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ABSTRACT
Thor-Odin dome is one of two structural culminations of the Monashee complex,
located in the southeastern Omineca belt of the Canadian Cordillera. The dome
comprises a supracrustal cover sequence and >1.8 Ga North American basement rocks
that experienced polydeformation, high-grade metamorphism and anatexis during the
Late Cretaceous - Eocene stage of the Cordilleran orogen. Pervasive Paleocene - Eocene
deformation transposed and overprinted Precambrian relationships and structures.
Basement ortho- and paragneiss contain ubiquitous stromatic leucosome as well
as discrete phenocrystic and pegmatitic vein-type leucosome, which are all interpreted
to have formed as a result of in situ melting in the Paleocene-Eocene. The stromatic
leucosome is infolded with the country rock (F,) and contains a weak foliation. The
phenocrystic and pegmatitic vein-type leucosome crosscut the stromatic leucosome, as
well as the transposition foliation (S2). SHRIMP 206Pb/238U zircon ages range from ca. 56
to 52 Ma, interpreted as the timing of leucosome crystallization. Evidence for in situ
anatexis includes: igneous textures, field relations, major and trace element chemistry,
Nd isotope chemistry and zircon morphology. The onset of anatexis, at ca. 56 Ma, was
a result of regional prograde metamorphism and was, at least in part, coincident with the
formation of the penetrative (S2) transposition foliation and large recumbent (F2) tight to
isoclinal folds. Pervasive anatexis continued during F3 and F4 folding.
The timing of metamorphism in Thor-Odin basement gneiss was constrained by U-Pb
SHRIMP analyses of monazite from cordierite-gedrite rocks and interlayered quartzite.
Monazite grains have 206Pb/23SU ages ranging from ca. 56 to 52 Ma. Monazite grew
and/or were recrystallized during high-grade metamoiphism and anatexis. Intergration
of events with published geothermobarometry results indicate that peak metamorphism
of 8-10 kbar and 800 °C in the basement gneiss culminated by ca. 56 Ma with the onset
of anatexis, and the rocks underwent subsequent isothermal decompression, to < 5 kbar,
which ended ca. 52 Ma.
Anatexis in the basement gneiss of Thor-Odin was synchronous with the
emplacement at higher structural levels of the 62-52 Ma peraluminous, S-type Ladybird
leucogranite suite. Leucosome from Thor-Odin dome and the leucogranites have similar
major and trace element chemistry, classifying as peraluminous, S-type granites. In
addition, they have overlapping isotopic signatures with eNd(55Ma) values of -5.0 to -17.2
for the leucogranites and -9.5 to -23.6 for the leucosome samples. These correlations
suggest that at least part of the Ladybird suite likely formed via mid-crustal melting of
North American basement rocks dominated by rocks of sedimentary origin.
In the Paleocene, Thor-Odin dome was deeper (up to 6 km) and hotter than adjacent
rocks of the Frenchman Cap dome, the northern culmination of the Monashee Complex,
indicating that there may be two different structural panels within the complex that were
juxtaposed, likely by F2folding, late in the Paleogene tectonic evolution. A tectonic
model for evolution of Thor-Odin dome invokes a ductile shear zone(s) to explain
the diachronous timing of the end of deformation, metamorphism and anatexis in the
structurally overlying Middle Crustal Zone and in Thor-Odin dome.
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ORIGINAL CONTRIBUTIONS

This research focuses on further understanding the evolution of the southern Omineca
belt through a multi-disciplinary investigation into the geology, geochronology,
geochemistry and structure of Thor-Odin dome, Monashee Complex. Research involved
five months of fieldwork in the summers of 2002 and 2003, during which time I carried
out lithological and structural mapping as well as sampling at a scale of 1:10 000 and
1:5 000. Mapping was done in parts of the following 1:20 000 BC TRIM sheets (North
American Datum 1983; UTM zone 11): 82L.060, 82L.050, 82L.040, and 82K.031. These
data were compiled with previous results to produce geological maps and a cross section
for the southern Canadian Cordillera. Samples were collected for U-Pb geochronology,
major and trace element geochemistry, isotopic geochemistry and petrographic studies.
For the geochronologic component of this study, I carried out U-Pb Sensitive High
Resolution Ion Microprobe (SHRIMP) analyses on zircon and monazite from six
samples. Three samples were of variably deformed anatectic leucosome and were
analyzed to constrain the timing of deformation and anatexis. Two samples of cordieritegedrite rock and one samples of an interlayered quartzite were analyzed to constrain
the timing of metamorphism. I performed all stages of sample preparation including
crushing, grinding, mineral separation and grain selection, under the supervision of
Sharon Carr. Prior to and after SHRIMP analysis, zircon and monazite grains were
imaged by backscattered electron (BSE) and cathodoluminescence (CL) at the GSC
and at Carleton University. Monazite crystals were imaged by Dr. M ike Jercinovic at
the University of Massachusetts using X-ray elemental mapping for yttrium, thorium,
uranium and calcium. The CL, BSE and X-ray elemental images were utilized to select
analytical sites on the grains. The U/Pb zircon and monazite analyses using the SHRIMP
at the Geological Survey of Canada (GSC) in Ottawa were completed under the guidance
of Richard Stem, Bill Davis and Nicole Rayner.
An investigation of the geochemical character of selected rocks from the study area
was earned out to characterize the peraluminous Ladybird granite suite, basement
leucosome and selected basement rocks. These studies evaluated the anatectic nature of
the leucosome, the link between peraluminous granites and basement leucosome, and
the evolution of the cordierite-gedrite basement rocks. I completed all aspects of sample
preparation. I carried out major and some trace element X-ray Fluorescence (XRF)
analyses at the University of Ottawa under the supervision of Ron Hartree. Rare earth
element and some trace element analyses were obtained by Inductively Coupled PlasmaMass Spectrometry (ICP-MS) on contract from Geoscience Laboratories and ACME.
Whole-rock Rb-Sr and Sm-Nd analyses were carried out at Carleton University under the
supervision of Brian Cousens and John Blenkinsop.
The data produced in this study required significant revision of previous models
proposed for the tectonic evolution of the region, specifically the extent of ductile
basement involved in the Cordilleran orogeny. I formulated a tectonic model in which
basement is highly strained and melted in the final stages of the Cordilleran orogenesis.
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METHOD OF PRESENTATION
This thesis is presented as five papers (Chapters 1, 2, 3,4, and 5), each with a different
focus to highlight themes and topics of this research. This format is intended to facilitate
the publication of this research; however, it introduces some unavoidable redundancies.
My intent when submitting these chapters to scientific journals is to be first author on all
papers in co-authorship with Sharon Carr, Paul McNeill and Nicole Rayner on Chapter 1,
with Sharon Carr on Chapter 2 and Chapter 3; and, with Sharon Cam and Nicole Rayner
on Chapter 4. Chapter 5 is a tectonic synthesis paper co-authored with Sharon Carr.
Chapter 6 is a summary of the conclusions from this thesis.
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CHAPTER 1
Paleocene-Eocene high-grade metamorphism, anatexis and deformation in ThorOdin dome, Monashee complex, southeastern British Columbia

Abstract
Thor-Odin dome of the Monashee complex, in the southeastern Canadian Cordillera,
comprises >1.8 Ga migmatitic basement gneiss with infolds o f unconformably
overlying supracrustal rocks of the cover sequence, and is part of the deepest exposed
structural level in the Omineca belt. Ortho- and paragneiss of the basement contain
ubiquitous stromatic leucosome as well as discrete phenocrystic and pegmatitic veintype leucosome, which are all interpreted to have formed as a result of in situ melting
in the Paleocene-Eocene. The stromatic leucosome is infolded with the country rock
(F ), contains a weakly developed foliation, and has a biotite rich melanosome. The
phenocrystic and pegmatitic vein-type leucosome crosscut the stromatic leucosome as
well as the transposition foliation (S2). Leucosome contains igneous textures such as
euhedral phenocrysts of plagioclase and potassium feldspar with primary albite and
carlsbad twins twinning, cumulate textures, and myrmekitic intergrowths of plagioclase
and quartz; there is no evidence of alteration of minerals. The major and trace element
chemistry of all leucosome types is typical of melts generated by partial melting of
the continental crust. The sharply faceted crystal shapes, internal fine-scale oscillatory
zoning, and low Th/U ratios of zircon from the leucosome support an igneous source and
are typical of zircon that grew in a partial melting environment. The basement gneisses
reached peak P-T conditions that are consistent with those required for partial melting in
the host gneisses. SHRIMP ^ P b /238!! ages from zircon range from ca. 56 to 52 Ma and
are interpreted to represent a protracted crystallization event of the leucosome. Zircon
commonly contains discrete cores that have sharp contacts with the surrounding younger
zircon. The 2C7Pb/206Pb ages from cores range from ca. 2.6 to 1.8 Ga. The cores are

1
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interpreted as detrital grains inherited from the host paragneiss. Basement paragneisses
are Paleoproterozoic and the basement complex is interpreted as a subsurface
continuation of the Canadian Shield. Anatexis was ongoing by ca. 56 Ma, as a result of
regional prograde metamorphism, and was coincident, at least in part, with the formation
of the penetrative S2 transposition foliation and large recumbent F, tight to isoclinal
folds. Anatexis continued during F3and F4 folding. Decompression melting continued to
ca. 52 Ma and was concomitant with the D5 extensional deformation. Thor-Odin dome,
located in the hinterland of the southeastern Canadian Cordillera, experienced high-grade
metamorphism, anatexis, penetrative deformation and large scale folding in the Paleocene
to Eocene (ca. 56 to 52 Ma).
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Introduction
The formation of migmatites has been attributed to several processes, including:

a) injection of externally derived magma (Sederholm, 1934; Weber and Barbey, 1986;
Barbey et al., 1990); b) partial melting (anatexis) with or without segregation (Mehnert,
1968; Johannes et al., 1995), c) metamorphic differentiation (Robin, 1979; Ashworth and
McLellan, 1985); and d) metasomatism (Misch, 1968; Olsen, 1984; 1985). Metamorphic
differentiation at subsolidus conditions and partial melting, with or without segregation
of initial melts, are widely recognized as the main processes of migmatite formation
(Chavagnac et al., 1999). It is commonly believed that the leucosome portions of most
migmatites were once components of a partial melt (Johannes et al., 2003).
The Monashee complex in southeastern British Columbia consists of high-grade
migmatitic Paleoproterozoic basement rocks and an overlying Paleoproterozoic to
Paleozoic cover sequence from part of the deepest exposed structural level in the southern
Canadian Cordillera (Fig. 1-1). In this paper, we address the formation of migmatites in
the basement rocks of Thor-Odin dome, Monashee complex, to answer several questions:
a) did the leucosome form by partial melting (anatexis) of the host gneiss?; b) what is the
timing of migmatization?; c) was there more than one migmatite forming event?; and, d)
can folded and crosscutting leucosome be used to constrain the timing of deformation?
As the Monashee complex contains an important record of the thermal history and
deformation style operative during the Late Cretaceous to Eocene construction of
the Cordilleran orogen, a study of the migmatites will ideally elucidate the effects of
Cordilleran deformation on these rocks.
A combination of field, petrography, geochemistry and geochronology studies
were used to demonstrate the anatectic origin of the leucosome, and date the timing of
leucosome formation and the structural development of the area. Zircons from three types
of leucosome with clear geological relationships from the Thor-Odin dome basement
rocks at the Saturday Glacier area were dated using U-Pb SHRIMP (Sensitive High
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Resolution Ion Microprobe) methods in order to: a) constrain the age(s) of migmatite
formation and thereby constrain the timing of deformation, specifically folding and
transposition events; b) test whether there were episodic (several million years) or
protracted (Jurassic to Tertiary) periods of melt formation; and, c) evaluate the potential
and extent of decompression melting.
1.2.

Regional geology
The Canadian Cordillera formed as a result o f the Paleozoic to Paleogene accretion of

fragments of allochthonous and parautochthonous oceanic sequences, continental slivers,
volcanic arcs and sedimentary sequences to the western edge of ancestral North America
(Monger, 1989). Mesozoic - Paleogene crustal thickening occurred during collision
with accreted terranes and westward underthrusting of the North American plate (Fig.
1-1; Monger et al., 1982; Monger, 1989; Gabrielse and Campbell, 1991). By the Middle
Jurassic, accreted terranes had begun overriding the pericratonic terranes and Proterozoic
and Paleozoic to early Mesozoic platformal sedimentary sequences that had accumulated
on the paleomargin of North America (Monger et al., 1982). By the mid-Cretaceous, a
50-60 km thick crustal welt and a foreland basin had formed and during the Cretaceous
the Rocky Mountain fold and thrust belt (Foreland belt) formed (Price and Mountjoy,
1970; Coney and Harms, 1984; Brown et al., 1986; Price, 1986). Crustal thickening and
burial of the North American sedimentary sequence and overriding terranes resulted in
metamorphism and deformation of rocks in the hinterland of the Rocky Mountain fold
and thrust belt, termed the Omineca belt (Fig. 1-1; Reesor, 1970; Brown and Read, 1983
and references therein). In the Early Tertiary, southern British Columbia underwent
a change from a transpressional to transtensional regime, attributed to changes in far
field stresses related to the obliquity of the down-going Kula plate (Lonsdale, 1988;
Andronicos et al., 2003). This resulted in Eocene regional extension, and the exhumation
of some of the high-grade rocks of the southern Omineca belt via an array of generally
north-south striking, brittle and ductile normal faults, which are linked to synchronous
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strike-slip fault systems that span the western Cordillera (Ewing, 1981; Tempelman-Kluit
and Parkinson, 1986; Brown and Joumeay, 1987; Parrish et al., 1988; Struik, 1993;
Johnson and Brown 1996 and references therein). In the southern Omineca belt, the
lower plates of regional extensional fault systems expose high-grade rocks with relatively
young deformation and cooling histories in a Cordilleran metamorphic core complex
(Armstrong, 1972; Coney, 1980; Parrish et al., 1988).
The southern Omineca belt is characterized by metamorphic and plutonic rocks and
contains structural culminations and belts of high-grade rocks. The Shuswap complex
(Fig. 1-1) is defined as a composite metamorphic core complex, bounded on the eastern
and western margins by generally north-striking, outward-dipping Eocene normal faults.
It is bounded by the 58-50 Ma Columbia River fault (CR) to the east and the 56-45 Ma
Okanagan Valley-Eagle River fault system (OV-ER) to the west (Okulitch, 1984; Brown
and Joumeay, 1987; Parrish et al., 1988; Parkinson, 1992; Bardoux, 1993; Johnson,
1994). The hanging wall rocks of both the CR and the OV-ER faults record older peak
metamorphism and cooling (ca. 175 to 135 Ma) and are generally at lower grade than the
footwall rocks (Parrish, 1995; Johnson and Brown, 1996). Both the Monashee complex,
a basement-cored gneiss complex, and the structurally overlying metasedimentary rocks
are contained within the Shuswap complex (Fig 1-1).
The Monashee complex contains two domal culminations, the Thor-Odin
and Frenchmen Cap domes, that comprise Paleoproterozoic basement of North
American cratonic affinity (Fig. 1-1; Armstrong et al., 1991) complexly infolded with
unconformably overlaying Paleoproterozoic to Paleozoic platformal metasedimentary
gneisses of the cover sequence (Wheeler, 1965; Reesor and Moore, 1971; Brown, 1980;
Crowley, 1997). The dominantly metasedimentary rocks that structurally overlie and
surround the Monashee complex have been interpreted as an allochthonous composite
thrust sheet termed the Selkirk allochthon (Read and Brown, 1981). The Selkirk
allochthon was inteipreted to have been transported over the Monashee complex along
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the Monashee decollement (MD), a northeast-directed discrete 1-2 km ductile shear zone
interpreted as a thrust fault (Fig. 1-1; Brown et al., 1986; Joumeay, 1986; Brown et al,
1992; McNicoll and Brown, 1995 and references therein). The MD was correlated with
the basal thrust beneath the Rocky Mountain Foreland belt on the basis of balanced crosssections (Brown et al., 1986) and LITHOPROBE seismic reflection profiles (Cook et al.,
1992), thus correlating middle crustal strain in the hinterland with a system of discrete
upper crustal faults in the foreland.
Recently authors have questioned the existence of the Monashee decollement
(Williams, 1999; Johnston et al., 2000; Spark, 2001; Kuiper, 2003). They have suggested
that in Thor-Odin dome in the southern part of the Monashee complex, the MD is not
a narrow shear zone of 1-2 km thick as interpreted by Brown et al. (1992). Rather, it is
suggested that the rocks show a foreland directed penetrative folding and transposition
style of deformation throughout a 4-5 km thickness of crystalline rocks and that there
is no structural or lithological break between the Monashee complex and overlying
rocks (Williams, 1999; Johnston et al., 2000; Spark, 2001; Kuiper, 2003), leading to
the interpretation that the MD does not exist. Recent definitions have defined the MD
simply as the boundary between the allochthonous rocks of the Selkirk allochthon and the
relatively more autochthonous rocks of the Monashee complex; and that at the latitude
of Frenchman cap dome, the lower parts of the Selkirk allochthon structurally above the
Monashee complex were deeply buried and mobilized through much of the Cretaceous
epoch (Brown and Gibson, in press). For the purpose of this paper, it seems prudent to
acknowledge the existence of the MD for Frenchman Cap dome, and to accept the more
liberal definition of Brown and Gibson (in press) as the base of the zone of penetrative
strain as young as Eocene said to be related to compressional orogenesis. In light of these
contentions that the MD is not a discrete structure or does not exist, the transition needs
to be reevaluated and implications for models of the tectonic development of the entire
region may need to be revised.
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Periods of metamorphism, deformation and plutonism occurred within a 120 million
year interval in the southern Omineca belt and events have been documented at ca. 175160, ca. 140, 100-90, 75-60 and 60-55 Ma (Digel et al., 1998; Sevigny et al., 1989, 1990;
Scammell, 1993; Parrish, 1995; Vanderhaeghe et al., 1999; Gibson, 2003; Crowley et
al., 2003; Reid, 2003; Carr and Simony, in review). Parrish (1995) synthesized known
timing of deformation in the southern Omineca belt and suggested that there was a
preservation of progressively younger strain and deformation with deeper structural
levels, implying progressive incorporation of deeper and more inboard rocks through
time. However, recent studies have shown that the relationships between structural level,
deformation, and metamorphism are more complicated than this interpretation, and in
order to understand the construction of the Omineca belt it is necessary to document
these relationships at all structural levels. Metamorphic belts may overprint and crosscut
older events. For example, the Cretaceous Cariboo - Monashee - Selkirk metamorphic
high transects Middle Jurassic regional metamorphism, while in other locations younger
or successions of younger, events may reactivate, overprint and/or partially overlap with
older events in a concordant fashion (Digel et al., 1998; Gibson, 2003; Crowley et al.,
2003; Reid, 2003; Carr and Simony, in review).
The Monashee complex is of interest as it contains the deepest exposed structural
level in the Omineca belt, and hence studies are designed to address the timing of
deformation and metamorphism. The rocks of the upper structural levels of Frenchman
Cap dome experienced high-grade metamorphism from ca. 80 to 50 Ma; however, a
boundary delimiting the base of Eocene Cordilleran deformation has been located at
deep structural levels below which Precambrian relationships > 1.8 Ga are preserved
(Parrish, 1995; Gibson et al., 1999; Crowley and Parrish, 1999). In contrast, this study
confirms that rocks throughout Thor-Odin dome experienced high-grade metamorphism
and anatexis during the Paleocene to Eocene (Vanderhaeghe et al., 1999; Norlander et
al. 2003; Kuiper, 2003; this study). The panel of rocks that structurally overlies Thor-
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Odin dome and in map view surrounds the dome on the southern and western sides is
referred to herein as the Middle Crustal Zone (after Carr 1991). It is characterized by
Late Cretaceous to Eocene ductile strain, plutonism, and thermal quenching (Carr, 1991).
The Middle Crustal Zone rocks were thought to have been carried in the hanging wall of
the MD, although this relationship is under reexamination. The boundary between ThorOdin dome and Middle Crustal Zone rocks occurs on the southwest com er of the dome
at Cariboo Alp and has been interpreted as the continuation of the MD (Coleman, 1990;
McNicoll and Brown, 1995). Relevant to this study are the rocks of Cariboo Alp, which
were deformed and metamorphosed prior to 58 Ma (Coleman, 1990; Carr, 1992), and,
Middle Crustal Zone rocks west of the dome at Joss Mountain that were deformed and
metamorphosed prior to ca. 70 Ma (Fig. 1-1). The structures at Cariboo Alp were cut by a
58 Ma pegmatite which thereby constrains the timing of the last movement on the MD at
this location (Carr, 1991).
Compressional deformation and metamorphism in the Shuswap complex finished
slightly before or during extension in the Eocene (Parrish et al., 1988; Carr, 1995). In
order to understand the tectonic evolution it has become important to try to document
the timing of deformation and metamorphic history at different structural levels within
the Omineca belt; this forms the basis of this study of Thor-Odin dome. Although there
are some timing constraints on syn- and post-tectonic events, the absolute dating of the
timing of the onset of high-grade metamorphism remains elusive (c.f. Foster et al., 2004).
1.3.

Geology of the Thor-Odin dome

1.3.1. Lithology
The basement rocks of Thor-Odin dome are composed of heterogeneous migmatitic
para- and orthogneiss (Fig. 1-2). Basement orthogneiss are dominated by migmatitic,
homblende-biotite-quartzo feldspathic gneiss with a lesser volume of quartz monzonite
gneiss. Basement paragneiss comprise: a) heterogeneous migmatitic gamet-sillimanite-
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quartzo feldspathic gneiss that are locally rich in cordierite; b) migmatitic cordieritebiotite-quartzo feldspathic gneiss; and c) minor calc-silicates, marbles, and quartzites,
and are associated with cordierite-gedrite rocks and amphibolites (Reesor and Moore,
1971; Duncan, 1984). Though lithologically distinct, the basement ortho- and paragneiss
are often interlayered at the scale of a few meters, due in large part to transposition by
folding, and contacts are further complicated by the abundance of leucosome. Initial U/Pb
geochronology studies of zircons from basement orthogneiss yielded crystallization ages
of 1934 ± 6 and 1874 ± 21 Ma (Parkinson, 1992). Deposition of the basement paragneiss
in Thor-Odin dome likely began by 2.2 Ga, based on a detrital zircon study of a basement
paragneiss (Parkinson, 1992), and continued to 1.8 Ga, based on the youngest detrital
grains from basement paragneiss (Vanderhaeghe et al., 1999; Kuiper, 2003; this study).
The focus of this paper is on basement paragneiss from the Saturday Glacier area in the
central part of the Thor-Odin dome (Fig. 1-2 and 3).
The cover rocks comprise a heterogeneous assemblage of metasedimentary rocks
that includes quartzites, pelitic schists, marbles, calc-silicates and amphibolites. There
have been limited geochronological studies on the cover sequence. A preliminary
geochronology detrital zircon study on the basal quartzite of the cover gneiss yielded a
similar range of Paleoproterozoic ages as the basement paragneiss, with ages as young as
1825 ± 5 Ma (Kuiper; 2003). There are no constraints on an upper age limit for the cover
sequence and the youngest depositional age in Thor-Odin dome is uncertain.
1.3.2. Precam brian geological history

The basement orthogneiss are interpreted to have intruded into the basement
paragneiss during the Paleoproterozoic (Parkinson, 1992). Although the homogenous
orthogneiss generally have concordant contacts with basement paragneiss, Parkinson
(1992) reported local contacts which are intrusive. Exposures of the contact between
basement gneisses and the cover sequence show parallelism with gneissosity and
penetrative foliation (Spark, 2001). The basal quartzite in contact with basement
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gneiss led to the interpretation of a Paleoproterozoic unconformity at the base of the
quartzite (Duncan 1982; Parkinson, 1992), although this contact is likely a result of
transposition by strain. The details of Precambrian metamorphic and deformation events
have been pervasively overprinted by Mesozoic - Eocene Cordilleran deformation and
metamorphism. This is in contrast to Frenchman Cap dome which preserves Precambrian
metamorphism and deformation at deep structural levels (Crowley and Parrish, 1999).
1.3.3. Cretaceous - Eocene Cordilleran metamorphic history
Basement and cover rocks in Thor-Odin dome experienced upper amphibolite to
lower granulite facies conditions in the Paleogene at ca. 56 Ma (Hinchey, this study and
Chapter 4), and may have reached high grade conditions as early as 75 Ma, on the basis
of the age of zircons in leucosome from migmatitic paragneiss at Three Valley gap on the
north flank of Thor Odin dome (Parish, 1995; Kuiper, 2003). Throughout the dome, the
mineral assemblages are relatively uniform with stable sillimanite-potassium feldsparmelt (Reesor and Moore, 1971). Kyanite and cordierite occur in aluminous basement
gneiss, and orthopyroxene occurs in granitic and aluminum-poor basement gneiss
(Reesor and Moore, 1971). The rocks of Thor-Odin dome are approximately enclosed
within the sillimanite-K feldspar isograd, and rocks of the surrounding Selkirk allochthon
are at lower grade with sillimanite-almandine-muscovite assemblages (Reesor and
Moore, 1971). U-Pb geochronology studies indicate that metamorphism and penetrative
deformation of the Thor-Odin dome basement rocks was ongoing during the Paleogene
(Vanderhaeghe et al., 1999; Johnston et al., 2000) at ca. 56 to 52 M a (this study) based on
the ages of anatectic migmatites and metamorphic monazites (Hinchey, Chapter 4).
There is an apparent larger volume of leucosome present in the basement gneiss
compared with the cover sequence (Reesor and Moore, 1970; Parkinson, 1992; Norlander
et al., 2001). Parkinson (1992), and McNeill and Williams (2003) have therefore argued
that migmatization likely predated deposition of the cover sequence. Alternatively, this
difference in amount of leucosome may be: a) a result of compositional differences
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controlling melt generation, as the cover sequence contains abundant calc-silicate gneiss,
quartzites and amphibolites; b) a result of the cover sequence being volumetrically minor
relative to basement gneiss (Fig. 1-2 and 1-5); and/or c) that peak P-T conditions attained
in the cover sequence may be slightly lower than in the structurally deeper basement
gneisses, and thus these rocks may not have experienced pervasive anatexis. Even a small
change in peak P-T conditions could change the decompression path and thus the melt
reactions that are crossed (see Fig. 1-14). Any of these factors may have controlled the
localization of leucosome to certain lithological horizons.
On the northwestern margin of Thor-Odin dome, basement rocks experienced
temperatures of ca. 725 °C (Johnston, 1997). Pressure-temperature studies in structurally
deeper rocks of the Bearpaw Lake region, in the southwestern part of the dome,
indicate that the basement rocks underwent isothermal decompression from the kyanitepotassium feldspar zone (P > 8 to 10 kbar) into the sillimanite-cordierite zone (P < 5
kbar) at T ~ 750 °C, with a maximum temperature of ~ 800 °C (Norlander et al., 2002).
The rocks of the Saturday Glacier area of this study are lithologically similar to those
of the study of Norlander et al. (2002), are less than 0.5 km structurally deeper and are
less than 4 km away (Fig. 1-2 and 1-5). In addition, both areas contain the same peak
metamorphic mineral assemblages preserving potassium feldspar-sillimanite-melt in
basement paragneiss. Based on complex symplectic textures preserved in basement
cordierite-gedrile rocks and amphibolite boudins, Norlander et al. (2002) concluded that
the peak regional metamorphic episode occurred in the Tertiary as these textures would
not have survived a subsequent metamorphic event. This argument, coupled with the
ages of zircon crystallization in leucosome from Thor-Odin dome (Vanderhaeghe et al.,
1999; this study) and zircon in leucogranites from structurally higher levels (Carr, 1992;
Vanderhaeghe et al., 1999), is consistent with the interpretation that metamorphism
coincided with the onset of partial melting. Reaction textures indicate that leucocratic
melt interacted with minerals growing in the boudins during decompression (Norlander
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et al., 2002), indicating coeval anatexis and decompression. Cooling of Thor-Odin dome
occurred in two stages synchronous with the regional extension. The core of dome
was affected by rapid cooling from -700 °C to -3 0 0 °C at ca. 55 to 52 Ma, which was
followed by a second cooling event from -350 °C to -150 °C at ca. 47-45 Ma based on
zircon and monazite U-Pb ages, Ar thermochronology, zircon and apatite fission track
ages (Parkinson, 1991; Lorencak et al., 2001; Vanderhaeghe et al., 2003; this study).
At least three styles of leucosome have been documented in Thor-Odin dome. One
is folded and concordant with foliation, and two types crosscut the foliation, leading to
the initial suggestion of three possible migmatization events (Spark, 2001; McNeill and
Williams, 2002). Crosscutting leucosome veins in the basement ortho- and paragneiss
have yielded ages of ca. 56 Ma (Vanderhaeghe et al., 1999) and ca. 54 to 52 Ma (this
study). This age falls in the range of the ca. 58-55 Ma pegmatitic dykes that crosscut
rocks of: a) the cover sequence in Thor-Odin and deformed 62 Ma pegmatite on the
southern flank of the dome at Cariboo Alp in rocks structurally above the Monashee
complex (Carr, 1992); and, b) the intercalated basement and cover rocks on the
northeastern flank at Blanket Mountain (Johnston et al., 2000). These ages are a few
million years older than those reported by Kuiper (2003) including: a) zircon lower
intercept ages and monazite ages of ca. 52 Ma from a crosscutting aplitic dyke at Blanket
Mountain area, and b) a zircon age from a crosscutting aplitic dyke (leucosome) from the
core of the dome, near Frigg Glacier, of 48 Ma with a large error of 11 Ma. Kuiper (2003)
interpreted these young ages to reflect a hydrothermal event rather than a magmatic
crystallization event, largely on the basis of hydrogen and oxygen isotopic studies.
However, in light of SHRIMP and geochemical data, we question this interpretation.
These ages are reinterpreted as representing the last stages of a protracted metamorphic
and anatectic event (see discussion below). There are two other leucosome and pegmatite
dating locales in the region. At Joss Mountain, to the northwest and structurally higher
than the basement rocks, a 73 M a pegmatite was deformed by F (Johnston et al., 2000)
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and structures are crosscut by a 70 Ma post tectonic pegmatite (Kuiper, 2003), thus
bracketing the age of the final stages of penetrative deformation at this location. At Three
Valley Gap, leucosome formation was ca. 73 Ma (Kuiper, 2003). Figure 1-4 shows a
simplified tectonostratigraphic column through Thor-Odin dome, showing the relative
structural relations of previously dated rocks in the area and in this study.
1.3.4.

Structural evolution o f Thor-Odin dome

Basement and cover gneiss are characterized by at least four folding events and
the map-pattem distribution of basement and cover controlled by large-scale fold
interference patterns (Fig. 1-2). These superposed folds produced interference patterns
at all scales and all structural levels, and have been interpreted as the principal cause
of doming and crustal thickening in the dome (Read, 1980; Duncan, 1982). Figure 1-5
highlights the complex fold interference patterns observed across the dome; however,
the cross section is oblique to the profile plane of the fold thereby skewing fold forms.
The dominant foliation dips to the west on the western margin of the dome and to the
east on the eastern margin, and it wraps around the southern end producing outward dips
(Reesor and Moore, 1971). F, folds are preserved at outcrop scale, and represent either:
a) relict Precambrian deformation; or, b) formation during progressive D, 2 thickening
and tectonic burial. Kilometre-scale, northeast verging, isoclinal F, fold nappes infold
the cover sequence with the underlying basement gneisses (Reesor and Moore, 1971;
Read, 1979,1980; McNeill and Williams, 2004). The S2 transposition foliation is the
dominant planar fabric throughout the 4-5 km thick exposed section of Thor-Odin dome
and is defined by domainal schistosity, compositional banding and gneissic foliation. F3
folds overprinted earlier folds and commonly lack a well-developed axial planar foliation
(Johnston, 1997). F4 folds are open, upright folds that overprint earlier generations of
folds. The Pingston fold (Fig. 1-2) is an isoclinal F2 fold that spans the length (~8 km) of
the eastern margin of the dome, and it is outlined on the map by the basal quartzite unit
(Reesor and Moore, 1971; Spark and Williams, 1996) and its map pattern is controlled
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by the superposition of F 2 through F4 folds (Fig. 1-5). The entire domal culmination
represents a large F2-F4 interference structure containing reoriented and transposed F
nappes (Fig. 1-5).
The MD has been interpreted to mark the western and southern boundary of ThorOdin dome from the overlying Selkirk Allochthon. In the Cariboo Alp region, it is
interpreted as an imbricated, crustal-scale, compressional shear zone (McNicoll and
Brown, 1995). Final thrust movement on the MD occurred in the latest Paleocene
and stopped moving by ca. 58 Ma (Carr, 1992). D 5 reactivation of foliation and local
development of shear bands marked the onset of extension when the rocks were still hot
and behaving ductilely (Brown, 1980; Read and Brown, 1981; Joumeay, 1986; Carr,
1992; Brown et al. 1992; Johnston et al., 2000; McNeill and Williams; 2003). D 5 was
progressive, as the rocks cooled, to D 6 brittle, extensional faulting. D5 and Dfi deformation
includes the ductile-brittle CR and OV-ER faults and their reactivation. Widespread
intrusion of Eocene pegmatites and generally north-south trending lamprophyre dykes
occurred in the Monashee complex during extension (Lane, 1984; Johnson, 1994; Adams
et al., 2005). Brittle faulting was preserved in Thor-Odin dome as large steeply dipping
north-northwest-striking faults, such as the Three Valley normal fault (Johnson, 1994;
Johnston, 1997) and Victor Creek fault (Read, 1980; Kruse and Williams, 2004).
1.4.

Leucosome at Saturday Glacier

1.4.1. Field, characteristics and petrography
Leucosome occurs pervasively throughout the basement and cover gneisses in
Thor-Odin dome (Reesor and Moore, 1970; Spark, 2001; McNeill and Williams, 2003).
The Saturday Glacier area is located on the western flank of the dome and mapping
encompasses approximately a one square kilometre area (Fig. 1-2 and 1-3) on the
overturned limb of an northeasterly-verging, steeply dipping F2 isocline (Fig. 1-5). This
area is a structurally deep exposure of basement migmatitic paragneiss, and contains
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15-50 % volume leucosome. The excellent exposure on recently deglaciated slopes and
the extensive variety of leucosome make this area ideal to study leucosome formation.
Lithological units can be traced along strike for at least 5 km to the southeast. The
dominant Iithologies are the compositionally heterogeneous garnet-sillimanite-quartzo
feldspathic paragneiss, interlayered at the scale of tens of meters with a homogenous
cordierite-biotite-quartzo feldspathic paragneiss with accessory millimeter-scale garnets
and sillimanite (less than 1%). This package of pelitic gneiss strikes southeast and dip
steeply at -80° to the west. The garnet-sillimanite-quartzo feldspathic paragneiss contains
15-20% leucosome, whereas the cordierite-biotite-quartzo feldspathic paragneiss contains
35-50% leucosome, and is interpreted to largely represent mesosome or restite (Fig. 16). The gneisses are part of a package of metasedimentary gneiss that includes minor
quartzites, calc-silicate gneisses, gamet-gedrite-cordierite rocks, and garnet amphibolites.
Various styles of leucosome structures are identified within the cordierite-biotite-quartzo
feldspathic gneiss, and the relative timing of folds and leucosome formation are apparent.
As this study aims to constrain the age of structures within the paragneiss of Thor-Odin
dome, field relations constraining the relative timing of structures and leucosome are
critical. Migmatite terminology and definitions are from Ashworth (1985), modified from
Mehnert (1968). There are three main styles of leucosome: folded stromatic leucosome,
phenocrystic and pegmatitic leucosome.
1.4.1.1.

Folded stromatic leucosome

The dominant type of leucosome is stromatic (layered) and forms part of a slockwork
of interconnected veinlets ranging from 2 mm to 25 cm in thickness, exhibiting a
well developed 0.2-0.5 cm wide melanosome on their margin. The folded stromatic
leucosome parallels the main transposition foliation (S2), which dips steeply westwards
at 82°, and contains a foliation defined by the alignment of biolite grains (Fig. l-6a). The
leucosome is tight to isoclinally folded at the centimeter scale (Fig. l-7a). Folds defined
by leucosome have the same plunge and vergence as F2 folds in the area, and are thus
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interpreted as F folds. The melt is interpreted to have formed within the foliation, and
was mobilized along foliation surfaces feeding into veinlets and veins. Leucosome modal
mineralogy is plagioclase (An34, 25%), potassium feldspar (perthitic orthoclase, 30%),
quartz (42%) and biotite (3%), with accessory phases of apatite, ilmenite and rutile (Fig.
l-7a). The quartz, plagioclase and potassium feldspar grains primarily occur as subhedral
to anhedral crystals and commonly contain abundant inclusions of smaller biotite grains
and iron-titanium oxides. Quartz has undulose extinction, and plagioclase has flame
lamellae. Zircon occurs primarily as inclusions in feldspar and quartz. The melanosome is
dominantly composed of coarse-grained biotite.
On the basis of the structural relationships, the leucosome associated with this style
of migmatite is interpreted to have formed during F2 folding and represents the oldest
leucosome in the outcrop. This type of leucosome occurs throughout the basement
gneisses in Thor-Odin dome (Reesor and Moore, 1976; Spark, 2001); however, since
leucosome production and deformation may be diachronous at different structural levels
then age relationships may vary with structural depth. Nevertheless, the folded stromatic
leucosome is considered to be typical of the oldest leucosome type in Thor-Odin dome
and certainly within the immediate area of Saturday Glacier.
1.4.1.2. Phenocrystic vein leucosome
The second type of migmatite is of vein (phlebitic) structure and contains leucosome
that is coarse grained and granitic in composition. This leucosome is referred to herein
as the phenocrystic vein type due to the presence of phenocrysts of potassium feldspar,
plagioclase and biotite. It is not folded, does not contain a foliation, and crosscuts both
the main transposition foliation and the folded stromatic leucosome (Fig. l-6b). The
planar phenocrystic vein leucosome is exposed for 150 m along a strike of 174° and a dip
of 88°. Leucosome thickness varies from 8 to 15 cm, while the melanosome thickness is
variable along the length of the leucosome, ranging from 0.1 to 0.4 cm. The melanosome
parallels the leucosome and is dominated by aggregates of coarse biotite crystals. The
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phenocrystic type of leucosome has a bimodal grain size distribution; the equigranular
groundmass is dominated by 0.5-1 cm quartz, plagioclase, potassium feldspar and biotite
crystals and surrounds large, 1.5-2 cm, phenocrysts of potassium feldspar, plagioclase
and biotite. The modal mineralogy of the leucosome is plagioclase (An12, 18%),
potassium feldspar (perthitic orthoclase; 30%), quartz (35%) and biotite (15%), with
minor muscovite (2%) and accessory phases of ilmenite, rutile and zircon. The quartz,
plagioclase, and potassium feldspar grains occur primarily as euhedral to subhedral to
crystals. Myrmekitic intergrowths of plagioclase and quartz are common, as are primary
igneous albite and carlsbad twins in plagioclase and potassium feldspar (Fig. 1-7b). On
the basis of its crosscutting relationship with transposition foliation and specifically the
folded stromatic leucosome, the phenocrystic vein leucosome is interpreted to be younger
than the folded stromatic leucosome and F 2 folding.
1.4.1.3. Pegmatitic vein type
The third type of migmatite observed in outcrop is the pegmatitic vein type. The
associated leucosome is pegmatitic, granitic leucosome. This leucosome type trends
232°/84° for 25 meters, is undeformed, and crosscuts both stromatic and phenocrystic
leucosome types in this outcrop, as well as the main transposition foliation (Fig. 16c). The leucosome does not have an associated melanosome, and occurs as veins that
range in thickness from 10 to 15 cm. In hand sample, the leucosome contains 0.5-2
cm intergrowths of potassium feldspar, plagioclase, quartz, and biotite. In thin section,
large crystals of potassium feldspar surround euhedral to subhedral grains of quartz,
plagioclase, and biotite (Fig. l-7c). The modal mineralogy comprises plagioclase (An]4,
10%), quartz (38%), potassium feldspar (perthitic orthoclase; 45%), biotite (5%), and
muscovite (2%) with accessory phases of ilmenite and rutile. In thin section, abundant
primary igneous textures are preserved, including euhedral grains, and primary albite
and carlsbad twinning in plagioclase and potassium feldspar. There is no evidence of any
deformation features or microstructures.
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On the basis of its relationship with structures, specifically its crosscutting
relationship with the folded stromatic and phenocrystic leucosome, the pegmatitic vein
leucosome is interpreted to represent the youngest generation of leucosome. The lack of
chilled margins associated with this leucosome indicates that the host rocks were still
hot during formation. Leucosome production would have ended by the time the dome
experienced brittle (Dfi) deformation, and; therefore, this type of leucosome must have
formed pre-D6.
1.4.2. Whole rock major and trace element geochemistry
Major element, recalculated to an anhydrous total of 100%, and trace element
compositions of 13 samples from all three types of leucosome were analyzed. Sample
description and locations are listed in Table 1-1. Representative compositions are
presented in Table 1-2 and analytical details are given in Appendix A .I. As there are
no distinguishable compositional differences between the leucosome types, all the
leucosome samples are treated as one group.
The leucosome samples show little variation in most major element compositions.
S i0 2 contents range from 71 to 76 wt.% and A120 3 ranges from 12 to 15 wt.%. Figure
1-8 shows the CIPW normative proportions of quartz, orthoclase, and albite for
the leucosome samples. In this diagram, the orthoclase contents might be slightly
overestimated due to mica content of the samples. However, this is a useful petrogenetic
tool for estimating the conditions of melt formation in leucogranite compositions with >
90% felsic components (Inger and Harris; 1993). All the samples satisfy this condition.
Leucosome samples trend away from the minimum melt composition characteristic of
water-saturated phase relations suggesting that they formed via water-undersaturated
melting reactions characteristic of dehydration melting (Johannes and Holts, 1990).
The CIPW normative proportions (Table 1-2) show that the leucosome samples have a
granitic compositions sensu stricto, and that all the samples are peraluminous (molar A/
CNK >1).
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The trace element composition of these rocks exhibit large ranges in the low field
strength elements (as defined by Saunders et al., 1980), of Ba (16-2147 ppm) and Sr (14383 ppm). Most trace element concentrations exhibit a slight decrease in concentration
with increasing S i0 2 content. The chondrite-normalized rare earth element (REE)
patterns of the leucosome samples are fractionated with La(N)/Yb(N) ranging between
1.5 and 50 times chondrite (Fig. l-9a). In general, the higher S i0 2 compositions exhibit
less fractionation. The samples show a range in Eu from a slightly positive to strongly
negative anomaly. On an extended trace element primitive-mantle normalized spider
diagram, the rocks exhibit large enrichments in Ce, Rb, Ba, light REEs, Sr and Zr relative
to primitive mantle (Fig. l-9b), and there are also pronounced negative Nb-Ta and Ti
anomalies.
The leucosome REE and extended trace element patterns show similar trends and
concentrations of elements when compared to the bulk continental crust and average
granite composition (Fig. 1-9). Comparing the leucosome with the host gneiss, both have
similar trends and concentrations of elements. Minor differences in the trace element
concentrations between the host basement gneiss and the leucosome samples likely reflect
fractionation of elements and preferential melt migration of the LFSE relative to the
HFSE and REE during partial melting (Sawyer, 1998). The overall trend of decreasing
trace element concentrations with increasing silica contents likely reflects the depletion of
trace elements in the host gneisses as partial melting continued. The overall geochemical
signature, outlined above, is consistent with magmas that formed via partial melting of
the continental crust.
1.4.3. U-Pb geochronology
Zircon from a sample of each of the three leucosome types were imaged by
backscattered electron (BSE) and cathodoluminescence (CL) on the Electron Microprobe,
prior to U-Pb isotopic analysis using the SHRIMP. Data are presented in Table 1-3 and
Figure 1-10, and errors are reported as lo in the table. In Figure 1-11, a weighted mean
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diagram, errors are reported as 2a. Analytical procedures are described in Appendix A. 1.
The ^ P b / ^ U ages are reported for zircon younger than 800 Ma, since the low abundance
of 207pb jn young zircon leads to very large uncertainties in the 207Pb/235U and 207Pb/20f’Pb
ages of young grains. 207Pb/206Pb ages are reported for zircon older than 800 Ma. Each
analyzed sample is described in detail below.
Some features are consistent in the CL and BSE images of zircons from all the
samples (Fig. 1-10). Most zircon grains have domains with fine-scale oscillatory zoning
that are free of inclusions, have well formed crystal faces, and contain cores (see Fig.
l-10a, grain 38, 41, 28). The inclusion free, fine-scale oscillatory zoned grains and parts
of grains, excluding the cores, are typical morphology of magmatic zircon (Corfu et al.,
2003) and are interpreted to have grown in contact with melt related to the crystallization
of the leucosome, and are referred to as igneous or magmatic zircon. Many of the zircons
contain a prominent oscillatory zoned core that is surrounded by a sugary textured zone
filled with inclusions dominantly comprising iron titanium oxides (see Fig. l-10a, grain
38, 41, 28). Where this zone is present, it is commonly rimmed by a 2-10 pm layer that
appears bright in CL and dark in BSE, interpreted to result from depletion in the REE
and U. This zone is interpreted to represent an alteration or resorption front, attributed to
magmatic processes associated with the crystallization of the leucosome, and the cores
are interpreted as relict grains inherited from the host paragneiss. The relict cores show
variation in internal structures, dominated by oscillatory zoning, although some cores
show sector zoning or are homogeneous without visible zoning.
1.4.3.1. Folded stromatic leucosome (AH-02-26)
The zircon population in sample AH-02-26 is dominated by euhedral to subhedral
grains, varying from 100 to 250 pm in length. Prominent turbid, sugary textured cores are
visible in most grains microscopically. Grain shapes vary but are dominated by tetragonal
prisms modified by pyramids, with aspect ratios of 3:1. A total of seventeen grains
from this sample, varying in shape and internal structure, were analyzed (Table 1-3).
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Representative grains are shown in Figure l-10a. The magmatic zircons have a weighted
mean 206Pb/238U age of 55.5 ± 0.6 Ma (2a error, n=13) with a mean-square of weighted
deviates (MSWD) of 1.5. The Th/U ratios for the grains vary from 0.0029 to 0.0079
(Table 1-3). The CL images show that most zircons contain a prominent oscillatory zoned
relict core that is surrounded by a zone that has a sugary texture and contains inclusions
(Fig. l-10a). The cores have variable 207Pb/206Pb ages from 2307 ± 15 ( la ) to 1856 ± 12
( la ; Table 1-3), and have Th/U ratios varying from 0.21 to 0.40.
1.4.3.2. Phenocrystic vein leucosome (AH-02-27)
The zircon population in sample AH-02-27 is dominated by euhedral to subhedral,
equant grains. Cores are apparent in CL and BSE images. Representative grains are
shown in Figure l-10b. Eight zircon grains from this sample, varying in shape and
internal structure, were analyzed (Table 1-3). The magmatic zircon have a weighted mean
2ooP5/238u age of 54.2 ± 0.8 Ma (2 a error, n=4, MSWD = 4.5; Table 1-3). The Th/U ratios
for these grains vary from 0.018 to 0.02. The cores show a range of internal structures
in CL images, including oscillatory zoning and complex sector zoning (Fig. l-10b). The
limited amount of magmatic zircon growth observed on some cores is believed to be a
result of either: a) the amount of time the inherited core was in contact with the melt;
and/or b) the zirconium saturation of the melt, and thus able to grow new zircon, the
implications of which are discussed in the section on the origin of leucosome. The 207Pb/
206Pb ages for the cores vary from 2564 ± 6 ( la ) to the youngest age of 1862 ± 12 (la ;
Table 1-3). The Th/U ratios for the cores vary from 0.03 to 0.87.
1.4.3.3. Pegmatitic vein leucosome (AH-02-29)
The sample AH-02-29 contains a significantly less abundant zircon yield in relation
to the other geochronology samples. Most grains are equant and subhedral to anhedral
in shape. Under plane-polarized light some grains are clear and colourless, while others
contain abundant inclusions and are turbid in appearance. In BSE and CL, some grains
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are homogenous with no apparent cores or rims, some have fine-scale oscillatory zoning,
and others have a patchy appearance (Fig. l-10c). Crystals with cores are less prevalent
relative to the other samples. Eleven grains from this sample were analyzed and results
show that most grains are Precambrian zircons inherited from the host gneiss. Only two
grains have Eocene ages (Fig. l-10c). One is a homogenous crystal with a 206Pb/238U age
of 52.5 ± 1 ( lo error; Fig. 1- 10c grain 2); the SHRIMP analysis is located in the center
of the crystal. The second grain has a 200Pb/238U age of 54.7 ± 4 Ma ( l o error; Fig. 110c, grain 33; Table 1-3). The inherited grains (n= 9) have 207Pb/206Pb ages ranging from
2280 ± 12 Ma to 1869 ± 26 Ma (lo ; Table 1-3), with Th/U ratios varying from 0.43 to
1.11. The Eocene ages are interpreted as the crystallization age of the leucosome. All
leucosome types contain xenocrysts; however, zircons from the structurally youngest
leucosome have the lowest proportion of Eocene ages representing crystallization of the
leucosome. This is consistent with other studies of the structurally youngest leucosome,
which contain a large detrital population (Oliver et al., 1999). This may reflect either: a)
rapid deformation-induced melt extraction from the protolith which would inhibit zircon
dissolution from the host rocks and consequently limit growth of new zircon; b) rapid
cooling of the rock which would limit the amount of time for new zircon growth; and/or
c) the chemistry of the last stages of the melt, which due to small melt volumes may
result in rapid Zr saturation inhibiting further dissolution of host-rock zircon (Watson,
1996; Oliver et al., 1999).
1.4.3.4.

Interpretation of the geochronology data

The Paleocene-Eocene ages are interpreted as the crystallization age of the
leucosome. Statistically, the young ages, that is those that range from ca. 56 to 52 Ma,
from all three leucosome samples reflect one age population. When taken as a group,
all of the magmatic zircon have a weighted mean 206Pb/238U age of 55.1 ± 0.6 Ma (2 a
error, n = 19, MSWD = 1.9 (Fig. 1-11; Table 1-3). It is clear from the young ages and the
cross-cutting relationships that leucosome formation and crystallization was an ongoing,
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complex process, which occurred over the course of a few million years. Although the
stromatic leucosome is likely slightly older than the others, the difference in age is too
small to be accurately determined with the number of analysis in hand. Further analysis
would be needed to statistically separate the slightly younger zircon population from
that of the other samples. This is further complicated by the limited amount of magmatic
zircon growth in the cross-cutting pegmatitic leucosome, and the fact that younger
leucosome may entrain zircon crystals from slightly older leucosome. For these reasons,
the crystallization age of all of the leucosome is interpreted as being ongoing from ca. 56
to 52 Ma. This argument is supported by the apparent lack of fine-scale oscillatory zoned,
inclusion free zircon growth, in the BSE and CL images of zircon from the adjacent host
paragneiss and surrounding gneiss (Fig. 1-12). Therefore we are confident that the young
ages are in fact related to growth of zircon in contact with melt during the crystallization
of the respective leucosome types. This interpretation of the timing of crystallization is
also supported by previous geochronological studies of the Monashee complex where
most authors interpret the young zircon as magmatic in origin based on morphology of
the zircon (Vanderhaeghe et al., 1998; Vanderhaeghe et al., 1999; Crowley et al., 2001;
Norlander et al., 2002).
1.5.

Discussion

1.5.1.

Origin o f the leucosome

There are a number of lines of evidence in support of an igneous nature and anatectic
origin for the leucosome in the Saturday Glacier area. The thin-section petrological
evidence for an igneous source for leucosome includes the following: euhedral grains,
primary twinning in plagioclase and potassium feldspar, abundant phenocrysts, cumulate
textures, myrmekitic intergrowths of plagioclase and quartz, a lack of microstructures,
and a lack of alteration. The well developed crystal faces on plagioclase, potassium
feldspar, and quartz supports the formation of leucosome from a melt and not solid state
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processes (Vernon and Collins, 1988). This petrology supports the conclusion that the
leucosome was components of a melt and either reflects injection of externally derived
magmas or partial melting of the host gneiss.
If the leucosome represented an injection of foreign magma along foliation planes,
there would be no expected structural, geochemical or isotopic relationship between
the leucosome and the country rocks. The fact that leucosome is both infolded with and
crosscuts the host gneiss supports a relationship between deformation and anatexis. In
addition, the leucosome is constrained to specific lithological layers which are more
pelitic, consistent with an anatectic source (Fig. 1-3). In addition, the major and trace
element chemistry is typical of peraluminous, S-type granites (Fig. 1-9), consistent
with partial melting of the host paragneiss. The Sr and Nd isotopic composition of the
leucosome and host gneiss signatures overlap. The Sr and Nd isotopic composition of
the leucosome and host gneiss overlap consistent with the production of leucosome by
melting of gneiss in the region (Hinchey and Carr, 2003). In addition, the biotite-rich
layer along the edges of the stromatic leucosome (i.e. the melanosome), would not have
formed if the melt was externally derived and had been injected (Chavagnac et al., 1999).
This evidence supports the formation of leucosome by partial melting of the host gneiss.
Additional field evidence also supports in situ melting. Field relationships show
leucosome occurs parallel to the foliation and in interconnected veinlets and veins (Fig. 16). The melt is interpreted to have formed parallel to the foliation and in low strain areas,
was mobilized along foliation surfaces and fed into veinlets and veins. The formation of
stromatic leucosome was synchronous with F2 folding throughout the basement rocks of
Thor-Odin dome (Reesor and Moore, 1975; Parkinson, 1991; Spark, 2001; McNeill and
Williams, 2003). In addition, the consistent amount of melanosome relative to leucosome,
and the coarser grain size of the leucosome are consistent with leucosome formation by
in situ partial melting (Oliver et al., 1999). The collection site of the leucosome as small
veins that tend to pinch and swell along strike indicates that host gneisses were likely at
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peak P-T conditions, supporting in situ partial melting.
The production of melt via dehydration reactions is supported by petrology and PT conditions. The peak P-T conditions for the basement paragneiss in the southwest
part of Thor-Odin dome were 8-10 kbar and 800 °C (Norlander et al., 2002). These P-T
conditions were high enough to initiate melting of the basement gneisses in Thor-Odin
dome (Fig. 1-14). The rocks of Saturday Glacier are characterized by the metamorphic
assemblage of sillimanite + potassium feldspar + melt (Reesor and Moore, 1971),
and they underwent near isothermal decompression and dehydration melting (Fig. 114; Norlander et al., 2002; this study). Melt may have been produced by several melt
generating reactions as shown on Fig. 1-14 and including: Ms + PI + Qtz = Bt + Kfs + Sil
+ melt; Bt + Ab + Sil + Qtz = Grt + Kfs + melt; and Bt + Sil = Grt + Crd + melt (Spear
et al., 1999; Norlander et al., 2002). The presence of cordierite, millimeter-scale garnets
and minor sillimanite, less than 1%, in the host gneiss support the involvement of these
minerals in the melt-producing reactions. The P-T conditions are consistent with field,
petrographic and geochemical evidence supporting an interpretation of in situ anatexis.
The zircon morphology also supports an anatectic, igneous origin for the leucosome.
The external morphology with sharp facets and internal fine-scale oscillatory zoning
of the crystals all support an igneous source for the zircons. The young zircon has
Th/U ratios between 0.0018 and 0.0079, typical for zircon grown in a partial melting
environment (Cornell et al. 1999), further supporting a magmatic source. Considering
all the evidence stated above, there is sufficient reason to conclude that the leucosome is
anatectic in origin and that the leucosome formed from ca. 56 Ma to 52 Ma. The onset
of anatexis occurred at, or near, thermal peak metamorphic conditions and melting
continued during isothermal decompression.
1.5.2. Implications o f anatectic origin o f leucosome
The interpretation of ca. 56 to 52 Ma zircon crystallization as magmatic in origin
and being related to anatexis is in disagreement with Kuiper’s (2003) interpretation
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suggesting that the ca. 56 Ma U-Pb ages of zircons reflected hydrothermal growth
of zircon in a meteoric fluid. Kuiper’s (2003) arguments were based in large part on
whole rock oxygen and hydrogen isotope studies and a reinterpretation of disturbed
hornblende 40Ar/ 39Ar data of Spark (2001) which range from ca. 118 to 51 Ma. Kuiper
(2003) observed that samples with Ar plateau and near-plateau dates younger than 75
- 70 Ma experienced the most whole-rock O18 and hornblende D depletions. This led to
the conclusion that the older 75 - 70 Ma less depleted dates represented cooling ages and
that the Eocene-Paleocene monazite and zircon ages likely reflect growth in a meteoric
fluid (Kuiper, 2003). It should be noted that problems can arise when using whole rock
isotopic studies to evaluate possible hydrothermal zircon growth (Poitrasson et al., 2002),
Ideally oxygen and hydrogen isotopes should be measured on the zircon grains in order
to ascertain whether the isotopic signature of a bulk rock or a particular mineral analysis
is related to zircon crystallization or overgrowth (Poitrasson et al., 2002). In addition, the
extensive brittle faulting in Thor-Odin associated with extension (Dfi) may have allowed
local access of fluids that disturbed the Ar and O systematics.
If extensive meteoric fluids had interacted with the rocks after crystallization of the
migmatites between 1800 and 56 Ma as Kuiper (2003) has suggested, then likely the rare
earth element patterns should show an enrichment of heavy rare earth elements (HREE)
relative to light rare earth elements (LREE), and a negative Ce anomaly, as Ce oxidizes
in water and changes from Ce+3 to Ce+4 (Rollinson, 1993). Carbonate rich fluids are
generally required to dissolve metamict zircon (Sinha et al., 1992). If meteoric fluids in
Thor-Odin dome were carbonate-rich, then the overall chemical signature would likely
be depleted in the REE, and the trace element patterns would reflect a slight depletion
in typically immobile elements such as Zr, REE, Y, PIf, Nb, and Ta, and a depletion in
typically mobile elements such as K, Rb, Sr and Ba. None of these features is observed
in the major and trace element chemistry of the leucosome (Fig. 1-8 and 1-9). The trace
element patterns are typical of unaltered granitic rocks (Fig. 1-9). In addition, leucosome
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contains twinned and zoned plagioclase and potassium feldspar, myrmekite intergrowth,
and euhedral grains of quartz, plagioclase and potassium feldspar, all indicating limited
secondary fluid alteration of these rocks (Fig. 1-7).
The well-preserved, faceted morphology of the zircons with fine-scale oscillatory
zoning indicates that the grains have not been extensively altered by secondary fluids
and/or previous melting events (see Corfu et al., 2003). The zircon cores do not retain
any systematic zircon growth ages that may reflect an earlier igneous or anatectic event
(Fig. 1-13). There is no geochronological evidence that the alterations such as the turbid,
sugary textured zone rich in inclusions and the irregular shape of the cores cannot be
explained by processes associated with the abrasion during deposition and diagenesis,
Precambrian metamorphism and/or alteration during the ca. 56 Ma anatectic event.
There is little evidence for a pre-1.8 Ga migmatization event in this area. These lines of
evidence do not support Kuiper’s (2003) inteipretation that the leucosome production
in Thor-Odin dome was dominantly an Early Paleoproterozoic event and that Paleogene
zircon growth and/or ages reflects a young meteoric fluid event.
Kuiper’s (2003) geochronological data from leucosome are re-evaluated in light of
these arguments. Most of the data are from U-Pb TIMS analyses, and fall on a discordia
chord with a Precambrian upper intercept and a Paleogene lower intercept. In our
reinterpretation the lower intercept is taken to represent the zircon crystallization age.
Data sets from leucosome that are affected by this reinterpretation are the following.
Samples from basement orthogneiss to the north of this study area, near Blanket
Mountain, from a pegmatite (leucosome) in a boudin neck on the limb of an Fj/F, fold
(sample RB-1-93) and a crosscutting aplitic vein (leucosome; sample S298-177), likely
have crystallization ages of 51.8 ± 0.7 Ma and 52.7 ± 0.6 Ma, respectively (data from
Kuiper, 2003). The sample of crosscutting aplitic (leucosome) dyke (sample S298-213)
from the deepest structural levels in the dome (Frigg Glacier area), east of the study area,
is 48 ±11 Ma (data from Kuiper, 2003). All data are consistent with an interpretation of
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Paleocene-Eocene metamorphism in rocks of Thor-Odin dome culminating in a ca. 56
Ma protracted anatectic event that lasted to ca. 52 Ma.
1.5.3. Significance o f Paleoproterozoic detrital zircons
The xenocrystic zircon cores in the leucosome samples range in age from 2564 ±
6 Ma to 1856 ± 12 Ma (Fig. 1-13). The cores are interpreted as relict detrital grains
inherited from the host gneiss. The range in ages and high Th/U ratios indicate that the
host gneiss is likely of sedimentary provenance. Zircons from the paragneiss were likely
incorporated into the leucosome and provided a nucleation site for Paleocene-Eocene
magmatic zircon growth during anatexis. The cores do not preserve any systematic
overgrowths or ages that may reflect an earlier migmatization event and therefore there is
no evidence for a Precambrian anatectic event in this area.
The ages of the inherited cores overlap with those of detrital grains in basement
paragneiss from other studies. A sample from the southeast flank of Thor-Odin dome
has U-Pb zircon ages that range from ca. 2160 to 1960 M a and has a Nd model age of
2.3 Ga (Parkinson, 1991). Inherited cores in leucosome samples from the southern flank
of Thor-Odin dome and structurally higher than the present study (Vanderhaeghe et al.,
1999), have discordant 207Pb/206Pb ages as young as 1.6 Ga and concordant ages as young
as 1815 Ma. The youngest Precambrian age from this study is a ca. 1860 Ma crystal that
does not contain an older core. The basement paragneiss are Paleoproterozoic in age
and deposition continued until at least 1.8 Ga. Basement rocks are interpreted to be age
equivalents with those of the Canadian Shield and this is consistent with the interpretation
that Thor-Odin dome is an exposure of North American basement rocks (Armstrong et
al., 1991).
1.5.4. Timing o f deformation and anatexis in Thor-Odin dome
The relative timing of crystallization of the various leucosome types with respect
to structures allows the placement of timing constraints on the deformational history
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of Thor-Odin dome. Since the ca. 56 Ma sample of folded stromatic leucosome is
interpreted to have been folded by F2, then F2 must have been forming by ca. 56 Ma.
Although we have no direct constraints on the timing of the onset of metamorphism in
Thor-Odin dome, it is likely that it did not reach high-grade conditions until late in the
Cordilleran orogeny, likely during the late Cretaceous.
The pegmatitic vein leucosome with zircon as young as ca. 52 Ma crosscuts all
rock units, folding, and other leucosome types. This ca. 52 M a is inteipreted to mark
the latest stages of decompression melting, and was synchronous with the exhumation
and denudation of the dome, via extension and erosion. Decompression melting likely
involved the reaction Bt + Sil = Grt + Crd + L and this reaction is supported by the
presence of garnet and cordierite in the host gneiss of the leucosome. F2 and F4 folds
are not preserved in the immediate area; however, the 52 M a leucosome is inteipreted
to post-date this deformation and predate D6, brittle extension. This is based on the
following arguments: a) isobaric decompression melting was followed by isothermal
cooling in a short time span; the dome cooled to < 300 °C by ca. 48 Ma (Fig. 1-14;
Vanderhaeghe et al., 2003). b) Compression tectonics had likely ended by ca. 55 Ma,
based on the timing constraints on the onset of decompression (Vanderhaeghe et al.,
1999; Norlander et al., 2002; this study; Fig. 1-14). c) Ductile deformation likely ended
shortly after 52 Ma. This interpretation is consistent with monazite ages as young as
ca. 52 Ma (Hinchey, Chapter 4), ca. 50 Ma zircon fission track ages indicating cooling
below 350°C (Lorencak et al., 2001), and ca. 52 Ma monazite with 40Ar/39Ar data showing
cooling to 300°C by ca. 48 Ma (Vanderhaeghe et al., 2003).
The different types of leucosome have been interpreted to reflect up to three different
anatectic events (Spark, 2001). However, this study shows that leucosome formed during
a continuum and limits the timing of leucosome formation to one main melting event
in the Paleocene to Eocene. This timing correlates with the U-Pb SHRIMP leucosome
ages of 55.9 ± 3.1 M a and 56.4 ± 1.4 Ma from Vanderhaeghe et al. (1999) in structurally
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higher basement gneiss 4 km to the south of the current study area. In addition, these ages
also agree within error with Kuiper’s (2003) U-Pb TIMS lower intercept age of 48 ±11
Ma for a crosscutting leucosome from 4.5 km structurally deeper in the basement gneiss
(Fig. 1-5). The documented occurrence of folded and cross-cutting leucosome throughout
the basement gneiss of Thor-Odin dome (Reesor and Moore, 1971; Spark, 2001; McNeill
and Williams, 2003) and the consistent ca. 56 M a age of said leucosome indicates that
this melting event was significant throughout the entire dome.
This study has established that at least part of the transposition foliation (S2), largescale isoclinal folds that infold cover and basement rocks, as well as F 3 and F4 folding
occurred from ca. 56-52 Ma. Folding was coincident with anatexis and leucosome
formation. In Thor-Odin dome, F2 folding is interpreted to be syn-peak metamorphism
and F3 folds are syn- to post-peak metamorphism (Spark, 2001). Prograde metamorphism
culminated in the onset of anatexis by ca. 56 Ma. Anatexis continued during isothermal
decompression, which lasted until ca. 52 Ma.
1.6.

Summary of conclusions
1) Basement paragneisses are Paleoproterozoic representing part of the Canadian
Shield, have detrital zircon grains that range in age from ca. 2.6 to 1.8 Ga, and
were likely deposited to at least ca. 1.8 Ga. Part of the basement paragneiss
sequence were intruded by plutonic rocks at ca. 1.9 Ga, which are now termed
basement orthogneisses. After ca. 1.8 Ga, the Monashee cover sequence was
subsequently deposited onto the basement rocks of Thor-Odin dome. At present
there is no control on the age span of deposition of the cover rocks from ThorOdin dome.
2) Any evidence of Precambrian metamorphic or deformation history has
been strongly overprinted by pervasive penetrative Paleogene Cordilleran
metamorphism and deformation events.
3) Thor-Odin dome experienced four generations of folding, upper amphibolite to
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lower granulite facies metamorphism and anatexis culminating in the core at ca.
56 Ma.
4) Three types of leucosome are preserved in the Saturday Glacier area: folded
stromatic, phenocrystic vein and pegmatitic vein type. Leucosome are igneous
and formed via in situ anatexis based on field relationships, petrography, major
and trace element chemistry, peak P-T conditions, and zircon morphology.
5) Anatexis was the culmination of regional metamorphism at ca. 56 Ma. This
was likely the first time the basement rocks experienced such high-grade
metamoiphism and melting.
6) Structures at Saturday Glacier were synchronous with anatexis based on
crosscutting relationships between folding and ca. 56 Ma leucosome. At least part
of S2 transposition foliation and large-scale F, isoclines that infold basement and
cover,’ as well as F,3 and F,4 folds,’ formed from ca. 56 Ma to as late as ca. 52 Ma.
7) The final stage of deformation and metamorphism in the Thor-Odin dome relative
to adjacent overlying rocks of the Middle Crustal Zone is diachronous, with Late
Cretaceous-Paleocene deformation and metamoiphism at lower levels in the
dome outlasting that of higher structural levels. Deformation and metamoiphism
in Thor-Odin dome represent part of the youngest, ca. 56 Ma, a high-temperalure
compressional story accompanied by anatexis
8) Isothermal decompression began by ca. 55 Ma and decompression melting
continued to ca. 52 Ma and was synchronous with the exhumation and denudation
of the dome, via extension and erosion
9) In Thor-Odin dome, high-grade metamorphism, anatexis, penetrative deformation
and large scale folding are Paleocene - Eocene in age.
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Figure. 1-2. Geological map of the Thor-Odin dome, Monashee complex (modified after
Reesor and Moore, 1971; Coleman, 1990; Carr, 1992; McNeill and Williams, 2003;
Kruse et al., 2004; Unpublished maps of P.D. McNeill, S. Kruse and P.F. Williams,
2004). A box in the southwest part of Thor-Odin dome delineates Figure 1-3 and a cross
section line is shown for Figure 1-5. Monashee decollement is drawn based on mapping
and interpretation of McNicoll and Brown (1995) at Cariboo Alp.
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Tur pegm atite dyke
50 +/- 0.5 Ma (Johnston e t al., 2001)
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54.6 +/- 6 Ma (Johnston e t al., 2001)

Calc-silicate gneiss
with interlayered
marble

Lamprophyre dyke
ca. 48 Ma (Adams e t al., 2005)
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(Kuiper, 2003)
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(V anderheaghe et al., 1999)
Crosscutting leucosom e
56.4 + /-1 .4 Ma
(V anderheaghe et al., 1999)

H eterogenous b asem en t gneiss:
Q uartz m onzonite orthogneiss
Hbl-Bt granodiorite migmatitic
orthogneiss
Bt granodiorite orthogneiss
Granodiorite orthogneiss
Crd-Bt-Qtz-Flds migmatitic
paragneiss
Grt-Sil-Crd-Qtz-Flds migmatitic
paragneiss

Crosscutting leucosom e
54.7 +/- 4 Ma (this study)
Folded leucosom e
55.5 +/- 0.6 Ma (this study)
B asem ent paragneiss 2.2-2.0 Ga
(Parkinson, 1991)
Crosscutting aplitic dyke
47.9 + /-1 1 Ma (Kuiper, 2003)
B asem ent orthogneiss
1874+/-21 Ma (Parkinson, 1991)

Figure. 1-4. Simplified tectonostratigraphic column o f the lithological units in the
Thor-Odin dome (modified after Parkinson, 1992). The location o f the study area and
results o f previous geochronological studies in Thor-Odin are projected into the column.
Geochronological data is from this study; Parkinson (1991); Carr (1992); Vanderhaeghe
et al. (1999); Johnston et al. (2001); and Kuiper (2003).
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Figure. 1-6. Photographs o f the representative types o f leucosome (stromatic, phenocrystic
and pegmatitic vein) preserved in the Saturday Glacier area, Thor-Odin dome. Photo (a) o f
folded stromatic leucosome hosted by the Crd-Bt quartzo-feldspathic paragneiss. Photo (b)
depicts the phenocrystic vein leucosome crosscutting stromatic leucosome and the foliation
in the Crd-Bt quartzo-feldspathic paragneiss. The phenocrystic vein leucosome is crosscut
by the pegmatitic vein leucosome. The host gneiss is the Crd-Bt quartzo-feldspathic
paragneiss. Photo (c) depicts the crosscutting relationship o f the pegmatitic vein leucosome
with the stromatic leucosome. The host gneiss is the Crd-Bt quartzo-feldspathic paragneiss.
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Figure. 1-7. Photomicrographs o f leucosome exposed in Saturday Glacier area, ThorOdin dome. Photo (a) is o f folded (F2) leucosome in the host Crd-Bt quartzo-feldspathic
paragneiss. Photo (b) is o f phenocrystic vein leucosome (sample AH-02-27) and shows
the igneous nature o f the leucosome as evidenced by euhedral to anhedral grains, primary
twinning in plagioclase and in perthitic orlhoclase, and myrmekite intergrowths o f
plagioclase and quartz. Photo (c) is o f crosscutting pegmatitic vein leucosome (sample
AH-02-29) and shows large euhedral grains o f perthitic orthoclase surrounding euhedral to
anhedral grains o f plagioclase and quartz.
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Figure 1-8. Diagram showing normalized proportions o f quartz, albite and orthoclase for
all leucosome samples. Minimum (first-formed) eutectic melt compositions are shown
with varying pressures o f 1,2, 5 and 10 Kb with the aH20 values ranging between 0.3
and 1.0 (modified after Inger and Harris, 1993).
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Figure 1-9. Trace element normalized diagrams showing the range o f values for
leucosome and host gneisses o f the leucosome as well as for average granite and bulk
continental crust compositions, (a) Chondrite normalization, (b) Primitive mantle nor
malization. Normalization values from Sun and McDonough (1989). Bulk continental
crust from Taylor and McLennan (1995). Average granite composition from Govindaraju
(1989). Trace element data for leucosome host gneiss from Hinchey (Chapter 2).
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F igu re. 1-10. Representative zircons from leucosom e sam ples dated using the SHRIMP. The pit left by the ion beam on the zircon
appears on the back scattered electron (B SE ) im ages (top im age) and the internal zoning o f the zircons is m ost apparent in cathodolum inescence (C L) im ages (bottom im age). Zircon ages that are younger than 800 Ma are reported as 206Pb/238U ages and ages older
then 800 Ma are reported as 207Pb/206Pb ages (see text for explanation). Zircon numbers correspond to spot numbers listed in Table 3
and zircons with m ultiple analytical sites have bracketed numbers after the age referring to specific analytical locations. See text for
description and interpretation o f intracrystalline dom ains and textures, (a) Folded stromatic type o f leucosom e (A H -02-26). (b) Pheno
crystic vein type o f leucosom e (A H -02-27). (c) Pegm atitic vein type o f leucosom e (A H -02-29).
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Figure 1-12. Back scattered electron (BSE) images (top image) and cathodoluminescence
(CL) images (bottom image) of representative zircons from the cordierite-biotite-quartzofeldspathic paragneiss that hosts the dated leucosome samples. In contrast to zircons from
the leucosome sample, these zircons lack the cores bounded by bright alteration zones
and the fine-scale oscillatory zoned (CL), euhedral, inclusion free magmatic growth.
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Figure 1-13. Histogram of 204Pb corrected 207Pb/206Pb dates from 22 inherited cores within
zircons from the three dated leucosome samples. Discordant 207Pb/206Pb ages are con
sidered as minimum ages. Columns represent a frequency histogram of 207Pb/206Pb dates
(scale on left), neglecting associated error, and are included as a visual aid to the data
patterns. The curve represents a weighted cell-less summed probability histogram, into
which errors of individual analysis have been incorporated.
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Figure 1-11. U-Pb SHRIMP analyses from zircons from the three leucosome samples
excluding inherited grains and cores. Black bars are for the stromatic leucosome (AH-0226), grey bars are phenocrystic leucosome (AH-02-27) and hatched bars are pegmatitic
leucosome (AH-02-29). Errors are incorporated at the 2cr level. The mean weighted
average age is calculated using only the analysis falling within the 95% confidence
interval.
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ca. 45 Ma - Continued cooling and decompression

Figure 1-14. Pressure-Temperature-time path proposed for the basement gneiss o f ThorOdin dome. The prograde path is uncertain; approximate timing constraints are labelledfor known parts o f the path. Timing and geothermobarometric constraints are provided
by this study and those o f Reesor and Moore (1971); Duncan (1982); Vanderhaeghe et
al.( 1999); Norlander et al. (2001); Lorencak et al. (2001), and Vanderhaeghe et al. (2003).
The locations o f selected dehydration melting reactions are shown. Melt producing reac
tions are explained in Spear et al. (1999). Mineral symbols are from Kretz (1983).
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Table 1-1. Description and location o f geochemical and geochronological leucosome samples
from Thor-Odin dome, M onashee complex. Mineral sym bols are from Kretz (1983).

Sample

Easting

N orthing Sam ple Description

Map Location

A H -03-017

41 9 0 1 0

55 9 8 7 5 6

Crosscutting pegm atitic M s-B t granitic leu cosom e

Bearpaw Lake

A H -03-019

418966

5 598825

Folded stromatic M s-Bt granitic leu cosom e

Bearpaw Lake

A H -03-022

419149

5 598883

Crosscutting pegm atitic M s-B t granitic leu cosom e

Bearpaw Lake

A H -02-005

423299

5600302

Stromatic Bt granitic leu cosom e

Frigg Glacier

A H -02-006

423299

56 0 0 3 0 2

Folded stromatic M s-Bt granitic leu co so m e

Frigg Glacier
Frigg Glacier

A H -02-008

423307

5600311

Folded stromatic Bt granitic leu co so m e

A H -02-009

423239

5600301

Crosscutting phenocrystic Bt granitic leu cosom e

Frigg Glacier

A H -02-010

423270

56 0 0 3 3 6

Sheared, stromatic Bt granititc leu co so m e

Frigg Glacier

A H -0 2 -0 1 1

423291

5600689

Sheared, stromatic Bt granititc leu co so m e

Frigg Glacier

A H -02-013

423453

56 0 0 3 8 6

Crosscutting phenocrystic Bt granitic leu cosom e

Frigg Glacier

A H -02-026

41 7 2 5 2

5602040

Folded stromatic Bt granitic leu co so m e

Saturday Glacier

A H -02-027

417245

5602034

Phenocrystic M s-B t granitic leu co so m e

Saturday Glacier

A H -02-029

41 7 2 5 2

5 6 0 2 0 3 4 Crosscutting pegm atitic M s-B t granitic leu cosom e

Saturday Glacier
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Table 1-2. Major and trace element analyses of leucosome from Thor-Odin dome, Monashee
complex.
A H -03-17 A H -03-19 AH-03-22 A H-02-05 A H -02-06 A H -02-08 A H -02-09 AH -02-10 A H -02-11 A H -02-13
(wt. %)
S i0 2
T i0 2
A IA
F e 20 3*
F eO
MnO
MgO
C aO
N a20
K20

72.16

0.74
3.80
4.40
0.15

71.56
0.39
14.10
0.98
1.55
0.03
0.83
2.73
4.41
1.28
0 .04

100.31

99 .25

7
39

10
2

11

8
1

4
<LD

7 3 .48
0.03
14.78
0.36
0.3 4

p 2o 5

7 5 .84
0.09
14.28
0.51
0.63
0.03
0.14
0.61
3.91
3.73
0.18

0.09
0.69
2.9 0
7.5 4
0.0 7

Sum

99.94

(ppm)
V
Cr
Co
Ni
Zn
Ga
As
Rb
Sr
Y
Zr
Nb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th
U

17
23
<LD

211.0
14.2

8.2
18.4
36.9
2.7
23
3.5
7.3

0.8
2.9
0 .89
0.04
0.87

0.20
1.39
0.26
0.81
0 ,15
1.17
0.17
0.90
6.75
17
1.52
4.8 9

0.02

6
13
<LD
2 0 8.0
328.3
6.4
8.9

1.0
1.1
1483
4.2
7.6

0.8
2.8
0.59
0.5 0
0.53

0.11
0.88
0.23
0.91
0.17
1.27

0.20
0.40
0.19
37
1.91
1.39

7 4.49
0.07
14.41
0.48
0.56
0.03

0.12

5
3

1.00
16
17
<LD

221.0
18.5
14.4
33.2
13.5
5.8
16
6.5
13.8

1.6
5.7
1.57

0.11
1.46
0.33
2.32
0 .4 7
1.52
0.28

2.12
0.32
1.30
2.2 7
26

2.68
6 .76

14.67
0.47
0.58

74.38
0.05
13.60
0.33
0.42

71.88
0.24
14.01
0.95

7 5.02
0.06
13.49
0.18

1.21

0.02

0.02

0.21
0.01

0.27
2.06
3.70
4.27
0.04

0.19
3.32
4.29
0.03

0.03
0.61
2.07
3.24
4.27
0.13

97.91

98.33

98.51

30
29

15
7
5
67
19
18

8

11
33
37
18

0.10

1

1

92.1
245.9

150.9
307.0
10.7
64.1
5.0
1.9
968
26.2
48.6
5.8
19.0
3.80
1.27
3.15
0.48
2.13
0.42
0.99
0.15
0.84
0.13
2.97
0.39
32
16.21
5.34

6.2
84.8
14.9
3.2
184
9.7
18.1

2.0
6.6
1.31
0.62
1.23

0.20
1.07

0.22
0.57
0.09
0.50
0.09
2.36
1.09
13
5.31
2.97

1.88

5
4
44
15
14
4
123.2
274.4

11.1
23.8
3.3

1.1
957
12.4
2 3 .6

73.20
0.03
14.17
0.16
0.18

0.02

1.30
2.72
6.37
0.03

2.73
5.32
0.08

98.65

98.65

98.26

98.63

21
6

5
5
<LD

12

16

5
<LD
9

10

3
51
35
16

1
166.7
274.1
16.3
19.3

12.6
3.4
935
51.9
91.2

2.86
5.11

10
12

11

16
4
160.4
304.0
3.1
6.4
2 .9
1.9
1203
4.8
9.3

14
<LD
196.1
296.2
5.3
37.7
1.4

2.0
1162
12.5
24.2

11.1

1.1

2.8

34.6
5.98
1.30
4.85
0.69
3.16
0.61
1.38

3.5
0.63

8.9
1.69
1.05
1.48

0.96
0.37
1.96
0 .4 2
1.04
0.16
0.89
0.14
0.81
<LD
27
6.30
1.87

0.02
0.49

9.3

2.12

0.21
13.72
0.75
0.90

0.01
0.10

0.15
1.55

2.8
2.12

72.73

0.20
1.13
0.18
0.58
1.04
25

22.86
4.31

1.12
0.52
0.09
0.46

0.11
0.29
0.05
0.33
0.05
0.25
0.44
27
3.64
3.87

0.22
1.00
0.19
0.46
0.07
0.49
0.09
3.19
<LD
37
9.01
2.18

1.68

4
17
29
13

1
194.2
285.7

8.6
24.7
9.1
2.9
1328
34.9
62.7
7.4
22.9
3.87
1.34
2.94
0.43
1.81
0.32
0.67
0.09
0.51
0.08

0,66
0.58
31
15.54
2.52

M ajor e le m en t a n a ly se s by X -R ay F lu o rescen ce. Fe 20 3* and F eO recalcu lated from m e a su re d F e 20 3T (total) using the
p ro ced u re of LeM aitre (1976). O xides norm alized to 100 % (anh y d ro u s). T otals of m e a su re d a nalysis a re reported in
"sum " column. T rac e e le m e n t a n a ly se s carried o u t by X-Ray F lu o re s c e n c e and Inductively C oupled P lasm a-M ass
S pectrom etry. LD = Limit of D etection.
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Tabic 1-2. Continued.

AH-02-26 A H -02-27 AH-02-29
(wt. %)
S i0 2
T i0 2
AI2O 3
F e 20 3’
FeO
MnO
MgO
C aC
Na20
K20

70.29
0.17
14.91
0.57
0.57

74.37
0.40
1.16
1.77

74.07
0.03
14.00
0.25
0.29

0.02

0.02

0.02

P A

0.40
1.26
2.63
7.29
0.24

1.05
1.61
2.41
3.40
0.07

0.09
0.74
3.84
4.71
0.13

Sum

98.35

98.26

98.16

16
3
4

39
23

9
3
4

10

35
54
13
<LD
124.3
227.1
5.6
90,2
15.1
2.3
884
11.4

(ppm)
V
Cr
Co
Ni
Zn
Ga
As
Rb
Sr
V
Zr
Nb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th
U

25
16
3
184.6
383.3
19.3
39.5
5.5

2.2
2147
9.9
21.3
2.7

10.0
2.52
2.18
2.93
0.58
3.42
0.72

1.68
0.24

1.21
0.18
1.17
0.32
59

2.12
1.39

12.00

10

22.1
2.6
8.3
1.51
1.16
1.43
0.24

1.12
0.20
0.43
0.06
0.32
0.05
2.30
0.81
36
4.05
1.75

6
15

20
2
234.6
55.6

12.2
14.7
14.8
5.0
107
3.2
5.9
0.7

2.0
0.75
0.37
1.05
0.28
1.78
0.39
1.19
0.23
1.63
0.27
0,74
3.74
52
1.73
6.55
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|
207*p b
206*p b
Th
Th
Pb*b 204P b
204Pb
238u
spots3
23Su
U
(ppm) (ppb)
2D6Pb
(ppm)
S am p le AH-02-26 Folded aplitic leucosome, verges in sam e direction a s F 2 , contains transposition foliation
U
(ppm)

M7'P b
206*pb

206pb

A ges (Ma)c
207p b

23SU

23Su

207pb
2D6pb

|
Disc.d
<%)

Rims - Mean 206Pb/238U a g e 55.5 +/- 0.6
2.1
4.1

1178
1438

6.1
4.5

0.0053
0.0032

11

6.1
9.1

1141
1573

6.6
4.5

0.0060
0.0030

10.1
20.1

1368

5.0
4.5
6.3
6.7

0.0038

24.1
28.1
34.1
37.1
38.1

677
828
1466
1096

9

7
8

0.0009
0.0007

9
12

5
8

0.0006
0.0007

11
5
7
11

0.0006
0.0014
0.0015
0.0010
0.0010

0.0521 ± 0.0031
0 0538 ± 0.0044

0.0085 ± 0.0001
0.0086 ± 0.0001

0 0559 ± 0.0031

0.0085 ± 0.0001

0.0578 ± 0.0043
0.0646 ± 0.0029

0.0087 ± 0.0001
0.0089 ± 0.0001

0.0570
0.0655
0.0562
0.0575

0.0084
0.0086
0.0087
0.0087

0.0444 ± 0.0025
0.0454 ± 0.0036
0.0479 ± 0.0025

54.6 ± 1
55.2 ± 1
54.4 ± 1

0.0001
0.0001
0.0001
0.0001

0.0481 ± 0.0034
0.0524 ± 0.0021
0.0495 ± 0.0053
0.0552 ± 0.00S1
0.0469 ± 0.0020
0.0482 ± 0.0028

55.9 ± 1
57.3 ± 1
53.6 + 1

2.8
7.1
5.1

0.0027

9

7
7
9
11
8

0.0046
0.0061

12
7

9
8

0.0008
0.0013

0.0589 ± 0.0029
0.0545 ± 0.0080

0.0087 ± 0.0001
0.0086 ± 0.0001

0.0493 ± 0.0022
0.0460 ± 0.0066

55.7 ± 1
55.2 ± 1

6.2

0.0075
0.0029

7
12

8
11

0.0013
0.0010

0.0600 ± 0.0046
0.0573 ± 0.0028

0.0085 ± 0.0002
0.0089 ± 0.0001

0.0510 ± 0.0037
0.0468 + 0.0021

54.8 ± 1

0.0069
0.0079
0.0048

±
±
±
+

0.0063
0.0075
0.0026
0.0036

±
±
±
±

55.3 ± 1
55.8 ± 1
55.6 ± 1

64.1

1443

4.0

C ores
7.1

289

110.9

0.396

124

24

0.0002

8.0061 ± 0.1506

0.3961 ± 0.0062

0.1466 ± 0.0013

2151 ± 29

2232 ± 17

2307 ± 15

7

14.1

304

110.8

0.376

104

23

0.0003

5.0654 ± 0.0823

0.3227 ± 0.0042

1803 ± 20

1830 ± 14

1862 ± 15

3

19.1

409

80.7

0.204

125

23

0.0002

4.7120 ± 0.0711

0.3011 ± 0.0038

0.1139 + 0.0009
0 1 1 3 5 ± 0.0008

1697 ± 19

1769 ± 13

1856 ± 12

9

41.1

335

127.1

0.392

116

14

0.0002

5.3063 ± 0.1187

0.3265 ± 0.0058

0.1179 ± 0.0014

1821 ± 28

1870 ± 19

1924 ± 21

5

10
12
6
18
12
10
10
12
18

2
13
2
12
10
13
5
7
1

C ores
1.1
1.2
3.1
3.2
6.1
8.1
47.1
49 2
64 2

132
224
356
191
966
277
311
448
241

53.1
123.4
53.9
44 3
32.9
38.9
256.2
187 4
203 8

0.416
0.569
0.156
0.240
0.035
0.145
0.850
0 432
0.875

49
76
177
81
276
95
134
167
106

7
5
13
17
13
9
7
16
18

0.0002
0.0001
0.0001
0 0003
0.0001
O 0001
0.0001
0.0001
0.0002

5.876
5.193
11.211
8.698
4.640
6.280
6.464
6 126
6 448

±
±
±
±
±
±
±
±
±

0.1111
0.1584
0.1457
0.2538
0.0663
0.0996
0 1285
0.0919
0.1341

57.0 ± 1

crosscuts the main transposition foliation and pre-F2 leucosom e
0.0084
0.0089
0.0085
0.0084

±
+
+
+

0.0001
0.0003
0.0001
0.0001

0.0495
0.0432
0.0466
0.0467

±
+
+
±

0.0030
0.0024
0.0019
0.0016

54.0
57.0
54.3
53.6

±
±
±
±

0 3507
0,3075
0.4764
0.3973
0.2955
0.3383
0.3623
0.3466
0.3695

±
±
±
+
±
+
+
±
±

0.0061
0.0089
0.0058
0 0103
0 0035
0.0048
0.0067
0.0044
0.0062

01215
0.1225
0.1707
0.1588
0.1139
0.1347
0.1294
0.1282
0.1266

±
±
±
±
±
±
±
±
±

0.0007
0.0008
0 0006
0.0017
0.0008
0.0007
0.0007
0.0009
0.0013

1938
1728
2511
2157
1669
1878
1993
1918
2027

±
±
±
±
±
±

1
2
1
1

29
44
25
48
17
23
± 32
± 21
± 29

1958
1852
2541
2307
1756
2016
2041
1994
2039

±
±
±
±
±
±
±
±
±

17
26
12
27
12
14
18
13
18

1979
1993
2564
2443
1862
2160
2090
2073
2051

±
±
±
±
±
±
±
±
±

3Analysis are denoted a s follows: the first number refers to the zircon grain, the number after the decimal refers to location on grain. DRadiogenic Pb. cerrors are 1a reported as
M a.dD iscordance = 100x|1-2C^Pb/238U age)/(207Pby206Pb)j; values not quoted for grains younger than 800 Ma.

C hapter

prohibited without perm ission.

40.1

1582
860
856

S am ple AH-02-27 C oarse grained granitic leucosome, leucosom e is not folded and
Rims - Mean ^ P b / ^ U a g e 54.2 +/- 0.8
0.0575 ± 0.0037
2175
0.018
11
0.0007
1.3
37.1
17
2255
49.1
44 6
0.020
15
0.0529 ± 0.0035
18
0.0009
2288
0.018
12
0.0007
0.0543 ± 0.0024
64.1
39.3
17
0.018
10
0.0008
0.0537 ± 0.0021
70.1
1782
13
31.3
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T able 1-3. U-Pb SHRIMP zircon data for leucosom e samples from the Saturday Glacier area, Thor-Odin dome. ^ P b /^ P b dates are reported for
zircon grains older than 800 Ma and 206Pb/238U for those younger than 800 Ma (see text for explanation).
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CHAPTER 2
The S-type Ladybird leucogranite suite o f southeastern British Columbia:
geochemical and isotopic evidence for a genetic link with migmatite formation in
North American basement gneiss of the M onashee complex

Abstract
The 62-52 Ma Ladybird granite suite (LBG) is a peraluminous, leucocratic, S-type,
leucoquartz monzonitic to granitic suite which occurs as batholiths, stocks, dikes, sills,
and pegmatite veins predominantly in the high-grade rocks of the Shuswap complex,
a Cordilleran metamorphic core complex in southeastern British Columbia. The
emplacement of the LBG was synchronous with the production of abundant migmatites
within Thor-Odin dome of the Monashee complex, an exposure of mid-crustal North
American basement, exhumed from depths of ca. 26-33 km. The leucosome and the
hosting ortho- and paragneiss basement migmatites were exhumed by Eocene extensional
faults. The LBG suite and the leucosome from Thor-Odin dome have similar major and
trace element trends, and are both characterized by zircons with inherited Precambrian
cores. Whole rock Nd isotope compositions show a range of values for the LBG with
eNd

values from -5 .0 to -17.2. The eNd(55Ma) of the leucosome samples range

from -9.5 to -23.6, overlapping with those of the granitic suite. These data led to the
interpretation of a genetic link between formation of the LBG suite and melting of North
American basement rocks, such as those exposed in the core of Thor-Odin dome. The
leucosome samples have lower high field strength element (HFSE) concentrations and
positive Eu anomalies, while the LBG samples have higher HFSE concentrations and
negative Eu anomalies. The distribution of trace elements suggests that the leucosome
and LBG are related, whereby most of the leucosome samples are cumulates and the
LBG samples represent residual melts. The initial 87Sr/8f’Sr isotope values for both the
LBG and leucosome samples have a large range. However, the initial Sr isotopic ratios
for the LBG suite are lower than those of the leucosome samples, with 87Sr/86Sr(55Ma)
52
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ranging from 0.70603 to 0.73688 and 0.74256 to 0.76593, respectively. This isotopic
heterogeneity suggests either: a) isotopic disequilibrium during partial melting in the
mid to lower crust where the leucosom e formed, b) the distribution o f Sr during partial
melting was controlled by different melt reactions, and/or c) isotopic heterogeneity in the
source rocks. At least part o f the LBG suite likely formed via m elting o f North American
basement rocks dominated by rocks o f sedimentary origin. M elting o f the Proterozoic
supracrustal metasedimentary rocks overlying North American basement may also have
contributed regionally to the formation o f phases of the suite. H ow ever, the abundant
leucosom e in the basement rocks o f Thor-Odin dome may mark the melt migration paths
for the structurally overlying Ladybird granites o f the South Fosthall pluton.
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2.1. Introduction
Peraluminous, crustally-derived granites were initially interpreted to be genetically
related to migmatites, though in many instances this type of granite is now generally
thought to be related to dehydration melting processes and granulite genesis (Menhert,
1968; Clemens, 1990). The latter theory is largely supported by the notion that
migmatites are thought to be an ineffective way to move melt in the continental crust
(Montel el al., 1992). However, exposures of migmatites and related granitic intrusions
have provided, in certain instances, evidence of a link between migmatites and granitic
plutons (i.e. Barbey et al., 1996; Kalsbeek et al., 2001; Johannes et al., 2003; Solar and
Brown, 2001). This link is further supported by the interpretation that the leucosome
portion of most migmatites represent a component of a partial melt and that migmatites
can represent initial stages of crustal anatexis (Ashworth, 1985; Sawyer, 1987; Brown et
al., 1995; Barbey et al., 1996; Jung et al., 2000; Kriegsman, 2001).
The relationship between spatially associated, coeval migmatites and granite plutons
can be as follows: a) leucosome in migmatites may represent a link between high-grade
metamoiphism and large-scale granitic intrusions (Brown and D ’Lemos, 1991); b)
leucosome may have either fed, or represent crystal fractionation from, the spatially and
temporally related granitic bodies (Kalsbeek et al., 2001; Johannes et al., 2003; Solar and
Brown, 2001); c) leucosome may represent healed pathways that granitic melts followed
during emplacement in the crust (Barbey et al., 1996); d) migmatites may represent the
arrested stage of granite formation (Obata et al., 1994); e) migmatites may represent
contact metamorphic effects induced by emplacement of temporally associated plutons
(Pattison and Harte, 1988; Jung et al., 2000); or, f) there may be no genetic relationship
between migmatite formation and spatially associated granites (White and Chappell,
1990). As there are a variety of possible interpretations of spatially and temporally
associated migmatites and plutons, various field and laboratory methods are necessary to
assess any relationship.
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This paper evaluates the potential genetic link between coeval migmatites and
Paleocene-Eocene S-type leucogranites in the Omineca Belt of southeastern British
Columbia. Precambrian North American basement rocks of the Monashee complex are
exposed in structural culminations that were exhumed during early Tertiary extension
and tectonic denudation (Fig. 2-1; Parrish et al., 1988). The Monashee complex,
consisting of high-grade migmatitic Paleoproterozoic basement rocks and overlying
cover rocks, represents one of the deepest exposed structural levels in the southern
Canadian Cordillera. In Thor-Odin dome, in the southern part of the complex, the
basement rocks underwent progressive deformation and migmatization. The basement
gneiss in the core of the dome was migmatized at ca. 56-52 Ma based on U-Pb zircon
geochronology studies (Vanderhaeghe et al., 1999; Hinchey et al., 2004; Hinchey,
Chapter 1). The production of leucosome was coincident with emplacement of part of
the structurally overlying Ladybird granite suite (LBG) at ca. 62-52 M a based on U-Pb
zircon geochronology studies (Carr, 1992). Genetic linkages have been proposed between
basement para- and orthogneiss melting and the formation of the extensive granitic
bodies. Vanderhaeghe et al. (1999) and Hinchey and Carr (2003) have suggested that
the melt leucosome in structurally deeper migmatites may have been the source of the
LBG. This study evaluates the potential genetic link between melting in the basement
rocks and granite emplacement through field relations, detailed petrography, major and
trace element geochemistry, and Rb-Sr, Sm-Nd isotopic studies on samples from both the
basement leucosome and LBG.
2.2. Regional Geology
The Canadian Cordillera formed as a result of the Paleozoic to Paleogene accretion of
fragments of allochthonous and parautochthonous oceanic sequences, continental slivers,
volcanic arcs and sedimentary sequences to the western edge of ancestral North America
(Monger, 1989). Mesozoic - Paleogene crustal thickening occurred during collision with
accreted terranes and westward underthrusting of the North American plate (Fig. 2-1;
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Monger et al., 1982; Monger, 1989; Gabrielse and Campbell, 1991). By the Middle
Jurassic, accreted terranes had begun overriding the pericratonic terranes and Proterozoic
and Paleozoic to early M esozoic platformal sedimentary sequences that had accumulated
on the paleomargin o f North America (Monger et al., 1982). By the mid-Cretaceous, a
50-60 km thick crustal welt and a foreland basin had formed and during the Cretaceous
the Rocky Mountain fold and thrust belt (Foreland belt) formed (Price and Mountjoy,
1970; Coney and Harms, 1984; Brown et al., 1986; Price, 1986). Crustal thickening and
burial o f the North American sedimentary sequence and overriding terranes resulted in
metamorphism and deformation of rocks in the hinterland o f the Rocky Mountain fold
and thrust belt (Foreland belt), termed the Omineca belt (Fig. 2-1; Reesor, 1970; Brown
and Read, 1983 and references therein). In the Early Tertiary, southern British Columbia
underwent a change from a transpressional to transtensional regime, attributed to changes
in far field stresses related to the obliquity o f the down-going Kula plate (Lonsdale, 1988;
Andronicos et al., 2003). This resulted in Eocene regional extension, and the exhumation
of som e o f the high-grade rocks of the southern Omineca belt via an array o f generally
north-south striking, brittle and ductile normal faults, which are linked to synchronous
strike-slip fault system s that span the western Cordillera (Ewing, 1981; Tempelman-Kluit
and Parkinson, 1986; Brown and Joumeay, 1987; Parrish et al., 1988; Struik, 1993;
Johnson and Brown 1996 and references therein). In the southern Omineca belt, the
lower plates o f regional extensional fault systems expose high-grade rocks with relatively
young deformation and cooling histories in a Cordilleran metamorphic core complex
(Armstrong, 1972; Coney, 1980; Parrish et al., 1988).
The southern Omineca belt is characterized by metamorphic and plutonic rocks,
structural culm inations and belts of high-grade rocks. The Shuswap complex (Fig. 2-1) is
defined as a com posite metamorphic core com plex, bounded on the eastern and western
margins by generally north-striking, outward-dipping Eocene normal faults. It is bounded
by the 58-50 M a Columbia River fault (CR) to the east and the 56-45 Ma Okanagan
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Valley-Eagle River fault system (OV-ER) to the west (Okulitch, 1984; Brown and
Joumeay, 1987; Parrish et al., 1988; Parkinson, 1992; Bardoux, 1993; Johnson, 1994).
The Shuswap complex contains individual gneiss complexes, most of which are bounded,
at least on one side, by Eocene extensional faults (Parrish et al., 1988). The hanging wall
rocks of both the CR and the OV-ER faults record older peak metamorphism (ca. 175 to
135 Ma) and are generally at lower grade than the footwall rocks (Parrish, 1995; Johnson
and Brown, 1996). The Monashee complex, a basement-cored gneiss complex, and the
structurally overlying metasedimentary rocks of the Middle Crustal Zone are contained
within the Shuswap complex (Fig 2-1).
The Monashee complex contains two domal culminations, the Thor-Odin
and Frenchmen Cap domes, that comprise Paleoproterozoic basement of North
American cratonic affinity (Fig. 2-1; Armstrong et al., 1991) complexly infolded with
unconformably overlaying Paleoproterozoic to Paleozoic platformal metasedimentary
gneisses of the cover sequence (Wheeler, 1965; Reesor and Moore, 1971; Brown, 1980;
Crowley, 1997). In both domes of the Monashee complex, Cordilleran orogenesis
resulted in middle amphibolite to lower granulite facies metamoiphism, km-scale
isoclinal folds, and the development of penetrative planar and linear deformation
fabrics (Wheeler, 1965; Reesor and Moore, 1971; Hoy and Brown, 1980; Brown et al.
1986; Joumeay, 1986; McNicoll and Brown, 1995). The dominantly metasedimentary
rocks that structurally overlie and surround the Monashee complex are inteipreted as
an allochthonous, composite thrust sheet, termed the Selkirk allochthon. The boundary
between these allochthonous rocks and the relatively more autochthonous rocks of the
Monashee complex is referred to as the Monashee decollement (MD; Read and Brown,
1981; Brown et al., 1986; Journeay, 1986; Brown et al, 1992; McNicoll and Brown,
1995; Brown and Gibson, in press).
Periods of metamorphism, deformation and plutonism occurred within a 120 million
year interval in the southern Omineca belt and events have been documented at ca. 175-
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160, ca. 140, 100-90, 75-60 and 60-55 Ma (Digel et al., 1998; Sevigny et al., 1989, 1990;
Scammell, 1993; Parrish, 1995; Vanderhaeghe et al., 1999; Gibson, 2003; Crowley et
al., 2003; Reid, 2003; Carr and Simony, in review). Parrish (1995) synthesized known
timing of deformation in the southern Omineca belt and suggested that there was a
preservation of progressively younger strain and deformation with deeper structural
levels, implying progressive incorporation of deeper and more inboard rocks through
time. However, recent studies have shown that the relationships between structural level,
deformation, and metamorphism are more complicated than this interpretation, and in
order to understand the construction of the Omineca belt it is necessary to document these
relationships at all structural levels. Metamorphic belts may overprint and crosscut older
events. For example, the Cretaceous Cariboo - M onashee - Selkirk metamorphic high
transects Middle Jurassic regional metamorphism, while in other locations younger, or
successions of younger, events may reactivate, overprint and/or partially overlap with
older events in a concordant fashion. (Digel et al., 1998; Gibson, 2003; Crowley et al.,
2003; Reid, 2003; Carr and Simony, in review).
In southern British Columbia, periods of arc magmatism occurred during both the
Middle Jurassic to late Paleocene transpressional history, as terranes were accreted
to the North American continental margin, and during Eocene extensional tectonism
(Armstrong, 1988; Carr et al., 1987; Parrish et al., 1988; Carr, 1992). The extensive
plutonic activity throughout the southern Canadian Cordillera occurred from the Late
Triassic to Eocene and is divided into four main magmatic episodes: a) Late-TriassicEarly Jurassic (215-190 Ma); b) Middle-Late Jurassic (180-150 Ma); c) Cretaceous (12080 Ma); and d) Early Tertiary (60-45 Ma; Armstrong, 1988).
The Early Tertiary magmatic episode included widespread Paleocene - Eocene
plutonism that varies in composition and structural style. Within the Shuswap complex,
Paleocene - Eocene plutonism is dominated by the LBG (Fig. 2-1). This 62-52 Ma
peraluminous leucogranite suite occurs as synkinematic sheets in both compressional
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and extensional shear zones, and as late kinematic stocks, plutons and bathoiiths (Carr,
1992). The bulk of this suite is 55 Ma and occurs between the OV-ER fault system and
the Slocan Lake fault (SL; Fig. 2-1). Sevigny et al. (1989) concluded that the 62 Ma
peraluminous granites north of the Monashee complex likely formed via partial melting
of a pelitic source. As these granites are geochemically similar and coeval with the LBG,
they may represent a northern extension of the suite.
The generation of S-type leucogranites in the southern Omineca belt was followed by
the intrusion of the 52 Ma, syn-extension to post-tectonic Coryell suite that is dominated
by syenites. This suite has an isotopic signature that suggests incorporation of minor old
crustal materials by more primitive, possibly mantle derived, magma (Ghosh, 1995).
Extension is also marked in the region by intrusion of swarms of Eocene granitic and
lamprophyre dykes (Parrish, 1991). Thermal cooling in the Shuswap complex generally
occurred in the Early Tertiary (Parrish, 1995).
2.3. Geological setting of the study
The study encompasses the Thor Odin dome basement rocks and Middle Crustal
Zone rocks in the structurally overlying Thor Odin - Pinnacles area in the southern
Omineca belt (Fig. 2-1). The basement rocks of Thor-Odin dome are composed of
heterogeneous migmatitic para- and orthogneisses (Fig. 2-2). Basement orthogneiss are
dominated by migmatitic hornblende-biotite-quartzo feldspathic gneiss with a lesser
volume of quartz monzonite gneiss. Basement paragneiss comprise: a) heterogeneous
migmatitic garnet-sillimanite-quartzo feldspathic gneiss that are locally enriched in garnet
and cordierite products of dehydration melting, b) migmatitic cordierite-biotite-quartzo
feldspathic gneiss, and c) minor calc-silicates, marbles, and quartzites and are associated
with minor cordierite-gedrite rocks and amphibolites (Reesor and Moore, 1971; Duncan,
1984). Though lithologically distinct, the basement ortho- and paragneisses are often
interlayered at the scale of a few meters, due in large part to transposition by folding, with
contacts that are complicated by the abundance of leucosome. Initial U/Pb geochronology
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studies of zircons from basement orthogneiss yielded crystallization ages of 1934 ± 6 and
1874 ± 21 Ma (Parkinson, 1992). Deposition of the basement paragneiss in Thor-Odin
dome likely began by 2.2 Ga, based on a detritai zircon study of a basement paragneiss
(Parkinson, 1992) and continued to 1.8 Ga, based on the youngest detritai grains from
basement paragneisses (Vanderhaeghe et al., 1999; Kuiper, 2003; Hinchey, Chapter 1).
The sequence of supracrustal rocks interpreted to have been deposited on the basement
rocks is termed the “cover rocks.” The cover rocks comprise a heterogeneous assemblage
of metasedimentary rocks that includes quartzites, pelitic schists, marbles, calc-silicates,
and amphibolites. A preliminary detritai geochronology study on basal units of the
cover gneiss yielded Paleoproterozoic zircons as young as 1825 ± 5 Ma (Kuiper, 2003).
There are no constraints on an upper age limit for the cover sequence and the youngest
depositional age in Thor-Odin dome is uncertain.
Leucosome occurs pervasively throughout the gneiss of Thor-Odin dome (Fig. 2-2).
Leucosome is interpreted to have formed as a result of in situ melting of the adjacent
gneisses (Hinchey, Chapter 1). Peak pressures on the order of 8 to 10 Kbar (Norlander
et al., 2002) place constraints on depth of burial at 26-33 km. Leucosome formation
was ongoing from ca. 56-52 Ma, coincident with peak metamorphism, formation of
at least part of the S2 foliation, and large F2 folds, as well as F3 and F4 folds (Hinchey,
Chapter 1). During the anatectic event, the basement paragneiss of Thor-Odin dome
were rich in fertile pelites and greywackes, providing an obvious source material for the
peraluminous, S-type leucogranites that are widespread in the Paleocene-Eocene of the
southern Omineca belt.
The LBG suite is hosted as dykes, sills, sheets and plutons within predominantly
supracrustal rocks of the Middle Crustal Zone of the Shuswap complex. The
peraluminous nature of the granites led to the initial suggestion that the Ladybird granites
likely formed via in situ melting (Cam, 1992). The South Fosthall pluton is part of the
Ladybird granite suite and is the intrusion most proximal to Thor-Odin dome. The
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South Fosthall pluton is predominantly composed of sheet-like bodies of dominantly
pegmatitic leucogranites. Two locales in the South Fosthall pluton yielded U-Pb zircon
and monazite ages of 55 ± 1.5 Ma, and 55 ± 0.1 Ma (Parrish et al., 1988; Carr et al.,
1992) and large populations of Proterozoic detritai zircon (Vanderhaeghe et al., 1999).
A third age constraint is from a pegmatite dyke of Ladybird granite near Sugar Lake that
had a U-Pb zircon age of 60.5 +/- 0.5 Ma (Carr et al., 1992). These ages overlap with
the range of Thor-Odin dome leucosome ages of ca. 56 to 52 Ma (Vanderhaeghe et al.,
1999; Hinchey, Chapter 1). Due to its proximity to Thor-Odin dome, as well as its known
structural setting and age relations, the South Fosthall pluton was chosen to study the link
between melting of basement migmatitic gneisses and granite emplacement. Mapping
and sampling was earned out east of Sugar Lake and Mt. Baldur (South Fosthall creek
area; Fig. 2-1). The boundary of the South Fosthall pluton was originally mapped with a
focus on screens of metasedimentary rocks with greater or less then 50% pegmatite dykes
by Reesor and Moore (1971), and was extensively re-mapped with a focus on the strain
variations within the Ladybird granite sheets and relationship with extensional structures
by Carr (1990). An isotopic study by Ghosh (1995) of 3 samples of the Ladybird granite
suite, from intrusions 120 km south of the South Fosthall pluton, was part of a regional
study of the variation in magmatism across the southern Canadian Cordillera. One sample
of the LBG was from within the Valhalla complex and two samples were from the LBG
intrusion between the Greenwood Fault and the OV-ER. Ghosh (1995) reported high
initial 87Sr/86Sr values ranging from 0.70642 to 0.78943, and low sNd values ranging from
-6.8 to -13.7 characteristic of granitic melts that have significant crustal contributions.
2.3.1. Leucosome o f Thor-Odin dome
Leucosome occurs pervasively throughout the gneisses of Thor-Odin dome (Reesor
and Moore, 1970; Spark, 2001; McNeill and Williams, 2003). Initial studies suggested
there may be as many as three generations of leucosome production associated with two
main melting events; one during the Precambrian and the other during the Cordilleran
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orogeny (Reesor and Moore, 1970; Spark, 2001; McNeill and Williams, 2003). However,
Hinchey et al. (2004) demonstrated based on U-Pb geochronology that leucosome
production in Thor-Odin dome was restricted to a ca. 56 to 52 Ma Cordilleran event,
findings consistent with data from Vanderhaeghe et al. (1999) and Kuiper (2003). Three
styles of leucosome are preserved in the dome: folded stromatic leucosome, phenocrystic
vein, and pegmatitic vein (Fig. 2-2a and b). Leucosome formation was a product of
dehydration melting (Hinchey, Chapter 1). The following description of the leucosome is
summarized from Hinchey (Chapter 1). Migmatite terminology and definitions are from
Ashworth (1985) modified from Mehnert (1968).
The folded stromatic leucosome is the dominant type of leucosome and generally
forms part of a stockwork of interconnected veinlets with a well-developed thin
melanosome dominated by biotite (Fig. 2-2a and b). The leucosome parallels the main
transposition foliation (S2), contains a slight foliation defined by the alignment of biotite
grains, and is tight to isoclinally folded. The phenocrystic vein type of leucosome is
coarse grained, granitic in composition, and has a variable thickness of melanosome
dominated by aggregates of coarse biotite crystals. This leucosome is dominated by
phenocrysts of potassium feldspar, plagioclase and biotite. This type of leucosome is
not folded, does not contain a foliation, and crosscuts the main transposition foliation
and the folded stromatic leucosome. The third type of leucosome, pegmatitic vein type,
is very coarse grained and granitic in composition. This leucosome is undeformed and
crosscuts both concordant stromatic and phenocrystic leucosome types, as well as the
main transposition foliation.
All leucosome types have similar modal mineralogy, characterized by quartz +
potassium feldspar (orthoclase) + plagioclase (An,2 to An33) + biotite ± apatite ± ilmenite
± rutile (Fig. 2-2c). The quartz, plagioclase, and potassium feldspar primarily occur
as euhedral to anhedral grains and often contain abundant inclusions of smaller biotite
grains and iron-titanium oxides. Myrmekitic intergrowths of plagioclase and quartz
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are common, as are primary igneous albite and carlsbad twinning in plagioclase and
potassium feldspar, phenocrysts and cumulate textures.
2.3.2. South Fosthall pluton
In the Mt. Baldur area, the LBG intrudes as sheets that contain extensive xenoliths of
the host gneisses (Fig. 2-3a). This area is dominated by medium- to coarse-grained and
locally pegmatitic biotite leucogranite, with 20 % xenolithic material that is generally 1020 meter thick and as long as 500 meters. Some areas are rich in muscovite, tourmaline
and garnet; these generally occur near zones of abundant xenoliths. Xenoliths include
garnet amphibolite gneiss, and heterogeneous biotite quartzo-feldspathic paragneiss with
interlayers of quartzite and calc-silicate. Despite the abundance of xenoliths, the LBG at
Mt. Baldur is relatively homogenous in composition with only slight variations related
to the presence of local mineral phases such as garnet and tourmaline. In the Sugar Lake
area, the intrusion is characterized by a medium-grained leucogranite, with few xenoliths
(Fig. 2-3b).
The South Fosthall pluton has a relatively consistent mineralogy. The rocks are
dominantly medium- to coarse-grained muscovite-biotite leucogranite. The leucogranites
characteristically contain equigranular, euhedral to subhedral, potassium feldspar
(orthoclase), quartz, and plagioclase (An21 to An28), with accessory phases of biotite
and muscovite (Fig. 2-3c). Potassium feldspar often contains biotite inclusions. Primary
igneous albite and carlsbad twins are common in plagioclase and potassium feldspar.
The fabric in the South Fosthall pluton is variable. Igneous textures such as euhedral
grains, cumulate textures, and phenocrysts are preserved in low strain areas whereas the
intensity of foliation and lineation varies depending on the proximity to shear zones that
are Eocene or younger. Deformed samples often have a preferred orientation of biotite,
muscovite, and undulose quartz.
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2.4. Analytical data and interpretation
2.4.

L M ajor and trace element geochemistry

M ajor elements, recalculated to an anhydrous total of 100%, and trace element
compositions of 13 samples from all three types of leucosome and 16 samples from
the Ladybird granite suite were analyzed. Three samples of the Ladybird granite were
collected from the Slocan Lake area, in Valhalla complex, for comparison. In addition,
six samples of basement gneisses including four samples of basement paragneiss and
two samples of basement orthogneiss were analyzed for the purposes of comparison.
Sample description and locations are listed in Table 2-1. Major and trace element data are
presented in Table 2-2. Details of analytical methods are described in Appendix A .I.
2.4.1.1.

Ladybird granite suite

On the basis of major and trace element analyses, there are no chemical distinctions
between LBG samples from the South Fosthall pluton and LBG samples from the
Valhalla complex; therefore, all samples are treated as one group. The compositions of
the LBG samples define a tight cluster on a Q-A-P diagram with all samples falling in
the granite category (Fig. 2-4). All samples are uniformly felsic and peraluminous on
the Shand’s index, with K20 of -5.5 wt.%, Na20 of 3.4 wt.% and CaO of < 1.1 wt.%
(Fig. 2-5). S i0 2 and A120 3 contents range from 69 to 74 wt.% and from 14 to 16 wt.%,
respectively. N a20 is constant despite increasing SiO., levels, while A120 3, Fe20 3, CaO,
MgO, and T i0 2 tend to decrease slightly with increasing S i0 2. The mean major element
concentrations for the LBG samples are shown in Figure 2-6, and mean values and
associated standard deviations are presented in Table 2-2. The trace element composition
of these rocks exhibit large ranges in the low field strength elements, as defined by
Saunders et al. (1980), of Ba (221-4032 ppm, mean = 1227) and Sr (88-1329 ppm,
mean = 352; Fig. 2-7). Most trace element patterns, including those of Sr, Ba and Y, are
consistent with major element trends, including those of CaO, MgO and Fe20 3, and show
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a slight decrease in concentration with increasing SiO, content.
The chondrite-normalized rare earth element (REE) patterns of the LBG samples
are fractionated. Most samples have La /Yb

between 80 and 150 times chondrite,

whereas six samples have slightly lower ratios with values between 4 and 27 times
chondrite, reflecting a localized enrichment of garnet (Fig. 2-8a). The samples have a
slight to high negative Eu anomaly, with Eu/Eu* values of 0.06 to 0.04 (Table 2-2). On
an extended trace element primitive-mantle normalized spider diagram, the LBG samples
exhibit enrichments in elements such as Cs, Rb, Ba, Th, U, Pb and light REEs relative to
primitive mantle, and negative Nb-Ta and Ti anomalies (Fig. 2-8c).
2.4.1.2. Leucosome from Thor-Odin dome
All but one of the leucosome samples fall within the granite category on a Q-AP diagram, with the one sample falling in the tonalite category (Fig. 2-4). All of the
samples are felsic and peraluminous on the Shand’s index (Fig. 2-5), and show little
variation in most major element compositions. SiO, contents range from 71 to 76 wt.%
and A120 3 ranges from 12 to 15 wt.% (Table 2-2). N a,0 and A120 3 remain constant
despite increased S i0 2 levels, whereas Fe20 3, CaO, MgO, and TiO, tend to decrease with
increasing S i0 2. The mean major element concentrations for the leucosome samples are
shown in Figure 2-6. The trace element composition of these rocks exhibit large ranges
in the low field strength elements of Ba (16-1483 ppm, mean = 877) and Sr (14-383 ppm,
mean = 232; Fig. 2-7). Trace element variations, including those of Sr, Ba and Y, are
consistent with major element trends, including those of CaO, MgO and F e ,0 3, exhibiting
a slight decrease in concentration with increasing S i0 2 content.
The chondrite-normalized REE patterns of the leucosome samples are fractionated
with La /Yb(N ranging between 1.5 and 50 times that of chondrite (Fig. 2-8b). In
general, samples with higher S i0 2 concentrations exhibit less fractionation of La(N)/Yb(N).
Most leucosome samples show a flat to strongly positive Eu anomaly with Eu/Eu* values
of 0.19 to 1.6; however, two samples show a conspicuous negative Eu anomaly with Eu/
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Eu* values of 0.058 to 0.041 (Table 2-2). On an extended trace element primitive-mantle
normalized spider diagram, the samples exhibit large enrichments in Cs, Rb, Ba, Th, U,
Pb, Sr and light REEs relative to primitive mantle, and negative Nb-Ta and Ti anomalies
(Fig. 2-8c).
2.4.1.3. Comparison of geochemistry of the Ladybird granite, leucosome, and
basement gneiss
The major and trace element compositions of the LBG samples and leucosome are
similar in that most samples are peraluminous and granitic in composition. In major
element chemistry, the LBG and leucosome samples are generally indistinguishable and
have similar concentrations of elements (Fig. 2-6). The leucosome samples do show a
larger range in certain major elements, including A120 3, CaO, and K 2O.The peraluminous
nature is compatible with the LBG being an S-type leucogranite, as classified by Chappell
and White (2001), with the leucosome samples also falling within this category. In terms
of trace element chemistry, the LBG samples tend to have higher concentrations of the
high field strength elements (HFSE) such as Hf, Zr, and Nb, than the leucosome samples
(Fig. 2-7). In addition, the LBG samples generally have higher LREE concentrations and
typically display negative Eu anomalies, whereas most of the leucosome samples have
positive Eu anomalies. The implications of these characteristics are discussed below.
The REE and extended trace element patterns of both the LBG and leucosomes, when
compared with the average granite and average S-type granite composition (Fig. 28c), show very similar trends and concentrations of elements. The overall geochemical
signature of the leucosome and LBG is compatible with granitic melts that are generated
via partial melting (dehydration reactions) of the felsic middle to lower crust.
The basement gneiss exhibits a range in major and trace element chemistry which
generally overlaps with that o f the LBG and leucosome samples (Table 2-2). For most
LFSE, the basement samples fall within the field of the LBG and leucosome samples;
however, they often show distinct concentrations of certain HFSE, such as Nb and Ti.
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Differences in the trace element concentration between the host basement gneiss and the
leucosome samples likely reflect fractionation of elements and preferential melt migration
of the LFSE relative to the HFSE and REE during partial melting (Sawyer, 1998). A
similar chemistry of the host gneiss and in situ leucosome is not expected. Depending on
degrees of partial melting, melt extraction, and equilibrium melting, the mass balance of
leucosome and melanosome would not necessarily yield a protolith composition the same
as the restitic composition (Sawyer, 1998; Kriegsman, 2001).
2.4.2. Whole rock radiogenic isotope geochemistry
Rubidium-strontium and neodymium-samarium data for whole rock samples of
selected LBG and leucosome are presented in Table 2-3. Analytical details are given in
Appendix A.I. Ten leucosome and thirteen LBG whole rock samples were analyzed. In
addition, four samples of basement gneiss were analyzed for the purposes of comparison,
including two samples of basement paragneiss and two samples of basement orthogneiss
(Table 2-3).
2.4.2.1. Sr isotopes
The LBG samples have highly variable and radiogenic 87Sr/86Sr ratios that range from
0.70626 to 0.73812 with initial ratios of 0.70603 to 0.73646, calculated at 55 Ma based
on U-Pb zircon ages (Carr, 1992). The 87Rb/86Sr ratios range from 0.29 to 7.35 (Fig. 29). The leucosome samples have higher measured 87Sr/86Sr ratios ranging from 0.74341
to 0.76718 with initial ratios ranging from 0.74256 to 0.76593, calculated at 55 Mafor
comparison with the LBG; details of the calculation are given in Table 2-3. The 87Rb/86Sr
ratios of the leucosome define a tighter group than the LBG samples, with ratios that
range from 0.56 to 1.98 (Fig. 2-9).
The four basement samples overlap with both the leucosome (basement samples
AH-02-28 and AH-03-18) and the LBG samples (basement samples AH-02-07 and AH02-12; Fig. 2-9). Basement samples have measured 87Sr/86Sr ratios ranging from 0.72418
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to 0.75236 and 87Rb/86Sr ratios from 0.80 to 1.79 (Fig. 2-9). The Sr isotopic ratios
demonstrate the highly radiogenic nature of the Paleoproterozoic basement gneisses in
the Thor-Odin dome area.
At 55 Ma, the primitive mantle had an 87Sr/86Sr value of 0.70443, calculated assuming
present day values of 87Sr/86Sr = 0.7045 and a bulk silicate earth 87Rb/86Sr of 0.089. The
LBG samples display a wide range in radiogenic values, as do the leucosome samples;
suggesting that both rock types were derived in large part from old, heterogeneous crustal
material (Fig. 2-9). The differences in the range of Sr values observed between the
leucosome and LBG samples are discussed below (see section 2.5.2).
2A.2.2. Nd isotopes
The LBG samples have a large range in 147Sm/144Nd ratios from 0.0996 to 0.15450
and eNd(55Ma) values from -5.0 to -17.2. The leucosome have a similar range with l47Sm/
144Nd ratios from 0.1020- 0.1521 and eNd(J5Ma) values from -9.5 to -23.6 (Fig. 2-10).
The four basement gneiss samples have l47Sm/l44Nd ratios of 0.0895 to 0.1176 and eNd(53
M values o f-19.8 to -27.0. The eNd was calculated at 55 Ma for direct comparison
with the LBG and leucosome samples, even though the basement gneiss samples are
Paleoproterozoic in age (see Hinchey, Chapter 1).
The range in eNd(55M values observed in the LBG and leucosome samples likely
reflects heterogeneity in the source material. The strongly negative eNd

of both the

LBG and leucosome samples indicates that the parental magmas of these rocks likely
formed via partial melting of old continental crust. In addition, the data trend toward
higher eNd numbers suggesting a component of mixing, isotopic disequilibrium, and/or
heterogeneous source material (Fig. 2-10).
2.4.2.3. Isotopic composition of potential sources
The majority of peraluminous muscovite-bearing granites are interpreted as being
derived by partial melting, with exception given to very rare, extreme fractionation or
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local contamination (Barbarin, 1996; Sylvester, 1998). The LBG is a muscovite-bearing
peraluminous leucogranite with high initial Sr ratios and is interpreted to be derived by
partial melting. This is supported by the eNd(

and Sr ratios which are far too evolved

to have formed via fractional crystallization of a mantle melt based on determined mantle
values eNd,(today)
. , of +6 ±1.5 and 87Sr/86Sr of 0.7040 ± 0.0005. The mantle values beneath
the Cordillera are based on data from mantle xenoliths, primitive Coast Belt granitoids,
and primitive late Triassic to early Jurassic granitoids (Xue et al., 1990; Sun et al., 1991;
Friedman et al., 1995; Ghosh, 1995). The most likely source material for the genesis of
the LBG is the North American crust, which in this region can be essentially divided into
two components the North American basement gneisses, and the overlying Proterozoic
supracrustal sedimentary rocks. The isotopic composition of the each component is
discussed below.
To assess the isotopic composition of the North American basement gneiss in the
region, the data from this study is combined with data from basement gneisses from
other locale in the Monashee complex. The upper part of the crystalline basement has
a range in isotopic signatures. Armstrong et al. (1991) found that 87Sr/86Sr(measured) ranges
from 0.7114 to 2.179 and eNd(|oday) ranges from -6.2 to -29.4 for crystalline basement
exposed in Frenchman Cap dome. Parkinson (1991) found a range in basement orthoand paragneiss from Thor-Odin dome, with 87Si786Sr(measured) from 0.76306 to 0.79493
and eNd(|od.iy) from -21.7 to -31.1. Basement samples from this study show a range of
values with 87Sr/86S r(measured) of 0.72418 to 0.75236 and an eNd (today) of -19.8 to -27.0. The
basement gneiss of Frenchman Cap dome and Thor-Odin dome have a range of isotopic
compositions, and assigning an average composition is therefore not realistic, and the
North American basement gneiss are treated as having a range of values as shown on
figures (e.g. Fig. 2-11).
Several studies have constrained the isotopic signatures of the Proterozoic
supracrustal rocks that were deposited on North American basement rocks. For the
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purpose of this paper, we evaluate the Windermere and Belt-Purcell Supergroups,
which are the metasedimentary sequences most likely to overly basement rocks in the
area. In addition, the cover sequence of the Monashee complex is also evaluated as a
potential source o f melt. Samples of the cover sequence from Thor-Odin dome essentially
overlap with basement samples and have a range of 87Sr/86Sr(me.isured) from 0.7294 to
I.938 and £Nd((oday) from -6 .7 to -25.1 (Parkinson, 1991). The isotopic signatures for the
Windermere and Belt-Purcell Supergroups are taken from: Frost and O ’Nions (1984);
Devlin et al., 1985; Frost and Burwash (1986); Frost and Winston (1987); Burwash et
al. (1988); Devlin et al. (1988); Burwash and Wagner (1989); Ross et al. (1993) and
Anderson and Goodfellow (2000). The fields defined by this data are plotted in Figure 2I I .

2.5. Discussion
2.5.1.

Petrogenesis o f the Ladybird granite suite

The geochemical, isotopic and petrographic characteristics of the LBG samples
support the formation of these leucogranites by the melting of a crustal source. The
peraluminous nature of the leucogranites, in combination with the inherited zircons with
a wide range of ages (Carr, 1992), is typical of S-type granite and indicates that the
crustal source was likely metasedimentary. The trace element composition of the LBG
samples is compatible with granites that formed deep in the crust where garnet is stable,
thus fractionating the HREE. This is supported by the enrichment of HREE in the two
samples (AH-03-32 and AH-03-38) that contain xenocrysts of garnet. In addition, the
positive Eu anomaly, negative Nb-Ta anomaly, negative Ti anomaly, and enrichment in
incompatible element (i.e. Sr, La, and Ba) are all consistent with magmas that formed via
partial melting of the continental crust. Considering all geochemical evidence, including
major and trace element composition, isotopic composition, and peraluminous nature, a
pelitic-dominated source material is likely for the leucogranites.
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The range in values for both the Sr and Nd isotopes indicate that the LBG plutons
are isotopically heterogeneous. Significant amounts of crustal contamination are required
to explain the isotopic signatures. There were no observed correlations between the
geochemistry or isotopic signature and sample locality or age (i.e. Sugar Lake, Mt
Baldur or Valhalla complex). The magmas of the LBG are likely to have formed via in
situ anatectic melting for the following reasons: a) leucogranites are not associated with
mafic equivalents, which would be expected if the voluminous LBG formed via fractional
crystallization from a more mafic magma; b) continental crust in this area was -60-80 km
thick prior to extension (Cook and Van der Velden, 1995; Clowes et al., 1995) and the
over-thickened crust would have reached P-T conditions high enough to initiate melting
of the middle to lower crust (Patino-Douce et al., 1990); c) the isotopic signature suggests
melting of old, isotopically evolved crust; and d) the presence of abundant Proterozoic
inherited zircon cores from samples of the LBG, dated by U-Pb technique (Parrish et al.,
1988; Cam, 1990; Vanderhaeghe et al., 1999).
The two likely sources for the LBG are the North American basement gneiss and/
or the supracrustal rocks deposited on basement, including the Windermere and BeltPurcell Supergroups, as well as the Monashee cover sequence. The extreme variation
in Sr isotopic signature of the LBG samples, as well as the basement gneisses and the
supracrustal rocks make it impossible to use this isotope system to distinguish between
potential source materials for partial melting (Fig. 2-9).
The Nd isotopic signatures do not show the same extreme variation as the Sr isotopes;
however, the isotopic compositions of most of the potential source materials overlap (Fig.
2-11). Comparing the Nd isotopic composition of the LBG with the basement gneiss
of Thor-Odin and Frenchman Cap domes, the Nd systematics could be explained by
partial melting of the basement gneiss. In addition, melting of the supracrustal rocks of
Thor-Odin could also have produced the LBG, as they are isotopically indistinguishable
from those of basement. However, the Windermere and Belt-Purcell Supergroups do
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not display the same extensive range in isotopic composition as the LBG, and this,
coupled with the limited known extent of these units in the Thor-Odin area, supports
the conclusion that melting of these metasedimentary rocks was not likely a major
contributor to the formation of the South Fosthall pluton. However, regionally, it
cannot be ruled out that melting of these supracrustal rocks may have contributed to the
formation of parts of the suite.
2.5.2.

Evidence fo r a genetic link between migmatites and leucogranites

Melting in the basement rocks was synchronous with emplacement of the Ladybird
granites at higher structural levels (Carr, 1992; Hinchey et al., 2004). This raises the
question as to whether migmatites preserved in the basement rocks of Thor-Odin
dome may be the source for the Ladybird granites. In terms of major and trace element
composition, significant differences observed between the LBG and the leucosome
samples are: a) slightly lower LREE concentration in the leucosome samples; and, b)
lower concentrations of most of the HFSE in the leucosome. Similar REE relationships
in other leucosome studies have been attributed to disequilibrium melting (Barbero et
al., 1995; Watt et al., 1996; Jung et al., 1999; 2000). Sawyer (1987) attributed leucosome
with high abundances of HFSE and negative Eu anomalies to represent fractionated
melts, and leucosome with lower REE concentrations and positive Eu anomalies to
represent cumulates. The cumulate model was supported by Ellis and Obata (1992)
who found that the anhydrous nature of leucosome and the lack of retrograde reactions
suggested that the leucosome does not represent frozen melt segregation but rather
cumulates that precipitated from the melt. Johannes et al. (2003) documented the same
chemical patterns of low abundance of HFSE and positive Eu anomaly in leucosome
samples while the associated granites had higher HFSE concentrations and negative
Eu anomalies. They also attributed this chemical pattern to the leucosome representing
cumulates and the granites representing the final melts. The difference in geochemical
signature of the Thor-Odin dome leucosome and the Ladybird granites can be explained
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by a similar model, with the leucosome samples being cumulates and the LBG suite
the residual melts that formed during deformation assisted dehydration melting. There
are two samples of pegmatitic leucosome that have the same chemical pattern as the
leucogranites (AH-03-17 and AH-03-22). These samples crosscut all of the host rock
types and foliation in the area, and based upon this relationship and their chemistry are
interpreted to represent residual melts.
The Nd isotopic data from the leucosome samples overlaps with those of the LBG
suite, although their Sr isotopic composition is clearly more radiogenic. This seemingly
contradictory data can be explained in a number of ways: a) The isotopic heterogeneity
may reflect isotope variability in the source material, which can result in a large range in
isotopic composition. Sr isotopic heterogeneity within source rocks has been shown to be
preserved on the mineralogical scale before and during anatexis in some orogenic terranes
(George and Bartlett, 1996), thus isotopic homogenization is not a necessary consequence
of prograde metamorphism preceding anatexis (Knesel and Davidson, 2002). This
variability of Sr signatures has been documented in the Himalayan Manaslu peraluminous
leucogranites, which show an extreme range in signatures on the meter scale (Deniel et
al., 1987). This signature is characteristic of granites derived by low-melt fractions in
short-lived systems typical of pure crustal melts (Barbero et al., 1995). A larger number
of samples from the LBG may likely show significantly more isotopic heterogeneity and
consequently show more overlap with leucosome samples, b) The LBG samples may
have a more homogenous isotopic signature as they were mobilized from their source
and emplaced into higher structural levels; a process which has been found to have
homogenizing affects on isotopic signatures (Barbero et al., 1995). c) The differences in
Sr isotopic signatures between the leucosome and LBG may be due to partial isotopic
resetting during partial melting. Incomplete isotopic resetting during migmatite formation
has been observed in areas of high-grade anatexis. Pelite-derived anatectic leucogranites
have been documented with slightly higher initial eNd and lower initial 87Sr/86Sr than
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local leucosome, associated mesosome and granulite-facies pelitic material (Barbero et
al., 1995). Isotopic disequilibrium is supported by experimental studies that show that
the stoichiometry of melting reactions and the kinetics of melting are the major process
controlling the isotopic composition of a melt, suggesting that isotopic composition is
not controlled by the overall bulk composition of the source material (Hammouda et al.,
1994). In a migmatite terrain, a relative enrichment of biotite and accessory minerals
in the granites compared to the leucosome could explain isotopic differentiation and
variability of Sr ratios, d) The Sr isotopic signature may be controlled by differences
in melting reactions, which could control variations in the Sr isotopic composition of
granite/leucosome melts from a single metapelitic source (Knesel and Davidson, 2002;
Zeng et al., 2005). The experimental study of Knesel and Davidson (2002) showed that
Ms-dehydration results in granites with higher 87Sr/86Sr(j) and lower Sr

concentrations

than the source rocks, whereas the fluid fluxed melting produced lower 87Sr/86Sr(i) and
higher
Sr,(ppm), concentrations than the source rocks. Rapid
melt extraction, a function of
o
r
feedback between melting and deformation, would stop the isotopic exchange between
melt and source before equilibration, thus explaining batch melts from a single source
with variable Sr isotopic signatures. These various models can explain the potential for
slightly different Sr isotopic systematics in the Ladybird granite and leucosome samples.
Much of the geochemical and isotopic evidence presented here indicates a strong
correlation between the leucosome and the Ladybird granite samples. These include
major element concentrations, trace element concentrations, Nd isotopics, coeval U-Pb
zircon ages, and the general restriction of the peraluminous leucogranites to amphibolite
facies metamorphic zones. In addition, the leucosome samples also contain abundant
inherited Precambrian zircons (Hinchey, Chapter 1) that are also abundant in the
leucogranite suites (Carr, 1992). This evidence suggests that the melting in the basement
gneisses that produced the anatectic leucosome may have also produced portions of
the LBG suite. The chemical signatures suggest that most of the leucosome represents

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A.M . H inchey, P h.D . th esis

C hapter 2

75

cumulates and that the LBG are residual melts. The regional extent of the LBG and
the difficulty in distinguishing, at least isotopically, between the different supracrustal
sequences makes it impossible to rule out melting of the overlying supracrustal rocks
as potential contributors to the formation of the Ladybird granites. However, the data
presented in this paper strongly supports a genetic link between the melting of ca. 26-33
km deep North American basement gneisses and the emplacement of at least part of the
peraluminous LBG.
2.6. Summary o f conclusions
Based upon the geochemical, isotopic, and field data from the peraluminous Ladybird
granites and the basement leucosome several conclusions can be drawn.
1) The ca. 55 Ma South Fosthall pluton is a peraluminous, S-type leucogranitic
intrusion and is part of the ca. 62-52 Ma Ladybird granite suite.
2) Thor-Odin dome basement gneisses are an exposure of North American
basement rocks exhumed from ca. 26-33 km depths that contain abundant
anatectic leucosome (15-50 %) that formed via partial melting of the host
paragneisses.
3) Anatexis and the formation of leucosome in Thor-Odin dome were ongoing
from at least ca. 56 Ma to as young as ca. 52 Ma.
4) The Thor-Odin dome leucosome and Ladybird granite samples have
similar major and trace element chemistry. They are classified in the
peraluminous granitic fields on discrimination diagrams. Differences in HFSE
concentrations and Eu anomalies suggest that the leucosome and leucogranites
are related as cumulates and residual melts, respectively.
5) The initial Nd isotope values for the Ladybird granite suite overlap with
those of the leucosome samples. Both suites of samples have a range in initial
eNd (55
„ „M a), values;7 -5.0 to -17.2 for the leucogranites
and -9 .5 to -23.6 for the
°
leucosome samples. The similarity of initial isotopic ratios supports a genetic
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link between the two.
6) The initial Sr isotope values for both the peraluminous leucogranites and
leucosome samples show a large range in values. The initial Sr isotope
ratios for the LBG suite (0.70603 to 0.73688) are slightly lower than those
of the leucosome samples (0.74256 to 0.76593). This isotopic heterogeneity
suggests either: a) isotopic disequilibrium during partial melting in the mid
to lower crust where the leucosome formed, b) the distribution of Sr during
partial melting was controlled by different melt reactions, and/or c) isotopic
heterogeneity in the source rocks.
7) At least part of the LBG suite likely formed via partial melting of North
American basement rocks. The abundant leucosome in the exhumed basement
rocks of Thor-Odin dome, in addition to the geochemical, isotopic, and U-Pb
data support this conclusion. The preservation of abundant melt leucosome
might mark the melt migration paths for the overlying Ladybird granites. The
platformal supracrustal metasedimentary rocks that overly basement may have
also contributed regionally to the formation of parts of the suite.
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Figure 2-1. (a) Map highlights the five morphological belts o f the Cordillera from Wheeler
and M cFeely (1991). (b) Tectonic assemblage map o f the southeastern Canadian Cordillera
(modified after Wheeler and McFeely, 1991). Shuswap complex was defined by Brown and
Carr (1990), and is largely bounded by Eocene normal faults, including Okanagan Valley
- Eagle River fault system (OV-ER), Columbia River Fault (CR), Greenwood Fault (GW), and
Slocan Lake-Champion lake (SL) fault systems. SRMT = Southern Rocky Mountain Trench,
M = Malton complex, MD = Monashee decollement, MC = Monashee complex, V = Valhalla
complex, FC = Frenchman Cap dome, TO = Thor-Odin dome, TVG = Three Valley Gap, JM =
Joss Mountain, MB = Mount Baldur. Sampling areas for the leucosome samples from Thor-Odin
and Ladybird granite suite from the South Fosthall Pluton are delineated.
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Figure 2-2. Representative types o f leucosome preserved in migmatitic basement
gneisses o f Thor-Odin dome, (a) Host hornblende-biotite-quartz-feldspar augen gneiss
surrounded by folded leucosome. (b) Host biotite-quartz-feldspar gneiss with phases o f
folded stromatic type and pegmatitic vein type of leucosome. (c) Photomicrographs in
cross-polarized light o f representative undeformed phenocrystic leucosome sample. Note
euhedral to subhedral grains and lack o f alteration in the perthitic orthoclase as evidence
o f igneous nature.
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Ladybird Gtt

Figure 2-3. Representative photographs o f the Ladybird granite suite, (a) Photo is from
Mt Baldur and depicts the nature o f the leucogranite in this area with xenoliths o f garnet
amphibolite and paragneiss. (b) Photo is from Sugar Lake and depicts the massive,
homogenous nature o f leucogranite in this area, (c) Photomicrographs in cross-polarized
light o f typical mineralogy o f the Ladybird granite suite. Note euhedral to anhedral
grains, primary albite twinning in plagioclase and lack o f alteration o f potassium feldspar
as evidence o f igneous rather than deformation textures.
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Figure 2-4. Leucosome from Thor-Odin dome and leucogranite from the Ladybird
granite suite plotted on Quartz-Alkali feldspar-Plagioclase (QAP) classification diagram
from Le Maitre (1989). All but one o f the leucosome samples fall within the granite field.
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Figure 2-5. Samples o f Ladybird leucogranite and leucosome plotted on Shand’s plot
o f Al saturation index (molecular Al/(Ca + Na + K.)) versus alkali saturation index
(molecular Al/(Na + K)) from Manier and Piccoli (l 989). All samples fall within the
peraluminous field.
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Figure 2-6. Graphical comparison o f major element concentrations determined
in Ladybird leucogranite and leucosome samples. Columns represent the mean
concentration o f each element, error bars are reported for the standard deviation for the
mean. Values are listed in Table 2-2 with the associated standard deviation o f the mean.
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Figure 2-7. Graphical comparison o f major element concentrations determined
in Ladybird leucogranite and leucosome samples. Columns represent the average
concentration o f each element, error bars are reported for the standard deviation for the
mean. Values are listed in Table 2-2 with the associated standard deviation o f the mean.
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Figure 2-8. Trace element normalized diagrams for the Ladybird leucogranite and
leucosome samples, (a) Chondrite normalized diagram o f the Ladybird leucogranite
samples, (b) Chondrite normalized diagram o f the leucosome samples, (c) Primitive mantle
normalized diagram for the range o f leucosome and the range o f Ladybird leucogranite
samples. Normalization from Sun and McDonough (1989). Bulk continental crust data
from Taylor and McLennan (1995), average granite composition data from Govindaraju
(1989), and average S-type granite data from Chappell and White (1992).
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Figure 2-9. 87Rb/8CSr(mcasiircd) versus 87Sr/86Sr(nrasurcd) diagram for the Ladybird granite suite,
leucosome samples and selected basement gneisses for comparison. CHUR = chondritic
uniform reservoir. See text for interpretation.
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Figure 2-10. 147Sm /M4Nd(mcas ired) versus sN d(55 Ma) diagram for the Ladybird granite suite,
leucosome samples and selected basement gneisses for comparison. CHUR = chondritic
uniform reservoir. See text for interpretation.
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□ B asem ent paragneiss (n=2)
□ B asem ent orthogneiss (n=2)
■ B asem ent orthogneiss (n=4)
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Figure 2-11, I47Sm/'44Nd(mcasi|red)versus l43N d/l44Nd(mcasurcd) diagram for the Ladybird
granite suite, and leucosome samples and selected basement gneisses from Thor-Odin
dome. Basement orthogneiss from Thor-Odin (Parkinson, 1991; this study) are plotted
for comparison. Fields for Thor-Odin supracrustals and Frenchman Cap basement
gneisses are from Parkinson (1991) and Armstrong et al. (1991). Fields for Proterozoic
Supergroups (Windermere, Belt-Purcell) and Archean basement cores for the Canadian
Cordillera are also plotted for comparison. Data are from Frost and O’Nions (1984);
Devlin et al. (1985); Frost and Burwash (1986); Frost and Winston (1987); Burwash et
al. (1988); Devlin et al. (1988); Burwash and Wagner (1989); Ross et al., (1993); and
Anderson and Goodfellow (2000). Depleted mantle values are from DePaolo (1988).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A.M. Hinchey, Ph.D. thesis

Chapter 2

85

Table 2*1. D escrip tio n and location o f the g eo ch em ica l sa m p le s o f leu c o so m e , Ladybird granite
su ite and b asem en t g n e is s e s from the T h or-O d in -P in n acles area. M ineral sy m b o ls are from K retz
(1 9 8 3 ).
Sam ple

Easting

N orthing Sam ple D escription

Map Location

Ladybird Granite Sam ples
LB-02-01

46 6 6 0 0

5513350

Bt Leucogranite

Slocan Lake

L B -02-02

46 6 5 5 0

5513560

Bt Leucogranite

Slocan Lake

L B -02-03

466700

5513220

Bt Leucogranite

Slocan Lake

A H -03-03

466661

5518257

Foliated Bt leucogranite

Slocan Lake

A H -03-05

46 6 4 1 0

55 1 7 3 6 5

Foliated M s-B t leucogranite

Slocan Lake

A H -0 3 -0 6

3 91283

5587489

Foliated M s-B t granite

Sugar Lake

A H -0 3 -0 7

3 93055

5589929

Bt granite

Sugar Lake

A H -03-13

40 1 3 4 2

55 8 8 7 6 5

M s-B t granite

Sugar Lake

A H -03-30

41 5 4 9 8

55 8 6 1 7 5

M s K fs-phenocrystic granite

Mt Baldur

A H -03-31

416123

5586216

Bt granite

Mt Baldur

A H -03-32

416111

5586113

G rt-M s-Bt granite

Mt Baldur

A H -03-33

415822

5585582

M s granite

Mt Baldur

A H -0 3 -3 4

41 6 3 4 8

5585952

Ms K fs-phenocrystic granite

Mt Baldur

A H -03-35

4 24173

5578737

Foliated M s-Bt granite

Mt Baldur

A H -03-37

421983

5 579663

Bt granite

Mt Baldur

A H -03-38

423497

55 8 1 9 6 8

Bt granite

Mt Baldur

5600302

Crosscutting pegm atitic M s-B t granitic leu cosom e

Frigg G lacier
Frigg G lacier

L eucosom e Sam ples
A H -02-05

423299

A H -02-06

423299

5600302

Folded stromatic M s-B t granitic leucosom e

A H -02-08

42 3 3 0 7

5600311

C rosscutting pegm atitic M s-B t granitic leu cosom e

Frigg G lacier

A H -0 2 -0 9

423239

5600301

Strom atic Bt granitic leu cosom e

Frigg G lacier

A H -02-10

423270

56 0 0 3 3 6

Folded stromatic M s-B t granitic leucosom e

Frigg G lacier

A H -0 2 -1 1

423291

5600689

Folded stromatic Bt granitic leu cosom e

Frigg G lacier

A H -02-13

4 23453

5600386

C rosscutting phenocrystic Bt granitic leucosom e

Frigg G lacier

A H -0 2 -2 6

4 17252

5602040

Sheared, strom atic Bt granititc leu cosom e

Saturday G lacier

A H -02-27

417245

5602034

Sheared, strom atic Bt granititc leu cosom e

Saturday G lacier

A H -02-29

417252

56 0 2 0 3 4

C rosscutting phenocrystic Bt granitic leu cosom e

Saturday G lacier

A H -0 3 -1 7

419010

5598756

Crosscutting pegm atitic M s-B t granitic leu cosom e

Bearpaw Lake

A H -03-19

418966

55 9 8 8 2 5

Phenocrystic M s-B t granitic leu cosom e

Bearpaw Lake

A H -03-22

419149

5 5 98883

C rosscutting pegm atitic M s-B t granitic leu cosom e

Bearpaw Lake

423313

5600318

K fs augen granodiorite orthogneiss

Frigg G lacier

A H -0 2 -1 2

42 3 2 9 9

5600669

Bt granodiorite orthogneiss

Frigg G lacier

A H -03-21

41 9 1 8 6

5598790

H bl-Q tz-K fs-Pl paragneiss

Bearpaw Lake

B asem ent G neisses
A H -0 2 -0 7

A H -03-18

41 9 0 0 9

5598744

B t-Q tz-K fs-P l paragneiss

Bearpaw Lake

A H -02-28

417260

5602033

Bt Q tz-K fs paragneiss

Saturday G lacier

A H -02-30

417243

5602028

G rt-Sil-Q tz-K fs-Pl paragneiss

Saturday G lacier
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Table 2-2. Major and trace element chemistry of the leucosome, Ladybird granite suite, and
basement gneiss samples from the Thor Odin-Pinnacles area.

Ladybird G ranite
A H -03-03 A H -03-05 A H -03-06 AH-03-07 AH-03-13 A H -03-30 AH-03-31
(wt.%)
S i0 2
T i0 2
AI2O 3
F e 20 3FeO
MnO
MgO
C aO
N a 20
K20
p 2o 5
Sum
(ppm)
V
Cr
Co
Ni
Zn
Ga
As
Rb
Sr
Y
Zr
Nb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb

72 .5 4
0.13
14.73
0.51
0.55

0.02
0,21

74.29

0.11
14.22
0.51
0.55

7 3 .85
0.19
14.10
0.67
0.74

0.21
14.29
0.64
0.65

7 2 .1 4
0.43
14.37
1.19
1.46

74.37
0.13
14.61
0.67
0.76

68.95

0.02
0.21

0.01

0.02

0.43
0.69

72.81
0.34
14.22
0.94
1.08

0.10

0.58
1.27
3.29
4.61
0.08

72.10
0.04
15.90
0.79
0.89
0,07
0.24
1.37
3.55
5.19
0.08

0.21
16.31
0.82
0.72

0.02

0.02

0.02

0.25

0.21

3.33
5.60
0 .07

0.24
0.87
3.46
5.27
0.06

0.30
0.92
3.50
6.1 4
0.13

0.90
3.56
4.89
0.13

9 9 .45

99 .9 6

9 9.47

99.30

100.24

99.40

99.4 4

11

7
190
<LD
<LD
40

9
170
4
<LD
31
27
<LD
2 5 2.0
24 7.2

9
165
3
183
47
29
<LD
224.0
88.3
17.9
71.0
19.5
1.9

16

17
3
7
<LD
52
17
<LD
170.0
397.1
7.2
171.7

1.52
3.48
5.56

9
149
5

12.0
24
24
<LD
23 2.0
327.1
14.1
42 .4
36 .0

8.8
687
2 0 .9
39 .3
4 .3
14.7
3 .0 3
0.71
2.6 0
0 .4 4
2 .56
0 .45
1.14
0 .14
0 .79

1.01

176
5
<LD
16
19
<LD
218.0
239.1
18.8
59.6
31.6
2.9
613
53.9
105.8

11.8
4 0.9
8.34
0.99
6.38

0.88

22
<LD
203.0
240.1
9.3
107.3
14.0

2.8
818
6 6 .7
125.2
13.5
4 5 .8

8.66
0.7 3

6.02

U

1.50
4.8 2
42
9.02
13.43

59
31.30
8.32

0 .69
2 .74
0.37
0.7 6
0 ,08
0 .48
0 .06
3.60
0.65
50
3 9 .29
15.62

Eu/Eu*

0.20

0.11

0 .08

Th

72.50

0.10

4.22
0.70
1.72
0.23
1.39
0 .19

2.10
2.12

6.0
85.1
8.3
4.4
738
47.9

88.6
9.3
31.5
5.40
0.81
3.21
0.35
1.45
0.23
0.52
0.07
0.43
0 .06
2.60
0.50
36

221
27.7
56.7
6.5
22.9
5.87
0.33
5.03
0.75
3.79
0.65
1.63

2.68
8.48

1
2
<LD
24
18
<LD
223.0
322.9
16.4
40.4
7.4
2 .5
1706
107.0
275.0
27.0
118.0

20.20
1.73
13.28
1.43
5.36
0.67
1.14

11.6
1.8

0.02

0.01

0.46
0.97
5.65
0.06

0.34
0.83
3.10
6.71
0.08

100.21

99.43

99.84

6

15
146

6
6
2

5
3
56

10
14
<LD
138.4
189.2
20.7
50.9
1.4
1.5

2.88

10
<LD
39
16
<LD
164.0
383.8

6.0
134.7

11.1
1.2

<LD
14
17
<LD
225.0
162.3
4.9
14.9
7.5
3.3
711
27.0
54.4

688

88.0

28.1
58.6
6.7
24.3
5.00
1.18
3.86
0.56
3.43
0.78
2.94
0.60
5.08
0.84
1.80
0.41
46
10.67
2.72

1.68

1.01

4.70
0.46
1.69
0.23
0.50
0.06
0.41
0.06
3.10
0.32
34
27.56
1.92

3.20
0.37
1.51
0.19
0.35
0.03
0.17
0.50
0.30
54
11.53
1.84

0.21

0.20

0.21

172.0
21.3
71.0
8.93
1.60
4 .8 2
0.49

1.88

0.22

0.10

4.14

1.28
0.18
2.60
0.67
39
15.59
5.89

0.52
0.04
1.30
0.50
74
62.1 3
4.93

0.15

0.05

0.08

0.18

M a jo r e le m e n t a n a l y s e s b y X -R a y F lu o r e s c e n c e . F e 20 3* a n d F e O

72.64
0.18
14.80
0.58
0.58

3436

0.28
0.63
0.08
0.52
0.07
3.80
0.33
29
28.82
2.59

21.68

A H -03-32 A H -03-33 AH-03-34

4032
79.0
172.0
19.7
65.9
8.48

6.1
21.5
4.37

0.02

r e c a l c u l a t e d fro m m e a s u r e d F e 20 3T

(to tal) u s in g t h e p r o c e d u r e o f L e M a itre (1 9 7 6 ). O x id e s n o r m a liz e d to 1 0 0 % ( a n h y d r o u s ) . T o t a ls o f
m e a s u r e d a n a l y s i s a r e r e p o r te d in " su m " c o lu m n . T r a c e e le m e n t a n a l y s e s c a r r ie d o u t b y X -R a y
F l u o r e s c e n c e a n d In d u c tiv e ly C o u p le d P la s m a - M a s s S p e c tr o m e tr y . LD = L im it o f D e te c tio n .
E u /E u * = E u ,N)/[ ( S m (N)+ G d (N))/2 ]; n o rm a liz e d u s in g v a lu e s fro m S u n a n d M c D o n o u g h (1 9 8 9 ). aS E M is th e
s ta n d a rd e rro r o f th e m e a n .
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Table 2-2. Continued.

Ladybird G ranite

L eucosom e

A H-03-35 A H-03-37 AH-03-38

LB-02-01

LB-02-02 LB-02-03

M ean

S E M a A H -02-05 AH-02-06

(wt. %)

0.11

7 1 .15
0.13
15.89
0.71
0.7 0
0.04
0.24
1.14
3.9 0
6.03
0.04

73.04
0.17
14.66
0.76
0.7 9
0.07
0.26
1.08
3.42
6.0 8
0.07

72.50
0.24
14.01
0.71
0.82
0.02
0.33
1.33
3.15
5.29
0,06

72.46
0.17
13.91
0.59
0.67
0.01
0.30
0.97
3.31
5.31
0.07

72.70
0.12
14.23
0.49
0.56
0.01
0.33
1.23
3.62
4 .8 9
0.06

99.83

99.97

100.39

98.46

97.77

98.25

Rb
Sr
Y
Zr
Nb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th
U

5
161
1
52
31
25
<LD
2 5 5.0
177.9
8.5
92.3
11.6
3.5
590
67.2
136.0
13.9
46.8
8.11
0.73
4.84
0.53
2.19
0.32
0.72
0.09
0.55
0.08
2.90
0.49
45
28.93
5.91

17
155
4
<LD
24
21
<LD
135.8
1329.0
8.3
140.6
13.1
1.2
1651
11.0
20.9
2.2
7.9
1.49
0.51
1.29
0.21
1.35
0 .2 9
0 .89
0 .1 4
0.9 6
0.1 4
3.9 0
0 .9 0
9
6 .3 7
1.92

7
172
<LD
<LD
22
21
<LD
208.0
146.1
14.1
63.8
14.9
2.8
331
38 .0
87.5
9.8
34.3
7.51
0 .4 7
5.34
0.6 4
2 .9 2
0.5 6
1.94
0.38
3.1 6
0.58
2.30
0 .96
46
2 5 .79
7.30

15
2
5
8
44
22
<LD
196.3
513.0
8.2
141.2
17.4
2.6
1320
79.4
136.7
17.5
55.2
9.13
1.83
5.80
0.68
2.24
0.30
0.57
0.07
0.45
0.06
4.19
0.66
39
36.07
5.63

14
4
2
23
22
18
2
209.7
438.1
9.6
116.3
26.1
3.4
1012
65.4
114.5
14.3
44.7
7.81
1.35
5.20
0.65
2.30
0.33
0.69
0.10
0.59
0.09
3.56
1.72
40
30.28
7.25

4
5
5
30
33
22
2
187.1
442.7
8.7
107.1
16.3
2.1
1084
70.6
121,7
15.3
47.5
8.10
1.40
5.43
0.69
2.35
0.33
0.56
0.07
0.39
0.06
3.30
0.48
38
34.35
5.67

Eu/Eu*

0.0 9

0 .3 0

0.06

0.19

0.16

0.16

S i0 2
TiOj
A IA
F e ? o :i*
FeO
MnO
WlgO
C aO
Na20
K20
P 20 5
Sum
(ppm)
V
Cr
Co
Ni
Zn
Ga
As

73.55
0.21
14.37
0.77
0.87
0.01
0.26
1.01
3.43
5.23

72.60
0.19
14.66
0.71
0.77
0.02
0.31
1.07
3.35
5.68
0.09

0.81
0.06
0.54
0.13
0.16
0.01
0.08
0.18
0.22
0.63
0.03

10
94
4
52
30
21

4
79
2
39
10
3

202.6
352.7
11.2
90.0
15.5
2.9
1227
54.9
110.3
12.4
43.3
7.53
1.07
5.06
0.61
2.62
0.42
1.04
0.15
1.07
0.16
2.69
0.99
43
26.21
5.94

2 8 .0
173.4
4 .4
36.4
6.7
1.1
751
2 3 .0
4 6 .3
5.4
18.6
2.50
0.41
1.50
0.19
0.84
0.16
0.53
0.10
0.83
0.14
0.85
0.71
10
10.35
2.78

71.56
0.39
14.10
0,98
1.55
0.03
0.83
2.73
4.41
1.28
0.04

72.16
0.10
14.67
0.47
0.58
0.02
0.27
2.06
3.70
4 .2 7
0.04

97.91

98.33

30
29
11
33
37
18
1
92.1
245.9
6.2
84.8
14.9
3.2
184
9.7
18.1
2.0
6.6
1.31
0.62
1.23
0.20
1.07
0.22
0.57
0.09
0.50
0.09
2.36
1.09
13
5.31
2.97

15
7
5
67
19
18
1
150.9
307.0
10.7
64.1
5.0
1.9
968
26.2
48.6
5.8
19.0
3.80
1.27
3.15
0.48
2.13
0.42
0.99
0.15
0.84
0.13
2.97
0.39
32
16.21
5.34

0.40

0.29
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Table 2-2. Continued.

L eu co so m e
AH-02-08 A H-02-09 A H -02-10 AH-02-11
(wt. %)
S i0 2
Ti0 2
AI2O 3
FO2O 3*
FeO
MnO
MgO
C aO
Na20
K20
P 2O 5
Sum
(ppm)
V
Cr
Co
Ni
Zn
Ga
As
Rb
Sr
Y
Zr
Nb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th
U
Eu/Eu*

74.38
0.05
13.60
0.33
0.42

71.88
0.24
14.01
0.95

75.02
0.06
13.49
0.18

1.21

0.02

3.32
4.29
0.03

0.03
0.61
2.07
3.24
4.27
0.13

0.21
0.01

98.51

8

0.19

1.88

5
4
44
15
14
4
123.2
2 7 4.4

0.02

0.02

0.02

0.02

1.30
2.72
6.37
0.03

2.73
5.32
0.08

1.05
1.61
2.41
3.40
0.07

0.09
0.74
3.84
4.71
0.13

98.65

98.65

98.26

98,63

98.35

98.26

98.16

99.94

100.31

21
6

5
5
<LD

12

16

5
<LD
9

10

16
3
4

39
23

9
3
4

7
39

10
2

10

35
54
13
<LD
124.3
227,1
5.6
90.2
15.1
2.3
884
11.4

8
1

4
<LD

3
51
35
16

2.86
5.11

10
12

11

11.1

1.1

2.8

9.3

34.6
5.98
1.30
4.85
0.69
3.16
0.61
1.38

3.5
0.63

8.9
1.69
1.05
1.48

2.12
0.37
1.96
0.42
1.04
0.16
0.89
0.14
0.81
<LD
27
6.30
1.87
0.37

1.16
1.77

74.07
0.03
14.00
0.25
0.29

0.40
1.26
2.63
7.29
0.24

2.8

0.96

74.37
0.40

0.02

957
12.4
23.6

2.12

70.29
0.17
14.91
0.57
0.57

0.49

3.4
935
51.9
91.2

1.1

72.73

0.01
0.10

0.15
1.55

14
<LD
196.1
296.2
5.3
37.7
1.4

23.8
3,3

AH-02-26

75.84
0.09
14.28
0.51
0.63
0.03
0.14
0.61
3.91
3.73
0.18

73.20
0.03
14.17
0.16
0.18

16
4
160.4
304.0
3.1
6.4
2.9
1.9
1203
4.8
9.3

11.1

AH-02-27 A H-02-29 AH-03-17 AH-03-19

A H -02-13

1
166.7
274.1
16.3
19.3

12.6

1.12
0,52
0.09
0.45

0,11

2.0
1162
12.5
24.2

0.22
1.00

0.21
13.72
0.75
0.90

1.68

4
17
29
13

1
194.2
285.7

8.6
24.7
9.1
2.9
1328
34.9
62.7
7.4
22.9
3.87
1.34
2.94
0.43
1.81
0.32
0.67
0.09
0.51
0.08

4.31

0.29
0.05
0.33
0.05
0.25
0.44
27
3.64
3,87

0.19
0.46
0.07
0.49
0.09
3.19
<LD
37
9.01
2.18

0.58
31
15.54
2.52

0.19

1.57

0 .54

0.31

0.20
1.13
0.18
0.58
1.04
25

22.86

0.66

25
16
3
184.5
383.3
19.3
39.5
5.5

2.2
2147
9.9
21.3
2.7

10.0
2.52
2.18
2.93
0.58
3.42
0.72

12.00

10

22.1
2.6
8.3
1,51
1.16
1.43
0.24

6
15

20
2.00
234.6
55.6

17
23
<LD

211.0
14.2

12.2

8.2

14.7
14.8
5.0
107
3.2
5.9
0.7

18.4
36.9
2.7
23
3.5
7.3

2.0

2.9
0.89
0.04
0.87

0.8

1.39

0.43
0.06
0.32
0.05
2.30
0.81
36
4.05
1.75

0.75
0.37
1.05
0.28
1.78
0.39
1.19
0.23
1.63
0.27
0.74
3.74
52
1.73
6.55

1.39
0.26
0.81
0.15
1.17
0.17
0.90
6.75
17
1.52
4.89

0.67

0.65

0.35

0.04

1.68
0.24

1.21
0.18
1.17
0.32
59

2.12

1.12
0.20

0.20

73.48
0.03
14.78
0.36
0.34

0.02
0.09
0.69
2.90
7.54
0.07

6
13
<LD
208.0
328.3
6.4
8.9

1.0
1.1
1483
4.2
7.6

0.8
2.8
0.59
0.50
0.53

0.11
0.88
0.23
0.91
0.17
1.27

0.20
0.40
0.19
37
1.91
1.39
0.73
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Table 2-2. Continued.

L eu co so m e
(wt. %)
SiO j
T i0 2
A IA
FS 2O 3*
FeO
MnO
MgO
C aO
Na20
K20
p 2o

5

Sum
(ppm)
V
Cr
Co

Mean

SEM a

7 4 .49
0.07
14.41
0.48
0.56
0.03
0.12
0.74
3 .8 0
4.4 0
0.15

7 3 .3 4
0.1 4
14.01
0 .5 5
0.71
0.0 2
0.3 5
1.46
3 .2 7
4 .7 7
0.0 9

1.27
0.11
0.50
0.25
0.40
0.01
0.25
0.52
0.52
1.20
0.06

99.25

Rb
Sr
Y
Zr
Nb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th
U

11
5
3
<LD
16
17
<LD
2 2 1.0
18.5
14.4
33.2
13.5
5 .8
16
6 .5
13.8
1.6
5.7
1.57
0.11
1.46
0.3 3
2.3 2
0.4 7
1.52
0.28
2.1 2
0.3 2
1.30
2.27
26
2.6 8
6 .7 6

Eu/Eu*

0 .058

Ni
Zn
Ga
As

B a se m e n t O rthogneiss

AH -03-22

15
11
5
22
22
16
2
174.4
2 3 1.9
9.8
35 .8
10.5
2.7
8 77
14.7
2 7 .3
3.2
10.5
2.0 9
0.9 2
1.89
0 .3 2
1.73
0.3 5
0.9 2
0 .1 5
0.9 5
0 .1 5
1.36
1.60
32
7.14
3.5 2

7
9
2
19
10
2
1
35.2
94.2
3.9
21.1
6.9
1.0
489
10.6
18.5
2.2
6.9
1.20
0.46
1.01
0.14
0.69
0.14
0.35
0.06
0.43
0.07
0.83
1.45
9
5.39
1.63

A H -02-07 AH-02-12

B a s e m e n t P a ra g n e is s
A H -03-18 A H -02-28 A H -02-30 AH-03-21

67.91
0.53
14.77
1.82
2.67
0.07
1.15
3.06
3.96
2.60
0.15

70.15
0.34
14.59
1.18
1.52
0.04
0.74
2.31
3.42
4.12
0.11

71.36
0.17
16.33
0.73
0.88
0.03
0.46
2.11
4.45
3.72
0.07

58.21
2.01
15.19
3 .0 0
5.51
0.13
2.58
4 .7 6
2.20
2.98
0.86

68.32
0.16
17.16
0.68
0.90
0.03
0.62
2.96
5.23
2.21
0.10

57.54
2.04
13.63
3.28
5.99
0.13
2.83
4.75
2.11
3.13
0.97

98.69

98.52

100.32

97.44

98.36

96.40

44
12
8
27
69
22
3
155.1
255.6
32.2
47.1
23.5
4.8
441
60.4
102.8
12.5
39.3
6.71
1.34
6.24
1.05
5.60
1.22
3.08
0.46
2.61
0.41
1.20
1.33
18
23.66
10.93

32
7
5
52
45
16
4
181.9
295.6
16.2
79.5
11.2
4.1
854
62.2
110.8
13.5
41.8
6.92
1.35
5.07
0.71
3.09
0.60
1.44
0.21
1.21
0.20
2.17
0.67
25
30.18
4.00

10
6
7
<LD
29
19
<LD
117.8
426.7
6.9
36.9
8.5
1.3
909
13.6
27.1
2.9
10.3
2.01
0.45
1.66
0.25
1.36
0.25
0.63
0.08
0.47
0.06
1.30
0.59
23
5.72
1.05

109
25
19
36
148
15
2
168.9
557.0
2 5 .7
65.9
4 1 .4
5.0
1300
103.0
249.0
25.0
99.7
14.82
3.82
10.62
1.38
5.51
1.00
2.13
0.30
1.68
0.24
1.57
1.92
20
18.70
3.07

18
5
3
31
35
18
4
79.3
617.0
5.7
38.0
5,4
1.5
672
6.3
12.0
1,4
4.8
1.04
0.52
1.02
0.18
0.98
0.19
0.44
0.06
0.36
0.05
1.20
0.35
22
0.73
0.68

117
130
23
87
143
23
<LD
140.7
454.7
32.1
78.2
33.8
3.9
1129
65.0
202.0
27.0
87.0
16.30
2.96
11.41
1.42
6.99
1.23
3.09
0.40
2.48
0.34
2.00
1.65
16
15.30
2.11

0.17

0.18

0.20

0.24

0.42

0.17
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S r Iso to p es
S am p le no.

Location

Rock T ype

Rb
(ppm)

a7Sr/86S r
(m)ab

(+/-)

87R b/86S r
(calc)d

87S r / i6S r

(ppm)

Sr

2 crc

(55 Ma)

S lo can Lake
S locan Lake
S lo can Lake
S lo can Lake
S u g a r Lake
S u g a r Lake
S u g a r Lake
Mt. Baldur
Mt. Baldur
Mt. Baldur
Mt. Baldur
Mt. Baldur
Mt. Baldur

Ladybird G ranite
Ladybird G ranite
Ladybird G ranite
Ladybird G ranite
Ladybird G ranite
Ladybird G ranite
Ladybird G ranite
Ladybird G ranite
Ladybird G ranite
Ladybird G ranite
Ladybird G ranite
Ladybird G ranite
Ladybird G ranite

196.3
209.7
187.1
232.0
203.0
252.0
224.0
223.0
170.0
138.4
164.0
225.0
135.8

513.0
438.1
442.7
327.1
240.1
247.2
88.3
322.9
397.1
189.2
383.8
162.3
1329.0

0 .7 1 3 1 7 7
0 .713340
0.712551
0 .713635
0.716841
0.719191
0 .724540
0.7 3 3 1 4 6
0.7 1 4 3 8 6
0.738118
0 .716813
0 .736805
0.7 0 6 2 5 8

09
10
10
12
34
21
18
23
17
33
22
25
17

1.11
1.39
1.22
2 .0 5
2.45
2.95
7.35
2 .0 0
1.24
2.12
1.24
4.02
0.30

0.71231
0.7 1 2 2 6
0.7 1 1 6 0
0.7 1 2 0 3
0.7 1 4 9 3
0.7 1 6 8 8
0.7 1 8 8 0
0.7 3 1 5 8
0.7 1 3 4 2
0.7 3 6 4 6
0.7 1 5 8 5
0 .7 3 3 6 6
0 .7 0 6 0 3

AH -02-05
AH -02-06
AH -02-08
AH -02-09
AH -02-10
A H -02-11
A H -02-13
AH -02-26
AH -02-27
AH -03-20

Frigg G lacier
Frigg G lacier
Frigg G lacier
Frigg G lacier
Frigg G lacier
Frigg G lacier
Frigg G lacier
S atu rd ay G lacier
S atu rd ay G lacier
S atu rd ay G lacier

L eucosom e
L eucosom e
L eu co so m e
L eucosom e
L eu co so m e
L eu co so m e
L eucosom e
L eucosom e
L eucosom e
L eucosom e

92.1
150.9
123.2
166.7
160.4
196.1
194.2
184.6
124.3
36.5

245.9
307.0
274.4
274.1
304.0
296.2
285.7
383.3
227.1
191.2

0 .7 4 3 4 1 3
0 .7 5 0 2 4 7
0 .747273
0 .751479
0 .750216
0 .761240
0 .752558
0.761799
0.767178
0 .765469

14
15
19
12
11
11
17
65
11
16

1.09
1.43
1.30
1.77
1.53
1.92
1.98
1.40
1.59
0.56

0 .7 4 2 5 6
0 .74913
0 .74625
0 .75010
0.74902
0 .75974
0.75101
0.76070
0 .76593
0 .7 6 5 0 4

AH -02-07
AH -02-12
AH-02-28
A H -03-18

Frigg G lacier
Frigg G lacier
S atu rd ay G lacier
S atu rd ay G lacier

O rthogneiss
O rthogneiss
P a ra g n e iss
P a ra g n e iss

155.1
181.9
168.9
117.8

255.6
295.6
557.0
426.7

0.752361
0.750427
0 .724180
0 .726997

16
24
10
24

1.76
1.79
0.88
0.80

0.75098
0 .74903
0 .72349
0 .72637

a m e a s u r e m e n t s b y T I M S . b m e a s u r e d a n d c o r r e c t e d f o r m a s s f r a c t i o n a t i o n . 0 e r r o r s r e f e r t o l a s t o n e o r t w o d i g its a n d a r e
p r o p o g a t e d to i n c l u d e r e p r o d u c ib ilit y o f s t a n d a r d a n a l y s i s a n d r u n e r r o r s . d c a l c u l a t e d u s i n g p p m c o n c e n t r a t i o n s f r o m I C P M S tr a c e e le m e n t a n a ly s is .

C h a p ter2

LB-02-01
LB-02-02
LB-02-03
AH -03-03
AH -03-06
AH -03-07
AH -03-13
AH -03-30
AH-03-31
AH -03-32
AH -03-33
AH -03-34
AH-03-37
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T able 2-3. W hole rock Nd and Sr isotope data o f the leucosome, the Ladybird granite suite and basement gneiss samples from the Thor OdinPinnacles area.

N d I s o to p e s
S a m p le no.

L o c a tio n

R ock T ype

LB -02-01
L B -0 2 -0 2

S lo c a n L ak e
S lo c a n L a k e

L ad y bird G ra n ite
L ad y bird G ra n ite

Sm

Nd

,43N d /,44Nd

2<jc

(p p m )

(ppm)

(m )a0

(+/-)

9 .1 3
7.81

5 5 .1 8
4 4 .7 2

0 .5 1 2 0 6 2
0 .5 1 2 0 4 7

147S m /144Nd

,43N d /144Nd

sNd*

(c a lc )d

(5 5 M a)

(5 5 M a)

15
10

0 .0 9 9 6 4
0 .1 0 5 1 7

0 .5 1 2 0 3
0 .5 1 2 0 1

-1 0 .6
-1 0 .9
-1 1 .0
-14.1

L B -0 2 -0 3

S lo c a n L ak e

L ad y b ird G ra n ite

8 .1 0

4 7 .4 5

0 .5 1 2 0 4 0

14

0 .1 0 2 8 0

0 .5 1 2 0 0

A H -0 3 -0 3
A H -0 3 -0 6

S lo c a n L ak e
S u g a r L ake

L ad y bird G ra n ite

3 .0 3

14 .7 2

0 .5 1 1 8 9 0

8 .6 6

0 .5 1 1 8 5
0 .5 1 1 6 9

S u g a r L ak e

5 .4 0

4 5 .8 2
3 1 .5 4

0 .1 2 3 9 6
0 .1 1 3 8 1

A H -0 3 -0 7

L ad y bird G ra n ite
L ad y bird G ra n ite

68
57

0 .5 1 1 7 8 5

0 .1 0 3 1 0

0 .5 1 1 7 5

-1 6 .0

A H -0 3 -1 3

S u g a r L ak e

L ad y bird G ra n ite

5 .8 7

2 2 .8 8

0 .5 1 1 7 6 8

37
24

0 .1 5 4 5 0

0 .5 1 1 7 1

-1 6 .7

2 0 .2 0
8 .9 3

1 1 8 .0 0
71.0 1

0 .5 1 1 9 8 0
0 .5 1 2 3 4 0

13
18

0 .1 0 3 0 9

0 .5 1 1 9 4

-1 2 .2

5 .0 0
8 .4 8
4 .3 7
1 .4 9

2 4 .2 6
6 5 .9 4
21.5 1
7 .8 5

0 ,5 1 2 0 0 7

30
15
13
49

0 .0 7 5 7 3
0 .1 2 4 1 1

0 .5 1 2 3 1
0 .5 1 1 9 6
0 .5 1 2 1 9

1.31
3 .8
2 .1 2
5 .9 8

6 .6 2

A H -0 3 -3 0

Mt. B ald u r

L ad y bird G ra n ite

A H -03-31
A H -0 3 -3 2

Mt. B ald u r
Mt. B ald u r

L ad y b ird G ra n ite

A H -0 3 -3 3
A H -0 3 -3 4
A H -0 3 -3 7

Mt. B a ld u r
Mt. B a ld u r
Mt. B a ld u r

A H -0 2 -0 5
A H -0 2 -0 6
A H -0 2 -0 8
A H -0 2 -0 9
A H -0 2 -1 0
A H -0 2 -1 1

F rigg G la c ie r

L eu co so m e

Frigg
F rigg
Frigg
Frigg
Frigg

L eu co so m e
L eu co so m e
L eu co so m e
L eu co so m e

G la c ie r
G la c ie r
G la c ie r
G la c ie r
G la c ie r

L ad y bird
L ad y bird
L ad y bird
L ad y b ird

G ra n ite
G ra n ite
G ra n ite
G ra n ite

0 .6 3
1 .6 9
3 .8 7
2 .5 2

0 .5 1 1 7 2 7

0 .5 1 2 2 1 8
0 .5 1 1 8 7 5
0 .5 1 2 0 6 9

0 .5 1 1 5 1 3
0 .5 1 1 6 9 7

29
23
25
18
20

0 .5 1 1 7 0 0
0 .5 1 1 5 1 0
0 .5 1 1 5 3 3

16
28
22

8.31

0 .5 1 1 3 9 5

44

1 .4 8

0 .5 1 1 4 0 6

15

19
9 .2 9
3 4 .5 7
3 .4 9
8 .8 6
2 2 .8 5
9 .9 8

0 .5 1 2 1 2 3
0 .5 1 1 7 4 9
0 .5 1 1 7 0 4

A H -0 2 -2 7

Frigg G la c ie r
S a tu r d a y G la c ie r
S a tu r d a y G la c ie r

L eu co so m e
L eu co so m e
L eu co so m e
L eu co so m e

A H -0 3 -2 0

S a tu r d a y G la c ie r

L eu co so m e

1.51
0 .2 7

A H -0 2 -0 7

Frigg G la c ie r

O rth o g n e is s

6.71

3 9 .2 6

0 .5 1 1 4 7 9

A H -0 2 -1 2
A H -0 2 -2 8

Frigg G la c ie r
S a tu r d a y G la c ie r

6 .9 2
1 4 .8 2

A H -0 3 -1 8

S a tu r d a y G la c ie r

O rth o g n e is s
P a r a g n e is s
P a r a g n e is s

4 1 .7 8
99.71
1 0 .2 9

0 .5 1 1 3 5 9
0 .5 1 1 2 1 6
0 .5 1 1 5 9 4

A H -0 2 -1 3
A H -0 2 -2 6

2.01

0 .0 7 7 4 4
0 .1 2 2 3 4
0 .1 1 4 3 0
0 .1 1 9 1 6
0 .1 2 0 4 4
0 .1 3 7 4 2
0 .1 0 4 1 7
0 .1 0 8 7 1
0 .1 1 4 8 7
0 .1 0 1 9 9
0 .1 5 2 0 6

0 .5 1 1 8 3
0 .5 1 2 0 3
0 .5 1 2 0 8
0 .5 1 1 7 1
0 .5 1 1 6 5
0 .5 1 1 4 8
0 .5 1 1 6 6
0 .5 1 1 6 6
0 .5 1 1 4 7

-1 7 2

-5 .0
-1 1 .8
-7 .4
-1 4 .4
-1 0 .5
-9 .5
-1 6 .8
-1 7 .8
-2 1 .3
-1 7 .7
-1 7 .7

0 .1 0 9 4 2

0 .5 1 1 4 8
0 .5 1 1 3 6

-2 1 .3
-2 1 .2
-2 3 .6

0 .1 0 9 8 6

0 .5 1 1 3 7

-2 3 .4

16

0 .1 0 2 9 2

0 .5 1 1 4 4

-2 2 .0

19
17
62

0 .0 9 9 7 4
0 .0 8 9 5 0
0 .1 1 7 6 3

0 .5 1 1 3 2
0 .5 1 1 1 8
0 .5 1 1 5 5

-2 4 .3
-2 7 .0

ru n e r ro r s .

d c a l c u l a t e d u s in g p p m c o n c e n t r a t io n s fro m IC P -M S t r a c e e l e m e n t a n a ly s is .
e c a lc u l a t e d u s in g p r e s e n t d a y c h o n d r itic u n ifo rm r e s e r v o ir w ith 143N d /144N d = 0 .5 1 2 6 3 8 a n d 147S m / 144N d = 0 .1 9 6 7 .

-1 9 .8

Chapter 2

a m e a s u r e m e n t s b y T IM S . b m e a s u r e d a n d c o r r e c t e d for m a s s f ra c tio n a tio n .
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CHAPTER 3
Cordierite-gedrite basement rocks and associated garnet amphibolites of ThorOdin dome, Monashee complex: protolith composition and implications for the
petrogenesis of the North American basement

Abstract
The Precambrian history of the Thor-Odin dome area is poorly constrained due to
the pervasive overprinting of high-grade metamorphism, deformation, and anatexis
associated with Cretaceous-Tertiary events during the Cordilleran orogeny. The
occurrence of cordierite-gedrite rocks and associated garnet amphibolites in the North
American basement rocks of Thor-Odin dome were the focus of major and trace element
geochemical, Rb-Sr and Sm-Nd isotopic, petrographic and field studies to constrain the
origin of the cordierite-gedrite rocks and of the garnet amphibolites, and from these data
constrain the Precambrian evolution of the basement gneisses.
The cordierite-orthoamphibole, dominantly gedrite, rocks are primarily preserved on
the limbs of Paleogene F, folds in the basement paragneiss in the southwestern area of the
Thor-Odin dome, M onashee complex. This unit appears to define a discontinuous marker
horizon within the Paleoproterozoic North American basement paragneiss, which were
metamorphosed to peak conditions of 8-10 kbar and 800 °C during the Late Cretaceous
to Paleocene Cordilleran orogeny. The cordierite-gedrite rocks occur as discontinuous
lenses, 15 to 50 meters thick, and up to 500 meters long that are concordant with the
pervasive S2 transposition foliation. These rocks have unique bulk rock chemistry that
is characterized by depletions in the alkalies, notably CaO, and enrichments in Al2Ov
MgO and Fe2Or They have flat rare earth element (REE) patterns, depletions in most low
field strength elements, such as Cs, Rb, Ba and Sr, and enrichments in high field strength
elements such as Zr, Hf, and Nb. The 87Sr/86Sr ratios for these rocks vary from 0.74923
to 0.85962 and the eNd(tod.iy) vary from -15.3 to -20.6. The cordierite-gedrite rocks
are interpreted as Paleoproterozoic mafic volcanics that were hydrothermally altered,
92
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likely syn-depositional. This hydrothermal alteration explains their distinctive bulk rock
chemistry.
The cordierite-gedrite rocks are interlayered and spatially associated with lenses
of garnet amphibolites of uncertain, although likely Precambrian based on Nd isotopic
composition, protolith age. In the Bearpaw Lake area, Thor-Odin dome, the garnet
amphibolites are boudinaged, 10-20 meters thick, up to 400 meters long, and are
concordant with the pervasive S2 transposition foliation. The garnet amphibolites have
high MgO and TiO,, values and depletions in the alkalies. They have flat REE patterns,
depletions in most low field strength elements and enrichments in high field strength
elements. The garnet amphibolites have 87Sr/86Sr ratios varying from 0.70953 to 0.74319
and £Nd{

j from -0 .8 to -7.3. The garnet amphibolites are interpreted as Proterozoic

metamoiphosed mafic (basaltic) rocks that either post-date the formation of the protolith
of the cordierite-gedrite rocks or escaped the hydrothermal alteration.
On the basis of chemistry and Nd isotopic signatures, neither the cordierite-gedrite
rocks nor the garnet amphibolites can be correlated with regional mafic suites known
to have intruded the rocks of North American basement and platformal sequence in the
southern Omineca belt. The mafic suites include: the Moyie sills of the Belt-Purcell
Supergroup, volcanics of the Horsethief creek group of the Windermere Supergroup,
and Eocene lamprophyre dykes. The chemical and isotopic signatures o f the garnet
amphibolites and cordierite-gedrite samples show a range of values that overlap with
these suites.
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3.1. Introduction
Cordierite-orthoamphibole rocks occur as lenses and boudinaged layers in
Paleoproterozoic basement paragneiss of Thor-Odin dome, Monashee complex,
southeastern British Columbia. The origin of cordierite-orthoamphibole (gedriteanthophyllite) rocks is enigmatic as their chemistry is not easily explained as being
either of sedimentary or igneous origin. Their chemistry is distinctive in that it is marked
by enrichments in MgO, Al2O v and FeO, and depletions in the alkalies, particularly
CaO. These rocks are of interest because the Precambrian history of this area is poorly
constrained due to the pervasive oveiprinting of high-grade metamorphism, deformation,
and anatexis associated with Cretaceous-Tertiary events during the Cordilleran orogeny.
Constraining the origin of the cordierite-orthoamphibole rocks will help to further
understand the Precambrian geologic history of the area.
Genetic models for the evolution of cordierite-orthoamphibole rocks are diverse but
can generally be classified into two groups based on whether the protoliths were affected
by chemical alteration before or during metamorphism. The most commonly employed
models for the formation of these rocks are described below. The first two models
attribute the chemical signature of cordierite-orthoamphibole rocks to alteration during
metamorphism. The first model involves synmetamorphic metasomatic alteration, which
introduces FeO and MgO by diffusion or hydrothermal fluid infiltration into a range
of rock types (i.e. Eskola, 1914; Irving and Ashley, 1976). The second model invokes
partial melting, in which these rocks are the residuum, likely of a pelitic sediment or a
metavolcanic, after extraction of granitic melt (i.e. Grant, 1968; Hoffer and Grant, 1980).
The remaining genetic models invoke alteration prior to metamorphism. In the third
model, the cordierite-orthoamphibole rocks form via the metamorphism of an ancient
weathering horizon and these rocks are a paleoregolith or paleosol (Gable and Sims,
1969; Young, 1973). In the fourth model, the cordierite-orthoamphibole rocks represent
volcanic rocks that were hydrothermally altered prior to metamorphism (i.e. Vallance,
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1967; James et al., 1978; Schumacher, 1988; Smith et al., 1992). This is the most
common model invoked for the formation of the cordierite-orthoamphibole rocks, and
usually involves sea water as the hydrothermal fluid (Spear, 1993).
This paper addresses the origin and geological significance of the cordierite-gedrite
rocks in Thor-Odin dome. Major and trace element geochemical studies, in combination
with Rb-Sr and Sm-Nd isotopic studies, were carried out to address the question of
their petrogenesis. It has previously been suggested that this unit may define a pseudo
stratigraphy within the basement paragneiss, and outcrop on the limbs of a fold (Duncan,
1984), thus further understanding for their formation may have implications on the
tectonic evolution of the Thor-Odin dome.
3.2. Geological setting
Thor-Odin dome is one of two structural culminations of the Monashee complex
that contain a core of Paleoproterozoic orthogneiss and paragneiss basement rocks
of North America cratonic affinity (Fig. 3-1; Parrish, 1991). The basement rocks
are unconformably overlain by and infolded with a Paleoproterozoic to Paleozoic
supracrustal cover sequence of dominantly metasedimentary siliciclastic and carbonate
rocks (Fig. 3-2; Wheeler, 1965; McMillan 1973; Brown, 1980; Read, 1980; Scammell
and Brown, 1990, Armstrong et al., 1991; Parkinson, 1992; Parrish, 1995; Crowley;
1997). The rocks are exposed in a tectonic window beneath the Monashee decollement,
the boundary between the structurally overlying allochthonous rocks of the Selkirk
allochthon and the relatively more autochthonous rocks of the Monashee complex (Read
and Brown, 1981; Brown et al., 1986; Joumeay, 1986; Brown et al, 1992; McNicoll and
Brown, 1995; Brown and Gibson, in press). Cordilleran orogenesis in the Monashee
complex resulted in middle amphibolite to lower granulite facies metamorphism, kmscale isoclinal folds, anatexis, and the development of penetrative planar and linear
deformation fabrics (Wheeler, 1965; Reesor and Moore, 1971; Hoy and Brown, 1980;
Brown et al. 1986; Journeay, 1986; McNicoll and Brown, 1995; Hinchey, Chapter 1).
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Paleocene-Eocene extension of the southern Omineca belt resulted in the exhumation
of the Monashee complex via an array of brittle and ductile normal faults (TempelmanKluit and Parkinson, 1986; Brown and Joumeay, 1987; Parrish et al., 1988; Struik,
1993; Johnson and Brown 1996 and references therein). At the latitude of the Monashee
complex, the lower plates of the extensional faults expose high-grade rocks with a
relatively young deformation and cooling history termed the Shuswap complex (Fig.
3-1; Okulitch, 1984; Brown and Joumeay, 1987; Parrish et al., 1988; Parkinson, 1992;
Johnson, 1994).
3.2.1. Geology o f Thor-Odin dome
The basement rocks of Thor-Odin dome are composed of Paleoproterozoic
heterogeneous migmatitic para- and orthogneiss (Fig. 3-2). Basement orthogneiss are
dominated by migmatitic, hornblende-biotite-quartzo feldspathic gneiss with a lesser
volume of quartz monzonite gneiss. Basement paragneiss comprise: a) heterogeneous
migmatitic gamet-sillimanite-quartzo feldspathic gneiss locally enriched in garnet and
cordierite, b) migmatitic cordierite-biotite-quartzo feldspathic gneiss, c) minor calcsilicates, marbles, and quartzites, and are associated with minor cordierite-gedrite rocks
and garnet amphibolites (Reesor and Moore, 1971; Duncan, 1984). Though lithologically
distinct, the basement ortho- and paragneiss are often interlayered at the scale of a few
meters, due in large part to transposition by folding, with contacts that are complicated by
the abundance o f leucosome. The cover sequence comprises a heterogeneous assemblage
of metasedimentary rocks that includes quartzites, pelitic schists, marbles, calc-silicates
and amphibolites.
3.2.2. Precambrian geological history
The basement orthogneiss are interpreted to have intruded into the basement
paragneiss during the Paleoproterozoic (Parkinson, 1992). Although the homogenous
orthogneiss generally have concordant contacts with basement paragneiss, Parkinson
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(1992) reported local contacts which are intrusive. Initial U/Pb geochronology studies
of zircons from basement orthogneiss yielded crystallization ages of 1934 ± 6 and 1874
± 21 Ma (Parkinson, 1992). Based on a detrital zircon study, deposition of the basement
paragneiss in Thor-Odin dome likely began by 2.2 Ga (Parkinson, 1992) and continued
until at least 1.8 Ga, based on the youngest detrital zircon grains from basement
paragneisses (Vanderhaeghe et al., 1999; Kuiper, 2003; this study). The Monashee cover
sequence was subsequently deposited on the basement para- and orthogneiss after 1825
Ma, the youngest known zircon age in the basal quartzite from a preliminary detrital
zircon study (Kuiper, 2003). There are no constraints on an upper age limit for the cover
sequence and the youngest depositional age in Thor-Odin dome is uncertain. Precambrian
metamorphism and deformation has been pervasively overprinted by Cordilleran
deformation and metamorphism. A focus of this paper is elucidating the Precambrian
history by understanding the formation of the cordierite-gedrite basement rocks. The
rocks studied are exposed in the Bearpaw Lake area (Fig. 3-3) in the southwest portion of
the dome.
3.2.3.

Cretaceous - Eocene Cordilleran metamorphic history

Basement and cover rocks in Thor-Odin dome experienced high pressure and
temperature metamorphism of upper amphibolite to lower granulite facies conditions in
the Paleogene at ca. 56 Ma (Hinchey, this study and Chapter 4), and may have reached
high grade conditions as early as 75 Ma, on the basis of the age of zircons in leucosome
from migmatitic paragneiss near Three Valley gap on the north flank of Thor Odin
dome (Parish, 1995; Kuiper, 2003). Throughout the dome, the mineral assemblages
are relatively uniform with stable sillimanite-potassium feldspar-melt assemblages
(Reesor and Moore, 1971). Kyanite and cordierite occur in aluminous basement
gneiss and orthopyroxene occurs in granitic and aluminum-poor basement gneiss
(Reesor and Moore, 1971). The sillimanite-potassium feldspar isograd approximately
encloses the dome, and rocks of the surrounding Selkirk allochthon are at lower grade
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with sillimanite-almandine-muscovite assemblages (Reesor and Moore, 1971). U-Pb
geochronology studies indicate that metamorphism and penetrative deformation of the
Thor-Odin dome basement rocks were ongoing during the Paleogene (Vanderhaeghe et
al., 1999; Johnston et al., 2000; Kuiper, 2003) at ca. 56 to 52 Ma based on the ages of
anatectic migmatites (Hinchey, Chapter 1) and of metamorphic monazites (this study).
Peak metamorphism culminated in the onset of melting and the production of abundant
leucosome (Hinchey, Chapter 1).
Thermobarometry studies in the Bearpaw Lake area indicate that the basement rocks
underwent isothermal decompression from the kyanite-potassium feldspar zone (P > 8 to
10 kbar) into the sillimanite-cordierite zone (P < 5 kbar) at T ~ 750 °C, with a maximum
temperature of ~ 800 °C (Norlander et al., 2002). Based on complex symplectic textures
preserved in basement cordierite-gedrite rocks and in garnet amphibolite boudins,
Norlander et al. (2002) concluded that the peak regional metamorphic episode occurred
in the Tertiary, as these textures could not have survived a subsequent metamorphic
event. This argument, coupled with the ages of zircon crystallization in leucosome
from the sampling area (Vanderhaeghe et al., 1999; Hinchey, Chapter 1), and zircon in
leucogranites from structurally higher levels (Carr, 1992; Vanderhaeghe et al., 1999), is
consistent with the interpretation that metamorphism coincided with the onset of a major
partial melting event. Reaction textures indicate that leucocratic melt interacted with
minerals growing in the boudins during decompression, preserving cordierite reaction
rims around mafic phases such as garnet and corundum (Norlander et al., 2002).
3.2.4. Cretaceous - Eocene Cordilleran structural evolution
Basement and cover gneiss are characterized by at least four folding events, and
the map-pattem distribution of basement and cover is controlled by large-scale fold
interference patterns (Fig. 3-2). These superimposed folds produced interference patterns
at all scales and all structural levels (Read, 1980; Duncan, 1982). The dominant foliation
dips to the west on the western margin of the dome and to the east on the eastern margin,
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and it wraps around the southern end, producing outward dips (Reesor and Moore, 1971).
Fj folds are preserved at outcrop scale, and may represent either relict Precambrian
deformation or formation during a progressive D,_, thickening and burial. Kilometre-scale
isoclinal F2 fold nappes infold the cover sequence with the underlying basement gneisses
(Reesor and Moore, 1971; Read, 1979,1980; McNeill and Williams, 2004) and are, at
least in part, Paleogene in age (Hinchey, Chapter 1). The S., transposition foliation is the
dominant planar fabric throughout the 4-5 km thick exposed section of Thor-Odin dome
and is defined by domainal schistosity, compositional banding, and gneissic foliation.
Leucosome occurs pervasively throughout the gneisses in Thor-Odin dome. Leucosome
is interpreted to have formed as a result of in situ melting of the host paragneiss
(Hinchey, Chapter 1). Leucosome formation was ongoing from ca. 56-52 Ma, coincident
with peak metamorphism, formation of part of the S, foliation and F,, as well as F and F4
(Hinchey et al., 2004).
3.3. Bearpaw Lake area
3.3.1. Geology
The Bearpaw Lake area (Fig. 3-2 and 3-3) is characterized by basement rocks
dominated by: a) homblende-biotite granodiorite migmatitic orthogneiss, and, b)
compositionally heterogeneous garnet-sillimanite-quartzo feldspathic migmatitic
paragneiss. The gamet-sillimanite-quartzo-feldspathic paragneiss is interlayered at
the scale of 10’s of meters with a muscovite-biotite-quartzo feldspathic diatexite
paragneiss and homblende-biotite-quartzo feldspathic paragneiss. In addition, this unit
is characterized by boudinaged layers of cordierite-gedrite rocks, garnet amphibolites,
infolded quartzites and calc-silicates. This package of gneiss strikes southeast and dips
at -70° to the west. The lenses of cordierite-gedrite rocks and garnet amphibolites were
likely boudinaged during deformation associated with F2 folding, which was ongoing ca.
56 Ma (Fig. 3-3; Hinchey, Chapter 1).
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The cordierite-gedrite rocks occur as boudinaged lenses 15 to 50 meters thick and
up to 500 meters long (Fig. 3-3). They parallel the pervasive S2 transposition foliation
and strike at 135-142° to the southeast. In the southwestern portion of the dome, known
occurrences of these rocks are plotted in Figure 3-2. The cordierite-gedrite rocks are
documented only within the basement paragneiss, where they occur on the limbs of F,
isoclines and appear to at least locally define a discontinuous marker horizon. Based on
mineralogy, it has been suggested that the cordierite-gedrite rocks in Thor-Odin dome
may be the product of hydrothermal alteration of mafic volcanics, or that they may
represent a restite of partial melting (Duncan, 1982; 1984).
The garnet amphibolites occur as discontinuous boudinaged lenses that range from
10 to 20 meters thick and up to 400 meters long (Fig. 3-3). They parallel the pervasive S2
transposition foliation and strike at 133-150° to the southeast. In the study area, the garnet
amphibolites are documented only within the basement paragneisses and are not observed
crosscutting the cordierite-gedrite rocks. Garnet amphibolites have been documented
throughout Thor-Odin dome (Reesor and Moore, 1971; Parkinson, 1992) and, in
contrast to the cordierite-gedrite rocks, the amphibolites in Thor-Odin dome have been
studied. They occur as boudinaged lenses that are concordant with the S2transposition
foliation and have been documented within both the basement para- and orthogneiss.
Attempts have been made to correlate these amphibolites with the regional mafic suites.
Specifically, comparisons were earned out of Nd isotopic signatures of the amphibolites
and: a) the mafic Moyie sills (1.5 Ga) of the Middle Proterozoic Belt-Purcell Supergroup,
and b) the mafic volcanic rocks associated with the Horsethief Creek Group (~760 Ma;
Devlin et al., 1988; Sevigny and Theriault, 2003) of the Late Proterozoic Windermere
Supergroup. However, due to a wide range in isotopic values of the amphibolites and
limited data set a correlation was not possible (Parkinson, 1991).
For the purpose of evaluating the petrogenesis of the cordierite-gedrite rocks
(section 3-4) and discussion (section 3-5), the cordierite-gedrite samples are plotted
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with, and compared, to the garnet amphibolite samples. This is because the amphibolites
occur regionally, they have been part of previous geochemical studies (Parkinson,
1992; Sevigny, 1988), and their chemistry more closely approximates that of a typical
metamorphosed mafic rock. There are no geochronological age constraints on either
the cordierite-gedrite rocks or the amphibolites in Thor-Odin dome. For the purpose of
evaluating the isotopic signatures, specifically the epsilon values, values are calculated
at an age of -760 Ma, which is the Nd TDMmodel age of the Horsethief Creek mafic
volcanics (Devline et al., 1988). This is interpreted as the lower age constraint for the
garnet amphibolites based on T model age (Parkinson, 1992) and regional correlations
(Sevigny and Theriault, 2003).
3.3.2. Lithology and petrology
The cordierite-gedrite rocks have very coarse grained textures and complex
simplectic intergrowths. The gedrite crystals are up to 25 cm long and garnet occurs up
to 15 cm. This coarse grained nature, coupled with their variable mineralogy, makes it
difficult to collect hand samples that contain all of the minerals present within individual
boudinaged layers. In hand samples, typical mineralogy includes: biotite, sillimanite,
kyanite, quartz, spinel, garnet and cordierite (Fig. 3-4a). Norlander et al. (2002)
distinguished between gedrite rocks that contain garnet and those that were sapphirinebearing, however, this distinction is not possible at the outcrop scale. All exposures of
the cordierite-gedrite boudins contain garnet at least locally, and thus the absence of
garnet in thin section may reflect a local small-scale breakdown reaction or may reflect
compositional heterogeneity within the protolith. The contact between the cordieritegedrite rocks and the paragneiss often contain mats of randomly orientated, coarse
grained sillimanite mantled by cordierite and corundum.
Gedrite is the most abundant mineral in the cordierite-gedrite rocks and occurs as
prismatic crystals that define the S, foliation. Garnet occurs as porphyroblasts that often
contain abundant inclusions of cordierite, spinel, gedrite, and apatite (Fig. 3-4b). Cracks
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in the garnet grains are filled with grains of cordierite, gedrite, ilmenite, plagioclase and
spinel. Kyanite is partially to entirely replaced by a corundum + cordierite + ilmenite
symplectite in the cores of the grains and spinel + cordierite ± sapphirine in the rims
of the grains (Norlander et al., 2002). Cordierite occurs dominantly as an interstitial
mineral between blades of gedrite. Sillimanite occurs as prismatic crystals or as fibrous
overgrowths on kyanite. Accessory phases of biotite, quartz, apatite, spinel, ilmenite,
and monazite are common. Further petrological descriptions related to detailed pressuretemperatures conditions are described in Norlander et al. (2002).
The garnet amphibolites are medium grained garnet hornblende amphibolites with a
typical mineralogy of garnet-homblende-quartz-plagioclase +/- clinopyroxene (Fig. 34c). Hornblende occurs both as interstitial grains in the matrix and as euhedral, tabular
grains that often define the S2 foliation. Garnet porphyroblasts are 1-3 mm in diameter
and contain few inclusions, which when present are dominated by plagioclase, biotite,
ilmenite and rutile (Norlander et al., 2002). Garnets are often rimmed by quartz and
plagioclase symplectites. Accessory phases are ilmenite, biotite, apatite and monazite.
Plagioclase and quartz are granoblastic, anhedral grains that dominate the matrix.
Plagioclase commonly displays albite twinning and quartz often contains subgrains.
Further petrological descriptions related to detailed pressure-temperatures conditions for
the garnet amphibolites are described in Norlander et al. (2002).
3.4. Analytical data and interpretation
3.4.1. M ajor and trace element chemistry
Major element, recalculated to an anhydrous total of 100%, and trace element
compositions were determined for all major units in the Bearpaw Lake area. Six samples
of the cordierite-gedrite rock and 4 samples of garnet amphibolite were analyzed. The
cordierite-gedrite samples are plotted with the garnet amphibolite for comparison, as the
amphibolite chemistry more closely approximates a typical metamorphosed mafic rock.
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Sample descriptions and locations are listed in Table 3-1. Representative compositions
are presented in Table 3-2, and analytical details are given in Appendix A.I. Four
samples of quartzo-feldspathic basement paragneiss and 2 samples of granodioritic
basement orthogneiss are plotted for comparison (data from Hinchey, Chapter 2).
The cordierite-gedrite rocks show a large range in SiO, contents from 28 to 53 wt.%
(Table 3-2), with one of the samples (AH-03-25) having notably low S i02 concentration
of 28 wt.%, attributed to the large percentage of hercynite, approximately 25 wt.% of the
bulk rock composition of that sample. In all samples, A1^03ranges from 13 to 23 wt.%.
CaO and Na20 concentrations are low with values ranging from 6 to 0.2 wt.% and 0.2 to
0.9 wt.%, respectively. The samples are enriched in MgO, 12-18 wt.%; Fe2Ov 2-5 wt.%;
MnO, 0.1-0.3 wt.%, and T i02 0.3-3.7 wt.% (Table 3-2). Compared to the cordieritegedrite samples, the garnet amphibolite samples have a narrower range in SiO,from
46-51 wt.%, and have lower A120 3contents from 9 to 15 wt.% (Table 3-2). In addition,
the garnet amphibolites do not have a marked depletion in CaO or Na,0, with values
ranging from 8 to 10 wt.% and 1 to 3 wt.%, respectively. MgO content of the garnet
amphibolites is notably less than in the gedrite samples, ranging from 6.0 to 11.2 wt.%
and enrichments are observed in Fe20 3, MnO, and TiOr
On an AFM diagram (Fig. 3-5), the gedrite samples are more aluminous and define
a tighter cluster of values compared to the garnet amphibolite samples. On the ACF
diagram (Fig. 3-6a), the cordierite-gedrite rocks dominantly plot along the A-F tieline,
reflecting the limited amount of plagioclase in these samples and low CaO content. The
garnet amphibolite samples plot more centrally in the diagram, reflecting the presence of
more plagioclase. Extreme depletion of K20 of the cordierite-gedrite rocks is reflected in
the AKF diagram (Fig. 3-6b) with samples plotting along the A-F line reflecting a lack of
potassium feldspar, while most of the garnet amphibolite samples plot near the F apex or
below.
Trace element signatures of the cordierite-gedrite rocks display depletions in most
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low field strength elements (LFSE; field strength elements as defined by Saunders et
al., 1980) such as Cs, Ba, Sr and Pb (Table 3-2). Samples are enriched in most high
field strength elements (HFSE) such as Zr, Hf, Nb and Ta. In addition, the samples
show enrichments in the transition elements of Cr, Ni, V, and Zn. In general, the garnet
amphibolite samples show the same trace element trends and variation in concentrations
(Table 3-2).
The chondrite-normalized rare earth element (REE) patterns of the cordierite-gedrite
samples are relatively flat, with La /Yb(N) ratios between 1 and 16 times chondrite (Fig.
3-7a). The samples all have slightly negative Eu anomalies. The garnet amphibolites have
similar flat chondrite-normalized REE patterns, with La N/Yb(N ratios between 0.5 and 7
times chondrite (Fig. 3-7b). On an extended trace element primitive-mantle normalized
spider diagram, the cordierite-gedrite samples exhibit marked depletions in Rb, Ba, and
Sr, and enrichments in Cs, Th, U and the heavy rare earth elements (HREE; Fig. 3-7c).
The garnet amphibolite samples also show the same general pattern of enrichments
and depletions in the above noted elements, with the exception that they lack the Th
enrichment and the extreme degree of Sr depletion of the gedrite samples (Fig. 3-7c).
3.4.2. Whole rock radiogenic isotope geochemistry
Rubidium-strontium and samarium-neodymium data for whole rock samples from the
Bearpaw Lake area are presented in Table 3-3. Analytical details are given in Appendix
A.I. Three samples of cordierite-gedrite rock and three samples of garnet amphibolite
were analyzed. Two samples of both the basement paragneiss and the basement
orthogneiss are plotted for comparison (data from Hinchey, Chapter 2).
3.4.2.1. Sr isotopes
The amphibolite and gedrite samples have radiogenic measured 87Sr/86Sr ratios
(Table 3-3). The cordierite-gedrite rocks have a range of 87Sr/86Sr ratios from 0.74923
to 0.85962, and measured 87Rb/8cSr ratios from 0.44 to 12.24. The garnet amphibolite
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samples have a range of 87Sr/86Sr ratios from 0.70953 to 0.74319, and measured 87Rb/86Sr
ratios from 0.40 to 1.51. The four basement samples have measured 87Sr/86Sr ratios from
0.72418 to 0.75236 and 87Rb/8f’Sr ratios range from ~0.80 to 1.79 (Hinchey, Chapter 2).
The Sr data demonstrate the highly radiogenic nature of the Paleoproterozoic basement
gneisses of the Thor-Odin area.
The primitive mantle has a present day 87Sr/86Sr value of 0.7045 and the bulk
silicate earth has a 87Rb/86Sr value of 0.089. The Sr data for both the garnet amphibolites
and cordierite-gedrite rocks have a wide range of radiogenic values (Fig. 3-8), likely
reflecting disturbance of the Sr isotopic system during high-grade metamorphism.
Data for basement gneisses and amphibolites from Parkinson (1991; 1992) are plotted
for comparison. The Rb-Sr isotope system appears to have been disturbed; perhaps
by Cordilleran metamorphism, and therefore the data cannot be used to determine the
protolith composition of the garnet amphibolites or cordierite-gedrite rocks.
3A.2.2. Nd isotopes
The garnet amphibolite and cordierite-gedrite samples have different Nd isotopic
compositions (Table 3-3). The cordierite-gedrite samples display a range in l47Sm /'44Nd
ratios from 0.1084 to 0.1224, £Nd(|od values from -15.3 to -20.6, and Nd model ages of
T dm) = 2.2 to 3.5 Ga. The garnet amphibolite samples have a range in 147Sm /l44Nd ratios
from 0.1502 to 0.1685, eNd((oday) values from -0.8 to -7 .3 , and Nd model ages of T(DM)
= 1.3 to 2.2 Ga. The four basement gneiss samples have 147Sm /I44Nd ratios of 0.0895
to 0.1176, and 8Nd(today) values o f -20.4 t o -27.4 (Hinchey, Chapter 2). Data for the
basement gneiss and garnet amphibolite samples from Parkinson (1991, 1992) are plotted
for comparison (Fig. 3-9). eNd is calculated at 760 Ma, the lower age constraint on the
garnet amphibolites (see section 3.3.1). The 147Sm /,44Nd ratios appear to have retained
their original isotopic signature, with the garnet amphibolite and cordierite-gedrite
samples plotting homogeneously into two groups (Fig. 3-9). There is no differential
mobility of Sm and Nd observed in the REE chemistry (Fig. 3-7). This supports the
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interpretation that the differences in eNd signatures between the garnet amphibolite
and cordierite-gedrite samples are inherited and are not a result of alteration during
Cordilleran metamorphism.
The data for the garnet amphibolites from this study and Parkinson’s study (1992)
define a tight group with eNd

values ranging from -0.3 to -4.6, suggesting only a

limited interaction with crustal material. The cordierite-gedrite samples fall outside this
group and appear to mirror the isotopic systematics of the basement gneiss. The variation
in Nd systematics between the cordierite-gedrite and amphibolite samples may be due
to: a) Precambrian metamorphic alteration; b) difference in age; c) alteration by fluids; or
d) a primary feature of crustal contamination. The implications of each will be discussed
below.
3.5. Discussion
3.5.1. Interpretation o f the protolith composition
3.5.1.1. Cordierite-gedrite rocks
The major element composition of these rocks may reflect either: a) protolith
composition; or b) element mobilization, before or during metamorphism. It is not
possible to distinguish between these two processes and therefore, the major element
composition can only provide limited constraints on the protolith composition. The trace
element chemistry provides more information as certain trace elements particularly the
HFSE and transition elements are generally considered relatively immobile, and thus
are more resistant to secondary alteration (Jenner, 1996). These elements are therefore
more likely to reflect primary protolith composition. The low abundance of LFSE such
as K, Sr, and Ba, suggests that these mobile elements have been affected by secondary
alteration. This interpretation is supported by the Sr isotopic signatures which are also
disturbed.
The cordierite-gedrite rocks show general systematic variations between most
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trace element concentrations and silica weight percent (Fig. 3-10a and 3-10b). On the
Th-Hf-Co ternary diagram of Taylor and McLennan (1985), most of the cordieritegedrite samples plot close to the Co apex (Fig. 3-11). The ratio of Th/Hf in most rocks
types (igneous, sedimentary and metamorphic) varies little, and therefore most crustal
materials will plot along a linear array. Mafic material will plot close to the Co apex with
more felsic material becoming more displaced and plotting towards the opposite end.
The cordierite-gedrite rocks have an average Th/Hf ratio of 2.4 and this is interpreted
to reflect a primary mafic composition. In addition, the flat REE patterns and slightly
negative Eu anomaly are consistent with basaltic to andesitic signatures (Taylor and
McLennan, 1985; Rollinson, 1996). On the tectonic discrimination diagram of Zr/TiO,
versus Nb/Y, the cordierite-gedrite samples mostly fall in the basalt field, with one
sample falling in the rhyolite field (Fig. 3-12). The major and trace element chemistry of
the cordierite-gedrite rocks indicate that these rocks are altered mafic volcanics.
The variable Nd isotopic signature of the cordierite-gedrite rocks can be interpreted
several ways: a) the isotope system was affected by secondary alteration resulting in the
preferential mobility of the parent or daughter element; or b) the signatures are primary,
and are the product of significant crustal contamination or heterogeneous source. Based
on trace element chemistry, the cordierite-gedrite rocks are interpreted to be mafic
volcanics. There does not appear to be any significant fractionation of Sm and Nd in
their chemistry. The Nd isotopic values could therefore be primary and the range in
values could represent minor crustal contamination; however, minor alteration cannot be
precluded.
3.5.1.2. Garnet amphibolites
The garnet amphibolite samples have a basaltic composition (Table 3-2). The major
and trace element compositions are similar to those of modern basaltic rocks (Rollinson,
1996). The amphibolite samples dominantly plot in the basalt field on the Nb/Y versus
Z r/T i02 diagram (Fig. 3-12). The trace and major element compositions of the garnet
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amphibolites suggest that they represent the metamorphic equivalent of such rocks,
and that high-grade Late Cretaceous to Eocene metamorphism had little effect on their
chemical composition. This conclusion is supported by the high average Cr/Th ratio of
380.5 and the high average La/Th ratio of 7.4. These values are different from those of
typical sedimentary rocks with Cr/Th = 7.5 and La/Th = 2.6 (Taylor and McLennan,
1985), but are typical for mafic magmatic rocks (Rollinson, 1996). The interpretation of a
mafic protolith is further supported by the high MgO and T i0 2 values, and general major
element trends (Table 3-2).
The amphibolites have flat REE patterns; the lack of a HREE depletion suggesting
that the primitive melt either formed: a) at shallow depths in the mantle outside the
stability field of garnet, o rb ) by high degrees of partial melting (Fig. 3-7b). Although,
the LFSE are fractionated with respect to HFSE (Fig. 3-7c), some of the LFSE may
have been remobilized during metamorphism and therefore caution must be exercised in
interpreting the igneous evolution using these elements. The trace element compositions
suggest that the garnet amphibolites either had a source influenced by an enriched mantle,
or that the protolith melts were contaminated with minor crustal material.
The garnet amphibolite samples have a more primitive Nd isotopic signature than
the cordierite-gedrite rocks. The signatures can be interpreted in several ways: a) the
signatures are primary, and reflect either the model age of intrusion, or were only slightly
affected by crustal contamination; or, b) the system was affected by secondary alteration,
which did not disturb these rocks as extensively as the cordierite-gedrite rocks. The lack
of a notable disturbance in the trace element chemistry of these samples indicates that
secondary alteration was not a significant process affecting these rocks. Therefore, the Nd
isotopic ratios are interpreted as primary in origin. The TNdmodel ages range from 1.3 to
2.2 Ga, supporting a Precambrian age of formation. The range in values may reflect: a)
minor crustal contamination during emplacement, or b) the garnet amphibolites include
more than one suite of volcanic rocks or of mafic dykes.
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3.5.2. Evaluating genetic models fo r the cordierite-gedrite rocks
Genetic models outlined in section 3.1 for the cordierite-gedrite rocks are largely
distinguished based on whether alteration occurred before or during metamorphism.
Cordierite-gedrite rocks in Thor-Odin dome are most likely hydrothermally altered
mafic volcanics, and may have been altered during or shortly after their formation in the
Proterozoic. Hydrothermal alteration of volcanic rocks ranging from basalts to rhyolites
will generally result in the loss of Ca and gain of Mg (Smith et ah, 1992). The effects of
the alteration depend on several factors including but not limited to: temperature of fluids,
initial composition of the protolith, and water to rock ratio (Smith et ah, 1992). However,
the end result is the equivalent of a “chlorite schist” and its subsequent prograde
metamorphism would result in the spectrum of cordierite-orthoamphibole assemblages
(Smith et ah, 1992). This is consistent with most occurrences of these rocks, which are
interpreted to have achieved their chemical composition before metamorphism (Spear
and Schumacher, 1982). Hydrothermal fluids, likely seawater, would have local access
along faults, and thus fracture density would control the extent of hydrothermal alteration
of a volcanic pile, providing a mechanism whereby altered volcanics could easily be
interlayered with unaltered rocks, a relationship often observed in the field (Spear and
Schumacher, 1982). If the garnet amphibolites are part of the same volcanic package
as the cordierite-gedrite rocks, then this mechanism could explain the preservation of
the garnet amphibolites and the alteration of the cordierite-gedrite rocks. However, the
difference in degree of alteration could also be explained if the garnet amphibolites are
younger, and formed after the cordierite-gedrite rocks were altered. Regardless, the
cordierite-gedrite rocks of Thor-Odin dome are interpreted as being hydrothermally
altered prior to being metamorphosed at upper amphibolite grade during Late Cretaceous
to Eocene Cordilleran orogenesis.
Metasomatic processes synchronous with Late Cretaceous to Eocene Cordilleran
metamorphism are unlikely candidates to have formed the cordierite-gedrite rocks of
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Thor-Odin dome. The cordierite-gedrite rocks are part of a regionally metamorphosed,
deformed and transposed basement complex, which does not contain a source for
metasomatic fluids. In addition, if metasomatism occurred at this time, it would have
affected other rocks including the garnet amphibolite boudins which have essentially
the same protolith composition. The role and extent of a Precambrian metamorphism is
not known in these rocks, and therefore the potential involvement of metasomatic fluids
during the Precambrian cannot be fully evaluated. It is reasonable to entertain a model
that the rocks were altered in a sea floor setting shortly after, or during, their original
formation.
The synmetamorphic model that attributes formation of these rocks as a byproduct
or residuum of partial melting of a pelitic sediment or metavolcanic does not apply
in this situation, for the following reasons: a) the basement rocks of Thor-Odin dome
experienced partial melting from 56 to 52 Ma, and the onset of anatexis was concomitant
with Late Cretaceous to Eocene metamorphism and continued during isothermal
decompression (Hinchey, Chapter 1); and b) the coarse grained textures, petrography,
and geochronology (Hinchey, Chapter 4) of the cordierite-gedrite rocks indicate that
these minerals grew during Cordilleran metamorphism, as the textures would not
have survived subsequent metamorphism (Norlander et ah, 2002). For these reasons,
the chemical composition of these rocks must have been established prior to the Late
Cretaceous to Eocene metamorphism and anatexis.
The paleoregolith model is unlikely for several reasons. First, the weathering profiles
often have enrichments in residual Zr in paleosols formed by the alteration of mafic
volcanics (Moore and Waters, 1990). Average values for bauxites are on the order of
-690 ppm of Zr and kaolinites are known to have excessive Zr, with levels as high as
10000 ppm (Degenhardt, 1957). The cordierite-gedrite samples of this study contain
58-264 ppm of Zr, which is not enriched and is comparable to average continental crust
values of 100 ppm (Taylor and McLennan, 1985). Second, residual soils often show
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large enrichments in TiCX, (up to 30%) and can show LREE enrichments, notably Ce if
derived in humid climates (Moore and Waters, 1990). The cordierite gedrite samples are
not excessively enriched in TiO, and do not have a LREE enrichment. Based on their
chemical signatures it seems unlikely that these rocks formed from the metamorphism of
a paleosol or paleoregolith.
3.5.3. Regional correlation
Within the Shuswap complex, the cordierite-gedrite rocks are restrictive to the
southwest portion of Thor-Odin dome; however, the amphibolites are known to occur
throughout the region. Regional correlations can therefore be attempted with the
amphibolites from Thor-Odin dome and those that occur in the surrounding geology.
Similar amphibolites are documented south of the Malton complex and north of the
Monashee complex, and intruded into Windermere to Lower Paleozoic platformal strata.
These amphibolites are interpreted as Late Proterozoic mantle derived basalt on the basis
of geochemistry (Sevigny, 1988). In comparing the major and trace element chemistry
of the amphibolites from Sevigny’s (1988) study with this study, the signatures show
considerable overlap (Fig. 3-13). This includes enrichments in CaO and MgO, similar
trace element concentrations, and relatively flat REE concentrations. On the Zr/Nb versus
Ce(N) /Sm

diagram, samples from both this study and Sevigny (1988) all fall in a similar

range (Fig. 3-13). These parallels in chemistry suggest that the amphibolites from this
study and those of Sevigny (1988) may represent one mafic suite; however, additional
radiogenic isotope and/or U-Pb studies would be required to clearly illustrate if these
amphibolites reflect one suite.
Other Proterozoic mafic volcanic suites in the southern Omineca belt include
volcanics of the Windermere and mafic intrusions of the Belt-Purcell Supergroups.
The Nd isotopic signatures of mafic suites from these two supergroups were compared
with the garnet amphibolite and cordierite-gedrite rocks to evaluate whether or not any
correlation is possible (Fig. 3-14). In addition, samples of Eocene lamprophyre dykes
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from south of the Valhalla complex and from the Three Valley suite from northern ThorOdin dome have been plotted for comparison (Fig. 3-12 and 14), as these rocks have
distinct chemical and Nd isotopic signatures (Sevigny and Theriault, 2003; Adams et a).,
2005).
The major and trace element signatures from the garnet amphibolites and cordieritegedrite rocks overlap with those of the Moyie Sills (Belt-Purcell Supergroup) and
volcanics o f the Horsethief creek group (Windermere Supergroup). These data cannot
form the basis for a correlation. The Nd isotopic signatures of the garnet amphibolite and
cordierite-gedrite samples overlap with both the volcanics of Horsethief creek group and
the Moyie sills (Fig. 3-14); and therefore the Nd isotopic data set cannot form the basis
for a correlation. In addition, the garnet amphibolites are not correlated with the Eocene
lamprophyre dykes, as the lamprophyres have a less evolved Nd isotopic signatures, are
ca. 50 Ma and intruded into the Omineca belt following the onset of extension (Sevigny
and Theriault, 2003; Adams et al., 2005). Neither the cordierite-gedrite rocks nor the
garnet amphibolites could be correlated with other mafic suites known to have intruded
the southern Omineca belt.
3.6. Conclusions
The cordierite-gedrite rocks, in the southwest portion of Thor-Odin dome,
occur as discontinuous layers that are locally boudinaged within Paleoproterozoic
basement paragneiss. Previous studies have established that the basement rocks were
metamorphosed to peak conditions of 8-10 kbar and 800 °C during the Late Cretaceous to
Paleocene Cordilleran orogeny. The lenses of cordierite-gedrite rocks are 15 to 50 meters
thick and up to 500 meters long in the Bearpaw Lake area. They are concordant with the
pervasive S2 transposition foliation, are preserved on the limbs of F2 isoclines, and appear
to be a discontinuous marker horizon within the basement paragneiss of Thor-Odin dome.
The contact between the cordierite-gedrite rocks and the basement paragneiss often
contain mats of randomly orientated, coarse grained sillimanite mantled by cordierite and
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corundum. In the Bearpaw Lake area, the cordierite-gedrite rocks are interlayered and
spatially associated with garnet amphibolite boudins. The garnet amphibolites occur as
discontinuous boudinaged lenses that range from 10 to 20 meters thick, up to 400 meters
long, and parallel the pervasive S, transposition foliation. The garnet amphibolites occur
within the Paleoproterozoic basement paragneisses and are not observed crosscutting the
cordierite-gedrite rocks.
Based on field evidence, major element signatures, trace element signatures, and Nd
isotopic signatures, the cordierite-gedrite rocks are interpreted as Paleoproterozoic lenses
of mafic volcanics that are part of the North America basement paragneiss of Thor-Odin
dome. These rocks were likely boudinaged during deformation attributed to F2 folding
which was ongoing ca. 56 Ma. The distinctive bulk rock chemistry of the cordieritegedrite rocks is characterized by depletions in the alkalies, notably CaO, and enrichments
in A12O v MgO and Fe2Oy They have flat rare earth element (REE) patterns, depletions
in most low field strength elements, such as Cs, Rb, Ba, and Sr, and enrichments in
high field strength elements, such as Zr, Hf, and Nb. The 87Sr/86Sr ratios for these rocks
vary from 0.74923 to 0.85962 and the eNd

}vary from -15.3 to -20.6. Their unique

chemical signature is interpreted to have resulted from hydrothermal alteration, likely by
sea water.
The garnet amphibolites have a chemical signature typical of mafic volcanic rocks,
with high MgO and TiO, values and depletions in the alkalies. They display flat REE
patterns, depletions in most low field strength elements and enrichments in high field
strength elements. The garnet amphibolites have 87Sr/86Sr ratios varying from 0.70953
to 0.74319 and £Nd(tod from -0.8 to -7.3. On the basis of field evidence, major element
signatures, trace element signatures and Nd isotopic signatures, the garnet amphibolites
are interpreted as Proterozoic metamorphosed mafic rocks that either post date the
formation of the protolith of the cordierite-gedrite rocks or escaped the hydrothermal
alteration.
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Due to overlapping signatures of major elements, trace elements and Nd isotopic
ratios, neither the garnet amphibolites nor cordierite-gedrite rocks could be correlated
regionally with similar mafic suites that are known to have intruded the rocks of North
American basement and platformal sequences, such as lithologically similar candidates of
the Moyie Sills of the Belt-Purcell Supergroup; volcanics of the Horsethief creek group
of the Windermere Supergroup; or the Eocene lamprophyre dykes.
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F igu re 3-1. (a) Map highlights the five m orphogeological belts o f the Cordillera from W heeler and M cFeely (1 991). B) Regional map
o f the M onashee com plex and surrounding area, southeastern O m ineca belt (m odified after Scam m ell and Brown, 1990; W heeler and
M cFeely, 1991; G ibson, et al., 1999). The box inThor-Odin dom e delineates Figure 3-2.
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Figure 3-4. Field photo (a) o f cordierite gedrite rock and photomicrographs in plane-po
larized light of (b) cordierite-gedrite rock (AH-03-26) and (c) garnet amphibolite exposed
in the Bearpaw Lake area, Thor-Odin dome. Photo (a) shows garnet porphyroblast with
reaction rims of cordierite-spinel surrounded by coarse grained gedrite crystals. Photo (b)
shows garnet porphyroblasts, symplectite o f spinel and cordierite, interstitial cordierite
grains and euhedral gedrite crystals. Photo (c) shows garnet porphyroblasts rimmed by
quartz and plagioclase, euhedral hornblende and titanite, and interstitial quaartz grains.
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Figure 3-3. G eological map o f the Bearpaw Lake area, Thor-Odin dom e, M onashee com plex (mapping by A.M . H inchey).
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A
Cordierite-gedrite rock
<{> Garnet amphibolite

Cordierite
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Garnet -----amphibolites

Figure 3-5. An AFM diagram for the garnet amphibolite and cordierite-gedrite samples
from Thor-Odin dome. The parameters are (in mole percent, with total iron as FeO): A=
Al20 3-C a0-K 20 -N a 20+3.33*P20 5; F = FeO+M nO+Ti02; M = MgO.
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.Garnet
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Figure 3-6. Projections for the garnet amphibolite and cordierite-gedrite samples from
Thor-Odin dome. The parameters are in mole percent and total iron is plotted as FeO.
(a) An ACF diagram, with the following parametres: A = A120 3-K20 ; C = CaO+Na20 3.33*P20 5; F = FeO+MnO+MgO-Ti02. (b) An AKF diagram, with the following
parameters: A = Al20 3-Ca0-Na20-3.33*P20 5; K = K20 ; F = FeO+MnO+MgO-TiOz.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A.M. Hinchey, Ph.D. thesis

a)

Chapter 3

120

1000 b
f t C o rd ie n te -g e d n te rock

100

=■

■co
o

SI

O
22
uo
QC

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

1000

b)

tjja G a rn e t am p h ib o lite

100

—

■cO
o

-C

O
22
o
0
01

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

C)

' B u lk c o n t i n e n t a l c r u s t
C o rd ie rite -g e d rite
'r o c k (n = 6 )

100

= -

c
(0

E
CD

>

10

—

1

—

CL
22

oo
a.

G a r n e t a m p h ib o lite (n = 4 )

.1

J

I

I

I___ I— I— I— L

i

i

i

i

.............................................

L

CsRbBaTh U Pb K NbTa LaCeSrNdZrSmEu Ti Dy Y ErYbLu

Figure 3-7. Trace element normalized diagrams, (a) Chondrite normalized diagram
for the cordierite-gedrite samples, (b) Chondrite normalized diagram for the garnet
amphibolite. (c) Primitive mantle normalized diagram for the range o f cordierite-gedrite
and garnet amphibolite samples. Normalization is from Sun and McDonough (1989).
Average bulk continental crust data from Taylor and McLennan (1995).
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Figure 3-10. S i02 versus (a) Zr; and, (b) Cr, for the garnet amphibolite, cordierite-ge
drite rocks and selected basement gneiss from Thor-Odin dome.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A.M. Hinchey, Ph.D. thesis

Chapter 3

123

Th
★ Cordierite-gedrite rock
£> Garnet amphibolite
□ Basement paragneiss
□ Basement orthogneiss
() Upper continental crust
© Lower continental crust

Field for average
crustal materials

Hf

Co

Figure 3-11. Ternary diagram for Hf-Th-Co data from the garnet amphibolite, cordieritegedrite rocks, and selected basement gneisses. Average upper and lower continental crust
and the field for average crustal material is from Taylor and McLennan (1985).
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Figure 3-12. A plot of Nb/Y versus Zr/Ti02 for garnet amphibolite and cordierite-gedrite
samples. Volcanic rock classification fields are from Winchester and Floyd (1977).
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F igure 3-13. Comparison of Zr/Nb versus Ce /Sm for garnet amphibolite and cordier
ite-gedrite rocks from this study. For comparison fields are plotted for amphibolites from
south of the Malton complex (data from Sevigny, 1988) and Three Valley suite lampro
phyres from northern Thor-Odin dome (data from Adams et al., 2005). Normalization
values are from Sun and McDonough (1989).
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Amphibolite and basement orthogneiss from Parkinson (1992 and 1991, respectively) are
plotted for comparison. Eocene lamprophyre data is from Sevigny and Theriault (2003)
and Adams et al. (2005). Isotopic data for Paleoproterozoic Supergroups (Windermere,
Belt-Purcell) and Archean basement cores for the Canadian Cordillera are plotted for
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Depleted mantle values are from DePaolo (1988).
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Table 3-1. Description and location of geochemical and geochronological samples from
Thor-Odin dome, Monashee complex. Mineral symbols are from Kretz (1983).
Sample
AH-03-14
AH-03-15
AH-03-16
AH-03-23
AH-03-25
AH-03-26
AH-03-24
AH-03-29
AH-02-03
AH-02-04

Easting
418667
418472
418563
419192
418836
418513
438812
418497
423426
423299

Northing
5598701
5598934
5599096
5599189
5598004
5598418
5598068
5598511
5600049
5600302

Sample Description
Grt-Crd-Ged rock
Sil-Crd-Grt-Ged rock
Sil-Crd-Grt-Ged rock
Crd-Ged rock
Grt-Crd-Ged rock
Sil-Grt-Crd-Ged rock
Grt amphibolite
Grt amphibolite
Grt amphibolite
Grt amphibolite

Location
Bearpaw Lake
Bearpaw Lake
Bearpaw Lake
Bearpaw Lake
Bearpaw Lake
Bearpaw Lake
Bearpaw Lake
Bearpaw Lake
Frigg Glacier
Frigg Glacier
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Table 3-2. Major and trace element analyses of garnet amphibolite and cordierite-gedrite
samples from Thor-Odin dome, Monashee complex.

(wt%)
S i0 2
T i0 2
A IA
F e20 3*
FeO
MnO
MgO
C aO
Na20
K20
P 20 s
Sum
(ppm)
V

C ordierite-gedrite rock

G a rn e t am phibolite

A H -03-14 A H -03-15 A H -03-16 AH-03-23 AH-03-25 A H -03-26

AH-03-24 A H -03-29 AH-02-03 AH-02-04

40 .5 2
3.15
17.78
3.64
11.99
0.11
18.09
0.99
0.89
0.88
0.74
98.78

53 .1 0
0.31
20.01
1.55
4.2 7
0.08
16.54
0.21
0.23
2.0 5
0.12
98 .4 8

45.14
3.65
12.98
3.94
11.36
0.19
12.53
5.96
0.66
1.76
0 .4 5
98 .6 3

62.31
0.63
12.75
2.33
7.02
0.19
12.35
0.37
0.75
0.34
0.10
99.14

28.11
3.36
23.07
3.50
17.15
0.25
18.87
2.04
0.15
0.02
1.48
97.99

50.85
2.29
15.76
2.24
8.21
0.11
13.60
1.07
0.45
0.02
0.74
95.33

49,39
1.95
13.23
4.30
11.70
0.24
5.96
10.12
1.99
0.59
0.20
99.66

50.96
1.74
14.48
3 .7 0
10.41
0.24
7.97
7.53
1.73
0.51
0.20
99.47

46.59
3.63
9.00
3.99
9.60
0.17
11.19
8.96
1.08
2.59
0.39

45.91
1.27
13.40
4.93
11.32
0.22
6.83
9.55
2.57
1.50
0.05
97.54

97.18

Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf

334
104
53
135
106
34
<LD
29.67
7.1
34.97
26 3 .9
13.3
0.79
6
31 .5 5
67 .4 0
8.10
32.56
5.86
1.21
5.97
0.96
5.90
1.29
3.92
0.60
4.06
0.67
6.20

25
92
15
28
55
18
<LD
63 .6 4
5.1
19.5
164.8
13.2
0.7 3
80
34.95
71 .6 2
7.71
26.68
4 .5 9
0.6 3
3.92
0.6 4
3.7 5
0.7 0
1.87
0.2 5
1.58
0.2 3
5.0 0

306
685
52
139
162
23
<LD
59.84
38.2
33.12
189.7
22.4
1.41
87
38.80
88.38
11.65
51.57
10.81
3.43
9.45
1.31
7.03
1.30
3.43
0.45
2.79
0.39
4 .9 0

156
421
43
304
83
21
<LD
17.45
11
27.17
57.5
7.0
0.93
67
14.80
31.86
3.74
14.85
3.10
0.63
3.48
0,62
4.22
0.92
2,77
0.40
2.54
0.37
1.60

451
205
62
105
198
42
<LD
1.52
9.5
108.95
242.6
14.9
0.15
9
19.14
45.97
6.46
30.58
9.10
2.82
15.04
2.93
19.47
4.08
11.87
1.74
11.56
1.83
5.60

200
32
31
31
75
28
<LD
1.66
11
47.66
226.9
10.1
0.09
9
37.92
74.04
8.19
31.33
6.37
1.46
9.02
1.51
8.95
1.73
4,67
0.65
4.29
0.69
5.30

345
206
46
58
121
19
<LD
15.82
114.4
37.87
114.9
10.2
0.15
139
15.28
36.19
4.86
21.90
5.61
1.60
6.52
1.10
6.89
1.45
4.21
0.62
4.00
0.61
3.20

329
254
47
145
91
17
<LD
16.19
118.8
32.6
100.9
8.2
0.82
10
9.00
22 .6 3
3.21
15.62
4.3 7
1.80
5.48
0.94
5.85
1.22
3.55
0,51
3.33
0.51
2.70

283
840
60
326
122
16
<LD
117.46
225.14
37.11
160.09
18.7
5.00
271
24.34
60.47
9.74
43.89
10.95
4.40
11.00
1.67
7.86
1.49
3.44
0.49
2.63
0.39
4.59

264
352
60
183
127
11
<LD
27.45
87.74
30.24
45.13
1.53
0.50
59
2.09
5.83
1.08
6.18
2.80
1.22
4.49
0.89
5.27
1.17
3,04
0.47
2.73
0.44
1.66

Ta
Pb
Th
U

0.58
7.0
3.01
5.42

1.38
8.0
47 .7 8
9.3 7

1.33
8.0
5.36
1.10

0.47
<LD
4.42
1.56

0.65
5.0
1.79
4.97

0.46
6.0
2.06
3.87

0.63
<LD
2.23
0.59

0.49
1.0
1.04
0.55

0.97
5.0
2.75
0.84

<LD
6.0
0.40
0.82

Cr
Co
Ni
Zn
Ga
As
Rb
Sr
Y
Zr
Nb
Cs

Major e le m en t a n a ly s e s by X -R ay F lu o resc en c e . Fe20 3* and FeO recalculated from m e a s u re d F e 20 3T (total) using the
p ro c e d u re o f L eM aitre (1976). O x id es norm alized to 100% (anhydrous). T otals of m e a su re d a n aly sis a re reported in
"sum" colum n, T ra c e e le m e n t a n a ly se s carried out by X-Ray F lu o resc en c e and Inductively C oupled P la sm a -M a ss
S p ectrom etry. LD = Limit of D etection.
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Table 3-3. W h o le rock N d and Sr isotop e data o f the cordierite-gedrite rocks and garnet am p h ib olites from the Thor-
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CHAPTER 4
Paleocene-Eocene monazite ages in cordierite-gedrite basement rocks and associated
quartzites from the Thor-Odin dome, Monashee complex: constraints on the timing
o f isothermal decompression

Abstract
Thor-Odin dome of the Monashee complex is an exposure of North American
basement that preserves rocks from the deepest exposed structural level within the
Shuswap complex of the Omineca belt. Ortho- and paragneiss of the basement rocks
are infolded within overlying metasedimentary rocks of the M onashee cover sequence.
Basement gneiss preserve sillimanite-potassium feldspar-melt assemblages, were buried
to depths of 26-33 km, and were completely transposed and migmatized during the Late
Cretaceous to Eocene Cordilleran orogenesis. The basement paragneiss are comprised of:
a) heterogeneous, migmatitic gamet-sillimanite-quartzo feldspathic paragneiss that are
locally rich in cordierite, b) migmatitic cordierite-biotite-quartzo feldspathic gneiss, and
c) minor calc-silicates, marbles, and quartzites, and are associated with minor cordieritegedrite rocks and garnet amphibolites. To constrain the timing of metamorphism in the
basement rocks, monazite from cordierite-gedrite rocks and interlayered quartzite from
the basement paragneiss were dated by U-Pb Sensitive High Resolution Ion Microprobe
(SHRIMP) method. These cordierite-gedrite rocks are preserved on the limbs of F2
folds in the southwestern portion of Thor-Odin dome. Monazites were chemically X-ray
mapped on the electron microprobe prior to analysis, to identify potential age domains
within single monazite crystals. Chemical maps of Y, U, Ca and Th were created for
each grain and the maps were used to select SHRIMP analytical sites. Most monazite
grains show a range of chemical patterns, including sector zoning, concentric zoning,
discontinuous or irregular patches with embayments and cores varying in composition
relative to the rims. The three samples analyzed had mean 206Pb/238U ages that ranged
from ca. 56 to 52 Ma. The distinct chemical domains in the monazite grains did not
129
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appear to correspond to discemable age domains. Monazite growth or recrystallization
occurred over a few million years, and thus the complex internal chemical patterns are
likely a result of changing composition of the rocks during formation synchronous with
high-grade metamorphism and anatexis. Peak metamorphism in the basement gneiss of
Thor-Odin dome occurred by ca. 56 Ma, with basement rocks undergoing subsequent
isothermal decompression to < 5kbar ending by ca. 52 Ma. This was followed by near
isobaric cooling of the dome to < 300 °C by 48 Ma. Decompression is attributed to
erosion and extension within the Shuswap complex.
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4.1. Introduction
The Monashee complex in southeastern British Columbia is located in the hinterland
of the Rocky Mountain fold and thrust belt and contains exposures of North American
basement rocks that are part of the deepest exposed structural levels in the southern
Canadian Cordillera (Fig. 4-1). The complex contains two structural culminations,
Frenchman Cap and Thor-Odin domes that consist of high-grade Paleoproterozoic
basement rocks and an overlying cover sequence. The domes appear to have experienced
different tectono-thermal histories during the Late Cretaceous to Eocene stage of the
Cordilleran orogeny. Thor-Odin dome experienced pervasive anatexis and deformation
at ca. 56 Ma to 52 Ma (Hinchey, Chapter 1). Peak metamorphic conditions in Thor-Odin
have been established as 800 °C and 8-10 kbar (Norlander et al., 2002), and this paper
aims to put direct timing constraints on these metamorphic conditions. In addition, the
following questions are addressed, a) Did these rocks experience multiple metamoiphic
events recorded in monazite growth?; b) Is a Precambrian metamorphic event preserved?;
and, c) Are distinct age domains, reflecting different metamorphic events, documented
in the compositions of the monazite grains? In order to address these questions, a
combination of field, petrography, chemical mapping and geochronology studies were
utilized.
Monazite from cordierite-orthoamphibole (dominantly gedrite) rocks and quartzite
from the basement paragneisses were dated by U-Pb SHRIMP method in order to
constrain the timing of metamorphism. The cordierite-orthoamphibole rocks contain
complex metamorphic textures and were selected for dating for several reasons. The
metamorphic paragenesis and pressure-temperature (P-T) relationships of the cordieriteorthoamphibole rocks are reasonably well understood (see Spear, 1993). The mineral
assemblages in these rocks are characteristic of particular P-T conditions and usually
contain a well-preserved history of metamorphic reactions in mineral inclusions, coronas,
and reaction textures (Spear, 1993). For these reasons, they make excellent rocks to place
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timing constraints on the P-T paths. In the cordierite-gedrite rocks from Thor-Odin dome,
Norlander et al. (2002) documented decompression from a kyanite zone (P> 8-10 kbar)
to a sillimanite-cordierite zone (P<5 kbar) at temperatures ca. 750°C to a maximum of
800 °C based on the mineral assemblages and reaction textures. This high-temperature
decompression event is interpreted to be coeval with partial melting in the basement
gneiss of Thor-Odin dome on the basis of petrology by Norlander et al. (2002) and on
the basis of geochronology and geochemistry by Hinchey (Chapter 1). The current study
also analyzed monazite from a quartzite that is interlayered with the cordierite-gedrite
rocks. A quartzite sample was selected because monazites in these rocks were thought
to possibly be less susceptible to complete or partial resetting of the U-Pb systematics
during repeated metamorphic events, and therefore would most likely contain a complete
record of monazite growth events (M. Williams, personal communication 2003).
4.2. Regional geology
The Canadian Cordillera formed as a result of the Paleozoic to Paleogene accretion
of fragments of allochthonous and paraautochthonous oceanic sequences, continental
slivers, volcanic arcs and sedimentary sequences to the western edge of ancestral North
America, and Mesozoic - Paleogene crustal thickening during collision and westward
underthrusting of the North American plate (Fig. 4-1; M onger et al., 1982; Monger, 1989;
Gabrielse and Campbell, 1991). By the Middle Jurassic, accreted terranes had begun
overriding the pericratonic terranes and Proterozoic and Paleozoic to early Mesozoic
platformal sedimentary sequences that had accumulated on the paleomargin of North
America (Monger et al., 1982). By the Late Cretaceous, a 50-60 km thick crustal welt
was created along with a flexural foreland basin at the front of the Rocky Mountain
fold and thrust belt (Foreland belt; Price and Mountjoy, 1970; Coney and Harms, 1984;
Brown et al., 1986; Price, 1986). Crustal thickening and burial of the North American
sedimentary sequence and overriding terranes resulted in metamorphism and deformation
of rocks in the hinterland of the Rocky Mountain fold and thrust belt, termed the
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Omineca belt (Fig. 4-1; Reesor, 1970; Brown and Read, 1983 and references therein).
Subsequently, southern British Columbia underwent a change from a transpressional to
transtensional regime, attributed to changes in far field stresses related to the obliquity
of the down-going Kula plate (Lonsdale, 1988; Andronicos et al., 2003). This resulted
in Eocene regional extension, and exhumation of some of the high-grade rocks of the
southern Omineca belt by an array of generally north-south striking, brittle and ductile
normal faults, which are linked to synchronous strike-slip fault systems that span the
western Cordillera (Ewing, 1981; Tempelman-Kluit and Parkinson, 1986; Brown
and Joumeay, 1987; Parrish et al., 1988; Struik, 1993; Johnson and Brown 1996 and
references therein). In the southern Omineca belt, the lower plates of regional extensional
fault systems expose high-grade rocks with relatively young deformation and cooling
histories in a Cordilleran metamorphic core complex, termed the Shuswap complex
(Armstrong, 1972; Coney, 1980; Parrish et al., 1988).
The southern Omineca belt is characterized by metamorphic and plutonic rocks and
contains structural culminations and belts of high-grade rocks. The Shuswap complex
is bounded on the eastern and western margins by generally north-striking, outwarddipping Eocene normal faults. It is bounded by the 58-50 M a Columbia River fault (CR)
to the east and the 56-45 Ma Okanagan Valley-Eagle River fault system (OV-ER) to the
west (Okulitch, 1984; Brown and Joumeay, 1987; Parrish et al., 1988; Parkinson, 1992;
Bardoux, 1993; Johnson, 1994). The hanging wall rocks of both the CR and the OV-ER
faults generally record older peak metamorphism (ca. 175 to 135 Ma) and are generally
at lower metamoiphic grade than the footwall rocks (Parrish, 1995; Johnson and Brown,
1996). The Monashee complex, a basement-cored gneiss complex, and structurally
overlying metasedimentary rocks are contained within the Shuswap complex (Fig 4-1).
The two domal culminations of the Monashee complex comprise Paleoproterozoic
basement of North American cratonic affinity (Fig. 4-1; Armstrong et al., 1991)
complexly infolded with unconformably overlaying Paleoproterozoic to Paleozoic
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platformal metasedimentary gneisses of the cover sequence (Wheeler, 1965; Reesor and
Moore, 1971; Brown, 1980; Crowley, 1997). In both domes of the complex, Cordilleran
orogenesis resulted in middle amphibolite to lower granulite facies metamorphism, kmscale isoclinal folding, and the development of penetrative planar and linear deformation
fabrics (Wheeler, 1965; Reesor and Moore, 1971; Hoy and Brown, 1980; Brown et
al. 1986; Joumeay, 1986; McNicoll and Brown, 1995). The dominant sedimentary
rocks that structurally overlie and surround the Monashee complex are interpreted as
an allochthonous, composite thrust sheet, termed the Selkirk allochthon (Read and
Brown, 1981). The boundary between these allochthonous rocks and the relatively
more autochthonous rocks of the Monashee complex is referred to as the Monashee
decollement (MD; Read and Brown, 1981; Brown et al., 1986; Joumeay, 1986; Brown et
al, 1992; McNicoll and Brown, 1995; Brown and Gibson, in press).
Periods of metamorphism, deformation, and plutonism occurred within a 120 million
year interval in the southern Omineca belt and events have been documented at ca. 175160, ca. 140,100-90, 75-60 and 60-55 Ma (Digel et al., 1998; Sevigny et al., 1989,1990;
Scammell, 1993; Parrish, 1995; Vanderhaeghe et al., 1999; Gibson, 2003; Crowley et al.,
2003; Reid, 2003; Carr and Simony, in review). Parrish (1995) synthesized known timing
of deformation in the southern Omineca belt and suggested that there was a preservation
of progressively younger strain and deformation with deeper structural levels, implying
progressive incorporation of deeper and more inboard rocks through time. However,
recent studies have shown that the relationships between structural level, deformation
and metamorphism are more complicated than this interpretation, and metamorphic
belts may overprint and crosscut older events. In order to understand the construction of
the Omineca belt it is necessary to document these relationships at all structural levels.
For example the Cretaceous Cariboo - Monashee - Selkirk metamorphic high transects
Middle Jurassic regional metamorphism, while in other locations younger, or successions
of younger, events may reactivate, overprint and/or partially overlap with older events in
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a concordant fashion (Digel et al., 1998; Gibson, 2003; Crowley et al., 2003; Reid, 2003;
Carr and Simony, in review).
The panel of rocks that structurally overlies and in map view surrounds Thor-Odin
dome on the southern and western sides, is referred to as the Middle Crustal Zone (after
Carr 1991). It is characterized by Late Cretaceous to Eocene ductile strain, plutonism, and
thermal quenching (Carr, 1991). The rocks of the upper structural levels of Frenchman
Cap dome experienced high-grade metamorphism from ca. 80 to 50 Ma; however, a
boundary delimiting the base of Eocene Cordilleran deformation has been located at deep
structural levels below which Precambrian relationships > 1.8 Ga are preserved (Parrish,
1995; Gibson et al., 1999; Crowley and Parrish, 1999). In contrast, this study confirms
that rocks throughout Thor-Odin dome experienced high-grade metamorphism during
the Paleocene to Eocene (Vanderhaeghe et al., 1999; Norlander et al. 2003; Kuiper,
2003; this study), synchronous with anatexis (Hinchey, Chapter 1). However, the timing
of the onset of metamorphism in the basement rocks of the Thor-Odin dome remains an
outstanding question.
4.3. Geological setting of Thor-Odin dome
4.3.1. Lithology
The basement rocks of Thor-Odin dome are composed of heterogeneous migmatitic
para- and orthogneiss. Basement orthogneiss are dominated by migmatitic, homblendebiotite-quartzo feldspathic gneiss with a lesser volume of quartz monzonite gneiss.
Basement paragneiss comprise: a) heterogeneous migmatitic gamet-sillimanite-quartzo
feldspathic gneiss that are locally rich in cordierite, b) migmatitic cordierite-biotitequartzo feldspathic gneiss, and c) minor calc-silicates, marbles, and quartzites, and minor
cordierite-gedrite rocks and amphibolites (Reesor and Moore, 1971; Duncan, 1984).
Though lithologically distinct, the basement ortho- and paragneiss are often interlayered
at the scale of a few meters, due in large part to transposition by folding, with contacts
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that are further complicated by the abundance of leucosome. Initial U/Pb geochronology
studies of zircons from basement orthogneiss yielded crystallization ages of 1934 ± 6
and 1874 ±21 Ma (Parkinson, 1992). Deposition of the basement supracrustal sequence
likely began by 2.2 Ga, based on a detrital zircon study of a basement paragneiss
(Parkinson, 1992), and continued to at least 1.8 Ga, based on the youngest detrital grains
from basement paragneisses (Vanderhaeghe et al., 1999; Kuiper, 2003; Hinchey, Chapter
1). The Monashee cover sequence was subsequently deposited on the basement para- and
orthogneiss after 1825 Ma, based on the youngest detrital grain in the basal quartzite
(Kuiper, 2003). There are no constraints on an upper age limit for the cover sequence,
and the youngest depositional age in Thor-Odin dome is uncertain. The cover sequence
comprises a heterogeneous assemblage of metasedimentary rocks that includes quartzites,
pelitic schists, marbles, calc-silicates and amphibolites. The focus of this paper is on
basement paragneiss from the Bearpaw Lake area in the southwest portion of the ThorOdin dome (Fig. 4-1 and 2).
4.3.2.

Cretaceous - Eocene Cordilleran metamorphic history

Basement and cover rocks experienced upper amphibolite to lower granulite facies
metamorphic conditions in the Late Cretaceous to Eocene, during the Cordilleran orogen.
Precambrian metamorphism and deformation has been pervasively overprinted by
Cordilleran events. Throughout the dome, the mineral assemblages are relatively uniform
with stable sillimanite-potassium feldspar-melt assemblages (Reesor and Moore, 1971).
Kyanite and cordierite occur in aluminous basement gneiss and orthopyroxene occurs in
granitic and aluminum-poor basement gneiss (Reesor and Moore, 1971). The sillimanitepotassium feldspar isograd approximately encloses the dome. Peak P-T conditions for the
basement gneiss are > 8-10 kbar and 750-800 °C (Norlander et al., 2002), corresponding
to depths of 26-30 km. Based on complex symplectic textures preserved in basement
cordierite-gedrite rocks and in garnet amphibolite boudins, Norlander et al. (2002)
concluded that the peak regional metamorphic episode occurred in the Tertiary, as these
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textures would not have survived a subsequent metamorphic event. This is consistent
with U-Pb geochronology studies that indicate that metamorphism and penetrative
deformation of Thor-Odin dome basement rocks was ongoing during the Paleogene
at ca. 56 to 52 M a (Vanderhaeghe et al., 1999; Hinchey, Chapter 1; this study). Peak
metamorphism culminated in the onset of melting and the production of leucosome
(Hinchey, Chapter 1).
4.3.3. Cretaceous - Eocene Cordilleran structural evolution
Basement and cover gneiss are characterized by at least four folding events, and
the map-pattem distribution of basement and cover is controlled by large-scale fold
interference patterns. The dominant foliation dips to the west on the western margin of
the dome and to the east on the eastern margin, and it wraps around the southern end,
producing outward dips (Reesor and Moore, 1971). ?! folds are preserved at outcrop
scale, and may be either relict Precambrian deformation, or formed during a progressive
Dj 2 thickening and burial. Kilometre-scale isoclinal F2 fold nappes infold the cover
sequence with the underlying basement gneisses (Reesor and Moore, 1971; Read, 1979,
1980; McNeill and Williams, 2004). The S2 transposition foliation is the dominant planar
fabric throughout the 4-5 km thick exposed section of Thor-Odin dome and is defined by
domainal schistosity, compositional banding and gneissic foliation. Leucosome occurs
pervasively throughout the gneiss in Thor-Odin dome. Leucosome is interpreted to have
formed as a result of in situ melting of the host gneiss, with formation ongoing from ca.
56-52 Ma, coincident with peak metamorphism, formation of part of the S2 foliation and
F2, as well as F3 and F4 (Hinchey et al., 2004; Hinchey, Chapter 1).
4.3.4. Geology o f the Bearpaw Lake area
The Bearpaw Lake area (Fig. 4-2) is characterized by basement rocks dominated
by: a) homblende-biotite granodiorite migmatitic orthogneiss, and, b) compositionally
heterogeneous gamet-sillimanite-quartzo feldspathic migmatitic paragneiss. The gamet-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A M . H inchey, Ph.D. thesis

C hapter 4

138

sillimanite quartzo-feldspathic paragneiss is interlayered at the scale of 10’s of meters
with a muscovite-biotite-quartzo feldspathic diatexite paragneiss and homblende-biotitequartzo feldspathic paragneiss. In addition, this unit is characterized by boudinaged layers
of cordierite-gedrite rocks, garnet hornblende amphibolites, infolded quartzites and calcsilicates. This package of gneiss strikes southeast and dips -70° to the west. The lenses
of cordierite-gedrite rocks and garnet amphibolites dykes were likely boudinaged during
deformation associated with F2 folding, which was ongoing ca. 56 Ma (Fig. 4-2; Hinchey,
Chapter I).
The cordierite-gedrite mafic rocks occur as discontinuous layers that are locally
boudinaged. The lenses of cordierite-gedrite rocks are 15 to 50 meters thick and up to 500
meters long (Fig. 4-2). They parallel the pervasive S, transposition foliation and strike at
135-142° to the southeast. The cordierite-gedrite rocks are documented only within the
basement paragneiss and occur on the limbs o f F2 isoclines. They appear, at least locally,
to define a discontinuous marker horizon within the basement paragneiss. The cordieritegedrite rocks are interpreted as hydrothermally altered Proterozoic mafic volcanics
(Hinchey, Chapter 3).
The textures and mineralogy of the cordierite-gedrite rocks and surrounding
lithologies of Bearpaw Lake are best explained by decompression from peak
metamorphism at 8-10 kbar to < 5 kbar at temperatures of -750-800 °C (Norlander et al.,
2002). Petrologically, this is supported by both the replacement of garnet by cordierite
and anorthite-amphibole-biotite, and the replacement of kyanite by sillimanite with the
accompanied reaction of kyanite + gedrite to cordierite + spinel ± corundum ± sapphirine
(Norlander et al., 2002). Near isothermal decompression also explains the abundance of
melt leucosome in the basement rocks, as this would cause the production of melt through
several melt generating reactions (Hinchey, Chapter 1).
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4.4. Analytical data and interpretation
4.4.1. U-Pb geochronology
U-Pb isotopic ratios of monazites from two samples of cordierite-gedrite rocks,
and one sample of quartzite were analyzed using the Sensitive High Resolution Ion
Microprobe (SHRIMP). Representative field photos are presented in Figure 4-3.
Analytical procedures are described in Appendix A .I. Backscattered electron (BSE)
images and high-resolution Y-Ca-Th-U X-ray maps o f the metamorphic monazite
crystals were produced prior to analysis (Fig. 4-4). Analytical procedures for creating
the chemical maps are described in Appendix A .I. Each analyzed sample is described in
detail below.
The geochronological data are presented in Table 4-1 and on Tera-Wasserburg
diagrams in Figure 4-5 (diagram from Tera and Wasserburg, 1972). In Table 4-1, the
isotopic ratios are uncorrected for common Pb. However, in Table 4-1 and Figure 4-4, the
206Pb/238U ages are reported corrected for common Pb using the 207Pb method of Stem and
Berman (2000), with errors reported at the l a level. This correction uses the 207Pb isotope
to correct for common Pb because the counting statistics on 204Pb are extremely low,
which can impart a significant error on the calculate age (see Stem, 1997). In Figure 4-4,
206Pb/238U SHRIMP ages are located beside the analytical site. In Figure 4-5, the data is
plotted in a Tera-Wasserburg diagram (Tera and Wasserburg, 1972) in which the 207Pb*/
206pb*

ratj0; uncorrected for common lead, is plotted against the uncorrected 238U/206Pb*

ratio with error ellipses reported at the 2 a level. In this case, the Tera-Wasserburg plots
provide a means to assess the common Pb component in the monazite analyzed, since
the further the ellipse plots away from the concordia curve, the larger the common Pb
component (see Stem, 1997). U-Pb SHRIMP analytical sites were selected on monazite
grains using the chemical X-ray maps (see Fig. 4-4).
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1.4.1.1. Garnet cordierite-gedrite rock (AH-03-14)
Sample AH-03-14 is from a coarse grained cordierite-gedrite rock from a 400 meter
long and 5 m eter wide lens on the southwest side of Bearpaw Lake (Fig. 4-2). The
contact of this lens with the host gneiss is characterized by very coarse grained gedrite
and prismatic aggregates of sillimanite mantled by cordierite and corundum. This sample
contains 4-7 cm long, fanlike growths of gedrite crystals, 2-5 cm garnet porphyroblasts,
and interstitial cordierite crystals. In thin section, gedrite is characterized by prismatic,
euhedral grains that define the S2 foliation (Fig. 4-6a). Garnet poikiloblasts contain
inclusions of cordierite, spinel, gedrite, and apatite. Cracks within the garnet are filled
with grains of cordierite, gedrite, ilmenite, plagioclase and spinel. Cordierite dominates
the matrix as anhedral, interstitial grains. Biotite crystals are euhedral and randomly
oriented. Accessory phases of apatite, spinel, ilmenite and monazite are common.
Monazite grains occur as inclusions in garnet and cordierite, as well as along the grain
boundaries of ilmenite, biotite, cordierite, garnet, apatite and gedrite.
The monazite population in sample AH-03-14 is dominated by euhedral to subhedral,
equant grains. Fourteen grains from this sample, varying in shape and internal structure,
were analyzed (Table 4-1). In BSE, most grains appear homogenous, although some
grains have a narrow bright rim. The chemical maps show a range of internal structures.
The cores of many grains have lower concentrations of Ca-U-Th and higher Y relative
to the rims which have higher concentrations of Ca-U-Th and lower Y (Fig. 4-4a),
Embayments are also common (see monazite 10 in Fig. 4-4a). M onazite grains have a
range of 206Pb/238U ages from 62.3 ± 1.4 Ma to 52.9 ± 1 M a ( l a error; Table 4-1). The
weighted mean 206Pb/2;i8U age of all the grains is 56.2 ± 1.2 Ma (2 a error, n=17), with
a mean-square of weighted deviates (MSWD) of 3.8 (Fig. 4-5a). The relatively high
MSWD likely reflects a real spread of ages with continued growth or recrystallization of
monazite over the course of several million years rather than an analytical effect. In this
sample, the chemical domains do not appear to correspond to distinct age domains. The
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monazite formation likely occurred during a protracted event and does not appear to be
linked to one particular metamorphic reaction, such as the breakdown of garnet.
1.4.1.2. Garnet cordierite-gedrite rock (AH-03-26)
Sample AH-03-26 is from a coarse grained cordierite-gedrite rock that occurs in a
200 meter long and 25 metre thick lens on the west side of Bearpaw Lake (Fig. 4-2).
The boudins trend to the northwest and parallel the main S2 transposition foliation which
is defined by the alignment of gedrite and biotite crystals in this sample. The sample is
characterized by 2-4 cm long tabular gedrite crystals, 1-3 cm garnet porphyroblasts and
interstitial cordierite crystals. In thin section, gedrite occurs as tabular euhedral crystals
that are riddled with inclusions (Fig. 4-6b). Garnet poikiloblasts contain abundant
inclusions of cordierite, gedrite, ilmenite, spinel and apatite. Many of the garnets are
oblate in shape, with their long axis concordant with the S2 foliation. Garnets often
contain cracks that are filled with gedrite, plagioclase and cordierite. Cordierite dominates
the matrix and occurs predominantly as interstitial grains between blades of gedrite.
Fibrolite rims relict kyanite grains and prismatic sillimanite occurs as euhedral grains
in the matrix. Biotite crystals are euhedral and randomly oriented. Accessory phases of
apatite, spinel, ilmenite and monazite are common. Monazite occurs as inclusions in
garnet and gedrite, as well as along grain boundaries of gedrite, ilmenite, cordierite and
rutile.
The monazite population in this sample is dominated by euhedral to subhedral
grains, varying from 120 to 250 pm in length. A total of thirteen grains from this sample,
varying in shape and internal structure, were analyzed (Table 4-1). BSE imaging of the
monazites shows that most of the grains are homogenous; however, some grains show a
faint sector zoning. Chemical maps show a range in compositional patterns (Fig. 4-4b).
Sector and patchy irregular zoning with embayments are also common and some grains
appear to have centres that are depleted in Y-U with rims more enriched in these elements
(grain 18; Fig. 4-4b). Monazite grains have a range of 206Pb/238U ages from 57.0 ± 1 Ma
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to 51 ± 1 M a ( l a error; Table 4-1). The grains have a weighted mean 206Pb/238U age of
54.27 ± 1.0 Ma (2 a error, n=17; MSWD = 3.3; Fig. 4-5b). The relatively high MSWD
can be explained by monazite growth or recrystallization during a protracted event. The
chemical domains in the monazite do not appear to correspond to distinct age domains.
Monazite formation does not appear to be linked to a specific metamorphic reaction.
1.4.1.3. Quartzite (AH-03-27)
Sample AH-03-27 is from a 75 meter long and 25 meter wide, coarse grained
quartzite lens from the west side of Bearpaw Lake. The quartzite is interlayered within
a lens of the cordierite-gedrite rock from which sample AH-03-26 was taken (Fig. 42). Monazite from this sample was thought to most likely contain a complete record of
monazite growth during multiple metamorphic events. The quartzite is characterized
by 0.5-1 cm grains of quartz with pods of biotite and muscovite. In thin section, quartz
occurs as euhedral to anhedral interlocking crystals with minor amounts of potassium
feldspar which occurs as anhedral, highly altered grains (Fig. 4-6c). Biotite occurs as
tabular crystals parallel to S2. Muscovite occurs as randomly oriented tabular grains.
Biotite and muscovite are often rimmed by secondary chlorite alteration. Accessory
phases of apatite, monazite and zircon are common.
The monazite grains are equant and euhedral to subhedral in shape. In BSE images,
the grains show either a weak sector zoning or appear homogeneous. The chemical
maps show a range of patterns (Fig. 4-4c), including oscillatory zoning, marked sector
zoning, irregular patchy zoning with embayments, discontinuous zones, and cores that are
enriched or depleted in Y-Ca-Th-U relative to their rims. Fourteen monazite grains from
this sample were analyzed and have a range of 206Pb/238U ages from 55.1 ± 1 Ma to 50.1
± 1 Ma ( l a error; Table 4-1). The monazite grains have a weighted mean 206Pb/238U age
of 52.5 ± 0.8 Ma (2 a error, n=17; MSWD = 2.7; Fig. 4-5c). As with the other samples,
the relatively high MSWD in this sample is explained by protracted monazite growth or
recrystallization over the course of several million years, and the chemical domains in
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the monazite do not correspond with distinct age domains that were identifiable using the
SHRIMP.
4.5. Discussion
The Y, Ca, Th and U chemical zoning observed in the monazite grains do not appear
to be related to distinct age domains that are discemable by SHRIMP analysis. In other
studies of monazite, the chemical patterns observed are similar to those o f this study in
that most metamorphic monazites contain a patchwork of chemical zones, with truncation
of earlier zones and juxtaposition of different chemical zones (Parrish, 1990, Pyle and
Spear, 1999; Williams et al., 1999; Pyle et al., 2001; Pyle and Spear, 2003; Gibson et
al., 2004). These chemical zones are often attributed to dissolution and re-precipitation
during multiple monazite growth events at different times. Some studies (Foster et al.,
2002; Gibson et al., 2004) have linked specific chemical zones, usually Y, with distinct
age domains. However, in this study, there was no systematic pattern of older and/or
younger ages corresponding to specific chemical domains. The chemical domains are
likely controlled by local heterogeneities in the bulk rock chemistry and range of phases
present, which would have exerted considerable control over the availability or local
mobility of certain elements during prograde metamorphism (Pyle and Spear, 2003). In
addition, common silicates such as plagioclase, muscovite and biotite, can host sufficient
light rare earth elements (LREE) and phosphorous to stabilize and grow monazite (Kohn
and Malloy, 2004). During decompression, the P-T-t path of the basement gneisses
crosses several reactions that could control the Y and heavy rare earth elements (HREE)
distribution via garnet growth, such as Bt + Sil = Grt + Crd + melt (Fig. 4-7). The
presence of garnet and cordierite in the basement gneisses support the involvement of
this melt-producing reaction. Basement rocks were subsequently isobarically cooled,
which resulted in the reversal of these reactions potentially releasing HREE and Y
during the breakdown of garnet. In this way, the rapid decompression and subsequent
isobaric cooling would have resulted in rapid and/or partial metamorphic reactions that
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would have controlled the distributions of trace elements during monazite growth or
recrystallization. The chemical patterns observed in the monazite grains are likely a result
of changes in pressure, temperature and composition of the rocks, related to mineral
breakdown and growth during metamorphism and anatexis, and the enhanced mobility of
elements due to the presence of a ubiquitous melt phase.
The Paleocene-Eocene ages from the cordierite-gedrite and quartzite samples
are interpreted to date the time of the peak P-T conditions and subsequent ca. 5 kbar
decompression in the basement rocks of Thor-Odin dome. Precambrian metamorphism
has been penetratively overprinted in these rocks and any record of earlier events is not
preserved within the monazite grains. The mean 206Pb/238U ages of the samples range
from ca. 56 Ma to 52 Ma, and likely reflect the progressive growth or recrystallization of
monazite over the course of several million years. The P-T-t path for the basement gneiss
of Thor-Odin dome is shown in Figure 4-7.
The timing of monazite formation records ca. 56 Ma peak metamorphism of 800
°C and 8-10 kbar and subsequent decompression of the basement gneisses of ThorOdin dome. The timing of the onset of prograde metamorphism in Thor-Odin dome
is uncertain; however, deformation and prograde metamorphism were ongoing in the
Late Cretaceous in structurally overlying rocks surrounding Thor-Odin dome and on
the north flank of the dome near Three Valley gap (Carr, 1990; Parrish, 1995; Johnston
et al., 2000; Kuiper, 2003) and was likely ongoing by this time in Thor-Odin dome as
well (Fig. 4-1). Prograde metamoiphism had begun in Thor-Odin dome, possibly as
early as 75 M a due to thickening of the crust, and the rocks were at thermal peak by ca.
56 Ma. This was synchronous with anatexis in the basement rocks that had begun by
ca. 56 Ma a based on zircon ages in leucosome (Hinchey, Chapter 1). Thor-Odin dome
underwent near isothermal decompression from 10 kbar to < 5 kbar ca. 52 Ma. This
decompression was synchronous with continued leucosome generation and resulted in
the preservation of symplectitic textures in cordierite-gedrite rocks and mafic basement
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gneisses. Decompression was followed by near isobaric cooling to 300 °C from ca. 52 to
48 Ma (Parkinson, 1992; Lorencak et al., 2001; Vanderhaeghe et al., 2003), likely a result
of rapid cooling due to extensional denudation, with final stages of cooling continuing to
-45 M a (Lorencak et al., 2001; Vanderhaeghe et al., 2003). There does not appear to be
any metamorphic diachroneity within the basement gneisses of Thor-Odin dome.
4.6. Conclusions
The chemical patterns of Y, Ca, Th and U in monazite from the cordierite-gedrite
and quartzite samples are complex, preserving distinct patterns, discontinuous zones,
truncations, and embayments. The chemical domains do not correlate with age domains
and are likely caused by local changes in the composition of the bulk rock and phases
due to mineral breakdown and growth during metamorphism and anatexis. There are
several metamorphic and melt-producing reactions that were likely operative, such as the
growth and breakdown of garnet (see Fig. 4-7), that would have exerted control on the
availability of HREE and Y for the formation of monazite grains.
The basement gneiss of Thor-Odin dome preserve sillimanite-potassium feldsparmelt assemblages, were buried to depths of 26-33 km, and were completely transposed
and migmatized during the Cordilleran orogenesis from the Late Cretaceous to Eocene.
Prograde metamorphism in the basement gneisses of Thor-Odin dome was likely on
going by ca. 75 Ma on the basis of metamorphic ages of structurally overlying rocks of
the Middle Crustal Zone. The basement gneiss of Thor-Odin dome experienced peak
metamorphism of 800 °C and 8-10 kbar by 56.2 ± 1 .2 Ma, based on the mean 206Pb/238U
age of monazite from the cordierite-gedrite basement gneiss. The basement subsequently
underwent near isothermal decompression to < 5 kbar ending by 52.5 ± 0.8 Ma, based
on the mean 206Pb/2:,8U age of monazite from a sample of quartzite in the basement
paragneiss. Any older metamorphic event, such as a Precambrian metamorphism, is not
preserved in the monazite grains from the samples of either cordierite-gedrite rock or
quartzite from the basement paragneiss. In Thor-Odin dome, ca. 56 to 52 Ma monazite
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records the culmination of peak metamorphism, synchronous with the onset of anatexis,
and also records the timing of decompression.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

"O
CD

b)

C
<f)/)

km

^°&.

T h ru st F ault
N orm al F au lt

1

NWT
CD

O
O
■o

i

P a le o g e n e
( T P ) K am loops G ro u p v olcanics
E a rly E o c e n e
(P P) gran ito id s
L a te C r e ta c e o u s to E a rly T ertiary
( T P ) g ra nitoids
Mid C r e ta c e o u s
( f T D gran ito id s

M onashee

ight owner. Further reproduction prohibited without permission.

M iddle J u r a s s ic
( y ) g ra nitoids
U p p e r T ria ss ic -L o w e r J u r a s s ic
() ~ ) N icola a rc volcanics

F renchm an
dom e

D e v o n ia n to T ria s s ic
(
) K aslo a n d H a rp e r R a n c h g ro u p s

M o r p h o g e o lo g ic b e l t s o f t h e
C a n a d i a n C o r d ille r a

is j

R e v e s to k e

% 118 4 0 W

V?

S h u sw ap JV

&,

|

\

D e v o n ia n
( ^ ) granodioritic g n e is s

—|—5 1 °

T h re e V alley*
G ap

S ic a m o u s

lan k et

Thor-O din

M a b e l Lk

8

D e v o n ia n to L a te C r e ta c e o u s
( J j J j ) g ran ito id s

N e o p ro te ro z o ic to M e s o z o ic
E a g le B ay a s s e m b la g e . L a rd e a u
G roup, a n d Milford G roup
S h u s w a p c o m p le x u n d iv id e d
(M id d le C r u s ta l Z o n e )
N e o p ro te ro z o ic to L o w e r C a m b ria n
(T P ) Hamill G ro u p an d B a d s h o t Form ation

O

O

N e o p ro te ro z o ic
^ L 'F i g u r e

4

( T t ) W in d e rm e re S u p e rg ro u p
P a le o p ro te ro z o ic to P a le o z o ic (? )
M o n a s h e e c om plex c o v e r s e q u e n c e

• C a r i b o o A lp ;
S ugar
Lk

A rc h e a n (? ) to P a le o p ro te ro z o ic
M o n a s h e e com plex b a s e m e n t g n e iss

F ig u re 4-1. (a) Map highlights the five m orphogeological belts o f the Cordillera from W heeler and M cF eely (1991). (b) Regional map
o f the M onashee com plex and surrounding area, southeastern O m ineca belt (m odified after Scam m ell and Brown, 1990; W heeler and
M cFeely, 1991; Gibson, et al., 1999). The box in southern Thor-Odin dom e delineates Figure 4-2.

Q u a rtz ite in te rla y e re d with m inor calc-silicate
M u sc ovite-biotite-quartzo fe ld sp a th ic d iatexite
p a ra g n e is s , with 5 0 % le u c o so m e
H o m b le n d e -b io tite -q u a rtz o fe ld s p a th ic m igm atitic
p a r a g n e is s , 3 0 -4 0 % le u c o s o m e
C o rd ierite-g ed rite rock +/- g a rn e t, sillim anite, kyanite
G a rn e t a m phibolite boudin

□
□

H e te ro g e n o u s , la y e re d garn et-sillim an ite-q u artzo
fe ld sp ath ic p a ra g n e is s , 15-20% le u c o so m e
H ornblende-biotite g ra n o d io rite m igm atitic o rth o g n e iss,
15-30% le u c o so m e

A.M. Hinchey, Ph.D. thesis

Symbols

☆

C o n ta ct (D efined,
A pproxim ate, A ss u m e d )
fo lia tf o n ^ ^
_
.
. ,
.,
T rend a n d p lu n g e of L2
m ineral lineation
S a m p le location

Axial s u rfa c e fold tra c e (F,)
o v ertu rn e d
anticline
svncline
anticline
synctine
—
-------------------

\

5598000 +

5598000

o

s

Chapter 4

F igure 4-2. Geological map o f the Bearpaw Lake area, Thor-Odin dome, M onashee complex (mapping by A.M . Hinchey).

148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

L eg en d

A.M. Hinchey, Ph.D. thesis

Chapter A 149

Figure 4-3. Field photo (a) cordierite-gedrite rock (AH-03-14), (b) cordierite-gedrite
rock (AH-03-26), and (c) quartzite (AH-03-27) exposed in the Bearpaw Lake area,
Thor-Odin dome. Photo (a) shows garnet porphyroblast with reaction rims o f cordieritespinel surrounded by coarse grained, radial, gedrite crystals. Photo (b) shows garnet
porphyroblasts, symplectite o f spinel and cordierite, interstitial cordierite grains and
euhedral gedrite crystals. Photo (c) shows medium grained massive quartzite that is
interlayered within the cordierite-gedrite rocks.
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Figure 4-4. Representative monazite grains from two cordierite-gedrite samples and a
quartzite sample dated using the SHRIMP. Each monazite shows four chemical maps:
Y - yttrium, Th= thorium, Ca = calcium and U = uranium. The pit left by the ion beam
on the monazite is drawn on the yttrium chemical map (top left). Monazite ages are
reported as ^ P b /238!! ages that are corrected for common Pb (see text for explanation).
Bracketed numbers after the age refer to analytical locations listed in Table 4-1. See text
for description and interpretation of intracrystalline domains and textures. Errors on ages
are reported in Table 4-1 and in text, (a) Coarse grained cordierite-gedrite rock (AH-0314). (b) Coarse grained cordierite-gedrite rock (AH-03-26). (c) Medium grained quartzite
(AH-03-27) that is interlayered with the cordierite-gedrite rock (AH-03-26).
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Figure 4-5. U-Pb Tera-Wasserburg diagrams for each sample dated by U-Pb SHRIMP
analysis, (a) Coarse grained cordierite-gedrite rock (AH-03-14). (b) Coarse grained
cordierite-gedrite rock (AH-03-26). (c) Medium grained quartzite (AH-03-27) that is
interlayered within the cordierite-gedrite rock (AH-03-26).
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Figure 4-6. Photomicrographs of cordierite-gedrite rocks and interlayered quartzite
Bearpaw Lake area, Thor-Odin dome. Photo (a) is of sample AH-03-14 and shows
prismatic, euhedral gedrite crystals that define the S2 foliation. Interstitial cordierite grains
dominate the matrix, with minor spinel. Photo (b) is of sample AH-03-26 and shows
tabular, euhedral crystals of gedrite crystals that are riddled with inclusions. Garnet grains
contain abundant inclusions of cordierite, gedrite, ilmenite, spinel and apatite with cracks
that are filled with gedrite, plagioclase and cordierite. Cordierite dominates the matrix
and occurs predominantly as interstitial grains between blades of gedrite. Photo (c) is of
sample AH-03-27 and shows euhedral to anhedral interlocking quartz crystals. Biotite
occurs as tabular crystals parallel to S2. Muscovite occurs as randomly oriented tabular
grains.
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Figure 4-7. Pressure-Temperature-time path proposed for the basement gneiss of
Thor-Odin dome. The prograde path is unconstrained; approximate timing constraints
are labelled for known parts of the path. Timing and geothermobarometric constraints
are provided by this study and those of Reesor and Moore (1971); Duncan (1982);
Vanderhaeghe et al. (1999); Norlander et al. (2001); Lorencak et al. (2001) and
Vanderhaeghe et al. (2003). The locations of selected dehydration melting reactions are
shown. Melt producing reactions are explained in Spear et al. (1999). Mineral symbols
are from Kretz (1983).

with permission o f the copyright owner. Further reproduction prohibited without permission.

A.M . H inchey, Ph.D. thesis

C hapter 4

156

Table 4-1. U-Pb SHRIMP monazite data for the cordierite-gedrite and quartzite samples
from Bearpaw Lake area, Thor-Odin dome. 206Pb/238U ages are reported corrected for
common lead (see text for explanation).
207pbb

207ppb

Ages
206

206Pb

238u

208pbb
204ppb
I h Pb"
206pb
206P b
Spots U (ppm
Sample AH-03-14 Coarse grained garnet-cordierite-gedrite
2.02 64 0.00086 ± 0.00024 0.64740 ± 0.00801
1.1
2.06 59 0.00078 ±0.00015 0.64573 ± 0.00971
2.1
3.1
6.09 40 0.00205 ± 0.00049 1.92030 ± 0.02920
0.51 210 0.00009 ± 0.00003 0.14049 ± 0.00138
5.1
3.64 53 0.00091 ± 0.00021 1.13550 ± 0.01377
5.2
1.79 24 0.00088 ± 0.00020 0.53030 ± 0.01157
6.1
0.86 41 0.00080 ±0.00019 0.24863 ± 0.00358
7.1
2.97 237 0.00017 ± 0.00003 0.85660 ± 0.00340
9.1
13.1 1.33 34 0.00028 ±0.00012 0.40719 ± 0.00435
14.1 2.40 47 0.00062 ±0.00018 0.75256 ± 0.00755
16.1 3.36 131 0.00030 ± 0.00005 0.89791 ± 0.00611
17.1 1.72 39 0.00044 ± 0.00023 0.53741 ± 0.00477
17.2 1.73 38 0.00040 ±0.00010 0.53955 ± 0.00535
18.2 6.62 136 0.00067 ± 0.00020 2.00010 ± 0.02814
19.1 2.27 41 0.00039 ± 0.00033 0.72335 ± 0.01171
20.1 8.51 154 0.00095 ±0.00017 2.55820 ± 0.02550
20.2 1.69 40 0.00099 ± 0.00028 0.53963 ± 0.01241

235
U
238u
rock. UTM: 418667E,5598701N
0.06433 ± 0.00173 0.00855 ± 0.00016
0.06504 ± 0.00318 0.00872 ± 0.00016
0.07630 ± 0.00337 0.00882 ± 0.00028
0.05116 ± 0.00105 0.00841 ± 0.00014
0.07166 ± 0.00271 0.00947 ± 0.00021
0.05345 ± 0.00339 0.00867 ± 0.00023
0.06147 ± 0.00197 0.00885 ± 0.00020
0.05235 ± 0.00109 0.00850 ± 0.00015
0.05955 ± 0.00186 0.00852 ± 0.00020
0.06722 ± 0.00206 0.00885 ± 0.00019
0.05257 ± 0.00123 0.00896 ± 0.00016
0.05653 ± 0.00173 0.00826 ± 0.00016
0.06110 ± 0.00212 0.00913 ± 0.00018
0.06262 ± 0.00220 0.00892 ± 0.00020
0.06435 ± 0.00307 0.00879 ± 0.00017
0.06794 ± 0.00231 0.00976 ± 0.00023
0.06581 ± 0.00306 0.00887 ± 0.00022

0,05460
0.05408
0.06271
0.04410
0.05490
0.04470
0.05039
0.04466
0.05071
0.05509
0.04257
0.04963
0.04854
0.05091
0.05312
0.05048
0.05379

± 0.00093
± 0.00233
± 0.00165
± 0.00044
± 0.00154
± 0,00243
± 0.00099
± 0.00039
± 0.00089
± 0.00106
± 0.00058
± 0.00107
± 0.00127
± 0.00123
± 0.00219
± 0.00111
± 0.00194

54.3
55.5
55,5
54.2
60.1
55.8
56.5
54.7
54.4
56.2
57.8
52.9
58.5
57.0
56.0
62.3
56.5

1.0
1.0
1.8
0.9
1.3
1.5
1.3
1.0
1.3
1.2
1.0
1.0
1.2
1.3
1.1
1.4
1.4

Sample AH-03-26 Coarse grained garnet-cordierite-gedrite
1.85 34 0.00052 ±0.00014 0.57428 ± 0.01613
1.1
0.61 75 0.00013 ± 0.00007 0.19725 ± 0.00380
2.1
0.79 32 0.00020 ± 0.00008 0.25539 ± 0.00359
2.2
5.18 55 0.00083 ±0.00012 1.63760 ± 0.01183
7.1
3.40 92 0.00049 ±0.00010 1.04190 ± 0.00675
9.1
10.1 0.58 23 0.00021 ± 0.00006 0.19677 ± 0.00183
11.2 4.25 62 0.00068 ± 0.00038 1.29170 ± 0.00979
12.1 0.39 41 0.00070 ±0.00019 0.14573 ± 0.00340
13.1 2.34 43 0.00034 ± 0.00007 0.71076 ± 0.00892
13.2 2.04 59 0.00036 ±0.00015 0.60935 ± 0.00416
15.1 2.86 117 0.00039 ±0.00010 0.88855 ± 0.01175
16.1 1.75 163 0.00091 ±0.00013 0.53734 ± 0.00666
17.1 3.77 34 0.00080 ± 0.00041 1.13180 ± 0.01713
17.2 1.98 64 0.00078 ±0.00014 0.61526 ± 0.00458
18.1 2.32 453 0.00029 ± 0.00005 0.68308 ± 0.00312
18.2 2.01 298 0.00033 ±0.00012 0.65135 ± 0.00269
20.1 1.14 44 0.00073 ±0.00016 0.36461 ± 0.00531

rock. UTM: 418513E
0.06312 ± 0.00212
0.05761 ± 0.00182
0.05703 ± 0.00238
0.06398 ± 0.00180
0.05840 ± 0.00129
0.05726 ± 0.00140
0.06101 ± 0.00159
0.06908 ± 0.00233
0.05643 ± 0.00203
0.05420 ± 0.00188
0.06108 ± 0.00176
0.06692 ± 0.00174
0.05987 ± 0.00210
0.05809 ± 0.00222
0.05983 ± 0.00136
0.05501 ± 0.00109
0.06683 ± 0.00210

0.00020
0.00016
0.00018
0.00019
0.00015
0.00016
0.00016
0.00019
0.00015
0.00015
0.00019
0.00016
0.00018
0.00015
0.00017
0.00014
0.00017

0.05243
0.04967
0.04810
0.05384
0.04968
0.05076
0.04937
0.06019
0.04955
0.04933
0.05144
0.05412
0.05229
0.05032
0.04931
0.04951
0.05702

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.00117
0.00114
0.00162
0.00077
0.00053
0.00064
0.00081
0.00133
0.00143
0.00134
0.00080
0.00090
0.00133
0.00157
0.00048
0.00039
0.00127

55.7
53.8
55.1
54.9
54.6
52.3
57.4
52.6
52.9
51.0
55.0
57.0
53.0
53.5
56.3
51.6
53.9

1.3
1.0
1.1
1.2
1.0
1.0
1.1
1.2
1.0
1.0
1.2
1.0
1.1
1.0
1.1
0.9
1.1

Sample AH-03-27 Medium granite quartzite interlayered with AH-03-26. UTM: 418513E, 5598391N
1.78 351 0.00028 ± 0.00003 0.56782 ± 0.00392 0.05605 ± 0.00111 0.00836 ± 0.00014
1.1
2.37 363 0.00031 ± 0.00005 0.74483 ± 0.00249 0.05550 ± 0.00133 0.00830 ± 0.00018
1.2
3.22 361 0.00035 ± 0.00004 0.98971 ± 0.00310 0.05195 ± 0.00100 0.00788 ± 0.00013
2.1
2.79 275 0.00040 ± 0.00006 0.87641 ± 0.00312 0.05555 ± 0.00114 0.00829 ± 0.00014
2.2
8.53 225 0.00165 ± 0.00019 2.04980 ± 0.16406 0.06638 ± 0.00375 0.00845 ± 0.00019
3.1
4.40 341 0.00041 ± 0.00004 1.42340 ± 0.00484 0.05645 ± 0.00116 0.00831 ± 0.00015
4.1
2.94 302 0.00036 ± 0.00004 0.94930 ± 0.00417 0.05476 ± 0.00137 0.00808 ± 0.00014
4.2
2.35 306 0.00050 ± 0.00008 0.63590 ± 0.00442 0.05012 ± 0.00110 0.00786 ± 0.00014
5.1
4.58 340 0.00085 ± 0.00010 1.25060 ± 0.03877 0.05767 ± 0.00143 0.00854 ± 0.00017
7.1
11.1 3.19 387 0.00034 ± 0.00004 0.98932 ± 0.00580 0.05349 ± 0.00115 0.00824 ± 0.00014
12.1 2.75 360 0.00029 ± 0.00003 0.85594 ± 0.00709 0.05483 ± 0.00162 0.00814 ± 0.00019
13.1 2.55 339 0.00034 ± 0.00006 0.80286 ± 0.00815 0.05625 ± 0.00140 0.00839 ± 0.00016
14.1 2.92 416 0.00028 ± 0.00006 0.85963 ± 0.00237 0.05188 ± 0.00116 0.00792 ± 0.00013
15.1 2.87 267 0.00042 ± 0.00004 0.88877 ± 0.00259 0.05521 ± 0.00102 0.00801 ± 0.00013
15.2 3.85 256 0.00050 ± 0.00010 1.19370 ± 0.00726 0.05800 ± 0.00119 0.00837 ± 0.00015
17.1 4.32 258 0.00059 ± 0.00006 1.38310 ± 0.00446 0.06017 ± 0.00120 0.00863 ± 0.00015
18.1 2.75 335 0.00039 ± 0.00007 0.84419 ± 0.00354 0.05350 ± 0.00103 0.00803 ± 0.00013
20.1 3.04 268 0.00047 ± 0.00007 0.95842 ± 0.00431 0.05414 ± 0.00111 0.00784 ± 0.00014

0.04865
0.04848
0.04780
0.04860
0.05697
0.04925
0.04917
0.04624
0.04895
0.04709
0.04888
0.04860
0.04752
0.04999
0.05027
0.05060
0.04831
0.05011

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.00041
0.00034
0.00034
0.00043
0.00281
0.00040
0.00076
0.00054
0.00063
0.00051
0.00076
0.00066
0.00062
0.00032
0.00045
0.00041
± 0.00036
± 0.00041

53.5
53.2
50.6
53.1
53.6
53.2
51.7
50.5
54.7
52.9
52.1
53.8
50.8
51.2
53.5
55.1
51.5
50.1

0.9
1.2
0.9
0.9
1.2
1.0
0.9
0.9
1.1
0.9
1.2
1.0
0.8
0.9
0.9
0.9
0.9
0.9

206pbb

5598418N
0.00873 ±
0.00841 ±
0.00860 ±
0.00862 ±
0.00853 ±
0.00818 ±
0.00896 ±
0.00832 ±
0.00826 ±
0.00797 ±
0.00861 ±
0.00897 ±
0.00830 ±
0.00837 ±
0.00880 ±
0.00806 ±
0.00850 ±

P bc

’ R adiogenic Pb. bR atios a re unco rrected for com m on Pb. ’C orrected for com m on Pb according to p rocedure oulined by Stern and
B erm an (2000); u n certainties a re rep o rted a t 1 a an d a re calculated by num erical propogation of all known so u rc e s of error.
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CHAPTER 5
Paleocene high-grade thermal peak, anatectic front and high strain in the ThorOdin dome area, Monashee Complex: constraints for tectonic models of the
southern Canadian Cordillera

Abstract
Thor-Odin dome of the Monashee complex, located in the hinterland of the southern
Canadian Rocky Mountain thrust belt, comprises a supracrustal sequence and > 1.8
Ga North American basement rocks that experienced polydeformation, high-grade
metamorphism and anatexis during the Mesozoic-Eocene Cordilleran orogen. Pervasive
Paleocene - Eocene deformation transposed and overprinted Precambrian relationships
and structures. The timing of onset of Cordilleran events in Thor-Odin dome is uncertain;
however, deformation and prograde metamorphism were likely ongoing in the Late
Cretaceous. Peak P-T conditions of -800 °C and 8-10 kb constrain the depth of burial of
the basement rocks to 26-33 km. The ca. 56 Ma zircon ages of syntectonic leucosome
from basement gneiss indicate that anatexis occurred in the Paleocene. This is part of the
youngest deformation and metamorphic event in the hinterland, and was synchronous
with the final stages of compression in the Foothills of the Foreland fold and thrust belt.
Anatexis and isothermal decompression in Thor-Odin dome continued until ca. 52 Ma
as the dome underwent exhumation during regional extension. Thor-Odin dome is the
deepest exposed level of a panel of strained rocks that developed during progressive
loading, thickening and heating of the crust. At structural levels above Thor-Odin dome,
to the south, west, and north, referred to as the Middle Crustal Zone, the rocks preserve
deformation, high-grade metamorphism and anatexis that is up to 20 m.y. older than
that of Thor-Odin dome, and the boundary between these two, at Cariboo Alp, preserves
defoimation that is 2-4 m.y. older than that in Thor-Odin dome. This marked break in
the timing of deformation supports the interpretation of a shear zone at Cariboo Alp,
separating the older deformation of the Middle Crustal Zone from that of the basement
157
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rocks of Thor-Odin dome. In the Paleocene, Thor-Odin dome was deeper (up to 6 km)
and hotter than adjacent rocks of the Frenchman Cap dome, the northern culmination of
the Monashee complex, indicating that there may be two different structural panels within
the complex that were juxtaposed, likely during F2 folding, late in the Paleogene tectonic
evolution. The diachronous timing of the end of deformation, metamorphism and anatexis
in the Middle Crustal Zone and Thor-Odin dome is explained by a tectonic model that
invokes a ductile shear zone(s). This model includes, either: a) two distinct ductile
shear zones, one in the Late Cretaceous affecting the Middle Crustal zone followed by a
localized zone of Paleocene-Eocene of high strain affecting the lower structural panel of
Thor-Odin dome; or, b) one diachronous strain zone that either migrated progressively
downward and/or forward or a zone of strain where deformation at lower structural levels
of Thor-Odin dome outlasted that of higher structural levels of the Middle Crustal Zone.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A .M . H inchey, Ph.D. thesis

5.1.

C hapter 5

159

Introduction
Thor-Odin dome of the southern Omineca belt is a structural culmination of

polydeformed high-grade migmatitic Paleoproterozoic basement rocks infolded with
younger Paleoproterozoic to Paleozoic (?) supracrustal or cover rocks (Fig. 5-1). The
dome is part of the Monashee complex, the deepest exposed structural level in the
southern Canadian Cordillera, and was exhumed in the Early Tertiary during extensional
denudation. Basement and cover gneiss of Thor-Odin dome were metamorphosed at 8-10
kbar and 800 °C (Norlander et al., 2002), penetratively deformed, and melted in the Late
Cretaceous to Eocene during the Cordilleran orogeny (Hinchey, Chapter 1). This paper
summarizes the Cretaceous - Eocene tectonic evolution of Thor-Odin dome in light of
new field and geochronology constraints (Hinchey, Chapter 1 and 4), and integrates this
data with that of structurally overlying metamorphic rocks of the Middle Crustal Zone of
the Omineca belt (C an-1991) and of the adjacent basement complex of Frenchman Cap
dome (Parrish, 1995; Crowley, 1997; Gibson et al., 1999; Crowley and Parrish, 1999),
the northern culmination of the Monashee complex. This synthesis provides a basis for
discussion of tectonic models for the hinterland of the southeastern Canadian Cordillera.
The geology of the southern Omineca belt, in the region of Thor-Odin dome (Fig.
5-1), has been described in terms of three panels or crustal zones termed the Basement,
Middle Crustal and Upper Crustal zones that experienced different deformation and
thermal histories and were juxtaposed in the Cretaceous to Early Tertiary, late in the
history of the Cordilleran orogen (see Carr, 1991). At the latitude of the Monashee
complex, the Upper Crustal Zone is bounded at the bottom by crustal-scale Eocene
normal faults and is characterized by Middle Jurassic and older structures, Middle
Jurassic plutons and a Late Jurassic to Cretaceous cooling history (Carr, 1991). The
Middle Crustal Zone is the panel of rocks that structurally overlies the Monashee
complex, and is characterized by Late Cretaceous to Eocene ductile strain, plutonism, and
Early Tertiary thermal quenching (Carr, 1991).
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The Basement Zone was used by Carr (1991) to refer to the Thor-Odin and
Frenchman Cap domes which were thought to be a basement cored complex. The domes
are separated by a structural depression and interpreted to be bounded at the top by the
Monashee decollement (MD; Wheeler, 1965; Reesor and Moore, 1971; Brown, 1980;
Brown et ah, 1986; Journeay, 1986; Brown et al, 1992; McNicoll and Brown, 1995
and references therein). Prior to the 1990s, the rocks of Thor-Odin dome were thought
to have experienced limited or no penetrative deformation during the Late Cretaceous
to Eocene (Carr, 1991; Parkinson, 1991). Direct timing constraints have been placed
on the deformation history in Frenchman Cap dome (Parrish, 1995; Crowley, 1999;
Crowley and Parrish, 1999; Crowley et al., 2001), and show that the core of the dome
preserves Paleoproterozoic deformation, while the upper levels have been penetratively
overprinted by Cretaceous to Eocene deformation and thermal events termed “Cordilleran
deformation”. Based on geochronological and geochemical data, it is now recognized that
Thor-Odin dome was penetratively deformed, metamorphosed and underwent pervasive
anatexis during the Late Cretaceous to Eocene Cordilleran orogenesis associated with
the final stages of compressional tectonics (Vanderhaeghe et al., 1999; N orlanderet al.,
2002; Kuiper, 2003; Hinchey, Chapter 1 and 4). In light of new data from Thor-Odin
dome, major differences in the Paleocene-Eocene thermal and deformation history
of the two culminations have been revealed. This raises questions as to whether the
domes can be part of the same basement complex, or whether they may represent two
different structural domains that were not juxtaposed until the Paleogene. If the later is
the case then the MD cannot be the upper boundary in both domes (see Fig. 5-1). For
these reasons, Frenchman Cap and Thor-Odin domes will be described and discussed
separately and the term Basement Zone will not be used.
There is no direct evidence for deformation or metamorphism in Thor-Odin dome
prior to the Late Cretaceous. There is, however, direct evidence of Late Cretaceous to
Eocene penetrative deformation and anatexis in the basement rocks of Thor-Odin dome.
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Therefore this paper is restricted to discussing the Late Cretaceous to Eocene high strain,
melting and metamorphism in Thor-Odin dome during final stages of compression,
before extension.
Numerous tectonic models have been proposed for Thor-Odin dome and the
Monashee complex. The timing and extent of penetrative basement involvement play a
key role in distinguishing between these models. There are also debates over the extent
and character of the Monashee decollement, which has traditionally been defined as
a ductile thrust bounding the top of the Monashee complex (Brown et al., 1992) with
differences in interpretation contributing to the variety of proposed tectonic models.
Recent models for southern Omineca belt evolution and linkages with the Foreland fold
and thrust belt to the east include: a critical wedge of ductile deformation (Brown, 2003),
crustal boudinage (Monger and Price, 2000), channel flow (Williams, 1999; Beaumont
et al., 2001; Kuiper, 2003; Brown and Gibson, in press), extrusion of channel flow
(Johnson et al., 2001), domal culmination (Vanderhaeghe et al., 1999; Fayon et al., 2004;
Whitney et al., 2004), diapiric domal culmination (Norlander et al., 2002), ductile wedge
of material overriding a cold basement (Gibson et al., 1999; Crowley et al. 2001), and
a rolling-hinge detachment model (Teyssier et al., in review). In order to discriminate
among these varied tectonic models, new data from Thor-Odin dome are integrated with
documented structural, metamorphic and geochronological data from the region, and a
revised model is suggested.
5.2.

Regional geological overview
The Canadian Cordillera formed as a result of the Paleozoic to Paleogene accretion of

fragments of allochthonous and parautochthonous oceanic sequences, continental slivers,
volcanic arcs and sedimentary sequences to the western edge of ancestral North America
(Monger, 1989). Mesozoic - Paleogene crustal thickening occurred during collision
with accreted terranes and westward underthrusting of the North American plate (Fig.
5-1; Monger et al., 1982; Monger, 1989; Gabrielse and Campbell, 1991). In the Middle
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Jurassic, accreted terranes had begun overriding the pericratonic terranes and Proterozoic
and Paleozoic to early Mesozoic platformal sedimentary sequences that had accumulated
on the paleomargin of North America (Monger et al., 1982). By the mid-Cretaceous, a
50-60 km thick crustal welt and a foreland basin had formed and during the Cretaceous
the Rocky Mountain fold and thrust belt (Foreland belt) formed (Price and Mountjoy,
1970; Coney and Harms, 1984; Brown et al., 1986; Price, 1986). Crustal thickening and
burial of the North American sedimentary sequence and overriding terranes resulted in
metamorphism and deformation of rocks in the hinterland of the Rocky Mountain fold
and thrust belt, termed the Omineca belt (Fig. 5-1; Reesor, 1970; Brown and Read, 1983
and references therein). In the Early Tertiary, southern British Columbia underwent
a change from a transpressional to transtensional regime, attributed to changes in far
field stresses related to the obliquity of the down-going Kula plate (Lonsdale, 1988;
Andronicos et al., 2003). This resulted in Eocene regional extension, and the exhumation
of some of the high-grade rocks of the southern Omineca belt via an array of generally
north-south striking, brittle and ductile normal faults, which are linked to synchronous
strike-slip fault systems that span the western Cordillera (Ewing, 1981; TempelmanKluit and Parkinson, 1986; Brown and Joumeay, 1987; Parrish et al., 1988; Struik, 1993;
Johnson and Brown 1996 and references therein).
In the southern Omineca belt, the lower plates of the extensional faults, termed
the Middle Crustal Zone (Carr, 1991), expose high-grade rocks with relatively young
deformation and cooling histories in a Cordilleran metamorphic core complex, termed
the Shuswap complex (Armstrong, 1972; Coney, 1980; Parrish et al., 1988). Thor-Odin
dome is a structural culmination within the Shuswap complex. Eocene normal fault
systems that bound the Shuswap complex include the 58-50 Ma east-dipping Columbia
River fault (CR) to the east and the 56-45 Ma west-dipping Okanagan Valley-Eagle
River fault system (OV-ER) to the west (Okulitch, 1984; Brown and Joumeay, 1987;
Parrish et al., 1988; Parkinson, 1992; Bardoux, 1993; Johnson, 1994). The Upper Crustal
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Zone contains the hanging wall rocks of both the CR and the OV-ER faults. These rocks
generally record older peak metamorphism and cooling (ca. 175 to 135 Ma), and are
generally at lower metamorphic grade than the footwall Shuswap complex rocks of the
Middle Crustal Zone (Parrish, 1995; Johnson and Brown, 1996). The timing of the last
metamoiphic overprint and associated deformation of the rocks in the Shuswap complex
is shown in Figure 5-2.
The Middle Crustal Zone rocks and the Upper Crustal Zone rocks o f the Selkirk
Mountains to the east of the Monashee complex, and in part, in the hanging wall of
the CR, have been interpreted as an allochthonous, composite thrust sheet, termed the
Selkirk allochthon (Read and Brown, 1981). The Selkirk allochthon was interpreted as
having been transported over the Monashee complex along the MD (Fig. 5-1; Brown et
al., 1986; Joumeay, 1986; Brown et al, 1992; McNicoll and Brown, 1995 and references
therein). The MD was interpreted as a discrete 1-2 km thick zone of intense strain that
separated the M onashee complex from the hanging-wall rocks of the Selkirk allochthon
(Brown et al., 1992). The MD was correlated with the basal thrust beneath the Rocky
Mountain Foreland belt on the basis of balanced cross-sections (Brown et al., 1986) and
LITHOPROBE seismic reflection profiles (Cook et al., 1992), thus correlating middle
crustal stain in the hinterland with a system of discrete upper crustal faults in the Foreland
(Fig. 5-3).
The existence of the Monashee decollement has been recently questioned by several
authors (Williams, 1999; Johnston et al., 2000; Spark, 2001; Kuiper, 2003). These
studies suggested that in Thor-Odin dome, the M D is not a narrow shear zone of 1-2
km thick bounding the upper margin of the M onashee complex as interpreted by Brown
et al. (1992). Instead, it was suggested that the rocks within Thor-Odin dome showed a
penetrative foreland directed deformation characterized by transposition foliation and
isoclinal folds throughout a 4-5 km thickness of crystalline rocks with no structural break
at the upper boundary of the basement complex (Williams, 1999; Johnston et al., 2000;
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Spark, 2001; Kuiper, 2003) leading to the interpretation that the MD does not exist. If the
MD is not a discrete zone, or in fact does not exist, models for the tectonic development
of the entire region will need to be revised. Recent definitions have defined the MD
simply as the boundary between the allochthonous rocks of the Selkirk allochthon and the
relatively more autochthonous rocks of the Monashee complex; and that at the latitude
of Frenchman cap dome, the lower parts of the Selkirk allochthon structurally above the
Monashee complex were deeply buried and mobilized through much of the Cretaceous
epoch (Brown and Gibson, in press). For the purpose of this paper, it seems prudent to
acknowledge the existence of the MD for Frenchman Cap dome, and to accept the more
liberal definition of Brown and Gibson (in press) as the base of the zone of penetrative
strain as young as Eocene said to be related to compressional orogenesis. However,
results of this study, which indicate differences in the Paleocene-Eocene thermal and
deformation history of the two culminations, raise questions such as: a) are Thor-Odin
and Frenchman Cap domes part of the same structural level, or rather, do they represent
two different domains juxtaposed in the Eocene; b) what is the relationship between
Thor-Odin dome and the structurally overlying Middle Crustal Zone rocks; and c) what is
the nature of the upper boundary of the Monashee complex in the southern part of ThorOdin dome, originally mapped as a “disrupted zone” by Reesor and Moore (1971) and a
ductile shear zone with a duplex structure by Coleman (1990) and McNicoll and Brown
(1995), and correlated with the MD in Frenchman Cap.
5.3.

Geological overview of Frenchman Cap dome
The rocks of the upper structural levels of Frenchman Cap dome experienced high-

grade metamoiphism from ca. 80 to 50 Ma; however, a boundary delimiting the base of
Eocene Cordilleran deformation has been located at deep structural levels below which
Precambrian relationships > 1.8 Ga are preserved (Parrish, 1995; Gibson et al., 1999;
Crowley and Parrish, 1999).
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5.3.1. Precambrian history
In the Frenchman Cap dome, basement rocks are dominated by locally migmatitic
augen granitic orthogneiss and granitic to tonalitic orthogneiss that are overlain by
and intercalated with layers of hornblende biotite paragneiss and pelitic to semi-pelitic
schist (Wheeler, 1965; Joumeay, 1986; Crowley, 1999). Basement orthogneiss range
in age from ca. 2.27 to 1.86 Ga (Armstrong et al., 1991; Crowley, 1997). Anatexis in
the basement gneiss occurred during the Precambrian, between ca. 2080 and 2044 Ma
(Crowley, 1999). In the deepest structural levels of Frenchman Cap there are basement
gneisses preserving a ca. 2.06 Ga metamorphism, anatexis, and gneissosity (which is
parallel to the Late Cretaceous to Eocene S2 foliation) and is cut by the ca. 1.8 Ga Bourne
granite (Crowley, 1999; Crowley and Parrish, 1999; Gervais et al, 2005; Crowley et
al., 2005). At deep structural levels, Frenchman Cap was unaffected by Cordilleran
deformation and metamorphism (Fig. 5-2).
The cover sequence is 2-3 km thick, laterally extensive and interpreted to be coeval
with deposition of the Belt-Purcell and Windermere Supergroups to the east (Wheeler
1965; McMillan, 1973; Joumeay, 1986, Gabrielse and Yorath, 1991). The cover sequence
contains three fining-upward depositional assemblages referred to as the lower, middle,
and upper parts (Joumeay, 1986; Crowley, 1997). The lower cover sequence was
deposited on basement gneiss between 1.99 and 1.85 Ga, and detrital zircon ages suggest
a source from the Alberta basement of the western Canadian Shield (Crowley, 1997). The
age of the upper cover sequence may be as young as Middle Devonian based on a single
388 Ma zircon U-Pb age from pyroclastic metavolcanic rocks (Scammell and Parrish,
1993).
5.3.2. Late Cretaceous to Eocene Cordilleran tectonic evolution
In Frenchman Cap dome, there is a strain gradient or lower boundary of Cordilleran
deformation below which extends a Cordilleran thermal overprint manifested by Eocene
monazite growth and Pb loss in Paleoproterozoic titantites (Crowley, 1999). Frenchman
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Cap dome experienced Late Cretaceous to Eocene metamorphism with peak P-T
condition of 650-700 °C and ca. 6-8 kbar (Fig. 5-2; Joumeay, 1986; Crowley and Parrish,
1999; Crowley et al., 2001). A progressive younging in thermal peak metamoiphic ages
from 64 to 49 M a has been documented with increasing structural depth, down to the
base of Cordilleran events (Parrish, 1995; Crowley and Parrish, 1999; Gibson et al.,
1999). Rocks of the Selkirk allochthon, surrounding Frenchman Cap dome, preserve
sillimanite-potassium feldspar-melt assemblages suggesting that they reached higher
temperatures during the Late Cretaceous to Eocene than the structurally underlying
Frenchman Cap dome rocks, which preserve kyanite-muscovite assemblages (Joumeay,
1986; Scammell, 1987; Parrish, 1995; Gibson et al., 1999). The geometry of the isograds
corresponds to the overall shape of the dome and the isograds are truncated by the MD
(Joumeay, 1986).
The following description of folding in Frenchman Cap dome is summarized from
Brown (1980), Hoy and Brown (1980), Joumeay (1986), Scammell (1986), Crowley
(1999) and Crowley et al. (2001). At upper structural levels, the basement and cover
are dominated by regional, east-verging km-scale isoclinal F, folds. Syn-metamorphic
F2 rootless intrafolial folds are associated with the pervasive S2 axial planar foliation. F3
folds are post-metamorphic, generally northeast-verging and are best developed in the
cover sequence, although they are also locally documented in the basement gneisses. The
unconformity between basement and cover gneiss in the core of the Frenchman Cap is a
simple dome surface that is locally affected by minor post-metamorphic F3 folds.
5.4.

Geological overview o f Thor-Odin dome
Thor-Odin dome rocks preserve Late Cretaceous to Eocene penetrative deformation,

metamorphism and anatexis that pervasively overprinted any Precambrian metamorphism
or deformation (see below).
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5.4.1. Precambrian geological history
The basement rocks of Thor-Odin dome are composed of heterogeneous migmatitic
para- and orthogneiss. Basement orthogneiss are dominated by migmatitic, homblendebiotite-quartzo feldspathic gneiss with a lesser volume of quartz monzonite gneiss.
Basement paragneiss comprise: a) heterogeneous, migmatitic, gamet-sillimanite-quartzo
feldspathic gneiss that are locally rich in cordierite, b) migmatitic cordierite-biotitequartzo feldspathic gneiss, and c) minor calc-silicates, marbles, and quartzites, and are
associated with minor cordierite-gedrite rocks and garnet amphibolites (Reesor and
Moore, 1971; Duncan, 1984). The cordierite-gedrite rocks are interpreted as mafic
volcanics that experience hydrothermal alteration prior to metamorphism (Hinchey,
Chapter 4). Though lithologically distinct, the basement ortho- and paragneiss are often
interlayered at the scale of a few meters, due in large part to transposition by folding, and
have contacts that are complicated by the abundance of leucosome. U/Pb geochronology
studies of zircons from basement orthogneiss yielded crystallization ages of 1934 ± 6 and
1874 ± 21 Ma (Parkinson, 1992). Based on the detrital zircon studies, deposition of the
basement supracrustal sequence likely began by ca. 2.2 Ga and continued to at least ca.
1.8 Ga (Parkinson, 1992; Vanderhaeghe et al., 1999; Kuiper, 2003; Hinchey, Chapter 1).
The cover sequence is a heterogeneous assemblage of metasedimentary rocks that
includes quartzites, pelitic schists, marbles, calc-silicates and amphibolites (Reesor and
Moore, 1971). A preliminary geochronology detrital zircon study on the basal quartzite
of the cover gneiss yielded ages as young as 1825 ± 5 Ma (Kuiper, 2003). There is no
documented angular unconformity beneath the cover sequence, but the occurrence of a
basal quartzite in contact with basement gneisses has been interpreted as an erosional
unconformity by Duncan (1982) and Parkinson (1992). However, the contact may also
be tectonic or it may be that there are cover rocks beneath the quartzite marker that are
unrecognized as of yet.
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5.4.2. Late Cretaceous to Eocene Cordilleran tectonic evolution
Basement and cover rocks experienced metamorphism of upper amphibolite to lower
granulite facies conditions during the Late Cretaceous to Eocene Cordilleran orogeny
(Fig. 5-2). Throughout the dome the mineral assemblages are relatively uniform, with
stable sillimanite-potassium feldspar-melt assemblages (Reesor and Moore, 1971).
Kyanite and cordierite occur in aluminous basement gneiss and orthopyroxene occurs
in granitic and aluminum-poor basement gneiss (Reesor and Moore, 1971). U-Pb
geochronology studies indicate that metamorphism and penetrative deformation of
Thor-Odin dome basement rocks occurred during the Paleogene from ca. 56 to 52 Ma
(Vanderhaeghe et al., 1999; Johnston et al., 2000; Kuiper, 2003; Hinchey, Chapter 1 and
4). Anatexis is pervasive throughout the basement of Thor-Odin dome and studies from a
range of 4 kilometers of structural depth within the basement rocks all record a ca. 56 to
52 Ma anatectic event (Vanderhaeghe et al., 1999; Kuiper, 2003; Hinchey, Chapter 1).
On the northwestern margin of Thor-Odin dome, basement paragneiss experienced
temperatures of ca. 725 °C (Johnston, 1997). Pressure-temperature studies in structurally
deeper rocks from the southwestern part of the dome indicate that the basement rocks
underwent near isothermal decompression from the kyanite-potassium feldspar zone
(P > 8 to 10 kbar) into the sillimanite-cordierite zone (P < 5 kbar) at T ~ 750 °C, with
a maximum temperature of ~ 800 °C (Norlander et al., 2002). Peak P-T conditions
constrain depth of burial of Thor-Odin dome to 26-33 km (Fig. 5-4). Based on complex
symplectic textures preserved in basement cordierite-gedrite rocks and amphibolite
boudins, Norlander et al. (2002) concluded that the peak regional metamorphic episode
occurred in the Tertiary, as the observed textures would not have survived a subsequent
metamorphic event. This is consistent with U-Pb geochronology studies that indicate that
anatexis, metamorphism and penetrative deformation of the basement rocks occurred
during the Paleogene (Fig. 5-4; Vanderhaeghe et al., 1999; Hinchey, Chapter 1 and 4).
Basement and cover gneiss are characterized by at least four folding events with
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the map-pattem distribution of these rocks controlled by large-scale fold interference
patterns. These superposed folds produced interference patterns at all scales and all
structural levels, and have been interpreted as the principal cause of doming and
thickening of Thor-Odin dome exposing ~7 km thickness of rock (Read, 1980; Duncan,
1982). The dominant foliation dips to the west on the western margin of the dome and to
the east on the eastern margin, and it wraps around the southern end producing outward
dips (Reesor and Moore, 1971). The transposition foliation, which parallels F2 isoclinal
folds, is defined by the alignment of sillimanite, hornblende, and biotite in basement
gneisses and at least part of the foliation development is syn-peak metamorphic. Some
of the leucosome, ca. 56 Ma, was folded by F 2, F3 and F4 structures and contains a weak
biotite foliation that is parallel to the transposition fabric; while other leucosome, ca.
55 to 52 Ma, crosscut F2 folds and transposition foliation (Hinchey, Chapter 1). Melt
may have been produced by several melt generating reactions as shown on Fig. 5-4 and
including: Ms + PI + Qtz = Bt + Kfs + Sil + melt; Bt + Ab + Sil + Qtz = Grt + Kfs +
melt; and Bt + Sil = Grt + Crd + melt (Spear et al., 1999; Norlander et al., 2002). The
presence of cordierite, millimeter-scale garnets and minor sillimanite, less than 1%, in the
host gneiss support the involvement of these minerals in the melt-producing reactions.
Metamorphic thermal peak accompanied folding, transposition and the onset of anatexis
in Thor-Odin dome.
Anatexis in the basement continued after compressional tectonics changed to an
extensional regime (Hinchey, Chapter 1) with the activation of faults such as the CR
(Parrish et al., 1988). The onset of extension at higher structural levels is documented
in the basement gneiss by the reactivation of foliation and the local development of
shear bands (D5), as the rocks were still hot and behaving ductilely at depth (Carr, 1992;
Johnston et al., 2000; McNeill and Williams; 2003). As the basement rocks cooled,
extension was manifested as late steep brittle faulting (D6) such the Three Valley normal
fault (Johnson, 1994; Johnston, 1997) and Victor Creek fault (Read, 1980; Kruse and
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Williams, 2004).
Figure 5-5 summarizes the structural evolution, timing constraints and metamorphic
mineral assemblages for Thor-Odin dome. The timing of onset of F 2 folding and prograde
metamorphism in Thor-Odin dome is uncertain. However, in the immediately overlying
rocks of the Middle Crustal Zone and on the north flank of Thor-Odin dome near
Three Valley Gap, deformation and prograde metamorphism were ongoing in the Late
Cretaceous; allowing the suggestion that similar conditions were likely ongoing in ThorOdin dome rocks as well (Fig. 5-2; Carr, 1991; Parrish, 1995; Johnson, 1997; Kuiper,
2003). Prograde metamorphism likely began by ca. 75 Ma due to thickening of the crust,
and the rocks were at thermal peak by ca. 56 Ma (Fig. 5-4). F folds would have been
forming by this time, based on the occurrence o f F2folded leucosome (Hinchey, Chapter
1). The F2 folding and associated metamorphism was synchronous with the final stages
of compression in the Foreland belt. Movement on late thrust faults in the Foreland,
specifically in the Foothills, continued to ca. 53 Ma (van der Pluijm et al. 2001a and
2001b). If Eocene strain in Thor-Odin dome was related to the Foreland displacement
then it is likely linked via a detachment or high strain zone that passed underneath the
rocks of the Selkirk and Purcell Mountains to the east, since they were not deformed
at this time (Fig. 5-2). The F3 folding had finished by ca. 52 Ma, based on crosscutting
leucosome (Hinchey, Chapter 1 and 4).
Thor-Odin dome underwent near isothermal decompression, which ended by ca.
52 Ma (Fig. 5-4). F4 may be the last stage of compressional folding or may represent
folding in an extensional environment (see Harris et al., 2002). Decompression was
synchronous with continued leucosome generation via biotite dehydration reactions (Fig.
5-4) and resulted in the preservation of symplectitic textures in mafic basement gneisses
(Norlander et al., 2001; Hinchey et al., 2004). Isothermal decompression o f Thor-Odin
dome from -7 5 0 °C to 300 °C (Norlander et al., 2002) was synchronous with, and likely
caused by, the onset of extension in the southern Omineca belt. Movement along the CR
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and OV-ER faults was synchronous with the ca. 52 to 45 Ma cooling of the basement
rocks in Thor-Odin dome (Parkinson, 1991; Lorencak et al., 2001; Vanderhaeghe et
al., 2003). The end of decompression was followed by near isobaric cooling from 300
°C to 150 °C at ca. 52 to 48 Ma as determined from zircon and monazite U-Pb ages,
Ar thermochronology studies, and fission track zircon and apatite ages (Parkinson,
1992; Lorencak et al., 2001; Vanderhaeghe et al., 2003). The final stages cooling and
decompression continued to ca. 45 M a (Lorencak et al., 2001; Vanderhaeghe et al.,
2003).
5.5.

Geological setting of rocks surrounding Thor-Odin dome
East of Thor-Odin dome, rocks of the Upper Crustal Zone are mainly exposed to the

east of the Columbia River fault (CR) in the Selkirk Mountains and Kootenay Arc (Fig.
5-1 and 5-3). The rocks east of the CR comprise Proterozoic to Mesozoic pericratonic
and platformal sequences of North America. Metamorphism, generally at lower
greenschist facies conditions, and compressional deformation primarily occurred in the
Middle Jurassic and rocks preserve a Late Jurassic to Cretaceous cooling history (Carr,
1991; Greenwood et al., 1991). Rocks of this zone were intruded by Middle Jurassic
plutons, such as the Kuskanax batholith and Galena Bay pluton (Carr, 1991; Parrish and
Armstrong, 1987).
The Middle Crustal Zone, surrounding Thor-Odin dome on the southern and western
margins, contains pericratonic, platformal sequence and Quesnel supracrustal rocks
(Read and Brown, 1981; Carr, 1991; 1992; Johnson, 1994). Rocks of the Middle Crustal
Zone lie in the footwall of the CR, are structurally above the belt of penetrative LateCretaceous to Paleocene deformation that affected Thor-Odin dome, and were juxtaposed
with Thor-Odin dome in the Eocene. Lithologically, the Middle Crustal Zone dominantly
contains paragneiss, sillimanite-bearing metapelite, amphibolite, and marble that were
extensively intruded by sheets and pegmatites of the Ladybird granite suite (Read and
Brown, 1981; Carr, 1991; 1992; Johnson, 1994; Coleman, 1990). The rocks are generally
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polydeformed and contain medium- to high-grade metamorphism with grade generally
increasing with structural depth (Carr, 1991). Timing constraints on metamorphism and
deformation indicate that a penetrative Late Cretaceous event was superimposed on a
complex Mesozoic history of terrane accretion, folding, faulting and metamorphism
(Carr, 1991).
The structural style of Middle Crustal Zone rocks, south of Thor-Odin dome, is
that of two generations of coaxial folds superimposed on a penetrative foliation with
kilometer scale F3 folds controlling the map pattern (Carr, 1991). Evidence that this
deformation and thermal history is Late Cretaceous includes the deformed nature of the
77 Ma Whatshan batholith, south of the Pinnacles Peaks, and cross cutting contacts of
post tectonic ca. 62-52 Ma stocks and plutons of the Ladybird granite suite (Carr 1995).
This is consistent with the ca. 73 and 70 Ma ages of granitoids that bracket the timing of
F3 structures on Joss Mountain located to the west of Thor-Odin (Johnston et al., 2001;
Kuiper, 2003). Thus rocks that structurally overly Thor-Odin dome, preserve a ca. 10 to
20 m.y. older deformation and thermal history relative to the dome.
The boundary between Thor-Odin dome and Middle Crustal Zone rocks, well
exposed at Cariboo Alp on the southwest comer of the dome (Fig. 5-1), was extrapolated
to extend northward on the west flank of Thor-Odin dome and was interpreted to be the
continuation of the MD (Coleman, 1990; McNicoll and Brown, 1995). The boundary
zone at Cariboo Alp is interpreted as an imbricated, crustal-scale, compressional shear
zone active at sillimanite-potassium feldspar-melt assemblages (McNicoll and Brown,
1995). The shear zone culminated with syn-metamorphic F, folding, and final thrust
movement occurred in the latest Paleocene with the associated shear zone having stopped
moving by ca. 58 Ma (Carr, 1992; McNicoll and Brown, 1995). Deformation at Cariboo
Alp is 2-4 m.y. older than that of the basement rocks of Thor-Odin dome. In addition, the
Middle Crustal Zone preserves F3 folds that control the distribution of units and preserves
less penetrative strain, when compared to Thor-Odin dome rocks where F, folds control

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A.M . Hinchey, Ph.D. thesis

C h a p ter 5

173

the distribution of units. The marked break in timing and difference in deformation
between rocks in the Middle Crustal Zone and those of Thor-Odin dome supports the
existence of a boundary between the rocks of the Middle Crustal Zone and those of ThorOdin dome.
At the latitude of Thor-Odin dome, rocks of the Middle Crustal Zone record
deformation that is up to 20 m.y. older than that of Thor-Odin dome, and the boundary
between the two at Cariboo Alp deformation is 2-4 m.y. older than Thor-Odin dome.
This implies that there were either: a) two deformation events or shear zones at different
structural levels; or, b) one progressive event. In the first alternative, one period of
deformation and metamorphism was Late Cretaceous in age and affected the Middle
Crustal Zone, including the Joss Mountain to Pinnacles area; and the second event was a
structurally deeper and younger shear zone of Paleocene to Eocene age that affected the
lower panel of rocks in Thor-Odin dome and Cariboo Alp. The second alternative is that
there was one event in both the Middle Crustal Zone and Thor-Odin dome, and that strain
at lower structural levels either: a) progressed downwards from Middle Crustal Zone to
Thor-Odin dome basement; or, b) the Middle Crustal Zone was deactivated and the shear
zone in Thor-Odin dome basement outlasted that of deformation in the Middle Crustal
Zone.
5.6.

Comparison of Frenchman Cap and Thor-Odin domes
Although there are similarities between Frenchman Cap and Thor-Odin domes, the

following is a discussion of the significant differences. Lithologically, the basement
rocks of Thor-Odin dome are dominantly paragneiss with lesser orthogneiss; whereas,
basement rocks of Frenchman Cap dome contain more abundant orthogneiss. In
addition, Thor-Odin dome basement gneiss contains distinctive cordierite-gedrite rocks,
the metamorphosed equivalents of altered mafic rocks (Hinchey, Chapter 3) that are
unrecognized in Frenchman Cap dome. In Thor-Odin dome, basement paragneiss were
being deposited from at least ca. 2.2 Ga and continued to ca. 1.8 Ga (Vanderhaeghe et al.,
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1999; Kuiper, 2003; Hinchey, Chapter 1), whereas in Frenchman Cap deposition started
before ca. 2.27 and ceased by ca. 1.99 Ga (Armstrong et al., 1991; Crowley, 1997). The
cover sequences of both Frenchman Cap and Thor-Odin domes are lithologically similar
and have been correlated based on the preservation of a basal quartzite in both domes
(Scammell and Brown, 1990). However, Frenchman Cap dome preserves three upwardfining depositional assemblages, whereas in Thor-Odin dome the cover is characterized
by one quartzite unit and three sequences have not been recognized. The cover sequence
of Thor-Odin dome is younger than ca. 1.8 Ga (Vanderhaeghe et al., 1999; Kuiper, 2003;
Hinchey, Chapter 1), whereas in Frenchman Cap dome deposition is as old as ca. 1.99 Ga
and continuing to as young as ca. 388 Ma (Scammell and Parrish, 1993; Crowley, 1997).
Although the rocks are so transposed that primary sedimentary and volcanic features may
not be preserved and the cover sequence of Thor-Odin dome has not been extensively
studied, it is possible that the Thor-Odin dome cover sequence could be different from
that of Frenchman Cap. These lithological and timing differences suggest that Thor-Odin
dome may have a different Precambrian history than Frenchman Cap dome.
In Thor-Odin dome, Precambrian deformation and metamorphism was pervasively
overprinted by the Late Cretaceous to Paleocene stages of the Cordilleran orogeny.
However, in the deepest structural levels of Frenchman Cap dome there are basement
gneisses that were not affected by Late-Cretaceous to Eocene Cordilleran deformation
and metamorphism and there is a thermal and deformation front below which
Precambrian relationships >1.8 Ga are preserved (Crowley, 1999; Crowley and Parrish,
1999; Gervais et al, 2005; Crowley et al., 2005). In contrast, the core of Thor-Odin
dome preserves stable sillimanite-potassium feldspar-melt assemblages and cordierite
overgrowths with Late Cretaceous - Eocene peak conditions of 750-800 °C and 8-10
kbar, and is of a higher metamorphic grade relative to that of Frenchman Cap dome
which has stable assemblages of sillimanite-gamet-muscovite-melt and peak conditions
of 650-700 °C and ca. 6-8 kbar (Reesor and Moore, 1970; Joumeay, 1986; Crowley and
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Parrish, 1999; Norlander et al., 2002). Differences in peak P-T suggests that Thor-Odin
dome was up to 6 km deeper, and 50-100 °C hotter than Frenchman Cap dome, during the
Late Cretaceous to Eocene Cordilleran orogenesis.
The onset of prograde metamorphism in the two domes may have overlapped in time.
In Thor-Odin dome, peak metamorphism culminated with the onset of anatexis ca. 56 Ma
with no diachroneity in the timing of thermal peak documented with structural depth. In
contrast, in Frenchman Cap dome peak metamorphism was diachronous and synchronous
with D2 deformation and foliation formation, with higher structural levels having
experienced metamorphism and deformation by ca. 64 Ma, while in the deeper rocks this
occurred from ca. 52-49 M a (Crowley et al., 2001). The basement rocks of Thor-Odin
dome underwent isothermal decompression until ca. 52 Ma (Hinchey, Chapter 1), while
Frenchman Cap dome was still being ductilely deformed by F2 folding from ca. 52 Ma to
49 Ma (Crowley et al., 2001).
The structural style o f both domes is similar in that both preserve kilometre-scale
recumbent isoclines that infold basement gneiss with the cover sequence and control map
patterns (termed F, in Frenchman Cap dome and F2 in Thor-Odin dome). A noteworthy
difference is in the vergence of these large folds, in Frenchman Cap dome the largescale folds verge to the east (Scammell, 1987; Crowley, 2001). In Thor-Odin dome, the
fold vergence is variable due to rotation, but F, folds generally have the same northnortheasterly vergence as the F 3 folds (McNeill and Williams, 2004; W illiams and Jiang,
in press).
On the basis of protolith of basement and cover lithology, and Late Cretaceous
to Eocene Cordilleran thermo-tectonic history and deformation, there are significant
differences between Thor-Odin and Frenchman Cap domes and it is permissible for
the domes to represent two difference basement domains. Since at ca. 56 to 52 Ma
Thor-Odin dome was likely deeper than Frenchman Cap dome, and was above the
base of “Cordilleran deformation” while Frenchman Cap dome straddled the boundary,
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the domes were likely at two different structural levels. In addition, the F2 (F2) ThorOdin dome fold vergence is consistent with emplacement of Thor-Odin dome against
Frenchman Cap dome. For these reasons, it is possible that Thor-Odin may represent
a different basement level that was emplaced against Frenchman Cap dome in the
Paleogene. Alternatively, Thor-Odin dome may have been exhumed from deeper levels,
by more displacement/exhumation along Eocene faults, in the south than in the north.
In light of the difference between Thor-Odin dome and Frenchman Cap dome, the
MD exposed at Cariboo Alp may represent a different shear zone or different structural
level than the MD exposed on the western edge of Frenchman Cap dome. If there is
a shear zone, such as the MD, in Thor-Odin dome and also in Frenchman Cap dome
forming the upper boundary of the basement complex, it cannot be the same structure
in both domes. If the MD in Frenchman Cap dome is really a basal decollement, then it
must pass beneath Thor-Odin dome (Fig. 5-6). Alternatively, the MD may represent a
thicker, high strain zone throughout Thor-Odin dome and may separate older deformation
and metamorphism at higher structural levels of the Middle Crustal Zone from lower
levels beneath the dome.
5.7.

Proposed model for the tectonic evolution o f the Thor-Odin dome area
A tectonic model for the evolution of the Thor-Odin dome area must account for: a)

older deformation, anatexis and metamorphism preserved at higher structural levels of the
Middle Crustal Zone; b) highly strained rocks, up to ~7 km in thickness, preserved in the
lower structural levels of Thor-Odin dome; and, c) cold basement rocks uninvolved in the
Cordilleran orogeny preserved in Frenchman Cap dome. The proposed tectonic model for
this area suggests that Thor-Odin dome is part of a ductile shear zone.
In order to explain the differences in timing of deformation, style of deformation,
metamoiphism, and anatexis between the higher structural level of Middle Crustal Zone
rocks and the lower structural level of Thor-Odin dome, at the same latitude, there were
either: a) two shear zones at different structural levels; or, b) one progressive event. In (a)
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a Late Cretaceous period of deformation and metamorphism affected the Middle Crustal
Zone, and was followed by a second high-strain event at structurally deeper and younger
shear zone of Paleocene to Eocene age that affected the lower panel of rocks in ThorOdin dome. In (b) one shear zone that affected both the Middle Crustal Zone and ThorOdin dome, and that strain at lower structural levels either: i) progressed downwards
from Middle Crustal Zone to Thor-Odin dome basement; or, ii) the Middle Crustal
Zone was deactivated and the shear zone in Thor-Odin dome basement outlasted that
of deformation in the Middle Crustal Zone. If Thor-Odin dome is part of a ductile shear
zone(s), this would explain the preservation of the transposition foliation (S2), isoclinal F
folding and strain through a thick section of basement rocks. The occurrence of basement
rocks in Frenchman Cap dome that were not affected by the Cordilleran orogeny can
be explained by the rocks of Thor-Odin dome being emplaced against Frenchman Cap
dome late in the Paleogene evolution of the dome by either F2folding, or possibly along
a lateral ramp. In this manor, Thor-Odin dome may represent a different basement slice
than Frenchman Cap dome, thus explaining the differences in Precambrian evolution and
in Late Cretaceous-Eocene Cordilleran orogenesis.
5.8.

Evaluation of alternative tectonic models for Thor-Odin dome
Numerous tectonic models that have been proposed for the region and the limitations

of these models are discussed below. Models for the tectonic development of ThorOdin dome can generally be classified into five major types and will be discussed as
such: a) the crustal boudinage model (Monger and Price; 2000); b) orogenic wedge
models (Brown et al., 1992; Parrish, 1995; Gibson et al., 1999; Crowley and Parrish,
1999; Crowley et al., 2001; Brown, 2003); c) domal culmination models, with or
without diapirism (Vanderhaeghe et al., 1999; Norlander et al., 2002; Fayon et al., 2004;
Whitney et al., 2004); d) channel flow models, which include versions of crustal-scale
deformation (Williams, 1999; Kuiper, 2003), local development (Brown and Gibson, in
press), extrusion (Johnston et al., 2001), and rolling-hinge detachment (Teyssier et al.,
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in review); and, e) ductile shear zone(s) (Gibson, 2003; Carr and Simony, in review; this
study)
Models that interpret Thor-Odin dome as a crustal boudin suggested that regional
Eocene extension taken up by extensional faults at surface was balanced by ductile
stretching of the lower crust, thereby forming boudins of basement representing major
structural culminations (Monger and Price, 2000). Prior to extension, the North American
basement rocks were uninvolved in shortening the Foreland belt, all shortening was
accommodated in the detached supracrustal rocks thus suggesting a passive relationship
between the basement and cover gneisses (Monger and Price, 2000). In this model, the
implication is that Thor-Odin dome represents a ~ 45 km thick boudin of North American
basement that is autochthonous and was not involved in the Cordilleran orogeny.
However, in Thor-Odin dome the supracrustal cover gneiss were infolded with basement
gneiss and this package was deformed into isoclinal folds during peak P-T conditions
of the Late Cretaceous to Eocene Cordilleran orogeny, prior to the onset of extension,
and therefore were not detached from basement rocks (Norlander et al., 2001; McNeill
and Williams, 2004; Hinchey, Chapter 1 and 4). As such, a model with Thor-Odin dome
representing a passive, crustal boudin is not supported by the deformation, anatexis and
thermal data from the dome.
Orogenic wedge models have been suggested for formation of Frenchman Cap dome
and have been inferred to include Thor-Odin dome. Models for Frenchman Cap dome
have been modified over the years, but generally invoke ductile material overriding a
cold, stiff basement that was only mildly affected by the Cordilleran events (Brown et
al., 1992; Parrish, 1995; Gibson et al., 1999; Crowley and Parrish, 1999; Crowley et
al., 2001; Brown, 2003). In a recent version of the model proposed by Brown (2003),
supracrustal rocks were continuously underplated by folding, thrusting, and duplex
formation. It was not until the Eocene that basement rocks of the Monashee complex
were overridden by the advancing wedge along the MD. These models invoke: a)
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uninvolved Precambrian basement rocks, b) a Cordilleran deformation boundary and c)
accommodation of Cordilleran deformation within the near-basement shear zone of the
MD (Brown et al., 1992; Parrish, 1995; Gibson et al., 1999; Crowley and Parrish, 1999;
Crowley et al., 2001; Brown, 2003). These models do not adequately explain the data
from Thor-Odin dome. In Thor-Odin dome, a strain gradient is not preserved. Strain was
penetrative and intense through a ~7 km thick section of rocks pervasively overprinting
and involving North American basement rocks. In addition, the deepest exposed
structural levels in Thor-Odin dome preserve strain that outlasted that of higher structural
levels of the Middle Crustal Zone. These observations are incompatible with orogenic
wedge models that require a cold, stiff basement to achieve critical taper.
In domal culmination models, doming of Thor-Odin rocks has been explain by
invoking extensional faulting or detachments at the surface which resulted in the
formation of a dome of partially melted mid-crustal rocks (Vanderhaeghe et al., 1999;
Whitney et al., 2004). In diapiric domal culmination, the dome was aided by diapiric
assent of material from the mid-to lower crust resulting in decompression of the
migmatitic rocks and leucosome crystallization (Norlander et al., 2002; Fayon et al.,
2004). These models discount large-scale folding as the mechanism for creating ThorOdin dome, and attribute creation of the dome via vertical thinning of the crust and
buoyant upwelling of partially molten rocks (Vanderhaeghe et al., 1999; Norlander et
al., 2002; Fayon et al., 2004). This mechanism to create Thor-Odin is inconsistent with
the structural evolution of Thor-Odin dome, which documents km-scale isoclinal (F2)
folds infolding basement and cover, which are associated with the main transposition
foliation (S,) and F2folded leucosome (McNeill and Williams, 2003; Williams and
Jiang, 2004; McNeill and Williams, 2005; Hinchey, Chapter 1). The occurrence of F^
folded leucosome throughout Thor-Odin dome indicates that compressional tectonics
was synchronous with melting, and that only small melt volumes were present at any
one time, such that the rocks were still behaving as a composite unit. The geometry of
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the Thor-Odin dome is controlled by polyphase folding and the orientation of folded
lineations are inconsistent with models of diapirism (Read, 1980; Duncan, 1982; McNeill
and Williams, 2003). These observations are incompatible with models of domal
culmination in which the lower to middle crust must be partially molten and buoyantly
rising via upwelling. In addition, these models cannot explain the timing and pattern of
older deformation, metamorphism and anatexis at higher structural levels of the Middle
Crustal Zone (Fig. 5-2). The domal culmination models require synchronous partially
molten rocks in both the Middle Crustal Zone and Thor-Odin dome prior to the onset of
extension. For the reasons outlined above, models of domal culmination are inadequate to
explain the structural, anatectic, deformation and thermal history documented in the rocks
of Thor-Odin dome.
Models for channel flow, are varied but generally require horizontal flow of the midto lower crust in a crustal scale shear zone localized as a channel with a decoupling of
the lid (or upper crust) and lower crust (or mantle) from the channel (Williams, 1999;
Beaumont et al., 2001; Johnston et al., 2001; Kuiper, 2003; Brown and Gibson, in press;
Teyssier et al., in review). The various proposed versions of the channel flow model have
different criteria but all require a ductile middle to lower crust.
In Frenchman Cap dome, basement rocks were not extensively deformed during the
Cordilleran orogen (Crowley and Parrish, 1999; Crowley et al., 2001; Crowley et al.,
2005; Gervais et al., 2005), suggesting that cold basement rocks underlie at least part
of the Shuswap complex. This cold basement coupled with the preservation at higher
structural levels (Middle Crustal Zone) of older deformation, metamorphism and anatexis
is inconsistent with a regional channel that required a ductile middle to lower crust
underlying the entire Shuswap complex (Williams, 1999; Johnston et al., 2001; Teyssier
et al., in review). To accommodate the cold basement rocks in Frenchman Cap dome,
Brown and Gibson (in press) have suggested a model of channel flow that interprets:
a) the base of the channel as the MD; b) the channel to include part of the Selkirk
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Allochthon or Middle Crustal zone, and c) top of the channel as the OV-ER fault system.
Thus basement rocks of Frenchman Cap dome would lie below the channel. The base of
the channel is interpreted to lie exposed in the upper structural levels of Frenchman Cap
dome, but it has yet to be identified and neither has the expected reversal of fold vergence
within the proposed channel. The channel proposed in this model cannot be projected
southward above the Monashee complex given the young penetrative deformation
within the basement rocks of Thor-Odin dome. In addition, the Brown and Gibson (in
press) model proposes that the Selkirk fan is cut by the channel, and that most of the fan
structure including the fan vergence reversal lies above the top of the channel. This is
inconsistent with models put forth for the formation of the Selkirk fan above a subduction
zone and transportation of the fan eastward (Gibson, 2003). If a channel cuts the Selkirk
fan than the parts of fan that lie above the channel should have been dissected from the
parts of the fan that lie within the channel.
If Thor-Odin dome is part of a regional channel, as proposed by Williams (1999)
and Johnston et al. (2001), then the channel must be moving at ca. 55 Ma, to explain
the timing of events in Thor-Odin dome. In models where the channel was long-lived
and active from the Jurassic or Early Cretaceous to Tertiary, it is difficult to explain the
geometry of Middle Jurassic to Late Cretaceous structures preserved at structural levels,
that are now higher than Thor-Odin dome and documented throughout the southern
Omineca belt, which record regional-scale recumbent nappes that formed early in the
history of the hinterland, a change in vergence in the Middle Jurassic from west verging
to generally northeast verging structures, changes in structural style through time and the
diachronous superposition of deformation and metamorphism imposed on large-scale
structures throughout a >100 m.y time period (see Fig. 5-2). This is more protracted
than what has been considered thus far in channel flow models with channels that are
generally < 75 Ma (Beaumont et al., 2001). In addition, there is no evidence of melting
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or high strain deformation in the Thor-Odin dome prior to the Paleocene (Vanderhaeghe
et al., 1999; Hinchey, Chapter 1 and 4). Models with extrusion of a channel typically
model the extruding zone as moving towards the subducting plate (prowedge) side of
the orogen (Beaumont et al., 2001), whereas the model of Johnson et al. (2001) requires
extrusion towards the retrowedge side (towards the Foreland belt).
The rolling-hinge detachment model of Teyssier et al. (in review) suggests that a
channel develops in the hinterland, which evolves into a rolling-hinge detachment due to
extension and is governed by the interface between the cold foreland and hot hinterland.
In this model the activation of a rolling-hinge detachment drives rapid decompression
and melting, resulting in the diapiric rise of a migmatite domes in the footwall of the
detachment. The rolling-hinge detachment model of Teyssier et al. (in review) is unlikely
for many of the same reasons as those presented against channel flow, including the
preservation of cold basement rocks in Frenchman Cap dome. In addition, deformation
and metamorphism of the Middle Crustal Zone records older ages > 70 M a of anatexis,
metamorphism and deformation while Thor-Odin dome basement preserves younger ages
of ca. 56 M a (see Fig. 5-2); this is inconsistent with this model which requires a partially
molten crust in both the Middle Crustal Zone and Thor-Odin forming a rolling-hinge
detachment in the Eocene. Models of channel flow and a rolling hinge detachment in the
middle to lower crust of the Shuswap complex can not easily explain: a) the preservation
of cold basement rocks in Frenchman Cap, and b) older deformation, anatexis and
metamorphism in the Middle Crustal Zone relative to younger events in Thor-Odin dome.
Models of a ductile shear zone, such as those proposed for Valhalla complex and
Frenchman Cap (Gibson, 2003; Carr and Simony, in review) can explain the data of
Thor-Odin dome and the preservation of older anatexis, deformation and metamorphism
in the Middle Crustal Zone. Valhalla complex is interpreted as a ductile crystalline nappe
that was being deformed from 80-60 Ma where Cretaceous strain at depth is imposed on
Jurassic events preserved at higher structural levels (Carr and Simony, in review). The
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preservation of a thick section of rocks with strain at the base is likely analogous with
Middle Crustal zone rocks on the southern flank of Thor-Odin dome to Pinnacles area.
The implications of Thor-Odin dome being part of a ductile shear is presented above (see
section 5.7).
5.9.

Conclusions
The favoured model for development of Thor-Odin dome is as follows (Fig. 5-

6). During the Mesozoic to Paleocene Cordilleran orogen, the crust was thickened
resulting in the internal deformation, crustal thickening and regional metamorphism
of the Omineca Belt hinterland, including burial of the rocks o f Thor- Odin dome, and
formation of the structures of the Rocky Mountain fold and thrust belt. Rocks of ThorOdin dome were penetratively deformed as the orogen underwent shortening driven
by far-field stresses at the plate boundaries. The restored location of Thor-Odin dome
during the Early Cretaceous is unknown and there is no direct evidence o f Late Jurassic
or Early Cretaceous events in these rocks; as a result the timing of the onset of prograde
metamorphism and onset of penetrative deformation in the rocks of Thor-Odin dome is
uncertain. It is likely that the rocks were metamorphosed and deformed by ca. 75 Ma
on the basis of the age of deformation and metamoiphism in immediately structurally
overlying rocks in the Middle Crustal Zone and near Three Valley gap on the north
flank of Thor-Odin dome (Parish, 1995; Kuiper, 2003); however, it is clear that peak
metamoiphic conditions of 800 °C and 8-10 kbar, anatexis and penetrative deformation
had occurred by ca. 56 Ma (Hinchey, Chapter 1 and 4). Paleogene deformation in
Thor-Odin dome is interpreted to have accommodated shortening in the orogen and
is synchronous with the youngest deformation in the Foreland belt, suggesting that
deformation and shortening in the hinterland and the Foreland is somehow linked.
Decompression melting had begun in the Eocene and had ended by 52 Ma, synchronous
with exhumation of the rocks via regional extension and erosion.
The most probable tectonic model invokes a ductile shear zone(s) to explain the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A.M. Hinchey, Ph.D. thesis

Chapter 5 184

diachronous timing of the end of deformation, metamorphism and anatexis in the Middle
Crustal Zone and Thor-Odin dome. This model includes, either: a) two distinct ductile
shear zones, one in the Late Cretaceous affecting the higher structural panel of the
Middle Crustal zone followed by a localized zone of Paleocene-Eocene of high strain
affecting the lower structural panel of Thor-Odin dome; or, b) one diachronous strain
zone that either migrated progressively downward and/or forward or a zone of strain
where deformation at lower structural levels of Thor-Odin dome outlasted that of higher
structural levels of the Middle Crustal Zone. In either case, Late Cretaceous - Eocene
deformation would have followed a period of progressive loading, thickening and
heating of the crust and accommodated translation of the hinterland of the orogen during
shortening. The onset of Eocene extension and decompression melting in the Middle
Eocene helped facilitate the exhumation and cooling of the dome.
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Figure 5-1. (a) Map highlights the five morphogeological belts of the Cordillera from
Wheeler and McFeely (1991). (b) Tectonic assemblage map of the southeastern Canadian
Cordillera (modified after Wheeler and McFeely, 1991; Carr, 1991, and Johnson, 1994).
Shuswap complex was defined by Brown and Carr (1990), and is largely bounded by
Eocene normal faults, including Okanagan Valley - Eagle River fault system (OV-ER),
Columbia River Fault (CR), Greenwood Fault (GW), and Slocan Lake-Champion Lake
(SL) fault systems. SRMT = southern Rocky Mountain Trench, M = Malton complex,
MD = Monashee ddcollement, FC = Frenchman Cap dome, TO = Thor-Odin dome,
MC = Monashee complex, V = Valhalla complex, TVG = Three Valley Gap, JM = Joss
Mountain, CA = Cariboo Alp.
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Timing of metamorphism, anatexis and deformation in the southern Omineca belt

S ii <60 Ma Paleogene metamorphlc overprint
A

Metamorphism, deformation and high-strain shearing of MD ongoing at 62 and 59 Ma, and ceased by
58 Ma (Carr, 1992)

B

M etam o rp h ic zirco n grow th a t 5 9 M a (P a rris h a n d S c a m m e ll, 1988)

C

M etam o rp h ic zircon grow th a t 5 2 M a (P arrish , 1 9 9 5 )

D

Metamorphic zircon growth at 57-55 Ma (Parrish, 1995)

E

M eta m o rp h ic m o n azite/titan ite a t 6 4 (h ig h e s t s tru c tu ra l level) to 5 0 M a (low er stru ctu ral level) in th e
c o v e r s e q u e n c e (C row ley a n d P a rrish , 1 9 9 9 )
D efo rm atio n p art of Da (F,) - o n g o in g a t 5 8 M a a n d c e a s e d b y 5 5 M a (C row ley e t al., 2 0 0 1 )

F

M etam o rp h ic (sil-ky-kfs a s s e m b la g e ) m o n a z ite a n d titan ite grow th 5 2 to 4 9 Ma a t d e e p e s t structural
le v e ls (C row ley a n d P arrish , 1 9 9 9 )
D efo rm atio n p a rt of D ,(F ,)< 5 2 M a, c e a s e d b y 4 9 M a a t d e e p e s t stru ctu ral le v e ls (C row ley e t al., 2 0 0 1 )

G

M etam o rp h ic (sil-kfs-m elt a s s e m b la g e ) m o n a z ite grow th 5 6 -5 2 M a (H inchey, C h a p te r 4)
A n a tex is in b a s e m e n t g n e is s 5 6 -5 2 M a, zirco n a g e s(H in c h e y , C h a p te r 1)
D efo rm atio n p a rt of D , (F ,) o n g o in g a t 5 6 c e a s e d b y 5 5 M a (H inchey, C h a p te r 1)

P e g m a tite crystallization a t 5 8 M a (P arrish , 1 9 9 5)

H A n a tex is in b a s e m e n t g n e is s 5 5 M a (V a n d e rh a e g h e e t al., 1999)

□

I

A n a tex is in b a s e m e n t g n e is s 4 8 + /-1 1 M a (K uiper, 2 0 0 3 )
M etam o rp h ic (sil-kfs-m elt a s s e m b la g e s ) m o n a z ite grow th 5 5 -5 2 M a (Kuiper, 2 003)

J

L e u c o so m e crystallization 5 3 -5 2 M a zirco n (K uiper, 2 0 0 3
M etam o rp h ic (sil-kfs-m elt a s s e m b la g e s ) m o n a z ite grow th 5 5 -5 2 M a (Kuiper, 2 003)

K

M etam o rp h ic m o n a z ite gro w th a t 5 7 -5 0 M a (J o h n s to n e t al„ 2 000)
D efo rm atio n F2 to Ds < 5 5 M a a n d > 5 0 M a (J o h n s to n e t al., 2 0 0 0 )

100-60 Ma Late Cretaceous to Early Paleocene metamorphic overprint
1

A m phibolite fa c ie s (sil-m us-kfs) co n d itio n s p e rs is te d to 7 5 -6 5 M a (S cam m ell, 1993; P a rrish , 1995)
M igm ab'zation a t 8 9 -8 6 M a (P arrish , 1 9 9 5 )
D uctile d efo rm atio n c e a s e d b e tw e e n 6 5 M a a n d 5 7 M a (S cam m ell, 1993; P a rrish , 1995)

2

D e fo rm atio n o f MD a s e a lie r a s - 7 0 M a a n d c e a s e d by 5 9 M a (G ibson, 1997)

3

P e a k m e ta m o rp h ism by 7 8 M a, c o n tin u e d to 5 8 M a (G ibson, 1997)

4

M eta m o rp h ism from 6 7 -6 5 M a, m o n a z ite a g e s (J o h n s o n , 1994)
A n a tex is a t 6 0 M a, zirco n a g e s (J o h n s o n , 1 9 9 4 )
In te n s e s h e a rin g to < 6 0 M a (J o h n s o n , 1 9 9 4 )

5

P e a k m eta m o rp h ism b y 7 3 M a, m o n a z ite a g e s (P arrish , 1995)
L e u c o so m e crystallization, zirco n 7 9 M a, m o n a z ite 7 3 -7 9 Ma (Kuiper, 2 0 0 3 )

6

M etam o rp h ism from 6 5 -5 9 M a, m o n a z ite a g e s (D igel e t al., 1 998)

7

P e a k M etam o rp h ism > 7 3 M a, m o n a z ite a g e s (C row ley e t al, 2 0 0 3 )
A n a tex is 61 M a, zirco n a g e s (C row ley e t al., 2 0 0 3 )

8

D efo rm atio n s u p e rim p o se d o n J u r a s s ic d e fo rm a tio n o n th e e a s t s id e o f Selkirk fa n (G ib so n , 2 0 0 3 )

9

P e a k m eta m o rp h ism - 7 5 M a, m o n a z ite a g e s ( S p e a r a n d P a rrish , 1996)

10 P ro g ra d e m e ta m o rp h ism 8 5 -6 7 M a (S p e a r a n d P a rrish , 1996; S c h a u b s e t al., 2002; S p e a r, 2 0 0 4 )
A n a tex is a n d hig h -strain sh e a rin g 7 2 -6 0 M a (S p e a r, 2 0 0 4 ; C arr a n d Sim ony, in review )
11 M eta m o rp h ism - 7 0 M a to - 5 6 M a, zirco n a n d m o n a z ite a g e s (B ardoux, 1993)

□

12 D uctile d efo rm atio n F3> 7 0 M a a n d < 7 3 M a (J o h n s to n e t al., 2 0 0 0 ; Kuiper, 2003)
P e a k m eta m o rp h ism - 9 3 M a, m o n a z ite a g e (J o h n sto n , 2 000)

175-100 Ma Late Jurassic to Early Cretaceous metamorphic overprint
J u r a s s ic m e ta m o rp h ism K o o tn ey A rc a n d P u rcell A nticlinorium (A rchibald e t al., 1983)
J u r a s s ic m e ta m o rp h ism (1 6 5 -1 7 5 M a) Selkirk M o u n tain s (A rchibald e t al.,1 9 8 3 ; C olpron e t al., 1996;
P a rrish a n d W h eeler(1 9 8 3 ); B row n e t al., 1992; Digel e t al.,1 9 9 8 )

□

J u r a s s ic to Early C re ta c e o u s m e ta m o rp h is m in th e C arib o o a n d M o n a s h e e M tns. (P ig a g e , 1977;
M urphy, 1987; M o rte n se n e t al., 1 9 8 7 ; G erasim o ff, 1988; M urphy e t al., 1995; S e v ig n y e t al., 1989;
S c a m m e ll, 1993, R eid, 2 0 0 3 ; C ro w ley e t al., 2 0 0 3 ; G ib so n , 2 003)

Late Triassic to Middle Jurassic low-grade metamorphism
Proterozolc metamorphism
a

M etam o rp h ic m o n a z ite grow th 2 0 6 0 M a (C row ley, 1999)
A n a tex is in b a s e m e n t g n e is s b e tw e e n 2 0 4 4 -2 0 8 0 M a, zircon a g e s (Crow ley, 1999)
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Timing of metamorphism in the southern Omineca belt

100-60 Ma Late C retaceous to early Paleocene
m etam orphic overprint
175 -100 Ma Middle Jurassic to Early C retaceous
m etam orphic overprint
Late Triassic to Middle Jurassic predominately
low-gradem etam orphism
Proterozoic m etam orphism

sSSeiKirK'..
allochthon

Golden

R evelstoke

Pinnacles

Kootenay

U.S.A

Figure 5-2. The timing of the last metamorphic overprint mainly in the Shuswap
complex, southern Omineca belt. Most of the rocks within the Shuswap complex (with
the exception o f the younger plutonic suites) experienced a Late Triassic to Jurassic
predominately low-grade greenschist facies metamorphism, and some parts were
subsequently metamorphosed to higher grade. Details of timing, theromobarometric.
anatectic and deformation constraints are provided in the adjacent legend and in the text.
The lithological units are as in Figure 5-1.
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Figure 5-3. Cross section through the Intermontane Belt, Omineca Belt, Foreland Belt and Interior Plains. Modified after Price and
Mountjoy, 1970; Okulitch, 1979; Sears, 1979; Monger et al. 1985; Monger, 1989; Cook et al., 1992; Brown et al., 1992; Johson, 1994;
Johnson and Brown, 1996; Kruse et al., 2003; W illiam s and Jiang, in press; Cook and Van der Velden (unpublished geophysical cross
section). The cross section lines are located in Figure 1. OV-ER = Okanagan Valley - Eagle River fault system, CR = Columbia River
Fault, TVG = Three Valley Gap, CA = Cariboo Alp, SRMT = southern Rocky Mountain Trench, N A = North America, SFA = Selkirk
Fan axis.
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Figure 5-4. Pressure-Temperature-tinie path proposed for the basement gneiss of ThorOdin dome, with approximate timing constraints for known parts of the path. Timing
and geothermobarometric constraints provided by this study and the previous studies of
Reesor and Moore (1971); Duncan (1982); Vanderhaeghe et al. (1999); Norlander et al.
(2001); Lorencak et al., (2001) and Vanderhaeghe et al. (2003).
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F igu re 5 -6 . Cross section through the O m ineca B elt, in the vicinity o f the M onashee com plex. M odified after O kulitch, 1979; Sears, 1979;
M onger e ta l. 1985; Cook e ta l., 1992; Brown e ta l., 1992;Joh son , 1994; Johnson and Brown, 1996; Kruse et al., 2003; W illiam s and Jiang,
2004; C ook and Van der Velden (unpublished geophysical cross section). Fields for different ages o f deform ation and/or metamorphism
(Jurassic, Cretaceous and Tertiary) are show n and are interpreted from Figure 5-2. Cretaceous fields are m odified after G ibson, 2003;
Brown and Gibson, in review. The cross section lines are located in Figure 5-2. N A = North Am erica.
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CHAPTER 6
Summary of Conclusions

Thor-Odin dome of the Monashee complex, in the southeastern Canadian Cordillera,
is part of the deepest exposed structural levels in the Omineca belt. The dome comprises
> 1.8 Ga, North American basement ortho- and paragneisses that are unconformably
overlain by Paleoproterozoic to Paleozoic supracrustal rocks of the Monashee cover
sequence. Basement orthogneiss are dominated by migmatitic, homblende-biotite-quartzo
feldspathic gneiss with a lesser volume of quartz monzonite gneiss. The basement
paragneiss comprise: a) heterogeneous, migmatitic gamet-sillimanite-quartzo feldspathic
gneiss that are locally rich in cordierite, b) migmatitic cordierite-biotite-quartzo
feldspathic gneiss, and c) calc-silicates, marbles, and quartzites, and are associated
with minor cordierite-gedrite rocks and amphibolites. The rocks of Thor-Odin dome
experienced polydeformation, high-grade metamorphism and anatexis during Late
Cretaceous to Eocene Cordilleran orogenesis. Pervasive Paleocene - Eocene deformation
transposed and overprinted Precambrian relationships and structures. The timing of
onset of Cordilleran events in Thor-Odin dome is uncertain; however, deformation
and prograde metamorphism were ongoing in the Late Cretaceous in the immediately
overlying rocks and likely in Thor-Odin rocks as well. Peak P-T conditions of -800 °C
and 8-10 kb constrain the depth of burial o f the basement rocks to 26 to 33 km.

Chapter 1:
Basement ortho- and paragneiss of Thor-Odin dome contain ubiquitous stromatic
leucosome as well as discrete phenocrystic and pegmatitic vein-type leucosome, which
are all interpreted to have formed as a result of in situ melting in the Paleocene - Eocene.
The stromatic leucosome is infolded with the country rock (F2), contains a weak foliation,
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and has a biotite rich melanosome. The phenocrystic and pegmatitic vein-type leucosome
crosscut the stromatic leucosome, as well as the transposition foliation (S2). Zircons in
the folded and crosscutting leucosome were dated by Sensitive High Resolution Ion
Microprobe (SHRIMP) to constrain the timing of anatexis and folding in the basement
gneiss of Thor-Odin dome.
1) Folded stromatic, crosscutting phenocrystic and crosscutting pegmatitic vein-type
leucosome in the basement paragneiss of Thor-Odin dome have SHRIMP 206Pb/
238U zircon ages that range from ca. 56 to 52 Ma.
2) The onset of anatexis at ca. 56 Ma, a result of regional prograde metamorphism
and dehydration melting, was coincident, at least in part, with the formation of
the penetrative S2 transposition foliation and large recumbent F2 tight to isoclinal
folds that infold basement and cover. Anatexis continued during F3, and F4 folding
and decompression melting continued to ca. 52 Ma, and was concomitant with D5
extensional deformation.
3) The Precambrian metamorphic and deformation history, if present, has been
thoroughly overprinted by a pervasive penetrative Late Cretaceous to Eocene
Cordilleran metamorphism and deformation.
4) Evidence that supports the interpretation that the leucosome in the basement are
igneous and formed via in situ anatexis of the basement paragneiss include: A) the
leucosome contains igneous textures such as euhedral phenocrysts of plagioclase
and potassium feldspar with primary albite and carlsbad twinning and cumulate
textures, myrmekitic intergrowths; there is no evidence of alteration of minerals.
B) The major and trace element chemistry of the leucosome types is typical of
S-type granites generated by partial melting of the continental crust. C) The Sr
and Nd isotopic composition of the leucosome and host gneiss are similar to each
other, which is consistent with production of leucosome by melting of gneiss in
the region. D) The sharply faceted crystal shapes, internal fine-scale oscillatory
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zoning and low Th/U ratios of zircon from the leucosome support an igneous
source and are typical of zircons that grew in a partial melting environment.
5) In Thor-Odin dome, located in the hinterland of the southeastern Canadian
Cordillera, high-grade metamorphism, anatexis, penetrative deformation and large
scale folding are Paleocene - Eocene in age (ca. 56 to 52 Ma).
Chapter 2:
The 62-52 Ma Ladybird granite suite (LBG) is a peraluminous, leucocratic, S-type,
leucoquartz monzonitic to granitic suite that occurs as batholiths, stocks, dikes, sills
and pegmatite veins in the Middle Crustal Zone of the Shuswap complex, southeastern
British Columbia. The emplacement of the LBG was synchronous with the production
of abundant migmatites at deeper structural levels within Thor-Odin dome, an exposure
of North American basement. Thor-Odin dome contains abundant leucosome hosted in
ortho- and paragneiss basement migmatites that were exhumed by Eocene extensional
faults from depths of ca. 26-33 km. The genesis of leucogranite, particularly of the South
Fosthall pluton that immediately overlies Thor Odin dome, and leucosome from the ThorOdin basement gneiss were studied to further investigate the strong spatial and temporal
linkages between them. A comparison utilized major and trace element geochemistry,
Rb-Sr and Sm-Nd isotope geochemistry, petrography and field data.
1) The Thor-Odin dome leucosome and Ladybird leucogranite samples have similar
major and trace element chemistry, and are both characterized by zircons with
inherited Precambrian cores. Samples from both the granites and leucosome are
classified in the peraluminous granitic fields on discrimination diagrams. The
leucosome samples have lower high field strength element (HFSE) concentrations,
such as Zr, Ti, and Nb; as well as positive Eu anomalies, while the LBG samples
have higher HFSE concentrations and negative Eu anomalies. The distribution of
trace elements suggests that the leucosome and LBG are related in that most of
the leucosome samples are cumulates, and the LBG samples represent residual
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melts.
2) Whole rock initial Nd isotope compositions for the Ladybird granite suite overlap
with those of the leucosome samples. Both groups had a range in initial ENd(55
values; -5.0 to -17.2 for the granites and -9 .5 to -23.6 for the leucosome samples.
The similarity of initial isotopic ratios supports a genetic link between the two.
3) Whole rock initial Sr isotope compositions for both the peraluminous granites
and leucosome samples show a large range in values. The initial 87Sr/86Sr isotope
ratios for the granite suite (0.70603 to 0.73688) are lower than those of the
leucosome samples (0.74256 to 0.76593). This isotopic heterogeneity suggests
either: a) isotopic disequilibrium during partial melting in the m id to lower crust
where the leucosome formed, b) the distribution of Sr during partial melting was
controlled by different melt reactions, and/or c) isotopic heterogeneity in the
source rocks.
4) At least part of the Ladybird granite suite likely formed via mid-crustal melting
of North American basement rocks. The abundant leucosome in the exhumed
basement gneiss of the Thor-Odin dome, in addition to the geochemical,
isotopic, and U-Pb data, supports this hypothesis. The preservation of extensive
melt leucosome may mark the melt migration paths for the overlying Ladybird
granites. The metasedimentary supracrustal rocks that structurally overly ThorOdin may have also contributed regionally to the formation of parts of the suite.

Chapter 3:
The Precambrian history of the Thor-Odin dome area is poorly constrained due to
the pervasive overprinting of high-grade metamorphism, deformation, and anatexis
associated with Cretaceous-Tertiary events during the Cordilleran orogeny. The
occurrence of cordierite-gedrite rocks and associated garnet amphibolites in the North
American basement rocks of Thor-Odin dome were the focus of major and trace element
geochemical, Rb-Sr and Sm-Nd isotopic, petrographic and field studies to constrain the
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origin of the cordierite-gedrite rocks and of the garnet amphibolites, and from these data
constrain the Precambrian evolution of the basement gneisses.
Cordierite-orthoamphibole, dominantly gedrite-bearing, rocks are primarily preserved
on the limbs of F, folds in the basement paragneiss from the southwestern area of the
Thor-Odin dome. This unit appears to define a discontinuous marker horizon within
the Paleoproterozoic North American basement paragneiss. The cordierite-gedrite
rocks occur as discontinuous lenses, 15 to 50 meters thick and up to 500 meters long,
and parallel the pervasive S2 transposition foliation. The cordierite-gedrite rocks are
interlayered with lenses of garnet amphibolites.
Garnet amphibolites occur throughout basement ortho- and paragneiss of Thor-Odin
dome, are generally concordant with the pervasive S2 transposition foliation and are
commonly boudinaged. In the study area of Bearpaw Lake, the garnet amphibolite dykes
are 10-20 meters thick and up to 400 meters long.
1) The cordierite-gedrite rocks have unique bulk rock chemistry which is
characterized by depletions in the alkalies, notably CaO, and enrichments
in A120 3, MgO and Fe2Or They have flat rare earth element (REE) patterns,
depletions in most low field strength elements, such as Cs, Rb, Ba, and Sr and
enrichments in high field strength elements, such as Zr, Hf, and Nb. The 87Sr/86Sr
ratios for these rocks vary from 0.74923 to 0.85962 and the eNd(

} vary from

-15.3 to -20.6.
2) The cordierite-gedrite rocks are interpreted as Paleoproterozoic lenses of mafic
volcanics that are part of the North America basement paragneiss of Thor-Odin
dome. Their unique chemical signature is interpreted to have resulted from
hydrothermal alteration, likely by sea water.
3) The garnet amphibolites have a chemical signature typical of mafic volcanic
rocks, with high MgO and TiO, values and depletions in the alkalies. The
amphibolites have flat REE patterns, similar depletions in most low field strength
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elements and enrichments in high field strength elements when compared to the
cordierite-gedrite samples. The garnet amphibolites have 87Sr/86Sr ratios varying
from 0.70953 to 0.74319 and eNd (today)
. from -0.8 to -7.3.
4) The garnet amphibolites are interpreted as metamoiphosed mafic volcanics
(or dykes) that likely formed during the Precambrian and they either post-date
the formation of the protolith of the cordierite-gedrite rocks or escaped the
hydrothermal alteration.
5) Due to overlapping signatures of major elements, trace elements and Nd isotopic
ratios, neither the garnet amphibolites nor cordierite-gedrite rocks could be
correlated regionally with similar mafic suites that are known to have intruded
the rocks of North American basement and platformal sequences, such as
lithologically similar candidates of the Moyie sills of the Belt-Purcell Supergroup;
volcanics of the Horsethief creek group of the Windermere Supergroup; or, the
Eocene lamprophyre dykes.

Chapter 4:
Basement gneiss of Thor-Odin dome preserve sillimanite-potassium feldspar-melt
assemblages, were likely buried to depths 26-33 km, and were completely transposed and
migmatized during Late Cretaceous to Eocene Cordilleran orogenesis. To constrain the
timing of metamorphism in the basement rocks, monazite from cordierite-gedrite rocks
and interlayered quartzite from the basement paragneiss were dated by U-Pb Sensitive
High Resolution Ion Microprobe (SHRIMP) method. The cordierite-gedrite rocks and
interlayered quartzite are preserved on the limbs of F2 folds in the southwestern portion of
Thor-Odin dome. Monazites were chemically X-ray mapped on the electron microprobe
prior to analysis, to identify potential age domains within single monazite crystals.
1) Chemical maps of Y, Ca, U, and Th were created for grains from each sample
and the maps were used to select SHRIMP analytical sites. M ost monazite grains
show a range of chemical patterns, including sector zoning, concentric zoning,
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discontinuous or irregular patches with embayments, and cores varying in
composition relative to the rims.
2) All three samples had monazite grains that overlapped in age, with mean 206Pb/
238U ages that ranged from ca. 56 to 52 Ma.
3) The distinct chemical domains in the monazite grains did not appear to correspond
to discemable age domains. Monazite growth or recrystallization occurred over a
few million years and thus the complex internal chemical patterns are likely as a
result of changing compositions during formation of monazite grains synchronous
with high-grade metamorphism and anatexis.
4) Peak metamorphism in the basement gneiss of Thor-Odin dome occurred by ca.
56 Ma, but the timing of the onset of prograde metamorphism is uncertain. The
basement underwent subsequent isothermal decompression which ended by ca.
52 Ma. Decompression is attributed to erosion and extensional faulting within the
Shuswap complex.
Chapter 5:
The Monashee complex contains two structural culminations, Frenchman Cap
and Thor-Odin domes that consist of high-grade Paleoproterozoic basement rocks and
overlying cover sequence. The domes appear to have experienced different tectonothermal histories during the Late Cretaceous to Eocene stage of the Cordilleran orogeny.
Thor-Odin dome comprises supracrustal and > 1.8 Ga North American basement rocks
that experienced polydeformation, high-grade metamorphism and anatexis during Late
Cretaceous to Eocene Cordilleran orogenesis. Pervasive Paleocene - Eocene deformation
transposed and overprinted Precambrian relationships and structures.
1) The timing of onset of Cordilleran events in Thor-Odin dome is uncertain;
however, deformation and prograde metamorphism were likely ongoing in the
Late Cretaceous (ca. 75 Ma) on the basis of the age of events in structurally
overlying rocks.
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2) The basement gneiss of Thor-Odin dome preserve sillimanite-potassium feldsparmelt assemblages and experienced peak Paleogene P-T conditions of -800 °C and
8-10 kb which constrain the depth of burial of the basement rocks to -2 6 to 33
km.
3) The onset of anatexis, a result of regional prograde metamorphism and
dehydration melting, occurred in the Late Cretaceous to Paleocene and was
ongoing by ca. 56 Ma. Large F2 isoclinal folds and part of the S2 transposition
foliation were forming at ca. 56 Ma, based on the zircons from folded leucosome.
This young deformation and metamorphism in the hinterland was synchronous
with the final stages of compression in the Foothills.
4) Anatexis in Thor-Odin dome continued until ca. 52 M a during isothermal
decompression, and continued dehydration of the basement gneisses, as the dome
underwent exhumation during regional extension.
5) Thor-Odin dome is part of a panel of strained rocks that developed during
progressive loading, thickening and heating o f the crust. Structural level above
Thor-Odin dome, to the south, west and north of the dome, is referred to as
the Middle Crustal Zone and include Joss Mountain, Three Valley Gap, and
upper structural level of Cariboo Alp. The rocks of Cariboo Alp are located at
the boundary between Thor-Odin dome and Middle Crustal Zone rocks, on the
southwest portion of the dome. In rocks of Cariboo Alp, the end of deformation,
metamorphism, and anatexis occurred ca. 58 Ma, while in the rocks of the Middle
Crustal Zone the end of deformation, metamorphism, and anatexis occurred prior
to ca. 70 Ma.
6) In Frenchman Cap dome, the base of Late Cretaceous - Eocene deformation and
thermal events have been have been delineated, below which >1.8 Ga Proterozoic
events are preserved. In contrast, Thor-Odin dome experienced pervasive
Late-Cretaceous to Paleocene high temperature metamorphism, anatexis and
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deformation, which penetratively overprinted Precambrian deformation and
metamorphism. In the Paleocene, Thor-Odin dome was deeper and hotter than
adjacent rocks of the Frenchman Cap dome, indicating that there are two different
structural panels within the complex that were juxtaposed late in the tectonic
evolution.
7) The most probable tectonic model invokes a ductile shear zone(s) to explain the
diachronous timing of the end of deformation, metamorphism and anatexis in
the Middle Crustal Zone and Thor-Odin dome. This model includes, either: a)
two distinct ductile shear zones, one in the Late Cretaceous affecting the Middle
Crustal zone followed by a localized zone of Paleocene-Eocene of high strain
affecting the lower structural panel of Thor-Odin dome; or, b) one diachronous
strain zone that either migrated progressively downward and/or forward or a
zone of strain where deformation at lower structural levels of Thor-Odin dome
outlasted that of higher structural levels of the Middle Crustal Zone.
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APPENDIX I
Analytical Methods
Whole rock major and trace element geochemistry analytical methods
Major elements and some trace elements (Cr, Ni, Cu, Zn, Ga, Y, Zr, Nb, Ba) were
analyzed by X-Ray Fluorescence (XRF) on fused disks using a Philips PW 2400X-ray
fluorescence spectrometer at the University of Ottawa. XRF precision is based on six
replicate runs and was 0.71% for S i0 2, 0.27% for A120 3, 0.74% for K .,0 ,6.4% for Zn.
The accuracy was monitored using international references DR-N and SY-2 and was
within 0.6% for S i0 2, 0.3% for A120 3, 0.8% for K20 , 1.6% for Zn, and better than 1%
and 10% for other major and trace elements, respectively. The REE and other trace
elements were analyzed at Geoscience Laboratories in Sudbury, Ontario and at ACME
analytical laboratories in Vancouver, British Columbia by Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) using a HP 4500plus quadrupole instrument following a
H N 0 3-HC104-HF-HC1 digestion. This acid digestion technique was selected because of
lower detection limits for many elements and the large number of elements analyzed. The
precision of the REE analyses is based on seven replicates and was mostly better than
10%, but samples with concentrations close to detection limits had precision of only 20%.
The accuracy of REE analyses was monitored by international references SY-4, BIR-1
and GSR-2, was better than 10% for materials with high concentrations of REE. As some
trace element rich accessory phases are resistant to acid digestion, several samples were
analyzed in duplicates using more rigorous combination of fusion and acid digestion. A
comparison of 6 samples had precision for the REE mostly better than 10%, and therefore
concerns about the effects of incomplete acid digestion are minimal.
Whole rock isotope geochemistry analytical methods
Rubidium-strontium and samarium-neodymium isotopic analyses were earned at the
Carleton University. Powdered samples were each dissolved with 1 ml of doubly distilled
H N 0 3 and HF for 2 to 7 days. The samples were loaded onto columns with Dowex
231
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50WX8 resin for Sr and initial REE-group separation. The Sm-Nd isotopic concentration
and isotope dilution fractions were pipetted into Teflon columns using 2x 0.15N HC1
to separate these elements from the rest of the REE. The Nd was removed for using 2x
0.17N HC1.
The Sr and Sm-Nd fractions were loaded separately on outgassed single Ta filaments
and double Re filaments for analysis on a Finnegan M AT 261 thermal ionization mass
spectrometer. The isotopic composition fractions were measured using the Faraday
multicollector routine, which collects 15 blocks of 10 scans, with on line drift and mass
fractionation correction and statistical analysis. The 87Sr/86Sr and 143N d/l44Nd errors are
reported to 2 a (95%) confidence intervals and were directly measured from the mass
spectrometer. The 87Rb/86Sr and the 147Sm/,44Nd ratio were calculated based on the
measured Rb and Sr concentrations from the whole rock ICP-MS values. The estimated
uncertainties, at the 2 a level, equate to a precision of 1% for the l47Sm /144Nd and 87Sr/86Sr
ratios and the concentrations are reproducible to 0.5%. Based on numerous runs from
September 1992 to October 2004 the La Jolla standard gave an average 143N d/l44Nd value
of 0.511876 ± 0.00018 and the Sr standard NBS-987 gave an average 87Sr/86Sr value of
0.71025 ±0.00003.
U-Pb zircon and monazite SHRIMP analytical methods
Ion microprobe analysis of zircon and monazite was performed using the SHRIMP II
at the Geological Survey of Canada, following the procedure described by Stem (1997),
with standards and U-Pb calibration methods following Stem and Amelin (2003). Grains
were cast in 2.5 cm diameter epoxy mounts (GSC #283) along with fragments of the GSC
laboratory standard zircon (z6266), which has a 206Pb/238U age of 559 Ma, and standard
monazite (3345), which has a “ '’Pb/238!! age of 1821 Ma. Internal sections of the grains
were exposed by grinding and polishing using 9 ,6 , and 1 pm diamond compound. The
internal features o f the monazite and zircon grains (such as zoning, internal domains
and alteration) were characterized with cathodoluminescence (CL) and backscattered
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electron (BSE) imaging utilizing a Cambridge Instruments scanning electron microscope.
Grain-mount surfaces were evaporatively coated with 10 nm Au of high purity. SHRIMP
analyses were conducted using an 160 ‘ primary beam, projected onto the zircons at 10 kV.
The sputtered area used for analysis was ca. 35 pm in diameter with a beam current of ca.
13 nA. For the zircon analyses, the count rates of ten isotopes of Zr+, U+, TIT, and Pb+ in
zircon were sequentially measured over 5 scans with a single electron multiplier and a
pulse counting system that has a deadtime of 35 ns. For the monazite analyses, the count
rates of nine isotopes of CePO+, Zr+, U+, Th+, and Pb+in monazite were sequentially
measured over 6 scans with a single electron multiplier and a pulse counting system that
has a deadtime of 35 ns. Off-line data processing was accomplished using customized
in-house software. A l a external error for 206Pb/238U ratios reported in the data tables
incorporate a ±1.1% error in calibrating the standard zircon (see Stem and Amelin,
2003). No fractionation correction was applied to the Pb-isotope data. The common
Pb correction utilized the measured m Y bF 6Vb ratios and compositions modeled after
Cumming and Richards (1975). Isoplot v. 2.49 (Ludwig, 2001) was used to calculate
weighted means.
Chemical mapping of monazite analytical methods
Chemical maps of Y, Ca, Th, and U of selected monazites from each sample dated
by U-Pb SHRIMP analysis were made using a Cameca SX-50 electron microprobe at the
University of Massachusetts according to procedures outlined by Williams et al. (1999).
High resolution X-ray maps of Y, Ca, Th, and U were created using a high sample current
(>200 nA), a small step size (~ 0.5 pm), and rastering the electron beam. These chemical
maps were obtained prior to the SHRIMP analysis and provided guidance for target
location on the selected monazite grains.
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Map 1. Cross Section of the southeastern Canadian Cordillera
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