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Abstract 

A narrow, partly fault-bounded belt of Barrovian amphibolite facies rocks, referred to 

here as the Kootenay Lake metamorphic high (KLMH), transects the central Kootenay 

arc in the southeastern Canadian Cordillera. This belt forms an elongate region with a 

single northern part and two southern prongs. Part of the eastern boundary of the KLMH 

coincides with the early Tertiary Purcell Trench fault (PTF), whereas its western 

boundary coincides with a > 90 km long zone of west-dipping normal faults of similar 

age, termed the Gallagher fault zone (GFZ). Rocks in the footwall of the GFZ and PTF 

underwent amphibolite facies regional metamorphism and deformation. Higher grade 

parts of the belt (kyanite and sillimanite zones) were buried to approximately 25 km and 

heated to > 650 ºC whereas those in the garnet zone reached peak conditions of 

approximately 500 ºC, 5.5-6 kbar. Microstructures indicate temporal overlap between 

deformation and amphibolite facies metamorphism. A detailed P-T path, calculated for a 

rock from the kyanite zone has a clockwise form: an initial segment characterised by 

approximately 7 km burial along a steep dP/dT gradient (~40 bars/ºC) was followed by 

an interval dominated by heating. An Early Cretaceous age for this metamorphism and 

deformation is indicated by new U-Pb ages. Zircon data indicate emplacement of 

deformed pegmatites during the interval 136-139 Ma, while metamorphic monazite in 

metapelites yielded crystallisation ages mostly in the range 144-134 Ma. In contrast to 

rocks of the KMLH, low-grade rocks in the hanging wall of the GFZ were largely 

unaffected by Cretaceous Barrovian metamorphism and penetrative deformation. They 

underwent peak regional metamorphism during the Early-Middle Jurassic prior to 

intrusion, at approximately 13-15 km depth, of the 159-173 Ma Nelson batholith. The 

forked pattern outlined by Barrovian isograds is interpreted to result from the combined 

effects of formation of an isogradic antiform in the Early Cretaceous and differential 

exhumation across two partly overlapping, obliquely trending, oppositely dipping, 

Palaeogene normal faults (PTF & GFZ). Normal faulting was preceded by minor 

Paleaoecene felsic magmatism and folding around the tip zone of the PTF. Pb-Zn 

mineralization at the Bluebell deposit in Riondel took place after folding and ductile 

deformation. Combining data from this thesis and the literature, a tectonic synthesis for 
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the Kootenay Arc is proposed, in which its curvature is ascribed to impingement of the 

deforming orogen against basin margins during compressional orogenesis in the Early 

Cretaceous. 
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Preface 

This thesis contains four main chapters, each of which is written in the style of a research 

journal article. This approach was chosen to expedite publication of the work contained 

within. Chapter 5 has been published in the Journal of Economic Geology (Moynihan & 

Pattison, 2011), Chapter 3 has been accepted pending minor revisons by the Journal of 

Metamorphic Geology, and Chapter 2 is under review by the Canadian Journal of Earth 

Sciences. It is anticipated that Chapter 4, or a modified version thereof, will also be 

submitted for publication. As many of the references are common to two or more of the 

papers, a single reference list is included after Chapter 5. Supplementary data and 

additional information, images and figures are included in the Appendices. 

In addition to these papers, results from this study are reported in the British Columbia 

Geological Survey publication Geological Fieldwork 2007 (Moynihan & Pattison, 2008), 

and in a field guide (Pattison et al., 2010) that was prepared for a field trip that formed 

part of the GeoCanada 2010 meeting held in Calgary, Alberta, May 2010. 

Field work for this thesis was conducted during the summers of 2005 and 2007, and part 

of the summer of 2006. Brief visits to the area were also made during 2009, 2010 and 

2011. The writer carried out all of the work described herein with the following 

exceptions: 

Analysis of bulk rock composition by XRF was carried out by staff at the Geochemical 

Laboratory, Department of Earth and Planetry Sciences, McGill University. 

Mineral separations for U-Pb zircon and titanite dating was carried out by Apatite to 

Zircon Ltd., of Viola, Idaho. 

Picking, mounting, imaging and dating of zircon was carried out at the University of 

Alberta by Dr. Larry Heaman and assistants. The writer was not present during this 

process. Data reduction was also carried out by Dr. Heaman. The data was further 

manipulated and graphs created by the author using isoplot v.3 (Ludwig, 2003). 

v 



 vi 

Dr. Andy Dufrane of the University of Alberta operated the LA-ICP-MS machinery 

during dating of monazite. The writer was present, selected spots for analysis, and jointly 

operated the machine under Dr. Dufrane’s supervison.  Dr. Dufrane carried out reduction 

of the data, whereas the writer manipulated the data in isoplot and created the plots 

contained in the thesis.  

Dr. J. Vogl of the Univerity of Florida, Gainsville carried out the 40Ar/39Ar dating of 

hornblende, muscovite and biotite. The minerals were separated by the writer at the 

University of Calgary, but all further steps, including packing for irradiation, analysis and 

data reduction was varied out by Dr. Vogl. This data is not used in the thesis papers but is 

included in Appendix H. 

The computer program Stereo32 by K. Roeller & C. Trepmann of the University of 

Bochum, Germany was used to construct stereonet plots used in Chapters 4 & 5. 
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CHAPTER 1: INTRODUCTION 

The subject of this thesis is the character, age, origin and tectonic significance of a 

narrow, elongate amphibolite-facies metamorphic belt that transects the central Kootenay 

Arc, in the southeastern Canadian Cordillera, British Columbia (Figs. 1.1, 1.2). The 

subject matter is addressed by combining information derived from geological mapping, 

structural analysis, metamorphic petrology and radiometric dating techniques. 

 

The Kootenay Arc is a narrow, highly deformed zone that extends in an eastward convex 

arc from Revelstoke, British Columbia into Washington, U.S.A. Its name derives from its 

arcuate form in map view rather than the igneous rocks in the area (i.e. it is not a 

magmatic arc). The Kootenay Arc lies in the internal part of the Cordilleran orogeny. 

This region underwent multiple episodes of deformation, magmatism and metamorphism 

between the Middle Jurassic and the Eocene, as rocks of the former continental margin 

and those derived from outboard palaeogeographic realms were amalgamated, strained 

and transported onto the North American craton (Evenchick et al., 2007 and references 

therein). The Kootenay Arc formed an important transition zone during formation of the 

western margin of ancestral North America (Warren, 1997; Logan & Colpron, 2006), and 

again during Cordilleran orogenesis (Price, 1981).  

 

Most of the Kootenay Arc was comprehensively mapped over an approximately 35 year 

period ending in the middle 1980’s. This work was mainly carried out by Dr. J.T.Fyles 

and colleagues from the British Columbia Geological Survey (Fyles & Hewlett, 1959; 

Fyles & Eastwod, 1962; Fyles, 1964; Fyles, 1967) and by a series of PhD candidates 

from Harvard University (Crosby, 1968), Queen’s University, Ontario (Hoy, 1974; 

Glover 1978; Leclair, 1988) and the Massachusetts Institute of Technology (Klepacki, 

1985).  Work in the nearby Purcell anticlinorium was completed by J.E. Reesor of the 

G.S.C. (1973), and more recently, by Warren (1997). Further work, based at the 

University of Calgary, was carried out by Vogl (1992) and Einersen (1994).  
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These workers established the stratigraphic and structural framework upon which this 

work is based, and without which the study could not have been carried out.  The series 

of maps and reports produced by J.T. Fyles are particularly exceptional in their 

thoroughness, observational acuity, and unbiased documentation of geological facts. One 

of the outcomes of this extensive work was the recognition of a narrow, elongate band of 

anomalously high-grade (amphibolite facies) rocks oriented parallel to Kootenay Lake 

(Fyles, 1967; Crosby, 1968; Hoy, 1976; Archibald et al., 1983; Fig 1.2). To this date, 

however, there has been no further detailed investigation of the origins of this feature, 

and there has been a dearth of modern geochronological and petrological data in the area.  

 

The Kootenay Arc lies mostly to the east of a part of the internal zone of the Cordillera 

that is characterised by a series of high grade domal culminations, commonly referred to 

as ‘core complexes’. This area is known as the Shuswap complex (Fig. 1.1). These 

culminations underwent metamorphism at upper amphibolite to granulite facies 

conditions, and are typically bounded, or partially bounded, by early Tertiary normal 

faults.  These faults are manifestations of widespread extension that marked the end of 

Cordilleran tectonism in the area and thrusting in the foreland belt of the orogen. Normal 

faults on the boundaries of these high-grade culminations typically juxtapose rocks with 

Palaeogene K-Ar and 40Ar/39Ar mica cooling ages in the culminations against hanging 

wall rocks with older cooling ages (Parrish et al., 1988). The role played by normal 

faulting in exhumation of these high grade rocks and the magnitude of extension is a 

subject of ongoing research. Whereas Parrish et al. (1988) and Johnson & Brown (1996) 

attributed a dominant role to Eocene, crustal-scale normal faulting in exhuming gneissic 

culminations, some more recent studies emphasise exhumation mechanisms that were 

active during an earlier, overall compressional phase of orogenesis (Spear & Parrish, 

1996; Glombick et al. 2006; Gervais et al., 2010; Simony & Carr, 2011).  

 

Although the Kootenay Arc lies outside the Shuswap complex, there are hints from 

isotopic data that Shuswap-style extension may have played a role in development of the 

elongate metamorphic high. Mathews (1983) and Archibald et al. (1984) documented the 
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presence of early Tertiary cooling ages in part of the amphibolite-facies belt parallel to 

Kootenay Lake. Parrish et al. (1988) suggested an Eocene age for a normal fault/faults on 

the west side of northern Kootenay Lake to account for the presence of young cooling 

ages in this area. As the extent and boundaries of the amphibolite-facies belt have been 

poorly defined, however, this suggestion remained to be demonstrated. 

 

 
Figure 1.1. Metamorphic-tectonic map of southeastern British Columbia, after 
Johnson & Brown (1996), Rhodes & Cheney (1981) and Schaubs et al. (2002). 
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In addition to these questions concerning 

the Tertiary history of the area, there is 

uncertainty over the peak regional 

metamorphic and deformational history. 

Fyles (1967) and Archibald et al. (1983) 

interpreted the age of peak metamorphism 

and deformation throughout the Kootenay 

Arc to be Middle Jurassic, based on the 

cross cutting of regional metamorphic 

assemblages and structures by Middle 

Jurassic plutons. The Kootenay Arc was 

therefore thought to have experienced a 

relatively short and simple Cordilleran 

tectonothermal history; however, Leclair 

et al. (1993) presented isotopic data that 

indicated there was Cretaceous 

deformation in at least part of the Arc. 

This finding suggested that there are 

domains with contrasting tectonothermal 

histories, raising questions as to their 

distribution. A full understanding of the 

thermotectonic evolution of the Kootenay 

Arc, and its role in the development of the 

orogen, requires documentation of these 

contrasts and a resolution of these 

questions. 

 

 

 
Figure 1.2. Regional metamorphic isograds in the central Kootenay Arc, from 
Archibald et al., 1984.  
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The main contributions of this work to knowledge of the geology of the central Kootenay 

Arc are contained in Chapters 2 and 4. In Chapter 2, the distribution of metamorphic 

grade is documented, as are the relationships between structures and metamorphism. 

Estimates of P-T conditions experienced within the amphibolite facies belt and in 

adjacent domains are also presented. These data indicate the presence of a significant 

Palaeogene normal fault zone on the western boundary of the amphibolite-facies belt, 

here termed the Gallagher fault zone (GFZ). In Chapter 4, ages of magmatism and 

metamorphism are constrained with U-Pb geochronological data, and field data on 

hitherto unrecognised Palaeogene fold structures are presented. The data are combined 

with those from Chapter 2 and elsewhere to produce a synthesis of the tectonic evolution 

of the central Kootenay Arc. 

 

Chapter 3 focuses on a petrological method rather than regional geology. It describes the 

application of a new technique for automating the calculation of P-T paths based on 

garnet zoning, while accounting for progressive changes in the effective bulk 

composition due to garnet fractionation. The technique is applied to a sample from the 

study area and the P-T information gained is valuable in informing tectonic 

interpretations of the metamorphic-deformational history.  

 

The final chapter focuses on contentious timing relationships between folding and 

mineralisation of the Bluebell Pb-Zn deposit. This study was carried out in conjunction 

with the Geological Survey of Canada’s Targeted Geoscience Initiative (TGI-III). 
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CHAPTER 2: THE KOOTENAY LAKE METAMORPHIC HIGH: EARLY 

CRETACEOUS BARROVIAN METAMORPHISM AND PALAEOGENE 

NORMAL FAULTING IN THE CENTRAL KOOTENAY ARC, 

SOUTHEASTERN BRITISH COLUMBIA  

 

ABSTRACT 

 

A narrow, partly fault-bounded, north-trending belt of Barrovian amphibolite facies rocks 

transects the central Kootenay arc, in the internal zone of the southeastern Canadian 

Cordillera. This belt is herein referred to as the Kootenay Lake metamorphic high. The 

following zones of increasing metamorphic grade are recognised in metapelites: Chl/Bt, 

Grt, St, Ky, Sil and Sil+Kfs. In map view the Grt and higher-grade zones form an 

elongate region with a single northern, north-trending part and two southern forks, 

trending SSW and SSE, respectively. The north-trending part is >90 km long and 15-20 

km wide, and the SSW trending fork is 35km×5km. Isograds in these regions outline an 

elongate bulls-eye pattern with highest-grade rocks in the centre, coincident with the 

position of a structural culmination. The SSE trending fork transects strike, is 10-15 km 

wide and extends > 70 km to the SSE across the U.S.A.-Canada border. The eastern 

boundary of the SSE-trending fork coincides with the Eocene Purcell Trench fault (PTF) 

whereas the western boundary of the belt is marked by a series of west-dipping 

Palaeogene normal faults, herein termed the Gallagher fault zone (GFZ). In the footwall 

of the PTF and GFZ, peak metamorphism and deformation took place during the Early 

Cretaceous. Rocks in the higher-grade parts of the belt (Ky & Sil zones) were buried to 

approximately 25 km and heated to > 650 ºC. In contrast, low-grade rocks in the hanging 

wall of the GFZ underwent peak regional metamorphism during the Early-Middle 

Jurassic, prior to intrusion of the 159-173 Ma Nelson batholith at a depth of 

approximately 12-14 km. With the exception of a zone along the southern ‘tail’ of the 

Nelson batholith, rocks in the hanging wall of the GFZ were not affected by Cretaceous 
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metamorphism or penetrative deformation. The PTF and GFZ mark discontinuities in K-

Ar and 40Ar/39Ar mica cooling ages. Rocks in the footwall of the PTF and GFZ yield 

Palaeogene K-Ar and 40Ar/39Ar mica cooling ages whereas K-Ar biotite ages in the 

hanging wall of the GFZ record Jurassic-Early Cretaceous cooling; those in the hanging 

wall of the PTF are mid-Cretaceous. Low-pressure (andalusite±cordierite-bearing) 

contact aureoles around Cretaceous plutons that intruded the amphibolite-facies belt 

record exhumation following Barrovian metamorphism. The forked pattern outlined by 

Barrovian isograds is interpreted to result from the combined effects of formation of an 

isogradic antiform during the Early Cretaceous and differential exhumation across two 

partly overlapping, obliquely trending, oppositely dipping, Palaeogene normal faults 

(PTF & GFZ). These faults, which record late orogenic (Palaeogene) extension, juxtapose 

regions with contrasting thermal and structural histories. 

 

2.1 INTRODUCTION  

 

The southeastern Canadian Cordillera comprises a complex series of structural and 

metamorphic domains that record a prolonged period of orogenesis lasting from the Early 

Jurassic to the Eocene (Parrish, 1995; Evenchick et al., 2007). Reconstruction of the 

development of the orogen is complicated by a heterogeneous pre-Cordilleran basin 

architecture, multiple superposed episodes of deformation and medium-high grade 

metamorphism and late orogenic extensional overprinting. Given this complexity, 

recognition of areas with contrasting metamorphic and structural histories, and 

documentation of those histories, is a prerequisite to understanding the tectonic processes 

that led to formation of the orogen.  

 

The focus of this paper is a narrow, elongate belt of Barrovian amphibolite-facies rocks 

that transects a part of the internal zone of the orogen known as the Kootenay Arc (Fig. 

2.1). This belt is referred to herein as the Kootenay Lake metamorphic high (KLMH). We 

provide the first comprehensive description of the metamorphism of this belt, and 
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combine metamorphic and structural observations to document the juxtaposition of 

adjacent domains with contrasting characteristics. Normal faulting played an important 

role in exhuming this narrow amphibolite-facies belt and bringing together rocks that 

previously had varying metamorphic, structural and cooling histories. Broader tectonic 

implications and geochronology of the area are addressed in Chapter 4. 

 

2.2 GEOLOGICAL SETTING 

 

The southeastern Canadian Cordillera includes a metamorphic-plutonic internal zone that 

lies to the west of a NE-vergent fold and thrust belt and associated foreland basin (Fig. 

2.1). Upper amphibolite- to granulite-facies rocks are exposed in a series of gneissic 

domal culminations that are exposed in the western part of the internal zone; individual 

domal culminations include the Monashee, Valhalla, Grand Forks and Priest River 

complexes (Fig. 2.1; Doughty & Price, 1999; Johnston et al., 2000; Carr & Simony, 

2006; Hinchey et al. 2006; Cubley & Pattison, 2012a). These culminations experienced 

high-grade metamorphism during the Palaeocene – Eocene and expose a number of thick 

top-to-the-east shear zones that were active during this time (Simony & Carr, 2011). The 

area in which the gneiss domes are exposed experienced widespread Eocene extension 

(Parrish et al., 1988), and domal culminations are typically bounded by normal faults of 

this age. 

 

Lower grade areas surrounding the gneissic domes typically record an older (Jurassic-

Early Cretaceous) deformational and metamorphic history, as does much of the area that 

lies between the gneiss complexes and the Late Cretaceous-Eocene foreland fold and 

thrust belt (Currie, 1988; Hoy & van der Heyden, 1988; Scammell, 1993; Parrish, 1995; 

Colpron et al., 1996; Digel et al. 1998; Crowley et al., 2000; Reid, 2003; Larson et al. 

2007; Gibson et al. 2008). Early Cretaceous structures are dominant in a broad zone that 

stretches from the central Kootenay Arc across the Purcell Anticlinorium, as far east as 

the Porcupine Creek anticlinorium (Simony & Carr, 2011; Fig. 2.1), whereas Middle 
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Jurassic structures are more widely preserved in low grade domains (i.e. at high structural 

levels) to the west and north of this region (Colpron et al. 1996; Acton et al., 2002; Carr 

& Simony, 2006; Cubley et al., 2012b). The area under consideration in this study - the 

central Kootenay Arc - includes the interface between these regions, and also lies within 

the area that was affected by late orogenic (Palaeogene) extension. 

  

2.3 GEOLOGY OF THE CENTRAL KOOTENAY ARC 

 

The Kootenay Arc (Figs. 2.1, 2.2, 2.3) is an arcuate zone in the hinterland of the orogen 

characterised by a distinctive stratigraphy and intense polyphase deformation. It extends 

in an eastward convex arc from northeastern Washington State to Revelstoke, British 

Columbia (Fig. 2.1). The structural trend is SW-NE in the southernmost part of the Arc 

and changes gradually to NW-SE in the northern part, where it is approximately parallel 

to the overall trend of the orogen. The Kootenay Arc includes the zone of overlap 

between Proterozoic-Early Palaeozoic rocks that formed on the western margin of 

ancestral North America or precursor rift basins, and mostly Late Palaeozoic-Mesozoic 

rocks (of the Quesnel and Slide Mountain terranes) that formed in island arc or back arc 

settings that developed to the west following rifting (Fig. 2.1).  

 

Figure 2.1 (overleaf). Geological map of the southeastern Canadian Cordillera, 
adapted from Wheeler & McFeely (1991). The Kootenay Arc forms an eastward-
convex arcuate belt that includes the overlap between rocks deposited on the 
Laurentian margin and those of pericratonic (Quesnel and Slide Mountain) terranes 
to the west. A cross-section from the Kootenay Arc to the foreland (Price, 1981) is 
also shown. The subdivisions in the cross-section do not correspond exactly with 
those shown on the map. In the cross-section, the Neoproterozoic – Lower Cambrian 
Hamill/Gog Groups are combined with the Palaeozoic rocks, and Triassic-Tertiary 
sedimentary rocks of the foreland belt are grouped together. Inset map showing 
location from Gervais et al. (2010).  
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The Kootenay arc lies on the west flank of the Purcell Anticlinorium, a large north-

plunging structure cored by Mesoproterozoic rocks of the Belt-Purcell Supergroup 

(Lydon, 2007) and partially mantled by the unconformably overlying Neoproterozoic 

Windermere Supergroup (Devlin & Bond, 1988; Warren, 1997). These supergroups 

comprise thick sequences of mostly clastic sedimentary rocks with subordinate carbonate 

and mafic volcanic rocks, and were deposited in partially overlapping intracontinental rift 

zones.  

 

Stratified rocks of the Kootenay Arc range in age from Neoproterozoic to Triassic. The 

Neoproterozoic Hamill Group is dominated by coarse quartz-rich sedimentary rocks, with 

minor (meta-) pelite, carbonate and mafic volcanics. The Hamill Group is overlain by the 

Mohican formation, which comprises a mixture of siliciclastic and carbonate rocks, 

followed by the Badshot Formation - a distinctive, thick Lower Cambrian pale-coloured 

marble. The Badshot marble is conformably overlain by rocks of the Lower Palaeozoic 

Lardeau Group, which includes a lower part containing pelitic and semi-pelitic schist, 

mafic volcanic rocks, carbonate and calc-silicate rocks and an upper part dominated by 

coarse siliciclastic rocks and conglomerate (Fyles & Hewlett, 1959; Fyles & Eastwood, 

1962; Fyles, 1964, Fyles, 1967; Hoy, 1980; Colpron & Price, 1995 and references 

therein). This Neoproterozoic-Lower Palaeozoic sequence records the establishment of a 

passive margin on the west side of ancestral North America, followed by a return to 

active rifting during deposition of the upper part of the Lardeau Group. 

 

The Lardeau Group is unconformably overlain by the Mississippian-Permian Milford 

Group, which is predominantly composed of conglomerate, phyllite, basalt, limestone, 

sandstone, tuff and siliceous argillite. The Milford Group is followed in conformable 

succession by the Kaslo Group, which is dominated by basalt and mafic volcaniclastic 

rocks, but also includes serpentinite, siliceous sediments, greywacke and minor 

conglomerate. The Kalso Group is unconformably overlain by the locally developed  

Marten conglomerate – a Late Permian-Middle Triassic greenstone conglomerate 

intercalated with limestone (Klepacki, 1985). This is in turn unconformably overlain by 
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the Slocan Group, which comprises Carnian-Norian dark grey slate and phyllite, locally 

interbedded with limestone, limestone arenite, quartzite and intermediate-mafic volcanic 

rocks. 

 

Although not exposed in Fig. 2.2, Early Jurassic volcanic and sedimentary rocks of the 

Rossland Group lie on top of the Slocan Group. The upper unit of the Rossland Group –  

the clastic Pliensbachian-Toarcian Hall Formation – is the youngest unit that was 

deposited prior to the Cordilleran metamorphism and deformation that is the subject of 

this paper.  

 

2.3.2 Igneous rocks 

Metasedimentary and metavolcanic rocks of the Kootenay Arc host numerous Middle 

Jurassic (ca. 165 Ma) and mid-Cretaceous (~115-100 Ma) granitic plutons and minor 

intrusive bodies (Archibald et al., 1983; Brandon & Lambert, 1993). In the central 

Kootenay Arc, the Middle Jurassic plutonic suite is represented by the calc-alkaline 

Nelson Batholith and associated minor bodies (Fig. 2.2). The Nelson Batholith is an 1800 

km2 composite body intruded during the interval 159-173 Ma (Ghosh, 1995). It ranges in 

composition from diorite to granite, but is dominated by porphyritic hornblende 

granodiorite. The Nelson batholith is truncated on its western side by the Eocene Slocan 

Lake (normal) fault (Carr et al., 1987), and is also fault-bounded on part of its eastern 

side, as described in more detail below. Elsewhere, intrusive relationships are preserved, 

and a contact aureole is developed in metapelitic rocks of the Slocan Group and 

equivalents (Pattison and Vogl 2005). The intrusion and contact aureole are 

superimposed on regional greenschist-facies structures and mineral assemblages in its 

vicinity. This Early-Middle Jurassic deformation and regional metamorphism is referred 

to throughout the paper as D1/M1. Most of the Nelson Batholith is unaffected by ductile 

deformation; however, a subhorizontal stretching lineation and subvertical to west-

dipping foliation is developed along part of its eastern boundary and long its southern 

“tail” (Crosby, 1968; Vogl, 1992).  
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Figure 2.2. Geological Map of the central Kootenay Arc. From Fyles (1964, 1967), 
Reesor (1973), Hoy (1980), Klepacki (1985), Leclair (1988), Reesor (1996) & Warren 
(1997). The area covered is shown in Fig. 2.1. 
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Figure 2.3. Cross-sections of the central Kootenay Arc. All are vertical sections with 
equal horizontal and vertical scales. Section lines A-E are shown in Figure 2.2. F-F’ 
is marked on Figure 2.5d. A-A’ is from Fyles (1967), B-B’ from Klepacki (1985), C-
C’ from Fyles in Brown et al. (1981), D-D’, E-E’ and F-F’ are from Leclair (1988).  
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The second major plutonic suite was intruded during the interval 117-95 Ma. This suite 

includes hornblende and biotite granodiorite, biotite granite and two-mica granite, which 

are interpreted to have been derived from crustal anatexis (Brandon & Lambert, 1993). 

The oldest member of this suite is the Baldy pluton (Fig. 2.2), a deformed, sheet-like 

granodiorite body with a strike length of approximately 30 km that is interpreted to have 

been intruded during deformation and Barrovian amphibolite-facies regional 

metamorphism (Leclair et al., 1993). As discussed below, this regional amphibolite-

facies metamorphism and deformation, which did not affect the area including and 

adjacent to the northern part of the Nelson batholith, is referred to as D2/M2. The nearby 

Midge Creek stock is an equant body (in map view) that is undeformed except on its 

northwestern margin, where S2 foliation within the body parallels the regional trend in 

the host rocks (Leclair, 1988). The Baldy pluton yielded a titanite and allanite age of 

117+4/-1 Ma (Leclair et al. 1993), and allanite from the Midge Creek stock gave an age 

of 111±5 Ma. Other elongate, foliated or partly foliated intrusions in the amphibolite-

facies belt include the Proctor pluton (Crosby, 1968; Leclair, 1988) and the Shoreline 

stock (Hoy, 1980). The crystallisation ages of these intrusions are uncertain, but based on 

their foliated nature, they must be similar in age to, or older than, the Baldy pluton.  

 

The largest mid-Cretaceous bodies in the area are the Fry Creek batholith and the Heather 

Creek, Drewry Point, Steeple Mountain, and Mount Skelly phases of the Bayonne 

batholith. These intrusions cross-cut the major structures in the area (Figs. 2.2,2.3) and 

post-date penetrative deformation and regional metamorphism. Low-pressure (andalusite-

bearing) contact aureoles are locally developed in metapelitic lithologies (Reesor, 1973; 

Leclair, 1988). Late Cretaceous felsic plutonism in the Kootenay Arc is represented by 

the 76 Ma Shaw Creek phase of the Bayonne batholith (Parrish, 1992) and the 64.5±0.6 

Ma Crawford Bay stock (Chapter 4). 

 

In addition to plutons, the central Kootenay Arc contains numerous felsic dikes and sills. 

On the west side of the northern part of Kootenay Lake, and to the north of the lake, sills 

of blocky, rusty-weathering “felsite” (Fyles, 1964) are common. These sills are typically 
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foliated and lineated and some are folded, with gently north-plunging axes parallel to the 

lineation. Some of these folds overprint a foliation in the intrusions (Fig. 2.4a). The sills 

range in size from 10’s of cm to large map-scale bodies. Smith et al. (1991) reported a U-

Pb zircon age of 173±5Ma for the largest body of this type - the “Kaslo sill” (Figs. 

2.2,2.3). Fyles (1964) mapped the distribution of these felsite (feldspar porphyry and 

aplite) sills in the Duncan Lake area and showed that area in which these intrusions 

outcrop is elongate parallel to the trend of the arc. 

 

Variably deformed white granitic pegmatite, locally containing biotite or muscovite, 

forms abundant sills, dikes, pods and small plutons in western part of the Riondel area 

(Hoy, 1980), on much of the Crawford peninsula, and on the west side of Kootenay Lake 

south of the West Arm. Pegmatite exhibits a variety of relationships with respect to the 

(D2) dominant fabrics. Much of the pegmatite is deformed - it is foliated, boudinaged and 

locally folded by F2. Large bodies of pegmatite are commonly deformed on their margins 

and more massive in their interior. Cross-cutting, undeformed pegmatite and 

aplite/leucogranite dikes are also present in the Crawford Bay-Riondel area (Crosby, 

1968; Livingstone, 1968; Hoy, 1980).  

  

The youngest igneous rocks in the Kootenay Arc are Eocene mafic dykes and small 

syenite intrusions (Fyles, 1967; Leclair, 1988; Beaudoin et al., 1992).  

 

2.3.3 Structure of the central Kootenay Arc 

2.3.3.1 D1 & D2 

The structure of the central Kootenay Arc is dominated by two regionally-developed fold 

generations (Fyles 1964; Fyles, 1967; Hoy, 1976; Leclair, 1988; Fig. 2.3). Phase 1 folds 

are a series of high amplitude isoclines with gently-plunging axes (Fig. 2.3). The most 

clearly defined F1 folds in the study area are westward-closing recumbent anticlines 

cored by the Hamill Group; the largest of these, the Riondel Nappe (Hoy, 1976; 

equivalent to the Meadow Creek Anticline in the Duncan Lake area; Fyles (1964)) has a 
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20 km long overturned lower limb (Fig. 2.3). S1 schistosity is axial planar to F1 folds, 

and contains a gently-plunging stretching lineation, defined by aligned minerals and 

quartz strain shadows (L1; Fig. 2.4c).   

 

F1 isoclines were refolded around approximately coaxial F2 structures (Fig. 2.3). F2 axial 

planes and their axial-planar schistosity (S2) dip gently to moderately-steeply to the west, 

but steepen towards higher structural levels in the Purcell Anticlinorium (Fyles, 1964; 

Hoy 1980; Fig. 2.3). L2 stretching lineations, defined by aligned minerals (sillimanite, 

micas, amphiboles, tourmaline), strain shadows on porphyroblasts, sillimanite-rich 

nodules, and quartzofeldspathic aggregates plunge gently, parallel to F2 fold axes (Fig. 

2.4e). North of the West Arm of Kootenay Lake, D2 lineations and folds plunge gently 

north, exposing deeper structural levels towards the south whereas approximately south 

of here, lineations are subhorizontal to gently SSW-plunging (Fyles, 1967; Leclair, 1988; 

Vogl, 1992). 

There is considerable along- and cross-strike variation in the intensity of D2 in the study 

area. In the eastern part of the Kootenay Arc and the western part of the Purcell 

anticlinorium, D2 structures generally form the dominant fabrics, whereas D2 structures 

are weakly-developed or absent from lower grade areas to the north and west (see Fig. 

2.3c). A southward increase in D2 strain is manifested in tightening of F2 folds (e.g. 

refolding of Meadow Creek anticline/Riondel nappe) and more pervasive development of 

D2 fabrics. Around the northern end of Kootenay Lake, D2 folds are open to close, S1 is 

commonly preserved (Fyles, 1964) and F2 folds have curvilinear hinges. In the Riondel 

area (Hoy, 1977) and further south (Leclair, 1988), however, F2 folds are tight-isoclinal 

(Fig. 2.3d), rectilinear F2 fold hinges are invariably parallel to the L2 stretching lineation 

and D1 fabrics have been transposed (Hoy, 1980, Leclair, 1988).  D2 affected rocks of 

the Purcell anticlinorium but decreases in intensity to the east (Warren, 1997). 

 

In the Baldy pluton and in amphibolite-facies rocks close to the SSW-trending ‘tail’ of 

the Nelson pluton, well-developed sub-horizontal stretching lineations are accompanied 
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by abundant shear bands and C-S fabrics indicating subhorizontal dextral shearing during 

D2. Steeply-dipping foliation within the tail displays a transition towards parallelism with 

this zone, as does the foliation in screens within the tail. Dextral shear bands are also 

developed further north in the arc (Smith & Gehrels, 1992; Warren, 1997). Evidence for 

dextral shearing during D2 has been observed throughout the study area, but the most 

conspicuous and widely developed kinematic indicators adjacent to the north-trending 

part of Kootenay Lake are late- to post-D2 shear bands that do not record simple dextral 

shearing but indicate an additional, oblique component (see below). 

 
 

 

Figure 2.4 (overleaf). a) Polydeformed ‘felsite sills’ in Grt-Ctd schist of the Milford 
Group. The ‘sills’ contain a margin-parallel foliation that can be traced around 
hinges of the tight (D2) folds. b) Refolded tight-isoclinal F1 fold in the Slocan Group 
above Fletcher Lake; hanging wall of the Gallagher fault. Limestone is folded 
around recessively weathering shale. The hillside relief is approximately 500m. c) 
Quartz-filled strain shadows on pyrite grains define a (L1) stretching lineation in 
phyllite of the Slocan Group; DM-07-124. d) Tight-isoclinal F2 fold outlined by the 
buff-coloured Badshot Formation on a mountainside east of Riondel. Visible relief 
on the slope facing the viewer is approximately 300m. e) L2 stretching lineation 
defined by sillimanite nodules in Hamill Group schist on the shoreline of Kootenay 
Lake at Riondel. f) Shear bands in metapelite from north of the Fry Creek 
batholith. S2 is deflected into a sigmoidal geometry between shear bands (C’). 
Length of thin section is 7.5 cm. View is to the SW, down the plunge of the 
intersection of shear bands with S2.  g) Cataclasite-mylonite from the Gallagher 
fault. The white material in the upper part of the photograph is a deformed quartz 
vein. Length of rock slab is 7.5 cm. Cut plane is approximately vertical, oriented E-
W. h) S-C’ fabric in deformed quartz monzonite from the NW margin of the Fry 
Creek batholith. Field of view = 7.5 cm long.  Cut plane is approximately vertical, 
oriented E-W. The S-C fabric indicates west-side down shearing.   
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2.3.3.2 Ages of D1 & D2 deformation 

The high-amplitude, recumbent F1 folds (i.e. Riondel nappe, Meadow Creek anticline) 

are similar to Middle Jurassic structures, e.g. Scrip/Carnes nappe, that are developed 

approximately along strike in the Selkirk and Cariboo mountains (Raeside & Simony, 

1983; Murphy, 1987; Brown & Lane, 1988; Colpron et al. 1998). Although there is 

evidence for pre-Jurassic deformation northwest of the study area (Read, 1973; Read & 

Wheeler, 1976; Klepacki, 1985), F1 folds in the central Kootenay Arc probably also 

formed during the Middle Jurassic (see discussion in Warren, 1997). Early isoclinal folds 

are developed in all units in the Ainsworth area, including Late Triassic rocks of the 

Slocan Group (Fyles, 1967; Fig. 2.4b). Warren (1997) correlated the foliation in Middle 

Jurassic felsite sill/dikes with the foliation that is axial-planar to the high-amplitude 

isoclinal F1 folds. Whatever the extent of pre-Jurassic deformation, it is likely that its 

effects are masked by intense Jurassic-Cretaceous deformation in the study area. 

Archibald et al. (1983) assigned a Middle Jurassic age to deformation and regional 

metamorphism throughout the central Kootenay Arc, based on the overprinting of 

structures and low-grade regional mineral assemblages by syn- to post-kinematic Middle 

Jurassic intrusions. This interpretation remains valid for (D1) deformation in the 

immediate vicinity of these intrusions, but does not extend to D2 deformation in the 

higher-grade rocks. The U-Pb ages of Leclair et al. (1993) from the Baldy pluton and 

Midge Creek stock indicate that D2 deformation and amphibolite-facies (M2) 

metamorphism took place during the Early Cretaceous. Cretaceous deformation was also 

documented by Brown et al. (1995) who reported Early Cretaceous U-Pb crystallisation 

ages from deformed orthogneiss bodies in the Creston area, south of Fig. 2.2. 

2.3.3.3 D3 & D4 

In the western part of the amphibolite-facies belt, from the West Arm of Kootenay Lake 

northwards to Duncan Lake, shear band cleavage (White et al., 1980; Platt & Vissers, 

1980; Williams & Price, 1990; Passchier & Trouw, 2005) overprints the S2 foliation in 

metapelitic lithologies (Fig. 2.4f). Shear bands dip NW and lines of intersection of shear 
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bands with S2 and associated sigmoidal deflections of the foliation plunge SW 

(Moynihan & Pattison, 2011). The dip of the shear bands and asymmetry of the 

deflections indicate a component of oblique dextral-normal sense shearing during 

reactivation of S2. Although most of these ‘extensional crenulations’ (Platt & Vissers, 

1980) are cm-scale, some m-scale and larger folds of this nature are also developed. 

These SW-plunging warps were noted by Fyles (1967), and referred to as F3 folds by 

Livingstone (1968) and Hoy (1980). F3 shear bands and related sigmoidal fabrics are 

developed in micaceous rocks over a large area adjacent to the northern, north-trending 

part of Kootenay Lake. On the west side of the lake, they are present east of the 

Gallagher fault between the West Arm and Kalso, and are found east of the Lakeshore 

fault (Fyles, 1967) north of Kaslo. On the east side of the Lake, they are developed in a 

region extending north from the highway west of Crawford Bay, to the north, past 

Riondel. They are also developed in the area north of the Fry Creek batholith (Fig. 2.2). 

D3/F3 structures die out to the east towards the Purcell Anticlinorium (Livingstone, 

1968; this work), and end abruptly at the Gallagher fault to the west. The age of these 

structures is poorly constrained; they are cross-cut by earliest Palaeocene pegmatites 

(Chapter 4) but could be as old as Early Cretaceous (the age of D2).  

Two generations of folds not observed elsewhere are developed on and around the 

Crawford peninsula. Fourth-generation folds are buckles with axes that plunge gently SW 

or NE and axial planes with low to moderate dips. Unlike the F3 folds described above 

they formed by shortening rather than extension of S2. These folds post-date intrusion of 

the Palaeocene Crawford Bay stock and are overprinted by NNW-trending folds (F5) that 

are probably related to motion on the Eocene Purcell Trench fault (see Chapter 4). 

2.3.3.4 Faults 

Hoy (1977) and Leclair (1988) identified a number of regionally-significant, 

approximately strike-parallel west-dipping faults in the central Kootenay Arc. The West 

Bernard fault (WBF; Fig. 2.2) separates the Riondel nappe from its root zone and 

probably had reverse-sense displacement (Hoy, 1977). A possible along-strike 

continuation to the south is the Seaman Creek fault (Leclair, 1988; Fig. 2.2, 2.3), which 
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separates domains with contrasting Neoproterozoic-Lower Palaeozoic stratigraphy. 

Leclair (1988) interpreted this fault, the Wilson Creek fault and the Midge Creek fault 

(Fig. 2.3) as major east-vergent contractional structures that stacked panels of rock from 

the continental margin and accommodated eastward translation of rocks belonging to the 

Quesnel and Slide mountain terranes. Transcurrent motion on the Midge Creek fault 

(south of Fig. 2.2; see Fig. 2.5) was suggested by Vogl (1992), who noted that the most 

highly deformed rocks in the tail zone of the Nelson batholith occur where the fault 

marks the margin of the batholith. 

 

Fyles (1967) mapped three west-dipping faults in the Ainsworth area along the west side 

of Kootenay Lake. From west to east these are the Gallagher, Josephine and Lakeshore 

faults (Fyles, 1967; Figs. 2.2,2.3). Although definitive evidence on the sense of 

displacement was lacking, Fyles (1967) considered normal motion most likely. A later 

composite cross-section produced by Fyles (in Brown et al., 1981) showed matching cut-

offs across the Gallagher fault, confirming normal-sense displacement. These faults are 

marked by zones of sheared, brecciated rock up to approximately 30m thick, and in 

places by zones of localised folding (Fyles, 1967). The Gallagher fault is particularly 

significant as it marks the location of an abrupt westward decrease in the intensity of D2 

deformation. S2 forms the dominant west-dipping foliation in the footwall whereas in the 

hanging wall penetrative D2 deformation is absent and the fault, cuts S1 at a high angle 

(Fig. 2.3). The Gallagher fault has been observed in two locations close to the eastern 

margin of the Nelson batholith during this study. The fault rock, which occupies a 

relatively narrow zone (< approximately 30m thick), comprises a mylonitised carbonate 

or phyllonite matrix with clasts and lenses of deformed quartz-rich, muscovite-rich and 

chlorite-rich rock (Fig. 2.4g). The origin of these fragments is uncertain but they are 

probably derived from adjacent metasedimentary rocks, quartz veins and fragments of the 

Nelson batholith. Shear bands in this zone dip to the west, more steeply than foliation. 

The Nelson batholith on the west side of the fault zone is affected by an anastomosing 

network of dark deformation seams and contains abundant secondary muscovite.  
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Fyles (1967) mapped the Lakeshore fault north of Kaslo, and showed it extending 

northwards parallel to Kootenay Lake. In contrast, Klepacki (1985) correlated the 

Lakeshore fault with the Schroeder fault, a large west-side-down structure that extends 

along strike to the NW where it is plugged by a ca. 180 Ma intrusion. For reasons 

outlined below, we consider the former interpretation more likely. West-dipping normal 

faults were also mapped by Fyles (1964) in the Duncan Lake area, one of which projects 

into the NW margin of the Fry Creek batholith (Fig. 2.2). Although most of the batholith 

is undeformed, this part contains a west-dipping foliation, a down-dip lineation and well-

developed C-S fabrics indicating normal-sense motion (Reesor, 1973; Warren, 1997; 

Figs. 2.4h, 2.5b).  

 

As discussed later in the paper, the Gallagher fault, the Midge Creek, the Lakeshore fault 

and possibly also the Josephine fault, are interpreted to form partially overlapping strands 

of a west-dipping, Palaeogene normal fault zone that marks an important metamorphic 

and geochronological discontinuity. This zone is herein referred to as the Gallagher fault 

zone (GFZ); the Gallagher fault is the best-characterised and centrally-located strand in 

this fault zone. 

 

2.4 CONSTRUCTION OF METAMORPHIC MAPS 

 

A new metamorphic and isograd map for metapelites was constructed by compiling new 

assemblage data derived from sampling and petrographic examination with existing 

information contained in Crosby (1968), Reesor (1973), Hoy (1974), Leclair (1988) and 

Pattison & Vogl (2005). The map includes > 400 mineral assemblage data points, 263 of 

which were sampled during the course of this study (Appendix A). Leclair (1988) did not 

systematically report mineral assemblages; instead he reported the “bathozones” 

(Carmichael, 1978) implied by the observed assemblages in conjunction with an idealised 

petrogenetic grid. As the bathozonal assignment is based on the occurrence of a few key 

minerals, the presence or absence of other minerals is in some cases unknown. In these 

cases, the assemblage that is plotted is that which is typical, or reported elsewhere in the 
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area. This issue does not create uncertainty over the position of most isograds, but limits 

other aspects of petrological analysis. Isograds are drawn based on the first appearance of 

index minerals in metapelite in an upgrade direction, with lines drawn to conform with 

available constraints in the simplest possible manner. In addition to the constraints 

provided by mineral assemblage data points, the position of the isograds is informed by 

segments of isograds presented by Fyles (1964, 1967), Crosby (1968), Reesor (1973), 

Hoy (1974), Klepacki, 1985, Leclair (1988) and Warren (1997). The mineral assemblages 

that are plotted are those that are interpreted to represent the peak metamorphic 

assemblage; retrograde phases are not included for clarity of presentation. In some cases, 

isograds cross faults with a known or suspected post-metamorphic displacement history 

(e.g. the Josephine and Lakesore faults south of Kaslo, and normal faults north of the Fry 

Creek batholith). In the absence of compelling evidence, however, isograds are not 

shown offset by faults so as to minimise interpretational bias.  

 

 

2.5 REGIONAL METAMORPHISM OF THE CENTRAL KOOTENAY ARC 

 

Previous work by Fyles, (1964, 1967), Crosby (1968), Reesor (1973), Hoy (1974), 

Glover (1978), Archibald et al. (1983) Leclair (1988) and Read et al. (1991) established 

the presence of an elongate region of Barrovian amphibolite-facies rocks running 

approximately parallel to Kootenay Lake. The distribution of regional metamorphic 

zones in metapelites is refined in a new metamorphic map presented here (Fig. 2.5). 

Samples are mostly from a relatively thin (1-20m thick) metapelitic unit close to the base 

of the Lardeau Group, and thicker (100’s of metres thick) metapelitic units in the Milford 

and Slocan Groups; some metapelite-semipelite is also present in the upper part of the 

Hamill Group and the Mohican Formation. Data collection for this study was 

concentrated in areas on both sides of the north-trending part of Kootenay Lake, and 

descriptions of metamorphic zones are based mainly on observations made in this area.  
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2.5.1 The isograd pattern 

A series of nested isograds define a narrow, elongate metamorphic culmination (the 

KLMH) that runs through the central Kootenay Arc and part of the western Purcell 

anticlinorium. To the north of the West Arm of Kootenay Lake, isograds form an 

elongate bulls-eye pattern trending approximately N-S (Fig. 2.5), with the highest-grade 

rocks in the centre of this zone. This metamorphic high trends parallel to the strike of 

metasedimentary units in the Ainsworth area, but diverges from the strike direction 

around Kaslo, where the structural trend swings towards the NW. The west side of the 

amphibolite facies belt is bounded by the Gallagher fault, which marks the locus of a 

metamorphic discontinuity from the West Arm to near Kaslo; a similar role is probably 

played by the Lakeshore fault north of Kaslo. To the east of the axis of the metamorphic 

high, grade decreases gradationally towards the centre of the Purcell anticlinorium.  

 

South of the West Arm of Kootenay Lake, there is a forked isograd pattern (Fig. 2.5a,d). 

The western fork, which is a continuation of the main axis of the metamorphic high, is 

approximately parallel to strike. This fork is truncated by the Midge Creek fault (MCF). 

The MCF juxtaposes low-grade phyllites of the Milford Group against 

kyanite/sillimanite-bearing schists and may be a continuation, or along-strike equivalent 

of, the Gallagher fault. The thicker eastern fork is oriented SSE, thereby transecting the 

strike direction of lithological units and structures. This fork continues SSE for > 70 km, 

beyond the limits of the study area and across the Canada-U.S.A. This fork is parallel to 

the Purcell Trench fault, which marks its eastern boundary throughout its length. Close to 

the Crawford peninsula, the PTF obliquely cuts strike-parallel isograds belonging to the 

main (western) fork. The two amphibolite facies forks are separated by a southward 

widening region of low metamorphic grade. 

 

Three vertical cross-sections across the amphibolite-facies belt illustrate the orientation of 

isograds and their relationship to structures (Fig. 2.6). In the central and northern part of 

the belt (Fig. 2.6a), isograds are domed over Kootenay Lake. The core of the isogradic 

antiform is marked by rocks of the Sil+Kfs zone in the Riondel-Crawford Bay areas. To 
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the north of this core, the axis of this isogradic antiform plunges gently to the north, 

whereas southwest of this culmination it plunges gently southwest. Isograds cross-cut S2 

at a high angle, particularly so on the east flank of the metamorphic antiform (Fig. 2.6a). 

A minimum value for the thickness of the St+Ky zones around the centre of the isogradic 

culmination can be calculated from the cross-section (Fig. 2.6a). The minimum thickness 

(~1.25 km) is given by measuring the vertical elevation difference between the St and Sil 

isograds and is based on the assumption that isograds are almost horizontal. The 

maximum thickness is the horizontal distance between the St and Sil isograds on the map. 

This value is approximately 3.3 km along the line of section. For the cross-section (Fig. 

2.6a), an intermediate value of 2.25 km was used. This is the thickness suggested by 

comparing the pressure difference between the staurolite and sillimanite fields on the 

piezothermic array for the area (see Fig. 2.11c). This estimate involves the assumption 

that rocks in the staurolite, kyanite and sillimanite zones quenched simultaneously. While 

this may be an over-simplification, it provides a first order approximation that is 

consistent with map-based constraints. South of the West Arm of Kootenay Lake, a 

gently south-plunging isogradic synform separates the continuation of this isogradic 

antiform – the partly truncated western fork - from the thicker eastern fork (Fig. 2.6b,c). 

As is the case further north, isograds transect fold axial planes. 

 

Figure 2.5 (overleaf). Metamorphic maps of the central Kootenay Arc. a) is a 
compilation showing the distribution of regional metapelitic metamorphic zones in 
the central Kootenay Arc.  b), c) and d) are mineral assemblage maps, each covering 
part of the area. The key for mineral assemblages is contained in d). Assemblages 
observed in rocks collected for this study are labelled in black, whereas those 
reported in previous studies have red outlines. Samples discussed in the text or 
illustrated in figures are labelled. In b), c) and d), grid lines are spaced at 5 km 
intervals. Data are from this study, Fyles (1964, 1967), Reesor (1973), Crosby (1968), 
Hoy (1974), Klepacki (1985), Leclair (1988) and Warren (1997). The section lines of 
metamorphic cross-sections presented in Fig. 2.6 are marked on c) and d). Section 
lines B-B’ and C-C’ correspond with the geological sections E-E’ and F-F’ in Figure 
2.3. 
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Figure 2.6. Cross-sections showing the orientation of isogradic surfaces and their 
relationships to structures. All cross-sections are vertical, with equal vertical and 
horizontal scales. The metamorphic zones are colour-coded according to the scheme 
used in Fig. 2.5. Geological data for b) and c) are from Leclair (1988) and geological 
cross-sections along B-B’ and C-C’ are included in Fig. 2.3. a) Cross-section A-A’ 
(Fig. 2.5c) across the crest of the isogradic antiform, showing truncation of the 
western flank of the isogradic antiform by the Gallagher fault. Gently west-dipping 
isobars in the Nelson batholith are also plotted (Pattison & Vogl, 2005). The Riondel 
Nappe (Hoy, 1976) and adjacent structures are projected onto the line of section. 
Isograds cut structures at moderate to high angles. b) Metamorphic cross-section 
along line B-B’ (Fig. 2.5d). Isograds define an open synform. The crest of the 
isogradic antiform to the west is cut by the Midge Creek fault. c) Metamorphic and 
geological cross-section along line C-C’ (Fig. 2.5d). Isograds define a synform cored 
by rocks of low metamorphic grade.  
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2.5.2 Regional metamorphic zones 

Regional metamorphic zones are described in sequence below; in addition to the major 

phases discussed, all rocks contain additional accessory phases. Tourmaline is almost 

ubiquitous and many metapelitic rocks are graphitic. Ilmenite is the dominant oxide 

phase and is present in almost all samples. Rutile is present in a small number of samples, 

but is typically only preserved as inclusions in garnet or kyanite, suggesting it was not 

stable at peak T conditions. Haematite is present in some heavily altered rocks. 

 

2.5.2.1 Low-grade zones (chlorite and biotite zones) 

The low grade chlorite and biotite zones are grouped together as compositional variability 

renders meaningful distinction between the two zones difficult since many of the rocks 

are high-Al pelites and do not contain biotite at low grade. These zones underly the 

western Purcell anticlinorium east of Kootenay Lake, areas near the Nelson batholith on 

the west side of the lake, and a large, poorly-defined region south of the Midge Creek 

stock (Figure 2.5d). Metapelitic rocks in these zones are well-foliated phyllites (Fig. 

2.7a), some with multiple structures, and typically contain the assemblage 

Chl+Ms+Qtz±Pl or Bt+ Chl+Ms+Qtz±Pl. The assemblage Bt+Ms+Qtz is present in the 

biotite and all higher- grade zones.  Chloritoid forms small porphyroblasts as part of the 

assemblage Ctd+Chl+Ms+Qtz+Pl at some localities in the Windermere Supergroup 

(Purcell  anticlinorium), and in the Milford Group on the west side of Kootenay Lake. 

Leclair (1988) also reported, but did not document the location of, additional occurrences 

of chloritoid in the low-grade area south of the Midge Creek stock. 

 

2.5.2.2 Garnet zone 

Metapelitic rocks in the garnet zone are generally fine-grained schists with simple or 

compound matrix fabrics. The diagnostic garnet-zone assemblage 

Grt+Bt+Chl+Ms+Qtz±Pl (Fig. 2.7c) occurs in a few localities in the north of the area 

(Fig. 2.5b). Hoy (1974) reported the assemblage Grt+Bt+Chl+Ms from a number of  
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Figure 2.7 (overleaf).  Photomicrographs and photographs of metapelitic rocks from 
the central Kootenay Arc. a) F2 crenulations in chlorite-bearing phyllite of the 
Slocan Group. Field of view = 6mm; DM-06-124. b) Actinolite-epidote-chlorite-
bearing greenschist of the Kaslo Group from the hanging wall of the Gallagher 
fault; Field of view = 3mm; sample located adjacent to DM-07-58 (Fig. 2.5c). c) 
Garnet-biotite-chlorite-bearing metapelite from the garnet zone near the the 
northern end of Kootenay Lake. Sigmoidal inclusion trails in garnet are interpreted 
to reflect rotation during syn-D2 growth; Field of view = 6mm; DM-07-131. d) 
Garnet-chloritoid assemblage in aluminous metapelite of the Milford Group; Field 
of view = 6mm; DM-06-123. e) Garnet crystal in garnet-zone metapelite of the 
Lardeau Group. The matrix fabric, which is a crenulation cleavage (S2), wraps 
around the crystal, indicating post-garnet tightening of S2. Inclusion trails in the 
rim of the crystal also wrap around the inclusion-free core. These relationships are 
interpreted to result from growth of the garnet rim during progressive tightening of 
S2; Field of view = 6mm; DM-07-133. f) Another garnet crystal from the same 
samples as e). F2 crenulations are included in the garnet rim, indicating growth of 
garnet rims after the onset of D2. Straight inclusion trails in the cores of other 
crystals in this sample suggest garnet started to grow before D2 fabrics developed. 
Field of view = 1.5mm; DM-07-133. g) Large staurolite porphyroblasts on a 
weathered surface adjacent to a quartz vein.  Although they retain their idioblastic 
shape, the porphyroblasts are largely pseudomorphed by chlorite and sericite. 
Quartz veins at this locality contain boudinaged kyanite crystals (inset); the inset 
photograph covers an area approximately 4 cm wide. Milford Group; DM-05-80. h) 
F2 crenulations locally preserved in Grt-St schist of the Lardeau Group. Field of 
view = 3mm; DM-07-86. i) Partially pseudomorphed staurolite crystal in metapelite 
of the Milford Group. Garnet forms small crystals that occur in the matrix and as 
inclusions in staurolite. Field of view = 12mm. j) Staurolite crystal partially replaced 
by kyanite; Field of view = 2.5mm; DM-05-88. k) Kyanite crystal that overgrew F2 
crenulation; northernmost part of the kyanite zone; Field of view = 3mm; DM-07-
142. l) Sil-Ky-Grt schist of the Lardeau Group from the west shoreline of Kootenay 
Lake. Most of the rock is a kyanite-garnet-biotite schist; however, sillimanite is 
present in thin Sil-rich seams and Qtz-Sil-Plag veins. Rutile forms inclusions in 
some kyanite crystals. DM-05-47. Field of view = 6mm. m) Kyanite and garnet 
porphyroblasts visible on etched surface of Sil-Ky-St-Grt schist; shoreline of 
Crawford Bay; DM-05-04. n) Photomicrograph of the sample shown in (k). 
Staurolite has been partly replaced by kyanite; sillimanite largely grew by 
replacement of biotite; DM-05-04; Field of view = 6mm. o) Sillimanite crystals 
included in leucosome in K-feldspar+sillimanite-bearing gneiss; Highway 3, west of 
Crawford Bay. Field of view = 6mm; DM-05-147. p) Garnet-bearing amphibolite 
from the same outcrop as (o); Field of view = 6mm; DM-05-147.  
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localities east of Riondel; however, following re-examination of these samples we 

interpret chlorite as a retrograde phase. Garnet in this and higher-grade zones is 

commonly partly replaced by chlorite, biotite and other phases. The chlorite-free 

assemblage Grt+Bt is common in this and all higher grade zones. The assemblage 

Grt+Ctd+Chl+Ms+Qtz occurs in Milford Group schists within the Gallagher fault zone 

(Fig. 2.5d), and east of the Gallagher fault close to where the staurolite isograd diverges 

from the fault trace (SW of Kaslo; Fig. 2.5c). Some garnet crystals from the garnet and 

higher-grade zones (up to the sillimanite zone) display well-developed textural sector 

zoning. A detailed description and discussion of these features is contained in Chapter 3. 

 

2.5.2.3 Staurolite zone 

The staurolite-zone assemblage St+Grt+Bt+Ms+Pl+Qtz is mostly developed in rocks of 

the Lardeau Group and Milford Group. Whereas the mineralogy of the rocks is similar, 

there are textural contrasts between metapelites from the two units. Staurolite-zone 

metapelites of the Lardeau Group are rusty-weathering silvery schists containing garnet 

crystals approximately 0.5-1 cm in diameter in a mica-rich, well-foliated matrix. 

Staurolite occurs as porphyroblasts up to 1 cm long, or as small (~1mm) blocky crystals 

commonly aligned in trains parallel to the foliation. In contrast, rocks of the Milford 

Group are what Fyles (1967) termed “knotted schists”. They are medium – dark grey, 

poorly foliated schists with large (up to 2.5 cm) staurolite crystals and small “pinhead” 

garnet crystals (approx. 1mm) in a fine – medium grained, commonly graphitic matrix 

(Fig. 2.7g,i). Milford Group schists on the west side of Kootenay Lake are extensively 

retrogressed. Most staurolite has been pseudomorphed, typically by chlorite and 

muscovite, but locally by chloritoid. In addition, much of the biotite has been replaced by 

secondary chlorite, which commonly contains rutile inclusions. Pseudomorphs of 

staurolite are idiomorphic, suggesting little deformation after their retrogression.  

 

2.5.2.4 Kyanite zone 

Textural contrasts between metapelitic schists in the Lardeau and Milford groups 
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described above also pertain to the kyanite zone, which is defined by occurrences of the 

diagnostic assemblages Ky±St+Grt+Bt+Ms+Qtz.  Kyanite typically forms blocky to 

elongate crystals ranging from sub-mm to 1.5 cm long; however, as much of the kyanite 

has been partially replaced by muscovite, it is commonly inconspicuous in the field. 

Locally, kyanite has partially replaced staurolite crystals directly (Fig. 2.7j). In the 

kyanite zone north of the Fry Creek batholith, dark purple rims surround paler coloured 

cores in garnet crystals; the origin and significance of the garnet zoning in this region is 

discussed in Chapter 3 

 

A feature of the kyanite zone is the abundance of non-kyanite-bearing (St+Grt) 

assemblages within its bounds, for example on the west side of Kootenay Lake, and in 

the area north of the Fry Creek batholith. Quartz veins containing kyanite were observed 

at two locations in the Milford Group on the west side of Kootenay Lake (Fig. 2.5b, 

2.7g). As the host schists contain staurolite but not kyanite, these were not used to 

constrain the position of the kyanite isograd. The Milford Group schist is extensively 

retrogressed, however, and it is possible that kyanite was once distributed more widely in 

these rocks. 

 

2.5.2.5 Sillimanite zone 

Metapelities in the sillimanite zone contain the assemblage 

Sil±Grt±Ky±St+Bt+Ms+Qtz+Pl. Sillimanite typically forms aggregates of fine-grained 

crystals within biotite crystals, and/or as idioblastic, elongate matrix columns; in most 

samples there is a gradation between these two modes of occurrence. Sillimanite does not 

occur in contact with kyanite in rocks that contain both phases. In one location, at the 

outlet of Coffee Creek (DM-05-47; Fig. 2.7l), sillimanite is restricted to thin, S2-parallel 

Sil-rich seams, Qtz-Pl-Sil veins, and their immediate margins. Segregations of quartz and 

coarse-grained plagioclase are conspicuous in many sillimanite-zone metapelites. Leclair 

(1988) reported several occurrences of the assemblage Sil+Ky+St+Bt+Ms+Qtz+Pl and 

this assemblage was observed in two locations (DM-07-192, DM-05-04) during the 

course of this study (Fig. 2.7n). In each case, the assemblage is interpreted to reflect 
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metastable persistence of staurolite±kyanite into the stability field of sillimanite rather 

than an unusually low-variance equilibrium assemblage. In DM-07-192, partially 

resorbed staurolite and kyanite are only present where isolated from other phases by a 

complete mantle of muscovite; In DM-05-04 (Fig. 2.7m,n), staurolite is partially replaced 

by kyanite, also suggesting disequilibrium. At this location, rocks with Ky- and St-free 

Sil+Grt assemblages are present in close proximity to those that also contain kyanite and 

staurolite.  

 

2.5.2.6 Sillimanite + K-feldspar zone 

Hoy (1974) reported a single occurrence of coexisting K-feldspar, sillimanite (altered to 

white mica), muscovite and quartz in the southwestern part of the Riondel peninsula. 

Crosby (1968) reported two other gneiss localities with K-feldspar west of Crawford Bay 

– one with sillimanite and biotite, the other with garnet and biotite; muscovite was not 

reported from these locations. 

  

At Riondel, metapelitic and semi-pelitic rocks of the Hamill group contain abundant 

sillimanite, most of which is altered to white mica. Sillimanite occurs in stretched 

nodules composed of fibrolite. These nodules have a bluish tint, particularly when wet 

(Fig. 2.4e). The rocks also contain biotite, coarse muscovite, quartz, a small amount of 

garnet and usually plagioclase. Coarse-grained plagioclase-quartz (K-feldspar-free) 

segregations are common in these rocks. K-feldspar is present in leucosome within some 

coarse-grained Bt+Ms-bearing schist, but was not observed with sillimanite.         

 

On the north side of Highway 3 (DM-05-147) west of Crawford Bay, outcrops of 

schist/gneiss contain abundant deformed pegmatite bodies and granitic leucosomes on a 

variety of scales. The host rocks contains sillimanite, biotite and small garnet crystals 

(Fig. 2.7o). Muscovite is present, but much or all of it is retrograde. Granitic leucosome 

contains coarse-grained quartz, plagioclase, K-feldspar, and in places, sillimanite. K-

feldspar is most common in coarse-grained leucosome but is also present in small crystals 

scattered through the rock matrix. K-feldspar is variably replaced by myrmekite and 
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skeletal mica-quartz symplectic intergrowths (cf. Ashworth, 1972), while sillimanite is 

partly replaced by muscovite. Formation and partial replacement of the peak 

metamorphic assemblage (Sil+Kfs) is interpreted to have resulted from prograde progress 

and subsequent reversal on cooling of the muscovite dehydration melting reaction: 

 

Ms+Qtz+Pl = Sil+Kfs+Melt 

 

The extent and significance of the sillimanite+K-feldspar zone is difficult to assess. Only 

one outcrop with this assemblage was encountered during the course of this study, and 

there is little information available on previously reported occurrences. The paucity of 

localities with this assemblage most likely reflects a combination of a small area that was 

metamorphosed at sufficiently high temperatures, and a low proportion of the rocks 

containing prograde muscovite. 

 

Hoy (1980) interpreted the abundant granitic (Ksp+Pl+Qtz±Bt±Ms±Grt) pegmatite dikes, 

sills and small plutons in the highest-grade parts of the amphibolite-facies belt to have 

formed by partial melting of surrounding metasedimentary rocks. This is unlikely, 

however, as only a small proportion of rocks in the sillimanite+K-feldspar zone 

underwent muscovite dehydration melting. Except for unusually muscovite-rich rocks 

this reaction produces small amounts of melt (~ 5%; Clemens & Vielzeuf, 1987; Patino 

Douce et al., 1990) and cannot account for the voluminous granitic intrusions. It is more 

likely the melt was transported from deeper levels where other more significant melt-

producing reactions (i.e.biotite dehydration) may have operated. 

 

2.5.3 Metabasites and calc-silicates 

Metapelitic rocks formed the focus of this study but metabasites are widely distributed 

and also record contrasts in metamorphic grade. Metabasites in the staurolite to 

sillimanite+K-feldspar zones are mostly simple amphibolites, comprising Hb+Pl, and 

combinations of titanite, biotite, quartz and rutile. Garnet is locally present (Fig. 2.7p) 

and, in places, retrograde epidote and carbonate. Metabasites in the hanging wall of the 
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Gallagher fault are greenschists that contain chlorite, epidote and actinolite (Fig. 2.7b). 

 

Calc-silicate rocks in the amphibolite-facies belt commonly contain mineral assemblages 

that are similar to those found in metabasites. In many cases, the sedimentary protolith of 

these amphibolites is evident from their layered character and gradational boundaries 

with calcareous or siliceous metasedimentary rocks. Calc-silicate mineral assemblages in 

the Riondel area were described by Hoy (1977), who documented a westward increase in 

metamorphic grade.  

 

2.5.4 Microstructures  

The variation in D2 strain that is evident in major structures is also manifested in variable 

microstructures. In the northern part of the amphibolite-facies belt, and within the 

staurolite and kyanite zones on the west side of Kootenay Lake, S2 is commonly a 

crenulation cleavage (Fig. 2.7e,f,h), with S1 preserved in microlithons. This contrasts 

with the parts of the belt in the vicinity of Riondel-Crawford Bay and south of the West 

Arm, where D2 strain and metamorphic grade is highest. Here, S2 schistosity and an L2 

stretching lineation are generally the only structures preserved in the rocks. 

 

Informative garnet microstructures are preserved in the garnet-kyanite zones in the 

northern part of the area (north of the Fry Creek batholith). Here, interpretation of 

microstructures is aided by the fact that continuity is locally preserved between the 

foliation in the matrix fabrics and that preserved as inclusion trails in garnet 

porphyroblasts. F2 crenulations are included in some, but not all garnet crystals. 

Generally, F2 crenulations in garnet are more open than corresponding folds in the 

matrix. In some crystals, crenulations are included in the rim (Fig. 2.7e,f), whereas 

inclusions in the core are straight. These observations indicate a temporal overlap 

between garnet growth and D2 deformation. Further examples of microstructures in rocks 

from this area are illustrated in Fig. 3.2. In the southern part of the amphibolite-facies 

belt, garnet porphyroblasts are wrapped by S2, with no continuity of included fabrics 

with the matrix fabric. Inclusion trails are typically straight or wavy, and commonly lie at 
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a high angle to matrix S2.   

 

In an area of low D2 strain in the north of the area, staurolite and kyanite overgrow D2 

crenulations (Fig. 2.7j), with little post-porphyroblast tightening of the fabric. Elsewhere, 

however, these minerals are bent around large garnet crystals, aligned in the plane of S2, 

host strain shadows  and locally form mineral lineations. Inclusion trails in staurolite 

range from straight to wavy. Regional-metamorphic sillimanite invariably defines a 

shallow-plunging mineral lineation and lies in the plane of the S2 foliation. These 

observations provide compelling evidence that peak Barrovian (M2) amphibolite-facies 

metamorphism was at least partly coincident with D2 deformation. 

 

2.5.5 Compositional zoning in garnet 

Compositional zoning in garnet was assessed by carrying out X-ray mapping on twenty-

six crystals from twenty-two different rock samples, combined with spot analyses and 

quantitative compositional transects. Many garnet crystals are partially resorbed, and 

display Mn-enrichment at their rims (Kohn & Spear, 2000); unresorbed examples are 

discussed below and illustrated in Fig. 2.8. Compositional data for garnet and other 

minerals is included in Appendix B. 

 

Garnet crystals in rocks containing Grt+Bt or St+Grt+Bt assemblages share similar, 

mostly smoothly varying composition trends (e.g. Fig. 2.8a,b). This commonality 

includes rocks from the Grt zone, the St zone and rocks from the kyanite zone in which 

kyanite did not develop. XSps typically decreases outwards, from ~ 0.15-0.3 towards zero 

at the rim. XAlm typically falls in the range 0.5-0.8; it rises outwards from the core and 

flattens off towards the rim. XPrp increases gradually outwards from core (<0.05) to rim (> 

0.1). XGrs is relatively high in the core (typically 0.15-0.2); it is generally constant or 

decreases gradually through the core, and falls more steeply close to the rim. 

Mg/(Mg+Fe) increases outward from core to rim, generally with a steeper gradient 

towards the rim. Partially resorbed crystals display a sharp increase in XSpss at the rim, and 

commonly display further compositional modification around cracks.  The origin and 



 

 

41 

significance of the typical prograde zoning pattern is discussed in depth in Chapter 3, 

where a clockwise P-T path is calculated based on garnet zoning in samples containing 

the assemblage Grt+St+Bt+Ms+Pl+Qtz+Ilm from the kyanite zone north of the Fry Creek 

batholith (Fig. 2.11c). The P-T path has a clockwise form with an initial steep dP/dT 

gradient, followed by an interval dominated by an increase in temperature.  

 

Compositional zoning in garnet from two samples with the assemblage Ky+St+Grt+Bt is 

broadly similar to that described above, but each displays additional zoning features not 

seen in Ky-free samples. In DM-07-142, a metapelite containing Ky+St+Grt+Bt+Ms+Pl+ 

Qtz+Ilm (Fig. 2.8c), there is a low-XGrs, high-XAlm band close to the rim (zone ‘B’ in Fig. 

2.8c). The outer margin of this band (the boundary between zones B and C) is marked by 

a discontinuity in all end-members; there is a significant rise in XGrs, a drop in XAlm, a 

small rise in XSps, and a small drop in XPrp. This step is interpreted to mark a the location 

of a hiatus in garnet growth, with minor garnet dissolution. A possible explanation for 

this feature is that garnet stopped growing during formation of staurolite by a whole rock 

equivalent of the KFMASH reaction: 

 

Grt+Chl+Ms = St+Bt+H2O 

 

followed by renewed growth when kyanite entered the assemblage according to the 

reaction: 

St+Ms = Ky+Grt+Bt+H2O 

 

Figure 2.8 (overleaf). a) Representative X-ray maps of garnet crystals from each of 
the metamorphic zones showing relative concentrations of the elements Fe, Mg, Mn 
and Ca. Warmer colours indicate higher concentrations. Lowest concentrations are 
indicated by shades of blue, intermediate concentrations by red-pink, and highest 
concentrations by yellow. Scale bars are 1mm in all cases. b)-e) are compositional 
profiles for crystals shown in a); the position of the transects are shown in a). The 
staurolite zone example (DM-06-157) is from a rock containing the assemblage 
St+Grt+Bt+Ms+Pl+Qtz+Ilm. Although the sample is located in the kyanite zone, its 
garnet zoning characteristics are that of the staurolite zone, as processes related to 
kyanite formation did not affect this rock. 
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If so, a separate explanation is required for the origin of the inner step (between zones A 

and B). This discontinuity, which is only evident in Alm and Grs end-members, may 

reflect the consumption of a minor phase, possibly an epidote group mineral (e.g. Menard 

& Spear, 1993). A second sample with the assemblage Ky+St+Grt+Bt+Pl+Qtz+Ilm 

displays only a single step, which is similar to that developed at the boundary between 

zones B and C in DM-07-142. 

 

Garnet crystals from the sillimanite zone (Fig. 2.8d) do not show any discontinuities or 

sharp gradients. Instead, they are similar to those seen at lower grades, with relatively flat 

XGrs in their cores, bell-shaped XSps profiles, gradually increasing XPrp in the core with 

steeper increases near the rim, and outward increasing XAlm that flattens towards the rim. 

In addition, however, well-preserved crystals feature a decrease in XPrp and Mg/(Mg+Fe) 

close to the rim. This is interpreted to reflect retrograde diffusional exchange with the 

rock matrix. Crystals from the Sil+Kfs zone show little zoning, apart from a small 

rimward increase in XAlm and decrease in XPrp and Mg/(Mg+Fe) (Fig. 2.8e). The flat zoning 

and decrease in Mg/(Mg+Fe) is similarly interpreted to result from diffusional 

homogenisation and retrograde exchange with the rock matrix. 

 

2.5.6 Bulk composition of metapelites and phase diagram topology 

The bulk compositions of forty-six metapelite samples, covering all stratigraphic units 

and metamorphic zones, were determined (Appendix C), and compositions plotted on a 

modified AFM diagram (Fig. 2.9). The projection scheme used is not strictly valid as, for 

example, white mica in the area is not end-member muscovite, plagioclase varies in 

composition, and Ca and Na are not restricted to plagioclase (see discussion in Pattison & 

Vogl, 2005); however it is adequate for the comparative purpose for which it is employed 

here.  

 

The rocks span a considerable range in A’ (range = -19.8 to 51.3, mean = 24.74, standard 

deviation = 17.08) values, but most fall within a limited M’/(M’+F’) range (range = 0.31 

to 0.63, mean = 0.40, standard deviation = 0.06). Metapelites of the Milford Group and 
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most of those in the Slocan Group are aluminous and therefore plot above the Grt-Chl tie 

line, whereas the Lardeau Group and Windermere Supergroup span a large range in A’. 

 

 
 

Figure 2.9. Modified AFM projection of metapelitic rocks analysed by XRF. The 
composition was simplified to the AFM system by projection from Ab, An, Ap, Ilm, 
Qtz, Ms, and where applicable, Po. The rocks have a limited range in Mg/(Mg+Fe), 
but span a wide range in A’. Metapelitic rocks of the Slocan and Milford groups 
generally plot above the garnet-chlorite tie-line whereas most samples from other 
units are less aluminous. Mineral composition fields from Spear (1993).  

 

To illustrate the effects of differences in bulk composition on predicted phase relations, 

phase diagrams were constructed using compositions representing average Milford Group 

(A’ = 43; Mg/(Mg+Fe) = 0.37 ) and average Lardeau Group (A’ = 29; Mg/(Mg+Fe) = 

0.35) metapelites. The phase diagrams were constructed in the MnNCKFMASHT system 

(Fig. 2.10). While there are are large differences at lower temperatures, the two diagrams 

are very similar above the point at which biotite enters the assemblage. The diagram 

representing the average Lardeau metapelite predicts biotite above approximately 450 ºC, 
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Figure 2.10 (previous page). Simplified equilibrium assemblage diagram (EAD) for 
bulk compositions representing a) average Lardeau Group (medium-Al) and b) 
average Milford Group (high-Al) metapelites. EADs were constructed in the ten-
component system MnO-Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2 
(MnNCKFMASHT) system, using THERIAK-DOMINO software in conjunction 
with version db5.3 of the Holland & Powell (1998) database. A melt phase was not 
considered. Minor and/or ubiquitous phases are omitted for clarity.     
 

and a large field with the assemblage Grt-Bt-Chl. In the diagram representing the high-Al 

metapelite, biotite is only present above 550-600 ºC, at a higher temperature than both the 

chloritoid field and the low-T limit of staurolite. The similarity in the position of the 

Ky±St+Grt+Bt+Ms+Pl+Qtz+Ilm fields in both diagrams is of particular significance as 

these assemblages help constrain the peak P-T conditions reached in higher-grade 

portions of the belt. 

 

2.5.7 P-T estimates from equilibrium assemblage diagrams 

Estimates of peak P-T conditions are determined by comparing observed mineral 

assemblages with those predicted in phase diagrams constructed for individual samples 

(Fig. 2.11a,b). These P-T estimates do not account for potential fractionation of the 

effective bulk composition due to garnet porphyroblastesis; however, this has a limited 

effect on the position of other major phase boundaries (e.g. Evans, 2004; Zuluaga et al., 

2005). 

 

DM-07-133 is a metapelitic schist from the garnet zone in the northern part of the area 

containing the assemblage Grt+Bt+Chl+Ms+Pl+Qtz+Ep+Ilm+Tur. As this assemblage 

(with zo/cz in place of epidote) is not predicted to be stable under any P-T conditions in 

the model system MnNCKFMASHT, modelling was carried out in the 

MnNCKFMASHTO system.  An unknown variable is the Fe2+/Fe3+ ratio at the time of 

peak metamorphism; however, the observed assemblage is only predicted to be stable in 

cases where Fe3+ is less than ~ 6% of total Fe, and there is little variation in P-T position 

within the 0-6% Fe3+/FeTotal range. The observed assemblage is predicted in this model 
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system over a narrow P-T interval at approximately 500 ºC, 5.5-6 kbar (Fig. 2.11a).  

 

Assemblages from higher grade zones are adequately reproduced in MnNCKFMASHT. 

The main P-T constraints for Ky or Sil-bearing samples are provided by the low-T limit 

of Al2SiO5 minerals, the high-T limit of staurolite, the low-P limit of rutile and the Ky-Sil 

phase boundary (Fig. 2.11b). The high-P/low-T stability limit of plagioclase also provides 

an additional constraint for some of the samples. The upper pressure limit implied by 

stable ilmenite is approximately 7500-8000 bars, whereas the low-P limit for kyanite in 

these samples is typically approximately 6500 bars. P-T conditions for the assemblage 

Ky+St+Grt+Bt+Ms+Pl+Qtz+Ilm are best constrained, falling in the narrow range of 

6500-7500 bars, 640-660 ºC. The presence of Fe3+ would result in a shift towards higher 

pressure of the ilmenite-rutile boundaries, but the positions of other boundaries are not 

predicted to be sensitive to small variations in oxidation state.  

 

Peak P-T conditions of samples with both kyanite and sillimanite are more difficult to 

assess. In Fig. 2.11b, Sil+Ky-bearing assemblages are plotted along the Ky-Sil boundary, 

unless there is petrographic evidence that Ky is a relict phase (as in DM-07-192). In these 

rocks, there is no textural evidence that sillimanite formed significantly later than other 

minerals as it invariably defines the gently-plunging L2 lineation that is developed 

throughout the area; equally, there is no textural evidence that kyanite was out of 

equilibrium with other phases. It is likely that there was metastable persistence of kyanite 

in these rocks, but peak conditions may not have been far from the equilibrium boundary.   

 

The presence of the metamorphic K-felsdpar+sillimanite in DM-05-147 implies P-T 

conditions above the muscovite dehydration reaction (Ms+Qtz+Pl = Sil+Kfs+melt). For a 

pressure range of 6.5-8 kbar, this suggests temperatures greater than approximately 690-

710 ºC (Spear et al. 1999). 

 

These P-T estimates help constrain the piezothermic array (Thompson & England, 1984). 

The suggested array is approximately linear, with a positive slope (Fig. 2.11c), indicating 
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greater amounts of post-peak-metamorphic exhumation in higher-grade parts of the belt. 

 

 
 

Figure 2.11. a) EAD for garnet zone sample DM-07-133 in the system 
MnNCKFMASHTO. The field containing the observed assemblage is shaded for 
different values of 100* Fe3+/FeTotal. The other assemblage fields shown are for the 
case where Fe3+ represents 2% of total Fe. b) P-T diagram showing the boundaries of 
peak metamorphic assemblages in aluminosilicate-bearing metapelitic rocks. The 
boundaries are taken from EADs constructed for each sample in the system 
MnNCKFMASHT. Samples that are plotted are labelled in Figure 4. c) Summary P-
T diagram showing the different pressure ranges of Barrovian M2 metamorphism 
and contact metamorphism discussed in the text. The P-T path calculated in 
Chapter 3 is also shown, as is an approximate piezothermic array. d) Schematic 
illustration of the contrasts in structural and metamorphic geology across the 
Gallagher fault.  
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2.6 CONTACT METAMORPHISM 

 

2.6.1 The Nelson batholith aureole 

A contact aureole, typically 0.7-1.8 km wide, is developed around undeformed margins 

of the Nelson batholith in metapelitic rocks of the Slocan Group and equivalents (Pattison 

and Vogl 2005). These rocks contain Bt, Qtz, Ms and/or Kfs and locally Grt, along with 

some combination of Crd, St, And and Sil. There is a systematic variation in mineral 

assemblages from west to east: in the western part of the aureole, Crd±And assemblages 

are developed at medium grades, and assemblages containing Crd+Kfs or And+Kfs are 

locally developed at higher grades. In contrast, St±And assemblages characterise medium 

grade parts of the eastern aureole, with Sil+Kfs locally present in its highest-grade parts.  

Between these two areas there is a narrow zone in which And alone is developed at 

medium grades, with Sil and Sil+Kfs at higher grades. These differences reflect 

contrasting depths of emplacement in the range 3-4 km, equivalent to depths of 11-14.5 

km (assuming an average crustal density of 2800 kg/m3). Based on the spatial 

arrangement of these pressure-sensitive assemblages, Pattison & Vogl (2005) inferred 

cumulative post-emplacement tilting of the eastern portion of the batholith of 

approximately 10º to the west.  

 

Within the study area, a wide (approx. 1.75 km) contact aureole characterised by 

St+And±Grt assemblages (Fig. 2.12a) at medium grade is developed in the region 

approximately north of Woodbury Creek (Fig. 2.5c), indicating an emplacement pressure 

of 3.5-4 kbar, equivalent to a depth of 12.5-14.5 km (Fig. 2.12b). Further evidence of 

preservation of intrusive relationships in this area is provided by a localised zone of 

folding related to emplacement of the batholith (Fyles, 1967). 
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Figure 2.12. a) Photomicrograph of St+And+Bt assemblage in the contact aureole of 
the Nelson batholith, Woodbury Creek. Field of view = 3mm; Slocan Group; DM-
05-98. b) EAD for this rock, constructed in the system MnNCKFMASHT, showing 
the tight P-T constraints implied by the contact-metamorphic assemblage. c) X-ray 
maps of a garnet crystal from the contact aureole of the Nelson batholith showing 
relative concentrations of the elements Fe, Mg, Mn and Ca. Warmer colours 
indicate higher concentrations. Lowest concentrations are indicated by shades of 
blue, intermediate concentrations by red-pink, and highest concentrations by 
yellow. Compare low Ca values with regional garnets. Scale bars are 1mm. DM-07-
233; Slocan Group. d) Compositional transect across the garnet crystals shown in c). 
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e) Photomicrograph of another sample from this locality showing sillimanite 
overprinted by tight crenulations. Field of view = 6mm; 92-MC-6.1; Slocan Group. 

 

Further south, between Woodbury Creek and Coffee Creek, the presence of a narrow 

thermal aureole was indicated by Fyles (1967; his Fig. 2); however, examination of 

metapelitic rocks close to the contact in this area has revealed no evidence for contact 

metamorphism. The rocks are chlorite-muscovite phyllites with no porphyroblasts or 

pseudomorphs. The contact aureole in this area, if present, must be narrower than 

previously suggested. The Nelson batholith is locally penetratively deformed in this area 

(Fyles, 1967; Crosby, 1968; this work). Around Coffee Creek (Fig. 2.5c), the Nelson 

batholith is in fault contact with rocks of the regional (M2) kyanite zone. Here, and in 

areas to the south, the eastern margin of the Nelson batholith is pervasively deformed.  

 

Along the “tail” of the batholith, between Coffee Creek and the point where the Midge 

Creek fault meets the batholith margin, there is a narrow panel of low-grade rock. A 

narrow contact aureole is locally present adjacent to the deformed batholith, but 

elsewhere appears to be absent (Vogl, 1992; this work). Contact metamorphic 

assemblages were studied at two locations within this panel (Fig, 2.5d) and in each of 

these locations, there is evidence for post-aureole strain. North of the West Arm, to the 

west of the inferred trace of the Gallagher fault, metapelite contains the partly replaced 

assemblage Sil+St+Grt (DM-07-212). Sillimanite forms fibrous masses and columnar 

aggregates, and crystals are bent and locally folded around crenulations. In the second 

location, west of the tail of the Proctor pluton (area ‘L’ of Pattison & Vogl, 2005), the 

assemblage Sil+Grt+Bt is developed within 350 m of the contact (Leclair, 1988; Pattison 

& Vogl, 2005; this study). Sillimanite forms fibrolitic intergrowths with biotite and 

columnar matrix crystals. Sillimanite and biotite define a fabric that wraps small garnet 

crystals and is folded around later (F2?) crenulations (Fig. 2.12e). Garnet crystals in DM-

07-233, a sample from the Sil zone of this part of the aureole, are zoned (Fig. 2.12c). 

There is an initial outward decrease in Xalm and increase in XSps, with a reversal of this 

trend in the rim (Fig. 2.12c,d). XPrp and Mg/(Mg+Fe) decrease throughout, whereas XGrs, 

which is low throughout (0.03-0.04) and displays a discrete step to low values in the rim. 
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Discrete low Ca-rims in other sillimanite-bearing samples in the aureole were described 

by Pattison & Tinkham (2009), who attributed their presence to a second stage of garnet 

growth accompanying And or Sil formation concomitant with the consumption of 

staurolite. In another sample from this part of the aureole (DM-07-233), contact 

metamorphic garnet with low XGrs (0.03) and little compositional variation is wrapped by 

a matrix foliation, whereas chloritoid crystals overgrow the fabric and post-date 

penetrative deformation. The origin and timing of this chloritoid growth is uncertain. 

 

2.6.2 The Crawford Bay stock aureole 

The Crawford Bay stock is a small, equigranular to porphyritic biotite granodiorite 

(Crosby, 1968) that is exposed on either side of Crawford Bay, on the east side of 

Kootenay Lake. The stock was intruded during the earliest Palaeocene (Moynihan et al. 

2012) and cross-cuts D2 folds, fabrics and regional metamorphic isograds (Fig. 2.5c); it 

has undergone minor ductile deformation but is not foliated or lineated.  

 

On the eastern side of the stock, a contact aureole is developed in low grade rocks of the 

Windermere Supergroup. Here, metapelitic rocks contain abundant ovoid spots 1-1.5 cm 

in diameter, which give the rocks a blotchy appearance (Fig 2.13a). These spots have 

disc-like shapes in 3-dimensions, with their short axes perpendicular to foliation; this 

geometry is interpreted to reflect mimetic growth rather than post-formation deformation. 

The spots now comprise chlorite and white mica but are interpreted as pseudomorphs 

after cordierite. Small (1mm approx.) dark specks are scattered throughout the rock 

outside of cordierite pseudomorphs; these are chlorite-rich clots that formed after biotite 

porphyroblasts. Elongate andalusite crystals are sparsely distributed through the rock, and 

locally small, fresh garnet porphyroblasts are also developed. Crosby (1968) also 

reported coexisting And+Sil+Crd+Bt. Equilibrium assemblage diagrams for two samples 

from this area overlap in the pressure range 2.2-3 kbar, suggesting an emplacement depth 

of 6-10 km (Fig. 2.13f,g). Garnet crystals in the aureole are zoned (Fig. 2.13d,e), with a 

trend of increasing XAlm, and XPrp, and decreasing XSps and XGrs from core to rim. Close to 

the rim there is a reversal in the trend in XSps and M/(Mg+Fe). 
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The western part of the Crawford bay stock intruded rocks of the regional staurolite zone. 

Near the contact, schistose rocks contain abundant coarse-grained muscovite, but other 

effects of contact metamorphism are inconspicuous in outcrop. Andalusite is present in 

some metapelitic rocks. It forms large, generally inclusion-rich crystals that are typically 

elongate parallel to the foliation. The andalusite crystals grew by replacement of matrix 

muscovite (Fig. 2.13b) and are probably sheet-like in 3-dimensions. Andalusite is 

partially replaced by muscovite and is locally folded around F4 crenulations (Fig. 2.13c). 

In places, partially replaced garnet and/or staurolite are present in andalusite-bearing 

rocks. Garnet is wrapped by S2 and these represent remnants of the regional metamorphic 

assemblage rather than contact metamorphic products. Contact-metamorphic andalusite 

adjacent to the western margin of the Crawford Bay stock constrains the pressure at the 

time of emplacement to < ~ 4.5 kbar.  

 

 

 

Figure 2.13 (overleaf). a) Photograph of Crd-And contact-metamorphic assemblage 
on the east side of the Crawford Bay Stock; DM-09-CBA; Windermere Supergroup. 
b) Andalusite in contact aureole on west side of the Crawford Bay stock has 
partially replaced a muscovite-rich layer. Field of view = 3mm; DM-07-31; Hamill 
Group. c) Pseudomorphed andalusite crystal in the contact aureole on the west side 
of the Crawford Bay stock is folded around F4 crenulation. Field of view = 6mm; 
DM-07-31; Hamill Group. d) X-ray maps of garnet crystal from the contact aureole 
of the Crawford Bay stock showing relative concentrations of the elements Fe, Mg, 
Mn and Ca. Scale bars are 1mm. DM-09-CBAG; Windermere Supergroup. e) 
Compositional profile across the garnet crystal shown in e). f) EAD for garnet-
bearing sample DM-09-CBAG from the contact aureole on the eastern side of the 
Crawford Bay stock. g) EAD for non-garnet-bearing sample DM-09-CBA from the 
contact aureole on the eastern side of the Crawford Bay stock. The area of overlap 
of the two fields is shaded darker grey. The overlap region suggests a pressure 
during emplacement of 2.25-3 kbar. 
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2.6.3 Other contact aureoles 

The mid-Cretaceous Fry Creek batholith cuts regional metamorphic isograds on the east 

side of northern Kootenay Lake. Reesor (1973) reported assemblages containing 

combinations of andalusite, cordierite, garnet, staurolite and sillimanite from the contact 

aureole of the batholith, but gave no indication as to their distribution. Whereas a contact 

metamorphic aureole is well-developed in its eastern part, an aureole was not identified in 

the western part, where it intruded rocks of higher regional metamorphic grade (Reesor, 

1973). Warren (1997) interpreted sillimanite adjacent to the Fry Creek batholith as 

having formed during contact metamorphism; however, following examination of this 

locality, this sillimanite is interpreted to have formed during regional metamorphism 

because it is texturally indistinguishable from other regionally metamorphosed 

sillimanite-garnet schists in the area and contains the same shallowly-plunging L2 

mineral lineation as occurs elsewhere. 

 

In the southern part of the area, Leclair (1988) interpreted some of the sillimanite-garnet 

schists adjacent to the Baldy and Proctor plutons as having formed during contact 

metamorphism. Instead I interpret these as regional metamorphic assemblages that form 

part of a continuous belt of medium grade (kyanite and sillimanite zones) that extends 

westwards from Kootenay Lake to the Midge Creek fault. This reinterpretation is based 

on: 1) finding new occurrences of sillimanite-garnet schist in regions Leclair (1988) 

assigned to the garnet or staurolite zones, thereby removing the need for contact 

metamorphism to explain the presence of sillimanite, 2) the textural and mineralogical 

similarity of Grt-Sil schists in the postulated contact aureole of the Baldy pluton aureole 

with nearby regionally metamorphosed Grt-Sil schists, and 3) the similarity of garnet 

compositions and zoning patterns in garnet-sillimanite schist thoughout this region 

(Leclair, 1988; this work). Garnet crystals in coarse-grained regionally metamorphosed 

Grt-Sil schists typically contain 0.15-0.20 XGrs in their cores (Leclair, 1988; this work), 

which contrasts with the low-Ca crystals in the contact aureole of the Nelson batholith. 

The Baldy (and probably also the Proctor) pluton was intruded during D2 deformation 

and regional Barrovian deformation (Leclair et al., 1993) and has complexly 
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interdigitating contacts with the country rock. It contains abundant screens of country 

rock, and appears to have formed by coalescence of numerous strike-parallel sheets; it is 

likely that there was little temperature difference between the country rock and these 

sheets at the time of formation.  

 

An andalusite-bearing contact aureole surrounds the Midge Creek stock and occupies a 

broad region to its south, between it and an extension of the Drewry Point intrusion. 

Assemblages reported by Leclair (1988) include And+Bt±Grt, And+St+Grt+Bt and 

Sil+And+Bt. Low-pressure, And-bearing contact metamorphic assemblages overprint 

kyanite-bearing assemblages on the northern margin of the Midge Creek stock, and 

record exhumation of regionally metamorphosed rocks in this area to upper crustal levels 

shortly after peak metamorphism.  

 

2.7 DISCUSSION 

 

2.7.1 Thickness of metamorphic zones 

In much of the KLMH (Fig. 2.5a) the garnet, staurolite, kyanite and sillimanite zones 

have similar thicknesses to one another. Using the phase diagram and piezothermic array 

in Fig. 2.11b as a guide, broadly similar thicknesses for the staurolite, kyanite and 

possibly the sillimanite zones would be expected, with a significantly thicker garnet zone.  

North of the Fry Creek batholith, on the unfaulted eastern flank of the KLMH, the garnet 

zone is thicker than other metamorphic zones, but elsewhere is has a comparable 

thickness. The anomalously thin nature of the garnet zone in much of the area may reflect 

a bulk compositional control of the position of the garnet isograd. 

 

In calculating the approximate northerly plunge of isogradic surfaces, the interval 

between the staurolite and sillimanite isograds (Fig. 2.5) is used as it provides the most 

reliable marker. The staurolite and particularly the sillimanite isograds are relatively 

insensitive to minor differences in bulk composition.  
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The metamorphic zones surrounding the low grade region south of the Midge Creek 

stock are thinner than those in the northern (N-NNW-trending) part of the KLMH. It is 

likely that this apparently condensed series of isograds results in part from bulk 

compositional limitations on their development. A staurolite zone was not mapped by 

Leclair (1988) in this southern region, and staurolite has not been identified down-grade 

of kyanite in regionally metamorphosed rocks of the Aldridge Formation in the Creston 

area (Doughty et al., 1997).  

 

2.7.2 Relationship of isogradic surfaces to Early Cretaceous structures 

The highest-grade rocks in the central Kootenay Arc (Sil+Kfs zone) are located close to 

the crest of a structural culmination, where there is a change in the plunge direction of F2 

folds and L2 lineations (Fyles, 1967). To the north of this culmination, F2/L2 plunge 

gently north, whereas to its south, L2/F2 plunge gently to the south-southwest.  

 

To the north of the culmination, minor folds generally plunge north at an angle of 

approximately 5-20º (Fyles, 1964, Hoy, 1980). This is steeper than the plunge of the 

isogradic antiform in this region. The map (Fig. 2.5) and cross-section (Fig. 2.6a) 

constrains the combined thickness of the staurolite and kyanite zones to be 1.5-3.3 km in 

this region, and the piezothermic array suggests a value of approximately 2.25 km (see 

above). Using the distance between the staurolite and sillimanite isograds along the axis 

of the isogradic antiform (Fig. 2.5), an average plunge of 4-9º (6º using the preferred 

thickness value) results. As the isogradic antiform has a sub-horizontal axis in its crestal 

region (Sil+Kfs zone), this is likely to be an overestimate of the average plunge from the 

crest of the isogradic culmination to the northern tip of the staurolite zone. If the 

orientation of minor folds is representative of the large-scale structural plunge, there is 

structural relief of > 10 km between the crest of the culmination and the northern tip of 

the staurolite isograd. This contrasts with isogradic relief, and a difference in peak 

metamorphic pressure equivalent to approximately 3.5km depth. 
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There are a number of possible explanations for the discrepancy between the plunge of 

the metamorphic antiform and the magnitude of structural relief suggested by the 

orientation of minor folds. Isograds may have formed after much of the structural plunge 

was established. In this scenario, the isogradic surfaces may have a shallower plunge as 

they were only affected by late increments of doming of the culmination. An alternative 

is that the orientation of minor structures may not reflect large-scale plunge. Support for 

the latter is provided by the observation that the hinge zone of the F1 Riondel nappe, 

which is close to, but below, lake level in the Riondel area, is also at lake level at Kaslo, 

and low on the slopes above the west shoreline of the northern part of Kootenay Lake 

(Fig. 2.2). Other factors that could account for differences between apparent structural 

relief and peak metamorphic depths include post-peak-metamorphic thinning/thickening 

of mineral zones and diachronous peak metamorphism. 

 

Isograds transect F2 axial planes at a high angle, suggesting they were established after 

F2 folds formed and much of the related shortening had taken place; however, 

deformation of peak metamorphic minerals indicates that D2 outlasted peak 

metamorphism, and it is likely that there was some further tightening of these folds after 

isograd formation. As S2 is at a moderate to high angle to isograds, late (post peak 

metamorphic) D2 shortening may have resulted in minor thickening of mineral zones and 

some modification of the isogradic geometry.   

 

The relative uniformity in the orientation of S2 (Fyles, 1967; Hoy, 1980) suggests the 

antiformal isogradic structure was acquired prior to the end of D2 in the Early 

Cretaceous. Later doming would have resulted in a reduction of the dip of S2 on the east 

flank of the metamorphic high and steepening of S2 on its west flank. No such pattern is 

discernible; instead, S2 dips most shallowly in the highest grade rocks around the centre 

of the high (Hoy, 1980). There may have been minor modification of its geometry but the 

orientation of S2 rules out formation of the isogradic antiform as a result of later 

processes such as ramping of younger shear zones at lower levels (see Gervais et al., 
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2010, Simony & Carr, 2011 for examples elsewhere), doming as a result of crustal 

boudinage (Price, 2000) or normal faulting. Assuming the piezothermic array is 

representative of the entire metamorphic belt, this implies there was Early Cretaceous 

differential exhumation of the belt, concentrated in the centre of the culmination. It is 

unlikely the isogradic antiform resulted purely from an elongate thermal dome, as the 

piezothermic array in the area is not isobaric. It is possible the westward tilt of the Nelson 

batholith was acquired during this doming. 

 

Kyanite zone rocks in the vicinity of the ca. 114 Ma Midge Creek stock were exhumed to 

< 14.5 Km depth by this time, as evidenced by the presence of andalusite in its contact 

aureole (Leclair, 1988; Leclair et al., 1993). Similarly, andalusite developed in the 

contact aureole of the mid-Cretaceous Fry Creek Stock (Reesor, 1973), which was 

emplaced across the eastern part of the isogradic antiform. Crd+And assemblages in the 

contact aureole of the Crawford Bay stock indicate exhumation to a depth of 

approximately 6-10 km by the earliest Palaeocene (see Chapter 4).   

 

2.7.3 Palaeogene normal faults and their influence on the geometry of the Kootenay 

Lake metamorphic high 

The amphibolite facies belt that transects the central Kootenay Arc (the KLMH) is 

partially bounded by two normal faults or fault zones - the Purcell trench fault and the 

Gallagher fault zone. While the Purcell Trench fault has long been recognised as a major 

Eocene structure, the significance of the GFZ, which forms the western margin of the 

Barrovian belt, has hitherto not been fully appreciated. 
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Figure 2.14. Map showing K-Ar and 
40Ar/39Ar data from the area. Data from 
Archibald et al. (1984) and references 
therein. 

 

The east-dipping Purcell Trench fault 

forms the eastern boundary of the Priest 

River metamorphic complex to the south 

of the study area in northern Idaho (e.g. 

Doughty & Price, 1999). It extends 

across the international border and 

occupies the southern part of Kootenay 

Lake before dying out around the latitude 

of the West Arm. Along the southern, 

NW-trending portion of Kootenay Lake, 

the fault separates sillimanite zone rocks 

with Palaeogene 40Ar/39Ar mica cooling 

ages in the footwall from biotite zone 

rocks with mostly mid- to Late- 

Cretaceous cooling ages (Fig. 2.14). 

Around its northern termination, 

however, the sillimanite zone extends 

across the Purcell trench (occupied by 

Kootenay Lake) and there is little, if any, 

difference in 40Ar/39Ar cooling ages (Fig. 

2.14). The Purcell Trench fault coincides 

with the location of an antecedent east-

side-down normal fault that was active 

during the Neoproterozoic (Leclair, 

1988). 
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Along the southern part of Kootenay Lake and in the area to its south, amphibolite-facies 

rocks extend approximately 10-15 km west from the Purcell trench fault (Leclair, 1988; 

Doughty et al., 1997). Further west, the regional metamorphic grade is lower, and the 

rocks did not experience Cretaceous metamorphism or deformation (Archibald et al. 

1983; Archibald et al., 1984). Based on a change in apparent cooling ages (Archibald et 

al. 1984; Fig. 2.14), the boundary between these regions may partly coincide with the 

Lost Creek fault (Leclair, 1988; Fig. 2.5a; Fig. 2.14).  

 

The western boundary of the KLMH is bounded by the GFZ. From the West Arm of 

Kootenay Lake northwards to near Kaslo, the Gallagher fault separates M1 

chlorite/biotite zone hanging wall rocks from M2 amphibolite facies (staurolite-kyanite 

zone) rocks in the footwall. Whereas the low-grade hanging wall rocks record a simple 

Middle Jurassic metamorphic and deformation history, the amphibolite-facies footwall 

rocks underwent further metamorphism and deformation during the Early Cretaceous 

(Fig. 2.11d). The Gallagher fault marks the western boundary of penetrative D2 

deformation, the western boundary of amphibolite-facies metamorphism that was 

concurrent with D2, and the western boundary of young 40Ar/39Ar mica cooling ages (Fig. 

2.11d, Fig. 2.14). It also marks the western boundary of D3 structures. Palaeogene K-Ar 

cooling ages in the immediate footwall (Matthews, 1983; Fig. 2.14), suggest that it, like 

the PTF, is a Palaeogene extensional fault. To the east, K-Ar mica cooling ages increase 

gradually towards the centre of the Purcell anticlinorium (Archibald et al. 1984).  

 

South of the West Arm of Kootenay Lake, geological relationships are similar to those 

further north: a west-dipping fault (the Midge Creek fault) separates Barrovian M2 

kyanite or sillimanite-zone rocks from low-grade phyllites of the Milford Group, which 

lie east of a narrow, locally developed contact aureole adjacent to the Nelson batholith. 

The Midge Creek fault has previously been interpreted as a thrust or a strike-slip fault 

(Leclair, 1988; Vogl, 1992). Whatever its early history, the Midge Creek fault appears to 

have had a Palaeogene, normal-sense displacement history, and represents a continuation, 

or along-strike equivalent of, the Gallagher normal fault. Alternatively, the Gallagher 
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fault may have cut the Midge Creek fault at a low angle. In this case, the MCF would 

occupy part of the hanging wall to the GF that has since been eroded. Whereas the 

Gallagher fault marks the western limit of D2 penetrative strain north of where it marks 

the eastern boundary of the Nelson batholith, this may not be the case further south. 

South of Coffee Creek (Fig. 2.5c), the Nelson contact aureole, where present, is narrow, 

and tight D2 (?) crenulations overprint contact-metamorphic sillimanite in the hanging 

wall of the fault. Foliation and lineation in the tail of the Nelson batholith is concordant 

with that in the country rock and much or all of this deformation may be Early 

Cretaceous.  

 

To the north, the Gallagher fault dies out around Kaslo, but the amphibolite-facies belt 

continues north, in the footwall of the Lakeshore normal fault; the garnet isograd leaves 

the Gallagher fault around its termination and crosses a relay zone between these two 

structures, which are interpreted as kinematically-linked strands of a west-dipping normal 

fault zone. Interpretation of the Lakeshore fault as a Palaeogene normal fault conflicts 

with Klepacki’s (1985) suggestion that the Lakeshore fault is continuous with a long, 

strike-parallel pre-mid-Jurassic fault - the NW-trending Schroeder fault. Instead, we 

favour Fyles’ (1967; his Fig. 2) interpretation that the Lakeshore fault continues north, 

approximately parallel to Kootenay Lake. Given their relative ages, it is likely that the 

Lakeshore fault cuts the Schroeder fault, rather than being part of it.  

 

Around the northernmost part of Kootenay Lake and Duncan Lake, the western boundary 

of the amphibolite-facies belt does not coincide with known faults. Normal faults were 

mapped in the area north of the Fry Creek batholith by Fyles (1964) and a normal-sense 

shear zone overprints the NW margin of the mid-Cretaceous Fry Creek batholith. The 

zone of normal faulting may step eastwards in this region and continue northwards, in a 

diminished fashion, as suggested by Warren (1997).  

 

Restoration of apparent stratigraphic cut-offs in the cross-section across the Kootenay 

Arc by Fyles in Brown et al. (1981) suggests offset of approximately 7.5 km (throw of ~ 
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5 km) on the Gallagher fault in the Ainsworth-Kalso area (Fig. 2.3c), though this relies on 

projecting long distances along strike in an area where displacement along the fault is 

variable. This estimate is similar to that suggested by juxtaposition of rocks of the kyanite 

and sillimanite zones against low-grade phyllites (Fig. 2.6a). As the garnet zone is 

truncated by the GFZ and is absent from the hanging wall, it must be below the current 

land surface in its hanging wall. The Josephine and Lakeshore faults also separate 

lithological units for considerable distances along strike, suggesting they are significant 

structures. The faults are generally approximately parallel to lithological boundaries, 

however, and some of the structural complexity in this zone may arise from earlier 

compressional structures, as is the case along strike (Klepacki, 1985; Leclair, 1988).  

 

In summary, the isograd pattern in the central Kootenay Arc reflects the superposition of 

Early Cretaceous and Palaeogene processes. A strike-parallel, antiformal isogradic 

culmination formed during the Early Cretaceous. This culmination gives rise to the bulls-

eye pattern of isograds along the northern part of the KLMH. Large relief on isograds, 

unrelated to normal faulting, has been reported in other parts of the southeastern 

Cordillera that record Early Cretaceous Barrovian metamorphism (Ghent et al., 1980; 

Ghent & Simony, 2005). The west flank of the culmination was truncated by the 

Palaeogene GFZ, thereby accentuating the cross-strike difference in metamorphic grade. 

In the absence of the GFZ it is likely that this northern part of the KLMH would be less 

pronounced and broader, with a gradual decrease to the east and west away from the 

crestal region of the Early Cretaceous culmination.  

 

The southern part of the KLMH occupies the footwall of the PTF. Unlike the northern 

part of the KLMH and its southwestern fork, the southeastern branch transects strike, and 

there is no evidence that there was a pre-existing metamorphic high in this region. 

Instead, this fork may result from Palaeogene differential exhumation due to normal 

faulting. The forked nature of the KLMH and continuity of the amphibolite-facies zones 

reflects the partial overlap of these two parts of the belt.  
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CHAPTER 3: CALCULATION OF P-T PATHS INCORPORATING CHEMICAL 

FRACTIONATION AND DIFFUSION IN GARNET: A CASE STUDY FROM 

THE KOOTENAY ARC, BRITISH COLUMBIA, CANADA 

 

 

ABSTRACT 

 

The significance of garnet zoning in metapelitic rocks from the southeastern Canadian 

Cordillera is investigated through comparison with the results of forward models 

incorporating chemical fractionation and intracrystalline diffusion. Garnet crystals in 

graphitic metapelite from the staurolite/kyanite zones of a Barrovian sequence display 

textural sector zoning in their central regions and are characterised by a three-part 

chemical zoning pattern. Zoning is concentric and generally continuous from core to rim. 

Garnet zoning records growth during the initial phases of prograde metamorphism; 

growth stopped before peak metamorphism, probably when staurolite started to 

crystallise. Detailed modelling was carried out on a representative sample (DM-06-128), 

and a best-fit P-T path calculated by iteratively matching garnet compositions with the 

results of THERIAK forward models incorporating chemical fractionation. Further 

modelling using THERIA_G suggests diffusion did not significantly modify chemical 

zoning profiles. The sector-zoned part of the garnet, comprising the first two chemical 

zones, records > 2 kbar burial along a linear gradient of 40 bars/ ºC, followed by 

approximately 0.6 kbar of exhumation. Renewed burial of > 0.4 kbar prior to the end of 

garnet growth in recorded by distinctive low-Ca rim zones that do not display textural 

sector zoning. Although there was further heating of up to 50 ºC following cessation of 

garnet growth, equilibrium may not have been maintained throughout this interval.  
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3.1 INTRODUCTION 

 

In this study, the pressure-temperature and petrogenetic significance of garnet zoning in a 

suite of lower to middle amphibolite-facies rocks from the Canadian Cordillera is 

assessed. The samples, which are characterised by well-developed textural and chemical 

zoning, come from the staurolite and kyanite zones of a Barrovian metamorphic 

sequence.  

 

The approach used to reconstruct the P-T path experienced by these samples is to match 

observed garnet compositions along radial transects with predicted compositions from 

thermodynamic forward models (Loomis, 1986; Spear, 1988; Florence & Spear, 1991; 

Florence & Spear, 1993; Gaidies et al., 2008a, 2008b, 2008c). To account for the effect 

of garnet fractionation in influencing the modal and chemical development of garnet-

bearing rocks (Marmo et al., 2002; Spear, 1988; Zeh, 2006), fractional equilibrium 

growth of garnet is assumed. The best-fit P-T path for a representative sample is 

calculated by applying an automated method that matches observed and modelled garnet 

compositions, while accounting for continuous variation in the effective bulk 

composition due to garnet fractionation. The automated method is only suitable for cases 

in which intracrystalline diffusion has had a negligible effect on garnet zoning. Support 

for its applicability in this case is provided by chemical zoning characteristics in garnet, 

and modelling that considers simultaneous fractionation and intracrystalline diffusion, 

incorporating available geochronological constraints.  

 

3.2 GEOLOGICAL SETTING 

 

The Omineca belt of the Canadian Cordillera (Fig. 3.1a) comprises metasedimentary and 

metavolcanic rocks of varied age and provenance that were deformed and 

metamorphosed during Mesozoic to Palaeogene orogenesis (Evenchick et al. 2007). It 

also includes large volumes of pre- syn- and post-orogenic plutonic rocks. In the southern 
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Omineca belt, regional metamorphic grade ranges from greenschist-facies to upper 

amphibolite-facies, locally reaching granulite-facies (Read et al. 1991).  

 

Greenschist- to lower amphibolite-facies assemblages and associated structures 

developed during initial Cordilleran shortening in the Middle Jurassic and are widely 

preserved at high structural levels. In parts of the belt, however, these assemblages and 

structures were overprinted by younger, higher-grade assemblages during continued 

development and eastward propagation of the orogen (Simony & Carr, 2011 and 

references therein). Episodic metamorphism and deformation continued at some 

structural levels through the Cretaceous and Palaeocene, followed by widespread Eocene 

normal faulting and exhumation. This faulting, an expression of approximate E-W 

extension, affected a wide area of the southern Omineca belt, and resulted in 

juxtaposition of rocks with contrasting metamorphic and structural histories (Parrish et 

al., 1988).  

 

 

Figure 3.1 (overleaf). (a) Map showing the location of the study area in the southern 
part of the Omineca belt of the Canadian Cordillera. The small box shows the 
outline of Figure 1b. (b) Metamorphic map of the central Kootenay Arc, showing 
regional metamorphic isograds, large intrusions and faults. Metamorphic zones 
define an elongate, partially fault-bounded Barrovian metamorphic high that trends 
approximately parallel to Kootenay Lake. The samples examined in this study are 
from the staurolite & kyanite zones, in the northern part of the metamorphic high. 
Mineral assemblage and isograd data compiled from the authors own work; Fyles 
(1964, 1967); Crosby (1968); Hoy (1980); Klepacki (1985); Leclair (1988) and 
Warren (1997). (c) Map of the study area, showing mineral assemblages in 
metapelitic rocks and the location of samples discussed in the text. The eye symbol 
indicates the location and viewing direction of Figure 1d. (d) Photograph of part of 
the study area showing the location of samples shown in Fig. 3.4, taken looking 
NNW. The samples are from the lower part of the Lardeau Group in a well-defined, 
continuous stratigraphic sequence on the west limb of the Duncan anticline (Fyles, 
1964). The pale coloured rocks in the centre of the image are carbonate units of the 
Badshot and Mohican formations; stratigraphic younging is towards the right 
(East). 
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The area under consideration in this study lies in the central part of the Kootenay Arc, an 

eastward-convex curvilinear zone in the southern Omenica belt that is characterised by a 

distinctive stratigraphy and intense Mesozoic polyphase deformation (Fyles & Hewlett, 

1959; Fyles & Eastwood, 1962; Fyles, 1964; Fyles, 1967; Hoy, 1977; Leclair, 1988). In 

this area (Fig. 3.1b), a narrow, partially fault-bounded belt of middle amphibolite-facies 

rocks is oriented parallel to Kootenay Lake (Archibald et al. 1983, 1984). Metamorphic 

grade ranges from the chlorite/biotite zones along the flanks of this metamorphic ‘high’ 

to the sillimanite+ K-feldspar zone in the centre. Along the central part of the lake, the 

western boundary of the amphibolite-facies belt is marked by the west-dipping, 

Palaeogene Gallagher normal fault (Moynihan & Pattison, 2008). South of the bend in 

Kootenay Lake, another Palaeogene normal fault - the Purcell Trench fault - marks the 

eastern boundary of the amphibolite-facies belt (Fig. 3.1b).  

 

In the hanging wall of the Gallagher fault, greenschist-facies regional metamorphic 

assemblages were locally overprinted by low pressure (3.5-4 kbar) contact metamorphic 

assemblages during intrusion of the Middle Jurassic Nelson batholith (Pattison & Vogl, 

2005). Rocks from this region yield Jurassic - Early Cretaceous K-Ar/40Ar/39Ar cooling 

ages (Archibald et al., 1984) and were not affected by later metamorphism or 

deformation. In contrast, rocks in the footwall, including those that form the subject of 

this study, underwent peak Barrovian metamorphism and D2 deformation during the 

Early Cretaceous, prior to intrusion of an extensive suite of mid-Cretaceous granitic 

plutons (Leclair et al. 1993 and Chapter 4). Rocks in this region give Late Cretaceous-

PalaeogeneK-Ar and 40Ar/39Ar biotite and muscovite cooling ages (Archibald et al., 

1984). 

 

The structure of the central Kootenay Arc is dominated by two generations of gently-

plunging, approximately N-S-trending folds and associated structures (Fyles, 1964; Fyles, 

1967; Hoy, 1980; Leclair, 1988). In the amphibolite-facies belt, the dominant fabrics are 

those associated with the second phase of deformation, which accompanied peak Early 

Cretaceous metamorphism (Fyles, 1967; Hoy, 1980). The main schistosity (S2) is axial 
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planar to F2 folds, dips west and is variably developed. Where D2 deformation has been 

most intense, no evidence of the earlier foliation (S1) is preserved; elsewhere, S2 is 

manifested as a crenulation cleavage of S1. Mineral lineations plunge gently north or 

south, generally parallel to fold axes. 

 

3.3 TECHNIQUES 

 

Mineral compositions were determined using a JEOL JXA–8200 Superprobe at the 

University of Calgary Laboratory for Electron Microbeam Analysis. Carbon-coated 

polished sections were analysed at 15 kV using a 20 nA beam and a range of natural and 

synthetic standards. Garnet, plagioclase and staurolite were analysed using a 5 µm beam 

diameter, and a 10 µm spot size was used for micas. Element-distribution maps of garnet 

grains were generated using WDS stage scans for the elements Fe, Mg, Ca, Mn and Y.  

The mapping was conducted with a focussed beam using step sizes of 2-10 µm, beam 

currents of 50-200 nA and dwell times of 30-50 milliseconds. Major element chemistry 

of hand samples was determined by XRF using a Philips PW2440 4kW automated 

spectrometer system at the McGill University geochemical laboratories, and abundances 

of S and C were established by combustion infrared spectroscopy in the same laboratory.  

 

Thermodynamic modelling was carried out in the ten-component system MnO-Na2O-

CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2 (MnNCKFMASHT) using 

THERIAK/DOMINO (de Capitani & Brown 1987, De Capitani & Petrakakis 2010) and 

THERIA_G (Gaidies et al, 2008a) software in conjunction with version ds5.5 of the 

Holland and Powell (1998) database. For THERIA_G modelling, the garnet diffusion 

coefficients of Chakraborty and Ganguly (1992) were used, with D*Ca (tracer diffusion 

coefficient) set equal to D*Fe/2 (Gaidies, 2008a). Excess H2O was assumed, and a melt 

phase was not considered. Although graphite is present in many of the rocks, the 

assumption of a pure H2O fluid phase does not result in large discrepancies in the 

position of phase boundaries (Connolly & Cesare 1993, Pattison et al. 2002). Activity 

models used are those outlined in Tinkham & Ghent (2005) with the following 
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exceptions: (i) margarite is not considered as a component in white mica, (ii) the 

ilmenite–hematite model is that of White et al. (2000), with the addition of a pyrophanite 

component, which is assumed to mix ideally, and (iii) a modified version of the White et 

al. (2007) garnet model was used, with αAlm = 1, αPrp = 1, αGrs = 3, αSpss = 1,  WAlm,Prp = 

2,500 j/mol, WAlm,Grs = 10,000 j/mol and WPrp,Grs = 45,000 j/mol. This is the currently 

preferred garnet model (THERMOCALC version 3.33), extended to include a Mn end-

member. The compositions used in modelling were derived from the natural 

compositions by omitting C and eliminating P and S, if present, by projection from 

apatite and pyrrhotite, respectively. Mineral abbreviations after Kretz (1983) are used 

throughout the paper. 

 

3.4 PETROGRAPHY OF THE SAMPLE SUITE 

 

The suite of metapelitic samples that forms the basis for this study was collected from an 

area of approximately 25 km2 close to the northern end of Kootenay Lake (Fig. 3.1c,d). 

The rocks are rusty-weathering schists with conspicuous mm- to cm-scale garnet 

porphyroblasts set in a silvery-grey foliated matrix. Staurolite is also common, and the 

matrix comprises aligned muscovite and biotite, quartz, plagioclase, ilmenite, secondary 

chlorite and accessory phases including ubiquitous tourmaline. 

 

The area includes the boundary between the regional staurolite and kyanite zones in the 

northeastern part of the metamorphic high (Fig. 3.1b). The assemblage St-Grt-Bt-Ms-Pl-

Qtz-Ilm is widely developed in pelitic schists in the area, and a Ky-St-Grt-Bt assemblage 

was reported by Reesor (1973). Rocks from the western part of the area (Fig. 3.1c) in 

particular have locally undergone extensive retrogression, and it is possible that the 

restricted distribution of kyanite is influenced by heterogeneous retrogression.  

 

3.4.1 Microstructures 

The study area (Fig. 3.1c) lies in a part of the Kootenay Arc in which there is evidence 

for each of the two main deformation episodes. The dominant matrix foliation (S2) is 
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commonly the sole discernible planar fabric, and relicts of S1 are generally restricted to 

microlithons within S2 crenulation cleavage. In regions of low D2 strain, however, 

crenulations of S1 are more open and although axial planes of these crenulations are 

parallel to S2, the younger foliation is not penetratively developed (Fig. 3.2a). In some 

samples, S2 is overprinted by chlorite-rich shear bands. 

 

 

 
Figure 3.2 (overleaf). Photomicrographs of rocks from the sample suite. (a) 
Crenulations of S1 in the matrix of a St-Grt-Bt-Ms schist. The dominant foliation in 
the area (S2) is variably developed; in places S1 is fully transposed, elsewhere, S2 
forms a crenulation cleavage, with chevron hinges locally preserved in the matrix. 
In this location, S1 is crenulated, but an axial planar S2 fabric is not developed. 
Field of view = 6 mm. DM-06-127. (b) Straight inclusion trails are preserved in a 
garnet porphyroblast whereas a crenulation cleavage (S2) is developed in the 
matrix. S2 wraps around the porphyroblast and open crenulations are preserved in 
its strain shadow. Field of view = 6 mm. DM-06-126. (c) Inclusion trails define an 
open fold within a garnet poikiloblast. Field of view = 3 mm. DM-06-156. (d) 
Crenulations of S1 in the strain shadow of a garnet crystal. S2 forms a single 
transposition foliation in the matrix and evidence for S1 is only preserved in these 
strain shadows. The outer part of garnet crystals contain wavy inclusion trails. 
Collectively, these microstructures indicate temporal overlap between garnet 
growth and D2 deformation. Field of view = 3 mm. DM-06-128. (e) Staurolite 
crystals aligned parallel to S2, which wraps around a large garnet porphyroblast. 
Field of view = 6 mm. DM-06-123. (f) Garnet crystal displaying textural zoning. An 
inclusion free core with ill-defined sector zoning is surrounded by a zone containing 
numerous fine inclusions. Outside of this there is a non sector-zoned rim with 
discontinuous alternations of inclusion-free and very inclusion-rich shells. Field of 
view = 3 mm. DM-06-157G. (g) Graphite accumulations at the end of an inclusion-
free column in texturally sector zoned garnet. See Fig. 3.3a, area A for a chemical 
map of the same feature. Field of view = 1.5mm. DM-06-128. (h) Arcuate zones of 
graphitic inclusions, resembling cleavage domes, on the margin of an inclusion-free 
garnet core. Field of view = 0.75 mm. A complete photograph and Ca X-ray map of 
this crystal is included in Figure 3.3(c). Note the contrast between the inclusion-rich 
areas around the graphite-rich arcs and the inclusion-free rim, and its coincidence 
with the boundary between garnet chemical zones B and C. DM-06-157G.  
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Garnet porphyroblasts are generally well-preserved, though margins are commonly 

slightly embayed and surrounded by a thin chlorite-rich replacement rim. There is variety 

in the nature of inclusions within garnet crystals. In some samples, straight inclusion 

trails across the full width of crystals suggest overgrowth of S1 prior to F2 folding and 

development of the S2 matrix fabric (Fig. 3.2b). In others, crenulations are included in 

garnet crystals (Fig. 3.2c); in such cases, included crenulations have a longer wavelength 

and lower amplitude than matrix crenulations. In areas where S2 is well-developed, 

garnet crystals are wrapped by the S2 foliation, and crenulations of S1 are only preserved 

in the strain shadows of garnet crystals (Fig. 3.2d). Collectively, these observations 

suggest garnet growth preceded and overlapped with F2 folding and the development of 

S2.  

 

Staurolite porphyroblasts, though common, are less prominent than those of garnet, 

particularly in hand-sample, as they are generally smaller and commonly partly replaced 

by retrograde chlorite and muscovite. Some larger staurolite porphyroblasts display 

sector zoning and some also contain curved, graphite-rich inclusion trails. Post-staurolite 

deformation is indicated by quartz-rich strain shadows and locally, preferred orientation 

parallel to S2 (Fig. 3.2e). Dusty, curved inclusion trails are also included in the largest 

biotite crystals. Biotite crystals, which occur in a wide range of sizes from small matrix 

grains to porphyroblasts, are extensively replaced by retrograde chlorite. Wrapping of St 

and Bt porphyroblasts by S2 and the inclusion of curved inclusion trails suggest that 

staurolite and some larger biotite crystals also grew during D2. Kyanite overgrew S2 but 

intracrystalline strain and a preferential alignment attests to some deformation after its 

growth. 

 

3.4.2 Textural zoning in garnet  

In some samples from the area, the cores of garnet crystals display variably developed 

textural sector zoning (Fig. 3.2f,g,; Anderson, 1984). In well developed cases, sector 

boundaries are marked by lines of inclusions in the core, which branch into broader 

triangular (in 2-d) inclusion-rich zones in the outer part of the sector-zoned region. 
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Inclusion-free columns extend variable distances into a layer rich in fine inclusions (Fig. 

3b), with boundaries that range from sharp to gradational. Whereas in some cases the 

longest columns extend to the margin of this zone, many do not, resulting in an 

intermediate, inclusion-rich zone with no discernible sectoral variation (Fig. 3.2f). The 

ends of some inclusion-free columns are marked by local accumulations of graphite (Fig. 

3.2g), and in some instances these accumulations outline arcuate shapes (Fig. 3.2h). 

These arcuate graphite-rich zones resemble the two-dimensional expression of cleavage 

domes - a localised domal cleavage that can form at the margin of growing 

porphyroblasts (Harvey et al., 1977; Ferguson et al., 1980; Rice & Mitchell, 1991).  

 

In many crystals, the margins of garnet crystals are marked by a complete or partial rim 

zone that is not sector zoned and generally contains few inclusions. Commonly, this rim 

is a composite feature (e.g. Fig. 3.2e), which includes one or more thin, mostly 

discontinuous, extremely inclusion-rich layers concentrically arranged with inclusion-free 

shells. There is a good deal of variety within and between garnet crystals and the clear 

sectoral and concentric textural zoning described above is not ubiquitous.  

 

Figure 3.3 (overleaf). PPL photomicrographs and Ca X-ray maps from three Grt 
crystals displaying textural sector zoning and/or related textures. Lowest 
concentrations are indicated by shades of blue, intermediate concentrations by red-
pink, and highest concentrations by yellow. (a) and (b) are the largest garnet 
crystals from DM-06-128, the sample chosen for detailed P-T path modelling. They 
each show textural sector zoning. In (a), chemical zoning is largely concentric and 
continuous; however part of the zoning record is missing rimward of graphite 
accumulations (A) and large quartz-filled segments (B). Radial streaks, indicating 
small difference in Ca are parallel to columns. In (b), inclusion-rich sectors are not 
as well developed, and there are more complete core-rim transects. The chemical 
zoning pattern is approximately symmetrical and concentric, whereas the textural 
zoning is asymmetric; inclusion-poor columns end at different points in the zoning 
sequence (C lies within high Ca core zone). Inclusion trails outlining crenulations 
occur in the outer part of the crystal, including some sector-zoned parts, indicating 
growth of this part of the crystal after the onset of D2. In (c), arcuate graphitic zones 
that resemble cleavage domes correspond with embayments with the opposite 
concavity in the Ca X-ray map (D,E). Part of the zoning scheme is missing rimward 
of these graphite-rich zones; this is interpreted to reflect a local hiatus in growth due 
to the graphite accumulation. A higher magnification photograph of the area 
marked with a red box is shown in Figure 3.2(h). 
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3.5 GARNET COMPOSITIONAL ZONING 

 

Six samples were selected for chemical analysis, based on their textures and lack of 

alteration. These samples were collected from a small geographic area within a well-

defined, continuous stratigraphic section of Lardeau Group strata (Fig. 3.1d) on the west 

limb of the Duncan anticline (Fyles, 1964).  

 

The chemical zoning patterns of nine garnet crystals from the six rock samples were 

determined by X-ray chemical mapping, with additional reconnaissance work conducted 

using X-ray line-scans. Four of the samples that were mapped contain the assemblage St-

Grt-Bt-Ms-Pl-Qtz-Ilm whereas two lack staurolite. Zoning patterns in garnet crystals 

from five of these samples show broadly similar trends. Although there is some variation 

in detail between samples, each is characterised by three directly comparable concentric 

zones (Figs. 3.3,3.4,3.5; Table 3.1):  

 

In zone A (central zone), XGrs is flat or increases gradually outwards from a relatively 

high Ca core (XGrs = 0.15-0.25). XSpss decreases outward, from > 0.25-0.3 in the core to 

0.05-0.1, generally with a steepening of its (negative) slope towards the rim. XAlm 

increases outward from core values of approximately 0.5 to roughly 0.7, with an increase 

in its (positive) slope towards the rim. A high Y core is discernible in the centre of zone 

A in some samples. 

 

Figure 3.4 (overleaf). X-ray maps of Grt crystals from five samples showing relative 
concentrations of Fe, Mg, Mn and Ca. Warmer colours indicate higher 
concentrations. Lowest concentrations are indicated by shades of blue, intermediate 
concentrations by red-pink, and highest concentrations by yellow. The locations of 
quantitative transects presented in Figs. 2.5 and 2.6a are also shown. Scale bars are 
1mm. In (b) the Ca map is replaced with a backscatter image as the equivalent Ca 
map is included in Fig. 3.3b. The mineral assemblage of the rocks shown in 
(a),(b),(c) and (e) is St-Grt-Bt-Ms-Pl-Qtz-Ilm. The mineral assemblage in (d) is the 
same, except for the absence of St from the assemblage. In (d), A,B mark locations 
where there are steps in the zoning profile around graphite accumulations. X-ray 
maps in (e) are of the largest garnet crystal from DM-06-128, which was used for P-
T path modelling. A Ca map and photograph of this crystal is shown in Fig. 3.3(a). 
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Figure 3.5. Garnet composition profiles along the transects shown in Fig. 3.4(a-d). In 
each of these cases three zones (A,B,C) exhibiting similar zoning patterns can be 
identified. 
 

In zone B (the intermediate zone), there is a steep drop in Xgrs to <0.1, coincident with 

an increase in slope of XPrp. The zone is also characterised by a decrease in the (-ve) 

slope of XSpss and a continuation or acceleration of the increase in the slope of XAlm.  

 

Zone C (rim) is characterised by little radial variation in Xalm, a shallow positive slope in 

XPrp, and a shallow negative slope in XSpss. A high Y ring coincides with the inner part of 

this zone. There is some variation in XGrs between samples (DM-06-128 contains a slight 

positive Ca annulus), but in each case the overall trend is that of a gradual rimward 

decrease.  
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Three zones are not evident in garnet from the sixth sample analysed; instead, the zoning 

pattern across the entire radius resembles zone A from the other five samples. 

 

3.5.1 Relationship between garnet chemical zoning and textures 

Garnet zoning is mostly concentric and generally continuous; the zoning crosses sector 

boundaries, and internal chemical boundaries are approximately parallel to the crystal 

margins. Although there are steep gradients in some elements, the transitions are 

continuous rather than discontinuous. There are, however, some local anomalies that are 

related to the internal textures described above. In some instances, a small part of the 

zoning progression is missing rimward of graphite accumulations (e.g. Figs. 3.3a,c). The 

same is also true of some locations rimward of large quartz-filled segments (Fig. 3.3a) 

These features suggest that garnet growth was halted temporarily in these sites, while it 

continued on either side. Around the arcuate features interpreted as possible cleavage 

domes in Fig. 3c, this has resulted a pair of chemical embayments with the opposite 

concavity to that of the graphitic arcs (compare Figs. 3.2h, 3.3c). While these features are 

sharpest and most evident in Ca maps, they are discernible in maps of all elements, 

including Mn.  

 

The texturally sector zoned part of the garnet crystals, and the inclusion-rich layer into 

which it commonly grades, incorporates chemical zones A and B. Zone B (characterised 

by a steep drop in Ca) lies close to the tips of inclusion-free columns or adjacent 

poikiloblastic sectors, but where columns are short, it lies within the inclusion-rich zone. 

Although there is not always a clear boundary with the rim, where a boundary is evident, 

the rim exclusively comprises the low Ca zone. 

 

The only crystal-wide, non-concentric zoning pattern evident in the sample suite is the 

presence of a second-order, streaky radial fabric in calcium in the central part of some 

TSZ crystals, parallel to inclusion-free columns (Fig. 3.3a). These radial streaks reflect 

lateral differences in Ca content on the order of ~ 0.01 XGrs and are similar to features 

described by Pattison & Tinkham (2009).  
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Sample *128 *128 *128 *128 *128 *127A *127A *129B *129B *157D *157D 
Mineral Grt Grt Pl St St Grt Grt Grt Grt Grt Grt 

Position core rim matrix core rim core rim core rim core rim 

            
Oxides (%)            

SiO2 36.41 37.37 61.97 27.91 28.68 36.63 36.25 36.92 36.94 36.95 37.07 
TiO2 0.09 0.00  0.51 0.53 0.08 0.03 0.10 0.00 0.11 0.00 

Al2O3 20.23 20.61 23.84 55.42 55.19 20.71 20.74 20.56 20.51 20.51 20.76 
FeO 22.17 37.30 0.06 11.40 10.29 22.73 38.96 23.39 39.01 21.57 38.48 
ZnO    1.86 2.69       
MnO 12.15 0.20  0.06 0.07 13.28 0.28 12.21 0.18 12.18 0.14 
MgO 0.54 2.70 0.00 1.10 0.88 0.54 2.59 0.51 2.56 0.35 2.48 
CaO 7.51 2.19 4.97 0.01 0.02 5.82 0.82 6.54 0.96 8.44 1.84 

Na2O   8.93         
K2O   0.07         
BaO   0.01         
H2O    2.18 2.19       

Total 99.10 100.37 99.85 100.46 100.53 99.78 99.67 100.23 100.17 100.11 100.78 

            
Cations            

Si 2.98 3.01 2.75 3.84 3.93 2.98 2.96 2.99 3.00 2.99 2.99 
Ti 0.01 0.00  0.05 0.05 0.00 0.00 0.01 0.00 0.01 0.00 
Al 1.95 1.96 1.25 8.99 8.92 1.99 2.00 1.97 1.96 1.96 1.97 
Fe 1.52 2.51 0.00 1.31 1.18 1.55 2.66 1.59 2.65 1.46 2.59 

Zn    0.19 0.27       
Mn 0.84 0.01  0.01 0.01 0.92 0.02 0.84 0.01 0.84 0.01 
Mg 0.07 0.32 0.00 0.23 0.18 0.07 0.32 0.06 0.31 0.04 0.30 
Ca 0.66 0.19 0.24 0.00 0.00 0.51 0.07 0.57 0.08 0.73 0.16 
Na   0.77         
K   0.00         

Ba   0.00         
H    2.00 2.00       

sum 8.03 8.01 5.01 16.61 16.55 8.02 8.04 8.02 8.02 8.02 8.02 

norm O 12.00 12.00 8.00 23.00 23.00 12.00 12.00 12.00 12.00 12.00 12.00 

            
X Alm 0.49 0.83    0.51 0.87 0.52 0.87 0.48 0.85 
X Prp 0.02 0.11    0.02 0.10 0.02 0.10 0.01 0.10 
X Grs 0.27 0.00    0.30 0.01 0.27 0.00 0.27 0.00 
X Sps 0.21 0.06    0.17 0.02 0.19 0.03 0.24 0.05 

M/(F+M) 0.04 0.11  0.15 0.13 0.04 0.11 0.04 0.10 0.03 0.10 

X An   0.23         

 

Table 3.1. Representative mineral compositions for samples discussed in the text.  
* All sample names include the prefix DM-06-. 
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3.6 THERMODYNAMIC MODELLING OF DM-06-128 

 

Thermodynamic modelling was carried out with the aim of evaluating the significance of 

the chemical zoning of garnet in terms of the P-T history and metamorphic processes. 

The sample chosen for detailed modelling - DM-06-128 - is a representative rusty-

weathering, silvery grey schist containing porphyroblasts of garnet (0.5-1 cm) and 

smaller staurolite crystals (~ 1mm long). Porphyroblasts are set in a matrix comprising 

aligned muscovite and biotite (now partly chloritised), quartz, ilmenite, unzoned 

plagioclase, tourmaline and minor accessory phases. In addition to forming matrix grains, 

biotite also forms porphyroblasts up to 1mm long.  

 

The schist is penetratively foliated, with a single fabric (S2) evident in the matrix; 

however, crenulations of an earlier foliation (S1) are preserved in the strain shadows of 

large garnet crystals (Fig. 3.2d). Wavy inclusion trails in the rim of garnet crystals and in 

the largest biotite crystals indicate overgrowth of F2 crenulations prior to their tightening 

in the matrix (Fig. 3.3b), but the timing of folding relative to garnet core growth is 

unclear. Garnet crystals are variably sector zoned, and have undergone minor 

replacement by chlorite along the rim. There are no modal or mineralogical halos 

surrounding garnet crystals. 

 

This sample was chosen for modelling because the cores of the largest garnet crystals 

analysed yield a composition close to that predicted for initial garnet growth in a rock 

with this bulk composition. P-T path modelling was carried out based on a radial 

chemical profile of the crystal with the largest diameter and highest XSpss. This crystal 

displays well-developed textural sector zoning (Fig. 3.3a) as well as the tripartite 

chemical zonation pattern (zones A,B,C) discussed above (Figs. 3.4e, 3.6a). Radial 

inclusion trails intersect at a point close to the centre of the crystal, suggesting the 

analysed section passes through the core of the garnet, allowing measurement of a true 

radial composition profile. Representative mineral compositions and a bulk chemical 

analysis for this sample are included in Tables 3.1 and 3.2, respectively. 
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Sample DM-06-128 
  

SiO2 (%) 61.91 

TiO2 (%) 0.97 

Al2O3 (%) 17.50 

Fe2O3 (%) 8.89 

MnO (%) 0.19 

MgO (%) 2.36 

CaO (%) 0.87 

Na2O (%) 1.24 

K2O (%) 2.88 

P2O5 (%) 0.14 

BaO (%) 1730.70 

SO3 (%) <d/l 

LOI (%) 3.16 

Total (%) 100.28 

  
Table 3.2. Bulk composition of DM-06-128 derived from XRF analysis 

 

Figure 3.6 (overleaf). (a) Grt composition along the radial transect used for 
calculating a best-fit P-T path for DM-06-128. The location of the transect is shown 
in Fig. 3.4e. The measured compositions are plotted, along with a polynomial curve 
through the data, and the values calculated by the fractionation model along the 
best-fit P-T path. The Grt composition values used to calculate the P-T path were 
taken at regular intervals from the polynomial line. In presenting the results, model 
compositions are plotted in the same radial position as their corresponding real data 
points; radial or volume relationships were not considered in the best-fit P-T 
calculations. (b) Mineral composition isopleths for DM-06-128, constructed using 
the bulk composition of the rock. Grt core isopleths intersect relatively close to the 
garnet-in line. There is no rim isopleth intersection point as only the XPrp and XGrs 
isopleths plot in the P-T region of interest. XAn and St Mg# isopleths are also shown. 
(c) Graphical representation of the steps carried out by the MATLAB script that 
was written to find a best-fit P-T path. See text for details. (d) Best-fit P-T path 
calculated by the MATLAB script through matching compositions predicted by 
THERIAK fractional equilibrium forward models with data from the largest garnet 
crystal in DM-06-128. (e) Modelled P-T-t path for sample DM-06-128. The Grt-in 
boundary is shown for three stages along the loop - (1) prior to garnet growth, (2) at 
the P-T point represented by the current garnet rim, and (3) at the inferred end of 
garnet growth. (f) Mineral composition isopleths for DM-06-128, constructed using 
modified bulk compositions. Grt rim isopleths intersect tightly using the 
composition derived by fractionation along the modeled P-T path to the point 
represented by the current garnet rim. XAn and staurolite Mg# isopleths were plotted 
using the composition at the inferred end of Grt growth. The Grt-in boundary is 
also shown for the three stages along the P-T loop listed in (e). 
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Figure 3.7 (previous page). (a) MnNCKFMASHT equilibrium assemblage diagram 
for DM-06-128. SiO2 and H2O are present throughout the diagram; a melt phase was 
not considered. Mineral abbreviations from Kretz (1983), except Wm for white 
mica. (b) MnNCKFMASHT equilibrium assemblage diagram for DM-06-128, 
constructed using the fractionated composition at the inferred end of garnet growth. 
The change in effective bulk composition has a limited effect on the position of other 
major phase boundaries. The most notable difference is the displacement of the 
Al2SiO5-in boundary towards lower temperatures at many pressures.  

 
3.6.1 Predicted phase relations and garnet core isopleth thermobarometry 

An equilibrium assemblage diagram (EAD) constructed using the bulk composition of 

this sample shows that the peak metamorphic assemblage (St-Grt-Bt-Ms-Pl-Qtz-Ilm) is 

predicted to be stable over a large wedge-shaped P-T area between 550-650 ºC and 

approximately 3 and 8 kbar (Fig. 3.7a). Diagrams constructed for other samples in the 

suite with the same assemblage yield similarly broad constraints.  

 

Isopleths with values corresponding to those of the garnet core (XAlm = 0.493, XPrp = 

0.021, XGrs = 0.217, XSpss = 0.270) intersect tightly <10 ºC above the equilibrium garnet-

in line, at approximately 500 ºC, ~ 5 kbar (Fig. 3.6b). The crystal chosen is large relative 

to others in the rock and the tight intersection of isopleths close to the garnet-in line 

suggests that only a small amount of the garnet growth history is absent from the 

analysed sample, assuming equilibrium growth. Whereas isopleth thermobarometry using 

the bulk composition returns a tight intersection for the core composition, there is no 

comparable intersection using the rim composition (XAlm = 0.818, XPrp = .098, XGrs = 

0.082, XSpss = .003). Grossular and pyrope isopleths intersect, but almandine and 

spessartine isopleths don’t exist within the P-T region considered (Fig. 3.6b).  

 

3.6.2 Forward modelling using a progressively changing bulk composition 

A plausible explanation for the poor garnet rim isopleth results is that there was a change 

in the effective bulk composition due to fractionation of garnet-forming elements during 

its growth (e.g. Gaidies, 2006; Evans 2004). To investigate this possibility, and more 

generally to seek to reproduce the chemical characteristics of garnet in DM-06-128, 

forward modelling was carried out using the Gibbs free-energy minimisation program 
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THERIAK. For a specified bulk composition, THERIAK calculates mineral phases, 

compositions, volumes and other thermodynamic parameters along a user-defined P-T 

path, assuming maintenance of thermodynamic equilibrium. These calculations can be 

made with either a fixed bulk composition, or alternatively in fractionation mode, in 

which the composition is progressively modified to account for changes in the effective 

bulk composition (deCapitani & Petrakakis, 2010). Here, 100 % fractionation was 

applied to garnet. This represents the end-member case whereby all of the material that is 

converted to garnet is permanently removed from the modelled composition, which is 

updated after each P-T step.  

 

As chemical fractionation varies depending on the P-T path of the rock, finding a P-T 

path whose modelled chemistry closely matches that of a natural sample involves much 

trial and error. In this study, the trial and error process was automated by combining 

THERIAK calculations with a minimisation routine in MATLAB. Assumptions inherent 

in this approach include: 1) maintenance of thermodynamic equilibrium during garnet 

growth, 2) complete fractionation with no garnet resorption, and 3) negligible changes in 

garnet zoning due to intra-crystalline volume diffusion during and after garnet growth. 

This latter simplification is discussed later in the paper. 

 

3.6.3 Calculation of a best-fit P-T path using THERIAK in conjunction with 

MATLAB 

A MATLAB script that directs repeated THERIAK calculations was written to calculate 

a best-fit P-T path by iteratively minimising the misfit (χ) between observed and 

modelled garnet compositions (Fig. 6c). The misfit (χ) at each P-T point is defined as: 

 

 
 

where the subscripts obs and mod denote the observed and modelled compositions, 

respectively. Below a specified value of XSpss (in this case XSpss = 0.01), a modified χ, 
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with XPrp in place of XSpss, was used to prevent the XSpss term becoming excessively 

influential as a result of small values in the denominator.  

 

Inputs to the script are the bulk rock composition (X0), a list of garnet compositions from 

a radial transect, and a starting P-T point outside the garnet stability field (P0,T0). The 

first calculation performed by the script is to find the P-T point that minimises χ with 

respect to the garnet core composition (P1,T1). This is found by varying the end point of 

THERIAK P-T path calculations originating at P0,T0. Garnet fractionation calculations 

are performed at regular intervals along each straight-line path, in this case every 0.5 ºC 

or 15 bars. When P1,T1 is found, a new minimisation is carried out to find P2,T2. This 

procedure is repeated for each point on the garnet transect resulting in a P-T path 

comprising n+1 points joined by straight-line segments (Fig. 3.6c). χ is minimised as a 

function of P and T using the MATLAB function fminsearch, which implements the 

Nelder-Meade simplex algorithm (Nelder & Meade, 1965). χ varies smoothly with P and 

T, and a single, well-defined minimum existed in all the cases studied. The time required 

for the script to calculate a full P-T path is typically a number of hours, but depends on a 

number of factors including the number of garnet compositions entered and the P-T 

spacing between steps.  

 

In matching compositional data with predicted compositions to construct a P-T path, 

volume predictions of THERIAK models were not considered. Matching of 

volume/radial results from forward models with the observed garnet profile is carried out 

in a later section using THERIA_G.  

 

3.6.4 Best-fit P-T path for garnet in sample DM-06-128 

Application of this technique to the largest garnet in sample DM-06-128 yields an 

excellent match between observed and modelled garnet compositions (Fig. 3.6a). The 

resulting P-T path is characterised by three stages (Fig. 3.6d), the first of which involves 

progressive heating and burial along a linear P-T trend. This is followed by a period of 

decompression, then renewed burial, each accompanied by heating. The three segments 
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of the P-T path correspond with the three chemical zones (A,B,C) previously described. 

As evenly-spaced garnet compositional data were used, the spacing of the P-T points 

indicates more rapid radial growth relative to changes in P and T early in the growth 

history of the garnet crystal. This is typical (Gaidies et al. 2008a), owing to the cubic 

relationship between the radius and volume of a spherical crystal. 

 

The rim composition corresponds with conditions of 583 ºC, 6.8 kbar; however, as there 

has been some resorption of the garnet, this does not represent the T and P at the end of 

garnet growth. In addition, the presence of kyanite in metapelite from the area (Reesor, 

1973) suggests that the peak temperature reached by the rock was significantly higher 

than that recorded by the rim of the zoned garnet. 

 

3.6.5 Constraints on the latter part of the prograde P-T path 

An upper bound on the temperature reached by DM-06-128 is suggested by the absence 

of aluminosilicate from the mineral assemblage. The EAD for this rock predicts growth 

of kyanite above approximately 650 ºC (Fig. 3.7a) at a minimum pressure of 

approximately 6.7 kbar. EADs constructed for other St+Grt-bearing samples in the suite 

and for other typical metapelites (e.g. Pattison & Tinkham, 2009) yield very similar 

constraints. These conditions also approximate the low-pressure limit required to form 

the Ky-St-Grt-Bt assemblage reported by Reesor (1973). An upper pressure limit of 

approximately 8 kbar is suggested by ubiquity of ilmenite and the absence of rutile (Fig. 

3.7a; Pattison & Tinkham, 2009). The presence of kyanite in rocks nearby suggests 

temperature could not have been significantly lower than  ~650 °C, whereas temperatures 

higher than this would be expected to lead to widespread development of kyanite. 

Combining constraints from different samples to produce an approximate peak P-T 

estimate of 650 ºC, 6.7 kbar rests on the assumption that these samples experienced near-

identical P-T conditions. This assumption is justified by their occurrence in a small area 

that forms part of a structurally continuous and well-defined stratigraphic sequence (Fig. 

3.1d; Fyles, 1967). The presence of a single known kyanite-bearing assemblage in the 

area may reflect small differences in bulk composition, or alternatively variable kinetic 
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impediments to the reaction of staurolite to kyanite (cf. Pattison & Tinkham, 2009; 

Pattison et al., 2011).     

 

This peak P-T estimate (approx. 650 ºC, 6.7k) does not take into consideration any 

displacement in the position of phase boundaries as a result of garnet fractionation. 

Although garnet fractionation generally has little effect on the position of other phase 

boundaries (Evans, 2004; Zuluaga et al., 2005), an increase in the bulk Mg# due to garnet 

fractionation coincides with displacement in the Ky-in line to lower temperatures at many 

pressures. An EAD for DM-06-128 constructed using a fractionated composition (Fig. 

3.7b) predicts that, in the extreme case, kyanite growth could start at a temperature up to 

25 ºC lower than is predicted for the unfractionated bulk composition. While 

acknowledging that 650 ºC may represent a slight overestimate of the peak temperature, 

this value is used in modelling the complete P-T path as it maximises the potential for 

intracrystalline diffusion, which is considered in a later section. 

 

Modelling of the full prograde path assuming equilibrium fractional crystallisation with 

no intracrystalline diffusion suggests cessation of garnet growth at approximately 596 ºC, 

6.78 kbar, well below the temperature at which kyanite would be expected to grow. As 

the final portion of the prograde path (that which succeeds the directly modelled segment, 

Fig. 3.6d) only accounts for a small part of the total chemical fractionation, results are not 

very sensitive to uncertainty in peak P-T conditions. 

 

3.6.6 Modal and compositional changes along the P-T path 

Predicted changes in the bulk composition and mineral modes along the modelled P-T 

loop are shown in Figure 3.8. The only change in mineral assemblage predicted during 

garnet growth is the introduction of biotite at approximately 510 ºC (Fig. 3.8a). The end 

of garnet growth coincides with the the introduction of staurolite. Staurolite growth is 

accompanied by a marked increase in the amount of biotite at the expense of chlorite and 

muscovite, leading to a major pulse of dehydration before chlorite leaves the assemblage 
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at approximately 602 ºC, 6.77 kbar. The plagioclase mode decreases during garnet 

growth, but increases thereafter. 

 

 
 
Figure 3.8. (a) Predicted changes in mineralogy and water contained in mineral 
phases for DM-06-128 along the prograde part of the P-T path (Fig. 3.6e). Units are 
moles (n), except in the case of weight % water in solid phases. (b) Predicted 
changes in the effective bulk composition of DM-06-128 along the prograde portion 
of the P-T path. Data are presented as fractions of the original composition, except 
in the case of Mg/(Mg+Fe).  
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Fractionation results in a decrease in the abundance of all garnet-forming elements, but 

this is particularly notable in the case of Mn, which is depleted to zero, and Ca, which is 

reduced to close to a third of its original value. The Mg# of the bulk rock composition 

rises from 0.35 at the onset of garnet growth to 0.43 at the end of the modelled segment, 

to 0.477 at the end of garnet growth (Fig. 3.8b).  

 

3.6.7 Effect of fractionation on phase relations and mineral composition isopleths 

Comparison of Figure 3.7a with an EAD constructed using the fractionated composition 

at the end of garnet growth (Fig. 3.7b) shows that the change in the effective bulk 

composition due to fractionation is predicted to have a limited effect on major phases 

relations, garnet excepted. The most significant change in the region of interest, as noted 

above, is a displacement of the Al2SiO5-in boundary to lower temperatures at many, 

though not all pressures. This also has the effect of lowering the minimum pressure 

required for kyanite growth by approximately 0.5 kbar.  

 

Differences in the predicted composition of garnet and other major phases arising from 

garnet fractionation are illustrated in Figure 3.9. In the case of garnet (Fig. 3.9a-f), the 

orientation and trend of the isopleths do not change greatly, but the compositional 

differences arising from fractionation are large enough to frustrate application of isopleth 

thermobarometry to rim compositions using an unfractionated bulk composition (c.f. 

Evans, 2004; Gaidies et al., 2006). The early removal of garnet from the assemblage due 

to fractionation has a considerable effect on the composition of some other major phases 

(Fig. 3.9g-l). The difference between plagioclase compositions is particularly striking, 

with predicted XAn values under half those expected without fractionation (Fig. 3.9g,h). 

Significant differences are also predicted for the Mg# of staurolite and biotite.  

 

Figure 3.9 (overleaf). Pairs of EADs for XAlm, XPrp, XGrs, XSpss in Grt, XAn in Pl and 
XMg in St and Bt. a, c, e, g, i & k were constructed using the bulk composition of 
DM-06-128 whereas the fractionated composition at the end of Grt growth was used 
in b, d, f, h, j & l. For reference, the Grt-in line for the fractionated composition is 
also shown in a, c, e, g, i &k. The P-T path, the point at which garnet growth is 
inferred to have ended, and the peak P,T are superimposed on b, d, f, h, j, & l. 
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The plagioclase isopleth for the measured composition (Fig. 3.6f) is displaced to lower 

temperatures, whereas the staurolite core isopleth has an orientation almost perpendicular 

to that calculated using the original bulk composition (Fig. 3.6b). The staurolite core 

isopleth almost perfectly intersects the point at which garnet growth is inferred to end 

(the downward-closing tip on the grt-in line (3)), whereas the plagioclase isopleth is also 

relatively close - at a temperature approximately 15 ºC higher at this pressure. There is 

therefore a discrepancy between the measured compositions of staurolite and plagioclase 

and those expected if these phases maintained equilibrium until peak conditions were 

reached.   

 

3.7 THERIA_G MODELLING OF SAMPLE DM-06-128 

 

One of the assumptions in the modelling approach adopted above is that intracrystalline 

diffusion did not lead to modification of the chemical composition of garnet. To test the 

validity of this assumption, and investigate potential effects of intracrystalline diffusion 

in the samples studied, the garnet profile from the largest crystal in DM-06-128 was also 

modelled using THERIA_G, which simulates the growth of a population of garnet 

crystals undergoing equilibrium fractional crystallisation and simultaneous 

intracrystalline diffusion (Gaidies et al. 2008a).   

 

3.7.1 Input Data 

The three main inputs required for THERIA_G modelling are: (i) a crystal size 

distribution (CSD), (ii) P-T-t data, and (iii) garnet diffusion coefficients.  

 

The CSD, which records the relative abundance of garnet crystals from a given size 

range, accounts for the presence of crystals of varying size resulting from ongoing 

nucleation throughout the period of garnet growth (Gaidies et al. 2008a). In this study, a 

CSD with nine relative size ranges (radius classes) was used. As DM-06-128 proved too 

coarse-grained for acquisition of a meaningful CSD using X-ray tomography, the CSD 

was generated by trial and error (as in studies by Gaidies et al. 2008b, 2008c), based on a  
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Table 3.3. Input data for THERIA_G modelling 
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starting estimate with a log-normal distribution (Gaidies et al., 2011), and while ensuring 

that nucleation continued throughout the modelled garnet growth history.  

 

The P-T path entered was that derived from the combined THERIAK-MATLAB 

modelling described above. Although the approximate age of peak metamorphism is 

known, the full P-T-t history is not. The approach adopted was to model a simple 

scenario that would maximise the potential for diffusional modification while conforming 

to available geological constraints. In the study area, regional Early-Middle Jurassic 

greenschist metamorphism (M1) and deformation (D1) was followed by post-tectonic 

intrusion of the Nelson batholith, ending ca. 160 Ma (Archibald et al., 1983; Ghosh, 

1995). As peak metamorphism (M2) was ca. 130 Ma (Leclair et al., 1993; Chapter 4), 30 

Ma was allotted to the prograde part of the P-T-t path, with a constant heating rate of 

approximately 5 ºC/Ma. A further 5 Ma was added for the rocks to cool below 550 ºC, 

the approximate closure temperature for 40Ar in hornblende, to account for 40Ar/39Ar 

hornblende cooling ages of ca. 125 Ma in the central Kootenay arc (Archibald et al., 

1984; Moynihan et al., in prep). All of the input parameters used in THERIA_G 

modelling are included in Table 3.3.   

 

2.7.2 Results 

There is a close fit between the observed radial chemical profile and that modelled for 

radius class 5 (Fig. 3.10a). For this radius class the effect of diffusion is mimimal, with 

little modification of garnet compositions following growth. Intracrystalline diffusion 

results in small changes in XAlm and XSpss in the core, and some smoothing of the XAlm 

profile near the rim; however, significant differences are only apparent in the younger 

garnet radius classes with smaller radii (Fig. 3.10b). These results suggest that 

intracrystalline diffusion is unlikely to have played any significant role in controlling the 

chemical zoning pattern observed in the garnet crystals studied from DM-06-128.   
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Figure 3.10. (a) Results of THERIA_G 
modelling for radius class 5. There is 
little difference between the initial 
(composition at growth) and final 
(composition at the end of the P-T path) 
garnet compositions. (b) Results of 
THERIA_G modelling for all radius 
classes. The most significant differences 
between the initial and final profiles are 
evident in the youngest garnet crystals, 
particularly in the case of Fe and Mn. 

 

 

3.8 DISCUSSION 

 

3.8.1 Textural sector zoning (TSZ) in 

garnet 

The observed textural sectoral zoning and 

associated features resemble those 

described by Anderson (1984) and Rice & 

Mitchell (1991, and references therein). 

Anderson (1984) identified two categories 

of inclusions that are typical of TSZ 

garnets: Type 1 inclusions are included 

remnants of the matrix that are 

concentrated along sector boundaries (the 

plane that joins the centre of the crystal 

with the intersection line between crystal 

faces). Type 2 inclusions are tubular quartz 

rods that extend in the growth direction - 

perpendicular to growth faces - and are 

believed to form during garnet 
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crystallisation (Anderson, 1984; Burton, 1986; Jamtveit & Anderson, 1992). Anderson 

(1984) and Jamtveit & Anderson (1992) attributed type 2 intergrowths to rapid non-

planar crystal growth arising from supersaturation, whereas Burton (1986) favoured 

development of the intergrowth behind a planar crystal face at conditions close to 

equilibrium. Whereas the texturally zoned samples examined in this study contain 

abundant type 1 inclusions, type 2 intergrowths are apparently not present. The streaks of 

slightly varying Ca concentration parallel to inclusion-free columns (Fig. 3.3a; Pattison & 

Tinkham, 2009) have the same orientation as would be expected for type 2 intergrowths, 

but it is not clear whether there is any relationship between these two phenomena.  

 

Other distinctive textures evident in these garnets are graphite accumulations at the tips 

of inclusion-free columns and within rims, and in one sample (DM-06-157G) arcuate 

zones that resemble cleavage domes. Harvey et al. (1977) and Ferguson et al. (1980) 

interpreted cleavage domes to form in response to matrix displacement during 

porphyroblast growth. Ferguson et al. (1980) concluded that cleavage domes are only 

likely to be preserved under conditions of lithostatic stress, because deviatoric stress will 

lead to augen-style wrapping of cleavage around porphyroblasts. The presence of features 

resembling cleavage domes in DM-06-157G may therefore indicate that the central parts 

of these garnets, where these textures are preserved, grew under lithostatic conditions 

prior to D2 deformation. Alternatively, heterogeneity in the stress field induced by the 

presence of rigid prophyroblasts may have facilitated their preservation. 

 

Ferguson et al. (1980) suggested that although diagnostic microstructures (i.e. cleavage 

domes) are only likely to be preserved in exceptional circumstances, displacement growth 

may be very common. Rice & Mitchell (1991) noted a near ubiquitous association 

between cleavage domes and textural sector zoning, and interpreted a common origin 

involving displacement of insoluble matrix. The absence of parts of the zoning history 

from sites on the lee side of some graphite accumulations (e.g. Fig 3.3a) provides support 

for a displacement growth model. It appears that in these locations, graphite accumulated 

to the point where garnet growth was temporarily inhibited, leading to a localised 
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discontinuity. These embayments were subsequently filled and planar growth faces re-

established. The region outside of inclusion-free columns is typically rich in fine-grained 

inclusions, and this textural change presumably marks the end of displacement growth. 

As columns have different lengths (Fig. 3.3b), and the textural boundaries are discordant 

with chemical zoning, the change from displacement to inclusion must have been 

diachronous and influenced by local factors. 

 

Wilbur & Ague (2006) presented chemical maps of garnet crystals that display textural 

sector zoning with type 1 inclusions and type 2 quartz intergrowths. The chemical zones 

in these samples have non-concentric, branching outlines that mimic the shape of 

inclusion-poor columns. Based on the results of Monte Carlo garnet growth models, these 

authors attributed formation of these branched forms to supersaturation resulting from 

reaction overstepping. The model results predicted a transition from planar, to branched, 

and finally to dendritic crystal forms with increasing levels of supersaturation. Although 

the Kootenay Arc samples have morphological similarities with those shown by Wilbur 

& Ague (2006), type 2 inclusions are absent, and the chemical zoning pattern is 

concentric rather than branching. The concentric growth zoning indicates that the 

supersaturated conditions required to produce such branched forms did not exist during 

formation of these garnet crystals. 

 

3.8.2 Formation of garnet chemical zoning 

Garnet crystals display predominantly concentric zoning that is largely continuous from 

core to rim. Although some crystals have complex internal textures, chemical zones pass 

through sector boundaries and similar chemical zoning is present in rocks irrespective of 

whether or not they display textural sector zoning. 

 

The zoning that is present in these crystals is interpreted as growth zoning that has 

experienced minimal modification due to diffusion. This is suggested by the preservation 

of steep chemical gradients, both radial and lateral, particularly at sharp corners where 

garnet growth was impeded. While this is most evident in the case of Ca, these features 
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are also visible in maps of Mn, the fastest diffusing element. The interpretation that 

growth zoning is largely preserved is supported by the results of THERIA_G modelling, 

which suggests little diffusional modification would be expected in the case of the large 

garnets examined from DM-06-128.  

 

Upon cursory inspection, the zoning pattern resembles that which might result from 

diffusional modification of a discontinuity separating two garnet growth generations 

(zones A&C) with different compositions. Such a discontinuity might be expected to 

form as a result of garnet dissolution during staurolite growth by a full-system equivalent 

of the KFMASH reaction: 

  

Grt+Chl+Ms+Qtz = St+Bt+H2O (1) 

 

followed by renewed garnet growth according to a reaction of the form: 

 

St+Ms+Qtz = Ky+Grt+Bt+H2O (2) 

 

This possibility can be ruled out, however, as none of the samples studied contains 

kyanite. Furthermore, there are discrete changes in the slopes of zoning profiles within 

zone B, which can not be explained by diffusional relaxation of a discontinuity. 

 

The fact that rocks with and without staurolite share the same zoning pattern suggests that 

the zoning in all samples reflects growth prior to staurolite development. If staurolite 

grew by reaction (1), garnet in staurolite-bearing samples would be expected to show 

evidence of garnet resorption. There is, however, no evidence for garnet involvement in 

staurolite production. Although small local discontinuities are present in some radial 

transects, these reflect local hiatuses in garnet growth rather than rock-wide processes. 

Features that might indicate resorption, such as truncation of chemical zoning and Mn 

kicks are absent from these samples. While there has been some retrograde replacement 

of garnet rims by chlorite, samples with intact rims lack evidence for resorption at any 
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stage in their history. The lack of evidence for garnet resorption provides justification for 

use of a model that assumes non-reactivity of garnet and is a characteristic that is being 

increasingly recognised in natural samples elsewhere (e.g. Pattison & Tinkham, 2009).  

 

3.8.3 The P-T path 

The chemical zoning in garnet implies three stages in the P-T history during garnet 

growth. The first segment is remarkably linear, with a dP/dT of 40 bars/ ºC. Assuming a 

rock density of 2800 kg/m3, this equates to burial of 7.8 km, with a temperature increase 

of 7 ºC for every kilometre of burial. At the end of this segment, conditions of 7.03 kbar, 

548 ºC indicate an average instantaneous geothermal gradient of 21 ºC/km for the same 

density. This is lower than typical values for continental crust and lower than current 

values of approximately 30-35 ºC/Km (Hyndman & Lewis, 1995). This main phase of 

burial is attributed to crustal thickening during D2 deformation, which continued beyond 

the period of garnet growth. The low apparent thermal gradient is typical for the early 

phase of Barrovian metamorphism, when isotherms are depressed due the cooling effect 

of rock advection (England & Thompson 1984; Thompson et al., 1997; Jamieson et al., 

1998). 

 

From the end of zone A, the P-T path is dominated by an increase in temperature, albeit 

with some pressure changes. There is a smooth transition from phase 1 into phase 2, in 

which heating is accompanied by decompression of approximately 0.6 kbar. This 

corresponds with garnet zone B, which is characterised by a steep fall in Xgrs. These two 

phases represent the part of the crystal that is sector zoned.  

 

The low Ca garnet rims are prominent in all samples and are often texturally distinct, but     

except locally, where garnet growth was impeded, there are no chemical discontinuities at 

this boundary. It is possible there was a hiatus in garnet growth at this time, but there is 

no evidence for significant resorption prior to regrowth. The P-T trajectory implied by the 

rim compositions is highly sensitive to very small changes in XGrs, and caution is required 

in interpretation, particularly given the potential for propagation or amplification of errors 
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through the fractionation calculations (Gaidies, 2008). Nevertheless, from Fig. 3.9 it can 

be seen that whereas fractionation changes the composition of grossular isopleths, it has 

little effect on their orientation. A low or zero gradient in Ca therefore implies an increase 

in pressure during growth, provided that growth reflects equilibrium crystallisation. There 

are no igneous intrusions in the study area, or other indications that there might have been 

metasomatism. An alternative interpretation - that the rims formed rapidly at a single P-

T-X during a period of supersaturation - is unlikely, as there is a gradual increase in XPrp 

and decrease in XSpss through the rim. Small variations in the zoning between different 

samples (e.g. the Ca hump in the rim of DM-06-128G) may reflect the ending of garnet 

growth at different times on the P-T path, or the influence of minor phases not considered 

in the modelling.  

 

Assuming the low Ca rims do indeed record a period of renewed burial (of approximately 

1.5 km or more), a question arises as to the tectonic significance of the fluctuations in 

depth. The deformation that took place during metamorphism (D2) involved the 

formation of moderately-dipping foliations and sub-horizontal stretching lineations, 

probably in a transpressional environment. In transpression, localised vertical movements 

often arise from variations in shortening rate, bends around fault zones, and transfer of 

displacement between sub-parallel structures (Price & Cosgrove, 1990; Stuwe & Barr, 

1998; Giorgis et al., 2009). The study area is positioned on the limb of a syn-

metamorphic fold with 3-4 km (peak to trough) amplitude, which must have influenced 

vertical movements. Based on current information, it is not possible to attribute the 

renewed burial to any particular structure or set of structures. A full understanding of the 

mechanism and tectonic significance of depth fluctuations requires comparison of P-T 

paths and identification of trends across a larger geographic area. Given its small 

magnitude, this burial pulse may well be a local rather than orogen-wide feature. 

 

3.8.4 Metamorphic development after garnet growth 

As noted earlier, at slightly higher grades, metapelitic rocks would typically be expected 

to develop kyanite according to reaction (2). An interesting prediction of fractionation 
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models is that, along a Barrovian P-T path such as that modelled for DM-06-128, 

aluminosilicate growth will not be accompanied by renewed garnet growth as the Grt-in 

line is displaced to higher pressure. This may account for the lack of a distinct garnet rim 

separated by a chemical discontinuity in Ky/Sil-bearing rocks to the south of the study 

area (Chapter 2) and elsewhere. 

 

The position of isopleths constructed using the fractionated bulk composition at the end 

of garnet growth is illustrated in Figure 3.6f. As biotite has been chloritised, it can not be 

plotted, but in the case of plagioclase (unzoned) and staurolite there is a discrepancy 

between their positions and the inferred peak P-T conditions. Instead of recording the 

compositions predicted for peak conditions, these minerals record compositions expected 

at, or shortly after the onset of staurolite growth. This may result from any of the 

numerous potential inadequacies in thermodynamic data, solution models or the 

fractionation path, amongst others. It is possible, however, that this discrepancy is 

meaningful, and reflects a pulsed, rather than continuous reaction history. The early 

phase of staurolite growth coincides with a major pulse of dehydration, associated with 

the consumption of all remaining chlorite. The chlorite-consuming reaction has a high 

reaction affinity and the large fluid flux is expected to have a catalytic effect, facilitating 

elemental transport and lowering kinetic barriers to reaction (Waters & Lovegrove, 2002; 

Pattison & Tinkham, 2009; Pattison et al., 2011). In contrast, reaction affinity would be 

expected to build slowly across the large multivariant field that the P-T path subsequently 

crosses, and a much lower fluid flux per ºC is predicted. Kinetic impediments to reaction 

could account for a failure of the rock to track the equilibrium composition, and possibly 

also the absence of kyanite from most samples. 
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CHAPTER 4: TECTONIC EVOLUTION OF THE CENTRAL KOOTENAY ARC 

 

 

ABSTRACT 

The Kootenay Arc forms an arcuate salient in the internal zone of the southeastern 

Canadian Cordillera. The region experienced episodic deformation, metamorphism and 

magmatism from the Middle-Jurassic to Palaeogene as the Cordilleran orogen developed, 

propagated eastward, and then underwent extension. A narrow, partly fault-bounded 

amphibolite-facies belt transects the central Kootenay Arc. The bounding faults are 

Palaeogene normal faults – the Purcell Trench fault and the Gallagher fault zone (GFZ) – 

that juxtapose regions with contrasting structural, metamorphic and cooling histories. 

LA-ICP-MS U-Pb data from rocks in this amphibolite-facies belt indicate that peak 

Barrovian metamorphism (M2) and deformation (D2) took place during the Early 

Cretaceous. Crystallisation ages of 136-139 Ma from zircon in deformed pegmatite place 

an upper bound on the age of deformation, while U-Pb crystallization ages from 

metamorphic monazite represent the first direct evidence for Cretaceous regional 

metamorphism in the Kootenay Arc. Monazite in metapelitic schists grew during 

prograde metamorphism over the interval 143-134 Ma, and locally again ca. 126 Ma. The 

area was tectonically quiescent for ~ 30 Ma following intrusion of voluminous mid-

Cretaceous intrusions, prior to localised magmatism and deformation during the latest 

Cretaceous-Eocene. Zircon from the Crawford Bay stock and zircon/titanite from 

associated dikes yield latest-Cretaceous-Palaeocene ages (ca. 65 Ma). The contact aureole 

of the stock, which was emplaced at shallow levels (6-10 km depth), was overprinted by 

two generations of folds (F4&F5) around the tip zone of the Purcell Trench fault. These 

folds are interpreted as ductile manifestations of regional extension that resulted in 

normal faulting and differential exhumation of the amphibolite-facies belt during the 

Palaeogene. The arcuate salient of the Kootenay Arc is interpreted to have formed during 

the Early Cretaceous as the deforming orogen impinged on pre-Cordilleran basin margin 

ramps. 
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4.1 INTRODUCTION  

 

The Canadian Cordilleran orogen records a  >180 Ma history of deformation, 

magmatism, metamorphism and sedimentation from the Early Jurassic to present. The 

southeastern part of the orogen includes a metamorphic-plutonic internal zone that lies to 

the west of a fold and thrust belt and associated foreland basin (Fig. 4.1). The Kootenay 

Arc, which is the subject of this paper, forms a prominent salient in the internal zone; it 

extends in an eastward convex arc from northeastern Washington State to Revelstoke, 

British Columbia (Fig. 4.1). The structural trend is SW-NE in the southernmost part of 

the Arc and changes gradually to NW-SE in the northern part, where it is approximately 

parallel the overall trend of the orogen.  

 

The Kootenay Arc is characterised by a distinctive stratigraphy and intense polyphase 

deformation, and formed an important transition zone during formation of the western 

margin of ancestral North America (Warren,1997; Logan & Colpron, 2006), and again 

during Jurassic-Palaeogene Cordilleran orogenesis (Price, 1981). It straddles the zone of 

overlap between Proterozoic-Early Palaeozoic rocks that formed on the western margin 

of ancestral North America or precursor rift basins, and mostly Late Palaeozoic-Mesozoic 

rocks (Quesnel and Slide Mountain terranes) that formed in island arc or back arc settings 

to the west (Fig. 4.1) prior to the onset of Cordilleran orogenesis. 

 

Metamorphism and deformation in the internal zone of the orogen took place between the 

Middle Jurassic and the Eocene as the orogen propagated eastwards, with episodic 

magmatism throughout this period. In general, metamorphic grade is higher, and the age 

of peak metamorphism is younger, at progressively deeper structural levels (Parrish, 

1995). The highest grade rocks are exposed in a series of approximately north-south 

trending domal culminations that lie mostly to the west of the study area (Doughty & 

Price, 1999; Johnston et al., 2000; Carr & Simony, 2006; Hinchey et al. 2006; Gervais et 

al., 2010). The origin of these gneissic culminations has been variously attributed to 

normal faulting (Parrish et al., 1988), buoyancy-related processes (Norlander et al., 2002; 
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Vanderhaeghe et al., 2003), and doming above indenting basement ramps (Spear & 

Parrish, 1996; Gervais et al., 2010; Simony & Carr, 2011). Within these areas, rocks 

underwent upper amphibolite to granulite facies metamorphism during the Late 

Cretaceous-Eocene, and expose thick top-to-the-east-shear zones that generally young 

with depth (Simony & Carr, 2011). These shear zones represent the western extensions of 

detachments that produced the Rocky Mountain fold and thrust belt (Brown et al. 1992; 

Doughty et al., 1998; Simony & Carr, 2011).  

 

In the Kootenay Arc, (Fig. 4.1), which lies in the hanging wall of these Late Cretaceous-

Eocene shear zones, rocks were metamorphosed under greenschist to middle amphibolite 

facies conditions. Structures in low-grade areas are cut by Middle Jurassic plutons, 

leading early workers (Fyles, 1967; Archibald et al. 1983) to conclude that regional 

metamorphism and deformation throughout the area ended by the Middle Jurassic, as is 

typical of high structural levels in this part of the orogen (Parrish, 1995); however, 

subsequent dating of deformed igneous rocks that intruded amphibolite-facies rocks 

(Leclair et al. 1993; Brown et al. 1995) provide evidence for Early Cretaceous 

deformation and suggested a reassessment of the history of the area was warranted.  

 

 

 

Figure 4.1 (overleaf). Geological map of the southeastern Canadian Cordillera, 
adapted from Wheeler & McFeely (1991). The Kootenay Arc forms an eastward-
convex arcuate belt that includes the overlap between rocks deposited on the 
Laurentian margin and those of pericratonic (Quesnel and Slide Mountain) terranes 
to the west. A cross-section from the Kootenay Arc to the foreland (Price, 1981) is 
also shown. The subdivisions in the cross-section do not correspond exactly with 
those shown on the map. In the cross-section, the Neoproterozoic Hamill/Gog 
Groups are combined with the Palaeozoic, and Triassic-Palaeogene sedimentary 
rocks of the foreland belt are grouped together. Inset map showing location from 
Gervais et al. (2011). Trace of the Vulcan low taken from McMechan (2010). The 
approximate trace of the transverse basement suture zone is also indicated. 
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In this paper, we present new geochronological and structural data from the central 

Kootenay Arc that elucidates this later (Cretaceous-Palaeogene) history. Two main 

aspects are addressed: first, U-Pb geochronological data that constrain the age of peak 

metamorphism and deformation in amphibolite-facies rocks are presented, and second, 

field observations and U-Pb gechronological data are presented that document, localised, 

hitherto unrecognised latest Cretaceous-Palaeocene magmatism and ductile deformation 

in the area. The implications of these new data are considered and combined with 

existing information to interpret formation of the arcuate salient and create a synthesis of 

the tectonic evolution of this part of the orogen. 

 

4.2 GEOLOGY OF THE CENTRAL KOOTENAY ARC 

 

4.2.1 Stratigraphy and pre-Cordilleran history 

The Kootenay arc lies on the west flank of the Purcell Anticlinorium, a large north-

plunging structure cored by Mesoproterozoic rocks of the Belt-Purcell Supergroup 

(Lydon, 2007) and partially mantled by the unconformably overlying Neoproterozoic 

Windermere Supergroup (Devlin et al. 1988, Warren 1997). These supergroups comprise 

thick sequences of sedimentary rocks with subordinate mafic volcanic rocks, and were 

deposited in partially overlapping intracontinental rift zones. They are each characterised 

by abrupt facies changes and large thickness changes due to syn-sedimentary faulting. 

These, and other rift/extensional faults give rise to a complex stratigraphic pre-

Cordilleran architecture, which influenced the structural evolution of the area during 

Mesozoic shortening (e.g. Leclair, 1988; Warren, 1997). 

 

The successful rifting that led to formation of the western margin of Ancestral North 

America took place in the late Neoproterozoic (Devlin & Bond, 1988; Colpron et al., 

2002) and is recorded by Neoproterozoic-Lower Cambrian rocks of the correlative Gog 

and Hamill Groups. The Hamill/Gog Group is dominated by coarse quartz-rich 

sedimentary rocks, with minor (meta-) pelite, carbonate rocks and mafic volcanic rocks. 
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A regional unconformity was developed in the Hamill Group (Devlin and Bond, 1988; 

Likorish & Simony, 1995; Warren, 1997), separating units that were deposited in fault-

bounded basins during rifting from an upper part distinguished by laterally continuous 

units deposited in a shallow-marine setting. The unconformity within the Hamill Group is 

interpreted as a ‘break-up’ unconformity, representing continental separation and the 

change from active continental rifting to thermal subsidence on the newly formed western 

margin of Laurentia (Devlin and Bond, 1988; Warren, 1997). 

 

Thick Cambrian to Devonian carbonates, now exposed in the Rocky and eastern Purcell 

mountains, formed on the cratonic shelf, with calcareous shale sequences in deeper water 

settings to the west. An unconformity developed in the Devonian, followed by renewed 

deposition of Devonian-Carboniferous carbonate. Shallow marine Permian-Lower 

Jurassic strata were the last units to be deposited in this region prior to Jurassic-

Palaeogene orogenesis. Younger units were deposited in a foreland basin and 

progressively incorporated in the foreland thrust and fold belt as structures in the orogen 

propagated eastward towards the craton (Mossop & Shetson, 1994; Evenchick et al., 

2007). 

 

In the Kootenay Arc and western Purcell anticlinorium, the Hamill Group is overlain by 

the Mohican formation, a mixture of siliciclastic and carbonate rocks, followed by the 

Badshot Formation - a distinctive, Lower Cambrian pale-coloured marble. The Badshot 

marble is conformably overlain by rocks of the Lardeau Group, which comprises Lower 

Palaeozoic pelitic and semi-peltic schist, mafic volcanic rocks, carbonate and calc-silicate 

rocks, coarse siliciclastic rocks and conglomerate (Fyles & Eastwood 1962, Fyles 1964, 

1967, Hoy, 1980; Colpron & Price, 1995 and references therein). The lowest part of the 

Lardeau Group is a fine-grained black metapelite that records deposition under 

tectonically quiescent, deep water conditions; however, a return to active rifting is 

recorded by metavolcanic rocks and coarse grits of upper parts of the Lardeau Group. 

This post-Cambrian extension is interpreted to be responsible for differences between the 

Lardeau Group and age-equivalent strata to the east in the eastern Purcell and Rocky 
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mountains (Logan & Colpron, 2006). 

 

The Lardeau Group is unconformably overlain by the Mississippian-Permian Milford 

Group, which comprises conglomerate, phyllite, basalt, limestone, sandstone, tuff and 

siliceous argillite. This is followed in conformable succession by the Kaslo group, which 

is dominated by basalt and mafic volcaniclastic rocks, but also includes serpentinite, 

siliceous sediments, greywacke and minor conglomerate. The Milford and Kalso groups 

are interpreted to have been deposited in a rift setting, probably in a back-arc basin (the 

Slide Mountain or Kaslo basin) to the west of cratonic North America (Klepacki, 1985; 

Nelson, 1993; Roback et al., 1994). Klepacki (1985) suggested that part of the Milford 

Group was deposited on ocean crust, though where studied by Thompson et al. (2006), it 

lies on continental basement. The Kaslo Group and parts of the Milford Group belong to 

the Slide Mountain terrane. 

 

Thrust duplication of the Kalso Group accompanied closure of the Slide Mountain basin 

in the Late-Permian-Middle Triassic (Klepacki, 1985). The Kalso group was subaerially 

exposed, eroded and detritus deposited in the Marten conglomerate, a Late Permian-

Middle Triassic greenstone conglomerate intercalated with limestone (Klepacki, 1985). 

The Marten conglomerate is unconformably overlain by the Slocan Group, which 

comprises Carnian-Norian dark grey slate and phyllite, locally interbedded with 

limestone, limestone arenite, quartzite and intermediate-mafic volcanic rocks. It was 

deposited in a regionally extensive back-arc basin that developed east of the Late Triassic 

Nicola/Quesnel magmatic arc, which formed above the Cache Creek accretionary 

complex to the west. The Slocan Group overlies a varied basement and provides part of 

the abundant stratigraphic and geochemical evidence that links the Quesnel Arc to 

ancestral North America in the Triassic (Dostal et al., 2001; Unterschutz et al., 2002; 

Peterson, 2004; Simony et al. 2006; Thompson et al. 2006).  

 

Although not exposed in Fig. 4.2, Early Jurassic volcanic and sedimentary rocks of the 

Rossland Group (Quesnel terrane) lie on top of the Slocan Group. The upper unit of the 
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Rossland Group - the clastic Pliensbachian-Toarcian Hall Formation - is the youngest 

unit that was deposited prior to Cordilleran deformation in this part of the Cordillera.  

 

4.2.2 Cordilleran magmatism, metamorphism and deformation 

4.2.2.1 Middle Jurassic deformation  

The central Kootenay Arc is dominated by two regionally-developed fold generations 

(Fyles 1964; Fyles, 1967; Hoy, 1976; Leclair, 1988; Fig. 4.2) and records two episodes of 

regional metamorphism (M1, M2). Phase 1 folds are a series of high amplitude isoclines 

with gently-plunging axes (Fig. 4.2). The most clearly defined F1 folds in the study area 

are westward-closing recumbent anticlines cored by the Hamill Group; the largest of 

these, the Riondel Nappe (equivalent to the Meadow Creak Anticline in the Duncan Lake 

area) has a 20 km long overturned lower limb (Fig. 4.2). S1 schistosity is axial planar to 

F1 folds, and contains a gently-plunging stretching lineation defined by aligned minerals 

and quartz strain shadows (L1). D1 was accompanied by low-grade regional 

metamorphism that was locally overprinted by contact metamorphism around Middle 

Jurassic intrusions such as the Nelson batholith (Pattison & Vogl, 2005; Moynihan & 

Pattison, 2012). The high-amplitude, isoclinal D1 folds are similar to Middle Jurassic 

structures (e.g. the west-vergent Scrip/Carnes nappe) that are developed approximately 

along strike in the Selkirk and Cariboo mountains (Raeside & Simony, 1983; Murphy, 

1987; Brown & Lane, 1988; Colpron et al. 1998). Although there is evidence for older 

deformation northwest of the study area (Read, 1973; Read & Wheeler, 1976; Klepacki, 

1985), F1 folds in the central Kootenay Arc probably also formed during the Middle 

Jurassic (see discussion in Warren, 1997).  

 

4.2.2.2 Middle Jurassic magmatism 

Early-Middle Jurassic deformation and regional metamorphism was followed by 

intrusion of Middle Jurassic plutons and associated minor bodies in a continental arc 

setting (Ghosh, 1995). In the study area, this suite is represented by the calc-alkaline 

Nelson Batholith and associated minor bodies (Fig. 4.2). The Nelson Batholith is an 1800 
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km2 composite body that was intruded during the interval 159-173 Ma (Ghosh 1995). It 

ranges in composition from diorite to granite, but is dominated by porphyritic hornblende 

granodiorite. 

 

 The Nelson batholith is truncated on its western side by the east-dipping Eocene Slocan 

Lake (normal) fault (Carr et al., 1987), and is also fault-bounded on part of its eastern 

side by the west-dipping Gallagher fault zone (Chapter 2). Elsewhere, intrusive 

relationships are preserved, and a contact aureole 0.7-1.8 km wide is developed in 

metapelitic rocks of the Slocan Group and equivalents (Pattison and Vogl 2005). The 

batholith was emplaced at a pressure of 3-4 kbar, equivalent to a depth of 11-14.5 km 

(assuming an average crustal density of 2800 kg/m3). Based on the distribution of 

pressure-sensitive mineral assemblages, Pattison & Vogl (1995) inferred post-

emplacement tilting of the aureole approximately 10º to the west. Most of the Nelson 

Batholith is unaffected by ductile deformation; however, a subhorizontal stretching 

lineation and subvertical to west-dipping foliation is developed on its eastern margin 

along its southern “tail” and to the north of the West Arm of Kootenay Lake (Crosby, 

1968, Vogl, 1992). Along this deformed margin, the contact aureole is narrow or absent. 

 

In addition to plutons, the region contains numerous felsic dikes and sills. On the west 

side of the northern part of Kootenay Lake, and to the north of the lake, sills of blocky, 

rusty-weathering “felsite” (Fyles, 1964) intrude all units. These sills are commonly 

foliated and lineated and some are folded, with gently north-plunging axes parallel to the 

lineation. The sills range in size from 10’s of cm to large map-scale bodies. Smith et al. 

(1991) reported a U-Pb zircon age of 173+/-5Ma for the largest body of this type - the 

“Kaslo sill”. 

 

4.2.2.3 D2 deformation and M2 metamorphism 

A second period of deformation and regional metamorphism (D2/M2) took place after 

intrusion of the Nelson batholith suite. F2 folds are approximately coaxial with F1 (Fig. 

4.2) but are overturned to the east. F2 axial planes and their axial-planar schistosity (S2) 
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dip gently to moderately-steeply to the west, but steepen towards higher structural levels 

in the Purcell Anticlinorium (Fyles, 1964; Hoy 1980; Fig. 4.2). L2 stretching lineations, 

which are defined by aligned minerals (sillimanite, micas, amphiboles, tourmaline), strain 

shadows on porphyroblasts, sillimanite-rich nodules, and quartzofeldspathic aggregates 

plunge gently, parallel to F2 fold axes. North of the West Arm of Kootenay Lake, D2 

lineations and folds plunge gently north, exposing deeper structural levels towards the 

south. Approximately south of the West Arm, lineations are subhorizontal to gently 

SSW-plunging (Fyles, 1967; Leclair, 1988). 

 

There is considerable along- and cross-strike variation in the intensity of D2 in the study 

area. In the eastern part of the Kootenay Arc and the western part of the Purcell 

anticlinorium, D2 structures generally form the dominant fabrics, whereas D2 structures 

are weakly-developed or absent from lower grade areas to the north and west (see Fig. 

4.2 cross-sections). A southward increase in D2 strain is manifested in tightening of F2 

folds (e.g. Meadow Creek anticline/Riondel nappe) and more pervasive development of 

D2 fabrics. Around Duncan Lake and the northern end of Kootenay Lake, D2 folds are 

open to close, S1 is commonly preserved (Fyles, 1964) and F2 folds have curvilinear 

hinges. In the Riondel area (Hoy, 1977) and further south (Leclair, 1988), however, F2 

folds are tight-isoclinal (Fig. 4.2d), rectilinear F2 fold hinges are invariably parallel to the 

L2 stretching lineation and D1 fabrics have been transposed (Hoy, 1980, Leclair, 1988).  

D2 affected rocks of the Purcell anticlinorium but decreases in intensity to the east 

(Warren, 1997).  

 

Figure 4.2. (overleaf) Geological Map and cross-sections of the central Kootenay 
Arc. Compiled from Fyles (1964, 1967), Reesor (1973), Hoy (1980), Klepacki (1985), 
Leclair (1988), Reesor (1996) and Warren (1997). The location of U-Pb samples 
dated in this study are also shown. The location of the map area is indicated in 
Figure 4.1. A-A’ is from Fyles (1967), B-B’ from Klepacki (1985), C-C’ from Fyles in 
Brown et al. (1981), D-D’ is from Leclair (1988). 
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In the region adjacent to the SSW-trending tail of the Nelson pluton, well-developed sub-

horizontal stretching lineations are developed on a steeply-dipping foliation and are 

accompanied by abundant shear bands and C-S fabrics indicating dextral shearing during 

D2. Foliation within the tail displays a transition towards parallelism with this SW-

trending zone (Vogl, 1992), as does the foliation in screens within the tail. 

Hoy (1977) and Leclair (1988) identified a number of regionally-significant, 

approximately strike-parallel west-dipping faults in the central Kootenay Arc. The West 

Bernard fault (Hoy, 1977; Fig. 4.2) separates the Riondel nappe from its root zone and 

probably had reverse-sense displacement. A possible along-strike continuation to the 

south is the Seaman Creek fault (Leclair, 1988), which juxtaposes age equivalent strata of 

contrasting character and marks the eastern boundary of the overturned panel. 

 

D2 was accompanied by further regional metamorphism (M2). A narrow, partly fault-

bounded belt of Barrovian amphibolite facies rocks transects the central Kootenay arc 

(Chapter 2; Fig. 4.3). This belt, referred to as the Kootenay Lake metamorphic high 

(KLMH) includes rocks belonging to the metapelitic garnet, staurolite, kyanite, 

sillimanite and sillimanite+K-feldspar zones. The garnet and higher grade zones form an 

elongate region with a single northern part (>90 km long by 15-20 km wide) that 

bifurcates into two southern prongs, the eastern of which extends >70 km to the SSE 

across the Canada-U.S.A. border. Rocks in the higher grade parts of the belt (kyanite & 

sillimanite zones) were buried to approximately 25 km during D2 and heated to > 650 ºC 

and in the highest grade (sillimanite+K-spar) zone there was incipient melting. A 

clockwise P-T path calculated from garnet chemical zoning in a sample from the kyanite 

zone records an early period of burial from ~5 kbar to ~7 kbar with a low dT/dP (ca. 

7º/km), followed by a period dominated by heating with small pressure changes (Chapter 

3). Microstructural evidence indicates that M2 metamorphism was coincident with D2. 

Part of the eastern boundary of the amphibolite facies belt coincides with the Palaeogene 

Purcell Trench fault (PTF) whereas its western boundary is marked by a series of 

similarly-aged west-dipping normal faults, termed the Gallagher fault zone (GFZ). 
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Figure 4.3. Regional metamorphic isograds in 
the central Kootenay Arc (see Chapter 2). 
GFZ = Gallagher fault zone. 
 

4.2.2.4 Mid-Cretaceous magmatism and the age 

of D2/M2 

A second major plutonic suite was intruded 

during the interval 117-95 Ma. This suite 

includes hornblende and biotite granodiorite, 

biotite granite and two-mica granite, which are 

interpreted to have been derived from crustal 

anatexis (Brandon and Lambert, 1993). The 

largest bodies of this age in the area are the Fry 

Creek batholith and the Heather Creek, Drewry 

Point, Steeple Mountain, and Mount Skelly 

phases of the Bayonne batholith. These largely 

undeformed intrusions cross-cut the major 

structures in the area (Fig. 4.2) and are younger 

than D2/M2 penetrative deformation and 

regional metamorphism. Andalusite-bearing 

contact aureoles around these intrusions indicate 

that regionally metamorphosed rocks were 

exhumed to < 4.5 kbar (equivalent to a depth of 

~ 16 km, assuming a crustal density of 2800 

kg/m3) by this time.  

The oldest member of this suite - the Baldy 

pluton - is a deformed, elongate, sheet-like 

granodiorite body that yielded a combined 

titanite and allanite U-Pb age of 117 +4/-1 Ma 
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(Leclair et al., 1993). This suggests that, contrary to earlier interpretations (Archibald et 

al., 1983), D2 took place during the Early Cretaceous (Leclair et al., 1993); further 

evidence in support of an Early Cretaceous age for D2 deformation and amphibolite-

facies metamorphism is presented in section 4.3. 

 

White leucogranitic pegmatite, locally containing biotite or muscovite, forms abundant 

sills, dikes, pods and small plutons in western part of the Riondel area (Hoy, 1980), on 

much of the Crawford peninsula, and on the west side of Kootenay Lake south of the 

West Arm. Pegmatite exhibits a variety of relationships with respect to the (D2) dominant 

structures. Much of the pegmatite is deformed - it is foliated, boudinaged and locally 

folded. Large bodies of pegmatite are commonly deformed on their margins and more 

massive in their interior. Cross-cutting, undeformed pegmatite and aplite/leucogranite 

dikes are also present in the Crawford Bay-Riondel area (Crosby, 1968; Livingstone, 

1968; Hoy, 1980). Examples of both deformed and undeformed pegmatite/leucogranite 

have been dated in this study and are discussed further below. 

 

4.2.2.5 Late structures - D3, D4, D5 

In the amphibolite-facies belt, from the West Arm of Kootenay Lake northwards to 

Duncan Lake, shear band cleavage (White et al., 1980; Platt & Vissers, 1980; Williams & 

Price, 1990; Passchier & Trouw, 2005) overprints the S2 foliation in metapelitic 

lithologies. Shear bands dip NW steeper than foliation and lines of intersection of shear 

bands with S2 and associated sigmoidal deflections of the foliation plunge SW (Chapter 

5). The dip of the shear bands and asymmetry of the deflections indicate a component of 

oblique dextral-normal sense shearing during extension of S2. Most of these ‘extensional 

crenulations’ (Platt & Vissers, 1980) are cm-scale, but some m-scale and larger folds of 

this nature are also developed. These SW-plunging warps were noted by Fyles (1967), 

and referred to as F3 folds by Livingstone (1968) and Hoy (1980). Although present 

throughout the amphibolite-facies belt, these F3 shear bands and related folds are 

particularly well developed in the immediate footwall of the Gallagher fault, but are 

absent from its hanging wall. These structures are no older than Early Cretaceous, and a 
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lower age limit is given by new U-Pb geochronological data presented below.  

D4 & D5 folds and crenulations occur on and around the Crawford peninsula (Fig. 4.2).  

These structures have not been previously studied and are therefore described in detail in 

a subsequent section. 

4.2.2.6 Palaeogene normal faulting and magmatism 

The PTF and GFZ partly bound the Kootenay Lake metamorphic high (KLMH). The 

forked pattern outlined by Barrovian isograds is interpreted to result from a combination 

of Early Cretaceous doming and Palaeogene normal faulting across two partly 

overlapping, obliquely trending, oppositely dipping normal faults (Chapter 2). In the 

footwall of the PTF and GFZ, peak metamorphism and deformation took place during D2 

whereas low-grade rocks in the hanging wall of the GFZ underwent peak regional M1 

metamorphism during the Early-Middle Jurassic, prior to intrusion of the 159-173 Ma 

Nelson batholith at a depth of approximately 12-14 km. With the exception of a zone 

along the ‘tail’ of the Nelson batholith, rocks in the hanging wall of the GFZ were not 

affected by D2/M2 metamorphism or penetrative deformation. The PTF and GFZ also 

mark discontinuities in K-Ar and 40Ar/39Ar mica cooling ages. Rocks in the footwall of the 

PTF and GFZ yield Palaeogene K-Ar and 40Ar/39Ar mica cooling ages whereas K-Ar 

biotite ages in the hanging wall of the GFZ record Jurassic-Early Cretaceous cooling and 

those in the hanging wall of the PTF are mid-Cretaceous. 

 

The PTF and GFZ are manifestations of a period of late orogenic extension that affected 

a broad zone in the internal part of the orogen. This has been attributed to transtension in 

the transfer zone between major dextral strike-slip faults (Price & Carmichael, 1986; 

Harms & Price, 1992)  

 

The youngest igneous rocks in the Kootenay Arc are Eocene mafic dykes and small 

intrusions, some of which are lamprophyre (Fyles, 1967; Leclair, 1988; Beaudoin et al., 

1992; Sevigny and Theriault, 2003).  
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4.2.3 D4 & D5 - Structural geology of the Crawford peninsula and adjacent areas 

The youngest ductile structures in the area (F4 and F5) are best developed on the 

Crawford peninsula (Fig. 4.4) and adjacent areas; they are described in detail here as they 

have not previously been documented and inform interpretations of the youngest part of 

the tectonic history of the area. Geochronological data presented in section 4.3 place tight 

constraints on the age of these structures, thereby facilitating consideration of their origin 

and significance. 

 

The Crawford peninsula contains two main structural domains, which are distinguished 

by the distribution of D4 structures: F4 structures are well developed in the southern and 

eastern parts of the peninsula (including the SW and central domains on Fig. 4.4), 

whereas they are largely absent from its northwestern domain. The youngest structures - 

NW-trending D5 folds - affect both of these domains, but are best developed in the 

western part of the peninsula (Fig. 4.4).   

 

 

Unit Rock Types                                Thickness 
L4 calc-silicate gneiss, quartzite, marble, amphibolite, schist   top not exposed 
L3 calc-silicate gneiss, quartzite, marble, amphibolite, schist   400-450 
L2 layered and massive amphibolite, marble, calc-silicate gneiss, schist  700 
L1 micaceous and calcareous schist       150 
 
Table 4.1. Stratigraphy of the Lardeau Group in the Riondel area, from Hoy (1980) 

 

 

 

Figure 4.4 (overleaf). Geological map of the Crawford peninsula. Structural 
domains are indicated, as are the locations from which data presented in Figure 7 
were collected. D4 structures are widespread in the southern and eastern parts of 
the peninsula, but are only sporadically developed in the NW. Additional 
lithological data from Crosby (1968), Hoy (1980) and Reesor (1996). 
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The stratigraphy on the Crawford peninsula is generally similar to that outlined by Hoy 

(1980) in the Riondel area (see Table 4.1 for stratigraphy of the Lardeau Group). The 

most notable difference is the much smaller thickness of unit L2 of the Lardeau Group; in 

the Riondel area, unit L2 is 700m thick, whereas on the Crawford peninsula it is no more 

than a few tens of metres and locally much less. In the Riondel area, this unit contains a 

thick marble horizon that is lithologically indistinguishable from the Badshot Formation 

(Hoy, 1980). A similar marble is also present on the Crawford peninsula, but is close to 

or at the boundary between units L2 and the stratigraphically younger L3 unit; its 

lithological similarity with the Badshot Formation presents challenges in mapping poorly 

exposed or complex areas. 

 
The NW part of the peninsula is underlain by a major NNE-trending F2 antiform - the 

Crawford antiform - that is developed in an overturned panel of rock on the underlimb of 

the F1 Riondel nappe (Hoy, 1980; Fig. 4.5). To the north, in the Riondel area, the hinge 

region of the antiform is outlined by a belt of Lardeau Group unit L4 enclosed within L3 

(Crosby, 1968; Hoy, 1980). Previous maps of the area (Crosby, 1968; Reesor, 1996) 

show these L3/L4 boundaries converging southward, suggesting that there is a plunge 

reversal and that the antiform plunges south into Pilot Bay. In the course of mapping 

carried out for this study, however, both calc-silicate gneiss and biotite-bearing quartzo-

feldspathic gneiss were encountered throughout this region and it was not possible to 

define L3/L4 boundaries. It is likely that the units are complexly infolded, as is the case 

further north (Hoy, 1980). Although some L2 lineations plunge gently south in this 

region, most plunge to the north, suggesting that, whereas the region may occupy a 

structural culmination, there is no simple plunge reversal exposed inland. 

 

In the Riondel area, the eastern limit of the overturned section (Riondel nappe lower 

limb) is marked by the West Bernard fault (WBF; Hoy, 1976); on the west side of 

Kootenay Lake south of the West Arm, the Seaman Creek fault (Leclair, 1988) plays the 

same role and may be its along-strike continuation. The Crawford Peninsula lies between 

these two areas and it is likely this fault crosses the peninsula. On the coastline NW of 
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Boomers landing, unit L2 lies in the core of an anticlinal synform, suggesting the 

overturned panel extends at least this far southeast. A possible candidate for the WBF 

equivalent is a fault zone that is exposed on the southwestern shoreline of the peninsula 

just south of the contact between the Mohican Formation and the Hamill Group. Here, 

there are a number of repetitions of marble and yellow, sericitised schist containing 

gouge zones. In part of the zone, the sericitised schist contains disarticulated blocks of 

quartzite and lenses of amphibolite.    

 

An anomalously thick band of Badshot Formation extends across the central part of the 

peninsula. Much of this area is poorly exposed, but it is likely that the anomalous 

thickness is due to structural thickening/repetition, as numerous isolated exposures of 

rocks belonging to the Lardeau/Hamill groups are present within this area. 

 

 
Figure 4.5. Cross-section across the Crawford Peninsula, with no vertical 
exaggeration. The line of section is parallel to the axial trace of the F5 Boomers 
Landing synform (see Fig. 4.4). 

 

4.2.3.1 F4 

In the southern and eastern part of the peninsula (central and SW domains; Fig. 4.4), S2 

is extensively overprinted by folds with axes that generally plunge at low angles to the 

SW or the NE and have shallowly-dipping axial planes (Fig. 4.6). These folds have 

wavelengths that range from <1cm to several hundreds of metres. Due to their 

orientation, low relief and poor inland exposure, there is limited expression of these folds 

on the geological map of the peninsula. D4 structures are best exposed on the 
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southwestern shoreline of the peninsula. The southern part of this lakeshore section, 

which belongs to the Hamill Group, comprises the SW domain (Fig. 4.4); this area is 

described separately as it is the best-characterised part of the area affected by D4 and is 

relatively structurally homogeneous (Fig. 4.7a). F4 folds plunge SW throughout this 

domain, which lies on the east limb of large F5 fold herein referred to as the Boomer 

Landing synform. Axial planes of these folds dip gently SW or SE. 

 

Folds are best developed in micaceous rocks, where they have chevron forms (Fig. 4.6 

b,h), but affect all rock types. Folds that can be directly observed have wavelengths 

ranging from cm to m-scale. The folds are buckles that record shortening of S2; 

wavelength varies with thickness of the folded layer and hinges are discontinuous and 

bifurcating. Most folds are open to close, but they are locally tight. S2 in metapelites is 

crenulated, but an axial-planar fabric (S4) is locally developed (Fig. 4.6h). Folding of L2 

around fold hinges (Fig. 4.6d,e) causes large variation in its orientation. L2 pitches 

steeply in much of the area (Fig. 4.6f), which is atypical for the Kootenay Arc. 

 

The symmetry of crenulations and small-scale folds varies with position on larger-scale 

folds, as does the orientation of axial planes. Within the SW domain there are regions in 

which F4 axial planes consistently dip SW or SE (Fig. 4.7e,f). The boundaries between 

these regions are interpreted to mark the hinge zones of larger scale folds. Based on this 

criterion, the presence of folds with wavelengths of several 100 m is inferred.  

 

Figure 4.6 (overleaf). Photographs of D4 structures on the Crawford peninsula, all 
in rocks of the Hamill Goup. a) F4 fold with gently-dipping axial plane in calc-
silicate rock. Notebook for scale. b) F4 crenulations of S2 in micaceous quartzite. 
Pencil for scale. c) View onto a surface (parallel to S2) affected by F4 folds. F4 
buckles are discontinuous and have anastomosing hinges. Compass for scale. d) L2 
lineations folded around SW-plunging F4 folds Note the discontinuous, bifurcating 
fold hinges. Pencil for scale. e) L2 lineations folded around a tight F4 fold. Compass 
for scale f) Steeply pitching L2 lineations (intersection and stretching lineations) in a 
S2-parallel quartz-rich layer. The surface represented by the quartz-rich layer is 
affected by F4 folds, and tight crenulations are developed in an adjacent mica-rich 
layer. Pencil for scale. g) Tight F4 fold. Most F4 folds are open-close. Notebook for 
scale. h) S4 crenulation cleavage developed in micaceous schist. Pencil for scale. 
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Figure 4.7 (previous page). Structural data from the Crawford peninsula (CP) and 
adjacent areas. a), b) and c) represent data from the three domains outlines in Fig. 
4.4. The locations from which the data in d), e) and f) were collected are indicated 
by square brackets in Fig. 4.4 g) Structural data from the shoreline of Kootenay 
Lake opposite the CP. All planar data are represented by poles to planes. 
 

To the north of the coastal SW domain, across the axial trace of the Boomers Landing 

synform, F4 folds plunge gently NE (Fig. 4.7d). The central domain (Fig. 4.4) includes 

this lakeshore stretch, along with the remainder of the southern and eastern part of the 

peninsula, most of which is poorly exposed. In the inland part of the peninsula, F4 

crenulations are developed in micaceous rocks and folds with m-dm-scale wavelengths 

are indicated by changes in the orientation of S2. F4 axes plunge either SW or NE (Fig. 

4.7b), and by analogy with the well-exposed coastal section, this variation is plunge is 

interpreted to be due the effects of later NW-trending (F5) folds. The only D4 map-scale 

fold that is prominent on the map is that referred to as the Fishhawk Bay synform - an 

open, NW-facing south-facing chevron fold. Axis-normal slickenlines in the hinge-zone 

of this fold indicate a component of flexural slip during its formation.  

 

Whereas D4 folding is widespread in the south and east of the peninsula, the NW domain 

(Fig. 4.4; Fig. 4.7c) is only weakly affected by this deformation. In this domain, S2 

generally dips NW at shallow angles, and L2 mostly plunges gently north. Undulations in 

S2 outline open, NW-trending folds with 100’s m wavelength. Sparsely distributed minor 

folds in this domain plunge W and N; most of these are open and probably include a 

combination of F4 and F5 structures.  

 

4.2.3.2 Late structures in areas adjacent to the Crawford Peninsula 

Metasedimentary rocks are exposed on the western shoreline of Kootenay Lake at the 

latitude of the Crawford Peninsula, from the mouth of the West Arm, to approximately 

Sun Point (Fig. 4.7f). In the western part of this area (western domain on Fig. 4.7f), S2 

generally dips NW and L2 plunges shallowly N or NW.  Overprinting of S2 by SW-

plunging folds with gently dipping axial planes were recorded at two locations along this 
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stretch, but is not widespread.   

 

In the eastern part of this coastal section, around Sun Point, folding of S2 is widespread, 

with axes that plunge NW, W and SW. Overprinting relationships were not observed in 

this area, but it is plausible that SW-plunging folds correlate with F4 and NW-plunging 

folds correlate with F5 on the Crawford Peninsula. The boundary between the generally 

monoclinal western domain and the more widely folded eastern domain is approximately 

along strike from the equivalent boundary on the Crawford Peninsula. 

 

Late crenulations/folds of S2 similar to those represented by F4/F5 on the Crawford 

peninsula have also been observed E and NE of Crawford Bay. The full extent of the area 

affected by such deformation is uncertain, but D4/5 structures are absent from the 

Riondel area to the north (Hoy, 1980). N and NW-plunging crenulations reported by 

Leclair (1988) on the west side of Kootenay Lake may correlate with D4 and/or D5. 

 

4.3 GEOCHRONOLOGY 

 

4.3.1 Methods 

Monazite crystals in metapelitic rocs were located by carrying out X-ray chemical 

mapping of full polished thin-sections for the elements P, Ce, Al, K, Fe using WDS stage 

scans on the JEOL JXA-8200 electron microprobe at the University of Calgary. This 

mapping was conducted with a focussed beam using step sizes of approximately 35 µm, a 

beam current of 50nA and a dwell time of 10 milliseconds. Following identification of 

monazite crystals, backscatter electron images were taken to document the petrographic 

context and the internal structure (if any) of crystals. Mapping for the elements Ce, La, 

Nd, Th and Y was carried out on a small number of crystals that displayed well-

developed chemical zoning. To assist in locating grains using the reflected light 

microscope at the LA-ICP-MS laboratory, high-resolution backscatter images of polished 

sections were made by stitching together full resolution (1000*1000 pixels) images of 
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parts of each polished section. 

 

In-situ monazite dating was conducted by laser ablation – multiple collector – inductively 

coupled plasma – mass spectrometry (LA-MC-ICP-MS) at the Radiogenic Isotope 

Facility at the University of Alberta, Edmonton. Instrumentation includes a Nu Plasma 

MC-ICP-MS coupled to a New Wave UP-213 Nd:YAG laser ablation system; the 

instrument is equipped with a collector block including 12 Faraday collectors and three 

ion counters (Simonetti et al. 2005) that allows static collection of both U and Pb 

isotopes. The spot sizes were mostly 16 µm in diameter for three metapelite samples and 

30 µm for gneiss sample DM-05-30. Data were collected in 30 1s integrations using a 

Rep rate of 4 Hz and Fluence of ~ 3 J/cm2. An in-house monazite standard from 

Madagascar with a 206Pb/238U age of 517.9 Ma was used as a primary calibration reference. 

This has been dated by ID-TIMS (Heaman, unpublished data) and is the same as that 

used by Simonetti et al. (2006). The reproducibility of 207Pb/206Pb and 206Pb/238U ratios of the 

standards was 1-2% and 3-7%, respectively. Standard deviations of the standard analyses 

were combined with the standard error of each analysis using the method outlined in 

Horstwood et al. (2003). 

Data were plotted on Terra Wasserberg diagrams using Isoplot v.3.0 (Ludwig, 2003) and 

concordia intercept ages calculated by anchoring at common lead with assumed 207Pb/206Pb 

ratio of 0.836 +/- 0.06 (Kramar and Stacey, 1975). When necessary, outlying data were 

removed from this regression until the criterion MSWD <1+2(2/f)^1/2 (where f - degrees 

of freedom = n-1; Wendt & Carl, 1991) was satisfied.   

Zircon crystals were separated from pegmatite using standard crushing and heavy liquid 

separation techniques. The crystals were hand-picked based and mounted in epoxy and 

imaged prior to analysis. LA-ICP-MS dating was carried out using the same technique as 

described for monazite, using a spot size of 20-50 µm. Analytical protocols used were 

those described in Simonetti et al. (2005).  
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4.3.2 U-Pb monazite geochronology - constraints on the age of M2 metamorphism 

Three samples of garnet and sillimanite-bearing metapelitic schist/gneiss from the 

sillimanite and sillimanite+K-feldspar zones around the central Kootenay Lake/Crawford 

Bay area (Fig. 4.2) were chosen for in-situ monazite U-Pb dating. Data were also 

acquired from an additional non-pelitic quartzo-feldspathic gneiss from this region. 

Isotopic data and UTM coordinates for the samples are included in Table 4.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2 (subsequent pages). U-Pb data from metamorphic monazite, acquired by 
LA-ICP-MS 
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DM-05-53 (Fig. 4.8) is from the sillimanite zone on the Crawford peninsula. It contains 

the assemblage Sil+St+Grt+Bt+Ms+Pl+Qtz+Ilm+Tu. Matrix biotite, muscovite and 

sillimanite are aligned in the plane of the foliation (S2), which wraps around large 

(>1cm) garnet porphyroblasts (Fig. 4.5m); sillimanite also defines a mineral lineation 

(L2). Inclusion trails in garnet are oblique to the matrix foliation. Staurolite forms small 

blocky crystals that occur in trains parallel to schistosity. Segregations of quartz and 

plagioclase up to 1cm wide, 5 cm long are elongate parallel to S2. 

 

Monazite crystals range in size from <10 to > 250 µm, but are typically <50 µm in 

longest dimension. With the exception of very small (<10 µm) equant grains, crystals are 

generally elongate and aligned parallel to S2. No zoning is discernible in backscatter 

images of the grains. Fifty-four spots on sixteen grains were dated; all but one of the 

spots analysed was on matrix monazite. Almost all of the analysed points fall on a mixing 

line with common lead that intersects the concordia at 134.4±1.4 Ma (Fig. 4.8e). This is 

interpreted as the age of monazite crystallisation during prograde metamorphism and 

represents a maximum age for peak metamorphism in this area.  

 

 

 

 

 

Figure 4.8 (overleaf). a) Electron backscatter image of polished section of DM-05-53, 
showing the location of monazite crystals. Crystals that were dated are numbered. 
Length of polished section is approximately 4 cm. b) Photomicrograph of DM-05-53 
- a Sil+Grt metapelitic schist from the Crawford peninsula. The matrix foliation is 
S2. c) Monazite typically lies parallel to S2 foliation, as shown in this backscatter 
image. d) 206Pb/238U ages from spots on the crystal shown in c). This image was 
captured prior to final polishing. e) Isotopic data from DM-05-53, plotted on a 
Terra-Wasserberg diagram. Fifty-four spots were analysed, fifty-two of which are 
included in the regression.  
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DM-05-147 (Fig. 4.9) is a sample from a roadcut on highway 3 in the sillimanite-K-

feldspar zone. It contains the assemblage Sil+Grt+Bt+Ms+Pl+Kfs+Qtz. S2 is defined by 
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biotite, sillimanite, muscovite and elongate quartz-feldspar aggregates, while wispy 

sillimanite defines L2. Small pink garnet crystals approximately 1mm in diameter are 

scattered though the rock. Although largely idiomorphic, some crystals have irregular 

margins in contact with biotite. K-feldspar is abundant in granitic leucosomes that 

parallel S2, but is also present as small crystals in the rock matrix. Muscovite is wholly or 

partially retrograde and has partially replaced sillimanite. 

 

The monazite in this sample generally falls in the size range 50-150 µm, with largest 

crystals > 250 µm long. The crystals are mostly elongate and aligned parallel to S2, 

though some more equant or irregular shapes are developed in strain shadows or adjacent 

to garnet crystals. Many of the monazite crystals display irregular to concentric zoning, 

with variable (sharp to gradational) transitions between cores and rims. Rims of three 

mapped crystals are characterised by slightly lower concentrations of Ce, La, Th and a 

notably higher concentration of Y. Fifty-seven spots on twenty-one crystals were 

analysed; three spots were from crystals included in garnet, the remainder were from 

matrix crystals. Ages from included and matrix crystals overlap and all of the data fall on 

a line anchored at common lead, with an intercept of 142.8±1.3 Ma (Fig. 4.9b). Though 

rim zones are presumably younger, differences between core and rim ages cannot be 

resolved using the LA-ICP-MS technique. High-Y rims on monazite are commonly 

attributed to growth following breakdown of garnet (e.g. Pyle & Spear, 2003; Gibson et 

al., 2004; Gasser et al., 2012), consistent with evidence for limited evidence for garnet 

resorption in this sample. The quoted age is interpreted as the age of monazite growth 

during prograde Barrovian M2 metamorphism. 

   

Figure 4.9 (overleaf). a) Electron backscatter image of polished section of DM-05-
147, showing the location of monazite crystals. Crystals that were dated are 
numbered. Length of polished section is approximately 4 cm. b) X-ray map showing 
the relative concentration of Potassium. High-K (orange) regions are K-feldspar; 
purple regions are mica. c) Backscatter image of crystal # 5. d) Isotopic data from 
this sample plotted on a Terra-Wasserberg diagram. e) 206Pb/238U ages from spots 
on crystal #5. Zoning is evident in this crystal, but ages from the core and rim zones 
overlap.  
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DM-07-192 (Fig. 4.10) is from the sillimanite zone on the western shoreline of Kootenay 

Lake, east of the West Arm. It contains the assemblage Sil+Grt+Bt+Ms+Qtz+Pl+Ilm+Tu 

(Fig. 4.5n); locally, however, remnants of staurolite and/or kyanite porphyroblasts are 

preserved where they are mantled by muscovite. The polished section used for dating 

contains one relict crystal of each mineral. Sillimanite, biotite and muscovite define S2, 

and sillimanite also defines L2. Garnet porphyroblasts range from 3mm to > 1cm, and 

some of these are elongate parallel to S2. Segregations of quartz and plagioclase several 

cm long also lie parallel to S2.  

 

Monazite crystals range from <10  to >250 µm. The smallest crystals are commonly 

equant, but most crystals fall in the range 50-150 µm, are elongate and are aligned 

parallel to S2. Zoning or textural heterogeneity are not evident in backscatter electron 

images. Forty-four spots on thirteen monazite grains were analysed, all of which were 

matrix grains. 

 

A regression line anchored at common lead intersects the concordia at 133.6±2.1; 

however, the line is a poor fit to the data and there is an unacceptably large MSWD of 3.7 

(Fig. 4.10e). Given the high closure temperature of monazite with respect to lead 

(approximately 725±25 C; Parrish, 1990), and peak metamorphic conditions of 

approximately 650 ºC (Chapter 2), it is unlikely that the spread in ages results from 

diffusive loss of lead. Instead, the data may reflect a range of monazite growth ages - 

either continuous growth over a period of at least 10 Ma, or mixing of two age 

populations. The 206Pb/238U data has a bimodal distribution (Fig. 4.10f) and acceptable 

MSWD values can be obtained by grouping the data into two populations with ages 

138.1±1.3 (n = 24; MSWD = 0.78) and 127.8±1.3 Ma (n = 20; MSWD = 1.3). In either 

case, the data indicate that peak metamorphism was no earlier than Early Cretaceous at 

this location. 
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Figure 4.10. a) Electron backscatter image of polished section of DM-07-192, 
showing the location of monazite crystals. Crystals that were dated are numbered. 
Length of polished section is approximately 4 cm. b) Photomicrograph of DM-07-
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192 - a Sil-Grt schist from the western shoreline of Kootenay Lake. c) Monazite 
crystal are typically aligned parallel to the S2 foliation. d) 206Pb/238U ages from spots 
on crystal #56. e) Isotopic data from this sample, plotted on a Terra-Wasserberg 
diagram. See text for details. f) Probability density diagram of 206Pb/238U ages (not 
corrected for common lead).  
 

DM-05-30 (Fig. 4.11) is a quartzo-feldspathic gneiss from western shoreline of the 

Crawford peninsula (sillimanite zone). The rock has a bimodal character, with thin seams 

composed of aligned sillimanite and muscovite separating gneissic domains containing 

Qtz+Pl+Bt±Kfs±Ms. K-feldspar is largely restricted to discrete layers in the rock and has 

been partially replaced; it is commonly separated from biotite by fine-grained muscovite-

quartz symplectites and has locally been replaced by myrmekite. 

 

Although this sample contains both sillimanite and K-feldspar, these minerals are 

interpreted to have formed at different times rather than forming a peak-metamorphic 

sub-assemblage. The sillimanite-muscovite seams are interpreted to overprint a 

previously Sil-free and relatively homogeneous Qtz-Pl-Bt-Kfs gneiss; these seams are 

interpreted to have formed as a result of fluid influx along the foliation planes. 

 

Monazite in this rock is coarser grained than that in the metapelitic samples, typically 

falling in the range 100-300 µm. Many crystals are quite equant, though some are more 

elongate and aligned parallel to the gneissic foliation. In most cases, no zoning is evident 

in backscatter images; however, some crystals contain narrow rim zones. These rim zones 

proved too thin to analyse using LA-ICP-MS. 

 

35 spots on 14 crystals were analysed. The data generally fall on or close to the concordia 

and yield a mean 206Pb/238U age of 157.4±2.1 Ma, excluding four, slightly younger data 

points. This is interpreted as the age of crystallisation of the primary gneissic assemblage. 

As the protolith of the gneiss is probably igneous, this may place a constraint on 

deformation during emplacement. The age is similar to that of the youngest parts of the 

Nelson batholith suite (Steinitz, 2010).  
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Figure 4.11 (previous page). a) Electron backscatter image of polished section of 
DM-05-30, showing the location of monazite crystals. Crystals that were dated are 
numbered. Length of polished section is approximately 4 cm. b) X-ray map showing 
the relative concentration of Aluminium. Yellow regions are seams comprising 
Sil±Ms. c) X-ray map showing the relative concentration of Potassium. High-K 
(orange) regions are K-feldspar; pink/purple regions are mica. d) Isotopic data, 
presented on a Tera-Wasserberg diagram. e) Backscatter image of gneissic domain, 
showing symplectic intergrowths of Qtz+Ms between K-spar and Bt. f) Boundary 
between gneissic domain and Sil±Ms seam. Monazite crystals are located in the 
former.   

 

4.3.3 U-Pb zircon geochronology - ages of deformed pegmatites and constraints on 

the age of D2 

Zircon from three deformed pegmatites in the Crawford Bay-Riondel area was dated by 

LA-ICP-MS (Fig. 4.12). The pegmatites are all granitic, comprising coarse-grained K-

feldspar, quartz, plagioclase±biotite±muscovite. The ages are interpreted as 

crystallisation ages, and place an upper limit on the time at which D2 deformation ceased. 

Isotopic data and UTM coordinates for the samples are included in Table 4.3.  

 

DM-11-GCS-D (Fig. 4.12a,b) is from an outcrop of Lardeau Group calc-silicate. The 

deformed pegmatite lies parallel to gently west-dipping S2. Other thin pegmatite 

intrusions at this outcrop cross-cut S2 at a low angle but are themselves folded around F2 

folds (see plate VII in Hoy, 1980, which is located at this outcrop). The outcrop is 

transected by an undeformed pegmatite that cuts S2 at a high angle (Fig. 4.12); this dike 

was sampled but did not contain zircon suitable for dating. Zircon crystals from the dated 

dike are 150-300 µm long and mostly colourless (Appendix G). They are slender and 

euhedral, and commonly have faceted tips. Thirty spots on twenty-eight crystals were 

dated. Excluding two spots from cores with Proterozoic ages, the data yield a weighted 

mean 206Pb/238U age of 139.4±2.9 Ma. 

 

 

Table 4.3 (overleaf and subsequent pages). U-Pb zircon isotopic data from felsic 
dikes in the Crawford Bay-Riondel area, acquired by LA-ICP-MS. 
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Figure 4.12. Deformed Early Cretaceous pegmatite dikes from the Crawford Bay-
Riondel area. a), c) and e) are photographs of two of the dated pegmatites. b), d) and 
f) are isotopic data from the three samples, plotted on inverse concordia (Terra-
Wasserberg) diagrams. Quoted ages are weighted means of 238U/206Pb ages. Data 
points excluded from these calculations are shaded grey. 
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DM-11-R.I. (Fig. 4.12c,d,e) is a biotite-bearing pegmatite intruded into calc-silicate of 

the Lardeau Group. The pegmatite body consists of two deformed pods that lie oblique to 

S2, connected by a thin pegmatite vein that is parallel to S2 (Fig. 4.11c,e). In detail, the 

margins of the pods cross-cut S2, but the ends of each pod veer into parallelism with S2, 

giving a sigmoidal shape to the deformed pods. This arrangement is interpreted to result 

from D2 dextral shearing of a dike that was intruded oblique to S2. The zircon in this 

sample is colourless to brown. Crystals and crystal fragments are generally euhedral, and 

full crystals are slender, with faceted tips (Appendix G). Full crystals range in size from 

approximately 200-400 µm. A single analysis was acquired from twenty-five individual 

crystals.  The data have a weighted mean 206Pb/238U age of 136.1±2.7 Ma.     

 

DM-11-R (Fig. 4.12f) is a deformed muscovite-bearing pegmatite from the Shoreline of 

Kootenay Lake at Riondel. It is intruded into the Hamill Group and lies approximately 

parallel to west-dipping S2. Zircon in this sample is colourless to brown and comprises 

slender euhedral crystals and crystal fragments. Full crystals range in length from 200-

300 µm. Twenty-seven spots on twenty-five crystals were dated (Appendix G). The data 

from this sample gives a weighted mean 206Pb/238U age of 136.8±2.5. 

 

 4.3.4 U-Pb zircon geochronology - ages of undeformed pegmatites and constraints 

on the age of D3 

 

Two undeformed diked from the eastern shoreline of Kootenay Lake north of highway 3 

were dated (Fig. 4.13). The dikes belong to a suite described by Livingstone (1968) that 

includes pegmatite and leucogranite. The dikes cross-cut S2 and the hinges of SW-

plunging D3 warps. Some of these dikes exhibit sharp changes in orientation as they 

exploit fractures, suggesting they intruded rock that previously contained, or developed 

brittle fractures during, their intrusion. 
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Figure 4.13. Latest Cretaceous-Palaeocene intrusions in the Crawford Bay area. a) 
Photomicrograph of sample from the Crawford Bay stock, showing deformed 
biotite and partly recrystallised quartz crystals. Field of view = 6mm. b) Photograph 
of late granitic dike on the shoreline of Kootenay Lake. The orientation of the dike is 
controlled by multiple fracture sets in the rock. c), d) Photographs of pegmatite 
sample DM-11-KL3, which transects F3 folds at a high angle. e), f) Photographs of 
DM-11-KL1. The dated dike transects F3 folds, but is cross-cut by another 
intrusion. 
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DM-11-KL1 was sampled from a leucogranite dike that is approximately 20 cm wide 

(Fig. 4.13c,d). The dike cross-cuts S2 in the host Lardeau Group and transects F3 warps 

at a high angle. Other similar dikes with several different orientations are present at this 

locality and the dike that was dated is cut by another, wider, leucogranite dike oriented 

approximately orthogonal to the former.  

 

Zircon crystals in this sample are sub-rounded to euhedral, and are mostly 100-250 µm 

long. Crystals are typically zoned. In most cases an anhedral, variably zoned core zone is 

surrounded by a euhedral outer rim with prominently zoned faceted tips. A single 

analysis was made on fifty-two crystals. The data from this sample are mostly discordant 

and span a wide range of ages from Proterozoic to approximately 70 Ma (Fig. 4.14e,f). 

The two youngest spots, which are from well-zoned crystal tips, give a weighted mean 
206Pb/238U age of 69.6±9.4 Ma (Fig. 4.14f). The remainder of the data from this sample are 

substantially older and are interpreted to represent a mixture of young (Latest Cretaceous-

Palaeocene) overgrowths with inherited age populations.  

 

DM-11-KL3 is a sample taken from a narrow (<5cm wide) pegmatite dike on the 

shoreline of Kootenay Lake (Fig. 4.13e,f). The pegmatite cuts across F3 fold hinges at a 

high angle, with no deflections or other changes in the nature of hinges zones as they 

approach the dike.  

 

Zircon crystals from this sample are < 100 µm long, colourless and are subrounded to 

euhedral. Data were acquired from a single spot on seventeen crystals (Appendix G). 

These data are discordant and mostly fall in the 300-1600 Ma  206Pb/238U age range, while a 

single young discordant analysis yielded a 206Pb/238U age of 63±6Ma (Fig. 4.14d). The data 

are interpreted to reflect mixing of a young (latest Cretaceous-Palaeocene) component 

with one or more inherited components. 

 

Titanite from this sample was also dated. The crystals are honey-brown and mostly sub-

hedral, with a typical grain size of 150-200 µm. Single spots on thirty-two crystals  
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Figure 4.14. Isotopic data from latest Cretaceous-Palaeocene intrusions in the 
Crawford Bay area. a) The Crawford Bay stock. b) Titanite data from DM-11-KL3. 
c), d) Zircon data from DM-11-KL3. e), f) Zircon data from DM-11-KL1. 
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were analysed, and these analyses fall along a linear trend suggesting the crystals contain 

variable amounts of common lead, as is common in titanite (Storey et al., 2006). All but 

one analysis falls on the regression line, which gives a concordia intercept age of 

65.5±3.1 Ma (Fig. 4.14b). This overlaps with the youngest zircon age and represents the 

best estimate for the crystallisation age of this sample. 

 

4.3.5 U-Pb zircon geochronology - age of the Crawford Bay stock and constraints on 

the age of D4 

The Crawford Bay stock is a small, equigranular to porphyritic biotite granodiorite 

(Crosby, 1968; Fig. 4.13a) that is exposed on both sides of Crawford Bay, on the east side 

of Kootenay Lake. The dated sample is porphyritic, with K-feldspar phenocrysts 1-1.5 

cm long in a matrix with a typical grain size of 2-5mm. K-feldspar is perthitic and locally 

replaced by myrmekite. Plagioclase is generally tabular, zoned and twinned. Quartz 

displays undulose extinction is partly recrystallised (Fig. 4.13a). Biotite is also deformed 

(note the bent cleavage planes in Fig. 4.13a) and is partly chloritised. The rock also 

contains retrograde epidote and muscovite, apatite and opaque minerals. 

 

The stock cross-cuts regional metamorphic isograds and imparts a contact aureole on 

surrounding rocks. Crd+And-bearing contact-metamorphic assemblages on the east side 

of the stock indicate emplacement at a depth of 6-10 km (Chapter 2). Contact 

metamorphic andalusite on the western margin of the stock is overprinted by F4 

crenulations (Chapter 2), therefore the age of the stock therefore represents the oldest 

possible age of D4 deformation.  

 

Zircon from the Crawford Bay stock (DM-09-CBS) was dated using LA-ICP-MS. Zircon 

crystals are typically 200-300 µm long, are mostly colourless, and are generally 

columnar. Many exhibit euhedral faceted tip zones. Sixty-seven spots on forty-seven 

crystals were analysed. Most of the data yield a concordia intercept age of 64.47±0.59 

Ma (MSWD = 0.94; Fig. 4.14a), interpreted as the crystallization age, while four 
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significantly older ages (up to 1400 Ma) suggest the presence of inherited cores in some 

crystals. This age is similar to those obtained from the undeformed dikes.  

 

4.4 DISCUSSION 

 

4.4.1 Early Cretaceous Barrovian metamorphism and deformation 

The monazite ages presented here represent the first direct evidence for Early Cretaceous 

metamorphism in the Kootenay Arc. Monazite growth associated with prograde 

amphibolite-facies Barrovian metamorphism took place during the interval 143-134 Ma 

and may have continued until or restarted ca. 127 Ma in DM-07-192. As monazite grew 

at temperatures below the closure temperature for Pb diffusion, these ages represent 

crystallization ages. U-Pb monazite ages in metapelites do not date peak metamorphism 

directly, but represent the age of a point on the prograde P-T path when monazite grew; 

whereas the data indicate diachroneity in the age of monazite growth, this does not 

necessarily reflect diachroneity in the age of peak metamorphism, as monazite stability 

and abundance is a function of both P-T conditions and bulk rock composition (Spear, 

2010; Spear & Pyle, 2010).  

 

Crystallisation ages of zircon from deformed pegmatite in the approximate range 136-139 

Ma indicate that the deformation that accompanied Barrovian metamorphism (D2) 

continued until at least this time.  Monazite crystals with younger ages (ca.127 Ma) in 

DM-07-192 suggest S2 formation continued at least locally to this date, as these crystals 

are aligned in S2 and are not associated with retrograde mineral growth or textures. 

 

These conclusions are in broad agreement with those of Leclair et al. (1993), who 

documented an end to D2 between 117+4/-1 Ma and 111±5 Ma, based on dating of 

allanite and titanite in the Baldy pluton. The ca. 136 Ma pegmatite ages reported here are 

similar to those of the West Creston and Corn Creek gneisses (approximately 136 Ma and 

134±12 Ma, respectively), which are sheet-like bodies of deformed granitic orthogneiss 
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and pegmatite located in the footwall of the Purcell Trench fault close to the U.S. border 

(Brown et al., 1995). Collectively, these data suggest that (D2) deformation and 

Barrovian amphibolite-facies metamorphism throughout the KLMH took place during the 

Early Cretaceous.   

 

Early Cretaceous metamorphic monazite and dike crystallisation ages similar to those 

presented here have been reported from the northern Monashee, northeastern Selkirk and 

Cariboo mountains (Currie, 1988; Scammell, 1993; Parrish, 1995; Digel et al. 1998; 

Crowley et al., 2000; Reid, 2003; Gibson et al. 2008). These areas, together with the area 

under consideration, formed the metamorphic core to a NW-SE trending Early 

Cretaceous orogenic belt 100-200 km wide that, at the latitude of the study area, extended 

from the Kootenay Arc eastward to the Porcupine Creek Anticlinorium in the Rocky 

Mountains (Simony & Carr, 2011; Fig. 4.1). 

 

4.4.2 Tectonic significance of orogen-parallel stretching lineations in the Kootenay 

Arc 

Sub-horizontal, orogen-parallel stretching lineations are ubiquitous in the Kootenay Arc 

and adjacent regions. These lineations, which are parallel to fold axes, are characteristic 

of both Middle Jurassic (D1) and Early Cretaceous (D2) deformation: sub-horizontal 

lineations are developed in rocks in the western part of the Kootenay Arc that were 

unaffected by Early Cretaceous deformation and metamorphism and equally, minerals 

that grew during M2/D2 define a sub-horizontal lineation. Mineral lineations are 

developed throughout the rock body - in fold hinges and on limbs - and are interpreted to 

indicate the long axis of the bulk strain ellipsoid during each of these periods of 

deformation.  

 

In the SW-trending part of the Kootenay Arc (beside the tail of the Nelson batholith, 

including the Baldy pluton), sub-horizontal lineations and steeply-dipping, SW-striking 

foliation are associated with abundant dextral kinematic indicators such as S-C fabrics. In 
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this region, the fabrics are interpreted to result from a large component of dextral simple 

shear (Vogl, 1992). Further north, in the N and NW-trending part of the Kootenay Arc, 

however, true dextral kinematic indicators (as opposed to oblique “D3” structures) are 

not as widely developed. This difference can be accounted for by the anomalous strike of 

the southern part of the arc. Obliquity of foliation and lithological boundaries to the 

overall NW-SE trend of the orogen means that SW-NE shortening would result in a 

dextral transpression along the SSW-NNE trending southern segment (Vogl, 1992). This 

may also be responsible for the greater D2 shortening in this area suggested by southward 

tightening of F2 folds. Development of the arcuate structural salient necessarily involved 

sub-horizontal lengthening of the rock mass; however the arc is relatively open and given 

its curvature this effect would only produce lengthening of approximately 25%. Orogen-

parallel stretching lineations are not restricted to the southern part of the Kootenay Arc; 

they formed throughout the arc and are also extensively developed in other parts of the 

Middle Jurassic-early Cretaceous orogenic belt (Raeside, 1983; Ellis, 1986; McDonough, 

1989; McDonough & Simony, 1989; Smith and Gehrels, 1992; Warren, 1997). A more 

general explanation is therefore required for areas removed from the Nelson tail region. 

 

Orogen-parallel stretching during SW-NW shortening could be accounted for by 

transpression with a fixed strike length; however, this requires a high ratio of translation 

to thinning across the zone (i.e. a high “trans” to “press” ratio; Jones et al., 2004; Jiang & 

Williams, 1998). Smith and Gehrels (1992) and Warren (1997) have reported evidence 

for dextral shearing in the northern Kootenay Arc and McDonough & Simony (1989) 

documented combined right-lateral shearing and shortening associated with orogen-

parallel lineations in the northern Monashee mountains; however, McDonough & Simony 

(1989) also argued against highly oblique convergence. A contrasting suggestion (Price 

& Sears, 2000) is that there was Late Jurassic-Early Cretaceous sinistral transpression in 

the region, an argument based mainly on seismic interpretation of tectonic overlaps 

across transverse faults in the Purcell Anticlinorium. 

 

An alternative to highly oblique transpression is that shortening was accompanied by 
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some lengthening of the deforming zone, including situations in which there was little or 

no obliquity to convergence (Jiang & Williams, 1999). A requirement of such a scenario 

is that strike lengthening be accommodated in some way at the ends of the deforming 

zone. In situations where there is across-strike variation in shortening, strain 

compatibility can not be maintained, leading to a requirement for lateral extrusion (e.g. 

Ratsbacher et al. 1991).  

 

Orogen-parallel lineations in the Middle Jurassic-Early Cretaceous orogen contrast with 

Late Cretaceous-Eocene structures developed at deeper structural levels; these regions 

experienced top-to-the-east shear and stretching lineations formed approximately parallel 

to the transport direction as the orogen progressively over-rode continental basement 

(Doughty & Price, 1999; Johnston et al., 2000; Gervais et al. 2010; Simony & Carr, 2011 

and references therein). 

 

4.4.3 Curvature of the Kootenay Arc and its relationship to inherited structures 

The northern part of the Kootenay arc is approximately parallel to the regional 

Cordilleran trend, whereas the trend of the southern part is anomalous; south of the 

international border the trend is approximately normal to that of the orogen. We interpret 

the arcuate form to result from superposition of Mesozoic deformation on a complex 

inherited basin architecture. 

 

A SW-NE-trending Palaeoproterozoic suture zone, which corresponds with the 

geophysically imaged Vulcan low, projects from the Laurentian craton under the 

Cordillera towards the southernmost Kootenay Arc (Price & Sears, 2000; McMechan, 

2010). This basement structure was intermittently reactivated from the Mesoproterozoic 

to the Mesozoic and influenced patterns of sedimentation, intrusion, deformation and 

mineralisation (Kanasewich, 1968; Hoy, 1982; Price, 2000; Price & Sears, 2000; 

McMechan, 2010). Transverse faults in the Purcell anticlinorium are approximately 

parallel to the basement structure and account for large variations in the thicknesses and 

facies distribution of Mesoproterozoic, Neoproterozoic and Palaeozoic rocks (Lis and 
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Price, 1976; Price, 2000; Price and Sears, 2000). The cross-strike basement structure 

marked the NW margin of a high-standing palaeogeographic domain referred to as 

Montania and is responsible for a 240 km right hand offset in the margin of the 

Palaeozoic miogeocline. Montania was characterised by a thin succession of Palaeozoic 

rocks that were deposited on a stable, shallow-water platform, in contrast to deeper water 

successions developed to the NW (Price, 2000). During the Palaeozoic, therefore, the 

Kootenay Arc occupied a basinal  “corner” zone between SW- and NW-facing segments 

of the continental margin (Logan & Colpron, 2006; Fig. 4.15). During Cordilleran 

shortening, these margins were inverted (e.g. Warren, 1997), giving rise to the arcuate 

zone now present. 

 

This suggestion contrasts with that of Thompson et al. (2006) who interpreted the shape 

of the arc to reflect the subsurface shape of a basement block to the west. Varsek & Cook 

(1994) suggested the arc mimicked the shape of a salient in the basement between the 

Monashee and Priest River complexes; however, given the position of the arc in the 

hanging wall of Late Cretaceous shear zones (Simony & Carr, 2011), it is likely the arc 

formed west of its current position, removed from this basement feature. 

 

The current geometry of the Kootenay arc is interpreted to be largely an Early Cretaceous 

feature. Middle Jurassic foliation in the northern Kootenay Arc is approximately parallel 

to the overall trend of the orogen. Likewise, foliation with a similar trend is preserved in 

screens within the Nelson batholith, and on its west side (Fig. 4.14). These foliation 

traces are oblique to the (Early Cretaceous) arc-defining trend that swings towards the 

SW on the east side of the batholith. In and around the southernmost tail, there is a sharp 

swing towards parallelism with the foliation on the east side of the batholith. These 

features suggest that when the Nelson batholith was intruded, the arcuate shape did not 

exist or was only incipiently developed. The batholith was unaffected by Early 

Cretaceous deformation, except along its narrow tail zone, which became bent parallel to 

the Early Cretaceous trend. 
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Figure 4.15. Palaeogeographic setting during deposition of the Lardeau Group, 
showing coincidence between the Palaeoproterozoic suture zone and the NW margin 
of “Montania”. Adapted from Logan & Colpron (2006). 
 

4.4.4 Significance of latest Cretaceous-Palaeocene magmatism and D4 & D5 

deformation 

The Crawford Bay stock and dikes of similar age are the youngest granitic rocks known 

in the Kootenay Arc. There was extensive deformation and partial melting in the Valhalla 

Complex during this time (Gordon et al., 2008), and as this zone projects eastwards 

beneath the Kootenay Arc, it is possible that these small intrusions formed from crustal 

melts that escaped upwards from this zone. If so, their origin is distinct from Eocene 

alkaline intrusions, which are younger and are interpreted to have formed due to 
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decompression that accompanied extension (Sevigny & Theriault, 2003; Beaudoin et al., 

1992). The Crawford Bay stock is similar in age to the ca. 63 Ma Airy quartz monzonite - 

a variably deformed, K-feldspar-porphyritic, biotite±hornblende-bearing sheet-like body 

in the Valhalla complex (Carr et al., 1987; Carr & Simony, 2006). The only other Late 

Cretaceous granitic intrusions known in the Kootenay Arc are the 76 Ma Shaw Creek 

phase of the Bayonne batholith (Parrish, 1992) and a nearby pegmatite dike with an age 

of approximately 82 Ma (Brown et al., 1995).  

 

The latest Cretaceous-Palaeocene age for the Crawford Bay stock represents the oldest 

possible age for D4 and D5, as F4 crenulations overprint its contact aureole (Moynihan & 

Pattison, 2012). The restriction of widespread D4 folding to the eastern part of the 

Crawford peninsula and the equivalent position on the west side of Kootenay Lake is 

interpreted to be a function of the orientation of S2. S2 is shallower in the west and 

steepens towards the east and upwards, giving rise to curved D2 axial planes (Hoy, 

1980). The part of the peninsula with shallow dips is largely unfolded, whereas F4 folds 

are widespread where S2 was steeper. The transition between these domains is 

interpreted to mark the location where average S2 reached a critical value (approximately 

45º) that placed it in the shortening field of the D4 strain ellipsoid. D4 folds record 

vertical thinning accompanied by horizontal extension, and it is possible that D4 

represents an early, distributed phase of approximately E-W extension that developed 

prior to the breakthrough or northward propagation of the PTF.  

 

D5 folds trend NW parallel to the Purcell trench fault and are only developed in the 

vicinity of its tip zone. For these reasons D5 is interpreted to be genetically related to the 

PTF and is therefore likely to be Eocene. 
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4.5 SUMMARY - CORDILLERAN DEVELOPMENT OF THE CENTRAL 

KOOTENAY ARC  

 

The earliest structures that are preserved in the central Kootenay Arc are west-vergent F1 

isoclinal folds cored by the Hamill Group. Based on comparison with similar structures 

along strike, and taking account of the very high amplitude of some of these folds, it is 

likely that they formed in a recumbent position (Fig. 4.16d). Brown et al. (1993) 

proposed east-dipping subduction at this time whereas Price (1986) and Colpron et al. 

(1998) attributed early west-vergent deformation to the tectonic wedging. Following 

deformation and accompanying regional greenschist facies metamorphism, the Nelson 

batholith was intruded at a depth of 11-14 km.  

 

During the Early Cretaceous, rocks at low structural levels in the Kootenay Arc and those 

in the Purcell anticlinorium experienced M2/D2 metamorphism and deformation (Fig. 

4.16 b,e). The highest grade rocks currently exposed were buried to depths of 

approximately 25 km and heated to the point of incipient melting. Metamorphism and 

deformation was accompanied by abundant pegmatite dikes and small plutons in the 

highest grade areas. This deformation was east-vergent, but as was the case during Early-

Middle Jurassic deformation, the stretching direction was parallel to the trend of the 

orogen. During this deformation, an arcuate salient developed as rocks were shortened 

against inherited basin margins. The Nelson batholith remained at upper crustal levels 

throughout this period and surrounding metasediments experienced only weak D2 

deformation; however, its southeastern margin was affected by dextral shearing and the 

“tail” was reoriented as this deformation progressed (Fig. 4.16b,e). The zone of Early 
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Figure 4.16. Proposed Cordilleran history of the central Kootenay Arc. Schematic 
maps and cross-sections are shown for three time slices:  1) ca. 165 Ma, after Middle 
Jurassic deformation (D1), low-grade regional metamorphism (M1) and intrusion of 
the Nelson batholith. The configuration illustrated is speculative. 2) ca. 115 Ma, 
after Early Cretaceous deformation (D2), metamorphism (M2), and some post-
metamorphic exhumation, and 3) ca 45 Ma, after Palaeogene normal faulting and 
differential exhumation produced the isograd pattern seen today. The 2-d strain 
ellipses are used for illustrative purposes only; their length-width ratios are not 
based on real data. Circles inside the strain ellipses on cross-sections indicate that 
most stretching was in/out of the plane of section. The age of the dominant 
penetrative deformation is indicated by colour: pale pink represents the Middle 
Jurassic, pale yellow the Early Cretaceous and pale green the Late Cretaceous-
Eocene. Traces of foliation within and adjacent to the Nelson batholith are from 
Vogl (1992). 
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Cretaceous metamorphism and deformation projects under the Nelson batholith and may 

have affected rocks at deep levels to the west; although the dominant deformation in the 

Valhalla complex is younger, Carr & Simony (2006) reported evidence for possible Early 

Cretaceous deformation in this area. 

 

Intrusion of large mid-Cretaceous plutons post-dated D2/M2 and subsequent exhumation 

to mid-crustal levels (as revealed by the presence of andalusite in associated contact 

aureoles), though some bodies (e.g. the Baldy pluton) were intruded syntectonically. 

During the Late Cretaceous, the area formed part of the orogen superstructure (Culshaw 

et al., 2006) and was carried passively on deeper structures as the orogen propagated 

eastward over the continental margin (Simony & Carr, 2011). Whereas Middle Jurassic-

Early Cretaceous deformation was characterised by orogen-parallel stretching, Late 

Cretaceous deformation at lower levels was characterized by stretching approximately 

parallel to the transport direction.  

 

In the Palaeogene, probably during the Eocene (Parrish et al. 1988; Sweetkind & Duncan, 

1989), the area underwent approximately east-west extension (Fig. 4.16c,f). 

Displacement on the the Purcell trench and Gallagher fault zone resulted in differential 

exhumation, giving rise to the forked isograd patten observed today. The normal faults 

juxtaposed regions with contrasting structural and thermal histories (Fig. 4.16c,f; 

Moynihan & Pattison, 2012b). There was folding around the tip zone of the Purcell 

Trench fault prior to development of a through going fault, and faulting was succeeded 

by minor alkaline magmatism. Rapid cooling during the extensional period was followed 

by slower cooling and exhumation (Sweetkind & Duncan, 1989).  
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CHAPTER 5: THE ORIGIN OF MINERALIZED FRACTURES AT THE 

BLUEBELL MINE SITE, RIONDEL, BRITISH COLUMBIA 

 

 

ABSTRACT 

 

The Bluebell Pb-Zn deposit is located on the east side of Kootenay Lake in southeastern 

British Columbia. It is a fracture-controlled replacement deposit hosted in Lower 

Cambrian marble of the Badshot and Mohican formations. The ore bodies trend WNW, 

parallel to a prominent set of fractures that controlled mineralization. These fractures are 

interpreted to have formed as part of a conjugate set. Contrary to some earlier 

suggestions, folding played no role in fracture formation. The youngest generation of 

folds are re-interpreted as having formed through development of shear bands during 

extension of the layering prior to fracture development. Formation of the fractures also 

post-dated motion on a number of Palaeogene normal faults that are associated with 

regional extension and alkaline magmatism. WNW-trending fractures, which formed as 

part of a conjugate set, were reactivated and controlled the intrusion of mafic dikes, 

mineralising fluids and minor late faulting. Localisation of fracturing, faulting, mafic dike 

intrusion and mineralization may be associated with reactivation of a long-lived basement 

structure in the subsurface. Subtle reactivation of this feature may have contributed to 

fracture development and the structure plausibly provided a conduit for deep 

crustal/mantle-derived magma and mineralizing fluids. The results of this study provide a 

new perspective on exploration strategies for hydrothermal ore deposits in this part of 

southeastern British Columbia. 
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5.1 INTRODUCTION 

 

The Bluebell Pb-Zn deposit is located in Riondel, on the eastern shore of Kootenay Lake 

in southeastern British Columbia, western Canada (Fig. 1). It is hosted by Lower 

Cambrian marble of the Badshot and Mohican formations. The Badshot Formation and 

along-strike equivalents form a prominent marker unit in the Kootenay Arc, a narrow 

elongate region of the Canadian Cordillera that extends in an eastwards-convex arch from 

near Revelstoke, British Columbia, into northern Washington, U.S.A. (Fig. 5.1).  

 

The Kootenay Arc contains numerous carbonate-hosted Pb-Zn deposits of varying age 

and mode of formation. Fyles (1970) recognised three types of deposit: 

 

“Metaline-type” deposits, named after the district in Washington (U.S.A.) are developed 

in brecciated, dolomitized limestone and bear many similarities to classic Mississippi 

Valley-type deposits. They are lenticular, more or less stratiform deposits in relatively 

undeformed Middle-Cambrian carbonate rocks of the Nelway and Metaline formations 

(Fig. 5.1). 

 

“Salmo-type” deposits are found in dolomitised zones of Lower Cambrian (Badshot 

Formation and equivalent) limestone. They comprise lenticular disseminations of pyrite, 

sphalerite and galena in rocks that have undergone polyphase deformation. The sulfide is 

typically localised by folds and has been penetratively deformed. This type includes the 

Jersey, H.B. and Reeves McDonald deposits around Salmo and the Duncan deposit in the 

Lardeau district (Fig. 5.1). 

 

The third type of ore deposit, known as the “Bluebell-type” consists of massive or 

disseminated sulfides in limestone/marble adjacent to fractures in a number of different 

stratigraphic units. These deposits are generally richer in silver, have a more complex 

mineralogy and are higher grade than Salmo-type deposits (Fyles, 1970).  Examples of 
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this type include Bluebell, the Florence-Lakeshore deposit near Ainsworth, and the 

Lucky Jim deposit north of Sandon (Fig. 1; Fyles, 1967).  

 

The Bluebell-type deposits form a subset of vein and replacement-type Ag-Pb-Zn-Au 

deposits that are found around the Nelson batholith and adjacent areas (Fig. 5.1). 

Beaudoin et al. (1992a) studied the isotopic characteristics of this suite of deposits and, 

based on Pb isotopes, identified four groups: the Kokanee, Sandon, Ainsworth and 

Bluebell groups. They interpreted three sources of Pb - a depleted mantle source, a lower 

crustal source and an upper crustal source. The Bluebell group (including the Bluebell 

deposit and some deposits in the northern part of the Ainsworth camp) is characterised by 

Pb interpreted to be from depleted mantle and lower crust, whereas Pb in the Ainsworth 

deposits was considered to be derived from the upper and lower crust. The Sandon and 

Kokanee Groups contain Pb interpreted to be derived exclusively (Kokanee group) or 

dominantly (Sandon Group) from the upper crust. A mantle source for CO2 was also 

suggested by Beaudoin et al. (1991). 

 

This suite of fracture-controlled deposits formed after regional metamorphism and ductile 

deformation associated with Mesozoic contractional Cordilleran orogenesis, probably 

during the Eocene (Fyles, 1967; Beaudoin et al., 1992b). The subject of this paper is the 

formation of the fracture network that facilitated mineralization at Bluebell. In particular, 

we focus on the hypothesis that fractures that controlled mineralization formed during, 

and as a result of, folding. We present data on ductile and brittle structures around the 

deposit, propose a new interpretation of the youngest fold generation and argue that 

folding preceded fracture formation. The deposit formed above a multiply-reactivated 

Palaeoproterozoic basement structure that may have provided a conduit for deep 

mineralizing fluid. 

Figure 5.1 (overleaf). Map of the Kootenay Arc showing the location of important 
lead-zinc deposits, igneous rocks and major host carbonate units.  The approximate 
line of section from Figure 3 is also shown. The name “Kootenay Arc” refers to the 
arcuate shape of the belt in map view rather than to a magmatic arc. After Fyles 
(1970). 
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5.2 REGIONAL GEOLOGY 

 

The Kootenay Arc is a narrow, curvilinear, metamorphosed and polydeformed region that 

forms part of the interior of the Canadian Cordilleran orogen in southeastern British 

Columbia. It is located to the west of the foreland fold and thrust belt, on the west flank 

of the Purcell anticlinorium, a large north-plunging structure cored by Mesoproterozoic 

rocks of the Belt-Purcell Supergroup (Price, 1981). The Kootenay Arc straddles the 

boundary between rocks that formed on the ancestral North American continental margin 

in the Proterozoic-Early Paleozoic and those that formed in oceanic and back-arc 

environments to the west of ancestral North America during the Late Paleozoic-Early 

Mesozoic (Klepacki, 1985; Colpron and Price, 1995; Warren, 1997; for an alternative 

view see Thompson et al., 2007).  

 

Rocks of the Kootenay Arc were deformed and regionally metamorphosed in the Middle 

Jurassic – Early Cretaceous (Chapter 4) during shortening associated with formation of 

the Canadian Cordillera (Archibald et al. 1983; Leclair et al., 1993). They were intruded 

by major plutonic suites in the Middle Jurassic, and again in the mid-Cretaceous (115-95 

Ma). The mid-Cretaceous plutons mostly post-date regional deformation and 

metamorphism but there was further localised deformation and minor magmatism 

associated with Palaeogene extension (Fyles, 1967; Fyles et al., 1973; Archibald et al., 

1984; Sevigny and Theriault, 2003; Moynihan and Pattison, 2008). Palaeogene 

extensional structures are widely developed across southeastern British Columbia, though 

estimates of the magnitude of extension vary significantly (e.g. Parrish et al., 1988; 

Johnson and Brown, 1996; Glombick et al., 2006).   

 

5.2.1 Stratigraphy 

The tight folds of the Kootenay Arc are developed in rocks of Neoproterozoic-Mesozoic 

age (Fig. 5.2; Fyles and Eastwood, 1962; Fyles, 1964; Fyles, 1967; Hoy, 1977). The 

Neoproterozoic-Lower Cambrian Hamill Group (Colpron et al., 2002) is dominated by 
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quartz-rich metasedimentary rocks with minor amphibolite and calc-silicate. A regional 

unconformity is developed in the Hamill Group (Devlin and Bond, 1988; Warren, 1997), 

separating units that were deposited in fault-bounded basins during rifting from an upper 

part distinguished by laterally continuous units deposited in a shallow-marine setting. 

This unconformity is interpreted to record the change from active continental rifting to 

thermal subsidence on a passive margin between 549 and 520 Ma (Devlin and Bond 

1988; Warren, 1997). 

 

The Upper Hamill Group is conformably overlain by the Mohican and Badshot 

formations (Fig. 2; Fyles and Eastwood, 1962; Fyles, 1964). The Mohican Formation is a 

transitional unit comprising interlayered silicilastic and carbonate metasedimentary rocks. 

It is overlain by Archaeocyathid-bearing calcite and dolomite marble of the late Lower 

Cambrian Badshot Formation. The Badshot formation forms a laterally continuous 

marker unit and is interpreted to have been deposited on a tectonically quiescent shallow-

marine shelf (Warren, 1997). The Badshot formation is followed in conformable 

succession by the Lower Paleozoic Lardeau Group, a varied sequence comprising 

siliclastic metasedimentary rocks, mafic metavolcanic rocks, carbonate and calc-silicate 

rocks (Fyles and Eastwood, 1962; Fyles, 1964; Hoy, 1977; Colpron and Price, 1995 and 

references therein).  

 

The lowest part of the Lardeau Group is a fine-grained black metapelite that records 

deposition under deep water, anoxic conditions. Its contact with the Badshot Formation is 

interpreted to mark the point when the rate of carbonate production could no longer keep 

pace with subsidence (Warren, 1997).  A return to active rifting is recorded by 

metavolcanic rocks and coarse grits of upper parts of the Lardeau Group. This post-

Cambrian extension on the western margin of ancestral North America is interpreted to 

be responsible for differences between the Lardeau Group and age-equivalent strata to the 

east (Colpron and Price, 1995). 
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The Lardeau Group is unconformably overlain by a sequence comprising upper 

Paleozoic-Mesozoic rocks of the Milford, Kaslo and Slocan groups (Fig. 5.2). These 

rocks, which include metamorphosed limestone, argillite, sandstone, conglomerate and 

mafic volcanic rocks are generally interpreted to record deposition in back-arc 

environments to the west of ancestral North America, prior to Cordilleran shortening 

(Fyles, 1967; Klepacki, 1985; Roback et al. 1994; Hoy and Dunne, 1997). 

 

 
 
Figure 5.2. Summary of the stratigraphy of the Kootenay Arc, based on Fyles and 
Eastwood (1962), Fyles (1964), Fyles (1967), Reesor, (1973), Hoy (1980), Klepacki 
(1985), Devlin and Bond (1988), Leclair (1988) and Warren (1997). 

 

5.2.2 Igneous rocks 

Metasedimentary and metavolcanic rocks of the Kootenay Arc host numerous Middle 

Jurassic (ca. 165 Ma) and mid-Cretaceous (~115-100 Ma) granitic plutons and minor 
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intrusive bodies (Archibald et al. 1983; Archibald et al. 1984; Logan, 2002). In the 

central Kootenay Arc, the Middle Jurassic plutonic suite is represented by the calc-

alkaline Nelson batholith and associated minor bodies. The Nelson batholith is an 1800 

km2 body intruded during the interval 159-173 Ma (Ghosh, 1995). It ranges in 

composition from diorite to granite, but is dominated by porphyritic hornblende 

granodiorite.  The second major plutonic suite was intruded during the interval 117-100 

Ma. Lithologies include hornblende and biotite granodiorite, biotite granite and two-mica 

granite, which are interpreted to have been derived from crustal anatexis (Brandon and 

Lambert, 1993). Examples include the Bayonne, Fry Creek and White Creek batholiths.  

 

The youngest igneous rocks in the Kootenay Arc are Palaeogene mafic dikes and small 

intrusions, some of which are lamprophyre (Fyles, 1967; Leclair, 1988; Beaudoin et al., 

1992b; Sevigny and Theriault, 2003). Beaudoin et al. (1992b) reported K-Ar dates in the 

range 26-30 Ma for whole rock analyses of altered gabbroic dikes from Bluebell; 

however, these dates were interpreted as resulting from alteration and are not thought to 

represent the crystallisation age of the dikes.  

 

5.2.3 Deformation and metamorphism 

The outcrop pattern in the central Kootenay Arc is dominated by two generations of 

gently-plunging folds (Fig. 3; Fyles, 1964; Fyles, 1967; Hoy, 1977; Hoy, 1980; Leclair, 

1988). The earliest folds are a series of high amplitude isoclines with an axial-planar 

schistosity. The most clearly defined F1 folds in the central Kootenay Arc are westward-

closing recumbent anticlines cored by the Hamill Group. The largest of these, the Riondel 

nappe (Hoy, 1977) (equivalent to the Meadow Creak anticline in the Duncan Lake area; 

Fyles, 1964) has a 20 km long overturned lower limb (Fig. 5.3). F1 isoclines were 

coaxially refolded around gently plunging F2 axes, giving rise to a type 3 interference 

pattern (Ramsay, 1967). F2 axial planes generally dip gently- to moderately-steeply to the 

west, but steepen towards higher structural levels to the east (Hoy, 1980). Mineral 

lineations (L1 and L2) generally plunge gently north or south, parallel to fold axes.  



 

 

170 

Deformation took place in the Kootenay Arc between deposition of the Cambrian-

Ordovician Lardeau Group and the Mississippian Milford Group, and again in Late 

Permian-Middle Triassic (Read and Wheeler, 1976; Klepacki, 1985). However, 

Cordilleran (Middle Jurassic-Lower Cretaceous) deformation is responsible for the 

dominant structures and fabrics in the central Kootenay Arc (Archibald et al., 1983; 

Leclair et al., 1993; Warren, 1997). 

 

Figure 5.3. Cross-section across the central Kootenay Arc, showing the location of 
the Bluebell mine on the overturned limb of a refolded fold nappe. The approximate 
line of section is marked on Figure 1. The normal faults around Ainsworth, on the 
west side of Kootenay Lake are labelled. From Fyles and Read (1981), based on 
Fyles (1967) and Hoy (1980). 

 

Cordilleran deformation was accompanied by Barrovian regional metamorphism.  A 

narrow, elongate region of anomalously high metamorphic grade runs parallel to 

Kootenay Lake (Crosby, 1968; Livingstone, 1968; Reesor, 1973; Hoy, 1976; Archibald et 

al., 1983; Pattison et al., 2010). Metamorphic grade ranges from the biotite zone on the 

flanks of this high to the sillimanite zone in its core. The Bluebell deposit lies in the 

sillimanite zone, in the centre of this metamorphic high. Rocks in the centre of this belt 

were metamorphosed under conditions approximating 650-700 °C at 20-25 km depth in 

the Early Cretaceous (Hoy 1977, Archibald et al., 1983; Moynihan and Pattison, 2008). 

The metamorphic high is bounded on the west side by a series of normal faults that 

accommodated differential exhumation during Palaeogene extension. From east to west, 

they are the Lakeshore, Josephine and Gallagher faults (Figure 5.3). The Gallagher fault 

marks the western boundary of the Early Cretaceous amphibolite-facies belt and 

coincides with a change in 40Ar/39Ar mica cooling ages from Jurassic-Early Cretaceous in 
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the hanging wall to Palaeogene in the footwall (Matthews, 1983; Archibald et al., 1984; 

Moynihan and Pattison, 2008). Outside of this amphibolite-facies belt, greenschist- and 

transitional greenschist-amphibolite-facies regional metamorphic assemblages are 

ubiquitous, but are locally overprinted in low-pressure contact-metamorphic aureoles 

(Archibald et al., 1983; Pattison and Vogl, 2005). 

  

5.2.4 Basement controls on sedimentation, deformation and mineralization in the 

Kootenay Arc and Purcell anticlinorium 

The craton to the east of, and below, the southeastern Canadian Cordillera comprises a 

number of Archaean and Palaeoproterozoic domains that were assembled during the 

Palaeoproterozoic (Ross 1991; Price and Sears, 2000 and references therein). Tectonic 

boundaries between these basement domains trend NE-SW, and intermittent reactivation 

of these basement structures affected subsequent patterns of sedimentation, deformation 

and mineralization in overlying rocks. 

  

A prominent NE-SW-trending zone referred to as the Vulcan structure projects from the 

North American craton across the Purcell anticlinorium and southern Kootenay Arc 

(Price, 2000; Price and Sears, 2000). Syn-depositional normal faults that formed above 

this basement structure account for large variations in the thicknesses and facies 

distribution of Mesoproterozoic, Neoproterozoic and Palaeozoic rocks (Lis and Price, 

1976; Price, 2000; Price and Sears, 2000). The zone also exerted a control on the location 

of clastic-hosted (Mesoproterozoic) and carbonate-hosted (Lower-Middle Cambrian) Pb-

Zn deposits (Kanasewich, 1968; Hoy, 1982; Hoy et al. 2000b). Reactivation of this zone 

during Cordilleran deformation led to right-lateral reverse faulting and localised granitic 

intrusions along the same trend (Price, 2000; Price and Sears, 2000). 

 

Another multiply-reactivated NE-SW-trending basement structure recognised by 

McMechan (2010) crosses the central Kootenay Arc around the latitude of 

Riondel/Ainsworth. Features associated with this zone include anomalous NE-trending 
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faults in the Rocky and Purcell mountains, a cluster of Ordovician-Early Devonian 

diatreme pipes, Pb-Zn showings, and sedimentary facies and thickness changes in 

Mesoproterozoic and Palaeozoic rocks. It may also have acted as a conduit for the mid-

Cretaceous White Creek batholith, which is intruded along one of the major transverse 

faults in the Purcell anticlinorium. When palinspastically restored to account for 

Cordilleran deformation, these features line up parallel to the Red Deer zone, a 

geophysically-imaged boundary that marks the northwest margin of the Archean Hearne 

province in the cratonic basement (McMechan, 2010). 

 

 

5.3 THE BLUEBELL DEPOSIT 

 

The Bluebell mine was staked in 1882 and between 1885 and 1927 540,000 tons of ore, 

having an average grade of 6.5% Pb and 8.2% Zn, was produced (Hoy, 1980). Renewed 

production during the period 1952-1971 yielded 4,777,000 tons grading 5.1% Pb, 6.1% 

Zn, 1-2 oz/ton Ag, 0.1% Cu and 0.0003% Cd (Changkakoti et al., 1988). There are three 

sulphide-rich zones; from north to south these are the Comfort, Bluebell and Kootenay 

Chief zones (Fig. 5.4).  

 

5.3.1 Structural setting of the Bluebell deposit 

The Riondel peninsula is underlain by a west-dipping panel of penetratively deformed 

rocks belonging to the Hamill Group, the Mohican and Badshot formations and the 

Lardeau Group (Hoy, 1977; Hoy 1980). The deposit is hosted in carbonate strata of the 

Lower Cambrian Badshot and Mohican Formations. Stratigraphy of the mine site is 

outlined in Table 5.1. 

 

These units lie in inverted stratigraphic sequence due to their position on the overturned 

lower limb of the Riondel nappe, a recumbent isoclinal F1 fold with an amplitude of >20  
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Figure 5.4. a) Plan of the 225’ level of the Bluebell mine. The outline of the Riondel 
peninsula is also shown. Adapted from Irvine (1957). b) Plan of the Bluebell mine 
showing the projection of ore bodies onto the surface, from Shannon (1970). 

 

km (Fig. 5.3). The F1 Riondel nappe, which is interpreted as a Middle Jurassic structure, 

was refolded by a series of tight-isoclinal Early Cretaceous F2 folds that plunge gently 

north and are overturned to the east. The penetrative S-L fabrics preserved in the rocks on 

the Riondel peninsula are axial planar to these F2 folds. S1 is only rarely preserved in 

quartz-rich layers in the hinges of some minor F2 folds. S2 dips 20-60º to the west and is 

generally parallel to compositional layering (S0) except in the hinges of folds (Figs. 5.5a, 

5.6). Due to the convex-eastward curvature of the Kootenay Arc, the average orientation 
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of S2 swings from SSW south of the Riondel peninsula to SSE to the north (Hoy, 1977; 

Hoy, 1980). Minor F2 folds are common; they plunge at low angles to the north, are 

tight-isoclinal and have rectilinear hinges. Minor F2 fold axes and intersections of S2/S0 

are invariably co-linear with a stretching lineation, L2 (Figs. 5.5a, 5.6) This is defined by 

stretched quartz crystals and quartz-feldspar aggregates in metasedimentary rocks, veins 

and pegmatites; aligned phyllosilicates and sillimanite-rich nodules in micaceous schists, 

and aligned tourmaline crystals in quartz veins. It lies orthogonal to the necks of calc-

silicate boudins in quartzite on S2 (Fig. 5.5b). Internal boudinage is also developed 

within schistose layers and locally gives rise to discontinuous undulations of S2. The 

alignment of sillimanite crystals and sillimanite-rich nodules with L2 means that Early 

Cretaceous peak metamorphism preceded, or was synchronous with D2 deformation. 

 

Thickness Stratigraphic unit Lithology 

120 metres Hamill Group/ Mohican 
Formation 

White quartzite, brown mica schist and pegmatite. A 
marble lens (“upper limestone” max. thickness of 18 feet) 
80 feet above the Badshot Fm. contact marks the base of 

the Mohican Formation. 

30-45 metres Badshot Formation Mostly white, alternating fine- and course-grained calcite 
marble with some grey bands and phlogopite partings. 

Some coarse-grained grey layers are dolomitic.   

215 metres Lardeau Group Graphitic grey and black schistose argillite or argillaceous 
quartzite. Beds are partly calcareous and somewhat 

feldspathic. Locally lenses of impure marble. 

150 metres Lardeau Group Hornblende schist with some interlayered quartz mica 
schist and limy schist 

>490 metres Lardeau Group Quartz-calc-silicate schist, feldspathic and calcareous in 
places, with amphibolite and pegmatite sills, locally lenses 

of impure marble. 

 

Table 5.1. Stratigraphy of the Bluebell mine site, after Shannon (1970). 
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The youngest folds in the area (F3) are open deflections of S2/S0 that plunge southwest 

(Fig. 5.6; Fyles, 1967; Livingstone, 1968; Hoy, 1980; this study). These folds, and later 

structures are described in detail in a later section. 

 

 
Figure 5.5. D2 (Early Cretaceous) structures at Riondel. A) Example of an isoclinal 
fold with thickened hinge zone. The dominant west-dipping schistosity in Riondel 
(S2) is axial-planar to these folds, and the stretching lineation is parallel to the 
gently-plunging fold axes. Hammer head for scale. B) Boudinage of a calc-silicate 
layer. The boudin neck runs approximately down the dip of the layer, perpendicular 
to the shallow-plunging stretching lineation (L2). Pencil for scale. 

 

5.3.2 Nature and geometry of the deposit 

The Bluebell ore bodies, first described in detail by Irvine (1957), comprised three zones 

separated by barren intervals approximately 300 metres wide (Fig. 5.4). The bodies were 

massive sulphide replacements that developed in marble along steeply-dipping fractures 

(Irvine 1957). The ore formed tabular bodies with irregular outlines due to variation in 

the extent to which it spread along layers intersected by the fractures (Irvine, 1957). Ore 

typically extended 1.5-3m outwards from fractures; however where fractures intersected 

favourable horizons, ore extended up to 30m along the layer. Larger bodies up to 30m 

wide were also produced in places where ore from adjacent closely-spaced fractures 

coalesced. The ore bodies extended down the dip as much as 500m (Irvine, 1957).  
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Figure 5.6. Equal area lower hemisphere stereonet showing the orientation of 
ductile structures on the Riondel peninsula. S2 and L2 are gently folded around 
SW-plunging F3 folds. “L2” includes minor F2 fold axes, S2/S0 intersection 
lineations and L2 mineral lineations, as these are invariably parallel to one another 
in this area. 
 

The sulphide bodies plunged WNW, parallel to the intersection of fractures with 

stratigraphic layering. The mineralized fractures strike WNW and dip steeply north. The 

attitudes reported by Irvine (1957) for each of the ore zones are reproduced in Table 5.2; 

the small differences in fracture orientations between the ore zones result from abrupt 
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changes across zones of brecciated rock that are up to 15m wide (Irvine, 1957). The 

breccia zones are planar, approximately parallel to the mineralized fractures.  

 

Ore Zone Strike Dip 

Comfort N72°W (288°) 83°N 

Bluebell N76W (285°) 82°S 

Kootenay Chief N63W (298°) 85°N 

 

Table 5.2. Orientation of the mineralized fractures in each of the three ore zones. 
From Irvine (1957). 

 

In map view, the sulphide bodies formed elongate bodies trending WNW (Figure 5.4). In 

cross-section, Ransom (1977) described the idealised average body as being mushroom 

shaped, with cross-cutting keels 1-30 m wide, widening upwards into a cap up to 6m 

thick that extended as much as 50m from the keel zone. Some lateral shoots were also 

developed close to the base of the marble.   

 

Ore was most extensively developed at the upper contact of the Badshot Formation, at the 

contact between fine- and coarse-grained marble within the Badshot formation, below 

schist within the Badshot Formation and on the underside of granitic pegmatite and mafic 

dikes (Fig. 5.7; Irvine, 1957; Shannon, 1970; Ransom, 1977; Hoy and Ransom, 1981). 

Depressions on the footwall and antiforms on the hanging wall were also favourable sites 

for ore accumulation (Ransom, 1977). Ore accumulated in these locations because they 

each presented an impediment to upward movement of mineralising fluids (Ransom, 

1977). 

 

Pegmatite dikes are deformed and are typically approximately parallel to stratigraphic 

layering, whereas mafic dikes cross-cut the west-dipping foliation (S2). Two kinds of 

mafic dikes have been recognised. Deformed brown dikes (Shannon, 1970), referred to 

lamprophyre by Ransom (1977) strike north-south, dip east, and display normal-sense 
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Figure 5.7. Examples of longitudinal profiles through Bluebell ore bodies. These 
show the influence on ore location exerted by fractures (A-C), mafic dikes (A), 
pegmatite (B,C) and lithology (A,C). From Shannon (1970). Fractures are 
represented by thick dashed lines. 
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offsets parallel to west-dipping S2. Younger dikes, which have been referred to as 

diabase (Ransom, 1977), lamprophyre and greenstone (Shannon 1970) typically trend 

WNW and post-date ductile deformation and regional metamorphism. Altered gabbroic 

dikes of this type comprise partly altered plagioclase phenocrysts sitting in a plagioclase-

rich matrix that has been partly altered to white mica, carbonate and opaques (Beaudoin 

et al. 1992a). These dikes probably belong to the Eocene suite developed regionally but 

this has not been confirmed.  

 

A number of faults transect the Badshot Formation (Figure 5.4a). These faults have strike 

separations of up to 10m and are generally oriented parallel to mineralized fractures 

(Irvine 1957). In the Kootenay Chief and Bluebell ore zones these faults are concentrated 

in the central part of the ore zone (Irvine, 1957). Shannon (1970) described 

mineralization along faults, suggesting faulting predated mineralization. Elsewhere, faults 

appear to truncate ore (Fig 5.4a) and deformed galena crystals observed during the 

current study indicate that there was local deformation after crystallisation of the ore. 

 

The mineralization at Bluebell is dominated by massive replacement of marble. These 

coarse-grained masses consist mainly of pyrrhotite, sphalerite, galena, knebelite (Fe-Mn 

olivine), quartz and calcite (Westervelt, 1960; Ohmoto and Rye, 1970). Pyrite is present 

as a replacement product of pyrrhotite but some may be primary (Shannon, 1970). Small 

amounts of arsenopyrite, chalcopyrite, siderite and rhodochrosite are also present. 

Approximately 10 % of the sulfide mineralization is contained in partially-filled vugs, 

where pyrrhotite, sphalerite galena and minor chalcopyrite are intergrown with quartz and 

calcite (Ohmoto and Rye, 1970).  

 

Ohmoto and Rye (1970) identified three stages in the mineralization, starting with 

formation of knebelite (period I) , followed by massive sulfide-quartz-carbonate ores 

(period II), and finally formation of crystals in vugs (period III). The boundary between 

periods II and III is arbitrary, with a gradual increase in the abundance of calcite and 

quartz relative to sulfides. Based on mineral assemblages and fluid inclusions, Ohmoto 
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and Rye (1970) estimated temperatures of 320-450 °C during deposition of period III 

crystals, at a depth of approximately 6±2 km; earlier stages formed at temperatures > 450 

°C.  

 

The vuggy, space-filling nature of some of the ore, its association with late cross-cutting 

fractures, its development in marble belonging to different stratigraphic units, and the 

relationship with unmetamorphosed mafic dikes collectively provide compelling 

evidence that Bluebell is a late, fracture-controlled replacement deposit (Irvine, 1957; 

Fyles, 1967; Ohmoto and Rye 1970; Shannon, 1970; Ransom, 1977; Hoy, 1980; Hoy et 

al., 2000a). Nelson (1991) and Hoy et al. (2000a) noted the similarity of Bluebell with 

manto-type deposits.   

 

While the control exerted by the WNW-trending fractures in localising the deposit has 

been well-established, the relative age and origin of the fractures is less clear. Some 

previous authors have suggested fractures formed during and as a result of folding 

(Irvine, 1957; Shannon, 1970; Hoy, 1980; Hoy et al. 2000a). In the following section we 

give a detailed account of late structures on the Riondel peninsula and suggest that these 

interpretations are incompatible with the observed geometry. Instead, we suggest that the 

folds and fractures formed sequentially. 

 

5.4 LATE FOLDS AND FRACTURES ON THE RIONDEL PENINSULA 

 

5.4.1 F3 folds 

SW-plunging (F3) folds on the Riondel peninsula were reported by Fyles (1967), 

Livingstone (1968) and Hoy (1980). F3 folds are symmetric to weakly asymmetric gentle 

to open SW-plunging folds with steep axial planes (Figs. 5.6, 5.8a). Where asymmetry is 

discernible, folds display s-shapes when viewed down plunge. Folds are prominent at the 

metre-scale and at the cm-scale; the only map-scale fold with this orientation is the 

Sherraden Creek fold to the south of the Riondel peninsula (Hoy, 1980). Livingstone 
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(1968) noted that L2 lineations on S2 surfaces folded around individual F3 folds fall on 

small circles and suggested these folds formed by flexural slip. Hoy also proposed this 

mechanism and noted the s-asymmetry, interpreting this to reflect a “sinistral shear 

sense” (Hoy 1980, page 67). This interpretation of the asymmetry may be valid if the 

folds are modified buckles or drag folds but a different origin is suggested here. 

 

 
 

Figure 5.8. F3 structures on the Riondel peninsula, developed at a range of scales. A) 
Open, sigmoidal SW-plunging F3 folds with steep axial planes. This photograph is 
taken looking up the plunge of the folds towards the NE. Hammer for scale. B) 
Irregular undulations on a quartz vein caused by F3. C) Photomicrograph of shear 
bands in garnet-sillimanite schist of the Hamill Group.  The field of view is 12 mm. 
Viewed down the plunge of the axes of F3 folds to the SW. D) Incipient shear bands 
developed in Hamill Group semi-pelite. the viewing direction is close to the axes of 
F3 folds.  
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A notable characteristic of F3 folds is that they are highly discontinuous. Rather than 

forming elongate linear features they impart an irregular wavy character to folded 

surfaces (Fig. 5.8b). In addition to being laterally discontinuous, folds are discontinuous 

normal to S2/S0, leading to disharmony between adjacent layers. On suitably exposed 

surfaces the folds appear as slightly elongate scoop-shaped undulations that commonly 

have length:width ratios of only 2-3:1. The discontinuous nature of these folds can make 

precise measurement of individual fold hinges difficult.  

 

The key to the interpretation of F3 folds presented here is the recognition of NW-striking 

centimetre-scale shear bands that transect S2 in schistose rocks of the Hamill Group (Fig. 

5.8c). These centimetre-scale shear bands are discontinuous in each direction and 

commonly merge with S2 at their terminations. They dip northwest and cause 

discontinuous sigmoidal deflections of S2 that define open folds with SW-plunging axes 

(Figs. 5.8c, d). In thin-section, shear bands at Riondel are characterised by concentrations 

of opaque material; however elsewhere in the footwall of the Gallagher fault, similar 

shear bands are rich in secondary chlorite, suggesting development during retrograde 

metamorphism following peak metamorphism and D2 deformation. 

 

Shear bands are variably developed. In some instances, they form narrow shear zones 

with relatively discrete offset of layers and deflection of S2. Elsewhere the shear bands 

are broad and diffuse (Fig. 5.8d); in these cases they are manifested in the thinning of the 

northern limbs of slightly asymmetric sigmoidal antiforms. In each case, slightly 

asymmetric discontinuous folds with southwest-plunging axes were produced as a result 

of shear-band development. Metre-scale folds exposed on the shoreline display a similar 

geometry to that observed at the centimetre-scale. These are diffuse shear bands 

developed on a larger scale. 

 

This geometry is interpreted to result from non-uniform development of shear band 

cleavage (Platt and Vissers, 1980; White et al., 1984; Dennis and Secor, 1987; Williams 

and Price, 1990), and indicates reactivation of, and a component of extension along, S2. 
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The orientation and asymmetry of the shear bands and associated folds indicate oblique-

normal sense shearing during D3, and the discontinuous nature of the folds observed at 

Riondel is characteristic of these structures (Passchier and Trouw, 2005). SW-plunging 

F3 folds at all scales (Fig. 8) are interpreted to have formed in a similar manner, based on 

the reasoning that folds over a range of scales with common orientations and 

characteristics most likely formed at the same time, by the same mechanism. There is no 

evidence for shortening of S2 during or subsequent to D3; buckle folds are not 

developed. 

 

Shear band cleavage fabrics and associated folds are widely developed in schistose rocks 

in the footwall of the Gallagher fault, the structurally highest of the Palaeogene normal 

faults on the west side of Kootenay Lake (Fig. 5.3; Fyles, 1967). They post-date 

formation of S2, but are cut by latest Cretaceous-earliest Palaeocene felsic dikes (Chapter 

4). These structures indicate reactivation of S2 over a large area (60 km long by approx. 8 

km wide) between the Early Cretaceous and the Palaeocene.  
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S2 is overprinted by a number of metre-scale subvertical ductile shear zones trending 

approximately 340º. Deflection of S2/S0 into these shear zones indicates west-side-down 

displacement. It is not clear whether these shear zones formed before, during or after F3 

folding; however, the shear zones predate fracturing, mafic dike intrusion and 

mineralization. 

 

5.4.3 Brittle fractures 

Quartzite of the Hamill Group is extensively fractured. Based on surface measurements 

taken west of the Comfort and Bluebell ore zones, there are two dominant sets of 

fractures; a third is also locally developed (Figs. 5.9, 5.10). The two main fractures 

orientations are generally visible together in outcrop (Fig. 5.11a), with a typical spacing 
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of cm-dm. They have smooth segments but are laterally discontinuous, with numerous 

jogs between sub-parallel surfaces and slight angular changes in the orientation of 

individual surfaces. The dominant fractures commonly belong to the set clustered around 

a strike of 295º/85º N (Figs. 5.9, 5.10). This is the orientation of the fractures that host 

mineralization in each of the three ore zones (Irvine, 1957; Fyles, 1967; Table 5.2).  A 

small percentage of fractures with this orientation have macroscopic quartz fillings. The 

quartz in these fractures retains delicate growth textures, indicating growth into open 

space with no subsequent recrystallisation.  

 

The second prominent cluster of fractures is concentrated around a strike of 68º/60º S 

(Figs. 5.9, 5.10). Quartz fillings are more common in these fractures compared with those 

trending WNW. Mineralization along fractures with this orientation has not been 

reported, but at UTM 11U 0509865 5512241 coarse-grained galena is intergrown with 

quartz in a vein with this orientation.  Space-filling textures are preserved and the mode 

of occurrence suggests this local concentration of galena formed through remobilization 

from the main ore deposit. There is a particularly high concentration of thick (10-30 cm) 

quartz veins with this orientation located directly above the down-dip projection of the 

Bluebell ore zone. Some of the quartz veins filling fractures with this orientation are cut 

by fractures belonging to the WNW-trending (mineralized) set (Fig. 5.11b). 
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Figure 5.9. Equal area lower hemisphere stereonet showing contoured poles to 
brittle fractures in the Hamill Group (hanging wall), directly to the west of the 
Comfort and Bluebell ore zones. There are two dominant orientations. The fracture 
set trending WNW is mineralized and hosts mafic dikes. Fracture trending ENE are 
commonly filled with quartz. A third set of fractures, striking NNE is locally 
developed.  



 

 

186 

 
Figure 5.10. Synoptic equal angle lower hemisphere stereonet showing the geometric 
relationship between F3 folds and brittle fractures. Poles to the two dominant 
fracture sets are plotted, using the values with the greatest concentration of field 
measurements. The acute and obtuse bisectors of these fracture sets are also shown. 
The acute dihedral angle between the two sets of fractures is 57º. Mean S2 is marked 
with a black circle. Mean measured F3 is shown using a diamond shape. The 
triangle indicates the orientation of the F3 axis constructed from all S2 
measurements.  

 

All of the mafic dikes observed on the shoreline of the Riondel Peninsula are oriented 

parallel to the WNW-trending (mineralized) fracture set. They cut obliquely across F3 

folds and truncate NNW-trending steeply-dipping west-side-down shear zones. At UTM 

11U 0509849 5512370 a WNW-trending dike jogs onto a fracture belonging to the ENE-

trending (unmineralized) set for a short segment. These relationships suggest that dikes 

were intruded along fractures that formed before or during dike emplacement. One of the 

dikes studied is cut by an array of fractures belonging to the ENE-trending 

(unmineralized) set. 
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Figure 5.11. A) Photograph of the two dominant sets of fractures in quartzite of the 
Hamill Group on the Riondel Peninsula. Looking east onto S2/S0. Hammer for 
scale. B) Quartz vein occupying SE-dipping fracture cut by WNW-trending 
fractures. 
 

There is generally little or no apparent displacement across the measured fractures, but 

they locally display offsets of up to a few centimetres. At the location of intersections 

between the two sets of fractures various relationships are apparent, including simple 

crossing with no measurable offset, deflection of one fracture set close to the intersection 

line, termination of one fracture against an other, and apparent offset of one of the main 

throughgoing fractures, sometimes with shorter parallel fractures developed around the 

intersection line. The two main fracture sets are interpreted as having formed as a 

conjugate set of shear fractures based on mutually cross-cutting relationships and small 

spatially coincident variations in the orientation of each set. If so, the ore-hosting set must 

have been preferentially opened before or during mineralization; these fractures also 

localised late faulting. 

 

5.5 DISCUSSION 

 

5.5.1 Did mineralized fractures form during, and as a result of, folding? 

Irvine (1957) proposed that formation of the mineralized fractures at Bluebell 

accompanied folding. According to this interpretation (Irvine 1957, p. 103), north-south 

shortening produced “cross-warps of the strata”, including the “gentle syncline 
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surrounding the Bluebell mine” with a wavelength of 5 km. The “hanging-wall quartzite, 

acting as a unit with the underlying limestone, broke into segments, each of which...lifted 

as a gentle anticlinal arch”. As a consequence, “a series of anticlinal arches formed within 

the confines of a synclinal fold”. Arching produced “tension fractures....oriented parallel 

to the fold axes”. This compressional period was then followed by “one of relaxation, 

during which the anticlinal arches sustained some degree of collapse along gravity faults 

which formed from some of the tension fractures” (Irvine 1957, p. 103).    

 

There are a number of problems with this interpretation. There is no evidence that there 

was north-south shortening. Mapping of the region around the mine site has confirmed 

the presence of a gradual change in the strike of S2, from SSW south of Riondel to SSE 

to the north (Crosby, 1968; Hoy 1977; Hoy, 1980), however this ‘fold’ is not a local 

feature with a wavelength of just 5 km; it reflects the curvature of the Kootenay Arc, a 

structural salient with a wavelength of >275 km and an amplitude of 80 km (Figure 5.1).  

Varsek and Cook (1994) attributed formation of the arcuate salient to the presence of a 

cratonic embayment to the east, whereas Thompson et al. (2007) suggested that the shape 

reflects the subsurface geometry of a basement high to the west. This salient formed 

during Middle Jurassic-Early Cretaceous deformation when rocks were undergoing 

north-south extension at middle- to upper- amphibolite facies conditions (see Chapter 4). 

A later fold generation with westerly-plunging axes has not been recognised in the area 

(Crosby, 1968; Livingstone, 1968; Hoy, 1977; Hoy, 1980) and the map of the deposit 

does not show each of the deposits located on antiformal crests (Fig 5.4a). Buckling and 

outer arc extension would not be expected in a weak carbonate layer surrounded by 

quartz-rich rocks. The interpretation does not account for the observation that “fractures 

are spaced uniformly along the limestone formation (Irvine, 1957, p. 103), nor does it 

explain the second set of fractures that form an angle of approximately 60° with the 

mineralized set.  

 

Shannon (1970) adopted the interpretation proposed by Irvine (1957) and presented a 

block diagram to illustrate the geometry of the deposit (Figure 5.12); this was also 
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reproduced in Nelson (1991). In this illustration, the ore zones are shown occupying the 

crestal region of three symmetric antiforms plunging WSW, parallel to the strike of 

fractures and mafic dikes. A similar diagram in Ohmoto and Rye (1970) and Ohmoto 

(1971) shows fanning of fractures around antiformal arches centred on each of the ore 

zones. These diagrams depict the overall form of the deposit adequately, but details are 

misleading. Fractures and dikes trend WNW, not WSW. Mineralized fractures 

consistently dip north rather than fanning around ore zones. The folds depicted are not 

evident on the map, and the SW-plunging F3 folds are not represented. The interpretation 

implicit in the diagram that outer-arc extension led to formation of the fractures in the 

marble, is not supported by the data presented above.   

 

 
 

Figure 5.12. Block diagram of the Bluebell mine area, reproduced from Shannon 
(1970). Similar diagrams appear in Ohmoto and Rye (1970), Ohmoto (1971) and 
Nelson (1991). Three antiforms are shown, with mineralization developed in the 
outer arcs of antiforms, parallel to fractures.  Note the vertical exaggeration. This 
diagram is not an accurate representation of the true geometry at the mine site. See 
discussion in text. 
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An alternative proposal regarding the timing of fracture formation was made by Hoy 

(1980, p.85; also Hoy et al., 2000a; Hoy and Lefubre, 2003), who suggested that “the 

fractures and related mineralization may have developed during the Phase 3 

deformation”. However, the fractures cut across, and show no variation between F3 hinge 

zones, F3 limbs and areas unaffected by F3 folding. They do not exhibit any of the 

geometric relationships with respect to fold axes that typically develop during 

simultaneous folding and fracturing (Price and Cosgrove, 1990). According to the 

interpretation presented here, the formation of F3 folds involved extension and slip along 

S2, and the formation of diffuse shear zones; this deformation must have taken place 

prior to formation of fractures. We interpret the brittle fractures as having originated as a 

conjugate set of shear fractures, one of which was preferentially opened and mineralized. 

Irrespective of whether or not this is the case, we suggest that each of the fracture sets 

formed after F3 folding. This result is identical to that of Fyles (1967), who refuted the 

suggestion that mineralized fractures on the Kootenay-Lakeshore properties (opposite the 

Riondel peninsula) formed in response to folding. 

 

The interpretation that folding is older than, and played no role in formation of the 

fractures does not contradict observations made by Irvine (1957), Shannon (1970) and 

Ransom (1977) that undulations, particularly in the hanging wall were favourable sites 

for ore formation. Pre-existing folds of impermeable surfaces formed structural traps, 

passively inhibiting the passage of fluids, thereby localising ore formation. It is likely that 

local antiformal structures that host ore (Irvine, 1957; Shannon, 1970) reflect undulations 

in layering resulting from a combination of D2 symmetric boudinage and particularly F3 

asymmetric warping. The scale and discontinuous nature of F3 is reflected in the 

“dimpled” (Shannon, 1970, p.117) character of layering and the absence of large 

deflections of stratigraphic contacts on the Riondel peninsula (Fig. 5.4a).  

 

5.5.2 Implications for formation of the deposit 

At Bluebell, some or all of the mineralization post-dated intrusion of undeformed mafic 

dikes. However in the broader Ainsworth-Riondel area there is temporal overlap of vein-
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type mineralization and dike intrusion (Fyles 1967). In the Ainsworth area, on the west 

side of Kootenay Lake, lamprophyre dikes are parallel to foliation or in the same steeply-

dipping fractures as mineralized veins. Sills and dikes are locally mineralized and are 

fractured and offset by the vein faults (Fyles 1967). As stated by Fyles (1970, p.53) 

“mafic dikes in the Bluebell and Ainsworth areas that follow the same pattern of 

fracturing as the veins show that this mineralizing process is closely associated with 

magmatic activity”. Abundant systematic fractures in the rocks at Bluebell and elsewhere 

provided conduits for fluid movement into the geochemical trap provided by the 

carbonate rocks. The high spatial density of deposits and Palaeogene intrusions in the 

Ainsworth-Bluebell area presumably reflects enhanced development of fracture networks 

in the area. Development of this fracture network took place independently of earlier 

folding processes.  

 

Beaudoin and co-workers (Beaudoin et al., 1991; Beaudoin et al., 1992a) linked alkaline 

magmatism and vein-hosted Ag-Pb-Zn-Au mineralization with Palaeogene extension in 

southeastern British Columbia. According to this interpretation, mantle upwelling during 

extension lead to adiabatic partial melting of sub-continental mantle, generating 

lamprophyre and gabbro dikes at approximately the same time as mineralization. 

Beaudoin et al. (1991) noted the requirement for a transcrustal fault zone to connect 

deep-seated Pb, C and possibly O reservoirs with upper crustal levels and suggested this 

role was played by the Eocene Slocan Lake normal fault. The normal faults west of 

Ainsworth were also invoked as conduits for mineralising fluids.  

 

A complicating factor is that recent interpretations (Cook and Van der Velden, 1995, Carr 

and Simony 2006) suggest the Slocan Lake fault does not penetrate the crust, as proposed 

by, e.g. Cook et al. (1992). In additions, veins, fractures and faults that host ore deposits 

in the Ainsworth area are younger than some, and probably all of the Ainsworth normal 

faults. The Josephine fault is cross-cut by fractures of the Highland vein system (Fyles, 

1967). The Gallagher fault zone displays a combination of brittle and ductile structures, 

which must have formed prior to cooling of the rocks and formation of open transverse 
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fractures. It is likely that the Lakeshore fault, which is represented by a zone of  “highly 

sheared” rock (Fyles, 1967) is also older than late, open fractures. Whatever the role 

played by normal faulting in generating conditions that led to formation of ore deposits, 

timing relationships suggest the Ainsworth faults were not direct fluid pathways during 

mineralization.  

 

Another potential route for passage of Pb and CO2 from deep levels is along the multiply-

reactivated transverse basement structure that crosses Kootenay Lake around the latitude 

of Riondel/Ainsworth (McMechan, 2010). The suggestion (McMechan, 2010) that this 

deep structure affected mineralization in the overlying Bluebell and Lakeshore deposits is 

supported by the finding of Beaudoin et al. (1992a) that Pb in these deposits came from a 

deeper source when compared with other vein-type deposits in areas to the NW of the 

basement structure. Subtle reactivation along this trend may have caused enhanced 

fracture-induced permeability, allowing passage of mafic magma and hydrothermal fluids 

from deep reservoirs. If so, similar fracture networks developed elsewhere above this 

basement zone are prospective sites for hydrothermal mineralisation.   
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CONCLUSIONS 

 

1) An amphibolite-facies belt, herein referred to as the Kootenay Lake metamorphic 

high (KLMH) transects the central Kootenay Arc. It includes rocks belonging to 

the metapelitic biotite, garnet, staurolite, kyanite, sillimanite and sillimanite+K-

feldspar zones (Chapter 2; Figure 2.5). In map view the Grt and higher-grade 

zones form an elongate region with a single northern, north-trending part and two 

southern forks, trending SSW and SSE, respectively. The north-trending part is 

>90 km long and 15-20 km wide, and the SSW trending fork is 35km×5km. 

Isograds in these regions outline an elongate bulls-eye pattern with highest-grade 

rocks in the centre, coincident with the position of a structural culmination. The 

SSE trending fork transects strike, is 10-15 km wide and extends > 70 km to the 

SSE across the U.S.A.-Canada border. 

 

2) Based on phase equilibrium modelling, rocks in the kyanite-sillimanite zones 

were metamorphosed under conditions of approximately 650 ºC, 7 kbar. Garnet 

zone rocks record peak conditions of approximately 500 ºC, 5.5-6 kbar (Chapter 

2; Fig. 2.11). 

 

3) Microstructural evidence indicates temporal overlap of peak Barrovian 

amphibolite facies metamorphism with D2. D2 microstructures are commonly 

preserved as inclusion trails in porphyroblasts, but in most of the area peak 

metamorphic minerals are overprinted by S2, indicating growth prior to the end of 

D2 (Chapter 2, Fig. 2.7, Chapter 3, Fig. 3.3). 

 

4) A new technique was developed to automatically calculate pressure-temperature 

paths from zoned garnet crystals. Compositional zoning patterns were compared 

with predictions from thermodynamic forward models, the latter accounting for 

changes in the effective bulk composition due to fractionation. This technique is 
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likely to be most successfully applied to low to medium grade metapelites 

(Chapter 3, Fig. 3.6). 

 

5) Application of this technique to a sample from the kyanite zone of the KLMH 

yields a detailed clockwise P-T path. The sample initially underwent 

approximately 2 kbar burial (equivalent to ~ 7 km), with a steep dP/dT of  ~40 

bars/ºC, followed by an interval dominated by heating, with minor pressure 

fluctuations.  Burial is attributed to crustal thickening during D2, which 

overlapped with garnet growth (Chapter 3, Fig. 3.6). 

 

6) The KMLH is partly bounded by Palaeogene normal faults. Its western side is 

marked by the Gallagher fault zone and the eastern margin of the SSE-trending 

fork is marked by the Purcell Trench fault. 

 

7) Rocks in the hanging wall of the Gallagher fault zone underwent low grade 

regional metamorphism and deformation during the Middle Jurassic, prior to 

intrusion, at a depth of approximately 13-15 km, of the ca. 165 Ma Nelson 

Batholith. 

 

8) The newly-defined Gallagher fault zone (GFZ) is >90 km long, and comprises 

several strands, some of which have been previously interpreted as having a thrust 

or strike-slip history. The fault extends from the southern part of the “tail” of the 

Nelson batholith to the northern part of Kootenay Lake and beyond. In the zone of 

maximum displacement, which is approximately centred around the West Arm of 

Kootenay Lake, it juxtaposes rocks of the Barrovian kyanite or sillimanite zones 

against low-grade phyllites and locally marks the eastern boundary of the Nelson 

batholith. Based on stratigraphic and metamorphic (Fig. 2.6a) offsets, throw on 

the main strand of the GFZ in this area is approximately 5 km (Chapter 2).  
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9) Along much of its length, the GFZ marks the boundary between rocks that were 

penetratively deformed and metamorphosed during D2/M2, and those that were 

only weakly affected by D2. It also marks the locus of a change in cooling ages: 

rocks in the footwall of the GFZ yield Palaeogene 40Ar/39Ar mica cooling ages, 

whereas those in the hanging wall give Jurassic-Early Cretaceous 40Ar/39Ar biotite 

cooling ages (Chapter 2, Fig. 2.14). 

 

10) The forked isograd pattern that has been documented in this study is interpreted to 

result from the combined effects of formation of an isogradic antiform in the 

Early Cretaceous and differential exhumation across two partly overlapping, 

obliquely trending, oppositely dipping, Palaeogene normal faults (PTF & GFZ; 

Chapter 2).  

 

11) Barrovian amphibolite-facies metamorphism and D2 deformation took place 

during the Early Cretaceous rather than the Jurassic as assumed in most previous 

studies. U-Pb ages from deformed pegmatites (zircon) fall in the range 136-139 

Ma, while most metamorphic monazite in metapelites yielded crystallisation ages 

of 144-134 Ma. Younger monazite crystals (ca. 127 Ma) in one sample suggest 

D2 persisted, at least locally, until this time (Chapter 4).  

 

12) The newly dated Crawford Bay stock and associated dikes (~ 65 Ma, U-Pb zircon; 

Chapter 4) were intruded at a depth of approximately 6-10 km (Chapter 2, Fig. 

2.13).   

 

13) Hitherto undocumented F4 & F5 folding in the tip zone of the Purcell Trench fault 

followed intrusion of the Crawford Bay stock. This folding may be an early, 

ductile manifestation of the extension that produced the PTF and GFZ (Chapter 

4). 
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14) Pb-Zn mineralisation at Riondel (the location of the Bluebell ore deposit) took 

place later than all folding in the area, after emplacement of mafic dikes along 

brittle fractures (Chapter 5). 

 

15) The curvature of the Kootenay Arc is interpreted to result from impingement of 

the deforming orogen against approximately orthogonal basin margins during 

compressional orogenesis. Much or all of this curvature was acquired during the 

Early Cretaceous (Chapter 4). 
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APPENDIX A: MINERAL ASSEMBLAGES IN METAPELITIC ROCKS 

 

The following tables include mineral assemblage data used in the construction of Figure 

2.4. Assemblage data from this study is listed, along with data compiled from Crosby 

(1968), Hoy (1974) and Leclair (1988). UTM coordinates are provided for each 

assemblage, using the NAD 83 projection. For data collected during this study, these are 

based on measurements made with a hand-held GPS. For the older data, GPS coordinates 

were estimated from locations plotted on maps (Hoy, 1974; Leclair, 1988) or verbal 

descriptions (Crosby, 1968). 

 

The following abbreviations are used. Where lithological units are listed, these are as 

defined by the authors. 

 

PCR – Crosby (1968) 

ALE – Leclair (1988) 

THO – Hoy (1974) 

DM - this work   

 

For DM samples:  

r = retrograde phase  

p = pseudomorphed 
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APPENDIX B: COMPOSITIONS OF MINERALS IN METAPELITIC ROCKS 

 

Minerals were analysed at the University of Calgary Laboratory for Microbeam Analysis, 

as described in Chapter 2. 

 

B1 Biotite Analyses 
 

 

 

 

B.2 Muscovite analyses (overleaf) 
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B.3 Staurolite analyses 
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B.4 Plagioclase analyses 
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B.5 Garnet analyses 
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APPENDIX C: BULK COMPOSITIONS OF METAPELITIC ROCKS FROM 

XRF ANALYSIS 
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APPENDIX D: GARNET X-RAY MAPS NOT PRESENTED IN PAPERS 

 

The following are garnet maps not used in the thesis papers. The maps were acquired 

using the methods and operating conditions described in chapter 2. The colour scheme is 

the same as that used in the papers. Warmer colours indicate higher concentrations of the 

mapped element. Lowest concentrations are indicated by shades of blue, intermediate 

concentrations by red-pink, and highest concentrations by yellow and white. Scale bars 

are 1mm in all cases. Where available, compositional data (in mol % Grt end-member) is 

also included, in the form of compositional transects or spot data.  
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APPENDIX E: COMBINED PHOTOMICROGRAPHS AND CA X-RAY MAPS 

OF GARNET CRYSTALS DISCUSSED IN CHAPTER 3  

 

The following images were made by overlaying semi-transparent X-Ray Ca maps and 

photomicrographs of the same crystals. The images were referenced to one another in 

ARCMAP by matching points in each image. These images allow close examination of 

the relationships between textural features and compositional zoning in garnet, as 

discussed in Chapter 3. 
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Above: DM-06-128 – largest garnet crystal. This crystal was used in the P-T path 

calculations in Chapter 3. 
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DM-06-128  
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DM-06-157D 
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DM-06-157D 

 

 

 

 

 

 

 



 

 

252 

APPENDIX F: MATLAB SCRIPT USED FOR P-T PATH MODELLING IN 

CHAPTER 3 

 

The following is the MATLB script written to calculate P-T paths in Chapter 3. The 

script controls repeated iterations of THERIAK, with the aim of reproducing the garnet 

compositions contained in the garnet composition input file. 

 

The garnet compositions are saved in a text file with five columns, as shown: 

no.   Xalm  Xprp    Xsps    Xgrs  
1   0.492672548 0.020607129 0.270009868 0.216005008 
2   0.495218288 0.019808363 0.267176734 0.217709644 
3   0.495555112 0.019737749 0.268208062 0.216444769 
etc. 
 
The main script (TheriakPTloop.m) references two other files – a function file 

(misfit_function) and a file whose contents is read by Theriak (in_ther).  

%TheriakPTloop.m - a matlab script to calculate a P-T path, given bulk composition and 
garnet traverse data 
%This file should be placed in the TD 'working' folder, along with 'inther', 
'misfit_function.m' and the garnet composition file 
% DM, March 30 2011 
  
clear all; 
delete ('loop_table'); 
tstart = tic; 
  
% enter starting T and P 
node(1,1).T = 494;  
node(1,1).P = 4900; 
% temperature increment step (degrees) 
Tinc = 0.5; 
%define spss cut-off 
spss_c = 0.01; 
% read in the file containing garnet compositional data 
garnetcomp = importdata('DM-06-128gcompFlong.txt'); 
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num_points = size(garnetcomp.data,1); 
%save output as: 
savename = 'DM-06-128gcompFlong'; 
%% Run program 
  
% save initial therin file 
copyfile('therin','itherin'); 
  
% get initial composition from THERIN file 
therfid = fopen('therin'); 
icomp = textscan(therfid,'%s',1,'delimiter','\n', 'headerlines', 42); 
fclose(therfid); 
icomp = regexprep(icomp{1,1}{1,1},'[()]',' '); 
icomp = textscan(icomp, '%*f %*s %f %*s %f %*s %f %*s %f %*s %f %*s %f %*s %f 
%*s %f %*s %f %*s %f %*s %*s'); 
node(1,1).blk_SI = icomp{1,1}; 
node(1,1).blk_AL = icomp{1,2}; 
node(1,1).blk_FE = icomp{1,3}; 
node(1,1).blk_MG = icomp{1,4}; 
node(1,1).blk_MN = icomp{1,5}; 
node(1,1).blk_CA = icomp{1,6}; 
node(1,1).blk_NA = icomp{1,7}; 
node(1,1).blk_K = icomp{1,8}; 
node(1,1).blk_TI = icomp{1,9}; 
node(1,1).blk_H = icomp{1,10}; 
  
for n = 1: num_points 
    loopstart = tic; 
     
    %get the starting temperature 
    T1 = node(1,n).T; 
    P1 = node(1,n).P; 
     
    % write therin with new composition 
    therfid = fopen('therin', 'w+'); 
    fprintf(therfid, '    550     5500\n0   
SI(%.4f)AL(%.4f)FE(%.4f)MG(%.4f)MN(%.4f)CA(%.4f)NA(%.4f)K(%.4f)TI(%.4f)H(
%.0f)O(?)  *\n', node(1,n).blk_SI, node(1,n).blk_AL, node(1,n).blk_FE, 
node(1,n).blk_MG, node(1,n).blk_MN, node(1,n).blk_CA, node(1,n).blk_NA, 
node(1,n).blk_K, node(1,n).blk_TI, node(1,n).blk_H); 
    fclose(therfid); 
     
     % select garnet composition from traverse 
     alm = garnetcomp.data(n,2);  
     py = garnetcomp.data(n,3); 
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     spss = garnetcomp.data(n,4); 
     gr = garnetcomp.data(n,5); 
      
     % choose input P-T for optomisation function (same as initial value) 
     PT = [node(1,n).T,node(1,n).P]; 
      
     %starting with rough limit od 2 for tolx 
     % run optomisation to find best P,T fit for given garnet composition 
     newPT = fminsearch(@(PT) misfit_function(PT,T1,P1,alm,py,spss,gr,Tinc,spss_c), 
PT, optimset('TolX',1e-1)); 
     fprintf('New PT is %g degrees C, %g bars\n', newPT(1), newPT(2)) 
          
     % import loop table and make variables in the workspace 
     newData = importdata('loop_table',',',1); 
     vars = fieldnames(newData);    
     for i = 1:size(vars,1) 
         assignin('base', vars{i}, newData.(vars{i}));    
     end 
      
     inc = size(data,1); 
     % fill all possible garnet end-members with zeros 
     x_alm_0x5Balm0x5D = zeros(inc,1);x_alm_0x5Bgr0x5D = 
zeros(inc,1);x_alm_0x5Bspss0x5D = zeros(inc,1);x_alm_0x5Bpy0x5D = zeros(inc,1); 
     x_gr_0x5Balm0x5D = zeros(inc,1);x_gr_0x5Bgr0x5D = 
zeros(inc,1);x_gr_0x5Bspss0x5D = zeros(inc,1);x_gr_0x5Bpy0x5D = zeros(inc,1); 
     x_spss_0x5Balm0x5D = zeros(inc,1);x_spss_0x5Bgr0x5D = 
zeros(inc,1);x_spss_0x5Bspss0x5D = zeros(inc,1);x_spss_0x5Bpy0x5D = zeros(inc,1); 
     x_py_0x5Balm0x5D = zeros(inc,1);x_py_0x5Bgr0x5D = 
zeros(inc,1);x_py_0x5Bspss0x5D = zeros(inc,1);x_py_0x5Bpy0x5D = zeros(inc,1); 
      
     % assign values to variables in loop_table file  
     for idx = 1:size(colheaders,2) 
         colheadersmod{idx} = genvarname(colheaders{idx}); 
         [colheadersmod{idx} '= data(:,' num2str(idx) ');']; 
         eval(ans);    
     end 
      
     % define garnet end-members 
     Xalm = 
x_alm_0x5Balm0x5D+x_alm_0x5Bgr0x5D+x_alm_0x5Bspss0x5D+x_alm_0x5Bpy0x5
D; 
     Xgr = 
x_gr_0x5Balm0x5D+x_gr_0x5Bgr0x5D+x_gr_0x5Bspss0x5D+x_gr_0x5Bpy0x5D; 
     Xspss = 
x_spss_0x5Balm0x5D+x_spss_0x5Bgr0x5D+x_spss_0x5Bspss0x5D+x_spss_0x5Bpy0x
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5D;    
     Xpy = 
x_py_0x5Balm0x5D+x_py_0x5Bgr0x5D+x_py_0x5Bspss0x5D+x_py_0x5Bpy0x5D; 
      
     % record information in node structure  
     node(1,n+1).T = x0x3ATemperature(end); 
     node(1,n+1).P = x0x3APressure(end); 
     node(1,n+1).Xalm = Xalm(end); 
     node(1,n+1).Xpy = Xpy(end); 
     node(1,n+1).Xspss = Xspss(end); 
     node(1,n+1).Xgr = Xgr(end); 
     node(1,n+1).blk_AL = blk_AL(end); 
     node(1,n+1).blk_SI = blk_SI(end); 
     node(1,n+1).blk_FE = blk_FE(end); 
     node(1,n+1).blk_MG = blk_MG(end); 
     node(1,n+1).blk_MN = blk_MN(end); 
     node(1,n+1).blk_CA = blk_CA(end); 
     node(1,n+1).blk_NA = blk_NA(end); 
     node(1,n+1).blk_K = blk_K(end); 
     node(1,n+1).blk_TI = blk_TI(end); 
     node(1,n+1).blk_H = blk_H(end); 
     
     fprintf('loop number %d out of %d completed\n', n, num_points) 
     looptime = toc(loopstart)/60; 
     total_time = toc(tstart)/60; 
     fprintf('Time elapsed during loop number %d: %g minutes, cumulative running time: 
%g minutes\n',n, looptime, total_time) 
     
     node(1,n+1).looptime = looptime; 
     node(1,n+1).total_time = total_time; 
     save(num2str(savename)); 
end 
  
%% Write file with final composition 
% 
therfid = fopen('final_comp', 'w+'); 
fprintf(therfid, '    550     5500\n0   
SI(%.4f)AL(%.4f)FE(%.4f)MG(%.4f)MN(%.4f)CA(%.4f)NA(%.4f)K(%.4f)TI(%.4f)H(
%.0f)O(?)  *\n', node(1,n).blk_SI, node(1,n).blk_AL, node(1,n).blk_FE, 
node(1,n).blk_MG, node(1,n).blk_MN, node(1,n).blk_CA, node(1,n).blk_NA, 
node(1,n).blk_K, node(1,n).blk_TI, node(1,n).blk_H); 
fclose(therfid); 
%} 
%% Create input file for Theriag 
%{ 
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% tstep = 0.00001; 
% PTtfid = fopen('theriag_PTt_B.txt', 'w+'); 
% for n = 1:size(node,2) 
%     time(n) = 0+tstep*(n-1); 
%     fprintf(PTtfid, '%f           %f          %f\n', node(n).T, node(n).P, time(n)); 
% end 
% fclose(PTtfid); 
%} 
%% Plot the P-T path 
% 
 for m = 1:size(node,2) 
     PTtable(m,1) = node(1,m).T; 
     PTtable(m,2) = node(1,m).P; 
 end 
 figure; 
 plot(PTtable(:,1), PTtable(:,2), 'k-o');  axis([400 700 2000 9000]); 
 xlabel('Temperature [C]'); ylabel('Pressure [Bar]'); 
axis tight; 
 %} 
%% plot modelled v. input composition (assumes equal steps) 
% 
for j = 1:num_points 
    comp(j,1) = j; 
    comp(j,2) = node(j+1).Xalm; 
    comp(j,3) = node(j+1).Xpy; 
    comp(j,4) = node(j+1).Xspss; 
    comp(j,5) = node(j+1).Xgr; 
end 
figure; 
plot(comp(:,1),garnetcomp.data(:,2),'o', comp(:,1),garnetcomp.data(:,3),'d', 
comp(:,1),garnetcomp.data(:,4),'x',comp(:,1),garnetcomp.data(:,5),'^'); hold on;    
plot(comp(:,1),comp(:,2), '--', comp(:,1),comp(:,3),'--', comp(:,1),comp(:,4),'--', 
comp(:,1),comp(:,5),'--');  
axis tight; xlabel('Radial Steps'); ylabel('X end-members'); 
legend('alm','py','spss','gr','alm mod','py mod','spss mod','gr mod'); 
%} 
%% Show the delta T and P with each step 
% 
for n = 1: num_points 
    dtable(n,1) = n;  
    dtable(n,2) = node(n+1).T-node(n).T; 
    dtable(n,3) = node(n+1).P-node(n).P; 
end 
  
figure; subplot(2,1,1); 
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plot(dtable(:,1),dtable(:,2), 'b*');axis tight; 
xlabel('Steps'); ylabel('delta T [C]'); 
subplot(2,1,2); 
plot(dtable(:,1),dtable(:,3), 'b*');axis tight; 
xlabel('Steps'); ylabel('delta P [Bar]'); 
%} 
%% Plot the difference between real and modelled compositions 
% 
for n = 1: num_points 
      diff(n,1) = n; 
      diff(n,2) = (node(1,n+1).Xalm-garnetcomp.data(n,2))*100; 
      diff(n,3) = (node(1,n+1).Xpy-garnetcomp.data(n,3))*100; 
      diff(n,4) = (node(1,n+1).Xspss-garnetcomp.data(n,4))*100; 
      diff(n,5) = (node(1,n+1).Xgr-garnetcomp.data(n,5))*100; 
end 
     
figure; 
subplot(4,1,1); 
plot(diff(:,1), diff(:,2), 'b*'); axis tight; 
xlabel('Steps'); ylabel('alm orig');  
subplot(4,1,2); 
plot(diff(:,1), diff(:,3), 'b*');axis tight; 
xlabel('Steps'); ylabel('py orig');  
subplot(4,1,3); 
plot(diff(:,1), diff(:,4), 'b*');axis tight; 
xlabel('Steps'); ylabel('spss orig');  
subplot(4,1,4); 
plot(diff(:,1), diff(:,5), 'b*');axis tight; 
xlabel('Steps'); ylabel('gr orig');  
%} 
%% Plot changes in chemistry 
% 
for n = 1:size(node,2) 
bulk(n,1) = n; 
bulk(n,2) = node(1,n).blk_AL/node(1,1).blk_AL; 
bulk(n,3) = node(1,n).blk_FE/node(1,1).blk_FE; 
bulk(n,4) = node(1,n).blk_MG/node(1,1).blk_MG; 
bulk(n,5) = node(1,n).blk_MN/node(1,1).blk_MN; 
bulk(n,6) = node(1,n).blk_CA/node(1,1).blk_CA; 
bulk(n,7) = node(1,n).blk_MG/(node(1,n).blk_MG+node(1,n).blk_FE); 
end 
figure;  
plot(bulk(:,1),bulk(:,2),'yo-', bulk(:,1),bulk(:,3),'bo-', bulk(:,1),bulk(:,4),'go-', bulk(:,1), 
bulk(:,5),'ro-',bulk(:,1),bulk(:,6),'mo-', bulk(:,1), bulk(:,7), 'k-o'); axis tight; 
xlabel('Steps'); ylabel('Bulk rock / original bulk rock (n)'); 
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legend('Al','Fe','Mg','Mn','Ca', 'M/M+F'); title('Bulk Rock Composition');  
%} 
copyfile('itherin','therin'); 
%} 
------------------------------------------------------------------------------------------------------------ 
% misfit function for use with TheriakPTpath.m 
% place in the TD 'working' folder, along with 'inther', 'TheriakPTpath.m' and the garnet 
composition file   
%DM March 30 2011 
  
function[misfit] = misfit_function(PT,T1,P1,alm,py,spss,gr,Tinc,spss_c) 
  
T2 = PT(1); 
P2 = PT(2); 
  
% calculate the number of steps (scale is 30 bars, 1 degree) 
length = sqrt((T2-T1)^2+((P2-P1)/30)^2); 
steps = ceil(length/Tinc); 
inc = steps+1; 
if steps == 0 
    inc = 2; 
end 
  
% write theriak loop file  
loopfid = fopen('PTloopfrac', 'w+'); 
fprintf(loopfid, 'REMOVE  GARNET  100\nTP  %f  %f\nTP  %f  %f  %u\n', T1, P1,T2, 
P2, steps); 
fclose(loopfid); 
         
%run theriak 
!/Users/gravius/Documents/Metamorphic/TheriakDominoMAC/Programs/theriak < 
in_ther >/dev/null 
  
%read in the data 
fid = fopen('loop_table','r'); 
headerline = fgetl(fid); 
headers = textscan(headerline,'%s','Delimiter',','); 
data = csvread('loop_table', 1, 0); 
fclose(fid); 
  
% get all the garnet files 
% this assumes there is always some alm, py component in garnet 
% tests for cases where there is no spss or gr 
x_alm_alm = data(:,find(ismember(headers{1,1}, 'x_alm_[alm]')==1));  
x_py_alm = data(:,find(ismember(headers{1,1}, 'x_py_[alm]')==1)); 
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x_spss_alm = data(:,find(ismember(headers{1,1}, 'x_spss_[alm]')==1)); 
x_gr_alm = data(:,find(ismember(headers{1,1}, 'x_gr_[alm]')==1)); 
if isempty(x_spss_alm)==1 
    x_spss_alm = zeros(inc,1); 
end 
if isempty(x_gr_alm)==1 
    x_gr_alm = zeros(inc,1); 
end 
  
x_alm_py = data(:,find(ismember(headers{1,1}, 'x_alm_[py]')==1)); 
x_py_py = data(:,find(ismember(headers{1,1}, 'x_py_[py]')==1)); 
x_spss_py = data(:,find(ismember(headers{1,1}, 'x_spss_[py]')==1)); 
x_gr_py = data(:,find(ismember(headers{1,1}, 'x_gr_[py]')==1)); 
if isempty(x_spss_py)==1 
    x_spss_py = zeros(inc,1); 
end 
if isempty(x_spss_py)==1 
    x_spss_py = zeros(inc,1); 
end 
  
x_alm_spss = data(:,find(ismember(headers{1,1}, 'x_alm_[spss]')==1)); 
x_py_spss = data(:,find(ismember(headers{1,1}, 'x_py_[spss]')==1)); 
x_spss_spss = data(:,find(ismember(headers{1,1}, 'x_spss_[spss]')==1)); 
x_gr_spss = data(:,find(ismember(headers{1,1}, 'x_gr_[spss]')==1)); 
if isempty(x_spss_spss)==1 
    x_spss_spss = zeros(inc,1); 
end 
if isempty(x_gr_spss)==1 
    x_gr_spss = zeros(inc,1); 
end 
  
x_alm_gr = data(:,find(ismember(headers{1,1}, 'x_alm_[gr]')==1)); 
x_py_gr = data(:,find(ismember(headers{1,1}, 'x_py_[gr]')==1)); 
x_spss_gr = data(:,find(ismember(headers{1,1}, 'x_spss_[gr]')==1)); 
x_gr_gr = data(:,find(ismember(headers{1,1}, 'x_gr_[gr]')==1)); 
if isempty(x_spss_gr)==1 
    x_spss_gr = zeros(inc,1); 
end 
if isempty(x_gr_gr)==1 
    x_gr_gr = zeros(inc,1); 
end 
  
if isempty(x_alm_alm)==1 
    x_alm_alm = zeros(inc,1); x_py_alm = zeros(inc,1); x_spss_alm = zeros(inc,1); 
x_gr_alm = zeros(inc,1); 
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end 
if isempty(x_alm_py)==1 
    x_alm_py = zeros(inc,1); x_py_py = zeros(inc,1); x_spss_py = zeros(inc,1); x_gr_py = 
zeros(inc,1); 
end 
if isempty(x_alm_spss)==1 
    x_alm_spss = zeros(inc,1); x_py_spss = zeros(inc,1); x_spss_spss = zeros(inc,1); 
x_gr_spss = zeros(inc,1); 
end 
if isempty(x_alm_gr)==1 
    x_alm_gr = zeros(inc,1); x_py_gr = zeros(inc,1); x_spss_gr = zeros(inc,1); x_gr_gr = 
zeros(inc,1); 
end 
  
%define garnet end-members 
Xalm = x_alm_alm+x_alm_py+x_alm_spss+x_alm_gr; 
Xpy = x_py_alm+x_py_py+x_py_spss+x_py_gr; 
Xspss = x_spss_alm+x_spss_py+x_spss_spss+x_spss_gr; 
Xgr = x_gr_alm+x_gr_py+x_gr_spss+x_gr_gr; 
       
% convert alm zeros to large number         
Xalm(Xalm==0)=1000; 
         
%define misfit parameters using values from traverse 
misfit_alm = (alm-Xalm(end))/alm; 
misfit_py = (py-Xpy(end))/py; 
misfit_gr = (gr-Xgr(end))/gr; 
misfit_spss = (spss-Xspss(end))/spss; 
                 
% switch to pyrope from spss below spss_c 
if spss >= spss_c 
    misfit = sqrt(misfit_alm^2+misfit_gr^2+misfit_spss^2);    
    else 
    misfit = sqrt(misfit_alm^2+misfit_py^2+misfit_gr^2);        
end 
 

------------------------------------------------------------------------------------------------------------ 

in_ther is a file containing two lines: 

hp55_theriag.txt 
  
PTloopfrac 
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APPENDIX G: IMAGES OF ZIRCON AND TITANITE CRYSTALS DATED 

USING LA-ICP-MS, CHAPTER 4 

 

The following are images (photographs±cathode luminescence images) of zircon crystals 

that were dated using LA-ICP-MS. The spot numbers correspond with those listed in the 

data tables. 

 

Above: Crawford Bay stock zircon (DM-09-CBS) 
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Above: Zircon and titanite from undeformed dikes on the eastern shoreline of Kootenay 

Lake. Brown-coloured crystals in the lower image are titanite crystals. Upper right is a 

CL image. 
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Below and overleaf: Zircon from deformed pegmatites in the Crawford Bay & Riondel 

areas 
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APPENDIX H: 40AR/39AR DATA NOT USED IN THESIS PAPERS 

 

Methods 

Hornblende, muscovite and biotite separates used for 40Ar/39Ar dating were produced by 

crushing rocks, sieving rock powder and handpicking crystals under a binocular 

microscope at the University of Calgary. Samples were irradiated in the core of the 

Oregon State University research reactor facility along with the flux monitor GA1550 

biotite (98.79 ± 0.69 Ma; Renne et al., 1998). Mineral separates were analysed at the 

University of Florida by Dr. J. Vogl following standard methods (McDougall & Harrison, 

1999). Step heating was carried out with a Modifications Ltd. double vacuum resistance 

furnace. The extracted gas was expanded into a stainless steel cleanup line and purified 

with two 50 L/s SAES getters. Argon isotopes were measured using a MAP215-50 mass 

spectrometer in electron multiplier mode. Data were corrected for system blanks, 

machine background, and mass discrimination. Correction factors for interfering isotopes 

were determined from irradiated K glass and optical grade CaF2 salts. Data reduction was 

performed using ArArCALC (Koppers, 2002). Errors on calculated ages are 2-sigma and 

include internal and external errors.  
 

 

40Ar/39Ar geochronological constraints on post-metamorphic cooling 

Hornblende from five amphibolite bodies in the Lardeau Group was dated using the 
40Ar/39Ar method (Fig. H.1a-e; Table H.1). In all cases, the implied Ca/K ratios are 

consistent with those measured using the microprobe (Table H.2). Four of these samples 

(DM-05-143, -144, -146, -147) are from outcrops adjacent to highway 3 in the Sillimanite 

+ K-feldspar zone. One sample (DM-05-42) is from the eastern shoreline of Kootenay 

Lake on the Crawford peninsula. DM-05-143, -144 and 146 are simple amphibolites that 

are dominantly composed of hornblende, plagioclase and titanite. The rocks have a 

granoblastic texture, with typical grain size of 0.25-1mm for Hb and Pl, with finer 

grained titanite. DM-05-147 is similar to the other samples but also contains 3mm 

poikiloblastic garnet crystals (Fig. 2.5p). These samples yield plateaux in the range 126-
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132 Ma (Fig. H.1a-e). All of the hornblende samples exhibit high, geologically 

unreasonable apparent ages in the initial steps; in some cases high apparent ages are also 

recorded in the high-T steps. These characteristics may indicate incorporation of a 

component of excess argon (McDougall & Harrison, 1999). Given this possibility, the 

sample with the lowest and best-defined plateau age - DM-05-144 = 125.87+/- 1.46 Ma - 

is considered the best estimate of the age of cooling through approximately 550 ºC in this 

area.   

 

DM-05-42 is texturally and mineralogically distinct from the other samples. Much of the 

rock is a coarse-grained Hb-Pl amphibolite; however, it contains irregularly shaped 

segregations that consist of Cpx and minor hornblende surrounded by plagioclase. These 

textures suggest the rock underwent incipient hornblende deydration melting. The sample 

is not from an area of higher regional metamorphic grade; instead it is likely that the rock 

had a calc-silicate protolith. 

 

Data from this sample yield a plateau with an apparent age of 101.8 +/- 2.69 Ma. This is 

the approximate age of mid-Cretaceous intrusions in the area, though none is known from 

the immediate vicinity of the sample location. The age is significantly younger than ages 

obtained from other Hb samples. This requires that the samples experienced a different 

cooling history or that the other samples contained significant amounts of excess argon.  

 
40Ar/39Ar data were also acquired from four muscovite and 2 biotite samples (Fig. H.1g-l, 

Table H.1). Muscovite and biotite that are aligned in the plane of S2 were separated from 

DM-05-147 metapelitic schist/gneiss - the same sample location from which monazite 

and hornblende data were acquired. Weighted plateau ages of 54.77+/-2.38 and 64.84+/-

4.11 Ma were obtained from biotite and muscovite, respectively (Fig. I.2). The muscovite 

profile in particular is saddle-shaped, suggesting this should be viewed as a maximum 

cooling age. Biotite was also separated from an undeformed, medium-grained, 

equigranular hornblende-bearing diorite apophys of the Nelson batholith (DM-08AS) 

with a crystallisation age of 168.2+/-2.9 (Steinitz, 2010). This spectrum displays a slight 
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hump, possibly due to some microscopic chloritisation of the biotite (e.g. di Vincenzo et 

al., 2003). Later steps yield a weighted plateau age of 149.4+/4.62. Muscovite that 

defines S2 in a quartz-muscovite-magnetite schist NW of the Crawford Bay stock 

produced a weighted plateau with an apparent age of 59.99+/-1.26 Ma. Older plateau 

ages of 76.02+/-2.17 and 79.76+/-1.85 were obtained by analysing foliation-defining 

muscovite from metapelitic schist samples DM-07-224 and DM-06-120, respectively. 

These spectra are relatively simple and the plateaus incorporate a high percentage of the 

gas released (~85% in the case of DM-07-224, ~70% in the case of DM-06-120). 

 

The hornblende data are comparable to previous results (Fig. H.1f) from the area, which 

range in age from 160-83 Ma (Archibald et al. 1984; Leclair, 1988; Leclair et al. 1993) . 

The oldest values cannot be meaningful as they are older than the age of peak 

metamorphism. With one exception, other Hb ages fall in the approximate range 130-100 

Ma; it is not clear, however, whether this range is geologically meaningful.  

 

The 149 Ma biotite age from the Nelson batholith is slightly older than others from the 

intrusion, but confirms the relatively early (late Jurassic-Early Cretaceous) cooling of this 

area. Biotite cooling ages from the Nelson batholith contrast with equivalent ages in the 

amphibolite-facies belt, which are uniformly Early Tertiary (Fig. H.1f). Biotite and 

muscovite ages from the Crawford Bay area record early Tertiary cooling, and are similar 

to previous results. The two muscovite samples from the west side of Kootenay Lake are 

substantially older than most previous muscovite ages from the amphibolite-facies belt 

(Fig. H.1f), for reasons that are unclear. 

 

 

 

Figure H.1 (overleaf). (a-e) 40Ar/39Ar step-heating profiles from hornblende samples. 
(f) Map showing new and existing 40Ar/39Ar and K-Ar data from the area. Existing 
data afrom Archibald et al., 1984 and references therein. (g-l) 40Ar/39Ar step-heating 
profiles from mica samples.   
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Table H.1 (below and subsequent pages). 40Ar/39Ar isotopic data 
DM-05-42 
Hb   

UTM 
11U 508378 5499205     

J = 
.0036 %1σ = 0.5         

Incremental 
Heating 36Ar(a) 37Ar(ca) 38Ar(cl) 

39Ar(k) 
40Ar(r) 

Age ± 2σ 40Ar(r) 39Ar(k) 
K/Ca ± 2σ 

  (Ma) (%) (%) 

                          

7716-001 920 0.002084 0.031512 0.000422 0.010124 0.936571 518.61 84.36956966 60.32 1.29 0.138 0.050 

7717-002 1000 0.005270 0.464447 0.000600 0.132231 2.324023 110.68 12.59316044 59.82 16.90 0.122 0.020 

7718-003 1020 0.001245 0.469423 0.000588 0.116989 1.919211 103.52 3.56519902 83.80 14.95 0.107 0.015 

7719-004 1050 0.001799 1.169131 0.000803 0.227894 3.621881 100.37 5.870706085 87.07 29.13 0.084 0.013 

7720-005 1080 0.000186 0.340577 0.000165 0.100451 1.590612 100.02 4.384014108 96.51 12.84 0.127 0.031 

7721-006 1130 0.000806 0.147808 0.000165 0.033036 0.630438 119.87 9.360084245 72.50 4.22 0.096 0.033 

7722-007 1250 0.001052 0.614063 0.000667 0.119408 2.203493 116.04 13.06213716 87.52 15.26 0.084 0.020 

7723-008 1350 0.000674 0.251805 0.000170 0.042210 0.721620 107.75 16.75225704 78.28 5.40 0.072 0.020 
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  Σ 0.013117 3.488766 0.003580 0.782342 13.947850             

                          
DM-05-143 
Hb   

UTM 
11U 509653 5503560     

J = 
.0036 %1σ = 0.5         

Incremental 
Heating 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) Age ± 2σ 40Ar(r) 39Ar(k) K/Ca ± 2σ 

(Ma) (%) (%) 

                          

7315-003 980 0.001049 0.134121 0.000017 0.024803 0.836094 206.64 10.97628599 72.91 3.98 0.080 0.012 

7328-002 900 0.000623 0.012420 0.000000 0.003505 0.170686 291.45 59.3750225 48.09 0.56 0.121 0.028 

7330-004 1010 0.000238 0.201120 0.000016 0.049759 1.062892 133.66 8.559782154 93.69 7.98 0.106 0.024 

7331-005 1015 0.000000 0.096397 0.000000 0.049998 1.075123 134.52 3.34008578 99.88 8.02 0.223 0.100 

7332-005 1020 0.000199 0.215741 0.000000 0.047569 1.014366 133.44 6.656177144 94.40 7.63 0.095 0.012 

7333-007 1030 0.000158 0.213663 0.000000 0.075981 1.654047 136.12 13.64293286 97.13 12.18 0.153 0.054 

7334-008 1040 0.000239 0.659704 0.000000 0.158373 3.140405 124.40 5.026966953 97.67 25.39 0.103 0.015 

7335-009 1045 0.000258 0.346141 0.000000 0.102851 2.034631 124.11 9.849393467 96.27 16.49 0.128 0.035 

7336-010 1055 0.000050 0.042612 0.000060 0.010352 0.237987 143.45 15.89925649 94.06 1.66 0.104 0.023 

7337-011 1070 0.000126 0.021682 0.000000 0.005301 0.110336 130.35 32.96494317 74.62 0.85 0.105 0.022 

7338-012 1100 0.000000 0.041680 0.000044 0.013355 0.280602 131.55 9.154729349 99.87 2.14 0.138 0.048 

7339-013 1150 0.000021 0.089054 0.000108 0.026585 0.586633 137.91 13.52519435 98.84 4.26 0.128 0.037 

7340-014 1200 0.000076 0.070510 0.000048 0.035609 0.848686 148.51 12.60191049 97.32 5.71 0.217 0.104 

7341-015 1300 0.000507 0.054708 0.000092 0.019670 0.483452 152.96 29.26351181 76.29 3.15 0.155 0.079 

  Σ 0.003545 2.199551 0.000384 0.623708 13.535941             

                          
DM-05-144 
Hb   

UTM 
11U 510089 5503585     

J = 
.0036 %1σ = 0.5         

Incremental 
Heating 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) 

Age ± 1σ 40Ar(r) 39Ar(k) 
K/Ca ± 1σ (Ma) (%) (%) 

                          

7439-001 800 0.000308 0.000149 0.000015 0.000888 0.148109 848.36 94.40740387 61.91 0.15 2.558 32.547 

7440-002 900 0.000821 0.000214 0.000054 0.002246 0.086477 234.20 67.37515457 26.26 0.37 4.502 22.796 

7441-003 1000 0.001732 0.026290 0.000077 0.005219 0.127862 152.47 25.40677903 19.98 0.86 0.085 0.008 

7442-004 1015 0.000153 0.020445 0.000147 0.009419 0.473258 299.93 28.34413299 91.25 1.55 0.198 0.050 

7443-005 1020 0.000185 0.096679 0.000086 0.033649 0.708493 131.81 7.629005807 92.74 5.52 0.150 0.031 

7444-005 1025 0.002299 0.131128 0.000170 0.038931 1.040646 165.75 15.83214476 60.47 6.39 0.128 0.022 

7445-006 1030 0.000412 0.045924 0.000035 0.016661 0.447522 166.52 7.848178541 78.56 2.73 0.156 0.028 

7446-008 1040 0.000000 0.081150 0.000074 0.026016 0.528720 127.38 3.086993334 99.87 4.27 0.138 0.026 

7447-009 1050 0.000000 0.024648 0.000000 0.007380 0.152042 129.08 5.620156415 99.87 1.21 0.129 0.023 

7448-010 1065 0.000000 0.035492 0.000000 0.009596 0.182961 119.76 5.225391918 99.86 1.57 0.116 0.012 

7449-011 1100 0.000242 1.061747 0.000000 0.318075 6.412633 126.40 1.80618464 98.77 52.19 0.129 0.020 

7450-012 1150 0.000149 0.701919 0.000195 0.129420 2.584330 125.24 1.954048357 98.19 21.24 0.079 0.004 

7451-013 1200 0.000000 0.035180 0.000044 0.011916 0.275211 144.09 7.515893657 99.88 1.96 0.146 0.030 

  Σ 0.006302 2.260966 0.000898 0.609416 13.168264             

                          
DM-05-146 
Hb   

UTM 
11U 510296 5503747     

J = 
.0036 %1σ = 0.5         

Incremental 
Heating 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) Age ± 2σ 40Ar(r) 39Ar(k) K/Ca ± 2σ 

(Ma) (%) (%) 
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7299-001 800 0.000891 0.000942 0.000047 0.001563 0.230625 768.68 215.7009968 46.70 0.18 0.713 0.710 

7300-002 900 0.001404 0.004487 0.000130 0.002752 0.377465 724.01 208.9711505 47.63 0.32 0.264 0.098 

7301-003 980 0.001371 0.052424 0.000181 0.016888 0.680638 244.42 47.20854528 62.66 1.98 0.139 0.046 

7302-004 1010 0.001247 0.248813 0.000153 0.067664 1.328842 123.24 10.66108091 78.21 7.94 0.117 0.020 

7303-005 1030 0.001140 1.153314 0.000656 0.293263 6.167737 131.67 2.649847129 94.71 34.40 0.109 0.013 

7304-006 1040 0.000581 0.761261 0.000765 0.252142 5.685945 140.82 9.44779803 96.96 29.57 0.142 0.026 

7305-007 1060 0.000409 0.162039 0.000156 0.082469 1.972216 148.99 12.32755091 94.13 9.67 0.219 0.092 

7306-008 1080 0.000700 0.014339 0.000052 0.003742 0.039328 66.99 91.82437858 15.98 0.44 0.112 0.024 

7307-009 1100 0.000412 0.025175 0.000001 0.007654 0.137458 113.02 45.72193206 52.98 0.90 0.131 0.033 

7308-010 1115 0.000481 0.091450 0.000058 0.024673 0.444913 113.47 15.45610454 75.70 2.89 0.116 0.021 

7309-011 1130 0.000238 0.091848 0.000089 0.026990 0.555943 129.05 16.47793496 88.69 3.17 0.126 0.017 

7310-012 1180 0.000218 0.024227 0.000121 0.010035 0.264233 163.38 41.20877357 80.34 1.18 0.178 0.086 

7311-013 1250 0.000696 0.180993 0.000129 0.038043 0.737904 121.77 11.53014259 78.13 4.46 0.090 0.011 

7312-014 1350 0.001306 0.183109 0.000142 0.024733 0.444479 113.10 16.36992029 53.48 2.90 0.058 0.007 

  Σ 0.011093 2.994421 0.002680 0.852613 19.067724             

                          
DM-05-147 
Hb   

UTM 
11U 510517 5503710     

J = 
.0036 %1σ = 0.5         

Incremental 
Heating 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) 

Age ± 2σ 40Ar(r) 39Ar(k) 
K/Ca ± 2σ (Ma) (%) (%) 

                          

7395-001 800 0.000255 0.004386 0.000059 0.001764 3.632276 3842.47 237.8391553 97.97 0.24 0.173 0.090 

7396-002 900 0.000278 0.008119 0.000000 0.003583 0.540573 782.62 72.8066281 86.81 0.49 0.190 0.092 

7397-003 980 0.000616 0.136564 0.000000 0.028039 1.025583 223.17 13.22241012 84.88 3.81 0.088 0.013 

7398-004 1005 0.000157 0.147610 0.000051 0.035742 1.008809 174.58 21.45562642 95.51 4.86 0.104 0.017 

7399-005 1020 0.000061 0.120081 0.000004 0.049528 1.301472 163.07 11.48841205 98.53 6.73 0.177 0.071 

7400-006 1030 0.000223 0.250325 0.000076 0.063355 1.518895 149.35 7.281417602 95.74 8.61 0.109 0.022 

7401-007 1040 0.000211 0.745854 0.000104 0.159352 3.634174 142.35 4.798672159 98.20 21.65 0.092 0.016 

7402-008 1060 0.000000 0.339092 0.000053 0.090488 1.870748 129.51 7.666544147 99.87 12.30 0.115 0.022 

7403-009 1080 0.000000 0.116279 0.000000 0.093771 2.189308 145.60 13.29261403 99.89 12.74 0.347 0.215 

7404-010 1100 0.000089 0.065921 0.000032 0.016396 0.349400 133.35 12.20159577 92.93 2.23 0.107 0.020 

7405-011 1115 0.000216 0.183051 0.000053 0.036095 0.677813 118.01 7.357883523 91.29 4.91 0.085 0.011 

7406-012 1130 0.000146 0.158807 0.000092 0.040341 0.858785 133.22 12.24963062 95.09 5.48 0.109 0.031 

7407-013 1180 0.000177 0.065400 0.000000 0.028956 0.772562 165.46 18.93306414 93.56 3.93 0.190 0.106 

7408-014 1250 0.000260 0.090755 0.000000 0.024137 0.624568 160.68 15.73562297 88.96 3.28 0.114 0.031 

7409-015 1350 0.000852 0.329943 0.000112 0.064327 1.391771 135.31 9.577719214 84.59 8.74 0.084 0.017 

  Σ 0.003541 2.762187 0.000635 0.735875 21.396738             

                          
DM-05-147 
Ms   

UTM 
11U 510517 5503710     

J = 
.0036 %1σ = 0.5         

Incremental 
Heating 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) 

Age ± 2σ 40Ar(r) 39Ar(k) 
K/Ca ± 2σ (Ma) (%) (%) 

                          

7909-001 600 0.000159 0.000000 0.000000 0.002912 0.066128 141.79 223.8558478 58.47 0.13 0.200 0.863 

7910-002 650 0.000370 0.003993 0.000071 0.013536 0.267801 124.12 51.88685156 70.96 0.61 1.458 13.351 

7911-003 700 0.001326 0.000000 0.000208 0.023559 0.333852 89.77 43.92087149 45.96 1.05 4.197 19.412 

7912-004 760 0.011016 0.000000 0.001216 0.007137 2.911494 1630.30 341.1185623 47.21 0.32 0.704 3.722 

7913-005 790 0.001471 0.000000 0.000000 0.026152 0.519623 124.64 64.93176245 54.41 1.17 2.749 10.418 
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7914-006 800 0.000299 0.001431 0.000020 0.025344 0.465458 115.50 30.62267537 83.93 1.13 7.616 206.973 

7915-007 810 0.000825 0.000000 0.000107 0.031221 0.438862 89.06 26.66052547 64.20 1.40 31.143 1103.375 

7916-008 820 0.000773 0.001445 0.000118 0.037222 0.725675 122.37 25.76737107 75.97 1.67 11.073 295.455 

7917-009 830 0.000411 0.000000 0.000000 0.057554 1.119123 122.06 18.24270334 90.10 2.58 3.579 7.045 

7918-010 850 0.000685 0.000000 0.000000 0.108349 2.675552 153.65 33.06444144 92.88 4.85 13.796 70.512 

7919-011 880 0.001201 0.000000 0.000000 0.392909 5.296491 85.49 5.086113765 93.54 17.59 134.886 1667.688 

7920-012 920 0.000085 0.000000 0.000000 0.162675 1.598443 62.71 10.35292938 98.19 7.28 20.854 69.043 

7921-013 980 0.000628 0.007378 0.000000 0.712942 7.200272 64.43 5.803963966 97.24 31.92 41.550 219.106 

7922-014 1020 0.001087 0.000000 0.000000 0.277006 2.881744 66.33 6.79036967 89.76 12.40 16.415 14.678 

7923-015 1060 0.001194 0.000000 0.000000 0.119306 1.374821 73.33 13.17127389 79.43 5.34 13.815 63.089 

7924-016 1100 0.001217 0.000000 0.000211 0.061966 0.728353 74.77 20.38794317 66.85 2.77 8.527 49.833 

7925-017 1150 0.002381 0.002914 0.000000 0.173469 2.263543 82.82 14.37768888 76.17 7.77 25.598 351.108 

  Σ 0.025128 0.017161 0.001952 2.233257 30.867236             

                          
DM-05-26 
Ms   

UTM 
11U 513334 5499576     

J = 
.0036 %1σ = 0.5         

Incremental 
Heating 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) Age ± 2σ 40Ar(r) 39Ar(k) K/Ca ± 2σ 

(Ma) (%) (%) 

                          

7785-001 600 0.000824 0.000000 0.000000 0.023472 0.185578 50.63 61.78504681 43.20 0.27     

7786-002 650 0.036082 0.000000 0.003512 0.048019 1.204249 155.94 319.5937555 10.15 0.54     

7787-003 700 0.005983 0.000000 0.000232 0.011168 0.680808 357.93 170.2934246 27.80 0.13 0.630 0.358 

7788-004 740 0.003775 0.000000 0.000365 0.127982 1.430620 71.18 16.21789655 56.11 1.45 0.630 0.716 

7789-005 800 0.003554 0.000000 0.000774 1.625336 9.708320 38.38 41.36714337 89.88 18.38 101.400 82.123 

7790-006 810 0.001193 0.000000 0.000000 1.399932 99.473939 410.92 12.78269917 99.61 15.83 122.194 192.435 

7791-007 820 0.000282 0.000000 0.000000 0.724027 7.792017 68.58 2.792004917 98.70 8.19 122.194 384.871 

7792-008 830 0.000241 0.000000 0.001805 0.606492 5.525541 58.22 5.734660126 98.45 6.86 122.194 384.871 

7793-009 840 0.000574 0.000000 0.000000 0.495149 4.537367 58.55 5.286393846 96.13 5.60 122.194 384.871 

7794-010 850 0.000634 0.000000 0.000003 0.387475 3.616616 59.62 6.528892219 94.82 4.38 150.618 701.430 

7795-011 860 0.000918 0.000000 0.000000 0.311731 2.961269 60.66 5.248470009 91.38 3.52 150.618 1402.860 

7796-012 870 0.000873 0.000000 0.000266 0.244052 2.401825 62.81 6.074605418 90.08 2.76 171.336 1562.251 

7797-013 880 0.000680 0.000000 0.000020 0.189667 1.848087 62.20 8.188295368 89.97 2.14 7.547 3.086 

7798-014 890 0.000882 0.000000 0.000251 0.144396 1.418409 62.70 11.44904183 84.28 1.63 15.441 17.025 

7799-015 900 0.000400 0.000000 0.000000 0.116417 1.127435 61.83 12.37821267 90.30 1.32 15.441 34.051 

7800-016 925 0.000467 0.000000 0.000000 0.161776 1.565832 61.79 9.245565925 91.68 1.83 15.441 34.051 

7801-017 950 0.000268 0.000000 0.000000 0.185732 1.790419 61.55 8.181784889 95.52 2.10 15.441 34.051 

7802-018 975 0.000198 0.000000 0.000000 0.182649 2.179823 75.89 8.593273019 97.17 2.07 15.441 34.051 

7804-020 1025 0.000822 0.000000 0.000000 0.246004 2.307475 59.91 6.616730518 90.24 2.78 15.441 34.051 

7805-021 1050 0.000860 0.000000 0.000401 0.280823 2.659319 60.48 5.346590033 91.04 3.17 49.027 91.086 

7806-022 1075 0.000669 0.000000 0.000000 0.363213 3.326768 58.53 5.051776594 94.13 4.11 68.597 138.557 

7807-023 1100 0.000452 0.002002 0.000000 0.420311 3.944719 59.95 1.658519842 96.46 4.75 90.296 817.559 

7808-024 1125 0.000196 0.000000 0.000000 0.402136 3.759315 59.72 2.654664944 98.21 4.55 89.625 811.487 

7809-025 1160 0.000546 0.000000 0.000045 0.110346 1.129346 65.28 6.92274946 87.29 1.25 89.625 811.487 

7810-026 1200 0.000538 0.000945 0.000021 0.018111 0.238819 83.67 27.63754117 59.97 0.20 8.239 131.369 

7811-027 1300 0.003805 0.000000 0.000061 0.018579 0.621768 205.22 41.05533556 35.60 0.21 8.239 131.369 

  Σ 0.065717 0.002947 0.007755 8.844994 167.435682             
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DM-07-224   
UTM 
11U 502491 5486124     

J = 
.0036 %1σ = 0.5         

Incremental 
Heating 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) 

Age ± 2σ 40Ar(r) 39Ar(k) 
K/Ca ± 2σ (Ma) (%) (%) 

                          

7978-001 600 0.004677 0.000000 0.000066 0.006100 0.532254 492.79 298.6374573 27.80 0.33     

7979-002 700 0.002924 0.005990 0.000313 0.015212 0.000000 0.00 0 0.00 0.81 1.092 5.423 

7980-003 750 0.033067 0.002862 0.002688 0.014471 89.910263 5685.20 422.0388358 90.20 0.77 2.174 21.012 

7981-004 800 0.018384 0.000000 0.000584 0.060190 1.539289 158.89 33.95428007 22.07 3.22 2.174 21.012 

7982-005 870 0.004135 0.000000 0.000387 0.106850 1.889708 111.35 8.724075302 60.67 5.72 2.174 21.012 

7983-006 920 0.001039 0.000000 0.000000 0.262330 3.179825 77.06 5.539136746 91.02 14.03 2.174 21.012 

7984-007 950 0.001039 0.000000 0.000000 0.333026 4.060967 77.51 6.938324871 92.78 17.82 26.779 134.824 

7985-008 1000 0.001106 0.000000 0.000000 0.262098 3.050209 74.04 6.390979528 90.13 14.02 26.779 134.824 

7986-009 1030 0.001381 0.000774 0.000093 0.102445 1.212136 75.25 5.632322946 74.68 5.48 56.946 1524.654 

7987-010 1080 0.001573 0.000000 0.000350 0.083841 1.031108 78.16 5.378797596 68.83 4.49 26.779 134.824 

7988-011 1120 0.002223 0.007240 0.000000 0.250209 2.880501 73.26 3.829311632 81.28 13.39 14.860 40.810 

7989-012 1180 0.002112 0.002144 0.000394 0.197389 2.498460 80.39 9.8095163 79.88 10.56 39.589 372.041 

7990-013 1240 0.000865 0.002310 0.000000 0.116104 1.473804 80.61 7.640217515 85.07 6.21 21.609 188.948 

7991-014 1350 0.006337 0.029205 0.000000 0.058954 0.303459 33.12 34.96152975 13.94 3.15 0.868 0.898 

  Σ 0.080863 0.050525 0.004875 1.869221 113.561984             

                          

DM-06-120   
UTM 
11U 504779 5506495     

J = 
.0036 %1σ = 0.5         

Incremental 
Heating 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) Age ± 2σ 40Ar(r) 39Ar(k) K/Ca ± 2σ 

(Ma) (%) (%) 

                          

7944-001 600 0.005165 0.000000 0.000000 0.005204 1.646064 1371.41 878.434314 51.88 0.17     

7945-002 650 0.000439 0.000000 0.000000 0.012497 0.232868 117.13 13.14314087 64.16 0.42     

7946-003 700 0.005519 0.000488 0.000000 0.018835 0.357052 119.10 68.5754539 17.96 0.63 16.593 902.762 

7952-009 830 0.001111 0.001126 0.000339 0.219309 3.218825 92.89 5.644115064 90.59 7.33 83.776 1950.180 

7953-010 850 0.000651 0.000000 0.000000 0.517994 7.144040 87.42 6.421211523 97.19 17.30 0.000 0.000 

7954-011 880 0.000000 0.000000 0.000000 0.114358 1.474747 81.87 3.218479813 99.79 3.82 0.000 0.000 

7955-012 920 0.000233 0.016635 0.000000 0.585810 7.217725 78.30 5.216970448 98.84 19.57 15.143 28.734 

7956-013 980 0.000733 0.000000 0.000000 0.513248 6.231479 77.18 3.466154892 96.43 17.15 28.209 40.951 

7957-014 1020 0.004008 0.000000 0.000256 0.208303 2.574235 78.53 9.631774835 68.39 6.96 28.209 40.951 

7958-015 1060 0.001680 0.006074 0.000168 0.124968 1.575583 80.08 8.162064814 75.91 4.17 8.848 40.658 

7959-016 1100 0.001490 0.008124 0.000147 0.083470 1.080267 82.15 9.715480743 70.94 2.79 4.418 15.491 

7960-017 1150 0.002547 0.017100 0.000222 0.316125 3.994490 80.25 3.577119431 83.99 10.56 7.949 12.972 

7961-018 1200 0.000703 0.006190 0.000565 0.184185 2.325999 80.21 6.422060694 91.63 6.15 12.795 56.264 

7962-019 1300 0.000218 0.001566 0.000166 0.089111 1.449422 102.66 5.527113026 95.60 2.98 24.475 381.003 

  Σ 0.024499 0.057302 0.001864 2.993417 40.522798             

                          
DM-05-147 
Bt   

UTM 
11U 510517 5503710     

J = 
.0036 %1σ = 0.5         

Incremental 
Heating 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) 

Age ± 2σ 40Ar(r) 39Ar(k) 
K/Ca ± 2σ (Ma) (%) (%) 

                          

7928-001 600 0.005004 0.010422 0.000489 0.007294 1.220483 850.60 184.5281588 45.21 0.33 0.301 0.651 
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7929-001 650 0.000589 0.000176 0.000060 0.025972 0.255483 62.78 7.176356903 59.39 1.19 63.557 6752.808 

7930-003 700 0.001462 0.004406 0.000000 0.047091 0.310048 42.26 12.23472958 41.71 2.16 4.595 23.537 

7931-004 750 0.010360 0.012016 0.001330 0.049579 3.513574 409.95 70.62759192 53.43 2.27 1.774 2.691 

7932-005 800 0.005214 0.019861 0.000009 0.572380 5.603622 62.49 4.28171 78.27 26.25 12.392 13.418 

7933-006 830 0.000485 0.004394 0.000000 0.353027 3.008194 54.51 4.215122663 95.17 16.19 34.548 171.131 

7934-007 870 0.000370 0.000000 0.000000 0.262653 2.211726 53.88 4.42344517 95.00 12.05 96.145 1031.888 

7935-008 900 0.000382 0.014023 0.000180 0.110415 0.998273 57.78 6.147369613 89.62 5.06 3.386 4.781 

7936-009 940 0.000569 0.000000 0.000330 0.074238 0.641985 55.31 10.15992312 79.05 3.41 4.221 5.339 

7937-010 980 0.000437 0.033877 0.000000 0.074894 0.619689 52.95 6.588784639 82.52 3.44 0.951 0.616 

7938-011 1020 0.000921 0.027449 0.000000 0.085789 0.747069 55.69 7.237233753 73.13 3.94 1.344 1.023 

7939-012 1060 0.000407 0.000000 0.000000 0.131500 1.475455 71.44 1.70374766 92.25 6.03 1.828 0.567 

7940-013 1100 0.000190 0.000000 0.000338 0.108406 1.264613 74.22 8.599225594 95.54 4.97 31.948 110.707 

7941-014 1150 0.000194 0.000000 0.000000 0.136516 1.517619 70.79 17.76252562 96.14 6.26 31.948 110.707 

7942-015 1200 0.000824 0.000000 0.000000 0.120131 1.749019 92.16 17.05945718 87.64 5.51 31.948 110.707 

7943-016 1350 0.004203 0.000000 0.000392 0.020230 1.298462 375.03 95.34455375 51.10 0.93 3.358 6.520 

  Σ 0.031613 0.126625 0.003128 2.180116 26.435312             

                          

DM-08-AS   
UTM 
11U 500585 5516410     

J = 
.0036 %1σ = 0.5         

Incremental 
Heating 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) 

Age ± 2σ 40Ar(r) 39Ar(k) 
K/Ca ± 2σ (Ma) (%) (%) 

                          

7816-001 600 0.001187 0.000000 0.000024 0.041804 0.778449 117.06 31.80503307 68.86 1.74     

7817-001 650 0.003219 0.000000 0.000154 0.115733 2.734975 147.30 17.12377559 74.14 4.83     

7818-003 700 0.002899 0.000000 0.000783 0.313776 8.359461 165.23 7.725469897 90.62 13.08     

7819-004 750 0.000000 0.001235 0.000000 0.088322 2.131920 150.33 15.7720805 99.89 3.68 30.750 335.973 

7820-005 800 0.000000 0.000000 0.000000 0.085969 2.128796 154.06 18.64924453 99.89 3.58 3.530 2.930 

7821-006 830 0.000213 0.000000 0.000463 0.266211 7.194154 167.49 10.31724718 99.04 11.10 3.530 2.930 

7822-007 870 0.000155 0.000000 0.000358 0.214853 5.599486 161.79 9.553963974 99.09 8.96 60.536 502.834 

7823-008 900 0.000000 0.000000 0.000000 0.165934 4.250839 159.15 8.579701558 99.90 6.92 45.727 342.748 

7824-009 940 0.000409 0.001939 0.000000 0.209609 5.052215 150.12 6.726072883 97.56 8.74 46.478 467.385 

7825-010 980 0.001024 0.004212 0.000123 0.333916 8.006643 149.37 8.823095285 96.25 13.92 34.092 121.124 

7826-011 1020 0.000000 0.000129 0.000000 0.083580 2.007955 149.65 16.68430562 99.89 3.48 278.995 36137.796 

7827-012 1060 0.000000 0.000148 0.000000 0.097282 2.327705 149.07 14.9862266 99.89 4.06 281.805 28622.369 

7828-013 1100 0.000000 0.010103 0.000469 0.096828 2.086713 134.80 15.69195098 99.88 4.04 4.121 7.109 

7829-014 1150 0.000000 0.005055 0.000000 0.098291 2.359507 149.54 15.75906347 99.89 4.10 8.361 29.346 

7830-015 1200 0.001098 0.003383 0.000098 0.143771 3.372235 146.25 14.28148441 91.13 5.99 18.276 78.119 

7831-016 1350 0.014751 0.016335 0.000984 0.042432 3.681115 490.33 62.48842408 45.78 1.77 1.117 1.087 

  Σ 0.024955 0.042538 0.003457 2.398311 62.072170             
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Table H.2 Representative hornblende microprobe analyses from sample dated using 
the 40Ar/39Ar method. 
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APPENDIX I: FIGURES/TABLES NOT USED IN THESIS PAPERS 

 

 

Above: Diagram showing the relationships between stratigraphic units in the Goat range 

(NW of Kaslo), based on information contained in Klepacki (1985). The Marten 

conglomerate represents detritus shed following closure of the Slide Mountain (Kaslo) 

basin in the Late Permian-Middle Triassic and is unconformably overlain by the Slocan 

Group, which was dposited in the back-arc region of the Late Triassic Quesnel magatic 

arc. 
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Overleaf: Depositional environment and tectonic setting of late Palaeozoic ans Mesozoic 

rocks in the Kootenay Arc. Upper: Schematic cross-section showing the depositional 

setting of the Milford Group, from Klepacki (1985). The Milford Group was deposited 

during Mississippian rifting and consists of three, laterally equivalent assembages that are 

at least partly coval. From east to west these are the Davis, Keen Creek and McHardy 

assemblages. Middle: Possible tectonic setting of the Kaslo Group in a Permain back-arc. 

From Roback et al., 1984. Lower: Tectonic setting of the Nicola, Slocan and Rossland 

Groups, from Hoy & Dune (1997). 
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Above: Table of metapelitic mineral assemblages from contact aureoles in the central 

Kootenay Arc. Assemblages in the Nelson batholith aureole and Crawford Bay stock 

aureole are not included as they are discussed in Chapter 2. 
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