'C ws
8Gy or'8 A £€6'L £8¢ 08'L L8y $9'L £0'8 PN
vL Y gL't 080 9L 08¢ 69l N 4 4 8g°L o'l id
6G°¢ 96't1 ¥ Ll VA 4 €0'Li c8'v 6601 §S°LL 0
009 ac's et L6V 9r't VA 4 eee L8y 86’y 7
889-4dg 1€-889-H8 889-4g .l-889-M9 889-4g ¢€-880-¥d 989-y9 1-889-¥9 (L61-19L uni NOW) 889-48G
Aoeinoay  L00Z AInp Aoeinooy 1002 "08- Aoeinooy L00Z ‘84 Aoeinaoy 100z ‘o4 piepueg

"panupuod 7'y djqEf



257

8 g g 8 c abeseny

£l 9L Zl 91 L XeW
6511 /£°0 90°¢ €0 2z'6 0€0 G9'GlL 8¢0 Qe L£0 UL
£L01L VoL 99 9L Gz8 L9°) £8°1 yAR) cze 1G°1 M
6£€L Pe0 0€9 FASRY A4 ce0 GL'Z ¢c0 66°¢ L€0 ng
PéLL vZ'e 998 yANA £Z'LL 8.1 8601 8.1 86t y0'¢C gA
LO'LL €0 8.9 FAN) 069 8¢0 109 820 A LE0 W
96 oee YAV T 267 v0'C GLy 6L'¢ PLO 0i¢ 13
1601 L0 bt A4 gL0 058 ¥9°0 12°N 690 6L¢C L0 OH
€69 er'e 66°6GL Lt g8/ ar'e 128 B¢ 0L e Aa
8c'8 2s0 VA A 50 PE9 160 £20! €60 YA N4 050 al
661 €62 G.6 gl'e 4 Lo £06 142 G6'tL ¥6'¢C PO
920! ¥0'L r9r 860 6vG 6670 LE6 €0'L Gee 96°0 n3
618 6¥'¢C £9'p ov'e 09°¢ 8E'C oL/ 9v'Z 860 8¢ wg
808 898 0.8 €8 2801 9L’ lt9 167 ore oe'e PN
| £A] SL'L /89 9L 0/°t1 9L SroL 8yl e 69'L id
zeq oLzl VAN 4 80°¢CL 9Lt 6101 910! 80l goe 6L°L1L 8D
789 ze's 98/ 1€°G lL6 6y 997/ 09% 8P (A4S} e

889-¢€ 6£-889-48 889-4F /[£-880-HH 889-4F /€-889-HY 889-4F GE-880-Mg9 899-49 £-889-ud
Aoeinody LOOZ AN Aoemnooy  L,00z ANt Aoeinooy  L00Z Ainp Aoesnaoy  Looz Ainp Aoeunooy  Lo0Z Anp

"PInUBU0d 7'V JIqEL



258

vl Z 9 01 gl abeleAy

zz ) 9t 61 Lb © Xxep
1S61 120 12z Z€0 90°G LE0 66° €l 820 059 8€0 M
$0°6 ov'L 80°LL WA PE0 €61 L9 & zL04 0L'L H
898 lZ0 16°€ LE0 810 0€0" 8e9 820 GzZel ¥e0 n
zehe LS 904 86°1 p9°LL L) 1921 GL'L LLYL 622 aA
6902 ¥20 L) 0£0 86°€L 920 £PGL SZ0 rr Gl Ge'o wy
SrLe I} 89z p0'Z LEGL 8.1 §z'64 0L’ 8Lzl 9e'Z 13
6002 950 /80 69°0 0094 650 z061 IS0 p8ZL 6.0 OH
68°0 pZe zel sze 2z’s v0'E 5L pLe L0741 9/'¢ Ag
) PO 8e’L 6¥°0 €29 S¥'0 8z} Y0 ZeGL G50 aL
2z 0 68°C vlL €62 159 69 299 692 £6°¢ 66'2 PO
L6°LL €80 9cZ 96°0 ) S6°0 65°G 68°0 88°clL L0) ng
9z°€cl 002 120 82T ge0 62T SLG 812 £2°04 v6'e wsg
zLhe 62'9 800 p0'8 20°S €9/ or el 56'9 95°€L ZL'6 PN
9602 0g'L vz 19t 120 ¥9'L 656 6%'L 6£21 58'L id
£8°02 716 Sre GLiL 042 zAn S0'LL LZ0) 8z01 INA) Cle)
£8°/1 60 060 v6'p 8t 0L'S 649 99y §G'LL 95°'g el

889-4d €.-889-HE 889-¥F 1.-889-Ud 899-4F 69-889-H8 889-4d /9-889-49 889-5g L7-889-449
Aoeinooy  z00Z uer Aoeinody zooz uep Aoeinsoy  zZQOz uer Aoeinooy zooz uer Aoeindoy Looz Ainp

‘panuUBU0d 7'y dqe]



259

g 9 ¥ 2l abeleny

A 44 Vi 74 Xe
Gr ol €00 £€0 8 0c 09/ 9e0 GGG LEC 08t 620 Ui
ro'Cl A 0L} el 8¢ 65°Lc L8} G¢9 79l 9964 8L iH
£r9 goo LE0 9 £l L8 £e0 2s's TASR] 80°L1 €0 n
666 610 g6l 8 ¥4 Ly0 66°L 4 80¢ 088 8L aA
256 £00 6C°0 p ¥4 LEC 0€0 VAl 0€0 9.8 120 wj
L0l 120 L0¢ z 24 £60 80¢C 894 90¢ 6L 98'L 13
8.6 070 890 Vi 4 8c0 0.0 ¥6°0 690 966 €90 OH
8r'g cco 6€€ Vi Ll £€67¢C! £9°E 98y gee ¥9°¢L Go'e Aa
0c9 €00 050 9 Gl ve'LL ¥S0 oLy 080 L6°LL S0 qL
6L9 8L0 96°¢ g 6l €9 L0t 909 Soe cs 8l Lv'e PD
¥6'G 900 860 9 vl £6°9 101 AN LB°0. £r ol v0'L h3
ge'g €Lo gee g £l L18¢ 8€'C Ly 0 6C°¢ 208 8r'e ws
006 140 v8'4 Vi 44 (YA €18 VAN 4 894 LA 6L PN
ce8 #L0 09t Z %4 €Lt 191 869 €G'1L 986 6’1 id
PAA] 160 ELL z %4 L9°L vL L YAVl LL0L - £8°LL 8L'0} 8D
£6°/ 680 16¢ Z gl £8°¢ LL'S 189 12504 286 6v'vy e7

889-449 889-59  889-yd obeiony  Xep 889-4g 08-889-W9 889-yg /[/-889-ME 889-¢g G/-280-Mg
uoISIo8id ‘A8 IS ueapy Aoeinooy Aoeinooy ZOOZ uer Aoeinooy zZ0ooz uer Aoeindoy  zooz uer

jiei2A0 §89-¥g

"panuUNuOd 7'V JIqEL



APPENDIX B. Geochemical data, Chapter 2

Table B.1 Geochemistry of gray gneiss, Muskoka domain, Ojibway gneiss
association, Upper Ge Home domain, and Shawanaga pluton.

Muskoka domain

Sample 99.16-P  99.16-Pv__ MO06073-1 M080715 MO08079 MO09072 99.16-Pw_ 99.42

Easting 647 550 647 550 634 850 645330 642500 632480 647550 669500
Northing 5000500 5000500 4994 050 4999 150 4897 990 5008 150 5000 500 5001 330

SiO; (wt.%) 61.54 69.91 71.29 61.90 67.63 53.92 53.29 51.09
TiO; 0.77 0.67 0.36 1.22 0.43 1.12 1.07 1.37
AlO3 17.36 15.36 14.62 15.62 15.54 17.42 17.30 19.69
Fey03 5.14 3.16 243 6.17 3.13 9.86 9.34 9.15
MnO 0.07 0.06 0.04 0.13 0.05 0.16 0.15 0.13
MgO 2.23 0.81 0.73 1.62 1.21 4.32 4.36 3.43
Ca0 473 2.10 1.99 3.33 2.59 7.51 7.25 7.35
Nax0 4.85 3.04 3.80 3.97 4.49 3.61 5.05 4.66
K0 2.57 4.44 4.36 4.85 3.38 2.53 1.92 1.86
P.0s 0.28 0.17 0.11 0.40 0.15 0.32 0.37 0.44
L.OL 0.29 0.20 0.10 0.00 0.30 0.45 0.48 0.76
Total 99.83 100.82 99.82 99.21 98.91 101.22 100.58 99.92
Ba (ppm) 1132 1266 979 1404 1134 99% 647 1116
Rb 71 134 142 101 82 60 31 30
Sr 936 417 430 345 559 549 636 1148
Y 20 22 29 53 19 33 39 40
Zr 301 371 192 798 186 333 308 396
Nb [ 1" 10 26 6 8 8 12
Th n.a. 12.63 14.89 n.a. n.a. n.a. 3.07 n.a.
Ga 22 18 19 21 19 21 21 26
Zn 84 59 51 109 62 101 123 131
Ni 12 - <3 78 30 21 19 12
\ - - 50 131 62 187 - -
Cr - - 4 <4 11 18 - -
Hf n.a. 13.23 5.11 n.a. n.a. n.a. 10.39 n.a.
Co 15 1 5 11 6 33 34 29
U 1 3 3 3 <1 1 2 1
La n.a. 47.38 43.52 n.a. . n.a. n.a. 40.13 n.a.
Ce n.a. 102.96 84.11 n.a. n.a. n.a. 91.53 n.a.
Pr na. - 11.36 . 9.57 n.a. n.a. n.a. 11.82 n.a.
Nd n.a. 41.85 34.73 n.a. n.a. n.a. 47.84 n.a.
Sm n.a. 7.69 589 na. n.a. n.a. 10.03 n.a.
Eu n.a. 1.62 0.96 n.a. n.a. n.a. 2.19 n.a.
Gd n.a. 587 4.70 n.a. n.a. n.a. 8.45 n.a.
Tb n.a. 0.84 0.70 n.a. n.a. n.a. 1.20 n.a.
Dy n.a. 4.96 4.30 na. n.a. n.a. 7.07 n.a.
Ho n.a. 1.01 0.87 n.a. n.a. n.a. 1.43 n.a.
Er n.a. 3.18 2.60 n.a. n.a. n.a. 4.34 n.a.
Tm n.a. 0.43 0.40 n.a. n.a. n.a. 0.58 n.a.
Yb n.a. 2.68 2.73 n.a. n.a. n.a. 3.51 na.
Lu n.a. 0.41 0.41 n.a. n.a. n.a. 0.53 n.a.

Abbreviations: g.a.=gneiss association, UGH=Upper Go Home domain, L.O.I.=Loss On Ignition, n.a.=not
analyzed, <x=below detection limit where x=reported detection limit. UTM Zone 17.
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Table B.1 continued.
Muskoka domain

Sample  M2707-11 M0O4073-Hi M050712-2 MO05077 M05081-5 M08071 MO8078 M100715 M100716

Easting 668550 666000 669300 671250 658550 668 100 641850 643230 643500
Northing 5005430 4989 100 5002 700 4998 83C 4988 350 5006 430 4997 700 4984 150 4984 380

SiO» 60.76 58.16 55.77 54.72 60.48 55.58 56.95 53.71 58.51
TiO, 0.84 0.2 1.10 1.10 0.88 1.05 1.36 1.16 0.98
AlLO3 15.86 18.05 17.90 18.86 16.60 16.16 15.12 18.07 19.14
Fea0s3 6.36 6.93 7.84 7.96 5.96 8.87 9.01 8.36 578
MnO 0.1 0.09 0.12 0.12 0.08 0.14 0.14 0.11 0.10
MgO 3.1 3.10 3.62 3.82 2.07 4.54 3.58 4.09 1.97
CaO 5.46 6.01 6.45 7.06 4.46 6.80 5.97 7.03 4.71
Na,O 4.00 4.58 4.69 4.98 417 3.87 3.42 4.38 5.46
K20 2.43 2.00 2.06 1.76 345 2.63 2.79 2.13 2.76
P20s 0.25 0.33 0.37 0.42 0.25 0.30 0.53 0.42 0.32
L.O.l 0.56 0.48 0.39 0.31 0.39 0.65 0.27 0.67 0.41
Total 99.74 100.65 100.31 101.10 88.79 100.58 99.14 100.12 100.14
Ba 759 672 467 970 1266 1000 832 970 1519
Rb 59 51 48 34 89 55 38 40 75
Sr 616 735 687 1094 485 446 645 1106 868
Y 35 41 37 22 29 34 35 28 23
Zr 199 270 271 313 407 333 286 272 664
Nb 10 8 10 8 8 11 13 7 7
Th 5.51 3.77 0.91 1.78 0.68 7.41 n.a. n.a. n.a.
Ga 21 23 25 26 20 22 20 26 25
Zn 95 98 123 104 103 166 102 120 114
Ni 15 22 22 332 10 17 27 27 5
Vv 129 138 156 155 116 157 195 168 116
Cr 41 30 36 47 16 125 40 55 4
Hf 4.56 7.78 8.27 8.93 10.86 10.16 n.a. n.a. n.a.
Co 20 21 36 33 13 37 26 27 9
U <1 <1 <1 <1 1 1 <1 <1 <1
La 32.95 46.42 47 61 29.30 30.62 32.47 n.a. n.a. n.a.
Ce 69.25 105.37 112.88 69.22 61.97 72.74 n.a. n.a. n.a.
Pr 8.50 14.06 14.78 9.72 7.94 9.39 n.a. n.a. n.a.
Nd 34.80 57.95 60.60 42.03 33.18 38.08 n.a. n.a. n.a.
Sm 8.09 11.27 12.28 8.85 6.38 8.04 n.a. n.a. n.a.
Eu 1.45 2.02 2.11 2.16 1.58 1.62 n.a. n.a. n.a.
Gd 7.27 834 1018 7.37 575 7.35 n.a. n.a. n.a.
Tb 1.10 1.39 1.52 1.04 0.86 117 n.a. n.a. n.a.
Dy 6.78 8.49 9.10 6.06 5.26 7.32 n.a. n.a. n.a.
Ho 1.23 1.68 1.78 1.21 1.08 1.52 n.a. n.a. n.a.
Er 3.87 482 5.58 3.67 3.1 4.76 n.a. n.a. n.a.
TIm 0.52 0.70 0.75 0.48 0.45 0.64 n.a. n.a. n.a.
Yb 3.34 4.53 4.76 2.94 3.07 4.07 n.a. n.a. n.a.

Lu 0.57 0.65 0.72 0.43 0.47 0.61 n.a. n.a. n.a.
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- Muskoka domain

QOjibway g.a.

Sample

M10075-1 M130717 M13079 M2407-4 MO50711 M2707-1

$11064-2 §31052-h

Easting

637430 668800 668080 648930 669380 668500
Northing 4882 500 5003 700 5005 150 5002 150 5002 650 5005 580

566 580 567 280
5033 780 5032 750

SiO, 59.12 56.32 59.69 59.84 49.03 46.72 60.68 63.22
TiO2 0.81 1.06 0.84 0.85 1.56 2.03 0.83 0.74
Al2O3 19.22 19.21 18.43 18.21 19.61 18.31 17.02 16.67
Fex0s 5.41 7.55 5.71 572 10.73 12.34 6.17 572
MnO 0.08 0.12 0.11 0.12 0.13 0.18 0.11 0.12
MgO 2.01 2.91 1.82 1.84 4.42 4.30 2.04 1.75
Cal 467 6.17 4.90 4.53 8.63 7.95 4.65 3.98
Na,O 4.93 4.98 4.96 4.90 4.22 3.76 4.48 4.71
K0 2.87 1.97 2.39 3.21 1.61 2.47 2.92 2.66
P05 0.33 0.38 0.30 0.28 0.53 1.04 0.26 0.24
L.O.lL 0.30 0.17 0.20 0.49 0.45 0.45 0.50 0.29
Total 99.75 100.85 99.35 99.99 100.92 99.55 99.66 100.10
Ba 1872 703 790 1418 904 1469 760 630
Rb 69 45 85 81 34 50 86 103
Sr 1006 844 655 644 954 882 496 368
Y 21 27 30 39 35 40 35 32
Zr 603 308 410 412 352 578 287 263
Nb 6 11 14 14 12 14 13 13
Th n.a. 1.67 10.57 9.40 1.54 1.94 8.42 9.54
Ga 21 29 26 22 27 23 23 21
Zn 101 111 114 105 114 140 96 102
Ni 7 9 5 6 7 6 7 13
Vv 100 142 98 110 216 239 113 104
Cr 7 16 <4 8 <4 4 9 9
Hf n.a. 12.15 13.04 11.97 11.36 12.78 7.96 7.91
Co 12 33 27 12 38 30 15 14
U <1 <1 <1 <1 <1 <1 2 3
La n.a. 43.81 56.42 51.11 33.71 42.37 32.54 33.87
Ce n.a. 98.64 123.96 107.75 83.08 102.98 70.21 69.52
Pr n.a. 12.33 14.70 12.48 11.55 14.25 8.71 8.00
Nd n.a. 48.13 55.22 48.92 50.56 65.51 34.85 29.70
Sm na. 9.18 10.48 10.14 1.7 15.55 7.97 6.46
Eu n.a. 1.98 1.81 2.13 2.36 3.85 1.71 1.38
Gd n.a. 7.26 - 8.32 8.71 10.60 14.12 7.10 5.65
Tb n.a. 1.07 1.21 1.21 1.51 1.92 1.07 0.85
Dy n.a. 6.43 7.04 7.20 9.17 11.07 6.55 525
Ho n.a. 1.30 1.40 1.34 1.81 1.94 1.18 0.94
Er n.a. 4.00 4.26 4.38 556 575 3.68 3.12
Tm n.a. 0.52 0.57 0.65 0.73 0.71 0.51 0.46
Yb n.a. 3.31 3.65 4.58 4.45 4.21 3.32 3.18
Lu n.a. 0.50 0.56 0.84 0.67 0.71 0.58 0.60




Table B.I continued.

UGH domain Shawanaga pluton
Sample G18066-2 $31057 $31057-h
Easting 571 750 557 350 557 350
Northing 4991 050 5042 730 5042 730
Si0O2 68.50 66.43 65.38
TiO; 0.51 0.53 0.56
AlO3 15.04 17.08 16.55
Fez0s 3.15 4.06 4.93
MnO 0.06 0.06 0.09
MgO 0.94 1.09 1.37
Cal 1.64 3.29 362
Nax0 3.72 3.14 3.37
K20 512 4.96 3.83
P20s 0.16 0.15 0.19
LO.L 0.30 0.29 0.29
Total 99.14 101.07 100.17
Ba 1175 2039 1138
Rb 126 100 107
Sr 243 374 370
Y 36 20 45
Zr 291 279 259
Nb 11 8 13
Th 12.49 2.33 12.10
Ga 18 20 20
Zn 60 174 73
Ni <3 4 4
\" 58 ' 83 85
Cr 4 7 <4
Hf 7.21 7.78 7.16
Co <5 7 12
U 3 3 3
La 50.00 26.93 4274
Ce 102.49 51.59 88.59
Pr 12.37 6.05 11.38
Nd 47.28 23.67 45.62
Sm 8.71 5.01 11.72
Eu 142 1.88 1.51
Gd i 7.08 438 10.69
Tb 1.04 0.60 1.69
Dy 6.25 3.62 10.47
Ho B 3 0.65 1.83
Er 3.49 2.05 5.66
Tm 0.51 0.29 0.74
Yb 3.36 2.01 4.55

Lu 0.50 0.37 . 0.77
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Table B.2 Geochemistry of megacrystic granitoid orthogneiss, Muskoka domain
and Ojibway gneiss association (Lake of Bays suite), megacrystic sheets in the Sand
Bay gneiss association and Mann Island granodiorite and Britt pluton in the Britt

domain,

Muskoka domain Ojibway g.a.
Sample M11072 M13071 M15078 2M0706-2-1 $31056-mg
Easting 629 700 665 150 624 800 625 200 561 280
Northing 4995 950 5011 450 5016 180 5005 600 5038 830
Si0; 69.30 60.92 58.67 70.01 60.45
TiOy 0.40 0.79 0.86 0.40 0.76
AlLO; 15.42 17.85 18.64 15.38 17.92
Fe20s 3.17 6.23 6.47 3.28 6.12
MnO 0.05 0.09 0.11 0.07 0.10
MgO 0.83 1.81 1.82 1.00 1.66
Ca0 279 4.88 523 2.45 4,77
Na,O 3.13 3.40 4.08 4.11 3.79
K0 4.44 3.15 3.51 4.53 3.59
P20s 0.10 0.19 0.29 0.12 0.22
L.O.L 0.19 0.47 0.39 0.20 0.36
Total 99.81 99.78 100.07 101.54 89.73
Ba 973 1573 - 1835 662 1739
Rb 129 65 84 34 79
Sr 240 405 554 228 505
Y 24 20 33 37 23
Zr 180 342 380 162 385
Nb 11 13 13 11 13
Th 9.17 2.42 6.70 0.87 6.92
Ga 20 23 23 23 22
Zn 50 91 105 67 95
Ni 3 10 <3 20 6
\ 62 120 111 53 103
Cr 5 14 <4 17 12
Hf 5.25 9.07 10.05 9.52 10.20
Co 16 16 16 42 15
U 3 1 1 2 1
La 43.01 29.20 37.52 32.91 4521
Ce 83.79 57.79 81.37 72.11 87.47
Pr 9.57 6.68 10.07 9.36 9.66
Nd 35.56 - 27.68 40.94 40.45 35.04
Sm 5.96 5.70 9.15 9.88 6.62
Eu 1.31 2.38 2.20 2.16 1.97
Gd 473 5.03 8.10 10.64 5.35
Tb 0.69 0.70 1.15 1.52 0.75
Dy 4.06 4.01 6.84 8.99 445
Ho 0.80 0.73 1.22 1.37 0.76
Er 225 2.21 3.74 3.65 2.38
Tm 0.32 0.28 0.49 0.48 0.32
Yb 2.14 1.83 3.12 2.99 2.09
Lu 0.32 0.34 0.54 0.50 0.39
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'‘Marginal Mann Island

orthogneiss' Sand Bay g.a. granodiorite Britt pluton
Sample  2S30062 S17066 S25061-4 2528062 2828063 2528064
Easting 573630 556 730 557 980 519 080 521 950 -
Northing 5027 580 5016 500 5020 950 5081 200 5081 400 -
SiO» 67.27 63.67 71.86 : 73.02 67.36 62.41
TiO2 0.42 0.61 0.40 0.11 0.99 1.22
AlO3 14.94 16.66 14 .66 14.82 13.92 14.04
Fe 03 3.69 4.78 244 1.02 6.24 7.74
MnO 0.08 0.08 0.03 0.01 0.15 0.18
MgO 1.15 1.54 0.64 0.16 1.11 1.34
Ca0 2.92 3.76 2.54 1.14 2.69 3.43
Naz0 4.16 4.22 5.14 3.82 3.24 3.57
K20 3.7¢ 3.59 1.10 5.54 4.94 412
P20s 0.13 0.19 0.11 0.03 0.32 0.41
L.O.L 0.30 0.56 0.27 0.58 0.49 0.20
Total 98.84 99.66  99.18 100.24 101.45 98.66
Ba 536 1169 408 727 1884 2185
Rb 118 91 70 81 111 81
Sr 215 464 3N 216 236 287
Y 43 33 35 54 75 73
Zr 136 263 205 59 586 607
Nb 16 10 12 3 23 26
Th 8.17 8.92 18.47 3.61 9.08 8.27
Ga 22 21 20 16 19 21
Zn 76 81 33 19 118 158
Ni 5 4 <3 5 14 13
\ 56 85 52 23 102 125
Cr 9 9 <4 <4 4 5
Hf 9.81 7.05 8.37 15.82 12.18 16.87
Co 67 12 6 42 63 58
U 5 2 3 3 4 3
La 47.74 3557  37.11 74.30 56.50 81.60
Ce 90.80 7272 73.71 151.16 12228  167.77
Pr 10.88 8.73 8.55 18.07 15.01 20.58
Nd 41.62 3364  32.01 - 7166 59.08 82.40
Sm 7.64 7.28 7.58 15.21 13.06 17.73
Eu 1.55 - 148 1.03 3.37 3.37 4.71
Gd 6.80 6.25 6.57 12.26 14.03 18.55
Tb 1.15 0.92 1.00 1.86 2.18 272
Dy 7.08 5.74 5.95 11.18 13.96 16.84
Ho 1.29 1.02 0.96 1.89 2.33 2.70
Er 3.84 3.19 2.88 5.25 6.97 7.74
Tm 0.58 0.45 0.40 0.73 1.04 1.10
Yb 3.95 2.92 263 4.71 6.98 7.17
Lu 0.61 0.50 0.48 0.83 1.22 1.25
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Table B.3 Geochemistry of granitic gneiss, Muskoka domain and Ojibway gneiss
association.
Muskoka domain
Sample M04074-HI M05075-H1 MO50798-1 M100723-1 M100710-2 M100720 MO080711 M150712
Easting 662 350 671700 670180 651650 640850 645500 643300 627450
Northing 4988650 4998 350 4999950 4984450 4582 800 4984 850 4998 150 5017 100

Si0, 64.33 68.79 72.32 73.41 68.18 71.02 76.54 76.67
TiO; 0.62 0.38 0.24 0.35 0.46 0.43 0.21 0.11
AlbOs 17.97 16.21 14.14 13.44 14.61 12.99 11.96 12.30
Fe 03 3.69 355 2.69 3.57 3.80 4.08 2.74 1.81
MnO 0.09 0.06 0.06 0.06 0.08 0.08 0.03 0.02
MgO 0.87 0.48 0.12 0.18 0.29 0.14 0.06 0.07
Ca0 2.56 1.05 0.74 0.83 1.17 0.87 0.26 0.32
Na,0 4.76 472 417 3.41 4.03 3.03 2.23 1.58
K20 543 591 548 5.76 572 555 7.16 7.88
P05 0.18 0.07 0.02 0.07 0.11 0.04 0.02 0.01
L.O.L 0.47 053 0.08 0.00 0.10 0.00 0.10 0.19
Total 100.97 101.73 100.06 101.08 98.55 98.21 101.31 100.96
Ba 2489 942 488 765 1038 479 383 325
Rb 88 100 81 89 67 92 211 108
Sr 403 137 30 64 127 45 72 162
Y 57 45 21 81 70 48 52 84
zZr - 619 746 613 694 668 1046 551 370
Nb 11 36 6 14 38 12 23 3
Th 11.41 4.68 5.80 5.71 n.a. n.a. 7.89 3.33
Ga 20 29 23 28 28 24 23 31
Zn 77 63 49 63 88 77 71 59
Ni 5 <3 2] <3 <3 <3 <3 10
\' 72 43 27 40 50 43 27 18
Cr <4 <4 <4 <4 <4 <4 <4 <4
Hf 13.38 25.64 20.26 14.43 n.a. n.a. 12.41 7.70
Co <5 17 29 <5 <5 <5 <5 <5
U 2 3 4 4 3 4 4 3
La 119.76 121.07 95.65 101.32 n.a. n.a. 50.64 54 .55
Ce 219.86 243.08 203.16 247.33 n.a. n.a. 104.39 122.31
Pr 25.52 27.01 23.94 25.60 n.a. n.a. 12.90 13.39
Nd 97.92 98.13 90.03 95.73 . n.a. n.a. 47.34 53.44
Sm 16.98 17.44 16.00 17.99 n.a. n.a. 10.04 13.27
Eu 2.88 2.24 . 1.08 2.32 n.a. n.a. 0.35 0.8C
Gd 13.54 13.69 11.97 14.80 n.a. n.a. 8.04 12.30
Tb 1.96 2.14 1.64 2.52 n.a. n.a. 1.32 2.08
Dy 11.69 12.90 9.10 15.88 n.a. n.a. 8.44 13.85
Ho 2.28 2.53 1.69 3.17 n.a. n.a. 1.54 2.88
Er 6.44 7.80 4.88 9.18 n.a. n.a. 467 9.92
Tm 0.92 1.04 063 1.27 na. n.a. 0.71 1.34
Yb 6.01 6.60 4.18 7.62 n.a. n.a. 4.77 8.23

Lu 0.87 1.02 0.71 1.02 n.a. n.a. 0.75 1.30
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Muskoka domain Qjibway g.a.
Sample MO7075-1 M160740 M150724  99.45-PM2 M30064 S11063-2
Easting 667 100 605 050 629 200 632 650 641 350 566 780
Northing 5007 600 5029250 5022 300 5003 500 4989 650 5033430
SiO2 65.68 73.75 69.97 72.67 69.51 74.62
TiO2 0.45 0.22 0.25 0.41 0.33 0.25
AlO3 16.99 14.31 14.85 15.00 14.63 12.84
Fe,0s 4.00 1.99 2.13 2.38 2.57 1.47
MnO 0.10 0.01 0.04 0.05 0.01 0.02
MgO 0.39 0.43 0.22 0.64 0.61 0.32
Ca0 1.30 0.85 112 1.64 1.11 0.80
Na,O 4.48 2.79 3.58 4.38 2.80 2.93
K20 6.81 6.45 6.07 4.09 6.59 585
P,0s 0.07 0.08 0.05 0.09 0.11 0.03
L.O.L 0.29 0.45 0.27 0.10 0.82 0.17
Total 100.55 101.33 98.65 101.45 99.10 99.10
Ba 720 3238 1077 707 2894 963
Rb 110 77 130 150 144 161
Sr 68 347 128 234 362 134
Y 32 15 29 21 18 28
Zr 789 308 287 300 317 228
Nb 11 <1 10 11 2 6
Th 8.25 18.79 15.46 16.94 34.50 14.76
Ga 19 13 17 19 20 14
Zn 49 33 56 48 43 26
Ni 373 6 <3 1 <3 <3
\ 46 32 30 - 49 33
Cr 11 <4 <4 - <4 4
Hf 17.49 7.62 7.13 12.32 7.93 6.49
Co 37 55 <5 0 <5 <5
U 6 4 4 3 2 4
La 73.98 155.06 21.40 59.43 198.55 48.10
Ce 141.78 292.85 73.33 118.92 341.46 91.85
Pr 16.17 31.40 537 13.77 33.18 10.57
Nd 59.02 103.54 22.10 48.55 104.69 39.80
Sm 8.84 13.38 5.40 8.60 12.40 8.02
Eu 1.13 1.63 1.24 1.07 2.08 0.93
Gd 6.51 6.87 512 6.38 6.35 6.36
Tb 0.89 0.69 0.83 0.91 0.63 0.82
Dy 5.23 2.92 5.30 5.36 2.92 449
Ho 1.00 0.39 1.00 1.07 0.44 0.70
Er 297 0.97 313 3.33 1.17 1.91
Tm 0.46 0.13 0.39 0.45 0.14 0.23
Yb 3.30 0.85 247 2.86 0.82 1.37
Lu 0.57 0.15 0.43 0.44 0.15 0.23
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Table B.4 Geochemistry of charnockitic gneiss, Muskoka domain.
Sample M050713  MO05079-2 M080721-1 M18072 M300617  MO1078 M100723-2

Easting 668 300 670 180 656 500 633650 640050 649650 651 650
Northing 5006 180 4999 950 5010300 5012800 4982550 4985200 4984 450
SiO; 64.06 62.65 61.86 67.66 63.23 64.91 57.31
TiOs 0.47 0.50 0.73 0.56 0.77 0.72 1.14
ALOs 17.59 16.48 17.08 14,22 15.49 16.42 16.12
Fe,0s 4.13 8.72 6.31 5.81 6.53 5.33 -~ 8.99
MnO 0.07 0.18 0.18 0.14 0.18 011 0.21
MgO 0.42 0.19 0.47 0.21 0.52 0.79 1.36
Ca0 1.37 2.35 2.92 1.49 2.18 2.43 2.66
Naz0 465 5.30 4.90 4.25 4.95 4.69 4.80
K20 6.78 5.72 4.87 5.58 5.28 5.00 5.05
P,0s 0.07 0.09 0.22 0.08 0.22 0.19 0.34
L.O.. 0.48 0.13 0.00 0.16 0.28 0.30 0.39
Total 99.93 100.31 99.54 100.16 99.63 100.88 98.37
Ba 452 588 2232 648 1254 1569 2358
Rb a0 72 47 66 56 87 43
Sr 57 112 306 26 185 348 229
Y 20 67 45 120 59 124 140
Zr 886 1356 1364 1249 1526 954 1916
Nb 2 39 16 40 27 30 57
Th 5.65 3.48 3.82 4.36 2.01 12.93 3.31
Ga 20 33 28 30 29 26 30
Zn 16 145 123 187 175 148 129
Ni 7 <3 <3 <3 <3 16 <3
\% 47 51 67 53 75 77 - 99
Cr <4 <4 <4 <4 <4 13 <4
Hf 20.77 4213 29.93 36.81 40.08 26.52 45.91
Co 11 19 5 5 21 33 32
U 4 4 3 4 2 4 3
La 51.31 74.15 75.10 177.43 92.32 170.73 136.97
Ce 103.97 182.34 152.22 398.72 206.99 365.03 302.19
Pr 12.11 25.53 19.27 51.13 27.97 42.85 40.53
Nd 44.99 109.72 78.48 211.28 115.51 162.72 166.91
Sm 6.80 23.65 14.36 46.23 23.52 30.64 33.62
Eu 0.92 2.93 6.80 4.1 514 3.35 5.73
Gd 4.54 20.95 12.06 38.96 19.18 26.28 30.68
Tb 0.62 3.28 1.80 5.64 2.93 3.90 4.60
Dy 357 20.25 11.00 33.34 17.42 24.07 28.32
Ho 0.72 4.20 2.22 5.76 3.45 4.45 5.43
Er 2.31 13.54 6.49 17.16 10.46 12.81 15.66
Tm 0.33 1.91 0.97 2.20 1.37 1.82 2.27
Yb 2.33 12.78 6.70 13.83 8.79 11.68 14.80

Lu 0.41 2.10 1.08 2.41 1.40 1.61 2.25
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Table B.5 Geochemistry of rhyolitic gneiss, Sand Bay gneiss association and Upper
Go Home domain.

Sand Bay g.a.
Sample S02063 504064 $04066-4 $06062 S06064 S12063
Easting 559 150 558 930 559 300 560 100 559 500 556 300
Northing 5025 980 5019 530 5021 930 5021 280 5021 550 5015 450
Si0, 78.08 75.06 76.75 77.45 77.62 76.00
TiO; .14 0.21 0.07 0.12 0.08 0.25
AlLO3 11.74 13.58 12.57 12.25 12.50 11.69
Fe,0s 0.87 1.40 1.07 0.91 0.79 2.51
MnO 0.04 0.01 0.00 0.01 0.00 0.02
MgO 0.03 0.23 0.02 0.09 <0.01 0.10
CaO 0.34 0.99 0.81 0.76 0.47 1147
Na,0 3.57 493 2.95 3147 347 1.89
K20 4.50 2.96 524 4.68 478 5.38
P2QOs 0.02 0.02 0.01 0.02 0.02 0.03
L.O.L 0.00 0.07 0.13 0.10 0.25 0.93
Total 99.32 99.47 99.63 99.55 99.98 99.96
Ba 63 320 362 373 183 943
Rb 284 117 177 203 195 152
Sr 11 86 ) 105 70 11 90
Y 34 17 15 28 17 70
Zr 225 217 143 163 173 470
Nb 35 14 7 15 17 19
Th . 26.94 12.84 11.73 n.a. 16.17 11.85
Ga 27 21 20 17 22 20
Zn 22 26 15 24 27 42
Ni <3 <3 <3 <3 <3 <3
Vv 16 26 15 19 13 30
Cr <4 <4 <4 <4 <4 <4
Hf 17.87 8.10 5.79 n.a. 10.67. 14.00
Co 36 43 32 42 23 31
U 8 4 3 3 6 5
La 50.51 36.55 15.03 na. 11.00 54.38
Ce 72.23 85.71 37.45 n.a. 30.75 117.53
Pr 547 10.16 502 n.a. 4.13 15.26
Nd 13.61 38.88 20.53 . na 16.84 61.98
Sm 2.08 8.27 541 n.a. 4.85 14.62
Eu 0.13 . 0.79 0.20 n.a. 0.05 1.99
Gd 1.75 6.54 463 n.a. 4.07 13.66
Tb 0.34 1.03 0.73 n.a. 0.74 2.20
Dy 2.72 6.27 4.33 n.a. 512 13.92
Ho 0.78 1.22 0.82 n.a. 1.09 2.89
Er 3.75 3.79 2.43 n.a. 3.78 8.19 .
Tm 0.76 0.55 0.31 na. 0.55 1.28
Yb 6.79 3.64 1.92 n.a. 3.4 8.17

Lu 1.35 0.54 0.27 n.a. 0.51 1.24




Table B.5 continued.

270

Sand Bay g.a. : UGH domain
Sample S27059 S29056 530051 S$30052 G18068
Easting 556 330 553 980 557 080 556 580 573 150
Northing 5017 050 5023 850 5017 050 5016 230 4990 480
Si02 78.78 76.20 75.84 67.13 75.75
TiO2 0.17 0.1 0.16 0.76 0.23
Al20s3 11.59 11.82 12.64 15.57 12.25
Fea04 1.10 2.20 0.99 3.24 3.18
MnO 0.01 0.01 0.01 0.08 0.01
MgO 0.01 0.10 0.17 0.94 0.13
Ca0 0.37 0.58 0.37 152 0.81
Na,0 3.47 2.11 3.22 4.38 3.66
K20 4.18 6.09 5.71 5.23 3.86
P20s 0.01 0.02 0.03 0.21 0.02
LO.L 0.08 0.09 0.08 0.18 0.14
Total 99.77 99.42 99.21 99.23 100.05
Ba 41 972 531 1254 289
Rb 155 153 201 140 93
Sr 15 86 52 239 70
Y 17 66 11 36 64
zr 222 331 109 443 587
Nb 7 22 12 19 19
Th 17.22 13.64 13.60 12.18 13.75
Ga 20 22 18 22 26
Zn 19 48 23 47 20
Ni <3 <3 204 <3 306
\Y 13 25 23 86 25
Cr <4 <4 <4 <4 <4
Hf 14.48 11.98 5.51 15.18 21.53
Co 42 32 26 25 40
u 4 4 3 4 5
La 21.19 62.57 34.60 46.83 69.94
Ce 59.66 136.38 53.35 116.78 147.62
Pr 7.78 17.29 4.37 13.54 18.89
Nd 31.58 68.69 11.01 53.55 76.54
Sm 8.36 15.37 1.66 . 11.18 16.71
Eu 0.05 1.31 0.24 2.14 0.96
Gd 6.81 1414 1.21 8.79 15.76
Th 1.04 233 0.19 1.30 2.52
Dy 6.10 14.92 1.26 7.64 15.65
Ho 117 3.12 0.29 1.51 3141
Er 3.52 9.91 1.07 471 9.70
Tm 0.46 1.39 0.18 0.64 1.30
Yb 2.82 8.90 1.37 4.07 8.04
Lu 0.40 1.34 0.24 0.63 1.18




271

Table B.6 Geochemistry of metabasites in the Muskoka and Upper Go Home
domains, and Sand Bay gneiss association.

Muskoka
Sample 99,16-A MO3083-M MO0B6073-2 MO70713 M08072
Easting 647 550 632 700 634 850 664 700 638 200
Northing 5000 500 5002 400 4994 050 5009300 4996 800
Si0; 46.90 46.64 45.31 45.10 50.13
TiO2 1.91 1.71 3.48 2.67 1.99
AlLO3 16.54 16.20 16.44 15.36 13.86
Fe;03 14.26 12.59 15.49 16.07 14.93
MnO 0.20 0.20 0.22 0.22 0.22
MgO 6.25 7.33 527 5.99 5.94
CaO 8.15 8.75 7.82 8.09 9.84
Na,O 3.76 3.49 4.01 4.15 2.57
K20 1.46 1.96 1.52 1.02 0.87
P20s 0.30 0.34 057 0.70 0.26
L.O.L 0.06 0.82 0.29 0.19 0.24
Total 99.78 100.02 100.42 99.56 100.86
Ba 589 286 25 107 26
Rb 11 47 32 18 24
Sr 418 484 478 543 249
Y 40 23 26 28 29
Zr 119 121 198 194 134
Nb 5 4 14 9 7
Th 1.22 0.68 1.35 0.68 n.a.
Ga 20 19 21 20 23
Zn 135 116 102 133 106
Ni 84 126 58 69 49
v 256 245 376 339 330
Cr 85 120 32 54 96
Hf 4.00 2.65 4.70 4.59 n.a.
Co 62 47 52 52 44
U 2 <1 < <1 1
La 8.77 12.33 16.34 18.78 n.a.
Ce 21.80 29.62 40.71 46.42 n.a.
Pr 3.37 424 6.03 6.95 n.a.
Nd 16.40 19.76 28.51 . 33.78 n.a.
Sm 4.70 4.66 6.79 7.97 n.a.
Eu 1.65 1.72 2.40 2.76 n.a.
Gd 5.03 4.95 7.06 7.95 n.a.
Tb 0.78 0.76 1.07 1.16 n.a.
Dy 4.80 4.74 6.51 6.99 n.a.
Ho 0.99 0.93 1.30 1.38 n.a.
Er 3.02 2.62 3.65 3.84 na. -
Tm 0.40 0.38 0.51 0.53 n.a.
Yb 2.42 2.42 3.25 3.36 n.a.

Lu 0.36 0.35 0.48 0.48 n.a.




Table B.6 continued.

272

Muskoka domain . Sand Bay g.a.
Sample 2M1406-3 M10079 M29072 S06069-2 S13067 S14063 S14084
Easting 656 500 639 480 666 350 559 530 558400 556100 556400
Northing 5010 300 4982 350 5008 280 5023 450 5020800 5016630 5016 930
SiO2 48.69 45.89 51.50 46.97 46.11 48.79 47 .69
TiO, 1.93 1.43 1.45 0.62 2.22 1.57 4.07
AbO; 13.48 16.61 15.11 165.24 17.68 14.92 12.86
Fex0s 14.88 12.87 10.53 12.76 12.74 13.42 17.20
MnO 0.23 0.19 0.17 0.21 0.16 0.22 0.24
MgO 5.99 7.714 534 8.93 6.99 5.95 3.98
Cal 9.42 9.07 7.07 10.23 7.97 8.13 8.44
Na;0 4.09 3.23 471 3.02 3.66 4.24 2.80
K20 0.87 1.79 2.1 1.45 1.41 2.01 0.86
P20 0.26 0.17 0.58 0.05 0.38 0.34 0.72
L.O.l 0.50 0.90 0.97 0.75 0.84 0.44 0.44
Total 100.33 99.86 99.53 100.23 100.16 100.02 99.31
Ba 66 <5 723 10 77 150 <5
Rb 15 35 32 26 26 87 13
Sr 254 304 648 157 496 305 222
Y 29 21 34 20 21 31 10
Zr 131 75 286 24 137 182 270
Nb 6 3 11 2 10 7 13
Th 1.36 1.05 n.a. n.a. 0.90 1.26 n.a.
Ga 22 19 19 16 19 20 23
Zn 123 108 126 105 83 164 142
Ni 41 110 67 168 110 56 11
vV 302 233 203 179 251 255 448
Cr 93 70 131 277 156 43 16
Hf 4.45 2.03 n.a. n.a. 3.28 6.30 n.a.
Co 71 52 35 55 61 59 58
U <1 1 <1 1 <1 <1 1
lLa 12.43 10.00 n.a. n.a. - 10.89 18.91 n.a.
Ce 28.96 2227 n.a. n.a. 27.04 45 .41 n.a.
Pr 423 3.08 n.a. n.a. 3.85 6.28 n.a.
Nd 20.12 13.95 n.a. n.a. 17.64 27.79 n.a.
Sm 5.94 3.61 n.a. n.a. 4.76 7.06 n.a.
Eu 1.90 1.35 n.a. n.a. 1.91 1.92 n.a.
Gd 6.21 4.06 n.a. n.a. 5.00 7.18 n.a.
Tb 1.07 0.68 n.a. n.a. 0.74 1.12 n.a.
Dy 6.95 4.38 n.a. n.a. 4.51 7.14 n.a.
Ho 1.27 0.88 n.a. n.a. 0.79 1.48 n.a.
Er 3.68 2.56 n.a. n.a. 2.35 4860 n.a.
Tm 0.52 0.37 n.a. n.a. 0.31 0.61 n.a.
Yb 3.38 2.44 n.a. n.a. 1.91 3.84 n.a.
Lu 0.56 0.36 n.a. n.a. 0.32 0.59 n.a.

Note: sample 2M1406-3 is the mafic dike cutting a charnockite.
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Sand Bay g.a. UGH domain
Sample S17065 S20066-2 S27051-A  S29055-A  25020710-1 G18061-2
Easting 556 650 555 650 545 380 554 100 555 900 571 300
Northing 5016300 5017750 5019150 5023280 5021 830 4993 350
SiO, 47.28 47.24 4478 50.99 45.45 47.46
TiO2 265 0.85 2.86 1.08 1.89 1.10
AlLOs 17.89 16.03 15.75 17.13 16.92 ) 15.75
Fe;0s 13.47 12.85 16.12 11.14 14.07 11.88
MnO 0.18 0.18 0.22 0.15 0.21 0.22
MgO 4.34 7.99 6.10 468 8.07 7.85
Cal 9.42 9.68 7.90 8.59 8.48 9.76
NaxO 3.98 3.21 313 416 3.36 367
K0 0.85 1.65 2.56 1.44 0.67 0.85
P20 0.44 0.10 0.48 0.35 027 0.17
L.O.L 0.18 0.62 0.47 0.53 0.59 0.52
Total 100.77 100.41 100.37 100.24 99.98 99.23
Ba <5 <5 72 157 <5 <5
Rb 17 32 65 28 16 15
Sr 342 235 303 515 342 378
Y 29 20 24 25 21 21
Zr 168 51 176 95 112 83
Nb 7 1 15 5 3 3
Th 0.74 0.27 0.93 1.92 n.a. 0.39
Ga 23 17 20 20 18 17
Zn 128 96 135 46 116 - 110
Ni 26 127 62 21 8% 112
\ 325 178 329 204 221 208
Cr 66 102 30 44 48 149
Hf 5.88 1.45 5.76 1.86 n.a. 1.86
Co 50 54 68 45 84 58
U 1 1 <1 <1 <1 <1
La 9.83 2.93 11.87 15.03 na. 7.37
Ce 27.10 7.47 32.37 3424 n.a. 18.39
Pr 4.15 117 483 4.85 n.a. 2.78
Nd 20.55 5.90 23.13 21.91 n.a. 13.43
Sm 6.18 2.12 6.36 598 n.a. 3.50
Eu 219 0.82 2.20 1.66 n.a. 1.21
Gd 6.85. 2.92 6.53 5.97 n.a. 3.94
Tb 1.06 0.52 0.99 0.88 n.a. 0.63
Dy 6.59 3.67 6.00 5.34 n.a. 410
Ho 1.31 071 1.18 0.91 n.a. 0.83
Er 3.9 2.32 3.52 2.74 n.a. 2.37
Tm 0.50 0.32 0.46 0.36 n.a. 0.35
Yb 3.00 2.14 2.78 2.22 n.a. 227

Lu 0.45 0.37 0.42 0.39 - na. 0.34




APPENDIX C. Geochemical data, Chapter 3

Table C.1 Geochemistry of stromatic migmatites.

Granodioritic mesosome

Parkersville o/c

Sample M03083B-M1 MO03083B-M2 MO3083B-M3 M03083B-M4
SiO; (wt.%) 65.25 65.03 66.62 66.11
TiO, 0.80 0.61 0.65 0.61
AlLO; 15.45 15.42 15.67 15.64
Fe,0s 4.49 4.54 4.72 4.40
MnO 0.08 0.07 0.08 0.07
MgO 143 1.42 1.51 1.41
Ca0 3.42 3.40 3.59 3.42
Na,O 3.92 » 4.14 4.10 4.05
K;0 3.87 3.63 3.90 3.65
P,Os 0.18 0.18 0.20 0.18
L.O.1L 0.28 0.44 - 0.50 0.40
Total 98.97 98.89 101.54 99.94
Ba (ppm) 957 924 890 945
Rb 104 ' 102 100 102
Sr 387 382 418 C 402
Y 35 35 37 35
Zr _ 236 237 262 225
Nb 13 11 8 11
Th 11.11 13.33 11.11 11.08
Ga 19 17 18 17
Zn 68 70 72 69
Ni 9 8 7 10
Vv 85 82 90 ” 83
Cr <4 <4 <4 <4
Hf 7.40 6.28 7.56 5.80
Co 47 49 47 45
8] 2 2 2 2
La 46.55 53.03 48.32 44 .40
Ce 95.44 107.65 : 100.63 91.53
Pr 11.10 12.33 11.76 10.76
Nd C 4211 46.44 4569 40.63
Sm 7.95 8.61 8.74 7.30
Eu 1.40 1.49 1.53 : 1.30
Gd 6.29 6.76 7.07 6.32
Th 0.99 1.08 1.14 0.98
Dy 6.05 6.47 6.92 6.04
Ho 1.27 1.35 1.46 1.20
Er 3.79 4.01 4.33 3.55
Tm 0.57 0.59 0.65 0.54
Yb 3.84 4.02 4.38 363
Lu 0.58 0.60 0.66 0.52
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Granodioritic mesosome

Wren Lake o/c

Sample  M2707-16B-M2 M2707-16B-M4 M2707-16B-M5 M2707-16B-M7 M2707-16B-M8
SiG, 67.99 67.57 65.84 65.25 66.52
TiO, 0.55 0.59 0.71. 0.71 0.70
AlLO; 15.12 15.33 15.01 15.54 15.14
Fe,0; 4.01 4.15 4.26 5.01 4.88
MnO 0.06 0.05 0.06 0.07 0.08
MgO 1.31 1.48 1.50 1.84 1.88
Ca0 2.87 3.01 3.00 3.45 3.54
Na,O 3.71 3.89 4.01 4.06 4.06
K0 3.96 3.84 425 2.97 2.70
P20s 0.16 0.17 0.18 0.20 0.19
L.O.L 0.38 0.10 0.57 0.40 0.46
Total 100.12 100.18 99.39 99.51 100.15
Ba 955 962 1231 598 721
Rb 98 88 99 88 79
Sr 330 332 389 317 338
Y 47 42 43 48 60
Zr 264 297 373 316 230
Nb 11 13 17 13 16
Th 8.84 8.62 4.62 8.39 3.99
Ga 16 18 15 21 19
Zn 60 67 66 78 80
Ni 8 <3 5 8 5

\ 74 82 88 92 90
Cr 6 5 7 12 16
Hf 6.32 7.76 9.32 8.84 6.30
Co 69 54 78 65 64
U 2 2 2 2 2
La 64.94 61.27 49.41 67.32 48.20
Ce 127.51 123.14 110.54 142.31 110.88
Pr 15.08 14.46 14.27 17.43 15.02
Nd 56.66 54.16 56.97 68.09 62.65
Sm 10.76 10.09 10.65 12.51 13.56
Eu 1.40 1.36 1.41 1.50 1.43
Gd 8.57 7.86 8.18 8.68 11.28
Tb 1.31 1.19 1.35 1.57 1.91
Dy 8.14 7.26 8.18 9.56 11.73
Ho 1.63 1.36 1.61 1.86 2.31
Er 4.57 4.00 4.76 5.42 6.80
Tm 0.68 0.59 0.72 0.80 1.01
Yb 4.46 3.84 4.80 5.16 6.49
Lu 0.65 0.57 0.67 0.72 0.89
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Concordant leucosome

Parkersville o/c

Sample  M03083B-L1 M03083B-L2 MO03083B-L3 M03083B-L4 2M02061-8A 2M02061-9B
SiO, 72.60 71.72 71.92 70.19 72.95 69.85
TiO, 0.15 0.24 0.15 0.22 0.15 0.31
Al,O3 14.12 14.42 13.81 14.14 14.03 15.76
Fey 04 1.14 1.86 1.22 1.61 1.31% 1.94
MnO 0.01 0.03 0.01 0.02 0.02 0.04
MgO 0.20 0.46 0.19 0.38 0.22 0.54
Ca0 1.58 2.08 1.53 2.02 1.81 2.09
Na,O 2.89 3.29 3.02 3.41 3.24 3.23
K0 6.57 5.68 6.98 6.44 5.83 6.53
P.0s 0.03 0.05 0.03 0.05 0.03 0.08
L.OL 0.37 0.28 047 047 0.19 0.30
Total 99.67 100.11 99.33 98.95 99.59 100.36
Ba 1631 1411 1763 1741 2069 2741
Rb 153 132 158 142 136 152
Sr 448 437 459 454 479 531
Y 13 21 14 19 12 20
Zr 133 141 129 146 129 263
Nb 2 3 2 9 1 4
Th 13.12 9.91 12.24 11.48 10.21 9.91
Ga 14 14 15 15 15 18
Zn 19 30 21 29 20 31
Ni 11 19 18 7 14 <3
\/ 29 39 28 37 32 45
Cr <4 <4 <4 <4 <4 <4
Hf 3.08 3.20 3.15 4 47 2.99 5.31
Co 77 73 83 72 92 46
U 3 2 2 2 4 4
La 24.10 22.46 21.89 31.05 22.03 28.51
Ce 46.57 45,53 42.92 60.60 42.49 53.52
Pr 490 513 4,62 6.61 4.63 596
Nd 16.07 17.70 15.22 23.59 15.84 21.98
Sm 2.44 3.33 2.46 3.82 2.25 3.59
Eu 0.80 0.84 0.80 1.08 0.83 1.37
Gd 1.75 2.76 1.88 2.79 1.71 3.06
Thb 0.25 0.42 0.28 0.44 0.24 0.44
Dy 1.49 2.71 1.66 2.63 1.44 2.73
Ho 0.26 0.49 0.29 0.55 0.28 0.54
Er 0.83 1.55 0.94 1.70 0.85 1.63
Tm 0.12 0.22 0.13 0.26 0.13 0.25
Yb 0.80 1.50 0.91 1.81 0.87 1.73
Lu 0.13 0.24 0.15 0.27 0.13 0.27
Zrsar(°C) 761 761 751 754 774 778
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Concordant leucosome

Wren Lake o/c
Sample M2707-16-L1 M2707-16B-L.1 M2707-168-L3 M2707-16B-L4 M2707-16B-L5 2M0506-15

Si0, 73.57 72.85 70.50 71.53 70.54 70.43
TiO, 0.17 0.14 0.29 0.22 0.25 0.21
Al,O5 14.44 14.13 14.75 14.44 14.47 14.29
Fe,04 1.33 0.91 2.00 1.73 1.62 1.36
MnQ 0.01 0.01 0.03 0.02 0.02 0.02
MgO 0.23 0.21 0.59 0.33 0.37 0.51
Ca0 1.08 1.27 1.89 1.62 1.72 1.43
Na,O 2.52 2.64 2.99 _ 2.97 3.20 2.59
K,O 7.57 6.76 6.66 ' 7.01 6.81 6.95
P.Os 0.04 0.04 0.07 0.05 0.07 0.05
L.O.L 0.38 0.27 0.21 0.29 0.10 0.89
Total 101.34 99.22 99.98 100.21 99.16 97.84
Ba 1609 1565 1777 1689 1777 1771
Rb 157 139 124 129 128 138
Sr 383 408 442 416 450 460
Y 17 19 28 25 21 12
Zr 159 153 212 202 216 131
Nb 2 2 11 11 10 3
Th 11.58 13.84 6.66 14.59 10.55 6.09
Ga 13 13 14 15 16 14
Zn 21 14 30 26 26 24
Ni 5 5 <3 <3 <3 <3
\% 29 26 43 36 41 36
Cr <4 <4 <4 <4 <4 <4
Hf 3.68 4.35 6.02 474 6.03 3.00
Co 75 77 64 97 75 58
] 3 2 2 2 . 2 3
La 40.00 42.97 31.08 4274 29.45 28.64
Ce 83.64 90.19 66.30 91.83 58.71 48.16
Pr 9.67 10.39 8.29 ~10.80 6.82 4.89
Nd 34.34 35.96 32.42 38.76 24,90 16.21
Sm 4.67 5.20 6.24 6.23 4.29 2.77
Eu 1.19 1.30 143 1.30 1.23 1.02
Gd 3.14 3.40 5.16 4.56 3.32 1.93
Tb 0.42 0.46 0.77 0.65 0.49 0.29
Dy 2.37 2.62 473 3.87 2.93 1.61
Ho 0.45 0.49 0.91 0.74 0.55 0.27
Er 1.26 . 144 2.66 2.12 1.62 0.72
Tm 0.18 0.21 0.40 0.31 0.24 0.10
Yb 1.21 1.42 2.64 2.00 1.62 0.85
Lu 0.18 0.20 0.38 -0.28 0.25 0.11

Zrsar(°C) 781 779 785 791 794
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Dioritic mesosome

Wren Lake o/c

Sample M2707-10-M1 M2707-10-M2 2M0506-10 2M0506-11 2M1506-2M
SiO, 48.24 47.98 54.24 51.14 52.08
TiO, 1.60 1.69 0.93 1.29 1.16
AlLO4 17.47 17.69 16.39 18.38 16.61
Fe,Os 12.60 12.88 8.50 10.00 10.37
MnO 0.20 0.20 0.14 0.15 0.18
MgO 452 450 4.88 3.83 4.54
Ca0 8.05 8.11 7.80 7.56 8.17
Na,O 3.95 4.01 3.982 417 3.83
K50 2.02 1.94 2.14 2.40 1.94
P.0Os 0.49 0.51 0.28 0.38 0.34
L.O.L 0.40 0.54 0.79 0.50 0.50
Total 99.54 100.05 106.86 108.30 108.65
Ba 854 771 613 925 710
Rb 54 123 46 72 32
Sr 537 567 603 854 562
Y 37 37 38 33 43
2r 324 383 200 530 275
Nb 12 12 9 7 11
Th 2.91 2.81 3.22 n.a. n.a.
Ga 23 24 21 23 - 22
Zn 138 138 118 115 133
Ni 9 7 34 13 7
Y 250 248 151 191 191
Cr 7 <4 115 30 35
Hf 8.53 8.72 4.66 n.a. n.a.
Co 36 54 57 47 81
U <1 2 <1 <1 1
La 41.32 38.71 35.26 n.a. n.a.
Ce 95.09 89.35 80.66 n.a. n.a.
Pr 12.72 11.99 10.76 n.a. n.a.
Nd 54.72 50.50 44 50 n.a. n.a.
Sm 10.90 9.99 9.00 n.a. n.a.
Eu 2.80 2.51 1.71 n.a. n.a.
Gd 10.48 9.57 8.15 n.a. n.a.
Tb 1.5% 1.46 1.27 n.a. n.a.
Dy 9.67 8.94 7.91 n.a. n.a.
Ho 1.91 1.76 1.45 n.a. n.a.
Er 5.46 5.08 4.32 n.a. n.a.
Tm 0.78 0.74 0.65 n.a. n.a.
Yb 511 4.76 4.33 n.a. n.a.
Lu 0.72 0.69 0.64 n.a. n.a.
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Table C.2 continued.

Dioritic mesosome Patchy leucosome
Bonnie Lake olc Wren Lake o/c

Sample  M30072-1-M M30072-3-M1 M30072-3-M2 M2707-5-L1 M2707-5-1.2 M2707-5B-L
Si0, 51.72 52.30 47.65 73.77 70.26 68.15
TiO; 1.24 1.01 1.65 0.16 0.22 0.38
AiOs 16.60 17.26 17.32 13.16 14.04 13.60
Fe,Os 11.27 9.61 12.27 1.63 1.98 3.28
MnO 0.25 0.17 0.18 0.02 0.03 0.05
MgO 4.75 524 6.44 0.66 0.87 1.32
Cal 7.42 8.47 7.82 1.56 1.64 2.16
Na,O 3.57 3.79 325 2.09 1.96 2.08
K0 1.83 1.56 2.84 6.99 8.14 6.93
Py0s 0.19 0.20 0.32 0.05 0.07 0.09
LO.L 0.54 0.38 0.52 0.72 1.18 0.88
Total 99.38 99.98 100.26 100.81 100.40 98.90
Ba 300 200 508 2087 23986 2399
Rb 55 31 90 249 281 225
Sr 488 531 . 456 609 657 612
Y 51 30 40 12 15 24
Zr 206 183 174 154 128 140
Nb 20 12 18 4 4 8
Th 19 246 2.41 1.54 4945 3.04
Ga 26 22 24 10 9 14
Zn 171 112 150 24 31 . 44
Ni 4 13 37 23 16 24
Vv 236 186 272 33 42 66
Cr 6 30 37 8 9. 26
Hf 573 463 4.54 3.1 217 2.82
Co 50 31 39 121 124 66
U <1 1 1 1 4 <1
La 27.14 28.07 33.58 15.48 20.82 24.57
Ce 84.94 68.31 86.09 26.95 36.06 52.54
Pr 13.29 9.05 12.31 © 3.08 4.03 6.69
Nd 56.79 36.84 53.19 11.70 14.68 26.81
Sm 11.64 7.43 11.18 2.05 2.48 517
Eu 225 1.74 1.98 0.87 0.91 1.20
Gd 10.56 6.73 10.03 1.60 1.97 4.37
Tb 1.69 1.03 1.48 0.24 0.28 0.66
Dy 11.07 6.40 8.39 1.47 1.79 417
Ho 237 1.31 1.95 0.29 0.35 0.81
Er 7.32 3.88 5.89 0.85 1.06 2.38
Tm 1.18 0.60 0.89 0.13 0.16 0.36
Yb 7.94 420 6.06 0.95 1.14 2.48
Lu 1.14 0.65 0.92 0.15 0.18 0.37

Zrsar(°C) 774 752 755
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Table C.2 continued

Patchy leucosome Hornbiende-rich patches
Bonnie Lake o/c Wren Lake ofc

Sample M30072-3-L1 M30072-3-L2 2M0506-1 2M0506-2 2M0506-3
SiO, 70.99 64.34 50.28 58.39 56.87
TiO, 0.22 0.35 - 1.52 0.95 0.93
AlL,O, 14.45 16.68 12.49 14.21 14.51
Fe,0s 1.83 3.39 15.05 9.77 9.81
MnO 0.02 0.05 0.24 0.15 0.13
MgO 0.97 176 6.27 3.76 424
Cal 2.37 5.24 7.05 5.14 6.08
Na,O 2.42 3.83 2.22 3.04 3.1
K,O 8.19 3.09 3.1 3.78 3.21
P,0s 0.04 0.16 0.23 0.21 0.28
L.O.L 1.15 0.72 1.00 0.40 0.60
Total 100.66 99.61 98.48 99.40 99.17
Ba 2765 1365 533 673 818
Rb 136 64 87 129 58
Sr 649 657 292 406 416
Y 12 22 53 55 24
Zr 83 146 442 259 248
Nb 4 10 3 17 ]
Th 8.57 1.44 7.36 23.34 6.11
Ga 11 17 28 25 27
Zn 22 50 190 149 163
Ni <3 5 54 25 39
Vv 44 71 233 153 155
Cr <4 <4 153 90 95
Hf 1.30 3.22 13.39 6.97 808
Co 91 79 71 54 56
U 2 <1 <1 4 1
La 12.77 18.74 47 .81 46.55 43.00
Ce 19.67 37.65 126.61 107.42 92.04
Pr 2.15 473 16.93 13.65 11.37
Nd 8.08 19.13 67.09 53.34 44.11
Sm 1.38 377 12.88 10.33 7.64
Eu 0.76 1.04 1.93 1.39 1.50
Gd 1.15 3.30 10.94 8.80 6.32
Tb 0.17 0.50 1.84 1.50 0.81
Dy 1.09 3.11 11.30 9.35 451
Ho 0.23 0.65 2.02 1.70 0.94
Er 0.68 1.94 6.06 5.20 262
Tm 0.11 0.30 0.94 0.80 0.37
Yb 0.78 213 6.58 5.51 243
Lu 0.12 0.33 1.02 0.86 0.34

Zrear(°C) 721 742
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Hornblende-rich patches

Patchy melanosome

Wren Lake o/c

Wren Lake o/c

Sample  2M0506-3b1  2M0506-3b2 2MO0506-3b3 M2707-5-M1 M2707-5-M2
SiO, 55.31 56.56 57.14 50.47 48.33
TiO, 0.91 0.94 0.92 1.13 1.30
ALO; 15.80 14.90 14.55 16.35 16.38
Fe,04 8.63 9.76 9.41 10.68 11.30
MnO 0.15 0.15 0.14 0.20 0.20
MgO 4.1 4.19 3.98 553 5.65
CaC 6.36 6.32 5.74 8.59 8.56
Na,O 3.48 3.26 2.94 3.98 3.91
K0 3.65 3.1 3.84 1.68 1.83
P05 0.27 0.30 0.25 0.34 0.38
L.O.. 0.20 0.48 0.70 0.50 0.57
Total 99.57 99.49 08.95 99.46 99.42
Ba 894 733 958 289 213
Rb 59 54 72 35 45
Sr 488 437 444 431 455
Y 36 33 34 50 43
Zr 236 245 237 204 245
Nb 12 12 12 21 17
Th 4.35 10.41 4.34 9.77 4.53
Ga 30 29 27 25 26
Zn 167 169 157 158 162
Ni 22 28 26 33 41
\ 154 157 153 193 223
Cr 97 90 84 120 114
Hf 7.12 7.54 5.81 7.02 6.76
Co 50 55 55 35 36
U 1 2 2 1 1
La 47.41 51.69 38.89 67.44 58.90
Ce 111.03 117.43 90.43 166.64 144.71
Pr 14.02 14.44 11.37 21.98 19.23
Nd 53.49 54.82 43.78 88.10 77.52
Sm 9.70 9.88 8.14 16.89 14.45
Eu 1.80 1.83 1.51 2.61 2.41
Gd 7.28 7.36 6.19 13.61 11.40
Tb 1.1 1.13 0.6 2.04 1.68
Dy 6.55 6.57 5.68 12.562 10.17
Ho 1.31 1.29 1.13 242 1.86
Er 3.78 3.69 3.28 7.23 5.78
Tm 0.57 0.56 0.49 1.12 0.88
Yb 3.86 3.76 3.27 7.82 6.22
Lu 0.58 0.57 0.49 1.20 0.95
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Table C.2 continued.

Patchy melanosome Pegmatite dikes
Wren Lake o/c Wren Lake o/c

Sample M2707-5B-M 2M0508-12D 2M0506-14B 2M0506-17 2MQ506-6  2M0506-7
Si0; 46.43 50.40 50.44 75.21 72.74 70.23
TiO, 1.56 1.26 1.39 0.12 0.03 0.17
AlOs 14.80 17.35 16.60 14.42 14.62 14.92
Fe;0s 14.98 10.83 11.31 0.82 0.26 1.63
MnO 0.25 0.21 0.23 0.01 0.00 0.02
MgO 6.75 4.86 4.74 0.24 0.16 0.54
Ca0 8.96 8.37 8.06 1.39 0.31 1.08
Na,O 3.22 4.23 4.1 : 3.02 2.09 2.34
K20 1.91 1.80 1.68 ' 5.92 9.08 8.15
P20s 0.43 0.39 0.43 0.02 0.02 0.03
L.O.L 0.87 0.70 0.20 0.30 0.55 0.91
Total 100.16 109.44 108.17 101.17 99.31 99.01
Ba 225 458 301 1653 3171 3002
Rb 42 27 21 150 235 208
Sr 370 553 535 493 647 870
Y 54 75 79 <5 <5 16
Zr 290 321 239 54 54 172
Nb 23 16 23 <1 <1 2
Th 3.84 3.78 2.50 3.96 0.86 4.38
Ga 31 26 24 16 11 16
Zn 201 161 158 16 <5 28
Ni 46 22 23 <3 1 16
\ 259 190 214 27 16 35
Cr 151 73 66 <4 <4 <4
Hf 8.44 9.12 7.03 0.80 0.47 3.15
Co 57 50 55 85 101 66
U <1 1 1 3 . 2 2
La 62.25 65.81 57.89 20.27 6.84 14.19
Ce 172.39 173.00 156.49 31.24 6.78 25.47
Pr 23.88 24.40 22.23 - 298 0.53 3.16
Nd 89.37 101.77 93.19 9.14 1.46 12.87
Sm 19.32 20.78 18.82 1.08 0.16 2.94
Eu 2.88 2.95 2.55 1.05 0.92 1.28
Gd 15.67 18.17 17.20 0.63 0.12 2.64
Tb 2.38 2.76 263 0.07 0.02 0.40
Dy 14.24 16.97 16.23 0.37 0.08 2.46
Ho 2.75 3.24 3.17 0.06 0.02 0.43
Er 8.08 8.50 9.44 0.17 0.05 1.25
Tm 1.21 1.40 1.40 0.02 0.01 0.18
Yb 8.39 9.07 9.20 0.17 0.06 1.19

Lu 1.27 1.33 1.29 - 0.03 0.01 0.18
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Pegmatite dikes Hornblende-rich margin of pegmatite dikes
Wren Lake o/c Wren Lake o/c

Sample 2M05086-8  2M0506-12A 2M0506-12C  2M0506-14A  2M0O506-12B
SiC; 74.71 71.11 56.43 62.96 69.03
TiO, 0.09 0.12 1.28 0.45 0.39
AlLO; 13.87 15.00 12.19 15.97 13.84
Fe,0s 0.94 1.55 11.92 432 3.80
MnO 0.01 0.01 0.24 0.08 0.06
MgO 0.32 0.15 470 1.61 1.22
Ca0 1.08 0.55 5.37 2.51 1.53
Na,O 2.34 2.09 1.77 2.53 1.95
K;0 6.90 9.13 4.47 7.93 7.64
P,0s 0.02 0.02 0.31 0.17 0.08
Lo 0.21 0.30 1.1 0.69 0.89
Total 100.29 99.72 98.69 98.53 99.53
Ba 2542 3252 1524 2883 2880
Rb 179 226 81 187 179
Sr 639 712 368 667 609
Y 11 <5 141 59 42
Zr 50 295 571 167 269
Nb 1 <1 33 10 5
Th 3.81 1.37 6.78 6.92 4.08
Ga 13 13 22 18 - 13
Zn 12 14 . 183 73 62
Ni 5 114 14 11 9
\Y 26 35 181 77 68
Cr <4 26 16 11 4
Hf 0.32 5.91 17.84 3.81 7.14
Co 65 76 76 53 65
U 2 2 1 2 2
La 15.63 7.36 61.59 32.54 21.64
Ce 23.68 7.54 194.24 80.00 52.39
Pr 2.68 0.61 30.39 11.39 7.53
Nd 9.62 1.70 141.61 49.57 33.17
Sm 1.80 0.25 36.55 11.41 7.69
Eu 1.06 1.04 3.21 1.68 1.48
Gd 1.43 0.19 35.81 10.62 7.09
Tb 0.24 0.03 5.36 1.60 1.04
Dy 1.47 0.18 33.28 9.92 6.40
Ho 0.28 0.04 6.30 1.93 1.31
Er 0.83 0.13 18.06° 5.41 3.81
Tm 0.12 0.03 2.61 0.77 0.55
Yb 0.76 0.22 16.99 4.81 3.57

Lu 0.12 0.05 2.38 0.68 0.52
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Table C.3 Mineral compositional data, Muskoka migmatites.

Plagioclase in granodioritic mesosome (grain#11)
Spot 18 19 20 21 22
SiO; 61.31 61.16 61.28 61.31 60.83
Al,O3 23.83 23.82 23.88 2411 2380

Cal 545 5.52 5.52 558 5.67
Na,0O 8.53 8.70 8.09 7.91 7.88
K20 0.31 0.25 0.32 0.25 0.22

Total 99.43 89.43 98.09 98.15 9840

Plagioclase in conc. leucosome (grain#6)
Spot 66 87 68 69 70
SiO, 61.34 60.87 60.65 61.23 60868
AlLOs 24.27 23.91 23.50 23.94 2385

Ca0 563 5.66 5.44 5.61 5.52
Na,O 8.09 8.23 8.27 8.14 8.01
KO 0.36 0.31 0.26 0.25 0.21

Total 99.69 08.88 98.12 99.16 9828

Plagioclase at conc. melanosome/conc. mesosome transition (grain#3)
Spot 36 37 38 39 40 41
SiO, 61.03 61.297 61.02 6066 6091 60.72
AlLO3 23.97 24.03 23.87 2356 2360 2406

Ca0 5.61 573 5.70 5.36 5.36 5.59
Na,O 8.94 8.64 8.41 8.68 8.60 8.56
KO 0.26 0.25 0.36 0.30 0.34 0.36

Total 99.82 99.95 99.36 9856 9881 99.28

Plagiociase in dioritic mesosome
Spot 1 2 3
SiO, 60.53 59.53 60.43
Al,Os 24.85 24.61 2448

Ca0O 7.03 7.04 6.86
Na, 0 7.16 7.29 7.52
K0 0.31 0.18 0.32

Total  100.26 98.6 99.72

Plagioclase in patchy melanosome
Spot 1 2 3
SiO; 63.32 63.47 63.91
AlLOs 2415 24.04 23.62

Ca0 5.90 6.21 6.16
Na,O 8.10 8.15 8.1
K0 0.30 0.08 0.32

Total  102.15 102.24 102.11




Table C.3 continued.

Biotite in granodioritic mesosome (grain#8)

Spot 9 10 11 12 13
SiO, 356.89 35.87 35688 3605 3594
TiO, 4.39 4.42 4.46 4.35 417
Al,O3 13.85 13.71 13.68 1364 13.98
FeQ, 18.09 17.83 18.25 1841  18.21
MnO 0.40 0.46 0.31 0.28 0.31
MgO 11.74 11.89 11.99 1185 12,19
K0 9.70 9.22 9.10 9.90 9.52
Total 94.22 93.56 9393 9767 6447
Biotite in concordant melanosome (grain#4a)

Spot 44 45 46 47 48
Si0, 35.57 36.01 3491 3617 36.04
TiO, 4.20 4.39 3.98 414 4.22
AlLO, 13.97 13.60 13.90 1373 1374
FeQ, 18.71 18.23 18.78 1825 18.21
MnO 0.33 0.41 0.44 - 0.32
MgO 12.36 11.86 12.82 1205 1223
K0 9.40 9.78 8.34 10.02 9.92
Total 94.36 94.52 93.29 9451 9482
Biotite in concordant leucosome (grain#1)

Spot 60 61 62 63 64
SiO, 36.27 36.33 36.22 3582 3594
TiO, 4.74 4.69 4.82 4.79 4.71
AlL,O3 13.69 13.84 13.67 13.72 13.62
FeQy 18,72 18.63 18.98 18.92 1836
MnO 0.40 0.309 0.31 0.31 0.41
MgO 11.50 11.61 ‘1144 1147  11.31
K0 10.04 9.89 9.83 10.00 9.82
Total 95.52 95.70 0546 9520 94.32

Biotite in patchy melanosome

Spot
SiO,
TiO,
A|203
FeO,
MnO
MgO
Kzo
Total

1
37.97
4.33
14.21
15.68
13.35
0.21
0.30
95.11

2
38.156
4.36
14.13
16.28
12.99
0.20
0.33
95.90
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Table C.3 continued.
Hornblende in granodioritic mesosome (grain#10)

Spot 28 29 30 34 35

SiO, 40.72 40.85 41.70 41.27 41.28
TiO, 1.7 1.68 1.186 1.81 1.62
AlLO; 10.75 10.54 10.05 10.64 10.41
FeO, 17.47 17.58 18.74 17.31 17.46
MnO 0.55 0.57 0.58 0.54 0.67
MgO 9.76 9.75 9.55 10.11 9.89
CaC 11.44 11.64 11.77 11.51 11.59
Na,0 1.65 1.77 1.25 1.77 1.87
K20 1.58 1.55 1.29 1.61 1.57
Total 95.77 96.16 96.22 96.79 96.55

Hornblende in concordant melanosome (grain#4b)

Spot 50 51 52 53 54

SiO, 40.93 40.72 40.64 41.03 41.01
TiO, 1.61 1.71 1.81 1.77 1.80
AlLO; 10.87 10.73 10.83 10.45 10.73
FeO, 18.03 17.82 17.56 17.24 17.30
MnGC 0.38 0.68 0.48 0.68 0.47
MgO 9.45 0.46 9.91 9.88 9.77
Ca0 11.63 11.51 11.74 11.47 11.59
Na,O 1.77 1.67 1.73 1.81 1.58
K0 1.69 1.61 1.54 1.61 1.67

Total 96.55 96.06 96.42 96.15 96.08
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Table C.3 continued.
Hornblende in dioritic mesosome

Spot 1 2 3
Sio, 42.86 42.74 426
TiO, 1.38 1.59 1.9
ALO, 11.11 11.10 11.12
FeO, 18.34 17.87 18.41
MgO 9.53 9.3 9.43
Ca0 11.25 11.33 11.28
Na,O 1.83 1.71 1.75
K0 1.42 1.69 165
Total 97.71 97.34- 98.13

Hornblende in patchy melanosome

Spot 1 2 3

SiO, 4369 4386 . 4369
TiO, 1.87 1.90 2.22
AlLO3 10.41 10.68 10.43
FeQ, 18.10 17.82 18.22
MgO 10.32 9.89 9.90
Ca0 11.19 11.12 10.92
Na,O 2.14 1.96 2.00
KO 1.62 1.56 1.73
Total 99.34 98.78 99.10

K-feldspar in granodioritic mesosome (grain#12)

Spot 1 2 3 4 - 5

SiO, 66.08 65.10 63.41 63.65 64.03
Al,Os 18.98 18.62 18.15 18.28 18.40
Na,O 1.32 1.28 124  1.09 1.17
K0 13.89 14.27 14.69 15.86 15.15

Total 100.27 99.27 97.49 98.88 98.75




APPENDIX D. Geochemical data, Chapter 4

Table D.1 Geochemistry of gray quartzofeldspathic gneiss.

Gray quartzofeldspathic gneiss

Sample 25210611 2521067 2521068 2524061 2524062 516065-3

Easting 556 100 556 330 556 280 556 280 556 500 556 480
Northing 5016430 5016000 5015900 5016000 5016 180 5023 200
SiO, (Wt.%)  64.02 66.77 69.67 67.55 66.41 66.73
TiO, 0.59 0.59 0.46 0.57 0.55 0.50
AlO; 16.21 15.13 14.98 15.62 15.30 15.80
Fe,0s 4.09 4.62 2.82 3.95 3.72 3.66
MnO 0.07 0.07 0.05 0.09 0.08 0.07
MgO 2.30 2.39 1.20 2.07 2.00 1.66
Ca0 3.11 1.59 1.97 2.24 2.92 3.02
Na,O 4.92 3.89 453 5.06 4.77 4.50
K,0 3.04 4.51 3.79 2.92 2.95 3.22
P,0s 0.20 0.18 0.13 0.18 0.18 0.17
L.OI. 0.70 0.95 0.65 0.98 0.71 0.69
Total 98.55 99.74 99.60 100.25 98.88 99.33
Ba (ppm) 843 1035 916 813 901 806
Rb 86 148 122 93 165 108
Sr 523 252 395 405 469 469
Y 19 20 31 19 24 21
zZr 197 189 214 196 179 199
Nb 7 6 8 6 4 5
Th 7.97 10.79 13.34 6.47 6.34 9.06
Ga 20 19 20 19 19 20
Zn 79 65 50 85 85 68
Ni 22 9 10 24 46 12
Vv 84 82 64 77 76 73
Cr 34 21 10 34 30 15
Hf 4.76 4.50 6.01 4.72 4.30 4.75
Co 54 58 50 44 50 61
U 2 4 4 3 2 3
La 29.68 31.74 38.76 28.06 27.05 27.63
Ce 57.69 61.49 77.14 55.64 52.37 53.06
Pr 6.87 - 7.59 9.29 6.63 6.16 6.04
Nd 26.15 28.41 34.68 25.11 23.32 22.11
Sm 4.33 4:69 5.84 4.35 4.18 3.91
Eu 0.99 0.85 1.06 0.81 1.01 0.90
Gd 3.38 3.63 4.70 3.63 3.41 3.17
Tb 0.44 0.48 0.65 0.49 0.44 0.47
Dy 2.54 2.69 3.90 2.84 2.51 2.81
Ho 0.56 0.58 0.87 0.64 0.51 0.55
Er 1.61 1.64 2.65 1.83 1.46 1.66
Tm 0.24 0.25 0.41 0.28 0.22 0.26
Yb 1.63 1.71 2.86 1.92 1.47 1.81
Lu 0.23 0.25 0.41 0.29 0.22 0.29
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Table D.2 Geochemistry of hornblende-rich leucosome.
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Hornblende-rich leucosome

Sample 2504071 2S2006-3 2526062 23526063 2526064 S16065-2 S20066-1
Easting 557950 557880 557630 . 556080 556080 556480 555650
Northing 5023230 5022280 5021450 5017 100 5017 100 5023200 5017 750
SiO, 61.40 69.53 69.24 61.07 61.83 60.57 59.48
TiO, 0.76 0.29 0.31 0.73 0.28 0.68 0.85
AlLO, 15.23 15.38 15.48 16.94 13.09 16.45 16.71
Fe,Os 6.93 2.94 2.32 6.47 7.70 5.58 6.36
MnO 0.12 0.07 0.06 0.13 0.18 0.14 0.15
MgO 2.42 0.87 0.60 2.19 3.94 2.23 2.96
Ca0 5.38 2.69 2.45 4.56 5.06 4.47 6.17
Na,O 4.14 3.33 3.75 4.40 3.13 3.90 5.20
K,O 2.23 5.80 5.51 4.76 3.17 4.94 1.39
P,Os 0.16 0.10 0.1 0.15 0.03 0.24 0.21
L.O.l 0.50 0.39 0.20 0.40 0.50 0.40 0.60
Total 98.77 101.00 99.83 10140 9842 99.19 99.48
Ba 660 1308 926 724 569 1151 104
Rb 34 142 135 83 57 80 22
Sr 350 304 241 s 247 177 419 270
Y 21 62 76 77 44 125 141
zr 99 93 156 189 37 228 220
Nb 7 19 22 25 11 47 59
Th 1.06 1.72 4.13 - 2.50 0.15 8.98 2.48
Ga 18 20 20 26 25 26 29
Zn 70 57 58 67 109 107 100
Ni 18 5 <3 15 94 15 24
Y 119 49 45 106 70 93 116
Cr 8 9 <4 22 308 21 39
Hf 2.37 3.38 4.43 4.52 1.86 6.33 7.80
Co 65 57 77 51 69 51 56
U 3 4 5 5 3 4 4
La 7.53 5.54 13.94 10.71 1.53 27.02 9.29
Ce 17.63 12.86 30.21 32.29 478 58.45 28.70
Pr 2.51 1.85 4.14 562 0.94 7.66 542
Nd 11.89 9.10 18.66 28.62 542 32.82 30.07
Sm 3.08 3.75 6.88 8.76 2.35 10.32 11.97
Eu 0.98 0.86 1.40 1.81 0.69 2.00 2.42
Gd 3.46 6.25 9.90 10.42 3.73 15.39 17.51
Tb 0.51 1.30 1.80 1.83 0.73 3.36 3.73
Dy 3.26 9.54 12.44 12.59 5.40 23.75 26.15
Ho 0.65 1.93 2.07 2.68 1.23 4.47 527
Er 1.91 5.65 5.80 8.57 420 12.79 15.87
Tm 0.29 0.82 0.79 1.39 0.72 1.79 2.31
Yb 2.08 512 4.76 9.93 548 10.75 14.47
Lu 0.33 0.67 0.74 1.59 0.99 1.36 1.87
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Table D.3 Geochemistry of hornblende-rich diatexite and granitic patches on
Beatty Island.

Hornblende-rich diatexite

Granitic patches

Sample

2519061 2519064 282006-1 2825063 2525065-3

S0306-P2 S0306-P3

Easting

559500 559500 557850 557480 559500
Northing 5023 450 5023 450 5020 080 5023 200 5023 450

557 850 557 850
5020 080 5020 080

Si0,
TiO,
Al Qs
F6203
MnO
MgO
Cal
NazO
K0
P.0s
L.C.L
Total

Ba
Rb
Sr
Y
Zr
Nb
Th
Ga
Zn
Ni
\%
Cr
Hf
Co
U

La
Ce
Pr
Nd
Sm
Eu
Gd
Th
Dy
Ho
Er
Tm
Yb
Lu

71.20

0.42

14.24

373
0.05
0.53
1.49
3.52
5.28
0.10
0.30

100.55

1088
118
135
44
368

"
5.97
18
62
33
51
<4

3.77

63
5

17.31
36.55
4.67
19.42
5.64
1.18
5.52
0.98
6.46
1.17
3.54
0.55
3.81
0.70

57.24
0.71
20.11
6.56
0.12
1.63
5.97
475
2.00
0.20
0.40
99.28

1075
145
493
28
368
16
575
25
152
9
102
15
4.22
56
5

14.33
29.63
373
15.25
3.90
0.83
3.49
0.63
4.15
0.79
243
0.38
2.74
0.48

70.32
0.37
15.07
2.86
0.06
0.¢1
2.21
3.93
4.23
0.10
0.36
100.06

741
149
230
54
183
20
8.04
21
75
5
50
5
413
67
5

26.60
55.32
6.80
26.25
5.64
0.96
6.01
0.99
6.74
1.46
4.39
0.65
4.20
0.57

68.29
0.38
16.27
3.53
0.09
1.02
2.96
3.68
4.61
0.12
0.20
99.96

599
128
208
85
180
29
11.22
23
76
7
56
6
5.85
61
5]

26.49
55.15
7.03
29.04
7.83
1.46
9.91
2.1
14.48
2.66
7.69
1.09
6.71
0.91

65.28
0.69
15.66
5.42
0.1
1.71
3.50
4.45
3.59
6.21
0.30
100.60

394
129
223
60
254
20
12.36
26
114
16
89
18
6.67
54
4

33.29
68.15
8.39
33.55
8.53
1.72
9.76
1.59
10.27
1.69
5.05
0.75
5.08
0.87

70.59

0.10
16.04
1.00
0.02
0.32
1.84
411
532
0.04
0.46
99.39

978
151
262
19
89
5
1.96
21
28
5
25
<4
1.21
71
4

573
11.75
1.47
588
1.46
0.37
1.74
0.31
2.20
0.48
1.60
0.22
1.41
0.20

72.43
0.28
13.93
2.90
0.04
0.45
1.71
3.68
4.51
0.06
0.41
99.99

912
131
225
75
359
22
12.03
19
55
11
47
<4
10.48
95
5

37.99
81.02
10.48
42.29
9.41
1.42
9.27
1.72
11.20
2.21
6.31
0.88
5.41
0.70
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Table D.4 Geochemistry of granite, pegmatite, and Woodall Island pegmatite dikes.

Granite

Sample 502062 S02064 S050615 S05069 S06068 S08067 S13066 S02065-2

Easting 559900 550000 657950 5657750 559430 558550 558630 558730
Northing 5024 100 5023 430 5022 000 5022 300 5023 300 5025 900 5022 130 5022 950

Si0, 73.95 74.21 77.83 78.86 73.25 76.98 74.39 72.60
TiO, 0.12 0.28 0.08 0.08 0.15 0.22 0.10 0.13
ALO, 14.20 13.86 12.65 12.23 13.80 12.03 14.18 14.59
Fe,0, 1.18 2.00 1.41 1.12 1.66 1.35 .77 0.90
MnO 0.01 0.02 0.01 0.00 0.01 0.03 0.01 0.01
MgO 0.12 0.27 0.04 0.05 0.13 0.22 0.24 0.26
Ca0 1.08 1.41 1.09 0.91 1.05 0.53 0.88 0.84
Na,O 3.42 3.59 2.92 2.61 3.29 3.47 3.31 2.91
K0 5.57 420 497 5.41 5.27 462 6.34 7.61
P,0s5 0.03 0.05 0.01 0.01 0.03 0.04 0.02 0.02
LO.L 0.14 0.31 0.19 0.09 0.27 0.38 0.36 0.36
Total 99.82 100.20 101.19  101.37 98.91 99.87 100.60 100.22
Ba 562 689 732 791 714 400 1111 1193
Rb 197 154 150 157 165 214 201 203
Sr 172 187 186 186 189 53 211 214
Y 1t 20 17 24 22 59 6 11
Zr 50 217 177 161 90 193 44 19
Nb 6 12 2 2 7 29 8 8
Th 6.68 11.76 13.27 12.72 13.73 16.46 2.47 n.a.
Ga 17 19 16 15 16 20 17 14
Zn 27 33 17 12 24 33 23 23
Ni 3 <3 5 <3 9 <3 213 <3
\% 17 33 20 21 27 31 19 21
Cr 4 <4 11 11 <4 5 <4 <4
Hf 2.21 9.43 6.76 5.14 1.78 6.24 1.86 n.a.
Co 45 46 <5 <5 <5 <5 40 103
U 3 5 4 3 4 5 2 3
La 6.13 24.73 10.13 15.58 13.16 51.02 2.97 n.a.
Ce 13.41 52.20 30.13 37.61 29.12 82.25 6.53 n.a.
Pr 1.76 6.68 3.01 4.93 3.91 8.10 0.81 n.a.
Nd 7.26 26.57 11.91 19.75 15.99 2569 3.27 n.a.
Sm 2.30 6.40 339 583 5.18 6.10 0.97 n.a.
Eu 0.54 1.18 0.39 0.55 0.90 0.55 0.28 n.a.
Gd 2.28 5.88 3.01 5.00 470 6.04 0.82 n.a.
Tb 0.37 0.95 0.48 077 0.69 1.15 0.14 n.a.
Dy 222 5.93 2.78 4.39 3.91 8.27 0.87 n.a.
Ho 0.43 1.17 0.44 0.66 0.59 1.58 0.18 n.a.
Er 1.27 3.70 1.22 1.77 1.60 5.42 0.55 n.a.
Tm 0.17 0.52 0.16 0.21 0.19 0.83 0.08 n.a.
Yb 1.02 3.34 0.92 1.22 1.09 5.86 0.48 n.a.

Lu 0.14 0.49 0.15 0.19 0.16 1.08 0.07 n.a.
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Table B.4 continned.

. Granite
Sample 2819063 2825065-2 2525065-5 2525065-5B 2525065-7 2525065-8
Easting 559 500 559 500 559 500 559 500 559 500 559 500
Northing 5023 450 5023450 5023450 5023450 5023450 5023 450

SiO, 75.40 76.77 74.61 75.19 75.47 64.39
TiO, 0.07 0.08 0.13 0.14 0.14 1.28
Al,O3 14.26 13.58 14.70 14.16 13.69 14.27
Fe,Os 0.47 0.58 1.03 1.21 1.49 7.02
MnO 0.01 0.01 0.01 0.01 0.01 0.13
MgO 0.16 0.16 0.186 0.20 0.27 1.57
Ca0 1.08 1.09 1.29 . 1.25 1.03 4.09
Na,O 3.32 3.12 3.65 " 343 3.20 3.23
K0 6.00 5.89 561 5.45 5.60 4.19
P,0s5 0.02 0.02 0.02 0.02 0.03 0.55
L.O.L 0.30 0.20 0.20 0.10 0.50 0.37
Total 100.78 101.31 101.21 101.06 100.93 100.72
Ba 825 842 673 701 743 2246
Rb 187 173 178 189 179 180
Sr 220 213 217 213 196 441
Y 6 13 16 18 9 14
2r 137 39 55 104 31 630
Nb <1 <1 4 4 3 21
Th 0.28 2.14 3.07 n.a. n.a. 5.25
Ga 16 15 18 17 15 21
Zn 17 16 24 17 22 126
Ni 15 <3 26 11 <3 3
\ 19 21 23 24 26.00 143
Cr <4 <4 <4 10 <4 8
Hf 5.03 1.19 1.42 n.a n.a. 1.46
Co 76 95 53 60 .97 113
U 8 5 7 8 5 5
La 0.64 7.99 3.82 na. n.a. 5.58
Ce 1.37 15.56 8.55 n.a. n.a. 12.33
Pr 0.19 1.91 1.18 n.a. n.a. 1.67
Nd 0.85 T 7.60 5.28 n.a. n.a. 7.15
Sm 0.33 1.84 1.67 n.a. n.a. 2.32
Eu 0.21 0.41 0.40 n.a. n.a. 0.54
Gd 0.39 1.59 1.87 n.a. n.a. 2.12
Tb 0.08 0.26 0.35 n.a. n.a. 0.36
Dy 0.53 1.63 2.21 n.a. n.a. 210
Ho 0.12 0.30 0.39 n.a. n.a. 0.35
Er 0.42 0.87 1.10 n.a. n.a. 0.91
Tm 0.08 0.13 0.16 n.a. n.a. 0.12
Yb 0.59 0.82 1.02 ma. n.a. 0.74

Lu 0.13 0.14 0.14 n.a. n.a. 0.11
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Granite Pegmatite
Sample 28529062 2529063 504061-d2 S080610 S19068 2802072 813064
Easting 559200 558 000 557 850 556630 556330 556900 557400
Northing 5025 330 5023 300 5020 080 5023 950 5017 880 5018 700 5022 130
SiO, 73.96 70.84 74.02 72.31 73.30 71.44 74.45
TiO, 0.07 0.31 0.23 0.12 0.11 0.16 0.09
Al,O3 14.92 14.67 13.06 14.34 15.30 16.21 14.49
Fe,03 0.68 2186 2.44 1.44 0.72 0.86 0.84
MnO 0.01 0.03 0.02 0.01 0.00 0.01 0.01
MgO 0.13 0.65 0.41 0.22 0.20 0.29 0.18
Cao 0.94 1.03 1.15 1.51 1.12 1.87 1.44
NayO 498 3.23 2.91 3.68 3.46 429 3.64
K0 427 5.84 5.16 5.14 6.36 474 4.95
P.Os 0.02 0.08 0.03 0.03 0.03 0.05 0.01
LO.L 0.20 0.39 0.34 0.17 0.54 0.40 0.28
Total 99.98 98.84 99.78 98.97 101.14 99.92 100.38
Ba 459 876 907 856 1321 802 750
Rb 163 180 174 143 184 146 155
Sr 134 200 191 1998 272 301 192
Y 19 16 20 15 14 23 6
Zr 37 211 83 60 40 69 24
Nb 5 14 12 7 6 6 <1
Th 3.29 8.65 3.70 3.67 7.56 5.88 1.09
Ga 20 21 15 18 15 20 17
Zn 16 48 47 24 18 21 20
Ni 10 4 <3 <3 <3 4 9
\Y; 18 42 37 25 21 29 16
Cr 7 <4 <4 <4 <4 <4 <4
Hf 1.06 5.91 2.13 1.19 0.70 1.50 0.38
Co 69 65 95 88 72 52 103
u 6 5 3 3 3 4 3
La 513 17.32 6.49 5.08 11.28 9.27 1.69
Ce 9.42 44.33 14.10 11.20 24.37 19.75 3.57
Pr 1.34 4.43 1.84 1.30 3.10 2.61 0.51
Nd 5.54 16.96 7.56 4.91 12.12 10.87 2.09
Sm 1.72 3.29 2.47 1.45 3.17 2.92 0.70
Eu 0.33 0.53 0.55 0.34 0.67 0.64 0.26
Gd 1.79 2.65 2.79 1.60 2.58 3.01 0.62
Tb 0.33 0.42 0.52 0.31 0.35 0.51 0.07
Dy 213 242 3.39 2.06 1.88 3.33 0.35
Ho 0.39 0.41 0.58 0.36 0.28 0.67 0.05.
Er 1.10 1.19 1.71 1.08 0.74 1.80 0.09
Tm 0.17 0.18 0.22 0.14 0.08 0.27 0.01
Yb 1.08 1.26 1.21 0.82 0.47 1.70 0.08
Lu 0.18 0.18 0.18 0.12 0.07 0.21 0.01
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Table D.4 continued.

Pegmatite Woodall Island pegmatite dikes
Sample 516066 S19062 S$27051-d S29055-d 2521069-A2821069-B $25062 25210610
Easting 556600 555830 545380 554 100 556 250 556 250 556 250 556 350
Northing 5023 200 5017 380 5019 150 5023 280 5015 100 5015 100 5015 100 5016 000
SiO, 7347 7248 7201 74.35 74.60 75.86 73.34 7348
TiO, 0.08 0.11 0.12 0.06 0.07 0.03 0.03 0.03
Al;O3 1415 1497 1519 15.12 14.69 13.13 1549  14.88
Fe;0s 1.50 0.96 0.86 0.58 0.75 0.37 0.22 0.27
MnO 0.01 0.01 0.01 0.00 0.01 <0.00t  <0.001 <0.001
MgO 0.14 0.29 0.26 0.27 0.08 0.01 0.02 0.02
Ca0 0.84 0.91 1.39 2.71 0.67 0.22 0.51 051
Na,O 2.82 3.13 3.65 5.67 526 3.22 4.75 3.32
K:0 7.12 7.19 6.29 1.04 4.34 6.69 6.43 7.82
P20s 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02
LO.L 0.23 0.39 0.31 0.58 0.09 0.19 0.00 0.00
Total 100.38 10047 100.11  100.40 100.48 98.54  100.80 100.35
Ba 916 1703 1586 325 211 371 340 351
Rb 180 196 167 28 236 329 341 366
Sr 162 354 290 299 53 79 85 98
Y 8 9 7 10 76 49 52 40
Zr 57 54 41 32 22 13 38 7
Nb 4 5 9 5 118 47 94 36
Th 2.17 0.87 3.41 0.33 21.18 8.75 14.34 3553
Ga 17 15 15 17 63 44 54 46
Zn 25 21 19 8 12 7 <5, 5
Ni <3 4 <3 <3 7 18 5 9
\% 21 27 23 19 18 16 .14 16
Cr <4 <4 <4 <4 <4 <4 <4 <4
Hf 1.51 0.76 0.63 0.63 1.75 0.90 424 0.27
Co 68 92 85 114 73 59 69 61
U 4 2 2 4 1 8 13 7
La 3.65 3.83 7.25 0.75 10.26 3.39 2.25 25.22
Ce 8.33 7.42 15.33 1.78 22.50 7.1 5.61 54.53
Pr 1.03 0.91 188 025 2.99 0.97 0.88 6.92
Nd 382 357 747 1.08 11.96 4.24 4.16 24.76
Sm 1.20 0.93 1.62 0.35 4.84 2.07 2.70 5.72
Eu 0.38 0.32 0.46 0.13 0.26 0.21 0.25 0.33
Gd 0.96 0.89 1.10 0.41 5.91 3.32 3.74 4.45
Tb 0.13 0.13 0.12 0.07 1.43 0.85 1.02 0.78
Dy 0.71 0.73 0.55 0.51 11.12 6.79 8.33 5.07
Ho 0.11 0.12 0.07 0.10 2.38 1.47 1.79 1.01
Er 0.31 0.35 0.17 0.38 9.43 5.64 7.02 3.62
Tm 0.04 0.04 0.02 0.06 2.20 1.28 1.67 0.75
Yb 0.29 0.25 0.11 0.46 21.23 11.91 16.47 6.50
Lu 0.06 0.04 0.02 0.10 3.60 1.83 2.74 1.04




APPENDIX E. Geochronological data, Chapter 5

E.1. Introduction

U-Pb zircon dating of rocks described in Chapters 2-5 involved two different
methods: 1) Sensitive High Resolution Ion Microprobe (SHRIMP), and 2) Isotope
Dilution Thermal lonization Mass Spectrometry (ID-TIMS). The first part of this
appendix briefly outlines the principles behind U-Pb dating, similar for both methods,

whereas the second part describes the analytical and sample preparation techniques.

E.2. Principles behind U-Pb dating

The principles behind U-Pb dating are discussed in most geochemical textbooks
(e.g., Faure, 1986; Bowen, 1988). The method is based on the radioactive decay of >**U
and *°U to *°Pb and *’Pb, respectively, involving a number of intermediate reactions.
The decay of **U to %°Pb and **°U to 2’Pb thus gives rise to two independent
geochronometers. The decay-rates of these reactions can then be used to plot a curve in a
206pp 38 vs. 27PbA4U diagram; Wetherill (1956) called this curve the 'concordia’. At
the time of formation, a uranium-bearing mineral with no initial radiogenic lead plots in
the origin of such a diagram and with time, if the system remains closed, moves along the
concordia (Fig. E.1a). After 1.5 billion years, the 206pp/2381 and 2Y"Pb/**U ratios define
a point on the concordia called a 'concordant age', in this example corresponding to an
age of 1.5 Ga. At 1.5 Ga, the rock in which the zircon is hosted undergoes high-grade
metamorphism and the zircons loose variable amountsbof Pb, resulting in variable degree
of resetting of the ‘internal, radioactive ‘clock’ in the zircon. This is shown with varying
degree of fill in Fig. E.1a; some zircons (black circles) remained closed during
metamorphism, whereas others (white circles) lost all their Pb (complete resetting) or
represent growth of new zircon during the metamorphic event. After the metamorphic
event, the zircons again become closed with respect to diffusion of Pb and U, and evolves
either along the concordia (non-reset and completely reset zircons) or along paths parallel

to the concordia (partially reset zircons) (Fig. E.1b). If the analyzed zircons came from
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an orthogneiss, a likely interpretation could be that the protolith to the orthogneiss

crystallized at ca. 2 Ga, corresponding to C, and underwent high-grade metamorphism

and deformation at ca. 500 Ma, corresponding to M.

a) .

206Pb/238U

1) Zircon forms

b)

206Pb/238U

'+ 2) U decays to Pb; after

1.5 billion years, the Pb/U

ratio in the zircon c i
plots here oncoraia

2Ga

L ] _ .
“, Discordia

...ff'"‘ 3) Metamorphism. Zircon undergoes
e varaible Pb-loss, indicated by
varying degree of fill

v .

207Pb/235u
= 0 years

Concordia

" 4) U decays to P, similar to 2)

By
&

207Pb /235 U
Fig. E.1 Principle behind the concordia diagram.
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E.3. Sensitive High Resolution Ion Microprobe (SHRIMP)

E.3.1. Sample preparation

SHRIMP-analysis can be performed directly on polished thin-sections or the actual
rock-slabs. More commonly, however, large rock specimens, weighing up to several 10s
of kilos, are crushed and zircons extracted using heavy liquid separation, magnetic
separation, and hand-picking, similar to that for ID-TIMS, discussed below. The selected
grains are then mounted, together with zircon standards of known age, in epoxy and
polished to reveal the central portions of the zircons. This was the procedure followed
for the SHRIMP dating presented in this thesis. Following polishing, the mount is
washed with soap by hand, rinsed with deionized water, air blown to remove water
droplets, and allowed to dry under a heat lamp. The mount is then covered with 4 nm
high purity gold to allow cathodoluminescence and back-scattered electron imaging. It is
then repolished and cleaned to remove the Au, and recoated with 7 nm Au. The sample

is then held under high vacuum for a minimum of 24 hours prior to analysis.
E.3.2. Analytical procedure

The SHRIMP II at the GSC in Ottawa was installed in 1995 in the J. C. Roddick
Ion Microprobe Laboratory. A thorough discussion of the analytical techniques of U-Pb
dating has been given by Stern (1997) and is briefly summarized here. Fig. E.2 shows
schematically the SHRIMP II at the J. C. Roddick Ion Microprobe Laboratory,
Geological Survey of Canada in Ottawa. The SHRIMP is a secondary mass spectrometer
(SIMS) which means that it analyses secondary ions, ejected or ‘sputtered’ from the
target zircon as it is hit by a beam of primary oxygen ions (O;"). The secondary ions are
sputtered from the target in different directions at different velocities (kinetic energies),
which necessitates both an energy focusing device (the electrostatic analyzer) and

directional refocusing.

The primary column produces a beam of pure (ideally) O, ions that can be focused
to a spot on the target sample. The primary beam is mass filtered to prevent O or

contamination such as NO, or OH’ from reaching the target, and focused to yield radially
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uniform beam density. Sputtering of the zircon produces pits that are typically ~13.5x19
um (ellipse) and 0.5-1.0 um deep, which in turn yields about 0.05 pg of Pb for analysis.
This less than minute amount of analyzed Pb is one of the major reasons why SHRIMP
207py, / 206py ages are less precise than those of ID-TIMS, discussed below. The spots are

elliptical due to the 45° incident angle of the primary beam.

ELECTROSTATIC ANALYZER (ESA)
CHAMBER

Post-£54
Evaporative quadrapcle lens

Tubomolecutar] Cool water
coater LAMINATED Tubor v

ELECTROMAGHMET Uninteruptable
4
Post-ESA
Faraday cup
Magnet

power supply units
power

supply
umit

Helum
comprassor
unit

Duoptasmatron

Collector {irnage) slit

Remots

\ 4
‘-‘ // Wien filter high
valtage
controller

Kohler aperature

Secondary Source {cbject) sit
electron Secondary beam monitor
multipher Curadrapole triplet

Secondary extraction column

Operator
console

COLLECTOR

SOURCE CHAMEER Targe! sample

J. C. Roddick lon Microprobe Laboratory

Fig. E.2 Schematic plan view of the GSC SHRIMP II, J. C. Roddick lon Microprobe
Laboratory. From Stern (1997).

The source chamber houses part of the primary column, the sample, and the
secondary extraction column. Sputtering from the target zircon produces positive
secondary ions (e.g. Zr', Pb", U, and Th") that are extracted from the sample by a 750 V
potential and accelerated through a 10 kV potential. The quadropole triplet contains three
lenses that focus and steer thé secondary ions, and the secondary beam monitor is a
Faraday plate that partially intersects the secondary beam, measuring its intensity. The

source slit is the ion optical object of the analyzer system, focusing the secondary ions.

The electrostatic analyzer filters and focuses the ions according to kinetic energy.
This is accomplished by two cylindrical plates (ESA electrodes), 2.5 cm thick and 30 cm
high, spaced 6 cm apart, with a potential of 950 V between them (positive on the outer

radius). Ions with identical kinetic energy will be focused at the same point on a plane
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(energy focal plane) beyond the electrostatic field, and a mechanically adjustable slit
(energy window) on this plane can then be used to allow only a particular portion of the

energy spectrum to pass through the mass analyzer.

The magnetic sector (laminated electromagnet) focuses ions of identical mass
(mass-dispersion) to the same point on the magnetic focal plane beyond the magnet. The
mass-dispersed ions pass through the resolving (collector) slit located on the magnetic
focal plane, and each arrival of an ion at the secondary electron multiplier generates a
pulse of secondary electrons that, if above a selected threshold value, is converted into an

ion count.

All calculations were made using the ISOPLOT program developed by Ken
Ludwig at the Berkeley Geochronology Center, California (Ludwig, 2001).

MSWD=Mean Square of Weighted Deviates. The MSWD is calculated by the
ISOPLOT program and is a measure of the ratio of the observed scatter of points from the
best-fit line to the expected scatter, calculated from the assigned errors and error
correlations (York, 1969). An MSWD close to unity indicates that the assigned errors are
the only cause of scatter. MSWD values much higher than unity generallyVindicate either
underestimated analytical errors, or the presence of non-analytical scatter, whereas
MSWD values much lower than unity generally indicate either overestimated analytical

errors, or unrecognized error-correlations (Ludwig, 2001).

p=Probability of Fit. The Probability of Fit was defined by Ludwig (2001) as “the
probability that, if the only reason for scatter from a straight line is the analytical errors
assigned to the data, the scatter of the data points will exceed the amount observed for the
data”. In other words, if the scatter of data points is greater than that expected from the

assigned analytical errors, the Probability of Fit will be low.

E.4. Isotope Dilution Thermal Ionization Mass Spectrometry (ID-TIMS)
E.4.1. Sample preparation

After separation, zircons are air abraded, using the method of Krogh (1982), to
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eliminate cracked grains and remove exterior surfaces. Final selection of the grains was
then made. The weight of each fraction (typically single grains) was either measured
with a microbalance, estimated by eye with visual reference to weighed grains, or
determined using a spreadsheet program that estimates zircon weight based on
photomicrograph measurements of grain length and width and estimation of maximum
thickness (the last method is now standard procedure). As weights are normally small
(generally <3 micrograms), all weighing methods are accurate to only about +50%;
however, measurement uncertainty only affects the calculation of Pb and U
concentrations and has no influence on age data.

The selected grains were washed in 4N and then 7N HNO; and then loaded into

£20°Pb - P°U isotopic tracer

Teflon bombs with HF/HNOQO; and a measured amount o
solution (Krogh, 1973). Dissolution occurred over four to five days at 195°C. Due to
small fraction sizes (<0.005 mg), chemical isolation and purification of U and Pb

following dissolution is not essential and was not carried out.

Fractions were dried down with phosphoric acid and then loaded with silica gel
onto outgassed rhenium filaments. The isotopic compositions of Pb and U were
measured using a single Daly collector with a pulse counting detector in a solid source
VG354 mass spectrometer. A detector mass discrimination of 0.14% per atomic mass
unit (AMU) and a deadtime of 22.5 nsec were employed for Daly detector measurements.
A thermal source mass discrimination correction of 0.1% per atomic mass unit for both

Pb and U was also used.

The assigned laboratory blank for U was 0.2 pg. Total measured common Pb in
samples was below 1 pg in fnost cases and was assigned the isotopic composition of lab
blank (blank isotopic composition: **Pb/%Pb=18.221, 207ppA%Ph=15.612,
208pp/2%pp=39.36). Error estimates were calculated by propagating known sources of
analytical uncertainty for each analysis including ratio variability (within run),
uncertainty in the fractionation correction, and uncertainty in the isotopic composition of
the laboratory blank. Decay constants used are those of Jaffey et al. (1971). All

uncertainties in the text, tables, and concordia diagrams are given at the 95% confidence
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level. Discordia lines and concordia intercept ages were calculated by the method of
Davis (1982) using the in-house program ROMAGE. Average **"Pb/***Pb ages were also
calculated using ROMAGE except in instances where the probability of fit was less than
30%, in which case a weighted 2*’Pb/*%Pb age and uncertainty were calculated using the
ISOPLOT program developed by Ken Ludwig. Probability of fit measures the scatter of
analyses with respect to a Pb-loss line. A value of around 50% is expected for unimodal
data sets with correctly chosen analytical errors. Significantly lower probabilities of fit

suggest real differences in Pb loss history and/or zircon crystallization age.
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Fig. E.3 SHRIMP spot locations and *'Pb/**Pb ages with errors, granitic gneiss
(M100723-1). Scale bar=100pum.
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Fig. E.3 continued.
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105819

Fig. E.4 SHRIMP spot locations and *’Pb/**Pb ages with errors, concordant
leucosome (2M02061-9). Scale bar=100um.
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Fig. E.4 continued.
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o

Fig. E.5 SHRIMP spot locations and *’Pb/*Pb ages with errors, pegmatitic infill
in boudin neck (2M02061-5). Scale bar=100um.
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Fig. E.5 continued.
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1038111

Fig. E.6 SHRIMP spot locations and *"Pb/*“Pb ages with errors, pyroxene-bearing
pegmatitic syenite (2M0606-25). Scale bar=200pum.
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Fig. E.6 continued.



Fig. E.7 SHRIMP spot locations and “"Pb/*Pb ages with errors, post-tectonic granite
dike (2M1406.2). Scale bar=200um.
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Fig. E.7 continued.
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Fig. E.8 SHRIMP spot locations and *’Pb/**Pb ages with errors, pegmatite (250207-2).
Scale bar=200pum.
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Fig. E.8 continued.
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Fig. E.9 SHRIMP spot locations and “"Pb/*Pb ages with errors, granite (2S0507).
Scale bar=200um.



Fig. E.9 continued.
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Fig. E.10 SHRIMP spot locations and *"Pb/**Pb ages with errors, hornblende-rich
leucosome (252006-3). Scale bar=100pum.
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Fig. E.10 continued.



APPENDIX F. Trace element modeling-formulas and

sources of uncertainty

F.1. Symbols

C,' = concentration of element i in the model melt.
Cy' = concentration of element i in the original solid (unmelted source).

F = the weight proportion of melted material (i.e., degree of partial melting), or the

weight proportion of remaining melt in the case of fractional crystallization.

F.2. Partial melting

F.2.1. Equilibrium batch melting

Equilibrium batch melting describes the formation of a partial melt in which the
melt is continually reacting and reequilibrating with the solid residue at the site of
melting until mechanical conditions allow it to escape as a single ‘batch’ of magma
(Shaw, 1970). The concentration of a trace element in the model melt is given by:

X =D;s+Fi°1—D;s>

(F.1

where Dgs' = YD, Xzs where Dgs' =the bulk partition coefficients of element / in the
residual solid, D, = the partition coefficient of element i between melt and mineral a, Xgs

= the weight proportion of mineral ¢ in the residual solid.
F.2.2. Rayleigh fractional melting

In Rayleigh fractional melting, any melt generated is instantly isolated from the
source (Rollinson, 1993). Equilibrium is, therefore, only achieved between the melt and
the surfaces of mineral grains in the source region. The concentration of a trace element

in the model melt is given by:

—-1

) i (=
S0y B (F2)

C, ==
LD(;
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where Dy’ = Y D,'X, where D, = the bulk partition coefficient in the original solid phases
prior to the onset of melting, D,’ = the partition coefficient of element i between melt and

mineral a, Xy = the weight proportion of mineral a in the source prior to melting.

Equation F.2 assumes that each fraction of melt is separated continuously from the source
and collected in a melt collection zone, for example a leucosome or a pluton. The

aggregate melt composition, C,;’, is given by

i RN
cl, = —C;’—a _(1-F)%) (F.3)

F.2.3. Disequilibrium melting

The following description of disequilibrium partial melting as modified after
Sawyer (1991). During disequilibrium melting, the concentration of element / in the melt

(C;)) is given by (Allégre and Minster, 1978; Prinzhofer and Allégre, 1985):
Ci =xC +x,Ci +..+x,C! (F.4a)

n n

where x; = the weight proportion of mineral j entering the melt, and C;’ = the
concentration of element i in mineral j.

Using solid-solid partition coefficients (Ds), equation F.4a can be written as:

C, =Ci(x, + Dy,x, +...+ D}, x,) (F.4b)
where DMS = the partition coefficient for element i between solid 1 and solid 2.
The initial concentration of element / in the source rock is given by:

Co=CiX,+ Dy X, +..+ D} X,) (F.4c)

where X; is the weight proportion of mineral j in the source rock.

i

If %ﬁ(x1 + D5, .+ DY x, )= M’ (F.4d)
1

and -g-o— =(X,+D), X, +.+ D} X )=0' (F 4¢)
i

then C, =C, (%7) (F.4f)

Solid-solid partition coefficients are not known, but Barbey et al. (1989) suggested that
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they can be estimated from the solid-melt partition coefficients, thus:

v . D’
Dy, =% F4
21 D (F.4g)
where D; is the partition coefficient of element i between mineral j and the melt.

Substituting in equations F.4b and F.4c, equation F.4f becomes (written in full):

. Dix,+..+Dix,
! i
Dy
+D;X2+‘..+D;Xn
i
D

Cp =Gy

) (F.4h)

Xl

F.3. Fractional crystallization

F.3.1. Equilibrium crystallization

During equilibrium crystallization of a magma, complete equilibrium is maintained
between the melt and the crystallizing phases (Rollinson, 1993). The distribution of trace
elements during equilibrium crystallization is the reverse of equilibrium batch melting
(F.1), and the equation, therefore, is:

o= F+D§,O(l e

(F.5)

where Dcp' = ¥.D,/Xcp where Dcp' =the bulk partition coefficients of element 7 in the
phases crystallized, D,’ = the partition coefficient of element i between melt and mineral

a, Xgs = the weight proportion of mineral a crystallized.
F.3.2. Rayleigh fractional crystallization

Rayleigh fractional crystallization describes a process in Which crystals are
instantly removed from the melt after crystallization, thus, the distribution of trace
elements is not an equilibrium process (Hanson, 1978). The equation for Rayleigh

fractional crystallization is:

Ci = CiFPard (F.6)
L 0



F.4. Sources of uncertainty

The two main sources of uncertainty in the trace element modeling in Chapters 2-4
are analytical error (Appendix A) and selected partition coefficients (Tables 2.2, 2.3, 2.4,
3.2,and 4.2).

F.4.1. Effects of analytical error

The precision of Ba, Rb, Sr, and the REEs was calculated in Appendix A and is
summarized in Table F.1. Here, the analytical uncertainty of Ba is taken to be 15%, 16%
for Rb, and 1% for Sr. The analytical uncertainty for the REEs is, for simplicity, taken to

be 10%, although in reality it is somewhat lower for all REEs except Er.

Table F.1 Summary of calculated precisions (%) for elements used in trace element
modeling.

Std. Ba Rb Sr La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

HFL-1 3 0 1
AGV-1 9 4 1
BE-N 15 186 1

MRG-1 68 69 71 76 50 53 67 65 62 80 101 88 83 69
BR-688 79 82 85 90 56 59 62 62 65 98 102 96 10.0 64

Fig. F.1a illustrates the effects of analytical error on the results of trace element
modeling, using the disequilibrium melting modeling (stromatic migmatite) from Chapter
3 as an example. The figure shows that the effects of analytical error are negligible in the
trace element modeling. The conclusion regarding the granite-pegmatite relationship in
Chapter 4 may appear counter-intuitive; for example, the higher Ba/Rb and lower Rb/Sr
ratios of the pegmatites suggest that they are either more primitive than the granites or
that they contain a significant proportion of cumulate material. Fig. F.1b shows that the
difference in Ba/Rb and Rb/Sr ratios between the granite and pegmatite are statistically
and petrogenetically significant. The upper limit of the Ba/Rb error bars in this diagram
was calculated by (Ba+analytical error/Rb-analytical errbr) and the lower limit by Ba-

analytical error/Rb+analytical error) and vice versa for the Rb/Sr ratios.
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Rig. F.1 Effects of analytical errors on (a) partial melting calculations, stromatic
migmatite (see Fig. 3.12b), and }b) Rb/Sr and Ba/Rb ratios of granites and pegmatites in
Shawanaga domain (see Fig 4.7a). (c) Effects of using different partition coefficients in
the modeling. The same model is used in (&) and (¢} but the partition coefficients are
different.
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F.4.2. Effects of using different partition coefficients

The nherent problems of selecting valid partition coefficients for the trace element
modeling were discussed in Chapter 2 (section 2.5.1). The partition coefficients used in
Chapters 2-4 were selected based on rough estimates of melt composition (e.g., basaltic,
intermediate, granitic), water contents (e.g., dehydration melting, fluid-present melting),
and oxygen fugacity. For most elements, the partition coefficients used in Chapters 2-4
are similar within an order of magnitude, there are, however, some important exceptions.
Under reducing conditions (i.e., low oxygen fugacity), europium forms Eu®*, which is
compatible in plagioclase where it substitutes for Ca®. In contrast, under oxidizing
conditions, europium forms Eu’*, which is incompatible in plagioclase along with the
other trivalent REEs. Petrogenesis of the granitic and rhyolitic gneiss in Chapter 2 and of
the concordant leucosomes in Chapter 3 may both have involved partial melting of gray
gneiss, but under very different conditions. As discussed in Chapter 2, the granitic and
rhyolitic gneiss probably formed at high temperatures, under dry conditions with low
oxygen fﬁgacities. In contrast, the concordant leucosomes probably formed by fluid-
present melting under relatively higher oxygen fugacities. Thus, despite similar whole-
rock (~melt) compositions, the partition coefficients for Eu in plagioclase may have been
very different. The selected partition coefficients, 2.15 (or higher) for granitic and
rhyolitic gneiss and 0.814 for concordant leucosome reflect these differences; partition
coefficients for the other REEs are nearly identical. Studies of partition coefficients in
high-silica rhyolites (Mahood and Hildreth, 1983; Nash and Crecraft, 1985) show that
partition coefficients of elements such as Eu and Sr méy be an order of magnitude higher
than in slightly less silicic systems. Mahood and Hildreth (1983) and Nash and Crecraft
(1985) determined the partition coefficients on mineral separates, and their results were
disputed by Michael (1988) who argued that the extreme partition coefficients resulted
from inclusions of accessory phases. Michael (1988) focused on the mafic silicates, and
because feldspars commonly contain significantly fewer inclusions than do mafic
silicates, the extreme partition coefficients may be valid for high-silica rhyolites (G.

Mahood, personal communication, 2002). Using such extreme pértition coefficients
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~ produces a model melt that is similar to the composition of the rhyolites, illustrating the
profound effects of choosing different partition coefficients in some cases (see for

example Fig. 2.15).

Fig. F.1c shows the result of redoing the trace element modeling presented in Fig.
F.1a using partition coefficients for plagioclase and hormblende from Table 2.2 rather
than 3.2 {(except for Ba which was not used in Table 2.2). The most significant effect on
the model result is that the MREE and HREE contents of the model melt are higher. The
main conclusion, however, is not altered even though there is a ca. 50% difference in the
partition coefficients for MREESs and HREEs in hornblende in Tables 2.2 and 3.2. 1
would, therefore, argue that the trace element modeling results presented herein are
relatively robust, and not a result of choosing partition coefficient that yield some desired

outcome.





